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Stochastic Acceleration in an Inhomogenous Time Random
Force Field

Thierry GOUDON Mathias ROUSSET *

May 16, 2009

Abstract. This paper studies the asymptotic behavior of a particle with large initial velocity and
subject to a force field which is randomly time dependent and inhomogenous in space. We analyze
the diffusive limit € — 0 of the position—velocity pair under the appropriate space-time rescaling:
(63Y(s/e2), GY(S/EQ)). Two alternative approaches are proposed. The first one is based on hydro-
dynamic limits and homogenization techniques for the underlying kinetic equation; the second one
on homogenization of the random distribution of trajectories. Time randomness is embodied into
an underlying Markov process. Space inhomogeneity is modeled by a periodic structure in the first
approach, and by a random field in the second one. In the first case, the analysis relies on the
dissipation properties of the Markov process, whereas in the second one, the mixing properties of
the random field are used. We point out more analogies and differences of the two obtained results.

Keywords. Stochastic acceleration. Diffusion approximation. Homogenization. Two-scale
convergence. Random media.
AMS. 74Q10, 60H30 35Q99, 35B25, 82C70

1 Introduction

This paper studies the effective long time behavior of a single particle (or a set of inde-
pendent particles) in a time random and spatially inhomogenous force field. The initial
particle velocity is assumed to be large compared to the typical scales of the force field.
This problem is motivated by the general study of transport properties of a particle classi-
cally coupled to a specific environment or a thermostat as described in the series of papers
M, [A-B- In the present work, the back reaction of the particle on the environment,
responsible for dissipation of the particle energy, is neglected, as in the forthcoming pa-
per []. We also expect that the environment alone firstly has some appropriate internal
dissipation and fluctuation mechanisms, and secondly has a non vanishing space average.
This appears when considering a particle excited by a randomly oscillating force field
with some space inhomogeneities. It can model for instance a charged particle excited
by an oscillating electric force, and interacting with a crystal that causes the space inho-
mogeneity. Such a context arises in laser-matter interaction modeling. Similar problems
arise when considering a particle subject to a drag force from a surrounding turbulent
flow under some appropriate scaling assumptions [R(J. The physical intuition in this case
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without back reaction is as follows: the kinetic energy of the particle is activated, and
the latter follows a random walk on velocity whose spatial probability distribution has a
mass going to infinity at large time. Thus, the main mathematical problem consists in
finding an appropriate time-space scaling under which the particle exhibits an effective
(i.0.w. homogeneized) diffusive dynamical behavior with respect to its velocity.

In what follows, one is interested in force fields which are inhomogenous with respect to
space, and random with respect to time. More precisely, denoting by

s € R, yGRd, uGRd,

the microscopic variables that respectively stand for time, position and particle velocity,
the force field is a time and space function

(s,9) = Zs(y)
that satisfies the two following properties:

e At any time s, the space dependence presents an homogenous local average (typically
non vanishing), denoted by:

(ZFs) (#0).

e The time dependence s — (%) is modeled by a random mixing process with van-
ishing average:

1 (T
lim —/ (Fs)ds=0 a.s.
0

Here and below, the local average (-) is:

e cither a periodic average (periodic model); the analysis being carried out on the
transport PDE level using two-scale convergence techniques,

e or the average over some additional randomness of the field y — F4(y) (disordered
random model); the analysis applying to the probability distribution of the particle
path, using tightness and martingale characterization techniques.

The random time dependence of the field is restricted to exponentially decreasing corre-
lations in time, so that it is natural to model this time dependence by a Markov process
(of dimension 1, for notational simplicity only). The force driving the particles at time s
is then given by

5?3 = Cgf(v Qs)7

where in the above s — @5 € R denotes the process at hand, and the force field is described
by a two variables function:

(Y, q) — F(y,9).

One then supposes appropriate long time mixing properties of the Markov process s —
Qs with respect to a stationary Maxwellian probability distribution .#(q) dgq, with .#Z a
normalized positive function. The Markovian evolution of the process will be described



by an operator Q, which stands for the usual Markov generator. One will suppose the
existence of its adjoint operator Q* defined for the inner product in L?(R,.#(q) dq):

(ﬁmszmmww%@dq

Assume the initial microscopic velocity ug is of order 1/¢, and consider now the macro-
scopic position/time variables (z,t), defined by the following time-space re-scaling:

3

T =€y
1
{t:ezs, M)

with scaling parameter ¢ > 0. Accordingly, the velocity is rescaled as

The rationale behind this scaling comes from the central limit theorem for Markov pro-
cesses [[] in the homogeneous case (% does not depend on position). Indeed, given the
initial microscopic state (yo, ug), the velocity of the particle obeys

u(s) —up = /OS Z(Qg) ds’ ~ Cy/s,

§—00

and thus the position is driven by

s—00 3

y(s)—yoz/ u(s’) ds’ ~ 2033/2.
0

The scaling (fl) we adopt is then such that the rescaled quantities remains of order O(1)
with respect to € on a fixed time interval 0 < ¢t < T'. Then the problem under consideration
becomes the study of the limiting behavior when ¢ — 0 of the process

t = (Xte7 ‘/156)7

solution to the differential equation:

dXg .
dt !
(2)
ave 1 [Xf
dr :Eg? <€_37Qt/62>'

On the basis of the above classical heuristic, or using a more formal perturbative analysis
which will be detailed below, one can expect a pure diffusive behavior of the dynamics:

t— VS,
in the limit € — 0, with a constant diffusion matrix given by:

P = (9 +97),
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where the coefficients are given by the Kubo formula (similarly to the space homogenous
case, see [, [4 for instance). In this context, the Kubo formula is simply given by the
averaged time auto-correlation of the homogeneized force field:

G=- / E((F)(Qo) ® (F)(Q)) dt. (3)
R

As a remarkable fact, the diffusion coefficient can be equivalently recast using the Markov
generator of the time random dynamics as

7= [ (#)0)© (FN@) #(0) da (4)

In (f)), the e-asymptotics combines the fast oscillations of the force field, both with
respect to time and space, with its large amplitude of order 1/e. This result has first to be
compared to the classical diffusion approximation for random evolutions, which appears in
(B) when the field is spatially homogenous: as explained above, it yields a diffusion behavior
with a diffusion coefficient given by the time auto-correlation as in (f). Secondly, we can
also compare with the case of purely space dependent models which are considered in
the classical and so-called “Landau diffusive limit” of the stochastic acceleration problem.
Dealing with a force field with a vanishing spatial average, the problem has been studied
in 2], and revisited by many authors, see in particular the analysis of the two-dimension
case in [[J, P4] and the references therein. The regime of the Landau diffusion emerges by
considering the space-time scaling

x=ely

t:e3s,

instead of (fll). Note that in the above references one usually starts from a “weak coupling”
of order O(e) between the particle and the field, yet this choice is strictly equivalent up
to re-scaling to the “large initial velocity” of order O(1/€) we use here. In the specific
case where the force field derives from a potential, the effective dynamical behavior of the
momentum of the particle is then a Landau diffusion, that is to say a diffusion on a sphere,
which conserves the kinetic energy at the macroscopic scale. However, in this regime, the
physical meaning of the asymptotic process differs from the one we wish to investigate
since the corresponding diffusion matrix relies on the space correlations of the field. Thus
in the analysis of the latter regime, the time dependence of the force field turns out to
be unecessary, except for artificial technical purposes (which can simplify the proof as in
B0)). The results of the “Landau diffusive limit” have been strengthened in [I{], with a
sharp non-asymptotic description of the large time behavior of the particle, at least for
space dimension larger than 4 and for Poisson fields that do not derive from a potential.
Yet, the “Landau diffusion” limit is not the only possible limit theorem for stochastic
acceleration models, and in this spirit, the passive transport problem addressed in [2J]
has been studied in [RJ] in the slow decorrelation regime leading to a fractional Brownian
motion limit. Finally, we mention the “strong field regime” which would correspond in our
presentation to the case where the force derives from a potentiel, and the initial velocity
is no longer large, but of order O(1). A possible scaling is then

T =€y
t=e€s.



This regime is much more difficult to analyze, and does not lead to diffusion effects: the
problem has been addressed in [[§], and we refer to the breakthrough on this question due
to [,

As said above, this paper deals with the classical diffusion approximation, where the
diffusive behavior is driven by the time auto-correlation of a time dependent force, and
requires the scaling ([ll). The novelty comes from the space inhomogeneities, see ([f), which
has to be resolved at the most refined time scale. This work is also the opportunity to
compare the two classical homogeneization approaches. The former focuses on the path-
wise stochastic behavior, the latter deals with the underlying transport PDE. Therefore,
beyond the obtained convergence statement, our aim is also to present a self-contained
parallel treatment of a homogenization problem by using different mathematical toolboxes.
One of the difficulty of the analysis can be explained as follows. A naive approach would
lead to consider the transport equation

v-Vyp =1

where, in practice, the right hand side depends on the force field, and has null spatial
average. However, as it is well known, the transport operator is not Fredholm and the
inversion usually does not make sense. For this reason, a naive construction of oscillating
test functions which would mimic the formal derivation does not work directly. In both
the stochastic and the PDE approaches an additional argument is required, based either
on the mixing properties of the random field or on strengthened entropy estimates.

The stochastic pathwise homogeneization of the dynamical system (f]) is made possible
by modeling the inhomogenous force field by a random field, and by looking at the prob-
ability distribution of the random path with this additional randomness. The classical
analysis, see [P, P4], relies on the fact that in dimension d > 3, the position path never in-
tersects itself. Then, it is possible to use the mixing property of the random field to define
suitably averaged quantities, involving formally the solution of the transport equation. In
the present work, we propose a simplified approach by constructing a suitable oscillating
test function. Then, the difficulty consists in obtaining the necessary sharp estimates with
respect to €. In dimension d = 2, it is certainly possible to adapt the proof in the spirit of
B4, [2); in dimension 1, one has to restrict to path with signed momentum (v > 0), and
what happens when momentum vanishes remains an open question.

