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AN INVERSE RANDOM SOURCE PROBLEM FOR
MAXWELL’S EQUATIONS*

PEIJUN LIt AND XU WANGT

Abstract. This paper is concerned with an inverse random source problem for the three-
dimensional time-harmonic Maxwell equations. The source is assumed to be a centered complex-
valued Gaussian vector field with correlated components, and its covariance operator is a pseudo-
differential operator. The well-posedness of the direct source scattering problem is established, and
the regularity of the electromagnetic field is given. For the inverse source scattering problem, the
microcorrelation strength matrix of the covariance operator is shown to be uniquely determined by
the high frequency limit of the expectation of the electric field measured in an open bounded do-
main disjoint with the support of the source. In particular, we show that the diagonal entries of
the strength matrix can be uniquely determined by only using the amplitude of the electric field.
Moreover, this result is extended to the almost surely sense by deducing an ergodic relation for the
electric field over the frequencies.
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1. Introduction. Inverse source scattering problems are to infer the informa-
tion of the radiating sources by using the measured wave fields generated by the
unknown sources. These problems arise naturally and have significant applications in
many scientific areas, such as biomedical engineering, medical imaging, and optical
tomography [3, 10, 12, 22]. They have attracted much attention by many researchers
in both the engineering and the mathematical communities. Consequently, a great
number of computational and mathematical results are available [2, 6, 7, 13]. In par-
ticular, modeled by Maxwell’s equations, the inverse source scattering problem for
electromagnetic waves is an important research subject not only from the viewpoint
of engineering and industrial applications but also from the mathematical aspect. For
instance, the model can be used to determine the source currents in the brain based
on the electric or magnetic measurements on the surface of the human head [2]. As
for the mathematical studies, we refer the reader to [2] for the unique recovery of
surface current density, to [23, 24, 25] for the unique recovery of volume current den-
sity, and to [6] for the stability analysis on the inverse source problems for elastic and
electromagnetic waves.

So far, all the sources have been considered to be deterministic functions in the ex-
isting mathematical models for the inverse electromagnetic source scattering problem.
However, in many practical situations, the source of the system should be described
by a random field instead of a deterministic function due to the unpredictability of
the surrounding environment or uncertainties associated with the source itself [9].

Compared with the deterministic counterparts, if the source is a random field
whose covariance operator is not regular enough, then the source would be too rough
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to exist pointwisely. In this case, the source should be understood as a distribution,
and the corresponding problem and its solution should be studied in the distribution
sense. For instance, for a d-dimensional problem, if the random source is microlocally
isotropic with order s, i.e., its covariance operator is a pseudodifferential operator with
the principal symbol ¢(z)|¢| =%, where s € (0, 4] is a real number and ¢ € Cg°(R?) is
a positive function representing the microcorrelation strength of the random source,
then the source is a distribution in the Sobolev space W= 2~¢(R%) for any ¢ > 0
(cf. [20]). There are already some mathematical studies on the inverse random source
problems for acoustic and elastic waves, which are to recover the strength ¢ by using
measured wave fields in a domain which has a positive distance to the support of the
source. If s = 0, then the source is as rough as a random field of the form /¢W
with W being the white noise (cf. [20]). When the source is modeled by a white
noise type random field, the It6 isometry can be resorted to recover the variance of
the random source. We refer the reader to [4, 19] and [5] on the study of the inverse
acoustic and elastic source scattering problems, respectively. If s € (O,g + 1), the
It6 isometry is not valid anymore since the increments of the random source may
be correlated. It turns out that the microlocal analysis is effective to handle such a
random source. For the inverse acoustic random source scattering problems, we refer
the reader to [15] for the case s € [4,4 + 1) and to [20] for the case s € (0,4 + 1).
The results can be found in [15, 16] on the inverse elastic random source scattering
problems with s € [4,4 + 1). We refer the reader to [17, 18] for related inverse
problems on the stochastic Schrodinger equation. To the best of our knowledge, the
inverse random source problem for Maxwell’s equations is completely open! This work
initializes the mathematical study on the direct and inverse source scattering problems
for the stochastic Maxwell equations driven by a random electric current density.

In this paper, we consider the three-dimensional time-harmonic stochastic Max-
well equations

(1.1) VxE=ikH, VxH=—ikE+J,

where k > 0 is the wavenumber, E and H are the electric field and the magnetic field,
respectively, and J is the electric current density, which is assumed to be a complex-
valued random vector field defined on a complete probability space (Q, F,P) with a
compact support @ C R3. Moreover, the source J is assumed to be microlocally
isotropic such that its covariance operator is a pseudodifferential operator with the
principal symbol given by A(z)[£|~2%, s € (0, %), where the complex-valued matrix
A € C§°(R3;C3*3) describes the microcorrelation strength of the random source and
the entries are assumed to be smooth functions with compact supports contained in
0. The parameter s indicates how many irregular realizations such a random process
has. This large class of random fields includes stochastic processes like the fractional
Brownian motion and Markov field [14]. Hence, we consider a more general principal
symbol than that studied in [15, 16, 20], where the principal symbol is characterized
by a scalar real-valued smooth function. Given the electric current density J, the
direct scattering problem is to study the well-posedness of (1.1); the inverse scattering
problem is to determine J from a knowledge of the electric field E. Due to such a
random J, both the direct and the inverse scattering problems are challenging.

