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CHAPTER 1

Introduction

1.1 Motivation

Understanding electromagnetic waves in complicated, often small devices (com-
puter chips, mobile phones, optical switches and other micro-electronic equip-
ment) is a real challenge for engineers. These waves are described by the Maxwell
equations which provide an accurate mathematical model for electromagnetic
waves. Despite the great progress made in the theoretical understanding of
these equations and the development of numerical techniques, there is a clear
need for more accurate and efficient numerical methods for the Maxwell equa-
tions. In particular, they are of great importance in the design and analysis of
micro-electronic devices.

As a specific example let us consider a micro-resonator. This device consists of
a circular disk made of high refractive index material and the micro-resonator,
which is placed in between two waveguides, see Figure 1.1(a). Light of any
wavelength inserted at the upper-left port IN, see Figure 1.1(b), is confined and
travels through the upper waveguide until it gets slightly disturbed in its evanes-
cent field by the presence of the resonator. Part of the light is trapped in the
disk which subsequently causes interference in the upper and lower waveguide.
The local interference can lead, depending on the wavelength, to two different
global states. First, in the so-called ‘in-resonance’ case, complete destructive
interference in the upper guide will transfer the light to the lower waveguide
where it will exit in the lower-left port OUT 2. In the more generic case, ‘put-
of-resonance’, the interference at the upper guide waveguide is only partially
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Figure 1.1: Schematic view of a micro-resonator (figure provided by M. Ham-
mer).

destructive. The light becomes only slightly disturbed and is largely transmit-
ted to OUT 1.

The wavelength dependent behaviour is the essential property of this device. It
makes it possible to filter out light of a specific wavelength. The actual perfor-
mance of optical devices depends critically on the material properties and on
the precise dimensions, where the distance between parts are in the order of
fractions of micrometers. Accurate simulation tools are indispensable to design
such devices, to find optimal parameter settings, and to determine critical tol-
erances for actual fabrication.

Another example where the numerical solution of the Maxwell equations is re-
quired is the study of electromagnetic wave propagation in caves and tunnels. It
is of great practical interest to antenna engineers to understand the behaviour
of electromagnetic waves in order to design reliable wireless communication
systems in such rough environments. Current wireless radio frequency (RF)
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communication systems are not designed to operate reliably in enclosed envi-
ronments, such as cave-like structures, tunnels or subways. This prohibits the
quick deployment of wireless systems in caves and tunnels. If the propagation
properties of electromagnetic waves in a tunnel could be better characterized,
then a more robust communication system could be designed specifically for
operation in such environments. Thus, full electromagnetic wave simulations in
this type of environment are very useful to achieve this.

These applications are examples which motivate the research presented in this
thesis, which aims at developing new numerical tools for the solution of the
three dimensional Maxwell equations and to improve existing methods in various
ways.

1.2 Existing methods

To simulate complex electromagnetic wave problems the solution of the Maxwell
equations is required. In most real-life applications the analytic solution, i.e. the
solution expressed in terms of mathematical formulas, is not readily available. In
such situations numerical methods are indispensable tools to solve the Maxwell
equations approximately on computers. In this section we give a brief overview
of the main approaches to solve the Maxwell equations numerically.

1.2.1 Finite difference time domain method

In the past decades much effort has been put into solving the Maxwell equations
with various numerical methods. For a long period of time the famous finite-
difference time-domain (FDTD) method, initiated by Yee [109], has been used
for discretizing the Maxwell equations, both in space and time. The Yee scheme
is fully explicit in its structure and is originally designed for Cartesian regular
grids. For an analysis of the Yee and other FDTD schemes we refer to the book
of Taflove [99]. For the transverse magnetic (TM) fields, where the components
of the magnetic field H and the electric field E satisfy H, = E, = F, = 0, the
Maxwell equations reduce to

OF
-1 z
O H, = —p 5
OF
_,,—1 z
OHy = 5, (1.1)

ox dy

o E, = et <8Hy 3H$> .
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Figure 1.2: An example of a stair-step approximation of a circular cylinder used
in many finite difference schemes. Dashed line: domain boundary.

The Yee scheme for (1.1), which uses a staggered mesh, reads:

+1/2 —1/2
H 72 = H 7 B e B
At . Ay ’
+1/2 ~1/2
HliF = Bl — Bl
At K Az ’
+1 n+1/2 _ n+1/2 n+1/2 _ n+1/2
Eeliy” — B[l _ - Hyligrjoy = Hylimyjo gy Haligihys — Holijay
At Az Ay ’

where Az, Ay are the mesh sizes and At the time step. The subindices indicate
the position in the spatial grid and the superindices show the time level.

Although the Yee scheme is simple in its structure and easy for coding purposes,
it has two main disadvantages. One is the lack of flexibility and accuracy in
dealing with problems on domains with curved boundaries and inhomogeneous
media. On curved boundaries, for instance, a common technique is to use so
called stair-step approximations, see Figure 1.2. But in this case the computa-
tional grid has to be very fine to approximate the boundary accurately, which
means that stair-step approximations are computationally very expensive [61].
The second drawback of the Yee scheme is the time integration method which
is explicit. As an explicit scheme it requires restrictions on the time step due to
the CFL (Courant-Friedrichs-Levy) condition to guarantee stability of the time
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Figure 1.3: An example of tetrahedral finite element mesh of a tube that has a
smaller inlet tube connected to the main one.

integration method. Many applications require locally fine meshes to capture
important geometrical details or physical phenomena and the time step restric-
tion then can be very severe. Hence many time integration steps are required,
which makes the scheme computationally expensive. These two problems can
be avoided, respectively, by using finite element methods and unconditionally
stable time integration schemes.

1.2.2 Finite element methods

In domains with a complex geometry finite element methods (FEM) are one
of the most common techniques for spatial discretizations of partial differential
equations (PDE). For a reader unfamiliar with finite element methods we refer
to [22, 31] and briefly mention that the main idea of the method is to divide
the domain into many small subdomains (elements), see Figure 1.3, and define
on each element a number of local basis functions. Then the unknown solution
of the PDE, which is transformed into a weak formulation, is approximated
by linear combinations of the basis functions on all elements. This method,
combined with modern mesh generation techniques, allows scientists to solve
partial differential equations on complex domains accurately and use them in
mathematical modelling.
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The usual Lagrange or node-based finite elements are, however, in many appli-
cations not appropriate to represent electromagnetic fields (see e.g. [18], Section
6.3 and [97]). For example, with node-based finite elements it is hard to satisfy
the physical conditions at the interfaces between different materials. The rea-
son is that in this case the electromagnetic field E (or B) only has continuous
tangential (normal) components and discontinuous normal (tangential) compo-
nents, whereas node-based finite elements enforce full continuity. This generally
results in a physically incorrect solution. Another important reason not to use
node-based finite elements, is that they do not reflect the underlying geomet-
rical structure of the electromagnetic field at the discrete level. In particular,
they do not satisfy the discrete De Rham diagram [17, 57] .

In the last two decades a great deal of work has been done to overcome the prob-
lems arising from node-based elements. A major contribution has been made by
J.-C. Nédélec [76, 77]. He designed new types of finite elements which describe
the electromagnetic field in a better way as compared to existing methods. The
Nédélec elements have many attractive properties (e.g. automatic satisfaction
of the proper interface conditions between different materials and require less
smoothness than standard Lagrangian elements) and are nowadays a common
technique in computational electromagnetics.

More information about Nédélec elements (e.g. the construction of these ele-
ments, approximation and convergence properties) can be found in [57, 73].

A difficult question in practical situations is, however, the design of an accu-
rate computational mesh for the finite element discretization. This requires
knowledge about the error distribution and adaptive algorithms to construct a
(nearly) optimal mesh and discretization.

1.3 Objectives

The topics discussed in Section 1.2 have motivated the research documented in
this thesis and resulted in the following objectives:

e Construct an accurate and efficient, unconditionally stable time integra-
tion scheme for the Maxwell equations.

e Develop an accurate adaptation strategy for finite element discretizations
of the Maxwell equations.

e Analyze the Hamiltonian structure of the Maxwell equations and provide
a numerical scheme which is both globally and locally energy conservative.
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1.3.1 Unconditionally stable schemes

The first objective focuses on the construction of accurate and efficient, uncon-
ditionally stable time integration schemes.

Besides the Yee FDTD scheme [109] mentioned in the previous section, there
exist many other time stepping schemes for the Maxwell equations [48, 71, 68,
69, 35, 62, 63]. Often the time step in these schemes is restricted either due to
stability restrictions or accuracy requirements. In practice, however, one would
often like to have a time step free from stability restrictions since on nonuniform
finite element meshes or in inhomogeneous media the stability restriction can be
much more stringent than the wave resolution requirements. The need for bet-
ter stability motivated the development of a number of unconditionally stable
schemes which proved successful in the finite element framework [48, 71]. Stable
time stepping schemes for the Maxwell equations have also been of importance
in connection with finite difference spatial discretizations [68, 69, 35, 62, 63]. An
unconditionally stable scheme proposed by Gautschi [47] has recently received
attention in the literature for the solution of second order highly oscillatory
ODE’s [60, 59, 54]. In addition to being unconditionally stable, the scheme has
excellent wave resolution properties. The time discretization error of this scheme
is second order uniformly in the frequencies [59] and this allows to choose time
steps larger than the smallest wave length.

In this thesis we show that, using Krylov subspace techniques, the Gautschi
cosine scheme can be efficiently implemented for the three-dimensional Maxwell
equations discretized in space by Nédélec edge elements. This yields a Gautschi-
Krylov cosine scheme which proves to be very competitive, in terms of accuracy
and CPU time, to other implicit time-stable schemes for the time integration
of the Maxwell equations. Furthermore, the attractive properties of the new
scheme are confirmed on several test cases and compared with existing methods.

To achieve high computational efficiency, it is crucial for the new Gautschi-
Krylov scheme to properly choose the Krylov subspace dimension every time the
action of the matrix function is computed. We propose a new simple strategy
for controlling the Krylov subspace dimension which makes the Gautschi cosine
scheme an efficient time-integration method for the Maxwell equations.

1.3.2 Adaptive methods

The necessity of adaptive methods arises from the solution of the Maxwell equa-
tions when the solution contains structures with limited regularity (by regularity
we mean here smoothness of the solution), such as singularities near corners and
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non-convex edges. In such situations a finer mesh is required to obtain an accu-
rate solution. The solution of the Maxwell equations on a uniformly finer mesh,
especially for three-dimensional applications, will in general require too much
computational effort due to the large number of unknowns. These complicated
structures can be efficiently modeled using hp-adaptive techniques, in which the
mesh is locally refined and coarsened (h-adaptation) or the polynomial order in
individual elements is adjusted (p-adaptation). In Figure 1.4 an approximately
uniform mesh and its corresponding h-adapted mesh near the re-entrant corner
in Fichera cube are shown. Examples of hp-adaptive techniques applied to the
Maxwell equations can be found in e.g. [28, 83, 84]. In simple cases one can
predict the regions where the mesh needs to be adapted, but a more general ap-
proach requires the use of a posteriori error estimates in which the local error is
predicted based on the properties of the numerical solution. General techniques
for a posteriori error estimation are discussed in e.g. [3, 43, 49], but providing
accurate a posteriori error estimates for the Maxwell equations still poses many
problems.

The most common a posteriori error estimators are residual based methods,
where the behavior of the (local) error is evaluated based on the estimated
(local) residual. For clarity let us consider a simple example of a residual based
a posteriori error estimator applied to the Laplace equations. Let u be the
solution of the Laplace equation on a domain 2,

—Au=f in{, (1.2a)
u=0 on 9. (1.2b)

Let 7 be a tessellation of 2 with mesh size h and denote by uy, the finite element
solution of (1.2) on this mesh. Then an explicit residual based a posteriori error
estimator reads

llu = un|® + IV (u = un)|* < CQ(h, un, f), (1.3)

where Q is a functional depending on the known data h,uy, f. In many appli-
cations (e.g. on anisotropic meshes) the estimate (1.3) is not sharp enough due
to large (or unknown) values of the constant C' or an improper choice of the
functional Q. We encounter the same problems in residual based a posteriori
error estimation methods applied to the Maxwell equations. In these methods
the error bounds contain in general unknown coefficients, which also depend on
the wavenumber in the equations, and frequently result in unsharp estimates.

In this thesis we suggest another approach: the idea of implicit a posteriori
error estimates discussed for elliptic partial differential equations in [3] is still
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perfectly applicable to the Maxwell equations when properly formulated. In the
implicit error estimation approach a local problem is formulated for the error
function on each element (or a group of elements) with properly defined approx-
imate boundary conditions, which are solely based on the computed numerical
solution (for a detailed description see Chapter 4). Then the local problems for-
mulated for the error function are solved with a properly defined finite element
method. This is the main difference with explicit a posteriori error estimators
which only use the data provided by the numerical solution.

The success of the implicit a posteriori error estimation technique, however,
strongly depends on the proper definition of the boundary conditions and the
choice of the basis for the numerical solution of the local problems. We give
special attention to cases where the analytic solution is non-smooth and also
investigate the problem in computational domains with reentrant corners. In
various test cases we verify the performance of the implicit error estimator on
cubic elements and compare the results with existing methods.

Of course, cubic elements are not flexible enough for real life problems, because
it is nearly impossible to accurately approximate complex domains with cubic
elements. Therefore we have extended the implicit error estimation technique
to tetrahedral elements, which are very flexible to accurately model complex
domains. In Chapter 5 a proper finite element basis is given for the local prob-
lems on tetrahedral elements and an adaptive algorithm is developed. The
method is tested on various complex domains with reentrant corners and the
mesh generation procedure is performed with the Centaur [29] mesh generation
package. One of the advantages of the Centaur mesh generator is that it cre-
ates adaptive meshes without hanging nodes. Meshes without hanging nodes
are desirable for Nédélec type elements, otherwise these elements are not well
defined. Another desirable property of this mesh generator is that it avoids
the generation of elements with a large dihedral angle, which is important for
accuracy requirements.

1.3.3 Energy conservative discretization of the Maxwell
equations

Many dynamical systems, i.e. the Maxwell equations and the shallow-water
equations, can be written in a Hamiltonian form. Most of them are energy
conserving systems, which is directly linked to the Hamiltonian of these equa-
tions. The energy conserving properties imply that the change in the energy
in a bounded domain is equal to the power supplied to the system through
its boundary. In Chapter 6 we exploit the port-Hamiltonian structure of the
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Figure 1.4: Meshes for Fichera cube domain. Left: A cut of the initial mesh.
Right: A cut of an adapted mesh.

Maxwell equations and try to design energy conservative numerical algorithms
which also provide the correct energy flow through the interfaces between neigh-
boring elements. For this purpose we formulate the Maxwell equations in terms
of the electric and magnetic fields and analyze a discretization of the Maxwell
equations using Whitney 1-forms, which provide a locally and globally energy
conservative scheme at the discrete level. For the time discretization we apply
the well known leap-frog symplectic time integration scheme which preserves, in
the absence of a source term, the discrete energy exactly. The method is tested
for a simple example on meshes with tetrahedral elements.

1.4 Outline of this thesis

This thesis is the result of a four year Ph.D. project carried out at the University
of Twente. The main results of this project are presented in the thesis. A short
description of each chapter is as follows:

e A brief introduction to the Maxwell equations and some properties of
electromagnetic waves are presented in Chapter 2.

e The Gautschi time integration scheme is presented in Chapter 3. A de-
tailed description is given for the matrix-function evaluation which is an
essential part of this scheme. The stability and dispersion properties of
the Gautschi scheme are investigated in detail and its performance is com-
pared with some existing methods.
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e In Chapter 4 an implicit a posteriori error estimation technique is formu-
lated. The well posedness of the local equations for the error function
on an element or patch of elements is proven. We verify the method on
cubic elements and demonstrate the superior performance of our method
compared to some existing methods.

e In Chapter 5, based on the theoretical results from Chapter 4, an implicit
a posteriori error estimation technique is applied to the Maxwell equations
on meshes with tetrahedral elements. An adaptive algorithm is presented
using the Centaur [29] mesh generation package. The performance of the
adaptive algorithm is verified on various test cases including non-convex
domains.

e In Chapter 6 we first discuss the general theory of the Stokes-Dirac struc-
ture and the Hamiltonian formulation for a general class of PDE’s is given.
As a particular example of these equations we consider the Maxwell equa-
tions. The geometrical structure of the Maxwell equations is analyzed
at the discrete level by means of Whitney forms. We show that the dis-
cretization of the electromagnetic fields with appropriate discrete differ-
ential forms preserves many important properties of the physical system,
in particular energy conservation.

e In the final chapter conclusions and a brief outlook of the thesis are given.






CHAPTER 2

The Maxwell equations

All the mathematical sciences are founded
on relations between physical laws and laws
of numbers, so that the aim of exact science
is to reduce the problems of nature to the
determination of quantities by operations
with numbers.

James Clerk Mazwell
(1831-1879)

In 1873 J. C. Maxwell founded the modern theory of electromagnetism with the
publication Treatise on FElectricity and Magnetism, where the equations that
now bear his name are formulated. These equations consist of two pairs of
coupled partial differential equations describing six fields. Together with the
material dependent constitutive relations and boundary conditions the Maxwell
equations uniquely define the electromagnetic fields. In practice, there are many
types of boundary conditions which are typical for electromagnetic problems,
i.e. radiation conditions and perfectly conducting boundary conditions. In this
thesis we consider electromagnetic fields in a linear medium. If we consider the
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propagation of an electromagnetic field with a single frequency then the Maxwell
equations are reduced to their time-harmonic form.

2.1 The Maxwell equations

The macroscopic electromagnetic fields are related by the following Maxwell
equations:

0Dy =V x H,—Jg, (Ampere’s law) (2.1a)
0By = -V x Eyg, (Faraday’s law) (2.1b)
V.- Dg = ps, (Gauss’s law) (2.1c)
V.-Bs; =0, (Gauss’s law - magnetic) (2.1d)

where E;, = (E;,Ey,E.) and Hy; = (H,,H,,H.,) (Ds = (D,,D,,D.) and
B, = (B,, By, B.)) are the electric and magnetic fields (respectively, the electric
and the magnetic flux densities). Furthermore, Js and ps denote respectively
the electric current and charge density (the latter is a space and time dependent
function). The following constitutive relations hold for linear media:

Ds:€Esa Bs:,Usta
J.=0cE,+J™, (Ohm’s law) (2.3)

where the dielectric permittivity & (=ege, ), the conductivity o, and the magnetic
permeability p (=pop,-) are assumed to be space dependent positive definite ten-
sors. The imposed current density is denoted by J im. The free space dielectric
permittivity and magnetic permeability are defined by €y and pg, respectively,
and are given by

g0 ~ 8.854 x 1072 F/m (Farad per meter), (2.4a)
o = 47 x 107" H/m (Henry per meter). (2.4b)

The dimensionless tensors ¢, and p, are material dependent and called rela-
tive permittivity and relative permeability, respectively. The conductivity o is
measured in Siemens/meter (S/m) units. The subscript s indicates that the SI
units (International System of Units, from the French word Systéme Interna-
tional d “Unités) are used, see Table 2.1.

2.1.1 Material properties

The constitutive parameters € and p given in (2.2) define the relations between
the electromagnetic fields and are material dependent. For linear and homoge-
neous media, a more general form for the first equation in (2.2) can be written
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Table 2.1: ST units for electromagnetic quantities.

Quantity Units Name

Electric field E, V/m Volt per meter

Electric flux density Dy C/m? Coulomb per square meter

Magnetic field H g A/m Ampere per meter

Magnetic flux density Bg T Tesla

Electric current density J 4 A/m? Ampere per square meter

Electric charge density ps C/m3 Coulomb per cubic meter
as

D, = (e0(1 4+ xe))Es = c0e. Es = cEy, (2.5)

where Y. is a dimensionless quantity called electric susceptibility. A medium is
called linear if x. is independent of E and homogeneous if x. is independent of
the space coordinates.

Below we describe several cases.

1. Vacuum or free space: The relative permittivity e, and relative per-
meability u, in free space are one, i.e. &, = u,, = 1. Then the constitutive
relations (2.2) reduce to

D; =¢0Es, Bs=poHs,
where ¢y and pg are given according to (2.4).

In free space the conductivity vanishes, 0 = 0. The speed of light in free
space, denoted by cg, is given by ¢y = \/;)W m/s.

2. Inhomogeneous, isotropic materials: The most commonly occurring
case in practice is that various different materials occupy the domain of
the electromagnetic field. In this case the domain is called inhomogeneous.
If the material properties e, and p, do not depend on the direction of
the electromagnetic fields and the material is linear then the constitutive
relations are given by (2.2), where the material properties €, and pu, are
positive, bounded, scalar functions of position.

3. Inhomogeneous, anisotropic materials: In some applications the di-
electric permittivity € and magnetic permeability p are different for dif-
ferent directions of the electromagnetic fields. For instance, the vector
fields D and E generally will have different directions. In this case the
domains are called anisotropic and the material properties €, u, and o are
3 x 3 positive-definite matrix functions of the space coordinates.
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Material with zero conductivity is called dielectric, and with positive conduc-
tivity (o > 0) is called a conductor. However, in this thesis we will consider
only dielectric materials. A detailed description of the electromagnetic theory
can be found in [30].

For some materials values of relative permittivities, relative permeabilities and
conductivities are given in Table 2.2(a), Table 2.2(b), and Table 2.2(c), respec-
tively.

2.1.2 Dimensionless Maxwell equations

To avoid problems with floating point arithmetic when working with very large
numbers, we apply the following space and time scaling:
x ¢
r=7, t= fots, (2.6)
where L is a reference length (expressed in meters), and ¢ = (gop) /% ~
3-10% m/s is the speed of light in vacuum. The scaling for y, and z, is done
similar to xs. Furthermore, we normalize the fields as

H, ~
Eq(xq,ts) = r E(x1), H (x,,t,) = HoH(x,1),
0
Hy .
Ds(Xsats) = €OFD(X7 t)a Bs(xsats) = ,U'OHOB(Xv t)»
0
I;[O E[O
Js sy ts =—J 1), s = S 1P
(xs,85) = 7 J (%, 1) px= Z=1p

where x5 = (x5, Ys,25), X = (2,y,2), Zo = \/lo/€0 [Ohm] is the free space
intrinsic impedance, and Hj is reference magnetic field strength [A/m]. The
constitutive relations (2.2) in dimensionless form read:

D=¢FE B=yuH. (2.7)

The Maxwell equations (2.1) written for scaled quantities yield the following
dimensionless form:

D=V x H-J, (2.8a)

B = -V x E, (2.8b)
V-D=p, (2.8¢)
V-B=0. (2.8d)
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Table 2.2: Material properties for some materials.
(a) Relative permittivities .
Material o Material o
Air 1.0 Polyethylene 2.3
Bakelite 5.0 Polystyrene 2.6
Glass 4-10 Porcelain 5.7
Mica 6.0 Rubber 2.3-4.0
Oil 2.3 Soil (dry) 34
Paper 24 Teflon 2.1
Parafin wax 2.2 Water (distilled) 80
Plexiglass 3.4 Seawater (distilled) 72
(b) Relative permeabilities 1.
Material e Material Ly
Ferromagnetic Paramagnetic
Nickel 250 Aluminum 1.000021
Cobalt 600 Magnesium 1.000012
Iron (pure) 4.000 Palladium 1.00082
Mumetal 100.000 Titanium 1.00018
Diamagnetic
Bismuth 0.99983
Gold 0.99996
Silver 0.99998
Copper 0.99999
(¢) Conductivities o.

Material o (S/m) Material o (S/m)
Silver 6.17 x 107 Fresh water 1073
Copper 5.80 x 107 Distilled water 2 x 1074
Gold 4.10 x 107 Dry soil 105
Aluminum 3.54 x 107 Transformer oil 10~
Brass 1.57 x 107 Glass 1012
Bronze 107 Porcelain 2 x 10713
Iron 107 Rubber 10710
Seawater 4 Fused quartz 10717




18 Chapter 2: The Maxwell equations

In the rest of this thesis we consider the Maxwell equations in dimensionless
form, unless indicated otherwise.

The divergence conditions (2.8¢) and (2.8d) are direct consequences of the fun-
damental Maxwell equations (2.8a) and (2.8b) provided that the charge conser-

vation law holds: 5
0
V-J+—=0. 2.9
+ 25 (2.9)
Indeed, if we take the divergence of (2.8a) and (2.8b) and using the relation
V- (V x F) =0 for a sufficiently smooth vector field F, we obtain

o 0
5V B=5,(V-D-p)=0.

Thus if (2.8¢) and (2.8d) hold at initial time, they also hold at later time.

2.1.3 Interface conditions

To investigate the interface conditions of electromagnetic fields across two dif-
ferent materials let us first consider the integral form of the Maxwell equations
(2.8). We take the surface integral of (2.8a)—(2.8b) over both sides of an open
surface S with boundary contour C' separating two media and apply the Stokes
theorem:

7{ H-dl = /(J + 0:D) - ds, (2.10a)
c s

%Edl: f/atB~ds. (2.10b)
C S

Similarly, we take the volume integral of (2.8c)—(2.8d) over a volume V with a
closed surface S and, using the divergence theorem, obtain

D.ds= / pdv, (2.10¢)
%
B -ds = 0. (2.10d)

Consider the diagram shown in Figure 2.1 for (2.10b) in the limiting case Ah —
0. In this case the area of the parallelepiped abcd is infinitely small. Because
the magnetic flux density B is finite, the right hand side of (2.10b) tends to

zero, and thus
b d
%E-dl:/Eydl—i—/ E5-dl =0, (2.11)
C a c
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where the indices 1 and 2 refer to the fields in the different domains. It imme-
diately follows that E;-ab+ E5-(—ab) = 0. If we denote the unit vector along
ab by t.;, then ab = t,; Aw and we obtain

Ei -ty — Eo-tg, =0. (2.12)

Let us denote by n the normal vector at the interface pointing from Medium 1
into Medium 2. Then there is a vector ¢t from the tangent space of S such that
t,, = m X t. Substituting the last relation into (2.12), we obtain

(nXEl—’I’LXEQ)'t:O. (213)
Because ab is arbitrary, hence t is arbitrary too, we obtain
nXEl—anQ:O, (214)

i.e. the tangential component of the electric field is continuous across an inter-
face.

Similarly, we can show that in conducting materials with a finite conductivity
coefficient or in dielectric materials the right hand side of (2.10a) is finite, hence
it vanishes on an infinitely small parallelepiped abcd. Then we obtain

’I’LXHl—’I’LXHQZO, (215)

i.e. the tangential component of the magnetic field H is continuous across an
interface. For the special case of an idealized perfect conductor, where the
conductivity ¢ — oo, a surface current may exist, so that the first surface
integral on the right hand side of (2.10a) does not vanish on the infinitely
small parallelepiped abed. This means that a surface current j° can exist on
the boundary, normal to the area abcd. We conclude that for the case where
a surface current may exist, the interface condition for the magnetic field H
therefore is
nx (H; - Hsy) = j°,

where 7° is the surface current. In most applications the surface current van-

ishes (i.e. 7° =0).

The interface conditions for the other electromagnetic fields can be obtained in
a similar manner.

We summarize the above results and obtain the following interface conditions
for the electromagnetic fields on the interface between two different media

n x (El — Eg) = 0, (2.16&)
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media 2
E;
& I 02
H, n
b a
//AIIWLAA(HZ\
¢ d
Aw g Iy o1
E; .
media 1
H

Figure 2.1: Interface between two different media.

n- (Bl - BQ) = 0, (216b)
n x (Hl — H2) = js, (216C)
n- (Dl - D2) = ps, (216d)

where pg is the surface charge density. The subscript i, i = 1,2, refers to the
restriction of a vector field to medium i. The interface conditions (2.16) in the
presence of material discontinuities should be satisfied also in the discrete case.
In Chapter 6 we will discuss how to discretize the Maxwell equations in order
to preserve these interface conditions.

2.1.4 Second order PDE for the electric field

The Maxwell equations (2.8) can be formulated for the E or D and B or H
fields using the constitutive relations (2.7). For example, elimination of the
electric flux density D and the magnetic field H, yields

Oi(e,E) =V x (u'B) — J, (2.17)
OB = -V x E. (2.18)

A possible drawback of this approach is that one has to work with both fields
and construct appropriate finite element approximations for each of the fields.
By differentiating (2.17) in time and taking the curl of (2.18), we can eliminate
B from the system (2.17)—(2.18) and obtain a second-order hyperbolic partial
differential equation for the electric field E

Ou(e,E) +V x (1, 'V x E) = —0,J. (2.19)
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Of course, the choice of keeping E is arbitrary. One can formulate a second
order equation for the other fields, too.

2.1.5 Time-harmonic Maxwell equations

When the field quantities in the Maxwell equations are harmonically oscillating
functions in time with a single frequency, then the Maxwell equations (2.8) can
be reduced to the time-harmonic Maxwell system. In this case we can write the
electromagnetic fields in the following form

E(z,y,z,t) = R(E(z,y, z)e” "), (2.20a)
D(z,y,2,t) = R(D(x,y, z)e” "), (2.20b)
B(z,y,2,t) = R(B(z,y, 2)e "), (2.20c)
H(z,y,zt) = R(H(z,y, 2)e” ™), (2.20d)

where i = /=1 and R(-) denotes the real part of the expression in parenthe-
ses. The vector phasor E(x, y,z) (and similarly the other vector phasors) is a
vector field of position, but not of time. It contains information on the direc-
tion, magnitude, and phase of the corresponding electromagnetic field. Phasors
are in general complex-valued vector fields. Some authors consider the time
dependence for time-harmonic waves in the form e**. Of course, this choice is
arbitrary and, provided it is used consistently, gives no difficulties. The choice
made in (2.20) is standard in the mathematical literature.

It is clear that we should also consider now the current density and charge
density as time harmonic, hence we assume

J(z,y,2,t) = R(J(z,y, 2)e” ™), (2.20e)
plx,y, 2,t) = R(p(x,y, 2)e” ). (2.20f)

After substitution of (2.20) in the Maxwell equations (2.8) we obtain the time-
harmonic Maxwell equations, i.e.

—iwD =V x H—-J, (2.21a)
—iwB =-V x E, (2.21b)
V-D=p, (2.21c¢)
V-B=0, (2.21d)

where the time-harmonic charge density p is given via the charge conservation
equation (2.9). Similar to the time-dependent case, we can write the Maxwell
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equations now as a second-order wave equation

V X (u'V x E) —w?e, E = iwd. (2.22)

2.1.6 Boundary conditions

The Maxwell equations described in the previous sections uniquely define the
electromagnetic fields in a finite domain if proper boundary conditions are im-
posed at the boundary of the domain. The boundary conditions usually depend
on the specific application. In this thesis for the verification of the numerical
results we usually consider perfectly conducting boundary conditions. This im-
portant case occurs when a dielectric material is inside of a perfect conductor.
Since the electric field E vanishes on a perfect conductor, we obtain the perfectly
conducting boundary condition from equation (2.16a)

nxE=0 on T, (2.23)

where I' = 90 is the boundary of the dielectric domain €.

More information about different types of boundary conditions can be found in
e.g. [73].



CHAPTER 3

\_The Gautschi time stepping scheme for edge finite
element discretizations of the Maxwell equations

For the time integration of edge finite element discretizations of the three-
dimensional Maxwell equations, we consider the Gautschi cosine scheme where
the action of the matrix function is approximated by a Krylov subspace method.
First, for the space-discretized edge finite element Maxwell equations, the dis-
persion error of this scheme is analyzed in detail and compared to that of two
conventional schemes. Second, we show that the scheme can be implemented in
such a way that a higher accuracy can be achieved within less computational
time (as compared to other implicit schemes). We also analyzed the error made
in the Krylov subspace matrix function evaluations. Although the new scheme
is unconditionally stable, it is explicit in structure: as an explicit scheme, it
requires only the solution of linear systems with the mass matrix.

3.1 Introduction

This chapter deals with the numerical solution of the time dependent Maxwell
equations. In particular, we are interested in time integration of the three-
dimensional Maxwell equations discretized in space by Nédélec s edge finite
elements [76, 77]. Nédélec ’s edge and face elements have a number of attractive
properties (as e.g. automatic satisfaction of the proper continuity requirements
across the boundaries between different materials) and are a standard tool in
the numerical treatment of the Maxwell equations [73]. We emphasize, however,
that the time integration techniques presented in this chapter are applicable to
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any space-discretized second order wave equation(s).

Many time stepping schemes exist for the time integration of the space-discretized
Maxwell equations [35, 48, 62, 63, 68, 69, 71, 109]. Often the time step in these
schemes is restricted either due to stability restrictions or accuracy require-
ments, e.g. to resolve the waves. In practice, however, one often would like
to have a step size free from stability restrictions since on nonuniform finite
element meshes or in inhomogeneous media this restriction can be much more
stringent than the wave resolution requirements. The need for better stability
motivated the creation of a number of unconditionally stable schemes which
proved successful in the finite element framework [48, 71]. Stable time stepping
schemes for the Maxwell equations have been also of importance in connec-
tion with finite difference spatial discretizations [35, 62, 63, 68, 69]. A scheme
proposed by Gautschi [47] has recently received attention in the literature for
the solution of second order highly oscillatory ODE’s [54, 59, 60]. This scheme
contains a matrix function, is exact for linear equations with constant inho-
mogeneity and thus unconditionally stable. In each time step the product of
a matrix function with a given vector can be computed by Krylov subspace
methods [40, 41, 42, 58, 60, 67, 91, 100, 102]. The time error of the scheme is
of second order uniformly in the frequencies [59] and this allows to choose time
steps larger than the smallest wave length.