The limit theorem at the transport PDE level is based on the kinetic interpretation
of the model which, by contrast to the probabilistic approach, is directly tractable using
classical double-scale convergence arguments. To this end, let us introducef]

fE(t7;U7,U?q) 2 0

L It could be convenient to change the unknown by setting

g(t,z,v,q) = f(t,z,v,q) A (q)

which is now a density distribution with respect to the standard Lebesgue measure dv dz dq. It still
satisfies (E) but replacing the right hand side by

M (q) Q" (9)-

The proof can be adapted to this framework, at the price of using weighted spaces for the operators Q/Q*.



the density with respect to dx dv .#(q) dq in R?¢ x R of the probability distribution
of the random variable (X7, VS, Q, /52)- It means that, given measurable sets 2~ C R,
¥ C R? and # C R, we have, at time ¢t > 0,

/ f(t,x,v,q) A (q) dg dv dz = Proba({(Xf,Vf,Qt/ez) e X xYV x ,%/})
XXV XH

Accordingly, the differential system (f]) translates into the following evolution PDE on
densities:

1 1 * €
Of+ v Vof + = F(2/e,q) - Vo f = 5 Q°(f). (5)
The equation is completed by imposing the Cauchy data
fe(t:07$7U>Q) :fIEnit(:Ev’U)Q)v (6)

where f{ . (x,v,q) is a non negative integrable function given by the initial probability
density distribution of (X, V5, @mit). The problem under consideration becomes the
behavior as € — 0 of the solutions f¢(¢,z,v,q) > 0 of (fJ). Equation (f]) gives another way
of considering the scaling ([l]), rather in the spirit of an asymptotic regime. Start from the
PDE

0uf +u-Vyf + Fly,q) - Vuf = ~Q*(f) ™)

which is equivalent to the trajectory description, written with dimension variables. Then,
we introduce “macroscopic” observation time and length scales T and L, respectively,
which are the observation units. It defines the velocity scale L /T. The random force field
is characterized by :

- the relaxation time 7 associated to the Markov process s — Qs,

- a typical length scale £ of the variation of the field,

- the amplitude F{y of the force.
We write (ff) in dimensionless form, and we obtain () under the following assumptions:

T = €T, ¢ =¢eL

while the amplitude of the force is Fy = % T% If one thinks ¢ and 7 as microscopic
length and time scales, this assumption means that the microscopic velocity ¢/7 scales
like €. It is also natural to relate the amplitude of the force to the microscopic units,
saying Fy = ¢/72, which is indeed consistent with the scaling assumptions. This makes
the bridge with the relation ([]). Moreover, this interpretation is also related to a possible
motivation for studying such an asymptotic problem. It arises when considering a particle
interacting with a crystal and excited by an external source: £ appears as the length scale
of the lattice and 1/7 stands for the frequency of the excitation.

In contrast to the standard kinetic framework, we are dealing with an extended phase
space, according to (f]), where the additional variable q can be interpreted as a “state”
variable for the particle. Transport acts on the space-velocity variables (z,v) while the
relaxation effect acts here on the variable ¢ only. The stiffest terms in () will impose
a specific behavior of the unknown with respect to the variable ¢, in the spirit of the
so—called “hydrodynamic regimes”, see e. g. [[[d]. This aspect is reminiscient to the
modeling adopted in [[[I] for describing turbulence “seen from the particles” in dispersed



two—phase flows through the introduction of an additional hidden variable which naturally
leads to hydrodynamic type regimes. The analysis is then quite natural since it mimics
the formal development that allows to guess the limit. It is based on classical tools from
homogenization theory (double-scale convergence [fl, P9, oscillating test functions...) and
hydrodynamic limits, in the spirit of [[L§, [[Y]. We shall see however that some technical
restriction appear with this purely deterministic method.

The paper is organized as follows. In Section J] we make more precise the framework in
which we perform the analysis. In particular, we will detail the necessary assumptions on
the generator @ and on the force field .7, pointing out the differences between the PDE
and the probabilistic approach. In Section ], we guess on formal grounds the asymptotic
behavior as € goes to 0. Then, we state precisely the results we obtain. The proofs are
detailed in Section [] and [j. An appendix of independent interest details a possible relevant
extension of the functional framework.

2 Notations and Assumptions

2.1 General setting

Recall that Q is a Markov operator and satisfies the mass conservation identity:
01)=0 or /R Q* (). (q) dq = 0. ®)

In the same way, the Maxwellian probability distribution .#(q) dg (where, throughout
the paper . is a positive function) is a stationary distribution with respect to Q:

/R Q(f)#(q) dg=10 or Q*(1) = 0. 9)

Classical mixing/dissipation properties of Q or Q* will be assumed, which traduces
exponentially fast relaxation to the equilibrium distribution .# (q) dg, that is to say

t—>+oo/ %
exp
in an appropriate functional space (say L? or L®). It is worth pointing out that the set

of assumptions we need will be satisfied when dealing with the following operators which
are relevant on both the mathematical and physical viewpoints:

the Fokker-Planck operator O(f) = M0, (MO (f)), (10)

the linear Boltzmann operator / flq " dq' — f(q), (11)

In these examples, one has usually .#(q) = \/ﬁ e~4°/20 The operator ([[0) is associated

to the diffusion s — @, solution to the stochastic differential equation:

dQs = VIn.Z(q) ds + 2 dW,,



where (W;)s>0 is a usual Brownian motion, while ([L1)) is associated to a jump process
s — Qg verifying:

(Qn)n>1are ii.d. random variables with distribution .#(¢') d¢/,

(T, — Thi—1)n>1 are i.i.d. random variables with exponential distribution,
Q¢ = Qofort € [Ty =0,T1],

Q= Qnfort € [T, Thia|.

2.2 Assumptions, PDE approach

In this Section, we detail the assumptions needed when working in the PDE framework.
The mixing requirement on the Markov operators Q*/Q is usual, and will consist in a
spectral gap assumption which states as follows

There exists o > 0 such that

2 12
- [ e fataydaza [ |0~ [ sarata) @ ag=o. 1
It makes L?(R,.#(q) dg) — which clearly embeds into L'(R,.#(q) dg) — a natural
functional space for investigating the spectral properties of Q. Note that ([[) has the
following useful consequence:

Ker(Q) (resp. Ker(Q*)) has dimension one and is spanned by constant functions.

To carry out the analysis of (f) in a L? setting, one only needs a weak regularity assumption
on @, namely the Fredholm alternative:

For any h € L*(R, . (q) dq) verifying [ h.#(q) dg =0,
there exists a unique solution g € L*(R,.#(q) dq) of (13)
Q(g) = h (vesp. (Q*(g) = h) and [ g.#(q) dg = 0.

In most reasonable cases, ([[J) is a consequence of the spectral gap inequality ([2); for
instance when Q is a bounded operator on L?(R,.#(q) dq), ([J) follows from a direct
application of the Lax-Milgram Theorem. Anyway, ([[J) holds for the operators ([[() and
([1)) we have in mind throughout the paper.

To set up the hypothesis on the force field .#, one needs a few notations: in what follows
Y stands for the unit cube (0,1)? and the symbol # means that we consider Y— periodic
functions. We suppose

y+— F(y,q) is Y—periodic, (14)
sup | F(y,q)| < C < oo, (15)
yeY, geR
fora.e y €Y, / F(y,q) A (q) dg = 0. (16)
R

Note that the centering assumption ([1§) is quite restrictive. It will be relaxed in the
stochastic framework.



2.3 Assumptions, stochastic approach

As said in the Introduction, the stochastic approach relies on considering a random force
field, through the dependence with respect to an additional “environment” variable. The
stochastic homogenization resorting crucially to the mixing properties of the field. To be
more specific, we introduce a new probability space modeling the field randomness

(Qe, Z, P.) a probability space,

and we denote

(¢) = P(we) dPe(we),

Qe

the average with respect to the realisations we € Q¢. If (Qy,, %, P) denotes the prob-
ability space on which the Markov process t — (); with generator Q is defined, then the
full probability space is simply the product of the two:

(Q,ﬁ,]P’) = (Qeayeape) X (Qmaymypm)-

Then, we consider a force field depending on the three variables (space, Markov process
and random environment)

F: RIxRxQ, — R4
(ya%we) — g;(yvq"*}e)'

When considering the field .% as a random variable, the dependance with respect to w,
will be omitted. The key qualitative property of the field we assume is homogeneity on
average:

For any ¢ € R, the average (.#)(y, q) is space homogeneous, (17)

which means it does not depend on the variable y:

(F)y,q) = (F) ().

We also still assume centering with repect to time dependence:
[ -#0) da=o (18)
R
Next, for any given Borel subset A C R?, we denote

(1)

the conditional averaging with respect to the sigma-field (intuitively the “information”) %5
generated by the random field .7 (y, ¢, w,.) for (y,q) € A xR. In other words, ¥, stands for
the minimal o-algebra included in .%, generated by sets of the form {w, € Q, F(y,q,we) €
A}, for A ranging in Borel sets of R?, y € A, and ¢ € R. Then, it is useful to evaluate the
decorrelation of the force field between two distinct sets. To this end, we set

a(A1,Ag) := sup [(Z|A1) —(Z)],
1Z<1

9



for Z 95,-measurable. The decorrelation function (see also 23, P4]) is then:

B(r)y=sup «a(Ay,As),
d(A1,A2)>r

d being the usual distance between two sets. Denoting by

17 |0 (we) := sup [ F (y, q,we)l
y7q

we assume almost sure smoothness and boundedness of the force field and its gradient:

{ (y,q) = F(y,q,we) and (y,q) — V. F(y, q,we) (19)

are we-a.s. continuous and ||.7|| and [|V,.Z | have finite variance.
One has then the following decorrelation estimates which will be needed:

Lemma 2.1 Let A C R One has for any y,q € R x R:

((F = IN, 9IN)] <2[ 7l B(d(y,A)  Pe —a.s.,

as well as
(VyZ (y, I < [[Vy Tl Bld(y,A)  Pe—as..

