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Abstract

In this thesis, we optimize different parts of high order finite element methods by application of
special functions and symbolic computation. In high order finite element methods, orthogonal
polynomials like the Jacobi polynomials are deeply rooted. A broad classical theory of these poly-
nomials is known. Moreover, with modern computer algebra software we can extend this knowl-
edge even further. Here, we apply this knowledge and software for different special functions to
derive new recursive relations of local matrix entries. This massively optimizes the assembly time
of local high order finite element matrices. Furthermore, the introduced algorithm is in optimal
complexity. Moreover, we derive new high order dual functions, which result in fast interpolation
operators. Lastly, efficient recursive algorithms for hanging node constraint matrices provided by
this new dual functions are given.
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1. Introduction

The finite element method is broadly used in computer aided engineering, and has a number of
very different applications. It is very well known that applications like Navier-Stokes equations,
Maxwell’s equations or even elasticity can be handled. The classical mathematical formulation
is given by Ciarlet [Cia78]. Today, other classical mathematical literature can be found, see e.g.
[BS07, Bra13, \GR94| [EG21]]. First work in the late 70s [SM78]] indicated that with a rising number
of polynomial functions and their polynomial degree the convergence of finite element methods
greatly improves, if the solution is sufficiently locally smooth. Since then, high order finite ele-
ment methods have been established as one of the standard algorithms. Classical high order liter-
ature includes [SB91),ISch98, Mel02|, [Dem06, DKP* 08, vSD04,[KS13]. Free scientific software which
implements high order methods are for example NGSolve[Schl4], deal.II[ABEF*22, ABD*21],
MFEM[mfe,[AAB*21]|, Nektar++[CMC*15] or Hermes [VSZ07].

It has been shown that high order finite element functions based on orthogonal polynomials ex-
hibit beneficial properties. E.g. they can be assembled very efficiently, see [Ors80]. Furthermore,
they have better element condition numbers compared to nodal basis functions, e.g. based on
Lagrangian polynomials, see [Ors80] and also [BGP89, MP96].

Therefore, the first part of this thesis focuses on special functions and orthogonal polynomials.
The main role throughout the thesis will be played by the Jacobi polynomial pP )(x). In many
classical books, e.g. [Sze67| Rai71} |Chill|, [AAR99] it is shown that these polynomials fulfil certain
relations to other Jacobi polynomials, so-called contiguous relations or recurrence relations. Clas-
sically, those relations are derived with help of a series representation of the Jacobi polynomials.
To be precise, the Jacobi polynomials can be represented as a so-called hypergeometric series, which
will play a crucial role in section From a theoretical point of view, products or integrals of
Jacobi polynomials have always been a highly researched topic. For example, the topic of lin-
earization of the product of two Jacobi polynomials has been discussed in [Hyl62, Gas70, Rah81].
Here the integral over three Jacobi polynomials is needed. More generally speaking, the integrals
over orthogonal polynomials were needed in different settings throughout the last two centuries,
which lead to the first tabulated systems by Batema see [BE55]]. Similar tabulated projects in-
clude e.g. [MOS66] and [AS65]. Today, such knowledge can be found online on sites like [DLM]
or [WH.

The first systematic techniques for the analysis of hypergeometric series, including the deriva-
tion of contiguous relations by application of differential operators, can be found in the work of
Gauss [GSB™66]. Generalizations to more general hypergeometric series have been done either by
a brute force approach, for examples of such an approach see the monograph by Rainville [Rai71],
or systematical, see e.g. Wilson [Wil78]. Today, such relations can be computed by computer al-
gebra. Sister Celine Fasenmyer [Fas47, Fas49] provided the first algorithmic groundwork for the
computation of such recursive relations. Later on, Wilf and Zeilberger [WZ90] rigorously proved
the correctness of this algorithm and extended it further. Today such algorithms are a standard

IFinished after his death under the editorship of Arthur Erdélyi



part of computer algebra system like Mathematica [Inc], Maple [Map] or Sage [STYY].

We will derive new recursive relations throughout this thesis with the help of the
Mathematica packages Guess by Manuel Kauers [Kau09] and HolonomicFunctions by Christoph
Koutschan [KoulO]. While Guess tries to guess relations between the provided (exact) data,
HolonomicFunctions uses a telescoping technique to find annihilating formulations to prove such
relations. Similar guessing algorithms can be found e.g. in [SZ94, Kra01]. The holonomic systems
approach goes back to Zeilberger [Zei90al, but see also [Sab93| Chy00].

Furthermore, we applied Mathematica heavily in the background to double-check more tedious
computations.

After the rigorous introduction to (multivariate) hypergeometric series, we will change our focus
to high order finite element methods. In general, we have a problem of the form:

Problem 1.0.1
Find u € V such that:
a(u,v) = F(v) forallveV

Here V is some Sobolev space, a(-, -) some bilinear form and F(-) some linear form. Usual choices
for V include H!, H(curl) and H(div). We will mainly focus on the first two, but similar results
can be extended to the case of H(div). The methodology of describing those spaces with relations
to each other is given by the so-called De-Rham complex, which we will discuss in chapter 3} see
also [Mon03]. For the discretization, we need to apply different discrete De-Rham complexes and
different specially chosen basis. The idea of this special chosen elements goes back to Raviart and
Thomas [RT77] in the case of divergence conforming elements in 2D, and in 3D to Nédélec [Né86],
see also [GR86]. The origin of the curl conforming basis goes back to Nédélec. Those functions
were derived in two steps or two families of functions, see [Né80,INé86|]. They are often also called
Whitney elements, compare [Whi57|]. Similar constructions were also done by Mur [Mur92].

In a high order setting it has been shown in [BGP89] and [MP96], that the choice of basis func-
tions has a big influence on the condition number of the resulting system matrix. We follow the
classical ansatz of dividing all element functions into vertex, edge, face and interior functions, see
e.g. [SBI1].

A high order L2-ansatz on triangles goes back to DubineﬂDub%] and were generalized by Kar-
niadakis and Sherwin [SK95] to an H! setting in 2D and 3D, see also [KS13]. One of the popular
choices for the high order discretizations of H(curl) and H(div), was given by Sabine Zaglmayr
in her dissertation [Zag06]. We will base our construction on this and the follow-up works,
[BPZ13b| BPZ12]. Some of this work also goes back to [ACO01]. Alternative sets of high order
curl or divergence functions can be found in [Dem06, DKP*08, vSD04, FKDN15].

Moreover, in this thesis we will derive a new assembly routine for high order element matri-
ces, by application of the results in section With this we present an efficient element matrix
assembly algorithm based on orthogonal polynomials in optimal complexity O(p*). The state-
of-the-art algorithm, the so-called sum- factorization, [Ors80, MGS99, EM05], achieves only the

complexity O(p™*1)

. On the other hand sum factorization techniques are applicable to all reason-
able material functions. Experiments in [VSK10] seems to indicate, that the break even point of

sum-factorization techniques and classical numerical quadratures for certain differential opera-

2Although the orthogonality of those polynomials were already proven in [Pro57] unknown to Dubiner, see also
[Koo75, [DX14].



tors can be rather large for high order finite element methodﬂ

Alternatives to the orthogonal polynomials, like Bernstein-polynomials, can lead to assembly rou-
tines in optimal complexity but at the price of higher condition numbers, see [AAD11]. Moreover,
some interesting techniques like recursive computation of inverse mass matrix blocks exist for
Bernstein polynomials, see [Kir17].

At last, we derive biorthogonal functions for H' and H(curl) functions. Those biorthogonal func-
tions will speed up interpolation operations, e.g. for starting values in time dependent systems.
But they could also be applied as projection operators in a preconditioner setting. Here again,
knowledge of Jacobi polynomials takes a major role in the computation. An interesting applica-
tion is given in section where we compute constraint matrices for hanging nodes. Although
the results have been published in [HPB22], we give a small extension to 3D.

The topic of efficient numerical solver and/or preconditioners will not be discussed here, since it
is a whole topic in itself. Summarizing the thesis is organized as follows:

Chapter [2] The first part[2.1]is an introduction to special functions like I'(-) and B(, -) functions,
as well as hypergeometric series. The main actors of this thesis, the Jacobi polynomials
P,i""ﬁ )(x), are introduced. A small first result is given at the end of section
After introduction of a multivariate generalization, one of the main results, theorem is
introduced and proven in section 2.2} These introductions and results have been published
in [BHP23].
Some new results regarding the linearization of Jacobi polynomial are given in section[2.3]

Chapter [3] This chapter only recalls the basics of finite element methods. In more detail, we intro-
duce the variational framework. Moreover, since we are not only interested in the Sobolev
space H! but in the spaces H(curl) and H(div) as well, all spaces and their commuting
diagram, the De-Rham complex, is introduced. Finally, we end this chapter with a small
collection of classical results for the convergence rates of higher order finite elements.

Chapter 4] In this chapter, a collection of basis functions for different variational spaces and
reference elements is laid out. We will focus on the basis functions in H', H(curl) and
H(div) for quadrilateral, hexahedral, triangle and tetrahedron. Except for some small ad-
justments in edge or face functions, new results are first presented in section [4.2.8, Here we
modified existing basis functions for H(curl), such that those functions are in the so-called
Nédélec space of first kind.

Chapter 5] One of the main topics of this thesis is discussed here: The assembly of high or-
der finite elements in optimal complexity. The standard method and the so called sum-
factorization are introduced. We applied theorem to derive new algorithms for the
computation of elements matrices in optimal complexity O(p?). Two small numerical ex-
periments are presented at the end of the chapter.

Chapter [6] In the first part of this chapter we derive dual or biorthogonal functions for functions
in H' and H(curl) in 2D and in 3D. Furthermore we scale those functions, such that the re-
sulting diagonal matrix is constant. In section 6.2l we derive effective recursive relations for
the computation of constraint matrix for irregular meshes with hanging nodes. Section

3Which is no problem for pure spectral methods.



has been published in [HPB22], except for some 3D generalization at the end of the chapter.
Throughout this section, we will readily apply different already introduced methods.

Appendix [A] The appendix contains additional results, with regard to multivariate hypergeomet-
ric functions, sparsity results and some further properties of Jacobi polynomials.

The main contribution in this thesis will be as follows:

Recursive relations of multivariate hypergeometric series New relations will thoroughly be in-
vestigated and proven.

Nédélec functions of first type We will modify the basis functions from [BPZ13b]], such that
those functions fit back in the setting of Nédélec’s first and second family.

Assembly routine We will introduce an element assembly routine in optimal complexity

Biorthogonal functions We will derive biorthogonal functions in 2D and 3D for H! and H(curl)
on different reference elements.

Efficient computation of hanging nodes We will consider efficient algorithms for the computa-

tion of constraint matrices for hanging nodes, and also for hanging edges and hanging faces
as well.



2. Special functions and orthogonal polynomials

The aim of this chapter is the thorough introduction of special functions and orthogonal polyno-
mials. Our main interest lies in the properties of Jacobi polynomials and of the integrals of their
products. Since some classical orthogonal polynomials like the Jacobi polynomials can be written
as so-called hypergeometric series, we will start with the introduction of these series.
Section2.T)and section[2.2]are an extended version of previously published results, see [BHP23].
2.1. Hypergeometric series

The gamma function I'(-) is defined by Eulers integral, i.e.

I'(z) ::/ e f¥71dt, Re(z) >0
0

Itis analytic if z is finite, and its roots are 0 and —k fork € IN. If z € IN we can write I'(z) = (z — 1)!.
Using the following form of the Euler integral, we define the beta function as

1
B(x,y) = / Pl — g, 2.1)
0
It is connected to the Gamma function by the following relation

L)' (y)
T'(x+y)’

B(x,y) =

Furthermore, we define the Pochhammer symbol (or rising factorial) as

[a+n) (a+n—1)

@ =a@+D@+2)...(@+n—1) = =g = =0~

with (a)9 = 1. We denote the (Gaussian) hypergeometric function for arbitrary parameters a,b,c

where ¢ ¢ —INj by
F (a b > Z (@n(b)uz" 22)

n=0 (C)nn'

Such a series converges on the circle |z| < 1and it is terminating for all z if either a or b is zero or a
negative integer. On |z| = 1 the condition Re(c — a — b) > 0 is sufficient for absolute convergence.
Often the question arises if such a series is summable for z = 1. Example of such a summation
theorem was given by Gauss, see theorem Proofs can be found e.g. in [Chill, [AAR99] or
[Rai71].



Theorem 2.1.1 (Gaussian summation theorem)
If Re(c — a — b) > 0 and if ¢ ¢ —IN), then

a,b_\ _T(I'(c—a-D)
h < c ’Z> T T(c—a)T(c—b)

Contiguous relations

Since contains three parameters 4, b and c we can try to connect the series to its neighbours,
where parameters are raised or lowered by 1. Those relations are called contiguous relations. We
will follow [Rai71] closely and present the basic concept of Gaufy” proof for such relations, since
it will be applied to more complex functions later on. For the sake of brevity we introduce the

F:=,F (a, b;z)
c
F(a+) = F (a +L b;z)
c
F(a—) =»F (ﬂ -1 b; z)
c

and analogously for F(b+), F(b—), F(c+) and F(c—). Since all parameters are defined by Pochham-

following notation

mer symbols, they are connected to their neighbours by simple arguments, e.g.

(@a+n)! a+n(@a+n—1)"! a+n
(@  a (a—1! a4

(@+1), = (@)

If we set
(@)n(D)nz"

on = (c)un!

7

we can then write

[ee]

2 a+n a—1
F(a+) = ZT(Sn/ F(a—) = mesn/
n=0

n=0
2 b+n >
P(b+):)§) b 511/ Z _1+7’l n/
ad —1+n
=L

X ¢
Fe+) =Y. ——6,,
—c+n

Since all relations depend closely on the sum index n we need to interact with z". Thus we intro-
duce the Euler differential operator 0 = z%. Applied to z" it yields 8z" = nz". If we add a to the
operator and scale everything by a we get

> (a+n)

(9+a)P=i(a+n)5n=aZ
n=0 n=0

6y = aF(a+). (2.3)



Similarly we can derive the relations

(0 +b)F = bF(b+) (2.4)
@+c—1)F=(c—1)F(c—).

By directly applying 6 to F and some simple combinatorical arguments we get the relation

(c—a)(cc—D)
c

(1—2)0F=(a+b—c)zF+ zF(c+).

Now all equations have in common that the left-hand site depends on 6. By subtracting (2.4) from
(2.3), we get the contiguous relation

(a — b)F = aF(a+) — bF(b+).

This is the first of 15 contiguous relations for the Gaussian hypergeometric series, although all
can be derived by some linear combinations as shown.
Generalized hypergeometric function

The Gaussian hypergeometric series is only depending on the parameters a, b and c. Additional
parameters generalize this function.

Definition 2.1.1 (Generalized hypergeometric function)
Let b; ¢ —IN, then the function

aq, ay a ) q(ai)n P
7 s p, . 1=
ko (bl,bz,...,b'z> "Z_;f, Tl
q n= q(bj)n
j=

is called generalized hypergeometric function.

The series terminates if —a; € INp for some i € {1,..., p}. The function converges if either p < g
and z is finite orif p = g+ 1and |z| < 1.Itdivergesif p > g+1, except if it terminates as mentioned
before.

Definition 2.1.2 (Balanced hypergeometric series)
A generalized hypergeometric series is called Saalschiitzian (or balanced) if

It is called s-balanced, if

A Saalschiitzian hypergeometric 3F, is summable by the Pfaff-Saalschiitz theorem, see e.g.



[AAR99, Rai71] or [Sla66] for the proof.

Theorem 2.1.2 (Pfaff-Saalschiitz theorem)

Ifn e N
E —n,a,b 1] = (¢ — a)n(c — D)n
32\ 1—cta+b—n" ] (©Qulc—a—b),

This theorem has been extended in [RR11] and [KR12]. Summation theorems for higher p and g
exist, e.g. Dougalls summation [Dou06], but further assumptions on 4; and b; are needed.
See e.g. [Bai64, Sla66] or [AAR99] for more summations and information.

2.1.1. Jacobi Polynomials

The Jacobi polynomials are defined for a, B > —1 by the hypergeometric , F; series

" 1+a), —n,n+a+B+11—x
PP () = L+ O )2F1< pri ) (2.5)

n! 1+a T2

For a = B = 0 they are the Legendre polynomials and for « = 8 they are a scaled version of the Gegen-
bauer polynomials, which include the Chebychev polynomials for « = B = 3. Due to the terminating

property of hypergeometric series in (2.5), PP isa polynomial of degree n and piP )(1) = (”‘;—,1)”
Moreover the property
PP () = (1) PP () (2.6)
yields in the representation
(@p) (=D"(A + P)n —nmn+a+B+1 1+x
P = —"——F——>F ;— ] . 27
P = R (TP 7)

Alternatively they can be defined by the Rodrigues formula

o -1)"1—x)"" P d” +u n+
plh) = (E1A zai)m (1+x) - [(1_x)n (1+1) ﬁ},

see e.g. [Sze67, Rai71,(Chill,/AS65] or [AAR99]. All definitions define the same polynomials. The

Jacobi polynomials are orthogonal with respect to the weight function w P (x) = (1 — x)%(1 + x)B.

Thus
20+p+l  T(n+a+1)T(n+p+1)

/1 Pr(luc,ﬁ)(x)Pisi"rﬁ)(x)w(a,ﬁ)(x) dx = {2n+a+ﬁ+l n! I'(n+a+p+1)
-1 O

n=m,
n#m
holds.

Since Jacobi polynomials are orthogonal polynomials on a real interval with a positive weight
function, they are bound to have a three term recursion by Favard’s Theorem see e.g. [AAR99].



For the Jacobi polynomials the three term recursion is given by

2n(w+ B +n)(a+ B +2n —2)PYP(x) =
(@+B+2n—1) [a? — B2+ x(a+ B — 2n)(a + B +2n — 2)] PP (x)
—2a+n—1)(B+n—1)a+p+2n)P P (x).
(2.8)
Furthermore since P{** )(x) is described by a Gaussian hypergeometric function, we can apply all
contiguous relations to derive relations between Jacobi polynomials of different degree and/or

different parameters. The following lemma is a collection of relations between Jacobi polynomials
as they can be found in [Rai71, Chapter 16].

Lemma 2.1.3
Fora,p > —1and n € IN holds

(@ +p+mPiP @) = B+mP* V@) + @+ nP )

n+1

%(2 ta+p+2m)x — VPP ) = (n+ )PP () — (1 +a + n)PY P (x)

%(2 +a+B+2m)(x + )PPV () = (n+ )PP (x) + (1 + B+ n) PP (x)
(@+B+2m)PYP V() = (@ + B+ m)PLP () + (w + n) PP (x)

(a+ B+ 2n)P,([X*1’/3)(x) =(a+pB+ n)P,g‘x’ﬁ)(x) —(B+ n)P,i"ﬁ/i)(x)

2P P (x) = 1+ 0P PV () + 1 — P8P (v)

PR = PP 00 - B TP w).

The k-th derivative of Jacobi polynomials can be written as

dk
dxk

PYP(x) = 27K (1 + &+ B+ m) PP (), (2.9)
In the application of Jacobi polynomials in high order finite element methods it is often useful to
define integrated Jacobi polynomials as follows

X
PO = [ P9t
-1

Integrating (2.9) with k = 1 yields the following relation between Jacobi and integrated Jacobi
polynomials

S@0), oy 2 (a—1,—1)

PO = ——— P ()

and for the integrated Legendre polynomials
~ 2 —1,—
Lo(@) = PYV() = - = P ().

Although Jacobi polynomials in their hypergeometric form are not clearly defined for negative
parameters & and f, they can be generalized as can be seen in [Sze67], see also [GSW09] or [Xul7].
One needs to be careful, otherwise a reduction in the polynomial degree due to the Pochhammer
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Figure 2.1.: Legendre polynomials and integrated Legendre polynomials.

symbols can happen for certain polynomial degrees. Following [Sze67], we thus write

2
By ) = n+w

1 1+x oo
_1P,§“ LD (y) = Tp,g“_ Y (2.10)

and for the integrated Legendre polynomials

-~ 2 (—1,-
Ly = =P ") =

2 _
=1 pay
—1

20— 1) (). (2.11)

The Legendre polynomials and their integrated variant are depicted in Figure

Remark 1
The so called generalized Jacobi polynomials, see e.g. [GSW09], are thus identical to the integrated
Jacobi polynomial except for a scaling, which depends on the polynomial degree n and the pa-
rameter «.

2.1.2. Integral product of Jacobi polynomials

As we see later on, we are interested in efficiently evaluating integrals of the form
1
Ly = / (1= 2)* (1 +x)" PP (x)PL)(x) dx. (2.12)
1

Usually this is done by a numerical quadrature, but due to the hypergeometric basis, we can de-
rive recurrence formulas between neighbours of I, ,, with respect to n and m.

Such recursion formulas can be calculated by symbolic software. Examples of such software-
packages are SumCracker [Kau05| Kau06|] or Guess [Kau09], both written in Mathematica [Inc].
Guessing is a well known technique, where the aim is to give a plausible hypothesis about rela-
tions of an infinite sequence, see e.g. [HR11} [Kaul3] or [SZ94]. Let us show the application of the
package Guess on an example.
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Example 2.1.1
Let B = 6 = v = 0. Then the integral (2.12)) reduces to

1
Lym = / (1— x)* PO ()P (x) dx. 2.13)
1

To connect I, ,, of different degrees n,m in a recurrence formula, we will integrate I, ,,
exactly for different n, m, «, p, . Guess takes this multivariate table as input and returns a
possible hypothesis for such recurrence formulas. The following is a coding example for
such a task

in[:= data = ParallelTable[Integrate[(1 — x)*JacobiP[n, «, 0, x] JacobiP[m, p, 0, x], {x, —1,1}], {n, 2,10},
{a, 0, 10}, {m, 2, 10}, {p, 0, 10}, {]1, 0, 4}]

in2l= GuessMultRE[data, Flatten[Table[F[n + al, a, m + a2, p, u], {a1,0,1}, {a2,0,1}1], {n,a«, m,p, u},1,
StartPoint — {2,0,2,0,0}]

outpl= {—l+m+n+a—pu+p)F[n,a,mp,ul+A+m—n—a+u)Fln,a,l+mp,ul—(-1+m—-—n—pu+

O)F[1+n,a,m,p,ul+@B+m+n+u)F[l+n,a1+m,p,ul}

Note that we specified the structure of the recursion in the second option of the command
GuessMultRE. We allowed a shift by one in both directions, which corresponds with a shift
in the polynomial order n and m. The third option specifies the order of the coefficients in
the exact table data. With the next option we give the polynomial order for the coefficients,
i.e. here it is 1, which means that we search for a linear recurrence relation. The last option
just specifies the starting number of the variables, i.e. we start withn,m =2and a, p, = 0.

The example yields the following conjecture

Conjecture 1
Let I, , be as in (2.13), then the following recurrence relation holds

@+m+n+mlpma =(=1+m—n—p+p)lam+(1—m+n+a—mhma (514
+(l+m+n+a—pu+p)m

At this stage relation (2.14) is only a conjecture, since we only guessed this relation. A proof of this
conjecture can be done by symbolic computation as well. One could use the package
HolonomicFunctions [Koul0] to show that I, , is holonomi and find the annihilating operator,
which is just equation (2.14). Alternatively, one could use the package SumCracker [Kau05] to
proof this conjecture.

Instead of going into more details of the symbolic proofs, we will instead focus on an analytic
proof. Since I, ,, is not feasible in the form (2.13), we start by rewriting the equation in terms of
hypergeometric functions. Due to we can write as

n,m

2@ Dalp+ o g g (min+ - Do+ 1), /1 (1—X>””” dr.  (2.15)
2

n!m! g (o +1)(0+ 1)1 7! -1

!An univariate infinite sequence (a,)3, is called holonomic if there exist an r € IN and univariate polynomials
P0s -+, Pr, 8t po()ay + p1(n)ayeg + - - - + pr(n)anyr = 0. In the multivariate case this is extended by a definition by
the power series.
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The integral term in (2.15) simplifies by using the definition of the beta integral 2.1) to

1 /1—x pu+r+l 7
[N T
~1 2 u+r+l+1

Now we can rewrite the right-hand side in terms of Pochhammer symbols, i.e.

2 _2(y+r+1)lr(y+r+1)
p+r+l+1 “(u+r+2 T(p+r+2)

To use the Pfaff-Saalschiitz theorem, we separate both sums again

I _2”*1(oc+1)n(p+1)mi( )(m+p+1),1"(;4+r+1)2( n)l(n+oc+1)l(;4+r+1)l
e n!'m! = (o1t T(u+r+2) 2 (o + 1) (u + 7+ 2);1!

The innermost sum is now summable by the Pfaff-Saalschiitz theorem with

a=n+ua+l,
b=u+r+1,

C=p+r+2.

It followswith1l —c+(@+b) —n=1—(u+r+2)+(n+a+1)+(u+r+1) —n=a+1, that

i( min+a+1)y(p+r+1)  (p+r+2—n—a—1),1),

= () (u+r+2)l (AT +2u(—n — a),

Application to (2.16) yields

Inm—

n!'m! = (o +1),r! F(p+r+2) (u+r+2)u(—a —n),
We rewrite the negative Pochhammer symbols by the combinatorical argument
(@—mn)y =(=1)"1 —a),
and

(1 - a)n(”)N
(1 —a— N)n '

with (1), = n!, see e.g. [Sla66, p. 239 Appendix I].

_ @n@+N)y
(@)n

(@a—n)n = (a+n)n

12

28+ (g + Do+ & Z (—m)y(m+p+1), T(u+r+1)(p+r+1—n—a),(1),

(2.16)

(2.17)



In detail, we rewrite the sum by

2% (@ + D)o + D & (=m)e(m+p + 1), T +7+1) (=1)"(@ = (p+1)a(D)n
n!m! rz(; (o +1),r! C(u+r+2) (p+r+2),(—1)"(1+a),”

: oMt p+1)m2( m)yy(m+p+1), T(u+r+1) (@ —(u+7)
) = e+t T(u+r+2) (p+r+2),

In,m =

P‘”(p +1) & 2 (—m)y(m+p+1)r (u+1),I(u+1) (@« — (u+7)n
= e+t (w2 T(u+2) (u+r+2),
-2?’+1p+1m2( m)yym+p+1), (u+1),T(p+1) (1 —a+p)(a — pn (1 +2),
= p+1)rr' (p+2),T(u+2) A—-—a+pu—n) (U+2)(u+2+n),
_2y+1(P+1)m(D‘_V)n L (—m yym+p+1), (1—a+p), (+1),
B (u+1)y1m! ;) (o+1),r! I—-—a+puy—n)(u+2+n),
(
(

p+1)m(oc—y)nF —m,m+p+1,1—(x+y,y+1'1
o+ 1) m! 453 p+1L,1—a+u—nu+2+n’

2y+1

Although the 4F; is Saalschiitzian, the summation theorem in [KR12] is not applicable. Those
summation theorems need a special form of the coefficients, which is not given in this case. Clas-
sical results by Whipple’s transformation followed by Dougalls summation [Bai64], only works
in special cases like nn = m.

But the summability is not needed. Here, we can derive relations with a brute force method:
We compare contiguous relations and solve for the unknown coefficients. Due to the guessed
recursion, we know a priori that we need relation of the form

Coln+1,m+1 + 1Ly me1 + c2Li1,m + 31y = 0. (2.18)

Thus, we start by deriving the relations of the 4F3. We introduce the following notation

K -mm+p+1,1— uc+y,;4+1 Z( m(m+p+ 1Dl —a+ (1) 1
! p+1,1—a+pu—n, ;4+2+n Lo+ k(1 —a+p—n)(p+2+n) k!

::qu

If we raise one of the parameters we can give the change of the summand in terms of ®;. The
change of n — n + 1 after equating the Pochhammer symbols is as follows

—m,m+p+1,1—o¢+y,y+1 —a+pu—n)2+n+pu)
aF3 i1 Z
p+1l,—a+u—n,u+3+n ( a+pu—nQR+n+u+k)

and form - m+1

E —(m+1),m+p+2,1— zx+],t,y+1 Z( m—l)(m+p+1+k)
43 p+1L,1—a—nu+2+n (k—m—-1)(m+p+1)

With an analogue formulation for n — n+1,m — m + 1, we insert those relations into (2.18) such
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that

0=

°°( (m+p+1+k)(k—a+y—n)+ (k—lx+y—n)+ (m+p+1+k)

=0 0 (k—m—1)2+n+u+k) Y@ n+u+k €2 hk—m—1) +c3><1>k

holds. Note that we included all terms which are independent on k into the coefficients c;. Next
we expand the fractions in the same denominator and search for the root of all summands. Thus,

O=com+p+1+k)k—a+pu—n)+citk—a+pu—n)k—m-—1)
+om+p+1+k)Q2+n+pu+k)+c3tk—m—-1)2+n+u+k).

Since this is a polynomial in k, all monomials 1, k, k% need to be zero. Thus, we get three equations
which need to be fulfilled, namely

K2(co +cq +cp+¢3) =0
k(com+p—a+pu—n+l)—cim+a+n—p+)+cxn+pu+m+p+3)+c3(n+pu—m+1)) =0

(com+p+1)(—a+u—n)+ci(@ —p+n)(m+1)+cxm+p+1)2+n+pu) —cs(m+1)2+n+u)) =0.

