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Chapter O
Introduction

In natural sciences many processes and phenomenas can be described mathematically by partial differ-
ential equations. Although there is a vast amount of literature considering the existence and uniqueness
of solutions for many different kinds of partial differential equations (see e.g. [110] and the references
therein) an explicit representation of the analytical solution often remains an open question.

One tool to overcome this limitation is the numerical solution of partial differential equations. In this
field a lot of different methods for approximating the analytical solution, e.g. the finite difference method
[160], the finite element method [64, 202], the finite volume method [111], the boundary element method
[141, 189] and isogeometric analysis [90], have been developed.

In this work we consider the finite element method (FEM) in more detail. It is the most widely used tool
for engineering design and numerical analysis of partial differential equations. The finite element method
gives an approximative function to the analytical solution of a partial differential equation and, thus, a
huge machinery of functional analytic tools can be applied.

Only in the context of the finite element method the principle of a posteriori error estimation is known.
With this tool at hand one can decide how accurate the computed solution is without actually knowing
the analytic solution. This knowledge is good for finding a suitable point to stop the computation and
one can identify the parts of the computational domain, where the numerical solution is still not accurate
enough.

The performance of the finite element method can be improved by either decreasing the mesh size (h-
FEM) or the use of higher-order ansatz spaces (p-FEM). By knowing the parts of the domain, where the
error is still large, we can adapt the mesh to the specific problem we are solving and, thus, require much
less degrees of freedom than one would need, if the mesh was always refined globally. The gain becomes
much bigger, if one combines the h-FEM and p-FEM by decreasing the mesh size, where the analytic
solution is singular, and increasing the polynomial degree, where the solution is smooth. This method is
called hp-FEM.

Since one usually does not know much about the analytic solution , the basic question in hp-FEM is, when
to do h-refinement and when to do p-refinement. There have been proposed a lot of different strategies
to support this decision, e.g. [9, 10, 11, 74, 96, 100, 104, 107, 157, 174, 180, 215]. Most of them are based
on some local heuristics, but there are also a few which try to minimize the error globally. In times of
many-core clusters the local strategies seem to be advantageous, because they can be parallelized almost
perfectly.

In this work we present a generalization of a strategy from [104], which requires the solution of local
boundary value problems. This refinement strategy can be adapted to different types of partial differ-



ential equations quite easily. First we apply the refinement strategy to the classical academic model
problem of the Poisson equation and show two convergence results of the fully automatic hp-adaptive
refinement algorithm resulting from it. After that we tend to a more recent class of partial differential
equations, namely Maxwell’s equations. Also for this class we present an adaptation of the refinement
strategy and prove its convergence.

This dissertation is organized as follows: In Chapter 1 we introduce the function spaces, which we face
throughout this work. The finite element method is presented in Chapter 2. In Chapter 3 we derive
the refinement strategy for the Poisson problem in arbitrary space-dimensions. Finally the strategy is
adapted to Maxwell’s equations in the electric field formulation in Chapter 4. Chapter 5 gives a global
round-up of the results obtained in this work and highlights its major similarities and differences.



Chapter 1

Function Spaces

In this chapter we shortly introduce the function spaces, which we use later on. We begin with the
Lebesgue spaces LP for p € [1,00]. Here especially the space L? plays a significant role in the finite
element method. Then we consider the standard Sobolev spaces H” for r > 0, where the space H' is
very import, since it is strongly connected to the ”standard” (also called H!-conforming) finite element
approximation. With the space H' in mind we are able to introduce the curl-conforming space H (curl).
This space plays an essential role in the mathematical consideration of electromagnetics. Linked with
all the spaces we also have a look at some important results, which we will use throughout this work.
For a more in-depth view into this theory we refer to the book of Rudin [188], which is an excellent
monograph about many topics of functional analysis, and the book of Monk [163], which focusses on
the mathematical theory of the finite element approximation for Maxwell’s equations. To conclude this
chapter we present the theory of the de Rham complex, which gives a good insight into the interaction
of these spaces.

1.1 The Lebesgue Spaces

Now we shortly review the basics of Lebesgue integration theory. It is an essential part of classical and
modern functional analysis and can be considered as the basement of the finite element method.
Let d € N and Q C R?. For p € [1,00) we set

1
oy = ( / |u|p)
Q

and for the special case p = oo we define
[l oo (@) == sup [u(z)],
z€Q

where u : Q — R denotes some function. Then the Lebesgue space LP(§)), p € [1,q], is given by
LP(Q) := {u : [Jul|Lr o) < 0o}

For short notice we write Ry := {# € R: 2 > 0}. Then it can be shown that the mapping | - ||z»(q) :
LP(Q) — R, is a norm (see e.g. [188]). Two functions u,v € LP(§2) are identified, if and only if they
satisfy

[u—vze) = 0.



Now let us state some well-known results for these spaces. The proofs of the following two theorems can
be found in [188].

The first inequality we state is Minkowski’s inequality. It can be considered as the triangle inequality
for LP-spaces. This inequality was first derived from Riesz [183] in 1910 as a direct consequence of its
analogue for sums from Minkowski [159].

Theorem 1.1 (Minkowski’s Inequality). For p € [1,00] and u,v € LP(Q) it holds

w4+ vllzr) < llulle@) + [vlle@)-

From this result it follows immediately that the space LP()) is a vector space. Then it can be shown
that the pairing (LP(€2), || - [|Lr(q)) induces a Banach space. In the special case p = 2 we can easily verify
that the mapping (-,-) : LP(Q) x LP(Q2) — R given by

(f.9) = /Qfg

is an inner product. Since it holds || - ||2L2(Q) = (+,+), the pairing (L?(f2), (-,-)) even introduces a Hilbert
space.

The next result is called Hélder’s inequality. It was discovered independently by Rogers [185] in 1888
and Holder [130] in 1889.

Theorem 1.2 (Holder’s Inequality). Let p,q € [1, 00] with % + % =1, f e LP(Q) and g € LU(Q). Then
fg € LY(Q) and it holds
uvllri) < lullpe@llvllzae)-

For the special case p = g = 2 this inequality conincides with the Cauchy-Schwarz inequality for integrals,
which was shown by Bunyakovsky [71] in 1859 and rediscovered by Schwarz [197] in 1888. Therefore we
do not give the Cauchy-Schwarz inequality for integrals here and refer to Holder’s inequality instead.
However, we will need the Cauchy-Schwarz inequality for sums, too. This inequality was proven by
Cauchy [77] in 1821.

Theorem 1.3 (Cauchy-Schwarz Inequality). For x,y € R? it holds

d d % d %
S oa] < (Zr?) (ny) |
1 =1 =1

1=

The proof of this theorem can be found in [187].
For later needs we define the space of functions in L?(Q) with zero mean value by

Li(Q) = {uGLQ(Q):/QuO}.

With this definition we conclude the section on Lebesgue spaces, because now we have tied together all
the results from this topic, which we need. Of course the collection of these few facts is far away from
providing a complete overview of this area. For this purpose we refer the interested reader to the excellent
monograph of Rudin [188].



1.2 The Sobolev Spaces

In this section we present the standard Sobolev spaces H" for r» > 0. These spaces can be understood as
subspaces of the space L? with some additional regularity properties. The notion of boundary conditions
is strongly associated with these spaces, too. The standard Sobolev space H! is also one of the most
often used spaces for finite element approximation. Another important Sobolev space is the space H (curl)
of curl-conforming functions. These functions play an essential role in the mathematical modelling of
electromagnetics, since they correspond to the finite-energy solutions of Maxwell’s equations.

As already mentioned in Section 1.1 the space L? can be considered as the foundation of the finite element
method. However, in its construction in Section 1.1 we did not demand any regularity properties at all.
Thus we cannot expect to deal with differentiable functions in general. To overcome this dilemma let us
introduce another notion of differentiability.

Let a € N¢ be some multi-index and set

d
|C¥|1 = ZOZZ'.
=1

For k € Ny U {oo} we denote the space of k-times continuously differentiable functions on Q by C*(Q)
and the space of all functions in C*(Q2), which have compact support in €2, by C*(2). Then we define
the multi-dimensional derivative % by

ou el
dze " dzerdze: ... dxcd

for all w € C*(Q). With this notation at hand we now can define the notion of a distribution. This
definition was formulated independently by Sobolev [200] in 1936 and Schwartz [196] in 1944.

Definition 1.1 (Distribution). The linear functional T : C(2) — C is called o distribution, if and
only if for every compact set K C Q there exist some constant C > 0 and some integer k € N such that
d“¢

—— (2)

dz®

T(¢)| <C Y sup
|a\1§kxeK

for all p € C(Q). We denote the set of all distributions by
D(Q) :={T:C*(Q) = C: T is a distribution} .
Then we identify two distributions 77,75 € D(Q), if and only if
Ti(¢) =Ta(¢) Vo € CZ(Q).

For more information on distributions we refer the interested reader to the monographs of Gelfand and
Shilov [117], Hérmander [132] and Wloka [217]. We go on with the definition of a weak derivative from
Sobolev [200].

Definition 1.2 (Weak Derivative). Let ¢ € C°(2) and o € Nd. Then the weak derivative 0%¢ € D(Q)
s defined as the unique distribution that satisfies

/wa%:(—l)'“‘l/ PV gy e o).
Q Q

dz®



We observe that for ¢ € C*(Q2) and |a|; < k the weak derivative coincides with the strong derivative
known from basic calculus.
Now we are ready to define the Sobolev spaces H" () for r > 0. For u € L*(Q) we set

Nl=

|0%u(z) — 0%u(y)?
||u||HT(Q) = Z Haau"%?( Z / |x_ |d+2(r K3 dz dy

leel1 <[] =|r]
Then the space H"(2) is simply defined by
H™(Q) == {u € L*(Q) : ||u]| grr() < 00}

It can be easily shown that the mapping || - ||gr) : H"(£2) — R4 is a norm. From its definition we see
immediately that it holds || - ||, (@ = () with

(0°u 90 (z) — 0%
) | <U/8“u6“v+ ZLJ// |m_(y|?1)+(2(,« EJ)) D) vy

A simple computation shows that the mapping (-,-) : H"(Q) x H"(Q) — R is an inner product and it can
be proven that the pairing (H"(Q), (+,-)) induces a Hilbert space. Note that for the special case r = 1
the norm || - || g+ reduces to

1

3

sy = (luli3aq@y + IVulzoy)

For Q2 C R? bounded with Lipschitz-continuous boundary we use the trace theorem (see Lemma A6.6 in
[12]) to describe the homogeneous Dirichlet boundary conditions

u=~0 on 0f2.

Then the space of all functions u € H?'(f2), which additionally satisfy these homogeneous Dirichlet
boundary conditions, is denoted by

HY(Q) :={ue€ H(Q):u=0on 9Q}.

The way above is not the only possible derivation of the spaces H"(Q) and HJ(f2). One could also
consider H"(£2) as a subspace of the space of distributions D(£2) and then define the space H{(2) as the
closure of CZ°(€2) under the norm || - || g1(q) (cf. [163]). A third possibility is to use Fourier transforms
(see [153]). Nevertheless it can be shown that the spaces obtained from these three different approaches
coincide for © with C%!'-boundary, say, and thus we stay with the definitions from above, since these fit
our needs best.

Now we get to the vector-valued Sobolev spaces. For completeness we introduce the space H(div,(2),
which consists of functions in L?(2)¢ with square-integrable divergence. It is defined by

H(div, Q) := {u € L*(Q)¢ : div(u) € L*(Q)}.

Let n : 022 — R? be the outward-pointing unit normal vector to . Then the homogeneous Dirichlet
boundary conditions
nTu=0 on Of)

are well-defined by the trace theorem (cf. Lemmas 1.1 and 1.2 in [65]). We denote the space of all function
u € H(div,Q), which additionally satisfy these homogeneous Dirichlet boundary conditions, by

Hy(div, Q) = {u € H(div,Q) : nTu = 0 on 90Q}.



Since we do not rely on any special properties of these spaces, we do not investigate them here any further
but refer the interested reader to the book of Girault and Raviart [121].

The next space, which we want to consider, is the vector-valued space H(curl,§2). For this purpose
we have to restrict the dimension of the underlying vector space R?. From now on let Q C R?, where
d € {2,3}. Before we begin with the derivation of the space we have to specify the definition of the
operator VX, because the curl looks completely different for d = 2 and d = 3. Therefore let us denote
the space of all functions mapping from Q to R¢ by M (Q, Rd).

We start with the case d = 2. Here we define the operator Vx : M(Q,R) — M (Q, Rg) by

du
— dx
Vxu:=| 92 |,
dl’l

where u : 2 — R denotes some suffciently regular scalar-valued function. The operator Vx : M (Q, ]RQ) —
M(Q,R) is defined by
o dUQ dU1

VXUZ—E—T@

with u : Q — R? denoting some sufficiently regular vector-valued function. We do not introduce different
notations for these two operators, because it becomes immediately clear from the context which one is
used. For d = 3 life is a little bit easier. Here only the operator Vx : M (Q, R?’) - M (Q,R3) is needed.
It is defined by

dus _ dug
& g
— w1 _ dug
V Xu:= T~ d ,
duz _ duy
dIl d$2

where u : Q — R? denotes some sufficiently regular function.

The space H(curl, ) collects the curl-conforming functions of L?(Q)?. To state the definition of the
space H (curl) we have to distinguish between the cases d = 2 and d = 3.

We begin with the case d = 2 and set

H(curl, Q) := {u € L*(Q)?: V x u € L*(Q)}.
Let us denote a unit tangential vector to Q by ¢ : 9Q — R2. Then we can write
Hy(curl, Q) := {u € H(curl,Q) : tTu = 0 on 0Q}

for the space of all functions u € H (curl, ), which additionally satisfy the homogeneous Dirichlet bound-

ary conditions
tfu=0  on 0.

This definition is justified by the trace theorem (see e.g. [67, 68, 69, 78]). The space H (curl, Q) is equipped

with the norm )

2

ey = (lulzae + 1V x ulfaey)

In the case d = 3 we set
H(curl, Q) := {u € L*(Q)* : V x u € L*(Q)*} .

Here the homogeneous Dirichlet boundary conditions are given by

(1.1) nxu=0 on Of).



Thus we define the space of all functions in H (curl, 2), which additionally satisfy condition (1.1), by
Hy(curl, Q) := {u € H(curl, Q) : n x u =0 on 0Q}.

In this case the space H(curl, §2) is equipped with the norm

1
2

lullireunsy = (JlullZa@y + IV x ullfa(oye)
From this construction it follows immediately that also the pairing (H (curl, ), (+, -)cur1) with
(uav)curl = (U,U) + (V X u, V X ’U)

induces a Hilbert space.

If Q C R3 and 09 is Lipschitz-continuous, then there exist two important decompositions of the space
H(curl, ©2), which split each function from H(curl, ) into a divergence-free part and a gradient of some
scalar potential. The first decomposition is called Helmholtz decomposition. Its proof can be found in
[105] and the reference therein.

Theorem 1.4 (Helmholtz Decomposition). Let Q@ C R?® be bounded and connected with Lipschitz-
continuous boundary and u € Hy(curl, Q). Then there exist z € Hy(curl,Q) satisfying

(1.2) div(z) =0 in
and q € H' () being constant on every connected part of OQ such that
(1.3) u=2z2+Vyq in Q

and

21l e (curn) + [Vl L2()s < Nlull #(cur,0)-
Proof. See Theorem 1.2.3 in [105]. O

In [14] Amrouche, Bernardi, Dauge and Girault showed that the space Hp(curl, )N H(div, ) is continu-
ously embedded in H'(Q2) for Q convex or 9 of class C11. This result was extended to a direct splitting
of Hy(curl, Q) N H(div,) in [88]. This splitting is called regular decomposition.

Theorem 1.5 (Regular Decomposition). Let Q C R? be bounded and connected with connected, Lipschitz-
continuous boundary and u € Ho(curl, Q)NH (div, Q). Then there exist z € Ho(curl, Q)NH(Q)? satisfying
(1.2) and q € H{ () such that decomposition (1.8) holds. Further there exists some constant Cpeg > 0
such that

2]l 7102 + [Vl L2(@)s < Cregllull m(cun0)-
Proof. See Theorem 3.4 in [88]. O

With this result we conclude the section on Sobolev spaces. Although these few facts are not even the
tip of the iceberg, we have brought together all statements which we need throughout this work. For a
more detailed insight we refer the interested reader to the monographs of Adams and Fournier [2] and
Monk [163].



1.3 The de Rham Complex

In the previous sections we have introduced all spaces we need. Now we want to see how they interact
with each other. For this purpose the de Rham complez is a very powerful tool. It was introduced by de
Rham [95] in 1931 for the analyis of smooth manifolds and has become a standard tool to express the
various properties of mixed finite element approximations (see e.g. [65]). Usually the theory of the de
Rham complex is closely linked to differential forms. However, for simplicity we do not derive the results
of this section in the context of differential forms, but prove the relations rather directly. For that reason
we refer the interested reader to the monographs of Abraham and Marsden [1] and Choquet-Bruhat [80]
for more information about the de Rham complex and differential forms.

We observe easily that for u € H'(£2) it holds

(1.4) Vu=0 in Q,

if and only if u is piecewise constant. Then it follows immediately that for u € H}(Q) equation (1.4)
holds, if and only if u = 0. Hence we have shown the following result:

Lemma 1.1 (Kernel of V). For V: HY(Q) — L%(Q)? and V : H(Q) — L*(Q)¢ it holds
ker(V) =R

and
ker(V) = {0},

respectively.

A bit more involved is the relation between the spaces H (curl, Q) and H*(£2). This is partially investigated
in the next theorem, whose proof can be found in [121].

Theorem 1.6 (Kernel of Vx). Let Q C R?, d € {2,3}, be bounded and simply-connected with Lipschitz-
continuous boundary.

1. Letd=2. For Vx : H(curl,Q) — L?(Q) and Vx : Hy(curl, Q) — L?(2) it holds

(1.5) ker(Vx) = VHY(Q)
and
(1.6) ker(Vx) = VH}(Q),

respectively. For Vx : HY(Q) — H(div,Q) and Vx : H} () — Hy(div,Q) it holds
ker(Vx) 2R

and
ker(Vx) = {0},

respectively.

2. Letd =3. For Vx : H(curl,Q) — L?(Q)3 and Vx : Hy(curl, Q) — L?*(Q)3 it holds (1.5) and (1.6),
respectively.

Proof. See Theorem 2.9 in [121] and Lemma 1.1. O



This theorem can also be formulated for arbitrary open sets, but, since the finite element method requires
even more rigorous assumptions on the domain than stated above, we do not give the general result here.
It can be found in [92, 93].

Also between the spaces H(div) and H(curl) a similar result to the one above holds.

Theorem 1.7 (Kernel of div). Let Q C R?, d € {2,3}, be bounded, connected and open.
1. Let d =2. For div: H(div,Q) — L?(Q) and div : Hy(div,Q) — L2(2) it holds
ker(div) = V x H'(Q)

and
ker(div) = V x H}(Q),

respectively.
2. Let d = 3. Fordiv: H(div,Q) — L?(Q) and div : Ho(div, Q) — L?*(Q) it holds
ker(div) = V x H(curl, §2)

and
ker(div) = V x Hy(curl, Q),

respectively.
Proof.
1. See Theorem 3.6 in [121].

2. See Theorem 3.4 in [121].

This result can be generalized to multiply-connected sets and can be found in [92, 93], too.
Now we are missing only two simple results to state the de Rham complex. The following lemma
determines the image of the operator div. It was shown in [219].

Lemma 1.2 (Range of div). Let Q C R?, d € {2,3}, be bounded with Lipschitz-continuous boundary.
For div : H(div,Q) — L*(Q) and div : Hy(div, Q) — LZ(Q) it holds

div (H(div, Q)) = L*(Q)

and
div (Ho(div, 2)) = L3(2),

respectively.
Proof. See Lemma 3.15 in [219]. O
The next lemma determines the image of the operator Vx : H(curl, Q) — L?*(Q) in the case d = 2.

Lemma 1.3 (Range of Vx). Let Q C R? be bounded with Lipschitz-continuous boundary. For VX :
H(curl, Q) — L?(Q) and Vx : Ho(curl, ) — L3(Q) it holds

V x H(curl, Q) = L*(Q)

and
V x Hy(curl, Q) = L3(Q),

respectively.

10



Proof. Let uw € H}(Q) and f € L2?(Q2) such that u solves the homogeneous Dirichlet boundary value
problem

/(v x $)TV xu= / of Vo€ HY(Q).
Q Q
Then it holds V x u € L?(2)? and integration by parts yields
/wx(vXu):/w Vo € HY (D).
Q Q

This implies V x (V x u) = f a.e. in © and, hence, V x v € H(curl, 2).
Now let u € H*(Q) and f € L3(2) such that u solves the homogeneous Neumann boundary value problem

/(v x $)TV xu= / of Vo€ H'(Q).
Q Q
Note that this problem is well-posed due to the ellipticity of the bilinear form
A(u,v) := /(V xu)'V x v
Q

for u,v € Ho(curl, Q) N H(div, ) (see e.g. Section 3.4.2 in [219] for a detailed outline of the arguments).
Then it holds V x u € L?(£2) and as above integration by parts yields

/qbe(qu):/d)f Yo € H(Q).
Q Q

This implies V x (V x u) = f a.e. in Q and, hence, V x u € Hy(curl, Q). O
Before we now state the de Rham complex let us first introduce the notion of an ezact sequence.

Definition 1.3 (Exact Sequence). For n € N with n > 2 let Gy, ...,Gy be groups and f; : G;—1 — Gj,
1€ {1,...,n}, be group homomorphisms. Then the sequence

Go f1 e fr fn G,

is called exact, if and only if it holds
im(f;) = ker(fit1)
forallie{l,...,n—1}.

For more information about sequences and its exactness we refer the interested reader to [201]. We go
on and consider the de Rham complex, which gives us a nice overview of the spaces we have introduced
above. Let the operator I : R — H'() be defined by

Ic:=z—c
for all ¢ € R. Further we define the operator O : L?(Q) — {0} C R by
Ou:=0
for all u € L?(). Then it follows directly from Lemmas 1.1-1.3 and Theorems 1.6 and 1.7:

Theorem 1.8 (de Rham Complex). Let Q C R?, d € {2, 3}, be bounded, simply-connected and open with
Lipschitz-continuous boundary.

11



1. Let d =2. Then the de Rham complexes

R —25 H'(Q) — Y H(cul, Q) V> £2(0) —2~ {0},

div

R —5 H(Q) % H(div, Q) 2(Q) 2 {0}

and

{0} —L HH(Q) —% Hy(ewrl, Q) 2 12(Q) —Z— {0},

div

{0} —> HE(Q) —% Hy(div, Q) 13(0) -2~ {0}

form exact sequences.
2. Let d = 3. Then the de Rham complezes

1

R HY(Q) —= H(curl, Q) —> H(div, Q) -4

v r20) -2 {0}

and
div O
L3(Q) {0}

{0} —L H(Q) — % Hy(curl, Q) —=> Hy(div, Q)
form exact sequences.

The occurence of two shorter sequences in the case d = 2 is a direct concequence of the presence of two
different operators V x. Here one can see immediately that this case has not a physical origin, but rather
has arisen from some mathematical simplification.

For less restrictive domains, e.g. only multiply-connected, the sequences from above need not to be exact
anymore. Then the sequence is not called a complex but a cohomology. For more information about this
topic we refer the reader to the monographs of Bossavit [57, 58] and Hiptmair [127].

We end this section with a note on Section 2.5, where we derive similar sequences for the finite dimen-
sional approximation spaces of the Sobolev spaces from above. Then the two complexes are connected
with the help of a special choice of interpolation operators such that a commuting diagram exists. For
more information about the de Rham complexes from this section we refer the interested reader to the
dissertation of Zaglmayr [219].
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Chapter 2

The Finite Element Method

In this chaper we put everything, which has to do with the finite element method. First we motivate its
general idea and present the basics of it. For more information on this topic we refer the interested reader
to the excellent monograph of Brenner and Scott [64]. After that we introduce the finite element spaces,
which we require for the finite-dimensional approximation of the Poisson and the Maxwell boundary value
problem in the following chapters. In detail these are the discontinuous Galerkin elements, which define an
L?-conforming approximation space, the continuous Galerkin elements, which define an H'-conforming
approximation space, and the Nédélec elements, which define an H (curl)-conforming approximation space.
In this work we restrict ourselves to quadrilaterals and hexahedrals. For other types of reference cells,
e.g. triangles, tetrahedras and pyramids, we refer to the books of Demkowicz [97], Solin, Segeth and
Dolezel [209] and the dissertation of Zaglmayr [219]. For the finite element spaces, which we introduce,
we present a family of interpolation operators, which commute in a special sense. This commuting
behaviour is reviewed in the context of the de Rham complex from Section 1.3. To conclude this chapter
we motivate the use of adaptive finite elements and give an overview of the various kinds of adaptivity.

2.1 Basic Concepts

In this section we present the basic concepts of the finite element method. We begin with a simple
model problem and derive its weak formulation. Here the Lax-Milgram theorem plays an essential role in
proving the existence and uniqueness of a solution of the weak problem. Then we see how to get from the
weak formulation to a discrete finite-dimensional problem, whose solution approximates the analytical
solution of the weak problem. Here especially the choice of a correct finite-dimensional approximation
space plays an important role. Another important topic is the triangulation of the domain on which the
problem is posed, because this should be easily accessible to reduce the effort of the solution process.
Note that the aim of this section is rather the introduction of various notions in the context of the finite
element method than a rigorous mathematical development of the finite element method itself. For a
mathematically more sophisticated introduction into the finite element method with various a priori error
estimates for the approximation error we refer the interested reader to the monographs of Braess [60],
Brenner and Scott [64], Ciarlet [81], Ern and Guermond [109] and Szabé and Babuska [203].

Let Q Cc R, d € {1,2,3}, be open and bounded with polygonal (in the case d = 2) or polyhedral (in the
case d = 3), Lipschitz-continuous boundary. Then our model problem is given as: Find u : Q — R such

13



that

(2.1) —Au=f in
u=g on 0f2,

where f: Q — R is some right-hand side function and g : Q2 — R denotes some boundary function.
This problem is called Poisson problem and is probably one of the most analyzed partial differential
equations. Whereas the first line is the actual partial differential equation, the second line prescribes
the boundary conditions of the problem. In this case we have chosen simple nonhomogeneous Dirichlet
boundary conditions, which already appeared in Section 1.2 in its homogeneous form. In Section 1.2 we
have also seen that Dirichlet boundary conditions do not necessarily always have exactly the form as
above, but can also prescribe the tangential or the normal components of a function only. This depends
on the function space in which the solution wu is sought. We will comment on this issue later, when we
consider the different finite element spaces in detail. Another very popular choice of boundary conditions
are the Neumann boundary conditions. In its most simple form they read

du
— =g on 0f).

dn

In contrast to Dirichlet boundary conditions, where the actual values of the solution u are prescribed,
Neumann boundary conditions only prescribe the normal derivatives of the solution at the boundary.

This can lead to the situation that the solution of the problem

—Au=f in 0
d
%zg on 0f2

cannot be determined uniquely but only up to an arbitrary additive constant, because only derivatives
of the solution occur in this formulation. However, since we do not make any use of Neumann boundary
conditions in this work, we do not dig into this topic any further, but refer the interested reader to the
book of Evans [110] for more information.

Thus let us return to problem (2.1). In general it is very cumbersome to deploy a (theoretical) finite
element framework for problems with nonhomogeneous Dirichlet boundary conditions. Therefore a usual
way to overcome this uncomfortableness is to assume that there exists a lifting function u, € H?(2) such
that uy = g on 0€2. Then it suffices to consider the homogeneous Dirichlet boundary value problem to
find u : Q — R such that

—Au=f in

(2.2)
u=0 on 0f)

with f:= ]?—i— Aug, because the solution of the original problem (2.1) can be obtained by adding up the
lifting function uy and the solution of problem (2.2).
In general it is rather involved to derive existence and uniqueness results for the strong formulation of
problem (2.2). We refer to the monograph of Gilbarg and Trudinger [120] for a detailed coverage of
this topic. Here we go in another direction. We multiply the first equation of problem (2.2) with a test
function ¢ € H}(Q2) and integrate over €2 to obtain

— qSAu:/ of Vo € Hy(9).
Q Q
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Then integration by parts and using the homogeneous Dirichlet boundary conditions yields the weak
formulation

(2.3) /Q (V)" Vu = /Q of Ve HLQ)

of problem (2.2). Note that this approach is closely linked to the topic of distributions and weak derivatives
from Section 1.2. Especially the derivatives appearing in (2.3) do not have to hold in a strong sense
anymore, but in distributional sense only. This reduces the assumptions on the solution w from two-times
differentiable to one-time weakly differentiable.

Of course, now the question arises how the solutions of (2.2) and (2.3) are related to each other. The
answer was given in the following theorem in [64].

Theorem 2.1. Let f € C(Q) and u € C%(Q) be a solution of (2.3). Then u is a solution of (2.2).

Proof. For the case d =1 and Q = (0,1) see Theorem 0.1.4 in [64].
For the cases d € {2,3} the proof is almost the same and, thus, we do not repeat it here. O

This result is very important, because it makes sure that we really find practically relevant solutions of
(2.2) by solving (2.3). However we still do not know, if there exists a solution of (2.3) at all. Therefore
let us state the following remarkable result of Lax and Milgram [146] from 1954.

Theorem 2.2 (Lax-Milgram Theorem). Let (H, (-,-)) be a Hilbert space, a : Hx H — R be a continuous,
elliptic bilinear form and F : H — R be continuous and linear. Then there exists a unique uw € H such
that

a(u,v) = F(v) Vv e H.

Proof. See Theorem 2.1 in [146]. O

Although there have been proven more general versions of this theorem by Babuska (see [21]) and Lions
(see e.g. [92, 93]), we stay with the original result from above, since it suffices for our needs.

Hence, from the Lax-Milgram Theorem we know that there exists a unique solution u € HE () of problem
(2.3). This is the last step to ensure that it really makes sense to consider weak problem (2.3) instead of
the original model problem (2.2).

However it still is not a trivial task to find the analytic solution of problem (2.3). That is why we want
to approximate this solution numerically. But, since the space H{(f2) is not finite-dimensional, it is
impossible to actually construct a solution from a basis of H(Q). The finite element method tackles this
problem by using a finite-dimensional subspace V() of Hg (£2), which consists of piecewise polynomials.
Then the solution can be computed easily by choosing a suitable basis of V(). This approach is called
Ritz-Galerkin approximation and was introduced by Ritz [184] in 1909 and Galerkin [114] in 1915. By
replacing H} () by V(2) in weak problem (2.3) we arrive at the discrete problem to find upg € V(Q)
such that

(2.4) /Q (V)T Vupg = /Q of Ve V().

Since V(Q) is a subspace of H} () and, thus, also a Hilbert space, it follows immediately from the Lax-
Milgram Theorem that also discrete problem (2.4) has a unique solution upg € V(£2).

Now we are left with the question on how to construct such a space V() in a clever way. There have
been developed many different approaches to do so, e.g. the finite element method, isogeometric analysis
[90] and mesh free methods [149]. The finite element method defines a mesh, which covers €2, and —
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depending on this mesh — the finite-dimensional space V() is constructed. The mesh or triangulation K
of Q is an indexed collection of closed sets K;, ¢ € {0,..., N} for some N € N, with measq(K; N K;) =0
for i # j such that

(2.5) 0= U K;.

These sets are usually called cells and can be obtained as the image of a reference cell (see Figure
2.1). Of course one wants to choose the reference cell as simple as possible. That is why the usual

Figure 2.1: Mapping Fx : K — K

choices are intervals in the case d = 1, quadrilaterals and triangles in the case d = 2 (see Figure 2.2)
and hexahedrals, tetrahedrons, prisms and pyramids in the case d = 3 (see Figure 2.3). For a rigorous
mathematical definition of these geometrical objects we refer to Section 2.2.  Note that due to our

Figure 2.2: Left: Quadrilateral. Right: Triangle

Figure 2.3: Outer left: Hexahedral. Center left: Triangle. Center right: Prism. Outer right: Pyramid
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assumption on the boundary of 2 it is guaranteed that {2 can be triangulated. However, it can be quite
involved to find such a mapping Fi : K — K such that (2.5) holds. To face this problem one can for
example include some information about the boundary into the polynomial space. For more information
about this topic we refer to [202].

Now we can choose an arbitrary polynomial space and represent its basis on the reference cell. Usually
the basis elements are associated with a point in the cell, an edge, a face or the interior of the cell. This
association is done by a linear functional. All the terms introduced above can be grouped together to the
notion of a finite element.

Definition 2.1 (Finite Element). Let
1. K c RY be compact and connected with Lipschitz-continuous boundary and K £ 0.
2. P be a vector space of functions p with dom(p) = K.

8. ¥ :={No,..., Naim(p)-1} be a set of linear functionals N; : P — R, i € {0,...,dim(P) — 1}, such
that ¥ is a basis of the space of linear functionals L(P,R).

Then the triplet ([?, P, E) is called a finite element. The linear functionals N;, i € {0,...,dim(P) — 1},

are called degrees of freedom.

With this definition we see easily that for some n € N the solution upg of problem (2.4) can be written

n
UFE = E Ui Ds,s
i=0

where ug, ..., u, € R and {;}icqo,....n} denotes a basis of V(). With this ansatz and the fact that it
suffices to consider test problem (2.4) with all basis functions of V(Q), problem (2.4) reads

in the form

n | o B | |
;W/Q(WJ) Vo [f  Vie{...n)

But this is just a linear system of equations and can be solved by using standard techniques.

Now we have introduced all the vocabulary, which we will use throughout the following chapters exten-
sively, and presented some ideas behind the finite element method. Let us conclude this section with a
short remark on the history of the finite element method. It first appeared in works of Schellbach [190]
in 1851, Trefftz [205] in 1926, Hrennikoff [137] in 1941 and Courant [91] in 1943 and, then, became more
and more popular quite fast. But not earlier than in 1960 the finite element method got its name from
Clough, who introduced this notion in [83]. A more detailed historical overview can be found in [172].
For more information about the basics of the finite element method we refer the interested reader to the
references, which we already mentioned in the beginning of this section.

2.2 Finite Element Spaces

In this section we introduce the finite element spaces, which we use in the following chapters. In detail
these are L?-, H'- and H(curl)-conforming finite element spaces. Further we present for each space
a set of finite elements, which satisfies its continuity requirements, respectively. Therefore a rigorous
definition of the reference cells is necessary to fix some notations. However, here we restrict ourselves to
quadrilaterals in the case d = 2 and hexahedra in the case d = 3, because the finite element library deal Il
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[41, 42], which we are using, currently only supports these types of reference cells. For other types we refer
the interested reader to the books of Demkowicz [97], Demkowicz, Kurtz, Pardo, Paszyniski, Rachowicz
and Zdunek [100] and Solin, Segeth and Dolezel [209] and the dissertation of Zaglmayr [219]. For the
construction of the finite elements we also need some orthogonal polynomials, which are introduced in
this section, too.

2.2.1 The Reference Cells

In this subsection we define the reference cells. The reference cells are the geometrical basis to constuct
the shape functions and degrees of freedom later on. For the reference cells we basically use the definitions
from the finite element library deal.Il [41, 42]. As already mentioned above deal.Il currently supports
only quadrilaterals and hexahedra. Thus we can define the reference cell K e R4 by

K :=0,1)¢

for d € {1,2,3}. Now we consider these cells in more detail and determine which geometrical subobjects,
e.g. vertices, edges, faces, are present in each cell.

Let us begin with the case d = 1. Here the only subdimensional objects, which the reference cell K= [0,1]
has, are two vertices vy, v; € R. These are given by

vo :=0 and vy :=1.

In Figure 2.4 on the left-hand side K is plotted.

Next we consider the case d = 2. Here the cell is given by K = [0, 1]2. It has four vertices vy, . ..,v3 € R?
e
v, . v,
e, &/
v >V
2 K L Y3 v ' Vv, &
4 >
A A
R
1
1
° ! ;
€, e, .
. e
v ! 3
2 e m - ---- \Y;
e kg 3
0"
. e
V0 o > V1 "o 1
2 Lol
v, e v

Figure 2.4: Reference cells. Left: d = 1. Center: d = 2. Right: d = 3.

and four edges eg, ..., e3. The vertices are defined as follows:

v (0) e (3) e (8) o= (0

and the edges are given by

€y = [U07/02]7 €1 = [/017@3}7 €g 1= [’UOvvl]a €3 1= [U27’U3]~
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This reference cell is illustrated in the center of Figure 2.4.

The final case is d = 3. In this case the reference cell K = [0, 1]% has 8 vertices vy, ...,v; € R?, 12 edges
€o,--.,e11 and six faces fy,..., f5. The vertices are defined as follows:
0 1 0 1
Vo = 0 5 v = 0 , Uy = 1 s V3 = 1 5
0 0 0 0
0 1 0 1
Vg = 0 5 V5 ‘= 0 , Vg = 1 s vy = 1
1 1 1 1

Then the edges are given by

eo = [vo,v2], e1:=[v1,v3], e2:=[vg,v1], e3:=][vo,v3], eq:=][vg,v6], e5:=[v5,v7],

€6 1= [U57'U6]7 €7 1= [U77U8]a €g 1= [UO,U4], €9 1= [01,05]7 €10 \ = [U27U6], €11 = [U37U7],
and the faces can be defined as follows:

fo :=[vo,v2,va,v6], f1:=[v1,v3,05,07], fo:= [vo,v1,v4,05],

f3 = [1)27”377}&”7]7 fa = [007711,1)2,113], f5:= [714,125,1)6,117].

For this case a graphical representation is available in Figure 2.4 on the right-hand side. With these
definitions we have clarified the orientations and positions of vertices, edges and faces in the reference

cell. For other types of reference cells, e.g. triangles, tetrahedra, prisms and pyramids, we refer to
[97, 100, 209, 219].

2.2.2 Polynomials with Orthonormality Relations

In this subsection we present the families of polynomials, which we use in the construction of the finite
elements in the following subsections. These are the Legendre polynomials and the integrated Legendre
polynomials. For more information about orthogonal polynomials we refer to the standard textbook of
Szegd [204].

Let us start with the family of Legendre polynomials. Legendre polynomials are a special case of Jacobi
polynomials with certain weights chosen to be zero (cf. [204]). Usually they are defined on the interval
[—1,1], but, since our reference cells are given by [0,1]%, we also define the polynomials on the interval
[0, 1].

Definition 2.2 (Legendre Polynomials). The Legendre polynomials Lg, L1,...: [0,1] — R are defined
by the recursion formula

LO(x) : 17
Lyi(x) == V3(2z — 1),

NoTEST 1-n
L,(z) = — 2n —1(2x — 1)Ly (x) + ﬁLn,g(x) forn > 2.
For a graphical representation of the first six Legendre polynomials Ly, ..., Ls see Figure 2.5. Another

possible way of defining the Legendre polynomials is the differential relation

B \/2n—|—1d7"

Ln(z) n!  dz"

(z"(z = 1)")
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Figure 2.5: Legendre polynomials. Upper left: L. Upper center: Li. Upper right: Ls. Lower left: Ls.
Lower center: L,. Lower right: Ls.

for n € Ny. These polynomials satisfy L, (0) = (—=1)"v2n+1 and L,(1) = v/2n+1 for all n € Ny.
Further it can be shown that the set {L,},en, is an orthonormal basis of L?([0, 1]), i.e.

1 1, ifi=jy
(2.6) / LiL; = 7
0 0, ifi#j
The second family of polynomials we introduce are the integrated Legendre polynomials. Sometimes they

are also called Lobatto polynomials.

Definition 2.3 (Integrated Legendre Polynomials). The integrated Legendre polynomials lg,lq,... :
[0,1] = R are defined by

lo(z) :=1—uwm,
L(z) ==,

In(x) := /: L,_1(t)dt forn > 2.

In Figure 2.6 we plot the first six integrated Legendre polynomials lg, ..., Il5. Obviously it holds I, (0) = 0
for n € N. Further we have [,,(1) = 0 for n € Ny \ {1}, since the Legendre polynomials Lq, Lo, ... are
L?-orthogonal to Lg. It can be proven that for all p € Ny the set {lo,...,l,} is a basis of P,([0,1]), where

P, ([0,1]) :=span {z' : 2 € [0,1],0 < i < p}

denotes the space of all polynomials of degree less or equal than p on the interval [0,1]. Although the
integrated Legendre polynomials itself are not L?-orthogonal, they satisfy an orthonormality relation,
which is very important for the finite element method. Since there one often has to deal with the
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Figure 2.6: Integrated Legendre polynomials. Upper left: 5. Upper center: I;. Upper right: l,. Lower
left: 3. Lower center: l,. Lower right: [5.

derivatives of polynomials, we emphasize the orthonormality relation

1, ifi=j

1
Ju=40
0 0, ifi#j

which immediately follows from the L2-orthonormality of the Legendre polynomials (2.6).

These two families of polynomials with orthonormality relations suffice to define the shape functions
of the finite elements we want to consider. Therefore we refer the interested reader to the monograph
of Szeg6 [204] for more information about orthogonal polynomials in general and to the book of Solin,
Segeth and Dolezel [209] and the dissertation of Zaglmayr [219] for more information about Legendre and
integrated Legendre polynomials (on the interval [—1,1]).

2.2.3 The L?-Conforming Finite Element Space

In this subsection we introduce the L2-conforming finite element space. These finite elements are com-
monly known as discontinuous Galerkin elements. As it can already be derived from its name this type
of elements does not satisfy any continuity requirements across the boundaries of the cell. For its con-
struction we follow the ideas of a hierarchical finite element of Solin, Segeth and Dolezel [209]. For
nodal approaches we refer to the monograph of Kanschat [138]. Note that we do not support polynomial
anisotropy here, because the finite element library deal.IT [41, 42], which we are using, currently does not
support this. Therefore we refer to [209] for more information about this topic.

Let K be the reference cell and p € Ny be arbitrary. Then we can define the polynomial space P, (I? )
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span{z’ : x € [0,1],0 < i < p}, if K=10,1]
(2.7) P, (f{) = { span{ziad s 2 € [0,1]%,0 < 4,5 < p}, it K =[0,1]%.
span{zizizk : x € [0,1]3,0 < i,j,k <p}, if K=][0,1]3

The next step is to contruct a basis for the polynomial space P, (IA( ) Let us begin with the case d = 1.

We set By := {i}ico,....p}, Where the shape functions ¢; are just the Legendre polynomials:

for i € {0,...,p}. Then it can be shown that B is a basis of the polynomial space P, ([0, 1]).
Lemma 2.1 (Basis (d =1)). For all p € Ny the set By is a basis of P, ([0,1]).
Proof. It holds dim (P, ([0,1])) = p+ 1 and ¢y, ..., ¢, € P, ([0,1]) are linearly independent. O

For the case d = 2 we choose the tensor-product of the basis in the one-dimensional case to construct a
basis for P, ([O, 1]2). Let By := {¢i ;}i jeqo,...p}» Where we set

¢ij(w) == Li(w1) Lj(w2)
for i, j € {0,...,p}. Then it can be shown analogously to the case d = 1 that B, is a basis of P, ([O, 1]2).
Lemma 2.2 (Basis (d = 2)). For all p € Ny the set By is a basis of P, ([0,1]?).
In the last case d = 3 again a tensor-product construction is employed. For i,j,k € {0,...,p} set
@i k(x) = Li(x1)L;(x2) Lk (x3).
Then a basis of the polynomial space P, ([0,1]?) is given by Bs := {¢;jx}ijke(o,..p}-
Lemma 2.3 (Basis (d = 3)). For all p € Ny the set Bs is a basis of P, ([0,1]?).