Proof. The result follows by remarking that (# — (%))(y,q) and V,.%#(y,q) have null
average and are %y, -measurable, V,, being any small neigbourhood of y. Then the result
follows from the continuity of fields and the definition of the decorrelation rate.

Finally we (only) require quasi-linear decorrelation rate:

rB(r) —— 0. (20)
T—00
A typical example of a random field verifying the above hypothesis is given by the
following description. Let fin; be a smooth field on R? x R x R and set:

y qawe . Z flnt naquw(?)u

nezd

where we 1= (w}}),,ez4, Pe being a product measure (independance of sites), and the average
(fint) (Y, q) = (fint)(q) is independent of y and centered in gq. Then the decorrelation as-
sumption ((R({)) is trivially satisfied when fiy is compactly supported; and can be achieved
with sufficient polynomial decrease at infiinity.

It is likely that the boundedness assumption on the field ([[9)), which is also used in [24]
for instance, may be relaxed, yet probably at the price of higher technicalities. Yet it is
worth emphasizing that the technical cost, and the quasi-linear de-correlation assumption
(B0) are substantially less demanding compared to classical references [23, P4, for the
Landau diffusion limit case. Eventually, note that the centering assumption ([[§) on the
force field used in the PDE approach is no longer necessary, since it has been replaced by
random inhomogeneity.

10



We can now make precise the assumption on the generator Q. The functional framework
slightly differs from the previous section and for the auxiliary equation we require

There is a solution x of the cell problem:

Qx = —(F) (21)
belonging to L>(R) N C°(R).

Hypothesis (1)) is immediately satisfied for instance when geometric uniform convergence
occurs:

0~ [ stan qH < Co |4,

for some C,x > 0. Conditions on Q under which the latter occurs have been thoroughly
studied (see e.g. [Rg] and references therein), and includes examples ([[0) and ([L1)), at least
when —In .7 (q) = Ojg—+00().

Dimension 1 The case of dimension 1 is treated in a different and rather elementary
way by inverting the transport operator. Neither periodicity nor randomness of the force
field need to be assumed. The single required assumption reads as follows:

There is a solution A : R x R x R* — R to the Poisson equation:

vy, q,v) = F(y,q) — (F)
with A and 0, being continuous and bounded on each closed definition subset.
(22)

3 Formal Analysis and Main Results

We guess the asymptotic behavior by inserting in () the following double-scale Hilbert
expansion

fe(t,z,v,q) = Z ejF(j)(t,a:,a:/eg,v, q)

J=0

where the functions FY) are supposed Y —periodicf] with respect to the third variable.
Using the expansion modifies the advection term according to v -V, — v -V, + E%,U -Vy.
Then, we identify terms with the same power of € and we get

€3 terms: v-Vy F(O) =0, (23)
¢ terms: v-V,F1) = o*(FO), (24)
¢! terms: v-Vy F = Q" (FW) — Z(y,q) - V,FO, (25)

¢’ terms: v-V,FG) = 0*(F( ) — (e FO v -V, FO + FZ(y,q) - V,FV). (26)

For the time being, we analyze the cell equations only at the formal level, neglecting
completely any possible technical difficulty related to the solvability of these cell problems.
With this in mind, we infer from (R3) that the leading term F(®) does not depend on the
fast variable y. Therefore, due to the periodic boundary condition, integrating (P4) with
respect to y yields

Q*(F©) =0

2At this formal level, the periodicity assumption could be generalized to homogeneity at a large scale.

11



which implies, due to ({), that FO) = 50 (t,z,v) where 09 does not depend on ¢. In
turn, (B4) becomes v - V,F(!) = 0 and the first order corrector does not depend on the
fast variable anymore. Then, integration of (R5) with respect to y leads to

o*(rW) Z/ﬁ(y,q) dy - V,F© z/ﬁ(y,q) dy - V,p0.
Y Y

Owing to ([J) and ([[d), we can find a vector valued function x* = (x7,...,x}) €
[LA(R; A dq)]d verifying

Q*(x1)(g) = AWK>}®, Av@%@wza (27)

For further purposes, we also introduce x(g) the solution of the adjoint equation

Q(x)(q) = — /Y?(y,q) dy, /RX(Q)«///(Q) dg = 0. (28)

Note that ([[J) implies

1 . 1
IX()* (q) dg < =5 1LF |7 e (v ) (@ () dg < |17 1T (v my-
R o (YxR) R o (YxR)
This auxiliary function yields the following expression for the corrector
FO(t,2,0,q) = —x*(q) - Vup ) (t, 2, v). (29)

We deduce the evolution equation satisfied by p(®) by integrating (BG) with respect to both
y and ¢; we get

- Y, (/R/Y (yq)@x()dy«///(q)dqvvp(o)>,

namely we are led to a Fokker-Planck equation with the effective diffusion matrix

7= /IR </Y Z(y,q) dy> ® x*(q)A(q) dg = _/RQ*(X*) ® " #(q) dg. (30)
This enables to define the symmetric part of the above matrix:
1, - -
9 = 5(@T +9).

Note that only the symmetric part 27 + 2 is involved in the limiting Fokker-Planck
equation. We check that the coefficient is indeed non negative.

Lemma 3.1 The matriz 9 verifies, for any £ € R%, 9¢ - &€ > 0. Besides, we remark that

@:—Ax®guw%@dq

12



If fY (y,q) dy = 0, the matrix P is actually 0, otherwise, there exists ¢ € R wverifying
D¢ - € > 0. If furthermore the matriz

o = / / (v,q) dy> (/Y?(y’,q) d?/) A (q) dq

is invertible, then there exists 6 > 0 such that for any & € R% we have P¢ - € > S|E%.

Proof. Let & € R%\ {0}. We rewrite
G- 6=~ [ @09 ¢ dg
R

which is non—negative by ([J). It vanishes iff x*(¢) - £ = A, A € R. But then, we have
Jp X ( M (q) dg = 0 = A. Tt implies that x*(¢) - £ = 0 and coming back to (£7), we

get fY (v, q) dy - € = 0. Therefore, Z¢ - £ is positive for any direction & which is not
orthogonal to { fY (y,q) dy, q € ]R} Eventually, we remark that

AE €= // £dy> A (q) dq

is positive for any ¢ € R?\{0} when .« is invertible which forces Jy F(y,q) dy - & # 0 for
a.e. ¢ € R. Accordingly, we get Z€-€>0.

The main result in the L? framework of the paper states as follows.

Theorem 3.2 Assume that (§)-(H)) and ([12)-([L4) are fulfilled. We suppose that the initial
condition verifies

sup/ | i (2,0, @) >4 (q) dg dv dz < C < . (31)
>0 JRIXRIXR

Then, up to a subsequence, f¢ solutions of (f) associated to [l converges weakly in
L%((0,T) x R x R? x R; .4 (q) dg dv dx) to p(t,x,v), where p is the solution of

Op+v-Vep=Vy-(ZVyp),

plt = 0..0) = weak~lim | fyo(z. v, 0).(q) o 32)
€E—> R

with 9 defined by (B0).
The main result of the paper in the probabilistic framework states as follows.

Theorem 3.3 Let d > 3, and suppose ([7)—(R1). Consider the stochastic process defined
on the full probability space (Q, F,P):

t = (X5, Vi),

solution of (B) fort € [0,T]. This induces a probability distribution P¢ on the space of con-
tinuous trajectories CO([0,T],R??) endowed with uniform convergence. Suppose the initial
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state (X{, Vi) converges in law towards a given probability distribution pimit( dv dzx).
Assume that prie(v = 0) = pumic(v? Zv = 0) = 0. Then P converges in distribution on
CY([0,T],R?) towards the probability distribution P which is defined as follows: Trajec-
tories

t— (Xt, ‘/t)

are initially distributed according to pinit, % =V;, and t — V; is a Wiener process with
diffusion matriz 9.

In dimension 1, we get

Theorem 3.4 Let d = 1, and suppose (21)-(23). Consider the stochastic process for
tel0,7T]:
t= (X7 VT,

solution of (B), and stopped at time:
¢ =1inf{t € [0, 7|V, = 0}.

This defines a probability distribution P¢ on the space of continuous trajectories C°([0, T], R?)
endowed with uniform convergence. Suppose the initial state (Xj,;, Vi) converges in law
towards a given probability distribution pumi(dv dz) such that pmi(v = 0) = 0. Then P€
converges in distribution on C°([0,T],R?) towards the probability distribution P which is
defined as follows: Trajectories

ts (X7, V)

stopped at T = inf{t € [0,T]|V; = 0} are initially distributed according to pimit, and obey

d(jﬁt = V;, with t — V; a Wiener process with diffusion constant 9.

Remark 3.5 These statements should be completed by a couple of remarks:

e In both cases, it is crucial to prevent from null initial macroscopic velocity. This
corresponds in original microscopic variables to particles with large initial velocity

(§(t = 0) ~ 1/e).

e The main difference between Theorem [3.3 and Theorem comes from the modeling
of the force field, which is periodic in the former case, and random in the latter. The
probablistic approach of Theorem 3.3 and does not need the restrictive centering
condition ([I§). The price to pay is that Theorem [3.3 is a result on average with
respect to field randomness w.. Almost sure convergence may hold but remains an
open question.

o For technical reasons, which are explained below, the statement in Theorem [3.3 ea-
cludes the situation where ff; (x,v,q) is (or converges to) a Dirac mass with respect
to the space and velocity variables. Nevertheless, it is possible to adapt the functional
framework in order to deal with L' functions, the point being to exclude concentra-
tion phenomena. We give some hints in that direction in the Appendiz. In Theorem
the convergence Law(X;, V) — Law(Xy, V;) allows to consider Dirac distributed
random variables, including initial conditions.

