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TIME SPLITTING FOR WAVE EQUATIONS IN RANDOM MEDIA

GUILLAUME BAL! AND LENYA RYZHIK?

Abstract. Numerical simulation of high frequency waves in highly heterogeneous media is a challeng-
ing problem. Resolving the fine structure of the wave field typically requires extremely small time steps
and spatial meshes. We show that capturing macroscopic quantities of the wave field, such as the wave
energy density, is achievable with much coarser discretizations. We obtain such a result using a time
splitting algorithm that solves separately and successively propagation and scattering in the simplified
regime of the parabolic wave equation in a random medium. The mathematical theory of the conver-
gence and statistical properties of the algorithm is based on the analysis of the Wigner transforms in
random media. Our results provide a step toward understanding time and space discretizations that
are needed in order for the numerical algorithm to capture the correct macroscopic statistics of the
wave energy density in a random medium.
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1. INTRODUCTION

Wave propagation in highly heterogeneous media has many applications such as light in a turbulent atmo-
sphere, microwaves in wireless communication, acoustic waves in underwater communication, and seismic waves
generated by earthquakes [11,23,32,33]. Numerical simulations of wave equations have been thoroughly ana-
lyzed; see, e.g., [13,15] for recent monographs. Most numerical techniques are adapted to the low-to-moderate
frequency regime where the size of the calculation domain is not too large compared to the typical wavelength
of the system. More recent works consider high frequency wave propagation in the semiclassical regime, which
corresponds to the high frequency regime with slowly varying underlying media [8,26,27].

Comparatively little is known about high frequency wave propagation in highly heterogeneous media. This
is the regime where the wavelength is much smaller than the overall size of the propagation domain while the
scale of the variations in the medium is comparable to the wavelength. Such problems arise in many of the
aforementioned applications. There, waves fully interact with the medium and the precise numerical simulation
of this interaction requires computational capabilities that are usually not available. Our objective is to provide
some guidelines as to how to faithfully capture macroscopic properties of the wave propagation numerically
at a minimal computational cost. More precisely we wish to devise schemes to solve the wave equation that
accurately compute the wave energy density and in particular have the correct statistical properties while not
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necessarily capturing small scale structures of the wave field. These small scale details are usually of little
importance in practice.

In this paper we restrict ourselves to a setting that is practically useful yet much simpler than the full
wave equation so that a complete mathematical theory can be obtained. This setting is the parabolic wave
approximation, which is being used and can be justified when the wave field has a beam-like structure [36].
The resulting equation has the same form as a Schrodinger equation with a time-dependent potential. Our
theory can thus also be used to consider quantum wave propagation in time dependent media. We solve the
parabolic equation using a time-splitting algorithm [35]. The time-splitting consists of separating propagation
(in a homogeneous media) from interaction with the inhomogeneities of the medium (scattering). The advantage
of the time splitting algorithm is that wave propagation is easily solved in the Fourier domain, at least as far
as infinite domain or domains with periodical boundary conditions are concerned. Scattering is also easily
solved as an ordinary differential equation at each spatial point. The time splitting algorithm to solve wave
equations in this setting is also known as the phase screen method [37,38]. The “time” splitting algorithm
for the Schrodinger equation corresponds to a spatial discretization for the parabolic wave equation. Although
our results do not extend mathematically to the full wave equation, the results we obtain for the parabolic
approximation still indicate what we may expect in the spatial discretization of the former.

We model the heterogeneous medium by a random potential with the correlation length [ comparable to
the typical wavelength A\ of the system. Both are much smaller than the propagation distance L so that
e =1/L = \/L < 1 is a small parameter. The relative strength of the fluctuations of the potential is of the
order O(y/€). This ensures a full coupling of the wave field with the heterogeneities after propagation over
distances of order O(L). We consider our problem in non-dimensional coordinates so that the propagation
distance L = O(1). In the limit ¢ — 0 the wave energy density solves a radiative transfer equation [5,11,31].
This is also known as the weak coupling regime in the mathematical physics literature [16,34]. In order to
capture all the details of the wavefield (in the L? sense for instance) the time-splitting algorithm requires that
the time step O, satisfy ©. < £3/2. When the Strang time splitting is used [35], convergence is ensured provided
that ©, < €%/4. Our main result in this regime is that the time step ©. < € ensures that the macroscopic wave
energy density is captured correctly. More precisely, in the limit € — 0 the time splitting algorithm converges
to the correct energy density of the wave field provided that ©. < €. Moreover taking the time step O, = O¢
with © > 0 fixed, we obtain that the limiting wave energy obtained by the time splitting algorithm as ¢ — 0
solves a radiative transfer equation with the scattering kernel Rg(k, p) that depends on the parameter ©. The
correct scattering kernel is recovered in the limit © — 0 while a scattering kernel that corresponds to white
noise fluctuations in the direction of propagation is obtained in the opposite limit of a large time step © — oc.
Therefore unless the white noise spectrum truly corresponds to the fluctuations of the medium, wave energy
predicted by the time-splitting scheme solves in the limit € — 0 a radiative transfer equation with the wrong
scattering kernel.

Our theory is based on the analysis of the Wigner transform of the wave field. Wigner transforms have been
successfully used recently in the microlocal analysis (analysis in the phase space) of wave fields [5,19,25,30,31].
It turns out that the Wigner transform also satisfies an evolution equation and the aforementioned time splitting
algorithm for the Wigner transform consequently converges to the correct limiting radiative transfer equation
provided that ©. < €. We show that a modification of the time splitting algorithm allows us to replace the latter
constraint by the optimal ©. < 1. This modification however is only possible because the Wigner transform
lives in the phase space. We believe that no such modification is possible directly on the time splitting algorithm
for the wave equation. Moreover, the modified time-splitting algorithm does not admit as simple a solution as
the original algorithm so that its main advantage is that it allows to bypass the numerically costly advection
step in the phase space.

Our objectives are similar to those in works on the commutativity of mesh size convergence and “small
parameter” convergence, to a common limiting equation in homogenization problems. For instance in [22] the
small parameter is the size of the cell in a periodic domain and the mesh size is that of the spatial discretization.
The limiting equation is a homogeneous diffusion equation. In [20] the small parameter is the mean free path in
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a transport equation, the mesh size that of the spatial discretization and the limiting equation a homogeneous
diffusion equation. As in the aforementioned works [26,27], we are interested in quantities that are quadratic
in the wave field and not the wave field itself. A common feature of all these problems is that the quantities
of interest may be well approximated by macroscopic homogenized equations. That makes the existence of
“almost macroscopic” numerical schemes quite natural.

The paper is organized as follows. Section 2 briefly describes the passage from the wave equation to the
parabolic approximation (a Schrédinger equation) and the precise asymptotic regime we are interested in. It also
introduces the time-splitting scheme for the Schrédinger equation. Section 3 introduces the Wigner transform of
the wave field and presents our main result of convergence of the wave energy density as the wavelength ¢ — 0.
To underline the main aspects of the calculation of the statistics of the time splitting scheme we present in this
section a formal analysis based on the integral formulation of the Wigner transform. The rigorous justification
of that analysis as well as our assumptions on the random medium are contained in Section 4. The modified
time splitting algorithm in the phase space is presented in Section 5. Finally we discuss in Section 6 possible
extensions of our results to more general equations and discretizations. We also briefly discuss application of
our results to the numerical simulation in time reversal experiments.

2. PARABOLIC MODEL FOR WAVE PROPAGATION AND TIME SPLITTING

Let us recall how the parabolic approximation is obtained. Wave propagation in an inhomogeneous medium
is described by the scalar wave equation for the pressure field p(€,t):

1 2
S o~ e (1)

)

Here c(&) is the local sound speed and A is the usual Laplacian operator in the spatial variable £ € R™, where
n = 2,3 in practical applications. We are interested in the numerical simulation of p(&,t) when c(£€) is highly
oscillatory. The profile ¢(£) will be modeled as a given realization of a random medium.

