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Chapter 1

Random geometric optics I: short
time asymptotics

1.1 Rays without the wave equation — the formal theory

We consider in this section the very basic ray theory in a random emdium without any refer-
ences to the wave equation — this material is based on the classical paper by J.B. Keller [38].

1.1.1 Perturbative ray theory

Fermat’s principle postulates that light goes from point A to B as fast as possible. Such fastest
path is called a ray connecting points A and B. The medium in which light is propagating is
described in terms of the local speed of light ¢(x). Let T' be a ray from A to B, then

Here the infimum is taken over all continuous curves v connecting A and B. Equivalently,
parameterizing v by z(t) = (z1(t), z2(t), z3(t)), 0 <t < 1, we need to minimize the functional

1
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with n(z) = ¢o/c(x) being the refractive index. Here ¢y = const is a reference speed that
is some typical speed of propagation in the medium. This will be sometimes formalized by
requiring that n(z) does not deviate from ny = 1 too much but that is not required a priori.
The Euler-Lagrange equations for the functional (1.1) are
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with F(x,%) = n(z(s))|Z(s)|. This may be rewritten as

9 g2y,
dt \ |z Oz
Let 6 be the unit vector along the ray: § = & /||, then the above equations take the form

d

= (n6) —[&|Vn = 0. (1.2)



A convenient way to parameterize the path is to use the arclength parameter [ along the curve
x(t), then dl = |Z|dt and we obtain the ray equation

d
=0. 1.
a (nf) —Vn =0 (1.3)
It may be also written as
d dx

Equation (1.4) should be supplemented by the initial conditions:

2(0) =0, %(0) = 0y, |00] = 1. (1.5)

This is the fundamental equation of the ray optics that describes the geometry of rays con-
necting different points in an inhomogeneous medium. Observe that if n(x) = const, then
df/dl = 0 and the direction 6 doesn’t change along the ray. Therefore rays in a homogeneous
medium are straight lines. Similarly, if the medium is layered, that is, the refraction variable
depends only on the variable x1: n = n(x1) then rays that point initially in the direction of
x1 are straight lines — this also follows immediately from (1.5) with n = n(x;) and the initial
data 90 = e€1.
Let us now consider the case when index of refraction deviates slightly from unity:

n(z) =1+ ep(z).

We assume that ¢ is a small parameter: ¢ < 1 and employ the formal perturbation theory to
determine the perturbed path z(l, ¢) expanding it as

z(l,e) = zo(l) + ex1 (1) + 2z (1) + . ..
We insert this expansion in the ray equations (1.4) and get in the order £*:

d2x0
dl?

so that xo(l) = 16y. The first order correction in ¢ is determined by the equation

d2x1 dxg dzxg
_ _ . 4o 1.

with the initial condition x1(0) = dx1/dl(0) = 0. The right side of (1.6) is the component of
Vi normal to 6p. We will denote it by V| i below. The solution of (1.6) is given by

l
/ (I —s)V 1 u(fps)ds. (1.7)
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It follows that (z7 - xg) = 0 — this is typical for a first order correction in the perturbation
series. A straightforward computation using the fact that x; is perpendicular to 6y shows that
the second order term xo satisfies a lengthy equation

d2.%'2

dx dxo dxg dx
dl?

=<x1-m>w<xo>—;w2—( . vmco))dl— dl-vmo))dl (1.8)



with the initial data z2(0) = dzo/dl(0) = 0. Its solution is given by
l s

2a(l) = / ds(l — s) (:Ul(s)'VL)VLM(SHO)—%VLMZ(SGO)—00 / (VL juls60) - V1 p(760) )
0 0

— (b - VM(S%))/VLM(T@o)dT : (1.9)
0

1.1.2 Weakly perturbed rays in a random medium

Expressions for the corrections 21 and x5 obtained above are valid for any perturbation u(x).
Let us now specify that u(x) is a random function that has mean zero and its statistics is
spatially homogeneous and isotropic:

(u(x)) =0, (u(@)uly)) =Rz —yl), (Lp)uq) = 2m)"Rp)S(p+ q). (1.10)

The correlation function R(|x|) is smooth, has maximum at zero, is a decreasing and rapidly
decaying function of |z|, and the power spectrum R(p) is its Fourier transform.

The mean ray position

Let us first compute the average ray position using expressions obtained in Section 1.1. The
first order correction has mean zero: (z1) = 0 so that

(z(1)) = 160 + €*(z2) + O(”).
The expected value of of zo may be computed explicitly using expression (1.9).
l s
(1)) = 10y — €20y / ds(i — s) / a7 (VL u(s00) - VL ja(r60))) + O(E%).
0 0

A rather lengthy computation leads to
l
-1 2 R/
(x(1)) = 0o l—i—(nQ)E/(l—r)Qy) dr + O(?). (1.11)
0

We see that the mean location of the endpoint of a ray of length [ which starts from the
origin is in the direction 6y. However, its distance from the origin is less than when the ray
is not perturbed since R'(r) < 0. Physically this is expected because the presence of the
inhomogeneities slows down the propagation as light no longer propagates along a straight
line.

The mean square fluctuations

Let us denote by p deviation of the ray from the straight line x = 0yl: p(l) = x-(I) — pl. Then
we have

(p(1)?) = e*(x?) + o(e?).
We set now space dimension n = 3 and compute the above average in the same manner as
before:

2r2 473

(z}(1)) = — /Ol R'(r) [3 —21% + ?ﬂn] dr.



For [ large compared to the correlation length a the last term above dominates so that

4 2[3 o Rt
(p(D)?) ~ — 83 /0 y)dr + O(e?) for I > a. (1.12)

Similarly one may compute the average deviation « of the direction of the ray from the
mean direction 6g:

(02(1)) = < <‘Z - 90>2> — 422 [R(l) ~ R(0) —1 /0 l Rlﬁr)dr} + O,

For [ large compared to the correlation length a this becomes

(a®()) ~ —4521/ Rr )d + O(&3) for I > a. (1.13)
0 r

Expressions (1.12) and (1.13) may be written as

(PW) = 5D+ O (1.14)
and
2 3
(a?(l)) = Dl + O(e”). (1.15)
Here we introduced the ray diffusion coeflicient
(o¢] /
D= —462/ Mdr. (1.16)
0 T

Expressions (1.14) and (1.15) may also be obtained by treating the ray direction «(l) as a
Brownian motion with the diffusion coefficient D and p(l) as its time integral:

da = VDdB, dp=a(l)dl.

Here B(l) is the standard Brownian motion. Then a simple calculation shows that

<O/ZO/ZB dsds>_2D<// dsds>_2D//stdS

However, the a priori assumption that ray direction may be described in terms of such Markov
process is not easy to justify unlike the derivation presented above. Nevertheless, this concept
is important and the ray direction does behave as a Markov process in a certain asymptotic
limit that we will discuss in the rest of this chapter.

1.1.3 Random Liouville equations: small time formal asymptotics
Reduction to a time-dependent stochastic accelaration problem

In order to make the above discussion of the diffusive ray behavior somewhat more careful
(albeit not yet rigorous) we consider the Liouville equations in phase space
99

o tel 2)k - V¢ — |k|Ve(z) - Vip =0 (1.17)



with the speed ¢(x) = 14 du(x). Here p(z) is a spatially homogeneous random process with
the correlation function as in (1.10). Then (1.17) becomes

99

a—l—[1+5u(m)}l%-vx¢—5Vu(x)|k|-quS:O (1.18)
and solutions are close to those of
0 -
Ve = 1.1
N +k-Vep=0 (1.19)

for times ¢ = O(1). In order to see some more interesting phenomena, in particular, the ray
diffusion mentioned above, we look at the bicharacteristics of (1.18):

X(t) = ~(1+0u(X)K(t), K(t)=0VuX®)K®), X(0)=z0, K(0)=k. (1.20)
It is convenient to re-write this system in terms of the unit vector K (t) = K (t)/|K (t)| as

KO _ 4 sucene, O

dt = S[Vu(X () — (K - V(X)) K]. (1.21)

Let us introduce the rescaled quantities Y (£) = X (t)+ kot —z¢ and P = (K (t)—ko) /6% with
a > 0 to be chosen. Naively, one would expect that over a time T the direction K deviates
from its initial value by §7" which means that the trajectory deviates from Xy(t) = —kot
by T - 8T = 6T%. Hence we would expect that Y (¢) behaves non-trivially on the time scale
0(5*1/ 2). We will see, however, that because the random perturbation has mean zero, the
effect takes place on a longer time scale.

In the slow time variable t' = 6t with o = 2/3 so that 6172% = §~%/2 and setting ¢ = §1/3
we get:

d};g/) = —P(t')—ep (xo - kgl + f/(t’)) ko —3p (930 - kgl + ?(t’)) P, (1.22)
dl';ilt’) = é [I — (ko + *P(t)) @ (ko + 62]5(15'))] A7 (xo - k;)?t’ + ?(t')) )

Let us keep only the leading order terms in (1.22). The analysis that we perform on the
simplified system may be applied to the full problem as well albeit at the price of somewhat
lengthier calculations that we are not willing to pay at the moment. Then (1.22) becomes (we
now drop both the primes and tildes)

Y (t) = —P(t), Y(0)=0 (1.23)

P(t) = é I—(ko® l%o)} Vi (a:o — % + Y(t)> , P(0) =0,

which is the system we will study. The vector P(t) is orthogonal to ko for all t > 0 — hence
so is P(t) and thus (Y (t) - ko) = 0 for all t > 0 as well. This is a familiar phenomenon for the
perturbation theory — the first order correction is orthogonal to the mean dispalcement. It is
convenient to set g = 0 and choose the coordinate axes so that ky = e,, the unit vector in the
direction of x,,. Then Y (t) = (Y1,...,Yn—1,0), P(t) = (P1,..., P,—1,0) and (1.23) may be re-
written as the following system for Z(t) = (Y1(t),...,Yn—1(t)) and Q(t) = (Pi(t),..., Po_1(t)):

Z(t)=—-Q(t), Z(0)=0 (1.24)



where

ou(z', —xy) ou(z', —xy,)

G(zp,x) = ’ s d , o' e R
( " ) < 81’1 axn_l

This system also happens to describe the motion of a classical particle moving in a random

time-dependent force field e "1G(t/?,z) and is called the stochastic acceleration problem in

this context.

A very formal derivation of the diffusive limit

We now describe a very formal but quick and effective way to obtain the limit of (1.24) as
€ — 0. Let us write the corresponding Liouville equation

0 1 t

Instead of assuming that the random function G(s,x) is as in (1.24) we make a more general
hypothesis that for each x € R™ the process G(s,z) € R™ is stationary in time with the
two-point correlation tensor

Rpi(s,x) = (G (t, 2)Gp(t + s, )).
We seek the solution as a multiple time scale expansion
b= ¢o(t,z) +epi(t,,2) + 2ot 7,2) + ..., T =t/ (1.26)

As usual in such expansions in random media we assume that the leading order term is
independent of the fast variable and is deterministic. The higher order corrections are assumed
to be stationary in the fast variable 7. These assumptions are typically very hard to justify
rigorously — nevertheless they often provide the correct answer. We insert the expansion into
(1.25) and obtain in the leading order O(1/¢)

0
% = G(1,2) - Vgoo(t, 2)
so that
¢1(t,2,7’) = X(Tv Z) 'vq¢0(t’ Z) (127)

with the corrector (7, z) that solves x = G(7,z2). It is very convenient to introduce a regu-
larization parameter 6 that we will send to zero later and write

Xm(T,2) = /_T G (s, 2)ds. (1.28)

The terms of the order O(1) in (1.25) are

dpo 0pa
W—Fq'vzéo—G(T,z)-qu—i—W—O.

We take the expectation of this equation using the fact that ¢g is deterministic and argue that
because ¢9 is stationary in 7 we have
0
<¢2> _o
or



With these two closure assumptions we obtain

W0 44 Vito = (G (r2) V)

The term on the right side is computed explicitly using expression (1.27)-(1.28) for ¢;:

(G (7,2) - Vor) = <Gm (7,2) 6(3 [/T e"st(S,z)dsg%]>

m —00 qP
T aQ(b /0 82(15
0s 0 0
= e’ Ryp(s — 7, 2)ds — R,p(s, z)ds as 0 — 0.
/_oo o ) 0amOay ) uo T (5,2) 9a4m Iy

Therefore, the function ¢¢(t, g, z) satisfies a degenerate parabolic equation

d¢o 0o
— -V.00 = Dy, 1.29
8t + q ¢0 p(’z)aqmaqp ( )
with the symmetrized diffusion coefficient
1 0 0 1 o)
Dyp(z) = 5 {/ Rynp(s, z)ds +/ Rpm(s,z)ds] = 2/ Ry (s, z)ds.

If the statistics of G(s,x) is identical for all z € R™ then the diffusion matrix is constant in
space. This means that in the limit ¢ — 0 the process Q(t) becomes a diffusion while Z(t) is
its integral in time.

Going back to the short time asymptotics for the geomtric optics we see that the rescaled
deviation of the wave vector from its original value kg converges to a diffusion process Q(t)
and the deviation of the spatial position from its average kot converges to the time integral of
Q(t) on a time scale of the order O(6~2/3). This time is much longer than the naive prediction
O(6~1/2) discussed below (1.21). Here § is the relative size of the variations of the refraction
index. This provides a formalization of the ray diffusion we have discussed in Section 1.1.2,
at least for short times. It turns out that the randomization of the wave vector on the time
scale 0(6_2/ 3) is related to the appearance of a caustic. kIt has been shown by B. White
[62] appears on this time scale with probability one. This means that the ray approach in a
random medium works only on a very short time scale as caustics appear very qucikly. On the
other hand, one may follow the solutions of the Liouville equations for arbitrarily long times.

1.2 A limit theorem for a particle in a random flow

The rigorous approach to this problem lies via understanding the more general problem of the

behavior of a particle in a rapidly varying in time random flow:
. 1 t

X:EV (EQ’X)’ X(0) ==, (1.30)

with a random function V' when ¢ < 1. This question goes back to the papers by Khas-

minskii [74] from the 60’s with subsequent contributions by various authors: without any

attempt at completeness we mention the work of Papanicolaou and Kohler [77], and Kesten

and Papanicolaou [73]. We present a version of the limit theorem due to T. Komorowski [75].

When does one expect the trajectories of (1.30) to behave diffusively? First of all, V' has to

have mean zero so that the mean displacement would not be clearly biased. Second, V' should
“mix things around” which means that the flow should be incompressible. It helps if dynamics



at “far away” points is nearly independent: this is formalized by the mixing assumption below
that eliminates the memory effect. Finally, there should be no distinguished times — this
requires stationarity of V in time.
The ray equations are not quite of the form (1.30): one should consider a slightly more

general dynamics with an additional slow component F(t,x):

dx 1 t

—=-G(=,X F(t,X), X(0)== 1.31

o =20 (5X)+Fex), X0 =a, (131)
with a function F' which we will assume to be deterministic for simplicity but we will not do
that here.

Assumptions on the random field

Stationarity. The random field V (¢, x) is strictly stationary in time and space. This means
that for any t1,t2,...,ty € R, z1,...,2,, € R™ and each h € R and y € R" the joint
distirbution of V(t1 + h,z + y),V(te + h,x + y),...,V(tm + h,x + y) is the same as that of
V(t1,x),V(t2, x),...,V(tm,z). We will denote by Ry, (¢, z) the two-point correlation tensor
of V(t,x):

Roym(t,x) = E{V,(s,9)Vin(t + s,y + )} . (1.32)

Mixing. Given C' > 0 and p > 0 let us denote by V2(C, p) the o-algebra generated by the
sets of the form {w: V(t,z,w) € A} where a <t < b, |z| < C(1+t) and A is a Borel set
in R™. We will assume that there exists C' > 0 and 1/2 < p < 1 such that for any m > 0 the
mixing coefficient

ﬁ(hy C, ,0) = sup sup ’P(A N B) — P<A)P<B)’

£ ACV®, (C,p),BEVE(Cyp) P(B)

(1.33)

satisfies
h"GB(h; C, p) < Cp, for all h > 0.

Boundedness. The random field V (¢, x) has three spatial derivatives and there exists a
deterministic constant C' > 0 so that with probability one we have
0*V
89@-895]-

oV (t,x)
al'j

me+\ <C < 100

B’V
(%laxiaxj

forall 1 <4,7,l <mn.
Incompressibility. The field V is divergence free, that is, almost surely

The mixing assumption is sometimes strengthened considering larger o-algebras f/g gen-
erated by the sets of the form {w : V(t,z,w) € A} where a <t < b, x € R" (there is no
restriction on z now) and A is a Borel set in R™ with the corresponding mixing coefficient

z |[P(AN B) — P(A)P(B)|

B(hy=sup  sup
t A69t+h,B€]}5 P(B)

The stronger assumption does not apply to shifts by a mean flow, that is, random fields of the
form V(t,x) = U(x — ut), where U(x) is a field that is mixing in space and @ is a mean flow.



This is an important and interesting class of random fields that we would like to include in
our consideration. The small price to pay for its inclusion is the modification of the mixing
condition as in (1.33).

The spatial stationarity of V (¢, x) is not a necessary assumption but it allows to simplify
a few expressions in what follows. This can be seen already from the formal computation in
Section 1.1.3. It can, however, be dropped and we adopt it here simply for convenience. On
the other hand, stationarity in time is essential for the limit theorem.

The limit theorem

Let us define the diffusion matrix

i = [ AV 00,00+ Vot OV(0. 00kt = [ [Ryy(t.0) + Ryp(t, 0]
0 0

2

and its symmetric non-negative definite square-root matrix o: ¢ = a. Then the following

theorem holds.

Theorem 1.2.1 Suppose that the random field V (t,x) satisfies the assumptions above. Then
the process X¢(t) converges weakly as e — 0 to the limit process X (t) that satisfies a stochastic
differential equation

dX(t) = F(t, X(t))dt + odW;.
Here Wy is the standard Brownian motion.

The main result of [75] is actually much more general — it applies also to non-divergence free
velocities. Then the large time behavior is a sum of a large (order 1/¢) deterministic component
that comes from the flow compressibility and an order one diffusive process. Komorowski also
accounts for the possible small scale variations of the random field looking at equations of the
form

X 1V ( t X(t))

dt e

ER
with 0 < a < 1. When o = 1 a new regime arises — the time it takes the particle to pass one
spatial correlation length is no longer much larger than the correlation time of the random
fluctuations. This seriously changes the analysis.

We will not present the proof of Theorem 1.2.1 but simply discuss a couple of crucial
points. The proof proceeds in several steps. First, we establish a mixing lemma that translates
the mixing properties of the random field into a “loss-of-memroy” effect for the trajectories.
Second, using the mixing lemma we establish the tightness of the family of processes X (t).
In the last step one identifies the limit as a Brownian motion multiplied by the matrix o by
means of the martingale characterization of the Brownian motion.

The proof of tightness
The mixing lemmas

A crucial component in many proofs of this kind is some sort of a mixing lemma. It translates
the mixing properties of the random field into the mixing properties of the trajectories. At
the end of the day this allows us to split expectations into product of expectations and either
“Justify”, or explain away the closure assumptions that are often made formally. In our
particular problem it explains why the formal assumption that the leading order term in the
asymptotic expansion (1.26) is deterministic produced the correct answer.



We set Go(s1,x) = V(s1,z) and

n

Gri(s1,52,7) = Y Vp(s2,2)

p=1

Wilsv) oy
Oz
Incompressibility of V (¢, ) and its spatial stationarity imply that E{G1(s1, s2,2)} = 0. In the
next lemma we drop C' and p in the notation for the o-algebras Vj(C, p).

2
Lemma 1.2.2 Fix T > 0 and let 0 < u < s < T. Assume that Y is a VS/E -measurable
random vector function. Then there exists €9 > 0 and a constant C > 0 such that for any
0<u<s<s9<s <T and0 < e < ey we have

4y (3) ¥ (5)}] = 0ot —ely (3)] a0
B [V ()] v (5)}| s oo -9z (5)]. as)
and
E{en (3.5 x0)7 (5} 20— —agly (3) oo
’IE {jxk 61 (5.2 x.w)] v (5) }\ < CBY2(s1 — 2)8" (2 — 9|V (5)|, (137)
for all1 < k < n.
The proof of tightness
We will establish the inequality
E {[X-(t) — Xc(s)*| Xc(s) — Xc(u)]*} < C(t — )" (1.38)

with v > 0. This is a criterion for tightness in the space D of cadlag functions. The main step
in the proof is to find v € (1,2) such that for all times ¢ and s such that t — s > 10¢” we have
an estimate for the conditional expectation

E {|X:(t) - Xe(s)\Q‘ Fs} <C(t—s) for t — s > 10e7. (1.39)

Step 0. Nearby times. As we have explained before, the estimate (1.39) itself is sufficient
to establish tightness in D for the family X, (¢) if it were to hold for all ¢ > s. As we will prove
it only for pairs of time with a gap: t — s > 10¢”, we may at the moment conclude only that

E{|X.(t) — X:(8)*|Xc(s) — Xo(u)?} < Ot —u)'™ for t —s > 107 and s — u > 107,

Our first step is to establish that, with an appropriate choice of v € (1,2), if either t —s < 107
or s —u < 107, the estimate (1.38) follows from (1.39) together with the dynamical system
(1.31) governing X.(t). If both t —s < 10¢” and s — u < 10&” then we have directly from
(1.31):

E{[X:(t) = Xe(s)P[Xe(s) — Xe(w)[*} < O™t — 5)*(s — u)”

< C€117/474(t _ u)5/4 < C(t _ u)5/4

provided that v > 16/11. On the other hand, if, say, t — s < 10” but s —u > 10¢?, (1.39)
implies that
E{|X(s) = X(u)|*} < C(s — w),

10



and (1.31) implies that with probability one

C(t—s)

X(1) - X ()] £ =

Therefore, the following estimate holds for such times ¢, s and u:

E{|Xc(t) — Xe(s)]*|Xe(s) — Xe(u)*} < %(t —5)%(s — u)
< 067’7/472(15 - u)5/4 < C(t . u)5/4,

provided that v > 8/7. We see that, indeed, (1.39) together with (1.31) are sufficient to
prove the tightness criterion (1.38). The rest of the proof of tightness of the processes X.(t)
is concerned with verifying (1.39).