14



e In the proof of Theorem [3.3, we shall prove that [ f¢(t,z,v,q).# (q) dq converges in
CO([0,T]; L?(R? x R?) — weak) that is

lim (/ fe(t,x,v,q)A (q) dq> o(z,v) dvdz = / p(t,z,v) p(z,v) dv dzx
=0 Jrixrd \JR R9 xRd

holds for any o € L*(R? x R?) uniformly on [0,T], as soon as the initial condition
in (BY) indeed makes sense. This can be compared to Theorem [B.3 as follows: the
force field is now random, and the density f€ has to be integrated with respect to the
environment randomness w.. More precisely Theorem [B. implies as a corollary that
uniformly with respect to t € [0,T], the probability distribution of (Xf, V) converges
weakly towards the probability distribution of (X, V;) given (when the density exists)
by p(t,x,v). In other words,

lim ( [ st g d dPe<we>> ol,v) da dv
Rd xR4 RxQe

e—0

— [, pta0) pla) dvds
R4 x R4

holds for any ¢ continuous and bounded, uniformly on [0,T], as soon as the corre-
sponding initial condition indeed makes sense.

e Theorem is specific to dimension 1. There, the force field can be determinisitic,
at the price of considering paths for positive momentum v > 0 only. The distinction
in Theorem [3.3 and[3.4, between dimension d = 1, d = 2, and d > 3, comes from the
possibility of self-intersections of the position path t — X{. It is certainly possible to
extend Theorem for dimension d = 2, with the same assumption, by preventing
tangential self-intersection, in the spirit of [24).

e Note that we do not exclude the case where 9 = 0, which holds for instance when
the force field derives from a potential since it implies fY F(y,q) dy = 0. In such
a case (BY) becomes a mere transport equation and we actually have p(t,x,v) =
plmt(x — tv,v). Yet under the assumptions of Theorem [3.3, when the matriz </ in
Lemma [B-1 is invertible, the limit verifies V,p € L?((0,00) x R? x R9).

e [t is possible to consider force fields depending on both the fast (that is x/€3) and the
slow (that is x) variables; we skip the tedious details for such an adaptation.

4 Proof of Theorem

The proof starts by obtaining uniform estimates.

Proposition 4.1 Let the assumptions of Theorem [3.3 be fulfilled. Then, the sequences f€
satisfy

sup <sup/ |£1? A (q) dg dv da:) <C < oo,
RIxRIXR

e>0 \ t>0
and we also have

0 < sup —%/ / Q*(f) f¢ M dg dv dz ) < C < 0.
€ Jo JRIxRIxR

e>0
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Corollary 4.2 We can write the ansatz

fe(t7 x? U’ q) = pe(t7 ':U7 ,U) + Ere(t7 x? U’ q)7
P (b, ) = /R et 2,0, q) A (q) da, /[R r<(t, 2, 0,4) A (q) dg =0,

where the remainder ¢ is bounded in L*((0,4+00) x R? x R? x R;.# (q) dq dv dz dt).

Proof. The proof combines the specific differential structure of the left hand side of (f)
and the dissipation property of the operator Q. On the one hand, we have

1 1
(v Vaf + 27 (@) q) - Vuf) £ = 5 (vx (P + <V (9’<x/e3,q>|f€|2)>
the integral over R? x R? of which vanishes. On the other hand, (1) leads to
/ Q*(f€) f¢ A dg < 0.
R

Putting the pieces together yields

1 d 1
/ |fﬁ|2///dqdvd:n——2/ Q*(f°) f¢ A dg dv dx =0,
2 dt Jraxmixg €° JRixRIxR

which justifies the statement by virtue of (). o

To make the formal derivation devised above rigorous, we shall use the framework of
double-scale convergence as introduced in [, P9 (see adaptations to vector-valued func-
tions in [[Ig]): with Proposition [.]], possibly at the price of extracting subsequences (but
we still denote the considered subsequence with the index €, with a slight abuse of notation)
we can suppose that

eh 0/ / / fe(t, 33, U,Q) Qﬂ(t,ZE,:E/G ,'U, q)%(q) (](_] (]’U d;lj dt
0 R4xRe JR
/(' /d d/ / ( ’ 7y7 v’ ) ( 7x7y71)7 q) dy ‘%(q) dq dU dl’ dt
RexR R Y

holds for any smooth enough trial function, say ¢ € 0607#([0, 00) xR¥x Y xR?:; L2(R; .4 (q) dq)),
where the symbol # means that we assume periodicity with respect to the third variable.
Similarly, by Corollary .9, we have

lim/ / /retaﬁvq (t,x,xz/e,v,q).4(q) dg dv dz dt
e—0 R xRd

/ /Rde//Rtxy,vq o(t,z,y,v,q) dy A (q) dg dv dz dt.
X

The double scale limits F' and R belong to Li((o, T)xRIxRIXYxR; .4 (q) dg dv dy dz dt)
for any 0 < T' < co. Furthermore, since f¢— p¢ = er® converges strongly to 0, we check
that

fetag) = [ Fltayoa) dy = plt.o.0) 10
weakly in L2((0,T) x R? x R? x R;.#(q) dg dv dz dt)
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where
pltao) = [ [ Fltapv,) dy () dg € L2 2R x )
RJY

also coincides with the weak limit of p®(¢, z,v).

Since we have already understood that f€ essentially behaves like its “hydrodynamical
part” p(t,x,v), we average the equation over the variable ¢; we get the following “moment
equation”

o [ 5etta) da) + 9. ([ oseat@) aq) + 9, ( [ 27/ a) Fsa) dg) =0

=0ip"+ V- (vp°) +V, - </ F(x/e®,q) r° M(q) dQ)7
. (33)

where, owing to ([[d), we have remarked that

/lf%‘(x/e?’,q) fe(q) dq:/ﬁ(w/e?’,Q) rr-r M (q) dq:/ff(x/e?’,q)re A (q) dg.
R € R € R

Letting € — 0 in (B3)) yields

o+ 500+ Vo ([ [ Fla) Ritavea) #0) dady) =0, (34)

and we are thus left with the task of identifying the double scale limit R of the fluctuation
r€. Before, let us remark the following important compactness result.

Lemma 4.3 The sequence p is relatively compact in C°([0,T]; L*(R% x R?) — weak).

Proof. This property follows from formula (B3) together with the estimates in Propo-
sition [LI. Indeed, for any given function ¢ € CP(R? x R%) we check readily that
fRded po dv dx is equibounded and equicontinuous. Hence, by virtue the Arzela-Ascoli
Theorem it lies in a compact set of CY([0,T]). An approximation argument allows to
extend this property to any given function ¢ € L*(R% x RY). We conclude by using a
standard diagonal reasoning.

The method consists in multiplying the equation (f]) by suitable oscillating trial functions
in the spirit of [I7, [[d]. At first, we get

d
4 / / felt 2,0,0) @(t, 2,2/ v,q).4(g) dq dv dx
dt RdXRd R

- / folt,2,0,) Brplt, @, 2/, v, )M (q) dq dv da
RixRd JR

+_3 / fE(ta‘TaU7Q) v - vy(p(twrax/eg?vaq)%(Q) dq dU d.Z'
€ JRIxRL JR

+ / fe(t7$aU>Q) v - Vx(,D(t,$,ZL'/€3,U,(])%(Q) dq dv dz
RaxRd JR
fe(t7x71)7Q) f}\(x/eisaq) : vao(t7x7x/€37v7Q)‘%(q) dq dv dz
RIxR4 JR

fe(t,z,v,q) Q@) (t,z,x/€,v,q).4 (q) dg dv da.
€” JRIxRE JR (35)
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Therefore, as € goes to 0 we obtain

/ / / / F(t,z,y,v,q) v-Vyo(t,z,y,v,q) dy A (q) dg dv dz dt =0,
0 RidxRe JR JY

from which we deduce v - VyF' = 0. Accordingly the Fourier coefficients verify v -
k F(t,xz,k,v,q) = 0. Since for any k € Z¢\ {0} and a.e v € R? v -k # 0, we con-
clude that F does not depend on y (see Remark [£4] below). Thus, from now on we

write
F=F(t,z,v,q) = p(t,z,v) 1(q),

which fits with the first step of the formal analysis.
Next, we remark that the second and the fifth term in the right hand side of (Bj) can
be recast as

5[t v V([ et da) et o do
€” JRAxR4 R

1
+_2/ / re(tvl'vl)a(D v - VyQD(t,ZE,ZE/Gg,U,(])%(Q) dq dv dx
€ JRiIxRI JR

and
1
! / / relt,2,0,q) Q) (1,2, 2/e,v,q).4 () dg dv da
€ JRIxRI JR

respectively. Let us pick a trial function verifying the constraint
/ oM dg = 0. (36)
R
For such a function, multiplying (B§) by €? we are led to
/ / /Tgtxvq v-Vyot,z,x/e3, v, q).4(q) dg dv dx dt
0 JRIxRA
/ / //Rtmy,qu Vye(t,z,y,v,q).#(q) dg dv dz dy dt =0
e—0 R4 xRd

However, fR ré¢.# dq = 0 implies that fR R.# dq = 0 too and we deduce that, for any test
function (not necessarily verifying (B6)),

/ /Rde//Rv Vypt (q) dg dv dz dy dt
X

/ //R’U’Vy ¢(q) —/sO(Q')«///(q’) dq’)///(Q) dg dv dz dy dt =0
RIxRd JR JY R

holds. Accordingly R does not depend on the fast variable y anymore.