To complete the definition of the finite element we are only missing the degrees of freedom. Therefore we
follow the spirit of Demkowicz [97] and define the linear functional N; : P, (IA( ) — R by

Nio)= [ 6o voen(R)

fori € {0,...,dim (Bg) — 1}, where ¢; is the i-th element of basis By. Now we have fixed all components
and can define the L?-conforming finite element.

Definition 2.4 (Discontinuous Galerkin Element). The discontinuous Galerkin element is defined by the
triplet (IA(,PP (I?) ,Z), where X is given by

%= {No,. .., Naim(Ba)-1} -

The number of shape functions and, hence, the number of degrees of freedom of this finite element can
be computed easily. We see:
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Remark 2.1 (Number of Shape Functions). The discontinuous Galerkin element of degree p has
dim (Ba) = (p+1)?
shape functions.

Let K be some triangulation of 2. For K € K we denote the mapping from reference cell K to K by
Fr : K — K. Further let p := (px)kek, Pk € No, be the polynomial degree vector of triangulation .
Then we define the finite element space UP(K, Q) of L2-conforming elements by

UP(K,Q) = {u € L2(Q) s ulx o Fx € Py, (f?) VK € /c} .

With this definition we conclude this subsection about the discontinuous Galerkin element. For more
information we refer to the books of Cockburn, Karniadakis and Shu [84] and Kanschat [138]. In [84]
one can also find discontinuous Galerkin elements for other types of reference cells, e.g. triangles and
tetrahedra. Therefore we may now assume that the L?-conforming finite element space UP (K, Q) can be
constructed with triangulations I, which consist of any of these reference cells.

2.2.4 The H'-Conforming Finite Element Space

The H'-conforming finite elements are well studied. Hence there have been proposed various approaches
for defining shape functions and finite elements, which are continuous across the boundaries of the cell. In
a small overview on the literature we name [9, 22, 35, 60, 64, 65, 81, 97, 100, 109, 140, 194, 203, 209, 219].
In this work we follow the approach of Solin, Segeth and Dolezel [209] and construct a hierarchical finite
element. Again, polynomial anisotropy is excluded and we refer the interested reader to [209, 219] for more
information about this topic. For convenience we group the H'-conforming shape functions and degrees
of freedom in a geometrical meaning, i.e. we speak of vertex, edge, face and interior shape functions
and vertex, edge, face and interior degrees of freedom, respectively, if they can be associated with the
corresponding geometrical object of the cell (and if d € {1, 2, 3} is big enough such that these geometrical
objects exist). The H!-conforming finite elements provide continuity across cell boundaries and, thus,
are often called continuous Galerkin elements in contrast to the discontinuous Galerkin elements from
the previous subsection.

For p € N the polynomial space P, (IA( ) is given by (2.7) again. However we have to constuct new bases,
since the shape functions from B;, B and Bjs are not continuous across cell boundaries and, thus, cannot
be used here.

Example. Let d =1 and K := {[0,1],[1,2]}. Then the lowest order shape functions ¢, o = ¢o © Fk,
and ¢, 0 := ¢o o F, of the discontinuous Galerkin element on cells Ko := [0,1] and K7 := [1,2] are
continuous across vertex 1, but shape functions ¢g,1 := ¢1 0 Fr, and ¢, 1 := ¢1 0 Fg, are not. See
Figure 2.7 for a graphical representation.

Let d = 1. Then two groups of shape functions are present on reference cell K= [0,1]. Namely these are
the vertex shape functions and the interior shape functions. Let us begin with the vertex shape functions.
For vertices vg = 0 and v; = 1 these are defined by

P () :=lo(x)  and oy, (2) := L(2),

where [y and [; denote the first two integrated Legendre polynomials. The interior shape functions are
just the higher-order integrated Legendre polynomials: For i € {2,...,p} we set



Figure 2.7: Example. Left: Shape functions ¢k, 0, ¢, 0. Right: Shape functions ¢, 1, 0K, 1-

Then it can be shown that the set By := {¢y,, ¢u, } U {¢i}ieqa,... py is a basis of P, ([0,1]).
Lemma 2.4 (Basis (d = 1)). For all p € N the set By is a basis of P, ([0,1]).
Proof. See Proposition 2.1 in [209]. O

In the case d = 2 there are edge shape functions in addition to the vertex and interior shape functions,
which are also present for d = 1. To define the shape functions for d = 2 we use a tensor-product structure
similar to the one employed in Section 2.2.3. Let us start with the vertex shape functions again. These
four shape functions are defined by

buo () :=lo(z1)lo(22),  bv, (%) := li(z1)lo(T2),  Puy (@) := lo(z1)l1(T2),  Puy (@) := L1 (1)1 (22).

The next group of shape functions we consider is the group of edge shape functions. For i € {2,...,p}
these shape functions are given by

Peo.i(T) = lo(T1)li(72),  @eyi(®) = li(w1)li(T2),  Peyi(T) := li(T1)l0(72),  Pey,i(®) = li(w1)l1 (22).

Of course, there are also some interior shape functions. These are defined by
i (@) := Li(x1)l; (22)

for i,j € {2,...,p}. Then we can set By := {¢vy, - - - Pvy} U{deosis- - -» Besiticte,...p} U {gbi*j}i,je{Q,...,p}'
In [209] it was shown that By is a basis of P, ([0,1]?).

Lemma 2.5 (Basis (d = 2)). For all p € N the set By is a basis of P, ([0,1]%).
Proof. See Proposition 2.2 in [209]. O

Now we are left with the case d = 3. Here we have the full variety of shape functions, namely vertex,
edge, face and interior shape functions. As in the case d = 2 we employ a tensor-product structure for
the construction of these shape functions. Then the vertex shape functions are defined by

Gy () := lo(z1)lo(z2)lo(23), v, () := li(x1)lo(22)l0(23), Gu,(x) = lo(x1)l1(22)l0(23),
Gug (7)== li(w1)l1(z2)l0(73),  Puy () == lo(z1)lo(z2)l1(23),  Pus(2) = li(z1)lo(T2)l1 (3),
Pug(x) = lo(x1)1
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For i € {2,...,p} we denote the edge shape functions by

beo.i(x) = lo(x1)li(22)l0(23),  Qey,i(®) := li(w1)li(w2)lo(73),  Pey,iz) = li(21)lo(22)l0(23),
Pesi(@) = li(z1)l1(@2)lo(23),  eyi(@) == lo(x1)li(2)l1(23), ey i(@) = l1(21)ls(w2)l1(23),
Beg,i(®) = li(x1)lo(22)l1(23),  Peqi(®) := li(@1)l1(22)11(23),  Peg,i(w) := lo(21)lo(z2)li(23),
Beo.i(x) = li(z1)lo(22)li(23),  Pern,i(®) = lo(w1)l1(22)li(23),  Peyy i) := (1)1 (22)li(23)

Then we consider the group of face shape functions. These shape functions are given by

Do (@) = lo(@1)li(@2)lj(23),  bpp5(®) :=li(w1)li(@2)lj(23),  Dpoi5(@) := Li(w1)lo(w2)l5(23),
G (@) = lLi(@)l(@2)li(x3),  bpia(@) = lLi(@)lj(@2)lo(x3),  Dp5(x) = li(w1)l;(22)la(w3)
for 4,5 € {2,...,p}. Last but not least we also introduce the interior shape functions ¢; ; for i,j,k €

{2,...,p} by
Gi (@) = li(x1)l(x2) 1 (23).

It can be shown that the set

By = {bug, - ur } U{Beqsis - - Perr.ibie(z,pt U {Bfosisgis - - - s Ofsiiti e, pr Y{Pidktigre(z, .o}
is a basis of P, ([0,1]?).
Lemma 2.6 (Basis (d = 3)). For all p € N the set B is a basis of P, ([0,1]3).
Proof. See Proposition 2.4 in [209]. O

We note that in this subsection the name interior shape function becomes clear: Interior shape functions
vanish on 0K , whereas vertex, edge and face shape functions do not. Further we see that only for higher
orders (p > 2) there exist other shape functions than the vertex shape functions. With this element one
can also see the advantages of the careful construction of the shape functions. In [225] it was shown that
by using integrated Legendre polynomials the condition number of the finite element matrix

A= ( / (vonij)m

can be reduced significantly in comparison to many other families of polynomials.

To complete the definition of the finite element we have to construct some degrees of freedom. Again we
make use of the geometrical grouping and define the degrees of freedom for each group of shape functions
separately. For these definitions we follow the idea of Demkowicz [97]. We begin with the vertex shape
functions. Here we define the associated degrees of freedom as follows: For i € {O, 24 — 1} we set

No (@) = o) Vo B, (K).

For d € {2,3} there might also exist some edge shape functions. The degrees of freedom N, ; : P, ([A( ) —
R corresponding to these shape functions are defined by

do dl;
N ()= [ L

= | ud vo e Py (K),
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where s denotes the parametrization of edge e;, i € {0,...,3} in the case d =2 and i € {0,...,11} in the
case d = 3, and j € {2,...,p}. Only in the case d = 3 face shape functions may occur. The face degrees

of freedom Ny, ;1 : P, (IA() — R for i€ {0,...,5} and j,k € {2,...,p} are given by

Ny, jx(@) = / (g, x Voly,) x np)" (ng, x Vo julp) xny, Vo €P, (f() ;

where ny, denotes the outward-pointing unit normal vector to reference cell K on face fi- Interior shape

functions may occur for every d € {1,2,3}. The associated degrees of freedom N; : P, (I? > — R are
defined by

Ni(¢) := /f{ (Ve)'Vé;  VoeP, (f{)

where for i € {0,..., (p—1)¢—1} the i-th interior shape function is denoted by ¢;. Now we have presented
all necessary definitions to give a rigorous introduction of the H'-conforming finite element.

Definition 2.5 (Continuous Galerkin Element). The continuous Galerkin Element is defined by the
triplet (I/(\',Pp (IA{) ,Z), where ¥ is given by
Y= {N’U(]?N’Ul} U {Ni}iG{Q,...,p}
in the case d =1,
E = {N'U(H e 7N’U3} U {N€07i7 ey N€3,i}i€{2 VVVV P} U {Ni’j}i,je{Q,...,p}

in the case d = 2 and

2= {Nugs s Nos } U{Neg iy -+, Neyyitiet2,pr YU{Nfosigo - Nisii b jeqo, py O {NVigik bigket2,.. 0}
in the case d = 3, respectively.
The number of shape functions of this finite element can be computed quite easily. Therefore we see:

Remark 2.2 (Number of Shape Functions). The continuous Galerkin element of degree p has

d—1 d p?—1 .
N coy L Jrra(EE-1), ipemyqn)
dim (Bd) =Pp +d;p +1= dz(dqg(qu) +1-d, ifp=1

shape functions. Asymptotically we have p® + dp®=1 shape functions for large p.

Now let K be some triangulation of @ C R? for d € {1,2,3} and p := (px) ke, Px € N, be the polynomial

degree vector of K. Let Fi : K — K be the reference mapping from K to K. Then we define the finite
element space VP(K, Q) of H!-conforming elements by

VP(K,Q) = {u € HY(Q) :ulx o Fx € P, (f{) VK € /c} .

With this definition we conclude this subsection about the continuous Galerkin element. For more
information we refer the interested reader to the books of Brenner and Scott [64], Ciarlet [81], Demkowicz
[97], Demkowicz, Kurtz, Pardo, Paszyiiski, Rachowicz and Zdunek [100], Schwab [194] and Solin, Segeth
and Dolezel [209] and the dissertation of Zaglmayr [219]. In [209] one can also find continuous Galerkin
elements for other types of reference cells, e.g. triangles, tetrahedra and prisms. Therefore we may now
assume that the H!-conforming finite element space V? (K, §2) can be constructed with triangulations i,
which consist of any of these reference cells.
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2.2.5 The H(curl)-Conforming Finite Element Space

The H (curl)-conforming finite element spaces gained attentation after it turned out that vector-valued
finite elements built from H'-conforming elements are inappropriate for the approximation of electro-
magnetic fields (c.f. [59, 124, 165]), because functions from the space H(curl, Q) may have discontinuous
normal components. This led to the construction of Whitney elements, which have been discovered by
Whitney [214] in 1957 and many others [3, 47, 53, 147] independently. However these elements are lowest
order only and thus cannot satisfy the wish of an efficient numerical approximation with high accuracy.
This observation kicked off a stepwise construction of quadratic and cubic H (curl)-conforming finite el-
ements [3, 119, 163, 210] until Nédélec [166, 167] gave a definition of this type of elements for arbitrary
polynomial degree in 1980. Therefore the H(curl)-conforming finite elements are often called Nédélec
elements. Since then there have been proposed many approaches to improve these finite elements (c.f.
[4, 6, 15, 65, 97, 100, 209, 211, 212, 218]). Because the conditioning number of the finite element matrix

A= )7 T T
</Q(VX¢) VX¢J+/Q¢>7,¢])U

is a very critical issue for this type of finite elements [5, 54, 219], this problem has been investigated quite
often in recent years. In this field we want to name the considerable improvements obtained by Beuchler,
Pillwein and Zaglmayr [54], Xin and Cai [218] and Zaglmayr [219].

However, to bring together a real familiy of elements we follow the ideas of Solin, Segeth and Dolezel
[209] for the construction of a hierarchial finite element again. As above we refer the interested reader to
[209, 219] for the construction of polynomial anisotropic finite elements. Also in this subsection we group
the shape functions and degrees of freedom in a geometrical meaning and call them edge, face or interior
shape functions and edge, face and interior degrees of freedom, respectively, if they can be associated
with the corresponding object (and if d € {2, 3} is big enough such that these geometrical objects exist).
Due to the continuity properties of the space H(curl, ) it is not required to prescribe any values at the
vertices of the cells. Therefore there are no vertex shape functions or vertex degrees of freedom in this
element.

Let p € Ny be arbitrary. Then we define the polynomial space P, (IA( ) by

(A) . Qp.pt1 (I?) X Qpt1,p (I?) , it K =10, 1]2
Qpp+1p+1 (K) X Qp+1,p,p+1 (K) X Qp+1,p+1,p (K) , if K =10,1
where the scalar polynomial spaces Q.4 ([0,1]?) and Q4. ([0,1]%) are given by
Qp.q ([0,1]%) == span{ziz} : z € [0,1]°,0<i < p,0 < j < g}
and _
@p.qr ([0,1]7) = span{aiadal : 2 € [0,1°,0<i<p,0<j< g0 <k <7}

for p,q,r € Ny.

Now we have to construct a basis for the polynomial space P, (I? ) We start with the case d = 2.
Here two types of shape functions are present on reference cell K= [0,1]%. Namely, these are the edge
shape functions and the interior shape functions. To define the shape functions we use a tensor-product
structure similar to the one employed in Section 2.2.3. However for this finite element we have to take
special care of the polynomials, which we choose, to meet the continuity properties of the space H (curl, §2)
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correctly. Let us begin with the edge shape functions. For i € {0,1} and j € {0,...,p} these are defined
by
0

be,,j(x) = ( Li(21) L () )  Peirai(T) = ( Lj(xl())li($2) ) .

The interior shape functions are given by
( Li(z1)l;(2) )
0

$2,5,i(z) == ( lj(xl)OLi(sz) >

for i € {0,...,p} and j € {2,...,p+ 1}. In [209] it was shown that the set

G1,,5(x) :

and

By :={¢eq,ir- -1 Pesiticqo,...pr ULO1,i, D2,54) ic{o,...p}
je{Qv"<7p+1}

is a basis of P, ([0,1]?).
Lemma 2.7 (Basis (d = 2)). For all p € Ny the set By is a basis of P, ([0,1]?).
Proof. See Proposition 2.7 in [209)]. O

Now let us continue with the case d = 3. Here face shape functions might occur, too. As in the case
d = 2 we employ a tensor-product structure to define the shape functions. Let us begin with the edge
shape functions again. For 4,7 € {0,1} and k € {0, ..., p} these are defined by

0 Li(21)li(22)l5(w3)
¢ei+4j,k(x) = li(xl)Lk?(:L?)lj(m?)) ) ¢€i+4j+27k(‘r) = 0 ’
0 0
0
Deiyayrs k(T) = 0
li(z1)lj(22) L (z3)

The group of face shape functions is given by

o
em)

Ofagk(@) = | li(z)Lj(z2)le(xs) |, bf2k,4(@) = 0 ;
0 li(x1)lk(22) L) (xs)
Lj(w1)li(z2)lk (23) 0
Pfipa1k(T) = 0 s Bira2k(T) = 0 ;
0 lp(21)li(22) Ly (x3)
Lj(xq)lp(22)li(2s) 0
Pfipatgk(T) = 0 v Ofiva2kg (@) = | k(@)L (w2)li(23)
0 0
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for i € {0,1},5 € {0,...,p} and k € {2,...,p + 1}. Finally we introduce the interior shape functions
Qsl,i,j,ka ¢2,j,i,k and ¢3,j7k,i fOI' 7 S {0, e ,p} and j, k S {2, - 4+ 1} by

Li(z1)l(22)lk(z3) 0
014 5.6(x) = 0 o Oagik(x) = Li(z1)Li(z2)le(zs) |,
0 0
0
¢35k, () = 0
Li(x1)lk(22) Li(x3)

Then we set

Bs :={degis - -, Perritie0,..0} YU{Pro1ii> Pfo 25,5 - -+ P 1> Pfs 2.5} ief0,....p}

JE{2,0pF1}
U{1,i,j,ks P2.5.i ks P34k} icfo,....p}
i k€{2,pH1}
and it can be shown that Bs is a basis of P, ([0,1]?).
Lemma 2.8 (Basis (d = 3)). For all p € Ny the set By is a basis of P, ([0,1]*).
Proof. See Proposition 2.9 in [209]. O

Note that these sets of shape functions are implemented in the finite element library deal.Il [41, 42] by
the author. In [5] it was shown that the bases By and Bjs lead to good conditioning numbers of the finite
element matrix A.

To complete the definition of the H(curl)-conforming finite element we have to define some degrees of
freedom. Here we can take advantage of the geometrical grouping again and define degrees of freedom
for each group of shape functions separately. Again this part is inspired by the work of Demkowicz [97].
Let us begin with the edge shape functions. They exist for both, d =2 and d = 3. For j € {0,...,p} we

define the corresponding edge degrees of freedom N, ; : P, (IA{ ) — R by

N, ;(9) = / oTtL; Vo€ P, (f{)

where t denotes the unit tangential vector to cell K determined by the orientation of edge ¢;, ¢ € {0,...,3}
in the case d =2 and i € {0,...,11} in the case d = 3. Now let us proceed to the face degrees of freedom.
These degrees of freedom only exist in the case d = 3. Here we have to provide two sets of degrees of
freedom Ny, 15k, Ny, 2.k, : Pp (I/(\' ) — R, since we also have two sets of shape functions corresponding to
the two different tangential directions of face f;. Fori € {0,...,5},7€{0,...,p} and k€ {2,...,p+ 1}

we set

Ny k(6) = / ((V % 6)n(Y % g 0) T+ 67V (1511))

i

and
Nyaes(9) i= / (V% &)T(V X 67,.505) "0+ 67V ()

for all ¢ € P, (I? ), respectively. The interior degrees of freedom are present in both cases d = 2 and

d = 3 again. Let us consider the case d = 2 first. Here the two sets of degrees of freedom Ny ; j, Noj; :
P, ([0,1]%) — R are given by

Ni,ij(9) := /A (VX 9)'V X g+ 0"V (lily))

K
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and

Noji(6) = /K (V x 6T X basi + 67V (1)

for i € {0,...,p},j € {2,...,p+ 1} and all ¢ € P, (IA(), respectively. In the case d = 3 we define
the interior degrees of freedom Ni; jx, N2 ik, N3 jki @ Pp ([0, 1]3) — R for i € {0,...,p} and j,k €
{2,...,p+ 1} as follows:

Niijk(9) = /f( (Vx )"V x prijw + 0"V (Lillk))
Nojik(9) = /f( (VX )"V % o ik + 0"V (Ililk))

and

NS,j,k,i(¢) = /,\ ((V X ¢)TV X ¢3,j,k,i =+ ¢TV (l]lklz))

K
forall¢p € P, (I? ) , respectively. Now we have introduced all necessary notions to give a rigorous definition

of the H(curl)-conforming finite element.

Definition 2.6 (Nédélec Element). The Nédélec element is defined by the triplet (I/(\', P, (I?) ,Z), where
3 is given by

Y= {Newv .- 637 }ZE{O’ D} U {Nl %J7N2,]7 } 1€{0,...,p}
j€{2,....p+1}

in the case d = 2 and

Y :={Negis- s Newitiefo,..py YN0, 1,15 Nfo, 2,500 s N5 1,5 Nfs 2,50 iefo,...p}
jE{2pmpH1}

U{N1i50 N2jisks N3jk,i}  iefo,...p}
Ji:k€{2,...,p+1}

in the case d = 3, respectively.
Again we compute the number of shape functions of this element.

Remark 2.3 (Number of Shape Functions). The Nédélec element of degree p has
dim (Bq) = 27 'd+12(d — 2)p+ dp® ") (p + 1)
shape functions. Asympotitically we have dp® 4 12(d — 2)p? shape functions for large p.

Now let K be some triangulation of Q - R? with d € {2,3} and p := (px)Kex, Px € No, be the
polynomial degree vector of K. Let Fi : K — K be some orientation preserving affine mapping from K
to K. Then we define the finite element space WP (K, Q) of H (curl)-conforming elements by

(2.8) WP(K, Q) = {u € Ho(ew, Q) : (VFx) "ulk) o Fx € P, (f{) VK € /c} .

Let K € K be arbitrary and e C 0K denote some edge of cell K. Then the change of variables formula

sign (det (VFk)) T
/ Tt_/ SR e F) (o Fi).

reads
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where € denotes the reference edge of cell K such that Fxé = e. There exists some @ € Hy(curl, Q) such
that
((VFK)*T a) oFg=u K

and it follows

det VF ))A -1 -~
uTt = / sign ( K)o (VF )  VFxE
/ ]VFKA] (VE)™ Vi

:/51gn (det (VFK))QT?
VR

Now let f C OK denote some face of cell K. Then the change of variables formula reads

/uTn _ / sign (det (VFKk)) (uOFK)T (no Fi)
1 7 ‘(VFK)*Tﬁ]

where fdenotes the reference face of cell K such that FKf: f. Then it follows
/ / sign (det (
vE) |
t (VF
_ / Slgn( € (VT K))aTﬁ
N\

VER) ot (v pe )y (VE) T

Thus, definition (2.8) is justified.

With this statement we close this subsection about the Nédélec element. For more information we refer the
interested reader to the book of Solin, Segeth and Dolezel [209] and the dissertation of Zaglmayr [219].
In both references one can also find Nédélec elements for other types of reference cells, e.g. triangles,
tetrahedra and prisms. Therefore we may now assume that the H (curl)-conforming finite element space
WP(K,Q) can be constructed with triangulations K, which consist of any of these reference cells.

2.3 Adaptivity

In its early years the classical finite element method was used with a fixed triangulation consisting of
approximately equally-sized cells and polynomial degree vector p =1 (see e.g. [17, 83, 206, 223]). If the
computed finite element solution was not accurate enough, the whole grid was rebuild with smaller cells.
It did not take very long until it became clear that this procedure is not very efficient, because the global
error is usually dominated by the local error in only a few small subdomains on which the solution is
singular. This led to adaptive refinement of the cells around known singularities like e.g. corners of the
domain (see e.g. [20]). The h-adaptive finite element method was born and its application was boosted by
the development of the a posteriori error estimation [30, 31, 32, 33, 34]. Another approach for increasing
the accuracy of the finite element solution is the use of higher-order ansatz spaces on some or all cells of the
triangulation [38]. The adaptive application of this method is called the p-adaptive finite element method
nowadays. Shortly after the work of Babuska, Szabé and Katz [38] in 1981 the h- and the p-adaptive
finite element method were combined in the paper of Babuska and Dorr [23]. This was the birth of the
hp-adaptive finite element method. It received further consideration in the works of Babugka and Guo
[24, 25] from 1986. For various applications it could be shown that this method can achieve exponential
rates of convergence with respect to the number of degrees of freedom [89, 113, 156, 192, 193, 194, 195].
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Another adaptive finite element method, which received some consideration, is the r-adaptive finite
element method. This method adapts the location of the cells in the triangulation with respect to local
features of the solution. Since we do not apply this method in our work, we refer the interested reader
to the book of Baines [39] for more information about this topic. For a graphical overview of these four
adaptive methods see Figure 2.8.

Strongly connected to the area of adaptivity is the a posteriori error estimation [8, 208]. Since one
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Figure 2.8: Adaptive methods. Outer left: h-adaptivity. Center left: p-adaptivity. Center right: hp-
adaptivity. Outer right: r-adaptivity.

usually does not know the analytic solution of the problem, one has to estimate the error of the finite
element solution in terms of the computed solution. Therefore a local a posteriori error estimator, which

"=

KeKk

admits a splitting of the form

for the estimated error 7, is used. Then a fully automatic algorithm can be construced for the h- and
the p-adaptive finite element method by refining the cells where the estimated error 7k is large (see e.g.
[7, 8, 31, 32, 43, 102, 103, 207, 208, 220, 224]). However for the hp-adaptive finite element method this
information alone is not enough. Here we also need an indication which refinement pattern — h-refinement
or p-refinement — performs best. There have been various trials to tackle this task, e.g. in [107, 136, 215]
the analyticity of the solution is estimated, in [10, 74, 104, 126] local boundary value problems are solved
and in [101, 180, 181] the global interpolation error is minimized.

To conclude this short comment on the adaptive finite element method we want to point out the two main
parts of every adaptive algorithm again — the a posteriori error estimation and the refinement strategy.
For more information about the a posteriori error estimation we refer the interested reader to the work
of Becker and Rannacher [52] and the books of Ainsworth and Oden [8] and Verfiirth [208]. In the survey
articles of Babuska and Suri [37], Eriksson, Estep, Hansbo and Johnson [108], Mitchell and McClain [162]
and Rannacher [182] and the book of Schwab [194] one can find more information about the principles
of adaptive finite element methods.

2.4 Interpolation

The goal of this section is to present some interpolation operators for the hp-adaptive finite element
method, which map functions from the continuous spaces L?, H! and H/(curl) into the corresponding
discrete finite element spaces. Of course, for each pair of continuous and discrete space there are many
different interpolation operators in literature. The most simple choice are nodal-based interpolation
operators, which can be found in e.g. [194]. These operators simply evaluate the function at some
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nodal points and use these values as the value of the corresponding degree of freedom of the finite
element function. However, the drawback of this procedure is the need of some extra regularity for
the point evaluation. To overcome this drawback local averaging operators have been used in e.g. [82,
198]. Unfortunately, these Clément- or Scott-Zhang-type interpolation operators loose the locality of the
interpolation estimates. In the works of Demkowicz and Babuska [98] and Demkowicz and Buffa [99]
one can find another approach — the so called projection-based interpolation. This type of interpolation
operators determines the values of the degrees of freedom by solving some local minimization problems
on edges, faces and cells. Also here some extra regularity is required to ensure that all operations are
well-defined.

Throughout this section let @ C R? d € {1,2,3}, be open and bounded with polygonal (in the case
d = 2) or polyhedral (in the case d = 3), Lipschitz-continuous boundary. Further let IC be some regular
triangulation of  consisting of simplices. Then we start with the L?-conforming interpolation. This
interpolation operator maps functions from the space L?(Q2) into the space of discontinuous Galerkin
finite elements UP(K, ). It is the most simple one, since it comes from the heart of the finite element
method, and thus we just state the best approximation property of the Ritz-Galerkin method here:

Theorem 2.3 (L?-Conforming Interpolation). Letn € N and u € L?(Q)"™. Then there exists some linear
operator 11 : L?>(K)" — UPx ({K}, K)" such that

/K¢T(u ~Tlu) =0 V¢ e UP* ({K},K).

Proof. See [64], Theorem 0.3.3. O

For interpolation error estimates see e.g. Houston, Schwab and Siili [134].

2.4.1 The H'-Conforming Interpolation

The H'-conforming interpolation maps functions from the space H'() into the space of continuous
Galerkin finite elements VP (K, 2). For the hp-adaptive finite element method one can find a nodal-based
interpolation operator in the book of Schwab [194]. In [157] Melenk and Wohlmuth derived a Clément-
type interpolation operator, which follows the ideas of Scott and Zhang [198] and does not require any
additional regularity. Melenk investigated this operator even further in his later work [155]. Demkowicz
and co-authors proposed a projection-based interpolation operator for the case d = 2 in [98] and for the
case d = 3 in [99]. Also these operators use nodal-based interpolation and thus require some additional
regularity. However, one can replace the nodal-based parts by some Clément-type interpolation to weaken
the regularity assumptions. In this subsection we present a Clément-type interpolation operator with
minimal regularity assumptions.

Before we start with the interpolation results let us define two regularity properties, which will become
part of our basic assumptions later on. The first notion describes the limited variation of the diameter of
two neighbouring cells. This property is called shape reqularity and the following definition can be found
in the books of Schwab [194] and Szab6 and Babuska [203].

Definition 2.7 (Shape Regularity). Let K € K be the image of reference cell K under some orientation
preserving diffeomorphism Fi : K — K and set hg := diam(K). Then K is called ~-shape regular, if
and only if there exists some constant v > 0 such that for all K € K it holds

I Ficl ey

(2.9) o

—1
N R B

)
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A similar property exists for the polynomial degrees distributed over triangulation K. We call this
property polynomial reqularity.

Definition 2.8 (Polynomial Regularity). K is called y-polynomial regular, if and only if there exists
some constant v > 0 such that for all K1, Ko € K with K1 N Ky # 0 it holds

(2.10) p% < pK, < VDK, -

In the following we will use these two notions almost always together. Therefore we define a third notion,
which collects these two different regularity properties to only one notion.

Definition 2.9 (Regularity). Let 71,72 > 0. Then K is called (v1,72)-regular, if and only if K is
~v1-shape regular and v-polynomial regular.

Now we are ready to present the H'-conforming interpolation operator. It is a Clément-type interpolation,
which replaces the point evaluation of the interpolated function by some local average. This procedure
does not require the extra regularity of a point evaluation, but is also well-defined for functions from the
space H'. However, since we do not rely on its construction, but only use its interpolation estimates
in this work, we refer to the work of Melenk [155] for a more detailed insight into this topic. Another
way to obtain such an interpolation operator is to use the projection-based interpolation operator from
Demkowicz and Babuska [98] for d = 2 and Demkowicz and Buffa [99] for d = 3, respectively, and replace
the interpolations on the cell boundary by Clément-type interpolations as proposed in [191].

Let h := (hk)gcx be the mesh size vector of triangulation K. For K € K we define the local patch
wr,1 C R¢ by

WK1 = U {L: K and L share a common edge}.
Lek

Then we can iteratively define

WK = U {L 3K € K : K and L share a common edge,k - wK,Z-,l} Uwg,i—1
LeKk

for i« > 2. For simplicity we write wg := wg,1 in the case 7 = 1. Then we get the following result,
which gives us an optimal estimate for the interpolation error in terms of the gradient of the interpolated
function.

Theorem 2.4 (H!-Conforming Interpolation). Let K be (vy1,72)-regular and K € K be arbitrary. Further
let w € HE(Q). Then there exists some linear operator II' : H} () — VP(K,Q) and some constant
Cyrad > 0 independent of mesh size vector h and polynomial degree vector p such that

h [ he h
||u - HIUHL2(0JK) * ]ﬁ ||V (u - Hlu)HL2(wK)d + pt ||u B H1u||L2(e) < Cgmdpf”vu”L%ng)d'

Here e C 0K NOQ denotes an interior edge (in the case d = 2) or face (in the case d = 3) of cell K and
h. := diam(e) is the edge or face diameter. The edge or face polynomial degree p. is given by

Pe = max {pr,, Pr, }

for K1, Ky € K with e = K1 N Ks.
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Proof. Let Vi be the set of all vertices of cell K and v € Vi be arbitrary. Then we define the patch w, 1
by
Wy 1= U{L:UGL}

LeK

and for 7 > 2 we set

Wy,i = U {L CWyi—1 NL # @}

LeKk

Further let e C 0K N 0N denote some interior edge (in the case d = 2) or face (in the case d = 3) of K.
In Theorem 2.2 in [157] it was shown that there exists a linear operator II* : H}(Q) — VP(K, ) such
that

2 hy [ hy 2 2
5 (o=l + 2 (229 100 o o= ) )

vEVK

SCQ Z UHVUJHL"’ (Wo,2)?

vEVK

(2.11)

for some constant C' > 0 independent of mesh size vector h and polynomial degree vector p. With the
(71, 72)-regularity of K we see easily

h?
Ju— uHLZ(wK) + = HV (u—TI “)H;(w)

hy [ hy 2 2
<y (nu i+ O (B9 ) e -l ) ).

vEVK

he 2
s+ oo Ju— HluHLZ(e)

where C' > 0 denotes some constant independent of mesh size vector h and polynomial degree vector p,

hy =
v )
LCwy,1

and

Then, estimate (2.11) implies

2
H“_ Hl““m(w) ||L2(WK)3

h2 he v
+pTKHV (U_Hlu) ; +7Hu_H1uHiQ(e) SCQ Z ||V ”L2 (wo,a)
K DPe

vEVK

and by using regularity assumptions (2.9) and (2.10) we get

h3
K 1 1 2
Ju— UHL2(wK) + HV (u—11 )HL2 (wi)? + H“ -1 “HLz(e) = Cgradpz HV“HL?(%AW
vEVK
hic
< Cgrad 2 ”VUHLZ(MKJ)«M
since
U Wy,4 C WK, 7.
VEVEK

The result follows by taking the square root on both sides. O
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Another way to derive such an interpolation error estimate can be found in Theorem 2 in [98] for the
case d = 2 and Theorem 4 in [99] for the case d = 3, respectively, together with Theorem 5 and Corollary
6 in [191] and the Bramble-Hilbert Lemma (see e.g. [63]).

With this remark we conclude the subsection about H'-conforming interpolation. For more information
about such operators we refer the interested reader to the publications of Demkowicz and Babuska [98],
Demkowicz and Buffa [99], Melenk [155], Melenk and Wohlmuth [157] and Schéberl [191], and the books
of Demkowicz [97], Demkowicz, Kurtz, Pardo, Paszyiiski, Rachowicz and Zdunek [100] and Solin, Segeth
and Dolezel [209]. Especially [98, 99, 155, 191, 209] provide a detailed insight into the construction of
such operators.

2.4.2 The H(curl)-Conforming Interpolation

In this subsection we want to consider the H (curl)-conforming interpolation. It maps functions from the
space H (curl, ) into the space of Nédélec elements WP (K, ). Demkowicz and co-authors presented the
following projection-based H (curl)-conforming interpolation operator for the hp-adaptive finite element
method for the case d = 2 in [98] and for the case d = 3 in [99]. This interpolation requires some
extra regularity of the interpolated function, because the interpolation error estimate is bounded in the
H'-seminorm ||V - || 2 instead of the H(curl)-norm || - || g (cur)-

Theorem 2.5 (H(curl)-Conforming Interpolation). Let d € {2,3} and K be (v1,72)-regular. Further
let K € K and u € Hp(curl,Q) N HY(Q)?. Then there exists some linear operator 11°*! : Hy(curl, Q) N
Hl(Q)d — WP(K,Q) and some constant Ceyy1 > 0 independent of mesh size vector h and polynomial
degree vector p such that

cur \/E cur hK
[Ju =Tl e + ot 1309 Ju =T, < Ccur1W||VU|\Lz(wK,5>d

for alle > 0. Here e C 0K N denotes an interior edge (in the case d = 2) or face (in the case d = 3)
of cell K.

Proof. From Theorem 3 in [98] and Theorem 5 in [99], respectively, and the Bramble-Hilbert Lemma (see
[63]) we know that there exists a linear operator 1! : Hy(curl, Q) N HY(Q)¢ — WP(K, Q) such that

hk
———IVu||
(b + )
for some constant C;7 > 0 independent of mesh size vector h and polynomial degree vector p.

Now let e C K N be some interior edge (in the case d = 2) or face (in the case d = 3) of cell K. Then
the trace theorem (cf. [67, 68, 69, 78]) implies

(2.12) Hu — chrluHL2(wK)d' <Ci

wr,5)?

ifd=2
ifd=3

1V x (u — Trewrly)
IV x (u — Trewly)

Co [|u = |
Co [|u = |

wK)d HLZ(wK)’

ur. 2
[ —11° IUHL2(e)d =

wr)? HLQ(wK)d ’

for some constant Cs > 0 independent of mesh size vector h and polynomial degree vector p. Then using
Theorem 3 in [98] and Theorem 5 in [99], respectively, estimate (2.12) and the (1, 7v2)-regularity of K

gives
\Y4 hE 1 =~ hK
—— [y = 11" < Co————IVullr2(y . e
(pe+1)§(1_5) H HLQ(e)d (pK+ 1)1 € (wk,5)
for some constant Cy > 0 independent of mesh size vector h and polynomial degree vector p. This
concludes the proof. O
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Similar to the H!-conforming projection-based interpolation operator also the projection-based H (curl)-
conforming interpolation has some drawbacks. The major restriction is the extra regularity requirement
u € Ho(curl, Q) N HY(Q)? instead of the desired minimal regularity assumption u € Hy(curl, Q). Further,
the order of the polynomial degree px + 1 in the interpolation error estimate is suboptimal by €. As
for the H'-conforming interpolation also here the estimate itself is not fully local, but extends to some
bigger domain wg 5.

This concludes the subsection about the H (curl)-conforming interpolation. For more information on this
kind of interpolation we refer the interested reader to the publications of Demkowicz and Babuska [98]
and Demkowicz and Buffa [99] and the books of Demkowicz [97], Demkowicz, Kurtz, Pardo, Paszynski,
Rachowicz and Zdunek [100] and Solin, Segeth and Dolezel [209)].

2.5 The de Rham Complex Reviewed

In Theorem 1.8 we have derived the exact sequences

v

{0y —> 7 (Q) Ho(curl, ) Y 123(0) -2 {0}

and

{0} —L H(Q) —2% Hy(div, Q) &> 12(0) -~ {0}

in the case d = 2 and

{0} i HE(Q) Y Hy(curl, 2) X Ho(div, ) s L3(9) —— {0}

in the case d = 3. In this section we derive similar de Rham complexes for the discrete spaces UP (K, 2),
VP(K,Q) and WP(K, ) from Section 2.2. Finally, the interpolation operators from Section 2.4 come into
play and connect the de Rham complexes for the continuous and the discrete spaces.

Throughout this section let @ C R? d € {1,2,3}, be open and bounded with polygonal (in the case
d = 2) or polyhedral (in the case d = 3), Lipschitz-continuous boundary. Further let K be some regular
triangulation of 2. We observe easily that for v € V?(K,Q) it holds

Vu=0inQ <<= u=0.
Hence we have shown the following result:
Lemma 2.9 (Kernel of V). For V : VP(K,Q) — R? it holds
ker(V) = {0}.

For the next result we require an H (div)-conforming finite element space. However, we do not use this
finite element space later one and, thus, did not construct it in Section 2.2. Therefore we simply define
it here and refer the interested reader to the books of Brezzi and Fortin [65], Girault and Raviart [121]
and Solin, Segeth and Dolezel [209] and the dissertation of Zaglmayr [219] for more information about
H (div)-conforming finite elements.

For p € Ny arbitrary let the polynomial space P, (I/(\' ) be given by

(,\) . Qp+1,p ([?) X Qppt1 ([A() ) if K =0, 1}2
B Qp+1p.p (IA{) X Qpp+1,p (I?) X Qppp+1 (K> , i K = 0,1
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where the scalar polynomial spaces Q.4 ([0,1]?) and Qp,q.» ([0,1]%) are given by

Qpq ([0,1]%) := span{xixé 2 €0,1°,0<i<p,0<;< q}

and
Qp.qr ([0, 1}3) := span {m’lxéx’g 2 e0,12,0<i<p,0<j<q0<k< r}

for p,q,r € Ng. Then we denote the H(div)-conforming finite element space X?(K,Q) by

1

XP(K, Q) = {u € Hy(div, ) : <W

VFKu|K) o Fx € Py, (f{) VK € /c}.

Again this definition can be generalized to any type of reference cells, i.e. triangles, tetrahedra, prisms,
etc. For more information we refer the interested reader to the book of Solin, Segeth and Dolezel [209)
and the dissertation of Zaglmayr [219]. Therefore we may now assume that the H(div)-conforming finite
element space XP(IC,Q2) can be constructed with triangulations /C, which consist of any of these reference
cells.

A bit more involved is the relation between the spaces WP(KC,Q) and VP(K, Q). This is partially inves-
tigated in the following theorem, whose proof can be found in [56, 57, 58].

Theorem 2.6 (Kernel of Vx). Let Q C RY, d € {2,3}, be simply-connected.
1. Let d=2. For Vx : WP(K,Q) — UP(K,Q) it holds
(2.13) ker(Vx) = VVP(K,Q).
For Vx : VP(K,Q) — XP(K,Q) it holds
ker(Vx) = {0}.
2. Letd=3. For Vx : WP(K,Q) — UP(K,Q)3 it holds (2.13).
Proof. See Proposition 5.5 in [58] and Lemma 2.9. O

Between the spaces XP(IC,Q2) and VP(K, Q) (in the case d = 2) and XP(K,Q) and WP(K, Q) (in the case
d = 3) it holds a result similar to Theorem 2.6.

Theorem 2.7 (Kernel of div). Let Q C R?, d € {2,3}, be connected.
1. Let d=2. Fordiv: X?P(K,Q) — UP(K,Q) it holds
ker(div) = V x VP(K, Q).
2. Let d=3. For div: XP(K,Q) — UP(K,Q) it holds
ker(div) = V x WP(K, Q).
Proof. See Proposition 5.5 in [58]. O

Now we are missing only two simple results to state the de Rham complex for the discrete finite element
spaces UP(KC,Q), VP(KC,Q), WP(K,Q) and XP(K, Q). The following lemma determines the image of the
operator div. It was shown in [219].
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Lemma 2.10 (Range of div). Let d € {2,3}. For div: XP(K,Q) — UP(K,Q) it holds
div (XP(K,Q)) = UP(K, Q).
Proof. From Proposition 5.4 in [58] we know
div (XP(KC,Q)) C UP(K, Q).
Then the result follows from
dim (div (X?(K,Q))) = |K|(p+ 1)* = dim (U?(K,Q)),
where | - | denotes the cardinality. O

The next lemma determines the image of the operators Vx : WP (I, Q) — UP(K,Q) and Vx : VP(K, Q) —
XP(K, Q) in the case d = 2.

Lemma 2.11 (Range of V). Let d = 2.
1. For Vix : WP(IC, Q) — UP(K, Q) it holds

V x WP(K,Q) = UP(K,Q).

2. For Vx : VP(K,Q) — XP(K,Q) it holds

V x VP(K,Q) = XP(K,Q).

Proof. 1. We see easily
V x WP(K,Q) c UP(K, Q).
Then the result follows from
dim (V x WP(K,Q)) = dim (UP(K,Q)).
2. From
div(V xu) =0 Yu e VP(K,Q)

we see easily
V x VP(K,Q) C XP(K,Q).

Then the result follows from
dim (V x VP(K,Q)) = dim (XP(K,Q)),

which can be seen easily for polynomial spaces based on a tensor-product structure. For other
polynomial spaces see Proposition 5.5 in [57].
O

Let the operator O : UP (K, Q) — {0} be defined by
Ou:=0

for all uw € UP(KC, ). Then it follows directly from Lemmas 2.9-2.11 and Theorems 2.6 and 2.7:
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Theorem 2.8 (de Rham Complex). Let Q C RY, d € {2,3}, be connected.
1. Let d = 2. Then the de Rham complezes

{0y — 2 v (K, Q) —Y- WP(K, Q) > UP(K, Q) 2 {0}
and

{0y — 5 v, Q) 2 xP(K, Q) -2 pr(K, Q) 2 {0}
form exact sequences.

