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Abstract

We consider the damped time-harmonic Galbrun’s equation which is used to model solar- and
stellar oscillations. We introduce a fully discontinuous Galerkin finite element discretization
that is nonconforming with respect to the convection and the diffusion operators and is
robust with respect to the severe changes in the magnitude of the density and sound speed
that occur in the interior of the sun. Further, we establish the stability of the method and
derive convergence estimates. The analysis is based on the concepts of discrete approximation
schemes, weak T-coercivity and weak T-compatibility. In addition, we present numerical results
validating our theoretical findings. Furthermore, we explore the possibility of hybridizing the
method to enhance the computational feasibility of the method, although we do not provide a
rigorous analysis of the hybridized method.

Keywords: Galbrun’s equation, stellar oscillations, discontinuous Galerkin, (weak) T-coercivity,
(weak) T-compatibility, discrete approximation schemes.
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Introduction

In this thesis, we consider the damped time-harmonic Galbrun’s equation, which models
time-harmonic acoustic waves in the presence of a steady background flow, in a bounded
Lipschitz domain O C R? with boundary 0. The equation reads as follows:

—V(pc divu) + (divu)Vp — V(Vp - u) — p(w + i0p + iQ2x)*u
+ (Hess(p) — pHess(¢))u + yp(—iw)u = f in O, (0.1a)
v-u=0 ondO. (0.1b)

Here p, p, cs, ¢, b, 2, and f denote the density, the pressure, the sound speed, the gravita-
tional background potential, the background velocity, the angular velocity of the frame and
the source term. The damping is modeled by —iw~ypu with damping coefficient . Further-
more, dp := > ;_, bj0,, denotes the directional derivative in the direction of the flow b and
Hess(-) the Hessian. The unknown wu describes the Lagrangian perturbations of displacement.
Studying Galbrun’s equation in this form is motivated by the equations of solar and stellar
oscillation, which were first derived in [LO67]. With an additional unknown ¢ describing the
scaled Eulerian perturbations of the gravitational potential, the equations of solar and stellar
oscillation read as follows:

—p(w + 0y + iQx)*u — V(pc? divau) + (divu)Vp — V(Vp - u)
+ (Hess(p) — pHess(¢))u + yp(—iw)u — pVip = fin O, (0.2a)

1
— —— Ay +div(pu) =0inR3.  (0.2b)
4G

Starting from (0.2), we recover Galbrun’s equation (0.1a) with the Cowling-approximation
[Cow41] which sets ¢y = 0. The main motivation to study solar oscillations comes from
the field of (local) Helioseismology, the study of the solar interior through solar oscillations
[GBS10]. The oscillations are excited by turbulent convection in the outer convection zone
of the sun and can be measured on earth with Doppler shift measurements. Techniques
to interpret this data, like time-distance helioseismology [GB02], involve solving both, the
inverse problem of determining the solar interior from the measured data and the forward
problem of predicting the measured data from a given model of the solar interior. For the
latter, reliable numerical discretizations of Galbrun’s equation (and ultimately, the equations of
solar and stellar oscillation) are required. This task is one of the main goals of the project C04
of the Collaborative Research Center CRC1456 "Mathematics of Experiment" at the University
of Gottingen.

When discretizing and analyzing (0.1) we face multiple challenges. First of all, equation (0.1a)
involves two competing second-order differential operators that lead to different signs in the
weak formulation of the problem which makes it challenging to apply standard techniques
for proving well-posedness. Furthermore, we have to deal with a non-standard differential
operator 0, involving the background flow b while also avoiding too restrictive assumptions
on the Mach number ||c;'b||~. We also have to be meticulous about constants involving
the sound speed c¢; and the density p which vary drastically in the sun, see also Fig. 7.14.
Thus, we want to avoid estimates where constants involve the ratios %. Finally, physically
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realistic computations can become very expensive, in particular, if we want to consider the full
three-dimensional problem. Thus, it is highly desirable to consider techniques, for instance,
Hybridization, that reduce the computational costs.

The well-posedness of Galbrun’s equation (0.1) and the equations of solar and stellar oscil-
lation (0.2) in a continuous setting has been proven recently by Halla and Hohage [HH21].
Afterwards, the work on discretizations of Galbrun’s equation started. In a previous Mas-
terthesis by Tilman Aleman [Ale22] and a resulting proceedings paper [Ale+22], a simplified
vectorial PDE with a similar structure as Galbrun’s equation was considered. There the authors
considered different robust finite element discretizations, in particular an H'-conforming, an
H (div)-conforming discontinuous Galerkin and a fully discontinuous Galerkin method. Based
on this guideline for further research on robust discretizations for Galbrun’s equations, an
H'-conforming discretization of Galbrun’s equation was introduced and analyzed by Halla
et al [HLS22]. Furthermore, Halla [Hal23] introduced and analyzed an H (div)-conforming
discontinuous Galerkin scheme for (0.1), which is nonconforming with respect to the convec-
tion term involving the directional derivative J,. The main research goal of this thesis is to
extend this work to the fully discontinuous case, which is nonconforming with respect to the
convection term and the diffusion term. Furthermore, we start to investigate hybridization
techniques that ease the computational burden for both the H(div)-conforming- and the fully
discontinuous Galerkin discretization. From an educational point of view, this thesis further
aims to provide a comprehensive introduction to the techniques employed to analyze the
aforementioned discretizations of Galbrun’s equation.

Organization of the thesis

This thesis is divided into two parts. Part I introduces the theoretical framework that we will
use to analyze the proposed discretization of Galbrun’s equation in Part II. To be precise, the
first part is structured as follows:

* Chapter 1 reviews abstract well-posedness results for variational problems. We introduce
the concepts of T-coercivity and weak T-coercivity, discuss their connection with well-
known well-posedness results such as the BNB-Theorem, and show how they can be
used to analyze variational problems.

* Chapter 2 introduces the abstract framework of discrete approximation schemes which
allows us to analyze approximations of variational problems. Furthermore, we introduce
the concept of (weak) T-compatibility to connect these techniques with the notion of
(weak) T-coercivity.

* In Chapter 3, we apply the techniques developed in the previous chapters to a sim-
pler model problem, the Helmholtz equation with homogeneous Dirichlet boundary
conditions. We consider the continuous problem, a conforming Galerkin discretization
and a discontinuous Galerkin discretization. Furthermore, we introduce the concept of
hybridization.

The second part of the thesis is structured as follows:

* In Chapter 4, we briefly introduce Galbrun’s equation and review the analysis of the
continuous problem from [HH21].




* Chapter 5 reviews existing discretizations for Galbrun’s equation, in particular, the H'-
conforming scheme from [HLS22] and the H (div)-conforming discretization introduced
in [Hal23]. For the latter, we review the analysis extensively since it serves as a basis for
the analysis of the fully discontinuous Galerkin scheme. We briefly introduce (without
analysis) a hybridized formulation of the H(div)-conforming scheme.

* In Chapter 6, we formulate and analyze a fully discontinuous Galerkin scheme for
Galbrun’s equation using the techniques introduced in Part I. We show that the scheme
can be considered as a discrete approximation scheme and that we can apply the weak
T-compatibility conditions to prove that the proposed scheme is stable. In the last part
of the chapter, we briefly introduce a hybridized formulation of the fully discontinuous
Galerkin scheme.

* Chapter 7 presents numerical experiments to validate the theoretical results from
Chapters 5 and 6. In particular, we discuss the implementation of the methods and
consider a manufactured solution to verify the convergence rates. Furthermore, we
consider an example with physically realistic parameters from the sun. We conclude
with a brief discussion on computational challenges arising from the application of the
discretizations to Helioseismology.

* We conclude in Chapter 8 with a summary of the results and an outlook on future work.

Furthermore, we introduce some theoretical concepts that are applied throughout this thesis
in the appendix in Chapter A.

Software and replication

The numerical examples are implemented with the open source finite element software
Netgen/NGSolve [Sch97; Sch14] which is available at

https://ngsolve.org/

We use the Python packages pandas and numpy to collect the data and use the KIgX-package
tikz for visualization. The numerical examples can be replicated with the provided reproduc-
tion files [Bee23].

Notation

Throughout this thesis, we will usually consider D or O as the default domain for all function
spaces and write e.g. L? := L?(0O). Furthermore, we denote scalar function spaces as X
and use the boldface notation for its vectorial variant, that is X := (X)9, and their elements.
Unless specified otherwise, all function spaces are considered over C. We will use the notation
(-,-)x or (-,-)x for scalar products on a space X and use the notation without index (-, -) and
(-,-) for both the scalar L?- and the vectorial L?-inner product. For any space X C L?, we
set X, := {u € X : (u,1) = 0}. In particular, we denote L3 := L2. Furthermore, we use the
notation A < B for quantities A and B if there exists a constant C' > 0 such that A < CB,
where C' may depend on the domain, the parameters, and the sequence of approximation
spaces (X, )nen, but not on the index n and functions involved in A and B. Note that the
constant may change at each occurrence. Finally, we will usually use lowercase letters, e.g.,
a or a,, for sesquilinear forms and uppercase letters, e.g. A or A,, for linear operators. We
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note that unless specified otherwise, the sesquilinear forms and linear operators are redefined
in each chapter. For mesh elements 7 € 7,,, we denote by P*(7) and P*(r) the spaces of
scalar and vectorial piecewise polynomials up to degree k on 7. Furthermore, we denote by
P*(T,,) := {v € L? : v|;, € P*(7) V1 € T,,} the space of piecewise polynomials up to degree k.




Part 1

Theoretical framework




CHAPTER ]_

Abstract well-posedness results

In this chapter, we review abstract results from functional analysis to prove the well-posedness
of variational problems. We briefly discuss the classical and well-known notions of coercivity
and inf-sup stability. Afterwards, we introduce and discuss the concept of (weak) T-coercivity.
We expect the reader to be familiar with the concepts of operator theory and Fredholm
operators discussed in the Appendix A. The first part of this chapter is partially based on
[EG21b, Chap. 25].

Contents of the chapter

1.1 Preliminaries . . . . . . . . . . i i e e e e e e e 8
1.2 Characterization of injective and bijective operators . . . . . .. ... ... .. 9
1.3 Classical well-posednessresults . . . . ... ... ... ... .......... 9
1.4 T-coercivity and weak T-coercivity . . . . . . . . . . v v v v v it i 11

1.1 Preliminaries

In the following, let X and Y be complex Banach spaces with associated norms || - || x and
|| - |ly. Furthermore, let A € L(X,Y’) be a bounded linear operator and f € Y’, where Y’
denotes the dual space of Y. We want to study the existence and uniqueness of solutions to
the following equation in operator form:

Findu € X s.t. Au= finY’. 1.1D)

In practice, X and Y are usually Hilbert spaces and we are given a bounded sesquilinear form
a: X xY — C and a bounded antilinear form f : Y — C. Then, due to the Riesz isomorphism
[EG21b, Thm. C.24], we can identify Y’ with Y and further identify' the sesquilinear form as
a bounded linear operator A € L(X,Y) via the relation

(Au,v)y = a(u,v) forallu € X,v €Y. (1.2)

Because of this identification, we will use the notation a(-,-) for a sesquilinear form and
A € L(X,Y) for the associated bounded linear operator interchangeably.
Therefore, studying the well-posedness of the problem

Find u € X s.t. a(u,v) = f(v) forallv € Y, (1.3)

!We note that this identification is not only possible in the Hilbert case. If ¢ : X x Y — C is a bounded
sesquilinear form on Banach spaces X, Y, we can identify a(-, -) with a bounded linear operator A € L(X,Y”) via
the duality pairing: (Au, v)y~ y := a(u, v). However, the Hilbert case is more convenient, since we can use the
inner product (-, )y due to the Risz isomorphism.




Chapter 1. Abstract well-posedness results

amounts to studying the well-posedness of an operator equation of the form (1.1). As the
dual space of a Banach space is Banach itself, we will write A € L(X,Y) and f € Y for ease
of presentation. The following sections will summarize conditions to guarantee the bijectivity
of the operator A and hence the well-posedness of problems (1.1) and (1.3).

1.2 Characterization of injective and bijective operators

First of all, we state two abstract results from functional analysis that serve as a basis for the
well-posedness results in the following section.

Lemma 1.1. Let A € L(X,Y). Then, the following statements are equivalent:
() A*:Y' — X'is surjective,
(i) A: X — Y isinjective and ran(A) is closed in Y,

(iii) There exists o > 0 such that

|Aully > allullx  Vue X.

Proof. We refer to [EG21b, Lem. C.39]. O
Theorem 1.2. Let A € L(X,Y). Then, the following statements are equivalent:
() A: X — Y is bijective,
(ii) A is injective, ran(A) is closed in Y and A* : Y — X' is injective,
(iii) A* is injective and there exists « > 0 such that

|Aully > allullx  Yu€ X.

Proof. See [EG21b, Thm. C.49]. O

1.3 Classical well-posedness results

In this section, we will review classical well-posedness results. First, we introduce the concept
of coercivity and state the Lax-Milgram Lemma, which can only be applied when test- and
trialspaces are identical. Afterwards, we define inf-sup stability and state the Banach-Necas-
Babuska (BNB) Theorem, which can also be applied when test- and trialspaces are different
and is, therefore, more general than the Lax-Milgram Lemma.

Definition 1.3 (Coercivity). Let X be a Hilbert space. We call an operator A € L(X, X)
coercive, if there exists a constant o > 0 such that

|(Au,u)x| > allul%k Yu € X. (1.4)
Equivalently?, A is coercive if there exists a real number o > 0 and ¢ € C, [¢| = 1, s.t.

R(E(Au,u)x) > allu|% Yue X. (1.5)

For a proof of the equivalence, we refer to [EG21b, Lem. C.58] and references therein.




1.3. Classical well-posedness results

Lemma 1.4 (Lax-Milgram Lemma). Let X be a Hilbert space and A € L(X, X) be a bounded
linear operator. If A is coercive in the sense of Definition 1.3, then A is bijective.

Proof. We follow the proof of [EG21b, Lem. 25.2]. Due to (1.5) and ¢a(u,u) = a(u, {u), we
have that

ofully < Be@E) (o Re@d) o a(wo)

[l x vex\foy  lvllx vex\{o} Ilvllx

= [[Aullx.

Therefore we conclude with Lemma 1.1 that A is injective and ran A is closed. If we show that
A* is injective as well, we can apply Theorem 1.2 to conclude the bijectivity of A. To this end,
let u € X be such that A*u = 0. Then, we have that 0 = 0 = (A*u,&u) x = &a(u,u). But (1.5)
implies that of|ul|% < R(¢a(u,u)) = 0 and hence u = 0. Thus, A* is injective and therefore A
is bijective. O

Remark 1.5 (Coercivity and Hilbert space structure). The notion of coercivity is intimately tied
to the Hilbert space structure of the underlying space. It can be shown that a Banach space can
be equipped with a Hilbert space structure with the same topology if and only if there exists a
coercive operator on the space [EG21b, Prop. C.59]. Consequently, the Lax-Milgram Lemma is
only applicable on Hilbert spaces.

In the following, we assume once more that X and Y are complex Banach spaces. In addition,
we require Y to be reflexive, i.e. the canonical isometry Y — Y is an isomorphism, cf. [EG21b,
Def. C.18]. Note that every Hilbert space is reflexive.

Definition 1.6 (Inf-sup condition). The operator A € L(X,Y) fulfills the inf-sup condition, if
there exists a constant 8 > 0 such that

A /
inf sup M >p>0. (1.6)

ueX\{0} ver\foy llullxolly

Theorem 1.7 (BNB-theorem). Let X and Y be Banach spaces and let Y be reflexive. Further; let
A € L(X,Y) be a bounded linear operator. If

(1) A fulfills the inf-sup condition (1.6),
(i) Yv €Y, Vu € X, (Au,v)yy = 0] = [v = 0],
then the operator A is bijective.

Proof. By Lemma 1.1, the inf-sup conditions (1.6) is equivalent to A being injective and ran(A)
being closed. Thus, it suffices to show that A* is injective by Theorem 1.2, which indeed
follows from (ii). For more details, we refer to [EG21b, Thm. 25.9]. O

Remark 1.8. The BNB Theorem is more general than the Lax-Milgram Lemma since it can be
applied on Banach spaces and when test- and trialspaces are different. If test- and trialspaces
coincide and X is a Hilbert space, then coercivity implies the inf-sup condition. The converse is
not true in general. Thus, coercivity is only a sufficient criterion for well-posedness, while the
BNB-conditions are necessary and sufficient.

Remark 1.9 (Discrete coercivity and discrete inf-sup stability). For conforming discretizations,
ie. X C X, Y, CY and Aj, := Alx, xx,, the coercivity property (1.4) is inherited onto the
discrete level. In contrast, the inf-sup condition (1.6) is not directly inherited onto the discrete

10



Chapter 1. Abstract well-posedness results

level. To conclude the stability of the discrete problem, one has to show® that the sesquilinear
form Ay, : X, x Yy, — C fulfills the uniform discrete inf-sup condition

A
inf sup —|( KU, V)|

>p>0
wn€Xn vpey;, |Uunllx|lvnlly 7

where (3 > 0 is a constant independent of h. It can be shown that the continuous inf-sup condition
is inherited onto the discrete level if and only if there exists an operator Il : Y — Y}, such that
(Aup, v —v)y = 0 for all (up,v) € Xp, x Y and ||[Ipo|ly < ||vlly forallv € Y, ¢f [EG21b,
Lem. 26.9]. The operator 11, is called Fortin-operator.

Remark 1.10 (Inf-sup stable spaces for the divergence operator and the de Rham complex).
The construction of finite element spaces that fulfill the discrete inf-sup condition for the divergence
operator deserves some attention here, in particular since the construction of stable discretizations
for Galbrun’s equation is related to the construction for the Stokes problem, cf. [Ale+22; HLS22].
A popular approach for constructing inf-sup stable finite element pairs is the de Rham complex; c.f,
for example, [Joh+17; BBF13]. On a simply connected domain Q2 C R?, the following sequence
is exact _
R — HY(Q) <5 H(div, Q) 2% £2(Q) — 0,

i.e., the range of each operator is the kernel of the subsequent one. If we construct finite element
spaces* Y, ¢ HY(Q), W, ¢ H(div,), and Qy C L?() such that the following subcomplex

curl div

R—)Yh—>Wh—>Qh—>0

forms an exact sequence, then the discrete inf-sup condition for the divergence operator is
automatically fulfilled for W}, x Qp, [Joh+17, Sec. 4.3]. Classical choices for H(div)-conforming
subspaces are Raviart-Thomas or Brezzi-Douglas-Marini elements [BBF13, Sec. 2.3], which
together with Q, being the space of discontinuous piecewise polynomials of degree k, or k — 1,
respectively, form inf-sup stable pairs for the divergence oeperator.

1.4 T-coercivity and weak T-coercivity

In this section, we review the concept of T-coercivity. In a sense, T-coercivity can be interpreted
as a notion of coercivity when the test- and trialspaces do not coincide. The term T-coercivity
was introduced in [BCZ10], but the concept goes back at least to [BCS02]. So far, the
concept has been applied mainly to problems involving compact perturbations of bijective
operators, for example, the Helmholtz equation [Cial2], and to problems involving sign-
changing coefficients [BCC18; BCC14; Hal21]. From now on, we assume that X and Y are
Hilbert spaces, which means, in particular, that the respective dual spaces are isomorphic to
the respective spaces themselves.

Definition 1.11 (T-coercivity). A bounded linear operator A € L(X,Y) is called T-coercive,
if there exists a bijective operator T' € L(X,Y’) such that T7*A € L(X, X) is coercive, that is
there exists o > 0 s.t.

|(T* Au,u) x| = [(Au, Tu)y| > a||u|]%( Vu € X.

3Additionally, we usually require that dim(X},) = dim(Y3), which is equivalent to the second condition in the
BNB Theorem.
“we emphasize again that we are in the two-dimensional case here.
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1.4. T-coercivity and weak T-coercivity

Remark 1.12 (Left and right T-coercivity). To be precise, we call the above notion of T-coercivity
left T-coercivity. In contrast, we say that an operator A € L(X,Y) is right T-coercive, if there
exists a bijective operator T' € L(Y, X) such that AT € L(Y,Y) is coercive, that is there exists
a > 0s.t.

(ATw,v)y| > a|v||} YveY.

We note that right T-coercivity can be useful to use because it avoids the adjoint operator T*. Both
concepts are visualized in Fig. 1.1.

T
R A
rAC? X -2,y X 2= Y oar
N__“~ ’\%/
T*

(a) Left T-coercivity (b) Right T"-coercivity

Figure 1.1: Illustration of left and right T-coercivity.

We note that the notion of T-coercivity also requires a Hilbert space structure, as is the case for
coercivity, cf. Remark 1.5. If we are working on Hilbert spaces, the following Lemma shows
that T-coercivity is indeed equivalent to the BNB-conditions from Thm. 1.7. Thus, it suffices to
show T-coercivity to conclude the well-posedness of the problem.

Lemma 1.13. Let X and Y be Hilbert spaces and A € L(X,Y') be a bounded linear operator.
Then, A is T-coercive if and only if A fulfills the BNB-conditions from Thm. 1.7.

Proof. We follow [EG21b, Exercise 25.10]. Suppose there exists a bijective operator T' €
L(X,Y) such that A is T-coercive. Then, we have that

Au,Tu Au, v
ATyl o (]

allullk < T
[Tully veriioy  [lolly

1T ox oy llullx-

Thus, (1.6) is fulfilled. To consider the second BNB-condition, let v € Y be such that
(Au,v)y =0 for all u € X. As T is bijective, there exists & € X such that 7't = v. Therefore,
we have that

0= (Ad,v)y = (Ad, Th)y > ol|a|%.

Hence, it holds that @ = 0 and by bijective v = Tt = 0. Conversely, if the BNB-conditions
hold true, then A € L(X,Y) is an isomorphism and A~! € L(Y, X) exists. Then, we set
T = J,; (A~Y)*J¥F, where Jy : Y — Y” is the canonical isomorphism from Y to Y” and
J® : X — X' is the Riesz-Fréchet isomorphism. Then T € L(X,Y) is an isomorphism and
for all u € X, we have that

(Au, Tu)x = (A1) (JFE (u), Au)yry = (J¥ (u),u) xr x = [lulk.
Thus, A is T-coercive. O

We can weaken the notion of T-coercivity by introducing compact perturbations. This leads to
the following definition.

Definition 1.14 (weak T-coercivity). Let A € L(X,Y) be a bounded linear operator and
T € L(X,Y) be bijective. The operator A is called weakly T-coercive, if there exists a compact
operator K € L(X, X) such that 7" A + K is coercive.

12



Chapter 1. Abstract well-posedness results

Remark 1.15 (Discrete (weak) T-coercivity). As is the case for inf-sup stability, cf. Remark
1.9, the property of (weak) T-coercivity is in general not inherited onto the discrete level. As for
T-coercivity, we can show that discrete T-coercivity is equivalent to the discrete inf-sup condition
[Cial2, Thm. 2]. We recall from Remark 1.9 that the inf-sup condition is inherited onto the
discrete level if and only if there exists a Fortin operator. Naturally, we have a similar relationship
for T-coercivity. For instance, in the case of conforming discretizations, we can construct a
discrete Ty -operator through T, = I1,,T such that discrete T, -coercivity holds if a Fortin operator
I, : Y — Y, exists. This relationship is explored in more detail in a recent preprint by Barré
and Ciarlet [BC22], where the authors showed that for the mixed Stokes problem, T-coercivity is
inherited onto the discrete level if a Fortin operator exits.

We note that in the spirit of Remark 1.12, we also speak of left and right weak T-coercivity. The
following Lemma shows that the notion of weak T-coercivity is useful to prove well-posedness
since it implies that the operator A is Fredholm with index zero. Thus, to show the bijectivity
of A, it suffices to show injectivity.

Lemma 1.16. Let A € L(X,Y) be a bounded linear operator and T' € L(X,Y') be bijective. If
A is weakly T-coercive, then A is Fredholm with index zero.

Proof. By the Lax-Milgram Lemma 1.4, the operator T*A + K is bijective and therefore
Fredholm with index zero. Consequently, 7* A is Fredholm with ind 7*A = ind(T*A+ K) = 0
by thm. A.23. Since T is bijective, T~* is Fredholm with index zero and thus thm. A.22 yields
that A = T~*T* A is Fredholm with index zero as a composition of Fredholm operators with
index zero. O

Corollary 1.17. Let A € L(X,Y) be a bounded linear operator. If A is weakly T-coercive and
injective, then A is bijective.

Proof. By the previous Lemma, A is a Fredholm operator with index zero. Since A is injective,
it follows by Lemma A.26 that A is bijective. O

13



CHAPTER 2

Discrete Approximation Schemes

In this chapter, we will introduce an abstract framework for analyzing approximations of
operator equations in Banach spaces. These types of problems have been studied intensively
by, for example, Anselone [AM64; AT85], Grigorieff [Gri69], Jeggle [Jeg72], Karma [Kar96a;
Kar96b], Petryshyn [Pet93], Stummel [Stu70; Stu71] and Vainikko [Vai76]. We will also
explore the connection with T-coercivity via the T-compatibility criterion introduced by Halla
[Hal21] and review a weaker notion of T-compatibility [HLS22], which we will apply to
Galbrun’s equation in Part II of this thesis; see also [HLS22; Hal23]. In particular, we will
follow the roadmap provided in Section 2.5 to show the well-posedness of the equation and
the stability of the approximation. This chapter mainly follows the presentation of Vainikko
[Vai76]. In order to be able to draw from a variety of results, we will introduce the concepts
in a general setting and restrict the framework afterwards to study approximations of PDE
problems. On occasion, we also draw inspiration from [Zei90b, Chap. 34].

Contents of the chapter

2.1 Introduction . . . . . . . . v i i e e e e e e e e e 14
2.2 Discrete convergence of linear operators . . . . . . ... ... ... ... .. 16
2.3 Conforming Galerkin schemes . . . . . . ... ... ... ... ... ... ... 20
2.4 T-compatibility . . . ... . . ... 22
25 Summary ... e e e e e e e e e e e 25

2.1 Introduction

Let X and Y be Banach spaces, A € L(X,Y’) be a bounded linear operator and f € Y. In the
previous chapter, we considered the unique solvability of the operator equation

Findu e X s.t. Au= finY. 2.1

Now, we want to study approximations of (2.1) by sequences of Banach spaces (X, ),en,
(Yy)nen and operators (A, )nen, An € L(X,,Y,). Therefore, for f,, € Y,, we consider the
discrete problems

Find u, € X, s.t. Aqu, = f,inY,, n=12,... (2.2)
In particular, we want to answer the following question:

Question 2.1. What conditions on X, Y, X,, Y,, A, A,, f and f, are sufficient such that if the
continuous problem (2.1) has a unique solution u € X, then the discrete problems (2.2) have
unique solutions u,, which converge to u?

14



Chapter 2. Discrete Approximation Schemes

To this end, we first have to introduce a notion of convergence between elements from X and
X, since we do not require the spaces X,, to be subspaces of X. Instead, we assume that
there exists a system of operators P = (pn)nen, Pn : X — Xp, such that

lim ||ppullx, = [ullx, (2.3)
n—oo
Jgrolo lpn(au — Bv) — (appu + Bpav)|x, =0, (2.4)

for all a, 8 € K and for all u,v € X. We call the second condition (2.4) asymptotic linearity.
For ease of presentation, we will restrict ourselves to the case where p,, € L(X, X,,), which
trivially satisfies condition (2.4). The setup is visualized in Fig. 2.1.

(X0 x)

— ~
p’ﬂl Pnm

— \\
(Xnps I llx0,) (Xn k’

Figure 2.1: Set up.

Remark 2.1 (Boundedness of p,,). If P = (pp)nen, Pn € L(X, X,,) is a system of linear bounded
operators such that (2.3) holds true, then the operator norm of p,, is bounded uniformly as

_ Hpnu”Xn n— 00
HanL(X,Xn) - sup —r 1.
wex\foy  llullx

In this setting, we can define the following notions of convergence and compactness.

Definition 2.2 (P-convergence). We call a sequence (uy,),ecn With u,, € X,, P-convergent to

u € X and write u,, — u if
lpnu — unl|x, — 0 asn — oo. (2.5)

Note that in the following, we will often simply speak of convergence, if the context is clear.

Remark 2.3. The notion of P-convergence fulfills the usual properties of limits. Straightforward
calculations yield

e Forall u € X, it holds that ppu > u.
e Ifu, 5 wand u, S/, then u =o' (Uniqueness).

* Ifuy 5 wand v, 5 v, a,b € C, then au,, + bv, 5 au+ bv (Linearity).

o Ifu, = u, then |lup||x, = ||ul x-

n—oo

* u, = 0if and only if ||un| x, —= 0.

Recall that we call a sequence (uy,),eny C X sequentially compact if for every sequence (uy, )pen
there exists a subsequence (u,, )reny and w € X such that u,, — u. In the following definition,
we will adapt this concept to fit our notion of P-convergence.

Definition 2.4 (P-compactness). A sequence (uy)nen With u, € X, is called P-compact, if
for every subsequence N’ C N there exists a subsubsequence N’ C N and u € X such that
Up - u,mn € N.

15



2.2. Discrete convergence of linear operators

Remark 2.5 (Generalization to normed spaces). We follow the assumption from Vainikko
[Vai76] that X and (X,)nen are Banach spaces. Stummel [Stu70] derives the setting on normed
spaces, that is, without the assumption of completeness. While this setting is more general than
what we consider here, the definitions are more technical due to the fact that we have to consider
representation classes of sequences.

2.2 Discrete convergence of linear operators

To answer the motivating Question 2.1, we are interested in the convergence of a sequence of
linear bounded operators (A, )nen, An € L(X,, Ys), towards an operator A € L(X,Y), where
X,Y are Banach spaces and (X, )nen,(Yn)nen are sequences of Banach spaces. As before, we
do not require the spaces X,, and Y,, to be subspaces of X and Y. In view of the previously
introduced notion of P-convergence, we assume that there exist sequences P = (py)nen,
Dn € L(X7 Xn) and Q = (Qn)nEN; gn € L(K Yn) such that

lpnullx,, — ||ullx as n — oo, (2.6a)
gnvlly,, = llv]ly as n — oo. (2.6b)

The diagram in Fig. 2.2 visualizes these relationships.

X lx) —2— @ y)
b
(X |- l1x) = (Yoo |- l1va)

Figure 2.2: Set up, see [Vai76, p. 27]

The following definition allows us to speak of the convergence of a sequence of operators
A, € L(X,,Y,) to an operator A € L(X,Y).

Definition 2.6 (PQ-convergence). We call a sequence of operators (A, )nen, An € L(Xp, Yn)

PQ-convergent to A € L(X,Y) and write A, iy A, if for every P-convergent sequence (uy,)neN
we have that
Up — u = Antp N Au, 2.7)

which means that
lpnu — ullx, = 0= ||gnAu — Apuylly, — 0asn — oo.

In the case that the spaces X and Y, as well as the spaces X,, and Y,,, coincide, we simply
write A,, — A. Throughout this thesis, we will often speak of a discrete approximation scheme.
To be precise, we make the following definition.

Definition 2.7 (Discrete approximation scheme). Let X be a Banach space and (X,,),en be
a sequence of Banach spaces. Furthermore, let A € L(X) be a bounded linear operator and
(Ap)nen, An € L(X,), be a sequence of bounded linear operators. We call (X, p,, A,) a
discrete approximation scheme (DAS) of (X, A), if there exists a sequence of bounded linear
operators P = (p,)nen such that (2.3) is fulfilled and A4,, 5 A

Lemma 2.8. The following statements are equivalent:

i A, 8 A

16



Chapter 2. Discrete Approximation Schemes

(i) The exists C' > 0 such that || A, 1(x,.v,) < C foralln € Nand for all u € X

HAnan - QnAUHYn — 0. (2.8)

(iii) The exists C' > 0 such that || A, ||1(x,,y,) < C for all n € N and a dense subset X' C X
such that for all v’ € X’
|Appnu’ — gAY ||y, — 0. 2.9)

Proof. We follow the argumentation of [Vai76, Chap. 2, Thm. (8)].

(i) = (ii): Assume that A, °$ A. Suppose theres does not exists a constant C' > 0 such that
lAnllL(xn,v,) < Cforalln € N, ie. [|Anll(x,,v,) — o© asn — co. Then there exists u;, € X,
with ||u/, || x, = 1 such that || A, ||y, — co. Set u, := u/,/||Anti,|y,. Then u, = 0, but since
Q

|Anun||y, = 1 by definition, A, u,, / A(0) = 0. This contradicts (7).

The second assertion follows, since p,u — u for all u € X, which implies A,p,u > Au by (3).
(73) = (zii): This direction follows immediately.

(iii) = (i): Let (tn)nen, un € Xy, be given such that u,, = u for some v € X and assume that

(i74) holds true. We have to show that A,u, — Au. Let ¢ > 0 and choose v’ € X’ such that
|u' — u||x < e. Then, we have that

[Antun — gnAully, < | AnllLix,,v.) [un = Prullx, + 1 AnllLix, v [Paw = patd| x,,
—_— ~ —_—
<C —0 <C —lu—'||x<e

+ [ Anpntt’ — gn Aully, + lgnAu’ — g Aully,, .

—0 —[Av —Aully <||AllL(x,v) €

Thus we have that
i | Agin — g Aully, < (C+[|Allzcer))e

and since A € L(X,Y') is bounded and e > 0 was chosen arbitrary, it follows that A, u,, ~ Au.
Thus, we have that A,, =5 A by definition. O

Remark 2.9 (On different terminologies). The notion of discrete convergence of linear operators
A, 5 A follows the work of Stummel [Stu70]. In the literature, one also finds the terminology
A,, approximates A, which is defined to be the case if condition (ii) of Lemma 2.8 is fulfilled:

| Appn — gnAully, — 0asn — oco.

Thus, both terminologies are equivalent if || A, ||z(Xn, Yn) < C, which is satisfied when X,, and
Y,, are finite dimensional. We also note that in the context of finite element methods, we would
rather call the above property asymptotic consistency.

In the following, we will define the notions of stable and regular convergence. For this, we
assume that A,, =5 A for an operator A € L(X,Y).

Definition 2.10. The sequence (A4, )nen, An € L(X,,,Y,) is called stable, if there exist con-
stants C, ng > 0 such that the inverse operators A, ! € L(Y,, X,,) existand || A !|| (v, x,) < C
for all n > ny.

Definition 2.11. The sequence (A, )nen, An € L(X,,,Y,) is called regular, if ||u,| x, < C and
the Q-compactness of (A, uy)necn imply that (uy,),ecn is P-compact.
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2.2. Discrete convergence of linear operators

The notion of regularity is more general than stability. For instance, we will show in Lemma
2.13 that for a bijective operator A, the regularity of approximations (A, ),en implies their
stability. However, we might also want to consider a non-bijective operator A, for example,
if we are approximating eigenvalue problems [Hal21]. The following lemma shows that the
stability of a sequence (A,,),cn Which approximates an operator A, immediately implies the
injectivity of A. This means, in particular, that an approximation of an operator A that is not
injective cannot be stable. As such, the notion of stability is not meaningful when considering
non-bijective operators, while the notion of regularity still is.

Lemma 2.12. If A, 29 Aand (Ap)nen is stable, then there exits v > 0 such that
|Aully > vl|jullx Yu € X. (2.10)

In particular, this means that A is semifredholm with ker(A) = {0} and ind A < 0.

Proof. We follow the argumentation of [Vai76, Chap. 2, Thm. (14)].
Since ppu = u and A,pnu N Au, we have that

. _ 1
|Au|ly = lim ||Anppully, > lim
n—oo n

———Ipnullx, >~ lim [pyulx, =vullx
HOOHAanL(Yn,Xn) " oo " 7

(2.11)
W > 0 since (Ajy)nen is stable. Thus, by Lemma 1.1 it fol-
n LY, Xn)

lows that ker(A) = {0} and ran(A) is closed. Hence, A is semifredholm and ind(A) =
— dim coker(A) < 0. O

where v = lim, 0

The following lemma shows the relationship between regularity and stability and the injectivity
and surjectivity of the limit operator A. In particular, we will conclude that if the sequence
(An)nen is both stable and regular, then A is bijective. In other words, this means that if we
find a discretization such that (A, ),cn converges stable and regular to A, then the continuous
problem (2.1) is already well-posed.

Lemma 2.13. The following statements are equivalent:
() ran(A) =Y, A, 55 A, (A,)nen stable;
(i) ker(A) = {0}, A, iy (Ap)nen regular, A, are Fredholm with index 0 (n > no);

(iii) A, re A, (An)nen is stable and regular.

Proof. We adapt the argumentation from [Vai76, Chap. 2, Thm. (60)].

(i) = (4#i): Lemma 2.12 implies that ker(A) = {0} and since A;! € L(Y,, X,) exist, the
operators A,, are Fredholm with index zero. It is left to show that (A,,),ey is regular. Let
(un)nen be given such that ||u,||x, < C and (A,u,)nen is Q-compact, i.e. there exists a
subsequence N’ C N such that A,u, < y for some y € Y. We have to show that (uy,)nen is
P-compact. As ran(A4) = Y and ker(A4) = {0}, A~ € L(Y, X) exists and we can set u := A~ !y.
We calculate

lun = prallx, < 1A Ly, x0 [ Antin = anyllv, + 1145 v x0 | Antn — anylly,

< C(HAnun - QnyHYn + ”Anun - Qny”Yn)

eN’
=50,
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Chapter 2. Discrete Approximation Schemes

since A,u, > y, An %9 A. Thus, we have that u,, = u, n € N’ and conclude that (Ap)nen is
regular.

(73) = (uii): Since A,, are Fredholm with index 0, it suffices to show that ker(4,,) = {0} for all
n € N since injectivity implies bijectivity. Suppose the operators A,, are not injective. Then,
we can find a sequence (uy)nen With ||u, | x, = 1 and A,u, % 0. Since (Ap)nen is regular,
(un)nen is P-compact, i.e. there exists a subsequence N’ C N such that u,, 5w for some u € X
with ||u||x = 1. However, since 4, P9 A we have that A un, 2 Au and hence Au = 0 which
contradicts the assumption that ker(A) = {0}.

(#ii1) = (i): Let y € Y be arbitrary. We have to show that y € ran(A). Choose a sequence
(Yn)nen such that y, A y. With u,, :== Ay, we have that |lu,|x, < C and Az, N y. Since
(Ap)nen is regular, (uy,),en is P-compact and hence there exists a subsequence N’ C N such

that u,, — u for some u € X. Thus A, u, % Au and by uniqueness of limits, we conclude that
Au =y. O

Corollary 2.14. If A,, =5 A stable and regular, than there exists A~! € L(Y, X).

Proof. By the previous Lemma 2.13, A is bijective and hence invertible. O

Recall from Definition A.3 that we call an operator A € L(X,Y’) compact, if it maps bounded
sets in X to precompact sets in Y. Below, we will define what it means for the (A, )nen,
A, € L(X,,Y,), to be compact and show that this already implies the compactness of the
limit operator A € L(X,Y’) under mild conditions.

Definition 2.15 (Compactness). The sequence (A, )nen, An € L(X,,,Y,) is called compact,
if for every bounded sequence (uy)nen, Un € Xn, ||un|lx, < C, the sequence (A, up)nen iS
Q-compact.

Theorem 2.16. Let A, -3 A and (A, )nen be compact. If Y is separable, then the operator A is
compact.

