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Abstract

The present thesis considers the development and analysis of arbitrary Lagrangian-Eulerian
discontinuous Galerkin (ALE-DG) methods with time-dependent approximation spaces for
conservation laws and the Hamilton-Jacobi equations.

Fundamentals about conservation laws, Hamilton-Jacobi equations and discontinuous Galerkin
methods are presented. In particular, issues in the development of discontinuous Galerkin (DG)
methods for the Hamilton-Jacobi equations are discussed.

The development of the ALE-DG methods based on the assumption that the distribution of
the grid points is explicitly given for an upcoming time level. This assumption allows to con-
struct a time-dependent local affine linear mapping to a reference cell and a time-dependent
finite element test function space. In addition, a version of Reynolds’ transport theorem can be
proven.

For the fully-discrete ALE-DG method for nonlinear scalar conservation laws the geometric
conservation law and a local maximum principle are proven. Furthermore, conditions for slope
limiters are stated. These conditions ensure the total variation stability of the method. In ad-
dition, entropy stability is discussed. For the corresponding semi-discrete ALE-DG method,
error estimates are proven. If a piecewise ¥ polynomial approximation space is used on the
reference cell, the sub-optimal (k + %) convergence for monotone fluxes and the optimal (k+ 1)
convergence for an upwind flux are proven in the L2-norm. The capability of the method is
shown by numerical examples for nonlinear conservation laws.

Likewise, for the semi-discrete ALE-DG method for nonlinear Hamilton-Jacobi equations, er-
ror estimates are proven. In the one dimensional case the optimal (k¥ + 1) convergence and in
the two dimensional case the sub-optimal (k + %) convergence are proven in the L2-norm, if
a piecewise P* polynomial approximation space is used on the reference cell. For the fully-
discrete method, the geometric conservation is proven and for the piecewise constant forward
Euler step the convergence of the method to the unique physical relevant solution is discussed.
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Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit der Entwicklung und Analyse von arbitrary
Lagrangian-Eulerian discontinuous Galerkin (ALE-DG) Methoden mit zeitabhingigen Test-
funktionen Raumen fiir Erhaltungs- und Hamilton-Jacobi Gleichungen.

Grundlagen uber Erhaltungsgleichungen, Hamilton-Jacobi Gleichungen und discontinuous
Galerkin Methoden werden prasentiert. Insbesondere werden Probleme bei der Entwicklung
von discontinuous Galerkin Methoden fiir die Hamilton-Jacobi Gleichungen untersucht.

Die Entwicklung der ALE-DG Methode basiert auf der Annahme, dass die Verteilung der Git-
terpunkte zu einem kommenden Zeitpunkt explizit gegeben ist. Diese Annahme ermdglicht die
Konstruktion einer zeitabhéngigen lokal affin-linearen Abbildung auf eine Referenzzelle und
eines zeitabhangigen Testfunktionen Raums. Zusétzlich kann eine Version des Reynolds’schen
Transportsatzes gezeigt werden.

Fir die vollstandig diskretisierte ALE-DG Methode fiir nichtlineare Erhaltungsgleichungen
werden der geometrischen Erhaltungssatz und ein lokales Maximumprinzip bewiesen. Des
Weiteren werden Bedingungen fiir Limiter angegeben. Diese Bedingungen sichern die Stabi-
litdt der Methode im Sinne der totalen Variation. Zusétzlich wird die Entropie-Stabilitit der
Methode diskutiert. Fiir die zugehorige semi-diskretisierte ALE-DG Methode werden Fehler-
abschiatzungen gezeigt. Wenn auf der Referenzzelle ein Testfunktionen Raum, der stiickweise
Polynome vom Grad % enthilt verwendet wird, kann fiir einen monotonen Fluss die subopti-
male Konvergenzordnung (k+ %) und fiir einen upwind Fluss die optimale Konvergenzordnung
(k + 1) in der L2-Norm gezeigt werden. Die Leistungsfihigkeit der Methode wird anhand nu-
merischer Beispiele fiir nichtlineare Erhaltungsgleichungen untersucht.

Ebenso werden fir die semi-diskretisierte ALE-DG Methode fiir nichtlineare Hamilton-Jacobi
Gleichungen Fehlerabschitzungen gezeigt. Wenn auf der Referenzzelle ein Testfunktionen
Raum, der stiickweise Polynome vom Grad k enthilt verwendet wird, kann im eindimension-
alen Fall die optimale Konvergenzordnung (k + 1) und im zweidimensionalen Fall die sub-
optimale Konvergenzordnung (k + %) in der L?-Norm gezeigt werden. Fiir die vollstindig
diskretisierte ALE-DG Methode werden der geometrischen Erhaltungssatz bewiesen und fiir
die stiickweise konstante explizite Euler Diskretisierung wird die Konvergenz gegen die ein-
deutige physikalisch relevante Losung diskutiert.
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Introduction

THZAT, BRET. 2
CE¥, BT )

In the last decades the Runge-Kutta discontinuous Galerkin (RK-DG) finite element method,
developed by Cockburn, Shu et. al. in a series of papers (cf. [10} 11} [12} [13} [14]), has been suc-
cessfully applied to an amount of convection dominated problems like the shallow water equa-
tions for modeling waves in the atmosphere, rivers, lakes and oceans, the Euler equations of
gas dynamics, the magnetohydrodynamics (MHD) equations, the Maxwell’s equations in elec-
tromagnetism and many more. The RK-DG method can deal meshes with hanging notes (cf.
Cockburn and Shu [[16])), since the method uses piecewise polynomial test functions and thus
there is no inter-element continuity required like in classical finite element methods. There-
fore, the RK-DG methods are well suited for adaptive mesh refinement techniques.

For high order methods mesh refinement techniques are worthwhile, since an elaborate mesh
refinement method can improve the solution behavior or the computational costs of a numeri-
cal scheme. For instance, it is well known that in the solution of a nonlinear conservation law,
singularities like shock waves could appear (cf. Lax [53, Theorem 3.2, p. 12]). This kind of sin-
gularities are the cause of numerical artifacts like spurious oscillations in a high order method,
since the variation of the solution changes immediately. Without taming these artifacts a nu-
merical method will become unstable. In these situations, adaptive refinement methods could
help to stabilize the numerical scheme by changing the size of the grid cells (h-refinement),
reducing the polynomial order (p-refinement) or relocate a specific number of grid points close
to the singularity (r-refinement). According to T. Tang [82], the r-refinement methods are also
known as moving mesh methods, since in these methods the distribution of the grid points
changes in time.

In practice, it is common to combine the ~ and p-refinement methods to the hp-refinement
methods. There are certain hp-refinement RK-DG methods for convection dominated prob-
lems in the literature. A small summary is given in Cockburn, Karniadakis and Shu’s review
article [9]. Furthermore, in the book [47] of Karniadakis and Sherwin theoretical as well as
computational aspects of hp-refinement finite element methods are compiled. However, even
if there are several interesting mathematical as well as computational aspects in hp-refinement
RK-DG methods, these methods will omit in this thesis. This thesis is rather focused on a mov-
ing mesh method for scalar conservation laws and the Hamilton-Jacobi equations.

In general moving mesh methodologies are necessary to develop these methods. A common

?A journey of a thousand li starts with a single step. (Laozi, Tao Te Ching, Ch. 64, line 12, c. 6th-5th century BCE).
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Introduction

moving mesh methodology is the moving mesh partial differential equation (MMPDE) ap-
proach. This approach based on a posteriori error estimates or error indicators and has been
developed and analyzed by Huang, Russell, T. Tang et. al. see e.g. [42]], [43] and [82]. However,
in this thesis, the development of a moving mesh methodology is skipped. Therefore, in order
to describe the moving mesh method, the following universal assumption will be applied:
“The distribution of the grid points is explicitly given for an upcoming time level.”
This assumption allows to connect the cells of the partitions for the current and next time level
by local affine linear mappings. These mappings yield time depending test functions for the
DG discretization.
In the finite volume context a technique using local affine mappings was used by Fazio and
LeVeque in [28]. In the method of Fazio and LeVeque, the distribution of the grid points is
problem-oriented, for instance in a shock tube problem the distribution depends on the motion
of a contact discontinuity. Later, Stockie, Mackenzie and Russell [78] combined the method of
Fazio and LeVeque with a MMPDE approach to calculate the distribution of the grid points.
The moving mesh method, which is presented in this thesis, has an interesting feature. The
grid is static, if the linear mappings are constant. In this case the motion of a fluid is described
by the Eulerian description of motion. On the other hand, it is described by the Lagrangian de-
scription, if the linear mappings describe approximately the motion of the particles in a fluid.
This observation justifies the classification in the class of arbitrary Lagrangian-Eulerian (ALE)
methods. For a detailed description of ALE methods and comparisons with Lagrangian and
Eulerian methods be referred to the article [25] by Donea et. al.
In the following, a few advantages of ALE methods will be briefly listed. Since in an Eulerian
method the mesh is static, the method dissociates the mesh notes from the particles in a fluid.
This results in a relative motion between the deforming fluid and the mesh, thereby convective
effects could appear. In a Lagrangian method, convective effects cannot appear, since the mesh
is moving with the fluid. Certainly, these methods are susceptible for geometric distortions
in the computation mesh, since the deformation of the fluid will be transmitted to the mesh.
These geometric distortions are often the source of instabilities in a numerical scheme. In gen-
eral an ALE method is developed that the mesh is not exactly moving with the fluid like in
a Lagrangian method, but it is more flexible to the deformation of the fluid than in an Eule-
rian method. Therefore, geometric distortions are avoided and convective effects could appear
merely weak. Hence, ALE methods could preserve properties of the physical model, which
got lost in an Eulerian method. For instance in [77] Springel developed an ALE finite volume
method for the Euler equations, which maintains the Galilean-invariants of the physical sys-
tem. Furthermore, these kind of methods are popular for the aeroelastic analysis of wings,
since the Eulerian methods have difficulties following deforming material interfaces and mo-
bile boundaries (cf. Donea et. al. [25]).
There are certain ALE-DG methods for equations with compressible viscous flows in the lit-
erature (cf. e.g. the publications of Lomtev et. al. [60], Persson et. al. [67] and Nguyen [63]).
These papers are focused on the implementation and performance of the methods in aeroe-
lastic applications. A more theoretical analysis of ALE methods has been done by Farhat et.

xii



al. in the context of the geometric conservation law (GCL) (cf. [36] 27, 56]). The terminology
geometric conservation law was introduced by Lombard and Thomas in [59]. The GCL gov-
erns the geometric parameters of a grid deformation method, such that the method provides
for constant initial data the correct solution. This means, in the context of conservation laws,
that constant states stay constant. The description of a GCL for a numerical scheme depends
on the partial differential equation (PDE) as well as the numerical scheme itself. However, the
GCL has a critical influence on the stability and accuracy of a numerical scheme. In [27] Grand-
mont, Guillard and Farhat proved for monotone ALE methods that the GCL is a necessary and
sufficient condition to obtain a local maximum principle for the method. Furthermore, in [36]]
Guillard and Farhat proved for ALE-finite volume methods that the GCL is a necessary con-
dition to ensure that the time discretization of the method is high order accurate. In addition,
Lesoinne and Farhat showed in [56] that in particular for ALE methods in combination with a
method of lines approach a geometric conservation law is not trivially satisfied. Therefore, in
this thesis, it is one of the issues to develop ALE-DG methods, which are satisfying the GCL. It
will be proven that the ALE-DG methods for scalar conservation laws and the Hamilton-Jacobi
equations, which are presented in this thesis, satisfy the corresponding GCLs.

It has been mentioned that in the solution of conservation laws singularities could appear.
These singularities are the source of numerical artifacts in the RK-DG method for static grids,
which destabilize the scheme. A possible way to stabilize the RK-DG method are slope limiters.
In 11} 13] Cockburn, Hou and Shu constructed slope limiters, such that the method stays high
order accurate and the local mean values of the RK-DG solution become total variation stable.
Furthermore, for some systems of conservation laws, like the Euler equations of gas dynamics,
it is necessary that specific quantities stay positive. Therefore, the numerical method has to
preserve bounds. In general it is not easy to prove that a high order method preserves bounds,
even for non moving mesh methods. In [94] [95] X. Zhang and Shu developed a limiter for
static grids, which ensures that the revised solution of a high order method preserves bounds.
However, it is not clear, if these pleasant post processing techniques also work for an ALE-DG
method. Hence, in this thesis it will be analyzed, how far the techniques of Cockburn, Hou
and Shu [11}[13] as well as X. Zhang and Shu [94] [95]] can be applied for the ALE-DG method,
which is presented in this thesis. By following Cockburn and Shu’s approach, conditions for
slope limiters, which stabilize the ALE-DG method, will be stated. In numerical test examples
the conditions will be validated. Moreover, for scalar conservation laws, it will be proven that
X. Zhang and Shu’s limiter provides a local maximum principle for the ALE-DG method.

A further point, which is important, for the capability of a numerical scheme for conservation
laws is the entropy stability. This stability property ensures that the scheme converges to the
physical relevant weak solution. It should be noted that even for the RK-DG method for static
grids the issue of entropy stability is not completely solved. In [45] Jiang and Shu proved a cell
entropy inequality with respect to the square entropy for the semi-discrete DG method and
implicit RK-DG methods. Likewise, a cell entropy inequality for the backward Euler step of the
ALE-DG method, which is presented in this thesis, will be proven. The proof for the ALE-DG
method is slightly different from Jiang and Shu’s proof, since the test functions as well as cells
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Introduction

are time-dependent in the ALE-DG method and a transport equation is necessary to evaluate
the time derivatives of the volume integrals.

The cell entropy inequality of the ALE-DG method provides the L2-stability of the method.
This stability is for static grids the key to a priori error estimates for smooth solutions of con-
servation laws. These error estimates show the high order accuracy of the DG method for scalar
conservation laws, since it is well known that up to a certain time level the solutions of nonlin-
ear scalar conservation laws are smooth, if the initial data of the problem is a smooth function
(cf. Kroner [49, Lemma 2.1.2, p. 17]). Certainly, at singularities the method degenerates to at
most first order. In particular, Cockburn and Gremaud proved in [8] for the shock-capturing
streamline diffusion DG finite element method for scalar conservation laws that the error be-
haves as O (h%> for nonlinear problems, thereby is h the maximal cell length and the piecewise
polynomial test functions could be of arbitrary degree.

For DG methods for static grids, there are an amount of a priori error estimates for smooth so-
lutions of conservation laws in the literature. In the following certain results will be listed: The
first a priori error estimate for a DG method has been proven by LeSaint and Raviart [55]]. John-
son and Pitktanta proved in [46] that for linear conservation laws the discontinuous Galerkin a
priori error behaves as O (hk“). Later, Peterson proved in [[66] that the result of Johnson and
Pitkdranta is the optimal a priori error for any DG method for conservation laws. For nonlinear
scalar conservation laws and symmetrizable systems Q. Zhang and Shu proved a priori error
estimates in [90], [91]] and [92]]. They proved for DG methods with a second and third order
strong stability preserving Runge-Kutta (SSP-RK) time discretization method that the a priori
error behaves as O <hk+% + (At)a), o = 2,3, in the general case and O (hk+1 + (At)g),
o = 2,3, by applying an upwind numerical flux.

Error estimates for ALE-DG methods are less common in the literatur. For the semi-discrete
ALE-DG method, which is presented in this thesis, a priori error estimates for smooth solutions
of scalar conservation laws will be proven. More precisely, the sub-optimal (k+ %) convergence
for the semi-discrete ALE-DG method with a monotone numerical flux and the optimal (k + 1)
convergence for the method with an upwind numerical flux, if a piecewise P* polynomial ap-
proximation space is used, will be proven.

Furthermore, in this thesis an ALE-DG method for the Hamilton-Jacobi equations will be
presented. Hamilton-Jacobi equations have an important role in the optimal control theory,
thereby these equations occur as Hamilton-Jacobi-Bellman equations. In addition, the time-
independent Eikonal equations, which are applied in the theory of physical wave and ray op-
tics, are related to Hamilton-Jacobi equations. Hamilton-Jacobi equations are closely related
to conservation laws, since for smooth solutions these equations can be written as conserva-
tion laws. The solutions of the Hamilton-Jacobi equations are continuous functions and have in
general discontinuous derivatives (cf. Crandall and Lions [17, Theorem V.1.2]. Hence, similar to
conservation laws, a class of generalized solution is necessary to analyze the Hamilton-Jacobi
equations. These solutions are the viscosity solutions, which were introduced by Crandall and
Lions [17, Definition I.1]. They called the solutions viscosity solutions, since the vanishing
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viscosity method was used in the existence proofs for equations of Hamilton-Jacobi type in
several papers (cf. e.g. Fleming [30] and for the Eikonal equations Kruzkov [51]]).

Numerical schemes for solving the Hamilton-Jacobi equations are widespread in the litera-
ture. In the following, a few schemes are listed. In [[18] Crandall and Lions developed a first
order monotone finite difference method for solving the Hamilton-Jacobi equations. For this
method, they proved an error estimate and the convergence to the unique viscosity solution.
Later, for static grids, Jiang, Peng, Osher, Sethian and Shu [44] [65] [64] developed high order
essentially non-oscillatory (ENO) and weighted essentially non-oscillatory (WENO) schemes
for solving the Hamilton-Jacobi equations. These methods are adaptations of ENO and WENO
schemes for conservation laws. In [70] Sethian developed several moving mesh methods for
solving the Hamilton-Jacobi equations considering propagating interfaces. These methods are
combinations of ENO and WENO schemes with Fulerian and Lagrangian methods. A further
moving mesh finite difference method has been developed by H.-Z. Tang, T. Tang and P. Zhang
(81]], thereby a MMPDE approach was used to describe the distribution of the mesh points.
The Hamilton-Jacobi equations are pure nonlinear. Therefore the development of finite ele-
ment methods for the Hamilton-Jacobi equations is not straightforward, since the integration
by parts formula cannot be applied directly. Hence, finite element methods for the Hamilton-
Jacobi equations are often adapted from finite element methods for conservation laws, since for
smooth solutions the Hamilton-Jacobi equtions can be written as systems of conservation laws.
One of these adaptations is Hu, Lepsky and Shu’s method, which was developed in [40, 41} 54].
This method was extended by Mackenzie and Nicola in [61]] to a moving mesh DG method for
the Hamilton-Jacobi equtions. The distribution of the mesh points in this method is described
by a MMPDE approach similar to H.-Z. Tang, T. Tang and P. Zhang’s method. It should be noted
that in general the systems of conservation laws, which arise from the Hamilton-Jacobi equa-
tions, are not strictly or strongly hyperbolic systems. Thus, a method for directly solving the
Hamilton-Jacobi equations is desirable. In [2]] Barth and Sethian consider the Hamilton-Jacobi
equations with Hamiltonians, which are a homogeneous functions of degree p > 0. Then,
by Euler’s homogeneous function theorem the Hamilton-Jacobi equations can be written as
quasilinear PDEs. For these type of Hamilton-Jacobi equations, Barth and Sethian developed
a Petrov-Galerkin space-time method for triangular meshes. Furthermore, they combined this
method with an h-refinement method. However, it is a little restrictive to require that the
Hamiltonian need to be a homogeneous function. Nevertheless, for static grids, there are also
DG methods for directly solving the Hamilton-Jacobi equations with less restrictive conditions
for the Hamiltonians. Examples are the DG methods by Cheng and Shu [4] or the method by
Yan and Osher [86]]. In [84] Xiong, Shu and M. Zhang proved for the semi-discrete versions of
these methods a priori error estimates for smooth solutions of the Hamilton-Jacobi equations.
More precisely, for a piecewise P* polynomial approximation space, they proved the optimal
(k + 1) convergence for both methods in one dimension and for cartesian grids in two dimen-
sions.

In the present thesis Yan and Osher’s method [[86] is of particular importance. In this method,
the Hamilton-Jacobi equations are discretized such that locally in any cell a system of three
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Introduction

unknowns appears. One of the unknowns is the approximate DG solution for the Hamilton-
Jacobi equations. The other two unknowns are quantities to evaluate the numerical flux. These
unknowns are determined by solving upwind RK-DG schemes. A similar DG approach has
been introduce by Cockburn and Shu in [15] for solving time-dependent convection diffusion
systems. Cockburn and Shu called these extensions of the standard RK-DG method for con-
servation laws local discontinuous Galerkin (LDG) methods. Therefore, Yan and Osher called
their method LDG method for directly solving the Hamilton-Jacobi equations. In addition, Yan
and Osher proved that the piecewise constant forward Euler step of their method degenerates
to Crandall and Lions [18] monotone finite difference method. This relationship suggests that
the method provides the unique viscosity solution.

In this thesis, an ALE-LDG method for directly solving the Hamilton-Jacobi equations will be
developed based on Yan and Osher’s LDG method. Furthermore, it will be proven that the
method satisfies the GCL and the piecewise constant forward Euler step of the method is a
monotone finite difference method. In addition, for the semi-discrete ALE-LDG method a pri-
ori error estimates for smooth solutions of the Hamilton-Jacobi equations will be proven. More
precisely, for a piecewise P* polynomial approximation space, the optimal (k+ 1) convergence
for the one dimensional method and the supobtimal (k¥ + %) for two dimensional method on
simplicial meshes will be proven.

The organization of the thesis is as follows:

In the first chapter, the mathematical notion of some fundamental concepts of scalar con-
servation laws and the Hamilton-Jacobi equations, like the class of generalized solutions, are
presented. Then, the strong stability preserving Runge-Kutta (SSP-RK) methods, the RK-DG
method for one dimensional scalar conservation laws for static grids and DG methods for the
Hamilton-Jacobi equations are discussed.

In the second chapter, the universal assumption for the distribution of the grid points is used to
construct a tessellation of time-dependent simplex cells. A time-dependent test function space
for the spatial DG discretization is constructed and several transport equations are proven for
the test functions. Furthermore, it is justified that the classical interpolation, inverse and trace
inequalities are compatible with the time-dependent simplex cells.

In the third chapter, the ALE-DG method for scalar conservation laws is developed. First of
all, for the fully-discrete ALE-DG method the GCL and a local maximum principle are proven.
Furthermore, conditions for the slope limiter are derived and the entropy stability is discussed.
Then, a priori error estimates for the method with a monotone numerical flux and an upwind
numerical flux are proven. Afterward, numerical results are presented to demonstrate the ac-
curacy and capabilities of the method in one and two dimensions.

In the fourth chapter, the ALE-LDG method for the Hamilton-Jacobi equations is developed.
First of all, for the fully-discrete ALE-LDG method the GCL is proven. Then, the piecewise
constant forward Euler step of the method is analyzed. Afterward, a priori error estimates for
the method in one and two dimensions are proven.

Finally, in the last chapter, some concluding remarks, ongoing projects and possible future
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works are discussed.
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Notation

In this thesis, the common notation in the theory of conservation laws and associated numerical
methods will be applied. In particular, for a real positive number 7" we denote the interval [0, T']
time interval and a point ¢ € [0, 7] time point. The number d € N will always represent the
space dimension. We will merely consider partial differential equations (PDEs) posed over a
simple domain Q C RY. More precisely, {2 is, throughout this thesis, a convex polyhedron and
in the one dimensional case an open interval. The closure, interior, boundary and the convex
hull of a set M C R? are denoted by M, intM, OM := M \ intM and convM. A matrix will
always be denoted by bold letters like A € R%*“. In addition, for any subset M C € with a
Lipschitz boundary, we denote the L? (M )-inner product for all v, w € L (M) by (v,w),, :=
Sy vw dzx. Likewise, for a subset e C dM with nonzero (d — 1)-Lebesgue measure |e|,;_,, we
denote the L? (¢)-inner product for all v,w € L? (€) by (v,w), := [, vwdl. Furthermore,
if there is no confusion, we apply the notation u(¢) instead of u(x,t) for a function u : Q x
[0,7] — R.

Constants

To avoid confusion with different constants, we denote, throughout the thesis, a positive con-
stant, which is independent of the meshsize and the approximate solution of a PDE, by C'. Note,
that the constant may depend on the solution of a PDE and may have a different value in each
occurrence.

Xix






1. Fundamentals

In this chapter, we present a brief introduction about the theory of scalar conservations laws
and the Hamilton-Jacobi equations. Furthermore, the RK-DG method for one dimensional
scalar conservation laws and two DG methods for the Hamilton—Jacobi equations will be dis-
cussed.

1.1. Time-dependent first order partial differential equations
(PDEs)

In the upcoming section, we introduce some theoretical aspects of the PDEs, which are con-
sidered in the thesis.

1.1.1. Scalar conservation laws

One dimensional scalar conservation laws are time-dependent PDEs, which appear as the fol-
lowing initial value problem: For an open interval {2 C R, a suitable initial function ug : 2 — R
and a continuous flux function f : R — R, find a function v : Q x (0,7) — R, u = u (z,1),
which satisfies

Ou+ O0pf (u) =0, inQx(0,7), (1.1.1a)
u(z,0) = up(z), =z €. (1.1.1b)

In general, the problem appears with suitable boundary continuous, but for convenience
we consider the problem with periodic boundary conditions in this thesis.

It is well known that even for smooth initial data the characteristic curves, associated with the
equation (1.1.1a), could intersect at some time point (cf. Godlewski and Raviart [32 p. 25-26].
Hence, in general the solutions of these equations are not classical solutions. A generalized
class of solutions is necessary to analyze these problems. For conservation laws the class of
generalized solutions is given by the weak solutions (cf. e.g. Dafermos [19, Chapter IV, Section
4.3]).

Definition 1.1.1 Let ug € L (2). Then a function v € L>° (2 x (0,T)), which satisfies

T
/ / (uOpp + f (u) Opp) dxdt +/ uo (z) ¢ (x,0) de =0
0 JQ Q
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forall p € C§° (2 x [0,T)), is called a weak solution or a solution in the distributional sense of
(1.1.1).

However, for a finite time interval it is still possible to find a classical solution of the problem
. Furthermore, in particular, the classical solution and the weak solution agree for this
finite time interval. This result can be stated as the following proposition. A proof can be found
in the book of Kroner [49, Lemma 2.1.2, p. 17].

Proposition 1.1.1 Let f € C*(R) and ug € C! (R). Furthermore, suppose that the function
f” R — R as well asug : R — R are bounded on R. Then, there exists a Ty > 0, such that the
equation has a classical solution u € C* (R x [0, Tp)).

The space L™ (2 x (0,7")) contains piecewise smooth functions. For these functions a weak
solution can be characterized by the famous Rankine-Hugoniot condition.

Proposition 1.1.2 Let ¥ : (0,7) — Q x (0,T),t — (o (t),t), be a smooth curve, which
separates the domain 2 x (0, T") into two parts M; and M,. Furthermore, letu € L> (© x (0,T"))

with u; = ulp, € C! (M) as well as u; := ulp, € C (M), such that u; satisfies (1.1.1al)
locally in M and u, satisfies (1.1.14) locally in M, in the classical sense. Then u is a weak solution
of (1.1.1), if and only if the Rankine-Hugoniot condition

(w0 0).6) = (0 0).8) )o' (0= F (s (0 () 1) = F s (0 (1))

is satisfied.
The following example provides that weak solutions are in general not unique.

Example 1.1.1 This example can also be found in the book of LeVeque [57, Chapter 3, Section
3.5]. We consider the Burgers’ equation

1
Oru + Oy (2u2> =0, in(-2,2)x(0,7) (1.1.2)
with the initial data
1, x>0,
ug () = 1.1.3
o () {07 2<0. (1.1.3)

We would like to mention that the problem with initial data of the type (1.1.3) is called
Riemann problem. According to proposition[1.1.2 is

1

Ui (xat) = { 7

)

x >
0, =<

INIEN IR
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v

Figure 1.1.1. The characteristic curves for the solutions u; (left) and usy (right). (Source: LeVeque [57,
Figure 3.9])

0

a weak solution of the Riemann problem above. Otherwise, the function

1, x>t
ug (x,t) = 7 0z <t
0, =<0

is a weak solution of the problem above, too. The solution u; is a shock wave with the propagation
speed o (t) = % and the solution uy is a rarefaction wave. It should be noted that for the solution
uy the characteristic curves, associated with the equation (1.1.2), go out of the shock (cf. figure
[1.1.1). This behavior of the solution is physically not meaningful (cf. Godlewski and Raviart [32,
Chapter 2, section 6]). Furthermore, the solution is not stable to perturbations (cf. LeVeque [57,
Chapter 3, Section 3.5]).

The example yields weak solutions are not unique and they can be physically meaningless.
Therefore, an admissible condition is necessary to select the physical meaningful solution
among the whole set of weak solutions. Admissible conditions for conservation laws are called
entropy conditions and the physical relevant solution is the entropy solution of a conserva-
tion law. Common entropy conditions for scalar conservation laws, are the Lax, Oleinik or the
Kruzkov entropy condition. In the one dimensional case, these entropy conditions are equiv-
alent, if the flux function in is convex (cf. Kroner [49, Theorem 2.1.22, p. 35]). In
this thesis, the entropy solution of a scalar conservation law will be defined in the sense of
Kruzkov’s entropy condition.

Definition 1.1.2 Letu € L* (2 x (0,T")) be a weak solution of and g, (u) == |u — k|
forallk € R. Then  is called entropy solution, if it satisfies

[ [ tn oot l(r )~ k) augl) et =0 (1

forall p € C§° (2 x [0,T)) with > 0 and k € R. Note that the functions 0, (-), k € R are
known as Kruzkov entropies.
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The existence and uniqueness of an unique entropy solution (1.1.4) for the problem (1.1.1)
has been proven by Kruzkov in [50, Theorem 2 and Theorem 5]. Kruzkov’s results can be
summarized as the upcoming theorem.

Theorem 1.1.2 Let ug € L™ () N BV (Q) and f € C' (R, R). Then there exists an unique
entropy solutionu € L (Q x (0,T)) of (L.1.1). Furthermore, the solution satisfies the estimates

lw (5 D)l (o) < llwolle(q)  ae in [0,T) (1.15)

and
u (5 D)lpyig) < luolgy ) forallt €[0,T). (1.1.6)

In [23] DiPerna has proven that the entropy condition (1.1.4) can be relaxed, if the flux function
in (1.1.1) is convex. This result can be summarized as the proposition.

Proposition 1.1.3 Letn, f, F € C (R),n, f be convex functions and F satisfies F' =/ f'. Then
a weak solutionu € L™ (2 x (0,T)) of is the unique entropy solution, if

T
/ / (n(u) Orp + F (u) Orp) dadt >0 (1.1.7)
0 JQ
forallp € C§° (2 x [0,T')) withp > 0.

The function F' in equation is called entropy flux function and the tuple (7, F') is called
pair of entropy functions for (1.1.1).

We close this section with some comments about existence and uniqueness of solutions for
systems of conservation laws. For scalar conservation laws theorem|[1.1.2Jensures the existence
and uniqueness of an entropy solution, for systems of conservation laws are the situation much
more complicated. The existence and uniqueness theory for systems are still an open problem,
although Glimm [31]] proved the existence of a weak solution for one dimensional genuinely
nonlinear systems and Liu [58] generalized Glimm’s result to nonlinear strictly hyperbolic
systems, which can be linearly degenerate. In particular, the results of Glimm and Liu ensure
the existence of a weak solution for the one dimensional Euler equations. For two dimensional
systems of conservation laws is the situation more worse. An introduction and a few results
about systems of two dimensional conservation laws can be found in the book of Dafermos [[19,
Chapter XVII]. Nevertheless, we have to mention that recently C. de Lellis and L. Székelyhidi Jr.
[21] as well as [22]] proved that for the incompressible Euler equations with bounded compactly
supported initial data admissibility criteria like global and local energy inequalities do not
provide a unique weak solution. Therefore, the approved methods for scalar conservation
laws to ensure the well-posedness are failing for systems of conservation laws in several space
dimensions.
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1.1.2. Hamilton-Jacobi equations

Hamilton-Jacobi equations appear in control theory as Hamilton-Jacobi-Bellman equations (cf.
Evans [26] Chapter 10, section 3]). In this thesis, we will consider the following initial value
problem, which based on a simple type of the Hamilton-Jacobi equations: For an open interval
) C R, a suitable initial function ug : {2 — R and a continuous Hamiltonian H : R — R, find
a functionu : Q x (0,7) = R, u = u (z,t), which satisfies

Owu+ H (0yu) =0, inQx(0,T), (1.1.8a)
u(z,0) = up(z), =€ (1.1.8b)

Henceforward, we write H = H (p) for the Hamiltonian in (1.1.8a), where p is a variable for
which we substitute the partial derivative O,u in H. The partial derivatives of the Hamiltonian
will be denoted by 0,H (p).

In addition, we also consider, the two dimensional counterpart of the problem (1.1.8). This is
the following initial value problem: For a domain {2 C R2, an initial function ug : © — R and
a continuous flux function H : R? — R find a function u : Q x (0,T) — R, which satisfies

Owu+ H (Vu)=0, inQx(0,7T), (1.1.92)
u(z,,0) = uo(w,y), (v,9)" €. (1.1.9b)

As in the one dimensional case, we substitute the partial derivatives 0,u and 0yu by (p, q)T €
R? and utilize the notation H = H(p,q), 9,H (p,q,z,y) as well as 9, H (p,q, x,y) for the
Hamiltonian and its partial derivatives. In general, the problems and appear with
suitable boundary continuous, but for convenience we consider the problems with periodic
boundary conditions in this thesis. Henceforth, all the definitions and theorems will be pre-
sented merely for the problem (1.1.9). It can be verified that these statements also hold for the
problem (1.1.8).
Similar to scalar conservation laws, the initial value problems and do not have
classical solutions. This can be noticed as follows:
We assume that u is a classical solution of (1.1.8). Thus, u € C!(Q x [0,T]). We define
v := Jyu. Then by Schwarz integrability condition and follows

B+ 8, H (v) =0 inQx (0,T). (1.1.10)

Certainly, according to the discussion in the previous section, in general the solutions of the
scalar conservation law are not continuous. This result contradicts the assumption that
w is a classical solution of (1.1.8).

Likewise, if we assume that u € C! (Q x [0,7T1) is a classical solution of and define
v := dyu and vy := yu, it follows by Schwarz integrability condition and

Opv1 + O H (v1,v2)
Ova + 0y H (v1, v2)

inQ2x(0,7),

=0,
=0, inQx(0,7). (1.1.11)
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These equations are a system of conservation laws and therefore, in general, the functions v;
and v are not continuous. Hence, the function u cannot be a classical solution of (1.1.9).
Therefore, like for scalar conservation laws, a class of generalized solutions is necessary to
analyze the initial value problems and (1.1.9). In the literature, the right class of gener-
alized solutions was discussed for a long time, since the equations (1.1.8a) and (1.1.9a) are not
quasi-linear and thus it is not possible to define weak solutions in the sense of the definition
(T.1.1). In the beginning, a generalized solution was defined as a W1 (Q x (0, 7)) function,
which satisfies or almost everywhere. Unfortunately, this definition is not practi-
cable for an existence proof by the vanishing viscosity method. Moreover, the definition does
not ensure uniqueness. This can be ascertained by the following example.

Example 1.1.3 This example was presented by Crandall and Lions in [17]. We consider the initial
value problem

du+ (Opu)* =0, in(0,1) x (0,7, (1.1.12a)
u(z,0) =0, x€(0,1). (1.1.12b)
Then is uy (x,t) := 0 a solution of (1.1.12), but on the other hand the function
—t, 0<t<
iy Jlal =t 02,
0, lz| <t
is in WHo° (Q x (0,T)) and satisfies in the classical sense except on the lines
{(z,t): t =4z orz =0}.

Hence, a more appropriate definition for generalized solutions was introduced by Crandall and
Lions in [17 Definition I.1]. They defined the class of generalized solution as follows.

Definition 1.1.3 A function u € C (2 x (0,T)) is called viscosity solution of the initial value

problem (1.1.9), if u satisfies and for all p € C*> (2 x (0,T)) hold:

{Ifu — ¢ has a local maximum at a point (xg, yo,to) € Q x (0,T), is (1.1.13)
9 (20, Y0, to) + H (9 (20, Y0, 0)) < 0
as well as
{lfu — ¢ has a local minimum at a point (xg, yo,to) € 2 x (0,T), is (11.14)
dep (w0, 0, to) + H (02 (0, Y0, 0)) > 0.

Note that in the definition a local maximum principle instead of the integration by parts
formula has been used to shift the partial derivatives from u to a test function. Therefore, this
definition enables existence proofs for (1.1.8) and (1.1.9) by the vanishing viscosity method.
However, a priori it is not clear that a viscosity solution is the physical relevant solution for the
Hamilton-Jacobi equations. Crandall and Lions proved in [[17, Proposition VI.1] that a viscosity
solution is actually the physical relevant solution. This result can be summarized as follows.