In this chapter we show that, using Krylov subspace techniques, the Gautschi
cosine scheme can be efficiently implemented for the three-dimensional Maxwell
equations discretized in space by edge elements. This yields a Gautschi-Krylov
cosine scheme which proves to be very competitive, in terms of accuracy and
CPU time, as compared to other implicit time-stable schemes for the time inte-
gration of the Maxwell equations.

Several authors study the dispersion properties of the discretized Maxwell equa-
tions. For the two-dimensional Maxwell equations discretized with the first order
edge finite elements, Monk and Parrot compare dispersion properties of several
conventional schemes [75]. A thorough analysis for three-dimensional problems
with different boundary conditions on an unstructured tetrahedral meshes is
carried out in [74]. For the dispersive properties of the higher order edge ele-
ments we refer to the paper of Ainsworth [2]. Dispersion properties of several
high order time integration schemes for transient wave equations are considered
by Cohen in [32]. In this chapter the attractive properties of the new scheme are
confirmed by a dispersion analysis done for the first order edge finite elements.
For comparison purposes, the dispersion analysis is also presented for two other
schemes, the conventional time-explicit leap-frog scheme and an uncondition-
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ally stable scheme of Lee, Lee and Cangellaris often referred to as the Newmark
[-scheme (in the sequel, the Newmark scheme) [48, 71].

To achieve high computational efficiency, it is crucial for the new Gautschi-
Krylov scheme to properly choose the Krylov subspace dimension every time
the action of the matrix function is computed. We propose a new simple strat-
egy for controlling the Krylov subspace dimension.

This chapter is organized as follows: Section 3.2 presents the Maxwell equa-
tions and their weak formulation, in Section 3.3 the Gautschi cosine scheme
and two other time stepping schemes are described, the Krylov subspace error
in the Gautschi-Krylov scheme and the stability of the scheme are analyzed
in Section 3.4, and dispersion errors of the three schemes are investigated in
Section 3.5. Finally, in the last section we demonstrate numerical results of a
comparison of the schemes.

3.2 Maxwell equations

Consider the time-dependent Maxwell equations on a bounded lossless domain
0 C R3:

0D, =V xH,—J,, (3.1)
0:Bs; = -V x Eg, (3.2)
V-D,=ps, (3.3)
V.B, =0, (3.4)

where E, and H, (D and By) are electric and magnetic fields (respectively,
the electric and the magnetic flux densities). Furthermore, Js and ps denote
respectively the electric current and charge density (the latter is a space and
time dependent function). The subscript s indicates that the SI units are used.
Assume that the following boundary and initial conditions are given:

(n % Bl =0, 35)
E3|ts:0 = E07 HS‘tb.:o = ﬂoa (3.6)

where n is the outward normal vector to the domain boundary I' = 9€2. The
following constitutive relations hold:

D,=¢E, B,=uH,, (3.7)

where the material properties the dielectric permittivity e (=€pe,.) and the mag-
netic permeability pu(=pou,) are assumed to be space dependent tensors. The
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free space dielectric permittivity and magnetic permeability are defined by ¢
and g, respectively. The dimensionless tensors €, and p, are material depen-
dent and called relative permittivity and relative permeability, respectively.

3.2.1 Dimensionless Maxwell equations

To avoid problems with floating point arithmetic when working with very large
numbers, we apply the following space and time scaling:

Ty Co
=2 t=—t,, 3.8

where L is a reference length (expressed in meters), and ¢o = (eopg) /2 ~
3-10% m/s is the speed of light in vacuum. The scaling for y, and z, is done
similarly to xs. Furthermore, we normalize the fields as

Bo(ots) = 25 BGt), Haxte) = HoH(, 6, Tu(xert) = 20 0x,0),

1
0

(3.9)

where x4 = (s,¥s,2s), X = (2,y,2), Zo = /o/€o [Ohm] is the free space

intrinsic impedance, and Hj is a reference magnetic field strength [A/m]. Equa-

tions (3.1),(3.2) and constitutive relations (3.7) written for the scaled quantities
yield the following dimensionless Maxwell equations:

e E=V xH—J, (3.10a)

10 H = -V x E. (3.10b)

Since the given boundary conditions are homogeneous, the dimensionless nor-
malization leaves them unchanged.

By differentiating (3.10a) in time and taking curl of (3.10b), we eliminate H
from the system (3.10) and obtain a second-order hyperbolic partial differential
equation for E

O E+V x (u 'V x E) = —0,J. (3.11)

Using (3.10a) we obtain the initial condition for the derivative of E:
O E(x,0) = ¢, (—J(x,0) + V x H(x,0)). (3.12)
3.2.2 Weak formulation and finite element discretization

Defining the space

Hy(curl, Q) = {u € La(Q)3| V x u € Ly(Q)?, (n x u)|, = 0},
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we arrive at the following Galerkin weak formulation of (3.11):

Find E € Hy(curl, Q) such that ¥ w € Hy(curl, Q)
Or(erE,w) + (17 'V x B,V x w) = —(0pJ, w). (3.13)

Next, we introduce a tessellation of  (a hexahedral or tetrahedral mesh) with
N internal edges and denote by W), the space of Nédélec ’s first order edge basis
functions:

W}, = span {w;(x) | all internal edges j =1,..., N},

where each basis function w;(z) is defined with respect to the edge j as a linear
polynomial such that [73, 76]:

0, if i#y
a;(w;) = w;-t;da = o 0D
( J) /cdgci ! { 1’ if t=1Js
where a;(w;) are the degrees of freedom associated with the edges and ¢; is the

unit tangent vector along the edge 7. The electric field F is then approximated
as

N
E = Eh = Zej(t)wj.
j=1
The discretized version of (3.13) then reads:

Find E;, € Wy, such that VW € W,
Ou(erEn, W) + (1 'V x B,V x W) = —(0,J, W). (3.14)

Denoting by e(t) a vector function with the entries e;(t), we can write (3.14) in
a matrix form as a system of ordinary differential equations (ODE’s)

Mce" + A,e = j(1) (3.15)
with
(Me)ij = (erws, wy), (@) = — (0, wi), (3.16)
(Aw)ij = (1 'V x wi, V X w;).

3.3 Time stepping schemes

In this section the Gautschi cosine time-stepping scheme is presented, along with
two other conventional time-stepping schemes which we use for comparison with
the Gautschi scheme. The first of the two schemes is the explicit staggered leap
frog scheme and the second one is an implicit scheme designed for finite element
discretizations of the Maxwell equations [48, 71].
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3.3.1 Leap frog scheme

The two-step staggered leap frog scheme for the semidiscrete Maxwell equations
(3.15) reads

enJrl o 26” + enfl

€
T2

+Auet =", (3.17)

where 7 is the time step size and the superscripts refer to the time levels ¢, = nr.
The scheme can be written in the form
M.e™ " + (124, — 2M,)e" + M.e" = 725", (3.18)

If the matrices M. and A, are Hermitian, M. is positive definite and A, is
positive semidefinite then the leap frog scheme is stable for

< 7
max

where Apax is the maximum eigenvalue of the matrix M1 A,, (see Appendix 3.8.1).

The computational work of the scheme per time step mainly consists of one
matrix-vector multiplication with the matrix M_*A4,. This can be efficiently
done with the help of a sparse LU factorization of M, (see Remark 3.1 in Sec-
tion 3.3.2).

3.3.2 Gautschi cosine scheme
Reduction of the semidiscrete Maxwell Equations to the normal form

We first transform the ODE system (3.15) into the form
y' + Ay = f(t), (3.19)

which we call the normal form. Computing a sparse LU factorization of M, (see
Remark 3.1), we obtain
M, =L.U..

Note that if € is a symmetric positive definite tensor then the matrix M, is sym-
metric positive definite, too, and we can take U, = LT (Cholesky factorization).

It is easy to see that the semidiscrete Maxwell equations (3.15) can be trans-
formed to the form (3.19) with A. ,, and y defined in one of the following ways:

A, =UTL7YA,, y=e, F=U"L"3, (3.20)
Ay =L7'AU, y = Ue, f=Lj, (3.21)
A, =AU L7, y = LU.e, =17, (3.22)
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where the inverse matrices will normally never be computed explicitly (see Re-
mark 3.1). Since we call (3.19) the normal form of (3.15), the transformations
(3.20), (3.21), (3.22) can respectively be called the left, two-sided and right
normalizations.

Remark 3.1. For the used edge finite element discretization a sparse LU (or
Cholesky) factorization of the mass matriz can usually be efficiently computed
even on fine meshes (at least, if the mesh is not too distorted [90] which is a
general requirement for edge finite elements). In practice, matrices L' and
U=t will usually not be computed explicitly. This would be expensive because the
inverses will not be sparse in general. In fact, we will only need to compute the
action of the matrices L1 and U7! on a given vector and this can be done by
solving a linear system with L. or U, as is usually done in preconditioning (see

e.g. Chapter 15.1 in [103] or Chapter 3.1 in [15]).

Note that the sparse LU factorization of the mass matriz is also required for
explicit schemes. The factorization is performed only once for the complete
time integration.

3.3.3 Formulation of Gautschi cosine scheme
Consider the variation of constant formula for the solution of (3.19):
yt+7) = cos(mii/i)y(t) + [1;2/2 Sin(TAifi)y’(t) (3.23)

+ /0 A;}Lm sin((r — s)fli/i)f(t + s)ds.

If f = const(t) then it follows from (3.23) that

y(t+7) = 2y(t) +y(t —7) = T29(r*Ac ) (— Ay () + F), (3.24)
where the function v is given by

1—cosx

Y(r?) =2———— =2 /1 z~tsin((1 — 0)x)do. (3.25)
0

72

The Gautschi cosine time stepping scheme [47, 59] for ODE system (3.19) is
based on relation (3.24):

yn-‘rl _ 2yn + yn—l _ TQw(TQAe,N)(_AQMyn + fn) (326)

For a complete derivation of the scheme we refer to [59].
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Computation of w(TQAE,H)'u

Since the matrix fle’“ is large and sparse, computation of w(T2A~€’M)’U by con-
ventional methods (see e.g. [52], Chapter 11) is hardly feasible. However, the
action of the matrix function ¥ on a given vector at each time step can be
efficiently computed by a Krylov subspace method. Algorithms for this have
been developed and used in different contexts (we list in the chronological or-
der [102, 40, 67, 91, 41, 58, 42, 60], see also Chapter 11 in the recent book [103]).

Throughout this subsection we denote A = 7'214167,“ A € RV*N . Computation
of Y(A)v for a given vector v is based on the Arnoldi or, when A = A*, on
the Lanczos process (see e.g. [103, 92]). The Lanczos process involves the three-
term recurrences and is therefore cheaper, especially for large Krylov subspace
dimensions m. Since in this case m is not too large we use the Arnoldi process
which has better numerical stability properties.

Starting with A and v, the Arnoldi process generates after m steps orthonormal

vectors vy, va, ..., Umt1 (With v1 = v/[|v]|) and a Hessenberg matrix H,, €
R +1xm guch that (see [103, 92])

AV = m+le> (327)
where V11 € RV*™+1 i a matrix with column vectors vy, vs, ..., vy 41 (and,
correspondingly, V,,, is V;,+1 with the last column skipped). The vectors
v1,Va, ..., U, span the so-called Krylov subspace K, (A, v):

colspanV,,, = K,,(A,v) := span{v, Av,..., A" v}

Denote by H,, a matrix obtained from H,, by deleting its last row. As usually
for the Arnoldi process, we expect that for some m

AV, ~ Vi Ho, (3.28)

where the approximation improves (but not necessarily monotonically) as m
grows, see e.g. [103, 92]. Krylov subspace approximations to ¢¥(A)v are based
on the last relation: since in the Arnoldi process by construction vy = v/||v||
we have

v =Vny, y = |vles,

with e; being the first canonical basis vector in R™, and (cf. (3.28))
YAy = Vi (Hm)y,  y = ||vller,
so that the action of the matrix function on the given vector v is computed as

V(A ~ [[v||Vin (Hm)er . (3.29)
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We emphasize that dependence of the orthonormal basis vy, vs, ..., v,, on v is
crucial to have a good approximation in (3.29).

In practice m is small (say 20), so that ¢¥/(H,,) in (3.29) can easily be computed
by a standard method (see e.g. Chapter 11 in [52] and references therein). In
the experiments presented in this chapter, 1(H,,) was computed with Matlab’s
built-in functions sqrtm and funm.

An important question is when to stop the Arnoldi process. One stopping
criterion is proposed in [60] and is based on controlling a norm of a generalized
residual. Unfortunately, in our experiments this approach appeared to be very
sensitive to the given tolerance which had to be tuned for every test problem.
For this reason we use another simple strategy: the Arnoldi process was stopped
as soon as

n+1 n+1

Yoy =Y~
Zm) L Zen Dl < o, (3.30)
Ym) “Y%0) e

where ¢! is the numerical solution of the scheme (3.26) obtained with m steps
of the Arnoldi process, the division of the vectors is understood elementwise and
TOL is a tolerance (in all our experiments we used the value TOL = 1072, this
value should be chosen according to the relative accuracy required for a specific

problem). By 7! we denote the solution obtained by (3.26) with (724 )

0)
set to the identity matrix (so that no Arnoldi steps are done). Note that y?(;; !

coincides with the solution of the leap frog scheme (cf. (3.17)) and, thus, is a sec-
ond order time-consistent numerical solution. Stopping criterion (3.30) means
that the further increase of the Krylov subspace dimension m leads to no fur-
ther improvement in the accuracy as compared to the accuracy already obtained
with respect to the leap-frog solution y?0+)1. Note that this stopping criterion
can be shown to be a controller of the Krylov subspace error (see Section 3.4.2).

The described steps lead to the algorithm for the Gautschi-Krylov time integra-
tion scheme presented in Figure 3.1. The analysis of the Krylov subspace error
made in the matrix function evaluations and the stability of the new scheme are
presented in Section 3.4.

Since the work to compute the matrix function of the small matrix H,, is neg-
ligible, the overall computational work of the Gautschi scheme per time step is
dominated by m + 1 matrix-vector multiplications with the matrix fle# (m of
which are required by the Arnoldi process). This means an increase by a factor
of m + 1 as compared to the work per time step in the leap frog scheme.
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n—1

y" and y are given

(% :lAe,,uyn - .fnv 6 = ||’U||2
yleJ)r — 2yn _ yn—l _ T2’U
form=1,...,

extend the Krylov basis by one Arnoldi step:
if(m = 1) then
vy =v/0
initialize H; = [8}
else B B
extend H,,_1 to H,, by adding
a zero column and a zero row

endif
w = T2A€,uvm
fori=1,...,m

him = wlv;

w=w— hjnv;

endfor

hpt1,m = [wl]2

Um+1 = w/hm+1,m

Vm+1 = [’Ul7 V2,...,Um, ’Um+1]

end of Arnoldi step

compute matrix function ¢ (H,,)

u = Vi [B(Hp e ]

y?yjlr)l _ 2yn o ynfl o T2’LL

exit for-loop if condition (3.30) is fulfilled

endfor

n+1 _ , n+1
Yy = Yim)

Figure 3.1: The Gautschi scheme with the Krylov subspace matrix function
evaluation and adaptive choice of the Krylov dimension.
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3.3.4 Newmark scheme

The following scheme proposed by J.-F. Lee, R. Lee, and A. Cangellaris (the
Newmark scheme, [71] and [48]) can be applied directly to the semidiscrete
Maxwell equations (3.15):

en+1_2en+en—1 1 o 1 " 1 ntl o
€ 2 +A“(Z€ + 58 + Ze )=3". (3.31)

This scheme can be written in the form

7.2 2

2
(M, + T A)ert = 7% = 2Men — (M, + T a)en (332

revealing that a linear system with matrix M, + Z—ZAM has to be solved at ev-
ery time step. For discretizations obtained on relatively coarse grids this can
be done by a sparse direct solver, by computing the LU factorization once and
reusing it at every time step. If a direct solution is not feasible, a preconditioned
Krylov iterative solver can be used.

The Newmark scheme is unconditionally (regardless of the time step 7) stable
[71].

3.3.5 One-step formulations of the three schemes

Each of the three schemes described in this section is a two-step scheme (i.e. it
requires numerical solutions on both n and n — 1 time levels to get the next time
level solution) but can be written in a one-step form. This is normally done by
introducing an auxiliary time derivative variable. These one-step formulations
can be used at the first time step where the two-step formulation would have
required the normally unknown value of e *.

In the context of the Maxwell equations, a natural way to obtain a one-step for-
mulation of a time integration scheme is to consider the Maxwell equations as
the two first order equations. A possible drawback of this approach is that one
has to work with both fields and, hence, build up appropriate spatial discretiza-
tions for each of the fields. Thus, one of the benefits of treating the Maxwell
equations as a second order equation for one of the fields is then lost.

In this section we give the one-step formulations for all schemes. We derive it for
the Newmark scheme. The other two one-step formulations can be obtained in
a similar way. The formulations are given for an auxiliary variable but directly



34 Chapter 3: The Gautschi time stepping scheme

applicable to the two first order Maxwell equations, too. Introducing the time-
derivative auxiliary variable as

n+l _ _n
w2 = € c, (3.33)
T
we can write (3.31) as
un+1/2 _ un—1/2 1 en—l +en 1 e+ en+1 1 1
M. A ——t A, —— = 3"+ —5",
T ot S ) T3d
or, formally introducing the variable u", as
\ u”? — un71/2 A en—1 4 en o
D) g T (330
un+1/2 — N 1 en + en+1 s .
2 Ty T

Writing the first half-step update here for the next time level (i.e. replacing n
with n + 1) we have

un,+1 o un+1/2 en 4+ en+1 _—
My Ay =

which, together with (3.33) and (3.34) leads to the following one-step formula-
tion of the Newmark scheme:
un+1/2 —um e+ en+1
< T)/2 D)
en+1 —en

=7

— 2, (3.35)
T
Me un+1 _ un+1/2 N 4 en + en+1 _ jn+1.

T/2 " 2

In this form the sequence of computations for the scheme is not immediately
clear and we rewrite it as:

T2 n+1 T2 -n 7_2 n n

(ME + ZA#)Q = ?] + (ME — ZAH)Q + TMEU
n+l _ on

Mot = 23" = 24, (" + ") 4 M, S——

The one-step formulations for the leap frog and the Gautschi scheme can be
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obtained along the same lines (see also [59]):

MEW +Ae” =3",
One-step leap frog: g =u"t/2,
M. unt! /gnﬂ/z LAt = ey
T
U WA A + 1)
One-step Gautschi: yn+17_—_yn ="t
%;W = ¢(7—2/~167#)(_A5,#y”+1 + .

3.4 Analysis of the Gautschi-Krylov scheme

3.4.1 Krylov subspace approximation error

Theorem 3.2. Consider the homogenecous ODE system y” + Ay = 0. Then,
the solution of the Gautschi-Krylov scheme has the form:

Yyt = gyt 4 2cos(TAY D)y + / A7V 2sin((r — 5)AY?)§(s)ds,
0

(3.36)

=: 68", Krylov error

G(s) = —Bhmi1ms*Vmireb (s> Hy, e,

where T is the step size, m is the Krylov dimension, 5 = ||AY"||, hmt1m 1S
the (m + 1,m) entry of the matriz H,,. The matrices H,,, H,,, and the vector
Umt1 are defined in (3.27),(3.28), e1 and e, are respectively the first and the
last canonical basis vectors in R™, and v is given by (3.25).

For the exact Gautschi scheme (where the matriz function evaluations are done
exactly) relation (3.36) holds with 6" = 0.

Proof The proof (inspired by the analysis given in Section 4 of [100]) consists
of showing that the solution of the Gautschi-Krylov scheme is the ezact solution
of a perturbed (inhomogeneous) ODE system.
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Without loss of generality, we shift for convenience the time variable such that
t, =0, t,+1 =t and the Gautschi scheme can be written as

y(t) — 2y(0) + y(—t) = —*¥(t*4) Ay(0).

Substituting here function ¢ as it is defined in (3.25) leads to relation (3.36)
with 6" = 0 which thus indeed holds for the exact Gautschi scheme. In the
Gautschi-Krylov scheme the right hand side is computed approximately with
Arnoldi or Lanczos process as

—t*)(t2A) Ay(0) = — B2 (P A)Viner ~ — B2V ( Hyy e,

where the matrix V,, is defined in (3.27),(3.28). The Gautschi-Krylov scheme
can thus be written as

y(t) — 2y(0) + y(—t) = =BV p (2 Hy, )er. (3.37)
Denote (-)" = d(-)/dt. Since
(Pp(t2H,, )" = (2H;F — 2cos(tHY?)H ;M) = 2 cos(tHY?),
differentiating equality (3.37) twice with respect to t yields
(1) + y(—1)]" = 26V cos(tHY)er.

We now use the Arnoldi relation (3.27) rewritten as

AV = Vi Hyp + it m W€ (3.38)
and write
— 20V cos(tH N ?)ey = =28V, Hy Hi ' cos(tHY/?)ey
= —28(AVin = hini1.mOmrem ) H,, ' cos(tH,/?)er,
so that

() + Y (—0)]" = ~28(AVin — Ry 1m0 1€ Hip cos(LHY2)er.  (3.39)
On the other hand, the right hand side of (3.37) can be transformed as

— BV (t? Hy ey = =20V (I — cos(tHY ) Hitey
= 20V HYey + 23V, cos(tHY/?)H e, . (3.40)

Here the term V,,,H,,! reads

VmH;Ll = A_lvm + herl,mA_1'Um+1€$;1‘1n_117
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this follows from the Arnoldi relation (3.38). Substituting the last expression
into (3.40) we get the following relation for the right hand side of the Gautschi-
Krylov scheme (3.37):

—2BA7WV,ne1 — 281 m AT 0 el Holey 4 26V, cos(tHY/?) H ey .

m

Note that since the starting vector of the Arnoldi process is Ay(0) = fv; (see
Figure 3.1 and recall that y(0) = y™), for the first term holds:

—2B8A7 W1 = —28A v, = —247 1 Ay(0) = —2y(0)

and the Gautschi-Krylov scheme thus reads (cf. (3.37))
y(t) — 2y(0) + y(—t) = —29y(0) — 2Bhmi1.mA ' opmyrel H,,

+ 28V, cos(tHY/?)He;.

Here multiplication of both sides with A results in

A(y(t) + y(—t)) = —2Bhpmi1 mOmsres Hotey + 26AV,, cos(tHY/?)H,

m €1

or, taking into account that cos(tH%L/z)H;L1 =H, cos(tH1/2)
_26AVmH;Ll COS(tHyln/Q)el = _A(y(t) + y( )) — 2Bhm41 mvm-‘rlemHm

Replacing the first term of the right hand side in (3.39) by the right hand side
of the last relation, we obtain

[y(t) +y(=1)]" = = A(y(t) + y(—1)) = 28hms1,mVmi1e, Hy
+ 26Rm 4 1 mVm 1€ Ht cos(tH Y ey,

and, using (3.25),
[y(t) +y(=t)]" = —A(y(t) + y(=1)) = Bhni1mt*Omrienp (2 Hy)er
=:g(t)

(3.41)

We now can get an analytic expression for w(t) = y(t) + y(—t) by solving the
following initial-value problem:

"= —Au+g(t), u(0)=2y(0), u(0)=0, (3.42)

where the initial condition %/(0) = 0 holds because function w(t) is even. Ap-
plying a variation-of-constants formula to this initial-value problem gives

w(t) = cos(tAY2)u(0) +A~1/2 sin(tAM?)u /A V2 gin((t — ) AY2)§(s)ds,

y(t) + y(—t) = 2cos(tAY?)y / A7 25in((t — s)AY?)g(s)ds,
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which, after changing the time variable back (so that y(0) = y™, y(£t) = y"*!)

yields the required relation (3.36). H

3.4.2 Stopping criterion for the Arnoldi process

The proposed stopping criterion for the Arnoldi process (cf. (3.30)) can be shown
to be a controller of the Krylov subspace error specified by (3.36). To see this,
we assume that one time step is done with both the Gautschi-Krylov and the
exact Gautschi schemes and rewrite (3.36) as

Yomy =y 2cos(rAY )y + 8,
Yyt = —y" 4 2cos(TAY2)y".

where m is the Krylov subspace dimension, y?;;)l and yt! are respectively
solutions of the Gautschi-Krylov and the exact Gautschi schemes and the Krylov
subspace error d(,,) is given by (3.36):

by = _ﬁhm_‘_l)m/ s2ATY2sin((1 — ) AY?) v 1€l (s2 Hyyerds.  (3.43)
0

This expression can not be readily used in practice for the evaluation of 6?m)

due to the presence of the term A~/Zsin((r — s)A'/?)v,,,;. Computation
of this matrix-vector product with the large matrix A is too expensive and
an approximation should be used. This can be done in different ways. For
example, one might take several first terms of the following series [46] as an
approximation:

A=12gin((r — ) AY2) = (7 — $)T — %(T A4 %(T CSPA - (3.44)

Note that substituting this relation in (3.43) we could obtain another, more
detailed expression for the Krylov subspace error J?m) (for a similar analysis see
Lemma 4.1 in [100]). Instead of (3.44) one might also use some other approxima-
tions based, e.g., on Chebyshev polynomials. A more natural and efficient way
for estimating the Krylov subspace error is to use the same continued Arnoldi
process to get a reference solution (for a different time integration scheme, this
was proposed in [100]). More specifically, assume that, in addition to the m
steps of the Arnoldi process, another j steps of the process are done. Then

A71/2 Sin((T — 3)A1/2)vm+1 = A71/2 Sin((T - S)Al/Q)V:’”"'jeg’T'*Ij)

—1/2 . 1/2 \ (m+j
~ Vm+me+/j sin((1 — S)Hn@/«kj)eSn—i—l])a

(3.45)
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where eE,:n _jlj ) is the (m + 1)th canonical basis vector in R™*J. This approxima-

tion is accurate if |Ry,4j+1,m+;| is small enough (see (3.38) with m replaced by
m + j). Since My ji1,m+j = 0 implies &, ;) =~ 0, the solution ym'ij) of the
Gautschi-Krylov scheme after m + j steps is then also accurate:

n+1 ~ a1
y(m+j) ~ Yex -

Hence, the value of 6?m) with approximation (3.45) can be estimated as

1 1
(m) = Yim) ~ Yo Yy ~ Yty

In the proposed stopping criterion of the Arnoldi process (cf. (3.30)), the dif-
ference y?;)l — y?ﬂﬂrj) is evaluated in a special relative norm suitable for the
time stepping process. The choice j = 1 (also made in [100]) is appropriate
since in most cases the Arnoldi process for matrix function evaluations exhibits
a superlinear convergence [58, 100].

3.4.3 Stability of the Gautschi-Krylov scheme

The original Gautschi scheme (where the matrix function evaluations are per-
formed exactly) is exact for the linear ODE system y” + Ay = 0 and hence
is trivially stable. To show stability of the Gautschi-Krylov scheme, we follow
approach of [60] and consider perturbations e” = y™ — yZ, with respect to the
solution yg, of the exact Gautschi scheme. Theorem 3.2 states that

Yot =~y 4+ 2cos(TAY )yl

n+1 /2y _ n
o PRSPt AR

Subtracting this relation from (3.36) we arrive at
"t = —e" 1 4 2cos(TAY?)em 4 87,
gntl 2cos(TAY?) —I|[ e o"
or [s”}_{ I 0let| o]
For 6" = 0 this recursion coincides with the exact solution recursion (3.46) and

thus is stable if and only if the ODE system to be solved is stable. One may
understand stability in different ways [86, 50], for instance, we may require that

2y
IG"| <K, for n>0, nr<T, G= FCOS(;A ) ol]’ (3.47)

where K does not depend on 7 and T is the final time, for some operator norm
|- |l. We now assume that the exact Gautschi scheme is stable in this sense and
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thus (3.47) holds true.

Stability of the Gautschi-Krylov scheme follows immediately as it does for per-
turbed (inhomogeneous) difference schemes (see e.g. [86], Chapter 4 or [50], Sec-
tion 14). Although the Krylov approximation error §" can formally be made
arbitrarily small, the Gautschi-Krylov scheme remains stable even if we allow a
linear growth of the norm of 8" with respect to the time step 7:

with C independent on 7. Denoting

n em an o
g = |:€n—1:| ) 0 = |:6n1:| )

one can obtain a standard expression for two-level schemes

671

<
0 < C7,

e =gt 4618 w28 4 48

from which the stability estimate follows:
_ i
lE™ < NG HIEN + G Hin | max |0
<i<n—1

< K||€% + KnCt < K||E°| + KCT.

3.5 Dispersion Analysis

For PDE’s of the wave type dispersion analysis is an important tool to under-
stand the error behavior of the scheme.

In this section we analyze and compare, for the edge finite element spatial
discretization on a uniform mesh, the numerical dispersion error for the three
schemes introduced in Section 3.3. For the analysis, we make the following two
assumptions:

1. Equation (3.11) is given in an infinite source free (J = 0) region with
periodic boundary conditions:

&0 E +V x (u 'V x E) = 0. (3.48)

2. u, and €, are constant scalars.
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A vector field
E(z,y,z,t) = Egexp(i(k-x —wt)), where i =+v—1, (3.49)

is a solution of (3.48) if the dispersion relation

w? = 2k? (3.50)

holds, where k = (ki, ko, k3) is the wave vector, x = (z,y9,2), k = | k|2 =

k3 + k3 + k32 is the wave number, ¢, = 1/( /€11, is the scaled speed of light,
and w is the angular frequency.

We consider the finite element discretization of (3.48) on a uniform paral-
lelepiped mesh with elements of size h X h x h, see Figure 3.2. The angles
/DAB and ZC'AB are called deformation angles.

Remark 3.3. To avoid cumbersome expressions, we present many of the for-
mulas for the cubic case /ZDAB = ZCAB = 90°. If a formula is valid only
for the cubic elements, this is explicitly reported. However, the whole analy-
sis is valid for the general case and the resulting plots of the dispersion errors
are given also for the deformed mesh. Part of computations for the dispersion
analysis were done in Maple.
On this regular mesh the finite element matrices (3.16) take the form M, =
1
ehM and A, = h—A7 where the matrices M and A do not depend on the
T
element size h. This results in the following system of ODE’s
1 02
-
Me" + FAe =0. (3.51)
The time exact dispersion equation is

2
—w?Me + %Ae ~0. (3.52)

We end up with an eigenvalue problem with large sparse matrices given in (3.51).
Since we are working on a uniform mesh, it is possible to reduce the problem
size as follows:

The expansion coefficients of the finite element approximation are e;(t) =

/ E(x,t) - tjds. If the exact solution of (3.48) is given by (3.49) then
edge j

for any two parallel edges p and j the expansion coefficients satisfy

e;H'q =exp (i(k - Apj —wqr)) e?, (3.53)



42 Chapter 3: The Gautschi time stepping scheme

Figure 3.2: Deformed element with deformation angles Z/C'AB and ZDAB. The
angle Z/DAC = 90°.

where the superscript indicates the time level, the subscript indicates the num-
ber of the edge to which the coefficient belongs, and A,; is a vector from the
midpoint of edge p to the midpoint of edge j.

3.5.1 Gautschi method

We analyze the Gautschi scheme under the assumption that the action of the
matrix function (3.25) on a given vector can be computed exactly (or very
accurately) so that the scheme is exact in time. This assumption is realistic
(see Section 3.6.3). Hence, we consider the time-accurate dispersion relation
(3.52) for the system (3.51), which gives us the following generalized eigenvalue
problem

2
—W?Me" + %Ae" —0. (3.54)
2
Denoting ¢(w) = —w? and n = h—;, we have
p(w)Me™ + nAe™ = 0. (3.55)

Using the relations (3.53) it is not difficult to see that on a uniform grid the
equations (3.55) are the same (up to a constant C);) for parallel edges, i.e. for
any two parallel edges p and j holds:

o(w)M (ap,:)e™ +nA(ap,:)e" = Cpi(p(w)M(aj,:)e" +nA(a;,:)e") =0,
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where M (aj,:) denotes ajth row of matrix M, and similarly for A. Therefore it
is sufficient to consider the equations corresponding to any three edges ai, as,
a3 among which there are no parallel edges (see Figure 3.3).

29

3
sg
30
25 26
27
24
23
i 22
a 16
19
4 20
15 4,
1
D 14 13
12 "
1
3
8
2
5
A 1 C

Figure 3.3: Three nonparallel edges a1, as, az and the degrees of freedom (with
a local numbering) that appear in equation (3.54) for edge a;.