This leads to the underdetermined system

1 1 1 1 “

0
m+p—a+py—n+1) —(m+a+n—pu+l) @m+u+m+p+3) n+uy—m+1) Zl =10
m+p+)(—a+pu—n) (@—pu+n)(m+1) m+p+1)Q2+n+u) —(m+1)2+n+pu) CZ 0

3

where we can choose ¢y = 1 and transform the right-hand side as follows

1 1 1 c1 -1
—(m+a+n—pu+l) m+pu+m+p+3) nm+puy—m+1) ol|l=| -(m+p—a+puy—n+1)
(@—p+n)(m+1) Mm+p+1)Q2+n+pu) —(Mm+1)Q2+n+p) c3 —(m+p+1)(—a+pu—n)

The solution of this system is

_m+n+p—pu—1

T T mentn
n+a—m—pu—1

2= 3+m+n+pu

e = l+m+n+a+p—pu

3+m+n+u

If we rescale everything including co by (3 + m + n + u) we have proven conjecture
A generalization with arbitrary coefficients v, B, J is not possible due to the loss of summability.
Since the general Euler integral

(u+r+1); T'(p+r+DI'(v+1)
(u+v+r+1) T'(p+v+r+2)

1
/ (1— ) (14 x) dx = Bu+l+r+1,v+1) =
-1

we see that the inner summand is (v — B + 1)-balanced. Thus, the inner sum is not summable in
all generality, since there is no such summing theorem. If B = § = v and « = p = u the series

is summable and one is able to prove orthogonality of the Jacobi polynomials, as can be seen in
[AB95].
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2.2. Kampé de Fériet Series

It is well known that the concept of hypergeometric series can be extended to the multivariate
case. Examples of such series include the Appell series[App25], an extension of the Gaussian
2 F1, the Kampé de Fériet Series [AK26], or the Humber series [Hum?26]. A collection of such and
further series can be found, e.g. in [EMOT54, [Ext76, SK85].

Definition 2.2.1 (Kampé de Fériet series)
For p1, p2, p3,91,92,93 € N and coefficients (ay, ... aq,), (b1, ... b)), ... arbitrarily the series

FPuP2Ps _ i [T (ke T2 @) T (B X"y
Aers n,m=0 H?il(li)mm H?; (Ci)n H?; (di)m nlm!

is called Kampé de Fériet series.

A Kampé de Fériet series diverges if one of the [;, ¢;, d; is zero or a negative integer. It is termi-
nating if one of the k;, a;, b; is zero or a negative integer. More information regarding convergence
can be found e.g. in [Ext76]].

The notation was introduced by Burchnall and Chaundy [BC40, BC41]. Although (2.12) is not
summable for arbitrary coefficients, we can still represent it in terms of a Kampé de Fériet series

— v+l (a+1)u(o+1)uBv+1,u+1)

F=1
n!m!
gz (B onm mkakBrl G o—m omepes+l (2.19)
1,11 p+v+2 ; a+l ; p+1 ;L.

Here F converges due to the negative coefficients —m and —n. We use the simple notation of
contiguous relations as we have seen in the F; case. We denote a shift of parameters by unity as

follows,
F(a+) o+l (@+2)u(0+1)mBv+1,u+1)
- n!'m!
122 w+l ; —n n+a+Bf+2 ; —m m+p+5+1
Fiai : . ;11
p+v+2 5 a+2 ; p+1
F(v+) _DHFU+2 (a+ 1)n(P + 1B +2, U+ 1)
- n!'m!
1,2;2 .”‘"1 ; —h n+1x+ﬁ+1 ;o —m m+p+5+1
Fiai : . ;11
p+v+3 ; a+l ; p+1
and so on.

Recurrence Relations

We can now directly derive recurrence relations for (2.19) by using the recurrence relations of

lemma 2.1.3]
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Corollary 2.2.1
Leta, B, u,v > —1and n € IN, then holds

(a+B+n)F=(pB+n)F(f—)+(x+n)Fa—),

—%(2 +a+p+2n)F(a+, u+) = (n+1)F(n+) — (1 + a + n)F, (2.20)
%(2 +a+B+2n)F(f+,v+) =(n+1)F(n+)+ (1+ B +n)F, (2.21)
(«+B+2n)F(p—) = (a+B+n)F+(a+n)F(n—), (2.22)
(a+B+2n)F(a—)=(a+pB+n)F —(B+n)F(n—), (2.23)

2F = F(v+, B+) + F(u+, a+),
F(n—) = F(p—) — F(a—).

Furthermore there are also 7 analogue recurrence formulas in m, p and J, where

(o+06+2m)F(0—) =(o+ 6+ m)F + (o +m)F(m—)

is one of them.

Moreover, we can derive more recurrence relations by linear combinations of the above.

Corollary 2.2.2
The following recurrence formula holds,

0=—20+a+n)F - A+p+n)F(a+)+(2+a+p+2n)F(a+, u+)

(2.24)
—(a+B+1)F(n+)+(2+a+ p+n)F(n+, a+)

Proof. The equation is just a linear combination of (2.20) and (2.23). Start by transforming (2.20)
and 2.23) withae —» a+1,n — n+1,

0=Q2+a+p+2n)F(a+, u+) —2(n+1)F(n+) — 2(1 + a + n)F,
0=—(e+B+2n+3)F(n+) — (B+n+1)F(a+) + (v + B+ 1+ 2)F(n+, a+).

Adding these equations lead to (2.24). O
One important, but rather trivial relation is given by
2F = F(v+) + F(u+), (2.25)

which follows from 2P%P (x) = (1 + x)PP (x) + (1 — )PP (x).
The following relations are proven in appendix by using a generalized form of (2.19). Set
x =y =1linlemmalA.1.2land|A.1.3] then the following corollary holds.

16



Corollary 2.2.3
Leta,B,p,6,u,v > —1and m,n € IN, then holds

(m+m+pu+v+4)F(n+, m+,v+) =(a + n+ 1)F(m+, B+, v+) + (0 + m + 1)F(n+, 6+, v+)

+2(v + 1)F(n+, m+), (2.26)
m+a+p+m+p+d—pu—v+1)F=m+a+p+1)F(+)+(m+p++1)F(+)+2vF(v—).
(2.27)

Since the weights in the Jacobi polynomials are interchangeable, see (2.6), the following two rela-
tions can be derived as well.

Corollary 2.2.4
Leta,B,p0,6,,v > —1and m,n € IN, then holds

(n+m+p+v+4)F(n+, m+, u+) = — (B +n+ 1)F(m+, a+, u+) — (6 + m + 1)F(n+, p+, p+)
+2(u + 1)F(n+, m+), (2.28)
m+a+p+m+p+6—pu—v+1)F=(m+a+p+1)F(a+)+(m+p+9+1)F(o+) +2uF(u—).
(2.29)
Proof. See lemmas|A.1.5/and |A.1.6land set x =y = 1. O

5 - point recurrence relation There are some known starlike recurrence relations, see [PPSS06].
Those can be derived in this context as follows.

Corollary 2.2.5
Leta,B,p0,6,u,v > —1and m,n € IN, then holds the mixed recurrence relations

@Cm+p+o+1)((n+1)F(n+,a—) — (x + n)F(a—)) (2.30)
=@n+a+p+1) ((m+1)F(m+,0—) — (0 +m)F(p—)) '

and
@m+p+56+1) ((n+1)F(n+, p—) — (B+n)F(B—)) (2.31)
= @n+a+B+1)((m+1)E(m+,6—) — (8 + m)F(0—))

Proof. Take (2.20) and replace a by & — 1 to derive

F(u+) = (m+1)F(n+,a—) — (x + n)F(a—)).

2n+a+p+1

Also replace p by p — 1 in the analog to (2.20) w.r.t. m, p,  to derive

F(ut) = ((m+1)F(m+,0—) — (o + m)F(p—)) .

2m+p+o+1

Setting both right-hand sides equal yields (2.30). The second mixed relation follows analogously
from the recursion formula (2.21). O
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The mixed relations (2.30) and (2.31) yield some 5-point recurrence relations with support
(m,n),(m—1,n),(m+1,n),(m,n—1),(m,n+1), see also [PPSS06].

Theorem 2.2.6

Cm+p+0)3[n+1)(n+a+p+1)2n+a+pP)F(n+)+ (n+a+1)F)
+(B+n)(n+a+pP)F+(n+a)F(n—))] 2.32)

=Qn+a+pB)3[(m+1) (m+p+6+1)2m+p+6)F(m+)+ (m+p+1)F)
+(m+90)((m+p+0)F+(m+06)F(m—))],

m+p+0)3[(n+1)(n+a+B+1)2n+a+ B)F(n+) — (n+p+1)F)
—(a+n)((n+a+p)F —(n+pB)F(n—))] 2.33)

=@n +a+ B)3[(m+1) (m+p+0+1)2m + p + 5)F(m+) — (m + 6 + 1)F) '
+(m + p) ((m + p + 6)F + (m + p)F(m—))],

@m+p+0)3[(n+1)  2n+a+B+1)2n +a + B)F(n+) + (« — B)F)

+((B—a)(n+a+p)F+(n+a)(n+p)F(n—))] (2.34)
=Qn+a+pB)3[(m+1) 2m+p+06+1)2m+p+6)F(m+) + (o — 6)F)

+((6 — p)(m + p + O)F + (m + p)(m + 0)F(m—))]

.

Proof. Take the first mixed relation (2.30) and replace all series by (2.23)), this yields the first equa-
tion. The second equation follows by using (2.31) with (2.22). Lastly, the equation (2.34) can be

derived by linear combination of (2.32) and (2.33) O

Alternatively one can use the 3-term recursion (2.8) to prove the same result as in [PPSS06].

Recurrence relation Multiple recurrence relations similar to (2.14) can be proven.

Lemma 2.2.7
Let F = I, u, where I, ;, is as in (2.19). Then the following recurrence relation holds

m+a+p+D)(m+p+6+1)((n+m+pu+v+4)F(n+, m+,v+) — 2(v + 1)F(n+, m+))
=a+n+l)(m+p+d+1)(n+a+p—m—pu—v—2)F(m+,v+) +2(v + 1)F(m+)) (2.35)
+(e+m+1)n+a+p+1)((—n+m+p+6—pu—v—2)F(n+,v+)+2(v + 1)F(n+))
+(e+m+)(@+n+)(n+a+B+m+p+06—pu—v)F(v+)+2(v+1)F).

Proof. Start with equation (2.20)

(n+m+pu+v+4)F(n+, m+,v+) —2(v+ 1)F(n+, m+) = (« + n+1)F(m+, B+, v+) + (0 + m+1)F(n+, 5+, v+).
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Replace both terms of the RHS by using shifted versions of equation (2.27), i.e.

n+a+1)
—(n+1x+/3+1)(n+lx+ﬁ+1)F(m+’ﬁ+'V+)
_ (n+a+1) o (2.36)
_—(n+a+ﬁ+1)[(n+a+ﬁ+m+p+5 u—v+1)F(m+,v+)
— (m+p+0+2)F(m+,0+,v+) + 2(v + 1)F(m+)],
and ( N
m+p+
(ntp+o+1) Y040+ 1)(m +p+0+1)F(n+,6+,v+)
_ (m+p+1) o (2.37)
_—(m+p+5+1)[(n+a+ﬁ+m+p+(5 u—v+1)F(n+,v+)
— (n+a+B+2)F(n+, p+,v+) + 2(v + 1)F(n+)].
Moreover use the shifted relation for the middle part of the last two equations, i.e.
(m+p+90+2)F(m+,0+,v+) = (2m+p+ 6 +3)F(m+,v+) — (m+ p + 1)F(o+, v+) (2.38)
P P P
(n+a+pB+2)F(n+, p+,v+) = Cn+a + B+ 3)F(n+,v+) — (n + x + 1)F(B+, v+). (2.39)

Lastly replace the remaining terms by a shifted version of (2.27),

n+a+1)
n+a+p+1)
3 (m+a+1)(m+p+1)
S (nt+a+B+l)(m+p+5+1)
3 (n+a+1)(m+p+1)
S (nta+B+l)(mrp+S+1)

(m+p+1)

(m+p+1)F(0+,v+) + (mip+0+1)

(n+a+1)F(B+,v+)

(m+a+pB+1)F(B+,v+)+(m+p+0+1)F(6+,v+))

(m+a+B+m+p+6—u—v)F(v+)+2(v+1)F)

The claim follows from combining the above with the remaining terms of (2.36), (2.37), (2.38) and
(2.39). O

Since « and B or p and ¢ are interchangeable, the following lemma can be proven by using (2.28)
and (2.29) instead of (2.26) and (2.27).

Lemma 2.2.8
Let F = I, s, where I, ;, is as in (2.19). Then the following recurrence relation holds

(m+a+B+1)(m+p+5+1) ((n+m+p+v+4)F(n+, m+, u+) — 2(u + 1)F(n+, m+))
=—B+n+)(m+p+d+1)(n+a+p—m—pu—v—2)F(m+, u+) +2(u + 1)F(m+))
—+m+)(n+a+B+1)((—n+m+p+6—yu—v—2)F(n+, u+) +2(u + 1)F(n+))
+(@0+m+1)B+n+1)(n+a+p+m+p+06—pu—v)F(u+)+2(u+1)F).

Both of these recursion formulas have the drawback, that terms with v +1 or y + 1 vanish only
for v = —1 or u = —1, which correspond to the special cases (1 + x)° or (1 — x)°. If the steps of the
proof are slightly adjusted, a recursion formula, which reduces to a smaller form for more cases,
can be proven. The following theorem is the main result of this chapter.
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Theorem 2.2.9 (Main recurrence theorem)
Let F = I, u, where I, ;, is as in (2.19). Then the following recurrence relation holds

(m+)(m+1) ((n+m+p+v+4)F(n+, m+,v+) —2(v+1— B — 6)F(n+, m+))
=n+p+)(m+1)(n+a+p—m—pu—v—2)F(m+,v+)+2(v+1— B —6)F(m+))
+(m+1)(m+0+1)((—n+m+p+6—pu—v—2)F(n+,v+)+2(v+1— B — 6)F(n+))
+(m+p+)(m+o+1)(n+a+B+m+p+6—u—v)Fv+)+2(v+1— B —9O)F).

41)

.

Proof. Again start with recursion (2.26), i.e.

(n+m+u+v+4)F(n+, m+,v+) — 2(v+ 1)F(n+, m+)

= (o +n+1)F(m+, B+,v+) + (o + m + 1)F(n+, 0+, v+).

Now add 2(B + 6)F(n+, m+) to both sides and multiply by the factor (1 + 1)(m + 1) on both sides.

Thus,
m+1)(m+1)(n+m+p+v+4)F(n+, m+,v+) —2(v+1— B — 6)F(n+,m+))

=(n+1)(m+1)((a« +n+1)F(m+, B+, v+)
+ (o +m+1)F(n+, 6+, v+) + 2(B + 0)F(n+, m+))
=RHS.
Instead of multiplying with 1, as in the proof for (2.35), we will add a 0 to expand the RHS. Hence,

RHS =(n +1)(m + 1) ((n +a+ B+ 1)F(m+, B+, v+) + (m+p + 6+ 1)F(n+, 5+, v+)
— (BF(m+, B+, v+) + 6F(n+, 0+, v+)) + 2(B + 6)F(n+, m+)>
=m+p+1)(m+1)(n+a+p+1)Fm+, p+,v+)+(n+1)(m+d+1)(m+p+6+1)F(n+, 6+, v+)
—Bm+1)(n+a+B+1)F(m+, B+,v+) —o(n+1)(m+p+ 6+ 1)F(n+, 0+, v+)
— B(n+1)(m + 1)F(m+, B+, v+) — 6(n + 1)(m + 1)F(n+, 6+, v+)
+2(n+1)(m +1)(B + 6)F(n+, m+).

After adding up the additional terms, recurrence relation (2.21)) can be used. This gives

RHS=(n+pB+1)(m+1)(n+a+p+1)F(m+,p+,v+)+(n+1)(m+d+1)(m+p+6+1)F(n+, 6+, v+)
—2B(m+1) ((n+1)F(n+, m+) + (n+ B+ 1)F(m+))
—26(n+1)((m + 1)F(n+, m+) + (m + 6 + 1)F(n+)) + 2(n + 1)(m + 1)(B + 6)F(n+, m + 1)
=m+p+)(m+1)(n+a+p+1)F(m+,p+,v+)+(n+1)(m+d+1)(m+p+6+1)F(n+,5,v+)
—2B(m+1)(n+B+1)F(m+) —26(n+1)(m + 6 + 1)F(n+).
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Now use the mixed relation (2.27)

RHS=(n+pB+1)(m+1)

(m+a+B+m+p+06—pu—v+1)F(m+,v+)+2(v + 1)F(m+) + (m + p + 1)F(5+, v+)]
+(n+1)(m+5+1)
(m+a+B+m+p+6—pu—v+1)F(n+,v+)+2(v+1)F(n+) + (n + a + 1)F(B+, v+)]
—2B(m+1)(n+ B +1)F(m+) —26(n+1)(m+ 6+ 1)F(n+)

=m+p+1)(m+1)
(m+a+B+m+p+06—pu—v+1)F(m+,v+)+2(v+1— B —6)F(m+) + (m+p + 1)F(6+, v+)]
+(n+1)(m+5+1)
(m+a+B+m+p+0—pu—v+1)F(n+,v+)+2(v+1— B —0)F(n+) + (n + a + 1)F(B+, v+)]
+20(n+ B+ 1)(m+1)F(m+) +2B(n + 1)(m + 6 + 1)F(n+).

Consider only a part of the RHS to shorten the notation. Begin by transforming F(n+) or F(m+)
back to the form F(B+, v+) or F(d+, v+) by equation (2.2]), i.e.

(m+B+1)(m+1)(m+p+1)F(o+,v+)+(n+1)(m+ 5+ 1)(n+a+1)F(+,v+)
+26(n+ B +1)(m+1)F(m+) +2p(n+1)(m+06+1)F(n+)
=n+B+1)(m+1)(m+p+1)F(6+,v+)+(n+1)(m+o+1)(n+a+1)F(B+,v+)
+on+B+1)2m+p+0+2)F(0+,v+)+ B(m+5+1)2n +a + B+ 2)F(B+, v+)
+26(n+B+1)(m+o+1)F+2p(n+B+1)(m+d+1)F
=m+1)(n+B+1)(m+p+56+1)F(+,v+)+(n+1)(m+o+1)(n+a+ B+ 1)F(B+,v+)
+on+pB+1)(m+p+6+1)F(o+,v+)+p(m+o+1)(n+a+ B +1)F(B+,v+)

+2Bn+B+1)(m+5+1)F
=m+d+1)(n+p+1)(m+p+d+1)F(0+,v+)+(n+B+1)(m+d+1)(n+a+p+1)F(B+,v+)
+2B(n+pB+1)(m+5+1)F
In the last step use again (2.27), then the claim follows. O

Settingv = -1, =6 =0and « = pin annihilates the coefficient (v +1 — B — J) and thus
reduces to
m+1D(m+1) ((n+m+3)F(n+,m+)) =m+1)(m+1) ((n+a —m— 1)F(m+))
+(m+1)(m+1) ((—n+m+a—1)F(n+))
+(m+1)(m+1)((n+m+2a+1)F),

which is again conjecture
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Corollary 2.2.10
If v+1 = B+ 6 equation (2.41) reduces to

(n+1)(m+1) ((n+m+u+v+4)F(n+, m+,v+))
=sm+p+1)(m+1)(n+a+p—m—u—v—2)F(m+,v+)) 2.42)
+(m+1)(m+0+1)((—n+m+p+0—pu—v—2)F(n+,v+)) '

+(m+B+1)(m+6+1) (n+a+m+p—pu—1)Fv+)).

Remark 2
The case v+1 = B+ J corresponds to the integrated Jacobi polynomials ﬁ,‘;‘(x) = 1%"Pfl"‘:ll’l)(x),
wheref=6=1,v=1,n>2,a > 1.

2.3. Recurrence relations for the integral of three Jacobi polynomials

An integral of the product of three Jacobi polynomials appear in different topics. In the numerical
application, these kinds of integrals appear in the context of non-constant material functions, e.g.
in section They also appear in the convection term of the Navier-Stokes equations. Further-
more, from a theoretical viewpoint, those integrals are needed in the linearization of products of
Jacobi polynomials.

Linearization of products of Jacobi polynomials

The problem of linearizing products of Jacobi polynomials has been studied intensively in the last
century. The classical results e.g. by Gasper [Gas70], Hylleraas [Hyl62], Koornwinder [Koo78]|
and Rahman [Rah81] were extended e.g. in [Ichl14] or [AE15]. The list of works regarding lin-
earization of products of orthogonal polynomials is far from being complete.

Using symbolic packages, we are able to contribute some new recursive relations for the lineariza-
tion coefficients, which helps to make the linearization more feasible. Those recurrence relations
will find application in section [5.4|although it is not directly connected to the linearization prob-
lem. Another approach using symbolic computation can be found in [CK10], where the product
of two Jacobi polynomials for a certain set of parameters is represented as Kampé de Fériet series.
The classical linearization problem as e.g. in [Gas70] reads as follows

Problem 2.3.1
Find the coefficients g(k, m, n; a, B) in the expansion formulation

n+m
PP = Y glkmma R ). 245
k=|n—m|

This problem is easily solved. Multiply each side by (1 — x)*(1 + x)ﬁplga’ﬁ )(x) and integrate from
—1 to 1. Then the coefficients g(k, m, n;a, B) can each be computed by the integral of a product

of three Jacobi polynomials. If we replace in (2.43) the Jacobi polynomials by their (at x = 1)
PP )
PP )

normalized version R{"” )(x) = , the presentation simplifies, see e.g. [Rah81]. Thus,
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27D+ B+ 1) (a + D + B+ 1Rk +a + B +1)
Fa+DIB+ k(B + 1)

glk,m,n;u, B) = F(k,m,n,a, B),

where 1
F(k,m, n, o, B) = / (1 — 01 +x)PREP (RSP ()R (x) dx.
-1

We are now interested in finding some recurrence relations for F. As we have seen in the case
of theorem finding linear recurrence relations independent of «, B, works only for special
cases. We again denote a parameter raised by unity as before, e.g. F(n+). We find the following
corollaries again by application of Guess.

Corollary 2.3.1
Let B = 0, then the following recurrence relation holds

coF(a+,n+, m+,k+) = (k —m —n — 2)F(n+,m+) — (k — m + n + 2)F(n+, k+)
+(@+k+m—n)F(n+) — (k+m — n+2)F(m+, k+)
+(k—m+n+a)F(m+) — (k —m—n —a)F(k+) + (k+ m +n+2x +2)F,

wherecyp = (d+a+k+m+n).

A quadratic recurrence relation is given for the integrated Jacobi polynomials. We recall that
1/5,(1“’0)(x) = (1+x) Py(l”i_ll’l)(x). Then we search for g(k, m, n; «, B) such that

n

n+m
PR P 0= Y gk m ma, pPP ().

k=|n—m|

Instead of multiplying both sides with an integrated Jacobi polynomial, we multiply both sides
with the weighted Jacobi polynomial (1 — x)"‘_lPIE‘i_ll’l). Now we again have orthogonality on the
right-hand side such that

< ! a1 (a-1,1) .y pa—1,1) e
gk,m,n;ua, B) = (/1(1 —x)" (1+x)P """ (x)P_ (%) dx) F(k,m,n,a)

where .
Bk, m, n, a) = / (1 — "1 + x) B0 () B0 (x) P D (x) dix. (2.44)
-1

This method of multiplication with the right dual functions will be heavily applied in section

Corollary 2.3.2
The following recurrence relation holds for E (k, m,n,a) as in (2.44)

coFE(n+, m+,k+) = (@ + k)(k — m — n — 2)F(n+, m+) — (1 + a + k)(k — m + n + 3)F(n+, k+)
+@+k)k+m—n+a—2)FEm+) — (1 +a+k)@+k+m— n)E(m+, k+)
+(@+k)(k—m+n+a—2)E(m+)
+(1+a+k)m+n—k+a —3)Fk+) + (« + k)(m +n +k + 20 — 2)F,

wherecy = (1+a+k)B+a+k+m+n).
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3. High order finite element method

3.1. Sobolev Spaces

Let O be a polynomial Lipschitz domain in R?. As usual we denote the Lebesgue-integral of f by

x)dx.
N
We define
LX) = {f : | fll 20 < 0},
where .
2
Il = ([ FRax)
Wi x _ o ™M o\ . . . . _wn
e denote by D* = (W) (E) the weak multivariate derivative, where |a| = Y/, a;.

Using the weak derivative we generalize the L2-norm to the space which include derivatives.

Definition 3.1.1 (Sobolev space)
For k € IN the space
HYQ) = {f € LX) : || fll geeyy < 0}

is called Sobolev space with the Sobolev norm

1
2
2
HfHHk(Q) = ( Z HD‘XHLZ(Q) dx)

|| <k

\. J

Indeed it can be shown that the Sobolev norms are actual norms and that H*(Q) is a Hilbert space.
One usually defines the corresponding semi-norm for technical reasons as follows

1

2

2

|f|Hk(Q) = ( Z ||D'XfHL2(Q)> ’
|ac|=k

where f € H¥(Q). Before we introduce the relevant function spaces, let us recall the relevant
differential operators.
The gradient operator V is defined for a scalar function v : () — R as

v ov\ |
VV—(axl,...,axd) ’

where ai denotes the weak derivatives.
X
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For vector valued functions v : QO — R¥ we define the divergence as

v v
divo=V 0=t 42
8x1 axd
Furthermore, we define the curl-operator, which has different definitions for R? and R3. More-
over, it has 2 definitions for R?. Let v : Q) — R then the vector Curl maps a scalar onto a vector,

ov o\ "
Cuer = (ale_axl) .

i.e.

The scalar curl operator maps vectorial functions v : QO — IR? onto scalar functions, i.e.

d d
curlv =V x v::a—;)j—a—z;.
Both definitions of the curl operator are just special cases of the curl operator in IR®. It is defined
for a vector v: QO — R as
dvs dup dv;  Jduz dUp;  0JUy T
1 = = 5. AL AN, 8N /AN T N

curlo =V xo <ax2 dxz  dxz dxy1 dx1  dxp
where we get the scalar two-dimensional curl operator by using the vector field E = (e1, e2,0) and
the vector curl operator by using the vector field E = (0,0, e3).
The relevant functional spaces are provided in the next definition.

e D

Definition 3.1.2 (Important Spaces)
Let () be a non-empty subset in R?, where d = 2, 3.

L2(Q) = {u: /Q|u]2dx < o0},

HYQ) = {u € LX(Q) : Vu € (L)},
H(div, Q) = {if € (L2((Y))? : divii € L2(Q))},
H(curl, Q) = {ii € (L*(Q))?: curlii € L*>(Q)} if O C R?,
H(curl, Q) = {ii € (L>(Q)))? : curlii € (L*(Q))°} if O C R3,

and define the corresponding inner products as

v = d Vs
(u,0)o /qu x
<u,v>1=/ Vu-Vodx+ (u,v),
0
(ﬁ,ﬁ)dw:/ divﬁ-divz?dx+/ 7-7dx,
o) Q

<L_[,z7>cur1:/chrlﬁ-curlz_fdx+/0ﬁ-z7dx.

We denote the induced norms by |||y, ||[l1, |- |y @nd ||-|| . TeSpectively.

curl
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Let Q) be a simple connected Lipschitz domairﬂ then this function spaces are related. This relation
can be written short in the De-Rham complex (3.1), which summarizes the relation between the
differential operator.

It forms an exact sequence and reads as follows,

curl div

4 HY(Q)\ R % H(curl, Q) %Y H(div, Q) %8 12(0) S {0}. (3.1)
This relation can be easily seen. Assume that p € H 1), then Vp € H(curl, Q)), since
cur(Vp) =0 € (LZ(Q))3 and Vp € (LZ(Q))3 per definition. Analogously, if u € H(curl, Q), then
curl(u) € H(div, Q).

To incorporate boundary conditions, we need the trace of a function v on the boundary of the
domain. If v € C®(Q)) it can be evaluated pointwise, but if v is an element of an arbitrary func-
tional space, e.g. L?(Q)), this is not reasonable, since v is not a single function any more. It is an
equivalence class of functions, which may differ from each other on a subset of measure zero.
By the Gau8 and the trace theorem, we can extend the restriction of v|yn, uniquely to the whole
domain by the so-called trace operator. For details, see e.g. [AV96, CDZ00, Mon03].

We define the space with essential boundary conditions as
HAQ) = {u € H'(Q) : tran(u) = 0},

where tr|yq is the trace operator on the boundary of the domain. Partial boundary condition are
denoted by
Hi (Q) = {u € HY(Q): trr, (u) = 0}.

With different trace operators for H(curl, (2) and H(div, () we can define the spaces

Ho(div, Q) = {u € H(div, Q) : ') (u) = 0},
={u € H(div,Q) : u-# =0},
and
Ho(curl, Q) = {u € H(curl, Q) : 'S w) = 0},
={u € H(curl, Q) : u x #i = 0},

where 7 denotes the outward normal vector. Similar relations to (3.1) can be achieved for the
spaces with essential boundary conditions, i.e.

curl div

HYQ) > Ho(curl, Q) 2% Hy(div, Q) %8 L2(Q)) \ R. (3.2)

Important properties of this operator are summarized in the following theorem:

7~

Theorem 3.1.1 (Theoreny]7 of [Ces96])

The diagrams and have the property that the range of one operator is contained
in the kernel of the one following it in the sequence. The range space of each operator is a
closed subspace of the appropriate kernel with finite codimension.

Tsee also [Mon03]

IThis assumption can be further relaxed, see e.g. [ABDG98, Mon03].
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We refer the readers e.g. to [Mon03]] for more details.
In the following, if it is obvious which domain is of interest we will neglect the domain for the
sake of brevity, e.g. we just write H} or H(div).