1.1. Time-dependent first order partial differential equations (PDEs)

Proposition 1.1.4 Let u® be a solution of the viscose problem

O + H® (Vuf) —elhu® =0, inQx(0,7) (1.1.15)
uf (z,0) = u§(z), (z,9)7 €Q (1.1.16)

with Opu®, Ou®, Oyu® € C (2 x (0,T)). Suppose
(> . g . raY
H mH inC(Qx(0,7)), uy =7 o mC(Q)
and there exists a subsequence (¢,,),, oy and au € C (Q x (0, T)) with

Ut — u inC(Q X (O,T)).

En—
Then u is a viscosity solution of the initial value problem (1.1.9).

Furthermore, Crandall and Lions proved in [17, Theorem V.1.2] the existence and uniqueness
of viscosity solutions for the problems (1.1.8) and (1.1.9). This result can be summarized as
follows.

Theorem 1.1.4 Let ug € C(2) and H € R? (). Then there exists a unique function u €

C (Q x (0, T)) which satisfies (1.1.13), and

fim () = 0 (o) = 0

Moreover, it holds for all z,y € Q andt € [0, T

u(z,t) —u(y,t)] <suplug (§) —uo (§+y— ).
£eQ

Finally, we would like to mention that Hopf presented in [39] a closed formula for a solution
of the problems (1.1.8) and (1.1.9). Hence, the question appears, if Hopf’s solution is a viscosity
solution. This question was responded by Barles in [[I, Theorem 1.2] with the following result.

Proposition 1.1.5 Let H € C? () be a convex function and ug € C (). Then the unique
viscosity solution is given by Hopf’s formula

u(x,t) = min {tsup {p- (a:—y) H(p)} + up (y)}, (z,t) € Q x (0,T).

yeQ peR? t



1. Fundamentals

1.2. The Runge-Kutta discontinuous Galerkin (RK-DG) method

According to theorem|1.1.2|the problem has an unique entropy solution, which satisfies
the inequalities and (1.1.6). Therefore, from a theoretical point of view it is desirable that
a discretization of the problem has comparable properties. In particular, we would like
to have a numerical scheme for conservation laws with the properties:

i) It is in conservation form.

ii) It satisfies a discrete maximum principle.

)
)
iii) It is total variation stable.
iv) It is entropy stable.

)

v) It is high order accurate.

It should be noted that the conditions i) - iv) and compactness arguments provide for one dimen-
sional first order finite difference schemes with Lipschitz continuous numerical flux functions
the covergence to the unique entropy solution of the initial value problem (cf. Kroner
[49, Theorem 2.3.9, p. 60]). Furthermore, it should be noted that the meaning of the point v)
could be confusing in the context of conservation laws, since the solution of these equations
could be discontinuous. It is well known that at discontinuities like shock waves a numerical
method is at most first order accurate. Therefore, the point v) has to be understood in the fol-
lowing sense: A numerical method for conservation laws is high order accurate, if it is a high
resolution method in regions, where the solution of the conservation law is smooth.

If we understand the conditions ii), iii) and iv) in the sense of classical finite difference schemes,
a scheme has to be total variation diminishing (TVD) and entropy stable in the sense of the
Kruzkov entropy functions. A class of finite difference schemes, which are in conservation
form, TVD and entropy stable are the monotone schemes. Unfortunately, monotone schemes
are merely first order methods (cf. Godlewski and Raviart [32] Theorem 3.1, p. 125]) and thus
the condition v) is not satisfied. Furthermore, it is well known that TVD schemes are at most
second order accurate at local extrema. This problematic is exemplified by an example in the
book of Gottlieb, Ketcheson and Shu [35, Chapter 11, Section 11.2]. Hence, the concepts to
analyze classical finite difference schemes are too restrictive to ensure that a scheme is high
order accurate. An alternative to the TVD stability has been developed by Shu in [72]. This
concept covers iii) and it is compatible with v), but in contrast to the TVD stability it does not
cover ii). Therefore, in [94] X. Zhang and Shu introduced a high order accurate limiter, which
provides a discrete maximum principle. In order to ensure the entropy stability, according to
proposition[1.1.3]it is enough to prove the stability for one specific convex function instead of
all Kruzkov entropy functions.

A well known class of high order accurate finite difference schemes are the essentially non-
oscillatory (ENO) and weighted essentially non-oscillatory (WENO) schemes. Many of these
schemes are constructed to satisfy the conditions i) - v). Among others Shu has summarized
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the development, analysis and the computational behavior of ENO and WENO schemes in [[75]].
Besides many benefits, ENO and WENO schemes have the disadvantage that informations from
several cells are necessary to construct a high degree polynomial as approximate solution. Fur-
thermore, in general it is not easy to develop ENO and WENO schemes for unstructured grids.
Thus, these schemes are not attractive for adaptive mesh refinement techniques. From this
point of view, these schemes are unsuitable for parallel computing for instance on supercom-
puters with an amount of processors.

Towards a method, which is theoretical well suited in the sense of condition i) - iv) and more
practical than the ENO and WENO schemes in the sense of changing mesh geometries, Cock-
burn and Shu developed and analyzed the Runge-Kutta discontinuous Galerkin (RK-DG) for
the problem in [10} [11]. Later, in [13] Cockburn, Hou and Shu extended the method to
multidimensional scalar conservation laws and in [[12,[14] Cockburn, Lin and Shu extended the
method to hyperbolic systems of conservation laws.

The method based on a method of lines approach. For the spatial discretization a discontin-
uous Galerkin method with piecewise polynomial test functions is applied. Since this kind of
test functions are not well defined in the cell interfaces, Cockburn and Shu applied monotone
numerical flux functions to evaluate the surface integrals of the physical flux function on the
cell interfaces. Therefore, the method is in conservation form and the piecewise polynomial
version of the method degenerates to a monotone finite difference scheme. Furthermore, it
should be noted that the numerical flux function depends merely on informations of adjacent
cells and the choice of piecewise polynomial test functions makes the method attractive for
changing mesh geometries. In particular, the method can deal meshes with hanging notes (cf.
Cockburn and Shu [16]). Therefore, it is well-suited for adaptive mesh refinement techniques
and parallel computing. For the time discretization the so called strong stability preserving
Runge-Kutta (SSP-RK) methods are applied. These time integration methods have been devel-
oped by Shu and Osher in [[73][74] to carry the total variation stability of the forward Euler step
to an explicit high oder RK method in the method of lines approach. In the section (1.2.1), the
benefits of these methods will be presented.

Nevertheless, despite all its advantages, the RK-DG method has some drawbacks. In general
Galerkin methods without any stabilization terms are not stable for convection dominated
problems (cf. Kroner [49, Example 2.6.1, p. 117]). Therefore, Cockburn and Shu introduced a
post process procedure by limiters to stabilize the method. In several space dimensions, the con-
struction of limiters is nontrivial and is constrained to the mesh geometry (cf. Hou, Cockburn
and Shu [13]). Therefore, the advantage of the method to handle changing mesh geometries
is restricted by the post process procedure. Recently, Kuzmin [52] constructed limiters based
on Taylor polynomials. These limiters are working for non simplicial or non cartesian meshes,
too. However, Kuzmins limiting procedure is complex and thus numerical quite costly com-
pared to the standard limiting procedure by Cockburn and Shu. As mentioned by Cockburn,
Karniadakis and Shu in [9], it would be very useful to devise a RK-DG method that does not
have a limiter and remains nonlinearly stable and high order accurate.

Another issue for RK-DG methods is the Courant-Friedrichs-Lewy (CFL) number. In the con-
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text of linear scalar conservation laws, the CFL number for the RK-DG method with piecewise

polynomials of degree k should behave as AA; =0 ((Qk + 1)_1), for all cells K with the
diameter A k. For k € {0,1}, this ratio has been proven by Cockburn and Shu in [10]. Fur-
thermore, numerical experiments suggest that the number (2% + 1)~! is less than 5% smaller
than the numerically obtained estimates for the CFL number (cf. Cockburn and Shu [[16, Table
2.2]). The ratio of the CFL condition has to be respected for nonlinear problems, too. It should
be noted that the number could decrease even more when a post process procedure to stabilize
the method is applied. Since the ratio of the CFL number is depending on the inverse value
of the polynomial degree, the number has to be decreased, for high order RK-DG methods. A
small CFL number aggravated the computation time costs of a numerical method. In order
to relax the ratio of the CFL number, p-refinement techniques in combination with local time
stepping techniques could be used. Local time stepping techniques for hyperbolic conservation
laws have been developed e.g. by Flaherty et. al. in [29]. These techniques are necessary to
prepare a numerical method for parallel computing.

However, issues concerning the CFL number are not a component of this thesis, instead we
develop and analyze certain ALE-DG methods. For the ALE-DG methods, we want to prove
that Cockburn, Shu and X. Zhang’s post process procedures to stabilize the RK-DG method can
be applied, too. These post process procedures were introduced and analyzed in (7, [11] [16] 94].
In this section, we present the main ingredients of Cockburn, Shu and X. Zhang’s post process
procedures based on the one dimensional weak RK-DG formulation for the problem (1.1.1).
Furthermore, we discuss explicit SSP-RK time integration methods. Later, in chapter 3, we will
analyze our one dimensional ALE-DG method with these tools.

1.2.1. Strong stability preserving Runge-Kutta (SSP-RK) methods

The right choice of the time integration method in a method of lines approach for conservation
laws is an important ingredient to obtain a stable numerical method.The following numerical
example by Gottlieb and Shu [33] Section 2] demonstrates this issues. In order to present the
example, we partition the time interval [0, 7'] equidistant. Henceforth, is the set {tn}ﬁzo, L e
N, given by
T

tp :=nAt and At:= 17 (1.2.1)
an equidistant partition of the time interval [0, T']. In particular, we call At the time step of the
method.

Example 1.2.1 We consider the Burgers’ equation (1.1.2) with the initial data

1

9 ﬂ:’>07
ug (r) =
0(@) {1, xz < 0.

10



1.2. The Runge-Kutta discontinuous Galerkin (RK-DG) method

Figure 1.2.1. The characteristic curves for the solution u. (Source: LeVeque [57, Figure 3.8])

According to the previous sections

)

u(z,t) = {_5’

x >
1, xz <

FNERNNE

is a weak solution of the Riemann problem. This solution is a shock wave with the propagation
speed o (t) = ﬁ and it is the physically relevant solution of the Riemann problem, since the
characteristic curves for the solution go into the shock (cf. figure[1.2.1).

Gottlieb and Shu applied a second order monotonic upstream centered scheme for conservation
laws (MUSCL scheme) (cf- van Leer [83]) to solve the Riemann problem above. Details about the
MUSCL scheme in this example, can be found in Gottlieb and Shu’s article [33]. For the time

integration, they compared the methods

un,(] — un,
unt = w0 4 AL (u0) (1.2.2)
urtt = m? = 20 4 Tyt 4 AL (u™h)
and
un,O — un’
u™t = um = 20A6L (u™0) (1.2.3)
wttl =2 = gm0 4 %Atﬁ (u™Y) — 4—10At£ (u™1).

It follows by Harten’s Lemma (cf. Harten [37]) that the MUSCL scheme with the forward Euler
step as time integration method is TVD stable. Therefore, according to proposition[1.2.1the MUSCL
scheme with the time integration method is TVD stable. The MUSCL scheme with the time
integration method cannot be TVD stable, since the approximate solution starts to oscillate
after 500 time steps (cf. figure[1.2.2). Furthermore, we can see in figure[1.2.2 that the solution of the
MUSCL scheme with the time integration method converges to the unique entropy solution
u and the MUSCL scheme with the time integration method produced a wrong solution.

11
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exact i u
fffff e TVD ~--—e--—— non-TVD

Figure 1.2.2. The solution of a second order TVD MUSCL spatial discretization after 500 time steps.
Left: The SSP method (1.2.2). Right: The non-SSP method (1.2.3). (Source: Gottlieb and
Shu [33, Figure 1])

In the following, we present a certain class of Runge Kutta (RK) methods. This methods were
first introduced by Shu and Osher in [[73} [74] to ensure from the TVD stability of the forward
Euler step the TVD stability of a high stage RK method. Hence, the methods were called TVD
Runge-Kutta methods. Later, in [34] Gottlieb, Shu and Tadmor performed a systematic study
of these methods and proved that the methods ensure also other stability properties than the
TVD stability. Therefore, they changed the name of the TVD Runge-Kutta methods to Strong
stability preserving Runge-Kutta (SSP-RK) methods.

We present the explicit SSP-RK time integration methods based on the ODE

u(t)=L(u(t),t), tel0,T], (1.2.4a)
u(0) = u®, (1.2.4b)

where £ : R x [0,T] — R? and u" € R? are given. In the context of the method of lines
approach, the function £ = £ (u, t) is an approximation to the spatial differential operator in
a PDE and  is the initial data projected to a finite space. Shu and Osher introduced in [73}74]
the following way to describe a s-stage RK method for the ODE

n,0 n

u =u";
fork =1,..., s compute the intermediate functions : (1.2.5)
uvk o = Zéf:_& akgwk’é, wht =yt + g—’;i&tﬁ (u"’e, tn + 55&15) ; o
un—l—l = ™S
where forallk =1,....,sand £ =0, ...k — 1
k-1
ape >0, if Bge # 0 then agp > 0, Z app =1 (1.2.6a)
/=0

12



1.2. The Runge-Kutta discontinuous Galerkin (RK-DG) method

Qg Bre | d¢ | Crx
Optimal second order method 1 1 0 1
11| g1 |1
2> 2 » 2
Optimal third order method 1 1 0 1
(Shu’s scheme) %, i 0, % 1
1 2 2 |1
205100353

Table 1.2.1. The parameters of the optimal second and third order SSP-RK method.

and
k—1

So=0, 6= (o +Bre), 0s=1. (1.2.6b)
=0
Note that by the conditions the intermediate functions are convex combinations of first
order forward Euler steps. This is the crucial feature of these classes of RK methods. Hence,
if it is possible to adjust the time step adequate, a stability result for the forward Euler step
provides a stability result for the high order RK methods. In fact, Gottlieb and Shu proved the
following result in [33].

Proposition 1.2.1 Let |-| be a suitable seminorm on a function space. If forallk = 1, ..., s as
well as { = 0, ...,k — 1 the conditions (1.2.6) are satisfied, S > 0 and under the time step
restriction ANt < Atpg hold

\u"vf L ALL (u”f, to + 65At)‘ < \u”v‘ ( . (1.2.7)

Then the solution obtained by the RK method (1.2.5) satisfies

‘u”"'l‘ < |u"| (1.2.8)
under the time step restriction
_ Bre ., _
CreAt < Atpg, Crg:=max —: k=1,..,8 £=0,...k—1;. (1.2.9)
€97

It should be noted that the time step restriction in proposition|1.2.1]is necessary to ensure
the stability property from the stability property (cf. Gottlieb, Ketcheson and Shu
(35 Theorem 3.3, p. 40]). Certainly, for different RK methods of the same order the coefficient
Crx could be different. In order to minimize the cost of the time integration the coefficient Crx
should be small. Hence, for a specific order the RK method in the form with the smallest
coefficient Cpg is optimal. In this sense Gottlieb and Shu stated the optimal second and third
order SSP-RK method in [33]. The parameters and the corresponding coefficients Crk of these
methods are listed in the table (1.2.1).

13



1. Fundamentals

Unfortunately, it is not straightforward to find explicit high order SSP-RK methods. In [33]
Proposition 3.3] Gottlieb and Shu proved that a four stage, fourth order RK method in the form
with non-negative coefficients cannot exists. Admittedly, Spiteri and Ruuth constructed
in [[76] a fifth stage, fourth order SSP-RK method, but in [69] they proved that there is no fifth
order SSP-RK method with non-negative coefficients. However, there are also investigations
of implicit SSP-RK methods (cf. e.g. Gottlieb, Ketcheson and Shu [33]).

Finally, we would like to mention that a numerical method with a RK method of the form
as time integration method could be also stable, if the method is not stable for the forward Euler
step. For instance Chavent and Cockburn proved in [3] by von Neumann analysis that for linear
problems the forward Euler step of the RK-DG method is unconditionally L2-unstable. On the
other hand, Q. Zhang and Shu proved in [90] that the RK-DG method with the optimal second
order SSP-RK method is L?-stable under the time step restriction At = O (A), where A
is the diameter of a cell K, for piecewise polynomials of degree one and under the time step

restriction At = O ((A K)%) for piecewise polynomials of degree greater equal two.

1.2.2. The weak RK-DG formulation

In the following, we introduce the discontinuous Galerkin (DG) discretization of the problem
(1.1.1), present the main ingredients for Cockburn, Shu and X. Zhang’s post process procedures
to stabilize the RK-DG method and discuss some theoretical results.

First of all we divide the domain Q2 C R by cells

K; .= (xj_%,ijr%) AN Tjpl =T 1 >0, j7=1,...,.N
such that Q = U;\;l K. Next, we define the following finite element test function space

V= {vel2(Q): vk, € P*(K;) Vi =1,..,N}, (1.2.10)

where P* (K ;) denotes the space of polynomials in K; of degree at most k. Since the space V},
contains discontinuous test functions, we define for any v € V, and j = 1, ..., N the quantities

:zlimv(m 1—|—E) v ::hmv(m- 1—5) o, 1 =0T, —wT
e—0 J=3 ’ J J=3 ’ [[]]J_i

+
V. 1 1 T
2 e—0 J—3 J—3

1
J—3
Furthermore, we approximate for all ¢ € (0,T) the solution u of the equation by the
function uy, (t) € V, given by

k

up () |k, = D uj (t) ¢, (1.2.11)

=0

where { 6, ey gb{c} is a basis of the space P* (K;). Note that for convenience the value z € K
has been skipped in (1.2.11). The coefficients ué (t),...,ui (t) in (1.2.11) are the unknowns of the

14



1.2. The Runge-Kutta discontinuous Galerkin (RK-DG) method

method. In order to determine these coefficients, we consider the problem: Find a function
up, € Vp, such that for allv € Vj, and j = 1, ..., N the following equation is satisfied

n - n +
(Orun, v)ge, = (F (un) v)p, +f (un) oy vy = flun)y_g v =0, (1.2.12)
where f (up), 1 = f(u Cut 1). The function f (-, ) is a numerical flux function,
J73 h,]—§ hJ—i

which is consistent with f, increasing in the first, decreasing in the second and Lipschitz con-
tinuous in both arguments. These kind of numerical flux functions are known as monotone
fluxes. A collection of familiar numerical fluxes can be found in Cockburn’s lecture notes [7,
Section 3.4] or in the review article [16] Section 2.1] by Cockburn and Shu. The initial data
to solve the ODE in could be given by the L2-projection on the space P* (K. ;) of the
initial function ug in problem (1.1.1). Then we obtain for all v € V() the equation

(un (0),v) g, = (u0,v), - (1.2.13)

The ODE is solved by a time integration method of the type with the properties
(1.2.6).

It should be noted that the RK-DG method has to be stabilized as we mentioned in the previous
sections. Otherwise, the method is not stable and cannot satisfy the properties i) - v), which
were introduced at the beginning of this section. According to proposition|[L.2.1]it is enough to
stabilize the method for the forward Euler step. In the following, we present the approach of
Cockburn and Shu to stabilize the RK-DG method. This approach was published in [[7, 11, [16].
Hence, first of all, we consider the forward Euler step of the weak formulation with the
test function v = 1 and obtain the scheme

= = 5 (F )y = Flun),y). (1219

where

is the local mean value of the RK-DG solution u, at time level ¢,, for the cell K;. The local
mean values provide the piecewise constant function @y, by uy, (x,t) = uj,z € Kjandt €
[tn, tn+1). Note that the scheme is of a similar structure as a classical three point finite
difference scheme. A TVD stable finite difference scheme is not producing oscillatory solutions.
Therefore, we are taming the RK-DG solution that the scheme becomes TVD stable. It
can be proven by Harten’s Lemma (cf. Harten [37]]) that the scheme is TVD stable, if
the solution uy, satisfies foralln =1, ..., L

u;’ﬂ% (tn) =7} +m (u};j+é (tn) =y, A_uy, A+u7j) (1.2.15)
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1. Fundamentals

and

wf L (ty) =1 —m (u? - u:j_l (tn), A}, A+u§?) : (1.2.16)
’ 2

where Ay u} =0} —uj_y, Ayu} i=uj,, —u; and for all (o, ..., a5) € R?

o min a,, ifo=sgn(a;)="--=sign(as),
m(ar, - ,ag) =4 1s7<s ’ (1.2.17)
0, else

is the minmod function, which was introduced to construct the minmod limter for MUSCL
schemes (cf. e.g. Sweby [79]). In general the solution of the RK-DG method does not satisfy
the conditions and (1.2.16). The solution has to be modified by a TVD slope limiter. A
collection of TVD slope limiters are presented in Cockburn’s lecture notes [7, p. 179-180]. If
the modified RK-DG solution satisfies the conditions and (1.2.16), the method is called
TVD stable in the mean values (TVDM stable).

Unfortunately, the TVD stability is too restrictive to ensure that a method is high order accurate
in regions, where the solution of the problem is smooth. Hence, in order to maintain the
high order accuracy at local extrema, a less restrictive TVB limiter has been introduced (c.f.
Cockburn and Shu [11] [72]]). A TVB limiter is taming the solution of the RK-DG method, such
that the conditions (1.2.15) and (1.2.16) are satisfied for the modified minmod function instead
of the minmod function (1.2.17). The modified minmod function is for all (o, ..., as) € R®
given by

m(ag, -, ag) 1= (1.2.18)

{al, if |ay| < M (D)%,

m(aq, -+ ,as), else.

Note that in the modified minmod function the parameter M appears. This parameter is the
Achilles’ heel in the application of TVB limiter, since for systems of conservation laws it is
not a priori clear how to chose this parameter. For scalar conservation laws is the situation
simpler, since the solution of the problem satisfies the maximum principle (L.1.5). Se-
lection options for the parameter M have been discussed by Cockburn and Shu in [11, Lemma
2.2]. Furthermore, they proved that the TVB limiter provides the TVB stability of the scheme
(c.f. Cockburn and Shu [11, Lemma 2.3]). In accordance with the TVDM stability, the
RK-DG method is called TVB stable in the mean values (TVBM stable), if the scheme
is TVB stable.

Admittedly, the TVBM stability is not enough to ensure that the method satisfies a maximum
principle. In [94] X. Zhang and Shu suggested to modify the RK-DG solution for all x € K by

h L5 tn h L5 tn g 7 A[j ﬂ? ) i ﬁ? ) 5 .2.19
where

‘= mi d M:= 1.2.20

m min ugp (33) an max ug (I‘) ( )
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1.2. The Runge-Kutta discontinuous Galerkin (RK-DG) method

as well as

mj = ;2}?] up (r) and M; = ;ré%(); up () . (1.2.21)
Furthermore, X. Zhang and Shu [94, Lemma 2.4 and Theorem 2.5] proved that the limiter
(1.2.19) is not affecting the accuracy of the method and the modified solution satisfies the fol-
lowing maximum principle

max Up (T, tpt1) < max up, (x,t,) and glelél up (T, tpt1) > gjnelfrll up, (x,t,) .
It should be noted that X. Zhang and Shu’s limiter could be also applied to systems of con-
servation laws. For example, the density and the pressure in the Euler equations need to be
positive quantities. Several high order methods for the Euler equations do not ensure this re-
striction, but the approximate density and pressure revised by X. Zhang and Shu’s limiter have
this property, since this limiter preserves positive quantities (cf. X. Zhang and C.-W [95])).
Next, we discuss the entropy stability of the RK-DG method. On the one hand, Cockburn and
Shu proved in [11} Lemma 2.8] that the RK-DG is entropy stable with respect to the Kruzkov
entropy condition (1.1.4), if the solution uy, satisfies foralln =1,...,L — 1

(b) = +m (), A, Ay, sign (@) Ce (4)7) (12.22)

u, .
hj+i

and

(b) = —m (i, A}, Ay, sign (1) ) Ce (85))), (1.2.23)

+
Uy j

1
2

where @} 1= u;’ﬂ% (tn) —uf, 57 =y — u}tj+% (t,) and Cg > 0 as well as 5 > 0 are fixed
parameters. Of course, the RK-DG solution has to be modified by a limiter to satisfy
and (1.2.23). A collection of limiters, which enforce the entropy stability of the method, are
presented in Cockburn’s lecture notes [[7, p. 179-180]. However, it should be noted that in
practice the choice of the parameters Cp and [ is not easy, since the parameters cannot be
automatically adjusted. The parameters have to be tuned for each individual problem. Note
that inappropriate choices of the parameters could smear out the profile of the solution or the
limiter could fail to correct a weak entropy violating shock. On the other hand Jiang and Shu
proved in [45] a cell entropy inequality for the semi-discrete DG method (1.2.12). They used
the fact that monotone numerical flux functions satisfy the E-flux condition which is for all
a,b € R given by

(Fla,b)=F(Q)) (b-a) <0, forallCe [a,b]. (1.2.24)

Furthermore, they extended this result to certain time integration methods like the backward
Euler and the Crank-Nicolson time integration method by applying the identity

(a—b) (Ja+(1—0)b) = %aQ - %bQ + (19 - ;) (a— b2, (1.2.25)
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1. Fundamentals

forall a,b € Rand ¢ € [0, 1]. Unfortunately it is not possible to extend this result to the for-
ward Euler step, since in [3] Chavent and Cockburn proved that the forward Euler step of the
RK-DG method is unconditionally L?-unstable, if for the spacial discretization non piecewise
constant polynomials are used. Nevertheless, in [11] Section 4, Example 3] Cockburn and Shu
showed by numerical experiments that the method for scalar conservation laws is entropy sta-
ble without any entropy correction by a limiter, which enforces the RK-DG solution to satisfy
(1.2.22) and (1.2.23). Moreover, they showed that the method is also entropy stable for scalar
conservation laws with a nonconvex flux like the Buckley-Leverett flux (cf. Cockburn and Shu
(11} Section 4, Example 3]). Therefore, in the sense of entropy stability, there is a big gap be-
tween the theoretical results and the actual performance of the method in applications.
Finally, the theoretical aspects of the RK-DG method, which have been mentioned in this sec-
tion, can be summarized in the following theorem. The theorem has been proven by Cockburn
in [[7]).

Theorem 1.2.2 Suppose that the slope limiter in the RK-DK method ensures TVDM stability or
that the limiter ensures TVBM stability and the limiter is used. Then there is a supsequence
(hk)ren generated by the method with
Ty, — u  inL® (0, 71! (Q))

k hL—0
and u is a weak solution of (1.1.1). Furthermore, if the slope limiter ensures entropy stability
the whole supsequence (y,),,, converges in L>° (0, T; L' (Q)) to the unique entropy solution of
(1.1.1).

1.2.3. Discontinuous Galerkin methods for the Hamilton-Jacobi equations

Generalized solutions for the Hamilton-Jacobi equations are different from weak entropy solu-
tions. Nevertheless, in [18]] Crandall and Lions proved that monotone finite difference schemes
for the problems and converge to the unique viscosity solution. In the previous
sections, we have seen that the RK-DG method is in some sense a high order extension of a
monotone finite difference scheme. Hence, it is meaningful to extend the RK-DG method to the
Hamilton-Jacobi equations. Certainly, the development of RK-DG methods for the Hamilton-
Jacobi equations is not straightforward, since these equations are not quasi-linear and thus we
cannot apply the integration by parts formula. In the following, two RK-DG methods for the
Hamilton-Jacobi equations will be listed.

Hu and Shu’s method: We have seen that for sufficiently smooth functions the Hamilton-
Jacobi equations can be written as the scalar conservation law and the system (1.1.11).
This relationship between conservation laws and Hamilton-Jacobi equations was utilized by
Hu, Lepsky and Shu in a series of papers [40, 41} 54] to adapt the RK-DG method for conserva-
tion laws to the Hamilton-Jacobi equations.

In the one dimensional case, two test function spaces are used to describe the method. The first
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1.2. The Runge-Kutta discontinuous Galerkin (RK-DG) method

one is the space to describe the approximate solution uj, by the other space is
given by
Uy :={v e L2(Q) : vlx, € PFH(K;) Vi =1,...N}. (1.2.26)

These test function spaces are applied to the problem: Find a function w; € V}, such that for
allv € Up and j = 1,..., N holds

(O0aun, v) i, — (H (Dgun) ,v) g, + H (Dun) 41U

= H (Oyup),_1vt | =0, (1.2.27)
]+§

i3
thereby is
A (D), =1 ((axuh).

j—1> (axuh)jé)

a suitable numerical flux function. A common choice is a Lax Friedrichs type flux as suggested
by Crandall and Lions in [18]. Other choices are the Godunov or Osher-Sethian flux (cf. Osher,
Sethian and Shu [64] and [65]). The discrete weak formulation determines uy, up to a

constant. To determine the missing constant, there are two ways:

a) It has to be required that for any cell K, j = 1, ..., N, the following equation is satisfied
(Opup, 1)Kj + (H (Ozup) , l)KJ_ =0. (1.2.28)

b) The condition is merely used in a few cells, for instance in K. Afterward, the
missing constant for the cell K, j = 1,..., N, could be determined by solving the equa-
tion 2;

up (xj,t) = up, (21,t) + / Ogup dx, (1.2.29)
a1

where z; € Kj and 21 € Kj.

Both approaches are discussed and implemented by Hu and Shu in [40]. They mentioned that
for smooth problems the approaches perform similar, but for problems with singularities the
performance of the first approach is better, if the integral path in is chosen adversely.
Nevertheless, in the sense of computational coast is the second approach preferable to the first
approach.

For the semi-discrete scheme (1.2.27), the cell entropy inequality, which was proven by Jiang
and Shu in [45]], provides the L2-stability of the sequence (9, uz, ) n>o- Therefore, by the Rellich-
Kondrachov theorem (cf. Ciarlet [5, Theorem 6.6-3, p. 333]) and Aubin-Lions-Simon lemma (cf.
Simon [71} Section 8, Theorem 5]) exists a subsequence of (u4,)},-(, Which converges. It can be
proven that the limes of the subsequence is a solution of the initial value problem (1.1.8), but
in general it is not the unique viscosity solution.

In order to present the two dimensional extension of Hu and Shu’s method, we assume that 75,
h > 0, is a suitable family of tessellations of the domain 2 C R2. Similar to the one dimensional
case is the approximate solution uy, a piecewise P* polynomial. If the approximate solution
has been determined at time level ¢,,, the approximate solution for the upcoming time level can
be determined as follows:
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e Apply the RK-DG method for hyperbolic systems of conservation laws (cf. Cockburn and
Shu [[14])) with a test function space of piecewise P*~! polynomials for the system
to determine provisional functions v; ;, and vy j, at time level ¢,,11. These functions are
approximations for d,u and J,u where u denotes the unique viscosity solution of the

initial value problem (1.1.9).

e For all cells K € 7T}, determine the gradient Vuy, at time level ¢,,1 by

[Vup — (vl,h7v2,h)H[L2(K)]2 = ¢EI7I>1’EI(1K) Ve — (vl,h7v2,h)H[L2(K)]2 . (1.2.30)

e Determine the missing constant by one of the following approaches:

a) Require that for any cell K € 7Tj, holds

(8tuh, 1)K + (H (Vuh) , 1)K =0. (1.2.31)

b) Apply the condition merely in a few cells, for instance in the corner cell
Keomer € T Afterward, the missing constant for the cell K € 7, could be deter-
mined by solving the path integral

U’h ("'EK7 t) = uh (chorneH t) + / (axuh) dm + (8yuh) dy7 (1232)
v

where 7 is a path from the point x .. € Kcomer to the point xx € K.

Both approaches are discussed and implemented by Hu, Lepsky and Shu in [40] and [41]]. The
behavior of the approaches is similar to the one dimensional analogues. Furthermore, Lepsky,
Hu and Shu analyzed in [54] the effect of the equation (1.2.30). They proved that the L?-norm
of the quantity Vuy, is not bigger than the L?-norm of (v1,h, v2,4) and that the mean values of
v1,5 and , v p, are equal to the mean values of d,u;, and Jyuy,. Therefore, the equation (1.2.30)
does not affect the stability properties of the RK-DG method.

Nevertheless, it should be noted that in general the system is not strictly or strongly hy-
perbolic. Admittedly, the RK-DG method by Cockburn and Shu [[14] was developed for strictly
or strongly hyperbolic systems. Hence, a numerical method for directly solving the Hamilton-
Jacobi equations without a consideration of the system is preferable. However, the
capability of Hu, Lepsky and Shu’s method for one and two dimensions in the numerical ex-
periments of Hu, Lepsky and Shu in [40] [41] 54] is magnificent.

Yan and Osher’s local discontinuous Galerkin (LDG) method: This method was devel-
oped by Yan and Osher in [86] to solve directly the one and two dimensional Hamilton-Jacobi
equations. In the following, for convenience, we present merely the one dimensional method.
The method for the two dimensional Hamilton-Jacobi equations can be specified by similar
arguments (cf. Yan and Osher [[86]]). Furthermore, we apply the same notation as in the section
1.2.2
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First of all, we approximate for all ¢ € (0,T) the solution u of the equation by a function
up, (t) € Vy, given by (1.2.11). Next, in order to determine the coefficients of the approxima-
tion, we consider the following problem: Find a function wy € V}, such that for allv € V}, and
7 =1,..., N the following equation is satisfied

(Drunsv)ie, — (H (p1,p2) ) =0, (1.2.33)

J

where the variables p; and py are approximations for d,u, and H (p1,p2) is a local Lax-
Friedrichs flux given by

N + s
H(p17p2):H<pl 2p2> — 5 (2= p1) (1.2.34)
with
Aj = II}I%%X |OpH (p)|, Dj:= [min (p1,p2), max (p1,p2)] |k, (1.2.35)
J

In order to determine the variables p; and py we consider the following problems: Find func-
tions p1, p2 € Vy, suchthatforallv € Vyandj = 1, ..., N the following equations are satisfied

- - — +
(p1, v)Kj + (up, 8951))[(], Y L + U1V = 0 (1.2.36)
and
+ - + +
(p2, ’U)Kj + (up, 8351))Kj ~ Uy a1Vl + U1Vt = 0. (1.2.37)

The initial data to solve the ODE in could be given by the L2-projection of the function

ug in problem (1.1.8). Then the ODE is solved by a RK method of the type (1.2.5)

with the properties (1.2.6). We would like to mention that the DG method (1.2.33), (1.2.36)
and (1.2.37) has a similar structure as the local discontinuous Galerkin (LDG) method, which

was developed by Cockburn and Shu in [[15] to solve systems of time-dependent convection-
diffusion equations. Hence, Yan and Osher called the method above LDG method for directly
solving the Hamilton-Jacobi equations.

Next we consider the piecewise constant forward Euler step of Yan and Osher’s LDG method.
Let up|k;(tn) = U}, j = 1,..., N, be the piecewise constant solution of the method at time
level t = t,,. Then the equations (1.2.36) and (1.2.37) degenerate to

Ajpr —uy +uy_; =0 and Ajpe —u;y +u; =0. (1.2.38)

Therefore, we obtain by (1.2.33), (1.2.34) and (1.2.38)

=gt - ArH [ L) A [ ;7L 1.2.39
U, U ( 20\ + J 2/ ( )
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Next, we define for all a, b, ¢ € R the function

AN —
F(a,b,c) = (1 - A]Aj) b— AtH (ij> + AL, (223“) .

Thus, the scheme (1.2.39) can be written as follows

aptt = F(wy, a1, 1) -
The function F' = F(a, b, ¢) is increasing in all arguments, if the following CFL condition is

satisfied
At

)\jA—j <1, forallj=1,...,N.

Therefore, the scheme is a monotone scheme. Crandall and Lions proved in [18] that
monotone finite difference scheme for the problem converge to the unique viscosity
solution. Hence, the first order version of Yan and Osher’s LDG method provides the right
solution of the problem . Thus, Yan and Osher’s LDG method differs from Cheng and
Shu’s DG method for directly solving the Hamilton-Jacobi equations, which was published in
[4]. For the semi-discrete high order version of Yan and Osher’s LDG method, Xiong, Shu and
M. Zhang proved in [84] the optimal (k + 1) convergence in one dimension and for cartesian
grids in two dimensions. In addition, in [86]] Yan and Osher showed the capability of the high
order method in numerical experiments.

