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STABILITY AND CONVERGENCE OF A LEAP-FROG
DISCONTINUOUS GALERKIN METHOD FOR
TIME-DOMAIN MAXWELL’S EQUATIONS IN

ANISOTROPIC MATERIALS

ADERITO ARAUJO, SILVIA BARBEIRO AND MARYAM KHAKSAR GHALATI

ABSTRACT: In this work we discuss the numerical discretization of the time-dependent
Maxwell’s equations using a fully explicit leap-frog type discontinuous Galerkin
(DG) method. We present a sufficient condition for the stability and we derive the
convergence properties of the fully discrete method, for cases of typical boundary
conditions (either perfect electric, perfect magnetic or first order Silver-Miiller). In
the model we consider heterogeneous anisotropic permittivity tensors which arise
naturally in our application of interest [2]. Numerical results supporting the analysis
are provided.
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1. Introduction

The electromagnetic field consists of coupled electric and magnetic fields,
known as electric field intensity, £/, and magnetic induction, B. The effects of
these two fundamental fields on matter, can be characterized by the electric
displacement and the magnetic field intensity vectors, frequently denoted by
D and H, respectively. The knowledge of the material properties can be used
to derive a useful relation between D and F and between B and H. Here
we will consider the constitutive relations of the form D = ¢F and B = uH,
where € is the medium’s electric permittivity and p is the medium’s magnetic
permeability.

Maxwell’s equations are a fundamental set of partial differential equations
which describe electromagnetic wave interactions with materials. In three-
dimensional spaces for heterogeneous anisotropic linear media with no source,
these equations can be written in the form [9]

or oH
GE = CU.I'] H, MW

The computational modeling of linear light scattering is done via discrete
solutions of Maxwell’s equations. The finite-difference time-domain (FDTD)

= —curl F.
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method, first introduced by Yee in 1966 [22], computes a discrete solution
of Maxwell’s curl equations in the time domain by applying centered finite
difference operators on staggered grids in space and time for each electric
and magnetic vector field component in the equations. This method has
been applied to a wide range of electromagnetic problems. An application
to cellular-level biophotonics was reported in [16], wherein visible light inter-
actions with a retinal photoreceptors were modelled for the two-dimensional
transverse magnetic (TM) and transverse electric (TE) polarisation cases. In
[6], Dunn and Richards-Kortum pioneered the application of FDTD method
to light scattering from cells. And many more examples can be found in
literature [19].

Many recent papers on the simulation of electromagnetic waves propagation
have shown interest in the use of discontinuous Galerkin time domain meth-
ods (DGTD) to solve Maxwell’s equations and the advantages of using DGTD
methods when compared with classical FDTD methods, finite volume time
domain methods or finite element time domain methods, have been reported
by several authors (see e.g. [9]). DGTD methods gather many desirable
features such as being able to achieve high-order accuracy and easily handle
complex geometries. Moreover, they are suitable for parallel implementation
on modern multi-graphics processing units. Local refinement strategies can
be incorporated due to the possibility of considering irregular meshes with
hanging nodes and local spaces of different orders.

Despite the relevance of the anisotropic case, most of the formulation of
the DGTD methods present in the literature are restricted to isotropic ma-
terials [11, 12, 15]. Motivated by our application of interest described in [2],
in the present paper we consider a model with an heterogeneous anisotropic
permittivity tensor. The treatment of anisotropic materials within a DGTD
framework was discussed for instance in [9] (with central fluxes) and in [13]
(with upwind fluxes). Here we combine the nodal DG method [12] (consid-
ering both central and upwind fluxes) for the integration in space with an
explicit leap-frog type method for the time integration. We present a rigorous
proof of stability and derive the error estimates. The bounds of the stability
region are derived reveling the influence of not only the boundary conditions
and the mesh size but also the dependence of the numerical flux and the
polynomial degree used in the construction of the finite element space, mak-
ing possible to balance accuracy and computational efficiency. Moreover a
modified method is proposed to improve the order of convergence in time for
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certain type of boundary conditions. We illustrate the stability condition as
well as the convergence order of the fully-discrete scheme, both in space and
time, with numerical tests.

2. Electromagnetic waves in anisotropic materials

At the macroscopic scale, a dielectric material is optically isotropic if, at
any given spatial location in it, its optical properties are the same for any
direction [4]. Then at a given spatial location in that medium, there is only
one dielectric permittivity (for a given frequency of light) and, hence, only one
refractive index of light. Gas, liquid and amorphous solids constitute relevant
optically isotropic dielectric materials. Various general and specific aspects
of the propagation and scattering of the electromagnetic field in optically
isotropic materials are well understood and well documented [20].

An optically anisotropic dielectric material is one in which the optical prop-
erties depend on the chosen direction (also, for a given frequency of light)
[4]. The electric permittivity e and magnetic permeability u are in this case
described by tensor functions of position. The electrical properties of atoms
and molecules are typically anisotropic.

In a similar fashion to [22], we decompose the electromagnetic wave in
a transverse electric (TE) mode and a transverse magnetic (TM) mode,
this way reducing significantly the number of equations implemented in our
model. Here we shall analyse the time domain Maxwell’s equations in the
transverse electric (TE) mode, as in [13], where the only non-vanishing com-
ponents of the electromagnetic fields are F,, F, and H,. For this case, and
assuming no conductivity effects, the equations in the non-dimensional form
are

e%—szxH in Q x (0, 7Ty] (1)
M%_}tl = —curl £ in Q x (0, TY], (2)

where F = (E,, E,) and H = (H,). This equations are set and solved on the
bounded polygonal domain €2 C R?. Note that we use the following notation
for the vector and scalar curl operators

T
OH. _aHZ> el B OB OB

oy = Ox or

VXH=< pe 9y
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The electric permittivity of the medium, ¢ and the magnetic permeability of
the medium g are varying in space, being € an anisotropic tensor

€xz Exy
€= , 3
<€yfc 6yy) 3)

while we consider isotropic permeability pu. We assume that electric per-
mittivity tensor e is symmetric and uniformly positive definite for almost
every (z,y) € €2, and it is uniformly bounded with a strictly positive lower
bound, i.e., there are constants ¢ > 0 and € > 0 such that, for almost every
(z,y) € Q,
el < e(a,y)e <el¢?,  vEeR
We also assume that there are constants g > 0 and 7@ > 0 such that, for
almost every (x,y) € €, a
p < pz,y) <@

Let the unit outward normal vector to the boundary be denoted by n. We

can define an effective permittivity ([13]) by

det(e)
nTen’
that is used to characterize the speed with which a wave travels along the

direction of the unit normal
nTen
c= 4] ———.
pdet(e)

The model equations (1)—(2) must be complemented by proper boundary
conditions. Here we consider the most common, either the perfect electric
conductor boundary condition (PEC)

Ceff =

nxFE=0 on 0f2, (4)
the perfect magnetic conductor boundary condition (PMC),
nx H=0 on 0f), (5)
or the first order Silver-Miiller absorbing boundary condition
nx E=cunx (H X n) on 0f. (6)

Initial conditions
E(l’,y,O) :EO(x7y) and H(l’,y,O) :H0($7y) in Q)

must also be provided.
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We can write Maxwell’s equations (1)—(2) in a conservation form

0
Qa_z+V.F(q):O in Q x (0,7}, (7)
with
e 0 Ex 0 HZ !
Q:<O u>a q=|(Ey| and F(g)=|-H. 0],
H, —-E, E,

where V- denotes the divergence operator.

3. A leap-frog discontinuous Galerkin method

The aim of this section is to derive our computational method. We will
consider a nodal discontinuous Galerkin method for the space discretization
and a leap-frog method for the time integration.

