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Abstract

This work is devoted to radiative transfer equations with long-range interac-
tions. Such equations arise in the modeling of high frequency wave propagation in
random media with long-range dependence. In the regime we consider, the singu-
lar collision operator modeling the interaction between the wave and the medium
is conservative, and as a consequence wavenumbers take values on the unit sphere.
Our goals are to investigate the regularizing effects of grazing collisions, the diffu-
sion limit, and the peaked forward limit. As in the case where wavenumbers take
values in R4, we show that the transport operator is hypoelliptic, so that the
solutions are infinitely differerentiable in all variables. Using probabilistic tech-
niques, we show as well that the diffusion limit can be carried on as in the case
of a regular collision operator, and as a consequence that the diffusion coefficient
is non-zero and finite. We finally consider the regime where grazing collisions are
dominant.

1 Introduction

This work is the sequel to our first paper [17] on radiative transfer equations with
long-range interactions. More precisely, we are interested in transport equations of the
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form

of +k-Vof =Lf, for (t,2,k) € Ry x R* x §¢

ft=0,)=f"e >R x 8% (1)
£1E) = [ PU) (1) = 0 do(p)

Above, d > 1, S? is the unit sphere in R4l and do(p) is the surface measure on S%.
Here, the collision kernel F' is non-negative and non-integrable at zero so that

/ F(k-p)do(p) = oc.
sd

Our motivation for studying such equations stems from the analysis of wave propagation
in random media with long-range dependence. For high frequency waves in the weak
coupling regime, the wave energy is asymptotically described by a transport equation
of the form (1) with a singular kernel. The fact that the collision process is confined to
the sphere is due to the conservative nature of the interaction between the wave and the
random medium. Other types of collision kernel arise depending on the scalings. The
one we consider has the form

cry— [ o (EEZBEY g k))d

f(k) = o T o R(k —p)(f(p) — f(k))dp,
]Rd""l

where ¢ is the Dirac measure, that decouples the transport equations for different values

of |k|, and we may set |k| = 1. The term R is the power spectrum of a random potential

V', mean-zero and statistically homogeneous in space,

Rle) = BV (@ + V)] = g [ e ROk

that models random fluctuations in the Schrodinger equation

10,0 + %Axw eV (2)4F = 0.

Here, ¢ < 1 is the variance of the fluctuations. Equation (1) then describes energy
transport in a certain macroscopic limit via asymptotics of the Wigner transform [15,
23, 30]. See [7, 10, 24, 28, 16] for more details on the link between (1) and wave
propagation in random media.

In the present work, we investigate the regularity of the solutions of (1) and two
asymptotic regimes. We show that the transport operator is hypoelliptic, namely that
for any initial condition in L?(R%*! x §¢), the solution is C* in all variables for positive
times. This is a consequence of the singular nature of the collision operator when the
correlation function R(x) decays only algebraically:

- 1

when  R(z) ~ |z > 1, then R(p)NW’

’$|272a’

and this singularity is non-integrable when o € (1/2,1) (recall that the integration is
carried over the d-dimensional sphere). Therefore, we have (as |k| = |p| = 1)

R(k—p)=R(|k —p|) = R2V1 —cosf) ~ 7% as§ — 0,
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where f = 2a — 1 € (0,1). The regularizing effect of grazing collisions is now well-
established in the case momenta take values in R and not just on the sphere, see e.g.
[4, 18,19, 3, 1, 2, 9, 22] for references on the Boltzmann equation in the so-called non
cut-off case. The heuristics of the regularization effect is similar to the case of collisions
over R and goes as follows: the high frequency behavior of the collision operator
L is essentially that of a fractional Laplace-Beltrami operator on the sphere, and as a
consequence standard energy estimates yield some Sobolev regularity in the k variable.
This regularity is then propagated to the other variables by the free transport operator.
The proof of regularity is based on the following hypoelliptic estimates that we derived
in [17]:

Theorem 1.1 Assume g,h € L*(R; x R xS, and let f € L*(R; x R x ST satisfy
the transport equation
Of + k- Vof =(=Aa)’h +g (2)

in the distribution sense, where [y is the Laplace-Beltrami operator on S and 5 > 0.
For some 6 > 0, suppose, in addition, that

(=A% f € L2(R, x R4 x %),

Then, for
0

TT o1+ 28) + 0
we have 9], f € L*(R; x RET x S%) with the estimate

6
107 A1z < C (N (=20)8 Fllzz + 1 fllsz + Ngllzz + Illsz )

The fractional derivatives above are defined in the Fourier space, see the notation
section further. Note that we stated here a slightly more general version of the theorem
of [17] that better suits our needs for this work: we added an additional source term
g in (2) which essentially does not modify the original proof. The proof of Theorem
1.1 follows the techniques of Bouchut [9], that are adapted to the spherical geometry.
Replacing formally (—A,)?h in the theorem by Lf, it is expected, using bootstrapping
arguments, that f has derivatives of any order in all variables.

We will also address two asymptotic regimes. The first one is the diffusion regime
where the long time behavior of solutions to (1) is investigated. The main question is
whether the singular nature of the collision operator leads to a different equation than
the standard diffusion equation obtained for smooth collision kernels. The answer is no
with the singularities that we consider, we obtain a perfectly defined diffusion matrix.
The second regime is the peaked forward regime where grazing collisions are the most
significant. In the case where collision are defined over R%*!, this leads to the well-known
Fokker-Planck (or fractional Fokker-Planck) equation. Here, the situation is slightly
different, the limiting collision operator is not a fractional Laplace-Beltrami operator,
but an operator that shares the same high frequency behavior as the Laplace-Beltrami,
but not the same low frequency behavior. We will base our asymptotic analysis on the
probabilistic representation of the transport equation (1). This is mostly motivated by
(future) numerical considerations: while standard discretizations of (1), using e.g. finite



elements of finite volumes, might not be straightforward due to the singularity of the
kernel, probabilistic methods offer a simple alternative. The operator £ can be seen as
the generator of a jump Markov process, which can be easily simulated. The solution
to (1) is then obtained after averaging over several realizations of the process.

The paper is structured as follows: in Section 2, we introduce the notation and state
the hypotheses on the kernel F'. We present our main results in Section 3. Theorem
3.1 concerns the regularity theory, Theorem 3.2 the diffusion limit, and Theorem 3.3
the peaked forward limit. The probabilistic representation of the solution to (1) is
introduced before Theorem 3.2. Section 4 is devoted to the proof of Theorem 3.1, and
includes important results on the operator £ that will be used in the proofs of Theorems
3.2 and 3.3, given in Sections 5 and 6, respectively.

To conclude this introduction, we would like to mention, that after this second work
on radiative transfer equations with long-range interactions was completed, we became
aware of the recent paper [5] that addresses similar questions. Some differences are the
following: it seems our hypoelliptic estimates of Theorem 1.1 are sharper; our techniques
of proof are different, we use in particular probabilistic techniques for the peaked forward
regime instead of PDE techniques; the diffusion limit is not addressed in [5].

Acknowledgment. This work was supported in part by NSF grant DMS-1311903,
an AFOSR NSSEFF Fellowship, and NSF CAREER grant DMS-1452349.

2 Preliminaries

We introduce here some notations and the main properties of the collision kernel F'.

