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AN INVERSE RANDOM SOURCE PROBLEM FOR MAXWELL’S EQUATIONS

PEIJUN LI AND XU WANG

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 opera-
tor. 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 micro-correlation
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 domain 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.

1. INTRODUCTION

Inverse source scattering problems are to infer the information 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 [2,10,12,22]. They have attracted much attention by many researchers in both
of the engineering and mathematical communities. Consequently, a great number of computational
and mathematical results are available [3,6,7,13]. In particular, 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 [3]. As for the mathematical
studies, we refer to [3] for the unique recovery of surface current density, to [23-25] for the unique
recovery of volume current density, 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 existing mathemat-
ical 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 to exist point-wisely. 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 micro-locally isotropic with order s, i.e., its covariance operator is a pseudo-
differential operator with the principal symbol ¢(z)[¢|72%, where s € (0,4] is a real number and

XS C’(‘]’O(Rd) is a positive function representing the micro-correlation strength of the random source,
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then the source is a distribution in the Sobolev space Ws_g_e(Rd) 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 to [4,17] and [5] on the study of the inverse acoustic and elastic source scattering
problems, respectively. If s € (0, %l + 1), the It6 isometry is not valid any more since the increments
of the random source may be correlated. It turns out that the micro-local analysis is effective to
handle such a random source. For the inverse acoustic random source scattering problems, we refer
to [15] for the case s € [%, %l + 1) and to [20] for the case s € (0, % + 1). The results can be found

in [15,16] on the inverse elastic random source scattering problems with s € [%l, % +1). We refer
to [18,19] for related inverse problems on the stochastic Schrédinger 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 Maxwell equations
VXxE=ikH, VxH=ikE+ J, (1.1)

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 (£, F,P) with a compact support O C R3. Moreover, the
source J is assumed to be micro-locally isotropic such that its covariance operator is a pseudo-
differential operator with the principal symbol given by A(x)|¢]72%, s € (0, %), where the complex-
valued matrix A € C$°(R3; C3*?) describes the micro-correlation strength of the random source and
the entries are assumed to be smooth functions with compact supports contained in O. 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 of the direct
and inverse scattering problems are challenging.

The work contains three contributions. First, by considering an equivalent problem, 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 required to satisfy a divergence free condition in the weak
sense. Second, we show that the micro-correlation 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; 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 micro-
correlation strength matrix by using the expectation of the electric field; while in Section 4, we
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present the uniqueness result by using the amplitude of the electric field at a single path. The paper
is concluded with some general remarks and directions for future work in Section 5.

2. DIRECT SCATTERING PROBLEM

In this section, we introduce some basic notation 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 ran-
dom vector field. It can be determined by the mean m(x) = E[J(x)], the covariance

Cslay) =E |(J(2) - ET @I ) —ETD |,
and the relation
Ry(a,y) =E|(J(@) ~ EJ @I ) —ET W)

if they exist. It is easy to verify the following properties for the complex-valued covariance and
relation matrix functions: for any z,y € R3,

0 C3(0:2) = 0ol ) =Cyla,y)

(i) Ry(z,y) = Rz(z,y) and Ry(y,z)" = Ry(z,y);

(iii) Cy(x,y) = RJ(IE y) if J(x) is real-valued;

(iv) Ry(x,y) = 0if the real and imaginary parts of J are independent and identically distributed.
For a complex-valued Gaussian random vector Z = X + 1Y, 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 Vx x 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 of Z. Then it is easy to note that

Vxx = %?R[C—I—R], Wy = %?R[C —R], Vxy = %%[R— cl, Wwx= %3[R—|— C.

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

C=Vxx+Wy +iVyx —Vxy), R=Vxx —Vy +i(wx + Vxy).

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

(0,0, ) = —(1p,0,p) Vp €D

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

Q)= [ | [ #WEI@T W)y
= [ [ w)Cs ez
R3 JR3
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and

@)= [ | [ @ EI@I0) ey

- / " (y) Ry (0, y)p(x)ddy

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

Hereafter, we use the notation WP := W"P(R3) and O™ := C™*(R3) for simplicity. For any
space X, we denote by X the Cartesian product vector space X?® 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 satisfying the following
conditions.