Step 1. Taking a time-step backward. We start with a pair of times ¢t > s with a gap
between them: ¢t — s > 10e7. Consider a partition of the interval [s, t] into subintervals of the

length
=le=(t—s) ~ )

where [z] is the integer part of z. Then the time step [, is such that ¢7/2 < [, < 2¢7 and
the partition is s = tg < t; < -+ < tpyr41 = t with a time step At = ;41 —t; = lc. The
parameter v € (1,2) is to be defined later. The important aspect is that v < 2 so that At is
much larger than the velocity correlation time £2. The basic idea in the proof of (1.39) is “to
expand X, (t) — X.(s) in a Taylor series” with a “large” time step O(At). This will produce
explicitly computable terms which are the first two terms in this expansion. The error terms
which are nominally large are shown to be small using the mixing Lemma 1.2.2.
Dropping the subscript € of X, we write for ¢ > s:

X(t) - X(s) = i/t v (X)) du = i_i / v (% X(w) du (1.40)
S i=0 j.

Therefore our task is to estimate the integral inside the summation in the right side of (1.40).
In the preparation for the application of the mixing lemma the integrand on the interval
t; <wu <t;y1 can be rewritten as

1% (%,X(u)) =V (&%,X(ti—l)) + /u iV (8%7)((“1)) du

du1

v ) 3 )] (B (5 )

v@%m—nwé [

i—1

G (u u;,X(ul)) dus.

The next step is to expand G as well, also around the “one-step-backward” time ¢;_1:
G(u ulX( )) G(u ulX(t ))+1/U1G(u Uy UQX( ))d
i - —, =, U U
1 627 1 52’ i—1 € ti_l 2 62’52?627 2 2
with
GQ(U,Ul,UQ, Zaxq Gl U , U1, T )]Vq(u%!ﬁ)

11



Putting together the above calculations we see that
M : M .
1 tit1 U 1 tit1 U
X(t) - X(s) = 6Z/t v (% X(w) du= 6Z/t v (% X)) du
=0 " =0 " "
w U Uy
- G1 (6—2, ?,X(ul)) duy | du

—153/%1/(“ X(t; ))dwrlf/tl+1 /u G (“ Xt )>du du
g - v tl 527 i—1 82 par tl ti71 1 27 i—1 1

1 tita u 1 U Ul U
+{?’ ;/tl /til /til G2 (827 27 9 ,X(UQ>> dUQ] dU1] du

The triple integral on the last line is deterministically small with an appropriate choice of ~:
the time interval in each integration is smaller than €7 and the total number of terms is at
most 2(t — s) /7 as we have assumed that ¢t —s > 10e7. Therefore, the last integral is bounded

by
M ti+1 u

~ < CeP3(t—s)

1 U Ul U9
/1 1 Go (52’ 22 ,X(uz)) du2] du1] du

which is small if v > 3/2. This is a general idea in proofs of weak coupling limits: pull back
one time step and expand the integrands until they become almost surely small, then compute
the limit of the (very) finite number of surviviing terms. In our present case we have shown
that, for 3/2 < vy < 2,

X(t) - X(S) = L1(57t) + L2(Svt) + E(Svt)

where
M tit1
1 U
Ll(s,t) = — / V(ﬁ,X(ti_l)) du
13 15
=0 i
and

7,+1
U 'LL
Y [INCERT It
i—1
ti

while |E(s,t)] < Ce®*(t—s) with some a > 0 and a deterministic constant C' > 0. This finishes
the first preliminary step in the proof of tightness.
Step 2. Application of the tightness criterion. Now we are ready to prove (1.39).
2
That is, we have to verify that for any non-negative and Vg/ c
we have for all 0 < s <t < 7T such that t > s+ 10e7:

-measurable random variable Y

E{|X(t)— X(s)?Y} < C(T)(t - s)E{Y}.
Our estimates in Step 1 show that it is actually enough to verify that

E{(L;(s,1)*Y} < C(t—s)E{Y}, j=1,2.

12



An estimate for L;. We first look at the term corresponding to Lj: it is equal to

E{(L(s,t)) 5 ;; / tj/ﬂ { (;,X(ti_l)) v, (Z,X(tj_l)) Y} dul' du
+3 ZJ:; 71 71 { (;,X(tj_1)> Vp (g;,X(tj_lo Y} du'du = ;I]

tj

The idea is to use separation between ¢;_1 and t;_; and apply the mixing lemma. Accordingly
we look at the cases i < j —2,¢ =75 — 1 and ¢ = j separately as the terms end up being of a
different order. The terms with ¢ < j —2 may be estimated with the help of the mixing Lemma
1.2.2 using the time gap between the times v’ and ¢;_; > ¢;41 > w which is much larger than

the correlation time &2:

tit1 i+

é;}% QZZ// ( R 1>E{Y}du’du

7=01:<j— 2t t;

< ?ﬁ (52_7) (t— 8)2E {Y} <CeP(t—s)E{Y}
for any p > 0 since v < 2 and [(s) decays faster than any power of s. The term I3 corresponding

to ¢ = j can be estimated using the mixing lemma again, using the fact that ¢;_; is smaller
than both u and u’:

ti+1tj41
Zuj]\ < ¢ > / / { (:Q,X(tj_l))v <g2,X(t]_1)> Y}du’du (1.41)
=0 i i
tir1tiqn
2C u—u , oo
gezg/ /ﬁ( 5 >duduE{Y}§C(t—s)E{Y}/O B(u)du
t;

The integral I» with i = j — 1 is estimated similarly.

A better estimate estimate for L;. Let us now go one step further and actually identify
the limit of E{Ly j(s,t)L1m(s, )Y} with 1 < j,m < n. The previous calculations already show
that the term corresponding to the previous I; (but now with V; and V;, replacing V), and V)
satisfies |I1| < Ce®(t — s)E{Y} with a > 0 so we are interested only in the limit of Iy and I3.
The term I3 is computed as in (1.41) with the help of the mixing lemma:

]XE;IIMI— 227171}3{‘/ 3 X (- 1))V (Z,X(@ﬂ) Y}du’du (1.42)
=5 Z 71 71 <“;,“’0> dudu/ E{Y} + o(1)(t — s)E{Y'}

— [/_Oo Rijm(T, O)dT—I—o(l)} (t—s)E{Y}.

13



Finally, I corresponding to ¢ = j — 1 is computed as

JZG; -4l = ]Z; 7;]1 { (%’X(tjfl)) Vin (Z,X(tj2)> Y} du/du  (1.43)
= ze; /1] m < ) dudd' E{Y} + o(1)(t — $)E{Y} = o(1)(t — s)E{Y}.

j—

because tj 1 —t; =7 > 2. Therefore we actually have a more precise estimate

E{(Ly1;(s,)Lim(s,t))Y} = [/_Oo Rim(7,0)dr + o(1)| (t — s)E{Y} . (1.44)

An estimate for L,. Following the above steps one also establishes the required estimate
for Lo:
E{(L2(s,t))’Y} < C(t—s)E{Y}. (1.45)

There is no reason to repeat these calculations separately for Lo except that an even stronger
estimate than (1.45) holds with an appropriate choice of ~:

E {(La(s,1))’Y } < Ce*(t — s)E{Y} (1.46)

with @ > 0. We will need (1.46) in the identification of the limit, thus we will show it now:
E {(Lz(s,t))*Y} is equal to

1 tit1

5427d“/d“ /dul/dulE{Gl (5 5 X(tie) G1<“ “;,X(tj1)> Y}.

Once again, you split the sum above into terms with ¢ < j—2,¢=j—1 and ¢ = j: those with
1< j—2addup to

1 t]+1

Ly ]*du o Jm /M {0 (5 2oxtec) 6 (2 0,0 ) )

i<j—2
< Cer™ 4[3 (7 2) (t— s)QE{Y}.

We used in the above estimate the mixing lemma with the gap between t;_1 and ¢;_; as well
as the fact that the length of each time interval is €7 while the total number of terms in the
sum is not more than (2(t — s)/¢7)2. The important difference with L; is that the term with
1 = j is also small:

z+1 z+l
u u1 uouf
€4Z/du/du /dul/dulE{Gl (tl 1)) Gl (62’52’X(ti1)) Y}

< 0537 4t — s)E{Y}
simply because now the number of summands is bounded by (2(t—s)/e7) (without the square).

This means that if we take v > 4/3 this term is bounded by the right side of (1.46). The
contribution of the terms with ¢ = j — 1 is estimated identically — hence (1.46) indeed holds.

14



Summarizing our work so far (and restoring the missing indices) we have shown that

o0

E{(Xm(t) = X (8))(Xn(t) — Xn(s))Y} = [/ Ry (7,0)d7 +0(1) | (t = 5)E{Y} (1.47)

— 00

for all t > s with t — s > 10e”. This, of course, implies (1.39) and hence the tightness of the
family X.(t) follows.

Identification of the limit

In order to identify the limit, using the Levy theorem (the martingale characterization of the
Brownian motion) (see, for instance, Theorem 3.16 in [37]) all we have to do is verify that the
limit is continuous (that we already know) and the following two conditions hold: first,

tim B {[(X5 (1) — X5(5)) (X5, (1) — X5,(5)) — ajm(t — )] W} =0

for all bounded non-negative continuous functions ¥ = U(X.(t1),...,Xc(t,)) with 0 < ¢; <
to < - <t, <s<t<T. Second, we need

limsup E {(X;(t))4} < 400
e—0
for all ¢ > 0. These conditions allow us to conlude that the limit process is a martinagle. The
former condition we have already verified in the previous section in the proof of tightness. The
latter may be checked using very similar arguments. This finishes the proof of Theorem 1.2.1.

0
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Chapter 2

Random geometric optics I1: the
long time limit, from rays to
diffusion

Here we study the long time asymptotics of rays in a weakly random medium. This problem
is analyzed in the general setting of a particle in a weakly random Hamiltonian field. This
chapter is based on the results of [6] and [44].

2.1 A particle in a random Hamiltonian

We have considered in Chapter 1 the asymptotic behavior of a ray in a medium with weakly
random sound speed and have seen that on a short time scale the rescaled deviation of the
direction of the ray from its original value becomes a diffusion process. The long time behavior
of this system is an example of the analysis of the long time, large distance behavior of a particle
in a weakly random time-independent Hamiltonian flow. It turns out that this limit is also
described by the momentum diffusion but now, of course, without rescaling of the momentum:
the particle momentum itself undergoes the Brownian motion on the energy sphere. This
intuitive result has been first proved in [40] for a classical particle in dimensions higher than
two, and later extended to two dimensions with the Poisson distribution of scatterers in [22],
and in a general two-dimensional setting in [45]. On the other hand, the long time limit of
a momentum diffusion is the standard spatial Brownian motion. Hence, a natural question
arises if it is possible to obtain such a Brownian motion directly as the limiting description
in the original problem of a particle in a quenched random potential. This necessitates the
control of the particle behavior over times longer than those when the momentum diffusion
holds. This is what we do in this chapter.

We consider a particle that moves in an isotropic weakly random Hamiltonian flow with
the Hamiltonian of the form Hg(z,k) = Ho(k) + VoH (2, k), k = |k|, and =,k € R? with
d> 3:

dx? dK?

7, = ka57

2~ _V.Hs. X°0)=0. K°0) = k. 2.1
dt dt Va: d (0) 07 (0) k() ( )

Here Hy(k) is the background Hamiltonian and Hi(z, k) is a random perturbation, while the
small parameter § < 1 measures the relative strength of random fluctuations. One expects
that the effect of the random fluctuation would be of order one on the time scale of the order
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t ~O(571). And indeed, as we have mentioned, it has been shown in [40] that, when

k?2
Hy(x,k) = = + ViV (),

and under certain mixing assumptions on the random potential V' (z), the momentum process
K°(t/8) converges to a diffusion process K (t ) on the sphere k = ko and the rescaled spatial
component X%(t) = §X%(t/8) converges to X (t fo s)ds. This is the momentum diffusion
mentioned above. Another special case,

Hj(z, k) = (co + Voer (x))|k], (2.2)

arises in the geometrical optics limit of wave propagation and this is the problem we are mostly
interested in these notes. Here ¢g is the background sound speed, and c¢i(z) is a random
perturbation. This case has been considered in [6], where it has been shown that, once again,
K9(t/6) converges to a dlffuswn process K (t) on the sphere {k = ko} while XO(t) = 6X°(t/6)
converges to X (t) = cg fo s)ds, K(t) := K(t)/|K(t)].

We show in thls chapter how the momentum diffusion may be obtained and that this
analysis may be pushed beyond the time of the momentum diffusion, so that under certain
assumptions concerning the mixing properties of H; in the spatial variable there exists ag > 0
such that the process 811 X9(t/§112%) converges to the standard Brownian motion in R? for all
a € (0,ap). The main difficulty of the proof is to obtain error estimates in the convergence of
K?(-) to the momentum diffusion. The error estimates allow us to push the analysis to times
much longer than 6! where the momentum diffusion converges to the standard Brownian
motion. The method of the proof is a modification of the cut-off technique used in [6] and
[40].

2.2 The main result and preliminaries

2.2.1 The background Hamiltonian

We assume that the background Hamiltonian Hy(k) is isotropic, that is, it depends only on
k = |k|, and is uniform in space. Moreover, we assume that Hy : [0, +00) — R is a strictly
increasing function satisfying Ho(0) > 0 and such that it is of C3-class of regularity in (0, +00)
with H{(k) > 0 for all k£ > 0, and let

h* (M) ::ke[%z}?’M](Hé(k)JrW oK) +HY'(k)),  he(M) :=k6[$1r117M]H6(k)~ (2.3)

Two examples of such Hamiltonians are the quantum Hamiltonian Ho(k) = k%/2 and the
acoustic wave Hamiltonian Hy(k) = cok. The qualitative reason for the above assumptions on
Hy(k) is that we need the background dynamics ‘to take the particle to various regions where
it will sample the nearly independent random fluctuations. The overall effect will then lead to
a Markovian limit. This makes the problem much simpler than a seemingly similar problem

X =V(X), (2.4)

with a mixing in space and time-independent random field V(x). Unlike our problem, (2.4)
lack any mechanism to move the particle around which makes it extremely difficult to obtain
any rigorous, or even formal results for the particle behavior in (2.4).

17



2.2.2 The random medium

Let (©2,X,P) be a probability space, and let E denote the expectation with respect to P. We
denote by || X||zr(q) the LP-norm of a given random variable X : Q@ — R, p € [1,+o00]. Let
Hy : R4 % [0, +00) x Q — R be a random field that is measurable and strictly stationary in the
first variable. This means that for any shift x € R?, k € [0, +00), and a collection of points
r1,..., 2, € R the laws of (Hy(xy + 2, k), ..., Hy(xy + x,k)) and (Hy(21,k),..., Hi(2n, k))
are identical. In addition, we assume that EH{(z, k) = 0 for all k£ > 0, z € R?, the realizations
of Hy(x,k) are P-a.s. C%-smooth in (z,k) € R? x (0, +00) and they satisfy

D; (M) := max ess-sup |8§‘6iH1(x, k;w)| < o0, 4,57=0,1,2. (2.5)
lal=i (g kw)eRdx [M—1,M]xQ
We define D(M) = Zogi+j§2 D; j(M).

We suppose further that the random field is strongly mixing in the uniform sense. More
precisely, for any R > 0 we let C}é and C§ be the o-algebras generated by random variables
Hi(x,k) with k € [0,4+00), x € Br and x € B} respectively. The uniform mixing coefficient
between the o—-algebras is

$(p) := sup[|P(B) —P(B|A)|: R>0, AcCh, Bc Chipls
for all p > 0. We suppose that ¢(p) decays faster than any power: for each p > 0

hy :=sup pP¢(p) < +oo. (2.6)
p=0

The two-point spatial correlation function of the random field H; is
Ry, k) = E[Hy(y, k) Hy (0, k).

Note that (2.6) implies that for each p > 0

4
hp(M) = 3 sip (L+ [yP)P2I0 R k) < 400, M>0.  (27)
1=0

|Oé‘:’L (yak)eRdX[MilvM}

We also assume that the correlation function R(y,!) is of the C*-class for a fixed | > 0, is
sufficiently smooth in [, and that for any fixed [ > 0

R(k,1) does not vanish identically on any hyperplane H, = {k: (k-p) = 0}. (2.8)
Here R(k,1) = J R(z,1) exp(—ik - x)dz is the power spectrum of H;.
The above assumptions are satisfied, for example, if Hy(x, k) = c¢1(x)h(k), where c¢1(x) is
a stationary uniformly mixing random field with a smooth correlation function, and h(k) is a
smooth deterministic function.

2.2.3 The main results

Let the function ¢s(t, x, k) satisfy the Liouville equation

o )
ai; + Vo Hj (2, k) - Vip¢® — ViHs (2, k) - Voo’ =0, (2.9)

#°(0, 2, k) = ¢o(dx, k).
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We assume that the initial data ¢o(x,k) is a compactly supported function four times dif-
ferentiable in k, twice differentiable in z whose support is contained inside a spherical shell
AM) = {(z,k) : M~! < |k| < M} for some positive M > 0.

Let us define the diffusion matrix D,,, by

A 1 [ 9R(H}(1)sk,1) 1 > 92R(sk, 1)
Dy (k1) = —= 0 s = — "2 ds, n=1...,.d
(k1) 2/00 01,0 m iy 2H|(1) /Oo 0xn0Tm 5 LR
(2.10)
Then we have the following result.
Theorem 2.2.1 Let ¢° be the solution of (2.9) and let ¢ satisfy
06 & 0 ¢
= = — | Dy, k) == | + HL (k) k- Vb 2.11
5= 2 g (Pmlen g )+ Hiw R0 2.11)

¢(O’ €, k) = QSO(xv k)

Suppose that M > My > 0 and T > Ty > 0. Then, there exist two constants C, ag > 0 such
that for all T > Tj

sup ‘E& (2 %, k:) — é(t, z, k)' < OT(1+ ||¢oll1,4)6% (2.12)
Ix K

(t,xz,k)€[0,T
for all compact sets K C A(M).

Note that

d d 2
o 1 [ OR(sk, k).
Dnm ’ m = m
Z (k. )k Z 2H) (k) /_OO 0xp, 0, Fmds

m=1 m=1
d 00 »
_ Z } / d [ OR(sk, k) ds — 0
— 2H\(k) J_o ds Oxy,

and thus the K-process generated by (2.11) is indeed a diffusion process on a sphere k = const,
or, equivalently, equations (2.11) for different values of k are decoupled. Assumption (2.8)
implies the following.

Proposition 2.2.2 The matriz D(k,1) has rank d — 1 for each k € S% and each | > 0.

We also show that solutions of (2.11) converge in the long time limit to the solutions of the
spatial diffusion equation. More, precisely, we have the following result. Let Oy (t,x, k) =
o(t/v?,x/v, k), where ¢ satisfies (2.11) with an initial data ¢(0,¢,z, k) = ¢o(yz, k). We also
let w(t, z, k) be the solution of the spatial diffusion equation:

d
ow 0w
— = mn (k) =————, 2.1
ot mgzl @ >8xn8xm (2.13)

w(0,z, k) = ¢o(z, k)
with the averaged initial data

_ 1
Ty Jga
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Here dQ(k) is the surface measure on the unit sphere S%! and T, is the area of an n-
dimensional sphere. The diffusion matrix A := [an,,] in (2.13) is given explicitly as

1
Fg—1 Jga—

anm (k) = H) (k) knxm (k)dQ(k). (2.14)

The functions x; appearing above are the mean-zero solutions of

d . ~
> <Dmn(l§:,k)g;;i> — —Hy (k). (2.15)

m,n=1

Note that equations (2.15) for x,, are elliptic on each sphere {|k| = k}. This follows from the
fact that the equations for each such sphere are all decoupled and Proposition 2.2.2. Also note
that the matrix A is positive definite. Indeed, let ¢ = (c1,...,cq) € R? be a fixed vector and
let xc := anzl CmXm- Since the matrix D is non-negative we have

E:/ kzak (Dmn(é,l)%ﬂ) o) (2.16)
m,n=1 sa-t n
[ el o (Dmna%,waxg,i’“’”) 30 = 1)
1 m n

(D(k, 1)V xe(k, 1), Vxc(k,1))gadu(k) > 0

(Ac, ¢)pa = Fd X

1
Ty Jsa—

The last equality holds after integration by parts because D(l%,l)l% = 0. Moreover, the in-
equality appearing in the last line of (2.16) is strict. This can be seen as follows. Since the
null-space of the matrix D(k,1) is one-dimensional and consists of the vectors parallel to k,
in order for (Ac,c)gs to vanish one needs that the gradient ch(k: 1) is parallel to k for all
k € S%1. This, however, together with (2.15) would imply that k - ¢ = 0 for all k, which is
impossible.

The following theorem holds.

Theorem 2.2.3 For every pair of times 0 < Ty, < T < 400 the re-scaled solution qu(t, x, k) =
o(t/v2,x/v, k) of (2.11) converges as v — 0 in C([Tx, T]; L°(R?*%)) to w(t,x,k). Moreover,
there exists a constant C' > 0 so that we have

Jw(t,-) = ¢y (t, oo < C (YT + ) lIdoll11 (2.17)
forall T, <t <T.

The proof of Theorem 2.2.3 is based on some classical asymptotic expansions and is quite
straightforward. As an immediate corollary of Theorems 2.2.1 and 2.2.3 we obtain the following
result, which is the main result of this chapter.