3.2. Variational Formulation

We follow [DemO6] and start with the geometry. Let () be a bounded Lipschitz domain in
R?,d = 2,3. We denote by T'p, Ty, T'r subsets of the boundary dQ) corresponding to either im-
posed Dirichlet, Neumann or Robin boundary condition. An arbitrary boundary value problem
in the classical formulation reads:

Problem 3.2.1
Find u(x), x € Q) such that

— div(A(x)Vu(x)) + E(x) -Vu(x) +c(x)u(x) = f(x) inQ),
u=up(x) onlp,
AX)Vu(x)-1n=g(x) only,
Ax)Vu(x) -1 — B(x)u(x) = g(x) onTk.

(3.3)

Here n is the exterior normal vector. The left-hand side of the first equation denotes a differential
operator Lu, with coefficient functions A(x) € R?*4, E(x) € R? and c(x) € R. Those are called ma-
terial functions and for the most parts of this thesis are assumed to be constant or at least piecewise
constant. We will discuss the non-constant variant in section The functions f(x), up(x), g(x)
on the right-hand side are called load data. If the matrix A(x) is symmetric positive definite for
all x € Q) the partial differential equation is called elliptic. Classical solutions, which means so-
lution u € C2(Q)) N CHQY), exist if Q is sufficiently smooth and further assumptions are fulfilled,
see [Rud87|]. Here, we introduce the variational formulation of such a boundary value problem.
Later on, we will use finite element methods to approximate the corresponding weaker solution
of the boundary value problem.

The variational form is derived by multiplication with a test function v(x) and integration over
the domain (), such that

- /Q div(AX)Vu(x))o(x) + B(x) - Vi(x)o(x) + c(x)u(x)o(x) dx = /Q F)o(x) dx.
We shift one of the differentiations onto the test function o(x) by integration by parts and obtain
/(;A(x)Vu(x)Vv(x) +B(x) - Vu()o(x) + c@)u(x)o) dx — /r a(x)(Vit - myo(x) ds
- /Q Fx)o(x) dx.

Neumann and Robin boundary conditions can now be incorporated naturally in this form. On
the Dirichlet part of the boundary we have no information on the derivative of the function, thus
we only test with functions which are zeroon I'p, i.e.

v(x)=0 xeTlp.
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Since we integrated over the domain (2 we need that u(x) and v(x) as well as their differentiation
is square integrable. Thus, the natural choice for the functional space is Hé T ().

Model problems

Our boundary value problem in variational form reads:

Problem 3.2.2
Find u € H&FD(Q) such that

/AVu-Vv+E-Vuv+cuvdx+/ ﬁuvds:/fvdx+/ guds Vo € Hyr, (Q)
0 T o r g

NUTR

This problem is called diffusion convection reaction equation and models different phenomena in
physic, chemistry or biology. For the ease of presentation, we consider homogeneous Dirichlet
boundary conditions:

Problem 3.2.3
Find u € Hé(Q) such that

/AVu-Vv+E~Vuv+cuvdx:/fv Yo € H(Q)
o) o)

\.

Similar model problems for H(div) and H(curl) follow from applications e.g. in fluid dynamics,
electromagnetics or elasticity. We state them here without derivation and refer to standard litera-
ture like [EGKO08| IGR86, BF91] or [Mon03].

The following H(curl) problem arises in the context of time harmonic Maxwell’s equations.

Problem 3.2.4
Find # € Hy(curl) such that

/curlﬁ-curlz7+ﬁ-z7dx:/ F.3dx V7 e Ho(curl). (3.4)
(@] Q

Moreover a similar homogeneous model problem for H(div) is given by:

7~

Problem 3.2.5
Find # € Hy(div) such that

/divﬁdivz7+ﬁ-5dx=/f-z7dx V7 € Hy(div). (3.5)
Q Q

3.3. FEM

We will introduce the finite element method following Szabé and Babuska [SB91], see also the
monograph by Schwab [Sch98|]. The main difference to the classical definition by Ciarlet [CiaZ8]
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lies in the derivation of shape function. While the former approach introduces those shape func-
tions in higher dimensions by geometrical arguments, the latter introduces those with respect to
the nodes of the finite elements.

As we have seen in the last section, we typically have a problem of the form:

Problem 3.3.1
Find u € X such that
a(u,v) = F(v) YoeY.

Here X and Y denote some infinite dimensional function spaces, a(-, -) is a bilinear or sesquilin-
ear form and F(-) is a linear form, as e.g. in (3.3), or (3.5). Since we work on computer
architecture, we have limited resources and can’t therefore work with an infinite number of lin-
ear independent functions. For the FEM approach (or Galerkin ansatz) we take a finite subspace
S C X(Q) of dimension N. The dimension N is called number of degrees of freedom. Since S is finite,
we can find a finite number of basis functions ¢, ..., ¢n, which span S. We can now represent
every function 7 € S uniquely by

N

it =) cig
i=1

where c; are real or complex numbers.

Definition 3.3.1 (Finite element approximation)
Let X C X and Y C Y have the finite dimension N. We call u, a finite element approxima-

tion to problem if
uy € X, s.t. a(uy,v) = F(v) VYoeY.

Here X is called trial space and Y is called test space. Elements of X are called trial func-
tions and elements of Y are called test functions.

In a general finite element approach, usually the subspace S is constructed by splitting () in sub-
domains. A mesh T is a partition of () in non-overlapping subdomains. These subdomains are
usually simple geometrical structures, e.g. intervals in 1D, or quadrilaterals and triangles in 2D.
A mesh is called regular, if two elements T; and T; only share a vertex or an element edge. If the
mesh consists only out of quadrilaterals, one considers irregular meshes for local refinement as
well. This usually means that a vertex is not shared by another adjacent element, for more details
see section

In 3D a mesh consists either out of cubes or tetrahedron. An irregular mesh contains hanging
nodes, edges, and faces. If a conforming regular mesh consists of cubes and tetrahedron, it con-
sists of prisms and pyramids as well, see e.g. [FKDN15]. All definitions in 3D are defined analo-
gously to the 2D case.

Let

Pe = {p@)|p(x) = Y a,¥,a, € R},

la| <k
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where Py is called the space of polynomials of total degree k. Additionally we introduce

Qr={p@Ipx)=Y_ ... Y awx]'...x}, a0 € R},

w1 <k w; <k

as the space of polynomials with maximal polynomial degree k. Then we define the subspace
SPQ, T) = {u € C"HQ):ulo€ P, Oy C T,

on simplical mesh, and similar
SPNQ, T) ={u € "1 (Q):ulq,€ Qp, O C T},

on a quadrilateral or hexahedral mesh. In the following, we will omit the notational difference
between these types of meshes.

Different basis for these subspaces can be chosen, depending on the dimension, the triangulation
and the kind of boundary value problem. Different explicit choices are given in chapter [4]

By inserting the chosen basis functions into our bilinear form, we can derive a linear system. In
most applications one chooses X = Y, i.e. then

N
P((l)]) = ll(u,(P]') = ZCZ'(Z((PZ', (P]) = [Kl‘,]'] ?=1 E, for all (P] S Sp’l.
i=1

and equivalently

f=Ke
All the choices of SP! will be given as local basis functions on a standard reference domain. We
will then map from an arbitrary domain to the standard domain, see the next section. To construct
a globally continuous solution, we will need to reinforce continuity. This is done in the choice of
our basis functions, depending on the function space. Alternatively, this could be done by meth-
ods like discontinuous Galerkin methods see e.g. [ABCMO02, PE12,[HWO08] or mortar methods see
e.g. [MMPS8S| [WohO1].
After the local assembly, which will be discussed in section we need a local to global oper-
ation. Meaning, that we need to assemble the local matrices into a global system matrixﬂ First
we determine the connectivity of the basis functions at the interfaces depending on the respec-
tive functional space, then we assemble those connectivity relations into a Boolean array B. We
assemble the global matrix by application of B. Basis functions without connectivity relations, i.e.
so-called interior or bubble functions are usually eliminated before or directly after the assembly
routine by static condensation, see e.g. [Guy65, [KS13].

3.3.1. Transformations

In finite elements, we usually define so-called standard or reference elements and transform be-
tween those and an arbitrary finite element in our mesh. Since we work on an arbitrary setting,
we still need to ensure that our transformed functions have a well-defined V, curl or div operator,
see among other authors the monograph by Monk [Mon03]. Assume K is a bounded domain in
R? and K is our reference domain, also a bounded domain in R3. Let Fx : K — K be a continu-

2 Although there are also some matrix-free methods, see e.g. [MGS99, EMO05, [KS13]
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ously one to one map.
If we apply Fx onto a function 1 € H 1(K), we transform it to a scalar function 1 on K by

uokF, =1. (36)
The gradient is then transformed by the chain rule as
Vu = (dE)" "V,

where V denotes the gradient, w.r.t the coordinate system on K, and dF is the Jacobian matrix.
See [Cia78] for a proof.
On the other hand, vectorial functions need to be transformed more carefully. Take a function
© € H(curl, K), which we want to transform to a function v € H(curl, K).
Then ¢ must be transformed by

voFx = (dFx)~ "9, (3.7)

since Vi and Vi, as in (3.6), are also in H(curl, K) or H(curl, K) respectively. We cite the following
results from [Mon03], but these can also be found in the work of [Dub00] and [Coh02].

Lemma 3.3.1 (See [Mon03] Lemma, 3.57])
Let v and 9 be related by , where F : K — Kisa continuously differentiable, invertible
and surjective mapping. Let [curl(v)] denote the 3 X 3 matrix with
_ av,‘ avj
[Cuﬂ(v)]l,] = Tx] — aile
Then
[curl(v)] o Fx = (dFx)~ " [curl(v)](dFx) .

This directly leads to the following corollary

Corollary 3.3.2 (See [Mon03, Corollary, 3.58])
Under the conditions of lemma and let & € H(curl, K). If v and 9 are related by (3.7),
then v € H(curl, K) and

1 o
Curl('()) 9] FK = mdPKv X 0. (3.8)

Moreover we can state similar results for the divergence operator.
For a function & € H(curl, K) we have V x % € H(div, K). Thus a function @ € H(div, K) is
transformed to w € H(div, K) by

1 R
w o FK = mdPKW (39)

This is again a reasonable transformation. We again cite the following lemma from [Mon03].
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Lemma 3.3.3 (See [Mon03, Lemma, 3.59])
If w and @ are differentiable functions related by (3.9), where Fx : K — K is a continuously
differentiable, invertible and surjective mapping. Then

1 A

Vw=me.

Thus, if @ € H(div, K) then w € H(div, K).

The reduction and application to 2D is straightforward. There is no problem for Curl(v) € R?,
but the transformation for curl(it) = (342 — 941 reduces to

aX] axz

curl(v) = curl(9).

1
det(dF,)

The proofs of all results above can be found, as mentioned, in [Mon03]].

3.3.2. Discrete De-Rham complex

For the derivation of finite elements for the Sobolev spaces H(curl) and H(div), the De-Rham
complex is of upmost importance. But the derivation of the exact discrete spaces is not
that easy. Based on the work by Nédélec [Né80, Né86] and the monograph by Monk [Mon03]],
we will discuss the discrete spaces for H(curl) in more detail, since we will introduce some new
tweaks to the high order H(curl) basis functions in chapter 4 For the discrete space for H(div),
we refer the reader to standard literature, e.g. [GR86, Mon03, Dem06, EG21]. In 2D and in 3D this
discretization of the H(curl) basis functions leads to both families of the simplicial edge elements
of Nédélec [INé80, Né86ﬂ The discrete De-Rham complex is given in fig. where we denoted
by U C HY(Q),V C H(curl, ), W C H(div, Q) and Z = L%(Q) the suitable subset of our Sobolev
spaces. Furthermore, we denote by Uy, V;,, W), Z), the finite element spaces and by 7, 3, wy, Py,
the respective interpolation operators.

HY(Q) —Y— H(curl, Q) —2% H(div, Q) —V— LX(Q)

U U U ’ ‘
u 1% W Z
S O
u, v v, v w, —Y .7,

Figure 3.1.: Discrete De-Rham complex in 3D

The commuting diagram fig.[3.1|can be read as follows: E.g. if we take a function v € H(curl) and
apply the curl operator to it, the resulting functions is part of the Sobolev space H(div), further-
more by application of the interpolating operator wj, this function is in the finite element space
W),. Moreover since this is a commuting diagram, we can first interpolate v onto the finite element

3For the hexahedral case, only the first family of Nédélecs functions are part of the discrete De-Rham complex,
[Mon03), [Dem06]
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space V}, by r;, and then apply the curl operator to achieve the same finite element function, i.e.
curl(r,v) = wy, curl(v).

We will not discuss the interpolating operators in any more detail and refer to [Mon03]] and refer-
ences therein.

The div-conforming finite element space W, is given by Nédélec [Né80] as a three-dimensional
extension of the Raviart-Thomas functions [RT77].

For the discrete space V), we first introduce the following additional polynomial space

P = {p(x)|p(x) = Y a.X", a, € C},
lac|=k

where B is called the space of homogeneous polynomials of total degree exactly k. Furthermore
« denotes the usual multi-index.
Furthermore, we introduce the space of homogeneous vector polynomials as

Sk={p € (B)’|%-F =0},
where the dimension of Sy is dim(Sx) = k(k + 2). Then the Nédélec space of first kind is given by
Ry = (Pe-1)° & Sk (3.10)

An important property of the space Ry is that functions v € Ry are transformed invariantly by
corollary Thus, we can define the finite element space as

Vi = {0 € H(curl, Q)v, € ReVK € T} (3.11)

It has been shown by Nédélec [Né80,[Né86] that this discretization leads to a suboptimal L? error
estimate of O(h¥) instead of O(h¥*1). This property is to be expected since the dimension of Ry is
smaller than (P;)3. This motivates the choice

V? = {v € H(curl, O)|v), € (P)*VK € T}, (3.12)
which is called Nédélec space of second kind. In Figure 3.2l we see the second discrete De-Rham

HY(Q) —Y H(curl, Q) —% H(div, Q) —Y— L2(Q)

U U V) ’ ‘
u Vv W Z
lﬂh lrh lwh lPh

V x

) v 2 @) v
u, v, W’ ————— 7,
Figure 3.2.: Second discrete De-Rham complex in 3D

complex, which incorporates the discrete Nédélec space of second kind, where W}(lz) denotes a sec-
ond divergence conforming family, which we will not discuss here, but can be found in [Mon03]].
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The appropriate scalar space is given by
U® = {p, € H'(Q)|py|k€ Pry: forallK € T},

The interpolation operators are denoted by the same symbols as before.
Theoretically we could use any suitable basis of (P,)3, but in the case of a tetrahedral mesh the
polynomial degree of our choice would drop by three from the start of the De-Rham complex to
the end, i.e.

R % Pey — (P)° 5% (PBeo1)® < Py — {0},
see [DKP*08]. To get the full polynomial space in H(curl) we need to start with polynomials P4
in our discrete sequence. When considering e.g. Maxwells equations, this drop in polynomial
degree causes different approximation orders in the electric and the magnetic field.
On the other hand, we could also enrich the discrete H(curl) space by the decomposition (3.10).
This would lead back to the first Nédélec space. To circumvent the missing degrees of freedom,
we can use the following Helmholtz decomposition for the first Nédélec space, i.e.

(P)* = Rg_1 @ VD, (3.13)

see [MonO3]]. Thus, by adding the gradients, we have the right polynomial order. In other words,
the Nédélec space of the second kind can be constructed by the first kind and by the addition
of the gradients, without touching the discrete H' space. Since the standard error estimates,
including the appropriate interpolation operators, are done for the standard Nédélec spaces, it is
desirable to use this decomposition. Furthermore, the first space is transformational invariant. In
chapter[dlwe modify the construction by Sabine Zaglmayr [Zag06] to fit back into this framework.
Keep in mind that the second Nédélec family on hexahedrons does not fit the exact De-Rham
sequence and is thus not discussed here. That the exact sequence can’t be ignored has been shown,
e.g. in [BCDDO06], where Nédélec’s second hexahedron leads to non-physical eigenvalues.

3.3.3. hp-fem

We will summarize shortly the theoretical advantage of high order finite element methods, see
e.g. [SB91, [Sch98, Mel02]. For a practical guide including implementation, see e.g. [Dem06,
DKP*08, KS13].

Consider the standard stationary heat equation on a polygonal domain Q) € R? :

Problem 3.3.2
Find u € H}(Q) such that

/Vu-Vvdxz/fvdx Vo € Hi(Q),
O Q

where f : (O — R is sufficiently smooth.

\.

Let 1,y be the exact solution. We denote by A some measure of smoothness of the exact solution,
see e.g. [SB91), ISch98, Mel02] for details. If there are no singularities on the boundary of the
solution domain or in the solution domain itself, the parameter A — oo.

Let us, denote the finite element solution, then we measure the error of our approximation in the
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energy norm, i.e.

lell gy = [ttex — “feHE(Q)’

1
[ull gy = \/ Eﬂ(”/“)-

We are usually interested in the convergence of our solution, which means under which condi-

where

tions and in which manner, does
lell gy — 0?

In the usual (low order) finite elements, see e.g. [Cia78, Bral3, BS07], such convergences rates are
given with respect to the element size and the polynomial order. But this assumes that we have
a constant polynomial order on all elements. We will give the convergence rates with respect to
the degrees of freedom, such that we can compare these rates with each other.

We distinguish 3 refinement strategies. The first one, the h-refinement, introduces more degrees
of freedom by splitting all (or only some) elements in more elements. For triangular grids this
can be done e.g. by either the red-green refinement or the newest-vertex-bisection, see [Bey98].

In this case, the convergence rate for our model problem is given by

k
lelleey = 757 (3.14)

where k and p are some positive constants, and N is the number of degrees of freedom.
For a uniform refinement, i.e. a refinement of all elements, we can determine

ﬁ=%mmWJ) (3.15)

This means the rate of refinement is bounded by the smoothness of the solution and the poly-
nomial order of our elements. It is possible to construct a sequence of meshes such that we are
able to drop the parameter A from (3.15). For this, one needs to develop heavily refined elements
towards any singularities, such that the error is almost the same on each element. For such a
non-uniform refinement, we can write

ﬁ=%n
This can be done e.g. by an error estimator adaptively, see e.g. [Bral3].
The second refinement strategy, the p-refinement, is to keep the mesh constant, and only refine
the polynomial degree on each (or some) elements.

If there are no singularities inside the solution domain or the boundary thereof, then the conver-
gence rate is of exponential form, i.e.

k

exp(yN)’ (3.16)

HeHE(Q) <
where k, y and 6 are positive constants, 6 > %
This exponential convergence rate estimate only holds as long as u,, is analytic. If we consider
singularities, the convergence rate becomes algebraic again.

In such cases B in (3.14) is
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if the singularity is in the domain or
p=A

if the singularity is on a boundary node, [SB91, Yos12].

The third refinement strateg the hp-refinement, is a combination of both. Optimal meshes
are refined to the singularities. The polynomial degree of the element is raised the further we
are away from the singularity. The reasoning behind this is very simple. We have seen that
we can drop the dependency of the smoothness if we refine heavily towards the singularities.
Furthermore, with raising distance towards the singularity, we expect that the exact solution is
smooth in these parts. See e.g. [GB86al, GB86b), [SB91, Sch98, Mel02] for more details.

These relations are collected in table where the categories are defined as follows:

* Category A: u,, is analytic everywhere on the domain including the boundaries

* Category B: u,, is analytic everywhere including the boundaries, except a finite number of
points.

¢ Category C: Neither A nor B.

Category h P hp
A algebraic exponential | exponential
B=p/2 6>1/2 6>1/2
B algebraic algebraic | exponential
B =3 min(p,A) B=A 6>1/3
C algeﬁrgm algeﬁrgm algebraidd

Table 3.1.: Asymptotic rate of convergence in 2 dimensions for HY(Q), see [SBI1}, IGB86d, Schog]
and also [Yos12]

Similar results can be achieved in 3D, although now different types of singularities need to be
investigated. We refer to [SA96] and references thereof. For the case of singular edges, see [S518].
For extension to optimal control, see [WW16].

Optimal (or exponential) convergence rates have not been proved yet for the case of H(curl) or
H(div) conforming elements, but have been seen in many numerical works, see e.g. [Dem06|
DKP~08].

Since the convergence rates depend on the kind of singularity, it is not trivial to define those for
H(curl) or H(div) conforming elements, and neither to predict them.

In 2D and in the case of H(curl) conforming elements, optimal p-interpolation errors can be found
in [BHQ9]. See also [Né86] and [Mon03] for the classical interpolation error results by Nédélec.
The hp-refinement can be done in adaptive fashion as well. See e.g. [MWO1] for a residual error
estimator. For a survey of different hp-refinement schemes and their comparison, see [MM14].
In the next section we will discuss different basis functions for all kind of elements in 2D and 3D,
including their geometrical properties.

4Possible other refinement strategies, like the r-refinement, where mesh points are moved in each step, are not con-
sidered.
SFaster rates are possible, if one can use the structure of uey
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4. A list of basis functions

Given a functional space, e.g. H!, and a conforming discrete space W? of order p, denote by S¥/
the basis of shape functions spanning the discrete space. It is hierarchical if SP/ C SP*1. We
enrich a hierarchical space by adding more shape functions. For elements of different order p,
at least some polynomials will match. For the p-adaptivity, this is an important feature, where
different polynomial orders on neighbouring elements can happen. In the following, we will
summarize the compatibility ideas as collected in [FKDN15]. But note that most of this are to be
found e.g. in more detail in [SB91 ISK95| [ACO01, BS06|, BP07, |[Zag06, BPZ12, BPZ13b] and compu-
tational details can e.g. be found in [KS13, Dem06, vSD04].

It is of upmost importance for a conforming discrete space that the orientation of edge functions
on adjacent elements point in the same direction. Broadly speaking, this can be done by a trans-
formation with -1, where global and local orientation does not match, see e.g. [SK95, BSO6]. An
alternative approach is to include the orientation directly into the shape functions, such functions
are called orientation embedded, see [GD10, FKDN15].

In the following, we will omit the problem of orientation to not overcomplicate notation.

The notation in the following chapter is as follows: We denote by u a function in H!, by v a
function in H(curl) and by w a function in H(div). With the symbols [J, A we denote, that a func-
tion is based on a quadrilateral or a triangle. By B, A, we denote a hexahedron or a tetrahedron,
respectively. For example, the function v§ is a H(curl) conforming basis function on a triangle.

4.1. Traces and compatibility

Our shape functions need to fulfil certain conditions for global continuity depending on the func-
tional space. Therefore, each energy space has a different definition of the boundary trace. Those
read on a polyhedral element:

» The H! trace is the functional value at the boundary of the element. It may take values at
the vertices, edges and in 3D at the faces.

¢ The trace of H(curl) is the tangential component of the vector valued functions at the ele-
ment boundary. Only edge and face functions need to be considered, since vertex functions
have no concept of trace.

¢ Traces of the H(div) are the normal component of vector valued functions at the boundary.
Although edge traces have a definition in 2D, they don’t exist in 3D. In 3D only face traces
are considered.

To keep notation simple, we can embed shape functions in a dimensional hierarchy. This means
e.g. the trace of a 2D H'-edge function is a 1D H'-shape functions. Furthermore, the boundary
trace needs to be continuous to the neighbouring element. Depending on the spatial dimension,
we only consider the following functions in each dimension:
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1. 1D: vertex and edge functions,
2. 2D: vertex, edge and face functions,
3. 3D: vertex, edge, face and interior functions.

To fulfil compatibility, shape functions need to have certain basic properties.

Shape functions in 1D

Vertex functions: The vertex functions need to vanish on the unassociated vertex and take the
value 1 at their respective vertex. To guarantee hierarchy in p, they are restricted to the linear
case.

Edge functions: Edge functions are zero on both vertices and are polynomials of order p in the
interior of the segment. They are also called bubble functions.

Shape function in 2D
Shape function for H! in 2D

Quadrilateral and triangle are the only two 2D elements which we discuss. Their boundary is
decomposed in vertices and edges.

Vertex functions: Independent of the element type, the vertex functions vanish on all unassociated
vertices and edges. The trace of a vertex function on an adjacent edge should again be the 1D
vertex function. They have a bilinear decay on quadrilaterals and a linear decay for a triangle.
Edge functions: Edge functions are designed such that they vanish on all other edges and uncon-
nected vertices. The trace of an edge function should again be a 1D edge function. Furthermore,
they should be designed to have a linear decay for the quadrilateral element, though the triangle
is more complicated.

Face functions: Face functions vanish on the boundary of the element and are thus naturally com-
patible in 2D.

Shape function for H(curl) in 2D

As mentioned before H(curl)-function have no notion of vertex functions, thus only edge and face
functions are relevant.

Edge functions: The edge functions must be constructed such that the trace of an edge function
vanish on all other edges. Additionally, the trace of the edge function should be a 1D L? edge
function of order p. Each of the components should decay linearly on the quadrilateral or in the
same order as in the H!-case on the triangle.

Face functions: The face functions have a vanishing tangential trace on all edges.

Shape function for H(div) in 2D

The H(div) basis functions are just the rotation of the corresponding H(curl) functions.
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Shape functions in 3D
Shape functions for H' in 3D

We will only discuss the hexahedron and the tetrahedron. For the prism and pyramid, see Nigam
and Phillips [NP12] or Fuentes et al. [FKDN15]. The hexahedron and tetrahedron have been
thoroughly investigated in [KS13| Zag06, BP0O7].

Vertex function: Again all vertex function vanish on all other unassociated vertices, edges, and
faces. Additionally, the trace of a vertex function over an adjoined face, should be a 2D H! vertex
function.

Edge function: Edge functions vanish on all other edges and disjointed faces. The trace of an edge
function should be a 2D edge function.

Face function: Face functions vanish on all other faces, and the trace of the face function is again a
2D face function.

Interior function: Interior functions only takes values in the interior of the element and vanish on
the boundary.

Shape functions for H(curl) in 3D

Edge functions: In 3D the tangential trace vanishes on all other edges and disjointed faces. On the
associated edge the trace is a 2D H(curl) functions, except for some orientation factor.

Face functions: The tangential trace of a face function vanishes on all other faces. The trace on the
associated face is exactly a 2D function, except for some orientation.

Interior functions: Interior functions have a vanishing trace on all faces.

Shape functions for H(div) in 3D

Face functions: The normal trace of the face function vanishes on all other faces and the trace on
the associated edge is a L? face function, except for some orientation.
Interior functions: The interior functions have a vanishing normal component on all faces.

4.2. Collection of shape functions

Instead of defining all those shape functions on an arbitrary element, one usually uses a pullback
to a master element. This is usually done by an affine linear transformation, but in the case of
H(curl) or H(div) functions one needs to apply a Piola transformation, see section 3.3.1]

In the following, we will collect shape functions on their respective master element. Usually these
elements are defined by their barycentric coordinates, see e.g. [Zag06, Dem06, FKDN15]. But this
complicates the application of the techniques of section thus we will use the non-barycentric
variant.

Furthermore, let V denote the gradient as usual, i.e. for a function

f@=]]fi®, neN (4.1)
i=1
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the gradient can be written out as

Vi =Y [ [F®VA®.
k=1 i=1
ik

In the context of H(div) and H(curl) functions, we apply a slightly modified gradient operator.

Definition 4.2.1
Let f : R? — R be the product of multiple functions, i.e. f = II%,f;,n € N. Then, we
introduce . .
Vi(f®) = Y [ TiEVfAE - [ TA@)V ).
=1

k=1 i=1 i=
kA ik i7l

J

In short, we defined a differential operator, which is just the gradient except for a sign change at
the [-th part of the sum. E.g. let f = f1 - fo, then Waf = (V f1)f2 — f1(V f2).

Corollary 4.2.1
For a function f : O C R? — R as in (1) holds

curl(W(£(9) = 2 Curl(] | AE)V /(D)

i=1
i#l

Proof. We rewrite the equation as follows

curl(W(f(¥))) = curl | V(@) - 2[ [ i@V AR) | = —2curl([ [ i)V fi(2)),

i=1 i=1
il i7l
d n . d . d n L d .
e (l‘rﬂ[fi(x)dx1 fz(x)> - (gﬂx)dxzfz(x))
il il
d n . d . d n . d .
- a2 @fi(x)) - & (Eﬂ(@) 2 i
i i~
- 2cull([ [ F@)VAE).
=1

=
il

A similar result can be given for R5.
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Corollary 4.2.2
For a function f(¥) : QO C R® — R as in (1) holds

curl(V(f () = ~2cut ([ SOV
i=1
i

Proof. The proof follows as in the 2D-case. O

Remark 3
We can write corollary [4.2.2]out as

= Hfl(x)dxsfl(x) dx3 Hfz(x)dx fi(X)
l;l z;!l
—2curl <f[ f(Z)V fl(z)) | & [Ifz(x)dxlfl(x) o= [[ﬁ(i')dx3 f1(%)
i=1 z;zz i
il
7Hfz(x)defl(x) dxz Hfl(x)dxlfl(x)
i ]

4.2.1. H! on a segment, quadrilateral, and hexahedron

As mentioned in the beginning of the last section, we define vertex function as functions with
a linear decay towards the unassociated vertex, i.e. hat functions. For the edge functions, we
choose integrated Legendre polynomials, since the derivatives are Legendre polynomials and the
integrated Legendre polynomials are naturally zero at the vertices. See e.g. [SB91].

Table 4.2.1: H! element on the segment

Let the master element be I = (—1,1). We define the affine pair of coordinates by

1+s -3
M) = 22, M) = ——

Vertex functions

u(x) = Ao(x),  uy(x) = A1 (x)

Edge functions

ub(x)=TL; (x), 2<i<p.

Remark 4

For the edge functions x could be replaced by an auxiliary function Xab(x) which involves the
local ordering from the vertex with number a to the vertex with number b. This simplifies imple-
mentations routines, see [GD10, FKDN15] for details.

