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Abstract

Stochastic Maxwell equations with additive noise are a system of stochastic Hamilto-
nian partial differential equations intrinsically, possessing the stochastic multi-symplectic
conservation law. It is shown that the averaged energy increases linearly with respect
to the evolution of time and the flow of stochastic Maxwell equations with additive
noise preserves the divergence in the sense of expectation. Moreover, we propose three
novel stochastic multi-symplectic methods to discretize stochastic Maxwell equations
in order to investigate the preservation of these properties numerically. We make the-
oretical discussions and comparisons on all of the three methods to observe that all of
them preserve the corresponding discrete version of the averaged divergence. Mean-
while, we obtain the corresponding dissipative property of the discrete averaged energy
satisfied by each method. Especially, the evolution rates of the averaged energies for
all of the three methods are derived which are in accordance with the continuous case.
Numerical experiments are performed to verify our theoretical results.

Keywords: Stochastic Maxwell equations, Stochastic Hamiltonian partial differential
equations, Dissipative property of averaged energy, Conservation law of averaged
divergence, Stochastic multi-symplectic method.

1. Introduction

In modeling of physical phenomena, stochastic differential equations are required
to quantify the effects of randomness on the mathematical model. Taking the context of
electromagnetism as an example, to model precise microscopic origins of randomness
(the thermal motion of electrically charged microparticles), [[12] established the theory
of fluctuations of an electromagnetic field, which at the level of macroscopic view was
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via introducing fluctuation sources to obtain stochastic Maxwell equations. Based on
this model, [14] proposed a method based on Wiener chaos expansion to determine the
near field thermal radiation, and [10] described the fluctuation of the electromagnetic
field using spectral representation. Without modeling the precise origins of random-
ness, rather assume that they lead to small stochastic variations of the coefficients of the
equations, [7] studied the propagation of ultra-short solitons in a cubic nonlinear media,
which is modeled by nonlinear Maxwell equations with stochastic variations of media;
and assume that the externally imposed source is a random field, which is expressed
by a Q-Wiener process, [4, 9} [11]] dealt with the mathematical analysis of stochastic
problems arising in the theory of electromagnetic in complex media, including well
posedness, controllability and homogenisation. The stochastic model considered in
this paper is based on [[11, Chapter 12] for the isotropic homogeneous medium with an
external source.

Recently, the stochastic multi-symplectic structure for three dimensional (3-D)
stochastic Maxwell equations with additive noise was proposed in [2], based on the
stochastic version of variational principle, which means that stochastic Maxwell equa-
tions are a system of stochastic Hamiltonian partial differential equations (PDEs). It has
been widely recognized that the structure-preserving numerical methods have the re-
markable superiority to conventional numerical methods when applied to Hamiltonian
ODEs and PDEs, such as long-term behavior, structure-preserving, physical properties-
preserving (energy, divergence, charge) etc.; see [6] and references therein. Efforts
have been devoted to the stochastic case. For example, authors in [3]] established the
theory for the stochastic multi-symplectic conservation law for the stochastic Hamil-
tonian PDEs and investigated a stochastic multi-symplectic method for stochastic non-
linear Schrodinger equation. Also a stochastic multi-symplectic wavelet collocation
method was proposed in [3] to approximate stochastic Maxwell equations with a class
of multiplicative noise, while [2] proposed another stochastic mutli-symplectic method
based on the stochastic variational principle.

Different from the approach of reference [2], we use a direct way to represent
the stochastic Maxwell equations as another system of stochastic Hamiltonian PDEs,
which avoids introducing extra variables and leads to cost efficiency. As a result, the
stochastic Maxwell equations preserve the stochastic multi-sympectic conservation law
almost surely. Meanwhile, we show that the averaged energy increases linearly as the
growth of time, with the rate being K = 3(A? + A7)Tr(Q). Here A; and A, represents
the levels of noise, and Tr(Q) denotes the trace of operator Q. It means that the growth
rate depends on the scale of noises and the trace of covariance operator only. This
dissipative property of averaged energy may be due to the existence of external source.
For the divergence, it is proved that the flow of stochastic Maxwell equations preserves
the divergence in the sense of expectation. It means that electric flux and magnetic flux
are preserved in Gaussian random fields in the statistical sense. In this paper, we pro-
pose three numerical methods to discretize stochastic Maxwell equations with additive
noise in order to investigate the preservation of these physical properties numerically.
Method-I is based on the application of implicit midpoint method in both temporal
and spatial directions to the equivalent stochastic Hamiltonian PDEs, while Method-
II being a three-layer method is constructed by central difference in both temporal and
spatial directions, which exhibits the grid staggering property of electromagnetism. We



utilize central difference in spatial direction and implicit midpoint method in temporal
direction to obtain Method-III. We demonstrate that all of the three numerical meth-
ods preserve the corresponding discrete versions of multi-symplectic conservation law.
Another aim of this paper is to investigate the numerical preservation of some impor-
tant physical quantities including energy and divergence by numerical methods. For
the energy, we obtain the corresponding dissipative property of the discrete averaged
energy satisfied by each method. Furthermore, utilizing the adaptedness of solutions to
stochastic Maxwell equations and properties of Wiener process, we estimate the dissi-
pative rates with respect to time for three methods in our consideration, and we show
that the discrete averaged energies evolute at most linearly with respect to time under
certain assumptions. As for divergence, we show that all of the three methods preserve
the discrete conservation law of averaged divergence well, as shown theoretically in
Theorem and Finally, numerical experiments are performed to validate
the theoretical results.

The outline of this paper is as follows. In section 2 we present some preliminaries
about stochastic Maxwell equations, including theorems about the evolution of energy
and divergence, and the intrinsic stochastic multi-symplectic structure. Sections 3 is
devoted to the comparison and analysis of three stochastic multi-symplectic numerical
methods in the aspect of averaged energy and averaged divergence. Numerical experi-
ments for stochastic Maxwell equations with additive noise are performed in section 4
to verify our theoretical results. Finally, concluding remarks are given in Section 5.

In the sequels, we lete = (1,1,1)7 and denote by < -, - >, > the L?(®) inner product,
by < -,- > the Euclidean inner product, by |- | the Euclidean norm, and by & the
expectation.