Very little can be obtained rigorously for the full wave equation (1) in a highly heterogeneous medium.
Its parabolic wave approximation is valid for beam-like structures. Let z-axis be the direction of the front
propagation, and let x be the orthogonal coordinates so that & = (z,x) € R x RY, where d = 1,2 in practical
applications. Assuming that back-scattering can be neglected, (1) can be simplified as follows. First we introduce
the complex amplitude 1 (z,x; k) implicitly through the relation

1

pexit) = o [ M Rand )

where ¢ is the statistical mean of the sound speed ¢(z, x) assumed to be constant here. The amplitude ¢(z, x; k)
at position (z,x) of waves with frequency w = ¢ok satisfies the equation

0%y o

—5 +2ik— 4+ A+ KX (n® — 1) =0 3

622+26z+ v+ k“(n ) , (3)
where the index of refraction is defined by n(z,x) = co/c(z,%). In the beam approximation one assumes that
[t.2| < k|1p,] which allows us to drop the first term in (3) and arrive at the parabolic equation

0
2ika—w + Aytp + K2(n® — 1) = 0. (4)
z
We are interested in the high frequency waves that are characterized by large values of kL > 1, where L is the
overall propagation distance. We introduce the small parameter € = (kL)™' to model the typical wavelength of
the system. We assume that the underlying medium has a correlation length also of order e L and an amplitude
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of order /. In this regime waves fully interact with the random medium [31]. The size of the amplitude
is suitably chosen so that macroscopic effects can be observed. We rescale x and z as Lx and Lz. In these
variables and with the above assumptions, the refraction index takes the form

(n? — 1)(2,%x) — —2VEV (g ?) .

Here V is a random potential with statistics independent of €. Equation (4) becomes now dimensionless:

e _ ie } zZ X
9.~ 2t Y (53) v (5)

We refer to [36] for additional details on the derivation and validity of the parabolic wave approximation. In
the sequel we use (5) as our model of wave propagation to understand the interaction of spatial discretization
(here the variable z) with an underlying random medium with fast variations.

Observe that (5) has the form of a Schrédinger equation. In the latter the z variable is replaced by time ¢
and we obtain in a more conventional form

. 0.
"ot

- A — VAV (f,f) e =0, (6)
2 e €

where ¢ is the Planck constant. Note that the potential in (6) oscillates both in space x and the new “time”
variable.

We can thus view the theory below as an analysis of spatial discretization (in z) of the parabolic wave
equation (5) or as a temporal discretization of the Schrédinger equation (6) with a time dependent potential.
To fix notation, we treat the discretized variable as a “time” variable in the sequel.

A very classical idea to solve (6) is based on realizing that the evolution is driven by two processes, one
involving dispersion in a homogeneous medium, and one characterizing interaction with the heterogeneities of
the medium. One can then advance in time by treating these two processes successively on small intervals. This
is the time splitting method [35].

Let ©. be a small time interval. We define the solution 19¢(n@©.) for all n > 0, as an approximation
to 1. (nO.) as follows. The initial condition 1= (0) = 1. (0) is known. We first solve

5 = Acug, nO. <t<(n+1)06,, n>0

(7)
ue(nO:) = 1/)595 (nOe),

followed by

a;: - Be(t)vsa nO: <t < (n + 1)657 n =0
Uu

Ue(nee) = 6((” + 1)66)7

and finally set
YO ((n+1)0.) = v.((n + 1)0,), n>0. 9)
Here the operators A. and B, are defined by
i€ ) t x
Au = iAu, B.(tyu = —=V (g, E) u. (10)

The main advantage of such a decomposition is that both (7) and (8) are easily solved since the former involves
propagation in a homogeneous medium and the latter scattering at a fixed point in space. The solutions can be
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written as
us((n+1)0,) = e@EAEue(nGE)

(n+1)©,

11
ve((n+1)0,) = exp {/@ BE(T)dT} v:(nO;). (11)

Let us introduce the notation
1 (n+1)@g
B! = —/ B (1)dr.
ef:‘ nO.
The local difference between the time splitting algorithm and the exact solution is expressed as

Ye((n+1)0,) = eef(Af"’B;)wa(n@E), (12)
P2 ((n+1)0.) = e BP9 (ne,). (13)

Since A, and B. do not commute the above two evolutions are different. It is well known [35] that the time
splitting algorithm introduces an error of the order

[Ac, BE]6?

at each time step, where [A, B] = AB — BA is the commutator as can be seen from Taylor expansions in (12) for
small values of ©.. A straightforward estimates shows that [A., B"] = O(¢~%/2). Thus the final (cumulative)
error at a time 7' = nO, of order O(1) is of order

[A., B0, =0 (5—3/2) o.. (14)

This implies that we need to consider time steps O, < /2

algorithm.
The above time splitting algorithm can be improved by using the Strang algorithm [35], which consists in
replacing the discrete evolution operator in (13) by

to simply get convergence of the time splitting

PO ((n 4 1)0.) = e FA=e9 Bl o F A= (n@,). (15)
Except for an initialization step, this algorithm is as costly as the time splitting algorithm we have just introduced
since e ¥ Ace 5 Ac = ¢®=4: The advantage of this algorithm is that the commutator (14) vanishes in the Taylor

expansion comparing (12) and (15). The leading term of the error made at every time step in our context is of
the form

A2Bre? = 0 (5—5/2) 3.

At the final time T the error is thus of the order O(¢~%/2)@2 which implies that we need ©. < £°/4 in order to
get convergence of the scheme.

If the detailed structure of the field 1. (¢,x) is to be resolved, then the above constraints on the interval
size O, are optimal. However we will show that ©. < ¢ is sufficient if one is interested in getting the correct
macroscopic energy density of the waves and not all the details of the wave field. Moreover we will show that
O, < 1 is actually sufficient if one uses a time splitting algorithm for the Wigner transform, which is posed in
the phase space, of the wave field, instead of (7)—(9). However, with the time-step O(1) the modification of the
operator B, defined in phase space does not admit a simple solution and equation (8) has to be solved by a
different numerical method.
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3. PHASE SPACE ENERGY AND FORMAL HIGH FREQUENCY LIMIT

We now describe what we mean by macroscopic energy density of waves and how we can compute it nu-
merically. The dynamics of high frequency waves propagating in slowly varying media can be approximated by
WKB type expansions of the form

Ve(t,x) = A(t, x)eE¥/E L O(e), (16)

where the phase S and amplitude A are obtained by solving an eikonal and a transport equation, respectively
[24]. In practice, the ansatz (16) is often sufficient for an accurate description of the wave field. A natural
question is then to understand the size of O, in the time splitting algorithm that ensures that A and S are well
approximated by the algorithm instead of the full wave field ..

However, the above expansion (16) is essentially useless in random media. The reason is that the wave field
cannot be represented by one generalized plane wave of the form (16). Instead an infinite number of them is
required because of multiple scattering. The theory of Wigner transforms in the phase space is a convenient
way to overcome this difficulty and resolve the wave energy locally over all possible directions. The Wigner
transform is defined as follows

W%wazwﬂw+g)®~ (17)

IW“M:/ 2 2 ) 2m)d

Rd

Here * denotes complex conjugation. The Wigner transform is thus the Fourier transform of the two-point
correlation function of the field .. It roughly describes the energy density of waves at time ¢ and position x
propagating with wave vector k/e.

Wigner transforms have been used intensively in recent years to understand high frequency wave propagation
in highly oscillatory periodic and random media [4,19,25,31]. The spatial energy density (probability density
for quantum waves) is the integral of the Wigner transform over the wave vectors:

o) = [ Wt (1)

Our objective is therefore to understand how we can capture the main features of the Wigner transform (17)
and then recover the physical space energy via (18). More precisely we want to obtain the critical size of ©. so
that the statistical ensemble average E{W.} (¢,x,k) has the correct limit as ¢ — 0. This allows us to describe
the statistics of the spatial energy density without capturing the detailed structure of ..

