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Abstract

This thesis is devoted to the application and analysis of time integration schemes for differential-
algebraic equations (DAESs) stated in (abstract) Banach spaces. The existence, uniqueness, and
regularity of solutions of these so-called operator DAEs are analyzed with the help of temporal
discretization methods. The convergence behavior of the time-discrete approximations and their
convergence orders are addressed as well.

Besides being of interest as a generalization of the concept of DAEs to the infinite-dimensional
setting, operator DAEs are an abstract approach for the analysis of constrained partial differential
equations (PDEs) in their weak form. The constraints on the solution of the PDEs are possibly
given by spatial differential operators like the divergence-free condition on the velocity field in
the incompressible Navier-Stokes equations. Examples of constrained PDEs appear in all kinds
of physical fields such as fluid dynamics, thermodynamics, electrodynamics, mechanics, chemical
kinetics, as well as in multi-physical applications where different physical domains are coupled.

The first main results of this thesis cover the existence, uniqueness, and regularity of solutions of
semi-linear, semi-explicit operator DAEs. In this analysis, the challenges known for DAEs and PDEs
have to be tackled simultaneously. These include a limited set of feasible initial values, requirements
on the temporal and spatial regularity of the data, and a high sensitivity to perturbations. For
operator DAEs with time-independent operators, continuity results for the solutions in the data
are used to extend well-known existence, uniqueness, and regularity results to systems with less
regular or state-dependent right-hand sides. Similar results for operator DAEs with time-dependent
operators are derived by studying the convergence of time-discrete solutions obtained by the implicit
Euler method. In this study, time-varying inner products as well as time-dependent kernels of the
constraints operators complicate the analysis.

As the second main topic, the convergence of the temporal discretization of semi-explicit operator
DAEs by implicit, algebraically stable Runge-Kutta methods and explicit exponential integrators
is analyzed. As expected from the theory of DAEs and PDEs, the convergence properties depend
strongly on the assumed temporal and spatial regularity of the data, vary for the single variables, and
differ from finite-dimensional systems. For Runge-Kutta schemes, a regularization is introduced and
the strong convergence of the time-discrete approximations under minimal regularity assumptions
is proven. A convergence order of q + 1 and of q 4 1/2 is shown for the state and the Lagrange
multiplier, respectively. Here, q denotes the stage order of the Runge-Kutta scheme. For explicit
exponential integrators, order conditions for methods up to order three are derived for the state of
semi-linear operator DAEs. In addition, an approximation of the Lagrange multiplier is introduced
whose convergence order is reduced by half an order. For both classes of integration schemes,
sufficient conditions are formulated which increase the convergence order. The results are supported
by numerical examples.






Zusammenfassung

Diese Arbeit befasst sich mit der Anwendung von Zeitintegrationsverfahren auf differentiell-alge-
braische Gleichungen (DAEs), welche in (abstrakten) Banachraumen gestellt sind. Die Existenz,
Eindeutigkeit sowie die Glattheit der Losungen von diesen sogenannten Operator-DAEs werden
mit Hilfe von Einschrittverfahren analysiert. Sowohl das Konvergenzverhalten der zeitdiskreten
Approximationen als auch deren Konvergenzordnung sind ebenfalls Untersuchungsschwerpunkt.

Operator-DAEs stellen eine Verallgemeinerung des DAE-Begriffs auf Systeme in unendlich-di-
mensionalen Vektorrdumen dar. Dabei lassen sich mit ihnen partielle Differentialgleichungen mit
Nebenbedingung (PDAES) untersuchen, die in ihrer schwachen Formulierung gestellt sind. Diese Ne-
benbedingungen an die Losung von den partiellen Differentialgleichungen (PDEs) sind moglicherweise
durch Differentialoperatoren gegeben. Zum Beispiel wird in den inkompressiblen Navier-Stokes-
Gleichungen an das Geschwindigkeitsfeld gefordert, dass dessen Divergenz verschwindet. PDAEs
treten in vielen Anwendungsbereiche auf, wie zum Beispiel in der Fluiddynamik, Thermodynamik,
Elektrodynamik, Mechanik, chemischen Kinetik sowie in multiphysikalischen Anwendungen, in denen
verschiedene physikalische Doménen miteinander gekoppelt werden.

Die Existenz, Eindeutig und Glattheit von Lésungen von semi-linearen, semi-expliziten Operator-
DAEs sind die ersten Untersuchungsschwerpunkte dieser Arbeit. Dabei miissen die Herausforderungen,
die von DAEs und PDEs bekannt sind, gleichzeitig gemeistert werden. Diese Herausforderungen
umfassen unter anderem eine eingeschrinkte Menge zuléssiger Anfangswerte, Glattheitsanforderungen
an die Daten sowohl in der Zeit als auch im Ort, sowie eine starke Storungsempfindlichkeit. Fiir
Operator-DAEs mit zeitunabhéingigen Operatoren wird die stetige Abhéingigkeit der Lésungen
von den Daten genutzt, um wohlbekannte Existenz-, Eindeutigkeits- und Glattheitsresultate auf
Systeme mit schwicheren Voraussetzungen an die rechten Seiten oder mit zustandsabhéngigen
rechten Seiten zu erweitern. Ahnliche Ergebnisse fiir Operator-DAEs mit zeitabhingigen Operatoren
werden mittels einer Konvergenzuntersuchung von zeitdiskreten Losungen bewiesen. Die zeitdiskreten
Losungen entspringen dabei der Diskretisierung durch das implizite Euler Verfahren. Zeitvariante
Skalarprodukte sowie zeitabhédngige Kerne des Operators, der die algebraischen Nebenbedingungen
stellt, erschweren dabei die Untersuchung.

