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Abstract

In this paper, we are concerned with the stochastic Galerkin methods for time-dependent
Maxwell’s equations with random input. The generalized polynomial chaos approach is first
adopted to convert the original random Maxwell’s equation into a system of deterministic
equations for the expansion coefficients (the Galerkin system). It is shown that the stochastic
Galerkin approach preserves the energy conservation law. Then, we propose a finite element
approach in the physical space to solve the Galerkin system, and error estimates is presented.
For the time domain approach, we propose two discrete schemes, namely, the Crank—Nicolson
scheme and the leap-frog type scheme. For the Crank—Nicolson scheme, we show the energy
preserving property for the fully discrete scheme. While for the classic leap-frog scheme, we
present a conditional energy stability property. It is well known that for the stochastic Galerkin
approach, the main challenge is how to efficiently solve the coupled Galerkin system. To this
end, we design a modified leap-frog type scheme in which one can solve the coupled system
in a decouple way—yielding a very efficient numerical approach. Numerical examples are
presented to support the theoretical finding.

Keywords Maxwell’s equations - Finite element method - Random inputs - Polynomial
chaos methods - Stochastic Galerkin

Mathematics Subject Classification 65N30 - 35L15 - 78-08

1 Introduction

With the increase of computer power, simulation of complex physical systems governed by
various partial differential equations (PDEs) with random inputs becomes necessary, since
uncertainty is ubiquitous in many complex physical systems. For example, in simulating
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electric current flow in coaxial cables [21], the cables may be corrugated, which leads to a
physical domain with some randomness. In the producing process of electromagnetic mate-
rials, random fluctuations often allow researchers to treat the permittivity and permeability
as uncertain parameters (e.g., [4,6]). In the past two decades, the study of uncertainty quan-
tification (UQ) got great attentions across different disciplines of sciences and engineering.
For stochastic PDEs (SPDEs), uncertain inputs can appear in coefficients, forcing terms,
boundary and initial conditions, and physical domains, etc (cf. [7,9,11,28]).

Due to the high dimensionality of random variables, it is very challenging to efficiently
solve PDEs with random inputs. Through the great efforts of many researchers, two major
class of numerical methods have become very popular in solving random PDEs. One is
the so-called non-intrusive stochastic collocation method (cf. [1,30,36]), which is simple in
implementation and the system of resulting equations is decoupled and hence is efficient
to solve. The stochastic collocation method can achieve fast convergence when the solu-
tions are sufficiently smooth in the random space. Another popular approach is the intrusive
stochastic Galerkin method [2,13—15], which shows fast convergence rates with increasing
order of expansions, provided that the solution of the underlying differential equation is suf-
ficiently smooth in the random space. However, the system of equations resulting from the
stochastic Galerkin methods is in general coupled and quite expensive to solve especially
for problems requiring high-dimensional random spaces. The stochastic Galerkin method
is based on the polynomial chaos (PC) approximation, originally developed by Ghanem
and Spanos [13] using Wiener—Hermite expansion and finite element discretization for a
wide range of problems. It was later extended by Xiu and Karniadakis [35] to general-
ized polynomial chaos (gPC) expansion by using general orthogonal polynomials. Based
on gPC expansion and stochastic Galerkin projection, a given random PDE can be trans-
formed into a system of deterministic PDEs (the Galerkin system) which can be solved by
any existing popular numerical methods. So far, both the stochastic Galerkin method and
the stochastic collocation method have been widely used to solve various problems, such as
elliptic problems (e.g., [8,10,27,32,38]), parabolic equations (e.g., [25]), hyperbolic equa-
tions (e.g., [16,17,24,31,33,39], to name a few. More details can be found in recent review
articles [15,26,29]) and monographs [22,34].

Compared to many papers published for those PDEs mentioned above, there are much
less existing works for solving stochastic Maxwell’s equations. In 2006, Chauviere et al. [6]
developed both the stochastic Galerkin method and stochastic collocation method to solve the
time-dependent Maxwell’s equations. Detailed comparisons of both methods are made for
uncertainties caused by physical materials, by the source wave and by the physical domain. In
2015, Benner and Schneider [4] described several techniques for uncertainty quantification for
the time-harmonic Maxwell’s equations by using stochastic collocation method. However,
how uncertainty propagates through the stochastic Maxwell’s equations and the relevant
regularity analysis are not investigated yet as Chauviere et al. pointed out [6, p. 774]. Recently,
these issues were investigated through the stochastic collocation method in [18,19].

We are well aware that the collocation methods as investigated in [19] are non-intrusive and
can be easily applied. However, the stochastic Galerkin methods, which is mathematically
elegant, can also be a good candidate. In particular, to get the same polynomial accuracy, the
Galerkin methods use much less degree of freedom compared to the stochastic collocation
methods. However, it is well known that the main drawback in using stochastic Galerkin
methods is that one has to deal with a coupled Galerkin system. In this work, we shall
explore stochastic Galerkin methods by designing efficient solvers to the Galerkin system.
More precisely, we propose a finite element approach in the physical space and error estimates
will be presented. For the time domain approach, we propose two discrete schemes, namely,
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the Crank—Nicolson scheme and the leap-frog type scheme. For the Crank—Nicolson scheme,
we show the energy preserving property for the fully discrete scheme. While for the classic
leap-frog scheme, we present a conditional energy stability property. To further reduce the
computational cost, we design a revised leap-frog type scheme in which one can solve the
coupled system in a decouple way—yielding a very efficient numerical approach. Numerical
examples are presented to support the theoretical finding.