Based on Yan and Osher’s LDG method, we will present an ALE-LDG method for directly
solving the Hamilton-Jacobi equations in chapter
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2. The discrete setting for the arbitrary
Lagrangian-Eulerian (ALE) method

In this chapter, we present the main ingredients to describe our arbitrary Lagrangian-Eulerian
(ALE) method. Later in the chapters [3[ and [4| we will combine the tools of this chapter with
discontinuous Galerkin methods to discretize the problems and (1.1.8).
First of all, we construct time-dependent simplicial cells based on the assumption:

“The distribution of the grid points is explicitly given for an upcoming time level.”
Next, we define a time-dependent affine mapping to connect the time-dependent simplicial cells
with a reference simplex. The mapping yields an explicit expression for the grid velocity field of
the ALE method and is an important tool for the implementation of the method. Afterward, we
define the test function space for the ALE-DG methods and prove transport equations. Finally,
we discuss the one dimensional case, where the assumptions for the mesh are not as restrictive
as in several space dimensions.
Furthermore, we present conditions, which ensure that for any time point ¢ the time-depending
cells provide a regular family of simplicial meshes of the domain €. In the following, we denote
Th, h > 0, as a family of simplicial meshes of the domain €, if

Q= |J K

KeTy

and for any K € 7T}, there are d + 1 affinely independent points vy, ...,vg € €2 such that
K := int (conv {vy, ..., v4}). In the sense of Ciarlet [6] the family 73, h > 0, is called regular,
if it has the properties:

(7n1) Admissibility:
For any two elements K1, Ko € Ty, the set ¢ := K N Kj is either disjoint or ¢ C
0K N OK5. In the second case we call e edge of K and K.

(Tn2) Shape-regularity (cf. Ciarlet [[6, p. 132, 140]):
For any cell K € T}, are Ak the diameter of K, h = hp;, := ;{na%( A is the meshsize of
S

the triangulation and py is the radius of the largest ball contained in K. This quantities
are connected as follows: There are constants ¢ > 0 and 7 > 0, independent of A, such
that
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h
B
h B
N B
N B
h h
A .
Q Q
V T

Figure 2.1.1. The vertices of a two dimensional simplex move to the vertices of a simplex at the next
time level.

x2

It is well known that for a regular static simplicial mesh the classical inverse, trace and in-
terpolation inequalities (cf. e.g. Ciarlet [6]) can be applied. Therefore, if the time-dependent
simplicial cells provide for any ¢ € [0, 7] aregular mesh, these inequalities could be also applied
for the time-dependent cells.

2.1. The mesh for the ALE method

In order to present the ALE-DG methods, we have to describe the motion of the mesh. The
PDEs, in this thesis, are considered merely with compactly supported initial data and periodic
boundary conditions. Thus, we can assume that the boundary of the domain 2 is not moving
and that the mesh topology is changing solely in the interior of the domain. Moreover, we
assume that there are at time level ¢,, and ¢,,11 regular families of simplicial meshes 7}, as
well as Ty, hn, hny1 > 0. Likewise, we assume that 7y, and 7, ,
topology. Furthermore, by these assumptions the vertices at time level ¢,, and the vertices at
time level ¢,,1 can be connected by time-dependent straight lines (cf. figure[2.1.1). Physically,
this setting can be interpreted as follows: The vertices at time level ¢,, are moving to the vertices
at time level ¢,, 1.

In the following, the motion of the grid will be described more precisely. Let K" € Tp, ,

have the same mesh

K" € Ty, ., be arbitrary fixed simplexes with vertices v{j, ..., v} €  and vi L ng €
Q). For = n,n + 1 we define the matrix
Age = (v{ —vé,...,vé—vé) (2.1.1)

and assume det (Age¢) > 0. This means that the orientation of the corresponding simplex is
positive. Therefore, we can define forall j = 0, ...,dand ¢ € [t,, t,,11] time-dependent straight
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2.1. The mesh for the ALE method

lines

1
Uj (t) = ’UJT'L + WKTLJ‘ (t — tn) s (,UKnJ' = E (’U;l+1 — U;L) ) (212)

where the quantity wgn ¢ describes the speed of motion. The straight lines (2.1.2) provide for
any t € [t,, tp+1] time-dependent cells

K (t) := int (conv {vg (t) ,...,vq (t)}) . (2.1.3)

For any cell (2.1.3), the diameter and radius of the largest ball, contained in K (), are denoted
by Ak as well as pg(4). Furthermore, for any ¢ € [ty, tn 1], the family of all sets containing
the cells will be denoted by 7j4), h (t) > 0. Additionally, we define the quantities

h(t) :=h = JAN . 2.14
(t) := b7 K AR (2.1.4)
and
h = h(t). 2.15
s (t) (2.1.5)

The quantity ~ will be denoted as global length.

It seems to be meaningful that for any ¢ € [ty t,1] the set Ty is a regular simplicial mesh
of the domain (2. Certainly, in general the cells do not provide a regular simplicial mesh.
In order to obtain a regular mesh, we need to introduce some assumptions. Therefore, we
apply the upcoming notation: For any two elements K¢, K& € Thes ¢ = n,n + 1, we define
eﬁ(h K, =K £ N K{. If it is clear which cells are considered, we will just write €.

Next, we introduce some assumptions:

(A1) For any t € [ty, tp+1], there are constants v, > 0, independent of & (), such that
VK (t) S E(t), max (AKn, AKn+1) < ’YAK(t) and max (pKn,pKn+1) < 5/)K(t)a

where A e, £ = n,n + 1, is the diameter of K¢ and py is the radius of the largest ball
contained in K.

(A2) If the cells K7, K3 are connected with the cells K{LH, K;LJrl by (2.1.2), the sets €™ and
e"*1 have the same cardinality and the set €” is an interface of the cells KT, K likewise
the set e"*! is an interface of the cells K", K3+,

(A3) Foranyt € (ty,tn4+1) holds

-1 —1 -1
HAKnAKn+1 £(re ) <e(t) or HAK"“AKnHL(Rd,Rd) <(e(t))", (2.1.6)
where ¢ () := t’zﬂf;t

The assumptions above supply the following result.
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2. The discrete setting for the ALE method

Lemma 2.1.1 Suppose the assumptions (A1) and (A2). Then for any t € [tn,tn11] is Th)
h (t) > 0, a regular family of simplicial meshes of the domain ). Furthermore, if the assumption
(A3) is satisfied, is for any t € [ty t,+1] the determinant of the matrix

Age(py = (v1(t) —vo (t) ;s va (t) — vo (1)) (2.1.7)
a strictly positive real number.

Proof. The definition of 7}, yield Ty, = Tp,) and Tp, ., = Th,,,,)- Accordingly, in the
following is t € (ty,t,+1) an arbitrary fixed point. By the assumption (A1) the largest ball,
contained in a cell K (t) € Ty, is not empty, since the tessellations 7j,, and 7j,, ,, are shape-
regular and the cells K™ as well as K™ are not empty. Therefore, the points v (t) , ..., v4 (t)
are affinely independent. Hence, the cells are simplexes. Thus, in particular, the straight
lines are not interacting. Furthermore, the cells K (t) € 7j,(;) cover exactly the domain
), since () is a convex set.

The assumption (A2) supplies that there is no vertex of a cell in the interior of a neighboring cell.
Therefore, the condition (7;1) is satisfied. In order to prove the condition (732), we denote the
mesh regularity parameters of 73, as well as T, by oy, 7, and 0,41, T4 1. Then we obtain
by (2.1.2), assumption (A1) and the mesh regularity of 7y, as well as Ty, , |

(1 ot L?) (v;b - U?) n % (U;z+1 _ U;H—l)

t—t, t—t,
< — n+ — n

< oppin + Ontr1pgntt < 26 max {on, Oni1} Pr (1) (2.1.8)

A = max
KO~ g<ici<a

where we used the fact that the diameter of a simplex equals the greatest Eucledian distance
between two vertices of the simplex. In a similar way (2.1.2), assumption (A1) and the mesh
regularity of 75, as well as 75, , provide

h(t) < 2max (hThn , hThnH) < 2max (T, Tnt1) max (Agn, Agntr)

< 2ymax {7, Tnt1} D) (2.1.9)

These two estimates yield the condition (732).
By follows for all t € (t,, tyt1)

t—1t, t—1t,
A =(1- Axn Apnti.
K(t) ( At ) Kn + A7 K+l

Therefore, according to the assumption (A3) and lemma A.1.1 in the appendix is det (A K(t)) >
0, forallt € (ty, tnt1)- O
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2.1. The mesh for the ALE method

Remark 2. 1 1 In the proofoflemma 1, the shape-regularity of Ty, and Ty, ., yield that the
vertices are affinely mdependentfor allt € (tn,tnt1). We would like to mention that the
affine lndependence can be also received by a condition on the angles of the cells K" € Ty, as
well as K"t1 € T, .. This is meaningful, since Zlamal’s angle condition is equivalent to the
shape-regularity condition (1},2) (cf. Ciarlet [6, p. 461]).

Next, we discuss the relationship between the quantities pr(), A g (1), h(t) and the d-Lebesgue
measure | K ()|, of acell K () € Tj,). The estimates and provide that the mesh
regularity parameters for the family 7, h (t) > 0, are given by

¢:=2dmax{on,0nt1} and 0:=2ymax {7, Tni1}.

Hence, we obtain for the d-Lebesgue measure of a cell K (t) € Tj(y) the estimate

a (d) a (d)
o ()" < ==Ly < @ (@) Py < 1K Bl (2.1.10)
d
where a (d) := 1“(%711) is the volume of the R unit ball. Moreover, I (% + 1) denotes the

gamma function evaluated in the point % + 1. Likewise, we obtain by Hadamard’s inequality

1

d
K ()], = "det(AK )] H ) — o (1)] < Ad() a(h(zt))d, (2.1.11)

d!

where we used the fact that the diameter of a simplex equals the greatest Eucledian distance
between two vertices of a simplex.

Henceforward, we assume that 7;,«;), b (t) > 0, is a regular family of simplicial meshes. By
this assumption an arbitrary cell K (t) € T} can be connected with the simplex

d
4= {(gl,...,gd) eR?: Vje{l,..,d}, §>0and Y &< 1}, (2.1.12)

Jj=1

because for any simplex exists an affine mapping to the simplex Kj. Hence, we obtain for any

cell K (t) € Ty a time-dependent affine mapping (cf. figure[2.1.2)

XK@ Ka— K@), &= xrw (&)= Agp)§+vo(t), (2.1.13)

where the matrix Ay is given by (2.1.7). Since Ag ;) is a regular matrix, the mapping is for
any t € [tp, tp+1] bijective. The corresponding inverse is given by

Xt P K () = Ka, @0 Xy (2,8 = ARy, (@ = v (£). (2.1.14)
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2. The discrete setting for the ALE method

Moreover, in any time interval (¢, t,+1) are the straight lines (2.1.2) differentiable with respect
to t. Thus, the mapping (2.1.13) is also differentiable with respect to ¢. Hence, the grid velocity
in the point = X g (y) (§,t) can be defined by

WK (t) (z,t) =0 (XK(t) (Svt)) . (2.1.15)
Further, in the points © = x g~ (&, t,,) we define the grid velocity by

win (x,t,) = tlggl Wi (,1). (2.1.16)
Accordingly, in any arbitrary fixed space-time element K (t) X [t,,,,41) we have a local de-
scription of the grid velocity field. Finally, it is obvious that our method is an ALE method.
The grid is static, if the grid velocity is zero. In this case the motion of a fluid is described by
the Eulerian representation of motion. On the other hand the motion of the particles in a fluid
can be described approximately by the motion of the grid points, if the time step At is chosen
sufficiently small. In this case the motion is described by the Lagrangian representation. Next,
we define the global grid velocity as a function w : [0, T'] x  — R with the properties

w (t) |K(t) = WK (1) (t), vt €[0,T) and K (t) € 7;1(15), (2.1.17)
and
w(z,T):= limw(x,t), Vx € Q. (2.1.18)
t—=T

If it is clear which cell K () € Ty ;) is considered, we will omit the label | (4 in (2.1.17). Note
that the global grid velocity is piecewise constant in time and for all ¢ € [0, 77 is

d
w(t) € {w € [LZ (Q)} D VK (1) € Thys wlk ) € H(div; Q)}, (2.1.19)

where the function space H (div; Q) is the set of all [L? (2)] “_vector fields with divergence in
L2 (). This space is an important tool to analyze PDEs with diffusion. For a more detailed
explanation of this function space and applications in the theory of incompressible Navier-
Stokes equations, we refer to the books of Di Pietro and Ern [24, p. 16-18] as well as Temam
(80, p. 4-15]. In the following, we assume:

(A4) There are constants g, ¢c; > 0, independent of h (t) for any ¢ € [0, 7], such that

)| < d di )] < c. 2.1.20
(2. e [0.1] w(z, )l <o an (x,t)renf?ic[O,TH Vw@)sa ( )

The differential operator in (2.1.20) has to be understood as a broken divergence operator in
the sense of (2.1.19). Finally, we would like to mention that by Piola’s identity (cf. Ciarlet [5]

p. 461]) and (2.1.15) the divergence operator in (2.1.20) for any point = = X s (§,) can be

written as follows
div (w (2, 1)) = dive (AL, (w0 (xx (€0),1))) (2.1.21)

where divg(-) is the divergence operator in the reference cell int (/Cy).
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2.2. The test function space for the ALE discontinuous Galerkin methods

XK(t) (fa t) =z
—
&= Xwp (@,1)
K A K (1)
xro €2
1 x1

Figure 2.1.2. The simplex K> mapped to a time-dependent simplex K (t) by a one by one mapping
X (&,t) in two space dimensions.

2.2. The test function space for the ALE discontinuous Galerkin
methods

In this section, we assume that the assumptions (A1), (A2) and (A3) are satisfied. Thus, by

lemma is Tp()> h (t) > 0 a regular family of simplicial meshes. Moreover, we apply the
following notation for any function v € L? (£2) restricted to a cell K () € Ty

0 k() (§) =0 (XK(t) (ﬁ,t)) , £eKy. (2.2.1)

If it is clear which cell K (t) € Ty is considered, we will omit the label | () in (2.2.1). By
this notation, the following finite element test function space can be defined

Via () = {v € L2(Q) : v |y € PF (Ka) VK () € To (2.2.2)

where P* (IC4) denotes the space of polynomials in g of degree at most k. We would like to

mention that V}, 4 () is a finite dimensional space, since P* (K;) has dimension (ded!)! (cf. Di
Pietro and Ern [24] p. 12]). Furthermore, it should be noted that the index ¢ in the definition
highlights that the test functions are time-dependent. The test function space
can be defined by a non polynomial space, too. A natural choice for other test functions are
exponential monomials. This kind of test functions have been analyzed by Yuan and Shu in
[89]. In general functions from the space V}, 4 (t) are discontinuous along the interface of two
adjacent cells. Certainly, it exists in any interface a two value trace for the test functions,
since these functions are polynomials in the interior of the cells and the cells have Lipschitz
boundaries (cf. Ciarlet [55, p. 334-335]). Therefore, for any function v € V}, 4 (), two adjacent
cells K1 (t) , K2 (t) € Ty() and a point x € e () := K (t) N K (t) the limits

intg (¢ s o extyp (¢ — i _
VMEL®) (1) 1= ;1_13%1; (x 5nK1(t)) , vEL) (1) = i1_r)r(1)v (m ETLKQ(t))
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2. The discrete setting for the ALE method

are well defined. The vector n, ;) is pointing from K7 (t) to K3 (t) and the vector n, ) is
pointing from K3 (t) to K7 (t). Furthermore, the vectors ng, (), £ = 1,2, are well defined for
the point x. Accordingly, the average and jump of v along the edge e(t) are defined by

1/, _
{v}e(t) — 5 (Uthl(t) + ,UeXtKl(t)) , [[,U]]e(t) = UextKl(t)nKl(t) + Uthl(i)an(t)- (2.2.3)

Furthermore, the test functions satisfy the following transport equation.

Lemma 2.2.1 Letu : Qx [0,T] — R be a sufficiently smooth function in any cell K (t) € Tj,).
Then for all K (t) € Ty and for allv € Vy, 4 (t) hold the transport equation

d

7 (U, V) gy = (Ort, v) gy + (div (wu) ,v) gy - (2.2.4)

Proof. Let K (t) € Tj() be an arbitrary cell. Then the Jacobian matrix of the mapping (2.1.13)
is the matrix Ag ;). Lemma provides that the determinant of this matrix is non-negative,

since we assume (A3). Henceforth, the determinant will be denoted by J; (t) := det (A K(t))-

Next, since the function u : 2 x [0,7] — R is sufficiently smooth in the cell K (¢), we obtain
by Piola’s identity (cf. Ciarlet [5] p. 461])

ou® = 0w+ w - Vu = dpu + Al_(l(t)w - Veu™, (2.2.5)

where u* is defined by and - denotes the inner product of two R? vectors. Moreover,
V () denotes the nabla operator in the cell K;(¢) and V¢ (-) denotes the nabla operator in
the reference cell int (/Cg). Next, by Piola’s identity and Jacobi’s formula (cf. Magnus and
Neudecker [[62] p. 200 et seq.]) follows

d

5 (1) = dive (Aglyw) Ja (). (2.2.6)

Furthermore, for any test function v € Vj 4 (t) is (u*, 04v*) ., = 0, since the test functions are
time-independent polynomials on the reference cell. Finally the equations (2.2.5) and (2.2.6)
provide

(O, 0) s :% (w0 T (1), — (dive (ARbyw) u*) 0" Ta ()
d

= (u, U)K(t) — (div (wu) ,’U)K(t) . (2.2.7)
([

Note that the transformation to the reference cell in is not true for test functions, which
are polynomials with time-dependent coefficients on the reference cell like the function (1.2.11).
Thus, the transport equation is not true for this class of functions. However, in any
Galerkin method for PDEs with time evolution, the trial functions are linear combinations of
the test functions and the coeflicients of these linear combinations are time-dependent. Hence,
for the evaluation of these functions the next auxiliary lemma is helpful.

Kq
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2.2. The test function space for the ALE discontinuous Galerkin methods

Lemma 2.2.2 Let ¢3, ..., ¢% € P* (Ky), s = (ﬁdﬁ)!, be a basis of the space P* (ICgq). Then any
test function v € Vy 4 (t), restricted to a cell K (t) € Ty,(y), is contained in the linear hull of the
functions

by (1) 7¢79( K(t)( vg(t))), xe€K(t) and 9=1,..,s. (2.2.8)

In particular, the functions (2.2.8) satisfy the equation
Oy = —w - Vopy. (2.2.9)

Furthermore, is v (t) € Vy4(t) for allt € [0,T) and there are functions ay € C!(]0,T)),
¥ = 1,...,s, such that v (t), restricted to a cell K (t) € Ty, can be written as v (t) =
> 9—1ay (t) py. Then for anyt € [0, T the function Ov (t) is an element of the space V}, 4 (t).

Proof. The first part of the lemma follows by standard arguments from linear algebra, since
for any K (t) € Tjy) the mapping (2.1.13) is an affine one by one mapping.
Next, we prove the equation (2.2.9). First of all, we obtain for any cell K (t) € Th(t) and any

point x = X () (€, 1)

O ( K (@ )
Af_f(t) ((8tAK( )) AKl(t) (z —vo (1)) + Opvo (t))
AKl(t) (w (2,1)). (2.2.10)

Hence, and Piola’s identity (cf. Ciarlet [5] p. 461]) supply forall¥ =1,...,m

Oy = —w - (Af}l(t))T (Vedy) = —w - V. (2.2.11)

Finally, we obtain by for any arbitrary fixed ¢ € [0, T]]

m

O (t) = Z (8,5&19 (bg — Z ay ( wV(ﬁﬁ (2.2.12)

=1

The first sum of the right hand side in equation is obviously in V, 4 (t), since ay €
C1([0,7]), 9 = 1,...,m. The other sum is in V}, 4 (t), since the grid velocity is for any cell
K (t) € Ty alinear function with respect to £ and thus wVey € Vi, 4 (1), 9 = 1,....,m. O

2.2.1. Inverse and trace inequalities

Lemma provides that Tj,(;), h (t) > 0, is a regular family of simplicial meshes, if the
assumptions (A1), (A2) and (A3) are satisfied. Moreover, for any cell K(t) € T there
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2. The discrete setting for the ALE method

exists by an affine mapping to the simplex Kj. Therefore, the classical inverse and
trace inequalities (cf. e.g. Ciarlet [6, Theorem 3.2.6, p. 140-141] or Di Pietro and Ern [24] p.
27-30]) can be applied for the test function space (2.2.2).
In the following, is
Ph(t) = U aK (t)
K(t)€Th)

and the corresponding broken L2 (I’ h(t)) -norm is defined by

N|=

||UHFh(t) = ( Z Z HUHi?(e(t))) , (2.2.13)
K(t)ETh(t) e(t) COK (1)
where v € L? (9K (t)) for all K(t) € Ty and the sets e(t) C 9K (t) are edges of K(t).

Likewise, we define the broken H! (ﬁ(t)) -seminorm by

1

K()ETht)

where v € H! (K (t)) for all K(t) € T4 Furthermore, we assume that there exists a constant
K, independent of h, such that for all ¢ € [0, T

h<rkh(t), (2.2.15)

where h is given by (2.1.5). Then, the classical inverse and trace inequalities as well as (2.2.15)
provide the upcoming inequalities.

Lemma 2.2.3 Suppose the assumption (2.2.15) is satisfied. Then for allv € Vy, 4 (t), there exists
a non-negative constant C, independent of v and h, such that

d
h ol (7, ,) T 72 Wil @) < Cllvlley » (2.2.16)

where the quantity |'|H1(Th(t)) is given by (2.2.14).

Lemma follows by a more general inverse inequality for regular grids (cf. Ciarlet [6]
Theorem 3.2.6, p. 140-141]) combined with the regularity assumption (2.2.15). Therefore, we
omit a proof.

Let K (t) € Ty be an arbitrary cell. Then for all p > 1 and a set e (t) € 9K (t) with (d —
1)-Lebesgue measure the function space L? (e (t)) is continuously embedded in W'? (K (t)),
since the cell K (¢) has a Lipschitz boundary (cf. Ciarlet [5 p. 334-335]). Therefore, for the mesh
Th(t) we may adopt the upcoming trace inequalities. Moreover, in combination with (2.2.15),
we obtain the following estimates.
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2.2. The test function space for the ALE discontinuous Galerkin methods

Lemma 2.2.4 Letv € V4 (t) andu € H' (K(t)), for all K(t) € Ty ). Furthermore, suppose
the assumption (2.2.15) is satisfied. Then there are non-negative constants Crg and C'ry, indepen-
dent of u, v and h, such that

1
h2 g, < Coollvllie ) (2.2.17)
and

lal, , < Crdh ™ ulfgy +2Cn S (IVal gy olheg) . @219
K(t)€Th)

where the quantity ||-||Fh(t) is given by (2.2.13).

We omit a proof of lemma [2.2.4] since these inequalities are a consequence of well known
results from approximation theory (cf. e.g. Di Pietro and Ern [24] p. 27-30]) in combination

with (2.2.15).

2.2.2. The L2-projection and interpolation errors

For any cell K(t) € T the L*-projection P}, (u,t) of a function u € L*(£2) into the test
function space V}, 4 (t) is defined by

(Pr (u, ), 0) gy = (U, V) gy, V0 € Via (1) - (2.2.19)

We would like to mention that the index ¢ in the definition of the L2-projection Py, (-,t)
highlights that the projection maps to a space with time-dependent functions. In addition,

lemma [2.2.1} lemma [2.2.2] and the equation yield for allv € V}, 4 (t)
(at (= P (u, ) ,v) _ (div (w (= Pp (u, ) v), 1) , (2.2.20)
K(t) K(t)

since according to lemma is (u—Pp (u, 1), 00v) () = 0, for all all test functions v €
Vh,d (t), which are polynomials with time-dependent coefficients on the reference cell.

In the section[2.2.1] we justified the utilization of the classical inverse and trace inequalities for
the test function space (2.2.2). The same argumentation allows to apply the following classical
interpolation error estimates for the L2-projection.

Lemma 2.2.5 Let u € H**1 (Q). Moreover, suppose the assumption (2.2.15) is satisfied. Then
there are non-negative constants C'py, Cp;, Cpy and Cps, such that

lw = Pr (w, D)l ,, < Croh*tz, (2.2.21)

|lw — P, (u, t)HLQ(Q) < CP1hk+1, (2.2.22)
d

|u — Pp (u, t)HLOO(Q) < Cchk+1_5 (2.2.23)

33



2. The discrete setting for the ALE method

and

Z ”V (u - Ph (u, t))H[L2(K(t))]d < CPShk7 (2'2'24)
K@) €Th

where h is given by (2.1.5) and the quantity H'”Fh(t) is given by (2.2.13). The constants are de-
pending on u, but they are independent of h.

Proof. The estimates (2.2.22) and (2.2.24) follow by a more general result (cf. Ciarlet [6, The-
orem 3.1.6, p. 124-125]) in combination with (2.2.15), the projection theorem for inner product
spaces (cf. Ciarlet [5, Theorem 4.3-1, p. 183-184]) and the inequality (2.2.16). Therefore, we
omit a proof for (2.2.22) and (2.2.24). Likewise, the estimate follows from Ciarlet’s re-
sult in combination with the estimates (2.1.10), for the d-Lebesgue measure of a cell
K (t) € Ty as well as the regularity assumption (2.2.15). Furthermore, the estimates (2.2.18)

and (2.2.22) provide (2.2.21). (]

2.3. The one dimensional setup

In this section, we present concepts which were published by Klingenberg et al. in [48]].

In the one dimensional case is the domain {2 C R an open interval and a partition at time
N

level ¢,,, n =0, ..., L, can be characterized by a point set {x?_ 1 } . The points yield for any
2)j=1
n=0,..,Land j =1,...,N cells

n._ n n n._ ,.n _an
K} = (mj_é,xﬁé) and A =TT (2.3.1)

[ SIS

In the following, we assume that for any n = 0, ..., L the cells (2.3.1) provide a partition of the
domain €2 with the properties:

(P1) The cells K7, j = 1,..., N, cover exactly the domain 2 such that Q= U§V:1 ?f.

(P2) The meshsize of the partition is given by h,, := Tax A} and there exists a constant 7,
<j<

independent of h,,, such that forall j = 1,.... N

0< A% < hy < T AL. (23.2)

It should be noted that a partition of a one dimensional domain is shape-regular, if the in-
equality (2.3.2) is satisfied. In order to prove some properties of the ALE-DG method for scalar
conservation laws in chapter[3 we introduce the following more restrictive regularity hypoth-
esis:
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2.3. The one dimensional setup

(P2a) There exists a constant 7 for all L, N € N such that
0 <A} <h, <7A}, foralln=0,..,Landj=1,..,N. (2.3.3)
In particular, the constant 7 is independent of L, N and the meshsize h,, n =0, ..., L.

We would like to mention that a partition of the domain 2 with the property (P2a) satisfies the
property (P2), too.

N N
Henceforth, we assume that the point sets {x;‘_ 1 } and {x"j% } provide partitions of {2
2)j=1 2)j=1
with the properties (P1) and (P2) at the time levels ¢,, as well as ¢, 4-1. Then, forany j = 1,..., N,
we can connect the points at time level ¢,, and ¢,, 1 by the following time-dependent straight

lines

P -
n n n j_% j_% 234

The straight lines provide for any t € [t,,t,4+1] and all j = 1,..., N time-dependent
cells

K;(t) = (21 (1), 2,1 (1) (2.3.5)

Note the equivalence to the definition of the cells (2.1.3). The length as well as maximal length
of a cell are denoted by

Nj(t) =z, 1(t) — .

j+l ;-1(t), and h(t):= max A;(t).

1<j<N

NI

The global length h of the cells is defined by (2.1.5). Next, we prove that the time-
dependent cells provide a partition of the domain €2 with the properties (P1) and (P2).

Lemma 2.3.1 Suppose the point sets at time level t,, as well as t,1 provide a partition of the
domain ) with the properties (P1) and (P2). Then the time-dependent cells (2.3.5) provide for any
t € [tn,tnt1] a partition of the domain ) with the properties (P1) and (P2).

Proof. The time-dependent cells satisty K' = Kj (tn) and K;LH = Kj (tp+1). Hence,
in the following, it is enough to consider an arbitrary fixed point ¢ € (¢, t,+1). First of all, by
the condition (P2) follows

t—ta\ o (t—1ta\ 0
Aj(t):(l— A )Aj+( ~ )Aj+1>0. (2.3.6)

The inequality (2.3.6) ensures that the mesh topology does not change in time. Thus, for all
j=2,..,Nis

Kj—l (t) ﬂKj (t) =,
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2. The discrete setting for the ALE method

Furthermore, by the condition (P1) and convexity arguments follows Q = Uévzl K (t). Next,
the inequalities and (2.3.6) supply the shape-regularity

t—1t, t—1t,
h(t) < (1 -2 > o + <m) Bt < max (s Ton) 85 (0. (23.7)

U
Since for any ¢ € [t,, tp+1] and j = 1, ..., N the conditions (P1) and (P2) provide the inequality
(2.3.6), the cells K(t) can be connected with a reference cell [0, 1] by an affine one by one
mapping

X (0,1 = K (t), &0 x5 (§0) =8 (1) E+ 251 (F) (2.3.8)
The corresponding inverse of is the mapping
1.7 1 v -1 (8
X; K@) =01, e (2t) = 2 (2.3.9)

Therefore, for any ¢ € (t,,t,41) the local grid velocity in the point x = x; (&, t) is defined by

ij(t) (‘Ta t) = 8tX] (67 t) (2310)

and in the points z = x; (§,t5) by

wicp (2, tn) := M wi ) (2,1) - (2.3.11)

Note that by (2.3.4), (2.3.8), (2.3.9), (2.3.10) and (2.3.11) for all t € [t,,, tn41) and z € Kj(t) the
local grid velocity is given by

T =1 (t) .
w(z,t) = (wﬁ% - wj.;) (A;(t)) + w1 (2.3.12)

In addition, by (2.1.17) and a global grid velocity function w : € x [0,7] — R can be
defined. Next, we define by the mapping a finite dimensional test function space

Vi (t) == {v € L2(Q) | v"|xe, ) € PX((0,1]), ¥j = 1,++ , N}, (2.3.13)

where P* ([0, 1]) denotes the space of polynomials in [0, 1] of degree at most k. Note that the
function v* | (;) is defined by and the value ¢ in the definition of highlights that
the test functions are time-dependent.

In the one dimensional case the intersection of two cells K;_; (t) and K (¢) contain merely
the point x;_ 1 (t). For these points we denote the left as well as right limit of a test function

v € Vp(t) by

= lim v (xj_% (t) e, t) . (2.3.14)

vt
J—3 e—0
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2.3. The one dimensional setup

Therefore, the average and the jump of a test function are denoted by

—v
17

{{v}}j_% = % (UJ.Fé —H)j_;) and [M]j_ o (2.3.15)

=T
J J—

Nl
ol

We would like to mention that the whole one dimensional setting presented in this section is
just a special case of the more general multidimensional setting presented in the sections
and [2.2] In particular, the test function space Vj, (t) corresponds to the space Vj, 1 (£) given by
(2.2.2). Therefore, the transport equations presented in lemma and lemma hold for
the test function space (2.3.13), too. Likewise, lemma and lemma hold for the test
function space (2.3.13), where it should be noted that in one dimension surface integrals reduce
to pointwise evaluations and thus the broken L? (I},)-norm of a function v € Vj, (t) is defined

by
1
2 2
. (2.3.16)

Moreover, for the cells a one dimensional L2-projection can be defined similar to (22.19).
Likewise, we consider Gauss-Radau projections beside the L2-projection. For k > 1, we define
the Gauss-Radau projections P;- (u, t) of a function u € L2 () into V}, (t) for all v € Vj, (t)
with v*| gy € PF71([0,1]) by

2

+ |v

vl
j—

N

jf

N

N
HU”Fh(t) = Z

j=1

(,Phi (uv t) ) U) = (u, 'U)Kj (*) (2.3.17)

K;(t)

and
Py (u,t) (mj% (t)) = (:cjé (t)) . Py (u,t) (xj;; (t)) = (:c];% (t)) . (2.3.18)

where the function v*|x () is defined by (2.2.1). Note that the index ¢ in the definition of
the Gauss-Radau projections 73hi (-, t) highlights that the projections map to a time-dependent
function space. For the one dimensional L2-projection and the Gauss-Radau projections hold
the following interpolation error estimates.

Lemma 2.3.2 Letu € H*T (Q) and Qy, (-, t) be either the L2-projection or one of the Gauss-
Radau projections. Furthermore, suppose the condition (2.2.15). Then there are non-negative con-
stants Cgg, Cri1, Cre and Crs, such that

lv = Qn (w, )l ) < Croh¥t2, (2.3.19)
lu = Qn (u, 1)l 2 () < Crib™, (2.3.20)
lu— Qn ()| 0y < Croht*2 (2.3.21)
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2. The discrete setting for the ALE method

and

N
Z 102 (v — Qp (u, t))HL2(K]-(t)) < CRshk, (2.3.22)
j=1

where h is given by and the quantity |-||, s given by (2.3.16). The constants are de-
pending on u, but they are independent of h.

Proof. For the one dimensional L2-projection, the inequalities in lemma can be proven
similar to the inequalities in lemma For the Gauss-Radau projections, we utilize that the

error Py, (u, t) —P*y, (u, t) behaves as O (th in the L2-norm. A proof of this error estimate

is given in the appendix of the thesis (cf. inequality (A.2.3)). Hence, the interpolation estimates
for the Gauss-Radau projections in lemma follow from the interpolation estimates for the

L2-projection in lemma|2.2.5| the inverse inequality (2.2.16) and the trace inequality (2.2.17). OJ

For the Gauss-Radau projections, the equation (2.2.20) is not true. Nevertheless, Klingenberg
et al. proved in [48] the following auxiliary lemma to evaluate the time derivative of these
projections.

Lemma 2.3.3 Letu : Q x [0,7] — R be a sufficiently smooth function and Qy, (-,t) be either
Pp, (,t) or Pi (-, t). Then for any cell K;(t), j = 1, ..., N, given by 2:3.5) holds

0 Qn(u(t),t) +w(t) 0, Qn (u (1) ,t)
=9 (O (u(t)),t) + Qn (w(t) Ou(u(t)),t). (2.3.23)

Proof. The proof based on Legendre polynomials to characterize the projections Py, (-, t) as
well as Pff (+,t) in the cells (2.3.5). We denote the Legendre polynomials by Ly, ¥ =0, - - , k,
where 9 is the degree of the polynomials. They can be expressed by Rodrigues’ formula (cf.
Hochstrasser [38, p. 785]) and have the properties

2

_— / — = (— 9 =
55 o LoD =(-1)" and Ly(1) =1,

(Ly, L)1) =

where 0y denotes the Kronecker delta. Furthermore, the Legendre polynomials are an or-
thogonal basis of the space P¥ (|—1, 1]). Therefore, the functions

Ly (x,t) :== Ly (2 <x _° ~3 (t)) — 1) , Vz e K; (t), (2.3.24)

represent an orthogonal basis of the test function space V}, (t) in any cell K (t),j =1,...,N.
Thus, in K (t), the L2-projection of a function v € L? (Q) can be written as

k
Pr (v,t) = Z coj (0,t) Ly (x,t), coj(v,t) =

<219 +1
I=0

w) (U,ﬁﬂ)Kj(t) :
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2.3. The one dimensional setup

Likewise, in K (t) the Gauss-Radau projections of a function v € L? () can be written as

k
Pi (0,t) =D 1y, (0,1) Ly (2,1), (2.3.25)
9=0
where the coefficients are given by
29 +1
7"3:,] (Uyt) = (AJ(t)) (U’Eﬁ)Kj(t)7 19:0’ ’]{;_ 1’ (2326)
N k—1 o
+ _ + +9, +
.y (vt) = (=1)"v (:cj_; (t) ,t) — % (=1 rg i (v,t) (2.3.27)
and -
ry; (V) =v (xﬁ; (t) ,t) —> g, (0,1). (2.3.28)
9=0

Let u : © x [0,7] — R be a sufficiently smooth function in the space-time element K (t) x
(tn,tn+1). Then we obtain by

% (u <;cj;; (t) t)) =0 (u (mj;; () t)) + W1 O (u (3:;.—;; (t) t)) . (2.3.29)

Next, by (2.3.4), (2.3.8) and (2.3.10) follows
n+1 n
o e
At Jj+

A (2)
A (1)
where A7, A" are given by and A (1) is the time derivative of the cell length A; (t).
Note that provides

—wl

; and Oyw (t) =

(2.3.30)

NI
N

A (t) = w?+% - w;L%. (2.3.31)
Thus, by follows
— (20 4+ 1) A (¢
d<219+1>: ( ) 23():_<219+12> <w@+1—w_1>. (2.3.32)
dt \ A (1) (A (1)) N (t) Tz I3

Therefore, we obtain by the transport equation (2.2.4), (2.3.30), (2.3.31) and (2.3.32)

i (222)1 (u(®) 7519)&-@)) = 20 (00 (1)) + 0 (w0 (1)) Loy

= (O (u(t) +w (t) Op (u(t)), Lo)g, ) - (2333)
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2. The discrete setting for the ALE method

Hence, we obtain by (2.3.29) and (2.3.33) for the time derivatives of the coefficients of the pro-
jections Py, (u,t) and P,f (u,t)

O (o (w(t) 1) = co (B (w(B) 1) + o (W) D (w(B) ,8)  (2339)

and

O, (rﬁ% (u(t) ,t)) =rE (O (u(t) 1) + 7 (w (D) 0 (u(t)) 1) (2.3.35)

Let Qp, (u(t),t) be either Py, (u(t),t) or Phi (u(t),t). Then, in the cell Kj (t), the projection
QO (u (t) ,t) can be written as

ZQﬁj 'Cﬂ(x t)

where the coefficients gy ; (u(t),t) are cy ; (u(t),t) or Tj’j (u(t),t). Therefore, we obtain by
©.3.34), (2.3.35) and (2.2.9)

k
9 (Qn Z t)) Lo (x,t)
k
Z 1’ t) O (['19 (33¢t))
Y=

Qh( (u(t) 1) + Qn (w (t) Ox (u (1)) ;)
w (t) D (Qn (u(t),1))
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3. An arbitrary Lagrangian-Eulerian
discontinuous Galerkin (ALE-DG)
method for scalar conservation laws

In this chapter, we introduce and analyze an ALE-DG method for solving the initial value prob-
lem (1.1.1). The content of this chapter based on concepts which were published by Klingenberg
et al. in [48]. However, some of the results have been enhanced since then.

