Single scattering estimates for the scintillation
function of waves in random media

Guillaume Bal * [an Langmore Olivier Pinaud *

June 4, 2009

Abstract

The energy density of high frequency waves propagating in highly oscillatory
random media is well approximated by solutions of deterministic kinetic models.
The scintillation function determines the statistical instability of the kinetic solu-
tion. This paper analyzes the single scattering term in the scintillation function.
This is the term of the scintillation function that is linear in the power spectrum of
the random fluctuations. We show that the structure of the scintillation function
is already quite complicated in this simplified setting. It strongly depends on the
singularity of the initial conditions for the wave field and on the correlation prop-
erties of the random medium. We obtain limiting expressions for the scintillation
function as the correlation length of the random medium tends to zero.

1 Introduction

The energy density of high frequency waves propagating in highly oscillatory random
media is well-known to be accurately approximated by the solution to kinetic (radiative
transfer) models; see e.g. [2, 3, 7, 11, 12, 18, 22, 23, 24].

It is also well-known that in some weak sense and asymptotically, the approximation
holds for all realizations of the random medium, in the sense that the probability that
the energy density of the waves not be given by the kinetic model converges to 0 when
the correlation length of the random medium converges to 0. This result is referred to
as statistical stability or self-averaging [1, 4, 6, 8, 19, 20]. These results show that the
scintillation function, which is defined as the correlation function of the wave energy
density (in the phase space), tends to 0 in a weak sense. Understanding how fast the
scintillation function converges to 0 is a difficult and complicated problem. It is difficult

*Department of Applied Physics and Applied Mathematics, Columbia University, New York NY,
10027; gh2030Q@columbia.edu

"Department of Applied Physics and Applied Mathematics, Columbia University, New York NY,
10027; ianlangmore@gmail.com

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



because the algebra is never straightforward and it is complicated because it depends
in a non-trivial way on quite a few physical parameters such as the regularity of the
wave initial condition and on the power spectrum of the random fluctuations in the
underlying medium.

This paper provides a careful analysis of the single scattering contribution in the
scintillation function. By single scattering, we mean the following. The waves are
modeled in this paper by a Schrodinger equation. We consider high frequency waves
with correlation length A much smaller than the distance L over which propagation
is observed. In other words ¢ = % < 1. The random fluctuations of the underlying
medium through which waves propagate are assumed to be stationary. The correlation
length of the random fluctuations is also assumed to be of size €L so that both the
waves and the random medium oscillate at similar frequencies. The power spectrum
of the fluctuations is the Fourier transform of the correlation function of the random
medium. The scintillation function, which is the correlation function for the wave energy
density, may then formally be written as an infinite expansion with terms corresponding
to increasing orders of interaction of the waves with the underlying medium [12, 23, 24].
The first non-trivial term in the scintillation function is the one that is linear in the
power spectrum. All other terms are at least quadratic in the power spectrum or, when
the random fluctuations are not modeled as Gaussian processes, depend on higher-order
statistics of the fluctuations. When scattering is relatively weak, the linear term in the
power spectrum will then presumably be the dominant contribution in the scintillation
function. We referred to this term as the single scattering contribution to scintillation.
A detailed description of the wave equation and the single scattering contribution to
the scintillation function is presented in section 2.

A complete description of the single scattering term is not sufficient to fully character-
ize the scintillation. It is known that in the Ito-Schrodinger regime of wave propagation,
which is a simplified model for wave propagation, the single scattering term may not be
the leading contribution to scintillation [9]. Moreover, the single scattering contribution
to scintillation tends to 0 with € even in dimension d = 1 even though it is known that
the kinetic model is not the right limit when d = 1 [14, 16] since waves localize (with a
random limit) rather than transport.

Nonetheless, the single scattering contribution is sufficiently rich and interesting
physically that we want to present it in detail. Our main results on the asymptotic
behavior of single scattering scintillation are given in Theorem 3.1 in section 3 below.
There, it is shown that the amplitude of scintillation mainly depends on two ingredients:
the structure (regularity) of the initial conditions for the wave equation; and the long-
range properties of the correlation function of the random fluctuations. Scintillation
is also very much a function of the scale at which the energy is observed. Point-wise
estimates or estimates at a scale smaller than or equal to ¢ inevitably yield unstable
quantities. The energy density needs to be averaged over a sufficiently large domain in
order to be stable. We mainly consider the stability of the energy density averaged over
such a sufficiently large domain. We briefly comment on the stability of measurements
performed over small domains that are nonetheless of size much larger than e; see also
8, 9].

The salient features of Theorem 3.1 below are that scintillation is typically larger
when the initial conditions for the Schrédinger equation are highly localized in space.



This picture holds when the correlation function of the random medium is integrable.
When the correlation function of the random medium decreases very slowly (this is
the regime of long-range memory effects), then a different behavior emerges and the
maximal scintillation is obtained when the initial condition of the wave equation is
equally singular in the space and momentum variables. This peculiar behavior is also
dimension dependent. The complex behavior of the scintillation function depends on the
detailed structure of the initial conditions for the Schrodinger equation and is explained
in detail in section 2.