Theorem 2.2.4 Let ¢s5 be solution of (2.9) with the initial data ¢5(0,2,k) = ¢o(8' T, k)
and let w(t, x) be the solution of the diffusion equation (2.13) with the initial data w(0,z,k) =
do(x, k). Then, there exists ag > 0 and a constant C > 0 so that for all 0 < o < o and all
0 < T. <T we have for all compact sets K C A(M):

sup ‘w(t,aj, k) — E¢s(t, x, k‘)‘ < CTo*~*, (2.18)
(t,z,k)€[T, TIXK

where ¢s(t,z,k) = @5 (t/61 72, /61T k) .
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Theorem 2.2.4 shows that the movement of a particle in a weakly random quenched Hamil-
tonian is, indeed, approximated by a Brownian motion in the long time-large space limit, at
least for times T' < §~?0. In fact, according to Remark ?? we can allow T} to vanish as § — 0
choosing Ty, = §3a/2,

In the isotropic case when R = R(|x|,k) we may simplify the above expressions for the
diffusion matrices D,,, and a,,,. In that case we have

. 1 [ §2R(H.(k)sk, k
Dty =} [ Pk,

-/ [’“;C’;m R (Hy(k)s, k) + (5nm - ki;]zm) R(ﬁiiii k)] -

1 e R/(S k) knkm
- - - d 6nm - —79 |>
Hy (k) /0 s 0 ( B2 )

so that the matrix [Dy,,(k, k)] has the form

D(k, k) = Do(k) (I -ke k) , Do(k) = H()l(k;) /Ooo Rr(z, k) oo

The functions x; are given explicitly in this case by

o HGR)PRPR o [ R (s, k)
Xj(kak)——ma Do(k’)——/o Tds

and

EAQIRLE P _ | Hy(B) Pk

anm (k) = Ty 1(d— 1)Do(k) /Sdl nkmdQ(k) = d(d—1)Dy (k)™

2.2.4 A formal derivation of the momentum diffusion

We now recall how the diffusion operator in (2.11) can be derived in a quick formal way. We
represent the solution of (2.9) as ¢°(t,x, k) = 1°(5t, 6z, k) and write an asymptotic multiple
scale expansion for 1°

Gtz k) = bt 2, k) + Vb (t,:c, %k) 1 8¢ (t,:c, %k) . (2.19)

We assume formally that the leading order term ¢ is deterministic and independent of the fast
variable z = x/§. We insert this expansion into (2.9) and obtain in the order O (5‘1/ 2.

V.Hi(z, k) Vid— Hy(k)k - V.1 = 0. (2.20)

Let 8 < 1 be a small positive regularization parameter that will be later sent to zero, and
consider a regularized version of (2.20):

1

mvzﬂl(z, k)-Vip—k-V.p1 +0¢1 =0,

Its solution is

e %ds. (2.21)

$1(2, k) = / 5H1 Z+sk k) 0d(t,x, k)

Okm
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The next order equation becomes upon averaging

gf:EC%%?mkW&@>—EW#ﬁ@$%VWQ+HMMHVML (2.22)

The first two terms on the right hand side above may be computed explicitly using expression
(2.21) for ¢q:

E <8H18<]?k>k : Vz¢1> —E(V.Hi(2,k) - Vio1)
g mil GHB(;, k) - afm (H(’)l(k) /000 BHl(za :n sk, k) a&(at};, k) os ds)
e mgjl M%i: . alfm (Hél(k) /OOO 8H1(Za;8k’ . ad)((;}fi’ . e_esd‘S)
Using spatial stationarity of Hi(z, k) we may rewrite the above as
. mi | 8H18(;, B 8fm (Hg)l(k) /OOO 8H1(za ; sk, k) 8¢(;}€j’ K 698d8>-
| 3 menl gl (gl [P0 )

d ~ _

0 1 > O?Hy(z + sk, k) \ 0o(t,z,k) _,

- _ E|H °
mzzl Do [H(’)(/-c) /0 ( k) ok, ¢

i9 1 /°° O2R(sk, k) 0(t, z, k) _,,
= _ e °ds
H k) J,

i Ok, O(k) 02,0 m Ok,
d ~ —
1 ) 1 [ 92R(sk, k) 0(t, z, k) .
T2 2 Ok, (H()(k) /_oo Dm0y, )80 =0
We insert the above expression into (2.22) and obtain
— d —
0¢ 0 - 0¢ L _
2% _ Do e )22\ + HE (V- Y, 2.2
5 = 2 g (P ) - V0 (2.23)

with the diffusion matrix D(k, k) as in (2.10). Observe that (2.23) is nothing but (2.11).
However, the naive asymptotic expansion (2.19) may not be justified. The rigorous proof
presented in the next section is based on a quite different method.

2.3 From the Liouville equation to the momentum diffusion.
Estimation of the convergence rates: proof of Theorem
2.2.1

Outline of the proof

The basic idea of the proof of Theorem 2.2.1 is a modification of that of [6, 40]. We consider
the trajectories corresponding to the Liouville equation (2.9) and introduce a stopping time,
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called 75, that, among others, prevents near self-intersection of trajectories. This fact ensures
that until the stopping time occurs the particle is “exploring a new territory” and, thanks to
the strong mixing properties of the medium, “memory effects” are lost. Therefore, roughly
speaking, until the stopping time the process is approximately characterized by the Markov
property. Furthermore, since the amplitude of the random Hamiltonian is not strong enough
to destroy the continuity of its path, it becomes a diffusion in the limit, as § — 0. We
introduce also an augmented process that follows the trajectories of the Hamiltonian flow
until the stopping time 75 and becomes a diffusion after ¢ = 75. We show that the law of the
augmented process is close to the law of a diffusion, see Proposition 2.3.3, with an explicit
error bound. We also prove that the stopping time tends to infinity as 6 — 0, once again with
the error bound that is proved in Theorem 2.3.4. The combination of these two results allows
us to estimate the difference between the solutions of the Liouville and the diffusion equations
in a rather straightforward manner: they are close until the stopping time as the law of the
diffusion is always close to that of the augmented process, while the latter coincides with the
true process until 75. On the other hand, the fact that 75 — oo as § — 0 shows that with a
large probability the augmented process is close to the true process. This combination finishes
the proof.

The random characteristics corresponding to (2.9)

Consider the motion of a particle governed by a Hamiltonian system of equations

2(6) X, 24 )
w = (ViHs) <#7m(5)(t;x,k)>

m(®) (t:x 29 (:x

290;x,k) =x, m®(0;x,k) =k,

where the Hamiltonian Hg(z, k) := Hy(k) + VOH(z, k), k = |k|. The trajectories of (2.24)
are the characteristics of the Liouville equation (2.9). We denote by Q% (-) the law over C
of the process corresponding to (2.24) starting at ¢t = s from (x, k).

The stopping times

We now define the stopping time 74, described in Section 2.3, that prevents the trajectories of
(2.24) to have near self-intersections (recall that the intent of the stopping time is to prevent
any “memory effects” of the trajectories). As we have already mentioned, we will later show
that the probability of the event [75 < T'] for a fixed T' > 0 goes to zero, as § — 0.

Let 0 <€ <e2<1/2,e3€(0,1/2—¢€2), €4 € (1/2,1 — €1 — €2) be small positive constants
that will be further determined later and set

N=[", p=1[0, q=p[6®], Ni=Npli“]. (2.25)

We will specify additional restrictions on the constants €; as the need for such constraints
arises. However, the basic requirement is that ¢;, ¢ = 1,2,3 should be sufficiently small and
€4 is bigger than 1/2, less than one and can be made as close to one as we would need it. It
is important that €; < €3 so that N < p when § < 1. We introduce the following (M?);>0—

stopping times. Let t,(cp) := kp~! be a mesh of times, and 7 € C be a path. We define the
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“violent turn” stopping time

Ss(m) := inf [t > 0: for some k > 0 we have t € [tép),tgﬁJ and (2.26)

;)-K(wél—ﬂ,

N N 1 N
Kt ) K@) <1- o K (t,@ -

where by convention we set K(—1/p) := K(0). Note that with the above choice of e, we
have K <tl(€p) — 1/N1) -K(tlgp)) > 1 —1/N, provided that 6 € (0,dp] and dy is sufficiently
small. We adopt in (2.26) a customary convention that the infimum of an empty set equals
+o00. The stopping time Ss is triggered when the trajectory performs a sudden turn — this is
undesirable as the trajectory may then return back to the region it has already visited and
create correlations with the past.

For each ¢t > 0, we denote by X;(7) := |J X (s;m) the trace of the spatial component of
0<s<t
the path 7 up to time ¢, and by X;(q;7) := [z : dist (z, X¢(7)) < 1/¢] a tubular region around

the path. We introduce the stopping time
Us(m) :=inf [t>0: 3k >1 and t € [t”, ")) for which X(t) € X,) ().  (2.27)
k—1

It is associated with the return of the X component of the trajectory to the tube around its
past — this is again an undesirable way to create correlations with the past. Finally, we set
the stopping time

T5(m) := Ss(m) A Us(). (2.28)

2.3.1 The cut-off functions and the corresponding dynamics

Let M > 0 be fixed and p, q, N, N1 be the positive integers defined in Section 2.3. We define
now several auxiliary functions that will be used to introduce the cut-offs in the dynamics.
These cut-offs will ensure that the particle moving under the modified dynamics will avoid
self-intersections, will have no violent turns and the changes of its momentum will be under
control. In addition, up to the stopping time 75 the motion of the particle will coincide with
the motion under the original Hamiltonian flow.

Let a; = 2 and ag = 3/2. The functions 1; : R? x sS4t —[0,1], 5 = 1,2 are of C™ class
and satisfy

1, if k-1>1-1/N and Mt < k| < M;
d}j(kv 1) =
0, if k-1<1-—aj/N, or [kl<(@2Ms)~!, or |kl >2M;.
(2.29)
One can construct ¢; in such a way that for arbitrary nonnegative integers m,n it is possible
to find a constant Cyy, ,, for which [|¢);lmn < CpnN™1™. The cut-off function

A (k5 (1)) o (k& (17 = 1/V1)) - for e € [, 47),) and > 1
o Yk, K (0)) for ¢ € [0, 1))

(2.30)
will allow us to control the direction of the particle motion over each interval of the partition
as well as not to allow the trajectory to escape to the regions where the change of the size of
the velocity can be uncontrollable.
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Let ¢ : R? x R? — [0,1] be a function of the C*° class that satisfies ¢(y,x) = 1, when
ly — x| > 3/q and ¢(y,x) = 0, when |y — x| < 2/q. Again, in this case we can construct ¢ in
such a way that ||@||m.n < Cg™™™ for arbitrary integers m,n and a suitably chosen constant
C. The function ¢y, : R? x C — [0, 1] for a fixed path 7 is given by

alyim =[] d»(y,X(f])). (2.31)

0<i/q<t,

We set

1, if0<t<t?

O(t,y;m) = (2.32)

or(y:m), iftP <t <.
The function ® shall be used to modify the dynamics of the particle in order to avoid a
possibility of near self-intersections of its trajectory.

Finally, let us set

Fs(t,y, Limw) = O(t, 0y, L, m)VyHi (y, [l w). (2.33)
For a fixed (x,k) € R?, § > 0 and w € Q we consider the modified particle dynamics with
the cut-off that is described by the stochastic process (5@ (¢;x, k,w), 19 (¢; x, k, w))t>0 whose

paths are the solutions of the following equation

;

G = [Hy (U (3,00 + VaarH (PR O g, 10)] ) | 17 (1%, k)

dt
CO )
A Gox) Ly (1, V0 10015, Ky O (%, k), 100 (3, K) ) (2.34)

y(‘s)(O;x7 k) = x, l(‘s)(O;x, k) =k.

We will denote by QSL the law of the modified process (3 (-;x, k),l(5)(-; x,k)) over C for a

given § > 0 and by E>(<51)< the corresponding expectation. We assume that the initial momentum
k € A(M). From the construction of the cut-offs we immediately conclude that

HOPIERC)
(

ORI AGNE % te® 1

21 pe1)s Yk =>0. (2.35)

2.3.2 Some consequences of the mixing assumption

For any t > 0 we denote by F; the o-algebra generated by (y(‘s)(s),l(‘s)(s)), s < t. Here we
suppress, for the sake of abbreviation, writing the initial data in the notation of the trajectory.
In this section we assume that M > 0 is fixed, X1, X5 : (R x R? x R™)2 — R are certain
continuous functions, Z is a random variable and g1, go are R? x [M~1, M]-valued random
vectors. We suppose further that Z, g1, g2, are F;-measurable, while X1, X, are random fields
of the form

Xi<X, k) =X ((%Hl (Xa k)a aniHl (X’ k)’ ViaiHl (X7 k>>j:0 1) .

For i = 1,2 we denote g; := (gz(l),gf)) where g(l) € R% and g(z) € [M~', M]. We also let

U(6y,0) :=E [Xl(el)fcz(ez)} . 01,00 € RY 5 (ML, M), (2.36)

The following mixing lemma is useful in formalizing the “memory loss effect” and can be
proved in the same way as Lemmas 5.2 and 5.3 of [6]. It is also similar in spirit to Lemma
1.2.2.
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Lemma 2.3.1 (i) Assume that r,t > 0 and

(6)
S DR COR A (O I
inf 19: 5 | (2:37)
P—a.s. on the set Z # 0 fori=1,2. Then, we have
E[Xi(91)%e(92)2] ~E[U(01,02)2)| < 26 (55) Xl e | Xl | Z ooy (238)

(ii) Let EX1(0,k) = 0 for all k € [M ™', M]. Furthermore, we assume that go satisfies (2.37),

(9)
My (u)

r+n7r
)

inf
u<t

(2.39)

and |g§ — 92 \ > 116~ for some ry > 0, P-a.s. on the event Z # 0. Then, we have

[E [X1(91)%al92) 2] ~ E[Ulg1,02)2)| < €62 (55) 62 (55 ) 1 X1l | Xell e |1 2] 2

(2.40)
for some absolute constant C' > 0. Here the function U is given by (2.36).
2.3.3 The momentum diffusion
Let k(t) be a diffusion, starting at k € R? at ¢ = 0, with the generator of the form
A d A
LF(k) = wn (K, [KDOR, g, (k) + D Epa(k, [k]) Oy, F (k) (2.41)
m=1

m

Ot (D, [k, F(K)) . F € C§°(RY).

Here the diffusion matrix is given by (2.10) and the drift vector is

i oo 93R(sk, 1)
En(k, 1) = ds, m=1,....d.
( lz/ O:Bm@x? 5w

Employing exactly the same argument as the one used in Section 4 of [6] it can be easily seen
that this diffusion is supported on Si_l, where k = |k|. Moreover, it is non-degenerate on the
sphere, for instance, under the assumption (2.8), cf. Proposition 4.3 of ibid.

Let Qy x be the law of the process (x(t),k(t)) that starts at ¢ = 0 from (x,k) given by
x(t) =z + fo H}(|k(s)|)k(s)ds, where k(t) is the diffusion described by (2.41). This process
is a degenerate diffusion whose generator is given by

LF(x,k) = Ly F(x,k) + H)(|[k|) k- V. F(x,k), F e CZ(R. (2.42)

Here the notation Lj stresses that the operator £ defined in (2.41) acts on the respective
function in the k variable. We denote by 9, ;. the expectation corresponding to the path
measure Qx k.
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2.3.4 The augmented process

The following construction of the augmentation of path measures has been carried out in
Section 6.1 of [59]. Let s > 0 be fixed and m € C. Then, according to Lemma 6.1.1 of ibid. there
exists a unique probability measure, that is denoted by dr ®sQx(s), K (s), Such that for any pair
of events A € M?®, B € M we have 6, @5 Qx(s),x(s)[A] = 1a(m) and 5z @5 Qx(s),x(s)[0s(B)] =
Qx(s),k(s)[B]- The following result is a direct consequence of Theorem 6.2.1 of [59].

Proposition 2.3.2 There exists a unique probability measure Rg])e on C such that R;‘S,)C [A] :=
Qg(f;ﬁ [A] for all A € M™ and the regular conditional probability distribution of R(5)[ |MT3] s

gwen by dr Qry(x) QX (5(r)),K (r5(r)), T € C. This measure shall be also denoted by Q( & O
QX (7). K (75)

Note that for any (x,k) € A(M) and A € M" we have

ROLA] = QUL 14] = QU 14, (2.43)

) )

that is, the law of the augmented process coincides with that of the true process, and of
the modified process with the cut-offs until the stopping time 75. Hence, according to the

uniqueness part of Proposition 2.3.2, in such a case Qg(f,)ctgy(S QX (), K (r5) = QS;C@T(S QX (75),K (73) -

We denote by E (6 ) the expectation with respect to the augmented measure described by the
© O

N R Dy denote the respective conditional law and expectation

above proposmon. Let also R

obtained by conditioning RS%C on M7,

The following propositiofl is of crucial importance for us, as it shows that the law of the
augmented process is close to that of the momentum diffusion as § — 0. To abbreviate the
notation we let

N(G) = G(t, X (t), K(t) — G(0,X(0 / X(0), K(0))) do
0

for any G € 01’1’3([O, +00) x R24) and ¢ > 0.

Proposition 2.3.3 Suppose that (z,k) € A(M) and ( € Cy((R?)") is nonnegative. Let
Y €(0,1/2) and let 0 <t; < --- <ty <Ty <t <v<T. We assume further that v—t > 67°.
Then, there exist constants v1, C such that for any function G € CH13([T,, T] x R2?) we have

5 x T.,T
B9 {INu(@) - M@ ¢} < oom o - n)GIT T T B (2.44)
Here {(n) := C(X(t1), K(t1),..., X (tn), K(tn)), © € C(T, ). The choice of the constants v, C
does not depend on (x,k), 6 € (0,1], ¢, times t1,...,tn, Tk, T,v,t, or the function G.
A very technical consequence of this proposition is an estimate of the stopping time:

Theorem 2.3.4 Assume that the dimension d > 3. Then, one can choose €1, €2, €3, €4 in such
a way that there exist constants C,~vy > 0 for which
é

z,

RY (75 < T| < C&'T, V5e(0,1),T>1, (z,k) € AM). (2.45)

From the above two facts the proof of Theorem 2.2.1 is quite straightforward but we leave the
technicalities out.
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Chapter 3

The Wigner transform

3.1 The semiclassical limit of the Schrodinger equation

3.1.1 The unscaled Wigner transform

The Schrodinger equation
1
10 + iAqb —V(t,x)p = 0. (3.1)

with a real potential V (¢, z) preserves the total energy of the solution (or the total number of
particles depending on the point of view or physical application):

E(t) = / 6(t, 2)Pdz = £(0).

This may be verified by a straightforward time differentiation. However, often one is interested
not only in the conservation of the total energy £(t) but also in its local spatial distribution
— that is, where the energy is concentrated. This requires understanding of the local energy
density E(t,z) = |¢(t,z)|?>. Note that even if ¢(t,z) is oscillatory the function E(t,z) may
vary slowly in space — this happens, for instance, in geometric optics. Unfortunately, while
all the information about the “relatively simple” function E(t,z) may be extracted from
a “complicated” function ¢(¢,x), the energy density E(t,z) itself does not satisfy a closed
equation. Rather, its evolution is described as a conservation law
o))

o TV E=0

with the flux .
F(t,r) = % (¢Vh — ¢V ) .

A remedy for this lack of equation for E(t,z) when the potential V' = 0 was proposed by
Wigner in his 1932 paper [84] (where he credits Szilard for this discovery). Wigner introduced
the following object:

W(t,z, k)= /qﬁ <t,x — %) b (t,x + %) etk y (;ig_/)n (3.2)

It is immediate to check that

/W(t, 5 k)dk = [(t,2)2 = Bt ), (3.3)
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so that in some sense W (¢, x, k) is “a local energy density resolved over momenta”. In addition,
the “average momentum” is

/k:W(t,x,k:)dk 1 /chb (t T — )gE(t o4 g) Zkydyd)k

(2
:_/v o= 2)b (s U)] vt
).

=5 [qb(t r)Vo(t,x) — ¢(t,z)Vo(t, =

Therefore, the flux can be expressed in terms of the Wigner transform as

F(t,xz) = /k:W(t,x,k)dk,

re-enforcing the interpretation of W (¢, z, k) as a phase space energy density. It is also imme-
diate to observe that W (t, z, k) is real-valued.
The function W (t, x, k) satisfies an evolution equation:

Wi+ k- VoW = 0. (3.4)

Therefore, one may describe energy density evolution for the Schrédinger equation with zero
potential as follows: compute the initial data W (0, z, k), solve the kinetic equation (3.4) and
find |¢(t,z)|? using (3.3).

However, there is one drawback in the interpretation of W (t, z, k) as electron energy density
resolved over positions and momenta — there is no reason for W (¢, z, k) to be non-negative!
Moreover, the same analysis for the Schrodinger equation (3.1) with a potential leads to the
following evolution equation for W (¢, x, k):

W v = 1 /eWV(p) [W (k: - g) W (k: - g)] (;jgn. (3.5)

While the uniform kinetic equation (3.4) posseses some nice properties — in particular, it
preserves positivity of the initial data and has a particle interpretation: it describes density
evolution of particles moving along the trajectories X = K, K = 0, the Wigner equation
(3.5) has very few attractions. In particular, it does not preserve positivity of the initial data.
Probably, for that reason the Wigner transform ideas did not evolve mathematically (at least
the did not spread widely) until the work of P. Gérard and L. Tartar in the late eighties.
They have realized that the Wigner transforms become a useful tool in the analysis of the
semiclassical asymptotics, that is, in the study of the oscillatory solutions of the Schrodinger
equation (as well as in other oscilaltory problems).

3.1.2 The semiclassical Wigner transform

The definition of the Wigner transform for oscillatory functionns has to be modified: to see
this consider a simple oscillating plane wave ¢.(z) = etkow/e with a fixed ko € R™. Then its
Wigner transform as defined by (3.2) is

W(.Z‘,k‘) _ /eik~y€ik0'(m—y/?)/a—iko~(w+y/2)/a dy . @
(2m)n €

We see that W (x, k) does not have a nice limit as ¢ — 0 — on the other hand its rescaled
version W.(x,k) = e W (x,k/e) does converge to d(k — ko). This motivates the following
defininition of the (rescaled) Wigner transform of a family of functions ¢.(x):

e = fon o) (r43)
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that may be more conveniently re-written as

Definition 3.1.1 The Wigner transform (or the Wigner distribution) of a family of functions
be(x) is a distribution We(z, k) € S'(R™ x R™) defined by

Wo(t, 2, k) = /@ (x - %) &- (w + %y) etk (2‘3/)”. (3.6)

Expression (3.6) shows that W, (x, k) is well suited to study functions oscillalting on the scale
€ < 1 — in that case the difference of the arguments ey is chosen so that the function ¢,
changes by O(1).