3.1. The ALE-DG method

In the following, a semi-discrete ALE-DG method will be presented, while we apply the time-
dependent cells (2.3.5). Furthermore, the geometric conservation law (GCL) for the ALE-DG
method will be discussed.

3.1.1. The one dimensional semi-discrete ALE-DG discretization

For the time interval [t,,t,41] and a cell K (t), j = 1, ..., N, the description of the method
ensued as follows. We approximate for all ¢ € [t,, t,+1) the solution u of the problem
by the function uy, € Vj, (t) given by

k
up (x,t) = > uy (t) ¢ (x,t), forallt € [ty tyi1) andz € K (t), (3.1.1)
=0

where {(b% (z,t), ey qﬁi (x, t)} is a basis of the space V}, (t) in the cell K(t). For convenience
we will skip the variables t € [t,,t,+1) and € Kj(t) to describe the function (3.1.1). The
coefficients u}) (t),...us, (t) in (3.1.1) are the unknowns of the method. In order to determine
these coefficients, we multiply the equation by a test function v € V,(t) and apply the
transport equation (2.2.4) as well as the integration by parts formula. Hence, we obtain

d . )
% (uhav)K‘(t) = (g (W, Uh) 7axU)Kj(t) -9 (ijré’ Up, (xj+% (t) 7t)> Uj+%

J
n +
+g (wj;,uh (a:j_% (t) ,t)) Ui

1
2
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3. An ALE-DG method for scalar conservation laws

where the function g(w, -) is given by

g(w,u):= f(u) — wu. (3.1.2)

In general the function uy, is discontinuous in the cell interface points z,;_1 (t). Hence, we re-
2

place the flux g(w;‘ 1, up(z;_1 (1) ,1)) by a monotone numerical flux, which is a single valued
~1 1

function defined in the cell interface points and depends on u, . ; in the second argument

h7.7_§

and u+j7 ; in the third argument. Moreover, the numerical flux should have the properties:
’ 2

(g1) Consistence:
For any smooth function holds the identity g (w, u,u) = g (w, u).

(g2) Monotonicity:
The numerical flux function g (w, -, -) is increasing in the second argument and decreas-
ing in the third argument.

(g3) Lipschitz continuity:
For all (a,b1), (az,b2) € R?, it holds the inequality

|9 (w,a1,b1) — g (w,a2,b2)| < Ls la1 — as| + L; b1 — ol (3.1.3)

where the Lipschitz constants LE_ and Lg are independent of the global length h given
by &13)

The choice of a suitable numerical flux function completes the derivation of the semi-discrete
ALE-DG method and the time-dependent coefficients of the function (3.1.1) are determined
by the following problem: Seek a function uj, € Vj(t), such that for all v € Vy(¢) and j =
1,---, N holds

d I
at (U V) = (9 (@ un), 0a0) i) = G <wj+§’uh,j+§’uh,j+§) Vil

= n - + +
+g <wj—§’uh,j;’uh,j;> Vi1 (3.1.4)

Furthermore, by the transport equation (2.2.4) the equation (3.1.4) can be rewritten. Hence,
(3.1.4) is forallv € V(t) and j = 1,--- , N equivalent to

(Orun, 0) g, ) = (f (un)  0a0) e 1y — (O (wunv) , 1) )

-~ n + -~ n - + +
—g | W u, . u, . V. W, u, . U, . v’ .. (3.1.5
g( J+37 Thij+y h,J+§> j+i —1—9( i=3 hij—3%’ hJé) i=3 (3.1.5)

Next, we present examples of numerical fluxes, which are satisfying the properties (1), (§2)
and (¢3) in a point x; 1 (t). In order to present these fluxes, we use the notation u; = u

hvjfé
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3.1. The ALE-DG method

and UZ = ul

hj—%"
The upwind numerical flux:
glw! 1,uy |, foug (W 1,u) >0, Vue {u,;u; ,
~U( n i J—3 J—3
g <wj_1,uh,uh) = . . (3.1.6)
2 n : n —
g wj_%,uh , if Oug wj_%,u <0, Vue{uh.uh].
The Godunov flux:
min{g wn 1,u) Dy, Suﬁu?{}, if uy Su}f,
~G ([, n - +) )
g (w'lauhvuh) . (317)
2

The Engquist-Osher flux:

+ [ " max {8ug (w’f 1,u> ,O} du+g (w?’_l,O) : (3.1.8)
2 2

The Lax-Friedrichs flux:

1 A
~LF S = B - + + -
g <w;f_é,uh,uh).—2(g(w?_é,uh>+g<w?_%,uh>)—2(uh—uh>, (3.1.9)

where
A :=max {|0yg (w (z,t) ,u)| : uwe[m,M], zeQ} (3.1.10)

with m and M given by (1.2.20). Note that the grid velocity w = w (z,t) in (3.1.10) has to be
understood as the global grid velocity given by (2.1.17) and (2.1.18).

3.1.2. The geometric conservation law (GCL) for the ALE-DG method

If we consider the equation with constant initial data ug € R, is v = g the unique
entropy solution of . Therefore, the GCL is satisfied for the ALE-DG method, if the
method preserves constant states. Let up, = 1 be the approximate solution of the method.
Then Oyup, = 0 and J,up, = 0. Thus, by (2.3.30) and (2.3.31) the equation degenerates
forallv € Vy(t)and j = 1,...,N to

>

d i (0
32(1’”)B9(0 = ;(t)(l’”>K3@>' (3.1.11)

>
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3. An ALE-DG method for scalar conservation laws

This equation is the semi-discrete GCL condition for the ALE-DG method (3.1.4). Next, we
transform the semi-discrete GCL condition (3.1.11) on the reference cell and obtain

d
<dtj(t) N (t)> (1,0") g1y =0, (3.1.12)

where J(t) = Aj(t) is the Jacobian determinant of the mapping and the functions uj,
as well as v* are given by (2.2.1). Note that the quantity A’(t) is time-independent by (2.3.31).
Furthermore, J(t) depends linear on ¢ and is independent of z. Thus, the ODE in (3.1.12) is
satisfied for any first order time discretization method, e.g. the forward Euler step or a high
order single step method. In particular, is satisfied for any SSP-RK method, which has
been presented in the section Hence, we proved the following result.

Proposition 3.1.1 The fully discrete ALE-DG method (3.1.4) satisfies the discrete geometric con-
servation law for any first order time discretization method or high order single step method in
which the stage order is equal or higher than first order.

3.2. The non-linear stability of the fully-discrete method

It would be desirable that the fully-discrete ALE-DG method has the properties i) - v), which
are listed in section However, we cannot expect that the method satisfies all these
conditions without a stabilization term or a post process procedure. Even the RK-DG for static
grids is not stable without a modification of the method. In this section, we adapted the post
process procedures, which were briefly discussed in section [1.2.2] to the fully-discrete one di-
mensional ALE-DG method. First of all, we consider the forward Euler step of the ALE-DG
method and we state conditions for the TVDM and TVBM stability. These conditions
are necessary to construct slope limiters for the fully-discrete ALE-DG method. Next, we dis-
cuss the stability of the ALE-DG method discretized by an arbitrary high order SSP-RK
time integration method and justify that X. Zhang and Shu’s limiter can be used for the
ALE-DG method. This limiter provides a local maximum principle for the method. Finally, we
consider the entropy stability of the fully-discrete ALE-DG method. The high order accuracy
of the ALE-DG method for smooth solutions will be discussed merely for the one dimensional

semi-discrete method (3.1.4) in the section[3.3]

3.2.1. The forward Euler step

We consider the forward Euler step of the ALE-DG method with the Lax-Friedrichs flux
given by (3.1.9) and (3.1.10). For any point x?,p j = 1,...,n, the Lax-Friedrichs flux can be
2

written as an increasing function
g " . " Y Ay 3.2.1
g+ \wispun ) =5 (9w + Auy, (3.2.1)
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3.2. The non-linear stability of the fully-discrete method

and a decreasing function

~ 1
g (w?_;,uﬁ) =3 (g (w?_;,uﬁ) — )\u}f) , (3.2.2)

where uf = uij_ 1. Then, it follows
’ 2
-t
s - .+ (. n -+ _ n n up, +up
g <Wj+;’uh’“h) -9 (wj_é,uh,uh> = — <wj+% wj—%) — (3.2.3)

Next, we define the local mean value of the ALE-DG solution u;, at time level ¢,, for the cell
K" = K; (t.) by
_ 1
J
where A7 and K7' are given by (2.3.1). Moreover, the forward as well as backward differential
operators of the local mean value are denoted by

Aguy =gy —uy  and A up =) — Uy (3.2.5)
It follows by (2.3.30)
n+l-n+1 n—n _ An+1 (=n+1 —n n n =N
AVERY — Ay —Aj (uj —uj>—|—At (wﬁé —wj_%) uy. (3.2.6)

Therefore, by (3.2.1), (3.2.2), (3.2.3), (3.2.4) and (3.2.6) the forward Euler step of the weak formu-
lation (3.1.4) with a Lax-Friedrichs flux and the test function v = 1 can be written as follows

At
7n+1 7,”/ = o~ n 7L7+ I~ n TL,+
Ui =W T e \ I \ Yo Yt | T 9= (Yl Y-t
J

_ At Wl ) =g (Wl
AT TS ey ) T 9P\ Mimd

At n n —n 1 o _—

_ F (wj+§ - wj_;> <Uj -3 (“h,j+; - uhjj_§)> ’ (32.7)

where u”?jc L = lin%) up, :E;L , £¢&,t, |. Note that the scheme (3.2.7) is of a similar structure
) e— -5

as a classical three point finite difference scheme. It is well know that a TVD or TVB stable
finite difference scheme is not producing spurious oscillations (cf. e.g. Harten [37]). Hence,
we analyze the scheme for TVD or TVB stability. Then, the forward Euler step of the
ALE-DG method becomes TVDM or TVBM stable. This means the ALE-DG solution
ujy = uy, (t,) is stable in the sense of the seminorm

N
[uh by = D |47 (3.2.8)
=1
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3. An ALE-DG method for scalar conservation laws

In order to obtain the TVD or TVB stability of the scheme (3.2.7), we follow Cockburn’s dis-
cussion in [[7]]. Therefore, we apply for all v, w € R the notation

n (v, w) := sign (v) — sign (w) . (3.2.9)
First of all, we subtract the equation (3.2.7) for j multiplied by sign <A+u”+1) from the equa-

tions (3.2.7) for j + 1 multiplied by sign (AJru;-LH). Then we sum the result from j = to N

and obtain
n+1 ’
U
‘ b lrvm

The quantity © in (3.2.10) is given by
N
fp— a7 n,— TL,+ 'I’L,+ —n+1
0= Z (p (u?“’uh%i’uhﬁ%) P (u Unge U )) n (a4 o)
n n,— = n —n+1
+Z AnJrl < <wj_é7uh,j+§) — g+ ( >> n j5A+uj )

al At ~ n n,+ ~ —n+1
=3 o (0 (@) = (@ n A+u AT ) . (3.2.11)
=1
where for all piecewise continuous functions v, w € L? ()

At At
- T = ~ n - ~ n +
p(v,w , W ).—U—A;Lilngr (wﬂé,w >+A?+1g (wﬁé,w >

The other quantity =, in equation (3.2.10) results from the grid velocity. It is given by

— |up vy +© +E, = 0. (3.2.10)

— 1 a At n n AL A —n—+1
Sw =g Z A GHLF \ Wi s T Yl 77( +Uj, S+ Uy )
7+1

LN A r . o
+35 Zl An+1 b] + ]+% - wj—% n (A+u] s AJ’_U] )
J

1 At o/, .
*3ap (s~

1L A, 0 N (n ns
- 9 221 NG wj+% —Wi_ Uj; — uh,j—% dj+, (3.2.12)
J= J

where
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3.2. The non-linear stability of the fully-discrete method

if(w’? ; —w? )ZOand

ity -3
A (N N RN (e o
aj 4 = uh7j+% uj, b4 =1 uh’jié,
L e— =N —n+1 P -—n —n—+1
Cj = —n (A_uj AT ) ,dj_ =1 (A+uj AT ) :

if (w?+ 1 - w?_ 1 ) < 0. Hence, the ALE-DG method is total variation diminishing stable in
2 2

the mean values (TVDM stable), if we can ensure that © 4+ =, > 0. In fact the sum © + =, is

positive, if the ALE-DG solution satisfies the following conditions:

sign (A+E}‘) =sign (rj+ — sj1), (3.2.13)
sign (A,ﬂ;‘> = sign (UZZJ—%; — “Z,’]_;> , (3.2.14)
sign (A+E}‘) = sign (UZ;;; — uz;r%) ) (3.2.15)
where 1A
rjF =D <U?+17“ij+gf“7§j+;> +3 An;l (”?+g - “’ﬁ;) @17
J
and

R —=n , M= n,+ _1 At n __.n )
J

In addition,

sign <A+H’;> = sign (uzjJré — u?) (3.2.16)
sign (A,U}‘) = sign (u? — qu;) , (3.2.17)
£,on )
1fwj+% wjié > (0and
sign (A_H}‘) = sign (uZ:J_Jr; — u?) (3.2.18)
sign (A+H?) = sign (u? - qu_;) , (3.2.19)
if w? 1= w;fi 1 < 0. In general the ALE-DG solution does not satisfy the conditions (3.2.13)-
2

J
. The solution has to be revised by a limiter. In [11]] Cockburn and Shu have developed
TVD limiters for the RK-DG method for static grids. These limiters ensure that the revised
RK-DG solution satisfies as well as and the method becomes TVDM stable. In
the following, we prove that the forward Euler step of the ALE-DG method is also stable,
if the solution satisfies and (1.2.16). This means that Cockburn and Shu’s TVD limiters
ensure the TVDM stability of the forward Euler step of the ALE-DG method.
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3. An ALE-DG method for scalar conservation laws

Lemma 3.2.1 Letug € L™ (2) "BV (2) and uy, be the solution of the forward Euler step of the
ALE-DG method with a Lax-Friedrichs flux. The solution uy, satisfies the conditions
and (1.2.16). Furthermore, for any time level t = t,,, n = 0, ..., L, there exists a partition of the
domain ) with the properties (P1) as well (P2), the grid velocity satisfies the condition (A4),
hn+1 € (0, 1) and it holds the CFL condition

At 1
<

, 3.2.20
hn+1 - Tn+1 (Cl + 4A) ( )

where hy,1 as well as 7,41 are given by the condition (P2), the parameter X is given by (3.1.10)
and the constant c is given by the condition (2.1.20). Then, it holds for alln =0, ..., L
+1
‘UZ ’TVM < Juolgyiq) -
Proof. First of all, we prove that u;, satisfies the conditions (3.2.13)-(3.2.19). Then the sum
© + =, is non-negative and thus the ALE-DG method becomes TVDM stable. Obviously, the

conditions (3.2.16)-(3.2.19) are fulfilled, since we assume that the ALE-DG solution satisfies
(1.2.15) and (1.2.16)). Next, we notice that

n,— N, — _ 7 n,— _an
uh7j+% uh,j—% uh,j—s—% uy + A_uj (u}w,_é U]—1) (3.2.21)
and
n+ _,n+  _ _ (=n _ Nt =n o =m Mt
Up it T U1 = (UJH uh,j+§> + A4TS +1j Upj 1 (3.2.22)

. n,— n,— o . o ..
By (1.2.15) is Uy it 1 Uy i1 = 0,if A_u} = 0. On the other hand follows by the definition
of the minmod function and

n,— n,— =n

w, o, —u .y u, . — UL
hj—% % hg+s
0<[1- 2 + 2 <2 (3.2.23)
— -n -n — =
A_uj A_uj
if A_a” . Hence, (3.2.14) is satisfied, since (3.2.21) and (3.2. rovide
if A ;L 0. H (3.2.14) i tisfied, si 3.2.21 d3223p id
= 7n n,— 7N
u . 1 u —1 u . 1 Uz
n,— n,— h,j—3 J h,j+3 J _n
uh,j+% —uhd.i% =(1- N + N A_wj. (3.2.24)
=% =Y
Likewise, it follows uz;: 1= uz;i . =0,if A+ﬂ§‘ = (. Otherwise, by the definition of the
9, 9, 2
minmod function and (1.2.16) follows
an n,+ i n,+
A s S
0<(1-—%— e <2, (3.2.25)
+Uj +Uj
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3.2. The non-linear stability of the fully-discrete method

if Ay # 0. Next, by and follows

a7 n7+ i ’I’L7+
u;, —u . 1 u +1 — U . 1
n,+ n,+ J hj—3 J h.j+3 _n
u,’ o —u, =11+ — Ajal. 3.2.26
hijty  hi—3 N N A (3.226)

This equation verified the condition (3.2.15).

Thus, the condition remains to prove. This proof is less straightforward. Note that
rjix— sz =0,if A+E§L = 0. Hence, we consider merely the case A+U§L # 0. First of all, we
define the quantity

R WLl — g (W, u
QJFF _A;Lill g9+ ]+%’ h,j"r% + j+%’ h,]—i—%

At
~ n n,+ ~ n n,+
— T [ u, . —qg_ | W; u, .
A;?"‘l g i3’ hijt3 i+3 hij—3%

1 At [, .
1 At (

n n
J

In the following, we prove that the absolute value of the quantity can be estimated by
‘A.ﬂrﬁ‘? ‘ Afterward, we apply the following implication of the axioms for ordered fields:

Forall a,b € R with |a| > |b| follows sign (a) = sign (a — b) . (3.2.28)

Since we assume that uy, satisfies the equations (1.2.15) as well as (1.2.16) and A_u7; =
Ayu?, it follows by the mean value theorem, the condition (P2) and (3.2.23), (3.2.24), (3.2.25)

as well as (3.2.26)

At Y n n.— Y n n.— 2)\Tn+1 At —n
ar e (i) =0 (i) | s 2] o2
and
At ~ n n,+ ~ n n,+ 2)\Tn+1 At _n
W g— (UJ‘]_’_; N uh,j-i—;) —g— (wﬁ_é y uh,j—;) ’ S T_’_l ‘A.’.'L% y (3230)

where h, 1 as well as 7,1 are given by (P2). Furthermore, the definition of the minmod
function and the equations (1.2.15) and (1.2.16) yield

|aj11,7] < ‘A+H§'L’ and b x| < ‘AJﬂ?‘-
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3. An ALE-DG method for scalar conservation laws

In addition, we obtain by (2.3.30), and the condition (A4) of the grid velocity

;.1% — w?_ < max |0y (w(z,tnt+1))] A?“ < crhpyr < cq, (3.2.31)

n+1
:cEK].

1
2

since hy4+1 € (0,1). Hence, by the condition (P2) and the estimate follows

1 At C1Tp1 At _
im (w;+g — w;l;) Aj+1,7| > #ﬂ ‘A.’.U?‘ (3232)
jt1 n
and LA N
t n n C1Tn+10¢ _n
vl CERTRILE Bl vl LR (259
J

since the grid velocity satisfies the condition (A4). Thus, the CFL condition (3.2.20) and the
estimates (3.2.29), (3.2.30), (3.2.32) as well as (3.2.33) provide

VAN
[7%d SW

gr (Wl w5 ) =g (W, u
o Jt3’ Thj+s Jt3’ Thj+s

At ~ n n,+ ~ n n,+
wager - () =9 (i)
J
Jr1 At
LAt
205
1 At
PNGE
J

n n )
<wj+g wj+é> aj+1,F
n n
w1 — W b;
< i+3 J-é) )T

< ‘Am’?‘ . (3.2.34)

<Tag1 (4N +c1)

Therefore, we obtain by (3.2.28)
sign <A+U’]~1> = sign <A+H? — qj;) =sign (rj+ — sj1) -
Hence, the sum © + =, is non-negative and we obtain by (3.2.10)

n+1

’uh < |up]pym - (3.2.35)

‘ TVM

Thence, by applying successive the inequality (3.2.35) we conclude

|t lrvm < ’“2‘WM < ’uO‘BV(Q) )

since the function u) is the L?-projection of the function ug € BV (). O
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3.2. The non-linear stability of the fully-discrete method

Next, we prove that the forward Euler step of the ALE-DG method is TVBM stable, if there
exists a constant M, such that the solution wuy, satisfies the conditions

u <M (A;?)Q and <M (A}?)2, (3.2.36)

l;j% (tn) — 5

for all cells K?,j=1,..,N,given by (2.3.1).

Lemma 3.2.2 Letuy € L™ (2) NBV (2) and uy, be the solution of the forward Euler step of the
ALE-DG method with a Lax-Friedrichs flux. The solution uy, satisfies the conditions (3.2.36).
Furthermore, for any time levelt = t,,n = 0, ..., L, there exists a partition of the domain () with
the properties (P1) as well (P2a), the grid velocity satisfies the condition (A4), h,4+1 € (0,1)
with hy, < hyy1 and it holds the CFL condition
At 1
<

hns1 — T (c1 +4N)’
where h,, as well as h,,+1 are given by (P2), T is given by (P2a), the parameter X is given by
(3.1.10) and the constant c; is given by the condition (2.1.20). Then, it holds for alln = 0,--- , L

|ublryy < |UU|BV(Q) + (4e1 + 161) M Q7T

(3.2.37)

where |()| denotes the Lebesgue measure of the set ), T' denotes the final point of the time interval
[0, T] and the constant M is given by the condition (3.2.36)).

Proof. The function n = n(a,b), a,b € R, given by can be written as follows
2, ifa>0and b < 0,
n(a,b) =< -2, ifa <0andb >0, (3.2.38)

0, else.

Next, we obtain by (3.2.21)), (3.2.22) as well as (3.2.36) for all cells K}l

)

./g\-l- wn 17un7-_ 1 _./g\-i- wn 1aun,-_
J—3’ Thj+s J=35 “hj-—

N|=

>— A ( uZ:J,_+% —uj| + ‘Amgil‘ + uZ:j__% — a5y )
—~ 2
> _9AM (A?) Y ‘Am;gl‘ (3.2.39)
and
~ n n,+ o~ n n,+
9= <Wj+;’“h,j+;> 9= <°"j+;’“h,j—;>
—n n,+ —n —n n,+
Z=A ( W =g |+ [+ - )
—~ 2
> = 2M (A7) = x|Agap). (3.2.40)
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3. An ALE-DG method for scalar conservation laws

The condition (P2a) and the CFL condition provide the inequality

N
o 1—@%1 .3

N N
_2)‘2 An+1 ‘A+“ ’ )‘Z Anﬂ }A+ ‘

At

n+1

2(1—4AT ) (m 1 >0, (3.2.41)

since we consider the initial value problem (1.1.1) with periodic boundary conditions. There-
fore, since we assume h,, < h,41, we obtain by the condition (P2), (3.2.38), (3.2.39), (3.2.40)
and (3.2.41) for the quantity © given by (3.2.11) the estimate

At X
YA 7Y
hn—i—ljz:l A

N
©>23 |Aup| - 8Ar
j=1

At = N2
1647 IMZ (Aj)
— 16ATALM |Q\
n+1
> — 16ATM Q| At. (3.2.42)

N 2 — 2

The conditions supply a;+ > —M (A;‘) and bj+ > —M (A;‘) , for all cells KJ”
Hence, by the condition (P2), the estimate (3.2.31), the conditions (3.2.36) and (3.2.38) follows
for the quantity =, given by

At

n+1

Mi (A}‘)Q

Jj=1

=y > —4deiT

> — deyTAEM Q)

n+1
—deyTM Q| At (3.2.43)

since the grid velocity satisfies the condition (A44), hj,+1 € (0,1) and we assume h,, < hp41.
Thus, we obtain by (3.2.10), (3.2.42) and (3.2.43)

—‘ h ’TVM_’UmTVM"‘@"‘Ew

> |up, \TVM — W g — (16X + 4ey) 7M |9 At. (3.2.44)
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3.2. The non-linear stability of the fully-discrete method

Hence, it follows for alln = 0, ..., L by and applying successively the inequality

n+l 0 .
’uh ‘TVM = ’uh‘TVM + L (16X + 4c1) M |Q At
< |UO‘BV + (16)\ -+ 401) M |Q‘ T,

since u) is the L2-projection of the function uy € BV (). O

In the section [1.2] we mentioned that TVD schemes are at most second order accurate at local
extrema. In order to overcome this issue, Cockburn and Shu introduced in [11, Lemma 2.2] the
modified minmod function and proved that this function does not affect the accuracy
of the RK-DG method. For the forward Euler step of the ALE-DG method we define for
all (avg, ..., as) € R? the following modified minmod function

ai, if o] < M(Ay)z,

m(aq, -+ ,as), else,

(3.2.45)

m(aq, -, as) ::{

where A7 is given by (2.3.1) and M is the same parameter as in the modified minmod function

([:2.18). Selection options for the parameter M have been discussed by Cockburn and Shu in
[11} Lemma 2.2]. Note that by the same arguments as in Cockburn and Shu’s proof [11} Lemma
2.2] it can be proven that the modified minmod function does not affect the accuracy
of the ALE-DG method.

Apparently, lemma and lemma ensure that the forward Euler step of the ALE-DG
method becomes TVBM stable, if the solution satisfies the conditions (1.2.15) and (1.2.16)
for the modified minmod function (3.2.45). Therefore, the TVD slope limiters, which are pre-
sented in Cockburn’s lecture notes [[7, p. 179-180], could be used with the modified minmod
function instead of the minmod function to ensure the TVBM stability with-
out affecting the high order accuracy of the forward Euler step of the ALE-DG method (3.1.4).
These inferences can be summarized as the following result.

Proposition 3.2.1 Let uyp € L (Q2) N BV (Q) and wy, be the solution of the forward Euler
step of the ALE-DG method with a Lax-Friedrichs flux. The solution uy, is revised by a TVB
limiter, such that the conditions (1.2.15)) and (1.2.16)) are satisfied for the modified minmod function
(3.2.45) instead of the classical minmod function (1.2.17). Then under the same assumptions as in
lemma [3.2.2 the ALE-DG method is TVBM stable and for smooth solutions of the initial
value problem is up, a (k + 1) order accurate approximation, if the test function space

is defined by piecewise polynomials of degree k.

3.2.2. Higher order time discretization

A method with the forward Euler step as time integration method is merely first order accu-
rate in time. Hence, in order to obtain a high order accurate fully-discrete ALE-DG method,
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3. An ALE-DG method for scalar conservation laws

we apply the SSP-RK methods presented in section In this section, we discuss
the stability of the ALE-DG method (3.1.4) discretized by an arbitrary SSP-RK method (1.2.5).
Therefore, we define forallk =1,...,5,{=0,....k—landj=1,..., N

tng =t + 0D, AT =D (tn) (3.2.46)
and
W =l (2 () £, te) s T = — (un(tne), 1) (3.2.47)
h7j —;_I)l’(l]’llh '7% n,l E,lnt ), U] = A?’E Up\lnt), K;%Z? G

where K" = K (t,,¢). Note that forall k = 1,...,5,0 = 0,....k — Land j = 1,..., N follows

nk  aAnt O )
Aj Aj —<w 1 — Wi

il ) (6x — Op) At. (3.2.48)

1
2

Therefore, by (1.2.5), (3.2.1), (3.2.2), (3.2.3), (3.2.4), (3.2.47) and (3.2.48) the SSP-RK discretization
of the weak ALE-DG formulation with a Lax-Friedrichs flux and the test function v = 1
can be written as follows

71,0 — n.

u; = uj;

for k =1,..., s compute the intermediate functions :

_nk k0 (3.2.49)
U Ez 0 QkeW; 5

—n+l _ —n,s

U =

where forallk =1,...,sand £ = 0, ..., k — 1 the coeflicients satisfy the conditions (1.2.6) and

ke ne B AU (L o nex ~ (o nt+
Wi = ae AT 9= Wb Uit ) 7 9=\ Wil iy
CBee Bt (ot s (b
. Anﬂ I+ \“j—1 Yyt +A\"i-3 Yhy-1
+ 1 ﬁké At wn L = wn L un,f,— + unaga‘f'
2 Qg An—l—l J+s i3 h.j+31 h,j—%

At .
— (6 — 6¢) —— (“}1; — W ) w £ (3.2.50)

It should be noted that by the conditions (1.2.6) the intermediate functions are convex com-

binations of schemes of the type (3.2.7), if the coefficients of the scheme (3.2.49) additionally
have the properties
Bre

M= 51, — 6y, (3.2.51)
89/

forallk =1,...,sand £ = 0, ...,k — 1 Thus, we obtain by proposition [1.2.1] lemma [3.2.1) and
lemma [3.2.2] the following result.

Bre >0 and
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3.2. The non-linear stability of the fully-discrete method

Theorem 3.2.1 Let ug € L (Q) N BV (Q) and uy, be the solution of the ALE-DG method
(3.1.4) with a Lax-Friedrichs flux and discretized by a SSP-RK method (1.2.5), such that for all
k=1,..,saswellasl = 0,....k — 1 the coefficients of the RK method satisfy the conditions
(1.2.6) and (3.2.51). Then the fully-discrete ALE-DG method satisfies:

i) The method is TVDM stable, if the assumptions of lemma(3.2.1) are satisfied with the CFL
condition

c At < 1
B 1 = Tog (e1 +40)

where Cyy is given by (1.2.9).

ii) The method is TVBM stable and for smooth solutions of the initial value problem (1.1.1)
the ALE-DG solution uy, is a (k + 1) order accurate approximation, if the assumptions of
lemmal(3.2.2 are satisfied with the CFL condition

At < 1
hnt1 — T(Cl —|—4>\)

Crx

and the test function space is defined by piecewise polynomials of degree k.

We would like to mention that the condition for the coefficients of the SSP-RK method
is quite restrictive. As we can see in the table , the coeflicients of Shu’s third order scheme
already contravene the conditions (3.2.51). However, this does not mean that a SSP-RK method
(1.2.5), which contravenes (3.2.51), is TVDM or TVBM unstable. Moreover, the TVD or TVB
limiter stabilize the RK-DG methods even for SSP-RK method which contravene the conditions
(3.2.51). In fact, the numerical experiments for the Burgers’ equation in example and for
the Euler equations in example provide good results, if the ALE-DG method is
discretized by Shu’s third order scheme and TVD or TVB limiter are used.

Next, we discuss a local maximum principle for the ALE-DG method. Therefore, we apply
the p-point Gauss-Lobatto quadrature formula (cf. Davis and Polonsky [20, p. 888]) on the
reference cell [0, 1] to rewrite the local mean values of the ALE-DG solution. Thus, we choose
the parameter p to be the smallest integer satistfying p — 3 > k, when the test function space
is defined by piecewise polynomials of degree k. In the following, the points

“1=0<G< <=1

are the classical Gauss-Lobatto quadrature points for the interval [—1, 1] and the corresponding
quadrature weights are o, for all v = 1,--- p. These quantities are listed by Davis and
P
Polonsky in [20, p. 838]. It should be noted that ) % = 1. Next, we define forallk = 1, ..., s
v=1
and/=0,....k—1

ntl o ntl+ G+1 ntp . nl— _  x Cp""l
up =y = uh\K;l,/z ( 5 ), up =y = “h|K]M 5 (3.2.52)
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3. An ALE-DG method for scalar conservation laws

andforallv =2,--- ;p—1

G + 1> ) (3.2.53)

un,f,l/ - u*| . (
h h Kj‘ 9
where u};| n. is given by (2.2.1). Thus, since the parameter p satisfies p — 3 > k, the Gauss-
i

Lobatto quadrature rule is exact for polynomials of degree k and we obtain

— L 1 1 C—i— 1 (o}
n,l * * 2 : v nluv ]
" - n d a n d - 7 . 3-2-5
E /0 uh’“j () de 2 /—1uh’Kj ! ( 2 ) ¢ o1 2 n ( )

These formulations enable to state the upcoming lemma.

Lemma 3.2.3 Letwuy, be the solution of the ALE-DG method with a Lax-Friedrichs flux and
discretized by a SSP-RK method (1.2.5), such that forallk = 1,...,s aswellas¢ = 0, ...,k — 1 the
coefficients of the RK method satisfy the conditions and By > 0. The test function space
is given by piecewise polynomials of degree k. Furthermore, for any time level t = t,,
n =0, ..., L, there exists a partition of the domain 2 with the properties (P1) as well (P2) and the

grid velocity satisfies the condition (A4). In addition, the values qu:% 7 uZ’e’l, e uz,é,p’ u:ji—é
andﬂ?’Z are in the interval [m, M] forallj =1,--- N,k =1,...,s aswellas{ =0, ...,k — 1.
Moreover, hy, 11 € (0,1) and it holds the CFL condition
At min o,
=v=p , (3.2.55)

st Tn+1 (Cl 11<nyir<1p0'y + c1Crr + 4)\CRK>

where Cgy is given by (1.2.9), hy,+1 as well as 7,1 are given by the condition (P2), the parameter

A is given by (3.1.10), the constant c; is given by the condition (2.1.20) and o1, ..., o), are the Gauss-

Lobatto quadrature weights. Then ﬂ?“ is in the interval [m, M], forallj =1,--- | N.

Proof. First of all, we define forallk = 1,...,sand £ = 0, ..., k — 1 the quantities

- L, + i~ n n,¢,1
g— | w” 1 Vun 1 ) —9- (w- 1 )
( Jjt+35 hits i+3’ ifun,é,Jr 7& un,f,l
ot TR JEEEE S
J T
. 0,4+ n,l,1
0 ifu""T =t
’ hjtgy N
and
9+ (wn 1 7“2 ¢ p) —j(]\+ WT.L 19 mt 71
2 J=g hi-3g if n.,p n,l,—
De P n,l,p n,l,— ) 1 uh # uh N
o T, i1 J T3
T
. / 0,—
0, ifuy ™ =7,
h,j*g
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3.2. The non-linear stability of the fully-discrete method

Note that the mean value theorem provides

0<Cf<X and 0<Df<),

where the lower bound appears, since g_ (w]" 1
2

increasing function. The Gauss-Lobatto quadrature weights are strictly positive. Therefore,
we define for all (ag, ..., ap+1) € RPT? the function

> is a decreasing and g4 (wj" 1, ) is an
2

HE (CL(], te 7ap+1)

o1 At 1 Bre 2 zﬂu)
=— 1= —F e —wr T T S o1 Jan
2 ( A?H ((w”; wfé) ((5k %) 01 Oéké) * o1 < ke “

At Bke 0 0
J

p—1
oy At n "

Hence, by (3.2.52), (3.2.53) and (3.2.54) the scheme given by (3.2.50) can be written as

k.l nl,— n,l,1 ntp nl+
wh —H<uh’j_;,uh ol ’“h,j+;>’ (3.2.56)

P
since the quadrature weights satisfy ). % = 1. Likewise, since |6y — J¢| < 1 and hy,11 €
=1

v
(0,1), it follows by and the CFL number for all (ag,...,ap+1) € RPT2 and
v=20,...,p+1
aaVHg (ao, ey ap+1) > 0. (3.2.57)

Next, we define for all k = 1,...,s and af = (aé, -~'7af7+1) € RPFF2 ¢ = 0,....k — 1, the
function

k—1
Hy (ao, ey ak_l) = Z ageHy (aé, vy afH_l) . (3.2.58)
=0

The conditions for the coefficients of the SSP-RK method provide forall k =1, ..., s and
£=0,..,k—1

k-1 B k-1
> o ((5k —0p) — > =6k — Y (orede + Bre) = 0.
=0 Akt =0
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3. An ALE-DG method for scalar conservation laws

Hence, foralla € Rand k =1, ..., sis Hi(a, ...,a) = a. Furthermore, by (3.2.57) the functions
Hy, k =1,..., s, are increasing in every argument, since the coefficients oy are non-negative.