Notation. We will denote by (-,-) the L*(S?) inner product. The Laplace-Beltrami
operator A, is defined by

Aap(z) = Ay (i> ; z €8’
lyll ) 1,—
d+1 d+1 d+1
= <A — Z Z 2i2j0,,0., — dz zi82i> ©o(2).

i=1 j=1 i=1
Here, A is the standard Laplacian on RT!. The eigenfunctions of —A, are the spherical
harmonics Y, ,,,, forn e Nand m =1,--- , M(d,n) where

I'(n+d—1)

M<d’n):(2n+d_1)F(d)F(n+1)’

and are associated with the eigenvalues \,, = n(n+d—1). Above, T is the gamma func-
tion. We will denote by ey = 1/(0(S%))!/? the first spherical harmonics Yy ;. The Fourier
representation of the fractional Laplace-Beltrami operator is then, for g € (0, c0),

<_Ad)ﬁgp(k) - Z )‘g <907Yn,m>yn,m(k)7

n=0 m=

—
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where convergence is understood in L?(S?). The Sobolev space H?(SY), for § > 0, is
defined by

H(SY = {p e (), (-Bafe e LAS")},

and is equipped with the norm

0
lellFroqse) = llollZase) + (=) 2@l Z2(s0)-

We will denote by C? the space of CP functions with compact support, and by C; the
space of bounded CP functions. We will use the following convention for the Fourier
transform in R4*!:

O =Fie = [ e F = e [ e

and introduce the fractional derivative as

07 f(x) = F (i) F(9))(),

with a similar definition for fractional derivatives involving the time variable. We will
denote by 9/, f any of the fractional derivatives with respect to ¢ or z;.

The collision kernel. We suppose F' is non-negative and satisfies the following hy-
potheses:

Voe (—1,1),  F(s)(1-s2)% € LY((~1,0)),

and there exists a; € (0, 00) such that
lirri|1—8]ﬁ+%F(s) = ay, B e (0,1). (3)
S—

We will use the following decomposition of the kernel into smooth and singular parts:
let first

ax(s) = allm _ sPHEF(s) — ay).

According to (3), az(s) — 0 as s — 1, and therefore there exists ¢ € (0,1) such that
las(s)] < 1 for s € (,1). Let then y € C*(]—1,1]) such that x(s) =1 for s € [—1,],
and x(s) =0 for s € [¢’,1] with ¢’ € (J,1). The kernel is finally written as

ar (1 + az(s))
11— s|’8+%

F(s) = x(s)F(s) + (1 = x(s)) ( ) = Fi(s) + F5(s). (4)

We have by construction F; € L'((—1,1)).
Note that the so-called mean free path, defined as the inverse of the integral of F,
is equal to zero since

/Sd F(k - p)do(p) ~ _ o) /_l A=

si [1— k- p|Pts 1|1 —¢]fte



For f € C*(S?) (such a regularity is in fact not needed), the collision operator is
defined more rigorously by

£1E) = v [ P9 (1) = 1) dolr).
where p.v. stands for the principal value. It is shown in Lemma 4.1 that £f € L>°(S%)
for such f.

3 Main results

We present two types of result: our first result concerns the regularity of the solutions
to (1), and our other results address the asymptotic behavior of the solutions in two
different regimes, the diffusion regime, and the peaked forward regime. We start with
the regularity results.

Hypoelliptic estimates and regularity. For any f, € LR x S9), we say that
f € L*((0,00), L>(R**! x §%)) is a weak solution to (1), if, for all p € C*([0,00) x
R¥*! x §9) with compact support in , with in addition ¢ = 0 for t > T, T' arbitrary,

/ h / Pt 2, k)@ + k- Vo + L)p(t, 2, k)didedo (k)
0 Jratt Jsd
— [ | #0002, dedo(h)

Rd+1 JSd

Note that the definition makes sense since Lo € L®(S?) when ¢ € C*(S?) according to
Lemma 4.1. Our first theorem is the following:

Theorem 3.1 (Regularity) The operator O, + k - NV, — L is hypoelliptic. Namely, for
any £ € LA R x S%), (1) admits a unique weak solution f that satisfies

feC>®((0,00) x R x §9).

The proof of Theorem 3.1 is given in Section 4. It is based on a regularization
procedure in order to obtain, along with uniform estimates, existence and uniqueness of
weak solutions. We then use Theorem 1.1 in order to gain better regularity in the (¢, z)
variables first, and show in a second step the improved regularity in the k variable.

Probabilistic representation and asymptotics. We give below a probabilistic in-
terpretation of the solutions to (1), and perform the asymptotic analysis in the proba-
bilistic framework. The starting point is the fact, proved in Lemma 4.1 further, that the
operator £ defined on C* can be extended to a unique non-positive self-adjoint operator
L with domain D(L) = {¢ € H?(S?), Ly € L*(S?)}. Moreover, —L is associated to a
quadratic form Q : H?(S%) x H?(S?) — R, given by

of.9) =+ [ [ Flk-p)(F(k) — F)(a(k) — 9(p))do (k) (p).
2 Jea Ja
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Then, according to [13, Theorem 7.2.1 pp. 302], there exists a Markov process
M = (Q7 fa (m(t))t207 (Pk)kesd)

on S?, cadlag (right continuous with left limits), with generator £, and where (€, F) is
a measurable space. The subscript k& € S? in the measure Py, is the initial condition of
the Markov process. For z € R%*!, considering then

X(t) = (2 - /0 tm(u)du,m(t)),

we have a Markov process on R x S? with generator
Lo=—k-Vuo+ Ly, whose domain includes  C*(R! D(L)).

Introducing 7, the semigroup T,f°(z, k) = Ei[f°(X,(t))] associated to £, where Ej
is the expectation with respect to the measure Py, it follows, for instance from [11,
Proposition 1.5 pp. 9], that for all f* € CY(R¥, D(L)) N L2(R4! x S9), the function
u(t,x, k) = T, f%(z, k) € CHR¥L, D(L)) satisfies,

o = Lu, for all (t,z,k) € (0,+00) x R¥™! x §¢.

Above and in the sequel, we use the shorthand fO(X,(t)) for fO((X.(¢))1, (Xz(t))2).
According to Theorem 3.1, the latter equation admits a unique smooth solution, and
therefore u(t,r,k) = f(t,r,k). The semigroup T; can be extended to L?*(R¥*! x S%)
thanks to the following estimate, proved in Proposition 4.2,

I f Il oo (0,000, 2R+ 1 x50y < || foll L2(mat1 xsa)-

In this probabilistic framework, we therefore have

f(t,x, k) = th0<l‘, k) = Ek[fO(Xr(t))]v

and we investigate now two asymptotic regimes. The first one is the diffusion regime,
where strong collision effects are investigated in the long time limit. There are two
equivalent ways to study the limit, either by rescaling the collision operator as £L — L/e
and the time variable as ¢ — t/e, or by the change of variables (this is the route we
follow here)

x - B t
t= . a= s flta k) o k) = f(50 5k,
with f¢(0,z,k) = f(z, k). The transport equation (1) then becomes
20, f + ek - Vo f° = Lf°. (5)

In this regime, the probabilistic representation is obtained by considering the rescaled
Markov process

X:(t)= <33 — E/Ot/€2 m(u)du,m(t/€2)>,

7



with generator

1 1
Lop=—=k-Vop+ Lo
£ £
The solution to (5) then reads

fo(t wk) = Tp fO(x, k) = Ex[fO(X5(1))).
Our second result is the following:

Theorem 3.2 (Diffusion limit) Suppose there exists § > 0 such that F' > ¢ a.e. on

(—1,1), and let Y7 = x — 5f0t/€2 m(u)du. Then, for all x € R, the process Y con-
verges in law in C°([0,00), R to a diffusion process Y,, starting at x, with generator

Ly=V, DV,,
where the positive-definite diffusion matrix D is given by

1 1
Dji =5 /Sd do(k)k;ky  with €= a(Sd—l)/ F(s)(1 — s*)4=2/2(1 — 5)ds.

1

Above, & is the uniform measure on S (i.e. ¢ = a/c(S?)). Moreover, for any f° €
LA(R*! x SY) and for all t > 0, f.(t) converges weakly in L*(R*! x S%) to the unique
solution to

Of =V, (DV.f)  with  f0.0) = [ o)) ©)

and the function f reads
f(t.x) =E™[f(0,,)]

where EY+ denotes expectation with respect to the law of Y, and vy is the canonical map
defined by y;(w) = w(t) for all w € C°([0, 00), RI+1).