2. Stochastic Maxwell equations with additive noise

It is of interest to study phenomena where the densities of the electric and magnetic
currents are assumed to be stochastic. These can be modeled by the following 3-D
stochastic Maxwell equations with additive noise

%€ — VxH-Aey in (0,7)xO,

2.1
M _ _VxE+hey in (0,7)x0,
with initial conditions
E(O,X,y,Z) = (E103E207E30) in ®> (22)
H(07xay7z) = (H]07H207H30) in ®a
and perfectly electric conducting (PEC) boundary conditions
Exn=0 on (0,7]xd0, (2.3)

where T > 0, © is a bounded and simply connected domain in R? with smooth bound-
ary d@®, n represents the unit outward normal of d®, and A, A, are real numbers repre-
senting the scales of noise. It is convenient at this point to give a precise mathematical
definition of J.



Hereafter, let W be a Q-Wiener process defined on a given probability space (Q,.7,P),
with values in the Hilbert space L? (®), which is a space of square integrable real-valued
functions. Let {e,,} nex be an orthonormal basis of L?(®) consisting of eigenvectors of
a symmetric, nonnegative and finite trace operator Q, i.e., Tr(Q) < oo and Qe,, = Nye.
Then there exists a sequence of independent real-valued Brownian motions {f,; }nen
such that

=

W(t,x,5,2,0) = Y V/lnew(x,,2)Bu(t,0), 1>0,(x,52) €O,0 Q. (24)

m=1

And formally set y = %V.

Remark 1. The expansion formula of Q-Wiener process W (t,x,y,z,0) is based
on the orthonormal basis of L*(®), which separates the variables (x,y,z) and (t,®)
apart. We note that the well known Wiener chaos expansion (WCE) separates the
variable @ apart from other temporal or spacial variables, and if we apply WCE to
the sequence of Brownian motions {B,(t,®)}men, we may also use WCE method to
approximate the original equations @2.1)); see [[I] for more details about Wiener chaos
expansion.

We refer interested readers to [9] for the well-posedness of problem (2.1)). The au-
thors present some results on stochastic integrodifferential equations in Hilbert spaces,
motivated from and applied to problems arising from the mathematical modeling of
electromagnetics fields in complex random media. They examine the mild, strong and
classical well-posedness for Cauchy problem of the integrodifferential equation which
describes Maxwell equations complemented with the general linear constitutive rela-
tions describing such media, with either additive or multiplicative noise.

2.1. Dissipative property of averaged energy

In this subsection, we consider the property of averaged energy for system (2.1).
The following theorem shows that the averaged energy evolutes linearly with respect
to time  and with a growth rate K = 3(A} +A3)Tr(Q), here Tr(Q) denotes the trace

of operate 0,1.e., Tr(Q) = ¥ < Qem,epn >p2= Y, M.
meN meN

Theorem 2.1. Let E and H be the solutions of the equations (2.1)-(2.3). Then for
t € [0,T), there exists a constant K = 3(A} + A3)Tr(Q) such that the averaged energy
satisfies the following dissipative property

E(DPY (1)) = &P (0)) + Kt, (2.5)
where @4 () = [o(|E(t)[* + |H(t)|?)dxdydz.
Proof. We write (2.1)) into

dE =V x Hdt — AedW,
dH = —V x Edr + AyedW.



Let
Fi(E( /|E )Pdxdydz and  F(H( /|H ) |dxdydz.

Since Fi and F; are Fréchet derivable, the derivatives of F; along direction @ or (¢, y)
are as follows,

DF\(E)(¢) =2 /@ <E,¢ > dxdydz, 2.6)
D’Fi(E)(, ) =2 /@ <, 0> dxdydz.
Applying the infinite dimensional Itd formula to Fi (E), we have
Fi(E(7)) = Fi1(E(0)) +/OIDF1 (E(s))(—2A1edW (s)) 2.7
+/ { DR (E()(V < H(5)) + ;Tr[DzFl( (5))(~2eQ*)(~He0?)" | Jds
Substitute into leads to
F(E()) = Fy(E(0)) +2 / t / < E(s),—MedW(s) > dxdydz 2.8)

+// 2 <E(5),V X H(s) > +327 ¥ Tlne?, (x,3,2) bdxdydzds.

meN

Similarly, we apply Itd formula to function F>(H(¢)) and obtain
!
Fy(H(1)) = F>(H(0)) +2 / / < H(s), loedW (s) > dxdydz 2.9)
0 /o

r
—l—/o /@{2 < H(s),—V xE(s) > —|—3k22 Z nme,zn(x,y,z)}dxdydzds.

meN

Summing (2.8)) and (2.9) leads to
Fi(E(1)) + F2(H(r)) = F1 (E(0)) + F2(H(0))

+2/0.[/® ( < H(s),l2edW (s) > — < E(s), A edW (s) > )dxdydz

+2/0t/® ( <H(s),—V x E(s) > + < E(s),V x H(s) > )dxdydzds

(a)
+3(A7 +43) // Y Nmep, (x,y,2)dxdydzds.

O neN

Using the Green formula and PEC boundary conditions, we get

(@)

13
fz/ (E x H) -ndSds = 0.
0 Jo®



Hence, there exists a constant K = 3(A7 + A7) Tr(Q), such that
Fi(E(t))+ F,(H(r)) = Fi(E(0)) + F2(H(0)) + K¢ (2.10)
+2 /O [ /@ ( < H(s), haedW (s) > — < E(s), AjedW (s) > )dxdydz.
The assertion follows from applying expectation on equation (2.10). O

2.2. Conservation law of averaged divergence

As is well known that the electric field and magnetic field are divergence-free if the
media is lossless in deterministic case. The following theorem shows that for stochastic
Maxwell equations with additive noise (2.1 the electric field and magnetic field are
still divergence-free, but in the sense of expectation. In the following, assume that
(U,< - >u,|l - lv) and (V,< -,- >y,]| - |lv) are two separable Hilbert spaces, and
denote HS(U,V) the space of all Hilbert-Schmidt operators from U to V. The norm is
defined by

1
2
IQllaswy = (Lleml})", ¥eeHsw.v),
m
with { f;n }men being an orthonormal basis of U.