Then, we consider a test function ¢(¢, z, v, ¢) which does not depend on the fast variable.
Multiplying (BH) by € we get

// /rewaE F(2/%,0) - Vg q) dg dv d i
Rded

/ // RQp+p 7 (y,)'chp)«///(q)dqdvdmdydtZO
5—>0 ]RdX]Rd

/0 /Rded/R [R Qe +p (/Y F(y,q) dy) 'va]///(q) dg dv dz dt :(0. |
37
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The interest of this relation is two fold: first it induces some regularity information on p,
second it yields the necessary expression of R by means of p.

If [(.-#(y,q) dy = 0, then (B7) actually tells us that R belongs to Ker(Q) and thus
R(t,x,v q) = ,o(t,:n,v) 1(g). Then, due to ([Lf), the last term in (B4) vanishes and p
satisfies a mere free transport equation.

Let us now assume that [, .#(y,q) dy # 0. We make use of x(g) defined by (2§). We
set p(t,z,v,q) = Y(t,z,v) x(q), with ¥ € C°((0, +00) x R? x R%). We observe that (§7)
leads to

b b
)
4,
=

)-vap///()dqdvda:dt
/Qx®x///()dq) Voo dv dz dt
p@Tvvwdudxdt_ // /RQcp///()dqdvdxdt
R4 x R4

xR /R Qx4 (4 )dq>¢ dv dz dt
-]

/ / M (q) dq)zb dv de dt.
RAdxRd
It follows that

‘/ / p I'V i dv dx dt‘ < O ZF |z yxr) 19122 @xRIxRA)-
R4 xR4

dXRd

[en]

8
\%\%\%\%\

dx R

Hence, when & is invertible, we conclude that V,p lies in L2((0, 00) x R% x R%), identifying
a regularizing effect induced by the asymptotics. Anyway, the regularizing effect holds in
the directions where 2 is not degenerate (see Lemma B.1)).

Then, we go back to (B7) considering a trial function which separates variables o(t, x, v, q) =
P(q)¥(t, x,v). Since we can write [, .Z (y,q) dy = —Q*(x*), (B1) becomes

/OO/ / <R¢ - Vvl/’) Q(¢) A (q) dg dv dz dt = 0.
0 Jrixrd JR

Let n € L?(R;.# dq) verifying fRn dg = 0. By virtue of ([1J) it can be rewritten as
Q(¢) = n so that

/OOO /RdXRd/R <R¢ — X" va/’) n #(q) dg dv dx dt =0

=/]R [/OOO /RR (Ro— px* - V) v da dt]n«///(q) dg

holds for any such 7. But, since by definition

/R//[dquz/x*///dq
R R
this relation actually extends to any n € L?(R;.# dq). We deduce that

/ / <R¢ — px* - Vvij)) dvdz dt =0 a.e. ¢ € R.
R4 x R4
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In particular it follows that

L[ o dv do dt) < 6ln ey IR0 s
0 JRIxRd
which implies
div, (x*(q)p(t, z,v)) = x*(q) - Vop(t,z,v) € L*((0,00) x R x R? x R; .# dg dv dz dt).

It finally proves
R(tv x,v, q) = _X*(q) : Vv,o(t, x, U)‘
Plugging this formula into (BJ) yields the expected diffusion equation.

Remark 4.4 In the latter proof, we should care of the functional framework: when F is a
function (i.e. it is absolutely continuous with respect to the Lebesgue measure) we deduce
from v -V F =0 that F' does not depend on y. This conclusion does not apply when F
is only supposed to be a bounded measure on R x Y: for any periodic function g(y), the
distribution F(y,v) = g(y)dy=0 satisfies v -V, F = 0.

5 Proof of Theorem and Theorem 3.3

The proof is very classical, and uses cut-off/tightness/martingale arguments, in this usual
order (see the classical monographs [[4, RT], as well as references therein). In the case
where the force field .# does not depend on space, the present problem is solved by the
classical diffusion approximation results that can be found in the forementioned references.
Here, the introduction of randomness in space is very similar to the stochastic acceleration
problem in the classical paper 2J]. Yet, in the present work, appropriate compensating
test functions in the spirit of [@] are introduced, which considerably simplify the technical
handling of the asymptotic analysis.

5.1 General setting

Probabilistic proofs are carried out by considering sequences of probability distributions
over a functional space of trajectories, in the present context:

@r = C°([0,T),R?, sup |I[)).
te[0,T]

Sequences of random processes indexed by e, like the velocity trajectory ¢ — V¢, induces
sequences of probability distributions over 47 that may convergef]. The relative compact-
ness (or tightness) of e-sequences of probability distributions on %7 is usually proven with
a random version of the Arzela-Ascoli compactness criteria, for instance the Kurtz-Aldous
criterion.

Lemma 5.1 (Kurtz-Aldous) e-sequences of probability distributions on € induced by
a random process t — V£ € RY are tight if the following two conditions are satisfied:

3Convergence of probability measures is weak over bounded and continuous test functions
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1. e-sequences of the probability distribution on R induced by the random wvariable
SUP¢e[o0,1) |Vi€| are tight.

2. For any smooth compactly supported test function ¢, and any § > 0 there is a random
modulus of continuity 5 such that for any t € [0,T]:

sup E <(¢( tﬁ+h) - ¢(Vte))2 ’(Vse)se[o,t]> <E (’Yg‘(vse)se[o,t}) a.s.,
he(0,4]

where E (. |(V;)Se[07ﬂ) denotes the conditional expectation given the path (V)sejoq
and ~§ verifies
lim limsup E(v5) = 0.
6—0 -0
Proof. See [[4] Chapter 3: Tightness of e-sequences of t — V¢ € R in the Skorohod
space is given by Theorem 8.6. Tightness of the full process is given by Theorem 9.1. One
gets tightness on %7 using for instance Therorem 10.2 and Problem 25. 5

It is very helpful to remember that if such a convergence occurs, by the Skohorod
embedding theorem, it is equivalent (and very useful) to construct (in the probabilistic
jargon) an ”abstract underlying probability space”, and to consider the whole of an e-
sequence of random processes t — V¢ converging (uniformly in time) almost surely (i.o.w.
with probability 1) towards a random continuous process t — V;. Since in our case the
position is given by X; = X§ + fg s dt’, the convergence of e-sequences of the process
t — V¢ induces convergence for pair t — (Xf, V9).

Now, the proof of convergence relies on four steps:

1. First step: Contain the random evolution (using a stopping time 7¢, and a cut-off
parameter 17 > 0) in a clever domain where the formal analysis presented in Section
can be made rigorous. The resulting stopped process will be denoted by:

s (X0 VET) i= (X e, Vinre)-

2. Second step: Show relative compactness of the probability distribution induced by
the stopped process t +— Vf’TS_ To this end, we shall use a compensating (or per-
turbed) test function method, see [RI]]. Here, random environments are considered,
represented by the realisations we € €. associated with the probability space of the
environment (€., F., P.). The compensating test function argument needs to be
adapted through the following Lemma.

Lemma 5.2 For a given realisation w. of the environment, suppose that the full
stopped process t — (X; ’Te,Vf’Te) € R%* s a continuous Markov process with a
generator L€ depending on a multi-dimensional random field F = F(.,we). At
each smooth and compactly supported test function ¢ € C’(?O(Rd), one associates a
“compensating pertubation” given by a random (depending on w. and measurable)
continuous function ¢(-,w.) € CO(R??). Suppose the following conditions are satis-

fied:

(a) The stopped process t — Vf’Té remains in a compact set.
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(b) For any test function ¢ € C§°(RY), there is a deterministic constant Y5 > 0
with lime_o 75 = 0, such that for any t € [0,T7,

E(o(V™) = 6 T VEONVE sepon)| <5 ase
(¢) For any test function ¢ € C§°(R?), there is a4 > 0, such that for anyt € [0,T),
[E (L)X VNV sepon)| <6 ase
Then e-sequences of the stopped process t — Vf’Te are tight in 6.

Proof. Denote ¢; := ¢(VS" ) and ¢f := ¢°(V;o , X{™ ); ¢>¢ denotes the com-
pensating perturbed test function obtained from ¢?. The key consists in apply-
ing Lemma [.1], by introducing the compensating perturbed test functions, for
0<t<t+h<T:

(btsn — &)
2.€ 2,€ € €
= by — O+ 20t(di4p, — D))

+Riyh-

with
Rin = (03 — 005 — (0F — 67°) + 204(drn — Sp — b + 65).
Now by assumption, one gets the estimate:
B (Resnl (Vo™ )seon) | < 2952 + 2 [16ll0 5

In the same way, using the martingale property of Markov processes for each w, and
integrating over the latter, one has:

E (¢§+h - ¢§|(V56’T6)se[0,t})
t+h . . .
B ([ s £ O VNV o )

Since the process t — V¢ is continuous and ¢ — Xf is a deterministic function of
the former, the event {7¢ > #'} is measurable with respect to the path (V"™ ) s€[0,/]
and thus:

E (¢§+h - ¢§’(V;7T€)se[0,t})

t+h . .
€( 1€ €,T €,T €,7¢ €,7¢ /
= / E (1re2vE (L6 X5 Vi MVE Yeton ) 1V Dsero ) dt

Finally, by assumption one gets the estimate:

IE (@14 — 00)°1(Vo Dseto) | < hge + 210l o0 hrvs + 2752 + 2119l o 76

and the Kurtz-Aldous criteria in Lemma p.1] applies. o

22



3. Third step: One extracts a converging sub-sequence, and identify the limit by using
the so-called characterizing “martingale” problem. The “martingale” problem is
simply a characterizing set of conserved quantities (on average) by a Markov random
evolution. This can be seen as a random generalisation, with a dual expression, of
the characteristic equations for transport PDE’s.