The sparsity pattern of the associated element mass and stiffness matrix can easily be determined.
Recall that
(2i — 1)Li(x) = Li(x) — Li_»(x), fori>?2 (4.2)
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Then the following corollary is easily proven, see [SB91].

Corollary 4.2.3
. T
Let I = (0,1) and consider u¢ = <u§(x), cee, ui,(x)) . Then

1
M;j:/o WU dx =0, ifiFjorli—jl#2 Vij>2

and

1 d d
@ = e e _ Yy . S
Kl,] /O dxul (x) dxuf(x) dx =0, if i #] Vz,] > 2.

The first part is shown by using (4.2) and the second equation is just the Legendre orthogonality.
This construction can be extended to the quadrilateral by applying a tensor product structure. We
now define face functions, see table table for the collected list of functions.

Table 4.2.2: H' element on a quadrilateral

Let the master element be [J = (—1, 1). Define the affine pair:

1+s 1-—s
AO(S) = T/ Al(S) = 2 7

Vertex functions

Uy p(x1, X2) = Ag(x1)Ap(x2) fora=0,Tand b=0,1.

Edge functions

Fori=2,...,p

Ui F (e, x2) = Acxa) Li (xp), for (a,b) = (1,2),(2,1)
c=0,1

Face functions

For2 <ik<p

U (x1, x2) = Li(x1) Li(x2),

To compute the sparsity pattern of the respective shape functions on the master element use again
(4.2). We will only state the sparsity pattern of the face functions, but similar corollaries can easily
be computed for the edge-edge and the edge-face blocks, see [SBI1].
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Corollary 4.2.4
Let J = (—1,1)? be the master element. For the entries of the mass matrix w.r.t. the face
functions, holds

M;; = uka(xl,xz)u]-Dl(xl,xz) dx;dx; =0 ifeither |i —j| #0,2,
o ,

or |k—1I|#0,2,

foralli,j k,1 > 2.
Furthermore, let C € IR?*2. For the face entries of the element stiffness matrix

K /Q (CVuG(x1,%2)) - Vubl(x1, 5) dx; ds

holds
Kikji =0 ifeither i —j| > 0,2,

or|k—1/>0,2.

We follow the same principle for 3D and define the shape functions by a tensorial product.
Table 4.2.3: H' element on a hexahedron
Let the master element be B = (—1,1)3. Define the affine pair

1+s 1-—s
Mol = >, Aile) =

Vertex functions:

Fori=1,...,8

u?('xll X2, x3) = /\Dc(xl))\ﬂ(xZ))\’)/(x?))/ &, ﬁ/ VE 0/ 1

Edge functions:

Fori=1,...,p—1

“E&i;(xlz X2, x3) = /\ﬁ(xa)/L\l'(xb)AlX(xC)/ &, ,B = 0/ 1
(a,b,0) € {(1,2,3),(2,3,1),(3,1,2)}

Face functions:

Fori,j=2,...,p

U7, (v1, X2, %3) = Aa(xa)Li(ap)Lix),  a=0,1

(a,b,¢) € {(1,2,3),(2,3,1),(3,1,2)}

Interior functions:

Fori,j,k=2,...,p
”:j,k(xll X2,X3) = Ei(xl)zj(ch)fk(xa)
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The derivation of the sparsity pattern is analogously to the previous cases.
4.2.2. H(curl) and H(div) on a quadrilateral

As we have seen in the last chapter, we have two different choices for the discretization of H(curl)
functions: Functions of Nédélec’s first or second family. Since we didn’t discuss the respective
spaces for the quadrilateral, we will keep the explanation short.

There are two popular choices for hierarchical basis functions based on orthogonal polynomials.
The first one is e.g. discussed in the dissertation of Sabine Zaglmayr [Zag06], and corresponds
to the second family of Nédélec’s functions. The second choice is the orientation embedded ver-
sion, as presented e.g. by Fuentes et al. [FKDN15], this is purely based on the first family of
Nédélec’s functions. The advantage of the first choice is that part of the shape functions are curl-
or divergence-free and the rest of the stiffness matrix results in an almost diagonal matrix. Since
they are part of Nédélec’s second family, one needs to be careful regarding the discrete De-Rham
complex, see [Mon03| Dem06]. On the other hand, the advantage of the orientation embedded
shape functions is the easy handling of local orientation and the dimensional hierarchy. We will
focus on the first type of functions, which we will call sparsity optimized.

The choice of integrated Legendre polynomials or the gradient thereof goes back to [ACO1].

Table 4.2.4: Sparsity optimized H(curl) shape functions on the quadrilateral

Let 0 = (—1,1)? be the master element and us,, ufc, u% be the H! shape functions on the
quadrilateral.

Define the auxiliary function

fio1(s) = AM(s)VAg(s) — Ao(s) VA1(s).

Edge functions

Lowest-order edge function:

(1, 22) = Ac(xp)fion(xa),  for (a,b) € {(1,2), (2, 1)}
c=0,1

Higher-order edge functions: For2 <i < p

v eF (1, x2) = Vg (e, %) for (a,b) € {(1,2),(2,1)}
c=0,1

Face functions:

For2<i,j<p

0,1
Uik (X],XZ) = Vug(]ﬁ, xZ)
0,11
vy (x1,X2) = WZ”%’(xhXZ)
For2<i<p

0,111 = O,111 =
v (21, x2) = Li() Vg, o, (a1, %2) = Li(x1) V.
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Note that Woul = (sz-(xl)) Li(x2) — Lisa(x1) (vi,-(xz)) :
The sparsity pattern of the blocks in the mass matrix are the same as for the stiffness matrix of the
H! case on the quadrilateral.

On the other hand the respective stiffness matrix vanishes for viD'E and vka’I since

curl(V(f(®) = 0,

for any function f(¥) by definition of the differential operators. For the remaining functions UZIkI
and v!!! the resulting stiffness matrix is a diagonal matrix, since

curl(v;")(x1, x2) = —2L;_1(x1)Lj—1(x2),

due to corollary and analogously for v!!l.
The H(div) basis functions in 2D are just a 90 degree rotated version of the H(curl) functions, i.e.
0 1
= 0;.
-1 0
An alternative set of face-based functions can be given by

e
K Lj(x1)Li(x2)

o1 Zj(xz)Lz‘(xl)
v = 0 ,

wi

which is a special case of the orientation embedded variant by [FKDN15].
Note that the sparsity optimized functions can be interpreted as a linear combination of this al-
ternative set. This fact will play a crucial role in the derivation of dual function in section[6.1}

4.2.3. H(curl) and H(div) on a hexahedron

As in the quadrilateral case, we state the sparsity optimized variant by Zaglmayr [Zag06|]. Again,
this corresponds to the second family of Nédélec’s functions. Similar to the two-dimensional case,
the sparsity optimized variant is a linear combination of an alternative simpler set. An important
implementational detail is that all edge and face functions can be calculated by already imple-
mented 2D functions.

Furthermore, a big advantage of the sparsity optimized variant is that part of the functions are
again curl-free. We recall that we enriched our discrete H(curl) space by the gradients, as pre-
sented by Nédélec. Those gradients are obviously curl-free. A similar behaviour is achieved for
the second discrete divergence conforming H(div) space of Nédélec. We enrich the space by the
curl of functions from the H(curl) space, those are naturally divergence-free.

This curl or divergence freedom massively reduces the needed degrees of freedom for the ele-
ment sparsity matrix.
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Table 4.2.5: Sparsity optimized H(curl) shape functions on the hexahedron

Let B = (—1,1)3 be the master element and us,, uf, u% and u;k be the H! shape functions
on the hexahedron, see table
Define the auxiliary function

fio1(s) = AM(s)VAg(s) — Ao(s) VA1(s).

Edge functions

Lowest-order edge function:

For (a,b,¢)=(1,2,3),(2,3,1),(3,1,2)and d =0,1,e =0, 1

o0 = Ae(x)Aa(xp)fion (xa)

Higher-order edge functions:

For2<i<p

O,E LE
Via,p(X1, %2, X3) = Vit ¢ o(Xa, Xp, Xc), «,pf=0,1

(a,b,¢)={(1,2,3),(2,3,1),(3,1,2)}

Face functions:

For2<i,j<p

v?ﬁi(ﬁq, Xp, X3) = Vu?/,x(xu, Xp, Xc), fora=0,1
v?jl(xl, X2,X3) = qu%a(xa, xp, %), and (a,b,c) € {(1,2,3),2,3,1),3,1,2)}
For2<i<p
i, %2, %3) = L ()Aa(0) Vil (%), fora=0,1
and (a,b,¢) = {(1,2,3),(2,3,1),(3,1,2)}

0

Interior functions:

For2 <i,j,k<p

[ B u
Uy (X1, %2, X3) = Vg (x1, X2, x3)

m,
Vi (X1,%2,X3) = WZ“;]((XLXZ/ X3)

Il

I n
Uik (X1, X2, x3) = W (x1, X2, X3)

For2<i,j<p

U;’IV(XL X2, .X'3) = /L\i(xﬂ)/ij(xb)vxw for ((1, b/ C) = {(1/ 2/ 3)’ (2' 3’ 1)’ (3’ 2’ 1)}

For the case of H(div) on the hexahedron we apply similar arguments. Due to the De-Rham-
complex, we derive H(div) basis functions by application of the curl(-) differential operator only
to the non-curl-free H(curl) basis functions, since the gradients vanish under the curl operator.
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As we have seen for the H(curl) basis functions, we need to fill up our polynomial space to gain
the full order of the interpolation erroﬂ This is described in the following: The type II basis
functions of the H(curl) are given in the sparsity optimized case by

o = (VL)L) Le(2) — L) (VL) Le(2) + Lix) L)V Li(2)
If we apply the curl-operator we get

curl(ofiy!") = curl(Li 1 (0)Li(y) L(2)ex) — curl(Li(0)Lj1(y)Li(z)ey) + curl(Li(x)Li(x) Ly 1 (2)ez)

=Li_1(x)Lj(y)Lk-1(z)ey — Li1(x)Lj—1(y)Le()ez + Li(x)Li—1(y) Li—1(2)ey
— Li-1(x)Lj—1(y)Li(2)ez + Li(x)Lj_1(y)Li_1(z)ex — Li—1(x)Li(y)Li_1(2)ey
=2L;(x)Lj—1(y)Li—1(2)ex — 2 Li_1(x)Lj_1 Li(z)e:.

Analogously we get the second type of divergence-free functions by
curl(vgz"") = 2 L1 (0OL;()Li-1(2)ey — 2 Li1 (L1 (1) Le(2)ez-

To complete the space we introduce a modified curl operator for a vector function v : Q — R3,
ie.

do3  dvy dor Jvg dvp dur\ '
axz BX3 8x3 8x1 ax1 axz

C/uvrl(v) = <

Applied to our curl-free functions 05121 yields

curl(vy) = Lix)Li 1 () Li-1(2) ex + Lioa (L) L 1(2) ey + Lisa (0L 1 (1) L) ez,

which are obviously linear independent of our introduced divergence-free functions. We fill the
space with the remaining degrees of freedom by setting i, j or k equal to 1 and applying either the
curl or the curl operator. This corresponds to Nédélec’s second family of divergence conforming
elements.

For an analogous result to (3.13), see [Mon03]
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Table 4.2.6: Sparsity optimized H(div) shape functions on the hexahedron

Let @ = (—1,1)° be the master element and (g Uf, vg and v:j/k be the H(curl) shape func-
tions on the hexahedron, see table
Define the auxiliary function

fio1(s) = AM(s)VAg(s) — Ao(s) VA1(s).

Face functions:

Lowest-order Raviart Thomas R7 ( functions

wfgro(xl, X2, x3) = —(VAc(xy))x,, fora=1,2,3andc=0,1.

Higher-order face functions: For2 <i,j < p

1] a(xll X2, x3) = curl ( ij, ,xl(xa/ Xb, xc)) ’ (ﬂ, b/ C) = {(11 2/ 3)/ (2/ 3/ 1)/ (31 1/ 2)}

For2<i<p
(xlz X2, X3) = curl ( oy Hl(xuz Xb, xC)) (ﬂ, b/ C) = {(1/ 2/ 3)/ (2/ 31 1)/ (3/ 1/ 2)}
Epllpé(xll x2/ x3) - Curl ( D III(xEl/ xb/ xC)) o= 0/ 1

Interior functions:

Divergence-free functions:
For2 <i,j,k<p

] u,l
wijk “(x1, %2, x3) = curl (Uijk (x1, xz,xa))
Z]k (xlfxz,x3) = curl ( H(xy, 22, x3)>
For2<i,j<p

. IC(X]_, X2, X3) = Curl ( D Iv(xa/ Xp, xc)) fOI' (al b/ C) = {(1/ 2/ 3)/ (2/ 31 1)1 (3/ 2/ 1)}

Non-divergence-free functions:
For2 <i,j,k<p

w1
1]k “(x1, %2, x3) = curl ( ]k (xlrx21x3))

For2<i,j<p
w. Hb(xl, Xo, X3) = curl ( (xa, Xp, xc)> for (a,b,c) ={(1,2,3),(2,3,1),(3,2,1)}
For2<i<p

w1 (x1, x5, x3) —curl< Dm(xu,xb,xc)> for (a,b,¢) = {(1,2,3),(2,3,1),(3,2,1)}
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Figure 4.1.: Duffy transformation

4.2.4. H' on a triangle

Although a triangle does not inhibit a natural tensorial structure, it has as a similar structure.
Following Dubiner [Dub91] and Karniadakis and Sherwin [SK95] we map a triangle to a quadri-

lateral. This transformation is called Duffy-transformation [Duf82]. That this a good-natured
transformation, see e.g. [EMO05].

Consider the reference element A with vertices (-1,-1),(1,-1) and (0, 1). Then the Duffy trans-
formation is given by

Dz:A—)D

(4.3)
(e, y) = (1,)
where 77 = %, see Figure

High order L? basis functions on a triangle were found first by Dubiner [Dub91]] by application of
the Duffy transformation. Note that, this basis functions are identical to the classical multivariate
orthogonal polynomials found by Proriol [Pro57]. A modification from L? to H! was found by
Karniadakis and Sherwin [SK95]. A variant of this basis was given by Beuchler and Schoberl

[BS06]. But it was later shown by Beuchler and Pillwein [BP08] that the basis by Karniadakis and
Sherwin is optimal in the sense of sparsity. These functions are given in table

0

L A S .
L3 N
Lh“

\:\\

by
50 r 50

100 r 100

150 r 150 r

200

"
"
"
-
-
"
"
-
]
200 i

0 50 100 150 200 0 50 100 150
nz = 3085 nz = 4501

(b) Stiffness matrix, p = 20

200
(a) Mass matrix, p = 20

Figure 4.2.: Sparsity pattern of local triangular element matrix
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Table 4.2.7: H'-basis on a triangle

Let A be the reference triangle with vertices (-1, -1), (1, -1) and (0, 1) and edges E;, E», Es.
The barycentric coordinates are then given by
—2x — 1+2x — 1+
/\‘O(xl ]/) = ?y/ Al(x/ ]/) = Ty/ Afi(x/ ]/) = Ty
Vertex functions
uuA,U(x’ y) = Aar a= 01 1/2
Edge functions
For2<i<p:
i
s () ()
1 2x ~
By = 5 (1- 125 ) T
1 2x ~
By = 3 (14125 ) T
Face functions
Fori>2,j>1landi+j<p:
~ [ 2 1—y\' =
ug (v, y) = L (1 _y) (zy) Pi(y) (4.4)

i
Note that L; (1 y) ( %) is a polynomial of order i. Furthermore uiA’Ez and uiA’EB' are also poly-

nomials of order i, which can be shown by

2 ~ 2 —1?
e e = 1)1%“2” (v~ 17200+ PD).

To show that all edges have the same trace insert # = =flory=—
An alternative set of edge functions can be given by usmg barycentrlc (or alternatively area)
coordinates. For an edge Ej = [A,,, A,,] those functions are given by

A ’L\ <)\Ez - /\

u; Ry + e, > (Ae, + )Lgl) , (4.5)

and are applied e.g. in [FKDN15] and [BPSZ12]. An example of such an implementation can
be found in Ngsolve [Sch14]. Those edge functions have the advantage that they are simpler to
implement, since any change in the edge orientation can be handled by swapping the order of the
vertices.
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The gradient of u?’l is given by

Lia () () Bw ‘ . (4.6)
() () B (3 ()

The first component is straight forward. The second component can be derived by a classical

Vi (x, ) =

differential recurrence relation ([Rai71]] eq. 87.6), i.e.
) d
(" =177 La1(x) = nxL(x) — nLp-1(x), (4.7)

and thus
d- [ 2x 1-y\' 1/ 2x 2x 1—y\'" ' i~ 2 1—y\" !
7L] e —_— == | — Li,1 —_— —*Li —_—
dy 1-y 2 2\1—-y 1-y 2 2 1-y 2
i-1 2 i—1
1-yy _p°—-1d l-y
= 2 Lia) (y> ,

where 77 = ( 2xy> see also [BS06].

First sparsity results were given by Karniadakis and Sherwin in [SK95]. The complete sparsity

pattern was proven by Beuchler and Schoberl [BS06], for a slightly suboptimal basis. The sparsity
results for the optimal basis were given in [BP08], see also [BPSZ12]. This results can be proven
similar to quadrilateral case, but more orthogonality condition need to be checked. Alternatively,
one can do this by symbolic software as e.g. described in [BP07].

As in the quadrilateral case we denote by M! the interior block of the mass matrix, i.e.

Mz] Kkl = [/A uﬁ(x, y) ’ u}ﬁ(xr y)d(x, y):| i ’ (48)

and by K! the interior block of the stiffness matrix, i.e.

1] K= [/ V“l] (x,y)- DVukl (%, y)d(x, y)] , D e R**? and constant. (4.9)
ikl

Lemma 4.2.5 (Sparsity pattern on the reference triangle)
Let u?(x, y) be defined as in (#4) fori > 2,j > 1,i+j < p. The matrices M' and K! have
O(p?) non-zero entries. More precisely

Mz]kz Oif |i —k|>2or|i+j—k—1|>3

and
K} g =0if |i —k[>2or|i+j—k—1]>1

The proof is based on [BS06] and is given in [BP08]. The sparsity pattern can be seen in Figure
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4.2.5. H(curl) and H(div) on a triangle

The ideas from the quadrilateral case carry on to the triangular case. We define our basis func-
tions for the H(curl) by the differential operators V and W, see [BPZ12] and [BPZ13b]. Keep in
mind that the application of the operator W does not necessarily yield Nédélec functions of the
first kind. A fix for this is presented at the end of the chapter.

As in the quadrilateral case, the sparsity optimized variant has a curl-free part given by the gra-
dient. Again, the functions in H(div) in 2D are just the rotated variants of the H(curl) basis
functions.

Table 4.2.8: H(curl)-basis on a triangle
On the reference triangle A with vertices (-1, -1), (1, -1) and (0, 1), and edges E1, E, E3. Let

1—-2x—4 1+2x — 1+
Mlxy) = 2, Aalx,y) = Ty, and As(x, ) = Ty

Edge functions

Lowest-order functions: For (a,b) = {(1,2),(2,3),(3,1)} let

000(x, y) = V0, y)Aal, 1) = Ap(x, 1)V (Aa(x, )

Higher-order edge based functions: For2 <i < pandm=1,2,3

o2 (x, y) = VulEn(x, )

Face functions

Let

T 2x 1-y i
=1 (25) (7
8ij(y) = P (y)
thenfor2 <i,1 <jandi+j<p

v (x,y) = Vui (x,y) = (Vi )85 ) + filx, YV ii(y)

0 (x,y) = Waui (x,y) = (V filx, y)gij(y) — fix, )V gi(y)
o () = o,y Py

For the sparsity pattern of the H(curl) element mass matrix we apply lemma It holds that
one of the main blocks of the H(curl) mass matrix is the stiffness matrix of the H' case. Moreover,
note that for the other blocks the change in sign of the differential operator W, does not influence
the sparsity pattern.

The stiffness matrix has only few non-zero blocks, since curl(V(-)) = 0 per definition. For the curl
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(_1/'1/'1)
Figure 4.3.: Reference tetrahedron with edge notation on the left and face notation on the right

of type II functions follows with corollary

curl Wu§ = 2 curl(g:(x, ) Vhi;(y)

[ (@) () 0
- —Li 4 ( y) <122> . <PJ'(EiiO)(y)> (410

o7, 2x 1-y\'"" i)
—2Lz—1 (1_y>< 2 > Pj—l (y)

Thus the remaining non-zero blocks yield a tridiagonal matrix. If we choose flj(y) = 13]2i—1(y)

instead of h;(y), we get a diagonal matrix. But this yields a worse sparsity pattern of the mass
matrix and more importantly we need the choice of at least 2i as Jacobi index due to technical
reasons in section

4.2.6. H! on a tetrahedon

Let the reference element tetrahedron A be defined by the vertices (-1, -1,-1),(1,-1,-1),(0,1, -1)
and (0,0, 1), see Figure On the left-hand side we denoted the numeration of edges, while on
the right-hand side the face numeration is denoted. Furthermore, integration on the tetrahedron
is similar to the triangle. First transform the tetrahedron A to the reference hexahedron M, then
use the tensorial structure to integrate in each coordinate dimension. The Duffy transformation
on the tetrahedron, see Figure is given by

Ds : A— 1
(4.11)
(x,y,2) = (11, X,2),
where
3 4x
T=1 "2y 2
_ %y
X= 1—2z

The functional determinant of the Jacobian of the Duffy transformation is

2
det(dDy) = - X (1 _Z> .

2 2
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Again, this needs to be considered for the optimal Jacobi indices. The here used construction of

('11111) (1/111)
1 111
('1/'1/1) : ( ) z X
D(x,v,z) ]
1,11
() (1,1,-1)
(1,-1,-1) (-1,-1,-1) a (1,-1,-1)

Figure 4.4.: Duffy transformation in 3D

the H! conforming basis was given in [BP07], but see also [KS13]. Note that the definitions in
the edge and face functions make sense, since the integrated Legendre polynomials removes the
singularities. For example,

_ 2y N+ o\ _ 2y 1— 22 (1,1)
(1 1—z> LI(Z)‘<1 1—z> 2 1) 2 @

and so on.

By using the tensorial structure and properties of the orthogonal polynomial, one can again de-
termine the sparsity pattern. This computation gets very tedious for the stiffness matrix, and is
usually done by computer algebra, like mathematica [Inc]. The relevant results can be found in
[BP07, BPO8]. In Figure 4.5|the sparsity pattern of the tetrahedron can be found. Furthermore, in
appendix[A.2|we collected some partial sparsity results, which will be relevant in section[5.3|
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Table 4.2.9: H'-basis on a tetrahedron

Let A be the reference tetrahedron with vertices (-1,-1,-1),(1,-1,-1),(0,1,-1) and (0,0, 1).
Denote by Ey, ..., E¢ and Fy, ..., F; the edges and the faces, respectively, see Figure
The barycentric coordinates are then given by

1+4x —2y—z 1+2y —z 1+z
/\O/l(x/ylz)z 4 y 2 AZ(x/ylz)=+/ /\B(X/y/Z)ZT

Vertex functions

ut®(x,y,z)=A,, a=0,1,2,3

Edge functions

For2<i<p:

~ 4x 1-2y—z\'
AL _T. Y
MZ- (xlylz)_Ll(l_zy_z> < 4 )

AE2/3 1 4x ~ [ 2y =2
(xy,2) = 2<1i1—2y—z> L1<1—z>< 2 )7
A Es 1 4x 2y
cya-z (12— ) (1- 75 ) 1o
1 7.
2

AE
l/ll- o (x/ y/ Z)

Face functions

Fori>2,j>1landi+j<p:

4x 1-2y—z\' ;[ 2 1—z\/

AF] y /\21 y

=T (=) (F) 7 (%) ()

A 1 4x 2y N+ (2 1-2\' 5
(x.9,2) = <1i1—2y—z) (1 1—2 Ll(l—z ;) @

Ax 1-2y—z\'
AF4 y /\21

Interior functions

Fori=j+k<pandi<2,jk>1:

4x 1-2y—z\' ;[ 2y 12\’ iz
e =t(rmgy=s) (T3) 7 (2) () 7

Again an alternative set of edge and face functions can be defined by the barycentric coordinates,
see e.g. [BPSZ12, FKDNI15]. Although they are simpler to implement than the given edge func-
tions above, they do not exhibit the same kind of underlying orthogonal structureﬂ This kind of
structure will again be relevant in section

2 Additionally, they have a slightly worse element condition number.
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On the other hand, for the here presented version of edge and face functions, the inclusion of
orientation needs to be done very carefully.

1 500 1000 1539
1 T T T T 1
500 | 500
1000 1000
1539} 1 1 41539
1 500 1000 1539

Figure 4.5.: Sparsity pattern of the local tetrahedral mass matrix on the reference element for p =
19

4.2.7. H(curl) and H(div) on a tetrahedron

The here used concept of the basis functions for H(curl) and H(div) is based on the work by
Zaglmayr [Zag06], see also [BPZ12] and [BPZ13b]. The construction idea is the same as in the
hexahedral case. We derive interior functions by application of the differential operators V, W,
and W3. Face and edge functions follow from the two-dimensional case. Again the operators W,
and W3 will not give us Nédélec functions of type I, but we will correct this later on.

The functions are given in table
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Table 4.2.10: H(curl)-basis on a tetrahedron

The barycentric coordinates are then given by

Let A be the reference tetrahedron with vertices (-1,-1,-1),(1,-1,-1),(0,1,-1) and (0,0, 1).

Gradient based face functions:
Fori>2,j>1landi+j<p:

A/Fm/l — A/Fm
(& = Vuij

Non-gradient based face functions:
Fori>2,j>1andi+j<p:

vt (2, y,2) = Wauf™(x, y, 2)

1+4x —2y—2z 1+2y—z z
Aoi(x,y,2) = 3 T2 My, Y, z) = Ty, As(x,y,2) = ——
Edge functions
Let E,, = [e1, e2] be the edge with vertices A, and A,,.
The lowest order Nédélec functions:
e v VY I W v
Higher order edge functions:
For2<i<p:
ot (x,y,2) = Vultr(x,y, 2)
Face functions
Let F, = [s1, 52, 53] be the face with vertices A5, A5, and As;,.
Lowest order Nédélec functions:
For1<j<p-1:
o = (VAsAsy = A VAG) Bl (Asy — A, — Asy)

Interior functions

l]k I(x, y,z) = Vui?k(x,y, z)

Non-gradient based interior functions

b (x,y,2) = WauliS(x,y,2)

sklll(x Yy, Z) W3uijk (x, Y, Z)

2 1—2z jAz'z
i -t (22) (152

Gradient based interior functions fori = j+k < pandi <2,j,k > 1:

(4.12)
(2)
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For the H(div) conforming functions, we need to construct the divergence conforming
Nédélec space [Né86, Mon03], also called the Raviart-Thomas-Nédélec space. Following the con-
struction of the De-Rham complex, we first construct H(div) conforming functions by application
of the curl operator and enrich the space with the curl of the non-curl-free H(curl) function
Those functions are given in table4.2.11

Table 4.2.11: H(div)-basis on a tetrahedron

Let A be the reference tetrahedron with vertices (-1,-1,-1),(1,-1,-1),(0,1,-1) and (0,0, 1).
The barycentric coordinates are then given by

1+4x -2y —z
8 7

1+2y—z 1+z
g MEeA=T

Aoja(x,y,2z) = Aa(x,y,2) =

Face functions

Let F, = [s1, 52, 53] be the face with vertices A, A5, and As;,.

war(x,y,2) = A5, VAs, X Vg, + A5, VA, X VAg + A, VA, X VAs,

wy ™ (v, y,2) = curl(of; o2

wh Fm(x Y,z) = c:url(vA oFim

(x, y,2))

Interior functions

Non-divergence-free functions:

wi?,’(l (x,y,2) = ch/rl(vi?,’f (x,v,2))
wig (v,y,2) = curl(ey” (x,y, 2))
Wi (x,y,2) = dwi (x,y,2) P (2)

Divergence-free face functions:

AH

Wi (X, Y,2) = Curl(vuk (xy,2)
l?km(x y,2) = Cuﬂ(vl?km (x,v,2))

fjklv(x Y,z) = curl(vl‘]klv(x, Y,2))

Sparsity results can be found in [BPZ13b] for the H(curl) conforming functions and in [BPZ12]
for the divergence-conforming functions.

3This functions need to be modified as in the H(curl) case. This is part of future work and not described in this thesis,
although similar techniques as in the next section apply.
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4.2.8. New H(curl) basis functions on a triangle and a tetrahedron

Since v? (x,y) are not Nedelec conforming basis functions, we need to modify those. We introduce
the following auxiliary notation in 2D

T 2x 1;y
=t (25) (5)

8ij(x,y) = PP(y)

and in 3D ,
Y 4x 1-2y—z\'
vt (1) (47
o 2Y 1-z)/
gij(x;]/;Z) b P] <1—Z 2
hi(x,y,2) = By ()
Recall the space

P = {homogeneous polynomials of total degree exactly k in R?}.

In our constructions for the H(curl) conforming functions, we followed Nédélec’s construction.
By using the W, operator, we defined non-curl-free functions and enriched this space by the gra-
dients. But those interior functions, defined by the operator W5, do not split into a homogeneous
and a non-homogeneous part, as needed by the Nédélec space of first order.

For the triangle we redefine our type II functions as

#wazwﬂxw@mw—ywmwwmw. (4.13)

Those are in the first Nédélec space Ry, as can be seen in the following lemma:

Lemma 4.2.6
Leti+j < p,withi >2,j > 1, then

AN
Uij (x,y) € Rp—1,

with Ry = (P;_1)*> @ Sg, where Sy = {p € (P)?|¥- p =0}, where ¥ = (x,y) .