Moreover, by (3.2.58) the scheme (3.2.49) can be written as follows

=m0  _ —n.

u; = uj;

fork =1,..., s compute the intermediate functions :
_n,k _

w;’ = H; (uo,...,uk 1);

—n+1 _-—n,s

u; =u;",

where for all £ = 0, ...,k — 1 we denote

0. [, ntl—  ntl nlp  nl+
u = (uh,jé’uh ety ,uh’j+;) )
Forall k =1, ..., s the schemes ﬂ?’k = H; (uo, ey uk_l) are monotone schemes in conserva-

tion form and thus we obtain for k = s
m < Hy (m,...,m) <" < Hy (M, ...,M) = M.

This completes the proof. (]

We can extract from lemma that the ALE-DG method discretized by a SSP-RK
method satisfies a local maximum principle, if the ALE-DG solution has certain prop-
erties. X. Zhang and Shu’s limiter ensures that the ALE-DG solution satisfies the con-
ditions of lemma [3.2.3] Moreover, X. Zhang and Shu proved in [94, Lemma 2.4] that the lim-
iter does not affect the accuracy of a numerical method. Therefore, lemma and
X. Zhang and C.-W. Shu’s limiter provide the following maximum principle for the ALE-DG

method discretized by a SSP-RK method (1.2.5).

Theorem 3.2.2 Suppose the same assumptions as in lemma([3.2.3 Then the solution of the ALE-
DG method discretized by a SSP-RK method (1.2.5), revised by the limiter (1.2.19), is for
smooth solutions of the initial value problem a (k + 1) order accurate approximation, if
the test function space is defined by piecewise polynomials of degree k. Furthermore, if
u? is in the interval [m, M], forallj = 1,--- N, ﬂ?“ is also in the interval [m, M|, for all

J
j=1,---,N.

3.2.3. On cell entropy inequalities for the fully-discrete method

For finite difference schemes, cell entropy inequalities are commonly used tools to ensure the
entropy stability of the scheme. A numerical method for the problem is entropy sta-
ble, if it converges to the unique entropy solution. In this section, we discuss cell entropy
inequalities for the fully-discrete ALE-DG method. Therefore, cell entropy inequalities for the
time-dependent cells need to be defined.
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3.2. The non-linear stability of the fully-discrete method

Let n, F' € C (R) be two functions such that the tuple (7, F') is a pair of entropy functions for
the initial value problem (1.1.1). Then an entropy inequality for the problem is given by

O (u) + 0, F (u) <0,inQ x (0,7). (3.2.59)

Note that the inequality (3.2.59) has to be understood in the sense of distributions. Since (7, F')
is a pair of entropy functions, it holds F’ = 7’ f’. Hence, if we integrate the entropy inequality

(3.2.59) over any cell K (t), j = 1,..., N, it follows by the transport equation (2.2.4)

d . -
ozdt( n(u), )K(t)+F< +2)—wj+én<uj+é>
_ n +
F ( j ;) +wj,%77 (uj—é) ) (3.2.60)

where u;t g = hr% u (J; o1 (t) £e, t) Henceforth, we call the inequality (3.2.60) cell entropy

inequality for the cells (2.3.5). Accordingly, in the sense of Godlewski and Raviart [32] Deﬁnl—
tion 4.1, p. 142], we call the ALE-DG method consistent with the entropy inequality (3.2.59), if
it satisfies a discrete version of the cell entropy inequality (3.2.60).

First of all, we prove for the piecewise constant forward Euler step of the ALE-DG method
with the Lax-Friedrichs flux given by (3.1.9) and (3.1.10) a discrete cell entropy inequality with
respect to the Kruzkov entropies and the corresponding entropy fluxes. These pairs of entropy
functions are given by

e (u) == |u—k|, Fg(u)= /u m, (v) f' (v) dv, forall k € R. (3.2.61)
k

The piecewise constant forward Euler step of the ALE-DG method with the Lax-Friedrichs flux
(3.1.9) and (3.1.10) is given by

_ n VAN ARER B R B
0 :u;”‘Fl u + AnJrl <g (w?+;,u?+1> —g— (w‘;:_é’u?))
VAN AR ON - R B
+An+1 (g+ <w?é? U?) — g+ (W;I%vu?—1>) 5 (3262)
J

since the scheme (3.2.7) degenerates to (3.2.62), if the test function space (2.3.13) is given by
piecewise constant polynomials. For the scheme (3.2.62), we have the following entropy in-

equality.

Proposition 3.2.2 For any time levelt = t,,n = 0, ..., L, there exists a partition of the domain
Q with the properties (P1) as well (P2). Consider the piecewise constant forward Euler step of
the ALE-DG method with the Lax-Friedrichs flux given by (3.1.9) as well as (3.1.10) and suppose

the CFL condition
VAN 1

hn+1 a 2Tn+1)\ ’

(3.2.63)
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3. An ALE-DG method for scalar conservation laws

where hy11 as well as 7,11 are given by the condition (P2) and the parameter \ is given by

(3.1.10). Then the solution of the scheme (3.2.62) satisfies for any cell K;»H'l, j=1,..,N, the
following cell entropy inequality

- (ﬂ?-ﬁ-l) < (ag) - ﬁil (Hk (w,ﬂ?,ﬂ;ﬂrl) —H, (w,ﬂgil,ﬂg)) , (3.2.64)
J

where i, (u), k € R are the Kruzkov entropies given by and for all a,b € [m, M] is

Hy (w,a,b) ::;/k . (v) ((%g <w?_%,v> + )x) dv

1, n
+§/k e (V) (&Lg (wﬁ%,v) — >\> dv. (3.2.65)

Proof. The idea of the upcoming proof is to evaluate the scheme multiplied by

e (H’;J’l), 7 =1,..., N. Therefore, first of all, we derive some helpful identities.

The integration by parts formula provides

(57 =) (5 o 5 o )

(T3

+ 7 i () (ﬂ}‘ - v) dv. (3.2.66)

it
J

Note that ng (u) is a Dirac delta function. However, the product above is well defined, since
the values u”' are constant. Next, we obtain by the definition of the function (3.2.1) as well as

J
(3.2.2)
R 1
aung (OJ?_%,U) = 5 (8ug (w?_;,u) + )\)

~( a 1 n
Oug— (wﬂ%,u) =5 (8ug (wﬂé,u) —/\)

These identities as well as the integration by parts formula supply

A?L (§ (w;zr%’u%l) —-g_ (wﬁ;,u?)) u (ﬂ?ﬂ)
-5 [ S (5 () 5 ()
a0 (0 (p0) )

;
B [0 6 (519) 5 (s130)

1At [ i
_5 An-i—l /7nj+1 77]/6 (U) (8ug (wﬂ_;,v) - )\> dv (3267)
J Ui

and
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3.2. The non-linear stability of the fully-discrete method

as well as

At [ _ . _ _
AnTL (9+ (w?;,u?) — g+ (w?;ﬂb?l)) un (U?H)
J

_ At K Y) (g (W ,v) =gy (WLt ) do
_A?+1 a’_”FlT/k g+ j_%a + j—%’ j

J
n

1 At (%
+§ A;H—l /u;,H'l 77;9 (v) ((%g (w?;,v) + A) dv
At [T, N _ ~
+A7j1+1 /ﬂn+l Mk ('U) (g-i- (w?_%au?jll) - 9+ (w?_;,'l))) dv
]

1 At g n
YN /,n]+1 i (v) <3u9 <wj_;,v) + )\) dv. (3.2.68)
J Y

It should be noted that the products above are well defined, since the functions (3.2.1) and
(3.2.2) are continuous. For the next steps, we define for all a, b € [m, M| the quantities

J% : L (0) (aug (w?+%,v> — A) dv (3.2.69)
and
0= [ i) (b () — 13 ()
J
2t Jyo O (0 (ey ) == (5p0) )
+A?‘t” /u:f: i (v) <§+ (w?_;,U?J — 9+ (W?’_;?U)) dv, (3.2.70)
where
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3. An ALE-DG method for scalar conservation laws

The function provides for all k£ € R the identity

=N —Nn 3
H; (w,uj,uj+1)—Hk <w,uJ LU ])

a7
1 [+,

1
=5 [ s ey de =g (o, 43 )

1 n
5/ 3u9(wj+§,v —>\> dv
1 , "
1 /o , N
+5 nk (U) <aug <w S, U> + )\) dv
2 ! Ji—3
1 /
5 77k ( ) (aug (w é,U) + )\) dv. (3.2.71)

Next, we multlply the scheme (3.2.62) by 17, ( ”“) apply (.2.66), (3.2.67), (3.2.67), (3.2.63),
as well as 1) and obtaln
_ _ At
Nk (u?ﬂ) = N (u?) A”H (H;c (w,u] ,uj+1) — Hy, (w,u] 1, U J)> -0,. (3.272)

For any u € [m, M|, we obtain by (3.2.61)

=Fy (u) —w (T;L, tn> Nk (u) , (3.2.73)

1 1
—n _ - n n o
w(xj,tn)—2<wj+;+wjé>, z; 2(J+é+x%>.
Thus, the equation (3.2.72) provides an entropy inequality for the piecewise constant forward
Euler step of the ALE-DG method (3.2.62), if the quantity (3.2.70) is non-negative. Since 1}/ () is

where

I

a Dirac delta function, the function g_ (wgl 1 ) is decreasing and the function g <wj 1
2 2
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3.2. The non-linear stability of the fully-discrete method

is increasing, it follows

Yyils
/“j+1 ”
- Mk

ﬂn+1

J

(v) (A_ (w;.g;,uyﬂ) 5

~ ~ pmt1 _
g— w;.:é,k) —g- (wﬁ;’uﬁl >0, iful" <k<uj,,
g— w;?+;,u?+1> —g_ w;‘Jr%,k >0, ifuj, <k<u;,

0, else

and

ﬂ?_l " -~ n =—n ~ n d

i1 77k( ) + wj_%au]—l — 9+ wj_%,v v

u -
J
g+ wj"l,u?_1> -0+ <w§”1, k) >0, 1fu;-LJrl <k<a} g,

2 2
=< ~ ~ _ . _n+1

0, else

Furthermore, the CFL condition provides for all u, v € [m, M]

1 At

L g
J

n n Tn
(8ug (wj_é,u) — Oug <wj+;,v> +2/\) > 1—2)\h +1

>0,
n+1

since the parameter ) is given by (3.1.10). Hence, according to the mean value theorem follows

ar bj (U}l) —pj (k) >0, ifﬂ?“ <k <},
/WI mi (0) (v () = pj () dv = p; (k) —p; (@) > 0, ifw) <k <at,
J

0,

Thus, ©; > 0 and this completes the proof.

else.

O

We would like to mention that for high order methods it is not easy to prove a cell entropy
inequality with respect to the Kruzkov entropy functions (3.2.61). In the sense of the RK-DG
method, this issue was discussed by Cockburn and Shu in [11, Lemma 2.8 and Lemma 2.9].
Often it is common to prove for a high order method merely a cell entropy inequality with
respect to the square entropy 7 (u) %u? However, it should be noted that according to
DiPerna’s result (cf. proposition a cell entropy inequality with respect to the square
entropy can merely provide the convergence to the unique entropy solution of the problem
(1.1.1), if the flux function in equation is convex.

We mentioned, in the section that Jiang and Shu proved in [45] a cell entropy inequality
with respect to the square entropy for certain RK-DG methods including the backward Euler
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3. An ALE-DG method for scalar conservation laws

and the Crank-Nicolson time integration method. Since Jiang and Shu applied the equation
to prove the inequality, their result does not cover the forward Euler step of the RK-DG
method. This is not surprising, since Chavent and Cockburn proved in [3] that the forward
Euler step of the RK-DG method is unconditional L?-unstable. In the following, we will extend
the result of Jiang and Shu to the backward Euler step of the ALE-DG method. Therefore, we
apply the following equation: For all a, b, c,d € R and ¥ € [0, 1] holds

(ac — bd) (Y + (1 — 9)b) :%a% _ %de + (19 - ;) (a—b)°d

+ ((ﬂ — ;) a® 4 (1 =9) ab) (c—d). (3.2.74)

It should be noted that the equation is more restrictive than (1.2.25), because (3.2.74)
does not provide a cell entropy inequality for the Crank-Nicolson time integration method.
Moreover, the backward Euler step is an implicit method. Hence, we can neglect the CFL
condition (3.2.63). Otherwise for the implementation of an implicit time integration method an
iterative solver is necessary. The distribution of the grid points is of particular importance for
the efficiency, robustness and accuracy of an iterative solver (cf. e.g. Pollul and Reusken [68]]).
This restriction to the grid points can affect the flexibility of the ALE-DG method. However,
from an academic point of view, the upcoming inequality is a much stronger result than the
inequality presented in proposition 3.2.2} since the upcoming inequality holds for the ALE-DG
method with an arbitrary monotone numerical flux and the test function space can be
given by piecewise polynomials with an arbitrary degree.

Proposition 3.2.3 Let ug € L% (Q) and uy, be the solution of the backward Euler step of the
ALE-DG method . Furthermore, for any time levelt = t,, n = 0,..., L, there exists a
partition of the domain Q) with the properties (P1) as well (P2). The initial data for the method
is the function Py, (ug,0) = ul). Then uy, satisfies for any cell K;H'l, j=1,...,N, the following
cell entropy inequality

1 +1,—  nt+l+
(1 (a) 1) s < 00 D)y = A (w0572 )
J

+AtH (wuzféuzfg) , (3.2.75)
wheren (u) := “—22 is the square entropy and
n+1l,—

u
1,—  n+l+4 hi—4 n n+1,—
H(w, o™ b = — 2 f(u) du — " w7
9 hy]_%’ hy]_% f( ) J_%’r] hd_%
1

In addition, it holds foralln =1, ..., L

[uhllLz @) < lluollLz() -
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3.2. The non-linear stability of the fully-discrete method

Proof. First of all we transform the backward Euler step of the ALE-DG method to
the reference cell (0, 1). Note that the functions of the space (2.3.13) are polynomials of degree
k > 1 on the reference cell. Hence, we obtain for all v* € P*¥ and forall j = 1,...,n

1
+1 *n+1 *,
t (An hn A?uhn,v*)

* n+1> *) ~ n n+l,—  n+l+ -
= w,u Ocv — gl w" u, u v
(g( h " o) g( J+3 Thi+y? Thitd ) Ui+

~ n+1,— n+1,+ +
4+g (W™ 1,0 w0 vl
I\Yj=5"ng—L Ung-1 ) Y-

n+1

(0,1)

(3.2.76)

Jun

3
where the functions u; """ = u}. (tn41), u," = uj, (t,) as well as v* are given by (2:2.1) and
AT-L'H as well as A’»‘H are given by (2.3.1). Next, we consider the left-hand side of the equation

3.2.76)) with the test u* 1 and apply the equations (2.3.30), (2.3.31) and (3.2.74) with 9 = 1.
Hence, we obtain

(G
(U0 *”“) a) - iy ) )
+Ait (77 (uZ’"H —uy ) A") o) + ((agw) < ;‘L"H) ,1)(0,1) , (3.2.77)

since the square entropy is for all u € R given by n (u) = %uQ. Likewise, it follows by

(g (w uy +1) ,8§u2’n+1>(071) = /nf;: f(u) du — % (w O¢ ( *n+1) )(0,1)' (3.2.78)

}Lij

n+1l,— n+l,+4+
hvjié ’ h7]+%

= [ 7@ dv—wn ().

Furthermore, we define forall j = 1,..., NV

Next, we define for all u € [u

(s ppenit) = 0 (ahpiily)
+g (wf_;, uZi; uZi?) “Zi; (3.2.79)
and
@"ié =G (w;lé, uz;ﬂg) G (w?;,u2?1g>
-3 (w;‘é , uZJ;i; uﬁtii) [[uzﬂ]]j_%. (3.2.80)
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3. An ALE-DG method for scalar conservation laws

Next, we consider the equation (3.2.76) with the test uZ’nH and apply the equations (3.2.77),
(3.2.78), (3.2.79) and (3.2.80). Thus, we obtain

0 :Ait ((77 (uz,nH) ’A?H)(o,l) B (77 (uzn) ’AgL)(o,l))
g (1 = 0i)08) 4 (i1 52

-H (w, T unf1,+> + @;ﬂ, (3.2.81)
2

hv]_%’ h’v]_%

For any u € C ([m, M] x [0,T]) with u?j'i =u (x?ﬂ,th),j =1,..,N,is
2

2

~ n n+1 n+1 n+1 / n+1 n n+1
w' U U, = u'. u'. — 2w" U, .
g( i-5 =% J-é) f( J—é)n ( J—é) J—én( J—é)

Hence, the integration by parts formula provides

1 1 ~ 1 1 1
H w?_l,uﬂjl,u’” =—G(w! ,u" ) +g (W L u T ) u
2 J73 =37 J=3° J73 2 J=3

1 1
=F u@jl —wh in u’,ljl ,
J=3 J732 J=3

where F' (u) := [“n/ (v) f’ (v) dv is the entropy flux. Thus, the equation provides an
entropy inequality for the backward Euler step of the ALE-DG method, if the quantity
is non-negative.

The function G (w, u) is differentiable in the second argument. Thus by the mean value theo-

rem, there exists forall j = 1,..., N a1 € [u;” u;j_l], such that
9, 9, 2

1,+ n n+1,— n
Glw? ") —G (" u, =g |w 9 ) ug].
J=3" Thi—3 i=%" Thj—3 g\Wj-1 [ h]]y—%’

since 0,G(w,u) = f(u) — wu = g(w,u). Hence, by the properties (g1) and (§2) of the nu-
merical flux g (w, -, -) follows © -1 = 0, for all j = 1, ..., N. Furthermore, we obtain for all
{=nmn+landj=1,...N

(77 (u2’6> ’A§>(o,1) - (77 (uﬁ) ’1)K;€ ’

where the cells K f and A? are given by (2.3.1). Therefore, we obtain by

[y

1
i=3

_ 1>
2

N

1
2

1
2 2

1 +1L,—  ntl+
(77 (UZJF ) ’ 1)K;1,+1 < (77 (UZ) ’ 1)K]" — AtH (w’ UZJ, ’u;;jl)

+AtH (w, uzié— uzi;) _ (3.2.82)
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

Since we consider the initial value problem (1.1.1) with periodic boundary conditions and the
initial data for the backward Euler step of the ALE-DG method is given by P, (ug,0) = u}, a
summation from j = 1 to N of the inequality (3.2.82) provides foralln =1, ..., L

0
Itz < o8] 1 g < Nuollizoy-

O

Finally, we would like to mention that Klingenberg et al. proved in [48] Proposition 2.2] a cell
entropy inequality for the semi-discrete ALE-DG method by applying similar techniques

as in the proof of proposition

3.3. A priori error estimates for the one dimensional
semi-discrete ALE-DG method

In this section, we present a priori error estimates for the one dimensional semi-discrete ALE-
DG method with smooth solutions of the initial value problem (1.1.1). These error estimates
indicate the high order accuracy of the semi-discrete ALE-DG method in regions where the
solution of the initial value problem is smooth. Note that we cannot expect the high
order accuracy of a numerical method in regions, where the solution of the initial value problem
has singularities. This causality was proven e.g. by Cockburn and Gremaud in the
context of streamline diffusion finite element methods for scalar conservation laws.

The a priori error estimates for the semi-discrete ALE-DG method will be estimated in the
sense of the global length h given by (2.1.5). Furthermore, we will utilize techniques, which
were introduced by Q. Zhang and Shu in [90}[92]. However, since we apply time-dependent cells
in the method, there are some differences in the proof. First of all, we cannot utilize the ALE-
DG solution uy, as a test function in the equation (3.1.4). Thus, we have to apply the equivalent
equation for the proof. In addition, we have to use the transport equation to
manage the differentiation of the time-dependent volume integrals. Finally, we compensate
the nonlinear nature of the flux function in by a Taylor expansion like Q. Zhang and
Shu. Therefore, we need the following a priori assumption for a smooth solution v of the initial
value problem and the approximate solution u;, given by the ALE-DG method

- oo < Crh, 3.3.1
tIeI[l&}:ﬁ] lw = unlly, Q) = “F ( )

where the constant Cr is independent of u;, and h. Note that for convenience we skipped
the index ¢ in (3.3.1). Moreover, we need to ensure that the flux function f(u) in and
its derivatives are bounded. Since the solution of the initial value problem satisfies the
maximum principle (1.1.5), the flux function f(u) in can be modified such that the

modified flux and its derivatives are bounded in the interval [m, M|, where m and M are
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3. An ALE-DG method for scalar conservation laws

given by (1.2.20). The details of this modification can be found in Q. Zhang and Shu’s article
(90} Section 3.2]. Hence, the following constants are well defined

0= ! x 1"
0T L peoxio.T] [l )], = max [f7(0) (33.2)

and
G i= DX |00 f" (u (2,1))], (3.3.3)

(z,t)eQx[0,T
if the function v = w (z, t) in is sufficiently smooth. Furthermore, the numerical flux
g (w?_%,uhﬂ,_l,u;j_l) , forallj=1,...,N,

2 2

will be evaluated by a Taylor expansion. In order to evaluate the numerical flux function by a
Taylor expansion we proceed as Q. Zhang and Shu [90] and apply a quantity to measure for all
7 =1,..., N the difference between the functions

n ~ n _ +
g (wj_é,u (:Uj;% (t) ,t)) aswellas g (wj—é’uh,j—é’uh,j—é) .

This quantity was introduced by Harten in [37]] and it is for any piecewise smooth function

v € L2 (Q) defined by

[]7 (9 (@, fo}) =G (w,07,0F)), i [o] #0,
|8ug (w7 {U}” ) if [[U]] =0,
where 0,9 (w, {v}) = f’ (u) — w. In addition, for an arbitrary discontinuity of the piecewise

smooth function v we denote v~ the left-sided and v the right-sided limes. Thus, the average
and jump operators are given by

(3.3.4)

a(g;v) ;:{

{v} = % (U+ + v_) aswellas [v] :=v" —v™. (3.3.5)

Next, we prove the following auxiliary lemma for the quantity (3.3.4).

Lemma 3.3.1 Suppose the numerical flux function g has the properties (g1) - (g3). Then for any
piecewise smooth function v € L2 (Q) the quantity @ (§;v) given by (3.3.4) is non negative and
bounded by the constant

1
CE:§

where LE_ and Lg are defined in (g3). Moreover, it holds the inequality

<L§ + Lg) , (3.3.6)

*

% |0ug (w, {v})] <a(g;v) + % 1Yl (3.3.7)

where the ¢ is given by (3.3.2).
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Proof. * Letv € L2(f) be a piecewise smooth function. If [v] = 0, the statement of
lemma 3.3.1)is fulfilled. Hence, we assume that [v] # 0.
The numerical flux is an E-flux, since it has the properties (§1) - (g2). Therefore, for the function

g(w, -) given by (3.1.2) and the numerical flux function g (w, -, -) holds the estimate (1.2.24).
Thus, we obtain

a(g;v) = o] (g (w,{v}) -39 (w,’u—, U+>) > 0. (3.3.8)

Next, since . )
{fo}p —v™ = 5[[1)]] and {o)} —v" = —5[[11]], (3.3.9)
it follows by the property (g3) of the numerical flux
1
_ s - ot A e

’g(w,{v}}) g(w,v U )‘ < 5 (L§ +L§) I[v]l-
Hence, @ (g; v) is bounded by % (LE_ + Lg). It is 029 (w, {v}) = f” ({v}). Therefore, a
Taylor expansion on the function g (w,v™) up to second order and yield

g(@07) =g foh) - 300 @ P ]+ g D P 6310

Likewise, a Taylor expansion on the function ¢ (w,v™) up to second order and (3.3.9) supply

1 1
9 (w0") =g (@ fvh) + 5009 . o)) ]+ g1 (o)) B, (3.11)
Thus, by the E-flux property of the numerical flux, as well as follows
0<(g(wv7) =g (wov,v")) I

=a (;v) — % g (w, {vl}) + éf” ({v) 1101

<a(g;v) — % w9 (w, {o}) [v] + (g I[v]| (3.3.12)

and
0< (g (w,v+) -q (w,v_,v+)) [[’U]]_1
=i (§:0) + 3009 (@, o) + £/ ({1 1]
< (§50) + 30y (. ol [o] + Lol (33.13)

Hence, we obtain by the estimates (3.3.12) and (3.3.13) the inequality (3.3.7). O

*The proof is guided by Q. Zhang and Shu’s proof presented in [90, Lemma 3.1].

69
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3.3.1. A suboptimal a priori error estimate

In this section we prove the following a priori error estimate for the semi-discrete ALE-DG
method with an arbitrary numerical flux, which has the properties (g1) - (¢3).

Theorem 3.3.1 Letu € WL (0, T; HF! (Q)) be the exact solution of the initial value prob-
lem and the flux function f : R — R be an element of the space C* (R). Furthermore, for

any time levelt = t,,n = 0, ..., L, there exists a regular partition of the domain (), the conditions
(P1) as well (P2) are satisfied and the grid velocity satisfies the condition (A4). In addition, the

condition (2.2.15) is satisfied for the global length h given by (2.1.5). Let uy be the solution of
the semi-discrete ALE-DG method (3.1.4) with the test function space (2.3.13) given by piecewise

polynomials of degree k > 2. The initial data for the method is the function Py, (ug,0). Then
there exists a constant C' independent of up, and h, such that

ax |lu — < CR*+3,
Ui lu—unllr2q) <

Before we start with the actual proof of theorem|3.3.1] we make some preparations. Henceforth
t € [0, 7] is an arbitrary fixed point and for all j = 1, ..., N and any piecewise smooth function
p € L2 (Q) we apply the notation

uj L= u (mj—% (t) ,t) and a (ﬁ;p)jfé =a (Zj;pf_;,p}'_;) , (3.3.14)
where the function @ (g; p) is given by (3.3.4). In addition, we define the quantities
Yy i=u—Pp(u,t) and ¢p = up — Pp (u,t). (3.3.15)
Then, we obtain the error function
ep = U — up = Yp — Ph. (3.3.16)

Note that the smooth solution u of the initial value problem (1.1.1)) and the approximate solution
up, given by the ALE-DG method satisfy the equation (3.1.4) as well as the equivalent equation
(3.1.5). Hence, the equation (3.1.5) provides for all test functions v € Vj, (t)

0 = (9en, U)Kj(t) + (02 (wepv) 1)1(]-(15) = (f(w) = flun), 0x )Kj(t)
+g (w;.ﬂré,uﬁ;) UJ._JF% -9 (w?é,uj_;) v

= n - + - ~ n - + +
—g|w. u, . u, . v, W U, . u, . v, 3.3.17
g( J+37 hij+d? h,J+§) its +g< J=37 hij—} hJ—%) i~z ( )

[NIES

Next, by a Taylor expansion up to second order on the flux function f(uy) we obtain

)= £ () = ' (W) e+ 58" (©) (en) (3319
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

where © is a value between u and uy,. For all cell interface points (t),j=1,...,N,is

1
2

, (3.3.19)

since we assume that the solution u of the initial value problem (1.1.1) is sufficiently smooth.
Likewise, we obtain for all j = 1, ..., N by a Taylor expansion up to second order

o (4 dsoy) =0 (w?—;v“fﬁ
+;a{q< Wi g j—;) (ﬂeh}}j—%>27 (3.3.20)

where O _1 is a value between u._1 and {uy }}._1. Note that
J I3 J—3

N

829( 1 @j§>=f”(@j%>, forallj =1,...,N.

(3.3.21)
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3. An ALE-DG method for scalar conservation laws

Next, we consider the equation (3.3.17) with the test function ¢,. A summation from j = 1 to
N and the equations (3.3.18) as well as (3.3.21) supply

N
(Oeen, on) i) + 221 2 (wenen) g,
]:

<.
Il
—

M=

(f/ (u) en, az@h)Kj (t)

+
—_
i

|

.MZ

~—
R

(©) (en)? en)

<
I
—

U ;) fend; 1lenl; 2

|
(1=
>
<
A~
S
5

1
2

<.
Il
—

+
N | =
M=

Il
—

> 1" (1) (Henk;—s) Lenl,-

1
2

2 o

) (3.3.22)

1
Q)
N
Cb
SIS
=
AS)
>
=
<
|
SIS

ga uh _1 h]]j_

since we consider the initial value problem (1 with periodic boundary conditions. The
transport equation ( - ) provides

_Z (Depn, on) iv:( ( )71)Kj(t)

Jj=1 J

=1
N
_ ;;iH(Ph”m ;Z_:( ( ),I)Kj(t). (3.3.23)

Likewise, by the properties (2.2.19) and (2.2.20) of the L2-projection and the transport equation

(2.2.4) we obtain

™ =

(Ortn, on) i K;(t) + Z (Wnen) 1)k K;(1)

<.
Il
-

i

(O (Ynen) , K @+ Z (Wnen) , )Kj(t)

.
Il
=

(s on) ;) = 0- (3.3.24)

<
I
—

I
S
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

Therefore, by (3.3.23)) and (3.3.24) the equation (3.3.22) can be written as follows

S L onlary = o (n,on) + a2 o) + 05 (w0, 0n) . (3325)
where
N
ai (¢h7 Soh) = Z (f/ (U) ¢ha 833@};)]{]_(15) )
j=1
1 a 1" 2
az (en, o) ::2; (/" (@) (en)? Oupn)
1 Y " 2
g2 (©,-1) (end—y) Lenls
and
1 N
as (@, ¥n,on) =5 2 (' ()00 (21)°)

<
Il
—

ol
hE

(8 ( ((ph)2)’1)Kj(t)

( gy ) end,ylenl,

.
Il
-

_1
2

@)

§,uh -1 ]]j_%[[@h]]j_%

||M2 i Mz

In the following, we present auxiliary lemmas to estimate the quantities a1 (¢p, @), a2 (e, ©n)
and a3 (w, ¥p, ¢n). According to lemma the time dependent cells yield for any
t € [0, T] aregular partition of the domain (2, since we suppose the conditions (P1) and (P2).
Therefore, the interpolation and inverse inequalities presented in lemma|2.2.3] lemma2.2.4Jand

lemma can be applied.

Lemma 3.3.2 Suppose the same assumptions as in theorem Then there exists a constant C,
independent of uy, and h, such that

a1 (Yn, n) < C (h?"f+2 + H%Hia(m) : (3.3.26)

Proof. For any cell K (t), j = 1,..., N, we denote the mean value of the solution u by

s (1) - (3.3.27)
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3. An ALE-DG method for scalar conservation laws

Since the solution u of the initial value problem (1.1.1) satisfies the inequality (1.1.5), it follows
by the mean value theorem

Jac |f (u (@, 0)) = 1 (w ()] < €185 (1) < cih, (33.28)

where the constant ¢ is given by (3.3.2). Hence, we obtain by the property (2.2.19) of the
L2-projection, Young’s inequality, the interpolation property (2.2.22), the inverse inequality

(2.2.16) and the estimate (3.3.28)

N
1 (¥non) =Y ((f = f" () ¥n, O0wpn) i s

7=1
cr 2 cr 2
51 [¥nllT2iq) + §1h2 10z ¢nlT2(0)

<C (B2 4 |lgnlfae) -

Next, we present an estimate for the quantity as (ep, @p).

Lemma 3.3.3 Suppose the same assumptions as in theorem[3.3.1 Then there exists a constant C,
independent of u;, and h, such that

as (en, on) < C (hz"“” + H@hHiz(m) : (3.3.29)

Proof. Firstofall Young’s inequality, the a priori assumption (3.3.1), the interpolation property
(2.2.22) and the inverse inequality (2.2.16) provide

N
> ( (en) 3xs0h)Kj(t)

j:
{C;

[\DM—A
—

| /\

N
by (lenl, |0een]) &
J=1

*
cC
= (lenl2qe +Hsohuiz<m)+ =L

<C <h2k+2 n HWH%Z’(Q)) ' (3.3.30)

W (1 0uspnlf2
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

Likewise, by Young’s inequality, Cauchy-Schwarz’s inequality, the a priori assumption (3.3.1),
the interpolation property (2.2.21) and the trace inequality (2.2.17) follows

Zf"( i) (fendyos) Tonl;_s

Cl C]—'

hz \{{eh}} [onl;—s
1 2
SZCTth< 1 )
3 N 2 B 2
—{—5610}‘}1 ( Soh % + SDhJ_% )
<C (h2k+2 n ||80h||i2(9))' (3.3.31)

Thus by (3.3.30) and (3.3.31) we obtain

a2 (e n) < C (W2 + lgnlZaqer) -

The next lemma is the main ingredient to proof theorem

Lemma 3.3.4 Suppose the same assumptions as in theorem Then there exists a constant C,
independent of uy, and h, such that

as (@, 0n) < C (B2 4+ [lonlZaqe) ) (3.3.32)

Proof. In this proof, we apply the following identity: For all piecewise smooth functions

v,w € L? (Q) holds
[ow] = foRlw] + [vl{w}, (3.3.33)

where the jump [-] and average {-}} operators are given by (3.3.5). Since we consider the initial
value problem (1.1.1) with periodic boundary conditions, it follows by the integration by parts
formula and the identity (3.3.33)

Lo~ ( 9 1 Y
2 & (£ (), 02 (¢n) )ij_z;(ax( (@) 1)
N N
=- ;g (6 J'(u), (on )Kj ) ;; <W~ é’uj§> [Hs%lz]]j,%
g‘“”i”L Zaug (W? ;v’%—;) endj 1len]; 1, (3.3.34)
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3. An ALE-DG method for scalar conservation laws

where the constant cj is given by (3.3.3) and 0,9 <w

) = f/ (uj—l> —w? % Fur-

n

1
j—3 I3
thermore, lemma 3.1|provides that the quantity a (g; up,) ;1 is non-negative and thus Young’s

inequality provides

N
> a(@un); g lenl; slenl; s
=1
]N 2
=S a@ ),y (Wl yloid,y -~ fiod,y )
j=1
1 N
<5 Y a@un),y (|alyf - [El,y ). (3:3.39)

7=1
Therefore, we obtain by a modified version of Young’s inequality* and (3.3.34) as well as (3.3.35)

i)

2 % 2
) + 5 lenllig - (3:3.36)

+ 1 [t

a3 (w,n. o) <Zaug( oy ([

1 N
"‘5 Zla (/g\a Uh)j,
J:

(’[W)h]]j; -

ol

1
2

Since the grid velocity satisfies the condition (A4), it follows

0, W w1 )| <+ max |w(z,t)| <cf+c
ud j—%’ j—3 > C erX[O,T]| ( ) )|— 0 05

where the constants ¢y and cjj are given by (2.1.20) and (3.3.2). Thus, we obtain by Young’s
inequality and the interpolation property (2.2.21)

N

N 1 9
Z aug( ” 17 j— )‘ ‘{{U)h}}ﬁf Zia g7uh ]]jf—‘
j=1 j=1
1 N 2 2
<5 (c§+co+2C5) > ( F S K ) < Ch?kHL, (3.3.37)
i=1 C

where the constant C is given by (3.3.6). Next, the mean value theorem and the a priori
assumption (3.3.1) yield

0oy 3) 0 (5 k)
(o) 7 (1)

<ci |u_1 — {un};_1| < GCFR, (3.3.38)

‘Forall a,b € [0, 00) is ab < a* + +b°.
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

where the constant ¢} is given by (3.3.2). Hence, the reverse triangle inequality, the a priori

assumption (3.3.1), the inequality (3.3.38), the inequality (3.3.7) for the quantity a (g;-), the
equation (3.3.19) and the trace inequality (2.2.17) provide

N1 P n 1A N 2
1Y n n 2
§4]Z:1 Oug (wj_;,ujé) — Oug <wj—§’ {{uh}}]§>’ M(‘Ohﬂj*%
1 X /1 2
t3 (2 Oug ( ' 1,{{Uh}}j_>’ —a (g un); ;) ‘[[tph]]J_,
j=1
cCr N 2 cr N 2
1 hz <’[[80h _1 > +§1Z‘[[eh]]j,% ]]j,%
J=1 j=1
1, N 2
<SeiCrhy” (([[goh]]j_; ) < Clignlliz - (3:3.39)
j=1

where the constant ¢J is given by (3.3.2). Finally we obtain by (3.3.36), (3.3.37) and (3.3.39)

as (W, ¥n,pn) < C (7%21‘#rl + H<Ph||iz(9)) :

O

Note that the inequality is the reason why we can merely prove the suboptimal a priori

error estimate for the semi-discrete ALE-DG method. In order to prove the optimal a priori

error estimate, we need more assumptions. The optimal error estimate for semi-discrete ALE-

DG method will be discussed in the section [3.3.2]

Finally, we come to the actual proof of theorem[3.3.1]

Proof of theorem We apply the estimates (3.3.26), (3.3.29) and (3.3.32) to estimate the

equation and obtain
s lonlZay < © (W llgnlaey).