We will be mostly using the Wigner transform for families of solutions of non-dissipative
evolution equations that conserve the L?-norm (or a weighted L?-norm). The scaling in (3.6)
is particularly well suited for families of functions ¢.(z) that are uniformly (in € € (0,1))
bounded in L?(R"). Let us define the space of test functions

A= {/\(x,k) € S(R" x R") : /sgp HX(:c,y)H dy < +oo}

with the norm
[Alla = /Sup HA(fE, y)H dy.
We have the following proposition.

Proposition 3.1.2 Let the family of functions ¢.(x) be uniformly bounded in L*(R™). Then
the corresponding family of Wigner transforms We(x, k) is uniformly bounded in A'(R™ x R™).

The following is an immediate corollary of the above proposition and Banach-Alaoglu theorem.

Corollary 3.1.3 Let the family of functions 1-(x) be uniformly bounded in L*(R™). Then the
corresponding family of Wigner transforms We(x, k) has a weak-x converging subsequence in
the space A'(R™ x R™).

The limit is a non-negative measure of a bounded total mass.
Proposition 3.1.4 Let ¢.(z) be a uniformly bounded family of functions in L?*(R™), and let
W(z, k) € S'(R™ x R™) be a limit point of the corresponding family W.(x, k). Then we have

W(xz,k) > 0 and the total mass / W (dzdk) < +o0.
R2n

We summarize Corollary 3.1.3 and Proposition 3.1.4 into the following theorem.
Theorem 3.1.5 Let the family ¢. be uniformly bounded in L*(R™). Then the Wigner trans-

form W, converges weakly along a subsequence e, — 0 to a distribution W (z, k) € S'(R™ xR™).
Any such limit point W (z, k) is a non-negative measure of bounded total mass.

Can the weak convergence of the Wigner transforms become strong? This is possible
in principle — for instance, the Wigner transforms of ¢.(x) = ehow/e is independent of & —
We(x,k) = 5(k — ko). However, this is impossible in L?(R" x R") as the L2norm of W, is
unbounded unless ¢.(x) converges strongly to zero:

/ \We(z, k)2dadk

ihev—ik EY\ - EY\ - ey ey’ \ dydy'dxdk
e (o= )5 (o )i (o= ) o (o ) U

= / e (af - %y) e (x + %y> ‘2 éyj)i = (2735)" 172 (gny -
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Therefore, it is impossible to expect even weak convergence of W, in L2(R™ x R™) unless the
family ¢. converges strongly to zero. In that case, however, W, = 0, which is not a very
interesting case.

3.1.3 Examples of the Wigner measures

We now present some examples of the Wigner measures.

A strongly converging sequence. Let ¢.(z) converge strongly in L?(R") to a limit
¢(z). Then the limit Wigner measure is W(x,k) = |¢(z)|?5(k). To see this we take a test
function a(z, k) and write

(a, We) = (a(z,eD) e, ¢c) = (a(z,eD)[p: — ¢, ¢c) + (a(x,eD)e, [¢pe — ¢]) + (a(x,eD)¢, d).
The first two terms above tend to zero as e — 0 as ||¢. — ¢||2 — 0. Moreover, we also have
a(z,eD)¢ — a(x,0)p(z) in L*(R™)

as € — 0. It follows that
(@)~ [ atw,0)lo(a) P,

and thus the limit Wigner measure is indeed W (z, k) = |¢(z)|?5(k). This means that unless
we have some oscillations the limit Wigner measure is supported at k = 0.

The localized case. The Wigner transform of the family f.(z) = e ™2¢(x/e) with a
compactly supported function ¢(z) is given by W (z, k) = (2r)""|¢(k)[26(x). This is verified
as follows:

<a,Wa>=/ (z, k)¢ 2_%)‘5(§+%) emycg:lédk
:/a(ex,k‘W(ﬂU—g oo+ eikydydwdfu/ (0. F)o()B(z )eik.(z_m)cw
k

= [ [ om0 g

The WKB case. The Wigner measure of the family ¢.(z) = A(x) exp{iS(z)/e} with a
smooth amplitude A(z) and phase function S(z), is W(z, k) = |A(x)|*6(k — V.S(z)) since

We(x, k) =/ ek veiS@=F)/e A( f‘?y) ~iS@ /e f(y 4 %) dy
Rd

2 2 (2r)n
= [ e T W4 0(e) = |A(@)25(k — VS) + O(e).
R4 (QW)n

Coherent states. The WKB and concentrated cases can be combined — this is a coherent

state 1
o) = Ly (1222 o,
en/2

3

The Wigner measure of this family is

W (x, k) = §(x — x0)|d(k — ko)|?.

(2m)"
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Scale mismatch. The Wigner transform captures oscillations on a scale € but not on a
different scale. To see this consider a WKB family ¢.(z) = A(z)e’*/" — we have treated
the case & = 1 but now we look at 0 < a < 1 or @ > 1. First, if « € (0,1) then we have

Rd T
) —a d

- / =< k0w ()2 4 O(e) = | A(2)25(k) + o(1).
]R’i (27[')

Therefore, if 0 < a < 1 then W, has the limit W (z,k) = |A(z)[?6(k) as in the case o = 0 —
the limit does not capture the oscillations at all. On the other hand, if & > 1 then

dydzxdk
(2m)"

(a, We) = / Ve =/ a0, k) Alw — e M R A 4 )

ey, drdy
=) N
27 (2m)n

_ / e RV a0 ) A — D) A +

as € — 0. We see that when the family oscillates on a scale much smaller than ¢ the limit
Wigner measure computed with respect to a “too large” scale € vanishes and does not capture
the oscillations correctly. This is a mixed blessing of the Wigner measures — they are very
useful but only as long they are computed with respect to a correct scale. We will make this
statement precise in the next section.

3.1.4 Basic properties of the Wigner measures

An important fact is that the Wigner measure is a local notion in space. We say that a family
of functions ¢.(x) is pure if the Wigner transforms W, converge as ¢ — 0 to the limit W (z, k)
— that is, we do not need to pass to a subsequence e, — 0 and the limit is unique.

Lemma 3.1.6 (Localization) Let ¢.(x) be a pure family of uniformly bounded functions in
L? and let p(x, k) be the unique limit Wigner measure of this family. Let 0(x) be a smooth
function. Then the family V.(z) = 0(x)p-(x) is also pure, and the Wigner transforms We[i)]
of the family .(x) converge to |0(x)|*u(z, k) as € — 0. Moreover, let ¢. be a uniformly
bounded pure family of L? functions, and let 1. coincide with ¢. in an open neighbourhood of
a point xo. Then the the limit Wigner measures u[¢] and p[ip] coincide in this neighborhood.

Another useful and intuitively clear property is that the Wigner measure of waves going in
different directions is the sum of the individual Wigner measures.

Lemma 3.1.7 (Orthogonality) Let ¢., 1. be two pure families of functions with Wigner
measures p and v, respectively,which are mutually singular. Then the Wigner measure of the
Sum ¢ + Ve 1S L+ V.

The above properties: positivity, orthogonality and localization show that the Wigner measure
may be indeed reasonably interpreted as the phase space energy density. However, the following
pair of examples shows that the limit may not capture the energy correctly. The first “bad”
example is the family

0=(x) = Ala)e™ /.

Then the limit Wigner transform is W = 0 while the spatial energy density F(.(z) = |¢-(z)|? =
|A(x)|? does not vanish in the limit € — 0. The second “misbehavior” can be seen on the

family ) 1
bo(z) =0 <x - ) (3.7)

€
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with 0(z) € C°(R™). Then the limit Wigner measure W(x,k) = 0 and the local energy
density |¢-(x)|? converges weakly to zero as well. However, the total mass ||¢c||z2 = [|0]|12 is
not captured correctly by the limit.

It turns out that the above two examples exhaust the possibilities for the Wigner measure to
fail to capture the energy correctly and it is well suited for families of functions that depend on
a small parameter in an oscillatory manner, the e-oscillatory families of [69]. The e-oscillatory
property guarantees that the functions ¢, oscillate on a scale which is not smaller than O(¢),
and is conveniently characterized by the following definition.

Definition 3.1.8 A family of functions ¢. that is bounded in Ll200 1s said to be e-oscillatory
if for every smooth and compactly supported function 6(x)

lim Sup/ 0= (€)2de — 0 as R — +o0. (3.8)
e—0 " Jig[>R/e

A simple and intuitive sufficient condition for (3.8) is that there exist a positive integer j and
a constant C' independent of € such that

Y
0|28 <o (3.9)
Ot iz,
Indeed, if (3.9) is satisfied then
[ C
[ ieionrae < 5
R 2

and therefore

B ()2 £y 862 9(5)@2

/§|ZR/6 00:8)F e = (R> /E|ZR/E EP100=()FdE < (7)) = g7 = 0as B doe
so that (3.8) holds. Condition (3.9) is satisfied, for instance, for high frequency plane waves
p-(x) = Ae’€®/¢ with wave vector £/, &€ € R”™ but not by a similar family with a wave vector
€/e2: Y.(x) = Ae®*/<*. Another natural example of e-oscillatory functions is g-(z) = g (z/e),
where g(z) is a periodic function with a bounded gradient.

In order to curtail the ability of a family of functions to “run away to infinity” (as happens
with the family (3.7)) we introduce the following definition.

Definition 3.1.9 A bounded family ¢-(x) € L*(R™) is said to be compact at infinity if
lim sup/ |p-(x)[>dz — 0 as R — +oo0. (3.10)
e—0 |z|>R

The main reason for introducing e-oscillatory and compact at infinity families of functions is
the following theorem concerning weak convergence of energy, i.e. of the integral of the square
of the wave function.

Theorem 3.1.10 Let ¢, be a pure, uniformly bounded family in Ll200 with the limit Wigner
measure p(x, k). Then, if |¢-(x)|? converges to a measure v on R™, we have

/ (-, dk) <wv (3.11)

with equality if and only if ¢- is an e-oscillatory family. Moreover, we also have

/ wu(dz, dk) < limsup/ |pe () 2da (3.12)
R” xR™ R

e—0

with equality holding if and only if ¢. is e-oscillatory and compact at infinity. In this case
limsup can be replaced by lim on the right side of (3.12).
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With this theorem and the positivity property we can interpret u(x,k) as the limit phase
space energy density of the family ¢., that is, energy density resolved over directions and
wavenumbers.

3.1.5 The evolution of the Wigner transform

We will now derive the evolution equation for the Wigner measure of a family of functions
¢ (t,z) that satisfy the semiclassical Schrodinger equation

;0%
ot

+ Aqsg — V(@)ge(z) = 0 (3.13)

with a smooth potential V(x). The initial data ¢.(0,2) = ¢2(z) forms an e-oscillatory and
compact at infinity family of functions uniformly bounded in L?(R™). As (3.13) preserves the
L2-norm of solutions, the family ¢.(¢, ) is bounded in L?(R"™) for each ¢t > 0 and it makes
sense to define the Wigner transform

k-
(t, 2, k) /1/;& tx 1/)5<ta:+ 2) Y (3.14)
We first obtain the equation for the limit Wigner transform directly “by hand”. Differentiating
(3.14) with respect to time, using (3.13) we arrive at the following equation for the Wigner
transform

. o d
WE + k- V,We = / eV (p) [Ws(x, k— Dy wee b+ L) 22 (3.15)
n 2 271 (2m)m
The limit Wigner measure W (t, z, k) satisfies the Liouville equation in phase space
Wi+ k-V, W -=VV .-V W =0 (3.16)

with the initial condition W (0, z, k) = Wy(z, k). We have the following proposition.

Proposition 3.1.11 Let the family ¢°(z) be uniformly bounded in L*(R™) and pure and let
Wo(x, k) be its Wigner measure. Then the Wigner transforms Wc(t,x, k) converge uniformly
on finite time intervals in 8" to the solution of (3.16) with the initial data W(0,z,k) =
Wo(l’,k).

Let us now compare the information one may obtain from the Liouville equation (3.16) to
the standard geometric optics. First, we derive the eikonal and transport equations for the
semiclassical Schrodinger equation (3.13). We consider initial data of the form

¢°(0, ) = e"@)/e 4 (2) (3.17)

with a smooth, real valued initial phase function Sy(z) and a smooth compactly supported
complex valued initial amplitude Ay(z). We then look for an asymptotic solution of (3.13) in
the same form as the initial data (3.17), with an evolved phase and amplitude

5 (t, @) = eSED/E (At 2) + At z) +...). (3.18)

Inserting this form into (3.13) and equating the powers of & we get evolution equations for the
phase and amplitude

Sy + %\VS\Q +V(z) =0, S(0,x) = Sp(z) (3.19)
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and
(A7) + V- (|APVS) = 0, |A(0,2)[* = [Ag(x) [, (3.20)

The phase equation (3.19) is called the eikonal and the amplitude equation (3.20) the transport
equation. The eikonal equation that evolves the phase is nonlinear and, in general, it will have
a solution only up to some finite time t* that depends on the initial phase.

How are the eikonal and transport equations related to the Liouville equation (3.16)? As
we have computed before, for the WKB initial data (3.17) the initial Wigner distribution has
the form

Wo(x, k) = [Ao(2)|*3(k — VSp()). (3:21)

As long as the geometric optics approximation (3.18) remains valid we expect the solution of
the Liouville equation (3.16) to have the same form:

W(t,z, k) = |A(t, z)|?5(k — VS(t,z)). (3.22)

We insert this ansatz into (3.16) :

(gt +k-V,—VV. vk> (JA(t, z)[*6(k — VS(t,z))) = 0. (3.23)
or, equivalently,
§(k—VS) (; +k-Vy—VV. vk> (|A(t, z)*) (3.24)

n 928 028 oV
) —
—|—|A(t,ﬂ?)‘ Zl <5t6:cm + kpal'pal‘m - Gazm) Dm N 0’

m?p:

where

Dy = 6(ky — Su,) - . 6(kme1 — S

Tm—1

)" (ki — S )0 (km1 — Spys) - 0(kin — S, )

Equating similar terms in (3.24) we obtain the transport equation (3.20) from the term in
the first line, while the coefficient at D,, gives the eikonal equation (3.19) differentiated with
respect to x,,. Expression (3.22) holds of course only until the time when the solution of the
eikonal equation stops being smooth.

Let us see what happens with the Wigner measure when a caustic forms. Consider the
Schrodinger equation (3.13) with V' = 0 — the corresponding Liouville equation is

Wi+ k- VoW =0, W(0,z,k) = Wo(, k). (3.25)

Its solution is W (t,x, k) = Wy(x — kt, k) and clearly exists for all time. If the initial phase
So(x) = —2%/2 with a smooth initial amplitude Ag(x) then the Wigner transform at t = 0 is
Wo(z, k) = |Ao(z)|?5(k+2) so that solution of (3.25) is W (¢, x, k) = |Ao(z — kt)|*§(k +x — kt).
This means that at the time ¢t = 1 the Wigner measure W (t = 1,2, k) = |Ag(z — k)|25(x)is no
longer singular in wave vectors k but rather in space being concentrated at x = 0. This is the
caustic point. On the other hand, solution of the eikonal equation (3.19) with the same initial
phase and V = 0 is given by S(t,2) = —22/(2(1 — t)) — we see that the same caustic appears
at ¢ = 1. The transport equation becomes

X

(1AP), - T

: 2y, _ ™ 42
V(AP) - T AP,
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The corresponding trajectories satisfy

and are given by X (¢) = (1 —¢) — hence they all arrive to the point x = 0 at the time ¢t = 1.
At this time the geometric optics approximation breaks down and is no longer valid while the
solution of the Liouville equation exists beyond this time.

We see that from the Wigner distribution we can recover the information contained in the
leading order of the standard high frequency approximation. In addition, it provides flexibility
to deal with initial data that is not of the form (3.21).

3.1.6 Wigner transforms of mixtures of states

We have noted before that the L?(R™ x R™)-norm of the Wigner transform blows up in the
limit ¢ — 0 unless the underlying family of functions ¢. converges strongly to zero in L?(R").
On the other hand, the L?-norm of the Wigner transforms for each ¢ > 0 is preserved —
just so happens that it blows up in the limit. The L?-norm is often much more convenient to
use than the norm in A’ and its conservation is typically an easy consequence of the evolution
equation for the Wigner transform. For example, if ¢. satisfy the Schrodinger equation

;0%
“ot

+ & Agbg —V(x)p: =0, (3.26)

then the Wigner transform W, satisfies

e s = L oo (o 2) (e D] o

It is immediate to verify that (3.27) preserves the L2-norm:

3

d
dt/ywe(t,x, k)|?dzdk = 0.

It is much more difficult to verify that the A’-norm of solutions does not grow. Therefore,
it would be convenient to have a tool of working with the L?-norm of the Wigner transform.
This is what mixtures of state do. They arise, either naturally or artifically when families of
solutions are cosnidered rather than one solution. That is, we consider a measure P(dw) on
a state space 2 (which can be a probability space but needs not be) and introduce a family
of initial data ¢§(z,w) for the Schrédinger equation parametrized by w € . Accordingly we
may define a mixture of states (the terminology comes from the quantum mechanics)

Ws(t,x,k):AWE(t,x,k,w)P(dw)

We(t,z, k,w) :/ kY b, (t x — )gbs ( , T %,w) (;i_y)n

The point is that while the L2norm of W,(t,, k,w) blows up for each fixed state w € €, the
L?-norm of the average Wigner transform W.(t,z, k) may remain bounded. In paticular, in
the case of the Schrodinger equation, as W, satisfies (3.27), its L?-norm is bounded as long
as the L%-norm of the initial data W.(0,z, k) is uniformly bounded. Let us give a couple of
examples when this might happen. The first one arises when the initial data is random, and

with
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the second comes from the analysis of the time-reversal experiments that we will study in some
detail later.

Statistical averaging: take the initial data for the Schrédinger equation of the form
¢5(z;w) = Y(x)V(z/e;w), where V(y; w) is a mean zero, scalar spatially homogeneous random
process with a rapidly decaying two-point correlation function R(z):

EQV@V(y+2} = [ VEsOVly+=0dPe) = B € SE),

and () € CP(R™). The “average” Wigner transform is then
We(z, k) = /Q </ eFYp, <:c — %y,w) be (az — %,w) (chf/)n> dP(w)
A e e D ES Dl oL

= [ o (- LYo (e~ 2) W W) PR,

Hence the limit Wigner distribution is given by W(z, k) = |¢(z)|?R(k), where R(k) is the
inverse Fourier transform of R(y). In addition, convergence is strong in L?(R"™ x R"):

W= Wi = [ 1RGP (v (2= F) 0 (= F) ~ @) G = [ LOIRGIEGS

tw= [ (0(e=2) 0 (o= F) - wwP) d

with

L) = [ (- D+ D)= ) do o

as ¢ — 0 since ¥ € C.(R?%), pointwise in y. Therefore ||[W. — W]z — 0 by the Lebesgue
dominated convergence theorem.

Smoothing of oscillations: the initial data is of the form ¢§(z;¢) = ¥ (2)e’*/¢, where
Y(x) € C.(RY). The state space S = R", and the measure P is P(dw) = g(w)dw, w € R™, and
g € S(R™). Then the limit Wigner distribution is W (z, k) = |¢(x)|?g(k) and convergence of
We.(z, k) to the limit is strong in L2(R™ x R™). This is verified exactly in the same way as in
the previous example.

3.2 The high frequency limit for symmetric hyperbolic systems

3.2.1 Matrix-valued Wigner transform

The definition of the Wigner transform may be generalized in a straightforward manner for
families of vector-valued functions uc(x) € L?(R";C™). The Wigner transform is then an

m X m matrix J
ik YN 2 Y
W (2, k) = /ezk vy, (m - 5) u (x + 5) toh (3.28)
Here we denote by u* the conjugate-transpose of the vector u. The basic properties of the
scalar Wigner transform can be immediately generalized to the matrix case. In particular,
We(z, k) is a self-adjoint matrix, and we have the following:
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Theorem 3.2.1 Let the family of vector-valued functions u.(x) be uniformly bounded in
L?(R™;C™). Then the matriz-valued Wigner transform W. converges weakly along a sub-
sequence € — 0 to a matriz-valued distribution W (z, k) € S'(R" x R";C™ x C™). Any such
limit point W (z, k) is a non-negative matriz for each (x,k).

The localization Lemma 3.1.6, orthogonality Lemma 3.1.7 as well as “energy capturing” The-
orem 3.1.10 also hold.

3.2.2 The evolution of the Wigner transform: constant coefficients

We now consider the evolution of the Wigner transform for general equations other than the
linear Schrodinger equation. We begin with systems of equations with constant coefficients of
the form

ouf

o+ P(eDyu =0 (3.29)

ut(t =0) = uf

3

with u® being a C"-valued vector function. A typical example we have in mind is a symmetric
hyperbolic system

ou - Ou

ZipiZt

ot 7 oz,
with symmetric matrices D7, j = 1,...,n — in that case P(k) = ik;D’. In general, the
operator P(eD) is associated with a multiplier P(k). We assume that P € C*°(R™\{0}) and
P*(k) = —P(k). It follows that the total energy is conserved:

N(t) = / n® (t, 2)da = / n (2)dz = N(0).

Here n.(t,x) = |u®(t,x)|? is the energy density and n§(z) its initial value. Therefore, it makes
sense to consider the Wigner transform of solutions and their weak limits.

We impose the following conditions on the symbol: all eigenvalues wq (k) of the self-adjoint
matrix ¢P(k) may be ordered as

wi(k) < - <wp(k)

with the multiplicities 7, independent of k. We denote by I, (k) the orthogonal projection
onto the eigenspace corresponding to wq (k) and assume that w, (k) and II, (k) are smooth
functions of k away from k = 0.

Theorem 3.2.2 Let the initial data ui(x) for (3.29) be a pure family, uniformly bounded in
L?(R™), e-oscillatory and compact at infinity with the unique limit Wigner matriz measure
Wo(x, k). Assume that uj(k) vanishes for |k| < r for some r > 0. Then the Wigner transform
W.(t,z, k) converges weakly in S'(Ry x R™ x R™) to

p
W(t,,k) =Y Walt,z,k).
a=1

The matrices Wy (t, x, k) satisfy the Liouville equations

oW,
ot

- Viwalk) - VeWa = 0, Wa(0,2, k) = (k) Wo(z, k) (k). (3.30)
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Energy propagation for solutions of (3.29) is described by the following theorem.