The rest of the paper is organized as follows. In Sect. 2, we first carry out some analysis
of the gPC method for Maxwell’s equations. In Sect. 3, we develop and analyze both the
semi-discrete and fully-discrete finite element schemes for solving the system resulting from
the gPC method. Numerical results are presented in Sect. 4 to support our theoretical analysis.
We conclude the paper in Sect. 5.

2 The gPC Approach for Maxwell’s Equations

Consider the three-dimensional Maxwell’s equations with random coefficients

€(x, ) E(t,x,y)=V X H(,x,Y), (D
u(x, y)o,H(t,x,y) = -V x E(t,x, y), (2)
where x denotes the spatial variable in the three-dimensional domain D and y =
V1, Y2,y v s yN)T € RY,N > 1, is a random vector with independent and identically

distributed components. Furthermore, we assume that the Eqgs. (1)—(2) are subject to the
initial conditions

E,x,y)=Eo(x,y), HQOx,y)=Hox,y), 3)
and the perfectly conducting (PEC) boundary condition
nx E=0, ondS, “4)

where n denotes the unit outward normal vector on 92, and Eg and H( are some given
functions.
Following the standard gPC notation [37, p. 268], we let {®,,( y)}f‘f=l be the N-variate

orthonormal polynomials of degree up to p, where M = N; p ) . Note that {®,, ( y)},j‘nl= h
are constructed as products of univariate polynomials in each direction y;,i = 1,..., N,
1.€.,

D (¥) = O, YD Pmy (¥2) « - Py (YN), mi+---+my < p, 5

where m; is the degree of the univariate polynomial ¢,,, (y;) for I <i < N.These univariate
polynomials are orthonormal, i.e.,

/¢j(yi)¢>k(yi)ﬂi(yi)dyi =0k, 1=<i,j,k<N, (6)

where 8 j; is the Kronecker delta function and p; (y;) is the probability distribution function for
the random variable y;. Note that the choice of polynomials ¢,,, (y; ) depends on the underlying
probability density functions p; (y;). For example, Hermite polynomials are associated with
the Gaussian distribution, and Legendre polynomials are adopted for uniformly distributed
random variables. More details can be found in [35]. Let p(y) = HlN: 10i (yi), the N-variate
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M

m— are also orthonormal

basis polynomials {®,, (y)}

E[¢m(y)q>)1(y)] = / q>m(J’)q>n()’),0()’)dy =08mn, 1 <mn<M, @)

We expand the solution of (1)—(2) using polynomial chaos expansions

Et,x,9) =) En(t,)®u(y), H@,x,y)=) Hut,x)0u().  ®)

m=1 m=1

Substituting (8) into (1)—(2), we obtain

Z(GarEm(t,x)—VXHm(t,x))cbrn(y):(), ©
m=1
Z (no Hpy (2, x) +V x Ep(t,x)) @p(y) = 0. (10)
m=1

Multiplying (9)—(10) by ®x(y)p(y) for any k > 1, and integrating the resultant, and using
the orthonormality (7), we obtain

o0
> AS (O Ep(t.x) =V x Hi(t,x) =0, (11)
m=1
o0
DAL L @) H (1 x) +V x E(t,x) =0, (12)

m=1

where
Af (%) =/é(x,y)d>m(y)d>k(y)p(y)dy, A,’im(x)=/M(x,y)<1>m(y)<bk(y)p(y)dy-

If we consider the pth-order gPC approximations of E and H, i.e.,

M M
En(t.x,y) =Y Ent.)®u(y), Huy(t,x,y):=Y Hut.x)0u(y). (13)
m=1 m=1

The the coefficients E,, and H,, satisfy the following Galerkin system:

M

> AL U E(t.x) =V x Hi(t, x) =0, (14)
m=1

M

> AL @) Hy(t,x) +V x E(t.x) =0. (15)
m=1

Let us denote E = (EIEM)’ H = (ﬁlﬁM)/ and matrices A€(x) =
(Az,m)]ik.,nEM and A*(x) = (Ag’m)lgk,mEM. Then the above gPC Galerkin system can be
written as

ASx)d,E(t,x) —V x H(t,x) =0, (16)
AR(),H(t,x)+V x E(t,x) =0, A7)
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which are subject to the PEC boundary condition
nxE=0, onoQ, (18)
and the initial conditions
E(0,x) = Eo(x), H(0,x)= Ho(x). (19)

Here Eo(x) and H o(x) are the gPC expansion coefficient vectors obtained by expressing
the initial condition of (3) in the form of (13).

For practical applications, we shall assume that the random permittivity and permeability
are bounded below and above, i.e., there exist constants €, €max, Mmin and mqe such that

0 < emin <€(x,y) < €maxs 0 < tmin < (X, y) < timax, Y XGD,J’GRN- (20)

Theorem 1 Under the assumption (20), the matrices A€ (x) and A*(x) are positive definite
for any x € D, and satisfy the following

0 < €minllully,p) < (A“Cu, u) < emaxluli, ). (1)
0< Mmin”u”iz(p) <A@, u) < Mmax||u||%2(1))7 (22)

hold true for any M dimensional non-zero vector u.

