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Abstract

Kinetic equations are often appropriate to model the energy den-
sity of high frequency waves propagating in highly heterogeneous me-
dia. The limitations of the kinetic model are quantified by the sta-
tistical instability of the wave energy density, i.e., by its sensitivity
to changes in the realization of the underlying heterogeneous medium
modeled as a random medium. In the simplified It6-Schrédinger regime
of wave propagation, we obtain optimal estimates for the statistical
instability of the wave energy density for different configurations of the
source terms and the domains over which the energy density is mea-
sured. We show that the energy density is asymptotically statistically
stable (self-averaging) in many configurations. In the case of highly
localized source terms, we obtain an explicit asymptotic expression for
the scintillation function in the high frequency limit.

keywords: Waves in random media, kinetic models, [t6-Schrodinger equa-
tion, statistical instability

*Department of Applied Physics and Applied Mathematics, Columbia University, New
York NY, 10027; gh2030@Qcolumbia.edu;

TUniversité de Lyon, Université Lyon 1, CNRS, UMR 5208 Institut Camille Jor-
dan/ISTIL, Batiment du Doyen Jean Braconnier, 43, blvd du 11 novembre 1918, F -
69622 Villeurbanne Cedex, France; pinaud@math.univ-lyonl.fr



1 Introduction

Let us consider the following scalar wave equation for the pressure potential
p(T,x,1):
2 2

o = At 2L, 0
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where 7 is time, (x,t) € R xR denote the spatial variables, A is the Laplace
operator in the transverse variables x, and ¢(x,t) is the local sound speed.
Our objective is to understand the properties of p(7,x,t) when c¢(x,t) is a
highly oscillatory random field and the initial conditions for p(7, x, t) oscillate
at the same frequency.

The analysis of high frequency waves in random media based on (1) is
extremely complicated and still not totally established mathematically. Since
the wave field is oscillatory, its (weak) limit typically misses most of the
energy of the wave field p. Kinetic models are then used to capture the
energy density of the wave fields; see e.g. [6, 7, 12, 17] for rigorous results,
[3, 19] for more formal derivations, and [11, 14, 16, 20] for references in the
physical literature.

The validity of the kinetic model is limited by its statistical instabil-
ity, namely by its variability when the realization of the underlying random
medium is changed. In many situations, the energy density is self-averaging
2, 6, 7], which means that the energy density measured (averaged) on a
(sufficiently large) domain is asymptotically, as the frequency goes to infin-
ity, independent of the realization of the random medium. The above results
often require that the domain of measurements be of size independent of the
wavelength and that the source term for the kinetic model be sufficiently
smooth.

In this paper, we are interested in the statistical stability of such kinetic
models in a very simplified regime of wave propagation, namely the Ito-
Schrodinger regime. The latter regime arises when the wave field is a very
narrow beam propagating in the direction ¢ and the sound speed c(x,t) os-
cillates more rapidly in the direction ¢ than it does in other directions. Such
assumptions are valid in somewhat restrictive practical settings. However,
this regime of wave propagation is relatively simple to analyze mathemat-
ically and provides interesting qualitative answers regarding the statistical
stability of more general kinetic models.

The validity of kinetic models has been analyzed numerically in several



settings [8, 9, 10|, with quite good agreements with the energy density given
by wave equations of the form (1). Such kinetic models may then be used to
solve inverse problems, where constitutive parameters in the transport equa-
tion modeling e.g. buried inclusions or statistics of the random medium, are
reconstructed from available boundary measurements. We refer the reader
to [9, 10] for reconstructions based on synthetic (numerical) data and to [5]
for kinetic reconstructions from experimental data in the micro-wave regime;
see also [4] for a review on the use of kinetic models in the imaging of buried
inclusions. These studies show that the kinetic models perform relatively
well. Their limitations are almost entirely caused by our lack of knowledge
of the random medium, which generates some statistical instabilities in the
measurements. Understanding these instabilities will allow us to improve
on the reconstructions and to have a better understanding of the maximal
resolution that can be achieved.

It6-Schrodinger regime. In the [t6-Schrodinger regime, we introduce
W(x,t; k) as

1 )
p(T7 X, t) = % /R ezn(t—007)¢(x’ tv “)Cod/‘% (2)

where ¢q is the background sound speed, assumed to be constant. Thus v
represents waves at position (x,t) propagating with frequency w = ¢kl
After appropriate scalings and simplifications, the wave field 1) satisfies the
following It6-Schrodinger stochastic partial differential equation:

1
dip(x,t; k) = 3 (inAx — K*R(0)),dt + irip, B (E, dt). (3)
n
Since k plays no significant role in the sequel, we set it to k = 1. Here,
B(x, dt) is the standard Wiener measure, whose statistics are described by

E{B(x,t)B(y,t')} = R(x —y)t A1, (4)

where [E is mathematical expectation with respect to the measure of an ab-
stract probability space on which B(x,dt) is defined and ¢ A ¢ = min(t,t').
We shall not justify (3) from (1). See [1] for a justification in one dimension
of space and [2] for the scaling arguments leading to (3).