Definition 5.3 The continuous random process t — V; is said to verify the stopped
martingale problem with Markov generator L and stopping time T, if for any time
ladder to =0 < t1 < ... < tp < thy1 < T, any smooth test functional with compact
support ®, and any smooth test function with compact support ¢:

E (@(Vtg, VO — o) = [ L@V dt)) 0.

If £ = div(DV-), the latter characterizes Brownian motions with diffusion coefficient
D, and stopped at 7 (see Theorem 6.1 Chapter 4 in [[4]).

Proving the martingale property for the limit of a sequence constructed from Lemma
F-9 can be done by using the following:

Lemma 5.4 Consider the context of Lemma B.4, extract a converging sub-sequence
and assume the following:

(a) Convergence in probability distribution of the pair

Law

((VG’Te)te[o,T},Te) - ((VT)te[QT},T)a

for some stopping time T of (X7, V{7 )iejo,1]-
(b) For any test functions ¢ € C§°(RY), there is a deterministic constant Y5 >0
with lime_ov§ = 0, such that for any t € [0,T],

[E (L)X V) = L@V IV Vo) | €95 as.

Then t — V, verifies the stopped martingale problem with Markov generator L and
stopping time T.

Proof. This proof is using the notations of the proof of Lemma .. Similarly to

Lemma p.9 consider the martingale property for the compensating perturbed test
function:

€ €,T€ € € tnt1 € € €,T€ €,T€
E(@(%@ﬁ---,m (65, — 65 — / () VET, 26 >1Te>tdt>)=o.

Then consider a Skorohod explicit representation for which the e-sequence (V™" Jeelo,1], T°)
converges almost surely. The martingale property for the limiting process is then
obtained using dominated convergence and the assumed estimates.
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4. Fourth step: Remove the localization of step 1 using a posteriori analysis of the
limiting process t — Viar. This can be done using the simple following claim.

Lemma 5.5 Consider an e-sequence of continuous random processes (V}e)te[oﬂ, as
well as its supposed limit (Vy)icor)- Let m be a cut-off parameter involved in the
definition of stopping times T¢ and T associated with the forementioned processes.
Assume the probability distribution of the pair (V™ )epo,1), 7¢) converges towards
(V7)o 7) and that:

ImP(r=1T) = 1.

n—0
Then the probability distribution of the full process ((V)iejo,r)) converges towards
(Vte[O,T})-

Proof. Consider a Skorohod explicit representation for which:

lm7¢=71 a.s..
e—0

Consider a small § > 0. By assumption and dominated convergence, for any small
0 > 0 there is 779 and ¢, such that for any € < ¢,,:

P(r¢=T)>1-0.

Now consider any continuous and bounded functional ® on C°([0, 7], R¢) and remark
that on the event {7¢ = T'}, ®(VS,) = ®(V). Using the assumed convergence
E(®(V5.)) — E(®(V.ar)), one finally gets for e sufficiently small:

[E(@(VE) —E(@(V))] <220

5.2 Proof of Theorem B.3

Recall that the random evolution is defined by the full Markov process
t— (Y;tev V;tev Qt/52)7

whose generator is given by:

.1 1 1
ﬁ :6—31)Vy+6—2Q+29(y,q)Vv

The expected (y, g)-homogeneized limit involves the differential operator:
L = div,(DV,").

The main ingredients of the proof are the construction of the compensating test function,
and the discussion of the estimates that allows to apply the machinery described above.
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The compensating perturbed test function Let x(q) = (x1(q),...,xq4(q)) € (C’o)d
be defined in (R1)). We set

96
X (v,y,q) = _/0 eC(F — (F))(y +vt,q) dt,

where lime_00¢ = +oo. Eventually , §¢ ~ 1/e¢ will be taken. By construction, A€ is
solution to:

(v Vy + QX = (=F +(F)(y,q) — ¥ U=F +(F)(y + 6, q).

Then, for a given smooth test function ¢ € C5°(R?), we consider the associated random
perturbed test function:

(4,0, 9) = 6(v) + ex(@) - Voo(v) + X0, 4.0) - (Voo + Vo (x(a) - Vod(v))) -
Indeed 1
LG+ ex-Vog) = F - Volx - Vod) + =(F = (F)) - Voo,
which gives out

L)~ L) = 6" AT —(F))(y+0%,0) Voo
+e " UF —(F))(y +0°v,9) - Vo(x(q) - Vo)
+eF V(X Vo) + €7 - V(X - Vo(x(q) - Vod)).  (38)

The choice of ¢¢ is motivated by the following remark: by taking formally e?2(.F —
(ZF))(y + 0v,q) — 0 sufficiently fast when 6 — +o0o, one has A = O(1) and then L£(¢) —
£(6) = 0(e).

Now the point is to use the mixing properties of the field in order to control the different
terms in the above expression.

Key estimates First, boundedness of the force field ([9) gives

)\E
lim sup A oo
e—0 0

<+ P.—a.s.,

Assuming that ¢ < 1/¢? and using assumption 1) (||x|,, < +00), we get
lo¢ — 0|l E:)OO P, —a.s.. (39)

Now we want to estimate (B§). Denote by B, , the closed ball centered in y + f.v and
of radius 6 |v|. Using the decorrelation property of the force field in Lemma P.1, one has
for s € [0,0] and |v] > 72,

(Z(.0) @ (F — (PN +50.0)R\ Beyo)| <217 1% Blsm) P — s

Since e“*€ is a conservative and positive integral operator, we get

127 — (7)) <21 F|. P —as.
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and using the decorrelation property of the field

06
‘<9’(y,Q) ® A (y,v, ) R*\ Be,y,v> <2 IIL@HEO/0 Blsnz) ds P —a.s..

In the same way, we obtain

‘<9’(y, q) ® Vy.F (y + sv, q)[R*\ Be,y7v>

<2 Fll o IVyFll o Blsm2)  Pe—as.,

so that assuming that moreover n% > |v| it yields

06

2
(F00) @ VX0 0B Bey)| < 1P 1Yy, [ Bom)s ds P —as.

and finally we get for some constant C' depending on [|¢|| ., + [|V@| o X, and n::

sup (L) (v, 9,0) — L(9)(©)R?\ Beyo)

|v|e[77271/771}7%q

1
< CIZ1L 9,21 (Eo0m) +

o€

B(sn2)(1+ s) ds) P. —a.s.
0

Taking 6¢ ~ 1/¢, and using the decorrelation speed assumption (R() and the boundedness
assumption ([[9), we are finally led to the key estimate:

lim sup < sup (L) (y,v,q) — ﬁ((ﬁ)(?})’Rd \ Beyv)

e—0 ‘U‘e[n27l/n1]7y7q

> =0 P.—as.. (40)

Now things are settled enough to carry out the different steps of the proof.
Step 1.
One first introduces a vector of positive cut-off parameters (1;);cq1,... 43, 7 > 0 conditioning
the evolution of ¢t — V)¢, and which are constrained to vanish (17; — 0) eventually. The
associated stopping times are similar to [23], although cut-off need to be introduced only
at the macroscopic scale, which considerably simplifies the analysis. First, one looks at
the first exit time of the velocity process from a compact set:

i =inf {t € [0, T]|[V{| = 1/m}, (41)
and the first hitting time of a small ball at the origin:
73 = inf{t € [0, T]| [Vi'| < ma} - (42)

Then, one looks at finite variations:

75 = inf {t €[0,T]] sup |Vf— Vé_h)m‘ > ?73} ) (43)
h6[077n3}
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where 7,, > 0 is a time window associated with 73. Finally, one needs to prevent from
self-intersection by looking at the hitting time of a tubular neighborhood of the distant

past trajectory of positions:
t
/ VS ds
S

T =T ATy AN TS A TS,

7y =inf<t € [0,T]] sup
5€[0,t—yn4]

< 774} . (44)

The global stopping time is then

and the stopped process is still denoted by V.5 = V& ..

Step 2.

To carry out step 2 (compactness), and then step 3 (limit identification), it suffices to
apply estimates (B9) and (f0) to Lemma .3 and p.4 using some non-intersection property.
The non-intersection condition is the following:

Lemma 5.6 Assume that cut-off parameters verify:

N3 < 771775-

Then self-intersection in position at the macroscopic scale never occurs almost surely, in

the sense that for any t € [0,T] and 6¢ < 5F

€,T€¢
Vi

s

(Y seio N B (546’76 +OVIT L6

) =9 a.s..

Proof. By construction in ([i4) (absence of self intersection in the distant past) one gets
that fOI' 0 é S S t— /7,'73 and Yy c B(}/tt‘.n'E + 05‘/;775,95 ‘/;E,Ts ):

|y . YSE,T€| > ‘the;re _ }/;E’Te

_ ‘y _ }/;;77-

26°
> /e’ — =— >0,
2

and thus non-intersection is verified until time ¢ — 7;,. On the other hand, we claim that
for and s € [y, —t,t]:
Asy = (YT =Y VST >0

Indeed,

t

€ - S 67'62 1 €,7¢ ¢ €,7¢ €7 7/
e ol LZA I A A IR A
s

and by construction in ([[J), one gets:

t—s t—sn3
€ > - 2_ Al
s,t = €3 2 €3 m

which gives the result out. 4o

Now since macroscopic non-intersection holds, one has:
€,T €,T
( ’VSGOt) :E(<‘B }/5-;-57 57'5>"/;€[0t}) a.S.,
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and from Lemma p.q with estimates (BJ) and ([iQ), one gets the tightness of e-sequences
of t — V7 as soon as n3 < mnj.

Step 3.