Die Konvergenz der zeitlichen Diskretisierung von semi-expliziten Operator-DAEs durch implizite,
algebraisch stabile Runge-Kutta-Verfahren sowie durch explizite, exponentielle Integratoren wird im
zweiten Hauptteil dieser Arbeit betrachtet. Wie von der Theorie der DAEs und PDEs zu erwarten
ist, hidngen die Konvergenzeigenschaften stark von der zeitlichen und ortlichen Glattheit der Daten
ab, variieren fiir die einzelnen Zustandsvariablen und unterscheiden sich im Vergleich zu endlich-
dimensionalen Systemen. Fir die Runge-Kutta-Methoden wird eine Regularisierung eingefiihrt und
die starke Konvergenz der zeitdiskreten Approximationen unter minimalen Annahmen an die Daten
bewiesen. Es wird gezeigt, dass die Konvergenzordnung gleich q + 1 fiir die Zustandsvariable ist
und fiir den Lagrange-Multiplikator q + 1/2 entspricht. Dabei bezeichnet q die Stufenordnung des
Runge-Kutta Verfahrens. Fiir die Anwendung von exponentiellen Integratoren auf semi-lineare
Operator-DAEs werden die Ordnungsbedingungen bis zur dritten Ordnung hergeleitet. Zuséatzlich
wird eine Approximation des Lagrange-Multiplikators eingefiihrt, dessen Konvergenzordnung um
eine halbe Ordnung reduziert ist. Fiir beide Klassen von Integrationsverfahren werden hinreichende
Bedingungen formuliert, die die Konvergenzordnung verbessern. Numerische Beispiele illustrieren
die Ergebnisse.
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1. Introduction

Modern modular modeling packages, such as MODELICA!, MATLAB/SIMULINK?, and SIMPACK?,
allows one to describe complex dynamical systems by simply interconnecting smaller models,
facilitating rapid model development. The dynamical submodels together with interconnection
constraints, e.g., the Kirchhoff’s circuit laws [Kir45], lead to systems, which contain differential
equations and algebraic constraints, so-called differential-algebraic equations (DAEs). This modeling
approach simplifies the interconnection processes and preserves the system’s sparsity but comes at
the cost of analytical and numerical difficulties; see [AscP98; BreCP96; HaiLR89; HaiW96; KunMOG;
LamMT13; Sim13].

If the submodels are given by partial differential equations (PDEs), then the resulting coupled
systems are mixtures of DAEs and PDEs, so-called constrained PDEs. Typical examples are flexible
multibody systems [Sim00; Sim13], circuit networks [Tis96; Tis03], or the gas transfer in pipeline
networks [EggKL+18; GruJH+14; JanT14]. For the latter two, the network structure describes the
interconnection where transmission lines or the propagation of pressure waves are modeled by PDEs
on the single edges [MagWT+00]. Outside of the interconnection context, constrained PDEs appear
in the description of fluid flow problems. Often, one assumes that a fluid is incompressible leading
to a divergence-free velocity field as constraint [EmmM13; Tem?77]. Furthermore, constrained PDEs
are used for the analysis of PDEs with nontrivial boundary conditions like moving or dynamical
boundary conditions [Alt14; Alt19; HinPU-+09].

It is well-known from the theory of DAEs that the combined presence of differential and algebraic
equations comes with several difficulties, e.g., initial values and solutions restricted to manifolds
as well as regularity conditions on inhomogeneities [KunM06; LamMT13; Rhe84]. In the temporal
discretization of DAEs, these difficulties translate into high sensitivity to perturbations, reduction
of convergence order, or even loss of convergence [HaiLR89; HaiW96; Pet82]. Here, constraints,
which are only apparent after manipulations with differentiation, must be treated with special care
[HaiW96; KunMO6]. On the other hand, problems occurring in the analysis and simulation of PDEs
include restrictions on the spatial regularity of initial values and inhomogeneities as well as reduced
temporal convergence order in contrast to systems of finite dimensions [HocO10; OstR92; Tar06;
Zei90a]. Since constrained PDEs generalize the concept of DAEs and PDEs, they suffer from all the
difficulties mentioned above [Alt15; Deb04; EmmM13; LamMT13].

For the numerical simulation of constrained PDEs, one typically discretizes them first in space
and then in time or the other way around. The first approach, the so-called methods of lines [Sch91],
leads to finite-dimensional DAEs [Tem77; Tis03; Wei97]. Following the Rothe method [Rot30],
i.e., discretizing the constrained PDEs first in time, produces sequences of stationary but infinite-
dimensional problems; see [Alt15] and for the particular case of the incompressible Navier-Stokes
equations [EmmO01]. This ansatz simplifies the analysis of adaptive strategies in space [SchB98|
and of temporal error bounds which are independent of the spatial mesh width [HocO10]. These
mesh-independent bounds are vital for the simulation of infinite-dimensional systems, since the
temporal convergence order differs in general for finite versus infinite-dimensional systems [HocO10;
OstR92]. If the spatial mesh gets finer, the temporal convergence behavior can fade to the one
for the infinite-dimensional system; cf. [ProR74]. Besides its application in the field of numeric,
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1. Introduction

the Rothe method is also applied for the investigation of solutions of dynamical systems [Emm04;
Roul3].

The Thesis

One aim of this thesis is the analysis of a specific class of constrained PDEs. The existence of
solutions of constrained PDEs with time-dependent coefficients is studied with the Rothe method
using the implicit Euler scheme. Uniqueness and regularity results of the solution are also stated.
Furthermore, the convergence behavior and the convergence order are investigated for the time-
discrete approximation of the constrained PDEs using implicit, algebraically stable Runge-Kutta
methods and explicit exponential integrators. In the study of well-posedness and the related
convergence analysis, great importance is attached not only to the state u but also to the Lagrange
multiplier A; cf. (1.1). Here, the Lagrange multiplier measures an abstract force which is exerted on
the solution of the PDE such that it satisfies the constraints [Bra07].

Operator Differential-Algebraic Equations

While a well-developed theory for the solvability of DAEs and PDEs exists in the literature, see the
exemplary works, [HaiLR89; HaiW96; KunM06; LamMT13] and [Bra07; Daul.92; W1o87; Zei90a],
respectively, the theory for constrained PDEs, in contrast, is quite limited. Results are available
only for specific classes and mostly for systems with time-independent coefficients [Alt15; Deb04;
EmmM13; Heild; LamMT13; LucSE99; Mar97]. To receive statements on constrained PDEs, one
promising approach is to mathematically interpret them as DAEs in Banach spaces, also referred to
as operator DAEs [Alt15; EmmM13]. In this thesis, we consider semi-linear operator DAEs with
semi-explicit structure, i.e., systems of the form

L (Mu)+ (A- L L M)u — B A= f, (1.1a)
Bu =g (1.1b)

with linear operators M, A, B and right-hand sides f = f(u) and g defined on appropriate Hilbert
spaces. Here, the time derivatives in (1.1a) should be understood in a distributional sense. The well-
posedness of operator DAEs of the form (1.1) with time-independent operators and state-independent
right-hand sides are well-studied; see [FavY99; Rei06; Shol0] for a semigroup ansatz and [Alt15;
EmmM13; Heil4; Ziml5] for a variational approach as well as [Daul.93; Tar06; Tem?77] in the
context of fluid dynamics. On the other hand, a rigorous analysis for the operator DAEs (1.1) with
time-dependent operators is missing. In particular, for systems with a time-dependent operator B
there are only results known if the kernel of B is time-independent [AltH18], or for a specific choice
of B [Alt14]. For general operator DAEs (1.1) with state-dependent right-hand sides, no results are
known outside of the context of fluid dynamics [Tar06; Tem77].