For our purposes, ,(x,t) satisfies a wave equation with highly oscilla-
tory coefficients oscillating at a frequency inversely proportional to the small
parameter n < 1. We assume that ,(x,0) also oscillates at a frequency



comparable to 7! and are interested in the properties of the wave field as

n — 0. Because the field oscillates rapidly, its weak limit is of little interest.
A more interesting quantity is the energy density of the waves [¢,]?(x,t),
or the probability density in the context of quantum waves. Because the
energy density does not satisfy a closed-form equation, it is more convenient
to analyze energy densities by introducing the following Wigner transform of
the wave field:

W,(t,x, k) = (271r)d /Rd Yy, (X — %, t>¢_n<x + %, t) dy, (5)

where 1), denotes complex conjugation of . Note that Jga Wi (t,x,k)dk =
14 (x,t)|? by inverse Fourier transform so that W, may be seen as a phase
space (microlocal) decomposition of the energy density.

Let 1,(x,0) be a sequence of functions uniformly bounded in L*(R?),
n-oscillatory, and compact at infinity in the sense of [13], i.e., such that for
every continuous compactly supported function ¢ on R¢, we have:

Tim oty (K)[?dk — 0, as R — oo
70 1k|>R/n

lim v, |*(x)dx — 0, as R — oo.
=0 Jix|>R

A practical sufficient condition is that 1, (x,0) is compactly supported and
nVi,(x,0) is square integrable with L?(R%)-norm bounded independently
of . Then, we have the following convergence result [13, 15]: The Wigner
transform W, (0,x,k) converges, after possible extraction of subsequences,
in the space of distributions D’(R??) to a Radon measure Wy(0,x,k), and
moreover, we have

Wo(0,x,k)dxdk = lim [ |¢,]*(x,0)dx. (6)
R2d n—0 Jrd

In other words, the limiting Wigner transform captures all the energy of the
incident wave field v, in the limit n — 0.

Kinetic Model. Upon using the [t6 formula, we obtain that the average

Wigner transform
a,(t,x, k) = E{W,(t,x,k)}, (7)



solves the following kinetic equation

Oa,, . dq
1 k- — k —
at + ann + R(]an - R( q)a77<t7 X, q) (27T)d7 (8)

a,(0,x,k) = W, (0,x, k),

where we assume that 1,(x,0), whence a,(0,x, k), is deterministic; see e.g.
2] for the details of the derivation. We have defined Ry = R(0) and R(k) as
the Fourier transform of R(x), with the convention that

~

R(k) = FR(K) = /R R () ()

Since R(x) is a correlation function, R(k) is non-negative by Bochner’s the-
orem. For the rest of the paper, we assume that R(k) € L'(R%) N L>(R%).
Note that fRQd a,(t,x, k)dxdk is independent of time so that the total energy
of the initial condition is preserved by the transport evolution.

Scintillation. The validity of the kinetic model (8) to describe the ensemble
averaging of the phase space energy density of the wave field is trivial in the
[t6-Schrodinger regime: the kinetic model (8) is here exact for all n > 0,
unlike what happens in other regimes of wave propagation [6, 7, 19]. It
remains however to understand how stable it is. In other words, how good
an approximation is a,(¢,x,k) of the random field W, (¢,x,k). A natural
object in the study of the statistical stability of W, is the following covariance
function:

Jo(t,x, Ky, p) = E{W, (t,x, k)W, (t, y, p)} — E{W,(t,x, k) }E{W,(t,y, IZ)})

10
We refer to this function as the scintillation function, in analogy to how stars
are perceived to twinkle because the realization of the atmosphere changes
in time.

We shall see that the size of the scintillation function crucially depends
on the smoothness of the initial conditions 1, (x, 0) and a,(0, x, k) and on the
support of the domain over which the energy density is averaged. The effect
of the averaging will be quantified by measuring J, in appropriate (weak)
norms.