3.1. The discontinuous Galerkin method. Assume that the compu-
tational domain () is partitioned into K triangular elements T} such that
Q = U,T;. For simplicity, we consider that the resulting mesh 7}, is conform-
ing, that is, the intersection of two elements is either empty or an edge.

Let hi be the diameter of the triangle T) € 7, and h be the maximum
element diameter,

h,= sup ||PL— Pl||, h=max{h.}.
s P =Pl b= (i)
We assume that the mesh is regular in the sense that there is a constant

7 > (0 such that

h
VT, € Th, — <, (8)

Tk

where 7, denotes the maximum diameter of a ball inscribed in 7}..

On each element T}, the solution fields are approximated by polynomials of
degree less than or equal to N. The global solution ¢(z,y,t) is then assumed
to be approximated by the piecewise N order polynomials

K
q(x,y,t) = g(l’,y,t) - @Qk(x7y7t)7
k=1



6 A. ARAUJO, S. BARBEIRO AND M. KH. GHALATI

defined as the direct sum of the K local polynomial solutions Gy(z,t) =
(E,,, By, H.,). We use the notation

xk LU yat .CL’ y7

.fL’y, ykxy7

@w
@N

K

A2,y t) = P Heop (2,9, 1)

k=1

The finite element space is then taken to be
VN = {U € LQ(Q)B : fU|Tk € PN(Tk)3},

where Py (T})) denotes the space of polynomials of degree less than or equal
to N on Tj. The fields are expanded in terms of interpolating Lagrange
polynomials L;(x,y),

NP
(,y,1) qu (2, yis 0 Ll y) = 3 i) L, ).

Here N, denotes the number of coefficients that are utilized, which is related
with the polynomial order N via N, = (N + 1)(N + 2)/2.

In order to deduce the method, we start by multiplying equation (7) by
test functions v € Vi, usually the Lagrange polynomials, and integrate over
each element Tj. The next step is to employ one integration by parts and
to substitute in the resulting contour integral the flux F' by a numerical flux
F*. Reversing the integration by parts yields

/Tk <QZ_§ v F@) o(x, y) dedy = ATk n- (F(§) — F*(@) v, y) ds,

where n is the outward pointing unit normal vector of the contour.

The approximate fields are allowed to be discontinuous across element
boundaries. In this way, we introduce the notation for the jumps of the
field values across the interfaces of the elements, [F] = E~ — E* and [H] =
H~ — H*", where the superscript “ + 7 denotes the neighboring element
and the superscript “ — 7 refers to the local cell. Furthermore we intro-
duce, respectively, the cell-impedances and cell-conductances Z+ = p*c*
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and Y* = (Z*)"" where

A nTetn
—\ pEdet(et)’

At the outer cell boundaries we set Z1t = Z~.
The coupling between elements is introduced via numerical flux, defined
by

% (2418 = a (nalB)) = n,[E2]) )
@ =@ = | (Z41] = a (nalB)) = n,[E]))

o
vy (" (nelBal = mlE]) — ol

The parameter o € [0,1] in the numerical flux can be used to control dis-
sipation. Taking a = 0 yields a non dissipative central flux while o = 1
corresponds to the classic upwind flux.

In order to discretize the boundary conditions we set [E,] = 2E;, [E,] =
2E;, [H.) = 0 and [E,] = 0, [E,) = 0, [H.] = 2H_, for PEC and PMC
boundary conditions, respectively. For Silver-Miiller absorbing boundary
conditions, using the same kind of approach as in [1], we consider, for upwind
fluxes Z~H} = an;r —n, B} or equivalently H} = Y*(nggﬁy+ —n,Ef) and,
for central fluxes

N

Z H = (n,E; —n,E,)
and i i )

Y~ (n.E, —nyE)=H_.
This is equivalent to consider, for both upwind and central fluxes, a = 1
for numerical flux at the outer boundary and [E,] = E;, [E,] = E and

[H.] = H:.

3.2. Time discretization. To define a fully discrete scheme, we divide
the time interval [0, T] into M subintervals by points 0 = t¥ < ! < ... <
tM = T, where t™ = mAt, At is the time step size and T + At/2 < Ty.
The unknowns related to the electric field are approximated at integer time-
stations t" and are denoted by E,Q” = Ej(.,t™). The unknowns related to
the magnetic field are approximated at half-integer time-stations t™+1/2 =

(m + $)At and are denoted by lf[,TH/Q = Hy(.,t""1/2). With the above
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setting, we can now formulate the leap-frog DG method: given an initial
approximation (E? , EY Hzlk/Q) € Vy, for each m = 0,1,...,M — 1, find

T T Yk?

(Egl“, Eg;“, IEIZZH/Z) € Vi such that, V(ug, vk, wy) € Vy,

—_— - — ~
) Egz"' — Efg,z I E;Z"' —Eg;: m _ (a gm+1/2 uk)
. At Y At ’ . VA

k

(e (21 = a (g - nIE21))

Emtl_ fmo Bl fm i
<€ym Tk Ty + €y Yk yk,Uk> _ (8me+1/2 Uk;)
Ty

At At Ty
_ e apFmely2) Em [ Em
+ (g (2 = (B = mlE2)) ) (10
ﬁg@+3/2_[:[gz+1/2 . _
(M k At W :(({)?/Efﬂk+ _amEyk+’wk>Tk
Tk
1 - - -
- + m+17 m+17\ m+1/2
(g (7l B =m0 =l ) )

(11)

where (+,-)7, and (-,-)sr, denote the classical L*(T;) and L*(9T}) inner-
products. The boundary conditions are considered as described in the pre-
vious section.

We want to emphasize that the scheme (9)—(11) is fully explicit in time,
in opposition to [14], where the scheme is defined with the upwind fluxes
involving the unknowns E;"*! and H,ZH?’/ * and to [9], where the scheme that
is defined with the central fluxes leads to a locally implicit time method in

the case of Silver-Miiller absorbing boundary conditions.

4. Stability Analysis

The aim of this section is to provide a sufficient condition for the L?-
stability of the leap-frog DG method (9)—(11).
Choosing

up = AtEN’g[g?H/Q], Vg = AtE’Z[ITH/Q] and wy = Atﬁ[g'lﬂ],
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where
Elm+1/2] _ (Em +Em+1) /2 and Flm+1] — (ﬁm+1/2 +[~{m+3/2) /2,

we have

oA (ﬁ <Z+[ﬁ[§1+1/2] —a (nx[Ey ] — ny[Em]>) x?ﬂ/z])aT
L9AL (% <Z+[Hm+1/2] a (nx[Ey ] — [Em]>) m+1/2]>aT ,
(12)

(Mffﬁ,}*m,ffﬁ;‘*m)T B (Mggzﬂm’ggzﬂm)T — _9AL (curl E]TH’ HLTH])T
k k k

+2A¢ ( (" (nel ) = my (B2 = alir12)) ,ﬁ[m“])aT .