Let
X(t):/ E(x,t) - tda, Y(t):/ E(x,t) - tda, Z(t):/ E(x,t) - tda,

then using (3.53) all the other degrees of freedom (coefficients) in the whole
mesh can be expressed in terms of XY, Z.
The corresponding equation of edge a; is

p(w)M(ay,:)e" +nA(ay,:)e™ = 0. (3.56)

The matrices M and A have a sparse structure because in (3.56) coefficients
only of those basis functions are present which have nonempty common support
with the basis function corresponding to the edge a;. On a cubic mesh we have
M(a17 :)en :%(17 47 17 4a 167 4a 17 4) 1) : (éla 627 éSa é'143 é‘153 é‘167 é277 é287 é29)T7
1
Alay,:)e"” :6(_2’ -2,-2,1,—-1,-1,1,1,-1,4,-4,1,—-1,—2,16, -2,
4a 747 747 4a 717 17 74a 45 717 17 725 727 72a 17 717 71’ 1)

-(&1,62,63,...,632,6E33)" . (3.57)
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Here the tilde sign is used to distinguish the local index with the global index,
for example €15 = e4,, €19 = €q,. Writing the relations similar to (3.56) for
edges ay and as and using (3.53), we obtain a homogeneous system of equations

X
(pW)F+nG) | Y | =0. (3.58)
Z

On both cubic and deformed meshes the numerical dispersion relation of the
Gautschi scheme is

det (p(w)F 4+ nG) =0, or (3.59)

2
det <—w2F + %G) =0,

where the 3 x 3 matrices F' and G depend on the wave vector k and the mesh
size (entries of F' and G are specified for the cubic mesh in Appendix 3.8.2 ).
One of the solutions of the dispersion relation is w = 0, which does not represent
anything physical. The other solutions of (3.59) satisfy

4—cos &3 cosEa—cos &y cos &g cos €3 —cos &z cos € —cos €y coséa
(24 cos&1) (2+ coséa) (2 + cosés) Crs
(3.60)
where & = hk;, i = 1,2,3, and wj, denotes the numerical angular frequency.
The exact phase velocity is given by ¢, = w/k and the numerical phase velocity
is v = wp/k. In Figure 3.4 a plot of the phase velocity error is given for cubic
elements with k3 = 0. For all the numerical experiments throughout this section
we assume that €, = p, = 1.
Under the assumption |kh| < 1 the Taylor expansion of (3.60) shows

(wph)*=18

1 kY + k3 + K}
ﬂ%hz + higher order terms),

which means that the dispersion relation for the Gautschi scheme is satisfied up
to second order.

wp = k(14

3.5.2 Leap frog scheme
Applying relation (3.53) to the leap frog scheme (3.17), we have

e"tl —2e" + e ! exp(—iwT)e” — 2e™ + exp(iwT)e”
2 2

T T

= Me". (3.61)

T2
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Figure 3.4: The phase velocity error of the Gautschi scheme for cubic elements.

Then the generalized eigenvalue problem of the leap frog scheme is

2(cos(wT) — 1)

- Me™ + h; Ae" (3.62)
2 -1 2
Introducing p(w) = % and n = % in (3.55) we obtain the disper-
T
sion equation for the leap frog scheme
2(cos(wT) — 1) c2

with the 3 x 3 matrices F and G defined as in (3.59). There are 3 roots, one is
zero which is non physical. The solution of (3.63) satisfies (on a cubic mesh)

~—

Xl(Tv h7 k

COS(WT) =1- 2m7

(3.64)

where

X1(T, b, k) = 9¢272 (4 — cos &) cos &, cos €3 — cos &) cos €y — cos £y cos E3—
— cos&z cos 1),
X2 (7, h, k) = 2h%(2 4 cos &1)(2 + cos &2)(2 + cos €3),

and 67, = hk“ 1= 1,2,3.
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According to the exact dispersion relation (3.50), we would like to have only
real solutions w of (3.64). Otherwise, as it is clear from (3.49), the imaginary
part of w will contribute to dissipation of the solution (damping if Im(w) < 0 or
amplification if Im(w) > 0, see e.g. [106]). The value of w is real if and only if

‘1 - 2X1(T’h’k)‘ <1,
XQ(Tu ha k)
or, equivalently,
Gt 1 2(2 + cos&1)(2 + cos€2)(2 + cos &3)
h = 3\ 4 —cosé&; coséscosés — coséy cos o — cos o cos €3 — cos €3 cos €y
(3.65)
Since it is always true that
2(2 + cos&1)(2 + cos&2)(2 4 cos&s)
4 — cos &y coséocosés — coséy coséy — cosés cosés — coségcoséy
for the inequality (3.65) to hold true it is sufficient to require that
Cp T 1
<= 3.66
<3, (3.66)

which gives stability condition on the uniform mesh. A more general stability
condition is given in Appendix 3.8.1.

Under the assumption |kh| < 1 the Taylor expansion of (3.64) shows

1 1 ki + k5 + k3
wy = ¢ k(1 4+ —c2k*r% + Tl il 3 p2

51C" 51 2 + higher order terms),

where w, is the numerical angular frequency. In order to have spatial and tem-
poral error terms of the same order, we should take 7 = O(h). This is a clear
disadvantage of leap frog compared to Gautschi.

In Figures 3.5-3.7, the absolute error of the angular frequency for the leap frog
scheme is shown in comparison with the Gautschi scheme for different values
of the time step 7 and deformation angles 6 (/DAC = ZBAC = 0, see Figure
3.2). Here, for simplicity, we assume k3 = 0. Note that in all figures the plots
of the leap frog scheme become increasingly similar (as 7 decreases) to the plot
of the time-exact Gautschi scheme. We observe that reduction of the time step
beyond 0.002 does not give more accurate results because the spatial error is
dominant.
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3.5.3 Newmark scheme

The generalized eigenvalue problem for the Newmark scheme (3.31) is

2(cos(wT) — 1)Me” N (cos(wT) + 1) ﬁAe" _ 0
h? '

T2 2

2 -1 1c?
Introducing p(w) = Heos(wr) — 1) and n = coswr) + 1 ¢ in (3.55) we obtain

2 2 h2
the dispersion equation for the Newmark scheme
2 -1 1) 2
det (cos(wT) )F N (cos(wT) + )C—’G _o, (3.67)
72 2 h?

where the 3 x 3 matrices F and G are given as in (3.59). There are 3 roots, one
is zero. The solution of (3.67) satisfies (on a cubic mesh)

Xg(ﬂh,k) — Xl(T,h,k)
X2(7-7 ]’L, k) + X1 (7—7 h’ k)7

cos(wT) = (3.68)

where

X1(7, b, k) = 9c272 (4 — cos &1 cos & cos €3 — cos &1 cos &y — cos £y cOs E3—
—cos &z coséy),
Xa2(7, h, k) = 2h%(2 + cos £1)(2 + cos £2) (2 + cos £3),

and gz = hk/’“ 1= 1,2,3.
Under the assumption |kh| < 1 the Taylor expansion of (3.68) shows

1 1 ki + k3 + k5
wr = ¢ k(1 — ﬁ03k272 + ﬂil k; 3 p2
+ O(h*) + O(1*) + O(7%h?) + higher order terms),

(3.69)

where w; denotes the numerical angular frequency. In order to make the spatial

and temporal error terms of the same order, we should take 7 = O(h). We note

that the dispersion error of the Newmark scheme becomes fourth order accurate
if we choose

1 kY + k54 k3
T=\gE (3.70)

which can be called an optimum time step. We note that (3.69),(3.70) are only
valid on a cubic mesh.
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In Figures 3.8-3.10, the absolute error of the angular frequency for the Newmark
scheme is shown in comparison with the time-accurate Gautschi scheme for
different values of time step 7 and deformation angles 8 (/ZDAC = ZBAC = 6,
see Figure 3.2). Here again we assume for simplicity ks = 0.

For the Newmark scheme we observe a similar convergence behavior as for the
leap frog scheme. Note that the plot for the step size 7 = 0.025 in Figure 3.8
differs significantly from the the other plots in the figure due to the increase in
the error order observed in (3.69) (cf. (3.70) with k3 = 0 and k; =~ k»).

3.6 Numerical experiments

3.6.1 Test problem 1

This test problem is obtained by choosing an arbitrary vector field function
E..(z,y,2,t) satisfying the boundary conditions, projecting it onto the finite
element subspace and substituting the projection into the semidiscrete system
(3.15). The source function j(¢) is then chosen such that the finite element
projection of E,, is the exact solution of (3.15). Note that it is important to
use the exact solution of the semidiscrete system because the difference of this
solution with the computed numerical solution represents then solely the time
error (without the spatial discretization error).

More specifically, we consider the dimensionless Maxwell equations (3.11) in the
domain Q = [0,1] x [0,1] x [0, 1] and we take

E..(2,y,2,t) = v(t)E(2,y, 2).
If & is the finite element projection of the field E then

ean(t) =v(t)e
is the exact solution of the semidiscrete ODE system (3.15) with
Jj(t) = (" M. +vA,)e.
In our experiments we took
€ =1, e = 1.

No sin7y sinmz
v(t) = Zcos wit, E(z,y,z) = |sinmz sinmz| . (3.71)
i=1 sinmz sin 7y
where the values of w; are reported later separately for each of the test runs.

This test problem is well suited for studying the evolution of the time error,
since the exact solution is readily computable for any moment of time ¢.
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Figure 3.8: Absolute value of the angular frequency errors for the Newmark
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the increase in the error order (cf. (3.70) with ks = 0 and k1 =~ k2).



3.6 Numerical experiments

53

Newmark scheme, time step t=0.1

Newmark scheme, time step t=0.025

0 —
0 / 0.
.04 2, 0'0@ 7 008
© 0.
0o.
3 3
% o
2’ b 2
1 1 : .
1 2 k1 3 4 1 2 k1 3 4
Newmark scheme, time step 1=0.01 Newmark scheme, time step 1=0.002
0'07 \0.07
a Q
3r 3'\0,005
o
2r 2r
1]
QO
%
1 . . 1 : ‘
1 2 K, 3 4 1 2 K, 3 4
4 Newmark scheme, time step 1=0.001 4 Gautschi scheme
\ ‘ ‘ —
0.07 ) OOC') 0. 01 c’)
3 33— 00
o
2/ % 2/
1 1
1 2 k 3 4 1 2 k 3 4

Figure 3.9: Absolute value of the angular frequency errors for the Newmark
scheme with different time steps and for the Gautschi scheme, mesh size h =
1/20, deformation angle 6 = 7/3.



54 Chapter 3: The Gautschi time stepping scheme

Newmark scheme, time step t=0.1 Newmark scneme, ume Step ¢-0.025

4
4 001 0
o 0‘9\ 5\02
N o 3 \ |
3, ,
ot d N 0.005 -07
@
2 2 |
E 2k 3 4 1 2 3 4
Newmark scheme, time step t=0.01 Newmark scheme, time step t=0.002
4 0.00_ 0025 003 00 003
0015 \ o 0.025
3 001 3 001 \ ]
.005 0'07 2r 05\007
2, 4
‘ ‘ ; ‘ %0
1 2 3 4 1 2 k 3 4
k 1
Newmark scheme, time step t=0.001 4 Gautschi scheme
0.00___ ‘ 0.03 B v.02 0.005 U.03
| 0.015 0.025 0.015
3 0.07 | 3\0.07\ 0.0- |
N N 0.075
2 RN 2 %05
0.005 0.005
E R 4 E 2k 3 4

1 1

Figure 3.10: Absolute value of the angular frequency errors for the Newmark
scheme with different time steps and for the Gautschi scheme, mesh size h =
1/20, deformation angle 6 = /4.



3.6 Numerical experiments 55

3.6.2 Test problem 2

This test problem differs from the previous one only by the choice of the exact
(reference) solution. The exact solution is obtained by any of the available
schemes run with an extremely small time step size 7. With this 7 all schemes
produce numerical solutions which are practically exact in time but with the
same spatial error as the numerical solutions obtained for realistically large
7. Such a testing approach is common in numerical time integration of space-
discretized PDE’s (see e.g. [96]). This test problem is convenient when one
wants to know the error at the final time.

3.6.3 The Krylov subspace dimension and the time error

Here we investigate how the choice of the Krylov subspace dimension in the
Gautschi scheme influences its time integration error. We are interested in the
evolution of the error in time and therefore use Test problem 1. The frequencies
w; of the inhomogeneous term j(¢) (cf. 3.71) are chosen as

w1 = 1, Wy = 10.

The results are presented in Figure 3.11. Here, the time error evolution of the
Gautschi scheme is shown for different fixed Krylov subspace dimensions m and
for the adaptive choice of m based on the condition (3.30). The time integra-
tion was done up to the final time 7' = 6#@)} corresponding to the 6 periods
of time. The shown error is the Euclidian norm of the difference between the
coefficients of the finite element basis expansions of the numerical and the exact

solutions.

Inspection of the plots in Figure 3.11 shows that there is a certain value of
m = m such that increasing the Krylov subspace dimension beyond m does not
lead to any improvement in time accuracy. In other words, even if we compute
the action of the matrix function on vectors very accurately the error does not
decrease. Thus, for m > m we have a scheme where the error caused by the
Krylov subspace approximation is negligible as compared to the time error of
the exact Gautschi scheme. The adaptive choice of m is able to catch the value
of m very accurately: for example, for the upper plot (14 x 14 x 14 mesh) we
can see that m = 4 whereas the adaptive choice gave values m between 3 and 5.

The typical dimensions of the Krylov subspace, observed in practice, depend
on the time step size used. For the step sizes up to a factor two larger than
the CFL number (which is the maximal possible step size of the explicit leap
frog scheme) the Krylov dimension is usually 2. For larger realistic time step
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sizes values of m up to 12 can be observed. The values of m mildly grow as the
spatial mesh gets finer.

3.6.4 Computational work

We recall that on the uniform meshes the computational work per time step
in the Gautschi scheme is a factor m + 1 (with m being the Krylov subspace
dimension) more than for the leap frog scheme.

On uniform meshes the computational work of the Newmark scheme is difficult
to compare explicitly with those of the leap frog and Gautschi schemes. This is
because on uniform meshes the sparse LU factorization of the matrix M, + 74—214“
in the Newmark scheme is more expensive than that of M., since the matrix M,
is sparser due to orthogonality of some basis functions on the cubic elements.
This makes the Newmark scheme very expensive on finer meshes as compared
to the other two schemes. For this reason the results for the Newmark scheme
in this section are shown only for a coarser 10 x 10 x 10 mesh.

On the uniform meshes let us denote the computational work required for the
LU factorizations of the matrices M, + TTfAu and M. as lu_fac_LNewmark and
lu_fac_lf, respectively. The computational work for one matrix-vector multipli-
cation with the matrices M, — 74—2A# and A, involved in the Newmark and leap
frog schemes is defined as mat_vec_Newmark and mat_vec_If, respectively. The
computational work required for the LU solver for the schemes Newmark and
leap frog is denoted as lu_sol_Newmark and lu_sol_lf, respectively.

In contrast to the situation on the uniform meshes, the matrices M. and M, +
74—214“ have the same sparsity structure on unstructured meshes, hence require
the same computational work for the LU factorization. Although the com-
putational work per time step in the Gautschi scheme is larger than in the
Newmark or the leap frog scheme, the Gautschi scheme appears to be more
efficient (see results of Section 3.6.5). Let us define a relative work required
for one LU factorization as lu_fac, one matrix-vector multiplication as mat_vec
and one LU solver as lu_sol. It is clear that per time step the Newmark and
the leap frog schemes require mat_vec+ lu_sol and the Gautschi scheme requires
(m + 1)(mat_vec + lu_sol) operations.

If we denote the required computational work per time step for the cases de-
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Figure 3.11: Error evolution of the Gautschi scheme for 14 x 14 x 14 (top) and
24 x 24 x 24 (bottom) meshes for different Krylov subspace dimensions m. The
step size corresponds to 7 points per time period.
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Table 3.1: Computational work for the three schemes.

uniform mesh unstructured mesh
Gautschi L(m+1)-Qy + lufaclf L(m+1)-Q+ lu_fac
Newmark % QAN ewmark + lu_fac_Newmark % -Q + lu_fac
leap frog g “Qpp + lu_fac lf % -Q + lu_fac

scribed above as

Qip = mat_vec_lf + lu_sol_If ,
ANecwmark = mat_vec_Newmark + lu_sol_Newmark,

Q = mat_vec + lu_sol,

then the overall computational work for all the schemes on the uniform and
unstructured meshes is given in Table 3.1, where T is the final time and 7 is the
time step size.

On finer uniform or unstructured meshes the LU factorizations may require too
much computational efforts. In this case one could use an iterative solver for
the three schemes. In the context of the Arnoldi process used in the Gautschi
scheme this would mean that the action of M1 is computed by an inner iterative
solver. Note that the matrix M, + %AH appearing in the Newmark scheme
usually requires more iterations of an iterative solver than the well-conditioned
mass matrix M, [45]. Performance of the iterative solvers in all the schemes
can be improved by a suitable preconditioning (see [100] for preconditioning of
the Krylov subspace matrix function evaluations). On the other hand, the use
of approximate implicit schemes [19] or stabilized explicit schemes [105, 95, 96]
might be a good option here, too.

3.6.5 Comparisons of the three schemes

We compare now the time stepping errors at the final time and the CPU times
of the three schemes presented in Section 3.3. Since we are interested in time
errors at the final time, we use Test problem 2. The presented error values are
computed as

yn — ygxact

_ , 3.72
ygxact + e ( )

error — H

oo

where the division of the vectors is understood element-wise, y™ and y? . ., are
the numerical and the exact (reference) solutions at the final time T' = it = 50,
and ec is the machine epsilon.
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Uniform cubic mesh

In the experiments presented in this section, a uniform cubic mesh was used.
In the first test, the frequencies w; of the source term j(¢) were taken to be
homogeneously distributed:

N, = 101, w; evenly distributed in [1,10], ¢ =1,...,101. (3.73)

The results are presented in Figure 3.12. We see that all the schemes clearly
exhibit second order time accuracy. The peculiar drop in the error-versus-7 plot
of the Newmark scheme, is caused by the increase in the error order observed
in (3.69), (3.70).

The nonmonotonicity seen on the error-versus-CPU time plots of the Gautschi
scheme are characteristic for the scheme: smaller time step sizes result in reduc-
tion of the Krylov dimension m which makes the scheme significantly cheaper.
There is, thus, an optimal time step size for which the overall computational
work is minimal. As one can see in Figure 3.12, the Gautschi and Newmark
schemes lose to the leap frog scheme in performance. This is to be expected
since we work on a uniform mesh in a domain with homogeneous ¢, and ..

Because of different sparsity patterns of the matrices M, + TTZAH and M. the
plots versus the computational work in Figure 3.13 are presented only for the
leap frog and the Gautschi schemes.

Very similar results were obtained for the case where
N, =101, w; evenly distributed in [1,2], i =1,...,100, wig1 = 10. (3.74)

Here all the schemes yield errors which are approximately a factor 103 smaller
than for the homogeneous distribution of w; (3.73). In this the case the error-
versus-7 dependence of the Newmark scheme is monotone.

We now present the performance of the Gautschi scheme on a finer mesh 40 x
40 x 40 with higher, as compared to (3.73) and (3.74), frequencies in the source
term:

N, = 103, w; evenly distributed in [1,2], i =1,...,100, (3.75)

wior = 10, w12 =24, wio3 = 25.
In Figure 3.14 the errors at the final time are given against the corresponding
step sizes and computational work. For this mesh, the sparse LU factorization

of the matrix M, + T;AM in the Newmark scheme is prohibitively expensive and
the conjugate gradient iterative solver is used.
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Figure 3.12: Uniform mesh. Errors at the final time against the correspond-
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3.6 Numerical experiments 61
s 10 x 10 x 10 mesh 20 x 20 x 20 mesh
10
-©- Gautschi
-v leap-frog
2 ° 3
107 ] 10°% Q, ]
Q [0) \
£ %S £ )
g V':‘ g . o""/
10 ¢ LA S0 "o ]
s AKX 5 e %o
2 ‘v 2 )
5 AR 5 Yz Soq
0 v 1 ~ <
10° | S 1 10 V. e 1
v e
1 0
10 . . 10 .
10° 10° 10* 10° 10° 10* 10°
work work

Figure 3.13: Uniform mesh. Errors at the final time against the corresponding
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term. The work is measured in the Q;; units (see Section 3.6.4).
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Figure 3.15: A cut of the unstructured mesh used for the experiment.

Unstructured tetrahedral mesh

In this example, Test problem 2 with the homogeneously distributed frequen-
cies in the source term (cf. (3.73)) is solved on a unstructured tetrahedral mesh
generated by the Centaur mesh generator. In the mesh used (see Figure 3.15),
the ratio between longest and shortest edge is about 17. Although the mesh
is rather coarse, the time step of the leap frog scheme is restricted for stability
reasons to the relatively small time step 0.0155 (which is approximately a fac-
tor two smaller than the stability time step restriction of a uniform mesh with
roughly the same number of degrees of freedom).

The results of the experiment are given in Figure 3.16. Note the irregular con-
vergence pattern of the Newmark scheme which is apparently caused by effects
of the MATLAB/UMFPACK sparse direct solver used in the scheme (the accu-
racy of the solver is compromised to retain sparsity in the LU factors).

It is evident that to achieve the same accuracy both the explicit leap frog scheme
and the implicit Newmark scheme require much smaller time steps than the
Gautschi scheme and their computational times are bigger than that of the
Gautschi scheme.

In Figure 3.17 we compare accuracies delivered by the schemes versus required
computational work (see Section 3.6.4). It is clear from this figure that on the
unstructured mesh the Gautschi scheme appears to be the most efficient.
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Figure 3.16: Unstructured mesh. Errors at the final time against the correspond-
ing step sizes and the required CPU times for the homogeneously distributed
frequencies in the source term (cf. (3.73)). Left plots: the error is measured as

in (3.72). Right plots: the error is measured as
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unstructured mesh
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Figure 3.17: Unstructured mesh. Errors at the final time against the corre-
sponding computational work for homogeneously distributed frequencies in the
source term. The work is measured in the Q units (see Section 3.6.4).

Exactness of the Gautschi scheme for the slowly varying inhomoge-
neous term

The Gautschi scheme is known to be exact for the constant inhomogeneous
term j(t) [47, 59]. To see whether this is the case for our Krylov subspace
implementation of the scheme, we take in these two tests (i) zero and (ii) very
small values of w:

(i) Ny=1,  w =0, (3.76)
(i) Nyo=3, w1 =105 wy=223-10"° w3 =8-1075. (3.77)

The results obtained on the uniform cubic mesh for zero values of w; are pre-
sented in Figure 3.18. Similar, practically undistinguishable plots were obtained
for the very small frequencies (3.77). Note the superconvergence effects observed
for the leap frog and the Newmark schemes on the 10x10x 10 mesh: the schemes
are almost fourth order accurate. The results clearly show that the Gautschi
scheme with adaptive choice of the Krylov subspace dimension is practically
exact for these problems.
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3.7 Conclusions and suggestions for future re-
search

It is shown that the Gautschi cosine scheme can be efficiently implemented for
edge finite element discretizations of the three-dimensional Maxwell equations.
The implementation involves a sparse LU (or Cholesky) factorization of the
mass matrix which is also required for explicit time stepping schemes and in
most cases can be done efficiently. When the direct solution is not feasible the
action of the inverse of the mass matrix could also be computed by an iterative
solver.

We also proposed a simple strategy for the adaptive choice of the Krylov dimen-
sion. This strategy proves to be successful in our experiments, in particular, the
error triggered by the Krylov subspace approximation appears negligible to the
time error. Moreover, the exactness of the Gautschi scheme for the constant
inhomogeneous term was observed in practice for our Gautschi-Krylov imple-
mentation. A backward error analysis of the Krylov subspace error was done
leading to an explicit formula for the error. This also provided an insight for
the stopping criterion used in the Arnoldi process. Furthermore, the stability
of the new scheme was proved.

Dispersion analysis presented in this chapter revealed superior properties of the
Gautschi scheme as compared to the leap frog and the Newmark scheme.

The presented numerical experiments demonstrate that the Gautschi scheme
is more efficient (in terms of the achieved accuracy and the required computa-
tional work) than the implicit Newmark scheme. The Gautschi scheme is much
more efficient than the explicit leap frog scheme and the Newmark scheme (i) on
nonuniform meshes or (ii) when the inhomogeneous source term is a slowly vary-
ing function of time.

A relevant future research topic would be an extension of the Gautschi-Krylov
scheme to the Maxwell equations with nonzero conductivity terms or absorbing
boundary conditions. In both cases the weak formulation (3.14) will contain a
first order time derivative. A possible approach here would be to use splitting
methods.

It would also be interesting to see how the Gautschi-Krylov scheme performs
with the recently developed matrix function preconditioning technique [100].

The presented results indicate that the Gautschi-Krylov scheme is a promising
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tool for efficient time integration of the Maxwell equations.

3.8 APPENDIX

3.8.1 Stability of the leap frog scheme

To derive a stability condition for the leap frog scheme we consider the homo-
geneous case j(t) = 0:

M.e" + (124, — 2M,)e™ + M.e" ! =0, (3.78)
or in its equivalent form
et 4 (rPM7TA, — 21)e™ + e = 0. (3.79)

In our analysis, we follow the standard approach based on diagonalizing the
matrices involved in the scheme (see e.g. [111]). Any solution of (3.79) can be

written as
Z’y O, (3.80)

where a;,’s are the eigenvectors corresponding to the eigenvalues (A,,) of the
following eigenvalue problem

M'A,x = \z. (3.81)

We assume that matrices M, and A, are Hermitian, M, is positive definite and
A, is positive semidefinite. This is guaranteed by the finite element discretiza-
tion provided that p and e have corresponding properties. The eigenvalues of
(3.81) are then nonnegative. Substitution of (3.80) into (3.79) yields

Z’y’”rlam + (F2M YA, —20) Z%am + Zy = (3.82)

_Z,Yn+1am+z,ym7_ am+Z’Y

which, due to the linear independence of the a.,,’s, implies
A (72 A — 290+ =0, for all m. (3.83)

This recurrence is stable (i.e. |y, < 1) if and only if the roots v o of its
characteristic equation

VA (A —2v+1=0 (3.84)
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do not exceed one in absolute value. The solution of (3.84) is

T2

2
vipg=1- %)\m + \/(1 — 7)\777,)2 - 1. (3.85)

A straightforward computation shows that the stability condition |v o] < 1 is
fulfilled if and only if

7'2 2
(1= 5An)"=1<0, (3.86)

which, together with (3.85), necessarily means that |v4 5| = 1. The solutions of
(3.86) satisfy

4
< PV for all m, (A, >0).

Then the stability condition for the leap frog scheme is

4
72§

)
)\max

where Apax is the maximum eigenvalue of the matrix M 1A#.

3.8.2 Dispersion relation matrices F' and G

The matrices F' and G in (3.59) on a cubic mesh with element size h X h X h
are given as:

the matrix F' is diagonal, with entries

1 2 2
Fi = 9 cos(hksa) cos(hks) + g cos (ksh) + g cos (koh) +

1 2 2
Fyy = 3 cos(hky) cos(hks) + g cos (ksh) + g cos (k1h) +

O > O = O i~

1 2 2
Fs33 = g cos(hky) cos(hks) + g cos (koh) + g cos (k1h) +
the matrix G is complex Hermitian with entries

911 912 913
G=| 12 g2 G23 |,
g13 G923 933
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where g denotes the complex conjugate of g and

2 2 2 2
g11 = os(h(ke — k3)) — 3 cos(hks) — 3 cos(hks) — 3 cos(h(ka + k3)),

gC
1

2
912:*§+66

+ gefihkz + leflh(7k1+k3) o lefihktg o ]‘ Zh(7k1+}€27k3)+

3
7’L‘h(k)2~‘rk}3) o lefih(fk)1+k2+k3) o gefih(7k1+k2)+

3 6 6 6
e + —e — 66 + ge ,

2 1 1 e T e
913:_§+66 h(k2+k3)__e h( k1+k2+7€3)+66 h(—ki+ka)

1 . 2 _. 2 1.
Ee—lhk)g _ ge—lh(—kl-‘rkg) + ge—lhkg + _elh(k1+k2)_
1 ih(kl-'rkz—kg) 1 Z}'L(k)g—k)3) 1 ihko 2 ik1h
6 5 ¢¢ T3¢

2 8 2 2 2
922 =—3 cos(kih) + 373 cos(h(—ki + k3)) — 3 cos(hks) — 3 cos(h(ky + k3)),

2 1 1 _, 2 . 1.
g3 =-3-3 cos(kih) + Ee_m(_kﬁ’%) + ge_lhka + gelh(kﬁk?)—

_ leih(k1+k2_k3) _ geih(k‘g—k‘g) + Eeith + leih(—k1+k‘2)_
3 6
ih(fk‘1+k2fk3) _|_ lefih(kj%»kg)?

+

=

1

_66

2 8 2 2 2
933 =3 cos(h(ky + k2)) + 373 cos(kih) — 3 cos(hky) — 3 cos(h(—ki + k2)).






CHAPTER 4

leplicit a posteriori error estimates for the Maxwell
equations

An implicit a posteriori error estimation technique is presented and analyzed for
the numerical solution of the time-harmonic Maxwell equations using Nédélec
edge elements. For this purpose we define a weak formulation for the error on
each element and provide an efficient and accurate numerical solution technique
to solve the error equations locally. We investigate the well-posedness of the
error equations and also consider the related eigenvalue problem for cubic ele-
ments. Numerical results for both smooth and non-smooth problems, including
a problem with reentrant corners, show that an accurate prediction is obtained
for the local error, and in particular the error distribution, which provides es-
sential information to control an adaptation process. The error estimation tech-
nique is also compared with existing methods and provides significantly sharper
estimates for a number of reported test cases.

4.1 Introduction

The solution of the Maxwell equations frequently contains structures with lim-
ited regularity, such as singularities near corners and non-convex edges. These
structures can be efficiently captured using hp-adaptive techniques, in which the
mesh is locally refined and coarsened (h-adaptation) or the polynomial order in
individual elements is adjusted (p-adaptation). Examples of hp-adaptive tech-
niques applied to the Maxwell equations can be found in e.g. [28, 38, 83, 84, 85,
110]. The hp-adaptation technique is a promising approach to obtain efficient
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numerical algorithms to solve the Maxwell equations, but requires a reasonably
accurate estimate of the local error in the numerical solution in order to control
the adaptation process. In simple cases one can predict the regions which need
to be adapted, but a more general approach requires the use of a posteriori
error estimates in which the local error is predicted based on the numerical so-
lution. General techniques for a posteriori error estimation are discussed in e.g.
[3, 10, 11, 43, 49, 104], but providing accurate a posteriori error estimates for
the Maxwell equations still poses many problems.

In the a posteriori error analysis of the Maxwell equations one encounters two
basic problems: the bilinear form of the Maxwell equations is in general not
coercive and the analytic solution is not necessarily smooth. Moreover, in real-
life situations computations often have to be done in three-dimensional domains
of complex geometry (e.g. with reentrant corners) and consisting of different
materials (so that the coefficients of the equations are discontinuous). To avoid
these difficulties, several studies [15, 16, 80] only investigate a problem defined
by a coercive bilinear form. Others, e.g. [73], assume some regularity in the
solution of the dual problem.

There are several techniques to obtain a posteriori error bounds for the Maxwell
equations. Explicit methods, see e.g. [15, 73], give an error estimate based on
the available numerical solution and are relatively easy to implement. The error
bounds in explicit methods contain in general unknown coefficients, which also
depend on the wave number in the equations, and frequently result in unsharp
estimates. Another approach is provided by using a hierarchical basis, see e.g.
[3], [12]. This approach has been applied in [16] to the (curl) elliptic Maxwell
equations. The analysis of this method is based on some assumptions, such as
the saturation assumption ([3], Section 5.2) and the replacement of the bilinear
form by an equivalent (localized) bilinear form which ignores coupling terms to
obtain a small linear system for the error equations. The validity and effect of
these assumptions on the accuracy requires, however, careful attention. Implicit
error estimators for the Maxwell equations have been developed in [85], based
on the approach in [36], and successfully applied to an hp adaptive finite ele-
ment algorithm for the Maxwell equations in 3D. Lacking a complete analysis,
the authors applied an equilibration technique to ensure well-posedness which
results in a rather complicated computational procedure.

In this chapter we further investigate the use of implicit error estimators. We
follow an approach originally developed for elliptic partial differential equations,
see e.g. [3], which when properly formulated, is also applicable to obtain local
error estimates for the Maxwell equations. For this purpose, we first define a
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weak formulation for the error in each element, which is solved with a finite
element method. This is the main difference with explicit a posteriori error esti-
mates which only use the data provided by the numerical solution. We consider
the time-harmonic Maxwell equations with perfectly conducting boundaries dis-
cretized with Nédélec edge elements, but many ideas can be applied in a more
general setting. The main benefit of implicit error estimates is that we do not
encounter unknown or very large constants in the a posteriori error estimates.
The success of this approach, however, strongly depends on the definition of
the boundary conditions for the local error equations and the choice of a proper
basis for the numerical solution of the local problems. The latter is achieved by
using higher order face and element bubble functions.

