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ABSTRACT

Discontinuous Galerkin Finite Element Method (DG-FEM) has been further developed
in this dissertation. We give a complete proof of stability and error estimante for the DG-
FEM combined with Runge Kutta which is commonly used in different fields. The proved
error estimate matches those numerical results seen in technical papers. Numerical simu-
lations of metamaterials play a very important role in the design of invisibility cloak, and
sub-wavelength imaging. We propose a leap-frog discontinuous Galerkin Finite Element
Method to solve the time-dependent Maxwell’s equations in metamaterials. The stability
and error estimate are proved for this scheme. The proposed algorithm is implemented and
numerical results supporting the analysis are provided. The wave propagation simulation in
the double negative index metamaterials supplemented with perfectly matched layer(PML)
boundary is given with one discontinuous galerkin time difference method(DGTD), of which
the stability and error estimate are proved as well in this dissertation. To illustrate the effec-
tiveness of this DGTD, we present some numerical result tables which show the consistent
convergence rate and the simulation of PML in metamaterials is tested in this dissertation
as well. Also the wave propagation simulation in metamaterals by this DGTD scheme is
consistent with those seen in other papers. Several techniques have appeared for solving
the time-dependent Maxwell’s equations with periodically varying coefficients. For the first
time, I apply the discontinuous Galerkin (DG) method to this homogenization problem in
dispersive media. For simplicity, my focus is on obtaining a solution in two-dimensions
(2D) using 2D corrector equations. my numerical results show the DG method to be both
convergent and efficient. Furthermore, the solution is consistent with previous treatments

and theoretical expectations.
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Chapter 1
INTRODUCTION AND OUTLINE

1.1 INTRODUCTION

The modern theory of electromagnetism was founded in 1873 with the publication of
Maxwell’s treatise on Electricity and Magnetism. Maxwell’s equations consist of two pairs
of coupled partial differential equations relating six fields, two of which model sources of
electromagnetism. These equations are not sufficient to uniquely determine the electromag-
netic field in matter. However, additional relations, known as constitutive equations are
needed to model the way in which the fields interact with matter. There is considerable

flexibility in the constitutive equations. In general, we can distinguish three cases:

e Vacuum or free space

In free space the fields are related by the equations

~

D=eE and B=uH (1.1)

where the constants €y and pg are called, respectively, the electric permittivity and
magnetic permeability. The values of ¢y and py depend on the system of units used.

In the standard SI or MKS units
po = 4w x 107" Hm™!

€0 ~ 8.854 x 1072 Fm L.

Furthermore the speed of light in a vacuum, denoted by cg, is given by ¢y = \/17

€OMO

(co =~ 2.998 x 103ms—1).

e Inhomogeneous, isotropic materials

The most commonly occurring case in practice is that various different materials (e.g.
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copper, air, etc.) occupy the domain of the electromagnetic field. The medium is
called inhomogeneous if the material properties do not depend on the direction of the

field and the material is linear. Then we have

D=¢E and B=pH (1.2)

where € and u are positive, bounded, scalar functions of position.

e Inhomogeneous, anisotropic materials
In some materials the electric or magnetic properties of the constituent materials
depends on the direction of the field(e.g. in the macroscopic description of a finely
layered medium). In such cases € and p are 3 positive-definite matrix functions of
positive-definite matrix functions of position. Usually, the finite element method is
equally applicable to isotropic or anisotropic materials in that programs can be written
from the onset for the anisotropic case. The theoretical justification of the convergence

of the method is more difficult in these cases.

These are the classic media discussed in introductory graduate level textbooks. However,
there are more appropriate categories that can be used to classify the topics encountered in

this dissertation.

e dispersive media
In reality, the properties of most electromagnetic materials are wavelength dependent.
Such materials are generally called dispersive media, and examples include human

tissue, water, soil, snow, ice, plasma, optical fibers, and radar-absorbing materials.

e metamatrials
In recent years, double-negative (DNG) materials, in which both permittivity and
permeability are negative have become the subset of intense investigation. In this

case, the constitutive relations are given by

D=¢E+P=cE, B=uH+M =uH, (1.3)

where P and M are the induced electric and magnetic polarizations, respectively. As

2



in [21, 61], lossy Drude polarization and magnetization models are used to simulate
the DNG medium. In the frequency domain, the permittivity and permeability are
described as [61, Eq. (7)]:

) =l - ), (14)
w2,
pw) = po(l = =), (1.5)

where wye and wy, are the electric and magnetic plasma frequencies, and I'. and
I',, are the electric and magnetic damping frequencies.(we shall give a more careful

description of Maxwell’s equations in metamaterials in Chapter (3))

Finite element methods (FEM) represent a very general set of techniques to approximate
solu- tions of partial differential equations. Their main advantage lies in their ability to
handle arbitrary geometries via unstructured meshes of the domain of interest: The dis-
cretization of oblique geometric edges is natively built in. FEMs have been adopted by
engineers in the areas of structural mechanics and fuild dynamics for decades, but until
the early 1980’s, two major drawbacks prevented them from being used in electro-magnetic
problems. First, the nodal element basis used did not satisfy the physical(dis)continuity
of the vector fields components and led to spurious solutions [10]. Second, there was no
proper way to truncate unbounded regions in open wave problems. The first limitations
was overcome with the vector elements developed by Nedelec [52], while the second with the
discovery of Perfectly Matched Layers (PMLs), discovered by Berenger [9]. Since then, it
has been shown that PMLs could be described in the general framework of transformation
optics [1, 16, 56, 60].

We also consider, with the introduction of Discontinuous Galerkin finite element methods(DG-
FEM), the discontinuity problem that comes with the nodal element basis. It has been
established that DG-FEM is an overall better method for solving a partial differential equa-
tion computationally [28, 29]. The Discontinuous Galerkin (DG) method more generally
can be traced back to the paper of Reed and Hill (1973). It is important to note that it is
not a single method but rather an approach that uses approximating functions that have no
continuity constraints imposed on interelement boundaries. In recent years the DG method

3



is widely applicable for solving any types of PDEs, which explains its ever increasing pop-
ularity. It is especially advantageous for modeling extremely complex physics phenomena,
such as convection dominated flows (Cockburn, 1997; Cockburn and Shu, 1998) and wave
propagation through different materials (i.e. metamaterials), the latter being one of the
major focuses of this dissertation. The absence of continuity constraints on the interele-
ment boundaries implies that one has a great deal of flexibility to the method, at the cost of
increasing the number of degrees of freedom. This flexibility is the source of many but not
all of the advantages of the DG method over the Continuous Galerkin (CG) method, which
uses spaces of continuous piecewise polynomial functions and other less standard methods
such as nonconforming methods. One great advantage lies in the fact that one is able to
easily refine or coarsen the mesh locally or to vary the degree of the piecewise polynomials
across the mesh.

In 2008, Jan S. Hesthaven and Tim Warburton proposed an extensive introduction to
Discontinuous Galerkin Methods for the solution of partial differential equations in [29],
during which they gave a number of examples on how to implement these methods for a

variety of problems.

1.2 OUTLINE

This dissertation can be divided into four parts. In the first part, Chapter 2, we provide
a brief review of the DG method by specifically applying it to partial differential equations
written in conservation form.

Section 2.2 combines DG-FEM with a Runge Kutta algorithm for integrating in time.
The resulting RK-DG scheme is the most commonly used method for solving time-dependent
equations using DG-FEM. We conclude the second part by providing a detailed proof of
both the stability and error estimate of our RK-DG scheme.

The third part presents the use of DG-FEM to solve Maxwell’s equations in metama-
terials. After explaining the essential concepts underlying metamaterials in Section 3.1,
Section 3.2 introduces a leap-frog discontinuous Galerkin method for solving the time do-

main Maxwell’s equations in metamaterials. A complete proof of the stability and error



estimate follows, as well as numerical results supporting our analysis. In Section 3.3 an-
other DG time difference method for Maxwell’s equations in metamaterials is proposed
and similar proofs are given. The numerical results for this DGTD method utilize bound-
ary conditions known as perfectly matched layers (PML) to simulate wave propagation in
metamaterials.

The last part, Chapter 4, deals with what is known as a homogenization problem,
which involves an application of DG-FEM to Maxwell’s Equations in Dispersive Media
with periodically varying coefficients. We introduce the governing equation in dispersive
media and the general homogenization problem in Section 4.1. The fully discrete DG scheme
is given in Section 4.2, and examples are provided in Section 4.3 to support this scheme.

We conclude this dissertation in Chapter 5.



Chapter 2
DG FINITE ELEMENT METHOD

2.1 INTRODUCTION TO THE DG FINITE ELEMENT METHOD

One of the most appealing aspects of finite difference method are their simplicity; the
discretization of general problems and operators is often intuitive and can lead to very
efficient schemes. Furthermore, the explicit semidiscrete form gives flexibility in the choice of
time-stepping methods if needed. However, it is ill-suited to deal with complex geometries.

A method closely related to the finite difference method, but with added geometric
flexibility, is the finite volume method. However, the need for a high-order reconstruction
reintroduces the need for a particular grid structure and thus destroys the geometric flexibil-
ity of the finite volume method in higher dimensions. The main limitation of finite volume
methods is found in its inability to extend to higher-order accuracy on general unstructured
grids.

With the classic continuous finite element, one can have different orders of approxi-
mation in each element, thereby enabling local changes in both size and order, known as
hp-adaptivity. However, the schemes result in the introduction of computationally expensive
matrices (the globally defined mass matrix and stiffness matrix), and because the semidis-
crete scheme is implicit, the mass matrix must be inverted. For time-dependent problems,
this is a clear disadvantage compared to finite difference and finite volume methods.

An intelligent combination of the finite element and the finite volume methods, utilizing
a space of basis and test functions that mimics the finite volume method, appears to offer
many of the desired properties. This combination is exactly what leads to the discontin-
uous Galerkin finite element method (DG-FEM). In [29], there is a table (Table 2.1) that
summarized generic properties of the most widely used methods for discretizing partial dif-
ferential equations [i.e., finite difference methods(FDM), finite volume methods(FVM), and

the finite element methods(FEM), as compared with the discontinuous Galerkin finite ele-



ment methods(DG-FEM)]. A v represents success, while x indicates a short-coming in the
method. Finally, a (v') reflects that the method, with modifications, is capable of solving

such problems but remains a less natural choice.

Table 2.1: Comparison of different methods for discretizing partial differential equations

Complex | High-order accuracy | Explicit semi- | Conservation | Elliptic

geometries | and hp-adaptivity discrete form laws problems
FDM X v v v v
FVM v X v v v
FEM v v X (V) v
DG-FEM v v v v (V)

In DG-FEM, the information used to calculate the solution on each element only involves
communication with directly neighboring elements and not all elements in the mesh, unlike
classic continuous finite element methods. Each element shares flux information across the
connecting edge. This flux is continuous and can be extended to a continuous flux on the
entire domain. The great advantage of this approach is that with the proper choice of flux,
it is possible to arrive at a computationally inexpensive and easily parallelizable (i.e. local)
mass matrix. The following discussion closely parallels [29].

In order to understand the DG method, we consider the conservation laws.

du(z, t)

T—i—v-f(u(:c),w,t):(), xeNeR? (2.1)
u(zx,t) = g(x,t), x e (2.2)
u(x,0) = f(x). (2.3)

We assume that 2 can be triangulated using K elements,

K
QmQh:UDk
k=1

where DF is a straight-sided triangle and the triangulation is assumed to be geometrically
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conforming. We can approximate u(x,t) using
N,
u(w,t) ~ uh(w7t) = Gaé{:lulfz(:B?t) eVy= @leulfﬂ/}n(Dk)nil

Here v, (D) is a two-dimensional polynomial basis defined on element D* and @ denotes

adding all elements together. The local function,

Np
uh(x,t) = Y uj (e, )17 (@),
1=1

where [;(x) is the multidimensional Lagrange polynomial defined by some grid points, x;,
on the element DF.

Introducing the test function, 9, € V', we get the local conditions

/ [%zk(x) — ¥ Vik(x)]de = —/ 7 - FIF (x)de (2.4)
D ot ¢ h i oDk i :
and
o k
[ GE Y stk @e = [ (g - @ (25)

as the weak and strong form, respectively, of the nodal Discontinuous Galerkin method in

two spatial dimensions. We primarily consider the local Lax-Friedrich’s flux

P = SO0 Co

where (a,b) are the interior and exterior solution value, respectively and C' is the local

maximum of the directional flux Jacobian; that is,

. O0ft . 0fs
"oy T Mgy

ou

C= MaTycla,b )

where f = (f1, f2).

We define the following matrices:



o Mass matrix:

MF, = / ¥ (x)¥(x)dx = J’“/ Li(r)(r)dr, (2.6)
D I
where J* is the transformation Jacobian;

e Differentiation matrix D,.:

dl;

Dy i) = d—ﬂ [ris
where r € I is the reference variable;
e Stiffness matrices:
S, =M7'D,, S,=M"'D,; (2.7)

e Edge-mass matrices:

k,e k
M2 = / [ ()1F (x)dx.
edge

The two Maxwell’s equations relevant are Ampere’s law and Faraday’s law:

EO%ZVXH, in Qx(0,7),
,uoaa—Ij:—VxE, in Qx(0,7),. (2.8)

We can express Maxwell’s equations in conservation form:

oq B
Qa +V-F(q) =S, (2.9)

where S = [SE ,SH | represents body forces and the material matrix, Q(x), the state

vector, g, and the flux, F(q) = [Fl(q),Fg(q),Fg(q)]T, are

e (x) 0 E —e; x H
Q(z) = ,q = Fi(g) =

Here e; signifies the three Cartesian unit vectors.

Before we go any further, we will show how equation(2.9) is equivalent to equations(2.8) in



the case that S = 0. Note that

i ]k
eexH=| 1 0 0 :—Hzf+HyE.
H, H, H,

Similarly, we can show that
exx H=H_,i— H,k, e3x H=H,i—H,j.

Hence the first component of V - F' equals to

0Fy 0F, OF
1 o OF

Ox oy 0z

0 0 0
—%(ele)—i—a—y(eQXH)—i-%(eng)
—E(H i—H E)+3(—H i+ H E)+£(H i— H,j)
= or zJ y By z x 92 y xJ
_OH, OH,- 0H, O0H, - OH, OHy »
_(82 ay)z+(8x 0z )j+(8y 81:)k
=V x H.

In the same fashion, we can prove that the second component of V - F' equals to —V x E.
Therefore, we can conclude that (2.9) is equivalent to (2.8), with Q(x) = diag(eo, j10), and
no body forces.

To derive the DG-FEM scheme, we assume that {2 is decomposed into tetrahedral mesh
elements Tj, i.e. Q= (\cq, K. According to (2.5),the DG scheme of (2.9) should satisfy

element-wise the strong form

/ QU v 1y~ Sow)de = [ wwn-(Fy— Fide, (2.10)
K oK

here ¢ and v are test functions while 1 is an outward normal vector, F'; is a numerical flux
and the DG solution g, on each element K is represented as

N
qn(x,t) = Z(J(‘Djat)Lj(a’) = > qi(t)L;(z).

j=0

1M
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While there are many possibilities for the numerical flux, F7, the linearity of the problem
suggests that unwinding is a natural choice. To understand the form of this, it is helpful to

recall that

. —’fLXHh
n-Fh:
ﬁXEh

Then the explicit form of the upwinded penalizing boundary term is

where

|Eh] = B — Ey, [Hy| = Hy — Hy,

measures the jump across an interface, and

[+
+ _ +_ M
Z==1/Y* = ==

Z=Zt4+Z",Y=Yt4+Y".

7

Here, superscript “+” refers to field values from the neighbor element while superscript “—
refers to field values inside the element. Now we get the nodal DG semi-discrete scheme of

(2.10) with the following element-wise expressions for the electric field components

N .
. dE; E Z[H)] — 7y x |E]
;(MUW—SM x Hj — M;;S; ) —zl:Fu (nz X 7 , (2.11)

and magnetic field components

N ; H.— E
dH ; H . ny x [Hy) — Y, "[E]
E M!—2L +8,i x E; — M ;S >— E F; (n X l - (212
.7:(]< Y dt ’ ’ I l l l )/l—‘r }/l_ ( )

Here we have mass matrices

M = [ Li@)e(e)L, (@),

11



M%:/I(Li(m)u(m)lzj(w)dw,

and the face mass matrix

Fij = % LZ(JZ)L] (CC)dS
oK
Expressing Eqgs.(2.11) and (2.12) in semi-discrete explicit form yields

dEh . Z+[Hh] —n X [Eh]

SEh _ (MOYIS x Hy + (M) 'MSE + (M9 TF(7

= (MO < ()M (G T

Rl g V[ E, + (M"Y 'MSH — (M F .

it = O B (v MSH - G T o
(2.13)

So far we have been only talking about the spatial dimension, and notice that (2.13) is in

the form of ordinary differential equations

Therefore, we can just use some standard time discretization technique to arrive at the fully

time-dependent solutions. We will discuss the Runge-Kutta method in the next section.

2.2 DG FINITE ELEMENT METHOD COMBINED WITH RUNGE
KUTTA FOR MAXWELL’S EQUATIONS

In this section, we shall show how to treat the temporal aspect as solving PDEs. First
we consider the explicit Runge-Kutta(RK) methods for integration in the time dimension.

Since (2.13) is in the form of the ordinary differential equations

duh

— =1L t
i n(up,t),
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we can use the standard fourth-order explicit RK method

= L(up)

ufb”z = Lp(up + %Atuﬁ’l),
uZ’s = Ly (up, + %Atuﬁ’%,
upt = L (ufy + %Atu’;’l),

1
uZH =up + EAt[uZ’l + QUZ’Q + 2u2’3 + uZ’4].

n+1

to advance one time step At from u} to uy

Now we will give the proofs of stability and error estimate for the fully discrete Runge

Kutta Discontinuous Galerkin method for Maxwell’s equations

2.2.1 THE STABILITY OF FULLY RK DISCRETIZATION OF DG
SCHEME

Recall that the Maxwell’s equations are

6088—15 =V xH, in Qx(0,7T), (2.14)
“Oaa—i[ =-VxE, in Qx(0,T). (2.15)

For simplicity, we assume that €2 is a bounded polyhedral domain of R*® (note that our
analysis holds true for R? also) and the system (2.14)—(2.15) is supplemented with the

metallic boundary condition (referring to a perfectly conducting surface)

nxE=0 on 0I,,

and initial conditions

E(x,0) = Eo(x), H(x,0)= Hy(x), (2.16)

where n denotes the unit outward normal to 02, and Eg, H( are some given functions.

We assume that the domain 2 is partitioned into disjoint tetrahedral elements 7; such

13



that Q = (; Ti- For each internal face a;, = T;() T}, we denote n;; the unitary normal,
oriented from T; towards Ty. We denote by v; the set of indices of the neighboring elements
of the T;, and F}, the union of faces.

Furthermore, square brackets are used to signify the jump terms

[Ei| = Ef —E;

K3 7

[H;]=H - H},

where superscripts “ + 7 and “ — 7 refer to field values from the neighbor element and the
local element, respectively.

We introduce the discontinuous finite element space:

Vi ={v, € L) w|T; € (PL(T}))?,  for VT, € Q}. (2.17)

i.e. the basis function of discontinuous polynomial of degree k over each element.
To define a fully discrete scheme,we divide the time interval [0,7] into M uniform subin-
tervals by points 0 =ty < t1 < ... < tyy = T, where t;, = kAt and At is the time step size.
Moreover, we define E} = E(-,t,) as the approximate field on element 7T}, and E}, as the
global approximate field, i.e. Ey 1, = E;.