Theorem 2.2. Assume that Q? € HS(L*(®),H'(®)) with H'(®) being the Sobolev
space. Then system preserves the averaged divergence, i.e.,

E(div(E(t))) = &(div(E(0))), &(div(H(t))) = &(div(H(0))). (2.11)
Proof. Let
JE|, JE, O0E;
Ty T
Since G is Fréchet derivable, the derivatives of G along direction @ or (@, y) are as
follows,

G(E) = divE =

DG(E)(¢) = divp, D*G(E)(¢,y)=0. (2.12)

Applying the infinite dimensional Itd formula to G(E), we have
1
G(E(t)) =G(E(0)) +/0 DG(E(s))(—A1edW) (2.13)
!
+ / DG(E(s))(V x H(s))ds.
0

Substituting (2.12) into (2.13)) and keeping in mind a fact div(VxY)=0,VY :R" —
R", we get

G(E(t)) = G(E(0)) + /0 " DGE(s)) (—AyedW). 2.14)

The first assertion in (2.TT]) follows from taking the expectation on both sides of (2.14).
Analogously, we can get the second assertion in (2.T1)), by applying It6 formula to
function divH. O



2.3. Stochastic multi-symplectic conservation law

In this paper, we use a direct way to rewrite equation (2.I)) into the form of stochas-
tic Hamiltonian PDEs. Obviously, the direct approach may avoid introducing extra
variables; see [2] for another approach based on the stochastic version of variational
principle to rewrite equation . By denoting Z = (Hl,Hz,H3,E1,E2,E3)T, we have

Md,Z + K\ Zydt + Ky Zydt + K3 Zodt = V281 (Z)dt +V 785(Z) 0 dW, (2.15)

where o in the second term of the right-hand side of (Z.13)) denotes Stratonovich sense
of integral, and skew-symmetric matrices M, K|, K>, K3 are given by

. 0 —I3.3 . .@p 0 .
M = ( Ls 0 ),Kp— < 0o ,Vp=1,2,3, (2.16)

with /33 being the identity matrix and

00 O 0 0 1 0 1 0
2= 0 0 -1 | 9= 0 00 ], 9= 1 0 0], 217
01 0 -1 0 0 0O 0 O
Sl(Z):O, Sz(Z):Az(Hl+H2+H3)—A1(E1+E2+E3). (2.18)

Similar as the proof of [S, Theorem 2.2], we have the following theorem.

Theorem 2.3. The stochastic Hamiltonian PDEs possess the stochastic multi-
symplectic conservative law locally

d; o+ oy dt + %szt +0.x3dt =0, a.s.

ie.,

yi o[t

X1 21
/ / w(tlvx,yv dXdde—"

Yo X0 20
X1 21
—‘r/ / / K'z(t X yl, dl‘dde+
X0 1o 20
l/zl

20
Y1 X1 21
:/ / / o(ty,x,y,2)dxdydz +
)o x0 2

2 1t
/ / K (t,x,v0,2)dtdxdz + / / / K3 (t,x,y,20)dtdxdy,
o Jyo

where @(t,x,y,z) = %dZ/\MdZ, Kp(1,X,,2) = %dZ/\K,,dZ (p=1,2,3) are the dif-
ferential 2-forms associated with the skew-symmetric matrices M and K),, respectively,
and (to,11) X (x0,x1) X (yo,¥1) X (20,21) is the local definition domain of Z(t,x,y,z).

S
5~

1
/ K1 txl,y, dtdydz

X1 /'
o Jy

0

fang
~

1

K3(t,x,y,21 )dtdxdy

P

1
K1 le,y, dl‘dde

=35 2
h



3. Stochastic multi-symplectic methods

In this section we mainly focus on the analysis of three stochastic multi-symplectic
methods for the stochastic Maxwell equations (2.1), including the dissipative property
of the discrete averaged energy and the conservative property of the discrete averaged
divergence.

Let Ax, Ay and Az be the mesh sizes along x, y and z directions, respectively, and At
be the time step length. The temporal-spatial domain we are interested in the following
sections is [0, 7] X @ := [0,T] X [xz,xg] X [y, Yr] X [z1,2&]- It is partitioned by parallel
lines, where 1, = nAt and x; = x; +iAx, y; =y, + jAy, zx =z +kAz forn=0,1,--- \N
andi=0,1,---,1; j=0,1,--- ,J; k=0,1,--- K. The grid point function Z{fﬁk is the
approximation of Z(t,x,y,z) at node (¢,,x;,y;,2). The general difference operators are
employed by:

oz oz

n  __ _ bl L], S on L, 1,7,

5[ i.jk — At ) 61 ijk — At ) (31)
n n n n

570 = Gtk Zigk 5 _ Lk~ Gk

Tk Ax Tk 2Ax '

The same definitions hold for operators Jy, 5} 5., 6.

3.1. Method-I

Method-I is derived by applying the implicit midpoint method both in spatial and
temporal directions to the equations (2.15)), similarly as the approach in [2], but for
the different form of stochastic Hamiltonian PDEs for equations (2.1)). It is stated as
follows

MEZ 1 14y TKISZ, jfé RS @Z?:f,,; RS 522?:;,” o 62
=V )
with M,K,(p =1,2,3) and S, are given by -’ and
zn;ik - %(Zirf}il,k FZ Ak 2 )
- T T

i+ et VT Lk ) T Lk T d e L itk i+4.j+1k

al., are defined similarly.
As we stated before ¥ may formally be considered as the temporal derivative of
the Q-Wiener process, i.e., ¥ = dd—‘f. In the numerical experiments in section 4, we

calculate ()7 as follows

1
(AW)Zj,k _ ‘/Vln]+k _Wil?j-,k

At At ’

(X)iju =



where (AW)”? jx means the temporal increment of Wiener process and W/, , means
W(tmxi,yjazk)-

This method preserves the following discrete version of stochastic multi-symplectic
conservation law; the proof is similar as [2, Theorem 3].