2. Let d = 3. Then the de Rham complex

{0} —> VP(K, Q) —T= WP(K, Q) 2> X7 (K, Q) 2> Ur (K, 0) 2 {0}

forms an exact sequence.

Together with Theorem 1.8 we now have derived exact sequences for the continuous spaces H{ (),
Hy(curl, Q), Ho(div,Q) and L3(€2) and the discrete spaces VP (K, ), WP(K,Q), XP(K,Q) and UP(K, Q).
Now we want to consider how these two sequences relate to each other. Here the interpolation operators
from Section 2.4 come into play. Thus, we have to assume again that triangulation K is regular and con-
sists of simplices only. By the correct choice of interpolation operators we can derive a commuting diagram
connecting the de Rham complexes from Theorems 1.8 and 2.8. However, for a complete diagram we also
need an H (div)-conforming interpolation operator. Since we did not construct an H(div)-conforming fi-
nite element space in Section 2.2, we neither constructed an H(div)-conforming interpolation operator in
Section 2.4. Therefore we have to do it here. We follow the ideas for the construction of projection-based
interpolation operators in Section 2.4 and replace the lowest-order interpolation by the Clément-type
interpolation from Schoberl [191]. Since we do not use this interpolation operator later on, we do not
derive any error estimates here.

Theorem 2.9 (H(div)-Conforming Interpolation). Let d € {2,3} and K be (y1,v2)-reqular. Further let
K € K and ¢ > 0 be arbitrary. Let u € Hoy(div,Q) N H(Q)?. Then there exists some linear operator
04 2 Hy(div, Q) N HE(Q)? — XP(K,Q).

Proof. The proof follows in the same fashion as the proofs of Theorems 2.4 and 2.5. We take the
projection-based interpolation operator from Demkowicz and Buffa [99] and replace the lowest-order
interpolation by the Clément-type interpolation from Schoberl [191]. O

For more information about the construction of this H(div)-conforming interpolation operator and the
derivation of an interpolation error estimate we refer the interested to the works of Demkowicz and Buffa
[99] and Schéberl [191].

Now we are ready to give the full de Rham diagram, which connects the de Rham complexes from
Theorems 1.8 and 2.8.

Theorem 2.10 (de Rham Diagram). Let Q C R, d € {2,3}, be connected.
1. Let d =2. Then the diagrams

{0} —L= HY(Q) — > Hy(curl, Q) > 12(Q) —2— {0}

| | Jee |n |

0y — 2 vk, Q) — Y= Wr(K, Q) = Ur(K, Q) < {0}
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and

{0} —L> HI(Q) —2% Ho(div, Q) -2 12(0) —2— {0}

O N U I |
{0} — 5> vr(K, Q) > XP(K, Q) — 2 pr(K, Q) < {0}
commute, i.e. it holds
vnl — chrlv
V x I = TI(V %)
V x ' = 1 (V )
div (1) = I div.

2. Let d = 3. Then the diagram

div

{0} —L> H}(Q) — > Hy(curl, Q) > Hy(div, Q) L2(Q) —2— {0}

if | l“ ln | |n l

(0} — 5 vr(K, Q) —Y = WP (K, Q) — > XP(K, Q) —2s (K, Q) 2 {0}

commutes, i.e. it holds

VHl — chrlv
V x chrl _ Hdiv(vx)
div (II") = I div.

Proof.
1. The proof follows directly from Theorem 1 in [191] and Proposition 3 in [98].
2. The proof follows directly from Theorem 1 in [191] and Theorem 1 in [99].
O

With this result we want to conclude this review of the de Rham complexes. We have derived commuting
diagrams consisting of the exact sequences from Theorems 1.8 and 2.8 and the interpolation operators
from Section 2.4. Commutativity will be of great importance in the analysis of the following chapters.
For more information about de Rham complexes and de Rham diagrams we refer the interested reader
to the books of Bossavit [57, 58], the survey article of Hiptmair [127] and the dissertation of Zaglmayr
[219].
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Chapter 3

The Poisson Problem

In this chapter we want to consider the numerical solution of the Poisson problem with the hp-adaptive
finite element method. This problem has been studied extensively in the past (see e.g. [10, 23, 52, 101,
103, 107, 126, 135, 151, 157, 161, 162, 171, 173, 174, 180, 207, 215] to name only a few references) and,
thus, is the perfect candidate for a simple elliptic model problem and results can often be applied easily to
other elliptic problems as well. For this model problem we want to develop a fully automatic hp-adaptive
refinement strategy, whose numerical solution converges to the analytical solution of the problem. The
idea for this refinement strategy goes back to the work of Dorfler and Heuveline [104] in the case d = 1.
Therefore this chapter is split into two parts. In the first part we derive the refinement strategy for
the hp-adaptive continuous Galerkin finite element method and prove some convergence results. In the
second part we derive the refinement strategy for the hp-adaptive discontinuous Galerkin finite element
method and prove its convergence also for this discretization.

Before we start let us state the Poisson problem, which we consider in this chapter, first. Therefore let
Q C R4 de{1,2,3}, be open and bounded with polygonal (in the case d = 2) or polyhedral (in the case
d = 3), Lipschitz-continuous boundary. Then we look for a solution of the problem to find u € H}(Q)
such that

—Au=f in

3.1
(8:1) u=20 on 0f)

for f € L*().

3.1 The Continuous Galerkin Finite Element Method

For the continuous Galerkin finite element method there have been proposed various hp-adaptive refine-
ment strategies, e.g. in [107, 136, 215] the analyticity of the solution is estimated, in [10, 74, 104, 126] local
boundary value problems are solved and in [101, 180, 181] the global interpolation error is minimized.
However most of these strategies lack a rigorous proof of convergence. Thus the goal of this section is
to derive an efficient hp-adaptive refinement strategy and prove its convergence. Therefore we derive
the weak formulation of problem (3.1) first. Then we present the refinement strategy in the case d = 1
and prove its convergence to give a simple insight into the basic ideas of the strategy. After this the
refinement strategy is extended to higher space-dimensions d € {2, 3}.
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3.1.1 The Problem Formulation

In this subsection we derive the weak and discrete formulations of problem (3.1). Then the most important
properties of the bilinear form resulting from the weak formulation are discussed.

Let us start with the derivation of the weak formulation. Therefore we multiply the first equation of
problem (3.1) with some test function ¢ € Hg () and integrate over 2. This yields

—/ngAu:/QQSf Vo € HE(9)

and with integration by parts we obtain the weak formulation
(32) [orvu= [ o voemi®
Q Q

of problem (3.1). Then we can define the bilinear form A : H} () x H}(Q) — R by

A(6,9) = /Q (Vo) TV,

Now we can show that A is continuous and elliptic. The continuity follows immediately from Holder’s
inequality.

Lemma 3.1 (Continuity of A). The bilinear form A is continuous, i.e. it holds

A(0,9) < IVoll2@elVellaye Vo, € Ho(Q).
The ellipticity of the bilinear form A is trivial.

Lemma 3.2 (Ellipticity of A). The bilinear form A is elliptic, i.e. it holds

A6, ) = IVollTqye Vo € Hy().

Then it follows immediately from the Lax-Milgram Theorem that weak problem (3.2) has a unique
solution u € H(2). Thus, it makes sense to consider the discrete formulation of (3.2) to obtain a
numerical approximation for the solution of problem (3.1). Therefore let K be some (71, y2)-regular
triangulation of . Then the discrete formulation of problem (3.2) reads to find upg € VP (K, Q) such
that

(3.3) A (6, upg) = /Q of Vo eVI(K,Q).

For this discretization of problem (3.1) the following a priori error estimate was proven by Babuska and
Suri [36].

Theorem 3.1 (A Priori Error Estimate). Let k € N be arbitrary and assume that the solution u € H}(Q)
of (53.2) has the additional reqularity H*(QY). Further let upg € VP(K,Q) be the solution of (3.3) and
assume that there ezist h > 0 and p € N such that the mesh size vector h is given by hx := h for all
K € K and the polynomial degree vector p is given by px = p for all K € K, respectively. Then there
ezists some constant C > 0 independent of h and p such that

IV (u— UFE)||L2(Q)d < CFHUJHH*‘(Q)a

where p := min{p, k — 1}.
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Proof. See Theorem 5.4 in [36]. O

If the mesh size vector h and the polynomial degree vector p are chosen suitably and the solution u is
sufficiently smooth, it can be shown that the error decays exponentially. For d = 2 Babuska and Guo
[24] have proven the estimate

HV (u — UFE)HL2(Q)d < Ciexp (—CQN%) ,

where N := dim (V?(K,Q)) and C;,C3 > 0 denote some constants independent of N.

3.1.2 The One-Dimensional Case

In this subsection we derive a fully automatic hp-adaptive refinement strategy in the case d = 1. This is
more or less a repetition of the results from Dorfler and Heuveline [104] and shall only provide a simple
start for the higher-dimensional version in the following subsection. Therefore we begin with the standard
adaptive loop

(3.4) SOLVE — ESTIMATE — MARK — REFINE.

Whereas the modules SOLVE and REFINE are usually the same for all adaptive strategies and rather
depend on the finite element library and the solver one wants to use, the modules ESTIMATE and
MARK are the heart of every refinement strategy. Therefore we discuss these modules in detail for
the hp-adaptive refinement strategy presented in [104]. Further we prove some convergence results for

this fully automatic refinement algorithm. For numerical examples we refer to the work of Dorfler and
Heuveline [104].

3.1.2.1 The Refinement Strategy

Here we present the basic ideas of the fully automatic hp-adaptive refinement strategy from [104] and
discuss the modules ESTIMATE and MARK from the adaptive loop (3.4).

Let us start with the module ESTIMATE. The goal of this module is to determine on every cell how
large the error of the computed finite element solution, which we obtain from module SOLVE;, is. Since
one usually does not know the analytic solution of problem (3.2), the exact energy error |[u’ — upg|| 2 (q)
cannot be computed. To overcome this difficulty a posteriori error estimators, which give an estimation
of the exact energy error in terms of the computed solution from module SOLVE and the given data, have
been developed. Of course there have been proposed many different methods for this task and we name
only a few here. In [33, 170, 207] explicit a posteriori error estimators have been presented. This type of
error estimators obtains an estimate for the exact energy error by evaluating some explicit formula. The
implicit a posteriori error estimators from [29, 30, 31, 32] require the solution of auxiliary boundary value
problems instead. Another approach is to solve the problem of interest on two different discretizations
in the module SOLVE and compare these two solutions (see e.g. [44, 45]). The equilibrated a posteriori
error estimators from [46, 52, 142, 144] require the solution of some dual problem. Besides the estimation
of the energy error [[u’ — upg|| 2, one can also estimate and refine according to other quantities of
interest (see e.g. [26, 27, 28, 51, 76, 143, 150, 175, 179]). Although all a posteriori error estimators could
be combined with the hp-adaptive refinement strategy presented here, we restrict ourselves to the class
of explicit a posteriori error estimators for simplicity. As an example we consider the residual-based a
posteriori error estimator from Schwab [194].
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Definition 3.1 (A Posteriori Error Estimator). Let upg € VP(K,Q) be the solution of (3.3). Then the
residual-based a posteriori error estimator 7 (upg, K) is given by

1 (upp, K)? = Z i (urp, K)?,
Kek

where the cell term nk (urg, K) reads

| Vi s + i)

LK)

(upp, K) = e
T T o o £1)

Here the weight function di : K — Ry is defined by
di(z) == (vk1 — ) (x — vEK,0)

for K =: vk, VK 1]

For this a posteriori error estimator it was shown in [104] that it is reliable, i.e. it always overestimates
the energy error ||u’ — u’FE||L2(Q), and efficient, i.e. the overestimation is not too large.

Theorem 3.2 (A Posteriori Error Estimates). Let u € H}(Q) be the solution of (3.2) and upg € VP(K, Q)
be the solution of (3.3). Then:

1. It holds

9 5 1 h?
I = wpliaga) < n(urs, K)° + 7 3 25 IF = WflZa -
kex Pk

2. There exists some constant Ceg > 1 independent of mesh size vector h and polynomial degree vector

p such that ,
i (urp, K)? < Cogy (HU/ - U/FEHiz(K) + Zth%inf - Hf||2L2(K))
for all K € K.
Proof. See Theorem 3 in [104]. O

These a posteriori error estimates will play an important role in the proofs of convergence of the hp-
adaptive refinement algorithm later on.

Now we make a step ahead and consider the module MARK. For the h- and the p-adaptive finite element
method it is sufficient to use the information obtained in the previous module and refine the cells with the
biggest local error contribution. However, for the hp-adaptive finite element method this is not enough,
because one also has to decide which refinement should be performed on the selected cells. In the hp-
adaptive finite element method there are always at least two different refinement patterns. The classical
h-refinement, where the cell is bisected equally, and the classical p-refinement, where the polynomial
degree present on the cell is increased by one. A graphical representation can be seen in Figure 3.1.
However, there can be even more refinement patterns. For example one can define a weighted bisection
or increase the polynomial degree by some integer k£ € N. Since we do not provide any numerical examples
in this subsection, we refer the interested reader to the work of Dérfler and Heuveline [104] for a broader
overview. Here we simply assume that we have n € N\ {1} different refinement patterns to choose from.
Now let j € {0,...,n — 1} and K € K be arbitrary. Then we denote by V" ({K}, K) the local finite
element space consisting of functions from VP?(IKC,Q) compactly supported in cell K with refinement
pattern j applied to cell K. Without loss of generality we may assume that nx (upg, ) > 0. If this is
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K, p

k-1

K, p

K

Figure 3.1: Refinement patterns. Left: h-refinement. Right: p-refinement.

not the case, it makes not any sense to refine this cell at all and we can go to the next. Then we define
the convergence indicator Kk ; € Ry as the solution of the optimization problem

Jic o (ILf + u%E)) ’

¢/1 2 (x)
where 11 : L?(K) — UP ({K}, K) denotes the L?-conforming interpolation from Section 2.4. To solve
problem (3.5) one can use the methods known from numerical optimization [116, 169], of course. However,

(35) HKJ‘ =

1
EE— sup
nx (ure; K) gevr((Kky,x) <

there is a much simpler way this time.

Lemma 3.3. Let v € V) ({K}, K) such that

/K g’ = /K 6 (ILf + )

Then the supremum in (3.5) is obtained for v.

(3.6) Vg e VP ({K},K).

Proof. Let ¢ € V' ({K}, K) be arbitrary. Then we see

fK(b(Hf'i'u%E) _ fKQJ)/UI
19/l 2 (k) 19/l 2 (k)
< 'l 2 (k)

with Holder’s inequality and we have

S & (ILf + ugg) Jre 'V’
[EZ21172107 . A (107!
o S v (If + ugp)
a [v'[| 2 (k)

by (3.6). Since ¢ € V ({K}, K) was arbitrary, this implies

<IK¢(Hf+U%E)) < S v (ILf + ugg)
19/l 2 (k) N vl L2 ()

sup
$EVI({K),K)

Thus
fK o (ILf + U%E)

161 22 (k)

_ Joc v (ILf + uip)

sup
||U'||L2(K)

$eVP ({K}.K)

since v € V" ({K}, K).

)
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We note that problem (3.5) is fully independent for all cells K € K and all refinement patterns j €
{0,...,n — 1}. Thus this step of the algorithm is almost perfectly parallelizable. Additionally, adding
more refinement patterns to the algorithm does not automatically result in a bigger time consumption of
this step, if sufficiently many cores are available on the machine.

After solving optimization problem (3.5) for every cell K € K and every refinement pattern j €
{0,...,n — 1} we have an indication which refinement pattern provides the biggest error reduction on
every cell. However, this information alone does not necessarily lead to an efficient refinement strategy.
To see this let us think of the case of two refinement patterns promising almost the same error reduction
on some cell. Refinement pattern 0 requires 5 work units and refinement pattern 1 requires two work
units. Then, we probably would like to choose refinement pattern 1, because it produces almost the same
output as refinement pattern 0, but requires less than half the work. Therefore let us define workload
numbers wg ; € Ry for every cell K € K and every refinement pattern j € {0,...,n—1}. This workload
numbers shall indicate the required work of refinement pattern j on cell K. Possible choices for such
workload numbers are e.g. the number of degrees of freedom of the local finite element space V ({K'}, K),
the time required for solving optimization problem (3.5) or the memory used in the solution process of
(3.5).

Now we can go ahead and mark the cells for refinement. This is done by looking for a solution
(A, (jK)KeA), where A C I, of the maximization problem

(3.7) Z PR — max

Wi+
KeA K.jx

under the constraint

(3.8) Z K5 i i (upe, K)? > 0% (upg, K)?
KeA

for some 0 € (0, 1] sufficiently small. Condition (3.8) is a modifcation of the fized energy fraction strategy,
which was introduced by Dérfler in [103]. It basically controls the portion of cells which shall be refined,
whereas (3.7) decides which refinement pattern shall be applied. However, it cannot be guaranteed that
problem (3.7), (3.8) has a solution at all. This might be the case, if e.g. the convergence indicators ki ;
are too small. We will discuss this point at the end of Section 3.1.2.2. For now let us assume that
maximization problem (3.7), (3.8) has a solution. Even then it is not an easy task to find one. We
see immediately that problem (3.7), (3.8) is a variation of the Travelling Salesman Problem (see e.g.
[87, 158]). This problem is NP-hard [87] and, thus, solution time grows exponentially. Although there
has been some success in solving this type of problems for a few thousand nodes (see. e.g. [16, 86, 123]),
the solution time of these approaches exceeds the time for solving discrete problem (3.3) by far. Therefore
we try a quite simple, but cheap, approach to approximate a solution of maximization problem (3.7),
(3.8). In a first step we define for every cell K € K the integer jx € {0,...,n — 1} by the relation

BRr _ max (KJ)

WK, jx J€{0,...,n=1} \ Wk ;
Then we construct the set A4 C K with minimal cardinality. For this task we can sort the cells K € K
according to the values of kk ;, Nk (urg, K) by e.g. counting sort, radix sort or bucket sort and then add
cells to A until condition (3.8) is fulfilled. Another approach is sorting into bins as proposed in [103].
Both ways allow the construction of A in linear time and thus are applicable equally well.
Now we have derived the hp-adaptive refinement strategy in detail. To conclude this paragraph let us
state the fully automatic hp-adaptive refinement algorithm in total:

47



Build a coarse grid Ky and set N := 0. Choose 6 € (0, 1] and tolerance TOL.
SOLVE: Compute the solution uy € V? (Ky, ) of discrete problem (3.3).

(S0)
(S1)
(S2) ESTIMATE: Compute the a posteriori error estimator 7 (un, Ky ).
(S3) If  (un, Kn) < TOL: STOP

(54)

MARK: Compute the convergence indicators kg ; and the workload numbers wg ; for all cells
K € Ky and all refinement possibilities j € {0,...,n — 1}.

(S5) MARK: Approximate the solution (A, (jx)ge4, ) of maximization problem (3.7), (3.8).
(S6) REFINE: Refine the cells contained in Ay according to refinement vector (jgx ).
(S7) Set N := N + 1 and continue with step (S1).

We have seen that the interesting parts of the hp-adaptive refinement strategy in the adaptive loop
(3.4) are the modules ESTIMATE and MARK. In module ESTIMATE we require an a posteriori error
estimator, which allows a decomposition of the estimated error 7 (upg, K) into local error contributions
Nk (urg, K). For the proof of convergence of the fully automatic refinement algorithm also reliability and
efficiency estimates as presented in Theorem 3.2 will be required. In module MARK the crucial part of
the hp-adaptive refinement strategy is located. Here, for every cell K € K the decision, which refinement
pattern is favourable, is made. This decision is based on the solution of optimization problem (3.5). The
actual marking of the cells is performed by approximating the solution of maximization problem (3.7),
(3.8).

3.1.2.2 Convergence Results

Now we prove convergence of the fully automatic hp-adaptive refinement strategy. Therefore we derive
two results. The first result proves that the exact energy error |u’ — upgll r2(q) is reduced in every
refinement step of the algorithm. The second result gives us that a weighted sum of exact energy error
[l — u%EHLQ(Q) and estimated error 7 (upg, K) is reduced in every refinement step.

Before we prove the main results of this paragraph let us consider the error estimator 1 (urg, K), which
was introduced in Definition 3.1, in more detail. We want to investigate how the estimated error is
influenced by the application of the hAp-adaptive refinement algorithm presented in Section 3.1.2.1. The
various assumptions, which we make in the following lemmas and theorems, will be discussed at the end
of this section in detail.

Lemma 3.4 (Error Estimator Reduction). Let N € Ny be arbitrary and assume that there exists a
solution of (3.7), (3.8) for some 6 € (0,1]. Further let uy € VP (Kn,Q) and uny1 € VP (Kny1,9Q) be
the solutions of (3.8) in iteration steps N and N + 1, respectively. We assume that for all refinement
patterns j € {0,...,n — 1} there exists some constant p € (0,1) independent of mesh size vector h and
polynomial degree vector p such that

=

\/dK dz

<p
PK Pr

(3.9)

for all refined cells K ¢ Ky and all K € Kny1 with K C K. Additionally let us assume that there exists
some T € (0,1] such that

h2
(3.10) > B - Tf 1 k) < 70 (un, Kn)?
Keky VK
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Then it holds

2.2

n(uns1, Kngr)® <(1+0)? <<1 + /)2(;) n(un, Kn)? = (1= p*)n (quAN)2)

1
# (14 5) s = iy
for all § > 0.

Proof. Let K € Kn41 be arbitrary. Then, by Definition 3.1 it holds

H\/‘E (H)CNHf + U’KTH)’

L*(K)

1
U K =
e (v, Kovn) pr (px +1)

with I, : L*(Q) — UP (Kn+1,9) denoting the L?-conforming interpolation from Section 2.4. The
triangle inequality immediately yields

(3.11) g (unt1, Kngr) STy +To + T3

with the terms 77,75 and T3 given by

1
SRR S 7 RS
YT Vok(k + 1) i M P )] g
1
T = 7“\/d II —1II ‘
2 pK(pK«l»l) K( KN+1f KNf) L2(K)
and 1
SRR B I AT B
’ pk(px +1) (a2 —oih) L2(K)

Let us consider term 77 first. If there exists some cell K e Apn such that K C K , then it holds

Ty < m H\/%(HICNJ("‘UXI)

by assumption (3.9). For T5 it holds

(3.12)

L2(K)

7, < —— [V (7 = Tie )|
< ||z (7 1 )

L2(K)

L2(K)

by assumption (3.9) and we obtain

hN
(3.13) T, < UK

= f_H)C f 2 .

Now let us consider the case that there exists no such K € An. Then K € Ky and it follows

(3.14) T1 =NK (UN,/CN)
and
(3.15) T, = 0.



For the term T3 we get
(3.16) Ty < ulysr — U’INHLz(K)

by Lemma 2 in [104] in both cases.
Then inserting estimates (3.12)—(3.16) into (3.11) gives

h~
oL f = Ty fll 2o
Pr

i (unt1, Kng1) < p % H\/%(H’CNf‘kum LK) 2
Vi (PR +1)
+ Hu3\7+1 - “M’L%K) )
if there exists such a cell K € An with K C f(, and
i (un1, Knvin) < i (uw, Kv) + [[uly g = a5
else. Squaring the estimates above, summing over all K € Ky41 and using Young’s inequality yields

1
(317)  n(unt1,Kn41)” < (14 0)n (un, Kn \ An)? + p*(1+ 6)*T + (1 + 5) |uinis — UﬁvHQL?(m

for § > 0 with T" given by

2, 1 h3 2
T :=n(un,An) + 55 2N = ey fll 22k -
KeAy VK

By data saturation assumption (3.10) it follows
2 T’ 2
T <n(un, Av)" + 55n (un, Kn)
and inserting into (3.17) implies
22

1 (uns1, Kng1)® <(1+06)? <<1 + /)2(;) n(un, Kn)? = (1= p%)n (UNaAN)Q)

1
(14 5) s = iy

which is the assertion.

Now we show two auxiliary results, which we use in the proofs of the main results of this paragraph. The

first result gives a lower bound for the term ||u}y,, — )y ||L2(Q) in terms of the energy error ||u’ — u/y 120
and the estimated error 1 (uyn, Kn).

Lemma 3.5. Let N € Ny be arbitrary and u € H}(Q) be the solution of (5.2). We assume that there exists
a solution of (3.7), (3.8) for some 0 € (0,1]. Further let uy € VP (Kn,Q) and unit1 € VP (Kny1,82) be
the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally let us assume that there

exists some T € (0,1] such that (3.10) holds. Then we have

2 462 2 2
||U3v+1 - u?VHLZ(Q) >0 (5(1‘*‘5) ||U/ - u/N||L2(Q) - CsdeQU(UNJCN)

for all § > 0.
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Proof. Let K € Ky be arbitrary and ¢ny1 € VP (Kni1,Q) with supp (¢n+1) € K. Then we see

/ Oar (thy g1 — i) = / nrf — / B atiy,
K K K

since unyt1 € VP (Kn+1,) solves discrete problem (3.3). This reads

/K Ot (1 — ) = /K oy allf /K By 41ty + /K v i (f —T1f),

where II : L2(Q) — U? (Kx, Q) denotes the L2-conforming interpolation from Section 2.4. With integra-
tion by parts and the L2-interpolation property this implies

/ By a1 (i gy — ) = / o1 (ILf + ) + / (6n11 — éx) (f — L)
K K K

for oy € VPE({K}, K) and using the inverse triangle inequality yields

[ v s = )| 2| [ owan (17 4 )
K K

_‘/K(¢N+1_¢N)(f_nf) :

With Holder’s inequality we have

< Juva = Uil oy 19041l Lo aey + I1F = Tf L2y 191 — Ol e

(3.18) ] [ oxer s+t

and choosing ¢ = II'¢n 41 with II! : H(Q) — VP (K, Q) from Section 2.4.1 implies
[én+1 — ONllp2 () = lons1 — H1¢N+1HL2(K)

h
< Coraa pK ||¢N+1HL2(UJK 1)

by Theorem 2.4. Since supp (¢n+1) € K C wi 4, it holds

hx

lon+1 — ¢N\|L2(K)<Cgrddp H¢§V+1HL2(K)

and inserting into (3.18) gives

‘/ dng1 (ILf + uly)
K

h
< (HU’GVJrl - U’GVHL2(K) + Cgradp%”f - Hf||L2(K)> ’|¢/N+1||L2(K) .
Dividing by ||¢/y 1 ]|, (i) Yields

wp <J‘K</><Hf+u§’v>>< w0 (fK¢N+1(Hf+uH>>

vevy (k1) N N2 ) T eneveikn o)
supp(¢n+1)CK

[t +1||L2(K)

< ulygr — UNHL2 (K) +Cgrad Hf Hf|lz2 k)

since on+1 € VP (Kn41,Q2) with supp (¢pn+1) C K was arbitrary. Then it follows

KK, jk K (UN”CN < HUN—i-l UNHLz (K) + Cgrad ||f HfHLZ(K

o1



from optimization problem (3.5). Since Ay C Ky, squaring both sides, summing over K € Ky and using
Young’s inequality yields

D Kk (un, Kn)? < ) Kkenk (un, Kn)?

KeAn KeKkn
1 h2 9
1+ ||uN+1 UNHLQ(Q +Cgrad(1+5) Z T”f*H.fHLQ(K)
Kekn K
for § > 0. Finally, from data saturation assumption (3.10) it follows
(3.19) Z Ii%{’anK (un, Kn)? < <1 + ) |lunir — uNHL2(Q) + CgradTQ(l +0)n (un, Kn)?.

KeAn

From Theorem 3.2 we know

2 2 1 h2
[u" = Uy (L2 0) < 0 (un, Kn) t31 Z —Nf = Tf 2 k)
KekKn K

7'2 2
<(1+ T n(un, Kn)

by assumption (3.10). For 7 <1 this reads

2 5 2
[Ju" — u?VHL?(Q) < 177 (un, Kn)

and multiplying both sides by 62, 6 € (0, 1], yields

2 5 2
0 v’ — uyllz2(q) < 1 Z K i (un, Knv)
KeAn

by constraint (3.8). With (3.19) it follows

4 2 1 2
3‘92 Ju" — U?v“fﬂ(sz > <1 + > HUN+1 “NHLz(Q + Cg2rad72(1 +8)n (un,Kn)
and this concludes the proof. O

The next result compares the energy error of the finite element approximation on two successive grids of
the algorithm.

Lemma 3.6 (Comparison of Errors). Let N € Ny be arbitrary and u € H}(Q) be the solution of (3.2). We
assume that there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Further let uy € VP (Kn,Q) and
unt1 € VP (Kn41,9) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some T € (0, 1] such that (3.10) is fulfilled. Then it holds

) 2562 Cora 1 2
[ = i [[ 20y < (1 - 5(1+6)) o = iy l17 2 + %n (un, K)* - 3 I = v 1a()

for all 5 > 0.
Proof. Since VP (Kn,) C VP (Kn41,82), we can use the Galerkin orthogonality

A(u—unt1,unyr —un) =0
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to get
2
[l — UQVHH(Q) =A(u—un,u—un)

=A(u—uny1,u —unt1) + A(unt1 — UN, UN1 — UN)

1 1
= H“/ - “§V+1H2Lz(9) + <2 + 2) HUGVH - UGVHiﬁ(Q) :

By using Lemma 3.5 it follows

260° 2 2 1 2 ClraaT?0 2
(1 522 ) I = sy 2 [ =y + 5 s = by — 2 )
and this concludes the proof. O

Now we come to the first main result of this paragraph. It is basically the convergence result from [104]
and states that the energy error ||u’ — upg||,- () 1s reduced uniformly in every refinement step of the
fully automatic hp-adative refinement algorithm from Section 3.1.2.1.

Theorem 3.3 (Convergence). Let N € Ny be arbitrary and u € H(2) be the solution of (5.2). We
assume that there exists a solution of (3.7), (3.8) for some 0 € (0,1]. Further let uxy € VP (Kn,Q) and
unt1 € VP (Kn11,Q) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some 7 € (0, 1] sufficiently small such that (3.10) is fulfilled. Then there
exists some p € (0,1) independent of mesh size vector h and polynomial degree vector p such that

||ul - u9V+1HL2(Q) < 2 ”u/ - USVHL?(Q) '
Proof. From Theorem 3.2 we know

2 1 h?
0 (un, Kn)* < Cen <|u' —unllzae 7 D Sl - Hf||%z<K>>
Kekn Pk
2

)
< Cun (I = ey + TnCuw. Kn)?)

. . 2
by data saturation assumption (3.10). Hence for 7 < e We have
4C,
2 eff / 112
n(un, Kn)™ < 1 Cgr? v = U720

and with the even more restrictive assumption 7 < —L— we get
p — Vet g

4CC{-f 2
(3.20) n(un, Kn)* < 3 v — w72 -

From Lemma 3.6 we know

2 2562 2 ClraaT?0 2 1 2
Hu’ — ulN+1HL2(Q) < <1 - 5(1+5)) Hul - U§v||L2(Q) + TU(UNJCN) D) Hu§v+1 - UﬁvHLz(Q)

for § > 0 and using Lemma 3.5 yields

9 4660 2 2 2 2
[ = w2y < (1 - 5(1+5)> lu" — w2 () + Caraa™ 07 (un, Kv)
ACenC2 a7 4062 L2
< <1+ 3 - 5(1+90) [|w *UNHLz(Q)
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by (3.20). The result follows with
2 _ 362
5Ceffcg2rad(1 + 5) '

T

O

The second main result of this paragraph is another convergence result, which states that the weighted
sum of energy error |[u’ — upg||, - (o) and estimated error 7 (upg, K) is reduced in every iteration of the
fully automatic hp-adaptive refinement algorithm from Section 3.1.2.1. We call this convergence property
quasi-convergence. The proof follows the ideas of Bonito and Nochetto [55].

Theorem 3.4 (Quasi-Convergence). Let N € Ny be arbitrary and u € H}(Q) be the solution of (3.2). We
assume that there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Further let uy € VP (Kn,Q) and
un+1 € VP (Kyy1,9) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some constant p € (0,1) independent of mesh size vector h and polynomial
degree vector p such that assumption (3.9) holds. We assume that there exists some T € (0,1] such that
(3.10) is fulfilled. Then there exist constants u € (0,1) and v > 0 independent of mesh size vector h and
polynomial degree vector p such that

2 2 2 2
' = vy + 00 (v K < o (0 = 3oy + v (un. Kon))
Proof. From Lemma 3.6 we know

HUI — Uy Hiz(g) + vn (un+1, /CN+1)2

260? 2 C2 a0 2 2 1 2
< (1 - 5(1+5)) l[u" — w2y + ng(uN,ICN) +un(unt1, Kng1)” — 3 [ U/NHLQ(Q)

and applying Lemma 3.4 yields

||u/ - U§V+1||i2(g) +vn (UN+1v ’CN-l-l)2

2602 CZoa™0  5(146 P72
(3.21) < (1— 5(1+§)> ||U/—U§v||2L2(Q) + ( . 2d + ( 5 ) (1+ % ) 1 (uy, Kn)?
§(1+46)(1—p?
_ ( )2( p )77(UN7~AN)2
by choosing
5
P

We observe

Crznaxn (uJV?'AN)2 = Z H%{,anK (uNaK:N)27
KeAn
where

Cryax 1= max {Knéa)fv (KK,jx) 1} .
Thus (3.21) reads

Hu/ - u?\f—&-l“iz(g) +vn (un+1, ’CN+1)2

2562 ) C2a™?6  5(1+6) 0272 )
< (1= I ) gra 1

5(1+9) (1 —p?
— 202( ) > Kk (un, Kn)?,
max KeAn
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since p < 1. Then constraint (3.8) implies

2660

2 2 2 2
| —U§V+1||L2(Q) +vn(uns1, Kng1)” < <1 - 5(1"‘5)> [|lu —U9V||L2(Q) +Tn(un,Kn)~,

where the term T is given by

T= g (ngradTQ +(1+0) (1 + p272) 61 +6) (1 - p2)> .

20 C2

The result follows for § sufficiently small. O

To conclude this paragraph let us shortly discuss the various assumptions we made above and see how
these affect the main results of this paragraph.

We begin with the assumption that maximization problem (3.7), (3.8) has a solution (A, (jK)KeAN)
for all # € (0,1] and all N € Ny. This assumption might not be true for all 8. If the convergence
indicators kx j, are too small or 6 is chosen too large, then constraint (3.8) cannot be satisfied and, thus,
no solution of (3.7), (3.8) exists. Especially this is the case, if

ax (£ ) < 0.
Then the algorithm continues with global h-refinement to enforce at least some convergence. If kg ;. is
uniformly bounded from below, 6 can be chosen such that convergence is assured due to Theorem 3.3.
In Theorem 5 in [104] it was shown that this is true for the equally-weighted bisection of cells. However,
it can always be guaranteed that constraint (3.8) can be fulfilled for

0c (O’Knenz& (mKJK)) .

Thus a practical approach to ensure solvability of maximization problem (3.7), (3.8) might be to monitor
the computed values of kg j, and check convergence in an a posteriori way. Although it might happen
that Kk j,, — 0 for N — oo, we did not observe such a behaviour in our numerical experiments. However,
a theoretical consideration of this point would be desirable.

The next assumption we want to consider is assumption (3.9). Here we assume that the quotient ‘QL}TK
is reduced by a factor p € (0,1) at least, if some refinement pattern j € {0,...,n — 1} is applied. This
condition is purely theoretical. For h-refinements this assumption is always fulfilled, since it is a direct
consequence from shape regularity assumption (2.9). For p-refinements things are a little bit different.
For every p € (0,1) there exists some px € N sufficiently large such that px > p(px + 1). Thus, in this
case it is not enough to increase the polynomial degree px by one, but one has to increase it by some
bigger integer k. However, in practice one either has to determine some maximal polynomial degree pyax
before running the finite element programme or can almost surely guarantee that it holds px < 100 for
all K € Ky and all N € {0,..., Npax} for example. Then p € (0,1) can be chosen as e.g. p := % and
assumption (3.9) is always fulfilled.

The last major assumption we want to discuss is data saturation assumption (3.10). This assumption
can only be satisfied, if the integrals on the left-hand side are computed with negligible error. To achieve
this higher-order quadrature rules have to be used. If this does not suffice to satisfy inequality (3.10),
one could perform local refinement according to the local error indicator

hi
—|If = ILfllL2(x)
P
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until (3.10) is fulfilled. Another approach might be to build some data error control into the whole
algorithm as proposed in [154, 164].

Now let us consider the two convergence results. Theorem 3.3 gives us uniform convergence of the fully
automatic hp-adaptive refinement algorithm in the energy error ||u’ — upg|| r2(q)- Thespecial assumptions
for this result are that data saturation assumption (3.10) has to hold for some 7 € (0, 1] sufficiently small
and the a posteriori error estimator 7 (upg, ) has to provide an efficiency estimate like the one shown in
Theorem 3.2. As we have seen in the proof of Theorem 3.3 the upper bound for the parameter 7 depends
on @ only:

9 362

= 5C(elcfcgrad(l + 5)

T

for & > 0. Thus the data approximation has to be more and more accurate the smaller 8 € (0, 1] is chosen.
The assumption on the a posteriori error estimator might reduce the number of suitable a posteriori error
estimators [199]. Altogether one can consider Theorem 3.3 as the theoretical justification for the use of
the fully automatic hp-adaptive refinement strategy from Section 3.1.2.1.

The second result somewhat considers the practical side. In Theorem 3.4 the convergence of a weighted
sum of exact energy error |Ju’ — ui;EHLQ(Q) and estimated error 1 (upg, K) is shown. In this result the
parameter 7 € (0, 1] in data saturation assumption (3.10) can be chosen arbitrarily. Further no efficiency
estimate for the a posteriori error estimator is needed. However, the refinement patterns have to satisfy
assumption (3.9). Altogether Theorem 3.4 can be considered as the practical justification of the fully
automatic hp-adaptive refinement strategy from Section 3.1.2.1, because in practice these assumptions
can be satisfied easier than the ones from Theorem 3.3 and it also states some convergence in terms of
the — in practice more important — estimated error. Further a larger class of a posteriori error estimators
with and without efficiency estimate can be used [199].

For numerical examples and more information about this hp-adaptive refinement strategy we refer the
interested reader to the work of Dérfler and Heuveline [104].

3.1.3 The Higher-Dimensional Case

In this subsection we generalize the fully automatic hp-adaptive refinement strategy from Section 3.1.2 to
higher space-dimensions d € {2,3}. This section is based on the results from [74]. Since we already have
discussed the basic principles of the fully automatic hp-adaptive refinement strategy in Section 3.1.2, we
only highlight the differences here. As in Section 3.1.2 our starting point is the adaptive loop (3.4). We
consider the modules ESTIMATE and MARK again and prove some convergence results for this fully
automatic refinement algorithm.

3.1.3.1 The Refinement Strategy

Here the modules ESTIMATE and MARK are considered again, but this time for the higher-dimensional
cases d € {2,3}.

As before we begin with the module ESTIMATE. In this module we want to estimate the error of the
computed finite elment solution which we obtain from module SOLVE. Therefore the following a posteriori
error estimator was introduced in the work of Melenk and Wohlmuth [157].

Definition 3.2 (A Posteriori Error Estimator). Let upg € VP(KC,Q) be the solution of (3.3). Then the
residual-based a posteriori error estimator 7 (upg, K) is given by

N (ure, K)* = 1k (upe, K)*
KeKk
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with
ni (urg, K)* = nrx (ure, K)* + n5.x (upe, K)* .

Here the residual term ng k (upg, K) reads
hx
ek (urg, K) = K (TLf + AUFE||L2‘(K)

and the boundary term np i (urg, K) is given by

1 h 2
nB,K(uFEaIC)Q ) Z —

e€l(K) Pe

durg
dn,

E1(K) :={e CIOKNQ:e is an elemental edge of cell K}

9

L2(e)

where

denotes the set of all interior edges (in the case d = 2) or faces (in the case d = 3) of cell K and
he := diam(e) is the edge or face diameter. The edge or face polynomial degree p. is given by

Pe = max {pK17pK2}

for K1, Ko € K with e = K1 N Ky. [-] denotes the jump over e and n. is the outward-pointing unit normal
vector to cell K on edge e.

For this a posteriori error estimator it was shown in [157] that it is reliable. Further an efficiency estimate,
which depends on the polynomial degree vector p, was derived.

Theorem 3.5 (A Posteriori Error Estimates). Let u € H(Q) be the solution of (3.2) and upp €
VP (K, Q) be the solution of (3.3). Then:

1. There exists some constant Cre; > 0 independent of mesh size vector h and polynomial degree vector
p such that

h2
IV (u— uFE)Hi%Q)d < Crei (77 (urg, ’C)2 + Z TK”f - Hf||2L2(K)> .
kek PE

2. There exists some constant Ceg > 0 independent of mesh size vector h and polynomial degree vector
p such that

2(1 h?
i (upe, K)? < Ceg (p; TN (= wpp) e, 4y + el - Hf||%z<w,<,2>)
K

for all K € IC and all € > 0.
Proof. Choose a = 0 in Theorem 3.6 in [157]. O

We see that in constrast to the case d = 1 this error estimator is not hp-efficient, because the efficiency
estimate is not uniform in p. This is due to the fact that the edge (in the case d = 2) and face (in the
case d = 3) contributions cannot be bounded uniformly in p.

Now let us make a step ahead and consider the module MARK. From Verfiirth [208] it is known that
edge (in the case d = 2) and face (in the case d = 3) contibutions dominate the error of the finite element
approximation. Therefore it does not suffice to consider the refinement patterns on cells K € K as we
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did in Section 3.1.2, but we have to extend the area of interest to some local patches. The smallest
conforming possibility for this is to choose the patch wg from Section 2.4.1. Although we still want
to determine for every cell K € K which refinement pattern performs best, we also have to apply the
refinement patterns in some sense to the neighbouring cells of K contained in the patch wg such that the
error contribution of the boundary terms is reduced appropriately. This can be done by ensuring that no
new hanging nodes are produced at the interior edges of cell K. For the h-refinement pattern this means
that we have to refine the neighbours of cell K at least anisotropically. For a graphical representation
see Figure 3.2 on the left-hand side for the case d = 2 and Figure 3.3 on the left-hand side for the case
d = 3. In case of p-refinement we also increase the polynomial degree on the neighbouring cells. This can
be seen in Figure 3.2 in the center and on the right-hand side for the case d = 2 and in Figure 3.3 on the
right-hand side for the case d = 3.

As in Section 3.1.2.1 we assume that we have n € N\ {1} different refinement patterns to choose from.

p—p +1 P —p _+2
p—p+|p—p+l|p —p+ P —p +2(p —p +2 [p —p +2
p—p +1 p —p +2

Figure 3.2: Refinement patterns (d = 2). Left: Equally-weighted bisection. Center: Increase polynomial
degree by one. Right: Increase polynomial degree by two.

Now let j € {0,...,n — 1} and K € K be arbitrary. Then we denote by Vi ; (Klu,,wr) the local finite
element space consisting of functions from VP (K, Q) compactly supported in the local patch wgx with
refinement pattern j applied to cell K. Without loss of generality we may assume that ng (upg, ) > 0.
If this is not the case, it makes not any sense to refine this cell at all and we can go to the next. Then
we define the convergence indicator Kk ; € Ry as the solution of the optimization problem

> S o (ILf + Aupg)
1 KeKluwg
_— sup )
nx (urg, K) eVE (Klog wk) “v¢‘|L2(wx)d

(3.22) K =

where 11 : L? (wg) — UP (K|uy,wk) denotes the L2-conforming interpolation from Section 2.4. As in
Section 3.1.2.1 we can solve problem (3.22) easily by considering an equivalent local boundary value
problem.