Assumption 2.1. Let J € D' be a complez-valued isotropic centered Gaussian random vector field
compactly supported in O C R® with the covariance kernel Cy(z,y) and the relation kernel Ry(x,y)
depending only on |x — y|. Assume that

(i) the real and imaginary parts of J are independent and identically distributed with the relation
operator fo =0y

(ii) the covariance operator Q9 defined through the kernel Cy is a pseudo-differential operator
of order s € |0, %), which implies that Qg has a principal symbol A(z)|£|~2%, where A(z) €
(Ofd (R3; C3*3) is a smooth matriz function with a compact support contained in O.

Given the current density J satisfying Assumption 2.1, the direct scattering problem 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 regularity for E 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 micro-correlation 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 problem: 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, Ja, Jg)T by its components. Then a simple calculation yields that

] Jl(:E)Jl(y) J1($)J3(y)
J(x)J*(y) = : : ’

J3(@)Ji(y) - Ja(2)Ja(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 j,0 = 1,2, 3.

2.2. Well-posedness. If the current density J € D’ is a distribution, then Maxwell’s equations
(1.1) do not hold point-wisely any more. To establish the well-posedness of (1.1) in some proper
sense, we impose the weak Silver—Miiller radiation condition

lim <Hxi—E>-¢ds:0 Ve D,
=00 Jlz|=r |l‘|
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 R3, we get

/(VX(VxE))-qsdx—k? E-qbd:z::ik/ J-pde V¢ eD,
R3 R3

R3
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which, by derivatives of distributions, leads to
/ (A — I)E - pda —/ (V- E)(V - ¢)dz m/ J-¢dr VéeD. (2.1)
R3 R3 R3

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

/Rg(v < H) - (V(V - ¢))dz = —ik

which implies

B(V(V- @)+ [ J-(V(V- )iz,

R3 R3

/ (V- E)(V - ¢)dz = %/ J-(V(V-¢))dz Ve D. (2.2)
RS RS
Define the space

X = {UeD': U-(V(V-¢))dzx =0 queD}.

R3

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

/ [(A+K)E +ikJ] - ¢pdz =0 V¢ €D,
R3

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

(A +KHE = —ikJ. (2.3)
Theorem 2.2. Letp € (3,2], s€ (2—1,3] and H =5-3 € (%—2,0]. Assume that J € XOW P

p 272
for any € > 0 with a compact support contained in O. Then (2.3) admits a unique solution

E(x) =ik /R3 O (x,y)J(y)dy a.s.

in XN ‘Jfl;f+e’q with q satisfying % + % =1 and

@ eik|m_y|
T,y) = ————

k( 7y) 47_(_‘1, — y’

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

Proof. Tt has been shown in [20] that the scalar Helmholtz equation in R3 has a unique solution in
W—H+€4q which implies the well-posedness of (2.3) in W~—H+¢4 It then suffices to show E € X. In
fact, noting V,®(z,y) = —VyPr(z,y), we have for any ¢ € D that

E(x) -V (Vy-¢)dr = ik:/

R3

[ #e Ve (9 @) ] Ty

R3

—it [ V| [ #ulen) (9. 9)ds] - T0)ay
R3 LJR3

=ik [ [ [ (Vatmate) ptrts] - Ty

RS

=it [ V| [ 0 dloe] - Ty

ik /O <vy (vy- [ /]R 3 <I>k(x,y)¢(:n)d:n]>>-J(y)dy. (2.4)
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Let
£0) = [ ®lad@is, yeo

and choose a sufficiently large ball B such that O C B. Define a smooth extension f on R3 such
that

ry o f(y)7 yeov
0, y € R3\ B.