Theorem 3.1. The method (3.2) satisfies the discrete stochastic multi-symplectic con-
servation law a.s.,

1 1
n+1 n nta n+a
- K — (K]
bl T O g +( Vit burt ~ K000
At Ax
1 1 1

n+z n+z n+»5 n+y

K — (K K — (K~
( 2)i+%,j+l,k+% ( 2)i+%,j,k+% ( 3)i+%.j+%.k+1 (), 1

) ) 2tk g
Ay + Az ’

+

where

a)ljk dan_,i/\Md i,j,k (Kp)zjk dank/\Kd i,j,k> p=12.3.

We will present the discrete dissipative property of the discrete energy for Method-I
in the following theorem.

Theorem 3.2. Assume that E ijxand H! j x are solutions of numerical method (3.2)),

then under the periodic boundary condltlon the discrete energy satisfies the following
dissipative property

(1) = d (1) + 2AxAyAzi)% (rfj§7j+%7k+l (AW),), (33)
where
ol (z,) :AxAyAzi;((|E?+%’j+%7k+%|2+\Hl+ il k+1| 3,
and
T?:f,jJr;,kJr‘ o ;Lz((Hl)::ri i+ 3kt 3 +(H2)z+ i Jtd k) +(H3)7:f,j+%.,k+%)
34
—M <(E1)n:% i+ 4 k% +(E2 ):Z:_zz,]-F o + (B3 ):l:f,j+%,k+%>'



Proof. We may rewrite method (3.2) into the componentwise form of E and H,

" B nt ntt \n
5,(E>)" CS )T s, =) 3.5b
( 2)i+%7j+%,k+%7 :( 1)i+%,j+%,k i 3)i,j+%,k+% valeye (3.5b)
n - n+% o n+% - N7
B8Ny jpary = Oc(F) ;0 =M 0y M B50)
8 (Hy )" _S(B)TE  —S(E) T 4 (h)! (3.5d)
Vit d it = OWE2) 1y m ) 0y T2 '
5 (Hy)" S SUE)TE 8BV () (3.5¢)
Vv et T O ey T O L T Wi :
5 (Hs )" 5, (E1) 5(E2)"*2 ()" (3.5)
! i+%,j+%,k+% Y i+%vj7k+2 +2’k+% ljk '

Multiplying both sides of each equality from (3.3a) to (3.51) with

nti n+%
AtAXAyAZ(Ep)"" + itk ,AtAXAYAZ(E,)! o 2 il AAXAYAZ(E3))] fﬁ% .t
n+2
AtAxAyAz(Hy)' . ,AtAxAyAz(H,)"" o +27k+% ,AtAxAyAz(Hs)"" +2 Lkl
(3.6)

respectively, summing all terms in the above equations over all spatial indices i, j, k, it
yields

ol(t,, ) = (1,) + o7 + 2, (3.7)
where
nt3 n+l
d—leAxAyAziJZk{( Uit i k+%+(E2)+ 4 Hl+(E3),.+;j+%_rk+%}(AW)z,k
nti +4 +1
e 2odntyhe ¥ [H]F L+ EE T J@aw
ijk ’

And Z represents the corresponding algebraic formula of the first two terms on the
right-hand sides of (3:5a) to (3.5T) and the above six terms (3.6). We could show that
A = 0 using the periodic boundary condition. Thus leads to the assertion of this
theorem. O

Specially, we could obtain the estimate of the discrete averaged energy in the case
that W only depends on time. The evolution relationship for averaged energy coincides
with the continuous case when W only depends on time.

Theorem 3.3. If W =W (¢, ) : [0,T] X Q — R is a Brownian motion, then there exists
a constant K = 3(A2 +A?)|®| such that

E(@(1,)) = &(@" (19)) + Kt (3.8)

where |@| denotes the volume of domain ©.

10



Proof. From the expressions (3.3) and (3.4), we present the analysis of one term as an
example, as the other terms can be dealt similarly.

n+% )
uzAxAyAzl;cg((Hl)i%j%kﬂAW,, (3.9)
_ 1 n+1 n
ZAzAxAyAzl;{é"[ H); it T ((H )t+%,j+%.k+% - (H')i+%,j+%,k+%)}AW”'

Here AW,, = W (t,,11) — W(z,,). Utlizing the properties of the increment of Wiener pro-
cess leads to

&(H AW,) =0.
(F); k)
. . . . n+] _ n .
And substituting the equation (3.5d)) into ((H]) Ll k) (H )i+%,j+%,k+%) in 1|
and using the periodic boundary condition, we obtam
+
uzAxAyAzi)J:k(f((Hl Y. ) A2|®|Ar.

Similar results hold for others terms. Thus, we get
E(@(ty11)) = E(@U(2,)) +3(A7 +23)|0)Ar,
which proves the theorem. O

In order to show that Method-I preserves the discrete version of the averaged diver-
gence, we may need the definition of discrete divergence operator at point (x;,y;,2x),
which is given as follows; see [13]] for the analysis of deterministic case.

o
vzmjk B =00 ) ity TPy gy TV ety (110)
14
where
Oy et ktd "= O gt e T et e T ot e d T gk
ﬁii%,,—;ki% :ﬁ:+§/ Lk %4’[3[—77; k+1+ﬁl—*7j—§k %+ﬁl+% j—5k=1>

Vel jaed b= Vil g LY o L b Y L T YL g L

The following theorem shows that Method-I preserves the discrete version of averaged
divergence.

Theorem 3.4. The numerical discretization (3.3)) to equations preserves the fol-
lowing discrete averaged divergence, i.e.,

sV B ) =6 (V0 ), o (V0w ) = (V). G

11



Proof. The proof of the two assertions are similar, so here we only present that for
electric field E. By the definition (3.10), we have

vall 1ol
szj,k'En+ -V 'k‘En

LJs

= (88 (N ey P8O 1+ S8 E ) 1

Utilizing the method (3.5a)-(3.5¢) to replace the temporal difference expressions of E,
E> and Ej3 in the above equation leads to

ﬁ[l] _En+l _@[I] .E"

ijk ijk
= [ )] gy 30 ]
R RO RPTREL (RS N
L IRRRTREL (L0 A
+ term(b),
where
term(®) == A0 AW)L, gy by ~ MWt -y

— M18.(AW)