The rigorous analysis of the Wigner transform (17) of wave fields 1. that satisfy (6) has been performed in
[5,6] using the martingale technique under the assumption that V' is a mean zero spatially homogeneous random
potential with a two-point correlation function R(¢,x):

E{V(t,x)} =0, E{V(tx)V(t+sx+y)} = R(s,y). (19)

It has been shown that in the limit £ — 0 the Wigner transform converges in probability to the solution of the
radiative transport equation

dp
(2m)

aW B <|p|2 — |k|2 (20)

— + k- VW = R 5

ot y P k) (W (t,x,p) — W(t, x,k))

U

Here ]:2, the Fourier transform of the two-point correlation function, is the power spectrum of the random
process V. We extend this analysis to the case of discretized equations in time in Section 4. The main result is
that with the time-step ©. = O¢ the Wigner transform W§ of the solution of the time-splitting scheme (7)-(9)
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converges as € — 0 to the solution of a radiative transport equation of the form

(C]
W kv = [ Ro(k.p)(IW (t.x,p) — WO (t,x,k)) - P

at R (27) (21)

S

The new scattering kernel Reg(k, p) is given by (46) below. Before proceeding with a rigorous proof, we present
in the rest of this section a formal but shorter path to the answer.

3.1. Radiative transfer equation in the continuous case

First we formally derive the radiative transfer equation obtained in [5,6] that W, satisfies in the limit ¢ — 0.
This is helpful in the understanding of the formal analysis of the semi-classical limit of the Wigner transform
of the solution of the time-splitting scheme (7)—(9) presented in Section 3.2.

We recall that the Wigner transform (17) solves the following equation [6,31]

oW,
8 ’L\/g Rd

R LA R (30 ) -

Here and in the sequel we denote the Fourier transform only in space by

ft) = [ s, (23)
Rd

and the Fourier transform both in ¢ and x by

fep) = [ e xdedx (24)
Ra+1
Equation (22) may be recast as
OWe
5 K (t,x,k — p)W.(t,x, p)dp, (25)
R

where K. is given by
K (t,x,q) = 1 E ,2q | ePax/e _y ! —2q | e2ax/e (26)
EN\Yyr ™ 7'['d\/_ E) .
Inverting the free transport operator 0y + k - Vi we recast (25) as an integral equation
We(r,x,k) = W.(0,x — 7k, k) + / /KE(T —s,x— sk, k —p)W.(7 — s,x — sk, p)dpds. (27)
0
One more iteration yields

W.(r,x,k) = W.(0,x — 7k, k) —|—/ /KE(T—s,x—sk,k—p)Wa(O,x—sk— (1 — s)p,p)dpds

//K (r—s,x—skk— p/ /K (r—s—u,x—sk—up,p—aq) (28)

xWe(r — s —u,x — sk — up, q)dgdudpds.

Let us now consider ensemble averaging in the above equation. We assume that the initial condition W, (¢t = 0)
is deterministic and that the potential V' has mean zero. This implies that the second term on the right-hand
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side of (28) vanishes after ensemble averaging. To deal with the third term we assume that W, is statistically
independent of the rest of the term. This step cannot be justified at this stage but it does provide the correct
answer in the limit ¢ — 0. By doing so we obtain that

E{W.} (7, x,k) = W.(0,x — 7k, k)

+// /E{Ka(T—s,x—sk,k—p)Ka(T—s—u,x—sk—up,p—q)}
o Jo R2d
xE{W.} (1 — s — u,x — sk — up, q)dqdudpds. (29)

We now have to compute the ensemble average of the product of two functions K. Taking the Fourier transform
of (19) in x — p yields

E{V(tp)V(t+s,a)} = 2r) k(s p)o(p + a). (30)
Straightforward algebra shows that

E{K.(t,y,k—p)K:(t —u,y —up,p—q)} =
R (L 2(p — k) (PPl o 2P/ (5(k 4 - 2p) — 60k — @), (31)

Thus the ensemble average of the last term in (29) becomes

X (E{WE}(T*S*U,X*Skfup,2p*k)*E{WE}(T*S*U,X*Skfup,k))ddeds'

mde

After the change of variables 2p — k — p and u — eu, we get

(r=2)/ ddd~ o pl2 = k]2 P2l
/ / / dpduds ,p—k)(ew‘ 12—k +e_w\ 12—k )
Rd

X <IE{WE} (Tssu,xsksup;rk,p> —E{W.} (Tssu,xsksup;rk,k)>. (32)

Assuming that W, is smooth in the limit € — 0 we thus obtain that (32) in the limit ¢ — 0 yields

/OT/RdRCL ;|k| ;P—k) (E{W}(r —s,x — sk,p) —E{W} (T—s,x—sk,k))?;gz, (33)

where ]A%(w, p) is the power spectrum of the random potential V'

Riwp) = [ " e R(p, w)du, (34)

We replace the right side of (29) by (33) and obtain the integral equation for W, the limit of E {W.} as & — 0:

T 2 2 - I
W(r,x,k) = W(O,xffk,k)Jr//R (M,p - k> (W (r—s, x—sk, p)—TW (r—s, x—sk, k)) SPds.
0 JRd4

(2m)

- (39)
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Equation (35) is nothing but the integral form of the transport equation (20). We thus obtain that in the
high frequency limit (as ¢ — 0) the average wave energy density is given by the solution to the macroscopic
equation (20) that no longer involves the small parameter .

3.2. Radiative transfer equation for the time splitting algorithm

We now wish to find the largest possible size of O, so that the Wigner transform of z/;?f, solution of the
time-splitting scheme (12)—(13) is an accurate approximation of (20) in the limit ¢ — 0. We construct the
Wigner transform of 1< as follows. For a time n©. we define

Oc(rOo— _ iky, O, _ &Y\, e« ey _dy
W2 (nO7,x,k) = /Rde IS (n@a,x 5 ) N (n@a,x—i— 5 ) G (36)
We then define
Wo=(n0f, x,k) = WO (nO_,x — 0.k, k). (37)

This corresponds to solving the Wigner equation (25) with K. = 0 for a time ©. and with initial
data W®:(nO2,x,k). We verify that

. d
W (nOF,x,k) = /Rd Yu, ((n+1)00,x ) ut (n+ 1O, x+ ) (273’)61,
where w. is the solution of (7). Finally we assume that W= satisfies the equation
OW -
£ = Ke(taxakf p)WE@a (t,X, p)dpa (38)
ot R4

for t € (nOF, (n+1)0O7). We then verify that

k- 24 ey dy
ek Yy, (t,x, 7) vl (t,x+ ?) 2n)’

WO (1, x, k) = /

Rd

on the interval t € (nO., (n + 1)0.), where v. solves (8). Therefore W:((n + 1)0©7) is indeed given by (36)
where n is replaced by n + 1.

This is the interpretation of the time splitting algorithm for the Wigner transform of the discretized in time
wave field 1)9<. We note that the above procedure (37)-(38) also corresponds to the time-splitting scheme for
the Wigner equation (22) with the operator A = k - Vx and the operator B defined by the right side of (22).
We now show formally that W= satisfies an integral equation similar to (27). We first define

([t]p = [tfmod p,  [t]y = sgu()[[t]],,, (39)
so that for ¢ > 0 we have t = [t], +n, with 0 <7 < . We next define
[t 8] = [t — [t — s]u (40)

In what follows it is useful to notice that [¢,s], is not very different from s when p is small. The integral
formulation of (38) is

Wo:(nO. + s,x,k) = W (nOF  x — sk, k)

+ / K.(nO. + 5 —u,x,k — p)WO (nO. + s — u, x, p)dpdu, (41)
0o Jra
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for 0 < s < ©.. The difference with respect to (27) is that the spatial position x is not modified by advection. We
can then use (37) to replace W= (sOF,x—7k, k) in (42) and then use again (41) on the interval ((n—1)0.,n0,)
and keep repeating the same process downwards until time ¢ = 0. This yields

WO (r,x,k) = WO (0F, 7]o.k, k)