Proof Letu = (i1, ...,uy)" be an arbitrary non-zero vector, and u(y) = Z,iv[:] ur®r(y)
be a random variable constructed by the vector u. Using the definition of A€(x), we easily
have: for any x € D,

M M
aTAOu = 30 3" 0 [ e )OI P,
k=1 m=1
- / e(x. Py > O, 23)

which shows the positive definiteness of A€ (x). The boundness (21) is straightforward from
(23) and (20). The conclusion for A*(x) follows the same argument. ]

Furthermore, we can show that the Galerkin system of (16)—(17) satisfies the energy
conservation property.

Theorem 2 For the solution (E(l, x), ﬁ([, x)) of (16)—(17) subject to the PEC boundary
condition (18), the following energy identity holds true for any t € [0, T] and k > 0:

(14200 B |2y + |40 B2 1) |

~2 =~ 2
= (HAé/zalkE”Lz(D) + HAM/Zaka”LZ(D))

0 (24)
Proof Multiplying (16) and (17) by E and H and integrating over D, respectively, then
summing up the resultants and using the PEC boundary condition (18), we easily see that
(24) holds true for k = 0.

To prove (24) for any k > 1, we take the kth time derivative of (16)—(18), and follow the
same step as for the k = 0 case. O
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3 The Finite Element Time-Domain Schemes

To solve the problem (16)—(17) by a finite element method, we partition the physical domain
Q by a family of regular cubic or tetrahedral mesh 7" with maximum mesh size 4, and adopt
the rth (r > 1 order Raviart-Thomas—Nédélec (RTN) mixed finite element spaces Uy, and
V1, [20,23]: Forany r > 1,

U = {wn € H@ivi @) | uslx € (pr-1)* @ prorx, VK € T'],
V) = {vh € Hicurl: Q) | vilx € (71’ @ S,, VK € Th},
S, ={pe ). x-p=0},
or RTN cubic elements:
Uy = {uh € H(div; Q) |uplk € Orr—17-1 X Qr—1rr-1 X Qr—1,-1r, YK€ Th},

Vi = {on € Heurl: ) | walk € Qr-t.rr X Qrrtr X Qrrrts YK €T

Here p, denotes the space of homogeneous polynomials of degree r, and Q; ; x denotes
the space of polynomials whose degrees are less than or equal to i, j, k in variables x, y, z,
respectively. To impose the PEC boundary condition, we denote VO = {v € V;:v x n =
0 on 092}.

3.1 The Semi-discrete Scheme and Its Analysis
)M

Let us first consider a semi-discrete scheme for the Galerkin system: find Eh IS (V2
Hj, € (U™ such that

(A En, pe)p — (Hy, V X ¢pp)p =0, ¥Yor, e (VHY, (25)
(A*8Hp, ¢ )p + (V X Ep, ¢i)p =0, VY oun € U™, (26)

subject to the initial conditions
Ej(0,x) = 5 Eo(x), Hy(0,x) = ¢ Ho(x), 27)

where we denote ITj for the Nédélec interpolation operator and l'[;f for the L, projection
into the space Uy. It is known that [20,23]:

= Tl Loy + IV % @ = Tl p0) < CH el eurts ),
Yu < H (curl; D), (28)
lo = T§vllzop) < Ch' llull e oy, ¥ v € H' (D). (29)
Below we provide the error estimate for the semi-discrete scheme (25)—(27). Let E(¢, x, y)

and H (¢, x, y) be the analytical solution of (1)—(2) subject to the initial conditions (3) and
the PEC boundary condition (4), and E, (¢, x, y) and H (¢, x, y) be the numerical solution

M M
Ey(tx.y) =Y E, ,@u(y), Hpt.x,y) =Y H, ). (30)
m=1 m=1
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where /E\m,h and IAim,h are the mth component of Eh (t, x) and ﬁh (¢, x) of (25)-(27). We
consider the errors

E—-E,=(E—-En)+(Ey—Ep), H-H,=(H—-Hy)+ (Hy — Hj), 31)

where E s and H j; are the gPC approximations given in (13). We shall will show that the
error bound is optimal and the error grows only linearly in time.

Theorem 3 Denote the M-dimensional vectors R and R™ with kth components given by

o0 o0
RE= Y A, &E,t.x), R = Y Al (0)dHu(t,x), 1 <k=<M. (32)
m=M+1 m=M+1

Then we have the optimal error estimate: for any t € [0, T],

(E [||E — E}z”%z(p)il)lﬂ + (E [||H — Hh||%2(D)])l/2

00 00 1/2
2 2
= COIQtaSXT ( E I1Em(, )y, p) + E | H (2, x)”Lz(D))

m=M+1 m=M+1

=12 =12 =2 ~ 12 172
+CThr max (HBIEHH’(CW’I;D) + ”EHH"(curZ;D) + HatH”H’(D) + HH”H"(D))

0<t<T
2 2 172
+CT max (”A*G/ZRE‘ + HA*MRH\ ) , (33)
0<t<T Ly(D) L>(D)

where the constant C > 0 is independent of T and h.

