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Introduction

This set of notes covers the material introduced in the course on Waves in Random Media
taught in the fall of 2005 at Columbia University. The first chapter covers fundamental as-
pects of wave equations and includes a (partial) theory for first-order hyperbolic systems of
equations. The second chapter concerns the effective medium theory of wave equations.
This corresponds to low frequency waves propagating in high frequency media. Chapter three
analyzes high frequency waves in low frequency media by the method of geometric optics.

Random media are introduced in Chapter four, which is devoted to perturbation analyses
of low frequency waves in low frequency random media. The rest of the notes concerns the
analysis of high frequency waves in high frequency media, which means that both the typical
wavelength and the typical correlation length of the underlying media are small compared to
the size of the system.

Chapter five introduces the main tool of (micro-local) analysis of high frequency waves
used in these notes, namely the Wigner transform. The semiclassical analysis of quantum
waves, an example of high frequency waves in low frequency media, is analyzed using the
framework of Wigner transforms.

The Wigner transform, which offers a description of the wave energy density, at least
asymptotically, in the phase space, is used in Chapter six to derive radiative transfer equa-
tions from a two-by-two system of acoustic wave equations. The radiative transfer equations
provide a phase space description of the propagation of the acoustic energy density in ran-
dom media characterized by a regime called the weak-coupling regime. Thought it has
solid foundations, the derivation of radiative transfer is formal (i.e., is not justified rigorously
mathematically).

Chapter seven addresses the derivation of radiative transfer equations for an approximation
of acoustic wave propagation: the paraxial (or parabolic) equation. In this approximation,
waves primarily propagate in privileged direction. By modeling randomness as a Markov
process in that direction of propagation, the equations of radiative transfer can be justified
rigorously in this simplified setting.



Chapter 1

Wave equations and First-order
hyperbolic systems

1.1 Introduction

This chapter presents classical wave propagation models, including first-order hyperbolic sys-
tems of equations, the theory of which is briefly presented. References useful to this chapter
include [15, 21, 26].

1.2 Wave equations

1.2.1 Acoustic waves

First-order symmetric hyperbolic system The linear system of acoustic wave equations
for the pressure p(t,x) and the velocity field v(t,x) takes the form of the following first-order

hyperbolic system
ov

p(x)a—l—Vp = 0, t>0, xeR?
Jp
m(x)§+v‘v = 0, t>0, xcR% (1.1)
p(0,x) = po(x), x€RY
v(0,%) = volx), xeRY,
where p(x) is density and x(x) compressibility. Both quantities are assumed to be uniformly
bounded from below by a positive constant. Our notation is that V = (8%1, e %)t and that
V- is the negative of the adjoint operator for the usual L? inner product, i.e., V-u = Z;lzl giw;.
Acoustic energy conservation is characterized by the fact that
1
ea(t) = 5 [ (oGOt + k(P (t,))dx = E(0). (1.2
R

Exercise 1.2.1 Derive this for sufficiently smooth solutions.

We now know that total energy is conserved. The role of a kinetic model is to describe its
spatial distribution (at least asymptotically). This course’s main objective is precisely the
derivation of such kinetic models.



Scalar wave equation The pressure p(t,x) also solves following closed form scalar equation

9%p 1 1
— = —V. . — t R4
922 ) \Y o) Vp, >0, x € RY,
p(0,x) = g(x), x € R? (1.3)
Ip _ d
E(O’X) = h(x), x € R%
We verify that energy conservation takes the form
1 ap 2 ’vp’2(t7 X)
_ et Mt B Nk = X 14
n(t) = 5 [ (GG + FE S = £4(0) (14)

Both conservation laws (1.2) and (1.4) are equivalent.

Exercise 1.2.2 Prove this statement. Hint: define the pressure potential ¢(t,x) as a solution
o (1.3) and then (v,p) = (—p 1V, 0;¢); show that (v,p) solves (1.1) and that Ex[¢](t) =
EB [Vap] (t)

A non-symmetric two by two system. In this paragraph we assume to simplify that
p(x) = po is constant and define the sound speed

1
o(x) = ——. (1.5)
pok(x)
Let us consider
-9 ap
alt, %) = () 2L (1, ) (L.6)
Then u = (p, q)! solves the following 2 x 2 system
ou d
E%—Au = 0, t>0, x €RY (1.7)
w(0,%) = (900, c2(0hx),  xeRL
where
0 A(x) 0 1 -A 0
A=— =JA J = A(x) = . 1.8
Note that J is a skew-symmetric matrix (J* = —J) and that A is a symmetric matrix-valued

operator for the usual L? scalar product:

(u,v) = /]Rd v (x)u(x)dx, (1.9)

where v* is the complex-conjugated (for complex-valued vectors) transpose vector to v. For
real-valued vectors, we find that v*(x)u(x) = u(x) - v(x).

Exercise 1.2.3 Show that A is a symmetric operator, i.e., show (by integrations by parts
assuming sufficient regularity for u and v) that

(Au,v) = (u,Av).

Exercise 1.2.4 Write a two-by-two system for (p,p;). Here and below we use alternatively
pe and % to denote partial derivative with respect to the ¢ variable.

Exercise 1.2.5 Show that the following quantity is conserved:

1
200 Jpa
Relate this conserved quantity to those in (1.2) and (1.4).

E(t) ulAudx = £(0).



1.2.2 Elastic and Electromagnetic waves

See [28].

1.2.3 Schrodinger equation

The Schrodinger equation takes the form

i%+%A¢—V(X)¢:0, t>0, xeR?

$(0,%) = ho(x).

Here V (x) is a real-valued potential, which we assume e.g. with compact support to simplify.
We have the conservation of the number of particles:

N(t) = /Rd Wb (t, x)|2dx = /Rd 1o (x) [2dx. (1.11)

(1.10)

Exercise 1.2.6 Verify this for sufficiently smooth solutions of (1.10).

1.3 First-order symmetric hyperbolic systems

The equations of acoustics, electromagnetism, and elasticity can all be put in the framework
of first-order symmetric hyperbolic systems.
Let u be an n—vector-valued function in the sense that u(¢, x) is a vector with n components
for each t > 0 and x € R%. We consider the equation
A()(X)aaltl—i-Aj(X)g;lj =0, t >0, x € R? (1.12)
u(0,x) = up(x), x € RY,

where we use the convention of summation over repeated indices (so that the above left-hand
side is a summation over 1 < j < d). We assume that Ag(x) is a smooth (in x) positive-definite
symmetric matrix for all x € R? and that the Aj(x),1 < j < naresmooth symmetric matrices
for all x € R,

Exercise 1.3.1 (i) Show that the equations of acoustics, electromagnetism, and elasticity can
be put in the framework (1.14) with matrices A;, 1 < j < d, that are moreover constant.
(ii) Assuming that A;, 1 < j < d, are constant show that

4
dt

Show that there is at most one solution to (1.12). Relate this to the energy conservation (1.2).

(u(t,-),u(t,-))a, =0, where  (u,u)4, = (Aou,u). (1.13)

Since Ag(x) is symmetric positive definite, it admits a square root A(l)/ 2 (x) and we define

the quantity v = A(l)/ “u. We verify that v satisfies the system

ov ov
— +Bi(x)— + B =0, t>0,xeR?
gt T B g, Bokx)v X (1.14)
v(0,%) = vo(x), x € RY,
where we have defined the matrices
—1/2 4 4—1/2 , d ~1/2 04,
Bj=A; PAA 1< <n, Bo=Y_ Ay A oz, )- (1.15)
j=1



The matrices B; for 1 < j < n are now symmetric matrices. Note that By(x)v is a bounded
operator (for instance in the L?—sense). We can thus recast (1.12) into a system of the form
(1.14), which is more commonly analyzed in the mathematical literature.

1.3.1 Case of constant coefficients

In the case of constant matrices A; 0 < j < d, the above equation takes the form

Ju ou
— —— =0 t>0 R4
at gz, -0 xe (1.16)

u(0,x) = up(x), x € R,

The result in Exercise 1.3.1 shows that the energy (u,u) is a conserved quantity in time. Let
us define the Fourier transform as

Froxuk) =uk) = / e Xy (x)dx, (1.17)
Rd
with inverse transformation the inverse Fourier transform
Foax) = u(x) = — / %K) dk (1.18)
k—x - (27T)d R : :
The Fourier transform is defined on vectors component by component. Using the classical
result
F12%) 1) = i) (1.19)
a.%'j Y ’ .
we deduce that (1.16) may formally be recast in the Fourier domain as
oan . . . N
o +iAk)a =0, u(0,k)=19k), (1.20)

where we have defined the dispersion matrix
d
A(k) =Y k;B;. (1.21)
j=1

As usual, the Fourier transform recasts constant-coefficient partial differential equations into
ordinary differential equations, which can be solved to yield

a(t, k) = exp (—iA(k)t)Go(k), keR% (1.22)

We have thus constructed a solution to (1.16) of the form

1 . .
= — I(X—y)'k—ZA(k)t
u(tx) = 55 /R e uo(y)dkdy. (1.23)

It remains to show that the above integral makes sense, for instance in the L? setting, which
we leave as an exercise:

Exercise 1.3.2 Show that u(t,x) is uniformly bounded in time in (L2(R%))" for an initial
condition ug € (L?(R%))". Hint: Since A(k) is symmetric, we can decompose it as

A1) = 3 A1}, (), (124



for some real-valued eigenvalues A, (k) and for some eigenvectors b,,(k). Show then the
decomposition

= Wi, (k)b (), (1.25)
m=1
and deduce that
[a(t, k)| = [ao(k)l, (1.26)

for all k € R? (use the fact that the b,, form an orthonormal basis on R"). The latter
equality shows that et4K)
the Parseval relation

is a unitary operator, i.e., is norm-preserving. Conclude by using

(27r)d/Rdu(x)v*(x)dx:/}Rdﬁ(k)@*(k)dk. (1.27)

A similar results holds when A(k) has real-valued eigenvalues but is not necessarily sym-
metric. We refer to [15, §7.3.3] for the more involved derivation and for additional results
on the regularity of the constructed solution u(¢,x). Note that since u(¢,x) is unique within
the set of uniformly bounded functions in the L? sense, (1.23) provides the unique solution to
(1.16).

1.3.2 Plane Wave solutions

Following the notation in [26], we denote by y = (yo,...,¥4) = (f,x) the variable in R**+1.
Consider the slightly more general first-order hyperbolic system

L(D)u(y) = 0, t>0, xcR?
d

1.28
SR (1.28)
- 8ym

and look for solutions of the form

u(y) =£f(y-n), f:R— C". (1.29)
We compute that
d
LD}y n)=Lmf'(y-n),  where  L(n)=> nmAn.
m=0

Here, L(n) is the symbol of the constant-coefficient operator L(D). Note the following equality
in terms of operators
L(D) = F, Ly L(in) Fy—n.
For a function f whose derivative never vanishes (such as e.g. f(u) = e**a for some vector
a € R we see that L(D)f(y-n) = 0 implies that L(n) is not invertible. This is equivalent
to saying that
det L(n) = 0. (1.30)

The above equation is called the characteristic equation of the operator L(D). More specifically
for p = (7,k1,...,kq), we find that the characteristic equation is given by

d
det (A()T + Z ijj) =0, (1.31)
j=1



which is equivalent to saying that

d d
—rea(A5t S kA =a( Y Ay kA A, (1.32)

j=1 j=1

Here o(A) stands for the spectrum of the matrix A. For plane wave solutions of the form
e’MYa, we observe that a is then in the kernel of the operator L(n), or equivalently that

d
Apra+ ) kjAja=0. (1.33)
j=1

For each 7 defined in (1.32) we thus obtain an eigenvector A(l)/Qa of the matrix A51/2k:jAjAal/2.
As we shall see later, the largest 7 of these eigenvalues determines the fastest speed of prop-
agation in the system. The associated plane waves are those propagating with the fastest
speed.

More specifically, let us consider plane waves of the form e/"*tkX)a with k real-valued
(which corresponds to bounded “physical” plane waves). Then the characteristic equation
takes the form

detL(it,1k) = 0. (1.34)

For fixed k, the n solutions 7;(k) define the dispersion relations of the system of equations. The
associated eigenvectors b; are the propagating plane waves. For conservative equations (i.e.,
when some energy is conserved), the roots 7j(k) are real-valued so that the initial condition
e™*a is simply translated:

*
k|

. T A ~

u(t,x) = M a — yo(x + tv), where e.g. v = ﬂk, k=
The phase velocity is defined up to addition of a vector orthogonal to k as is easily verified.
When a root 7;(k) is a multiple eigenvalue, the different eigenvectors are referred to as the
polarization modes associated to that specific eigenvalue.

(1.35)

Exercise 1.3.3 Relate the above construction to the derivation in section 1.3.1, in particular
(1.20) and (1.24).

Exercise 1.3.4 (i) Find the characteristic equation, the dispersion relations and the corre-
sponding eigenvectors for the system of acoustic equations (1.1).

(ii) Do the same exercise for Maxwell’s equations and show that there are two modes of po-
larization associated to each propagating mode (such that 7; # 0) in space dimension d = 3.
(You may verify that there are d(d — 1)/2 modes of polarization in each dimension d > 2; see

e.g. [3, §8].)

1.3.3 Case of spatially varying coefficients

Still denoting by y = (yo,...,yq) = (t,x) the variable in R%T!, we define the first-order
operator

d

0 0

L(y,D) =) An(y)5 — + B(y) = Ao(y) 5, + G(y, D). (1.36)
= OYm ot

The above operator is called symmetric hyperbolic if the matrices A,,(y) are smooth symmetric

matrices (which are allowed to depend on the temporal variable as well), B(y) is a smooth



matrix, and Ap(y) is in addition uniformly positive definite: Ag(y) > ool for some oy > 0
independent of y. The first-order system of equations associated to L is thus

L(y,D)u =0, t>0,xeR?

u(0,x) = up(x), x € R4, (1.37)

When A,, is constant for m > 1 and B = 0, we have seen that (Apu, u) is conserved when
u is a solution of Lu = 0.

Exercise 1.3.5 Show that the same energy is conserved when B is such that B + B* = 0.

Energy conservation no longer necessarily holds in more general situations. However a very
useful energy estimate still holds.

Let G(t) be an operator acting on (L?(R%)") such that G(t) + G*(t) is uniformly bounded
in time:

IG(t) + G*(t)| < 2C. (1.38)
We recall that G*(t) is defined as the operator such that for all u and v in (L?(R%))" we have

(Gu,v) = (u,G*Vv). (1.39)
Let us consider the problem
ou
Ao(y)a + G(t)u =0, t>0, (1.40)

with some initial conditions u(0,x) = up(x). Then we observe that

la(t)]4y < €/ [aol|1o (1.41)
for some constant ¢, where the above norm is defined such that
lull%, = (Aou,u) = (u,u)a4,
Proof. Let us first recast (1.40) as

9 s
E(Ao(y)u) +G(t)u =0, t >0, (1.42)
where G = G — 9;Ap(y) is clearly a bounded operator with constant C' in (1.38) replaced by
another constant c.

Upon multiplying (1.42) by u(t,x), integrating over R? and performing a few integrations
by parts, we get

0= %(Agu, w) + 2(G(t)u, u) = %(Aou, W) + (G + G*(1))u, w),

so that J 5

g(u, u)4, < 2c(u,u) < a—Z(u, u) 4,

Now we deduce from ' < hu with u(t) > 0 that u(t) < e™u(0). This concludes the proof. 0
This result may be generalized to more complicated equations [26]. The a priori bound

(1.41) shows that the solution to (1.37) is unique since L is a linear operator. Indeed we verify

that G + G* is bounded for G defined in (1.36).

10



Exercise 1.3.6 Calculate G* using (1.39) and verify that G + G* is indeed bounded for G
defined in (1.36). Note that both G and G* are first-order differential operators and thus are
not bounded on (L?(R%))".

The same type of proof, using Gronwall’s inequality, provides the following a priori esti-
mate:

Theorem 1.3.1 For every s € R, there is a constant C' such that for all u(t,x) a sufficiently
smooth function with compact support in space uniformly on 0 <t < T for oll T > 0, we have
the a priori estimate

t
()]s (ay < Ce“ [0 (0)]] 15 gy +/O O Lu(o) || s ey o (1.43)

Exercise 1.3.7 Prove the above theorem for s = 0 using a modification of the above result
and Gronwall’s inequality (see below). Next, prove the result for all integer s. The result then
holds for all s € R by interpolation.

We recall that Gronwall’s inequality states the following:

Lemma 1.3.2 (Gronwall’s inequality) (i) Let u(t) be a non-negative, continuous function
on [0,T] and ¢(t) and ¢(t) non-negative integrable functions on [0, T] such that the following
mequality holds
u(t) < e(t)u(t) + o(t). (1.44)
Then .
u(t) < oJo p(s)ds (u(0) +/ ¢(s)ds), forall0 <t <T. (1.45)
0

(ii) In integral form, let £(t) be a mon-negative, integrable function on [0,T] such that for
constants C7 and Cs,

£(t) < Oy /Otg(s)ds + O (1.46)

Then for 0 <t <T, we have
E(t) < Cy(1 + c1ter). (1.47)

The same type of bounds is also useful in showing existence of a solution to (1.37). Since
the explicit construction in the Fourier domain is no longer available, the existence result (due
to Friedrichs for general first-order hyperbolic systems) is more involved technically. The main
idea is to construct approximate solutions and then use a priori estimates of the form (1.41)
to pass to the limit and obtain a solution to (1.37). We refer to [15, §7.3.2] for a construction
based on the vanishing viscosity method and the existence of solutions for the heat equation;
to [26, §2.2] for a construction based on finite discretizations of the hyperbolic system; and to
[21] for a construction based on the density of functions of the form Lu = 0 (which uses in a
crucial way the property of finite speed of propagation that we now consider).

1.3.4 Finite speed of propagation

A very important property of first-order hyperbolic systems is that information propagates at
finite speed. Let us recast the first-order hyperbolic system as

d ou

0 = A, —— + Bu
2o,
d ou*

0 = — A, *B*,
2ot



using the symmetry of A,,, m > 0. Upon multiplying the first equation on the left by u* and
the second equation on the right by u and summing the results, we obtain that
d
0=>

m=0

d

m=0
Note that Z is a bounded operator and that the first term is written in divergence form.
Let y € R4*! and k € RY such that |k| = 1. We define

r(y,k) = p(Ay () A5 (7)kj) = p(Ag > () Aj (y)ki Ay 2 (), (1.49)

where p(A) denotes spectral radius (here the largest eigenvalue in modulus). Verify that both
spectral radii indeed agree. Now the maximal speed of propagation c is defined as

c= sup r(y, k). (1.50)
yeRd+1 and |k|=1

The above definition implies that k;jA; < cAg as symmetric matrices for |k| = 1 so that for
arbitrary vectors 7 € R?, we have |n|cAg + njA; > 0. This implies that ¢ is the smallest
number with the property that

d
=16l = Y mAn 20

m=0
You may want to check this assertion carefully. This shows that if “enough” of the positive
operator Ag is added to the operator Z?:l k;Aj, then we obtain a positive operator as well.
This has the following interesting consequence.
Let a € R? and R > 0. We define the (truncated) cone Q(a, R) as

Qa,R) ={(t,x), st. 0<t < R/cand [x —a| < R— ct}. (1.51)
Here c is the maximal speed defined in (1.50). We define the sections §2(a, R, t) as
Q(t) =Q(a, R,t) ={x, s.t. (x,t) € Q(a,R)}. (1.52)
Then we have the result first proved by Friedrichs:
Theorem 1.3.3 Suppose that u is a smooth solution of the equation
Lu(y) =0, (1.53)
such that u(0,x) = 0 in the ball {|x —a| < R}. Then u=0 in Q(a, R).
Proof. For 0 <t < R/c, define

olt) = /Q Aty

In particular, ¢(0) = 0 thanks to the initial condition. Recall that
0

~ Oym
Let us integrate the above equation spatially over €2, = Q(a, R)N(0,t). We thus integrate over

a truncated cone. We find that because Ay is uniformly positive and Z is a bounded operator
that

0 (u*Apu) +u*Zu

t d t
o) o0+ [ [ w S Aoy <€ [t

m=0

Here, (10, ...,nq) € R is the outward normal to the truncated cone at times 0 < s < .

12



Exercise 1.3.8 Verify the above formula in detail. In particular, show that the boundary of
2 is composed of the lateral surface {|x —a| = R —¢s, 0 < s < t} and of Q(¢) and 2(0); then
apply the divergence theorem on ; to find the result.

The speed c is defined exactly so that ZZ%:O NmAp, 18 a positive operator. We thus obtain

that .
t) < C/ ©o(s)ds
0

We conclude by using Gronwall’s lemma that ¢(¢t) = 0, which implies that u = 0 on Q(a, R).
0
The same type of proof provides the following important local estimate:

Theorem 1.3.4 For alla € RY, R >0, T > 0 such that 0 < T < R/c, there is a constant
C = C(L) such that for all sufficiently smooth functions u(t,x), we have

t
la(®) | 200 < C (0]l 2200 +/0 I Lu(s)|| £2(0(s))ds) - (1.54)
Exercise 1.3.9 Prove the above theorem and relate it to Theorem 1.3.1.

1.3.5 Characteristic equation and dispersion relation

The characteristic equation of first-order operators with constant coefficients was introduced
n (1.30). We now generalize this notion to spatially varying operators. The main idea is the
following. Consider operators that vary smoothly and “not-too-fast” in space and let them
act on sufficiently highly-oscillatory functions. Then at the scale of the fast oscillations, one
may as a first approximation assume that the spatial coefficients of the differential operator
are frozen (i.e., constant). This is the whole purpose of geometric optic to make this statement
more precise. In any event this justifies the introduction of the following notion.
Let L be a first-order (to simplify) operator of the form

Ly, D)= 3 Anly 87m+B<> Li(y.D) + B(y). (1.55)

Here L is thus the “leading” order operator in L, which accounts for all highest-order deriva-
tives (of order one here).

Definition 1.3.5 The characteristic variety of L, denoted by Char L is the set of pairs
(y,m) € R x (RH1\0) such that

det Ly (y,n) = 0. (1.56)

Here again, Li(y,n) is the symbol of Li(y,D), where each derivative in y,,, 0 < m < d is
replaced by in,,. For sufficiently high frequencies, Li(y,n) has a much greater effect than
B(y,n) (the symbol of B), since the former is linear in in,, whereas the latter is bounded
independent of in,,. It is therefore useful to consider the dispersion relation associated to
Li(y,n).

For a “macroscopic” y frozen, we look for plane wave solutions of the form e a with
k real-valued. Neglecting variations in y of the coefficients in L and zero-th order terms, such
solutions approximately satisfy the equation

i(Tt+k-x)

det L(y,it,ik) = 0. (1.57)
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The roots 7;(y, k) define the dispersion relations of the equation Lu = 0. They are associ-
ated with eigenmodes b;(y, k), which generalize the construction obtained in section 1.3.1 for
constant coefficients.

A useful normalization adopted in [28] for the eigenvectors is as follows. The dispersion
relation may be recast as

(7 + A5 (y)k;jA; () b(y, k) = 0, (1.58)
so that —7 is an eigenvalue of the dispersion matriz
M(y,k) = Ay (y)kiA;(y). (1.59)

Since M is not symmetric, we define by b;(y, k) its right-eigenvector associated to the eigen-
value —7;(y, k) and by c;(y, k) the corresponding left-eigenvectors so that ¢;M = —;cj. We
normalize the eigenvectors as follows:

This allows us to recast the dispersion matrix as

n

M(y,k) = - 7i(y. k)b;(y. k)c}(y, k). (1.61)
j=1

Note that b;(y, k)c}(y, k) is a n x n matrix whereas c;(y, k)b;(y, k) is a real number.

Exercise 1.3.10 (i) Work out the dispersion relation for the system of acoustic equations
(1.1), the dispersion matrix, and calculate the corresponding eigenvalues and eigenvectors.
(ii) Same problem for Maxwell’s equations. The solution can be found in [28].
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Chapter 2

Homogenization Theory for the
wave equation

This chapter comes from earlier notes and has a lot more material than what will be covered
in the course.

2.1 Effective medium theory in periodic media

We are interested in approximate solutions of the wave equation when the physical coeffi-
cients vary on a fast spatial scale. A natural question is whether we can replace the rapidly
varying coefficients by homogeneous coefficients. One case where this can be done is when
the wavelength is large compared to the spatial oscillations of the physical coeflicients. The
approximation is then given by the effective medium, or homogenization, theory.

This theory is valid for distances of propagation on the order of the wavelength, and is
therefore very useful in the analysis of standing wave problems in confined regions but cannot
account for the radiative transport that will be taken on in subsequent chapters.

To present the homogenization theory of waves, we start with the simple problem of acous-
tic waves in layered media. We introduce a small adimensionalized parameter € > 0, which is
the ratio between the characteristic length scale of the physical coefficient variations and the
wavelength. The acoustics equations take then the form

p(5) 2D | G (1.3) = B ) 1)
ﬁ(’;)apigi’x)+v-ug(t,x) =0, (2.2)

with vanishing initial conditions and with a volume source term F that we assume is smooth
and independent of e. We have defined the coordinates x = (z1,z2,2) and the differential
operator V = (0/0yz,,0/04,,0/0,)!. In layered media, the coefficients p and x only depend on
the third variable p(x/e) = p(z/¢) and k(x/e) = K(z/e).

We want to derive the asymptotic behavior of u and p as ¢ — 0. It will be simpler to
analyze the second-order wave equation for the pressure p

o x, 0%p(t,x) Vpe(t,x) F(t,x)
£€p€(t7x) = K,(*) -V X =-V- x> (23)
c ot P(g) P(g)

with vanishing initial conditions, obtained by differentiating (2.2) in time and (2.1) in space,
and eliminating u..
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2.1.1 Multiple scale expansion

The asymptotic behavior of p. is now obtained by using the theory of multiple scale expansions.
Let us assume to simplify that p and k are periodic functions of period 1. The solution of the
wave equation will then sample these periodic oscillations and itself have periodic variations
at the characteristic length . At the same time, the source term F, which is a non-periodic
smooth function in x, will generate variations of the velocity and pressure at the larger scale
of order O(1).