The work contains three contributions. First, by considering an equivalent prob-
lem, the well-posedness is established for (1.1) in the distribution sense. The regularity
is given for both the electric field E and the magnetic field H. A key ingredient is
to find an appropriate function space for the electric current density J, which is re-
quired to satisfy a divergence-free condition in the weak sense. Second, we show that
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the microcorrelation strength matrix A is uniquely determined by the high frequency
limit of the expectation of the electric field measured in a bounded open domain
disjoint with the support of J. The result also implies that the diagonal entries of
the strength matrix A can be uniquely determined by the high frequency limit of the
amplitude of the electric field, which is known as the phaseless data. Third, if only
the amplitude of the electric field is available, then we show that the diagonal entries
of the strength matrix A can be uniquely recovered by the energy of the electric field
averaged over the frequency band at a single realization of the random source, which
indicates that it is statistically stable to recover the strength matrix. The idea is to
deduce an ergodic relation for the electric field over the frequencies in order to obtain
such a strong result.

The paper is organized as follows. In section 2, we address the direct source
scattering problem. The properties and assumptions are introduced for the random
source, and the well-posedness of (1.1) and the regularity of the electromagnetic
field are examined. Sections 3 and 4 are devoted to the inverse source scattering
problem. In section 3, we discuss the uniqueness to recover the microcorrelation
strength matrix by using the expectation of the electric field, while in section 4, we
present the uniqueness result by using the amplitude of the electric field at a single
path. The paper concludes with some general remarks and directions for future work
in section 5.

2. Direct scattering problem. In this section, we introduce some basic no-
tation for complex isotropic Gaussian random fields and establish the well-posedness
for the direct scattering problem if the current density is a complex-valued isotropic
Gaussian random field.

2.1. Complex isotropic Gaussian random fields. Let J(z) be a complex-
valued Gaussian random vector field. It can be determined by the mean m(x) =
E[J(z)], the covariance

Cyley) = [(I(@) ~ B @) TG~ BTG
and the relation

Ry(z,y) =E[(J(x) — E[J (2)])(J (y) —~ E[I (y)]) ]

if they exist. It is easy to verify the following properties for the complex-valued
covariance and relation matrix functions: for any x,y € R?,

() C3(y,2) = Caly, ) = Calay);

(ii) Ry(z,y) = Ry(z,y) and Ry(y,x)" = Ry(z,y);

(iii) Cy(z,y) = Ry(x,y) if J(x) is real-valued;

(iv) Ry(z,y) = 0 if the real and imaginary parts of J are independent and iden-

tically distributed.

For a complex-valued Gaussian random vector Z = X +iY, the variance matrices
of X and Y and the covariance matrices between X and Y are uniquely determined
by the covariance and relation of Z, and vice versa. More precisely, let Vxx and
Vyy be the variance matrices of X and Y, and let Vxy and Vy x be the covariance

matrices between X and Y. Denote by C' and R the covariance and relation matrices
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of Z. Then it is easy to note that

%[C + R], vy =

=
)
|

=

Vxx =

Vxy = C\\Y[R—C], Wwx = S[R-l-C],

N = N =
N~ N~

where R[-] and Q-] stand for the real and imaginary parts of a complex number or
matrix, respectively. Conversely, we have from a simple calculation that

C=Vxx+Wy+illwx —Vxy), R=Vxx—Wy+i(lyx +Vxy).

If J is not regular enough, the covariance and relation matrix functions may not
exist pointwisely. Hence, it is necessary to give rigorous definitions of the covariance
and the relation of J. Let D := D(R?) be the space of test functions on R3, which
is C§°(R?) equipped with a locally convex topology. Denote by D’ := D’(R3) the
space of distributions on R?, which is the dual space of D equipped with the weak-
star topology. Denote by (-,-) the dual product between (D)3 and D3. Then the
derivative of a distribution 1 € (D’)? is defined by

(0,9, 0) = —(1,05,0) VpED?

for j =1,2,3. We refer the reader to [1] and references cited therein for more details
about distributions. Define the covariance operator Qg and the relation operator Q§
by

@St = [ | ¥ WETET () plwydedy
= [ [ s esdy
RB R-?)
and
@)= [ | [ ¥ @ET@I0) () dady
= [ [ ¥ Rste)et)dody
RS RS

for any ¢, € D3, where the star denotes the complex conjugate.

Hereafter, we use the notation WP := W"P(R3) and C™* := C™*(R?) for sim-
plicity. For any space X, we denote by X the Cartesian product vector space X3 for
convenience. Without loss of generality, we may assume that the current density J
is a centered Gaussian random field. If not, it is essentially a deterministic inverse
source problem to determine the nonzero mean, which has been well studied in [6].
In addition, the current density J is required to satisfy the following conditions.

Assumption 2.1. Let J € D’ be a complex-valued isotropic centered Gaussian
random vector field compactly supported in @ C R? with the covariance kernel
Cy(x,y) and the relation kernel Rj(x,y) depending only on |z — y|. Assume the
following:

(i) the real and imaginary parts of J are independent and identically distributed

with the relation operator Qf;i = 0;
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(ii) the covariance operator Q§ defined through the kernel Cy is a pseudodif-
ferential operator of order s € (0, %), which implies that Q§ has a principal
symbol A(z)|£|~2%, where A(x) € C§°(R?; C3*3) is a smooth matrix function
with a compact support contained in O.

Given the current density J satisfying Assumption 2.1, the direct scattering prob-
lem is to study the well-posedness of Maxwell’s equations (1.1). We intend to answer
the following questions: What are the conditions of J such that Maxwell’s equations
(1.1) admit a unique solution (E, H)? What are the regularities for F and H if there
is a unique solution? For the inverse scattering problem, the goal is not to determine
the random current density J but to determine the matrix A, which represents the
microcorrelation strength of the current density J, from a knowledge of the measured
electric field E. We are concerned with the uniqueness for the inverse scattering prob-
lem: Can A or what part of A be uniquely determined by the available data? To give
a detailed explanation of A, we rewrite J = (J1,J2,.J3) T by its components. Then a
simple calculation yields that

Ji(e)i(y) - Ji(x)Js(y)
T ()T (y) T

Js(z)(y) - Js()Js(y)

where £ means “equals in distribution.” As a result, each entry in A(x) is determined
by the strength of covariance operator between J; and J; with 7,1 =1,2,3.