Proof. We refer to [Vai76, Chap. 2, Thm. (49) and (26)]. O

At this point, we return to the motivating Question 2.1. Recall that we want to identify
conditionson X, Y, X,,,Y,, A, A,, f and f,, such that if the continuous problem (2.1) has
a unique solution u € X, the discrete problems (2.2) have unique solutions u,, and (u,)nen
converges to u. As before, we assume that X and Y are Banach spaces and (X,,),en and
(Y,,)nen are sequences of Banach spaces such that there exist systems of operators P = (py,)nen
and @ = (Qn)nen such that (2.6) holds true. Furthermore, we assume that A € L(X,Y) is
a bounded linear operator and (A4, )nen, An € L(X,,Ys), is a sequence of bounded linear
operators and that f € Y, f,, € Y,, are such that f, 5 f. Then, we can formulate the following
theorem to answer Question 2.1.

Theorem 2.17. Suppose that ker(A) = {0} and that the sequence (A, )nen consists of Fredholm
operators with index zero. If A, 9 Aand (A )nen is regular, then there exists a unique solution
u € X to (2.1). Furthermore, there exists ng € N and constants C1, Cy > 0 such that there exists
a unique solution u,, € X, to (2.2) for all n > ng and u,, 5 w. There holds the estimate

OlHAnan - anYn < ”un _pnuHXn < 02”Anpnu - fn”Yn (2.12)
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2.3. Conforming Galerkin schemes

Proof. We follow the argumentation of [Vai76, Chap. 3, Thm. (3)].
By Lemma 2.13, the inverse operator A~! € L(Y, X) exists and for n sufficiently large,
At e L(Y,, Xy) existand [|A; Y| (v, x,,) < C> for some constant Cy > 0. Thus, the problems

(2.1) and (2.2) are uniquely solvable. Since A, £ A, Lemma 2.8 implies that

1

1AnllL(x0,v5) < o (2.13)

for some constant C, > 0. Furthermore, as A,,(u,, — p,u) = f, — Appru, we have that

1
HAnpnu — anyn = HAn(pnu - Un)HYn < a”un —anHXna (2.14)

|un — pullx, = HAﬁlAn(Un — o)l x, < Col|Anpnu — fully,-

Finally, as A,, 25 A, we have that A, p,u - Au = f. By assumption, we have that f, % f and
therefore A,p,u — fn £0. Consequently, we have that

and conclude that wu,, - w. O

Remark 2.18. By means of Lemma 2.13, we can formulate the previous theorem analogously with
the assumptions that ran(A) =Y and that (A, )nen is stable. However; we recall that regularity
is a more general condition than stability, and showing stability is more difficult. Furthermore,
showing the injectivity of the operator A is usually easier than showing its surjectivity. Thus, we
prefer the previous formulation.

2.3 Conforming Galerkin schemes

In this section, we want to show how the previously developed framework can be directly
applied to conforming Galerkin schemes. Abstractly, a Galerkin scheme in a Banach space X is
a sequence of nonzero finite dimensional subspaces (X,,),en, X, C X, such that
lim inf |lu—wu,||x =0 forallue X. (2.16)
n—00 up €Xp
For more details, we refer to [Zei90a, Chap. 21.13]. In the context of Finite Element Spaces,
the property (2.16) is usually called approximability property. In practice, one usually considers
X to be a Hilbert space. Thus, we restrict the framework from the previous sections to this
case and assume that X = Y. Our main goal is to approximate a linear bounded operator
A € L(X) by a sequence of operators (A, )nen, An € L(X,,), where (X,,)nen is a Galerkin
scheme. This setting is visualized in the diagram in Fig. 2.3.

00 I Kax)

Figure 2.3: Setting for conforming Galerkin Approximations

Lemma 2.19. Let p, € L(X, X,,) be the orthogonal projection from X to X,,. Then, we have
that

lim ||ppullx = ||ul|x forallu e X.

n—oo
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Chapter 2. Discrete Approximation Schemes

Proof. Let u € X be arbitrary. We use the characterization of the orthogonal projection p,, as
the best approximation of u [Zei90a, Prop. 21.44]:

le = pnullx = inf flu—wallx.

Un n

Thus, the approximability property (2.16) yields lim,,,~ ||[u — prul|x = 0. O

Corollary 2.20. Let X be Hilbert, A € L(X) and (X,)nen be a conforming Galerkin scheme.
Then, the sequence (An)nen, An = pndlx, € L(X,), where p, € L(X, X,,) is the orthogonal
projection, fulfills A,, = A.

Proof. Since A,, and p,, are bounded operators, the statement immediately follows from the
previous lemma, since we have for n — oo that

[Anpnu — pnAulx = [[pnApnu — pnAullx < |IpallLix x) 1Al o llpne — ullx — 0.

O]

The previous two statements show that the framework developed in the previous sections can
be directly applied to conforming Galerkin schemes.

Corollary 2.21. Let (X, )nen, Xn C X, be a conforming Galerkin scheme such that (2.16) holds
true. Further; let A € L(X) and (Ap)nen, An € L(X,,), be defined through A,, := p,A|x,. Then
(X, pn, Ay) is a discrete approximation scheme of (X, A).

Example 2.1 (H'-conforming Finite Element Space). Let D C R? be a bounded Lipschitz
domain and (T, )nen be a sequence of shape regular triangulations of D. For k > 1, we define

X, :={veL*D):vl, e P*(r) VreT,}nHY(D)c H(D).

Then X, fulfills the approximability property (2.16) [EG21b, Sec. 26.3.3] and we can apply the
previous corollary.

To summarize, the previous results show that whenever we are considering a conforming
Galerkin scheme with finite-dimensional subspaces that fulfill the approximation property
(2.16), then (X,,, pn, PnAnlx, ), Where p, € L(X, X,,) is the orthogonal projection onto X,
is always a discrete approximation scheme of (X, A). Furthermore, we note that since the
spaces X, are finite-dimensional, the operators A,, are Fredholm with index zero, cf. Lemma
A.21. Thus, we can apply the convergence theorem 2.17 derived in the previous section to
show the following lemma.

Lemma 2.22. Let X be Hilbert and (X, ),cn be a conforming Galerkin scheme. Furthermore, let
pn € L(X, X,,) denote the orthogonal projection from X to X,, and let A € L(X) be injective.
Define A,, := p, Ay|x, such that A,, € L(X,,). If (An)nen is regular, then the continuous problem
(2.1) has a unique solution v € X for all f € X. Furthermore, with setting f, := pnf € Xy,
there exists an index ny > 0 such that the discrete problem (2.2) has a ungqiue solution u,, € X,
for all n > ng and u, L w. There holds the estimate

_ < ;i _
[|lu “nHXNvlg)f( lu — vn | x- (2.17)

n n
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2.4. T-compatibility

Proof. From Thm. 2.17, the existence of a unique solution u € X to (2.1) and unique solutions
up € X, to (2.2) for n > ng such that u, — u immediately follow. For the estimate, we
consider as in [HLS22, Lem. 2]

lu = unllx < lu = poullx + lIpn = unllx < llu—paullx + 147" (Anpau — Anun)l|x
< Jlu = poullx + sup (1AL 1(x,0) [PnApnt — prAul|x

m>ng
< (14 sup 47 e 14l ) e = paulx
m>ng
=C inf |u—ov|x.
v €EXn

In the third line, we use that A, u,, = p,f = p,Au, in the fourth that ||p,|| L(x,) < 1and in the
final line, we use the characterization of the orthogonal projection as the best approximation.
O

Remark 2.23 (Convergence rates). When we consider conforming finite element approximations,
the approximability property (2.16) usually follows from the existence of a suitable interpolation
operator Z : X — X, such that

lu = Zullx < h*[|ullx,

where a > 0 and h is the mesh size. In this case, Lemma 2.22 immediately yields yields a
convergence rate of O(h®). For instance, if we consider H'-conforming finite elements as in
Example 2.1, we have that for all w € X N H'**(D)

lu = Zull g1y S B l|ull gr+s (D)

Altogether, we conclude that the framework of discrete approximation schemes can be
conveniently applied to conforming Galerkin approximations. We have shown that with
pn € L(X, X,,) being the orthogonal projection onto X,,, (X, pn, pnA|x, ) always constitutes
a discrete approximation scheme of (X, A). Furthermore, to conclude both the continuous
and the discrete well-posedness, as well as the convergence of the discrete solution to the
continuous one, we only have to show injectivity of A and regularity of (A, ),en. Let us stress,
however, that proving regularity is not a trivial task. In the next section, we will therefore
specify conditions that allow us to infer regularity.

Remark 2.24 (Nonconforming schemes). For nonconforming schemes where X, ¢ X, the
situation is more complicated since we cannot choose p,, to be the orthogonal projection. Conse-
quently, the properties (2.3) and A,, — A do not immediately follow and have to be established
individually. Nevertheless, the framework is still applicable, as we will demonstrate in sections
3.4.1,5.2.2, or 6.2.

2.4 T-compatibility

In this section, we review the concept of T-compatibility [Hal21], which connects discrete
approximation schemes with the concept of weak T-coercivity. Recall from Section 1.4 that we
call an operator A € L(X) T-coercive if there exists a bijective operator 7" € L(X) such that
T* A is coercive and weakly T-coercive if there exists a compact operator K € L(X) such that
T*A + K is coercive.
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Chapter 2. Discrete Approximation Schemes

2.4.1 Conforming Galerkin approximations

First of all, we consider conforming Galerkin approximations. Let (X, )nen, X, C X, be a
sequence of closed subspaces of X and p,, € L(X, X,,) be the orthogonal projection from X to
X,,. We define the following discrete norm on L(X,,) that can be applied to both 7" € L(X)
and T € L(X,,) through

[ Tun|| x

IT]ln := sup

= 1Tl L(x0,x) = ITPall L)
un€Xn\{0} llunll x ( ) (X)

In the case that the operator A € L(X) is T-coercive, the condition that || 7"— T,||,, — 0 implies
that the sequence of Galerkin approximations (A, ),cn is uniformly 7,,-coercive as Ciarlet
[Cial2, Corollary 1] showed with the following lemma.

Lemma 2.25. Let A € L(X) be T-coercive and (A )nen, An € L(X,,), be a sequence of conform-
ing Galerkin approximations s.t. X,, C X. Assume that there exists a sequence of index zero
Fredholm operators T,, € L(X,,) such that

lim [|T — T,|l» = 0.
n—oo
Then the sequence (A, )nen is uniformly T,,-coercive.
Proof. Adapted from [Cial2, Corollary 1]. Let u,, € X. Then, we have that

’ <Anun , Tnun>X |

[(Atp, Toun)x + ((An — A)uy, Thuy) x|

[{(Atp, Tup) x — (Atp, (T — Tp)un)x + ((An — A)uy, Thuy) x|
[(Aun, Tun) x| = [(Aup, (T' = Tn)un) x| — [((An — A)up, Toug) x|
(@ = AL IT = Talln = 1A = Al I Tl Lxa)) llunl %,

where a > 0 is the T-coercivity constant of A. O

AVARVS

In the following, we define T-compatibility and show that T-compatible approximations of
weakly T-coercive operators are regular, which enables us to apply Thm. 2.17.

Definition 2.26 (T-compatibility). Let A € L(X) be weakly T-coercive. We call the sequence
of Galerkin approximations (A, ),cn T-compatible if (A, ).cn is a sequence of index zero
Fredholm operators and there exists a sequence of index zero Fredholm operators (7},),en,
T, € L(Xy,) such that |T"— T},||,, — 0 as n — oc.

Theorem 2.27. Let A € L(X) be weakly T-coercive and (Ay,)nen be a T-compatible Galerkin
approximation. Then (A, )nen is regular.

Proof. We will briefly sketch the proof. For more details, we refer to the proof of [Hal21,
Thm. 1]. First, we note that it can be shown that there exists a constant C' > 0 such that
1Tl L) 1T Hlpx,y < C. Now, let (ty,)nen, Un € Xn, be such that ||ju,||x, < C for some
constant C' independent of n and (A, u,),cn is compact. For an arbitrary subsequence N’ C N,
we choose N” € N and f € X such that lim,eyr || Apun, — fllx, = 0. Let K € L(X) be
compact such that AT + K is coercive. Then, we compute with P, : X — X,, being the

orthogonal projection onto X, that
Apun = AT, Ty, = P AT, T by,
= P, ATT, 'uy, + P, A(T, — T)T,, M uy,
= Py (AT + KT, Yuy, — P KT, Y uy + P ATy, — T, My,
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2.4. T-compatibility

We further estimate that

n—oo

|1 Pa AT, — T)T, | nx) < CCIAlLolIT = Tallnix,) = 0.

As K is compact, there exists N ¢ N” and g € X such that lim,, . || P, KT}, 'u, — gl x =0
and since AT + K is coercive, it follows that lim,, 0 |7}, *upn — (AT + K)71(f + g)[lx = 0.
Thus, since (T},),en is stable, it follows that lim,, s ||, — T(AT + K)7'(f + g)||x = 0 and
we conclude that (uy,),en is compact. O

2.4.2 Weak T-compatibility

The T-compatibility condition introduced in the previous section is not applicable when we
consider nonconforming Galerkin approximations where for instance X,, ¢ X. In this case,
we cannot evaluate the operators 7" and T,, for functions in X,, and X, respectively, and,
in general, the norm || - ||x, is not well-defined on X. To solve such issues, a weaker T-
compatibility condition was introduced by Halla et al. [HLS22]. The authors showed that

instead of requiring ||7' — T 1,(x,,x) — 0 as n — oo, it suffices to ask for T}, 5 T with (T),)nen

being stable, B, % B with (Bn)nen is stable and B bijective, and A, T, = B, + K,. We
note that the weak T-compatibility condition can also be applied to conforming discretizations
where Definition 2.26 is too strong, as is the case for the H'-conforming discretization in

[HLS22].

Theorem 2.28. Assume there exists a constant C' > 0, sequences (Ap)nen, (Tn)nen, (Bn)nen and
(Kpn)nen and B € L(X) such that the following holds: for each n € N, A,,T,, By, K,, € L(Xy,),
1Tl (x) 1 T o (x) 1Brllnxnys 1By o,y < €, B bijective, (Kp)nen compact and

nlg]g@ | Tpnu — pnTu|x, = 0and nl;rgo | Bnpnu — ppBul|x, = 0 for each u € X,
and
AT, = B, + K.
Then (A, )nen is regular.

Proof. We briefly sketch the argument from [HLS22, Thm. 3]. Let (u,)nen, un € X, be
uniformly bounded and (A, u,),cn be compact. For an arbitrary subsequence N’ C N, we

choose N’ ¢ N’ and f € X such that A,u, - f. Since (Kn)nen is compact and 7, ! is
bounded, we can choose N ¢ N” and g € X such that K,, T, 'u, % g. We want to show that
un = TB~Y(f — g). To this end, we compute that

Hun_pnTBil(f_g)HXn < “un_Tntl(f_g)”Xn "‘HpnTBil(f_g) —Tntlpn(f—g)HXn.
Since || T, || £(x,), |1 Bn tlnix,) < C and B, = A,T,, — K, we estimate that

HpnTBil(f -9g) — Tntl(f - 9)llx, < CQHBnTr?lun —pu(f = 9)lx,
= 02||Anun - KnTn_lun _pn(f - g)HXn
< C2(||Anun _panXn + ||KnTn_1Un _pngHXn)a

where the right-hand side tends to zero as A,u, N f and K, T, u, N g. Furthermore, we
have that

lpn TB™(f — 9) = By ' pu(f — )l x, < P TB7H(f — ) — Tupn B~ (f — 9)Ix.,
+ | Topn B~ (f = 9) — TuBy 'pu(f — 9)lIx.,

< |lpnTB~'(f — 9) — Tupn B~ (f — 9)| x.,

+ C?||Bupn B~ (f — 9) — pu(f = 9) |00
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Chapter 2. Discrete Approximation Schemes

where the right-hand side converges to zero as T}, — T and B,, — B by assumptions. Thus, it
follows that lim,, e ||un, — pnTB~(f — g)|lx,, = 0 which shows that (A,,),en is regular. [

2.5 Summary

To conclude this chapter, let us briefly summarize the strategy to show continuous and discrete
well-posedness based on the previously discussed concepts. The first step is to show that the
assumptions required to apply the framework are fulfilled. In particular, one has to show
the existence of a bounded linear p,, € L(X, X,,) such that lim,_, ||pau| x, = ||u|x for all
u € X and that A, > A and f, = f. Then, as displayed in Fig. 2.4, it suffices to show that
A is either T-coercive or weakly T-coercive and injective to establish well-posedness on the
continuous level.

weak T-coercivity

+ injectivity
m, A1

173 ’ well-posedness ‘

|

e X: Au=f]

T-coercivity

Figure 2.4: Overview of strategies to show well-posedness on the continuous level.

To show stability on the discrete level, we have to show that the sequence of approximations
(An)nen is regular. To this end, we can either apply the T-compatibility condition or the weak
T-compatibility condition described in the previous section, cf. Fig. 2.5.

T-compatibility weak T-compatibility
vy 29
9!
n]. 2‘27 f‘x\‘“'
regularity
Thm. 2.17

g

stability

dng > 0: Nu, € X, : Apu, = frVn > nyg
s.t. limy o0 ||Pu — unllx, =0

Figure 2.5: Overview of strategies to show stability on the discrete level.
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CHAPTER 3

Application to the Helmholtz problem

In this section, we want to apply the previously introduced framework to the Helmholtz
problem with Dirichlet boundary conditions, which is a simple model problem that involves a
noncoercive bilinear form. Here, we will briefly introduce the model problem and discuss the
noncoerciveness of the bilinear form in more detail. We show that the problem is T-coercive
[Cial2] and analyze a conforming Galerkin approximation using discrete approximation
schemes. We repeat the latter for a discontinuous Galerkin discretization. Finally, we introduce
the concept of hybridization and perform numerical experiments.

Contents of the chapter

3.1 Model problem & Non-coerciveness . . . . . . . . . . . . v v ... 26
3.2 T-COGTCIVILY '+ v v v o v i e e e e e e e e e e e e e e e e e e e e e e e 27
3.3 Conforming Galerkin Approximation . . .. ... ... ... ... ....... 28
3.4 Discontinuous Galerkin approximation . . . . ... ... ... ......... 31
3.5 Hybrid discontinuous Galerkin method . . . . ... ... ... ......... 39
3.6 Numerical Example . . . . . . . . . .. e 43

3.1 Model problem & Non-coerciveness

The Helmholtz equation is a common model problem for wave propagation. In the following,
let D C RY, d = 2,3, be a bounded Lipschitz domain. For a source term f € L?(D) and a
wave number x € R+, we want to find v : D — R such that

—Au—r*u=finD, w=0ondD. (3.1)

Note that we consider Dirichlet boundary conditions here instead of the more natural Robin
boundary conditions, which are used when truncating an unbounded domain where radiation
conditions at infinity, for example, the Sommerfeld radiation condition, are imposed. The
weak formulation of (3.1) is given by

Find u € HJ (D) s.t. a(u,v) = f(v) for allv € H} (D), (3.2)
where we define the bilinear form a(-, -) and the linear form f(-) by

a(u,v) := /D(Vu -V — k2uv)dx and flw):= /vada:. (3.3)

for u,v € HZ(D). While a(-,-) is bounded by the Cauchy-Schwarz inequality, the Helmholtz
problem is a classical example of a noncoercive problem [EG21b, Chap. 35]. Consequently, the
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Chapter 3. Application to the Helmholtz problem

Lax-Milgram Lemma 1.4 is not applicable. In the next section, we will demonstrate how the
well-posedness of the problem can be proved using T-coercivity. Before we delve deeper into
the analysis, let us first discuss the noncoerciveness of the bilinear form a(-, -) in more detail. By
means of Remark A.17 to Thm. A.16, we know that there exists an orthonormal basis (e;)sen
of L?(D) consisting of eigenvectors of the negative Laplace operator with corresponding
eigenvalues (\;)sen. We order the eigenpairs by increasing values of the eigenvalues ).
Thus, for every u € H}(D), we can find a unique representation u = Y, uses, where
ug := (u,ep) £2(D)- Furthermore, we can express

|u”L2(D ZUZ and ‘VUHLQ Z)\guf
leN leN

In this basis, we can write the bilinear form af(-, -) defined by (3.3) as

a(u,v) =Y (A — K”)ugvy,

{eN

where u,v € H{ (D) are represented as u = > ren Ueer and v = 3, veey. Testing the bilinear
form with an eigenvector e, for some ¢ € N yields a(ey, e) = (A, — x2). Thus, for ¢ € N such
that \; < k2 < Ay, we have that

(A — K?) = aleg, e0) >0 > aler,e1) = (A1 — K2), (3.4)

and thus the bilinear form cannot be coercive. In particular, if x> = )\, for some ¢ € N, the
kernel of a(-,-) is non-trivial. Therefore, we will assume that x? # )\, £ € N, in the following.

3.2 T-coercivity

In this section, we will discuss how the concept of T-coercivity, cf. Definition 1.11, can be used
to prove the well-posedness of the Helmholtz problem (3.2). Before we elaborate, let us stress
that the well-posedness of the Helmholtz problem can also be shown with other techniques,
e.g., through a compact perturbation analysis [SBH19, Sec. 8.2] or by utilizing the Fredholm
alternative. However, the Helmholtz problem is a convenient example to demonstrate the
concepts developed in the previous chapters, and the construction of the T-operator itself
demonstrates the idea behind T-coercivity quite well. This and the following section are based
on [Cial2] with some adaptations to fit into the framework of Chapter 2.

In the following, we denote by /,,,., the largest index ¢ > 0 such that \;, < x2. We introduce
the following finite-dimensional vector space

W = spany,<, . (es) C Hy(D).

Furthermore, let V = W+ such that H}(D) = V & W. We denote by Py € L(H}(D),V),
Py € L(H(D), W) the orthogonal projections from H} (D) to V and W respectively. Note
that by construction, Py is of finite rank.

Remark 3.1. If k2 < g, we set lya = —1, W = {0} and Py = 0.
Then, we define the operator T' € L(Hg (D)) through

T:=Py — Py, ie. Tu=v —wforu=uv+wec H(D). (3.5)
On basis vectors (ey)scn, the operator T' acts in the following way:

(3.6)

—€y if 0 < 14 < gmaxa
Tes= .
+ep if £ > lnax.
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3.3. Conforming Galerkin Approximation

Intuitively, this construction of the T-operator immediately tackles the origin of the nonco-
erciveness of the bilinear form a(-,-) as discussed in (3.4), because it flips the sign of the
problematic eigenvectors. In the forthcoming analysis, we will see that this construction
indeed makes the bilinear form 7T'-coercive. Before, let us briefly note that T is bijective by
definition since 7% = Id 1 ().

Lemma 3.2. The operator A € L(H}(D)) induced by the bilinear form a(-,-) is T-coercive.

Proof. For u € H}(D), we have by linearity of T

Tu=T(Y uee) =Y uwTey= (Tu)e = (Tu,e))r2py = Y _ue(Teq, e0)12(p)-
teN teN ¢eN

Since T swaps the sign of all e, with 0 < ¢ < f;,,.,, we have with a := mingen{|\e — 2|/}

a(u, Tu) = Z()\Z — K2 uy(Tu);

ieN
= > (W=ui+ Y (-
0<l<lmax £>Llmax
> Mup = al[VullFa -
¢eN

Since |[|Vv[z2(py = [[v|| g1 (py on H{ (D) due to the Poincaré inequality, cf. Lemma A.32, the
operator T* A is coercive on H}(D), i.e. A is T-coercive. O

Therefore, we can conclude with Lemma 1.13 and Thm. 1.7 that the Helmholtz problem (3.2)
is well-posed if and only if % & {\/}sen.

Remark 3.3 (Robin boundary conditions). As mentioned before, we consider Dirichlet boundary
conditions for simplicity here. However, we can also apply the frameworks discussed in Chapters 1
and 2 to Robin boundary conditions of the form

@—imu:gonﬁD.
on

In this case, the bilinear form a(-,-) has an additional boundary term, i.e.

a(u,v) = /D(Vu Vv — k2uv)de — ik /8D tr(u) tr(v)ds,

where tr : H'(D) — L?(0D) is the trace operator. Since the trace operator is compact on
bounded Lipschitz domains [SBH19, Prop. 8.3] as an operator from H'(D) to L?(0D), the
operator induced by the additional boundary term is compact. Thus, with the same argument as
before, we can show that the operator A induced by a(-,-) is weakly T-coercive. Furthermore, it
can be shown that the operator is injective [EG21b, Thm. 35.5] and thus, the Helmholtz problem
with Robin boundary conditions is well-posed by Corollary 1.17.

3.3 Conforming Galerkin Approximation

In this section, we want to introduce and analyze a conforming Galerkin discretization of (3.1)
using discrete approximation schemes. Let (7, ),cn be sequence of shape regular triangulations
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Chapter 3. Application to the Helmholtz problem

of D such that h,, — 0 as n — oo, where h,, := max,c7, h; and h, := diam(7), 7 € Ty,.
For k > 1 we define the H'-conforming Finite Element Space

X, = {v € L*(D) : v|, € P¥(7) Vr € Tp,v|op = 0}y N HY(D) € H{ (D).
Then, the Galerkin approximation to (3.1) is given by
Find u,, € X,, such that a(uy,v,) = f(vy) for all v, € X,,. (3.7)

As before, we denote by A € L(X) the operator induced by the bilinear form a(-,-). Let Px, €
L(X, X,) be the orthogonal projection from X to X,,. Then, we define A, := Px, Alx, €
L(X,,). Since the H'-conforming finite element space fulfills the approximability property, cf.
Example 2.1, we can immediately apply Corollary 2.21 to conclude that (X, Px,, A,) is a
discrete approximation scheme of (X, A). That is, we know that

lim | Px,ullx = |ul|x and A, 5 A
n—oo

Now, we want to construct a sequence of discrete operators (7;,)nen, I € L(X,), that
mirrors the construction of 7' from (3.5). To this end, we approximate the continuous
eigenpairs (A, eg)seny With discrete eigenpairs (Mg, €00 )een, €0n € Xn, i.€., we solve the
discrete eigenvalue problem. By the approximation property (2.16) of X,,, we can find for all
¢ € N such that Ay, » < % an index n* > 0 such that for all n > n*

llee — eonllx < 6(n), (3.8)

where §(n) only depends on /y,,x and lim,,_,, 6(n) = 0 [Cial2, Sec. 3.2]. We note that with
orthonormalization, we can form a discrete basis of X, with the approximate eigenfunctions
which we will still denote by (eg,,)¢en. Then, we define the discrete space

Wi, = spany<y<, . (ern) (3.9)

and denote by Py, € L(X,,W,,) the orthogonal projection from X,, onto W,,. Furthermore,
we set V,, = W.- such that X,, = V},, @ W,, and denote by Py, the orthogonal projection onto
V... Then, as in (3.5), we define

T, := Py, — Pw,, ie. Tyu, = v, —w, for all u,, = v, + w, € X,. (3.10)

To conclude the well-posedness of the discrete problem, we want to show that the sequence
(An)nen is T-compatible. The following lemma serves as a preparation.

Lemma 3.4. It holds that

Proof. Let u,, € X,. Since X,, C X, we can write in the continuous eigenbasis (e/)secn and in
the discrete eigenbasis (e/,)sen, i.€.

Un =Y (tn,e0)r2(pyee = Y _(Un, €on)12(D)Cln-
LeN LeN

Since Py and Py, are orthogonal projections onto W and W,,, respectively, we have that

PWun = Z (un, eK)LQ(D)BE and PWnun = Z (un, eg7n)L2(D)647n.
ngg‘emax nggemax
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3.3. Conforming Galerkin Approximation

(Note that the smallness assumption on % ensures that {iax = max,n.) Then,
I(Pw = Pw,Junllx = > (un,ee)r2(pyee — (tn, en) r2(pyeemllx
Oggggmax

= Z | (s eZ)L2(D)(e€ —ern) — ((un, eﬁ,n)LQ(D) — (un, eE)L2(D))e€,n||X
0<l<lmax

S D> lec—eunm

0<l<{max

|x-

Since ||e; — es || x — 0 as n — oo, we have that

lim ||Pw — Pw,[l(x,) = lim sup | (Pw — Pw, )un|lx = 0.
n—oo n—oo unexngnun”X:l

Lemma 3.5. The sequence (An)nen. . of Galerkin approximations is T-compatible.

Proof. By Lemma A.21, the operators A,, € L(X,,) are Fredholm with index zero and so is T,
since it is bijective for all n € N. We note that we can write

T=1dgpy—2Pw  and T, =1Idx, —2Pw,.
Therefore, we have for u,, € X,
(T — Ty)un = up — 2Pwuy, — uy + 2Py, up = 2(Pw, — Pw)un.
Thus, we have that by Lemma 3.4
IT = Thlln < [1Pw — Pwy, lln(x,) — 0asn — oo. (3.12)

Furthermore, due to Lemma 2.25, the sequence (A, ),en is uniformly T-coercive and thus
Fredholm with index zero. O

Therefore, we can invoke Thm. 2.27 to conclude that the sequence (A, ),en is regular.
Applying Lemma 2.22 yields the following result.

Theorem 3.6. Let x% & {\;}sen and let u be the solution to (3.2). Then there exists an index
no > 0 such that for all n > max(ng,n*), a unique solution u,, € X,, to (3.7) exists and

lu —up|lx < inf [|Ju—v,|x forall n > ng.
vn€Xn

Remark 3.7 (On the smallness assumption on h). A drawback of the previous T-coercivity
argument is that the smallness assumption on the mesh size h is not explicit in terms of the
wave number k. However, this restriction is practically relevant, as demonstrated in Fig. 3.1.
Intuitively, it makes sense that the smallness assumption on the mesh size depends on the wave
number because the dimension of the discrete space W,, depends on the index {y,,x, which depends
on k. Using other approaches, for instance, a classical Schatz argument [Sch74; Mel95], this
requirement can be made explicit. For example, Melenk and Sauter [MS11] showed that for the
Helmholtz problem with Robin boundary conditions, ¢f Rem. 3.3, on domains with analytic
boundaries, it suffices to assume that

/{T:L Scl andeC’glog/{

to guarantee the quasi-optimality of the Galerkin approximation. It should be possible to derive
similar mesh size requirements for the T-coercivity argument through a more detailed analysis of
the eigenvalue problem.
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Figure 3.1: Conforming Galerkin approximation of the Helmholtz problem for different wave
numbers x and mesh sizes h: (left) x = 2 and h = 0.15, (middle) x = 8 and h = 0.15,
(right) x = 8 and h = 0.05. In the middle, the mesh size is not small enough to capture the
oscillations.

To conclude the discussion on the H'-conforming Galerkin approximation of (3.1), we apply
standard interpolation results to infer the following convergence rates.

Corollary 3.8 (Convergence rates). Let k? & {\;}sen and let u € X N H4(D), s > 0, be the
unique solution to (3.2). Then, we have that

[ = unllx < B ||ull grvs(p)-

3.4 Discontinuous Galerkin approximation

Having analyzed a conforming discretization of (3.1), we want to shift our attention to the
nonconforming case. To this end, we introduce a discontinuous Galerkin (DG) formulation
of (3.1). The main idea behind the DG method is to allow for discontinuities across element
interfaces, which offers multiple benefits compared with continuous Galerkin methods (CG).
DG methods are known to be more flexible with regard to underlying mesh, and due to its local
character, the DG method is well-suited for parallelization and adaptive mesh refinements.
Furthermore, DG methods are known to be more stable for convective and diffusive operators
than CG methods, and they preserve conservation properties. However, we note that DG
methods introduce more degrees of freedom than CG methods, cf. Fig. 3.2, which leads to
larger and less sparse linear systems [DE12; Leh10].

N S

(a) Continuous Galerkin (b) Discontinuous Galerkin

Figure 3.2: Degrees of freedom for linear CG and DG FEM in 2D; inspired by [Leh10, Fig.
1.2.1].

In the following, we set X := H2(D), where we note that the additional regularity assumptions
ensure that the terms Vu - v are well-defined. In addition to the notation from the previous
section, we denote by F,, the collection of facets in 7,, and by Fi™ the interior facets. For
k> 1, we set

X, =PAYT,) = {v e L} D) :v|, € PE(r)Vr € T,,}. (3.13)
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3.4. Discontinuous Galerkin approximation

Furthermore, we denote by H'(7,) the broken Sobolev space given by
HYT,) :=={ue LYD):u e H'(r) forall 7 € T,,}.

Remark 3.9 (Interpretation of V on H'(7,)). As detailed in [DE12, Def. 1.21], we define the
broken gradient V), : H*(T,,) — L?(D) element-wise through

(V)| :=V(v|;) forall 7 € Ty,.
For ease of presentation, we drop the index h and denote the broken gradient as V.

In contrast to before, functions in X,, do not have to be continuous across element interfaces
and thus X,, ¢ X. For two elements 71, 79 € T, such that 9, N dr, = F € Fy, we define the
jump and average operator as follows

[u] :== uy — o, {ul} = %(ul + ug),

where u; := tr u|,,, i € {1,2}. We note that there holds [uv] = {u}[v] + {v}[u]-
To derive a DG formulation, we multiply (3.1) by a test function v € X,,. Then, we apply
partial integration on each element 7 € 7,, and sum over all elements to obtain

Z </6 (—Vu~1/)vds+/Vu-Vvdx—/m2uvdx) = Z fudz

T€TH Te€TR T

Since every facet appears twice in the sum over all element boundaries, we get with the
definition of the jump operator that

- Z /BT(Vu-u)vds: — Z /F[[Vu-uv]]ds: — Z /F({{Vu'z/}[[v]]+[[Vu-y]]{{v}})ds

TETn FeFy FeFy,

The second term can be dropped without affecting consistency since it vanishes for the
continuous solution . Usually, one adds the consistent term — [,.[Vv - v][u]ds to symmetrize
the formulation. If we add a stabilization term sy, (-, -) defined as

5P (y, v) = @ / [u][v]ds, (3.14)
" F;n he Jr

where a > 0 is a penalty parameter that has to be chosen appropriately, we would obtain the
well-known symmetric interior penalty (SIP) penalty method:

aDGSP (y, v) = E Vu - Vo — k*uvdx
€T T

= 5 (Vo vh+ {0 vhlds) + 50

FeFn

(3.15)

In the perspective of treating Galbrun’s equation, however, we want to avoid choosing the
penalty parameter «. Therefore, we use a different stabilization term based on lifting operators,
which was introduced by Bassi, Rebay, and co-authors [BR97; Bas+97]. We refer to [DE12,
Chapter 4.3] for an overview, but note that we will follow the opposite sign convention by
Buffa and Ortner [BOO8]. For a facet F' € Fj, and an integer [ € N, we define the local lifting
operator k. : X,, — [P/(7,)]? through

/ r%unwnd:r = —/ [un] - v{tn }ds for all ¢, € []P’l(ﬁl)}d.
D F
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Chapter 3. Application to the Helmholtz problem

Note that the support of r4. is local in the sense that
supp(rﬁm) =T UTy, Where 7, m ares.t. iy N1 = F.
We define the global lifiting operator R, : L*(F,) — [P/(T,)]? through Rl (u,) = 3" e 7, b ().

Lemma 3.10 (Bound on the global lifting operator). For all u € H'(T,,), it holds that

1/2
IRL(W)llp2my S S hpPlTulll e
FeF,

Proof. The statement follows directly from the discrete trace inequality A.14, see e.g. [BO0S,
Lem. 7]. 0

Furthermore, we define a discrete gradient G', : H'(T,) — L?(D) through
G! (v) = Vv + RL (v). (3.16)

Then, we define the lifting stabilized (LS) DG-bilinear form aP¢(-, ) in the following way

aPC(u,v) := Z Gé(u)GﬁL(v) — K2uvde

TE€Tn

= Z/Vu Vvdx—i—/Vv R (u d:c+/Vu RL (v)dz + sp,(u, ),

TETn

(3.17)

where the stabilization term sy (u, v) is given by

(u,v) Z /PJ v)dz. (3.18)

Then, the LS-DG scheme reads as: Find u,, € X, s.t.

agG(un,vn) = f(v,) for all v, € X,,. (3.19)

Remark 3.11. The lifting stabilization term (3.18) is in general weaker than the SIP stabilization
term (3.14). For the local lifting operator, it can be shown that ||[u,,] ||L2(F < B2 vk (uy) HL2 (D)
forall u, € X,, and F € F,, cf. [Lew+04, Lem. 3.1]. This estimate, however, does not necessarily
hold for the global lifting operator R!, see for instance the counterexample in [JNS16].

Remark 3.12. The discrete gradient defined by (3.16) can be interpreted as a distributional
gradient on the broken Sobolev space H'(T,), which acts on ¢ € C°(D)? through (cf [BOOS,
Sec. 5])

(Du,p) = / Vu - odx — [u] - pds.
D Tint

3.4.1 Interpretation as discrete approximation scheme

In this section, we will show how the DG scheme defined in the previous section can be
interpreted as a discrete approximation scheme. To this end, we define the following scalar
product on the discrete space X,,:

(Un; Un)x,, = (Un,Vn)12(D) + (GL un,Ghvn)Lz(D) (3.20)
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3.4. Discontinuous Galerkin approximation

Furthermore, we denote by || - || x,, := (-, )ﬁ(/f the norm induced by the scalar product. Since

the trace of H'! functions is well-defined, we can apply the jump operator [-] to functions in X.
In particular, we have that [u] = 0 for all u € X and thus G!,(u) = Vu. Therefore, the scalar
product (+,-)x, and the norm || - | x, can be applied to functions in X, even though we have
that X,, ¢ X.

Now, we define a projection operator p,, € L(X, X,,). For u € X, let p,u € X,, be the solution
to

(Prtt, vn)x, = (U, vn) 12Dy + (Vu, Giﬂ)n)L?(D) = (u,vy,)x, forallv, € X,,. (3.21)

We note that p, is essentially an orthogonal projection onto X,,. Indeed, we have that
pn € L(X, X;,) with HanL(X,Xn) < 1, since

ol x,
Ipetl%, = (s pot)x, < lullxlpatllx, = lpollioery = sup A2nlXe o
weX\{0} [[ullx

Furthermore, we denote by A € L(X) the operator induced by the continuous bilinear for
a(-,-) and by AP € L(X,,) the operator induced by the discrete bilinear form a2S(, ). The
setup is visualized in Fig. 3.3.

o 3 1 Pn & Y
A X = HY(D) —" X, =PK(T;,) pre
‘\_/ “—_ -

- 1lx 1 e, I Il

Figure 3.3: Set up.

In the following, we will show that (X,,, p,, AP¢) constitutes a discrete approximation scheme
of (X, A), i.e., that for all u € X, ||p,ul|x, — ||u||x as n — co and APS % A. In the following,

we denote by 7% : H*(7) — P¥(r), s > 1/2, the elementwise L>-interpolation operator and by
T, : H*(D) — X,,, s > 1/2, its global version defined by ,|, := 7%, 7 € 7,,.

Lemma 3.13. For all u € X, we have that ||u — ppul|x, < |[u— mThulx,.