The second topic we address are the theoretical properties of the implicit a pos-
teriori error estimation technique. First, we investigate the well posedness of
the weak formulation for the local error, in particular in relation to the bound-
ary conditions used in the local error equations. Also, the eigenvalue problem
related to the local error equations is investigated in detail. Following the lines
in [3] we introduce an error indicator and point out that this provides a lower
bound for the exact error and an upper bound for our implicit estimate (up to a
constant factor in both cases). These results give the implicit a posteriori error
estimation technique a sound theoretical basis and make it possible to avoid
some of the involved techniques used in [85, 110].

Instead of giving sharp error estimates we check the preciseness of our method
using numerical experiments. We pay special attention to cases where the ana-
lytic solution is non-smooth and also investigate the problem in computational
domains with reentrant corners. Both the local and global error are estimated
in the H(curl) norm and compared with the exact error. We also consider the
error distribution, since this is essential information to decide in which areas the
mesh has to be adapted. Despite of the expected difficulties we obtain rather
precise estimates in each case.

The outline of Chapter 4 is as follows. In Section 4.2 we start with the math-
ematical formulation and define the finite element discretization. The implicit
error estimation technique is formulated and analyzed in Section 4.3. Next, we
discuss lower and upper bounds on the error indicator in Section 4.4. The im-
plicit a posteriori error estimation technique is tested numerically on a number
of problems of increasing difficulty in Section 4.5. Finally, Section 4.6 contains
conclusions and suggestions for future work.

In this chapter we frequently use notations and techniques discussed in the
monograph [73]. For a short, self-contained introduction to finite element meth-
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ods for the Maxwell equations we refer to [37].

4.2 Mathematical formalization

Consider the time harmonic Maxwell equations for the electric field E : Q — R?
with perfectly conducting boundary conditions, which are defined as

curlcurl E — K*E =J inQ,

(4.1)
Exv=0 ono,
where Q C R? is a Lipschitz domain with outward normal vector v and J €
[L2(£2)]? a given source term which is related to the wave number k. Here k = £
with the frequency w and the speed of light ¢. Here E x v is defined in a trace
sense [24], [73] discussed later.

In the subsequent derivations we will need the following spaces and operators.
The Hilbert space corresponding to the Maxwell equation is

H(curl, Q) = {u € [Lo(Q)]? : curl w € [Lo(Q)]?},
equipped with the curl norm
efleue = (lelife, @ + lleurl allfy, qys) /> (4.2)

The differential operators div and curl are understood in a distributional sense.
While analyzing (4.1) a subspace of H(curl, §2) is commonly used, namely

Hy(curl, ) = {u € H(curl, Q) : v x ulpq = 0}.

The above definition of Hy(curl, ) makes only sense if u|gq is well defined and
a duality between this trace and the outward normal can be defined. To be
more precise we first define for a smooth function v € C*°(2) the operators v,
and 7, with

YU =V X v|gg and w0 = (V X v|sq) X V. (4.3)

One can prove that 7, can be extended to a continuous operator mapping
H(curl, Q) into [H~/2(99)]3. The trace operator m, can also be extended
to H(curl,Q2), however, a natural norm on the range is more involved. For the
details we refer to [73], or for a more extensive analysis to [25]. The above
definitions and notations will also be used for a subdomain K C €.

The scalar product in [Ly(2)]* and [Le(K)]? are denoted with (-,-) and (-,-)x,
respectively. Similarly, (-, )aq and (-, )sx denote the duality pairing between
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the two types of traces on 9f) and 0K, respectively.

We also recall an appropriate Green’s formula: for any w,v € H(curl, Q) we
have the identity

(curl u,v) — (u, curl v) = (y,u, 7,v)sq, VYVu,v € H(curl,Q), (4.4)

and a corresponding formula holds on K.

Turning to the variational formulation of (4.1) we introduce the bilinear form
B : H(curl,Q) x H(curl, Q) — R

with
B(u,v) = (curl u, curl v) — k*(u,v).

and By will denote the corresponding bilinear form on H (curl, K) x H(curl, K).

Using the above notations the weak formulation of the problem (4.1) is to find
E € Hy(curl,Q) such that

(curl E,curlv) — k*(E,v) = (J,v) Vv € Hy(curl, Q). (4.5)

4.2.1 Finite elements in H(curl): Edge elements
For the numerical solution of (4.5) we use the H(curl) conforming edge finite

element method initiated by Nédélec [76].

The finite element (K, P, A) [22] is defined on the unit cube K and an isopara-
metric mapping ([22], Section 4.7) Di : K — K is used to define it on a
hexahedron K. In general, Dy could be nonlinear but we restrict the analysis
to affine maps.

In the numerical experiments we use the lowest order elements

P ={u=[u,us,us]’ :u1 € Qo.11;u2 € Qro1;u3 € Q110 (4.6)

with Q,m the vector space of k,l and m order polynomials with respect to
their first, second and third variables, respectively.

It is well known that the covariant transformation preserves line integrals un-
der a change of coordinates [73, 90], so that the basis functions for a given
hexahedron K can be defined as

w; i (T,y,2) = ((dD;(l)TW?) o Dl}l(m,y,z), (4.7)
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where dDp is the Jacobian of the transformation Dy, and {W?}jlil is a basis
in 4.6.

Using the transformation in (4.7) one easily computes the curl of the basis func-
tions (see [73], (3.76) and the corresponding statements: Lemma 3.57, Corollary
3.58). A similar transformation for divergence conforming finite elements ([73],
(3.77)) is well known and called the Piola transformation ([72], p. 112).

Next, we introduce a hexahedral tessellation 7, of Q. The space W), of Nédélec’s
edge elements is then defined by

Wy, ={up € H(cwrl, Q) : up|x € span(w; k), VK € T},

where span(w; i) denotes the linear hull of wi g, w2 k..., w12, x and with this
the discretized version of (4.5) reads:

Find E} € W}, such that for all W € W), the following relation is satisfied:

(curl Ep,, curl W) — k*(E;,, W) = (J,W). (4.8)

4.3 Implicit error estimation

Providing reliable explicit bounds for the computational error in case of the
Maxwell equations is still an unsolved problem due to many difficulties as men-
tioned in the introduction. The idea of implicit a posteriori error estimation
can help to overcome these problems. In this procedure we are not interested in
explicit error bounds (depending the data from some existing numerical approx-
imation), we rather formulate a local problem for the error using the available
information. This local problem has to be equipped with some meaningful
boundary condition and we have to ensure that it is well posed.

4.3.1 Formulation of the local problem

Assume that Ey, is a computed numerical solution. Our aim is to estimate the
computational error e, = (E — E},)|x on a subdomain K consisting of a set
of elements K € 7j,, with 7, being the finite element tessellation. For this we
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state a variational problem for e; on the subdomain K as follows:

Bi(en,v) = (curl ey, curl v) g — k*(ep, v) g
= (curl (E — Ey),curlv)g — k*(E — Ej,,v) g

= (curl E, curlv) g — k*(E,v)x — ((curl By, curlv)g — k*(Ep,, v)k)
(4.9)

= (curl curl E,v)g — (yrcurl E, mv)ox — k*(E,v)x — Br(Ep,v)k
=(J,v)k — (yrewrl E, 7,v)9x — Bk (Ep,v), Yo € H(curl, K).

In order to get a well defined right hand side we should use an approximation
yreurl E ~ yrcurl B (4.10)

on the interelement faces. The quantity ~,curl E will be called the natural
boundary data from now on. In the literature, the homogeneous natural bound-
ary condition is called the magnetic symmetry wall condition [37]. Introducing
this approximation into (4.9) we arrive at the variational problem for the im-
plicit error estimate: Find é, € H(curl, K') such that

Br(én,v) = (J,v)x — (yrowl B, m,0)ox — Br(Ep,v), Vv € H(cul, K).
(4.11)

4.3.2 Numerical solution of the local problem

We will now give a discretized form of the local problem (4.11) which requires a
concrete choice for the approximation (4.10) of the natural boundary condition
and a finite element basis on the subdomain K.

Approximation of the natural boundary condition

We first specify the approximation in (4.10). For the definition of the boundary
condition for the local error equation (4.10) we introduce I; the common face of
the two neighboring elements K and K; and v; the outward normal on [; with
respect to K. We approximate yrcurl E on [; with the average of the tangential
traces of the numerical approximation Ej, on its two sides K and K;. That is
we shall use the approximation

1
~(v; x [curl Ep|g + curl By, ) (4.12)

Yreurl E|j; = v x curl B, ~ 5

which can be straightforwardly implemented.
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Choice of the local basis

The local error equation (cf. (4.11)) is solved numerically in a finite-dimensional
space which we denote with V3. As discussed in [3] (see Section 3.4.2 in [3] for
several examples), the space V}, has to be selected carefully.

It is known that the finite element solution E}, is a quasioptimal approximation
of E within the finite element space Wj,. Therefore, it does not make sense to
use this space to solve the error equation, we should rather estimate the com-
ponents of e, which are not present in Wj,.

On the other hand, Nédélec type edge elements are related to the electric field
strength along the edges. Therefore, to enhance the approximation of the error
we should use elements in the local problems which are zero on all edges since
the error is mainly non-zero away from the edges. This corresponds to the tech-
nique in [23], Section 2.2 for elliptic problems and helps to localize the error
equation.

Based on these requirements we use a finite dimensional space which is zero on all
edges and for all faces we associate a basis function which is nonzero only on that
face. In concrete terms, the finite element space V}, = span(qu), j=1...,90n
each element K is given by

d)j(xayv'z) = qb?(&aﬁv() © Dlzl(xvyvz), (413)

and V = span (d)(;),j = 1,2,...,9, where the face and the element bubble
functions on the reference element K are

¢? (1=&1—nn(1—¢)¢,0,0)7", ¢6—(0,0,< — e —nme)",
€1 =n)n(1 - ¢)¢,0,0)" = (1= &1 = n)n(1 - ¢)¢,0,0)"
0,(1= €& —n)(1-¢)¢.0)", ¢8—<0,< — A —n)n(1 - )¢,0)"
0,(1 = &)&n(1 —¢)¢,0)" @9 = (0,0,(1— &1 —nn(1— Q)"
0,0, (1= €& —nn(1 —¢)"

l\’)O

0

(
= (
3 (
= (
5 = (
Compared to (4.7) the transformation in (4.13) is a minor simplification which
results in the same finite element space as the one in (4.7) but makes the com-

putations slightly easier.

The analysis of the local problem given in Appendix 4.7 confirms that this basis
results in a well posed problem for the discrete form of the error equation (4.11).
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Weak form of the local problem
Using the approximation (4.12) and the local basis Vj, we obtain the discrete
form of (4.11):

Find é;, € V), such that Vw € V),

(curl ép,, curl w) ¢ — k*(&n, w) i = (J,w)g — (curl By, curl w) g

, 1 (4.14)
+E°(Ep,w)g — E(Vj X (curl E}|k + curl Eh\Kj) W) K -

4.3.3 Analysis of implicit error estimation

Our objective is to solve the local problems arising in (4.14) for the unknown
error term €j. In this section, we establish that any reasonable approximation
in (4.10) results in a well posed problem in (4.11). Observe that this equation is
the variational form of the Maxwell equations equipped with natural boundary
data. Note that a similar procedure for elliptic problems results in ill-posed
local problems which require some postprocessing to be solvable [3].

Lifting of the local problem

The well-posedness of (4.11) will be investigated for the case of homogeneous
natural boundary conditions. To do this we apply the trace lifting [ : Ran(~, o
curllpr) — H(curl, K) (or equivalently, take an inverse of the tangential trace
of the curl operator on H(curl, K')) such that

vr(curl lu) = u, Yu € Ran(y, o curlpk).
Defining now e, = é, — l(v; x curl é,]sx) we can rewrite (4.11) as follows:

Bi (e, v) = Bg(én,v) — B (l(v; x curl éx|ax), v)
=(J,v)k — (’%HJ.EE,WT’U){)K — Br(Ep,v)
— (curl curll(’ymE),v)K
+ (rrewrl B, m0)ox + K2(I(vrcurl E), v) (4.15)
= (J — curl curl l(wﬂE) + kzl(vﬁE), v)k — Br(Ep,v),
Vv e H(curl, K).

Observe that on the right hand side we obtained a bounded linear functional
of v such that using the Riesz representation theorem we will denote it with
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(j ,v). This approach is only necessary for our analysis, we do not need to
compute the lifting operator explicitly, since in the finite element procedure the
inhomogeneous natural boundary condition can be included in the variational
form.

Preliminaries to the well posedness result

In the following two subsections we prove some well posedness results which are
formulated in an arbitrary simply connected domain with a Lipschitz boundary.
In this way, all of the results can be applied also in the case when local problems
will be investigated in the subdomains of the original domain . Before proving
the well posedness of the variational problem we state a lemma which will be
the cornerstone of our compactness arguments.

Lemma 4.1. The Hilbert space H(curl, Q) can be decomposed as the direct sum
of orthogonal subspaces:

H(curl, Q) = ker curl @ (ker curl)™®, (4.16)

and the imbedding of the second component into [Lo(Q)]® is compact.

Proof Using the decomposition theorem in [34], p. 216, and the imbedding in
Theorem 2.8 in [5] a standard argument gives the statement of the lemma. For
a complete proof we refer to [65]. H

Well posedness of the local problem

We can state now the well-posedness of (4.15) and prove the following:

Lemma 4.2. Assume that k is not a Mazwell eigenvalue in the sense that the
problem: Find w € H(curl,Q) such that

B(u,v) =0, VwveH(curl,Q)

has only the trivial (w = 0) solution. Then the variational problem: Find

u € H(curl,Q) such that

B(u,v) = (J,v), Ywv e H(curl,Q) (4.17)
has a unique solution for all J € [La(Q)].

Proof The proof can be carried out using Lemma 4.1 and the technique in [73].
For a complete proof, we refer to [65]. W
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Lemma 4.3. Assume that for the solution w of (4.17) curl curl u € [La(Q)]3
holds. Then w solves the Mazwell equation equipped with the natural boundary

condition:

curlcurlu — K2u=J inQ,
(4.18)
vxcurlu =0 ondfQ.

Proof Using the assumption in this lemma and the Green theorem (4.4) for the
curl operator we obtain that

0 = (curl w, curl ) — k%(u,v) — (J,v) = (curl curl w,v) — k2 (u,v) — (J,v).

holds for every v € D(Q) with D(Q2) = {v € C*(Q) : v has compact support}.
Since the embedding D(Q) C H(curl, Q) is dense, (curl curlu — k*u — J,v) = 0
for all v € H(curl, Q) curl curl w — k?u = J holds in [La(Q2)]3.

Using the Green theorem again we obtain that for all v € H(curl, )

0 = (curl curl w — k*u — J, v)
= (curl w, curl v) + (yrcurl w, 7,090 — k2(u,v) — (J, v) (4.19)

= (yreurl u, 7,v)90.-

In this way, it also holds for any v € [H*(2)]?, therefore, by the surjectivity
of the trace mapping H'(Q) — H'/?(99) we obtain that y,curlu = 0 in the
[H=/2(0Q)]? sense. W

Remarks:

1. Indeed, the dual space of the 7w, map of H(curl, 2) is the kernel space of the
natural boundary trace 7, o curl. For the details, see [25].

2. As far as we consider a finite element scheme with piecewise polynomial basis
functions, the eigenvalue problem in the weak sense (discussed in Lemma 4.3)
is also equivalent with the eigenvalue problem for the original equation (4.1).

4.3.4 The eigenvalue problem for the time-harmonic Maxwell
equations with natural boundary conditions

The well posedness of the local problems for the error can be guaranteed if we
ensure that k is not a Maxwell eigenvalue of these problems.

More specifically, recall that in Section 2, the weak form (4.9) for the local error
equation equipped with the natural boundary condition (4.12) results in the
variational problem (4.15) which is well posed by Lemma 4.2 if and only if k
is not an eigenvalue of the appropriate boundary value problem (4.18). In this
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section, we determine the eigenvalues belonging to cubic subdomains. In this
way, for any k (given in the original problem (4.1)) we will be able to choose the
subdomain K in the tessellation such that the boundary value problem (4.9)
(or even (4.11)) on K will be well posed.

First, we reduce the eigenvalue problem such that we can apply some techniques
and results which are available for the Laplacian operator.

Lemma 4.4. If k # 0 is a Mazwell eigenvalue of the differential operator on
the left hand side of (4.18), then its eigenfunction w is in the subspace u €
(ker curl)t and solves the following Helmholtz equation:

Au—ku=0 inQQ,

4.20
vXxcurlu =0 on 0, ( )

where the operator A is defined componentwise: for v : Q — R? with v =
(v1,v2,v3), Av := (Avy, Avg, Avg).

Proof Assume that w = uy + uz (according to the decomposition (4.16)) is an
eigenfunction of (4.18). Then

curl curl(u; + ug) — k?(ug + up) = curl curl up — k% (uy +up) = 0. (4.21)
Note that the boundary condition v x curlu = 0 implies that v x curlus = 0 and
therefore, taking the [Ly(Q)]? scalar product of both sides with u; and using
the orthogonality in (4.16) we obtain

0 = (curl curl wg — k?(uy + ua), uy)

= (curl uy, curl ;) + (yrcurl uo, Tru oo — k*(ur, uy) = —k2||uy ]|

This means that w; = 0 and using the relation curlcurlus = —Awus+graddivus =
—Aus in (4.21) we obtain the statement in the lemma. B

In the following we use the conditions arising from the fact that u € (ker curl)* C
Hy(div 0, ) (see proof of Lemma 1) and the boundary condition in (4.20):

dive = 0 inQ, (4.22)
u-v = 0 onodf, (4.23)
vxcurlu = 0 onodfd. (4.24)

Accordingly, our objective is to find the eigenvalues and eigenfunctions of the
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following operator L:

L [La(Q)F — [L2(Q),
Dom £ = {u € Hy(div0,Q) : Au € [Ly(Q)]* and v x curlu = 0 on 99},

Lu = Au.
(4.25)

4.3.5 Eigenvalues in a rectangular domain

In this subsection, we investigate the eigenvalue problem on the cube Q =
(0,7) x (0,7) x (0,7). Applying a linear transformation for the eigenfunctions
on (2 allows us to solve the eigenvalue problem on rectangular domains.

This result makes it possible to choose the subdomains in the finite element
tessellation in such a way that the local problem for the error is well posed on
each subdomain.

We present only the results in this section, the proofs are provided in [65].

Theorem 4.5. The eigenfunctions of L defined in (4.25) are given by:

C sin kqx1 cos koo cos ksxs
u(l’l,x27.’lﬁ3) = 02 COS k15€1 sin kQZEQ COS k3ZE3 s (426)
C'3 cos k121 cos koxo sin kyxs

for any ki, ko, ks € N with
k1Ci1 + koCy + k3C3 =0 and Cl, CQ, C3 e R. (427)

Based on Theorem 4.5 we can give the eigenfunctions and eigenvalues of the
Maxwell eigenvalue problem with homogeneous natural boundary conditions

curl curlv = k?v  in Babe,
" (4.28)
vxcurlv=0 ondB,y.,,

where B, . is a rectangular domain with edge lengths a,b and ¢, respectively.

Theorem 4.6. The eigenfunctions of the Mazwell equation (4.28) are

C} sin B2 cos ki”y cos Ka »

v(x,y,z) = C’gCObk#J;blnk”ycosks—”z ,

Cs cos k“ra: cos kﬂysm k”z
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for any ki, ko, ks € N with

k k k
ﬂcl+27”02+ﬂ03:0 and Cy,Cy,Cs €R
a C

. , 2 2 2
and the appropriate eigenvalues are k* = (’“}Tﬂ) —1—(]“27”) —1—(’“37’7) with k1, ko, ks €
N arbitrary.

4.4 Implicit error estimate as a lower bound of
the error

If the a posteriori error estimates have to be used in an adaptation procedure
we also have to investigate a lower bound for the exact error. This will ensure
that we do not get a pessimistic overestimate of the actual error when the mesh
size is reduced. For the estimates in this section we will define an error indi-
cator nxg on K. Our analysis consists of two steps: first, we point out that
the implicit a posteriori error estimate e, discussed in this chapter provides a
lower bound estimate of i (up to a certain factor). Second, we verify that the
error indicator can also be used as a lower bound (up to a certain factor and
some computable remainders) of the exact error on a patch of the subdomain
K. The proof is based on the approach in [3]. While the second step is a rather
straightforward modification of the original proof for elliptic problems, the first
one needs a more careful analysis since the bilinear form B in the variational
problem is not coercive.

Since the mappings Dk are affine, the subdomains in the tesselation 7} consist
of parallelepipeds. Moreover, we assume that the mesh is non-degenerated, i.e.
the ratio of the diameter of elements and their minimal edge length %

is bounded. An important consequence of this assumption is that there are
constants K, Ko € RT such that for any K with max lex| < h we have

K1h < min |eig dDg| < max |eig dDg| < Kah, (4.29)

where eig denotes the spectrum. Since the mapping Dy is affine, dDg is the
linear part of Dg.

For solving the local problem for the error we use the finite dimensional space
Vi, on K. This choice should lead to a well posed local problem. A necessary
condition for this is given in Lemma 4.12.

In the finite element discretization we use the notation v X - instead of -,
and similarly, for functions v € [H(K)]? we may omit the operator m, on the



4.4 Implicit error estimate as a lower bound of the error 85

boundary making a closer link to the numerical procedure. For the consec-
utive computations we also recall a Green’s formula according to (4.4) which
states that for all uw € H(curl, Q) and v € [H'(Q)]? the following identity holds
(Theorem 3.29 in [73]):

(curl u,v) — (u, curl v) = (v x u,v)sq. (4.30)

Using (4.9) and the approximation (4.12) we obtain the weak form for the error
estimate e;, on the bubble function space V}, (introduced in Section 4.3.2) as
follows: Find an é; € V},, such that Vv € V}, the following relation is satisfied:

o 1
BK(eh,v) = (J,’U)K — BK(Eh,’U) — 5 Z(Vj X [curl Eh|K + curl Eh|Kj] ,’U)lj
J
= (J,v)g — (curl curl Ey,v) g + k*(Ep,v)x + (v x curl Ej,, v) ok

1
-3 Z<Vj X [curl E}|k + curl Eh|Kj] ;)1 (4.31)

(J,v)k — (curl curl By, v) g + k*(Ep,v) i

1
+ 5 Z(Uj X [curl Eh|K — curl Eh|Kj] ,'U)lj
J

= (re,v)k + > Ry, v),,

J
where we have used the notations
rg =J —curlcurl Ej, + k*E;, in K
for the residual within the subdomain K and

1
R;, = 5(uj X [curl Ej |k —curl Eh|Kj])

for the tangential jump of the curl at [; within the subdomain K and é; denotes
the desired implicit error estimate. Note that (4.31) gives a variational form for
ép, which includes the approximation in (4.12). In the following we drop the
subscript for the residual and the tangential jump, respectively, the localization
will be shown when taking the norm (or some bilinear map) of these quantities.

Using the above quantities » and R we define 7y as error indicator as follows:

1
Nk = (h2||"’||[2L2(K)]3 + h||R||[2L2(8K)]3)2'
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4.4.1 Bubble functions

For the analysis we use the bubble function technique outlined in [3] and recall
some basic definitions:

Definition 4.7. Let U: K — R be given by

W(E,n,¢) = &1 —&n(d —n)¢(1—¢)

and ¥V : K — R defined using the isoparametric mapping Dy . Similarly, for
a given p € P where P C [PY(K)]?, with PX(K) a finite dimensional space
of polynomials, an appropriate p € P C [PY(K)]? can be defined by p(z) =
P(D (@)

In the error estimation process we substitute v € P with v on K, where Yv
can be extended by continuity to K. The following lemmas ensure that the
multiplication with ¥ does not influence the magnitude of the Lo or the curl
norm compared to that of v. The proofs are based on scaling arguments.

Lemma 4.8. Consider a non-degenerate family Ty, of parallelepiped meshes on
Q. Then there exists a positive constant C such that for all subdomains K C Tp,
andp € P

CH I, oy < (¥P,p)k < CllplTL, (k)2 (4.32)

and

C_1Hp||[2L2(K)]3 < ||‘I’p||[2L2(K)]3 + h?[lcurl ‘I’P||[2L2(K)]3 < C||p||[2L2(K)]37 (4.33)
with h the diameter of K.

Definition 4.9. According to [3] p. 24 we define the face bubble functzons <I>

K — R,j7 = 1,...,6, which vanish on all edges of K and all faces lm, m =
6, m#j.

Usmg the mapping Dk : K — K we define ®;,5=1,...,6, the bubble functions

associated with the faces l; of K € Ty,.

We localize a face bubble function ®;, associated to the face l;, by restricting it
to the subdomain K; = K Ul; U K;, where [; is the common face of K and K;.
For the consecutive estimates we again provide some inequalities:

Lemma 4.10. Let us consider a non-degenerate family T, of parallepiped el-
ements on ). Then there exists a positive constant C such that for all subdo-
mains K C Ty, functions p € P (where P is a fived finite dimensional subspace
of [La(K)]?) and faces l;,i = 1,...,6 the following inequalities hold:

C_1||p|‘[2L2(li)]3 < /l O;p-p< CHPH[QLQ(M)]L (4.34)

k3
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||(I)ip||[2L2(f(i)]3 < ChlplIF, .y (4.35)
19:plFr, a0 < ClPITE, 02 (4.36)
1ipl2, 2, < Ch PN, 2 (4.37)

Proof The proof can be carried out again using scaling arguments similarly to
Theorem 2.4 in [3] using that the mesh is non-degenerate. M

We also state a lemma on the comparison of the different norms in the finite
element spaces when they are given on a scale of cubes.

Lemma 4.11. For all subdomains K C T;, (with the faces l;,i =1,...,6) and
for all v € V}, we have the estimates

||ka[L2(K)]3 < Ch||curl'vk||[L2(K)]s (4.38)

and )
||’le H[Lz(li)]3 < Ch= ||cur1 'Uk”[L2(K)]3 (4.39)

with a constant C' which does not depend on h.

Proof The proof can be carried out with a change of variables according to Dy .
[ |

4.4.2 Lower bound for the computational error in terms
of the residuals

When the bilinear form B is restricted to V x V we may identify it with the
stiffness matrix By, which is given as By = Bj cun1 — k? B o such that the (7, j)th
entries 7,7 = 1,2,...,n are as follows:

Bicunli][j] = (cwrl ©F, curl @) -, Buolillj] = (®],®)) &

with a basis {®}7_, of V. Bj x denotes the appropriate mass matrix on K
which can be again decomposed as
Bix = Biculx — k*B1o.x,
where the components are defined as
Bi cun,k (®], fID;‘) = (curl @7, curl @;)K, and By o,k (®},®}) = (@], fID;f)K

with an appropriate basis {®}}7_, of V.

We can state now the following lemma, which is central in our analysis.
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Lemma 4.12. Assume that 7j, is a cubic mesh, then for a sufficiently fine
mesh the bilinear form By satisfies the discrete inf-sup condition uniformly on
Vi, x Vi, namely there is positive hy and a constant Cy > 0 such that for any
0<h<hg

Bg (u,v)

> Huchru@ VueV,, (4.40)
'U”curl,K

Cy sup
VeV,

where K is the cube with edge length h and Cy does not depend on h.
The proof of Lemma 4.12 is given in Appendix 4.7.

Lemma 4.13. If we choose the bubble function space Vi, and consider a cubic
tesselation then the bilinear form for the error on K = (0,h)* reads as By j =
%Bl,curl — k*hBi o and the mesh size hy can be taken as

_20(16 — v/246)
07 V2K + 1(16 + v/246)

in Lemma 4.12.

It is easy to see that B is continuous on the whole of H (curl, K') x H(curl, K)
as stated in the following lemma.

Lemma 4.14. For the bilinear form By we have the continuity estimate:
|Bre (u,v)| < V2(1 + E?)||wf|cun & |0]|curn.e ¥V u,v € H(curl, K).  (4.41)
Proof We prove the lemma with a straightforward computation as follows:
| By (u,v)|* = |(curl u, curl v) g — k?(u, v)g|?
< 2(curl u, curl v)% 4 2k* (u, v)%
< 2||ewrl wl|fy, geyslleurl vt geys + 26w, oy 1017, (ks

< 2<1 + k4)||'u’||3url,KH’U||§url,K'

Taking the square roots on both sides we obtain the estimate in the lemma. M

We now compare the error indicator nx with the implicit error estimate ey
obtained from the weak form (4.31) and state the following lemma.

Lemma 4.15. There is a constant C independently from the mesh parameter
h such that

llenllcurr,x < Cing, (4.42)

where ey, is the implicit error estimate on the subdomain K.
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Proof Using the weak form (4.31) we obtain

BK(é}“U) (r,'u)K + (R,v)a[(

llenllcur,x < Co sup = Cp sup
vevy [|V]eurl, K VEV), vl curt, &
< (Cy su r sl|v s+
D SUp (I llizacrpe ol L oy (4.43)

IR 2o om0 )8 101l (Lo 0k))2)
< C - Cohllrlliy(xyp + 12 R imaomyp < C - CovV2nie

In the first inequality we used (4.40), then the weak formulation (4.31) followed
by the Cauchy-Schwarz inequality. Finally, we applied the estimates (4.38) and
(4.39) and a basic inequality. W

Note that the error estimate €, in Lemma 4.15 gives the exact error (according
to the weak form (4.31)) assuming that the boundary condition (4.12) is exact.
In the following we will compute an approximation of €, in the finite element
space Vj,.

The upper estimate of the error indicator ng will be obtained using the bubble
function technique [3]. We first provide a variational form for the exact error ey,
based on the third line of (4.9) and using the notations of the previous sections.

Blep,v) = (J,v) — ((curl Ey,, curlv) — k*(Ej,v))

= Z {(J,v)k — (curl curl Ej, — k*E),v)
KeT,

+ Z(Vj x curl Ep, mrv);,} (4.44)
J

= Z (1‘,1))1(—&—§:(R,v)7 Vv € H(curl, Q),

KE,]-h

where the last sum is taken over all of the interelement faces 7 inside of €.
To obtain the second line in (4.44) we used the perfect conducting boundary
condition on 02, while the final expression was obtained by summation of the
components of a given face from the both sides. This expression can also be
related with (4.31); on the whole domain 2, the variational form for the exact
and the estimated error coincide since the boundary conditions are given.

We will choose v in (4.44) using the bubble function technique such that the
boundary integral vanishes, which will result in a lower bound for the error on
each subdomain depending only on the element residual r in the subdomain K.
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It is also important that the choice for v is suitable for the estimates (4.32)-
(4.33), which only apply in a finite dimensional space. In light of this, we denote
with 7 the elementwise interpolation of the residual = using the function space
V}, and choose v = U7 on each subdomain K and zero elsewhere. Inserting
this choice for v into (4.44) gives that

B(eh,\Ifo) = (T,\I/KT“)K. (445)

In the following estimates we use C for a generic constant independent of the
mesh size h and frequency k, which can be different in each formula. Using
(4.45), and inequalities (4.32), (4.33) for h < 1 we obtain the following estimate:

1701, xys < C(WkT, )k = C(ViT, T — 1)k + Blen, ViT))
< OV kP Ly x)sll® — 7lliLo )
(1 ) leneun | i eun, ) (1.46)
< CUPllizocznz IF = 7llizyxoy
+ (1 +E)h " enllewt ) 17| (Lo (x)pe-

Dividing by ||#(|{z,(x,)s and using the triangle inequality we finally obtain that

Il izo o < NPlzacnz + Ir = Pllina e

8 A (4.47)
< C(|7 = rllizyxys + (L+E2)R™ lenllcun,x)-

We proceed similarly for the boundary jumps and denote with R the approxi-
mation of the boundary jump using the trace of V} on the element boundaries,
which is then defined on the interelement faces [;. The error arising from these
terms can be localized on K by the choice:

v = (I)lR,

associated to the face [ as in Lemma 4.10 which is again extended (preserving
the continuity) to be zero outside of K. This leads us to the identity

((I)lR, R)l = Bk(eh, (IHR) — ((I)IR,’I')R. (4.48)

Using then (4.48), the Cauchy—Schwarz inequality and inequalities (4.34), (4.35),
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(4.36), and (4.37) we obtain the following estimate
IRI?,00 < C(®R,R) = C(®R,R - R); + C(®,R,R);
— C(®R, R~ R), + By (en, BiR) — (BR, 7))
< C(|2R (2,02 IR — Rl 2,02
+V2(1+ B enlcnrt, 2 |21 R e 2 + @RI L, s 17 2o (y)
< C(IR Lo IR = Rl izo oy

1 _ I
+h72 (1 + k) lenlloun, 7 IR izane + 22 IR I za@pe 17l zy0):
i (4.49)
which after division by ||R|[z,(ys, yields

_ _ 1 1
IRz < CUR=R| Ly +h 2 (14E?) len| oy, & +72 171111, )ps)- (4:50)
Finally, adding [|[R — R|{z, () to both sides results in the estimate

IRl < IRz + IR = Rllz,oe
= _1 1
<C(|R - R||[L2(l)}3 +h7E(1+ kz)”eh”curl,f( +h2 ||7’||[L2(f<)]3)-

(4.51)
Using (4.47) we obtain that
1
IRz, < C(h™2 (14 E?)llenll oz (452)
L _ .
+R2 7 =7l 1,1y + IR = Rl 002)-
Taking the square of (4.52) and (4.47) respectively, we obtain:
IR[[F, s <C(RTH1+ k2)2||eh||§ur1j< (453)
+h||i’_r||[2L2(k)]3 + HR_R||[2L2(1)]3)' .
and
Iz ps < CUTF =7l a0 + 1+ E)?h ™2 enllEun, x)- (4.54)

Using the obvious equality

6
IR, orcpe = D IR0

Jj=1

we sum up (4.53) for all faces I; of K and multiplying [|7||?;, s With h* and
HR||[2L2 (o2 With h, respectively. Using the definition of nx we finally get the
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estimate:

1 _
S IRl e+ Y IR R
ICOK (4.55)

+ 1+ k) ]lenllZ, -

Summarizing, we obtained that the error indicator nx provides a lower bound
for the exact error on the patch K plus some computable remainders (arising
from interpolation errors).

e < O+ R llenl?, g + 217 =7l s + HIR = Rl orops)- (4.56)
Using in addition Lemma 4.15 we state the main result of this section:

Theorem 4.16. The implicit a posteriori error estimate €, can be used as a
lower bound for the exact error with respect to the curl norm as follows:

[enllcur,x < Crnxe < C((1+E)[lenl 2 g + R°I7 = 7lf,zys (457
+BIR = R, oxy) -

Proof We get the desired result immediately using the estimates (4.42) and
(4.56). &

Remarks

1. Up to the estimate (4.56) we kept track of the k-dependence in the estimates.
2. If the local divergence free property of the estimate é; is desirable (for ex-
ample, to ensure the equivalence of some norms in the error estimates [36]), one
should enforce this condition by projecting to a divergence free basis. Although
the finite element space that we used (see Section 4.2.1) consists of second or-
der elements as well, the choice of V}, should be done according to the above
requirement, when E}, is obtained using a higher order Nédélec space.