With the above preparation, now we can construct the semi-discrete Discontinuous
Galerkin scheme. One seeks the semi-discrete solution U}, = (Hy, E) € C*([0,T], V%) as

a solution of the following weak formulation, V(up,vy) € V,%, vt € [0,T]:

/T. Goaalfi s Uq / V x H S U+ Z/ Uj - nlk X ([Hz] — Ny X [Ez]) (2.18)

key; ¥ Yik

/Tiﬂoagi,vi /VXE UZ_Z/ n,kx (0, x [H;] + [E)]) (2.19)

kev;
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Letting up, = Ep, and v, = Hj,, we get

[l + [ g == 5 3 [ tacx (B - (BD) 220)
fEFh
— = Z / nsz (nlkx[HZ])
szFh

Since 4||U[|? < 0, it follows that (2.18) to (2.19) is a well-posed problem in the continuous

time.

On elements Tj, the numerical solution can be written as

Zuh xi, t)l;( Zuz li(x), xe€Tg (2.21)

where [;(x) is the multivariate Lagrange interpolation polynomial of degree n. The local

mass, stiffness and face-based mass matrices are given respectively by

Mij = (li(®),lj(®))1,,  Sij = (li(x), Vij(®))1,, Fij = (li(x),l;(x))or, (2.22)
Letting uy = [u1,ug, - ,un,], we realize that
MuN‘uN:/ Zuh x;)li( Zuh x;)l;i( daz—HuhHTk, (2.23)
Tr =1

which leads the semi-discrete Discontinuous Galerkin scheme:

dE _ 1.
€0 dtN =M"'S x Hy + M 'F(n x ((Hi] —n x [Ei]))lor,
dH _ 1
1o dtN =—M 15 X HN — §M lF(n X (Il X [Hz] + [Ez]))’(?Tk (224)
where
Ey =|E1,Es,--- ,En))', Hy=[Hi,H,-- ,Hy,)". (2.25)

Here, E; = Ey(x;) and H;, = Hp,(x;).
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We can recover the local energy
1B, = / ZEh z)li th 2)li(@)dz = MEy - Ex
Tk j=1

Tk =1

|Ew|I3, + | HAlls, =MEx - Ex + MHy - Hy (2.26)

We need to prove the following theorem.

Theorem 2.2.1. Under the CFL condition

At
€O

< Cyh, (2.27)

£

where Cg > 0 is the constant depending on the s-order RK discretization and the constant

from the inverse inequality
P - 1
|u’0,8T < Cim)hTZ ||u||07 |u|1,T < sz,h% HuHO,Ta Vu € Vh7 (228)
the RK discretization of the DG scheme (2.18)-(2.19) (or (2.24)) is stable,
2 2
o 1B+ o |13 < eo| BRI + o | HER .

Before we prove the stability, we need some preparation.

We will consider the normalized system of equations form of (2.14)-(2.15)

86_];3 =VxH, in Qx(0,7), (2.29)
aa_If =_-VxE, in Qx(0,T), (2.30)

where the dimensionless variables are defined as

E = (Zo)_lfo. (2.31)

Here, Hy is a unit magnetic filed strength, Z; is the vacuum impedance, ¢y is the speed of
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light, and L is some reference length, on the scale of the phenomena if interest.

We again apply the semidiscrete DG scheme of (2.18) and (2.19),

/ V% H; - ui + Z/ wi- o (H =~ mg < [B) (232

T;

kev;
oH, CU = / VX E;- v — Z/ Vi nzk X (g X [H ] + [E ]) (2.33)
T ot key,; ¥ Yik

In matrix form, the semidiscrete DG scheme is analogous to (2.24),

E 1
dd—tN =M7'S x Hy + §M_1F(n x ([Hi] = n x [Ey]))|or,
H 1
dd—tN =—M'SxEyN-— §M‘1F(n x (n x [H;] + [Ei]))|or, (2.34)

Letting Uy = (En, H §), we can write the semidiscrete DG scheme as

=N LyUy. (2.35)

Furthermore, we define

U NI[? = || Exl|® + || Hp|?
and

1
R(LNUN,UN) =SxHpy- -En+ §F(n X ([Hz] —n X [ElD)|8Tk -EyN

_SxEy-Hy— 1F(n « (0 x [H,) + [B])lor, - Hy

/VxHh Eh+ZZ/ E;- nzkx([Hi]*nikX[Ei])

T; kev;
- [vx B Hh—ZZ/ Hi - i % (g x [HU] 4 [EJ)
T; kev;
1
3 20 [ By S [ P
szF} fi€Fy fi

17



Thus

‘R(LNUN,UN Z/ \nzk >< ‘2 Z/ |nzk X i | (2.36)

The following two lemmas are needed to prove the Theorem 2.2.1.

Lemma 2.2.1. Given that ), ., fak wi -y, X [Hi] #0 and 3, faik w; -y X [E;] # 0 for any
u; € Vi, we obtain

C
R(LNUN,Un)| > EIIUNH2 (2.37)
where h = maxr, h;.

Proof. Since all norms are equivalent in the finite dimensional, the following must hold

on the reference element T, for any ¥; € V,, where ||fi x il| 97 # O
|0 Bl |7 = Cl0il| 7, (2.38)

where C is a positive constant. Letting F' : T — T;

-
| Jme®) xmepPEas=c [ v
oT ds; T

1 1

2 2
/M_r P [ (2.30)

where h; is the side for 2D and the area for 3D, while A; is the area for 2D and the volume

for 3D. Making the approximation that h ~ hi (2.39) becomes

e x vl B, > el
(2

for any v; € Vyp,.

Therefore

c
| o< BP+ [ pox (ELIP = (UEE, + B,
8T¢ 8TZ (2
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Adding all elements together for (2.36), we get
c 2
[RILNUN, Un)| 2 S |IUN (2.40)

which concludes the proof. O

Lemma 2.2.2. Given that

IENUNIP =M(M'S x Hy + 3 Fin x (IH] -0 % [B])lor, )
(M8 x Hy + s M Fln x ((Hi] < [B)]or,)
FM(-M'S x By — S F(n % (n x [H{] + [B)) o, )
(~M7'5 x By — s M~ F(n x (n < [Hi] + [E)lor, ).

it follows that

Ch
ILNUN||? < ﬁHUhHQ’ (2.41)
where C), is a constant.

Proof. We have

|ENUNI? = (5 % Hiy + 3 F(n x ((H] ~n % [E)]or,)
(M7 x Hiy + SM 7 Fln x ([H] — 0 x [Bi])lor,)
+(=8 % By — 3F(n x (0 x [Hi] + [B]))lor, )
(~M7'S x By — S M7 F(n x (nx [Hi] + [E)lon,)

=S % Hy M~ x Hy + SF(n x ([~ 0 x [Bi))lor, - M~'S x Hy
8% Hy - M Fln x ([Hi) — n x [B)or,
2B (]~ 0 (B or, - M~ Fln < (H] 0 x [B)]or,
£8 % By - M7'S x By + g F(n x (0 x [H] + [B)lor, - M7'S x Ex
+8 % By JM 7 F(n x (nx [Hi] + [B])or,

T %F(n x (0 x [Hj] + [E]))|or, - M~ F(n x (n x [Hy] + [Ei]))|oz, (2.42)
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Based on (2.22), we can arrive at a simple inequality:

|%F(n % ([H = n % [E)|or, - M~ x Hyl (2.43)
<L F o ()~ B o, |+ 0101 x H|

_45232/ ng x ([Hi) = ng, x [B]) -1 (@)

T; j=1 key; " %k

+5CZZ|/V>< ()

T, j=1
1

<oz (I1HA[* + [|Enl) (2.44)

Similarly,

S % Hy %M‘lF(n x ([H) ~ % [B) o,

_4522|/w 1 L@

T; 7=1

+5czz|z/ m x ([HL] — g x (B2 1)

T; j=1 kev;

Cy
<og (1HA| + (1 Bll?) (2.45)
and

IiF(n x ([Hi] =0 x [Ei])|or, - M™'F(n x ([H] — n x [E)))lor,|

oYY l/ na x (IH — ng, x [B)) -1y (@)

T j=1kew; %k
03

< o3 (1 HW|[* + [|Ex|[*). (2.46)

Thus,

HLNUNH2 /VXH;L VXHh—i-/VXEh VXEh—i- (HHth—i-HEhH)

ﬁ(HEhHQ"’HHhH ) = 7 U] (2.47)
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d
Now we can prove the Theorem 2.2.1:

Proof. From Lemma 2.2.1 and 2.2.2,

h? h
—LNUN|P? < [[UN|]? < Z|IR(LNUN,Up)|.
& C
Then we obtain
|R(LNU N,U )|
h<C, 2.4
=T Lau P (249

According to Theorem 3.1, Theorem 3.2 and 3.3 in [42], the s-order RK discretization of

the DG scheme, (2.35) , is strongly stable, provided At satisfies for the appropriate Cs,

| B(Lu, u)|

At < 05777 n:= 7’anu||=1 HLUH2

(2.49)

From (2.48), we can get the CFL condition
At < Cyh.

According to (2.31), the s-order RK discretization of the DG scheme, (2.18) to (2.19) , is

also strongly stable, provided At satisfies the CFL condition

< Cyh. (2.50)

2.2.2 ERROR ESTIMATE

Here we give the error estimate of a fully discrete RK4 DG scheme. The error estimate
of any other orders can be developed in the same way.
Consider

up = F(u), (2.51)

subject to the given initial value

u(0) = u®. (2.52)
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The RK4 approximation of (2.51) is :

u™? = F(u™ + 1/2Atu™1),
u™d = F(u" + 1/2Atu”’2),
ut = F(u™ + 1/2Atu™1),

um ="+ 1/6At[u"’1 + 2u™? + 2u™3 + u”’4].

We will apply the above RK4 scheme to Maxwell’s equations for the case of linear, constant-

coefficients. Recalling the semidiscrete problem, as in (2.24), these equations are

dE — 7\1 F — 1 E 01
dH — FI 1 1 mn 1 (?’lk

This system is in the form

oU y
—— =LyUy. 2.54
Uy LU (254
Applying RK4 to (2.54) gives
n+1 n T n 1 T2 n 1 T3 n 1 T4 rn
Uy =Ux+LnUy+ §LN N+ ELN Nt ﬂLN N (2.55)

where EN = AtLN.

In the previous section , we have proved (2.55) is stable under the CFL condition,
2 2 2 2
B35 + I H5 5 < || Eally + [ HA]l -

Before we can prove the optimal error estimate, we need another two lemmas.

Lemma 2.2.3. Under the CFL condition -2 < Ch,

Jeomn =
(col [ B}; — En(ta)lI” + ol [H}, — H(t2)[1*)7 < C(A)!|(H, B)||os(0.7),12(2) (2.56)
Proof. Define wy (tn) = [up (@1, ty), un(@2,tn), -, up(@n,, tn)]" for any uy € Vi,
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~n+l =n+l —n+l
Introduce Uy = = (EX[ ,Hx, ) as

~ nt1 ~ 1~ 1~ 1~
Uy =Upn(ty) +LyUpn(tn) + §L?VUN(tn) + EL“;’VUN(tn) + ﬂL?VUN(tn) (2.57)

By a Taylor expansion, we get:

_ 1~ 1~
Un(tn+1) =Un(tn) + LNUN(tn) + §L?VUN(tn) + EL%UN(%)

1~ (At)° 0°U,y,
+ ﬂL?VUN(tn) + 5o (2.58)
Subtracting (2.58) from (2.57), we find
~n+1 At 5 85Uh
Uy —Un(tny1) = —% ETa (2.59)

Squaring both sides and using (2.23) gives

~n+1 55
WUp = Un(tp)ll < CAt5||@Uh||

~n+1 —~n+1 1
(1Ey = En(tas)|> + |H, = Hitor)|?)7 < CAL||(H, E)||cso1),12(0))  (2-60)

Subtracting (2.57) from (2.55), we have

~ 1~
Uy = Un(tar1) = Uf = Un(ta) + Ly (UK = Un(tn)) + S LN (UK = Un(tn))

1y 1~y o
+ EL?V< N —Un(tn)) + ﬂLélv( N—Un(tn)+ Uy —Un(tny1) (2.61)

Now Let £ = Ef, — Ey(tn), np = Hp — Hy(tn), and ¢ = (§1,m5). Then { = ER —
En(tn), ny = Hy — Hn(tn), and <3 = (§R, 78 ), so that (2.61) becomes

n+1 n T n 1~2 n 1~3 n L =4 n rrtl

SN :§N+LN§N+§LN§N+—LN§N+—LN§N+UN —UN(tn+1). (2.62)

6 24

This is similar to (2.55). Along with the stability of (2.55), squaring both sides of the above
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equations and using(2.23) gives

1€ 12+ llmg 1% < TIghll* + gl
=n+l —~—n+l1
+HIE, — En(tan)|I? + ||H), — Hp(tws)|?

i1 - 1~ 1~ 1~
+ MUy —Ux(tns1)) - (sh + Lnsk + 5 LS + G LS + 57 LiveR). (2.63)

Multiplying (2.59) by any ¢p, € V}, and integrating over )y, we arrive at

ME — Un(tnsn)) - by = /ﬂ @~ Unltas)) - én

/_(At)585Uh (At)° °U,
Jo B! oth 5! Oth

on <

[ [ nl],

so that if one defines:

Wi (6n) = MUy = Un(tny)) - x5 = /Q U~ Unltosr) - o,

and
o)l < 120 g,
then
[[7 (o)l < CALY||(H, E)lles(o,7),2(52) (2.64)
where ||| - ||| denotes a linear norm if one considers the linear form on L?(2).

Therefore, we can write (2.63) as

1
HETHIZ + 12 < IR + R
~n+1 —~—n+1
+ 1B, = Ep(tn)|P + [ H,  — Hy(tp)|

- 1~ 1~ 1~
+ (N + Lvsy + §L?V<}\‘f + ELﬁ)’Vc}\‘f + 2—4L‘}V§}b).

Using (2.64) and (2.60), we finally obtain

IERHIZ + N 12 < TIERI1? + [InRII* + C(AL)P||(H, B)llcs 0,1 12(@) (2.65)
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Adding from n = 0 to n — 1, we obtain the result in Lemma 2.2.3. O

Lemma 2.2.4. Let P, denote the standard L?-projection onto Vy or V%, which is the
subspace of Vy, with the boundary condition n x E = 0 imposed. It is known that the

projection error estimate

min{s,k}+1

lu = Prullgr < Chyp lellsra s (2.66)

holds true for any element T,and w € H*YY(T). Let (Ey, H}) be the weak solution of (2.18)-
(2.19), and (E, H) be the solution of (2.14)-(2.15). Then

(eol|PhE — Ep|[> + po| [P H — Hy|[)% < CR™ ™SR [(H, E)|| o017, 1041 0))- (2.67)

Proof. Multiply (2.14) by up € Vy, (2.15) by v, € V3, and integrate them over 7;.
y y Yy g

Adding all elements together gives

/ifoa_E.ui = /VXH uﬂrZ/ U; - nlkx ([H] — ng, x [E])  (2.68)

ot key; ¥ Yik

/TiMOaH /VXE v — Z/ —nzkx (njx x [H] + [E]) (2.69)

ot
kev;

Let &, = P,E — Ej, and 0, = PoH — Hy,. Then from(2.18)-(2.19) and (2.68)-(2.69),

ol ) — (Vi un) = Y0 3 / s+ g x (] — mag  [6)

T; kev;

=€0<§(PhE — E),uh) — (V X (PhH — H),uh)

5 / " - nzkx ((PH — H)] — ny x [(P,E — E)))

T; kev;
Ko (aa Uha”h) (v X ghavh + Z Z/ (%A nzk’ X (nzk X [771] [61])
T; kev;” %k
~o( o (PyH — H) w7 % (5= 50
+ZZ/ v; - nlk x (ng x [(P,H — H)| + [(P,E — E))). (2.70)
T; key,; ” %ik
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Further Letting up, = &, and v, = 1y,

0 0
50(_§ha€h) +N0(8_77h777h)

= — Z/ S X 52 n;g X gz Z/ 53k X 7]1 nlkx[m]

Ji€Fp fi€Fp
0
+ 60(8—(PhE - E) &) — (V x (P,H — H),&p)
—ZZ/ & - nlk x ([(P,H — H)] — n, x [(P,E — E)])
T, kev;
0
+ o5, (P H — H) )+ (Vx (P,E — E),np)
+> Z/ 7 - nzk x (g x [(P,H — H)] + [(P,E — E)))
T, k€v;
0
<ol (PiE — E), sh> (V x (PH — H),&)
= Z/ & - nlk x ([(P,H — H)] — n, x [(P,E — E)])
T, ke€v;
0
+ po( g (Bl — H) i) + (V x (B E — E), mp)
1
£ 0N [ e g < (P~ )+ (P8 - )
T; kev;
6
= ZEY’Y’Z'. (2.71)
=1
We see that Erry =0, Erry = 0, Erry = 0 and Errs = 0 by the property of L? projections.
Hence,
C’inv
Errs < — =&l - (IPH — H|| + || Ph E — EJ)). (2.72)
Similarly,
C’LTL’U
Errg < nnll - ([PnH — H|[ + || P, E — E]) (2.73)
and so,

CZ’N/U

0 0
€0 &ns €n) + Ho( 51, Mm) < (Enll + llnull) - ([P E — E|| + || Py H — HJ|). (2.74)
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Since

t 0 0
€0(&ns&n) + 1o(Mn, Mn) —/0 (Go(gfh@h)+Mo(£nh,nh))d8+fo(§2,§2)+M0(7727772)7 (2.75)

we must have that

€0(&n> &) + 10 (mm,mn) — (€0(€0, 1) + po(np. m3))

< [ Ll + )+ 2B E - B B - HP). @

Finally, let A = maxo 7)(|[§n(8)]]* + [[nn(8)][)-
Since A is well defined due to the regularity hypotheses on the solution (H, E) and (H, Ey,),
it follows that

1

€0(Ens En) + 10(mm, 1) < TCH W™ M| (H, E)|[Zo (019, m5+1(0y) + TAss

which concludes the proof. [

Theorem 2.2.2. Under the assumption that the time step At satisfies a CFL condition, we have

the following error estimate

max(|[E" — Ejllo + [[H" — Hj|lo
1<n

<C((At)* + Th™™ S ([(H, B)||es(jo,7),02(0)) + [|[(H, E)||coo.r),m5+10)))

where k is the degree of the basis function in the finite element space (2.17)

Proof. From Lemma(2.2.3), Lemma(2.2.4) and(2.66), using the triangle inequality, we
can get the above error estimate. O

For the numerical results to support the error estimate, we can refer to [29, 44].
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Chapter 3
DG METHODS FOR MAXWELL’S EQUATIONS IN
METAMATERIALS

3.1 INTRODUCTION OF METAMATERIALS

A metamaterial refers to any material that gains its properties from its structure rather
than from its composition. (They are often associated with electromagnetic materials whose
refractive index is negative). The quantitative statement of refraction is embodied in Snell’s
law, which relates the exit angle of a light ray, 65, as measured with respect to a line drawn
perpendicular to the interface of the material, to the ray’s angle of incidence, 61, by the
formula

sin(f;) = nsin(62)