Proof. Since the definition of p,, yields

| Tnu — pnu”%(n = (Tpu — u, Tpu — ppu) x,, < [[u — moul| x, [Ty — prullx,,

the triangle inequality gives the claim. O

Corollary 3.14. For each u € H'*5(D), s > 0, it holds that ||u — mnullx, < R ||ull gri+s(py.
Proof. The claim follows from
1G7 (u = mpu) || L2y < IV (u = 7o) | L2y + || Ryl L2y

together with standard interpolation results, Lemma 3.10, and [u]] = 0. O

Lemma 3.15. For u € X, we have that lim,,_, ||u — ppul|x, = 0.
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Chapter 3. Application to the Helmholtz problem

Proof. Letu € X. Since X = H3(D) = W02’2(D) = CgO(D)H'”WQ’Q, we can find for each e > 0
aw € C®(D) such that ||u — @] x < e. The triangle inequality yields

lu — prullx, < llu—pailx, + [pau — poillx,
<@ — pnillx, + [Ipnu — pillx, + lu— @l x
< |l@ — pni|x, + 2,

since the definition of p, and an application of Cauchy-Schwarz yields ||p,(uv — @)|x, <

|lu — 4|l x. Using the Lemma 3.13 and Corollary 3.14, we have that lim,,_,~ ||2 — pntl|x, = 0.
Therefore, we conclude that

lim sup |lu — ppul x, < 2e.
n—00

Since € > 0 was arbitrary, the claim follows. O]
Lemma 3.16. For all u € X, we have that lim,,_,« ||pnu| x,, = ||u/ x-

Proof. Since GLu = Vu for u € X, we have that |u||x, = ||u|/x. Thus, we have that

Hpnu’@(ﬂ = (pnt, Pnu) x,, = (U, pru)x, = HUH?X + (u, ppu —u)x,,. (3.22)

Apply Cauchy-Schwarz on the second term and using that lim,, ,~ ||u — ppul|x, = 0 yields the
claim. O

To show that APS 5 A, we require the following compactness result for the discrete gradient.

Lemma 3.17. Let (up)nen, un € Xy, be such that sup,,cy ||un||x,, < oco. Then, there exists

u € X and a subsequence N' C N such that u, L u and Gilun LR Vu.
Proof. See [BO08, Thm. 5.2]. O
Lemma 3.18. For each u € X, we have that lim,, . ||A2%p,u — p, Au| x, = 0.

Proof. Since X, is a Hilbert space, we can find for each u,, € X,, an element @,, such that

lunllx, = sup  [(un,up)x, | < |(u,@n)x, |+ 1/n.
uh€Xy
llwnll xn=1
Thus, for every u € X we can choose (u,)nen, un € X, With |Ju,||x,, = 1 such that
”AEGpnu - PnAUHXn S ‘(ABGPnU - pnAU, un)Xn| + 1/”

For an arbitrary subsequence N’ C N, we utilize Lemma 3.17 to find a subsubsequence N C N

2 2
such that u,, B , Gy, L\ Y/ for some «' € X. The definition of pr, yields

lim (ppAu, un)x, = lim (Au,u,)x, = (Au,u’)x.
neN// nGN//

Furthermore, using the definition of APS, we compute

DG(pnu Up) = (Gl pn, G un)LQ(D) - ”2(pnuvun)L2(D)

(ABGpnu,un)X =a
= (Pt un)x,, — ( + 1) (Pnu, un)LQ(D)
= (u,tn) r2(py + (Vu, Ghun) p2(py — (K% + 1) (Pntt, un) £2(p)
=(V

u, G Un)L2(D) — K% (u, Un)r2(py + (1 + &) (u — Pnl, Un) £2(D)-
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3.4. Discontinuous Galerkin approximation

!

since [[(1+ #2) (1 — patty ) 12(py| < (14 #2)[[u = poullx, "> 0 by Lemma 3.15, we have
that lim,en (A2Sp,u, uy)x,, = (Au,u’) and therefore

lim HABGpnu — pnAu||x, = 0.
neN”

Since N’ C N was arbitrary, the claim is proven. O

Thus, we have shown that (X,,, p,, A29) indeed constitutes a discrete approximation scheme
of (X, A). In the following section, we use the weak T-compatibility conditions from Thm.
2.28 to show that the approximation scheme is stable.

3.4.2 Convergence analysis

As for the conforming case, we want to mirror the construction of the operator T in (3.5). To
this end, we consider a DG approximation'of the continuous Laplace eigenpairs (A, e¢)sen,
i.e. for each £ € N we want to find \;,, € K and e(,, € X,, such that

(Gﬁle&n, Gﬁl'l)n)LQ(D) = Aen(€ens vn)p2(py forall v, € X5,

It has been shown [ABPO6] that these DG approximations of the eigenpairs converge and thus,
there exists an n* > 0 such that

|x, < d(n), lim §(n) =0

llee —eon
n—oo

for all £ € N such that )\, ., < . As before, we set

W, = spanoggmx(e&n)

and V;,, := W;- such that X,, := W,, © V,,. We define the projection Py, : X,, — W, to be the
orthogonal projection onto W,, and set

T, := Py, — Py..

In the following, we show that with this construction, we have that T, 5 T and that ADG
is uniformly T;,-coercive, which allows us to utilize Thm. 2.28 to show that the sequence
(APS), cy is regular. Thus, we can apply the theory of discrete approximation schemes to show
the convergence of the method.

Lemma 3.19. For each u € X, we have that lim,,_, ||pn Pwu — Pw, prul||x, = 0.

Proof. We use the continuous and discrete eigenbases to write

u=>Y (ue)rapyer and puu= > (pntt, rn)r2(p)een-
(eN ¢eN

Since Py and Py, are the orthogonal projections onto W and W, respectively, we have that

Pyu= Z (u,ee)r2(pyee and Py, ppu = Z (Pnts €0n) 12(D)eln-
0<€<lmax 0<l<lmax

IFor ease of presentation, we will assume that all eigenvalues have algebraic multiplicity one. Otherwise, we
would have to introduce more complex notation, see e.g. [EG21b, Chap. 48].
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Chapter 3. Application to the Helmholtz problem

The triangle inequality yields

|lpnPwu — Pw, pnullx, < [lpnPwu — Pwullx, + [[Pwu — Pw,pnullx,,

where the first term converges to zero by Lemma 3.15. For the second, we have that

|1Pwu = Pw,pnullx, = Y (e r2myee — (Pots €on) r2(o)eenllx.,
0< < bmax

= > lwe)rapylec = eon) + (pnts, eon) 12(p) — (1, €0) 12(p))etnllx.,
0< < limax

Since |le; — en]| x,, — 0 as n — oo, the first term goes to zero. For the second, consider

(Pnts e0n)r2(p) — (W e0)2(py = (Prtt — u, €00) 12Dy + (U, €00 — €0) 12(D)

< lu = prullx, lec 2oy + lullxller — eqnllx.,
Thus, as ||e; — eg || x,, — 0 asn — oo and lim,,_, ||u — ppul x,, = 0, we have that

lim ||pn, Py — Py, ppullx, = 0.
n—oo

O
Lemma 3.20. For each u € X, it holds that lim,,_,« | Thpnu — pnTullx, =0
Proof. It holds that
[Tapnu — pnTulx, = [|(Idx, —2Pw, )pnu — pn(Ix — 2Pw)ullx,
= ||12(pnPwu — Pw, ppu)l x,, -
Applying Lemma 3.19 yields the claim. O

In the following, we want to apply Thm. 2.28 to show that the sequence of nonconforming

DG-approximations (APY), cy is regular. To this end, we have to prove that AP is T;,-coercive.

Theorem 3.21. The operator ADS induced by the bilinear form aP¢(-, ) is T),-coercive.

Proof. Let u, € X,,. We have to show that there exists a constant o > 0 s.t.

aPS (up, Thuy) > allun %, - (3.23)

Recall that X,, = V,, @ W,, s.t. we can write u,, = v,, + w,, and T,,u,, = v, — w,. Then
DG

ay” (Un, Thup) = a vn + Wy, Uy, — Wy,)

/ Gl (v, + wp) - G! n(Un —wy) — /{2(2),1 + wy) (v, — wy)dz

= / G (v,) - GL (vy) — K202 dx — / G (wy) - Gl (wy) + K2w3dz
D

By construction of V;, and W,,, we can write v,, and w, in the discrete eigenbasis (e, )¢cn as

Z Uy nern, and w, = E UL €l

£>emax Ogegemax
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3.4. Discontinuous Galerkin approximation

Proceeding similar as in the proof of Lemma 3.2,we have with « := mingen{|Ar,n — £%]/(1 +
i)} that

aPC (uy,, Tuy,) = Z (K% — )\g,n)uzn + Z (Ao — ,{2)u37n

2 2
>ay (14 Ma)uf, = aludllk, -
leN
Thus, APC is indeed T;,-coercive. O

We conclude the analysis of the DG discretization of the Helmholtz problem with the following
convergence result.

Theorem 3.22. Let k? & {\;}ren and let u € XNH?*T$(D), s > 0, be the solution to (3.2). Then
there exists an index ng > 0 such that there exists a unique u,, € X,, such that a?®(u,,v,) = f(vn)
for all v,, € X,, and

lu = L, S (RO 4 2D ] g .

Proof. Because of T, = T, AP & A, the T-coercivity of A and the T},-coercivity of APS,
we can apply Thm. 2.17 to conclude the existence of a unique discrete solution u,, € X,.
Furthermore, with the triangle inequality, we have that

lu = wnllx, S lu = prullx, + [ARC (Pru — un) |l x,
For the first term, we apply Lemma 3.13 and Corollary 3.14 to obtain
lu = o], S RSP ) r2vs -

For the second term, we compute

AR (P — un) | x,, = sup | (P — U, )]
up € X, [|lup, |l x, =1
= sup [(V(pnu — u), GiLu;l) - ’€2(an —u, U;L)

g, € X |Jug [ x, =1
+ (vuu Gizu%) - H2(u7 u;z) - (fa U;L)LQ(D)’
= O([lpnu — ul[x,, n — o0)

+ sup ‘(vu? Glnu;l) - Hz(uau/n) - ( 7u'/n)L2(D)"
up €X, ||ug, || x, =1

For the first term, we can again apply Corollary 3.14 to obtain the desired convergence rate.
For the second term, we want to utilize that u solves (3.2). In order to apply partial integration
on the discrete gradient G',, let ¢, € [P!(T,,)]? be an H'-projection of Vu. Then, we have that

(Vu, Ghal) = (Y, Ghul) + (Vu — ¢, Ghul,)

and
(wm szu%) = Z (1/}717 vuiz + Rilu;I)Lz(T) = Z (wnv vu;z)LQ(T) - Z ({%}}7 [[U;l]] : V)L2(F)
T€Tn TE€Tn FeF,
=) (0, VU £2(r) — (Yns ), - V) £2(07)
T€TH

= —(div iy, ul,) = (div(Vu — ¥y,),ul,) — (Au,ul,).
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Chapter 3. Application to the Helmholtz problem

Thus, since u solves (3.1), we have that

sup (Y, G =k (u, 1) =(fyup) 2 ()| S V=l @) S B0l g2+s ()
U{neX’fh”u;z“anl

O]

Remark 3.23 (Choice of ). The previous theorem suggests to choose | = k to obtain quasi-
optimal convergence rates. However, it also might suffice to choose | = k — 1, ¢f. [EG21b, Rem.
38.18] or [DE12, Chap. 4.3], which is also indicated by numerical results. Thus, it might be
possible to improve the previous theorem to obtain the following convergence rates:

= wn . < (hgnn(us,k) n h;nin(s,l—l—l)) el 72+ ().

~

3.5 Hybrid discontinuous Galerkin method

In this section, we want to conclude the discussion of the Helmholtz problem by considering
a hybrid discontinuous Galerkin (HDG) discretization. The main idea behind hybridization
[CGLO9; Leh10] is to introduce additional unknowns that are defined on the facets of the
triangulations, cf. Fig. 3.4. At first glance, this seems to be a counterintuitive approach since
the number of degrees of freedom is increased, which makes the linear system larger and
thus more expensive to solve. However, the introduction of additional facet unknowns allows
us to eliminate the interior degrees of freedom through static condensation, cf. Remark 3.25,
which makes the overall computation more efficient. Furthermore, in contrast to DG methods,
neighboring degrees of freedom do not couple directly, which allows us to assemble the system
matrices element-wise.

AVEAV

(a) Discontinuous Galerkin (b) Hybrid Discontinuous Galerkin

Figure 3.4: Degrees of freedom for linear DG and HDG FEM in 2D; inspired by [Leh10, Fig.
1.2.1].

We start by introducing the HDG formulation of the Helmholtz problem (3.1). In addition to
the notation introduced in section 3.4, we denote by L?(F,,) the space of L? functions defined
on the facets F' € F,,. We consider the continuous space

X := HYD) x L*(F,) (3.24)
and the discrete space
X, :=P*(T,) x P*(F). (3.25)

We note that it does not suffice to consider H' as in the previous section because we require
the normal derivative to be well-defined. Thus, we require at least H3/2-regularity, but for
simplicity, we consider H2. In the following, we write u = (ur,ur) € X. Furthermore, we
define the HDG jump operator [:] through

[u] := upr — up. (3.26)
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3.5. Hybrid discontinuous Galerkin method

Essentially, we proceed with a similar argumentation as for the derivation of the DG method
in the previous section, but use the HDG-jump operator instead of the DG-jump operator and
instead of summing over all facets, we stay on the element boundaries. Thus, we do not have
average operators involved in the formulation. Consequently, a hybridized SIP method would
be implemented through the following bilinear form

CLSDG,SIP(umvn) — Z (/Vun -V, — /{2unvnd$

TETn T

— [ Vu, -vv,]ds — / Vg, - v]u,]ds + @ / [un] [[vn]]ds>.
or o or o h or
(3.27)
However, as in the DG case, we want to avoid choosing the stabilization parameter o > 0 in
(3.27) explicitly and want to use a lifting stabilization instead. Therefore, we reintroduce the
lifting operator defined for the DG scheme in the context of the HDG method. For 7 € 7,,, we
define the local HDG lifting operator r! : X,, — [P!(7,)]? through

/ri(un)wndx = — [un] - vipnds for all ¥, € [Pl(%)]d.
T or

One advantage of the HDG lifting operator compared to the DG lifting operator is that it is truly
element-local in the sense that supp(rl) = 7, cf. Fig. 3.5. Consequently, the computational
costs associated with implementing the lifting operator are reduced. As before, we define the
global lifting operator R, = > oreT, rl. Then, we define the discrete gradient through

Qilun = Vu, + Eilun.

(a) DG lifting (b) HDG lifting

Figure 3.5: Comparison of the support of the DG- and HDG-lifting operators.

With the discrete trace inequality, we have the following result analogously to Lemma 3.10.

Lemma 3.24 (Boundedness of R.). For all u € H'(T,), it holds that

—1/2
1B w2y < Y hp Tl 22 on)-
FeF,

Consequently, we define the following lifting stabilized (LS) HDG bilinear form as
aSDG(un,vn) = Z Qib(un) ~Qfl(vn)dx — R2upvndz,  Up,vn € Xn. (3.28)
TETR T

Then, the LS-HDG scheme reads as: Find u,, € X,, such that

aHDG(un,vn) = f(vy) for all v, € X,,. (3.29)

n
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Chapter 3. Application to the Helmholtz problem

Remark 3.25 (Static condensation). We can eliminate interior degrees of freedom through static
condensation. In the following, we denote with A € CN*N, N := dim X,,, the stiffness matrix
defined through Ay; := afP%(p;, i), i,j € {1,..., N}, where {pi}icq1,.. Ny is a basis of X,,.
Solving (3.29) amounts to solving the linear system AU = F, where F; := f(y;), i € {1,...,N},
and U € CV is the vector corresponding to u. Then, we can split the system in the following way:

A A U F
( T AT (Un) _ (Fr) (3.30)
Ar. 1 Ar.r.) \Ur, FFn
Here, U7, corresponds to ur, Ur, to up, At,T, to the terms contained in a(ur,ur), AT, 7, to
the terms contained in a(ur,ur), Ar,T, to the terms contained in a(up,ur), and Ag, 5, to
the terms contained in a(ur,ur). Since At T, is block diagonal, it can be inverted efficiently.

Using the Schur complement, we can eliminate the interior degrees of freedom and reduce the
computational costs in the following way. First, we observe that

Ur, = A7 (Fr, — Ar,7Uz,). (3.31)
Inserting this equality into the second equation of (3.30) yields

(A]'—n]'—n - ./4]-'”7’”./4;;117;1./47’”]:”) u]:n - ‘F]:n - A-F'IL%A';THI%‘FﬁL (3'32)
=S

where the matrix S is called the Schur-complement. Thus, we can first solve for Ur, using (3.32)
and then reconstruct Uy, using (3.31).

Remark 3.26 (Relationship between HDG- and DG schemes). The HDG scheme can be refor-
mulated to recover an equivalent DG scheme by eliminating the facet unknowns [Leh10; Fu+21].
To this end, we introduce a lifting operator L that maps volume functions to a unique facet
function. We define the lifting Ly (ur) as the unique function in P*(F,,) such that

GZIDG((’U,T, Eh(uT)), (0, ’UF)) =0 fOl” all VF € Pk(fn) (3.33)

Then, the solution u,, = (ur,ur) € P*(T,) x P*(F,) of the HDG scheme satisfies ur = Ly, (ur)
with up being the solution to

an(ur, vr) = f(vr) for all vy € PF(Ty,),

where we define the bilinear form a,(-,-) and the linear form f(-) on P*(T,,) as
an(ur,vr) = afP%((ur, L (ur)), (vr,0)) and  f(or) := f((vr,0)).

We can also define a corresponding DG norm through

lurllpe = ||(ur, Ln(ur))||lHDG-

If we consider the SIP HDG formulation (3.27) with uniform mesh size h, an explicit formula for
Ly, would be given by, cf. [Fu+21, Sec. 3.5],

Ly (ur) = (fur} — %[[WT ), (3.34)

where 1%, is the L?(F,)-projection.
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3.5. Hybrid discontinuous Galerkin method

3.5.1 Sketch of Analysis
To analyze problem (3.29), we have to interpret the HDG scheme as a discrete approximation
scheme analogously to section 3.4.1. We define the inner product on X,, through
(n, 0n) X, = (tn, Vn) 2(D) + (Ghytin, Gron) L2 (D)
and a projection operator p,, € L(X, X,,) through
(P, vn) x,, = (U, 0n)r2(py + (Vu, Ghon)p2(py  forallu € X, vy € X,

Proceeding as in section 3.4.1, we can show that indeed lim,,_, ||pru| x,, = ||u| x. Further-
more, we can show the following compactness result:

Lemma 3.27. Let (up)nen, Un € Xy, be such that sup ||u,||x, < oo. Then, there exists u € X
2 2
and a subsequence N’ C N such that u,, L wand Qﬁlun L v

Proof. The statement was shown in [KCR21, Thm. 4.3] with similar techniques to [BOO0S,
Thm. 5.2]. O

Then, with the same argumentation as in Lemma 3.18, it follows that A!PS 5 A. Therefore,
(X, pn, AHPG) is a discrete approximation scheme of (X, A).

To analyze the convergence of the method, we have to reconstruct the 7-operator once more.
As before, we consider approximations of the Laplace eigenpairs (A, e/)¢en by solving

(Qfleg’n,gfmvn)Lz(D) = )\E,n(eé,nv Un)LQ(D) for all v, € X,,.

To our knowledge, the HDG Laplace eigenvalue problem in this form has not yet been analyzed
in the literature. However, due to the correspondence between HDG and DG schemes, cf.
Remark 3.26, we expect that an analysis of this problem can be carried out analogously to the
DG case [ABP06]. Thus, we conjecture at this point that there exists an index n* > 0 such that

llee — ernllx, < d(n), lim §(n) =0,

n—0o0

for all ¢ € N and that A, _,, < . Then, we set

Wi = spangc <y, (€4n)
and V,, := W;’. Then, we define the T},-operator through
Ty := Py, — Pw,,

where Py, , Py, are the orthogonal projections from X,, onto V,, and W), respectively. As
before, we have that 7);! = T,,, i.e. the operator T}, is bijective.

With similar arguments as before, we can show that 7}, = 7" and that the sequence (AHPS),
is T,,-coercive. Consequently, the sequence (AHP®), _y is regular and we can apply Thm. 2.17
to conclude the convergence of the HDG scheme:

Theorem 3.28. Let k2 ¢ {\;}ren and let u € XNH?*T$(D), s > 0, be the solution to (3.2). Then,
there exists an index ng > 0 such that there exists a unique u,, € X,, such that a6 (u,, v,) =
f(vy) for all v, € X,,. Furthermore, it holds that

lu = wnlle, S (RO 4 2D ) ] gy,
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Chapter 3. Application to the Helmholtz problem

3.6 Numerical Example

To conclude the discussion on the Helmholtz problem, we consider a numerical example. In
particular, we compare the DG and HDG lifting methods with each other and their respective
SIP counterparts, cf. (3.15) and (3.27). To this end, we consider the unit disk

D=S":={zrcR?: |z| <1}
and choose the right hand side f € L?(D) such that the exact solution of (3.1) is given by
u(z,y) = sin(a® + y* — 1) exp (in(z + ). (3.35)

Note that the first term enforces homogeneous Dirichlet boundary conditions on the unit
disk. Furthermore, we choose a small wavenumber « = 4 to keep the mesh size requirements
very mild. For both SIP methods, we choose the stabilization parameters aypg = 5k? and
apg = 10k%. We note that we choose apg = 2amupg deliberately to compare the methods
with each other, because intuitively, the HDG SIP method penalizes the jumps between two
elements twice, though indirectly over the facets. More formally, when we considered the
equivalent DG formulation in Remark 3.26, we observed a factor 1/2 in the definition of the
lifting operator (3.34), which we can resolve by scaling the stabilization parameter accordingly.
For more details, we refer to [Leh10, Sec. 1.2.2.2]. For the implementation of the LS methods,
we choose [ = k to ensure that we can achieve optimal order convergence. However, numerical
experiments indicate that [ = k£ — 1 would be sufficient, where we note that for the HDG
method, we would also have to choose the facet space of order & — 1. While choosing | = k — 1
is computationally cheaper, we proceed with [ = k to be in line with the theoretical results,
cf. also Remark 3.23. The examples are computed on the scientific computing cluster of the
GWDG?and use 12 threads.

Remark 3.29 (Implementation of the lifting operators). We implement the lifting operators
through a mixed formulation in the following way. Recall, that we have for the bilinear form
aPS(.,.) that

a6 (up, vy) = Z G (up) - GL (vn) — Kupvpda

TE€ETH T
= ( / Vit - Vopdz + / Vo, - RL (un)dz + / Vun - RL(vp)dz (3.36)
TE7—}L T T T

+/Ri(un)-Ré(vn)da:—/ﬁunvndx)

From the definition of the local lifting operator r',, we have for the second and third term that

Z /an - R (up)dx = — Z /[[un]] -v{Vu, }ds,
FeF, ' F

(3.37)

Z Vi, - R (v,)dz = — Z /F[[vn]] -v{Vu, }ds.

TETL YT FeF,

To deal with the fourth term of (3.36), we introduce an auxiliary variable r := R! (u,,) € [P(T,,)]¢
such that

L : lvn r = r- lvn Tr = — Ty V|Un|as.
Z/TRn(un) Rl (vn)do = > R, (vn)d > /F{{}} [vnld (3.38)

€T TETL VT FeF,

%for more information, we refer to https://docs.gwdg.de/doku.php?id=en:services:application_
services:high _performance_computing:start.
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3.6. Numerical Example

By definition of the local lifting operator %, the variable r € [P!(T,)]? solves the variational
problem

Z /7" sdr = — Z /F[[unﬂ -v{s}ds fordll s € [P(T,,)]°. (3.39)

TETn FeF,

Altogether, we can implement the LS method through the following mixed formulation: Find
(tn,7) € X5 x [PY(T,)]? such that

an((Un, 1), (Un, 8)) = f(vy) for all (v,,s) € X, X [Pl(ﬁ)]d,

where we define the bilinear form a(-,-) through

an((tn, 1), (Un, 8)) := Z (/Vun -V, — /i2unvndaz> (3.40a)
T€Tn U7
— F;n (/F[[un]] -v{Vu, }ds + /F{{Vun}} . I/[[Un]]d8> (3.40b)
— F;:n /F{{r}} -v[vp]ds (3.400)
- TEZTN j r-sdx — FEZF” /F[[unﬂ -v{s}ds. (3.40d)

The terms in (3.40b) stem from (3.37), the term in (3.40c) from (3.38), and the term (3.40d)
accounts for the auxillary problem (3.39). To implement the HDG method, we follow the same
steps with the modified definition of the lifting operator. However, we use the HDG-jump [ -] instead
of [-] and leave out the average operator. We further note that we add the terms corresponding to
(3.40c¢) and (3.40d) twice to ensure that the method is preasymptotically stable.

Fig. 3.6 displays the convergence rates in the L?- and H'-norms. We observe that, as expected
from Thms. 3.22 and 3.28, the H'-error converges with order k for all methods. Furthermore,
the L2-error also converges optimally with order k + 1. Fig. 3.7 compares the computational
costs measured in seconds for matrix assembly and solving the linear system for each method.
While the HDG method is more efficient for both, the SIP and the LS method, the effect is
more profound in the latter case. We observe, in particular, that the cost for solving the linear
system is the same for both methods in the HDG case, while the computational costs of the
LS-DG method are higher than for the SIP-DG method. This is due to the fact that, after static
condensation, the SIP- and LS-HDG methods result in a stiffness matrix with the same sparsity
pattern, while the stiffness matrix associated with the LS-DG method is more dense than the
one associated with the SIP method, cf. Fig. 3.8.

Altogether, these results clearly demonstrate the efficiency of the HDG method in comparison
with the DG method, especially when considering the LS method. We note at this point
that this comparison is somewhat naive, as the efficiency of the HDG method is optimized
through static condensation, whereas for the DG method no such efforts were made since
static condensation is not provided in NGSolve for DG-schemes. It is reasonable to assume that
the DG method could be further optimized, for instance by building the Schur complement
as well. However, this process is more suited for the HDG method due to its local character
which is also reflected in the smaller support of the lifting operator, cf. Fig. 3.5. Thus, even
if we were to optimize the DG method, the advantage of the HDG method would remain.
To conclude the comparison of the different methods, let us note that regardless of whether
we use the DG or HDG method, the SIP method is more efficient than the LS method. The
true advantage of the latter lies in the fact that we can avoid restrictions on the stabilization
parameter «, which becomes more relevant when considering Galbrun’s equation in Part II.
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Figure 3.6: Rates of convergence in the L?-norm (left) and the H'-norm (right) of SIP-DG,SIP-
HDG,LS-DG and LS-HDG for polynomial degrees k = 4 (dashed) and k = 5.
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Figure 3.7: Run times for assembly (left) and solve (right) for SIP-DG,SIP-HDG,LS-DG and
LS-HDG for polynomial degrees k£ = 5 on the second refinement level.
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3.6. Numerical Example

(c) DG LS (d) HDG LS

Figure 3.8: Sparsity pattern of the stiffness matrix A associated with the bilinear forms
aPS(-,-) and a™PS(., ) for the SIP and LS methods with polynomial degree k = 3 and mesh
size h = 0.25. For the matrix corresponding to the DG-LS method, the Schur complement was
calculated.
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Part 11

Application for Galbrun’s equation
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CHAPTER 4

Galbrun’s equation

Galbrun’s equation was first derived in [Gal31] and is a Lagrangian linearization of the time-
dependent nonlinear Euler equations. It is used in aeroacoustics [MGM20] and in its extended
form in asteroseismology [LLO67] to model stellar oscillation. For more details on its derivation,
we refer to [HH21, Sec. 2] and [MGM20, Sec. 2]. In a recent paper, Halla and Hohgage
[HH21] proved the well-posedness of Galbrun’s equation and the equations of solar and stellar
oscillations. In this chapter, we will review the analysis of the former problem, which serves as
a basis for the construction of discretizations, and briefly examine the connection of Galbrun’s
equation with the equations of solar and stellar oscillations. For ease of presentation, we will
only present a few selected proofs. For more details, we refer to [HH21].

Contents of the chapter

4.1 Well-posedness of Galbrun’sequation . . . . .. ... ... ........... 48
4.2 Equations of solar and stellar oscillations . . . . ... ... ........... 51

4.1 Well-posedness of Galbrun’s equation

In this section, we consider the well-posedness of Galbrun’s equation with homogeneous
normal boundary conditions:

—V(pc2 divu) + (divu)Vp — V(Vp - u) — p(w + idp + i x)*u
+ (Hess(p) — pHess(¢))u + yp(—iw)u = f in O, (4.1a)
v-u=0 ondO, (4.1b)

In the following, we assume that O is a bounded Lipschitz domain and that w € R, Q € R3.
Furthermore, we assume that the functions c;, p,v : O — R are measurable and bounded, i.e.
there exists cs, G, p, p,7,7 € R>q such that

Cs < €5 < Cs, P PSP, Y<Y<7Y

holds almost everywhere in O. Finally, let p, ¢ € W2>(O,R) and b € L>(0O,R3) such that
div(pb) € L*(O). The latter assumption is necessary to define 9, in a weak sense through

(pOpu, 1) := —(pu, pu’) — (div(pb)u,u'), (4.2)

where v’ € (C§°(0))3. We note that this assumption is not particularly problematic as we can
expect that mass conservation div(pb) = 0 holds.
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Chapter 4. Galbrun’s equation

Remark 4.1 (On the dependence of J, on p). Due to the definition (4.2), the weak derivative
Op depends on the density p. Consequently, the space X, cf. (4.3), defined below also depends
implicitly on p. Note, however, that this dependency vanishes for sufficiently smooth p € W1H>(0).
For more details, we refer to [HH21, Section 2.4].

Now, we introduce the following space
X :={ueL?:divu e L? dpu c L’ v-u = 0on 00} (4.3)
together with the corresponding inner product
(u,u)x = (divu,diva’) + (Gpu, Fpu’) + (u, u'). (4.4

Lemma 4.2 (Lem. 2.1 of [HH21]). With the assumptions on b from above, the space X defined
in (4.3) is a Hilbert space with respect to the inner product (-,-) x.

Proof. We focus on completeness. To this end, let (u,),cn be a Cauchy sequence in X. Since
L?(0) and L?*(0) are complete, there exit u,v € L?(0) and w € L*(O) such that u,, — u,
Opu,, — v and divu,, — w as n — oo. For each u’ € C§°(0), we have that

(pOpu, v’y = —(pu, Opu') — (div(pb)u,u’) = — lim ((pun,, Opu') + (div(pb)u,,u’))

n—o0

= lim <pabuna'u’/>X = <pv7u/>?
Nn—00

and thus dpu = v. Similarly, it follows that div 4 = w and therefore u,, X w. O

To derive a variational formulation of (4.1), we multiply with a testfunction ' € X and
integrate over the domain O. Furthermore, we apply partial integration to obtain

—(V(pc divau),u’) = (Zpdivu,dive’) — (Zpdivu, o - v)go, (4.5a)
—(V(Vp-u),u) = (Vp-u,divu’) — (Vp-u,u - v)s0, (4.5b)

where the boundary terms are zero due to the v’ - v = 0 on 0. Thus, the variational
formulation of (4.1) reads as: Find u € X such that

a(u,u') = (f,u) forall v’ € X, (4.6)
where the sesquilinear form a(-, -) is defined as

a(u,u’) :==(pdivu,diva’) — (p(w + i, + iQx)u, (W + iy + iQx)u’)
+ (divu, Vp-u') + (Vp - u,divu’) + ((Hess(p) — p Hess(®))u, u') 4.7)

—iw(ypu,u’).

Remark 4.3. Let us emphasize at this point that we deviate from the notation in [HH21] by
calling the sesquilinear form a(-,-) instead of acow(-, -) because the focus of this work is primarily
on Galbrun’s equation. Therefore, we rather denote the sesquilinear form associated with the
equations of solar and stellar oscillation as aex(-, ), see Section 4.2.

Let A € L(X) denote the operator induced by the sesquilinear form a(-, -). To show that the
problem (4.6) is well-posed, it suffices to show that the operator A is weakly T-coercive, cf.
Definition 1.14, and injective. Then, we can apply Corollary 1.17 to conclude the bijectivity
of A. The injectivity of A follows directly from the modeling of the damping term, as the
following Lemma shows.
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4.1. Well-posedness of Galbrun’s equation

Lemma 4.4 (Injectivity of A, Lem. 3.7 of [HH21]). Additionally to the assumption from above,
assume that w # 0. Then the operator A induced by a(-,-) is injective.

Proof. Let u € ker(A). Then, we have
0 = [S(a(u, u)| = |wl(you, u) > |wlyplulle,

which implies u = 0. 0

4.1.1 A generalized Helmholtz decomposition

To construct a bijective operator 7' € L(X) such that A is indeed weakly T-coercive, a
generalized Helmholtz decomposition of the space X is introduced. In the following, we
denote

q:=c;’p 'Vp. (4.8)
Theorem 4.5 (Generalized Helmholtz decomposition). Let p, cs, p and b satisfy the assumptions

from above. If b # 0, assume furthermore that O is of class C''! or convex. Then, the space X
defined in (4.3) admits a topological decomposition

X=VeWwWeZz, (4.9
where
1. V C {Vug : vy € H?(O) with % = 0 on O} is compactly embedded in L>.
2. W={ue X : (div+q)u =0}
3. Z is finite dimensional.

In addition, if the domain O is of class C*! or convex, there exists Creg € (0,1) such that
Cregl VollE2yss — (1 = Cog)llvll72 < [l divol|Z, (4.10)

for all v € V. If the domain O is of class C™'. convex, or piecewise C11, then for all n € W1
there exists a compact operator K, € L(X) such that

IndivolZ = 1902y + (Kyv, v)x. (4.11)

Proof. We refer [HH21, Thm. 3.5]. O

Remark 4.6 (Connection to the classical Helmholtz decomposition). The classical Helmholtz
decomposition [Joh+17, Lem. 2.6] asserts that on connected domains, every function f € L? can
be uniquely decomposed into a gradient function and a divergence-free function, i.e. that there
exists ¢ € H' \ R and fy € H(div) with div fo = 0 such that f = fo + V¢ and (fy, Vi) = 0 for
all v € H. If q = 0, for example in the case of constant pressure p, then Z = {0} by construction
and therefore the decomposition (4.9) reduces to the classical Helmholtz decomposition. In
contrast, if q # 0, then (div +q-) might not be surjective, which is why the space Z is required.
We refer to [HH21] for more details.

50



Chapter 4. Galbrun’s equation

4.1.2 T-coercivity

The decomposition of X above allows us to construct the operator 7' in the following way. For
u € X, we introduce the notation

v:= Pyu, w := Pwu, z .= Pzu,

where Py, Pw and Pz are the projections from X into the subspace V, W and Z from
the decomposition (4.9), respectively. Then, u = v + w + z. Now, we define on operator T’
through

T := Py — Pw + Pz,

which switches the sign of w. We note that T is selfinverse, that is 72 = Id x, and therefore
bijective. To formulate a weak T-coercivity result, we introduce the following notations. For a
matrix M € C3*3, we define its numerical range by

numran M = {7 Me: € € C3)|¢]y = 1}, (4.12)

where ¢ denotes the conjugate transpose of £. Then, we define

M := iwpyI3x3 — Hess(p) + pHess(¢) + ¢, 2p 'Vp @ Vp (4.13)
0 := max{0, sup | arg numran M| — g} 4.14)
z€O

The following theorem asserts the weak T-coercivity of the operator A induced by the sesquilin-
ear form a(-, ) defined in (4.7).

Theorem 4.7. In addition to the previous assumptions, let O be of class C*! or convex and
piecewise Cb1. Further, let cs,p € W and w # 0. If

1

—1p2

b0 < ————=

Hcs HL =14+ tan2 6’

then the operator A induced by the sesquilinear form a(-, -) is weakly T-coercive.

Proof. We refer to [HH21, Thm. 3.11]. O

4.2 Equations of solar and stellar oscillations

In this section, we will connect Galbrun’s equation with the equations of solar and stellar
oscillation as described by Lynden-Bell and Ostriker [LO67]:

—p(w + 0y + iQx)*u — V(pc? divu) + (divu)Vp — V(Vp - u) (4.15a)
+ (Hess(p) — pHess(¢))u + vp(—iw)u — pVyp = fin O,  (4.15b)
1

— —— Ay +div(pu) =0inR®.  (4.15¢)

A7 G
While the Hilbert space X for the Lagrangian pertubations of displacement u was already
introduced in (4.3), an appropriate space for the gravitational potential ¢ still has to be
defined. To this end, let G := {g € L?(R3) : curlg = 0} which is a closed subspace of
L?(R3) by the classical Helmholtz decomposition and thus a Hilbert space with respect to the

L?(R?)-inner product. Furthermore, for each g € G there exists a unique gradient potential
¢ € HL (R3)\ C such that g = V. Thus, we define

H:={y:VpeG},  (,¢) g1 = (Vi VI') L2y, (4.16)
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4.2. Equations of solar and stellar oscillations

as an appropriate Hilbert space for the gravitational potential ¢, cf. [HH21, Sec. 2.3].
Then, the weak formulzition of the full equations of solar and stellar oscillation (4.15) reads
as: Find (u,v) € X x H]} such that

aexe((w, 1), (u',¥")) = (f, ) for all (u/,¢') € X x H.,
where the sesquilinear form af(-, -) is given by

aext((w, ), (u', ) := (Epdivu,dive) + (divu, Vp-u') + (Vp - u, diva’)
+ ((Hess(p) — p Hess(6)yu, w)
—{p(w +i0p + iQx)u, (w + 0y + iQ2x)u')

—iw(ypu,u’) — (Vo pu') — (pu, Vy)') — L

e (Vh, V') L2 sy

In the following, we denote by Aeyx; € L(X x H}) the operator induced by the sesquilinear form
aext(+, ). We first note that Aggo is injective [HH21, Lem. 3.3], which can be shown similarly
to Lemma 4.4. Furthermore, we note that we can recover Galbrun’s equation by setting the
gravitational potential ¢) = 0, which is the so-called Cowling approximation [Cow41].

The analysis of Aex is intimately related to the analysis of the operator A associated with the
sesquilinearform (4.7). In fact, if p € W1, then Aey; is Fredholm if and only if A is Fredholm,
cf., [HH21, Sec. 3.2]. Therefore, in this case, it suffices to analyze Galbrun’s equation to
understand the well-posedness of the full equations of solar and stellar oscillation. In the
case that p ¢ W1, the analysis of Ae can still be connected to A through building a Schur
complement. We refer to [HH21, Sec. 3.2] for more details. The theorem below states that
the operator Ay is indeed weakly T-coercive. To be precise, we define for o € C

. (T 0
e (70 17

Theorem 4.8 (Thm. 3.12 of [HH21]). Assume that the assumptions of Section 4.1 hold true.
Furthermore, let O be of class C1! or convex and piecewise C*! and let c;,p € W, If w # 0

and
1

172
bl|100 < ————, .18
e bl < T (4.18)

then there exists o € C such that the operator Ay is weakly 17 -coercive.
Proof. We refer to [HH21, Thm. 3.12]. O
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CHAPTER 5

Existing discretizations for Galbrun’s equation

The purpose of this chapter is to review recently developed discretizations for Galbrun’s
equation. First of all, we will briefly discuss an H'-conforming discretization introduced in
[HLS22]. Then, we will present a H (div)-conforming discontinuous Galerkin discretization
introduced in [Hal23]. For the latter method, we will discuss the analysis extensively as it
serves as a basis for the discretization we aim to introduce in the next chapter and many
results will carry over. We will use both discretizations for numerical examples in Chapter 7.

Contents of the chapter

5.1 H'-conforming finite element discretization . . . ... ... .......... 53
5.2 H(div)-conforming discontinuous Galerkin discretization . . . . . . . ... .. 58

5.1 H'-conforming finite element discretization

The framework discussed in Chapter 2 has first been applied to Galbrun’s equation in [HLS22],
where an H'-conforming finite element discretization was considered. In this section, we will
briefly review the method and examine its analysis. Let O C R? be a bounded Lipschitz domain.
For simplicity, we assume that O is a convex polyhedron. In addition to the assumptions on c;
and p from Chapter 4, we assume that cs, p € W, Furthermore, let (7,,),en be a sequence
of shape-regular simplicial triangulations of O and h,, be the maximal element diameter such
that h,, — 0 as n — oc. For fixed degree k € N, we define the H'-conforming finite element
space

X, :={uec H :ul, ¢ P*(r) VreT,v u=0o0nd0}. (5.1)

Furthermore, we define

H) :={uc H :v-u=00n00},
H} :={uc H' :u=00n00}.