Time-Integration Schemes

As for the well-posedness problem, numerical integration schemes are well-studied for DAEs and
PDEs, see [AscP98; BreCP96; HaiLR89; HaiW96; KunMO06; LamMT13] and [Emm05; HocO10;
HunV03; LubO95a; LubO95b; Tho06], respectively, and the references therein. All these time-
stepping methods must respect the infinitely stiff nature of the problem arising either due to the
algebraic constraints or due to the spatial differential operators of DAEs and PDEs, respectively,
i.e., certain associated (operator) spectra have accumulation points at —oo [BreCP96; OstR92].
Classical examples of such a family of methods are implicit Runge-Kutta schemes. Runge-Kutta
methods have been analyzed in the early work of Euler in the 18" century and are among the
best understood time-stepping methods [Gon099; HaiNW93; HaiW96]. Exponential integrators,



on the other hand, are time-stepping methods based on the possibility to solve the linear part of
semi-linear systems in an exact manner [HocO10]. As a result, large time steps are possible even for
highly stiff systems, like stiff ordinary differential equations, PDEs, and DAEs of (differentiation)
index one [Cer60; HocLS98; HocO10; Law67]. In particular, these systems can be discretized by
explicit exponential integrators. For these integrators, all root-finding problems are linear and the
approximation requires in total a priori known number of evaluations of the nonlinear right-hand
side.

The literature on the temporal discretization of operator DAEs of the form (1.1) is quite limited. For
linear systems only the implicit Euler method [Alt15], splitting schemes [A1tO17], and discontinuous
Galerkin methods [VouR19] have been studied. The analysis of the nonlinear case, on the other
hand, has been restricted to the incompressible Navier-Stokes equations, where results are known
for the implicit Euler scheme, the two-step BDF method [EmmO00; Emm01] and exponential
integrators (without a convergence analysis) [EdwTF+94; KooBG18; New03]. However, studies on
the convergence behavior of the temporal discretization of (1.1) by general Runge-Kutta methods
and exponential integrators are not available.

It is worthy to mention that a standard spatial discretization of (1.1) by finite elements leads to
an index-2 DAE [Alt15]. This indicates that the temporally discretized operator DAE is sensitive to
perturbations of the discrete right-hand side g [Alt15; HaiLR89]. Therefore, the high index must
be considered in the construction of time-stepping methods by regularization techniques [AltH15;
HaiW96; VouR19], also called index reduction in the DAE case, or by exploiting the structure of the
system [AscP98].

Organization of This Thesis

This thesis is divided into three parts. In Part A, we introduce the essential mathematical concepts
needed in this thesis. As mentioned above, operator DAEs extend the framework of DAEs to
infinite-dimensional systems. Therefore, we properly define DAEs and the differentiation index. For
the infinite-dimensional part, we recall basic functional analytic concepts like Gelfand triples, inf-sup
stability, as well as real- and Banach space-valued functions and their generalized derivatives. These
concepts allow us to consider infinite-dimensional dynamical systems, including integral equations as
well as differential equations with or without constraints. Part A closes with the introduction of
one-step methods, which are later applied to operator DAEs, namely Runge-Kutta methods and
exponential integrators.

The existence of solutions for the operator DAE (1.1) is subject of Part B. At first, we study
systems of the form (1.1) with time-independent operators. We generalize known results by abstract
linear extensions and make statements on the existence, uniqueness, as well as the regularity of
solutions. This allows us to consider semi-linear systems where the right-hand side f depends not
only on time but also on the state u. Afterwards, we study operator DAEs (1.1) with time-dependent
operators. The analysis is split into three separate steps. In the first step we restrict our analysis
to time-dependent operators M and A. In the second step we allow A and B to change over time.
Both cases are analyzed by a discretization with the implicit Euler scheme. The investigation leads
to Hilbert spaces equipped with a time-dependent inner product induced by the operator M. We
investigate whether functions with a generalized derivative in these Hilbert spaces have a continuous
representative. In the case of a non-constant operator B, we study time-dependent direct sums in
Hilbert spaces. For this, we analyze a differential equation whose solution tracks the kernel of B over
time. In the last step, we discuss the uniqueness of solutions and combine the results to operator
DAEs (1.1) with time-dependent operators M, A, B, and state-dependent right-hand side f.

Part C is devoted to the temporal discretization of the operator DAE (1.1). We first consider
implicit, algebraically stable Runge-Kutta methods. Here, a regularization is introduced that
maintains the saddle-point structure of the original problem (1.1). Starting with the implicit
Euler scheme, we study the convergence of the time-discrete solution of the regularized system
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under minimal assumptions on the data. We generalize the obtained results to algebraically and
L-stable Runge-Kutta methods and discuss the need of L-stability. The convergence order is studied
afterwards under the assumption of more regular solutions. In particular, we analyze the decrease
of the convergence rate of the Lagrange multiplier A\. The results are illustrated by means of two
numerical examples.

In the second half of Part C, we investigate semi-explicit time-stepping schemes for semi-linear
operator DAEs of the form (1.1), which are based on the idea of explicit exponential integrators.
The associated algorithms are illustrated for the exponential Euler scheme and the exponential
Runge schemes. We discuss how the solution can be approximated by linear, stationary and linear,
transient saddle-point problems with homogeneous right-hand sides by using the structure of (1.1).
Order conditions up to the order three are studied for explicit exponential integrators as well as the
positive effect of spatially more regular right-hand sides. Since only the state u is approximated by
the exponential integrators, we discuss the approximation of the Lagrange multiplier A by a single
additional saddle-point problem. Finally, we make comments on efficient computation and present
numerical experiments for semi-linear systems, illustrating the convergence results obtained.



Part A.

Preliminaries

The analytic and numerical treatment of constrained partial differential equations combines the
difficulties of partial differential equations (PDEs) and differential-algebraic equations (DAEs). Thus,
we need the knowledge of different mathematical disciplines to get to the heart of constrained PDEs
and their temporal discretization. In this part we provide the essential concepts.