The proof of the results is based on the analysis of oscillatory integrals, which is
conducted by means of estimates of various Fourier transforms. The details of the proof
can be found in section 4. It uses standard lemmas of real analysis that are stated
without proofs in section 5.

2 Single scattering scintillation

Although we expect the results mentioned below to generalize to other wave equations,
we restrict ourselves here to the simplest mathematical model for high frequency waves
propagating in random media and define u. as the solution to the following random
Schrodinger equation:

9 d
<Z€§+ A—i-\/_V( ))us(t,x)—(), t>0, x€RY

augmented with a deterministic initial condition u.(0,-) uniformly bounded in L*(R?)
with respect to €, for d > 1. Here, V is a mean-zero homogeneous stationary random
field with autocorrelation R(x) := EV (z+y)V (y) and is time-independent. The symbol
E denotes the ensemble average with respect to a given probability space (22, F,P) on
which V' is defined. The Wigner transform of u. is defined as, see [17]:

1 ; ey
We.(t,x, k) = (27T)(1,//Rde'”’uE (tx—?)ue (t x+ 2) dy,

where %, is the complex conjugate of u., and W, satisfies the stochastic Wigner equation

9
ot

Ws +k- V:EWE = A€W€7 (1)
with
(AWe)(z, k) == fs(% k—n)W.(x,n)dn,

[o(@,€) = —— [V(=26)e ™25/ — V(26)2 /e
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where V' denotes the Fourier transform of V with the convention

V(k) = /]Rd e~ * TV (1) dx.



The initial condition of (1), denoted by W2(z,k), is the Wigner transform of u.(0,-).
Let a. := EW. be the ensemble average of W.. For sufficiently rapidly decaying cor-
relation function R, a. converges in a proper functional setting to the solution aqy of
a radiative transfer equation. Such result has been proved in different frameworks by
several authors: see for instance [5, 6, 21] for time-dependent random potentials, or
[1, 8, 20] for It6-Schrédinger equations. For the more difficult case of time-independent
potentials, the rigorous convergence is proved in [24, 12] for Gaussian potentials, and aq
solves

0
g0+ k- Vaao = [ oo R)lao(t,.p)  aolt, . )] dp.
at R4

with scattering cross section o(p,k) = R(p — k)6(|k|? — |p|?), where § is the Dirac
distribution and the power spectrum R(k) is the Fourier transform of the correlation
function R(x). The above radiative transfer is known to hold for wave equations other
than the Schrédinger equation [18, 22].

Long range correlations.  Here, we are interested in random fields with possibly
long range interactions, which can be modeled with slowly decaying autocorrelations
that do not belong to L'(RY). Assuming R(z) ~j—c °~ % with 0 < § < d, some
simple rescaling arguments show that Ris singular at the origin and behaves like |k| 7.
This leads us to consider correlation functions with singular Fourier transforms near the
origin of the form

S(k

with .S bounded and continuous at zero. Since, 0 < < d, Ris locally integrable. Phys-
ically realizable media will also have [ R(k)dk = R(0) < oo. Short-range correlations

correspond to integrable R. In this case R is bounded so we may take 6 = 0 in (2).

Scintillation. Very few results exist on the rigorous limit of the random process W_.. It
is proved in [6] for potentials that are Markovian in time and under additional hypotheses
on the Wigner transform (essentially that it is square integrable by mixture of states)
that W, converges weakly and in probability to its average a., that is

]P’(](We(t), ) — (a.(t),p)| > 77) — 0, uniformly on compact intervals.

Above, ¢ is a test function in the Schwarz space S(R?*?) and (-,-) denotes the &' — S
duality product, where S’ is the space of tempered distributions. The latter result means
that the Wigner transform is self-averaging. This is an important property for instance
in the analysis of the refocusing properties of time-reversed waves [6, 10, 13, 19] for
which it is shown that the quality of refocusing is independent of the local fluctuations
of the random medium and hence only depends on macroscopic characteristics. Within
the [to-Schrodinger regime, the optimal rate of convergence can be computed and shown
to depend on some parameters of the problems such as the size of support of the initial



condition of the Schriodinger equation, see [8, 9]. The convenient tool in the analysis is
the scintillation function J. (or covariance function), defined as

Je(t7 z, ka ZJ;p) = ]EWE(t7 x, k)WE(ta 31727) - ]EWE(t’ x, k) ]E’W€<t7 y7p>7 (3)

whose weak convergence to zero implies the convergence in probability thanks to the
Chebyshev inequality

1
n2

; (Je(t), p @ p).