It is easy to note that f € D. Since J € X, we have from (2.4) that

E(x)- V., (Vs - ¢)de — ik /O (Vy (T, F4))) - T(w)dy

_ ik /R (e (Ve 7)) - Ty
=0

R3

which completes the proof. O

Corollary 2.3. Under the assumptions in Theorem 2.2, the Helmholtz equation (2.3) together with
V x E=ikH (2.5)

is equivalent to Mazwell’s equations (1.1) in the distribution sense.

Moreover, it holds H € (WH_E’p(curl)), which is the dual space of WH=¢P(curl) equipped with
norm

1
1allv e eurty = (IRlRy o + IV X RallGya-c) -

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 € X N WZ, 5" and E € XN WH+%4 is a solution of
(2.3)—(2.5) as stated in Theorem 2.2, then E also solves (1.1).

Noting E € X and using (2.3) and (2.5), we get for any ¢ € D that

ik J-cbdxz/ (A+K)E - ¢da
R3 R3
:/ [~V x (V x B) + V(V - E) + KE] - ¢du
R3

=— Vx(ikH)-¢da:+/ E-(V(V-¢))dm+k2/ E - ¢dx
R3 R3 R3

= —ik | (V x H +ikE) - ¢dux,
R3

which implies that
Vx H=—ikE + J.
Moreover, since EE € XN W_H+€’q, we have for any ¢ € D that

loc

H - ¢dzx
R3

E - (V x ¢)dx

1 R3

1
%/RS(VXE)-qﬁdx

1
< LI Elw-reallV X @l

1
< EHEHW*HJF“IH¢HWH*57P(curl)7

which completes the proof. O
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It should be pointed out that if J € X satisfies Assumption 2.1 with s € (% — %, %], then it also
holds J € WH=¢P with H = s — 5 and p > 1 according to Lemma 2.6 in [20], i.e., the assumptions
in Theorem 2.2 are satisfied. If J € X satisfies Assumption 2.1 with s € (2, 2) the current density J
turns to be smoother such that J € C% for all a € (0, s — 2) 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 which satisfies Assumption 2.1.

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 Qg. 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, 4,0 = 1,2,3, where J = (Jy, J2, J3) . For convenience, we denote by aj(z) = ajy(x) —Haijl(x)
the (j,1)-entry of the strength matrix A(x). 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 covariance operator for each
component of J. By Theorem 2.2, the energy of each of the components of E is

E|E;(2)|? = K /R /R By (2, y) B (@, DVEL, (9) T ()] dyd

1k\x y|—ik|z—z|
Cii(y,z)dydz
é&ésm—mm 2| T ’

where Cj;,7 = 1,2,3 is the (j,])—entry of the kernel Cj.

Let Cj; = Cj; + iC']i-j where C7}; and C]i-j are the real and imaginary parts of C};, respectively It
follows from Assumption 2.1 that the principal symbols of C}; and C ; are al[¢]” ~25 and ay;1€l~ —2s,
respectively.

Theorem 3.1. Let Assumption 2.1 hold and U C R3 be a bounded open set which has a positive
distance to O. For j =1,2,3, the strength aj; ts uniquely determined by

1 1
o L25=2m ()2 —
Jim K5TE[ B ()] Mm?éﬂx_‘gﬂ(M% reU

and aij ;=0.
Remark 3.2. The diagonal entry a;; of the strength matriz A is a real-valued function and it can

be uniquely determined by the high frequency limit of the phaseless data IEJ|E]-|2 on an open set U,
j=1,23.

Proof. Rewmtmg E|E )|? through Cj; and C’; n
cos(klz —y| — klo — 2[)C};(y, 2) — sin(klz — y| — klz — 2[)C};(y, 2)

RS |z =yl — 2]

one get

E|E;(z

dydz

R3
1k2 / i sin(klz — y| = klz = 2|)C3, (y, 2) + cos(kle — y| — klz = 2)CL;(y. 2)
R3 JR3 |z — yl|r — 2|

dydz,

which apparently leads to

12 eik(lr—yl—\w—ZI)Cr_,(y 2)
2 — A
E|E;(x)| (471)2% [/}RS /]R3 g p— dydz

etk(lz—yl=lz—z) i
53 / / 5 Z)dydz (3.1)
R3 JR3 [z =yl — 2|
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an