Proof The proofis divided into two major parts, corresponding to bounds for the gPC approx-
imation error and the semi-discretization error, respectively.

(D By the expansions (8) and (13), and the orthonormality condition of ®,(y), we easily
see that the mean of the gPC approximation error

E[IE - Eult,p) = [ 1E = Eull i p0)dy

M 00 2
= [ 1= Bou) Y Entu| dxpiidy
D=1 m=M+1
M 2 oo 2
=/D/. Z(Em_Em)cDm(y) + Z E,®,(y) p(y)dydx
m=1 m=M+1
M ) oo
=D Ent, ) —EnG. 0|+ Y I1EG DT, 0)- (34)
m=1 m=M+1

By the same argument, we have

M [e¢)
E[IH = Hul},p) | = Y. [Hu.0) = Bu@. 0|7, 00+ Y 1H@ )10, -

m=1 m=M+1
(35)
To investigate the error E — Ej; and H — H yy, let us introduce E = (Ey,...,Epy) and
H = (Hy,...,H M)’,~ where~E ; and H; are the coefficients in the expansion (8). From

(11)—(12), we see that E and H satisfy the following equations
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AS(x)d,E(t,x) —V x H(t,x) = RE, (36)
ARG H(t,x) +V x E(t,x) = RY, (37)

subject to the PEC boundary condition
nxE=0, ondQ, (38)
and the initial conditions
E©0,x) = Eo(x), H(0,x)= Ho(x), (39)

where E o(x) and H o(x) are the gPC expansion coefficient vectors obtained by expressing
the initial condition of (3) in the form of (8). Moreover, the kth components of R and R¥
are given by (32).

By (16)—(17) and (36)—(37), we can obtain the following error equations in the weak form:

(A0 (E — B). ¢5), — (H — H.V x 95) , = (R". 9z

Vo € (Ho(curl; D))", (40)
(A"0r (H = B). ¢ur)  + (V< E = B).gur) = (R 911) .
Vou € (Hdiv; D))", (41)

subject to the PEC boundary condition
nx(E—E)=0, ondQ, (42)
and the initial conditions
(E-E)©0,x)=0, (H—-H)©0,x)=0. 43)

Choosing ¢ = 2(E — E)(t, x) and ¢y = 2(H — H)(z, x) in (40) and (41), respectively,
adding the resultants together, and using the Cauchy—Schwarz inequality, we have
d ~ 2 ~ o~ 2
/2 /2
E (”Ae (E-E) ”Lz(D) + ”Au (H—H) ||L2(D))
=2(RE,E-E) +2(R". H-1)
D D
2,% .12 2, =~ 2
=8 (|AP2E =By, ) + |42 H = B, )

. |a=r2re ’
b L))’

Integrating the above inequality from # = 0 and any ¢ < T and taking the maximum of right
hand side with respect to ¢ € [0, T'], we obtain

2

+ ”A—;L/ZRH

Ly(D)

~ o~ 2 ~ SN
(IA2E = B, + |41 2H ~ D[, )

< 8T max (||A€/2(§ - E) H2L2(D) + ”Aﬂ/z(ﬁ - ﬁ) ||2Lz(D))

0<t<T
2
. (44)
Ly(D)

T 2
+ — max (HA*/ZRE
S 0<t<T

e

Ly(D)
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Taking the maximum of left hand side with respect to ¢ € [0, T'], and choosing § such that
§ = %, we obtain

~ ~ 2 ~ =~ 12
max (“AE/Z(E - E)HLZ(D) + “AM/z(H — H) ||L2(D))

0<t<T
2
> , (45)

Ly (D)

2
< 4T? max (HA_S/ZRE

0<t<T

S

Ly (D)

which leads to

- o~ - o~ 12
max (|A2(E = B, + |42 — D]}, 1)

0<t<T
2 1/2
) . (46)
Ly (D)

2
< CT max (HA_G/ZRE

0<t<T

e

Ly (D)
(II) Multiplying (16)—(17) by ¢k » and ¢y and integrating over D, we obtain
(AQE, ¢En), — (H,V x dEn), =0, Vorue VM, (47)
(A"8H, dnn)y,+ (V< E.¢rn)p =0, ¥ une UM (48)
Subtracting (25)—(26) from (47)—(48), we obtain the error equations:
(AG(E —En). den)p — (H—HpnV xdpn), =0, Yop,e (VM (49
(A"3,(H — Hp), d1.n) p + (VY x (E = En). ¢n) p =0, ¥ drn € Un)M. (50)
Let us introduce the short notations
E[ = HZE, ﬁ[ = H;{fl

Choosing ¢g , = Z(EI — Eh) and ¢y p = Z(ﬁl — ﬁh) in (49)—(50), respectively, we have

d ~ o~ 2 ~ ~ 2
dar (”AG/Q(EI - Eh)“Lz(D) + ”AWZ(HI - Hh)”Lz(D))

=2(A0(E; —E).E; —Ey), +2(H—H;,V x (E; — Ep),

+2(AM9(H,; — H).H,; — Hy), —2(V x (E - E;). H; — Hy) ,
1 ~ a2 ~ o~ 2

< Apax (3 ”3!(E1 - E)||L2(D) +34 ”EI — Ejp HLZ(D))
1 ~ ~ 12 ~ ~ 12

M (5 10 =B 8181 = ] )