/ ds/ dpK (7 —[r, sle.k, k — p)WEef (t —s,x—[1,8]e.k,p). (42)
]Rd

We can replace WO in the integral term above by its expression in (42) and then take ensemble average of all
terms in the equation. With the same assumptions that led to (29) we get

E{W®} (r,x,k) = W2 (0", x — 7k, k) —|—/ / / E{K.(t — s,x—[1,8]o.k, k — p)
o Jo Jr
X Ke(r —s—u,x—[7,sle.k — [T — 5,ule.p,p — q)}
xE {Weea} (1 —s—u,x—[1,8]lo.k — [T — s,u]e.p,q)dqdudpds. (43)

Following the same calculations as in the continuous case we deduce that the second term on the right-hand
side in the above equation is given by

/ / / dpdujsl ~< b k) ( i[r—sule, P2- Ikl 4 oilr—saule. 2 \k\z)
(2m)d e ’
Rd

X (E {Waea} (T - [Ta 3]95 - [T - 57“]957)( - [Ta S]Gak - [T - S,u]esp,p)

—E{WE} (= [r.slo, — [T = s,ulo,. x — [1,5lo.k — [T — s5,ulo.p, k). (44)

Let us assume that ©, = €O and that W< has a smooth limit so it does not oscillate at the ¢ scale. Moreover
we realize that as € — 0, [, s]e. — s and change variables u/e — u. This allows us to obtain that (44) in the
limit € — 0 converges to

/T /]Rd dpf%@(k, p) (W@(T —s,x — sk, k) — W@(T —s,x — sk, p)) dp, (45)

where the power spectrum Re is given by

. oo 1 © - ) Ip12—|k|2 ) Ip|2—|x|2
Re(k, p) :/ dué/ drR(u,p — k) (ez[“”]e 2 +eﬂ[u+ﬂef)- (46)
0 0

We insert (45) into the right side of (43) and obtain in the limit & — 0 that E{W2:} converges to W®,
solution of

We(r,x,k) = W°(0,x — 7k, k) + / / dpR@(k, p)(W®(r —s,x — sk, k) — WO(r — s,x — sk, p))dp. (47)
0 JRre
This is the integral form of the radiative transport equation

(C]
e v = Ro(k, p) WO (£ %, p) — WO(t, x, k)] P
ot R (2m)d

(48)

This equation is nothing but (20) with the exact power spectrum R replaced by its modification Re. There-
fore WO« will have the correct limit E {IW} provided that the power spectrum Rg is a good approximation of R.
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It is not difficult to check that

p” — [k

Re(km):R( D)

P— k) +0(0) (49)

as © — 0 since [u + T]e = u + O(0O). Therefore in this limit we recover the correct power spectrum, as in the
radiative transport equation (20). The other limit © — oo is also quite interesting. One finds that

Ro(k.p) = R(0.p -1 +0 () (50)

The scaling ©. = 0 thus completely characterizes the quality of the time splitting discretization as far as
getting the correct macroscopic energy limit is concerned. When ©. < ¢ we obtain the correct energy limit
with an error of order ©.e~!. When O, ~ ¢ we get a transport equation with the wrong power spectrum. When
O, > ¢ we also obtain a transport equation in the limit but with a white noise power spectrum. Indeed the
power spectrum R(O, p — k) is the Fourier transform of a two point correlation function

E{V(t,x)V(t+s,x+y)} = R(y)d(s),

which means that potentials at different times are totally uncorrelated. This result does not come totally as a
surprise. In the time splitting algorithm averaging occurs at one spatial position in (8) since advection is shut
off. When the interval over which this averaging takes place is long, correlations with other parts of the system
are lost and one converges to a power spectrum corresponding to fluctuations with full decorrelation in time.

4. THE HIGH-FREQUENCY LIMIT OF THE TIME-SPLITTING SCHEME

In this section we analyze rigorously the passage to the limit ¢ — 0 in the time-splitting scheme (7)—(9). The
analysis is performed in the framework of the time-splitting scheme (37)—(38) for the Wigner equation that is
induced by (7)—(9). In particular we justify the modified radiative equation (48) in the small ¢ limit.

The method of proof is based on the ideas of [5,6]. In those works two types of convergences are considered
depending on the a priori bounds the Wigner transform W (¢, x, k) satisfies. For the Wigner transform of a pure
state such as defined by (17) the a priori bound is in A’(R??) uniformly in time, where A’(R29) is a distribution
space bigger than the space of bounded measures [5,25]. We can also assume that the initial data for the Wigner
transform has a strong limit in the smaller space L?(R??), which implies an a priori bound in the same space
uniformly in time for the Wigner transform. Such a bound can be obtained by considering a mizture of states,
which corresponds to taking the initial data 1. for the Schrodinger equation random and suitably averaging
over this randomness first. The L? setting also appears naturally in the mathematical theory of time reversal
experiments (see [5,6] for details and our conclusions section).

In this section we assume the latter L? a priori bound for two reasons. First the proofs are simpler in this
setting and second we show that not only does the average Wigner transform converge to the solution of (48),
but it actually converges to its deterministic limit in probability. This means that it is a self-averaging quantity
essentially independent of the realization of the random medium. This important property in time reversal
applications has received some attention recently [1,6,29]. When the main object of interest is evolution of a
pure state then the limit Wigner transform does not belong to L2. Theorem 4.1 below still holds but only in
the sense that the expectation of the Wigner transform converges to the solution of (48). The proof is similar
to what we present below with modifications as in [5].

4.1. Assumptions on the random potential

We begin with the assumptions on the random potential V' (¢,x). We assume that the random field V (¢,x)
is a Markov process in ¢, as in [5,6]. The Markovian hypothesis is crucial to simplify the mathematical analysis
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because it allows us to treat the process z — (V(z/e,x/e), Wo(z,x,k)) as jointly Markov and to apply the
martingale method. We will also make a number of assumptions on the regularity of V' that allow to simplify
the technicalities to a great extent. Unlike the Markovianity of V' those assumptions may be significantly
weakened without major changes in the proof.

The random process V (¢, x) is assumed to be stationary in x and z and have mean zero. It 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 ={pl < L)
v={v: [ < c s Ve B 70) = (-p) 651)

and let V(t) be a mean-zero Markov process on V with generator Q. The random potential V(z,x) is given by

AV (£, D) ipx
Vit,x) = /Rd ﬁe

and is real and uniformly bounded:

[V (t,x)| < C.
Moreover, all spatial derivatives of V' are also bounded by deterministic constants. We assume that the pro-
cess V (t,x) is stationary in ¢ and x with the correlation function R(t,x)

E{V(s,y)V(t+s,x+y)} =R(t,x) forallx,y € R% and t,s € R

and power spectrum R(w, p):
R(w,p) = // e WITIPER (L 7)dzdt.
R JRd

In terms of the process V (¢, p) this means that given any two bounded continuous functions ¢(p) and 1 (p) we
have

E{(7(5). 60 (¢ +5).0)} = n)? [ dph(t.p)3E)I(-p). (52)
Rd

Here (-, ) is the usual duality product on R% x R?, and the power spectrum R is the Fourier transform of R(t,x)
in x only. We assume that R(t,x) € S(R x R?) for simplicity.
We assume that the generator @) of the Markov process V (¢) is a bounded operator on L (V) with a unique

invariant measure 7(V)
Q*Tr =0,
and that there exists a > 0 such that if (g, 7) = 0 then

o], < Cllgllzgre". (53)

The simplest example of a generator with gap in the spectrum and invariant measure 7 is a jump process on V
where

Q") = [ a(an(i) =gV [ an(@) =1
Given (53), the Fredholm alternative holds for the Poisson equation

Qf:ga

provided that g satisfies (7,g) = 0. It has a unique solution f with (7, f) = 0 and ||f|lryz < Cllgllrz- The
solution f is given explicitly by

7y = - / T e Qg(7)dr,
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and the integral converges absolutely because of (53). More generally, the mean-zero bounded solution of

of

L Qf =) (54)

with the right side g € L*°([0,T] x V) is given by
f@jq:_/ Qg (r 41, V)dr (55)
0

provided that (m, g)(7) = 0 for all 7 > 0.