In general, a system of equations, which combines differential and algebraic equations, suffers from
hidden constraints, consistency requirements for the initial conditions, and unexpected regularity
requirements [KunMO06, Part I]. To understand these difficulties, we briefly review the theory of
finite-dimensional DAEs in Chapter 2. We recall the concept of the differentiation index for linear
DAEs and introduce so-called port-Hamiltonian descriptor systems as a special class of controlled
DAEs. On the other hand, the analysis of the infinite-dimensional behavior of (constrained) PDEs
requires several functional analytic concepts such as Gelfand triples, Sobolev spaces, and Bochner
spaces. We introduce these among basic features of operators and Banach spaces as well as
frequently used inequalities in Chapter 3. In Chapter 4 we consider dynamic infinite-dimensional
equations. Since the operators in these equations are possibly time-dependent, we consider Nemytskii
operators. Afterwards we consider integral equations as well as differential equations with bounded
and unbounded operators. We complete the chapter with a short introduction of operator DAEs,
which is the abstract framework we use for the analysis of constrained PDEs and their temporal
discretization. Later in Part C, we study Runge-Kutta methods and exponential integrators as
numerical integration schemes for operator DAEs. We introduce these two families of time-integration
schemes in Chapter 5.

Cor. 3.9 is a copy of [AltZ20, Lem. 3.1] and was shown by Robert Altmann. The author of this
thesis originally proved Lem. 3.5 and Th. 4.22 as [AltZ18b, Lem. 2.4] and [AltZ18a, Th. 3.5].
Notation In the whole thesis we use R for the set of real numbers, and R>g (Rs) for its subset
of non-negative (positive) real numbers. The set of non-negative (positive) integers is denoted by
Ny (N). For the restriction of f: X — Y to a subset Z C X, we write f|Z: Z CX —Y. Fora
linear map A, its kernel and its image are denoted by ker A and im A, respectively.
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The most general form of a differential-algebraic equation (DAE) is F(t,x(t), (t)) = 0 [KunMO06,
p. 7 f] with a partial derivative g—g which possibly loses rank along a solution. Note that the
definition includes both under- and overdetermined systems. Typical examples for underdetermined
DAEs are control problems; see e.g. [PolW98]. Therein, state feedback or output control can be
used to get square systems, i.e., systems with the same number of equations and variables, without
changing some internal properties. For more details see [KunMO06, Sec. 4.4]. On the other hand,
overdetermined DAEs with non-contradicting equations contain redundancies under some technical
assumptions [KunMO06, p. 207 ff.]. These redundant equations can simply be removed without
altering the solution set. Thus, we assume that the systems are square. For the analysis of these
DAEs one usually linearizes around a trajectory; see e.g. [KunMO06, Ch. 4]. This leads to DAEs of
the form

E(t)i(t) + A(t)z(t) = f(t). (2.1)

Such linear DAEs are studied in this chapter.

We consider the DAE (2.1) on the compact interval [0,7], T > 0. The state is given by
x:[0,T] — R™. We assume that the matrix-valued functions E, A: [0,T] — R *"= as well as the
right-hand side f: [0,T] — R"= are sufficiently regular. Note that, if E is differentiable, we can
rewrite (2.1) with a leading < (Ex). However, in contrast to ordinary differential equations (ODEs)
the matrix-valued function E is in general not pointwise invertible. This forces the state to stay on
a time-dependent manifold [Rhe84]. In particular, for an initial condition

x(0) = xp, (2.2)

the initial value zy € R™= is restricted to be on this manifold at ¢ = 0.

We call x a solution of (2.1) with initial condition (2.2) if x € C1(0,T;R"), the DAE (2.1) is
pointwise satisfied, and (2.2) is fulfilled as well. An initial value xg is called consistent with (2.1), if
the associated initial value problem has at least one solution.

A special class of linear DAEs, which often appears in this thesis are linear semi-explicit DAEs of
the form

M(t)a(t) + A)x(t) — BE (A1) = f(1), (2.3a)
B(t)x(t) = g(t). (2.3b)

The desired solution is (z,A): [0,7] — R"™ x R™, ny < n,, where we refer to \ as Lagrange
multiplier and to x as state. The right-hand sides f and g map into R™* and R™*, respectively, and
the matrix-valued functions are well-sized.

Lemma 2.1 (Cf. [Zim15, Sec. 2.5.1]). Let A, M € C*([0,T],R"=*"=) and B € C*([0,T], R™"*"=),
Suppose that M is pointwise invertible and BM~*BT as well. Assume that f € C1([0,T],R"=)
and g € C*([0,T),R™). Then the DAE (2.3) has a unique solution for every consistent initial
value xq, Ao, i.e., B(0)zg = g(0) and (BM~'BT)(0)\g = (BM~*A — B)xo + (9 — BM~'£)(0). In
particular, the Lagrange multiplier A is completely determined by

(BM'BT)(t)A(t) = (g — Bz + BM YAz — BM ™' f)(t). (2.4)
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Equation (2.4) is called a hidden constraint of the DAE (2.3) [KunMO06, p. 201], since it is not
apparent in (2.3). Note that the initial value of the Lagrange multiplier A is completely determined
by x¢ and the right-hand sides. Thus, we only have freedom in the choice of the initial value x.
More precisely, only the part in the kernel of B(0) is not predetermined by the constraint (2.3b).

The differentiability of all matrices and of the right-hand sides can be reduced by one in Lemma 2.1
if we expect from a solution that A is only continuous. These assumptions can be even more weakened
if we consider solutions in Lebesgue spaces [Han89; KunMS+06].

The following two subsections introduce the differentiation index and port-Hamiltonian DAEs.

2.1. The Differentiation Index

The indices of a DAE give, on one hand, an insight in the analytic properties of the DAE, e.g., the
needed regularity of the data to be solvable. On the other hand, they play a fundamental role in
the numerical treatment of DAEs, see Section 5.1, and can be seen as a measure of difficulty of the
numerically solving [Meh15, p. 677]. We introduce for the DAE (2.1) the most common used index
of a DAE, the differentiation index.

Definition 2.2 (Differentiation Index; [KunMO06, Def. 3.37]). For the DAE (2.1) let the inflated
pair My, Ny: [0,T] — REFDnxEHDne he defined via

FE A 0 0

E+4 E 40 0

M, = E+2A 2E+A FE ’ N, = A 0 0 7
EO feA-D ... ... VE4+A E A® 0 0

£=0,1,... The differentiation index i,, € Ny of (2.1) is the smallest number, if it exists, for which M,
has constant rank and is pointwise 1-full, i.e., for every ¢ € [0, T] there exists a nonsingular matrix
R;, (t) € RU»FUnax(i+Dns guch that

R, ()M, () = {ng 2] .