(i=3)£3.(-5)£5 k-1

with (AW)?,L(F%)%’(,C,%&% = (AW)L ) ;AW e H AW
(AW)E | j« and other terms being defined in the same way. Utilizing similar approach
as in deterministic case (see [13]]), we could show that the left hand side of the above
formula equals to term(b). By the property of Wiener process, we have

(VI B -Vl ) = & (lem) = 0. (3.12)
Thus the proof is completed. O

3.2. Method-I1

As is well known, for the numerical simulation of deterministic Maxwell equations,
Yee’s method is the basis of the highly popular CEM numerical methods known as
the finite-difference time-domain (FDTD) methods (see the original work [15]]). It is
constructed by central difference in both spatial and temporal directions based on a
half-step staggered grid. With the difference operators defined in (3.1), we generalize
an equivalent form of Yee’s method ([[8]]) to discretize the stochastic Maxwell equations

12



(Z-1) as follows:

8 (EV)} i = & (Ha)f = S.(Ho)} = M ()7 ks (3.132)
O (E2)} i = 8:(H )} j o — 8e(HB)} i — M ()T (3.13b)
01 (E3)7 5 = Oc(H2) 5 — 8y(H )7 1 — M ()1 (3.13¢)
S (F )7 = =8y (Es)! 4 Su(Ea)} s+ Mo ()7 T4 (3.13d)
S (Ha )} = —8-(EV)} j+ Su(E3)] i+ M (20! s (3.13¢)
O (H3)7 1 = =8 Ea)l 4+ 8y (B} s+ 2 () s (3.13f)
where
(k= Wil Wik
s 2At

Clearly, the above method conserves the following discrete version of stochastic multi-
symplectic conservation law.

Theorem 3.5. Method (3:13) possesses the discrete stochastic multi-symplectic con-
servation law a.s.,

1 1
o - (Kl);l+%7j=k_ (r1)?

; ok ik i—3.jk
At Ax
i) — (1 )" K2 )" — ()"
+( 2iegn TG OOy (R0 —o
Ay Az ’
where
1
nt+y n n+1 n _ n n
0 ;i =dZij NMdZ; (K171 ju = 9200 NKWAZE o
n _ n n n _ n n
(K2); 114 = 920 NEAZ 4 o (K371 = A2 NKSAZ ey

Also, we will consider the properties of the discrete averaged energy and the dis-
crete averaged divergence in the following contents.

Theorem 3.6. Assume that E ;; and H} ; , are solutions of numerical method ,
then under the periodic boundary condition the discrete energy satisfies

@1 (1) = @1 (5,) + Axavaz Y (Y7 (W5 W), (3.14)
i,j.k
where

oM (1,41) = AxAyAz Y [< E/ LB >+ <H/TLHY > }

i,jk
and

T2 = Ao (CE ) (g () ) = A (B (B2 (B )

13



Proof. Multiplying both sides of each equation from (3.13a) to (3.13f) with
QA AXAYAZ(E, )]
2A1AXAyAZ(Hy )"

ZAIAXAyAZ(Ez), gk
DAt AxAYAZ(Hy)"

2AtAXAYAZ(E3)} 4
2AtAxAyAz(Hs)!

i,j,ko

i,jko i,jk> ij,k>

respectively. The proof is finished by summing all terms in over all spatial indices i, j, k
together, and using the periodic boundary condition. O

Moreover, we have the following estimation for the discrete averaged energy.

Theorem 3.7. There exists a constant K = 3(A} + A3)V2(®) such that
g(q;[lﬂ (,n)) = g(cb["] (to)) + Kz, (3.15)

Proof. We need to estimate each term in AxAyAzY; ; & (T ( 51 k(Wan+k1 W k1)>. For

the first term we have

szxAyAng[(Hl);{jk(W"H W 1)} zzAxAyAng[H] n AWy 1]

i,j,k i,j.k Lk
ik Lk
:lgAxAyAzZé‘){( Hy)j i — ”k)(AW)"J}J
ik
:AZMAyAng’{[ A8, (E3)! 4+ Ar(E) h+ M (W W,"J,f)}(AW)?]i}
ik
—/'LZZAxAyAzzg{ ,]k VV,njkz)(VVl/k vvitljtkl)}
i,J:k
_}%AxAyAzzké‘){ l]k W/lnjkl)}:}LQzVQ(@)At
ij,

where V2(@) = AxAyAz YijkLm Nme2 (xi,yj,2). Here we mainly use the independent
properties of Wiener increments. Because other terms could be estimated similarly, we
finish the proof by noting that K = 3(A2 +17)V<(®). O

Note that the constant V2 (®) here may be regarded as the approximation of Tr(Q),
i.e.,

an/ (x,3,2)dxdydz = an =Tr(Q).

Furthermore, the method (3.13) preserves the following discrete averaged diver-
gence.

Theorem 3.8. The method preserves the following discrete averaged divergence
(v[ﬂl E"+2) - g(v[m .E’?‘.f), (3.16)
S gt S 2
g(v[ ) .Hw.’,f) = é"(V[ 1 H,J,3>
where VIl = (§,,8,,8,)T.

The proof of this theorem is similar to that of Theorem [3.4] so we omit it here.
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3.3. Method-I1I1

We use the central finite difference in spatial direction and implicit midpoint method
in temporal direction, then we refer to this particular discretization as Method-III (see
[[13] for deterministic case)

1
MSZ:,+KiSZ F +KaB 2 +KeS 2 = VuSaZ V) BAT)

1

It is shown that method (3.17) preserves the stochastic multi-symplectic conservation
law.

Theorem 3.9. The method (3-17) satisfies the discrete stochastic multi-symplectic con-
servation law a.s.,

1 1 1 1
n+x n+» n+» n+x5
n+1 K 2 — (K 2 K 2 _ 2
O = Ok ( l)i+%,j7k ( ‘)if%,j,k ( 2>i,j+%,k ( Z)i,jf%,k
+
At Ax Ay
1 1
n 2 "+7
(K3)tjk+l_( 3)11k7l
+ 2 2 =0, (3.18)
Az
where
n+l _ gon+l n+1 ”+2 _ ”+2 2
O jx =dZ;j ANMdZ (Kl),hd, =dZ, j; /\Kldztn+1]k7
1
nt+y n+2 n+2 . n+2 n+2
(Kz)i.j-&-%,k lejk /\szZl J+1 © (K'3) gkl T de]k /\K3dZ ik

Proof. We take differential in the phase space on both sides of (3.17)) to obtain

n+ +3
2AxAYAZM(dZ] T — dZ"jk)—f—AtAyAzKl (dz, +12] c—dZ 20
n+ e+ +4 n-‘,—l
+AIAXAZKS (dZ; ) — lejzl )+ AtAXAYK; (d Zl", Za—dz )
n+ n+ n
= 2AxAyAZV?S, (Z;2)aZ, (AW} 4.