Lemma 3.7. Let v € Vi ; (Klug, wi) such that

(3.23) / (Vo 've= 3 /K¢>(nf+AuFE) Y € VI, (Kluse, wic) -

KeK|wg

Then the supremum in (3.22) is obtained for v.
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PP+ .
’ ’ 1 0“ ﬂ'
/ 7 7 7
7z 7 /
/ pK-_>pk pK'_)pK'-*-1 p:(;)pK+1
P —P, 1 . 2
/]
/ -
/ A
Y/ pK‘HpK'+1 pK‘HpK'+1 pK'HpK'+1 / \.
P.—P H1
y P.—Py PP *1
P.—P,H1

Figure 3.3: Refinement patterns (d = 3). Left: Equally-weighted bisection. Right: Increase polynomial
degree by one.

Proof. Let ¢ € Vi ; (Klu,wk) be arbitrary. Then we see

II A
KG%MK Jic o (UF + Aur) B fwK (Vo) I'Vu
VOl 120y IVl L2y

SNVl 2 ()

with Holder’s inequality and we have

> ¢ (ILf + Aupg)
KeK|uy Jx _ Lo (V)T
VOl L2 (0 ) = IVl Lo )

Z fKU(Hf-l—AUFE)

KeK|wy

VO]l L2 ey

by (3.23). Since ¢ € VR (Klwx,wi) was arbitrary, this implies

> [ o (ILf + Aupg) Y [ v (ILf + Augg)
KG)C‘WK Ke}c‘wK
sup <
¢€V1€,j(’(:|“"1( ,wK) |‘V¢HL2(wK)d ||VU||L2(MK)d
Thus
> [x o (ILf + Aupg) S [ v (ILf + Aupg)
KeKlog KEK|uwy
sup — ,
¢GVIT;‘_7(K:|WK ,UJK) quf)HL?(wK)d ||VU||L2(wK)d
since v € Vi (Klwy, Wi )- O
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Although the local patches wy overlap for two neighbouring cells, problem (3.22) is still fully independent
for all cells K € K and all refinement patterns j € {0,...,n— 1}, since it only depends on the refinement
pattern j applied to cell K. Thus we do not loose the parallelizability from the case d = 1 here.
Maximization problem (3.7), (3.8) does not depend on the dimension d € {1,2,3} and, hence, does not
change. Therefore we do not discuss it here again.

To conclude this paragraph let us summarize the changes for the case d € {2,3} briefly. In contrast
to the case d = 1 the a posteriori error estimator is not hp-efficient anymore, because the efficiency
estimate is not uniform in p. For higher dimensions d € {2, 3} the edge (in the case d = 2) or face (in the
case d = 3) contributions dominate the approximation error of the finite element solution from module
SOLVE. Therefore it does not suffice to consider local finite element spaces spanned over cells K € K
for computing the convergence indicators rx ;. Here we have to extend the domain to the local patch
wp, which also includes the jumps over the boundaries of the cell. With these few modifications the fully
automatic hp-adaptive refinement strategy from Section 3.1.2 can also be used for higher-dimensional
situations where d € {2, 3}.

3.1.3.2 Convergence Results

Now we prove convergence of the fully automatic hp-adaptive refinement strategy. Therefore we derive
two results similar to Section 3.1.2.2. As before the first result proves that the exact energy error
[V (u — upg)||f2(q)e is reduced in every refinement step of the algorithm. The second result gives us that
a weighted sum of exact energy error ||V (u — upg)| 12(q)s and estimated error n (upg, K) is reduced in
every refinement step.

Let us assume that triangulation X consists of simplices only. Before we prove the main results of this
paragraph we state some auxiliary results. The first one is a standard polynomial inverse estimate for
the hp-adaptive finite element method.

Lemma 3.8 (Polynomial Inverse Estimate). Let K € K be arbitrary and u € P,, (K) denote some
polynomial. Then there exists some constant Ciy, > 0 independent of hx and pg such that

2
10%ull ) < Conop Nl
for all multi-indices o € N& satisfying |a; = 1.
Proof. There exists some u € P, (IA( ) such that
uoFg =u in K,

where F : K — K denotes the reference mapping. Then we see
0l 2 aey = Vi 1% 2
< CipicVhi HaHLz(g)
by Theorem 4.76 in [194] and the result follows. O

We also need a polynomial trace estimate for the Ap-adaptive finite element method, which gives an upper
bound for the trace of a polynomial on the boundary of some cell K € K.
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Lemma 3.9 (Polynomial Trace Estimate). Let K € K be arbitrary and w € P, (K). Then there exists
some constant Cy,. > 0 independent of hx and px such that

b
lellzzom0) < Cor—=ull i

Proof. There exists some U € P, (IA( ) such that
uoFg =u in K,
where Fg : K — K denotes the reference mapping. Then we see

llull 20y = hi ||17||L2(af()

< Cuhrpr ||ﬁ||L2(f<)
by Theorem 4.76 in [194] and the result follows. O

Now let us consider the error estimator 7 (upg, K), which was introduced in Definition 3.2, in more detail.
Similar to Section 3.1.2.2 we want to investigate how the estimated error is influenced by the application
of the hp-adaptive refinement algorithm presented in Section 3.1.3.1. As in Section 3.1.2.2 the various
assumptions, which we make in the following lemmas and theorems, will be discussed at the end of this
section in detail.

Lemma 3.10 (Error Estimator Reduction). Let N € Ny be arbitrary and assume that there exists a
solution of mazimization problem (3.7), (3.8) for some 6 € (0,1]. Further let uy € VP (Ky,Q) and
unt1 € VP (Kn41,9) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that for all refinement patterns j € {0,...,n — 1} there exists some constant p € (0,1)
independent of mesh size vector h and polynomial degree vector p such that
(3.24) hie o i

PK Pr

for all refined cells K ¢ Ky and all K € Kny1 with K C K. We assume that there ewists some
7 € (0,1] such that data saturation assumption (3.10) is fulfilled. Then there exists some constant
Clreq > 0 independent of mesh size vector h and polynomial degree vector p such that

2,2

1 (unt1, Kne1)? < (1+06)? ((1 + 27 ) n(un,Kn)* = (1 P)??(UNvAN)2>

)

1 2 2
# Crna (143 ) s 0?19 (v = ) e

for all 6 > 0.

Proof. By Definition 3.2 it holds

(3.25) n(uninKv)? = Y (UR,K (unt1,Kni1)” + 1Bk (UN+1,/CN+1)2) :
KeKn+1

where the cell term ng x (un1, Kny1) is given by

h
nr,x (UNt1, Kny1) = p*;( [Ty [+ AuN‘HHL?(K)
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with Il ,, : L*(Q) = UP (Kn41,€2) denoting the L?-conforming interpolation from Section 2.4. Then
the Minkowski inequality immediately yields
(3.26)

hi
IR,K (uN+1aKN+1) < p? (”H/szf + AUNHLQ(K) + HHK:N+1f - HICNfHLZ(K) + ”A (UN+1 - uN)HLQ(K)) :

Let us consider the term Z—flj Mk, f+ AU’NHL2(K) first. Therefore we introduce the set

Ry :={K € Ky : K is refined}
of all elements from triangulation Ky that are refined in module REFINE of iteration step N. Clearly
we have Ay C Ry. If there exists some K¢ R such that K C K then it holds
b~

p— M f+ Aun ||z gy

K
3.27 — |k, f + Au <
(3.27) orc T f N2z k) e

by assumption (3.24). For the term h—K HH’CN+1f HICNfHLz it holds

zi [Ty f = Thien | ey < *K 1f = e fll g2y

h

<pE|f- Wien fll 2o
Pg

(3.28)

by assumption (3.24).
Now let us consider the case that there exists no such K € Ry. Then K € Ky and it follows

h
(3.29) pr My £+ Aun|l g2 gy = MR (un, Kn)
and
(3.30) Mcyar f = Tiey £ 1o ) = 0.
For the term o5 A (un+1 — un)ll g2y we get
hk
(3.31) Py A (unt1 = un)llp2(x) < Cinvpr IV (unvgr — un)ll g2 gy

by Lemma 3.8 in both cases.
Inserting estimates (3.27)—(3.31) into (3.26) gives
(3.32)

h~
MR,k (Un+1, K1) < Pp%( (HHicNf +Aun| 2y + IS = H)CNfHLz(K)>+CianK IV (un1 = un)ll L2 xya
K

if there exists such a cell K € Ry with K C IN{, and
(3.33) ek (Un+1, Kny1) < ek (un, Kn) + Cinvdi ||V (uns1 — UN)||L2(K)<1 )

else.
Now let us consider the boundary term np x (un+1, Cn41). By Definition 3.2 we have

1 he ||| du
mtovnn =3 5 e[|
eESI(K)p € (e)
s 3 sl O, A=, )
cesr(K) DPe Ne L2(e) Ne L2(e) Ne L2(e)
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from the Minkowski inequality and using the Cauchy-Schwarz inequality gives

(3.34) nex (un+1, Kni1)? <0k (ung, Kngr) (To + T)

[duﬂ 2
dne [l 12(e)

where the terms 77 and 75 are given by

1 he
Tii=g > o*
Pe

ecl(K)

and

T = [d@wﬂ—uw)] :

N
ceer (k) Pe L2(e)

If there exists some cell K € Ry such that K C K , then it holds

| =

2

(3.35) T2 < g 3 he {Z“N] .
ceer(R) DPe Ne 1{lL2(enok)

If there exists no such K € R, then

(3.36) T2 < npx (un, Kn)?

For the term Tb we get

(3.37) T3 < 2240 pic |V (w1 — un) |7 iy

by Lemma 3.9 in both cases.
Inserting estimates (3.35)—(3.37) into (3.34) gives

(3.38)
Bl

L2(endK)

he
ceer (k) I

0.k (unsr, Kyar) < [ 2 > + Cor v/ 29 2dpi |V (uns1 — un ) 2 gy

2

if there exists such a cell K € Ry with K C I?, and

(3.39) ne,k (Un+1, Knt1) < 1B,k (un, Kn) + Cor /29 2dp i ||V (un+1 — un) || 2o 5ya »
(K)

else. Further inserting estimates (3.32), (3.33), (3.38) and (3.39) into (3.25) and using Young’s inequality
implies

(3.40)
1
1 (uns1, Kn1)? < (148)n (un, Kn \ Ry)*+p(148)*T+Chrea (1 + 5) prod (p)* IV (unv1 — w720y

for § > 0 and some constant Cyeq > 0 independent of polynomial degree vector p. Here T is given by
2 P h% 2
T:=n(un, RN)"+ 7% > K = Ty fll7e ) -
KeRy TE
By data saturation assumption (3.10) it follows

2

-
T <n(uy,Rn)* + %77 (un,Kn)*
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and inserting into (3.40) gives

n(uN+1,ch+1>2s<1+5>2(1+p )nuw,/czv) <1—p>n<uN,AN>2)

1

+C 5) max pK ||V(UN+1—UN)HL2(Q

A

since Ay C Ry. O

Now we show two auxiliary results, which we use in the proofs of the main results of this paragraph.
The first result gives a lower bound for the term ||V (un41 — un)l|p2(qye in terms of the energy error
[V (= un)llp2(0)e and the estimated error 7 (un, Ky).

Lemma 3.11. Let N € Ngy be arbitrary and u € H}(Q) be the solution of (3.2). We assume that
there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Further let uny € VP (Kn,$) and uny1 €
VP (Knt1, ) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally let us
assume that there exists some 7 € (0,1] such that (3.10) holds. Then there exist some constants Cq > 1
and Cy > 0 independent of mesh size vector h and polynomial degree vector p such that

02
2 2 2
I (s = ) e > 8 (g 17 (0= um) s = Cor® Cun K)?

for all 5 > 0.
Proof. Let K € Ky be arbitrary and ¢ny1 € VP (Kny1,Q) with supp (¢n+1) C wi. Then we see
/ (Von+1)" V (uns1 — un) = / oN+1f — (Vén+1)" Vun,
WK WK WK

since un+1 € VP (K1, ) solves discrete problem (3.3). This reads

/ (Von1)" ¥ (unsr — ux) = / oy llf - / (Vénin)” Vuy + / on i (f — TIf),

where IT : L?(Q) — UP (Kx, ) denotes the L?-conforming interpolation from Section 2.4. With integra-
tion by parts and the L2-interpolation property this implies

/ (Voni)" Vv —un) = D / On41 (ILf + Auy) + / (Ont1—on) (f —11f)

KG’CN‘“;K WK

for on € VP (Kn, Q) with supp (¢n) C wi and using Minkowski’s inequality yields

/ (V¢N+1)TV(UN+1—UN)‘ >0 / on+1 (ILf + Aun)| —

KeRN|wy

/ (dn+1—on) (f —T0f)].

With Holder’s inequality we have

> [ v s+ Auy)

(341) | kekmlon

SNV (i = un)ll 2wy IVON+1ll 200y + 1 = T[22 ) 108+1 = N L2 (o)
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and choosing ¢y := Mgy with IT' : HE(Q) — VP (Kn, Q) from Section 2.4.1 implies
o841 = NNl L2 ore) = l|En41 = H1¢N+1HL2(M()

hg
< Cgraa — DK ||V¢N+1HL2(UJK 7)*
by Theorem 2.4. Since supp (¢n+1) € wix C wk 7, it holds

hk
[on+1 — ¢N||L2(WK) < Cgrade ||V¢N+1HL2(UJK)d

and inserting into (3.41) gives

> /K¢N+1 (If + Auy)

KeRN|wy

< (V<uN+1 un) 2oyt + cgmd =l - HszW)) V61l 2yt -
DiViding by ||V¢N+1‘|L2(wK)d yields

> [ o (If + Auy)

KG]CN‘NK
sup
¢6VI€,;’K (ICN‘WK7L‘)K) ||V¢N+1||L2(wK)d
> Jx One1 (ILf + Auy)
KEK:N\WK
< sup
ON+1EVP(Kny1,92) ||V¢N+1|‘L2(wx)d

supp(¢n+1)Cwi

hx
SNV (unvsr = un)ll g2y + Cgradp?Hf —If 22 wi)s
since on11 € VP (Kn11, Q) with supp (pn+1) C wi was arbitrary. Then it follows

KK i (U, Kn) IV (unvgr = un) |l p2 ) +Cgmd Hf ILfll 22w

from optimization problem (3.22). Since Ay C Ky, squaring both sides, summing over K € Ky and
using Young’s inequality yields

D Kl (un, Kn)?
KeAn

< Z K%(,anK (uN7ICN)2

KeKn

1 h2
<(145) T I Cover = e+ Chaal14+0) 3 S~ e,

Kekn Keky UK

for 6 > 0. Now let us define the covering constant Ccoy > 0 by

Ceov i= Kné?c}i, {LeKy:LCwk}.
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Then the (1, v2)-regularity of K implies

1 h3
Z K3 i (un, Kn)? < Cooy ((1 + 5) IV (un1 — “N)Him))d +C(1+9) Z —=Nf - Hf||2L2(K)>
K

KeAn KeKy

for some constant C' > 0 independent of mesh size vector h and polynomial degree vector p. Finally, from
data saturation assumption (3.10) it follows
(3.42)

1
Z H%{,anK <UN,ICN)2 S CCOV <(1 + 6) HV (UN+]_ — UN)”i?(Q)d + C(l + 5)7’2’[’] (’LLN7K:N)2) .
KecAn

From Theorem 3.5 we know

h2
IV (u— UN)||2L2(Q)d < Crel (77 (un, Kn)® + Z —\f - Hf||2L2(K)>
Kekn K

< Crat (14 7%) n (un, Kn)’
by assumption (3.10). For 7 <1 this reads
IV (u— UN)”%Z‘(Q)d < 2Cran (un, ’CN)2
and multiplying both sides by 6%, 6 € (0, 1], yields

07|V (u— un)|72(pa < 2Cra Y K g (un, Knv)’
KeAn

by constraint (3.8). With (3.42) it follows

62 1
e 9 = )y < Con (14 3) 19 (s = um) By + €L+ 072 v K
and this concludes the proof. O

The next result compares the energy error of the finite element approximation on two successive grids of
the algorithm.

Lemma 3.12 (Comparison of Errors). Let N € Ny be arbitrary and v € H}(Q) be the solution of (3.2).
We assume that there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Furtherletuny € VP (Ky,Q) and
unt1 € VP (Kn41,9) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some T € (0, 1] such that (3.10) is fulfilled. Then there exist some constants
C1 > 1 and Cy > 0 independent of mesh size vector h and polynomial degree vector p such that

56*

2 2 0267'2
IV (u = un+1) |72 (e < (1 - 201(1+5)> IV (= un) 2 )e +

1 (un, Kn)?

1
) IV (un1 — UN)||2L2(Q)d
for d > 0.

Proof. Since VP (Kn,) C VP (Kn41,2), we can use the Galerkin orthogonality

A(u—unt1,unyr —un) =0
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to get
2
IV (u = un)lp20) = Au —un,u—uy)

=A(u—uny1,u—unt1) + A(Unt1 —un, UN1 — UN)

1

1
— 1V (= el + (54 5 ) I (s = )l

By using Lemma 3.11 it follows

L WA
201(1+5) u Un L2(Q)d

2 1 2 0257'2
2 IV (u = uni1)l[zaye + 5 IV (unss = un)llzzipe —

—5 (un, Kn)?.

This concludes the proof. O
Remark 3.1. We see easily that the constants C1 and Cy in Lemmas 3.11 and 8.12 are the same.

Now we come to the first main result of this paragraph. It states that the energy error ||V (u — upg)| 12 (q)a
is reduced in every refinement step of the fully automatic hp-adaptive refinement algorithm from Section
3.1.3.1.

Theorem 3.6 (Convergence). Let N € Ny be arbitrary and u € H}(Q) be the solution of (3.2). We
assume that there exists a solution of (3.7), (3.8) for some 0 € (0,1]. Further let uxy € VP (Kn,Q) and
unt1 € VP (Kn11,9) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some T € (0,1] sufficiently small (depending on polynomial degree vector
p) such that (8.10) is fulfilled. Then there exists some p € (0,1) independent of mesh size vector h and
polynomial degree vector p such that

IV (= uni1)ll 2 ye S w IV (w—un)ll 2y -
Proof. From Theorem 3.5 we know

h2
2 2014 2
N (un, Kn)* < Cet Y (pK( NV (= un) G e oyt + 2z I — Hf||%z<wk,2>>
Kekn Pk

for € > 0. Now let us define the covering constant C.o, > 0 by

Ceov 1= [gnez%v HL € Ky : L Cwgal}l.

Then the (71, 72)-regularity of K implies
_ h?
2 1+4e 1-2¢ 2 K 2
0 (u, Kn)* < CeovCor max (pic) <Kngg§v (px) "NV (= un) |2 e + CK%C: g7 - Hflmx))
N

for some constant 5
C > 7 > 2,

which is independent of mesh size vector h and polynomial degree vector p. With data saturation
assumption (3.10) this reads

2 1+4 1-2 2 2
0 (un, Knv)™ < CeovCor max (pxc) e (Krréz;\gfv (px) "IV (u = un)l72()a + C7%0 (un, Kn) ) :
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Hence, for
1

V CCoovCer max (pK) 3H2e
KeKyn

T <

we have

CeovCeft KHinCX (pK)Q(lJ’_E)

N

2 2
77(UN7ICN) S 1+45T2 ||V(U_UN)HL2(Q)[1

1- CCcovCeff Igle?c}fv (pK)

and with the even more restrictive assumption

1
" e o e (o)
we get
(3.43) 1 (un, Kn)? < 2Ce0yCost uax (p)* |V (u — UN)Hi%Q)d :
From Lemma 3.12 we know
19 = ey < (1 5t ) 19 = um e + S s
5 IV v — ) By
for 6 > 0 and using Lemma 3.11 yields
502

IV (= un )l < (1 - ) IV (= wm)aqa + Cod7n (un, K

(1+49)

2(14e) ¢ 2 662 2
< (1 +202Ceo Cenr max (px) o — C'1(1+5)) IV (v = un)ll2(0)a

by (3.43). By choosing ¢ := % we obtain

5 § (1 62 2
IV (u = uns1) 72 0pe < (1 + (C ~14s) ) IV (= un)le e

for
1

cov €
V2CC,C5C, Cff]?’le?gij (pK)

T <

[N

Then the result follows for § < %62 -

The second main result of this paragraph is another convergence result, which states that the weighted

sum of energy error ||V (u — urg)||;2(q)« and estimated error 7 (upg, K) is reduced in every iteration of
the fully automatic hp-adaptive refinement algorithm from Section 3.1.3.1. The proof follows the ideas

of Bonito and Nochetto [55] again.

Theorem 3.7 (Quasi-Convergence). Let N € Ny be arbitrary and u € H}(Q) be the solution of (3.2). We
assume that there exists a solution of (3.7), (3.8) for some 0 € (0,1]. Further let uy € VP (Kn,Q) and
un+1 € VP (Knx1,9Q) be the solutions of (3.3) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some constant p € (0,1) independent of mesh size vector h and polynomial
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degree vector p such that assumption (3.24) holds. We assume that there exists some T € (0, 1] sufficiently
small such that (3.10) is fulfilled. Then there exists some constant p € (0,1) independent of mesh size
vector h and polynomial degree vector p such that

IV (= an) e + vn (s Kna)* < (19 (= w3 gy + v (un Kn)?)
for some v > 0 sufficiently small (depending on polynomial degree vector p).
Proof. From Lemma 3.12 we know

19 (= s 0) gy + 0 (1, Ko )?

562
)) 17 = ) gy +

0267—2
<(1-—"—
- 2C1 (146

= (un, Kn) + vn (unst, Kngr)?

1
=5 IV (uyer = un)|1 72
for § > 0 and applying Lemma 3.10 yields

IV (u— UN+1)||2L2(Q)d +vn(uns1, ’CN+1)2

2 2 2,2
(3.44) < <1 - 2cjf+a)> IV (1 — un) |22 qya + <025T Fu(l+06)? (1 + p;)) 1 (un, Kn)?
—v(140)*(1 = p)n (un, An)?
by choosing
v < i .
2Crea(1 +0) max (pr)
We observe
C2uxn (un, AN) > ) Kk jomic (un, Kiv)?,
KeAy

where

Chax := max {Knéa%v (KK, jr) s 1} .

Thus (3.44) reads

IV (u— UN+1)||2L2(Q)d +vn(uns1, ’CN+1)2

06 2 Cyo7? 2 p*7? )
< T o/ (1 L5\ - 2(0)d —_— LA ,
< (1 201(1+5)> IV (u UN)”L Q) +< +v(1+49) (1+ 5 >>77(UN Kn)
v(l+6)%(1 —
_% Z H%(,anK (UN,ICN)Q,
max KeAn

since p < 1. Finally constraint (3.8) implies

2 2 569* 2 2
IV (u— UN+1)||L2(Q)d +vn (un41, Kny1)” < (1 - m IV (u— UN)||L2(Q)d +Tn (un,Kn)”,

where the term T is given by

2 2. 2 2 201 _
T .= CQ;ST +u(1+5)2(1+p; )—Ve (L+9)"A=p),

CQ

max
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For 7 — 0 we have

T — v(1+40)? ( 9282_ )>

and, thus, the result follows for ¢ and 7 sufficiently small. O

To conclude this paragraph let us shortly discuss the various assumptions we made above and see how
these affect the main results of this paragraph. Most of the assumptions were already discussed in Section
3.1.2.2. Therefore we restrict ourselves to those assumptions, which changed fundamentally or appeared
newly.

In Theorem 3.6 the parameter 7 € (0,1] from data saturation assumption (3.10) depends on the polyno-
mial degree vector p. This is due to the fact that the a posteriori error estimator from Section 3.1.3.1 is
not uniform in p. In the proof of Theorem 3.6 we obtained the explicit upper bound

1
T <

T V2CC,C5C 0. Cot Jmax (rk)

and, thus, data saturation assumption (3.10) becomes more and more restrictive for increasing polynomial
degree pg. Since the constant C' > 2 depends on 6 € (0, 1], this assumption gets more restrictive the
smaller 6 becomes. Although this fact seems a bit surprising at a first sight, it makes perfectly sense.
The reason for this is that, if we only refine a few cells, we have to be even more certain about processing
the right cells than in the case when we refine a whole bunch of cells. However from Lemma 3.3 in [134]

we know 12
> pTKHf—HfH%z <> =

Kek VK Ke/CpK

e

2 Cpie — 1)1 > 0% FI ek

2 K —
p lal1<pr

for f piecewise analytic. Thus, if there exist some constants C,~ > 0 independent of polynomial degree

vector p such that
2
S S 0 IR < Oy
KeK |a\1§pK

and f is analytic, then from standard approximation theory (see e.g. chapter 4 in [94]) it follows

2
S M 1 ey < Cexpl-olp)
kex Px
for some constants C ,0 > 0 independent of polynomial degree vector p.
In [74], Theorem 3, one can find a slightly different proof of convergence for the fully automatic hp-
adaptive refinement strategy from Section 3.1.3.1. Here the assumptions on parameter 7 from data
saturation assumption (3.10) are more or less the same, but for § the lower bound also depends on
polynomial degree vector p. Thus, Theorem 3.6 can be seen as a slight generalization of the results from
[74].
In Theorem 3.7 the constant v > 0 depends on the polynomial degree vector p. This is due to the fact that
the a posteriori error estimator 7 (upg, ) from Definition 3.2 cannot be bounded independent of p from
above. A way to eliminate this p-dependence might be the use of an equilibrated residual error estimator
as proposed by Braess and Schoberl in [62, 61]. Further we assume that there exists some p € (0,1)
such that (3.24) holds. This is the higher-dimensional analogue to assumption (3.9). Therefore the same
comments as in the discussion of (3.9) in Section 3.1.2.2 apply here, too. In the proof of Theorem 3.7 we
have obtained the explicit upper bound

v < 0 .

-~ 2Chea(149) max (rx)
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3.1.3.3 Numerical Results

Now we want to consider the performance of the fully automatic hp-adaptive refinement strategy from
Section 3.1.3.1 on the basis of some numerical examples. Therefore we consider some two- and three-
dimensional elliptic boundary value problems of the form (3.1). All computations are performed with the
finite element library deal Il [41, 42].

Example 1
The first example is a two-dimensional example with a smooth analytic solution. Let Q := (0,1)? and
u: 2 = R be given by

w(z) =21 (1 —x1) 29 (1 — x2) (1 — 223) exp <—; (221 — 1)2> .

The initial triangulation Ky consists of 64 equally-sized cells and as initial polynomial degree vector we
choose p = 2. Further we set 6 := 0.35.

In this example we perform two different runs of the algorithm. In the first run we provide only two
different refinement patterns the algorithm can choose from. The first refinement pattern is classical
h-refinement, where the cell is bisected into four equally-sized children. The second refinement pattern is
classical p-refinement, where the polynomial degree of the cell is increased by one. In Figure 3.4 we plot
the number of degrees of freedom vs. the exact energy error and the estimated error in log,,-log,-scale.
In Table 3.1 the marking history of the algorithm is shown. We observe that the hp-adapative refinement

-2

——o—errorrun 1
error run 2

3 —©— estimated error ||

-4+

-51

-6F

log10 (error)

-7+

-8+

-oF 4

_10 1 1 L
2.5 3 35 4

log10 (ndofs)

Figure 3.4: Example 1: Number of degrees of freedom vs. error.

Step #Cells max(p) #h #p Step #Cells max(p) F#h #p
0 64 2 0 64 4 64 6 0 64
1 64 3 0 64 5 64 7 0 64
2 64 4 0 64 6 64 8 0 64
3 64 5 0 64

Table 3.1: Example 1: Marking history.

71



strategy from Section 3.1.3.1 chooses p-refinement on all cells. This is basically what we expect, because
the exact solution u is analytic and there are no local features to detect. Thus p-refinement performs
best.

In a second run we add a third refinement pattern to the refinement algorithm. Now the strategy can
additionally choose to increase the polynomial degree by two. In Figure 3.4 we can see that the algorithm
really takes advantage of this new refinement pattern and reaches the same accuracy as in run 1 in only
half the number of refinement steps.

Example 2

Also for the second example we stay in the case d = 2. However, this time we consider the behaviour
of the fully automatic hp-adaptive refinement algorithm for a singular analytic solution. Let Q :=
(—1,1)2\[0,1) x (—1,0] and the exact solution u be given by

2 . (2
u(r, @) := 73 sin (g@) ,

where r € [0,1) and ¢ € [0,27) denote the polar coordinates. The initial triangulation Ky consists of
48 equally-sized cells and as initial polynomial degree vector we choose p = 2 again. Further we set
0 := 0.25. The algorithm can choose from classical h- and p-refinement again. In Figure 3.5 on the
left-hand side we plot the number of degrees of freedom vs. the exact energy error and the estimated
error in log;,-log,,-scale. On the right-hand side of Figure 3.5 we can see the final grid produced by the

-0.5 T T T T
—S— error
-1r —© estimated error
-1.5F 4
_2 - -

-2.5F B

3 35
log10 (ndofs)

log10 (error)
I SR
(5] o (5] £ w w
N T T T T T
N
o
~F
B L L L L L
(4]
™ G
[95) iy (&}

Figure 3.5: Example 2. Left: Number of degrees of freedom vs. error. Right: Final grid.

algorithm, where the fourth quadrant is a zoom into the reeentrant corner of the domain. We observe
that the final grid basically is linearly graded towards the singularity located at the origin. This means
that around the origin cells are small and polynomial degrees are low. The more one goes away from
the singularity the larger are the cells and the higher are the polynomial degrees. In Figure 3.6 we plot
the distance to the origin vs. the average polynomial degree present on that circle in log;,-1-scale. The
marking history of the algorithm is shown in Table 3.2. Also in this example we get more or less the result
which one expects from the hp-adaptive refinement algorithm. The singularity is identified correctly and
the refinement choices are appropriate.
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Figure 3.6: Example 2. Left: Distance to 0 vs. average polynomial degree.

Example 3
This is the first three-dimensional example. Again we start with a smooth analytic solution. Let Q :=
(0,1)% and u : 2 — R be given by

u(x) 1= sin (w21 sin (7x2) sin (7x3) .

The initial triangulation Iy consists of 64 equally-sized cells and as initial polynomial degree vector we
choose p = 2. Further we set 6 := 0.2.

As in Example 1 we perform two different runs of the algorithm. In the first run we provide only two
different refinement patterns the algorithm can choose from. As usual the first refinement pattern is
classical h-refinement and the second refinement pattern is classical p-refinement. In Figure 3.7 on the
left-hand side we plot the number of degrees of freedom vs. the exact energy error and the estimated
error in a log;,-log;,-scale. In Table 3.3 on the left-hand side the marking history of the algorithm is
shown. We observe that the hp-adaptive refinement strategy from Section 3.1.3.1 chooses p-refinement
only. This is basically what we expect, because the exact solution w is analytic and, thus, p-refinement
performs best.

In a second run we add a third refinement pattern to the refinement algorithm again. Now the strategy
can additionally choose to increase the polynomial degree by two. In Figure 3.7 on the right-hand side
we can see that the algorithm really takes advantage of this new refinement pattern and requires only
half the number of refinement steps to achieve the desired tolerance TOL := 2 - 10~7. The refinement
history of the second run is shown in Table 3.3 on the right-hand side.

Example 4

The last example is for the case d = 3 again. As in Example 2 we consider the behaviour of the fully
automatic hp-adaptive refinement algorithm for a singular analytic solution. Let Q := (—1,1)3\ [0,1)3
and the exact solution u be given by

ol

u(z) := (23 + 23 + 23)
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Step #Cells max(p) h p Step #Cells max(p) h p
0 48 2 3 2 11 345 4 3 10
1 75 3 3 0 12 372 4 3 18
2 102 3 3 0 13 399 4 3 18
3 129 3 3 0 14 426 4 3 22
4 156 3 3 0 15 453 5 3 23
5 183 3 3 0 16 480 5 3 28
6 210 3 3 4 17 507 6 3 12
7 237 3 3 10 18 534 6 3 22
8 264 4 3 10 19 561 6 1 28
9 291 4 3 11 20 576 6 1 32
10 318 4 3 10 21 591 6 1 26
Table 3.2: Example 2: Marking history.
0 T T 0 T
-2t
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Figure 3.7: Example 3: Number of degrees of freedom vs. error. Left: Run 1. Right: Run 2.

The initial triangulation consists of 56 equally-sized cells and as initial polynomial degree vector we choose
p = 1. Further we set 6 := 0.16. The algorithm can choose from classical h- and p-refinement again. In
Figure 3.8 on the left-hand side we plot the number of degrees of freedom vs. the exact energy error and
the estimated error in log;y-log,q-scale. On the right-hand side we can see the final grid produced by
the algorithm. We observe that the grid basically is linearly graded towards the singularity located at
the origin. This means that around the origin cells are small and polynomial degrees are low. The more
one goes away from the singularity the larger are the cells and the higher are the polynomial degrees.
The marking history of the algorithm is shown in Table 3.4. Also in this example we get more or less
the result which one expects from the hp-adaptive refinement algorithm. The singularity is indentified
correctly and the refinement choices are appropriate.

3.2 The Discontinuous Galerkin Finite Element Method

In contrast to the continuous Galerkin finite element method there is not the discontinuous Galerkin
finite element method, but there exist lots of different approaches to obtain an approximated solution of

74



Step #Cells max(p) #h #p

0 64 2 0 8 Step #Cells max(p) F#h #p
1 64 3 0 24 0 64 2 0 8
2 64 4 0 24 1 64 4 0 24
3 64 b) 0 24 2 64 6 0 24
4 64 6 0 24 3 64 8 0 24
5 64 7 0 24

Table 3.3: Example 3: Marking history. Left: Run 1. Right: Run 2.
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Figure 3.8: Example 4. Left: Number of degrees of freedom vs. error. Right: Final grid.

problem (3.1). E.g. there are the interior penalty method [18, 40, 106, 168, 213], the local discontinuous
Galerkin methods [19, 85] and the Bassi-Rebay methods [48, 49, 66] to name only a few. We restrict
ourselves to the interior penalty method for simplicity. Similar to the continuous Galerkin finite element
method there is much more literature about the convergence of the h-adaptive discontinuous Galerkin
finite element method (see e.g. [55, 131, 139]) than the hp-adaptive one. The development of fully
automatic hp-adaptive refinement strategies for the discontinuous Galerkin finite element method was
initiated only recently in [133, 221], where a residual-based a posteriori error estimator for the hp-adaptive
discontinuous Galerkin finite element method was presented. The goal of this section is to extend the
hp-adaptive refinement strategy from Section 3.1 to the Ap-version of the discontinuous Galerkin finite
element method and prove its convergence. Therefore we derive the weak formulation of problem (3.1)
first. Then we extend the refinement strategy from Section 3.1 to the discontinuous Galerkin finite
element method and prove its convergence. The results of this section are based on [75]. Throughout
this subsection we assume d € {2, 3}.

3.2.1 The Problem Formulation

In this subsection we derive the weak and discrete formulations of problem (3.1). Then the most important
properties of the bilinear form resulting from the weak formulation are discussed.
Before we derive of the weak formulation let us introduce some basic notations first. Let I be some
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Step #Cells max(p) #h #p Step #Cells max(p) #h #p
0 56 1 7 0 8 624 2 7 28
1 99 1 7 0 9 724 3 7 7
2 142 1 7 0 10 825 3 7 53
3 203 1 7 11 924 4 7 22
4 264 1 7 26 12 1026 4 7 102
5 343 2 7 4 13 1129 5 6 6
6 422 2 7 0 14 1242 6 7 0
7 520 2 7 0 15 1341 6 7 17

Table 3.4: Example 4: Marking history.

(71, v2)-regular triangulation of 2. We denote the set of all interior edges (in the case d = 2) or faces (in
the case d = 3) of KC by

Er(K):={e COKNQ:eis an elemental edge of cell K}
and the set of all boundary edges or faces by
Ep(K) :={e CIK NIN : e is an elemental edge of cell K}.

Then we let
E(K) :=&(K)UER(K)

to be the set of all edges or faces of triangulation K. Further we introduce the energy space

E(K):= [] B'(K).

KeKk

Let K3, K2 € K be two neighbouring cells and denote the outward-pointing unit normal vectors to these
cells by ng, and ng, respectively. Then we define the jumps [-] : E(K) — E(K)? and [-] : E(K)? — E(K)
by

[u] == ulk,nK, +ulk,nK, Yu € E(K)
and

[[Q]] = (q|K1)T )T NK, vq € E(K:)d7

respectively. The average {-} : E(K)? — E(K)? is defined by

ng, + (q|K2

1
{a} =5 (dk, +dlx,) Vo€ E(K)"
On a boundary edge or face e € Eg(K) with e C 9K N IN for some K € K we set accordingly
[u] = u|knk Yu € E(K)

and
la] == (alx)" nx. {g}==q Vqe B(K)"

To obtain the weak formulation of problem (3.1) we multiply the first equation of (3.1) with some test
function ¢ € E(K) and integrate over €. This yields

—/QQSAU:/ngf Vo € B(K)
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and with integration by parts we obtain
> [ worva- ¥ [l vy = [ o veer®).
KeK e€E(K)

However it can be seen easily that this formulation is not symmetric. Following the ideas of Wheeler
[213] based on the observation
[ul =0 on e

for all e € £(K) we arrive immediately at the problem to find u € HZ(€2) N H2 (2) such that
15 ¥ [ worvur 3 ([l - [l v - [rwer) = [or  voe )
o 3 Ut Jlarma - fure) =

where ¢ € L> (£(K)) denotes some weighting function. Now we are left with two open tasks. The first one
is the extra regularity requirement u € HZ (Q)NH 2 () instead of u € HX (). This is due to the integration
of the average {Vu}. To overcome this restriction we follow the ideas of Arnold, Brezzi, Cockburn and
Marini [19] and Perugia and Schotzau [178] and define a lifting operator L : E(K) — UP(KC, Q)¢ such that

[rore= ¥ [Ww werrro)y
Q e€E(K)
Then problem (3.45) reads to find u € H}(Q) such that
> [ worvu- [ erve- [ Laves 3 /CM = [ o voeE®.
KeKk Q ecE(K
In [133] it was shown that the lifting operator L is L?-stable.

Lemma 3.13 (Stability of Lifting Operator). Let u € E(K). Then there exists some constant Cp, > 0
independent of mesh size vector h and polynomial degree vector p such that

2
Pe
L@ z2@e <Cr Y 7= ITulllzegeye
ecE(K) ¢
Proof. See Lemma 4.1 in [133]. O

Now we still have to find a suitable choice for the weighting function ¢. Therefore let e € £(K) be
arbitrary. Then we set h, := diam(e) and

max {px,,pr,}, ife€E(K)Ae=K;NK, with Kj, Ky € K
Pe ‘= .
DK, ifee&p(K)ANeCIK with K € K

The weighting function is chosen as
2
ci=y= I

for some constant v > 0 independent of mesh size vector h and polynomial degree vector p. We define
the bilinear form Ay : E(K) x E(K) — R by

Z/ (Vo) Vi / TVz/J—/QL( OTVe+y Y 5 2 /[[cb]]T[[w]]

Kek eEE(IC) ¢
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and see immediately

Ax(9,9) = /Q (Vo)

for ¢,9 € H}(Q). Then the weak formulation of problem (3.1) reads to find u € H}(2) such that

(3.46) Ax(fyu) = /Q of Vo e HY(Q).
Further we endow the energy space E(K) with the norm | - ||g(x) : E(K) — Ry given by
2 2 v 2
b = 3 IVulsges +7 3 2 Iulag

Kek ec&(K)

We observe immediately that in contrast to the continuous Galerkin finite element method the bilinear
form Ax and the energy norm || - || g(x) are mesh-dependent.
Now it can be shown that Ax is continuous and elliptic. The continuity was shown in [133, 216].

Lemma 3.14 (Continuity of Ax). Let v > 1. Then the bilinear form Ax is continuous in the energy
norm || - ||gc), i.e. there ewists some constant Ceony > 0 independent of vy, mesh size vector h and
polynomial degree vector p such that

AIC(QS,w) < Ocont”(ﬁHE(KZ)”d}”E(Kj) V¢7¢ € E(’C)
Proof. See Lemma 4.2 in [133]. O
The ellipticity of the bilinear form Ax was shown in [216].

Lemma 3.15 (Ellipticity of Ax). For v > 1 sufficiently large the bilinear form Ay is elliptic, i.e. there
exists some constant Ceyy > 0 independent of v, mesh size vector h and polynomial degree vector p such
that

Ak(9,0) = Calll$lp) Vo € B(K).
Proof. See Proposition 3.8 in [216]. O

In [216], Theorem 3.9, it was shown that weak problem (3.46) has a unique solution u € Hg (). Thus,
it makes sense to consider the discrete formulation of (3.46) to obtain a numerical approximation for
the solution of problem (3.1). Therefore let us emphasize the following key property of Ax: For all
¢, € UP(K, ) it holds

Axo) = Y [ (Vo'vu+ 3

KeKk ecE(K

2
| (+5 [wrmto1 - [0 (ve) - [17(ve}).
Then the discrete formulation of problem (3.46) reads to find upg € UP(KC, 2) such that

(3.47) A (6, ups) = /Q of Vo eUP(K.Q).

For this discretization of problem (3.1) the following a priori error estimate was proven by Georgoulis
and Siili [118].
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Theorem 3.8 (A Priori Error Estimate). Let k € N be arbitrary and assume that the solution u €
H(Q) N H2(Q) of (3.46) has the additional regularity u|x € H*Y1(K) for all K € K. Further let
upg € UP(KC,Q) be the solution of (3.47). Then there exists some constant C > 0 independent of mesh
size vector h and polynomial degree vector p such that

hM
lu = urslppey < C S K Vull g i),
Kek UK

where p = min{pg, k}.
Proof. See Theorem 7.2 in [118]. O

If the mesh size vector h and the polynomial degree vector p are chosen suitably and the analytic solution u
is sufficiently smooth, it can be shown that the error decays exponentially. For d = 2 Wihler, Frauenfelder
and Schwab [216] have proven the estimate

”U — UFE”E(IC) < Cyexp (—CQN%) )

where N := dim (UP(K, 2)) and C1, Cy > 0 denote some constants independent of N.
To conclude this subsection let us provide some analytical tools which become important later on. The
following interpolation operator was derived by Zhu and Schétzau in [222]. It maps functions from the

discontinuous Galerkin finite element space UP (K, ) into the continuous Galerkin finite element space
VP(K,Q).

Theorem 3.9 (Averaging Operator). Let upp € UP(K,). Then there exists some linear operator
Iys: UP(K,Q) — VP(K,Q) and some constant Czs > 0 independent of mesh size vector h and polynomial
degree vector p such that

he
|lure — Mzsupeltaq) < Czs Y — lurellfz o

ecE(K) V€
and )
> IV (urs — Mgsurs) [faey < Czs Y 7= Mwrslllfe-
Kek ece(K) ¢
Proof. See Theorem 4.4 in [222]. O

3.2.2 The Refinement Strategy

In this subsection we adapt the fully automatic hp-adaptive refinement strategy from Section 3.1 to the
discontinuous Galerkin finite element method. Since we already have discussed the basic principles of
the fully automatic hp-adaptive refinement strategy in Sections 3.1.2.1 and 3.1.3.1, we only highlight the
differences here. As in Sections 3.1.2.1 and 3.1.3.1 our starting point is the adaptive loop (3.4). We
consider the modules ESTIMATE and MARK again.