2.2. Well-posedness. If the current density J € D’ is a distribution, then
Maxwell’s equations (1.1) no longer hold pointwisely. To establish the well-posedness
of (1.1) in some proper sense, we impose the weak Silver—Miiller radiation condition

lim (Hxx—E)-gbds:O V¢ €D,
|z|=r

r—00 ||
which characterizes the behavior of solutions to (1.1) at infinity.

Eliminating the magnetic field H from (1.1), multiplying a test function ¢ € D,
and integrating over R?, we get

/(V><(V><E))-q5dgc—k;2 E-d)dx:ik:/ J-¢dr Vo¢<D,
R3 R3 R3

which, by derivatives of distributions, leads to

(2.1) /R3(—A —K)E - ¢dz — /

(V-E)V-¢)dz =ik | J-¢dz Ve D.
R3 R3

Moreover, for any ¢ € D, it follows from the second equation in (1.1) that we get
V(V - ¢) € D and hence

/RS (V% H) - (V(V - ))do = =ik [ B (V(7-@))do + /R J-(V(V - ¢))dz,

which implies

(2.2) /R3(V.E)(v-¢)dx:%/WJ.(V(V.@W Vo e D.
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Define the space

X = {Uep/: U-(V(V-¢))dz=0 v¢ep}.

R3

Apparently, X is nonempty since all divergence-free vector fields are included. If
J € X, we obtain from (2.1)-(2.2) that

/ [(A+k)E +ikJ] -¢pde =0 V¢ D,
RS

which indicates that the following Helmholtz equation holds in the distribution sense:

(2.3) (A+EHE = —ikJ.
THEOREM 2.2. Letp € (3,2], s € (% —1 3 andH=s5-3¢ (% —2,0]. Assume
that J € XN WP for any e > 0 with a compact support contained in ©. Then

comp
(2.3) admits a unique solution

E(x) =ik . Oy (x,y)J(y)dy a.s.

in XN Wl_ofpre’q with q satisfying % + % =1 and

elklz—yl

P = —
k(l'7y) 47T|!E—y|

being the fundamental solution for the three-dimensional Helmholtz equation.

Proof. Tt has been shown in [20] that the scalar Helmholtz equation in R?® has a
unique solution in W~H+€4 which implies the well-posedness of (2.3) in W Htea,
It then suffices to show that E € X. In fact, noting that V, @ (z,y) = =V, Pr(z, y),
we have for any ¢ € D that

E(x) - Vy(Vy-¢)de = ik/

R3

5 [ et (V0] )y

=ik [ V, /Rg%(m,y)(vx-cﬁ)dw}-J(y)dy

R3

=ik [ V][ (Tt staras] T

=ik [ V, /R3 (Vy®r(z,y)) - d)(x)dac] -J(y)dy

R3

(2.4) = ik /O <vy <vy. { /R 3 @k(x,y)(ﬁ(:r)dx])) - J(y)dy.

Let
= [ s yeo.
RS

and choose a sufficiently large ball B such that O C B. Define a smooth extension }

on R3 such that
7 f(y)a Yy S 07
0, y e R\ B.
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It is easy to note that f € D. Since J € X, we have from (2.4) that
) - J(y)dy
o

(Vy (Vy - F(
ik /]R (vy (vy : ?(y))) - J(y)dy

3

R3

E(z) -V, (Vm~¢)d:c:ik/

which completes the proof. ]

COROLLARY 2.3. Under the assumptions in Theorem 2.2, the Helmholtz equation
(2.3) together with

(2.5) V x E =ikH

is equivalent to Mazwell’s equations (1.1) in the distribution sense. Moreover, it holds
that H € (Wer’p(curl))/, which is the dual space of WP =P(curl) equipped with
norm

1
||h’||WH_‘*p(curl) = (”h’H%}VH*e-,P + ||v X h”%/VH*ExT—') .

Proof. Based on the above discussions, it has been shown that any solution of
(1.1) is also a solution of (2.3)-(2.5). Next, we show that if J € XN WX €P and

comp

E ¢ XN W H%94 is a solution of (2.3)-(2.5) as stated in Theorem 2.2, then E also
solves (1.1).
Noting that E € X and using (2.3) and (2.5), we get for any ¢ € D that

—ik J-¢da::/ (A+k*)E - ¢pdx
R3 R3
:/ [~V x (VX E)+V(V-E)+KE] ¢dx
R3

=— | Vx(kH) ¢dz+ | E-(V(V-9))dz+k* | E-¢dr
R3 R3 R3

= fik/ (V x H +ikE) - ¢d,
RS

which implies that
Vx H=-ikE + J.

—H+e,q
loc

Moreover, since E € XNW , we have for any ¢ € D that

1
H - ¢dz| = .—/ (VX E) ¢de|=- || E-(Vx)da
R3 ik R3 k R3
1
< EHEHW—H%Q IV X @llwr-cn
1
< EHE”W_H“'("? |¢||WH_€*p(curl)a
which completes the proof. 0
It should be pointed out that if J € X satisfies Assumption 2.1 with s € (3 -1, 2],

p 272
then it also holds that J € WP with H = s — % and p > 1 according to Lemma
2.6 in [20], i.e., the assumptions in Theorem 2.2 are satisfied. If J € X satisfies
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Assumption 2.1 with s € (2, 2), the current density J turns to be smooth such that
J € C* for all a € (0,5 — 3) according to Lemma 2.6 in [20]. The well-posedness
of the problem in this case has been investigated in [21]. Therefore, we only need to

consider the current density J € X which satisfies Assumption 2.1 with s € ( -9

and p € (3,2] in the following sections.