+ R

eikllz=yl=le=z)Ci (4 »
// 5 )dydz =0. (3.2
r3 JR3

[z —yllz — 2]

k(lz—y|—|z— ZI)C
/ / (Y, 2) dyd>
R3 JR3 |$—y||$—z|

It then suffices to consider the integrals

k(lz—yl=le=2DCr _(y, 2
// i )dydz
R3 JR3 |z —yl|lz — 2|

k(lz—y|—|z— ZI)CI
/ / (Y, 2) dyde,
R3 JR3 |$—y||$—z|
The proof consists of four steps.

Step 1. For any = € U, by introducing a smooth function § € C§°(R3) such that 6|y = 1 and

supp() C R\ O, we get
/ / eik(jz—y|—|z— Z\)C (. 2)0(x)dyd
, x 2.
e Juo Jo—ylle —2 7T

S1(02.2) 1= O (@) = g [ €0 s €0

It can be easily verified that the symbol s1(y, z,§) = ¢j;(y,£)0(x), where ¢;;(y,§) is the symbol of
the kernel C7; (cf. [20]). By Assumption 2.1, the leading term of sq, Wthh is the principal symbol
of S, has the form

and

Denote

st (y, €) = al;(y)0(x)|¢| .

Following [20], we define an invertible transformation 7 : R — RY given by 7(y, z,7) = (g, h, ),
where g = (g1, 92, 93) and h = (h1, ha, hg) with

1
(o —yl — | — 2I). =5 (Jo =yl + |z —2[),

=3
T
g2 = = ||z — y| arccos ( > |z — z| arccos ( ]
2| |z —
1 _
hy = = [\x — y| arccos (yg ) + |z — z| arccos ( x?’)}
2 [z =yl — 2|
1 Y2 — 2 22 — T2
g3 = = ||x — y| arctan — |z — z| arctan
21 Y1 — a1 21— T
1 _
hs = = [|x — y|arctan <y2 ) + |z — z| arctan (Zg :132)]
2 21— 1

Then
h() = [ [ sy n)dgdn,
R3 JR3
where e; = (1,0,0) and

et ((r~1Y x
R e By (er ey

=:S1(r g, h,x))L" (g, h,z). (3.3)
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Step 2. To get an explicit expression of Sy with respect to (g, h,z), we define another invertible
transformation 1 : R — RY given by n(y, z,2) = (v,w,r) with v =y — 2z and w = y + z. Let the
kernel

S3(U7w7‘7:) = Sl 077_1(”770737) :Sl<v+w w_vax>

2 72

B 1 iv-€ v+w
= 2P /Rge 15w e)de
= (2i—)3 /]R3 eiv.gsi’) (’U),.Z',g) dfa (34)

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

s3(w,x,€) = T PwPo g, (Hwa§> ,

v=0

which has an asymptotic expansion

Hence the principal symbol of s3 is

Sg(w7x7§) = 811) <HTU)7$7§>

w _
= aj; (5) €7 0(@).
v=0
Next, define the diffeomorphism v := no 77! : (g,h,z) — (v,w,z). It preserves the plane
{(g,h,z) € R? : g = 0}, i.e., 7(0,h,2) = (0,w,z). Now we are able to consider the kernel Sj o 77!
in (3.3):

S1om g, hyx) = S1on onor g, h,x) = S30(g, h, ),

where the kernel S5 oy admits a symbol 53(h, x, &) under the diffecomorphism + satisfying

S109(9.h0) = sy [ 5alh . €1

Comparing the above kernel S30~(g, h,z) with S3(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]):

5s1,.6) = 53 (w0 (L)) € ) faer (Lo +rihng
s3\n, T, =S3 | w\Y,h,x),x, ag y 1, T € 89 y 1, T 1\, x,
» ov -7 ov -1
=53 ’lU(O, h,ﬂ?),$, <a_g(07 h,ﬂj‘)) 6 det <a_g(07 h7$)> + T2(h7$7£)