2k

Yt 4+Y- ;
(13)

Using the identity,
(curl B H £T+1])

(v > [_IZ[:”Hrl]7 E]TJrl)

T, T,

rm+1 rm+l rrim+l
4 (naByt =, B ALY
summing (12) and (13) from m = 0 to m = M — 1, and integrating by parts,
we get

M M rrM+1/2 rrM+1/2 70 710 1/2 1/2
<6Ek 7Ek >Tk + (/’LHZ]C + / ’sz+ / )Tk = (EEk7 Ek) ( sz/ 7H’ / >Tk
A (v x ﬁ[;f,Eg) ~ At (v x F[jj+1/2,E,§4> +2A Z AT (14)

k
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where

m — Ty +rryrm+1/2 r~m m r~m-+1/2
Ay = <m (Z [H /]_a<n$[Ey]_ny[Ex]))7Ea[ck+/]>aT

+ (e (2 = a (nlEy) - nlB21)) B

1 [m m rrm rr[m
+ (W <Y+ (n:c[Ey H] — ny|E} H]) — alH] H/Q]) 7H,£k +1])8T

Let us denote by F™ the set of internal edges and F**! the set of edges that
belong to the boundary 0€). Let v, be the set of indices of the neighboring
elements of 7. For each i € v, we consider the internal edge f;rz = T; N Tk,
and we denote by n;; the unit normal oriented from 7; towards T}. For each
boundary edge fr = 1) N OS2, ny is taken to be the unitary outer normal
vector to f. Summing over all elements T}, € T;, we obtain

> Ay =By'+By'+ By + B,
Tw<€Th

where

- 2 /f <Z+Zk ZIHZ — o (o)l B — ()il B3] ) ) Bl 172

kaFmt
( )zk; m+1/2 ~m ~m Slm+1/2
22 (A — o ()l B — (n)ul B7) ) B2
Y(ny)k Yi(ny )ik 1
—Z Em+1 Flm+1 # Em+1 Flm+]

+(ny)kiE~Z+1fI£T+1] 1 (ny)ikEgHﬁLT*”) ds, (15)
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-2 /f (Z + Zk [HmH/Q] <(”1)’fi[ém — (ny)wil T} )) Byt

f Eant

A () (B3 ol E3) B

Yi(ng) i Yk(n:c)zk +1]
Em+1 H[m+1] Em+1 H m
Yoy w Yy,

— () B (nm)ikégﬁlﬁ[i?“]) ds, (16)

Hm+1/2 m+1 X g2y el ) g

f k Gant

(17)

and Bj" has the terms related with the outer boundary

EF:M/ ( [Hmﬂ/?] ((nm)k[E;}:] — (ny)i[ET >) E:LTH/Q]
+(221 ( [Hm+1/2] (( o)k [E;Z] — (”y)k[ég])>E£T“/2]

by (Ve (B = (o (ERY) = ol ) i

_ ((nm)kE;Z+1 . (ny)kEgz—i-l) H[m—i—l]) ds. (18)



12 A. ARAUJO, S. BARBEIRO AND M. KH. GHALATI

Lemma 1. Let BY", By' and By" be defined by (15), (16) and (17), respec-
tively. Then

M-1
m m 1 n n 2

I S ( S CORRARICRREA)
m=0 fipeFint 7 Jik ¢ k

2w (ZES, + Z0BY) [

~ ~ 2

o ()l ) = (na)wil £1)

2y )i (ZEMN + 2, BY ) (21
and

Soar < = 3 [ gy () as

m=0 fi€Fint

Proof: Since

Z¢+Y2_Zk+Yk_1
Zi+Zy Yi+Y. Zi+Zp Yi+Y.

and

Zi Y Zr Y,
Zi—i—Zk_Y;—l—Yk’ Zz‘—l—Zk_Y;—l—Yk’
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we have, for B{",

3 /f ) (Z T (2 — o ()l By — ()l L) ) B

kEant

2 (o ()l ) — (il 1) )

+_(ny)ik (Zk[flgfm] —a ((nx)z‘k[E;ﬁ] — (ny)ik[Eﬂ]» Eﬂ}

Zi + Zy,
__(n )Zk [m m m
g (o ()l By) = (ng)ulER)) ) B2
Y(ny)kz )/k:(n )zk: m+3/2
Em+1 Hm+3/2 Yy Em—H H .
Y+ Y | | Y, + Y [ |

+(”y)mEZ+1ﬁ?Z+3/2 + (ny)ikEEHgZZJFS/Q) ds.

Summing from m = 0 to m = M — 1 we conclude that

Z : ; /f Zn:ka ( (%5, + 2B3,) 7]
+a ((namwﬂ (ny)ualE5,)) (2]
+a Z (el ) = gl B
+ (ne)wl Ep] — (ny) kil ]) £t

+ (2B + 2, BN ) (A

—a ()l B] = ()l E21) [Eﬁﬁ) ds
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In the same way, for By" we have

;}B;n ) fi;m fi (g:ﬁkZZk) ( (2B, + 23, ) (Y]
- ((nﬂf)kz[ 20 ] — (ny) i E2 ]> (B0
—x M—1 (( ) [EgZJrl] ( ) [Em+1]

and for BY'
M-1
m+1/2 rrm—+1/2 rrm+3/2
Ty | s (L )
m=0 m=0 f; e[t

Observing that, for general sequences {a™} and {0}, hold

Z m+1 o™t = % (—(CLO)2-|— (CLM)Z-I— z_: (am+am+1)2> ’

m=0 m=0

M— 1

N | —

( 0b0+aMbM

m:O

M-—1
+ Z ampm 2ambm+1 + am-l—lbm-i-l) )
m=0
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we get
;)(B“Bm) < fEFj/ Z+Zk ( a(ny )2 (—1E5,2 + [ET?)

almany (~[ESJEG) + [EXIEN)
~2(ny )i (%S, + Z4ES ) 1Y)

F20(n) (o)l E)) = (m)wl E2,]) (B2
2y )i (ZE;W + Z, B ) (HM 2
~2a(my)i ((ne)ialEpl] — ()l 2]) [B2]

—a(n.) (<[E5) + ()1

an)eilny s (~ (B9[]
12 )i (Z EY + Z,EY,) [HY]
~20(n)is ((n )l By,] = ()l B8] ) [
=2 )i (ZE + 2B ) A

+2a(m )i ((ne)l B3] = (ny)l 1)) [Eﬁ,{]) ds.

We also have

M-1
Bm — H1/2 FTMA1/2)2
> 5 Z/”Yk([ P ()

fin€Fint
I Z ([Hm+1/2 Hm+3/2]> >
Z / Y +Y H1/2] [ﬁz]«\fH/QP) ds

f kEant

which concludes the proof. =
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Let us now analyze the term B} for different kinds of boundary conditions.

Lemma 2. Let B)' be defined by (2). Then

= «a,Py = 0 for PEC, By = 0,8, = 1, B3 = « for PMC, and
B1 =P = %, B3 =1 for Silver-Muller boundary conditions.

Proof: First we consider PEC boundary conditions. We have

mo o rmo rm \ [m—+1/2]
DY /f A (<ny>k (B — ()i ) B

fkeFea:t

()i (o) Byt = (B ) Eggﬂ/?]) ds.
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Summing from m = 0 to m = M — 1 we obtain

AfBZln = > / 40de< ((”x)kEgk—(”y)kEQk)Q
(B — ) BY)

M-1 ~ ~ 9
A (o - sz )

For PMC boundary conditions we have

Tk

BT:Z/

(F[Z+1/2 ((nm)kEg[/k +1/2] (ny)kE[erl/Q])
kaFezt fk

o ~ ~ ~ ~
- (_Hm“” (g - <ny>kE£z“> H:ET*“) "

Y.