Proof. First recall the following relation

1+ )PPV () + (1 — x)PEP) = 2p@P) () (4.14)
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For the first component of v?’N(x, y) holds

d [~ ([ 2x 1-y\ i P
8 (6025 (59 o) () (2) o
q 2x —Y

(25) ()

L (3) (Y (-’-P}il';“”(y) 1)

2x T—y\' ' o
-5 () (1) e

€Py_qorey-Py

1 2x 1-y i1 (2i—1,0) (2i,0)
+7Lz‘—1 1—y T (ZP]'_1 (y)_Pj—l (y)>~
EPP,Z
The second component follows analogously.
g (2 (oY pgy - g (2 ) (oe) &
dy <L1<1—y> < 2 >>P] v /’LZ<1—3/>( 2 > ay' o
X 2x 1-y i1 o
_1—3/L11(1—y>< 2 > 5
i~ ( 2x 1-y i1 = ~ 2x 1—vy\' (210
_2L1(1—y>< 2 > 5 7L (1—y>< 2 v
(@.14) x 2x 1—y\' i i
=i (1) (53 (2P<2 ()~ - pEO)
i~ 2x 1—y\"! 2i—1,0) (2i,0) =~ 2x 1-y i (2i,0)
Sy (y) (1) - a o) 55 (535) (55) e
x 2x 1—y\ ! (2i,0)
- (75) (51) e
2x 2x 1-— i1 (2i—1,0) 2~ 2x 1-— i1 (2i—1,0)
B () (3 e 5 () e
X

x 2 1-y\"' o 2 2x 1-y\"" 10
e (5) (5Y) et () (50) e

(1 +y (21 11)(y)

Gpp,l or E(*X)-Pp,z €P,»

Alternatively one could use the formulation

Nx,y) =i (Vfilx, gij(x, y) — i fi(x, y)V&ij(x, y).

The same problem holds for the three-dimensional case on the tetrahedron. Instead of proving
everything in one go, as for the 2D case, we apply a more constructive approach. The idea is very
simple: We first investigate the influence of ¥- on the gradient of our auxiliary functions f, g, h,
and then recombine those, such that the highest polynomial order vanishes under multiplication
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with X. Therefore, the following auxiliary lemmas are introduced.

Lemma 4.2.7
Let ¥ = (x,y,2)", then

X (Vfi(xl Y, Z))gij(xr Y, Z)hijk(xl Y Z) = iui?k(xl Y, Z) + p(x/ Y, Z)/
——

cpr-1

fori+j+k <p.

Proof. It is enough to show that

- o 4x ;
where R;_; € P71, Let
i Li—1(y)
fi(xl Y, Z) = %LifZ(Tl) ’
iLi2()

with Vfi(x,y,2) = filx,y,2) (#)H and 77 = (Féﬁ) '

% fir,,2) = (¥Liot () + S Li2 () + Li2 (n))

S (4xLi—1 () — (1 =2y —2)Li 2 () +Li—2 (1))

4
-yl A .y
- (L 00 Lia )+ g L ()

By application of the recursion
iLi(x) = xL;_1(x) — Li_»(x),

see [BS06]|, we can simplify the last term to

and thus

Vo () () ()T A
X.Vﬁ(x,y,z)—z( 1 >Ll<1—2y—z>+4< 1 > L12<1—2y—z>
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Lemma 4.2.8
LetX = (x,y, z)T, then

X fi(x, y,2)(Vgij(x, y, 2Dhip(x, y, 2) = juiy(x, y,2) + p(x, y, 2),
——

epr-1
fori+j+k <p.

Proof. Let

0

3 @i0) (2
8ij(x,y,2) = P Sﬂ) ,

(2i 0) p2
( )P : (1 -z %le(l z)

. We write the scalar product as follows
_— _ oo [ 2y yz @0 (2 \ _ _ipi( 2
* &t y.2) = yh (1—z>+<1—z> b= (1—2) 2t (1—2)

_ Y sein( 2y \_ _imi( 2
=Tz <1—z> b (1—z>

From [BPQ7]| the relation

where Vgi]'(x, Y, z) = gZJ(X Y z) (1 - Z)

14 : D 1 a, . «,
TP ) = B0 = 5 (—aB Y+ @) - 2B

is known. Thus we apply the relation as follows
o) [ 2y \  _Jmif 2y
X &k y,2) = zPJ 1 (1—z> b <1—z>
_ Y seio( 2y )\ _Jmif 2y I 2y
=Tz (1—z> 2t <1—z>+(1 235 (1—2
I m2i (%Y 5
:(1—Z)§P]l <1—Z> +R]‘_](x,y,Z).
After multiplication with (1 — z)/~1, it follows that

1—2z\ ~; [ 2
% Vgi(x, y,z>—]< ) 13%(13 >+R, 1(x,,2).
%,—J

epi-1

gij(xy.2)
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Lemma 4.2.9
Let X = (x,y, z)T, then

)_6 . fi(x/ y/ Z)gij(x/ y/ Z)(Vhl'jk(x/ y/ Z)) = k ui?k(x/ yr Z) + p(x/ y/ Z)/
N’

epr-1

fori+j+k <p.

Proof. Consider
0

Vhijk(x/y/ Z) = 0
p(21+2] O)( )

We can modify the scalar product by

X Vhij(x,y,z) = ZP(ZHz} O(z)

@1 ) gy g, .
—_——

N
h,vjk(x,y,z) GPki]

O
We apply the results of lemmas to to a general polynomial function of the type
.. 3
Pijk(x,y,2) =1V fgh+cof Vgh+c3fgVh, € (P”“k_l) . 4.16)
Thus the relation
X i(x,y,2) = (cri+caj+cak)ufy + Rivjok (4.17)

holds. If (c1i+c2j + c3k) = 0 the polynomial ¢;j(x, y, z) is a Nédélec function of first kind. One
possible (non-unique) set of linear independent functions is given by,

Uz?kHN =i V(f)gihijk — i fiV(&iphijk,

(4.18)
Ul?kmN kN (fi)giihik — i figiiV (hije)-

We summarize our results in the following theorem.

e D

Theorem 4.2.10
Leti+j+k < p with i > 2,7,k > 1, then the functions vi?,’(l(x, Y,2), vl‘j’kIV(x, y,2) as in

(6.22) and vl ]k (x Y, 2), vl?kmN (x,y,2) as in (4.18) are a basis of H(curl, A). Furthermore

l]k I(x, Yy, z) are Nédélec functions of second kind, while v‘ LA (x,y,2), vl?km Z (x,y,2) and
(2 ]kI A (x,y, z) are Nédélec functions of first kind.

In the case of H(div) conforming basis functions, it needs to be shown that those functions are
part of the Raviart-Thomas-Nédélec space of the first kind. This is postponed to future work.
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5. Computation of local finite element matrices

Entries of finite element matrices can be computed by application of high order multidimensional
quadrature or cubature rules. This naive approach is highly cost intensive. Under the assumption
of a tensorial or tensorial-like structure, the problem can be reduced to multiple one dimensional
integrals.

Furthermore, the state-of-the-art method for the efficient computation of finite element entries is
the so-called sum factorization method introduced by Orszag [Ors80] for spectral element meth-
ods. It was extended e.g. by [SK95, MGS99] and [EMO05] for high order finite element methods,
which leads to almost optimal complexity under the assumption of sparsity. In the context of it-
erative solvers, the sum factorization approach can be used to define a matrix-free matrix-vector
product.

We will introduce a new approach which computes the finite element matrices in optimal com-
plexity, under the assumption of piecewise constant material functions. This new approach is
based on the recursive relations of theorem Moreover, this approach computes the ele-
ment matrices directly. A direct computation of the element matrices has the advantage, that it
can be reapplied, e.g. in a non-linear finite element method. Furthermore, a p-refinement on
the same cell can be achieved in optimal complexity as well. This is one of the few algorithms
which achieve optimal complexity. An algorithm for a basis based on Bernstein polynomials can
be found, e.g. in [AADI11, [AF18|]. This algorithm achieves optimal complexity even for smooth
non-constant material functions, but has a rapidly increasing condition number.

For this chapter, we will solve all integrals on the cube. Thus, we first need to transform all func-
tions on a tetrahedron by the Duffy transformation D3 onto a cube. In the following, we consider
different algorithms to set up the local mass and stiffness matrix M and K.

5.1. Standard algorithm

Let ® = {u;|i =1,..., N} be an arbitrary set of shape function, then the local mass and stiffness
matrix are given by

M; = [ /T u,-(a?)u]-(a?)df],
K;j = { /T (AV1,(3)) - uj(y_c’)dfc} ,

where A is a constant matrix and T is any of the reference elements [J, /A, B or A. The standard
algorithm for setting up the stiffness matrix is the application of 1D Gaussian quadrature rules
in each direction. The Jacobian determinant |det(dD;)| of the Duffy transformation D, or
can be incorporated by application of a Gauss-Jacobi quadrature. The algorithm is stated
in algorithm

Assuming we have the same polynomial order p in each direction, we need p? quadrature points.
Since we have N2 entries the resulting asymptotic complexity is at least O(N?p?). For a triangle
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Algorithm 1 Computation of the entries Kj;

Choose Gaussian quadrature rule for each direction: GQ® {(;7(()'), wo (171(1? wq, )}

Set GO = GQW x ... x GQW,
Initialize Kj; = 0,
forall 7,w € GQ do

Set

Kij +=w (@(ui oF)- A@(u]‘ o Fk)) |,7 forall1 <i,j <N

6: end for

we have N = %(p — 1)(p — 2) and for a tetrahedron N = %(p —1)(p — 2)(p — 3) shape functions,
i.e. the asymptotic complexity on a triangle and tetrahedron is O(p>®). Under the assumption of a
constant matrix A, we get sparsity for a chosen special basis, and such we only have to integrate
the p? non-zero entries. The complexity then reduces to O(p*).

5.2. Sum factorization

The sum factorization is a reordering approach of the standard algorithm. Denote by ®* the
basis of the H! on the triangle and ®* on the tetrahedron. We follow Eibner and Melenk [EMO05]
to rewrite the gradient in tensorial-like structure as well.

Corollary 5.2.1 (Eibner /Melenk 2005)
For d = 2,3 let u” and u* be given as in tables and Then the entries of the
stiffness matrix K can be computed as

Kij = /(w] CVu,)|detdDy|dQ = Z/ Vo 14iCpr, V15| det dD, |dQ,

rr'=1

where
1  du du 3
Vi = [(1 112) 91’ 172] ford =2
o VIS WV L SO
|:(1 172)(1 713) a771 1- 173) 6}72 ;73] ord=23

is polynomial and

4 2(1 ar 171) 2(1 ar 771)
], My'=|0 2 (1+12)
0 0 1

2 2(1+m)

C=M; (AoDM; ", M;':= [0 )

We now have a tensorial structure for our gradients. Since our (transformed) shape functions
and their gradients are of tensorial type structure, we can first compute auxiliary fields and then
perform the summation in a more optimal order. Consider for example the mass matrix M on
the triangle. The entry M, ,,, where (n,m) = (n(i, ), m(i’,j')) can be computed in the standard
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approach as

1 N 1 /71— 1o i+'+1 ,
Mym = [1 Li(n)Li (111)di /71 (2) P (172) 3 (172)di

p p
~ L @ Lilip)Li(p) 1 . Bila:) Py ()
71=0 72=0
On the other hand, by the sum factorization ansatz we first compute both sums for all indices and
then get the entries by reading out the entries of the auxiliary fields. By this approach, we save
us the repetitive computation of the first sum.
All entries of this auxiliary arrays for the tetrahedron can be computed in optimal complexity
O(p?), but only in suboptimal complexity O(p?) in 2D for the triangle, see [BPZ13al.
By corollary the tensorial structure extends to the gradients of the shape functions on sim-
plices. For the tetrahedron we write

”i?l'cT © D3 = g1,i(11)87,,j(112)8 7,1, k(113), (5.1)

where T denotes the type of function, i.e. vertex, edge, face or interior. We use an analogous no-
tation for the gradient as well. For the stiffness matrix this leads to algorithm 2|in 3D, which has
a complexity of O(p?¥*1), see [MGS99, EMO05] for a detailed analysis. The algorithm in 2D follows
by the same ideas. See also [VSK10] for a runtime comparison for low and high order discretiza-
tions. Under the assumption that A is constant, we can use sparsity to reduce the numerical costs.
Since we have p? non-zero entries instead of p??, the complexity is only O(p?*!). Although this
could be reduced to optimal complexity in 3D, i.e. O(p®), this asymptotic advantages are only
observable for high polynomial orders due to high coefficients in the complexity, see [BPZ13al.

For an application in an iterative solver like a CG- or GMRES-method, the sum factorization can
be used to calculate the matrix-vector product in O(p?*!) operations independent of the choice of
material functions A. But it has been shown in [VSK10] that the break-even point of the matrix-
free sum-factorization approach and an approach where the local matrix is computed is depen-
dent on the differential operator and the chosen reference element. E.g. they have shown for the
Helmholtz operator on a mesh, consisting of triangles, it is as high as p = 27, which may be a low
polynomial degree for a spectral method, but is a high polynomial degree for a hp-FEM method.

66



Algorithm 2 Sum factorization for the entries Kj;

1:

6: Compute the auxiliary arrays:
GUIT,ri ] =gp) )
G(2)[T/ 7’, i/ jl 12] = gg%; i ](77[2))
.. 3
G(S)[T/ r, l/]lk/ l3] —g%)ﬂjk(ﬂg )
7. end for
8 for 1<r+ <3,and0<1; <g;do
9: Compute the auxiliary array
A A 1 3
Clr', 7,1, 1, 13] = Co (12, 1)
10: end for
11: Initialize K =0
12: foralll <r,+ <3andall types T, T' do
13: Compute :
q1
WO, i',1,,] =Y GOIT,1,i, ]IGO[T, ¥, i, L1CIY, 7,11, b, lsw]),
1=0
q2
HOL,#,j,i,13] =Y GPIT,1,i,j, LIGAIT, ¥, i, LIHV[, i, 13, Llw
1L=0
and
73
KIT,i,j, KI[T,i,j, K1 += Y GOIT,1,i,j,k LIGO[T, 7, i, j, K, . IHOLi, ], , 3]
13=0
14: end for

Choose quadrature rules
GQ = {7, Wi =0,...,q:}

which incorporates |det(dD3)|.
forall1 <r <3and types of shape functions T do

V uz;k = gTrz(nl)gTrlj(rlZ)gTrz]k(773)

end for
forall1 <r <3,alltypes T and all (7, j, k) depending on T do
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5.3. Recursion formulas

Let A be elementwise constant, then we can assume sparsity of our mass and stiffness matrices.
Under this assumption, we derive a new ansatz for the computation of finite element matrices,
which has optimal complexity. Let

1
1 = [ =B mpE e dx,
1 o~
bp) _ / (1 — )" P2(x) PO (x) dx, (5.2)
Kb / (1 — x)#P*(x)PL (x) dx,

and
n+m+u+v+4

n+a+p—m—yu—v-—2

, 5.3
m+p+é—n—u—v-—2 ©-3)

cn,m,p,v,a,pB,p,0) =
n+m+a+p+p+o—pu—v

then the following corollaries are a direct consequence of theorem and corollary2.2.10

,

Corollary 5.3.1
Letn,m > 2 and a, B, 4 > —1. Then the recursive relation

(a,b,p) CI(ubH)JrCI(ﬂbH)JrCI(ﬂhH)

€1 In+1 m+1 — n,m+1 n+1 m 4

holds, wherev = -1, =0, =0, and

c=cmn,m,u,—1,a,0,p,0).

Proof. Insert B = p =0and v = —1 in corollary O

Similarly, we arrive at the following two corollaries.

Corollary 5.3.2
Let n,m > 2 and «, B, 4 > —1. Then the recursive relation
b, b, b
Cl](a+1 }nl1)+1 €2 5161151) +c ](amfl +c ]a & (5.4)

holds, where v =0,=1,6 =0, and

c=cmn,m,u0,a—1,1,p,0).

Proof. Since

~ 1
Pr( = =P ()

we apply corollary 2.2.10|with v = 0, 8 = 1,p = 0, but since  was raised, we need to lower a by
one. B
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Corollary 5.3.3
Letn,m > 2 and &, B, 4 > —1. Then the recursive relation

(abyp)  _ (a,b,u) (a,b,1) (a,b,1)
ClKn+1,m+1 - C2Kn+1,m + C3Kn,m+1 + €Ki, (5.5)

holds, wherev=1,=1,6 =1, and

c=cmn,m,pul,a—1,1,p—-1,1).

Proof. We apply corollary withv =1, =6 =1and lower a and p by one. O

Corollary 5.3.4
For Ir(la,ﬁy ), fl”,z” 1 and ng;z’” 2 the coefficients 1, C2, C3,Cy4 are identical.

Proof. Insert the according values in corollary corollary and corollary O

The vector ¢ is a function depending on the coefficients n,m, u,v,a, B, p and J. As seen in the
previous corollaries, if we replace a Jacobi polynomial P,(z“’ﬁ )(x) by I/J\,‘;‘(x), we need to do the re-
placement:

n—n-—1,

v—v+1,
o—on—1,
B— B+1.
Examples of the resulting coefficients can be found in example

Example 5.3.1
Consider the integral

(1) 1 1 _ y i+i'+1 o, o
Kn,m = [1 <2> Pnl(y)Pml (y)
then the recursion is given by corollary as

)

(n+m+i+i' + 2Ky =(n —m+i—i' =3)K, +(m—n+i'—i-3)KD | 56

+(m+m+i+i — 4)K£1121,m—1'

For the integral
2 1 /1_ y i+i'+2 SO
- () Bore
the recursion
@

n—1,m

)

n—1,m—1

@

+(m—n+i —i—4)K "
( wm=l(57)

(m+m+i+i +3)KY, =(n —m+i—i — 4K

+(n+m+i+i —5)K

holds.
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In the following, we derive an algorithm for the computation of the interior mass matrix for the
H! basis on a tetrahedron. An application in 2D is straight forward and moreover an extension
to edge and face functions can easily be done.

Consider an entry M, x),m,j k) of the mass matrix. Here n(i,j, k), m(@i’, ', k') map (i, j, k) and
(i, i, k') onto unique indices (1, m) of our mass matrix.

An entry is computed exactly after the Duffy transformation as

1 N 1 /71— 1 i+l ,
MG i jy,mjr Ky = [ : L;(1)Ly (1) dip [ : < 5 ) 13]2 1(772)13]%' (172) di2

1 /1_ i+j+i'+j+2 oisni oif 42
/_1 (2773> P (3) P T (73) dig.

(5.8)

Since all 3 integrals are independent of each other, we can apply corollary to each of those
integrals. The first integral

1 ~ o~
GO[i, i'] = / Li(x)Lo(x) dx,
—1

can be computed directly, see appendix|A.3.1
We use corollary to compute the second integral

5 o 1 /71— i+i'+1 i ;
G, #4111 = /_ 1 <2y> PH(y)Py (y) dy (5.9)

and the third integral

N L & e AYAASE YN
1,8,k K] = [ (2 P @)P¥ (2)dz, (5.10)

where B = i+ j. Those recursions need starting values, which can be computed by a Gaussian
quadrature. This can be achieved by multiple low order Gauss-Jacobi quadratures or by one high

order Gaussian quadrature. An alternative can be found in corollaries|A.3.3|and [A.3.4, where we

can either compute the starting values directly or use small recurrent relations.
To optimally apply the sparsity pattern, we use helping functions. Due to corollary we
define the functions

SOL, i, jl=i —i+j+2

and
Sgl)[ll i/,j/] —i— i/ +]-/ +2.

Then for a fixed set of indices 7,1, j, the functions Sgl) gives the last index j, for which equation
is not zero. And analogously Sél) gives the last index of j’ for the set i, ', j.
Accordingly, for the third integral (5.10) the index boundaries are given by

SPIB, B K= —B+k+3

and
SPUB, B K1:=B—p +K +3.

Since Sf) and Sg) give the bigger index range, we will choose to only apply those for the recur-
sions, to avoid one extra loop.
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For the complete assembly routine we need to fulfil both the sparsity conditions SV and S®,
as well as |[i — 7’| < 2. We denote this set of indices (i, j, k,i’,j’, k') by &. Thus all entries can be
computed by algorithm

Algorithm 3 Recursive computation for the interior entries M,
forall2<i<p-—2and i'st|i—i'| <2do

1:
2 Compute GD[i,i'] by eq. (A.20) or eq. .

3: end for

4 foralli,i’,j,j/ € Nst j< 5(2 [i,i,jland j' < S(z)[z i’,j'l do

5: Compute G?[i,i’,1,j'],G (2)[1 1,],1], GO, i, 1,/ and GOi,#,],1] by corollarym
6:

7

8

Computec=c(j— 1,/ —1,i+i'+1,1,2i —1,1,2i' — 1,1)
Computed =c(j—1,j —1,i+i'+2,1,2i—1,1,2i' = 1,1)
Compute

GO, i, j+1,j +1] = Cl(ch@)[i, i,/ + 11+ 3G, i, j+ 1,71+ cuGP[i, i, j+ 1,7 +1])
1
9: Compute
GO, i, j+1,j +1] = dll(dZG(3)[i, i,7,i +11+dsGOL, 7, j+1,j1+dsGOL, 7, j+ 1,7 +1])
10: end for
11: foralli,i,j,j, k, k' € & do

12: Compute Mn(i,j,k),m(i,j,k) = G(l)[i, i,]G(z)[i, i,, j’, jl]G(B')[i + j, i+ j/, k, k’]
13: end for

Now onto the stiffness matrix K. An entry K, j x),m( j k) Of the stiffness matrix is given by

T 7 -
Kﬂ(i,j,k),m(i/,j/,k’) =/AVui,j,kAVui/,]-/lk/dx.

There are different choices how this integral can be split into smaller chunks. By application
of corollary we get a tensorial structure of the gradient, but since we compute all integrals
exactly, we have to multiply our gradients with the matrix C, where we lose the tensorial structure
again.

An equivalent alternative is to work with the gradients directly. If we write those gradients out
and sort for same (integrated) Jacobi polynomials, we can recursively compute all those integrals.
As shown in [BP08] and [BPZ13al], we get 21 summands which needs to be computed, which are
collected in table and table Those tables are written for reference purpose and readability,
and should be optimized before implementation, e.g. similar terms can be excluded to reduce
complexity.
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We define the auxiliary arrays used in table[A.T|and table[A.2as follows

S 1 1— i+i'—1 ) ,
Wi i 1= [ <y> P2 ()P () dy,

-1

Ca L/1— - 7
Lli,i,j,j'] = [ ) <2y> PX(y)PF (y) dy,
1 . i+i'+1 ' ,
I3[i,i/,j,j/] = Ll <12y> 1/5]21(y)1/5]2’1 (y) d]/,
Lli, i, j,j'] = /_ ) <2y> PP () dy,
S 1 /91— i+i'+1 ' .,
Llid 1= [ <2y> PP () dy,
o A i i
1 7,,/1= [ (2y> PEY R ) dy,
1 /1 i+i'+2 2: 0 27 0
Lli,i,j,i'1= [ <2> PEO )P y) dy.

and

1 —~
Lii,i'] = [ . LLi)dy,

1 ~
Ly[i,i'] = /_1 Li1(y)Li(y) dy,

1
Lali, '] = [ | Lia@Lia@)dy.

: , . . 1B A p@0)
By corollary 5.3.4) we know that replacing an integrated Jacobi polynomial P;(y) by (1 — y)P;™

retains the same recursion formulas. Thus, the arrays I, I and I have the same recursion for-
mula, and furthermore I, I5, I have the same recursion formula as well. The arrays L1[i, i'], L,[i, i']

and Lg[i, i'] can be computed by appendix
We denote the local sparsity pattern by &, see [BP08, BPZ13al.

Remark 5

In algorithm {4 the lines 8-11 can be computed in O(p?). Except for the computation of the start-
ing values, the coefficients of the recursion are small, since they can be computed by a raise or
reduction by unity.

Remark 6

If we use tables and in step 14 of algorithm [ we have a lot of floating point operations
for each of the O(p®) entries. But consider e.g. table each term in the sum depends either on
Lli+j,i+j, kK], Lli+ji+], kK], LII"+j,i+jk, klor I[i+j,i+ ]k, k']. If we group them in
the optimal ordering, we reduce operations per set k, k’. For the set 7,7, j, j/ we can exclude, e.g.
Ls[i, '], to reduce the complexity even further.

Remark 7
In the triangular case, the stiffness matrix has the same recursive relation as the mass matrix, due

to corollary Let

HIi, i j, i1 = /A ululs, + vl CVul, dx. (5.11)
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Algorithm 4 Recursive computation for the interior entries K,
1: forall2<i<p-—2andist |[i—i'|<2do

2 Compute L;[i,i'] by eq. (A.20) and eq.
3 Compute L;[i,i'] by eq. (A.22
4 Compute L3[i,i'] by eq. (A.19)
5. end for
6

7

8

9

. forall i, 7, j,j where |i —i'| <2,j < S1[1,i,j'] and j' < S¥[i,7,]] do
forg=1,...,7do
Compute I,[7,i',1,j'] and I,[i, 7, j,1]
: end for
10: Computec=c(j—1,/ —1,i+i'—1,1,2i—1,1,2i' — 1,1)
11:  Computed =c(j—1,j/ —1,i+i,1,2i—1,1,2i' —1,1)
12: Computeé=c(j—1,/ —1,i+i'+1,1,2i—1,1,2i' = 1,1)
13: Compute L[i,7,j+ 1,7 +1], L[i,7,j+1,j’ + 1], Lkli,i’,j + 1, + 1] by recursion with vector
c
14: Compute L[i, i, j+1,j +1], I[i,7,j+1,j’ + 1], I7[i,i’,j + 1,j' + 1] by recursion with vector
d
15: Compute I3[i,i’,j+ 1, + 1] by recursion with vector e
16: end for
17: foralli,i’,j, i, k,k' € & do
18: Assemble D,,rr = fA (dxr”ijk)(dxrui’j’k’)df by tablesand
19: Compute Kn(ijk),m(i’]"k’) = Z?,r’:l Avp D,y
20: end for

Then we state the following 2D algorithm:

Algorithm 5 Recursive computation for the interior matrix entries My, + Ky, in 2D

1 foralli,,j,j where |i —i'| <2,j < SV[i,,j']and j < S¥[i,7,]] do
2: Compute H[i,i’,1,j'] and H[i, i, ], 1]

3: Computec=¢c(j—1,/ —1,i+i'+1,1,2i —1,1,2i' — 1,1)

4: Compute

H[i, i j+1,j +1] = !

C—(CZH[i, /,7,i + 10 +csHIi, i, j+ 1,71+ csH[i, 7, j+ 1,7 +1])
1

5. end for

5.4. Extension to non-constant material functions

Up until this point, we assumed material functions to be piecewise constant, such that sparsity
results and recursion formulas hold. In this section, an extension to the case with non-constant
material functions will be discussed. We assume that the material function «(x) € R, x € R%is at
least elementwise continuous. Discontinuities at the element border are handled as usual.

We will present only the idea on how to extend the recursive approach to the mass matrix on the
tetrahedron. Consider the mass matrix entry M,,jk),m( j k') under the influence of a non-constant
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material function, given as

Mo j oy, mi jr k) = /AK(x, Y, 2ug(x, y, 2)ufe(x, y,z) dx dy dz. (5.12)

Since an arbitrary «x(x, y, z) will not be polynomial in general, we can not expect to find recursive
relations. Furthermore, even if we would find recursive relations, we would need to compute
those for each material function on each tetrahedron.

A more general approach is to approximate x(x, y, z) by some polynomial or rational functions, as

9
k(x,y,2) = Z ik Pijk(X, Y, 2)- (5.13)
ijk
For the ease of presentation consider «(x, y, z) = (11, 12, 13) after the Duffy transformation. Since
all recursive relations are based on the Beta integral (2.1) the best choice for our approximation
functions ¢ are functions based on a linear combination of

(1 — 7)1+ 7)1 — 72" (L + 72)2(1 — m3)"" (1 + 773)",

for some coefficients r1, 17,51, 52, t1, t2. Those can be achieved e.g. by Bernstein [Lor86] or Jacobi
polynomials. One possibility is to approximation x(x, y,z) by our shape functions, i.e. ui?k. In
section[6.1we present a method to compute this approximation for the interior entries in optimal
complexity. Inserting the approximation in yields

q
My jjom@ iy = 3 tkrst/AMr‘st(x/y,Z)Mﬁk(x,y,Z)ui‘,j,k,(x,y,z) dxdydz. (5.14)

r,s,t=0

After the Duffy transformation, we need to compute

q 1 1
Mo j jym(it j Ky = Zofxrst / 1fr(ﬂl)ii(ﬂ1)fi'(771)d771 / 1(1 ) i r(772)13]'2 i(772)13]%i/(772)d772
7,8,t= - -
/11(1 B 773)r+s+i+j+i/+j’+2 1352r+2s (173) 13j2i+2j (1) 1’5]3i’+2j/ (5) diga.
(5.15)
The integrals over 7, and #3 can be computed by (2.44). An alternative approach is to approxi-
mate the product x(x, y, z)u i?k by our shape functions. Then we would only need to sum over our
sparse mass matrix.
Nevertheless, the asymptotic complexity is O(q%p*?), since we have dense element matrix with
p*? entries. We need to sum over our approximation, where the complexity depends on the qual-
ity of the approximation, which is O(g?). If we choose the same polynomial degree as for our
shape functions, the asymptotic complexity is O(p>?), as worse as the standard approach.
Alternatively one could compute new orthogonal polynomials, which includes x(x, y,z) in the
weight functions, see e.g. [Gau82,Gau04]. On one hand, this approach would provide sparsity
in the mass matrix again, but on the other hand, it is uncertain if recursive relations can be found.
Those algorithms to construct orthogonal polynomial in dimensions 4 > 1 have only been intro-
duced recently, see e.g. [LN23].
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Figure 5.1.: 1D experiment of recursion formulas

5.5. Numerical experiments

For our numerical experiments, we assume that our material functions are constant. We compare
the assembly time of one Gram matrix in 1D with the numerical quadrature, see the publication
[BHP23]]. Furthermore, we provide a small comparison between the sum factorization approach
and the recursive approach for the 3D mass matrix.