3. Inverse scattering problem. This section addresses the inverse scattering
problem. According to Assumption 2.1, the centered Gaussian random field J is
determined by its covariance operator Q§. To recover the strength matrix A(x) of
the operator Qg, it is required to recover the strength of the covariance operator
between J; and Jj, j,l = 1,2,3, where J = (J, J2, J3) ". For convenience, we denote
by aji(x) = a¥;(x)+ia},(x) the (j,1)-entry of the strength matrix A(z). We discuss the
covariance for each component of J and the covariance between different components
of J separately.

3.1. Covariance for each component of J. First, we consider the covari-
ance operator for each component of J. By Theorem 2.2, the energy of each of the
components of FE is

E|E;(z)|? = k? /RS /Rs Oy (z,y) @ (z, 2)E[J; (y)J;(2)|dydz

1k|m y|—ik|z—z|
———— 0y, 2)dydz,
/Rs/RS v = yllz =2

where Cj;, j =1,2,3, is the (j,j)—entry of the kernel Cy.
Let Cj; = C’r +iCj};, where C%; and C}; are the real and imaginary parts of Cj;,
respectively. It follows from Assumption 2.1 that the principal symbols of C7}; and

C}; are a};|€]7>* and al;[€]7?%, respectively.
THEOREM 3.1. Let Assumption 2.1 hold, and let U C R® be a bounded open set

which has a positive distance to O. For j = 1,2,3, the strength aj; is uniquely
determined by

1 1
L L2s=2m g (o [2
klir&k E|E; ()] e /11%3 EE aj;(y)dy, x€l,

i p—
and a;; = 0.

Remark 3.2. The diagonal entry a;; of the strength matrix A is a real-valued
function, and it can be uniquely determined by the high frequency limit of the phase-
less data E|E;|? on an open set U, j = 1,2,3.

Proof. Rewriting E|E;(x)|? through C%; and C}

jj’
E|E;
| ( 471' /RS /]R?’

cos(kla — y| — klz — 2|)C};(y, 2) — sin(klz — y| — K|z — 2|)Cj; (y, 2)

|z —yllz — 2]
n ik? / /
(477)2 R3 JR3
sin(klz — y| — klz — 2[)C};(y, 2) + cos(k|z — y| — k|z — 2[)C};(y, 2)

[z = yllz — 2|

one gets

dydz

dydz,
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which apparently leads to

k2 eik(|x7y\7\zfz|)cr“(y Z)
E|E;(z)]? = — JI77 7 dyd
1E5() <47r>2mVRg Lo

ik(le—y|—|z—=2 i
3.1) B ng / / elk(lz—yl—| |)ij(y7z) dyds
(4m)? R3 JR3 |z — yllz — 2]

and

eblz—yl=lz=2z o1 (4
& // 5 9:2) 41
R3 JR3 |z — yllz — 2]

elk(lz—y|=lz—z)) i , 2
/ / iy )dydz ~0.
Rr3 JR3 ‘x—y||$—2|

It then suffices to consider the integrals

ik(lz—y|—lz—z]) Or

e , 2

:/ / i )dydz
R3 JR3 |z —yllr — 2|

etk(lz—y|—lz—z]) i 2
= / / N(y )dydz.
R3 JR3 |z — yllr — 2|

Note that the kernel Cj(y,z), which is also called a conormal distribution, is
singular only at the diagonal: an application of a first order differential operator does
not make it more singular. Hence, the covariance operator Q? defined through the
kernel Cy is invariant under coordinate transformations due to a characterization of
the kernel as a conormal distribution (cf. [11]). The proof is to utilize the invariance
of coordinate transformations and is divided into the following four steps.

Step 1. For any = € U, by introducing a smooth function 6 € C§°(R?) such that
0]y = 1 and supp(d) C R3\O, we get

/ / elk(lz—y|—|z— Z\)C ( 2)0(x)dyd
y, 2)0(x)dydz.
rs Jrs |7 —yllT — 2|

1 .
W[Ra el(yiz).gsl(yaxag)dg'

(3.2) +R

and

Denote

S1(y, z,x) == C;(y, 2)0(z) =

It can be easily verified that the symbol si(y, r,§) = cj;(y,£)0(x), where c};(y, &) is
the symbol of the kernel C7; (cf. [20]). By Assumption 2.1, the leading term of si,
which is the principal symbol of S1, has the form

st (y, &) = af;(y)0()[¢] 2.

Following [20], we define an invertible transformation 7 : R® — R? given by
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7(y, z,2) = (g, h, x), where g = (g1, g2, g3) and h = (hy, ha, h3) with

1 1
p=5e—yl=le—2l), h=g(z—yl+lz-z)),
1 — I3 3 —1‘3
g2 = = ||z — y| arccos ( ) — z| arccos (
2 yl - Zl
1 — 3 373
h2—§ |x—y|arccos( |)+\m—z|arccos( |)
1 — X2 — X2
gs == |x—y|arctan< ) |x—z|arctan( )
2 — X1 — I
1
hs = {|xy|arctan( x2> + |:Efz|arctan< 2 )}
2 — T — 1

Then
I(x) = / / k19 S,y (g, b, 2)dgdh,
R3 JR3

where e; = (1,0,0) and

_ 1 det ((7_1)'(9, h,x))
Sl ) = ST b ) () e () - er)

(3.3) =: S1(77 (g, b, 2)) L7 (g, h, ).