Here, I,,, denotes the identity matrix in R™*"= and * a non-specified part.

Remark 2.3. Under the assumption of Lemma 2.1 on the matrix-valued functions M and B the
DAE (2.3) is of differentiation index 4, = 2 [Heil4, Prop. 2.6 & Rem. 2.9]. In this thesis we also
consider semi-linear DAEs of the form (2.1) where f depends on u. This, however, does not change
the differentiation index under the assumptions made on M and B even if we have to consider
nonlinear DAEs; cf. [KunMO06, Lem. 4.8 & p. 195 f.].

The differentiation index is the minimal number of differentiations such that by algebraic ma-
nipulation the so-called underlying ordinary differential equation (ODE) can be extracted. The
underlying ODE and the DAE (2.1) then share the same solutions for the set of consistent initial
values [KunMO06, p. 115]. Note that, for the extraction of the underlying ODE the functions E, A,
and f have to be 7, times differentiable. This is an upper bound on the necessary regularity in order
that (2.1) is solvable. The actual differentiability that is needed, can be smaller for parts of E, A,
and f; see Lemma 2.1.

Besides the differentiation index, there exist other index concepts for DAEs. For over- and
underdetermined DAEs the strangeness-index is introduced in [KunMO06, Ch. 3]. Beside control
problems, underdetermined DAEs appear in the spatial discretization of constrained PDEs where the
discretization should reflect that some infinite-dimensional variables are underdetermined like the
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pressure in the incompressible Navier-Stokes equations [Wei97]. The perturbation index [HaiLR89,
p. 459 ff.] measures the effect of perturbations of right-hand side f on the solution of (2.1) and
was extended to constrained PDEs in [AngR07; CamM99; LucSE99; RanA05]. However, it lacks a
rigorous definition for DAEs in general Banach spaces. The tractability index [LamMT13, Part 1]
is connected to the structural decoupling of DAEs into so-called inherent ODEs and a triangular
subsystem where the solutions must be less regular. It is based on projections and can be extended
to DAEs in abstract spaces [Tis03]. Unfortunately, this index is not applicable for the abstract DAEs
considered here, since the embedding used here of the Banach space into its dual is not surjective;
see Section 3.1. For more index concepts we refer to [Mech15] and the references therein. For the
applications considered in this thesis, all these concepts are essentially equivalent.

In the following, whenever we refer to the index, this should be understood as the differentiation
indez.

2.2. Port-Hamiltonian Differential-Algebraic Equations

In almost all applications, DAEs model physical systems. If these systems are network-based models
where the submodels are interconnected through exchange of energy, the DAEs can be expressed as
port-Hamiltonian differential-algebraic equations (pHDAESs). In this thesis, we concentrate on linear
pHDAES of the form

Ei = (J - R)z + Gu, (2.5a)
y =Gl (2.5b)

The matrix-valued functions satisfy £ € C'([0,T],R"=*"=) and J,R € C([0,T],R"=*"=) and
G € C([0,T],R" ™). We assume that E' and R are pointwise symmetric positive semidefinite and
that J +.J7 = —E. The system’s internal energy is typically described by its quadratic Hamiltonian

1
H: CY([0,T],R") — C*([0,T],R), x ++ H(z) = 5:cTEsc.
The so-called (external) port variables w,y: [0,T] — R™ describe the system interaction with the
environment, in the sense that every solution of the pHDAE (2.5) satisfies

H(z(t)) — H(zg) = /o —2TRe + wTyds < /o wlyds, (2.6)

cf. [BeaMX+18, Th. 15]. Therefore, the change of the internal energy is bounded by the supplied
power wly. The inequality (2.6) is called dissipation inequality. In a system theoretical language,
this proves that system (2.5) is passive with the Hamiltonian H as storage function, [SchJ14, Ch. 7],
as well as stable if F(t) is uniformly positive definite and w = 0 [MehM19, p. 6864].

The type of pHDAESs described in (2.5) is a special case of the port-Hamiltonian descriptor
systems in [BeaMX+18, Rem. 14]. For more general systems and more details on pHDAEs we refer
to [BeaMX+18; MehM19; SchJ14; SchM18] and the references therein.

Remark 2.4. There are a lot of attempts to generalize the port-Hamiltonian (pH) framework to
systems of infinite dimensions. An extension of pH systems to systems with distributed parameters
based on differential forms can be found in [SchJ14, Ch. 14]. In [JacZ12] pH systems for linear dynamic
PDEs on a one-dimensional spatial domain are introduced and analyzed with methods of semigroups.
The authors of [MehM19] extended pHDAE to systems with non-quadratic Hamiltonians. This
extension can also be considered in infinite-dimensions if the solution is smooth enough. Nonlinear,
unconstrained, infinite-dimensional pH systems without inputs are introduced in [Eggl9] with
variational methods. In [MosZ18] the authors extend the idea of unconstrained pH systems to



2.2. Port-Hamiltonian Differential-Algebraic Equations

infinite-dimensional systems where the internal energy as well as the system’s entropy are the
quantities considered, and such systems are studied with variational methods.
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For the analysis of constrained PDEs, we need several functional analytic concepts. Starting with
Section 3.1, we introduce basic definitions and notations of Banach spaces and their operators. This
includes fundamental definitions such as right-inverses of inf-sup stable operators, Gelfand triples,
as well as weak and weak* convergence. After a summary of some frequently used inequalities in
Section 3.2, we introduce a weaker differentiation concept for real-valued functions in Section 3.3.
These generalized derivatives are connected to the weak formulation of (constrained) PDEs. The weak
formulation is the abstract framework, in which we analyze constrained PDEs. In particular, this
leads to functions with images in Banach spaces. These so-called abstract functions are introduced
in Section 3.4. A measure and an integral for these functions are defined. Based on this we introduce
generalized derivatives for abstract functions.

3.1. Banach and Hilbert Spaces and Their Operators

In the whole section, X and ) are real Banach spaces and H is a real Hilbert space. In the following,
the given definitions and results are taken from [Alt16] if no other reference is given.