Let us begin with the module ESTIMATE. In this module we want to estimate the error of the computed
finite element solution which we obtain from module SOLVE. Therefore we define the following a posteriori
error estimator. It is obtained by taking the estimator introduced in [133], but omitting the jump term
which is given by the jumps of the approximate solution upg € UP (K, §2) over cell boundaries. This idea
was presented in [55] for the h-adaptive discontinuous Galerkin finite element method.
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Definition 3.3 (A Posteriori Error Estimator). Let upg € UP(KC,Q) be the solution of (3.47). Then the
residual-based a posteriori error estimator 7 (upg, K) is given by

n(upp, K Z i (ure, K
Kek
with
nx (upe, K)* = Rk (UFE, K)? + B,k (UrE, K)?.

Here the residual term ng i (urg, K) reads
hk
nr,k (UpE, K) = K ITLf + Aurg| 12

and the boundary term np k (urg, K) is given by

1 he
nB,Kx (UFE, ’C)2 Y Z — H[[VUFE]]Hiz(e) :

ec&r(K)NOK

For this a posteriori error estimator one can show that it is reliable. Before we prove this let us derive
an upper bound for the jump of functions from UP(IC,2) across the cell boundaries of triangulation K.
This estimate is an extension of the result derived in [55] for the h-adaptive discontinuous Galerkin finite
element method to the hp-adaptive case.

Lemma 3.16 (Jump Control). Let upg € UP(K,Q2) be the solution of (3.47) and v > 1 be sufficiently
large and independent of mesh size vector h and polynomial degree vector p. Then there exists some
constant Ciymp > 1 independent of v, mesh size vector h and polynomial degree vector p such that

h2
2y —Mum aios < Crump 3 (nR,K<uFE,zc>2+;nf—nfn%m)-
K

ecE(K) KeKk

Proof. With Izs : UP(KC, Q) — VP(K,Q) from Theorem 3.9 we see

2
DPe 2
v Z ||[[UFEHHL2(e)d vy, 7 Mure — Hzsurellza e
ecE(K) he ecE(K) ¢
since [IIzsupg] = 0. Then the definition of the energy norm | - || gk implies

2
Pe 2 2
v 5 Mure]llzz (e < llure — Hzsupe| g,
ee&(K)

< Ak (urg — Hzsurg, ure — Hzsurg)
ell

for v > 1 sufficiently large by Lemma 3.15. Since upg € UP(K, Q) solves (3.47), it follows

1
(3.48) vy Z ||[[UFEH||L2(6 < G (/ (upg — Hzsurg) f — Ak (urg — HZSUFE,HZSUFE)) .
ecE(K) he

With I : L?(Q) — UP(K, Q) denoting the L?-conforming interpolation from Section 2.4 we see easily

(3.49) /Q(UFE —zsurg) f = /Q (urp — Hzsupr) ILf + /Q (ure — zsurg) (f —I1f)
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and by the definition of the bilinear form Ax and L (Izgurg) = [Hzsurg] = 0 we have
(3.50)

Ax (urg — Hzsurg, lzsurr)

Z / (urg — HZSUFE))T VIlzsurg — / L (UFE)T Vilzsurg
Kek Q

= Z </ (upe — Nzsurg))” Vurs — ||V (urg — HZSUFE)HQLQ(K)d) - / L (upp)" Vzsupg.
Kek Q
Then integration by parts yields

Z/ (ure — Hzsurg))” Vurg Z /[[UFE]] {Vupg} — Z / upg — Hzsurr) Aurg

Kek e€E(K) KeKk

:/L(uFE) Vupg — Z/ (upg — lzsurg) Aurg
Q

KeKk

by the definition of the lifting operator L and inserting into (3.50) gives
(3.51)

Ak (urg — zsupg, lzsurg)

= /QL (uFE)T V (upg — lzsurg) — Z

(/ (urg — Hzsurg) Aurg + ||V (urg — HZS“FE)'%Z(;{)d) .
Kek WK

By inserting equations (3.49) and (3.51) into (3.48) we obtain

(3.52) gl Z ”[[UFEH”L2(6 SN+ L+ T3+T),
PGE(IC) I
where the terms 77, ...,7T, are given by
T = Z / (urg — Hzsurr) (ILf + Aupg) ,
KeKk

Ty := Z IV (upr — HZSUFE)Hiﬁ(K)d’
KeK

T3 := / L (UFE)T V (Izsurg — urE)
Q

Ty = / (upg — Hzsurg) (f — I1f).
Q
For the term 77 we see

T < ) llure — Hzsure g2 i) ITLf + Aure| 2,
KeKk

with Holder’s inequality and the Cauchy-Schwarz inequality implies

1 1
2 2 2
T < (Z ZTK Jure — HZSUFE”iz(K)) (Z MR,k (UFE, /C)2>

Kek K Kek
(3.53) : .
1 2 2\’
Cus | i Nurel Lz o) (Z "R,k (upE, K) )
ecE(K) Kek
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by Theorem 3.9 and the (71, 72)-regularity of K. Applying Theorem 3.9 to T, yields
p2 2
(3.54) Ty < Czs Z hf ITuee]lz2 ey -
ecE(K)

With Holder’s inequality it follows

%
T3 < ||L (urg)|l 2 () (Z IV (upE — HZSUFE)||2L?(K)‘1>
KeK

2
Pe
<V CrCyzs E hf ||[[UFE]]||2L2(e)d

ecg(k) ¢

(3.55)

by Lemma 3.13 and Theorem 3.9. For the term 74 we proceed similar to 77 and obtain

N

1 ’ h3
(3.56) Ty <VCzs | D o Iues] ey <Z pz'“Hf—Hf”sz(K))

ecE(K) ¢ Kek VK
Inserting estimates (3.53)—(3.56) into (3.52) yields
1
2

Czs +vVC1Czs p? 2
g Gt NOC ) (5 B g,

ece(k) ¢

[SIE

: )
< Vo (ZnR,KwFE,/oQ) +<Z hff—ﬂfllizm)

ell Kek Kek VK

and by squaring both sides and using Young’s inequality we get

C C?
ell ec€(K) e ell fexe

Cus +VCr0zs\’ P2 2075 h2
(7— ) > e Murell e < G X (e tume, K7+ 21 = 11

for
Czs + VCLCzs
7>
ell

O

Now we are ready to prove reliability of the a posteriori error estimator introduced in Definition 3.3.
Further we derive an efficiency estimate which depends on the polynomial degree vector p.

Theorem 3.10 (A Posteriori Error Estimates). Let u € H}(Q) be the solution of (3.46) and upp €
UP(K, Q) be the solution of (3.47). Further let v > 1 be sufficiently large and independent of mesh size
vector h and polynomial degree vector p. Then:

1. There exists some constant Cre; > 1 independent of v, mesh size vector h and polynomial degree
vector p such that

h2
[|u — UFE||2E()C) < Crel <77 (urg, K)* + Z —f - Hf||%2(1<)> :
Kek VK
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2. There exists some constant Ceg > 0 independent of v, mesh size vector h and polynomial degree
vector p such that

h2

2(1

i (upe, K)° < Cop [ ™ S0 IV (= upp) Gapye + pl—fgguf —If )20
K

LeK|wy
for all K € K and all € > 0.

Proof. 1. From Theorem 3.1 in [133] we obtain

2 2
Pe 2 h
e urell72ep | +Care Y = f = Tf[I72 k)

ec&(K) Kek ©K

2 2 Y
||U_UFE||E(}<) < Crsr n(uFE”C) +§ Z

and the result follows with Lemma 3.16.

2. See Theorem 3.2 in [133].
O

Now let us make a step ahead and consider the module MARK. Similar to Section 3.1.3.1 we assume that
we have n € N\ {1} different refinement patterns to choose from. Let j € {0,...,n — 1} and K € K be
arbitrary. As in Section 3.1.3.1 we denote by Vg ; (KK jluk,wi) the local finite element space consisting
of functions from the continuous Galerkin finite element space VP (K, Q) compactly supported in the local
patch wg with refinement pattern j applied to cell K. Without loss of generality we may assume that
Nk (upg, K) > 0. If this is not the case, it makes not any sense to refine this cell at all and we can go
to the next. Then we define the convergence indicator kKx ; € Ry as the solution of the optimization
problem

—Ax,. .
(357) K:K,j = 1 (fwK ¢Hf KK,]le (¢7UFE)> ,

_ sup

K (uFEaIC) (Z)GVI’?J(KK,]“MK#UK) ||V¢HL2(WK)d

where IT : L? (wg) — UP (Kk_jlwy,wk) denotes the L?-conforming interpolation from Section 2.4. As in
Sections 3.1.2.1 and 3.1.3.1 we can solve (3.57) easily by considering an equivalent local boundary value
problem.

Lemma 3.17. Let v € Vi (Kk jluy, wi) such that

(3.58) / (VOTVo= [ T~ Ac, o (Gurs) Y6 € VE (Kieslumerwic)

WK

Then the supremum in (3.57) is obtained for v.

The proof follows exactly the same arguments as the proof of Lemma 3.7 and, thus, we do not repeat
it here. Also maximization problem (3.7), (3.8) can be used without modification for the discontinuous
Galerkin finite element method.

To conclude this subsection let us discuss the change in optimization problem (3.57). In contrast to
Sections 3.1.2.1 and 3.1.3.1 the local finite element test space V ; (Kk jlws,wk) is not a simple local
enhancement of the global finite element space UP(KC,(2), but we choose a conforming subset of the
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locally enhanced discontinuous Galerkin finite element space instead. This is due to the fact that for
¢ € UP(K,Q)\ VP(K, Q) it usually holds

2
A6 ) = S IV + 3 (va 6 —2 1017 (V61 )

KeK ecE(K

# Y IVSIZairy + Z HMHLz

KeK eGE(IC
= 16l

and thus it could only be shown that the solution of the corresponding local boundary value problem
is equivalent to the supremum in the optimization problem. But this does not suffice to determine the
convergence indicators r ; explicitly and, hence, the numerical solution of optimization problem (3.57)
would probably become much more involved.

3.2.3 Convergence Results

Now we prove convergence of the fully automatic hp-adaptive refinement strategy. Therefore we derive
two results similar to Sections 3.1.2.2 and 3.1.3.2. As before the first result proves that the exact energy
error ||u — upg|| B(x) 1s reduced in every refinement step of the algorithm. The second result gives us that
a weighted sum of exact energy error |[u — upg|| () and estimated error 7 (upg, K) is reduced in every
refinement step.

Let us assume that triangulation C consists of simplices only. Before we prove the main results of this
subsection let us consider the error estimator n (upg, K), which was introduced in Definition 3.3, in more
detail. Similar to Sections 3.1.2.2 and 3.1.3.2 we want to investigate how the estimated error is influenced
by the application of the hp-adaptive refinement algorithm presented in Section 3.2.2. Again we discuss
the new assumptions, which we make in the following lemmas und theorems, will be discussed at the end
of this section in detail.

Lemma 3.18 (Error Estimator Reduction). Let N € Ny be arbitrary and v > 1 be sufficiently large
and independent of mesh size vector h and polynomial degree vector p. We assume that there exists a
solution of mazimization problem (3.7), (3.8) for some 6 € (0,1]. Further let uy € UP (Kn,Q) and
unt1 € UP (Kn11,Q) be the solutions of (3.47) in iteration steps N and N + 1, respectively. Additionally
let us assume that for all refinement patterns j € {0,...,n — 1} there exists some constant p € (0,1)
independent of mesh size vector h and polynomial degree vector p such that (3.24) holds. We assume that
there exists some T € (0,1] such that data saturation assumption (3.10) is fulfilled. Then there exists
some constant Creq > 0 independent of mesh size vector h and polynomial degree vector p such that

2.2

v Ky < (140 (1427 )l o) = (1= v ds)?)

1
+c,.ed(1+5) ST IV st — )l e

KeKny1
for all 6 > 0.
Proof. By Definition 3.3 it holds

(3.59) n(uni,Kni)’ = > (UR,K (uni1,Kni1)” + 0.k (UN+1,’CN+1)2) :
KG]CN+1
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We introduce the set
Ry :={K € Ky : K is refined}

of all cells from triangulation I that are refined in module REFINE of iteration step V. Clearly we
have Axy € Ry. Then, in exactly the way as in the proof of Lemma 3.10 we obtain
(3.60)

h =~
nri (Un+1, Kng1) < prlf (HHICNf + Aun |l g2y + I = HICNfHL2(K))+CinvPK IV (uns1 = un)ll g2 (x)a
K

with T, : L%(Q) — UP (K, Q) denoting the L2-conforming interpolation from Section 2.4, if there

exists some cell K € Ry such that K C K. If there exists no such cell K € Ry, then K € Ky and in
exactly the same way as in the proof of Lemma 3.10 we get

(3.61) ne,k (Un+1, Kni1) < nrk (un, KN) 4 Cinvpi |V (vt — un) | g2 ey -
(K)

Now let us consider the boundary term ng x (un+1,/ Cn41). By Definition 3.3 we have

h
> S Vunallliee
SEEI(ICN+1)QBK €

ne.x (Uni1, K1) =

N | =

1 he
s Y Vvl (IIVanDl e + IV (uner = )]l 2oy )

ecEr(Kny1)noK ¢

IN

from Minkowski’s inequality and using the Cauchy-Schwarz inequality gives

(3.62) s, (uns1, Kngn)? < g (unin, Kng) (T +Ta)
where the terms 77 and T, are given by
1 he 2
T12 Y Z Do ||[[VUN]]||L2(6)
eegl(lCN+1)ﬂaK

and

1 he 2
Tj = 2 > — IV (un+1 = un)]l72e -
e€&1(Kn41)NOK ¢

If there exists some cell K € Ry such that K C K , then it holds

P he 2
(3.63) T2<s > SVun]llieenox -
2 eESI(KN) ¢

If there exists no such K € RN, then
(3.64) T? < NB,K (UN>ICN)2 .

For the term T, we get

hr
T; < — IV (un+1 = un) |72 (om0
L (oL)
LeRN+1lwy

2
<Ch Z pr IV (uni1 —un)lz2r)a

LeRN 1wy

(3.65)
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with Lemma 3.9 in both cases.
Inserting estimates (3.63)—(3.65) into (3.62) gives

nB,k (un+1, Kni1)

™
Nl

(3.66) p h , ,
<|3 > EVunIlZeenory |+ Cur > Vs —un)liaga |

ecEr(kn) * ¢ LEKN 1wy

if there exists such a cell K € Ry with K C IZ', and

[N

(3.67) nB,k (un+1, Knt1) < 0B,k (un, Kn) + Ci Z prlIV (uny1 — UN)||2L2(L)d ]
LeRN+1lwy

else. Further inserting estimates (3.60), (3.61), (3.66) and (3.67) into (3.59) and using Young’s inequality
implies

h2
1 (uni1, Kng)® < (140)n (un, Kn \ Ry)*+p(1+6)? (n<uN,RN>2+§ > flf—Hchinz(K))JfT
KeRN K

for 0 > 0, where the term T is given by

1
T := Cred (1 + 6) Z Pi IV (unt1 — UN)”?LQ(K)d
Kekn+1

for some constant Cieq > 0 independent of polynomial degree vector p. By data saturation assumption
(3.10) if follows

2.2

v Ko < (407 (14 25 ) o) + (0= D)) 47,

since Ay C Ry. O

Now we show three auxiliary results, which we use in the proofs of the main results of this subsection.
The first result gives a lower bound for the term [unt1 —un|/pc,,,) in terms of the energy error
lu—un| g, and the estimated error 7 (un, Kn).

Lemma 3.19. Let N € Ny be arbitrary and u € H(Q) be the solution of (3.46). We assume that
there exists a solution of (8.7), (3.8) for some 6 € (0,1]. Further let uy € UP (Kyn,Q) and uny1 €
UP (Kni1,Q) be the solutions of (3.47) in iteration steps N and N + 1, respectively. Let v > 1 be
sufficiently large and independent of mesh size vector h and polynomial degree vector p. Additionally
let us assume that there exists some 7 € (0,1] such that (3.10) holds. Then there exists some constant
Ce (0, i) independent of vy, mesh size vector h and polynomial degree vector p such that

2 2 2
luns1 = unlppey ..y = CO% lu—unllpp ) — 770 (un, Kn)”

Proof. Let K € Ky be arbitrary and ¢n41 € VP (Kyy1,Q) with supp (én+1) C wi. Then we see

AICN+1\wK <¢N+1,UN+1 - UN) :/ Ont1f — A)CN«}»llu)K (¢N+lqu)v

WK
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since o1 € VP (Kn41,0) C UP (Kn41,8) and unyy1 € UP (Ky41,) solves discrete problem (3.47).
This reads

Ay ilo, (ON+1unt —un) =T + dn1(f —10f),

WK
where II : L?(Q) — U? (Kn, Q) denotes the L?-conforming interpolation from Section 2.4 and the term
T is given by

Tw= [ oénallf — Axyil, (ON+1,uN)-

WK

With the L%-interpolation property this implies
Ay iiluy (ON+1uNt1 —un) =T +/ (on+1 —on) (f = 11f),
WK

for ¢n € VP (Kn, Q) with supp (¢pn) C wi and using Minkowski’s inequality yields

/ (AN+1—on) (f —1Lf)].

Ay iiloy (ON41,UN+1 — UN)’ > [T -
With Lemma 3.14 and Hélder’s inequality we have
(3.68) |T] < Ceont llun+1 = unllg(y 10, ) IVON+1 20yt + I = TLf L2 i) 190N+1 = ON L2 »
since [¢n+1] = 0. In exactly the same way as in the proof of Lemma 3.11 we obtain
hx
[oN+1 = ONlp2(p) < Cgrade IVON+1ll 1200 )
and inserting into (3.68) gives
hx
IT| < | Ceont llun+1 — unllppey .1y Cgradp*KHf —Ifllz2@r) ) IVON+1ll L2y -

Dividing by [[Vén 11/ 12(y ) vields

T T
sup | < sup
GeVE (Koo loge i) <|V¢L2(NK)d> Sni1EVP (K1) <||V¢N+1||L2(WK)CI>

K,
K supp(¢n+1)Cwi

S C’cont ||UN+1 - UNHE( + Cgrad ||f IIf”L2 (wk)

’CN+1|L41K)
since pn4+1 € VP (Kn41,2) with supp (pn+1) € wi was arbitrary. Then optimization problem (3.57)
gives

kK ek (UN, KN) < Ceont ||[un41 — UN”E( + Cgrad ||f If1 22 (o)

Kniilog)

Since Ay C Ky, squaring both sides, summing over K € Ky and using Young s inequality yields

D Kk (un, Kn)? < ) Kkenk (un, Kn)?

KecAn Kekn
h2
2
<2 Z (Cgont luns1— uN||E(KN+1|wK) Cgfad 5( If = Hf||L2(WK ) ’
Kekn

87



Then the (1, v2)-regularity of K implies

h2
2 2
D ki (un, Kn)? < 2C <UN+1 —unllprey, ) T > pff—HfH%%K))

KeAy KeKn

for some constant C' > 1 independent of v, mesh size vector h and polynomial degree vector p. Finally,
from data saturation assumption (3.10) it follows

(3.69) 3 w3 (un, Kn)? < 2C (||uN+1 —unlgen,ny + 70 (uN,ch)Q) .
KeAn
From Theorem 3.10 we know

h2

2 2

lu = unllppey) < Cre (77 (un, Kn)* + §||f—Hf||%z(K)>
Kercny © K

< Crat (1+7%) 1 (un, Kn)?
by assumption (3.10). For 7 < 1 this reads

lu — UN||§;(;CN) < 2Cvan (un, Kn)?
and multiplying both sides by 6%, 6 € (0, 1], yields

92 Hu - uN||2E(}CN) S 2C'rel Z K’%{JK”]K (UN,’CN)2
KeAn

by constraint (3.8). With (3.69) it follows

6° 2 2 2
se v = unlgey <20 (Jluwin =iy, ) + 70 o Kn)°)
and this concludes the proof. O
Next let us consider the mesh dependence of the bilinear form Ax and the energy norm || - || g(x) for two

successive triangulations.

Lemma 3.20 (Mesh Perturbation). Let N € Ny be arbitrary and Ky and Kyy1 the triangulations
in iteration steps N and N + 1, respectively. Further let uw € E(Kn) and v > 1 be sufficiently large
and independent of mesh size vector h and polynomial degree vector p. Then there exists some constant
Chpert > 1 independent of v, mesh size vector h and polynomial degree vector p such that

2 Cperty p? 2
Ay (u,u) < (1+ 5)||U||E(/CN) + S E h ||[[u]]||L2(e)d
ec€(Kn) ¢

for 6 € (0,1].
Proof. By the definition of the bilinear form A, , we have
Ay 0) = [l =2 [ L)V

with L : E(Kyt1) = UP (Kn41,€) denoting the lifting operator from Section 3.2.1. Then utilizing
Minkowski’s inequality this implies

(3.70) Ay (uu) < u||2E(,CN)+2’ /Q L) Vu
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and from Holder’s inequality we get

[ 2@V < L@l e | D 190l
2 KeKkn+1
1 2 d 2
< 55 L)l 720y + 3 Z IVullz2 gy
Kekn+t1

for § > 0 by Young’s inequality. Applying Lemma 3.13 yields

c p: J
frwmv <SS Bl 3 IV

ec€(Kny1) ¢ KeKN+1

and inserting into (3.70) gives

C P
Al 0+0) ¥ Vulbgoet (v+F) 5 Il

KeKkny1 eef(KN+1)
Cr P2 2
<40 X Wl t G (5+) 5 i
Keknit1 v ecE(Kn) €

for some constant C' > 1 independent of v, mesh size vector h and polynomial degree vector p, since Ky
is (y1,v2)-regular and u € E (Ky). By choosing ¢ € (0,1] and v > 1 the result follows. O

Now we compare the energy error of the finite element approximation on two successive grids of the
algorithm.

Lemma 3.21 (Comparison of Errors). Let N € Ny be arbitrary and u € H}(Q) be the solution of (5.46).
We assume that there exists a solution of (3.7), (8.8) for some 6 € (0,1]. Further let uy € UP (K, Q)
and unt1 € UP (Kyy1,9) be the solutions of (3.47) in iteration steps N and N + 1, respectively. Let
v > 1 be sufficiently large and independent of mesh size vector h and polynomial degree vector p such that

(3.71) Z ne.x (un, Kn)* Z nrx (uni1, K1) < cqeY Z v UN+1—UN)HL2(K
KeKkn KeKnN+1 KeKni1

for some constant cqe > 0 independent of . Additionally let us assume that there exists some T € (0, 1]
such that (3.10) is fulfilled. Then there exist some constants C1,Cy > 1 independent of v, mesh size
vector h and polynomial degree vector p such that

Ccell Oell C.
(1= C10) lu = un 1l B,y < <1 40— ) lu = un | By + ( >+ MQ) 20 (uy, Kn)?
Cell

lunr = un e,
for all 6 € (0,1].
Proof. By symmetry of the bilinear form Ak, , we obtain
(3.72) Ak (U —un,u—uyn) =T + 215 + T3,
where the terms T4, T and T3 are given by
Ty := Ak, (U —ung1,u —unt1),

Ty = Axy,y (U —UuNg1,UNF1 — UN)
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and
T3 = A)CN-H (UN+1 — UN,UN+1 — UN) .

For the term T we observe
2 T
Ty = [lu —unsillprey ) _2/QL(UN+1) V(u—uny1)

with L : E(Kny1) — UP (ICNH,Q)d denoting the lifting operator from Section 3.2.1, since L(u) = 0.
Then appyling Holder’s inequality implies

2 2
T > flu vt |20~ 2IE (vl 30 IV (0= ) g
KeKn+1

2 1 2
2 (1= 0) llu—unrillppey,y) = 5 1L (nr1)lza0)
for § > 0 by Young’s inequality and with Lemma 3.13 we get
2 CL P2 2
(3.73) T2 (1=0)llu—unillppy,) — 5 > 7 Mlunallizaeye
e€E(Kni1)
Now let us consider the term 75. With the partial Galerkin orthogonality
AKN+1 (u - U'N+17¢) =0 VoeVP (’CN+179)
and Theorem 3.9 it follows
Ty = Agnyy (u—uni1,unyr — Hzsuny1) — Ay, (U —uny1, uny — Hzsuy)
> —Ceont ||U - UN+1|‘E(ICN+1) (||UN+1 - HZSUN+1||E(}CN+1) + ||“N - HZS“NHE(ICN+1))

by Lemma 3.14. Then using Young’s inequality implies
(3.74)

2 1 2 2
To 2 —Ceons  0llu = un+1llpey 0 + 55 (HUN+1 —zsunsillpgey ) + lluv — HZSuNllE(ICN+1)>>

for § > 0.
From Theorem 3.9 we know

2
2 Pe 2
Jun — HZSUNHE(ICN+1) < (Czs +7) E R ||[[UN]H|L2(e)d )
CGg(ICN+1)

where Ilzs : UP (Kn41,Q?) — VP (Kn41,€2) denotes the averaging operator. Then there exists some
constant C7 > 1 independent of mesh size vector i and polynomial degree vector p such that
2 p2 2
Jun — HZSUNHE(;CNH) < C1(Czs +7) Z hfe ||HUNH||L2(e)d
ecE(Kn)

by the (y1,72)-regularity of K and inserting into (3.74) and using Theorem 3.9 yields

Cas +77
)+ZSVT2>’

(375) To > —Ceont (6 Hu - UN+1||2E( 25

KN+1
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where the term 75 is given by

~ pg 2 pg 2

T = Z hf |||I'LLN+1]]||L2(€)¢1 +Cl Z hf H[[UN]]||L2(e)d .

ecE(Kny1) ¢ ecE(Kn) ¢
For the term 73 we use Lemma 3.15 to obtain
2

(3.76) T5 2 Cenllun+1 — unllprey )
and by inserting estimates (3.73), (3.75) and (3.76) into (3.72) we get

Ay, (U —un,u—un)
C Ccon CZS + Y pg
> (1= 82+ 1) 1 v ey — o BN S Py g,
(3.77) e€E(Kn)
CL + Ccont (CZS + ’Y) Z

2
+ Cenlluns1 — unllppey, ) — S

pc 2
7 ||[[UN+1HHL2(e)d :
e€E(Kn+1)

Since [u] = 0, Lemma 3.20 reads

Ccrt7 pe
Ak (w—un,u—uy) < (1+6) lu— un | Goe ) + p Z ITunTll2 ey
e€E(Kn) he

for § <1 and using estimate (3.77) implies
2 2
(L+0) u = unlggrey) = (1= 8(2Ccons + 1)) lu = unsilpgey.,y + Cen lunst = unllppey. )

Clccont (CZS + 7) + Cpcrt’Y Pg 2
- . > T ]y

ecE(Ky) ¢

CL + Ccont (CZS + 7) Z

Pe 2
5 o H[[UN+1]]||L2(e)d :

e€E(Kn+1)

Finally appyling Lemma 3.19 yields

C'Cee
(1+5 I )n — unlBgen

C I 2
> (1= 8 (2Com + D) 1 = st ey + S w1 — unll e,
(378) C1Ceont (CZS + '7) + Cpert'Y pe 2 C(ellT2 2
- 5 E;; )h: Mun1lZaeye — —5—n (un, Kn)
e N
CL + Ccon (CZS + 7) DPe 2
- - > fung ]y
865(&1\{4.1)
From Lemma 3.16 we know
um h2 2
Z ||[[UN]]HL2(e)cL < J p <77RK UNa’CN) 5( ||fHICNf|L2(K))
ccE(Kn) e Kekn Pk

with I, : L*(Q) — UP (Ky,Q) denoting the L?-conforming interpolation from Section 2.4 and data
saturation assumption (3.10) implies

2 Cum
(3.79) > P MundlZage < e ( 7 i (un. Kn)® + 720 (un, Ky) >

ecE(Kn) ¢ KeKn
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Further Lemma 3.16 gives

(3.80)

2 2
De C'um h 2
E hi “[[UN+1]]||§/2(6)‘1 < ’ 2 = E (WR,K (UN+1JCN+1)2 + 5( Hf - HICN+1fHL2(K)>
ec€(Kny1) © 7" Kéknan Pk

o 9 h? 2
<R Y ark (uven, Knven)® + D0 61 = ey Sl
v KeKN+t1 Kekn K

C
< w Z NR,K (UN+17’CN+1)2 + T2n(uN,ICN)2
KeknNi1

by data saturation assumption (3.10) and inserting (3.79) and (3.80) into (3.78) yields

CCop6?
(146 = S5 = ey 2 (1= 5 @Cams 4 D) = vty = T 3 e (s Ko

KeKn
C 1 1
2 ell 2
=Tn (un, Kn)™ + 5 <2+2) lun+1 = unllpey )
~Ts Y nax (uni, Ky,

KeKkniy1

where the terms T3, T» and T3 are given by

Ce C'um
T, = 7'2 <H + S (Ccont(cl + 1) (CZS + ’Y) + Cpert'Y + CL))

2 0y2
T2 - Cjump (Clccont (CZS + ’Y) + Cpert')/)
: 52
and
Ty = Cjump (CL + Ceont (CZS + 'Y)) .
0~y
Then the result follows for v sufficiently large by assumption (3.71). ]

Now we come to the first main result of this subsection. It states that the energy error [[u — urg|| () is

reduced in every refinement step of the fully automatic hp-adaptive refinement algorithm from Section
3.2.2.

Theorem 3.11 (Convergence). Let N € Ny be arbitrary and u € H}(Q) be the solution of (3.46). We
assume that there exists a solution of (3.7), (3.8) for some 0 € (0,1]. Further let uxy € VP (Kn,Q) and
unt1 € VP (Kn11,9) be the solutions of (8.47) in iteration steps N and N + 1, respectively. Let vy > 1 be
sufficiently large and independent of mesh size vector h and polynomial degree vector p such that (3.71)
is fulfilled. Additionally let us assume that there exists some T € (0,1] sufficiently small (depending on
polynomial degree vector p) such that (3.10) is fulfilled. Then there exists some p € (0,1) independent of
mesh size vector h and polynomial degree vector p such that

f[u— UN+1||E(1CN+1) < pllu— UNHE()cN) :

Proof. From Theorem 3.10 we know
M

2 2(1+ 2
n(un, Kn)* < Cer D 087 3T IV (= un) Gy + 52 1 — If 13
Keky LEK N |wy Pk
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for € > 0. Then the (71, 72)-regularity of Ky implies

1 (un, Kn)? < C~'CeffKHg}gfv (pi)' (Ignax (pr) Z IV (u— UN)HLZ(K a Tt Z K If - Hf||L2(K)>

KeKn Kekn

for some constant C' > 1 independent of mesh size vector h and polynomial degree vector p. With data
saturation assumption (3.10) this reads

0 (un, Kn)? < 506312%; (i)' 2 (max (pr) Y IV (= un)ll32spe + 720 (un, K) ) .

Kekn Kekn
Hence for )
T <
\/CCet ma 3te
eHKHé X (pK)
we have
2(14-¢)

CCes Joax (PK)

Yo IV (= un) e

KeKkn

2
n(un,Kn)™ < = T
1-CC. 2

OCHKHgng (pr)" 7

and with the even more restrictive assumption

1
T <
\/2CCeﬂr max (pr)? 3te
we get
(3.81) n(un, Kn)* < 20Ceqr max (pr)*"* 3 |V (u—un) | Za ey

KeK N
From Lemma 3.21 we know

2(1 -+ 5) — CCCHQQ T Cen Cy 2
lu = uns1lgen, ) < 20— Cro) lw = un ey + T=op\ 2 oy )" (un, Kn)

S .
4(1— C16) E(Kn+1)

for § € (0, C%) and using Lemma 3.19 yields

2
||U - uN+1||E(’CN+1)

3CCen 9 2 72 3Can  Co 2
(1+(5—49 ) HU_UN”E()CN)'f'm 4 +a U(UN,’CN) .

<
—1-Cy

Then, by inserting (3.81) we get

2 2
v —untillBocy, ) < 1= 0w lu—un By

where the term T is given by

3Cen n Cs

T:=1 2C 20+e) 2
++ Cceffl(ﬁé?,c}fv (rK) T 1 5

) CCon6?.
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With the assumption

njw

0
T <

\/2CCogt max (pr)27°

T<1+6+6° ((SCQH + 02> 9—CCen>
4 oy

<145+ 02 <(3ie“ + Cg> 0 — COeH>

62 3Cen
6<1+Cl<00e11—< 1 +CQ>9>

the result follows. O

we obtain

for v > % and by assuming

The second main result of this subsection is another convergence result, which states that the weighted
sum of energy error ||u — upg| 5, and estimated error i (upg, K) is reduced in every iteration of the fully
automatic hp-adaptive refinement algorithm form Section 3.2.2. The proof follows the ideas of Bonito
and Nochetto [55].

Theorem 3.12 (Quasi-Convergence). Let N € Ny be arbitrary and u € H}(Q) be the solution of (5.46).
We assume that there exists a solution of (8.7), (3.8) for some 6 € (0,1]. Further let uy € VP (Ky,Q)
and unt1 € VP (Kyy1,) be the solutions of (3.47) in iteration steps N and N + 1, respectively. Let
v > 1 be sufficiently large and independent of mesh size vector h and polynomial degree vector p such that
(3.71) is fulfilled. Further we assume that there exists some constant p € (0,1) independent of mesh size
vector h and polynomial degree vector p such that assumption (3.24) holds. Additionally let us assume
that there exists some T € (0,1] sufficiently small such that (3.10) is fulfilled. Then there exists some
constant p € (0,1) independent of mesh size vector h and polynomial degree vector p such that

2 2 2 2
= unst e+ v (v Kvn)® < o (e = unllfgey) + v (u, Kn)?)
for some v > 0 sufficiently small (depending on polynomial degree vector p).

Proof. From Lemma 3.21 we know

flu — UN+1||2E(}CN+1) +un (uni1,Kng1)”
L 20+90) - CCen0? 1 <Ce11 Oy

— 2 - ~a 2 2 2
Cen

2
- m Juns1 — UN||E(ICN+1)

for § € (0, C%) and applying Lemma 3.18 yields

2 9 2(1 + 5) — C’Ce1192
||u_uN+1HE(lCN+1) +V7](UN+1’ICN+1) = 2(1—015)

(3.82) lu = un [Ty + T (un, Kn)?

—v(1+6)*(1 = p)y (un, An)*
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for

(559 Y TTE e
KeKkn
where the term T is given by
T:= 1_17015 (O;“ +§72>72+u(1+5)2 (1+ ngz) .
We observe
Crac (un, AN)? > Y kg omie (un, Knv)?,
KeAn

where
Chax = max{ max (K jx) 1} .

KeAn
Thus (3.82) reads

2 2
v —untilzocy, ) +vn (unt1, Knga)

2(1 +6) — CCep6? 2 o v(1+6)*(1—
< lu —unllggey) +Tn(un, Kn)™ = ——=5———
2(1—-Ch10) N C2 .« K
since p < 1. Then constraint (3.8) implies
u = un- 1l ) + v0 (un i1, Kyg)?
2(1 + (5) — 0061102 2 V(l + 5)2(1 - p)92

< _ _

ST aa ey e el T o
For oo

§< o2
2(1+Ch)

it holds

2(1 4 6) — CCupf?

N

and by assuming 7 < v we obtain

)ﬂ(UN,’CN)2~

(3.84) T—”(1+5)2(1_p)92§( ! (Ce“+02>u+(1+5)2(1+p2y2—(l_p)92)>y

C2. 1-Cis \ 2 5y 5

For § < % estimate (3.83) reads

C2

max

_(1-p)e?

Cend
< el
v= C(1red
and inserting into (3.84) yields
v(1+6)%(1 — p)6? Cend Cen 2 Caup*d
T— < — 1406 1 <
C(r2nax B Cred (1 - 015) 2 - C2 i ( - ) " Crzed

for v > 4. By letting § — 0 we observe

Cend Cen 2 C2%p%6 (1 —p)6?
—_— | — 146 1 - — 1-—
Crea (1 — C16) < 2 +CQ> T ( i Cled Ch -

max

and, thus, the result follows for § small enough.
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To conclude this subsection let us shortly discuss the various assumptions we made above and see how
these affect the main result of this subsection. Most of the assumptions were already discussed in Sections
3.1.2.2 and 3.1.3.2. Therefore we restrict ourselves to those assumptions, which changed fundamentally
or appeared newly.

In contrast to the continuous Galerkin finite element method we have another basic assumption. In
Lemma 3.21 we assume that v > 1 is sufficiently large and independent of mesh size vector h and
polynomial degree vector p such that quasi-efficiency assumption (3.71) is fulfilled. If there was an hp-
efficient a posteriori error estimator 1 (upg, K), then this assumption would be satisfied trivially. But,
since we only have the efficiency estimate from Theorem 3.10 which is not uniform in p, this condition
does not hold automatically for v independent of mesh size vector p. However numerical examples in
[133] and Section 3.2.4 indicate that the efficiency estimate from Theorem 3.10 is not sharp and thus we
expect that the error estimator from Definition 3.3 satisfies this assumption for « sufficiently large. The
presence of assumption (3.71) in this section is due to the fact that for the discontinuous Galerkin finite
element method we only have the partial Galerkin orthogonality

Ay (U —unt1,0) =0 Vo € VP (Kny1,Q)

instead of the full Galerkin orthogonality from the continuous Galerkin finite element method. Then,
in Lemma 3.21 the mixed term A;CN+1 (u —unt1,unt+1 — un) does not disappear and we are left with
these trouble causing terms. However a more detailed analysis of this point would be desirable.

In Theorem 3.11 the parameter 7 € (0, 1] from data saturation assumption (3.10) depends on the poly-
nomial degree vector p again. In the proof we have obtained the explicit upper bound

e

0

-~ 1+e
\/ 2CCest Jax. (rK)

T<

for € > 0.
In Theorem 3.12 the constant v > 0 depends on the polynomial degree vector p again. We have obtained

the explicit upper bound
Cend

v < 2
4Cred (1 — C161) (1 +9) nax (rK)

in the proof.

In Lemma 3.20 we also derived a mesh perturbation result, which did not appear in Sections 3.1.2.2 and
3.1.3.2 for the continuous Galerkin finite element method. The presence of this type of result is due to
the mesh-dependence of the bilinear form Ax and the energy norm || - || g(x).

3.2.4 Numerical Results

Now we want to consider the performance of the fully automatic hp-adaptive refinement strategy from
Section 3.2.2 on the basis of some numerical examples. Therefore we consider the same problems as in
Section 3.1.3.3, but this time for the discontinuous Galerkin finite element method. All computations are
performed with the finite element library deal.Il [41, 42].
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Example 1

The first example is a two-dimensional example with a smooth analytic solution. Let Q := (0,1)? and
u: 2 = R be given by

u(z) =21 (1 — 1) 2 (1 — x2) (1 — 222) exp (—; (x1 — 1)) .

The initial triangulation /Cy consists of four equally-sized cells and as initial polynomial degree vector we
choose p = 1. Further we set 6 := 0.6.

Like in Section 3.1.3.3 we perform two different runs of the algorithm. In the first run we provide only two
different refinement patterns the algorithm can choosen from. The first refinement pattern is classical h-
refinement and the second refinement pattern is classical p-refinement. In Figure 3.9 we plot the number
of degrees of freedom vs. the exact enegy error and the estimated error in log,y-log;o-scale. In Table 3.5

0 T T T T T T

T
—&—emorrun1
T~ error run 2
T —©— estimated error
-1f S\ _
~__
2+
E
>
2
g
)
S 4+
=i
8
ys J
rys
= 1 L L L L
14 16 18 2 24 26 28
log, , (n_dofs)

Figure 3.9: Example 1: Number of degrees of freedom vs. error.

the marking history of the algorithm is shown. We observe that the hp-refinement strategy from Section

Step #Cells max(p) #h #p Step #Cells max(p) F#h #p
0 4 1 0 4 4 4 5 0 4
1 4 2 0 4 5 4 6 0 4
2 4 3 0 4 6 4 7 0 4
3 4 4 0 4

Table 3.5: Example 1: Marking history.

3.2.2 chooses p-refinement on all cells. This is basically what we expect, because this refinement scheme
already performed best for the continuous Galerkin finite element method in Section 3.1.3.3.

In a second run we add a third refinement pattern to the refinement algorithm. Now the strategy can
additionally choose to increase the polynomial degree by two. In Figure 3.9 we can see that the algorithm
really takes advantage of this new refinement pattern and reaches the same accuracy as in run 1 in only
half the number of refinement steps. Also this behaviour was already observed for the continuous Galerkin
finite element method in Section 3.1.3.3.
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Example 2

Also for the second example we stay in the case d = 2. However, this time we consider the behaviour
of the fully automatic hp-adaptive refinement algorithm for a singular analytic solution. Let Q :=
(—1,1)2\[0,1) x (—1,0] and the exact solution u be given by

2 . (2
u(r, @) := 73 sin (330) ,

where 7 € [0,1) and ¢ € [0,27) denote the polar coordinates. The initial triangulation Ky consists of 12
equally-sized cells and as initial polynomial degree vector we choose p = 2. Further we set 6 := 0.15.

The algorithm can choose from classical h- and p-refinement again. In Figure 3.10 on the left-hand side
we plot the number of degrees of freedom vs. the exact energy error and the estimated error in logy,-
log;o-scale. On the right-hand side we can see the final grid produced by the algorithm. We observe
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22 24 2.6 2. 34 3.6 38 4

8 3 32
log, , (n_dofs)

Figure 3.10: Example 2. Left: Number of degrees of freedom vs. error. Right: Final grid.

that the final grid basically is linearly graded towards the singularity located at the origin. This means
that around the origin cells are small and polynomial degrees are low. The more one goes away from the
singularity the larger are the cells and the higher are the polynomial degrees. The marking history of the
algorithm is shown in Table 3.6. Also in this result we get more or less the result which one expects from
the hp-adaptive refinement algorithm and which we already obtained for the continuous Galerkin finite
element method in Section 3.1.3.3. The singularity is identified correctly and the refinement choices are
appropriate.

Example 3

This is the first three-dimensional example. Again we start with a smooth analytic solution. Let 2 :=
(0,1)% and u : 2 — R be given by

u(x) 1= sin (wx1) sin (mz2) sin (7x3) .

The initial triangulation Ky consists of 8 equally-sized cells and as initial polynomial degree we choose
p = 1. Further we set 6 := 0.2.
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Step #Cells max(p) h p Step #Cells max(p) h p
0 12 2 3 0 11 309 4 3 11
1 39 2 3 0 12 336 4 3 13
2 66 2 3 0 13 363 4 3 19
3 93 2 3 5 14 390 5 4 21
4 120 3 3 9 15 419 5 3 15
5 147 3 3 3 16 445 5 3 18
6 174 3 3 0 17 471 ) 3 22
7 201 3 3 10 18 498 6 3 0
8 228 3 3 4 19 525 6 1 31
9 255 4 3 15 20 562 6 1 24
10 282 4 3 8 21 589 6 1 25

Table 3.6: Example 2: Marking history

As in Example 1 we perform two different runs of the algorithm. In the first run we provide only two
different refinement patterns the algorithm can choose from. As usual the first refinement pattern is
classical h-refinement and the second refinement pattern is classical p-refinement. In Figure 3.11 we plot
the number of degrees of freedom vs. the exact error and the estimated error in a log,,-log;y-scale. In
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Figure 3.11: Example 3: Number of degrees of freedom vs. error.

Table 3.7 the marking history of the algorithm is shown. We observe that the hp-adaptive refinement
strategy from Section 3.2.2 chooses p-refinement only. This is basically what we expect, because this
refinement scheme already performed best for the continuous Galerkin finite element method in Section
3.1.3.3.