Theorem 3.2.3 Under the same assumptions the energy density n®(t,x) converges weakly
(for each time t > 0) to the measure n°(t,z) given by

nO(t,x) = zp: /wg(x — tVwqa(k), dk). (3.31)
a=1

Here w?(x, k) = Tr(Il,2W1l,)(z, k). Moreover, convergence is uniform on finite time intervals.

The reason why we do not have uniform in time convergence of the matrix Wigner transform
but do have it for the energy density lies in the cross-mode terms II,W.Ilg with a # 3 — they
fats have temporal oscillations but do not go to zero uniformly in time. For example, consider
a special solution of (3.29) which is a sum of two plane waves with the same wave vector:

’LLE(I) _ Aaba(ko)eikom/a—iwa(ko)t/e _|_Aﬁbﬂ(k,o)eikom/s—iwg(ko)t/s
with wq (ko) # wg(ko). Then the matrix Wigner transform is

We(t,x, k) = [|Aa|2aba(/-c0)abg(/~co) + |Aﬁ|2abﬁ(/~c0)ab;(ko)
Ao A by (ko) abis (ko)e' (o ho)=eeboDt/= 1 3 A gh, (ko)abiy (o) e len b0l (oDi/= (ks — k).

The cross-terms are oscillating rapidly in time — hence they vanish as € — 0 but only in the
weak sense. On the other hand, these terms have zero energy — their trace vanishes. Therefore,
the energy does not have these temporaly oscillating terms — this simple example captures the
basic phenomenon that the cross-mode terms are oscillatory in time but carry no energy.

3.2.3 The evolution of the Wigner transform: slowly varying coefficients

We now consider the Wigner transforms of solutions of symmetric hyperbolic systems of the
form

Oou, .0
B Dji
o TBOD G

(B(z)us) = 0. (3.32)

The matrix B(x) is positive-definite and the constant matrices D7 are symmetric and inde-
pendent of ¢t and z. The total energy

E(t) = / e (t, 2)[2dz = £(0)

is conserved: OE
—+V-F=0
ot

with the energy density E(t,z) = |u(t, z)|* and the flux Fj(¢, z) = (D’ Bu, Bu). We will assume
in this section, as usually, that away from k = 0 the dispersion matrix L(z, k) = B(x)k;D? B(z)
has eigenvalues wq(x, k) with constant multiplicity r, independent of z and k # 0, and both
wq and the corresponding eigenvectors b%, i = 1,...,r, are smooth functions of 2 € R and
k € R™"\{0}.

Energy conservation allows us to talk about the matrix Wigner transforms of the solutions
and study their limits. As in the constant coefficient case, the matrix W (x, k) satisfies

L(z, k)W (t,z, k) = W(t,z, k)L(z, k), Lz, k)= %B(x)P(a:,k)B(x), (3.33)
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It follows that II,(z, k)W (t,x, k)llg(t,xz, k) = 0 for o # B — here Il (x, k) is the projection
matrix on the eigenspace of the matrix L(x, k) corresponding to an eigenvalue w,(z, k). Thus,
the limit Wigner matrix has a representation

W(t, x, k) ZH (z, k)W (t, 2, k) (x, k). (3.34)
We may also write it in a more explicit form as

Wt k)= Z w (t, 2, k)0, (@, k)bI* (2, k). (3.35)

a g,5=1

The vectors bi, form the orthonormal basis of the eigenspace corresponding to the eigenvalue
wq. The limit energy density is simply

E(t,x) = Z/Trwa(t,:n,k)dk:

for e-oscillatory and compact at infinity families of solutions — we will see that this property
is preserved by evolution. The limit flux under the same assumption is

L (t, ) Z/ awaTrwa t,x, k)dk. (3.36)
Let us define the matrices
_ .1 .
Ny = 3 [(BViP - V.B)bl,,ba) — (b, (BViP - V. B)b})] . (3.37)

The matrix N¢ is skew-symmetric and hence vanishes when the eigenvalue w, is simple. Then
the 7, X 74 coherence matrice w®(t, x, k) satisfy the matrix Liouville equations

Owg,

op T Viwa  Vatta = Vowa - Viwa + [N w®] = 0. (3.38)

This system of equation is the main result of this section. We have now proved the following
theorem.

Theorem 3.2.4 Let u(t,x) be the solution of the initial value problem

Ou, j 9 _
5+ B@D 5 (Bau) =0 (3.39)

with an e-oscillatory and compact at infinity pure family of initial data us(0,r) = ul(z). The
coefficient matrices B(x) are symmetric positive-definite and D’ are independent of t and x.
Then the Wigner transforms We(t,z, k) converge weakly in S'(Ry x R™ x R™) to the matrix
distribution

W(t,z, k) ZZ w¥ (t, z, k) (x, k)bl (x, k).
a=114,j5=1

The coherence matrices wq, satisfy the matriz Liouville equations (3.38) with the initial data
wi™(0,x, k) = Tr{Wo(x, k)b2(x, k)bI* (x, k)|. Here Wy(z, k) is the Wigner transform of the
family ud(z).
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A few comments on the matrix Liouville equations (3.38) are in order. First of all, the
coupling matrix N¢ vanishes if the coefficient matrix B is independent of x — this is seen
from its explicit form. Furthermore, as in the constant coefficients case equations for various
modes are all decoupled. This means that slow variations (relative to the wave length) of the
background material properties do not induce mode coupling in the leading order. They do,
however, suffice to couple various polarizations corresponding to the same mode if the mode is
polarized. Still the “coupling” commutator term in the Liouville equations may be eliminated
by an appropriate choice of the basis. Let us write w, = Uw,U* with the matrix U to be
determined. Then we have

- *
O 0l + U TR 4 U0 O 4 U, W0} U + Ui, U} + i, U0
+NUwU* — Uw U*N® = 0.

Now if choose U to be the solution of the evolution equation

O o U} + NU =0, U,2.K) =1,

then the matrix w, satisfies a Liouville equation without the commutator term

OW,,

ot
This means that the matrix U(t, z, k) describes the rotation (recall that the matrix N¢ is
skew-symmetric) of the polarization vector along the bicharacteristics.

As in the case of constant coefficients, the non-uniform in time convergence of the matrix
Wigner transform to the limit in Theorem 3.2.4 is not an artifact of the proof. However,
the phase space energy density, that is, the trace of the Wigner matrix converges to its limit
E(t,z) =Y, [ Trw(t,z, k)dk uniformly in time (and weakly in space). This is because the
time derivative 0W, /0t is uniformly bounded in time.

The limit Liouville equations preserve the total energy F(t,z) defined above. Therefore,
as long as the initial data is e-oscillatory and compact at infinity, convergence of the trace of
the Wigner matrix is tight for all ¢ > 0. As a consequence, using Theorem 3.1.10 we conclude
that the family of solutions of (3.32) remain e-oscillatory and compact at infinity.

+ Viwe - Valla — Vawa - Ve =0,  04(0,z, k) = w2 (z, k). (3.40)

3.3 High frequency Wigner limits: examples

3.3.1 High Frequency Approximation for Acoustic Waves

We will now apply the results of the previous section to acoustic waves. We will also review
the usual form of the high frequency approximation and make explicit the relation between
the phase space form of the high frequency approximation and the usual one.

The acoustic equations for the velocity and pressure disturbances v and p are

ou
P VP =0
Op
— i = 0. A1
R + divu 0 (3.41)

Here p = p(x) is the medium density and k = k() is its compressibility. Equations (3.41) can
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be re-written in terms of v(t,z) = \/p(x)u(t,z) and q(t,x) = /k(x)p(t, x) as

0 1 1
Zi—v [q] =

ot Jp Ve
Oq 1 . { 1 ]
— + —=div | —v| =0. 3.42
ot e Vs 342
The energy density and flux for acoustic waves are given by
1 1
Et,2) = glu(t,2)]* + 5 (tw),  F(t2) = c(@)a(t, 2)v(t,2). (3.43)

Equations (3.42) have the form (3.32) with the matrix

1 1 1 1
B XTr) = dia 9 9 9
) g[mx) Vo) Vo) mx)]

while each of the matrices D' = ejej + eqe} has all zero entries except for D!, and DY, which
are equal to one. For instance, the matrix D! is

0 001
o000
0 000
1 0 00
Then the dispersion matrix L(z, k) has the form
0 0 0 Kk
L =v(x) 000k (3.44)
0 0 0 ks
ki ka ks O

with the sound speed ¢(z) = 1/+/k(x)p(z). It has one double eigenvalue w; = wy = 0 and two
simple eigenvalues wy = £c¢(x)|k|. The corresponding orthonormal basis of eigenvectors is

o1
' = (z20(k),0), b? = (2@ (k),0), b*=|—F2t—7=], 3.45
(21 (k),0) (217 (k) 0) NG (3.45)
with the vectors k, 2D (k) and 2@ (k), which form an orthonormal triplet:
sin 6 cos ¢ cos 6 cos ¢ —sing
k= sin 6 sin ¢ L2 = cos 6 sin ¢ 2@ = cosop |- (3.46)
cos —sind 0

The limit Wigner matrix of the family v. = (v., ¢-), according to (3.35) can be represented
as

2
W(t, o k) = > wf (t, 2, k)b (k)6 (k) + w (¢, 2, k)b (k)b (k) + w_(t, 2, k)b~ (k)b (k).
ij=1

(3.47)
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In order to understand better the physical meaning of these modes let us write the vector
ve(z) as a sum v (¢, ) = v5, (¢, x) + v, with an incompressible field v5,(¢t,z): V-5, =0 and
an irrotational component v;..: V x v5.. = 0. The limit Wigner matrices W;,, and W, of the
families vf, (¢, z) and v5,,.(t, z) satisfy Wi, (¢, x,k)k = 0 and Wy.(t,z,k)z = 0 for any vector z
orthogonal to k. Decomposition (3.47) tells us that W = W;,.,. + W, with

2
Z Gt k)b (R k), Wi = wa (£, 2, k)b (k)b (k) + w_(t, 2, k)b~ (k)b (k).

Therefore, the eigenvectors b(k) and b?(k) correspond to transverse advection modes, or-
thogonal to the direction of propagation. These modes do not propagate because wio = 0:

equation (3.38) for the coherence matrix wq is of the form Y0 — 0 - hence wo(t,z, k) =0

if it is zero initially. This is the case when the initial data is irrotational. The eigenvectors
b* (k) and b~ (k) represent acoustic waves, which are longitudinal, and which propagate with
the sound speed c(x): the scalar amplitudes w4 (¢, z, k) satisfy the scalar Liouville equations

a;? + c(a)k - Vows F k| Vaclz) - Views = 0. (3.48)

Next, as we did for the Schrodinger equation, we establish the connection with the usual
high frequency approximation for acoustic waves. We consider acoustic equations (3.42) with
initial data of the form

v(0,2) = vo(@)e™ @/ v = (u,q) (3.49)
where Sy is the real valued initial phase function. We look for a solution in the form
v(t,z) = (Ag(t,z) +eA; +...)eStbD)/E (3.50)

where Ay = (vo, qo). We insert (3.50) into (3.42) to get in the leading order in ¢

St c(x)VS\ [wvo

= 0. (3.51)
c(z)VS- St q
The next term in the expansion yields
IS Vs Opvo + LV [1610]
i v da) = 1/’3 \f (3.52)
c(x)VS- St q Orqo + \f [\/,7) - g
Equation (3.51) gives the eiconal equation for the phase S
S2 — 2(x)(VS)? =0. (3.53)
Then assuming that S; = +c¢(z)|V S| we have
) — A@bt(vS(t, 2)), (3.54)
40
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where b is given by (3.45). The amplitude A(t, x) is determined by the solvability condition
for (3.52), which gives the transport equation

J, 2 9 Vs
il vV - =0. 3.9
AP+ 7 (1APe) T ) (3.55)

The eiconal and transport equations (3.53) and (3.55) can also be derived from the Liouville
equation (3.48) as we did for the Schrodinger equation. In the high frequency limit, initial
conditions of the form (3.49) imply that

w (0, z, k) = |Ao(z)|?0(k — VSo(x)). (3.56)

Let the functions S(¢,z) and |.A(t, 2)|? be the solutions of the eiconal and transport equations
(3.53) and (3.55), respectively, with the initial conditions S(0,z) = Sp(z) and [A(0,z)* =
|Ao(z)|2. Then the solution of equation (3.48) is

wy (t, 2, k) = At 2)28(k — VS(t, z)). (3.57)

Conversely, given initial conditions of the form (3.56) for (3.48) and w. given by (3.57), then S
and A must satisfy the eiconal and transport equations (3.53) and (3.55), respectively. This is
because the eiconal equation follows by integrating (3.48) with respect to k while the transport
equation follows by multiplying it by k& and then integrating with respect to k. This shows
that we can recover from the Liouville equation (3.48) the leading order term of the usual high
frequency approximation.

3.3.2 Phase space geometric optics for electromagnetic waves

Maxwell’s equations in an isotropic medium and in suitable units are

oF 1

E = ECUI'IH (358)
a—H = —lcurlE

ot 7

where the dielectric permittivity is e(z) and the relative magnetic permeability is p(z). In this
section as well as in other instances when we consider electromagnetic waves € denotes the
dielectric permittivity while the small parameter is denoted by . It follows from Maxwell’s
equations that if at the initial time we have

div(eF) = div(uH) =0 (3.59)

then these conditions hold for all time. We will always assume that (3.59) holds.
As a symmetric hyperbolic system Maxwell’s equations can be written as

1 1

o (E 0 -Vx B

210+ Ve Vel T =0 (3.60)
i — o) \vx o0 o — | \@

Vi Vi
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with F = \/eE and H = iH. The 6 x 6 dispersion matrix L is

0 0 0 —ks ko
0 0 ks 0 -k

0 0 —ko ki 0

= ¢(z) (3.61)
ks —ka O 0 0 T 0
0
0

o o o O

—ks O k1 0 0
ko —k1 O 0 0

with the speed of light ¢(x) = 1/+/€e(z)u(z) and the matrix T'(k) defined by T'(k)p = k x p or

0 —k3 ke
—ky k1 0

The dispersion matrix L has three eigenvalues, each with multiplicity two. They are wy = 0,
wt = clk|, w— = —c|k|. The basis formed by the corresponding eigenvectors is

bV = (k,0), % = (0, k),

p(+1) — (&7 &)7 p+2) — \Z;, _Z\ﬁ),
2 2 2 2
L) Lo L2 )
b(fvl) — (7 _7)’ b(772) (363)

= (%7%)7

where the vectors k, z() (k) and 2(?)(k) form an orthonormal triplet (3.46). The coherence
matrix wp corresponding to the mode wy = 0 vanishes if (3.59) holds — this is checked in the
same way as the absence of the vortical modes for the acoustic waves. The other eigenvectors
correspond to transverse modes propagating with the speed c(x). As in the acoustic case, we
need only consider the eigenspace corresponding to wy. The 2 X 2 coherence matrices w4
satisfy the Liouville equations (3.38), for instance, the evolution equation for w = W is

9 . ~ ~
8—15 + c(x)k - Vow — |k|Vye(z) - Viw + Nw —wN = 0. (3.64)

The 2 x 2 skew symmetric coupling matrix N4 (z, k) is determined by its non-zero element

N? = - [(BVRP -V B)bT2 601 — (672, (BVP - V,B)b )] . (3.65)

The coherence matrix W™ (¢, z, k) is related to the four Stokes parameters [65, 66], which
are commonly used for the description of polarized light because they are directly measurable.
Let [ and r be two directions orthogonal to the direction of propagation and let I = I; + I,
be the the total intensity of light, with I; and I, denoting the intensities in the directions [
and r, respectively. Let Q = I; — I be the difference between the two intensities. Also let
U=2< EE,coséd >and V =2 < EF,sind > denote the intensity coherence, with fixed
phase shift J, between the amplitude of light in the directions [ and r, respectively. Light is
unpolarized if U = V = Q = 0. If the directions I and r are chosen to be (M) (k) and 2 (k),
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given by (3.46), then the coherence matrix w™ (¢, z, k) is related to the Stokes parameters
(1,Q,U,V) by

1 I+ U+1V
wt(t,z, k) = @ : (3.66)
2\p_iv 1-0

When light is unpolarized, then the coherence matrix w™ is proportional to the 2 x 2 identity
matrix I. We will later see that in a random medium after a long propagation time, indeed,
w™ becomes nearly proportional to identity.

3.4 Quantum waves in a periodic structure

3.4.1 The Wigner equation

We consider now the phase space energy behavior for oscillatory solutions of the Schrodinger
equation in a periodic potential with a period that is comparable to the wave length of the
initial data. The starting point is the Schrodinger equation

;09

i% +5 a6 —V()s=0, (3.67)

with a periodic potential V' (x). We are interested in the behavior of solutions on the scales
much larger than the period V(x). Accordingly we rescale time and space variables ¢ = ¢'/¢,
x =2’ /e (and drop the primes):

a;f n A¢€ _ (g) b =0 (3.68)
¢6( ) ):¢£( )

The initial data ¢2(x) is uniformly bounded in L?(R"), e-oscillatory and compact at inifnity.
These assumptions are natural as the initial data for the unscaled equation (3.67) vary on the
scale O(1), that is, comparable to the period of the potential. Since the potential and the
initial data in (3.68) oscillate on the same scale we do not expect a semiclassical behavior in
the limit ¢ — 0. It turns out that energy density of solutions does not, indeed, behave in
a classical manner but nevertheless can be described precisely in the limit. In particular we
will see that the strong inhomogeneities modify the dispersion relation. Nevertheless the end
result truns out to be a family of Liouville equations for the limit Wigner transforms albeit
with a modified dispersion relation.

The potential V' (z) is periodic: V(2 + v) = V(z). Here the period vector v belongs to the
period lattice L:

n
> njejln €Ly, (3.69)

and eq,...,e, form a basis of R” with the dual basis e/ defined by (ej - k) = 27161, and the
dual lattice L* defined by (3.69) with e; replaced by e/. We denote by C' the basic period cell
of L and by B the Brillouin zone:

B = {k € R"| k is closer to p# = 0 than any other point © € L*}.
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It is convenient in this problem to consider the Wigner transform defined relative to the
standard quantization:

. - d
W.(t, 2, k) = / RV (t, 2 — ey)be(t, o) . (3.70)
n (277)”
We deduce from (3.68) and (3.70) the following evolution equation for W(t, x, k):
oW, 1 , .
o 41 A We=— > V() [Wela,k— p) = Welz, k). (3.71)
ie .
Here V(1) are the periodic Fourier coefficients of V (y):
A~ 1 —iu- YT
V0 =1 [V dn V) = 3 ), (3.72)

peL*

We will also need the Parseval summation formula

’(17| Z e’ Zé z—) (3.73)

peL* veL

The Wigner equation (3.71) is analogous to the evolution equation (3.15) obtained in the
case of slowly varying coefficients. The Laplacian on the left side in (3.71) appears because
we have chosen to define the Wigner transform in the standard rather than in the Weyl quan-
tization. It goes to zero weakly after multiplication by e. However, (3.71) has an important
difference compared to the Wigner equation (3.15) that arises when potential is slowly-varying:
there is a rapid phase in the complex exponential on the right side.

We will follow in this section an approach based on formal asymptotic expansions. This
is an effective and convenient tool to obtain an answer which is especially useful in a random
medium. At the end we will explain how it may be made rigorous in the present periodic
problem. To deal with the fast oscillatory term we introduce a formal multiple scales expansion
for W,:

W (t, 2, k) = Wy (t,x, gk) WAt g,k) T (3.74)

Each term in this expansion is a periodic function of the fast variable z = x/¢ modulated by
a slow dependence on the slow variable x. To account for the dependence on z we have to
replace

1
Ve — Ve + -V,
9

n (3.71) and rewrite it as

agza + k- {vx -+ lv ] W, + = (v + v 2 (Vi + évz)wa (3.75)
E > eV () [We(k — p) — We(k)] .
pneL*

We insert the asymptotic expansion (3.74) into (3.75) and get in the order !

LW,y =0, (3.76)

47



where the skew symmetric operator L is given by

[,f(Z, k) =k- sz + %Azf - % Z ei,u-zV(,u) [f(Z, k— :u) - f(za k)] .

pneL*

This equation is the analog of (3.33) in the case of slowly varying coefficients — they both
require the Wigner transform to live in the kernel of an operator which (as we will see below)
defines the dispersion relations. However, while the operator that appears in (3.33) algebraic,
(3.76) involves a partial differential operator and the construction of its eigenvectors is more
involved.

Equation £f = 0, that is,

k- vzf + %Azf - % Z ei,u-z‘A/(u) [f(z7k - :u) - f(Z, k)] =0
peL*

is (at least formally) nothing but the equation for unscaled Wigner transform of solutions of
the Schrodinger equation
0o

j—

ot
but without the time derivative df/dt. How can the time derivative disappear in the Wigner
equation? The simplest situation is when solutions of the Schrédinger equation itself are
steady:

+ %Ang V()6 =0 (3.77)

S86- V()6 =0,

More generally, if solutions of (3.77) have one frequency in time: (¢, z) = e*!¢(z;w) then their
Wigner transform is time-independent. The function ¢(z;w) solves the eigenvalue problem:

%Am ~V(2)p = wo. (3.78)

In the next section we discuss such eigenvalue problems in some detail.

3.4.2 The Bloch eigenfunctions

The Bloch eigenfunctions. The eigenfunctions of the operator £ are constructed as follows.
Given a vector p € R™ consider the eigenvalue problem on the period cell C:

1
—5A:0(z,p) + V(2)¥(z,p) = E(p)¥(2,p) (3.79)
U(z+v,p) = ePVU(z,p), forall v e L

\\J , \\J
87(2'"- V,p) — €Zp.ya

— for all L.
o, oz (z), for all v €

This problem has a complete orthonormal basis of eigenfunctions ¥, (z,p) in L?(C):

@ 9)) = [ W) ) i = s (3.80)
They are called the Bloch eigenfunctions, corresponding to the real eigenvalues E,,(p) of mul-
tiplicity r,,. Here @ = 1,...,7,, labels eigenfunctions inside the eigenspace. The eigenvalues
E,,(p) are L*-periodic in p and have constant finite multiplicity outside a closed subset F,
of p € R" of measure zero. They may be arranged Ei(p) < Ea(p) < --- < Ej(p) < ... with
E;(p) — oo as j — oo, uniformly in p [83]. We consider momenta p outside the set F),.
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The Bloch transform. The Bloch transform of a function ¢(z) € L?(R") is defined by

Frm(p) = - ¢(2) Wy, (2, p)dz, p€B.