5.5.1. 1D - Example

Let (f(x), g(x)) = fil f(x)g(x) (1_79‘)8 dx be a weighted scalar product. Let ¢, (x) = Py(l4’0)(x), then
nZ 2

calculate the Gram matrix G = [G;j ;] = [{(¢i, )] Z;.”“" . The resulting sparsity pattern can be
seen in Figure To compare the standard assembly routine with the recursive version, we
assume now, that the quadrature points, weights and the basis functions are tabulated, i.e. we
only need to perform the summation step of the standard assembly routine.

In Figure the runtime of a Matlab implementation of both assembly routines are compared.
We measured the assembly time of the Gram matrix for the total polynomial order 10 < 71,5 <
160 for the integration of each non-zero value (¢;, ¢;). As expected the recursive version is a lot

faster than the Gaussian quadrature, evenin 1D.

5.5.2. Assembly time of the interior entries of the local 3D mass matrix

As seen above we split the computation of the local interior entries of 3D element mass matrix on
the tetrahedron into the three auxiliary arrays,

1 —~ o~
GO, i'] = / Li(x)Lo(x)
—1
1_y i+i'+1 . i
G(Z)[i,i’,]',f’]=/_1< 2 ) P y)F;" dy

1 1_y i+i'+2 .y s
GO, ,j,i' = / <2> PP(y)P7" dy.

-1

1
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Figure 5.2.: Timings of the assembly of auxiliary arrays for 3D element mass matrix

As seen in [BPZ13a]] we can compute the mass matrix in 3D in optimal complexity by a sum fac-
torization approach. For this we first evaluate all relevant Jacobi polynomials at the quadrature
points and then determine all non-zero entries by GO[i,"1GY[i, i,7, j’]G(3)[i +7,7+j,k K] As
such the only real difference between the sum factorization approach and the recursive approach,
lies in the computation of the auxiliary arrays. In Figure (5.2} we see a direct comparison between
the sum factorizatiorﬂ and the recursive approach as a small Matlab example.

Here we only compare the assembly time of the auxiliary arrays, we did not take the evaluation
time of the Jacobi polynomials and the quadrature points into account. Moreover, we excluded
the time for the assembly of GO, 1G?1i, 1, ,71GOLi +j,i' + ', k, k'] as well.

The recursive approach computes the auxiliary arrays ca. 40 times faster than the sum factor-
ization approach. Since the coefficients to compute the auxiliary arrays are constant, the recur-
sive approach computes one auxiliary entry in optimal complexity O(1). On the other hand the
quadrature approach computes those entries in complexity O(p).

Remark 8
Since the auxiliary arrays consists of O(p?) entries, the sum factorization approach is still in opti-

mal complexity in 3D. This is not the case for 2D, where we still have O(p?) entries in the auxiliary
arrays. See [BPZ13a].

Remark 9

The asymptotic behaviour of recursive and quadrature approach for the auxiliary arrays can only
be observed for p > 100. For degrees smaller than that the number of non-zero entries is not yet
in the asymptotic range. But note that the observed behaviour is not worse than O(p3), which is
the asymptotic range given by the assembly of entries.

L All quadrature points and Jacobi polynomials were evaluated by chebfun[DHT14]

76



6. Algorithmic optimization for /ip finite element
methods

6.1. Dual functions

The aim of this chapter is to give new high order dual functions for H I'and H(curl) functions of
chapter

Consider an arbitrary basis {¢; }; from chapter@ then the respective dual functions {1;}; € LX(Q)
are given by the relation

(@i py) = 0.
Dual functions are used in defining interpolation operators, see e.g. [Mal09, Chap. 7], or transfer

operators between finite elements spaces, see e.g. [WW98, WKO01].
Consider for example some function #(X), which we want to approximate by our basis functions

(Pi, i.e.
N
HX) =) i,
i-1

where N = dim(¢). This best approximation problem is solved by multiplication with test func-
tions v € L?(Q)) and integration thereof. The following linear system needs to be solved:

N
/Q HF)o(R)dT = ; /Q 6 @o@AT Vo € L2

The choice v = ¢; for all i would lead into a dense or almost dense system. On the other hand, the
choice of biorthogonal functions leads to a diagonal system. Moreover, biorthogonal functions
are well known from the theory of wavelets, see e.g. [Mal09]. There are also purely biorthogonal
polynomial systems, see e.g. [DX14].

An algorithmic implementation for the H I dual functions can be found in NGsolve [Sch14].

A further application is the efficient calculation of the constraint matrices for non-conforming
meshes, see e.g. section[6.2]

In 2D the problem in general reads:

Problem 6.1.1
Find uy,, € Vy, such that

upp(A) = u(A) Y vertices A,
/Euhpv = /Euv Vo e PP 2or QP2 V edges E,
/ Upp0 = / uv Yo € PP3or QP2 V triangles/quadrilaterals T.
Q/T Q/T
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A similar approach is valid in 3D. We will start by introducing the H! dual functions for the
quadrilateral and for the triangular case. In a next step, dual functions for H(curl) will be derived.
We apply the already introduced notation, i.e. a function u denotes a H! basis function, v%* a
H(curl) basis function of type a = I, 11, I1] on a reference element Q. Here i, j are the indices of
the basis functions, while k, I are the indices of the dual functions in 2D, or (i, j, k), and (I, m, n)
respectively in 3D. Furthermore p denotes either the total or the maximal polynomial degree,
depending on the reference element.

6.1.1. Dual function in H!

H' dual functions on the quadrilateral

Consider the master element [1 = (—1, 1)2. Recall that the face functions were defined as ug(x, y) =

fi(x)fj(y), see table To find the dual functions, we write the integrated Legendre polynomi-
als as Jacobi polynomials by using the relation

(2 — 1)P(1,1)

Lit) = 55— iz

(%), (6.1)

see (2.11).

The dual function E,S(x, y) = b,';(x)blm(y) has to satisfy the relation

. 1 1
[ e pbieydr = [ Lt ds [ Lob o) dy = cjusid 62)

By inserting the Jacobi polynomials, we directly notice the orthogonality relations. Thus, one
obtains

Lt (1,1) /00 v, 11, 0
e [ 2= 0pMPepdx [ 6P = DAY U ) dy = cudied

This motivates the choice
b (x) = PXD(x) and b (y) = P1)(y). (6.3)

The main driving factor is, that the integrated Jacobi (or Legendre) polynomials can be stated as
Jacobi polynomials with an appropriate weight for the second Jacobi index. By normalizing by,
with ¢y, the linear system of equation results in the identity matrix, i.e.

1 O 1
— [ uz(x,y) bu(x,y)dxdy = d; xd; =—/ x,Y) b(x,y)dxd
” /Q (X Y) b (x, y) dx dy = 69, o Qf (x,y) ba(x, y) dx dy

H' dual function on the simplex

We now apply the same strategy to the simplicial case. (An extension from quadrilateral to hexa-
hedron is straight forward). Recall that

A_+ ([ 2x 1-y\ 5
fen () (3

on the triangle A with vertices (-1,-1), (1, -1), (0, 1), see table Using

~ 1 _
B = T pe 10y
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and (6.1) u? (x,y) is rewritten as

A 1 2x 2_ an [ 2x 1=y \' (1+y) pei1
ui]‘ (x/y) _C2 <<1_y> 1) Pi—Z 1_y 2 2 Pj—l (y)’

with some known constant c. As before we search for B,ﬁ(x, y) = bkA (lz—xy) b,ﬁ(y) = bkA (1) bkAl(y),

where 17 = % Using the Duffy transformation we write down the biorthogonality condition as

. 121 U 1—y\"* o
[wwiiomas=c [ (T70) rdomeon [ (1) B wnimas
(6.4)
Again this motivates the choice

1— k—2 -
bkA (n) = P,&?(U) and blﬁ(y) = <2y> Pl(ik1 1,1)(]/)'

Normalizing the dual functions means that the system matrix is again the identity matrix. We
summarize in the following lemma:

Lemma 6.1.1 (H! dual functions on a triangle)
The face functions uﬁ(x, y) as in (4.4) and

X 2x 1—y\* 2 o .
be (x,y) = PLD (1 - y) (2y> PE W) VEk>2,i>1 (6.5)

are a biorthogonal system on A, i.e.
/A u?(x, y)@,ﬁ(x, y) dx dy = C(Sikfsjl

On the tetrahedron A with vertices (-1,-1,-1),(1,-1,-1),(0,1,-1) and (0,0, 1) the interior
functions ui?k, see table and

4x 1—-2y—z =) i 2z (n=1) 2i+2i—1.1
bﬁm(xf%z)ﬂ’ﬁ’i)(1—2y—z)( i ) A <y> P

are biorthogonal, i.e.

/A UA (%, Y, 2)bAn (., 2) dx dy dz = €616 6.6)

Proof. The biorthogonality follows by inserting in (6.4). Analogously, the biorthogonality for
the tetrahedron follows by (6.6). O
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6.1.2. Example of efficient approximation in H'

Consider our reference triangle A with vertices (-1,-1),(1,-) and (0,1). Let ¢ € L*(A\) be the
functions which we want to approximate, i.e.

ndof

Px, ) = Y asus(x,y), (6.7)
s=1

where u;(x, y) are the basis functions and ndof is the number of degrees of freedom. Foremost
ui(x,y) is given as the set of vertex, edge and face functions, see table We can rewrite (6.7)
as

P(x,y) = lev WS (x, y)+thE1 DB y)+20¢E2 DB,
6.8)
N ):“Es DB )+ ): }: oaz-ljui?(x, y).

i=2 j=1

Since u "“(x, ) are the only functions which have non-zero values at the vertices, we can directly

determme
af = ¢(—1,-1),
a3 =¢(1, —1),
a3 = ¢(0,1).
Let ¢(x, y) = ¢(x,y) — Ju; A0y, y). Our approximation problem (6.8) has been reduced to

$(x,y) = Z«x“u“%x y>+2aﬁ2u B (x, )

As mentioned at the beginning of this chapter, the usual approach would be to multiply with a
set of test function and solve the remaining system. But due to the biorthogonal functions, we

can reduce this problem to a diagonal system.

The steps are as follows: First multiply by a test function v € L%(A). Since only the functions uF!

have a non-vanishing trace on E1, integrate over E1. Thus we need to solve the following system
¥ . AE1
/ P(x, y)o(x,y)dxdy = thfl/ ur = (x, y)o(x, y)dxdy Yo € LA(A).
E1 P E1

Since the trace of the edge functions is always L;(z), the best choice for the test functions is tr(v) =
P].(i’;)(z). For example on E1 this reads as follows

/ $(x, y)PID(x) dx d =ftx' / 1 Li(x)PL D (x) dxc
E1 Y j—2 Y =~ i 4 i j—2

— yEl.. 5.
= cijbij.
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Thus, the entries aF! can be directly computed by only solving the integral on the left-hand side.
We can compute a2 and a3 analogously.
Now we only need to solve for the interior parts. Let

3 P P P
o(x,y) = p(x,y) — (2 (xfuiA’U(x, y)+ EtxiEluiA’El(x, y)+ szl-EzuiA’Ez(x, y)+ Zaf3uiA’E3(x,y)> .
i=1 i=2 i=2 i=2
Here we again multiply by a test function v € L*(A\), but this time integrate over A, i.e.
. pop-i A
/A P, o, y) =) Y, ocllj /A u; (x, y)o(x, y)dxdy Vo€ L2(N). (6.9)
i=2 j=1

The best choice for v was given in (6.5), which results in the diagonal system
/A P(x, y)v(x,y) = D‘il]'cijfsi,kfsj,l- (6.10)

The generalization to the tetrahedron is straight forward. First determine the coefficients w.r.t. the
vertices, then determine the constraints w.r.t the edges. Next we need to determine all coefficients
w.r.t. the faces, by integration over the individual faces. Lastly, solve for the coefficients w.r.t. the
interior functions.

All biorthogonal functions on the edge and faces follow from the dimensional hierarchy, i.e. the
trace of the faces on the respective face, is just the 2D face functions from table

6.1.3. Dual functions in H(curl)

Finding dual functions for H(curl) functions is more complicated. Not only are the shape func-
tions vectorial, but they also appear in multiple types. Our goal is to find all dual functions which
are orthogonal to the corresponding type of H(curl) and additionally are zero for all other types.

Quadrilateral basis
Recall that the H(curl) face shape functions on the quadrilateral [1 = (-1, 1)? written out are
S Li_1(x)Li(y)
0,1 i—1
Iy ’ = V L / L i = ~ ] 7
vl] (x y) ( l(x) ](]/)) (LZ(X)L]_l(y)

(6.11)

o, y) =W (fi(x)fj(y)> = ( Lo (L) > ,

—Li(x)Lj-1(y)

L; 0
v?"”<x,y>=< éy)>, o1, = (_Ei(x)),
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for2 <i,j < p, see table After linear combination we see, that we can also define the face
functions as

02 (x,y) - wnmﬁwb(”1?9@>,fmlswnﬂngn (6.12)
DH(x )= Li(x)V(Liy) = [ ~ 0 , for1<j<p2<i<np. (6.13)
g ML) =7 ’

Note that the functions of type III are now a special case of the new type I and II for i = 1 and
j =1, respectively. By application of (6.1) we again find the biorthogonal functions.

Table 6.1.1: Dual functions on a quadrilateral

Define W
B (x, ) = Li—1(x)P, =) ()  forl<k<p2<i<p,
0
(6.14)
= 0
b (x,y) = , for1<I<p2<k<p.
! P (L1 ()
Corollary 6.1.2
For v?l and ZJD ' as in (6.12) and (6.13) and the functions by and 5" as in (6.14) are
biorthogonal, i. e
/ﬂmuwfmmw=mwmwz

Proof. The proof follows as in lemma m O

If we apply the dual functions from corollary [6.1.2] to (6.11)), it follows

<EI/bDI>_C(Slk
(i, Bg™") = d éady
<5IH bEII C(slk

—d 601

)
oI 70,11
(oM, B
where ¢ # 0 and d # 0 are constants depending on 7, j,k, . Since all blocks are diagonal this
motivates the choice
b y) = d B y) — 7 BE ().
and

b

i (x,y) = c ! EE’I(x, y) — d-! EE’H(x, ).

These yield orthogonality since

(0 by = d ol Bty — o N By = d T d sy — et edudy =0 Vi, k1> 2
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and

< S’H bDI> c < SH bDI> d- < SH bD H> —C_1C5ik(sjl+d_ld(sik(5]’l =0 Vi,j,k,l > 2.

Orthogonality of v/l and v! ﬁ) to bl, and b/ is trivial. We summarize in the following lemma.

Lemma 6.1.3
Let UD I, O, H, o and 9 pe as in (6.11), and EEZ’I and B,S’H as in table|6.1.1l Further-

] 1 +p
more, let
| N .
ajj = g(z)(2z - 1)(2j-1). (6.15)
Then the functions
b2, ) = 0 B, y) — g B, ),

b (x,y) = ;i bD T, y) + aj EQ’H(X/ y),

b x, y) = B 1<x, v, bty =t y),
are biorthogonal to 03 L Z)S’H, le AT and Z)E ;I I

Proof. Biorthogonality was already shown above. For the coefficients in (6.15) apply the usual
orthogonality results, i.e.

e= b)) = [ Lo [ L Ry
where
1 2d B 2
[ (Lia()Pdr = 5=
and

Ly pUD (2 23 TOrG) —4 G—1) -4
Lo RO = s T e T

Choose j; = ¢~ !. The coefficient a;j is computed analogously. O

Triangular case

The triangular case is more complicated. Recall that the basis function of H(curl) on the reference
triangle with vertices (-1, -1), (1, -1) and (0, 1) are derived as

o5 (6, y) = V(g () = V(G850 + £, 1)V (Q5)
A Il(x y) = Wz(uﬁ(x, v) = V(fi(x, )gii(y) — filx, y)V(&ij(y)) (6.16)
vﬁ ", y) = V(fi(x,y) P(y),
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where fi(x,y) = L, (12" ) ( ) and g;i(y) = A2’(y) see table(4.2.8
The gradients of the auxﬂlary functions fi(x, y) and g;j(y) can be calculated as

v = (1Y) ”(5;5{;3) fori > 2,

2 1-y
V(g = ( fori>2,j>1, (6.17)
] P77 ) -
1- 1
V(fl(xzy)) = Ty (1( 2x )) ’
21—y

where we simplified the first gradient by using the recursive relation (4.7), see also [BS06].

A/

We follow the ansatz as described for the quadrilateral case. First spht v, in the functions

~ﬁ,f(x, y) = V(fi(x,y)gij(y) fori>1,j>2,

~A 1 . (6.18)
(x,y) = filx,y)V(gij(y)) fori,j > 2.

AI( AH(

The functions 7~ (x,y) and ¢ x,y) are also a basis of the space Hy(curl). Next we derive the

biorthogonal vectorial functions for those v? A FOAT

and 7;;"", and then solve the original problem by
linear combination, as in the quadrilateral case.

Here the main idea of the construction is that we first find vectorial functions which are orthogo-
nal to either V(g;;(x,y)) or V(fi(x, y)) and then biorthogonalise those to the respective other basis
functions.

It is clear that we have the following structure of the orthogonal vectors:

Bu(x,y) = (b(% y))

cus = (1)

(6.19)

In the following we use the notation = and write all functions in dependence of (1, ), e.g.

/
write a(x, y) as a(y, y). The first problem Wthh needs to be solved then reads:

Problem 6.1.2
Find polynomials By (7, y) such that

<5§’H(17,y), Ba(,y)) = 0and (6, Ba (1, y)) = z]kl Oikdj1-

Since the first component of 3°!1(y7,y) is zero, By (1, y) as in (6.19) naturally fulfills the first con-
dition. Furthermore, we can assume a tensorial-like structure, i.e.

bmmwwwv

Bu(n,y) = ( 0

84



Now b1(z) and by(y) only needs to fulfil the relationship

[ s oan [ (152) G0 60 dy = s

where we applied the Duffy transformation. This motivates the choice b,il)(iy) = Ly_1(y) and

k—1 _
W= () P,
For the second type of dual functions we need to solve the following problem:

Problem 6.1.3
Find polynomials Cy,(7, y) such that,

(05" 01,9), Cual, ) = 0and (0" (1, ), Cuy, y)) = dhud- (6:20)

Here we will need the help of the following small lemma.

Lemma 6.1.4
For 1 < i <k, the relation

4 . ) ' B
/1 Li(x)P,El'”(x) dx = { 2 ifk >iand (k —i)mod2 =0
- 0 else

holds.

Proof. A classical result of Jacobi polynomials states that P,(I“’“)(x) is even if n is even and it is odd
if n is odd. Thus the relation is trivial if k and i have a different parity.

In the following, assume i and k have the same parity. Let I;; = fil Li(x)Plil’l)(x) dx. If i > kit
follows that I is zero, due to the orthogonality condition of L;(x). Now assume k > i. By partial
integration it follows

1 1 2 d
m=[gwﬂmmw=/Lw575¢mmw

1
3ot L@l = [ (G000 L) ds

I\)
W

7

N
.

+

where the last integral vanishes due to the orthogonality condition of Ly, (x) and [L;(x)Ly1(x)] |£1 =
2 due to the odd parity. O

For problem we start with the biorthogonality condition. We again assume a tensorial-like

structure, i.e.
1)
¢ ()
Calry) = | &' |-
K\, Y kY c,(f)(n)
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Figure 6.1.: Biorthogonal sparsity pattern for p = 6

The condition is
1 1 /1 —y\ ! g
@ = [ Towar | (15Y) " B0 = sy

k—1
This leads to the choice Cg)(ﬂ) = KP&?(W) and c(3)(y) (l%y) Pl(ikl’o) (v), where « is some con-
stant. The orthogonality condition
(", Cu) =0

is satisfied, if

(V£i(1,9), Cua(p) = 0. (6.21)

1’\210

Since both components of V f; depend on (PTy)Z (v), the orthogonality relation reduces to

/L V) d +/11
e mdn+ |

Due to lemma this condition is fulfilled if ¢{" (1) = (2 + k — 1)P{"7 (i)
—2Q2+k— 2)P,§S)(17). Now we have found a biorthogonal basis for 3! and @

Li (1)@ (p) dy = 0.

and ¢ (i) = 5o,

which results in a diagonal matrix which can be seen in Figure
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Table 6.1.2: Dual functions on a triangle

Define
2x ) (1-y 2k 1,1
Bu(x,v) = Ly (1—y>( 2 > P ) forl <kl
g 0
-1
2+k—1)PMD) vy p0
Culx,y) = ( ) 11<1 y> ( 21> . 1112k(()y) , for2<k1<I
—202+k-2p17) (&) (%) P%w

With this choice, we have proven the following corollary.

Corollary 6.1.5

Let 5? A ~§ ' pe defined by (6.18) and the functions By, and Cy; be defined as in table|6.1.2

Then these functions are blorthogonal.

Obviously those are not biorthogonal to the basis vlf o v?’n and vﬁ Al

ure[6.1b] Thus, we derive the biorthogonal functions by linear combination, as in the quadrilateral

, which can be seen in Fig-

case.

Lemma 6.1.6
Let the coefficients a1, a2 and a3 be given by

= é(Zi —-1D@2j+2i-1)(j+2i—1),
1 _. C
Ky = E(ZZ - 1(@2j+2i-1),

1 . .
a3 = E(2]+2)(]+2)'

AT AII AT

Then for2 <i,k <p,1<j,l<p,andi+jk+I < p,the functions (ngn s and vy as

in (6.16)) are biorthogonal to
AL 1
b, (x,y) = _E(’XlBkl(xz y) +a2Cr(x, ),

1
by (x,y) = 5 (@B, y) = 42Cu(x, y)),

b (%, y) = a3Bu(x, y),

where By; and Cy; are given in table|(6.1.2

~A,I ~AI

Proof. Since we have shown biorthogonality of 7 i Ui

to By, Cy in corollary (6.1.5, we get

(v; 4'1 ,Bu) = (AJ By) + @?'11, By) = <?7§’I,Bkl> = Coixdji
(02 i 1 Cy) = (55 i 1 Cy) + (8 ?’H,Cm = <ﬁ§’H/Ckl> = Coixdjl.

This motivates the choice b,ﬁ A= a1 By + a2 Cy; with some coefficients a1, a; depending on i, j, k, .
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The parameters a1, &, are chosen such that

0 # (v, by') = wa (0 1] erl>+“2< Ckl>

ij 7
0=(v Z?H by'") = a1 (55", Bu) —062< ", Cu).

1]’

We only need to solve this for (i, j) = (k, ), thus

~ 1_ (1+y) 1—
(@B = [ LGPy / (3 ) D e ay

- ) 2 1-y - 1+]/ Qi—1,1), \\2
1\ 3 (P ') dy
2 1 221 T(j+2i — DI+ 1)
C2i—122-1j2j+2i —1 T(j+2i)(j—1)!
8
CQRi—-1DQRj+2i—1)(j+2i—1)

This implies a; = %(21’ —1)(2j — 2i — 1)(j +2i — 1). Analogously

2%
(31,5 = i / (2=5) edaran [ (452) B0wma
1- i
) (2i —) /,1 (2y> PEOy) dy
8 2

_ L(j +20)I()

(i —1)(2j +2i — 1) T(j +2i)(j — 1)!
16

T Ri—1)Rj+2i—1)

implies ap = 116(21' —1)(2j +2i — 1). The only thing remaining to show is that By, Cy; are orthogonal

AT

to vy and that blAl A s orthogonal to 5A and v ! Indeed,

i

1 1 _
Uﬁ JIT ,By) / 1-Lia(y )diy/ ( ) pl(ik1 1,1>(y)=0,

due to the orthogonality of Li_1(y) for all k > 2. For the orthogonality of

N
(v, Cia)

we can apply lemma
On the other hand, orthogonality of bfl A gollows from corollary O

Since all basis functions are properly scaled, the next corollary follows directly.
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Corollary 6.1.7
Leti,k > 2 and j,I > 1. Furthermore let vz v ﬁ < 2T SHI pe the basis of the H (curl) face
functions and let b,ﬁ h bA 1 bA " pe the corresponding normalized dual face functions,

then holds for the entries of the element Matrix G that

Giju = (Uﬁ'n (x,y), b;ﬁ’Tz(x, Y)) = 00,101, 15-

As we have seen before, the functions based on the operator W are not functions of Nédélec’s
space of the first kind. But v°*V as in (@.13) are just a small recombination, and thus it is possible
to reconstruct our dual functions to those modified basis functions. The same arguments as above

lead to the following corollary:

Corollary 6.1.8
Let the coefficients a1, a3, a3 and c¢;; be given by
1,.. C A C
= g(2z —-1D@2j+2i-1)(j+2i - 1),
1 . C
np = R(ZZ —1)(2j+2i—1),
1 . .
w3 = 752]+2)(j+2),

Cii = .
1 ]
Thenfor2 < i,k <p,1 <j, I <p,andi+j k+1 < p, the functions U?I vﬁ A a5 in (6.16)

and v~ as in #13) are biorthogonal to

1
by (x,y) = + “(lxlBkl(x/y)+Cji“2Ckl(xzy))/
b1 9) = (@B, y) — w:Calx )
Cij
by (x, ) = asBu(x, y),

where By; and Cy; are given in table

Tetrahedral case

Our ansatz is the same as in the triangular case:

We split the basis functions in a simpler basis, find the orthogonal basis to this simpler basis and
build the right dual basis by linear combination. Recall the basis of H(curl) on the tetrahedral
with vertices (-1,-1,-1),(1,-1,-1),(0,1,-1) and (0, 0, 1) is given by

ink = V(figijhiix) = V(f)&ihijk + fiV (i hijx + £igiiV (hijx),
vl = Walfigifhig) = V (f)giihik — fiV Qi) hije + figiiV (i),
v = Wa(figijhij) = V(f)gijhije + £V Qi — figiiV (hije),

Uljk = 0[1,2]8ijhijk'

(6.22)
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fori >2;j,k > 1;i+j+k < p, where

_ 4x 1—2y—zi
it (=) ()

(%Y 1-z)/ (6.23)
8ij = bj (1—2 2 )

PO
hij = P, (2)

and vﬁfoz] is the lowest order Nédélec function of first kind, based on the edge from vertex 1 to

2, see table 4.2.10, With the substitutions # = 17%% and x = ffyz, the gradients of the auxiliary

functions are

Li—1()

i-1 i-1
Vfi=| 3Li-2(n) (7) (1 ;Z> ,
TLioo()
0 ‘
Vgii = P].(Eiio)(X) (1 ;Z>] 1 and
P00 = P (0
0
Vhij = 0

P @)
We now derive three biorthogonal vectors with respect to (V i) gij hiji, fi (Vi) hije and f; gij (Vhiji).

Similar to the triangular case, we have the following conditions on the dual functions B, C;jx and
Dl‘ ik -
]

Problem 6.1.4
Find By, Cins Dimn such that

fi (V&ip) hijk L Bun L fi 8ij (Vhijx) and (Buyun, (V £3) 8ij Bijk) = Tijximn9i10jmOkn,
(V1) gijhijk L Cimn L fi 8ij (Vhiz) and (Ciyn, £i (Vi) Biji) = SijkimnSi10jmOkn,
(V1) &ij hijk L Dimn L £i (V&ij) hijk and (Dimu, fi 8ij (Vhijr)) = tijkimn0i16jmOxn-

Since the basis vectors build a lower triangular system, we know that we need to find an upper
triangular system. Thus,

b Imn (77/ X/ Z)
Biyun = 0 ’
0

é%sz>
Clmn = Cgr,zn(nl Xr Z) ’
0

a1, x,2)

Diwn = | d2) (1, x,2)
a2 (1, x,2)
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The construction of By, is trivial and the construction of C;,,,, follows from the 2D case. Thus,

1 -1 l+m—2
1—x @l 11) 1 -z @14+2m—1,1)

Blmn =10 Ll—l(ﬂ) T P ( ) Pnfl (Z) and

0

@el=DPL \ g N e
Cinn = | —22+1— 2)19(1 ) ) <2> Py () ( > P ),
0
where the exponents of (TX> (12;2) are determined with respect to the functional determi-

nant of the Duffy trick, i.e. <%) 1T .
step. I

To derive D, we go step by follows immediately that

1— l+m—2
dp) =P >( ) PP (x >(1 Z) peham0(z), (6.24)

due to <Dlmn/fz &ij (thk» = Sljklmnézléjmékw
Next we derive d( . by demanding

0= (fi(Vgi)hijk, Dimn)- (6.25)
A rather obvious choice for dﬁn)n dﬁzn = P(1 1)(17) d2(x) (%)Hm_2 Py(lz_lqzm’o)(z). This choice re-

duces the condition (6.25) to
1 /71— 4\ ! 2i—1 , - 3
0= /_1 (2X> P(Zl 0)(7() d(Z)(X) + < . X> <)2CP]‘(2110)(X) _ él/)\]Zz(X)> PT(nZl_ll,l)(X) dx, (6.26)

since the condition (6.25) is trivial for i # I and k # n with this choice of df}zlz

On the right part of the 1ntegra1 the combination 13]-2’( )()P(zl 11 ) already fulfils the orthogonality
relation. On the other hand, for the product of the two different Jacobi polynomials, namely
P(ZZ 0 (x) and P(ZZ b 1)()() we can’t apply standard orthogonality results. We eliminate this mixed
part by linear combmatlon. Therefore, we choose

N 1— -2 B
- X (2 7‘) PG +d,

such that the mixed products cancel each other out. Those linear combinations result in the fur-
ther reduced condition

11—\ 1 \21
0:/_1 <2X> P]-(Eio)()()dm)(x)—% <2X> 13]_21()()1)(21 () dy 6.27)

The last part of the integral in (6.27) only appears if m = j. We can achieve the same for the first
part of the integral, if we choose

d® = <2 X) PT(,ZZQ?(X).
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Since both instances in (6.27) are integrals over Jacobi polynomials with matching indices, order
and weights, we can determine the constant c directly. It holds that

U=\ e, N2 1
/_1< 2 ) (pffl (X)) X =52i-1
L= x\ 1y Qi-1,1), \)2 j
/_1< 2 > ( 2 ><PJ’1 (X)) X = G haie -1

Collecting everything

?) (1 1) X -2 _Xpe-1y m (1= Xx) @10 1—z\""2 (214+2m,0)

Now we need to determine d;ng )%

= ((Vf)giihijks Dimn)-

Inserting d( ) and d ylelds the following condition after some simplification

0= L) (12X i_lﬁ?i( y (12 i+j+1132i+2f(z)d<”( 2)dy dy dz
(-1,1) i-1] 2 j X 2 k Imn\1+ X max
i+l1—1
. (1,1 —X pi (21 11) m PO
e[ b (F55) B [P 00 s 5

1— 2\ @1+2m—1,1)
52i +2m—1,
(2) P ()P, 7" (z) dz dx dyy.