P(I{We(t), 9) — (ac(2). ) 2 m) <

Showing that J. goes to zero is a difficult task and can be rigorously done within the Ito-
Schrodinger regime for short-range correlations since it satisfies a closed-form equation,
a transport equation with highly oscillating coefficients. In the regime of interest in this
paper, the scintillation does not satisfy a closed-form equation. We will therefore follow
a perturbative approach and only consider the scintillation created by single scattering,
that is after only one interaction with the random potential, assuming scattering is
weak enough so that multiple interactions can be neglected. Doing so, we can obtain
an exact expression of the scintillation and fully characterize its limit. Such expression
follows from a multiple scattering expansion of W,: introducing first the free transport
semigroup J, Jh(t,z, k) := h(x — tk, k), and the operator

t
D7 h(t, 2, k) = / h(t — s,z — sk, k)ds,
0

then (1) can be recast as the integral equation
(I — D 'AOW, = JW?,

whose solution can be decomposed formally as the multiple scattering expansion:
W, = Z DA WY

Retaining only the terms j < 1 in the latter decomposition, we have

J(t,x, ky,p) ~ E{(JW2+ D AJW2)(t, 2, k)(JW?+ D A JW)(t,y,p)}
—E{(JW? + D" AIW2)(t, 2, k) E{(JW? + DT A.IW?)(t,y,p) },
= E{DTAIW)(t, 2, k) (DT A TW2)(t,y,p)}
= EW§(t, z,k,y,p).

Above, we used the facts that V' is mean-zero and the initial condition is assumed to be
deterministic.

Initial conditions. In the It6-Schrodinger regime [8, 9], the scintillation function is
known to very much depend on the structure of the initial conditions. Such a statement
remains valid here.

Consider first initial conditions u. (0, -) oscillating at frequencies of order e~ and with
a spatial support of size e* for 0 < a < 1. The parameter a quantifies the macroscopic
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concentration of the initial condition. The simplest example is a modulated plane wave
of the form (or a pure state):

1 T ;%90
u6<07x) = EX(?)Q 607 (4)
€2 €
where x € S(R?). The direction of propagation is given by ¢o. Note that the above
sequence of initial conditions is uniformly bounded in L?(R%), and that the related
Wigner transform reads

1 T q—q
Wg(l‘?q) = Ea (E_a’gl—ao) ) (5)

where a(z, k) is the Wigner transform of the rescaled initial condition u.—; and is real-
valued. We then slightly generalize the latter expression by considering initial condition
of the form

1 T q—qo
0 —
We (I7Q) - gd(a—i-ﬁ)a (5_04’ B ) . (6)

The parameter o measures the concentration of the initial conditions in the spatial
variables while 3 measures that in the momentum variables. We restrict o and 3 to
be less than one to ensure that €' is the highest frequency in the problem. Allowing
for higher frequencies while still considering a Wigner transform at the frequency !
will lead to vanishing limiting Wigner transforms and would be of little interest for then
energy is lost when passing to the limit, see e.g. [15, 17].

The most physical case is when o+ = 1 as in (5). This is related to the Heisenberg
uncertainty principle, which states that waves cannot be localized both in space and
momentum. The case a4+ 3 > 1 can be treated mathematically in the same fashion as
the physical case and so we present it for completeness. The case v+ 3 < 1 corresponds
to mixtures of states and can be obtained by averaging of a(-, ;) with respect to an
additional measure in the ¢ variable in order to regularize the initial conditions; see e.g.

[6].

Some notations. We denote by Ff the Fourier transform of f(x,q) with respect to

both variables  and ¢. For a function f(z!,---,2") € C™(R™), 29 e R4, j =1,---,n
and a multi-index i = (i1, -+ ,ipq) € N with |i| = i1 + -+ + i,q < m, we introduce
. ail aind
ol = e .
21’...12 f az% azs f

Let as well {(x) := (1+ |z|?>)"/2 for x € R? and a A b (resp. a V b) be the minimum (resp.
maximum) of a and b. We denote by a < b the inequality a < Cb, where C' > 0 is some
universal constant.

3 Main results

Let ¢ € S(R??) be a real valued test function and let W, be the expectation of W,
5 = EWY,. We denote by w® the quantity

we(t) := Wi (t, x, k,y,p) p(x, k) p(y, p)dedydkdp.

R2d



The main result of the paper is Theorem 3.1 below, which states that the scintillation
corresponding to single scattering is of order g(¢=9)U-a)+1-ans,

When 6 = 0, which corresponds to the case of an integrable correlation function
R(z), we find in the physical case a + 5 = 1 that scintillation is maximal when 5 = 0
and o = 1. In this case it is proportional to . This corresponds to highly localized initial
conditions in space and is consistent with the results obtained in the Ito-Schrodinger
regime in [8, 9]. The unphysical case a = 3 = 1 predicts stability of order O(1). This
is consistent with the results obtained in [1] for initial conditions of the form § in space
and ¢ in wavenumbers. However, we repeat that the case « = = 1 is not a physical
description of initial conditions for the Schrodinger equation that are square integrable.

When long range correlations are present, the structure of scintillation is modified.
When ¢ is close to d, which corresponds to the strongest possible long range interactions
as the correlation function barely decays, the largest scintillation (in the physical case
a+ [ =1) is obtained for o = § = % and thus gives a scintillation of order close to e2,

These results show that the single scattering contribution of scintillation converges
to zero and this is consistent with the fact that the Wigner function is self-averaging.
Note however, that in dimension d = 1, the above results also predict self-averaging of
the Wigner transform since scintillation is always smaller than O(e2). Yet it is known
that waves localize in dimension d = 1 and that the deterministic radiative transfer
model is replaced by a stochastic limit [14, 16]. In dimension d = 1, it turns out that
there are larger contributions to scintillation than that given by single scattering. The
single scattering contribution is however dominant in certain regimes and its asymptotic
limit is characterized in detail in the following result.