The inverse Bloch transform is given by

1 00 Tm _
0@ = > /B 32 (0) V2 (2, p)dp, @ € R™.

m=1a=1

Let ¢(x),n(x) € L?(RY), then the Plancherel formula holds:

] 1 Bpp—
RELCESE DY | @i w.

The mapping ¢ — ¢ is one-to-one and onto, from LA(R") — @©moL*(B). We deduce from
these properties the orthogonality relations:

1 _
oy — ) = — /dplllf‘n z,p) Vo (y, p
=2 = 57 2 [, ¥l ) 00
and
1 _
5jm5a,85per(p - Q) = ‘-B’/I‘Q \I/?(x7p)\pg1(x7Q)dx- (381)
The periodic delta function d,e, in (3.81) is understood as follows: for any periodic test function
¢(p) € C(B)
60) = [ a)inro — )
The eigenfunctions of the operator £. Given any vector k € R we may decompose

it uniquely as
k = pr + p (3.82)
with pr, € B and pg € L*. We then define the z-periodic functions Q%ﬁn(z, w,p), p € L*, pe B
by
d

~ . _ . _ d
Q?rgz(zhuap) = / ez(p+u)~y\1,gn(z - y7p)\:[lg(zvp) Y = / ezu.yq)frxn(z - yvp)q)g(zvp) Y (383)
c il Je C|

and set Q?‘n’%(z,u,p) = Q%’%(z,uk,pk). The functions Q%ﬁn(z,k) are eigenfunctions of the
operator L:

LQmn (2, k) = i(Em (k) — En(k))Qpmn (2, k) (3.84)

since E,(k) = En(p) as Bloch eigenvalues are periodic with respect to the dual lattice L*.
These eigenfunctions are orthonormal in the following sense: for each fixed p € B we have

=g = dz
> [ @ Conn @t p)igy (3.85)
pneL* c ’ |
ey — iy ol = g =0 dydy'dz
= Z/ YT B0 (2 — y, p) B, (2, p) B (Z—y,p)<1>f(z,p)y07y2
peL* o | |
o =3 =, 8 dydz
= D7, (2,0) P, (3, 0) 25 (2,0) P (Y, )T A5 = OmjdaasOpp- (3.86)
oxC C|
It follows, of course that the following orthogonality relation holds
131 =« dzdk
[ @ RIQ ) T = oy (3.87)
CxR™ |C|
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3.4.3 The Liouville equations

We go back to the derivation of the Liuoville equations for the Wigner transform. First, (3.84)
implies that, for any p, the kernel of the operator £ is spanned by the functions Q?‘nﬁm, which
we denote by of (to indicate that there is no summation over m). Then condition (3.76)

implies that the leading term Wy (¢, z, z, k) may be written as

Wo(t,x, 2z, k) = Wo(t,z,z,p+ p) = Z a,‘ff(t,a:,p)@?nﬁ(z,u,p), pE DB, pelL* (3.88)

m,o,3

with p = ug, p = px. This defines o0,, (¢, z, p), which is scalar if the eigenvalue E,,(p) is simple,
and is a matrix of size 7, X ry, if Ep,(p) has multiplicity r,, > 1. We call o, the coherence
matrices in analogy to the non-periodic case. They are defined inside the Brillouin zone p € B
but it is convenient to extend them as functions in R™, L*-periodic in p.

Next we look at €” terms in (3.75). We get an equation

oW,

aTO t k- VoWo + iV, - V. Wy = —LW. (3.89)
The operator £ is skew-symmetric on L?(C x R™). Therefore for (3.89) to be solvable for W7,
its right side should be orthogonal to the kernel of £. This solvability condition after some
intermediate computations lead to the Liouville equations for the coherence matrices o,,:

%’—? 4 VB - Voo = 0. (3.90)

The approach we have taken above with the formal perturbation expansion is formal and

does not produce a mathematical proof in itself. However, it is not very difficult in this partic-

ular case to turn it into a proof since we already know a priori bounds for W,(t, z, k). A more

elegant approach to this problem is via the Wigner band series [96]. The Wigner transform

approach we took is more convenient in the formal analysis when random perturbations of the
potential are introduced but very little is known in this directions rigorously.
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Chapter 4

The radiative transport limit

4.1 The radiative transport limit in a deterministic setting

This material is based on [55].
The weak limit W (t,z, k) of the Wigner transform of the solution of the Schrédinger
equation in the weak coupling limit

£€+52A¢5+\TV( Jthe =0 (4.1)
with a random potential V' satisfies the radiative transport equation
oW - - k? — p?
- th Ve W= » la(p — K)|2[W(p) — W (k)]§ ( 5 > dp. (4.2)

Here # € R? is the physical space coordinate and k € R? is the wave vector. The passage
from (4.1) to (4.2) with a spatially homogeneous random potential V' has been first proved in
[102, 97] for a short time interval and later extended to a global in time result in [94]. The
scattering cross-section |a(p)|? in (4.2) turns out to be the power spectrum of the random
potential V.

The proofs in [102, 97, 94] are based on the intricate analysis of the individual contributions
of various terms in the Duhamel expansion of (4.1) and are highly technical. The difficulties
are intrinsic to the problem as the limit is only weak and the oscillatory terms are not small
in the strong norms. The problem becomes much simpler if the random potential is random
in time as well [86, 87, 95, 100] — this introduces an additional mixing that allows to obtain
L? estimates based on the perturbed test function method.

Here we consider a deterministic model where the kinetic limit can be obtained in a straight-
forward manner. It turns out that this may be achieved by introducing a high-frequency
damping in the Wigner equation, replacing the exact equation for the Wigner transform with

19144 0 1 , . d
2 _ — = [ gipa/e _ By _w. p
o +k-V, W5+ (We — xe x We) z'\/é/e [We(m,k 2) (x,k+ ) V(p )(%)d,
(4.3)

with a positive function y. = e %y (x/¢) such that J x(z)dx = 1. The regularization parameter
0 < 1 is small. Heuristically, the last term on the left side of (4.3) is absorbing for the high
frequency component as x. *Wh 7~ 0 while it is not damping the low frequencies of W, since
Xe * Wi ~ Wéf for the low frequency part of W,. This is also reflected in the energy balance

m / Wt o, k) [2dadk — z/a — ep)|W (¢, p, ) [2dpdk < 0. (4.4)
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Hence, the purpose of the weak high frequency damping is to capture correctly only the low
frequency behavior while getting rid of the high frequency oscillations. This leads to the
strong L?-convergence of the solution of (4.3) to the solution of a kinetic equation as the high
frequency oscillations are absent in the limit.

The potential V' in (4.3) is not required to be random or periodic: the only requirement
is that its Fourier transform has a non-trivial singular part: see (4.8) below. This is another
interesting aspect of the current set-up: the regularized Wigner equation may be homogenized
in a very general setting with almost no underlying small-scale structure, such as periodicity
or statistical homogeneity, assumed.

On the other hand, the derivation of a scattering equation from the true Wigner equation
with a given potential is certainly impossible in a general deterministic framework. Intro-
duction of a regularization allows us to get forward with several steps which are based on
three different limits. Firstly the homogenization parameter ¢ vanishes, secondly the potential
pseudo period lattice, denoted by § below vanishes and thirdly the regularization parameter 6
vanishes. We note that the final result of the three sequential limits is exactly the same kinetic
equation (4.2) with an appropriately defined function «(p). Two comments are in order: first,
the final kinetic equation is completely independent of the choice of the regularization function
x(z). Second, only the singular part of the measure-valued Fourier transform V(p) contributes
to the scattering cross-section.

We note that the result we prove below, the strong convergence to the homogenized limit,
is certainly impossible for the unregularized Wigner equation because it preserves the L? norm
of the solution, while the scattering equation does not.

Our formalism allows us to use different methods that rely on the homogenization methods
as presented in [88, 93] for instance, that is, building a multi-scale expansion

W. = W + VeWi(t, , g,k) +eWa(t, z, g,k) T

Here again the regularized equation allows us to make sense of the expansion. The specific
difficulty is that the corrector equation for W7, Ws is ill-posed without regularization in our
framework.

We consider a regularized Wigner equation

agtfg +k'vmWs+§(W€_Xs*We) = LW, t>0, eRdv kERdv (4.5)
— L ip-x/e Py NE dp
Leflob) = = [l (k=) = sk + D] Vo ks (16)

1

The function x:(z) = —x (f) in (4.5) with x € S(R?) (the Schwartz space) and x(z) =
€ €

x(|z|) > 0 radially symmetric, and normalized so that

/ x(z)dzr = 1.
Rd
Henceforth, ¥ € S(RY) satisfies

XeR,  [XM)I<1 forp#0,  x(0) =1

The parameter 6 is small but fixed — we may allow 6 to depend on € so that € > ¢ but we do
not pursue this issue here for the sake of clarity of presentation. The last term on the left side
of (4.5) is regularizing in L?, that is:
1d
2dt

[ Wt bPdsai =<2 [ 1= 3(en) W, 0)P (@7
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The energy balance (4.7) shows that the effect of the regularization is damping of the high

frequencies. This allows us to show the strong convergence of the solution of (4.5) to the

solution of a kinetic equation in the limit ¢ — 0. The regularization allows us to make the

formal asymptotic expansions rigorous and circumvent dealing with the weak convergence.
We assume that the Fourier transform of the potential V(z) has the form

V(p) =Y ajl6(p —p;) +6(p +pj)] + B(p) (4.8)
j=1

with the real Fourier coefficients o; € R and @(p) that is smooth, sufficiently rapidly decaying
and with ®(0) = 0. We also assume that the sequence «; satisfies the following conditions:

>l 5l oo (4.9)

and

|||y |ovj [ ey
< 400. 4.10
Zu— O = X0y + 20 Zu— ol =Xy =) (4.10)

Recall that x(0) = 1 so that (4.9) means that V(p) is not singular at p = 0: oscillations are
not concentrated at the zero wave number.

These conditions are satisfied if, for instance, a; € I and the wave vectors pj are non-
resonant: there exists wg > 0 so that

Ipj| > wo >0, [pj+p| > wo forj#L (4.11)

On the other hand, (4.9) implies that o; € I! and thus the potential V (z)) satisfies
V@< [ 17@)ldp < +c.

It follows that the operator L. is uniformly bounded from L2(R? x RY) into itself and the
existence theory for (4.5)—(4.6) is thus standard.
We define the scattering kernel

1 20(1 — x(p))
(2m)® 6%(1 = x(p))* + ((k + §) - p)?
and use the convention that for j < —1, p; = —p_;. Then we have the following theorem

which shows that only the singular (oscillatory) component of the potential affects the limit.

Theorem 4.1.1 Let the initial data W.(0,z, k) = Wo(x, k) for (4.5) belong to L?>(R? x R?)
and assume (4.8), (4.9) and (4.10) on the potential V(x) and the regularization function x(x).
Then the operator L. is uniformly bounded on L*(R? x RY) and the solution of (4.5) converges
mn C([O, T); L?(R? x Rd)) to the solution of the kinetic equation

5;/;/ k- VoW =) P Ko(k, ps)[W (k + p;) — W (k)] (4.13)
JEL*

with the initial data W (0,z, k) = Woy(z, k).
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Note that the scattering kernel Ky(k,p;) is positive and (4.13) is a kinetic equation that may
be given a probabilistic interpretation. Physically, the scattering cross-section depends only
on the singular part of the potential because a weak O(y/2) localized potential due to ®(p)
in (4.8) does not affect the wave energy propagation over long distances, as opposed to the
potential due to the singular part of the spectrum that is “present everywhere”.

Let us now assume that we are given a family of potentials V9(z) of the form (4.8),
parametrized by a parameter § > 0, such that, uniformly,

Z ojl? £ < o0. (4.14)

X(p] )

For instance the wave vectors p? may be picked so that there is exactly one p; in each cube of
a cubic lattice in Ri ={q=(q1,-..,92) €R?: g > 0} with the cube side § < 1, while the
amplitudes are scaled so that oz? = 54/ 2a(p§-) for a smooth function a(p). Then the scattering
term on the right side of (4.13) has the form

KW (k) = 67 Y () P Ko (k, p)[W (k + ) — W (k)]
JEZ*

that is a Riemann sum of

/|a )2 Kok, p)[W (k +p) — W (k)]dp = / |a(p — k)2 Ko (k,p — k)W (p) — W ()]dp,
with
We have the following convergence result.

Theorem 4.1.2 Let the initial data Wy(x, k) for (4.13) belong to L?>(R? x R?) and make the
above assumptions (4.14), (4.15) on the distribution of the points p? and amplitudes a?. Then,

the operator K3 is uniformly bounded in L*(R?) as § vanishes and the solution W of (4.13)
converges in C([0,T]; L>(R? x R?)) to the solution of the kinetic equation

%Ii +k-V,U = /Rd la(p — k)P Ko (k, p — k)[U(p) — U (k)]dp (4.16)

with the initial data U(0,x,k) = Wo(z, k).

Equation (4.16) is now a continuous scattering equation but it allows interaction of waves
with different frequencies w = k2/2, unlike the kinetic equation (4.2) which preserves the
energy sphere. The final observation is that the scattering kernel Ky(k,p — k) converges as
0 —0:

Pg(k,p) = |a(p— k)|2K9(k,p - k)
2 1.2\ 2 -1
= Ja(p = k)220(1 = X(p - k>>{92<1—>z<p—k>>2+(p Qk)}

_ 2nla(p — K)]? P2 — k2 g (PR
1—xX(p—Fk) 6<2(1—)2(p—k))>2 o(p — k)| 5( 5 ).(4.17)

This calculation requires an extra assumption in order to manipulate the operator

Pyl (k) = / lalp — )P Ka(k,p — KU () — UK)dp,
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namely

M, = / sup 7?2 a(rw)|? dw < . (4.18)
Sd—1 r>0

This implies our last result.

Theorem 4.1.3 Let the initial data Wo(z, k) for (4.16) belong to L?>(R? x R?) and assume
(4.18) on the scattering function o(p) and the bound of Lemma ?? on x. Then, the operator
Py is uniformly bounded in L*(R?) and the solution Uy of (4.16) converges in C ([0, T]; L*(R% x
Rd)), as 0 — 0, to the solution of the kinetic equation

2 .2
S k92 = [ ot PLze) - 200 (S5 ) o (4.19)

with the initial data W (0,2, k) = Wo(z, k).

Note that the final equation (4.19) is independent from the regularization function y(p) and is
nothing but the transport equation (4.2) with an appropriately defined scattering cross-section

a(-).
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Chapter 5

Application of the transport theory
to the time reversal experiments

5.1 Time-reversal experiments

In time reversal experiments, acoustic waves are emitted from a localized source, recorded in
time by an array of receivers-transducers, time reversed, and re-transmitted into the medium,
so that the signals recorded first are re-emitted last and vice versa [20, 21, 28, 35, 42, 46]: a
schematic description of the time reversal procedure is depicted in Fig. 5.1.

Figure 5.1: The Time Reversal Procedure. Top: Propagation of signal and measurements in
time. Bottom: Time reversal of recorded signals and back-propagation into the medium.

Early experiments in time reversal acoustics are described in [20]; see also the more recent
papers [26, 27, 28] — this list is by no means exhaustive and the literature on the subject
is by now vast. The re-transmitted signal refocuses at the location of the original source
with a modified shape that depends on the array of receivers. The salient feature of these
time reversal experiments is that refocusing is much better when wave propagation occurs
in complicated environments than in homogeneous media. Time reversal techniques with
improved refocusing in heterogeneous medium have found important applications in medicine,
non-destructive testing, underwater acoustics, and wireless communications (see the above
references). It has been also applied to imaging in weakly random media [10, 14, 28] and led
to a recent concept of coherent interferometric imaging (CINT) of Borcea, Papanicolaou and
Tsogka [15, 16, 17].

A very qualitative explanation for the better refocusing observed in heterogeneous media
is based on multipathing. Since waves can scatter off a larger number of heterogeneities, more
paths coming from the source reach the recording array, thus more is known about the source
by the transducers than in a homogeneous medium. The heterogeneous medium plays the
role of a lens that widens the aperture through which the array of receivers sees the source.
Refocusing is also qualitatively justified by ray theory (geometrical optics). The phase shift
caused by multiple scattering is exactly compensated when the time reversed signal follows
the same path back to the source location. This phase cancellation happens only at the
source location. The phase shift along paths leading to other points in space is essentially
random. The interference of multiple paths will thus be constructive at the source location
and destructive anywhere else. This explains why refocusing at the source location is improved
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when the number of scatterers is large.

As convincing as they are, the above explanations remain qualitative and do not allow us
to quantify how the refocused signal is modified by the time reversal procedure. Quantitative
justifications require to analyze wave propagation more carefully. The first quantitative de-
scription of time reversal was obtained in [18] in the framework of one-dimensional random
media. That paper provides the first mathematical explanation of two of the most prominent
features of time reversal: heterogeneities improve refocusing and refocusing occurs for almost
every realization of the random medium. Various extensions and generalizations to the three-
dimensional layered case, including nonlinear effects, have been done in the work by Garnier,
Fouque, Nachbin, Papanicolaou and Solna, and are described in detail in the recent excellent
book [30]. The first multi-dimensional quantitative description of time reversal was obtained
in [13] for the parabolic approximation, i.e., for waves that propagate in a privileged direction
with no backscattering (see also [54] for further analysis of time reversal in this regime). That
paper shows that the random medium indeed plays the role of a lens. The back-propagated
signal behaves as if the initial array were replaced by another one with a much bigger effective
aperture. In a slightly different context, time reversal in ergodic cavities was analyzed in [8].
There, wave mixing is created by reflection at the boundary of a chaotic cavity, which plays a
similar role to the heterogeneities in a heterogeneous medium.

In this chapter we consider the theory of time-reversal experiments for general classical
waves propagating in weakly fluctuating random media. It is convenient to understand refo-
cusing in time reversal experiments in the following three-step general framework:

(i) A signal propagating from a localized source is recorded at a single time 7' > 0 by an
array of receivers.

(ii) The recorded signal is processed at the array location.

(iii) The processed signal is emitted from the array and propagates in the same medium
during the same amount of time 7.

As we will see, this formulation allows us to reduce the mathematical problem of the description
of the refocused signal to the question of the passage from the wave equations to the kinetic
models. While the latter problem is also difficult, we may apply whatever is known in that
area to the time-reversal problems. Accordingly, the mathematical rigor of our statements on
time-reversal experiments below depends on the regime of consideration — for instance, they
are mostly formal in the radiative transfer regime but are rigorous in the random geometric
optics regime (see [6] for the precise statements). To keep the presentation uniform we will
concentrate here solely on the transport regime.

The first main result of this chapter is that the repropagated signal will refocus at the
location of the original source for a large class of waves and a large class of processings. The
experiments described above correspond to the specific processing of acoustic waves in which
pressure is kept unchanged and the sign of the velocity field is reversed.

The second main result is a quantitative description of the re-transmitted signal. We show
that the re-propagated signal u?(¢) at a point ¢ near the source location can be written in
the high frequency limit as the following convolution of the original source S

u® (&) = (F = 8)(¢). (5.1)

The kernel F' depends on the location of the recording array and on the signal processing.
The quality of the refocusing depends on the spatial decay of F'. It turns out that it can be
expressed in terms of the Wigner transform [101] of two wave fields. The decay properties of
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F depend on the smoothness of the Wigner transform in the phase space and it is here that
the kinetic theories becomes useful. Here we consider the high frequency regime when the
wavelength of the initial signal is small compared to the distance of propagation. In addition we
assume that the wavelength is comparable to the correlation length of the medium. This is the
radiative transport regime. It has been extensively studied mathematically for the Schrodinger
equation [23, 102] and formally using perturbation expansions for the classical waves [7, 101].
In this regime the Wigner transform satisfies a radiative transport equation, which is used
to describe the evolution of the energy density of waves in random media [36, 101, 56, 102].
The transport equations possess a smoothing effect so that the Wigner distribution becomes
less singular in random media, which implies a stronger decay of the convolution kernel F'
and a better refocusing. The diffusion approximation to the radiative transport equations
provides simple reconstruction formulas that can be used to quantify the refocusing quality
of the back-propagated signal. This construction applies to a large class of classical waves:
acoustic, electromagnetic, elastic, and others, and allows for a large class of signal processings
at the recording array.

5.2 Classical Time Reversal and One-Step Time Reversal

Propagation of acoustic waves is described by a system of equations for the pressure p(t,z)
and acoustic velocity v (¢, z):

ov

<)8t
W)LV v =0,

+Vp=0 (5.2)

with suitable initial conditions and where p(z) and k(z) are density and compressibility of
the underlying medium, respectively. These equations can be recast as the following linear

hyperbolic system

) )
A()a‘t‘+Da‘_‘7:o, z €R? (5.3)

with the vector u = (v,p) € C*. The matrix A = Diag(p, p, p,x) is positive definite. The
4 x 4 matrices D7, j = 1,2,3, are symmetric and given by D}, = Omadnj + 0nadm;. We use
the Einstein convention of summation over repeated indices.
The time reversal experiments in [20] consist of two steps. First, the direct problem
ou . Ju
A(x)a%—DJ%:O, 0<t<T (5.4)
u(0,z) = S(x)

with a localized source S centered at a point xg is solved. The signal is recorded during the
period of time 0 < ¢t < T by an array of receivers located at 2 C R3. Second, the signal is time
reversed and re-emitted into the medium Time reversal is described by multiplying u = (v, p)

by the matrix I' = Diag(—1,—1,—1,1). The back-propagated signal solves
ou ou 1
—+ A" Di— =_R(2T —t T<t<2T .
o+ () 57 = TR x), T <t< (5.5)
u(T,z) =0

with the source term
R(t,x) = Tu(t, z)x(x). (5.6)
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The function y(z) is either the characteristic function of the set where the recording array is
located, or some other function that allows for possibly space-dependent amplification of the
re-transmitted signal.

The back-propagated signal is then given by u(27,z). We can decompose it as

T
u(2T,z) = ;/Ods w(s,z;s), (5.7)

where the vector-valued function w(t, z; s) solves the initial value problem

ow(t,z;s) 0w (t,z;s)
Ale) =g T D5

w(0,z;5) = R(s, x).