The first basic assumption justifying the multiple scale expansion is that these two scales
separate in the following sense. We suppose that p has approximately the form

pe(t %) = pe(t.%, ), (2.4)

where p.(t,Xx,y) is periodic (of period 1) with respect to the last variable y € Y = (0,1)3
and a smooth function with respect to all variables. We define the fast variable y = x/e and
denote by y its third component. In this multiple scale form, the spatial gradient acts on both
the slow and fast variables. If we define p.(x) = p(x,x/¢), then we have by the chain rule that

Vp-(x) = Vaplx,y) + 2 Vyp(x.y)| (25)

o X

Assuming that the fast scale y = x/e and the slow scale x separate, we recast (2.3) in the
two-scale framework as

62 1 v 13 1 v g X X
/{(y) 125772 v yp**(vx- yD 7vy.Vps)7vx'Vpe
o e ply) e p(y) p(y) p(y)
(2.6)
1 F(t,x) F(t,x)
=—--V, —Vx-
£ p(y) p(y)
Multiplying through by €2, we recast the above expansion as
L.p: = (Lo +eLy + *Lo)p. = Sy + €251, (2.7)
where we have defined the operators
1
Ly = —-Vy.-—V 2.8
Y oply) Y (28)
1 1
Ly = —(Vy—=Vx+Vx——V 2.9
' ( Yp(y) p(y) v) (29)
0? 1
Ly = k(y)=— — —Ax. 2.10

The source terms are Sy(t,x,y) = —Vy-(p~H(y)F(¢,x)) and S (¢, x,y) = —Vx(p~ (y)F(t,x)).

The first assumption concerned the two-scale separation of the wave operator L. and the
expansion of the two-scale operator L.. The second assumption is that the two-scale quantity
pe(t,x,y) can also be expanded in power series of ¢, so that

pe(t,x) = po (t,x, ?) + epy (t,x, ;) + sng(t,x, ;) +..., (2.11)

where the p; are 1—periodic with respect to the third variable. The equations for the successive
terms pg, p1, and py are obtained by plugging (2.11) into the wave equation (2.3) and equating
like powers of . The term of order =2 yields

1

Lopo(t,x,y) = —Vy - —Vypo = 0. 2.12
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Since py is periodic in y, the above equation implies that pg is independent of y: py = po(t,x).
The next-order equation is

b

(Lop1 + L1ipo — So)(t,x,y) = —Vy o) (Vyp1 + Vxpo — F) = 0. (2.13)
By linearity, the solution p; satisfies
pi(t,%,y) = 0(y) - (Vxpo — F)(¢, ), (2.14)

where the vector function 8(y) = (01(y), 02(y), 03(y)) solves
1

()
y — 6;(y) is l-periodic.

~Vy (Vybi +e;) =0, i=1,2,3

(2.15)

It is a classical result in elliptic partial differential equations that the above equations admit
unique solutions up to the addition of constants.

In the case of layered media, these equations can be solved exactly. Indeed, p(y) = p(y),
hence Vyp~!(y)e; = (p~1) 83, where the Kronecker symbol &;; = 1 if i = j and 0 otherwise.
We then readily deduce that 61 and s are constant on the periodicity cell (0,1)3. Moreover,
A3 depends only on y by symmetry and solves

)(desyjy) +1)=0

Upon integrating this equation, we get % d93 + 1 = Cp(y), where C is a constant. Since 03 is

periodic, we deduce that C' = {p)~1, Where (-) denotes averaging over the cell Y. Hence we

have
1 ,dbs 1

oy TG
These equations determine @ explicitly up to an additive constant vector, which we may choose

to vanish.
The equation of order 0 is given by

+1) = Vybi(y) = Vyba(y) = 0. (2.16)

(Lop2 + Lip1 + Lapo — S1)(t,x,y) =0, (2.17)
which may be recast more explicitly as:

9po 1 1 1
H(Y) o2 - vy ' ;vyPQ - vx ) ;Vypl - vy : ;prl
1 F
_vx . EVXPO - _vx C .

(2.18)

Let us integrate this equation in y over Y = (0,1)3. All terms in divergence form vanish by
periodicity and we obtain

<>ap0

o2 Vx < (Vy6 +13))(Vxpo — F) =0, (2.19)

where I3 is the 3 x 3 identity matrix. This is the compatibility condition ensuring the
existence of a unique solution pa(t,x,y) to (2.18) defined up to a constant function pag(t,x)
in the y variable (we choose poy = 0 for instance).
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2.1.2 Homogenized equations

We recast the above equation for pgy as

* 82pO

5z~ Vo (P) 7 (Vapo —F) =0, (2:20)

where the homogeneous density tensor p* and the homogeneous compressibility coefficient x*
are given by

1

pt = (=(Vy0+13)) (2.21)

K = (k).

=

-

(2.22)

We augment the above equation with vanishing initial conditions, which is compatible with
the expansion (2.11).
By virtue of (2.16), the density tensor p* simplifies in layered geometry and is given by

P —Dlag(< > (= >7 p)). (2.23)

To physically interpret the homogenized equation (2.20), we recast it as the following first-order
system

LOV
x F, 2.24
P’ n + Vxpo = (2.24)
8p0
—_— 2.2
2 4 Vev =0, (2.25)

where the homogeneous velocity v is defined by

v(t,x) = (p*)_lf0 (F — Vxpo)(T,x)dr. (2.26)

Owing to the form of the density tensor (2.23), we deduce that

1 —131) (‘9p
<p> 1 am? = F]_(tax)’
1, 8 9
b - e o
61)3 dpo |
o e = P
(ry 20 0o, Ovn Ovs

ot " ow 0wy | 02

These are anisotropic versions of the original acoustic equations (2.1). The horizontal and
vertical sound speeds are different and given by
1 1,1

2 2

c, = and ¢, =—(—). (2.28)

RTIT 0
We have seen that the solution p of (2.3), or equivalently of (2.1)-(2.2), converges to the
homogeneous function py(¢, x) that solves (2.20). Now, what can we say about the convergence
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of the velocity field u and how does it relate to the homogeneous velocity field v? Let us write
u=up + O(¢e). From (2.1), we then deduce that

F—(Vpo F—Vipo—Vyp1 13+V,0

p(y) p(y) p(y)
Therefore, since both ug and v vanish at ¢ = 0,

I3 + vyo(y) *

Oyug = propv.

up(t,x,y) = pv. 2.29
(%) p(y) (229
In layered media, by virtue of (2.16) and (2.23), the relation (2.29) simplifies to
1,1,
— (=) 0 0
ply) p -
wo(t,x,y) = 0 — (=Y 0 | v(tx). (2.30)
p(y) *p
0 0 1

It is interesting to observe that the third component of the asymptotic velocity ug does not
depend on the fast scale. However, the two other components, describing the propagation
of the waves perpendicularly to the direction of the layering, feel the heterogeneities and are
inversely proportional to p(y).

2.1.3 Energy estimates

We have replaced the heterogeneous equation (2.3) by the homogenized equation (2.20). It
remains to estimate the error between the two solutions. The formal expansion (2.11) provides
the starting point. Let us define

pe(t,x) = po (t, X, ?) +epy (t, X, ?) + 2py (t, X, ;) + (e (t, %), (2.31)

where the terms p;, 0 < j < 2 are defined as in the preceding section and p, is the solution
to (2.6). This uniquely defines (.. It remains to show that the latter term is small in some
sense. In order to do this, we use the energy estimate of the form (1.4), with x and p replaced
by k(x/e) and p(x/e), both assumed to be smooth and uniformly bounded from below by a
positive constant.

The first objective is to write an equation for (.. Obviously the wave equation looks quite
natural and we write:

L(o = Le(pe — po — ep1 — £7p2). (2.32)

We now use the multiple-scale rule:

X
Lep(taxa g) = Lsp(taXaY)‘ X
g

and the wave equation (2.6) to deduce that

1
2L = (gSl(t, x,y) + So(t, %, y))‘ x — (Lo + &Ly + €La)(po + ep1 + €p2) X

9 9

The asymptotic expansions developed in the preceding section are precisely tailored so that
all the “high-order” terms in the above expression cancel. Using the equations (2.13) for p;
and (2.17) for pa, we deduce that

L:(. = —e(La(p1 + ep2) + €L1p2) ’y _x= eS:(t,x). (2.33)
£
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The source term S¢ (¢, x) involves applying the differential operators L; and Ls to the correctors
p1(t,x,y) and po(t,x,y). The latter terms thus need to be sufficiently regular. We do not
dwell on these details. However classical results in the theory of elliptic equations and the wave
equation show that pi(t,x,y) and pa(t,x,y) are indeed sufficiently smooth provided that the
coefficients p and k and the source term F(t,x) are sufficiently smooth.

This allows us to conclude that S.(,x) is bounded in C(0, T'; L?(R%)) independent of e. Tt
remains to find an estimate for (.. We have the following result.

Theorem 2.1.1 Let p.(t,x) be the solution of the heterogeneous wave equation (2.3) and
po(t,x) the solution of the homogenized wave equation (2.20). Assuming that the coefficients
k and p and that the source term F(t,x) are sufficiently smooth we find that there exists a
constant independent of € such that

1p=(#) = po(D)| L2(ray < Ce, (2.34)
uniformly on compact sets 0 <t <T.

Proof. It remains to show a comparable estimate for (., since epy 4+ 2ps are indeed of order
¢ in the above sense. Consider the equation £.(; = €S, and the energy

et =3 [ (G 0+

9

(¢, x))dx.
We find that
> _ ags 82(& 1
£t) _/Rd( (5) ot o2 p(%) Vo Ce) /Rd g =5 %=,

after the usual integration by parts. Upon integrating the above equality over ¢t € (0,7) we
find using the definition of £(t) that

. 85 65
el < [ [, eetstesiontnts < 5 [ 1.6 auarts + 5 [ 1502060 e

by Cauchy-Schwarz inequality (on R?) and the fact that 2ab < a? 4 b%. The integral form of
the Gronwall lemma allows us to conclude that

H 345

HLZ(Rd) < ECTHSEHC(O,T;LQ(Rd))a

on 0 <t < T for some constant Cp independent of € and S.. Since (. vanishes initially, this
yields that [|¢z(t)[| L2(gay < Ce uniformly on 0 < ¢ < T and the result. 0

Exercise 2.1.1 Consider the homogenization of the pressure field in (2.3) obtained from
(2.1)-(2.2) with the right-hand-side of (2.2) replaced by the smooth term g(¢,x).

Exercise 2.1.2 The above theorem shows an approximation of order O(e) even though the
expansion in (2.11) was pushed to second-order. The reason is that p;(¢,x,y) was defined up
to the addition of a function pjp that depends only on (¢,x). Push the asymptotic expansion
(2.11) to higher order and generalize the above theorem to obtain an asymptotic expansion of
order O(e") for N € N.
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Exercise 2.1.3 Consider the Schrédinger equation

~ A+ v@)ug = f(x), xeR% (2.35)
for V(%) > Vo > 0 sufficiently smooth (the absorbing case) and periodic of period 1, and f(x)
a square integrable and sufficiently smooth term. Show that u. converges strongly to u as
e — 0 in the L?%(R?) topology (i.e. show that |lu. — ull 2(ray goes to 0; in fact you can show
that it is of order ¢), where u is the solution of the same equation with v(%) replaced by its
average over the cell Y.

Exercise 2.1.4 For u. defined as in the preceding exercise, find the limit of its gradient Vu,
as € — 0.

Exercise 2.1.5 Find an error estimate for the homogenization of the first-order hyperbolic
system (2.1)-(2.2).

Exercise 2.1.3 shows that oscillations in the potential V' have no influence on the solution wu,
at the leading order. However its derivatives feel the influence of the fluctuations. Compare
this to the effects of p(x) and k(x) in theorem 2.1.1.

2.2 Multidimensional case and estimates of the effective prop-
agation speed

Most of the analysis carried out in the previous section holds in the multidimensional case,
where the coefficients p and k are allowed to depend also on the variables x; and x3. The
homogenization of the wave equation (2.3) is obtained by the multiple scale expansion (2.11),
which yields the three equations (2.12), (2.13), and (2.18). We deduce from (2.12) that the
pressure field po(t,x) is independent of the fast variable y and that p; satisfies (2.14). The
homogenized equation (2.20) still holds and the homogenized coefficients are given by (2.21)
and (2.22).

However, no general analytic solution to (2.15) can be obtained in general. There is no
equivalent in the multidimensional case to the layered media formulas (2.16) and the homoge-
neous density tensor in not given by (2.23) in general.

2.2.1 Effective density tensor in the case of small volume inclusions

Since (2.23) is not available to us, we must have recourse to approximate methods to estimate
(2.21). Apart from numerical solutions of (2.15), several asymptotic methods have been devised
to approximately calculate (2.21). An elegant method for doing so in the case of small volume
inclusions in based on results of potential theory [20]. Let Y = (—1/2,1/2)% be the unit
periodicity cell and Bjs the ball of center the origin and radius §, of volume § = %”63. We
assume that the density p = p; is constant inside the unit cell except within the ball B, where
it takes the value p = ps.

Let x = (z1, %2, x3) in the unit cell Y. By symmetry of p on the cell, we easily verify that
the effective tensor p* in (2.21) is given by

(L0 oy =
P —<p(8x1+1)> Iy = p'Is. (2.36)

It is convenient to introduce the coefficients

D(x) = (p(x)™' i=1,2 and D* = (p*)~ L. (2.37)



These coefficients are analogous to the diffusion coefficient and effective diffusion coefficient
arising in heat conduction, although the physical units are different here. The equation (2.15)
for #; is equivalent to

Afi1(x) =0 except on x € 0Bs = {|x| =4}

f1 is continuous across 9Bj

(2.38)
D(x)v(x) - (Vxb1 +e1) is continuous across 0B;
x — 01(x) is 1—periodic.

Here v(x) is the outward unit normal to By at x € 0B;. Let us introduce the periodic unit
Green’s function that solves

—AxG(xy) =d0(x—y) -1,

(2.39)
x +— G(x,y) is l-periodic for all y € R3.
This function is given by
1 , e271'im-(xfy)
G = — —_— 2.40
¥ = 2 (2.40)

meZ3

where the conditionally convergent sum runs over all integer values except m = 0. This
expression for G is called a lattice sum, familiar in the context of solid state physics [32]. The
function G has zero mean over the unit cell for every y and satisfies
G L 2.41

(X,Y)Nm as  [x—y|[—0. (2.41)
In other words, the periodic Green’s function has the same behavior as the whole space Green’s
function when |x —y| — 0, which is to be expected since the periodic boundary conditions
are negligible when the source and observation points are very near each other.

We now use the above Green’s function and some results of potential theory [20] to derive
an asymptotic approximation of #; as the volume of the inclusion g — 0. We now write 6y in
the form

)= [ Clxy)oy)asiy) (2.42)
dBs
where dS is the surface measure on 0Bs and o is a surface distribution to be determined. The
periodicity of 6; follows from that of x — G(x,y). We deduce from the first line in (2.38) the
constraint

/ o(y)dS(y) =0. (2.43)
OBs

Continuity of 6, is a consequence of the limit (2.41) and of the continuity of the single layer
potential

U(x) = /6 oY) sy (2.44)

Bs 4m|x —y|

across 0Bs. It is a classical result in potential theory [20, Theorem VI, Chapter VI] that

U o 9 1

G+ =73 Jop, 50 (i —3p) 7S,

A x (2.45)
@)= =3 fyn, 30 (G =3 75O
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where the subscripts +/— stand for the normal derivative outside and inside B, respectively.
Using (2.45) and again the limit (2.41), we obtain from the third line in (2.38) the following
integral equation for o

o
= — — Dy —Dy)v- 2.4
~ 35 /835 ey odS) /8B,; 5 odS) = (D 1)V -eq, (2.46)

This relation is equivalent to

IG(x,y) Dy +Dio(x)
/336 o, WS+ 5 o = k) on 0B, (2.47)

with v1(x) = v(x) - e;. Introduce now the rescaled variables x — x/§ and y — y/d and
functions
o’(x) =o(6x) and GO(x,y) = 6 G(6x, dy). (2.48)

We can then recast (2.47) as

0G°(x,y) s Dy + Dy 0%(x)
—_— d = B;. 24
[ F e s + PP = i) onon (49
Because of (2.41), we have
1
Defining then oy (x) = 111’% 0%(x), we pass to the limit in (2.49) and obtain
oG (x,y) , Dy + Dy 0%(x)
—_— dsS - = — 0B. 2.51
e wasy) + Y = oneo moB o)

Notice that the specific geometry of dB; did not play any role so far. The above equation
for o¥ is therefore valid for more general geometries of discontinuity than spheres. However,
(2.51) can be solved exactly when 0B; is the unit sphere.

Let us calculate the potential U(x) in (2.44) for o(x) = v1(x). Defining ex = x/|x| and
decomposing v(y) = (v(y) - ex)ex + v+ (y), with v+ (y) uniquely defined by v (y) - ex = 0,
we deduce from the symmetries of the unit sphere and of G that

v -ex r(x) [T cos 0 sin 6d6
U(X) = I/l(X / L (y) — 1( ) — .
0B, 4mlx —y| 2 Jo +/sin?0 + (Jx| — cos )2

A simple calculation shows that

Cnx) ) X for x>,

(2.52)
x| for |x|<1.

As expected from (2.45), U has a discontinuous normal derivative at 9B;. The second equality
in (2.45) now yields

00N sty = (20) - 1) = 0 ycom sy

8B, 8u
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This shows that v1(x), up to a proportionality constant, solves (2.51). This constant is given

by

Dy —D

0 1 2
=3— . 2.54

o) =35+ D, 1 (2:54)

Notice that 0¥ in (2.54) also satisfies the constraint (2.43).
Let us now return to the calculation of 6; and D*. From (2.42) we obtain that

Dy — Dy v1(x)
B 5 5 N 1 2 Vi
01(0x) = ¢ 8B, ¢y )dsy) 32D1 + Dy [x|?

as 0 — 0 for |x| > 1. This shows that

Dy — Dy 53 01 Dy — Dy s 0GY(x,0)
ot St v B S T
2Dy + Doy |X|3 2D1 + Do oxy

01(x) ~ 3 for |x| > 4. (2.55)

Since 6; is also of order O(82) for |x| < 4, it is not necessary to carry out its expression as it
will be negligible in the computation of D* given by (2.36)-(2.37). Keeping this in mind, we

obtain that 82G0( )
* Dy — Dy / x,0
D*~Di(1+9 d
! ( + ﬁ?Dl + Dy Jy 8%% X)

where we recall that 8 = 4783/3. Since —AG(x,0) = §(x) and G(x,0) only depends on |x],
we deduce that [y, PE0) g = —1/3, hence

Oz
. Dy — Do
D* =D (1 32D1 +D2ﬁ) + o(B), (2.56)
or equivalently,
P =p(1+32=LLg) 1 o(p). (2.57)

2p2 + ;i
This equation is an approximation of the effective coefficient formulas obtained by Rayleigh
in 1892 [27]. An elegant method to derive higher order terms, based on a more accurate
expansion of the lattice sum (2.40), was first used by Hasimoto [18].

2.2.2 Effective density tensor in the case of small contrast

The asymptotic calculation of the previous section was based on the assumption that the
density was constant except in a small volume where it was allowed to have an O(1) fluctuation.
We now assume that the density has only small fluctuations about a constant mean, but not

necessarily in a small volume region. Let us assume that
1 1 1
——=—-+0—, (2.58)
px)  p pi(x)

or using the more convenient notation in (2.37) that D(x) = Dy + dD;(x), where ¢ is a small
parameter. We assume that (D;) = 0. We now want to obtain an approximation of the
effective tensor (2.21) as § — 0. To do so, we expand the field 6 as

0 =06y + 66, + 520, (2.59)

where all terms 6; are 1—periodic. Here, 8y and 01 are independent of § and @5 is bounded
uniformly in §. Plugging this expression into (2.15) and equating like powers of ¢ yields several
equations that we now analyze. The first one simply is

A6y =0, (2.60)
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which yields that @y is constant. Since only V, 0, matters, we choose 8y = 0. The second
equation is then
—DyA@; — VyD; = 0. (2.61)

Using the Fourier decomposition of Dy and 6 for k € Z3, k # 0, we obtain that

. Di(k) k
0:(k)=— —. 2.62
1( ) DO ’k’2 ( 6 )
Because (Vy ;) = 0 by periodicity, the effective diffusion tensor D* is given by
D* = (D(Vy0 +13)) = (D)I3 + 6*(D1Vy61) + O(5).
Using the Parseval relation, this yields
2 k®k
D* = (D)Ig — — : 2.
3 Z 1D k|2 (2.63)

keZ3

To the first order in 4, the effective tensor can be equated with the average of D over the
periodicity cell. The anisotropy of D only appears as a contribution of order §2. This property
holds in a much more general context in homogenization [23, Chapter 14].

2.3 Case of random media

In this section, we extend the homogenization carried out in the periodic case in the preceding
sections to the random case. We will illustrate the theory by looking at the propagation of
acoustic waves in a bubbly liquid. The location, size, and number of bubbles in the liquid are
unknown to the observer. This justifies the use of a probabilistic theory to estimate the role
of these bubbles in the sound propagation.

Let w € € be a realization of the randomness in the configuration space and P(w) its
probability density. The physical coefficients  and p in the acoustic equation (2.3) now depend
on the realization: k¥ = k(x,w) and p = p(x,w). Assuming that F(¢,x) is deterministic, the
solution p of (2.3) will also depend on the realization: p = p(¢,x,w). The type of question
homogenization aims at answering is: can one obtain some information about the average
over realizations (p)(¢,x) = [ p(t,x,w)P(dw) knowing that the number of bubbles increases
to infinity while keeping a constant volume fraction?

We have already seen how to answer this question in the periodic case. We will see that
the basic results, the existence of effective coefficients and the convergence in a suitable sense
of the heterogeneous solution to the homogeneous solution, still hold in the random case.
However, formal asymptotic expansions of the form (2.11) can no longer be justified and the
analysis of the cell problem (2.15) that leads to the definition of the homogenized coefficients
(2.21) is more involved.

Yet the periodic case shows the way to homogenization. One crucial point in periodic
homogenization is a certain invariance by translation. The analog of periodicity in the random
case is statistical homogeneity or stationarity. Let us again denote by D = p~!. Stationarity
means that for any set of points X1, . .., X,, in R? and any vector h € R%, the joint distributions
of

D(x1,w),...,D(xpm,w) and D(x;+h,w),...,D(xy, +h,w)

are the same, and similarly for k.
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The periodic case can actually be seen as a special random case. Let the configuration
space Q be the unit torus in R? and P the uniform measure (dP = dx). Then w is a point on
the unit torus and we set

D(x,w) = D(w — x),

where D is a function on the unit torus, i.e. a periodic function. The random acoustics equation
is now (2.3) with the origin of coordinates relative to the period cell chosen randomly. Since
the analysis is valid for every w and independent of w, nothing is gained by this randomization.

A more interesting example is the Poisson point process case, which models the location
of the centers of the air bubbles. Here,  is the set of infinite sequences of points in R,
w = (&;,...) in which the order is irrelevant, which can be denoted as Q = (R?)> —symmetric.
For each €2, let us define the point measure

v=> 6 (dx), (2.64)
i

where dy(dx) is the Dirac delta measure at y. In other words, if A is a subset of R?, then
v(A) counts the number of points of w that fall inside A. Let A > 0 be a parameter called the
intensity of the Poisson distribution. The probability density P can be defined via its Laplace
functional. Introducing for every positive test function ¢ of compact support

0) = [ oGawldx) = 30 0(&,).
J
the Laplace functional of P is defined by

EP[em@M)] = (e7(®1)) = exp [A / (e=%® —1)de]. (2.65)
Rd
An important property of the Poisson process is that
AA|\n
P(v(A) =n) = e (n'|) : (2.66)

where |A| is the volume of A. So A gives the average number of points per unit volume. Given
Q and P, we can now model random distributions of bubbles of radius § by

Dy, |x—§&;[<d for some j,
Dy, |x—¢&;/>¢ forall j,

D(x,w) = (2.67)

and a similar expression for k. We can show that the Poisson point process is stationary:
v(dx) and v(h + dx) have the same probability P. Therefore, since D is a functional of the
Poisson process, it is itself stationary. Notice that the bubbles are allowed to overlap with this
model, which is not realistic physically.

Another interesting property is that the random functional Df(x,w) defined as in (2.67)
with A and & replaced by e~?\ and &6 is statistically equivalent to the functional D(x/e,w),
where D is defined by (2.67). Therefore, the scaling x — x/e and the resulting acoustic
equation (2.3) indeed correspond to sending the number of bubbles per unit volume to infinity
while keeping the volume fraction of air bubbles constant.

Let us now analyze the asymptotic behavior of the acoustic equation

9%p(t, x, w)

ﬁ(?,w)T v D(g,w)Vp(t,x,w) - V. D(;w)F(t,x), (2.68)
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with vanishing initial conditions. We now formally extend the analysis of section 2.1 to the
random case. Using the two-scale expansion (2.11), we obtain the same sequence of equations
for the terms p;.

The first equation (2.12) shows that py does not depend on the fast variable y, i.e. in
the random case is independent of the realization w. We deduce from (2.14) that p; has a
non-trivial dependence in the fast variable y, i.e. will depend on the realization w. The vector
function @ satisfies now

-V - D(y,w)(VO(y,w) +1I3) = 0. (2.69)

It turns out that there is no stationary solution 8(y,w) to this equation. It is however possible
to find a stationary solution V@ to the above equation, which suggests to slightly modify the
equation (2.69). Let e be a unit vector in R3. We consider the following infinite medium
problem: Find two vector fields H(x,w) and G(x,w) such that

H(x,w) = D(x,w)G(x,w),

VxG=0,

V-H=0,

(G) =e.

(2.70)

When e = e;, we find that G = V0, + e;, where 6; is the ith component of 8 solving (2.69).
With this definition, we easily get the third equation in (2.70) from (2.69) and the first equation
n (2.70). Also, since G can be written as a gradient, we clearly have the second equation
n (2.69). Since G and H are sought among stationary vector fields only, we get that (G) is
a constant vector. The new infinite medium problem (2.70) admits a unique solution among
stationary fields. The effective tensor is then given by

D*(e,) = (p*)"'(e.]) = (He -1) = (DGe - 1) = (DG - G). (2.71)

Here, we have denoted by H) and Gj the solutions of (2.70) with e = 1. The last relation
follows from the ergodlclty of the random process. Let us indeed write G; = 1+ Gl with
(G1) = 0. Then V x G = 0, hence Gy is a gradient Vx. The last relation in (2.71) is
equivalent to (He - G1> = 0. However, by ergodicity, which means that spatial averaging for
every realization w corresponds to ensemble averaging (which is independent of position), we
get that

(He - Gp) = ) H (x,w)G(x,w)dx = — ) V- He(x,w)x(x,w)dx = 0.
R R
This relation shows that the effective tensors D* and p* are positive definite since D and
Dy are positive constants. The effective compressibility x* is still given by (2.22) and the
homogeneous acoustics equation by (2.20).