—2s 1

—a, (M) (g—;(o,h,:p)>_T£ det <g—;(0,h,x)>

=: §g(h, Z, f) + r2(h7 z, 6)7

0(x) + ro(h,x,§)

where the residuals 71,75 € S72571. Here 8™ denotes the space of symbols of order m (cf. [11]).
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We conclude from the above discussions that

So(g, h,z) = S1(t7 (g, h,2))L7 (g, h, )

= g L, @ OL (0.

eig'£32(h7 €Ly g)d£7

I
o
|~
o
—

RS

where in the last step we have used the same property as that used in (3.4)

. Here the symbol so
satisfies

32(h7 €T, g) = Sg(hﬂ X, 5) + 7’3(}1, €, g)a
where the residual 73 € S72*~! and the principal symbol
sh(h,z, &) = 85 (h,z,§)L7 (0, h, z).

Step 3. Based on the expression of So, the integral I;(z) has the form

) = [ [ sy, oy
R3 JR3
— [ [ e | [ e, L (0. + ralhn, O)de | dyd
r3 JR3 (27)3 Jgs
-1/ [2 s [, g (500, L7 0.0) + vl Sl
R3 JR3 7T R3

= /]RB (85 (h, z, —2ke1)L7 (0, h,x) + r3(h, z, —2keq )|dh.

It then suffices to calculate

#(h, 2, —2key) = a; <M> '(gv(o h :C)) _T(_Qk‘el)

—2s 1

0(x)

ov
det <8—g(0, h,:n))

and

L0, hx) = |det ((r (h.);f?éh’x))|'

Noting that

hi+g1=lz—yl, hi—g1=lz—2,

ha+g2 <y3—x3> ha—g2 (2’3—333>
= arccos , = arccos

hi+ ¢ |z — y| hi — |z — 2|

hs+gs Y2 — T2 hs —gs 2y — T
= arctan , = arctan ,

hi + g1 Y1 — o1 hy — 21— T
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we get
: h2+92> <h3+93>
1=x1 + h1+1sm< co
Y ( 91) hi + g1 h1+ g1
) h2+92> <h3+g3>
2 = T2+ h1+1sm< sin
Y ( 91) hi + g1 h1+ g1
h2+92>
=ux3+ (h1 + cos( ,
ys = 23+ (h1 + g1) o
. h2—92> <h3—93>
z1=x1+ (h1 — Sln< cos
1 1+ (h1 —g1) hi— o1 -
: h2—92> . <h3—93>
29 = x9 + (h1 — 1sm< sin ,
( 91) hi — h1 = g1
2 — g2
z3=z3+ (h1 — g1 cos( >
( ) hi —
A simple calculation yields that
v sinacos 3 — acosacos S+ Bsinasinf cosacosS —sinasinf
8—(O,h,a:):2 sinasin 8 — acosasin f — fsinacos S cosasinS  sinacos
9 cos & + asin « —sina 0
_h . h
where o := h—f,ﬂ = h—f, and
10 10
1 205 209 1
-1y — 19v 190
(T )(07]7“733)_ —5—; 58_; I
0 0 I
Here I is the 3 x 3 identity matrix. It then leads to
0
det <—v(07 h,x)) = 8sinq,
dg
P -7 1 sin v cos 3
—U(O,h,x) e; == | sinasinf
dg 2
cos «

and thus

§h(h,z, —2ke1) = aj; <w

To get L7(0, h,z), we next consider the matrix

(0, h, x)> J=2s (

2 8| sin |

10v l%
- 9y, 2, x) St
(7710, h,z) = =22 —Lov 1ov ||
0 7h,x _ 209 209
(9,1, 2) [ g0 0 0 I
which gives det ((771)(0, h,z)) = 8sin® o and

8sin’ a
L"(0,h,z) = ——.
( ? 7':U) (h . 61)2

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

B . [(w(0,h,z)\ |sinal o
11(3:)—/RB [ajj< 5 >(h'el)2k 0(x) + r3(h,x,—2key)| dh,
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= (hy sinacos 3, hy sin asin 3, hy cos @) + x.
Define another coordinate transform p : R — R? by

where M

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

Noting that |¢ — 2| = hy = h-e; and det((p~1)') = with

1
det(p’)
sinacos f —acosacosf+ Bsinasinf cosacos —sinasinf
p' = | sinasinf — acosasin 3 — Bsinacos S cosasinf  sinacosf ,
cos o + asin o —sina 0

we have

I(z) = /RS ﬁa;j(g)dg E3 0ok 7h, zecl.