Let us give a few comments on this theorem. The hypothesis that F' is strictly
positive is needed for the spectral gap estimate of Lemma 4.1. Moreover, the constant
¢ is non-zero and finite, and so does D since, according to (3),

F(s)(1 - s2)@2/2(1 — s) ~ (1 - s)P € L'((—1,1)) for B e (0,1).

Finally, probabilistic techniques yield slightly stronger convergence results than stan-
dard techniques that would provide weak-+ convergence in L((0,7) x R4 x S%). Here,
convergence is pointwise in ¢ and weak in L? for L? initial conditions. Naturally, conver-
gence can be made stronger by introducing the first order corrector, we did not pursue
this route here.

The main ingredient in the proof (given in Section 5) is a spectral gap estimate
that shows that the Markov process Y is ergodic, which allows us to use standard
diffusion-approximation theorems to obtain convergence.

Our last result concerns the peaked forward limit. In this regime, the main contri-
bution to the scattering process is due to grazing collisions. This is translated to the



kernel F' by supposing that F(s) is small for s # 1, and that F(1) is large. According
to (3), this suggests the scaling

ai

FE(S) = 5’8+d/2K(€<1 - S)), with K(t) t:O W, (7)

and (1 — 52)%.[((1 —s) € L'((—1,0)), for all 6 € (—1,1). The rescaled generator is
accordingly L., and the corresponding Markov process is now

M* = (Q7 ]:7 (ms(t))tZ()) (Pk)kESd)‘
Consider then .
Xe(t) = (o= [ me(du,me (1))
0
with generator . )
Lep=—k-Vap+ Lep,
and associated semigroup 7. Then, the function f¢(t, z, k) = T¢ fO(z, k) = Ei[f°(XE(1))]
satisfies B
Of* +k-Vauft =L f" (8)
Above, E; denotes expectation with respect to the measure Py. Let us denote by Xt ,

the law of X¢ starting at (z, k). Denoting by D([0,00)) the space of cadlag functions
equipped with the Skorohod topology [8], our third result is the following:

Theorem 3.3 (Peaked forward limit) For all (x,k) € R™! x §% the measure X ;
converges weakly in D([0, 00), R x S%) to a mesure X, x, which is the law of a diffusion
process starting at (x, k) with generator

LOI—/{Z'VQ;-FLQ,

Lsp(k) = p.v. aq /Sd %da(m.

Moreover, for any f° € L*(R¥ xS%) and allt > 0, f5(t) converges weakly in L*(RIT! x
S?) to the unique solution to

Of +k-Vof =Lsf  with  f(0,2,k) = f°(x,k), (9)

where

and the function f reads

f(t k) = E5*[f(y,)],
where EX=+ denotes the expectation with respect to X, 1, and y is the canonical map
defined by y;(w) = w(t) for all w € D([0,00), R x S4). When f° € L*(RI! x §%) N
CY(RIT! x S%), then the convergence holds pointwise in (t,z,k).

Note that the operator L3 is not the fractional Laplace-Beltrami operator. It would
be in the Euclidean case if S* were replaced by R%*!. Nevertheless, the high frequency
behavior of Lg is the same as the Laplace-Beltrami operator (A4)? as will be clear in
the proof of Lemma 4.1. As in the diffusion limit, we also observe slightly stronger con-
vergence results with the probabilistic techniques, in particular pointwise convergence
in (¢, x, k) for bounded and continuous initial conditions. Note as well that the solutions
to (9) are C* according to Theorem 3.1.



4 Proof of Theorem 3.1

The proof is divided into several steps. We first derive some important results on the
operator L. In a second time, we regularize the kernel F' in order to show the existence
and uniqueness of weak solutions along with some energy estimates. We finally obtain
the C* regularity using Theorem 3.1, first with respect to the (¢, x) variables, and then
with respect to the momentum k.

4.1 Step 0: Properties of the operator £
Lemma 4.1 The operator L defined on C*(S?) satisfies the following properties:
(i) For any f € C>*(S%), Lf € L>(S?).

(ii) L can be extended to a unique non-positive self-adjoint operator L with domain
D(L) = {p € HP(SY), Ly € L3S }. Moreover, —L is associated to a quadratic
form Q : HA(S?) x HP(S?) — R, given by

o) =3 [, [ FU-p) () = S0 o) = 9(p))do (R,
which satisfies the estimate, for some C' > 0,

Cliflsen < QUEH) + I lGe@ny < CTM I s gey, ¥ € HP(ST).  (10)

Also, L can be extended to a bounded operator (still denoted by L for simplicity)
from HP(S?) to its dual (HP(S%))*.

(iii) Let (-)_ denote the negative part of a function. Assume there exists b € (0,aq)
such that the kernel F' verifies

(F(s) —ay|1 — s|P~¥%)_ < b1 — 5| 7P~/ a.e. on (—1,1).
Then, there exists a constant C' > 0 such that, for ey = o(S?)~1/2,

CIlf — (s eodlyseny < QU )- (11)

(iv) For any f € HP(S), there exists h € L*(S?) such that

(—Aa)**h=Lf, with — ||h]|2gay < C| f || s (se)-
Proof. (i) Let f € C>*(S?). We have, for all k € S%,

Lf(k) = lim F(k-p)(f(p) — f(k))do(p).

120 S |k—pl>v/20

We split £ into £ = L; + Ly according to (4), and only treat Lo since the term
L, is straightforward. We may assume without loss of generality that £k = e411 =
(0,...,0,1) € R and write, when d > 2,

p=(V1—su,s),

10



with s € [~1,1], and u € S¢"1. Then,

Lof(k —11m/8d / Bo(s)(F(VI = s2u + sk) — f(k))(1 — s*) T do(u)ds.  (12)

n—0

Recasting f as

f(k) =¢(0,---,0,1), f(V1—=82u+sk) = (V1 —s2uy, -, V1 — sug,s),

we have

f(W1—=s*u+sk)—f(k) = (5—1)0z,,,0(0,---,0,1) + V1 —s%u-Vap(0,---,0,1)
O(fs = 1)),

where 0,,,, denotes partial derivation with respect to the (d 4 1)—th variable and V4

the gradient with respect to the d first variables. Since [, , udo(u) = 0, it follows from
the equation above and (4) that

since B € (0,1). This proves item (i) for d > 2. The case d = 1 follows analogously after
a simple adaptation.

(ii) Let f and g be in C*°(S%). Then
(ef.a)=vev. [ [ FO-5) (1) = F0) g(hdop)do(r)

=5 [ [ F0en ) - 1) (00 - o) dotiraotiy O
sd Jsd

=—9(f.9)
Using (4) and a Cauchy-Schwarz inequality, we find

eataP<c( [ [ Ot aowen ) ([ [ SRS i),

Introducing the following operator, for 5 € (0, 1),

Raf(k) =p.v. Mda(p), ke s

st |k — p|*Ptd
we have

)~ FOF, o
/gd sd |l€—p|25+d d (k) (p)_2<R5f7f>

It is proved in [27] (with a slight adaptation of the constants), that the Fourier multipliers
R,, associated with Rz are

 2%7iT(p) (I%7L+-é¢§£)__ F(i%%ﬁ))

TUOTE+8) \D(n+ 22 (2

11



where T' is the gamma function. When d = 1 and 5 = 1/2, we have, by conven-
tion, T'(452%) = I'(0) = co. The fact that I'(n + a) ~ ['(n)n® as n — oo for a € R,
shows that R, behaves like n?? for large n, which is the same asymptotics as the eigen-
values of (—Ay4)?. We can therefore write

(Rof. f) < CHfH%{B(Sd)v

so that
(L, )| < Cllfllassyllglmsse- (15)

By density of C>®(S%) in H?(S%), Theorem X.23 of [26] then shows that the quadratic
form Q can be extended to a quadratic form (still denoted by Q) with domain D(Q) =
HP(S?), associated to a unique self-adjoint operator £, with the domain given in (ii),
such that

Q(f.g) =—(Lf,9), VfeD(L), VgeH(S).