Summing from m = 0 to m = M — 1 results

17
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m=0 fkeFest fk

M-

- = 7ImA1]
> ()
[:[i\/IJrl/Z ) o

_ k2 ((nm)kEy — (ny)kE%> — 4—Yk (Hff*l/?) ds

1 F71/2 0 QO =1/2
kaFe:ct k
~ ~ o

HT2 ((nx)kEyj\k/[ — (ny B — Q—YkH?fHﬁ) ) ds

For Silver-Miiller absorbing boundary conditions we have

m 1 rrm (n )k m m om
o = 3 3 [ (s B (o — o))

fk eFefL‘t k k

~ Ny A, m rm
+ ((nx)kHZZH/Q — (ZT)IC ((n:c)kEyk - (ny)kE:ck>) E?[ch e

1 - 3 3 3
_ (EH?Z+1/2 4 (nx)kE;Z+1 - (ny)kEgz—H) HLT—H]) ds.
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Summing from m = 0 to m = M — 1, and taking into account the previous
cases, we deduce that

w;) By < Z /fk SLZ;C ( - ((ny)kl@fc’k - (7“Lm);€l773k>2

kaFezt

+ (B (nm>kE§,{)2)

which concludes the proof. m

Theorem 1. Let us consider the leap-frog DG method (9)—(11) complemented
with the discrete boundary conditions defined in Section 3.1. If the time step
At 1s such that

IV 1) E— 19
< max{Cg, Cyg} min{fy }, (19)
where
Cpm 202 N24 CAN+1)(N+2) (24 g+ 2T
B gim T > omin{Z,} )’
_1 9 92 9 05'1'25263
Cu = 5CRN? + CHN 4 DV +) (24 Bt o).

with C; defined by (45) of Lemma 7 and Cy, defined by (46) of Lemma 8, and
/81 :a7/82:0f0TPE07 61:0752:17 /83:af0TPM07 a’nd/ﬁl :/82:%7
B3 =1 for Silver-Miiller boundary conditions, then the method is stable.

Proof: From (14) and the previous lemmata, considering the Cauchy-Schwarz’s
inequality and taking into account that Z;/(Z; + Z;) < 1, we obtain
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Z ((GE%aEéW)Tk 4 (Mﬁé\g+1/27ﬁi\g+l/2>ﬂ) <

Tkelﬁz

> ((ener), + (u i), )

TweTh T

+AL Y (HV x HY2 || 2 1B p2ery + IV ﬁé\fH/QHL%Tk)HE%HLQ@))
TkEﬂL

4m1n{Z} Z H[Ek HLka

f errLt
+2AL Y (HEéWHL? (fir) |[HM+1/2H|L2<f,-k>+HEIQHL%M)Hffif]\lmfik))
kaFint
aAt
HM+1/2 2,
fkernt
1At ﬁzﬁsAt ~ A
E 2 H +1/2)2
f GFea:t fkeFea:t
+26,At Z LA o 1ER N 22 + T2 e | B2
2 2 WL2(fe) IR L2(fr) 2k L2(fe) 5k L2 (fe) ) -
kaFezt

Using the inequality (45) of Lemma 7 and the inequality (46) of Lemma 8
(both in Appendix), we get

min{e, i} (|| B2 + | H22)3) <

max(e iy (1203 + | 2°)3)

At - - - ;
5 O N mas (i} (VPR + BN+ V2 4+ 2Y)R)

muv

N + -
+03(N +1)(N +2)At max {h; '} (2 + B + %) | EM 3

_ a + 206503 ~
+C2(N +1)(N + 2)At max {h; '} (2 + By + m) | HM+12) 2,

+COA(N + 1)(N +2)Atmax {h; '} (2 + Bs) (HEOH% + Hﬁ;/QHé) .
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and so, taking Cyp = 3C%, /N2 + C2(N + 1)(N +2) (2 + ),
(min{e, g} — Atmax {h;'} max{C, Cu}) (1B [3a(qy + 12212 ) )
(maxc{e, i} + At max {h; '} Co) (I1E e + 12 )

which concludes the proof. m

The stability condition (19) shows that the method is conditionally stable,
which is natural since we considered an explicit time discretization. Further,
it discloses the influence of the values of «, h,,;, and N on the bounds of
the stable region. This is of utmost importance to balance accuracy wversus
stability.

5. Error Estimate

The main result of this section is Theorem 2, where the error estimates
are presented. The key idea for the proof is to find a variational system
for the difference between the the numerical solution and a projection of
(E,, By, H,) onto the space Vy. Lemma 9 in the Appendix furnishes an
optimal error estimation which plays a central role in our derivation.

To provide a proper functional setting, we need to define spaces involving
time-dependent functions ([8]). Let X denote a Banach space with norm
|.llxx. The spaces L?(0,T;X) and L>*(0,T; X) consist, respectively, of all
measurable functions v : [0,7] — X with

1/2

T
Wh%mm:<A|MW@ﬁ> <

H'UHLOO(O,T;X) = esssup ||v(t)]|x < oo.
0<t<T

and

In what follows, X is shorthand for any of the usual Sobolev spaces H?({2)
or the Banach space L>(€).

We start by integrating (1) from ¢ to t™*! and (2) from t"1/2 to ¢"+3/2,
Then, multiplying the resultant by (ux, vk, wir) € Vy with respect to the
L?-inner product over T}, we obtain

Emtl _ pm Emtl _ pm 1 tmtl OH
T L - T Uk — k dt 20
(6 AL T Ay u’“) Al /t gy Uk - (20)
Tk Tk

<
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o I o/ O 1 (" oH
€yx - o4 Eyyu, Uk T AY / - dt, vy, 7(21)
At At - At tm ox 7
k

Hm+3/2 - Hm+1/2 1 $m+3/2 OF
K - At - y Wk - Kt / 8xkdt7wk
T, tm+1/2 Yy T,
t'rn+3/2 8Eyk

1
—— dt . (22
At (/tmﬂ/z 8:6 ’ wk) T ( )

Let (PvEy, PvE,, PvH.) € Vy be an interpolant of (E,, E,, H.) having
the optimal approximation errors (47)—(48). On the external boundary we
define the jumps [PyE,] = 2PyE,, [PnvE)] = 2PyE,, [PvH.] = 0 and
[PvE.] =0, [PvE,] = 0, [PyH.| = 2PxH., for PEC and PMC boundary
conditions, respectively. For Silver-Miiller absorbing boundary conditions we
consider [PyE,| = PyvE,, [PvE,| = PvE,, [PvH.| = PvH.. Subtracting
(9)-(11) from (20)-(22), and using the notation &7 = PyE™ — EM, pn =

m m  ¢emo_ m omo m m m m+1/2 m+1/2
PNExk T Exw Y PNEyk _ Eyk7 pyk - PNEyk - Eyk7 Nz, - PNHZk -

Frm—+1/2 m+1/2 m+1/2 m—+1/2 .
HZk /7 2k / :PNsz / _sz /,We obtain

<€ ggjl _ ;CZ Uk) B <€ Pﬁjl - p;r; Uk>
xrxr 9 xTrxr )
At - At T

S — & Po " — P
Tk Tk

1 /tm—H 8sz < 8 s /’7;714‘1/2
- — dt, uy, — [ — (PNHZL+ / ) , U + | = , Uk
At ( 4m. dy . dy g T, dy -

Ty

b (e (2Pt a ulPay] - n[PYEL) )

0Ty,

" <Z_T (27 = () = my 221 ) | (23)
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m+1 m-+1 m

(6 o Uk) (6 Pay — Poy Uk)
) - yxr )
m+1 m+1l _ m

T o) = (el
WAL G OAN

Tk Tk

pmtl m—+1/2
+ Q(PNHQZHﬂ),vk (9
ox T ox
k T,

1 0H.,
= —— dt
At (/tm ox Uk>T

_ <”_ (24 PxHZ ) — o (n, [Py Ey] = ny [P EL]) ) ,Uk>

Z+t+ 7 T}
n (% ( +[77m+1/2] a (na[€)] — nd{ﬂ])) ,vk) o (24)

and

tm+5/2 tm+3/2

OFE 1 OF
“E dt - — e dt,
(/m+1/2 (93/ wk) At (/m+1/2 Ox v >T
£m+1
7) Eerl k) + ( ,wk>
Tk ay Tk

a m+1
73 Em+1 wk> —( 5(9$ ,wk>
Th T
+

Y (Y (n, [PNE;’;“] — n, [PNvETHY) — a[PNH;';“/?], wk)

m+3/2 m+1/2 m+3/2 m+1/2
Zk T
( 5 wk) (N At 5 wk)
Tk Tk
1
At

QJ\QJ %IQJ

+

(@
G
(v

(W (Y*(na[g) ] = nyl€0H]) — afnm 2, wk:) . (25)