4.2. The convergence theorem

Let us start with the Wigner equation (22) written as

oW, - / AV (t/e, p) AV (/2. D) ipx/e {Wa (t,x,k _ g) —W. (t,x,k+ g)} : (56)

ot (2m)2d

It is convenient to formulate the time-splitting algorithm (37)—(38) in a somewhat more general framework as
follows. We replace the exact equation (56) by

8W

( ) k- VW, = L.V (57)

with

Lof(t,x,k) = J:/M;ﬁf m”ﬂf@xkg)f@xk+gﬂw<9. (58)

The functions ¢(7) and ¥ (7) are periodic in 7 = t/e with the period ©® > 0, which corresponds to the period O¢
on the large time scale. A generalized time-splitting algorithm corresponds to periodically shutting down the
two operators in (56) so that

0, 7 €10,70) i’ e 0,7)
Y(7) = S) and ¢(r) =4 To
Fy—— € [10,0), 0, 7 € [70,0).

The classical time-splitting scheme (37)—(38) that was considered in Section 3 corresponds to t(7) = 1 and
o) = S 0(t — nO). We allow for more general distributions ¢ and ¢ in order to investigate other

n—=—oo

possibilities but we impose the constraints

(S) (S]
%A¢mM:L éﬂwmw:L (59)

This is a natural restriction ensuring that both operators in the time-splitting procedure have equal weight and
that time is not re-scaled. Let us define the scattering operator

© [roo
tof =5 [ [ [ Rep=10l0) - 1w+ 0(0)

y e-k%p2 [B(r+5)=@(1)] 4 o

k2 p? [@(T)—D(7+5)] dpdeT

(2m)d (60)
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where ®(s) is an anti-derivative of ¢: % = ¢. Since only increments of ® appear in our results the choice of a
particular anti-derivative is irrelevant. The main result of this section is the following theorem.

Theorem 4.1. Let the initial data W0 (x,k) for (57) converge to Wo(x,k) strongly in L?*(R??). Then the
modified Wigner distribution W, solution of (57) converges in probability and weakly in L?(R?) to the solution
W of the modified transport equation

%—I:/Jrk VW = LoW (61)

with the initial data Wo(x,k). More precisely, for any test function A € L*(R?) the random process

(W,A®) = | We(t, x, k)A(x, k)dxdk
R2d

converges in probability to (W, \) as € — 0 uniformly on finite time intervals t € [0,T].

It is instructive to consider two limiting cases: ©® — 0 and ©® — oo as in the discussion at the end of
Section 3. The first case corresponds to time splitting with a very small time step, when we expect a very good
approximation to the true statistics. The second arises when the time step is very large and the oscillatory
random potential has large variations inside each time step. Then we expect that such variations would appear
as white noise. Indeed, we replace for convenience ¢ — ¢ (7/0) and ¢ — ¢(7/0) and observe as O — oo

cof = & [ [ [ Rsp i) - f(kw(Tgs)w(g)

{el = [‘b(rgq)* (6)]+e [@(g) <1>(Tf8)]} dgds)(cilT

// / (s,p = K)[f(p) = f(k)]w(T+%)w(T)

P [B(r+8) -] 4 57 [o(r)-0(r+35)) | dPdsdT
(2m)?

(/ (7 IdT)/ 0,p—k)[f(p )f(k)](gsd.

It is interesting to observe that in the limit ® — oo the scattering operator does not depend on the choice of the
function ¢ at all, so that advection may be carried out in any fashion. The only dependence on the function ¥
is that it controls the magnification of the scattering operator via its L?-norm. Moreover, the scattering kernel
coincides with that in (50). As we have discussed previously the kernel R(w,p) that is independent of w
corresponds to the white noise limit in time. However, even in the white noise regime the correct amplification
factor is obtained only if |||/ 2 = 1 which together with (59) implies that ¢» = 1. This means that in order to
capture the correct limit in the white noise scaling one has to keep the scattering “switched on” at all times.
Otherwise information is lost which leads to an incorrect limit.
In the opposite limit © — 0 the function ®(s) may be decomposed as

0= [[o(§)ac=svo [T e -nag=s+ 0 (3),
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where [s] is the integer part of s. The function ® is periodic in © and bounded so that ®(s) — s as © — 0.
The same change of variables as in the case ©® — oo shows that

cof = [ ar [Cac [Tas [ B Rsp W) - 10000 + Ov (1)
e et [ R (B i) ) - £09)

27r)d 2

We see that the correct power spectrum is recovered in this limit. Therefore the time-splitting scheme (57) has
the correct behavior for an arbitrary choice of the controls ¢ and ¢ that satisfy (59) provided that the time
step O, = O¢ with © <« 1, or equivalently O, < ¢.

Another important special case arises when ¥ = 1 and ¢(7) = © Z;’;_Oo d(7 — 7O). This corresponds to the
time-splitting scheme (37)—(38) when scattering is accounted for at all times while advection is accounted for at
times ¢ = je© by the correction W (ejO*, x, k) = W (jO ™, x — 0Ok, k). This is exactly the algorithm analyzed
formally in Section 3. Then we have ®(s) = ©[s/O] := [s]e and obtain the following expression for Le:

1 © > ~ k2 —p? sle— [T ik2fp2 lo—[r+s dpds
Lof = _/ / /R(s,p —K)[f(p) — f(K)] x [ez 2= ([r+sle—Irle) 4 i3 ([rlo~[r+ ]a)] p_d.
©Jo Jo (2m)

However, we have [T]g = 0 when 0 < 7 < © and we obtain

dpds

cor=5 [ [ [ Rsp 0@ - 100) [ e o e AR )

The operator Lg in (62) coincides with that obtained in (46) by the formal calculation and hence the limit
equation (61) is nothing but (48) in this case.

4.3. Outline of the proof

The proof of Theorem 4.1 follows the idea of the proof of the main result in [6]. Therefore we outline the
main steps and concentrate only on the necessary modifications in the proof. First one may show that the
family of measures P. generated by the process W.(t) on C([0, T]; L?(R2%)) is tight.

Lemma 4.2. The family of measures P- is weakly compact.

The proof of this lemma is very similar to that in [6] and is omitted. It is straightforward to verify that the
L2-norm of W, is preserved by evolution and hence W, takes values in a ball X = {W € L?: ||W||z2 < C}.

Lemma 4.3. The L?-norm of the modified Wigner distribution is preserved:

IWe ()l L2(r2ay = [IWe(0)|| 2 (r2a).- (63)

Let A(t,x,k) be a fixed deterministic function. In order to identify the limit of W, we construct a functional
G : C([0,T]; X) — C[0,T] defined by

GAIW](t) = (W, \)(t) — /Ot <W, % k- Ve + £@>\> (s)ds (64)

and show that it is an approximate martingale. More precisely, we show that the following lemma holds.
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Lemma 4.4. There exists a constant C > 0 so that
|EP= {GA[W](t)|Fs} — GaA[W](s)| < Carve (65)

uniformly for all W € C([0,T]; X) and 0 < s <t <T.

The proof of Lemma 4.4 is based on the construction of an exact martingale G5[W] that is uniformly close
to Gx[W] within O(y/€). Lemma 4.2 implies that there exists a subsequence £; — 0 so that P., converges
weakly to a measure P supported on C([0,T]; X). Weak convergence of P. and the strong convergence (65)
together imply that G[W](t) is a P-martingale so that

E” {GA[W](t)|Fs} — GA[W](s) = 0. (66)

Taking s = 0 above we obtain as in [5] the transport equation (61) for W = ef {W(¢)} in its weak formulation.
Construction of the martingale G and the proof of Lemma 4.4 are presented in detail in Section 4.4.
The second step is to show that for every test function A(¢,x, k) the new functional

Goa[W](t) = (W, A}Q(t)fQ/O (W, \)(s) <W,%+k.m+£@x> (s)ds

is also an approximate P.-martingale. We then obtain that E= {(VV, )\)2} — (W, \)2, which implies convergence
in probability. It follows that the limit measure P is unique and deterministic, and that the whole sequence P
converges. All the modifications required in this step compared to [6] are very similar to those in the proof of
Lemma 4.4 in the construction of the martingale G§ and we do not present the details in this part of the proof.