To summarize, we see that the homogenized equations obtained in the periodic case (2.20),
(2.21), and (2.22) carry over to the random case, with the slight exception that V6; + e; is
replaced by Ge,. However, the asymptotic expansion (2.11) does not hold. All that can be
said is that

< (t,x,w) — po(t,x))*)dx — 0 (2.72)
as € — 0. We will not present a proof of this result here. Moreover, the cell problem (2.15) that

was tractable numerically because posed on the unit cell Y only is now replaced by (2.70),
which is posed in all R? and needs to be solved for each realization of the random process
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to have access to (2.71). Estimating the effective tensor D* numerically remains therefore a
formidable task.

The asymptotic approximations obtained in the previous section are consequently all the
more important. In the small volume fraction case, we can assume as a first approximation
that the bubbles are far away from each other. The analysis taken up in section 2.2.1 then
applies and (2.56) holds.

2.4 Variational formulation and effective parameter estimates

The homogenization procedures of the two previous sections were fraught with the same dif-
ficulty. Once the homogenized equation is found, how can one estimate the effective density
tensor p*? Since brunt force calculation seems often out of range, approximations are in order.
We have seen asymptotic expansion techniques in section 2.2.1 already, which are interesting
when some physical quantity is small. Because the cell and infinite medium equations satisfy
a natural variational interpretation, variational methods can be used to estimate the effective
coeflicients. The goal of this section is to present such methods.

2.4.1 Classical variational formulation

Let us return to the definition of (2.71). We have seen that an alternative expression is
D*(e,1) = (DGe-Gy), which shows that D* is self-adjoint and positive definite. The knowledge
of the quadratic form

1
Wi(e) = 3¢ D7e, (2.73)
for all values of e then uniquely defines D*. We now claim that
e-D*e = min (DG - G). (2.74)
i

We therefore obtain that the effective tensor can be constructed as a minimization procedure
over curl-free fields of constant ensemble averaging. This result obviously offers a very powerful
tool to generate upper bounds to the not-easily calculable effective tensor.

Let us derive this result. We denote by Ge the solution of (2.70). Let G be a field satisfying
V x G =0 and (G) = e. Because D is positive, we have that

<D(G - Ge) ' (G - Ge)) > 0:

which is equivalent to
(DG - G) —2(DG - Ge) > (DGe - Ge).
Since G is curl-free, it is a gradient G = V. Hence by ergodicity,
(DG - Ge) = D(x)Vx(x)Ge dx = —/ X(x)V - He(x) dx = 0.
R4 R4

Since the minimum is attained for G = Ge, which is admissible, (2.74) follows.
We now have a means to constructing upper bounds for D*. What about lower bounds?
A dual variational principle actually shows that

e - (D*)le= min. (D7'H - H). (2.75)
(H)=e

The derivation is similar to that of (2.74) by swapping the roles of F and H.
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The simplest consequence of these relations is the arithmetic and harmonic mean bounds
first obtained by Hill [19]
(D™1)"' <D* < (D), (2.76)

in the sense that all eigenvalues of the tensor D* satisfy these two inequalities. Notice that
these two bounds are precisely the values taken by the density tensor in layered media (2.23).

2.4.2 Hashin-Shtrikman bounds

The main difficulty in the choice of more accurate test functions G in (2.74) (H in (2.75)) is
that the curl-free (divergence-free) constraints must be satisfied. We now derive a variational
formulation for the effective tensor D* that does not have this inconvenience. The first step
consist in decomposing any vector-function P(x) defined on R? in the random case and Y in
the periodic case, as a constant Py, a mean-zero curl-free function P;(x), and a mean-zero
divergence-free function Py(x). This is the Helmholtz decomposition. That this is possible is
more easily seen in the Fourier domain, as

V x G(x) =0 is equivalent to k x G(k) =0
V- H(x) =0 is equivalent to k-H(k)=0.

Let us define the projection operators

P, =T¢P = (P)=P(0),

Pi(x) =T/P = [ €T (0(P(K) - P(0)), (2.77)
Pax) =IoP = [ *XDa(i(P(K) - P(0))
where k ®k ko k
T (k) = g D=l S (2.78)

The integrations in (2.77) are replaced by a discrete summation in the periodic case. It is easy
to check that I'?(k) = T;(k) for i = 1,2 and that k x T'y(k) = 0 and k - T'2(k) = 0. Therefore,
the operators I'g, I'1, and I'y are projections on the set of constant, mean-zero curl-free, and
mean-zero divergence-free functions, respectively. It is then easily checked from its Fourier
symbol that the operator I'; is given by

I'G=-V(-A)"'V- (G- (G)), (2.79)

and I'sG = (I3 — I'1)(G — (G)). Also, these operators are orthogonal to each other, and we
have
Firj = 5ijI‘i, T'o+T'1+Iy =1 (280)

Let us come back to the derivation of a variational formulation for D*. Let Dg be a constant
reference inverse density coefficient and Ge the solution of (2.70). We define the polarization
vector Pe and the operator I as

r
P. = (D — Dy)Ge = He — DyGe and I'= 171' (2.81)
0
We obtain that
((D = Do) I3 + T)Pe = G + I'Pe = Ge + ((Ge) — Ge) = e, (2.82)
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since 'He = 0 because V - He = 0. Now, I is a self-adjoint and non-negative operator and
assuming that D(x) > Dy uniformly, then (D — D)~ 'I3 + T is a positive definite self-adjoint
operator. This implies that

<(Pe - P) ’ ((D - DO)_113 + F)(Pe - P)> > 07

for every test function P. Notice that no curl-free or divergence-free constraint is imposed on
P. Because T is self-adjoint and (-) is equivalent to integration over R? by ergodicity, this
inequality can be recast using (2.82) as

(e-P)—e-(D*—DIzle < (P-((D—Dy) 'I3+T)P),

because from (2.81) and (2.71), we have that (Pe) = (D* — DgIz)e. Choosing now e =
(D* — DolI3)~}(P), we obtain that

(P) - (D* = Dol3)"'(P) < (P ((D — Do)~ 'I3 +T)P),

for all test function P. Since the minimum is attained for P = P, we have derived the first
Hashin-Shtrikman variational principle

(P) - (D* — DoI3) " }(P) = min (P-((D—Dy) I3+ T)P), (2.83)

provided D(x) > Dy.

The same calculations can be performed for the dual variables, that is to say when the
roles of G and H are swapped and I'y is replaced by I's. The dual variational principle we
obtain is

(P)- ((D*)™' — Dy'I3) " H(P) = min (P-((D™' -~ Dy') I3 + T)P), (2.84)
provided D~(x) > Dy, where T' = DyTy.

The primal principle (2.83) offers a lower bound for the effective tensor D* and the dual
principle (2.84) an upper bound. We have now switched the difficulty to find curl-free fields to
the calculation of the right-hand side of (2.83), for instance, since the operator I" is not simple.
An interesting situation is when the random inverse density D is mean-zero and isotropic, that
is to say when

(D(x)D(x+y)) = R(lyl)-
Let indeed Q be a mean-zero isotropic random field, i.e. such that (Q;) = 0 and (Q;(x)Q;(x +y)) =
R;;(ly|). Then we have

Q- Q) =3(Q-Q), (2.85)
as can be seen in the Fourier domain. Indeed, since Q;(0) = 0,
Q- -Q)(x) = / / e’(k“ﬂ’x)ckf(Qi(k)Qj(q))dkdq
_ //ei(k+q)-x|li‘gRij(]k])5(k+q)dkdq
o 1 (o.)
=[] mkmghanianao = 5 [T ROk
52 3 Jo

0

= 2(Q-Q)(x),

W =

which is actually independent of x by stationarity. We can therefore compute the right-hand
side of (2.83) when P is isotropic. Since D is isotropic, we have by symmetry D* = D*Ig,
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and it is sufficient to consider P in (2.83) of the form P = Pey, say. Since I'(P) = 0, we then
recast (2.83) as

1 1 p? 1 (P—(P))?
— < min + . 2.86
D* — Dy ~— p isotropic <(D — Do (P)* * 3Dy (P)? )> ( )
Defining § = (3Dg) (D — Dy), we obtain that
1 1 1+6, P 0 \2 1
< min — (= — + 2.87
D*—D0_3D0(Pisotropic < o (<P> 1+5) ) <1+5>) (2.:87)
We now use the following optimization result
min (ag?) = (™)' 8%, (2.88)

(@)=

for a positive isotropic field a, and the minimum is realized for ¢ = 8{a=!)"ta=!. Since D is
isotropic, so is 6. The minimum in (2.87) with the isotropy constraint relaxed is still attained
by an isotropic field, and we have

1 1 1 1446 1
D* — Dy = 3D0<1+5>(< 1) >+3D0)’

which we recast as

o 1

D — Dy
A e

7, s= Tl (2.89)

D* > Do(l —|—3<

A similar calculation shows that the dual variational principle (2.84) simplifies in the isotropic
case to the same expression with § < 0:

D" < Do(143(- (1Y, 6=

s <0. (2.90)

2.5 Homogenization with boundaries and interfaces

2.5.1 The time dependent case

This section is concerned with the homogenization of rough boundaries and interfaces. We con-
sider a two dimensional setting where two homogeneous media are separated by a e—periodic
interface z = h(z/e). We assume that h is a smooth 1—periodic function with range [—H, 0].
The wave equation (2.3) for the pressure field p. takes the form

82176 (t7 X)
e o2

with vanishing initial conditions and for ¢ € Rt and x = (z,2) € R? such that z # h(z/¢),
where

— D.(x)Ap.(t,x) = S(x), (2.91)

K,z > (3,
Ke(x,2) = < De(z,2) =
KT, z2< h(g),

D+, z>n(%),
¢ (2.92)
D™, z< h(g)

Furthermore, the pressure and the normal component of the velocity field are continuous across
the interface, so that their jumps vanish

[p] =0, [Dgi} =0, z= h(g). (2.93)

31



Let us now assume that
T x 9 T 3
pg(t,[B,Z'):po(t,x,g,Z)+€p1(t,$,g,2)+€pQ(t,l',g,Z)‘i‘O(@ )7 (294)

where the functions p; are 1—periodic with respect to the third variable. Notice that the
second jump condition for p = p(t, x,y, z) now reads

Wop Kop Opy
[ (?@+58x 8z)]_

Upon plugging (2.94) into (2.91) and (2.93) and equating like powers of €, we obtain first
that

82]90

pZP h(y),

B2 Z@Z ) (2.95)
=0 [Py 1=0 2=ht)

Because pg is periodic in y, we deduce that pg = po(z,z) independent of y. The second
equation is

’p .
Doy = z; h(y)(; (2.96)
p) =0, [D(G+ 5] =0, 2=hiy)

because pg is independent of y. We anticipate here that % is a smooth function. Since it

does not depend on y, it cannot be discontinuous at z = h(y). We see therefore that

0
PL(@y.2) = 01y, 2) S (@, 2), (2.97)

where 67 is the mean-zero 1—periodic solution of

020
Sz =0 2#h(),
Y 09, (2.98)
[61] =0, [D(a—ﬂ)] =0, z=h(y).
Y
We shall come back later to the calculation of ;. The next order equation yields
Ppo | 0 Opa  Op 0 _.Op1  Opo 9*po
— 4+ —D(—+—)+=—D(—+——)+D—=
=0 Dh’ﬂ h/ﬂ_ﬂ =0 = hiv).

) =0, (D2 + 1~ Y] —0, == hy)

This equation admits a solution provided some compatibility condition is ensured. This
condition is obtained by averaging the above equation over (0, 1) in y. We deduce from (2.98)
that the derivative in y of D(%—gy1 +1) for z # h(y) and its jumps at z = h(y) vanish. Therefore,

Dur(2) = Dl (5 (0:2) + 1) (2.100)

independent of y. Furthermore, we have

Lo ap | dpo 9%po
T p(PPr 4 POy gy — Do (2) L0
/0 Ox (8y * Ox )y ot (2) Ox?
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For every z € R, h=!(z) is a finite set of points y;(z), 1 < i < I(z), which is empty for
z < —H and z > 0. The function D(%—py2 + %) is 1—periodic in y by assumption. Therefore,
the integral of its derivative (in the sense of distributions) vanishes and we have thanks to the
jump conditions in (2.99) that

! (z)

/ 3132 3171 31?0 _0
8y 221 h’
Introducing
1 1
D)) = [ Dy, and (w6 = [ sty (2.101)
we verify that
I(z)
3 [Dl(y (D)
R (yi 0z
i=1
Upon integrating (2.99) in y over (0, 1), we obtain
0%po py 0 Ipo
(%) 5z — Dt g = &«D)@) = 5(x). (2.102)

This equation holds in the whole physical domain (x,z) € R2. For z > 0, we observe that
%—i} = 0, hence Deg(z) = DT. Moreover, (D) = Dt and (k) = «*. Similarly, Deg(z) = D™,
(D) = D7, and (k) = k= for z < —H. Therefore (2.102) is the same equation as (2.91)
outside the layer —H < z < 0. Inside this layer, the heterogeneities of the fast oscillating
boundary have been homogenized. Notice that the homogenized density tensor p = D! is
again asymmetrical, since in general Deg # (D).

In order to obtain an explicit expression for Deg, we now assume that h(0) = 0 and that h
is strictly decreasing from y = 0 to y = y1(—H) and then strictly increasing from y = y1(—H)
to y = 1 where h(1) = h(0) by periodicity. For —H < z < 0, we denote by y;(z) and ya(z) the
functions such that h(y1(2)) = 2z, h(y2(z)) = z and y1(2) < ya(z). Therefore, for —H < z < 0,
Dy, 2) = D" for y € (1(2), y2(2)) and D(y, =) = D for y € (0,11(2)) U (y(2), 1.

Let us now calculate #; in (2.98). Clearly, for z fixed, 6; is linear on (0,v1), (y1,¥2)
and (y2,1) of slope (a,b,c), respectively. By periodicity, we obtain that a« = ¢ and b =
—(y2 — 1)~ Y(1 — y2 + y1)a. Now the jump conditions both yield that D~ (a+ 1) = D*(b+1),
from which we deduce that

. (D* = D7) (y2 — v1) pe DT =D)pp -y —1)
(1= (y2—y1))DT + (y2 —y1)D~’ (1= (y2—v1)D* + (y2 —y1)D~

Therefore,

D~ Dt
(1= (y2—v1)DT + (y2 —y1) D~

The same method can be used to homogenize rough boundaries. Consider first the propa-
gation of the pressure waves with Neumann boundary conditions

Dgg =D (a+1)=D"(b+1)= (2.103)

0?pe(t,x) x
+OPBX) b g (t,x) = S(x), 2> h(%),
12 pe(tyx) = S(x), - 22 h(7) (2.104)
e o, 2 =n(%)
on ’ e’
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This equation is equivalent to (2.91) with D~ = 0 as can be easily checked, with the difference
that the source term S(x) only contributes when z > h(x/c). We define then (S)(x,z) =
fol S(z,y, z)dy, where S(x,y,z) = S(x,z) when z > h(y) and S(x,y,z) = 0 otherwise. Now
because D~ = 0, we deduce from (2.100) that Deg(z) = 0, and (2.102) becomes

2
<n>%f; - gz(@%?) — (S)(x),  (x,2) €Rx (—H,o0), (2.105)

Boundary conditions at z = —H are not necessary as (D)(—H) = (k)(—H) = (S)(—=H) = 0.
When h is strictly decreasing and then strictly increasing on one period, (2.105) simplifies to
o + 82]90 _ Z)Jr 8 8})0

8 =g 052 m ) 5) = S(), (@,2) € R x (—H,c0). (2.106)

Dirichlet conditions (p. = 0 on z = h(x/c)) can also be considered. We then easily deduce
from (2.95) that pg = 0 on z = h(y). Since pp is independent of y, this simply implies that
po = 0 on z = 0. It also solves the already homogeneous equation (2.91) for z > 0. The
roughness of the boundary is then not seen in the case of Dirichlet boundary conditions.

2.5.2 Plane wave reflection and transmission

Instead of the evolution problem (2.91), we can also consider the reflection and transmission
of planes waves from a rough interface

rewpo(x) + Do(x)8po(x) =0, 2 £ h(%),

pe =X ppl o> h(g),
. € (2.107)
panga Z<h(g),

[p<] = 0, [D%]:f]:o, z:h(g).

where k. and D, are defined in (2.92) and
ktw? = DTE?, k=|k|, k= (ky,k.).

Let us introduce p. = ef=®p, = eike®(eik=z 4 5 for 2 > h(z/e) and p. = eF+¥p! for
z < h(z/e). Here, k, < 0. Using the ansatz (2.94), we obtain that pZ and p! only depend on
z. Since they solve a homogeneous equation for z > 0 and z < —H, respectively, we have that
pE(2) = Re™™2% for z > 0 and p! = Te'*+* for 2 < —H, where k. < 0 is defined by

ko w? = D7 (K2 + (k.)?).

For —H < z < 0, we define p. = ek, for —H < z < 0. The leading order term wg in we
satisfies then the following equation, thanks to (2.102)

8 8w0

(w?(K) — k2 Deg)wo + $(<D>§) =0, —-H<z<0. (2.108)

It remains to find boundary conditions for wg. The continuity of ug and Od,ug at z = 0 and
z = —H yield that
1+ R=w(0), ik,(1—-R)=w'(0),

) (2.109)
T=w(—-H), ik, T=w(—H).
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Upon eliminating R and 7', we find that
w'(0) 4 ik, w(0) = 2ik, and w'(—H) — ik, w(—H) = 0. (2.110)

Once (2.108) and (2.110) are solved for wy, the response and transmission coefficients are
obtained from (2.109).

In the case of a rough boundary with Neumann boundary conditions, where D~ = 0, the
above analysis holds with T' = 0. Introducing the impedance

02po 0w
c= L —0) = 2=0), 2.111
0z = 0) = =20 = 0) (2111)
which is a real coefficient, we obtain that
g
iy (2.112)
ik, + ¢
Clearly |R| = 1 as expected from conservation of energy. In the limit £ — 0 in the case of

Neumann boundary conditions, the pressure field p. converges to a function pg that solves

82
]’Czpo + gpf = 0, z > 0
Py = eikx +p5° (2.113)
0 0
% +{¢pp=0, 2=0 (% = ~9 on this surface )

Consider for example the case of a comb-like surface, where the periodic surface in the (y, 2)
plane is composed of the line R x {—H} and the segments {n} x (—H,0) for n € Z. This
surface cannot be represented as a graph of a function, but can be approximated by piecewise
linear functions hy(y) where hy,(0) = hy(1) = 0 and hy(y) = —H on (n,1 —n), where 7 is a
small parameter sent to 0. In this limit, the equation for wyq is

k2wy + 882:;0 =0
wh(0) + ik,wo(0) = 2ik, (2.114)
wi(—H) =0
Upon solving for wg, we obtain that
(=—ktankH. (2.115)

Notice that this impedance can be positive or negative depending on the size H of the combs.
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Chapter 3

Geometric Optics

3.1 Introduction

Recall that in the variable y = (¢,x) a differential operator L(y,Dy) is of order m > 0 if its
highest-order differentiation is of order m. Then L,,(y,Dy) is the homogeneous differential
operator of order m such that L — L,, is at most of order m — 1. The characteristic variety of
L, denoted by CharL, is then the subset of points (y,n) € R4T! x R¥1\{0} such that

det L, (y,n) = 0. (3.1)

Geometric Optics is concerned with highly-oscillatory solutions of differential equations.
High oscillations mean high frequencies. Now differential operators of order m multiply fre-
quencies by a coefficient of order |n|™, which is much larger than |n|™~! when |n| > 1. This
implies that the leading term L,,(y,Dy) plays a crucial role in geometric optics.

Consider an operator such that L = L,, and look for a plane wave solution of the form

Lin(y, Dy)[e” a] = i L (y,m)e” Ma = 0. (3.2)

This will happen locally if and only if (y,n) € CharL. If L,,(Dy) has constant coefficients,
then e%¥a is a global solution of L,,u = 0 if and only if det L,,(n) = 0, in which case e¥ 7a
is a global solution provided that a is in the kernel of L,,(n).
Let us insist on the high frequency regime by introducing f = n/|n| and € = |n|~! < 1.
Then we verify that
iy m iy

Lyn(Dy)e < a=—Ly(n)e = a=0,

E\TI’L

provided that (y,7) is in the characteristic variety of L,, and a is an associated eigenvector
in the kernel of L, (7).

In the case of non-constant coefficients in the linear differential operator L, we no longer
expect plane waves of the form €Y to be solutions. These need to be generalized to the
following form

= ap(y). (3.3)

Note that the above plane waves were such that ¢(y) =n -y and Vy¢(y) = n. Plugging this
ansatz into the differential operator, we verify that

u(y) =€’

Ly, Dy)uo(y) = Ly, iV 6(3)uo(y) + O™, (3.4

assuming that ¢ and ag are smooth functions.
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Exercise 3.1.1 Verify the above statement.

We thus see that different behaviors emerge depending on whether (y, V¢(y)) belongs to the
characteristic variety of L or not. When the characteristic variety is empty, i.e., det L,,(y,n) =
"™ L (y,7n) # 0, then we say that the operator L is elliptic. Elliptic operators do not admit
oscillatory solutions unless there is an oscillatory source. Indeed we deduce from (3.4) that ag
has to vanish. We refer to [26, Chap.4] for additional details on the geometric optics theory for
elliptic equations. However, for hyperbolic equations, the characteristic variety is not empty,
and (3.4) tells us that locally, highly oscillatory solutions of Lu = 0 require us to construct
phases ¢(y) such that (y, Vé(y)) € Char L. This latter statement is in fact equivalent to ¢(y)
being a solution to the famous eikonal equation.

3.2 Second-order scalar equation

Consider the second-order scalar equation

o
o2

0
—A)Ap=0,  p(0,x) =po(x), 5:(0.%) =0, (3.5)
which corresponds to L(y,D) = La(y,D) with symbol L(y,n) = —7% + ¢(x)|£|?>. We recall

that y = (t,x) and = (7, &). We thus find that
Char L = {(y,n), such that — 7% 4 ¢*(x)|€]? = 0}. (3.6)

The characteristic variety may be decomposed into two leaves parameterized by 7 = £c¢(x)[£].
This shows that information propagates with speed +¢(x) since 7 is real-valued when £ is. We
thus observe that (y, V¢(y)) € Char L is equivalent to the classical eikonal equation

. 0p 2
L(y,iVe(y)) = (5;)" — < ®)|Vel* =0, (3.7)
which again has the two possible solutions
oo
i +c(x)|Vo. (3.8)

Before we further analyze the eikonal equation, we recast the high-frequency regime as a regime
with highly oscillatory functions.

3.2.1 High Frequency Regime

Consider the framework where the typical distance of propagation L of the waves is much
larger than the typical wavelength A in the system. We introduce the small adimensionalized
parameter

A
= — 1. .
€ L<< (39)

Ix and since [ = ¢ x t rescale time accordingly ¢ — !¢ to obtain

We thus rescale space x — &~
the equation

Ope
ot

282175 2 2 -1
€ = c2(x)e*Ape, Pe(0,%) = po=(e7 %),

ot? € (va) = hOs(g_IX)- (3.10)
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Note that the terms €2 cancel in the above partial differential equation so that the high fre-
quency regime is really encoded in the highly oscillatory initial conditions. Energy conservation
is then recast as

_ 1
2po

2
£(t) (t, x))dx — £(0). (3.11)

/]Rd (|€Vpg’2(t,x) 4 C—2(X>’€%pt€

One of our objective in such a regime is to characterize the spatial distribution of the
energy density, at least in an approximate sense as ¢ — 0. The high frequency regime of
the wave field is apparent in its initial condition pp, which depends on €. We thus want a
highly oscillatory initial field, and want moreover that it be of finite energy. In a homogeneous
medium, the simplest highly oscillatory fields are the plane waves exp(iy - n/¢), which may be
evaluated at ¢t = 0 to yield exp(ix - €/¢). Since such a function is not of bounded energy, we
multiply it by a, say, smooth and compactly supported function ap(x). An initial condition
of the form e™*4¢/qy(x) both has high frequency oscillations (of order e~!) and has bounded
energy.

In media with non-constant coefficients, plane wave solutions rarely exist. Even in ho-
mogeneous media, one may be interested in highly oscillatory initial conditions that may be
constant along surfaces that are not necessarily hyperplanes (the plane waves e™ €/ are con-
stant on hyperplanes x - & constant). This encourages us to consider initial conditions of the

form .
po(x) = exp (Zgbix))ao(x). (3.12)

When ¢(x) = x - &, we retrieve the preceding plane waves. Once we have initial conditions
of the above form, the main question that arises is whether the solution of the wave equation
(3.5) admits a useful asymptotic expansion. The answer consists of looking for solutions of
the same form as that of the initial conditions, namely, a highly oscillatory exponential phase
multiplied by a slowly varying amplitude. The theory of geometric optics provides a general
framework to solve for the phase and the amplitude.

3.2.2 Geometric Optics Expansion

Following the preceding discussion, we define the following ansatz

pe(y) = ?™/ea (y), as(y) = ap(y) +ear1(y) + .. .. (3.13)

and wish to compare the above ansatz to the high frequency solution p.(t,x). Recall that ¢(x)
is independent of ¢ in this chapter. Some algebra shows that:

L (€Z¢(y)/5a(y)) — ezd)(y)/g X

) 24 1 (3.14)
% ((2)L(y, Vyd)a+ = Voo + =(L(y,Dy)d)a + (L(y, Dy)a))
where we have defined the vector field
oo, .0 5 09 B,
= — _—— _ —_. 1
Voly) = 5, (¥) 5, — <(x) oz, (y) oz, (3.15)

Note that as is usual in differential geometry, vector fields are identified with first-order dif-
ferentials, i.e., the basis elements e; of R? are identified with %' 1<i<d.

Pl
K3

Exercise 3.2.1 Verify the above derivation.