Here, n is the ratio of the exit medium’s refractive index to the that of the entrance material.
The refractive index therefore determines the amount by which the beam is deflected. If the
index is positive, the exiting beam is deflected to the opposite side of the surface normal,
whereas if the index is negative, the exiting beam is deflected to the same side of the normal.
Fig.3.1

Maxwell’s equations determine how electromagnetic waves propagate within a medium,
and in special cases, can be reduced to a wave equation of the form,

O?E(x,t) O?E(x,t)
arz M e

where € is the ratio of the electric permitivity in the material to its free space value and
1 is the ratio of the magnetic permeability in the material to its free space value. Indeed,
solutions of the wave equation have the form expli(kz — wt)] where &k = nw and n =
Vep is another way to express the refractive index. Propagating solutions exist in the

material whether € and p are both positive or are both negative. We need to be careful
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incident ray

vrdinary
refraction

negutive
refraction

R R R

Figure 3.1: Negative refraction index. The direction of the light ray is mirror-imaged
about the normal to the surface when the refraction index is negative (From:Metallurgy for
skullsinthestars.com)

in taking the square root, as € and u are analytic functions that are generally complex
valued. There is an ambiguity in the sign of the square root that can be resolved by a
proper analysis. Since € and p are both negative, we need to obey the left-handed law.
When we take the square root, we need to add a negative sign in the front of n. Hence,
n = —,/eu for left handed metamaterials. The critical requirement is that mathematically
the square root of product of € and p must take the negative sign in the left handed materials.
In negative index metamaterials (NIM), both permittivity and permeability are negative
resulting in a negative index of refraction. Because of these double negative parameters,
some materials are classified as Double Negative Metamaterials or double negative materials
(DNG). Other terminologies for NIMs are “left-handed media”, “media with a negative
refractive index”, and “backward-wave media”. In optical materials (i,e materials that
are transparent to electro-magnetic waves), if both permittivity e and permeability p are
positive, wave propagation in the forward direction results. If both € and p are negative,
a backward wave is produced. If ¢ and u have different polarities, then there is no wave
propagation permitted.
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Left-handed materials were first described theoretically by Victor Veselago in 1967.John
Pendry was the first to theorize a practical way to make a left-handed metamaterial.
Pendry’s initial idea was that metallic wires aligned along the direction of propagation
could provide a metamaterial with negative permittivity (¢ < 0). Note however that natu-
ral materials (such as ferroelectrics) were already known to exist with negative permittivity;
the challenge was to construct a material which also showed negative permeability (u < 0).
In 1999 Pendry demonstrated that a split ring resonator (SRR) with its axis placed along
the direction of wave propagation could provide a negative permeability. The SRR consists
of a planar set of concentric rings, each ring with a gap. Because the SRR is planar, it is
easily fabricated by lithographic methods at scales appropriate for low frequencies to opti-
cal frequencies. Fig.3.2. In the same paper, he showed that a periodic array of wires and
ring could give rise to a negative refractive index. A related negative-permeability particle,
which was also proposed by Pendry, is the Swiss roll. The Swiss roll was claimed to be the

most suited to MRI applications, Fig.3.3.

[ &

Figure 3.2: Structure of square split ring resonator from ’Metamaterial-based Compact
Multilayer Filter with Skew-symmetric Feeds’ on microwavejournal.com

The SRR, shown in Fig.3.2, is made of two concentric rings separated by a gap, both

having splits at opposite sides. The geometrical parameters, such as the split gap width,
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gap distance, metal width and radius are respectively represented by d, t, w and r. The
subscripts i and o denote the inner and outer rings. Besides the electric and magnetic cou-
pling, the incident field also induces the magnetoelectric coupling. The SRR not only has
an electric resonance, but also a magnetic resonance. Moreover, the magnetic resonance
frequency is lower than the electric resonance frequency. Using the magnetic resonance of

the SRR in the filter design, a significant size reduction can be obtained.

Figure 3.3: Structure of swissroll (from http://www.sciencemag.org)

In 2000, Smith et. al. successfully introduced a composite structure based on SRRs,
which was shown to have a frequency band over which € and p were both negative. The
negative p occurred at frequencies above the resonant frequency of SRR structure. The
negative ¢ was introduced by interleaving the SRR lattice with a lattice of conducting
wires. Fig.3.4

Metamaterials applications in various fields such as design of invisibility cloak, sub-
wavelength imaging, antenna and radar technology Figs.3.5-3.8.

Due to many potential interesting applications in various fields such as design of invis-
ibility cloak, sub-wavelength imaging, antenna and radar technology, the study of meta-
materials has attracted a great attention of scientists and engineers since 2000. Numerical
simulation plays a very important role in the study of metamaterial and its applications due
to its cost effectiveness compared to the physical experiments. However, simulations are
mostly restricted to either the classic finite-difference time-domain (FDTD) method [27] or
commercial packages such as COMSOL Multiphysics Finite Element Analysis Software. It
is known that the FDTD method has a big disadvantage for solving problems with complex

31



Figure 3.4: A split ring etched into a copper circuit board combined with copper wires leads
to a material with negative u and negative e. From: http://en.wikipedia.org

geometries.Hence it would be quite interesting and useful to develop efficient and robust
finite element methods for modeling metamaterials.

The discontinuous Galerkin (DG) method, originally introduced by Reed and Hill back
in 1973, has become one of the most popular methods used for solving various differential
equations (e.g., [2, 4, 19, 22, 32, 33, 36, 41, 50, 53, 63]). The DG method has a great flexibility
in mesh construction by allowing conforming or non-conforming meshes and using different
orders of basis functions in different elements.In the past decade, there has been a growing
interest in developing DG methods for solving Maxwell’s equations in free space [13, 20, 23,
24, 26, 28, 31, 51]. Very recently, there were some DG investigations [35, 45, 49, 58] carried
out for Maxwell’s equations in dispersive media, whose permittivity depends on the wave
frequency. However, to our best knowledge, the study of DG methods for solving Maxwell’s

equations in metamaterials is quite limited.
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Figure 3.5: invisibility cloak (From:Metallurgy for Dummies.com /futuristic-materials)

3.2 LEAP-FROG DISCONTINUOUS GALERKIN METHOD FOR
THE TIME DOMAIN MAXWELL’S EQUATIONS IN
METAMATERIALS

This section is mainly based on our published work [47].! It continues our recent initial
effort [44] on developing DG methods for solving Maxwell’s equations in metamaterials.
In [44], we extended the DG method developed by Hesthaven and Warburton [28, 29] for
Maxwell’s equations in free space to metamaterials. Preliminary numerical results were
performed and good convergence rates were observed, but detailed theoretical analysis was
not carried out. Here we extend the framework of [28, 29] to develop a leap-frog type
DG method for solving the time-domain Maxwell’s equations in metamaterials and provide
detailed stability results and error estimates for the scheme. Numerical results consistent
with the theoretical analysis are also presented.

The governing equations for modeling wave propagation in metamaterials described by

'Reprinted from Computer Methods in Applied Mechanics and Engineering, 223-224(0), J. Li and J.
Waters and E. A. Machorro, An implicit leap-frog discontinuous Galerkin method for the time-domain
Maxwell’s equations in metamaterials, 43-54, Copyright (2012), with permission from Elsevier.
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Figure 3.6: Light rays could in theory be bent around an object inside the cloak, making it
seem invisible. From: livescience.com

the Drude model has been derived in our earlier work [48]:

eoaa—f =VxH-J, in Qx(0,7T), (3.1)
uo%—? =-VxE-K, in Qx(0,7T), (3.2)
oJ 2 .

wn +Ted = ew, . E, in Qx(0,7T), (3.3)
aa—It{ + T K = powy,, H, in Qx(0,7T), (3.4)

where E(x,t) and H(x,t) are the electric and magnetic fields, J(x,t) and K (x,t) are the
induced electric and magnetic currents, €y and pg are the permittivity and permeability
in free space, respectively, wp. and wy,, are the electric and magnetic plasma frequencies,
respectively, and I'e and I';,, are the electric and magnetic damping frequencies, respectively.
For simplicity, we assume that  is a bounded polyhedral domain of R® (note that our

analysis below holds true for R? also), and the system (3.1)-(3.4) is supplemented with
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Figure 3.7: This Z antenna tested at the National Institute of Standards and Technology is
smaller than a standard antenna with comparable properties. Its high efficiency is derived
from the ”Z element” inside the square that acts as a metamaterial, greatly boosting the
signal sent over the air. The square is 30 millimeters on a side.(From:mextbigfuture.com)

metallic boundary conditions (i.e. a perfectly conducting surface), in which

nx E=0 on dQ,, (3.5)

and initial conditions

E(x,0) = Eo(x), H(x,0)=Hy(z),J(x,0) =Jo(x), K(x,0)=Ko(x), (3.6)

where n denotes the unit outward normal to 0f2, and Eg, Hy, Jo, Ko are some given func-

tions.

3.2.1 NOTATION AND THE DG SCHEME

We assume that the bounded Lipschitz polyhedral domain €2 is partitioned into disjoint
tetrahedral elements 7T} such that Q = U,;T};. For each internal face a;;, = T () Tk, we denote
n;; the unit normal, oriented from 7; towards 7). We denote h the maximum mesh size,
v; the set of indices of the neighboring elements of the T}, Fi™ the union of internal faces,

and 9Q™ the set of metallic boundaries.
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Figure 3.8: LG Chocolate BL40, the first cellphone to use a metamaterial antenna.
(From:nextbigfuture.com)

Furthermore, we denote the jump terms by

[E;|=E!-E;, [H]=H/-H;

3 17 1

7

where superscripts “+ 7 and “ — "7 refer to field values from the neighbor element and the
local element itself, respectively.

We introduce the discontinuous finite element space:
Vi, = {v, € L*(Q0)?: wulr, € (PR(T}))? for any T; € Q}, (3.7)

i.e., the basis function is a discontinuous polynomial of degree k over each element.

To define a fully discrete scheme, we divide the time interval (0,7") into M uniform
subintervals by points 0 = tg < t; < --- < tpy = T, where t;x = k7 and 7 is the time step
size. Moreover, we define E}' = E(-,t,) as the approximate field on element T;, and E},
as the global approximate field, i.e., Ep|r; = E;. Similar notation holds for other fields
Hy, J;, and K. Below we also use the average notation

1 1 3
B/ = (B B2, B = (HT 4 H]T2

i i

With the above preparation, now we can construct our leap-frog DG method. Multiply-

ing (3.1)-(3.4) by test functions u;,v;,¢;,1,; respectively, integrating the resultants over each
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element 7T;, and choosing the upwind flux for the first two equations, we obtain the following

1 1
leap-frog DG scheme: given initial approximations E?, K?, H? J?, forn=0,1,---, find

2

43 43
E?H,K?H,H? 2,J:~L 2 € Vy, such that

E!"' —E} il nt 1
GO———-u; = wi-VxH, *— [ J *- u
T T T, T;

1 n+i nal
+Z/ wi g ((H2] —ng x (B9 (38)
(275

kev;
3 1
H'™: g™
/Mo ey = —/vi-VXE?H—/K?H-vi
1 1
B / v ong % (nge x [HI] 4 [B711), (3.9)
kev, Ak

3 1 3 1
n+3 n+s n+3 n+z
1 J, *=J; e J, *4+Jd; 0
2 bt — 2
€0Wpe JTy T €0Wpe JT,

1 K"t Kgn T Kt Kn +1
pow? /T Z T S Nown; /T Z 2 v s /T H? 2y (3.11)
pm i pm i i

For a metallic boundary face a;, the boundary condition n;; x E|,, = 0 is implemented as

- n+l 4 )
o, /T E; b, (3.10)

Z‘aik: _E’?|aik7 (3‘12)

+1 +1
H, ?|o,=H, ?|q,. (3.13)

For our scheme (3.8)-(3.11), we can prove the following conditional stability.

Theorem 3.2.1. Denote C, = 1/,/eopig for the wave propagation speed in free space. Under
the CFL condition

1 h h 11
< min{~ 3.14
TS MG S G B G T 2o (3.14)

mu

where Cipy > 0 is the constant appearing in the standard inverse estimates [14]:

1
ulo.or, < Cinohy” lullor, s [uly g < Cmvhi_l lulloz,, YV u€ V. (3.15)
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Here and below |uly 1, and ||ul|x 1, denote the semi-norm and norm for a function u in the

Sobolev space H*(T;), respectively. The scheme (3.8)-(3.11) is stable and has the following

Stability:
|| n”Q n—&-% 2 ]. n+% ]. || n”2
€0 Eh Ho H J Kh
0,92 h 0 €0 2@ h 0, 0 Qm 0,2
5 1112 1112 9
EO 1283 72 K—O
<C H hHO,Q H }2L H ]’21, H hHO,Q ’

where the constant C' > 0 depends on the physical parameters €g, j10, Wpe, Wpm,L'e and I'y,,

but is independent of the time step size T and mesh size h.

Proof. Let us denote EGY;" = EGY,} + EGY;;, where

1 1 1 1

EGY = §/T EOE?-E?+§/T poH, "2 HJ'2, (3.16)
1 1 1 11 1

EGYH = _/ 5 J?*? .JZ+2 +—/ — K- K. (3.17)
2 T; €0Wpe 2 T; HOWpm,

[n—l—%]

Choosing u; = 7E; in (3.8) and v; = THEHH} in (3.9), and adding the resultants

together, we have

3 1 3 1
H' 2y g2 H' ™2 g2
EGY " = EG gf—r/ it .VXE?“—T/ BTN A
T 2 I 2 Z
i
ST G () ()
klellq; ik
En —+ En+1 n+l n+l [?’L+l}
+T/TV71 oV x H, 2—T/T’Ji S L
1 1 1
+ %/ B g (HITE) - ng < (B8], (3.18)
kev; @ik

Using the identity
1 1 1
/ H ™.V x EM! = / VxH " BT 4 [ EMC(H T xny)

and the jump definition [E;] = Ef — E; = E, — E;, [H;] = H:r —H, =H,—H;in

38



(3.18), we have

3
Tl HTE o vxE L
2 ), " ’ 2 Jor,

—T/ H g ST %/ H" Y ny < EZF
T; kev; @ik

T T
n Z 5/ HEn—i—l] ny X E?'H . Z 5/ H£n+1] 1y X (g X [H£n+1]])
kev; @ik kev; @ik

1 1 1 1 1
+Z/ E?-Vx H"? —T/ VAR LS Z/ EM oy < HYT
2 T; T; kev; 2 Gk

1 1 1 1
-> %/ E£n+2] g x HY 2 - > g/ EEHQ} ‘1 X (Mg X [E£n+2]])
k‘EVi Qik kEl/i @ik

1
EM(H? xny)

)

EGY;*' = EGYj -

B ()

)

1 T n+3
—T/ H'" RS Z/ H "2 ony x EJF
T kev; = Y %ik
T n+4 T n+3
_E _ Hi 2.niksz+1+§:Z/ Hi Z‘HikXE?+1
kev; ik kev; Gik

- [n+1] [n+1]
T n+d nt 1= ker, § Jo,, HI miox (< [(HTT)
+3 7 [ B onxE,

3

kev; Gik
1 1 1 1
+Z [ Er.vxHT? —7/ VAR TS f/ E'ong x H, 2
2 Jr, T kev, 4 Jay,
T n +1 T n+i
+ZZ EankXHZQ_ZZ/ E?Jrl'l’likXHi 2
kev; Gik kev; @ik
T _A,_l T —|—l 'i‘l
-, 1] B x H? - ) Ez[n ? g, x (g x [Egn ). (3.19)
kev; Qik kev; Qik

Using the identity

T n+i T ni T nts

- EMf' . (H; 7 xn)=) — [ H; ?npxE"-Y — [ E''.n;xH "

2 ? 7 4 i v ¢ 4 ' ! !
oT; key; Qik kev; ik

in (3.19), and moving the 6th term to the last and the 12th term to the second last, we

obtain
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3
BGY;" = EGY{-2 | H* - Vx B/ - T/ g ~K’;+1

2 Jr,
_ Z i H? 2 ny, x En+1 + Z / H 1y, X Entl
key; @ik kev;
—Z / H["H] n;; x (ng, x [H ["H] / E!. Van+2
kev;

/J R /E g, x HT
T;

key;

+
- Z / E sy X H Z / E[n "Dy X (nzk X [ £n+ ]])
kev; kEVz
+y - / EMong x Hy ' Z / H ™ .ng x EMY (3.20)
key; kev;

n 3 n 1 .
Choosing ¢; = Z(J} 2 +J7 %) in (3.10) and v; = Z(K?*' + K7) in (3.11), and adding

the resultants, we obtain

F n n n
EGYy*™ = EGYj - E/JE g T /E”+1 gz /E”+1 Jrt
€0Wpe JT;

r 1
——mT /KZ[."+2]-K£"+] /H 2R /H - KT3.21)
Mowpm T;
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1
Adding (3.20) to (3.21), expanding HE"H], E£n+2] and simplifying the results, we have

EGY;""" = EGY*' + EGY3*!

_EGY"——/ H”+2 VXE?H—%/ Hf*‘ K- Z / H' ™ nikngH
T.

kev;
T n+3 n+1 [n+1] [n+1]
+ZZ Hz- nzkxE Z H nzkx(nkx[Hz ])
kev; @ik k’EI/»L
T n n+3 n
+- | E}MVXH; -~ E+Z E ‘g x Hy
2 T; 2 T kev;
T / Bl ong x H -3 2 / B2 g x (mgy x (B
kev; kev;
+Z / EpL. nlka+2+Z / Eyong x H, '
kev; kev;
_ Fe’g / [n+1] J[n""l] 4+ = / ETLJrl J:H_%
eowpe T;

RIS S / H" (3.22)
Substituting the identity
—g/TiH;”g-VXE;?H:—g/TiEyﬂ-Vxﬂﬁ -3z H'™? ny x B
into (3.22), we can rewrite (3.22) as

3 3
T;

key; Gik

T n+3 1 T 41 gt
+§/T,Hi 2 KT ——/E? T

= EGY/+ /E” VXHnJrQ Z /E nmxH”*Z

key;
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/Hn+2 K”——/J . E}
T.