3. Another special situation occurs, if curl Ej, = 0 then R,;, = 0. In this way,
one expects that the result in Theorem 4.16 can not be sharpened in the sense
that neither e, nor nx will provide an upper bound for the error. In this case
the Helmholtz decomposition (see Lemma 4.5 in [73]) of E}, consists of only a
gradient which can be non-smooth. For the smoothness of the components in
the Helmholtz decomposition we refer to [5], Remark 2.16 and Theorem 2.17.
This is in a good agreement with the fact that in the proof of upper bounds in
residual based error estimation techniques one needs the regularity of solutions
([3], Section 2.2 and Section 3.2.3). This can fail for the present solution E, see
the test case in Section 5.1.2.

4. The remainder terms in Theorem 4.16 can make the estimate unsharp when
|7 — 7ll(ro(x) and [[R — Rl|{1, oK) are of the same order as the residuals
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17l 1£o (k)2 and [|R|[z, (oK), respectively. This can happen if the right hand
side J is non-smooth or if we take a more general type of Maxwell equation
with discontinuous material coefficients. Then in an adaptive refinement tech-
nique we should generate 7, in such a way that the solution in the subdomains
is smooth. If this is not possible (e.g. if we want to avoid the use of curvilin-
ear hexahedra) then some extra refinement should be performed in this critical
region.

4.5 Numerical results

In this section, we demonstrate the performance of the implicit error estima-
tor (4.11) applied to the time harmonic Maxwell equations. We consider the
Maxwell equations on a domain ) which is taken to be a cubic domain or a
so-called Fichera cube, see Figure 4.9.

In order to be able to evaluate the discretization errors, we pick up a vector
field E, substitute it into the Maxwell equations and choose the source term J
such that E is the solution.

Recall that Ej, denotes the numerical solution of the Maxwell equations (4.1)
obtained by using the edge finite elements given in Section 4.2.1. In the rest of
this section the elements of the tessellation 7, are cubes with size h x h x h.

We verify the performance of the implicit error estimator for the Maxwell equa-
tions on three different test cases. The local problems (4.11) are solved by using
the numerical model discussed in Section 4.3.2.

Several aspects determine the usefulness of an a posteriori error estimator:

e The error estimator has to be able to find those areas in the domain where
the finite element solution has a large error, since this information is for
local mesh adaptation.

e The error estimator should be close in magnitude to the real error, both
locally and globally.

We check the performance of the implicit error estimator in the following way.
First, we check if the estimator provides the right type of error distribution in
the domain. Secondly, the magnitude of the global error estimate and its con-
vergence under mesh refinement are compared with the exact error.
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Define the exact error dx and the implicit local error estimate 5 K on element
K as

6K = HE - Eh”curl,Ka SK - ||éh||curl,K- (458)

The exact global error § and the implicit global error estimate &, are obtained
by summing up the local contributions

1/2 1/2
5:(2 5@) : 5,;(25@) : (4.59)

KeTy, KeT,

4.5.1 Smooth solution

The first test case we consider are the Maxwell equations (4.1) on the domain
Q = (0,1)3 with the given source term J defined as

sin(mpy) sin(rmz)
J(z,y,2) = (7*(p* + m?) — 1) | sin(7pz) sin(rmz) | , (4.60)
sin(mpx) sin(mmy)

and which have a smooth exact solution

sin(mpy) sin(rmz)
E(x,y,z) = | sin(7pz) sin(rmaz) (4.61)
sin(mpx) sin(rmy)

with p,m € N.

In Figures 4.1 and 4.2 we plot the local errors (4.58) obtained with the implicit
error estimator and the exact error on a representative set of elements. The
error distribution diagram for the case p = 1,m = 1 is given in Figure 4.1 and
for the case p = 5, m = 1 the results are shown in Figure 4.2. The locations of
some elements where the error is computed in the mesh with mesh size h = %
are shown in Figure 4.3. The labels on the horizontal axis in Figures 4.1 and
4.2 refer to the element numbers shown in Figure 4.3.

The error distribution obtained with the implicit error estimator shows a good
agreement with the exact results. In the case p =m =1, where the analytic
solution has only one period in the domain, the error distribution is very close
to the exact one. For the case p =5, m =1, where the analytic solution is more
oscillatory, we observe that in some elements the distribution is slightly differ-
ent, but the scheme is still able to detect subdomains with relatively large errors.

The rate of convergence and a global estimate of the error (4.59) for the case
p =m = 1 are given in Figure 4.4. It shows the same convergence behavior
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Figure 4.1: Error distribution in the H(curl) norm for the smooth test case with
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Figure 4.3: Location of some of the elements where the implicit error estimation

was conducted (smooth test case) on a mesh with h = %
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Figure 4.4: The global error estimate and the exact global error in the H(curl)
norm versus the mesh size h for smooth test case with p =m = 1.
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under mesh refinement as the analytic error. Also, the predicted error magnitude
is close to the true error.

4.5.2 Test case with singularities in the solution

Let us consider the domain Q = (—1,1)% and the function
[ Q= Rwith f =max{[z], [yl |2[}.

Define E : Q@ — R as E := —V f(x,y,z). Then E solves the following Maxwell
problem:

curlcurl E — E=Vf in Q,

4.62
Exv=0 on 0N. ( )

In this example the right hand side function is in [L2(£2)]? but the exact solution
is not smooth, it is not even in [H %(Q)]?’. Therefore, theoretically we can not
guarantee even 1/2 order of convergence for the finite element solution. Nu-
merically we have observed almost 1/2 order convergence in the H (curl) norm,
see Figure 4.7. For a similar example we refer to [15], where V f was smooth
and the bilinear form By remained coercive. However, compared to the results
given in [15], we could improve the accuracy of the estimator using the implicit
error estimation technique (see also Section 4.5.4).

The error distribution computed on different elements for different values of the
mesh size is depicted in Figure 4.5 and the plot of the global error estimator
is given in Figure 4.7. The location of the elements on a mesh with h = é is
depicted in Figure 4.6. The labels on the horizontal axis in Figure 4.5 refer to
the elements shown in Figure 4.6. We observe that the implicit error estimator
provides the same type of error distribution as the exact error and also the
estimates are close to the exact values. The convergence rate of the implicit

error estimator is of the same order as the exact error.

4.5.3 Fichera cube

In this subsection we analyze the method on the Fichera cube Q = (—1,1)3\
[—1,0]3. The solution on this domain has corner and edge singularities and can
serve as a difficult test case. The boundary conditions and the source term
in (4.1) are chosen such that the exact solution is E = grad(r/3 sin(2¢)) in

spherical coordinates, with r = /22 + y2 + 22, ¢ = arccos " Tt is clear that E
z
does not belong to [H!(Q)]3.
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Figure 4.5: Error distribution in the H(curl) norm for the singular test case.

The error distribution diagram is given in Figure 4.8. The large errors corre-
spond to those elements which are close to the Fichera corner, located in the
point (0,0,0), see Figure 4.9. The plot of the global error estimate is given in
Figure 4.10. As in the previous test cases, we observe a good agreement between
the implicit error estimator and the exact errors, both in the error distribution
and in the numerical values. The implicit error estimation is clearly capable
of providing a rather accurate error estimate for a range of smooth and non-
smooth flows, but even more important for an adaptation algorithm, it gives a
clear indication of those regions where the error is large. The numerical results
also show that the implicit error estimates are always bounded by the true error,
which was proven in Theorem 4.16.
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0 14?

Figure 4.6: Location of some of the elements where the implicit error estimation

was conducted (singular test case, Section 4.5.2) on a mesh with h = %.

4.5.4 Comparisons with some existing schemes

In [15] Beck, Hiptmair et al. consider the following elliptic boundary value
problem

curl (xcewl E)+ BE =J in(, (4.63)
Exv=0 ono,

where y and ( are given positive functions on €.
We apply our implicit error estimator to (4.63) and compare the results with
those given in [15] and [16].

For comparison purposes we consider the first example given in [15] and [16] on
the domain Q = (0,1)3

In this example the parameter x is set to one and different values of [ are
taken into account. The exact solution is rather smooth and is given by E =
(0,0, sin(7x)). Roughly speaking, the system (4.63) reduces to (4.1) if we choose
3 = —k? and no other changes were necessary to the algorithm discussed for
(4.1). Note, the bilinear form for this problem is coercive, contrary to the bilin-
ear form (4.5) discussed in this chapter which is indefinite.
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Figure 4.7: The global error estimate and the exact global error in the H (curl)
norm for the singular test case (Section 4.5.2).

For the finite element solution in the first example in [15] the authors start
with a coarse grid (level 0) consisting of 6 tetrahedrons, which is refined uni-
formly up to five levels. In [15] also an adaptive strategy has been presented
for other test cases, see Experiments 6-8 therein. In [16] a hierarchical type
(implicit) error estimator is applied using preconditioning for solving the global
problems for the error.

)
We make comparisons in terms of the effectivity index ey, := —h, which gives the

ratio between the estimated and the true global error, where ¢ and §;, are given
by (4.59). This quantity merely reflects the quality of the global estimate, while
we are mainly interested in local error estimates. The comparison table of the
effectivity of the estimators given in [15], [16] and the implicit error estimator
developed in this chapter are listed in Table 4.1. In comparison to the results
given in [15] and [16] the estimates obtained with the implicit error estimator
given by (4.11) are nearly insensitive to the value of .

The above index is not capable to indicate the correlation between the distri-
bution of the estimated and the exact error, which influences the effectivity of
an adaptive technique. Therefore, we investigate a second quantity used for
the comparison, the so-called “fraction of incorrect decisions”, denoted by pu(1).
This measures how much the refinement controlled by the estimator differs from
the refinement based upon an “ideal” estimator. The indicator p(!) is defined
using the following sets:
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Figure 4.9: Location of some of the elements on the Fichera cube where the

implicit error estimation was conducted on a mesh with h = %.
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Figure 4.10: The global error estimate and the exact global error in the H(curl)
norm on the Fichera cube.
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Table 4.1: Comparison of the effectivity indices.

8 Level 0 1 2 3 4 5
107 4.05 8.05 8.18 8.24 8.27 8.29
1072 4.05 8.05 8.17 8.23 8.27 8.29

1 3.01 7.64 7.78 7.84 7.87 7.89
10? 2.29 4.27 4.70 4.95 5.20 5.26
10% 2.33 4.23 4.66 4.86 4.95 5.00

Effectivity index ey, for the error estimator given in [15].

8 Level 0 1 2 3 4 5
1074 0.55 0.82 0.92 0.96 0.98 0.99
102 0.55 0.82 0.92 0.96 0.98 0.99

1 0.56 0.83 0.92 0.95 0.97 0.98
102 0.71 0.87 0.92 0.91 0.90 0.90
10% 0.72 0.88 0.93 0.94 0.94 0.93

Effectivity index ej, for the Gauss-Seidel-based hierarchical error estimator given in [16].

h 1 1 1 1 1

B 4 8 16 32 64

1072 0.67 0.67 0.67 0.67 0.67
1072 0.67 0.67 0.67 0.67 0.67

1 0.67 0.67 0.67 0.67 0.67
102 0.63 0.65 0.67 0.67 0.67
10% 0.44 0.37 0.40 0.53 0.63

Effectivity index e, for the implicit error estimator given by (4.11).

The set of elements marked for refinement by the error estimator are defined as

. 2
A:—{KGTh:(ﬁ(>05—h},
nK

where o = 0.95 and ng denotes the number of elements in the tessellation 7},
and the set of elements that should have been marked

2
A:—{KGTh:(ﬁ(>05—}.
nK
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Table 4.2: Comparison of the “incorrect decisions”.

8 Lovel 0 1 2 3 4 5
10~* 0.33 0.17 0.12 0.1 0.1 0.085
1072 0.33 0.17 0.12 0.1 0.1 0.086

1 0.33 0.25 0.18 0.14 0.13 0.13
107 0 0.42 0.088 0.14 0.15 0.16
10* 0 0.44 0.11 0.15 0.16 0.16

Fraction of incorrect decisions ,LL(I) for the error estimator given in [15].

h 1 1 1 1 1

B 4 8 16 32 64

10~* 0 0 0 0 0
1072 0 0 0 0 0
1 0 0 0 0 0
10° 0 0 0 0 0
104 0.25 0.31 0.07 0.00 0.03

Fraction of incorrect decisions Ml) for the implicit error estimator given by (4.11).

Then the indicator (1) is defined as

pD = i#{(AmAC) U (ACmi)}, (4.64)
nK

where for any set S C 7, the compliment with respect to 7 is denoted by S°€.
In [15] satisfactory performance of the estimator means that 1) stays bounded
below 1 as refinement proceeds. The results are given in Table 4.2. For the
implicit estimator this parameter is close to 0, which shows a much better
performance than that given in [15]. In other words it means that the implicit
error estimator developed in this chapter is able to find almost all elements
which need refinement. The error indicator from [15] gives between 8.5% and
16% error () - 100%) on the finest mesh, see Table 4.2.

4.6 Conclusions and further works

In Chapter 4 we have developed and analyzed an implicit a posteriori error
estimation technique for the time harmonic Maxwell equations. The algorithm
is well suited both for cases where the bilinear form is coercive and for the
more complicated indefinite case. A nice feature of the implicit error estimator
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is that no unknown constants appear. The algorithm is tested on a number of
increasingly complicated test cases and the results show that it gives an accurate
prediction of the error distribution and the local and global error. Also, in
comparison with other a posteriori error estimation techniques [15, 80], for all
considered tests it gives a sharper estimate of the error and its distribution.

In future work we will apply the implicit a posteriori error estimator in an
adaptive algorithm and also consider different types of elements including the
effect of mesh deformation on hexahedral elements.

4.7 Appendix

For the proof of Lemma 4.12 we recall some notations and results from linear
algebra.

If the symmetric matrix A is positive semidefinite, we shortly write it as A > 0,
while A > 0 is used for positive definite symmetric matrices. We use the fact
that the maximal eigenvalue Ag max of a symmetric matrix A € R™*"™ can be
characterized as

A max = max (Au, u) (4.65)

UER™
lul=1

and similarly, for the minimal eigenvalue A4 min of A

Ad,min = min (Au,u), (4.66)
UER™
=1

where (+,-) yields the standard scalar product in R™. We will use also the no-

tation )\X min > 0 for the minimal nonzero eigenvalue of a positive semidefinite
matrix A.

For the proof of Lemma 4.12 we need the following linear algebraic estimate.

Lemma 4.17. Assume that k € R and the symmetric matrices A > 0, B > 0
in R™ ™ are given such that ker A is an invariant space of B. Then, there are
constants ¢, hg € RY such that for any h with 0 < h < hg and any u € R™ there
is a v € R™ such that

(g A~ KB)u, o) > (354 + Bu,u)((;5 A + Bjo,v).  (467)

Proof In the proof we assume that k£ > 1, the remaining case can be handled in
the same way; we have only to consider k2B instead of B.
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According to the assumptions every u € R™ can be decomposed as u = w1 +us,
where u; € ker A and wus | ker A. Note that according to the assumptions,
Buy € ker A and therefore, (Buy,v2) = 0 for all vyl ker A.

We distinguish two cases:

Case 1. u; = 0. Then we can choose v = u = uy and hg such that
kQABamaX — 2h2 )‘j min” (468)

In this way, the characterizations in (4.65) and (4.66) imply that for any 0 < h <
ho the eigenvalues of the matrix #A — k2B will be positive and their minimum

is at least g3-A% 5, With these the left hand side of (4.67) can be estimated

as
1 1
|((ﬁA_kQB)u27u2)| > ( h2)\A m1n|u2| )

The scalar products on the right hand side of (4.67) can be also estimated (using
(4.68)) as follows:

((%A + B)wu)((%A + B)v,v) = ((%A + B)us, UQ)((%A + B)usg, us)
2

S (h_(z))\A,max‘u2|2>2-

2
.
Therefore, the choice ¢ = (ij\j—“‘) is appropriate in the first case.
Case 2. u; # 0. We choose now v = u; — uy. The left hand side of (4.67) can
be then rewritten as
1 2 2
(54~ KB)u,o)
1
= |((_2A — K*B)(u1 + u2), u1 — u2)|?

1 1
|((h2A k2B)’U,1,'LL1)—((ﬁA—k2B)’u,2,'UQ)‘2
1 (4.69)
= | — k*(Buy,uy) — ((ﬁA — K’ B)uy, u)|?

= k*(Buy,u1)|? + 2k*(Buy, up)(( 2A k2 B)ug, uy)

h
|((h2A k?B)ug, uz)[.
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The right hand side of (4.67) can be simplified according to the following equal-

ity:

1 1

(3 A+ Blu,u)(;54+ B)o,v)

1 1

= ((ﬁA + B)(u1 + u2),us + ug)((ﬁA + B)(u1 — uz),u; — us)
1

= ((Buy,uy) + ((ﬁA + B)ug, uy))?

1 1
= [(Buy,u1)|” + 2(Bu1,u1)((ﬁA + B)ug, uz) + |((ﬁA + B)ug, ug) .

(4.70)
Comparing (4.69) and (4.70), using the fact that £ > 1, the positive definiteness
of B and choosing ¢ = %, then a sufficient condition for the inequality to hold

is that we need an hgy such that for any A with 0 < h < hg and for all R" >
uo | ker A the following inequality holds:

1 1,1
((G54- k*B)ug, ug) > 7((52A+ Bluz, ua).

We need in fact that the matrix 51z A — (k* + 3)B is positive semidefinite.

According to Case 1 this holds whenever hg is chosen according to the inequality

1 1
(k2 + _))\B,max < 573 MA min* (471)
2 2h3 "4

Comparing the estimates in (4.68) and (4.71) gives that the choice
+

T Admi
< - _Smn 4.72
0= 2k2 + 1 >\B,max ( )

is sufficient in both cases. W
Using this result we can prove Lemma 4.12.
Proof of Lemma 4.12. Using the notations introduced in Section 4.4.2 and a

simple change of variables we obtain that the mass matrix on a cube K with
edge length h can be written as

1
B g = EBl,curl — k*hBy
and accordingly, for u =>""" ju;¢;, €V and v =>"1  vip, €V},
1
Br (u,v) = ((+B1.curt — k2hBy o) (uy, ug, ..., un)", (vi,v9,. . v,)T)  (4.73)

h
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In the same way,

1
Hquurl,K = ((EBl,curl + hB1o)(u1,ug,. .. 7un)T, (uy,ug,... 7un)T). (4.74)

Substituting (4.73) and (4.74) into the desired inequality (4.40) we have to find
positive constants hg and a Cy > 0 such that for any 0 < h < hg and any
u € R™ there is a v € R™ such that

1
h

1
h

!

ol ;

Bl,curl_kzhf-Bl,O)u»’U)2 Z (( Bl,curl+hBl,O)u,u)(( Bl,curl+hBl,0)vav)'

(4.75)
Dividing both sides with h%, we can apply Lemma 4.17 with A = B cur1 and
B = B o. For this, we have to check that the conditions in Lemma 4.17 hold.
A lenghty computation gives that

8 4 -1 1 -1 1 2 0 0
4 8 1 -1 1 -1 2 0 o0

1 1 8 4 -1 1 0 2 0

1 -1 4 8 1 -1 0 2 0

Biowl=—— -1 1 -1 1 8 4 0 o0 2
B T e S S S
2 2 0 0 0 0 4/5 0 0

0 0 2 2 0 0 0 4/5 0

0 0 0 0 2 2 0 0 4/5

and

2/5 1/5 0 0 0 0 1/10 0 0

1/5  2/5 0 0 0 0 1/10 0 0

o 0 2/5 1/5 0 0 0 1/10 0

. o 0 1/5 2/5 0 0 0 1/10 0
By = 1080 0 0 0 0 2/5 1/5 0 0 1/10
0 0 0 0 1/5  2/5 0 0 1/10

1/10 1/10 0 0 0 0 1/25 0 0

0 0 1/10 1/10 O 0 0 1/25 0
o 0 0 0 1/10 1/10 0 0 1/2

By definition, for any vector w = (u1, ua,...,u,) € R”

9 9 9
(B ot ) = et Y el S = et Yt
=1 =1

- (4.76)
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where the basis {¢?})_; is defined in (4.3.2). Similarly,

B1 ou, u Zuld)wzuld) [Lo(K)P — || Zuzd) H (Lo (K)]3

which show that Bj cy > 0 and By g > 0. Moreover (4.76) gives that for any
nonzero vector u € R™ the condition (Bj cyrite, w) = 0 can only be fulfilled if

curlz _ w9} = 0.

In order to determine such a linear combination, observe that an arbitrary
element @ in the finite dimensional bubble function space V' given in (4.3.2) can
be written as

A (a16% + 1€ + c1)n(1 = n)¢(1 =)
®(&,n,¢) = [ (1 —&)(aan® + ban + c2)¢(1 = ()
E(1 =& —n)(as¢? 4 bs¢ + c3)

and accordingly,

curl ®(&,7,¢)

E(1—6)(1 —2n)(asC® + bsC + c3) — (1 — &) (azn? + ban + ¢2)(1 — 2()
= | (@& + b€ +cr)n(1 —n)(1 —2¢) — (1 = 26)n(1 = n)(as¢® + b3 + c3)
(1 —28)(agn® + ban + ¢2)¢(1 — ¢) = (a1€? 4+ b1€ + ¢1) (1 — 2)¢(1 = ¢)

This can be zero on K if the following equalities hold:

(1= 2n)(asC* + bs¢ + c3) = (an® + ban + c2) (1 — 20),

(@162 + b1& + e1)(1 = 2¢) = (1 — 26)(asC® + bsC + c3),

(1 —28)(agn® + ban + c2) = (a1&% + b1& + 1) (1 — 27).
Here using the first equation we obtain that

b b
ay=a3 =0, > =— =2 by=bs, c2 =c3
C2 C3
or, alternatively, as = ag = by = ¢o = bg = ¢3 = 0. Similarly, the second one

gives that
a3 = a1 =0, b_3:b_1:_2, b3 =b1, c3=c1
C3 (&1
or, alternatively, a1 = ag = b3 = ¢35 = by = ¢ = 0. The third equation is
trivially satisfied with these coefficients. We may assume that ¢; = 1 and in
this way, ¢y = co = c3 = 1 and by = by = b3 = —2. This gives the eigenfunction

(1 =25)n(1 = n)¢(1 = ()
(&m¢) — | £ =1 —2n)C(1 = () (4.77)
§(1=n(1 —n)(1 —2¢)
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which is a linear combination Z?:l u; ®Y, with w = (1,-1,1,-1,1,-1,0,0,0)7.
This gives that ker By ¢y = span (1,—1,1,—1,1,—1,0,0,0), which is an invari-
ant space of By o since By o(ker By cur1) = ker By curi- In this way, the conditions
in Lemma 4.17 are fullfilled for A = Bj ¢y and B = By, which gives the
statement in Lemma 4.12. W

: : : + _ 4 _ 1/26
Proof of Lemma 4.13. Symbolic calculations give that /\Bl,mrl)mi[1 = 57— 2700

. /246

and )\Bl,o’max = 3375 ' 54000°

Using the above numerical results and substituting them into (4.72) we obtain
the statement of Lemma 4.13. W

Remarks 1. In the proof of Lemma 4.12 we determined that the kernel of
the curl operator in the bubble function space is the one dimensional subspace
generated by the function in (4.77). This coincides with the subspace of the
bubble function space which consists of discrete gradients, namely (4.77) is the
gradient of the function given by

(&m,¢) = (€1 =€), n(1 =n),¢(1=)).

2. The reason why we did not include %k into the matrix B in Lemma 4.17 is
that we wanted to demonstrate the dependence of the mesh size parameter hg
on k.

3. An easy calculation gives that for K = (0, h)? the condition number of Bk
is proportional to h=2. However, this does not harm the solution of the local
problem due to Lemma 4.12.






CHAPTER b

LAdaptive finite element techniques for the Maxwell
equations using implicit a posteriori error estimates

For the adaptive solution of the Maxwell equations with Nédélec edge finite ele-
ment methods on three-dimensional domains, we consider an implicit a posteri-
ori error estimation technique. On each element of the tessellation an equation
for the error is formulated and solved with a properly chosen local finite ele-
ment basis. The discrete bilinear form of the local problems is shown to satisfy
an inf-sup condition which ensures the well posedness of the error equations.
An adaptive solution algorithm is developed based on the obtained error esti-
mates. The performance of the method is tested on various problems including
non-convex domains with non-smooth boundaries. The numerical results show
that the estimated error, computed by the implicit a posteriori error estimation
technique, correlates well with the actual error. On the meshes generated adap-
tively with the help of the error estimator, a higher accuracy is achieved than
on globally refined meshes. Moreover, the rate of the error convergence on the
locally adapted meshes is faster than that on the globally refined meshes.

5.1 Introduction

In many real life problems (for example scattering problems, optical fibers,
design of antennas) it becomes increasingly important to solve the full set of
Maxwell equations on complex three-dimensional domains. Due to the com-
plexity of the domains the solution of the Maxwell equations frequently has
limited regularity, such as singularities near corners and non-convex edges [33],
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and efficient solution methods require adaptive techniques in order to capture
detailed structures.

A posteriori error estimation techniques to control the adaptation process in
finite element methods have become popular tools for the numerical solution
of partial differential equations, see e.g. [3, 10, 11, 78, 104], and are also im-
portant for the Maxwell equations. A crucial requirement for a posteriori error
estimation techniques is that they provide an accurate estimate of the error
throughout the finite element mesh. The a posteriori error estimate is then
used to generate meshes locally finer in areas where the mesh resolution is not
sufficient to achieve the required accuracy. For wave type problems, in par-
ticular for the Maxwell equations this is, however, only possible if we use a
sufficiently fine mesh compared to the wave length. In this case, the major part
of the computational error arises from the boundary singularities. Otherwise,
the pollution effect can make the a posteriori error estimates unreliable 7] and
a further careful analysis is needed to estimate the pollution error separately [8].
There are basically two types of a posteriori error estimation methods, namely
explicit and implicit techniques.

Explicit error estimation techniques provide an upper bound for the local error
residual based on the numerical solution (see e.g. [9, 10, 104]), but generally
contain an unknown constant and as such are frequently not sharp and do not
provide computable error bounds. There are several techniques to obtain explicit
bounds for the unknown constant term (see e.g. [27]), but in most applications
the estimates are somewhat pessimistic, hence the resulting estimators tend to
be unrealistic and fail to detect the more subtle nuances of the specific prob-
lem. Several applications of adaptive methods with an explicit error estimation
technique for the Maxwell equations can be found in [15, 20, 28, 83, 84].

Implicit error estimators seek to avoid these disadvantages by retaining the
structure of the original equation as far as possible. The idea of implicit a
posteriori error estimates is to formulate local problems for the error function,
either over a single element or over a small patch of elements, with suitably
chosen boundary conditions and then solve them with an appropriate finite ele-
ment method [1, 3]. This technique can provide reliable estimates, but one has
to solve additional, small boundary value problems. Beyond the standard ellip-
tic case it has been applied for flow problems in two-dimensional domains [70]
and for the Maxwell equations with a coercive bilinear form [16]. The numerical
experiments in [21, 81] for the time harmonic Maxwell equations suggest the im-
plicit error estimation technique as a promising approach. Moreover, in [36, 85]
equilibration techniques have been applied in case of higher order elements, but
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a precise analysis of this method is still lacking.

In [65, 66], see also Chapter 4, we developed an implicit a posteriori error es-
timation technique for the time harmonic Maxwell equations on a cubic mesh
and proved well posedness of the local problems (without any post-processing)
with suitably chosen boundary conditions. We also pointed out that this gives
a lower bound for the analytic error.

The main goal of this chapter is to apply the implicit error estimation technique
in an adaptive mesh refinement algorithm. We perform the adaptation on a
tetrahedral mesh, which requires some modifications in the analysis compared
to Chapter 4 and [65, 66]. As a natural choice for the finite element spaces we
use Nédélec first order edge basis functions. Then we define a weak formulation
for the error in each element, which is solved with a finite element method. The
local problems formulated for the error are solved with second order Nédélec
elements without the linear part. The use of higher order elements to solve the
local error equations is essential to obtain a good approximation of the true er-
ror and also reduces the pollution effect discussed in [7, 8]. In various test cases
(on non-convex domains with singular solutions) we verify the performance of
the implicit error estimation technique. Provided that the mesh resolution is
fine enough we show that the method is capable of detecting regions with a rel-
atively large error and, based on this information and using an adaptive mesh
generation technique, we are able to achieve a smaller error on adaptively gen-
erated meshes than on globally refined meshes. Also, the reduction of the error
using the adaptation procedure based on the implicit error estimation technique
is faster than that on globally refined meshes.

An important issue for adaptive methods is how to adapt a mesh while maintain-
ing mesh quality. In particular, it is important to choose a selection algorithm
for the subdomains where finer elements are needed. Here we would like to men-
tion that there is no best algorithm for marking elements and several options
are discussed in Section 5.6. For more information about refinement strategies
we refer to [4, 39, 89, 98, 14]. In all our numerical experiments we use the
Centaur mesh generator [29] with so called source based mesh generation (see
Section 5.6) depending on the selection of a fixed fraction of elements for mesh
adaptation. This approach tries to make the local mesh finer in specified re-
gions while preserving the high quality of the mesh. One of the advantages of
the Centaur mesh generator is that it creates adaptive meshes without hanging
nodes. Meshes without hanging nodes are necessary for Nédélec type elements,
otherwise these elements are not well defined. Another desirable property of
this mesh generator is that it avoids elements with large dihedral angles, which
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is important for accuracy requirements.

This chapter is organized as follows: in Section 5.2 we present the Maxwell
equations, their weak formulation and define the finite element discretization.
Section 5.3 describes the implicit error estimation technique with a properly
chosen local finite element space. The inf-sup condition for the local error
formulation is proven in Section 5.4 using a Poincaré type inequality (Lemma
5.5). A similar result for quasi uniform subdomains is available in [53], Lemma
4.1. We also investigate the frequency dependence of the parameters in the
estimates. An efficiency analysis of the method is presented in Section 5.5.
In Section 5.6 we discuss several adaptation strategies. The performance of
the implicit error estimation technique is investigated for various test cases
including non-convex domains in Section 5.7. Finally, conclusions are drawn in
Section 5.8.

5.2 Mathematical formalization

Consider the time harmonic Maxwell equations for the electric field E:Q— R?
with perfectly conducting boundary conditions:

curlcurl E — K*E =J in Q, (5.1a)
E xv=0 ono, (5.1b)

where Q C R? is a Lipschitz domain with outward normal vector v and J €
[L2(22)]? a given source function. The wave number k relates to the frequency w
and the velocity of the wave propagation c as k = . The velocity of wave prop-
agation is given as ¢ = \/%’ where the dielectric permittivity € = ege,. and the
magnetic permeability u = pop,- are material properties. The free space dielec-
tric permittivity and magnetic permeability are defined by g9 = %10_9 Fm™!
and pg = 4710~ "Hm ™!, respectively [73]. The dimensionless parameters ¢, and
1, are material dependent and called relative permittivity and relative perme-
ability, respectively.