4.4. The approximate martingale

To obtain the approximate martlngale property (65) and prove Lemma 4.4, one has to consider the conditional
expectation of functionals F(W, V) with respect to the probability measure P. on the space C([0,T];V x X)
generated by V(¢/e) and the Cauchy problem (57). The ounly functions we need to consider are actually of the
form F(W,V) = (W,A(V)) with A € L=(V;C([0,T}; S(R?*%))). Given a function F(W, V) let us define the
conditional expectation

el {FW.)) @) =B [FWE@. V@) W = w i@ =V}, 7>t

The weak form of the infinitesimal generator of the Markov process generated by P. is given by
(WQA> +¢ k-Ve+—k |7, LX) 0, 67)
h:O X \/E ) 57 E )

5= WAV - / <W<s>, GQ + 2 oY)k Vet k[t ;D A(s)> s (68)

isa pa-martingale. The operator K is defined by

Sl WA} )

hence

KV, 7,2 f(x,7,2,k, V) = 1/le T;T()I;)eip'z [f (szk—g)—f(r,x,z,k—i—gﬂ (7). (69)

The generator (67) comes from equation (57) written in the form

AW, t 1 ~ (1 t x
o (5w = e (1) L] we i
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Given a test function A(¢,x,k) € C*([0, L]; S) we will construct a function
Ac(t,x, X, V) = At %, k) + VEN (1%, K, V) + X5 (1%, K, V) (71)

with the correctors Af 5(t) bounded in L>(V; L?(R2%)) uniformly in ¢ € [0, T]. The functions Af o will be chosen
so that

IG5 (1) = GA) || L= (v) < Cave (72)
for all ¢ € [0,7]. Here G5_ is defined by (68) with A replaced by A, and G is defined by (64). The approximate

martingale property (65) follows from this.
The functions A§ and \§ are defined as follows. Let A\ (¢, 7, %, z, k, V) be the mean-zero solution of

St ok Van + Q= — %em A (k= 3) = (x ks )] v, (73)

where V(p) is fixed and independent of 7. This equation has a form similar to (54) and its solution is given by
an appropriate modification of (55):

N 1 [~ 0 dv (P) i(pzt (kop) [®(7+5)— b P p
)\1(t,T,X,Z,k,V)—Z./O e /( )de p p {A(t,x,k ) A(t,x,kJr ):|1/}(T+S)d5.

(74)
The equation for \s is

(Or + P(T)k -V, + QA2 = LoA — KA1 +[1 — ¢(7)]k - Vi (75)
The first term on the right may be recast as
(£@A - L(g)\) + (ﬁ(g)\ - IC)\1>.

We decompose Ay as A1 + A2 + Ao3, corresponding to the arising three source terms, respectively. The
operator Lg is defined by (60) while £ is defined by

LN =E{K\}.

Before proceeding with the solution for Ay we find the explicit form of £f and verify that

1 9
Lod=5 /0 LA, (76)

where © is the period of ¢ and . Let us first compute £ A:

LEAE, T,%x,2,k) = —%E {/ (?2775);;) Pz [)\1 (t,r,x,z,k — g) -\ (t,r,x,z,k + g)} w(T)}

=J]+TI".
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We have

1 dV(p) ipz
I= iE{/(Q)d A1(+2>¢()
_ E{ / iV oiP / 0@ / z<<q~z>+<<k+p/2>~q>[d><f+s>—¢><r>]>}
2

)4
(k+2-3)-A(x+2 +3)}¢(T+S)w(7)ds

X |\
“ [ 5 —i(k+p/2)-p[®(7+s)—B(7)] dpds

= R(s,p)e P/ Ak +p) = AMK)Y(T + s)ip(T) )
0

_ / / (s, p — K)ei (e —PIET+9-8N/20) (1) — AW (r + $))(7) gp‘;z .
0 i

Then we obtain
LA, T, %, k) / / (s,p — K)[A(t, x,p) — A(t,x, k)]
{ 02— [B(r+5)~2(n)]/2 | 4i(k*~p 2>[®(r>—d><f+s>]/2} W(r + 8)0(r) gf;‘;z (77)

and (76) follows. We observe that the operators Lo and L}, are independent of V and z and therefore the
function A2; = A21(t, 7, %, k) is also independent of these variables. It is given explicitly by

Nt (.7, %, k) = / "Loltx, k) — £5(t,C.x, I x, K)dC (78)
0

and is periodic in the fast variable 7. Similarly the function A.3 is also independent of V and z and is given by
Aos(t, 7, x, k) = [1 — ®(7)]k - VAL, x, k). (79)

The function Ag9 satisfies
OAa2
or

+d(T)k - Vadao + QA = LEA — KA.

It is given explicitly by
A~ 0 A~
Aoa(t, 7, x,2,k, V) = — / %@ (LA, T+ s,x, k) — K\ (6,7 + s,x, 2+ (P(7 + 5) — D(7))k, k, V)]. (80)
0

Using (73) and (75) we have

d
BN A+ R)

P - 9 ¢
(g eas) o3

}Z_O<W<£+¢<£>k~vx+%lc [V,é §:|+ Q> (A+\/EX;‘+5A§)>
vx) (VEXS +eX5) + VeK {V - —} )\€>

- <W, (% +k-vx) A+£@A> +VeE(W, 2)
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) t . ) t . ot ox] .
C?<§+¢<g)k-vx)>\1+\/E<§+¢<g)k~vx))\ +/c[v = J)\

The terms k - VxA{ , above are understood as differentiation with respect to the slow variable x only, and not
with respect to z = x/e. It follows that GS. 1s given by

with

65,00 = W)~ [ (W (2 vk T o) 3 (105 - v2 [ 7. )1510 o

and is a martingale with respect to the measure P, defined on C([0,T]; X x V). Lemma 4.4 and the estimate (65)
follow from the following two lemmas.

Lemma 4.5. Let A € C1([0,T); S(R??)). Then there exists a constant C > 0 independent of t € [0,T) so that
the correctors A5 (t) and M5(t) satisfy the uniform bounds

ALl (viz2y + (1N (@) |Le (i) < Cx (82)
and
DX (1) ¢ NS (1) ¢
kY — k- Vi < Cly.
H ot +é (5) v )\l(t)HLoc(v;m) * H ot +é € v AQ(t)HLoo(v;m) O (83)

Lemma 4.6. There exists a constant Cy such that
IK[V,t/e,x/€]||p2mr2 < C

for any V €V and all € € (0,1].

Proof of lemma 4.4. Observe that (82) implies that |[(W,\) — (W, \)| < Cy/€ for all W € X and V € V,
while (83) and Lemma 4.6 imply that for all ¢ € [0, T

I2@)llz= < C (84)

for all V € V so that (65) follows from the fact that (81) is a martingale. O

Proof of ALemma 4.6. Lemma 4.6 follows immediately from the definition of X, the uniform bound on the total
mass of V in (51) and the Cauchy-Schwartz inequality. We have Kf = I 4+ I'*, with

o= o5 ()

and

/”(X’k”z _ /RM e x/ef (- ) Fxe- 2 }1/,( ) >

dV dV
<c [ 11z, < o

We now prove Lemma 4.5. We will omit the ¢-dependence of the test function A to simplify notation. (I
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Proof of Lemma 4.5. We only prove (82). Since A € S(R??), there exists a constant C so that

Ci
N (S e )

Then we obtain using (51) and (53)

itk 1)) < 0 [T fappietmarienecs-seon [y (e ) 2 (i )|

< C’/OOO drefo”sgp g |d‘7(p)| H)\ (z,x,kf g)‘ + ‘)\ (z,x,k+ g)u

C
= T WD+ (K = Dxean (k)

and the L2-bound on A; follows. Here L is the size of the support of V as in (51).