Theorem 3.1 Assume the initial condition W2 has the form (6) with a € S(R*®) and
that the scattering cross section is given by (2). Then e~ (4=0)(A=a)=1+a3y2(1) 4s bounded
in L>((0,T)), converges pointwise on (0,T] and uniformly on [ty, T| to w(t), for any
to > 0 independent of €, where:

e ifa=0,0<3<1:

2

1 S(0 b s
w(t) = 75 Rd% /O ek F(fa)(k,0) ds| dk,
f = f(t,S,fE, k) =k- ((t - S)VCE@(x + thaQO) + Vq90<x + tqo?qo))’
o f=0,0<a<]l:
1 SO i ?
w(t) = W/R# /0 e B0k E(fa)(k, sk) ds| dk,
[ o= flt,q, k) =Fk-(tV.0(t(q+ @), q+ q0) + Vep(tqg + q0), ¢ + q)),

e if3=0,,a=1:

w(t) = % /R % /Oooe—iqu'kf(fa)(k,sk) ds

f = f(t737q7k):Zisf?(t(q—i‘%)i(t_s)kﬂ‘i‘%ik);
+

2

dk,




o f0<f<ax<l:

2m / /°° S(k) 9
w(t) = ——— ——=|F(fa)(k,sk)|" ds dk,
O = sl ) o) T R

f = f(ta k) =k- (tvm90<tqm QO) + Vq‘P(tQO’ q0>>7

2 / /t S(k) 9
w(t) = ——— ——=|F(fa)k, K)|* ds dk,
D= 2] Sy Jo o IO
o= ftk) = k- ((t = s)Voe(tao, go) + Vep(tgo, qo)),
K = sk of a=p and zero otherwise,
o ifa=0=1
2w / /t S(k) 9
w(t) = —=|F(fa)(k,sk)|” ds dk,
7 Tl S o T

f(t,s, k) = Z +o(tgo £ (t — s)k,q0 £ k).
+

Above F(fa) denotes the Fourier transform of the product fa with respect to the variables
x and q.

All the integrals appearing in the above theorem are finite since the product fa belongs
to S(R?*¥) and so does F(fa). Such a regularity on the initial condition a is not used
in the analysis and only simplifies the calculations. The hypotheses a € S(R??) could
thus be relaxed to a large extent. Note also that the above integrals do not vanish for
generic choices of a and ¢. The above terms indeed characterize the limiting scintillation
functions.

We repeat that the physical case of a pure state initial condition (4) yields initial
conditions for the Wigner transform of the form (5), i.e., with o + 5 = 1. The case
a = (=1 is therefore presented for completeness only as such initial conditions cannot
be obtained from taking the Wigner transform of solutions to the Schrodinger equation.

The results of the theorem can be straightforwardly generalized to some particular
cases. For instance, when o = § = 0, which corresponds to choosing smooth initial
conditions for the Wigner equation, we can actually consider test functions of the form

1 T q—qo
Z_;d(m-&-’Yz)('O (57’ 72 ) ’ (7)

and simple calculations show that the roles of («, 3) and (71,72) are symmetrical. As
another example, when o = 5 = 0, the theorem applies with minor changes with «
replaced by ~;. More precisely, we have the following proposition:

Proposition 3.2 Assume the initial condition W2 has the form (6) with a € S(R*?)
and that the scattering cross section is given by (2). Assume moreover that the test



function o in the definition of w® is replaced by (7). Then, there exist two non-identically
zero continuous functions wy and wy on [0,T], such that, if « = =0,

g (d=0)(A=m1)=14+my2 e (t) —wy (t),

orif a =7y =0,
e (A=A =1t ABy e (1) 5 (8),

pointwise on (0,T] and uniformly on [to, T|, for any ty > 0 independent of .

According to the proposition, when o = 0 and 8 = 1, the scintillation is of order
O(l4=90=m)) 5o that statistical stability occurs as soon as 7; < 1, i.e., as soon as the
array of detectors is large compared to the wavelength, as we expect physically. When
v = 1, scintillation is an O(1). These results are consistent with the ones obtained in
[8]. The proof of the proposition is postponed to section 4.8.

4 Proofs

The proof is done by deriving an exact expression for w® and by passing to the limit in
it. The general equation for w® is obtained in section 4.1. We then treat the different
cases in the following sections according to a and 3. The schemes of the proofs are all
essentially the same: we perform Taylor expansions of the function f¢ defined in (10) and
carefully estimate the growth of the remainders according to the different variables. This
allows to recast w® as a leading term and a negligible one and the different expressions
of the limiting w® follow from a passage to the limit in the leading order.

4.1 Equation for Scintillation.

Here we derive an equation for the lowest order scintillation term W7,, and an expression
for its integral against a pair of test functions of S(R?*?). When there is no confusion,
we do not precise the domains of integration to simplify the presentation. We have, for
the first order scintillation:

Wi (t 21, qi, w2, q2) = (DT ALTWO) (t, 21, 1) (DAL TWD) (¢, 29, g2)

////f6 r1 = $1q1, @1 — ) f=(22 = 5202, G2 — 12)

x JWo(t — s1, 21 — 51q1,m) IWo(t — 52,22 — S2G2,m2) dny dipp ds; ds.