The upper bound in (10) follows from (15). For the lower bound, we simply remark
that there are positive constants C; and C5 such that

<R5f7 f> < Cl<£2f7 f> + C2Hf”%2(8d)

and use the asymptotic behavior of R,,. Note that we can also conclude from (15) that
L can be extended to a bounded operator (still denoted by £) from H”(S?) to its dual
(H7(8))*.

(iii) For f € HP(S?), we have
of. f) = /Sd/gd (WHWM - W) (f(k) = f(p))°do(k)o(p)

> [ (e = (Fen) = =) ) U = F@)Pdotot)
/g _BD (50 — f() o (k)o(p)

2 Jsa [k — p|?P+d
> 2(a1 — b)(Rsf, f)-

The conclusion follows once more from the asymptotics of the multipliers R,, and the
fact that Ry = 0.

v

(iv) Let f € C>°(S%). Let us remark first that if (—Ay)7Y : H*'(S?) — L*(SY), with
v > 0, then
ker(—A4)" = C.

Hence, (—A4)77, the inverse of (—A,)7, is defined on the set of functions ¢ € L?(S%)
with vanishing integral on the sphere, and [,(—Aq4) "p(k)do(k) = 0. Then, since
Jsa Lf(k)do (k) = 0, we can write

B
2

Lf=(—Ad)?(—Ag) 2LF.

12



It is then direct to see that the operator (—Ad)_gﬁ can be extended to a bounded
operator A from H?(S?) to L?(S?). Denote indeed by (g) the integral of g € C*°(S?) on
S¢, so that

(D) 72Lf,g) = (—Aa) 2Lf, g — (9)) = (Lf, (—Ad)™

we then deduce from (15) that

N

(9 —(9))),

(NI
(NI

(LS, (=Aa)"2 (9= (@) < Cll S ll1e s [I(=Aa)”

It finally suffices to set h = Af to conclude the proof. 0O

(9= lgssy < Cllfllassy gl L2 se-

4.2 Step 1: standard estimates for the Cauchy problem

Proposition 4.2 The radiative transfer equation (1) admits a unique weak solution f
that satisfies (—Ag)% f € L2((0,00) x R x S9) and the following estimate: for any
T >0,

T
||f”%<>°((O,T),L2(Rd+1><Sd)) + 2/ Q(f, fldt < ||f0||i2(Rd+1><Sd)7 (16)
0

where the quadratic form Q is defined in Lemma 4.1. Moreover, if for any C*> function
X with compact support in (0,00), we have 9], f, € L*(R, x R x §%), where v > 0
and f, 1is extension by zero of xf to allt in R, then

(—Ad)78], f, € L*(Ry x R4 x §7). (17)

Proof. We consider a slightly more general version of (1) that will be helpful for
the adjoint problem and for (17): we suppose there is a source term in the transport
equation so that f satisfies

Of+k-Vof=Lf+S,  Se€L*(0,00) x R x §%). (18)

We then proceed by regularization: let f0 € C>°(R**! x §%) with compact support in z,
S, € C®([0,00) x R x S?) with compact support in (¢, ) such that, as n — oo,
i strongly in LA (R x §%)
Sp — S, strongly in  L?*((0,00) x R™ x §%).
The regularization of F' is done as follows: consider decomposition (4). The functions
Fy and ay are regularized into C*°([—1, 1]) functions with usual mollifiers as F},, and
as,, With
Fy, — F, strongly in LY((—-1,1)) (19)
ag.n — a2, a.e. on (6,1). (20)

The function F3 is regularized as

By (s) = L F02n(5)) (1= X(5))
" 1—s+n1pts 7
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with 1+ ag,(s) > 0 in [0, 1] since ay, is such that ||ag,||Le(@s1)) < |laz||pe(sy) < 1. It
is then direct to obtain the existence of a smooth solution f,, € C>(]0, c0) x R4 x §%)
with compact support in z (using for instance Duhamel expansions and the fact that
the collision kernel is bounded). Multiplying the regularized transport equation by f,
and integrating in all variables leads to, for any 7" € (0, 00),

2

anH%OO((O,T),LZ(RdeSd)) + Z Hhi,nH%%(O,T)foHleded) (21)
=1

< 1ol e @asi xsay + 20Snll L2 (0,1 xra+r xsoy | Full L2 0,1y w1 sy

where
hi,n(tax7 k)p) = E,n(k 'p)(fn(t,l', k) - fn(tvxvp))' (22)

Since by construction,

1 Foll L2 arixsay < NNl z2(rass xsay, 190l £2((0,00) xR+ x59) < |[S] £2((0,00) xRI+1 x5 5

we can deduce uniform bounds from (21), and standard compactness arguments show
that one can extract subsequences such that, for i = 1, 2:

fo—f  weak—xin  L*((0,00), L*(R™! x §%)) (23)
hin — hi  weaklyin  L*((0,00) x R4 x §% x §%). (24)

It remains now to identify the limits. We focus only on the most interesting terms f and
hy and leave the details for h; to the reader. We start with hy,. Let ¢ € L*((0,00) x
R x §? x S§?) and denote by (-,-) the corresponding inner product. Functions of
the form @i (t) ® p2(2) ® p3(k) @ 4(p), with ¢; infinitely differentiable with compact
support, are dense in L2((0, 00) x R¥! x §% x §7), see [29], Chapter 39, so it is enough
to consider a test function ¢ of the latter tensor form. We then have

tani) = [ [ [ [ 5t kineapinhpddsds (o).

where
Un(k,p) =\ Fon(k - p)(@3(k)@a(p) — w3(p)pa(k)).

Owing the weak convergence (23), we need to show the strong convergence of v, in L?
in order to identify the limit. Since ), can be written as

Vn(k,p) = \/ Fon(k - p) (p3(k)@a(k) — @3(p)pa(p) — (@3(k) + 0a(p))(wa(k) — 0a(p)))

it is enough to show the strong convergence in L?*(S? x S%) of functions of the form

Vn(k,p) = \/ Fan(k - p)(p(k) — »(p))

where ¢ € C*(S?). For this, we remark first that by construction, using (20), as n — oo,

Fy,(s) = Fa(s) ae.on (4,1). (25)

14



Introduce then
b [ [ (VEute 9 - VR -p>)2 (P(k) = ¢(p) o (K)o p).

lo(k) —o(p)| < Clk —pl,

and Fy,,, F, are supported on [0, 1], we have

I, < C/1 < V1T as(s) VI daals) ) (1—s)(1 - s2) % ds.
é

\1—5|§+% |1—s+n*1|§+%

Since

The integrand being uniformly bounded by the function C'(1 —#)=# € L'((—1,1)) since
p € (0,1), (25) together with dominated convergence show that I,, — 0. This implies
that

T
tae) > [ [ [ [ st eiOpala)it pdtdsdo(k)do ),
0 JRra+1 Jsd Jsd
with obvious notation for ¢, which yields

ho(t,z,k,p) = / Fao(k - p)(f(t,x, k) — f(t,z,p)).

¢From (21), (23) and (24), we then deduce (16) when S = 0. It only remains to pass to
the limit in the weak formulation. The only term requiring some attention is the one
involving the collision kernel, for which we need to show that terms of the form

p. [ (Fun o Fa = Fi = )k ) (9(0) = 9(0) dor ()

converge to zero strongly in L?*(S?) for ¢ smooth. This is done using (25) and the
decomposition (12) in order to get a majorizing function for dominated convergence.
Summarizing, we have therefore obtained the existence of a weak solution f satisfying
estimate (16). The latter, together with (11), yields (—Ad)gf € L*((0,00) x R+ x §%).