We show next that A5 is uniformly bounded. Recall that A5 = A5; + A5, + A5 with the three terms given
by (78), (80) and (79), respectively. The L?-bound on Aa3 follows immediately from the fact that |7 —®(7)| < C
because of (59). We also note that

T

)\21 (t; T, X, k) = /@ [‘C@) (ta X, k) - Eé (t7 Ca X, k)])‘(tv X, k)dg (85)

where n© < 7 < (n + 1)0. Moreover, we note that for all 7 > 0 we have

[(LeA(, 7, x, k)| < C/Z(p —K)[Ax,p)[ + A %, k)[]dp, (86)

oo

where Z (k) = / |R(s,k)| and hence ||(LGA(L, T, %, k)| z2(r24y < Cy for all t and 7. This in turn implies that
0
|(LeM)(t,x,k)||12 < Oy so that (85) implies that A5, is uniformly bounded in L2. We have for Aaa:

% > t 1 dV(p) , B
5 _ sQ T ip-(x/e+(P(t/e+5)—DP(t/e))k
5o(t, x,k, V) 77/0 dse {Ee)\(t,ngs,X,k);/Rd (Qﬂ)dep(/ (D(t/e+s5)—2(t/€))k)

><[Al(t,f+s,x,f+(q>(f+s)—q>(5))k,k—3,f/)

€ € € € 2
(niremde(o(ire) -0 (2)) e 57) o (240}

|t -Fsx,—+|(P(-4+s)-Q|-) )| kKk+,V||Y|-+s],.
€ € € € 2 €

The second term above may be written as I + I* with

7= l/ VD) iptx/er@sers-owa0y (11 4o X1 (o(tas) o () kk_Pv
i Jga (2m)4 e ¢ ’ 2’

xw(é—i—s)
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This may be re-written as
I 7/ AV (D) ip-(x/e+(0(/245) {1/ /Ooercz/exp {iq. (E n <q) (E n S> _ & <E> k))
R4 (27T)d 0 € € 15
(o) o (o)) o b BHR0- - a5 )
X (2 + s) P (2 + s +r) T;T(;)dr.

Therefore we obtain

N 0 } t R oo .
[A5(t,x,k, V)| < C/ dse™** ‘E@T)\ (t,ngs,x,k)‘+s1}p/|dV(p)|/ dre™ " sgp/|dV1(q)|
0 v 0 "
p q p q p q p q
(P lek=5 =)+ (k=G4 3)[+ P (xkr §-3) Ak T4 3))]
1

< C |sup |L A(x, k)| + ]

SRl + (e D)

and the L2-bound on \§ in (82) follows because of (86). The proof of (83) is very similar and is omitted. [

This finishes the proof of Lemma 4.4. As explained in Section 4.3 the tightness of measures P. given
by Lemma 4.2 implies then that the expectation E{W.(t,x,k)} converges weakly in L?(R??) to the solu-
tion W (t,x, k) of the transport equation for each t € [0, T]. The proof that actually W, converges to W (¢, x, k)
in probability is very similar to that in [6] with the modifications essentially identical to those we made in the
proof of convergence of the expectation. Hence we omit the details.

5. AN EFFICIENT TIME SPLITTING ALGORITHM FOR THE WIGNER TRANSFORM

5.1. A time splitting scheme for the Wigner transform

The results of the preceding sections show that ©. = ¢/N with N > 1 is necessary to obtain the correct
statistics of the wave energy density by solving the time splitting algorithm (7)—(9). However, instead of trying
to calculate the wave field 1. directly one may try to compute numerically its Wigner transform W, which
provides the energy distribution in the phase space. The main disadvantage of this approach is that the latter
calculation requires to solve a problem in the phase space, with twice as many variables as in the physical domain
where 1. is defined. Yet we shall see that the interval ©. can be chosen substantially larger if one modifies the
treatment of the scattering term in an appropriate manner in a time splitting scheme for the Wigner transform.

Recall that the Wigner transform satisfies the evolution equation (25). Let us consider the time splitting
algorithm for (25) that differs from (37)—(38) as follows. The advective operator k - Vx in (25) is treated in the
same way as in (38):

WO (n0f, x,k) = WO (nO-,x — 0.k, k). (87)
However, the scattering is accounted for differently from (38). The new scattering equation is
USE
8; = Ks (X - (t - n@E)ka k — p; t)WEQE (Xv P, t)dp, (88)
Rd

ont € (nBg, (n+ 1)0,) with K. given by (26). Note that (88) is different from (38): the kernel K. is taken
at the point x — (t — nO.)k instead of x. That means, roughly speaking, that we account for the advection
of the rapidly varying part of the right side in (88) that depends on the oscillatory potential V' but we do not
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advect W, inside the integral. This modification allows us to obtain the right dynamics with much larger ©,
than in previous sections because indeed W, has a slowly varying limit as ¢ — 0. The formal analysis of this
scheme proceeds as in Section 3 and we omit the tedious details. The main difference is that (44) is now
replaced by

T 1~ . Ip)2 — k|2 pl2— (k|2
/ / / ddedS_R(E,p—k)(el‘p‘ 2“(\ u/€+e_l\P\ 2\k\ u/a)
0 Jo R4 € €
X (E {WEGE} (T - [T’ S]@E - [T - 57“]957)( - [T, S]@Ek — [T — S,u]esp7p)

~E{WE}(r - [rsle. — [r — 5, )., x — [1,5]o.k — [ — 5,u]0.p,K) ). (89)

Still assuming that E {WE@E} is sufficiently smooth in the limit € — 0 we obtain that this term is nothing but

2 _ k(2
//}Rdsd R( Ipf” = Ik[® | | ,P—K)(E{W}(r—s,x—sk,p)—E{W}(r —s,x — sk, k)), (90)

up to a term of order O(6. +¢). This error would be of the order of O(O./c+¢) in the case of the time splitting
algorithm for .. This implies the following striking result: the time splitting algorithm (87)—(88) in the limit
e — 0 provides the exact solution of (20) with an error ©.. We can thus choose O. independent of €. All we
need is the optimal constraint ©. < 1 for convergence.

We see that the original time splitting (7)—(9), which is equivalent to the time splitting (37)—(38) for the
Wigner transform can be substantially (and optimally) improved by the algorithm (87)—(88) that still decouples
advection from the scattering part. The modification is based on considering the potential V' at the correct
location (x — (t —nO; )k instead of x) during the scattering treatment. This correction is inherently posed in the
phase space: the correct location is obtained wavenumber by wavenumber. This cannot be done in the physical
domain and we do not believe that there are modifications of (7)—(9) that would yield the correct statistics
with 6, <« 1.

However, the possibility to take a large time step comes at a price. Not only do we have to work in the phase
space that has a higher dimension than the physical space but also the modified scheme (88) may be harder to
solve than (38). Indeed the latter can be recast as

8Wff(t,x,y)i i t x y tx y 26

where W= (t,x,y) is the Fourier transform k — y of W= (t,x,k). In this domain (91) is trivial to solve and
the solution of (38) is obtained by inverse Fourier transform. Since the modified algorithm (88) breaks the
convolution K. * W< in the wavenumber variable, it can no longer be solved by Fourier transforms. The main
advantage of the modification (88) is that it allows us to bypass the numerically costly advection that has to
be performed much less often than in the time-splitting scheme (37)—(38).