T R N -

3 x (E — 1)||L2(D)+ ” 1= h“Lz(D)

Cth —~2 e ~ 2
= Ainax (T ||8fE||H’(curl;D) +34 ”El — Ey ||L2(D))

Ch? ~ 12 S =~ 2
+ Al (T |0cH [}y )+ 8 [ Hr — Hy “Lz(D))
Ch*  ~ .2 ~ ~ 2
+ T ”E”H"(curl;D) +4 ”HI — Hy ”LZ(D) ’ D

where we used the fact that V x (E; — E;) € Uy, the Cauchy—Schwarz inequality, and the
interpolation and projection error estimates (28)—(29).
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Integrating (51) from # = O to any # < T, and taking the maximum of the right hand side
with respect to ¢, we obtain

(1A = B, + 1447 = B ) 0

~ ~ 2 —~ ~
= ([A2E = B}, ) + 14", = B 0)) ©

TCh* ~12 o 12
8 OrfnfafxT ” atE”Hr(Curl;D) + atH“H'(D) + ”E”H’(curl;D)
=~ =2 =~ =~ 0
+ CST max, (1B = Bal ) + |1B1 = Bl ) - (52)

Noting that the first term on the right hand side of (52) is zero due to (27), then taking the
maximum of the left hand side with respect to ¢, and choosing § such that § = ﬁ, we have

~ =~ 2 a0 12
OTQtaSXT (||A€/2(E1 - Eh)”Lz(D) + ”AM/Z(HI - Hh)HLz(D))

~2 ~ 12 ~12 172
=< CTh" OI;IIB.SXT <||3fEH areurt:py T H 8,HH arpy t ”E” H’(curl;D)) - (33)

Using the interpolation and projection error estimates (28)—(29) and the triangle inequality,
from (53) we have

~ A PN 12
max (“Ae/z(E - Eh)”iz(D) + “AM/z(H - Hh)”iz(D))

0<t<T

=2 =12 =12 =12 172
< CTh" OréltanT (”afE“Hr(curz;D) + ”E”Hr(curl;l)) + ||8tH||Hr(D) + ”H”H'"(D)) :

(54)
(IIT) By the error definition (31) and the obtained error estimates (46) and (54), we conclude
the proof of (33). m]

Remark 1 For any given small number €); > 0, under the assumption that there exists a
sufficiently large M in (13) so that

00 00 1/2
2 2
OréltafxT ( E ||Em(tax)||L2(D)+ E ||Hm(t7x)||L2(D)>

m=M+1 m=M+1

) 1/2
) < €u, (35)
La(D)

and the solutions (E, H ) of (16)—(17) are smooth enough and bounded above:

n <HA—6/2RE‘2

n HA_“/zRH‘

Ly(D)

=12 =12 =2 =12 172
Oréltf:ngT (||8,EH Hr(curl;D) T ”E”H’(curl;D) + H a’H”H’(D) + ”H”H’(D)) =C, (56)

then the optimal error estimate (33) becomes

) 1/2 2 172 r
(E[IE = Eald,p)]) "+ (E[1H = Hild,p)]) = €T + Dew + CTH . (57)

Of course, rigorous conditions for our assumption (55) to hold true are unclear since they
involve dedicate regularity assumptions for the solution and the underlying polynomial basis.
Such issues have been explored for stochastic Helmholtz equation [5] and stochastic Darcy’s
equation [12].
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3.2 The Fully-Discrete Schemes

To construct a fully discrete finite element scheme, we assume that the time interval [0, 7]
is partitioned uniformly into0 = #) <ty < --- <ty, = T, wheret; =it,i =0,..., N;,
and T = AT, denotes the time step size. Furthermore, we introduce the following backward
difference operators: For any discrete time solution u”

_ . n n+1 _ n n+1 _ n n—1
P L 2umt = s, (S = Su Seu _u 2u” +u
T = s, Op =07 (07 = =

T T 72
Syt = s (skumth, k> 1.

Crank—Nicolson Scheme We first consider a Crank—Nicolson scheme (Scheme 1) for
solving (16)—(17): given proper initial approximations H 2 e Uy and Eg € V2, fork >0

find B, € V9 and H)"' € U}, such that
~k+1 =~k k+l
B _E H
<A€hh ¢E,h> - (;h V X ¢E, h) =0, Yorne V), (58)
T D D
~k+1 ~k k+1
H H E
(A“hth ¢H,h> + (v x % ¢H,h> =0, VouueUy(59)
D D

For the fully discrete Crank—Nicolson scheme (58)—(59), we can prove the following
energy conservation property as that given in Theorem 2 for the continuous case.