2

3
- Z 1 H™ ny x B - Z / H" ™ ny, x (ng x [H')
kev; Qik kev;
+3 % / Bl myxH P31 / B ng x (mg x (BT
kev; kev;
+Z / EML. nszHJrQ—i—Z / Eth. nszH
kev; kev;
Fe n n m n-rs n-r—s
o [l e [ g (3.23)
cowse J, w

Let us denote

FI? =EGY" + / E'-VxH " Z / E' ny x H.
kev;

/H K”—/J?i.E;ﬁ
T;
Then we can rewrite (3.23) as

1

FIrtt = FIr-Y" - /H P x B4y T /E“ ng x Hy

kev; kev;
_ Z / H[n+1 i % (nu x [H [n—i—l]])
key;
- Z / E[n+ ‘N X (g X [E[ o }])
key;
+ Z / En+1 n;p X H 3 + Z / En+1 n;, X H
key; kev;
S / R (e / K" ntal, (3.24)
eowpe T;

Now summing up (3.24) over all elements T; of {2, and noting that all terms of

Z /E"“ ny x H, 2+Z /E”+1 ng x H "

kev; kev;
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vanish on the internal faces FZ”t and metallic boundaries 9™, we obtain

T +3 T 1
ik QL

aikeaQZL aikeaﬂ;"
3 1
9D DR I i Ry R D) DL (- S o
T; key; ain €Fy T; kev; ai€FM
.
-y / (nae x [EEY)) - (ngp x [EIY))
fian}'Lnt fi
T [n+3] [n+1]
- Z 5/(nzk X [Ezn 2 - (g X [Ezn 2
quGF‘Znt fz
+1 +1
— Z T/ (ngp X [EE” 2]]) - (ngg X [Ez[n 2}])
aikEBQZ‘ ik
r 2 r 17]]?
- JEHH]H - |K["+2} (3.25)
pre 0,Q Howpm 0.0
Denote
1
Fg, =FIg, + > %/ E' ny x H'2.
aiketh’” ik
Then we can rewrite (3.25) as
T 43
D S) DL AN R
Ti k)EVZ aikelrﬁl’nt
1
YT EmcE
T; kev; aik€F1hnt
T
_ 5/(1'11]{ % [HZ[TH—I]D . (nik % [H£n+1]])
fieF'Znt f;,
T +1 +1
-3 5/(% < [EIT) - (g, x (BT
feFint f;
1 1
- > T/ (g x [B]2) - (g x (B2
aikeaflzl ik
r r 1|1
_ L JZ””H — T HK["W . (3.26)
€0Wpe 0,2  HoWp, 0.0
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Summing (3.26) from n =0 to m — 1 (for any m > 1), we obtain

T; kev F';.Lnt
1

XL ]

T; kev; aikeFr;lnt

m
S I (g x [HP)) - (ny x [HYY)

j=0 fq;GFint fi

m

j=0 fepint £

>y -

j=0a;zcoQr ¢

m
Z FeT
- 2
=0 “0%pe

1

(o x [B] 7)) - e x (B )

g

m . 2
? S Dot ||l
0,2 w2 i

) =0 HoWpm,

which leads to

1
AR S Sy |
4 a;k€ 4 a

t |
eFyr T ks, * Janery

Fg < Fo, =
T;

i ke,

44

E;

(3.27)
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Recalling the definition of F, , we obtain

1 1 12 1 112
o= E™ 2 - HHm+§ m+-
o QGOH HO’QJFQMO 0.0 26wl 0,2
1 T 1 T m+1
7Km2 o Em.vam+2__ Em -XH' 5
s 1K+ 5 / h 13 ),
Sl B
Qp Qp asn o0
1
D ID SR B B ) 39 I Yy
T; kev; zkEFZn T, kew: a;, €FIM
1 1 112
=S¢ || E° HHQ J2
o€ H Hosz"’ S Mo 260 0.0
1 0|2 T 0 10T 0 1
o K ng/QE -wm_i B )
T 1 0 T 0 0 2
T3 HZ'K_/ J2E+ Z /E ‘n, X H;
2 Qp 2 Q u m
ik €E0QY
1
-3 3 T S SO B ny < HYE. (329)
T, kev; azkEFLm T, kew; ©Jain€F

Simplifying the above equation, we obtain

1 1

1 9 1 12 12
SeollB™ 0 + 5h0 HH’"“ st |77t g 1K
pe pm
_1 1 12 1
e [l EO H 1 0
< Lo |02+ S o # g I
T m-—+
~ 2| E".VxH": E" . nxH, '?
2 Ja, "1 Z or, i !
1
T Hm+%.Km+z/ gt g Y / B ng x H"?
2 Qh 2 Qh Zkeagm
+I EOVxH%—IZ E?DZXH?
2 Ja, T Jor;
1
4+ H%~KO—Z/ Ji E°+ Z / E} ny x H?
2 Qn 2 Qn alkeaﬂm
4 1
_ZZ / t m2 nlkxEk—l—ZZ / tE ‘ng, x H2. (3.29)
T kev; inEF) T, kev; k€
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By the standard inverse estimates (3.15), we have

T 1 C Thil 112
i E™.V x Hm+§ < et Tt E™ 2 HHW-‘ri ,
2 Jo, SN (eo [E™ g0 + 1o O’Q)

2

N

)7

1 C? rh!
=3[ B en x H]T | < S (o[BG g+ o ||
’ 0’

4 Jor, ~ 8y/eoko

T 1 WpmT 1]]2 1
o < 2 [ )+ K
T 1 WpeT 1 12
— | gmts B < 22 (e |IE™R o + Jmts|T
5 <@ IB I+ g )
T/ m+i| _ C2Z . Th7! 9 112
S L B g HIE < S (| BT g+ o |[HTE| ),
aikeamyll aik 8,/60,[1,0 0,0
T 41 C2 rh1 12
ZZZ/ CH? ny x BN < (e HEmHg’QJrMOHHmﬂ -
T, kev; a;EFM v/ €010 0,

By choosing the time step 7 small enough so that the right hand side terms can be
controlled by the corresponding terms on the left hand side of (3.29), we can obtain a

stability result. An exemplary choice is

< rnin{ 1 h h 1 1 }
- -
- 8" 5C2% Oy 5CinyCy’ 2wpm, 2wpe”

mu

and substituting all above estimates into (3.29), we have

2 1

2 1 1
E"|? | Jrts K"|?
€0 H HO,Q + 1o 0.0 + 60(*%@ 0.0 Mowgm H HO,Q
on2 1|12 1|2 o2
< CUE g+ || 13|, + (2], o 110

where the physical parameters e, 110, Wpe, Wpm, e and I'y, have been absorbed into the

generic constant C. [

3.2.2 THE ERROR ESTIMATE

Before we prove the error estimate, we need the following two lemmas.
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Lemma 3.2.1. [{3, Lemma 5.1] Denote w/ = u(.,j7). For any u € H*(0,T;L?(%)), we

have
2
e 3 [y 2
@ -1 [ Fusas| <% [T fuali s,
T 3 0 tj*%
.1 1 t ? ’7'3 t 2
i) Jut =2 [ atsias| < T [T fun()lds
T Jt;_1 0 ti—1
2
1 . . 1 L+t 73 i+
(io) |50+ o) =2 [ uds| < T[T o) s
T Jt. 4 /i
J 0 J
2
1 ) ) 1 t., 1 3 t., 1
(iv) §(ur% Fuite) - _/”2 u(s)ds|| < T_/m [ uge (5)]|2 ds.
T Jt. 1 4 t. 1
=3 0 i=3

Let P, denote the standard L?-projection onto V}, or V?L, which is the subspace of Vy,

with the boundary condition n x E = 0 imposed. It is known that the projection error

estimate

min{s,k}+1
lu— Pyullgp < CRE™ S )l Ly s (3.30)

holds true for any element T, and u € H5T(T).
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[ D
Lemma 3.2.2. For any functions 775 2,77§+2,£§,§g_1 € Vy,, we have

1

‘E:émeﬂ”-@+ﬁl>
o J Jj—1
_ZZ/ & +eh. —nzkx([ﬁ 7] = ny X {g 5 )

T; key; ” %ik
+1 _1
'_l 1 ,’7'7 2+77 2 .
DI 'ﬂEMM%XFﬁf—HHD
T; kev; V %ik
X 1 j—1
X g N [ gl
) aT; T; key;
+ +
+zz/f2ﬂmmkzzj W g
T; k€v; T; k€ev;
€+€1 gd+g”
Yy / g x (g x [P
T; kev;
Jty 3 ity 3

St Ty, (3.31)

‘g X (Mg X [

PN

T, k€v;

Proof. Using the jump definition

, () =¢] ¢

<%
STS
|
[NIE
I
=
>
|
=
SIS

in the left hand-side (LHS) of (3.31), we have

LHS:_Z/ naniz 53 531 ZZ/ €J+€J1 —nzkxnkz
— JOT;

T; kev;
_l
+ XY [ @ gl
T, kev;
8+€1 g+ él
+zz/ g x (g x (S
T, kev;
+_ ‘_l 1 1 .
DM NUSETASESE S 3 O NUASEANE L
T; key; ¥ ik T; kev; ” %ik
1 1 1
te 3—5 it3 —32
+
1 3) ) A< ST L
T; key; V%
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l\)IH

:Z/aTénM{Z_l 77-'7% ZZ/f —nzkxnk

T, kev;
DI I TSR0 DY [ T
T; ke Yik T; keuy; %k
j-1 1 1 ~
D ) AN
T; kev; T, kev;
gﬂw ' g+ 5” '
>y mgx (g x (S5
T; key,; ” %ik
,'7 2_{_,’77% ,’7'7+2+ ] %
R /A Lo ik X 7
DWW g (g x [ )
. 1 1
YRR Do) s Y
i T, kev;
J+2 J+2 1 J
2.2/ nmxfk 2.2 S mak X
T; kev; T; kevy;
g+t 5] ' g+ fs?‘l
Y / g x (g x [
T; kev;
m; 2+77_% R
+Z};/@ g i X (g X [F——o——),

which concludes the proof. O

Theorem 3.2.2. Under the assumptions that the time step T satisfies a CFL condition

such as:

11 1 11 h h (3.3
T R g B 10T, 10T, 5Oy 5C2 Co ‘

muv

and that the solution of (3.1)-(3.4) has the following regularity:

Ey, Hy,Jy, K,V X Ey,V X Hy € LQ(O;T§ LQ(Q)3)7

E. H e L*0,T; H*t1(Q)?), Vs>0,
we have the following error estimate

1 nt: 1 n+i
max(||E" — allo+[[H™ 2 — Hy 2 lo + 772 = T, 2o + || K™ — K}]o)

IN

) 1 1 1 1
C(r 4+ TH () 1 C (|| E® — Ejllo + |H* = H llo + 1% = J7[lo + 1K° = K}llo),
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where k is the degree of the basis function in the finite element space (3.7), and the constant
C = 0(607 Ho, wp67 wpma Fea Fma E7 H7 J7 K)

is independent of both the time step T and the mesh size h.

Remark 3.2.1. When the initial approximations are accurate enough, such as
1 1 1 1 .
B — Bjllo+ [|[H? — Hi |lo+ |77 = T2 |lo + [|K° — K |lo < C(7* + kD),
then the error estimate of Theorem 3.2.2 becomes

1 n+3 1 nt2
max(||E" — Ejllo + |[H"™> — H), "2 |lo + [|[J"72 =, *[lo + ||K" = KF]|o)

< C(T2 + Thmin{s,k}),
which shows that the error grows linearly with time.

3.2.3 PROOF OF THEOREM 3.2.2

Integrating the governing equations (3.1) and (3.4) from t;_; to ¢;, and (3.2) and (3.3)

uh,vh,¢h ,wh and inte-
T T T T

1 to ¢, +1s then multiplying the respective resultants by
2

from ¢ ;

grating over €2, we obtain
El —Fi~! 1 (b 1 [t
eo(———,up) — (= V x H(s)ds,up) + (—/ J(s)ds,up) =0, (3.33)

ti—1 T ti—1

Hits — HI~3 1 [t+d 1 [l
po(F—— )+ (5 [V x B o + (¢ [ K(s)dson) =0, (330
t t.

T

its _ gi~s bl bivl
S B R @/’ T)s.d) = (¢ [ B @), (339)

60w2 T eow ¢ 6oy
.77'2' -
1 K/ - Ki—1 / /
, K (s)ds H(s)ds 3.36
Mowgm( - V) + /iowpm ;) = - ;). (3.36)
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Summing all elements together for (3.8)-(3.11) with n = j — 1, we have

E| - E! 1
(607, ) (V x H)™ 3 up) + (J) 2, up)
Z Z -3 -31
- uz : nzk X [H 2 —ny x [E] *]) =0, (3.37)
T; kev;
1 .1
H)™® - H) ® ,
(Mo—h b wp) + (V x B}, vp) + (K}, vp)
+ Z > / v; - nzk x (ng x [HY] + [E7)) =0, (3.38)
kev;
i1 .1 1 1
AR T, J) 4 J) 0 :
- E/ 3.39
60w12)6< - , bp) + 60%%6( 5 , @) = (B4, 9p) (3.39)
1 KiK' r, Kj+K! -3
3.40
uowgm( - ) + ,uow%m( 5 ) = (Hy, 2 ,). ( )

Denote &) = P,E — E},,n] = P,H’ — H),,&, = P,J’ — J},,ij] = P, K’ — K7, and the
backward operator 6,u/ = (u/ —u/~1) /7.
Subtracting (3.37)-(3.40) from (3.33)-(3.36) with the corresponding flux terms added,

and using the identity

(VXUZ Q,Uh):(/rl‘;b Q’VXU}L)—’-Z/BTHZ»XT’? Z'Uh
1 7
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we can obtain the following error equations:

¢ gl i i1
(1) eo(—Sh ) — ()%, x ) — }j/ nixE
oT;

-
_ZZ/ ;- nzkx (I}~ %]—nikx[%])
T; kev; ¥ %ik

= eo(6;(PLE' — E’),uy) — (V x (Pth—% ! / ’ H(s)ds),up)
T ti 1

-1 11 ([t
+ (=&, P+ PJ T2 — ;/ J(s)ds,up)
ti—1

P,E' —FE/+ P,EI"' — EI~ 1])

_ZZ/ Ui - nlk‘x([PhH]_i—H] 2]—nzk><[ 5

;L

T; kev;
(3.41)

(i) po(——Th 4) 4 (V x €, vp)

1
2

J+2
FEE [ g B )

T; k€v;
. . | 1
=uwmaﬂﬁﬂ—Hﬁ%mm+www&w——/””E@@mw
T Jt

§—

(S

_j 1 ey
(i P~ 1 [ K (s)ds, o)
t

P,H'": — Hi*2 + P,HI™ 2 — HI™2 .
i il |+ [PE - EY)),

—1—22/ —nzkx (nyg ¥ | 5

T; k€v;
(3.42)
Sl ol i+l ol
1 h2_h2 I §h2+§h2 1 1
= - (P, Jite — g
(“Z) EOUJ%E( . 7¢h)+ EOWIQ;@( 2 a¢h) EOUJ%E( ( h 2 2)a¢h)
T, PJ*s+pPJ~2 1 [t:d
T )
E0Wpe 2 T toy

1 t. 1 ) )

+(= / " B(s)ds — PuE’ + €}, ¢), (3.43)
t. 1

i=3
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1 - Uy i+ 1 —
, + , = —— (6. (P,K7 — KY),
Mow%m( . "/;h) ﬂOw%m( 2 "ph) ,U/Ow%m< T( h ) "/)h)
r P,K/ + P,K/* 1 [l
+ —5—( 5 - = K (s)ds,p,)
NOme T tji—1

(iv)

. 5 j—1 j+3 i—3% Jts | Fi3
Choosing uy, = T(éh +€h )a'Uh = T(nh + )a ¢y, = T(fh +§h ) , Uy =
T(ﬁi + ﬁi_l) in (3.41)-(3.44), respectively, then summing up the resultants from j = 1 to
j = n, dropping those zero terms by the projection property of Py, and using (3.31) and

the following identities:

Sl 1 1 A .
(V x & 24, 2) = 5,V x(E+87)
Coal . o1
= (foiﬂﬂb 2)_(VX§iL 17772 2)7
and
- AP0 RDY RS NI B A S S b i Fts | f3 i=5 i il
_(fh a£h+£h )_(Uh777h + )+(£h>£h +£h )+(77h s, + 1 )
~j+ 1 . ~i L . s i+ i i1
= [(&72,8)— & 2.8 = ((,m 2 — @@ o, 2,
we obtain

nt1 1
co(ll&r 116 = 11€R118) + o[l 2115 — l1m 1IE)

L QETEIE S 1E R+ — S (R — 1)
co?, | wllo) + e
<73 (Vx (PHI™ __/] H{(s)ds),€) + €7
- T Jt;_
7=1 j—1
Y -y L[ J -l
Ty (Bud?E - - | I(ds G 67
j=1 i1

1 .

n t.

1 1 1 1

Fr I X (BB - / 2 B(s)ds), Y wap)
j=1 b

Nl
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n
1 el il _1
+TZ(P}ZKJ L K(s)ds,n2+2 +772 2)
j=1 Ty
J=2
T n 1 ) . 1 t. 1 il i1
e DICICE R N Ry NSO R
E0Wpe = 2 T toy

n
1 [+l Coigl 1
—|—7’Z(;/]+2 E(s)ds — PEI, &2 4 & 2)
j=1 " 7t

NI

n

T, 1 . - 1 [ i
—(P,K’ + P, K - —/ K (s)ds, 7] + 17
ot 25 )7 ) K@+

j=1
n 1 t; 1 i1

+7’Z(;/t H(s)ds — P,H’ 2,1 + 1 )
j=1 " Tt

t5 5 00 —p ot -0 3
+7(& %80 — TR &) — TR My *) + (s )
n  nty
+7(Vx &) — (V> &y, )

— i ‘1. X EF — — X EY o
’ Z@: 2 /BTi L Z,: 2 /ém m
T n+s T 1
SN[ g e Y [ maxn
Ak Ak

=

T; kev; T, kcy;
n T . . 1 -
=22 5/ (€ + &7 my x (PH 2 — HI 3]
Jj=1 T; key; ik
P,E' —F + Pp,EI—! — pi—1
~mik x| 3 )
n -1 L1 .1 X 1
T +3 73 P,HI*: — H/*z + P,H/"7 — H'"2
FY S [l o [ ] |
Jj=1 T; key; @ik
+ [P, E’ — EY))
20
=> Err. (3.45)
=1

Below we will estimate each term Err;. During the proof, we frequently use the arithmetic-

geometric mean inequality

0 1
(a,b) < 5 llall§ + %Hbl%, (3.46)

where J is an arbitrary positive constant.
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Using integration by parts, the projection property, and Lemma 3.2.1 (ii), we obtain

n . tj
Err < o0 S (IELR + 1E7412) + ZHVxH“——/t V x H(s)ds|}2
=1 i1
by zznshnmz+761||5h||0+25Z / 7 % Huls) | Rds
7j=1

4
-
< 2T51||§h||z2oo(/:2) + 7011615 + 8—51”V X Hylr20,1:02(0)3)5

where we introduced the notation ||€p|[;e(£2) = max;>1[|€)]lo-

Similarly, we can obtain

n

1 (U ) -
Erry = TZ(JJ 2——/ J(s)ds, & + &)

j=1 T Jtj

IN

4
.
2T62/[€n| o 12y + 702l ERI1E + @HJttHH(o,T;LZ’(Q)%-

Using integration by parts, the projection property, and Lemma 3.2.1 (i), we have

1 i1 i1
Erry = TZ VXE]——/J+7V><E(S)dS 772+2+772 ?)

i=3

j+1 its
< 7253 (Ilmp, 2||o-i-||77h 2||0 205 Z / 2|V x Ey(s)|5ds

_1

M\

< OTtgllmleqeey + sllnf I+ o / IV % Bu(s)]3ds.