In a second run we add a third refinement pattern to the refinement algorithm again. Now the strategy
can additionally choose to increase the polynomial degree by two. In Figure 3.11 we can see that the
algorithm really takes advantage of this new refinement pattern and reaches the same accuracy as in run 1
in only half the number of refinement steps. Also this behaviour was already observed for the continuous
Galerkin finite element method in Section 3.1.3.3.
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Step #Cells max(p) #h #p Step #Cells max(p) F#h #p

0 8 1 0 8 3 8 4 0 8
1 8 2 0 8 4 8 ) 0 8
2 8 3 0 8 5 8 6 0 8

Table 3.7: Example 3: Marking history.

Example 4

The last example is for the case d = 3 again. As in Example 2 we consider the behaviour of the fully
automatic hp-adaptive refinement algorithm for a singular analytic solution. Let Q := (—1,1)3\ [0,1)3
and the exact solution u be given by

ol

u(x) == (x% + 22+ :c?,))

The initial triangulation consists of 56 equally-sized cells and as initial polynomial degree vector we choose
p = 1. Further we set 6 := 0.15.

The algorithm can choose from classical h- and p-refinement again. In Figure 3.12 on the left-hand
side we plot the number of degrees of freedom vs. the exact energy error and the estimated error in
log,(-log;y-scale. On the right-hand side we can see the final grid produced by algorithm. We observe

T T T T T T
—o— exact error
o —&— estimated error

atk

2k

Iog10 (energy error)

4 45
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Figure 3.12: Example 4. Left: Number of degrees of freedom vs. error. Right: Final grid.

that the grid basically is linearly graded towards the singularity located at the origin. This means that
around the origin cells are small and polynomial degrees are low. The more one goes away from the
singularity the larger are the cells and the higher are the polynomial degrees. The marking history of the
algorithm is shown in Table 3.8. Also in this example we get more or less the result which one expects
from the hp-adaptive refinement algorithm and which we already obtained for the continuous Galerkin
finite element method in Section 3.1.3.3. The singularity is identified correctly and the refinement choices
are appropriate.
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Table 3.8: Example 4: Marking history.
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Chapter 4

The Maxwell Boundary Value
Problem

In this chapter we want to consider the numerical solution of the Maxwell boundary value problem with
the hp-adaptive finite element method. Although in recent years there has been growing interest in
solving Maxwell’s equations numerically, there is only few literature considering the problem-adapted
creation of approximation spaces for this system of partial differential equations. The h-adaptive finite
element method is discussed in e.g. [50, 79, 125]. For the p- and the hp-adaptive finite element method
Demkowicz, Pardo and co-workers have introduced a global optimization scheme in [96, 100, 176, 177].
Our goal is to derive a fully automatic hp-adaptive refinement strategy for this problem, which is based
on local criteria, and prove its convergence.

Therefore we start with the derivation of a model problem which we want to consider. Then we introduce
a residual-based a posteriori error estimator for the hp-adaptive finite element method for this system
of partial differential equations and prove its reliablity and some efficiency estimate. Further we present
a fully automatic hp-adaptive refinement strategy for the model problem and prove some convergence
results. To conclude this chapter we present the performance of the a posteriori error estimator and the
refinement strategy on the basis of some numerical examples.

4.1 The Problem Formulation

In this section we derive the model problem which we want to consider later on. Therefore we begin with
the classical definition of Maxwell’s equations as introduced by Maxwell [152] in 1864. Then we exploit
some basic material properties to arrive at a somewhat simpler system of partial differential equations.
The behaviour of an electromagnetic field can be described by a set of four equations. Three of them
are named by their discoverers: Gauf’ s law [115], Ampere’s circuital law [13] and Faraday’s law of
induction [112]. The fourth equation simply states that there are no magnetic charges. Unfortunately
these equations together do not describe a correct model of the time-varying electromagnetic field, because
all of them are derived from stationary observations. In 1865 Maxwell [152] modified Ampere’s law in such
a way that this system of equations describes a consistent model for the time-varying electromagnetic
fields. Therefore this modified system of equations is known as Mazwell’s equations.

Now let us consider these equations in more detail. Therefore let  C R? be open and bounded with
polyhedral, Lipschitz-continuous boundary. For T' > 0 we denote the electric and magnetic field intensities
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by E:Qx[0,T] — C3 and H : Q x [0,T] — C3, respectively. The function D : Q x [0, T] — C? describes
the electric displacement and the magnetic induction is denoted by B : Q x [0, T] — C3. Then the effect
of the charge density on the electric displacement is described by Gauf}’s law

(4.1) div(D) =0  in Qx (0,7),

if no free charges are present. Ampeére’s circuital law as modified by Maxwell states that electric currents
are vortices of magnetic induction

(4.2) %)—VXHZO in Q x (0,7),

if there are no electric currents. The effect of a changing magnetic field on the electric field is described
by Faraday’s law

B
(4.3) VxE+Cth=O in Qx (0,7).

Finally the fourth equation says that there are no magnetic charges:
(4.4) div(B) =0 in Q x (0,7)

By putting equations (4.1)—(4.4) together we obtain the following system of equations:

%)—Vxﬂzo in Q x (0,T)

dB )
(4.5) VXE+E:0 in Qx(0,7)
div(D) in Q% (0,7)

=0
div(B)=0  inQx (0,7).

This system of partial differential equations is called Mazwell’s equations. Now let us assume that 2 is
occupied by one or more different materials. Then there exist positive-definite functions «, B Q- 33
such that

D=pE inQ
and

B=aH in Q

(see e.g. [145]). Inserting this into system (4.5) yields
~dFE
ﬁE_VXHZO anX(07T>
dH
VXE-FOZE:O anX(O,T)
div (B’E) —0  nQx(0,7)
div(eH)=0 inQx(0,T).
Differentiating the first equation with respect to the time ¢ and inserting the second equation yields the
electric field formulation
~d’E
ﬂWfVX(aVXE):O IHQX(O7T)
div (BE) —0  inQx(0,7)
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and by applying some time stepping-scheme we arrive at the Mazwell boundary value problem to find
w: Q — C? such that

V x (aV xu)+ Bu=f in Q
(4.6) div(Bu) =0 in

nxu=0 on 0N

for some f : Q — C? with div(f) = 0 in Q, where n denotes the outward-pointing unit normal vector to
Q. Here §: Q — C>2 denotes the coefficient 5 scaled with the length of the time step. For simplicity
we restrict ourselves to functions mapping into R? instead of C3 and homogeneous Dirichlet boundary
conditions here. Then the first equation of (4.6) implies, assuming enough regularity,

(4.7 div(fu) =0 in Q,

since div(V x ¢) = 0 for all ¢ : Q — R3 sufficiently smooth. Thus it suffices to consider the reduced
boundary value problem to find u € Hp(curl, Q) such that

Vx(aV xu)+pu=f in Q

(4.8)
nxu=0 on 0f2.

Let K be some (71,72)-regular triangulation of 2. Then, for the coefficients o, 5 :  — R332 we assume
that it holds a € UP= (K, Q)32 and B € UP#(K, Q)33 for p,,ps € Ng. Further we assume that o and 3
are uniformly positive definite, i.e. there exist constants 0 < amin < @max and 0 < Buin < Bmax such that

(4.9) il |l 32 s < /Q 0" a9 < Oma|?l 1200
and
(4.10) Bmin“(b”%?(ﬂ)?’ < /QquﬂQS < ﬂmaX||¢||2L2(Q)3

for ¢ : @ — R3. Now let us derive the weak formulation of problem (4.8). For this we multiply the first
equation of (4.8) with some test function ¢ € Hy(curl, ) and integrate over §2. This yields

/¢Tv x (aV x u)+/ ¢t Bu = / ¢Tf Vo € Hy(curl, Q)
Q Q Q
and with integration by parts we obtain the weak formulation
(4.11) /(v x ¢)TaV xu +/ ¢T fu = / #Tf V¢ € Hy(curl, Q)
Q Q Q
of problem (4.8). Then we can define the bilinear form A : Hy(curl, Q) x Hy(curl, 2) — R by
Av) = [ (V5 0)Ta¥ v+ [ o0,

Further we define the energy norm || - ||q : Ho(curl, ) — Ry by

2 2

ull = ot v x u

+ Hﬂ%u‘ )
L2(Q)3 L2(Q)3

Now it can be shown that A is continuous and elliptic with respect to || - ||q. The continuity can be
proven easily.
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Lemma 4.1 (Continuity of A). The bilinear form A is continuous with respect to || - ||q, i-e. it holds

A, 0) < Igllall¥lle  Vé,9 € Ho(curl, ).

Proof. With Holder’s inequality we have

a4l

Bl

o1 <ot <

xw‘

L2(Q)3 L2(Q)3 L2(Q)3 L2(Q)3

and the result follows with the Cauchy-Schwarz inequality. O
The ellipticity of the bilinear form A is trivial.

Lemma 4.2. (Ellipticity of A) The bilinear form A is elliptic with respect to || - ||, i.e. it holds
A(d,0) = llolle, Vo € Ho(curl, Q).

Then it follows immediately from the Lax-Milgram Theorem that weak problem (4.11) has a unique
solution u € Hy(curl,Q) for f € L?(Q)? with div(f) = 0 in Q. Thus, it makes sense to consider the
discrete formulation of (4.11) to obtain a numerical approximation for the solution of problem (4.8).
Therefore let K be a regular triangulation of Q. Then the discrete formulation of problem (4.11) reads
to find upg € WP(K, Q) such that

(1.12) Apure) = [ 671 Vo e WPK,9).

For this discretization of problem (4.8) it can be shown that the error decays exponentially, if the mesh size
vector h and the polynomial degree vector p are chosen suitably. Under some regularization assumptions
Costabel, Dauge and Schwab [89] have proven the estimate

HU - uFE”H(curl,Q) < Cl exp (_C2N%) ’

where N := dim (W?(K,Q)) and C1,Cs > 0 denote some constants independent of N.

4.2 The Error Estimator

In this section we want to derive a residual-based a posteriori error estimator for the hp-adaptive finite
element method for Maxwell’s equations in the electric field formulation. The estimator is quite similar
to the FEM-part of the a posteriori error estimator derived in [148], but to the best of our knowledge
there has not been any discussion about its hp-capabilities yet. Thus we derive a similar residual-based
error estimator, which is based on a pure finite element discretization, and prove upper and lower bounds
for this estimator in terms of the exact energy error. Therefore we will use the H (curl)-conforming finite
element space WP(K, Q) from Section 2.2.5. The results of this section are based on [73].

Let us assume that triangulation I consists of tetrahedra only. We begin with the definition of the
residual-based a posteriori error estimator. It is basically an extension of the h-version a posteriori error
estimator from Beck, Hiptmair, Hoppe and Wohlmuth [50] to the hp-adaptive case.

Definition 4.1 (A Posteriori Error Estimator). Let upp € WP(K, Q) be the solution of (4.12). Then the
residual-based a posteriori error estimator n (u rE, K) is given by

n 7-’4FE7 g NK UFE,
KeK
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with
ni (urg, K)* = nrx (ure, K)* + n5.x (upe, K)* .
Here the residual term nr k (urg, K) reads
hik

Nr i (upp, K)* = —— (Hﬂf —V x (aV X upg) — Bupg||1z () + [div (5UFE‘)H%2(K))
(px +1)

and the boundary term np k (urg, K) is given by

1

he
sk (upp, K)* = 3 >

(Ine x a¥ s wpglfagos + | [nF Burs] 2,y ) -
where

EI(K):={eCcOKNQ:e is a face of cell K}

denotes the set of all interior faces of cell K and h. := diam(e) is the face diameter. The face polynomial
degree pe is given by
Pe ‘= max {pKl ’pK’z}

for all Ky, Ky € K with e = K1 N Ko, [-] denotes the jump over e and n. is the outward-pointing unit
normal vector to cell K on face e.

For this a posteriori error estimator we want to derive some reliability and efficiency estimates. Before
we do this let us show a polynomial smoothing estimate which allows us to introduce some smoothing
function into the L2-norm of a polynomial.

Lemma 4.3 (Polynomial Smoothing Estimates). Let K € K be arbitrary and a,b € R with b > a > —%.
Then:

1. Let u € P, (K) denote some polynomial and define the smoothing function ¢x : K — Ry by

1
di(x) := — dist(z, 0K).
hi
Then there exists some constant Cs > 0 independent of polynomial degree vector p such that

¢k ull 2y < Cs (P + ' H¢l;(u||L2(K) :

2. Lete € &(K) denote some interior face of cell K with e = KNK for some K € K andu € P,, (K|.)
denote some polynomial. We define the smoothing function ¢.: K UK — R, by

Pe(x) := L

- CWKUIN()dist (v.0(KUK)).

Then there exists some constant Cs > 0 independent of polynomial degree vector p such that
b— b
[deull 2y < Cs (pe +1)"° H¢EU”L2(6) :

Further there exists some extension v, € H} (K U IN() of ¢%u such that:

(a) ve = ¢%u on e.
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(b) There exists some constant Cs 4 > 0 independent of mesh size vector h and polynomial degree
vector p such that
Vhe

||UeHL2(KUf<) < Cs,trm [éeull L2e) -

(c) There exists some constant Cs in, > 0 independent of mesh size vector h and polynomial degree
vector p such that

(Pe +1)\/(pe +1) 72" +1

||Vve||L2(KUf()3 < Csinw Ve H(bgUHLZ(e) :
Proof. 1. There exists some u € P, (IA( ) such that
uoFg =u in K,

where F : K — K denotes the reference mapping. Then we see

E3 Ta o~
I65cull sy = P |95 .
3 —a N
< Gt (owe + 1" 053],

by Theorem 2.5 in [157] and the result follows.

2. For the first statement replace K by e and Theorem 2.5 by Lemma 2.4 in 1.
In the second statement v, € H} (K UK ) can be constructed in exactly the same way as in the

proof of Lemma 2.6 in [157]. Then (a) is fulfilled. For (b) we observe that there exists some reference
patch &y and some reference mapping Fy z : @z — K U K such that

~

F. ~=Fx ink.

KUK

Further there exists some U, € H} (@) such that

V.o F Ve in KUK.

KUK —

Then, shape regularity (2.9) implies

§ ~
vell L2 (xui) < Chic [Vell 125

for some constant C' > 0 independent of mesh size vector h. With Lemma 2.6 in [157] and the
(71, y2)-regularity of K we obtain

he |-
~ < az
HUCHL2<KUK) — Coape +1 ‘ eu L2(@)
for u € P, (I?\g) such that
uoFg =u on e.

Then the result follows. For assertion (c¢) we proceed quite similar to the proof of (b). From shape
regularity (2.9) we obtain

190l 2 reoiy < OV V8o
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for some constant C' > 0 independent of mesh size vector h. Then Lemma 2.6 in [157] and the
(71, 72)-regularity of K imply

PFu

||We||Lz(Kuf<)3 < CCy (pe +1) \/he ((pe +1)7% ) ‘

L2(?)

and the result follows.

Now we show some auxiliary results which we use in the proof of the main results of this section.

Lemma 4.4. Let u € Ho(curl, Q) be the solution of (4.11) and upp € WP (K, Q) be the solution of (4.12).
Further let z € Ho(curl, Q) N HY(Q)? with div(z) = 0 in Q such that

(4.13) u—upg =2+ Vg in Q

for some q € HY(Q). Then there exists some constant C' > 0 independent of mesh size vector h and
polynomial degree vector p such that

Z / chrl (f -V x (aV X upg) — Purg)

Kek

[N

h2
% <||Hf -V x(aV X upg) — 5UFE||2L2(K)3 +IIf - Hf||2L2(K)3)> v —urslq

<C
(Kze;c(pK-i-l

for all e > 0.

Proof. We set
Z / chrl (f —V x (aV X upg) — furg)

Kek

and by using Holder’s inequality it follows

(4.14) T < D7 [z =Tz o geps I = V x (@V % upg) = Bursll 20
Kek

For the first term using Minkowski’s inequality implies
If =V x (aV xupg) — Burk| 12y < ITLf =V x (@V X upg) = Burel 2y + [1f — ILf |22
with IT : L2(Q) — UP(K,) denoting the L2-conforming interpolation from Section 2.4. From Theorem

2.5 we obtain
h

2 — [ewly < Ceur S —\v w23
H ||L2(K)3 = 1(]91( T 1)175 | HLZ( K,2)
and inserting these estimates into (4.14) yields
(4.15)
7] < Ceun Z (||Hf V x (aV X upg) = Burel| 2k + 1f — HfHL?(KP) IVl 2w 5°

KeIC

h? ’
< Ceov <Z W (||Hf =V x (aV X upg) — BUFEHiZ(KP +1If - Hf||2L2(K)3>> V2| L2 @)
Kek \PK
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with the Cauchy-Schwarz inequality and Young’s inequality, where the constant C.., > 0 is given by
Coov := \/éccurl %I(lea)}é ‘{L ekK:LC wK,g}\ .

From Theorem 1.5 we know

[V2llr2(0)s < Creg lu — urE | g (cun,0)
Creg
< — |u—urellg
min {\/amin’ \/Bmin} 7

since o and B are uniformly positive definite (4.9), (4.10). Then, inserting into (4.15) gives the result. O

Lemma 4.5. Let u € Hy(curl, Q) be the solution of (4.11) and upg € WP (K, Q) be the solution of (4.12).
Further let ¢ € HY(Q) such that (4.13) holds for some z € Ho(curl, Q) N H' ()3, Then there exists some
constant C' > 0 independent of mesh size vector h and polynomial degree vector p such that

Z/ q—H1 dlv(ﬁuFE)

KeKk

2

h2 .
<C (Z T [div (5UFE)|2L2(K)> lu—urElg -

wex (px +1)

Proof. From Holder’s inequality it follows

Z/ q—H1 dlv(,BuFE

KeKk

< Z Hq_H1QHL2(K) ”le(BuFE)"L?(K)
KeKk

< Cgrad Z

KEIC

7 Idiv (Bure)l L2 ) 1Vl L2 (0 202

with Theorem 2.4 and by using the Cauchy-Schwarz inequality we get

> [ (a=10)div (Burr)

Kek

2

h? .
< Ceov <Z # [[div (ﬁuFE)Hi?(K)) 1Vallr2(a)s,

Kek (pK )

where the constant C.o, > 0 is given by
Ceov = Cgrad I;(lg})éHL €K :LCuwgpa}l.
Then Theorem 1.5 implies

Z / g—I* ) div (Burg)

KeKk

1
2

h? . 2
< CcovCreg (Z 7K2 ||le (BUFE)||L2(K)> Hu - uFEHH(curl,Q)
Kek (pK + 1)

and using assumptions (4.9) and (4.10) gives the result. O

Lemma 4.6. Let u € Hy(curl,Q) be the solution of (4.11) and upr € WP(K, Q) be the solution of (4.12).
Further let z € Ho(curl, Q) N HY(Q)? such that (4.13) holds for some ¢ € H' (). Then there exists some
constant C' > 0 independent of mesh size vector h and polynomial degree vector p such that

Z/ nx (z— HC“rlz))T(nxanuFE)xn
oK

KeKk
1
2

Z Z ”[ne X aV x UFEH|L2(6 llu — urellq
2 o €& (K) (pe + 1)

| /\

for all e > 0.
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Proof. We set

T := Z / (nx(z— chrlz))T (n x aV X upg) X n
Kex JOK
and see easily
Z Z / Ne X chrlz))T [(ne X aV X upg) X N .
KEIC e€fr(K)
With Holder’s inequality it follows

1
‘T| < 5 Z Z HZ - HCUYIZ"L2(6)3 ”[ne X aV x uFE]||L2(e)3

KeK ecér(K)
C'curl \ hE
< S IValerny D —— 1= Ine x aV xurg] 12 (s
Kek ccer (k) Pe +1)2

by Theorem 2.5 and using the Cauchy-Schwarz inequality and Young’s inequality implies

|T‘ < C’covcvcurl Z Z

2 ek e€&r(K) (Pe + 1)

1

2

e x @V x upe)lBagys | 1Vl 2@,

where the constant C.o, > 0 is given by

Ceoy := %163% HLeK:LCuwgkoal}|.

With Theorem 1.5 and the (71, y2)-regularity of K we get

|T| < C(covcvcurlc(reg; Z Z ||[Tle X aV x uFE]”L"’ (e)3 ||U - U’FE”H(curl,Q)
KEK 6651 p€ + 1)
and the result follows, since « and § are uniformly positive definite (4.9), (4.10). O

Lemma 4.7. Let u € Hy(curl, Q) be the solution of (4.11) and upg € WP (K, Q) be the solution of (4.12).
Further let ¢ € HY () such that (4.18) holds for some z € Hy(curl, Q) N H*(2)3. Then there exists some
constant C' > 0 independent of mesh size vector h and polynomial degree vector p such that

Z/ (¢ —'q) n" Bupg

KekK

Proof. We set

1

2

<cl3 X% 2. = e N Bure] [y | lu— el

KGIC ee&r(

Z / q—Hl nTﬁUFE

KeKk

Z Z /q—Hl [n! Burg)] -

KEK: 665] K)

and see easily

With Holder’s inequality it follows

1
7| < by Z Z lla - H1q||L2(e) | [ne Bure] HL2(e)

KeK ec&;(K)

g”dZHanm(wm)z > r2||[n3/3uw}||we>

Kek ccer (k) (Pe +1)

| /\
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by Theorem 2.4 and using the Cauchy-Schwarz inequality and Young’s inequality implies

2

1 he
|T| < CCOVCgr‘dd 5 Z Z Pe + 1 H [nzﬁuFE] Hiz(e) ||VQ||L2(Q)37
KeKeec&r(K)

where the constant C.o, > 0 is given by
Ceov i= max HLeK:LCwgkoa}|.

With Theorem 1.5 and the (71, v2)-regularity of K we get

1 he
|T‘ S Ccovcgradcrcg 5 Z Z Do+ 1 H [nZBUFE] HQL"’(e) ||7.L - uFE”H(curl,Q)
KeKee&r (K) 1¢

and the result follows, since « and 3 are uniformly positive definite (4.9), (4.10). O

Lemma 4.8. Let K € K be arbitrary. Further let uw € Ho(curl, Q) be the solution of (4.11) and upg €
WP(KC,Q) be the solution of (4.12). Then there exists some constant C' > 0 independent of mesh size
vector h, polynomial degree vector p, po and pg such that

”Hf -V x (av X UFE) - 5UFEHL2(K)3

3—¢
e [(px +1) %

7-c 14e
< Cmax{ps —2,pp, 1} * (px +1) ( e lu —urgl g + ||f_Hf||L2(K)3>

for all e € (0,3].

Proof. We set
res:=IIf — V x (aV X upg) — furg.

From Lemma 4.3 it follows

14e

‘¢K4 resH

1+e

1te 1te
(4.16) |res||r2(k)s < Csmax {ps —2,p3,1} * (px +1) *

L2(K)3 :

Then we define the function vk : © — R? by

1+e
2 S
. {d)K res in K
Vg =

0 inQ\ K
Since
(4.17) 0< o< g
and o

IVor| < "

for some constant C' > 0, it follows immediately vix € Hg(K)3 with Lemma 3.8.
We observe

1+e

(4.18) Hqs]g res‘

2
:/ U%(f*VX(GVXUFE)*ﬂUFE)JF/ v (ILf — £).
K

L2 (K)? K
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For the first term using integration by parts yields
(4.19) / ’U%; (f—V X (aV X UFE) —,BuFE) :A(UK,U—UFE),
K

since u € Ho(curl, ) N H*(Q)?3 solves (4.11). Then it follows

‘/KUI,IQ (ffV X (aV X UFE) *ﬂUFE)

< CVcont ||UK||K Hu - U’FE”K

by Lemma 4.1. Since « and 3 are uniformly positive definite (4.9), (4.10), we have

2
LQ(K)S)

by (4.17). Then in exactly the same way as in the proof of Lemma 3.4 in [157] we obtain

2 2
||UK||K < max {amaxaﬁmax} ||,UK||H(curl,K)

_lfe || e
< max {max, Bmax } <|V X vKHia(K)a +277 H(bK“ res‘

2

||UKH§< < max {max; Bmax | (Cmax {Pa — 2,18, 1}3_6

12 +27 72 % res‘ Lo (k)

(pK + 1)3_6 1+5> qulzs

and inserting into (4.19) yields

'/Kﬁ((f—vX (aV x upg) — Burs)

(4.20) W
s—e (px +1) 2

1+e
< Cmax{p, —2,ps,1} B — Hu—uFE||KH¢K4 res‘
K

L2(K)3

for e < 3. Here C > 0 denotes some constant independent of mesh size vector h and polynomial degree
vector p. Further using Holder’s inequality gives

| JETE nf>\ <1 = T g oo
(4.21) K

_lte
L2770 ||f =1L 2 (k)8

1te
ol res‘

L2(K)3
with (4.17) and by inserting estimates (4.20) and (4.21) into (4.18) we get

3—¢
s (pr +1) 2
h

1+e

14
H¢K4 res‘

N = Il 2 e

5 SCmaX{pa—Q,p,g,l} ||U—’UJFE||K—|—27

L2(K)
Then the result follows with estimate (4.16). O

Lemma 4.9. Let K € K be arbitrary and uw € Hy(curl, Q) be the solution of (4.11). Further let upg €
WP(KC,Q) be the solution of (4.12). Then there exists some constant C' > 0 independent of mesh size
vector h, polynomial degree vector p and pg such that
7—
4

e lox ) T ;LrKl) Hﬂé (u— UFE)’

[div (Bure)|| 2y < Cmax{ps — 1,1} L2(K)?

for all e € (0,3].
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Proof. From Lemma 4.3 we know

(422) v (Bupn)l o) < Comax {ps — 1,1FF (e +1)F 6,8 div (Burp)

L2(K)

and we get
2

HQSHE div ( ,BuFE)’

1+e
_ He A
LK) K¢K iv (Bupg — f)div (Burg) ,

since div(f) = 0. Then integration by parts and the fact that u solves (4.11) yield
1te 2 lte
' ot div (ﬂuFE)H :/ (Vxu)TaV xV ((sz div (ﬂuFE)>
L3(K) K

+/K(u—uFE) B V(gbK dlv(ﬁuFE)>

Since V x V¢ = 0 for all ¢ sufficiently smooth, it follows

2

Hqs,f div (ﬁuFE)‘

z/ (u—uFE) sTv <¢K dlv(BuFE))
K
v(o;;f div(ﬁuFE))‘

L*(K)

<18 (u—ure)|l L2 45 L2(K)?

with Holder’s inequality and in exactly the same way as in Lemma 3.4 in [157] we obtain

e 2 +1)
|6k aiv(Burs)|| | < Cmax{ps—1,1)% “’”(7\ 18 (u = )l 2 )0

. . gi)K div (ﬂUFE)’

L2(K)
for € < 3. Then the result follows with estimate (4.22), since 8 is uniformly positive definite (4.10). O
Lemma 4.10. Let K € K be arbitrary and v € Ho(curl,Q)) be the solution of (4.11). Further let

upg € WP(K,Q) be the solution of (4.12). Then there exists some constant C > 0 independent of mesh
size vector h, polynomial degree vector p, po and pg such that

he 2
Z Pet1 [[ne x &V X upg]||72(e)s
ec&r(K) €

2

K Elf—Hflliz(wK)s>

< Cmax {po — Lpp, B (o +1)F |fu— upp?, + —K——
(p +1)

for all e € (0,3].

Proof. From Lemma 4.3 we know

he
> e x @V x upg][|72 (o)

he
> T

SGSI(K) (pe + 1)2(1—6)

2

L2(e)3

< Csmax {py e [ne X aV X upg]

14e ‘

Now let e € £7(K) be arbitrary. Then there exists some K € K such that e = K N K and Lemma 4.3
gives the existence of some v, € H} (K UK ) such that

1te
Ve = P [Ne X aV X upg] on e.
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We observe

2

1+e
Pt [ne X aV X uFE]‘

v! [ne x aV X upg)
L2(e)® e

= /vgne X (Oz\KV X upg|k — a|zV x uFE|I~<) :
€

Then the integration by parts formula implies

for v, : Q@ — R given by

2
= A (5e>uFE) — / _ EZ (V X (aV X UFE) — BUFE)
L?(e)? KUK

1+4e
P [ne X aV X uFE]’

ve in KU K
Ve := ~\ -

0 inQ\ (K U K)
Since u € Hop(curl, Q) solves (4.11), this reads

2

= A (Ue,urg —u) + T,

¢e4 [ne X aV x UFE] L2(e)

(4.24) ’

14¢ ‘

where the term T is given by
T::/ Eg(f—VX(QVXUFE)—ﬁUFE).
KUK

For the term A (U, upg — u) we get
(425) A (;Uea UFE — u) S CVcont ||59||KUI} ||U - uFEHKUI?
by using Lemma 4.1. Since «v and § are uniformly positive definite (4.9), (4.10), we obtain

~ 2 ~ 12

||’U€||KUI? S max {amaxa ﬁmax} ||U€HH(Curl KUI?)

= max { ¥max, Smax } <||V X @HLQ(KUK)J + ||Ue||L2(KUf<)3>

.+ 1)? he e
M+Cstr72 H(z)e Ty
he T (pe +1)

2

< max {@max; Bmax | (2052,inv max {p, — 1,1}’

¢ L2(e)3

by Lemma 4.3 for € > 0. Thus taking the square root on both sides gives

~ Pet+1
Vel w7 < Crmax {p, — 1,1} ——
KUK e

.34 [ne X aV X uFE]’
L2(€)3

for some constant C; > 0 independent of mesh size vector h, polynomial degree vector p and p,. Then
inserting into (4.25) yields

(426) A (7o, upp — u) < Cy max {pa — 1,1} p‘;%

With 1T : L?(Q)3 — UP(K, Q)3 denoting the L?-conforming interpolation from Section 2.4 we have

1+e
Pt [ne X aV X uFE]‘

lu —

L2(e)3 ’

T:/ ~@T(Hf—Vx(on><upE)—BuFE)-i-/ Ol (f - 10f)
KUK KUK
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and with Holder’s inequality it follows

171 < (ITLf = ¥ x @V x ure) = Burel o ey + 1 = ooy ) 196l ooy

(427) —e \ /h ~ 1+e
< Cymax {pa — 2,p3s, 1}7T — T ¢ " [ne X aV x uFE]‘
(pe + 1) R L2(ey?

for e < 3 by Lemmas 4.3 and 4.8 and the (71, y2)-regularity of K. Here the constant Cs > 0 is independent
of mesh size vector h, polynomial degree vector p, p, and pg and the term T is given by

3—¢
pe+1)2
T .= (hi ||u — ’LLFE”KUF( +[If = Hf||L2(Kuf<)3'
e

By inserting estimates (4.26) and (4.27) into (4.24) we get

1+4e
et [ne X aV X upg]

[

T—¢
e Vhe pe+1) T
ngaX{pa—l,pﬁ,l} 4 3—¢ <( L ) ||,u’_uFE||Kul}+||f_Hf||L2(KUf()3>
(Pe+1) 7 €

for some constant C' > 0 independent of mesh size vector h, polynomial degree vector p, p, and pg.
Squaring both sides and using Young’s inequality gives

1te 2

P [ne X aV X upE]‘

L2 (6)3
T—e
T—e he (pe + I)T 2 2
< 2C*max {pa — 1,pg,1} 2 —— v —urellxuiz + I1f — ILf]l .
(pe +1) 7 he o L2(KUK)
and by inserting into (4.23) and using the (71, y2)-regularity of K the result follows. O

Lemma 4.11. Let K € K be arbitrary and v € Ho(curl,Q) be the solution of (4.11). Further let
upg € WP(K,Q) be the solution of (4.12). Then there exists some constant C' > 0 independent of mesh
size vector h, polynomial degree vector p and pg such that

he s4e || 1 2
> Pe+1 H[”eTﬁ“FE]Hiz(a < Cmax {pg, 1}* (pxc +1) 2 Hﬁé (u— “FE)‘
ec&r(K) €

L2 (wg)?

for all e € (0,3].

Proof. From Lemma 4.3 we know

(4.28)
he T 2 1te he E 2
— |||n. Bu o < Csmax {pg, 1} 2 Pe* |n. Bure ‘ .
ee;}() De +1 || [ FE] ||L2( ) ee;}() (pe + 1)%(176) [ ] L2(e)

Now let e € £7(K) be arbitrary. Then there exists some K € K such that e = K N K and Lemma 4.3
gives the existence of some v, € H} (K UK > such that

1te
Ve = e 2 [nZﬁUFE] on e.
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We observe

. 2

= / ve [nf Burg]

L2(e) e
_ / ven? (flx — Blrcurelx — (flz — Blzurslz))

Then the integration by parts formula implies

1+e 2
¢e* [nl Burk] ’

(4.29) ‘

:/ ~(Vve)T(f—ﬁuFE)+/ wediv(f — Bups) .
K K

L2(e) UK UK

Since u solves (4.11), we have
/ - (Vue)" (f = Burg) = / (V% Vo) aV x u —|—/ (Vue)” B (u — upg)
K KUK

UK KUK
= / - (Vve)T B (u— upg)
KUK

with the fact that V x V¢ = 0 for ¢ sufficiently smooth. Then Hélder’s inequality implies

/ (Voo)" (f — Burs)
K

UK
(430) < ||VU€HL2(KU[?)3 ||6 (u - ’U’FE)H[}(KUI?)?’

e + 1 1
< C’s,inv V ﬁmax max {p[% 1} b 7 Hﬂz (u - uFE)‘

¢e1f [n! Burk] ’

Vhe L2(KUK)® L2(e)
by Lemma 4.3, since 8 is uniformly positive definite (4.10).
Since div(f) = 0, it follows
‘/ _vediv (f — Bupg)| = ‘/ _vediv (Burg)
KUK KUK
< HUGHL?(KUIN() [div (ﬂ“FE)”H(Kuf()

by Holder’s inequality and with Lemma 4.3 we have

. Vhe | . e o o
(4.31) ’/Kuf( ve div (f — Burg)| < Cs,trm [|div (IBUFE)”L?(KUE) ‘ P’ [ne BUFE]‘ L2(e)

Inserting estimates (4.30) and (4.31) into (4.29) yields

|

Pe+ 1
Vhe

1div (Bure)l L2 (kui)

¢t [nl Burg]

1+e ’

) Scs,inv V Bmax max {pﬂv 1}

Vhe
Pe+ 1

HB% (U—UFE)‘

L2(e L2(KUK)®

+ Cs,tr

and with Lemma 4.9 and the (1, v2)-regularity of K we get
T—e 1
SCmaX{p5,1}74 Pe +

‘ L2(c) Ve

for some constant C' > 0 independent of mesh size vector h, polynomial degree vector p and pg. Then
inserting into (4.28) and using the (71, v2)-regularity of K gives the result. O

1+e ‘

bt [HZBUFE]

-

L?(KUK)®
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Now we come to the main result of this section. It gives a reliability and an efficiency estimate for the a
posteriori error estimator from Definition 4.1.

Theorem 4.1 (A Posteriori Error Estimates). Let u € Ho(curl, Q) N HY(Q)3 be the solution of (4.11)
and upg € WP(K,Q) be the solution of (4.12). Then:

1. There exists some constant Ce; > 0 independent of mesh size vector h, polynomial degree vector p,
Do and pg such that

2 2
|u — upg|g < Chremax (px +1)* ( upp, K)? + Z (e +1° If —I0f||7- K)3>
KGIC

for all e > 0.

2. There exists some constant Ceg > 0 independent of mesh size vector h, polynomial degree vector p,

Do and pg such that

h2
i (upg, K)* < Cogmax {p, — 1,pg, 1}" <(pK +1)° Ju— uppll, + —E 5| f - TLFI172 () )
(P +1) %

for all K € K and all € € (0, 3].

Proof. 1. From Lemma 4.2 we have

(4.32) ||U_UFEH?2 ZA(U—UF&U—UFE)
. = A (u — UFE — chrl (u — UFE) , U — UFE)

with the Galerkin orthogonality
A (chrl (’LL - UFE) , U — UFE) = 0,

where 1" : Hy(curl Q)NH® ()3 — WP(K, Q) denotes the H (curl)-conforming interpolation from Section
2.4.2. From Theorems 1.4 and 1.5 we know that there exist z € Ho(curl, Q) N H'(Q)? and ¢ € H'(Q)
such that decomposition (4.13) holds. Thus equation (4.32) reads

(4.33) u — upg|[f, = T1 + T,
where the terms 77 and T, are given by

T) == / (Vx (24 Vqg— et (2 + Vq)))TaV X (4 — upg)
Q

and
T
Ty = / (24 Vg -T2+ Vq)) B (u—urg).
Q

Then Theorem 2.10 implies
T, = / (Vx(z=T"2 4V (¢— qu)))T aV x (u — urg)
Q

and

chrlz+v( qu))Tﬁ(U_uFE)

/QV q—H1 f+ Z (/K(z—HC“rlz)Tﬂ(u—uFE)—/KV(q—qu)TﬂuFE),

KeK
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since u solves (4.11) and V x V¢ = 0 for all ¢ sufficiently smooth. This also implies
T = / (Vx(z— chrlz))TaV X (u — upg)
Q

:/(z—HC”“) (f — Bu) — Z/ (V x (2= 1)) ¥ x upp
Q

Kek

(4.35)

and by inserting equations (4.34) and (4.35) into (4.33) and using integration by parts and the fact that
u solves (4.11) we get

Tks+ T
2 K,3 K.,4
lu = urpelg = (TK,l —Tko— > ;
2
KeK
where the terms Tk 1,...,Tk 4 are given by

Tk := /K (Z — chrlz)T (f -V x (aV X UFE) — ,BuFE) s

)

Tk = /K (¢ —T'q) div (f — Burg),
Tk 3= / (nx(z— chrlz))T (n x aV X upg) X n
oK

and
Tiy4:= / (q— Hl(]) n’ Bupg.
oK

Here n denotes outward-pointing unit normal vector to cell K. Since div(f) = 0, appyling Lemmas
4.4-4.7 yields
lu—urgllg < C(Ty + Tz + T + Tu) |lu — urgl|q

for some constant C' > 0 independent of mesh size vector h and polynomial degree vector p, where the
terms 171, ...,Ty are given by

h2
eSS W (If = 9 (@ x upg) — Burellzae + 17 =T 32 )
Kek \PK
2 h%( i :
2=y ——— sy v (Bure)llz2 )

1
KGIC(K+1)( :

T? == Z > n 1) = [|[ne x aV x upg]|[72 0

2 ek ec&1(K) (Pe

and

3 S et

Kelc ec&r(K)

Then using Young’s inquality and the (71, 72)-regularity of K implies

lu — upp|g < 4C* Z (px +1)* (TIK (ure. K)* + || — Hf||2L2(K)3)
Kek

and the result follows.
2. Let K € K be arbitrary. Then we know

(4.36) nx (ure, K)* = nr i (ure, K)* + 15,k (upe, K)?
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from Definition 4.1. Then Lemmas 4.8 and 4.9 imply

2 e e 2 h%{ 2
N < Crmax{pa —2,p, 1} = | (px +1) % [lu—urslx + ———=If = ILfll72(k)
(px +1) 2

for some constant C; > 0 independent of mesh size vector h, polynomial degree vector p, p, and pg.
Further Lemmas 4.10 and 4.11 give

3+ h%

4 3te
nh.x < Comax {pa — 1,ps, 1) <<pK+1>  Jlu - urpll?, + “nfnfizw)s)

(pr +1)

for some constant C; > 0 independent of mesh size vector h, polynomial degree vector p, p, and pg.
Inserting these estimates into (4.36) shows the result. O

To conclude this section let us shortly highlight the assumptions we made above and see how these affect
the main results of this section.

For proving the first part of Theorem 4.1 we use the projection-based interpolation operators from Sections
2.4.1 and 2.4.2. Therefore we require the additional regularity u € Ho(curl, Q) N H'(Q2)? instead of the
minimal regularity assumption v € Hy(curl2), which is sufficient for the boundary value problem (4.8)
to be well-posed. We have discussed this issue already extensively in Sections 2.4.1 and 2.4.2.

The residual-based a posteriori error estimator derived in this section looks quite similar to those for the
Poisson problem from Sections 3.1.2.1, 3.1.3.1 and 3.2.2. Also here we have the splitting

Nk = 77?%,}( =+ W%?,K

of the local error estimator nx into a residual term ng x and a boundary term 7p k. However, in this

case we have the additional terms ||div (Burg)| 12k in nr,x and | [nE Burk] HL2 in np, k. These come

e
into play by the treatment of divergence condition (4.7). "
At a first sight also the reliability and efficiency estimates obtained in Theorem 4.1 look quite similar
to those for the Poisson problem from Sections 3.1.2.1, 3.1.3.1 and 3.2.2. However, some details have
changed. Already the reliability estimate is not uniform in p anymore. This is due to the suboptimality
of the projection-based interpolation operators from Sections 2.4.1 and 2.4.2. The efficiency estimate is
of the same quality as those for the higher-dimensional version of the Poisson problem in Sections 3.1.3.1
and 3.2.2. This is a major improvement over the result in [73] and probably the best one can expect
at the moment, because the loss of locality and the nonuniformity in p are still open challenges for the
Poisson problem in the case d € {2, 3}.

4.3 The Refinement Strategy

In this section we adapt the fully automatic hp-adaptive refinement strategy from Section 3.1.3.1 to
Maxwell’s equations in the electric field formulation. This section is based on the results of [72]. Since
we already have discussed the basic principles of the fully automatic hAp-adaptive refinement strategy in
Section 3.1.3.1, we only highlight the differences here. As in Section 3.1.3.1 our starting point is the
adaptive loop (3.4). Again the interesting parts of this loop are the modules ESTIMATE and MARK.
Whereas we have considered module ESTIMATE already in Section 4.2, module MARK is investigated
here.

Similar to Section 3.1.2.1 we assume that we have n € N\ {1} different refinement patterns to choose
from. Let j € {0,...,n — 1} and K € K be arbitrary. Then we denote by Wf(,j (Klwg,wk; ) the local
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finite element space consisting of functions from WP (K, ) compactly supported in the local patch wg
with refinement pattern j applied to cell K, which additionally satisfy the weak local divergence condition

(4.37) / (V)T BE=0  ¥ib € VI, (Klurwi).

Without loss of generality we may assume that nx (upg, ) > 0. If this is not the case, it dones not
make any sense to refine this cell at all and we can go to the next one. Then we define the convergence
indicator kg ; € Ry as the solution of the optimization problem

> [ed(IIf =V x (aV X upg) — fupg)
1 KeR|wy
sup

(438)  hpy=—— ,
J K (UFE7’C) ¢€W1p(,j()c|wK7WK§ﬁ) ||¢||OJK

where IT : L2 (wg)® — UP (K|u,,wi)® denotes the L2-conforming interpolation from Section 2.4. As
in Section 3.1.3.1 we can solve problem (4.38) easily by considering an equivalent local boundary value
problem.

Lemma 4.12. Let v € W (Klug, wi; B) such that

(4.39) / (Vxd)TaVxv+ [ ¢TBv= Z /K¢T (IIf =V x (aV X upg) — Burg)

wK KEK|wg
for all € Wi (Klwy,wr; B). Then v solves (4.38).

Proof. Let ¢ € Wy ; (Klu,wrk) be arbitrary. Then we see

Z fK (bT (Hf -V x (aV X uFE) — ﬁuFE)

KeK|wy
16l
Lo (Vx@)TaV xuv+ [ ¢"Bo
1]l
HO[fv x (b’ L2(wk)® azV X /U‘ L2(wg)? + Hﬁj(b‘ L2(wk)® ﬁév L2 (wg)3

B [Fc2 e
with Holder’s inequality and by using the Cauchy-Schwarz inequality we obtain

Z fK ¢T (Hf —V x (aV X 'U:FE) — ﬁuFE)
KeKlwy

S v WK
oln el
fwK (Vxv)TaV x v+ fUJK vT Bu
V][
Z fK ’UT (Hf -V x (aV X UFE) — ﬂUFE)
_ KeK|wy
V][
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with (4.39). Since ¢ € Wi . (Klwy,wr; ) was arbitrary, this implies

Z fK ¢T (Hf —V x (OZV X UFE) — BUFE)

KeK|wy
sup
SEWE (Kl wiiB) [ lx
> [ ot (ILf =V x (aV X upg) — Burk)
KeK|wg
B [0llwx
Thus
> ot (f =V x (aV X upg) — Burk)
KeKlwg
sup
¢)EW§,J‘(’C‘NK7WK§B) H¢||UJK
> fKUT(Hf—VX(anuFE)—ﬂuFE)
| KEKlug
[v]lwx ’
SinceUGWIp(,j (]C|wKawK;ﬂ)- ]

The maximization problem (3.7), (3.8) can be used without modification again. Therefore we do not
discuss it here a second time.