In (23)(25), let u, = €7 +£M+L v +&m ! and wy, =l 4R,
Summing from m = 0 to m =M — 1 and using the symmetry property of
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the permittivity tensor €, we get

(€, 681 g, + (sl +12, it 2) G (unifmif)n

M-1
+A¢ (V % 771/2,&3) — A (V2 g ) font Y Ry
m=0
(26)
with
= St + 5ok + S3k + Sik
bemg STk S5 s Smk and S5} defined below using the average notation &z, m+1/2] _
m [m-+1/2] m m—+1 m+1/2 m—+3/2
(€ /2, 6 = (g gty /2 and " = (T R g2,
m IOZLJrl — Py m perl — pm m
Sl,k = <6mW g +1/2>T + <€xym7§g[3k+1/2]
k T,
pgz—i—l — Pz 1/2] ,OZZ—H - pZi m-+1/2]
" (qu £m+ I e v
A T, At Yk .
m+3/2 m+1/2
2k - Wz [erl] 5
+ (,LL At 7T7zk ) ) ( 7)
Ty
Sy = <3 (PyHz ) 6“”*1/2]) t / Oy g
2, a * Tk Tk At tm ay Tk

T,
tm+3/2

1 OF
73 Em+1 [m+1]> 4+ / Tk dt, [m+1]
(8y nzk T, At tm+1/2 (93/ T T
k

0 1 [ "ok
- Em+1 [m-+1] T / Yk dt [m—+1] 28
* (8 P nzk T, At \ Jimire Ox T - - (28)
k

9 mi1/2) | glmt1/2) 1 / " OH,, m1/9]
+ (a P H: )’fyk 7 At \Jm ox dtf
9
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m n m m m m
St = (e (2 PeH ) = o fuPaig) = P ) )
k
N + m+1/2 m m ma1/2
N <m (Z [PNHZk / ] - (nx[PNEyk] o ny[PNExk])) 7£Z[Jk / ]) Ty,

1 . - . N
N (W (Y+(nx[PNEyk+1] —ny [PNE%“]) _ a[pNHZka]) UL,C +1]) L

(20)
and
St = (g (20— (g - mlen)) €2
o (g (20— g -l )
+ (e OOl - ™) — o)
+ (nyfm“,77£T+”> o (nxfm“mzf“]> o (30)

Next we will derive upper bounds for 577, 557, 537 and

Lemma 3. Let SY, be defined by (27). Then

M—1 N Cth _ T
Z ZSW = N2p (g/o

m=0 T,Ty,

oF 2 T+At/2

ot ||

OH.
ot

1
0 Jat/2

2
dt>
Hr(Q)
+ <|§O|L2 +22H5m|\p + 1EM 1720 )

+ <|771/2|L2 +22 12122 +|77M“/2|L2<Q>>,

(31)

d?H—

wherep > 0, 0 = min(p, N+1), C is a constant independent of (Ey, , Ey,, H.,),
h and N, and 0 is an arbitrary positive constant.
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Proof. We start by observing that

|+t

- PZ H%Q(Tk)

thrl

J.

ot

9 2
Pk 1y
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L2(Ty)

Applying the Cauchy-Schwarz’s inequality and the approximation property

of Lemma 9, we get

thrl
/tm

0Pz
Tk At
ot

L*(T},)

IA

m—+1
At / o ||2em
. ot
hl%a_ tm—f—l
sl [

2
dt

L(T},)
0F,,
ot

2

dt.
HP(T},)

(32)

Using Cauchy-Schwarz’s inequality, the estimate (32) and the Young’s in-

equality in the form

ab < —a

J

2 + ibQ,

2 20

where ¢ is an arbitrary positive constant, we obtain

tm-{—l

/t'm

tm+1

J.

tm+3/2

/thrl/Q

eC hi°
5 N2
eC hi”
5 N2
RC 1
5 N2

m
Stk

Summing from m = 0 to M — 1, we arrive at (31).

OE,,
ot

oE,,
ot

ot

OH.,

2

HP(T),)
2

HP(Ty)
2

Hr(Ty,)

5
dt + 2
")

5
dt + 2
+2

Hf;ETH/Q]H%?(Tk)

(ISl v

5 m
dt + §H77Lk +1]H%2(Tk)'
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Lemma 4. Let Sy be defined by (28). Then

M-—1
L CMp 1
Z Z Sor < Nz ( BN Z o0 75000 + EHHZH%OO(O,T;HP(Q))>

m=0 T,eT},
1 T+At/2
+ CA# —/‘ (/ dt
(5 At/2 5 H(Q) >
| M-1 .
+ 9 <§|£0|%Q(Q) + Z 1€ 1220 + §|£M|%2(Q))

(hf”lp %*ZE:IMm+”ﬂh Q+IWM+”2ham>GKD

wherep > 0, 0 = min(p, N+1), C is a constant independent of (E,, , E,,, H.,),
h and N, and 0 is an arbitrary positive constant.

92F | WH

I | 1

Proof. It is easy to check that

thrl

0 m+1/2\  elmt1/2] 1 OH., m+1/2]
- (8_y (PNHZk ) 7£xk - +Kt /tm 8—y( ) g
k T

_ 6¢m+1/2 §m+1/2 . %—"_1/2 t”’H—laHZ’k( )d §m+1/2
’ . Oy At m Oy

Tk
From Lemma 9 we obtain
8y < CN 1Hsz+1/2HHP(Tk)7 (34)
L2(Tk)

where ¢ = min(p, N 4+ 1). Applying Cauchy-Schwarz’s inequality and using
(34), we arrive at

m—+1/2 o—
<3¢ o §m+1/2]) e hi H2 H§m+1/2
Tk

() + 122

oy L
Using the Taylor expansion with an integral remainder yields to

& (o \|
ot? \ Oy

L*(T},)

tm+1 tm+1

At?

<
=64 Jom
L2(Tk)

oHI 2 OH.,

—— dt
dy At Jim dy

dt
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and by Cauchy-Schwarz’s and Young’s inequalities follows

m+1/2 m+1
é!iﬁi___._ ;L_ : afy%:dt gﬂ%{UQ
dy At Jim dy .
k

0* (0H.,
o2\ oy

At?’ tm—f—l 2

<
= 1280 Jum

dt + Hfm“/Q IZ2)-
L2(13)

The other terms in 5y can be bounded in a similar way. Therefore,

20—2 20—2
S < o B By + g 1B Wy

20 hy” Hm?

+ 5 N 2” HHP(Tk)

135 fo 158 (5 M 15 52
1286 Jyoie |02\ 0y ) oy 102\ 02 )| o,

. APt 3_2(8sz) H (8sz) 2 »
1286 Jim o\ Oy Jllper,y 1102\ Oz J|lrom

+ O PN ey + OllET Y P ey + 20005 N e

Summing from m =0 to M — 1 we arrive at (33). =
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Lemma 5. Let Sy be defined by (29). Then

M-1
m CMh* 2 _, o 5
d o> s < WCT(N‘i‘ (N +2) (1 + m) 1B 7o 0. 17(2))

m=0 T,€T},

CMh=2 N 2
+ Sy Cr(IV A+ DIV +2) (1 - —mm{YkQ}) 113 0 21100

N B4sC*(N +1)(N + 2)At /T—AW OE|” 0
166 min{Z?} 0 Ot || 1< (90)

N B4sC2(N +1)(N + 2)At /T oH. ||* 0
320 min{Y;?} a2 |l Ot || <0

5 S g
708 (I o0y +2 30 1€ ey + ™ M)
m=1

M-1
6 m
+ 1(1 + B4) (HU;/QH%?(Q) +2 Z 22 ) + \|77y+1/2”%2(9)),
m=1

(35)

where p > 0, 0 = min(p, N + 1), C' and C, are constants independent of
(Esys By, Hz, ), hoand N, and 6 is an arbitrary positive constant. Moreover,

By =0 for PEC and PMC' boundary conditions and By = 1 for Silver-Muller
absorbing boundary conditions.