One of the main advantages of the Ito-Schrodinger regime of wave prop-
agation is that J,(t,x,k,y, p) satisfies a closed form equation. Another ap-
plication of the It6 formula [2] shows that J, is the solution of the following
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kinetic equation:

0
<§+TQ+QRO— Q2_K">Jn = Kyay @ ay, (11)

with vanishing initial conditions .J,,(0,x,k,y,p) = 0, where

T, = k-Ve+p-Vy

~ - dk'dp’
QyJ = / (R(k —X)é(p—p)+ R(p—p)ik— k’)) J(K p)
R2d J (271')
~ i(xfy)u u u u
Knh = evE.Z:il o R(u)e n elejh(x7k+€l§JY7p+€]§)W

(12)
In the absence of the operator IC,, the variables (x, k) and (y, p) remain
uncoupled in (11) and the scintillation vanishes. Scintillation is created as
the waves propagate through the random medium with a rate of creation
proportional to K,a, ® a,. Notice that K, involves a highly oscillatory
integral. Outside of the diagonal x = y, this oscillatory integral is small,
whereas in the vicinity of the diagonal x =y, it is not. We thus observe that
K,h is small when h is smooth and large when part of h is concentrated near
X=Yy.
Outline. The rest of the paper is structured as follows. The main results
of the paper are summarized in section 2. We obtain estimates for J, in
various norms, and in the specific case of initial conditions for a,, of the form
a,(0,x,k) = 6(x)f(k), show that n~'J, converges to a measure J solving
an explicit kinetic equation. Section 3 presents stability estimates for the
scintillation operator K, defined in (12) and for the kinetic equations (8)
and (11). The proof of the stability estimates for J, are given in section 4
whereas the proof of convergence of n~'J, when a,(0,x,k) = 6(x)f(k) is
given in section 5.

2 Main results

Let 1, (x,0) be a sequence of n—oscillatory, compact at infinity, functions
uniformly bounded in L?(R?). This is the case of interest for us here, where
we can define the Wigner transform (5) and pass to the high frequency limit
n — 0 while still ensuring that energy is conserved as in (6). We are interested



in quantifying the statistical stability of the Wigner transform W, (¢, x, k) and
do so by analyzing the scintillation function J, defined in (10).

We present two results. The first result proposes an upper bound for J,
in different norms and for different initial conditions v, (x,0). The second
result analyzes the convergence properties of J,, as n — 0 for initial conditions
of the form a,(0,x, k) = d(x) f(k), which correspond to localized sources at
position x = 0 radiating energy smoothly in wavenumber k. In this context,
we will show that .J, is of order O(n) and will obtain the limit of n~'J, as
n — 0.

Some typical initial conditions. Let us consider initial conditions v, (x, 0)
oscillating at frequencies of order n=! and with a spatial support of size n®
for 0 < a < 1. The parameter o quantifies the macroscopic concentration of
the initial condition.

The simplest example is a modulated plane wave of the form:

U = (), (13)
e M
where x(x) is a smooth compactly supported function on R?. The direction of
propagation is given by ky. Note that the above sequence of initial conditions
is indeed uniformly bounded in L?(IR%), compact at infinity, and n-oscillatory.
As another example of initial conditions, we consider

V2 (00) = e () o (el (14)
N2 n n

where Jj is the zero-th order Bessel function of the first kind. Such an initial

condition is supported in the Fourier domain in the vicinity of wavenumbers k

such that [k| = [ko| so that ¥\” emits radiation isotropically at wavenumber

|kol; see [8, 9] for more details. We again verify that the above sequence of

initial conditions is indeed uniformly bounded in L?*(R¢), compact at infinity,

and n-oscillatory. For this, we use that Jo(z) = /2 cos(z — Z) + O(z7%/2).

Domain of measurements. For the above initial conditions for v, we are
interested in the corresponding Wigner transform W, (¢, x, k) and scintillation
function J,. It turns out that J, is itself oscillatory so that its size depends on
the scale at which it is measured. In order to capture this scale, we introduce
a test function ¢ € S(R?*), a fixed wavenumber k; € R?, and define

1 x k- k1
P, (%, K) = m@(gv oo > (15)
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We then denote by (-,-) the duality product &'(R")-S(R") for n = 2d or
n = 4d and want to quantify (W), ¢, s, s,), the energy density averaged over
a domain (in the phase space) of width n°! in space and 1°? in wavenumbers.

By using the Chebyshev inequality, we obtain the following estimate on
the probability that W, deviate from its ensemble average a,:

P(HW0) ) — (00) o] 2 8) < 55 a(0)s Pones © P )

(16)
Here, a ® a(x,k,y,p) = a(x,k)a(y,p). In other words, when the above
right-hand side converges to 0, then we find that (W, (t), ¢y.s .s,) converges in
probability to 0, which implies that W, (¢) converges weakly and in probability
to 0. The measured energy density is thus asymptotically statistically stable.
A very relevant practical question pertains to the largest values of s; and s,
that can be chosen so that the Wigner transform is still statistically stable in
the limit n — 0. We are now ready to state our main theorem on this issue.