Step 2. To get an explicit expression of Sy with respect to (g, h,x), we define
another invertible transformation n : R — R? given by n(y, z,2) = (v,w,z) with
v=1y—zand w =1y + z. Let the kernel

S3(an,$) =5 O’r}fl(v,u%x) — Sl<v+w w —’U’x>

2 72
1 : v+ w
_ iv-& d
(2m)3 /Rse sl( 2 ,x,g)g

= (2717)3 /R3 sy (w,x, &) dE,

(3.4)

where we have used the properties of symbols in the last step (cf. [11, Lemma 18.2.1]).
More precisely, the symbol s3 is defined by

53(’10737,5) = e<7iDmD£>51 <U a waz7£)

2

which has an asymptotic expansion

53(10,7,€) ~ i": (—iDU,D5>n81 (v+w’x’§>

n!

n=1

Hence, the principal symbol of s3 is

sé’(w,x,é):s’f(Hw . 5)

v=0

Next, define the diffeomorphism v :=no771 : (g

the plane {(g,h,7) € R? : g = 0}, i.e., 7(0,h,z) = (
consider the kernel S; o 77! in (3.3):

) = (v,w,x). It preserves
,x). Now we are able to

S1o77 (g h,x) = S1on onor (g, h,x) = S307(g, h,x),
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where the kernel S3 oy admits a symbol §3(h,z,£) under the diffeomorphism ~ sat-
isfying

1 .
S hoa)= —— | 9€5,(h 2. €)de.

30’7(97 "T) (277)3 /]RBG 53( 7':6’5) 5
Comparing the above kernel S; o y(g, h, ) with S5(v,w, x) defined in (3.4), we may

check that their symbols have the following relationship (cf. [11, Theorem 18.2.9] or
[14]):

ov -7 ov -t
33(h,x,&) = s3 (w(O, h,z),z, (89(07h,x)> §> det (8g(07h’x)> +r1(h,z,€)
ov -7 ov -1
= Sg <w(0,h,x),x7 (ag(ovhvm)> g) det <ag(03 hvl')) +T2(h,.’£,€)
gy (0 ) \(% o)) oo (200 ot
]j 2 ag ) b 89 ) b

+ 72 (hv z, g)
= gg(hv €, 5) + TQ(hv €, 5)7
where the residuals 71,7y € S72°71. Here S™ denotes the space of symbols of order

m (cf. [11]).
We conclude from the above discussions that

Sa(g, h,z) = S1(t7 (g, h,z))L7 (g, h, x)
- / 965, (h, x, )L (g, h, x)de

619.532(}17 Zz, g)dfa

Il
o
3
s
—

R3

where in the last step we have used the same property as that used in (3.4). Here the
symbol so satisfies

32(h7x1£) = Sg(hwxag) —|—’l"3(h,.’t,f)7

where the residual 73 € S~2*~1 and the principal symbol
sh(h,x,&) = 85(h, ,§)L7(0, h, x).
Step 3. Based on the expression of So, the integral I;(x) has the form

L(z) = / / eHe19) 8, (g b, 2)dgdh
R3 JR3

= [ e s [ L7 0.h0) 4 a0 g

= [ [ [ e s . 087 0.0) s, i
R3 JRR3 R3

_ / (82 (h, 2, —2key) L7 (0, B ) + v (hy , —2ker )] dh.
RS
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It then suffices to calculate

-T
3 (h,x,—2ker) = d! (W) ‘(‘;Z(M,x)) (—2key)

ov -t
det <8g(0’ h, 1’))

0(x)
- el

—2s

X

and

Noting that

hi+g1=|r—yl, hi—g =|rv—2,

ha+g2 (yB—fUS) ha —g2 (23—$3>
= arccos , = arccos ,
hi+ g1 |z —y h1—q |z — 2|
hs + g3 (y2—332) hs — g3 (22—352)
= arctan , = arctan ,
h1+ g1 Y1 — a1 h1— g1 z21 — 21
we get
. h2+92> <h3+93)
=x1+4+ (h1 + sin cos
u 1+ (it 1) <h1 + g1 h1+ g1
. (ha+go hs + g3
=x9+ (h1 + sin sin
Y2 2+ (h1 +91) <h1+g1 I+ g1
h2+92>
=x3+ (h1 + cos
Y3 3+ (h1+g1) (h1+gl )
. h2—92> <h3—g3)
z1=x1+ (h1 — sin cos ,
! ! ( ! 91) (hl_gl hi— g1
. h2—92> . (h3—93>
Zo = x2 + (h1 — sin sin ,
? 2+ (1 —1) <hlgl hi— g
h2—92>
z3 =x3+ (h1 — cos
3 3+ (h1—g1) (h1—g1
A simple calculation yields that
dv
—(0,h,z) =2
50 h2)
sinacos 8 —acosacos B+ Bsinasin8 cosacosf —sinasin
X | sinasinff —acosasinf — fsinacosf cosasinff  sinacos ,
cosa + asina —sin« 0
where o := Z—f,ﬁ:: Z—i‘, and
19 19
29 2089 1
=1y 19 19
(r7)(0,hyz) = | —J8u L8u ]
0 0 I
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Here I is the 3 x 3 identity matrix. It then leads to