Then taking len ;rkz =1 ( Zl”;r,i erZlff j,k> and performing wedge product with the

above equation yields

AxAyAZ(dZ] T AMAZ] ) —dZ}  ANMdZ] )

i,j.k
+AtAyAZ(dZ | + /\Klellej . dz,”j,f NK dZ"+121 o)
—|—AtAxAz(lenj+k2 NK>dZ] ;-21 4z, j+k2 NKxdZ; /+ 1)
+AtAxAy(dZ, ik /\K3dzz”jk2+1 - denjkz /\K3dzlnjkz 1)
=0.

Thus we finish the proof by denoting the definitions of discrete differential 2-forms.
O

15



We also rewrite (3.17) into the component form of E and H as follows:

S 5 = ()} F — B(H) T — () (3.19)
S (Ea) sy = S.(HN )2 — SulHR) L2 — M) o (3.19b)
O(E3)iju = SX(Hzﬁjé —&,(H) )?Zé — M () (3.19)
8(HN )4 = —8(Es)[ T F 4 BB} + Dali) s (3.190)
S (Ha). g = —Sz(E X’f»Z + SX(E3>,’-’?§ + ()" 4o (3.19)
& (H) = —6 7,*,3 +8(E); 220! (3.199)

The following theorem states the dissipative property for the discrete energy of Method-
111

Theorem 3.10. Assume that EJ ; j i and H? 'k are solutions of numerical method 3.19),
then under the periodic b0undary condition, the discrete energy satisfies the following
dissipative property

@ (1, 1) = dM (1) + 2axAyAz ¥ (Y2 (AW (320)
‘ l JJsk ij.k
i,

q)[HI](tn) :AXAyAZZ ( ‘ E; i,j,k | + ‘ H; ]k| )
i,j,k

and
n+z lz(( ):lj,f—ﬁ-(Hz)ﬁ/f‘*‘(Hﬁ I) 11(( ) +(E2) +(E%)7,+k2)
(3.21)

The proof is similar to that of Theorem [3.2] so we omit it here.
In the following theorem we give an estimation about the evolution of the discrete
averaged energy.

Theorem 3.11. There exists a constant K > 0 such that
& ((IJ[IH] (t,,)) - é’(cb““] (zo)) < Kty (3.22)

Proof. The estimate of each term in the second term on the right-hand side of (3.20) is
similar, so here we present estimates of terms related with H; and E as examples.

Using the identity 2a"1 = 24" + (a"t! —a"), the independent property of Wiener

16



increment and (3.19d), we get

{ZAzAxAyAzZ Hl l]k (AW)ljk}
i,j.k

_ é"{lexAyAz Yy [((Hl )i — (H) )ﬁj,kﬂ (AW)3;, k}

i,j.k
2 At n+% n+2
= @((){ ZMAYM;{ [TAZ ((E2),',j7k+1 (Ez)[jk 1)
L

A ((E3)n+% (E3),n;r i k) + AZ(AW)zj,k} (AW);-"J-’,(}

2Ay ij+1k
= {Danavac Y [ M52 8.OW ) AT W+ (W)
i,
where we are benefit from the periodic boundary condition. By Young’s inequality, we
may obtain
{uzAxAyAz ZZ 2w, k} (3.23)
i,
éAtzAxAyAze? [% (B 12)? +% ((Ez)?;k%)z}

+ - lngtAxAyAZZan@ em(xlvy]azk))
ijk m

+ = }.QZAIAXAyAZZan 8yem xlaijzk))2+}‘22VQ(®)At?

ijk m

where V2(0) := AxAyAZY; ; 1 ¥ Imek, (xi,yj,2¢). Similarly, for term related with £y,

we have
{ 2hAayAz Y (E))] (AW) ,,k}
ij.k

= éa{ — MAXAyAzZAL Z { ,Jk 5} (AW) :’,kJr(Hz) 1?5 (A )zj,k *ll((AW)zr'l,j,k)z} }
S

(3.24)

AP AxAyAE | Y ((H DR ()7 ?]

ijk ijk

O‘\M—‘

42 ;Lfmmy&zznm(syem (xirvjr20)’

ijk m

AzmAxAyAzZan(s en(xiyj 2))” + APVE(©)Ar.

ijk m
Therefore, by denoting
VQ(G) = VQ(®)+AXAyAZZan ((S)Cem(-ximyjaZk))2+ (Syem(-xi?yjazk))2+ (Szem(xhyjazk))z) )

ijk m
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we have
1 N
& (@M (1,1)) <& (@Mr,)) + gng(qﬂ“ﬂ (1)) + 322 +23)72(@)Ar.

By Gronwall inequality, there exist constants Ar* and K := K(V2(®), 2,42, T) such
that for Az < Ar*, we have & (dD[m] (t,,)) <K,Vn=0,1,---,N. Combing this bounded-

ness together with (3.25), there exists another constant K := K(V2(®), 11,45, T) such
that

& (cp“ﬂl (r,,)) _& (cp“ﬂl (to)) < Kty
Thus the proof is finished. O

N . N 1 .
Note that the notation V(@) is an approximation of ||Q2 ie.,

2
||HS(L2(®) HI(©))

1
~ Xt [ (e )+ Ven(e,2) )z = 104150201 0

while V() % L = Tr(Q) = 107 |25 120, 12(0))

Remark 2. [f W =W (t,0) : [0,T] x Q — R is a Brownian motion, the same as The-
orem[3.3] we have

& (d)“m (t,,)) = é"(d)“m (t())) + Kty

with K = 3(A2 +12)|6).