Using the fact that o .
EV(V (v) = (2m)"R(£)5(£ +v),

where ¢ is the Dirac distribution, we obtain
Efe(r1 — 5191, q1 — M) fe(22 — S2q2, G2 — 172)

2 2
= E cos g(m - 771) : ($1 — 811 — To + 82(]2)

x R(2(q1 —m)) [5(% —m+q—m)—0(@a—m-—(@— 772))] :



So
Wlel = EWlsl

2 t t 2 R

= _/ / /COS {_(Ch —m) - (x1 — s1q1 — 2 + 52612)} R(2(¢g1 —m))
eJo Jo 3
X JWeO(t — S1, L1 — 5141, 771) {JWEO(t — S9, T2 — S2q2, G2 + (fh - 771))

— JW2(t — 82,22 — S22, @2 — (q1 — 771))] dn; ds; dss.

Now make the substitution & = ¢ — ;. Since R and cos are even functions, only the
even part of the remaining terms survives. We thereby conclude

Wll = / / / { ZEl — 51(11 — X9 —f- 82(]2)} R(Qk‘)
X [JWgO(t — 51,21 — 8191, 1 + k) — JWEO(LL — 81,71 — $1q1,q1 — k‘)]

X |:JWEO<t — S9,X9 — S2¢2, Q2 — k) — JWEO(t — 89,X2 — S2(Q9, Q2 — k):| dk d81 dSQ,
1 [ SE 2k

= —/ /R(Qk) H/ eXP{(—UJ i (xy —quj)}
€ Jo Jaie 0 IS

dsj> dk,

where, since the integrand is even, we have replaced cos 6 by exp|ifl]. The moment may
now be written

Zijweo(t — Sj,l'j — Sj(]j,(]j + l{?)

/W11 t $1,Q17$2;Q2) (961,€I1)90($27QQ) dzy dzy dg; dge

/ R(2k) (/H/ exp{ Z% (fﬁj—squ‘)}SO(%Qj)

Z :tJWeo(t — S5, L5 — 8544,4; + ]{?) de dl‘j dqj> dk.

Now change k — ek to get

wr(t) == [ Rzke ( / H [ e {12k (5 - 50} e(o00)

Z ijWao(t — 85,5 — 845,45 + Ek‘) de dej dq]> dk.

10N



Substituting for JW? using (6) and the expression of the free transport semigroup J,
and get

we(t) = gd1dleth) /}?(ka) (/H/o exp {(—1)j_1i2k:- (x; — sjqj)} o(xj,q5)

s — (+— s\ (g + ek
Zia <IJ siq; — (t — s5)(q; 51{7)) q; 51; QO)] ds; dz; dqj> Ak
n o &
(8)

Changing variables, in order, x +— x + s;q; + (t — s;)(¢; £ €k), ¢ — q F €k, v — x£,
q+— qo + qe, 2k — e %k and s — t — s, we obtain the final expression:

X

) £(d=8)(1—a)-1 kel
t 2
X / e w0k E(fea)(k, sk, e k) ds| , (9)
0
fi(x,q, k) = Z +o(ze® +tqe” +tqo £ (t — 8)k/2, ¢ + qo £ k/2). (10)

+

Above, we recall that F(fZa)(£, v, k) denotes the Fourier transform of f¢(x,q, k)a(z,q)
with respect to x and ¢. Equations (9) and (10) are the starting points of the proof of
the theorem. We treat now the different cases separately.

4.2 The case a=0,0< 3 < 1.

For such a configuration, we have:
d—6—1 S(k
9d—5 ||°

We single out the leading order in w® by applying lemma 5.1 to f5 with y = x + tqo,

o=y =0,y =1q, fr=0=1,y2 = (t = 5)k/2, p = qo, p1 = q, p2 = k/2. It comes:

fi(z,q.ek) = efs(z,k)+e"Pri(z, q. k),
fs(x. k) = k- ((t—5)Vae(x +tqo, q) + Vep(z + tqo, q0)),
TE(ZE, q, k:) = (gl_ﬁri + T; + T;)(ZIZ’ + tq()v tqv (t - S)k/Qa qo, 4, k/2)7

2

t
| e e sk ey as) (1)
0

where, for any multi-index A, and t < T,
N (e S TRL s [0hgrs(z, g, )] S [KI(K] + lal)- (12)

It thus follows that

2

t
/ eiiSqo.kf(fSEG)(k, EﬁSk, €k) ds _ 82’L5(t, k)’Q + g2+ﬁR5(t, k)a
0

11



where

t
Le(t, k) = /eisqo'kf(fsa)(k,eﬁsk,ak)ds,
0
2

t
RE(t,k) = &° / e 0 F F(rea)(k, el sk, ek) ds
0

t t
+2Re/ e 0 RF(fa)(k, P sk, ek) ds/ ek F(rea)(k, ePuk, ek) du.
0 0

As a belongs to S(R??), so do the quantities F(f,a) and F(ra). In particular, using
(12) and lemma 5.2 with f(z,q,k) = rS(z,q, k) and g = a, it follows that R® decays
fast enough with respect to k so that |k|=2S(ke)Re(t, k) is integrable in k (recall that
S is bounded) with a bound independent of ¢, for any 0 < ¢ < T. As a result, the
contribution to w® from the term involving R? is of order £?=%+*+# yniformly in time.
In the same way, (12) together with lemma 5.2 gives for instance, V(t, s, k) € [0, T]?> xR,