Bounds for the scintillation function. For any ¢(x,k) € L?(R%*), let
Fxp(u, k) and Frp(x, &) be the Fourier transforms of ¢ in the first variable
only and in the second variable only, respectively. We also denote by a < b
the inequality a < Cb, where C' > 0 is some universal constant. Then we
have the following result:

Theorem 2.1 Let ¢, (x,0) be a sequence of functions uniformly bounded in
L*(R%), compact at infinity, and n-oscillatory. Let a,(0,x,k) be the cor-
responding sequence of Wigner transforms given by (5). We assume that
Fxa,(0) and Fya,(0) are integrable functions and that

1Pty (0,0, %) ([ (g2ay S0~ and || Fiean(0, %, &)l aazay S 077, (17)
for some a € R and 8 € R. Then we find that
(T(1); Prsr,se @ Puor,sa) S (@7 VOT2E2 (ilmaon) g ppdiz2a=a1)) ©(18)
Here, a A b= min(a,b) and a V b = max(a,b).
Of interest here is the following corollary:

Corollary 2.2 Let ¢,/(0) be given by one of the expressions in (13) or (14).
Then (18) holds with =1 — a.



We can deduce the following results from the above corollary. In what fol-
lows, we consider that averaging takes place over a large domain of wavenum-
bers so that sy = 0, as e.g., in spatial measurements of the physical energy
density.

Support of the sources. Let us assume that the spatial support of the
domain of measurements is large so that s; = 0 as well. Then we find that

(Jy(),p @ ) S potdize), (19)

In other words, the scintillation is of order O(n?) when a = 0, which cor-
responds to a large support of the initial source term. This corresponds to
the ideal case where the scintillation is smallest. In such a setting, we obtain
that (W, — a,, ¢) is of order n%. This is the most stable situation.

For a very narrow support of the initial source term comparable to the
correlation length of the medium, namely when o = 1, we obtain that the
scintillation is of order O(n) so that (W, —a,, ) is now of order nz. We thus
obtain statistical stability of the energy density generated by a very localized
source term whose radiation pattern in k is smooth, although the statistical
instability is much larger than in the case a = 0. We know that for sources
that are highly localized both in space and in wavenumbers, the scintillation
does not converge to 0 and the energy density is not asymptotically statisti-
cally stable; see [2]. Such highly localized initial conditions would correspond
to a choice « = f =1 in Theorem 2.1. We will confirm in the next theorem
that the order O(n) above is optimal.

Small domain of measurements. Conversely, we can consider the case of
a source term with a large support, which corresponds to a = 0, and a very
small measurement domain. In this setting, we find that

(Jny Py ® Pisy) S o0, (20)

This means that the energy density becomes asymptotically statistically sta-
ble as soon as it is measured over an area that is large compared to the
correlation length of the medium. This is an optimal result of self-averaging
as we cannot expect the energy density to be statistically stable point-wise,
or when averaged over sub-wavelength domains. The above result, which is
based on estimating K, in (12) in appropriate norms, improves on estimates
obtained in [2, 18].



We can also consider intermediate situations where both the source and
the measurement domain have small support. In that case, the optimal es-
timate for the scintillation depends on whether o < s; or s; < «a. These
results are in fact optimal when the source term and the domain of measure-
ments are located at the same place. Such a geometry explains why we do
not obtain scintillation proportional to n“*=*=51). We should obtain better
estimates when the domain of measurements and the source term are not
centered around the same point, though this cannot be inferred from our
current results.

Convergence of scintillation. Let us consider the case of initial conditions
of the form (13) or (14) with a = 1, i.e., for tightly localized source terms, in
(transverse) dimension d > 2. The Wigner transform of such source terms
converges in the limit n — 0 to a distribution of the form J§(x)f(k), where
f(k) is a smooth function when y(x) is smooth [15]. We consider the kinetic
equations with such initial conditions and obtain the following result.

Theorem 2.3 Let J,, be the solution of (11) with the initial condition in (8)
gwen by a,(0,x,k) = §(x) f(k) for some smooth function f(k) in dimension
d > 2. Then n='J,(t) converges in the space of distributions uniformly in
time to the limit J(t), which solves the following kinetic equation

(;+%+2RO—Q2>J o, (21)
where
JOt) = *ZROté( —tp)d(y — tq)2mx
[ Rt o= @) s - 3 (s 3 - sla+ 3

The above theorem should be interpreted as follows. As time propagates, the
transport ballistic part a®(t,x,k) = e fot§(x — tk) f(k) creates some insta-
bilities, which converge after appropriate scaling to J°(t). The scintillation
thus generated is then transported by the transport equation (21). We also
observe that the error estimate of order O(n) in (19) with o = 1 is optimal.

3 Functional setting and stability estimates

In preparation for the proof of the theorems and the corollary presented in
the preceding section, we prove here some stability results for the transport
equations (8) and (11) and for the scintillation operator K.