Let us prove now the uniqueness. We proceed as usual with the adjoint problem, and
need to show that for f a weak solution with a vanishing initial condition, the following
equality, for all smooth ¢ with compact support in z such that ¢ = 0 for t > T, T
arbitrary,

T
/ / flt,x, k)0 + k- Vo + L)p(t, x, k)dtdedo (k) = 0,
0 Jratr Jsd

implies f = 0. Note that for technical reasons, the latter condition can be recast as

T
lim / / Pt 2, ) (O + k- Vo + L)p(t, 2, k)dtdado(k) = 0. (26)
n—1 Jra+1 Jsd

n—o0

Let v € L>=((0,T), L*(R*! x S%)) be a weak solution to the problem

(O +k-Vie—L(t,x, k) =—f(T —t,z,—k), v(0,z,k) =0,

15



and define u(t, z, k) = v(T — t,z, —k). We then verify that u is a weak solution to the
adjoint problem

O+ k- Yo+ Lult,a, k) = f(ta,k),  a(T,a,k) =0,

that is, for all ¢ smooth with ¢(0,x,k) =0,
T
/ / / wlt, 2, k) (=) — k- Vo + L)(t, 2, k) dtdado (k) (27)
0 Jra+t Jsd

T
_ / / £t 2, k)o(t, o, k)dtdzdo (k).
0 Jri+ Jsd

If u were smooth, we would plug ¢ = u in (26), which would lead to f = 0. We only
know that u € L*>®((0,7), L*(R4™ x S%)) and thus need to regularize. Let u, be a
regularized version of u defined by, for ¢t € [n™1, T,

T
witr k)= [ [ ] ot = 5)6ule )itk puls. . pdsdodo(p),
0 Jra+1 Jgd
where ¢, is such that ¢, (u) = 0 for |u| > n~'. We have consequently,
(O + k- Vyu+ L)u,(t, x, k)

_ /0 /R /S (s, 9, P) (=0 — k- + LYot — 8)bu(z — y)ba(k - p)dsdado(p).

Since ¢, (t) = 0 for t € [n71,T], we can use the fact that u is a weak solution, and
therefore (27), to write, for all t € [n™!,T7,

(O + k- Vo4 L)u,(t,x, k) = fu(t,z, k),

where
T
futa )= [ [ [ fepenlt = 6ula = vl pldsdado ).
0 JRdt1 Jsd
Assuming the regularization is such that

fo—f strongly in ~ L*((0,T) x R x §%),

it is then straightforward to conclude from (26) that

n—0o0

T
lim / / P2, k) + k- Vo + L)un(t, 7, k)dtdedo (k)
n—1 JRa+1 Jsd

T
~ lim / / £t 2, k)t 7, B)dtdado (k)
n-1 Jrd+1 Jsd

n—oo

_/OT/RW /Sd(f(t,x,k))zdtdxda(k)—0,

which proves the uniqueness.
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Regarding (17), suppose 07, f, € L*(R, x R%™ x §%), and consider the regularized
fn obtained previously. We remark that w, = 07, fny (fn the extension by zero of x f,,
to all ¢t € R) satisfies (18) on Ry x R x §? with f = u, and S = S, = =9, fa.x-
Note also that |[u,(t)||,2@a+1xssy — 0 as [t] — oco. Multiplying then (18) by w, and
integrating over all variables leads to

2

1

2 D i@ ar wsixsey < 1070 foe | 2@xmest con ]l 2@xrarixssy  (28)
=1

where h;,, is as in (22) with f, replaced by wu,. We showed above that f, converges
weakly to the unique weak solution f. It is then not hard to see that the fact that 9/, f,
belongs to L2(R x Rt x §) for any smooth y with compact support in (0, 00) implies
that S, and u,, are uniformly bounded in L*(R x R%™! x §¢). Following along the same
lines as in the proof of (16), we can finally pass to the limit in (28) and obtain that

/ Q(“?”)dt < ||aszx’”L?(RdeHde)||u||L2(]R><Rd+1><Sd)7 u = azxfx;
R

which yields (17) thanks to (11). O

4.3 Step 2: Regularity in (¢, )

Proposition 4.3 Let [ be the weak solution to (1) and let v = % Then, for any

n >0, any m >0, and any C* function x with compact support in (0,00), we have
azwagvfx GLZ(RXRdJrl?HB(Sd))? J:L 7d+17
where f, is the extension by zero of the function x f to allt € R.

Proof. We know from Proposition 4.2 that the result is true for n = m = 0, and
prove the proposition by a double induction on n and m. Let us show first that 9, f,, €
L*(R x R x S%). By construction, the function f, € L*(R x R x S¢) verifies in the
distribution sense

Ofy+k-Vofy=Lf,+ S, S =—fy.
We start with the case n = 1. We know from Proposition 4.2 that (—Ad)gf €
L2((0,00) x R x §9), so that (=Ag)2f, € LAR x R™! x §4). We have as well
S € L*(R x R4 x §%). In order to apply Theorem 1.1 and the hypoelliptic esti-

mates, we use item (iv) of Proposition 4.1 to write Lf, = (—Ad)gh, for some h €
L*(R x R4 x §4). It then follows from Theorem 1.1 (with # = 8 and 8 = 3/2) that
9] f € L*(R x R x S?), which proves the case n = 1.

Suppose now the result holds true at the step n, n > 1, so that for any y with the
properties stated in the proposition, we have u := 9,7 f, € L*(R x R x S§%). Result
(17) of Proposition 4.2 then yields

(—Ag)%u € L2(R x R4 x §9).
In order to conclude, we remark that the function u satisfies in the distribution sense

ou+k-Vyu=Lu+ S, S = =0 v

17



Since x" € C*> with compact support in (0,00), we have by the induction hypothesis
that S € L?(R x R4 x S%). Applying once more Theorem 1.1, we find 9;u € L?(R x
R+ x S9), which proves the result for the step n + 1 and therefore for all n. Following
along the same lines shows that 97 f, € L*(R x R4 x S§9) for all m, which completes
the initialization step of the double induction.

The evolution step from (n, m) to (n+1,m), to (n, m+1) and to (n+1, m+1) is done
in a similar fashion as above, by defining first u by v := ;797" f, € L*(R x R x §%)

and then by u := 8§"+1)78;’;fo € L*(R x R x §%). This ends the proof. O

4.4 Step 3: Regularity in k£ and conclusion

Take to > 0 and 7" > 0 arbitrary with ¢, < 7', and let x € C>°(R) such that x(¢) = 1 for
t € [to, T], and x(t) = 0 for t < ty/2 and ¢t > 2T'. It follows from Proposition 4.3 that,
for all n > 0 and m > 0,

8gnaggf€L2((t07T) XRdJrlvHB(Sd))? jzlu 7d+1
Since ty and T are arbitrary, standard Sobolev embeddings then yield
fec((0,00) x R HA(SY).