38



In order for e®®¥)/cq, (y) to solve the wave equation, at least approximately, we see that the
leading term in (3.14) must vanish, which implies that the phase ¢ must satisfy the eikonal
equation

o¢

L(y,iV6(y) = (5

In order to justify the above asymptotic expansion, we need to ensure that the phase function
¢(y) is uniquely determined. This is so for instance when |V¢(0,x)| never vanishes on the
support of ag(x), in which case either choice in (3.8) can be made. We will come back to
the solution of the eikonal equation in the next section. For the moment we assume that the
eikonal equation is uniquely solvable on an interval (0,7) once a choice of sign has been made
in (3.8).

The vector field in (3.15) is now uniquely defined and it remains to find an equation for
a:(y), at least approximately. We plug the expansion for a. into (3.14), with a replaced by a.
and equate like powers of . The term of order e~! provides that

) — (%) | Ve[ = 0. (3.16)

2V¢(Io + (LQZ))CLO =0. (3.17)

This is a transport equation for ag. We verify that V3¢ = 0, which implies that ¢ is constant
along the integral curves of the vector field V4, which are called rays. We see that ag is also
transported along the rays, except for the presence of the “absorption” coefficient (which does
not need to have a constant sign) L¢. Because we assume that |V¢| # 0 so that d.¢ # 0, the
integral curves of V, indeed are transverse to the hyperplane ¢ = 0 so that the equation for
ap(y) with ap(0,x) known admits a unique smooth solution.

The higher-order terms in the expansion yield in turn that

2Vyan + (Ld)an + Lay,—1 =0, n>1. (3.18)

For the same reasons as before, the above equation for a,, admits a unique solution.
Formally, if the above construction is carried out for all n > 1, we find that

Ly = L(e?Y/ea.(y)) = O(e®) ~ 0.

We refer to [26] for additional details on the notation, which we will not use in the sequel.

Rather we now want to understand the accuracy of the above procedure provided that
the above expansion is truncated at order n > 0, say. This is done by an energy estimate.
Consider

n
P(y) = ciP(y)/e Z aj(y)sj.
§=0
Then we verify that
e2Lpf = e Lane®Y/F =2 f.(y), with [|fo(t, )| gomay = O™ %), 0<s<n, 0<t<T.
Exercise 3.2.2 Verify the last statement.

The error 6. = p. — p® thus satisfies the equation

L5, =e%f.,  0.(0,x) = %(o,x) =0.

This shows the existence of a constant such that, for instance,

[p°(t, ) — pe(t, ) L2ray < Ce",  unmiformly on 0 <t < T. (3.19)
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Proof. This is based on the energy method. Consider the equation
o
ot?

with vanishing initial conditions at ¢ = 0, and the total energy

- CQ(X)AU = f7

_ 1 2 -2 Ou |2
=g, |, (IevaP e x) + e 20057 (1% )
We find that
: 1 ou o ou 0%u 1 ou
t) = — eV — —e—— |Jdx = — t)e—d
E(t) 20 e <5Vu 5Vat+c (x)eateatz) X p” Rdsf( )sat X,

after integrations by parts. As in the proof of Theorem 2.1.1, we find that

ou
le; 1) < Crell flleqo,rin2(ga:

Here || - || is the L?(RY) norm.
Exercise 3.2.3 Verify the the last statement in detail.

After integration in time, this shows that

[ < Crll flleor;r2ray. 0<t<T.

This concludes the proof of the bound on J.. Of course, the proof holds independent of € and
we could have chosen € = 1 since all derivatives in the wave equation are second-order, and
thus the powers 2 cancel out. We have kept the e-dependence to insist on the fact that this
is the high-frequency energy estimate £(t) that is needed here. [

3.3 The Eikonal equation

We refer to the Appendix in Chapter 5 of [26] and to Chapter 3 in [15] for the details of the
theory.
The eikonal equation takes the form

L(y,V¢) = 0. (3.20)

A better notation for V(y) would be the one form d¢(y) since the theory is more natural
geometrically when (y, d¢(y)) is seen as a covariant vector rather than a contravariant vector.
In Euclidean geometry, both types of vectors have the same coordinate expressions and we
will use the notation in (3.20).

The objective is to solve the above equation by the method of characteristics. Let us
assume that ¢(y) is known on a hypersurface M of R4l for instance on the hyperplane
t = 0, so that ¢3r = g. Then the derivatives of ¢ in the directions tangent to M are also
known, since

e-Vo(z) =e-Vyg(z), ecT,M.

Here T, M is the tangent space to M at z. It thus remains one unknown directional derivative
of ¢(z), namely that in the direction orthogonal to M. We use the equation (3.20) to determine
such a derivative. We need however to make sure that (3.20) indeed determines that derivative.
This is the case provided that V,L(y,V¢) is not tangent to M at y € M. Otherwise,
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L(y,V¢) = 0 only gives information about the derivatives of ¢ that are tangent to M, and we
already know those.

For instance for the wave equation with M the hyperplane ¢ = 0, the eikonal equation for
L(y,n) = 72 — c2(x)|€|? implies that

9 2 _
— (72— F)lEl) = 27 £0,
and that 96
22— 4|Vg| = +[Vy.

The constraint V,L(y, V¢) is not tangent to M thus may provide several solutions. We
pick one of them. We have thus defined V¢(z) in all directions for all z € M. It remains to
find ¢(z) away from M. This can be achieved by the method of characteristics.

Let us first differentiate the equation (3.20):

oL 99(y) _
aT/j(y’ Vo)) +Vally,Vo(y)) -V g,

by the chain rule. Let us now construct curves in the phase space (y(s),m(s)) such that
Vo(y(s)) = n(s). Differentiating the latter equality yields

2
() = 3 G s (o)
Upon defining 5
yj(s) = %L(Y(S),VM}’(S))),

we thus obtain that

oL .
T%(y(s), Vo(y(s))) +n;(s) =
This is nothing but the system of Hamilton’s equations
y(s) = VyL(y(s),n(s)),  n(s) = —VyL(y(s),n(s)). (3.21)

Such a system admits a unique solution for given initial conditions y(0),n(0). The curves
(y(s),n(s)) are then called the bicharacteristic curves and their spatial projections y(s) are
called rays. Note that we already defined rays as the integral curves of V, in the preceding
section.

Exercise 3.3.1 (not so easy.) Verify that, for the example given in the preceding section, the
two definitions of rays coincide by showing that the spatial projection of the bicharacteristics
are indeed integral curves for V. Hint: use the fact that k = V¢ in the construction of the
bicharacteristics.

Let us recapitulate. We know ¢(y) on M and have been able to deduce V(y) on M using
(3.20) and the fact that M is not characteristic for L(y,n), i.e., that V,L is not tangent to
M. This provides us with “initial” conditions y(0) =y € M and n(0) = V¢(y). We thus
solve for the bicharacteristics (y(s),n(s)). This gives us Vo(y(s)) = n(s).

Application of the inverse function theorem shows that for sufficiently small times, the rays
yv(s;y,Vo(y)) starting at y € M with direction V¢(y) so constructed cover a neighborhood
of M. Thus for any point z in the vicinity of M, there is a unique y € M and a unique sy such
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that z = y(sg) with y(0) =y and n(0) = V¢(y). Let v(s) be such a curve. On the curve, we
have Vo(y(s)) = n(s), which implies that

disgi)(y(s)) = Vo(y(s)) - ¥(s) = n(s) - 7(s).

o(z) = 6(y) + /O " (s) - (s)ds = oly) + /O " 0(s) - VaL(y(s).m(s))ds.

Note that the above construction for ¢(y) only works in the vicinity of M, i.e., for suffi-
ciently small times 0 < s < T. Indeed, for large times, it may be that y(s;y, Vo(y)) and
yv(s';y',Vo(y')) are equal. In such a case, we find that ¢(z) becomes multi-valued and thus
ceases to be a smooth solution of the eikonal equation (3.20).

Exercise 3.3.2 Let M be R?, a surface in R? x R corresponding to t = 0. Consider the wave
equation with L(y,n) = 72 — ¢2|¢|? with ¢ constant. Let ¢(0,x) = g(r) be a function in R?
equal to r for 1 < r < oo and equal to 0 otherwise. Choose the sheet of the eikonal equation
given by 0, = —c|V|.

Solve the eikonal equation by the method of characteristics. Until what time can one solve
it? Show that at the final time, the solution of the eikonal equation cannot be smooth.

The above construction for the solution of the eikonal equation is only local in time, but
there is a more fundamental problem. When the solution of the eikonal equation stops being
defined, it means that solutions of the form e'®/¢a. are no longer sufficiently rich to represent
wave propagation.

3.4 First-order hyperbolic systems

The construction in section 3.2.2 can be generalized to arbitrary first-order hyperbolic systems
of equations. Consider the equation

Lu(y)=0,  u(0,x) = uo(x), (3.22)
where .
L:D) = 3 An(¥)z— + Bly) = Li(y, D) + By) (3.23)
m=0 m

We can then look for solutions of the form

u(y) = e“®/ea (y), a(y)=aoly)+eai(y)+....

We then verify that

L(y,D) (ew(y)/aag (y)) ~ P/ 5

x (éLl (v,iVo(y))ao + Y &/ (Li(y,iVe(y))aji(y) + Lly, V)aj(y)))- 324

J=0

The leading term shows that L1 (y,iV¢(y))ag should vanish to verify (3.22) approximately.
This implies that
det L1(y,iVo(y)) = 0. (3.25)

This is the eikonal equation for ¢(y). The graph of V¢, i.e, (y,Vo(y)) belongs to the
characteristic variety of L(y,D). The solutions of the above equation are obtained as in
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section 3.3: we first obtain a possible solution of J;¢ on M based on (3.25) and then once the
corresponding sheet of the characteristic variety has been chosen, we solve the eikonal equation
by the method of characteristics.

The construction of a; is somewhat more complicated and the reader is referred to [26, §5.3]
for the details, where it is shown that the construction can be done, at least for sufficiently
small times so that the eikonal equation can be solved.

A theorem by P.Lax (1957) then shows that e**®¥)/2a_(y) so constructed is indeed a solution
of the first order hyperbolic system up to a term of order O(e>).

43



Chapter 4

Random perturbations

This chapter addresses the variations in the wave fields caused by small fluctuations in the
underlying medium. By small we mean sufficiently small so that simple asymptotic expansions
provide a good approximation for how the field is modified.

4.1 Statistical description of continuous random fields.

This section introduces some notation on the random perturbations that will be useful in the
sequel. Let f(t) be a random process depending on a one-dimensional variable ¢ and taking
values in R?. By a random process, we mean that the process is a function of the realization
w € § so that at each ¢t in an interval I C R, w — f(t;w) is a random variable on the
probability space (2, F, P).

In the probability space, (£2, F) is a measurable space, i.e., a set (state space) €2 that comes
with a o—algebra F, which should be thought of “all the reasonable” subsets of ). Then
P is a function F — [0, 1] (a measure), which to each A € F associates a probability P(A).
The measure P is a probability measure when P(2) = 1. Thus P(A) roughly indicates the
probability that the realization w be in A. When all this is true, we call (2, F, P) a probability
space.

Let (R%, B) be a measurable space with 3 the Borel o —algebra on R? (think of all products
of intervals on R? and then all “reasonable” unions and intersections of such products and you
get an idea of B [12, 13, 25]). A random variable f on (£, F) is an F-measurable function
from © to R?. It induces a probability measure on R%, ;1 , defined by

py(B) = P(f~1(B)). (4.1)

Then if [, |f(w)|dP(w) < oo, then we define the expectation of f as

B(} = [ 1@aPw) = [ fdus(r). (42)

A stochastic process is thus a parameterized family of random variables {f;};c; defined on
(2, F, P) and taking values in R

We can also view ¢t — f(t;w) as a path of f in Q2. We can thus identify w with that path,
and may thus regard Q as a subset of Q = (R™)! of all functions from I to R” (an enormous
space!). We refer to [12, 13, 25] for more details. The notation that follows comes almost
verbatim from the book by Tatarski “Wave propagation in turbulent media”.
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Correlation function and power spectrum. Let f(¢) be a random process. The corre-
lation function of f(t) is defined by

By(t1,t2) = ([f(t1) = (f(EL)][f (t2) — (f(t2))])- (4.3)

Here (-) refers to the ensemble average over all possible realizations (with respect to the measure
P introduced above). Thus the correlation function is a second-order moment of the process
f(t). We say that f(t) is stationary if (f(t)) is independent of ¢t and By(t1,t2) = Bf(t1 —t2).
Often we assume (f(t)) = 0. Then we have the stochastic Fourier-Stieltjes integral with
random complex amplitude

1) = [ etdg(e) (4.4)
Since By depends on t; — to we verify that
(dp(w)de* (w2)) = 0(w1 — wa) W (w1 )dwrdwa, (4.5)

where W (w) > 0 is the spectal density of f(¢). We check that

By(t) = /R T () doo. (4.6)

We see that stationary processes f(t) generate non-negative spectral densities. The Wiener-
Kinchin theorem states the converse: If W (w ) is non-negative, then there is a stationary
random process f(t) with spectral density W (w). Note that

/W

whence the name spectral density of the power, or power spectrum.

Stationary increments. More general random functions than stationary may be described
by stationary increments. They are then described by their structure function

Dy(ty, ta) = {[f(tr) — f(t2)]?)- (4.7)

Stationary increments mean that Dy depends on 7 = t3 — ¢1. Stationary functions are special
cases of functions with stationary increments, for which we have

Dy(r) = 2[B;(0) — B (7)].
When B¢ (oo) = 0 we have
2By(t) = Dy(o0) — Dy(t),
so Dy characterizes the stationary process.
For all processes with stationary increments, we have that

D¢(t) = Q/R(l — coswt) W (w)dw,
and that a random function with stationary increments can be represented as
70) = F0)+ [ (1= ol (4.8)
for some random amplitudes such that
(dp(wr)de™ (w2)) = d(w1 — wo)W (w1 )dwr dws. (4.9)

For this we need to make sure that W(w) is integrable.
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Homogeneous random fields. In higher dimensions random processes are replaced by
random fields (it’s just terminology). We define the correlation function By(x1,x2) as

By(x1,%2) = ([f(x1) — (f(xu))][f (x2) — (f(x2))])- (4.10)

Stationary random functions are replaced by homogeneous random fields, i.e. fields for which
the correlation function Bj(xi,x2) depends only on x; — x2. When By depends only on
|x1 — x2| the field is isotropic.

We have the stochastic Fourier-Stieltjes integral

_ 6z'k-x )
£60 = [ | e*dglio. (4.11)
where for some ® > 0,
<dg0(k1)dg0(k2)> = (5(1{1 — kQ)@(kl)dkldkg. (4.12)

We find that .

o(k) = 2n)i /Rd cos(k - x)By(x)dx.

Locally homogeneous random fields. We define the structure function

Dy(x1,x2) = ([f(x1) — f(x2)]?), (4.13)

which depends on x; — x5 for locally homogeneous fields. A locally homogeneous field may
then be represented as

F00 = 1(0)+ [ (1= c*¥)dgli0, (1.14)

where f(0) is a random variable. We find that
Dy¢(x) = 2/ (1 —cosk-x)®(k)dk,
Rd

where ®(k) is defined as for homogeneous fields.

4.2 Regular Perturbation method

Let us consider the wave equation

1 2
c(x) ot 5 (4.15)
p
p(O,X) = 07 E(Oa ) = h(X)
The above equation may be recast as
PP _ 205 Ap = h(x)6(t R? 4.16
w_c(x) p = (X)()7 X € ) ( )

with the condition that p(¢,x) = 0 for ¢ < 0. This may be verified by recalling that the
derivative of the Heaviside function is the delta function in the sense of distributions. Upon
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taking the Fourier transform in time F;_,; and using the dispersion relation 7 = ¢gk, for some
constant background cy, we find that

Ap+ E*n*(x)p = —h(x), (4.17)

where the index of refraction is given by

&0

c?(x)

where € < 1 is a small parameter measuring the amplitude of the fluctuations in the underlying
medium and p(x) is a random field on R?. We thus assume that the sound speed is equal to a
constant background plus a small perturbation. Note that we are in the low frequency regime
here, where A ~ L and the correlation length [ ~ L is also of the same order as the medium.
The only small parameter is thus the size of the random fluctuations.

Let us consider the case of an incoming plane wave e’* onto a compact domain. This is
modeled by an index of refraction given by (4.18). Note that for k£ = |k|, the plane wave is a
solution of the homogeneous equation Ap + k?p = 0. We thus look for a solution of

n(x) = —, n?(x) =

=1+cepu(x), (4.18)

Ap + E*n?(x)p = 0, (4.19)

that solves the following Lipman- Schwinger equation

o) =+ [ Gy en(y)p(y)dy. (4.20)
where G(x,y) is the Green’s function associated to the homogeneous Helmholtz equation
AG(x,y) + K2G(x,y) + (x — y) = 0, (4.21)

with appropriate radiation conditions at infinity (i.e., so that there is no radiation coming
from infinity). In three dimensions we have the usual form

eik|x_y‘

Gxy)=Gx—-y)= (4.22)

drlx —y|’
Let us recast symbolically the Lipman-Schwinger equation as
p=1po+eGVp.
Then we observe that, for u a mean zero stationary random process, we have
(p) = (I +*(GVGV))po + O(eh),
which, neglecting O(e?) terms, may be recast as
(A+ k) (p) + (VGV)p = 0. (4.23)

We have thus replaced a heterogeneous equation by a homogenized equation for the ensemble
average of p. Note that for u(x) a stationary random process with correlation R(x), we obtain
that

@+ + 5 | N k= y) ) (y)dy = 0 (4.24)
A Jps |x —y] ' '

The above equation was obtained by J.B. Keller in 1964.
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This is a convolution equation, which may thus admits plane waves as exact solutions.
Looking for (p) = ¢€*, we find the dispersion relation

24 ikly| )
=K+ =2 ‘ R(y)e ¥ dy. (4.25)
47 R3 ‘y‘
Here £2 = —(i€) - (i€). However we observe that ¢ is not real-valued. Let us consider &€ = pk

for some p > 0. We can then to first order replace e=%Y by e~*¥ in the above expression to

get
e2k4 eik|y\

2 2 —ik-
k2 R Ydy.
3 + o Ty (y)e y

For R(y) = R(|y|) (isotropic random medium) we find that

1 eilklyl-ky)

— R(y)d —/ R sin 2k|y| + (1 — cos 2k dly|.
ol B (y)dy i (lyD( vl +i( y])dly|

Exercise 4.2.1 Check the above formula.

So for instance for R(|y|) = e~®Y|, we verify that both the real and imaginary parts in the
above expression are non-negative. This allows us to conclude that R > k and that € > 0, at
least for sufficiently small €. This means that the mean wave propagates more slowly than in a
homogeneous medium since 7 = cok = ¢, RE and that it is attenuated by the inhomogeneities.

The attenuation is not intrinsic attenuation, since energy is conserved by the wave equation
and the Helmholtz equation is the same phenomenon seen in the Fourier domain. What
happens is that the coherent part of the signal decays exponentially. As the waves propagate
through the random medium, energy is scattered into other directions. Because this scattering
is incoherent, it is “lost” when we consider (p). Higher moments of p need to be considered as
well. This will be done by means of the Wigner transform of the wave fields in later chapters.

4.3 Random Geometric Optics

For the same equation
Ap + E*n?(x)p = 0, (4.26)

let us consider geometric optics solutions
p(x) = 5 (x), (4.27)

in the high frequency regime, i.e., when kL > 1, where L is the typical distance of propagation
we are interested in.

Note that this time, we are interested in frequencies of order k£ so that the “low-order
term”, at least in terms of derivatives, is as important as the “high-order term” Ap. As a
“characteristic variety” for the Helmholtz equation, we thus really want to consider

L(x,€) = —|€2 + k2n2(x) = 0. (4.28)

Let us plug the anzatz (4.27) into (4.26) and equate like powers of k. The eikonal equation,
which is the leading term in O(k?) now becomes

L(x,kVS(x)) = E*(—|VS|?(x) + n*(x)) = 0. (4.29)
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Note that the formalism is the same as in the preceding chapters: the eikonal equation captures
the largest homogeneous terms in the equation. Here “largest” means in terms of k, and not
£, the dual variable to x.

The above variety has two regular branches and we consider

L(x,8) = |¢] = n(x) =0, (4.30)
where we have replaced € by the reduced &/k. The eikonal equation thus becomes
L(x,VS(x)) = |VS|(x) — n(x) = 0. (4.31)

The above eikonal equation can then be solved by the method of characteristics. As before we
find rays (x(s),&(s)) such that V.S(x(s)) = &(s). This is achieved by the Hamiltonian system

):((s) = Z(s), X(0) = x, (432
B(s) = Vn(X(s)) 2(0) =¢&.
We verify that
%S(X(S)) =n(X(s)) = [E(s)], (4.33)
so that 5
S(X(s)) = S(x) +/0 n(X(u))du. (4.34)

This fully characterizes the phase S(x).

Let us now consider a simplified version where x = (x1,z2) in two space dimensions and
where S(0,22) = 0. We also assume that n(x) = 1+ ou(x) with ¢ < 1. We thus have the
phase at 1 = 0 and are interested in the phase at 1 > 0.

Characteristics start at (0,z2) and with direction e; + O(0) ~ e;. We want to find the
right scaling in time ¢ so that fluctuations of order O(1) can be observed in the phase with
respect to propagation in a homogeneous medium.

For 0 < 1, we observe that E(s) = (1,0)! + O(os) for s < o~!. In that regime we thus
have X(s) = X(0) + s&(0) + O(0s?) so that for 0s?> < 1, we have approximatively that

d(SdS—S) = op(X(0) + sE(0)).

For large times s = t/e, we can approximate the phase as
t t
S(=) = —+“S:(1),
(2) = = +e°5:(1)

where
dS; o t

P m“(g@”?)' (4.35)

Let us now choose € such that o = £1/27® g0 that the above equation is recast as

dSe(t;mg) . 1 t . .
—a - ﬁu(g,m), Se(0;22) = 0. (4.36)

Since we want ot?/e? < 1, this implies that o > 3/2. The value of 3/2 is by no means optimal
because the estimate ot?/e? < 1 is very conservative.
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In the limit ¢ — 0, the above phase function converges to a stochastic process S(t;x2)
given by
S(t; x2) = oo(t; 22)Wh, (4.37)

where W; is Brownian motion and where the variance o3 is given by

o2(t:29) = 2 / TR0, 39)u(r, 39) - (4.38)
0

If i is homogeneous in both directions x; and z9, then the above variance is independent of
xo. That this is so for a large class of processes p comes from a much more general result that
can be found in Appendix A.

The above result is only valid when the method of characteristics provides a unique solution
to S(x) for z; > 0. It is shown in [31] that caustics form with probability one when & ~ o2/3,
which corresponds to @ = 1. In this scaling, it can be shown that X(s/¢) deviates by an
amount of order O(1) from its value in a homogeneous medium. This is therefore the regime
where characteristics cross (with probability one somewhere), whereby invalidating the validity
of the geometric optics ansatz.

Let us consider the regime e = ¢2/3 more carefully. We first recast the Hamiltonian system
(4.32) as

Vn(X(s)) (4.39)

n(X(s)) ’
Here we have used the fact that |E(s)| — n(X(s)) = 0 to find an equation for (X, £).
Exercise 4.3.1 Derive (4.39) from (4.32).

We now restrict ourselves to the two-dimensional setting and define £€* as the rotation by 7 /2
of € € S'. The above system may then be recast as

e
=
I
[

5), X(0)

)

(4.40)

[
=
|
[

Let us now assume that n = 14+op with p(x) a mean zero stationary random field and o = 3/2,

For times s = t/e, which are thus such that so = t\/z < 1, we have E(s) = £(0) 4+ O(,/2).
Upon neglecting terms that will not contribute to order O(1) at times of order s = t/e, we
deduce that

X(s) = () X(0) = x,
26) = Ve (X)EL B0 ¢

This implies that X(s) = s&€ + X.(t), where X.(¢) is a priori not as large as s = t/e. We thus
recast the above system (now in the ¢-variable) as

Xe(t) = E(1), X.(0) =x, (4.41)
20 - pe(lerxm)et,  =0-¢ |

Exercise 4.3.2 Verify the above equation. Note that we have defined implicitly Z.(t) =
1= =
e (E(s) — &(0)).
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Note that only the second component of Z.(t) evolves in time, which implies the same result
for X.(¢). We thus further simplify (with no additional term neglected) that

Xe(t) = Ee(t)v X€(0)2x27 (442)
50 = pe(RX0), =00 |

This is the correct scaling to show order O(1) modifications caused by the randomness.
The results in the appendix show that =.(¢) becomes an O(1) process and so X.(t) as well.
Since X(s) = s&€ + X.(t), we observe that trajectories starting at (0,z2) have deviated by
an order O(1) at the large time s = t/¢ (large compared to the correlation length of the
medium, which we have scaled as O(1) here) from where they would be should the medium
be homogeneous, i.e., (s,x2). It is then shown in [31] that in this regime, rays cross with
probability one, whence generating caustics at those points where an infinite number of rays
come tangentially (whereby concentrating signals and creating very bright areas, as at the
bottom of a pool illuminated from the top).

We are “almost” in the regime considered in the appendix. The reason is here that the
random variable depends continuously on the fast scale t/e but also on the unknown X..

Let us assume that 5

Doy (60) = D25 (0),
jeJ
where a;(t) is a mean-zero random process and the {o;(t)};cs are jointly Markov with in-
finitesimal generator (). We can now apply the theory with x = (z,§) and y = {a;}. We find
that

Fl(Xay) =0 Gl(an) = &,

e 4.43
F2(X7Y) = Ze ki aj, GQ(XaY) = 0. ( )
J

The only non-vanishing diffusion coefficient is, independent of the number of Fourier coeffi-
cients o, given by

B o ou ou
age(x, &) = 2/0 Ew{a—m(O,x)a—xQ(s,x)}ds.

The only non-vanishing drift term is

b1($,£) = §

Writing ass(7) = 0?(x), we obtain that (X.(t),E-(t)) converges (weakly) to the process solu-
tion of

X)) = E@), X(0) = 2,
d2(t) = o(X(t)dW,, 2(0) = 0.