=0, 0<t<s

We deduce from (5.7) that it is sufficient to analyze the refocusing properties of w(s, z;s) for
0 < s < T to obtain those of u(2T,z). For a fixed value of s, we call the construction of
w(s,x; s) one-step time reversal.

We define one-step time reversal more generally as follows. The direct problem (5.4) is
solved until time ¢ = T to yield u(T~,z). At time T, the signal is recorded and processed.
The processing is modeled by an amplification function y(z), a blurring kernel f(z), and a
(possibly spatially varying) time reversal matrix I'. After processing, we have

w(T, z) =T(f* (xw) (T, z)x(z). (5.8)
The processed signal then propagates for the same amount of time 7"

ou - Ou

w(T,z) =T(f = () (T, 2)x(2).

The main question is whether u(27', z) refocuses at the location of the original source S(z) and
how the original signal has been modified by the time reversal procedure. Notice that in the
case of full (2 = R3) and exact (f(z) = §(x)) measurements with I' = Diag(—1, —1, —1, 1), the
time-reversibility of first-order hyperbolic systems implies that u(27, z) = I'S(x), which corre-
sponds to exact refocusing. When only partial measurements are available we shall see in the
following sections that u(27, x) is closer to I'S(z) when propagation occurs in a heterogeneous
medium than in a homogeneous medium.
The pressure field p(t, x) satisfies the following scalar wave equation

0?p 1v<1

92 n() p(:n)vP> =0. (5.10)

A schematic description of the one-step procedure for the wave equation is presented in Fig. 5.2.
A numerical experiment for the one-step time reversal procedure is shown in Fig. 5.3. In the

0
Figure 5.2: The One-Step Time Reversal Procedure. Here, p; denotes 8—12

numerical simulations, there is no blurring, f(z) = d(x), and the array of receivers is the
domain 2 = (—1/6,1/6)% (x(x) is the characteristic function of 2). Note that the truncated
signal does not retain any information about the ballistic part of the original wave (the part
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Figure 5.3: Numerical experiment using the one-step time reversal procedure. Top Left: initial
condition p(0,z), a peaked Gaussian of maximal amplitude equal to 1. Top Right: forward
solution p(T~, z), of maximal amplitude 0.04. Bottom Right: recorded solution p(T*,z), of
maximal amplitude 0.015 on the domain € = (—1/6,1/6)2. Bottom Left: back-propagated
solution p(27T, ), of maximal amplitude 0.07.

that propagates without scattering with the underlying medium). In a homogeneous medium,
the truncated signal would then be nearly identically zero (not quite zero since the numerics
are done in two dimensions) and no refocusing would be observed. The interesting aspect of
time reversal is that a coherent signal emerges at time 27" out of a signal at time T that
seems to have no useful information.

5.3 Theory of Time Reversal in Random Media

Our objective is now to present a theory that explains in a quantitative manner the refocusing
properties described in the preceding sections. We consider here the one-step time reversal for
acoustic wave. Generalizations to other types of waves and more general processings in (5.9)
are given in Section 5.4.

5.3.1 Refocused Signal

We recall that the one-step time reversal procedure consists of letting an initial pulse S(x)
propagate according to (5.4) until time T,

Wl ,z) = G(T,x;2)S(2)dz,
R3
where G(T, z; z) is the Green’s matrix solution of

Alw)—%, O
G0, ;) = I8(z — y).

—0,0<t<T (5.11)

At time T, the “intelligent” array reverses the signal. For acoustic pulses, this means keeping
pressure unchanged and reversing the sign of the velocity field. The array of receivers is located
in Q C R3. The amplification function x(z) is an arbitrary bounded function supported in
Q, such as its characteristic function (x(z) = 1 for z € Q and x(z) = 0 otherwise) when all
transducers have the same amplification factor. We also allow for some blurring of the recorded
data modeled by a convolution with a function f(x). The case f(z) = d(x) corresponds to
exact measurements. Finally, the signal is time reversed, that is, the direction of the acoustic
velocity is reversed. Here, the operator I in (5.8) is simply multiplication by the matrix

I = Diag(—1,—1,—1,1). (5.12)

The signal at time T after time reversal takes then the form

a(rta) = [ TG ) o~ )S()dzdy. (5.13)
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The last step (5.9) consists of letting the time reversed field propagate through the random
medium until time 27". To compare this signal with the initial pulse S, we need to reverse the
acoustic velocity once again, and define

u”(z) = Tu(2T, z) =/ PG(T,zy)PG(T,y's 2)x(y)x () f(y — y')S(2)dydy'dz.  (5.14)
RO
The time reversibility of first-order hyperbolic systems implies that u”(z) = S(z) when
Q=R xy =1, and f(x) = §(z), that is, when full and non-distorted measurements are
available. It remains to understand which features of S are retained by u?(x) when only
partial measurement is available.

5.3.2 Localized Source and Scaling

We consider an asymptotic solution of the time reversal problem (5.4), (5.9) when the support
A of the initial pulse S(x) is much smaller than the distance L of propagation between the
source and the recording array: € = A\/L < 1. We also take the size a of the array comparable
to L: a/L = O(1). We assume that the time T between the emission of the original signal and
recording is of order L/cp, where ¢ is a typical speed of propagation of the acoustic wave. We
consequently consider the initial pulse to be of the form

)

in non-dimensionalized variables ' = x/L and ' = t/(L/cy). We drop primes to simplify
notation. Here xq is the location of the source. The transducers obviously have to be capable
of capturing signals of frequency e~! and blurring should happen on the scale of the source, so
we replace f(x) by e~¢f(e~'2). Finally, we are interested in the refocusing properties of u?(z)
in the vicinity of xog. We therefore introduce the scaling x = xg + €£. With these changes of
variables, expression (5.14) is recast as

T — X0

u(0,z) = S(

3

u? (& x0) = Tu(2T, 2o + £€) (5.15)

= / LG(T,zo + €& y)TG(T, y'; 20 + £2)x(y, y')S(2)dydy dz,
R9

where ,

x(,9) = XWX W) (). (5.16)

In the sequel we will also allow the medium to vary on a scale comparable to the source scale €.
Thus the Green’s function G and the matrix A depend on €. We do not make this dependence
explicit to simplify notation. We are interested in the limit of u?(¢;zg) as € — 0.

5.3.3 Adjoint Green’s Function

The analysis of the re-propagated signal relies on the study of the two point correlation at
nearby points of the Green’s matrix in (5.15). There are two undesirable features in (5.15).
First, the two nearby points zg+c€ and xg+ecz are terminal and initial points in their respective
Green’s matrices. Second, one would like the matrix I between the two Green’s matrices to be
outside of their product. However, I' and G do not commute. For these reasons, we introduce
the adjoint Green’s matrix, solution of

0G(t,x;y) 8G*(t,?v; Y) Di =0
ot O’ (5.17)

G.(0,2;y) = A7) (2 — y).

A(z) +
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We now prove that
G.(t,z;y) = TG(t,y;2) A~ ()T (5.18)

Note that for all initial data S(x), the solution u(¢,z) of (5.4) satisfies
u(t,z) = | Gt —s,z;y)uls,y)dy
R4

for all 0 < s <t < T since the coefficients in (5.4) are time-independent. Differentiating the
above with respect to s and using (5.4) yields

_ _ OG(t — s, z;y) B B ' . 0u(s, y)
0_/11@( Tu(s,y) G(t—s,x;y)A " (y)D o )dy

Upon integrating by parts and letting s = 0, we get

= /R (- 2050 | O Gy a o)D) )S(w)ay.

ot oyl
Since the above relation holds for all test functions S(y), we deduce that
oGt aiy) D P
— = — — |G(t,z;y)A D’ =0. 5.19
5t 57 [CET A W) D] (5.19)

Interchanging x and y in the above equation and multiplying it on the left and the right by
I', we obtain that

% [LG(t, y;2) A (z)] A(z)l — 8837] [TG(t,y;2)A™ " (z)] D'T = 0. (5.20)
We remark that ‘ ‘

o’ =-p’r and I'A(z) = A(z)T, (5.21)
so that

% [TG(t, y;2) A (2)D] A(z) + % [TG(t,y; x)A_l(x)F] DI =0

with I'G(0,y; ) A~ (z)I' = A~Y(2)6(z — y). Thus (5.18) follows from the uniqueness of the
solution to the above hyperbolic system with given initial conditions. We can now recast (5.15)
as

u?(& o) = / PG(T, w0 + €& y)Go (T, wo + €23y )T
RQ

(@) =Y

One may further simplify (5.22) with the help of the auxiliary matrix-valued functions
Q(t,x;q) and Q«(t,x,q) defined by

(5.22)

VA(zo + £2)S(z)dydy'dz.

QT.21q) = / G(T, 239)x(y) eV dy,

d A (5.23)
Q:«(T,z;q) = j:G*(T,x;y)x(y)e"q'y/sdy-

3

They solve the hyperbolic systems of equations (5.4) and (5.17) with initial conditions given

by Q(0,z;q) = x(2)e'%/°I and Q.(0,z;q) = A~ (x)x(x)e "%/  respectively. Thus (5.22)
becomes

B s, dqdz

u”(&; xo)Z/RﬁFQ(T, o + €85 q)Qx(T, w0 + €23 )T'A(zo + €2)S(2) f(q)

(27)3’

(5.24)
where f(q) = Jga €% f(z)dz is the Fourier transform of f(z).
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5.3.4 Wigner Transform

The back-propagated signal in (5.24) now has the suitable form to be analyzed in the Wigner
transform formalism [96, 101]. We define

Welt,z k)= | F@U-(t, 2, k; q)dg, (5.25)
R
where p
ik- €Y €Y Y
(t,z, k:q) = FYO(t x — -2 q)Qu(t . . 2
Uittoakia) = [ Qe - Fia)uthr+ Fra s (5.26)
Taking the inverse Fourier transform we verify that
Q(t,239)Qx(t,y: q) =/ e /ey (1, 2V s g)a,
R3
hence
u? (& 20) = / et E=DW(T, 0 +5Z7+£7k)FA(xo +ez)S(z)dL‘”"'. (5.27)
R6 2 (271')3

We have thus reduced the analysis of u(§; xo) as e — 0 to that of the asymptotic properties
of the Wigner transform W,.. The Wigner transform has been used extensively in the study of
wave propagation in random media, especially in the derivation of radiative transport equations
modeling the propagation of high frequency waves. We refer to [96, 98, 101]. Note that in
the usual definition of the Wigner transform, one has the adjoint matrix @Q* in place of Q4 in
(5.26). This difference is not essential since @, and Q* satisfy the same evolution equation,
though with different initial data.

The main reason for using the Wigner transform in (5.27) is that W, has a weak limit W
as ¢ — 0. Its existence follows from simple a priori bounds for W.(¢,x, k). Let us introduce
the space A of matrix-valued functions ¢(z, k) bounded in the norm || - || 4 defined by

lolla= [ suplole.pldy,  where  3(w.p) = [ Vol Rk

We denote by A’ its dual space, which is a space of distributions large enough to contain
matrix-valued bounded measures, for instance. We then have the following result:

Lemma 5.3.1 Let x(z) € L*(R3) and f(q) € L'(R3). Then there is a constant C > 0
independent of € > 0 and t € [0,00) such that for allt € [0,00), we have |W.(t,z,k)|| 4 < C.

The proof of this lemma is essentially contained in [96, 98], see also [4]. One may actually
get L2-bounds for W, in our setting because of the regularizing effect of f in (5.25) but this
is not essential for the purposes of this chapter as we are working on a formal level. However,
this setting is one example when the mixture of states arises naturally. This is also crucial for
trhe rigorous justification of the analog of the results of this chapter in the geometic optics
regime in [6].

We therefore obtain the existence of a subsequence €, — 0 such that W, converges weakly
to a distribution W € A’. Moreover, an easy calculation shows that at time ¢t = 0, we have

W0, 20, k) = (o) 2A5 (z0) f (). (5.28)
Here, A9 = A when A is independent of ¢, and Ay = lir% A, if we assume that the family
e—

of matrices A.(x) is uniformly bounded and continuous with the limit A in C(RY). These
assumptions on A, are sufficient to deal with the radiative transport regime we will consider
in section 5.3.7. Under the same assumptions on A, we have the following result.
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Proposition 5.3.2 The back-propagated signal u®(&; xo) given by (5.27) converges weakly in
S'(R3 x R3) as e — 0 to the limit

dzdk
(2m)

B (€ 0) = / M ETW (T, 20, k)T Ao (20)S (2) (5.20)
]RG

The proof of this proposition is based on taking the duality product of u?(¢; z) with a vector-
valued test function ¢(&;zg) in S(R? x R3). After a change of variables we obtain (u?, ¢) =

(We, Z¢). Here the duality product for matrices is given by the trace (A, B) =, ; (Aix, Bix),
and

z+& z—&

2

dzde
(2m)?

)S*(2)Ac(xo + €

T

Z(zo, k) = /6 ek =T (€, 2o — ¢ (5.30)
R

Defining Z as the limit of Z. as € — 0 by replacing formally € by 0 in the above expression,

(5.29) follows from showing that ||Z; — Z||4 — 0 as ¢ — 0. This is straightforward and we

omit the details.

The above proposition tells us how to reconstruct the back-propagated solution in the
high frequency limit from the limit Wigner matrix W. Notice that we have made almost no
assumptions on the medium described by the matrix A;(z). At this level, the medium can be
either homogeneous or heterogeneous, and the particular scale of oscillations is not important
as long as A.(z) strongly converge to Ag. Without any further assumptions, we can also obtain

some information about the matrix W. Let us define the dispersion matrix for the system
(5.4) as [101]

L(x, k) = Ay (x)k; D7, (5.31)
It is given explicitly by
0 0 0 ki/p(x)
0 0 k x
Lo — 2/pla)
0 0 0 ks/p()

k1/k(x) ko/k(x) ks/K(x) 0

The matrix L has a double eigenvalue wy = 0 and two simple eigenvalues w4 (z, k) = tc(x)|k|,
where c¢(x) = 1/+/p(x)k(z) is the speed of sound. The eigenvalues wy are associated with
eigenvectors b (x, k) and the eigenvalue wg = 0 is associated with the eigenvectors bj;(z, k),
j =1,2. They are given by

Lok 2/ (k)
be(e, k) = 20(x) | bj(z.k) = | V@) |, (5.32)
2k(x) 0

where k = k/|k| and z'(k) and z2(k) are chosen so that the triple (k,z'(k),22(k)) forms an
orthonormal basis. The eigenvectors are normalized so that

(Ao(x)bj(x, k) - br(z, k) = dji, (5.33)

for all j,k € J = {+,—,1,2}. The space of 4 x 4 matrices is clearly spanned by the basis
b; ® by. We then have the following result:
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Proposition 5.3.3 There exist scalar distributions a+ and aj'™, m,n = 1,2 so that the limit
Wigner distribution matriz can be decomposed as

2
Wt k)= > a)"(t z,k)b;(z,k) @by (x,k) (5.34)
7,m=1

+aq(t,z,k)by(x, k) @by(x, k) +a_(t,z,k)b_(z,k) @ b_(z, k).

The main result of this proposition is that the cross terms b; ® by with w; # wy do not
contribute to the limit W. The proof of this proposition can be found in [96] and a formal
derivation in [101].

The initial conditions for the amplitudes a; are calculated using the identity

A () =D bj(a, k) @ by(, k).
jeJ

Then (5.28) implies that aj?(0,, k) = a3*(0,x,k) = 0 and
a (0,2, k) = ax(0,2,k) = [x(@)*f(k), j=12 (5.35)

5.3.5 Mode Decomposition and Refocusing

We can use the above result to recast (5.29) as

u® (& o) = (F(T, -5 w0) * S)(£), (5.36)
where
dk
F(T, &) m; L g T 0.) © b, ) o) g
+/ e*Sa, (T, zo; k)Tby (20, k) @ b (20, k) Ag(20)T dk (5.37)
s + s 40y + (L0, +{£L0, 0 <0 (271')3 .
+ /RB e*€a_ (T, 20: k)Tb_ (20, k) @ b_ (o, k)AO(:UO)F(;f)g.

This expression can be used to assess the quality of the refocusing. When F(T,&; ) has
a narrow support in &, refocusing is good. When its support in £ grows larger, its quality
degrades. The spatial decay of the kernel F'(t,§; ) in £ is directly related to the smoothness
in k of its Fourier transform in ¢:

2
7 dk
F(T, ks w0) = m; 5" (T’ 203 k)b (0, K) © (o, ) Ao(ao) T 55
+T [ay (T, xo; k)b (20, k) @ by (20, k)4 a— (T, z0; k)b_ (0, k) @ b_(xg, k)] Ag(z0)T.

Namely, for F' to decay in &, one needs F(k) to be smooth in k. However, the eigenvectors b;
are singular at k = 0 as can be seen from the explicit expressions (5.32). Therefore, a priori
F' is not smooth at k& = 0. This means that in order to obtain good refocusing one needs the
original signal to have no low frequencies: S (k) = 0 near k = 0. Low frequencies in the initial
data will not refocus well.

We can further simplify (5.36)-(5.37) is we assume that the initial condition is irrotational.
Taking Fourier transform of both sides in (5.36), we obtain that

al (k;z0) = Z a;(T, 20, k) S (k) (Ao (2:0)Tby (o, k) - bj(xo, k))I'bj(zo, k) (5.38)
jned
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where we have defined R X
S(k) = Su(k)bn(zo, k). (5.39)

neJ

Irrotationality of the initial condition means that Sy and S, identically vanish, or equivalently
that
Vo(x
S(z) = olz) (5.40)
p(x)
for some pressure p(x) and potential ¢(x). Remarking that I'by = —b< and by irrotationality

that (Ag(z0)S(k) - b1 2(k)) = 0, we use (5.33) to recast (5.38) as
WP (k; x0) = a_ (T, 20, k) Sy (k)by (20, k) + ay (T, xo, k)S_(k)b_(z0, k). (5.41)
Decomposing the initial condition S(x) as
S(z) =Sy (z)+S_(x), suchthat Si(k)=SL(k)bi(zo,k),
the back-propagated signal takes the form

u® (& a0) = (a— (T, @0, ) * S+())(€) + (a+(T, z0, -) * S_(-))(€) (5.42)

where ay is the Fourier of ay in k. This form is much more tractable than (5.36)-(5.37). It
is also almost as general. Indeed, rotational modes do not propagate in the high frequency
regime. Therefore, they are exactly back-propagated when x(zp) = 1 and f(x) = d(x), and
not back-propagated at all when x(zp) = 0. All the refocusing properties are thus captured
by the amplitudes a4 (T, xo, k). Their evolution equation characterizes how waves propagate
in the medium and their initial conditions characterize the recording array.

5.3.6 Homogeneous Media

In homogeneous media with ¢(z) = ¢p the amplitudes ay (T, z, k) satisfy the free transport
equation [96, 101]
Jay

with initial data a+ (0,2, k) = |x(z)2f(k) as in (5.35). They are therefore given by
ax(t, zo, k) = |x(xo T cokt)|* f (k). (5.44)

These amplitudes become more and more singular in k£ as time grows since their gradient in
k grows linearly with time. The corresponding kernel F' = Fy decays therefore more slowly
in £ as time grows. This implies that the quality of the refocusing degrades with time. For
sufficiently large times, all the energy has left the domain 2 (assumed to be bounded), and the
coefficients a. (¢, zo, k) vanish. Therefore the back-propagated signal u?(¢;zg) also vanishes,
which means that there is no refocusing at all. The same conclusions could also be drawn by
analyzing (5.14) directly in a homogeneous medium. This is the situation in the numerical
experiment presented in Fig. 5.3: in a homogeneous medium, the back-propagated signal
would vanish.
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5.3.7 Heterogeneous Media and Radiative Transport Regime

The results of the preceding sections show how the back-propagated signal u?(¢&; z¢) is related
to the propagating modes a+ (T, zg, k) of the Wigner matrix W (T, o, k). The form assumed by
the modes a4 (T, xo, k), and in particular their smoothness in &, will depend on the hypotheses
we make on the underlying medium; i.e., on the density p(x) and compressibility x(z) that
appear in the matrix A(z). We have seen that partial measurements in homogeneous media
yield poor refocusing properties. We now show that refocusing is much better in random
media.

We consider here the radiative transport regime, also known as weak coupling limit. There,
the fluctuations in the physical parameters are weak and vary on a scale comparable to the
scale of the initial condition. Density and compressibility assume the form

pla)=po+Vep (D) and k(@) = Ko+ VERI (D). (5.45)

The functions p; and k; are assumed to be mean-zero spatially homogeneous processes. The
average (with respect to realizations of the medium) of the propagating amplitudes a, denoted
by @+, satisfy in the high frequency limit € — 0 a radiative transfer equation (RTE), which is
a linear Boltzmann equation of the form

Oa4

i Eak Vaas = [ olbp)@ste.0) st )6k ~ o)y

a4 (0,2, k) = |x(x)]*f (k).

(5.46)

The scattering coefficient o(k, p) depends on the power spectra of p; and k1. We refer to [101]
for the details of the derivation and explicit form of o (k, p). The above result remains formal for
the wave equation and requires averaging over the realizations of the random medium although
this is not necessary in the physical and numerical time reversal experiments. A rigorous
derivation of the linear Boltzmann equation (which also requires averaging over realizations)
has only been obtained for the Schrodinger equation; see [23, 102]. Nevertheless, the above
result formally characterizes the filter F'(T,; z¢) introduced in (5.37) and (5.42).

The transport equation (5.46) has a smoothing effect best seen in its integral formulation.
Let us define the total scattering coefficient X(k) = [zs o(k,p)d(co(|k| — |p|))dp. Then the
transport equation (5.46) may be rewritten as

ax(t,z, k) = a+ (0, z F cokt, k)e >Rt (5.47)

k|2 e
Ll / ds / (k, [KD)as (5, 2 F colt — )k, |k]B)e W9 a0(p).