Theorem 4 For any k > 0, the solution (Eh HI;lH) of (58)—(59) satisfies the energy
identity:
| ac ;™ oy HAWI?"“‘Q - HAG/ZEO‘Z +]a ﬂ/zHO‘ (60)
K VR0 G VR0 "2 o) "2y
k+1 k+1

Proof Choosing ¢pgp = t (Eh + Ei) and ¢y = (Hh

respectively, then adding the resultants together, we obtain

+ Hj) in (58) and (59),

2

I RS I 1)
L2(D) L%(D)
~ 2 ~ 12
n (HAM/ZHIZH _ HA“/ZHIZ‘ ) =0, ©61)
LX(D) L%(D)
from which we conclude the proof. O

Leap-Frog Scheme Due to the high computational cost of the Crank—Nicolson scheme,
we now construct the following leap-frog type scheme (Scheme 2) for solving the Galerkin

~ ~_1
system (16)—(17): given proper initial approximations H 2 eUpand E,* € Vg, fork >0

find BX72 € V0 and BEY' € U, such that
kL ~k—1
E,CE, _(ak _ 0
A . L PER H, vV x ¢, b= 0, VopneVy,, (62)
D

=k+1 =k
H —H ~k+L

(A“hrh, ¢H,h) + (V X Eh+2,¢H,h> =0, VéuneUy (63)

D D
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Notice that the above leap-frog scheme decouples the original coupled system by first solving

~k+ L . ~ .
for E h+2 through (62), and then solving H ZH from (63). We like to remark that the leap-
frog scheme does not conserve the energy anymore due to time staggering, but the scheme
is conditionally stable as shown below.

Theorem 5 Let Ci,yy > 0 be the constant appearing in the standard inverse estimate
-1
IV X wnll 20y < Cinoh ™ lunll 12(p- (64)
Then under the time step constraint

T =< (eminllbmin)l/zh/cinvv (65)

for any k > 0, the solution (E +3 HkH) of (62)—(63) satisfies the energy stability:

<3
L2(D) — L2(D)

(66)

2
k+2

+ HAM/QHIH-I‘

+ ],

L2(D) L2(D)

Proof In (62) and (63), we choose
N T k+1 | =k
¢E,h=f<Eh 2+Eh 2>, ¢Hh—T<Hh+ +Hh)'

Then summing up the resultants, we have

2
e (|
L2(D) L2(D)

2
L2(D>>
=t (flﬁ V x <E thy E'“f)) —7 (V < BN R Hh>
D D

~ ~f— L ~f L
_ [(H’,‘, V x E) Z)D (HZH Vv x E];+2>D]. 67)

Summing up (67) from k = 0 to any k < N;, we obtain

2

h

‘Af/zE

L2(D) H

2 2
‘Ae/zEHz + HA’"‘/ZI?I,;H‘z _ HAe/zgi n HAM/ZAZ‘
L2(D) L2(D) "2 L2(D)
- 1 i
:r[(Hg,Vth2> (H’,;“ V xE *2> ] (68)
D D

By using the Cauchy—Schwarz inequality, the inverse estimate (64), and Theorem 2, we
have

~kd kL
(H’,j“ v x Eh+2> o |my ol | B,
LZ(D) Lz(D)
k
< vl AP L Gk | APE, +5
LZ(D) LZ(D)
1 12 —1/2 2
- th™ Cinv€pin Mominn HAM/zﬁlhc+1 2 n HAG/ZEk+2 ' (69)
- 2 LZ(D) L2(D)
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Similarly, we have

1 12 —1/2
T <ﬁ2, V x E;%> < th Ci”Ume Homin (HAM/Z
D

1
AG/ZE_E
2wy ™ H g

2
LX(D)

(70)

The proof is completed by substituting the estimates (69) and (70) into (68), and using the
time step constraint (65). ]

We like to remark that C,, := emmu — denotes the wave propagation speed in a medium
with permittivity €,,;, and permeability 11,,;,. Hence the time constraint (65) actually becomes
T < % which is similar to the stability constraint obtained for the leap-frog scheme
developed for solving the metamaterial Drude model (cf. [20, Theorem 3.11]).

Modified Leap-Frog Scheme To further reduce the computational cost, wee consider a
more efficient scheme than both the Crank—Nicolson and leap-frog schemes. Following the
same idea as [37, Lemma 3.3], it can be proved that the matrices A€ (x) and A* (x) are strictly
diagonal dominant, and we can rewrite them as

AS(x) = D(x) + S€(x), A*(x) = D*(x)+ S*(x), (71)

where D€ (x), D*(x) and S€(x), S#(x) are the diagonal and off-diagonal parts.
By using the Taylor expansion, we can see that

1 3 5
k=7 = 3ukr 4 k2
T

= 9u* + 0(?). (72)

Using (71) and (74), we propose the following modified leap-frog type scheme (Scheme 3)
~ ~1
for solving (16) —(17): given proper initial approximations Hg eUpand E,° € V%, for

k> 0find 7 ¢ v and B € U, such that

Ak+% ~k—1

ET_E? .
DE%JﬁEh —(Hh,VX¢Eh>
D
~f—1 ~k—2 k=3
2E, > —-3E, >+ E, *
+ [ se =2 rh h_ ¢pn]| =0,
D
~k+l ok
H —H Ak+l
D= Gy, +(VX E, 2,¢H,h)
T D D
~k ~k—1 k-2
2H 3H H
+ (SM — i b ,¢H,h> =0
D

hold true for any ¢g € V2 and ¢y p € Uy.