By similar arguments, we have

t

861 J,

n+%

1
Erry < 2784 |nn | 12y + m0al [ |I5 + 1K1 (s)[5ds;

e N sits i3 1 11 [l
Bres < (> 851G+ 162 IR) Z Iz w2 =2 [T sas
pe j=1 i-3%
r, = 9 -1, 4 tn+% 9 )
S s 2T55||€h||zoo(L2)+755||£ﬁ||o+@ . e (s)[ods |
3

Ope
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nd ~1 ’7'4L tn+l
Brr < 2700l Glfequey + ool G113+ g [ 1B (o) s
1

4 tn
~ - T
Erry < 2187 |7in oo 1,2y + 7071770113 + —857/ HKtt(S)II%dS} ;
to

pm
and

~ _ 7_4 tn
Brvs < 2054l 2y + 708l + g [ ).
to

Using the Cauchy-Schwartz inequality, we obtain

1 EQW. 1
Erre — 7(£772 ¢n P@ 2 3.47
rrg =T7(§, *,&) < Hfh\lo 260w§e”£h I (3.47)
1 1
Errig = 1(&7,&,) S Seqw 2 Hthm (3.48)
~n TL+§ ,uow?)m +2 1
Erryy =1(n,m, ) < TH n 28+ 27H77hH07 (3.49)
Low
Errig = r(ind) < 0T bye L0y (3.50)
12=TUh M) = 5 My 1o Qﬂowgm Mhilo- .

By the Cauchy-Schwartz inequality and the inverse estimate (3.15), and recalling the
notation C, = 1/,/ug€g, we have

1 1
Erriy <1 Cinoh Mol 12 |lo = TCinuh ™' Cuv/eol €010 - v/Bolnf [0

CinuCoT !
< SO 1B + ol 1]

- +3 - +3
Erris <7 Connh” HIE0lm, 2 llo = 7Cimoh ™ Cov/ellillo - v/iollm, 2o
< CinyCoT

- 2h

Ermzz / A < SR e Y Ve €l
i
2

2
n+i
0

nti
[eonsznémnnh 2||%},

1
n+3

07Ti

TC’2 C,

mu

4h

IN

2
€o 1€n 1o + Ho (|7,
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Similar to Erris, we have

2

L
il )
0

L1
n

2
T,

c? C,
Brrg < = o |ER1[5 + o

TC2 C,

Erryz < %< o 1€ + po

Ui

),

0

C

Erns < T g+ ol

2
)-
0

By the Cauchy-Schwartz inequality, the inverse estimate (3.15) and the projection error

estimate (3.30), we have

Errig < Z )

— .
s Ho,n L ORI H | o714 9) + |z 070041 (9))

<726192 Hth e[+ Gz - cnminet)
TCH .
< 2T619 ||€n][7 (1) + 7019 ||gh||0 - Cp2min(s.k)

2019
By the same arguments, we have

TC?,

v Ch?min(s,k) )
2690

Errygg < 2T4y ”77th2oo(L2) + 720 HngHi +

Substituting the above estimates Err; into (3.45) by first choosing 7 small enough (such

s (3.32)) so that those terms ||€}|[2, ||77hJr2 1|3, Hfh 2”0 and ||77]|3 on the right-hand sides
of Err;,1 =9,---,18, can be controlled by the corresponding terms on the left-hand side
of (3.45), and then taking the maximum of the resultant for n and choosing parameters J;

small enough such as

€0 Ko
51 =0y =019 = —% 53 =0, =099 = 2 51
1 =02 =019 = g, 03 =04 =020 = &, (3.51)
1 1 1
S5 =67 =—, Jg=— = —— 3.52
PTUTI0TT. T 10Tew2, 0T 10T w2y, (3:52)
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we obtain

n

|2 +312 L ants )2 L engp2
eoll§x 1o + rollmy, H0+€OwgeH§h |6 + 02 177 115

HoWpm

) 1 1 1 1 N
< C@t ) 4 O (el + polln? I + —5 €713 + —— 11 3)3.53)
E0Wpe Low

pm

Using the triangle inequality, (3.53), and the estimates (3.30), we get

1 nti 1 n+i
max(||E" — Ejllo + ||[H""2 — H), " *[lo + |72 = ), 2[lo + [ K™ — KF||o)

. 1 1
< (24 TR 1 C(||B° — Bjllo + [|H? — Hllo+ 17% = I3 o + |K° — Kl )
which completes the proof.

3.2.4 NUMERICAL RESULTS

In this section, we present 2D numerical results supporting our prior theoretical analysis.
Recall that our prior 3D analysis holds true for 2D problems, in which case the scalar and

vector curl operators are

_ 9H, OH, _OE 9E,

where we consider the T'M, mode, which involves a vector magnetic field H = (H,, H,)

and a scalar electric field E.

Example 3.2.1. In the first example, we create an exact solution to check the optimal
order convergence rate. For simplicity, we assume that Q = [0,1]%, g = o = 1, Wpe =

wpm = I'yy = I'e = m, and the exact solution to (3.1)-(3.4) with added right-hand side
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source terms f and g is given by

H,(z,y,t) = sin(rz) - cos(my)e™ ™,

Hy(z,y,t) = — cos(mz) - sin(my)e ™,
E(z,y,t) = sin(rx) - sin(ry)e ™,

K, (z,y,t) = 7%t - sin(rz) - cos(my)e ™,
Ky(z,y,t) = —m*t - cos(mz) - sin(ry)e ™,
J(z,y,t) = n’tsin(nz) - sin(ry)e ™,

where the source terms

f(x,y,t) = (=37 + 7t)e” ™ sin(rx) - sin(my),
gz, y,t) = m2te ™ sin(mz) - cos(my),
2t€77l't

gy(@,y,1) = —m’te™™ cos(rz) - sin(my),

are added to the right-hand sides of (3.1) and (3.2), respectively. In our implementation,
we have to add a term fTi #7772 . y; and a term fTi g" ! - v; to the right-hand sides of (3.8)
and (3.9), respectively.

We solved the problem using various time step sizes 7 and mesh sizes with different
orders of basis functions. For a fixed small time step 7 and smooth solutions, our numerical
results showed that the error estimate is as follows:

1 n+3 1 nt2
Tﬁf(HE"— o+ [[H™ 2 — H ) 2o+ [T 2 = J, 2 |lo + ||[K" — Kjllo) < CTh*,

which has one order higher convergence rate than that proved in Theorem 3.2.2. Recall
that k denotes the order of the basis function. This occurrence, which happened for the
upwind flux, was already mentioned in [29, p.205]. In fact, the rigorous proof of O(R*+1)
for the upwind flux case is still open.

In Tables 3.1-3.3, we present the numerical results obtained using a fixed 7 = 1076 on

uniformly refined triangular meshes. The results show the convergence rate O(h¥*1) clearly.
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Table 3.1: The L? errors obtained after 100 steps on uniform triangular meshes with 7 =
1075 and k = 1.

Meshes h = % h = é rate h = % rate h= é rate h = é rate
H 0.0455 0.0118 1.9471 0.0030 1.9758 | 7.5453e-4 | 1.9913 | 1.8875e-4 | 1.9991
Hy 0.0517 0.0128 2.0140 0.0032 2.0000 | 7.9346e-4 | 2.0118 | 1.9849e-4 | 1.9991
E 0.0486 0.0123 1.9823 0.0031 1.9883 | 7.7451e-4 | 2.0009 | 1.9370e-4 | 1.9995

Ky 4.4914e-5 | 1.1673e-5 | 1.9440 | 2.9630e-6 | 1.9780 | 7.4472e-7 | 1.9923 | 1.8634e-7 | 1.9988
Ky 5.1037e-5 | 1.2628e-5 | 2.0149 | 3.1376e-6 | 2.0089 | 7.8287e-7 | 2.0028 | 1.9582e-7 | 1.9992
J 4.8251e-5 | 1.2236e-5 | 1.9794 | 3.0708e-6 | 1.9944 | 7.6850e-7 | 1.9985 | 1.9217e-7 | 1.9997

Table 3.2: The L? errors obtained after 100 steps on uniform triangular meshes with 7 =
107% and k = 2.

Meshes h = % h = % rate h = # rate h = % rate h = é rate
Hy 0.0047 6.4854e-4 | 2.8574 | 8.6694e-5 | 2.9032 | 1.1357e-5 | 2.9324 | 1.4646e-6 | 2.9550
Hy 0.0047 6.4894e-4 | 2.8565 | 8.7021e-5 | 2.8986 | 1.1404e-5 | 2.9318 | 1.4699e-6 | 2.9558
E 0.0047 6.5112e-4 | 2.8517 | 8.6896e-5 | 2.9056 | 1.1322e-5 | 2.9402 | 1.4544e-6 | 2.9606

K, 4.6862e-6 | 6.4001e-7 | 2.8723 | 8.5541e-8 | 2.9034 | 1.1202e-8 | 2.9329 | 1.4434e-9 | 2.9562
Ky 4.6398e-6 | 6.4030e-7 | 2.8572 | 8.5847e-8 | 2.8989 | 1.1245e-8 | 2.9325 | 1.4481e-9 | 2.9571
J 4.6696e-6 | 6.4594e-7 | 2.8538 | 8.6171e-8 | 2.9061 | 1.1216e-8 | 2.9416 | 1.4370e-9 | 2.9644

Table 3.3: The L? errors obtained after 100 steps on uniform triangular meshes with 7 =
1076 and k = 3.

Meshes h = % h = é rate h = 1—16 rate h = é rate h = é rate
Hy 7.3281e-4 | 5.3071le-5 | 3.7874 | 3.6439e-6 | 3.8644 2.4100e-7 3.9184 1.5618e-8 3.9478
H, 7.5179e-4 | 5.5864e-5 | 3.7503 | 3.861le-6 | 3.8548 2.5572e-7 3.9164 1.6659e-8 3.9402
E 6.4847e-4 | 4.9042e-5 | 3.7250 | 3.4892e-6 | 3.8130 2.3667e-7 3.8819 1.5848e-8 3.9005
Ky 7.2325e-7 | 5.2389e-8 | 3.7872 | 3.5986e-9 | 3.8638 | 2.3817e-10 | 3.9174 | 1.5410e-11 | 3.9501
Ky 7.4200e-7 | 5.5150e-8 | 3.7500 | 3.8135e-9 | 3.8542 | 2.5272e-10 | 3.9155 | 1.6391e-11 | 3.9466
J 6.4357e-7 | 4.8697e-8 | 3.7242 | 3.4676e-9 | 3.8118 | 2.3542e-10 | 3.8806 | 1.5601le-11 | 3.9155

A linear growth of errors is also observed in our numerical tests. In Tables 3.4-3.5, we
present the numerical results obtained with the same conditions as used for Tables 3.1-3.2
except the errors are recorded after 10 time steps. Comparing Tables 3.4-3.5 with Tables
3.1-3.2, we can see that the errors of K, K,,J in Tables 3.1-3.2 are almost 10 times larger
than those in Tables 3.4-3.5. The errors for the first three solutions do not change that much
with the number of time steps. This is due to the fact that the exact solutions (H,, Hy, )
change very little with respect to time since e™™ ~ 1. We should mention that O(7?) could

not be observed due to the CFL condition 7 = O(h), since O(72+h*¥*1) is always dominated
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by O(72).

Table 3.4: The L? errors obtained after 10 steps on uniform triangular meshes with 7 = 1076
and k = 1.

Meshes h = i h= é rate h = le rate h = % rate h = i rate
Hy 0.0455 0.0118 1.9471 0.0030 1.9758 | 7.5479e-4 | 1.9908 | 1.8890e-4 | 1.9985
Hy 0.0517 0.0128 2.0140 0.0032 2.0000 | 7.9325e-4 | 2.0122 | 1.9840e-4 | 1.9994
E. 0.0487 0.0123 1.9853 0.0031 1.9883 | 7.7529e-4 | 1.9995 | 1.9388e-4 | 1.9996

Ky 4.4922e-6 | 1.1675e-6 | 1.9440 | 2.9636e-7 | 1.9780 | 7.4496e-8 | 1.9921 | 1.8644e-8 | 1.9985
Ky 5.1046e-6 | 1.2630e-6 | 2.0149 | 3.1378e-7 | 2.0090 | 7.8288e-8 | 2.0029 | 1.9580e-8 | 1.9994
J 5.0436e-6 | 1.2790e-6 | 1.9794 | 3.2102e-7 | 1.9943 | 8.0347e-8 | 1.9983 | 2.0093e-8 | 1.9996

Example 3.2.2. We use this example to demonstrate the effectiveness of our DG method
in solving discontinuous media problems. For simplicity, we consider a case when the
permittivity is discontinuous: €y = 1 in a subdomain [0.25 0.75] x [0.25 0.75] and ¢y = 100
in other area, p1o = 1, wpe = T, Wpm = 7, I'y, = 7, I'e = 7. The order of the basis function
is 2.

The source functions:

f = (=37 +7%t)e ™ sin(nzx) - sin(ry);

2_[/.6771'7&

gr=m sin(mz) - cos(my);

gy = —mte" " cos(mx) - sin(my).

Table 3.5: The L? errors obtained after 10 steps on uniform triangular meshes with 7 = 1076
and k = 2.

Meshes h = % h = % rate h = % rate h = % rate h = & rate
H; 0.0047 6.4858e-4 | 2.8573 | 8.6680e-5 | 2.9035 | 1.1349e-5 | 2.9331 1.4616e-6 2.9569
Hy 0.0047 6.4881e-4 | 2.8568 | 8.6976e-5 | 2.8991 | 1.1390e-5 | 2.9328 1.4659e-6 2.9579
E. 0.0047 6.5149e-4 | 2.8508 | 8.6889e-5 | 2.9065 | 1.1302e-5 | 2.9426 1.4459e-6 2.9665

K 4.6873e-7 | 6.4012e-8 | 2.8723 | 8.5547e-9 | 2.9036 | 1.1200e-9 | 2.9332 | 1.4424e-10 | 2.9570
Ky 4.6404e-7 | 6.4033e-8 | 2.8574 | 8.5838e-9 | 2.8991 | 1.1241e-9 | 2.9328 | 1.4466e-10 | 2.9580
J 4.8815e-7 | 6.7516e-8 | 2.8540 | 9.0042e-9 | 2.9066 | 1.1712e-9 | 2.9426 | 1.4981e-10 | 2.9668
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And the initial condition is

Hx = sin(w%) . cos(w%)e"rdt/z; Hy = _cos(ﬂz) : Sm(ﬂz)e—wdt/%

E = sin(mz) - sin(my);
Kz =0;Ky=0;

dt . . _
J = wfmism(ﬂx) - sin(my)e Tedt/?

Since the exact solution to this problem is unknown, we just plot the numerical solutions

obtained on different meshes. To verify the long term stability, we solved this example to

10000 time steps with dt = 107° . The resulting numerical magnetic field H = (Hx , Hy

) and electric field E on various uniform triangular meshes are presented in Figures (3.9)-

(3.12), Convergence was verified for the following different sizes n = 4,8, 16, 32.

numerical magnetic field

1.2 numerical electric field
1 i

FOA N U NSO Y Y
Y-S A W N N N N N N N

NN N
06 v\ NN N N NN
04 VY N N N NN

\ \ N NN Tw N \
op S e s TN
a4 - -
-0L.2 N n n n n )
Yoz 0 0z 04 06 08 I .
(a) magnetic field Hx,Hy (b) electric field E

Figure 3.9: Numerical solutions after 10000 time steps with h = 1/4: (Left) The magnetic

field H = (Hx, Hy); (Right) The electric field E.
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12 numerical magnetic field

numerical electric field
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—-0L2 N n L n n )
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(a) magnetic field Hx,Hy (b) electric field E

Figure 3.10: Numerical solutions after 10000 time steps with h = 1/8: (Left) The magnetic

field H = (Hx, Hy); (Right) The electric field E.

3.3 ANOTHER DGTD METHOD FOR MAXWELL’S EQUATIONS

IN METAMATERIALS

For the same governing equations for modeling wave propagation in metamaterials (3.1-

3.4), we also developed the following DGTD method:

E!t — E} nl ntl
c(——— -u; = Vxu;-H; *— J, ?uy
T; T T; T;

Y e <)

kev; @

3 1

2 n+,

H *-H °*

/,ug C L UV = — VX’IJ@"E?JA— K;LJFI-’U,L'
T; T T; T;

£30 [ we 4B oona)

kEl/i a

1 3 1
1 J e gt r Je gt
/ : g+ — / 2 5 ‘ 'Cbi:/E?H‘d’i
T T T;

2
T Eowpe
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numerical magnetic field numerical electric field

1.2 . :
1
0.8
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06 il o TN
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A
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Q
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=072 0 0.2 0.4 0.6 0.8 1

(a) magnetic field Hx,Hy (b) electric field E

Figure 3.11: Numerical solutions after 10000 time steps with h = 1/16: (Left) The magnetic
field H = (Hx, Hy); (Right) The electric field E.

12 nu‘merlcal‘magnepc field ‘ numerical electric field
1
0.8
0.6
‘m‘m
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270 0z 04 06 08 T

(a) magnetic field Hx,Hy (b) electric field E

Figure 3.12: magnetic field [Hx,Hy](left),electric field E(right),mesh size 1/32, time step
10000

1 Kt — K7 r Kt 4+ K7 ntd
b L e [ e e
pm i pm i %

Here we prove that the order of the convergence of the scheme is O(At? + h™m(:k)),

3.3.1 DISCRETE ENERGY

One defines the discrete energy at some time step n as:

e = E e,

T;€Q
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where

n—31 n—i _n+i
(K7, K)+ 5Jdp07). (3.58)

240w2,, 2ew2,

i i

1 1
&F = se0(BYL B})+5p0(H

Lemma 3.3.1. (CFL condition) The discrete energy (3.58) defines a quadratic form of the
unknowns E", H"_%, K" and J" 2 if:

—=7 <Ch. (3.59)

where C > 0 is the constant.

Lemma 3.3.2. Under the CFL condition Lemma(3.3.1) the DGTD (3.54)-(3.57) is stable

in the sense of the discrete energy (3.58):
e" < g°

n n+1 n n+1 n 1
Proof. Denote Elts) = % and K+3l = % Let u; be E£ ol in
ntd
equation(3.54) and 1, be K£ tal gy equation (3.57). Equations (3.55) and (3.56) are used
1
at time steps n -+ 3 and at time step n + 3 with v; as H?+2 /2 in equation(3.55) and ¢; as

1
J ;HQ /2 in equation(3.56). This yields the following relations:
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(3 3

n+1 n
/ eou CElntsl — | v x Bt -HWF% _/ J’?Jr% . glnts]

66

T T;
1
-y / B (H i % nay) (3.60)
key;
v gt 1 1
i i 'H”+§/2 — _/ V X H”+5/2 . EgH—l _/ ng-i—l . Hn+5/2
T T;
Y / H™ /2 ((B g x nay) (3.61)
kev;
I 1 1 1
: : -H”+5/2:—/ VXH”+5/2-E?—/ K} -H""2/2
-
3 / H™ /2. (B )ik x na) (3.62)
kevy;
nty  ntg n+3 n+3
/ . ek 32 4 Fe2 / St L Jt2 /2
T, T €0Wpe JT; 2
— / EMTL gt /o (3.63)
T;
n+i n—i n+l n—1L
Ji "=y P gnidgg e Ji 2Hdi T el
2 2+ —5 /
pe JT; T EOWpe T; 2
_ / B gt (3.64)
T;
1 1
/ K™ _K?.K[WF%H_ T / K" + K} . KIn+3]
T; T 2 . 2
:/ HT%.KW%L (3.65)
T;



Adding equations(3.60)-(3.65), and rearranging, we find:

1 1 +3 41
_/GOE?+1‘E?+1+§/T‘,UIOH? 2_H;‘ 2

2
2470 n+3 ntl
Kt K E/J. 2
/ v i T 4eow2 T

:%/ «E! - E! + / JH'TE H

i

_|_

2 I, 1 _1
Kn 4:;)(: /Z JZ‘+2 J? 2
+7‘/ V x E["+51 H'E / V x H g
= / PERE L (H o) + 30 / PH (B x o)
kev; kev;
_ F:T / J@+% ‘ Jﬁ+% B o / K;H‘Vl + K7 ‘K[nJr%]
2e0wpe J1, ’ 0wz, J1, 2

Integrating by parts yields:

3 1 I 1 1
ntl _ n Tre n+3 n+3 TL e n+3 n—z
e =gy — /TJ- - TJ- -J,

v ! 460&) ! ¢ 4600.)%6 v
I Z/ B g B L B oy,
kem @ik
_ Fe’T / Jn—i-% ) Jn—i-% _ TPm / K’LT'H_I =+ K;L ) K[n+%]
2eqw2, J1. ° ! powsy, JT, 2

We see that the term involving the sum over k vanished because interface contributions
cancel out when adding all of the elements together, leaving only the boundary, which is 0

by the metallic boundary condition. Next, adding from n = 0 to n = m — 1, we obtain:

em < €Y (3.66)

3.3.2 ERROR ESTIMATE OF THE FULLY DISCRETE SCHEME
Before we give the proof for the error estimate, let us prepare two lemmas.
Lemma 3.3.3. Let (E,H,J,K) € C3([0,T], L(2)) N C°([0, T], (H*T(Q))?). Under the
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CFL condition Lemma(8.3.1), the following error estimate holds:

SCTZH(E, H,J,K)||cs(jo,1],22(2))

Proof. The proof is developed in a manner similar to that given in [40].