Ov .
det <8g(O,h,:v)> = 8sina,

-T sin «c cos 3
1
(aQ)(O,h,w)) ea=g sinasinf |,

g Cos v
and thus ( ) )
i C(w(0,h,z)\ k%
(o, ~2her) = di ( 2 > STsimal )
To get L7(0, h, x), we next consider the matrix
1ov 10w
) 2 g 2 g
R e I R
, 1, T —
g 9=0 0 0 I

which gives det ((771)(0, h,z)) = 8sin® o and

- 8sin’® o
L (O,h,x) = (hT)Q

Step 4. Based on the a priori estimates above, we obtain

. (w(0,h,x)\ |sinal .
Ii(x) :/R3 {ajj( 5 ) (h-el)Qk 250(x) + r3(h, x, —2key) | dh,

w(0hz) _
5 =

where (hy sin«cos B, hy sinasin 8, hy cosa) + x.
Define another coordinate transform p : R? — R3 by

p(h) = ¢ := (hysinacos B, hy sinasin 8, hy cosa) + .

Noting that [ — x| = hy = h - e; and det((p~1)) = ﬁ(p,) with
sinacos 8 —acosacos B+ Bsinasin8 cosacosf —sinasin
p = | sinasinB —acosasinf — BsinacosS cosasinf  sinacosf ,
cosa + asin o —sina 0

we have that

L(z) = [/R _ (g)dg] E72 Ok~ Y, zel.

s

Following the same procedure as above, we may show that
1 i —2s —2s5—1
It follows from (3.1)—(3.2) that

. 25—2 2 _ 1 1 r
klggok ElEJ(x” - (47)? /]R3 |<_$|2ajj(odC

and

1 i
/]RS W%(C)dg =0,

which imply that a; and aijj can be uniquely determined (cf. [20, Theorem 4.6]), in
particular aijj =0. O
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3.2. Covariance between different components of J. To recover the non-
diagonal entries of the strength matrix A(z), we now consider the covariance between
different components of J. By Theorem 2.2, we have

(5, () Bi(e)] = / [, #a ) B 2B, () T s

1k\:v y|—ik|z—2z|
- Cily, z)dydz
/R3 /R3 o —ylle — 2 7

for j # land j,1 = 1,2,3. Denote by C7; and C;l the real and imaginary parts of Cj;,
respectively. The recovery of strengths a3, and aijl of Cj; and C’Ji-l are stated in the
following theorem.

THEOREM 3.3. Let Assumption 2.1 hold, and let U C R3 be a bounded open set
which has a positive distance to O. For j,l =1,2,3 and j # 1, the strengths ajy and

aijl are uniquely determined by

S— 1 1 r
Jim k2 TERE( B (2) By ()] = i /]R T p W,z el,
and
o 1 1
klig.lo k2 2<\\YE[EJ(.’E)E1(£C)] = (47’(’)2 ~/]R3 |$ — y|2 jl( )dya reU.

Remark 3.4. The nondiagonal entry aj; of the strength matrix A is a complex-
valued function, and it can be uniquely determined by the high frequency limit of the
phased data E[E;E;] on an open set ¢ with j,l =1,2,3 and j # L.

Proof. Using Cj; and Ct 1> we may split E[E; () Ey(z)] into the real and imaginary
parts

E[E;(z)E)(x)]

“ier oo

cos(kla — y| — klz — 2)C}(y, 2) — sin(kla — y| — klz — 2|)C}, (y, 2)

|z —yllz — 2|
.k2
o o).
(47)? Jrs Jgs

sin(kla — y| — klz — 2[)C5,(y, 2) + cos(kla — y| — klz — 2|)C}, (y, 2)
|z = yllz — 2|

k? N ik
= G BRlla(@)] = STL(@)) + 75 Slla@)] + Rilu@).

ik(lz—yl—|z—2]) Or

e 2

:/ / ]l<y >dydz
R3 JR3 |z —yllz — 2|

k(lz—y|—]z— ZI)Cl
/ / 1(Y: 2 )dydz.
R3 JR3 |3U—ZUH95_Z|

dydz

dydz

where

and
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Following the same procedure as that in the proof of Theorem 3.1, we may show
for any = € U that

te) = | [ e o] k2 + o
and
Iy(z) = UR |C_1x|2aijl(ot9(x)d4 k™25 4+ O(k=>7h).

Consequently, we have for any x € U that

lim k*S(I3(2)] = Jim E*S[I4(x)] = 0
hde el

k—oo
and
1
lim E2*R[I = — _af
Jm BRI @) = [ (On@
1 .
: 2s _ i
Jm FRL @) = [ (On@
which completes the proof. 0
Remark 3.5. The above results can be combined into
—_ 1 1
5)  lim k**72E[E;(x)E = ; =1 .
(3 5) kinolok [ J(‘T> l(x)] (47T)2 /]1%3 |I*y|2ajl(y)dy7 ]7l 72733 x EZ/[

Equivalently, we have the matrix form

1

(3.6) kli)H;o k*E[E(z)E*(z)] = (477)2/]1{ :

s |z —yl?

Aly)dy, =cl,

which shows that the microcorrelation strength matrix function A(z) can be uniquely
determined by the high frequency limit of the data E [EE*| on an open set U.

Remark 3.6. If the covariance operators between components .J; and J; are pseu-
dodifferential operators of the same order with the principal symbols aj;(z)[¢|72*,
then all the strength {a;;};;=1,2,3 can be recovered at the same time by (3.6).