(4.44)

Here W; is the usual one-dimensional centered Brownian motion with variance E{W?} = t.
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Chapter 5

Wigner Transforms

5.1 Definition of the Wigner transform

Let u(x) and v(x) be two m-dimensional vector fields on R?, and let € > 0 be a real number
tailored to represent the spatial scale at which phenomena occur, typically ¢ < 1. We define
the Wigner transform of the two fields u and v as the m x m matrix-valued field on R% x R%:

1

Welu, v ) = oo /]R *u(x - %y)v*(x + %y)dy. (5.1)

Here, v* represents the complex conjugate of the adjoint vector to v.
With our definition of the Fourier transform we have

Welu, v)(x, k) = F (u(x - %’)v*(x + %y)) (x, k), (5.2)

which is obviously equivalent to the fact that

Welu, v)(x,y) = Fimy[Welu, v])(x,y) = u(x — %)v*(x n %). (5.3)

The Wigner transforms can thus be seen as a the Fourier transform in the fast spatial varia-
tions of the two-point correlation of the two fields. It is thus an object defined in the phase
space, which tries to account for the rapid oscillations at reduced wavenumber k (physical
wavenumber k/¢e) in the vicinity of a macroscopic scale point x.

Scaling. We verify that
e W, [u, v](x, k) = Wi[u, v](x, k). (5.4)

This is consistent with the fact that the reduced wavenumber k corresponds to oscillations
with physical wavenumber k/e. We also have the natural relationship

W fu(ar), (0] (x K) = Welu, v](ox, %), (5.5)
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Noteworthy relationships. We verify directly from (5.1) and from the interpretation (5.2)
that

WE [uv V] (X7 k) = Wa* [V7 u] (X> k)a
Welu,v](x,k)dk = (uv*)(x),
R4 ‘
/ KW.[u, v](x, k)dk = %(qu*—Vuv*)(x),
R4
/ k|?°W.[u,v](x,k)dkdx = &% [ Vu-Vv'dx.
R2d R4

Exercise 5.1.1 Check the above properties.

Wigner transform in Fourier domain. Let us define the Fourier transform of the Wigner
transform

WE[U?V](I” k) = Fxop[Welu, v]](p, k). (5.7)
Then we find that ) K K
W.[u,v](p. k) = (%g)dﬁ(g + g)ﬁ(g -2). (5.8)

Exercise 5.1.2 Check the above properties. Recall that f(ﬁ) = f(-§).

5.2 Convergence properties

Let ¢-(x) be a complex-valued (scalar to simplify) sequence of functions uniformly (in ¢)
bounded in L?(R?). We consider the Wigner transform of the sequence

Wl k) = Welordiedd) = g [ Vo= Poateer Fody. (59)

The sequence of Wigner transforms defined above satisfies the following uniform bound. We
introduce the space A of functions A(x,k) of x and k such that

s = [ dysupfix.y)] < o, (5.10)

where

Ax,y) = /Rd dke Y \(x, k), (5.11)

is the Fourier transform of A in k. Then, as the following lemma shows, the distributions
W.(x,k) are uniformly bounded in A’, the dual space to A when the sequence of fields ¢.(x)
are uniformly bounded in L?(R%).

Lemma 5.2.1 Let ¢.(x) be uniformly bounded in L*(R?) by ®. The family W.(x,k) is uni-
formly bounded in A', and more precisely,

IWellar < 10e] 2 e < 2. (5.12)

for all e > 0.
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Proof. Let \(x,k) € A. Then,

: dxdkdy ;
(W, \) = W (x, K)A(x, K)dxdk —/ XY (x — L) (x + LA (x, k) Y iy
R2d R3d 2 2 (27'[')d
y ~
- / 0-(x = )02 (x+ )Nk, y)dxdy.
Therefore, using the Cauchy-Schwarz inequality in x, we have
3 Y\ i« gy
Wl < [ s Reyl( [ o6 Dotox+ Tlax)ay
Rd x R4
- 5 \1/2
< [ swleonl( [ ot FPax) ([ foxr Fofax) Cay
Rd X ]Rd
2 2
< [ swlitey |dy( [6: ()P ) < 1621132 g A L2
This gives (5.12) since by definition, we have
A
[Wellar = sup [{e, 2| (5.13)
xeA  [IAlla

0
This result shows that the sequence W, converges weakly * in A’. The Banach-Alaoglu theorem
(stating that the unit ball in a space E’ is compact for the weak * topology o(E’, E)) then
implies that for each sequence €, — 0, we can extract a subsequence &,/ such that W¢ ,
converges in the weak * topology to a limit W € A’. What this means is that

lim (W, ,,\) = (W, \), for all A € A.

Ent —0

The space A’ is a space of distributions on R??, i.e., a subspace of D’(R??). However this
is a big subspace that includes bounded measures M(R??). Therefore, Wigner transforms,
which may be smooth at fixed e (for instance when ¢. is smooth), are no longer necessarily
smooth in the limit ¢ — 0.

The above results extend to matrix valued Wigner transforms. Let u.(x) and v.(x) be
uniformly bounded in (L2(C%))™ by ®. Then the Wigner transform

We(x,k) = Weue, ve|(x, k), (5.14)

is uniformly bounded in (A™*™)" and consequently admits converging subsequences in the
same space for the weak * topology.

Exercise 5.2.1 Verify this claim.

Now let us restrict ourselves to the case where v, = u.. It turns out that the limit is more
regular than (A™>™)’: it is in the space of bounded measures M™*™(R??). Moreover it is
a nonnegative Hermitian matrix-valued measure. That it is Hermitian comes from the first
property in (5.6). We refer to [17] for the proof that it is a nonnegative measure, i.e., that for
all e € C™, the limit W0 satisfies

m
> Wieie; > 0. (5.15)
ij=1

*. Since u. is bounded in L?; then each component in u.u}
is bounded in L'(R?), hence in M(R?), the space of bounded measures on R%, which is the

Let us consider the matrix u.u’
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dual of the space of compactly supported continuous functions on R? equipped with the sup
norm ||¢|lec = supycpa |p(x)|. The same Banach-Alaoglu theorem used above then implies
that u.u} admits subsequences that converge weakly * in the space of bounded measures to a
matrix v:

u.u® — v for the weak * topology in M(R?). (5.16)

In many cases, v is precisely the object we are interested in: when u. is a field, v has the units
of an energy. We have the following important properties of the Wigner transform.

Definition 5.2.2 A bounded family u.(x) in L? is said to be e—oscillatory as ¢ — 0 if for
every continuous compactly supported function ¢ on R?, we have

Tim |puz(k)|?dk — 0 as R — oo. (5.17)
=70 Ik|=R/e

A bounded family u.(x) in L? is said to be compact at infinity as ¢ — 0 if

Tim luc|?(x)dx — 0 as R — oo. (5.18)
e—0 |x|>R

Compactness at infinity means that the functions oscillate in the vicinity of the origin uniformly
in €. e-oscillatory means that the typical frequency of oscillation of the functions is precisely
£~!. We can verify that sufficient conditions for such a behavior is for instance:

(eV)ue|| 2 < C, independent of e. (5.19)

Here (¢V) can be replaced by an arbitrary number (including real-valued) of derivatives, e.g.
of the form (¢2A)°. Then we have the following properties [17]:

Proposition 5.2.3 Let u. be a bounded family in (L*(RY)™ with Wigner transform W,
converging (up to extraction of a subsequence) to a limiting measure Wy. Let us denote by
wo = Tr Wy. Then wo is a bounded measure on R2%. Moreover we have

Wo(A,RY) < v(A), A any Borel subset in R, (5.20)

with equality if and only if u. is e—oscillatory.
We also have that

wo(R2) < Tim [ |u(x)[%dx, (5.21)
e—0 Jrd

with equality if and only if u. is e—oscillatory and compact at infinity.

The proof of this and similar results may be found in [17, 22].
The above results are important in the following sense. It states that for u. is e—oscillatory
and compact at infinity, we have

lim lue (x)|2dx = Trv(R?) = wo(R??). (5.22)

e—0 Jpd
This means that all the energy there is in the system is captured in the limit ¢ — 0 by the
Wigner transform. The equality Wy(A, R?) = v(A) states that the average of the Wigner
transform over wavenumbers k does give the local energy density in the limit ¢ — 0. This
however only happens when the function u. oscillates at the right scale. If it oscillates at
the scale €2, then the limiting measure v will still capture those oscillations; however not the
Wigner transform W, and (5.20) would become a strict inequality.
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When u. converges weakly to 0, then v(A) can be considered as a local defect measure,
which measures by how much u. does not converge strongly to 0 on A. When v(A) = 0,
then u. converges strongly to 0 on A. The limit Wy is a microlocal defect measure, which
measures the defect to compactness not only locally in space, but microlocally in the phase
space. Whereas v(A) tells that u. does not converge strongly to 0 on A, Wy(x, k) also says in
which directions k it oscillates and what is the “strength” of such oscillations.

This justifies the terminology that Wy is a phase-space energy density. It states how much
energy oscillates at position x with reduced wavenumber k. Note that W.(x,k) cannot quite
be given this interpretation of phase-space energy density because nothing prevents it from
begin locally negative. It nonetheless helps to intuitively consider W.(x, k) as a phase-space
energy density-like object; all the more that s Wz(x,k)dk = |u|*(x) from the second line
in (5.6).

Let us conclude this section by a remark on We|u,, v:](x, k). Since it is uniformly bounded
in (A™*™) it converges to a limit Wy as well. However the limiting distribution Wy need
not be non-negative. Yet it is a measure on R??. Indeed we have from the definition of the
Wigner transform and from (5.6) that

(Wa + W:)[u57ve] = Wa[ua + ve,ue + Va] - Wé[u&‘?u&‘] - WE[V67V8]7 (5 23)
(We = WH)ue,ve] = Z'(VVs[u6 +ive, ue +ive] — Welue, ue] — Welive, ivg]).

All terms on both left hand sides converge to signed measures so that W |u., v.](x,k) also
converges to an unsigned measure on R2?. The above formulas may also be used to translate
the results stated in Proposition 5.2.3 to limiting correlations.

5.3 Equations for the Wigner transform

The Wigner transform introduced in the preceding section will be a useful tool in the analysis
of the propagation of high frequency waves in random media. Let us now assume that uZ (¢, x)
for ¢ = 1,2 are two wave field solutions of wave equations of the form

ou?

ot

+A%uf =0, =12, (5.24)

with appropriate initial conditions. We thus explicitly assume that uf solve a first-order
equation in time. Typically, A. is a differential operator in the spatial variables, although
more general operators and operators with coefficients that depend on time as well may be
considered. Because it simplifies life a bit and it is true for classical wave equations, we assume
that u? is real-valued and that A¢ also are real-valued operators.

When we expect that the fields uf oscillate at the frequency ', the Wigner transform of
the two fields will provide a tool to analyze their correlation function, or the energy density of
a wave field when ul = u?. One of the major advantages of the Wigner transform is that it
satisfies a closed-form equation. This should not come too much as a surprise. Since we have
an equation for uf, it is not difficult to find an equation for the correlation ul(x)u2(y) for a
large class of equations of the form (5.24). We have seen that the Wigner transform is then
not much more that the Fourier transform of a two point correlation function of fields.

More specifically, an equation for the Wigner transform defined as

We(t,x, k) = Wul(t,-), uZ(t, )](x, k), (5.25)
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is obtained as follows. We verify from (5.1) and (5.24) that

8;:5 + W[Alul, u?] + Wul, A%2u?] = 0. (5.26)

€ € ey e

It thus remains to find operators A¢ such that W[Alul,u?] = AL[W.] and W[ul, A%2u?] =
AZ*[W,] to obtain a closed-form evolution equation for W.(t,x,k). The initial condition
W.(0,%,k) is then the Wigner transform of the initial conditions u!(0,x) and u2(0,x) for
the wave fields, which are supposed to be known. The derivation of such operators A?Y is
based on the following pseudo-differential calculus.

Pseudo-differential calculus. Let P(x,eD) be a matrix-valued pseudo-differential opera-

tor, defined by
dk

_ ix-k . ~
P(x,eD)u(x) = /Rd e P(x,ick)u(k) 2y’ (5.27)
We assume that P(x,ick) is a smooth function and use the same mathematical symbol for
the operator P(x,eD) and its symbol P(x,ick). We also define D = V as the gradient in the
spatial variables, and not —i times the gradient as is often the convention. Thus for us, D has
symbol ik. We verify that when P(x,ick) is polynomial in its second variable, then P(x,ecD)
is a differential operator.

Let Wu, v](p, k) be the Fourier transform Fx—p of the Wigner transform. We recall that

. k., - k k k
Wi, v](p, k) = (27T1€)dﬁ(g + g)v*(g -3)= (27:6)dﬁ(12) + )V (- g +2) (629

when v is real-valued. This implies that for a homogeneous operator P(¢D), we have

WIP(ED)u, vi(p,k) = P(ik + =)W [u, v](p, k). (5.29)
whence b
WI[P(eD)u,v](x,k) = P(ik + 87)VV[u, v](x, k). (5.30)
The same calculation shows that when v and P(eD)v are real-valued, we have
.l eD
Wiu, P(eD)v](x,k) = [W[u,v](x, k)P* (ik — 7)} (5.31)

In the latter right-hand side, we use the convention that the differential operator D acts on
Wlu, v](x,k), and thus should be interpreted as the inverse Fourier transform of the matrix
Wlu, v](p, k)P*(ik — 52). Another way of stating this is that

Wu, v](x, k) P* (ik - ‘?)Lk =Y Pi(ik - %)ij[u,v] (%, k). (5.32)
p=1

We use the notation [-] to represent such a convention.
We now generalize the above calculation to

W[P(x,eD)u, v](x,k) = LpW]u, v](x, k). (5.33)
We verify that ;
FIP(x.eD)l(k) = [ Pk~ &.ic)ale) .
R4 (2)
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Using (5.28), we thus obtain that

Ple ikt ie® ) Wuv)(p - £k~ )

de
@r)t

W[P(X,aD)u, v](p, k) = /R

After Fourier transforms, we finally obtain that

LpW(x,k) = /R2d </Rd eip(x—y)P(g,z’kHs(g —6))(;7Sd>ei5'YW(y,k— ‘f)éﬁfl)’;. (5.34)

We verify that (5.34) generalizes (5.30). A very similar expression similarly generalizes (5.31).

Exercise 5.3.1 Work out that generalization.

Asymptotic expansions. The operator Lp defined in (5.34) is amenable to asymptotic
expansions. Throughout the text, we shall use the convention

P'(x,ik) = Vi P(x,ik) = =iV P(x, ik). (5.35)
For functions W(x,k) that are sufficiently smooth in the k variable, we have the Taylor
expansion
g€ e€

W(x,k — ?) = W(x,k) -5

Similar asymptotic expansions in (5.34) yield that for smooth functions W (x, k) we have

VW (x,k) + O(£%).

LpW(x, k) = MW (x,k)+eN.W(x,k) + O(e?)
MW(x,k) = P(x,ik+ %)W(x, k) + %vxP(x, ik + %) VW (x,k)  (5.36)

eDyx
5 YW (x, k).

NW(x,k) = iVx-ViP(x,ik +

The above calculations allow us to deduce that for functions W (x,k) that are sufficiently
smooth in both variables x and k, we have

LrW(x,k) = LW(xk)+eNoW(x k) +O(2)

c (5.37)
EEW(X’ k) = P(Xa lk)W(Xv k) + Z{Pa W}(X7 k)a
where we have defined the Poisson bracket
{P,W}(x,k) = (VP - VxW — VP - ViW)(x, k). (5.38)
Similarly, we define
Wlu, P(x,eD)v](x,k) = LW (x, k). (5.39)
We verify that when v and P(x,eD)v are real-valued,
LW (x,k) = (M:+eNHW(x,k)+ O(e?) = (L + eNHW(x, k) + O(e2)
MW (x,k) = [W(x,k)P*(x,ik — Q)] - E[VkT/V(X, k) - Vi P*(x,ik — Q)]
22 2 (5.40)
LWeK) = W0 K)P(x k)] + oW, P (x, K),
Dy
NAW(x,K) = —i[W(x, k) Vx - VieP*(x, ik + ——%)].

When W = W[u,v] with u and v bounded in L?, and P(x,ik) is a smooth function, then
we verify that the above O(e?) terms are of the form 2R, with R. uniformly bounded in
(8")mxm) the space of matrix-valued Schwartz distributions.
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Exercise 5.3.2 Verify that R, is uniformly bounded in (S")(m*™).

With the above hypotheses, we thus find the following useful result

W.[P(x,eD)u,v] = PWE[u,vH—%{P, W.[u,v]} +iVy - ViP(x,ik)W.[u, v] + 2R.,

W.lu, P(x,eD)v] = [Wc[u,Vv]P*]+ %{Wa[u, v], P*} — iW:[u, v]Vx - Vi P*(x,ik) + €25,
(5.41)
where R. and S. are bounded in (S')m*™).

Highly oscillatory coefficients. The above pseudo-differential calculus was obtained for
smooth pseudo-differential operators P. When these operators involve highly oscillatory co-
efficients, different asymptotic expansions are necessary. We consider here the case where the
operator involves multiplication by a highly oscillatory matrix-valued coefficient. Let V' (x) be
a real-valued matrix-valued function. Then we find that

Wuvcl) = [ SEVEW k=558

P\ dp
Wiu, v](x,k + §)V (p)W.

. . (5.42)
Wu, V(g)v](x, k) = y e

Here V(p) is the Fourier transform of V' (x) component by component. This may be generalized
as follows. Let V(x,y) be a real-valued matrix function, with Fourier transform V(q, p) and
Fourier transform with respect to the second variable V(x,p). We then find that

X i XP vt p €q dpdq
WV Duviiek) = [ ey (q.pWin vk - § - TH R

_ xR O _ b, dp
— Rd e V(x,p)W[u,v](x,k 2)(27T)d +O(€)7

(5.43)

provided that Wu, v](x, k) is sufficiently smooth in the k variable.

Exercise 5.3.3 Work out the formula for W[V (x)u, v](x, k). Show that it is asymptotically
equivalent to (5.36).

Multiple scale expansion. The error terms in (5.36) and (5.37), although both deduced
from Taylor expansions, have different expressions. While the former involves second-order
derivatives in k of W (x,k), the latter involves second-order derivatives in both the k and x
variables. When W (x, k) has bounded second-order derivatives in x and y, then (Lp— L)W =
O(e?) and (Lp— M)W = O(g?).In the sequel however, we will need to apply the operator M.
to functions that oscillate in the x variable and are smooth in the k variable. Such functions
will have the form W(x, X, k). The differential operator D acting on such functions then takes
the form

1
D = D, + -Dy.
9

We then verify that
D
MW (x, ? k)] (x, k) = P(x, ik + X)W (x,y, k) [y=x + O(e). (5.44)

We will not need higher-order terms. Note that on such functions, (Lp — L)W = O(1), which
implies that £. cannot be used as an approximation of Lp.
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5.4 Examples of Wigner transforms

Compact sequence. Consider a sequence of functions u.(x) converging to u strongly in
L?(R?) as ¢ —. Then one verifies that

€ y €
ue(x = S ul(x+ ) = [u(x)],

weakly in &' (R2?) (to simplify) as € — 0. This implies that the limiting Wigner transform
Wolue, ue) (x,k) = [u(x)[*5(k). (5.45)

Exercise 5.4.1 Verify the above statements.

Oscillatory sequence. Consider a sequence of the form u.(x) = qﬁg(x)eix'g/ ¢ for £ € RY
fixed and ¢¢ a smooth function. Then the limiting Wigner transform is given by

Wolue, ue](x, k) = |d¢(x)|*0 (k — €). (5.46)

We thus see that the Wigner transform of a plane wave is a delta function. The above result
extends to a superposition of plane waves. Let

M .
Ue(x) = Z gbm(x)e’x'gm/s, (5.47)
m=1

where the momenta &, are mutually distinct. Then the limiting Wigner transform is given by

M

Wolus, ue](x,k) = Y [dm(x)[*5(k - &,,). (5.48)

m=1

This result is fundamental in applications: it states that the Wigner transform of two plane
waves with different wavenumbers tends to 0 in the limit ¢ — O:

W[eix.gl/a’ eix~§2/a](x, k) =0, (5.49)

provided that &; # &,. Only those plane waves propagating in the same direction with the
same wavenumber interact coherently in the limit ¢ — 0. If §, = £, in (5.47), then the
coefficient | ¢, + ¢,4|* would appear in (5.48) rather than |¢,| + |@4|*>. This example also shows
that the Wigner transform converges only weakly to its limit. Indeed the product of two plane
waves with different directions certainly does not converge strongly to 0 as € — 0.

Warning: the above result holds for a finite number of plane waves. When the number
of plane waves becomes infinite, the above result may not hold. The reason is that if two
plane waves with wavenumbers differing by O(e) are present, we cannot conclude that they
are uncorrelated in the limit. Only plane waves with sufficiently different directions (i.e., much
larger than O(e)) are uncorrelated in the limit ¢ — 0. A typical example where the above limit
does not hold is that of the Wigner transform of a Bessel function; where the Bessel function is
defined for d = 2 as the superposition of all plane waves with wavenumber of modulus k| = 1.
I leave this as a (quite difficult) exercise.
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Point concentration sequence. Consider now the sequence

1 X
us(x) = M¢(g)~ (5.50)
Then the limiting Wigner measure is given by
1 .
Wlue, uel(x, k) = <27r>d5(><)|¢(k)|2- (5.51)

The energy concentrates at one point in space and is radiated in each wavenumber k according
to the Fourier transform of the waveform ¢(x).

Coherent state. The last example may be generalized as follows

1 X — X0\ ix.£/e
us(x) = g d(———)e™ e~ (5.52)

Then we find that the limiting Wigner measure is given by

W, 1] (x, k) = (271T)d<5(x—xo)]q3(k—£)\2. (5.53)

For different scalings, we obtain the following results. Assume that

1 X — Xg

U (x) = mqﬁ( )eix&/e, (5.54)

60&

When a = 1, we have the result (5.53). When a > 1, we verify that W = 0. This is because all
oscillations occur at a frequency e~® > 7! that the scaled Wigner transform cannot capture.
When 0 < o < 1, we verify that

Wlue, uc](x, k) = ||¢||%2(Rd)5(x —x0)d(k —§). (5.55)

When « = 0, we recall that this is an oscillatory sequence, treated in (5.46).

WKB states. Let us now suppose that
u(x) = p(x)e S/, (5.56)

where ¢ and S are sufficiently smooth. When o < 1, we verify that the high oscillations do
not play any role in the limit and

Wiz, uc] (x, k) = o) 23(K). (5.57)
When o = 1, we have the limiting Wigner transform
Wi, ] (x, k) = o) 28(k — VS(x)). (5.58)

Proof. We calculate that

_ iky ,LS(x—c¥) R AP Y\ —iS(x+e¥) dxdydk
(We, a) /uw e e 2o(x 52)¢ (x+ 52)6 2)a(x, k) 2n)
= [ e VSO o) ox — oY) (x + €2 )a(x, y)dxdy,
R2d 2 2
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where a(x,y) is the inverse Fourier transform .7-"k_iy of a(x,k), and r. is real-valued and
uniformly bounded for sufficiently smooth functions S(x). This implies that above term is
uniformly (in €) integrable in (x,y) for ¢ € L? and a € A (for then a(x,y) is uniformly
bounded in x and integrable in y). By the dominated Lebesgue convergence theorem, we
obtain that the above term converges to

(Wo, a) = / ¢~ VS| g (x)|2a(x, y)dxdy,
R2d

which is nothing but

(Wova) = | 30k — VS(x))|6(x) Palx, k)dxdk,
R2d
whence the result. O
The case o > 1 is more delicate. When S(x) has no critical points, i.e., V.S # 0 for all
x € RY, then the limiting Wigner measure is W = 0 as in the case of plane waves. In the
presence of critical points, a more refined analysis is necessary.

Limiting Liouville equation. Let us assume that the phase S(¢,x) and the amplitude
o(t,x) solve the following eikonal and transport equations:

Gkl
ot

05 +w(x,VS) =0,

ot + V- (|6 (Viw) (x, V5)) = 0, (5.59)

where w(x, k) is a Hamiltonian. Then the Wigner transform defined by (5.58), namely
W (t, x, k) = [o(t,x)[*6(k — VS(t,x)), (5.60)

as it turns out, solves the following Liouville equation,

aavtv +{w, W} =0, (5.61)

where the Poisson bracket is defined in (5.38).
The proof is an exercise in distribution theory. We find that

ow

0 0
2 = o0k = VS(t,x)) + [0 5 (3(k = VS(t,x)))

= %|¢(t)|26(k — VS(t,x)) — |¢[2(Vid) (k — VS(t,x))) - VX%S(t,X)

= V- ([oP(Viw)(x, VS))d(k — VS(t,x)) + [¢[*(Vid) (k — VS(t,%))) - Vx(w(x, VS))
= —Vilo]? - Viw(x,V8)d(k — VS) — [¢>Vy - Viw(x,VS)d(k — VS)
—|9[?Viw(x,VS) - V285(k — VS) + |¢[*Vid(k — VS) - Vxw(x, VS)
+9|?Vid(k — VS)Vyw - V28S.

We verify that
VW - Vxw(x, k) = |¢>Vid(k — VS) - Vxw(x, k)

= [¢|?Vid(k — VS) - Vow(x,VS(t,x)) — |¢?6(k — VSV - Viw(x, VS(t,x)).
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Indeed, let a(k) be a test function. Then
(Vo(k—ko)-F,a) = —(6(k—ko), Vk-(Fa)) = =V-F(ko)(0(k—ko),a) +F(ko)- (Vi(k—ko), a).

Similarly, we find that

VxW - Viw(x, k) = (Vx|¢[*)d(k — VS) - Viw(x, k)
+9|?Vid(k — VS(t,%x))V2S - Viw(x, k)
= (Vx|¢]*)d(k — VS) - Viw(x, VS)
+|9|?Vid(k — VS)VZS - Viw(x, VS) + |¢25(k — VS)VZSViw(x, VS).

Upon careful inspection, one verifies that the above equalities yield

ow

o = VW - Vxw(x, k) — VW - Viw(x, k).
This is the Liouville equation (5.61). This important equation states that in “low frequency”
media, i.e., heterogeneous media with slow spatial variations so that (5.59) make sense, the
energy density satisfies a linear partial differential equation. It is moreover straightforward to

solve the linear equation by the method of characteristics. Indeed let us define
W(t,x,k) = Wy(X(-t),K(-t)), (5.62)
with (X(¢), K(t)) solution of the Hamiltonian system
X(t) = Viw(X(t),K(t), K(t) = -Vew(X(t),K(), X(0)=x K(0) =k (5063)

Then one verifies that W (¢, x,k) in (5.62) solves (5.61) with initial conditions W (0,x,k) =
Wo(x, k).

That the limit Wigner transform satisfies a Liouville equation is no surprise. In the limit of
vanishing wavelength, the wave energy density follows the trajectories of classical mechanics.
We have obtained this result in the framework of the WKB, or geometric optics, approxima-
tion. We'll see that this result holds in more general situations where the geometric optics
approximation is not valid.