10



We denote by F the operator of Fourier transform with respect to all
variables of the function on which it applies. For 1 < p < oo, we introduce
X, as the subspace of tempered distributions in &'(R%?) such that

Il = sup / sup | Fh(u, & v, ¢)Pdu < oo, (23)
v,(ERE JRE gcRd

for 1 <p < oo and

[Pllxe = sup |[Fh(u,§,v, )| < oo (24)

u,¢,v,£€R?

We also define Y, as the subspace of tempered distributions in &'(R??) such
that

lolf, = [ sup [ Fglu€)Pdu < oc, )
Rd ¢cRd
for 1 <p < oo and
l9llvee = sup [Fh(u, §)| < oco. (26)
u,£cRd

Finally, we define Y as the subspace of tempered distributions in &'(R*)
such that
lally = sup [ |Fg(u.€)ldu < oo, 1)
¢cRd JRd

Morally (though this is inexact), the space X; corresponds to scintillation
functions that are integrable in one spatial variable (bounded in the corre-
sponding dual variable v) and bounded in another spatial variable (integrable
in the corresponding dual variable u). It is this boundedness that allows us
to obtain the result (20) in the presence of small domains of measurements.
In contrast, X, corresponds to scintillation functions that are integrable in
both spatial variables (bounded in u and v), which allows us to get the result
(19).

The above spaces are well-adapted to the estimation of the scintillation
operator K,. More precisely, we have the following result:

Lemma 3.1 Assume that R € L'(RY) N L®(R%). Then for 1 < p < oo,
(1) K, is bounded in X, and

IKCullecx,) < 41BN ga)- (28)

11



(i1) Let p €Y, andv € Y. Then
1Cy 1 @ v, < A0 | Rl| oo ey [l el 1]y (29)

Proof. With obvious notation, we recast K, =, cic; K. Let h € X,
Then we have

FKIh = / e 36350 R (w) Fh (u - Zev+ s, c> dw,
Rd U

n
so that using the Holder inequality with 1 = i + 1%’

g R W W P

1K AJ%, < sup / sup | [ 1Bw)Fh (u—" e v+ ¢) |aw| du,
P v,¢erd JRd geRrd | JRd Ui Ui
. B . w w P
< 1 s [ s [ il |#n (u- e v+ 2 ¢ awa
v,¢eRd JRA ¢cRd JRA n n
< RN g I

This proves (i). Let now h := p®v. Upon performing the change of variables
w — nw, we have

]:IC;j pv = nt /Rd emw'(ﬁei'ﬁ*?q@ﬁ(nw)?u Rrvu—w,€v+w,()dw,

so that
1K I )
< sup / sup | | |R(W = V) Fu®v (v +u—w,&w,C)|dw| du,
v,(eR? JR4 ¢cR4 | J R4
- 2
< Ry W 50 [ sup [Tl w P (. ) dwda,
v,(eRd JRd ¢cRd J R4

<RI s gy 012, 11

which concludes our proof. [
We need stability estimates for the kinetic equations. We start with the
first kinetic equation:
da

g TP VxatRoa = Qa+5  a(0.x,p)=a(x,p),  (30)

Qa(t,x,p) = (2m)™¢ R(p—p’)a(t,x,p’)dp’,
]Rd

with Ry := R(0), R € L*(R%) N L>=(R%) and R non-negative. Then we have:

12



Lemma 3.2 Assume that ag € Y, and S € L*((0,7),Y,) for some T > 0
and 1 < p < co. Then (30) admits a unique solution in C°([0,T],Y,) such
that

||a|\c0([o,T],Yp) < ||CL0HYp + HS||L1((0,T),Y,,)~ (31)

Let S = 0 and let a®(t,x,p) := ao(x — tp, p)e T be the ballistic part of a.
Then, assuming that Frag € L'(R?*), we have the following estimate for all
t>0:

o= @)ty S8 [ sup [ Foo(v.€)1d€ S ¢ Fuaolisean. (32
Re veR

Proof. The proof is a direct application of the integral formulation of
(30),

t
a(t) = e”'Gyag + / e UG, Q(a(s) + S(s))ds,
0
where G, is the free transport semigroup given by

Gia(x,p) := a(x — tp, p).

The operators Q and G; are both continuous in Y. Indeed, for ¢ € Y, we
have:

fthO = f(p(ll,g—i—tu),
FQp = R(§)F¢(u,§),

so that
<
HthOHYp = ||90HYp> (33)
19¢lly, < I[IRllzemallelly,-

Standard fixed point techniques then provide existence and uniqueness results
for (30). When S = 0, estimate (31) follows from the maximum principle and
the observation that ||agl|y, is a majorizing solution to (30). When ag = 0,
(31) is an application of the Gronwall lemma.