Here p = p/|p| is the unit vector in direction of p and dQ(p) is the surface element on the
sphere S2. The first term in (5.47) is the ballistic part that undergoes no scattering. It has
no smoothing effect, and, moreover, if a(0,z, k) is not smooth in z, as may be the case for
(5.35), the discontinuities in x translate into discontinuities in k at later times as in (5.44) in
a homogeneous medium. However, in contrast to the homogeneous medium case, the ballistic
term decays exponentially in time, and does not affect the refocused signal for sufficiently long
times ¢ > 1/%. The second term in (5.47) exhibits a smoothing effect. Namely the operator
Lg defined by

2
Lo(t,z, k) = "‘7’ / ds/ (k. [BD)g(s5, 2 F colt — )k, [k|p)e==ME=g0(p)
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is regularizing, in the sense that the function g = Lg has at least 1/2-more derivatives than g
(in some Sobolev scale). The precise formulation of this smoothing property is given by the
averaging lemmas [34, 51] and will not be dwelt upon here. Iterating (5.47) n times we obtain

C_l:t<t, €T, k) = a’(:)l:(ta x, k) + a:ll:(ta Zz, k) +o a?l:(tv €, k) + £n+1aﬂ:<t7 Z, k) (548)
The terms aY, ..., a’L are given by
a9 (t, 2, k) = ax (0,2 F cokt, k)e =Wt (t, 2, k) = Lo’ (t, 2, k).

They describe, respectively, the contributions from waves that do not scatter, scatter once,
twice, .... It is straightforward to verify that all these terms decay exponentially in time and
are negligible for times ¢ > 1/X. The last term in (5.48) has at least n/2 more derivatives
than the initial data ag, or the solution (5.44) of the homogeneous transport equation. This
leads to a faster decay in £ of the Fourier transforms ay (T, xo,&) of ax(T,xo, k) in k. This
gives a qualitative explanation as to why refocusing is better in heterogeneous media than
in homogeneous media. A more quantitative answer requires to solve the transport equation

(5.46).

5.3.8 Diffusion Regime

It is known for times ¢ much longer than the scattering mean free time 75, = 1/ and distances
of propagation L very large compared to ls. = co7s. that solutions to the radiative transport
equation (5.46) can be approximated by solutions to a diffusion equation, provided that ¢(z) =
¢p is independent of z [19, 48]. More precisely, we let 6 = l5./L < 1 be a small parameter and
rescale time and space variables as t — t/6? and & — x/§. In this limit, the wave direction is
completely randomized so that

it k) ~a-(t k) ~ alt,, k),

where a solves
da(t,z, |k|)
ot

a(0,, [k]) = x(x)[?

- D(’k’)Aﬂla(t7x7 ‘kD - 07

1 .
i L Fdtia = e

The diffusion coefficient D(|k|) may be expressed explicitly in terms of the scattering coefficient
o(k,p) and hence related to the power spectra of p; and x;. We refer to [101] for the details.
For instance, let us assume for simplicity that the density is not fluctuating, p; = 0, and that
the compressibility fluctuations are delta-correlated, so that E{&;(p)41(q)} = k3Rod(p + q).
Then we have

(5.49)

rc|k> Ry

o(k,p) = 5

S(|k|) = 2n2colk[*Ro (5.50)

and

Cg ()

~ 3%(k))  6m2|k|* Ry
Let us assume that there are no initial rotational modes, so that the source S(x) is decom-
posed as in (5.40). Using (5.41), we obtain that

D(|k|) (5.51)

a8 (k; 20) = a(T, xo, |K|)S(k). (5.52)
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When f(z) is isotropic so that f(k) = f(|k|), and the diffusion coefficient is given by (5.51),
the solution of (5.49) takes the form

37ryk\4ﬁzo)3/2/ o ( 32 |k[* Ro|wo — y|?
R3

a(T, o, k) = F(Ik)( Jx@)Pdy.  (5.53)

200T 200T
When f(z) = 6(z), and Q = R3, so that x(z) = 1, we retrieve a(T,zg,k) = 1, hence the
refocusing is perfect. When only partial measurement is available, the above formula indicates
how the frequencies of the initial pulse are filtered by the one-step time reversal process. Notice
that both the low and high frequencies are damped. The reason is that low frequencies scatter
little from the underlying medium so that it takes a long time for them to be randomized.
High frequencies strongly scatter with the underlying medium and consequently propagate
little so that the signal that reaches the recording array €2 is small unless recorders are also
located at the source point: zg € ). In the latter case they are very well measured and back-
propagated although this situation is not the most interesting physically. Expression (5.53)
may be generalized to other power spectra of medium fluctuations in a straightforward manner
using the formula for the diffusion coefficient in [101].

5.3.9 Numerical Results

The numerical results in Fig. 5.3 show that some signal refocuses at the location of the initial
source after the time reversal procedure. Based on the above theory however, we do not expect
the refocused signal to have exactly the same shape as the original one. Since the location
of the initial source belongs to the recording array (x(zo) = 1) in our simulations, we expect
from our theory that high frequencies will refocus well but that low frequencies will not. This

Figure 5.4: Zoom of the initial source and the refocused signal for the numerical experiment
of Fig. 5.3.

is confirmed by the numerical results in Fig. 5.4, where a zoom in the vicinity of g = 0 of the
initial source and refocused signal are represented. Notice that the numerical simulations are
presented here only to help in the understanding of the refocusing theory and do not aim at
reproducing the theory in a quantitative manner. The random fluctuations are quite strong
in our numerical simulations and it is unlikely that the diffusive regime will be valid. The
refocused signal on the right figure looks however like a high-pass filter of the signal in the left
figure, as expected from theory.

5.4 Refocusing of Classical Waves

The theory presented in section 5.3 provides a quantitative explanation for the results observed
in time reversal physical and numerical experiments. However, the time reversal procedure
is by no means necessary to obtain refocusing. Time reversal is associated with the specific
choice (5.12) for the matrix I' in the preceding section, which reverses the direction of the
acoustic velocity and keeps pressure unchanged. Other choices for I' are however possible.
When nothing is done at time T, i.e., when we choose I' = I, no refocusing occurs as one
might expect. It turns out that I' = I is more or less the only choice of a matrix that prevents
some sort of refocusing. Section 5.4.1 presents the theory of refocusing for acoustic waves,
which is corroborated by numerical results presented in Section 5.4.2. Sections 5.4.3 and 5.4.4
generalize the theory to other linear hyperbolic systems.
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5.4.1 General Refocusing of Acoustic Waves

In one-step time reversal, the action of the “intelligent” array is captured by the choice of the
signal processing matrix I' in (5.13). Time reversal is characterized by I' given in (5.12). A
passive array is characterized by I' = I. This section analyzes the role of other choices for I,
which we let depend on the receiver location so that each receiver may perform its own kind
of signal processing.

The signal after time reversal is still given by (5.13), where I'(y’) is now arbitrary. At time
2T, after back-propagation, we are free to multiply the signal by an arbitrary invertible matrix
to analyze the signal. It is convenient to multiply the back-propagated signal by the matrix
I'y = Diag(—1,—1,—1,1) as in classical time reversal. The reconstruction formula (5.15) in
the localized source limit is then replaced by

u? (& a0) = /Rg DoG(T,z0 + €& y)T(v)G(T, y's zo + e2)x(y, y')S(2)dydy'd= (5.54)

with x(y,%’) defined by (5.16). To generalize the results of section 5.3, we need to define an
appropriate adjoint Green’s matrix G,. As before, this will allow us to remove the matrix
I' between the two Green’s matrices in (5.54) and to interchange the order of points in the
second Green’s matrix. We define the new adjoint Green’s function G, (¢, z;y) as the solution
to

aG*(;;ﬁ; Y Atz) + aG*éij; Ypi—g
(5.55)
G.(0,2;9) = T(2)Do A (2)(z — y).
Following the steps of section 5.3.3, we show that
Gult:2,y) = T(y)G(t,y;2) A (2)To. (5.56)

The only modification compared to the corresponding derivation of (5.18) is to multiply (5.19)
on the left by I'(x) and on the right by I’y so that I'(y) appears on the left in (5.20). The
re-transmitted signal may now be recast as

uB(f; xo) :/FOG(T, xo + €& y)Go (T, xo + €25 y’)FglA(aco +¢e2)x(y,y")S(2)dydy'dz. (5.57)
]RQ

Therefore the only modification in the expression for the re-transmitted signal compared to
the time reversed signal (5.22) is in the initial data for (5.55), which is the only place where
the matrix I'(x) appears.

The analysis in Sections 5.3.3-5.3.7 requires only minor changes, which we now outline. The
back-propagated signal may still be expressed in term of the Wigner distribution (compare to
(5.27))

28 ToA(zy + 22)S(2) Cgf)k

. (5.58)

w

u? (& 20) = / €ik’(£_z)FoWa(T, xo+€
]Rﬁ

—~

The Wigner distribution is defined as before by (5.25) and (5.26). The function @ is defined as
before as the solution of (5.4) with initial data Q(0, z;q) = x(z)e**/¢I, while Q. solves (5.17)
with the initial data Q. (0, z;q) = I'(x)[oA~!(z)x(x)e "¢*/¢. The initial Wigner distribution
is now given by X

W (0,z, k) = [x(2)’T(2)To A" (z) f (k). (5.59)
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Lemma 5.3.1 and Proposition 5.3.2 also hold, and we obtain the analog of (5.29)
u(&; ) = / e*E=T W (T, 20, k)To Ao(0)S (2)dzdk. (5.60)
R6

The limit Wigner distribution W (T, x, k) admits the mode decomposition (5.34) as before. If
we assume that the source S(z) has the form (5.40) so that no rotational modes are present
initially, we recover the refocusing formula (5.41):

P (k; o) = a_ (T, 20, k) Sy (k)b (z0, k) + ay (T, x0, k)S_(k)b_(x0, k). (5.61)
The initial conditions for the amplitudes a are replaced by
a+(0,2,k) = Tr [Ao(z)W (0, z, k) Ao ()b (0, k)b (20, k)] (5.62)
= [x(2)2f (k) (Ao ()T (2)bs (2, k) - b (, k).

Observe that when I'(xz) = I'g, we get back the results of Section 5.3.7. When the signal is not
changed at the array, so that I' = I, the coefficients a4 (0, z, k) = 0 by orthogonality (5.33) of
the eigenvectors b;. We thus obtain that no refocusing occurs when the “intelligent” array is
replaced by a passive array, as expected physically.

Another interesting example is when only pressure p is measured, so that the matrix
I' = Diag(0,0,0,1). Then the initial data is

s (0,2, ) = S Ix(@) (k)

which differs by a factor 1/2 from the full time reversal case (5.35). Therefore the re-
transmitted signal u® also differs only by a factor 1/2 from the latter case, and the quality
of refocusing as well as the shape of the re-propagated signal are exactly the same. The same
observation applies to the measurement and reversal of the acoustic velocity only, which cor-
responds to the matrix I' = Diag(—1, —1, —1,0). The factor 1/2 comes from the fact that only
the potential energy or the kinetic energy is measured in the first and second cases, respec-
tively. For high frequency acoustic waves, the potential and kinetic energies are equal, hence
the factor 1/2. We can also verify that when only the first component of the velocity field is
measured so that I' = Diag(—1,0,0,0), the initial data is

K

s 0,2, K) = [x(2) P (4) gt

(5.63)

As in the time reversal setting of Section 5.3, the quality of the refocusing is related to
the smoothness of the amplitudes a+ in k. In a homogeneous medium they satisfy the free
transport equation (5.43), and are given by

ax(t,z, k) =|x(x — cokt)|>f(k)(Ao(x — cokt)T(z — cokt)bx(x — cokt, k) - b (x — cokt, k)).

Once again, we observe that in a uniform medium a+ become less regular in k as time grows,
thus refocusing is poor.

The considerations of Section 5.3.7 show that in the radiative transport regime the ampli-
tudes a+ become smoother in k also with initial data given by (5.62). This leads to a better
refocusing as explained in Section 5.3.5. Let us assume that the diffusion regime of Section
5.3.8 is valid and that the kernel f is isotropic f(k) = f(|k|). This requires in particular that
Ap(z) be independent of x. We obtain that as (T, x0,k) = a(T,zo, |k|), thus the refocusing
formula (5.61) reduces to

a8 (k; 20) = a(T, xo, |k|)S(k). (5.64)
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The difference with the case treated in Section 5.3.8 is that a(T,z,|k|) solves the diffusion
equation (5.49) with new initial conditions given by
a0,2. k) = XOE 5000 A @b () - by (@)0(g] = [k)d 65
0.0 bl) = B [ A @b (o) be@)dlal ~ g (569

T 2 ~
- 'ﬁvjﬂz /R F(lal)(AoT (2)b.t(q) - b-(q))d(|g| — |k|)dg.

When only the first component of the velocity field is measured, as in (5.63), the initial
data for a is

(0, IK) = ¢ [x(@) F(K)

Therefore even time reversing only one component of the acoustic velocity field produces a
re-propagated signal that is equal to the full re-propagated field up to a constant factor.

More generally, we deduce from (5.65) that a detector at = will contribute some refocusing
for waves with wavenumber |k| provided that

[, FOHD AT @ 0) - b)) d2(d) # 0.

When f(z) = f(]z|) is radial, this property becomes independent of the wavenumber |k| and
reduces to [¢2 (Aol (2)bx(q) - b(§))d(q) # 0.

5.4.2 Numerical Results

Let us come back to the numerical results presented in Fig. 5.3 and 5.4. We now consider
two different processings at the recording array. The first array is passive, corresponding to
I' = I, and the second array only measures pressure so that I' = Diag(0,0,0,1). The zoom
in the vicinity of xg = 0 of the “refocused” signals is given in Fig. 5.5. The left figure shows

Figure 5.5: Zoom of the refocused signals for the numerical experiment of Fig. 5.3 with
processing I' = I (left), with a maximal amplitude of roughly 410~2 and I" = Diag(0, 0,0, 1)
(right), with a maximal amplitude of roughly 0.035.

no refocusing, in accordance with physical intuition and theory. The right figure shows that
refocusing indeed occurs when only pressure in recorded (and its time derivative is set to 0 in
the solution of the wave equation presented in the appendix). Notice also that the refocused
signal is roughly one half the one obtained in Fig. 5.4 as predicted by theory.

5.4.3 Refocusing of Other Classical Waves

The preceding sections deal with the refocusing of acoustic waves. The theory can however be
extended to more complicated linear hyperbolic systems of the form (5.4) with A(x) a positive
definite matrix, D’/ symmetric matrices, and u € C™. These include electromagnetic and
elastic waves. Their explicit representation in the form (5.4) and expressions for the matrices
A(z) and D7 in these cases may be found in [101]. For instance, the Maxwell equations

oF 1

= = ——cwlH
ot e(x)
a—H = — 1 curl £
ot p(x)
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may be written in the form (5.4) with u = (E, H) € C® and the matrix
A(z) = Diag(e(x), €(x), €(x), p(x), p(x), p(x))-

Here €(z) is the dielectric constant (not to be confused with the small parameter ¢), and u(x)
is the magnetic permeability. The 6 x 6 dispersion matrix L(x, k) for the Maxwell equations
is given by

0 0 0 0 —ks/e(x)  ko/e(w)
0 0 0 kyfel@) 0 —ki/e)
Lk =—| 0 0 —hyfe(x) ki/e(x) 0
0 ke/ue) —ha/u(z) 0 0 0
—k3/p(x) 0 k1/p(z) 0 0 0
ka/p(z)  —ki/p(x) 0 0 0 0

Generalization of our results for acoustic waves to such general systems is quite straight-
forward so we concentrate only on the modifications that need be made. The time reversal
procedure is exactly the same as before: a signal propagates from a localized source, is recorded,
processed as in (5.13) with a general matrix I'(y’), and re-emitted into the medium. The re-
transmitted signal is given by (5.54). Furthermore, the equation for the adjoint Green’s matrix
(5.55), the definition of the Wigner transform in Section 5.3.4, and the expression (5.60) for
the re-propagated signal still hold.

The analysis of the re-propagated signal is reduced to the study of the Wigner distribution,
which is now modified. The mode decomposition must be generalized. We recall that

L(z,k) = Ay (x)k; D7

is the m x m dispersion matrix associated with the hyperbolic system (5.4). Since L(z, k)
is symmetric with respect to the inner product (u,v)4, = (Apu - v), its eigenvalues are real
and its eigenvectors form a basis. We assume the existence of a time reversal matrix I'g such
that (5.21) holds with I' = I'y and such that I'4 = I. For example, for electromagnetic waves
I'y = Diag(1,1,1,—1,—1,—1). Then the spectrum of L is symmetric about zero and the
eigenvalues +w® have the same multiplicity. We assume in addition that L is isotropic so that
its eigenvalues have the form wq (z, k) = £c*(x)|k|, where ¢4 () is the speed of mode a. We
denote by 7, their respective multiplicities, assumed to be independent of x and k for k£ # 0.
The matrix L has a basis of eigenvectors b$” (z, k) such that

Lz, k)bY (2, k) = +w(z, k)bY (2, k), j=1,... 7,

and bi’j form an orthonormal set with respect to the inner product (,)a,. The different w,
correspond to different types of waves (modes). Various indices 1 < j < r, refer to different
polarizations of a given mode. The eigenvectors bi’j and b™’ are related by

Lob%? (z,k) = b2 (2,k), Tob%(z,k) = bl (,k). (5.66)
Proposition 5.3.3 is then generalized as follows [96, 101]:

Proposition 5.4.1 There exist scalar functions aj‘:’jm(t, x, k) such that

Witz k)= > a$?™(t,2 k)bY (v,k) @ bL™ (2, k). (5.67)

+,a,5,m

Here the sum runs over all possible values of £+, o, and 1 < j,m < rq.
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The main content of this proposition is again that the cross terms bi’j (z, k) ® bi’m(x, k)
do not contribute, as well as the terms b$” (z, k) @ bi/’m(:r, k) when o # . This is because
modes propagating with different speeds do not interfere constructively in the high frequency
limit.

We may now insert expression (5.67) into (5.60) and obtain the following generalization of
(5.61)

al(kz) = Y [aiv’”j (T, 20, k) S (a0, k)bS™ (0, k) (5.68)

,3,m

+ ai’mj (T7 zo, k)s'gﬁ (an k‘l)b%m(x(% kj) ;

where 537 (k) = (A(z0)S(k) - bi’j(azo, k)). This formula tells us that only the modes that are

present in the initial source (5S¢ (k) # 0) will be present in the back-propagated signal but
possibly with a different polarization, that is, j # m.

The initial conditions for the modes a$”™ are given by

a2’ (0,2, k) = [x(@)]*f(R)(A@)T (2)bF™ (x,k) - bL (2, k)), (5.69)

which generalizes (5.62). When I'(z) = I, we again obtain that a$’™(0,z, k) = 0, i.c., there
is no refocusing as physically expected. When I'(x) = I'g, we have for all a that

a3’ (0,2, k) = [x(2)* f (k) jm-

In a uniform medium the amplitudes ai’jm satisfy an uncoupled system of free transport
equations (5.43):

8ai’jm 7 a,jm

v + ok - Vea?" =0, (5.70)
which have no smoothing effect, and hence refocusing in a homogeneous medium is still poor.
When f(z) = 6(x) and Q = R?, so that y(z) = 1, we still have that a$’™ (T, xo, k) = §;,,, and
refocusing is again perfect, that is, u(&;z9) = S(€), as may be seen from (5.68).

5.4.4 The diffusive regime

The radiative transport regime holds when the matrices A(x) have the form

Afw) = Ao(@) +vEAL (2),

as in (5.45). Then the ro X 7, coherence matrices w§ with entries w ;. = a$?™ satisfy
a system of matrix-valued radiative transport equations (see [101] for the details) similar to
(5.46). The matrix transport equations simplify considerably in the diffusive regime, such as
the one considered in Section 5.3.8 when waves propagate over large distances and long times.
We assume for simplicity that Ag = Ao(x) and I' = I'(z) are independent of z. Polarization
is lost in this regime, that is, a®™(t,x, k) = 0 for j # m and wave energy is equidistributed
over all directions. This implies that

o (b2, k) = a7 (2, k) = aa(t,z, K])

so that a®¥/ is independent of j = 1,...,74 and of the direction k = k/|k|. Furthermore,
because of multiple scattering, a universal equipartition regime takes place so that

aa(t7x0>|k|) :gb(t:x()aca’kD? (571)
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where ¢(t, x,w) solves a diffusion equation in x like (5.49) (see [101]). The diffusion coefficient
D(w) may be expressed explicitly in terms of the power spectra of the medium fluctuations
[101]. Using (5.69) and (5.71), we obtain when f is isotropic the following initial data for the
function ¢

00.2.) = =@ [ o 2 () wore i vy, 67

where |a| is the number of non-vanishing eigenvalues of L(x, k), and dQ(k) is the Lebesgue
measure on the unit sphere S2.

~ Let us assume that non-propagating modes are absent in the initial source S(z), that is,
S3(k) = 0 with the subscript zero referring to modes corresponding to wg = 0. Then (5.68)
becomes

(ks 20) = > 6T, 20, calkl) [T (R)BS (w0, k) + S29 (R)6 (w0, )| . (5.73)

7]

This is an explicit expression for the re-propagated signal in the diffusive regime, where ¢
solves the diffusion equation (5.49) with initial conditions (5.72).

5.5 Conclusions

This chapter presents a theory that quantitatively describes the refocusing phenomena in time
reversal acoustics as well as for more general processings of acoustic and other classical waves.
We show that the back-propagated signal may be expressed as the convolution (5.1) of the
original source S with a filter F'. The quality of the refocusing is therefore determined by the
spatial decay of the kernel F'. For acoustic waves, the explicit expression (5.37) relates F' to the
Wigner distribution of certain solutions of the wave equation. The decay of F' is related to the
smoothness in the phase space of the amplitudes a;(t, z, k) defined in Proposition 5.3.3. The
latter satisfy free transport equations in homogeneous media, which sharpens the gradients of
a; and leads to poor refocusing. In contrast, the amplitudes a; satisfy the radiative transport
equation (5.46) in heterogeneous media, which has a smoothing effect. This leads to a rapid
spatial decay of the filter F' and a better refocusing. For longer times, a; satisfies a diffusion
equation. This allows for an explicit expression (5.52)-(5.53) of the time reversed signal. The
same theory holds for more general waves and more general processing procedures at the
recording array, which allows us to describe the refocusing of electromagnetic waves when
only one component of the electric field is measured, for instance.
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