5.5 Semiclassical limit for Schrodinger equations

The high frequency Schrodinger equation (after the usual change of variables x — x/¢ and
t — t/e) is given by

8;; + 52 Ape — V(x)pe =0, (5.64)
with e-oscillatory initial conditions ¢ (x). The potential V(x) is slowly varying. This is thus
the problem of high frequency waves in low frequency media that was handled by geometric
optics in an earlier chapter.

If we look for geometric optics solutions of the form

= (t, %) = A(t, x)e 502/, (5.65)

then the evolution equations for the phase S and the amplitude A take the form of the following
eikonal and transport equations:

2
95 | Hx, VS(t,x)) =0, a|£|

5 V- (JA]*ViH (x,VS(x))) =0, (5.66)
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where the Hamiltonian has the familiar expression
1
H(x,k) = §|k|2 + V(x). (5.67)

Exercise 5.5.1 Derive the equations in (5.66).

The results in the preceding section show that the Wigner transform of (5.65) converges to
the solution of a Liouville equation as € — 0. We will now re-derive this result without using
the geometric optics approximation.

Let W,(t,x,k) be the Wigner transform of the solution to (5.64). Note that

/ Wt %, k) dk = |2 (t, %) 2,
Rd

so that the Wigner transform allows us to reconstruct the probability density of the quantum
waves.

Following the steps recalled earlier in the chapter, namely (5.26) and (5.34), we find the
following closed form equation for W,:

oW,
ot

+ k- -V W, + LW, =0, (5.68)

where )
i

LW (x,k)

— £p ep\\ dp
/Rd PV (p) (W k— Py~ wix k+TP)) aoa (569)

Let us assume that W (x,k) is sufficiently smooth in its k variable. Then one relatively
easily finds that

e

LW (x,k) — —=VxV(x) - ViW(x,k), as &—0. (5.70)

Exercise 5.5.2 Verify the latter statement. Recall that the Fourier transform of ViV is
ik - V(k).

This shows formally that the limiting equation for W is the Liouville equation

aa—l/;/%—k-VxW—VxV-VkW:O. (5.71)
This is nothing but (5.61) for the specific choice of a Hamiltonian in (5.67).

The above formal derivation is nice, but does not treat the geometric optics case: in the
latter case, W (t,x,k) is not smooth in k as one verifies from (5.60).

Since 1. (t,x) is bounded in L?(R%), we know that W.(¢,x, k) belongs to A’ for all times
and thus converges weakly in that space to W(t¢,x,k). Let now a(x,k) be a smooth test
function in C°(R??), which we may take as real-valued because we know that W (t,x,k) is
real-valued. We verify that

PR 1 € € dpdkdx
(LW, a) = /Rgd PN ()W (13,10 (ae K+ ) — aoe ke - %)FzT)d'
We verify that
1
B (a(x, k + ?) —a(x,k — ?)) =p - Vka(x, k) + er:(x,k, p), (5.72)
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where (x,k) — 7.(x, k, p) is bounded in A uniformly in p € R? and so is (x,k) — p-Via(x, k).
This shows that
eip'xz'f/(p)VV6 (t,x,k)ers(x,k, p) dpdkdx —0
R3d (27T)d
as € — 0. Since eP*ipV (p) integrates to VV (x) (assuming that V is sufficiently regular), we
deduce from the weak convergence of W, to W in A’ that

(LWe,a) — (W,VV - Via) = —(VV - VW, a) in D'(R*). (5.73)

This shows that the left-hand side in (5.68) converges to the left-hand side in (5.71) in
D' (R??) uniformly in time as ¢ — 0. Since the right-hand side in (5.68) converges to that in
(5.71), the limiting equation (5.71) for W (¢, x, k) is established.

We have thus proved the following

Proposition 5.5.1 Let 1p-(x) be an e-oscillatory sequence of functions with Wigner trans-
form converging weakly in A" to Wy(x,k). Let 1-(t,x) be the solution of the Schridinger
equation (5.64) and W,(t,x,k) its Wigner transform. Then W,(t,x,k) converges weakly in
A" uniformly in time to a (uniquely defined accumulation point) W (t,x,k), which is a weak
solution of the Liouville equation (5.71) with initial conditions Wy(x, k).

Note that the whole sequence W_(t,x, k) converges to W (¢, x,k): we do not need to extract
subsequences. The reason is that there is a unique solution in the space of bounded measures
to the Liouville equation (5.71) with initial conditions Wy (x,k), which by assumption is the
only accumulation point of W (x, k). This uniquely defines the possible accumulation points
of W.(t,x,k) as € — 0.

The result stated in the proposition is much more general than the one obtained by ge-
ometric optics. Much more general initial conditions than those of WKB type (5.65) can be
considered. All we need really is bounded initial conditions in the L? sense that are ¢ oscillatory
so that no energy is lost when passing to the limit € — 0. Note also that the Liouville equa-
tion is defined for all times, unlike the eikonal equation. Bicharacteristics, unlike their spatial
projections the rays, never cross in the phase space, so that the Liouville equation (a linear
equation) is not limited to sufficiently small times so that no caustics appear. The Wigner
transform and its limiting Liouville equation allow us to avoid the problem of caustics inherent
to the geometric optics formulation. The price to pay is that the Wigner transform is defined
in the phase space, which is much bigger than the physical domain (since the Hamiltonian
is an invariant of Hamilton’s equations, the system in the phase space is 2d — 1 dimensional
rather than d dimensional in the physical domain).
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Chapter 6

Radiative transfer equations

High frequency wave propagation in highly heterogeneous media has long been modeled by
radiative transfer equations in many fields: quantum waves in semiconductors, electromagnetic
waves in turbulent atmospheres and plasmas, underwater acoustic waves, elastic waves in the
Earth’s crust. These kinetic models account for the wave energy transport in the phase space,
i.e., in the space of positions and momenta.

Such kinetic models account for the multiple interactions of wave fields with the fluctuations
of the underlying medium. We saw in Chapter 3 the interaction of high frequency waves with
low frequency media and in 2 the interaction of low frequency waves with high frequency
media. Radiative transfer equations model the interaction of high frequency waves in high
frequency media. The latter description encompasses many regimes of wave propagation.
We consider here the so-called weak coupling regime, where the correlation length of the
underlying medium is comparable to the typical wavelength in the system. In order for energy
to propagate, this forces the fluctuations to be of small amplitude, whence the term “weak”.

A systematic method to derive kinetic equations from symmetric first-order hyperbolic
systems, including systems of acoustics and elastic equations, in the weak-coupling limit has
been presented in [28] and extended in various forms in [4, 5, 6, 8]. In these papers, the energy
density of waves is captured by the spatial Wigner transform, which was introduced in Chapter
5. The method is based on formal multiple-scale asymptotic expansions in the Wigner trans-
form and extends to fairly general equations the kinetic models rigorously derived in [14, 29]
for the Schrodinger equation. Mathematically rigorous methods of derivation of macroscopic
models for wave propagation in heterogeneous media are postponed to later chapters.

We focus here on a non-symmetric two-by-two first-order system and on the scalar wave
equation to model acoustic wave propagation.

6.1 Non-symmetric two-by-two system

We recall the system introduced in section 1.2.1 for pressure p(¢,x) and the rescaled time
derivative of pressure ¢(t,x) = ¢ 2(x)p;(t,x), so that u = (p, q)* solves the following 2 x 2
system

@+Au = 0, t>0, x €R?
ot (6.1)

u(0,x) = (g9(x),c3(x)h(x)), x € R%,
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0 c(x) 0 1 -A 0
A=— =JAx), J= , Ax) = . (6.2)
A0 -1 0 0 c(x)
Note that J is a skew-symmetric matrix (J* = —J) and that A is a symmetric matrix-valued

operator for the usual L? scalar product. We also recall that energy conservation takes the

form
1

20

E(t) /]Rd uAudx = £(0). (6.3)

High frequency limit. Kinetic models arise in the high frequency limit of wave propagation.
We thus rescale t — 't and x — ¢~ !x and obtain the following equation for u,:

0 0 c2(x

e A = 0, A =-— 5(), (6.4)
ot e2A 0

with initial conditions of the form u.(0,x) = up.(¢7'x). We verify that acoustic energy

conservation implies that

1
et = o - (IeVpe*(t, %) + c2(x)g2 (1, x))dx = £(0), (6.5)
Po JRE
is independent of time.
The above energy conservation is governed by quantities of the form |eVp.|? and ¢2.

Whereas such quantities do not solve closed-form equations in the high frequency limit ¢ — 0,
they can be decomposed in the phase space into a quantity that solves a transport equation.
The role of kinetic models is to derive such a transport equation from the wave equations.
The Wigner transform is perfectly adapted to such a derivation.

Two by two hyperbolic systems. In the weak coupling regime, the medium is character-
ized by the sound speed:

A(x) = = VeV (2), (6.6)

where ¢q is the background speed assumed to be constant to simplify and V(x) accounts for
the random fluctuations. The correlation length of the random heterogeneities of order ¢ is
here to ensure maximum interaction between the waves and the underlying media. The scaling
/€ is the unique scaling that allows the energy to be significantly modified by the fluctuations
while still solving a transport equation. Larger fluctuations lead to other regimes, such as
localization, which cannot be accounted for by kinetic models. Since the localization length
is always smaller than the diffusive (kinetic) length in spatial dimension d = 1, we restrict
ourselves to the case d > 2.

Let us consider the correlation of two fields ul and u? propagating in random media with
the same background velocity cg but possibly different heterogeneities modeled by V¥, ¢ = 1, 2.
We also replace the Laplacian in (6.4) by the more general smooth, real-valued, positive Fourier
multiplier operator p(¢D), which may account for (spatial) dispersive effects. We assume
moreover that p(—ik) = p(ik). We retrieve p(eD) = A for p(i€) = (i€) - (i&) = —|€|?.

We thus consider the equation

ou?
Ote + Afuf =0,

€ p=1,2, (6.7)
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and assume the following structure for AZ:

0 0 1
AP = — ) v veveDK, K= . (6.8)
p(eD) 0 € 00

The correlation of two signals propagating in two different media may be of interest in probing
the temporal variations in the statistics of random media and has also found recent applications
in the analysis of time reversed waves.

6.2 Structure of the random fluctuations

The random inhomogeneities of the underlying media are modeled by the functions V¥ (x).
We assume that V¥(x) for ¢ = 1,2 is a statistically homogeneous mean-zero random field.
Because higher-order statistical moments of the heterogeneous fluctuations do not appear in
kinetic models, all we need to know about the statistics of the random media in the high
frequency limit are the two-point correlation functions, or equivalently their Fourier transform
the power spectra, defined by

AR (x) = (VP@VYy+x),  1<e <2, (6.9)
(2m) 'R (P)s(p+a) = (V¥(p)V(a)). (6.10)
Here (-) means ensemble average (mathematical expectation). We verify that R¥¥(—p) =
R#¥(p).
We can also consider more general random fluctuations of the form V¥#(x, %), where for
cach x € R, V¥ (x,y) is a statistically homogeneous mean-zero random field.

6.3 Equation for the Wigner transform
We define the Wigner transform of the two fields as

We(t,x,k) = W[ul(t, ), u(t, )] (x, k), (6.11)

€ £

and deduce from (5.24) and (6.11) that

a Wg
"ot

+W[Alul,u?] + Wul, A%u?] = 0. (6.12)

€ 7€)

The pseudo-differential calculus recalled in Chapter 5 allows us to obtain the following equation
for the Wigner transform:

8g/E+P(k+ D)W +WP*(k—7D)+\f(IC KW, + KZW.K*) =0, (6.13)
Plk+ )= ’ @ kew = [ e 2vemmwk - 2P (.1a)
2 D) o) T 2 mt

Note that (6.13) is an exact evolution equation for the two-by-two Wigner transform We(t, x, k).
Its initial conditions are obtained by evaluating (6.11) at t = 0, and thus depend on the initial
conditions for u! and u?.
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6.4 Multiple scale expansion

We are now interested in the high-frequency limit as € — 0 of W.. Because of the presence of a
highly-oscillatory phase exp(e~!ix-k) in the operator K¢, direct asymptotic expansions on W
and (6.13) cannot provide the correct limit. Rather, as is classical in the homogenization of
equations in highly oscillatory media, as we have seen in Chapter 2, we introduce the following
two-scale version of W:

W.(t,x,k) = Wa(t, x, ? k), (6.15)

and still use the symbol W, for the function on R3?*! in the new variables (t,x,y,k). We
then find that the differential operator D acting on the spatial variables should be replaced
by Dx + %Dy. The equation for W, thus becomes

£ at“‘+P(z'k+7y+€2 )W€+WEP*(zk—7y—€2 )+VE(KIKW.+K**W.K*) =0, (6.16)
where we have defined
W= Radves k— = . 1
KW n Ve (p)W( 2)(2W)d (6.17)

Asymptotic expansions in the new set of variables can now account for the fast oscillations of
the heterogeneous medium. Using the asymptotic expansion P = Py + Py + O(g?) in (6.14)
and

W.(t,x,y,k) = Wo(t,x, k) + VeWi(t, x,y,k) + eWa(t,x,y,k), (6.18)

we equate like powers of ¢ in (6.16) to obtain a sequence of three equations.

6.5 Leading-order equation and dispersion relation

The leading equation in the above expansion yields

) ] —p(ik) 0 0 1
LoWy = PQ(Zk)W() + W()Pg(lk) =0; Py=-JAg, Ao= , J =
0 c% -1 0
(6.19)
Let us define go(ik) = \/—p(ik). The diagonalization of the dispersion matrix Py yields
_ , 1 [ +ig; ' (ik) 1 [ +igo(ik)
At (K) = icoqo(ik), b (k) = — 0 L cx(k) = Agbi(k) = —

\/§ cal \/E co

(6.20)
The vectors are normalized such that b} Agb+ = b¥.c+ = 1 and we verify the spectral decom-
position Py = Aybick +A_b_c*. Since (b4 (k), b_(k)) forms a basis of R? for any k € R?, any
matrix W may thus be decomposed as W = Zi’jzi aijbib; where a;; = c;We; = tr(Wcic;),
and a straightforward calculation shows that cj(PoW + WE{)c,, = agm(As + Am). Using
the above decomposition for the matrix Wy = Zi,j: + a;jb;b}, equation (6.19) implies that
64— = a_4 = 0 so that

Wo =aybyb’ +a_b_b’*; ar = ciWyex. (6.21)
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Because all the components of uf are real-valued, we verify that W (—k) = W (k). Here ~
means complex conjugation component by component. From the above expression for a+ and
the fact that c¢(—k) = c(k), we deduce that

a+(—k) = ax (k). (6.22)
It is thus sufficient to find an equation for a4 (k). We verify that [, atdk = 3 [pa tr(AgWo)dk,
so that in the case where (5.24) is (6.4) and W, is the Wigner transform of u., we have

1

/ tr(AOWO)dkdx:S(t):/ a4 (t, x, k)dkdx, (6.23)
2 R2d R2d

at least in the limit ¢ — 0, where £ is defined in (6.5). Thus a4 can be given the interpretation
of an energy density in the phase-space.

6.6 First-order corrector

The next equation in the asymptotic expansion in powers of ¢ is
. Dy */ - Dy 1 2% *
P0(2k+ T)Wl_i—WlPO (’Lk— 7)+9W1 + I "KWy + K“Wo K™ = 0. (624)

The parameter 0 < § < 1 is a regularization (limiting absorption) parameter that will be sent
to 0 at the end. It is required to ensure the causality of wave propagation [28]. We denote by
Wi(t,x, p, k) the Fourier transform y — p of W,

Wl(tv Xa p7 k) = fyﬁp[Wl(tu X7 y7 k)](t7 X7 p7 k) (625)

Since Wy is independent of y so that its Fourier transform y — p: Wy = (2m)45(p) Wy, we
verify that W satisfies the equation

Po(ik+ig)W1+W1P§(ik—ig)+0W1+V1(p)KW0(k—g)+V2(p)W0(k+g)K* — 0. (6.26)

Since the vectors b;(k) form a complete basis of R? for all k, we can decompose W, as

Wi(p, k) = ]Z::i ai;(p, k)bi(k + g)b;(k _ g). (6.27)

Multiplying (6.26) by c;, (k+ %) on the left and by ¢, (k— %) on the right, recalling A}, = — Ay,
and calculating

1 -1

b, (p) K cin(q) = T(%Am(q), ¢, (P)Kby(q) = Tcgkm(p)v (6.28)
we get
1 VAl Dank— 5) = VAR)Aulk — Dan(k + )
amn(pvk) = 92 p P . (629)
5 A+ ) = Al = 5) +6

Note that W7 is linear in the random fields V¥. As in earlier multiple scale expansions, we
obtain W as a function of Wy. However this still does not provide us with any equation for
the leading-order term W.

70



6.7 Transport equation

Finally the third equation in the expansion in powers of ¢ yields

Py(ik + %)Wg%-WgPS‘(ik— %) + K1KWh + KW K™ (6.30)
+88V[t/0 + P (ik)Wo + Wo Py (ik) = 0.

We consider ensemble averages in the above equation and thus look for an equation for
(ay), which we still denote by a,. We may assume that Wy is orthogonal to Wy in order to
justify the expansion in €, so that (¢ LoWacy) = 0. This part cannot be justified rigorously
and may be seen as a reasonable closure argument. Such a closure is known to provide the
correct limit as € — 0 in cases that can be analyzes rigorously [14].

We multiply the above equation on the left by ¢ (k) and on the right by c (k). Recalling
the convention in (5.35), we obtain that since p(ik) = —¢2(ik), we have p/(ik) = —iVyp(ik) =
2iqo(ik)Vkqo(ik). This implies that

* * * C .
cy Pi\Wocy =c i WoPfc, = EOquo(zk) - Vxay (x, k).

Let us define
wy (k) = coqo(ik) = —iAy(ik). (6.31)

Our convention for the frequencies in the acoustic case are then wi =+ ¢olk| = 0. We thus find
that
c} LoWoey = {wi, ay Hx, k),

where the Poisson bracket is defined in (5.38). When p(i€) = (i€)?, we obtain that coViqo(ik) =
cok. Upon taking ensemble averages and still denoting by a the ensemble average (a. ), we

get the equation
8a+ *
5 +{wi,ay F(x, k) + (¢} L1Wicy) = 0.
Here we have defined

LW =K' KW + K*WK*. (6.32)

In the absence of scattering (£1 = 0), we thus observe that the phase-space energy density
a(t,x,k) solves the Liouville equation, which was introduced in (5.61).
Let us define Wy (p, k) = V'(p)W(p, k) + V?(p)WZ(p, k) with obvious notation. Using
the symmetry R (—p) = R¥(p), we deduce that
A 4 511 1 12 k+q
EWip10) = dp)ct | (RU(0c- @)k W (@ —k 5% + R0 - K W(a — k%)

k+q k+q
2

+R (k — )W} (k — q, — )K" + B (k — W (k — q, ——)K*)dq.

Using the convention of summation over repeated indices, we obtain after some algebra that

(L IILW (e () = 7505 [ (T el G ad (et

4(2m)d (@) — A (k) + 6 (@) — A (k) 10
R2(k — q)A (kK)aj(q)  —R2(k —q))\; (q)a+(k)) p
i (k) = Aj(a) +0 k)~ N e

(6.33)
Since Aj(k) is purely imaginary, we deduce from the relation

1 1
— ign(e)d(x), e —0,
P - o + wsign(e)d(x), as € —
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which holds in the sense of distributions, that

1 + 1 )
Ar(q) = Aj(k) + 0

¥
0<90 (/\j(q) - (k) +0

— 2m3(iA(q) — iAs (k).

This implies that j = + in order for the delta function not to be restricted to the point k = 0
(we assume Ay (k) = 0 implies k = 0). So using (6.31), we obtain that

(€ I LW (e (19) = (£09) + )a (k) — |

” o(k,q)a+(a)d(wr(a) — wi(k))dq,

where we have defined the scattering coefficients:

ﬂ.w2 P11 22
sig = G [ e i @) - o 00)da
(k) = 4(2‘;)d p.v. /Rd(ﬁ?“ ~R?)(k—q)) mdq’ (6.34)
i=+ !
7Tw2 ~

The radiative transfer equation for ay is thus

Oa .
Ot b {0 ) K0 + (500 +iTT0es = [ ol aar(@blws (@) - - (0)da
(6.35)
In the case where the two media are identical and p(ik) = —|k|? so that go(ik) = |k| and

wy (k) = co|k|, we retrieve the classical radiative transfer equation for acoustic wave propaga-
tion [28], whereas (6.35) generalizes the kinetic model obtained in [9].

The radiative transfer equation for the energy density of acoustic waves thus takes the
form

8(;? + cok - Vxai(x,k) = / o(k,q)(as(q) — ay(k))d(colal — colk|)daq, (6.36)
Rd

where R(p) = R"(p) = R'*(p) = R*(p) and

o(k,q) = Rk —q). (6.37)

The latter form shows one of the main properties of the radiative transfer equation, namely
that the scattering operator is conservative (its integral over wavenumbers vanishes) and that
it is elastic, i.e., the wavenumber |k| of waves after scattering equals that |p| before scattering.
Moreover defining the total scattering cross section as

2(K) = | ol @il (a) — o (K)da

we can interpret o(k,p)/2(|k|) as the probability of scattering from wavenumber p into
wavenumber k such that w = ¢olk| = co|p| is preserved.
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Chapter 7

Parabolic regime

7.1 Derivation of the parabolic wave equation
Let us consider the scalar wave equation for the pressure field p(z,x,t):

1 o

ma—f;—Ap:O. (7.1)
Here ¢(z,x) is the local wave speed that we will assume to be random, and the Laplacian
operator includes both direction of propagation, z, and the transverse variable x € R%. In
the physical setting, we have d = 2. We consider dimensions d > 1 to stress that the analysis
of the problem is independent of the number of transverse dimensions. If we assume that at
time ¢ = 0, the wave field has a “beam-like” structure in the z direction, and if back-scattering
may be neglected, we can replace the wave equation by its parabolic (also known as paraxial)
approximation [30]. More precisely, the pressure p may be approximated as

p(z,x,t) =~ / ei(*co'{tJr“Z)w(z,x, K)codk, (7.2)
R
where 9 satisfies the Schrodinger equation

QiK%(z,X, k) + Axt(2,%, k) + K2(n?(2,x) — (2, x, k) =0,
Y(z = 0,x, k) = o(x, k),

(7.3)

with Ay the transverse Laplacian in the variable x. The index of refraction n(z,x) = ¢y/c(z, %),
and ¢ in (7.2) is a reference speed.

A formal justification for the above approximation goes as follows. We start with the
reduced wave equation

Ap + k*n?(z,x)p = 0, (7.4)
and look for solutions of (7.4) in the form p(z,x) = e™**1)(2,x). We obtain that
Py . O 2/ 2
52 + 21/-@& + Axp + k°(n* — 1)y = 0. (7.5)

The index of refraction n(z,x) is fluctuating in both the axial z and transversal x variables
and thus has the form

n?(z,x) =1-20V <lz, lx) ,
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where V' is a mean-zero random field, and where [, and [, are the correlation lengths of V in
the transverse and longitudinal directions, respectively. The small parameter ¢ measures the
strength of the fluctuations.

We now introduce two macroscopic distances of wave propagation: L, in the x-plane and
L, in the z-direction. We also introduce a carrier wave number g and replace Kk — Kok, K NOW
being a non-dimensional wavenumber. The physical parameters determined by the medium
are the length scales [, [, and the non-dimensional parameter o < 1.

We present the relationship between the various scalings introduced above that need be sat-
isfied so that wave propagation occurs in a regime close to that of radiative transfer. Equation
(7.5) in the non-dimensional variables z — z/L,, x — x/L, becomes

1 0%  2ikkg aw 5 o 2L, xL,
S 2 = 0. .
2922 I, 0- Ax) — 2K%KjoV DL =0 (7.6)
Let us introduce the following parameters
Iy L, 1 1
596:77 6z:73 T = z = s 7.7
Lx Lz L Kol K /iolz ( )
and recast (7.6) as
92
o™y w Vs z X
Y20, 2iK O LA =0. 7.8
R i vt 5 5.5, )Y (78)

Let us now assume the following relationships among the various parameters
0y =0, K 1, 72:73 <1, oc=9%\V0s, ¢€=0,. (7.9)
Then (7.8), after multiplication by /2, becomes

7.2 9% oY 5 _
o iR + £ sz/; KIEV (7 g) b =0. (7.10)
We now observe that, when x = O(1) and 7, < 1, the first term in (7.10) is small and

may be neglected in the leading order since |e21,.| = O(1). Then (7.10) becomes

meg—w—l— —Agtp — K2EV (Z :)7,/}:0 (7.11)

which is the parabolic wave equation (7.3) in the radiative transfer scaling. The rigorous
passage to the parabolic approximation in a three-dimensional layered random medium in a
similar scaling is discussed in [1].

Exercise 7.1.1 (i) Show that the above choices imply that
ly < 1.

Therefore the correlation length in the longitudinal direction 2z should be much longer than in
the transverse plane x.
(ii) Show that

Ly Iz
L, = le'Tl;l’ L,= lZO'Tl;’U L, < L.

The latter is the usual constraint for the validity of the parabolic approximation (beam-like
structure of the wave).
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2

In the above scalings, there remains one free parameter, namely vy, = 12/I2,

verify, or equivalently

as one can

Ly Iy

L, I
where 17 > 0 is necessary since L, < L,. Note that as n — 0, we recover an isotropic random
medium (with I, = ;) and the usual regime of radiative transfer derived in the preceding
chapter. The parabolic (or paraxial) regime thus shares some of the features of the radiative
transfer regime, and because the fluctuations depend on the variable z, which plays a similar
role to the time variable in the radiative transfer theory, the mathematical analysis is much
simplified.

>0, (7.12)

7.2 Wigner Transform and mixture of states

We want to analyze the energy density of the solution to the paraxial wave equation in the
limit € — 0. As in the preceding chapter, the Wigner transform is a useful tool. Let us recast
the above paraxial wave equation as the following Cauchy problem

Y. €2 9
0z +5Awa_ﬁ \/EV(

1/15(07 X) = ¢S(X; C)

. z X
1ER - =
e €

) ve=0 (7.13)

Here, the initial data depend on an additional random variable ( defined over a state space S
with a probability measure dw((). Its use will become clear very soon.