~ ~ 3 3
Define EZH, HZ+2, J "2 and Kh " such that

~n+1

E. - FE;t,
/60’—()~ui:/qui-Hi(tn+1)—/Ji(tn+1)~ui
T T 2
= / wi - ((H(t, 1) }ie * ) (3.67)
kev;
S
Hi : _Hi(tn+l)
/Mo = 'Ui:_/ vai'Ei(th)—/ K(ths1) - v
T; T
+Z/ v; - ({Ep(tns1) Ve X r) (3.68)
key; Y dik
~ntd
1 Ji P = Jilt, 1) T, Jilt, )+ Jilt
€ 2/ 2 ¢z+ 2/ ) ' /E n+1 ¢z
0Wpe JT; T €0Wpe JT;
(3.69)
~ n+1
1 K, —K;(n K;(t, + K(tn)
0%pm JT;
(3.70)

Using Taylor’s formula gives:

0 ™ 93 o°
=717 Ey(t,, ) + 28(6753 Ey(cnt1) + @Eh(cn))

Eh(thrl) _Eh(tn) ot

where (cp41,0n) € [tn+1,tn+1] X [tn,t ntl 1]. This leads to the estimate:

~n+1 ~ S ~ n+1 ~n+3 1
(IIEh(tn+1)—E \|2+\|Hhtn+3)—H 2||2+||Kh(tn+1)_Kh 1P+ [T (tnsg) = Tn 1)

<CT(H EhHHI Hh||+|| Jh||+|| Kh“)

ot3 ot3 ot? ot?
< CT|(B,H,J,K)l|c2(0,1),22(9) (3.71)
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Thus we can get

E;(tht1) — Ei(t,

T;
+1
Ey( E"
_Z/ U; - {Hh n+ }zkxnzk / n—i— - U
key; Y Gik
Hi(t +§)—Hl(t
/NO s - /VX’UI' tn+1 /K tn+1)'vi
T;
P
Hi(t, s)—H; ’
+Z/ Vi - ({En(tnt1) bie X i) + /Mo - — v
key; ¥ Yik T
1 Jilt,3) = Jilt, 1) r, [ Jiltas) +Jilt,, )
2/ ¢z 2/ ¢’L
€0Wpe JT; T €ow T, 2
ot

1 Ji (thr;) - JZ
=/ Ei(tnt1) &+ — / 2 C @i
T; 6pre T; T

1 / Ki(tn+1)_Ki(tn) 'l,b‘|‘ Fm / Ki<tn+1)+Ki(tn) 7’[;
2 7 oW 2 : 2 ¢
pm T;

+1

/H n+3 )P+ ow /K 1) ;.

Now, if one defines,

E E
& (u / eo— -t u;,
T;
3
Hi(t, o)~ H]"
n; (Uz) - 12%0) - Vi,
i3
1 J (tn+ ) Jz :
G = o [ T b
+1
1 Ki(thi1) — K
X:Ln(/ltbl) = 2 / Z( et ) - wza
HoWpm JT; T
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then one has:

/ 6OEi(tnﬂ) — E;(t,) ;= V x u; - Hi(tn—&-%) _/ Ji(tn+%) Cuy
T; i
-y / i ((Ha(ty ) Yo ) + €0 ()
kev;
Hz(tn+§) — H; (t
/ Ho s / V x v; - tn+1 / K tn+1)
T; T
£y / 0i - ({Bn(tngn) bt X nag) + 1 (1)
kev;
]. Jl(thr%) - Jl(tn+%) Fe Jl(thr%) + Jl(thr%)
€0Wpe JT; T €0Wpe JT; 2

2
= /T E;i(tnt1) - @i + (' ()
/ Ki(tn+1)7—_ Kz(tn) ¢Z+ Fn; / Ki<tn+1)+Ki(tn) 77[)1
; HoWpm JT,

2

:/T_ Hi(t, 1) i + X3 (¥;)-

When considering the whole domain, we get

E t En+1
&n (up) / i n+17)_ by,
3
. Hy(t,,s) —H} *
nh(’Uh)Z/uo * Up,
Q T
nt B
) = 1 /Jh(tn+g)—Jh 2_¢
h\%¥h 60&)2 o = h»
+1
Ky(tn) — K,
) = o [ Ry,

and

n C ~n+1

1€n (un)] < ;HEh(th) — E;, ] [|unll,

n C ~ nt3

|nh(vh)|§?||Hh(tn+%)_Hh [ |vnll,
C =nt3

!Ch(¢h)!<;HJh( ni3) = I Pl @l

C n
RACII = SRR ANk
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By the estimate (3.71),

HER T+ g T+ TS+ ]

< CT?||(E, H,J,K)||c30,17,12(0))

Next define the error terms as:

n+3 n+3
af = Biytn) — By, 0, = Hy(t,.1) — Hy 7,
n—&-f n—l—%

Jh( )_Jh ) dZ:Kh(tn)_KZ'

Subtracting equations(3.54)-(3.57) from equations (3.72)-(3.75), we find:

1
a:LJr ay n+3 n+3
€(——— V X U - i — c; U
T; T;

- Z / u; - ({b, i}ik X i) + &' (u;)

3

b, — b
/,uo’ /vaZ att — /d?“-vi
T T T;

4 Z/ v; {an—H}zk X nig) + 0 (vi)

key;

n+3 n—&—l n+§
1 ¢ *—¢ ? T, ¢ *H+g
2 . ¢z + p) 2 ’ ¢z
€0Wpe JT; T €0Wpe JT;

= / alt @ + ()

T;

1 / d?“—d?.er T / d?“er?_w
2 1 2 %
HoWpm, JT; T HoWpm, JT; 2

= [ B )
T;
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Similar to the proof of stability in the sense of discrete energy (3.3.2), we get:

1 1 2 1 1 3 1
geolal ) + ot E ) (@)

1 7T +3 +1
+ g A+ / G g ?
HoWpm €oWpe JT;

é bn+2> 1 n—% n+%>

2
260wpe

n—

1 1
— b
260< vag) + 2M0<

1 T 1 _1
g ) = o [
2oWpm 4eow T

__Z/ [n+] n+2+ [n+] b %) ik

;L

kev;
1 1 n+1 n
. TFe2 /Cwa_cﬁﬁ_ TF;n / di" +d; . g+
(2 (2
2eowpe J1, HoWpm JT; 2

* + [n+3]
(él( a; )+771 (bz )+77n+1(b )—i—CZ( :L 2)+C"+1( g 2)+Xz(di” 2ly).
Again, the term involving a sum over k will vanish due to canceling interface contributions

and the metallic boundary condition when adding all elements together, leaving

1 ( n+3 nti

Ch ) Cp, >+

1 1
Seolaf L al )+ St ) + (@t dith)

2 2002, 210w,
= geolaf, af) + %Mo(bz_%7bz+%> s e
o )~ 155 / SERPA
_4;1;62 Z/T C?-‘r% -c?+% B 260;2 /T C?+§ ‘C:H-% w2 Z/ dn+1+d” [n+ ]
pe T, i pe T, i pm T,
SR ) T O + T + GG ).

Using (3.77) and adding from n =1 to n =m — 1, we get

1 m+ m—1 1 +1 m-1 1 1
(§€0<a2n7ah>+ M0<b ’bh 2> 260 <Ch 27 h 2>+2/«60wpm< dm>)2
<(Geoladal) + 5polty® bE) + 5y (e *cf) + 5y (df d2))?
€ -
2 0\&p, Uy, 2“0 h 2600058 h %R Qﬂﬂw%m hy Wh

<CT?||(E,H,J,K)||c3 (011,02
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Therefore,

n n+i n+% n 1
mazn=o,. N(|En(tn) = ER|[* + || Hn(t, 1) — Hy 2|7+ [[Tn(tgy) = 2 |+ 1K (tn) — KR |)?

<C7*|(E,H,J,K)||c2(j0.1],12(2)-

O

Lemma 3.3.4. Let P, denote the standard L?*-projection onto V or V?N which s the
subspace of Vy with the boundary condition n x E = 0 imposed. It is known that the

projection error estimate

min{s,k}+1
lu — Prullgp < CRE™ S (3.78)

holds true for any element T, and that w € H*1(T).
Let (Ep, Hyp,J, K) be the weak solution of (3.54)-(3.57), and (E,H,J,K) be the solution of

(3.1)-(3.4).

(¢ol|PhE — Epl|* + pol|[PhH — Hp||* + |[Pod — Jn|” + 1P K — Kp|[%)*

2
wP@ pm

<Ch™™M|(H, E, J, K)||cogo,11,m+1.(9))

where k is the degree of the basis function.

Proof. We proceed in the same fashion as in Lemma(2.2.4). The semidiscrete scheme

for (3.54)-(3.57) is:

E;
/Tiéoaat ’U,Z:/VX’U,ZHZ—/JZ’U@

- Z/ w; - ({Hplik X nik) (3.79)

key;

/UOaHi'Ui__/vxvi'Ei_/Ki"Ui
T

+Z/ vi - ({En}ik X nix) (3.80)

key; Y Gik

1 oJ; I,
e E;. 81
eowge/n g+ ope/;’ b = / s (3.81)

1 0K; / /
W, K, v, H, v, 3.82
oW, /T ot Vit uowpm Wi= Vi (3:82)




Multiplying (3.1) by up € Vp, (3.2) by vy € Vy, (3.3) by ¢, € Vi, and (3.4) by ), € Vy,

and then integrating each over T;, we get

/ /VXH u; — /J-ui
/qu, H — /J u;

—Z/ wi - ({H}ip X ) (3.83)
key; ik
H
/Moa— v, VXEFE- v — K -v;
T, Ot T T
=— Vxwv,-E— K -v;
T T;
+Z/ v; - ({E}ik X i) (3.84)
]{?El/i Qik
1 oJ T,
) J - = E .
|5 ¢z+60w2 [ a6=] B0 (3.55)
1 oK
cah. K- H - 3.86
el IR o R OE / b (3.56)

To simplify matters,Let gh = PhE - Eh,T]h = PhH— Hhaéh = PhJ - Jhaﬁh = PhK - Kh'

Subtracting(3.79)-(3.82) from (3.83)-(3.86), and adding all elements together, we find

co(5; €h,Uh) (M1, V X wp) + (Spy un) +ZZ/ wi - ({n}ir X Mir,)

T; kev;

—eo( S (P2 — B),ug) — (PuH — H), ¥ x uy)

+ (Ppd — J,up) +ZZ/ wi - ({PoH — H }ir X np,) (3.87)

T; kev;

0
#o(z1h, vn) + (&, V > vp) + (i, vh) ZZ/ v; - ({&n}ik X Mik)

T; kev;
_uo(aat(PhH H) ) (PhE — E, V x ’Uh)
+ (P K —K,vp) = > > / v; - ({PoE — E}ij, X nig,) (3.88)

T; kev; %k
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1 3§h

60(}.}% ( ) ¢h) w (fh'} d)h) (§h7 d)h)
1 0 e
=z G (PoT = D)+ i (Pud =T 1) = (PUE = B ) (3.89)
1 Gnh F
NOWIQ) ( at 7¢h) ,UJprm (nhallzbh) (77h7¢h)
= )P — K) ) + (K~ Kot,) — (BH -~ Hoapy). (390)
eow t E0Wpm

Letting uy, = &, vy, = M, ¢y, = &, and 1, = T, and adding equations (3.87), (3.88), (3.89)

and (3.90)together, we can get

0 0 1 1 0
60(—§h,§h)+uo(a—77hﬂ7h)+60w ( fhvfh) 0?2 (8 T, Th)

pe 0%pe
=- _Z Z/ (& % M+ & x M) - i) — —5(€n&n) — (T Tn)
T; ke p 0%pm
+€0(§t(PhE E) &) — (PhH — H,V x &) —i—ZZ/ & - {PyH — H} x ny,
T; key; ¥ ik
+,uo(§t(PhH H),n) + (P,E — E,V x 1) ZZ/ ni - {P,E — E} x n,
T; key; ¥ %ik
1 0 . -~ - 1 0 T, . .
(at(PhJ J),n) — o, (&ns&n) + Tpm(at(PhK K), i) — Mowpm(ﬁh,nh)
<€0(6a (PhE E) gh) (PhH H.,V x fh —|— Z Z/ fl {PhH H} X Nk
T; kev;

(2 (BH — H)my) + (BB~ E.¥ x ) ZZ/ b (P — B x

T; k€v;
1 0
+ EOW%e(ﬁ(PhJ_J)vfh)—’_ Howgm(at(PhK K) ) (391)
8
= ZETW’ (392)
i=1

where Erry =0, Errg =0, Erry =0, Errs =0, Erry; = 0, Errg = 0 by the property of L?

projection. Further,

Cinv
Erry < —= ||l - [P H — H| (3.93)
and
Cinv
Erre < —=llmll - [|1PnE — E|. (3.94)
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Thus,

60(%fhvfh)+,u0(%77h777h)+61 ( fhyéh) Mi) (gnhmh)

0 pe
ClTL’U

(&l +1lnnll) - (1P E — E|| + |[PyH — HI|). (3.95)

Since

€0(&n, En) + 1o (nn, Mh) + —5(€ns &) + —~(71h, 7in)
pe

pre

b0 0 1 1 0
Z/O(60(%§h,§h)+uo(%?7h,nh)+Eow ( fha‘fh) o2 (8 Ths 7)) ds

pe 0%pe

1 - 1
+€0 60750 + 0 07 . + — 5055 ~Oa~0
( h h) K (TIh nh) Eowge( h h) Mowpe (nh nh)

with inequality (3.95), we obtain

€0(&n>€n) + 10 (M 1) + ——5 (s €n) + — (7T 77h) (3.96)
pe

Ope

1 - 1
0 0 0o .0 0 0 ~0 ~0
—\€o 5 75 Ho\Tp, M § 7§ N>
( ( h h) ( h h) EOW%Q( h h) ,U(]Wpe( h h))

' 1 Cfnv
S/D %(H&H%th!\ )+ 2050 ([ PLE E|? +||P.H — H|)?) (3.97)

Let A = maX[O’T](Hﬁh(t)W + ([ )| %)

Since A is well defined due to the regularity hypotheses on the solution (H, E) and (H}y, E},),

€0(ny En) + to(Ma, mn) + + . —— (&, &) + 5= (77> Tin)
ow pe HoWpe

4 1
2 2min{s,k}
<TC2 §h (B, ) oo 1,001 0) + Thgg

which concludes the proof. O
Theorem 3.3.1. Let (E,H,J,K) € C3([0,7], L(Q)) nC°([0,T], (H*TY(Q))3). Under the

CFL condition Lemma(8.3.1), the following error estimate holds:

n n+i n+3 n 1
NIE ) — BRI + 1 H (t, 1) — Hy 2P+ 1T (g 1) = T, P + |1 K () — KG[%)2)

.....

C(2||(E, H,J,K)||cs(o,7),12(0)) + K" F|(H, E, J, K)|| 0o 0.1, 1541 (9)))-
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Proof.
Using the triangle inequality and Lemma(3.3.3) and (3.3.4), we can easily get the error

estimate. O

3.3.3 EXTENSIONS OF THE DG METHOD TO A PML MODEL

In this section, we extend the above DG method developed for a metamaterial model
to a perfectly matched layer (PML) model developed in 1997 [62]. Following the notation
of [62], we assume that the PML is a cubical simulation domain, with face regions having
absorbing layers with only one normal direction, edge regions being intersection of two
face regions, and the corners representing the overlapping parts of three face regions. The

complete PML governing equations for the corner region are [62, Eq. (B.4)],

OE 1 1

i DE=—VxH-— :

ot T2 Eov x €0J (3.98)

oJ

5 T D2 =aDsE (3.99)
H 1 1

8——|—D1H: ——VxE-—-K (3.100)
ot €0 €0

0K

—p T D2K = pmDsH (3.101)

where we denote the 3 x 3 diagonal matrices D1 = diag(dy+ 0. — 0z, 0, + 0y — 0y, 0z + 06y —92),
Dy = diag(0,,8,,8.), Ds = diag((6s — 8,)(8, — 62), (0 — 8:)(8, — 6), (02 — 8,)(3= — 6,).
Here 0,, 0, and ¢, are nonnegative functions and represent the damping variations along
the x, y and z directions, respectively. Usually, quadratic profiles are chosen for d,, 6, and
0, [57]. Note that the model (3.98)-(3.101) is the same as (5.12) of Turkel and Yefet [57]
(with the assumption that €9 = pp = 1) and is well posed mathematically because it is a
symmetric hyperbolic system (i.e., the standard Maxwell equations) plus lower order terms

[57, p. 545]. Through a simple modification of (3.54), we can obtain the following fully
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discontinuous Galerkin scheme for the PML model (3.98)-(3.101):

El _E? 1 1] 1
= — Vxu - H 72— [ g2y, (3.102)
Ti T €0 Tz €0 Tz
En+1 +En
- Z / u; - {H }zk X nzkz / Dl s U
kEV Qik
(3.103)
3 1
H'™ g™ 1 1
/ g L v=—— | Vxuv; E'M— / K}t v, (3.104)
T; T Ko JTy Ho
3 1
H' 2 g2
Z/ v; - ({By ™ ik x my,) — D1/ : ; —
kEV
(3.105)
3 1
Jr gt gt
/ - . ¢1+D2/ ; o; _eng,/ E. ¢, (3.106)
T T T 2
K" — K} K"+ K}
/ i — ¢Z+D2/ p,ODg/ H'™ -zﬁi (3.107)
T, T 2
(3.108)

3.3.4 NUMERICAL RESULTS

For simplicity, here we only consider the 2D implementation, although the 3D case is
quite similar (yet it requires much longer run time). The first two examples reproduce

simulations performed in [44] by a different method.