It thus remains to show the regularity in the k variable. Define for this the operator
A= —L+1. Tt is direct to see that A is a sectorial operator that generates a holomorphic
semigroup S(t). For 6 € (0,7/2], let indeed Sy = {z € C, |arg(z)| < 7/2—0,R(z) > 0}.
The spectrum of A, denoted by o(A), satisfies 0(A) C [1,00) and therefore o(A) C Sy,
for all § € (0,7/2]. Hence, for z € C\Sy, with 0 < 6, < 6, we have,

1 1
<
dist(z,0(A)) ~ dist(z, Sp, )’

(2 + A>71HL2(S‘1) =

and it suffices to apply Theorem X.25 of [26] (note that A is closed since it is self-
adjoint). It then follows from [26], Corollary 2, page 252, that, for any ¢ € L?(S%),
S(t)p € D(AP), for all t > 0 and p € N*, with the estimate

|APS(t) @l L2y < CP||0|| L2(sa)- (29)

By interpolation, the latter estimate can be extended to all p real and positive. Let
then u := 8?857_]0, j=1,---,d+ 1, n and m arbitrary, let x defined as before, and let
v:=—xk-Vyu—u(x—1). Since f is smooth in (¢,z), v is defined for all (¢,z) and
a.e. in S?. This allows us to use the following representation formula for wy,

u(t)x(t) = /0 S(t — s)v(s)ds.

We show now that for all (m,n, j), A?u € L=((0,T), L*>(R¥! x §%)), for all p € N*.
We proceed by induction, and start with the initial step p = 1. According to (10), we
have, for all (¢, x),

(Au,u) = <A1/2U;A1/2U> < CHUH%{B(sd)a
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which proves the claim together with Proposition 4.3. Suppose now that for all (m, n, 7),
AP2y € L((0,T), L*(R*™! x S?)). We have

t
AP 2y () x (8) = / AY2S(t — 5)AP?u(s)ds.
0

Above, we used the fact that AP+1)/2 is closed, and that S and AP/? commute. Using
then (29), we find, for 0 <t < T,

t
HA(pH)/QU(t)X(t)|\L2(Rd+1xsd) < CHAP/QUHL°°((0,T),L2(Rd+1><Sd))/ (t —s)"'/%ds,
0

which is finite for all (m, n, j) according to the induction hypothesis and proves the claim.
We conclude the proof of the proposition by showing that (—A)?%/?u € L>((0,T), L*(R4+!x
S)) for all p € N*. We write for this, using (10), for all p > 1,

Ol APul[Frs 50y < (AAPu, APu) = (AP u, u) = || AP 20|, g0 (30)

Using the Funk-Hekke formula [6], Chapter 2, page 36, it is not difficult to see that A
and (—Ad)g commute, so that

APl Fsay = (A Ul 720y + ||(—Ad)ﬁ/2ApUHiQ(sd)
= HAPUH%‘Z(Sd) + ”Ap(—Ad)ﬁﬂuH%%sd)-
With (30), this finally yields
||Ap(—Ad)ﬁ/2U||L2(Sd) < CHAPH/ZUHH(Sd),
and it suffices to iterate to conclude that, for any 0 < to < 7', any (m,n, j, p),
(—A)PPoro; f e L¥((t, T), L (R x §%).

The proof is ended with classical Sobolev embeddings.

5 Proof of Theorem 3.2

The proof is based on standard convergence arguments for stochastic processes. The
main ingredient is the spectral gap estimate (7i7) of Lemma 4.1.

Step 1: spectral gap and invariant measure. Let us first verify that the hypoth-
esis on the kernel F' in item (i) is verified. According to (3), for all b > 0, there exists
0o such that

|F(s) — ay|1 — s|77~42) < b1 — 5|74/, Vs € [do, 1).

It remains to treat the case s € (—1,d¢). It is assumed here that there exists n such
that F(z) > 7 > 0 a.e. on (—1,1). Suppose F(s)(1 — s)?*%2 —a; <0 for a non empty
subset I of (—1,dp), otherwise we are done. Choose then b < a; such that the associated
8o yields a; — n(1 — 60)?*%2 > 0. Then, for all s € I,

a; — F(s)(1 = s)™2 <ay — (1 = 60)" 72,
and the hypothesis is verified. The next lemma is a direct consequence of Lemma 4.1

item (i77):
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Lemma 5.1 We have the following properties for the operator L and the Markov process
M.

1. 0 is a simple eigenvalue of L with associated normalized eigenvector the constant
function equal to ey = o(S?)~1/2,

2. There exists g > 0 such that for all ¢ € L*(S%), the semigroup
Pip(k) == Ex[p(m(t))]

satisfies for allt > 0

|1 Pip — (¢, 1>L2(5)HL2(S4) < e ol L2(sey (31)
with
- g
O' =
o(S4)

the uniform measure on S¢.

3. 7 is the unique invariant measure for the Markov process M.

Proof. The proof of the first item is straightforward owing Lemma 4.1. Regarding
the second item, we first remark that & is an invariant measure for M. This follows
indeed from the fact that

Lo(k)de(k) =0, Yo eC™(SY),
sd

and [11, Proposition 9.2 pp. 239]. Let now v(t) = HPt¢HL2(U with ¢ = ¢ — (¢, 1>L2 ©)

and ¢ € D(L). Since ¢ is an invariant measure, (Pi¢, 1)123) = (¢, 1)12(5) = 0. Hence,
/ t) = 2<Pt¢v EPt¢>L2(&) < _gHPthH%Q(&) = —gU(t),

by application of item (ii7) of Lemma 4.1 to P,¢. Therefore, t — v(t)e® is a nonincreas-
ing function, and then

u(t) = || P — (¢, 1>L2(&)H%2(a) < e 0] 226) < e @72
The latter estimate is then extended to all ¢ € L?*(S?) by density. For the last point,

if 41 is another invariant measure, we have by definition [ @du = [ Pypdp for all t > 0
and all ¢ € C*(S?). Because of (31), there exists (t,), such that ¢, — 400 and

lim P, o= / @ods a.e. on S°.
n—-+o0o sd

Dominated convergence then yields

/ pdp = / pdo,
Sd Sd

which shows that p = ¢ since ¢ is arbitrary. 0
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Step 2: convergence of Y. We apply here standard diffusion-approximation the-
orems based on the martingale formulation and perturbed test functions, see e.g. [12,
20, 21, 25]. These theorems hold for instance when m is an ergodic Markov process.
This is the case here since a consequence of the spectral gap estimate (31) is that m
has a unique invariant measure (see Lemma 5.1 (3)), which implies that m is ergodic.
Note that m is not stationary since its initial condition is not drawn according to the
invariant measure. This has no consequence since (31) shows that £ satisfies the Fred-
holm alternative, which is what is mostly needed for the construction of the perturbed
test functions in the martingale techniques: as soon as [, d&(k)g(k) = 0, the Poisson
equation

Lu=g,  gelL*s%

admits a unique solution (up to a constant) that reads

u(k) = — /0 " Pt (32)

Here (P,)i>o is the semi-group associated with the Markov process M. The integral in
(32) is well defined thanks to (31).

As a result, we can apply the techniques of [12, Chapter 6] or of [14, Theorem 6.1],
in order to show that (Y?). converges in law in C°([0, 00), R¥*!) as e — 0 to a diffusion
process with generator

d+1

lop=> e [ Ealmy@mi(wldu
0

ji=1

where E; denotes expectation with respect to the invariant measure &, and m;(u) is the
I-th component of the vector m(u). The explicit form of the diffusion matrix is given in
the lemma below:

Lemma 5.2 We have

Dy = /0 " B () = % /S o)k

with
¢ a<sd—1)/ F(s)(1 — s2)42/2(1 — 5)ds € (0, o0).

1

Proof. First, let us remark that, since m;(0) = k;,

BelmyO)ma)] = | do0)ksEalmu)

Then, since m is a Markov process, the process ¢;(m(t)) — ¢;(m(0)) — fg Ly (m(u))du
with ¢;(p) = pi, is a martingale. Hence,

Eolnl6) = b+ Ba | [ o [ dop)F (o miw) o~ mtw)a]
=k + Ea[ lim / s /S do(v)F(s)(1 = 8) TRV = s+ (s - 1>ml<u>>du].
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Since [, s do(v)y = 0, and F(s)(1 — s?)@2/2(1 — s) is integrable thanks to (3), the
limit 7 — 0 is finite and we obtain

Es[mu(t)] =k — O’(Sd_l)/ dsF(s)(1 — s%)"2/2(1 — ) /Ot Es[m;(u)]du.