Operators and the Dual Space A map A: X — ) is called an operator. A linear operator is
bounded or continuous if a constant ¢ € R>¢ exists such that || Az|ly < c|jz|x for all z € X. The
set Z(X,)) of all bounded linear operators A: X — ) is a Banach space with respect to the norm

[Az|ly
[l 2(x,3) = sup :
(x.3) zeX\{0} l|z]| x

In the following, we also denote the operator norm of A by C4. We set Z(X) = Z(X,X). The
space X* = Z(X,R) is denoted as the dual space of X. The bilinear map (-, )x+ x: X* x X = R,
(f,z) — f(x) is called a duality pairing. In the following, we omit the subscripted specification if
the spaces are clear from the context. For a subset X7 C X', the annihilator of X is defined as the

subspace
X ={feX*|(fx)=0forallz € X} C X"

Lemma 3.1 (Continuous Linear Extension; see e.g. [Alt16, p. 160 f.]). Let X and Y be Banach
spaces. Suppose that Z C X is a dense subspace of X. Let A: Z — Y be linear and bounded, where Z
is equipped with || - ||x. Then there exist a unique extension A € Z(X,Y) of A with A|Z =A.

Projections and Embeddings An operator P € Z(X) is called a projection onto Xy C X if
P? =P and im P = X;. According to the closed complement theorem, see e.g. [Alt16, Th. 9.15], a
closed subspace X; of X has a closed complement X5 if and only if there exists a projection P € Z(X)
onto X; with kerP? = im(idy —P) = X,. For a Hilbert space H, a projection P € Z(H) is
called orthogonal if ker P = (imP)*. Here, S+ = {h € H|(h,s)y = Oforalls € S} C H is
the orthogonal complement of the set S C H. The property ker? = (imP)* is equivalent to
(Phl, hQ)’}-L = (hl,PhQ)H for all hy, ho € H.

We say X is continuously embedded in Y, if an injective mapping ¢ € Z(X,)) exists. We write
X — Y and denote Cxy—yy = C,. An element z € X is identified as an element in Y via txz. We

10
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omit the embedding ¢ in «z if it is clear from the context. The embedding is dense, denoted as

X — Y if im¢ is dense in ). If an isometric isomorphism from X to ) exists, we write X = ).

Lemma 3.2 ([BerL76, Lem. 2.3.1 & Th. 2.7.1]). Let the Banach spaces X and Y be contained in a
bigger linear Hausdorff space. Then

XNY and X+Y={a=z+ylzeX,yc)}
are complete with respect to the norms
lallxny =max([|lallx, [ally) and lallx+y =nf{|z]x + ylly[a=2+y,z € X,y eV},

respectively. If XNY is dense in X and Y, then we have (X NY)* = X*+YV* and (X+Y)* 2 X*NY*.

Reflexivity, Riesz Isomorphism, and Adjoint Operator We call X reflezive if the embedding
X — (X*)* given by z — (-, z)x~ x is surjective. In particular, we obtain X = (X*)*. By the
following Riesz Representation Theorem 3.3 the identification H =2 ‘H* holds. Especially, every Hilbert
space is reflexive and H* is a Hilbert space with inner product (f1, f2)u+ = (R;Llfl, R;[lfg)q.[.

Theorem 3.3 (Riesz Representation Theorem & Riesz Isomorphism; see e.g. [Alt16, Th. 6.1]). Let
H be a Hilbert space. Then the linear, bounded operator Rey: H — H*, h — (h, )3 is an isometric
isomorphism.

For every operator A € Z(X,)) there exists a unique adjoint operator A* € L (Y*, X*) such
that (f,Az)y+y = (A*f,z)x« x for all x € X, f € Y*. The map A — A* defines an isometric
embedding from Z(X,Y) to L(Y*, X*). If Y is reflexive the adjoint operator A* of A € L (X, Y*)
can be identified with an element of £ (), X*). An operator A € Z(X,X*) with reflexive X is
self-adjoint if A* = A and skew-adjoint if A* = —A. If H, and H, are Hilbert spaces, then every A €
Z(H1,Hs) has a unique Hilbert-adjoint AY € £ (Ha,H1) such that (Ahy, ha)y, = (A%hg, hi)s,
for all h; € H;, i = 1,2. The Hilbert adjoint is given by AH = ’R?—ﬁ A* Ry, -

Elliptic and Inf-Sup Stable Operators An operator A € £ (X, X*) is elliptic, if there exists
a constant py4 € Rsg with

(Az,x) e x > pa|z]|3-
We call A € Z(X,X*) elliptic on a subspace X; of X if its restriction A|X1: X — X C AY is
elliptic. If X is reflexive, then (-,-)x = 2((A+ A*),-) defines an inner product for every elliptic

operator A € Z(X,X*) and X is a Hilbert space with this inner product. The induced norm is
denoted by || - ||.4-

Theorem 3.4 (Lax-Milgram Theorem; see e.g. [Alt16, Th. 6.2]). Let H be a Hilbert space and
A€ L(H,H*) be elliptic. Then A has an inverse A~1 € L (H*, H) with operator norm C q-1 < p "

Lemma 3.5. Let Hy be a closed subspace of the Hilbert space H. Suppose that A € L (H,H*) is
elliptic on H1 and define

Ho = {h € H|Ah € H{}. (3.1)
Then Hs is a closed subspace of H and we have the direct sum H = Hy & Ho.
Proof. By the linearity and continuity of A it follows that Hs is a closed subspace of H. The
definition of H» and the ellipticity of A implies 0 = p,'(Ah, h) > ||h||ly for every h € Hi N Ha
and therefore H1 N Ho = {0}. It remains to show H C H; ® Ho. Let h € H be given. By the

Lax-Milgram Theorem 3.4 there exists a hy € Hy with Ah; = Ah in H}. We define hy = h — hy
and observe Ahy = Ah — Ahy € HY. Thus, hy € Ho and H C Hy & Ho. O

11
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A generalization of ellipticity is inf-sup stability. An operator B € £Z(X,Y*) fulfills such an
inf-sup or Ladyzhenskaya—Babuska—Brezzi (LBB) condition if a constant 8 € R exists such that

inf sup _(Br.y) > 8. (3.2)
yen\fo} zexr(o} 1zl xllylly

In this thesis we consider inf-sup stable operators from a Hilbert space into another. In the following
we give implications of this assumptions.

Lemma 3.6 ([Bra07, Lem. I11.4.2] & [Zim15, Rem. 3.5]). Let V and Q be real Hilbert spaces. Assume
that B € Z(V, Q%) is inf-sup stable. Suppose that VY is the annihilator of Ve = ker B and V. is a
closed subspace of V and a complement of Vier-

Then the restricted operators B: V. — Q* and B*: Q@ — V2 are isomorphisms with bounded
inverses. In particular, ||B*qlly- > B|lq|lo for all g € Q.