I o1

k,ePsk,ek)| <
| F(fsa)(k,e’sk,ek)| < (14 [K]#1) (1 + (Bs]k))H1) ~ 1+ k|4

which allows first to pass to the limit pointwise in & and uniformly for ¢t € [0,7] in
L5 (t, k) using dominated convergence and then in (11) uniformly for ¢ € [0, T to obtain
the announced result.

4.3 The case 6 =0,0< a < 1.

In this case, after the change of variable s — se®, we find:

2

—«

te
/ ek F(f20a)(k, sk,e' k) ds| dk.
0

. 8(d—§)(1—a)—1+204 S<k€1—a>
w(t) = 9d—b &]°

(13)

Applying lemma 5.1 to f& with y = t(¢ + @), a1 = a, y1 =z, 1 = (2 = 1 — a,
Yo = (t - Sga)k/Q’ P=qg+q,p1= 07 b2 = k/27 we have

;;Ea (x7 q’ gk) - El_afsaa (Q7 k) + 61_a+aA(l_a)T§ (x7 Q7 k)?
fsea (@, k) = k- ((t = se*)Vao(t(g+ @), g+ q0) + Vae(t(a + 90), ¢ + @0)),
ez, q, k) = (OO0 L OVRaDpsy (g 4 o), @, (t — 52®)k /2, q + o, 0, k/2).

We have, for any multi-index A,

05 foeo (@, ) S TRL 5 100y, a, k)] S [RI(k] + |])- (14)

x,q S

Note that we used above the fact that 0 < se® <t and 0 < ¢ <T. We thus can write:

e 2

te
/ e—isqg-kf-( sssa(I)(k? sk, 61—0%,) ds _ 52(1—a)|L€(t7 /C)|2 + 62(1—a)+a/\(1—a)Re(t’ ]{3),
0
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where, with k= I_ZI’

—«

te
Le(t, k) = / e B0k E(f wa)(k, sk, k) ds,
0

L .
= m/ eSOk E(faa)(k, sk, k) ds,
0

2

te™@
Re(tk) = e / e 0k F(ria)(k, sk, e' k) ds
0

te™ @
+2Re / e SOk E(f wa)(k, sk, T) ds
0

—Q

te
X / M0k F(rea)(k, uk, e k) du.
0

Using (12) and lemma 5.2 with f(z,q,k) = fse(q, k), 75(2, ¢, k) and g = a yields for
instance
K|
. (15
~(1+ [k + st (15)

F(frcna) (b, sh, ' 78)| + | F(r5a) (k, sk, =)

Consequently,

. 1 < ds
|LE(t, k)| < 1—|—]k]d+1/0 QRIS (16)

with equivalent relation for R¢. This shows first that |k|°S(ke!=*)R*(t, k) is integrable
in £ with a bound independent of €, for any 0 < t < T, so that the remainder is of order
gld=0)(1—a)F1+an(l=e) ypiformly in time.

Regarding the leading term, we first fix [k| > 0, and 0 < ¢ < T. Using dominated
convergence, thanks to estimates (15) above, we have,

oo

LE(t k) — e 0k F(foa)(k, sk,0)ds, & — 0.

k] Jo

If t > ty, where tg is independent of ¢, then the convergence is uniform with respect to
t. We then pass to the limit in (13) using dominated convergence and (16). ILe.

—(d 0)(l—a)—1 we a
9 6/ \k|5 EHOL (t,k)dk

1[50
2d 5 | k[

2
/ e 50k F( foa)(k, sk,0)ds| dk.
0

Therefore, e~ (4=9)0=)=1y)%(¢) converges pointwise (0, 7] and uniformly on [t,, T] to the
expression above.
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4.4 The case =0, a = 1.

Since this case is very similar to the previous one, we only underline the main differences.
Directly starting from (13) with a = 1, we use here the expansion

(T q, k) =) Fpee + (g +qo) £ (t = s2)k/2,q + a0 + k/2)
+

= Eo(t(q+qo) = (t — s2)k/2,q + qo £ k/2)
+

1
0

—l—sZi/ x - Vop(xer +t(q+ qo) £ (t — s)k/2,q+ qo £ k/2)dT,
£

= fse(Q7 k) + 67”2(1‘, q, k)7

and have consequently the following estimates, valid for any multi-index \.