Example 3.3.1. In this example, we will check the convergence rate O(724h"(5:)) of this
DGTD method for Maxwell’s equations in Metamaterials. We will use the same set up as
example(3.2.1). We solved this example with various time step sizes 7 and uniformly refined
meshes. In our experiments, we tested basis functions of order N = 1,2 and 3. Selected
numerical results are presented in Tables (3.6)-(3.8). Many numerical tests suggest that our

scheme has the following error estimate:
maz 1 (|| H™ —HJ| oo @) HIE™ = B || oo )+ 1T =T || oo () + [ K= K| oo (@) < CHF,

where H"™ and H, denote the analytic and numerical solutions at time step m, respectively,
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and k£ > 1 is the order of the polynomial basis function. Note that in Table 3.8 the

convergence rates degenerate when the meshes become finer. We believe that this is caused

1 .
NGl < Ch. To confirm this
argument and the long time stability of our scheme, we increased the resolution of this

by the violation of the CFL condition for finer meshes

example to order N = 3 and used the smaller time step 7 = 1072 for 1000 time steps so
that we can compare the results obtained in Table 3.8 at the same ending time. Results

obtained with order N = 3, and 7 = 10~® are shown in Table 3.9.

Table 3.6: The L? errors obtained after 10 steps with 7 = 1076 and &k = 1.

Meshes h = % h = % rate h = % rate h = % rate h = é rate
H, 3.5601e-6 1.7805e-6 0.9996 8.9024e-7 1.0000 4.4512e-7 1.0000 2.2256e-7 1.0000
Hy 3.5601e-6 1.7805e-6 0.9996 8.9024e-7 1.0000 4.4512e-7 1.0000 2.2256e-7 1.0000
E. 7.1211e-6 3.5614e-6 0.9997 1.7807e-6 1.0000 8.9037e-7 1.0000 4.4518e-7 1.0000
Ky 1.5812e-10 | 7.9078e-11 | 0.9997 | 3.9540e-11 1.0000 | 1.9770e-11 1.0000 | 9.8849e-12 | 1.0000
Ky 1.5812e-10 | 7.9078e-11 | 0.9997 | 3.9540e-11 1.0000 | 1.9770e-11 | 1.0000 | 9.8849e-12 | 1.0000
J= 3.8655e-10 | 1.9332e-10 | 0.9997 | 9.6662e-11 1.0000 | 4.8331e-11 1.0000 | 2.4165e-11 1.0000

Table 3.7: The L? errors obtained after 10 steps with 7 = 1076 and k& = 2.

Meshes h = i h=1 rate h = % rate h = % rate h = é rate
Hy 3.5938e-7 9.0173e-8 1.9947 2.2564e-8 1.9987 5.6425e-9 1.9996 1.4115e-9 1.9991
Hy 3.5938e-7 9.0173e-8 1.9947 2.2564e-8 1.9987 5.6425e-9 1.9996 1.4115e-9 1.9991
E. 7.1869e-7 1.8033e-7 1.9947 4.5122e-8 1.9987 1.1284e-8 1.9996 2.8226e-9 1.9992
K 1.5961e-11 | 4.0048e-12 1.9947 | 1.0021e-12 1.9987 | 2.5059e-13 1.9996 | 6.2685e-14 1.9991
Ky 1.5961e-11 | 4.0048e-12 | 1.9947 | 1.0021e-12 | 1.9987 | 2.5059e-13 | 1.9996 | 6.2685e-14 | 1.9991
Jz 3.9013e-11 | 9.7886e-12 | 1.9948 | 2.4494e-12 | 1.9987 | 6.1250e-13 | 1.9996 | 1.5322e-13 | 1.9991

Table 3.8: The L? errors obtained after 10 steps with 7 = 1076 and & = 3.

Meshes h = % h = % rate h = % rate h = % rate h = é rate
Hy 2.5657e-8 3.2197e-9 2.9944 | 4.0580e-10 | 2.9881 | 7.0506e-11 | 2.5250 | 4.9745e-11 | 0.5032
Hy 2.5657e-8 3.2197e-9 2.9944 | 4.0580e-10 | 2.9881 | 7.0506e-11 | 2.5250 | 4.9745e-11 | 0.5032
E. 5.0887e-8 6.3846e-9 2.9946 | 8.0478e-10 | 2.9879 | 1.4040e-10 | 2.5191 | 9.9482e-11 | 0.4970
Ky 1.1396e-12 | 1.4301e-13 | 2.9943 | 1.8017e-14 | 2.9887 | 3.0893e-15 | 2.5440 | 2.1490e-15 | 0.5236
Ky 1.1396e-12 1.4301e-13 | 2.9943 1.8017e-14 | 2.9887 | 3.0893e-15 | 2.5440 | 2.1490e-15 | 0.5236
Jz 2.7622e-12 | 3.4656e-13 | 2.9946 | 4.3677e-14 | 2.9882 | 7.5786e-15 | 2.5269 | 5.3397e-15 | 0.5052

Comparing Table 3.9 with Table 3.8, we see that the results obtained with the smaller
time step 7 = 1078 show O(h?) convergence rate very well, and the errors are more accurate

(about one order of magnitude) than those obtained with 7 = 107° .
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Table 3.9: The L? errors obtained after 1000 steps with 7 = 10~ and k = 3.

Meshes h = % h = % rate h = Tla rate h = % rate h = é rate
H, 2.5657e-8 3.2194e-9 2.9945 | 4.0280e-10 | 2.9987 | 5.0365e-11 | 2.9996 6.3150e-12 2.9956
Hy 2.5657e-8 3.2194e-9 2.9945 | 4.0280e-10 | 2.9987 | 5.0365e-11 | 2.9996 6.3150e-12 2.9956
E. 5.0887¢e-8 6.3839¢-9 2.9948 | 7.9872e-10 | 2.9987 | 9.9867e-11 | 2.9996 1.2522¢-11 2.9955
Ky 1.2650e-12 1.5872e-13 2.9946 1.9859%e-14 | 2.9986 2.4831e-15 | 2.9996 3.1162e-16 2.9943
Ky 1.2650e-12 | 1.5872e-13 | 2.9946 | 1.9859e-14 | 2.9986 | 2.4831e-15 | 2.9996 3.1162e-16 2.9943
Jz 2.5136e-12 | 3.1534e-13 | 2.9948 | 3.9453e-14 | 2.9987 | 4.9330e-15 | 2.9996 6.1881e-16 2.9949

CPU(s) 6.357308 8.910876 12.230510 38.56634 140.381352

Table 3.10: The L? errors obtained after 100,000 steps with 7 = 10~® and k = 3.

Meshes h = % h = % rate h = % rate h = % rate h = ﬁ rate
Hy 2.5058e-6 | 3.1444e-7 | 2.9944 3.9507e-8 2.9926 5.0192¢-9 2.9766 | 6.5589e-10 | 2.9359
Hy 2.5058e-6 | 3.1444e-7 | 2.9944 3.9507e-8 2.9926 5.0192e-9 2.9766 | 6.5589e-10 | 2.9359
E. 5.1349e-6 | 6.4365e-7 | 2.9960 8.0113e-8 3.0063 9.8104e-9 3.0297 1.1392e-9 3.1063
Kz 1.2451e-8 1.5618e-9 2.9950 1.9565e-10 2.9969 2.4595e-11 2.9918 | 3.1372-12 2.9708
Ky 1.2451e-8 | 1.5618e-9 | 2.9950 | 1.9565e-10 | 2.9969 | 2.4595e-11 | 2.9918 | 3.1372e-12 | 2.9708
Jz 2.5239%¢-8 | 3.1651e-9 | 2.9953 | 3.9491e-10 | 3.0027 | 4.8830e-11 | 3.0157 | 5.8722e-12 | 3.0558

time stability, we run the scheme with order N = 3, and 7 = 10~% for 100,000 time

steps. The errors obtained are presented in Table 3.10, which still shows O(h?) convergence

rate very well. The comparison between Tables 3.9 and 3.10 shows that the errors of all

fields grow linearly in time: H, , H, and E, exhibit this property quite clearly, but the

induced currents K, and J, do not. Still, the latter have to be considered to have solutions

proportional to 7. Furthermore, our results show that the algorithm is quite efficient by

considering the CPU time (in seconds) recorded in Table 3.9. Exemplary solutions for E,

and the corresponding pointwise errors obtained with order N = 3, and 7 = 1072 at the

end of 100,000 time steps are presented in Fig(3.13).

Example 3.3.2. Here we consider the 2D transverse magnetic PML model obtained from

80




Numerical electric field Pointwise error of electric field
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(a) electric field E (b) pointwise error of electric field
Numerical electric field Pointwise error of electric field
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(c) electric field E (d) pointwise error of electric field

Figure 3.13: Results obtained with order N = 3, and 7 = 1072 after 100,000 time steps.
Top row (with h = —) Ez (left) and its pointwise error (right); bottom row (with A = 3%)
Ez (left) and its pointwise error (right)

(3.98)-(3.101):

0H 1 OF, 1
= —— K.+ (6 —0y)H,
o o Oy po ( v)
0H, 10E. 1
- %% K, (6, - 0,)H
ot Lo ox Lo Y (533 53!) Yy

0E. 1 0H, 0H,

1
= - — —dJz— Uz Ez

ot € Ox Jy ) eoJ (02 +0y)
oJ,

5 = €000y F,
0K,

ot —0o Ky + po(6z — 6y)0o H
0K,
a—ty = _5yKy — p10(0z — 5y)5yHy>
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where the subscripts z, y and z denote the corresponding components.

For this model, we assume that the physical domain = (—0.1,0.1)? is surrounded
by a perfectly matched layer of thickness of 0.05, i.e., the real computational domain is
(—0.15,0.15)2. To test the effectiveness of the PML, we assume that there exists an initial

electric source

wr

cos®(ZL) if r < rg;
Ez(may)o) = ( TO)
0 if r > rg.

where rg = 0.05, r = /22 + y2.

The damping function ¢, is chosen as:

So(z —0.1)2 ifz > 0.1;
0z(7,y) = ¢ oz +0.1)2 if 2 < —0.1;

0 elsewhere.

Function 6, has the same form but varies with respect to the y variable.

In our test, we choose the time step % x 10712, the damping constant §y = 1, the basis
function order N = 2 on all elements, and the simulation time 7 € (0,30007) such that the
wave front has reached the simulation boundary. Some snapshots at various time steps are
presented in Figs. (3.14) and (3.15), which shows that the PML absorbs the wave reflections

at the interfaces very well.

Example 3.3.3. In [61], simulations are performed for double negative (DNG) metama-
terial for two cases: (1) when the index of refraction n ~ —1 and (2) when n ~ —6. The
general index of refraction, n;, where i stands for the index tracking the medium the wave

is propagating through, is given by the expression
. ,
TR R NGNS
€0y Mo

Since both €, and pu, are negative, n; is negative as well. Also, [61] adopted two lossy
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Ez at time step=500

H field at time step=500
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o
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(c) electric field E (d) magnetic field Hx,Hy

Figure 3.14: Top row: contour plot of Ez (left) and H field (right) at time step 500 in
metamaterials with PML boundary conditions; bottom row: the same plots at time step
1000.

Drude polarization and magnetization models:

w2,

E(CL)) == 60(1 - m) (3109)
w2,

p(w) = po(1 — m) (3.110)

In our simulations, we chose a TE wave which consists of the field components H, , H,

N

‘inc” means incident, a matched slab is defined by Ntrans = Mine - For simulations of both

, and E,. Wave impedance is given by n; = If we let ‘trans’ mean transmitted and

cases,n ~ —1 and n ~ —6, matched slabs are considered, in which case wpe = wWpm = wp
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Ez at time step=2000

H field at time step=2000
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(a) electric field E (b) magnetic field Hx,Hy

Ez at time step=3000

H field at time step=3000

U5 =01 —0U5 U VU UL U1

(c) electric field E (d) magnetic field Hx,Hy

Figure 3.15: Top row: contour plot of Ez (left) and H field (right) at time step 2000 in
metamaterials with PML boundary conditions; bottom row: the same plots at time step
3000.

and I', =T, = I'. In all cases, I' = 10® s~! , frequency is fy = 30GH z, the time step,
At = £ x 1072 s, and the simulation domain is [0,0.083] x [0,0.06]. The boundary is a
PML with a thickness of 0.0008. Also, for both cases, multiple cycle m —n —m pulses were

used to generate the smooth source, thereby producing minimal noise.
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These pulses are given by

/

0 fort <0
gon (t)sin(wt) for 0 <t <mT,
f@t)=1q sin(wt) for mT, <t < (m+n)T,

Goff(t)sin(wt) for (m+n)T, <t < (m+n+m)T,

0 for (m+n+m)T, <t

t— T, : . .
where z,,(t) = mLTp, Toff = (?;7;:)", and the continuous functions in C? are

Jon = 10x§n(t) - 15$§n(t) + 6xin(t)

Joff = 1-— [10ngf(t) - 151‘;1”(25) + 6x§ff<t)]

For the case when n ~ —1, w, = 27v2fy ~ 2.66573 x 10! rad/s, so I' = 3.75 x 107,
One can easily see that given this value of w,, the real part of both ¢, and p, is —1, and
thus n ~ —1 since n = /€,\/t;. Similarly, when n ~ —6, w, = 21T fo ~ 4.98712 x 101
rad/s, so I' = 2.01 x 10~%w,. The Gaussian beam varies spatially as ezp(—2?/w?), where wo
is the “waist”. The single slab has a dimension of [0.024,0.044] x [0.006, 0.058]. The source

is placed at x = 0.004.
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Figure 3.16: Single slab metamaterial with n ~ —1
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Figure 3.17: Single slab metamaterial with n ~ —6
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Chapter 4
HOMOGENIZATION OF MAXWELL’S EQUATIONS IN
DISPERSIVE MEDIA BY DG

In this dissertation, we talk about the homogenization of Periodically varying coefficients
for Maxwell’s equations in dispersive media by the Discontinuous Galerkin Method. This
section is based on our work [46]. Several techniques have appeared for solving the time-
dependent Maxwell’s equations with periodically varying coefficients. For the first time, we
apply the discontinuous Galerkin (DG) method to this homogenization problem in dispersive
media. For simplicity, our focus is obtaining a solution in two-dimensions (2D) using 2D
corrector equations. Our numerical results show the DG method to be both convergent and
efficient. Furthermore, our solution is consistent with previous treatments and theoretical
expectations.

We study the periodic homogenization of Maxwell’s equations for dispersive media in the
time domain, in a material presenting heterogeneous micro structures (composite materials).
We shall first note that the study of the DG method for Maxwell’s equations in dispersive
media(whose physical parameters such as permitivity and/or permeability are wavelength
dependent) is limited. It just has been developed recently[34, 35, 37, 49, 58]. In [35], a fully
implicit DG method for solving dispersive media and its convergence rate are given, but
the governing function doesn’t have a rapidly oscillating coefficient. This is the first work
to combine both of these properties using DG-FEM.

When the period of the structure is small compared to the wavelength, the coefficients
in Maxwell’s equations oscillate rapidly. These oscillating coefficients are difficult to treat
numerically in simulations. Homogenization is a process in which the composite material
having a microscopic structure is replaced with an equivalent material having macroscopic,
homogeneous properties. The fields are computed only in the unit cell and then generalized
over the whole domain. Therefore, given a large finite lattice of heterogeneous composites,

the time of computation and the memory requirement can be greatly reduced without the
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loss of accuracy.

Bensoussan, Lions, and Papanicolaou [8] studied the homogenization method applied to
Maxwell’s type equations with rapidly oscillating coefficients early on and derived conver-
gence results. The mathematical literature on electromagnetics in complex media is not, as
yet, very extensive. The bigger part deals with the study of time-harmonic waves in chiral
media or elliptic problems. See [5, 15, 30, 38, 54]for a comprehensive account of research ac-
tivities in this direction. The literature in the time domain is even more restricted. We refer
to [7, 25] and references therein. In [7], Barbatis and Stratis studied the periodic homoge-
nization of Maxwell’s equations for dissipative bianisotropic media in the time domain, both
in R3 and in a bounded domain with the perfect conductor boundary condition, but they
did not show any numerical results to support their analysis. Furthermore, Bossavit, Griso,
and Miara [11] studied the behavior of the electromagnetic field of a medium presenting
periodic microstructures made of a bianisotropic material by the periodic unfolding method
introduced by D. Cioranescu, A. Damlamian and G. Griso in the abstract framework of
stationary elliptic equations [17]. They talked about the treatment of time-dependent coef-
ficients (nonstationary) which yields a limit constitutive law different from the original one,
in particular the convolution operator that accounts for memory effects. Wellander [59]
used the two-scale convergence method (see, [3]) to obtain convergence results for the ho-
mogenization method for the time-dependent Maxwell’s equations with linear constitutive
relations in a heterogeneous medium. He further expanded them to treat cases in which the
material possesses a nonlinear conductivity, or is possibly nonperiodic. Banks et al. [6] used
the periodic unfolding method presented in [17, 18] in the abstract framework of stationary
elliptic equations to simulate the electromagnetic field in a composite material exhibiting
heterogeneous microstructures. In [15], they discussed the multiscale analysis of Maxwell’s
equations in composite materials with a periodic microstructure, and they showed that
higher-order correctors are essential for solving Maxwell’s equations in composite materials
when ¢ is not sufficiently small. However, they only dealt with a time-harmonic problem
by the edge element method. The engineering literature is dominated by the simple mix-
ture formulae, which are derived using physical arguments. For an excellent overview and

history of the mixture formulae, see [54, 55].
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Our effort here is motivated by the homogenization of time-harmonic Maxwell’s equa-
tions or boundary value problems. This topic has not been studied when the time domain
and the dispersive media are involved in the Maxwell’s equations in a heterogeneous mate-
rial. we thus need to consider two factors: one is the homogenization of rapidly oscillating
coefficients, and one is the fully DG scheme to solve the corrector function in the unit cell
and the homogenized Maxwell’s equations in the whole domain. Our method is based on
homogenization of equations of maxwell’s type from [8, 15] to simulate the periodic ho-
mogenization of Maxwell’s equations for dispersive media in the time domain, in a material
presenting heterogeneous microstructures by DG finite element method. We use the first
order corrector because we assume ¢ is small enough. Refer to [15] for a comparison between
the first order and the second order corrector functions. To our best knowledge, this is the
first time using DG finite element method to solve the homogenization of periodically vary-
ing coefficients for Maxwell’s equations in dispersive media in time domain. We are able to
obtain the convergence rate for the fully DG scheme of the Homogenization method. We
could not test the convergence rate numerically due to the difficulties of finding the exact
solution to the Maxwell’s equations in heterogeneous materials, and multiple factors of the
convergence rate. However, we can test the schemes stability and convergence. Also a com-
parison is made between the effective coefficients obtained by the homogenization method
presented here and those computed by the traditional Maxwell Garnett mixture formula
in different shapes of inclusions while [6] only compares them in the circular inclusion. A
comparison between the asymptotic homogenization approach and the M-G formula for 3-D
periodic lattices featuring complex-media inclusions with bianisotropic properties is given

in [54].