Let us define the Wigner transform as the usual Wigner transform of the field 1. averaged
over the space (S, dw(()):

kY, (Z,X — %,C) e (z,x—i— %,C) (;T}_’)ddw(C). (7.14)
We assume that the initial data W.(0,x,k) converges strongly in L?(R? x R?) to a limit
Wo(x, k). This is possible thanks to the introduction of a mixture of states, i.e., an integration
against the measure w(d¢). This is the main reason why the space (S, dw(()) is introduced.
Note that the Wigner transform of a pure state (e.g. when w(d€) concentrates at one point
in S) is not bounded in L?(R??) uniformly in .

W.zxd0 = |

Rax S

Exercise 7.2.1 Show that with the definition (5.1) and u and v scalar functions, we have:

1
W] o et = ey 0 e

We thus need to regularize the Wigner transform if we want a uniform bound in a smaller
space than A’. We assume the existence of (S, dw(¢)) such that W.(0,x,k) above converges
strongly in L?(R? x R?) to a limit Wy(x, k). We will come back to the effect of not regularizing
the Wigner transform at the end of the chapter.

Using the calculus recalled in chapter 5, we verify that the Wigner transform satisfies the
following evolution equation

oW 1 K - p p
Tk VW = — ip-x/e k—2)— k + =
0z + K ValVe i/e Rde (WE( 2) Welk+ 2))

v (Z,p)
(2m)d

(7.15)

Here, V (2, p) is the partial Fourier transform of V(z,x) in the variable x. The above evolution
equation preserves the L?(R? x R%) norm of W,(t, -, -):
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Lemma 7.2.1 Let W.(t,x,k) be the solution of (7.15) with initial conditions W(0,x,k).
Then we have

ng(t, ) ')HLQ(RdXRd) = HWE(Ov ) ')”L2(]Rd><]Rd)7 for all't > 0. (7'16)

Proof. This can be obtained by integrations by parts in (7.15), in a way that is similar to
showing that (7.13) preserves the L? norm. This can also be obtained from the definition of
the Wigner transform and from Exercise 7.2.1. O

7.3 Hypotheses on the randomness

We describe here the construction of the random potential V(z,x). Our main hypothesis is
to assume that V(z,x) is a Markov process in the z variable. This gives us access to a whole
machinery relatively similar to the one used in the diffusion Markov approximation in Chapter
4 and Appendix A. The Markovian hypothesis is crucial to simplify the mathematical analysis
because it allows us to treat the process z — (V(z/e,x/e), W.(z,x,k)) as jointly Markov.

In addition to being Markovian, V'(z,x) is assumed to be stationary in x and z, mean zero,
and is constructed in the Fourier space as follows. Let V be the set of measures of bounded
total variation with support inside a ball By, = {|p| < L}

V= {f/ : |dV| < C, supp V C By, V(p) = V*(—p)} : (7.17)
Rd

and let V(z) be a mean-zero Markov process on V with infinitesimal generator Q. The random
potential V' (z,x) is given by

Vi(z,x) = /Rd CW@Z'P'X. (7.18)

It is real-valued and uniformly bounded; |V (z,x)| < C. The correlation function R(z,x) of
V(z,x) is

R(z,x) =E{V(s,y)V(z +s,x+y)} for all x,y € R% and z,s € R. (7.19)

In the Fourier domain, this is equivalent to the following statement:

E{(V(5). )V +9).0)} = 2n)? [ dph(zp)3(p)I(-p). (7.20)

R4

where (-, ) is the usual duality product on R? x R?, and the power spectrum R is the Fourier
transform of R(z,x) in x:

R(z,p) = /Rd dxe P*R(z,x). (7.21)

We assume that R(z, p) € S(R xR?), the space of Schwartz functions, for simplicity and define

R(w, p) as

R(w,p):/RdzeiWR(z,p), (7.22)

which is the space-time Fourier transform of R.
We now make additional assumptions on the infinitesimal generator so that the Fredholm
alternative holds for the Poisson equation. Namely, we assume that the generator @) is a

A

bounded operator on L*°(V) with a unique invariant measure (1), i.e. a unique normalized
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measure such that Q*7r = 0, and assume the existence of a constant «« > 0 such that if
(g,m) =0, then

legllLss < Clgllzgse . (7.23)
The simplest example of a generator with gap in the spectrum and invariant measure 7 is a
jump process on V where

Qg(V) = /

g(V)dr(Th) — g(V7), ‘/dﬂV)_L
v %

Given the above hypotheses, the Fredholm alternative holds for the Poisson equation

Qf =gy, (7.24)

provided that g satisfies (m, g) = 0. It has a unique solution f with (7, f) = 0 and Hf||L;>/o <
Cllg[lLz- The solution f is given explicitly by

ﬂm:—Awmw%W% (7.25)

and the integral converges absolutely thanks to (7.23).

7.4 The Main result

Let us summarize the hypotheses. We define W,(z,x,k) in (7.14) as a mixture of states of
solutions to the paraxial wave equation (7.13). The mixture of state is such that (x,k) —
W.(0,x, k), whence (x,k) — W.(z,x,k) for all £ > 0 is uniformly bounded in L?(R??). We
assume that W.(0,x,k) converges strongly in L?(R??) to its limit Wy(0,x,k). We further
assume that the random field V' (z,x) satisfies the hypotheses described in section 7.3.

Then we have the following convergence result.

Theorem 7.4.1 Under the above assumptions, the Wigner distribution W converges in prob-
ability and weakly in L*(R??) to the solution W of the following transport equation

ﬁaalz/ +k -V W = k2LW, (7.26)
where the scattering kernel has the form
_ [ a(lpP kP dp
LW (x,k) = /Rd R( >——P k) (W(x, p) — W(x, k)) B (7.27)

More precisely, for any test function A € L?(R??) the process (W.(2), \) converges to (W (z), \)
in probability as € — 0, uniformly on finite intervals 0 < z < Z.

Note that the whole process W, and not only its average E{W.} converges to the (deter-
ministic) limit W. This means that the process W is statistically stable in the limit & — 0. The
process We(z,x,k) does not converge pointwise to the deterministic limit: averaging against
a test function A(x,k) is necessary. However, the deterministic limit is in sharp contrast with
the results obtained in the Markov diffusion limit in Chapter 4 and Appendix A.

The next section is devoted to a proof of the theorem. The main ingredients of the proof
are now summarized as follows. Recall that the main mathematical assumption is that V(z,x)
is Markov in the z variable. Let us set Z > 0 and consider z € [0, Z]. This allows us to show
that (V(z/e,x/e), We(z,%,k)) is jointly Markov in the space V x X', where X = C([0, L]; Bw ),
where By = {||W||2 < C} is an appropriate ball in L?(R? x R?).
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Evolution equation and random process. Since k plays no role in the derivation, we set
k =1 to simplify. Recall that W, satisfies the Cauchy problem

oW,
0z

with W.(0,x,k) = W2(x, k), where

+ k . VXWg - £5W57

~ 2
dv(=,p)
1 5’ ip- /5 |: P p
P/ Wk = B) = W k+ D) 7.28
Ve Joe (@) € ok =35) = Welx k+3) (7.28)
The solution to the above Cauchy problem is understood in the sense that for every smooth
test function A(z,x, k), we have

LW, =

(V-0 AE) = W20 = [ 00000, (5 +1 Dot L) Ao,

Here, we have used that L. is a self-adjoint operator for (-, -). Therefore, for a smooth function
Ao(x, k), we obtain (W.(2), ) = (W2, A:(0)), where A.(s) is the solution of the backward

problem
O)e

Os
with the terminal condition \.(z,x,k) = Ao(x, k).

+k Vi + LA(s) =0, 0<5s< 2,

Tightness of the family of e—measures. The above construction defines the process
We.(z) in L?(R??) and generates a corresponding measure P- on the space C([0, L]; L?(R??))
of continuous functions in time with values in L?. The measure P. is actually supported on
paths inside X defined above, which is the state space for the random process W,(z). With its
natural topology and the Borel c—algebra F, (X, F, P.) defines a probability space on which
We(2) is a random variable. Then F; is defined as the filtration of the process W,(z), i.e., the
filtration generated by {W.(7),7 < s}. We recall that intuitively, the filtration renders the
past 7 < s measurable, i.e., “known”, and the future 7 > s non-measurable, i.e., not known
yet.

The family P. parameterized by €9 > € > 0 will be shown to be tight. This in turns
implies that P. converges weakly to P. More precisely, we can extract a subsequence of P,
still denoted by P, such that for all continuous function f defined on X, we have

Epf{f}:/f(w)dPE(w)—>/f(w)dP(w):IEP{f}, as & — 0. (7.29)
X X

Construction of a first approximate martingale. Once tightness is ensured, the proof of
convergence of Wy to its deterministic limit is obtained in two steps. Let us fix a deterministic
test function A(z,x,k). We use the Markovian property of the random field V(z,x) in z to
construct a first functional Gy: X — C|0, L] by

GAW](z) = (W A)(2) — /0 w2k VA £ Q. (7.30)

Here, £ is the limiting scattering kernel defined in (7.27). We will show that G is an approx-
imate P.-martingale (with respect to the filtration Fs), and more precisely that

[E™= {GAIW](2)| Fs} — GAIW](s)| < Canve (7.31)
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uniformly for all W € X and 0 < s < z < L. Choosing s = 0 above, the two convergences
(7.29) and (7.31) (weak against strong) show that

EP{GAW](z)[} = GAW](0) = 0. (7.32)
We thus obtain the transport equation (7.26) for W = EF {W(2)} in its weak formulation.

Exercise 7.4.1 Verify this statement.

Construction of a second approximate martingale and convergence of the full
family of e—measures. So far, we have characterized the convergence of the first moment
of P.. We now consider the convergence of the second moment and show that the variance of
the limiting process vanishes, whence the convergence to a deterministic process.

We will show that for every test function A\(z,x,k), the new functional

GaalIV1(2) = (W2(:) — 2 [ (WO, 52+ Tkt V()G (7.33)

is also an approximate P.-martingale. We then obtain that
EFs LW, \)?} — (W, M) (7.34)

This crucial convergence implies convergence in probability. It follows that the limit measure
P is unique and deterministic, and that the whole sequence P. converges.

7.5 Proof of Theorem 7.4.1

The proof of tightness of the family of measures P. is postponed to the end of the section
as it requires estimates that are developed in the proofs of convergence of the approximate
martingales. We thus start with the latter proofs.

7.5.1 Convergence in expectation

To obtain the approximate martingale property (7.31), one has to consider the conditional ex-
pectation of functionals F(W, V') with respect to the probability measure P. on D([0, L]; By x
V), the space of right-continuous paths with left-side limits [10] generated by the process
(W, V). Note that W is a continuous function of z thanks to the evolution equation it solves.
The process V' however need not be continuous, whence the above space, sometimes referred
to in the probabilistic literature as the space of cad-lag functions (which stands for the French
continu a droite, limite a gauche). The only functions we need consider are in fact of the form
F(W,V) = (W,\(V)) with A\ € L®(V;C([0, L]; S(R*?))). Given a function F(W,V) let us

define the conditional expectation

Bl AFw )} () =BPLFW (), Vo) W) =W V() =V}, 7>

The weak form of the infinitesimal generator of the Markov process generated by P. is then

given by
]> )\> .

(7.35)

Lul, W)} e

™ | X

1 0 1 .
= - [[ a_ k‘ ;X = [ 9
5< QN < ’(82 \/E’C[

h=0
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Exercise 7.5.1 Derive the above formula in detail using the definition of the Markov process
V' with infinitesimal generator ) and the evolution equation for W, written in the form

oW,
0z

bV = \}g/cmz/e),x/e]wa, (7.36)

where the operator I is defined by
. o _ L[ dV(P) p p
k == Rl k—=)-— k+2)|. :
KV noem ke V) =+ [ G [ k= B) —vixnd+ D). (@0
The above equality implies that

=W AV))(2) - /0 <W, CQ + ai +k-Vy+ \ZIC[V, :]> )\> (s)ds (7.38)

is a P.-martingale since the drift term has been subtracted.
Given a test function \(z,x,k) € C1([0, L]; S) we construct a function

Ae(z,%,k, V) = Mz, x,K) + VeXS (2, x,k, V) + X5z, x, k, V), (7.39)

with Af () bounded in L*(V; L?(R?9)) uniformly in z € [0, L]. This is the method of per-
turbed test function. Rather than performing asymptotic expansions on the Wigner trans-
form itself, which is not sufficiently smooth to justify Taylor expansions, we perform the
expansion on smooth test functions.

The functions Aj 5 will be chosen to remove all high-order terms in the definition of the
martingale (7.38), i.e., so that

1G5, (2) = GA(2)[| L vy < Cave (7.40)

for all z € [0, L]. Here G_ is defined by (7.38) with A replaced by A., and G is defined by
(7.30). The approximate martingale property (7.31) follows from this.
The functions A] and \§ are as follows. Let A\i(z,x,n,k, V) be the mean-zero solution of
the Poisson equation
k-VyA + QM = —KA\. (7.41)

It is given explicitly by

1 av(p) ; :
Mz, x,nk V) = / dreTQ/ VD) ircp)+i(rp) [A(z,x,k -By o Gexk+ B,
v Jo Rd 27T)d 2 2
(7.42)
Exercise 7.5.2 Prove the above formula. Hint: Go to the Fourier domain 1 — p.

Then we let )\i(z,xz k, V) = Al(z,x,x/g,k, V) Furthermore, the second order corrector is
given by A5(z,x,k, V) = \a(z,x,x/e,k, V) where \a(z,x,m,k, V) is the mean-zero solution of

k- Vn)\z + Qlo = LA — KA, (7.43)

which exists because
E{K\} =LA (7.44)

Exercise 7.5.3 Verify the above equality using the definition of the power spectrum of the
potential V.
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The explicit expression for As is given by
Ao(z%,m,k, V) = —/ are’@ [£A(2, %, k) = K] (2 %1 + 7k, K, V)
0

Exercise 7.5.4 Verify this.

Using (7.41) and (7.43) we have

d
B (WA} (= +h)

0 1o e 1
<W, <a+k Vx +\@K[V,:]+€Q) (A+\/§>\§+6)\g)>

:<W (aa +k-V >A+£)\>+< (+k Vx) (ﬁki+€A§)+\/ElC[V,:]A§>
:<W <§ +k-V >)\+£>\>+ VEW, (),

with

0 € o Xaye
g?:(aﬁk-vx) +\f< +k- V) 2+’C[V7g])‘2~

The terms k- VxA{ 5 above are understood as differentiation with respect to the slow variable
x only, and not with respect to n = x/e. It follows that GS, is given by

5.(2) = (W(z2),As) — /0 ds <W, ((,i +k- Vet E) >\> (s) — \/5/02 ds(W, ) (s)  (7.45)

and is a martingale with respect to the measure P. defined on D([0, L]; By x V). The estimate
(7.31) follows from the following two lemmas.

Lemma 7.5.1 Let A € C'([0, L]; S(R??)). Then there exists a constant Cy > 0 independent
of z € [0, L] so that the correctors \j(z) and N\5(z) satisfy the uniform bounds

IAT oo w2y + 1A (2) | oo (vs22) < O (7.46)
and

3%( )

ORI S0

|2 M ey + 122 10,052

)HLOO(V;LZ) S C)\- (747)

Lemma 7.5.2 There exists a constant Cy such that
IV, %/l 2pe < C
for any V eV and all € € (0,1].

Indeed, (7.46) implies that [(W,\) — (W, \.)| < Cy/e for all W € X and V € V, while
(7.47) and Lemma 7.5.2 imply that for all z € [0, L]

1¢2(2) 12 < C, (7.48)

for all V € V so that (7.31) follows.

Proof of Lemma 7.5.2. Lemma 7.5.2 follows immediately from the definition of X, the
bound (7.17) and the Cauchy-Schwarz inequality.

We now prove Lemma 7.5.1. We will omit the z-dependence of the test function A to
simplify the notation.
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Proof of Lemma 7.5.1. We only prove (7.46). Since A € S(R??), there exists a constant

C) so that
Cy

(14 x[)(1 + [k[54)’
The value of the exponents 5d is by no means optimal, and is sufficient in what follows. Then
we obtain using (7.17) and (7.23)

A%, k)| <

|>‘§ (Z,X, k, V)‘ =C / d’l“erQ/ dV(p)e"(k'P)‘H(x'P)/E [)\(Z,X, k — E) _ )\(Z,X, Kk + E)} ‘
0 R¢ 2 2

<C / dre=°" sup / 4V (p)] [INz %,k = 2]+ Az x, ke + 2]
0 v JRe 2 2
C

1+ [xP9) (1 + (k| = L)>x =51 (k)

=1

and the L2-bound on \; follows.
We show next that A5 is uniformly bounded. We have

LA K) — / AV(D) ip-(x/e+ri0)
Rd

Mook V)= [ dre®
2,1, V) /0 e i Jpa (21)d

X P - X P -
s kvk_iv - ) kyk ) ]:|
x[)\l(xg—l—r 5 V) )\1(X6—|—’I" +2 V)
The second term above may be written as

1 [ dV , . .
/ AVP) ip-(x/e+rk) [)\1(39 Xk k-2 0 o E ek k4 2 V)]
R4 € 2 € 2

i (2m)d

_ / AV (P) ip-(x/e-r10 / * ise@ [ VD stkop/arite/etriora
ra (2m)4 0 Rre (2m)7

x [ A ke - P axk-E %)]

n /R d C?;T()I:l) oip-(c/e47K) /0 ” 1ses@ /R d 0(3‘;()(2) pis(k+p/2)-a+i(x/e+rk)q

X {)\(X,k+ g - %) —)\(x,k+g+ %)] .

Therefore we obtain

N5 (x,k, V)| < C/ dre”*"
0

LLA(x, k)| + sup / 14V (p)| / dse™® sup / 4V (q)
v JRd 0 v, JRd

P 4q P, 6 4 P 4q | S |
x (Ik(x,k—g—5)I+|A(x,k—§+§)\+|A(x,k+§—§)|+A(x,k+§+§))}

1
=C {‘“(X’ Ol T R (- L>5d><|k|z5L<k>>} ’

and the L2-bound on A5 in (7.46) follows because the operator £ : L? — L? is bounded. The
proof of (7.47) is very similar and is left as a painful exercise.

Lemma 7.5.1 and Lemma 7.5.2 together with (7.45) imply the bound (7.40). The tight-
ness of measures P. given by Lemma 7.5.4 implies then that the expectation E {W.(z,x,k)}
converges weakly in L?(R??) to the solution W(z,x,k) of the transport equation for each
z € [0, L].
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7.5.2 Convergence in probability

We now prove that for any test function A the second moment E {(WE, )\)2} converges to
(W, A)2. This will imply the convergence in probability claimed in Theorem 7.4.1. The proof
is similar to that for E {(W., A\)} and is based on constructing an appropriate approximate
martingale for the functional (W ® W, u), where u(z,x1,ki,x9,ko) is a test function, and
W @ W(z,x1,ki,x9,ko) = W(z,x1,k1)W(z,x2,ks). We need to consider the action of the
infinitesimal generator on functions of W and V of the form

F(W7 V) = <W(X17k1)W(X27kQ)vM(27X17k17X27k27V>> = <W ® W?/*L(V»

where p is a given function. The infinitesimal generator acts on such functions as

d P ¥ _ 1 €

B AW EWRD) G+ =W S W.QN -+ (W © W.Hsp), (7.49)
where '

Z N [ ] pAX -V, (7.50)
with )
il = [ AV [ - B i) - ula + 5 1)
1 JRd 2 2

and

N 1 R i(p- p
KoV, malp = A /]Rd dV (p)e'Pm2) [M(khkz - g) — pu(k, ko + 5)] .

Therefore the functional
e .
Glf =(WW,uV))(z) (7.51)

# 8 X1 ~ X9
—/0 <W®W( Q+f+k1 Vi, +ko- VXQ-I-\[(/Cl[V ]+K2[V,€]))u>(s)d$

is a P° martingale. We let u(z,x,K) € S(R?*? x R??) be a test function independent of V,
where x = (x1,x2), and K = (ky, k). We define an approximation

pe(z, %, K) = p(z, %, K) + vVep (2, x,x/2, K) + epa(x, x/¢, K).

We will use the notation pj(z,x,K) = pi(z,x,x/e,K) and p5(z,x,K) = ua(z,x,x/¢,K).
The functions p; and pg are to be determined. We now use (7.49) to get

2
d . 1 .
Da = %’hZOEW,\A/,z«W ® VV,/'LE(V»)(Z + h’) = g <W® VV7 Q + ij ’ v"”lj M>
j=1
1 2 2
= R v N i
+\/5<W®W, Q+;k Vi u1+;KJ[V,n}u> (7.52)

2
+<W®W, Q+> K-V, “2+Z’C [Vn}m+g+2kﬂ x]u>

Jj=1 7=1

+f<W®WZIC [Vn}uz—i— §+Zk Vi (N1+\/§M2)>.

7j=1
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The above expression is evaluated at n; = x; /e. The term of order ¢! in D, vanishes since
p is independent of V and the fast variable n. We cancel the term of order e~ /2 in the same
way as before by defining p; as the unique mean-zero (in the variables V and 5 = (n1,m3))
solution of
2 2
Q+> K Vo + > K;[V,nlu=0. (7.53)

J=1 J=1

It is given explicitly by

~ 1 © ~ . X
piGen K V) =5 [ drer@ [ avpierom o [ - ) -t + 5]
1 0 Rd 2 2

1 [® . . .
+ / dreTQ/ dV (p)e'r k2 P)+i(nzp) [u(kl,kQ ~P) — ki ko + B)} :
tJo R 2 2

When p has the form p = A® A, then pq has the form p; = A\ ® A+ A® A1 with the corrector
A1 given by (7.42). Let us also define ps as the mean zero with respect to my solution of

2 2 2
7=1

J=1 J=1

where f = [dny f. The function us is given by

po(x,m, K, V) = —/ dre"@[K [V, my + ki (x,n + 7K, K) (7.55)
0
- [ICl [V7 m + Tkl]lu’l](xa n + ’f’K, K7 V)]

- [ drer UGV e+ gl G + T KK)
0

- [ICQ [V7 Up) + Tk?]lu’l](x7 n + T'K, K7 V)]

Unlike the first corrector 1, the second corrector po may not be written as an explicit sum of
tensor products even if p has the form p = A ® A because py depends on V.
The Pf-martingale Gi’f is given by
. z 0
Giyf =(WeW,uV))(z) — /0 <W ® W, (% +k;-Vx, +ko- Vg, + E;)u> (s)ds
z
~VE [ oW s, (7.56)
0

where (£ is given by

. 2 .
Go= S [0 5 s+ [ 30K | (5 )
j=1
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and the operator £5 is defined by

EM - (27T / d’r/ddpR ’p "T(kl'f‘ P (M(Z7X17klax27k2) _M(Z7X17k1 +p,X2,k2))
R

e ISP (12, %1, kg — P, xa, ko) — (2, x1, ki1, %2, ka))]

X2—X1
e

+[e™®

X2—X1
e

Jrzrkg-p(u(z’xlakl + g)XZ’kQ - g) — p(z,x1,ky + B’X27k2 %)

—eP TP (1, x kg —

+[eRPHETEP (2 g, kg — Bxa ko + B) — pu(z,x1, K — B xa ko —

1—%X2
€

Boxo, ko — 8) — p(z, x1, ki — 5, %0,k +

E
2
b
2
P

)
)]
)

_pirkipti* Pu(z,x1, ki + B, x0,ke + B) — pu(z, x1, ki + B, %2,k — )]
et )P (2, %1, K1, Xa, ka) — (2, X1, ki, X2, ko + P))

_eir(kQ_%)‘p(:u(Za x1, ki1, %2,k — p) - :U“(Za x1, K1, X2, k2))] :
(7.57)
We have used in the calculation of £5 that for a sufficiently regular function f, we have

E /Rdi‘;;;)/ooodrerQ/MdV() ,pq] / dr/Rd r,p)f(r,p, —p)dp.

The bound on ¢ is similar to that on (g\ obtained previously as the correctors p satisfy the
same kind of estimates as the correctors A;:

Lemma 7.5.3 There exists a constant Cy, > 0 so that the functions ui, obey the uniform
bounds

1143 (2) | L2 2y + (|45l L2 2ey < Chs (7.58)

and

9 9
H 'ual —i—Zk Vi, 1 (z HL2 R2d) —f—” MQ —}—Zk Vi, 145 ( )HLQ(RQd)SCN” (7.59)

for all z € [0,L] and V € V.

The proof of this lemma is very similar to that of Lemma 7.5.1 and is therefore omitted.

Unlike the first moment case, the ~averaged operator L5 still depends on €. We therefore do
not have strong convergence of the P=-martingale Gue to 1ts limit yet. However, the a priori
bound on W, in L? allows us to characterize the limit of G and show strong convergence.
This is shown as follows. The first and last terms in (7.57) that are independent of € give the
contribution:

2
_kl

|: rnp — kl) ‘ 2 (M(Z7X17P>X2ak2) —/L(Z,Xl,kl,Xg,kQ))

L d
2= / T/Rd 27r)
. k p
+R(r, ki — p)e” T (12, %1, P1, X2, k2) — p(2,x1, ki, %2, ko))
~ . p27k2
+R(z,p —ka)e" 7 (u(z,x1, k1, X2, p) — (2, x1, K1, X2, ko))
2 2
R(z,ky —p)e™ 7~ (u(z,x1, k1, %2, p) — (2, X1, K1, X2, ka))
d L om2 ]€2
:/ de(p Lp — k1) (u(z,x1,p, %2, ko) — (2, %1, k1, X2, k2))
R4 (27T) 2
507 — K3
+R( P — k2)(M(Z)X17 kl)x27 p) - /’L(Z7Xl’ k17X25 k2))

85



The two remaining terms give a contribution that tends to 0 as ¢ — 0 for sufficiently smooth
test functions. They are given by

(L5 — / dr/ dpR(r,p)x
Rd

(eip' : 1+Zrk2 P+ ezrkl p+i® “P) (u(zx1, ke + B %0, ko + B) — (2, x1, ki + B x0, ko — B))

ik y (il PHETER) (42 30, kg = B,%0, ko — B) = iz, %1, ki — B30, ko + B)).