Extract a converging e-sequence of t — Vf’TE. The continuity of functionals involved in
the definitions ([I))-(f4) of 7; for ¢ € {1,...,4} gives the convergence in distribution of the
pair ((We’Té)te[oﬂ,Te). The limit is represented by a random variable (V;");c[0,77, T) where
7 is defined in the same way as ([])-(l4). Using Lemma p.4 with estimates (B9) and ()
together with Lemma .6, we show that ¢ — V7 verifies the martingale property stopped
at 7, associated with the generator £, and thus is a Brownian motion with diffusion coef-
ficient 2.

Step 4.

The stopping times (74,73, 72, 71) will be removed, in this order. First consider a system
of coordinates where the diffusion matrix D is diagonal. If D is singular, and since the
initial condition is almost surely non null on the associated direction, the process t — V,”
remains in an hyperplane which evolves at constant speed, and self-intersection cannot
occurs. If D is non-singular, using Lemma 6 of [R3] (no self-intersection for hypoelliptic
diffusions in dimension d > 3), one gets:

lim P(ry =7T) = 1.
n4—0

The path of a Brownian motion is a-Hijjlder for any 0 < a < 1/2, thus denoting |-,
the H'i(;%lder norm one has by construction:

P(rs = T) > P(|[V™]0 > -2,

(e}

3
which tends to 1 as 13 — 0 with v,, — 0 sufficiently slowly. Finally, Brownian motion is
non-explosive, and hits the origin with null probability for d > 2. Hence, we get

lim P(rPATY =T) =1.
n1,m2—0

Now Lemma p.J applies iteratively by taking n; — 0 with i = 4, ..., 1. This gives the final
result.

5.3 Proof of Theorem .4

The proof in dimension 1 follows the same lines, yet the compensating pertubed test
function is constructed directly from the inversion of the transport operator, which exists
and is bounded as well as its derivative with respect to the momentum variable v, by
assumption. Yet, one has to stop the process when |V;¢| = 0. This stopping time cannot
be removed in step 4 of the analysis, since Brownian motion in dimension 1 hits the origin
with positive probability.
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A L' framework

We designed in Section [ a proof in the L? framework in order to do not obscure the
arguments by tedious technical details. It is however possible to adapt the proof to different
functional framework, up to slight changes in the definition of the dissipation property
of the operator Q. In particular it could be interesting to develop a proof in the L'
functional setting. The mathematical difficulty is related to the fact that L' is not a
reflexive Banach space and bounded sequences are relatively compact in the bigger space of
bounded measures, which is not well adapted to our purposes, see Remark [.4. Therefore,
we need assumptions that guaranty weak compactness in L' that is to provide tightness
and avoid concentration phenomena.

It turns out that considering L In L estimates is physically sound and reaches the math-
ematical goal. In what follows we assume

sup/ Fait [1 + |z| + |v| + ‘ln (ffnit)” A dq dv dz < C < 0. (45)
>0 JRIXRIXR

We detail below the arguments for the the Fokker-Planck operator ([L0) and the Boltzmann
operator (@) Having these compactness results at hand, we can readily adapt the proof
of Theorem B.9 to obtain a statement where (B1)) is replaced by (i) and weak convergence
in L? is replaced by weak convergence in L'.

A.1 The Linear Boltzmann Operator

Proposition A.1 Consider equation (f) with Q given by ([)) and F verifying ([L14)—([L4).
We suppose that () holds. Then, the quantities

Lo [urlal ol m ()
RdxngR

Iy 7
— C—p°) In(+) A dg dv dz ds
2 Jo Rdede(f 7 <P€) 1

are bounded uniformly with respect to e >0 and 0 <t < T < 0.

} A dq dv dz,

Proof. At first, due to (), we have the conservation property

d

—/ f¢ A dq dv dz = 0,
dt Jraxraxr

and the following dissipation property

—d/ FIn(fe) 4 dg dv dw = iz/ Q) In(f9) 4 dg dv da
di Jraxraxr €“ JRAxRIXR 5
O- € _ € g
= g, U )1n<p€) A (q) dg dv da

< 0

where we denote p(t, z,v) = [ f(t,z,v,q).#(q) dg. This relation follows from (f) again
which yields

/Q q) dg In(p®) = 0.
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Next we need estimates controlling the tail of the distribution function f¢. We compute

d

— f(|lz| + |v|) A dq dv dx
dt Jraxrixr

fe <v ——I—lf(:n/eg,q) > A dq dv dx
RIxRIxR |517| v

1
= fﬁv'—///(q) dqdvdx—i——/ (f° =09 ﬁ(az/eg,q)-i///dqdvdx,
RIxRIXR || € JRIXRIXR |v]

by using [p F.# dq = 0. It follows that

d
dt Jrixrixr

< fﬁ|v|///dqdvd$+g/ |f<—p| A dg dv dx
R4 xR xR € JRIXRIXR

(x| + |v|) A dq dv dz

holds, since .# belongs to L. We dominate the last integral by using the following
elementary inequalities, which holds for any positive a, b, €, v,

LS R e War VB < LOAHR RNV

< 5o(atb)+ (o —b)n(a/b)

42

by using the Cauchy-Schwarz inequality (v/b — v/a)? (f dy/(2\/Y) ) < bTT“ In(b/a). It
follows that

1
—/ |f¢—pf| A dq dv dx
€ Hfdede

1 fe
< — ‘+ ///dqdvda:—i— / - A dq dv dzx.
2v Rdede(f 7) 4 e Rdede(f /) In <P )
(47)
Putting the pieces all together we obtain
d € €
—/ fe(n(f) + |z| + |v|) A4 dg dv dzx
dt RdXRdXOR A .
+%/ (f =p )ln(f>///dqdvda: (48)
€ RdxRE xR o
< £ | A dq dv d:l:—l——/ (f¢+p°) A dq dv dz,
RixRIXR 2v JraxRrixR

where we already know that the last term is dominated by a constant, independently on
€, as a consequence of the mass conservation. Of course, we choose 0 < v < 40/C. Let us
set W(z,v,q) = |z| + |v|. Now, we use the standard trick

fIIn(A)] = fIn(f) = 2fIn(f)Lo<s<r
< fln(f) —2f ln(f)nogfgefwﬂl —2f ln(f)ne*W/Algfgl
e

30



where we use (—2f In(f)) < C/f on (0,1). We deduce that
€ € W
/ f(In(f)| + —) A dg dv dx
RéxRIxR 2

t
< / fiie (I (fiaie) | + W) A dg dv dﬂ?-i-/ / £ | A dg dv dx
RixR4xR 0 JR

dxRIxR

+t e i dgdvda+ =t finie# dq dv dz
R4 xRIxR v R4 xR xR

Q

holds, where we used the mass conservation. It suffices to apply the Gronwall Lemma to
conclude that the quantity

/ P+ dg dv de
RIXRIXR 2

is bounded uniformly with respect to € > 0 and 0 <t < T < oo. Coming back to ({), we

note that .
1 €
—2// (fe—pe)ln(f—>///dqdfuda;ds
€ Jo JrixRIxR pe

is bounded uniformly with respect to e >0 and 0 <t <T < o0 too. O

Corollary A.2 The sequence f€ is weakly compact in L'((0,T) x R? x R? x R) endowed
with the measure #(q) dg dv dz dt, and r© = (f° — p*)/e is weakly compact in
LY((0,T) x B(0,R) x B(0,R) x R), endowed with the measure .#(q) dq dv dz dt, for
any 0 <T,R < oo.

Proof. In what follows, L' spaces are endowed with the measure .#(q) dq for the vari-
able q. By virtue of the Dunford-Pettis Theorem (see [IJ] Th. 4.21.2), the bounds
in Proposition [A.] allow to extract a subsequence from f¢ which converges weakly in
LY((0,T) x R x R? x R) (and the limit actually lies in L>((0,7); L'(R? x R? x R))) .
Next, (f7) proves that 7¢ is bounded in L'((0,7) x R? x R? x R). It remains to show
that no concentration can occur. To this end, we use ([[§) again which yields for any
measurable set A C (0,00) x R? x R? x R,

1
/]rﬂ///dqdv de dt < —/(f€+p5)%dq dv dz dt
A 2v Ja

—I—uxi/T/ (fﬁ—pﬁ)ln<£>///dqdvdxdt
4€? Jo  Jrixrixr pe

Let 6 > 0. The last integral is bounded uniformly with respect to €, so that we can pick
v > 0 verifying

1 T . . fe
v Sup{ —5 (f —p)ln(—e)///dqdvdxdt <.
>0 L4€® Jo Jrixrixr P
Then, we appeal to the Dunford-Pettis Theorem and the bounds on f¢ which lead to

sup/(fe—FpE) A dg dv dz dt —— 0.
e>0JA |A|—0
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Accordingly, for |A| small enough we have
/ |r¢| A dg dv dz dt < 20,
A

which justifies the weak compactness of €.

A.2 The Fokker-Planck Operator

Proposition A.3 Consider equation (f]) with Q given by ([LQ) and F verifying ([[4)—([Lq).
We suppose that (i) holds. Then, the quantities

/ L+ + ol + |In (f9)|] # dq dv da,
Rdx[$d><R

iz/ / ‘8q\/f5|2 A dq dv dz ds

€ Jo JRIxRIxR

are bounded uniformly with respect to € > 0 and 0 <t < T < oco. Then, the conclusions
of Corollary [A_3 apply to the Fokker-Planck operator as well.

Proof. The entropy dissipation relation we obtain with the Fokker-Planck operator reads

W
— fIn (f€) A dq dv dx
dt RAdxRd XliR ( )
+— |8q\/f5‘2 M dq dv dz = 0.
€ JRIXRIXR
Then, the proof relies on the logarithmic Sobolev inequality (see [27] Th. 8.14) which tells
us that

€

()g/ feln<—e)///dqdvd3:
RIxRIxR P, . .
[f_e In <f—€) — f—e + 1];)6/// dg dv dz
RIXRIXR L P p p

< l/ |8q\/F‘2 A dq dv dz.