For S = 0, we have the following Neumann series expansion in terms of
multiple scattering:

t
a”(t):/ e Rot=9)G, . Qa"1(s)ds,
0

13



with the ballistic part a®(t,x, p) := e flag(x —tp, p). By induction, we find
the following expression for the Fourier transform of a":

Fa"(t,u, k) = —Rot// / R(k+ (t — sp)u) -

k+ Sn 1 — ) )fao(u k+tU)d81 d

The change of variable k + tu — £ yields

e*Rot
"(t, - < ——||R||7 F d
"l < S Rl [ s | Faolv. €)1

e—Rot

- nltd—n

HRHZOO(]Rd)|’fka0HL1(R2d).

Summing over n > 1 gives the result. [
The last lemma deals with the fourth-order transport equation (11):

Lemma 3.3 Assume ag € X, and S € L'((0,T),X,), for T > 0 and 1 <
p < co. Then, the above system admits a unique solution in C°([0,T], X,)
such that:

lalleoqor),x,) < llaollx, + IS]zr0.1).x,)- (34)

Proof. The result stems from the integral formulation of (11) given by

olt) = Gy + [ DG [(Q 4 Koha + S,
0

where G? is the semigroup defined as

Gia(x,p,y,q) = a(x — tp,p,y — tq,q).

From Lemma 3.1, we know K, is continuous in X, and so are G and Q
since

FGip = Few&+tu,v,¢+1tv),
FQp = (R(&)+ R(C)Fep(uk,v,(),

for ¢ € X,. Existence and uniqueness follow as before from standard fixed
point theorems while estimate (34) stems from separate applications of the
maximum principle and the Gronwall lemma. [

14



4 Estimates for the scintillation

We are now ready to prove Theorem 2.1 and Corollary 2.2.

Proof [Theorem 2.1]. According to Lemma 3.3, the fourth-order trans-
port equation (21) is stable in X, so that we have the following estimate,
uniformly on [0, 77,

t
1), < / 1Kty ® ay (5)]x, ds. (35)

Provided that a, belongs to Y NY,, then K,a, ® a, is small in X,,. Indeed,
item (ii) of Lemma 3.1 yields for s € [0, 7] and 1 < p < oo that:

11Cqan ® ay (5)llx, < 40| Bl| o ey llan () 1y llay ()l

First, we control the Y norm by the Y; norm since Y7 C Y. Lemma 3.2 shows
that the radiative transfer equation (8) is stable in Y;, for 1 < r < oo, so
that we just need to estimate the initial condition a,o(x, p) := a,(0,x,p) in
these Y, norms. Denoting by Fxa,o(u, p) the Fourier transform of a,o with
respect to the spatial variable x only, we obtain,

lagollvy < / | Fuaro(, p)| dpd,
R2d

lagolye < sup / | Frno(u, p)ldp.
ucRd JRd

so that the assumption of the theorem gives
layolly, < .

Moreover, defining ¢,0(-) := ¥, (-, 0), we have the relation

1 P ul\——/p u
fxano(uyp):ﬁfwno (E‘FE) F o (;—§>7

from which it follows, using the Cauchy-Schwarz inequality, that
lanolly. < ||-7:¢n0||%2(Rd) <C,
where C'is independent of 1. We have thus obtained that for all s € [0, T7,
1Knan ® ay (s)][x.. < C”f?d(lia)a
1Kyay @ ay (s)|lx, < Cr=2,
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which yields by interpolation, for 1 < p < oo,
1Ky @ a (s)]1x, < O30, (36)

This induces a first estimate for J,,, which is not optimal for initial conditions
with small support when o — 3 > 0. The stability of the transport equation
(8) in Y}, is not sufficient to deal with such irregular initial conditions. Rather,
we need to separate the ballistic part from the scattering part in the kinetic
equation to obtain sharper estimates and thus introduce:

a,(t,x,p) == ag(t,x, p) +a;(t,x,p),

R

where ag(t, x,p) = e ™, (x — tp, p) is the ballistic part and a, satisfies

S

a ] ] S S
a—t"+p-an;+R0a;:Qan+Qa2, a,(t=0,x,p) = 0.