However, if the covariance operators between .J; and J; are of different orders
with the principal symbols aj;(2)|€|~2%" where s;; € [0,2), then only the strength
of the roughest term can be recovered by (3.6). For example, if s11 < s;; for any
(4,0) # (1,1) and 7,1 = 1,2,3, then the principal symbol of the covariance operator
of J is A(x)|¢|7%1 with A(z) = diag{ai1(x),0,0}. In this case, the other strength
aji(x) can be recovered by modifying (3.5) as follows:

— 1 1
klggo k2s_7‘l*2E[Ej(:17)El(l‘)] = (471_)2 /Rd ‘.’13 — y|2ajl(y)dy, 5,0=1,2,3, x€l.

By Theorems 3.1 and 3.3, we conclude that the strength matrix A(x) of the
covariance operator Q? can be uniquely determined by the high frequency limit of
the expectation of the electric field E measured on an open set U. Moreover, if
only the energy of the electric field |E;(x)|?, j = 1,2,3, can be observed on an open
bounded domain U, then the strength of J; can be uniquely determined by a single
realization of the phaseless data almost surely, which is discussed in the following
section.
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4. Recovery by a single path. In this section, we present some ergodicity
results to avoid using all the sample paths in the recovery of the strength. We show
that the diagonal entries of the microcorrelation strength matrix can be uniquely
determined almost surely by the amplitude of the electric field averaged over the
frequency band at a single path.

To indicate the dependence on the wavenumber k of the electric field, we use the
notation E;(z;k) instead of E;(z) from now on. The following theorem is the main
result of this section.

THEOREM 4.1. Let Assumption 2.1 hold, and let U C R3 be a bounded open set
which has a positive distance to O. The strength aj; is uniquely determined almost
surely by

1 K 1 1
lim ——— k*72|E (x; k)|?dk = / ai;i(y)dy, xel.
Jim g [ kPl = o [y

The above theorem indicates that it is statistically stable to recover the diagonal
entries of the microcorrelation strength matrix since only a single realization is needed
for the random source. We present some preliminaries on ergodicity before showing
the proof of Theorem 4.1.

4.1. Ergodic relation. For j = 1,2, 3, define

1 1
Tj(x) == (4702/R y|2ajj(y)dy-

3 |.’£ -
According to Theorem 3.1, it holds that a;; = aj; + iaijj = aj; and
(4.1) Jim E*72R|E;(x; k)2 = T;(x), =z €U,
—00
which implies that
1 K 25—2 2

In fact, for any € > 0, it follows from (4.1) that there exists some k* = k*(e) > 0 such

that €
[ 72RI B (o K) = i) < 5 V> 4

On the other hand, there exists K* = K*(e) > 0 such that for any K > K*

1 K
ﬁ/1 (k**2E|E;(z; k)|> — Tj(2)) dk

1
<
-~ K-1

1 K 25s—2 2
e [ ) - Ty ak
< C +K—k*5<
SK-1 K-12°°

)
/ |25~ B, (2 K)|2 — T ()| dk
1

for some constant C' > 0, and hence (4.2) holds.
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To prove the result given in Theorem 4.1, due to (4.2), it then suffices to show
that

: 1 K 25—2 2 2
(4.3) Klgnooﬁ/l K252 (|E; (w; k)|? — B|E; (23 k)|?) dk = 0.

The following propositions are required in order to get the ergodic relation (4.3). The
proofs can be found in [8, 14, 15].

PROPOSITION 4.2. Let Y (t) be a centered random field with E[Y (t)] = 0. If the

covariance function R(-,-) is continuous and satisfies
% 4 u®
R(t = |E|Y (¢ —_—
IRl = BYOY S =m0

where the constants a, 5 satisfy 0 < 2a < < 1, then
1 K
lim —— Y(k)dk =0

K—oo K — 1

holds almost surely.

PROPOSITION 4.3. Let X and Y be centered Gaussian random variables with
E[X] =E[Y] =0. Then the following identity holds:

E[(X? — E[X2))(Y2 — E[Y?))] = 2(E[XY])*.
4.2. Proof of Theorem 4.1. Define
Yi(x; k) o= k> 72 (| B (s k)2 = BB (23 k)[%), zeU,
for j = 1,2,3, which apparently satisfies E[Y (z; k)] = 0. Next, we estimate
E[Y;(z; k1)Y;(z; ko)) Vi, ko > 1.

Let E; = Ef +iE}, j = 1,2,3, where Ej and E} are the real and imaginary parts
of E;. A simple calculation yields

Yj(w; k) = k272 (B (23 k))? — B(Ej (23 k))* + (B (03 ))* — E(Ej(2; k))?)

and
By )
- E[(( (@ k))? = E(E} (w5 k1))?) (B3 (a3 ka)? — (B (@ k2))?) |
+E| (B 1))* — E(E} (w3 k1))%) (B} (3 k2)? — E(E} (@3 k2))?) |
+ E[ (B (w3 k)2 = BB} (s k)?) ((Ej(ai k2)? — E(E}(ai k2))?) |
+E| (B} (a3 k1))? = E(E} (w3 k1))%) (B} (a3 k2)? — E(E} (a3 k2))?) |
(E[Ef(x k1) B (a kQ)]) (E[Er(x k1) B (a2 kz)])2
+2(IE[E (a3 k) B (a; kg)])2 (E[El (w; k1) Bl (a k:g)]>2
(4.4) =L+ L2+ 13+ 14,
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where we have used Proposition 4.3.
Using the fact that

RlgIR[A] = 3 Rlgh + g,

RlgI3{h] = ~RlgIR(ik] = ~3Rfigh — igh] = 5Slgh — T,
S[g13[h] = RligRih] = S Rlgh — gh]

for any g, h € C, we get

L = 5% [BIE; (2 o) B k)] + LB, (: k) By (i )]

< |B[E; (2 k1) Ej (w3 ko)) +‘1E (1 /ﬁ)W]f

)