T JRIXRIXR

However, we readily check that there exists some constant C' > 0 such that for any z > 0 we
have (y/z—1)? < C(zIn(z) — 2 +1). This remark allows to adapt the previous arguments,
see (7)) and the proof of Corollary A.d.

B Double-Scale Convergence and L' Weak Compactness

This section is devoted to some technical refinements on the theory of double-scale con-
vergence. In what follows, we consider a sequence of functions f,, : R* — R verifying

Uniform L' bound: sup [ |fn] dz=Ch < o0, (49)
neN JRd
Compact support: fo(x) =0 for a. e. |z| > R, (50)
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Equi-integrability: lim <sup / f dm) =0, 51

Zpa(A)—0 \neN A‘ ol (51
where here and below .Zga(A) stands for the Lebesgue measure of a measurable set A C R?.
The assumption (p(]) is not crucial in the analysis and it can be easily relaxed; here, it
allows to avoid tedious difficulties due to possible loss of mass at infinity. The condition
(B1]) can be recast as follows

There exists a (convex and non decreasing) function G : Rt — R™ such that

lim Gls) =0 and sup/ G(|fnl) dz=C1 < 0.
R4

S§—0OQ S neN

(52)

We refer to [[] (Th. 22) for details on this so-called De La Vallée Poussin criterion. Due to
the Dunford-Pettis Theorem (see [[LJ] Th. 4.21.2), when (i9)-(51) are fulfiled, we already

know that ( f”)n cy 1s relatively weakly compact in L' (R%).

Here, we are interested in double scale limit, defined d la Allaire or N’Guetseng [fI], 9]
Let us denote by Y the unit cube in R?, which is endowed with the (normalized) Lebesgue
measure. The symbol # is used to characterize Y—periodicity. Given a borelian set
B C Y, we denote B# its extension by periodicity to R? and, for n € N, we will also use
the notation

B¥ = {x e R such that nz € B#}

For ¢ € Cg#(]Rd x Y), we set

/ o(@,y) dpn(e,y) = / o(z,n2) ful2) dz
R xY

R4

or in other words we consider the sequence of measures on R% x Y#
dpn(z,y) = fu(z) dz @ 6(y = nx).

In view of (f9), pn is a bounded sequence of measures and, extracting subsequences

if necessary, we can suppose that it converges vaguely which means that for any ¢ €
CY R4 x Y,
tin [ (o) fule) do= [ (o) duoy) (53)
n—0eo JRd RIXY
where  belongs to .#1(R? x Y#). Replacing the bound ([i]) by a L? estimate, we can
show that the limit is actually a function: du(z,y) = F(z,y)dy dz, with F' € Li (RYxY).
Hence, we address the question of additional properties of the measure p induced by the
equi-integrability condition (51]).

Theorem B.1 Assume (f9)-(B1)). Then, the double scale limit is absolutely continuous
with respect to the Lebesgue measure and there exists F' € L# (RYXY) such that du(x,y) =
F(z,y) dy dz.

We restrict the discussion to the case where f,, > 0, and thus p > 0 (otherwise we apply
the reasoning on the positive and negative parts...). The proof consists in proving that for
any borelian set in R? x Y such that Zgayy(E) = 0 and for any € > 0, we have u(E) < e.
We start with elementary results of measure theory.
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Lemma B.2 Let B be a borelian set of Y. Then, we have:
i) For any ® € L>®(Y), SUp, g |@(nz)| < [|P| oo (v

ii) La(B(0,R) N Bi) < C(R) L(B).
Finally, let A be a cube in R and B a cube in Y. Then, we have

2d
Zpa({z € B(O,R), z € A, v € Bf }) < Lpayy(A x B) + —%(B).

Proof. Point i) is clear. For proving ii) we introduce a covering of B(0, R) by cubes with
size 1/n and vertices being k/n, with k € Z%:

d

Lnp
clJ@en  Qe=]]lki/n, (ki +1)/n) = (k+Y)/n,
/=1

i=1
where the number L,, of cubes necessary for the covering is of order n%. We have

Ly
Za(B(0,R) N BY) <Z/ Lppen) dx_Z/ Liyep — d Y = C(R) A(B).

The proof of the last statement follows the same argument.

Next, we consider trial functions with separated variables.

Lemma B.3 Let ¢ € L®(R?), supp(¢) C B(0,R) and ¢ € LZ(Y). Then, the quantity

In (¢, %) = /qb (nz) folz) do

has a limit as n goes to infinity that we denote I(¢,). In particular, when ¢ and ¢ are
continuous we get

16.6) = [ | 6@ dulz.y).
RIXY
Proof. Note that (53) already defines

Ho) = lim [ ofe)(ne) fue) do = / o(x)b(y) dp(z, y)

n—oo R xY

for continuous functions ¢ € C’B (B(0,R)), ¢ € C’g 4(Y). By Lusin’s Theorem (see [B3] Th.
2. 24 & Cor. 2.24), there exist sequences of continuous functions converging . —a. e. to
¢ and 1) respectively:

(b(; € Cg(Rd)a wé € CS(Y)7
[P5]loo < [[@lloos [[Pslloo < |90,
os5(x ) ¢( ), s (y ) w( ) for a. e. z € R, y €Y.

Of course, we can suppose that ¢s is supported in B(0, R). By Egoroft’s Theorem, for any
n > 0, there exist measurable sets E,, C B(0, R) and F;, C Y such that

{ ¢s (resp. 1)s5) converge to ¢ (resp. v) uniformly on E, (resp. F,),
Lra(B(O,R)\ Ey) <n, LK \F)<n
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Then, we write

L(b) = /R (@) - 95(2)) V(ne) fulz) de

(o)
4 / 65(2) (b(nx) — Gs(ne)) fule) do+ / 65(x) ¥5(nz) fulw) da.
R4 Rd

The first term can be dominated by

16 — @51l e 1 loo 51D / fo 2+ 20|l oo 100 SUD / f da
neN JRd neNJ B

(0,R)\Ey

We proceed similarly with the second term, using Lemma [B.3. Let ¢ > 0 be fixed. We
first choose 7 small enough to guaranty

2116100 12100 SUD / I de <
neN

B(0,R)\Ey

by using (F1)), then we pick ¢ small enough to obtain

16 — @5l 10 SUD / fodo < e
neN JRdA
It follows that

|In(¢7¢) - Im(¢7¢)| < 4e+ |In(¢(57¢5) - Im(¢(57¢5)|

so that (In((b, w))n cn is & Cauchy sequence as a consequence of (B3). Accordingly, I(¢,1))
makes sense for bounded functions.

Corollary B.4 Let A be a compact (resp. open) set in R? and let B be a compact (resp.
open) set in' Y. Then, we have p(A x B) = I(14,1p).

Proof. The proof follows the same lines since characteristic functions of compact (resp.
open) sets can be approached pointwise by continuous functions.

Let M > 0. We denote A(M) = supy> s G(s- Given A and B compact sets of R¢ and
Y respectively, we split as follows

/xeAnB# fu(z) dz = /meAmB# fn() Ly, (z)<m dz + /gceAﬂB# fn(x) Ly (x)>m dx

< M %a({z € B(0,R),x € A, nx € B¥}) + A(M) G(F,) dz
r€ANBH

<M (fRde(A « B) + i—i%(B)) + A(M) / G(F,) da.

r€ANBH

Consider a Lebesgue-negligible set £ C B(0,R) x Y. For any 1 > 0 there exists an open
set 0, C R? x Y such that

FE C ﬁn, D%Rdxy(ﬁn) < n.
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Reproducing the construction of [BJ], &, can be covered by a enumerable family of boxes
Ak X Bk:

ﬁn:UAkXBk (AkXBk)ﬂ(AjXBj):QWhenn#j.
keN

For K € N, we set ﬁf = U{f:l Ag X By, so that we get
0 < u(B) < p(Oy) = lim pu(07).

However, we can write

K K
(0, ZMAkXBk SZ (Ar x By) SZ
=1 k=1 P

The latter can be recast as

K
lim / fn(x) dz
el <§_: 2€AeN(Br)E ) )

k=1
K d
S — 2
< i (S04 M L (B % B) + 23.2(Bi) + A(M) / G da
oo\l €AN(By)¥

< lim <M$Rw( )+ M dz.z (Bi) + A(M )0).

n—00
k=1

Since for any K € N, Zszl Z(By) is finite we are led to
0 < (OK) < MLy (6,) + AM)Cr.

Let € > 0. We first choose M large enough to guaranty that A(M) C; < €/2, and then
we can pick 1 small enough to obtain ,u(ﬁ,f{ ) < e. Since this inequality holds for any K,
it finally yields

u(E) < 1u(0,) < e

for any positive € > 0 and thus p(FE) = 0.

The arguments adapt readily when we take into account an additional auxiliary variable,
as necessary for our purposes.

Theorem B.5 Let f, : R? x RP — R wverifying

Uniform L' bound: sup/ |ful(z,2) do dz = Cy < o0,
neN JRAxRD
Compact support: fa(x,2) =0 for a. e. || > R, |z| > R,
Equi-integrability: lim (Sup / | frnl dx dz> =0.
ﬂ(ZRd <xRD (A _)0 neN
Then, up to a subsequence we can assume that
lim [ p(z,nz,2) folz,2) do dZZ/ o(z,y,2) dp(z,y,z)
N0 JRd RixYxRD
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holds for any p € Cg#(]Rd x Y x RP), where p belongs to M1 (R x Y# x RP). Then, the
double scale limit is aboslutely continuous with respect to the Lebesgue measure and there
erists F € L;E(Rd x Y x RP) such that du(z,y,z) = F(x,y,2) dy dz dz.
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