Though we could not rigorously prove the stability of this revised leap-frog scheme at
this moment, it is a second order in time scheme and much more efficient than the leap-frog
scheme (62)—(63) as shown by our numerical results given below.
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4 Numerical Results

In this section, we will perform some numerical tests to verify our theoretical analysis and
present some applications of random Maxwell’s equations. All our numerical experiments
are carried out on a 2017 MacBook Pro laptop with processor of 2.8 GHz Intel Core i7, and
memory of 16 GB 2133 MHz LPDDR3.

To implement the leap-frog scheme (62)—(63) for solving (16)—(17), we assume some given

~ A_l
proper initial approximations H 2 eUpand E,° € Vg, then for k > O find E h+2 c V2
and fI’;H € U}, such that

Ak+l Ak—l

E, '*—-E °? g

Aé%,(bE,h _(Hh’VX¢E,h>D:(f9¢E,h)a V¢E,h c V27
D
(73)
k+1
H H ~k+d
(A/Lhth,qu,h) + <V X Eh 27¢H,h) — (g7 ¢H,h), Y une Uy
D D

(74)

where f and g are added source terms to allow us to give an exact solution for testing the
convergence rate of the numerical scheme.

We partition the physical domain D into N, = N? rectangular elements with N, edges.
By applying the finite element discretization, we assume that the coefficients in (30) have
the following form:

Ng Nu
fa 8 fa 8 =1 =1
E,, =Y E, ¢pinx). H,,=> H,  én;nx).

j=1 j=1

where Ng and Ny are the number of basis functions of E and H, respectively. Hence we
obtain the algebraic equations for Ej, and H, as following:

k+1/2 gk=172 k k
‘Afnnt]®Enjh _‘Afnnlj njh +1Hthlj+TFn]’ (75)
iz k+1 iz k k+1/2 5T k
‘Amntj Hnjh_‘Amntj®Hjh+ Enj,hM i+ T Gn/’ (76)
where A; minj and AZ n,i,j are fourth order tensors whose components are given by
Honis = [ DO )P E) - B 6Py,
Dx
Ay = [ 0 D000 H) - G112,
Dx
and
F,’fj = [/ p(y)<1>n(y)f(tk,x,y)~¢E,j,h(X)dxdy] . I=n<=M, 1<j=<Ng,
’ DxQ MxNg
Gﬁ i= U PN Pn(»gt, x, y) '¢H,j,h(x)dde] , 1<n<M, 1<j<Npy.
’ DxQ MxNg
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Denote En i and H for the two second order tensors:

n/h
~ .
En/h_[En,j.h]MxNEv 1<n<M, 1<j<NEg,
Hy = [ﬁiz,j,h]MxNHa l1<n<M, 1<j<Ngy,

and ® for a tensor product like operator:

M Ng

A;nzj l‘lj h= Z Z n,j, h/ €x, )P (¥)Pn(Y)PE.in(x)

m=1i=1

“@E jn(x)p(y)dxdy,
M Ny

AZnt Vi ®Htj h — ZZ n,j, h/ DxQ /‘“(xvy)q)m(y)q>n(y)¢H,i,h(x)

m=l1i=1
- bn jn(x)p(y)dxdy,
and M; ; for the stiffness matrix:
M; ;= [/ dH.in -V X ¢7E,j,h(x)dxi| , 1<i<Np, 1<j=<Ng.
Q Ny xNg

Therefore, once we have E ; i and H ; j.p e can compute the numerical solutions Ej and
H ), by the following quadratic forms:

Ept, x,y) = (®1(y),...,omu(y)) - E; i @E LX), . PE N H (DT, att = ti1p,
Hy(t,x,y) = (@1(y), ..., @u () - Hy jjy - (r1n(x), . e H N () att = 1.

4.1 Example 1: Test of Convergence and CPU Time

For simplicity, we solve the two-dimensional 7E,; mode equation:

€(x, y) Ex(t,x,y) =0,H({, x,y)+ f1t,x,y),
f(x, Y)atEy(t7 X, .Y) = _axH(ta X, J’) + fz(ta X, y)7
nw(x, y)o,H(t,x,y) = —(0Ey(t,x,y) — 0y Ex(t,x,y)) +g(t, x,y),
subject to the PEC boundary condition (42). We solve this system on D x € x [0, T'], where
Q=D =10,11> and T = 107>, The domain D is partitioned uniformly into N, = Nt2
rectangular elements with a total edge number N4, where N, is the total time steps. We solve
the problem by using the lowest order edge element on D, hence N = Ny and Ny = N,.
We choose the permittivity and permeability as follows:
e(x,y) = 1 4 0.1(sin(x1) cos(y1) + cos(x2) sin(y2)),
p(x, y) = 1+0.1(cos(x1) sin(yr) + sin(x2) cos(y2)),

forany x = (x1,x2) € D and y = (y1, y2) € Q. The following exact solution is used to test
the accuracy of our numerical scheme:
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E,(t,x,y) = sin(xz)e " (1 4+ 0.1(sin(rw y1)) cos(mwy2)),
Ey(t,x,y) = sin(zrx1)e " (1 4+ 0.1(cos(rw y1)) sin(w y2)),
H(t,x,y) = m(cos(mx) — cos(wxz))e " (1 + 0.1(sin(w y1)) sin(7w y2))

with appropriate source terms f = (f1, f») and g = g. We use orthogonal polynomials of
degrees up to 5 and assume that y has a 2-dimensional uniform distribution on [0, 1]2. Hence,
p(y) = lfory € Qand our M = 21. We calculate the errors of E := (E,, Ey) and H at
the final time 7" by the following norm:

Ne
o=l = [ o) Y i, ) = e PR,
i=1
where x; is the middle point of element K;, | K;| is the area of element K;, and u represents
EorH.