In this chapter we consider the dimensionless Maxwell equations to avoid prob-
lems with floating point arithmetic when working with very large numbers. How
to make the Maxwell equations dimensionless is explained in e.g. [73].

In the subsequent derivations we will need the following Hilbert space corre-
sponding to the Maxwell equations

H(curl, Q) = {u € [Lo(Q)]? : curl w € [Lo(Q)]?},
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which is equipped with the curl norm

[wl[cur, = (HUH[QLQ(Q)]3 + ||CUT1U||[2L2(Q)]3)1/2~ (5.2)

The differential operator curl is understood in a distributional sense. While
analyzing (5.1), usually a subspace of H(curl, Q) is used, namely

Hy(curl, ) = {u € H(curl,Q) : v x u|pq = 0},
where v x ulgn denotes the extension of the tangential trace to non smooth

functions [73].

For the weak formulation of (5.1) we introduce the following bilinear form
B : H(curl,Q) x H(curl, Q) — R

with
B(u,v) = (curl u, curl v) — k*(u,v).

Similarly, the bilinear form Bg is defined in the same way but now on the
subdomain K C € (instead of ). For the corresponding [Lo(€2)]? scalar product
on the domain K and at its boundary K the notations (-,-)x and (-,-)sx are
used, respectively. In the same way, the curl norm on K is defined by

ltllewst.re = (leelf, creyps + el alf, geyp)'

Using the above notations the weak formulation of the time harmonic Maxwell
equations (5.1) is: for a given source function J, find E € Hy(curl, ) such that
for all v € Hy(curl, Q) the following relation is satisfied

B(E,v) = (J,v). (5.3)
5.2.1 Finite elements in H(curl): First order edge ele-

ments

For the numerical solution of (5.3) we use the H(curl) conforming edge finite
element method proposed by Nédélec [76] for tetrahedral elements.

It is convenient to define the finite elements first on a reference element, which
in our case is a tetrahedron K with nodes X7, Xo, X3, X4, see Figure 5.1, where

X1 =(0,0,0), X3 = (1,0,0), X5 = (0,1,0), X4 = (0,0, 1).
The first order Nédélec elements are defined on the reference element K as

W? = (Li1VLi2 - Livail)li’ i=1...,6
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Figure 5.1: The reference tetrahedron (left) and tetrahedron in physical space
(right).

where L; is the Lagrange basis function corresponding to node j of K, l; the
length of edge 4, and i the edge number associated with the nodes i; and iy (see
Table 5.1). In more explicit form this basis reads

Wi=01-n-¢&9", Wo=(m1-¢-¢n)',
:(C7<71_§_77)T7 WZ:\/i(—njé"O)T
W2 =V2(0,-9", wWo=v2(0,-¢n)",

with (&,7,¢) the local coordinates on K.

A detailed construction of Nédélec basis functions can be found, for example, in
[73]. Next, we introduce a tetrahedral tessellation 77, of Q with N elements and
N, edges. The basis defined on the reference element K can be transformed to
an arbitrary tetrahedron K € 7}, using the isoparametric mapping

k(€m0 €K (2,y,2 ZXL &mn,¢) e (5.4)

i=1

provided that this mapping is a diffeomorphism. Here X; = = (x4,Y;,2;) denote
the nodes of K. We numerate the nodes in & and K such that X; = D (X;).
It is well known that the covariant transformation preserves line integrals un-
der a change of coordinates [73, 90], so that the basis functions for a given
tetrahedron K can be defined as

w;(z,y,2) = (dD)WIEn, ), j=1,....6, (5.5)
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Table 5.1: Edge and face enumeration.
Edge # | Node i; | Node i

1 1 2 Face # | Node i1 | Node i3 | Node i3
2 1 3 1 2 3 4

3 1 4 2 1 3 4

4 2 3 3 1 2 4

5 4 2 4 1 2 3

6 3 4

where dDy is the Jacobian of the transformation Dy .

We denote by W), C H(curl,§2) the space of Nédélec first order edge basis
functions:

W, = span{w;(z,y,2) | all edges j =1,..., N in 75},

where each basis function w;(x, y, ) is defined with respect to edge j according
to (5.5). The discretized version of (5.3) reads:

For given source function J, find E; € W}, such that for all W € W}, the
following relation is satisfied

B(En, W) = (J,W). (5.6)

5.3 Implicit error estimation

In this section we formulate the implicit error estimation method to estimate
the error in each element of the domain. Also, appropriate local basis functions
and boundary conditions are considered for the numerical solution of the local
problems.

5.3.1 Formulation of the local error equation

Assume that Ej, is a numerical solution computed using first order Nédélec el-
ements. We aim to estimate the computational error e, = (E — E})|x on an
element K € 75, with 75, the finite element tessellation. For this we state a
variational problem for the local error (see [65, 66]) on element K as follows:
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Find e, € H(curl, K) such that for all v € H(curl, K) the following relation is
satisfied

Bi(en,v) = (curl ey, curl v) g — k?(en, v)

= (curl (E — Ey),curlv) g — k*(E — Ej,,v)k (5.7)
= (curl E, curlv) g — k*(E,v)x — ((curl By, curl v) g — k*(Ep, v)k)
= (curlcurl E,v)g — (v x curl E,v)ox — k*(E,v)x — Br(Ep,v)k
= (J,

v)g — (v x curl B, v)px — Bx(Ej,v),

where a Green’s identity is applied in the fourth line and (5.1a) is used in the
last line. In order to get a computable right hand side in (5.7) we use the
approximation

vxcul E~vxcul E on interelement faces, (5.8)

instead of using the unknown exact value v x curl E. The quantity v x curl E
will henceforth be called the natural boundary data. The following variational
problem for the error on element K can now be formulated:

For a given source function J and numerical solution Ey, find é, € H(curl, K)
such that for all v € H(curl, K) the following relation is satisfied

o —

Br(én,v) = (J,v)k — (v x cutl E,v)oxc — B (En,v). (5.9)

5.3.2 Numerical solution of the local error equation

We will now give a discretized form of the local problem (5.9) which requires a
specific choice for the approximation (5.8) of the natural boundary conditions
and the finite element basis on element K.

Approximation of the natural boundary conditions

We first specify the approximation in (5.8). For the definition of the boundary
conditions for the local error equation (5.7) we introduce f;, the common face
of the two neighboring elements K and K, and v; the outward normal on f;
with respect to K. We approximate v x curl E on f; with the average of the
tangential traces of the numerical approximation Ej on its two sides K and Kj;.
That is we shall use the approximation

1
vi xcurl By, ~ 5(1/]- x [curl Eplogny, + curl Eplok,ny,]), (5.10)
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which can be straightforwardly implemented. It remains to supply the bound-
ary conditions for (5.7) on elements which have a boundary face connected to
the boundary of €.

Suppose that element K intersects with a portion of the boundary of the domain
Q) where perfectly conducting boundary conditions are imposed. The appropri-
ate boundary condition for the local error equation (5.7) is then

v x ep =0on 0K NoQ. (5.11)

Here, it is assumed that the finite element approximation has been constructed
so that the perfectly conducting boundary conditions are satisfied exactly, for
details see [3].

Choice of the local basis

As discussed in [3], Section 3.4.2, the finite dimensional space used to discretize
the local error equations (5.9) has to be selected carefully. In case of elliptic
boundary value problems a different local basis is considered in [3] for the solu-
tion of the local error equations. It is advocated there that the use of different
basis functions than those used for the original problem results in a better ap-
proximation of the error. For the Maxwell equations it is also beneficial to use
higher order polynomials for the error equation which is explained by the fact
that the dominant term in the error is associated with polynomials of a degree
which is one order higher than used to approximate the field, see [21, 81, 85]. In
our numerical experiments we observe similar phenomena. If we use first order
Nédélec elements to solve the local problems then the computed error does not
describe the true error and leads to a non-physical solution. If we use the full
second order Nédélec elements again the obtained results are poor, see Section
5.7.4. This is due to the linear part present in the basis. Therefore, as a basis
for the solution of the local error equations, we use the second order Nédélec
edge basis functions with the linear basis functions removed.

Again, the basis functions for the local problem are first defined on a reference
tetrahedron and then with the covariant transformation (5.5) transformed to
the physical elements. There are eight face based basis functions defined as

¢ = LyLsV Ly — LyLyVLs, ¢S = LyL3V Ly — LsL,V Ly,
¢3 = L1L3V Ly — L LyVLs, ¢ = L1 L3V Ly — L3[4V Ly,
@9 = L1LoV Ly — L1 L4V Ly, ¢4 = L1LoV Ly — LyLy VL,

@9 = L1 LoV Ly — L1 L3V Lo, @Y = L1 LoV L3 — LyL3V Ly,
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or, in more explicit form,

=(0,—¢¢.6n)", @9 = (—n¢,0,6n)"
¢3—<0, —(1-€-n-Q¢A=¢=n=On)", ¢4—(n<nc 1—¢-nm",

=(-(1=€-n=0C0,(1-6-n-08", ¢ =(& (1-5—ne)",
(m(1—&=n—20),60—€-n—10),0)", ¢8 (€n, (1 — €= Q)& )"

These basis functions are transformed to a tetrahedron K € 7; with the covari-
ant transformation as

¢;(x,y.2) = (AD) T2 (En, ), j=1,....8, (5.12)

with D the transformation defined in (5.4). This reduced finite element space
on an element K is denoted by No*(K):

NF(K) = span{e; }j=1,.. s

For more details on the construction of second order Nédélec elements we refer
to [73, 93].

5
O
7

Weak form of the local error equation
Using approximation (5.10) and the local basis NV,?(K) we obtain the discrete

form of the local error equation (5.9):

For a given source function J and numerical solution Ej, find &, € N2(K)
such that for all w € N?(K) the following relation is satisfied

(curl &, curl w) g — k2 (én, w)x = (J,w)x — (curl Ej,, curl w) g
1 (5.13)
+k2(Eh7’w)K - i(yj X (Curl Eh|K + curl Eh‘Kj) ,’w)aK.

5.3.3 Properties of the local error estimator
We investigate the existence and uniqueness of the local error estimate and state
that it provides a lower bound (up to a constant) for the exact error ey.

Well posedness of the local error equation

Using a lifting operator we can associate an e, to €, and define a function
J i € [L2()]? such that the well posedness of (5.9) is equivalent with that of
the variational problem:
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Find an e, € H(curl, K) such that for all v € H(curl, K) the following relation
is satisfied A

BK(éh,v) e (JK,’U). (514)
For the details we refer to Section 4.3.3 or [65, 66], Section 3.3.1.

The well posedness of (5.14) is stated in the following:

Lemma 5.1. Assume that k is not a Mazwell eigenvalue on K in the sense
that only w = 0 € H(curl, K) satisfies the relation

Bg(u,v) =0, Yv € H(curl, K).
Then the variational problem (5.14) has a unique solution.

For the proof we refer to Section 4.3.3 or [65, 66], Section 3.3.3.

In order to apply Lemma 5.1 we need to ensure that k is not a Maxwell eigen-
value on K for all kind of tetrahedra arising in the finite element tessellation 7},.
Instead of performing a detailed analysis for this, we rather ensure well posed-
ness for the discretized problems in (5.14) by proving an inf-sup condition, which
is discussed in Section 5.4.

Efficiency of the local error estimate

We state that the error estimate e, is efficient which means that it is bounded
by the analytic error plus higher order terms (for a precise definition see [26]).
For this we use the notations:

re=J—culcurl Ep, + k*’E;, in K

for the residual within the subdomain K and
1
Ry, = §(I/j X [curl Eplx — curlEh|Kj])
for the tangential jump of the curl at the common face [; of K and K;. We
also introduce 7 as the approximation of 7 in the finite element space NZ(K).

Similarly, R denotes the approximation of R on K with the trace of functions
in N3 (K) and the patch K of K is defined as follows:

Theorem 5.2. If diam K = h < h? for some positive constant h, then the
error estimate €y, is efficient,

lenlléu x < CUL+E)? [enll? & + P17 = I, iy + RIR = RIFL, oxcy0),

curl, K
(5.15)
where C' does not depend on h.



124 Chapter 5: Adaptive methods using implicit error estimates

The proof is postponed to Section 5.5.

5.4 Inf-sup condition for the implicit error esti-
mator

In this section we show that the computations using the implicit error estimation
technique are stable in the sense that the local matrices in the bilinear form By
in (5.9) remain uniformly well conditioned. Equivalently, we prove that they
satisfy the inf-sup condition uniformly.

Theorem 5.3. The bilinear form By : N2(K) x NZ?(K) — R satisfies the
inf-sup condition uniformly in K; namely there is a positive constant hg such
that for any non-degenerate K € T;, with diam K < hg and any u € N3 (K)

B
sup K (u,v)

o1
> mln{—,k2}||u||cur1,K-
VENZ(K) l[vllcurt, 2

To prove this theorem we first give the explicit expression of the bilinear form
By in terms of the original basis functions. Using (5.12) we obtain that for any

v = Y0 v € NP (K)

8 8
('U7 U)K = (Z Uid)i7 ZU]¢J)K
i=1 j=1

. (5.16)
— |det dD|((dD sz @), (DT w09 4
Using (5.12) one can easily prove (see [73], Corollary 3.58) that
1 .
curly y . ¢; = dot dDrc dDKcurlgm’Cq&?7 i=1,2,...,8. (5.17)
Therefore,
8 8
(curl v, curl v) g = (curly - Zviq&hcurlmyy,z Zvj¢j)K (5.18)
i=1 j=1
1 8 8
0
= m(dDKcurlgﬂm ;viqbi,dDKcurlgmvg j;vjqb])K

We also use the following two lemmas:
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Lemma 5.4. Let us denote with T, a non-degenerate family of tetrahedra such
that det dDy =1 for all K € T,'. Then there is a compact set D C R¥*3 such
that 0 ¢ D and dDk € D for all K € T;!.

Proof We use the notion of the spectral norm which is given for an arbitrary
matrix D € R™*" as

IDllsp = Sup |Dg|. (5.19)

We can establish the lemma if we prove that there are positive constants C7, Cy
such that for any K € 7;! the following inequality holds:

Then the set

D={dDg : K € T,'}

is closed, and bounded with respect to the spectral norm (which is equivalent
with any norm in R3*3), moreover, the condition det dDy = 1,V K € 7! im-
plies that 0 & D.

Note that the condition detd Dy = 1 implies that the volume of any tetrahedron
K is the same as that of K.

Indirectly, assume first that there is no constant Cy in (5.20), i.e. there is a
sequence K, such that ||dDg, ||sp > n. Then according to Lemma 5.10 in [73]

hr
n < [[dDg,[lsp < pA"v

K

where hg,, = diam K,, and py denotes the radius of the largest ball contained
in the reference element K. Then lim,_ o hk, = oo while the condition on
the volume implies that pg, remains bounded. This contradicts to the non-
degenerate property of the meshes.

Assume now that there is no positive lower bound Cj in (5.20). Then according
to (5.19) there is a sequence K,, such that

1
max eig dDic, | < |ADic, Jsp = sup |dDic, €l < = (5.21)
l€l=1

where eig denotes an eigenvalue. Since the determinant is the product of the
eigenvalues, this is again a contradiction. H
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Lemma 5.5. For any C > 0 there is a positive number hg € R™ such that for
every non-degenerate tetrahedron K € Tj, with diam K < hy and us € N (K)
with us L ker curl the following inequality holds:

(curl ug, curl ug) g > C(ug, us) k- (5.22)

Proof: First, we decompose the transformation Dy as follows: Dy = D KDI_(l o

D K, Where
- 1

Dg=—-——Dr:K—K 5.23
K= detdDg 0 7 (5.23)

and
Dg D' = {/det dDgI : K — K, (5.24)

where the corresponding matrices are denoted with dDg, dDy and dD KdD;(l,
respectively, and det dDg = 1.

For a function ug = Zle ugﬂ'd)? € {span (ZS?}]‘:L“_,S we define
8
Uyt K - R with @iy =) up;d;,
i=1

where the basis functions~q~bi K —R3(i=1,2,...,8) are defined using (5.12)
with the transformation D instead of D . Using (5.16) for the linear mapping
DKDI_(1 we obtain that

1 S
W(U%UZ)K

(ug, ug) g = |det dD| (5.25)

and using (5.18) gives that

1

- - 3 2 - ~ )
- dDm(JM) (curl @by, curl @tg) 7. (5.26)

(curl ug, curl us) i
Using then (5.16) and (5.18) and the transformation formula (5.12) we obtain
that for uy = Z?zl uzﬂ-qb? € {spanqb?}j:ngﬂker curlt (which can be identified
with the coefficients ug ;) and d De € R3*3 the mapping of type R® x R3*3 — R
defined by
(curl &g, curl ws) 7

(ﬂQﬂ fl’?)f(

[ug,dDg] — (5.27)
is a continuous function of type R® x R3*3 — R*. We may assume that it
is given only on the unit sphere of R®, since Aus and us result in the same
values in (5.27). In this way, the mapping in (5.27) is given on a compact set,
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see Lemma 5.4. Therefore its infimum equals to its minimum, which should be
positive. Using this with the relations in (5.25) and (5.26) we obtain that for

any dDj € R3*3 and (ug,uz22,...,uss) € R®
0<i< (curl @g, curl @) 5 (i/det dDr)? (curl wg, curl ug) (5.28)
¢ — = e . .
B (U2, 02) & ® (w2, u2) K

C
(\3/ det dDK)2

the diameter of K converges to zero, then for some hy we will have

Obviously, (curl ug, curl us) g > (ug,us) g, and det dDg — 0 as

in (5.22), which proves the lemma. H

Proof of Theorem 5.3: Decompose u € N?(K) as u = w1 +uz, where curlu; = 0
and us | ker curl. Then, for a given u choose v = u; — uy and with this

|BK(’U,,'U)‘ = | — (curl Uy, curl UQ)K — kJQ(’u,l + U2, U] — u2)K| (5 29)
= |(curl ug, curl ug) g — k*(ua, o) x + k2 (w1, u1) gl .

On the other hand,
Huchrl,K”churl,K = ||U1 + u2||curl,K||u1 - u2chrl,K
1 1
= (”ul”gurl,K + Hfu‘2||zurl,K)2 (”ungurl,K + ||u2||gurl,K)2

= ||u1H3url,K + HuQHEurl,K

= (curl ug, curl ug) i + (w2, u2)x + (w1, uq) K. (5.30)

Using Lemma 5.5 with C' = 2k? + 1 there is an hg > 0 such that for any K with
diam K < hg

(curl gy, curl ug) g — k2 (ug, us) i

1 1
> i(curl ug, curl ug) ¢ + (k2 + 5)(“2,1’42)[( - k2(u2,u2)K

1
= 5((cur1 ug, curl ug) g + (w2, u2) ).

Inserting this into (5.29) and using (5.30) we obtain that for every K, with
diam K < hyg, that

| By (w,v)| > (curl wg, curl ug) g — k% (wa, uo) ¢ + k2 (uy, u1) i

1
> min{i, E2Y((curl wy, curl wg) i + (o, ua) x + (w1, u1) i)

1
= min{éa kz}”“”curl,K Hv||curl,K~

C
¢ sc
(¢/det dDg )2 —
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Summarized, there is a hg > 0 such that for any non-degenerate tetrahedron K
with diam K < hg and for an arbitrary w € N3 (K) one can find v € NF(K)
such that

o1
|BK(U7 'U)| > mln{§’ k2}”u||cur1,K ”vHCurLK'

Dividing both sides with ||v||cur, ik gives the statement of the theorem. W

5.4.1 Dependence of the estimates on the wave number

We can sharpen the result of Theorem 5.3 further and compute the dependence
of the critical mesh size hg on the wavenumber k. Accordingly, we use the
notation By for the bilinear form on H(curl, K) x H(curl, K) with

Br o(u,v) = (curl u, curl v) ¢ — (ak)?(u, v) g,
where o > 1 is a given parameter.

Lemma 5.6. Assume that Theorem 5.8 holds for the wavenumber k with the
constant hg. Then for any K € Ty, with diam K < %ho, any o > 1 and any
u € N3 (K) we have for the wave number ak the inf-sup condition

BK,ak(u’ ’U)
sup —————

o1
2 Hlln{—, kz}”u”curl,K (531)
VENZ(K) HUchrl,K 2
Proof We use (5.16) and (5.18) in the case when K is a tetrahedron with
diam K < hg and Dg . K — K is defined by D, = éI.

Bi.o(u,v) (curl w, curl v) g — (ak)?(u,v) K
sup —/———"-~ = sup
venz(k) Vllewx  venzix) vl curt, &

a(curl @, curl @) 7 — L (ak)*(u, )z

sup
VENZ(K) \/a(curl v, curl 0) z + 1(9,0) %

Va  sup

i;eNz(f() ||’Z}||curl,k

min{ o, E}a flewl @l o+l o

(curlw, curl 9) 7 — k*(u, v)

Y

Y

min{ = 142}\/_\/_||cu1"1u||[L2 ]3+a||u||[L2 K3

mm{ kz}\/||cur1u||[L2 T HuH JE)E S mln{ E2}| | eurt. x5

where (5.16) and (5.18) were applied in the second line, Theorem 5.3 in the
fourth line and again (5.16) and (5.18) in the fifth line. W
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Lemma 5.6 shows that for the inf-sup condition we only need that kh is smaller
than some positive constant.

Using Lemma 5.6 and some results in [66] we can prove the k-dependence of the
constant C' on the right hand side of (5.15).

Proof of Theorem 5.2: According to Theorem 4.16

enllZun, ik < CTC2((1+K%)2)|€nlum, i + 2T =TT, reype +RIR =RITL, 50)p0)5

where C5 does not depend on h and k, and Cy = m is the inverse of the
z

constant in the inf-sup condition. For wave numbers k > \/g we obtain 012 =4.

The proof was carried out for rectangular elements in Chapter 4, see also [66],
but it is applicable also for tetrahedral elements if Section 4.4 is changed accord-
ingly. This requires a standard bubble function technique which only uses the
non-degenerate property of the mesh. We omit this straightforward but lengthy
analysis. W

5.5 Computational costs

For numerical simulations it is not only important to have an accurate but also
an efficient algorithm. We show that an adaptation technique based on the
implicit a posteriori error estimator developed in this chapter is more efficient
than the global refinement technique. In all numerical experiments the linear
systems associated with (5.6) are solved with the MINRES iterative solver using
diagonal preconditioning, see e.g. [52, 92, 103].

The computational work of the adaptive finite element solution on each mesh,
denoted by mesh;, consists of the following steps:

e E flops for the element-wise computation of the implicit error estimate on
the mesh mesh;,

e Q, flops for the solution of the linear system for the Maxwell equations
on the adapted mesh using MINRES,

e M flops for the mesh generation to obtain the next adapted mesh mesh; .

The overall computational work associated with the implicit a posteriori error
estimator is:
W, =Q, +E+ M.
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The required computational work on the globally refined mesh of mesh; is de-
noted by W/, flops. It mainly consists of the work required for the solution of
the linear system resulting from the discretization of the Maxwell equations on
this globally refined mesh. The aim is to compare the two quantities W, and W.

In all our numerical experiments we have observed that for each tetrahedral
finite element mesh the following relation between the number of elements (N)
and the number of the edges (IN.) holds:

1.2- N~ N,.

Provided that this relation holds and that after global refinement of mesh mesh;
each element in the mesh is subdivided into 8 elements, the size of the matrix
on the globally refined mesh is 8 times larger than on the mesh mesh;. As
was observed experimentally, the computational work required for solving a
linear system of equations of size M x M with the MINRES iterative solver is
approximately C, - M?, with the constant C, independent of the finite element
mesh. This means that the computational work required to solve the linear
system of equations on the globally refined mesh is approximately 82 times
more than on the mesh mesh;. If we define the computational work required for
the solution of the linear system on the mesh mesh; by Qq using MINRES, then
the claimed work on the globally refined mesh is

For the implicit a posteriori error estimation on each element we have to solve
a small linear system of equations. The Gauss elimination method for an n x n
matrix with partial pivoting requires approximately % -n? operations. The size
of the local matrices used for the implicit error estimation is 8 x 8, therefore the
required computational cost for solving the local linear systems is approximately
% - 83 per element. Hence we obtain

2
Ez§~83~Nz341~N.

Based on the adaptation algorithm we allow a growth in the number of degrees of
freedom with a factor of at most 3.5, see equation (5.37), which means that the
size of the matrix for the finite element discretization of the Maxwell equations
on the adapted mesh mesh;;; is at most 3.5 times larger than on the previous
mesh mesh;. It follows that the solution of the linear system on the adapted
mesh with MINRES will therefore require at most 3.5> = 12.25 times more
operations as compared to the operations on the mesh mesh,, i.e.

Q. ~ 12.25 - Q.
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If we summarize the above information we obtain

W, ~ 1225 -Qp+341- N + M
~12.25-Qy + 284 - N, + M,

where the dimension of the matrix on the coarse mesh is N, x N.. The com-
putational work required for solving the linear system of equations with the
MINRES iterative solver on the mesh mesh; is approximately Qy ~ C, - N2,
then we obtain

W, ~ 12.25-C, - N? + 284 - N, + M.

It is realistic to assume that M < C, - N2, and, hence, the dominant term in
the last expression is the computational work required for the solution of the
linear system resulting from the finite element discretization of the Maxwell
equations. Comparing the obtained estimates for W, and Wy, we can easily
see that the computational work on the globally refined mesh requires approxi-
mately % ~ 5.2 times more work than for the adaptive finite element solution.

In Section 5.7.1 the computational work in terms of CPU time of the adaptive
and global refinement algorithms are compared for the solution of the Maxwell
equations on a cylindrical domain.

5.6 Adaptive mesh generation

In this section we describe how to use the implicit a posteriori error estima-
tion technique in real applications. Let us define the exact error dx, which is
unknown in practice, and the implicit local error estimate (indicator) Sk on
element K by

6K = HE - Ethurl,K» SK = ||éhHCurl,K- (532)

Recall that Ej denotes the numerical solution of the Maxwell equations (5.1)
obtained by using the first order edge finite elements (see Section 5.2.1) and
that &, denotes the computed error with the implicit error estimator, defined
in (5.13), and solved with the help of the finite element space N2(K) (see Sec-
tion 5.3.2).

The exact global error ¢ and the implicit global error estimate §;, can be obtained
as

1/2 1/2
6= (Z 5@) , Oy = (Z 8@) . (5.33)

KeTy, KeTy,
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Accordingly, if we sum up the terms terms in (5.15), we obtain
5n < O(1+ k?)s,
where C' does not depend on h and k.

For a given tolerance TOL we aim to construct a mesh 7; such that
8, < TOL. (5.34)
There are several adaptation strategies to achieve this.

Strategy 1. In this strategy, proposed in [44], the algorithm tries to equidis-
tribute the local error over all elements of 7. Thus, we insist that for

A TOL
all elements K in the tessellation 7}, the condition dx ~ —N is satisfied,

where N denotes the total number of elements in the tessellation. Element
K in the mesh 7}, is marked for refinement if

S > TOL
K —.
VN
Strategy 2. This algorithm is based on an area-weighted tolerance approach.
For the given element K denote by Vi its volume. Then element K is

marked for refinement if
o VK
0 > TOLy/ —,
K Vo

where Vg is the volume of the domain €. This strategy coincides with
Strategy 1 if all the elements in the tessellation have the same volume.

Strategy 3. An alternative strategy for error balancing is to refine the element
K where the computed error estimate dx exceeds a certain fraction of the
total (or maximum) estimated error [44].

Strategy 4. One can also choose to refine a given percentage of the elements
whose error indicator is the largest.

In [94] the authors study several adaptation strategies, such as fixed threshold,
error equidistribution and error density equidistribution strategies, but the fixed
fraction Strategy 4 appears to be the most useful, because in their experiments
the other strategies can lead to an unacceptable decrease in the error reduction
rate or even to a stagnation or oscillatory behavior in the error reduction.

It is also argued in [44], that Strategy 4 is preferable compared to the other
algorithms. Therefore in the rest of this chapter mesh adaptation Strategy 4 is
used in all numerical experiments.
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5.7 Numerical results

In this section we demonstrate the performance of the implicit error estimator
(5.9) applied to the time harmonic Maxwell equations on a domain Q C R3. In
this section we choose the wavenumbers such that we can get rid of the major
part of the pollution error [7]. Moreover, we expect that Theorem 5.2 provides
an accurate lower estimate of the error.

A good a posteriori error estimator should possess the following properties:

e The error estimator should be able to find those areas in the domain where
the finite element solution has a large error.

e The error estimator should have a magnitude close to the real error, both
locally and globally.

We verify the performance of the implicit error estimator for the Maxwell equa-
tions on five different test cases and define the effectivity index as

en = (5.35)

5
This quantity merely reflects the quality of the global error estimate but is use-
ful to get an impression on the performance of the adaptive algorithm. For
any adaptive algorithm the local behavior of the error is, however, one of the
most important factors, therefore we evaluate the quality of the local error es-
timation by computing the correlation coefficient between {&;}N, and {§;}Y |,
where 8; = 6, and §; = 0, are defined in (5.32).

Whenever the exact error di is available we compute the correlation coefficient
[108] between the exact and estimated error as

r= - ’ . (5.36)

There is a strong correlation between {8}, and {6,}, if r > 0.7

In the experiments described in this section, the initial mesh is denoted by
meshg, and the subsequent adapted meshes are denoted by mesh;, ¢+ = 1,2,....
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For adaptation we use the Centaur mesh generator [29] with the so called source
based mesh generation technique. In this method regions where the mesh gener-
ator should create finer elements are called sources, which in our case are taken
as spheres.

We organize the mesh adaptation as follows:
1. Initialize ¢ = 0 and Ngmax.

2. Solve problem (5.1) on mesh; and compute the implicit error estimate.
Stop if the error satisfies (5.34).

3. If the local error is almost homogeneously distributed over the elements
then stop the adaptation procedure and apply global refinement. Set
i =14+ 1 and move to (2). Otherwise

4. Mark ¢% of the elements with the largest error in the current mesh mesh;
for adaptation. Based on these marked elements generate at most Ngmax
sources.

5. Based on the created sources generate a new mesh and ¢ = ¢ + 1, then
move to (2).

Based on the created source information, a new mesh is generated by Centaur

such that
s
1.5 < dor < 3.5, (5.37)

where N{°f is the number of degrees of freedom (DOF) in mesh;. Algorithm 1
describes the mesh adaptation procedure in detail.

The value of ¢ can vary between 1% — 20% and is highly dependent on the
mesh generation algorithm. In all our numerical experiments we have chosen
q = 1 and Ngmax = 15. The small value of ¢ is explained by the fact that the
mesh generator Centaur creates meshes of high quality (no hanging nodes, no
large dihedral angles in an element). A larger value of ¢ would result in a huge
increase in the number of elements compared to the previous mesh and would
not satisfy condition (5.37).

For the adaptation procedure it is also useful to have a lower bound for the
exact error. In Chapter 4 a lower bound for the exact error is provided in terms
of the implicit error estimate. This lower bound ensures that the resulting error
estimate is not a pessimistic overestimate of the exact error when the mesh size
is reduced.
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Algorithm 1 Algorithm to create sources for the mesh generation algorithm.
1: Nymax = 15 and Ny =0
2: Reorder the elements according to their corresponding error in descending
order. N, = []¢ - number of marked elements, N - number of elements
in the mesh
3: for t=1,...N,, do

4: if Ny =0 then

5 create a source with a center located in the barycenter of element ¢ with
radius r = max(rg,r;), where ry = a- L with L being the domain size
and r; the radius of the circumsphere of element i. The parameter a
depends on the mesh generator and in all our numerical experiments
we choose a = 0.08.

6: Ny, =1

7. else

8: for j=1,...,Ns;do

9: if the barycenter of element 7 is inside source N; then

10: do nothing, exit loop 8, go to loop 3

11: else

12: create a new source as described in step 5

13: Ny =Ng+1

14: end if

15: if Ny = Ngmax then

16: STOP the algorithm

17: end if

18: end for

19:  end if

20: end for

5.7.1 Cylindrical domain

In this subsection we test the adaptation method by solving the Maxwell equa-
tions on a section of a cylindrical domain shown in Figure 5.2 and defined as:

Q= {(x,y,2) = (rcos(¢),rsin(¢),z) ER*: 0<r<1,0< ¢ <371/2,0< 2z <1},
with the wave number k = 1.

The solution of this problem has corner and edge singularities and can serve
as a suitable test case. The adaptation algorithm should be able to detect this
singular behavior and result in a denser mesh around the singularities.
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Figure 5.2: Section of the cylindrical domain.

Cylindrical domain with perfectly conducting boundary conditions

In order to be able to evaluate the true discretization errors we first choose
a test problem with a known analytical solution. We pick up a vector field
E = [E, Es, E3], substitute it into the first equation of (5.1) and obtain the
corresponding right hand side function J and boundary conditions.