Then, we have that X,, C H], C X, where X is the space defined in (4.3). It can be shown
that the discrete space X, fulfills the approximability property.

Lemma 5.1. For each u € X, it holds that

lim inf [u—u'[|x =0. (5.2)

n—oo u'e€X,,

Proof. We refer to [HLS22, Lemma 7]. O
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5.1. H'-conforming finite element discretization

In this section, we consider the discrete problem: Find w,, € X, such that
a(un,uy) = (f,u,) Vu, € X,, (5.3)

where the sesquilinear form af(-, -) is defined through (4.7).

Let A € L(X) be the associated operator to a(-,-) and Px, € L(X,X,,) be the orthogonal
projection from X onto X,. We set 4, := Px, A|x,. Lemma 5.1 allows us to apply
Corollary 2.21 to conclude that (X, Px,,, Ay) is a discrete approximation scheme of (X, A).
In particular, this means that there holds

lim |u— Px,ullx =0 and A, > A
n—oo
The setup is visualized in Fig. 5.1.

P
AC X % X, 7O PxaAix,
Figure 5.1: Set up for the H'-conforming discretization of (4.1).

Now, we want to apply Lemma 2.22 to conclude that (5.3) has unique solutions w,, for all
n > ng, ng > 0, such that u,, = u. To this end, we have to show that the sequence (Ap)nen is
regular. We define the spaces

V:={uc H}: (Vu,Vu') =0 for all v’ € H] with divu’ =0}, (5.4a)
W :={ue X :divu = 0}. (5.4b)

We note that the operator D € L*(V, L3) defined by Dv := div v is bijective [ADMO06, Thm.
4.1] and that the projections onto V' and W are given by

v:= D ldivu, w:=u—v.

Therefore, X = V & W is a topological decomposition.

To analyze the discretization (5.3), we want to transfer this topological decomposition onto
the discrete level. Therefore we require the divergence operator to be surjective on X,,, which
means that the space X, has to fulfill an inf-sup condition, see also Remark 1.10. To be
precise, let us define the space

Qn:={feLi:fl.ePL(r)forallreT,} (5.5)

and let Py, € L(LZ, Q.) be the associated orthogonal projection from L3 to Q,,. We pose the
following assumption on X,,:

Assumption 5.1. There exists a constant S, > 0 such that for all n € N, it holds

. [(div wn, £)]
m sup
fn€@n\{0} u, e x,\{0} HVunH(L‘Z)M%anHL2

> B

To ensure that this assumption is fulfilled one has to take special care. Usually, a sufficiently
high polynomial degree k is required. In 2D, for instance, we have to assume that k£ > 4. If
one applies special meshes that use barycentric refinements, this requirement can be relaxed
to k > 2. For more details, we refer to [HLS22] and the references therein.
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Chapter 5. Existing discretizations for Galbrun’s equation

5.1.1 Homogeneous pressure and gravity

Restricting to the case where both, pressure and gravity, are constant, simplifies the sesquilinear
form a(-,-) defined by (4.7) to

a(u,u’) = (Epdivu, diva') — (p(w 4 i0p + iQx)u, (w + i0p + iQx)u') — iw(ypu, u').

In the following, let T' := Py, — Py, where V', W are defined by (5.4) such that X = V& W.
Then, we can show that a(-, -) is weakly right T-coercive.

Lemma 5.2. Let 8 > 0 be the inf-sup constant of the divergence on the domain O and assume

2
that ||c; b < B2

CSQﬁ

. Then the operator A induced by a(-,-) is weakly right T-coercive.
Proof. See [HLS22, Corollary 10]. O

Now we want to transfer the decompositon (5.4) to the discrete level to construct a discrete
operator T,,. To this end, we define the spaces

V, :={u, € X, N H} : (Vuy,,u,) =0 forallu,, € H NW,}, (5.6a)
W, ={u, € X, : divu,, = 0}. (5.6b)

Assumption 5.1 guarantees that the problem
Find v,, € V,, s.t. divv,, = divu,, (5.7)

has a unique solution v,,, which satisfies 3y, ||Vvn||(12)3x3 < || div v,/ 2. Let D7l e L(Qn, Vi)
be the respective solution operator and define Py, u,, := v, where v, is the solution of (5.7).
Then, Py, € L(X,) is uniformly bounded and indeed a projection. Setting Pw, u,, := u,, — vy,
yields a decomposition X,, = V,, & W,,. Thus, we define T,, := Py, — Pw, € L(X,,), which is
uniformly bounded with uniformly bounded inverse 7, ! = T;,. The following lemmata state
that 7, > T and that (Ap)nen is regular.

Lemma 5.3. For each u € X, we have that lim,,_, ||T,Px, u — Px, Tul|x = 0.

Proof. See [HLS22, Lemma 12]. O

2
Lemma 5.4. If ||c;!b|| = < Bh%, then (Ay)nen is regular.
Proof. The proof of the Lemma utilizes Theorem 2.28. For more details, we refer to [HLS22,
Lemma 13]. O

Consequently, we can apply Lemma 2.22 and standard interpolation results to obtain the
following result.

Theorem 5.5. Let p and ¢ be constant and let u solve (0.1a). Furthermore, let assumption 5.1

be satisfied and

2

—1 Cs™p
bl < —.

e bl < 61

Then there exists an index ng > 0 such that for all n > ny, the solution u,, to (5.3) exists and u,,
converges in the X-norm with the estimate

= wnllx S infu—ulx.

n n

Ifuc H', s> 0, then ||[u — un | x < h™6F) ||u|| goss.
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5.1. H'-conforming finite element discretization

5.1.2 Heterogeneous pressure and gravity

To consider heterogeneous pressure and gravitational potential, we denote by q := c;2p~1Vp
as in (4.8), which allows us to express af(-,-) as

a(u, v =(cp(div +¢-)u, (div +q-)u’) — (p(w + i + iQ2x)u, (w + i0p + QX))

. (5.8)
— iw(ypu,u’) + ((Hess(p) — Hess(¢) — c3pg @ q)u, u’)

The following construction deviates from the analysis in Section 4.1 by avoiding the introduc-
tion of a discrete subspace Z. Instead, we consider the divergence operator D € L(V, L3),
Dv = divw and its inverse D! € L(L3, V). We define D € L(V, L) by

[?v::Dv—l—q-U—i-MU—i—Fv, (5.9)

where Mv := —mean(q - v) and Fv := 27]1\[:1 ¢n(divv,diviy,) is finite dimensional where
N,¢, € L% and 1, € V are specified below. Let us briefly elaborate on this construction. Since
we assume that p # const, we have that g # 0, but (D + g-) is not necessarily bijective. In the
corollary below, we will show that adding the finite-dimensional operator F' indeed makes the
operator D bijective. Furthermore, we add the mean value operator M to ensure that D € LZ.

Corollary 5.6. The operator D defined by (5.9) is bijective.

Proof. Since the embedding H' — L? is compact, the operator q- is compact and therefore
D+q-+M € L(V,L3) is a compact perturbation of a bijective operator. Therefore, it is
Fredholm with index zero by Thm. A.23. Consequently, by definition of a Fredholm operator,
its kernel and cokernel are finite-dimensional and by definition of the index, it follows that

dimker(D + q - +M) = dim coker(D + q - +M) := N. (5.10)

Since F is of finite rank, D is Fredholm with index zero. Therefore, to show that D is indeed
bijective, it suffices to show that it is injective. To this end, we note that (div-,div-) is an
equivalent scalar product to (-,-) g1 on V. Let ¢,, n = 1,..., N be an orthonormal basis of
ker(D + q - +M) with respect to (div-,div-) and ¢,,, n = 1,..., N be an orthonormal basis of
ran(D + q - +M)*. Now suppose that v € ker(D). Then, either

v € ker(D+q-+M)Nker(F) or Fveran(D+q-+M)

Suppose v # 0. Then, F'v # 0 since v, is a basis of ker(D + q - +M). Thus, the first case would
immediately imply v = 0. Since ¢, is a basis of ran(D +q-+M)*, Fv ¢ ran(D+q-+M). O

Remark 5.7. We note that the existence of a finite rank operator F such that (D +q-+M)+ F
is bijective immediately follows from Theorem A.25, which states that an operator is Fredholm
with index zero if and only if there exists a finite rank operator such that the sum of the two
operators is bijective.

While the operator [)Nis bounded and well-defined as an operator from X to L2, we only
consider the inverse D~! as an operator from L2 to V. Thus, for u € X, we construct a
topological decomposition X = V' @& W through

v:= D 'Du, w:i=u—v. (5.11)

This construction is visualized in Fig. 5.2. Then, for ©u = v + w, we define an operator
T e L(X) by
Tu :=v —w. (5.12)
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Chapter 5. Existing discretizations for Galbrun’s equation

We note that || div v|[z2 > B]|V||(12)sxs, since v € V and

(div +¢q-)w = (div +q-)u — (div +q-)v
= (div+gq-)u — (div+q - +M + F)v + (M + F)v
= (div+q-)u — Du+ (M + F)v (5.13)
—(M+ F)u+ (M + F)v
—(M+ F)w

which is a compact operator.

u Du D™'Du
Figure 5.2: Construction of v in (5.11).

We want to show that the continuous sesquilinear form a(-, -) is T-coercive with respect to the
operator defined in (5.12). Therefore, we denote by A_(m) € L the smallest eigenvalue of a

positive definite matrix and consider m := —p~! Hess(p) + Hess(¢). Furthermore, we set
—A-(m(2))
Ch := max {0, sup 7} and 0 := arctan(Cjs/|w|) € [0,7/2),w # 0. (5.14)
z€O Y :E)
Lemma 5.8. Let ||c;'b||p~ < ﬁigzm Then A is weakly right T-coercive.
Proof. See [HLS22, Corollary 16]. O

As before, we want to mimic the topological decomposition on the discrete level. We set
D,, := Pg, Dl|y,,

where P, is the orthogonal projection onto the space @, defined in (5.5). AsV,, ¢ V, D, is
a nonconforming approximation of D. However, by setting p,, := D, ' Pg, div € L(V,V;), it
follows that (V;,, p, D ) is a discrete approximation scheme of (V, D) cf. [HLS22, Lem. 17].
Furthermore, the sequence (Dn)neN is stable.

Lemma 5.9. The sequence (D,,) ey approximates D and is stable.

Proof. See [HLS22, Lemma 17]. O]
Thus, we can define the discrete operator 7,, € L(X,,) through T,,u,, := v,, — w,, where
v, = [)glPan)u, w, = U, — Vp. (5.15)

This construction is visualized in Fig. 5.3. Due to the previous lemma, v,, and w,, are well-
defined and T, is uniformly bounded in the operator norm. Furthermore, since v,, € V,,, it
holds that || div v, |2 > Br||Von(2)3xs.

Similar to (5.13), we compute that Py, (div+q-)w, = — Py, Fw, and set

Tothy, := Uy — Wy, (5.16)

Note that T, is self-inverse and hence bijective and bounded due to the previous Lemma. The
following Lemma shows that we can apply Theorem 2.28.
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5.2. H(div)-conforming discontinuous Galerkin discretization

~ D;l
X, 2 Qn Vi

L§
U, — [?un  — PQnDnun R — [?glPQnDun

Figure 5.3: Construction of v,, in (5.15).

Lemma 5.10. For each u € X, we have that lim,,_, |1, Px,u — Px,Tu||x = 0.

Proof. See [HLS22, Lemma 18]. O

cs’p g

=2 T the sequence (A )nen is regular.

Lemma 5.11. Assuming that ||c; 'b| g~ <

Proof. As before, the main strategy to show that (A, ),cn is regular lies in applying Theorem
2.28. For details, we refer to [HLS22, Lemma 19]. O

Thus, we can apply Lemma 2.22 together with standard interpolation results to obtain the
following result.

; o -1 e’ 1
Theorem 5.12. Let Assumption 5.1 be satisfied and ||c; ' b| L~ < =2, Tran?0"
an index ng > 0 such that for all n > nyq the solution u,, to (5.3) exists and u,, converges to u in
the X-norm with the estimate

Then, there exists

- < inf flu— | x.
lu—wnllx S it fu—upx

n n

Ifuec H' s> 0, then ||u — un||x <A™ ||lu|| gose.

5.2 H(div)-conforming discontinuous Galerkin discretization

In this section, we consider a H(div)-conforming finite element discretization for Galbrun’s
equation (4.1), which is nonconforming with respect to the convection operator. This method,
which was derived and analyzed in [Hal23], does not require a minimal assumption on the
polynomial degree or the mesh structure as the H'-conforming method introduced in Section
5.1 does. Furthermore, the method improves the smallness assumption on the Mach number
and is robust with respect to changes in density and sound speed.

5.2.1 Formulation of the method

Let H(div) := {u € L? : divu € L?}. For a polynomial degree k € N, k > 1 we introduce the
following finite element spaces

X, :={u € Ho(div) : u|; € P*(r) forall 7 € Tn}, (5.17a)
X = {u € H(div) : u|, € P¥(r) forall 7 € T, }, (5.17b)

where Hy(div) := {u € H(div) : v - v = 0 on 00} and

Qn={ue L} ul,ePforalreT,}, (5.17¢)
QW :={ueL?:ul; e PP forall € T, }. (5.17d)
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Chapter 5. Existing discretizations for Galbrun’s equation

The space Q,, is equipped with the standard L?-scalar product. In the following, we denote
by 7 : H(t) — P*(r), s > 1/2 and #l : L?(7) — P¥(r), 7 € T,, the respective standard
local interpolation operators, cf. Section A.3.3. Furthermore, we denote by 7 : H® — X Wb,
s>1/2, 7, =74 7 € T, and nl, : L? — Q"P, nl|, = nt, 7 € 7, the respective global
interpolation operators. We note that if v - v = 0 on 90, then v € X,, and 7lv € Q,, if
v € L2, respectively. In particular, we have that the interpolation operators commute with
respect to the divergence operator, i.e., it holds that div7? = 7!, div. Furthermore, we have

forallve H (1),ve H (1), r € [1,k+ 1], m € [0,7], T € T, that

|lv — ng’Hm(r) < Caprh:*m\v\Hr(T), (5.18a)
|U - 7T7111)|Hm(7) < Caprhzim"l)’Hr(T), (518b)

and
lv — wivl2(r) < Caphy |0l gr(r). (5.19)

As before, let (7,),en be a sequence of shape-regular simplicial triangulations of O. We denote
by F,, and Frilm the set of all faces and interior faces of 7, respectively. For = € 7, and F' € F,,,
we denote by A, and hp their diameters and set h,, := max,¢7, h,. Furthermore, we define
h: F, — Rbyb|p := hp. We assume that lim,,_, h, = 0. We further define the broken
Sobolev H'(T,,) by

HNT,) = {ue L’ ul, c H(7) forall 7 € T, }.

For F € Fi™ and 7,7 € T, such that 7y N5 = F and u € H'(T,,) we set

1
ful = 5 (w1 —ua), [u]b := (b-v)us + (b v)us,
where wu; is the trace of u|,,, i = 1, 2. Furthermore, we abbreviate

<'> >]—‘;{‘t = Z <'? '>L2(F)a || ’ ||§:g1t = <', >f;{1t

FeFint

We want to introduce a lifting operator as in Chapter 3 to define a discrete version of the
differential operator 0. To this end, let [ € N and set

Q. = {tb, € L* : 4p,|, € Pl(7) forall 7 € T;}.
For u, € X,, and F € F™, we define r}'u, € Q, as the solution to
<T5una Yn) = —([un]p, {{¢n}}>L2(F) for all ¢, € Qn. (5.20)

Then, we define the global lifting operator R, := 5 FeFim r" and note that due to the discrete
trace inequality (A.14) it holds that

IR wnllzz £ 37 h?Iwnlsll g2 - (5.21)
FeF,

Furthermore, we define a linear operator Dy : X,, — Q,, through
(D) |1 == Op(un|r) + RLu, forall T € Tj,. (5.22)
With this operator, we can define a scalar product on X, via

(up,u) x,, = (divuy,,diva,) + (u,, u,) + (Dgu,, Dgu),)
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5.2. H(div)-conforming discontinuous Galerkin discretization

and denote the induced norm by || - || x,, = (-, >¥i

Now, we introduce the following sesquilinear form. For all u,,, u], € X, let

an (U, ) =(pdivau,, dival) — (p(w 4+ iDP + iQx )y, (w + 1Dy + iQx)u!,)
+ (div up, Vp - u,) + (Vp - up, divul,) (5.23)
+ ((Hess(p) — pHess(¢))un, uy,) — iw(yptin, up)

Then, we consider the discrete problem: Find u,, € X, such that
an(un,ul) = (f,u)x, foralu, € X,. (5.249)

Remark 5.13 (Motivation for the introduction of lifting operators). The main motivation to
introduce the lifting operator (5.20) and the discrete differential operator Dy is to avoid more
confining restrictions on the Mach number ||c;'b||% . A classical symmetric interior penalty
formulation of (5.23) would involve the term

- <P%[[un]]b, [w, 1) 7. (5.25)

where the stabilization parameter «p > 0 has to be chosen large enough to guarantee the stability
of the discrete sesquilinear form a,(-,-). However, in the subsequent analysis, this would lead to a
more restrictive assumption on the Mach number. The difficulties of choosing suitable stabilization
parameters are further explored through numerical experiments in Section 7.2.3.

5.2.2 Interpretation as discrete approximation scheme

The interpretation of the DG-scheme (5.24) as a discrete approximation scheme goes along
the lines of Section 3.4.1 since it served as a basis for the interpretation developed there.
Therefore, we only give a short overview here, with a special focus on the differences between
both argumentations. As in Section 3.4.1, we have to define suitable projection operators
pn € L(X, X,,) to apply the theory developed in Chapter 2. For u € X, let p,u € X, be the
solution to

(pru,ul) x, = (divu,divul) 2 + (u,u)) 2 + (Opw, Dpul )2 forallul, € X,,.  (5.26)

One main differences to the analysis in Section 3.4.1 is that the jump [-], is not necessarily
well-defined for w € X. Thus, we introduce the following distance function between u,, € X,,
and u € X:

dp(u,up)? = || dive — divu, |22 + [|u — w32 + |0pe — Diwy||2e. (5.27)
We note that the distance function d,,(-, -) satisfies the triangle inequalities
(1) < (s 00) + [t — @ x5, (0 200) < (0, 280) + (|1t — ] x,

for u,u € X and u,, u, € X,,. With this distance function, we can show that (X,,, p,, 4,,) is
a discrete approximation scheme of (X, A) in the sense of Definition 2.7. To this end, we have
to show analogous lemmeta to those in Section 3.4.1 in terms of the new distance function

dp (- ).
Lemma 5.14 (Lem. 3 of [Hal23]). For each u € HJ, it holds that d,,(u, ppu) < d,,(u, 7lu).

Lemma 5.15 (Lem. 4 of [Hal23]). For eachu € H}.,NH**, s > 0, it holds that d,,(u, 7%u) <
By ||| groes-
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Chapter 5. Existing discretizations for Galbrun’s equation

Lemma 5.16 (Lem. 5 of [Hal23]). For each u € X we have that lim,,_,~ d,,(u, p,u) = 0.
Lemma 5.17 (Lem. 6 of [Hal23]). For each u € H]., we have that lim,,_, d,(u, mdu) = 0.
Lemma 5.18 (Lem. 7 of [Hal23]). For each w € X, we have that lim,,_,~ ||pru| x, = ||u| x-

The following lemma essentially gives an analogous result to Lemma 3.17, but accounts for
the divergence operator and the nonstandard differential operator Jp.

Lemma 5.19 (Lem. 8 of [Hal23]). Let (u,)nen, un € X, satisfy sup,cy ||unllx, < oo
2 2
Then there exists uw € X and a subsequence N' C N such that u,, L u, divu, L divu and

D, B g
bUn bu.

Proof. Follows with techniques from [BO0O8, Thm. 5.2]. For more details, we refer to [Hal23,
Lem. 8]. ]

With the previous lemmata, we can conclude that A, L A

Theorem 5.20 (Thm. 9 of [Hal23]). The operator A, associated to the sesquilinear form
aPC(.,-) approximates A, i.e. for each u € X, it holds that
ILm |Anpru — ppAul x, = 0. (5.28)

Altogether, we have that (X, p,, A,) constitutes a discrete approximation scheme of (X, A).
We can now work towards applying the results from Chapter 2.

5.2.3 Convergence analysis

To apply the theoretical framework developed in Chapter 2, the goal is to construct a suitable
T-operator and show weak T-coercivity of the operator A associated with the continuous
bilinear form a(-, -). Afterwards, a discrete operator T,, is constructed such that the weak T-
compatibility conditions from Thm. 2.28 are satisfied. In particular, this allows us to conclude
that the sequence (A, ),cn is regular and to derive convergence rates.

5.2.3.1 T-coercivity

First of all, we want to construct a topological decomposition of X and an operator 7' € L(X)
such that A is weakly T-coercive. To be precise, we will use the right T-coercivity, cf. Remark
1.12, to avoid introducing the adjoint operator and therefore deviate from the analysis in
Section 4.1. For u € Hy(div), let v € H? be the solution to

(div+¢q-)Vv = (div +¢q-)u in O, (5.29a)
v-v=_0 on 00. (5.29b)

Let us consider (5.29) as a variational problem in H'. First of all, we note that if a solution
v € H? exists, then the map u + v is a bounded linear mapping from Hy(div) to H?
[Amr+98, Thm. 2.17]. However, while the operator associated with the left-hand side of
(5.29) is weakly coercive!, its injectivity is not guaranteed. Whereas the construction in
Thm. 4.5 circumvented this issue by introducing an additional discrete subspace into the
decomposition of X, we remedy this issue by introducing a suitable perturbation of the
left-hand side. To this end, we consider the problem on H? := {u € H? : (u,1) = 0} and

ISince g- is a compact operator, we essentially consider a compact perturbation of the Laplacian.
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5.2. H(div)-conforming discontinuous Galerkin discretization

introduce an operator M that has finite rank. Furthermore, we project q into L2, i.e. we
replace g by P;2q, where Pp; € L(L?, L3) is the orthogonal projection. To be precise, we
define H2 ., :={¢p € H? :v-V¢ =0} and

* Neu

L
M =" {div-,div V), (5.30)

=1

where L € Ny is the dimension of the kernel of (div +FPp2q- )V € L(H? Neu L3), ¢ € H? ‘Neuw
[l =1,...,L is an orthonormal basis with respect to the H? yey-€quivalent inner product
(div -, d1v ) of the kernel space, and ; € L%, Il =1,...,L is an orthonormal basis of the
L2-orthogonal complement of (div +Pr2q- VH? Then, for given u € Hy(div), we want to
find v € H? such that

,Neu*

(div +Pr2q - +M)Vv = (div +Pr2q - +M)u in O, (5.31a)
v-v=0 on 00. (5.31b)

This problem is well-posed since the operator M ensures the injectivity of the problem, see
also the argumentation in Corollary 5.6. For u € X C Hy(div), let v € H? be the solution to
(5.31). Then, we define the operator 7' € L(X, X) by setting

Tu :=v —w, (5.32)

where v := Pyu := Vv, w := u — v. Per construction, we have that 7' € L(X) and TT = Idx,
thus T is bijective. With slight adaptation to the proof of [HH21, Thm. 3.11], it can be shown
that this construction indeed makes the operator A weakly T-coercive. For more details, we
refer to the proof of Lemma 5.31.

Remark 5.21. We note that if ¢ = 0, for example in the case of constant pressure, the decom-
position (5.31) reduces to the usual Helmholtz decomposition, i.e. we decompose u € X into a
gradient potential and a divergence-free function. Furthermore, Remark 5.7 still applies, i.e. the
construction of M is an explicit realization of the theoretical result from Thm. A.25.

5.2.3.2 Discrete weak T-coercivity

Now, we introduce and analyze a discrete counterpart of 7'. Let us note that while X,, ¢ X
in general, we have that X,, C Hy(div) and X C Hy(div) which is why we considered
u € Hy(div) in Problem 5.31. Therefore, we consider the following problem: For u € Hy(div),
we define ¥ € H? to be the solution to

(div+Pp2q - +M)Ve = (div+m,g-+M)u  in0O, (5.33a)
0 on 00. (5.33b)

@z
Il

We note that this problem is well-posed with the same arguments as for Problem (5.31). For
u, € X,, let © be the solution to (5.33). Then, we define the discrete operator 7,, by setting

Ty, = v, — Wy, (5.34)

where v,, := Py, u, = 7% 473 and w,, ;= u,, — v,,. We also denote & := = Py u:=Vo.
Next, we will show that thlS operator is indeed bounded, stable and approx1mates T.

Lemma 5.22. There exists a constant C > 0 such that || T, || x,) < C foralln € N.
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Chapter 5. Existing discretizations for Galbrun’s equation

Proof. Since T,, = 2Py, — Idx, it suffices to show that Py, is bounded. Thus, for given
u, € X, let ¥ be the solution to (5.33). Then, we have that |7 ;2 < ||u.| x,. As Vo € HY,
the function ﬂgi; is well-defined and with (5.21), (5.18), and (5.19) we estimate

IRL 72V D)2 S S hpPInVe — Vilollpe(ry S 172V0 — Vil g1 < |V,

where we exploit that [V#,] = 0. Thus, with divr?Ve = 7!, div V& and the boundedness

of nd 7!, we have that |72V x, < ||7¢V|x + || RL(7¢VD)| 2 < |9 g2 and therefore we

obtain that || Py, || (x,,) < C for a constant C' > 0. O
The next lemma states that the projection Py;, is asymptotically idempotent.
Lemma 5.23. Let O,, := Py, Py, — Py,. Then, it holds that lim;,—, [|On| 1, x,,) = 0

Proof. Let u,, € X,, and 7; be the solution to (5.33). Then, we have that Py u, = 7¢V;.
Let 7 be the solution of (5.33) with w,, replaced by Py, u,, in the right hand side. Then, we
compute

(div+Pp2q - +M)Vay = (div+7,q - +M) Py, u,
= m,(div +Pr2q-+M)Voy + M=V, — 7l MV
+7bq- (nd — 1dx)Viy
=, (div +7,q - +M)u, + M (), — 1dx)Vir + (Id2 —m,) MV,
+nlq- (x? —1dx)Viy
= (div —|—7T£Lq -+M)u, + Ontn,

where O, u,, := M (ml —1dx) V1 + (Id 2 =) M V1 + (), = 1d2) My, +hg- (rf —1dx) V.
Since M is compact and maps into L3 and Id L2 —rl. converges pointwise to zero, we have

that (Id; —ml)M and (7}, — Id;2)M converge to zero in the operator norm due to the
Banach-Steinhaus theorem [BS18, Thm. 2.1.5]. Furthermore, we estimate

1M (my = 1dx) Py [|1x,,r2) S I div(ms = 1dx) Py |l 1x,.,22) = (7}, = 1d;2) div Py [l 1ox, 125

where the first estimate follows from the definition of M and the second since div 7 = 7/, div.
We further compute for v solving (5.33) that

div Vo = (div +7,,g - +M)u, — (Pr2q - + M)V,
7l div Vo = (div +7lq - +M)u, — 7l (q - +M)V + (7, — Id) Mu,,.
Thus, we have that
HM(WZ—IdX)PVn ”L(Xn,Lg) S \|(PL3—7T£L)(Q'+M)PVW ”L(Ho(div),Lg)+H(Wfl_ld)MHL(Ho(div),Lg)‘

Since Id;» —nl tends pointwise to zero and M is compact, the second term on the right-hand
side tends to zero as well. Furthermore, we have that

H(PLg - 772)(‘1 ) P~n)”L(Ho(div),Lg) S hallg- P~nHL(H0(div),H1) S h,s

and therefore it follows that || M (7% —1d x) Py, l(x,,z2) converges to zero. Finally, we estimate

Hﬂﬁlq ) (WZ - IdX)PVn”L(Xn,Lg) N hn|’P~nHL(Ho(div),H1) S hae
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5.2. H(div)-conforming discontinuous Galerkin discretization

Therefore, it follows that lim,, HOnHL(Xn,Lg) = 0. Since (div +Pp2q - +M)V (02 — 01) =
O,u,,, the claim now follows from

1(Pv,, Py, = Pv Junllx, S IV (02 = 1)l S 10nllix,, 22 lunll x. - (5.35)
O

Lemma 5.24. There exists a constants ng, C' > 0 such that Ty, is invertible and ||T,; || (X,,) < C
for n > ny.

Proof. From the previous lemma and the definition of 7,,, we have that 7,,T,, = 4Py, Py, —
4Py, +ldx, = ldx, +40,. Since ||O,||r(x,) — 0 for n — oo, there exists an index ny > 0
such that ||O,|(x,,) < 1/8 for all n. > ng and hence ||(Idx +40,) (|1 (x,) < 2 for n > no.
Then, as T,, ' = (1,,T,) ' T, = (Idx +40,)~'T,, we have that | T, || 1(x,,) < 2||Tn|l1(x,) for
n > ng. The claim now follows from Lemma 5.22.

Lemma 5.25. It holds that lim,,_ |[(Tprn, — pnT)ul|x, = 0 forall u € X.

Proof. By definition of T,, and T, it suffices to show that lim,,,~ ||( Py, pn — pnPv)ul|x, =0
for all w € X. Due to the boundedness of Py, = 7rdP , we have that

| (Pv,,pn pnPV)uHXn
< dn(Pyvu, pp Pyu) + dn(Pyu, Py, pnu)
= dn(Pyu, p,Pyu) + d,(Pyu, PV Prt)
< dp(Pyu, pn Pru) + dn(Pyu, m Py u) + |74 Py, (u — pou)|x,
< dn(Pyw, pnPyu) + dn(Pyu, 7 Pyu) + | Pyu — Py ul x + |[u — poul ga)
S du(Pyu, pn Pyu) + dn(Pyu, my Pya) + [|[(Prz — m0,)(q - w)|| 12 + dn(u, pou),

where the last estimates follows as || Pyu— Py, ulx < ||(PL2 —7l)(q-u)| 2 due to (5.31) and
(5. 33) The claim now follows from Lemma 5 16 Lemma 5.17 and the pointwise convergence
of 7!, to Pra. O

Therefore, we are left with showing that the remaining conditions from Thm. 2.28 are
satisfied. In preparation, we show that the discrete differential operator Dj can be bounded
by a suitably weighted H'-seminorm. Before we proceed, let us note some preliminaries. First
of all, we define the weighted H'-seminorm | - |51 on H}, by setting

CspP

ull, = lleap>Vul Pz
CsP
Furthermore, we note that due to [HH21, Thm. 3.5], see also Thm. 4.5, there exists a compact

operator K € L(V') such that

(pdive,dive) = ’U’Hl + (Kgv,v)vy, (5.36)

Caﬂ
where V :={Vv:v € H; Neu} - Ilv=1"] HY, . We also note that the calculation in the proof
of Lemma 5.23 yields that for u,, € X, it holds that
(div +7T£Lq-)wn = —Muw,, — Opu,, (5.37)

where O, is defined as in Lemma 5.23. Furthermore, recall that the operator M € L(Hy(div), L3)
is compact and that [|Oy| 1 x,, 12) converges to zero.
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Chapter 5. Existing discretizations for Galbrun’s equation

Lemma 5.26 (Lem. 16 of [Hal23]). For all v € H}, and n € N, it holds that

I Dymol|7e < (CF)*(1+ ki Co)lles bl vl (5.38)

CSP

with constants C, > 0 and

(CE)? = 2((CapCinCar)* + sup swp 7ol 3 prriryy)s M- e =1 [y (5:39)

neNreT,

Proof. For each T € T,, it holds that

0205720133 2y < Il "Bl e oy 2P 0 s o (5.402)
< e ol P o ol (5.400)
< 165 Bl 5 2 o) o (5.400

< e Bl oy I g1y (1 +h2 <0L 1/2>) W3, () (5:400)

Cs.pr <3p
For the last line, we utilize |x — y| < h, < h,, for all 2,y € 7 to obtain

1 1 5. 2pr — ¢, % pr]
- < 1 — — < 1 h2
.pr T Cs.pr T " Cs,”pr =1 e, pr

(CL12)% (5.41)

1/2

where CcLs,ol , is the Lipschitz constant?of ¢,p!/2. Furthermore, we compute

1/2 rFd

o' Rl ol ey = o avllzz) < Carlly™ 2Imiolbl z2or)

FeFr
= Caepr 0270w — v]bl| L2 (or)-

Using (5.19) we further estimate with the same arguments as in (5.41) that

3 3 Al 2o — vlolaony < C2 S 7 30 0720 — vloldegr
TETn TETn FeF,
2

< Y o Y (50 I b)) — )z

TETn FeF, 7=1

> Yy Z\Ih V2w - b)((mho); — )72y

7€Tn  FeFrj=1
— —2— — d
< ||CS le%OOCdtQ Z CSq—Qp*th 1/2((7Tn’l))|7— - ’U)H%ﬂ(aﬂ

TETn

< e bllE~CHCHCE Y & prlvlE ()
TETn

1
< ez BlI3 C2C5HCE (1 + (Cha)?- p(Cip1/2)> DI

Zp

2
Cdt

where the constant C' > 0 only depends on Cy,. Combining the estimates for ||p'/20y7%v|| 2
and ||p*/2 R, wév|| 2 yields the claim. O

2By assumption, we have that ¢,p*/? € W1, Since @ is assumed to be bounded and convex, every function
in W is Lipschitz continuous [EG21a, Rem. 2.12].
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5.2. H(div)-conforming discontinuous Galerkin discretization

Now, we define operators KXPv gmean Ko M c (X, by setting for u,,u!, € X,

)X, = (Pv,un, Py,up) 2,

n)X, = (mean(q - wy), mean(q - wy,)) 2,
(KEou, ul)x, = (K Py wn, Kg Py uy)v,

"NVx, = (Muyp, Mu)) .

The following Lemma shows that these operators define P-compact sequences in the sense of
Definition 2.15.

Lemma 5.27. The sequences of operators (KEV), oy, (KM, ey, (KEG)en, (KM),en are
compact in the sense of discrete approximation schemes.

Proof. Following the argumentation of [Hal23, Lem. 17], we show the statement for
(KEPv), en and note that the argumentation for the other sequences goes along the same
lines. Let (wp)nen, un € X,, be a bounded sequence with |u,||x, < 1 for eachn € N
and N’ C N be an arbitrary subsequence. To show that (K V), .y is compact, we have to
show that (KEVu,),cn is P-compact, i.e. that there exists a subsequence N’ C N’ such
that (KX™u,,),cnv converges in X,,, cf. Definition 2.15. We recall that the embedding
H}, — L? is compact and that the operators Py, = iPy , Py € L(Ho(div), H), are
uniformly bounded. Therefore, there exists z € L? and a subsequence N C N’ such that
lim,, 00 || 2 — PVnunH 12 = 0. Furthermore, we compute

|z = Py, unllp2 = ||z — WgP\?nunHLQ <z - Pf/nunHL2 + (1 - 7Tg)Pf/nunHL2

N//
Sz = Py wnllzz + bl Py, wnll g ™ 0.

In the following, we want to show that there exists a subsequence N/ ¢ N” such that
limpen |pn Pz — KEPu,| x,, = 0, where P;; is the adjoint operator of Py. Let u, € X,
|lunllx, = 1, n € N” be such that

||pnP{}z - KfpvunHXn < |<pnP{'}z - Kfpvunv u;L>Xn| +1/n.

L2
Due to Thm. 5.19, we can choose N ¢ N” and u,, € X such that u/, = u. On the one hand,
we obtain

(pn Py z,ul) x, = (div Py z,divu,) + (Pyz,u,) + (0p Py 2z, Dpul,)

" (div Py z, div) + (Pyz,u) + (0P 2, 00u) = (Pyz,u)x = (2, Pru).

On the other hand, it holds that

Py, un — z, Pyup,) g2 + (2,70 Py ) 2
Py,up — z, Py,u)) g2 + (2, 70 Pruy) 2 + <z,7r,‘f(P‘~,n — Py)uy,) o
Py, u, — z, Py,uy,) g2 + (2, Pruy) g2 + (2, (7 — 1) Pyug,) e
+ (z, 7Py — Py)uy,) e
= (Pv,u, — 2, Py,up,) 2 + (2, Pyuy) g2 + (2, (m — 1) Pyug,) 2
+ (2, (78 = 1)(Py — Pv)up)pe + (2, (Py — Py)up,) e
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Chapter 5. Existing discretizations for Galbrun’s equation

We estimate
(1 = 7d) Py gz + |(1 = 78) (P, — Pv)uplle S ha(| Py, || + 1Py v llg) S B

Furthermore, we can write (Py — Py)ul, = S(r, — Pr2)(q - ul) with S := V((div +Pp2q -

+M)V)~t € L(L2, L?) and therefore we obtain since 7}, converges pointwise to Pz that

" NIII
(=, (Py, — Po)ul)pe = (2, S(nh — Ppa)(q-ul)) g2 = {(mh — Ppa)S*= Ppa(q - ul)) 2 "5 0

Finally, since

" GN/H %
<Z7PVU;Z>L2 = <PvZaU%>H0(div) e <PVZ’u,>HO(div) = <Z7PVUI>L23

it follows that K2"vu, & Piz, n € N, Thus, (KE™V),cy is indeed P-compact. With the
same technique, we can show that (K™, ., (KX6), .y and (KM),cn are P-compact as

well. O

Let A_(m) € L* be the smallest eigenvalue of a symmetric matrix m. From now on, we set
m = —p~ ! Hess(p) + Hess(¢). Additionally, we define the constants

—A-(m(x))
=max {0 =0

HSQ

and 0 := arctan(Cp,/|wl) € [0,27),w # 0. (5.42)

With this notation, we pose the following smallness assumption on the Mach number.

Assumption 5.2. The background flow b is subsonic in the sense that

1 1
(CF)2 L+ Ca/lwl*”

lles 1bl|30 < (5.43)

where CZ is the constant from Lemma 5.26.

Comparing this smallness assumption with the assumption on the Mach number from Theorem
5.12 from Section 5.1, we notice that we avoid the ratio % which improves the robustness
of the method against drastic changes in sound-speed and density.