Define VI = (§,,5,,8.)7, then Method-IIT can preserve the following discrete
averaged divergence. The proof is similar to that of Theorem

Theorem 3.12. The numerical discretization to stochastic Maxwell equations
(2.1) preserves the following discrete averaged divergence

& (6[1111 E:’j,]() (V[IH] E k) (3.25)

S(9By1y) = (S0

We may conclude that all of the three numerical methods are shown to be stochastic
multi-symplectic and preserve the conservation law of the corresponding version of
discrete averaged divergence. For the continuous problem, we prove that the averaged
energy evolutes linearly with respect to time, while each method in our consideration
preserves this property to certain level. We show that this linear growth property is
preserved well by Method-II, whereas Method-I and Method-III conserve this property
in the case that the noise only depends on temporal variable. Moreover, we could prove
that for space-time noise, the corresponding discrete averaged energy of Method-II1
grows at most linearly.
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4. Numerical results

In this section, we mainly focus on the simulation of 2-D stochastic Maxwell
equations with additive noise, for which the electric field and the magnetic field are
=(0,0,E3)",H = (H;,H,,0)7, respectively. Le.,

G = b Iy in (0,T) %6,
aa—h;': 8E3+)sz in (0,7) %O, 4.1
UM = 5 4 Doy in (0,T) %O,
with ® = [0,%] x [0, }], T = 1 and initial data being
E3(x,,0) = sin(37x) sin(47y),

4

Hi(x,y,0) = -3 cos(37x) cos(4my),
3

Hy(x,y,0) = —3 sin(37x) sin(47y).

Hereafter, we choose the values of {e,,¢(x,y)}, ;cp a0d { N, }m.cen as

1

T (4.2)

eme(x,y) = 2\/§sm( mﬂ:x) sin(20my), M=

By the definition of Wiener process (2.4), we have

3
(AW)} ;= Wifl;rl = Z 24 ——= 3+€3 sin(= mnx,)sm(%ﬂ?yj)\ﬁémé,

ml=1
“4.3)

with {& ,} being independent N (0, 1)-random variables.
In the performance of numerical methods, it is necessary to truncate this infinity

sum. Figure displays the value of a(m,£) = 2, /m%w with respect to m and ¢.

Observe that, after m,¢ larger than 25, the values of a(m, ) tend to zero. Thus we
truncate the noise by taking the sum of 50 terms for both parameters m and ¢ in the
following experiments.

And we take the temporal step-size Ar = 0.001 and the spatial mesh grid size
Ax = Ay = 150 In order to show the influence of noise on the solution, we scale the
valuesof A; =4, =A by A =0,1 =0.01, A =0.05 and A = 0.1, respectively. Taking
the magnetic field H; for an example, Figure [4.2] shows the contours until # = T, by
using Method-I corresponding to different scales of the noise. We observe that the per-
turbation of magnetic wave H; becomes much more obvious both in x and y directions
due to the increase of the scale of the noise.

Next, we focus on numerically performing the dissipative properties of averaged
energy. Based on Theorem [3.2] 3.6 and [3.10] for three numerical methods applied to
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Figure 4.2: Contours of the H; for different sizes of noise A =0, A =0.01, A =0.05 and A = 0.1.

3-D stochastic Maxwell equations, we present the concrete form for 2-D case (4.1)
respectively.
(1) Method-1
n+3
@) = o) +2ey T (11 (AWE)
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Figure 4.3: The averaged energy by Method-I (left), Method-1I (middle) and Method-III (right) for A; =
A=

where
2 2
i H yrtl ‘ nt1 ‘ nt1 }
1) = AxAij: By g ] I ] IR G
and
n+2 n+% n+2
T:+2 Jt3 =4 <(H1) 3its +(H2)t+%,j+%) AI(E’%)H-ZJ-FZ

(2) Method-TI

ol (tas1) = ol (tn) JrAxAyZ (Tn Wn+1 vvir,lj_l))’
ij

ONtye0) = Ay 1 ((Ba) (B0 ()L (o4 () )Y )
L]

and
T2 = Ao () ()L ) = M (),
(3) Method-III

oM (7, ) =@M, +AxAyZ( Hz AW)ZJ-),
ij

where

@) = axar B | [+ i [+ om
i,j
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Figure 4.4: The probability of density function of discrete energy by Method-I(top left), Method-II(top right)
and Method-1II(below) for A; = A, =0.1.

and

1 1 +1 L
Tit = o ((H) 7+ (H2)) ) = M (Es) .

Figure [4.3] presents the simulation of energies using the proposed methods in Sec-
tion[3] where the blue lines denote discrete energies along 100 trajectories respectively,
and the red lines represent the discrete averaged energies using Monte-Carlo method.
From Theorem [2.1] we know that the linear increment slope of the averaged energy in
the continuous case is K = 3(A2 +A7)Tr(Q). As we take A; = A, = 0.1 here, it follows
that K ~ 0.0816 (because of Tr(Q) ~ 1.36), which leads to the averaged energy at time
T =1 should be 0.2501. We may observe from Figure that the averaged energy
(red line) is linear growth with respect to the time for all of three numerical methods.
It extends the theoretical results for the estimation of the averaged energy in Section 3]
since Theorem [3.3]tells that for time-dependent noise, the averaged energy evolutes lin-
early and Theorem[3.TT]states that for Method-III, the averaged energy evolutes at most
linearly. But the values of discrete averaged energy is 0.2 approximately at time T=1,
which is a bit smaller that the number 0.2501 of the continuous case. It may caused
by taking averaged value only over 100 paths, i.e., le,(fl l(l)—OCID(t,,, w,) = &(D(t,)) with
®(1,) being the discrete energy of one of three methods. As we will observe for the
error of divergence; it should be zero theoretically, however, it is of 102 numerically
when we approximate it over 100 paths. Meanwhile, Figure[4.4]presents the probability

22



Method-| Method-II tethad-IIl
0.023 0.032

N2 0.031

003
0.0

0.029

= = =
= 5 oo :
“ “ “ooes
0.018
0.027
0.013
0.05 0.026
0.048 0.017 0.025
0 500 1000 o a00 1000 o a00 1000
time time time

Figure 4.5: The error of averaged divergence of Method-I (left), Method-II (middle) and Method-III (right)
for Ay = A = 0.1 and P = 100.

density functions of random variable max, ®(z,) with ®(z,) being the discrete energy
of Method-I, Method-II and Method-III, respectively. We may observe that the proba-
bility density functions look similar for all of the three methods with slightly different
probabilities.