—xq
>

4—(€ip'x2
We have ) 3
R(Zap) = R(_Zv _p) Z 0

by Bochner’s theorem. Since (£5 — £2) and A are real quantities, we can take the real part of
the above term and, after the change of variables r — —r and p — —p, obtain

1 o ~ X2 = X1\, irke. ke -
e _ _ , irkap | irkip
(5= Lo = g [ dr [ dpFitrp) cos(p- Sy (erhem 4 b

X(,U,(Z,Xl,kl + %,XQ,kQ + %) +,U'(Z7X17k1 - va27k2 - %)
_’U/<Z’X17k1+%’X2’k2_%)_lu’(z7xl7k1 27X27k2+%))

= (272T)d/Rddp(R(—k1 -p,P) + R(—ks - p,p)) cos(p - 227

X (p(z,x1, k1 + B, x0, ko + B) — pu(2,x1, k1 — B, %0, ko + B))

=g1+92+93+gs+cc

We have (since p is real-valued)

I = /dxldkld}cgdk2|gl(z X1, kl,XQ, kQ = C/dxldkldedk2dpdqR( k1 P, p)]‘:{(—kl - q, q)

Xez(p—q)~ g,XZ,kQ + *).

P
= ko + = k; —
, X2, Ko + )M(Z,Xh 175 5

ki —
[L(Z,Xl, 1 9 9

Using density arguments we may assume that p has the form
p(x1, ki, X2, ko) = p1(x1 — Xo)pa(x1 + x2) 3 (k1) pra(kz).

Then we have

I =C | dxidkidxsdkadpdqR(—k; - p,p)R(~k; - q,q)
R(ﬁd

p q q
xe 1P 2 () ) ud (o) pa (et — 5 P (ks + §)M3(k1 - 5)#4(1{2 + 5)
= Clalfs | dadkodpdali(—k -p.p) (K - aa)o(P—)
q q
k k ki — = k =
x pg (k1 — 2)#4( 2+ 2)#3( 1 2)M4( 2 + 2)

where v(x) = p2(x). We introduce G(p) = sup,, R(w, p) and use the Cauchy-Schwarz inequal-
ity in k; and ko:

1= Clalflslfalals [ dpdaGi(p)Gila) |7

(p;q)‘.
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We use again the Cauchy-Schwarz inequality, now in p, to get

1/2
Nk
11 ClhalB sl s 6 [ daGa) [ anlo®)[)
Rd Rd g
< O a3 a2 |G 2 NGl o

This proves that ||(£5 — L2)p||2 — 0 as ¢ — 0. Note that oscillatory integrals of the form

/ ¢'* u(p)dp, (7.60)
Rd

are not small in the bigger space A’, which is natural in the context of Wigner transforms. In
this bigger space, we cannot control (£5 — L2)u and actually suspect that the limit measure
P may no longer be deterministic.

We therefore deduce that

N z 0

is an approximate P. martingale. The limit of the second moment
Wa(z,x1,k1,%2,ka) = EX {W(z,x1, k1) W (2, %2, k2)}
thus satisfies (weakly) the transport equation
oW,
ot

with initial data Wa(0,x1,k1,x2,ks) = Wo(x1,ki)Wo(x2,ka). Moreover, the operator Lo
acting on a tensor product A ® A has the form

+ (k1 - Vx, + ko - Vi, ) Wo = LW,

LoA@AN =LADA+A® L.
This implies that
EP {W (z,x1,k1)W (z,%x2,k2)} = EF {W (2, %1, k1) } EF {W (2, x2,k2)}

by uniqueness of the solution to the above transport equation with initial conditions given by
Wo(x1,k1)Wo(x2,ke). This proves that the limiting measure P is deterministic and unique
(because characterized by the transport equation) and that the sequence Wy (z, x, k) converges
in probability to W (z, x, k).

7.5.3 Tightness of P.
We now show tightness of the measures P: in X. We have the lemma

Lemma 7.5.4 The family of measures P. is weakly compact.

The proof is as follows; see [11]. A theorem of Mitoma and Fouque [24, 16] implies that in order
to verify tightness of the family P. it is enough to check that for each A € C([0, L], S(R? x
R%)) the family of measures P. on C([0, L];R) generated by the random processes W§(z) =
(We(z), A) is tight. Tightness of P, follows from the following two conditions. First, a Kol-
mogorov moment condition [10] in the form

ET {{(W,0)(2) = (W, N ()" (W A) (21) = (WA (s) "} S Ca(z = 9)'F, 0<s<2<L
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should hold with v > 0, 8 > 0 and C'y independent of €. Second, we should have

lim lim sup Prob”= { sup |[(W,\)(z)] > R} =0.
R—o0 ¢—0 0<2<L

The second condition holds automatically in our case since the process W5(z) is uniformly
bounded for all z > 0 and € > 0. In order to verify (7.61), note that we have

W(2):0) = G5, () =VEW. X)W 5+ [ ds(W. bV A en(6)+vE [ s, )s)

The uniform bound (7.48) on ¢2 and the bounds on [AT 2(2) [l L2(R2ay in Lemma 7.5.1 imply
that it suffices to check (7.61) for

Z o\
xs<z>=GiE<z>+/O As(, 92 4 k- T+ LN)(5)

We have

2

B{le.(2) - w9 7} < zE{

/ dr (W, % F k- V4 LAY (1)

=

2B {|G5.(2) — G5.(5)*| A} < O = )2 4+ 2B {{G5.)() = (G5.)(9)| Fi

Here (Gia) is the increasing process associated with G5_. We will now compute it explicitly.
First we obtain that

= AW AN, D he Voot K1V, X+ L@ [, 0)7)

d pr. 2(, 1
By AWAP 1)} e 7

dh~ WVt

so that

W) = [ (200000 5 + k- Va4 K17

is a martingale. Therefore we have

1
M)+ QWAL (o)) ds

3

@5, = [ as

0

o - Zwogamen| )
-/ s (Q [(W,25)2] — (W, X5) (W, QX5) (5)) + V2 / dsHL(s)
with
He =2/ (QUW, AD(W, A9)] — (W, AT (W, QA5) — (W, A5)(W, QA7)
+ & (QUIW, A5 = 2(W, A5) (W, QX3)) -
The boundedness of A5 and that of @ on L*°(V) imply that |H.(s)| < C for all V' € V. This
yields
E{{G5.)(2) = (G5.)(5)| F} < C(z = 5)

whence

E { 2o () — xe(s)\Q‘ }"s} <Oz —s).

88



In order to obtain (7.61) we note that

B {|ze(2) = ze(21)[" |2e(21) — 2=(5)]"}
= B (B {|oe(2) = ze(20)|| F, } |2e(21) — 2 ()]}

< 5% { [ {Jaete) = auten P £ }] " loute) - a1 |

< Oz = ) P2EP {Jae(z1) - a(s)[} < Oz = 2B (B {lae(z1) - (o) |5} }
< C(z — 21)?E" { [P {Jae(z1) - 2e(5)P A 2} < C(z —21)"*(z1 — 8)2

< Oz — s).

Choosing now v > 1 we get (7.61) which finishes the proof of Lemma 7.5.4.

7.5.4 Remarks

Statistical stability and a priori bounds. As we have already mentioned, the uniform
L? bound for the Wigner transform is crucial in the derivation of Thm. 7.4.1. In the absence
of an a priori L? bound, we are not able to characterize the limiting measure P. However we
can characterize its first moment. The derivation is done in [7]. Let us assume that W; is
bounded in A’, as is the case for the Wigner transform of a pure state 1. uniformly bounded
in L?(R%). Then we can show that Ef={WW.} converges weakly to W, solution of (7.26), with
appropriate initial conditions (the Wigner transform of the limit . (0,x)). The proof is very
similar to that obtained above, except that in the proof of convergence, as well as in the proof
of tightness of the sequence of measures P. (now defined on a ball in C([0, L]; A")), we need to
show that the test functions A; o are bounded in A’ rather than L?(R??).

However the proof of convergence of the second martingale in section 7.5.2 does not extend
to the case of a uniform bound in A’. Technically, the obstacle resides in the fact that the
oscillatory integrals (7.60) are small in L?(R??) but not in A’. Since A’ includes bounded
measures, any measure p(dp) concentrating on the hyperplane orthogonal to x will render the
integral (7.60) an order O(1) quantity.

The above discussion does not provide proof that P. does not converge to a deterministic
limit. However it strongly suggests that if W is allowed to become quite singular in A’, then on
these paths P. may not become sufficiently self-averaging to converge to a deterministic limit.
Actually, in the simplified regime of the It6-Schrodinger equation (a further simplification
compared to the paraxial wave equation), it is shown in [2] that the measure P. does not
converge to a limiting deterministic measure when the initial Wigner measure is very singular
(converges to a delta function in both x and k). Instead, scintillation effects, which measure
the distance between the second moment of W, and the square of its first moment, are shown to
persist for all finite times (for an appropriate scaling). This does not characterize the limiting
measure P either (this remains an open problem even in the It6-Schrédinger framework), but
at least shows that P is not deterministic.

Paraxial and radiative transfer regimes. Note that in the limit where the potential
V(z,x) oscillates very slowly in the z variable, so that R(z,x) converges to a function that does
not depend on z (because V(z,x) becomes highly correlated in z), whence R(w, p) converges

~

to a function of the form §(w)R(p), we obtain the limiting average transport equation

~

— + k- VW = «? -k
/{az—{- VW =k RdR(p )5(

K _ e
2 2

)(W(x, p) — W(x, k)) (;f)d. (7.62)

89



This is the radiative transfer equation for the Schrédinger equation (7.13) when the potential
V(x) is independent of the variable z. We do not recover the full radiative transfer equation
as in Chapter 6 since we started with the paraxial approximation. However we recover the
radiative transfer equation for the Schrodinger equation that can be derived formally using
the same tools as those developed in 6.

Exercise 7.5.5 [long project] Derive (7.62) from the Wigner transform of the Schrodinger
equation. Hint: see [28].

Note that the dispersion relation for wave equations w = ¢y|k| is now replaced by its “paraxial”
approximation w = |k|?/2, where k now is the transverse component of the wavevector only.

90



Appendix A

Notes on Diffusion Markov
Processes

A.1 Markov Process and Infinitesimal Generator

A.1.1 Definitions and Kolmogorov equations

A process {X (t) }+>0 is called Markov with state space S if X(¢) € S for all ¢ > 0 and for all
Ae S, t>, and 7 > 0, we have

PIX(t+7) € AIX(s), s <t] = PIX(t + 1) € AIX(1)], (A1)

almost surely [12]. What this means is that the future of X (u) for u > t depends on its past
X(s) for s <t only through its present X (¢). In other words, knowing X (¢) is enough to know
X (t+ 7). Markov processes forget about the past instantaneously.

Let us define the Transition Probability Density p(t,y|s, x) as

p(t,yls, x)dy = PIX(t) € (y,y + dy)| X (s) = 2] for s <t (A.2)

The Chapman-Kolmogorov (CK) relation states that for s < 7 < ¢,
pltyls.) = [ priels. e olr, )de (43)
which is an integration over all intermediate states £ taken at time 7. We can also see this as

(s,2) — (1,6) — (£, 9).

For s < t, we define the 2—parameter family of solution operators 7! as

(Tof)(z) = E{f(X($)|X(s) =} = /p(t,y!é’,x)f(y)dy (A.4)
The properties of T¢, obtained from the CK relation, are
(1) T} = Id (Identity)
(2) T8 = TIT! for s <7<t (A.5)
(3) T e < 1 (contraction) .
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We define the Infinitesimal Generator @; of the Markov process X (t) as the operator

Tt+h Id

= 1
Qr = 1m n

(A.6)

The domain of definition of Q; may be a dense subset of that of 7.
Let us define a quantity whose calculation we are interested in

ult, s, ) = T f(x) = E{f(X(1))|X(s) = o}. (A7)

Here, s is the starting time, x the starting position, and t the final time. We are interested
in the average of f(X(t)). We have that u satisfies the following Kolmogorov Backward
Equation (KBE)
ou
— +Qu=0 for s<t
gs T (A.8)
(t7 tvx) = f(x)

Note that the differentiation is with respect to the backwards time s. We solve the PDE
backwards in time from ¢ to s. (s operates on the backwards starting position x. The
transition probability density p(¢,y|s,x) satisfies the KBE with f(x) = d(x — y):

dp
%(t,y]s,m) + (Qsp(t,yls,x))(x) =0 for s<t (A.9)
p(t,ylt, z) = d(z —y).

The transition probability density p(¢,yl|s,z) also satisfies the following Kolmogorov For-
ward Equation (KFE)

5 (t yls,z) + (Qip(t, yls,x))(y) =0 for 1> (A.10)
p(s,yls,x) = d(x — y).

Here Q* is the formal adjoint to (), acting on the forward variable y. Note that this equation
is solved forwards in time, from s to ¢t > s.

A.1.2 Homogeneous Markov Processes

By definition, the statistics of a homogeneous Markov process do not change in time:
p(t,y|s,x) = p(t — s,y|z);  probability depends on time difference only. (A.11)

The Chapman-Kolmogorov relation becomes
P(t+ royla) = [ Pt €l P(rgfe)ag
We also now define the 1—parameter family of operators 7"

(T"f)(z) = BE{ /(X ())IX(O)ZIL‘}Z/p(t,ylx)f(y)dy- (A.12)

with the properties

(1) 0 = 1Id
(2) Tt+7’ — TtTT (A.13)
3) T < 1



The family T¢ forms a continuous contraction semigroup of operators. We also define the
infinitesimal generator

. Tt —1Id
Q= %1_{% ; (A.14)
with no time dependence. We then verify that the solution operator T is given by
T! = ¢@ (A.15)
Indeed, if we define
ut,x) = E{f(X ()| X(0) = a} = (T"f)(2), (A.16)
then we have the KBE with change of variables t — —t
% =Qu for t>0
ot (A.17)
u(0,z) = f(x).
This implies (A.15). We also have the KBE and KFE
@(t x)+Qp(t,x) =0 for t>0
ot P = (A.18)
p(0,ylz) = 0(z — ),
@(t )+ Q*p(t,y) =0 for t>0
ot Y P,y Z (A.19)

p(0,ylz) = 6(x —y).

In the KBE, y is a parameter, in KFE, z is a parameter.

A.1.3 Ergodicity for homogeneous Markov processes

By definition, a homogeneous Markov process is called ergodic if there exists a unique
normalized invariant measure p(y) such that

Q5 =0, / Ply)dy = 1. (A.20)

Notice that ergodicity implies that the null space of ) is the space of constant functions, since
Q1 =0as T'1 = 1. From (A.20) and (A.18), we deduce that

(o) = [ plto. €loip(€)ae, (A21)
for all time tg > 0. This justifies the notion of invariant measure. As t — oo, the density p

converges to p exponentially. The spectrum of QQ* gives the rate of mixing, or of convergence.
We can now construct the inverse of an ergodic generator (). We want to solve the problem

Qu=f (A.22)

where f is a known source term. The Fredholm alternative states that this problem admits
solutions if and only if

En{ /(X)) = / fWPW)dy =0, e f1{p). (A.23)
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Here, E, is expectation with respect to the invariant measure. The solution u is defined up
to a constant function. The solution orthogonal to p, i.e. such that [ p(y)u(y)dy = 0 is given
by

u(y) = — /000 eQfds = — /000 T4 fds. (A.24)

We can summarize by saying that
oo
—/ e*?ds: D —D
0

is the inverse of () restricted to

D = {p}* = (Nul{Q"})".

A.2 Perturbation expansion and diffusion limit

Let us consider the ordinary differential equation

dX. 1 t t J
= —=F(X0),Y(2)) + G(X0.Y(2)), Xc(0) =X R, A25
dt \/E s( ) (6) + 5( ) (8) E( ) 0 ( )
for some smooth functions F(x,y) and G(x,y). We set Y.(t) = Y(¢7!t). We assume that
Y (t) is a homogeneous Markov process with infinitesimal generator @) bounded on L*°()) and
with a unique invariant measure 7(y) solution of

Q*n(dy) = 0. (A.26)

Moreover we assume the existence of a spectral gap, or equivalently assume that the semigroup
T" = €79 is strictly contracting on {7}, the set of functions f such that Eo{f} = (f,7) =0
for (-,-) the usual inner product on ). The spectral gap « > 0 is such that if (g, 7) = 0, then

1"l ) < Cllgllzoemye™

This allows us to solve the following Poisson equation

Qf =y, (A.27)

with the following Fredholm alternative. If (mw,g) # 0, then the above equation admits no
solution in L>°(Y). If (m,g) = 0, then there exists a unique solution f such that (7, f) = 0,
given by

f(y) = - /O " Tg(y)dr, (A.25)

which moreover satisfies that || f[|zec(y) < Cl|gll zee(y)-
Since Y (t) is a Markov process, then so are Y (t) and (X.(t), Y<(t)) jointly. Let us consider
moments of the form

Ua<t7xu y) = E(x,y){f(xe(t)a Ys(t))}v (A'29)

where the processes (X (t), Y(t)) start at (x,y) at ¢ = 0, and where the function f(x,y)
is smooth. We want to understand the limit of u.(¢,x,y) as ¢ — 0. This characterizes the
limiting law of the joint process (X (t), Y<(t)), thus of X.(¢).
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The analysis is carried out by using a perturbation expansion. The exposition closely
follows that of [11]. The equation for w. is

aus(tvxabo = £€u€(tax>y)7 (A30)

ua(O>X7y) = f(x,y),

where the infinitesimal generator for (X (), Y:(t)) is

1 1
Le= Lo+ —=L1+ Lo,
€ Ve (A.31)

EO - Qv 'Cl - F(X7Y) : vX) [’2 - G(va) : vx-

We can then expand u. = ug + v/eui + eug + (., plug this into (A.30), and equate like powers
of €. This yields

QUO =0
Qui+ Liug = 0 (A.32)
Jug

Quo + Liur + Loug E
The first equation Qug = 0 implies that ug(t,x) is independent of y since Q1 = 0. The second
equation implies that

(L1ug, m(dy)) = 0,

which since ug(¢,x) is independent of y necessitates that
(F( / F(x,y)n(dy) = Eoo{F(x,y)} = 0. (A.33)

This is a constraint on F(x,y) that we need to assume in order to obtain a limit for u. as
g — 0. If the above average is not zero, this means that there is a drift at the scale € that
prevents one from having a non-trivial limit for u. as ¢ — 0. When the constraint (A.33) is
satisfied, the second equation in (A.32) admits a unique solution given by

ui(t,x,y) = / e"CF(x,y) - Vyuo(t,x)dr. (A.34)
0

The third equation in (A.32) admits solutions only if the following compatibility condition
holds:

E?uo
(7T, Liug + Loug — W) =0. (A.35)
More explicitly, we have
8’&0
F (x,y) - Vx F(x,y) - Vxuo(t,x)drr(dy) + G (x,¥) - Vxuo(t,x)m(dy).

Using the fact that ¢"®F = T"F = Eo {F(t + s)|F(t) = F}, this can be recast as

8UO . 1 62

ot 2 ()a i
UO(tvx) = f(X),

0
~ug + b ug,
0+ br(x )(%k 0 (A.36)
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with summation over repeated indices, where we have

1

505 (x)

| Bt Py ) ey (s s,

d oo (A.37)
) = 3 [ BBy O) G ey (o)) s + B (Gl 3],

j=1 !

The limiting equation for wug(t,x) is thus a diffusion equation. The matrix a, which as
we can verify is symmetric and positive definite, can be written as a = o2 (this expression
is the reason for the factors 1/2 in (A.36) and (A.37)). Then the right-hand side in (A.36)
is the infinitesimal generator of a diffusion Markov process satisfying the following stochastic
ordinary differential equation (in the Ito sense):

dX = b(x)dt + o(x)dWy, (A.38)
where W; is d— dimensional Brownian motion.

Theorem A.2.1 For f(x) smooth, let u-(t,x,y) be the solution of (A.30) with initial condi-
tion u:-(0,x,y) = f(x), and let u(t,x) be the solution of the limiting equation (A.36) with the
same initial conditions. Then provided that the functions F' and G are sufficiently smooth, we
have

lu-(t,x,y) —u(t,x)| = O(Ve), 0<t<T < 0, (A.39)

uniformly in x € R andy € ).

Exercise A.2.1 Prove the above theorem assuming that the solutions to (A.36) and to (A.27)
are sufficiently smooth and that the operator 9, — L. satisfies a maximum principle. Follow
the steps of the proof of Thm. 2.1.1.

The above theorem shows that

Exyy{f(Xs(t))} - Ex{f(x(t)}’ €= 0’ (A40)

for all 0 <t < T < oo, where X(t) solves (A.38). It is not quite sufficient to show the weak
convergence of X. to X as a measure on the space of paths C([0,7];R%), which requires a
better control of the regularity in time of the convergence. The proof of weak convergence in
C([0, T]; R%) goes beyond the scope of these notes and we refer to [11] for additional details.

A.3 Remarks on stochastic integrals

In the preceding section we saw that the limiting process solved the following stochastic ordi-
nary differential equation
dX = b(x)dt + o(x)dWy, (A.41)

where W; is d— dimensional Brownian motion. Brownian motion W; is defined as the
stationary Markov process with transition probability density, which for any starting point
Wy =y € R? is given by

1 x —y/? d

exp ( o

p(t,x,y) =
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This defines a stochastic process [12] and the process can be chosen to be continuous, i.e., in
C([0,00); R%), in the sense that there is a version of W, that is continuous. (X, is a version of
Yo if P({w; Xo(w) = Yi(w)}) = 1).
Important properties of Brownian motion are:
(i) Wy is Gaussian, i.e., for all (t1,--- ,tx), (W, - -+, Wy, ) has a multi-normal distribution.
Among other, this shows that
EX{W,} = x, t >0, (A.43)

where E* denotes mathematical expectation for a Brownian motion stating at W = x. Also
we have
EX{|W; —x|*} =dt, EX{(W;—x)-(W,—x)}=dmin (s,t). (A.44)

The above relations imply that
EX{|W; — W,|>} = n(t — s), if t > s. (A.45)
(ii) Wy has independent increments, i.e.
Wi, Wy, =Wy, -, Wy, — W, (A.46)

are independent for all 0 < t; <ty < ... < . This is a consequence of the Gaussian character
of Wt.

Note that W; can be chosen continuous. However it can be shown that the continuous
version is nowhere differentiable (almost surely). The notion of dW, therefore requires to be
interpreted more carefully. A logical interpretation of the stochastic equation (A.41) is that
its solution satisfies the integral equation:

t t
X =Xp+ / b(s,Xs)ds —l—/ o(s,Xs)dWs. (A.47)
0 0

The first integral fg b(s,Xs)ds can be given the usual sense for sufficiently smooth functions

b(s,Xs). The last integral fg o(s,Xs)dW 4 however requires interpretation. It can actually be
given several non equivalent meanings. Let us generalize the integral to

/Ot f(s,w)dWs, (A.48)

for f(s) a (matrix-valued) stochastic process. Let (tx,tr+1) be an interval. Then we have the
reasonable definition .
k+1
/ dW, =Wy, — Wy, (A.49)
ty
Let t1 =0 < t; < -+ < tgy1 = t be a partition of (0,¢). Then as Riemann sums are used to
define Riemann integrals, we can approximate (A.48) as

k
> A Wiy, — W), (A.50)
m=1

where t,, <t* < t,41. Here however there is a big surprise. The choice of ¢}, matters. The
main reason is that Wy, — Wy has oscillations that on average are of order \/t;,11 — tm,
which is much larger than t,,+1 — t,,, since the latter is equal to the expectation of the square
of Wy ., — Wy, . Two choices are famous (with names):

tr, =tm It6 sense,
. tm b _ (A.51)
iy, = — 5 Stratonowich sense.
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As the partition gets more refined and all ¢,,1 —t,,, tend to 0 uniformly, the above approxima-
tions (A.50) admit limits, which may be different depending on the choice of t¥,. The accepted
notation for the limiting integral is

t

/ f(s,w)dW It0 integral,
O (A.52)

/ f(s,w) o0 dWg Stratonowich integral.
0

See [25] for examples of processes f(t,w) for which the two definitions of the integrals provide
very different results. In the mathematical literature, the It6 integral appears much more
frequently. The reason is that the resulting integral is a martingale, for which a great deal
of estimates are available. The Stratonowich integral may make more sense physically in
cases where there is no reason to privilege one direction of time versus the other (forward or
backwards). The Ito choice sums terms of the form f(t,,)(Wy,,,, — Wy,,), where both terms
in the product are independent (because Brownian motion has independent increments). If
such an independence is deemed correct (such as may be in the stock market), then the It6
choice makes sense. In more symmetric processes, the Stratonowich choice makes sense. Note
that although these integrals provide different answers to the meaning of (A.48), we can go
from one to the other by relatively simple calculus [25].

A.4 Diffusion Markov Process Limit

The limit theorem obtained in section A.2 may be generalized as follows. Let ¢(t) be a
homogeneous ergodic Markov process in a state space S with infinitesimal generator ) and
invariant measure p(q). Let 0 < ¢ < 1 be a small parameter. Let F(¢,&,q,z) and G(t,§,q, x),
from R x R x S x R? to R? be smooth functions in z such that

Eoo[F(t £, q,2)] = /S F(t,£,q.2)dp(z) = 0.

Let 7(¢) be a smooth function from [0, 00) to [0, 00) such that 7/(¢) > 0.
Let X¢(t) satisfy the ODE

PO L, ™ oy xew) + a0 g ). x50
X¢(0) = Xp.

~ Then X*¢ () converges weakly to a Diffusion Markov Process with infinitesimal generator
Q given by
o
Q = (Eo[F. - vx/ dse’QF -V, ])e + (Eoo[G])e - V.
0

This expression can be simplified by remarking that
e QF = TF = E[F(t + s)|F(t) = F]

independently of ¢, so that

00 00 P o
Eoo[sz/dsesQFvw] :/dSEoo[Fjj(tvgycI(tO)aX) Fk‘(taga(I(tO‘{'s),x) ]
0 0 Oz; z
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This implies that
2

Oxj0xy,

where we use summation over repeated indices and

0

~ 1
Q= Qajk(t,x) 873:/6’

1

§ajk(t,a:) = </000 Ex[F;(t,&, q(to), z)Fr(t, &, q(to + 8),$)]d8>£

o0 OF;
bk(ta l‘) = <E00[Gj(t7 3 Q(tO)v x)Dg + < / Eoo[E](t7 57 Q(tO)a IL‘)T"C(t, 57 Q(to + 5)7 :E)]d3> .
0 T §
It is therefore the generator of a diffusion Markov process X satisfying the It6 equation
dX =b(t,x)dt + o(t,z)dpy,

where o is such that a;, = 0j0%;.
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