Now, our main goal is to show that the sequence (A, ),cn is regular by applying Thm. 2.28.
Since we have already shown that the sequence (7),),cn is stable and approximates T', we
have to show that we can write A,,T,, = B,, + K,,, where (B,,),¢n is stable and approximates
a bijective operator B and (K, ),en is compact. To show that this is indeed the case, we
follow the proof of [Hal23, Thm. 18]. For ease of presentation, we split the proof into several
lemmata. Let K € L(V') be the compact operator from (5.36). With constants C;,Cs > 0
that will be specified later on, we define for u,, u,, € X,

(Bpun,ul)x, =
(Zpdiv vy, divel) — (piDiv,, iDRv)) + (Eprl (q - wy), 7 (q - wl)) (5.44a)
—{piDg vy, (w+iDg +iQx)w.) + {p(w + iDy + iQx)w,, iDgv.,) (5.44b)
+ (p(w + Dy + iQX )wy, (w4 Dy +iQx)w,,) + (p(iwy + m)wy, w),) (5.44¢)
+ (Un,vp,) + CL{Ka Py, wn, Ko Py wh)v + (Mwy, Mw),) + (Optn, Opuy,)  (5.44d)
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5.2. H(div)-conforming discontinuous Galerkin discretization

and

<Knumu;m>Xn =

C2(<UTL7 n> <KGP - Un, [(GF)~ >V + <Onun7 Onu;) (5.45a)
+ (Mwy,, Mw,,) + (mean(q - w, ), mean(q - w},))) (5.45b)

+(2pq - vy, divel) 4+ (Epdivo,, q - v)) — (p(w + iQx)v,, (w + iQx)v))  (5.45¢)

— {p(w + iQXx) vy, iDgv.) — (piDgvy,, (w + iQx)v),) — iw(ypvy,,v)) (5.45d)
— {pmuvn, vy,) (5.45€)
— {pmvn, wy,) — iw(ypv, wy) — (Gpml,(q - vn), T (g - w))) (5.45f)
— {p(w + iQx) vy, (W + iDy + iQx)w),) (5.45g)
—(Zp(div 47l g vy, Mw!, + Opul,) + (p(d —7t)(q - vy), div w),) (5.45h)
+ (o, 01} + i (ypuwn, 01} + (om (g - wn), 7 (g 01)) (5.451)
+ {p(w + iDg + QX )wy,, (w +iQ2x)v],) (5.45j)

+ (2 p(Mw, 4+ Opuy,), (div +7lq-)v)) — (2 pdivw,, (Id —7l)(q - v))) (5.45k)

— (2p(Id —mean — 7l)(q - w,), divw!,) — (c2pmean(q - w,,), divw!,) (5.450)
— (2pdivwy, (Id —mean — 7)) (q - w!,)) — (¢?p div w,, mean(q - w,)) (5.45m)
—(EZp(Mw, + Onuy), Mw!, + Opul,). (5.45n)

Then, we define B, := B,, + K,,. Furthermore, we define

(Kpun,u >Xn
— (14 C)(wn,v,) = (C1 + Co) (K Py un, Ko Py uy)v (5.46a)
— (14 C2)(Mw,,, Mw,,) — Co(mean(q - w,), mean(q - w),)) (5.46b)
— (1 + C9){(Optty, Opul,) (5.46¢)

We note that the uniform boundedness of B,,, n € N, follows from straightforward computa-
tions.

Lemma 5.28. There exist sequences of operators (By,)nen, Bn € L(X,), and (Kp)nen, Kn €
L(X,), such that A, T,, = B, + K,, for all n € N and the sequence (K, ),en is compact.

Proof. The sequence (K, ),en is indeed compact in the sense of discrete approximation
schemes due to Lemma 5.27 and lim,,_ ||On|| L(Xn,12) = 0. Furthermore, the sequence
(Kp)nen is also compact for a sufficiently large constant Cj. In the following, we argue that
there holds A,,T,, = B,, + K,,. First of all, we note that (A4, T, u,, u)x, = an(Thun, u,) =
an (v, — wyp, v, + w),). We rewrite the sesquilinear form a,,(-, -) using the previously defined
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matrix m and q as in (4.8):

an (U — Wy, V), + W) =(c2 div(v, — wy,),div(v], + w)))

—(p(w + 1D} +iQ2x) (v, — wy,), (w+ iDY +iQx) (v, +w)))

+ (Epdiv(v, — wy), q - (v, +wy,))

+(cpq - (v — wy), div(v;, +wy,))

— (pm(vy — wy), V), + w},)

— iw{ypvy, — Wy, V), + W,,).
Splitting this expression into the terms associated with (v,,v,), (vn, wy), (wy,v,) and
(wy,w,) gives rise to some of the terms appearing in the definition of B,, and K,, for
example all terms in the lines (5.45c¢)-(5.45e). For the sake of readability, we will only explain
the terms that were added or modified. For stability, we add the terms (5.44d), (5.45a)
and (5.45b), which cancel with (5.46a), (5.46b) and (5.46c). Additionally, we add the term
(prl(q - wy), 7l (q - wy,)) in (5.44a). It is subtracted again in (5.45) with the following

argument. Since we want to get rid of the term —(c?p div w,,, divw,,) coming from a, (-, -), we
add

— (cGpdivwn, 7y, (g - wy,)) — (3 pmy (g - wn), divay,) — (3o (g - wn), 7y (g - wy,))  (5.47)
such that (5.37) yields
—(p(div 47l g )w,,, (div +7! g )w!) = —(Ep(Mw, + Opuy,), Mw!, + O,ul,) = (5.45n).

The remaining added terms in (5.47) are balanced in (5.451) and (5.45m). In these lines, we
can also find the naturally appearing terms —(c?pq - w,,, divw/,) and —(c2pdivw,, q - wl,),
as well as the terms +(c2pmean(q - w,), divw!,) and +(c?pdivw,, mean(q - w,)) which are
used lateron. In the same manner, we reformulate the terms (c2p div v,, (div +q-)w’,) and
—(2p(div +q-)w,, divv!,) stemming from a,(-,-) in (5.45f)-(5.45h) and (5.451)-(5.45k). O

Lemma 5.29. Let Assumption 5.2 be satisfied. Then, there exists an index ng > 0 such that the
operator B,, defined in (5.44) is coercive for all n > ny.

Proof. We recall that the divergence operator and the interpolation operator 7¢ commute in
the sense that div ¢ = 7!, div. Thus, we have with the definition of 7, cf. (5.33), that
div v, = divrlVe = 7l div Vi = 7751( = (Przq- +M)Vo + (div +rlq- +M)un)
= —(Ppaq - +M)V3 + (div +m,q - +M)u,
+ (Id = },)(Ppaq - + M)V + (m, — [d) Mu,

= div Vo + (Id — m,)(Pr2q - +M) Py, uy + (r;, — Id)Mu,

=: AV + OAnun7
where the second to last line follows from the definitions of @ and Py, . Note that similarly to
the proof of Lemma 5.23, one can show that lim,, s [|O.,|| L(X,,z2) = 0. Defining

(Optin, ) = (pdivv,, Opul,) + (2 pOntty, div o)) + (2 pOptn, Onul),

we can write
(Zpdiv vy, dive,) = (2pAD, AD) + (Opun, ul) x,, - (5.48)
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5.2. H(div)-conforming discontinuous Galerkin discretization

Note that there holds lim,, . ||Oy|| L(x,) = 0 and using (5.36) we have that

(2pdivvy,,dive,) = |V@|§{12 + (Ka Py tn, Py tn)v + (Onun, up)x,,. (5.49)

CsP

Using the smallness assumption 5.2 on the Mach number, we can find € € (0,1), 7 € (0, 7/2—0)
and ng > 0 such that

Coremo :=1— (C#)Q(l + sup h%é’w)Hcs_le%m(l + tan2(0 +7)(1+ e)_l —€)—e>0.

n>ngo

Now, we can estimate with the weighted Young’s inequality®>and the definition of 6

1

—i(0+7)sgnw / 1
cos(0 + 1) %(e (Bntin, un>X")

= llesp'? divon||72 = 0" Dpvallzz + [valge + C1ll K Py, unlly + | Mw,|7
1 OntanllZa + lesp 2L (q - wa) 3 + 192w + 1D} + Qw2 + (pmaw, wa)
+ 2tan(6 + T)Sgnw%<<p(w +iDy +iQx)w, ingn>> — |w|tan(f 4 7) || (vp) 2w, ||2

> Jlesp'? divon| 2 — (1 + tan?(0 +7)(1 — &) ")llp"2Dyvnl 72 + [onl7:
+ CillKa Py, unllv + | Mwal|Z2 + [ Onwnl|Z + llesp'm (g - wn) |17
+ellp"?(w + iDf + Qx)wnl|72 + [w|(tan(8 +7) — tan(9))[|(v0)" *wal|7 -

Here, we use the identities e~* = cos(x) — i sin(z) and tan(x) = sin(x)/ cos(z). Furthermore,
we use the definition of 6 to estimate

<P@'wnvwn> > <P)\—(Q)’wn,wn> > —|w] tan(G)H('YP)l/anHLQ‘
Then, we apply Lemma 5.26, (5.49) and Young’s inequality to obtain

lesp! divon|e — (1 + tan®(8 + 7)(1 — &)o' 2Dgvall3e + loall3e + Cil Ko Py, ually

> e(llesp*/ divon|2z + 02 Dyvall}e ) + Coreinol Vil + [0all3s
1 .
(0= 5 )IEGPyunly = 0 sup 1Py, i) + 100l lunle,
me

. 1
> emin{e,p, p, VHonllk, + (€1 = 25 ) 1KaPy, uall}

— (6 s%% 1Pg, (X, v) + 100l lunllx,

From (5.37) we have that

4(||Mwn||%2 + HONnun”%? + Hcspl/zﬂiz(q : wn)”%,?) > divwn”%?'

3Before applying Young’s inequality, we estimate
2 tan(0 + T)sgnw%((p(w + 4Dy +1iQX)w, iDQvn>)

> f‘Ztan(G + T)sgnw%((p(w +iDp +iQ)X)w, iD{,LvTL)) ’
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and therefore
|Mw B + 1O 22 + lleap 7 (g - w32 + €llp/2(w + iDR + 10w, 3
+ [w| (tan(0 + ) — tan(0)) [|(vp)/*wnl[7 2 wnlk, -
Altogether, we have with C'z > 0 independent of J, C; and n > ng that

1

—i(0+7)sgnw / 1
cos(6 + 1) §R(e (Bntin, un>X")

1 .
> Cllunlik, + (C1 = 5) 1Py wnlly = (0 sup 1Py, ln0c,,v) + 10l
Therefore, we can choose § > 0 small enough and n; > n( big enough such that

(6 sup 1Py Nixv) + 110lix.)) < Cp/2,

where we recall that lim,, ., [|O| L(x,) = 0. Consequently, we have for all n > n, that

1

Cp 1
- —Z(0+T)sgnw > VB 9 1 ] )
cos@ ) (Buttn,un)x,) = Lllunlk, + (€1 = 5 ) 1Ka Py, ually

Now, we choose Cy > 1/(44) to obtain for n > n,

1

—i(0+7)sgnw / R
cos(0 + 1) R(e <

C*~
Bruy, un>Xn) > TBHUTLH?XM

which proves the claim. O

Lemma 5.30. Assume that Assumption 5.2 is fulfilled. Then there exists an index ng > 0 such
that the operator B,, := B,, + K, is coercive for all n > ny.

Proof. The previous Lemma already established the statement for B,,. To show that K, is
coercive for all n > ng, we first estimate the first terms in (5.451) and (5.45m) respectively by

[(2p(Id —mean — 7)) (q - wy,), divw!)| = |(g - wy, (Id —mean — 7!)(2p divw’,))|

< [lgl| o [lwy]| 21| (1d —mean — m;,) (3 p div w, )| 2.

For suitable constants ¢,, 7 € 7,,, we estimate

|(1d —mean — 7)) (2 pdivaw,)|[7 = Y [|(Id —mean — «,)(c2p div wy) |72

TETH
= 3 (1 —mean — (¢ — ) div ) 2
TE€TH
< Z ||(C§p—c7-) divwn”%%r)
TETn
< Z ” sp HLOO(T)”dlvwnHLQ(T
TETH
55> [l divav, |72y

TE€ETn
= (Ch,)%hy | divaw, |72,
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where the last steps follow from a similar argument as in (5.41). Now, we define the seminorm

[unls, = l[vallze + 1K Py, unlly + [Onunllze + [|Mwy||72 + |mean(q - wn)]7.,

which allows us to estimate with constants Cy.;, Cy,2 > 0 with the weighted Young’s inequality

1

—i(0+7)sgnw Rv
cos(f + 1) §R(e (Kntn, un>X")

> Oalun ¥, = haCyallunlk, — Oy

[unll x, [tnly, -

Together with the previous Lemma, we obtain using the weighted Young’s inequality that

1

—i(0+7)sgnw B
cos(f + 1) %(e (B, un>X”)

C
> Pllunllk, + Calunly;, — hnCy.

> (98— )l + (0o - %%)mn&.

Choosing Cy > 032,72 /C yields the uniform coercivity of B,, for n sufficiently large.

un %, = Cyalluallx, [unly,

O]

Lemma 5.31. Let A € L(X) be the operator induced by the continuous sesquilinear form a(-, -).
There exists B, K € L(X) such that B is coercive and AT = B + K. Furthermore, it holds that

B, 5 B.
Proof. Let u,u’ € X. Then we define
(Bu,u)x :=
(2pdivo, dive') — (pidyw,i040") + (pPra(q- ), Pya(q - w))
— {piOpv, (w + i0p + QX )W’ + (p(w + i0p + iQ2X)w, iOpv’)
+ (p(w + 0 + i) w, (w + i0p + IQx)w') + (p(iwy + m)w, w')
+ (v,v") + C1)Kgv, Kgv') + (Mw, Mw')

+ Cy ((v,v') + (Kgv, Kgv')y + (Mw, Mw') + (mean(q - w), mean(q - w’)))

+(2pq - v,dive’) + (Epdive, q - v) — (plw + iQx)v, (w + iQx)V')
— (p(w + iQ2x)v,i0pv") — (pidpv, (w + IX)V) —iw(ypv,v') — (pmv, V')

— (pmw, w') —iw(ypv,w') — (2pPra(q - v), Prz(q - w')
— {p(w +iQx)v, (w + 10y + IQx)w') — (Zp(div +Pp2q)v, Mw')

+ (c2pmean(q - v), divw’)

+ {pmw, v') + iw(ypw, v') + (S pPra(q - w), Pra(g - v")
+ (p(w + 10 + i) w, (w4 iQx)V") + (EpMw, (div +Pp2q)v)

— (?pdivw, mean(q - v'))

— (cpmean(q - w), divw’) — (¢?pdivw, mean(q - w')) — (ZpMw, Mw')

(5.50a)

(5.50Db)
(5.50¢)
(5.50d)

(5.50e)

(5.50f)
(5.50g)

(5.50h)
(5.50i)
(5.509)

(5.50k)
(5.50D)
(5.50m)

(5.50n)
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and

(Ku,u)x := — (1 + Co){v,v") — (C1 + C2)(Kgv, Kgv')y — (1 + Co){Mw, Mw')
— Cy(mean(q - w), mean(q - w')).
Then, using the same argumentation as in the proof of Lemma 5.28 we have that AT =

B + K. The coercivity of B follows along the lines of Lemma 5.30. It remains to show that
lim,, 00 || (pnB — Bnpn)ullx, = 0. Since B,, = A, T,, — K,, and B = AT — K, we have that

H(pnB - Bnpn)uHXn
< [|(pn K — Knpn)ul x, + [[pnAT — ApThpn)ul x,
< |[(pnK — Knpn)ul x, + [|(PnA — Aupn)Tul| x, + [[AnllLx )l (PnT — Trupn)ul x,, -

Since (A, )nen is uniformly bounded, 7, RN by Lemma 5.25 and A,, 5 A by Thm. 5.20, we

only have to show that K,, - K. For given u € X, we choose u/, € X,,, ||u},||x, =1, n €N
such that

|(Pn K — Knpn)ul x, < [(pnKu — Knpnu?'u;z)Xn‘ +1/n.

. L2
For an arbitrary subsequence N’ C N, we can choose N” C N’ and u’ € X such that u), = o/,

. L .. L2 . .
divu;, = divu’ and Dju;, = Opu’ in accordance with Lemma 5.19. On the one hand, we
compute that

(ppnKu,ul) x, = (div Ku,divul) + (Ku,u)) + (0p Ku, Djul,)
nEN

— (div Ku,u') + (Ku,u') + (Op Ku, pu’) = (Ku,u') x

On the other hand, we have using the definition of v and Py, that

[(Pyu — m Py, po, vy,)|

|(Pyu —de~ w,v)| + dn(u, pru)

[(Pru — m Py, v)| + do(w, pou) + [[(Prg = m,)(q - )| 2

(v, v) = (Pv,pnw, )| =

2/\ IZANRYAN

Tl | Py 1 + i (w, prw) + || (Prz = m3,)(q - w)| 2,

where we use that || P u— Pyul g2 = [0 —v[g H(PLg —71)(q-w)]|| 2 since @, v solve (5.33)

and (5.31) respectively. Additionally, we calculate

’<KG’U7KGPVHU;L>V - <KgP‘~/npnu, KGPVTL“;%>V‘ = |(Kg(Pyu — Py ppu), KGP{/TLU;QV‘
S (Ka(Pru — Py w), Kg Py, uy)v| + dn(u, pru)
S (Prz = m)(g - w)ll 2 + do(u, pau)

and as w = u — Pyu, w, = u, — Py, u,, we have that

(Mw, Mw;,)—(Mw,(pyu), Mwy,)]
= (M (w — wy(pnu)), Mw),)]
= |(M(u — Pyu — (pau — Py, pau)), Mwy,)|
S llu = Pru — (ppu — Py, pat) || m(div)
S [Pvu— PVnpnu”H(div) + dp(u, pru)
S IpnPvu — Py, prull paiv) + dn(w, ppu) + dn(Pyu, p Pru).
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5.2. H(div)-conforming discontinuous Galerkin discretization

With a similar argument, we obtain that

|(mean(q - w), mean(q - w;,)) —(mean(q - wy(pnu)), mean(q - wy,))|

S HpTLPVU - PVnuHH(diV) + dn(U,an) + dn(Pyu, p, Pyu).

Thus, we obtain with Lemma 5.16 and the pointwise convergence of 7, to Py that

lim [(Knpnu,uy,)x, + (14 C2){v,vy,) + (C1 + C2)(Kgv, KaPy uy)v + (1 + Co)(Mw, Mw),)

n—oo

+ Cy(mean(q - w), mean(q - w,,))| = 0.
Let S := V((div+Pp2q - +M)V)~" € L(L§, V). Then, we compute

<KGv,K(;PVnu;I>V = <KéKGU7PVnu;1>V
= (K& Kgv, Pruy)v + (KGKqv, S(m, — Pra)(q - uy,))v
= (Py K&K v, ul) gogaiv) + (1, — Pr2)S"KGKqv, q - wp,) 2

neN/’ * Tk
L (PyKEKGqu,u') poaivy) = (Kqv, Kgv')v

Therefore, we conclude that

lim, (14 C2)(v,0}) + (C1 + Co) (K, K Py, u) + (1+ Ca) (Mw, Muw))

+ Cy(mean(q - w), mean(q - w%)))

= —(1+ Cy){v,v") + (Cy + C2)(Kgv, Kgv')y — (1 + Co){(Mw, Mw')
— Cy{mean(q - w), mean(q - w'’))

= (Ku,u)x,

which shows that lim, ey ||(pn K — Kppn)ul|x,, =0 forallu € X. O

With these results, we can apply Theorem 2.28 to obtain the following theorem.

Theorem 5.32. Under the smallness assumption on the Mach number 5.2, the sequence (APS), ey
is regular.

Proof. Using the previous lemmata, we obtain that A, T, = B,, + K,,, where the sequence
(Kyn)nen, Ky € L(X,,) is compact and there exists a bijective operator B € L(X) such that
lim,, o0 || Bnpntt — pnBul|x, = 0 for all w € X. Thus, we can apply Thm. 2.28 to conclude
that (APC), .y is regular. O

5.2.3.3 Convergence results

Theorem 5.33. Assume that Assumption 5.2 is satisfied and let f € L?. Further, let u € X
be the solution to a(u,u’) = (f,u') for all ' € X. Then there exists ny > 0 such that
for all n > ng the solution u, € X, to a,(un,u,) = (f,u,) for all u, € X, exists and
limy, 00 dn(u, u,) = 0. Additionally, if u € H**S, p € W5 and b € W1t with s > 0,
then dy,(u, uy,) < AINUFSR) | pmin(sd)
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Proof. A is injective due to Lemma 4.4, A,, = A due to Thm. 5.20 and (Ay)nen is regular
due to Thm. 5.32. To apply the convergence theorem 2.17, we have to still show that the
right-hand side of the discrete problem converges to the right-hand side of the continuous
problem. To be precise, let g € X be such that (g,u')x = (f,u’) forallu’ € X and g, € X,
be such that (g,, u/,)x, = (f,u.) for all u/, € X,,. Then we have to show that g,, = g. To this
end, we choose u/, € X,,, ||u,||x, = 1 such that ||p,g — gullx, < [(Png — gn,u,)x, |+ 1/n.
For an arbitrary subsequence N’ C N, we choose v’ € X and a subsubsequence N’ C N’ as in
Lemma 5.19 and obtain with the definition of g,, and p,, that

<png - gn?u;L>Xn = <pngvu;z>X - <fvu;1> = <dng7u;L> + <g7u;1> + <abga gu;z> - <fvu/n>
nj}o <g7ul>X - <f7ul> =0.

Thus, g,, — g. Therefore Thm. 2.17 yields the existence of an index ng > 0 such that for all
n > ng there exist discrete solutions u,, € X,, such that u,, — u. We estimate

dn(ua un) < dn(uapnu) + Hpnu - unHXn S dn(uypnu) + ||An(pnu - un)HXny

where we exploit that || A4, !|| L(X,) is uniformly bounded for n > ng due to the stability of
(A )nen- Since lim,, s dp, (u, ppu) = 0 by Lemma 5.16 and lim,,—, |[pru — uy || x,, = 0 since
w, > u, the first inequality implies that lim,,_,~ d,(u, u,) = 0. Furthermore, using Lemma
5.15 for the first term on the right-hand side yields d,, (u, u,) < A™"0*%) | For the second
term, we compute similar to the proof of Thm. 3.22 that

| An(Pru — un)”Xn = sup |ap(ppu — uy, u'/n)|
lurll x, =1

= O(dn(u, ppu),n — 00)

+ sup |(Epdivu,dival) — (p(w + i0p + iQx)u, (w + iD} +iQx)ul,)
lullx, =1

T (diva, Vp-ul) + (Vp-u,dived,) + (Hess(p) — p Hess())u, )

—iw(ypu, u,) — (f,uy) 2]

In the following, we want to use the fact that u € X solves Galbrun’s equation (4.1). With
integration by parts, we have that

(Gpdivu,divuy) = —(V(Gpdivu),uy), (Vp-u,divuy) = —(V(Vp-u),uy,).

We note that due to the assumptions that w € H?, c,,p € W™ and p € W?>, we have
that V(c2pdivu), V(Vp - u) € L% Now, we also want to apply partial integration to the
discrete differential operator D}. To this end, let v,, € Q,, be a suitable H' projection of
p(w~+ i0p + 12X)u, e.g., ¥, = Tn(p(w + i0p +iQ2x)u) with 7, as in [EG16, Eq. (6.4)]. Then,
we obtain

<p(w + Z.617 + ZQX)’U,,DZ”U,;) = <¢7’L7D2u;’c> + <p(w + iab + ’LQX)’U, - 'lnbnaDgufn>
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5.2. H(div)-conforming discontinuous Galerkin discretization

Furthermore, we compute

(n, Dpup) = > (W, Optuy, + Ruwl)pary = Y (%, ) p2(r) — ([¥0n], [wn]b) i

T€Tn T€Tn
=) (Wn, Obtp) £2(r) — (P, (V- D)UL) L2007
TETn
= _<(ab+dlv( ) ¥n, uy,)
(Op + div(b))

—( p(w +i0p + 12X )u, u,,)
+<(3b+dlv( ) (p(w +i0p + iQ2x)u — 1), ul)

—{pOp(w + i0p + 12X, u,) — (div(pb)(w + i0p + iQx )u, u.,)
+{(Op + div(b)) (p(w + i0p + iQ2x)u — 1py,), ul,).

Thus, since u fulfills (4.1), we get due to the properties of 7, and (5.18) that

” s”up 1|<c§p divu,diva,) — (p(w + i0p + iQ2X)u, (w + 1Dy + iQx)u,) + (divu, Vp - u))
uy || x,=

+ (Vp - u,divuy,) + ((Hess(p) — pHess(d))u, uy,) — iw(ypu, uy,) — (f, uy,) 2|
< Nlp(w + i 4 iQx)u — by || g1 < hEnED,

~

Thus, we conclude that d, (u, u,) < h2Tok) | pmin(sh) O

5.2.4 Hybrid H(div)-conforming discretization

In Section 3.6 we discussed the computational costs associated with the implementation of
the lifting operator and the possibility of reducing the computational costs by hybridization.
We recall that hybridization allows us to eliminate interior degrees of freedom through static
condensation, see Remark 3.25, which reduces the computational costs. Furthermore, we
recall that hybridization reduces the dimension of the system matrices associated with solving
the discrete problem involving the lifting operator significantly, see Fig. 3.8. To ease the
computational burden of solving (5.24), we want to introduce a hybrid version of the H (div)-
conforming DG scheme. We note that we will not analyze the hybrid scheme in detail and only
discuss the main ideas. We proceed similarly as in Section 3.5 and introduce a hybrid version
of the lifting operator. To ensure that the HDG scheme remains H (div)-conforming, we use
the exactly divergence-free HDG method as proposed in [Leh10; LS16]. The main idea is to
distinguish between normal- and tangential continuity and to introduce facet unknowns only
for the tangential components, see Fig. 5.4. To this end, we denote by Papg := Id —vr @ vp
the tangential projection and define

F™8 .= {up € L} (Fn) c up € PH(F),up - vp = 0VF € F,}, (5.52)

where Ltang( ) = {u € L?(F,) : u-vp = 0}. Then, with X,, being defined by (5.17a), we
define the discrete space
XHDG X % Ftang

In the following, we define the jump operator [-]ptang = [Prangnlp, Where Payg is the
tangential projection defined above. Then, for 7 € 7,,, we define the local HDG lifting operator
rl . X, — Q, through

<£l7una "/’n> = —<Hunﬂb,tanga '¢n>L2(aT) V'l,bn S Qn (5.53)
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S N

(a) H(div)-conforming DG (b) H(div)-conforming HDG

Figure 5.4: Comparison H(div)-DG and H (div)-HDG, see [LS16, Fig. 1] or [Leh10, Fig. 2.1.1]

Then, we set R := > e, r! and define the discrete differential operator

(Dbuy)|r = 0p(un|r) + R u, for all 7 € 7y,. (5.54)
Then, we consider the following problem: Find u,, € X!PC such that
S (un, uy) = (f,up)  Vuy, € X0,

where the sesquilinear form afIPS(., .) is defined through

aPC (u,, ul)) =(2pdivu,, divul) — (p(w + iDP 4+ iQx)ty, (w + iDY +iQx)ul,)

+{(divuy, Vp-ul) + (Vp - uy,,diva),) + ((Hess(p) — pHess(¢))uy, ul,)
— iw(ypun, uy,).
(5.55)
To interpret the HDG scheme as a discrete approximation scheme similar techniques as in
Section 5.2.2 should be considered. In particular, we require a suitable compactness result

for the discrete differential operator Dy, which can be shown with the same techniques as in
[KCR21, Thm. 4.3].

Lemma 5.34. Let (u)nen, un € X, be such that sup,,cy ||un|| x, < oo. Then, there exists
2

u € X and a subsequence N’ C N such that u,, — LR u, divu, L le’u and Dyu,, L Opu.

To establish weak T-coercivity, similar techniques as discussed in Section 5.2.3.2 should be

applicable. Note, however, that the facet variable has to be incorporated suitably. We leave
further analysis of the H (div)-conforming HDG scheme to future work.
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CHAPTER 6

A fully discontinuous Galerkin discretization of
Galbrun’s equation

This section is devoted to the introduction and analysis of a fully discontinuous Galerkin
discretization for Galbrun’s equation. For the analysis, we make use of the concepts introduced
in Part I of the thesis. After introducing the discretization scheme, we show that it can be
interpreted as a discrete approximation scheme and that the sequence of approximations
is stable. To this end, we utilize the weak T-compatibility conditions from Thm. 2.28. We
derive optimal order convergence estimates. Finally, we briefly discuss a hybrid version of
the discretization. This chapter builds upon and follows the structure of the analysis of the
H (div)-conforming discontinuous Galerkin discretization by Halla [Hal23] that we reviewed
in Section 5.2.

Contents of the chapter

6.1 Formulationofthescheme . . . . ... ... ... ... ... .. .. ...... 78
6.2 Interpretation as discrete approximation scheme . . . . . . ... ... ... .. 81
6.3 Convergence Analysis . . . . . . . . . . i i e e e e 84
6.4 Hybridization . . . . . . . . . . .. 104

6.1 Formulation of the scheme

As before, let O C R? be a bounded and convex Lipschitz polyhedron. Recall that we want to
develop a fully discontinuous Galerkin discretization for the damped time-harmonic Galbrun’s
equation which reads as

—V(pc2 divau) + (divu)Vp — V(Vp - u) — p(w + idp + i x)*u
+ (Hess(p) — pHess(¢))u + yp(—iw)u = f in O, (6.1a)
v-u=0 ondO, (6.1b)

for given density p, pressure p, gravitational potential ¢, sound speed c¢s, damping coefficient
v, wave number w, background velocity b, angular velocity of the frame 2 and source
term f. As in the previous chapters, we assume that c,,p € WH®(O,R), v € L*(O,R),
p, ¢ € W2*(O,R) and that b € L*(0O,R) is compactly supported in O. Furthermore, we
assume that there exist ¢;, cs, p, p, 7,7 € R> such that

cs <cs(x) <G, p<px)<p y<~vx)<y forallzecO.

As in the previous chapters, we denote the L? and L?-scalar products by (-, -).
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Further, recall from (4.7) that the continuous sesquilinear form a(-, -) is given by
a(u,u') =(pdivu,diva') — (p(w + i0p + iQx)u, (w + i0p + iQx)u’)
+ (divu, Vp-u') + (Vp - u,dive’) + ((Hess(p) — pHess(¢))u, u’) (6.2)
- Zw</7p’u" ’U,/>’
and the continuous weak formulation of (6.1) reads as: Find w € X such that

a(u,u') = (f,u') forallu' € X,

where X is the Hilbert space defined in (4.3). In the following, let (7,,),cn be a sequence of
shape regular simplicial triangulations of O and 7, (]-'}l“t) be the collection of (interior) facets
of T,. For T € 7, and F' € F,,, we denote by i, and hr the diameters of 7 and F’, respectively,
and define b : 7, — R through h|r := hp. Additionally, we define h,, := max,c7, h; and
assume that lim,,_, by, = 0. We introduce the abbreviations

()T, = Z () () Fn = Z () p

TETR FeF,

Now, we define X,, to be the space of discontinuous polynomials of degree k, k € N, k > 1,
that is
X, = {u, € L*(0) : u,|, € P*(r) forall 7 € T,}.

The scalar product on X,, will be specified later. We note that due to the discontinuity of
u, € X,, we have that X,, ¢ X. In addition to the weighted jump-operator [-], defined in
Section 5.2, we also consider the normal jump operator [-],.. To be precise, we define

[ulp :== (b-v1)us + (b v2)us,

[u]y = w1 -v1 + ug - vo.

Here, v; and v, denote the outer unit normals of the two elements 7, 75 sharing the common
facet F € Fi and with u; we denote the traces of u|r, i = 1,2. On boundary facets
F € F, N 00, we define [u]p = tr((b- v)u) and [u], = tr(v - u).

The formulation of a DG scheme for (6.1) follows the standard argumentation as described in
Section 3.4. That is, we apply partial integration locally on each element 7 € 7,, and obtain
similar to (4.5) that

—(V(pc? divuy,),ul,), = (Epdiva,,divul,), — (pdivu,,u), - v)ar, (6.3a)
—(V(Vp-uy),ul)r = (Vp-u,,divu,)r — (Vp-up,ul, - v)s,. (6.3b)

We note that in (4.5), we applied partial integration on the whole domain O such that the
boundary terms vanished due to the boundary conditions. Here, we use the normal jump-

operator [-],, and the average operator {{-} to reformulate the boundary terms of (6.3). After
summing over all elements 7 € 7,,, we obtain the terms

(pdivuy,, divul)r, — (pc2{divu, }, [ul].) 7, — (pc2[divu,]u, {u, }) 7, (6.4)

and
(Vo up, divug)7, — ({Vp - unk, [ug o) 7 — ([wnle, { VP u B 7, (6.5)

where the last terms in (6.4) and (6.5) are added for symmetry and also correspond intuitively
to the term (Vp - u,, divu},) arising in a,(-, -). If we added a stabilization term of the form

(P Tunl [,
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to (6.4) and (6.5), we would obtain a classical symmetric interior penalty (SIP) method for the
divergence terms. However, we will refrain from doing so at this point and rather reformulate
the terms (6.4) and (6.5) with the help of a discrete divergence operator div], that we will
introduce in the following. We recall from Section 5.2 that we denote for I, € N>

Q. = {th, € L? : ap,|, € Plo(r) forall 7 € T, }. (6.6)

In the following, we will denote by R ¢ Q,, the lifting operator defined through the local
lifting operators (5.20) which acts with respect to the [-]p-jump operator. We recall the
definition of the discrete differential operator D} : X,, — Q,, through

(Duy)lr == Op(tnl;) + RPu,  forall € Ty.

Furthermore, we recall that by application of the discrete trace inequality (A.14), we have that

IRPunl7e S Y hp I [walsllZegr)- (6.7)
FeF,

Let us stress that, in contrast to the notation in [Hal23], we write these operators in bold to
emphasize that they are vector-valued. In order to define a discrete version of the divergence,
we require a scalar-valued lifting operator associated with the normal jump [-],. For [, € N>,
we set

Qn = {tp € L? : ¢, € P(7) forall 7 € T,,}.

Then, for n € W> we define the local lifting operator !" € Q,, to be the solution to

<77T5un7 V) = _<77[[un]]l/7 {{¢n}}>L2(F) for all ¢, € Qn, (6.8)
for all u,, € X,, and F' € F,. As before, we define the global version of this operator by
summing over all facets, i.e. we define R := Y, 7, Tn - We note that the discrete trace

inequality (A.14) immediately yields the boundedness of the lifting operator

—1/2
||771/2R£i,un||i2 < CgtNG Z hF/ H,r}l/Q[[’u,n]]uHi?(F)a (6.9)
FeFy,

where Ny := max,¢7, card{F' € F,, : F' C 07}, see also [DE12, Lem. 4.34]. Then, we define
the discrete divergence operator div), : X,, — @,, through

(divl )|, := divau, + R¥w,  forallT € T,. (6.10)

We note that a similar construction for a discrete divergence operator can also be found in
[DE10]. Furthermore, let us stress that we differentiate between the degree of the vector-
valued and the scalar-valued lifting operator, i.e. we do not necessarily assume that i, = [,,..
However, the convergence rates in Thms. 6.26 and 6.38 indicate that the preferred choice
should be I, = [,, = k to obtain an optimal order of convergence.
Then, we consider the discrete problem: Find u,, € X, such that

an(n,uh) = (f,ul) for all u, € X, (6.11)
where the sesquilinear form a,, : X,, x X,, — C is defined through

an(Wn, ul) ={c2p dive u,, diviul) — (p(w + iD} + iQx)up, (w + iDy +iQx)ul,)
+{div] wp,, Vp - ul) + (Vp - uy, div) ul) (6.12)
+ ((Hess(p) — p Hess())un, uy,) — iw(ypun, up) + sp (g, up,).
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Here, we define the stabilization term 35 : X, x X,, = C through
s (W, wy,) = <C§p%"[[un]]m [w,]o) 7, — B{cipRY (un), R (uy,)). (6.13)
F

where «,, > 0 is a stabilization parameter and g € {0,1}. As discussed in Remark 6.1, the
choice of 3 allows us to choose between a standard SIP method (5 = 1) and a lifting stabilized
method (8 = 0) similar to a Bassi Rebay formulation [BR97; Bas+97] with an additional jump-
jump stabilization term. Recall from that Section 5.2 that the discrete differential operator Dy
was mainly introduced to avoid choosing a stabilization parameter «p, which would lead to
stronger restrictions on the Mach number ||c; 'b||% ., see also [Hal23, Rem. 21]. In contrast,
the choice of the stabilization parameter «,, does not depend on the background flow b and
therefore does not lead to more restrictive assumptions on the Mach number. We still chose
to introduce a lifting operator R associated with the normal jump [-],, to stay consistent
with the analysis framework applied in Section 5.2. The introduction of the stabilization term
so(-,-) with the parameter 8 € {0,1} allows us to conveniently analyze both, a SIP and a
lifting stabilized, method for the diffusion operator.

For u,,,u], € X,, we define the following scalar product on X,

() x, = (V] g, v ) + (g, )+ (DR, D) + (b Tl [l ]) 5, (6.14)

and denote by || - || x,, := (;, )%3 the induced norm. In particular, we denote for u,, € X,

HUTLH?F”,I/Q,V = Z h?ll[[un]]u!\%z(p)-
FeF,

Due to the boundedness of the lifting operators, cf., (6.7) and (6.9), we have for all u,, € X,
that

lunll, S lunlfer, + > hrllunlvlZag + Y bt lTualsllzege). (6.15)
FeFn FeFn

where [|u,[% 7, = > r, ([ div unH%Q(T) + |lun||32 + [|Optn||32) is the broken X -norm.

Remark 6.1 (The role of 3). Let us elaborate on the role of 5 € {0, 1} in the definition (6.13)
of the stabilization term sﬁ(-, ). By definition of the lifting operator R, we have that

(Epdivl w,, divl ul) = (2 pdivu,, dival) — (plun],, {divul,}) =,
— (Zpfdivu,}, [unl) 7, + (EpRy wn, Ry uy,).

Thus, if 3 = 1, the lifting term (c?Rl»u,,, R»u.,) cancels out and we are left with a standard SIP
formulation for the diffusion operator. In contrast, if § = 0, the lifting term remains. While the
latter method relaxes the conditions on the stabilization parameter «,, slightly, both methods
require that «,, is chosen large enough to guarantee coercivity of the sesquilinear form a,/(-,-).
We will compare both methods computationally with the numerical experiments in Chapter 7.

6.2 Interpretation as discrete approximation scheme

The first step to apply the framework introduced in Chapter 2 is to show that we can interprete
the proposed discretization as a discrete approximation scheme in the sense of Definition 2.7.
Therefore, we will follow the same steps as in the H(div)-conforming case from Section 5.2.2,
but account for the introduction of the discrete divergence operator.
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First of all, we define a suitable projection operator p, : X — X,,. Foru € X, let p,u € X,
be the solution to

(pru,u)) x, = (divu,div) ul )2 + (u,u)) 2 + (Opu, Dyul ) forallu, € X,. (6.16)

Clearly, p,, is a linear operator and is bounded, since ||p,u|%, < ||lullx|pnun| x, implies that
IpnllL(x,x,) < 1. Hence, it holds that p, € L(X, X,,). Furthermore, for all u;, € X,, we have
the following Galerkin orthogonality property

0 =(divu — div] pyu,diviu, )2 + (u — pyu, ul) 2

(6.17)
+ (Opu — Dypnu, Dyuy,) 2 + ([pnu]y, [un]w) 7, -

We recall from Section 5.2.2 that the [-]5-jump is not necessarily well-defined for functions
u € X which is why we introduced a suitable distance function d,,(-, -) allowing us to analysis
the error u — u,, for u € X, u,, € X,,. Here, we face the same technical issue for the normal
jump [],, as the L?-trace of u € X is not necessarily well-defined. Therefore, we define a
distance function d,, : X x X,, — R similar to the one introduced in Section 5.2.2 which also
takes into account the discrete divergence div;, and the normal jump contribution. For u € X
and u,, € X,,, we define

dp(w,up)? = || div e — divy w72 + [ — wnl|72 + 106w — Dyunl|7e + lunll%, 1/,
We note that d,,(-, -) satisfies the following triangle inequalities
dp(u,uy,) < dp(a,u,) + ||a — ul/x, dp(w, up) < dp(w,p) + || — un|x,
for all u,u € X and u,,, u, € X,.