Hence, Gronwall’s inequality provides

lenlfa) < exp 2CT) (1 + on (0)[If2(c ) - (3.3.40)

It is ||¢n (O)Hig(g) = 0, since up(0) = Pp(up,0). Therefore, the interpolation inequality

and the estimate (3.3.40) supply
”eh||L2(Q) < ”¢hHL2(Q) + ||90h||L2(Q) < Ch*MH.

This completes the proof. ]
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3. An ALE-DG method for scalar conservation laws

3.3.2. An optimal error estimate for the semi-discrete ALE-DG method with
an upwind numerical flux

In order to achieve the optimal a priori error estimate for the one dimensional semi-discrete
ALE-DG method, we assume that for all cells K;(t), j = 1,..., N, the function g (w, -) given

by satisfies
Oug (w(z,t),u) >0, forallue [m,M],tel0,T] andz € K;(t), (3.3.41)

or
Oug (w(z,t),u) <0, forallue [m,M],tel0,T] andz € K;(t), (3.3.42)

where m and M are given by (1.2.20). This assumption provides the upcoming a priori error
estimate.

Theorem 3.3.2 Letu € WH™>® (0, T; k2 (Q)) be the exact solution of the initial value prob-
lem and the flux function f : R — R be an element of the space C? (R). Furthermore, for

any time level t = t,,, n = 0, ..., L, there exists a partition of the domain ) with the properties
(P1) as well (P2) and the grid velocity satisfies the condition (A4). In addition, the condition
is satisfied for the global length h given by (2.1.5). Let uy, be the solution of the semi-discrete
ALE-DG method with the upwind numerical flux and the test function space
given by piecewise polynomials of degree k > 1. Moreover, for all cells K;(t), j = 1,..., N, the
function g (w, -) given by satisfies (3.3.41) or (3.3.42)) and the initial data for the method
is the function P~ p, (ug, 0), if the function g (w, -) satisfies and Py, (ug,0), if function
g (w,-) satisfies (3.3.42). Then there exists a constant C' independent of uy, and h, such that

a — < ChMHL
e lu = unllp2 ) <

In the following, we assume that the function g (w, -) given by satisfies for all cells
K;(t),j =1,...,N. The case in which the function g (w, -) satisfies (3.3.42) for all cells K;(t),
can be analyzed similar. Since the function g (w, -) satisfies (3.3.41), the upwind numerical flux

function (3.1.6) degenerates to

g (w?_é,u,;,u;[) =g (w;‘_é,ug) . (3.3.43)

Hence, we apply the Gauss-Radau projection P, (u,t) of the exact solution.Henceforth, ¢ €
[0, T is an arbitrary fixed point and for all j = 1, ..., N we apply the notation (3.3.14) and

¢h =y — 73}7 (u’ t) and pp = up — P}: (u, t) . (3.3.44)
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

In addition, we denote the error function ey, by (3.3.16). Then, the equation (3.1.5) yields for all
test functions v € V}, (t) the error equation

0= (Feens vn) e, (1) + (O (wWenvn) s Ve, ) — (fF(w) = fun); Oxvn) g 1)
+g (“ﬁ;“#é) Vi 9 (“’?—;’“ﬁ—é) s
—g <w§+%, Uy ivL ) L1 +g( ) e (3.3.45)

since the smooth solution « of the initial value problem (1.1.1) and the approximate solution
up, given by the ALE-DG method satisfy the equation (3.1.4) as well as the equivalent equation

(3.1.5). Next, a Taylor expansion on the function g (w; 1,U%; 1 | up to second order supplies
~1 1

J
n _
g <“’j§’“]‘—é> _g( 2’“h,j;>
2
(), br(er ) () s

where @ ( ) is a value between u;; _ 1 and Ui , (t). Next, we consider the equation (3.3.45)
2

with the test function @p. A summatlon from 7 = 1 to N and the equations (3.3.18) as well

(3.3.46) provide

K\J

N N
OZZ Oen, vp) K(t +Z (wepvp) 1)Kj(t)
7j=1

N
- Z (f/ (u) €h; azQOh)Kj(t)

j=1
+§§ (/" (@) (en)? Buon)

+;]§:1 (f” (@;_Q (e;’j 1>2,[[90h]13_;>

_ji::l (8ug (w?%,uj_;) €hj_L’ [[Sph]]j_;) ; (3.3.47)

since we consider the initial value problem (1 with periodic boundary conditions. The
property (2.3.18) of the Gauss-Radau pI‘O]eCtIOI’I Ph (u,t) provides

g: (3u9 ( ; 17%_> Vg1 [[sOh]]j_;) =0. (3.3.48)

J=1
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3. An ALE-DG method for scalar conservation laws

Therefore, by (3.3.23) and (3.3.48) the equation (3.3.47) can be written as

1d
th H(thL2 :bl (eh7(ph)+62 (%‘Pha@h)“‘b?) (wvwhagoh)7 (3349)
where
1N
(en, ¢n) 2;( (en) axSOh) ®
1Y 2
(o ;) (6501 Tl
b IS (f w0 ?) SIS %).1)
2 (o onion) =g 3 (10,00 (@) =g (0 (wlaw?) 1)
N
+Z:18“g (“?5’“1‘—%) Ph.j— 1[[(%]]]—%’
J:
and

2

N
W s Un, 4Ph Z O, ‘Ph K;(t) + Z ( o (w¢h90h) ) 1)Kj(t)

J=1 Jj=1

N
Z u) Y, x‘Ph) K;(t) "

]:

—_

In the following, we present estimates for by (ep, ¢n), b2 (w, v, ¢n) and bs (w, ¥y, ¢n). Since
there exists for any time level t = t,,, n = 0, ..., L, a partition of the domain {2 with the prop-
erties (P1) as well (P2), the cells have the properties (P1) and (P2) (cf. lemma[2.3.1),
too. Therefore, we have for any ¢ € [0,7] a regular partition of the domain 2. Hence, we
can apply the interpolation and inverse inequalities presented in lemma|[2.2.3] lemma|[2.2.4 and

lemma[2.3.2]
The quantity by (e, ¢3) is similar to the quantity as (e, ¢5) in the section[3.3.1] Thus, by the
same techniques as in the proof of lemma [3.3.3| the following estimate can be proven

b1 (en,pn) < C (h2k+2 + ||90h||iz(g)) : (3.3.50)

For any piecewise smooth function v € L? (£2) we obtain by (3.3.9)

(fo} —v7) [o] = %[[v]]z. (3.3.51)
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

Hence, since the function ¢ (w, -) given by (3.1.2) satisfies (3.3.41), the integration by parts
formula and the identities (3.3.33) as well as (3.3.51) provide the following estimate for the

quantity by (w, ¢n, ¥n)

N
b (w0, pnion) = — 5 3 (00 (F/ () (n)°)

=1
1Y )
52 (1 (ws) vy ) Tl
J=3
N
+>dug (w;»l_évu]_é) e i_ilenl; s
j=
N 2
== Zaug (anéauj_g ‘[[@hﬂj_;
7j=1
Ly A (f 2 <% 2 3.3.52
_2]2( T (f (U)) ; (@h) )Kj(t) > E ||90h||L2(Q)7 ( 3. )

where the constant ¢ is given by (3.3.3).
Next, we present an auxiliary lemma to estimate the quantity bs (w, ¥, ©n).

Lemma 3.3.5 Suppose the same assumptions as in theorem[3.3.2 Then there exists a constant C,
independent of u;, and h, such that

b (W, Yn, ) < C (h%” + ||goh||ig(m) . (3.3.53)

Proof. The equation in lemma 2.3.3| provides
N
bs (0, v on) =Y (9w — Py (Gru.1) ,n)

; K;(t)

I
—

i
™=

(w@mu —P), (wOyu,t) ,cph)K_(t)
J

<.
Il
-

KMZ

((wax¢ha en)ic; () T (Ox (Wnen) 1)Kj(t)>

<
Il
-

M-

(f" () ¥n, Oopn) g, 1) (3.3.54)

<.
Il
—
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3. An ALE-DG method for scalar conservation laws

In the following, we will estimate the right-hand side of the equation (3.3.54).
First of all, it follows by Young’s inequality and the interpolation property

N
Z (atu - Ph_ (atu> t) 790h> K (t)
N

+ Z (wc")iu — P, (wpu,t) ,goh)

J

—

et K;(t)
< 2
5 19nlIz20y + lenllfz()
B 2
+§ Hw@a,u — P, (wOyu,t) L2@)
<Ch*+2 4 ||<Ph||1%2(g) 5 (3.3.55)

since u € W1 (O, T; Hk+2 (Q)) and the grid velocity satisfies the condition (A4). Next, the
integration by parts formula provides

Mz

((W8x¢h7 (ph) K;(t) + (ax (th()oh) ) 1)Kj(t)>

<.
Il
_

M=

(f/ (U) d)h? 833%0}1)]@- (t)

=1
]N N

= ((0u) Y n) e, 1) = 2 (Oug (W, ) Yy Buon) e, sy » (3.3.56)
Jj=1 7j=1

since the function g (w, -) is given by (3.1.2). Furthermore, it follows by the inequality (3.3.28)

xg;gvgt! g (w,u(x,t)) — Oug (w,a; (t))|

< mmax |f' (u (2, 1)) = f' (@, ()] < cth, (3.3.57)

where the constant ¢} is given by (3.3.2) and %, (¢) is given by (3.3.27). Hence, we obtain by
the property (2.3.17) of the Gauss-Radau projection, Young’s inequality, the condition (A4)
for the grid velocity, the interpolation property (2.2.22), the inverse inequality (2.2.16) and the
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3.3. A priori error estimates for the one dimensional semi-discrete ALE-DG method

inequality (3.3.57)

WE

(((Daw) s 2m) 1,0y — (O (@, 0) ¥, Bupn) e, 1))

.
Il
—

IA
M=

(8u (g (wvﬂj (t)) -9 (wv u)) (7 az(ph)Kj(t)

o .
i

1
+5 (0l + lonla)

c1+ct c1 c*h?
S ! ‘|¢h||i2(9) t3 H%Hi?(@) + 17 ||ax80h||i2(9)
<C (h2k+z+H<thiQ(Q)), (3.3.58)

where the constant ¢; is given by the condition (2.1.20). Finally, (3.3.54), (3.3.55), (3.3.56) and
(3.3.58) provide

bs (. ¥n, on) < C (W2 1 [lonlPaqy ) - (3.3.59)
O

Now we come to the proof of theorem|3.3.2
Proof of theorem The equation (3.3.49) and the estimates (3.3.50), (3.3.52) and (3.3.53)
provide

1d
5 lenltz@) < € (B2 + llonllta) (33.60)

Next, we proceed similar to the proof of theorem We evaluate the estimate (3.3.60) by
Gronwall’s inequality and obtain

lonlf2(q) < exp (2CT) B?*+2. (3.3.61)

This estimate and the interpolation property (2.3.20) provide the desired error estimate. (]

3.3.3. Justification of the a priori assumption

In this section, we justify the a priori assumption (3.3.1). We will proceed similar to Xu and
Shu in [85]. However, we have to mention that the proof in this thesis is slightly different from
Xu and Shu’s proof, since we stated the a priori assumption in the L®°-norm instead of
the L2-norm.

First of all, by the interpolation inequality (2.2.23), the inverse inequality (2.2.16) and (3.3.40)

or (3.3.61), follows for all ¢ € [0, 7]
len (Do) < 19 ()l @) + llen ()l (o)
< O (W5 4 b8 gn (D)) < ORI, (3.3.62)
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3. An ALE-DG method for scalar conservation laws

where 0 = %, if the assumptions of theorem are satisfied, otherwise ¢ = 0. Next, we
define

t* = sup {t € 0,00) : [[u (t) = u (t) |0 < Crh}.
The a priori assumption is verified, if t* = oco. If t* < o0, it follows by continuity

lu (¢) = up, ()| ey = CFh. (3.3.63)

The quantity h € (0, 1) can be chosen such that

1
Chfte < 5C]sh. (3.3.64)

Therefore, (3.3.62)), (3.3.63) and (3.3.64) yield the contradiction

* * o 1 * *
lu (%) = wn ()| ) < CHMH < FCrh <lu () = un ()l (q) »

if t* < T. Hence, the a priori assumption (3.3.1) is true for the interval [0, T'].
The estimate (3.3.64) shows the reason why theorem is not true, if the test function space
(2.3.13) is given by piecewise polynomials of degree smaller than two.

3.4. Numerical experiments

In this section, we show the performance of the ALE-DG method. For the time discretization
of the ALE-DG method we apply Shu’s third order SSP-RK method. The coefficients of this
method are listed in the table We present numerical experiments for the one dimensional
ALE-DG method and verify numerically the theoretical results of the previous sections.
Furthermore, we present the capability of the ALE-DG method for simplicial meshes in two
dimensions by solving the two dimensional Euler equations with different initial data. The
experiments for the one dimensional ALE-DG method were published by Klingenberg et al. in
[48]]. The two dimensional experiments have been done by Yinhua Xia.>

3.4.1. One dimensional Experiments

We consider two examples and compare the solution uﬁ of the standard DG method for static
grids, developed by Cockburn, Lin and Shu in [[10} 11} [12]], with the solution u% of the ALE-DG
method. Moreover, For both methods we adopt a Lax-Friedrichs numerical flux. The stan-
dard DG method is applied on a static uniform grid. We have not developed a moving mesh
methodology for the ALE-DG method. Thus, we apply for the ALE-DG method the following
two different grid point distributions:

z;,1(t) = :UjJr%(O) +0.4 sin(t)(:cj+%(0) — 1)a:j+%(0) (3.4.1)

2

>The author sincerely thanks Yinhua Xia that he provided his numerical experiments for this thesis.
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3.4. Numerical experiments

and

xj+%(t) = a:j+%(0) + O.4sin(t)H(:1;j+%(O) — O.5)(a:j+%(0) - 1))xj+%(0), (3.4.2)

where for all z € R

H (x) 1, ifz>0,
x) =
0, ifx<O

is the Heaviside function. In both scenarios the evolution of the grid points starts from a static
uniform grid. It should be noted that the grid velocity, which corresponds to the grid points
(3.4.2), does not satisfy the condition (A4). However, we will see that even for the grid points
(3.4.2) the method provides the optimal rate of convergence in smooth regions. This attested
the capability of the ALE-DG method.

Example 3.4.1 (Burgers’ equation) We solve the following initial value problem in the do-
main Q = (0, 1) with periodic boundary conditions

1 1 1
Oyu + Oy <2u2> =0, wu(z,0)= it3 sin(m(2z — 1)). (3.4.3)
The unique entropy solution of the problem is smooth at time level t = 0.1 and has a well
developed shock at time level t = 0.4. In order to demonsirate the behavior of the spatial error, we
choose the time step small enough and apply a TVB limiter with the parameter M = 20. Moreover,
for both methods we apply piecewise P? and P3 polynomials.

The table[3.4.1 shows the convergence history of the standard DG method as well as the ALE-DG
method at time level t = 0.1 and the table[3.4.4 shows the convergence history when the shock
is developed. In both tables, the convergence is presented with respect to the cell number N. For
both methods, numerically the optimal rate of convergence can be reached. Furthermore, the TVB
limiter is not affecting the high order accuracy in smooth regions. Moreover, in the figure[3.4.]]
the exact solution of the equation (3.4.3), the solution of the DG method for static grids and the
ALE-DG solutions are plotted at time level t = 0.4. The DG and ALE-DG solution in are
calculated for N = 80 cells and piecewise polynomials of degree k = 4. The figure shows that for
both methods the shock is captured and no spurious oscillations appear.

The table[3.4.3 shows the convergence history of the DG method for static grids and the ALE-DG
method with N = 40 cells at time levelt = 0.1 andt = 0.4. The convergence history is presented
with respect to the degree k of the piecewise polynomial test functions. We can see that the ALE-
DG method maintains the spectral convergence property of the DG method for static grids. This
indicates that the ALE-DG method is compatible with p-refinement.

In all these examples, the distribution of the grid points for the ALE-DG method was given by
(3.4.1). Thus, we present in table the accuracy of the ALE-DG solutions ul for the grid point
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3. An ALE-DG method for scalar conservation laws

u—u;s; u—ug u—u}]y u—uhM
N | L°®° norm order L?norm order || L norm order L? norm order
10 4.34E-03 - 9.10E-04 - 4.74E-03 - 9.87E-04 -
P21 20 7.53E-04 2.53 1.25E-04  2.86 8.10E-04 2.55 1.28E-04  2.95
40 1.14E-04 2.72 1.70E-05 2.88 1.25E-04 2.70 1.72E-05 2.90
80 1.60E-05 2.83 2.28E-06 2.90 1.76E-05 2.83 2.32E-06 2.89
160 | 2.13E-06 2.91 3.00E-07 2.93 2.36E-06 2.90 3.08E-08 2.91
P3| 10 5.55E-04 - 7.46E-05 - 5.10E-04 - 7.47E-05 -
20 4.16E-05 3.74 5.21E-06 3.84 3.58E-05 3.83 5.09E-06 3.88
40 3.12E-06 3.74 3.66E-07 3.83 2.71E-06 3.72 3.51E-07 3.86
80 2.11E-07 3.89 2.49E-08 3.88 1.83E-07 3.89 2.43E-08 3.85
160 | 1.37E-08 3.94 1.66E-09 3.91 1.19E-08 3.94 1.64E-09 3.89

Table 3.4.1. The spatial errors of the DG solutions u and the ALE-DG solutions u} at time level
t = 0.1 for the Burgers’ equation (3.4.3). The grid point distribution is given by (3.4.1).

u—u,sl u—u;? u—uhM u—u}]y
N | L error order L? error order | L™ error order L? error order
10 5.81E-03 - 1.11E-03 - 1.72E-02 - 2.45E-03 -
P2 | 20 1.75E-04 5.05 3.81E-05 4.86 8.61E-04 4.32 8.47E-05 4.85

40 | 2.41E-05 2.86 4.05E-06 3.23 3.26E-05  4.72 4.12E-06 4.36
80 | 3.33E-06  2.86 4.59E-07 3.14 4.58E-06 2.83 490E-07 3.07

160 | 4.37E-07  2.93 5.41E-08 3.08 6.09E-07 291 5.57E-08 3.14
P3| 10 | 2.26E-03 - 4.27E-04 - 5.39E-03 - 8.85E-04 -
20 | 9.99E-06  7.82 1.51E-06 8.14 1.83E-04  4.88 1.81E-05 5.61
40 | 8.40E-07  3.57 8.83E-08 4.10 1.25E-06  7.19 9.66E-08  7.55
80 | 6.19E-08  3.76 5.37E-09 4.04 9.52E-08 3.71 5.95E-09 4.02
160 | 4.17E-09  3.89 3.29E-10  4.03 6.49E-09  3.87 3.63E-10  4.03

Table 3.4.2. The spatial errors of the DG solutions u; and the ALE-DG solutions u}! in smooth regions
Q = {x : |z — shock| > 0.1} at time level ¢ = 0.4 for the Burgers’ equation (3.4.3). The
grid point distribution is given by (3.4.1).
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Figure 3.4.1. Comparison of the exact solution (dashed line) of the Burgers’ equation (3.4.3), the DG
solution uf (top) and the ALE-DG solution u,]y (bottom) with N = 80, k = 4, at time
level ¢ = 0.4. The grid point distribution is given by (3.4.1).
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t=0.1 t=04
S M S M

1.89E-03 1.77E-03 || 7.21E-04 7.25E-04
1.14E-04 1.25E-04 || 2.41E-05 3.25E-05
3.12E-06 2.71E-06 | 8.40E-07 1.25E-06
1.21E-07 1.44E-07 || 3.33E-08 5.47E-08
4.25E-09 3.40E-09 | 1.30E-09 2.40E-09
1.53E-10 1.97E-10 || 5.36E-11 1.09E-10
3.98E-12 3.55E-12 || 2.42E-12 5.07E-12
1.38E-13 1.52E-13 || 1.45E-13 3.50E-13
7.88E-15 4.14E-14 || 1.61E-14 7.70E-14

O 00 0 N U W

Table 3.4.3. The spatial L°°-errors of the DG solutions u; and the ALE-DG solutions u}! at time level
t = 0.1 and ¢t = 0.4 in a smooth region for the Burgers’ equation with N = 40. The

grid point distribution is given by (3.4.1).

t=0.1 t=0.1 t=04 t=04
N | L error order L? error order | L error order L? error order
10 4.46E-03 - 9.28E-04 - 5.76E-03 - 1.10E-03 -
P2 | 20 7.61E-04 2.55 1.25E-04 2.89 1.76E-04 5.03 3.24E-05 5.09
40 1.14E-04 2.74 1.67E-05  2.90 2.41E-05 2.87 3.51E-06 3.21
80 1.60E-05 2.83 2.26E-06  2.89 3.33E-06 2.86 4.00E-07 3.13
160 | 2.43E-06 2.72 3.05E-07 2.89 4.37E-07 2.93 5.05E-08 2.99
Pp3 10 5.10E-04 - 7.08E-05 - 2.02E-03 - 3.40E-04 -
20 | 3.58E-05 3.83 4.82E-06  3.88 9.78E-06 7.69 1.19E-06  8.16
40 2.71E-06 3.72 3.40E-07 3.83 8.15E-07 3.58 7.30E-08  4.03
80 1.83E-07 3.89 2.31E-08 3.88 6.19E-08 3.72 4.42E-09  4.05
160 | 1.18E-08 3.95 1.55E-09  3.90 4.17E-09 3.89 2.70E-10  4.03

Table 3.4.4. The spatial errors of the ALE-DG solutions u}! in smooth regions at time level t = 0.1 and
t = 0.4 for the Burgers’ equation (3.4.3). The grid point distribution is given by (3.4.1).
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distribution (3.4.2). The table shows that in this case the method also maintains numerically the
high order accuracy in smooth regions.

Example 3.4.2 (Euler’s equations in one dimension) In this example, the grid points for
the ALE-DG method are given by (3.4.1).

For the one dimensional Euler equations, the unknowns are the mass density p, the velocity v, the
energy density per unit mass e and the pressure p. For these primitive variables the one dimensional
Euler equations for a polytropic ideal gas are given by

ow + B(w)d,w =0 (3.4.4)
with
P v p 0
w:=| v |, B(w):= Ov%,c:ﬁ
0 pc? v p
and )
pU
p=(y—1) <pE — 2) , > 1. (3.4.5)

The matrix B(w) has the eigenvalues v and v + c. Hence, the system is strictly hyperbolic.
Furthermore, the system is symmetrizable (cf. Godlewski and Raviart [32, Chapter 1, Theorem
3.2 and Example 3.3]). The Euler equations can be also written as the following system of
conservation laws

ou + Oy (f(u)) =0,

u=(p,m,E)", f(u)=ovu+(0,p,pv)T, m:=pv

with the equation (3.4.5) to determine the pressure. In the following, we solve the Euler equations
in the domain Q@ = (0,1) with periodic boundary conditions for two different initial functions.
For the computation, we consider the equation (3.4.5) withy = 1.4.

First of all, we solve the equations for a smooth initial function (plain wave) given by

p(x,0) 1+ 0.5sin(27x)
v(z,0) | = 1
p(z,0) 1

p(x,t) 1+ 0.5sin(27 (z — t))
v(z,t) | = 1
p(x,t) 1

89



3. An ALE-DG method for scalar conservation laws

p—py p—pp p—pp p—pp
N | L°®° norm order L? norm order || L® norm order L? norm order
10 2.63E-03 - 9.95E-04 - 5.14E-03 - 1.48E-03 -
P21 20 3.87E-04 2.77 1.42E-04  2.78 7.88E-04 2.70 2.20E-04 2.75
40 5.10E-05 2.92 1.87E-05 2.93 1.06E-04 2.89 2.94E-05 2.91
80 6.46E-06 2.98 2.38E-06 2.98 1.36E-05 2.96 3.75E-06 2.97
160 | 8.08E-07 3.00 2.98E-07 2.99 1.71E-06 2.99 4.71E-07 2.99
p3 10 7.23E-05 - 1.92E-05 - 1.91E-04 - 3.60E-05 -
20 4.40E-06 4.04 1.07E-06  4.16 1.27E-05 3.90 1.97E-06  4.19
40 2.74E-07 4.01 6.65E-08  4.01 8.07E-07 3.98 1.15E-07 4.10
80 1.71E-08 4.00 4.14E-09  4.00 5.10E-08 3.98 6.99E-09 4.04
160 | 1.07E-09 4.00 2.59E-10  4.00 3.20E-09 3.99 4.30E-10  4.02

Table 3.4.5. The spatial errors at time level ¢ = 1.2 of the density pf given by the DG method and
the errors at time level ¢ = 1.2 for the density p}! given by the ALE-DG method. The
distribution of the grid points for the ALE-DG method is given by (3.4.1).

The table [3.4.5 shows the convergence history at timet = 1.2 of the density given by the DG
method for static grids and by the ALE-DG method with piecewise P? and P3 polynomials. We
can see that numerically the optimal rate of convergence can be reached.

Next, we solve the Euler equations for a discontinuous initial function given by

PL 1 PR 0.125
v, | =1 0.75 and vp | = 0
PL 1 PR 1

This Riemann problem is a modified Sod shock tube problem. The exact solution of this problem
is discontinuous. Hence, we apply the DG method for static grids and the ALE-DG method with a
TVB limiter with M = 20. The exact solution, the solution of the DG method and the solution of
the ALE-DG method for N = 200 cells and piecewise polynomials of degree k = 4 are plotted at
time level t = 0.2 in the figures(3.4.2(3.4.3 and|(3.4.4

The numerical experiments in the examples and show that the ALE-DG method
maintains the properties of the DG method for static grids, like uniformly high order accuracy
and shock capturing. Furthermore, the table shows numerically that the ALE-DG method
satisfies the geometric conservation law.

3.4.2. Two dimensional Experiments

In this section, we show the capability of the ALE-DG method for the two dimensional Euler
equations. For these equations the unknowns are the mass density p, the velocity (v, w)”, the
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3.4. Numerical experiments

Figure 3.4.2. Comparison of the exact density (dashed line) for the modified Sod shock tube problem
with the density pf (top) given by the DG method for static grids and the density p}’
(bottom) given by the ALE-DG method at time level £ = 0.2. The DG and the ALE-DG
method are applied with NV = 200 cells, piecewise polynomials of degree k = 4 and a
TVB limiter with M = 20.
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Figure 3.4.3. Comparison of the exact velocity (dashed line) for the modified Sod shock tube problem
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with the velocity v,‘f (top) given by the DG method for static grids and the velocity v}
(bottom) given by the ALE-DG method at time level £ = 0.2. The DG and the ALE-DG
method are applied with NV = 200 cells, piecewise polynomials of degree k = 4 and a
TVB limiter with M = 20.



3.4. Numerical experiments

04 \ 4
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Figure 3.4.4. Comparison of the exact pressure (dashed line) for the modified Sod shock tube problem
with the pressure pf (top) given by the DG method for static grids and the pressure p/
(bottom) given by the ALE-DG method at time level £ = 0.2. The DG and the ALE-DG
method are applied with NV = 200 cells, piecewise polynomials of degree k = 4 and a
TVB limiter with M = 20.
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N | P? P3 P2 P3

10 | 444E-15  9.77E-15 || 444E-15  5.77E-15
20 | 9.99E-15  1.24E-14 || 5.77E-15  9.66E-15
40 | 1.24E-14  1.89E-14 || 9.55E-15  1.78E-14
80 | 2.22E-14  251E-14 || 1.77E-14  2.45E-14
160 | 2.80E-14  3.62E-14 || 3.24E-14  3.30E-14

Table 3.4.6. L>-errors at time level ¢ = 1.2 for Burgers’ equation with the constant solution u =
1 and Euler’s equations with the constant solution (p, v, p) = (1,1, 1). The distribution of
the grid points for the ALE-DG method is given by (3.4.1).

energy density per unit mass e and the pressure p. The two dimensional Euler equations for
the primitive variables w = (p, v, w, p)T are given by

0w + B1(w)0,w + Ba(w)oyw =0 (3.4.6)
with
v p 00 w 0 p O
0 v 0 1 0w 0 0 P
= P = = _
Bi(w) 000 v 0 |BM=10 0 w 1Ty,
0 pc? 0 w 0 0 p® w
and
p=(y—1) <pE — g <U2 + w2)> , > 1 (3.4.7)

The matrix B;(w) has the eigenvalues v, v as well as v & ¢ and the matrix Bo(w) has the
eigenvalues w, w as well as w £ c¢. Hence, the system is not a strictly hyperbolic, but
it can be proven that the system is symmetrizable (cf. Godlewski and Raviart [32, Chapter 1,
Theorem 3.2 and Example 3.3]). Moreover, the equations can be written as the following
system of conservation laws

O+ 0, (£(w)) + 9, (g(w)) = 0 (3.4.8)
with
P 2pv pw
L pv L puve+0p L pUW
u:= ow | f(u) := ovw , gu):= ow? +p ,
E v(E+p) w(E +p)

and the equation (3.4.7) to determine the pressure.
We solve the two dimensional Euler equations for two different initial value functions and
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compare the solution ug of the standard DG method for static grids developed by Cockburn,
Shu et. al. in [13}[14] with the solution uhM of the ALE-DG method. For both methods we adopt
a Lax-Friedrichs numerical flux. The standard DG method is applied on a uniform simplicial
mesh with the cell size Az = Ay = h given by

ho/2™, iftm>1
B o= 10/ o hmet (3.4.9)
3 ifm = 0.
Since we have not developed a moving mesh methodology for the ALE-DG method, we apply
the following grid point distribution:

xj+%(t) = wj_%(O) +04 sin(t)(xj+%(0) — l)xj+%(0) (3.4.10a)

and
ijr%(t) = yj+%(0) +04 sin(t)(yj+%(0) - l)yj+%(0). (3.4.10b)

The evolution of the grid points will start from a static uniform simplicial mesh with the cell
size h given by (3.4.9). The shape of the simplicial mesh for the ALE-DG method is shown in
figure [3.4.5|for the start point and the final time point. The setup of the test examples for the
two dimensional Euler equations can be found in the articles [88] and [93]].

Example 3.4.3 (Two dimensional plain wave) In this example, we consider the two dimen-
sional Euler equations in the domain Q = (—1,1) x (—1, 1) with periodic boundary conditions
and the smooth initial function

p(z,y,0) 1+ §sin (7 (z +y))
v(z,y,0) | _ 1
w(z,y,0) | 1
p(x,y,0) 1

Furthermore, we apply v = 1.4 in the equation (3.4.7) for the pressure. The exact solution of this
initial value problem is the function

p(x,y,t) l—i-%sin(ﬂ(x—i—y—?t))
v(x,y,t) B 1
w(z,y,t) | 1
p(z,y,1) 1

The table[3.4.7 shows the convergence history of the approximate density function given by the
standard DG and the ALE-DG method at time level t = 1 in the L°°-norm. For both methods,
numerically the optimal rate of convergence can be reached.
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Figure 3.4.5. The simplicial mesh for the two dimensional ALE-DG method at time ¢ = 0 (top) and the
final time level (bottom).
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p— Py p—pi p—py! p—py

m | L®-error order L°°-error order L°°-error order L°°-error order
Pl 1 2.94E-01 - 2.72E-01 - P3| 3.39E-02 - 2.23E-02 -

2 1.18E-01 1.32 6.14E-02 2.15 6.65E-03 2.35 2.02E-03 3.46

3 2.93E-02 2.01 1.49E-02 2.04 4.66E-04 3.83 1.33E-04 3.92

4 8.47E-03 1.79 4.55E-03 1.71 2.60E-05 4.16 8.58E-06 3.95
P21 1.31E-01 - 7.72E-02 - P* | 5.56E-03 - 2.44E-03 -

2 3.62E-02 1.86 1.93E-02 2.00 6.12E-04 3.18 1.52E-04 4.00

3 5.52E-03 2.71 3.25E-03 2.57 2.85E-05 4.42 6.63E-06 4.52

4 1.01E-03 2.31 4.33E-04 291 9.18E-07 4.96 2.63E-07 4.67

Table 3.4.7. The spatial L>-errors at time level ¢ = 1 for the density p; given by the DG method
and the errors at time level ¢ = 1 for the density p}! given by the ALE-DG method. The
methods are used with the cell length (3.4.9).

p=pp p—pp p—pp p—py

m | L®-error order L°-error order L°-error order L*-error order
Pl 1 1.15E-02 - 8.33E-03 - P3| 3.21E-03 - 1.90E-03 -

2 6.92E-03 0.73 2.90E-03 1.52 1.18E-03 1.44 4.21E-04 2.17

3 1.17E-03 2.56 1.32E-03 1.14 1.12E-04 3.40 5.53E-05 2.93

4 3.70E-04 1.66 2.62E-04 2.33 2.59E-06 5.43 4.70E-06 3.56
P?2| 1 | 548E-03 - 3.67E-03 - | P*| 1.37E-03 - 8.86E-04 -

2 4.26E-03 0.36 8.84E-04 2.05 2.32E-04 2.56 1.04E-04 3.09

3 5.36E-04 2.99 2.63E-04 1.75 8.59E-06 4.76 6.20E-06 4.07

4 1.86E-04 1.53 4.40E-05 2.58 4.45E-07 4.27 2.95E-07 4.39

Table 3.4.8. The spatial L.>-errors for the vortex problem at time level ¢ = 1 for the density p}; given by
the DG method and the errors at time level ¢ = 1 for the density p)’ given by the ALE-DG
method. The methods are used with the cell length (3.4.9).
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Example 3.4.4 (Isentropic vortex evolution) We consider the two dimensional Euler equa-
tions in the domain Q = (0,10) x (0, 10) with periodic boundary conditions. In addition, we
apply v = 1.4 in the equation (3.4.7) for the pressure.

The vortex evolution problem can be described as follows: The mean flow is (p,v,w,p)T =
(1,1,1, 1)T. We add to the mean flow an isentropic vortex with no perturbation in the entropy

= p%. Then the perturbation values for the velocity (v, w)’, the temperature T = % and the
entropy S = p% are given by
T_ & L o\, o7
(du,dv)” = 5 OXP (2 (1 r )) (—7,7) (3.4.11)
and ( )2
_ = 1)e 2 _
0T =~y oxp (1 r ) . 0S=0, (3.4.12)
where ¢ = 5 is the vortex strength, (Z,5)" = (z — 5,y —5)" and 1> = T2 + 7%. Next, we

solve the two dimensional Euler equations with the perturbed mean flow as initial function. This
initial value problem has an exact smooth solution. The solution corresponds to a pure advection
of the vortex at the mean flow (cf. Yee, Sandham and Djomehri [88, Section 3.1]). In the table
(3.4.8), the L°°-errors at time level t = 1 for the Euler vortex problem are listed. We can recognize
that the errors for the ALE-DG solution behave similar to the errors for the standard DG solution.
Furthermore, both methods provide high order accurate approximations for the exact solution of
the vortex problem.

The numerical experiments in this section show that in two dimensions the ALE-DG method

also maintains the uniformly high order accuracy of the DG method for static grids. In a future
work, the capability of the method to handle shocks needs to be analyzed.
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4. An arbitrary Lagrangian-Eulerian local
discontinuous Galerkin (ALE-LDG)
method for directly solving the
Hamilton-Jacobi equations

In this chapter, we introduce and analyze an ALE-DG method for the initial value problems
and (1.1.9). The ALE method will degenerate on static grids to Yan and Osher’s LDG
method, which has been introduced in the section . Therefore, we call our method ALE-
LDG method. Furthermore we prove a priori error estimates for the ALE-DG method. The
optimal rate of converge for the one dimensional semi-discrete ALE-LDG method and the sub-
optimal rate of converge for the two dimensional semi-discrete ALE-LDG method for regular
simplicial meshes will be proven. For the proofs of the error estimates, we apply techniques,
which have been introduce by Xiong, Shu and M. Zhang in [84] to proof a priori error estimates
for the semi-discrete version of Yan and Osher’s method.