Proof. In order to estimate . .- S%, let us write ||[PxE || ,., fur € F™,

as

IPNEG o) = IPNEL — BN+ Bl = PyEL e
< HPNE;Z_ = E;T;;HLQ(fik) + HE;Z — PNEgz—i_HLQ(fik)'
By Lemma 9 we deduce that
p20-1
IPNEL™ — Ef 725 < C#HEZ;;H%{P(T;C)?

where o = min(p, N + 1) and p > % In the same way, we obtain

. . h2071 .
IPNEST — Ellias,) < C#HEMH%{P(TZW
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Similar estimates hold for H[PNE;?Z]H%QUM) and H[PNHQZ]H%QUM).

Let us now consider the edges that belong to the external boundary 0f2.
In the case of PEC boundary condition we have [PNH,?ZH/ ] = 0. Since

n. Byl —ny B0 =0, then
ng[PvE,| — n,[PnE}] = 2(n.(PyEy, — E,!) — ny(PnE}, — E}L)).
For PMC boundary conditions we have [PyE;'] = 0 and [PyE}!] = 0.
Since HZZH/Q = 0, then
[Py HI ) = o(Py HIH? - [y,

Applying Cauchy-Schwarz’s inequality, (45) of Lemma 7 and Young’s in-
equality, for the cases of PEC or PMC boundary conditions, we obtain

IEED

Tre 771 s 771

CCQ N 1 N 2 1 o hZZJiQ Hm+1/2 2
3 (N +1)(N+2) +m ngﬂH R e

1€V}
C 2 & hZZU_Q m||2
SOV 4DV +2) (1 o ) S Sl By

1€V

+§mgﬂﬁﬁmw+§mgﬂﬂ@mw+§haﬂuém9.<%>

In the case of Silver-Miiller absorbing boundary condition, on the edges
that belong to the external boundary, we observe that

ZTHTE — (n, B2 —n BT = 0, Y (n B =, BT — HI = 0.
Thus,
ZH[PNHI P — (n,[PyE)] — ny [Py E])
= Z"PyHIY? — (n,PNE)' — n /Py EL)
_ Z+(7DNH§Z+1/2 - H;szrl/Z)
—(n.(PnEy, — E}}) —ny(PyE;, — E})))
g (EMTY2 — BT — (BT - BT
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and

Y (g [PNESHY — ny [Py ESY) — [Py HIHY?
=Y (n,PvE]" — n,PyEIT) — PyHIT?
— Y+(n:c(PNE;Z+1 o E;’II;H-l) o ny(PNE:ZH - Ez}z:rl)
—(PNHQZH/Z . HZZ+1/2) 4 HZZH . ngﬂ/z.

For f; € F° we obtain

n m m m m
Hiy(nm(Eka/Q - Eyk) - ny(E:ka/Q - Exk))

ar+2s L)
1 N OE
<L / 9
2min{Zy} Jm Ot || (1)
In the same way we get the estimate
tm—f—l
e e R | I g A =

Therefore, to estimate S3’ we use (45) of Lemma 7, and we observe that we
need to add the terms

pm+1/2 2

1 C32(N +1)(N +2)At OF 8\ mt1/2)2

25 8 min{Z?} En dt, 5”51@ HLQ(Tk)’
k e L>(fk)

20 16 min{Y;?} mi1s2 || Ot Lo(fo) v gz L2(Ty)

to the right hand side of (36).
Summing from m = 0 to M — 1, leads to the estimation (35). =
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Lemma 6. Let S} be defined by (30). Then

M-1
2D S <

m=0 T,€T,,
1 9 -1 a+51 M2
SCHN +1)(N +2) max {h; '} (2 + B + m) 1€ 1122 ()
1 _, 1 O+ 20203\ | w122
—|—§CT(N—|— 1)(N +2) max{hk } (2 + B2 + m [ 1720

1
FSCHN + (N + 2 max {1} @+ B) (1€ (0 + 0 *B3zqqy ) (37

Proof. We can find an upper bound for » 7 - S following the arguments
we used to estimate ), . A]" in the previous section. We obtain

M—1
Z ZSZk < 8m1n{Z} Z gk HLszk

m=0 Tk 6771 f Eant

b (I i N + D L2 )
kaFint
M+1/2
f Eant
¥ S M Bay - 2 ST i,
4m1n{Z } (fx) 2m1n{Y} (fx)
frEFert freFext
+ 8 Y (I hee + 2 16 ).
fkeFext

where 1 = a,f8y = 0 for PEC, 51 = 0,8, = 1, 3 = « for PMC, and
b1 = Py = %, B3 = 1 for Silver-Miiller boundary conditions. As in the proof
of Theorem 1, using the inequality (45) of Lemma 7 and the inequality (46)
of Lemma 8 (both in Appendix) we obtain the estimate (37). =

Theorem 2. Let us consider the leap-frog DG method (9)—(11) complemented
with the discrete boundary conditions defined in Section 3.1 and suppose that
the solution of the Maxwell’s equations (1)—(2) complemented by (4), (5) or
(6) has the following regularity:

Exa Ey7 HZ E LOO(Oa Tf7 HSJrl(Q))’
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OE, 0B, OH,
ot ot Ot

€ L*(0, Ty; HSTH(Q) N L™(09))

and

0°E, 0°E, 9°H.

2 g
2 o2 og L O0TrH(Q) 520

If the time step At satisfies

min{e, 4}
max{Cg, Cy}

At < min{h}(1 —90), 0<d <1, (38)

where Cg and Cy are the constants defined in Theorem 1, then, for the case
of PEC and PMC boundary conditions, holds

max (|[B™ = E™za) + | HI2 = HI V2 a0 ) < C(AE 4 it

1<m<M

+C (HEO — B\l 2y + |1 HY? — [j[zl/QHLQ(Q)>
and, for the case of Silver-Muller absorbing boundary conditions, holds

Eme) (“Em = E"| 20 + || HEHE ﬁ?“”\lmm) < C(At + pmints N

1<m<M

+C (1B = EMllpeq@) + [ HY? = B |12

where C' 1s a generic constant independent of At and the mesh size h.
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Proof. From (26) and taking into account Lemma 8 and the estimates from
previous lemmata, we obtain

min{e, 1} (1" 3aqa + 22y ) < max{e, i} (16" acay + Int Mg

At
+ 508, N max ('} (12150 + 1€ 3y + 1252 gy + 116 3

M-1 M-1
+Aw7ﬁ&<§:M|y +§jmmmumj

Atd
+ 5207+ 80) (I€03500) + 1€¥aiy + L2 30 + 223

B +
+CA(N + 1)(N + 2)At max {h; '} (2 + By + %) 1€Y1 720y

_ a+268\ |
‘|‘C72.(N + 1)(N + Q)At max{hkl} <2 + 52 + m) an +1/2H%2(Q)

—w%N+MN+mmmwﬂf}@+@wmwB )+ 213 )
OH.,||?