To conclude this section let us discuss the choice of optimization problem (4.38). Similar to Section 3.2.2
the local finite element test space ij( j (KK, jlwx s wi; B) is not a simple local enhancement of the global
finite element space WP(K, ), but we choose a subset of weakly divergence-free functions satisfying
(4.37). Basically this is the same approach as we followed for deriving the global boundary value problem
(4.8), but there div(f) = 0 in  immediately implies (4.7). Here we hardly know anything about the
divergence of the term IIf — V x (aV X upg) — furg and, thus, we cannot expect to get an approximately
divergence-free solution of problem (4.39) for free. Therefore we have to enforce weak divergence condition
(4.37) explicitly. Since the H(curl)-conforming finite element space WP(K,2) does not satisfy (4.37), we
look for a solution of the mixed problem to find (z,p) € Wi ; (Klux, wi) X Vi ; (Kluy, wi) such that

[ @xoTavses [ oot [ 6TaVp= Y[ 6T (1F -V % (0¥ x upe) - fure)
WK K

WK WK KEK|wy
/ (V)T Bz = 0

forall ¢ € Wi ; (Kluy,wr) and all ¢y € Vi ; (Kloy,wrc). Here the local finite element spaces Vi ; (Klwc, wi)
and W (Kly,,wrk) are given by all functions from V?(KC, ) and WP(K, Q2), respectively, having com-
pact support in wgx with refinement pattern j applied to cell K. Then v := z € sz(,j (Kluwg,wi; B)

is the solution of problem (4.39). For example in the monographs of Hiptmair [127] and Monk [163] it
was shown that this discretization is inf-sup-stable. Thus, this problem is well-posed and can be solved
efficiently by the use of the precondition strategies proposed in [122].

4.4 Convergence Results

Now we prove convergence of the fully automatic hp-adaptive refinement strategy. Therefore we derive two
results similar to Section 3.1.3.2. As before the first result proves that the exact energy error ||u — urg||q
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is reduced in every refinement step of the algorithm. The second result gives us that a weighted sum of
exact energy error ||u — urg||o and estimated error 1 (upg, KC) is reduced in every refinement step. The
results of this section are based on [72].

Let us assume that triangulation K consists of tetrahedra only. Before we prove the main results of this
paragraph let us prove the following discrete version of the Helmholtz decomposition. It follows the ideas
of Hiptmair and Xu [128] and Hiptmair and Zheng [129].

Theorem 4.2 (Discrete Helmholtz Decomposition). Let € > 0 be arbitrary and vpgy € WP(K,Q) such
that

(4.40) /(Vw)Tﬁva =0 WVyeVPK,Q).
Q
Then there exist some zpp € WP(K,Q), Erp € VP(K, Q)3 and qrr € VP(K,Q) such that

(4.41) vpE = 2rp + 1 EpE + Vare.

Further there exists some constant Cgr > 0 independent of mesh size vector h, polynomial degree vector
p and pg such that

hk
(P +1)'7°

hk

lzrell L2 + IVE€rall L2y T 1IVarsl 2 < Cn———== lvrel g cun,e) -
(px +1)

Proof. In exactly the same way as in the proofs of Theorems 1.4 and 1.5 one can show that there exist
some z € Hy(curl, Q) N HY(Q)3 and ¢ € H*(2) such that

vrg = 2 + Vq in Q
with
(4.42) div(Bz) =0 in Q.
Then weak divergence condition (4.40) reads
0= / (V)" Bore
Q
= [ (v0)78(:+Va)
—— [wai(s2)+ [ (V)75
Q Q

with integration by parts and condition (4.42) implies

(4.43) 0= / (V)T BVq Vip € VP(K,Q).
Q
Since f is uniformly positive definite (4.10), it holds

1
5min Q
From the proof of Lemma 5.1 in [128] we know that there exists some ¢ € H'(£2) such that

(4.45) z=T":4+Vqg inQ.
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Then we set gpg := ¢ + ¢. Since
Vare = V(g +q)
= vpp — 2 4 2 — 12 € WP(K,Q),
it holds grg € VP(K,Q) by Theorem 2.10, indeed. Then estimate (4.44) reads
1

IVarnllzz@)y < 3— i (Varr)" BY (¢+7)
o /Q (Vare)" 5Va
with (4.43). By using Hélder’s inequality we obtain
IVarel3 s < 5 18Vl 2qeye IVarel oo
< 2 1931 g [Vl

since $ is uniformly positive definite (4.10). Thus

V Pmax

V Pmax

= [ chrlz||L2(Q)3

Bmin

by (4.45) and Theorem 2.5 implies

Vv ﬁmax hK

Bmin (pK =+ ].)

Vv ﬁmax hK

Bmin (PK + 1)

||VQFEHL2(Q)3 < Ccurl 12 ||VZHL2(Q)3

< Cvregcvcurl 1—¢ ||UFEHH(cur1,Q)

with Theorem 1.5.
Further we set zpg := I (z —II'z) and &pg := II'z with II' : H}(Q) — VP(K,Q) denoting the
H'-conforming interpolation operator from Theorem 2.4. Then it follows
el 2oy < |2 = T2 =TI (2 = T2 | 1o g0 + (|2 = T2 | 2 e
hi 1 1
< o 9 = 105 e+ = 0l
with Theorem 2.5 and Theorem 2.4 implies
hk

(px +1)'7°

hx
< Cgradcrcg (Ccurl + 1) W ||UFE||H(curl,Q)
K

by Theorem 1.5. Since IT' : H}(Q2) — VP(K, Q) is continuous, we have
||V§FEHL2(Q)3 = HVleHLz(Q)s
< [zl e e

HZFEHL2(Q)3 < Cgrad (Ccurl + 1) ||VZHL2(Q)3

< Creg HH1|| HUFE”H(curl,Q)

by Theorem 1.5 and this concludes the proof. O
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Now let us consider the error estimator 7 (upg,K), which was introduced in Definition 4.1, in more
detail. We want to investigate how the estimated error is influenced by the application of the hp-adaptive
refinement algorithm presented in Section 4.3.

Lemma 4.13 (Error Estimator Reduction). Let N € Ny be arbitrary. We assume that there exists a
solution of mazimization problem (3.7), (3.8) for some 6 € (0,1]. Let uy € WP (Kn,Q) and unt1 €
WP (Kni1, Q) be the solutions of (4.12) in iteration steps N and N + 1, respectively. Additionally let us
assume that for all refinement patterns j € {0,...,n—1} there exists some constant p € (0, 1) independent
of mesh size vector h and polynomial degree vector p such that

h
(4.46) E_<p—K
pr +1 prt1

for all refined cells K e Ky and all K € K11 with K C K. Additionally let us assume that there exists
some T € (0,1] such that

h2
(4.47) > Sl =TI < TP (un, Kn)?
KeKn (pK + 1)

Then there exists some constant Cyq > 0 independent of mesh size vector h, polynomial degree vector p,
Do and pg such that

2
e K < (14354 (14642 ) 272 ) o) = (1430)(1 = phn s An)?

2

+ Clred <1 + 6+ 5> max {p, — 1,pg, 1}2 max (px + 1)2 lunir — UNH?z
KeKn

for all 5 > 0.

Proof. By Definition 4.1 it holds

(4.48) (v, Knn)® = ) (77R,K (uns1,Kns)* + i ¢ (UN+1JCN+1)2) :
KeKkn+1

where the cell term ng x (un+1, Kny1) is given by
hi

2
ek (Uunt1, Kny1) = ————
(prc +1)°

(Hﬂmﬂf —Vx (aV X uny1) — 3UN+1H2LQ(K)3 + [|div (BUN+1)||i2(K)>

with Ik, : L*(Q)? = UP (Kn41, Q)? denoting the L2-conforming interpolation from Section 2.4. Then
using Minkowski’s and Young’s inequality immediately yields

2
(449) nR,K (’U,N+1,]CN+1)2 S (1 + 35)T1 + <1 + (S + 5) (T2 + T3 + T4)
for § > 0. Here the terms 717, ...,Ty are given by
P (I f = ¥ % (@¥ x un) = Buw 3 (ys + Idiv (Bun) 32 )
= T 9 - - 2 3 2 [}
(px + 1)2 N L2(K) L2(K)
Ty Ty Ik, f|I?
2 = m H ICN+1f - ICNfHL2(K)3a
Ty e —5 (19 5 ¥ x (unsr — )l agreys + I (8 (v = un )
T e+ 1) + L2(K)? + L2(K)
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and
IO S )2
1= —————[|B(unt1 —un 5 -
(px +1)° ra?

Let us consider the term 77 first. Therefore we introduce the set
Ry :={K € Ky : K is refined}

of all elements from triangulation Ky that are refined in module REFINE of iteration step N. Clearly
we have Ay C Ry. If there exists some K € Ry such that K C K, then it holds
2

(4.50) <P —E (||HicNf —V x (aV x uy) = Buy 723 + [|div (5UN)||2L2(K))
(pi +1)
by assumption (4.46). For the term T3 it holds
Ty < Lg If = HICNf||i2(K)3
(pr +1)

(4.51)

h2
2
< PP If = Uy fll 72y
(Pg +1)
by assumption (4.46).
Now let us consider the case that there exists no such K C Ry. Then K € K and it follows

(4.52) Ty = npx (un, Kn)*
and
(4.53) T, = 0.

Next in line is the term 73. In both cases using Lemma 3.8 implies
(4.54)
Ty < Oy max {pa — 1,8, 11 (o + 12 (1l0V % (v = ) Bagays + 18 (v = ) s )
< C2, max {Omax, Bmax} max {pa — 1,0, 1} (px + 1)* lun 1 — un | ,

since o and 3 are uniformly positive definite (4.9), (4.10). Finally, since § is uniformly positive definite
(4.10), it follows

(455) T4 S Bmax

B4 (u — urp)|

L2(K)3
in both cases.
Inserting estimates (4.50)—(4.55) into (4.49) gives

(4.56)

nr,k (Un+1, CNy1)
2

< .02(7;)2 ((1 + 30) (”HICNf -V x(aV xuy) - BUN”%,%K)B + [ div (5“’1\7)”%2(1())
Pr

2

2
+ (1 +0+ 5) If —HKNfllizma)
2 2 2 2
+O(1+0+ 5 max {po — 1,pp, 1} (px +1)" [[un+1 — unl%
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if there exists such a cell K € Ry with K C K , and

NR,K (UN+1;ICN+1)2
(4.57) 9 2 2 2 2
< (1+38)nrx (un,Kn)" +C 1+d+5 max {po — 1,pp, 1} (px +1)" [luny1 — unl%

else. Here C > 0 denotes some constant independent of mesh size vector h, polynomial degree vector p,

Do and pg.
Now let us consider the boundary term np x (un+1, Cn41). By Definition 4.1 we have

>

ee€r(K)
Z
e&r(

with Minkowski’s inequality, where the terms 77 and T» are given by

( Nne X aV x UN+1]H§I2(6)3 + H [TLZﬁuN+1] Hiz(e))

DN =

n8.x (uni1, Kni1)’ = o

INA
l\D\»—A

(|| ne x 0V % un gl gz T + || [0E Bunv ] | oo, TQ)

Ty = [[[ne x aV X un]l| 2(¢)s + [[ne X @V X (uns1 = un)lll L2y

and
Ty = || [n Bun] ||L2(e> +||[ne B (un41 — un)] ||L2(e>

Using the Cauchy-Schwarz inequality gives
(4.58) n5.x (unt1, Kn+1) < np,r (Uns1, Kng) (ﬁ + TQ) ;

where the terms T} and Tb are given by

~ 1 he
T2 .= 5 Z (||[np x aV x UN]HL2 (e H [nZBuN] ||2L?(e))

ec&r(K) pe+1
and
T2 . 1 h@ 2 T 2
1% =5 P (e x ¥ x (unsa = un) oo + 18 (unsr = un)] [ ) -

If there exists some cell K € R such that K C K , then it holds

~ he
(459 T<g 3 g (line < oV x unllzanons + 008 B e nor)) -
ecer(K)

If there exists no such K € R, then
(4.60) T? < ne.x (un, Kn)* .

Next in line is the term 7. In both cases using Lemma 3.9 and the (v1,v2)-regularity of Ky implies

oy B 6Ckmax (b = 1psc 1y Grc + 1) (o (s = ) ags + 118 (o = um)lsgr)

< GCtZr max {amax; Bmax}max {pa - l,pg, 1}2 (pK + 1) ||UN+1 - UN”%( ,
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since @ and 8 are uniformly positive definite (4.9), (4.10).
Inserting estimates (4.59)—(4.61) into (4.58) gives
(4.62)

[N

p h 2 T 2
ne,x (un+1, Kni1) < 3 Z(:N) o j ] (||[ne x aV X un]|2(enarys + || [7e Bun] ||L2(608K)) + T,
ecEr (K

if there exists such a cell K € Ry with K C IZ', and

(4.63) ns,k (Un+1, Kn+1) S nx (un, Kn) + T,

else. Here the term T is given by

T :=C maX{\/ Qmax; V ﬂmax} max{pa - 1ap[i’7 1} V 6 (pK + 1) HUN—H - UNHK :
Further inserting estimates (4.56), (4.57), (4.62) and (4.63) into (4.48) and using Young’s inequality
implies

0 (uni1, Kni1)? < (14360 (un, Ky \ Ry)? + pT

(4.64) 2 9 ) )

+Cred | 14+0+ = Jmax {pa —1,p5,1}" max (px +1)" lun-+1 —unllg
KeKkn

for some constant Cy.q > 0 independent of polynomial degree vector p, p, and ps. Here the term T is
given by

2

2 h
T = (1+30)n (un, Ry)> + (1 15+ 5) p Y — o lf — ey fl T sys -
KEeRN (px +1)

By data saturation assumption (4.47) it follows

2
T < (14 30)n (un, Ry)> + (1 +0+ 5) o720 (un, Kn)?

and inserting into (4.64) gives

2
v K < (1430 (1464 3 ) 72 ) o Jon)® = (1430)(1 = pn (. An

)
since Ay C Ry. O

9
+ Chred (1 +O+ ) max {po — 1,ps, 1} max (pre +1)* lunvs1 —unllg
N

Now we show two auxiliary results, which we use in the proofs of the main results of this section. The
first result gives a lower bound for the term |juni1 — un|| in terms of the energy error ||u — un||o and
the estimated error n (uy, Cn).

Lemma 4.14. Let N € Ny be arbitrary and u € Hoy(curl, Q) N H*(Q)3 be the solution of (4.11). We
assume that there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Further let uny € WP (Kn,Q) and
unt+1 € WP (Kn,Q) be the solutions of (4.12) in iteration steps N and N + 1, respectively. Additionally
let us assume that there exists some T € (0,1] such that (4.47) holds. Then there exist some constants
C1 > 1 and Cy > 0 independent of mesh size vector h, polynomial degree vector p, po and pg such that

2

_ 2 S _
”uN-i-l UNHQ >0 Cl(l +5)

lu — UNH?Z — Cy7n (UNJCN)2>

for all § > 0.
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Proof. Let K € Ky be arbitrary and ¢n1 € WP (Kn11,Q; 8) with supp (én+1) € wi. Then we see

A(dNy1,uNy1 —uN) = / PN f — (VX oni1)" aV xuy — DN 1 BuN,

since WP (Kn41,8) C WP (Kn41,Q) and un+1 € WP (K41, $2) solves discrete problem (4.12). This
reads

A(Nt1,uNy1 —uN) = /

WK

¢%+1Hf*/

WK

(V x (;SNH)T anuNf/

WK

¢71\}+1BUN+/ ¢%+1(f*ﬂf),

where 11 : L2(Q)? — U? (Ky,Q)* denotes the L2-conforming interpolation from Section 2.4. With
integration by parts and the L?-interpolation property we have

A(pns1,unsr —un) =T (dn+1) +/ (dn41 — on)" (f —I0If)

WK

for ¢y € WP (Kp, Q) with supp (¢n) C wg. Here the function T : WP (Kn41,Q) — R is given by

Towi)i= 30 [ okt (1 =V x @V x uy) = fux).

KGICN‘WK

Then using the inverse triangle inequality yields

|A (¢N+17UN+1 — ’LLN)‘ > ‘T (¢N+1)| _

/ (ons1—on)" (f —IIf)

WK

and with Lemma 4.1 and Hoélder’s inequality we have

(4.65) T (Nl < llunsr = unlly, lon1lle + 1 = Tf [l 2003 10841 = Ol L2002 -

From Theorem 4.2 we know that there exist some zyy1 € WP (Kyy1,9), Eng1 € VP (ICNH,Q)S and
gn+1 € VP (Kni1,Q) with supp (z2n41) , supp (En+1) , supp (¢n+1) € wi such that

On+1 = zv41 + O Enver + Vv in

with IS, © Ho(curl, Q) N HE(Q) — WP (Kn41,€2) denoting the H (curl)-conforming interpolation oper-
ator from Section 2.4.2 for € > 0. Choosing ¢ = IS¢x 11 implies

lpn+1 = ON L2y = llonv 1 + TR EN 41 + Vv — H?\lr"lé“NHHLQ(wk)g

curl

< lzviall g2 oy + [N EN+1 = TR Ena ] o H VNl

(wi
by Minkowski’s inequality and it follows
lon+1 = ON Nl Laureys < lenrillpzpys + [1En+1 = TR EN 11| a0 T IVaN+LI L2000

hx
L TV LAY

(px +1)

with Theorem 2.5. Since supp ({n+1) € wix C w5, this reads

< HZN-‘!-l”L?(wK)?' + C’curl

K
[on+1 = ON I L2 (wge)r < 12N+l L2 0y + 2Ccurllm IVEN 1l L2y T IIVaN+1ll 2oy
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for € < log, (max {px + 1,2}). Then Theorem 4.2 yields

|‘¢N+1|‘H(curl,w;<)
< Cu MK gnal
= min { /@, v Buna ) Prc + 1 e

hk
N1 — ¢N||L2(wK)3 < CHPK 1

since o and [ are uniformly positive definite (4.9), (4.10). Inserting into (4.65) gives

Cy hK

min {/Qmin, v/ Brmin } PK

1T (pn+1)] < <|UN+1 —un|l,, + ||f - Hf||L2(wK)3> lon+1ll,,,

and dividing by |[¢n+1l[,, implies

T T
sup ( (¢) ) < sup (AN+1)
eWE, (Kvloye i) [l dnp1eWP(Kn 1,98 \ON+1ll4

supp(én+1)Cwk

hi
1|| — I fll 2wy
mm{\/amm,\/ﬂmm}p +

since ¢pn+1 € WP (Ky1,8; 8) with supp (¢n4+1) C wk was arbitrary. With optimization problem (4.38)
we get

<lunt1 —unll,, +

Cu hx
mln{\/ amln? vﬁmm}p +1

Since Ay C Ky, squaring both sides, summing over K € K and using Young’s inequality yields

> Kk (un, Kn)?

KeAn

ki gk (un, Kn) < [lunsr —unll,, + 1 = TLF[ 2 ()2

< Z K i (un, K )?
KeKkn

1 2 C%(1+6)
< |1 — _ I .
~ < + 5) Z ||UN+1 UNHwK mlIl {amln, Bmm} Z 1 T 2 ||f fHL (WK

Kekn Kekn K+

for 6 > 0. Now let us define the covering constant Ceo, > 0 by

v = L L .
Ceo Knéz}iévH €Ky : L Cuwgl

Then the (1, 72)-regularity of K implies

1 h?
Z Ii%(’anK (un, Kn)? < Cooy ((1 + 6) luns1 — UN||52—2 +C(1+49) Z #”Jc - Hf||2L2(K)3>

KeAy Kekn (rx )

for some constant C' > 0 independent of mesh size vector h and polynomial degree vector p. Finally, from
data saturation assumption (4.47) it follows

1
(4.66) Z fi%{,jan (UNJCN)2 < Ceov <(1 + 6) lluns+1 — uNH?Z +C(+ 6%y (uN,ICN)2> .

KeAn
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From Theorem 4.1 we know

h2
Ju —un|f < Crat max (pre +1)* | 1 (un, Kn)? + — B f = 7205
Q Kekn K%c:N (prc + 1)° L2(K)

h2
< 2Chq (77 (un, Kn)* + Z T\\f - Hfll%Q(K)?’)

K
KeKn (pK 1)

. 1
€ < min {2 log, (max {Kné?c}fv (P + 1),2}) ,3}

and using data saturation assumption (4.47) gives

for

[u —unllpy, < 2Cre (1+72) 7 (un, Kn)?
S 462@1”(1UV7ACN)2

for 7 < 1. Multiplying both sides by 62, # € (0, 1], and using constraint (3.8) yields

0% |lu — un |l < 4Cka Z Kic i (un, K )?
KeAn

and with (4.66) it follows

02 1
1 [l — uNH?2 < Ceov ((1 + 5) lun+1 — uN||?2 +C(1+ 5)7277 (uN,ICN)2> .

This concludes the proof. O

The next result compares the energy error of the finite element approximation on two successive grids of
the algorithm.

Lemma 4.15 (Comparison of Errors). Let N € Ny be arbitrary and u € Ho(curl, Q) N HY(Q) be the
solution of (4.11). We assume that there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Further let
uny € WP (Kn,Q) and unys1 € WP (Kny1,Q) be the solutions of (4.12) in iteration steps N and N + 1,
respectively. Additionally let us assume that there exists some T € (0,1] such that (4.47) is fulfilled. Then
there exist some constants Cq > 1 and Cy > 0 independent of mesh size vector h, polynomial degree vector
D, Pa and pg such that

562
= sl < (1 5o prgy ) = uwll +

for all 5 > 0.

C&5T2

1
1 (un, Kn)* - 3 lun+1 — unllp

Proof. As in the proof of Lemma 3.6 we obtain

9 2 1 2
=l = = s [, + (2 43 ) s — 3

and by using Lemma 4.14 it follows
C&5T2

662 2 2 1 2 2
(1= 5oty ) o ol = vl + 5 e =l = S5 e )
This concludes the proof O
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Remark 4.1. We see easily that the constants C1 and Cy in Lemmas 4.14 and 4.15 are the same.

Now we come to the first main result of this section. It states that the energy error ||u — upg||(, is reduced
in every refinement step of the fully automatic hp-adaptive refinement algorithm from Section 4.3.

Theorem 4.3 (Convergence). Let N € Ngy be arbitrary and u € Hg(curl,Q) N HY(Q) be the solution
of (4.11). We assume that there exists a solution of (3.7), (3.8) for some § € (0,1]. Further let un €
WP (Kn,Q) and unyy1r € WP (Kng1,Q) be the solutions of (4.12) in iteration steps N and N + 1,
respectively. Additionally let us assume that there exists some T € (0,1] sufficiently small (depending on
polynomial degree vector p) such that (4.47) is fulfilled. Then there exists some p € (0,1) independent of
mesh size vector h, polynomial degree vector p, po and pg such that

[u—unsillg < pllu—unlg-

Proof. From Theorem 4.1 we know

34c h?
1 (un, Kn)? < Cegmax {po — 1,pg, 1}* > ((m +1)77 Ju—un|?, + —E I f - Hf|i2(wK)3>
Kekn PK + 1) 2

for € € (0, 3]. Now let us define the covering constant Ceo, > 0 by

Ceov i = Igle%v HLeKy:LCwgk}.

Then the (71, v2)-regularity of K implies

M

2
(4 Dl —unlla +C 3 ot

H(UN,/CN)Q <T (
Kekn (pK

IIf —Hf||2L2(K)3>

max
KeKn

for some constant 5
C > ) > 2,
which is independent of mesh size vector h and polynomial degree vector p. Here the term T is given by

1+e

T = CoouCo o —1,pg, 1} ne .
f max {p ps, 1} Jax (px +1)

With data saturation assumption (4.47) this reads

77(7L1,1\/,ICN)2 <T ( max (px + 1) ||lu— uNH?2 +Crn (uN,ICN)2> .
KeKy

1

Jor We have

Hence, for 7 <

T 1
Zax (pk +1)

1-CT72

. c . . 1
and with the even more restrictive assumption 7 < JscT Ve get

1 (un, Kn)? < lu —un |5

(4.67) n(un, Kn)? < 2T max (px + 1) ||u7uN||?Z
KeKkn

From Lemma 4.15 we know

56*

02(57'2
= wvaalls < (1 g1y ) e - ol +

1 (un, Kn)® lunt1 — un g

_§|
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for § > 0 and using Lemma 4.14 yields

2 692 2 2
= wvaalls < (1= grirggy ) b unll + Cadrnuw. K
56*

< 2 _ L —auyl?
< <1+202TKn§C>§V (px +1)67 01(1+5)> lu—unlg

by (4.67). For
1

T <
\/2C01C2Tr1?2})(( (pK + ].)

we obtain
1) 1 02

2 2
= vty < (14 5 (5= 105 ) o= vl

and the result follows for § < 0792 — 1. O

The second main result of this paragraph is another convergence result, which states that the weighted
sum of energy error |u — urg||, and estimated error 7 (un, Ku) is reduced in every iteration of the fully
automatic hp-adaptive refinement algorithm from Section 4.3. The proof follows the ideas of Bonito and
Nochetto [55].

Theorem 4.4 (Quasi-Convergence). Let N € Ny be arbitrary and u € Hp(curl,Q) N H*(Q)3 be the
solution of (4.11). We assume that there exists a solution of (3.7), (3.8) for some 6 € (0,1]. Further let
uy € WP (Ky,Q) and uny1 € WP (Kn41,Q) be the solutions of (4.12) in iteration steps N and N + 1,
respectively. Additionally let us assume that there exists some constant p € (0,1) independent of mesh
size vector h and polynomial degree vector p such that assumption (4.46) holds. We assume that there
exists some T € (0,1] sufficiently small such that (4.47) is fulfilled. Then there exists some constant
w € (0,1) independent of mesh size vector h, polynomial degree vector p, p, and pg such that

= unc I + v (v, Kvgn)® < g (Il = w4 v (u, Kn)?)
for some v > 0 sufficiently small (depending on polynomial degree vector p).

Proof. From Lemma 4.15 we know

lu — unllg +vn (uns1, Knsr)?

502 2 0267'2 2 2 1 2
< (1= seragy ) T ol S5 (Kol o v Koy = 5 e =l

for § > 0 and applying Lemma 4.13 yields
(4.68)

lu—uniall§ + v (un i1, Kngr)?

(592 2 0267-2 2 2 92 2
<l l— ————= — 1 1 —=
_( 201(1+5))u uN||Q+( 5 —i—y( +36+( +5+5>p7'>)77(uN,ICN)

— (1 438)(1 = p)y (un, An)*

by choosing
)

v < .
2Ced (2 + 6 4 0%) max {po — 1, pg, 1}2 max (px + 1)2
Kekn
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We observe

2 2
Cl o (un, An)™ > E K ek (un, Kn)®,
KeAn

where

Chax = max{ max (K jx) 1} .

KeAn

Then (4.68) reads

lu—uniall§ + v (un i1, Kngr)?

(592 2 02(57'2 2 2 92 2
<(1l—-——— — 1 1 -
_( 201(1+5))u uN||Q+( 5 —i—y( +36+( +5+5>p7>)77(uN,ICN)

v(1+30)(1 - p) 2 2
- > Kk (un, Kn)?
Cmax KeAn

since p < 1. Finally constraint (3.8) implies

56*

2 2
_ % _ T
201(1 +5)) Hu UNHQ + U(UNJCN) 5

ot = vl + o (uyan, Kvgn)? < (1

where the term T is given by

2 2 .
T = CZ;ST +I/<1+35+(1+5+§>p272> _ v+ 30)(1=p)

02

max

For 7 — 0 we have

02

max

T — v(1 + 36) (1—92(1_p))

and, thus, the result follows for 0 and 7 sufficiently small. O

To conclude this section let us shortly discuss the various assumptions we made above and see how these
affect the main results of this section. Most of the assumptions were already discussed in Sections 3.1.2.2
and 3.1.3.2. Therefore we restrict ourselves to those assumptions, which changed fundamentally or ap-
peared newly.

In Theorem 4.3 the parameter 7 € (0, 1] from data saturation assumption (4.47) depends on the polyno-
mial degree vector p. This is due to the fact that the a posteriori error estimator from Section 4.2 is not
uniform in p. Further 7 also depends on p, and pg. In the proof of Theorem 4.3 we obtained the explicit

upper bound
1

T< 5
V20T CyCro Cor max {po — 1,pp. 1} max (pxc +1)'"2

for e € (0, 3].

In [72], Theorem 3, one can find a slightly different proof of convergence for the fully automatic hp-
adaptive refinement strategy from Section 4.3. Here the assumptions on parameter 7 from data saturation
assumption (4.47) are more or less the same, but for 6 the lower bound and constraint (3.8) also depend
on polynomial degree vector p. Thus, Theorem 4.3 can be seen as a slight generalization of the results
from [72].

In Theorem 4.4 the constant v > 0 depends on the polynomial degree vector p. This is due to the fact
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that the inverse estimates from Lemmas 3.8 and 3.9 are not optimal in p. Further v also depends on p,,
and pg. In the proof of Theorem 4.4 we obtained the explicit upper bound

V= ’ 2 7
2Cved (24 60 + 0%2) max {po — 1,p5,1}" max (px +1)
Kekn

A way to eliminate the dependence of v on the polynomial degree vector p might be the use of an
equilibrated residual error estimator as proposed by Braess and Schéberl in [61, 62].

4.5 Numerical Results

Now we want to consider the performance of the fully automatic hp-adaptive refinement strategy from
Section 4.3 on the basis of some numerical examples. Therefore we consider some academic and also
some more realistic examples of the form (4.8). All computations are performed with the finite element
library deal.IT [41, 42]. The linear system of equations have been solved by a rather traditional approach
using the conjugate gradient method with SSOR preconditioning.

Example 1

In our first example we consider an academic problem with a smooth solution. Let Q := (0,1)3, a:= 1T
and 8 € {107%,1072,1,102,10*} I. The solution u : @ — R? is given by

0
(4.69) u(x) := 0
sin (mz1)

The initial triangulation Iy consists of 8 equally-sized cells and as initial polynomial degree vector we
choose p = 0. Further we set 6 := 0.8.

In this example we perform two different runs of the algorithm. In the first run we provide only two
different refinement patterns the algorithm can choose from. The first refinement pattern is classical
h-refinement and the second refinement pattern is classical p-refinement, where the polynomial degree
of the cell is increased by one. In Figure 4.1 we plot the number of degrees of freedom vs. the exact
energy error and the estimated error in log;,-log,,-scale. We observe that there is not much difference
in the behaviour of the a posteriori error estimator from Section 4.2 for different values of 5. Thus we
can expect some robustness of the estimator with respect to 3, if f ~ . This is an important feature for
an a posteriori error estimator for Maxwell’s equations, because in time-dependent problems [ is scaled
by the length of the time-step. But the time-step size should not effect the performance of the error
estimator too much. In Table 4.1 the marking history of the refinement algorithm is shown. We observe

Step #Cells max(p) #h #p Step #Cells max(p) #h #p
0 8 0 0 8 4 8 4 0 8
1 8 1 0 8 5 8 5 0 8
2 8 2 0 8 6 8 6 0 8
3 8 3 0 8 7 8 7 0 8

Table 4.1: Example 1: Marking history for 8 € {107%,1072,1,102,10*} I.

that for all S the hp-adaptive refinement strategy from Section 4.3 chooses p-refinement on all cells. This
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Figure 4.1: Example 1: Number of degrees of freedom vs. error.
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is basically what we expect, because the exact solution u is smooth and there are no local features to
detect. Thus p-refinement performs best.
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In a second run we add a third refinement pattern to the refinement algorithm. Now the strategy can
additonally choose to increase the polynomial degree by two. In Figure 4.1 we can see that the algorithm
really takes advantage of this new refinement pattern and reaches the same accuracy as in run 1 in only
half the number of refinement steps.

Example 2

In this example we change the role of the coefficients. Now
a(x) := (sin (27z ) sin (27a2) sin (27xs) + 1.5) T

is varying and 3 := I is kept constant. Further let Q := (0,1)% and u be given by (4.69) again. Also the
initial triangulation Ky and the initial polynomial degree vector p = 0 are the same as in Example 1. We
set 6 := 0.75

As in Example 1 we perform two different runs of the algorithm. Let us begin with the first run. As
before the algorithm can choose from classical h- and p-refinement again. In Figure 4.2 on the left-hand
side we plot the number of degrees of freedom vs. the exact energy error and the estimated error in
log;-log y-scale. Also in this situation the a posteriori error estimator seems to perform quite well. The

2 T 2 T
—©—errorrun 1 —©— errorrun 1
1k o—_ error run 2 i 1k o error run 2
T ©— estimated error \'\\\ —6— estimated error

|(ng0 (energy error)

log, , (energy error)
b b

] 5t

L L L L 1 ¢ 1 L 1 L L

15 2 25 3 35 4 45 1.5 2 25 3 35 4 45
'ngo (n_dofs) \og10 (n_dofs)

Figure 4.2: Number of degrees of freedom vs. error. Left: Example 2. Right: Example 3.

estimated error approaches the exact energy error as the number of degrees of freedom increases. In
Table 4.2 the marking history of the refinement algorithm from Section 4.3 is shown. We observe that

Step #Cells max(p) #h #p Step #Cells max(p) F#h #p
0 8 0 0 8 4 8 4 0 8
1 8 1 0 8 5 8 5 0 8
2 8 2 0 8 6 8 6 0 8
3 8 3 0 8 7 8 7 0 8

Table 4.2: Example 2: Marking history.

the hp-adaptive refinement strategy chooses p-refinement only. This is basically what we expect, because
this strategy already performed best in Example 1.
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As before the refinement algorithm can choose from three refinement possibilities — bisection in every
coordinate direction, increase the polynomial degree by one and increase the polynomial degree by two
— in the second run. In Figure 4.2 on the left-hand side we can see that similar to Example 1 the
fully automatic hp-adaptive refinement strategy from Section 4.3 takes advantage of the new refinement
possibility and reaches the same accuracy as in the first run in only half the number of refinement steps.
This also pays out in the total computation time. Whereas the first run took 11:12 minutes the second
one took only 5:01 minutes on one node with 24 cores.

Example 3

In this experiment we consider a more realistic configuration than in the previous examples. Let Q :=
(0,1)® and « := I. We choose

I, if max |z; —0.5/<0.25
ﬁ(m) = 1€{1,2,3}

0, else

to be discontinuous. This is a common situation in realistic applications, where we have a conducting
region (8 = I) and an outer space (8 = 0). However 8 does not fit into our analytical setting, because
it is not uniformly positive definite. To overcome this difficulty we replace 8 by some cut-off function
x : Q = R? given by
o1, if 8(z) <o
x(x) =
B(x), else

for some 6 > 0 with § < 1. With this modification we are back in our analytical background, since y
is uniformly positive definite. The exact solution u is given by (4.69) again. The initial triangulation
Ko consists of 8 equally-sized cells and, hence, does not resolve the geometry exactly. Thus £ and Yy,
respectively, are discontinuous inside the cells and we have to use high-order quadrature rules (i.e. order
pi +12) to approximate the integrals sufficiently accurate. As initial polynomial degree vector we choose
p =0 as usual. We set # := 0.9 and § := 10710,

Since the exact solution w is smooth, we perform two different runs of the algorithm again. Asin Example
1 we provide two different refinement patterns the fully automatic hp-adaptive refinement strategy can
choose from in the first run. The first one is classical h-refinement and the second one is classical p-
refinement, where the polynomial degree is increased by one. In Figure 4.2 on the right-hand side we plot
the number of degrees of freedom vs. the exact energy error and the estimated error in log;(-log,,-scale.
We observe that the a posteriori error esimator from Section 4.2 also handles this more realistic setting
very well. In Table 4.3 the marking history of the refinement algorithm from Section 4.3 is shown. We

Step #Cells max(p) #h #p Step #Cells max(p) #h #p
0 8 0 0 8 4 8 4 0 8
1 8 1 0 8 5 8 5 0 8
2 8 2 0 8 6 8 6 0 8
3 8 3 0 8 7 8 7 0 8

Table 4.3: Example 3: Marking history.
see that the hp-adaptive refinement stratagy chooses p-refinement only. This is basically what we expect,

because the solution w is smooth and this strategy already performed best in Examples 1 and 2.
Now let us consider the second run. Here the algorithm can choose from three different refinement
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possibilities again. In addition to the two refinement possibilities from the first run we also provide the
possibility to increase the polynomial degree by two. We expect that — as in Examples 1 and 2 — the fully
automatic hp-adaptive refinement strategy recognizes the smoothness of the solution and takes advantage
of the new refinement possiblity. In Figure 4.2 on the right-hand side we can see that this is indeed the
case and the algorithm reaches the same accuracy as in run 1 in only half the number of refinement steps.

Example 4

In this example we choose almost the same setting as in Example 3. Let , «, 8 and x be as above.
However this time we set f := 1 to obtain a singular, but unknown, solution u. This example was already
considered in [50], where it turned out that even with the use of an h-adaptive finite element method it is
very difficult to obtain an accurate numerical approximation of u. Here we want to improve the accuracy
by using the fully automatic hp-adaptive refinement strategy from Section 4.3. We start with an intial
triangulation ICy consisting of 64 equally-sized cells and initial polynomial degree vector p = 0. Further
we set 0 := 0.275 and 6 := 107!°. The algorithm can choose from classical h- and p-refinement again.
In Figure 4.3 we plot the number of degrees of freedom vs. the estimated error in log;,-log;,-scale. The
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Figure 4.3: Example 4: Number of degrees of freedom vs. estimated error.

computed finite element solution is shown in Figure 4.4 and in Figure 4.5 one can see the final grid. To
improve visibility we have grouped the cells by its polynomial degree. In Table 4.4 the marking history
of the algorithm is shown. We observe that the fully automatic hp-adaptive refinement strategy from

Step #Cells max(p) #h #p Step  #Cells max(p) #h #p
0 64 0 64 0 4 8232 2 4056 32
1 512 0 256 64 5 38812 3 15128 725
2 2304 1 988 156 6 136436 3 57112 3703
3 8064 2 36 296

Table 4.4: Example 4: Marking history.

Section 4.3 captures the edge singularities quite well and performs h-refinement around the edges of the
nonconducting region only.
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ot 4

Figure 4.4: Example 4: Computed solution. Left: xi-component. Center: zs-component. Right: x3-
component.

Example 5

Now let us consider a classical academic problem with a singular solution. Let o := 8 := [ and Q :=
(=1,1)3\ ([0,1) x (=1,0] x (=1,1)). The analytic solution u :  — R? is given by

) —sin (9>
_1
u (r, ¢, x3) := 57’ 3 cos (%

0

~— ¥

where r € R} and ¢ € [0,27) denote the polar coordinates. The intial triangulation Cp consists of 48
equally-sized cells and as inital polynomial degree vector we choose p = 0. Further we set 6 := 0.2.
As in Example 4 the algorithm can choose from two refinement possibilities — classical h- and classical
p-refinement. In Figure 4.6 on the left-hand side we plot the number of degrees of freedom vs. the exact
energy error and the estimated error in log;,-log;-scale. We observe that the a posteriori error estimator
from Section 4.2 yields quite good results and behaves exactly like the exact error as refinement proceeds.
On the right-hand side of Figure 4.6 we can see an (z1,x3)-cut of the final grid produced by the fully
automatic hp-adaptive refinement strategy from Section 4.3. We observe that the final grid basically has
a linear structure towards the singularity located at the edge (0,0, 23). This means that around this edge
cells are small and polynomial degrees are low. The more one goes away from the singularity the larger
are the cells and the higher are the polynomial degrees. The marking history of the algorithm is shown
in Table 4.5. Also in this example we get more or less the result which one expects from the hp-adaptive

Step #Cells max(p) #h #p Step #Cells max(p) #h H#p
0 48 0 4 0 4 3408 2 62 232
1 272 0 8 8 5 6992 3 128 672
2 720 1 15 24 6 14160 4 255 73
3 1616 2 32 126

Table 4.5: Example 5: Marking history.

refinement algorithm. The singularity is identified correctly and the refinement choices are appropriate.
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Figure 4.6: Example 5: Left: Number of degrees of freedom vs. error. Right: Final grid.
Example 6

In this example we consider a problem from [79]. Let Q := (—1,1)3, o := I and

I else

9

B(x) {5.8284271247461907], if z € ((-1,012U[0,1)2) x (=1,1)
xX) = .

The analytic solution u : Q — R3 is given by
u(r,¢xs) =V (rHii(9))
where r € R4 and ¢ € [0,27) denote the polar coordinates and @ : [0,27) — R is given by

cos (% + 1.1780972450961724) cos <% -5), if¢e [0, ]
cos (ﬁ) cos (9 — 5 — 1.1780972450961724 ) , if ¢ € (%,7‘(’]

[SIE

~ 8 2

u(@) == s 5 _ 5 1
cos(1.1780972450961724) cos ($ — 7). if ¢ € (, 3x]
cos (§) cos (% + 1.1780972450961724 — ), else

Since u has a strong singularity along the edge (0,0, x3), we have to use high-order quadrature rules to
compute the exact energy error ||u — upg||, accurate enough. The initial triangulation ICq consists of 8
equally-sized cells and as initial polynomial degree vector we choose p = 0. As before we run our fully
automatic hp-adaptive refinement algorithm with the two different refinement possibilities bisection in
every coordinate direction and increase of the polynomial degree by one. In Figure 4.7 on the left-hand
side we plot the number of degrees of freedom vs. the exact energy error and the estimated error in
log,-log,y-scale. We observe that the a posteriori error estimator from Section 4.2 also handles this
difficult setting very well. On the right-hand side of Figure 4.7 we show an (x1,x2)-cut of the final grid
produced by the algorithm. We observe that as in Example 5 the final grid has a linear structure towards
the singularity located at (0,0, z3). The marking history of the fully automatic hp-adaptive refinement
strategy from Section 4.3 is shown in Table 4.6. Again the refinement algorithm performs very well. The
singularity is identified correctly and the refinement strategy performs lots of h-refinements around it.
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Figure 4.7: Example 6: Left: Number of degrees of freedom vs. error. Right: Final grid.
Step  # Cells max(p) #h #p  # Degrees of Freedom
0 8 0 8 0 54
1 64 0 16 0 300
2 512 0 32 8 1808
3 1408 1 63 0 4916
4 3200 1 128 0 11024
5 6784 1 256 12 25932
6 13952 2 512 2 56336
7 28288 2 1020 0 119328
8 56960 2 2048 45 276528
9 114304 3 4086 4 547136
10 228992 3 8192 10 1212696
11 458386 3 16380 12 2360644
12 917120 3 32768 162 5051384
13 1834624 4 64356 16 9758212
14 3145891 4 129332 45 19034322
Table 4.6: Example 6: Marking history.
Example 7

Now we come to an example with a realistic geometry. We consider a three-dimensional waveguide with
24 reentrant edges. The geometry can be seen in Figure 4.8. A two-dimensional version of a similar
problem has been considered in [176, 177]. Let o := 8 := I and f := 1. The analytic solution u is
unknown. The initial triangulation KCy consists of 2368 equally-sized cells. As initial polynomial degree
vector we choose p = 0 and set 6 := 0.4. As in Example 6 the hp-adaptive refinement strategy from
Section 4.3 can choose from classical h- and p-refinement. In Figure 4.9 we plot the number of degrees
of freedom vs. the estimated error in log;y-log;-scale. The computed solution is plotted in Figure 4.10
and in Figure 4.11 we show an (x1,22)-cut of the final grid produced by the algorithm. In Table 4.7 the
marking history of the fully automatic hp-adaptive refinement strategy can be seen. Basically we observe
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Figure 4.8: Example 7: Geometry.
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Figure 4.9: Example 7: Number of degrees of freedom vs. estimated error.