This test case is described in [79]. The exact solution of (5.1) is taken as

E=z(1-2)(1~-7r)Vw, where w= rs sin(gd)). (5.38)

More specifically

2 sin(2 arctan £)z — cos(2 arctan £
E1=—z(1—z)(1—x2—y2) (5 o) 2(3 w)y7

3 (% +y?)3

2 sin(2 arctan £)y + cos(2 arctan )z
By = 221 - (1 — gt -y TG Aty T cOg anctan )7

3 (22 +y?)5

E; = 0.

This function E has a typical singular behavior along the z axis and does not
belong to H!(2). For a discussion of its regularity see [79].

For comparison purposes we also show the convergence of the error on glob-
ally refined meshes where the error is computed both using the implicit error
estimator and the analytic expression. The lines corresponding to the locally
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Table 5.2: Implicit error estimate Jy, analytic error J, effectivity index e, and
correlation coefficient r on the cylindrical domain with perfectly conducting
boundary conditions, see Section 5.7.1.

# edges # elements On ) €n r
meshg 1231 981 0.3503 0.2038 1.71 0.57
mesh; 2828 2259 0.1758 0.1268 1.38 0.80
mesh, 10541 8607 0.1090 0.0787 1.38 0.78
meshs 17700 14550 0.0991 0.0708 1.39 0.80
meshy 44247 36826 0.0695 0.0518 1.34 0.80

and globally refined meshes are labelled with a subscript loc and glob, respec-
tively. The numerical results and convergence plots are given in Table 5.2 and
Figure 5.3. It is clear from Figure 5.3 that adapted meshes, constructed by
the implicit error estimator, result in a smaller error than the globally refined
meshes with the same number of degrees of freedom. It is also important to note
that as the refinement procedure is continued the effectivity index remains con-
stant € &~ 1.3 and is close to one, which indicates that the error obtained from
the implicit error estimator is a good approximation of the true error. The cor-
relation coefficients in Table 5.2 indicate strong correlation, which means that
the local error predicted by the implicit a posteriori error estimation method is
very similar to the exact error distribution, see Figure 5.4. On the left hand side
of Figure 5.5 a contour plot of the implicit error estimate on the fourth adapted
mesh is given. The elements with larger error are mainly concentrated near the
singularity line along the z axis. The right hand side plot shows the correspond-
ing adapted mesh where, as we expected, the finer elements are created along
the singularity axis z.

Cylindrical domain with non-homogeneous tangential boundary con-
ditions

In (5.38), the factor z(1 — z)(1 — r?) in front of Vw was used to satisfy the
perfectly conducting boundary conditions and appears to play a regularizing
role. In the following test case we solve the Maxwell equations with a non-
homogeneous tangential condition on the boundary of §2, where the same domain
is used as in the previous example with the exact solution of the form

E =2Vw, (5.39)
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Figure 5.3: Convergence plot in loglog scale for the cylindrical domain test case
with perfectly conducting boundary conditions, see Section 5.7.1.

with w defined in (5.38). This function, as well as its curl, have the same regu-
larity as in the previous example [79].

The numerical results are given in Table 5.3 and the corresponding convergence
diagrams are shown in Figure 5.6. The sequence of meshes used in this experi-
ment are shown in Figure 5.8. We observe the same type of convergence for the
implicit error estimator and the exact error as in the previous test case 5.7.1. We
note that as the refinement procedure is continued the effectivity index remains
constant € ~ 0.8 which confirms the robustness of the method. The correlation
coefficient is also within the range of strong correlation which indicates a good
prediction of the local error behavior. The local error distribution diagram on
the final mesh (see Figure 5.9) is given in Figure 5.7. It clearly shows that the
local error distribution of both schemes has the same behavior throughout the
mesh. In Figure 5.9 a contour plot of the implicit error estimate on the final
mesh is given. As expected, the elements with larger error are concentrated
near the singularity line along the z axis.

To verify the work estimates discussed in Section 5.5 we plot in Figure 5.10
the exact global error ¢ versus the CPU time, both on globally and adaptively
refined meshes. It clearly shows that the adaptive algorithm is computationally
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Figure 5.4: Element-wise error distribution of the implicit error estimate and the
exact error on the fourth adapted mesh in the cylindrical domain with perfectly

conducting boundary conditions, see Section 5.7.1.

Table 5.3: Implicit error estimate Jy, analytic error J, effectivity index e, and
correlation coefficient r on the cylindrical domain with non-homogeneous tan-
gential boundary conditions, see Section 5.7.1.

# edges # elements on ) En r
meshg 1231 981 0.2081 0.2209 0.91 0.68
mesh; 5219 4287 0.1286 0.1449 0.87 0.72
meshy 10967 9018 0.0960 0.1156 0.83 0.78
meshg 15277 12542 0.0922 0.1068 0.86 0.79
meshy 26861 24853 0.0784 0.0936 0.83 0.80
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Figure 5.5: Distribution of the implicit error estimate on the fourth adapted
mesh (left) and the resulting adapted finite element mesh (right) in the cylin-
drical domain (cross section with x=y) with perfectly conducting boundary
conditions, see Section 5.7.1

more efficient than using globally refined meshes.

5.7.2 Fichera cube

The next test problem we consider are the Maxwell equations defined on a
Fichera cube Q = (—1,1)\ [~1,0]3, with the wave number k = 1.

Fichera corner with non-homogeneous tangential boundary condi-
tions

In this test E = grad(r?/?sin(2t)), with r = /22 + y2 + 22, t = arccos(Z).
More specifically

(Zgy + Zy?’) COS(2 arCCOS(L)) 2 Sin(g arCCOS(L))x

2 3 /22 fy2+22 3 22 +y2422
E, = -

—= +
3VE + 2+ 22 — 2P (2 42 + 2248 3 (2 4y’ +22)%3
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Figure 5.6: Convergence plot in the loglog scale for the cylindrical domain test
case with non-homogeneous tangential boundary conditions, see Section 5.7.1.

. 9 (Zx?’ —+ 1-23) COS(% arccos(%))
2= -3
3/2% + 12 + 22 — 22y222(22 + y? + 22)4/3
. /92 .
N 9 sin(5 arccos(ﬁ))y
3 (@2 +y? + 22)2/3 '
3 3\ coaf 2 .
o 9 (yz° + xy’) cos(5 arccos(%))
3=—5 ;
3/22 + 1 + 22 — a2y222(a? + o2 + 22)4/3
(2 < TYz
N gbm(s arccos(\/m))z
3 (IL‘2 +y2 +22)2/3

This vector field has a singular behavior near the origin and it is clear that E
does not belong to [H!(Q)]3.

In Table 5.4 the numerical results are given and the corresponding convergence
plots of the errors are shown in Figure 5.11. We observe that the error in the
adaptive algorithm requires a smaller number of degrees of freedom, when the
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Figure 5.7: Element-wise error distribution of the implicit error estimate and
the exact error on the fifth adapted mesh in the cylindrical domain with non-
homogeneous tangential boundary conditions, see Section 5.7.1.

implicit error estimation method is used to control the adaptation process, than
for the globally refined meshes. During the mesh adaptation procedure the ef-
fectivity index remains constant, which means that the error behavior of the
implicit error estimation technique is similar to that of the analytic error except
for a scaling factor. The correlation coefficients again indicate a strong correla-
tion which means that the local error behavior of the implicit a posteriori error
estimation method is very similar to the exact error. In Figure 5.12 a plot of the
local error on the third adapted mesh, both for the implicit error estimate and
the exact error, versus the element number is given. It also shows a clear cor-
respondence between the local error predicted by the implicit a posteriori error
estimation technique and the exact error. In the left hand side of Figure 5.13 a
contour plot of the implicit error estimate on the third adapted mesh is given.
The elements with larger error are mostly concentrated near the Fichera cor-
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Figure 5.9: Distribution of the implicit error estimate on the fifth adapted mesh
used on the cylindrical domain with non-homogeneous tangential boundary con-
ditions, see Section 5.7.1. Cross section with x = y.
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5.7 Numerical results 145

Table 5.4: Implicit error estimate Jy, analytic error J, effectivity index e, and
correlation coefficient r on the Fichera cube with non-homogeneous tangential
boundary conditions, see Section 5.7.2.

# edges # elements on ) En r
meshg 930 710 0.1115 0.5558 0.20 0.70
mesh, 3377 2716 0.0665 0.3972 0.16 0.82
meshy 9285 7588 0.0238 0.2436 0.096 0.74
meshg 14923 12293 0.0124 0.1880 0.066 0.80
meshy 30816 25642 0.0098 0.1485 0.066 0.72

ner. The right hand side plot shows the corresponding adapted mesh where, as
we expected, the smaller elements are located near the Fichera corner and its
neighborhood.

Note: The fact that the implicit error estimation technique predicts a signifi-
cantly smaller error in this test case than the exact error can be explained by
the fact that the exact solution is curl free. In this case when the curl of the
numerical solution is “nearly” zero, then the lower bound for the exact error
provided by Theorem 4.16 in Chapter 4 reduces to a pessimistic estimate for
the true error.

Fichera corner with perfectly conducting boundary conditions

In this test problem we consider the Maxwell equations on the same Fichera
cube but now with the perfectly conducting boundary conditions and a given
right hand side function

i iteay [ COS((y — @) cos(m(z — )
J = %e“ PG [ os(n(z — a)) cos(m(z — @) |,
cos(m(z — «)) cos(m(y — )

where d = 0.5, « = 0.25.

For this problem the exact analytic solution is unknown, therefore the numeri-
cal results are presented only for the implicit error estimator, see Table 5.5 and
Figure 5.14.

It is clear that the adapted scheme using the implicit error estimation technique
produces a smaller error for the same number of degrees of freedom as compared
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Figure 5.11: Convergence plot in loglog scale for the Fichera cube test case with
non-homogeneous tangential boundary conditions, see Section 5.7.2.

to the error obtained on the globally refined meshes. The rate of convergence
of the implicit error estimator is also higher than that on the globally refined
meshes.

The large correlation coefficients observed in all our numerical experiments (of
course, except the last one) indicate that the error distribution predicted by
the implicit error estimator is very similar to the error distribution of the exact
error. This important property is obtained thanks to the proper choice of the
local basis used for the finite element solution of (5.9), which will be discussed
in Section 5.7.4.

5.7.3 Cylindrical domain with high wave number

It is a well known problem that for wave type equations with high wave numbers
the finite element solution provides a good approximation only under certain
restrictions on the finite element mesh size, see e.g. [7, 8]. For more details we
refer to [64] where for a range of numerical experiments the performance of a
finite element scheme is demonstrated for the 1-dimensional Helmholtz equation
with high wave numbers.

In this section we investigate the performance of the implicit error estimation
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non-homogeneous tangential boundary conditions, see Section 5.7.2.

Table 5.5: Implicit error estimate d; on the Fichera cube with perfectly con-
ducting boundary conditions, see Section 5.7.2.

# edges | # elements on
meshg 898 683 0.3586
mesh; 2874 2247 0.2410
meshy 8574 6939 0.1584
meshz | 29689 24497 0.1302
meshy | 62575 51969 0.0943
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method developed in this chapter for the Maxwell equations with a high wave
number provided that the mesh contains a reasonable number of elements per
wave length, as indicated in Lemma 5.6. Otherwise, the mesh is too coarse to
represent the waves properly and the results will also be influenced by a signifi-
cant pollution error. Here we will only evaluate the performance of the implicit
a posteriori error estimator. The wave number decides the minimum number of
elements per wave length which determines the mesh size for a given domain and
is strongly influenced by the computer capacity. Moreover, on very fine meshes
with a high wave numbers one needs to apply special techniques for the solution
of the linear systems which are, however, beyond the scope of this chapter.

Let us consider the same cylindrical domain as in Section 5.7.1 with the exact
solution given by (5.39). The wave number is chosen to be k = 7 so that we
have two wavelengths (\) in the domain:

We will demonstrate the performance of the implicit a posteriori error estima-
tion method on a sufficiently fine mesh and will show that the estimator is able
to detect the regions with a larger error.

Let us define the mesh size h on a finite element mesh to be the length of
the longest edge in the domain. The finite element mesh, constructed for this
example has 118602 tetrahedrons and 146943 edges in the domain with the mesh
size h = 0.12. The solution of the Maxwell equations and the application of the
implicit error estimation method on this mesh produced the following results
for the implicit error estimate, analytic error, effectivity index and correlation
coefficient, respectively:

op = 0.0974, 6 = 0.1619, €, = 0.60, » = 0.71. (5.40)

The effectivity index, correlation coefficient and the error distribution diagram,
shown in Figure 5.15, show that the implicit error estimation technique is able
to detect on elements with a relatively large error for a wave number k = 7 (2
wavelengths in the domain). This shows that the adaptive algorithm is also ap-
plicable for larger values of the wave number k, but this requires computational
meshes which are significantly larger than used in the test cases discussed in
this chapter and are beyond the present capabilities of our computers.
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Figure 5.15: Element-wise error distribution of the implicit error estimate and
the exact error on finite element mesh in the cylindrical domain with a wave
number k£ = 7.

5.7.4 Influence of the local basis on the implicit a poste-
riori error estimator

As is discussed in the previous sections, an improper choice of the local basis
used for the solution of (5.9) may result in a poor approximation of the exact
error. We would like to mention that for some simple test cases (not described
in this chapter) we have also implemented the implicit error estimation tech-
nique with first order Nédélec elements as a local basis for (5.9). The obtained
error distribution diagrams of this implicit error estimation method did, how-
ever, not describe the true error very well. Here we discuss the performance
of the implicit error estimation method on the test case described in Section
5.7.1 but now using the full second order Nédélec basis [93] for the solution of
(5.9). Compared to the basis used in the previous section we only add the linear
part of the second order Nédélec basis functions which results in a total of 20
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Table 5.6: Implicit error estimate Jy, analytic error J, effectivity index e, and
correlation coeflicient  on the cylindrical domain with non-homogeneous tan-
gential boundary conditions, see Section 5.7.1. For the solution of (5.9) the full
second order Nédélec basis is used.

# edges # elements on ) En r
meshg 1231 981 3.3382 0.2209 15.11 0.59
mesh; 5219 4287 4.2651 0.1449 29.41 0.59
mesh, 10967 9018 4.6682 0.1156 40.38 0.65
meshg 15277 12542 5.4128 0.1068 50.66 0.65
meshy 26861 24853 6.0435 0.0936 64.49 0.69

basis functions per element. This increases the computational work required for

the implicit error estimation with 28%3 = 15.625 times more than for the basis

functions used in our experiments, but also has a negative effect on the accuracy.

In Table 5.6 the numerical results of the implicit error estimation using the full
Nédélec second order basis in (5.9) are given.

The results from Table 5.6 show that the global error obtained with the implicit
error estimation method is now far from the exact error which results in large
numbers for the effectivity index. Moreover, on finer meshes the error of the
implicit estimator does not converge towards the real error, although the method
produced moderate correlation coefficients. This example also shows that both
the effectivity index and the correlation coefficient are important factors to judge
the quality of the error estimator.

5.8 Conclusions

We discussed an adaptive finite element method using tetrahedral Nédélec el-
ements applied to the Maxwell equations on three-dimensional domains. The
adaptation is based on the implicit error estimation technique described in this
chapter. We show that the local problems defined for the error equation are well
posed. The local problems are solved with a finite element method using second
order Nédélec elements without the linear basis functions. The method is tested
on various examples including non-convex domains and the results show a good
prediction of the true error, both locally and globally. Based on the theoretical
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analysis and the numerical results we conclude that the implicit error estima-
tion technique is a powerful method for the adaptive solution of the Maxwell
equations. We have also proposed a mesh adaptation algorithm suitable for
the Centaur mesh generation package. The algorithm creates adaptive meshes
without a drastic increase in the number of elements and generates high quality
meshes, i.e. without hanging nodes and no large dihedral angles in an element.

An interesting topic for future work will be the implementation of the implicit
error estimation method for the Maxwell equations with higher order Nédélec
elements. In that case an important challenge will be to find a suitable well
defined local basis for the error equation.



CHAPTER O

LHamﬂtonian structure of the Maxwell equations and
compatible finite element discretizations

Energy conservation is a desirable property for numerical discretizations of the
Maxwell equations. The Stokes-Dirac structure considers the Maxwell equations
from a geometrical point of view using differential forms and provides a good
starting point to derive energy conservative discretizations. A central issue to
achieve this is the choice of variables. We show that Nédélec edge elements
for the electric and magnetic field, together with a leap-frog time integration
scheme, result in an energy conservative discretization of the Maxwell equations.
An important aspect of this discretization is that it also ensures the proper
transfer of energy between neighboring elements, which is a central topic in the
so called port-Hamiltonian formulation of the Maxwell equations.

6.1 Introduction

In many real life problems it is important to understand the behavior of electro-
magnetic waves which are described by the Maxwell equations. The mathemati-
cal foundation of the Maxwell equations is well developed and depending on the
problem one can formulate them in several ways. In particular, the Hamiltonian
formulation provides much insight into the geometrical structure of the Maxwell
equations. In this chapter we consider the three-dimensional time-dependent
Maxwell equations and focus on numerical discretizations which preserve the
mathematical structure of the Maxwell equations as much as possible, in par-
ticular their energy conserving properties.
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In [101] a general class of PDE’s is considered in terms of differential forms which
provides the right tool to analyze the geometrical structure of these equations.
An important issue in this context is to obtain a formulation which ensures that
the energy transfer through the interface between two interconnected domains
takes place in the correct physical way. For this purpose the notion of Dirac
structure is introduced which is defined on certain spaces of differential forms on
the spatial domain of the system and its boundary. Since the definition of the
Dirac structure is based on Stokes’ theorem it is called Stokes-Dirac structure.
Its construction emphasizes the geometrical content of the physical variables
involved by identifying them as differential k-forms for appropriate values of
k. The Stokes-Dirac structure relates to a power-conserving property, namely
the change of the interior energy is equal to the power supplied to the system
through its boundary. Due to this property it provides the essential framework
to obtain a so called port-Hamiltonian formulation [101].

The aim of this chapter is to solve the Maxwell equations numerically while
satisfying as many properties of the Stokes-Dirac structure at the discrete level
as possible. For the numerical solution of the Maxwell equations we employ
finite element methods which have proven to be a very useful technique to rep-
resent electromagnetic fields at a discrete level. In many applications the usual
Lagrangian or node-based finite elements are, however, not appropriate to rep-
resent the electromagnetic fields (see e.g. [18], Section 6.3, [97]) and they can
result in physically incorrect solutions.

In the last two decades a great deal of work has been done to overcome the prob-
lems arising from node-based elements. An important step forward was made by
J.-C. Nédélec [76, 77] who designed a new type of finite elements which describe
the electromagnetic field in a better way compared to existing methods. The
Nédélec elements have many attractive properties (e.g. automatic satisfaction
of the proper continuity requirements across the boundary between two differ-
ent materials) and are more closely related to the geometrical structure of the
Maxwell equations than Lagrangian elements. Nowadays, they are a common
technique in computational electromagnetics.

In order to preserve the Stokes-Dirac structure of the Maxwell equations as
much as possible at the discrete level we formulate the Maxwell equations in
terms of the electric and magnetic field fields and use Nédélec edge finite ele-
ments for the spatial discretization of these fields. We show that by this choice
of basis functions the energy transfer through the interface of two neighboring
elements takes place in a correct way. For the time discretization we apply the
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leap-frog symplectic time integration scheme which has nice geometrical proper-
ties, e.g. it conserves the discrete energy exactly in the absence of a source term.

This chapter is organized as follows: In Section 6.2 the notion of Dirac structure
is highlighted and Section 6.3 provides the main framework for the Stokes-Dirac
structure and port-Hamiltonian formulation for a general class of PDE’s. In
Section 6.4, a particular case of the Stokes-Dirac structure is considered which
reduces to the Maxwell equations. Then, in Sections 6.5 and 6.6, the variational
problem and the appropriate (discrete) functional spaces are considered for the
Maxwell equations. In Sections 6.7 and 6.8 we analyze the numerical properties
of the discrete scheme. Section 6.9 presents two ways to discretize the Hodge
operator which is used to compute the electric and magnetic flux densities. In
the last section the numerical method is verified on a model problem using an
unstructured tetrahedral finite element mesh.

6.2 Dirac structures

Many physical phenomena are described by energy conserving systems of par-
tial differential equations (PDE). Some of these equations fit into the concept
of a Dirac structure where the PDE’s are considered from a geometrical point
of view. Dirac structures are a generalization of symplectic and Poisson struc-
tures [101] and formalize power-conserving interconnections, thereby allowing
the Hamiltonian formulation of interconnected and constrained mechanical and
electrical systems.

In this section we briefly introduce some definitions and properties of Dirac
structures. For a detailed analysis we refer to [101].

Let F and &£ be real vector spaces whose elements are labelled as f, g, re-
spectively. We call F the space of flows, and & the space of efforts. The
product space P := F x £ is assumed to be endowed with a scalar pairing
< |- >: F x & — R, formalizing the notion of power.

Definition 6.1. A map < :|- >: P — R is called a scalar pairing if it is linear
in each argument and it is non-degenerate, that is, if < o|f >=0,Ve € &
then f =0 and if < o|f >=0, Vf € F then o =0.

Definition 6.2. The space P is called a multi-dimensional (power) port, p =
(f,0) is called the vector of port variables. On P there exists a bilinear form
<<, >>: P x P — R defined as

<< (fh oY), (f*, 0% >>=<o'|f* >+ < *If' > .



156 Chapter 6: Compatible discretization of the Maxwell equations

Definition 6.3. A subspace D C P is called a Dirac structure if D = D+,
where 1 denotes the orthogonal complement with respect to the bilinear form
<<y >,

A direct implication of Definition 6.3 is that if D is a Dirac structure, then

0=<<(f,0),(f,0) >>=2<o0|f > Y(f,0) €D, (6.1)

meaning that, if (g, f) is a pair of power variables, then the condition (f, @) € D
implies power conservation < g|f >= 0 of the Dirac structure.

This power conserving property (6.1) of a Dirac structure is the starting point
for a geometrical formulation of many power-conserving physical systems.

6.3 Stokes-Dirac structures

Let Z be an n dimensional smooth domain in R™, with smooth n—1 dimensional
boundary 07, representing the space of spatial variables.

Denote by DF*(Z) the space of differential k-forms on Z, k = 1,2,...,n, and
by DF"(8Z) denote the space of differential k-forms on 2, k =1,2,...,n— 1.
For more information about differential forms we refer to [17, 57, 55]. There
exists a natural pairing between the linear spaces DF*(Z) and DF"*(Z) and
is given by

< Bl >::/Zﬂ/\a, (6.2)

where 8 € DF*(Z), a € DF"%(Z) and A denotes the usual wedge product
of differential forms [55]. The pairing (6.2) is non-degenerate in the sense of
Definition 6.1.

Similarly, there exists a pairing between DF*(8Z) and DF"*~1(9Z) given by
< Bla >:= / B A, (6.3)
87z

where 3 € DF*(0Z), a € DF"*71(02).

Next, we define the following linear spaces
Fpq:=DFP(Z)x DFI(Z) x DF"?(0Z), (6.4a)
Epg : =DF" P(Z)x DF"UZ) x DF"1(07Z), (6.4b)

where p+q¢g=n+1, p,q e N.
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Then the pairings (6.2) and (6.3) yield a non-degenerate pairing between the
spaces Fp, 4 and &, 4. Symmetrization of this pairing yields the following bilinear
form on F, ¢ X &p 4t

<< (fp Fi Fro0p 00 @), (F2 £2. F1 05, 00, 05) >>:= (6.5)
/ (95Af§+gf,Af,1,+g3,AfZ+9},Af§)+/8 (oA Fi+ e AFL).
Z A
where
fi € DF?(2), fi € DF(Z),
o, € DF"P(Z), o, € DF"U(Z),
fi e DF"P(027), 0, € DF"0Z), i=1,2.

The spaces DFP(Z) and DF(Z) of differential forms will represent the energy
variables of two different physical energy domains interacting with each other,
while DF"P(0Z) and DF" 1(0Z) will denote the boundary variables whose
wedge product represents the boundary energy flow.

Example 6.4. For the Mazwell equations in R® we have n =3 and p = q = 2,
hence DFF(Z) = DF?(Z) and DFY(Z) = DF?(Z), being the space of the elec-
tric flur d and magnetic flux b densities, respectively. The space of differential
1-forms DF'(Z) is the correct space for the electric e and magnetic h fields, and
DFY(0Z) denotes the electric e|lpy and magnetic h|yy fields at the boundary.
Their wedge product is the Poynting vector e A\ h.

Throughout this chapter lowercase bold face letters refer to differential forms
and uppercase bold face letters refer to vector fields (proxies).

Theorem 6.5 (van der Schaft and Maschke [101]). Consider F,, and
Ep.q as given in (6.4) with p+ q = n+ 1, and bilinear form << -|- >> given
according to (6.5). Define the following linear subspace D of Fpp 4 X &4 as

Qq

{ o } - { 0 (- ] [ ﬁ’jij ]} (6.6)

where |9z denotes restriction to the boundary 0Z, r = pg+ 1 and d denotes the
exterior derivative on differential forms. Then D = DL, that is, D is a Dirac
structure.

D= {(fp,fq,fb,gp,gq,gb) € Fpy x5p7q|{ ?: ] — { 3 (—B)Td ] [ o, }’
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A natural question is whether a Dirac structure defined on two domains with
a common boundary will be also Dirac structure on their union. The following
remark is very useful in the construction of a finite element discretization and
provides the correct physical condition to connect two neighboring domains
(elements).

Remark 6.6 ([101]). The spatial compositionality properties of the Stokes-
Dirac structure immediately follow from its definition. Let Zy and Zs be two
n-dimensional domains with boundaries 0Zy and 0Zy, respectively, and share
a common face I' = 0Z1 N 0Zy. Then the Stokes-Dirac structures Dy and Do
defined on Z1 and Zs, respectively, compose to the Stokes-Dirac structure on the
domain ZyUZy with boundary (071 /T)U(0Z2/T) if we equate on T the boundary
variables fy (corresponding to Dy) with —f; (corresponding to Dy), or if we
reverse the orientation. The minus sign ensures that the power flowing into Z;
via I' is equal to the power flowing out of Zo via I'. Besides, we have to equate
on I the boundary variables Qé (corresponding to Dy ) with g% (corresponding to
Ds).

6.3.1 Distributed-parameter port-Hamiltonian systems

The Hamiltonian formulation of physical systems strongly depends on the stored
energy in the system and describes the energy evolution with respect to the in-
coming and dissipated energy in the domain. There is a vast literature available

on Hamiltonian formulations of physical systems and we will only dwell upon
this subject briefly.

We follow the approach given in [101] to define the Hamiltonian of the system
(6.6). On a given domain Z let us consider a Hamiltonian density H (energy
per volume element)

H : DFP(Z) x DFUZ) x Z — DF"(Z). (6.7)

Then the Hamiltonian is defined as

H= /Z M, (6.8)

which is equal to the total energy.

Let @, Az, € DFP(Z) and x4, Axy € DFY(Z), then under a weak smoothness
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condition on H we have
H(z, + Azp, zqy + Azxy) = / H(xp + Ay, 2y + Ay, 2) (6.9)
z

= / H(xp, xq,2) + / opH A Az, + 6,H A Az,
z z
+ higher order terms in Az, Ax,,

for certain differential forms 6,H € DF" ?(Z), 6,H € DF" %(Z). Then the
total energy satisfies

dil oz, Oz,
pr —/ZépH/\ 5t + 0H A 5 (6.10)

The differential forms 68 2> and 8;“ are the velocities of the energy variables x,

and x,, respectively, and are connected to the Stokes-Dirac structure by setting

ox ox
o= =5 fo=——5;* and 0, = opH, 0, = 0gH.

In order to indicate that the boundary variables are playing the role of con-
nection variables, which link the system to other systems and whose product
represents power, these models are called port-Hamiltonian systems.

Definition 6.7 ([101]). The distributed-parameter port-Hamiltonian system
in an n-dimensional domain Z, state space DFP(Z) x DFU(Z) (with p+q =
n+ 1), Stokes-Dirac structure given by (6.6), and Hamiltonian H, is given as

FAR R A AR e | 2 et
(6.11)

where r = pq+ 1 and

ox ox

The variables (x,, x4) are called state variables.

A direct consequence of the Stokes-Dirac structure is:

Corollary 6.8. By the power conserving property (6.1) of a Dirac structure
it immediately follows that for any (f,, f,, fu, @y, 045 0,) in the Stokes-Dirac
structure D the following power conserving relation holds true:

Z 0z
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Using the notations from Definition 6.7 and the power-conserving property
(6.12) we obtain

Proposition 6.9. Consider the distributed-parameter system (6.11) with the
total energy H, given by (6.8) and stored in the domain Z, then

dH
— 1
dt AZ Qb/\fba (6 3)

expressing that the increase of energy in the domain Z is equal to the power
supplied to the system through the boundary 0Z.

For a detailed description of the model in the presence of external forces or
source terms we refer to [101].

6.4 Port-Hamiltonian formulation of the Maxwell
equations

In the previous sections we have discussed a general framework for energy con-
serving physical systems. Next, we will show that the Maxwell equations also
fit into this framework, thus providing an energy conserving physical system.

If we take in Definition 6.7, the space dimension n = 3 and p = ¢ = 2, we obtain
the following set of equations:

ARSI F I R A

If we associate the flow variables (see Example 6.4) with

od

ob
.fq ::_aa fp = _57

and the effort variables with
0, =h, 0,:=e, where e=0d4H, h=0pH,

with the Hamiltonian of the system H defined on a domain Z C R? as

1
H:—/(d/\e+b/\h), (6.15)
2)z

and the state variables
(wq> wp) = (ba d)’
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then it is straightforward to show that the port-Hamiltonian structure given by
(6.14) describes the Maxwell equations without source term, i.e.

_oa
O I | PR PR | A AT
ot

In the presence of a source term we have to modify the first matrix equation in
(6.16) into
od

ot | [0 —d]fe j
o R A
ot

with the source term j € DF?(Z).

In the presence of a source term j € DF?(Z) the Maxwell equations can be
written as

b

% = —de, on Z, (6.18a)
d

% =dh —j, on Z. (6.18b)

In view of the energy conserving properties of port-Hamiltonian systems the
energy balance relation for the Maxwell equations is

H
d—:—/ e/\h—/j/\e7 (6.19)
dt 0z z

which is known as the Poynting theorem.

To complete the Maxwell equations we consider only linear materials, therefore
the following constitutive relations must hold:

d=ecxe, b=pxh, onZ, (6.20)

where the dielectric permittivity ¢ € R**3 and the magnetic permeability p €
R3*3 are assumed to be space dependent positive definite tensors. The Hodge
star operator is denoted by * : DFF(Z) — DF*"P(Z).

6.4.1 The Maxwell equations with perfectly conducting
boundary conditions

The Maxwell equations (6.18) together with the constitutive relations (6.20)
uniquely define the electromagnetic fields if proper boundary conditions are



162 Chapter 6: Compatible discretization of the Maxwell equations

given.

As a model problem we consider the Maxwell equations on a bounded domain
Q C R3, ie.

% = —de, on €, (6.21a)
g_ctl =dh —j, on €, (6.21b)

together with the constitutive relations
d=ecxe, b=puxh, on. (6.22)

The Maxwell equations (6.21) are complemented with perfectly conducting
boundary conditions, written as

tr(e) =0, on I’ = 99, (6.23)

where tr denotes the trace operator of 1-forms on the boundary of the domain
Q, for details see [57]. In terms of vector proxies the boundary condition (6.23)
is equivalent to

nx Exn=0, onl =00, (6.24)

where E is the vector proxy of the differential form e and n is the outward unit
normal vector at the boundary of €.

Remark 6.10. The energy balance relation (6.19) for the Mazwell equations
(6.21a)-(6.21b) with perfectly conducting boundary conditions (6.23) on the
whole domain (Z = Q) reduces to the following form

dH
= [ jAe 2
o /Qg Ne (6.25)

Remark 6.11. In view of Remark 6.6, the spatial compositionality properties
of the Stokes-Dirac structure of the Maxwell equations are preserved if on the
interface between two non-overlapping domains the traces of the 1-forms e and
h are continuous. One notes that this requirement is equivalent to the physical
condition that the tangential component of the electric and magnetic fields across
the interface between two subdomains must be continuous.

Later we will elaborate on this issue and see how to construct a numerical scheme
which can preserve the spatial compositionality properties of the Stokes-Dirac
structure of the Maxwell equations at the discrete level.
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6.5 Variational formulation

To derive the variational formulation of the Maxwell equations (6.21)—(6.22) we
will follow the approach of Hiptmair, see [57]. First, let us define the following
bilinear forms,

as(u,v)q = / eTiu - Tyvde, ai/(u,v)g = / p i Tou - Tovda,
Q Q
(6.26a)

ai/e(u,v)q = / e 1 u - Tovde, au(u,v)g = / uYiu - Tyvde, (6.26b)
Q Q

where u, v are forms of appropriate degree and Y;, with i« = 1,2, being the
vector proxy of the corresponding form.