In our test, we let N, = N,2 with varying N;. The solution errors are presented in Table 1,
which clearly shows a second order convergence for both E and H. This is consistent with
the theoretical result of leap-frog scheme [20].

To test the convergence of the gPC expansion on €2, we solved the problem by using
different orders of orthogonal polynomials for E and H with a fixed N; = 20. Observing the
error of H in Fig. 1, we can find that the error is decreasing when the degree p of the gPC
orthonormal polynomials is increasing. Note that the error stops going down further when
p > 4. This is because the gPC error is so small for p > 4 that the spatial and temporal error
of the scheme will dominate the total error. Therefore, in the above numerical example, we
choose p = 5 so that the gPC error will not affect the total error.

Considering that the standard leap-frog scheme (62)—(63) involves the full matrices A
and A" we expect that the revised leap-frog type scheme (Scheme 3) would be more

Table 1 Errors of E and H obtained by Scheme 2

Mesh |E — EhH]Z(LZ) Rate 1H — Hh“lz(LZ) Rate CPU time (s)
2x2 8.517593e—02 - 3.259975e—01 - 13.243185
4x4 1.760587e—02 2.2744 8.343959¢—02 1.9925 104.981369
8x8 4.620225¢—03 2.1022 2.110498e—02 2.0072 727.997221
16 x 16 1.323839e—03 1.9953 5.162830e—03 2.0313 5630.592848
Fig.1 The error of H vs the %1074
degree p of gPC orthonormal 10
polynomials
T 81
G
S
5 6f
Y
N_
4 L
2 ‘
0 1 2 3 4 5
P
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Table 2 Errors of E and H obtained by Scheme 3

Mesh 1E — Eh||12(L2) Rate |1H — Hh“lz(LZ) Rate CPU time (s)
2x2 8.517593e—02 - 3.259975e—01 - 0.893071
4 x4 1.760587e—02 2.2744 8.343959¢—-02 1.9847 6.487596
8§x8 4.520225e—03 2.1180 2.110498e—02 1.9942 44.077161
16 x 16 1.284596e—03 2.0115 5.257084e—03 2.0052 358.162832

efficient. By using this scheme, we just need to handle the diagonal matrices D*) and
D" The CPU time and errors calculated by this revised scheme are shown in Table 2,
which shows that the new scheme produces almost the same accuracy with a significant
saving of CPU time.

4.2 Example 2: Application with Random permittivity

Here we will display one numerical experiment for wave scattering problem solved by using
our method. The numerical test is done by using 1600 rectangular edge elements in the
physical domain D = [—-0.5, 0.5]%. The time domain for the test is [0, 0.9] with N, = 100.
We still choose p = 5 for the orthonormal polynomial in €2 since it is accurate enough as
discussed above. A similar setup as the experiment 5.2.2 of [6] is used. Namely, we solve
the scattered fields E® and H® governed by the following equations:

oE*

GW:VX HS+UES+SE,
aHS

" a7 =—V><ES+SH,

and the source terms SZ and S are given by

. OE! o

SE = —(e =€) ™ + (o0 —o")E",
. OH'
SH = —(u— puhHy—/.
(w—u') o

Here the incident field (E’, H) is a solution of Maxwell’s equation with permittivity €',
permeability p', and conductivity o*. More specifically, we choose

E)’C = sin(wy) sin(rwt),

E‘y = sin(mrx) sin(wt),

H = (cos(mrx) — cos(mwry)) cos(mt),
o =0 =0,and

2.25¢%y  ifx € B(0.1),

1 otherwise,

ei(x,y)={

where B (r) denotes a disc located at the center of the physical domain with radius . In other
words, €' (x, y) is a univariate function on = [0, 1] and p(y) = 1.
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Fig.2 The plot of vector field E 05— P N
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Fig.3 The mean and variance of the RCS

A good measurement of scattering problem is the so-called radar cross section (RCS) [3,
Sec.11.3]:
E* 2
RCS(¢) = lim 101n anﬂ (77)
r—00 |El |2
where ¢ € [—m, 7] is the polar angle. In Fig. 2 we plot the electronic field E = (Ey, Ey)
on D, and in Fig. 3 we present the mean and variance of the RCS given by (77).

5 Conclusion

In this work, we proposed the stochastic Galerkin methods for time-dependent Maxwell’s
equations with random input. It is shown that the stochastic Galerkin approach preserves the
energy conservation law. Moreover, we propose a finite element approach in the physical
space and propose three schemes to deal with the time discretizition. It is shown that the fully
discrete Crank—Nicolson scheme preserves the energy. While the classic leap-frog scheme
admits a conditional energy stability property. A modified leap-frog type scheme is designed
to further reduce the computational cost. Numerical examples are presented to support our
theoretical analysis and demonstrate the effectiveness of our algorithm in solving the wave

scattering problem.
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