O Fla, ) STE 5 (O (g, k)| S Jal ) (17)

z,q' s
We then obtain the following decomposition into leading and negligible terms:
2

te~!
/ e—iSquJT_'( §€Q)<k; Sk‘7 k?) ds = |La(ta k)|2 + SRE(t, k)’
0

where

te— !
LE(t k) = / e B0k E(f a)(k, sk, k)ds,
0

1 2

te
Re(t,k) = ¢ / e 0k F(r<a)(k, sk, k) ds
0

—1 —1

te te
+2Re / e B0k F(foa)(k, sk, k) ds / ek F(rea)(k, uk, k) du.
0 0

As before, (17) and lemma 5.2 give majorizing functions to apply the Lebesgue domi-
nated convergence theorem. It follows that the remainder involving R¢ is of overall order
€2 and can be neglected. Passing to the limit in the leading term then gives, pointwise
in (0,7 and uniformly on [to, T,

. 1 [ S(k)
1, .
g w HW/_U{}P

4.5 Thecase 0 < f<a< 1.

After the change of variable s — se*# (9) becomes:

e 1aass) r g(peloa)
w(t) 5d—s IkJ°

2

dk.

/ e B0k F(foa)(k, sk, k) ds
0

2 (18)

tef—e
y / e—ia*fﬁsqo-k‘F(fsﬁs(kﬁa)(k;7 sk, gl_ak;) ds| dk.
0

11



S

Applying lemma 5.1 to f£. 5 with y =tqo, oy = s = (3, y1 = tq + 2P B = By =
1—a,yp=(t—s*k/2, p = qo, p1 = q, p2 = k/2, we find:

fooss(@,q k) = 7 fams(k) + 7N (2 g, k),
foamn(k) = k- ((t — se* P )Vap(tqo, @) + Vep(tao, @),
(e, q k) = (V0T 4 (VU5 )
(tQO7 tq + xé\aiﬁa (t - Sgaiﬁ)k/zv qo, 4, k/2)7

where, for any multi-index A,

[freaa (R S TRL 5 100re(e, a, k)] S TKICIK] + [o] + |q])- (19)

x,q S

Note that we used above the facts that se®? <t and 0 < ¢t < T. We now decompose
k on an orthonormal basis of R? such that k = kygo + ki, k) € R, ki € R?, with
go-k1 = 0 and denote by k = (ky, k7, -, k4) its corresponding components. Performing
the change of variable k| — £°k and defining k. := (9, k2, - , k%), (18) becomes

6(d—5)(1—a)—1+2(a—,8)+ﬂ
2d—6

l1-o
X/S(kse )
ke ?

B 5(d6)(1a)+1ﬂ/s(k€€1a)
- 9d—5 k. |?

we(t) =

tef—o
/ e_islq()lk“f(fsaeaﬂ@a) (kaa Sk&) gl_akf) ds dk’
0

(JLE(t, ke ) |* + €PN RE (4, k) d,

teP—o

LE(t, k) = / e~k F(f. amsa)(ke, ske, e "k, ds,
0
1

tehalke] » A
= |k|/ e~ isldolky kS| ]:(fsgaf,aa)(ks,sks,él_aks)ds,
=l Jo

2

tef—
Re(t,k.) = 55/\(100/ e~ ok F(req) (ke, ske, ' k.) ds
0

teP—o
+2Re/ 6_i8|q0|k”‘/f(fsaa*ﬁa)(kay Skm El_aks) ds
" teP—o
X / ekl F(req) (k. uke, ek, du.
0

Using (19) and lemma 5.2 with f(z,q,k) = fea-s(k),75(x,q,k) and g = a gives the
estimates, for A =0, 1:

< ‘k€|
(1 [ (1 4 s8H2)
< |k€|
~ <1+ |k6|d+2)(1+8d+2)'

‘a?f<fssa*5a)<ks? Sl%z-:a gliaks)’

(20)

X F(rea) (ke, sk.,e' k)|

1=



Using the latter relations and the fact that, for any f € C*(R),

k‘H teP = / ke
ke

_ te?=/|ke|
o ey st gy [ o g
0

e*i5|qo\k|\/\ks|f(5)ds

|CJ0|

we find the uniform estimate, after the change of variable s — s|k.|™! in R®:

1
Lt k) |? + |Re(t, k)| < .

The end of the proof is now identical to that of section 4.3: using dominated con-
vergence and the estimates above, we pass first to the limit in L® and then in w®
and obtain the convergence of e~(@=)U=®)=1+8y)¢ pointwise on (0,7 and uniformly on
[to, T]. Using the Fourier Plancherel equality and denoting by ko := (0,k%,--- k%) and
dky = dk? -- - dk7:

2

1 S(k’o) / e—is\qol'k\lj-"(foa)(ko, sk, O) ds| dk

9d—3 |;€0|5

2
24 gy 6|(Io| /Rd 1/ o |5 |]: foa)(ko, sko,0)|*dsdk,,
— 249g S| £ (foa) (k, sk, 0)? ds d.
ZdJ]qo\ /{qo,k:(]}/o B | F(foa)( )|

4.6 The case 0 < a < (< 1.

That configuration is very close to the previous one, so that we leave some details to the
reader. We start from expression (9) and apply lemma 5.1 to f¢ with y = tqo, a1 = «,