-1

Therefore, we have Es[m;(t)] = kje=® and then

1
Dﬂ:—/ & (k) k;ky.
Q: Sd

Step 3: convergence to the diffusion equation and conclusion. The following
result shows that the limit of f¢ is characterized by the limit of Y .

Lemma 5.3 We have for allt > 0, all f° € L*(R¥! x S%), and all p € L*(R¥! x §4):

lim dwdo (k) (ff(t, v, k) — fo(t,x, k:)) oz, k) =0,

e—0 RI+1 xSd

where

Fotah) = [ d @B 000
with & the uniform measure on S¢ and we recall that
t/e?
Yo(t)=x— 5/ m(u)du.
0

Proof. The proof follows once more from the spectral gap estimate. Following
Theorem 3.1, we know that

t/e?
fo(t,z, k) = TF fO(x, k) = Ky, [fo (x — 6/ m(u)du, m(t/sQ)ﬂ :
0
as well as f¢ are smooth functions (note that we defined TF on L? here). Hence, setting
¢<£L‘ k) _fo .1' k <f0 ’1>L2(5')’ w5<t7'a') = T;S€¢Efe(t7'7')_f~€(t7'7')a

and defining v(t) = Hiﬂg(t)Hig(Rdﬂxgd), we can differentiate v(¢) and use both the trans-
port equation (5) and item (i77) of Lemma 4.1 to arrive at

2 € £ /,E

52 <¢ ( ) £¢ (S)>L2(Rd+l><§d)d8

c [t A
- ?/0 Hw (S) - <"¢ (S)7 1>L2(&)H%2(Rd+1x8d)d87

1= (1) = (¥(#) 1>L2(5)||2LQ(Rd+1xsd) <wv(t) =v(0) +

which yields,
5 E — 52
195 (1) = (V5 (1), 1) o 5y |2 @arixsny < €7@l 2 maswsa)- (33)
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This shows that 1° converges strongly to its average in k. We show now that this average
converges weakly to zero, which implies that ¢° converges weakly to zero as well. Let

indeed u® = ¢ — <77ZJ8, 1>L2(5—)> and define
U = <@/J‘E, 1>L2(&), Ve (t =0) =0,

which satisfies

€0,V = —/ k- Vouf do(k) = —/ k- Vou© de (k)
Sd Sd

since [, k& (k) = 0. It then follows from (33), for all ¢ > 0 and for all ¢ € C}(R*t?),

/R Wt a)p(a)dr

The proof is concluded by using the density of C}(R4*1) in L2(R%*!), and the fact that
the L? norm in z and k of ¢ is uniformly bounded in ¢ and . O

It thus only remains now to address the convergence of f¢. When f° € CY(RIT! x
S N L2(R¥HE x S+, we conclude from dominated convergence and the convergence
in law of Y to Y, that for all (t,z,k) € (0,4+00) x R x S¢ f.(t,x, k) converges
pointwise to

lim
e—0

t
< 01%5_1||Vx90||m(w+1)/ [ (8) |2 ma+ixsayds = 0. (34)
€ 0

Flta) = [ a1 o)

where we recall that EY* denotes expectation with respect to the law of Y,. Note that
this limiting law is independent of & since the diffusion coefficient D is itself independent
of k, and we can write

Flta) = fte) =Bl where (@)= [ do) ().

The latter form is a probabilistic representation of the unique solution to the diffusion
equation dyu = Lou with initial condition u(0,z) = f°(x), and therefore f(t,z) is the
unique solution to (6). When f° is only an L? function, we consider a regularized
version of it denoted by fO As above, the associated f8 converges pointwise in (¢, x) to
EY>[fO(y,)]. It is then not difficult to show that solutions to (6) satisfy an estimate of
the form || f(¢)||z2 < ||f(0)||z2, and this, together with the latter pointwise convergence
and the fact that the semigroup T¥ is continuous in L? show that, for all ¢ > 0,

/ dxdo f(t,x, k)p(x, k) — drdo f(t, z)p(z, k), Vo € CO(R! x §%).
Rd+1xSd Rd+1xSd

Since CO(R¥! x §7) is dense in L?(R*™! x §%), this implies that f¢(¢, z, k) converges, for
all t > 0, weakly in L? to f(t,z). This concludes the proof of Theorem 3.2.

6 Proof of Theorem 3.3

The convergence of (f.)., as well as the one of the measure X{ ;, is obtained via the
convergence of the law of m® starting at k, that we denote by M. In fact, we have

fo(t,x, k) = E, [fo <:L' - /Ot ma(u)du,ma(t)ﬂ = EM[£9(0,(t)],
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where
0, : D([0,+00),S%) — D([0, +o0), R x §9)

w =t (z— fotw(u)du,w(t))

is a continuous application for the Skorohod topology. Note that we have Xt ; = Mj o
o,

Lemma 6.1 (M), is tight in D([0, +00),S?).

Proof. We will prove this lemma by using Aldous’s tightness criterion [8, Theorem
16.10 pp. 178]. The first requirement is

lim  sup Mi( sup ||y||gars > M) =0 VT >0,
M—+00 c¢(0,1) 0<t<T

which is direct since M is supported on S¢. Now, let T > 0 and 7 be a discrete stopping
time relatively to the canonical filtration, and bounded by 7T". Considering also two real
numbers > 0 and v > 0, we have

d+1
MG ([Yru = Yrllrass > v) <Y Mi(lgdy, — vi| > v/(d+ 1)),

J=1

where 3/ stands for the j-th component of 3. In order to study the increment, let us us
introduce

e = - ([ Wlr=))
=y —/0th p.v. /Sd do(p)F*(p - yu)(pj — )

which is a martingale under M§ (see [11, Proposition 1.7 pp. 162]) with quadratic
variation

<at= )= | (Lo (1) — 20y Eospl) ) (35)

where p(z) = x. Hence,

M|yl — 21 > v/(d+ 1))
< M(IM(7 + p) = Mj(7)| > v/(2(d + 1))

T+ ]
+M2<‘ / du p.v. /d do(p)F*(p - yu)(pj — ¥l)
T S
<I+1II

> v/(2(d+1))

Regarding the second term, proceeding as in the proof of Lemma 5.2, we find

T+ ) THp .
[ e [ aro)F e w) - <€ [ dul] < (30)
T S T
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for all © > 0, and therefore /I = 0. Now, regarding the term I, we have using the
martingale property of M;

ME(IM; (7 + p) = My(7)[* > v*/(4(d + 1)7))

4d+ 1) e

< TEM’“HMJ(T + 1) = M (7) P
4d+1)* e

S CQ,I/,U/a

where we used (35) and similar arguments as in the derivation of (36). As a result, we
obtain

limy sup 5up M (g4 — yr s > ) = 0,

w=0 g

which concludes the proof of Lemma 6.1. 0O
We will use the following lemma that shows the convergence of the generators.

Lemma 6.2 We have for all p € C*(S%),

lim | Lo = L[ Lo ga) = 0.

Proof. Let 6F(s) := e#T42K((1 — 5)) — a1|1 — s|77~%2. According to (7), for all
€ (—1,1) and for all x> 0, there exists €9 > 0 such that, Ve € (0, ),

[0F=(s)| < p|1 — s| 7772, (37)

We then write

0Lep = Lop— Lsp = p.v. /Sd do(p)dF=(p - k)(¢(p) — w(k)).