4.1. The ALE-LDG for the Hamilton-Jacobi equations

In this section, the one dimensional as well as two dimensional ALE-LDG method are discussed.
Therefore, we apply the time-dependent cells for the one dimensional method and the
cells for the two dimensional analogue. Moreover, the geometric conservation law for
the method will be discussed. Finally, we pay extra attention to the piecewise constant forward
Euler step of the ALE-LDG method and show that the method is consistent to Crandall and
Lions finite difference scheme, which was presented in [18]].

4.1.1. The one dimensional semi-discrete ALE-LDG discretization

For the time interval [t,,t,41] and a cell Kj (t), j = 1,..., N, the description of the method
ensues as follows. We approximate for all t € [t,,t,41) the solution u of the equation
by the function uy, € V,(¢), which is given by (3.1.1). The coefficients u}, (¢),...u], (¢) in
are the unknowns of the method. In order to determine these coefficients, we multiply the
equation by a test function v € V(t) and apply the transport equation (2.2.4). In
general the function uy, is discontinuous along the interface of two adjacent cells and thus 0, up,
is merely defined in the interior of the cells. Therefore, we replace the quantity G (w, dyuy,) by
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

a numerical flux G (w, p1, p2), where
G (w,p) = H (p) — wp. (4.1.1)

It should be noted that the function G (w,p) depends on t € [t,,ty41) and z € Kj(t), but
for convenience we skipped these variables in the definition. However, in some situations, we
will highlight that G (w, p) depends on a special point € K(t) by the notation G (w,p)|,.
Finally, the semi-discrete method can be written as follows: Find a function u;, € Vj(t), such
that for all v € V,(t) and j = 1, ..., N holds

d

ot (uh, V) ey — ((Oew) Uny V) g ) + (G' (w, p1,p2) ,’U> K 0. (4.1.2)

The transport equation (2.2.4) provides that the equation (4.1.2) is for all v € Vj(¢) and all
7 =1,..., N equivalent to the equation

(Opun, v) g, ) + (W (Oxun) V) g,y + (é (w,p1,p2) 7U>K_(t) =0. (4.1.3)
J

Furthermore, the numerical flux is given by the following Lax Friedrichs flux

~ + s
G (w,p1,p2) =G (w, & 5 pz) - ?] (p2 —p1) 5 (4.1.4)

where
Aj = max {|0,G (w,p)|z| : p€ Djand x € K, (t)} (4.1.5)

with D := [min (p1, p2) , max (p1,p2)]| K, (t)- We would like to mention that the parameter \;
is constant in any cell K (¢). This property of the numerical flux will be essential in the proof
of the a priori error estimates for the method. However, it should be noted that the dissipation
of the Lax Friedrichs flux is larger than for the local Lax Friedrichs flux, which Yan and
Osher suggested for their LDG scheme in [86]].

The variables p; and ps in (4.1.4) are used to approximate O, uy. We obtain these variables by
solving the following two upwind schemes: Seek functions p1,p2 € Vi (t), such that for all
v1,v3 € Vp(t)and all j = 1,..., N holds

(p1, Ul)Kj(t) + (un, axvl)Kj(t) - (Uh);r% U;ﬁ% + (Uh);,% UL_% =0 (4.1.6)
and
+ - oo+
(2, U2)Kj(t) + (unp, 8zU2)Kj(t) - (Uh)jJr% Vg it + (Uh)j,% Vg1 = 0. (4.1.7)
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4.1. The ALE-LDG for the Hamilton—Jacobi equations

4.1.2. The two dimensional semi-discrete ALE-LDG discretization for
simplicial meshes

For the time interval [t,,,t,41] and a cell K (t) € Ty, the description of the two dimen-
sional semi-discrete ALE-DG method ensues similar to the description of the one dimensional
method, since the transport equation holds for regular simplicial meshes. However,
the two dimensional ALE-LDG method is a system of five equations, since a two dimensional
Hamiltonian depends on more variables than its one dimensional analogue. Therefore, in two
dimensions, we obtain the following method: Seek a function u, € V} 2(t), such that for all
v € Vp2(t) and all cells K (t) € Ty () holds

d

% (Uh, U)K(t) - ((leu)) Uh,s U)K(t) + (é (w7p17p27 q1, q2) 7U)K(t) = 07 (418)

where the function G (w,p1,P2,q1,q2) is a two dimensional Lax Friedrichs flux. For any cell
K (t) € Th and all (z,y) € K (t) this numerical flux is given by

~

G (w7p17p27 Q17QQ)

+ + A L
=G (w7P1 : p27 qQ : QQ> _ I;(t) (p2 — p1) — % (2 — q1), (4.1.9)
where
G (wapa Q) = H(pv q) — W (xaya t) : (pv Q)Ta (4_1_1())

AK () i= max {‘GPG (w,p,q) |(z7y)’ : p € Dk, q € Eg) and (z,y) € K(t)} (4.1.11)

KK (t) = max{‘aqG (w,p,q) |(x7y)‘ : p € Dk, q € Egpy and (7,y) € K (t)} (4.1.12)

Dy := [min (p1, p2) ,max (p1,p2)]| 1y . L) = [min (g1, ¢2) , max (q1,92)] [ gy -

Note that the function G (w, p, ¢) depends on (z, y), but for convenience we skipped this vari-
able in the definition (4.1.10). Nevertheless, in some situations, we will highlight the depen-
dence on a special point (z,y) € K(t) by the notation G (w, p, ¢)|, ) like in the definition of
(4.1.11) and (4.1.12). Moreover, we would like to mention that the parameters A g () and jix(y)
are constant in any cell K (t) € Tp,).

The variables p; and ps in are used to approximate 0,uy. We obtain these variables by
solving the following two upwind schemes:

Seek functions p1,p2 € Vp2(t), such that for all vi,ve € Vp,2(t) and all cells K (t) € Ty
holds

_ intK(t)

(P15 v1) () + (Un, O201) gy — <uh S Uy nK(t),x>8K(t) =0, (4.1.13)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

intg 4
(p27v2)[{(t) + (uha axUQ)K(t) - <U}J;,ra ) e >nK(t),m>aK(t) = 07 (4'1‘14)

where 1 ;) , denotes the z-component of the outward unit normal for the cell K () along

the cell boundary 0K (t) and

extr (1) . intp (¢ .
n uy, , 1an(t)7x > 0, _ uy, ( >, 1an(t) z >0,
J— ! 11 P )
up = intg s aswellas wu, := extrc (s
u, O else w, O else
h I ) h ) .

Likewise, the variables ¢; and g2 are used to approximate Jyuy,. These variables are given by
the following two upwind schemes: Seek functions g1, g2 € Vj, 2(t), such that for all vy, vy €
Vn,2(t) and all cells K (t) € Tj ) holds

_ intg(y
(Q17U1)K(t) + (Uh, ayvl)[{(t) - <uhvvl o )nK(t),y>aK(t) = Oa (4'1'15)
int
(q27’U2)K(t) + (uha ayUZ)K(t) - <U;,’U2 K(t)nK(t)7y>aK(t) = Oa (4'1-16)

where n ;) ,, denotes the y-component of the outward unit normal for the cell K (t) along
the cell boundary 0K (t) and

eXtK(t) . intK(t) .
u+ L uh s lan(t),y > 0, as well as  u— :— Uy, , lan(t),y >0,
h " int g (¢) h " extr (1)
uy, , else, uy, , else.

Finally, we would like to mention that by the transport equation for all v € V}, 2(t) and
all cells K (t) € Tj () the equation is equivalent to the following equation

(8tuh,v)K(t) + (w - Vuy, U)K(t) + (@ (w,p1,P2,q1,92) ,U)K(t) =0. (4.1.17)

4.1.3. The GCL for the ALE-LDG method

In this section, we discuss the GCL for the ALE-LDG method. This will be done merely for
the one dimensional ALE-LDG method, but the same arguments hold for the two dimensional
method, too. However, the two dimensional calculation leads to a different result. We will
mention the reasons for this during the one dimensional calculation.

According to theorem u = ug — H (0)t is the unique viscous solution of the problem
(1.1.8), if the initial data u is a constant function. Hence, the ALE-LDG method satisfies the
GCL, if for constant initial data u( the approximate solution wy, is given by uy, = ug — H (0) ¢.
In the following, we assume that the approximate solution of the method is up, = uop — H (0) ¢,
where ug € R. Then dyuy, = —H (0) and 0, uj, = 0. Therefore, by and follows
(p1, U)Kj(t) = Oaswell as (pa, v)Kj(t) = Oforallv € V,(t)and j = 1, ..., N. Hence, we obtain
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4.1. The ALE-LDG for the Hamilton—Jacobi equations

by a density argument p; = 0 and p2 = 0. Thus, (4.1.2) and (2.3.30) provide for all v € V},(¢)
andj=1,...,. N

d (A;- (t)

— (Up, V) je.py — uh,v> + (H(0),v) .y =0. (4.1.18)
dt K;(t) A (1) (0 K;(t)

This equation is the semi-discrete GCL condition for the ALE-LDG method (4.1.2). Next, we

obtain

d * d * *

i (uh, V) g,y = — (H (0), 0" (£)) 0.1) + <citj(t)) (Uh v ) (0,1) -
where J(t) = Aj(t) is the Jacobian determinant of the mapping and the functions uj,
as well as v* are given by (2.2.1). Therefore, the semi-discrete GCL condition projected
to the reference cell provides the following ODE

d
(dtJ (t)) (g 0) 00y = O (1) (w5 00 (4.1.19)

It is uj = wup, since uy, does not depend on x. Thus, in the one dimensional case, the same
arguments as in section yield that the discrete geometric conservation law is satisfied
for any first order time discretization method, e.g. the forward Euler step or a high order single
step method. In the two dimensional case the right hand side in equation depends linear
on t. Hence, in the two dimensional case, the discrete geometric conservation law is satisfied
for any second order time discretization method. Therefore, we proved the following result.

Proposition 4.1.1 The fully discrete ALE-LDG method satisfies the discrete geometric
conservation law for any first order time discretization method or high order single step method
in which the stage order is equal or higher than first order. Furthermore, the fully discrete ALE-
LDG method satisfies the discrete geometric conservation law for any second order time
discretization method.

4.1.4. The ALE-LDG piecewise constant forward Euler step

Proposition provides that the forward Euler step is compatible with the semi-discrete
ALE-LDG methods and (4.1.8). In the following, the one dimensional piecewise constant
forward Euler step of the ALE-LDG method will be considered. We would like to mention that
the two dimensional method can be analyzed by similar arguments.

Let u be a piecewise constant approximation for the solution u of at time level ¢,, in
the cell K7, j = 1,..., N. Then for any j = 1,..., N the equations and provide

ur —aut a? , —a?
L and Py = % (4.1.20)
J
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

The identities (4.1.20) provide

1 /. _ 1 /_ o
PR PE = (@ —wy), ph—ph = = (W —2a) +7)y) . (a121)
J J

Furthermore, by (2.3.30), (2.3.31) and (3.2.6) follows

1 At
+1n+1 —
e (AP A ) — S (0n) )
J J
n+1
ﬂnJrl a4+ At Aj _AEL — (W — [Tk
j NS N ity i3 j
J
=t — . (4.1.22)

The second order accurate midpoint quadrature method provides

|
(w, 1)Kn —w(ac tn)A}, T ::2< ! +x ), (4.1.23)

_1
2
since the grid velocity is given by (2.3.12) in the space-time element K (t) X [ty, tp+1). There-
fore, by (4.1.21)), (4.1.22)) and (4.1.23) the forward Euler step of the ALE-LDG method for piece-
wise constant approximations can be written as

VAN RPN
—n+l _=n " oY, Py
uj _uj —A;H_I(G(w 7p17p2)71>[(n
A T A ey
(1 — A AnJrl) — 8 A?HH < 24}
At _ Uiy — Uy Uy + Uy
YN il (w T3, tn (Jnj TN\ ) ) 4129
277 A + ( J ) Aj ! Aj

where

A} = max{](?pG (w(z,tn),p)|: p€ D} andw € K]”}

with D} := [min (pY, py) , max (p}, ph)] ]KJ@. Next, we define for all a, b, ¢ € R the function
n Ot n Ot c—a
F(a,b,c) := <1—)\ AnH)b A A”+1H<2A?>

n Ot . c—a n[a+c
+2AJ AT <“’ (75 tn) ( AT ) A ( A >> '
J
The function F' = F'(a, b, ¢) is increasing in all arguments, if the following CFL condition is
satisfied

(4.1.25)
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4.2. A priori error estimates

where h, 1 as well as 7,4 are given by the condition (P2). Hence, the scheme is
a monotone scheme, if the CFL condition is satisfied. Moreover, in general the mesh
parameters are chosen such that there exists a constant C' > 0, independent of At, A’ and
A?H, with A;-‘ < C’A?Jrl. Therefore, the first order version of the ALE-LDG method will
converge to the viscous solution, since in [18] Crandall and Lions have proven that monotone
schemes for Hamilton-Jacobi equations converge to the unique viscous solution.

4.2. A priori error estimates

In this section, we present a priori error estimates for the one and two dimensional semi-
discrete ALE-LDG method with smooth solutions of the initial value problems and (1.1.9).
The a priori error estimates for the semi-discrete ALE-LDG method will be estimated in the
sense of the global length h given by (2.1.5). Furthermore, we will apply techniques, which were
introduced by Xiong, Shu and M. Zhang in [84]. However, since we apply time-dependent cells
in the method, there are some differences in the proof. First of all, we cannot utilize the ALE-
LDG solution uy, as a test function in the equations and (4.1.8). Thus, we have to apply
the equivalent equations (4.1.3) and (4.1.17) for the proofs. Furthermore, we have to use the
transport equation to manage the differentiation of the time-dependent volume integrals.
Finally, we compensate the nonlinear nature of the Hamiltonian in (1.1.8a) and (1.1.9a) by a
Taylor expansion like Xiong et al. Therefore, we need the following a priori assumptions for
a smooth solution u of the initial value problem or and the approximate solution
up, given by the ALE-LDG method

s (Hf)xu = P1llpec () + [10zu — pQHLOO(Q)) < Gy, b, (4.2.1)
and
s (Hayu — qtllpe () + 10yu — quLoo(Q)) < Cn,h, (4.2.2)

where the constants Cyy, and C'yy, are independent of u;, and h. Note that for convenience we
skipped the index ¢ in (4.2.1) and (4.2.2). This will be also done in all the upcoming estimates,
except in the justification of (4.2.1) and (4.2.2) at the end of this section. Furthermore, we would

like to mention that the a priori assumptions (4.2.1) and (4.2.2) are slightly different from the a
priori assumption in [84]. However, the a priori assumptions above supply

max ‘
t€[0,T] (
This is the a priori assumption, which was used by Xiong et al. in [84] to prove a priori error
estimates for Yan and Osher’s LDG scheme on a static cartesian grid. In order to evaluate the
Hamiltonian in (1.1.8a) and (1.1.9a) by a Taylor expansion, we assume that H € C? (R) in the

one dimensional case and H € C2 (R2) in the two dimensional case. Furthermore, we assume
that the Hamiltonian and its derivatives are bounded.

p1+ P2
2

it

Opu — Oy

|

) < Ch. (4.2.3)
L(9) L (9)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

4.2.1. An optimal error estimate for the one dimensional method

In order to reach the optimal a priori error estimate for the ALE-LDG method, we introduce
a further projection. For any cell K;(t) € Ty, j = 1,..., N, we define the Q-projection
9y, (u, t) of a function u € L? (2) into the test function space Vy(t) by

Pp (u,t), if 9,G (w,0,u) changes the signin K (t),
On (u,t) == ¢ P, (u,t), if 9pG (w,dpu) > 0in Kj (), (4.2.4)
P (u,t), if 9,G (w,dpu) < 0in K (t),

where P, (-, t) is the L2-projection (2.2.19) and P,f (-, t) are the Gauss-Radau projections (2.3.17)
as well as (2.3.18). In addition, the function G(w, -) is given by (4.1.1). The Q-projection pro-
vides the following a priori error estimate.

Theorem 4.2.1 Letu € WH™® (0, T; HF2 (Q)) be the exact solution of the initial value prob-

lem (L.1.8). Suppose the Hamiltonian H : R — R belongs to the space C? (R), is bounded and has
bounded derivatives. Furthermore, for any time levelt = t,, n = 0, ..., L, there exists a partition
of the domain Q) with the properties (P1) as well (P2) and the grid velocity satisfies the condition
(A4). In addition, the condition is satisfied for the global length h given by (2.1.5). Let
uy, be the solution of the semi-discrete ALE-LDG method (4.1.2), (4.1.6) and (4.1.7) with the test
function space given by piecewise polynomials of degree k > 2. The initial data for the
method is the function Qy, (ug,0). Then there exists a constant C' independent of up, and h, such
that

max ||u—u < ChFHL,
ma [0 = iz <

Before we start with the actual proof of theorem[4.2.1} we make some preparations. First of all,
we define the quantities

D1+ D2
wh =Uu— Qh (’U,,t) y Ph = Up — Qh (U,t) y Th = accuh - T (425)
Then the error function ej, := u — uy, and the quantity 0, u — % can be written as
p1 + p2
ch =Pn—¢n and Opu— 7= =0y (n = on) + - (4.2.6)

Since we assume that the exact solution u of the problem (1.1.8) is sufficiently smooth, we

obtain for any cell interface point ;1 (t) the equation
2

[[Uh]]j,% = - [[eh]]j,%- (4.2.7)
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Next, by a Taylor expansion on the Hamiltonian H (%) up to second order, the Lax Friedrichs

flux (4.1.4) can be written as

G (w,p1,p2) = G (@, 05u) = 0,G (w, Dpu) (636“ - p12+p2>

1 +p2\? A
+5ORH (©) (20 = P2 ) - 2 () @.28)

where O is a value between d,u and £ 1J2rp 2 In addition, the transport equation (2.2.4) provides

(Oron, SOh)Kj(t) — (w0ipn, ‘Ph)Kj(t)

1d 1 )
=5 Pl + 5 (% (00)°) - (429)

The Lax Friedrichs flux (4.1.4) is consistent. Thus, the exact solution u and the approximation
solution uy, satisfy the equation (4.1.2) and the equivalent equation (4.1.3). Therefore, we obtain
by (4.1.3), (4.2.5), (4.2.6), (4.2.8) and (4.2.9) the following error equation

d
g (P Pn) ) =201 (Vns pn) + 2a2,5 (Vs ons 1)
+2a3,j (wha Soh)) ) (4210)
where
a1,j (Yns o) = (Oubn, n) i, 1) + (WO Vh, h) i, 1)
1 2
+5 (B2, (on) )Kj(t) : (4.2.11)
az,; (Vns ons1n) = (0pG (w, 0wr) (O (Y1 — on) + 1) 01) g 1)
1
+5 (N (2 = p1) s on) ) (4.2.12)
and ,
1 +
as g (Un, pn) = —5 <8§H(@) <3Iu - pl2p2> ,goh) . (4.2.13)
K;(t)

Moreover, since (¢p,, Oz ) Ki(t) = 0, the equations (4.1.6) and (4.1.7) yield the error equations
0 =0z (Yn = ¢n)»on) 1) + (Oattn — P15 01) 1)
- ( hitsPhied %;%1) ¥y lenli-y

2 2

J% ((‘ph,ﬁ;)? - (‘Ph,j_;>2> + % ([[%]]j,%)Q (4.2.14)
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and
0= (&z (wh - Sph) ) (Ph)[(j(t) + (azuh — D2, (Ph)Kj(t)

+ - + - +
B (wh,j+§(‘0h,j+§ B %,j—;%—;) + wh,j—é[[%ﬂj—

J% ((‘Piﬂ;f - (‘PZ,J-QZ) - % ([[Sohﬂj+%)2- (4.2.15)

In the following, we present estimates for the quantities (4.2.11)), (4.2.12)) and (4.2.13). During the
proofs of the estimates, we will apply the inverse, trace and interpolation estimates presented
in lemma lemma and lemma This can be done, since the conditions (P1)
and (P2) ensure that we have for any ¢ € [0,7] a regular partition of the domain € (cf.
lemma [2.3.1). Moreover, the a priori assumptions and the property (A4) of the grid velocity
provide the following auxiliary result.

N

Lemma 4.2.1 Suppose u € WL (0, T; H? (Q2)) and the Hamiltonian H : R — R belongs to
the space C? (R), is bounded and has bounded derivatives. Moreover, the grid velocity satisfies the
condition (A4). Then there are constants C}, C3, C3 and C}, independent of h and uy, such that
foranyj=1,...,N

|0,G (w, Opu) — )‘j||LOO(Kj(t)) < Cth, (4.2.16)

if 0,G (w, Ozu) > 0 in the cell Kj (1),

10,G (w, Ozu) + /\J’”LOO(Kj(t)) < C5h, (4.2.17)
if 0pG (w, Oyu) < 0 in the cell K (t),

100G (@, Oxt) 10 (g, (1) + A < C3h, (4.2.18)

if 0,G (w, Oyu) changes the sign in the cell K (t), where the function G(w, -) is given by (4.1.1).
Moreover forall j =2, ..., N holds

1A = Aj-1] < Cih. (4.2.19)

Proof. Let K;(t) and K;_1(t), j = 2,..., N, be arbitrary cells. The function G (w (), ")
belongs to the space C? (R) for any ¢ € [0, T}, is bounded and has bounded derivatives, since
we suppose that the Hamiltonian H : R — R has these properties and the grid velocity satisfies
the condition (A4). For convenience, in the following, we will skip the quantity ¢ € [0, 7] and
write just G (w, -) for the function above.

Note that there are points (p, Z) € D; x K; (t) and (p, &) € Dj—1 x Kj_ (t), such that

A = |0,G (w, )

s and N1 =1]0,G (w,D)l;] - (4.2.20)
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4.2. A priori error estimates

If 0,G (w, 0zu) > 0 in the cell K (t), it follows for all z € K;(t) by the reverse triangle
inequality and

|0pG (w, 0pu)|, — Aj| =] 0pG (w, Bpu)|,| — |0pG (w, P)

2
D1 +p2>
2 T

—8G<w p1+p2)
'p y

<0G (w, Opu)|, — OpG (w,

n 8G(w P1+P2>
D )

2
p1+ p2
+[0,G (w, 5 >

2

T

xT

o apG (wvﬁ)

xz

. (4.2.21)

T

Next, we obtain by the mean value theorem and the inequality (4.2.3)

9,G (w, D), — 8,G (w, p “’2)

2

D1+ D2
2

xT

<max ‘@%G (va)‘ ‘ Le°(Q)

pER

Oz —

< Ch. (4.2.22)

Likewise, it follows by the mean value theorem and (2.1.20)

p1tp2 DP1 + P2
0pG <w, 5 ) 0pG (w, 5 >

= |w (2,1) —w(z,t)] < c1h. (4.2.23)

T T

In addition, we obtain by the mean value theorem and the a priori assumptions (4.2.1) as well

as (2.2)

0,6 (.5 )| - 0,6 (w.p)l;
+tp2
< 2 b1 .
_glg@\ﬁpG(w,p)\ (’ 5 p Lw(ﬂ))
2
<max 036 (w.p)| (IIp2 ~ Dsulli e o) + 105 = Pl () < Ch, (4.2.24)
since p € D; := [min (p1,p2),max (p1,p2)]. Therefore, by (4.2.21), (4.2.22), (4.2.23) and

follows
”apG (w, 896“) - /\j”L‘X’(Kj(t)) < Ch.
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

If 0,G (w, Ozu) < 0 in the cell K (t), it follows by the reverse triangle inequality and

10,6 (w300, + M| =[0G (@, | — 18,G @, B, |
<|0,6 @9, - 96 (.52

2 2
+lo,@ (w’m;m) _ 9,6 <w7P1‘;p2)
+18,G (w, h ;m) ~9,G (w,@xu)|m‘ . (4.2.25)

Thus, by (4.2.25), (4.2.22), (4.2.23) and follows

10pG (w, Oxtt) + Ajll e (1, 4) < Ch-

If 0,G (w, O,u) change the sign in the cell K (), exists at least one point Z € K (t), such that
0pG (w, Ozu)|; = 0. Hence, by a Taylor expansion in the point Z follows for all z € Kj(t)

0,G (,00)], = - (8,G w0, 00)]) (2 = ),
where 0 is a value between x and Z. Therefore, we obtain
105G (@, 000} i, ) < O
Moreover, we obtain by the reverse triangle inequality and

Aj =105 (@, D)l5| = [0pG (w, Bru) |

<0, (w9, - 9,G (w, P ;m)
+|a,c (w’m +p2> e (w, p1 -;m)
+lo,@ (w,pl ‘5”) pye (w,axu)\j‘. (4.2.26)

The terms on the right hand side of the estimate (4.2.26) can be estimated similar to (4.2.22),
(4.2.23) and (4.2.24). Therefore, we obtain \; < Ch.
The function |9,G (w, d,u)] is for all z € Q continuous, since u € WH> (0,7; H? (2)) and

110



4.2. A priori error estimates

H € C%(R). Thus, we obtain by the reverse triangle inequality
A = A1l =[0G (w, D) ;| = | 0pG (w, )

&

<|8,6 @), - 0,6 (.25 2)
+lo,@ (w,pl ;m) ~9,G (w, D),

+ [0,G (w, Ozu)

» = OpG (w,0pu)|,

+]0,G (@, 05u), | () — %G (w, B0,

i-3
D1+ D2
+10,G (w, Opu) |, — 0pG | w, 5 ]
+18,G (w,pl +p2> — 8,G (w,P)],|- (4.2.27)

The terms on the right hand side of the estimate (4.2.27) can be estimated similar to (4.2.22),
(4.2.23) and (4.2.24). Hence, it follows |A\; — ;1| < Ch. O

Next, we present an estimate for the quantity (4.2.11).

Lemma 4.2.2 Suppose the same assumptions as in theorem Then there exists a constant C,
independent of uy, and h, such that

N

S ar (non) < C (W2 4+ |lon|Paqy ) - (4.2.28)
=1

Proof. The equation provides
av; (Yn, on) = (O — Qn (Oru, t) , o) g, 1)
+ (woyu — Qp (woyu,t), Qﬂh)Kj (t)

+% (azwa (Sph)Q)

Next, we sum the equation from j = 1 to N and utilize Young’s inequality as well
as the interpolation estimate (2.3.20). This provides the inequality (4.2.28), since the condition
(A4) ensures that w and J,w are bounded by constants, which are independent of h, and the
initial value problem is considered with periodic boundary conditions. O

. 4.2.29
K;(t) ( )

The upcoming lemma is motivated by a result of Xiong, Shu and M. Zhang [84, Lemma 3.2].

Lemma 4.2.3 Suppose the same assumptions as in theorem Then there exists a constant C,
independent of uy, and h, such that

100ur, = pilagy + 100un = pelliagy < € (R 4+ h 7t onllia) ) - (4230)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

Proof. We consider for any cell K(t), j =1,..., N, and for all v € V}(t) the equation

(Ozup, ’U)Kj(t) + (up, @cv)KJ_ (1) — U - uz vt =0. (4.2.31)

U
hj+3 i+

Next, we subtract the equation (4.1.6) from (4.2.31) and sum the result from j = 1 to N. Hence,
we obtain by (4.2.7) for all v € V()

N

N
Z OzUup — P1, v K(t Z[[uh 37%1)‘ :Z[[eh J;;UA 1 (4.2.32)

IO‘H

since we consider the initial value problem (1.1.8) with periodic boundary conditions. Next, we

consider the equation (4.2.32) with the test function d,u;, — p; and apply the equations (4.2.6),
Cauchy-Schwarz’s inequality, Young’s inequality, (2.3.19) and (2.2.17). This provides

2
l0sun = pillfay < (Inllry, + Il ) 185un = pillg,,
<cnt (hkﬂrl + H%Hm(g)) [02un — p1llr2(q - (4.2.33)

Next, we subtract the equation (4.1.7) from (4.2.31) and sum the result from j = 1 to N. This
yields

|0z up, —pQHL2 <Ch~ (hk+1 + HgohHLg(Q)) [0zun — P22 - (4.2.34)
Therefore, the estimates (4.2.33) and (4.2.34) supply (4.2.30). O

It should be noted that the inequality provides

Il 2y < C (h’“ + 27 lenllpe Q)) (4.2.35)
This inequality yields the essential auxiliary lemma to prove theorem[4.2.1]

Lemma 4.2.4 Suppose the same assumptions as in theorem[4.2.1] Then there exists a constant C,
independent of up, and h, such that

> a2 (Yn, n,mn) < C <h2k+2 + ||80h||i2(9)) : (4.2.36)
j=1

Proof. This proof is guided by a proof of Xiong, Shu and M. Zhang, which was published in
(84, Theorem 3.1].

We will prove the inequality in two steps. In the first step, we consider different families
of consecutive cells { K (t)};ijl with 1 < j; < j2 < N and estimate the quantity
summed over the consecutive cells. In the course of the proof, we multiply the equations
(4.2.14) and (4.2.15) with the parameter \; given by several times. This is possible, since
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4.2. A priori error estimates

the parameter )\; is constant in any cell K;(t), j = 1,..., N. In the final step, we apply the
estimates, which have been proven in the first step, to estimate the quantity summed
over all cells.

Case 1) We consider an arbitrary family of consecutive cells { K (t)};ih with1 < j; < jo <
N and 0,G (w, 0yu) changes the sign in any cell K (t), j = ju, ..., jo. First of all, for any cell
K;(t), j = j1,...,j2, we add the equations multiplied by —% and multiplied
by ’\73 to the quantity ag j (¢, @n, np). Then it follows

az,j (Vn, ©n, 1)
= (0pG (w, Ozu) (O (Yr — 1) + 1) 7%0h)Kj(t)

_?J[[iph]]fr%@,;j_,_% + jjﬂwh]]j_%%;j_%
A 9 A 9
+ZJ H(@h) Hﬂ; - ZJ H(@h) Hj;
= (loidses) + 3 (Ionlsoy)
)\.
+?J[[¢h]]j7%[[@h]]j7%, (4.2.37)

Next, we sum the equation (4.2.37) from j = j; to jo, utilize Young’s inequality as well as

(4.2.18) and obtain

J2
> ag; (Yn, nsmn)
i=i
J2
<Ch* >’ <||ax¢h||i2(Kj(t)) + HaacSDhHi?(Kj(t)))
=i

J2
+C 3 (llenlPai @ + B ImnlEeg )

J=n

won’s ((%—;)2 +( ’:’j‘5>2>

J=i1
j2+1 2 2
+ —
+Ch]zj: ((%Jé) + (9011,3‘;) ) (4.2.38)
=J

Case 2) We consider an arbitrary family of consecutive cells { K (t)};ih with1 < j; < jo <
N and 9,G (w,0u) > 0 for any cell Kj (t), j = j1,...,j2. Thenis Q) = P, and thus

?ﬂ,;j,% =0,j = j1,...,j2. We add the equation multiplied by —\; to the quantity
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

a2 ; (V¥n, ¢n, nr) and obtain

az,j (Yn, on, Mn)
= ((8pG (w, 0x) = A7) (O (Y1 = Pn) +110) » 1) ke 1

() ) R e

Furthermore according to (4.2.18), there are constants C' and C9, independent of h, such that
Njo+1 < Crhand A\j, 1 < Cqh, since 0,G (w, 0,u) changes the sign in the cells K, () as
well as Kj, 1 (t). Therefore, a summation by parts and provide

S ( <<¢;J+é)2 B <¢’:’j‘5>2>>

J=i

1 2 2
== 5 <)\j2+1 <¢h,j2+é> - )\jl_l <g0h,jlé) )

1 2
+§ (Ajr = Aji—1) (Sph,]1>

+ Z (gph 1) <Oh]§:1 (gph >2. (4.2.40)

J=i J=i
Next, we sum the equation (4.2.39) from j = j; to jo and apply Young’s inequality, (4.2.16)) as
2
. . . . ]2 1
well as (4.2.40) and obtain the inequality (4.2.38), since —>=72 | 7 ([[goh]]j_%) <0.

Case 3) We consider an arbitrary family of consecutive cells { K j(t) 2 withl < j1<ja <

J=i
N and BpG (w, dyu) < O for any cell Kj (t), j = ji,..., jo. In this case @, = P;" and thus
¢+ = 0,5 = J1,...,J2. Therefore we add the equation multiplied by A; to the

7] )
quant1ty a2.j (Y, ©n, Nx)- This yields a similar equation as (4.2.39). Hence, by (4.2.17) and the
same arguments as in case 2) we obtain the inequality (4.2.38).

Finally, we sum the equation (4.2.12) from j = 1 to N and apply the inverse inequality (2.2.16),

the trace inequality (2.2.17), the interpolation estimates (2.3.19)), (2.3.20) as well as (2.3.22) and
the inequality (4.2.38), which has been proven in the cases 1), 2) and 3). This provides

N
> azj (Vn, ons )

j=1

<CR? (110:0nl1F2() + 1020lIF2(gy)

+C llenlFaay + CA2 ImnllFa oy

+Ch ([[¥nl7, ,, + llenlT,, )

<C (2 4 |lgnlfae) (4.2.41)
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4.2. A priori error estimates

since the initial value problem (1.1.8) is considered with periodic boundary conditions. Note,
that in the equation (4.2.41) each boundary term has been counted at most twice. This does
not affect the error estimate. (]

Finally, we present an auxiliary lemma to estimate the remainder of the Taylor expansion on

the Hamiltonian H (%).

Lemma 4.2.5 Suppose the same assumptions as in theorem Then there exists a constant C,
independent of up, and h, such that

N

> as; (Wnopn) < C (W2 + [inllfaey) - (4.2.42)
j=1

Proof. The inequality (4.2.3), (4.2.6), Cauchy-Schwarz inequality, Young’s inequality, the
interpolation inequality (2.3.22), (4.2.35) and the inverse inequality (2.2.16) supply

N
> as; Wnon) <C A o 127 (10:0n 120 + 1001l E2(0))
j=1

+C HaIQ’HHL‘X’(R) (h2 78 1% 2 0 + ”WH?F(QO
<C (B2 + lonlP0y ) -

since the problem (1.1.8) is considered with periodic boundary conditions. O

Now we come to the actual proof of theorem [4.2.1]

Proof of theorem We sum the equation (4.2.10) from j = 1 to N and apply (4.2.28),
(4.2.36), and Gronwall’s inequality. This yields

el < CRE. (4.2.43)

Hence, we obtain by (4.2.43) and the interpolation inequality (2.3.20) the desired error estimate.
O

4.2.2. A suboptimal error estimate for the two dimensional method

For the two dimensional ALE-LDG method we have the following error estimate.