Moreover, we consider the numerical simulation for the discrete conservation law
of averaged divergence. Since the first two components of electric field E are zero
for 2-D system (&.I), which means that the averaged divergence-preserving property
holds naturally. We consider that property of magnetic field H in the following. The
definitions of the corresponding discrete divergences are given as following:

(1) Method-1

vall n __ n n n n
Vl]H = 6x(H1)i7%,j+% +5x(H1)i71 j*% +8y(H2)i+%,j*% +5y(H2)i7 7},7%7

Bl—

(2) Method-1I

) 41 3,5 +3
v H:l, P = 6X(H1)Zj ’ +5)>(H2)Zj g
(3) Method-III
VI By = §.(H)! + 8,(Hb)! .

We numerically perform the error of divergence by Monte Carlo method, which is
defined by

1 & /- _
Err-Div(n) = AxAy;Z’; ; (9 B (@)~ Vi H'(@,)) ‘

The error results for three methods are displayed in Figure Observe that the
scale of the error here is of 102 for P = 100. This may be due to the value of P is only
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100. This point of view is checked in the following. Thanks to the special structure of
the error of divergence, which means they can be rewritten as the difference of Wiener
increments, i.e.,

(1) Method-1

v, n n )L n
VIR O = AW+ (AW — (AW = (W)L
)’ n n
AW AW = (AW = (AW ]
Y
(2) Method-II
n+3 S n—1 lz n n n
VI B2 IR = SR (AW s+ (AW — (AW = (AW ]
2’2 n n n
+ AW+ (W)L — (AW — W) .
(3) Method-IIT
i gt gl g 22 [(AW) (AW)? ] * [(AW) (AW)? ]
i,j i,j — 2Ax i+1,7 i—1,j 2A ij+1 ij—1]"

We can utilize the right-hand sides of the above equalities to perform the influence

of the number of paths P without solving the equations themselves directly. Take

A1 = Ay = 0.1 in Method-III for an example. We take the number of trajectories
=10,102,103, 10*,10°, 10° respectively to obtain the corresponding values of

A1 . A 1 Li .
Z‘2AxP (AW)iyyj— (AW)L 1’)(ws)+2TAyﬁX:1 ((Aw)i.j—H (AW);;- 1>(a)s),

which represent the error of averaged divergence. From the numerical result, we
know that the global residuals of the discrete averaged divergence become smaller and
smaller with the increasing of the number of trajectories P.

Finally, we consider the mean-square convergence orders of Method-I and Method-
IIT from numerical point of view, because Method-II requires more restriction on the
mesh sizes. Fix A =4, =0.1 and Ax=Ay = ﬁlo. Figuredisplays the convergence
orders in mean-square sense, where

lerr|2, = AxayY. [(<E3>N (B35 ()= %) () <H;ef>§,vj)2} -

The reference solution is computed using the time step size A = 277 and the expecta-
tion is realized using the average of 100 independent paths. We may observe a mean-
square order of convergence around 0.5 for Method-I and Method-III. It is interesting
to investigate the convergence results theoretically.
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Figure 4.6: The error of averaged divergence v.s. the number of trajectories of P = 10,102,103,10%,10%, 10°.
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Figure 4.7: Mean-square convergence order of Method-I and Method-III for A; = A, =0.1.
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5. Concluding Remarks

In this paper, we firstly studied some properties of continuous system of stochas-
tic Maxwell equations driven by an additive noise. By using a direct approach, we
rewrite stochastic Maxwell equations into the form of stochastic Hamiltonian PDEs,
and we show that they preserve stochastic multi-symplectic structure almost surely.
Furthermore, it is shown that the averaged energy increases linearly with respect to the
evolution of time, and divergence is preserved in the sense of expectation.

Secondly, we proposed and analyzed three stochastic multi-symplectic numerical
methods to discretize stochastic Maxwell equations with additive noise. Our start point
is that in deterministic model, for lossless media, energy is a conserved quantity and
divergence is free with no free charges or currents. They are important criteria to eval-
uate a numerical method is good or not. As is shown in continuous stochastic case, the
averaged energy evolutes linearly with the growth of time which is caused by random
source, and the divergence is preserved in the sense of expectation which means elec-
tric flux and magnetic flux are preserved in Gaussian random fields in the statistical
sense. It is meaningful to investigate the preservation of these physical properties by
the three numerical methods. We showed that the three numerical methods conserve
the corresponding versions of dissipative properties of the averaged energy, and the dis-
crete averaged energies evolute at most linearly with respect to time. For Method-I, we
only obtain the linear evolution relationship for the case that the noise only depends on
time variable; the result of Method-II approximates the continuous case best, for which
we show that the discrete averaged energy evolutes linearly with the rate approximates
the one of continuous case for temporal-spatial noise; For Method-III, the situation is
similar as that of Method-I, but furthermore, we show that for the general noise case,
the discrete averaged energy of Method-III evolutes at most linearly. Moreover, the
three methods preserve the conservation law of the discrete divergence in the sense of
expectation.

At last, some numerical experiments are performed to support our theoretical re-
sults. To truncate the infinite-dimensional Wiener process, which might be represented
as an infinite summation of a sequence, we display the values of the sequence with
respect to indices. We observe that for small noise, the electric and magnetic waves are
not strongly perturbed, but when the noise level is higher and apparently the waves are
destroyed. In the performance of discrete averaged energy and divergence, we could
observe from Section 4, all of the three methods reach the similar results. Furthermore,
special attentions are needed to pay to the performance of Method-I, since the condi-
tion number of its iterates matrix is poorer than that of Method-II and Method-III, we
utilize the splitting strategy proposed in [|6] to deal with the problem, which could still
preserve the discrete stochastic multi-symplectic conservation law. As for Method-1II, it
is a three-layer method, which needs another method to initialize, while the evolution
of the discrete averaged energy is supported better in theoretical than Method-I and
Method-III.
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