Ch2° At T T+At/2
———— | € dt + 1 dt
+ ON?2P 6/0 - ,u/ ot HP(Q)

At/2

20 A4 T+At/2 T 2

+ / dt —I—/ dt
0 At/2 Q) 0 HY(Q)

2CTh? 2 5 a 9 9

TSN (N + (1 + W) CZ(N + 1)(N + 2)) 1 EN 2 (0,7:00(02))
2CTh* 2 3 o 9 9

2 (V0 (14 gy ) GOV + D+ 2)) I
B4C2(N +1)(N + 2)At? /TN/Z OE ||

80 min{Z?} 0 ot

ByC2(N + 1)(N +2)A? [T
166 min{Y;?} /

oL |*
OE|’
o2 |,

O*H,
ot?

dt
L>(09)

0H,
ot

dt,
L (09)

At/2

> = min(p, N + 1), C and C; are constants independent

where p > 0, o
of (Ey,, By, H,), hi and N, § is an arbitrary positive constant, 54 = 0 for
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PEC and PMC boundary conditions and 3, = 1 for Silver-Miiller absorbing
boundary conditions.

If (38) holds, using the discrete Gronwall’s Lemma (see e.g. [7, 21]), we
obtain

HfMHLz +H77M“/2HL2<Q) SC(@M,N)(H&OHLQ + \|n1/2\|L2<Q>
T 2
oF 0H,
+ALh*® / dt + Ath*® /
0

T 9272 2 2
E H.
+A / 8—2 0 dt
o | O |y (Q) ot H(Q)

R B G0 o) + 27N HT Y 0 s )

T—At)2 2 2
+BAL / oF O, dt).
0

ot ot
We complete the proof by using the triangle inequality and Lemma 9. m

T+At)2

dt
Hr(Q)

Hr(Q)

A T+At)2
dt + At /
At/2

T

dt + ByAt? /

At/2

L>(09) L (09)

Remark 1. We want to remark that in the case of Silver-Muller absorbing
boundary conditions we only get first order convergence in time. A possible
way to recover second order convergence is to consider a locally implicit time
scheme (see e.g. [9]). In order to keep efficiency, we propose an alternative
which is explicit and second order convergent in time: for each time step

solve (9)-(11) and save the solution in the variables (Em+1 Em+1 Hm+3/2)

m+1 ~m+1 ~m+3/2

Then the numerical solution (Exk B, L H, ) is computed replacing in

(9)—(11) the numerical flux by the following expression

[ :m+1 [m :m—i—l
[ =ny (i [ BB )4 ) )
7 ZT[H! | —a | n, 5 n, 5
[ :m+1 m :m—i—l
Ny +1Frm+1/21 [Ey ] + [Ey ] . [Ex ] + [Ex ]
77 Z"[H! | —a | n, 5 ny 5
FmA4-1/2 Frm+3/2
1 + rrm-+1 [m+1 [HZ - ] + [HZ ]
| T (Y (B ) o 3 )
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6. Numerical results

In this section we present numerical results that support the theoretical
results derived in the previous sections, namely the stability condition and
the error estimates.

6.1. Stability condition. We can check numerically that (19) defines a
sharp stability condition, in terms of the influence of N and h,,;, = min{hy}.
In our experiments, we computed C' that satisfies

C -

At s = (39)

where At,,,, 1s the maximum observed value of At such that the method
is stable. For these tests, the domain is the square Q = (—1,1)2, the sim-
ulation final time is fixed at T" = 1, the permittivity tensor is the identity
matrix and g = 1. We consider equations (1)—(2) with initial conditions
E.(z,y,0) =0, Ey(x,y,0) = 0, H,(z,y, At/2) = cos(nz) cos(my) cos(mAt/2)
in the case of PEC boundary conditions and E,(x,y,0) = 0, E,(z,y,0) =
0, H,(z,y, At/2) = sin(wAt/2) sin(7wzy) in the case of Silver-Miiller absorb-
ing boundary conditions.

In Table 1 and Table 2 the constant C' is computed for different mesh sizes
for PEC boundary conditions, considering respectively central and upwind
fluxes in the DG method. In Table 3, C' is computed for Silver-Miiller bound-
ary conditions, considering upwind fluxes in the DG method, with leap-frog
time integration and modified leap-frog time integration.

- N=1 N=2 N=3 N =4 N=5
e Atmaaa C Atmaw C Atmaw C Atmaw C Atmaaa C

0.5657 0.1 1.06 0.058 1.23 0.037 1.30 0.026 1.37 0.019 1.41
0.2828 0.052 1.10 0.029 1.23 0.018 1.27 0.013 1.37 0.0095 1.41
0.1414 0.025 1.06 0.014 1.18 0.0093 1.31 0.0064 1.35 0.0047 1.39
0.0707 0.012 1.01 0.0072 1.22 0.0046 1.30 0.0032 1.35 0.0023 1.36
0.0354 0.0064 1.08 0.0036 1.22 0.0023 1.29 0.0016 1.35 0.001 1.18
0.0177 0.0032 1.08 0.0018 1.22 0.001 1.29 0.0008 1.28 0.00056 1.32

TABLE 1. At such that the method is stable and C' computed
by (39) for PEC boundary conditions and central flux.
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N=1

hmin Atmaaj

C Atmaz

N =2

N =3

C Atmaz

C Atmaz

N =1

C

N =5

Atmam

C

0.5657  0.055
0.2828  0.026
0.1414 0.013
0.0707 0.0065
0.0354 0.0032
0.0177 0.0016

0.58 0.031
0.55 0.014
0.55 0.0072
0.55 0.0035
0.54 0.0017
0.54 0.00088

0.66

0.019

0.59 0.0094
0.61 0.0046
0.59 0.0023
0.58 0.0010

0.60 0.00057 0.64

0.67 0.013
0.66 0.0064
0.65 0.0031
0.65 0.0015

0.68
0.67
0.65
0.63

0.56 0.00078 0.66

0.00037 0.62

0.0096
0.0047
0.0023
0.0011

0.71
0.69
0.68
0.65

0.00057 0.67
0.00026 0.61

TABLE 2. At,,.. such that the method is stable and C' computed
by (39) for PEC boundary conditions and upwind flux.
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hmin

N =1
Atpaz C

Leap-frog
N =2
Atmaz C

N =3

Atmax

C

Modified leap-frog
N =2

N =1
Atpez C

Atmax

C

N =3

Atmam

C

0.5657
0.2828
0.1414
0.0707
0.0354
0.0177

0.060 0.64
0.028 0.59
0.013 0.55
0.0065 0.55
0.0032 0.54
0.0016 0.54

0.032  0.67
0.015 0.64
0.0072  0.61
0.0035 0.59
0.0017 0.58
0.00088 0.60

0.019
0.0094
0.0046
0.0023
0.0011

0.67
0.66
0.65
0.65
0.62

0.00057 0.64

0.076  0.80
0.034 0.72
0.016 0.67
0.0077 0.65
0.0037 0.62
0.0018 0.61

0.038
0.017
0.0084
0.0041
0.0020
0.0010

0.80
0.72
0.71
0.69
0.67
0.67

0.023

0.011
0.0055
0.0027
0.0013

0.81
0.70
0.77
0.76
0.73

0.00066 0.74

TABLE 3. At such that the method is stable and C' computed
by (39) for Silver-Miiller boundary conditions and upwind flux.

As expected from the condition (19), the numerical examples in tables
1 and 2 show that the stability regions corresponding to central fluxes are
slightly bigger when compared to the regions obtained using upwind fluxes.
The same is observed when we compare the regions of stability for PEC
boundary conditions and Silver-Miiller boundary conditions, which is also
according to (19). From Table 3, we perceive a gain in terms of stability
on the modified leap-frog method. From all the examples presented, we may
deduce that the right hand side of (19) is a sharp bound for At,,,,. Moreover,
we can also conclude that At,,,, is directly proportional h,,;, and inversely
proportional to (N + 1)(N + 2).
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6.2. Order of convergence. In this section, we will illustrate the theoreti-
cal results of convergence. We consider the model problem

0E,  0E, OH

- — L p 4

S ot +€my ot ay + (xayat)a ( O)
OF, 0E, 6H

- U — 41

Cya ot T €yy ot or (z,y,1), (41)
0H. 8Ey oLE,

— 42

T 5 T oy + R(z,y,1), (42)

defined in the square Q = (—1,1)?. The source terms P(x,y,t), Q(z,y,1t)
and R(x,y,t) were introduced in order to make it easier to find examples
with known exact solution and consequently with the possibility to compute
the error of the numerical solution. The simulation time is fixed at T" = 1
and in all tests we assume that p = 1.