Following the same procedure as above, we may show that

Iy(z) = -/R #ai--(C)dC- EE 0ok 7h, zel.

SC—ap ™

It follows from (3.1)—(3.2) that

: 25—2 . 2 _ 1 1 r
i BRI = s [

and

1
/RS C_ap al;(¢)d¢ =0,

which imply that a; and aij ; can be uniquely determined (cf. [20, Theorem 4.6]) and in particular

MO (]

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

(B ()i (@)] = & /R , L, #e ) PR ) Tyt

1k\x y|—ik|z—z|
—Cji(y, 2)dydz
/R3/]R3 2 —yllz — 2]

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

Theorem 3.3. Let Assumption 2.1 hold and U C R? be a bounded open set which has a positive
distance to O. For j,l =1,2,3 and j # 1, the strengths a;-l and a}l are uniquely determined by

— 1 1
im k%572 ; = r
klglgok RE[E;(z)E(z)] (a2 /R y‘zaﬂ(y)dy, rel

3 |z —
and

_ 1 1 .
lim k*2QE([E;(x)E) ()] = / L(y)d U.
kggo 5 [ J(x) l(l‘)] (471')2 - |$ — y|2a]l(y) Y, TE
Remark 3.4. The non-diagonal entry aj; of the strength matriz 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
U with j,1 =1,2,3 and j # 1.
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Proof. Using C’ and C!

1> we may split E[E;(x)Ej(z)] into the real and imaginary parts

E[E( )Ez(
cos(klz —y| — klz — 2|)C}(y, 2) — sin(klz — y| — klz — 2[)C}(y, 2)
dydz
R3 JRR3 |$—y||$—z|
1k:2 / [ Sl ) e ol D)
R3 JR3 |x—y||:v—z|
_ B R - SL@) + o (3lls()] + R @)
— (47‘[’) 3T 4T (471') 3\ 4\ X 3
where k(|| —|o—=])
ek (lz—yl—lz—z|) or ,z
:// ]l(y )dydz
R3 JR3 ]a:—ny—z\
and

ek(lz—yl=lz=2zN i (y
_ / / jl(y )dydz
R3 JR3 |z — yllz — 2|

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

o) = [/R ﬁaﬁz@)e(mc} E7 4+ Ok
and
L) = | [, papeh @] i o,

Consequently, we have for any = € U that
lim k*S(I3(z)] = Jim k2 S(I4(z)] = 0
—00

k— 00
and
Jim K Rll@)] = [ s (o@)ac,
Jim KERIL(@)] = [ (o,
which completes the proof. O
Remark 3.5. The above results can be combined into
klggokzs 2EB(E;(x)Ey(z)] = (4;)2 /RJ ’x_lylzaﬂ(y)dy, j1=1,2,3 ze€lU. (3.5)
Equivalently, we have the matriz form
Jim KB [B() B (2)] = - 4;)2 /R e _1y|2A(y)dy, vel, (3.6)

which shows that the micro-correlation strength matriz function A(x) 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 pseudo-differential
operators of the same order with the principal symbols a;i(z)|€|™2¢, then all the strength {aji}; =123
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(x)|E| 725t where s;; € [0, %), then only the strength of the roughest term can be recovered
by (3.6). For example, if s11 < sj for any (j,1) # (1,1) and j,1 = 1,2,3, then the principal symbol
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of the covariance operator of J is A(z)|¢| 72511 with A(x) = diag{a11(x),0,0}. In this case, the other
strength aj(x) can be recovered by modifying (3.5) as follows:

JEEO k2sﬂ—2E[Ej(x)El(x)] = (4711)2 /R3 z _1y‘2ajl(y)dy, §1=1,23 z€l.
By Theorems 3.1 and 3.3, we conclude that the strength matrix A(z) of the covariance operator
Qg 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 |Ej(z)|?, j = 1,2,3, can
be observed on an open bounded domain ¢/, 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.