Theorem 4.2.2 Letu € WH™® (0, T; HF! (Q)) be the exact solution of the initial value prob-

lem (L.1.9). Suppose the Hamiltonian H : R?> — R belongs to the space C? (R?), is bounded
and has bounded derivatives. Furthermore, for any time levelt = t,,, n = 0, ..., L, there exists a
simplicial mesh Tp,, of the domain ). The simplicial meshes Ty, have the same mesh topology
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

and the properties (A1), (A2) as well as (A3). In addition, the grid velocity satisfies the condition
(A4). Moreover, the condition is satisfied for the global length h given by (2.1.5). Let uy,
be the solution of the semi-discrete ALE-LDG method (4.1.8), (4.1.13), (4.1.14), (4.1.15) and
with the test function space given by piecewise polynomials of degree k > 3. The initial
data for the method is the function Py, (ug,0). Then there exists a constant C' independent of uy,
and h, such that

max |lu— up[2.q) < ChEtz,
te[0,T)

We introduce some notation, before we start with the actual proof of theorem First of all,
we define the quantities

Yy i=u—Pp(u,t),  op:=up — Py (u,t) (4.2.44)

and

q1 + G2

5
where P, (u, ) is the L2-projection of the solution of the problem (L.1.9). Note that the L2-
projection maps to the time-dependent test function space V}, 2 (¢) given by (2.2.2). Then the
error function ey, := u — uy, can be written as

Ny = Ogup, — ————, (= 8yuh — (4.2.45)

en = PYn — Ph, (4.2.46)
and the quantities 9,u — 2522 as well as O, u — 252 can be written as
pP1+p2 @1+ G2
Opu — === = 02 (Yn — n) +1n, Oyu — =0y (Yn —on) +Ch- (42.47)

Since we suppose that the exact solution u of equation (1.1.8) is sufficiently smooth, we obtain
for any edge e(t) C 0K (t)
[unlery = —lenleq)- (4.2.48)
. . . —+ +
Next, by a Taylor expansion on the Hamiltonian H (%, %)

Friedrichs flux (4.1.9) can be written as

up to second order, the Lax

G (1,22, 01,02) =G (0, V) = 0,G (0, V) (B, = P12
—8,G (w, V) (ayu _a ;Fq?)
1 p1+p2\?
+§3§H(917@2) (8 u— 2L 2)
1 L)’
+502H (61, 65) ( 1 2)

R0

40,0 H(®1,92)< iz +p2) < Q1+QQ)
)
2

(p2 —p1) — 20 (go — 1), (4.2.49)
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4.2. A priori error estimates

where the function G(w, -, -) is given by (4.1.10), O is a value between J,u as well as %
and O is a value between 0 u as well as 272 In addition, by (2-2.20) follows

(Octn, on) g ry + (W Vo, 0n) gy = — (divw, Yan) gy — (Yn,w - Veon) gy (4.2.50)
and the transport equation provides

1d .
(Orons n) ey + (W Von, on) gy = 2 d (ens on) k1) — (leWa (@h)2> . (4251)

K(t)
The Lax Friedrichs flux (4.1.9) is consistent Thus, the exact solution v and the approximate so-
lution wy, satisfy the equatlon 8) and the equivalent equation (4.1.17). Therefore, we obtain
by (4.1.17), (4.2.44), (4.2.45), (]4.2.46[), (4.2.47), (4.2.49), (4.2.50) and (4.2.51) the error equation

;t(@h,‘ﬂh) k(1) =201, (t) (Vh, ¢n) + 202, k(1) (Vhs Py Mn)
+2a3 1 (t) (Y, €hs Ch) (4.2.52)
where
ar,k(t) (Vhs on)
— (divw, Ynpn) gy — (Vs w - Veon) ey + % (diVWa (@h)Q)K(t)

1
—2< (01,02) (@eu p1+p2) ,80h>
K(t)

1 +
—2< (©1,62) (@;U o Q2> ,<Ph>
K(t)

(a 0,H (1, 05) (&Eu b +p2) (ayu _ et ”) ,soh) : (4.2.53)
2 K(t)

a2,K(t) (whv Ph nh)

A
= (0pG (w, Vu) 0z (Y — @n) + 1) On) ey + ( I;(t) (p2 —p1) ,<Ph> o (4.2.54)
and
as k) (Vrs Ph, Ch)
= (094G (w, Vu) (Oy (¥ — n) +Ch) s on) gy + ( 2( ) (g2 — q1), gph) . (4.2.55)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

Moreover, since (¢, 02¢n) () = 0 and (¢p, ay‘Ph)K(t) = 0, the equations (4.1.13), (4.1.14),
(4.1.15) and (4.1.16) yield the error equations

(Yn —en) (Ph)K(t) + (Ozun — p1,0n) K K(t)

= (0,
1ntK(t) th()
< h a(ph K(t),:c>aK(t) + <()0h’(10 ' nK(t),x>aK(t)
1
2

< ntic) :ltK(t)nK(t),x>8K(t)? (4.2.56)
= (D (¥n — @n)  Pn) g1y + (Dxtin — P2, 90) k(1
<¢hv nOn MK (), >3K(t)+<@Z’¢thK(t)nK(t)’z>aK(t)
% < th(),sozltK<t)nK(t),x>aK(t)’ (4.2.57)
= (0y (Yn = @n) pn) je(ey T (Oyun — a1, 0n) g1y
<¢h , th(t)”K (t)’y>8K(t) + <(p’: ’ SOZItK(t)nK (t)’y>8K (t)
% < lntK(t)7SOZItKu)nK(t)’y%K(t) (4.2.58)
and
= (y (Y — o) on) oy + (Oyun — a2, 0n) )
—(uien nk (t)’y>8K(t) + (o (t)’y>af<(t)
—% (on O, on gy ) oK ()" (42.59)

In the following, we present estimates for the quantities (4.2.53), (4.2.54) and (4.2.55). Accord-
ing to lemma Th() is for any t € [0, T] a regular tesselation of the domain 2, since we
suppose the conditions (A1)-(A3). Thus, the interpolation and inverse inequalities presented
in lemma 2.2.3] lemma|2.2.4and lemma can be applied. Furthermore, the same arguments
as in the proof of lemma[4.2.1]lead to the following two dimensional extension of lemma[4.2.1]
Since the lemma can be proven similar to its one dimensional analogue, we skip the two di-

mensional proof.

Lemma 4.2.6 Suppose K (t) € Ty is an arbitrary cell, u € W>° (0,T; H? (Q2)), the Hamil-
tonian H : R? — R belongs to the space C? (R?), is bounded and has bounded derivatives.
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4.2. A priori error estimates

Furthermore, the grid velocity satisfies the condition (A4). Then there are constants C7, C5, C3}
and C7, independent of h and uy, such that

|05G (w, V) < Cth, (4.2.60)

K@) HLoo(K(t))

if OyG (w, Vu) > 0, ford = p and ag(y) = Ag(ry orV = q and agepy = figc(y), in the cell K (t),

HaﬂG (w, V) + ag H < C3h, (4.2.61)

Lo (K(t))
if 0yG (w, Vu) <0, ford = p and a ) = Ag(y) ord = q and () = Py in the cell K (),

if O9G (w, Vu), ford = p and agy) = Ay or ¥ = q and ag )y = P (), changes the sign
in the cell K (t), where the function G(w,-,-) is given by (4.1.10). Moreover for two arbitrary
adjacent cells K1 (t) , K2 (t) € Ty holds

’)‘Kl(t) - >\K2(t)’ + ‘MKl(t) - ,UKQ(t)‘ < Cjh. (4.2.63)

Next, we prove the upcoming two dimensional extension of lemma [4.2.3

Lemma 4.2.7 Suppose the same assumptions as in theorem[4.2.2 Then there exists a constant C,
independent of u;, and h, such that

100 = pillaey + 100un = pellia@) < C (R 4+ 07 nllage) (42.649)

and
10yun = a1l 2+ 19yun = d2lliagy < € (W + 57" enllay) - (4.2.65)

Proof. We consider for any cell K (t) € Tj) and for all v € V}, »(t) the equations

int in
(Outun, ) ge(gy + (Uns O20) gy — <Uh Oy tK(t)nK(t),z>aK(t) =0 (4.2.66)

as well as

intK(t)

(Oyup, U)K(t) + (up, 8yv)K(t) - <uh ,UintK(f>nK(t),y> (4.2.67)

=0
AK(t)

First of all, we subtract the equation (4.1.13) from (4.2.66) and obtain for any cell K (t) € Tj)
and all v € Vj, »(t)

intK — i
<Uh ) uj, ’Uth(t)nK(t),x> =0. (4.2.68)

(a:cuh - p1,U)K(t) - OK (1)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

Next, we consider two arbitrary adjacent cells K (t), K2 (t) € Tj() with the edge e (t) :=

K (t) N Ko (). The outward normals of K7 (t) as well as K3 (t) are denoted by ng, ;) and
N gy (t)- It should be noted that for any function w € L? (2) with w|x ;) € H' (K (t)), for all
t

K (t) € T, it follows

weXtKQ(t) = wintKl(t) and weXtKl(t) = u)intKZ(t)7 (4.2_69)
sipce NEy(t) = —NK,(t)- Therefore, if N (t)e > 0, are w~ = wint@“) as well as wt =
w™K2(0) and if nK, (t),e < 0,are w™ = w™K2() as well as wt = w™K1®, Hence, for all

v € Vh2(t) follows

intg, (1) — intg
_<uh — Uy ,v 1(t>nK1(t),z>

th (t) _ int
<uh 2 _ uh 7’U KZ(t)an(t),a:>

e(t)

e(t)

<[[uh]]e(t),w7 UintKl(t)>e(t) , if "Rt >0, (4 2 70)

(e 0520, iy < 0.

where [up]e) . is the 2 component of the jump vector given by (2.2.3). Thus, if we sum the

equation over all cells K(t) € Ty and apply (4.2.46), as well as (4.2.70), it
follows for all v € V, »(%)

Z (Owun — p1, U)K(t)

K(t)€Th

< Z Z <’[[uhﬂe(t),z‘7v

K)ETh ) e(t)€OK(2)

< > > <’[[¢h]]e(t),z

K(t)€Th) e(t)EOK (1)

intK(t)

+ ‘vextK(t) }>

e(t)

UintK(t)

+ ‘[[(phﬂe(t) " + ‘UCXtK(t) ’>e(t) , (4.2.71)

since we consider the initial value problem 9) with periodic boundary conditions. Next,
we apply Jup — pp as test function in l . Then Cauchy-Schwarz’s inequality, Young’s
inequality, the trace inequality (2.2.17) and the interpolation inequality (2.2.21) provide
10— 12200y < (Inllry, + lonlln, ) 10su — pallr,,
< OW™H (K 4 Jgnlluaey ) 195 — Pl (42.72)

Likewise, by subtracting the equation (4.1.14) from (4.2.66) and summing the result over all
cells K (t) € Tpp), it follows

|0stun = p2llizgay < ChH (B + llgnllia) (42.73)
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4.2. A priori error estimates

Similarly, the inequality can be proven by applying (4.2.67), (4.2.58), (4.2.59) and the
arguments above. O

It should be noted that the inequalities (4.2.64) and (4.2.65)) yield

Imalliagay + Gnllay < € (BF + 27" lonliLaay ) - (4.2.74)

This inequality provides the following estimate for the quantity summed over all cells

Lemma 4.2.8 Suppose the same assumptions as in theorem[4.2.2 Then there exists a constant C,
independent of uy, and h, such that

> anxw (Wnen) <C (h%” + HgohHiz(Q)) . (4.2.75)
K(t)ETh)

Proof. First of all we introduce for all j = 1, ..., N the following notation

1

()= w (@ (0),0), () =5 (5 O 2,4 ().
It should be noted that for all x € K (t) by the condition (A4) follows
w(z,t) —w ()] < a1lg) < ah, (4.2.76)

where we used the fact that the diameter of a simplex equals the greatest Eucledian distance
between two vertices of a simplex. Therefore, we obtain by the Cauchy-Schwarz inequality,

Young’s inequality, the property (2.2.19) of the L2-projection, the inverse inequality (2.2.3), the
interpolation inequality (2.2.22) and (4.2.76)

Z (Vh,w - VSOh)K(t) = Z (¢, (w —w) - VSDh)K(t)

K®)€EThw K(t)ETh)
C1 2 2 2
<5 (lenlEa) + h IVenlfay2)

<C (h2k+2 n ,‘(th%LQ(Q)]) _ (4.2.77)

Next, the Cauchy-Schwarz inequality, Young’s inequality, the interpolation inequality (2.2.22),
and the condition (A4) supply

. 1 i
_ Z ((dww, ¢h<ﬂh)K(t) + (Yn,w - v‘ph)K(t) 9 (dlvw, (Soh)Q)K(t))
K(t)€Th)

<C (hQ’“+2 + ||<ph||i2(m) , (4.2.78)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

since we consider the initial value problem (1.1.9) with periodic boundary conditions. Likewise,
we obtain by (4.2.3), (4.2.46), (4.2.47), Cauchy-Schwarz’s inequality, Young’s inequality, (4.2.74),
the inverse inequality (2.2.16) and the interpolation inequality (2.2.24)

1 +p2)?
s E (812)H (@17@25‘%’3/) <axu - b 2 p2) 7%0h>
K(1)

K(#®)€Th)
<O a0, 1 (108112200 + 10001l E2(0)
— p Loo(RQ) z L (Q) x L (Q)
2 2 2 2 2k+2 2
+C|03H . o) (B ImlE2(o) + lonlEa@)) < C (B2 4 llgnla)) - 4279)

Likewise, we obtain

2
- Z 1 aQH (@17®2>$7y) <8yu - o +g2) s Ph
2 q 2
K(t)

K(t)EThw
<C (h2k+2 + H@hlliz(g)) 4.250)
and
L (oo a5 52 )
K()€Th) K
<C <h2k+2 + ||80h|!iz(9)) . wash
Finally, the estimates (.2.78), (279, (280) and (#2.81) provide EZ75). 0

Furthermore, the inequality yields the following estimate for the quantities and
summed over all cells K (t) € Tj ).

Lemma 4.2.9 Suppose the same assumptions as in theorem Then there exists a constant C,
independent of up, and h, such that

> <a2,K(t) (Vny onsnn) + a3 k() (Yns Phs Ch)) <C (h%ﬂ + ”SOhH?P(Q)) . (42.82)
K(t)ETh )

Proof. The proof ensues in two steps. First of all we estimate the quantities and
summed over two arbitrary adjacent cells. This requires a case analysis. Afterward we
apply the results of the case analysis to estimate the quantities (4.2.54) and (4.2.55) summed
over all cells K () € Tp ).

Henceforth, K (), K2 (t) € Tj() are two arbitrary adjacent cells and the set e (t) := K7 ()N

K> (t) is an edge of K (t) as well as K> (t). Moreover, the outward normals of K (t) and
K (t) are denoted by ng, (1) as well as n, (4.
Before we start with the case analysis, we would like to mention that the parameters Ag, ;)
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4.2. A priori error estimates

and fix, (1) given by (4.1.11) and (4.1.12) are constant in the cells Ky (t), £ = 1, 2. Thus, there is
no harm to multiply the equations (4.2.56), (4.2.57), (4.2.58) and (4.2.59) by Ak, (1) and pig,(¢)-
Case 1) We assume that the function 9,G (w, Vu) changes the sign in both cells K (t) and

Ky ().
First of all, for £ = 1,2, we add the equation (4.2.56) multiplied by —=%£“ and the equation

A
(4.2.57) multiplied by KT‘“) to as i, (1) (Vh, h, 77h)- This provides the equatlon

A2 K, (t) (Yhs ©hs1n)
= (a G (U.), vu) (a$ (¢h - Soh) + 77h) 780h)Kg(t)

)‘Ke AR, () <(¢h ¢E> _ (@}J{ B @ﬁ) aSO:tKé<t)”Ke(t)7x>aKe(t) ) (4.2.83)
The Cauchy-Schwarz inequality, Young’s inequality and supply
(OpG (w, Vu) (O (Y1 — 1) + 1) > £1) k1)
<CR? (105l 0y + 19e2n IE2 s, 7))
+C (B2 1P e,y + IRz a0y ) - (4.2.84)

Next, for the edge e (t) := K (t) N K2 (t), we estimate the sum

)\Kl(t) <(¢h 1/}];) B ((p;: B 90;:) ¢thK1(t>nK1(t)»x>e(t)

+)\K2(t) <(¢h @0{) B ((p; B %f) 7¢21tK2(t)nK2(t),z>e(t).

Hence, we obtain by (4.2.69), Young’s inequality and (4.2.62)

AKl(t) ([4nlee = Lonleq .o thl(t)>e(t)
A0 ([0 - Frlaom A7),
<Ch <<¢thl(t)> n (w:t@m) n ((pi;tm(t))Q + ((pi}?tm(t))Q ’ 1>e(t)7 (4.2.85)

if N, (1),0 > 0. Likewise, it follows by (4.2.69), Young’s inequality and
)\K int
ol <[[7/}h]] (t),x [[@h]]e ),z Ph Kl(t)>e(t)
int
~re) <[W1h]] @t — [Pnle),> Pn KQ(t)>e(t)

<Ch <<¢)lntK1(t)> + (¢zltm<t)>2 N (@21”(2(0)2 N ((pi;tKQ(t))z 7 1> . | 4250
e(t

>\K
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

if NE (e < 0.

Case 2) We assume that the function 9,G (w, Vu) changes the sign in K (¢) and is positive
in K5 (t). Before we start to analyze case 2), we would like to mention that the cases in which
0pG (w, Vu) changes the sign in one cell and is positive or negative in the other cell can be
analyzed by similar arguments. Hence, we skip all the other cases of this type and consider
only the case 2) as a model case.

For the cell K1(t) we can proceed similar to case 1). This provides the estimates and
. For the cell K5(t) we multiply the equation by —Ak, (1) and add the result to

A2, Ko (t (wha ©n,Mp,)- This provides

a2 Ko (t (7/% ©hs M)
= ((apG (w, V) - Am) (s (Yn = on) +m) 01

1 lntKQ(t) intKQ(t)

+>‘K2 <¢h - 5%h y Pp, nKQ(t)7I> . (4.2.87)
"2 DK (t)
The Cauchy-Schwarz inequality, Young’s inequality and (4.2.63)) supply

(apG (w, Vu) (9z (Y — ¢n) + 1n) a‘Ph)KQ(t)
SCh2 (Hagcwhn?} (K2(t)) + HaxQDhHiz (Ka(t ))
+C (h2 171132 ey ey + NomllE oo )) (4.2.88)

Next, for the edge e (t) := K (t) N K2 (t), we estimate the sum

)\Kl(t) <(¢h iﬁ{) B ((p; B (p}:) 7¢thK1(t>nK1(t),x>e(t)

int int
+AKs (1) <¢h — ¢t 90 0 o, KQ(t)”Kz(t)@> ®
e(t

Hence, we obtain by (4.2.69), Young’s inequality, (4.2.62)) and (4.2.63)

1(t) / intxo(t) Intre (¢) Intre, (1) ntgy (1) I0tr ()
T o < h — 1y, — %n + @y, » P K () e(t)

int mt 1 int int
I <¢ 0 _ it | 2o w20 Kz(t)nKz(t),x> )
e
int int 1 int int
+ (At — Mo <1/’h B L A KQ(t)”Kz(t>,z> e
e

<Ch <(¢lntK1(t)) + (¢thK2(t))2 N ((pi;tm(t)f N ((pi;tKQ(t))z 7 1> i | 4259
e(t
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4.2. A priori error estimates

if ng, (1), > 0. Likewise, it follows by (4.2.69), Young's inequality, (4.2.62) and (4.2.63)

1(t) intg, (1) intp, (1) intg, (1) intpe, (1) intg, (1)
9 <7/)h = T =, Pt K, (),
e(t)
int g (t) 1 int g ®) int g (t)
Ak 1) <¢h B T AOF “
e(t

int 1 int int
t (AKz(t) - )\Kl(t)) < h - 2%n sz’gph Kz(t)nKz(t)’x> (t)
e

<Ch <(¢thK1(t))2 4 (w:ltKQ(t))2 4 ((Pi;tkl(t))Q 4 ((Pi;ltkg(t))Q , 1>e(t) , (4.2.90)

ianl(t),m <0.

Case 3) We assume that the function 0,G (w, Vu) is positive in both cells K (t) and K (t).
We would like to mention that the case in which 9,G (w, Vu) is negative in both cells can be
analyzed by similar arguments. Hence, we skip this case.

First of all, similar to case 2), we obtain for both cells the estimates (4.2.87) and (4.2.88). More-

over, there exists a constant C' independent of h, such that ‘)\ Ke(t)‘ < C,¥? = 1,2. Next, for
the edge e (t) := K1 (t) N K2 (t), we estimate the sum

_ _ 1 int int
Ak (1) <¢h —Ph 5 e K””nxl<t),x>
aKl(t)
_ _ 1 int int
+AK (1) <¢h —Ph 5P KQ“)”K2<t>,x> :
6K2(t)

Hence, we obtain by (4.2.69), Young’s inequality and (4.2.63)

int 1 int int
= (M — ) < g e K“””K1<t>vw>
e(t)
il‘ltK t) il’ltK t) intK ®)
—AKo(t) <1/1h . (@h e )nKl(t),:Jc>e

AKa(t) [ (imtreye) | inticy 1)) 2
s (g o )

(®)

e(t)

<C <h<(wi;tm<t))2 n ((pi;txut))z , 1> “ + <(¢;LmK1<t)>2»1> ()) , (4.2.91)
e(t e(t
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

if ng, (1), > 0. Likewise, it follows by (4.2.69), Young’s inequality and

int 1 int int
(Mao = Aa0) <¢h e e KQ(””Kz<t>aw> 0
e
int int int
+A k1) <¢h e, (9% 20—, KI(t)) an(t),z>e(t)

ARt int int 2
_ 1(t) <((ph Ka(t) @ Kl(t)) aan(t),z>

2 e(t)

<C (h <(¢:1tK2(t))2 + ((pilzltkg(i))2 , 1>€(t) + <(w;nt1(2(t))2 , 1>e(t)> , (4.2.92)

if ng (1), < 0. Furthermore, since the Hamiltonian belongs to the space C? (9), the case,
where 0,G (w, Vu) is positive in a cell and negative in an adjacent cell, can not appear.

It should be noted that for the edges of K(t) and K»(t), which are interacting with other
neighboring cells, the estimates (4.2.85), (4.2.86) (4.2.89) (4.2.90) (4.2.91) (4.2.92)) follow by the
same analysis as in the cases 1, 2 and 3. Therefore, a summation of the quantity over
all cells K (t) € Tp(y) and the inverse inequality (2.2.16), the trace inequality and the
interpolation inequalities (2.2.21), as well as provide

Z aQ,K(t) (T/Jiu Ph TZh)

K)ETh)
ex 2 in 2
e Z Z <( htx(t)> + (whtx(t)) ,1>
K(6)€Th () e() €DK (t) e(t)
ext 2 int 2
+Ch Y ) <(s0h “O) 4 (o) ,1>
K(6)E€Th) e(t) €K (t) e(t)
+Ch? <||<9x1/1h”izm) + 10zl () + thHi?(Q)> +C llenlltaa
<C (B! + lenllFay ) (4.2.93)

since we consider the initial value problem with periodic boundary conditions. Note
that in the inequalities (4.2.91) and (4.2.92) an extra h to control the loss of accuracy by the
trace inequality is missing. Thus, the interpolation estimate provides merely the sub-
optimal order h2*+1 instead of the optimal order h2**2. Furthermore, in equation each
boundary term has been counted at most twice. This does not affect the error estimate.

Similarly, by applying the error equations and follows

Z as K(t) (whv Ph Ch) <C (h2k+1 + ||80h||i2(9)) . (4294)
K()ETht)
Therefore, we obtain the inequality (4.2.82) by (4.2.93) and (4.2.94). O
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4.2. A priori error estimates

All these auxiliary lemmas ensure the proof of theorem[4.2.2]
Proof of theorem [4.2.2] We sum the equation (4.2.10) over all cells K (¢) € Ty and apply
(4.2.75), (4.2.82) and Gronwall’s inequality. This yields

1
lenlleiy < CRE. (4.2.95)

Hence, we obtain by (4.2.95) and (2.2.22) the desired error estimate. O

4.2.3. Justification of the a priori assumptions

It remains to verify the a priori assumptions and (4.2.2). This will be done merely for the
one dimensional version of the a priori assumption. The justification of the two dimensional
analogues ensues by similar arguments. Nevertheless, there are a few differences in the verifi-
cation of the two dimensional a priori assumptions. These differences appear, since there are
d-dependent bounds in the inverse inequality and the interpolation inequality (2.2.23).
At the end of this section this issue and its effect will be discussed.

In the following, we proceed similar to Xiong et al. [84] or Xu and Shu [85]. First of all, by the
interpolation inequality (2.3.21), the inverse inequality (2.2.16), (4.2.30) and (4.2.43) follows for
allt € [0, T

1020 (t) = p1 () ||poo () + 102w (£) = P2 (8) |10 ()

<2[|02%n (t) 100 () + 2 1020n (8) 100 ()

+[[0zun () = p1 () lee () + 10zun (1) — p2 (D)L (q)

<C (W2 + b2 |0wen (1)l ()

_1

+Ch (105un(t) — pr®Ollz(ay + 19eun(t) — POl 20

<C (W3 + 172 flon ()l ) < CRF 2. (4.2.96)
Next, we define

= sup {1 € [0,00) : 1021 (8) = p1 () [y + 190 (8) — P2 () ey < Criah )}
The a priori assumption is verified, if t* = oo. If t* < o0, it follows by continuity
[0z (t°) = p1 (8o () + [0zt (87) = P2 ()| e () = Crir b (4.2.97)

Since k > 2, the quantity / can be chosen that

CH1
2C"7

Njw

RF=2 < (4.2.98)
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4. An ALE-LDG method for directly solving the Hamilton-Jacobi equations

where the constant C' is given by the inequality (4.2.96). Hence, (4.2.96)), (4.2.97) and (4.2.98)

provide the contradiction

101 (%) = p1 ()l ) + 19 (¢) = P () e

1 * * * *
<5 Couh < Oy = 0 (8) = p1 () ooy + 102 () = 22 ()l

if t* < T. Therefore, the a priori assumption is true for the interval [0, 7.

In a similar way, the two dimensional a priori assumptions can be ensured by the interpolation
inequalities (2.2.23), (2.2.16), (4.2.64), (4.2.65) and (4.2.95). However, it should be noted that the
restriction k£ > 3 is necessary to verify the a priori assumptions in two dimensions, since the

bounds in the inequalities (2.2.23) and (2.2.16) are d-dependent.
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5. Conclusions

| look back, so much time
What once was, now it’s gone
Now it’s fine, now it’s fine

(mind.in.a.box®)

In this thesis, we developed and analyzed an ALE-DG method for scalar conservation and
an ALE-LDG method for directly solving the Hamilton-Jacobi equations. We presented these
methods without a moving mesh methodology. Therefore, in order to discribe the ALE kine-
matics of our methods, we needed to apply the assumption:

“The distribution of the grid points is explicitly given for an upcoming time level.”
Based on this assumption we constructed time-dependent local affine linear mappings. This
mappings supplied time-depend cells, local grid velocities and a time-dependent test function
space. It should be noted that the computational effort to obtain these quantities is small. Fur-
thermore, merely local data has to be applied to calculate these quantities, which makes our
ALE-DG methods attractive for parallel computing. In future works, this aspect of the ALE-
DG methods need to be investigated. In this sense, it is necessary to develop a moving mesh
methodology, which ensures the above assumption with a minor calculation effort.
We proved, in the one and multidimensional case that under certain assumptions the time-
dependent cells yield a regular tesselation of the spatial domain. Therefore, the classical in-
terpolation, inverse and trace inequalities for static grids (cf. Ciarlet [6] and Di Pietro and Ern
[24]) can be applied. Moreover, we proved transport equations for the time-dependent test
function space and for the L?-projection as well as the Gauss-Radau projections. These results
are the ingredients to prove a suboptimal and optimal a priori error estimate for the one di-
mensional semi-discrete ALE-DG method for scalar conservation laws. Likewise, these results
provided the optimal a-priori error estimate for the one dimensional semi-discrete ALE-LDG
method for the Hamilton-Jacobi equations and the suboptimal a priori error estimate for the
two dimensional equivalent.
In addition, we proved that the fully discrete ALE-DG and ALE-LDG method satisfy the ge-
ometric conservation law. For the fully discrete ALE-DG method, a local maximum principle
was proven and conditions for TVD/TVB limiter were stated. Certainly, it should be noted that
we did not prove the compatibility of the conditions for TVD/TVB limiter with the ALE-DG
method discretized by Shu’s third order SSP-RK method (cf. table [1.2.1). However, in our nu-
merical experiments the ALE-DG method was discretized by Shu’s third order SSP-RK method

mind.in.a.box is an Austrian music band. The quote is from the song Redefined (Metropolis Records, 2007).
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compatible with the conditions for TVD/TVB limiter.

Finally, we showed the capability of the ALE-DG for scalar conservation laws by some numer-
ical experiments. For the one dimensional ALE-DG method, by solving the Burgers’ equation
and the Euler equations, it was shown that the method is uniformly high order accurate and
shock capturing. For the two dimensional ALE-DG method, by solving the Euler equations, it
was shown that the method is uniformly high order accurate. In a future work, the capability
of the two dimensional ALE-DG method to handle strong singularities, like in the Mach-three
wind tunnel test problem (cf. Kroner [49, Example 1.0.4, p. 6-7]), need to be considered. There-
fore, limiter to stabilize the two dimensional ALE-DG method need to be developed.

Ongoing and future works

Two projects for future works were already mentioned. First of all, it is necessary to develop
a moving mesh methodology for the ALE-DG and ALE-LDG method. Furthermore, we men-
tioned that for the two dimensional ALE-DG method for conservation laws limiter to stabilize
the method need to be developed. This is a challenge, since Cockburn, Hou and Shu already no-
ticed in [[13] the complexity to construct limiter for the two dimensional RK-DG method, which
are flexible to the mesh topology. Indeed, Kuzmin developed in [52] a slope limiter based on
Taylor polynomials, which has a better flexibility than the classical limiter of Cockburn, Hou
and Shu, but it is not clear, if this limiter can handle a moving mesh topology. Therefore, it
would be worthwhile to analyze the two dimensional ALE-DG method with suitable limiter.
Next, it should be noted that even in one dimension further numerical experiments are desir-
able. In [87] Yang and Shu analyzed the RK-DG method for hyperbolic equations involving
0-singularities. For these kind of problems, it would be interesting to test the capability of the
ALE-DG method in numerical experiments, since the ALE-DG method gives the freedom to
relocate a specific number of grid points close to the singularity.

Furthermore, it is necessary to do numerical experiments with the ALE-LDG method for the
Hamilton-Jacobi equations and compare the capability of the method with the capability of
Cheng and Shu’s method [4] as well as Yan and Osher’s method [86]].

In this thesis, we considered the initial value problems and with periodic bound-
ary conditions. Thus, it was possible to assume that the boundary of the domain does not
move with the grid. For problems with boundary conditions, it is common to apply isopara-
metric families of finite elements (cf. Ciarlet [6] p. 224]). This kind of elements were used e.g.
by Nguyen in [63]]. However, it is not clear, if the ALE-DG and ALE-LDG method satisfy the
geometric conservation law for these kind of elements. Therefore, it would be interesting to
consider the ALE-DG methods with isoparametric families of finite elements.

There are still certain theoretical problems for the ALE-DG and ALE-LDG method. The a pri-
ori error estimates were proven merely for the semi-discrete methods. From the perspective
of the analysis, it would be worthwhile to prove a priori error estimates for the ALE-DG and
ALE-LDG method discretized by Shu’s third order SSP-RK method. The proofs for a priori
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error estimates for the fully discrete RK-DG method are highly nontrivial and very technical,
since the analysis for finite difference methods has to be combined with the analysis for finite
element methods (cf. Q. Zhang and Shu [90} 02]]). For the analysis of the ALE-DG and ALE-
LDG method, we need additionally a discrete version of the transport equation (2.2.1), which
is compatible with Shu’s third order SSP-RK method and does not hurt the geometric conser-
vation law. Another theoretical problem for the future work could be a convergence proof
for the ALE-LDG method. The convergence to the unique viscous solution is not proven for
many high order methods for the Hamilton-Jacobi equations. Hence, even for Yan and Osher’s
method this could be an attractive problem.
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A. Appendix

A.1. A determinant inequality

Lemma A.1.1 Let A,B € R*? withdet A > 0, det B > 0 and \]A_IB“ﬁ(Rd Rd) < 1. Then is
det (A + B) strictly positive.

Proof. First of all, we obtain

A+B=A (ide - (—A*lB)) , (A.1.1)
where idga is the identity matrix in R%*9,
Henceforth, the cardinality of a set is denoted by the quantity |-|.. Let /,J C N be index
sets, such that ||, is the number of pairwise different real eigenvalues and |J|, is the number
of pairwise different complex eigenvalues of the matrix (—A~'B). The real and the complex
eigenvalues of the matrix (—A~'B) are denoted by y;, j € 1,...,|I|,and A, £ € 1,...,|]|..
It should be noted that the complex conjugate ) of an eigenvalue \ is also an eigenvalue of
the matrix (—A™'B), since (—A'B) € R%*?. Hence, the complex eigenvalues are given by
Aoy A, forall ¢ =1, ..., % |.J|.. Note that

0<|pjl <1 and 0<|N\| <1, (A.1.2)

forallje1,..,|I

wandlel, .. |J

.» since HA‘IBH £(RYRY) < 1. In particular, the Neumann

(oo}
series > (—A_lB)k converges and thus we obtain

k=0
i 1o\ k . 1 -1
> (-A7'B) = (idgs — (-A7'B)) .
k=0
This matrix has the eigenvalues 1_1Mj’ 1_1)\[ and 1_17[, jg=1..,[I,and ¢ = 1,.., % |J].-

In the following, the indices rj, j = 1,...,|I],, denote the algebraic multiplicity of the real

eigenvalues 1_1”. Likewise, the indices sy, £ = 1, ..., % |J|.., denote the algebraic multiplicity
J

of the complex eigenvalues ﬁ and ﬁ Hence, by (A.1.2) follows

(e )= f ) ) (8 ) ) o o

Jj=1
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where we used the fact that the Jordan normal form of a matrix has the same determinant as
the corresponding Matrix. Thus, by (A.1.1) and (A.1.3) follows

det (A + B) = det (A) det (idgs — (~A7'B)) > 0.

(]
A.2. Properties of the Gauss-Radau projections
In the proof of lemmawe used that for all u € H**! (Q2) holds
ot _ k+1
|Po () = Pif (w,1) ey = © (n*1), (A2.1)

where h is given by (2.1.5). This relationship between the L2-projection and the Gauss-Radau
projection follows from the upcoming auxiliary result.

Lemma A.2.1 Suppose there exists for any time levelt = t,, n = 0, ..., L, a partition of the
domain Q with the properties (P1) as well (P2) and the regularity condition is satisfied
for the global length h given by (2.1.5). Then holds

PiE (v, t) =v  forallv € Vy (t). (A2.2)
Moreover, there exists a constant C, such that for allu € H**! (Q) holds

< ChFFL. (A.2.3)

|3 1) = P 0)] ) <

The constant C' dependents on u, but is independent of h.

Proof. The identity follows by a simple calculation. Hence, we present merely the

proof of the inequality (A.2.3).
Henceforth, is ¢y, = u — Py (u,
Radau projection for the cell K(
the Legendre polynomials

t) and we apply the representation (2.3.25) of the Gauss-
). For the functions (2.3.24), it follows by the properties of

N (t
(Eﬁ, Eﬂ/)KJ(t) = 2,19]4(_)151919/ fOI’ all 197 19/ - 07 ceey k, (A.2.4)

where 04y denotes the Kronecker delta. Hence, the Cauchy-Schwarz inequality provides for
alj=1,.... Nand 9 =0,....k

h
(¢h7£0)Kj(t) < W1 HwhHm(Kj(t)) . (A.2.5)
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Furthermore, we obtain by (2.3.25) and (A.2.4)

N
=y 21wl (826)

j=19=0

[P (s )

L2(Q)

.

Thus, by (2.3.25) and (A.2.6) follows

(vn P (1)), = HP;E Wn.t)|]

L2()

‘ 2

_2219 ‘rk’] wl“ )

s 1

+ iy (WGnst) (s La) g (A.2.7)

1

J

Next, the equations (A.2.6) and (A.2.7) provide

0 < o — P )]

LZ(Q)

= lllEaca) = ||Pi (¥0)

2(Q)

Ay
+22rk3 (¥n, 1) <2k—i(-i Tk.j (Vn,t) — (whyﬁk)](j(t)>- (A.2.8)

In one dimension, surface integrals reduce to pointwise evaluations. Therefore, we obtain by
Cauchy-Schwarz’s inequality, (A.2.5), (2.2.21) and (2.2.22)

N 2
Z ‘Tkj (Vn, )‘

2h
2k +1

2kh, k—1 N

b ZZ‘ 7o (Ynot ‘

12941
2k+1

,llz):t

hjF3

KMZ +

<

1

J

enlT,,,,, + 2k Z

—2]{; +1 deh”i?(Q) < Ch?*+2, (A.2.9)
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Likewise, by Cauchy-Schwarz’s inequality, (A.2.5), (2.2.21) and (2.2.22) follows

N
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j=

h
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Next, we obtain by the identity (A.2.2) in lemma A.2.1 the identity

HP;E (u,t) — Pp (u,t)

= [P w1y

L) (A.2.11)

Thus, (A.2.8), (A.2.9) and (A.2.10) and yield

HP;LE (u,t) — Pp (u,t)

L2(Q)

L2(Q)

N
< W’h”iz(ﬂ) + 2;11 Z:l ’T,ﬂ;j (¢h(t)7t) ‘2
=
+2§: ‘r,ij (@bh,t)’ ‘(%Z)h,ﬁk)Kj(t)‘ < Cp2kt2,
j=1

This estimate completes the proof. (]
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