If we choose d;m)n(iy, X,z) = 2(22111 12) P(l 1)(17)(171)(7() (L2 Z)l+m_2 P7(1214{2m,0)(z)’ we can factor all terms

depending on 7 and z out. Thus, we only need to determine 4")(x), by the condition

1 _ i—1 ) 1—
0=/, (1 2X> B2 () dVx) + (/‘)

It is obvious, that we can choose

I-1 +m—2
o _ —Q+1-1)_ay 1—x @i~ 1 N m_peLo) 1 -z (21+2m 0)
dlmn - 22+1-2) Plfl () > P (x) + Narm—1 m 1 () (2).

i+]—1
B0 [P0 + 5 P00 d

We summarize in the following table.

92



Table 6.1.3: Dual basis on the tetrahedron

Let! > 2,m,n > 1 then define

1

1— -1 —z l+m—
o L1—1(77)< 2X> PRI )< ) plets2n=11))
0
1+ P 1 Lem—2
pA _le a 1)(17) <1 ;X) P(zz 19 (1 — z) P}gz_z;szl,l)(z)’

0
—(1+1) p(1,1) (21-1,1) (21,0)
4p0D) (1) 7 [P0 + gy P20 s
111 =2 —Z (21+2m,0)
blAmn - P(ll)(”)<1 X) [ XP(ZZ 11)(X)+21+m1 XP(ZZO)( )} < . ) Pn:{m @),
1—-2
P(l 1)( )( ) Pzz 11(X)

2y—z

where 17 = and x =

l2yz

Thus the following lemma has been shown.

Lemma 6.1.9
Let f;, gij and h;j; be defined as in ( . Then, the functions

~1?k1 (sz)gz] ifks
~1?kH fz(ng)hz]k,
NZ?kIH = ﬁgz](th]k)

are biorthogonal to b4 pAIl and Bl‘n;g ! defined by table ie.

Imn’ ~Imn

<ﬁl?kW1 blAm(;lJ2> = C;;]l éiléjmdkndw],wzr C(]l, w2 E {I, II, III}.

As before, we transfer this to the original interior basis functions.
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Lemma 6.1.10
Let bA1 bA1 and El‘mﬁz be defined by table

Imn’ “lmn

. . g Al AT Al AV g
Fori >2,j > 1,k > 1 the functions ik 1 Vijk 1 Vijk and Uy are biorthogonal to

Al _ 1 o pA I

1 @) za,101
Imn — Zalmn Imn + Elxlmnblmn ’

1 = 1 =
All _ 1) 74,1 2) 7,11
blmn - E‘lenblmn o Elxlmnblrnn ’

ol L o@zar 1 @) zam
blmn - E“lmnblmn - Ealmnblmn ’

AIV _ (4 74l
blmn - lxlmnblmn'

where
o) = %(21 — D)@m +2] — 1)(m +21 — 1)(2n + 21 +2m — 1)(n + 21 +2m — 1)
a? = %(21 —1)@m+2] — 1)2n +2] +2m — 1)(n + 21 +2m — 1)
o = %511(21 — 1)@m +2] — 1) (m +21 — 1)2n +21 +2m — 1)

1
a® = ?(zm +2)(m +2)(n +2m + 2)(2n + 2m + 2)

Imn

s n @ 3) . I I LI
Proof. To show the coefficients «;,, , &), and &}, weneed to calculate the coefficients Cijks Cijier Cik
in lemma6.1.9, since
Al AL\ _ /~Al TAI Al TA AL TAI\  _ AT TAIN _ I o 5
ik r Opan) = igic s O + (T D) + (O™ bn) = (035, by} = Cii0injomOen- (6.28)

Due to the already shown biorthogonality we can assume that

bA,I (1,I)EA,I +IX(2'DE"H+DC(3'I)EA'IH

Imn =[len Imn Imn “Ilmn Imn ~lmn

AJl _  (LIDjaA,l 2,I)7.A,II B, I 7 A,IIl
blmn _[len blmn+almn blmn +[len blmn
AJII _  (LII)5aA,l 2117 A IT G I AL
blmn =& blmn+a1mn blmn +[len blmn :

This combined with (6.28) yields 9 equations. If we choose &} = ﬁi“(cfjk)_l and so on, we get the
following system which needs to be solved

BL B B3\ (1 1 1
nopl g1 -1 1 | =k
{H 13511 ﬁ:l),H 1 1 -1

The solution is given by

I I I 1 1
Br Ba B3 0 3 3
11 11 mr=11r _1 o
1 2 3 2 2
I glll  glII 1 1
B’ By B3 2 0 —3

The coefficients cj.‘]?k can be computed analogously to the triangular case be using the exact values
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of the integrals over Jacobi polynomials. Finally, one obtains

(o, bl) = .27 S — L R —
iflkr Tk Q1 — 1) (2 + 21 — 1)(j+2i — 1)(2k +2i +2j — 1)(k+2i +2j — 1)’
BBy - 2 1 __
Yijke Tijk! = 27 1) (2 + 21 — 1)(2k +2i + 2] — 1)(k+2i +2j — 1)’
7111 26 1

<~III p! >
Cuke Pk = 2 1) i i+ 2] — D)+ 2 — D@k +2i+2) — 1)’

by using the orthogonality relations of the Jacobi polynomials. It remains to show, that to

1 .
1- 1—-z i+ =0i+3
dh= 2] (50 B (5F) B
n
4

the dual shape functions are naturally orthogonal. For B;j orthogonality follows since the first

component of U{ﬁ( is independent of 17 = 17%;%-

For Cjjx we apply the relations

/ (i +)PMD(x)dx =2 / L L) dx =2 [Li)]L, = 21 — (— 1))
and

/1 ¥ 2P () dx = 2/ Lii(x)dx =2 [xLix)]L, /11 L_1(x) dx = 2(1 — (—1Y)

=0

to see that the scalar product <v{}§{, Cimn) = 0, for all i,j,k,1,m,n. For Dijk the same relation is
applied, thus <vl b» Dimn) = 0, forall i, j, k,1,m, n.
On the other hand the dual function to v{%{ is easily found to be

1 .
1-z\/"' o 21
Bix=| 0| P2 () <2> P ().
0

It is obviously orthogonal to Vg;; and Vh;j, furthermore it is orthogonal to V f; since it is inde-
pendent of 7. O

We conclude with some remarks.

Remark 10

It is usually possible to modify the index of the integrated Jacobi polynomials to modify the
sparsity pattern and condition number of the element matrices. But in the context of polynomial
dual functions the index (2i) and (2i + 2j) are minimal, otherwise the dual functions will become
rational with singularities for low polynomial degrees for the interior H(curl) shape functions.
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Remark 11

The expression of the coefficients ol @

Imn’ Dclmn

®3)
and « I

, can be significantly reduced by dividing
each with

@1+2m-1)21-1)(2n-21-2m-1).

In this case one needs to compute the element matrix corresponding to biorthogonal system by
numerical quadrature or similar methods.

As we have seen previously, we needed to modify part of our H(curl) conforming functions, such
that they are in Nédélec’s first space. This results are summarized in the following lemma:

Lemma 6.1.11
Let El‘n;i, ElAqu and ElAqu be defined by table
AITN _AIILN _AIV

Fori >2,j > 1,k > 1 the functions vi?,’f ik " 1 ik /U are biorthogonal to

Al _ 1) 74,1 (2) 74A,II (3) 7A,III
blmn - 1/(1 tm+ 1’1) (lalmnblmn + malmnblmn + n“lmnblmn ) Z

bAIT = 1 /(mn) <lzx(1) pA

Imn Imn"lmn ~— (l + ”)“(2) f?"” + nzx(3) E"I”> ,

Imn~Imn Imn~Imn

AIIlI _ 1) 74,1 2) 7.a,I1 3) 7A,III
blmn - —1/(71’11’1) (lalmnblmn + malmnblmn B (l + m)almnblmn ) 4

AIV _ (4 74A,l
blmn - almnblmn’

where

Imn

o) = %(21 — D)@m +2] — 1)(m +21 — 1)(2n + 21 +2m — 1)(n + 21 + 2m — 1)
a? = %(21 —1)@m +21 — 1)2n +21 +2m — 1)(n +21 +2m — 1)

—1
8o, = 55121 = 1)(@m+21 = 1)(m +20 = @n +21 +2m 1)

1
'Xﬁfn = f(‘?m +2)(m +2)(n +2m +2)(2n + 2m + 2)

Proof. Recall that the inner product between the auxiliary functions and biorthogonal auxiliary
functions fulfil an orthogonality condition, e.g.

“5};2 ((Vfgijhije, 53121> =1
il ((V ogihi i) =0,

where zxf. ik [=1,...,4 are the normalization constants.

Due to the weighted construction of vi?,'f N and vi?;f LN the biorthogonal functions will be weighted

as well.

We apply the ansatz
Al _ (1) 74,1 (2) 7l (3) 7a,II
blmn - (cllxlmnblmn +C2almnblmn +C3almnblmn ) :
Taking the inner product between this ansatz and our functions vi?,’{l , vi?,’{H’N , and vi?,’f ILN yesults

96



Figure 6.2.: Uniform refinement of quadrilateral grid

in the linear system
1 1 1 1 1
j —i 0 | = 0
kK O —1 C3 0
1
i+j+k
analogously. O]

The solution of this linear system is ¢ = (i,j,k)". The other biorthogonal functions follow

6.2. Efficient computation of coefficients for hanging nodes

The results of this section have been published in [HPB22] and are extended shortly for the 3D
case. We return to the discrete problem.

Problem 6.2.1
Let () be a polygonal Lipschitz domain, find uj, € V() C V(Q) such that

a(uy, vy) = F(vy) for all v, € V,(Q)). (6.29)

The numerical solution can be obtained by a uniform refinement of all elements, see Figure
for an example of such a refinement on a quadrilateral grid.

But usually a uniform refinement is not optimal, since we generate many unnecessary degrees of
freedom. A local mesh refinement can reduce this overhead. An application can have singularities
due to non-smooth boundaries and/or coefficients. In such a case, the local mesh refinement
can be based on a-priori information, see e.g. [KMO03]. Alternatively, one can use a-posteriori
information. See e.g. [CFPP14] or in the case of hp-refinement [MWO01]]. For simplicial mesh a
local mesh refinement can be achieved consistently, by the so called red-green refinement or the
newest vertex bisection, see [Bey98|]. For quadrilateral or hexahedral triangulation, this usually
not possible. In general, the application of a local refinement yields in vertices of a quadrilateral
or a hexahedral, which are not a vertex of a neighbouring element. This is depicted in Figure
We restrict our self to the case where we have only one hanging node per edge, a so-called hanging
node of level one. A generalization to hanging nodes of higher level, i.e. more hanging nodes per
element interface, can be done, see e.g. [SDD10, KSA14, DSZK16|, DPCF*20].

An efficient implementation for the case of H(curl) can be found in [KWB23].

After a local refinement, we have more degrees of freedom on the finer edge. Those are constraint
by the values of the degrees of freedom on the coarser grid. For the ease of presentation, we
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Figure 6.3.: Local refinement of a quadrilateral grid, the red dote denotes a hanging node

RN

\ \
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Figure 6.4.: Hat functions on [-1, 1] and [—1,0] U [0, 1]

assume constant material function over the whole domain () and omit those. In the following
we will present the setting only on the coarser interval I = [—1,1] and the two finer intervals
I'=[-1.0]and I" = [0, 1]. As example consider the Lagrangian polynomials of order p =1,

Eo(x)=1;x, glzlerx
0h(x) = £o(2x + 1), (x) = 02x +1)
lo(x) = 61(2x — 1), 01(x) = Lo(2x — 1).

Here /y(x) and ¢1(x) are given on I, while Ié n and I} jare given on I' or I". Note that the functions
on " are reversed. In Figure 6.4|these relations are depicted. If we evaluate the functions at the
midpoint, we can directly compute the coefficients for the linear functions, i.e.

fo() = th(0) + 5 (A0 + )
() = 600+ 5 (A0 +6)

We can represent this as a matrix relation by

£6(x)
(1 % % lo(x)\ _ Kll(x)
b= <0 1 ;) < <€1(x)> =Bl
(00

For orders p > 1 we introduced basis functions based on integrated Legendre polynomials in
section[4.2.1] In this case, we would need to evaluate the integrated Legendre polynomial on more
points in our interval. This is a costly procedure, and does not take into account the orthogonality
relations of the underlying Legendre polynomials. We thus introduce a new ansatz to determine
B in a more efficient way.

In a first step, we consider /I:O(x) = —1and fl(x) = x, instead of the usual hat functions. Then the
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three term recursion
iLi(x) = (2i — 3)xL;i_1(x) — (i — 3)L;_o(x) fori > 2, (6.30)
holds. Denote by ff(x) and fl’-(x) the i-th integrated Legendre polynomial on I' and I", where

N Li2x+1) xe[-1,0 N Li2x—1) xe]0,1
Lix) = i ) [ ], and L!(x) = { ) [0,1] fori > 2.
0 else 0 else

Formally written out, we search for the matrix B = (B L B"), such that

Li(x)
To(x) .
N NG
=) B
L, (x) .
Li(x)

For i > 2 there is no contribution from E’é, k =1, since fi(:lzl) = 0. By the three term recursion
(6.30) we use L’é(x) = —1 and L’l‘(x) = 2x £ 1,k = I,r. The linear hat functions can then be easily
computed. For this choice we can compute the coefficients Bf»‘ j for

~

i i
Li(x) = Y B} ;Li(x)+ Y B} . Li(x), (6.31)
j j
by multiplication with a test function v; and integration over either I' or I". This method is called
constrained approximation and was introduced in [DORH89], see also [vSD04]. Since

~ 1-— x2 (1,1)
Li(x) = 2(1 — 1)Pi—2

(),

it is efficient to choose
vl(x) = P]Q';)(zx +1),

(6.32)
vj(x) = Py (2x - 1),

as our test functions.
This is the biorthogonal choice which we have seen in section Thus, it follows

/1 Lix)ol () dx = /1 | ;Bf,jfé(x)vé(x) dx

i

=Y. [ B L@@ dx
]

= Bfn /l f;(x)vfi(x) dx,
JI

where we used that f;(x) has no support on I'. The coefficients Bf’n follow now by solving the
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integrals. Alternatively, we can collect those entries from a coefficient comparison. From this
data, we can compute linear recursions for Bll.,]- (and B;,j), by automated guessing, as we have
seen in section Again, we apply the Mathematica software Guess [KauQ9]. For i,j > 0 the
following relation

2j2j+1)( — i = DBl +i2j = D — j = DB}y + 2j+ 1)(2j — )i +j —1)Bj; =0,  (633)
is obtained. Note that the leading coefficient does not have a pole in the range of the indices.
Furthermore, Bll-,]- = 0if j > i. A second recursion reads

2B!

i+1,j+

1:31. _2B!

i+1,j+2 i+2,j+

1+ Bl — 2B (6.34)

which has the advantage of constant coefficients. Lastly we mention, that, for any fixed j, we have
the relation

(i — )+ 1) +j—1)Bj;+(j — 1)ji+ 1)Bl,y j+ (i — j+2)i(i +j+1)B,,; = 0.
For the multivariate guessing we again used the command GuessMultRE from the package Guess,
which allows specifying different structure sets and polynomial degrees for the recurrence, see

section For the univariate recurrence, we employed the GuessMinRE command, which not
only guesses the recurrence, but also guesses what “minimal” could be for the given data.

Example 6.2.2
Below, we show a short coding example, where we applied a coefficient comparison.
in@3:= L[0] := —1; L[1] := x; L[n_Integer] := L[n] = Factor[((2n — 3)xL[n — 1] — (n — 3)L[n — 2]) /n]];
infal:= L1[0] := —1; L1[1] :=2x +1;
L1[n_Integer] := L1[n] = Factor[(2n — 3)(2x + D L1[n — 1] — (n — 3)L1[n — 2]) /nl];
injs):= sys = Table[Thread[CoefficientList[L[i] — Sum[Blj, j1L1[j], {j,0,i}], x] == 0], 4, 0, 30];
inf6]:= sol = Flatten[Solve[sys]];
in[7:= data = Table[Blj, 1, {i,0,30}, {j,0,30}1/.s01/.{Bli_, j.] — 0};
injgl= GuessMultRE[data, Flatten[Table[Bli + ii, j + jjl, {ii,0,2}, {jj,0,2}1], {i,7},0]

outlg)= {B[i,1+j1—1/2B[1+4,jl+B[1+i,1+j1—1/2B[1+i,2+jl+B[2+i,1+/]}
inpl:= GuessMultRE[data, Flatten[Table[Bli +ii, j + jj1, {ii,0,1}, {jj,0,1}11, {7, 7}, 2]

outsle {—(1/D(~1+i+])(U+2)Bli, /1+1/2(~1+i = (~1+2))Bli, 1+ /1 = 1/2(1+i = 1+ 2)B[L+7,j]+
1/2(1 +i+j)(—1+2j)B[1+i,1+j]}

For the application of the integral relations, we can resolve this directly, by using algorithms for
deriving and proving identities among holonomic functions. By application of the holonomic
system approach [Zei90b, Chy98| Koul0], the guessed relations, can be proven.
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Example 6.2.3
We can compute

2 2
Bl = /1 , 21(1, —x1) PAD()PID(2x + 1) dx/ /1 | 21(1, _xl) POD@x + 1)PID2x +1) dx
exactly by standard Mathematica commands. Then the input for the package
HolonomicFuntions, looks as follows:
in[10:= ann = Annihilator[Integrate[JacobiP[i — 2,1, 1, x]JacobiP[j — 2,1,1,2x + 1], {x, —1,0}1/
Integrate[JacobiP[i — 2,1, 1, 2x + 1]JacobiP[j — 2,1,1,2x + 1], {x, —1,0}],
{Sli], S[j1}, Inhomogeneous — True]

outiol= {{2(1+i —)j(1 +2/)S +i(=1+i—j)(=1+2))S — (i — 2j)(=1+i+j)(1+2)),
(=2+i= il +i+P(=1+2)S? — (i — > +3j(1+ ) (=3 +4j(1 + )S; + (i — N1+ (=1 +i+ )3 +27)},

...somethingmessy . .. }

Here, S, (or S[n] in the input) denotes the forward shift in n. The messy part contains the
Legendre polynomials evaluated at x = +1. Mathematica fully reduces those to zero with its
FullSimplify command under the assumption that i, j are integer. The first part of the results
ann, the annihilator, is just recurrence (6.33). The second operator in the annihilator corresponds
to the univariate recurrence. Larger order recurrences such as (6.34), can be verified automati-
cally using the OreReduce command. Next, we show the numerical algorithms of these results.
In order to compute the connection coefficients efficiently from any of these relations, we need a
sufficient set of initial values. Firstly, recall that naturally Bg{j) = 0if j > i. For the upper left block,

we have
1

1 I I
Bo,o =1, Bl,O = 31,1 = 5'

and for the first column

(=1 (—3);
2 i

BlZi,O = ’ and B12i+1,0 =0 for i 2 1

where (2), = a(a+1)---(a+n — 1) denotes the Pochhammer symbol (or rising factorial). Note
that we have the rather obvious relation

2i+1

I
Baio = =55 Bai-n0-

Furthermore, we have for the diagonal that Bll-,i =27 Finally, even and odd (integrated) Leg-
endre polynomials are symmetric and antisymmetric, respectively. This gives Bj; = (1) Bll., i
Summarizing, the matrix entries can be computed by algorithm [}

In context of FEM, the basis functions {y(x) = “Tx and /1(x) = 1_Tx are preferred instead of
fg(x), fl(x). Then, some of the steps have to be modified. Finally, one obtains the algorithm

with the recursion formula (6.34).
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Algorithm 6 Computation of the entries Bgl})

1: Initialize B = 0,

1 1
2 SetBj,=1,Byy =B, =2,Byy=Bjo=1,
3 fori=2to [p/2] do
4 SetBh,=—34 Blz(z 1,0 and By = =B,
5: end for
6: forj=1topdo
7: fori=jtopdo
8: Compute Bf/j by (6.33)
9: Set B}, = (—1)"/Bj
10: end for
11: end for

Algorithm 7 Computation of the entries Elg;.)

1: Initialize B =0,
- L - 1 -~ - 1 -« - 3 - 3 =~ 3
1 _ I _®l _ 1 I I _
2: Set.BO,O_l’Bl,O_Bl,l_E’BZ B 1 B’2—B£,2 E,B?’z—g,Bgz——g,
3 fori=2to [p/2] do
7 2i+1
4 Set Blzil = =50 Blz(z 1),0 and B21 1= Blzz 1
Bl _  2i43 7l
5 Bioy = —3 Byi_1y, and B21 2= B21 2
6: if 2i+1 < p then
- 2ie3 - -
7 Bézm,z) = —3aBh,and By, =—B),,
8: end if
9: end for
10: fori=2to p do
11: forj=1toi—1do
12: Compute le',j by (6.34)
13: Set B}, = (—1)"/B;,
14: end for
15: end for

Extension to H(curl)

We consider the higher order edge functions of the space H(curl) in 2D. For example, on the
quadrilateral [J = [—1, 1]?, the right and the left edge functions are given by

O 1+x~ 1Li(y)
! —L; = 2™ , 6.35
M]] (x, y) ( (y)) <142—x L]—l(]/)) ( )

T = [ 2HY 6.36
o) (?LH@) (639

In Figure E we depicted the case, where we have an unrefined element Q! = [-1,1]? and two

refined elements Q! = [1,2] x [0,1], Q% = [1,2] x [—1,0]. On Q' our right edge functions are given
E‘ El(

Uy EB(X y) = (1

by u;/(x,y) as in (6.35), while the left edge functions on Q' and Q" are given by

u1] E3(Jc y) = ulm] E3(2x—3,2y— 1), u1] E3(x y) = iy SEox -3, 2y +1). (6.37)
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Figure 6.5.: Hanging node (red) in 2D with orientation of edge functions (blue)

From the construction of our basis function in chapter {4 we recall that we only need continuity
in the tangential trace, depicted in blue in Figure At x =1 this results in the conditions

0
tru%/El(x,y) . <1) = L]—l(]/)
0
tr u?;}’El(x, y)- (1> =Lj1(2y+1) (6.38)

0
tr u%’El (x,y)- <1) =Li12y—1)

For j > 2 we thus need the constraint matrix B = (B?, BY) such that
i i
Liy) = Y BiLi1Qy — 1)+ Y BiL; 12y +1). (6.39)
j j

If we take the derivative of (6.31)), we see that we have the same constraint matrix as before (except
for a constant factor of 2).

Continuous constrained approximation in 3D

In 3D we need to differ between hanging nodes and hanging edges. The former can be handled
directly as before. For the hanging edge problem, we need to handle the continuity over the in-
terfaces, i.e. edges and faces.

As e.g. discussed in [vSDO04] there are different settings which may appear. In [vSD04] the fol-
lowing four cases were declared as essential:

* Two quadrilateral faces constrained by one quadrilateral face,
¢ four quadrilateral faces constrained by one quadrilateral face,
e four triangular faces constrained by one triangular face,

* two triangular faces constrained by one quadrilateral face.

The last situation is needed, if one wants to construct a joint mesh between hexahedrons and
tetrahedrons without pyramidal or prismatic elements.

In the following, we simplify the problem by assuming that no orientation problems are present
at the interface, see e.g. [KWB23| vSD04]. Furthermore, we omit the transformation from an
arbitrary element to the reference elements. We will discuss only the first and the fourth case.
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Figure 6.6.: Hanging edge in 3D and reduction to the 2D trace

The other two cases can be handled analogously, although the hanging node in case two needs to
be handled with the techniques from the previous sections.

Firstly, we need to recall the dimensional hierarchy as mentioned in chapter[d If we take the trace
of our face functions, we get the 2D edge functions. Depicted in Figure |6.6) we have on the left
side the case of a hanging edge in the three-dimensional setting, and on the right side, we see the
reduction to the traces. We denoted the relevant edges in blue.

Without loss of generality assume z = 1, i.e. we are interested in the face [J = [-1,1] x [-1,1] x
{1}. The trace on this face function is thus just u; (x ).

Furthermore, let BE[i, | j,m,l] be the array of constramts with respect to the edge functions,
B![i,j,m,1] and BP[i,j, m,[] the arrays with respect to the top or bottom face functions, respec-
tively.

Our problem then reads:

Find B = (BE, B?, B!), such that

i J
(x y) = ZBEz],k 1]u +ZZBb[1 ik, Mug(x, 2y +1)
k= 2' ]' k=21=2 (6.40)
+Y Y B[, j, k, 1ug(x, 2y — 1),
k=2 1=2

where
uPEi(x,y)  (x,y) € Qf
W,y (xy) el

The first part includes the influence of the edge functions, while the other two include the influ-

”kl Fx, y) =

ence of the face functions. The edge part is of utmost importance, since all face functions of Q"
and Q' vanish on the edge. Thus, only the edge functions can approximate values on the edge
E. Moreover there is no influence of the vertex functions, since they would take values at the
boundary of QY and thus does not vanish on the boundary.

We solve problem (6.40) in two steps, first solve for the constraint coefficients w.r.t. the edge E.
Then solve for the constraints of the face functions.