4.1 THE HOMOGENIZATION BY DG METHOD

4.1.1 THE GOVERNING EQUATIONS
The governing equations for the isotropic homogeneous microstructures [35] are
Eqx+VX(GVXE)+wE—JE)=f in Qx(0,7), (4.1)
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where E is the electric field, ¢, is the speed of light, w), is the plasma frequency, f is an

added source term, and J is the polarization current density represented as

t
JE)=J(x,t;E) = uwz/o e V) B(x, s)ds. (4.2)

Here v > 0 is the electron-neutron collision frequency. It is to be emphasized that c,
is constant in (4.1). In this paper we examine the case that ¢, = 1/,/éx is a periodic
function of position, where € and p are the permitivity and permeability of the composite
material. Specifically, we consider ¢, = CU(%> to be rapidly oscillating spatial functions,
where € > 0 denotes the relative size of a periodic microstructure of the composite material.
Our governing equations now model isotropic heterogeneous microstructures (composite

materials):
Eu+Vx(AE)VXxE) +w2E-J(E)=f in Qx(0,7T), (4.3)
€

Here € is a bounded Lipschitz polyhedron in R%(d = 2,3). Moreover, we assume that the
boundary 0f2 of Q is a prefect conductor so that

nx E=0on 0 x (0,T)

Where n denotes the unit outward normal of 0f2. Furthermore, we assume the initial

conditions for (4.3) are given as
E(x,0) = Ey(x) and E(x,0) = E(x),

where Ey(x) and E;(x) are some given functions.

4.1.2 THE HOMOGENIZED PROBLEM

Before we homogenize the governing equations, we treat a simpler problem for the

purpose of introducing the homogenization technique. Consider the following equations
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with rapidly oscillating coefficients (from [15]):

V x (AV X u.) — w?ue = f(x), x e,
Vou. =0, e, (4.4)

u.xn=0, x¢cod

where A%(z) = (aj;(z)) = (ai;(£)) for the 1-periodic functions a;;(£), and Q € R? is a
bounded Lipschitz polygonal convex domain or a smooth domain with a microstructure.
For the requirements and properties of a coefficient matrix A€, refer to [15]. Letting & = %,
the reference periodic cell Q is, without loss of generality, defined as Q@ = {§ = {&1,£2,&3} ¢
0 <& < 1,i=1,2,3}. The construction of the homogenized problem requires solving for

the matrix valued function 8(¢) = {8',6%,8°}. The corrector subterms 6 are solutions to

the corrector equations

Ve X (A(§)Ve x 0°(8)) = —Ve x (A(§ep), £ €Q,
Ve -0°(§) =0, £€qQ, (4.5)

O (&) xn =0, &€aQ,

where e, denotes any of e; = {1,0,0}, ex = {0,1,0}, e3 = {0,0,1}.

There are two methods for obtaining the homogenized coefficients matrix A:

1. The first method is to solve for the components x7 (&) of the matrix-valued function

x(&) = (x1(€), x?(¢), x3(¢)) from the equation
Ve (ATHOVeX!(€) = —Ve - (A7 (9)ey), (4.6)

We then define

)
I

(MATHE I3 + Vex(€))) 7

where Mv = fQ v(€) dE.
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2. The second method is to set
A= M(A(€) + A(€) Ve x 6(¢)). (4.7)

Now we can define the solution u%(x) of the homogenized equations for (4.4) as

V x (AV x u°) — w?u® = f(z), @€,
V-u'=0, zeq, (4.8)

uxn=0, zecod.

The first order multiscale asymptotic expansion for problem (4.4):

uc(x) = u’(xz) + 0(6)V x u’(z), (4.9)

4.1.3 REDUCTION TO TWO SPATIAL DIMENSIONS

When dealing with 2D problems, some changes need to be made to the corrector func-
tion.
In a similar manner to the three-dimensional case, we may construct the corrector function

for 2D, which involves solving for the corrector W (), a vector function in 2D.

Ve x (a(§)Ve x W(E)) = Ve x a(§), £€Q,
Ve W() =0, {€Q, (4.10)

W(E) xn=0, ¢&e€dqQ,

Here, a(§) is the coefficient, a scalar function, and @ is the reference cell of the periodic

structure that occupies Q € R2. Then the homogenized coefficient @ is

i— /Q a(€) + a(€)Ve x W(E)de (4.11)
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and the corresponding homogenized equations are:

V x @V x u®) —w® = f(x), xeQ,
V-u’=0, zecQ, (4.12)

uxn=0 xcdn.

The first order multiscale asymptotic expansion for problem (4.4) in 2D is
uc(x) = u’(z) + W (EV x u’(z). (4.13)

For proofs of the above homogenization, refer to [8].

4.2 A FULLY DISCRETE DG SCHEME

Now we can proceed to construct the DG finite element scheme for this homogenization
method. Notice that there are two types of equations to solve for. One is the corrector
function in the unit cell, and the other is the homogenized Maxwell’s equation over the

whole domain.

1. A DG finite element of scheme for the corrector functions in unit cell Q).

We consider a shape-regular mesh 7}, that partitions the unit cell () into disjoint
tetrahedral (or other types, e.g., triangular) elements {K}, such that Q = UKeTh K.

0
We denote the diameter of K by hg, and the mesh size hy by hg = MATKET,, hi.
Furthermore, we denote the set of all interior faces by F,{O, the set of all boundary
faces by F% , and the set of all faces by Fj, = F}{O U Fif) .

We assume that the finite element space V', is given by
Vi, ={veL*Q):v|g € (PK),KeTy}, d=2,3, 1>1,

where P;(K) denotes the space of polynomials of total degree at most [ on K. To
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construct the DG scheme, we need a bilinear form ay, defined on V,, x V', as follows:

any(w,v) Z/A VXuVX'vdcc—Z/ 7 - {{AE)V x v}}dA

KET}LO fEFh
- Z/ - {{A©V x up}dA+ 3 / v]]rdA.
JE€Fy, fEFn,

Here [[v]]7 and {{v}} are the standard notation for the tangential jumps and averages
of v across an interior face f = K+ [)OK~ between two neighboring elements K™

and K~
[ollr =nt x vt 40 xo,  {{o}} = (vt +07)/2,

where v* denotes the traces of v from within K+, and n* denote the unit outward
normal vectors on the boundaries 0K+, respectively. While on a boundary face f =
0K (092, we define [[v]]r = n x v and {{v}} = v. Finally, a is a penalty function,

which is defined on each face f € Fj, as:

aly = vA(E)hy"

where holp = min{hg+,hy-} for an interior face f = K+ (0K, and hol; = hy
for a boundary face f = 0K () 0Q. The penalty parameter « is a positive constant
and has to be chosen sufficiently large to guarantee the coercivity of ap,(-,-).

For the corrector equation:

Ve x (A(§)Ve x 07(£)) = —Ve x (A(§)ey), £ €Q,
Ve 0°(§) =0, €€, (4.14)

() xn =0, &£eiQ,

Multiplying both sides of the above equation by v € V', and integrating over () leads
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to the discrete DG scheme for the corrector equation:

> / Ve x 05 (€) - Ve x vdé — > / llr - {{A(€)Ve x v} }dA

K€Ty, fE€Fn,

-y / I - {{A)E)Ve x 67 ()} }dA+ Y /a[[eﬁo(f)ﬂr[[vﬂdfl (4.15)
feFn, "7 FEFM,

= — Z / V§ X v.

Similarly, we get the discrete DG scheme for the corrector equation for 2D:

> / Ve x Wi (&) Ve xvdf — > / llr - {{A(€)Ve x v} }dA
KeTy, fth
- Z/ I - {{A) &) Ve x 6} (§)}}dA + Z/ [(Wh, Ol - [[v]]dA  (4.16)
FEFL, feFn, 7t
=— - Ve X 0.
Z J e vex

2. DG finite element for the homogenized Maxwell’s equations.

We consider a shape-regular mesh T}, that partitions the domain €2 into disjoint tetra-
hedral (or other types, e.g., triangular) elements {K}, such that Q = UKeTh K. We
denote the diameter of K by hx, and the mesh size h by h = maxger, hir. Further-
more, we denote the set of all interior faces by F/, the set of all boundary faces by
FP, and the set of all faces by Fj, = F}/ |J FP.

We assume that the finite element space V', is given by
Vi={veL*Q):v|x € (PK),KcT,}, d=2,3, [1>1,

As usual, we can define the solution E° of the homogenized Maxwell equation for

(4.3) as

E) +V x (AV x E°) + w2E° — J(E°) =f in Qx(0,7),  (4.17)

nxE=0 on 0Qx(0,T)

Here, A is the homogenized coeflicient matrix of ¢ ( ) (for 2D, we use the scalar a

instead).
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Using the above homogenization method, we get the numerical homogenized coefficient

gho or ap, of c2(£) for 3D and 2D respectively,

A = [ [A©) + AT x O ()¢ (1.18)
= | [0(6) + a(©) Ve x Wi (€]
To define a fully discrete scheme of the homogenized Maxwell equation, we divide
the time interval (0,7") into M uniform subintervals by points 0 = ¢y < t; < t2 <

. <ty = T, where t = k7, and denote I¥ = [tp_1,tx41]. Moreover, we define

uf = u(.,t) for 0 <k < M, and denote the difference operators:
ut = (uFt 4 ubh 2 2uF = (Wbt - 20k k) /2

Now we can formulate an implicit scheme for (4.17): for any 1 < k < M — 1, find

E%kﬂ € V', such that

(2ES* v) + an (B} ", v) + 2By v) — (J0F v) = (FFLv), YoeV,  (4.19)

Similarly, we define the bilinear form ap on V', x V', as follows (use ap, for 2D):

an(wv)= 3 /Kﬁhov <V xvdz — Y /f[[uHT {{An,V x v}}dA

KeTy, feEF),
— || - EO x uttdA allullr - [[v]]|dA.
%AM{MV1W+§%HHMM

Here a is a penalty function, which is defined on each face f € Fj, as
alf = yAp,h 1,

where h|f = min{hg+,hg-} for an interior face f = K+ (0K, and h|; = hy, for
a boundary face f = 0K () 09Q. The penalty parameter v is a positive constant and
has to be chosen sufficiently large to guarantee the coercivity of ap(-, ).

The initial approximation is

2
0,0 0,1 T
By =[] E6 B, =][](E+7E + 5 E(0), (4.20)
h h
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where J g’k is defined by the recursive formula:

2
W,
—PreEY L EYY), k>10 (421)

0,0 0k _ —ur 40k—1 , V
J,) =0, J)=e"dJd, + 5

In (4.20), EY%(0) can be obtained by setting t = 0 in (4.17). With the corrector 8}, and
the homogenized solution E?L’kﬂ, we can use the multiscale asymptotic expansions to
get Eﬁ“:

E}t (@) = EYF (@) + €04, (OV x By () + .. (4.22)
For 2D, we use W, (§) instead of 0,(&) in (4.22).

We now provide some numerical results to support our DG finite element homogenization
method. The first and second examples are used to test the homogenization method. In
the first example, we used the time-harmonic Maxwell’s equations with rapidly oscillating
coefficients to test if our DG finite element homogenization is convergent and stable. The
second example is to compare our method to the theoretical M-G method in different kinds
of inclusions, in which we will see the similarities and differences between our method and
the M-G method. Example 3 is focused on solving our governing equations in a periodic
heterogeneous medium. For simplicity, all of our problems are based on 2D (2 = (0,1) x
(0,1)). The basis function for all problems is composed of a discontinuous linear finite
element, and the mesh is uniformly refined triangular elements.

The implementation of the Multiscale DG finite element method for solving the Maxwell’s

equations (4.3) in composite materials consists of the following parts,

e Part I. Compute the cell functions (4.15) ((4.16) for 2D) for the corrector 0, (W,

for 2D) on a reference cell Q = (0,1)2.

o Part II. After solving (4.18) for the homogenized coefficient A\ho (ap, for 2D), solve the
implicit DG finite scheme for modified homogenized Maxwell’s equations (4.19)-(4.21)

over the whole domain €.

e Part III. Calculate numerically the multiscale asymptotic expansions (4.22).
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4.3 NUMERICAL RESULTS

Example 4.3.1. To validate the homogenization method, we first test on the homogenized
problem. Comparing to [[15] example 5.1], we use the DG method to test the stability of
the DG homogenization method. We consider the same time-harmonic Maxwell’s equations

with rapidly oscillating coefficients given by

V x (a(%)v x uf) —wut = f(x), xeq,

V-u*=0, ze€Q, (4.23)

€

u*xn=0, xeoi.

We assume that Q = (0,1)? is a periodic structure, where ¢ = Wlm w? = 1. The

coefficient a(%) is a continuous and rapidly oscillating periodic function, as in the following:

x 20
o) = (2 + L5sin(2m(Z) + 0.75))(2 + L.5sin(27(¥) + 0.75))
Let @ = (z,y), and E; be the multiscale DG finite element solution based on (4.13), with
f =(30,30)T.
These figures ((4.1)-(4.3)) clearly show that our DG finite element homogenization method
is stable and convergent for time-harmonic Maxwell’s equations with rapidly oscillating

coefficients as the mesh size becomes smaller.

Example 4.3.2. The second example is to verify our method of finding homogenized co-
efficients. We will compare our numerical DG finite element method discussed here to the
theoretical mixture models, the Maxwell-Garnett formula. Here we will only show the result
from method 2 ((4.7) for 3D, (4.11) for 2D).

In Figure (4.5), we present a comparison of the homogenized coefficients in differently
shaped inclusions. We find that for a square or circle inclusion, our numerical method
produces almost the same coefficient as M-G formulas, which is best suited for smooth

canonical shapes(i.e., ellipses). When the shape is not smooth, the result produced by our
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Numerical electric field
1.4 T T T

12r

(a) the multiscale electric field E*,

Ey

(b) EL, the x component of E! (c) Ellj, the y component of E!

Figure 4.1: unit cell mesh size 1/27, domain mesh size 1/23 for example (4.3.1)

method is bigger than the M-G result. In general, if you want to have a higher effective

coefficient, complex shaped inclusions should be used.

Example 4.3.3. In this problem we choose the material parameters ¢ = 2, = 1 inside
the inclusion. So ¢2 = 0.5 here inside the inclusion. The host medium is free space, and

the volume fraction is 0.4, with w, = v = 1. The source term f = 0 in . We solve a
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(b) EL, the x component of E!

Figure 4.2: unit cell mesh size 1/27, domain mesh size 1/2* for example (4.3.1)

I I I I
0 0.2 0.4 0.6 0.8 1 12

(a) the multiscale electric field E*,

AN
“VAVAN

two-dimensional version of (4.1) with initial conditions

E° = E(2,y,0) = (cos(mz)sin(ry), sin(mz)cos(my))

E' = Ei(2,y,0) = e " (cos(mz)sin(my), sin(mz)cos(my))

Note that V- E' = 0in Q and n x E* =0 on 09, i = 0,1. The time step size is chosen as
7 = 0.02. Since the exact solution is unknown, we just plot the numerical solution FE at the
final time T' = 1 obtained with A =

From these figures (4.6), we can clearly say that the numerical solution is convergent to

11 1
8116°32°
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Numerical electric field
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(b) EL, the x component of E!

Figure 4.3: unit cell mesh size 1/27, domain mesh size 1/2° for example (4.3.1)

the same solution for different meshes. This example illustrates that our DG homogenization

scheme is quite effective for heterogeneous periodic materials.
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Figure 4.4: Geometry of the studied two-dimensional inclusions

1 T T T
—+— inclusion 1
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0.8
€
QL
o
2
8
S 0.7F
Q
=
S
Q
=
i}
0.6
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Inclusion Volume Fraction

Figure 4.5: for problem (4.3.2), computed homogenized @y, for the governing equation
for c,(£) with € = 2, p = 1 inside the inclusion ( figure (4.4)). So ¢? = 0.5 inside the
inclusion.The host medium is free space. The mesh size is hg = 1/27
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Figure 4.6: The numerical electric fields E at time 7' = 1 obtained with 7 = 0.02 and
different meshes: h = %, h = %, h= %
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Chapter 5
CONCLUSION AND FUTURE WORK

5.1 SUMMARY

This dissertation further developed DG-FEM for solving Maxwell’s equations based
on the nodal discontinuous Galerkin method introduced by Hesthaven and Warburton in
([28, 29]). Prior to the present work, DG-FEM combined with RK schemes was used to solve
time difference problems, but a rigorous proof establishing the stability and convergence
rate of the fully discrete DG-FEM RK scheme was lacking. In chapter 3, such a proof was
presented. The analytic error estimate, O(hmm{s’k} + 72), is consistent with the numerical
results previously found by J. Li [44]. It was further pointed out that this method of
proof works for any order RK scheme, which has important implications in any engineering
context that makes use of similar schemes. For example, the explicit low-storage version of
RK (LSERK) methods are widely used by engineers because of the significant reduction in
memory demands. These engineers typically solve PDEs in the element-wise semi-discrete
form using LSERK and DG-FEM without having established that their methods are actually
stable and convergent. In the case of Maxwell’s equations, this dissertation has justified
the use of these methods by providing a versatile way to prove that these schemes are
convergent.

In chapter 4, the DG-FEM was applied to solve Maxwell’s equations in metamaterials.
A new DG scheme was developed that uses a leap-frog time step in order to solve the
time domain Maxwell’s equations in metamaterials, as given in ([48]). A rigorous stability
proof and error estimates were provided. Although this scheme is implicit and is more
computationally expensive than RK-FEM, the numerical results show that its convergence
rate is CTh*t1 due to the upwind flux, which is one order higher than the convergence rate
of RK-FEM. This is consistent with the results in other published works.

Chapter 4 also presented a second DG time difference DG-FEM for solving Maxwell’s
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equation in metamaterials. This method has an error estimate of O(h™"™{5k} 4 72) with
the use of a central flux and numerical results were provided to support the analytic error
estimate. Numerical simulations of wave propagation in double negative (DNG) metamate-
rials supplemented with PML boundary conditions were carried out using this method. The
simulations were designed to model the exotic phenomenon of backward wave propagation,
as discovered by previous investigators, and are the first to model this phenomenon using
DG-FEM.

In chapter 5, the homogenization multi-scale DG-FEM was developed for the first time.
Specifically, a solution to the time-dependent Maxwell’s equations with periodically varying
coefficients in dispersive media is found by the DG method. We carried out the fully DG
scheme for the homogenization method and were able to obtain its convergence rate. The
latter could not be tested numerically due to the lack of a known exact solution to Maxwell’s
equations in heterogeneous materials, as well as to the presence of multiple factors affecting
the convergence rate. However, we did show that our solution is convergent in (4.3.1)
and in (4.3.3). The comparison we made for the effective coefficients obtained by the
homogenization method versus those computed by the MG mixture formula both affirms
the correctness of our code and shows that we can solve Maxwell’s equations in arbitrarily
complicated shapes of inclusions. There are several follow-up works planned, including
more detailed simulations dealing with non-stationary coefficients as well as adding varying

coefficients in the convolution term of our governing equations.

5.2 FUTURE WORK

Since metamaterials are an extremely rich and exciting area for applying the DG-FEM,
with notable applications including invisibility cloaks, sub-wavelength imaging, and novel
antenna designs, most of the examples given in this dissertation can be considered a start-
ing point mainly aimed at reproducing simulation results already obtained using simpler
methods. The real power of DG-FEM will reveal itself when simulating realistic phenomena
with complicated geometries and material properties. For example, the DG homogenization

method can be used to simulate wave propagation in metamaterials constructed from peri-
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odic microstructures [12, 39], which could be used to both help build and understand actual
metamaterial devices. Experience has shown that applications such as this are computa-
tionally expensive, taking many days to run, especially if performed in 3D. The algorithms
underlying the implementation of DG-FEM are highly parallelizable, so another line of
future work involves writing a parallel version of my code to allow it to run on graphics

processing units.
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