L= %% [ELE; (5 k1) B (w3 k)] — BIE; (w5 k1) Ej(a; kQ)}r
< [BLE; (@3 k1) By (w5 ko)) + [ELE; (w5 k1) B (a kg)]f,
1 - 2

Lis = 59 [EIB; (s k1) B (ws ko)) — BIE; @i k) By (a: k)]
< [ELE; (x; k1) By (x; ko)) + ‘IEI (2 k1) B (3 kz)])Q,

s = 5 [BLE; (o k) B (e ho)] — BLE, (s ko) s k)]
< |E[E; (x; k1) B (; k2)) 2 +‘IE (z: kl)m]f
For ki, ky > 1, let

oy, k) = [ELE; (o k) By s )]
B (ky, ko) = ‘]E (23 kl)m]‘z

It suffices to estimate <7;(k1, k2) and %;(k1, k2).
By Assumption 2.1, we may easily verify that

E[E;(x; k1) Ej(z; ka)]
ks / / By, (2, 1)k, (2, 2)E [; (1) J; (2)] dydz
]R3 RB
— kuky / / By, (2, y) By, (1, 2) Ry (1, 2)dydz
R3 JR3

where Rj; is the (j,7)-entry of the relation kernel Ry of the relation operator Q%.
Consequently,
(ki ko) =0 YV ki,ko > 1
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For the term %;(k1, k2), we have

By k) By = ke [ [ o BRI (40T dudz

k1ko eilk1lz—y|—kz|z—=z])
(4m)2 /R3 /]RS |z — y||lz — 2| i (y, 2)dydz

Noting that

z -yl + |z - 2|

ol lom 2y gy k) 5

bl — ] — kol — 2| = (ks + k) Y

and using the coordinate transform and the symbols defined in the proof of Theorem
3.1, we get
2

k k
«%’j(k‘hkz): -2

/ / 1((k1+k2)el g+(k1—k2)er- h)Sg(g h x)dgdh
R3 JR3 ’

_ kﬂfz// (s th)er-g+(ka—ka)ea-h)
R3 JR3

[ 985y (h,x g)dg] dgdh

_ klk’z// pilki—k2)e1-h
R3 JR3

2

\

2

2

k1k i
- | / R (i (ks + ka)en )

If |k1 — k2| < 1, due to the fact that A(x) is compactly supported, then we obtain
kiko (k1 —ka)er- w(0,h,z)\ |sin(ha/hy)]|
%' k k — l(k‘l ]{:2)81 h . » 1Yy
.7( 1, 2) ’(471')2 /l:zge Qjj B (h.€1)2
(kl + ko 2
X

2

<(wiem)
~ (kl + k2)2s

If |k1 — k2| > 1, then for arbitrary 8 € (0,1), we deduce that

)25 0(x) + rs(h, o, —(ky + kz)el)} dh

2

‘ _ | kikeo 1 (k1 —ka)ha
Bi(k1,k2) = ’ am)2 ik — ) /R3 sa(h, @, —(k1 + k2)eq)de dhadhs

2

1
W/ elhi=k)hig, oo (h, @, —(ky + ka)e1)dhidhodhs

_ ( kiko )2
~\ By + k)2 k1 — kol

( erko )2 1
(k1 +ko2)% ) k1 — ka|®

IN
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since the symbol s5 is also compactly supported and |y, s2(h, z, &)| < |€] 72 for x € U.
We conclude from the above estimates that
K212 1
(k‘l =+ k2)4s 1+ |k31 — k’2|ﬁ'

o (k1, ko) + Bj(k1,ka) S

Finally, it follows from (4.4) that

[E[Y; (23 k1) Y (23 k2)]| < 4KT 728372 (o (ko ko) + B (Ky, ka))

( k1Ko >2g 1

~ (/ﬁ + k2)2 1+ |/€1 - k2|6
<

~ 1+ ky — kolP

Using Proposition 4.2 with o = 0, we get

1 K
lim -1 Yi(z;k)dk=0 VYzel,

K—oo K — 1

and hence (4.3) holds. This completes the proof of Theorem 4.1.

5. Conclusion. In this paper, we have studied the three-dimensional Maxwell’s
equations driven by a rough complex-valued Gaussian vector field, where the covari-
ance operator of the random source is a pseudodifferential operator with a complex-
valued strength matrix. Under an appropriate assumption of the random source,
the well-posedness of the direct scattering problem is established in the distribution
sense. The regularity of the electromagnetic field is also given. The microcorrelation
strength matrix of the random source is shown to be uniquely determined by the high
frequency limit of the expectation of the electric field. Moreover, the diagonal entries
of the strength matrix are shown to be uniquely determined by the amplitude of the
electric field averaged over the frequency band at a single path due to the ergodicity.

In this work, we assume that the real and imaginary parts of the random source
are independent and identically distributed, i.e., they are uncorrelated. A possible
future work is to remove the assumption and consider more general complex-valued
Gaussian vector fields where the real and imaginary parts are correlated. In this
case, the centered random source would be determined by not only its covariance
operator but also its relation operator. The recovery of the strength matrix of the
relation operator is open since the microlocal analysis no longer seems to work. The
same issue appears in the inverse elastic wave scattering problem. If the random
source is a real-valued Gaussian vector field and the components are independent
and identically distributed, the recovery of the scalar strength function for the elastic
scattering problem has been investigated in [15, 16]. However, there are no results on
the problem if the random source is complex and correlated. It is also unclear how
the nondiagonal entries of the strength matrix can be uniquely determined by only
the amplitude of the electric field averaged over the frequency band at a single path.
We hope to be able to report the progress on these problems elsewhere in the future.
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