As seen before in the approximation case, first multiply with a test function v € L?(0J), then
integrate over the edge E. The problem reduces to

[ oty drdy = /Zﬁmwmtuwwwmw
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Since the edge functions are continuous, the trace of the edge functions are equal on the edge. So,
without loss of generality, we can replace uE(x, y) by uD'E{(x, y) in the edge integral. Further-

more, by dimensional hierarchy the trace of the edge functions is given by L;(x). Together with

1, 1)(

the biorthogonal choice P;’,’(x), we get the relation

/ 0, y) P () dx dy = cBEIi, j, K, 11k,
E1
Now to the whole approximation problem. We rewrite (6.40) as follows:

l] (x,v) — gBE ijk, 1]uk1 (x,v)
i ] i ]

Y B[i,j, k, ug(x, 2y + 1)+ Y Y B[i,j, k, Nujg(x, 2y — 1).

k=2 1=2 k=21=2

We can then write the equation out as

Li(0)Li(y) — Y_ BE[i, j, k, 1L(x) (- 115x70111 — ) + L—1,1¢[-1,0/(L + 1))
k=2

i J i J R R
=YY Bl j, k, ILe(x)Li2y + 1) + Y Y B'[i, j, k, 11Le(x)Li 2y — 1).
k=21=2 k=21=2

By multiplication with the biorthogonal function P,E&;)(x) and integration over x € [—1, 1], we see
that the relation reduces to

-~ I - J -
Liy) — o) = Y_B"li,j, i, 11L;2y + 1)+ Y B'[i, ], i, [1L;2y — 1),
1=0 =0

where
¢) =Y Bli, j, k1T (M ayx o1 — 1) + D11y —1,00(1 + 1)) -
k=2

The coefficients .
/| LiwplYey - 1dy
are the same as before, and can thus be computed as before. For the edge part holds
1 1
[ owrtdey - vay= [[a-pridey-nay,

which can be efficiently computed by the Mellin transform, see lemma

Case of two triangular faces constrained by a quadrilateral

In the last case, we heavily applied simplifications due to the tensorial structure. Consider here
the reference domain [ = [0,1]?, due to a simpler notation. Furthermore, let

Np={(x,y) eRI0<y<land0<x <1-y},
Ar={(xyeR0<y<landl—-y<x<1}.
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Figure 6.7.: Hanging edge for a non-conforming mesh and the reduction to the 2D trace

Denote by u the face functions on [J and ul j b ?* the face functions on Ay, or A,, respectively.
We now search for B = (BE, B?, BY), s.t.

i j i
l] (x,y) = ZBE[z 7,1, 1u (x y)+ZZBb[i,j,k,l]u,§”(x,y)+ZZBt[l i k1] ukl ‘(x,y). (6.41)
k=2 I=1 k=2 I=1

The coefficients BE can again be determined by the integration of the edge biorthogonal function
over theedge E. Fork > 2,1 > 1 we can determine BYi, j, k, 1] by multiplication with the biorthog-
onal function (6.5) (on A;) and integration over A;,. Then with (6.41), we need to compute

(1) @)
Gl gkl T Gz ikl
.. ~ 2x 2x Py i
= BY[i,j, k1] / i (1 . 1> Py < T 1> (1 -y 1PH 2y — P M Vy — 1),
where
G, = / Li2x — )Ly — )P (12_xy - 1> (1 -y 2P0y — 1) dx dy

2 . 1) [ 2x 2 p2k-1,1
G, = » /A BELE L (e Ry <1_y - 1) (1—y 2Py — 1) dxdy

The integral on the right-hand side can be directly computed and normalized. The left-hand side
needs to be computed, but this can be done efficiently by recursive relation. If we plug the exact
integral Gz(,lj?k,l on the left-hand side into Guess, we get the following recursive relation,

0=(—1+i+j+k+@+2k+2)G),, . +(=8+i+j—k—D(1+2k+2)G;

i,1+k,j, 1+l
+(— 1+z—]+k+l)(3+2k+2l)GZ(11)+k1+]l+( 3+i—j—k —l)(1+2k+2l)G11+k1+]1+l
+(1+i_j_k_l)(3+2k+21)cl+i,l+k,j,l+(3+1_]+k+l)(1+2k+21)G§1+)i1+k,j,1+l
(it —k=DB+2k+2D)G) g, + Gritj+k+ DA +2k+2DG,

For the starting values, one could apply the results from appendix|A.3.2l Also, the integral Gz(,zj?k,l
can be computed by the Mellin transformation lemma|A.3.2,

Due to symmetry, the same relations also hold for the second set of coefficients. Thus, we are
able to glue two triangles for arbitrary polynomial order. Further extension to the mentioned two
other possible face configuration are straight forward. Furthermore, an extension to H(div) and
H(curl) should be possible, but we postpone this discussion to future work.
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7. Conclusion

7.1. Discussion

In this thesis we have seen that the structure of special functions, especially of orthogonal poly-
nomials, can be used to optimize multiple problems in high order finite element methods (or
spectral methods). We have shown that all interior entries of mass and stiffness matrix can be
described by a Kampé de Fériet series. This series has contiguous relations which can be detected
by Guess and implemented in an efficient recursive algorithm to set up the local matrices, which
also applies for edge and face functions. Moreover, this structure also helps in the case of con-
straint matrices for hanging nodes (or edges). This efficiency of the recursion algorithm has been
shown in two very simple numerical experiments, which were enough to show the advantage of
our method. Even in 1D we drastically reduce the local assembly time. But we have to take this
with a grain of salt. At the moment this method only applies for elementwise constant material
functions on a polygonal domain and an extension is not straight forward.

Another connected topic which we discussed were the derivation of biorthogonal polynomials
by application of connections between integrated Jacobi polynomials and Jacobi polynomials.
We were able to derive biorthogonal functions for the interior part of our element matrices, even
for vectorial functions in H(curl). An important fact was, that integrated Jacobi polynomials can
be viewed as weighted Jacobi polynomials and as such we can use the orthogonality relations.
We gave a brief extension to edge and face functions by explicit application of the dimensional
hierarchy. A purely biorthogonal basis for all functions including vertex, edge, and face functions
is not possible, since these functions contain lower order parts, which are neither an orthogonal
polynomial nor do they match an appropriate weight index.

In the last part, we gave an example where all our introduced methods were applied at the same
time. For constraint matrices in a non-conforming mesh, we applied first the biorthogonal func-
tions to derive the exact formulation of those matrices. Then by application of the symbolic soft-
ware Guess and some smaller results on Jacobi polynomials, we were able to state a recursive
method in optimal complexity.

7.2. Outlook

We end this thesis with possible future works:

Special Functions: First not published tests have shown that it may be possible to find similar re-
cursive relations for other classes of orthogonal polynomials. Since Jacobi polynomials are
only a small part of the Askey table, see e.g. [KLS10], it should be possible to find similar
relations for other discrete or continuous polynomials. An example would be the discrete
or continuous Hahn polynomials. From a numerical point of view, such a relation for the
Hahn polynomials could be interesting in the case of visualization. Numerical solutions
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are usually plotted or visualized by spline functions, which can be represented by Bern-
stein polynomials. It has been shown, e.g. in [LW06], that two-variate Jacobi and Bernstein
polynomials can be represented by each other with the help of the Hahn polynomials.

Basis functions: We have seen that we lose sparsity in the case of curved domains or non-constant
material functions. A possible way, to circumvent this, would be to derive new orthogo-
nal polynomials. In this case, we include the isoparametric map or the material function
into the weight functions of the orthogonal polynomials. A similar approach was done in
[SO20] for a spectral element method. Furthermore, one could try to compute new multi-
variate Sobolev orthogonal polynomials, see [MX15], which are orthogonal with respect to
the bilinear form.

Recursion relations: Recursive relations of the integral over three Jacobi polynomials could be
applied in a nonlinear setting like the Navier-Stokes equation. This could optimize some
high order linearization techniques, see e.g. [GR86, GR94, Bral3].

Biorthogonal Functions: Many classical biorthogonal techniques, like error estimates and pre-
conditioners, from the theory of biorthogonal wavelets could be extended to the case of our
FEM basis functions. See e.g. [BSS04] for reference.

Constraint matrices: We have seen that we can glue elements together. The respective constraint
matrices can be computed in optimal complexity. Some open topics like constrained faces
for vectorial functions, e.g. in H(curl) are still open.
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A. Appendix

A.1. Derivation of mixed recurrence relation

Generalization

The generalization of (2.19) is the following the Kampé de Fériet series where x and y are not
equal one anymore, i.e.

9. +1 ;  —n n+a+p+1 ; —m m+po+d+1
Fe=p22( . prl Protlxy). @Al
p+v+2 ;o a+l ;o p+l

Furthermore we omit the indices of F to keep the notation as simple as possible.

Recurrence formula

One can extend the proofs for the contiguous relations of a hypergeometric series to the general
case of the Kampé de Fériet series using the techniques in Rainville [Rai71, Ch.4]. Let Z be a
generalization of F to arbitrary coefficients, i.e.

7 i o (@0 (0)n (i@ (D) nsmX"y™

1n=0 m=0 ntm! ()n(h)m(€)n+m

=Tn T Tnam

also a general Kampé de Fériet series. It has similar contiguous functions to the six contiguous
functions of the Gaussian hypergeometric series, namely

= a+n = a—1
Z(a+) = Z ——TuTnTnem, Z(a—)= Z anTan+ﬂ’l/
= a —=a—1+n

X b+n > b-1
Z(b+) = —— T T Tnem, Z(b—) = ——————— T T Tntm,
nZ:;) b " ,g b—1+n """

= 2 c—1+n
Z(c+) = Z TTnTan+m1 Z(c—) = Z ?TnTan+mz
n=0 ¢t 1 n=0

obviously one can find 6 similar functions for f, g and h. In the following, omit (f), (), and
(h)m to simplify the notation.
Use the differential operator 6, = xa%. This leads to

Ox+a)Z =) (a+n)TTuTuem
n=0

109



and hence
(Ox +a)Z = aZ(a+),

(A.2)
Oy+c—1)Z=(c—1Z(c—),
and so on. Following one of the calculations in [Rai71]], one can derive
O (a - 1)n(b)n( )n+mexnym
0:Z(a—) =
2 ,; Zo ©n(n — D(e)n+m
—x i a (a— 1)n+1(b)n+1(d)n+m+1menym
1=0 m=0 ()11 (@) ms1
A& & (b+n)(d+n+m)
=x@—=1)7 ZOH;) (c+n)e+n+m) T T T
—x(a—1) 2z, vy~ BTDCVA Sk dren),
e ce
since 2 = 1 — <6< Now replace 0,Z(a — 1) by (A2) with a replaced by (a — 1). Thus,
€7 = *Z(a—) + 22(d+, e+) — Sy z(cr, dx, e4),
d d c
since 2 and b are interchangeable, there holds
e e (c—a)
~7Z ==-Z(b—=)+xZ(d+,e+) — xZ(c+,d+, e+).
d d c
Subtracting the last two equations from each other yields
0=e(Z(a—)— Z(b—) +c 'db — a)xZ(c+, d+, e+)
and if wesetbtob+1
0=e(Z(a—,b+)— Z)+c rd(b +1 — a)xZ(b+, c+, d+, e+).
Settinga = —n,b=n+a+p+1,c =a+1and x = 1 (and the respective values for f, g, h) leads

after simplification to recursion formula (2.20).

Proof of mixed relations

Moreover, the recurrence relations, which we have seen in section 2.2}, can be derived for the more
general case (A.I). All of the following recursion hold for x = 1 and y = 1, which follows just from
the recurrence formula of the ]acobi polynomials as we have seen.

To prove the mixed relations (2.26) and (2.27) consider

£ 2 @+ Do+ 1By +1, 0+ 1)

B n!m!
p2 [ Bl —n n+a+pf+1 ; —m m+p+5+l‘x‘ (A.3)
1,1;1 u+v+2 ; a+l ; p+1 ;XY ]
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Denote the contiguous functions as usual, i.e.

28 (0 4+ 2), (0 + 1) B(v +1, p + 1)
n!m!
F u+l , —n n+a+p+2 ; —m m+p+(5+1_x.
p+v+2 ; a+2 ; p+1 oy

F(a+) =

21 2 (5 4+ 1)(0 + V) B(v +2, u + 1)
n!m!

F u+l ; —n n+a+p+1 ; —m m+p+(5+1_x.
pu+v+2 ;5 a+l ; p+1 it

F(v+) =

Lemma A.1.1
Let6, = x% and 0, = ya%, then the following differential equations hold

(6x —n)F = —(n+a)F(n—, p+) (A4)
Ox+n+a+B+1)F=m+a+p+1)F(B+) (A.5)
0y —m)F = —(m + p)F(m—, 6+) (A.6)
Oy +m+p+6+1)F =(m+p+5+1)F(5+) (A7)
(Ox+0y +u+v+1)F =2vF(v—) (A.8)

Proof. For F as in (A.3)

20+ (g + 1), (0 + 1)y Bv + 1, u + 1)

0y —n)F =
n!m!
i 0 (‘u+1)k+l(—n)k(n+zx+ﬁ+1)k(—m)l(m+p+5+1)l(9 —n)ﬁ
=0 120 (1 +v+ 2@+ Do+ 1) * K
2+ 1), (0 + 1) B+ 1, + 1)
- n!m!
ii (1 + Dpsr(—n)e(n+ a+ B+ Dp(—m)(m+p+ 5+ 1), k—m xkflyl.
k=01=0 (M + v+ 2@+ Do+ 1) k!l
As usual, replace (k — n)(—n), by (—n)(—n + 1), thus
C(=m)2t (1), (0 + DB+ 1, p+ 1)
- n!m!
ZZ(V+11<+1( n+ D(n+a+ B+ D(—m)(m+p+6+1) x5y
k=01=0 (1 + v+ 2)pr (@ + Do + 1) k! 1!
2 (4 1), (0 + 1) B+ 1, p + 1)
- n!'m!
o u+l ; —n—=1 m—D)+a+B+2 ; —m m+p+5+1
Fiaa , . 6y |-
u+v+2 5 a+l ; p+1

Since we changed n to n — 1 in the series, we need to equate n + « + f + 1 as well. This is done by
raising B by one. Furthermore, we need to change the parts in prefactor, to accommodate n — 1
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as well. Since

—n2 M (@4 1,0+ DB+ L p+1) 2 (04 1), B + 1, p+ D)@+ n)(@ + 1),
n!m! - m!(n —1)!

(A.9)

4

the equation (A.4) follows. Relation follows analogue to it. Relation (A.5) or (A.7) follow
directly by applying the differential operators, since the prefactor doesn’t need to be changed.
For the last relation the differential operator (6x + 0, + y1 + v + 1) applied to xy' yields (k+1 +

p+v+1). This reduces (v + p + 2)i,; in the denominator to (v + y + 2)x4;—1. Therefore, we multiply
v+u+l

v+u+l’
a change in the denominator, it is rather a change in v than in u. The rest follows using a property

the series with

such that the part in the denominator becomes (v + p + 1),;. Since it is only

of the Beta-function, i.e.
X

B(x+1,y) = B(x,y)x+y.

Subtracting (A.4) and (A.6) from (A.8) proves (2.26).

Lemma A.1.2
For F as in (A.3) the following contiguous recurrence relation holds,

(n+m+u+v+4)F(n+, m+,v+) = (n+a + 1)F(m+, B+, v+) + (m + p + 1)F(n+, 5+, v+)
+2(v+1)F(v+).

Similar (2.27) can be proven. Take (A.5) and (A.7) and subtract (A.8)

Lemma A.1.3
For F as in (A.3) the following contiguous recurrence relation holds,

m+a+p+m+p+é—pu—v+1)F=m+a+p+1)F(B+)+(m+p+6+1)F(0+)+2vF(v—).

The easiest way of deriving (2.28) and (2.29) is to introduce another formulation for F. Recall that
Jacobi polynomials can be expressed as

" DB +1), —n,n+a+p+1 1+x
Py - B D g B+l
n! p+1 2

as well. Using this expression in the derivation of the Kampé de Fériet series yields the analogue
form

F _:(—1)”+m2V+"+1([3 +1),(0+1),Bv+1,u+1)

m!n!
paz [ v+l onm mrasfrl ;o—m map+d+l (A.10)

Then the differential equations can be derived in the same way as seen before. Thus,
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Lemma A.1.4

(6 — n)F = (n+ B)F(n—, a+), (A.11)
(O +n+a+pB+1)F=m+a+p+1)F(a+), (A.12)
(6, — m)F = (m + 8)F(m—, p+), (A.13)
Oy +m+p+06+1)F = (m+p+6+1)F(o+), (A.14)
(0x + 0y +p+v+1)F = 2uF(u—). (A.15)

\.

Now (2.28) follows by subtracting (A.11) and (A.13) from (A.15).

Lemma A.1.5
For F as in (A.3) or (A.10) the following contiguous recurrence relation holds,

(m+m+yu+v+4)F(n+, m+, u+) =— (n+ p+1)F(m+, a+, p+)

— (m+ 6+ 1)F(n+, p+, u+) + 2(u + 1) F(u+).

We derive analogously

Lemma A.1.6
For F as in (A.3) or (A.10) the following contiguous recurrence relation holds,

m+a+p+m+p+d—pu—v+1)F=m+a+p+1)F(a+)+(m+p+6+1)F(o+) + 2uF(u—).

Remark 12
Following Burchnall and Chaundy [BC40], [BC41] one can easily compute an expansion base, i.e.
F = 21020 Ai(X)Ai(y), for F.

A.2. Sparsity results for integrals of Jacobi polynomials

In this section we collect some basic sparsity results for integrals over Jacobi and integrated Jacobi
polynomials.

~

Corollary A.2.1
Leta,B,u > —1,k,I >1and a, B < y, then

(A.16)
c(a, B, u, k1) else.

/1 (1_x)V13,f*“(x)I3lyfﬁ(x)dx= {O ifk>(@+1+2)orl > (B+k+2)
=il

Proof. With
~ 1 _
Py(x) = (d+x) ;x) P M)
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follows

1
/_ (A= 2P I o p B () iy

By the orthogonality relation
1
/ 1 —x)*1+ x)ﬁq(x)P,([X’ﬁ)(x) dx=0, ifge€ Py, wherem <n
1

follows the statement. g

Analogously, we get the following corollary.

Corollary A.2.2
Leta,B,u > -1k, >1and a, B < y, then

0 iftk>(@+Il+1)orl > (B+k+2)

1
1 c(a, B, u, k1) else.

[ =B PP dx = {
(A.17)

Furthermore a direct consequence of the Jacobi orthogonality relation is given in corollary

Corollary A.2.3
Leta,B,u > -1k, >1and a, B < y, then

1 —a — 0 ifk>@+)orl > (B+k
[ =P P R PV ) i = e ort= 0 s 1
-1 c(a, B, u, k1) else.
A.3. Further properties of integrals of Jacobi polynomials
A.3.1. Legendre polynomials
For the Legendre polynomials hold
lL L d 2 é
[ L) dx = 3= 00 (A.19)
The integral
/ T () E(x) dix
-1

can be computed exactly, by the relation (2n — 1)En(x) = Ly(x) — Ly,—2(x) and the orthogonality
relations of the Legendre polynomials. It follows

Lis ] 2 2\ _ 4 A20
[1 L) dx = 5w <2n+1+2n—3>_(2ﬂ+1)(2n—1)(2”_3) 420
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and thus the relation

(2n —3)
(2n +3)

1 =N 1 ~
/ Ly (1) L (x) dix = / L) La(x) .
-1 -1

For the entry (i, i — 2) we can compute the exact value as follows

1 . 1 -1 -2
[ Llio@dx= [ o s L sl s = e e e (A21)
and thus ) @ 5 1
~ ~ n— ~ ~
/_ Lo @@ dr = G /_ Lu@Ly-a(@)dx.

Analogously, we can derive that

1 1 1
[ Lu(Ln(x) dx = ﬁ ( [ Lu(Ly(x)dx - [ Li2()Ln() dx)

_ 5n,m (Sn—Z,m
T @n—-1D@n+1) @n-1)2n-3)

(A.22)

A.3.2. Jacobi polynomials

Some of the integrals over low order (integrated) Jacobi polynomials can be computed directly,
e.g.

RN e . 1 /17—y \ ' /1402 o
/ (2‘1/> ﬁfl(y)ﬁfl(y)dw[1 <2y> <2y) dy = B(i+i' +2,3).

-1
The Beta function fulfils the natural recursive relations

i+i'+1

Bli+i+2,3) = —
(+i+ ) i+i'+4

B(i+1i+1,3), and B(i +i' +2,3) = B(i+i+2,2) (A.23)

i+i'+4
Furthermore the following recursive relations can be found with the symbolic software Guess
[KauQ9]. Let

-, 1 . i+H'+l ,
v- (1Y) Borwa (A2

Corollary A.3.1
Forj > 1land i, i’ > 0, the recursive relation

G+i+j+ 5)1}'*1'1"+1 = (i+i + 2)1;?1“ +E—T+j =BT —i+ 2)1]?“'1”, (A.25)

holds.

Moreover, most starting values can be computed exactly. An integral of the form
! (®p)
| a=vra+pfePmdy

can be interpreted as a Mellin-transform of the Jacobi-polynom P].(D"’g )(y), see [DLM, 18.17vii].
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Lemma A.3.2 (Mellin transformation)
Leta, B > —1and j > 0, then

L r1—y\* (1+y)\P @,B) TETA+B+)(A +a—2z);
LFY) (51 mfow-"Sriss =

Proof. As stated in the literature, replace the Jacobi polynomial by (2.7), apply the representation
of the Beta integral (2.1) and use the Pfaff-Saalschiitz theorem [2.1.2] O

In general, we can’t use lemma m on our (integrated) Jacobi polynomials, since the exponents
B1 of the weight (1 + y)f' and the indices B, of P;“’ﬁ 2)(y) differ. By application of the same tech-
niques, we can derive a similar formulation.

-

Corollary A.3.3
Leta,f > —1and j > 0O, then

1 /71— % _ N
[, (}3Y) Borwmay

B 16 T(z +1)
B G+a—z—-1)T(z+j+3)

(30006 + D0 = 2= ox — G+ Do~ 2211

\.

Proof. We begin by rewriting the integrated Jacobi polynomials as Jacobi polynomials, i.e.
= 1+ i N
B = =), and Pl = (1+y),

Now we apply the same steps, as for the proof of the Mellin-transformation.

41 1=y \ (1+y\? e 4@%1 (—( = V)G +a), — )\ (142
P [(5Y) (55Y) o= Tm g R [ () ay

_ 8(”‘)] 1 Z (=G =) +a) T(+z+1)I(3)
= (a)1! T(l+z+4)

16(a)] 1T(z+1) i —(j—l),j+zx,z+1.1
it T(z +4) a,z+4 ’

(A.27)
The hypergeometric series is not Saalschiitzian and theorem can not be applied. On the other
hand, it fulfils the contiguous relation

b — &b <a,b,d;1> v orb <a+1,b,d;1> bk (a,b+1,d,_1> o,
c e ce c,e
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see [AAR99, Chap. 3.7]. By this relation, we can replace our 3F, series by two Saalschiitzian series,
b <—(] —1),j+a,z+ 1;1> _
n,z+4

1 ) G-, j+a+1,z+1 B —(G—1),j+a,z+2
jta—z—1 <(]+IX)3F2< a,z+4 i1 (+1)sF a,z+4 i1 '

Since both series are balanced we can apply theorem on both series, thus

b <—(] — 1),]+0c,z+1;1>

a,z+4
_ 1 ((j +)(=G+1D))ja@—z-1)j-1  E+D(=))j-1la —z— 2)]’1>
jra—z—1 (@)j—1(=j —z—2)j (@)j—1(—=j—z—2)j1
TG+ (DG -z -1 @)@ —z-2),
jra—z—1 (0)j—1(z +4)j 1 ()j—1(z +4); 1
3 rGg+1) 1. ) N .,
= Graz- D@, 1G9, <2(] +a)(j+D@—z—1);1—(Z+)a—z 2)]_1> .
Inserted in gives
16(a)j—1 T(z+1) IG+1) 1, . S oy
U TE+d) (+a—z— 1)) 1(z+4); <2(] ra)j =z =)o - el -z 2)fl>
16 I'z+1)

- ey (2090 D =z — e e -2 2)).

O]

Here, the factor (j + « — z — 1) contains a singularity. A better choice is given by a similar formu-
lation.

Corollary A.3.4
Leta, B > —1and j > 0O, then

1 1— 23N N
[, (}3Y) Bortway
(x—z—1)j2

=16
(z+ 12

(@-2-2-30-pG+w)

Proof. The proof follows the same steps as in the previous corollary. But we raise the hypergeo-
metric series by the relation

de [ 5F, a,b,c;Z B a+1,b,c;Z + 2besb a+1,b+l,c+1;z _0, (A28)
de de d+1,e+1

see [WEF,|07.27.17.0012.01]. The rest follows by combinatorical arguments. O

Although the exact values of corollary contain Pochhammer symbols, the application to the
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starting values by recurrence relation is straight forward. Since z = a + ¢, where c is a constant,
the terms (¢ —z —1); 1 and (¢ — z — 1); 1 remain the same along the translation a +4d,z +4d,
where d € Z. On the other hand j is usually a small number, and such the computation of the
Pochhammer symbols are not that costly. The fraction Flgz(i;i;) has only j + 2 terms and could be
evaluated directly or by a simple recurrence relation.

For the gradient or derivatives of our functions, we need starting values of the form

V1=y\ (1+y\° w00
/., <2> (2) HTWRT W

where f is either 0 or 1 for a mixed case between integrated Jacobi polynomials and Jacobi poly-

nomials.

~

Corollary A.3.5
Leta, B > —1and j > 0, then

L 1=y\ (1+y\P wp, 00
/1( 2)<2>Pf WP dy

e+ )I@IA+B+)A+a—2z); (p+2)I(z+DIA+B+))(a —2);
2 ATA+B+z+]) 2 JTQ+B+z+])

(A.29)

Proof. Here we replace the low order Jacobi polynomial by

00, y_ (p+1) (—D(+2) (1-y
P (y) = 5 <1+ o+ 1) 5 .
Thus we can apply lemma two times, i.e.
=y (149\P wp o0
[L(5Y) (52) oot a

_ D 1=y (141 e (0+2) M (1=y\*" (1+1\* Jap)
O () (BY) mtea-ER () () A wa

e+ DTEAOIA+B+)A+a—2z); (p+2)T+DIA+p+))(a —2);
-2 JITA+B+z+j) 2 JITQ+B+z+]))
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A.4. Products of partial derivatives

In the following chapter, we will list all combinations of partial derivatives under the inner prod-
uct. To simplify readability we define the following auxiliary arrays,

C .y L /1—y U 5210\ B2
ntid 1= [ (52 P2i(y)P¥ (y)dy,
1 . o
Lt /1= [ Pi(y)P¥ () dy,

P2 (y)P¥ (y) dy,

P ()P () dy,

] ]

e 1 1— g i i’
witg = (55Y) 0 Bermay,
(2> PED )P O(y) dy,

1_ i+i'+2 . p
2»‘/) PO )P0 )

1
1
bli, i, i, 1 = [ 1 <

and the auxiliary arrays with respect to the Legendre polynomials,

1T
Li[i,i'] = /_ ) Li(y)Ly(y) dy,
1 .
Lo[i, '] = /71 Li—1(y)Li(y) dy,
1
Ls[i,i'] = /_ ) Li 1(y)Ly—1(y) dy.

To simplify notation even further, we write f =i +j and B = i’ + j/, then the H! shape function on
a tetrahedron is given by

o [ 4 1-y\' 5 (20 (1-2\F
uijk_Ll(l—Zy—z 2 ) bl 5 ) @
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we also apply this notation to the partial derivatives, which are then given by

[
jyui?k(x,y,z) L <1 _‘Z_Z> (1 ;y>zlp?z- (12_yz
Aot () (2
S gt (o ) (152) ﬁfl(l_z (%5
_2j+2ii—2Ei <1—§;—z> (1 2y> Py (1 > (1_Z>ﬂ 113;fﬁ(2)
2]-]|-;zl—zti <1—§;—z> (1;y) PJ’(EZO) <1Z_yz> (152)/31 ﬁfﬁ(z)
(1) (1;},)1'13%. (%) (152)/31’22%“’@)-

After application of the Duffy transformation Ds(x,y,z) = (1 %; = 12yz’ z) = (111,12, 13), .g. we

can write the integrals over the partial x-derivative as follows,
d A d A
/A auljk(x, v, z)aui,j,k,(x, y,z)dxdydz
1 1 1— i+i'—1 ) ; 1 1— B+B' N o
= /71 Li—1(71)Li—1(1) dipy /71 (2;72> P (112)PF (12) drpa /71 <2;72> PP (3) B (113) digs
= Lali, 1L i, ', j, LIk K i+, 1 + ']

The integrals over the rest of possible combinations are collected in the tables and It
is important to note, that we only need to compute the 7 auxiliary arrays Iy, ..., I;, where we
apply the sparsity results of appendix The auxiliary arrays Lq, L, and L3 are computed by

the results in appendix and appendix
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Table A.1.: Integral of the product of the partial derivatives of ui?k

dx x dx Ls[i, ] Lii,,j,71 Lli+j,i+], kK]
dyx dy| 1 Ls[i, i’ — 1] Lli,i,j,i'1 Lk, K, i+j,i +j]
Lo[i, '] Isfi, 7,7 Lli+j,i+], kK]

dx x dz ! Lsli, i —1] L, i, j,j'1 Lli+j,i'+j,k k]
21,+;’].,_2 Loli,i'] Lli,i,j,j'] Lli+j,i+, kK]

Zi,{;j}d Lo[i, '] Ll i,j,i' =11 Lli+j,i+f, kK]

Lo[i, '] Lli,i,j,i] Is[i+j,i' + ',k k']

dy x dy ! Lali —1,i =11 L[i,{,j,i] Lli+j,i'+f,k k]
! Loli —1,7'] L[i, i, j,7] Lli+j,i'+], kK]

: Lo[i’ —1,1] Ll,i,7,jl Lli+j,i+j,k k]

La[i, 1] Ieli, ', ,7] Lli+j,i+], kK]

dy x dz 5 Lli—1,# —1] Lli,{,j,j] Lli+j,i'+f, kK]
sy Lli—1¢1 Ll jj1  Dli+ji+] kK]

sty Lali—171  Llid,jf =11 Bli+j i+, kK]

! Lyli —1,i'] L[i,i', 1] Isli+j,i'+f,k k]

! Lol =1,  Ll,i,f,j,]1 Lli+ji+], kK]

21.,+§].,_2 Ls[i, '] Ieli, ', 7,71 Lli+j,i'+f, kK]

s Lali,i] Lli, 7, j,i =11 Lli+j, i+ kK]

Lali, i'] Isli',1,7', 71 Isli+j,i'+f,k k]
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Table A.2.: Integral of the product of the partial z-derivatives of u

A

ik

dzx dz| & Lali —1,i =11 n[i,#,j,i] Lli+j,i+f, kK]
TS Lli-1i  Lli{,jj] Lli+j,i' +j,k K]
T Lli—1,7  Lii,jjJ—1  bli+ji+], kK]
1 Loli —1,7] L[, i, j,7] Isli+j,i+f, kK]
T Loli' —1,i]  Lli',i,f,j] Lli+j,i' +7,k K]
T 4(21,1‘2]1,_2) Ls[i, i'] Ieli, 7', j,]'] Lli+],i+,k K]
o igka—y Lali i li,i,j,j' =11 DBli+j,i+, kK]
ok Ls[i, ] Isli, i, j,f'] Lli+j,i'+f,k K]
s Loli' = 1,i  Lli',ij,j—11  Lli+ji'+j, kK]
T sy Lali i1 li,i',j— 1,71 Bli+ji+j, kK]
ot ey Lali 1] Ili,i',j— 1,7/ = 1] Lli+j,i'+7, kK]
et Ls[i, i Ll f,j—1  DBli+ji+j, kK]
i Lli,i—11 Ll j,j] Isli' +f,i+j,K k]
o) Lali, '] Isli, i',j,1'] Isli' +,i+j,K k]
T Lsli, '] Isli, i',j,j'] Is[i' +7,i+ ],k K]
Ls[i, i Lli, i, 7,71 Lli+j, i+, k K]
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