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 micro-correlation 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)
from now on. The following theorem is the main result of this section.

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

lim ——— [ k272(E (k) 2dk = / () '
Kl—I>noo K — 1/1 | ](a:, )l (477)2 s |2 _y‘gajj(y) y, xzel

The above theorem indicates that it is statistically stable to recover the diagonal entries of the
micro-correlation 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

Tj(x) := (4;)2/]1% ! 55 (y)dy.

s |z —yl
According to Theorem 3.1, it holds a;; = aj; + iaij ; = a;; and
Jim k*7E|E;(x;k)|? = Tj(z), =z €U, (4.1)
—00
which implies
lim — " k> 72E|Ej(z; k)|?dk = T;(x). (4.2)
K—oo K —1 1 I J

In fact, for any € > 0, it follows from (4.1) that there exists some k* = k*(€) > 0 such that
K25 72R|B; (w3 k)|? — Ty (2)| < % Vk> k.

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

1

K
ot [ ORI R - 1) di

1
K-1
< ¢ + Kok e <e€
T K-1 K-12
for some constant C' > 0, and hence (4.2) holds.

<

k* 1 K
/ |2 2BIE)(; k)* = Ty(@)| dk + = | W 7Bl B (2 k)" = T)(x)| dk
1 Ik
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To prove the result given in Theorem 4.1, due to (4.2), it then suffices to show
. 1 K osa 2 2
[}lflooﬁ/l K72 (1B (2: k)| — E|Ej (2 k)|?) dk = 0. (4.3)
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
t* + u®
t = |E[Y(t —_
R(tw)] = Y @Y )] S 1y

where the constants «, B satisfy 0 < 2a < 8 < 1, then

1 K
lim —— [ Y(k)dk =

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[X?)(Y? - E[Y?])] = 2(E[XY])%.
4.2. Proof of Theorem 4.1. Define
Yj(x; k) = k*2 (|1Ej(z; k)? — E|E;(z; k:)|2) , relu

for j = 1,2, 3, which apparently satisfies E[Y (z; k)] = 0. Next is to estimate E[Y(x; k1)Yj(z; k2)] for
any kl, kg > 1. ) )

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

Yj(ask) = k272 (B (23 %)) — E(Bj(2: k) + (Ej(2; k))? — E(Ej (23 ))?)

and

[E[Y(z; k1)Y(2; k2)]|
k%s 2]€§S 2

S 2(E[Ef<x ) E5 w) +2(BLES (s k) B} (a3 o))

2
+2(BIE o b B s a)] )+ 2( BB (03 ) S 0 )
= L1+ Lo+ Lis+ 1, (4.4)

where we have used Proposition 4.3.
Using the facts
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. . 1.
Slg]Sh] = RigIR[ik] = SR(gh — gh]
for any g, h € C, we get

L= %3? [E[Ej(fc; k1) Ej(w; ko)] + E[Ej (z; kzl)@(ﬂfﬂfz)]}2
2

)

< [BLE; (@3 k) B (s ko) + [ELE; (3 ) B (3 o)

—_

Lio=3S [E[Ej(fﬂ; k1) Ej(x; k2)] — E[E; (= /<31)Ej(33;/<?2)]}2
2

Y

[\

< [ELE;(x: k1) B (w3 k)] + [ELE (a: k1) B (w5 o)