Since the Fourier transform of ag is given by e~ ! Fa,o(u, k+tu), its Y norm
can be estimated for ¢t € (0,7 as:

1
||a2(t)||y < sup | Fan(u,k +tu)|du < — sup /d !]—"ang(t—d(k—z),zﬂdz
R

keR? JRd keRd
< 1 ‘ F ( )| dzd < C —dg
a X,Z ZaxX — .
= td o kn0 =~ td n

Now, Lemma 3.2 and estimate (32) imply that:

: c
Jas (Olly < =,

so that the time singularity of aj is weaker than that of ag. Thus, for 1 <
p < 00,

H’CUG’?? ® ay (S)pr SJ nd(l—ﬁ—%a) (S_d + Sl—d) 5 nd(l—ﬁ—%a)s_d'

For short times, we then use estimate (36) since it is independent of s and
for longer times, we use the above estimate. We thus write:

1K yan@ay ()| x, = L(s < to(n)) [[Kyag@ay ()| x,+U (s > to(n)) [[Kyay@ay ()| x,,
so that, for t € [0, T], we have

17,81, < C tol) "= 0F02) Ot (=9-5e).

16



t | ( ) 77 h noa> ﬂ abOVe and llSl'Ilg (36) (3 )7 ) or
E I:O’ z ]’ haj; aIl(I ‘V) we ﬁnd f
HJ”( )HXP < CTI ( ( p)a) (a B)\/ ).

We conclude by using the Parseval-Plancherel equality which yields, for ¢ €
[0, 77,

’<J177 Pn,s1,52 @ 9017,31,82>| = (27")_d |<.7:J7,,.7:<p77,31752 & 9077,81,82>

< (27T)_d||J7I||Xp ||‘/T9077,S1,82HL1(R2‘1) ‘/Rd |f¢n,s1,52('7p)|dp

Y

I

¥ (R4)

with 1 = = + 1%. It remains to verify the scaling properties:

1
p

1
||]:90n,31,sz||L1(R2d) = W||f90||L1(R2d),

1
OS] H/Rd | Fo(-,p)|dp

We conclude the proof of the theorem by choosing p = co or p = 1 in the
above estimates. [

Proof [Corollary 2.2]. We simply need to estimate Fyxap, and Fxag, in
LY(R%). Since

1 P u\——/p 1u
Fxap(u,p) = ﬁ}—%o (E+§) Fmo <E—§),

Ftyo(x,K) = 1y (x + gk> T (x _ gk> ,

| [ Fenmtplan

LY (RY) P (RY)

it follows that:
[ irstmauto = [ |7, (24 2) 75 (2-4) s,
:/de | Fibno (0) Fibyo (p)| dudp = ||JT1/)770||%1(R41) < Cp~d,
| 1Pl p)ldxdp < 7ol sy < O 0
R

It suffices to set 6 = 1 — « in Theorem 2.1 to conclude the proof of the
corollary. [
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5 Convergence of the scintillation

We now prove the announced convergence result. We first observe that the
existence results obtained in Lemmas 3.2 and 3.3 hold when the spaces Y, and
X, are replaced by the spaces of bounded measures M(R?*?) and M (R*?),
respectively or by the spaces of continuous functions C°(R??) and C°(R*?),
respectively. We recall that d > 2 here.

Proof [Theorem 2.3]. The scintillation function satisfies the following
transport equation in integral form

t t
D) = [ MGE (@ I (s)ds+ [ e IGE Koo als)as.
0 0

We recast this, with obvious notation, as o

Ty =Togdy+ 00, Jy= ZTQ’;JQ
We denote by T5 the formal limit operator of 15, defined as

Tof(t) = /0 t e =G Q,f(s)ds. (38)
The source contribution. We verify that

d
|Kya® als) = Kya® ©a(s) xS g AL (39)
where the ballistic part is given by
Ot %K) = e~ 5(x — 1) f(K) = e‘RUttlch(k -5,

Indeed, we know from Lemma 3.1 that
15(a — a®) @ a(s)l|x.. Sn’lla—a°|lylally.

and from (32) in Lemma 3.2 that

fo=ally S0 [ sup Fao(v. )ld <67 [ 1€l
R

d VGR’i
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That ||al|y,, is bounded comes from the stability of the transport equation in
Y, established in Lemma 3.2. The term K,a’ ® (a — a®) is treated similarly.
Let us define

¢
JO(t) = /eQRO(tS)QfSKna(]@aO(S)dS,
0 ‘ (40)
— 6_2R0t/ gfszngf(a()@ao)ds.
0

We find that .
1T7(8) — T ()| xee S 07T < 1. (41)

Indeed, we deduce from (39) and the stability of GZ in £(X,) that

t d

_d_

95) = Ol S [ (s A Dds S to-+ 1 S
0

for ty = n%. Up to a smaller-order error term in the space of distributions,
we may thus replace .J) by J)° in the sequel since the transport equation (37)
is stable in X,. Now, calculations with K, replaced by K;l’*l show that