In the following, let 7 : H® — [P*(7,,)]¢ N H(div), s > 1/2, and 7}, : L? — P¥=1(T,) be the
interpolation operators defined in Section 5.2 such that divr? = 7, div. For s > 1/2 and
7 € T,, we denote by m, : H%(t) — P¥(r) the canonical local interpolation operator and
by 7, : H®* — X,,, mp|r := 0, T € Ty, its global version. We recall there hold the following
estimates for all v € H" (1), r € [1,k + 1], m € [0, 7]

|U — 7Tn’v’Hm(7_) < Caprh;_m|U|H'r(7—), (6183)
v = vl z29r) < Canhy 20l pr (- (6.18b)

Lemma 6.2. For each u € H it holds that d,,(u, ppu) < dy(u, Tow).
Proof. Using (6.17), we compute with the Cauchy-Schwarz inequality

dp(u, pau)® = || div e — divy, paul|7z + [lu — paulz + 0w — Dypnullze + llpaul%, 1o,
= (divu — div, ppu, divu — divy, myu) 12 + (U — ppu, u — TU) 12
+(Opu — Dypou, Spu — Dympu) 2 + (hi' [pauly, [Tauly) 7,
< dn(u, pru)d,(u, Tu).

Dividing by d,,(u, p,u) yields the claim. O]

Lemma 6.3. For each u € H}., N H'$, s > 0, it holds that d,,(u, mpu) < hS||w| s
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Proof. We estimate [[u—mpul| £, 1/2, S Cathn Y QHU—MUH 2 with the discrete trace inequality
and

106w — Dympw]| g2y < |0pw — Opmaul L2(r) + | Rymnul| L2,
[ divu — divy mpul| 2y < || dive — divmul[ gz + ||R£17Tn’u,||L2(7.).
Therefore the claim follows with (6.9) and (6.18). O
Lemma 6.4. For each u € X, it holds that lim,,_,~ d,,(u, p,u) = 0.

Proof. This follows with the same argumentation as in [Hal23, Lem. 5] (or as in Lemma 3.15
with || - || x,, replaced by d, (-, -)). The key ingredient is the density of C§° in X [HLS22, Thm.
6] and an application of the previous two lemmata. O

Lemma 6.5. For each u € H}.,, we have that lim,,_,~ d,,(u, T,u) = 0.

Proof. This follows from the same techniques as in the proof of [Hal23, Lem. 6] with
considering div}, instead of div. O

Lemma 6.6. For each u € X it holds that lim,, .« [|[paulx, = ||u| x.
Proof. As in the proof of [Hal23, Lem. 7], we compute
Ipnull%, = (Prw, pou) x,, = (divau, divy pau) 2 + (u, ppu) 2 + (pu, Dyppu) 2
= |lul)k + (divu, div? pyu — diva) 2 + (u, ppu — u) g2 + (Gpu, Dypou — Opu) 2
Furthermore, we compute that
|{(div u, divy ppu — divu) 2 + (u, ppu — u)p2 + (Opu, Dyppu — Opu) 12| < ||u||xdn(u, pru).
Thus, the claim follows, since lim,, ,~, d(u, p,u) = 0 by Lemma 6.5. O

We extend the compactness result from Lemma 5.19, or [Hal23, Lem. 8], to include the
discrete divergence operator defined in (6.10).

Lemma 6.7. Let (up,)nen, Un € Xy, satisfy sup,cy [|unl|x, < co. Then there exists u € X and
L? . L2 . L?
a subsequence N’ C N such that w,, = u, div,, u, = divu and Dju, = Opu.

Proof. Due to Lemma 5.19, we only have to consider the statement for the discrete divergence
operator divy. Since div’ u,, is a bounded sequence in L?, there exists a subsequence N’ and

2
q € L? such that div” u,, =N g. It remains to show that ¢ = divu. Let ¢ € C3° and ¢, be the
lowest order standard H !-interpolant of 4» on 7,,. Then, we compute

(divy, up, ) = (divy wn, P — ) + (divy wn, Pn)
= (div), up, ¥ — n) + Z (div wn, Yn)p2(ry — ([wnlv, {¥n }) 7,

T€TH

= <lelrﬁ Unp, w - wn> + Z <le Unp, wn>L2(T) - <V *Unp, wn>L2(87)

TETn
= <dlvﬁ Up, P — wn> - <una vwn>
= _<um v¢> + <diV7$ Up, P — wn> + <un7 VW - wn»
Since || — Ynllg S hnll¥|| g2 and ||uy| x,, < 1, it follows that

and thus ¢ = div u. O
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In the following, we denote by A € L(X) the operator induced by the continuous sesquilin-
ear form a(-,-) defined in (4.7) and by A,, € L(X,,) the operator induced by the discrete

sesquilinear form a, (-, -) defined by (6.12). The next theorem shows that A, LA,
Theorem 6.8. For each u € X, we have that lim,,_,~ || Anpru — prAul|x, = 0.

Proof. Let u € X. Since X, is Hilbert, we can choose a sequence (u,)nen, Un € X,, with
||lun|lx, = 1suchthat||A,pru—pAu|x, < |(Appru—ppAu,uy,)x, |+ 1/n. For an arbitrary
subsequence N’ C N, we choose a subsubsequence N’ ¢ N and ' € X in accordance with
Lemma 6.7. Then, we compute

liII{]l (PnAu,uy) x, = hII{Il ((div Au, divy up)r2 + (Au, up) e + (OpAu, Dyuy) )
neN’ neN”

= (div Au,diva) 2 + (Au, u') 2 + (OpAu, Opu/) 2

= (Au,v) x = a(u, )

Furthermore, we have that

(Anpnu, un>Xn = an(pnu, uy)
= (A diV] ppu, diviu,) — (p(w + iDE + iQX)ppu, (w + iDP 4+ iQx)uy,)
+ (div), pru, Vp - uy) + (Vp - ppu, divy, w,) + ((Hess(p) — p Hess(o) ) ppu, wy,)
— iw{yppnu, un) + Sﬁ(pnua Up,)
= (Adivu,div] u,) — (pw + i0p + iQx)u, (w + iDY + QX )u,)
+ (divu, Vp-uy,) + (Vp-u,divy u,) + ((Hess(p) — p Hess(¢))u, u,,) (6.19)
— iw(ypu, un)
+ {2 div® pyu — divu, div? u,)
— (p((w 4+ iQx)(pru — u) + Dppyu — Opu), (w + 1Dy 4 iQx)uy,)
+ (divy ppu — divu, Vp - u,) + (Vp - (ppu — u), divy, w,) (6.20)
+ ((Hess(p) — pHess(9))(pnu — w), un) — iw(yp(pnts — w), un)
+ Sg(pnuv un)

By choice of the subsubsequence N” and Lemma 6.7, it holds that lim, ¢y (6.19) = a(u, u’).
Furthermore, due to (6.9) and ||u,||x, = 1 we have that |5£(pnu, un)| S llpnull £, 1 /2,0 Thus,
with an application of the Cauchy-Schwarz inequality we have that |(6.20)| < d,(u, p,u) and
hence lim, ¢~ (6.20) = 0 by Lemma 6.4. Therefore, we conclude that

lim [|Apppu — pnAus(x, = lim [|Apppu — prAu,| x, = 0.
n—o0 neN
O
The previous results show that (X,,, p,, A,) indeed constitutes a discrete approximation
scheme of (X, A) in the sense of Definiton 2.7. Therefore, we can apply the theory developed

in Chapter 2, and in particular the convergence theorem 2.17 if we show that the sequence
(Ap)nen is regular.

6.3 Convergence Analysis

In this section, we want to analyze the convergence of the proposed discrete approximation
scheme. To show regularity, we want to utilize the weak T-compatibility condition from
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Thm. 2.28 that was introduced in [HLS22]. Let us recall the construction of the continuous
T-operator from Section 5.2. For u € Hy(div), let v € H? be the solution to

(div+Ppzq - +M)Vv = (div+Pr2q - +M)u in O, (6.21a)
v-Vv=0o0n90O. (6.21b)

Then, for u € X C Hy(div), we define v = Pyu = Vv and w = u — v. The operator
T € L(X) is then defined through T'w := v — w. Recall that with this construction, the
operator A associated with the continuous bilinear form is weakly T-coercive.

In the following, we want to construct a discrete operator 7;, € L(X,,) such that the weak
T-compatibility conditions from Thm. 2.28 are satisfied. To this end, we want to adjust the
construction in (5.33) to the fully discontinuous case. The main idea is to decompose the
functions v,, into an H(div)-conforming part and a remainder that accounts for the jumps.
For the latter, we require the following construction from [Ale22, Chap. 4.3.1]. We define
the spaces F¥ := [[pcr PH(F) and Q' := {¢, € L? : ¢py|, € P*I(7) forallT € T,}.
Furthermore, we define for all u,,, @), € X, the sesquilinear form a,(-,-) : X,, x X,, = C by

&n(ﬁm 1},;1) = Z <D2ﬁn, Dgﬂ;)LQ(T) + <am'&%>L2(7—)
7€Tn

Then, we consider the following auxiliary problem: For given g € L? and f € L?(F,), find
(Tn, Py 0n) € Xy x Q51 x FFE such that

G (T, ") + dp (U, Pr) + en(t,,5,) =0 va, € X, (6.22a)
dn(n, 7)) = D {9 B) 12y Vi, € QL (6.22b)

T€T,
en(tin, 50) = > (f.60) 12y Voo, € Fi, (6.22¢)

FeFy

where dp, (@, pn) := D c7 (diV U, Pn) 2y @0d € (Un, Gn) = D per ([Unlv; Tn) 12(F)-

Lemma 6.9. The problem (6.22) is well-posed and there holds the estimate

lanlk, + D IBnlZemy + Y Rlldnliem S llallze + 1£17,1/2.0- (6.23)
TET FeF,

Proof. For u,, € kerd, N kere,, we have that diva, = 0, [u,], = 0 and consequently
Rl¥@i,, = 0. Thus, we have that a,,(t,, u,) = H"N‘"H?Xn for w,, € kerd,, Nkere,, which makes
an (-, -) coercive on ker d,, Nker e,,. Since d,, (-, -) is inf-sup stable on ker e,, [Ale22, Sec. 4.2] and
en(+, ) is inf-sup stable [Ale22, Prop. 4.3.3], the claim follows from [Ale22, Thm. 2.2.8]. [

This allows us to construct a unique function 7y, (u,) € X, for u, € X, such that
[Z1, (un)]w = [un]y and div Zpq,, (w,)|; = —Ru,|, for all u,, € X,, and 7 € T,, by choosing
f = [u,], € F¥ and g = —Rlu, € L2 In particular, (6.23) and (6.9) directly imply that
there exists a constant C7 > 0 such that

1Zpg, (un)l x, < Czllunll 7, 1/2,0- (6.24)
We show the following results for the interpolation operator Z,, (-).

Lemma 6.10. For all w € X, it holds that lim,_, || Zf, (Pnu)| x,, = O.
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Proof. From the definition of d,,(-,-) and (6.24), we have that

||I[[~]]l,(pnu)||Xn < CI||pnu||]-'n,1/2,u S dn(u, pru).
Thus, the claim follows with Lemma 6.4. O

Lemma 6.11. Let (uy)nen, Un € X, be such that sup, ¢y ||un|x, < oo. Let N' C N and
2 2 2
u € X be chosen with Lemma 6.7 such that u,, L u, divy, u, L divw and Dju, L Opu. Then,

it holds that div(u,, — Ty, (un)) 2 div u.

Proof. Since sup,,ey ||unllx, < oo, div(u, — I, (u,)) is a bounded sequence due to (6.9).

2
Thus, there exists a subsequence N” C N’ and ¢ € L? such that div(u,, — 717, (un)) CN q. Let
Y € C§° and 1), be the lowest order standard H Linterpolant on 7,,. Then, we compute

(div(un — Ipp, (un)), ) = (div(wn — I, (wn)), ¥ — ¢n) + (div(wn, — Iy, (wn)), ¥n)
= (div(upn — I[[~1]V(un)>v Y —p)
+ > (div e, Pn)r — (div Iy, (), ¥n)r

TE€Tn

= (div(u, — I[[.]]l,(un))a Y — n) + Z (div wn, Pn)r + <R£{’una VYn)r

TETn
= (div(up, — I[[~]]y(un))a Y —Pn) — (un, Vi)
= —(un, V) + (div(un — Ipy,, (wn)), 0 = ¥n) + (Un, V(¢ = Pn)),

where the last lines follow from the same argumentation as in the proof of Lemma 6.7. Since
1Y — Ynllg S hall¥l| g2 and div(u, — Iy, (u,)) is bounded, it follows that

() = lim (div(ay — Tgg, (), ) = T —(un, Vo)) = —(u, Vo),

n—oo

and therefore ¢ = div u. O

In the following, we will proceed to analyze the discrete problem by utilizing the weak T-
compatibility condition from Thm. 2.28. For ease of presentation, we will first consider the
case of homogeneous pressure and gravity before considering the general case.

6.3.1 Homogeneous pressure and gravity

As in Section 5.1.1, we first consider the case of homogeneous pressure and gravity, i.e.
p = const. and ¢ = const, which implies that ¢ = 0. Furthermore, we also have that M = 0 in
(6.21). Recall that in this case, the bilinear form a,,(-,-) reduces to

an (U, u))) =(EpdivE wy,, divi ) — (p(w + iDY + iQx )y, (w + iDY + iQx)u’,)

— iw(ypun, up) + sp(wn, uy,).

In the following, we want to construct a discrete operator 7}, such that the weak T-compatibility
conditions from Thm. 2.28 are satisfied. Therefore, we consider the following problem: For
given u,, € X, let & € H? be the solution to

div Vo = div(u, — I[[~]],,(un)> in O, (6.25a)
v-Vu=0o0n090O. (6.25b)
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Due to the linearity of [],,, we have that [u, — Z, (u,)], = 0 and thus u,, — Zp], (u,) €
H (div). Consequently, div(u, — Zyj, (u,)) € L?. Therefore, the problem (6.25) is well-posed
as divV = A. We set

V= Py uy, =V and v,, := Py, u, = wﬁVﬁ —|—I[[,ﬂu(un), (6.26)

where we recall that 72 : H® — [P*(7,,)]% N H(div), s > 1/2. Further, we set w,, := u,, — v,
and define T}, : X,, — X, through

Toty, := Uy — Wy, (6.27)

6.3.1.1 Analysis of 7,

First of all, we want to analyze the operator 7,, defined in (6.27). In particular, we want to
show that T;, is bounded, and bijective and that T, 5.

Lemma 6.12. There exists a constant C > 0 such that || Py, || (x,) < C foralln € N.

Proof. Let u,, € X,, be given and v be the solution to (6.25). Then, we have that |||/ 2 <
|| div(wn — I, (wn))ll 12 S llunl x, . Furthermore, we have that Vo € H' and therefore the
function ¢V is well-defined and with the same arguments as in Lemma 5.22 we have that
179V x, < |19llg2 < |lunllx, - Thus, we have that

1P, unllx, = 170V + g, (wn)llx, S 175 VEllx, + |unllz, 120 S lwallx,
for all u,, € X,,. Thus, the claim follows. O

Corollary 6.13. There exists a constant C' > 0 such that ||T,||1,(x,) < C foralln € N.

Proof. By definition, we have that 7,, = 2Py;, —Idx,,. Thus, the claim follows with the previous
lemma. O

The following results show that T, is self-inverse, which implies its bijectivity.
Lemma 6.14. It holds that P} = Py,.

Proof. Let u,, € X,, and v, be defined through (6.26) and let v, ,, be defined through (6.26)
with w,, replaced by v ,,. It holds that

Iy, (1) = I, (720 + I, (wn)) = Zpg, (Zpp, (Ua) = Zpg, (un)
since 7, (v,) = 0 and I[%]}u = 1y, - Furthermore, we have that
div Vg = div(vi, — Iy, (vi)) = div(riVay) = at, div Vi
= 7, div(u, — I, () = div(un, — Zpg, (un)).
Thus 9; = ¥ and consequently v ;, = v1 5, which implies that P? =Py, . O
Corollary 6.15. It holds that T2 = Idx,,.
Proof. Follows directly from the previous lemma and 777 = 4P5n — 4Py, +ldx,, . O]

Lemma 6.16. For each u € X, we have that lim,,_,~ ||( Py, pn — pnPyv)ulx, = 0.
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Proof. We estimate
| (Pv,,pn. — pn Py )ul x,,
< dn(PVuapnPVu
= dn(PVU,pnPVU
< dn(PVuapnPVu

+ dn(Pyu, Pvnpnu)

+ dn(Pyu, m, Py, ppu + I, (Pruw))

+ dn(PVU ma Py w) + |1 I, (paw) | x, + |70 Py, (u — pau)| x,
dy(Pyu, m Pyu) + | Zpg, (pau)| x,,
+ |[Pvu — Py ul x + |[u — prul paiv)

< dp(Pyu, pp Pyu) + dp (Pyu, 78 Pyu) + 1Zg1, (Prw)| x,, + dn(u, ppu),

)
)
)
)+

< dn(Pyu,ppPyu

where we use that Pyu = P, u by uniqueness when we interprete 7y, (u) := 0. Now, the
claim follows from Lemma 6.4, Lemma 6.5 and Lemma 6.10. O

Lemma 6.17. For each u € X, it holds that lim,,—,« || (Tnprn — pnT)u| x, = 0.

Proof. Follows from the definitions of 7', T, and the previous lemma. O

6.3.1.2 Discrete weak T,,-coercivity

First of all, let us recall the following definitions from Section 5.2.3.2. For w € H},, we define
the weighted H'-seminorm | - | g1, through
csp

ull, = lleap>Vul Pz
csp
Additionally, we also define the following weighted jump norm on X,,:
lwnll%, 1225 = 22 Hitlesp! unlullZae)-
FeF,

Furthermore, due to [HH21, Thm. 3.5], see also Thm. 4.5, there exists a compact operator
K¢g € L(V) such that

(Zpdivo,dive) = ’”’Hl + (Kgv,v)y, (6.28)

CsP

where V := {Vv :v € H; Neu} |- llv:=1- | L Flnally, we recall the following result.

Lemma 6.18 (Lem. 16 from [Hal23]). For all v € HY,and n € N, it holds that
1o Dyriv|3. < (CF)*(1+ h2C )Hc_leLoo\U\Hl ,

CsP

with constants C,, > 0 and

(CF)? := 2((CapConClar) + sup sup w7251 (r))): |- ey = | [ ()
neNTET,

We want to show a similar statement for v,, defined in (6.26).

Lemma 6.19. For u,, € X,, let v, = Py, u, = 70V + I, (un) be as in (6.26). Then, it holds
that

192 Dgvnl[22 < (CH)A(1 + h2Cr)|le; b3 (W”|H1 +llunlZ, 1 /20020 ) (6.29)

with constants Cy > 0 and C¥ = max(C¥, (C2 + C2)'/?), where C is defined as in Lemma
6.18.
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Proof. By definition of v,,, we have that v,, = ¢V + 7y, (un). Thus, we can estimate
Ip" 2 Dvnllze < |lp"2DymiVil| g2 + [|0"° DE(Zyg, (wa)ll 2 (6.30)

Since Vo € H,, we can apply the Lemma 6.18 to the first term. For the second term, we

estimate for each 7 € 7, with (6.24) and the argumentation from (5.41) that
10206(Ze,, (wn) 22y < lles Bll3 s 2P T, () 2 o)
< les bl 3 e 2 pr b~ Tl 120y

1 2
T(Ccl;plm)Q) 16 1/208101/2[[“11]]11”%2(87)’

< ||c;1b||2LooC%(1 + hic p
s P1

1/2

where C* is the Lipschitz constant of ¢;p'/“. Similarly, we have that
CSp1/2

102 R (Tyg, w3y < Capolo ™15, (ol 3 o

< e bllE Cgies, 2 pr 0™ 2 [unlu 7201y

. 1 2
S HCS 1b”%oocgt(1+hiﬁ(0ép1/g)2) H[] 1/203p1/2[[’u,n]]11H%2(87_).

Thus, summing over all elements 7 € 7, yields that

1012 D Ty, (un))ll3e < (C3+ CR)(1+ h2C) e Bl lunl%, 1 o2y (6.31)
which shows the claim. d
Additionally, we also want to have the following lemma.

Lemma 6.20. For u,, € X, let v, := Py, u, be defined by (6.26). Then, for § € (0, 1) it holds
that

lesp™/2 div v, 2 2(1 - 5) (|va|§{12 + <KgPVnun,PVnun)V)
L ) (6.32)
+ (1= 5) (€3 + R 21+ W2C) P unll 5, 1220

Proof. From the definition of v,, we have that v,, = 72V +Z[ [, (u,). First, we note that since
74V € H(div), we have that div? 7¢V# = div 7¢V4s. On each element T € T,, we estimate
with the weighted Young’s inequality

n . ~ 1 N
lesp/? divy, Unll e 2 (1~ 0)[lesp™? div TV iy + (1= g)”cspl/z divy, Zpy, (wn) |72 (-
For the first term, we compute with div7? = 7!, div that

div Ve = 7t div Vo = 7} ( div(u, — Ty, (un))> (6.33)
— div(u, — Ty, (un)) = A, (6.33b)

since div(u, — I[[-]]V(Un)) € Q. Thus, we obtain with (6.28) similar to [Hal23, Eq. (28)] that

(Zpdiv Vo, divrlVe) = yvm‘gg + (Kg Py, tn, Py un)v

CcspP
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6.3. Convergence Analysis

For the remaining term, we estimate on each element 7 € 7,, with (6.24) and similar arguments
as in (5.21)

llesp™? div (T, (wn)) | 72(r) < CFs el [unlull72 (0

1 2
< C%(l +him(cfsp1/2)2> 6 UQCsPl/Q[[Un]]uH%(aT)-

Furthermore, applying (6.9) yields
lesp' 2 Ry, (Zpy,, (wn)) |2y < Cgisr prll0 ™2 [nlullZ 2 o)

1 2
m(cip1/2)2> Hb 1/208/)1/2[[’“71]]“”%2(87)-

< Cﬁt(l +h2

Thus, summing over each element 7 € 7, yields
lesp/2 divy (Tgg, (un))l32 < (€3 + CR)Y2(1 + W2C) [t 7, 122
for a constant C; > 0. Combining the estimates for the two terms yields the claim. O
Lemma 6.21. For u,, € X, we have that
B > — BC2N, 2
S (Un, un) = (o dt 8)HunH}‘n71/2,u,c§p'
Proof. Due to (6.9) we calculate
ly
Srﬁz(un’ Up) = al’”“"”%—%,l/lv,c%ﬂ o BHCSPIQRH (u”)H%Q > (aw — Boc%tNa)||uﬂ‘|.27-'n,1/2,u,cfp'

O

Now, we want to show that the requirements from Thm. 2.28 are satisfied. Thus we first show
that we can write A, T,, = B, + K,, By, K,, € L(X,), such that (K,,),en is compact (Lemma
6.22) and B,, is stable (Lemma 6.24). Furthermore, we show that K, LK , K € L(X) and
B, % B, where B € L(X) is bijective (Lemma 6.25). We pose the following assumption on
the Mach number of the background flow b.

Assumption 6.1. The background flow satisfies

1
—1 2
s bz < &7 (6.34)

where C’# > 0 is the constant from Lemma 6.19.

For u,,, u], € X,, we now define with constants C;, Cy > 0 to be specified lateron

<Bnun,u;>xn =

(pdive vy, divli v)) — (piD}v,,iDiv),) (6.35a)
— (piDjvy, (w+ iDE +iQx)w.) + {p(w + iDp + iQx)wy,, iDgv),) (6.35b)
+ {p(w + iDE + iQx)wy, (w + iDy + iQx)w),) + {piwyw,, w,,) (6.35¢)
+ (vp, vy) + CL{KG Py, un, Ko Py uy)v + 55 (up, ul) (6.35d)
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

and
<Rnumu;z>xn =
02(<Un, ’U;L> + <KGPVnuna KGPf/nu/n>V) (6.36a)
— {p(w + QX)) vy, (w+ iQx)v),) — (p(w + IQX) vy, iDyv),) (6.36b)
— (piDjvy,, (w+ iQx)v),) — iw{ypvn, v),) (6.36¢)
— (p(w + QX)) vy, (W + iDy + iQx)w),) — iw(ypv,, wh,) (6.36d)
+ (p(w + 1D +iQx)wy, (w + QX)) + iw{ypwy,, v),). (6.36¢)
We set B,, := B,, + K,, and further define
<Knun,u;1>Xn =—(1+ CQ)(’UH,U;J —(Ch + CQ)<KGan’u,n, KGPVnu;)V. (6.37)

The uniform boundedness of B,,, n € N, follows straightforwardly.
Lemma 6.22. It holds that A, T,, = B, + K,, and (K)nen is compact.

Proof. We note that the operators K,, and K,, only contain terms that are compact due to
Lemma 5.27, see also the argumentation in [Hal23, Proof of Thm. 18, 1. step]. Furthermore,
(6.25) yields that

divy, wy, = div (u, — vy)
= div), u, — div 7l Ve — div}, Zpq, (un)
——
=rl div VD
= divu, — div(uy — I, (Un)) — div Ty, (un) + Rhu, — R T, (un)
= Rhu, — RLTg, (un) =0,
where the last step is due to [u,], = [Z}, (un)].- We note that (A, Thun, uy,) x,, = an(vy —
wy,, v), + wy). By construction of v,, we have that [v,], = [u,], and thus sﬁ(Tnun, ul) =

sg(vn, v)) = sg(un, u,,). Writing out the terms and reordering yields that A, T,, = B, + K,
where we note that the terms added by K, cancel out with (6.36a) and (6.35d). O

Lemma 6.23. Assume that Assumption 6.1 is satisfied. For o, sufficiently large, there exists an
index no > 0 such that the operator B,, € L(X,,) defined by (6.35) is uniformly coercive for all
n > ng.

Proof. Let u,, € X,, be arbitrary. In the following, we denote for ¢ € (0, 1)
1 -
Oy = —(1 — 5)(0% +C3YV2(1+ B2C,) > 0 (6.38)

the constant from the second term of Lemma 6.20. Due to the smallness assumption on the
Mach number, we can find €, 6 € (0,1), 7 € (0,7/2) and ny > 0 such that

Cresmo = (1—5)—(6’#)2(14— sup hiéﬂ—)HC;le%w(1+ta1’l2(7')(1—6)71—6)—6(1—(5+C5) > 0.
n>no

We calculate
1

cos(7)

R (7 Bt ) x, ) = llesp 2 div v — 192 Dgw, 3 + 0432
+ Cil|Ka Py, un i + [[p"?(w + iDy + iQx)wy | 7
+ 2tan(T)Sgnw%<<p(w + Dy + QX )wy, iDg‘vn))

+ [w| tan(r) || (vp)Pwnl|72 + s (wn, ).

91



6.3. Convergence Analysis

Due to the Cauchy-Schwarz and a weighted Young’s inequality, we estimate
—[2 tan(7)sgnws ((p(w +iDy +iQx)w,, ingn>> |
> — tan?(r)(1 — &)1 p2iDwn 30 — (1 — )| pY3(w + iDf +ix)w 3,
and therefore we have that

1 o _
COS(T) §R<€ i <Bnun7 un>Xn>

> [lesp! divy on|72 — (1 + tan®(7)(1 — €)7)[|p"* Dywn|| 72 + [vn]72
+ C1l| K Py, wnlly + €l p"/?(w + D} + iQx )wy ||
+ [w| tan(7) || (v0)/*wn |72 + 55 (wn, wn).

Then, with Lemma 6.19 and 6.20, we estimate

Y2 divy oal|72 — (1 + tan®(7)(1 — €))||p"/* Dywn| 72

> ¢(lleop' 2 divy vall2 + 10/ 2Dgvnl 3 ) + Crcno (1955, + ltnllz1/2.0020)
CspP

llesp

= Csllunllz, 172020 + (1 = €)(1 = (K Py, un, Py un)v-
Therefore, Lemma 6.21 and a weighted Young’s inequality yield for oy, > BC2Ng + Cs + ¢
lesp™? div oy 2 — (14 tan®(r) (1 — ) 7)o" *Dywalle + a2
+ Cl"KG'PVnun||%/ + Sg(um Un)

> €(llesp 2 divi vall3a + 102 Dgvnl 3 ) + Crno (1751, + lttnllz1/20020)

CspP
1
oz + (0w = BCENo = C5 ) [uallz a2ty + (C1 = 15 IKG Py, wally
5 2 2
= dsup [Py, lI7x,. v)llunlx,
meN
Cr 2 2 1 2 % 2 2
> emin{ep, p vl + (C1 = = )I1Ka Py, wall}y = 8 sup 1Py, 1 x,, v luall,
46 meN
where we use that ([un |7, 1/20.2p = [|[VnllF,,1/2,0,c2p sSinCE [Un] = [vn],. Finally, we note
that since div}, w,, = 0, we have as in [HH21] due to a weighted Young’s inequality that
ellp'/?(w+iDy +i2x w72 + lw| tan(7) || (v0) *wal[72 Z | Dywallze + walze 2 wallx.,.
Thus, we obtain with Cz > 0 independent of 0, 5, Cy and n > ng that

1
cos(T)

%(efirsgnw <Bnun’ un)Xn>
> Cpallua|%. + C—inK Po w3 — 6 P |2 2
=z LUplltnlx, 1 = G vnun”v sup || mHL(Xm7V)||un||Xn~
46 meN
Thus, we can choose § small enough and n; > ng big enough such that
SSUP ||Px7m”%(Xm,V) < 03/2'
meN

Then, we obtain for n > n; that

1
cos(T)

— 7 C~ 1
R Brun,un) x.,) 2 5 i, + (O = 1= ) 1KGPy, unlly

n
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Finally, choosing Cy > 1/(40) gives for n > n;

1
cos(7)

. ~ C~
§R(e—rrsgnw<Bnum un>Xn) > TB”U‘WH?XM

which proves that B,, is indeed coercive for n > ny and «,, sufficiently large. O

Lemma 6.24. Assume that o, > 0 is sufficiently large. Under Assumption 6.1, there exist an
index ng > 0 such that the operator B,, := B,, + K,, is uniformly coercive for all n > ny.

Proof. Let u, € X, be arbitrary. With the weighted Young’s inequality, we estimate with a
constant C; . > 0 depending on ¢ > 0 and 7 € (0,7/2) that

1
cos(T)

R (e R, wn) x, ) 2 Callloall3s + | Ko Py, wnlly) — Crellunlk,

Thus, we with Lemma 6.23 that there exists Cz > 0 and ng > 0 such that for «,, sufficiently
large

1
cos(T)

R (e (B, ) x, )
C'N

> (2 = Crollunlik, + Callloallfel K Py, ually)
C’~

> (TB - CT,E)H'U%H%(TL'

Choosing € > 0 such that C. . < C/2 yields the claim. O

Lemma 6.25. There exist operators B, K € L(X) such that AT = B + K such that B, - B
and K,, 2 K, where B is coercive.

Proof. For u,u’ € X, we define

(Buu/)x =
(Zpdivw,dive’) — (pidyv, i0yv") — (pidy, (w + i0p + iQx )w') (6.39a)
+ {p(w + i0p + i x)w, i0pv") + (p(w + i0p + 12X )w, (w + i0p + i2x)w')  (6.39b)
+ (1 + Co)(v, ')+ (C1 + Cy)(Kqgv, KGv'> (6.39¢)
— {p(w +iQx)v, (w + i2x)V") — (p(w + i x)v, iOpv’) (6.39d)
— {piBpv, (W + iQx)V) — iw(ypv,v) (6.3%)
— iw(ypv,w') — {p(w + iQx)w, (w + i2x)v') (6.391)
+ iw(ypw, v") + (p(w + i0p + iQ2X)w, (w + iQdx)v") (6.39g)
and

<KU, u'>x = —(1 + Cl)<v, U/> — (Cl + 02><K(;U, Kg’vl>. (6.40)

Then it holds that AT = B + K with the same argumentation as in Lemma 6.22. Furthermore,
with the same argumentation as in Lemma 6.24, we obtain that B is coercive. It remains to
show that B, > B and K,, > K. First, we recall B,, = A, T, — K,, and B = AT — K and

estimate
| (PnB—Bnpn)ullx,
< (K — Knpn)ulx, + [|(pn AT — AnTopn)ul| x,,
< |[(pnK — Knpn)ullx, + [[(pnd — Anpn)Tul x,, + | AnllLx,) [ (PnT — Tapn)ul x,,-
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6.3. Convergence Analysis

Due to the uniform boundedness of (A;),cn, Thm. 6.8 and Lemma 6.17, it suffices to
show that lim,, o [|[(pn K — Knpn)ulx, = 0. Let ul, € X, ||u,||x,, n € N, be such that
|(pn K — Kppn)unllx, < |[(pnKu — Kpppu,ul)x,| + 1/n and let N C N be an arbitrary
subsequence. Then, we can apply Lemma 6.7 to obtain a subsequence N’ C N’ such that

r L2 v L2 n,t L? '
u;, = o/, divy u;, = dive’ and Dju;, = Jpu’. On the one hand, we compute
(pnKu,ul)x, = (div Ku,diviu,) + (Ku,u,) + (Op Ku, D{u.,)

neN"” . . >

= (div Ku,divy v') + (Ku,u') + (OpKu, Djvu') = (Ku,u') x

On the other hand, we have that

(v, 0,) = (Py,pnw, )| = (P — (m Py, pru+ I, (o)), )|

!
S [(Pru — 0 Py, w,0)| + do(u, ppw) + (|1, (prw) |, 6.41)
S HPvu — m Py, vp)| + do(w, pou) + | Z1g, (pow)|x,,
S bl Prul g + do(u, ppu) + (| I, (Pruw) | x,
and ) ,
|<K(;’U, K(;Pf/n’un>v — <KGP{7npnua KGanun>V’
= |(Kg(Pyu — Popou), Kg Py ul,
|(Ka(Py 7o), Ka Py ) v (6.42)

S {Ka(Pyu — Pyu), Kg Py uy)v] + dn(u, pyu)
S, dn(uypnu>a

where the last step follows from Pyu = Py u. Furthermore, we have that

(Kev, K Py up)v = (K&K, Py, uy,)v = (KK, Py (u;, — I, (uy,)))v

= (PYKEK G, uy, — T, (Ug)) Ho(div)

N// % %
= (PyKEKGu, u') po(aiv) = (Kgv, Kgv')v

where the last step follows since div(u;, — Zp, (us)") L dive by Lemma 6.11. Thus, we
conclude that
T}Lngo<Knpnu up) x, = (1+ Co)(v,v') + (C1 + Co)(Kgv, Kgv')v = (Ku,v') x.

Since N’ C N was chosen arbitrary, we conclude that lim,,_,« ||(pn K — K,pn)ul| x, = 0 for all
u € X which proves the claim. O

Now, we can apply Thm. 2.28 to obtain the following result.

Theorem 6.26. Assume that Assumption 6.1 is satisfied and o, is sufficiently large. Let f € L?
and u € X be the solution to a(u,u’) = (f,u) for all ' € X. Then there exists an index
no > 0 such that for all n > ng the solution u,, € X, to (6.11) exists and lim,,_, . dy, (u, uy,) = 0.
Additionally, if u € X N H?$, s >0, p € W% and b € W'+5> then

dp(u,up) S hg‘in(lJFSvk) + h%nin(s,lb) i hglin(s’l"),

Proof. Due to the previous results and Thm. 6.8, we can apply Thm. 2.28 to conclude that
(An)nen is regular. Furthermore, Lemma 4.4 yields the injectivity of A and with the same
argumentation as in the proof of Thm. 5.33, we can show that the right-hand side of the
discrete problem P-converges towards the right-hand side of the continuous problem. Thus,
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

we can apply Thm. 2.17 to conclude the existence of discrete solutions u,, € X,, to (6.11) for
all n > ng. That lim,,_,+ d,(u,u,) = 0 follows from the same argumentation as in [Hal23,
Thm. 19], see also Thm. 5.33. To show the desired convergence rates, we estimate as in the
proof of Thm. 5.33 that

dn(ua un) < dn(uapnu) + Hpnu - unHXn S dn(uypnu) + ||An(pnu - un)HXn

For the first term of the right-hand side, we apply Lemma 6.3 to obtain the convergence rate
dn(u, pru) < pRin(+5k) gor the second term, we compute

|An(Pru — un)lx, = sup  |an(pru — Up, U;z)‘

= O(dn(u,ppu),n — 00) + sup |[(c2pdiva,divy ul,)
llufll x, =1

— (pl(w + i + i), (w + iDf + i) — i (ypu, ) — (F,0l)],

where we proceed as in the proof of Thm. 6.8 to obtain the terms of order O(d,,(u, p,u),n —
00). Recall that for lp, 1, € N>, we set

Q. = {¢n cL?: "pn‘T € Plb(T) VT € 771}: Qn = {wn cL?: wn‘T € PZV(T) VT € ﬁl}

We note that the calculations from the proof of Thm. 5.33 for the integration by parts of Dy
remain valid. Let 1, € Q,, be the H'-projection of p(w + i0p + iQ2x)u as discussed there.
Furthermore, let v, € Q,, be a H'-projection of c2p divu. Then, we compute

(Zpdivau,diviul) = (P, divial) + (pdivu — ¥, divE u,)
and

(o, divi up) = (Y, divay, + Rhul) 7, = (Yn, divay,) 7, — ({vn}, [un]) 7
=) (ndivag,)r — (Yo, v ul) 120 (6.43)

T7ETn

Thus, we conclude that due to the properties of ,, and 1, that

sup  |[(2pdivau, divEul) — (p(w + i0p + iQx)u, (w + iD} +iQx)ul,)

Il || x,, =1
—iw(ypu, uy) — (f,ur,)|
S llp(w + 0 + iQ2x)u — | g1 + [|c2p diva — P ||
< h?in(s,lb) + hglin(s,l,,)

Applying Lemma 6.3 again, we conclude that

dn(uapnu) S h?in(l—"_s’k) + hglin(s,lb) + h?in(s’l“),
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6.3. Convergence Analysis

6.3.2 Heterogeneous pressure and gravity

Now, we want to consider the general case of heterogeneous pressure and gravity. We recall
that with g := ¢;2p~1Vp, we can express the sesquilinear form a, (-, -) as

an (Un, Uy,) ::<C§p(divﬁ +q)uy, (divy, +q-)uy,)
—{p(w + 1Dy +iQX)up, (w+ iDy +iQx)u,,)
— iw(ypun, uy,) + ((Hess(p) — Hess(¢) — c2pq ® q)un, up,) + s (un, uy,).

Let 7y, : X — X, be as defined in the previous section. We consider the following problem:
For given u,, € X,,, let & € H2 be the solution to

(div+Ppaq - +M)Vo = (div+7,,q - +M)(w, — I, (un)) in O, (6.44a)
v-Vo=0 on 00. (6.44b)

This problem is well-posed due to the arguments from Section 5.2.3.2. We define
b := Py, = Viand v, :== Py, u, =10V + Ipp, (un), (6.45)

where we recall that 7 : H® — [P*(7,)] N H(div), s > 1/2, and set w,, := u,, — v,. We
further note that this construction implies that

div), w, = div,(u, — v,) = divu, + Rln’u,n —divw, — Rflvn (6.46)
= divu, + Rhu, — div Vo — div Ty, (un) — RLZp, (wn) = divawy, '

since R! 7], (un) = RLu, by definition of Zj, . Now, we define an operator T}, : X,, — X,
through
Toy, 1= Uy — Wy, (6.47)

In the following, we will first analyze the operator 7,, and then prove that the weak T-
compatibility conditions from Thm. 2.28 are fulfilled.