Let us denote by He(e) the energy contained in the electric field within a
bounded domain Q C R3. Since we consider only linear materials, He(e) is
a quadratic form, which arises from a symmetric positive definite linear form a.
by Hei(v) = 1a.(v,v) for all v € DF'(Q). Then the electric flux density d has
to satisfy

dne =a.(e€), Ve € DF' Q). (6.27)

Q

Similarly, the magnetic flux density b possesses the magnetic energy Hyae on
Q. It is related to a symmetric, positive definite linear form a,,,, by Huag(v) =
1ay/,(v,v) for all v € DF?(Q). Then the magnetic field h has to fulfill

/ RAY =ay,(bb), Wb € DFA(Q). (6.28)
Q

Since the exterior product introduces a non-degenerate pairing, (6.27) and (6.28)
assign energies also to the fields h and d. Thus we may introduce symmetric,
positive definite linear forms a, and a; . as

/ bAR =a,(h,h'), YR € DF'(Q), (6.29)
Q

and
/ end =ay.(d,d), Vd €DFQ). (6.30)
Q

The material laws in variational form (6.27)—(6.30) can be combined with the
topological laws (6.21a)—(6.21b) and lead to the natural weak formulation of the
Maxwell equations.
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Testing equation (6.21a) with a 1-form h' € DF'(Q) yields

b
/%/\h/:f/de/\h/. (6.31)
Q Q

Application of Stokes’ integration by parts formula gives the following weak
formulation of (6.21a):

—Ah’:—/eAdh’—/ eNh, (6.32)
o Ot Q a0

aA—nH):—KfAdH— [ enn. (6.33)

In the same way testing equation (6.21b) with a 1-form e’ € DF*(Q2) and using
(6.27), we obtain following weak formulation of (6.21b):

as(%,e’):/dh/\e’—/j/\e’. (6.34)

With the perfectly conducting boundary condition (6.23) the variational formu-
lation of the Maxwell equations reads:

Find an e € DF'(Q) and h € DF'(Q) such that for all &’,h’ € DF(Q) the
following relations holds true:

Oh
au(aﬂ’):—/ﬂe/\dh’, (6.352)
as(%,e’):/dh/\e’f/j/\e’. (6.35b)

In the rest of this chapter we consider the numerical solution of (6.35). Our
aim is to design numerical schemes which can preserve the port-Hamiltonian
structure at the discrete level as much as possible.

In view of (6.27) and (6.29), the energy (6.8) of the Maxwell equations with
Hamiltonian (6.15) in the domain © can be written as

H= % (ac(e, €)a + au(h, h)q). (6.36)
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6.6 Function spaces

The following Hilbert spaces are very important function spaces for the charac-
terization of the Maxwell equations.

The Hilbert space H (curl, Q) is defined as
H(curl, Q) = {u € [L2(Q)]? : curl w € [Lo2(Q)]3},
and the Hilbert space H (div, Q) is defined as
H(div,Q) = {u € [Lo(Q)]? : divu € Ly(Q)}.

The differential operators curl and div are understood in a distributional sense.

6.6.1 Discrete differential forms

In this section we will briefly discuss the discrete counterparts of differential
forms and show how they can be used to discretize the Maxwell equations.
First we introduce some definitions.

Definition 6.12 (Tessellation). A finite set of oriented subdomains of €2 is
called a tessellation, and denoted by T = {K}, if

1. Q= Uker K, where for any domain K its closure is denoted by K,
2. for each K € T, K is an open set,

3. if K1 and Ko are distinct elements of T, then K1 N Ky = &,

4. each K 1is a Lipschitz domain

Definition 6.13. A tessellation T of a domain € is called conforming if
there are no hanging nodes in the tessellation. This means that for any two
neighboring elements K1, Ky € T, such that Ki N Ky # @, any node of the
two elements belonging to their common face K| N Ky necessarily coincides with
some node of the other element, see Figure 6.1.

We restrict ourselves in this chapter to conforming tessellations with tetrahedral
elements which are very flexible for approximating complex geometries.

On the tetrahedral elements we define the following Whitney forms [107]. For a
given differential m-form u with (0 < m < 3) its first order vector proxy T,,u
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K, K K, K,

2

. conforming nodes

* hanging node

Figure 6.1: Two dimensional example of conforming (left) and non-conforming
(right) elements.

on a given tetrahedron T reads

Youg =\, i=1,234, (6.372)

Tiugj) =NiVA; = AV, i<, 6,5 =1,2,3,4, (6.37b)

Tougijry  =2(NVA; X VA + A VA x VA + A VA x V), (6.37¢)
i<j<k ijk=17234,

Taua,23 =1/Vol(T), (6.37d)

where \; (i = 1,2,3,4) are the barycentric coordinates of the tetrahedron T'
and Vol(T') is the volume of the element 7. Higher order Whitney 1-forms are
given in Appendix 6.11.

We will show that the Whitney forms fit in a very natural way into the definition
of classical finite elements due to Ciarlet [31], see e.g. [6, 57, 88],

Definition 6.14 (Ciarlet). Let
o K CR3 be any domain (e.g. tetrahedron, hexahedron or prism),
o Py be a finite-dimensional space of functions defined on K,

e Y be a set of linear functionals defined on Py . These linear functionals
are called the degrees of freedom.

Then (K, Pr,Xk) is called a finite element.

The degrees of freedom Y should be defined in such a way that for a given
value it uniquely defines a function from Pg.

Definition 6.15. The finite element (K, Pk,X ) is said to be unisolvent if
specifying a value for each of the degrees of freedom in Y uniquely determines
a function in Pk.
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The following definition is also important:

Definition 6.16. Let W be a space of functions. The finite element (K, Px, X k)
is said to be W conforming if the corresponding global finite element space is a
subspace of W.

Table 6.1 summarizes the local spaces and degrees of freedom (DOF) for vector
proxies of tetrahedral elements with first order Whitney forms. It is clear that
the integrals of Whitney elements over [-facets (I = 0,1,2,3) are linear func-
tionals on W!(T) and serve as degrees of freedom.

Table 6.1: Local spaces and degrees of freedom for first order vector proxies
Whitney forms on a tetrahedron T with vertices ag, a1, a2, as. Vertex indices
have to be distinct.

Local space Local DOF

WOT)={z—a-xz+bacRbeR} | u— ula;)

WHT)={x—axx+b,abecR3} U J 0 @ A5

W3(T)={x—ax+b,a e R, bER?} |ur [ u - ndS
(T)

(ai,aj,ak)

W3T) ={x — a, a € R} u— [ udx

On a given tessellation 7 of a domain € the global finite element space of Whit-
ney [-forms is denoted by W} (Q), 1 = 0,1,2,3, such that W} (Q)|r = W{(T),
see Table 6.1.

It is observed that the Whitney 1- and 2-forms coincide with Nédélec edge and
face finite element basis functions [76, 77], respectively.

Let us emphasize that the Whitney 1-forms are H(curl,{2) conforming, i.e.
W () € H(curl, ). Therefore W}(Q) is a suitable function space for a con-
forming discretization of the E and H fields.

In the rest of this chapter we only consider first order Whitney 1-forms for the
discretization of E and H fields. Then we have

Wi(Q) =span{w, : j=1,2,...,N.}, (6.38)

where w; is the first order edge basis function corresponding to the i-th edge
and N, denotes the number of the edges in the tessellation 7.

Remark 6.17. One can easily use higher order Whitney I1-forms for the dis-
cretization of the E and H fields. In this case all the formulas below remain
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unchanged and one only needs to replace the space Wﬁ (Q) with the corresponding
higher order space of Whitney 1-forms.

The space of discrete differential 1-forms on a tessellation 7 of the domain
is denoted by DF}(Q) € DF'(Q) such that the vector proxy of any discrete
differential 1-form belongs to the space of Whitney 1-forms, i.e.

T1(DF,(Q)) = Wi(Q).

The basis function of DF},(Q) corresponding the ith basis function of W} (Q) is
denoted by w; such that T (w;) = w; and

DF} () = span{w;}. (6.39)

We refer to a recent article [6] for a detailed construction of discrete differential
forms of higher order, in particular for DF} ().

6.7 The Maxwell equations for E-H fields

On a given tessellation 7 of the domain  the discretized variational formula-
tion (6.35) reads:

Find an ej, € DF}(Q) and hy, € DF},(Q) such that for all e/, h’ € DF},(Q) the
following relations hold true:

h

a#(%, h)o=— /Q en N dh/, (6.40a)

ag(%,e’)g = / dh, Ne' — / jne. (6.40Db)
ot Q Q

Now let us analyze the properties of the discrete system (6.40) and check how
well this discrete system fits into the framework of the port-Hamiltonian formu-
lation discussed in the previous sections.

6.7.1 Energy conservation

If we replace h’ with hj, and e’ with e in (6.40) and sum up, we obtain that
the discretized energy Hj, corresponding to (6.36) and given by

1

Hy, = 3 (a:(en,en)a + au(hp, hy)a), (6.41)

satisfies the energy balance relation (6.25), i.e.

dH,, .
i Y N 6.42
o /Q JjNep (6.42)
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The system (6.40) reads in matrix form:

M, 0:h = —Ke (6.43a)
M_.0e = KTh — ], (6.43b)

where h and e are the expansion coefficients of the discretized fields hj, and ey,
respectively, and

MH(Z,]) = au(wiawj)ﬂ7 ME(,L?]) = as(wiawj)ﬂ7 (644)

K(i,j) = /Qwi A dw;. 5(%) = ‘/QJ A wj. (645)

We note that the system (6.43) is written in such a form that if we apply a
symplectic time integrator [56, 87] with j = 0, then the time-discrete energy of
the numerical solution of (6.43) oscillates around the time-continuous energy,
which is defined as 3(e”M.e + hT M, h). We conclude that in the absence of a
source term 7 = 0, the discretization of the Maxwell equations in the variational
form (6.40) using edge elements for the spatial discretization and a symplectic
integrator for the discretization in time, results in an energy conserving numer-
ical scheme on the domain €2, which is one of the properties of the Hamiltonian
formulation, see (6.13).

6.7.2 Port-Hamiltonian structure of the Maxwell equa-
tions

One of the main features of the Stokes-Dirac structure is its spatial composition-
ality property, see Remark 6.6, which provides the physical conditions to obtain
the correct energy transfer between two neighboring domains with a common
interface.

The finite element method applied to the Maxwell equations results in a discrete
solution, therefore we need to check if the spatial compositionality properties
are also satisfied at the discrete level to ensure that the energy transfer through
internal faces takes place in the correct way, i.e. the energy flowing into the ele-
ment Z; through a common interface I'y5 from a neighboring element Z5 should
be equal to the energy coming out of the element Z5 via the same interface.

If we replace h, b’ with hj, and e, €’ with e;, in (6.33) and (6.35b), respectively,
but applied on element K and use the relation DF},(K) C DF'(K), then the
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numerical solution satisfies on each element K € 7 the following relations

au(%,hh);(:—/ €h/\dhh—/ en A hy, (6.46a)
K OK

0
ag(%,eh)K:/[(dhhAeh_AjAeh' (646b)

For the further analysis we need to consider how the energy transfer takes
place through the internal faces. Let us consider two neighboring elements
K., Ky € T with a common boundary I'1s = K; N Ks. If we denote by ez and
hj, the restriction of the numerical solutions e;, and hy, of (6.40) on K;, with
1 = 1,2, then the energy frm er N h;, flowing into the element K through I';
from element K5 should be equal to the energy — an e}% A h,2I coming out of
element K5 via the interface I'15. In order to have the correct energy transfer
through this interface the numerical solution e and hj, should therefore satisfy:

/ el Nhy = 7/ e’ Nhj. (6.47)
F12 1—‘12

To show that relation (6.47) holds true, we write it in its equivalent form in
terms of vector proxies, then (6.47) follows straightforwardly.

If we denote by Ej and H} the vector proxies of e;, and hy, respectively, and
EZ and H ;L are the restriction of E} and Hj, on K;, and n; is the outward unit
normal (note that nqy = —ns) at the interface of K;, with ¢ = 1,2, then relation
(6.47) is equivalent to

/ n, - (B x H}) = —/ ny - (E7 x H}). (6.48)
I'o T2

We have

(because edge elements are used n; x Ej, = n; x E})
=[x B - -
12

:/ E; - (H}, xny — H} xn,)
T2
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=0.

(because edge elements are used Hj x n; = Hi x ny)

If we sum up the equations (6.46a) and (6.46b) we obtain

oh 0 .
a“(8_th7hh)K +a5(%7eh)K - _/BK €Ep /\hh - AJ /\eh' (6’49)

The energy stored in each element K is defined as

1
Hi = 5 (ap(hn, hn) Kk +ac(en, en)x) - (6.50)

Then (6.49) can be written as

—+/ eh/\hh—i—/j/\ehzo. (6.51)
dt K K

We note that (6.51) is the discrete counterpart of the energy balance relation
(6.19) for the Maxwell equations on an arbitrary element K € 7.

If we sum up the equations in (6.51) for all elements K € 7 and using the
relation (6.47), we obtain that all internal boundary contributions in (6.51)
sum up to zero, hence

dH
—h+/ eh/\hh+/j/\eh:0, (6.52)
dt 99 Q

where Hy, is the total energy defined in (6.41). With the perfectly conducting
boundary conditions we have f P A hj; = 0, hence

dH
—h+/j/\eh:0. (6.53)
a

The relation (6.53) is a discrete counterpart of the energy balance relation given
by (6.25). It also shows that we can discretize the Maxwell equations, given by
(6.40), on each subdomain K and, since the interface relations are also satisfied
at the discrete level, we can assemble the subdomains to obtain a solution on
the complete domain which is also energy conservative.

6.8 Leap-frog time discretization

For the time discretization of system (6.43) we use the symplectic leap-frog
scheme, i.e.
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pnt1/2 _ pn—1/2
v (C (6.54a)

1 n
entl —e
M,

~ _ KThn+1/2 o 5n+1/2’ (654b)

where At is the time step and the superscripts refer to the time level. This
scheme is conditionally stable, see for example [90], with the stability condition

At< -2 . CFI, (6.55)

— /max(v)

where 1) is an eigenvalue of the amplification matrix M KT M " K.

For the leap-frog scheme (6.54) in the absence of the source term j the following
discrete energy HY = (e™)” M.e" 4+ (h"~Y/2)T M,h" /2 for (6.43) is conserved
exactly [82], i.e.

Hp =const, n=1,2,...,n—1, (6.56)

where the superscript n refers to the time level.

6.9 Computation of B and D fields

To complete the numerical solution of the Maxwell equations we have to calcu-
late the magnetic flux density B and the electric flux density D based on the
computed numerical solutions E; and H}. Below we present two approaches:
one is based on the discretization of Faraday’s and Ampere’s law, see (6.21a)
and (6.21b), respectively, and provides a globally divergence free magnetic flux
density Bj. The second approach is based on the variational formulation of the
constitutive relations (6.27)-(6.30), and requires each time step the solution of
a sparse linear system representing the global mass matrix associated with the
2-forms.

6.9.1 Globally divergence free B and D fields

The Maxwell equations (6.21) involve two conservation laws which we have not
been addressed yet. Provided that the initial magnetic flux density is diver-
gence free, then the magnetic flux density B satisfies the following divergence
constraint:

V-B=0, on . (6.57a)
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Similarly, the electric flux density D satisfies
V-D=p, on Q, (6.57b)

where p is the charge density.

In some applications violation of the divergence constraints at the discrete level
results in non-physical solutions. After the numerical solution of (6.40) for the
E}; and H}, fields we aim to construct the discrete counterpart of the magnetic
flux density, denoted by B}, and the electric flux density, denoted by D}, such
that

V-Bj, =0, on (6.58a)
V.-Dp =0, on €. (6.58b)
Here we assume for simplicity that p = 0.

We follow the approach presented in [51] where the method is applied to the
time-harmonic Maxwell equations.

Thanks to the fact that the Whitney elements satisfy the discrete De Rham
diagram, i.e.
WR(Q) = Wi (@) <5 WE(Q) > Wi(Q)
we immediately obtain that V x Ej, € WZ(1) is a discrete 2-form.
From the Maxwell equations we have

68—? =-VxE, (6.59)
and discretize (6.59) as
%}?BZ =-Vx Ej. (6.60)
Then the discrete magnetic flux density is computed by
B}t = AtV x E}! + B}, (6.61)
or n
Byt = -3 AtV x E}' + B%(x,y,2,1), (6.62)
m=0

where B (z,y, z,t) is the initial magnetic flux density which should be diver-
gence free.
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Then it is straightforward to see, using the discrete De Rham diagram, that the
computed magnetic flux density Bj, is also divergence free in the whole domain
Q, ie.

V-Bytt = -3 AtV (Vx Ef)+V - B(2,y,2,1) (6.63)
N———
m=0 =0, on 2
=V Bo(xjy, z7t) =0. (6'64)

This approach is, however, not very practical since we lose one order of accuracy
in By when computing the curl of Ej. In particular, for first order Whitney
elements this did not result in a convergent scheme.

6.9.2 Discrete Hodge operator

Let us note that the Whitney 2-forms are H(div,2) conforming, i.e. W2(Q) C
H(div, Q). Therefore W2(Q) is a suitable function space for a conforming dis-
cretization of the B and D fields. The discrete counterpart of the Hodge op-
erator, used to define the material laws, then can be used in the following way
to obtain the electric and magnetic flux density. We expand the fields e, h,d, b
with their appropriate discrete Whitney forms and introduce these into the
variational form (6.28) and (6.30) of the material laws, using the appropriate
Whitney forms also for the test functions. Then we obtain matrix equations for
the expansion coefficients:

My ;,b= Ch, (6.652) My /ed = Ce, (6.65b)

where the matrices M,,, and M. are real symmetric positive definite and are
associated with Whitney 2-forms, i.e.

My, (i,5) = a1y,(ni,ms)e,  and  My,.(i, ) = a1/:(ni,nj)a;

where 7;’s are the proxies of discrete Whitney 2-forms given by (6.37¢). The
coupling matrix C' involves the exterior product of Whitney 1- and 2- forms and
is not regular, even not square, in general, i.e.

C(Z,]) = [)Th /\w]'.

6.10 Numerical experiments

In this section we check the convergence properties of the numerical scheme
(6.54) on an unstructured tetrahedral finite element mesh on a simple model
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problem.

For this purpose let us consider the Maxwell equations (6.21)-(6.22) on the unit
cube Q = (0,1)% with the perfectly conducting boundary conditions

nxE=0, on I'=0Q.

The source term J is chosen such that the exact solution of the problem is given
by

sin(7ry) sin(mz)
E(x,t) = sin(wt) | sin(rz)sin(rz) |, (6.66)
sin(ma) sin(7y)

cos(w (mz) (
B(x,t) = (wt) wsingﬁyggcos(wz) —cos(mz)) | . (6.67)

w

Using the constitutive relations (6.22) we obtain

1
D=cE. H- B (6.68)

Finally, substituting (6.68) into the Ampere law (6.21b) and choosing the source
term J accordingly, results in

92 sin(7y) sin(7z)
J:=VxH—-9D = cos(wt)(— —ew) | sin(wz)sin(rz) | . (6.69)
pe sin(mz) sin(7my)

The following values are used for this experiment: ¢ =y =w = 1.

To demonstrate the performance of the scheme, we start with an initial tetra-
hedral mesh, denoted by mesh; (54 elements and 105 edges), generated by the
Centaur mesh generator [29]. The second mesh meshy (432 elements and 660
edges) is obtained by subdividing a tetrahedron of mesh; into 8 smaller tetrahe-
drons (we call this procedure global refinement). Similarly, by global refinement,
we obtain meshs (3456 elements and 4632 edges) and meshy (27648 elements and
34608 edges), see Figure 6.6. On a given mesh we define the mesh size h to be
the longest edge in the mesh.

The system of space discretized Maxwell equations (6.43) is integrated numer-
ically using leap-frog scheme (6.54). The system is solved for the time interval
[0,T], with "= 10. The time step At is chosen depending on the finite element
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mesh according to the CFL restriction (6.55). More specifically, we perform the
stability analysis on the coarsest mesh mesh; and compute the CFL time step
restriction. The time step for mesh; is then chosen to be At =~ %, more
specifically Aty = 0.125. The time steps for the meshes mesh;, i=2,3,4, are cho-
sen as At; = %, i =2,3,4.

For a given vector field F' and its numerical approximation F'j, we compute the
error in the following norms:

T
1F = Frllqra@xpomme = \//0 /QIF - Fal?, (6.70)

1F(tn) — Fiyllip, s = /QlF—FZP, (6.71)

where n is the time level and ¢, = nAt. For the computation of the integrals
in space we use a four point Gauss quadrature rule and in time we apply the
Simpson quadrature rule.

A convergence diagram of the error for the E and H fields measured according
to (6.70) is given in Figure 6.2 in the loglog scale showing that the error de-
creases proportionably to h2. For the other convergence diagrams we will also
use the loglog scale.

An error convergence diagram for the E field evaluated at different time levels is
given in Figure 6.3 and an error convergence diagram for the H field evaluated
at the final time is given in Figure 6.5a. These results also show that second
order accuracy is obtained when using first order Whitney elements.

To compute the B and D fields we apply postprocessing, i.e. we use the rela-
tions (6.65) to compute these fields. The electric flux density D is computed by
solving a linear system given in (6.65b). Similarly, the magnetic flux density B
is computed via the relation (6.65a).

Error plots for the D field evaluated at different time levels is given in Fig-
ure 6.4 and an error plot for the B field evaluated at the final time is given in
Figure 6.5b.

We note that the postprocessing algorithm (6.65) for discretization of the Hodge
operator produces approximations for the electric flux density D and magnetic
flux density B which have the same order of accuracy as we obtained for the
electric E and magnetic H fields, respectively. The small differences in all the
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Figure 6.2: Top: Error in the electric field E and magnetic field H in the
[L2(£2 x [0,7])]? norm (6.70) versus number of elements N;. Bottom: Error
versus mesh size.

convergence diagrams can be explained by the fact that the computations are
performed on unstructured meshes.

6.10.1 Energy conservation

In order to verify the discrete energy conservation given by (6.56) we apply the
leap-frog time integration scheme on the second finite element mesh denoted as
meshy with the source term j = 0 and the initial conditions for € and h® are
taken to be vectors with all the elements 1 and 0.5, respectively.

In Figure 6.7 we plot the error abs(H} — H?L) for all the time levels. It clearly
shows that the discrete energy remains constant up to 12 digits for all time
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Figure 6.3: Error of the electric field E in the [L2(2)]® norm (6.71) versus mesh
size evaluated at different time levels.

levels.

6.11 Appendix

6.11.1 Higher order Whitney elements

A detailed derivation of higher order Whitney forms with their corresponding
properties on tetrahedral and hexahedral elements is given in [57]. It is out
of the scope of this chapter to go through the construction of these Whitney
forms, we rather give the vector proxies of second and third order Whitney 1-
forms, see for example [93]. These forms can be used directly in the numerical
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Figure 6.4: Error of the electric flux density D in the [Lo(2)]® norm (6.71)
versus mesh size evaluated at different time levels.

discretization discussed in this chapter to obtain a higher order accurate energy
conserving discretization of the Maxwell equations.

There are 20 second order Whitney 1-forms on a given tetrahedron:

12 edge based AV, for all i # 7, (6.72)

8 face based AN VAL — ANV, (6.73)
AN VAL — MMV for all i < j < k. (6.74)
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Figure 6.5: Error of the magnetic field H (left) and the magnetic flux density
B (right) in the [L2(Q)]? norm (6.71) versus mesh size evaluated at the final
time.

The third order Whitney 1-forms on a given tetrahedron are:

18 edge based Ai(2A; — 1)V, for all i # j, (6.75)
Aidj (VA = V),  foralli <j, (6.76)
24 face based Ai(2A = DAV — A V), (6.77)
M (A VAE — A V), foralli # j #F, (6.78)
3 cell based )\1)\2)\3V)\4 - )\2)\3>\4V)\1, (679)

A1 A2 A4V Az — A2 Az A VA,
AAzAI VA2 — Ao Az A VAL

Another derivation of higher order Whitney forms is given in [87].

6.12 Conclusions

In this chapter we have considered the discretization of the Maxwell equations
from a geometrical point of view. For this we used the formulation of the
equations in terms of differential forms which are a very convenient and natural



6.12 Conclusions 181

mesh; mesho

)
oy
A

Figure 6.6: Sequence of finite element tetrahedral meshes used in the computa-
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Figure 6.7: Time evolution of the discrete energy error.

way to describe the Maxwell equations. We show that the spatial discretization
of the Maxwell equations with the Whitney 1-froms formulated for the electric
and magnetic fields preserves the correct energy transfer through the interfaces
of neighboring elements. For the time integration we use the symplectic leap-
frog scheme which results in an energy conservative discretization of the time-
dependent Maxwell equations. We investigated two postprocessing algorithms
for the discretization of the Hodge operator to obtain the electric and magnetic
flux densities. The direct discretization of the Hodge operator turned out to
be the most accurate procedure. Finally, the numerical method is verified on a
simple test case with tetrahedral elements, where second order error convergence
and energy conservation are shown for first order Whitney elements.



CHAPTER [

Conclusions

The aim of this thesis is to develop efficient and accurate methods for the nu-
merical solution of the three dimensional Maxwell equations. In many real
life problems one needs to solve the time-dependent Maxwell equations on a
complicated domain where unstructured finite element meshes are necessary to
approximate the geometry accurately. In such situations classical time integra-
tion methods usually require a small time step to obtain a stable numerical
scheme. In order to relax this severe restriction on the time step the Gautschi
time integration scheme is considered in Chapter 3. This scheme involves a
special matrix function which provides excellent wave resolution properties and
unconditional stability of the scheme. To efficiently compute this expression
the Krylov subspace method is applied and we propose a simple algorithm as
stopping criterion on the Krylov subspace dimension. The dispersion and dis-
sipation properties of the Gautschi scheme are analyzed on cubic elements and
compared with classical time integration methods. The Gautschi time integra-
tion method was verified on several test cases and we show that it results in a
more efficient scheme on unstructured meshes than several well known explicit
time integration methods (e.g. leap-frog) which suffer from a severe time step
restriction.

In many physical applications the solution of the Maxwell equations contains
singularities for instance on non-convex domains. Adaptive methods are an in-
dispensable tool to solve these problems efficiently. Therefore an accurate error
estimator is required. Residual based a posteriori error estimators contain un-
known coefficients and are generally not sharp for the Maxwell equations. A
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better alternative is provided by implicit error estimators. In Chapter 4 an
overview of the method and a theoretical analysis is given. The well-posedness
of the local variational problems formulated for the error function is ensured as
the wave number is not an eigenvalue of the local problems. For cubic elements
we calculated the eigenvalues of the local bilinear form analytically. The method
is verified on several test problems with cubic elements and the results obtained
with the implicit error estimator show a very good prediction of the true error,
even for non-smooth solutions and non-convex domains.

Based on the theoretical background developed for the implicit error estimator
we have developed in Chapter 5 an h-adaptive refinement method using tetra-
hedral elements for the three-dimensional Maxwell equations. A proper finite
element basis is given for the solution of the local problems for the error func-
tion. The method is verified on various examples with non-convex domains and
the results show a good prediction of the true error, both locally and globally.
We have proposed a mesh adaptation algorithm suitable for the Centaur mesh
generation package. The adaptation algorithm creates meshes without a dras-
tic increase in the number of elements and generates high quality meshes, i.e.
without hanging nodes and large dihedral angles in an element.

In Chapter 6 we consider the Maxwell equations from a geometrical point of
view. First, we provide some theoretical background on the port-Hamiltonian
formulation of these equations, which basically describes the energy conserving
properties of the system. Then we show that the discretization of the Maxwell
equations formulated for the electric and magnetic fields using edge finite el-
ements obeys some important properties of the port-Hamiltonian structure of
the system. In particular, we show that at the discrete level the energy transfer
through the interelement boundaries takes place in the correct physical way. We
considered two algorithms for computing the electric and magnetic flux density,
D and B, respectively. The first algorithm is rather simple and provides a
globally divergence free solution for the B field. With this method one loses,
however, one order of accuracy and the method is not suitable for first order el-
ements. The second algorithm is based on the projection of the Hodge operator
on the appropriate discrete spaces. Although this approach is computationally
more expensive it provides the same order of approximation for D and B as
we obtained for the electric and magnetic fields. The method is verified on a
simple test case with unstructured tetrahedral meshes.
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I
Summary

The increasing demand to understand the behaviour of electromagnetic waves
in many real life problems requires solution of the Maxwell equations. In most
cases the exact solution of the Maxwell equations is not available, hence numer-
ical methods are indispensable tool to solve them numerically using different
methods. In this thesis we consider the Maxwell equation in time and frequency
domain, and for the space discretization we always apply Nédélec elements which
are correct basis to describe the electromagnetic waves.

For time dependent problems many classical time integration schemes on un-
structured meshes require very severe restriction on the time step, hence many
time steps are required to solve the problem. To relax the time restrictions while
preserving accuracy requirements a new Gautschi time integration scheme is ap-
plied to the Maxwell equations. The scheme involves a matrix-function evalua-
tion, which is computed by Krylov subspace methods. We develop a very simple
approach which adaptively chooses the dimension of the Krylov subspace. We
prove that the scheme is unconditionally stable and allows to choose time steps
larger than the smallest wave length.

In many problems the solution of the Maxwell equations contains structures
with limited regularity, such as singularities near corners and non-convex edges.
These complicated structures can be efficiently captured by adaptive methods,
where the finite element mesh is locally coarsened or refined. For the time-
harmonic Maxwell equations we develop an implicit a posteriori error estima-
tion technique. The idea of the method is to solve for the error function an
additional boundary value problem which provides a computable error. Then



this data can be easily used to identify the regions with larger error where re-
finement is required. The method is based on sound theoretical analysis and
various complicated numerical experiments come to validate the technique.

The original Maxwell equations represent a coupled set of partial differential
equations which can be formulated as a Hamiltonian system. The main char-
acteristic of Hamiltonian dynamics is its energy conserving properties. In this
thesis we show that discretization of the Maxwell equations for the electric and
magnetic fields with the edge elements preserves correct energy transfer through
the interfaces of neighboring elements. For time integrations the symplectic
leap-frog scheme is applied which has a discrete energy conserving properties.



I
Samenvatting

De groeiende behoefte om het gedrag van elektromagnetische golven, die van
belang zijn in veel practijk problemen, te begrijpen, vereist het oplossen van
de Maxwell vergelijkingen. In de meeste gevallen is een exacte oplossing van
de Maxwell vergelijkingen niet beschikbaar, daarom zijn numerieke oplostech-
nieken een onmisbaar gereedschap om discrete oplossingen te vinden. In deze
thesis beschouwen we de Maxwell vergelijking in het tijds- en frequentiedomein.
Voor de ruimtelijke discretisatie worden steeds Nédélec elementen toegepast.
Deze vormen een correcte basis om electromagnetische golven te beschrijven.

Wanneer klassieke tijds integratie schemas op ongestructureerde roosters worden
benut om tijdsafhankelijke problemen op te lossen, is er een strikte beperking
op de maximale tijdstap. Hierdoor zijn er veel tijdstappen nodig om het prob-
leem op te lossen. Om deze tijdstapbeperking te versoepelen en toch dezelfde
nauwkeurigheid te behouden, is een nieuw Gautschi tijdsintegratieschema toege-
past op de Maxwell vergelijkingen. Het schema vereist een matrixfunctie--
evaluatie, om deze te berekenen worden Krylov subspace methodes toegepast.
We ontwikkelen een eenvoudige aanpak om de dimensie van de Krylov subspace
adaptief te bepalen. We tonen aan dat het schema onconditioneel stabiel is, en
tijdstappen toelaat die groter zijn dan de kleinste golflengte.

In veel problemen bevat de oplossing van de Maxwell vergelijking structuren
met beperkte regulariteit, zoals singulariteiten in de buurt van hoeken en niet-
convexe randen. Deze ingewikkelde structuren kunnen efficient gevangen wor-
den met behulp van adaptieve methodes. Hierbij wordt het eindige elementen
rooster lokaal vergrofd of verfijnd. Voor de tijdsharmonische Maxwell vergeli-



jkingen ontwikkelen we een impliciete a posteriori foutafschattingsmethode.
De gedachte achter de methode is om voor de errorfunctie een extra rand-
waardeprobleem op te lossen, hierdoor is de fout uit te rekenen. Met deze
informatie kan eenvoudig worden bepaald in welke gebieden roosterverfijning
nodig is. De methode is gebaseerd op betrouwbare theoretische analyse en de
techniek is gevalideerd middels verscheidene gecompliceerde numerieke experi-
menten.

De originele Maxwell vergelijkingen omvatten een gekoppelde set partiele differ-
entiaalvergelijkingen, die ook als Hamiltoniaans systeem kunnen worden gefor-
muleerd. De voornaamste eigenschap van Hamiltoniaanse dynamica is de en-
ergie behoudendheid. In deze thesis laten we zien dat discretisatie van de
Maxwell vergelijkingen, voor het elektrisch en magnetisch veld, met behulp van
edge elementen, de juiste energie overdracht met naburige elementen behoud.
Voor de tijdsintegratie wordt een symplectic leap-frog schema toegepast, dit
geeft energie behoud op discreet niveau.
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