2R0tJ00

nll() _ //Rd x—(t—s)p)—(y—(t— 5>‘“5(x—tp+s )
6(y —tq+s3)f(p—3)f(a— 3)duds

¢
= // R(u) el$'(p7q)5(x—tp—|—s%)
0 Jrd

6(y —tq+s5)f(p — 5)f(a— 5)duds,

2R0tJOO

o (t / / elsw (e q)5<x—tp+773%>
Rd

5(y —tq+ns3)f(p—3)f(q— §)duds.
Upon sending  — 0, we find in the limit that

H5(x— p)oy —ta)7 | R(w)(u- (b~ ) (b~ 5)fla ~ 5)du
+ie 2ol (x — tp)d(y — tq) p.v. /Rd R(w) (pl— q) flp = g)f(q - g)du’



in the space of bounded measures M(R). After accounting for all four
terms in the definition of K, and using the fact that R(u) = R(—u), we find
that the limit of 7~"J)(t) is given by:

JOt) = e ?t§(x — tp)d(y — tq) x
u

2 [ Bwi(a- (o - @) e~ 5)(Fa =5~ fla+ 5))du

This gives us the source term (22) in the transport equation (21).

Kinetic equation for the scintillation. We have shown that n_ljg con-
verged to JU. It remains to obtain convergence of the whole sequence n~'.J,,.
Let ¢(t,x,p,y,q) be a a smooth function on [0, 7] x R*. Then we have by
integration on the latter space that

(S @) = (TanJy, &) + (I, ), (42)
and equivalently that
(‘]777 (b) = (‘]Tiv T2*r]¢) + (J7(7J7 ¢)7 (43>
with ,
Ti005) = [ 2 09(Qs 4 K;)G o0yt (44)

We have shown that the difference between the source terms n_ljg and
J° converges to 0 as a distribution and has a negligible effect on n~'.J,. So
we can replace the initial condition for the error term by J° and look at the
problem

jn - T277j77 + JO,
where J, is now of order O(1). We observe that
JO(t) = e '5(x — tp)d(y — ta) H(p, q),

where H(p,q) is a smooth function.
Let now J) = J, — J° be the solution of

Jy = TonJy + ToyJ°.

We recall that

t
Ty, J(t) = / e 2U=IGE (Qy + K,)J(s)ds,
0
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so that
ToyJ® =Ty J° + J7,

where J? is given by a bounded operator in M(R*) applied to K, .J°. The
latter is given by

Sx ~ tp)ily —ta)e [ R H(p - $)H(a - )du
Rd

plus similar contributions. Because H is a smooth function, this term con-
verges to 0 in M(R*) as n — 0. This shows that J,? converges to 0 as
n— 0.

The other contribution, 75J°, involves a bounded operator applied to
Q,J, which is equal to

0, (1) (x,p. v, ) = ¢ Rip ~ ) R(a~¥) 1Y),

For f, whence H, and R sufficiently smooth, the above function is bounded
in C°(R*). The function is not bounded uniformly in time, however, and we
split the contribution J°(t) into J3(t) = J%x 0,5 (t) and JOxsm)(t), which we
still denote by J°(t). The source term T5.J§ generates a small contribution,
which goes to 0 as ¢ goes to 0 in the sense of distributions since the term
in (45) is bounded in e.g. L'(R*) uniformly in time so that after time
integration in (38), the contribution is bounded by O(d) — 0. The remaining
contribution is bounded in the uniform norm uniformly in time with bound
inversely proportional to §2¢.

We now have a problem of the form

(45)

Sy = TonJy + T J°,

where T5.J° is uniformly bounded in the uniform norm by O(6=2¢). Weakly,
this means that
(Jys0) = (Jp: Toy9) + (T2, ),
where ¢(t,x,p,y,q) is a smooth function. The solution J; is bounded in
C°(R*) uniformly in 7 by stability of the fourth-order transport equation in
the uniform norm. There is therefore a subsequence that converges weak x
in L>®(R) to a limit J' € L°°(R).
Let us decompose T3, as:

t
Ty, J(t) = / e 2RU=IGE (Qy + K,))J(s)ds = TaJ(t) + Sa,J(t),
0
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where

t
SonJ(t) = / e 2RU=9G2 K, J(s)ds.
0

We choose ¢ sufficiently smooth so that S3,¢ goes to 0 strongly in L'(R*?).
As a consequence, (J%, Sg‘nqﬁ) goes to 0 with 7 so that, in the limit, we have

(J',0) = (J', T39) + (T2, 9).

The above convergence to the limiting transport equation holds for every cut-
off 4. Thus, by stability of the limiting transport equation, we can remove
the cut-off in § and obtain that

J' =Ty J" + T J°,

weakly in the space of distributions. The above integral equation admits a
unique solution, which shows that the whole sequence n~'J, converges to J
solution of:

J="TyJ+ J°

This completes the proof of Theorem 2.3. 0O
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