Definition 3.7 (Right Inverse of B and Left Inverse of B*). Let the assumptions of Lemma 3.6 be
satisfied. We call the inverse of B € .Z(V,, Q*) from Lemma 3.6 a right inverse of B and denote it
by By, € Z£(Q%,V.) C Z(Q%, V). If V. is defined as in equation (3.1) with respect to V. and an
operator A € Z(V,V*), which is elliptic on Vie,, we write B, := By, . If Ve = VL, we use B as
well. Further, the left inverse B, ;, of B* is the inverse of B* € .£(Q, VY ) as defined in Lemma 3.6.

The notation By, and B, as right and left inverse, respectively, is well-defined since by their
definitions we have BB,, =idg- and B, B* = idg. In this thesis we write B~ and skip the index if

the space V. or the operator A can be chosen arbitrarily. We now show how B, can be computed.

Theorem 3.8 (Stationary Saddle Point Problem; [Bra07, Th. 111.4.3]). Suppose that the assumptions
of Lemma 3.6 are satisfied and the operator A € L (V,V*) is elliptic on Vyer. Then for every f € V*
and g € Q* the system

Au — B A= f in V*, (3.3a)
Bu =g in Q (3.3b)

has a unique solution (u,\) € V x Q, which depends linearly and continuously on (f,g) with bounds

1 Cqy 1 Cqy
vt (14 A lgller, Mo < 5 (1+—)fv+ (1+—)

3 T lglle [Alle 3 il 52
Corollary 3.9 ([AltZ20, Lem. 3.1]). Let the assumptions of Theorem 3.8 be satisfied. Suppose
that V. is defined as

1
[ully < —|f]
1A

Ve={veV | AdveV),} (3.4)

and B, be the right inverse of B. Then, for every g € Q" the term B,g € V. is the part u of the
solution (u, \) of (3.3) with the right-hand side (0, g).

Remark 3.10. If in addition to the assumptions of Corollary 3.9 the operator A is elliptic on whole V,
then BA™1B* € £(Q, Q) is elliptic as well, since

Lem. 3.6
b2 ’“‘B lallg

(4.5)
(BA™'B q,q) = (B"q, A7'B%q) > £4B"

for every ¢ € Q. In particular, it follows by Corollary 3.9 that B, = A~1B*(BA~1B*)~!
Remark 3.11. By the estimates in Theorem 3.8 the operator norm of B is bounded by 4 3 (1+ CA )

In particular, the calculation of B g may be ill-conditioned if 3 is small and the bound is sharp.

12
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Note that, for V. = Vi, the estimate ||B]||#(g-v) = 87! holds if the inf-sup condition (3.2) is
satisfied with an equal sign [Bra07, Lem. II1.4.2.ii].

Separability and Gelfand Triple The space X is called separable if X contains a countable
dense subset. Every subspace of a separable space is separable. The space X is separable and
reflexive if and only if X* is so [Brel0, Cor. 3.27]. Let a separable and reflexive Banach space V be
densely embedded in a Hilbert space H, then H is separable and H* is densely embedded in V*,
[Ze190a, p. 417]. The embedding H* < V* is simply given by ( f,v )y« y = (f,v )5 for f € H*.

Definition 3.12 (Gelfand Triple; [Zei90a, Def. 23.11]). We say a separable, reflexive Banach space V
and a Hilbert space H form a Gelfand triple or evolution triple if

VR TESP VARV (3.5)

We use the shorthand V, H, V* for the Gelfand triple (3.5). The Hilbert space H is called pivot
space.

The Gelfand triple V, H, V* defines a continuous embedding of V in V* with v — (v, )y« p =
(v,-)%. Note that, if V is a Hilbert space this is a second embedding of V in V* besides the Riesz
isomorphism. Then both embeddings do not coincide in general [Brel0, p. 137]. We also have to
pay attention to the identification of H* with H, which can lead to inaccuracy, in particular in the
context of differential equations; see [Sim10] and [Tar06, p. 121]. Therefore, we distinguish between
these two spaces if it is necessary.

Given a Gelfand triple V, H, V*, the operator A € Z(V, V*) satisfies a Garding inequality if two
constants pua € Ryg and k4 € R exist such that

(Av,v)pey > pallolly — sallvl3, (3.6)

for all v € V. In particular, the operator A + k4idy € Z(V,V*) is elliptic and thus V a Hilbert
space.

Strong, Weak, and Weak* Convergence A sequence {z,}n,en C X converges (strongly) in X
if it converges to x € X with respect to the norm in X. We write z,, - = as n — oco. The
sequence {z,}ney C X is called weakly convergent in X if a weak limit x € X exists such that
limy, oo ( foZn Yoo = (f,x)x~ x for every f € X*. We write x,, — = as n — oco. We say
{fatnen C X* converges weakly* in X* to the weak* limit f € X* and write f, — f as n — oo if
limy, oo ( fr, ) axx = (f, 2 )a= x forall z € X.

The weak (weak*) limit is unique, every weakly (weakly*) convergent sequence is bounded, and
strong convergence implies weak (weak*) convergence. If X is separable, then every bounded sequence
in X* has a weak* convergence subsequence. If {x,, }neny C X is bounded and X is reflexive, then the
sequence has a weakly convergent subsequence [Brel0, Th. 3.18]. Let {z,}neny C X be weakly and
{fn}nen C X* strongly convergent (or respectively, strongly and weakly* convergent) with limits
z € X and f € X*, respectively. Then lim,, oo ( fn, Tn )« x = (f, 2 ) x. For every A € ZL(X,))
the weak convergence x,, — x in X’ implies Az, — Az in Y as n — oo [Zei90a, Prop. 21.28]. In
finite dimension strong, weak, and weak* convergence coincide.

3.2. Frequently Used Inequalities

In this section we summarize inequalities, which we frequently use to bound solutions of operator
equations as well as to estimate the errors of their approximations. We introduce therefore the
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3. Functional Analytic Tools

notation
[1,00] == [1,00) U{o0}.
Furthermore, ¢ € [1,00] is called the conjugated index of p € [1,00] or we say p, q are conjugated

indices, if % + % = 1, where we define

— =0.
%)

Lemma 3.13 (Young’s Inequality; see e.g. [EmmO04, Th. A.1.1 & A.1.4]). Let a,b >0 and p,q €
(1,00) be conjugated indices. Then the inequality

p q
ab < % + % (3.7)

holds. Furthermore, for p = q = 2 and every € > 0 we have the estimate

a?  eb?

Lemma 3.14 (Holder’s Inequality; see e.g. [EmmO04, Th. A.1.7]). Let u € LP(a,b) and v € L%(a,b)
with p,q € [1,00] be conjugated indices. Then we have uwv € L'(a,b) with the estimate |[uv| 11 (qp) <

[l @) V]| La(a,p)-

The next inequality estimates a function if its current value is bounded by the integral over the
previous values.