6.3.2.1 Analysis of T,

Lemma 6.27. There exists a constant C' > 0 such that || Py, || (x,) < C foralln € N.
Proof. For u,, € X, let ¥ be the solution to (6.44). Then, we have that
9] g2 < W(div +7,q - +M) (wn — Ty, (wa))l 22 S llunl x,-
With the same argumentation as in Lemma 6.12, the claim follows. O

Corollary 6.28. There exists a constant C' > 0 such that ||T,|1,(x,) < C foralln € N.

Proof. This follows from the definition of 7}, and the previous result. O

Now, we show that the sequence (7},),cn is stable. To this end, we proceed as in [Hal23] and
show that the projection Py;, is asymptotically idempotent as a preliminary result.

Lemma 6.29. Let O,, := PVnPVn — PVn- Then lim,,— o0 HOHHL(Xn) = 0.
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Proof. Let u, € X, and vy, := 74V, + Iy, (un) be defined by (6.45). Further, let vy, :=
IHAVA R 71y, (v1,,) be defined by (6.45) with u,, being replaced by v ,, in (6.44). Then, with
the same argumentation as in the proof of Lemma 6.14, we have that 7, (v1n) = Zp, (un).
Furthermore, since Iﬂ_ﬂy(wﬁV@l) = 0 we compute

(div+Pp2q - +M)Vay = (div +m,q - +M)m3 Vi
= m,(div +Praq - + M)V + Mg Voy — m, MV
+alq- (7d —1dx)Viy
= 7l (div +7hq - + M) (uy — Iy, (un)) (6.48)
+ M (g = 1dx) Vo + (Idp —m3,) MV
+nlg- (nd —1dx)Vi,
= (div+rhq - +M)(un — Ipg, (un)) + Optiy,

where O,u, := M(rx% — Idx)V, + (Idpz =) MV o1 + (m, — 1d2) M (wn — Zpy, (un)) +

mlq - (r¢ — 1dx)Vo,. With the same arguments as in [Hal23, Lem. 12], see also Lemma
5.23, we obtain that lim,,_, [|Oy]| L(X,,[2) = 0. This proves the claim since we have that

(div +Pr2q- +M)V (02 — 1) = Onu, and

1(Pv, Pv, = Py, )unllx, S V(02 = 01) [ S 1100l pix,,22) 1 unll -

Note that from (6.48) we have that
(div +7T£Lq-)'wn = —Muw,, — Onu,,. (6.49)

Lemma 6.30. There exist constants ng, C' > 0 such that T;, is invertible and || T, || 1 (x,,) < C
for all n. > ny.

Proof. This follows with the same argumentation as in the proof of Lemma 5.24 from Lemma
6.28 and Lemma 6.29. 0

Lemma 6.31. For each u € X, it holds that lim,,_, ||(Py,,pn — pnPv)ul|x,, = 0.

Proof. The statement follows from the same argumentation as in the proof of Lemma 6.16
with the difference that

1Py — Py ullx < (Pra —m,)(q - w2,

l

which converges to zero since 7,

converges pointwise to PL(z) , cf. also [Hal23, Lem. 14]. [

Lemma 6.32. For each u € X, it holds that lim,,_, ||(T,prn — pnT)ul|x, = 0.

Proof. Follows directly from the definitions of 7', T;, and the previous lemma. O
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6.3.2.2 Discrete weak T,,-coercivity

First of all, we note that the proof of Lemma 6.19 carries over to the heterogeneous case
because it does not depend explicitly on the construction of Vo in (6.25). In contrast, the
proof of Lemma 6.20 has to be adjusted because we make use of the explicit construction of
V0. Note that Lemma 6.21 also remains unaffected.

Lemma 6.33. For u, € X, let v, = Py, u, = 1V + 7y, (un,) be defined by (6.45). Then,
for 6 € (0,1) it holds that

lesp' /2 divg o[22 > (1= 6) (Va2 + (K Py, tn, Py, )y + (Ot ) x,
csp
: (6.50)

1 -
+ (1= 5) (€ +CY2+ W2Cn) unllz, 10020

Proof. We only have to modify the proof of Lemma 6.20 by reconsidering (6.33). We compute

div 7 Vo = 7}, div Vo = 7}, (=(Pp2q - + M)V + (div 47, - +M)(uy, — Ipg, (wn)))
= —(Praq- +M)V + (div +7,q - +M)(u, — Iy, (un))
+ (Id =) (Pr2q - + M)V + (), — 1) M (uy — Ty, (un))
= div V3 + (Id =7, ) (Pr2q - +M) Py, wy + (m, — 1d) M (w, — Ty, (un))
=: AV + O,u,.

With the same techniques as in the proof of Lemma 5.23, we can show that lim,, ||On I L(Xn,L2) =
0. Thus, we have with

(Onttn, ul) x,, = (Epdiv iV, Onu,) + (2 pOntty, div(7iVD)) 4 (2 pOptn, Opul,)
that it holds lim,, .. ||O,]] L(x,) = 0and
(ZpdivrdVo, divriVe) = (AD, AD) + (Optin, uy) x,, - (6.51)
Thus, with (6.28) we obtain that

(2pdiv s, div nle) = |Vf)|ip2 + (KaPy, un, Py un)v + (Opttn, un) x, - (6.52)

CspP

This proves the claim since all other steps from the proof of Lemma 6.20 carry over. O

As in the previous section, we now want to show that we can apply Thm. 2.28. First, let us
recall the following definitions from Section 5.2.3.2. For a symmetric matrix m, we denote by
A_(m) € L™ its smallest eigenvalue. In the following, we set m := —p~ ' Hess(p) 4+ Hess(¢)
and define B

- —A-(m(z)) -
Cyp := max {0, sup 7} and 6 := arctan(Cy,/|w|) € [0,27),w # 0. (6.53)
zeO 7(1‘) -

Now, we first show that we can write A, T,, = B,, + K,,, By, K,, € L(X,,), such that (K,,),en
is compact (Lemma 6.34) and B,, is stable (Lemma 6.36). Then, we show that K, 5 K,

K € L(X) and B, % B, where B € L(X) is bijective (Lemma 6.37). In preparation, we pose
the following assumption on the Mach number of the background flow.
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Assumption 6.2. The background flow b satisfies
1 1

lles b3 < — : (6.54)
o OIS R T+ OB Il
where é’# > 0 is the constant from Lemma 6.19.
For u,,u, € X, we now define with constants C;, Cy > 0 to be specified lateron
(Bnun,up)x, =
(Zpdiv? v, divi V) — (piDyv,,iDv)) 4+ (prl(q - w,), 7l (q - w))) (6.55a)
— {piDg vy, (w+iDg +iQx)w,,) + {p(w + iDp + iQx)wy,, iDgv,,) (6.55b)

+ (p(w + iDy + iQ2x)wy, (w + Dy + QX )w),) + (p(iwy + m)wy,, w),) (6.55¢)
+ (vn, vp,) + CL{(KG Py un, Kg Py uy)v + (Mwy, Mw,,) + (Optty, Opul)  (6.55d)
+ s (wn, ul,) (6.55€)

and

(Kpup,u))x, =
CQ(<Un, )+ (KgP‘ynun, KGPf/nU%)V + (Onun, Onum (6.56a)
+ (Mwy,, Mw,,) + (mean(q - w, ), mean(q - w},))) (6.56b)

+ (cipq vy, divl vl) + (cgpdivﬁ VU, q - v),) — (p(w + iQx)vy,, (w+iQx)v),)  (6.56¢)

— {p(w + iQX) vy, iDgv)) — (piDgvy,, (w + iQx)v),) — iw(ypvn,, vl) (6.56d)
— (pmwv,,v;,) (6.56€)
— (pmoy, wy,) — iw{ypvg, wy) — (o (q - vn), 7y (q - wy,)) (6.56f)
— {p(w + QX)) vy, (W + iDy + iQx)w),) (6.56g)
— (Zp(div? +7t g vy, Mw!, + Opul,) + (Ep(Id —7!)(q - vy,), divaw!,) (6.56h)
+ (pmawn, v)) + iwlypwn, vy,) + (c2pm,(q - wn), T (g - v))) (6.561)
+ (p(w + iDY + i) w,, (w + iQx)v),) (6.56j)
+ (2 p(Mw,, 4+ Opuy,), (div? +7t.q-)v)) — (2 pdivaw,, (Id —7l)(q - v))) (6.56k)
— (2p(Id —mean — 7})(q - wy,), divw!,) — (c2pmean(q - w,,), divw!,) (6.561)
— (2pdivwy, (Id —mean — 7)) (q - w),)) — (¢?p div w,, mean(q - w,)) (6.56m)
—(Ep(Mw, + Onuy), Mw!, + Opul,). (6.56m)

Then, we set B, := B,, + K,, and define

<Knun, u%)Xn = (1 + 02)<’Un, ’U;Z> — (Cl + Cg)(KGanun, KGanu;JV (6.57a)
- (1+ Cy){Mw,,, Mw!) — Cy(mean(q - w,), mean(q - w,,))  (6.57b)
- (1 + 02)<O~nuna ONn'“f%) (6.57¢)

We note that the uniform boundedness of B,,, n € N, follows from straightforward computa-
tions.
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Lemma 6.34. It holds that A, T,, = B, + K,, and (K,,)nen is compact.

Proof. We note that the operators K,, and K, give us compact sequences, see also Lemma 5.27
and the argumentation in Lemma 5.28. To see that indeed A, T,, = B, + K,, we first recall that
div], w,, = divw,, by construction, see (6.46). Furthermore, since we have that [v, ], = [u,].,
it holds that sj(T,un, u,) = sh(v,,v,) = sh(un,ul,). Due to (6.49), the same argumen-
tation as in Lemma 5.28 applies, where the term —(c2pdivw,,divw/,) is reformulated
into (6.561)-(6.56n). Similarly, the reformulation of the terms —(c2 div% vy, (div +¢q-)w!,) —
(c2p(div +q-)w,, div v!) into (6.56f)-(6.56h) and (6.56i)-(6.56k) follows with the same
argumentation as in Lemma 5.28. O

Lemma 6.35. Let Assumption 6.2 be satisfied. Then, for a,, sufficiently large, there exists an
index ng > 0 such that the operator B,, € L(X,,) defined by (6.55) is uniformly coercive for all
n > nog.

Proof. We built upon the argumentation in the proof of Lemma 6.23 and estimate the addi-
tional terms in (6.55) as done in the proof of Lemma 5.29. Due to the smallness assumption
on the Mach number, cf. Assumption 6.2, we can find ¢,6 € (0,1), 7 € (0,7/2 — ) and ng > 0
such that

Coresmo :=(1—10) — (C’f)Q(l + sup hiC’W)HcS_leQLoo(l +tan?(@ + 7)(1 — €)™t —¢)

n>ngo

—e(1=5+4Cy) >0,

where Cs > 0 is the constant from Lemma 6.33, see (6.38). We estimate with the definition of
# and a weighted Young’s inequality

1 . -
—i(0+7)sgnw B
cos(0 + 1) §R(e (Bntin, un>X”>

= [lesp'? divp vall72 — llp" 2 Dynl|ze + llvallzz + CillKa Py, unll + | Mwn|7.
O + lleap 22 (q - wn) |2 + 192w + 1D} + i) w22 + (pmay, w,)
+ 2tan(6 + T)Sgnw8<<p(w +iDp +iQX)wy, iD{fvn>>

B

Uz“’ﬂ”%ﬂ + 5 (U, )

+ |w[ tan(6 + 7)||(vp)
> ||epdiv vall7e — (1+ tan®(0 + 7)(1 — ) ~)[lp" 2 Dy + [|val|7

+ C1llKa Py, unlly + | Mwal|Z2 + [Ounl72 + llesp' (g - wn) |72

+ellp" (W + iDp + i )wy[72 + |w|(tan(@ + ) — tan(0)) ]| (v0) " *wn |72 + 57 (wns ).

With the same arguments as in the proof of Lemma 6.23 and the use of the adapted estimate
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Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

from Lemma 6.33, we obtain for o, > BC2Ny + Cs + ¢

le2pdivy vall7> — (14 tan®(0 +7)(1 — €)"")[lp" 2 Dywn|® + val 7
+ C1l| K Py, wnlly + 55 (tn, wn)

> ¢(llesp 2 divi vall3a + 102 Dgvnl 3 ) + Crno (1990, + ltnll 7,1 /2020)
CspP

1
oz + (0w = BCENo = Cs ) lutallz a2ty + (€1 = 15 ) IKG Py, wally

- (S Slé% HPVWH%(mev) + HOVR“L(Xn))”un|"2X-n

. 1
> eminfe’p. p. Y oale, + (€1 — 15 IKa Py, wally

— (8 sup HPf/mH%(Xm,V) + 0nll x,)llunll,
meN

Furthermore, since (div +7,q-)w, = —Mw, — Ou,, see (6.49), we have that
A(| Mw,|[7 + [ Ounll72 + [lesp™?ml(q - wy)[132) > || divaw,||7
and since div w,, = div,, w, this yields
|Mwn 7> + [OunlF> + lcsp™ >l (q - wn)l|72 + €]l p/*(w + iDF + iQx w7
+ [w|(tan(0 + 7) — tan(6))|| (vp)*wnl|7. 2 llwnll%,

Combining both estimates, we obtain with a constant C'z > 0 independent of , 6 and n > ng
that

1
cos(0 + 1)

1 ~ .
> Cplualle, + (1 = 351G Pyl = (65w 1Py, I ox,,.v) + 100l
m

R (efi(9+7)sgnw <Bnun7 Un>Xn)

Thus, with the same argumentation as in the proof of Lemma 6.23, we can choose &, n; > ng
and Cj > 1/(49) such that for all n > n, it holds that

1
cos(6 + 1)

Cj
§R(e—z(éH-r)sgnw(B umu"> ) > BHunHXn

which proves the claim. O

Lemma 6.36. Assume that Assumption 6.2 holds true and that o, is sufficiently large. Then,
there exists an index ng > 0 such that the operator B,, := B,, + K, is uniformly coercive for all
n > nog.

Proof. The previous Lemma established the coercivity of B for n > ng and o, sufficiently
large. To show that K,, is coercive, we notice that K,, as defined in (6.56) only differs from
K, as defined in (5.45) by the terms corresponding with the discrete divergence div". In
particular, we have that div] w,, = divw,. Due to the boundedness of the lifting operator
Rlv, the inclusion of || - || 7, 1/2,, in the | - || x,-norm and |[v,|| £, 1/2. = [[wnl 7, 1/2,,, We can
argue analogously to the proof of Lemma 5.30. That means that we can estimate

|{c3p(1d —mean — ;) (g - wy), div wy,) < [1g||p< |wnl| 2]l (1d —mean — ;) (¢} p div w}, )| .2
< llgllze l[wn| L2 (C5 ) hin| div wn | 2
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6.3. Convergence Analysis

and define the seminorm
[unl3,, = lvallk, + |1 Ka Py, unlly + [ Ontn 72 + [|Mwy|[72 + |mean(q - wn)]7..
Then, we can estimate for constants Cy,;, Cy2 > 0 with the weighted Young’s inequality that

1

- - —i(0+7)sgnw K ) > 2 _p, 2
cos(¢9+7)§R<e (Entn, un)x, ) 2 Colunly, = hnCyallunlx, = Cva

Thus, with Lemma 6.35 and an application of the weighted Young’s inequality, we obtain

1

—i(0+7)sgnw
cos(f + 7_)§R<e <Bnu"’u">X">

C-
> TBHunH?Xn + CQ’un@/n - hnCYJHunH_QXn —Cyp Ul x, [Uny,

> (8 Oy e, + (0 - %‘;) funl?,.

Choosing Cy > 032,72 /C5 and n large enough such that h,,Cy,; < C5/4 yields the claim. [

Lemma 6.37. Let A € L(X) be the operator induced by the continuous sesquilinear form af(-,-).
Then, there exist operators B, K € L(X) such that B is coercive and AT = B + K. Furthermore,

we have that B,, > Band K,, 5 K.

Proof. Let B,K € L(X) be the operators defined by in the proof of Lemma 5.31, that
is (5.50) and (5.51) respectively. We recall that B is coercive and that AT = B + K.
Furthermore, with the same argument as in Lemma 5.31 or Lemma 6.25, it suffices to
show that K,, = K to conclude that B, = B. Let u/, € X, ||u,|x, = 1 be such that
|(pn K — Kppn)unllx, < |[(pnKu — Kpppu,ul)x,| + 1/n and let N € N be an arbitrary
subsequence. Due to Lemma 6.7, we can choose a subsequence N’ C N’ and v’ € X such

L2 . L2 .. L? .
that u;, = «’, div, u;, = dive’ and D}u], = 0pu’. We note that we only have to adjust the
estimates in (6.41) and (6.42) by taking into consideration that

1Pvu — Py e S 1(Prz — ) (g w)7e.
Thus, we have that
(v, vp) = (Pv, P, v,)| Sholl Pyl g + di(u, pru)
+ (P2 — ) (@ - w72 + |Zpp, (pow) | x,,
and
[(Kev, Ko Py, un)v — (Ko Py, paw, Ko Py, up)v| S [|(Pra = m3) (g - w172 + dn(u, pou).
With the same argumentation as in the proof of Lemma 5.31, it follows that

[(Mw, Mw,,) — (Mw,(pyu), Mw,)| <|lpnPru — PVnpnuHH(div)
+ dp,(u, ppu) + dp(Pyu, pp Pru),

and

{(mean(q - w), mean(g - w,)) — (mean(q - wy (p)), mean(q - )|
SJ HpnPVu’ - PVnpnuHH(div) + dn(uvpnu) + dn(PVu;pnPVu)-

102



Chapter 6. A fully discontinuous Galerkin discretization of Galbrun’s equation

Finally, we denote by S := V((div +P2q - +M)V)~" € L(L§, V) and compute

<KGv,KgP‘~/nu;1>V
= <K5Kg’v,P‘*/n’u,;L>V
= (K&K, Py (uy, — Iy, (up)))v + (KGKgw, S(m, — Pra)(q - (uy, — I, (up))))v

= (PyEEKa, uy — Ty, (un) Hy(aiv) + (7, — Pr2) SKEKav, g - (uy, — Tpg, (4)))) Hodiv)

nel (PyKEKqvu,u')y = (Kgv, Kgv')v,

l

2
where the last line follows since , converges pointwise to P2 and div(u,, — Iy, (uy,)) LN
div v/ by Lemma 6.11. Thus, with Lemma 6.10, Lemma 6.4 and the pointwise convergence of

m;, towards Py we obtain that

lim (K, pau,ul)x, = (Ku,u')x.
n—oo

O]

Theorem 6.38. Assume that Assumption 6.2 is satisfied and let «,, be sufficiently large. Let
f € L? and u € X be the solution to a(u,u’) = (f,u') for all u' € X. Then, there exists an
index ng > 0 such that the solution u,, € X,, to a,(un,u,) = (f,ul) for all u), € X, exists for
all n > ng and lim,, . dy,(w, u,) = 0. Furthermore, ifu € X N H?**5, s > 0, p € W+ and
b € Wt then

dn(u,un) 5 hnmin(l-i-s,k) + h?in(s,lb) + h;?in(s’l").

Proof. As in the proof of Thm. 6.26, we note that we can can apply Thm. 2.28 to conclude
that (A, ),en is regular due to the previous results and Thm. 6.8. Furthermore, with the
same argumentation as in the proof of Thm. 5.33, we have that the right-hand side of the
discrete problem P-converges towards the right-hand side of the continuous problem. Together
with the injectivity of A, cf. Lemma 4.4, this allows us to apply Thm. 2.17, which yields the
existence of discrete solutions u,, € X,, to (6.11) for all n > ny. With the same argumentation
as in [Hal23, Thm. 19], see also Thm. 5.33, it follows that lim,,_,, d,,(u, u,,) = 0. For the
convergence rates, we notice that the argumentation from the proof of Thm. 6.26 can easily
be adapted to the heterogeneous case since we only have to consider the partial integration of
the additional pressure term (Vp - u, div® /). Let ¢),, be a suitable H'-interpolator of Vp - u.
Then, we compute

(Vp -, diviaul) = (P, diviul) + (Vp - u — ), div? ul,)
and with the same argumentation as in (6.43)

<¢mdivﬁ un) = <7Z’na div ’u';L + Réuw% = <@;n’div U;L>7;L - <{{¢n}7 [[U;L]]Vb:n
= —(Vin,up) = —(V(Vp-u),up) + (V(Vp-u— 1), uy,)

Since |[Vp - u — Ul < A2™*™) the same argumentation as in Thm. 6.26 yields the

claim. O
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6.4. Hybridization

6.4 Hybridization

Similar to Section 5.2.4, we want to discuss the possibility of hybridization for the fully
discontinuous scheme to reduce computational costs. As before, we only introduce the
necessary modifications to the formulation and do not discuss the analysis in detail. In contrast
to Section 5.2.4, where we only introduced facet variables for the tangential component, we
now also introdce an additional facet variable for the normal component, see Fig. 6.1. Thus,
we define the hybrid space X!PS by

X6 .— X« L2(Fp,).

In addition to the introduction of a hybrid version of the vector-valued lifting E,y from Section
5.2.4, we introduce a hybrid version of the scalar lifting operator. For 7 € 7, let zﬁT € @, be
the solution to

<£2Tunawn> = _<[%]]Ua ¢n>L2(8r) for all wn € Qn- (6.58)
We set Ef; = ZTGT" Q‘?T and define the discrete divergence operator div, u,, by
(diviau,)|; := diva,|; + RYu,|,, 7€ T (6.59)
(a) DG (b) HDG

Figure 6.1: Comparison of DG and HDG degrees of freedom.

Then, we consider the problem: Find u!PS € XHPS such that
afP8 (u,,, ul) = (f,ul,) for all u), € XS,

where the sesquilinear form a!PS(., .) is defined by

QP (a1, ) = (2 pdiv iy, divial) — (p(w + iDf + QX )y, (w + iDf + X))

n n
- (divPun, Vp - ) + (Vp- g, divi,) + ((Hess(p) — p Hess(9))un, )
— iw(ypun, up) + sp(wn, uy,).
To analyze the hybrid fully discontinuous Galerkin discretization with the techniques discussed
in Part I, we would have to show that the scheme can be interpreted as a discrete approximation
scheme. The most notable difference to the analysis in Section 6.2 is that the compactness
result from Lemma 6.7 would need to be adjusted to the hybridized setting. With techniques
similar to [KCR21, Thm. 4.3], we can show the following result.

Lemma 6.39. Let u,, € X, := XHP6 be such that sup,,cy ||un||x, < oo. Then there exists a
L? . L? .. L?
subsequence N’ C N and uw € X such that u,, = u, divpu,, — divu and Du, = Opu.

Afterwards, the construction to establish weak T-compatibility from Section 6.3 would have
to be adapted to the hybrid setting as well by suitably incorporating the additional facets
variables. We leave a detailed analysis of the hybrid fully discontinuous Galerkin scheme for
future work.
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CHAPTER 7

Numerical experiments

In this section, we perform numerical experiments to compare the previously introduced
methods computationally. First of all, we summarize the methods that we are considering
and give remarks on their implementation. Then, we validate the theoretical convergence
rates by considering convergence against an artificially constructed exact solution and a
reference solution. Afterwards, we explore the possibility of hybridization to reduce the
computational costs, consider the effects of the stabilization term introduced in Section 6.1,
and investigate the choice of stabilization parameters for the symmetric interior penalty
variants of the considered discretization schemes. Finally, we consider a computational
example with physically relevant coefficients for the sun. We conclude the section with a
discussion of the challenges that arise when considering the application of the developed
discretizations to computational helioseismology. The numerical experiments can be replicated
with the provided reproduction files [Bee23].
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7.1 Methods and implementational remarks

Before we delve into the numerical experiments, we want to provide an overview of the
different methods that we are considering. The overview encompasses the discrete spaces X,
the sesquilinear forms a, (-, -) and remarks on the implementation.

H'-conforming finite element discretization.

The first method under consideration is the H'-conforming discretization introduced by Halla
et. al. [HLS22], which we discussed in Section 5.1. We consider the following problem: Find
u, € X, ={uc H :u-v=00n00,u|, € P*(r) Vr € T,,} such that

1
CLS (umu;) = <fn7u;L> vu;l € X,

where the sesquilinear form aﬂl (+,-) is given by

Hl
n

(U, ) = (Epdivau,, dival,) — (p(w + idp + iQX)ty, (W + i0p + iQx)ul,)
+{divu,, Vp-ul) + (Vp - uy,divu,) + ((Hess(p) — pHess(¢))un, ul,)

— iw(YpUn, uy,).

a
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7.1. Methods and implementational remarks

To incorporate the boundary conditions v - u,, = 0 on 90, we use Nitsche’s method, cf., for
example [JS09]. This means, that we consider the finite element space [P*(7,,)]? " H' and
add the following terms to the sesquilinear form:

k‘2

: ) «
- (cgpun ‘v, divul) oo — (c?p divug,, ul)oo + { N cgpun, u )0, (7.1

h
where ay > 0 is a stabilization parameter.

H(div)-conforming discontinous Galerkin - Lifting variant.

The second method that we are considering is the H (div)-conforming discontinuous Galerkin
discretization, as introduced by Halla [Hal23] and reviewed in Section 5.2. We consider the
problem: Find u,, € X,, := {u € Hy(div) : u|, € P*(r) V7 € T,,} such that

ag(div),LS(umu;) = (fu uy) Vu, € X,

- H(div),LS
where the sesquilinear form A

is given by
aH@VLS (! ) = (P pdiva,, dival,) — (p(w + iDF 4 iQx)up, (w + iDY + iQx)u!,)
+ (div up, Vp - u)) + (Vp - up, divul,)

+ ((Hess(p) — pHess(¢))un, uy,) — iw(yptn, uy,).
(7.2)
To implement the method, we follow Remark 3.29. By definition of D}, we have that

—(p(w + 1D + iQX)up, (w + iDg +iQx)ul,) 7,
= —(p(w +i(Bp + R.) 4 i) up, (w + (0 + RL) + iQx)u! )7,
= —(p(w + i0p + IV ) U, (w + 1 + 1)) 7, — (PiRL Uy, (W + i0p + iQ2X)ul, )T,
— (p(w + 0 + i)y, iR ul) 1. — (piR wy,, iR )T

Due to the definition® of the lifting operator (5.20), (-,i-) = —i(-,-) and (u,v) = (v,u), we
have that

—(piR}un, (w + i0p + i )up) 7, = —i(p[un]p, {(w + 0 + i )ur }) 7,

—(p(w + 10 + QX )y, iR Ul )7, = —i{pf(w + 10y + i) u, }, [t ]s) 7, -

Furthermore, we introduce a variable » = R\ u,, € Q,, such that

—(piRyun, iR,y ) 1, = —(pr, Rlul)7, = (p{r}, [un]b) 7,
By definition of the lifting, » € @Q,, solves

(pr, 8)7,, = —(plunle, {s}) 7, forall s € Q.
Thus, we implement the term —(p(w + iD} 4+ iQX)uy, (w + 1D} + iQx)u;,) in (7.2) through
a mixed formulation as in Remark (3.29) through the following terms:
(p(w +i0p + QX )up, (w + i0p + X )y, ) 7, — ip[un]p, {(w +i0p +i2x)us }) 7,
—i{p{(w +i0p + i )un}, [unlo) 7, + (p{r} [ur]s) 7.
= (pr, 8)7,, — (plunle, {s}) .-

We note that the boundary conditions v - u,, = 0 on 9O can be directly incorporated in to
the H(div)-conforming finite element space X,,. Thus, we do not have to add any additional
terms to the sesquilinear form.

!Technically, we redefine R!, such that for n € W">°: (nRLun, ¥n) = —(n]un]s, {10 }) 7, for all p, € Q...
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Chapter 7. Numerical experiments

Remark 7.1 (Preasymptotic stability). The convergence theorem 5.33 states that there exists an
index ng > 0 such that a unique discrete solution u,, € X, exists for all n > ny and u, 5 .
That means that the method is asymptotically stable. However, we have no specific knowledge of
ng. To ensure that the method is numerically stable, even pre-asymptotically, we add the terms
that implement the lifting operator twice.

H (div)-conforming discontinuous Galerkin - SIP variant.

For the sake of comparison, we will also consider a symmetric interior penalty variant of the
H(div)-conforming discontinuous Galerkin method. That means, we consider the problem:
Find u, € X, := {u € Ho(div) : u|, € P*(r) Vr € T,,} such that

ag(div),SIP(umu;&) = (frr ) Yu, € X,

e H(div),SIP
where the sesquilinear form an( ),

H(div),SIP
n

is given by
(un, ul) = (Epdivuy,, divul,) — (p(w + i0p + QX )y, (w + i0p + 1 QX )ul,)
+ (pf(w + 10y + 10 )un }, [uy,Jo) 7, + (pf(w + 10 + i) ur, }, [un]s) 7,
— (=2 [unlo: [ o) 7,
+ (div uy,, Vp - ul) + (Vp - uy, dival,) + ((Hess(p) — pHess(¢))un, ul,)
— iw(yptn, uy,)

for a stabilization parameter «y > 0. In contrast to the lifting stabilized version from [Hal23],
the penalty parameter oy has to be chosen large enough to ensure stability.

a

Fully discontinuous Galerkin - Lifting variant.

Furthermore, we consider the two fully discontinuous Galerkin discretizations that were
introduced and analyzed in Chapter 6. We consider the problem: Find u,, € X,, := {u €
L?(0) : u|, € P¥(r) V1 € T,,} such that

G’BG’LS’ﬁ(umu;1) = <fna’u’;1> VU;L € Xy,

where the sesquilinear form a2 is given by
aPOSB (uy, ul) = (Epdivi u,, divi ul) — (p(w + iD} 4+ iQx )y, (w4 iDY + iQx)ul,)

AVt V-t + (Vp -t liv ) + ((Hess(p) — p Hess(6) a2t
— iw(ypun, up) + s (wn, uy,).

We recall that from Remark 6.1 that the choice 5 = 1 yields a SIP formulation for the diffusion
operator, i.e. we have that

aPOLSY (y, ul)) = (P pdivu,, dival) — (p(w + iDP 4+ iQX ) Uy, (w + 1D + iQx)ul,)
—(Gofdivun}, [up]) 7, — (Gofdive}, [ua) 7, + (Cip%[{unﬂ, [w,]) 7,
+{divay,, Vp - ul) + (Vp - uy,,divau,) + ((Hess(p) — pHess(¢))un, ul,)
— iw(ypun, up,)
For 8 = 0, we have that

AR50, )

= (ZpdivD u,, dive ul) — (p(w + iD} + iQx )y, (w + iD} + iQx)ul,)
+{divl wp, Vp - ul) + (Vp - uy, divi ul) + ((Hess(p) — p Hess(¢))wn, ul,)

. (6%
- zw<’7pun7 U;L> + <C§p7u [[unﬂua IIu’ln]]l/>fn
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7.1. Methods and implementational remarks

For the implementation of D;}', we follow the same approach as for the H(div)-conforming
lifting method. In the case that 5 = 0, we apply the same argumentation for the discrete
divergence operator. By definition of div;,, we have that

(Epdivl uy, divi ul) 7, =(Epdivu,, divul) T, + (pRYu,, divu)) T,
+ (Epdivu,, R¥ul )7, + (2 pRYu,, R¥u! ).

Using the definition of the lifting operator (6.8), we obtain

(PR, divadl )7, = - ~(clpluly v s},

(pdivuy, Ryu,)7, = —(p{divun}, [u]u) 7,
We now introduce the auxillary variable r» = Rﬁ;’un € (), to obtain

(PR wn, Ry w7, = (GGpr, Riyur)7, = —(cpfr}, [unlo) 7,

where r € @, solves

(Epr, ), = —(Ep[un]y, {s}) 7, forall s € Q.

Altogether, we implement the term (c?p divy u,, div u,) through a mixed formulation as in
Remark (3.29) through the following terms:

(Zpdivug, divuy) — (plunly, {divar}) 7, — (Epfdivun}, [u]u) 7,

— (c2pfr}, [unlv) 7, — (o sh7, — (cEplunlv, {5} 7.
Similar to our approach for the H'-conforming method, we add a Nitsche boundary term to
incorporate the boundary conditions v - u,, = 0 on JO. Thus, we consider the finite element

space [P*(7,,)]¢ and add the terms
]{72

. . aN
— (Epu, v, dival) oo — (Epdivau,, ul,)so + ( Epun, ul) oo, (7.3)

h
where ay > 0 is a stabilization parameter.

Fully discontinuous Galerkin - SIP variant.

As for the H(div)-conforming method, we will also compare the introduced discontinuous
Galerkin methods with a symmetric interior penalty variant. That means, we consider the
problem: Find u,, € X,, := {u € L*(O) : u|, € P*(r) Vr € T,,} such that

DG’SIP(unv W) = (Frouy)  Vu, € X,

where the sesquilinear form aD%S™ i

is given by
alSSP (u, ul)) = (Epdivay, dival,) — (p(w + i0p + QX )un, (W + idp + 10X )ul,)
+ P{(w +i0p + QX )un }, [up]o) 7, + (pf(w +i0p +iQx)un }, [un]e) 7,

pob . 2 [ o, [, ]5) 7,

(
—
. o
= {esp{divun}, [ui )7, — (Sofdivan}, [unlu) 7, + (cp= [unlv, [wilo) 7.,
+ (div up,, Vp - u)) + (Vp - up,, divul,) + ((Hess(p) — pHess(¢))un, ul,)

— ([unlv {Vp-u,}) — {Vp - un}, [ur]o)

— 1w (YPUn, Up)
for stabilization parameters ap, oy, > 0. In contrast to the lifting stabilized method from
Chapter 6, we have to choose the penalty parameter « sufficiently large to guarantee stability.

To incorporate the boundary conditions, we add the Nitsche boundary terms (7.3) to the
sesquilinear form.
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Chapter 7. Numerical experiments

7.2 Convergence studies

First of all, we want to examine the convergence behavior of the different method? introduced
in Chapters 5 and 6. To this end, we consider the computational examples from [HLS22,
Sec. 4.2]. We choose the domain O = (—4,4)? C R? and use a shape-regular unstructured
simplicial mesh with initial mesh size 4 = 1 such that for each refinement level L, we have a
mesh size of h = 27, Furthermore, choose the following parameters:

p =15+ 0.2cos(rx/4)sin(ry/2), 2 =1.44+0.16p, w=0.782m,
v=0.1, Q= (0,0), p = 1.44p + 0.08p°.

The background flow b is chosen as

) ( sin(mx) cos(my) ) ’ (7.4)

p \— cos(mzx)sin(my)

where ¢, € R is a constant that scales the background flow. We note that b- v = 0 on 9O and
div(pb) = 0. The source term f € L? is chosen such that the exact solution is given by

_ 1 (I+i)g
Uexact = P <_(1 —l—i)g) ) (7.5)

where g(z,y) is the Gaussian given by

9(z,y) = Va/mexp(—a(a® + y*)).

In this case, we set a = log(10%) such that g equals \/a/7107% ~ 2 - 107% on the unit circle.
Thus, we can assume the boundary condition v - u = 0 is fulfilled approximately. For this
example, we choose the Nitsche parameter as ay = 2! as in [HLS22]. We measure the
error of the discretization methods in the || - || x-norm, which we interpret for the H(div)-
conforming DG and full DG methods in a broken way, i.e. for u,, € X,, ¢ X, we interpret
llunl|x = ||un||x,7, with || - || x,7, as in (6.15). We note that we have || - | x 7;,, < || - || x,, for
the X,,-norms defined in Sections 5.2 and 6.1. Figure 7.1 displays the error in the || - || x
norm for the H'-conforming-, the H(div)-conforming discontinuous Galerkin-, and the fully
discontinuous Galerkin discretization with 5 =0 and § =1 for k € {2,3,4,5} and ¢, = 0.1
which leads to a Mach number of ||c;1b[|2.. ~ 0.003. For the H!-conforming method, we
observe stable convergence of order k for £ > 3, which is in accordance with the theoretical
results from [HLS22]. While the error deteriorates for k = 2, this is not unexpected since the
requirements to satisfy Assumption 5.1 are not satisfied. For the other three methods, we
observe stable convergence of order k for all £ € {2,3,4,5} as expected from Thm. 5.33 and
Thm. 6.38.

For the H (div)-conforming DG method, we also consider the second example from [HLS22,
Sec. 4.2], where the source term f is chosen as

f = (—iw+ 0p) (g) . (7.6)

Then we consider the convergence of the methods against a reference solution computed with
the respective method with polynomial degree k& = 5 and mesh size h = 275. Furthermore,
we choose the Nitsche parameter ay = 2% as in [HLS22]. Figure 7.2 displays the reference

2Unless explicitly specified otherwise, we consider the lifting versions of the H (div)-conforming DG and the
full DG methods.
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10!

10°

10!

1072

llun — ullx

1073

10~*

0 1 2 3 4 0 1 2 3 4
refinement level L refinement level L

DG (8 =0) DG (B=1)

1075

10!

10°

101

102

llun — ul| x

1073

10~

-5 | | | L
10 0 1 2 3 4

refinement level L refinement level L
- =2 k=3-@=k=4—@—k=5

Figure 7.1: Comparison of the H'-conforming method, the H(div)-conforming DG method,
and the full DG method with 8 = 0 and 3 = 1 for Mach number ||c;'b||%. ~ 0.003 and
polynomial degree k € {2,3,4,5}.
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Chapter 7. Numerical experiments

solutions computed with the H(div)-conforming DG method for ¢, = 0.1 and ¢ = 0.4 which
corresponds to the Mach numbers ||c; 'b||%. ~ 0.003 and ||c; 'b||%- ~ 0.053. Furthermore,
Fig. 7.3 displays the error in the || -|| x -norm for the H!-conforming and the H (div)-conforming
DG method for Mach numbers ||c;!b||% = 0.003,0.013,0.03,0.053. We observe only slight
differences between both methods. In particular, we observe a loss of convergence for both
methods for increasing Mach number. Due to the high computational costs associated with
computing the reference solution, similar experiments with the fully discontinuous Galerkin
methods are left for future work.

— 3.0e-02 — 3.0e-02

L 0.025 L 0.025
L 0.02 L 0.02
L 0.015 L 0015
— 001 001
| —oo00s — 0,005
o 0
| 0005 | 0,005
- 001 - 001
0015 _ 0015
L 002 L 002

|- -0.025 |- -0.025

L -3.0e-02 L -3.0e-02

Figure 7.2: Real part of the first entry of the reference solutions for ||c; 'b||2 .. ~ 0.003 (left)
and ||c;1b||2 ~ 0.053 (right) computed with the H (div)-conforming DG method with k = 5
and h = 27°.

H'-conforming method H(div)-conforming

100 5 T ER= T T E
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02|
o] r 1 F ]
E 1073 § *E g ;
I r 1 F ]
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—@— [|c:'b|[2 & 0.003 M= [[cT'b||2 ~ 0.013 == [[cT1b]2 ~ 0.03 =@= [T 'b||2 ~ 0.053

Figure 7.3: || - || x-norm for the H!-conforming and the H(div)-conforming DG method for
Mach numbers ||c;1b||2.. ~ 0.003,0.013,0.03,0.053 with k = 4 against a reference solution
computed with the respective method for k = 5 and h = 27°.
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7.2. Convergence studies

7.2.1 Hybridization

In Sections 5.2.4 and 6.4 we briefly introduced hybrid DG versions of the H(div)-conforming
and the fully discontinuous Galerkin method to reduce the computational costs. While we
did not pursue a theoretical analysis of the hybrid versions, we want to explore how they
perform numerically. Therefore, we return to the first example presented in the previous
section, where the source term f is chosen such that the exact solution is given by (7.5). This
allows us to compute the error in the || - || x norm. First, we consider the hybrid version of the
H (div)-conforming DG method introduced in Section 5.2.4. Figure 7.4 displays the error of
both, the original DG and the hybrid DG, method and the number of non-zero entries of the
associated system matrices as a measure of sparsity. We observe that the hybrid version of the
discretization reduces the number of non-zero entries and therefore the computational effort
significantly while achieving the same accuracy.