5.2. Convergence of the time-splitting scheme for the Wigner equation

We analyze now convergence of the time-splitting algorithm (87)—(88) for the Wigner transform in the small &
limit for the Wigner transform with the time-step © that is independent of €. As in the analysis in Section 4
it is convenient to introduce a somewhat more general set-up that includes (87)—(88) as a particular example.
We modify (56) as follows:

(k- VW = f/dv t/‘g P) yip(x-n(t)k) [WE (t,x,k—g) — WL (t,x,k—l—g)}w(t). (92)
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This is the analog of the modified Wigner equation (57)—(58). Once again, choosing the functions ¢ and v
equal to zero on alternating time intervals in (92) leads to a genuine time-splitting scheme. In general the
periodic functions ¢ and v are as in Section 4 with the period © and average equal to one. However, there is an
important difference between the general time-splitting in (92) and that in (57)—(58): now the functions ¢ and ¢
vary on the macroscopic time-scale and not on the microscopic one. That corresponds to taking a time-step ©
independent of ¢ in the time-splitting scheme. However, in order to allow for such a large time step one has to
modify the oscillatory phase in the operator on the right side of (92) by means of the function 7(¢) that is also
varying on the macroscopic scale. We choose 1 to be

n(t) = / [6(s) — 1)ds. (93)

This allows us to compensate for the large time-step by appropriately adjusting the potential V' accounting
indirectly for advection during the long time-step. This modification need not be made in the argument of the
Wigner transform since the latter has a macroscopic limit. The main result is as follows.

Theorem 5.1. Let the initial data W0 (x,k) for (57) converge to Wo(x,k) strongly in L?*(R2?). Then the
modified Wigner distribution We, solution of (92) converges in probability and weakly in L*(R?) to the solution
W of the modified transport equation

— 4+ ¢()k - VIV = 2(t) Lo W, (94)

with the initial data Wy(x,k), and with

. (k2 — p2 dp
= k — — k .
EOf /R ( 2 ) p) (f(X, p) f(X, )) (27T)d (95)
More precisely, for any test function A € L*(R?) the random process

(W, A1) = W (t, x, k) A(x, k)dxdk

converges in probability to (W, \) as € — 0 uniformly on finite time intervals t € [0,T].

Equation (94) is nothing but a time-splitting approximation with time-step © of the correct limit radiative
transport equation (20) that has the form

%—T +k-VW = LoW. (96)

In particular we obtain the correct scattering kernel for all ©.
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The proof of Theorem 5.1 is very similar to that of Theorem 4.1. We only explain the necessary modifications.
One no longer needs to introduce separately the fast spatial and temporal variables z = x/¢ and 7 =t/ in the
construction of the correctors. The new fast variable is z = (x — n(t)k)/e so that one formally has

0 o 1,

1
Vx—>vx+gvz7 5—’5—2

With our choice (93) of n(t) equation for the corrector A; takes a particularly simple form

k- Vadi + QA1 = — / ‘1‘2;()2 o2 [A (x,k - g) Y (x,k + g)] b(t), (97)

since the function ¢(t) — 7(¢) that would multiply the k - V, term on the left side is equal identically to one.
The function A; is given explicitly by

M(x K,z V) / SQ/ ei(Patscp)) [A (x,k _ g) Y (x,k+ g)} b(t)ds.

Then as in the proof of Theorem 4.1 the right side of the limit equation is given by:

er=—to{ [ 8w 1, (- B) o, (- 2) s =11

‘We have

I= —IE{/ g()d) CLEON! (k+ )w)}

dV z(qz+sk+ ) )}[)\(kJrg%))\(kJrng )}1/12()

S

_ / / g<s,p>efis<k+%>m<k+p> — AK)J3(1)

- /Om/é(s,p—k)e’

The operator L is given by

)

o= [ (5% k) o) o 12 98)

The rest of the proof of Theorem 5.1 is very similar to that of Theorem 4.1 and we omit the details.

6. DISCUSSION AND CONCLUSIONS

This paper considers the time splitting of the parabolic wave equation that models high frequency waves
propagating in highly heterogeneous media. The role of the time splitting algorithm is to treat separately and
successively propagation and scattering. Our main results are the following. The time step ©. needs to be
chosen much smaller than the wavelength ¢ (0. < £3/2 for the time splitting algorithm (7)-(9) and ©. < /4
for the Strang algorithm) to obtain convergence of the discrete solution to the exact solution as &€ — 0 in the
strong L? sense. This however can be improved when only the macroscopic energy density of the waves is of
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interest. When the time step ©. = O¢, we find that the discrete energy density converges as € — 0 to the
solution of a radiative transfer equation with the scattering kernel that depends on ©. The correct scattering
kernel is recovered only in the limit ® — 0 while the scattering kernel that corresponds to the (generally
incorrect) white noise statistics of the random medium is obtained when © — oo. This may have important
consequences in practice as qualitative behavior of solutions of the radiative transport equations depends on

the form of the power scattering kernel. For instance, the power spectrum R has the form TCR(TC#, p—k),

where 7. is temporal correlation length. It converges to 6(%)1%@ — k) as 7. — o0, that is, in the limit
of a quenched medium. Then the Wigner transform solves a diffusion equation [14,31] in the long time limit.
However, there is no diffusion limit in the case of white noise scattering as energy can freely cascade to high
wavenumbers |k|. Thus replacing the correct power spectrum numerically by a white noise approximation
may lead to quite incorrect descriptions of the wave energy, even qualitatively. We note that in the specific
case where the underlying medium has white noise statistics, one can actually show that the correct energy
density is obtained for ©. <« 1. This is easily obtained in the formal calculations and requires straightforward
modifications in the rigorous theory.

The scaling O, = ©¢ marks then the transition between correct (small ©) and incorrect (large ©) limits for
the wave energy in the generic case. Furthermore, we show that a modified time splitting algorithm allows us
to obtain the correct statistics for ©. <« 1. This algorithm, given in (87)—(88), however requires to introduce a
modification in the phase space and applies to the Wigner transform of the wave field and not the wave solution
itself. In this framework we observe that we can take first the limit ¢ — 0 and then ©. — 0 or vice-versa and
obtain the same correct limiting equation for the wave energy; this is to be compared to the results [20,22] that
are similar in spirit.

We would like to stress that our results are very well adapted to the calculation of time reversed waves prop-
agating in random media. Time reversal has received a lot of attention recently both in the physical [17,18,21]
and mathematical [2,3,6,7,9,10,12,28] literatures. The striking phenomenon of such time reversed waves is that
they satisfy much better refocusing properties than the same waves propagating in a homogeneous medium.
We refer to [6] for a framework that is convenient to our discussion. There we find that the refocused sig-
nal 12 (&;x0) at a distance £ away from the center xq of the source term converges in the high frequency limit
e —0to

WPEx) = [ EIT(L 0, 1d0y) By
R2d (27T)d
where 1) is the source term and W is a Wigner transform that models the time reversal experiment on a domain
0 < z < L and solves a radiative transfer equation of the form (20). Moreover, convergence is stable in the sense
that 1® is essentially independent of the realization of the random medium; see [6] for the details. The results
we present in this paper show that 1/155, obtained by solving the parabolic wave equation during the whole time
reversal experiment with a time splitting method, converges to the correct limit ¢/® as e — 0 provided that
©. < e. Notice that since ¥? is linear in W, the whole detailed structure of the wave field 1? is captured
and not ouly its energy density. Similarly when ©. = ©¢ with ©® = O(1), one gradually passes from a correct
characterization of the time reversed signal as ©® — 0 to the generally incorrect time reversed signal one would
obtain in a medium with white noise fluctuations as ® — oco.

Let us finally discuss possible generalizations of our results to other discretizations and equations. Although
no rigorous proofs are available yet in these frameworks, we believe that our results extend to the time splitting
algorithm for the full wave equation (1) and to first-order hyperbolic systems that model more general wave
propagation phenomena [19,31]. Time splitting algorithms based on separating propagation in homogeneous
domain from scattering require us to use time steps ©. < ¢ to get the correct wave energy unless a modified
algorithm in the phase space is used directly on the equation for the Wigner transform. A similar behavior
should be expected in the discretization of the space variables since after all the “time splitting” algorithm
corresponds to a discretization of the z-variable for the parabolic wave equation. In order to correctly capture
the interplay between propagation and scattering, we believe that the typical mesh size Az must satisfy Az < ¢
to capture the correct statistics of the wave energy and be much smaller to capture the detailed structure of

(99)
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the wave field. One should however be able to chose Ax < 1 when a modified algorithm is used to directly
calculate the Wigner transform in the phase space.
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