Two distinct situations are considered: in the first, the permittivity tensor
€ is constant in the whole computational domain; in the second, the permit-
tivity tensor varies in space.

For the first test we consider a symmetric and positive definite anisotropic
constant permittivity tensor (3), with €,, = 5, €,y = €, = 1 and ¢, = 3.

The problem (40)—(42) with PEC boundary conditions is completed with
initial conditions and source terms P, () and R such that is has the solution

—T

E.(x,y,t) = " cos(mx) sin(my) sin(wt),
E,(x,y,t) = w: sin(mx) cos(my) sin(wt),
vy

H.(z,y,t) = cos(mx)cos(my) cos(wt),

whith w =7 }%—L.

k24 €yy
For Silver-Miiller absorbing boundary conditions, the initial conditions and
source terms P, () and R are defined such that the problem has the solution

E.(x,y,t) = ‘/deeé/y sin(7t) sin(7x),

E,(x,y,t) = det sm (mt) sin(my),

H.(x,y,t) = sin(nt)sin(wzy).
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(A) Central flux. (B) Upwind flux.

FIGURE 1. ||EM — E%HLQ(Q) versus h, for constant permittivity
tensor and PEC boundary conditions.

10° . 10
-6-N=1, Slope=0.8 -6-N=1, Slope=2.1
1 F|%-N=2, Slope=2.0  F|¥%-N=2, Slope=3.0
107 F N=3, Slope=2.7 1 10°F N=3, Slope=3.9
—+—N=4, Slope=3.6 ——N=4, Slope=4.5
e 102k 1 e 103k
2 10% 2 10
® ®
N o~
- 10% - 10°
10°F 10k
6 1 7 1
10 10
102 10t 10° 1072 10t 10°
h h
(A) Central flux. (B) Upwind flux.

FIGURE 2. ||EM — E’yHLQ(Q) versus h, for constant permittivity
tensor and Silver-Miiller boundary conditions.

To illustrate the order of convergence in space, we fix At = 1077, except
for figures 2 and 7, where we consider At = 107 for N = 4. We plot of
the error depending on the maximum element diameter for each mesh, where
both the vertical and horizontal axis are scaled logarithmically. The numer-
ical convergence rate is approximated by the slope of the linear regression
line. In Figure 1, for PEC boundary conditions, and in Figure 2, for Silver-
Miiller absorbing boundary conditions, we plot the discrete L%-error of the E,
component of electric field, considering different degrees for the polynomial
approximation while the spatial mesh is refined for both central and upwind
fluxes. For central flux, the numerical convergence rate is close to the value
estimated in Theorem 2, O(hY), and for upwind flux we observe higher order
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(A) PEC boundary conditions, central flux. (B) PEC boundary conditions, upwind flux.
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FIGURE 3. |EM — EM|| 120, ||EY — EM| 1210y and ||H2H7? -

My 2“ r2() versus h, for constant permittivity tensor.

of convergence, up to O(h"¥ ™) in some cases. Similar results were obtained
for Ey and H. components as illustrated in Figure 3 for N = 2.

To visualize the convergence in time, the polynomials degree and the num-
ber of elements have been set to N = 8 and K = 800, respectively. For the
case of PEC boundary conditions, the results in Figure 4 illustrate the second
order of convergency established by Theorem 2. These results correspond to
upwind flux and similar results are observed for central flux.

For Silver-Miiller absorbing boundary conditions, the data plotted in Figure
ba illustrates the first order of convergency established by Theorem 2. The
second order of convergence in time can be obtained considering the modified
leap-frog time integration method proposed in Remark 1 as illustrated in
Figure 5b.
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PEC boundary conditions.
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(A) Leap-frog time integration. (B) Modified leap-frog time integration.
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FIGURE 5. [|[EY — EM|| 2y, [|EM — EM|12qy and ||HMTY? -

My 2“ r2(q) versus At, for constant permittivity tensor and

Silver-Miiller boundary conditions.

Now we consider the case were the permittivity tensor (3) is space depen-
dent. For the numerical tests we consider

B 4 + > + 1 /a2 + 92
= m g a1 )

The exact solution for both PEC and Silver-Miiller boundary conditions is
the same as previous test. The source terms P, () and R in (40)—(42) are
changed due to dependency of the tensor to space. In this test we use the
same parameters and repeat the experiments. The results for the spatial
convergency for both PEC and Silver-Miiller boundary conditions are plotted
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FIGURE 6. ||EY — EM||12(q) versus h, for space dependent per-
mittivity tensor and PEC boundary conditions.
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FIGURE 7. ||[EM — EQJCWHIP(Q) versus h, for space dependent per-
mittivity tensor and Silver-Miiller boundary conditions.

in figures 6 and 7. As in the first example, for central flux, the order of the
error is near O(h"Y), and for upwind flux we observe higher order. The results
plotted in Figure 8 show the second order convergency in time for PEC. For
the case of Silver-Miiller boundary conditions, in Figure 9a we observe first
order convergency in time, while in Figure 9b we perceive that the second
order is recovered with the modified method presented in Remark 1.
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Appendix A.Technical lemmata

The lemmata included this section are technical tools needed to derive the
stability condition and the convergence estimates.
We consider the following trace inequalities (see e.g. [17]).

Lemma 7. Let T} be an element of T, with diameter h, and let fi be an
edge of Ty,. There exists a positive constant C independent of hy such that,
for any v € HY(T},),

/%]
lullzsy) < € Tl (el zamy + Pl Vel o)) - (43)
Moreover, if u is a polynomials of degree less than or equal to N, there
exists a positive constant Chreee independent of hy and u but dependent on

the polynomials degree N, such that
| /x|

HUHL2(fk) < Ctrace WHUHLQ(TIJ'

An exact expression for the constant Cirqee can be given as a function of the
polynomials degree, and the following inequality holds for any u € Py (Ty)

(N + (N +2) £
|u|L2<fk>s\/ SRt LI (44

Consequently, there exists a positive constant C, independent of hy and N but
depent on the shape-reqularity hy /Ty, where Ty, is the diameter of the largest
inscribed ball contained in Ty, (see (8)), such that, for any u € Py(T}),

—1/2
lull 25y < Co/IN + DN+ 2)h 2 ull 2z (45)

The next result is an inverse-type estimate ([5, 10]), where we present
explicitly the dependence of the constant on the polynomials degree.

Lemma 8. Let us consider T}, € T;, with diameter hy,. There exists a positive
constant Cy,, independent of hy, and N such that, for any v € Px(Ty),

lulltagry < Cino Ny ul| 227y (46)
where q > 0.
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Note that Cj,, depends on the shape-regularity hy/7;, where 75 is the
diameter of the largest inscribed ball contained in 7). A sharper estimate
reads 3

Vu - PN(Tk), HuHHq(Tk) S CmvNQqu_qHUHL?(Tk)-

The reader can refer to [3] or [18] for the following approximation proper-

ties.

Lemma 9. Let T}, € T, and v € HP(T}). Then there exits a constant C
depending on p and on the shape-reqularity of Ty but independent of u, hy
and N and a sequence Pyu € Pn(Ty), N = 1,2,..., such that, for any
0<g<p

hy 1
| — Pyl o) < CN];_qHuHHP(Tk)a p =0, (47)
o2 1
lu = Prullzay < O p=plivlmm), »> 3, (48)

where o = min(p, N + 1) and fy is an edge of Tj.
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