10° #

100 F E B o

N |

Bl 1 s f ]

| [ 1 E I i

§ 1072 ¢ E 10° F E
1073 | E 107

refinement level L
—-@—k=2-@-k=3-@-k=14

Figure 7.4: || - || x-error of the H(div)-conforming DG- and the hybrid H (div)-conforming DG
method (dashed) for ||c;!b||2 ~ 0.003 and polynomial degrees k € {2,3,4} (left) and the
non-zero entries of the associated system matrices (right).

Now, we also want to consider a hybrid version of the fully discontinuous Galerkin method, as
briefly introduced in Section 6.4. To this end, we make the same comparison as in Fig. 7.4
for the fully discontinuous case in Fig. 7.5 for § = 0 and in Fig. 7.6 for 5 = 1. We fix the
stabilization parameter a,, = 1000 - k2 for both methods. For 3 = 0, the error of the hybrid
method agrees with the error of the DG method except for k = 4 at the last refinement level,
where the chosen stabilization parameter «,, might be too small to ensure the stability of the
HDG method, cf. also the discussion in Section 7.2.2. As before, we observe a significant
reduction in the nonzero entries of the matrix, which improves the computational feasibility.
For g = 1, we achieve the same errors with the hybrid DG method as with the DG method,
while reducing the number of nonzero entries. In comparison with the casee where 5 = 0, the
reduction is less pronounced; nevertheless, the reduction is still significant.

Altogether, we observe that the hybrid versions of the H(div)-conforming DG and the fully
discontinuous Galerkin method reduce the computational costs significantly while achieving
the same accuracy as the original methods. Therefore, hybridization seems to be a promising
approach to reduce the computational complexity of the methods making them more feasible
for physically relevant applications. For the fully discontinuous method with g = 0, the
stabilization parameter «,, might have to be chosen with special care to ensure that the
method is stable.
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Figure 7.5: || - | x -error of the fully discontinuous Galerkin- and the hybrid fully discontinuous

Galerkin method with 3 = 0 (dashed) and o, = 1000-k? for ||c; 1b|% - = 0.003 and polynomial
degrees k € {2,3,4} (left) and the the non-zero entries of the associated system matrices
(right).
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Figure 7.6: | - || x-error of the fully discontinuous Galerkin- and the hybrid fully discontinuous

Galerkin method with 3 = 1 (dashed) and a,, = 1000-k? for ||c; !b||%« ~ 0.003 and polynomial
degrees k € {2,3,4} (left) and the the non-zero entries of the associated system matrices
(right).
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7.2. Convergence studies

7.2.2 The role of the stabilization term s”

For the fully discontinuous Galerkin method we introduced a stabilization term si defined by
Qy
Sg<um uy,) = <C§P7[[un]]w [un]) 7, — 5<C§PR£LV (un), Rflf (un,)),

where 3 € {0, 1}. For the analysis in Chapter 6 we required that «,, > 0 is chosen large enough
to prove that the method is stable. Here, we want to explore numerically what happens if
we choose a,, = 8 = 0, i.e. if we do not add any stabilization term. Again, we consider the
exact solution (7.5) and measure the error in the || - | x-norm. Figure 7.7 displays the errors
of the fully discontinuous method without the stabilization term s5 and its hybrid version. We
observe that the DG method still seems to be stable and converges with the expected order of
k for k € {2, 3,4}, while the hybrid DG version seems to be unstable for £ > 3.

DG HDG
10" F 1 F E
B 1 [ ]
100 ElS El
i 1 . :
, i 1F ]
§ 1072 ¢ ERS E
10—3 L | L |
|
—4 1 L L L L L L L
10 0 1 2 3 0 1 2 3
refinement level L refinement level L
—-o-k=2-@-k=3-@k=14
Figure 7.7: || - || x-error for the fully discontinuous and the hybrid fully discontinuous method

with o, = 8 =0 for k € {2,3,4} and ||c; 'b||% ~ 0.003.

A possible reason for the instability of the hybrid DG method could be that the kernel of the
lifting operator is non-trivial. Let us recall the definition of the hybrid local lifting operator
from Section 6.4. For each element T € 7,,, we define ng as the solution to

(T, ¥n) = —([Unllu, Yn)or  Vibn € Qn =P (7).

Then, if u,, € [P*4(T,)]?, we have that [u,], € P*(07), and thus v, € P'(7) might not have
enough degrees of freedom on 07 with [,, = k to ensure that the kernel of the lifting operator
is trivial, cf., Fig. 7.8. It is not quite clear why this issue is not present for the DG method, but
it could be related to the fact that the definition of the DG lifting operator involves the average
of v,,. Thus, it might be possible that we have contributions from neighboring elements that
prevent a non-trivial kernel. In Fig. 7.9 we compare the DG and the HDG method without
the stabilization term s) as in Fig. 7.7, but with an increased polynomial degree of the scalar
lifting variable to I, = k + 4. We observe that the hybrid DG method seems to be more stable
for £ = 3 and only unstable for £ = 4 at the last refinement level. This might be the case
because the higher polynomial degree of the lifting variable prevents a non-trivial kernel. Let
us stress that we do not recommend this modification because a higher polynomial degree of
the lifting variable increases the computational costs by increasing the dimension of @Q,,.
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Chapter 7. Numerical experiments

Figure 7.8: Degrees of freedom of v, € P*(7). In total, we have 15 degrees of freedom, but
only 12 of them are associated with J7.
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Figure 7.9: || - || x-error of the DG method (left) and the HDG method (right) without the

stabilization term s> and increase polynomial degree [,, = k + 4 for the hybrid lifting operator
for k € {2,3,4} and ||c;1b]|% = 0.003.
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7.2. Convergence studies

Altogether, these results show that the stabilization term sﬁ is indeed necessary to ensure that

the method is stable. While the DG method performs adequately without the stabilization
term for this example, it is not clear that this is the case for other scenarios. Furthermore, the
HDG method seems to be more reliant on the stabilization term s&, and does not appear to be

stable without it.

7.2.3 The choice of stabilization parameters for the SIP methods

The main motivation to introduce the lifting operator R/ is to avoid having to choose the
stabilization parameter a4 that would occur in a symmetric interior penalty formulation for
the H(div)-conforming and fully discontinuous Galerkin methods, as this choice would lead to
a more restrictive assumption on the Mach number ||c; 'b||%... However, the implementation
of the lifting operator is computationally expensive, and thus, we want to investigate how the
symmetric interior penalty variants of both methods perform computationally for different
stabilization parameters. We consider the first example from the previous sections where the
exact solution was given by (7.5), which allows us to compute the error in the || - || x -norm. We
compare the errors of the SIP versions with the error of the H'-conforming discretization which
does not involve stabilization parameters. To ensure that the H'-conforming method is stable
without using special meshes, we fix the polynomial degree to k = 4. Figure 7.10 displays
the discretization errors of the H(div)-conforming SIP DG method for ¢, € {0.1,0.2,0.5}
which lead to Mach numbers ||c; 1b[|%. = 0.003,0.013,0.083. To achieve a similar order of
convergence as the H'-conforming method, the stabilization parameter «; has to be chosen
quite large®, e.g. oy > 10* - k2, which can become problematic as the condition numbers of
the system matrices increase with the stabilization parameter. We further observe that for
the higher Mach numbers, the error of the method implemented with a lower stabilization
parameter seems to be worse. Note, however, that the influence of the background flow b
might be mitigated because the right-hand side f is constructed explicitly such that the exact
solution is given by (7.5) and therefore also changes with cp.
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Figure 7.10: Error of the H(div)-SIP method for stabilization parameters ap = 10" - k2,
n € {0,1,2,3,4,5}, and ¢, € {0.1,0.2,0.5} compared to the error of the H'-conforming
discretization for polynomial degree k = 4.

Figures 7.11 and 7.12 show the error of the fully discontinuous SIP discretization for «,, €
{1,10, 100, 1000} with fixed stabilization parameter ap = 10*- k% and o, = 10°- k2, respectively.

3The required stabilization parameters are unusually large in fact. It is not clear why this is the case; it might
be a consequence of the specific choice for b or indicate an error in the implementation.
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As before, we consider ¢, € {0.1,0.2,0.5}. In contrast to the previous example, the influence of
the Mach number is more profound in this example. For ||c; 'b||2.. ~ 0.003 and ||c;1b||2 « ~
0.053, the error with «,, = 1000 - k? is close to the error of the H'-conforming method,
while the lower choices for «,, lead to instability for higher refinement levels. In contrast,
for ||c; b2 =~ 0.083, all choices for ,, perform poorly at the last refinement level. For
ap = 105 - k? the results differ significantly. For ||c;'b||2. ~ 0.003 and ||c; 'b||%. = 0.053,
none of the choices for a, leads to an error approaching the error of the H'!-conforming
method, and for the latter Mach number the choice «,, = 1000 - k? yields the worst results. For
|5 1b]|% « ~ 0.083, the choice a,, = 1 - k? yields the best results which closely match the error
of the H'-conforming method. We note that these effects might be severely influenced by the
condition numbers of the system matrices which increase with the stabilization parameters.
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Figure 7.11: Error of the fully discontinuous SIP method for stabilization parameters «,, =
10" - k2, n € {0,1,2,3} and ap = 10000 - k2, and ¢ € {0.1,0.2,0.5} compared to the error of
the H'-conforming discretization for polynomial degree k = 4.
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Figure 7.12: Error of the fully discontinuous SIP method for stabilization parameters «,, =
10" - k2, n € {0,1,2,3} and ap = 100000 - k2, and ¢, € {0.1,0.2,0.5} compared to the error of
the H'-conforming discretization for polynomial degree k = 4.

We consider a final example with the fully discontinuous SIP methods with ap = 10" - k2
for n € {0,1,2,3,4,5} and fixed o, = 100 - k2 in Fig. 7.13. As before, the results vary
with the Mach number ||c;'b||% .. For example ap = 10° - k? yields the best results for
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llcs tb]|2 0 & 0.013 and ||c;1b||2 ~ 0.083, but is not stable for ||c; 1b||%. ~ 0.003.
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Figure 7.13: Error of the fully discontinuous SIP method for stabilization parameters ap =
10" - k%, n € {0,1,2,3,4,5} and a,, = 100 - k2, and ¢ € {0.1,0.2,0.5} compared to the error
of the H'-conforming discretization for polynomial degree k = 4.

In summary, we notice that the right choice of the stabilization parameters oy and «,, is very
delicate and seems to be dependent on the Mach number. We seem to require unusually large
stabilization parameters «y to ensure the stability of the H(div)-conforming DG and full DG
SIP methods which can lead to a significant increase in the condition number of the system
matrices. We note that this phenomenon might be specific to the example under consideration.
Additionally, we observe that choosing a combination of «; and «,, can be tricky, in particular
since the Mach number seems to have a significant influence on the results.

7.3 Sun parameters in 2D

In this section, we want to consider a two-dimensional computational example similar to
[CD18, Sec. 6] which is motivated by the study of the Sun. In particular, we will use realistic
values for the density p, the sound-speed cs and the pressure p provided by the modelS
[Chr+96] of the solar interior. For the computational examples, we will use a mesh that is
fitted to the drastic change of the density and the sound speed in the convection zone. Figure
7.14 visualizes these changes in magnitude and displays an example of the adapted mesh.

We choose the parameters
W

100’
where the frequency f;, is chosen as 3mHz. Furthermore, with R = 1.0007126 being the
radius of the sun, the background flow is chosen as

N
b_Rcs<ac>' (7.7)

We note that by the construction of the background flow, we have that ||c; 'b||2. = ci. The
source term f is chosen as

W=2Tfng, 7=

f=(—iw+ 0p) (g)
where ¢(z,y) is a gaussian located at (0.5, 0.5) with radius of distribution equal to 0.1, i.e.

g(z,y) = Va/mexp(—a((z — 0.5)? + (y — 0.5)%)), a=log(10%)/0.1%
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Figure 7.14: Mesh (on the left) fitted to the drastic changes in the density and sound speed
(on the right) towards the boundary with mesh size 0.25 in the interior and mesh size 0.025
near the boundary.

Furthermore, we impose natural boundary conditions of the form divu = 0.

For the implementation of the H(div)-conforming DG and the full DG method we use the
hybrid DG versions to reduce the computational costs. Figure 7.15 shows the real part of the
first entry of the solutions computed with the three methods for ¢, = 0.2, i.e. ||c; *b[|2 ~ 0.04,
and k = 6. For these parameters, the results are indistinguishable which indicates that all
three methods perform reasonably well. In Fig. 7.16 and 7.17, the results for ¢, = 1.0 and
cp = 1.5 are shown, i.e. for ||c; b2« ~ 1.0 and ||c; 'b||% = 2.25, which means that the flow
is not transsonic anymore and the smallness assumption on the Mach number is violated. In
these cases, we observe differences between the H'-conforming and the other three methods,
since both, the H (div)-conforming DG and the fully discontinuous DG methods, seem to allow
for more oscillation than the H'-conforming method. This is not necessarily unexpected,
in particular since the three nonconforming methods all involve the lifting operator for the
[-]p-jump which penalizes oscillations weaker than a corresponding SIP method would. Finally,
let us stress that this is merely a visual comparison and since we have no knowledge of the
exact solution, we cannot make precise statements about the accuracy of the methods.

7.4 Towards Computational Helioseismology

To conclude this section, we want to return to the physical motivation behind studying Gal-
brun’s equation — computational Helioseismology. We will not perform numerical experiments
in this Section but rather discuss some aspects of solving the equation in a more realistic
setting.

7.4.1 Reducing dimensions for axisymmetrical geometries

Considering a physically relevant setting, we have to deal with the significant increase in
computational costs associated with solving a three-dimensional problem. It is well-known
that increasing the dimension increases the computational costs, cf. Fig. 7.18. In particular
since solving Galbrun’s equation is already computationally expensive in 2D, this can become
problematic. In the following, we will briefly discuss how the axisymmetrical geometry of the
sun can be exploited to reduce the dimension of the problem.

It has been argued in [Giz+17] that the sun can be considered as axisymmetrical around the
z-axis. In spherical coordinates, we can associate a point « = (r, 6, ¢), where r is the radius,
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Figure 7.15: Real part of the first entry of solutions computed with the H'-conforming, the
hybrid H (div)-conforming DG, and the hybrid fully discontinuous Galerkin-method with

B € {0,1} method for ||c;'b||2. ~ 0.04 and k = 6 on a mesh with maximal mesh size 0.025
in the interior and 0.005 on the boundary.

-8e-10

-1.0e-09

(c) Hybrid DG with 8 =0 (d) Hybrid DG with 5 =1

120



Chapter 7. Numerical experiments

1.0e-09 1.0e-09

8e-10 8e-10

6e-10 6e-10

| ——

4e-10 4e-10

| —

—2e-10 —2e-10

-2e-10 -2e-10

-de-10 -4e-10

-6e-10 -6e-10

-8e-10 -8e-10

— o
—

-1.0e-09 -1.0e-09

1.0e09
8e-10
6e-10
4e-10

— 2e-10

(a) H'-conforming (b) Hybrid H (div)-conforming

1.0e09
8e-10
6e-10
4e-10

—2e-10

-2e-10 -2e-10

I -4e-10
-6e-10
-8e-10

-1.0e-09

-4e-10

-6e-10
-8e-10
-1.0e-09

Figure 7.16: Real part of the first entry of solutions computed with the H'-conforming, the
hybrid H(div)-conforming DG, and the hybrid fully discontinuous Galerkin-method with

B € {0,1} method for ||c;'b||% =~ 1.0 and k = 6 on a mesh with maximal mesh size 0.025 in
the interior and 0.005 on the boundary.
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Figure 7.17: Real part of the first entry of solutions computed with the H'-conforming, the
hybrid H (div)-conforming DG, and the hybrid fully discontinuous Galerkin-method with

B € {0,1} method for ||c;1b||2. ~ 2.25 and k = 6 on a mesh with maximal mesh size 0.025
in the interior and 0.005 on the boundary.

(@ 2D (b) 3D

Figure 7.18: Degrees of freedom for P2-elements on simplices in 2D and 3D for continuous
Galerkin methods. In 2D, we have $(k + 1)(k + 2) degrees of freedom per element, while in
3D we have %(k +1)(k + 2)(k + 3) degrees of freedom per element, cf. [EG21a, Sec. 7.3].
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Figure 7.19: A three-dimensional axisymmetrical geometry (on the left) and an associated
two-dimensional generating section (on the right).

0 the polar angle and ¢ the azimuthal angle. Then, the assumption of an axisymmetrical
geometry means that the solution is independent of ¢ which means that we can consider a
two-dimensional generating section of the original geometry, cf., Fig. 7.19. In particular, this
potentially allows us to decompose the solution of the three-dimensional problem into a set of
independent two-dimensional problems. The authors refer to this setup as a 2.5D problem.
For a more detailed explanation of the reduction of the dimension in the case of Galbrun’s
equation, we refer to [CD18, Appendix C].

7.4.2 Wave propagation in the atmosphere

So far, we have only considered Dirichlet boundary conditions of the form v - u = 0 on 900.
However, this boundary condition neglects the propagation of waves in the solar atmosphere.
In [Hal22], the following coupled system that takes wave propagation in the atmosphere into
account was derived and analyzed:

—V(pc? divu + Vp - u) + Vpdivu + Hess(p)u

—pHess(p)u — p(w + iy + i2x)*u — iwypu = f in B,,, (7.8a)
2n 2n

div (%(@ + iw)‘lw) - cegp” ~0 in BE,, (7.8b)

v- e"p_l(@ + z'w'y)_1Vv =v-u ondhb,,, (7.8¢)

div (e"p_l(@ + iwfy)_IVv> =divue ondB,,. (7.8d)

Here B,, is a ball of radius rs such that suppf C B,, and By, is the exterior domain. We
further assume that in By, the parameters c, p, and p only depend on the radial coordinate
r = |x|. Furthermore, we define my := my + (w +iQx)(w +iQ2x) with my := —p~! (Hess(p) —

pHess(¢) — cipqq”) and n(r) := [ ig’z(r’;’))p(r’ )dr'. Under the assumption that

1

—1z.112
b o0 < - 9 A
Hcs ”L 1 +ta1’l2(9’

where 6 is defined similarly as in Chapters 4, 5, and 6, the system (7.8) admits a unique
solution (u,v) [Hal22, Prop. 5.4]. The implementation of the system, however, remains an
open problem for research. To treat wave equations on unbounded domains, one usually
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7.4. Towards Computational Helioseismology

introduces an artificial boundary on which one has to impose appropriate boundary conditions,
so-called transparent boundary conditions. Unfortunately, traditional methods to incorporate
transparent boundary conditions, for example Perfectly Matched Layers [Ber94], are not
equipped to deal with the strongly varying coefficients in the solar atmosphere, cf., Fig 7.14. To
overcome this issue, a new technique — learned infinite elements — has been developed recently
[Pre21; HLP21] which allows for more flexibility. Applying this technique to incorporate wave
propagation in the atmosphere through (7.8) is an objective for further research.
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CHAPTER 8

Conclusion

Summary

In the first part of the thesis, we introduced the abstract framework that serves as a basis
for our analysis. Specifically, we introduced the notions of (weak) T-coercivity, discrete
approximation schemes and (weak) T-compatibility. Subsequently, we applied these concepts
to the Helmholtz equation to explain the general ideas of the analysis within a more accessible
context. In the second part, we then applied the abstract framework to Galbrun’s equation. We
began by examining the well-posedness of the continuous problem and evaluated two existing
discretization schemes: an H!-conforming discretization [HLS22] and an H(div)-conforming
discontinuous Galerkin scheme [Hal23]. In Chapter 6, we then introduced and analyzed a
fully discontinuous Galerkin scheme for Galbrun’s equation. Building upon the structures
established in [Hal23], we demonstrated that the discretization can be interpreted as a discrete
approximation scheme. Then we constructed a discrete T,-operator such that the discrete
problem is weakly T-compatible in the sense of Thm. 2.28. To conclude the analysis, we
proved optimal order convergence in the || - || x-norm provided the exact solution is sufficiently
regular and the degree of the lifting operators is chosen equal to the polynomial degree of the
discretization. Finally, we performed numerical examples to validate the theoretical results.
We considered the convergence behavior of the method against a manufactured solution and a
reference solution. Furthermore, we considered hybrid versions of the H (div)-conforming DG
and the full DG method to reduce computational costs, considered an example with physically
relevant parameters, and briefly described further computational challenges when moving
toward computational Helioseismology.

Outlook

In Section 7.4 we already discussed some challenges that arise when moving toward computa-
tional Helioseismology: the computational costs associated with physically realistic simulations
and the need for a more sophisticated treatment of physically realistic boundary conditions.
Additionally, we already investigated hybrid versions of the H (div)-conforming discontinuous
Galerkin and the fully discontinuous Galerkin method computationally. One goal for further
research is to analyze these methods with the techniques employed in this thesis by incorpo-
rating the facet unknowns in the construction of the T-operators. Considering the numerical
results in Sections 7.2.1 and 7.2.2, it makes sense to focus on the analysis of the hybridized
fully discontinuous Galerkin method to the case where 5 = 1, i.e. where we are considering
the combination of a lifting method for the convection operator and a symmetric interior
penalty method for the diffusion operator. With this combination, we avoid potential issues
with the kernel of the scalar lifting operator, while also avoiding stronger restrictions on the
Mach number through the lifting operator for the convection term. In view of Section 7.2.3, it
might also be worthwhile to investigate the unusually high stabilization parameters of the SIP
method further.

125



CHAPTER A

Appendix

In this appendix, we collect some broader mathematical theory that is employed through the
thesis and is generally expected to be known by the reader. We assume that the reader is
familiar with the basic concepts of functional analysis, in particular, the notions of Banach-,
Hilbert-, LP-, and Sobolev spaces. The first section deals with fundamental definitions and
results from Operator theory. Then, we discuss Fredholm operators and their properties. In
the final section, we present general and FEM-specific inequalities, including approximation
results.

A.1 Operator theory

In the following sections, we will denote, unless specified otherwise, by X and Y Banach
Spaces and by V and W Hilbert spaces over a field K. We note by X', Y’, V' and W' their
respective dual spaces. Usually, we think of K € {R,C}. We call a linear transformation
A: X — Y alinear operator from X to Y.

Definition A.1 (Range, kernel and cokernel). Let A : X — Y be a linear operator. Then we
define its range, kernel and cokernel as

ran(A) :={Az:z e X} CY,
ker(A) :={x € X : Az =0} C X,
coker(A) :=Y/ran(A) C Y.

Definition A.2 (Bounded Operators). We call a linear operator A : X — Y bounded, if there
exists a constant C' > 0 such that

|Az|ly < C|z|x for every z € X.

We denote the space of all bounded linear operators from X to Y by L(X,Y). and define the
operator norm of A as the smallest such constant, i.e.

[Az]ly
[AllLx,y) == sup = sup |Azly.
zexX elx#0 1%lx zeX,||z| x=1

In the following, we write L(X) := L(X, X). Note further, that all linear operators on
finite-dimensional spaces are bounded.

Definition A.3 (Compact operator). A bounded linear operator A € L(X,Y) is called A
compact, if it maps bounded sets in X to precompact sets in Y, i.e. for every bounded set
X' C X, A(X'") C Y is compact.

Lemma A.4. Let A € L(X,Y). Then, the following are equivalent
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(i) A is compact in the sense of definition A.3.

(i) If (xn)nen C X is a bounded sequence, then (Ax,)nen has a convergent subsequence in Y.

(iii)) Theset {Az:x € X, ||z||x <1} CY is compact.
Proof. See [BS18, Lemma 4.2.1] O

We call two an embedding between two Banach spaces X and Y, X C Y, compact, if the
embedding operator . : X — Y is a compact operator. The following well-known theorem
states that the embedding between certain Sobolev spaces is compact.

Theorem A.5 (Rellich-Kondrachov). Let D C R? be an open and bounded Lipschitz domain.
Further, let k > 0 and 1 < p < co. Then the following embeddings are compact

() If sp < d, WP(D) = LI(D) forall 1 < ¢ < L.
(i) If sp > d, WP(D) — C°(D).
(iii) W*P(D) < W*'? forall s > 5.
Proof. See [EG21a, Theorem 2.35] and the references therein. O

Definition A.6. A bounded linear operator A € L(X,Y) is said to be of finite rank, if
ran(A) C Y is finite-dimensional.

Definition A.7 (Adjoint operator on Hilbert spaces). Let V and W be Hilbert spaces and
A € L(V,W). We call an operator A* € L(W, V) such that

(Au,v) = (u, A*) forallu e Vv e W

the adjoint operator of A. If V = W and A = A* we call A self-adjoint or symmetric. We note
that A** = A.

Lemma A.8. Let V and W be Hilbert spaces and A € L(V,W') be a bounded linear operator.
Then, we have that

ran(A)* = ker(A*),
ker(A)t = ran(A*).

Theorem A.9 (Riesz representation theorem). Let V' be a Hilbert space and let F' : V' — K be a
(anti-)linear map. Then there exists a unique element u € V' such that

F(v) = (u,v)y forallv e V.

Furthermore, there holds
1E [l = [ullv

Proof. See [BS18, Thm. 1.4.4]. O

The Riesz representation theorem implies the following useful result that we will employ to
speak simultaneously of sesquilinear forms and linear operators.

Corollary A.10. Let V be a Hilbert space and a : V x V' — K be a bounded sesquilinear (bilinear)
form. Then there exists a unique operator A € L(V') such that

A(u,v) = (Au,v)y for all u,v € V.
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Remark A.11. Using the Riesz representation theorem A.9, we can show that for any linear
operator A € L(V,W) the adjoint operator from definition A.7 exists and is unique. Thus, it
makes sense to speak of "the" adjoint operator.

Definition A.12 (Projection operator). Let X be a Banach space. We call P € L(X) a
projection operator if P2 = P. If V is a Hilbert space, we call P an orthogonal projection if P is
a projection operator with

(Pu,(Id—P)v)y =0 forallu,veV.

Recall that we call a vector space Y the direct algebraic sum of subspaces Y7, ..., Yy C Y and
write
Y= @ v
i=1,..,N

if each element y € Y can be uniquely written as y = Zi]il yi, yi € Yy fori=1,... N. In this
case, there exists projection operators Py, : Y — Y;,y — y;. An algebraic decomposition of a
Hilbert space Y is called topological decomposition, denoted by @, if the associated projection
operators Py, are continuous, ¢ = 1,..., N.

The following lemma shows that there is a one-to-one correspondence between direct sums
and projection operators.

Lemma A.13. Let X be a Banach space such that X =V & W, i.e. for each u € X we can
writeu = v+w, v €V, w € W. Set Pu= v forall uw € X. Then we have that P € L(X),
(Id —P)u = w for all u € X and P? = P. Furthermore, it holds that

veVe&Pv=v and weW & (Id—P)w = w.
Conversely, if P € L(X) is a projection operator, then
X =ran(P) @ ran(Id —P).
Proof. See [Zei90a, Lemma 21.37]. O]

A.1.1 Spectral theory for compact self-adjoint operators
Let V be Hilbert and A € L(V') be a bounded linear operator. We define the spectrum of A as
o(A) = {) € C: A\1d —A is not bijective}.

The following result shows in particular that the spectrum of a compact operator consists of
its eigenvalues and possibly zero.

Lemma A.14. Let A € L(V') be a compact operator.
() IfdimV = oo, then 0 € o(A).

(i) If A € 0(A), A # 0, then ) is an eigenvalue of A, i.e. there exits an eigenvector u € V such
that Au = Au.

Proof. To show (i), assume that 0 ¢ o(A). Then, T is bijective and Id = TT~! is compact. By
Lemma A.4, the unit ball By := {v € V : |jv||y < 1} C V is compact. This, however, implies
that V is finite-dimensional which is a direct consequence of the Riesz lemma [BS18, Lemma
1.2.12] and contradicts the assumption that dim V' = co. For (i¢), we note that by Corollary
A.24, \1d —A is Fredholm with index zero. Hence, due to Lemma A.26, AId —A is either
bijective or neither injective nor surjective. Since A € o(A), AId —A cannot be bijective and
thus, there exists u € V such that (A\Id —A)u = 0. O
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If the operator is not only compact but also self-adjoint, the spectrum can be classified further.
Lemma A.15. If A € L(V) is compact and self-adjoint, then o(A) C R.

Proof. See [BS18, Thm. 5.3.15, (i)]. O

Theorem A.16 (Spectral theorem for compact self-adjoint operators). Let H be a nonzero
complex or real Hilbert space and A € L(H) be a self-adjoint and compact operator. Then there
exists an orthonormal basis (e;);cn of H consisting of eigenvectors of A and eigenvalues (\;)icn,

N C N, such that
N

Au = Z Ai(ei, u)me;. (A1)

=1
IfN =N, then lim; o A\; = 0.

Proof. See [BS18, Thm. 5.3.15, (v)]. O

Remark A.17 (Eigenbasis of L? w.r.t. the Laplacian). We can apply the previous theorem to
the Laplace operator A : H} (D) — L*(D) with Dirichlet boundary conditions. Assuming that
D c R% is an open and bounded Lipschitz domain, the Rellich-Kondrachov theorem A.5 yields
that the embedding operator . : H}(D) — L?(D) is compact. Furthermore, we note that the
inverse of the Laplacian A~! : L?(D) — H{ (D) exists and is a bounded linear operator. Thence,
the composition 1o A™' : L?(D) — L?(D) is a compact operator and it is self-adjoint since the A
is self-adjoint. Thus, we can apply the spectral theorem A.16 to the operator .o A~! and conclude
the existence of an eigenbasis of L?(D) consisting of eigenvectors of A.

A.2 Fredholm operators

In this section, we will introduce Fredholm operators and present results to which we refer on
numerous occasions in section 2. Fredholm operators are applied in a variety of mathematical
fields, for instance, the study of linear integral equations, K-theory or the analysis of elliptic
PDEs. This section is based on [BS18, Chapter 4] and [GGK90, Chapter XI].

Intuitively speaking, a Fredholm operator is "almost" invertible in the following sense. An
operator A : X — Y between vector spaces X and Y is an isomorphism if and only if it is
injective and surjective, that means if and only if ker(A) = {0} and ran(A) = Y. Equivalently,
A is an isomorphism if and only if dim ker(A) = 0 = dim coker(A). Therefore, the invertibility
of A is related to the dimensions of the operator’s kernel and cokernel. Thus, with the
following definition, we can understand a Fredholm operator as being "almost" invertible.

Definition A.18 (Fredholm Operator). We call a bounded linear operator A € L(X,Y)
semifredholm, if ran(A) is closed and either ker(A) or coker(A) is finite-dimensional. If ran(A)
is closed and both, ker(A) and coker(A), are finite-dimensional, we call the operator Fredholm.
We define the index of the operator as

ind A = dimker(A) — dim coker(A). (A.2)

Remark A.19 (On different notations). In some literature, for instance, in [Vai76], the definition
of Fredholm operators is formulated in terms of the codimension rather than the cokernel. For a
subspace U C V of a vector space V, we define its codimension as

codim U := dim(V/U). (A.3)
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Note, that for finite dimensional vector spaces U C V, we have that codimU = dim V' — dim U.
Consequently, with the notation from above, we have that

dim coker(A4) = dim(Y/ran(A4)) = codimran(A). (A.4)

In the interpretation of Fredholm operators above, we have only considered the dimensions of
the nullspace and the cokernel, whereas the formal definition also requires the range of the
operator to be closed. It turns out that the condition that ran(A) is closed is redundant, as the
following lemma shows.

Lemma A.20. Let A € L(X,Y) be a bounded linear operator with dim coker(A) < oco. Then
ran(A) C Y is a closed subspace.

Proof. See Lemma 4.3.2. in [BS18]. O

When we are considering discrete approximation schemes, we often only consider finite-
dimensional spaces X,,. In this case, we can apply the following lemma.

Lemma A.21. Let X and Y be finite-dimensional and A € L(X,Y") be a bounded linear operator.
Then A is Fredholm with index

indA =dimX —dimY. (A.5)
Proof. By the rank theorem from linear algebra we have that
dimker(A) + dimran(A) = dim X, (A.6)

and furthermore dim coker(A) = dimY — dimran(A). Therefore, both ker(A) and ran(A) are
finite dimensional. Hence, A is Fredholm and

ind A = dim ker(A) — dim coker(A)
=dim X — dimran(4) — dimY + dimran(A)
=dimX — dimY.

O]

The following theorems show that the composition of Fredholm operators is a Fredholm
operator itself and that the perturbation by compact operator preserves Fredholmness.

Theorem A.22. Let A € L(X,Y) and B € L(Y, Z) be Fredholm operators. Then BA € L(X, Z)
is a Fredholm operator with ind(BA) = ind(A) + ind(B).

Proof. See [GGK90, Section XI.3, Thm. 3.2]. O

Theorem A.23. Let A € L(X,Y) be a Fredholm operator and K € L(X,Y’) be compact. Then
A+ K is a Fredholm operator with ind(A + K) = ind(A).

Proof. See [BS18, Thm. 4.4.2] or [GGK90, Section XI.3, Lemma 4.2]. O

Corollary A.24. Let K € L(X,Y) be compact. Then 1d —K is a Fredholm operator with
ind(Id —K) = 0.

Proof. Apply Thm. A.23 with A = Id and note that ind(Id) = 0. O

Theorem A.25. An operator A € L(X,Y) is a Fredholm operator with ind A = 0 if and only if
there exists an operator F' € L(X,Y) of finite rank such that A + F is invertible.
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Proof. We follow the lines of [GGK90, Thm. 5.3, p. 191]. Suppose that A is Fredholm with
ind A = 0. We can decompose X = Xg@® ker A and Y = Y @ ran A. Since ind A = 0, we have
that dim ker A = dim Y}, and thus there exists a bijective operator Fj : ker A — Y. We define
F = Fy(Id —P), where P is the projection onto ker A. Then F' is a finite rank operator and
A + F is bijective. The other direction follows from Thm. A.23. O

Fredholm operators with index zero are useful because it is easier to show that they are
bijective. The following lemma shows that operators of this type are either injective and
surjective or neither.

Lemma A.26. Let A € L(X,Y) be a Fredholm operator with ind(A) = 0. If A is injective, then
A is also surjective.

Proof. We have that 0 = ind(A) = dim ker(A) — dim coker(A). If A is injective, then ker(A) =
{0} and thus dim coker(A) = 0, which implies that A is surjective. O

To close this section, let us come back to the initial motivation of Fredholm operators being
"almost" invertible. This motivation can be considered formally in two different ways. For the
first interpretation, we consider the case X = Y and denote by K(X) C L(X) the space of
compact operators on X. Then, the quotient space L(X)/K(X) together with the operator
[C][D] = [CD] defines an algebra, called Calkin Algebra. The following theorem allows us to
interpret Fredholm operators as being invertible modulo compact operators.

Theorem A.27 (Atkinson). Let A € L(X). The following are equivalent
(i) A is Fredholm.
(ii) There exists an operator T' € L(X) such that Id —T'A and Id — AT are compact’.
(iii) [A] has an inverse in the Calkin Algebra L(X)/K(X).
Proof. See [GGK90, Thms. 5.1 and 5.2]. O

Remark A.28. The first equivalence (i) < (ii) also holds in the case where X # Y with
AT e L(X,Y).

For the second interpretation, we say that an operator A € L(X,Y’) has a generalized inverse
Q € L(Y, X) if it holds that
AQA = A and QAQ = Q.

We can show that every Fredhlom operator has such a generalized inverse.

Lemma A.29. Every Fredholm operator has a generalized inverse.

Proof. [GGK90, Cor. 6.2, p. 192] O

A.3 Inequalities

This section of the Appendix contains some elementary inequalities that we apply numerous
times in this thesis. Furthermore, we also recall some standard norm estimates from finite
element theory and approximation results.

can be replaced by the condition that Id —T'A and Id — AT are of finite rank.
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A.3.1 Elementary inequalities

In this section, let (V, (-,-)y) be a complex Hilbert space and || - ||y := /(, )y be the norm
induced by the scalar product.

Lemma A.30 (Cauchy-Schwarz inequality). For all v,w € V it holds that
(v, w)v| < [lollv[lw]y. (A7)

For two non-negative real numbers a, b € R, we have Young’s inequality in the following form.
Ifp>1landg>1 aresuchthat%#— % =1, then

p q
<Y (A.8)
D q

In particular, the case p = ¢ = 2 is often applied in the following way: For every € > 0, € € R,
we have that

1
ab < ea® + —b°. (A.9)
4e
Furthermore, Young’s inequality can also be applied on Hilbert spaces.

Lemma A.31 (Young’s inequality). For every positive real number v € R, v > 0, we have that
¥ 1
(v, wv| < SlIvllY + glleQv- (A.10)

There are different version of the Poincaré-inequality, but most often we consider the following
case: Let D C R"™ be a Lipschitz domain. Then, there is a constant C' > 0 such that

Cllvllr2py < IVollz2p). (A11)

The following lemma shows a very general version of the Poincaré-inequality that covers the
most common applications.

Lemma A.32. Let D C R” be a Lipschitz domain and p € [1,00). Furthermore, let f be a
bounded linear form on W1 (D) such that the restriction of f to constant functions is not zero.
Then, there exists a constant Cps ,, > 0 such that for all v € W1?(D), we have that

Crs pllvl| o) < diam(D) [ Vo] ooy + | £ ()] (A.12)

In particular, we have that
Crs pllv|lLe(py < diam(D)||Vvl| Lo (py Yo € ker(f). (A.13)
Proof. See [EG21a, Lemma 3.30]. O

A.3.2 C(lassical FEM inequalities

In this section, we recall some standard norm estimates from finite element theory.

Lemma A.33 (Discrete trace inequality). For all v € P*(D) and 7 € Ty, there exists a constant
Cy > 0 such that
ull 2 o7y < Cach 2|l p2(ry.- (A.14)

Proof. We refer to [EG21a, Lem. 12.8]. O
Lemma A.34 (Discrete inverse inequality). For u € P¥(D) and T € Ty, there exists a constant

Ciny > 0 such that
lul g (ry < Cih || 27y

Proof. We refer to [EG21a, Lem. 12.15]. O
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A.3.3 Interpolation operators

The following theorem is a classical result about the local interpolation error in finite element
spaces. For more details, we refer to [EG21a, Sec. 11 & 12].

Theorem A.35 (Local interpolation). Let {K .]5, i]} be a finite element with associated normed
vector space V(K) and let 1 < p < co. Furthermore, assume that there exists k € N such that

Pk c P c WFHLP(K) c V(K).

Let % be the canonical local interpolation operator and 0 < | < k be such that W'*t» (K ) C
V (K), where the embedding is continuous. Then, for allm € {0,...,l+1} and all v € Wthr(K),
it holds that

[v = Zivlwmary S B olwrio ).

Furthermore, for all F' € F, such that F' C 0K, it holds that
v = Z5 (0) lwmo(r) S R P ||V, (A.15)

Proof. We refer to [EG21a, Thm. 11.13] and [EG21a, Rem. 12.17]. O
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