Figure 4.10: Example 7: Computed solution. Upper: xi-component. Center: zo-component. Lower:
x3-component.

that the refinement algorithm chooses h-refinement around the reentrant edges and p-refinement else.
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Figure 4.11: Example 7: Final grid.

Step #Cells max(p) #h #p Step #Cells max(p)  #h #p
0 2368 0 46 0 6 35930 2 378 823
1 5056 0 72 0 7 42688 2 594 320
2 8437 0 42 183 8 58739 3 924 1294
3 10432 1 193 1012 9 70292 3 1568 1832
4 16932 1 128 345 10 93214 3 14023 12832
5 21184 2 245 404 11 174392 4 3847 5810

Table 4.7: Example 7: Marking history.

Example 8

In the last example we consider a problem from [70]. The geometry is a scaffold structure consisting of
a silicon frame and air. Let Q := (0,2)% and 3 := I. Further we have a := %I in silicon and o := T
in air. The distribution of the two materials can be found in Figure 4.12 on the left-hand side. Further
we set f := 1. The analytic solution v is unknown. The initial triangulation Ky consists of 4096 cells
and as initial polynomial degree vector we choose p = 0. We set 0 := 0.25. As in the previous examples
the refinement algorithm from Section 4.3 can choose from bisection in every coordinate direction and
increase the polynomial degree by one. On the right-hand side of Figure 4.12 we plot the number of
degrees of freedom vs. the estimated error in log;,-log;,-scale. The computed finite element solution is
shown in Figure 4.13 and in Figure 4.14 one can see the final grid. To improve visibility we have grouped
the cells by its polynomial degree. In Table 4.8 the marking history of the algorithm is shown. Also in

Step #Cells max(p) H#h #p Step #Cells max(p)  #h #p
0 4096 0 123 0 10 40811 2 522 456
1 5860 0 214 0 11 59634 2 674 230
2 7480 0 198 64 12 74355 2 480 873
3 9024 1 134 131 13 87928 3 856 1102
4 10886 1 139 212 14 129298 3 1045 1891
5 12874 1 380 532 15 169107 3 2584 2244
6 17382 1 124 472 16 232730 3 2891 3012
7 19244 2 98 394 17 388375 3 5131 1696
8 20098 2 458 318 18 450619 3 10746 6480
9 26307 2 586 128

Table 4.8: Example 8: Marking history.

this example we can observe that the major amount of h-refinements is performed at the interfaces of the
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Figure 4.12: Example 8: Left: Geometry. Right: Number of degrees of freedom vs. estimated error.

two materials. Especially in the corners of such interfaces the algorithm chooses h-refinement. Almost
all cells with high polynomial degree can be found in the center of those areas, which are occupied by
air. Although the distinction is not as clear as in Example 4, we still can see the boundary of the scaffold
structure in the group of cells with low polynomial degree. Since we do not know anything about the
analytic solution and its singularities, we cannot evaluate the results in more depth here.
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Figure 4.13: Example 8: Computed solution. Left: zj-component. Center: xs-component. Right:
x3-component.
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Chapter 5
Conclusion

We conlude this work with a few comments on the results. We have derived fully automatic hp-adaptive
refinement strategies for the continuous Galerkin finite element methods for the Poisson and the Maxwell
boundary value problem and for the discontinuous Galerkin finite element method for the Poisson prob-
lem. Further convergence of the algorithm was proven in all cases. All three hp-adaptive refinement
algorithms are based on the one-dimensional version from Doérfler and Heuveline [104] and solve local
boundary value problems to decide which refinement possiblity promises the biggest reduction of the
energy error. It is quite remarkable that the structure of these local boundary value problems does not
change that much among the various application cases. All local optimization problems are formulated
in an locally enhanced finite element (sub)space. Most of the differences occur in the proofs of conver-
gence when the specific properties of the finite element spaces, e.g. Galerkin orthogonality and Helmholtz
decomposition, come into play. Based on this observation there is some hope that this kind of fully
automatic hp-adaptive refinement strategy could be generalized to a unified framework for a large class
of problems. In contrast to the approach of Rognes and Logg [186], this strategy would also guarantee
convergence of the algorithm.

148



Bibliography

1]
2]
8]

[4]

R. Abraham and J.F. Marsden. Foundation of Mechanics. Addison-Wesley, Reading, MA, 1978.
R.A. Adams and J.J.F. Fournier. Sobolev Spaces. Elsevier, Oxford, second edition, 2003.

A. Ahagon, K. Fujiwara, and T. Nakata. Comparison of various kinds of edge elements for electro-
magnetic field analysis. IEEE Trans. Magn., 32:898-901, 1996.

M. Ainsworth and J. Coyle. Hierarchic hp-edge element families for Maxwell’s equations on hybrid
quadrilateral /triangular meshes. Comput. Meth. Appl. Mech. Engrg., 190:6709-6733, 2001.

M. Ainsworth and J. Coyle. Conditioning of hierarchic p-version Nédélec elements on meshes of
curvilinear quadrilaterals and hexahedra. SIAM J. Numer. Anal., 41(2):731-750, 2003.

M. Ainsworth and J. Coyle. Hierarchic finite element bases on unstructured tetrahedral meshes.
Int. J. Numer. Meth. Engrg., 58(14):2103-2130, 2003.

M. Ainsworth and J.T. Oden. A procedure for a posteriori error estimation for hp finite element
methods. Comput. Meth. Appl. Mech. Engrg., 101:73-96, 1992.

M. Ainsworth and J.T. Oden. A Posteriori Error Estimation in Finite Element Analysis. Pure
and Applied Mathematics. Wiley, New York, NY, 2000.

M. Ainsworth and B. Senior. Aspects of an adaptive hp-finite element method: Adaptive strategy,
conforming approximation and efficient solvers. Comput. Meth. Appl. Mech. Engrg., 150:65-87,
1997.

M. Ainsworth and B. Senior. An adaptive refinement strategy for hp-finite-element computations.
Appl. Numer. Math., (26):165-178, 1998.

M. Ainsworth and B. Senior. hp-finite element procedures on non-uniform geometric meshes. In
M. Bern, J. Flaherty, and M. Luskin, editors, The IMA Volumes in Mathematics and its Applica-
tions, volume 113, pages 1-27. Springer, New York, NY, 1999.

H.W. Alt. Lineare Funktionalanalysis. Springer, Berlin, 1985.

A.M. Ampere. Théorie des phénomenes électro-dynamiques, uniquement déduite de l’expérience.
Méquignon-Marvis, Paris, 1826.

C. Amrouche, C. Bernardi, M. Dauge, and V. Girault. Vector potentials in three-dimensional
non-smooth domains. Math. Meth. Appl. Sci., 21(9):823-864, 1998.

149



[15] L.S. Andersen and J.L. Volakis. Hierarchical tangential vector finite elements for tetrahedra. IEEE
Microw. Gui. Wave Lett., 8:127-129, 1998.

[16] D.L. Applegate, R.E. Bixby, V. Chvétal, and W.J. Cook. The Traveling Salesman Problem: A
Computational Study. Princeton University Press, Princeton, NJ, 2006.

[17] J. Argyris. Kraft- und Verschiebungsmethode fiir Stabtragwerke, Matrizenformulierung. unpub-
lished, 1954.

[18] D.N. Arnold. An Interior Penalty Finite Element Method with Discontinuous Elements. SIAM J.
Numer. Anal., 19(4):742-760, 1982.

[19] D.N. Arnold, F. Brezzi, B. Cockburn, and L.D. Marini. Unified Analysis of Discontinuous Galerkin
Methods for Elliptic Problems. SIAM J. Numer. Anal., 39:1749-1779, 2002.

[20] I. Babuska. Finite element method for domains with corners. Computing, 6:264-273, 1970.
[21] I. Babuska. Error-bounds for finite element method. Numer. Math., 16(4):322-333, 1971.

[22] 1. Babuska, A. Craig, J. Mandel, and J. Pitkaranta. Efficient preconditioning for the p-version finite
element method in two dimensions. SIAM J. Numer. Anal., 28(3):624-661, 1991.

[23] I. Babuska and M.R. Dorr. Error estimates for the combined h- and p-versions of the finite element
method. Numer. Math., 37(2):257-277, 1981.

[24] I. Babuska and B.Q. Guo. The h — p Version of the Finite Element Method. Part 1: The Basic
Approximation Results. Comput. Mech., 1:22-41, 1986.

[25] 1. Babuska and B.Q. Guo. The h — p Version of the Finite Element Method. Part 2: The General
Results and Application. Comput. Mech., 1:203-220, 1986.

[26] 1. Babuska and A. Miller. The post-processing approach in the finite element method. Part 1.
Calculation of displacements, stresses and other higher derivatives of the displacements. Int. J.
Numer. Meth. Engrg., 20:1085-1109, 1984.

[27] 1. Babuska and A. Miller. The post-processing approach in the finite element method. Part 2. The
calculation of stress intensity factors. Int. J. Numer. Meth. Engrg., 20:1111-1129, 1984.

[28] 1. Babuska and A. Miller. The post-processing approach in the finite element method. Part 3. A
posteriori error estimates and adaptive mesh selection. Int. J. Numer. Meth. Engrg., 20:2311-2324,
1984.

[29] 1. Babuska and A. Miller. A feedback finite element method with a posteriori error estimation.
Comput. Meth. Appl. Mech. Engrg., 61:1-40, 1987.

[30] I. Babuska and W.C. Rheinboldt. Error estimates for adaptive finite element computations. STAM
J. Numer. Anal., 15(4):736-754, 1978.

[31] I. Babuska and W.C. Rheinboldt. A-posteriori error estimates for the finite element method. Int.
J. Numer. Meth. Engrg., 12:1597-1615, 1979.

[32] 1. Babuska and W.C. Rheinboldt. Adaptive approaches and reliability estimations in finite element
analysis. Comput. Meth. Appl. Mech. Engrg., 17:519-540, 1979.

150



[33]

[34]

[35]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

I. Babugka and W.C. Rheinboldt. Analysis of optimal finite element meshes in R*. Math. Comput.,
33(146):435-463, 1979.

I. Babuska and W.C. Rheinboldt. A-posteriori error analysis of finite element solutions for one-
dimensional problems. STAM J. Numer. Anal., 18:565-589, 1981.

I. Babugka and T. Strouboulis. Finite Element Method and Its Reliability. Clarendon Press, Oxford,
2001.

I. Babuska and M. Suri. The h — p version of the finite element method with quasiuniform meshes.
RAIRO Anal. Numér., 21:199-238, 1987.

I. Babugka and M. Suri. The p and h — p versions of the finite element method, basic principles
and properties. SIAM Review, 36(4):578-632, 1994.

1. Babuska, B. Szabd, and I.N. Katz. The p-version of the finite element method. SIAM J. Numer.
Anal., 18:515-545, 1981.

M.J. Baines. Moving finite elements. Clarendon Press, Oxford, 1994.

G. Baker. Finite element methods for elliptic equations using nonconforming elements. Math.
Comp., 31:45-59, 1977.

W. Bangerth, R. Hartmann, and G. Kanschat. deal.Il — a general purpose object oriented finite
element library. ACM Trans. Math. Softw., 33(4):24/1-24/27, 2007.

W. Bangerth and G. Kanschat. deal.II Differential Equations Analysis Library, Technical Refer-
ence. http://wuw.dealii.org.

W. Bangerth and R. Rannacher. Adaptive Finite Element Methods for Differential Equations.
Lectures in Mathematics. Birkhauser, Basel, 2003.

R.E. Bank. Hierarchical bases and the finite element method. Acta Numerica, 5:1-45, 1996.

R.E. Bank and R.K. Smith. A posteriori error-esimates based on hierarchical bases. SIAM J.
Numer. Anal., 30(4):921-935, 1993.

R.E. Bank and A. Weiser. Some a posteriori error estimators for elliptic partial differential equa-
tions. Math. Comp., 44:283-301, 1985.

M.L. Barton and Z.J. Cendes. New vector finite elements for three-dimensional magnetic compu-
tation. J. Appl. Phys., 61:3919-3921, 1987.

F. Bassi and S. Rebay. A high-order accurate discontinuous finite element method for the numerical
solution of the compressible Navier-Stokes equations. J. Comput. Phys., 131:267-279, 1997.

F. Bassi, S. Rebay, G. Mariotti, S. Pedinotti, and M. Savini. A high-order accurate discontinuous
finite element method for inviscid and viscous turbomachinery flows. In R. Decuypere and G. Di-
belius, editors, Proceedings of 2nd European Conference on Turbomachinery, Fluid Dynamics and
Thermodynamics, pages 99-108, Antwerpen, 1997. Technologisch Instituut.

R. Beck, R. Hiptmair, R.H.W. Hoppe, and B.I. Wohlmuth. Residual based a posteriori error
estimators for eddy current computation. M2A4N, 34(1):159-182, 2000.

151



[51] R. Becker and R. Rannacher. A feed-back approach to error control in finite element methods:
basic analysis and examples. Fast-West J. Numer. Math., 4:237-264, 1996.

[52] R. Becker and R. Rannacher. Weighted a posteriori error control in FE methods. In H.G. Bock,
G. Kanschat, R. Rannacher, F. Brezzi, and R. Glowinski, editors, Enumath 1997: Proceedings of the
2nd European Conference on Numerical Mathematics and Advanced Applications, pages 621-637,
Singapore, 1997. World Scientific Publications.

[53] A.N. Bespalov. Finite element method for the eigenmode problem of a RF cavity. Sov. J. Numer.
Anal. Math. Modell., 3:163-178, 1988.

[54] S. Beuchler, V. Pillwein, and S. Zaglmayr. Sparsity optimized high order finite element functions
for H(div) on simplices. Ricam Report 2010-07, RICAM, Linz, 2010.

[65] A. Bonito and R.H. Nochetto. Quasi-optimal convergence rate of an adaptive discontinuous Galerkin
method. STAM J. Numer. Anal., 48(2):734-771, 2010.

[56] A. Bossavit. A rationale for "edge-elements” in 3D fields computations. IEEE Trans. Magn.,
24(1):74-79, 1988.

[57] A. Bossavit. Méthodes numériques en électromagnétisme. Eyrolles, Paris, 1991.
[58] A. Bossavit. Computational Electromagnetism. Academic Press, San Diego, CA, 1998.

[59] A. Bossavit and J. Verite. A mixed FEM-BEM method to solve 3D eddy current problems. IEEE
Trans. Magn., 18:431-435, 1982.

[60] D. Braess. Finite Elemente. Springer, Heidelberg, 1992.

[61] D. Braess, V. Pillwein, and J. Schéberl. Equilibrated residual error estimates are p-robust. Comput.
Meth. Appl. Mech. Engrg., 198:1189-1197, 2009.

[62] D. Braess and J. Schoberl. Equilibrated residual error estimator for edge elements. Math. Comput.,
77(262):651-672, 2007.

[63] J.H. Bramble and S.R. Hilbert. Estimation of linear functionals on Sobolev spaces with application
to Fourier transforms and spline interpolation. SIAM J. Numer. Anal., 7:112-124, 1970.

[64] S.C. Brenner and L.R. Scott. The Mathematical Theory of Finite Element Methods, volume 15 of
TAM. Springer, New York, NY, 1994.

[65] F. Brezzi and M. Fortin. Mized and Hybrid Finite Element Methods, volume 15 of Springer Series
in Computational Mathematics. Springer, New York, NY, 1991.

[66] F.Brezzi, G. Manzini, D. Marini, P. Pietra, and A. Russo. Discontinuous finite elements for diffusion
problems. In Atti Convegno in onore di F. Brioschi, pages 197-217. Instituto Lombardo, Milano,
1999.

[67] A. Buffa and P. Ciarlet. On traces for functional spaces related to Maxwell’s equations. Part I: An
integration by parts formula in Lipschitz polyhedra. Math. Meth. Appl. Sci., 24(1):9-30, 2001.

[68] A. Buffa and P. Ciarlet. On traces for functional spaces related to Maxwell’s equations. Part II:
Hodge decompositions on the boundary of Lipschitz polyhedra and applications. Math. Meth. Appl.
Sei., 24(1):31-48, 2001.

152



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]
[81]
[82]

[83]

[84]

[85]

[86]

A. Buffa, M. Costabel, and D. Sheen. On traces for H(curl,w) in Lipschitz domains. J. Math.
Anal. Appl., 276:845-867, 2002.

A. Bulovyatov. A parallel multigrid method for band structure computation of 3D photonic crystals
with higher order finite elements. PhD thesis, Research Training Group 1294, Karlsruhe Institute
of Technology (KIT), May 2010.

V. Bunyakovsky. Sur quelques inegalités concernant les intégrales aux différences finies. Mem.
Acad. Sci. St. Petersbourg, 7(1):9, 1859.

M. Biirg. Convergence of an Automatic hp-Adaptive Finite Element Strategy for Maxwell’s Equa-
tions. IWRMM Preprint 12-04, Karlsruhe Institute of Technology (KIT), 2012.

M. Biirg. A Residual-Based A Posteriori Error Estimator for the hp-Finite Element Method for
Maxwell’s Equations. Appl. Numer. Math., 62:922-940, 2012.

M. Biirg and W. Dérfler. Convergence of an adaptive hp finite element strategy in higher space-
dimensions. Appl. Numer. Math., 61:1132-1146, 2011.

M. Biirg and D. Schétzau. Quasi-Convergence of a Fully Automatic hp-Adaptive Discontinuous
Galerkin Method for Elliptic Problems. manuscript, 2012.

T. Cao, D.W. Kelly, and I.H. Sloan. Local error bounds for post-processed finite element calcula-
tions. Int. J. Numer. Meth. Engrg., 45(8):1085-1098, 1999.

A.-L. Cauchy. Cours d’analyse de ’Ecole Royale Polytechnique, 1821.

M. Cessenat. Mathematical Methods in Electromagnetism, volume 41 of Advances in Mathematics
for Applied Sciences. World Scientific Publications, Singapore, 1996.

J. Chen, Y. Xu, and J. Zou. Convergence analysis of an adaptive edge element method for Maxwell’s
equations. Appl. Numer. Math., 59:2950-2969, 2009.

Y. Choquet-Bruhat. Géométrie différentielle et systémes extérieurs. Dunod, Paris, 1968.
P.G. Ciarlet. The Finite Element Method for Elliptic Problems. North-Holland, Amsterdam, 1979.

P. Clément. Approximation by finite element functions using local regularization. RAIRO Anal.
Numér., 9(2):77-84, 1975.

R.W. Clough. The finite element method in plane stress analysis. In Proceedings, 2nd Conference
on FElectronic Computation, Pittsburgh, PA, 1960. A.S.C.E. Structural Division.

B. Cockburn, G.E. Karniadakis, and C.-W. Shu, editors. Discontinuous Galerkin Methods, vol-
ume 11 of Lecture Notes in Computational Science and Engineering. Springer, Berlin, 2000.

B. Cockburn and C.-W. Shu. The local discontinuous Galerkin method for time-dependent
convection-diffusion systems. SIAM J. Numer. Anal., 35(6):2440-2463, 1998.

W.J. Cook, D. Espinoza, and M. Goycoolea. Computing with domino-parity inequalities for the
TSP. INFORMS J. Comput., 19(3):356-365, 2007.

Th.H. Cormen, C.E. Leisersion, R. Rivest, and C. Stein. Introduction to Algorithms. The MIT
Press, Cambridge, MA, 2001.

153



[88]

[89]

[90]

[100]

[101]

[102]

[103]

[104]

[105]

M. Costabel, M. Dauge, and S. Nicaise. Singularities of Maxwell interface problems. Math. Model.
Numer. Anal., 33:627-649, 1999.

M. Costabel, M. Dauge, and C. Schwab. Exponential Convergence of hp-FEM for Maxwell’s equa-
tions with weighted regularization in polygonal domains. M3AS, 15(4):575-622, 2005.

J.A. Cottrell, T.J.R. Hughes, and Y. Bazilevs. Isogeometric Analysis: Towards Integration of CAD
and FEA. Wiley, New York, NY, 2009.

R. Courant. Variational methods for the solution of problems of equilibrium and vibration(s). Bull.
Amer. Math. Soc., 49:1-23, 1943.

R. Dautray and J.-L. Lions. Analyse mathématique et calcul numérique pour les sciences et les
techniques, volume 3 of série scientifique. Masson, Paris, 1985.

R. Dautray and J.-L. Lions. Spectral Theory and Applications, volume 3 of Mathematical Analysis
and Numerical Methods for Science and Technology. Springer, Heidelberg, 1990.

P.J. Davis. Interpolation and Approximation. Dover, New York, NY, 1974.

G. de Rham. Sur I'analysis situs des variétés a n dimensions. Journal de Mathémathiques pures et
appliquées, 10:115-200, 1931.

L. Demkowicz. Fully automatic hp-adaptivity for Maxwell’s equations. Comput. Meth. Appl. Mech.
Engrg., 194:605-624, 2005.

L. Demkowicz. Computing with hp-Adaptive Finite Elements, volume 1. Chapman & Hall/CRC,
Boca Raton, FL, 2007.

L. Demkowicz and I. Babuska. p interpolation error estimates for edge finite elements of variable
order in two dimensions. SIAM J. Numer. Anal., 41(4):1195-1208, 2003.

L. Demkowicz and A. Buffa. H!, H(curl) and H(div)-conforming projection-based interpolation
in three dimensions: Quasi optimal p-interpolation estimates. Comput. Meth. Appl. Mech. Engrg.,
194:267-296, 2005.

L. Demkowicz, J. Kurtz, D. Pardo, M. Paszynski, W. Rachowicz, and A. Zdunek. Computing with
hp-Adaptive Finite Elements, volume 2. Chapman & Hall/CRC, Boca Raton, FL, 2008.

L. Demkowicz, W. Rachowicz, and Ph. Devloo. A fully automatic hp-adaptivity. J. Sci. Comput.,
17:127-155, 2002.

W. Dérfler. A robust adaptive strategy for the nonlinear Poisson equation. Computing, 55:289-304,
1995.

W. Dorfler. A convergent adaptive algorithm for Poisson’s equation. SIAM J. Numer. Anal.,
33:1106-1124, 1996.

W. Doérfler and V. Heuveline. Convergence of an adaptive hp finite element strategy in one space
dimension. Appl. Numer. Math., 57:1108-1124, 2007.

W. Dérfler, A. Lechleiter, M. Plum, G. Schneider, and C. Wieners. Photonic Crystals: Mathematical
Analysis and Numerical Approximation. Number 42 in Oberwolfach Seminars. Springer, Basel, 2011.

154



[106]

[107)

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

J. Douglas, Jr. and T. Dupont. Interior Penalty Procedures for Elliptic and Parabolic Galerkin
Methods, volume 58 of Lecture Notes in Physics. Springer, Berlin, 1976.

T. Eibner and J.M. Melenk. An adaptive strategy for hp-FEM based on testing for analyticity.
Comput. Mech., 39:575-595, 2007.

K. Eriksson, D. Estep, P. Hansbo, and C. Johnson. Introduction to adaptive methods for differential
equations. Acta Numerica, pages 105-158, 1995.

A. Ern and J.-L. Guermond. Theory and Practice of Finite Elements, volume 159 of Appl. Math.
Sci. Springer, New York, NY, 2004.

L.C. Evans. Partial Differential Equations, volume 19 of Graduate Studies in Mathematics. Amer-
ican Mathematical Society, Providence, RI, 1998.

R. Eymard, T.R. Gallouét, and R. Herbin. The Finite Volume Method, volume VII of Handbook of
Numerical Analysis. North-Holland, Amsterdam, 2000.

M. Faraday. Experimental Researches in Electricity. Phil. Trans. Royal Soc., 122:125-162, 1832.

P. Frauenfelder, C. Schwab, and T. Wihler. Exponential Convergence of the hp-dGFEM for Diffu-
sion Problems. Comput. Math. Appl., 46:183—-205, 2003.

B.G. Galerkin. Verfahren der gewichteten Residuen. manuscript, 1915.

C.F. Gau}. Werke, volume 5. Konigliche Gesellschaft der Wissenschaften zu Gottingen, Gottingen,
1867.

C. Geiger and C. Kanzow. Theorie und Numerik restringierter Optimierungsaufgaben. Springer,
Berlin, 2002.

I.M. Gelfand and G.E. Shilov. Generalized Functions, volume 1-5. Academic Press, Waltham, MA,
1966-1968.

E.H. Georgoulis and E. Stli. Optimal error estimates for the hp-version interior penalty discontin-
uous Galerkin finite element method. IMA J. Numer. Anal., 25:205-220, 2005.

C. Geuzaine, B. Meys, P. Dular, and W. Legros. Convergence of high-order curl-conforming finite
elements. IEEE Trans. Magn., 35:1442-1444, 1999.

D. Gilbarg and N.S. Trudinger. Elliptic Partial Differential Equations of Second Order. Springer,
New York, NY, 1977.

V. Girault and P.A. Raviart. Finite Element Methods for Navier-Stokes Equations. Springer, New
York, NY, 1986.

C. Greif and D. Schétzau. Preconditioners for the discretized time-harmonic Maxwell equations in
mixed form. Numer. Linear Algebra Appl., 14(4):281-297, 2007.

G. Gutin and A.P. Punnen. The Traveling Salesman Problem and Its Variations. Springer, New
York, NY, 2006.

M. Hano. Finite element analysis of dielectric-loaded waveguides. IEEE Trans. Microw. Theo.
Tech., 32:1275-1279, 1984.

155



[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

D. Harutyunyan, F. Izsék, J.J.W. van der Vegt, and M.A. Botchev. Adaptive finite element tech-
niques for the Maxwell equations using implicit a posteriori error estimates. Comput. Meth. Appl.
Mech. Engrg., 197:1620-1638, 2008.

V. Heuveline and R. Rannacher. Duality-based adaptivity in the hp-finite element method. J.
Numer. Math., 11(2):95-113, 2003.

R. Hiptmair. Finite elements in computational electromagnetism. Acta Numerica, pages 237-339,
2002.

R. Hiptmair and J. Xu. Nodal auxiliary space preconditioning in H(curl) and H(div) spaces. SIAM
J. Numer. Anal., 45(6):2483-2509, 2007.

R. Hiptmair and W. Zheng. Local Multigrid in H (curl). J. Comput. Math., 27(5):573-603, 2009.

O. Holder. Ueber einen Mittelwertsatz. Nachrichten von der Koniglichen Gesellschaft der Wis-
senschaften und der Georg-Augustus-Universitat zu Gdttingen, 1889(2):38-47, 1889.

R.H.W. Hoppe, G. Kanschat, and T. Warburton. Convergence analysis of an adaptive interior
penalty discontinuous Galerkin method. SIAM J. Numer. Anal., 47:534-550, 2008.

L. Hérmander. The Analysis of Linear and Partial Differential Operators I. Grundl. Math. Wis-
senschaft. Springer, Berlin, 1983.

P. Houston, D. Schétzau, and T.P. Wihler. Energy norm a posteriori error estimation of hp-adaptive
discontinuous Galerkin methods for elliptic problems. M345S, 17(1):33-62, 2007.

P. Houston, C. Schwab, and E. Sili. Discontinuous hp-finite element methods for advection-
diffusion-reaction problems. SIAM J. Numer. Anal., 39(6):2133-2163, 2002.

P. Houston, B. Senior, and E. Siili. Sobolev regularity estimation for hp-adaptive finite element
methods. In F. Brezzi, A. Buffa, S. Corsaro, and A. Murli, editors, Numerical Mathematics and
Advanced Appplications, pages 619-644, Berlin, 2003. Springer.

P. Houston and E. Siili. A note on the design of hp-adaptive finite element methods for elliptic
partial differential equations. Comput. Meth. Appl. Mech. Engrg., 194:229-243, 2005.

A. Hrennikoff. Solution of problems of elasticity by the frame-work method. ASME J. Appl. Mech.,
8:169-175, 1941.

G. Kanschat. Discontinuous Galerkin Methods for Viscous Incompressible Flow. Advances in
Numerical Mathematics. Deutscher Universitats-Verlag, Wiesbaden, 2007.

0O.A. Karakashian and F. Pascal. Convergence of adaptive discontinuous Galerkin approximations
of second-order elliptic problems. SIAM J. Numer. Anal., 45:641-665, 2007.

O.A. Karniadakis and S.J. Sherwin. Spectral/hp Finite Element Methods for CFD. Oxford Univer-
sity Press, Oxford, 1999.

J.T. Katsikadelis. Boundary Elements: Theory and Applications. Elsevier, Oxford, 2002.

D.W. Kelly. The self-equilibration of residuals and complementary a posteriori error estimates in
the finite element method. Int. J. Numer. Meth. Engrg., 20:1491-1506, 1984.

156



[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]
[160]

D.W. Kelly and J.D. Isles. A procedure for a posteriori error analysis for the finite element method
which contains a bounding measure. Comput. Struct., 31:63-71, 1989.

P. Ladeveze and D. Leguillon. Error estimate procedure in the finite element method and applica-
tions. SIAM J. Numer. Anal., 20:485-509, 1983.

L.D. Landau and F.M. Lifschitz. Lehrbuch der Theoretischen Physik, volume 1. Harri Deutsch,
Frankfurt, 1997.

P.D. Lax and A.N. Milgram. Parabolic equations. In L. Bers, S. Bockner, and F. John, editors,
Contributions to the Theory of Partial Differential Fquations, number 33 in Annals of Mathematics
Studies, pages 167-190. Princeton University Press, Princeton, NJ, 1954.

J.F. Lee, D.K. Sun, and Z.J. Cendes. Tangential vector finite elements for electromagnetic field
computing. IEEE Trans. Magn., 27:4032-4035, 1991.

F. Leydecker. hp-version of the boundary element method for electromagnetic problems — error
analysis, adaptivity, preconditioners. Phd thesis, Universitat Hannover, 2006.

G.R. Liu. Mesh Free Methods. CRC Press, Boca Raton, FL, 2003.

A. Louis. Acceleration of convergence for finite element solutions of the Poisson equation. Numer.
Math., 33:43-53, 1979.

C. Mavriplis. Adaptive mesh strategies for the spectral element method. Comput. Meth. Appl.
Mech. Engrg., 116:77-86, 1994.

J.C. Maxwell. A Dynamical Theory of the Electromagnetic Field. Phil. Trans. Royal Soc., 155:459—
512, 1864.

W. McLean. Strongly Elliptic Systems and Boundary Integral Fquations. Cambridge University
Press, Cambridge, 2000.

K. Mekchay and R.H. Nochetto. Convergence of adaptive finite element methods for general second
order elliptic PDEs. SIAM J. Numer. Anal., 43(5):1803-1827, 2005.

J.M. Melenk. hp-Interpolation of nonsmooth functions and an application to hp-a posteriori error
estimation. SIAM J. Numer. Anal., 43(1):127-155, 2005.

J.M. Melenk and C. Schwab. hp-FEM for Reaction-Diffusion Equations, Robust Exponential Con-
vergence. SIAM J. Numer. Anal., 35:1520-1557, 1998.

J.M. Melenk and B.I. Wohlmuth. On residual-based a posteriori error estimation in hp-FEM. Adv.
Comput. Math., 15:311-331, 2001.

K. Menger. Das Botenproblem. In K. Menger, editor, Ergebnisse eines Mathematischen Kolloqui-
ums, volume 2, pages 11-12, Leipzig, 1932. Teubner.

H. Minkowski. Geometrie der Zahlen. Teubner, Leipzig, 1st edition, 1896.

A R. Mitchell and D.F. Griffiths. The Finite Difference Method in Partial Differential Equations.
Wiley, New York, NY, 1980.

157



[161]

[162]

[163]

[164]

[165]

[166]
[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

W.F. Mitchell. A comparison of adaptive refinement techniques for elliptic problems. ACM Trans.
Math. Softw., 15:326-347, 1989.

W.F. Mitchell and M.A. McClain. A Comparison of hp-Adaptive Strategies for Elliptic Partial
Differential Equations. NISTTR 7824, NIST, Gaithersburg, MD, 2011.

P. Monk. Finite Element Methods for Mazwell’s Equations. Clarendon Press, Oxford, 2003.

P. Morin, R.H. Nochetto, and K.G. Siebert. Data oscillation and convergence of adaptive FEM.
SIAM J. Numer. Anal., 38:466-488, 2000.

G. Mur. Edge elements, their advantages and their disadvantages. IEEE Trans. Magn., 30:3552—
3557, 1994.

J.C. Nédélec. Mixed Finite Elements in R3. Numer. Math., 35:315-341, 1980.
J.C. Nédélec. A new family of mixed finite elements in R3. Numer. Math., 50:57-81, 1986.

J.A. Nitsche. Uber ein Variationsprinzip zur Lésung von Dirichlet-Problemen bei Verwendung
von Teilrdumen, die keinen Randbedingungen unterworfen sind. Abh. Math. Sem. Univ. Hamburg,
36:9-15, 1971.

J. Nocedal and S.J. Wright. Numerical Optimization. Springer, New York, NY, 2006.

R.H. Nochetto. Pointwise a posteriori error estimates for elliptic problems on highly graded meshes.
Math. Comp., 64(109):1-22, 1995.

A.A. Novotny, J.T. Pereira, E.A. Fancello, and C.S. de Barcellos. A fast hp adaptive finite element
mesh design for 2D elliptic boundary value problems. Comput. Meth. Appl. Mech. Engrg., 190:133—
148, 2000.

J.T. Oden. A History of Scientific Computing, chapter Historical comments on finite elements.
Addison-Wesley, Reading, MA, 1990.

J.T. Oden and A. Patra. A parallel adaptive strategy for hp finite element computations. Comput.
Meth. Appl. Mech. Engrg., 121:449-470, 1995.

J.T. Oden, A. Patra, and Y.S. Feng. An hp adaptive strategy. In A.K. Noor, editor, Adaptive,
Multilevel and Hierarchical Computational Strategies, volume 157 of Applied Mechanics Division,
pages 23-46. ASME, New York, NY, 1993.

M. Paraschivoiu, J. Peraire, and A.T. Patera. A posteriori finite element bounds for linear functional
outputs of elliptic partial differential equations. Comput. Meth. Appl. Mech. Engrg., 150:289-312,
1997.

D. Pardo. Integration of hp-adaptivity with a two grid solver: applications to electromagnetics. PhD
thesis, The University of Texas at Austin, April 2004.

D. Pardo, L. Demkowicz, and J. Gopalakrishnan. Integration of hp-adaptivity and a two grid solver
for electromagnetic problems. Comput. Meth. Appl. Mech. Engrg., 195:2533-2573, 2005.

I. Perugia and D. Schétzau. An hp-analysis of the local discontinuous Galerkin method for diffusion
problems. J. Sci. Comput., 17:561-571, 2002.

158



[179] S. Prudhomme and J.T. Oden. On goal-oriented error estimation for elliptic problems: Application
to the control of pointwise errors. Comput. Meth. Appl. Mech. Engrg., 176:313-331, 1999.

[180] W. Rachowicz, J.T. Oden, and L. Demkowicz. Toward a universal h — p adaptive finite element
strategy part 3. design of h — p meshes. Comput. Meth. Appl. Mech. Engrg., 77(1-2):181-212, 1989.

[181] W. Rachowicz, D. Pardo, and L. Demkowicz. Fully automatic hp-adaptivity in three dimensions.
Comput. Meth. Appl. Mech. Engrg., 195:4816-4842, 2006.

[182] R. Rannacher. Error control in finite element computations. In H. Bulgak and C. Zenger, editors,
Proceedings NATO-Summer School Error Control and Adaptivity in Scientific Computing, NATO
Science Series, pages 247278, Dortrecht, 1998. Kluwer Academic Publications.

[183] F. Riesz. Untersuchungen iiber Systeme integrierbarer Funktionen. Math. Ann., 69(4):449-497,
1910.

[184] W. Ritz. Uber eine neue Methode zur Lisung gewisser Variationsprobleme der mathematischen
Physik. J. Reine u. Angew. Math., 135:1-61, 1909.

[185] L.J. Rogers. An extension of a certain theorem in inequalities. Messenger of Mathematics, New
Series XVII(10):145-150, 1888.

[186] M.E. Rognes and A. Logg. Automated Goal-Oriented Error Control I: Stationary Variational
Problems. Preprint, Simula Research Laboratory, Oslo, 2010.

[187) W. Rudin. Real and Complex Analysis. Series in Higher Mathematics. McGraw Hill, Boston, MA,
1987.

[188] W. Rudin. Functional Analysis. International Series in Pure and Applied Mathematics. McGraw
Hill, Boston, MA, 1991.

[189] S. Sauter and C. Schwab. Randelementmethoden. Teubner, Wiesbaden, 2004.
[190] K. Schellbach. Probleme der Variationsrechnung. J. Reine u. Angew. Math., 41:293-363, 1851.

[191] J. Schéberl. Commuting quasi-interpolation operators for mixed finite elements. Preprint ISC-01-
10-MATH, Institute for Scientific Computing, Texas A&M University, 2001.

[192] D. Schotzau and C. Schwab. Exponential Convergence in a Galerkin Least Squares hp-FEM for
Stokes Flow. IMA J. Numer. Anal., 21:53-80, 2001.

[193] D. Schotzau and T.P. Wihler. Exponential convergence of mixed hp-DGFEM for Stokes flow in
polygons. Numer. Math., 96:339-361, 2003.

[194] C. Schwab. p- and hp-Finite Element Methods. Clarendon Press, Oxford, 1998.

[195] C. Schwab and T.P. Wihler. Robust exponential convergence of the hp-discontinuous Galerkin FEM
for convection-diffusion problems in one space dimension. Fast-West J. Numer. Math., 8:57-70,
2000.

[196] L. Schwartz. Théorie des distributions 1-2. Hermann, Paris, 1950/1951.
[197] H.A. Schwarz. Uber ein Flichen kleinstes Flicheninhalts betreffendes Problem der Variationsrech-
nung. Acta Societatis Scientiarum Fennicae, XV:318, 1888.

159



[198]

199]

200]

201]

202]

203]

204]

205

206

207]

208]

209]

[210]

[211]

[212]

213]

214]

[215]

[216]

L.R. Scott and S. Zhang. Finite element interpolation of nonsmooth functions satisfying boundary
conditions. Math. Comp., 54:483-493, 1990.

K.G. Siebert. A convergence proof for adaptive finite elements without lower bound. IMA J.
Numer. Anal., 31:947-970, 2011.

S.L. Sobolev. Méthode nouvelle a résoudre le probleme Cauchy pour les équations linéaires hyper-
boliques normales. Mat. Sb., 1:39-72, 1936.

E.H. Spanier. Algebraic Topology. Springer, Berlin, 1995.

G. Strang and G.J. Fix. An Analysis of the Finite Element Method. Prentice Hall, Upper Saddle
River, NJ, 1973.

B. Szabé and 1. Babuska. Finite Element Analysis. Wiley, New York, NY, 1991.

G. Szegd6. Orthogonal Polynomials, volume 23 of AMS Colloquium Publications. American Mathe-
matical Society, Providence, RI, 1939.

E. Trefftz. Ein Gegenstiick zum Ritzschen Verfahren. In Verh. Int. Kongr. Techn. Mech., pages
131-137, Ziirich, 1926.

M.J. Turner, R.W. Clough, H.C. Martin, and L.J. Topp. Stiffness and deflection analysis of complex
structures. J. Aeron. Sci., 23(9):805-823, 1956.

R. Verfiirth. A posteriori error estimation and adaptive mesh-refinement techniques. J. Comput.
Appl. Math., 50:67-83, 1994.

R. Verfiirth. A Review of A Posteriori Error Estimation and Adaptive Mesh-Refinement Techniques.
Advances in Numerical Mathematics. Wiley, Chichester, 1996.

P. Solin, K. Segeth, and 1. Dolezel. Higher-Order Finite Element Methods. Chapman & Hall/CRC,
Boca Raton, FL, 2004.

J. Wang and N. Ida. Curvilinear and higher-order edge elements in electromagnetic field computa-
tion. IEEE Trans. Magn., 29:1491-1494, 1993.

J.P. Webb. Hierarchical vector based functions of arbitrary order for triangular and tetrahedral
finite elements. IEEE Trans. Ant. Propag., 47:1244-1253, 1999.

J.P. Webb and B. Forghani. Hierarchical scalar and vector tetrahedra. IEEE Trans. Magn., 29:1495—
1498, 1993.

M. Wheeler. An elliptic collocation-finite element method with interior penalties. SIAM J. Numer.
Anal., 15:152-161, 1978.

H. Whitney. Geometric Integration Theory. Princeton University Press, Princeton, NJ, 1957.

T.P. Wihler. An hp-Adaptive Strategy Based on Continuous Sobolev Embeddings. J. Comput.
Appl. Math., 235:2731-2739, 2011.

T.P. Wihler, P. Frauenfelder, and C. Schwab. Exponential Convergence of the hp-dGFEM for
Diffusion Problems. Comput. Math. Appl., 46(1):183-205, 2003.

160



[217)

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

J. Wloka. Partial Differential Equations. Cambridge University Press, Cambridge, 1987.

J. Xin and W. Cai. A Well-Conditioned Hierarchical Basis for Triangular H (curl)-Conforming
Elements. Commun. Comput. Phys., 9(3):780-806, 2011.

S. Zaglmayr. High Order Finite Element Methods for Electromagnetic Field Computation. PhD
thesis, Johannes Kepler Universitat Linz, July 2006.

J.Z. Zhu and O.C. Zienkiewicz. Adaptive techniques in the finite element method. Commun. Appl.
Numer. Meth., 4:197-204, 1988.

L. Zhu, S. Giani, P. Houston, and D. Schitzau. Energy norm a-posteriori error estimation for
hp-adaptive discontinuous Galerkin methods for elliptic problems in three dimensions. MS3AS,
21:267-306, 2011.

L. Zhu and D. Schoétzau. A robust a posteriori error estimate for hp-adaptive DG methods for
convection-diffusion equations. IMA J. Numer. Anal., 31(3):971-1005, 2011.

O.C. Zienkiewicz and Y.K. Cheung. The Finite Element Method in Structural and Continuum
Mechanics. McGraw Hill, London, 1967.

0.C. Zienkiewicz and J.Z. Zhu. A simple error estimator and adaptive procedure for practical
engineering analysis. Int. J. Numer. Meth. Engrg., 24:337-357, 1987.

G.W. Zumbusch. Symmetric hierarchical polynomials and the adaptive h-p-version. In A.V. Illin
and L.R. Scott, editors, ICOSAHOM.95, pages 529-540. Proceedings of the Third International
Conference on Spectral and High Order Methods, 1996.

161



Curriculum Vitae

Personal Data

Name: Markus Biirg
Nationality: Germany

Date of Birth: 21 April 1984
Place of Birth Lahr, Germany

Education
Since April 2009 Karlsruhe Institute of Technology (KIT) Karlsruhe, Germany
PhD, Mathematics
October 2004 to July 2009 University of Karlsruhe (TH) Karlsruhe, Germany
Diploma, Mathematics
September 1997 to July 2003 Economic High School Offenburg, Germany
Abitur

Employment History

Since October 2008 Karlsruhe Institute of Technology (KIT) Karlsruhe, Germany
Research Assistant at the
Institute for Applied and Numerical Mathematics

162