2

[

Lis=:5S [E[Ej(fc; k1) Ej(z; k2)] — E[Ej(z; k1) Ej (2; kz)]}

[\

< [BLE; o3 1) By o o)+ [ELE (s ) B i)l |-

Y

Lia = %% [E[Ej(x; k1) Ej(z; k)] — E[Ej(z; k1) Ej (2 kz)]r
< [BLB; (w; k) s b))+ LB (o b B (s o)l
For k’l, k‘Q > 1, let
(K1, ka) = [E[Ej(x; k1) Ej (2 k2)]|?
Bj(k1,ke) = ‘E[Ej(w;kl)Ej(w;kz)]F-

It suffices to estimate .@7j(k1, ko) and %;(k1, k).
By Assumption 2.1, we may easily verify that

E[E;(2; k1) Ej(x; k2)]
= kiko /RS /RS Dy, (z,y)Pr, (x, 2)E [J;(y)J;(2)] dydz
=ik [ [ ()00 o )Ry (0. 2)dyds
R3 JR3
=0,
where Rj; is the (j, j)-entry of the relation kernel Rj of the relation operator Q?. Consequently,

j(ki,ko) =0 YV ki,ko > 1.
For the term %;(ki, kz), we have

E [Ej(x;kl)Ej(a;;kg)] — kks /RS /RS By, (2, ) By (2, 2)E [Jj(y)m} dydz

L1k el(kilz—y|—kz|z—2z[)
- (4; )22 /R 3 /R 3 Cj;(y, 2)dydz.

[z —yllz — 2]

Noting

[z —y[ + [z — 2|
2

rT—yl —|r—=z
)I yl — | |+(/<:1—/<;2)

kl\x—yl—kg\x—z\:(kzl—i—kg 3
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and using the coordinate transform and the symbols defined in the proof of Theorem 3.1, we get
2

%j(k‘l,k’z) klk? /R3 /R3 i((k14k2)e1-g+(k1—k2)er- h)52(g,h z)dgdh

kle / / ((k1+k2)er-g+(k1—k2)e1-h) / ig-¢
YSso(h, d dgdh
( )3 2( ) 76) é g

2
_ k1k2/ / cilki—ka)erh 1 / el (Etththoen) go | g0 (h, 2, €)dedh
R3 JR3 (27T) R3

kik , 2

= 172 / el(kl_kz)el'hSQ(h, x, —(k‘1 + k‘Q)el)dh

(47)2 Jps

If |k1 — k2| < 1, due to the fact that A(z) is compactly supported, then we obtain

2

2
+r3(h,x, — (k1 + kz)el)} dh

<(w¥im)

If |k — ko| > 1, then for arbitrary § € (0,1), we deduce that

2

. _ | kiko L i(ky—ka2)h1
Bj(k1, ke) = ' @) ik — ) /RS so(h,x, — (k1 + ka2)er)de dhadhs

‘ k1ko 1

2

/ ei(kl—k2)h1 8h1 82(h7 z, —(k‘l + kz)el)dhlthdhﬁ

T @m)2 ik — ko)

()
~ (k‘1+k‘2)2s|k‘1—k‘2|

<:< Ky ko >2 1
- (k‘1 +k‘2)2s |k‘1 —k’2|ﬁ7

since the symbol s is also compactly supported and |0y, s2(h, x,&)| < [£] 72 for 2 € U. We conclude
from the above estimates that

kik3 1

ik, ko) + Bj(k1, ke) < :
(ke ko) + Al2)(h+@%lﬂh—bw

Finally, it follows from (4.4) that
B[] (3 k1) Y (25 ka)]| < 4R7°2R5°72 (o (K, ko) + By (k1 k2))

( Ky ko )28 1

~ (kl + k2)2 1+ ’kl — kg’ﬁ
<

~ 14|k — kP

Using Proposition 4.2 with @ = 0, we get
1 K
lim —/ Yj(x;k)dk =0 Vaxel,
1

and hence (4.3) holds. This completes the proof of Theorem 4.1.
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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 covariance operator of the random source is a
pseudo-differential operator with a complex-valued strength matrix. Under an appropriate assump-
tion 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 micro-correlation
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 micro-local analysis seems not work anymore. 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 non-diagonal 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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