=0y =t fi=F=1—a,y = (t—s)k/2,p=qo, p1 = q, p2 = k/2 and
find:
fiw, g k) = e fulk) 4+ 7ot (1, g, k),
fs(k) = k- ((t = 8)Vap(tgo, 90) + Vep(tgo, @),
Ti(ZL‘7 q, k) — (80\/(1 2a) € £t 80\/(2a 1)7“ + 65 an(l- a),r3)
(tqo, tqe”™* + x, (t — $)k/2, q0, 4, k/2),

where, for any multi-index A,

LEIS KL 10, a k)] S LRI+ el + [al)-

zqs

1R



We introduce as well k = ko + k1, k) € R, kL € R?, with ¢y - k; = 0. Performing the
change of variable k| — ek and denoting by k. = (e%k, k3, -+, k{), (9) becomes

8(d—5)(1—a)—1+a

wg(t) - 2d—8
ks -« t ) 2
x / —S(U:’& ) / e F(f2a) (ke ke, e k) ds| dk,
e 0
g(dfé)(lfa)+1fa S(k‘ 81704)
— 2 LE(t, k)|? + eV Re(¢, k) dk
s | S (B k)P + 0 R k)
t
L(t, k) = / e~k F(foa) (ke €% sk, e 7k, ds,
0
¢ 2
Re(t k) = ellmo)he / e~k F(rea) (ke, P %sk., e k.) ds
0
t
—|-2Re/ e~ slolk F(foa) (ko e sk, ') ds
0
t
X/ W|¢I0|k||f'(Ts )(k‘s’gB auk&gl ap. )d
0
Passing to the limit, then gives, uniformly for t € [0, T], if 3 > «, with ko := (0,k%,--- | k%)

and dk, := dk? - - - dk7:

1 [ S(k)
—(d=8)(1—a)—1+ 0
c e awe SN Qd_(s / |k: |5

28| 5|Qo| /]Rd 1/0 |k:0|6 |~7: fsa)(ko,0,0)[* ds dk_,

S oy U0 0 0k
qo-k=

2

dk

/ " eislby £ (.0 (k. 0,0) ds

and, if a = j3,
(d—8)(1—a)— 2m / /t S(k)
(d=0)(1—a)—14a,,c 2
€ W — ——=|F(fsa)(k,sk,0)|* ds dk.
2q0l J{g0-=0} |[° 7 |

4.7 The case a = (= 1.

The proof is identical to the previous case with ae = 3, only the expansion of f7 changes.

We obtain . S(k)
2 / / 9
w® — ——=|F(fsa)(k, sk, k)|” dsdk,
5 T00] Jygosy Jo ThP 7 25 B

where fy(k) = > . £o(tq £ (t — s)k,qo £ k).

4.8 Proof of proposition 3.2.

When a = =0 in (6), and considering test functions of the form

1 T 4= qo
gd(v1+2) ¥ en’ e ’

17




it follows from (8) that

) £(d=8)(1-71)-1 S(kel=)
2

t
X /e_iaWlsqo'k]:(fjgp)(—k,5”2_“3]{,51_7%)ds ,
0

fe(z,q, k) = Z ta(xe™ —tqe” —tqo F (t — $)k/2, qe™ + qo £ k/2).
+

By identification, we get the same expression as (9)-(10) with « replaced by 71, 3 by 72
and ffa by fip. It then suffices to follow the same analysis as that of the theorem to
obtain the order of the scintillation. When o = 7, = 0, we find:

8 g(d=8)(1—y)-1 S(kel=m)

2

t
" /e_z-e—mqok]:(gg)(_k,gﬁ—%sk,sl‘“k:)ds :
0

gi(l’, q, k) = Z j:a(l‘g’ﬂ - tqgﬂ - tq0 + (t - S)k/27 Q)@(Iv qgﬂ + qo + k/2)7
+

and here again we proceed by identification.

5 Some technical lemmas

The following two lemmas are extensively used in the proof. The first one stems from a
simple application of the Taylor formula and the second one from standard properties
of the Fourier transform of functions in S(R??).

Lemma 5.1 Let ¢ € S(R*), 2 = (y,y1,Y2,p,p1,02) € R and (a1, az, 51, 52) € R
Then, we have:

oy + ey + Mo, p 4+ %p1 + €%ps) — oy + £ y1 — €My, p + €%2pr — 7o)
— 25513/2 . Vygz?(y,p) + 2552]92 . Vpgo(y,p) 4 5251/\/327€ + 56!1—&-51/\627,; 4 802+51Aﬁ27§7

where 5 := r£(2) € C®(R%), i = 1,2,3, and satisfies, for any multi-index X and any
z € R,

X5 S el + [paf?,
X5 S lyl (] + [pel),
5] S il lyel + [p2)-

Below we use f, S g to denote inequality up to a constant independent of the parameter
n. Our application will see n as some combination of ¢ and all other variables not
explicitly written into the right hand side of the inequality.
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Lemma 5.2 Suppose f,(z,q,2) € C*(RE™) with = € R, satisfies, for any (z,q,2) €
n .. A o o

R+ and any multi-indeves X and p, |E)‘m lalqﬂlfn(x,q,zﬂ < 2|71+ x| + [g|7?), for

some o1, o2 and v positive. Let g(z,q) € S(R*?). Then with F(f,9)(&,v,2) denoting

the Fourier transform of the product with respect to x and q, for any multi-indezes i and

j and any k > 0,

0L DE F (f,9)(€, v, 2)| S [274€)F ()"
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