We may assume without loss of generality that k = ez 1 = (0,...,0,1), and write
p=(V1—s?u,s),
with s € [-1,1], and u € S¢"1. Then,
ILep(k) = hm/ / V1 — s2u+ sk) — o(k))(1 — 82)%da(u)ds.
n—0 Jgd—1

Recasting ¢ as
@(k) :¢(07 7071>7 SO(V 1_S2u+5k):¢<V 1_52u1:"' ) V1_32ud75)7

we have

(V1 —=3s2u+sk)—@k) = (5—1)04,,,0(0,---,0,1) + V1 —s*u-Vy0(0,---,0,1)
O(ls — 1)),
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where 0,,,, denotes partial derivation with respect to the (d 4 1)—th variable and V4
the gradient with respect to the d first variables. Since [, , udo(u) = 0, it follows from

the equation above and (37) that

a—2 1

<Oy, (38)

since 8 € (0,1). This concludes the proof of the lemma. 0O

We have all needed now to conclude the proof. We deduce from Lemma 6.1 that,
up to the extraction of a subsequence, M} converges weakly to a measure M. As a
consequence of Lemma 6.2, M, is a solution to the martingale problem associated to
Ls and starting at k. Since the equation dyu = Lsu admits a unique solution for a
given initial condition, it turns out that this martingale problem is well-posed (c.f. [11,
Theorem 4.2 pp. 184]), so that the entire sequence converges since the limiting measure
is unique.

When fy € CP(R x §T) N L2(R4H x S%), then, pointwise in (¢, , k),

folt, k) = EMEOT [10(y,)] — EXex[f0(y,)],

where X, , = Mj 0 O, is the law of a diffusion process with generator —k -V, + Eﬁ and
starting at (z, k). This, together with Lemma 6.2 and dominated convergence, allows us
to pass to the limit in the weak formulation of (8), and to deduce that the limit above
is a weak solution to (9). According to Theorem 3.1, the solution to (9) is unique and
actually C*.

When f; is only in L?(R¥*! x S%), we use a regularization procedure similar to the
one at the end of the proof of Theorem 3.2. This concludes the proof of Theorem 3.3.

References

[1] R. ALEXANDRE, Fractional order kinetic equations and hypoellipticity, Anal. Appl.
(Singap.), 10 (2012), pp. 237-247.

[2] R. ALEXANDRE, Y. MorIMOTO, S. UkAIL, C. J. XU, AND T. YANG, Uncertainty
principle and kinetic equations, J. Funct. Anal.; 255 (2008), pp. 2013-2066.

[3] R. ALEXANDRE, Y. MoriMOTO, S. UkAI, C. J. XU, AND T. YANG, Global ez-

istence and full reqularity of the Boltzmann equation without angular cutoff, Comm.
Math. Phys., 304 (2011), pp. 513-58]1.

[4] R. ALEXANDRE AND C. VILLANI, On the Boltzmann equation for long-range in-
teractions, Comm. Pure Appl. Math., 55 (2002), pp. 30-70.

[5] R. ALONSO AND W. SuN, The Radiative Transfer Equation in the Forward-Peaked
Regime, Comm. Math. Phys., 338 (2015), pp. 1233-1286,

6] K. ATKINSON AND W. HAN, Spherical harmonics and approrimations on the

unit sphere: an introduction, Lecture Notes in Mathematics, Vol. 2044, Springer,
Heidelberg, 2012.

26



[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

G. BaL, T. KOMOROWSKI, AND L. RYZHIK, Kinetic limits for waves in a random
medium, Kinet. Relat. Models, 3 (2010), pp. 529-644.

P. BILLINGSLEY, Convergence of Probability Measures, John Wiley and Sons, New
York, 1999.

F. BoucHuT, Hypoelliptic reqularity in kinetic equations, J. Math. Pures Appl.,
81 (2002), pp. 1135-1159.

L. ERDOS AND H. T. YAuU, Linear Boltzmann equation as scaling limit of quan-
tum Lorentz gas, Advances in Differential Equations and Mathematical Physics.
Contemporary Mathematics, 217 (1998), pp. 137-155.

S. N. ETHIER AND T. G. KURTZ, Markov processes, Wiley Series in Probability
and Mathematical Statistics: Probability and Mathematical Statistics, John Wiley
& Sons Inc., New York, 1986.

J. P. FOuQug, J. GARNIER, G. C. PAPANICOLAOU, AND K. S@LNA, Wave
propagation and time reversal in randomly layered media, Stochastic Modelling

and Applied Probability, Vol. 56, Springer, New York, 2007.

M. FUKUSHIMA, Dirichlet forms and Markov processes, North-Holland Mathe-
matical Library, Vol. 23, North-Holland Publishing Co., Amsterdam-New York;
Kodansha, Ltd., Tokyo, 1980.

J. GARNIER, A multi-scaled diffusion-approzimation theorem. Applications to wave
propagation in random media, ESAIM Probab. Statist., 1 (1997), pp. 183-206.

P. GERARD, P. A. MARKOWICH, N. J. MAUSER, AND F. POUPAUD, Homoge-
nization limits and Wigner transforms, Comm. Pure Appl. Math., 50 (1997), pp.
323-380.

C. GOMEZ, Radiative transport limit for the random Schrodinger equation with
long-range correlations, J. Math. Pures Appl., 98 (2012), pp. 295-327.

C. GoMmEz, O. PINAUD, AND L. RyzHIK, Hypoelliptic estimates in radiative trans-
fer, to appear in Commun. Part. Diff. Eq..

P. T. GRESSMAN AND R. M. STRAIN, Global classical solutions of the Boltzmann
equation with long-range interactions, Proc. Natl. Acad. Sci. USA, 107 (2010), pp.
5744-5749.

P. T. GRESSMAN AND R. M. STRAIN, Global classical solutions of the Boltzmann
equation without angular cut-off, J. Amer. Math. Soc., 24 (2011), pp. 771-847.

H. KunNiTA, Stochastic flows and stochastic differential equations, Cambridge Stud-
ies in Advanced Mathematics, Vol. 24, Cambridge University Press, Cambridge,
1990.

27



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

H. J. KUSHNER, Approximation and weak convergence methods for random pro-
cesses, with applications to stochastic systems theory, MIT Press Series in Signal
Processing, Optimization, and Control, 6 , MIT Press, Cambridge, MA, 1984.

N. LERNER, Y. MORIMOTO, AND K. PRAVDA-STAROV, Hypoelliptic estimates

for a linear model of the Boltzmann equation without angular cutoff, Comm. Partial
Differential Equations, 37 (2012), pp. 234-284.

P. L. Lions AND T. PAUL, Sur les mesures de Wigner, Rev. Mat. Iberoamericana,
9 (1993), pp. 553-618.

J. LUKKARINEN AND H. SPOHN, Kinetic limit for wave propagation in a random
medium, Arch. Ration. Mech. Anal., 183 (2007), pp. 93-162.

G. C. PapanNicoLAoU, D. STROOCK, AND S. R. S. VARADHAN, Martingale

approach to some limit theorems, Papers from the Duke Turbulence Conference
(Duke Univ., Durham, N.C., 1976), Paper No. 6, ii+120 pp. Duke Univ. Math.
Ser., Vol. II1, Duke Univ., Durham, N.C., 1977.

M. REED AND B. SIMON, Methods of modern mathematical physics. II. Functional
analysis, Academic Press, Inc., New York,1980.

S. SAMKO, On inversion of fractional spherical potentials by spherical hypersingular
operators, Singular integral operators, factorization and applications, Oper. Theory
Adv. Appl., Vol. 142, pp. 357-368.

H. SPOHN, Derivation of the transport equation for electrons moving through ran-
dom impurities, J. Stat. Phys., 17 (1977), pp. 385-412.

F. TREVES, Topological vector spaces, distributions and kernels, Academic Press,
New York, 1967.

E. WIGNER, On the quantum correction for thermodynamic equilibrium, Phys.
Rev., 40 (1932), pp. 742-749.

28