Lemma 3.15 (Gronwall’s Lemma,; see e.g. [Pac98, p.13 f.]). Suppose that u, f, g, h: [a,b] = R are
Lebesgue-measurable and nonnegative as well as that hu, hf, and hg are Lebesgue-integrable. Let
the inequality

ult) < £(2) + g(t) / h(s)u(s) ds

be satisfied for almost all t € [a,b]. Then the estimate

)< 70+ 00) [ s ([ ot an)as (39)

holds almost everywhere.

Remark 3.16 (Gronwall’s Lemma with Nondecreasing f). If in addition to Lemma 3.15 the function f
is continuous and nondecreasing, and g(t) = 1, then the inequality (3.9) implies, cf. [Emm04,
Lem. 7.3.1], the estimate

u(t) < (1) exp ( / t h(s) ds). (3.10)

In this thesis, we sometimes estimate two functions fi, fo: & — R>¢ with respect to each other
where scalar factors are not of interest. We therefore write f1(z) < fa2(x) as shorthand for the
inequality f1(z) < Cfa(x) with a constant C' € R~ independent of © € X.

3.3. Sobolev Spaces
The modern theory of partial differential equations is based on the concepts of generalized derivatives;

see e.g. [WI1o87]. In the introduction of these derivatives, we use notions as measurable and integrable
in the sense of Lebesgue from measure theory.
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3.3. Sobolev Spaces

In the whole section Q C R? is a domain, i.e., an open, simply connected, and bounded set. We say
that Q is a Lipschitz domain or has a Lipschitz boundary 02 [Alt16, Sec. A8.2], if for every £ € 9Q
there exists a neighborhood U(¢) C R?, such that 9Q N U(€) is a graph of a Lipschitz continuous
function with QN U(¢) lying on one side of this graph. The closure of € is denoted by Q.

Let C°(€2) be the set of infinitely often differentiable functions with compact support. We call
a sequence {¢ntnen C C°(Q) convergent in C°(Q) to ¢ € CX(£) if the support of every ¢,
n=1,2,...,is contained in a compact subset of Q2 and gp%k) converges uniformly to p*) for every
k € Ng. This definition allows us to introduce distributions.

Definition 3.17 (Distribution; [Roul3, p. 10]). A linear function ¥: C*(2) — R is called a
distribution if for every convergent sequence {¢p tneny C C°(Q2) in C°(€2) with limit ¢ it follows
lim,, o0 U(pn) = ¥(p).

Every local integrable function u € L{ () defines a distribution by W, (¢) = [, u(§)p(£) dE

[Alt16, Ex. 5.18(2)]. The mapping u +— W, is linear, one-to-one, and u is reconstructable from ¥,
[Alt16, Lem. 5.16]. A distribution W is called regular if u € LL _(Q) exists such that ¥ = ¥,,.

loc
The set of regular distributions is a proper subspace [AdaF03, Rem. 1.59]. However, for a regular

distribution we identify W, with u. Since the distributions are based on smooth functions we can

define derivatives of arbitrary order for a function u € L{, () in the distributional sense.

Definition 3.18 (Distributional and Generalized Derivative; [Roul3, p. 15]). Let Q be a domain
and u € LL _(Q) be given. We define its distributional derivative D®u with multi-index o € N¢ and

la] == ZZ=1 ay as the distribution
Duly) = (-1 [ w(©D"p(e)de.
Q

Here, D is short for ﬁ. If D%u is regular, we call D%u € L] () (after the reconstruction)

1 d
a generalized derivative of u of type D,
Remark 3.19. For d = 1 we write 85 g instead of D®)| k € N.
k times

The generalized derivative is unique in L () and if v € C™(Q) then every classical partial
derivative coincides with the associated generalized derivative [Zei90a, Prop. 21.3]. For e; as the ith
canonical unit vector in R%, i = 1,...,d, the d-tuple Vu := (D, ..., D%u) is called the gradient
of u and divu = Z?:l D¢u; the divergence of u = [uy,...,ug)". For functions with integrable
generalized derivatives we introduce the following spaces.

Definition 3.20 (Sobolev Space W*?(Q); [Roul3, p. 15]). Let Q be a domain. For k¥ € N and
p € [1,00] we define the Sobolev space

WEP(Q) = {u € LP(Q) | D*u € LP(Q) for all |a| < k}.
Furthermore, WoP(Q) := LP(Q), H*(Q) :== Wk2(Q), and WkP(Q;R™) := [WkP(Q)]™.

The Sobolev spaces W*P(Q) equipped with the norm

lallfynn iy = D 1Dl for p <o and  Jlullwree (o) = max [D%ullpe@  (311)
lee| <k B

are Banach spaces [Zei90a, p. 237 f.]. Especially, H*(Q2) is a Hilbert space with the inner product

(U,U)Hk(g) = Z (Dau, Da’U)Lz(Q). (3.12)
la|<k
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3. Functional Analytic Tools

Along with its completeness and the embedding WP () < Wk (Q) for ¥’ <k, p’ < p, the
Sobolev space W¥* () inherits further properties from the associated Lebesgue space.

Theorem 3.21 (Separability and Reflexivity; [Alt16, Ex. 4.18(6) & 8.11(3)]). The space W*P(Q)
is separable if p € [1,00) and reflexive if p € (1,00).

Theorem 3.22 ([AdaF03, Th. 3.17, 3.22, & p. 83 {.]). Let k € Ny and p € [1,00). Then the space
WHEP(Q) N C>(Q) is dense in WHP(Q). In particular, C>(Q) can be replaced by C*(Q). If @ C R?
is, in addition, a Lipschitz domain, then C*(Q) and C> () are dense subspaces of WP ().

The conclusions of Theorem 3.22 do not hold for p = oo [AdaF03, Ex. 3.18]. However, for p < oo
Theorem 3.22 implies an alternative definition of W*?(Q) as the closure of W*P(Q) N C*°(Q) with
respect to the norms in (3.11). The closure of C$° () is of special interest. In the following we use
the notation clos|.| as closure with respect to the norm | - ||.

Definition 3.23 (Sobolev Space Wé“’p(Q); [Roul3, p. 18]). Let Q be a domain, k € Ny, and
p € [1,00). We define WFP(Q) == clos|| |y ) C(Q) and HE(Q) == WE2(Q).

The Sobolev space WéC P(Q) is a proper closed subspace of W*?(Q) if k > 0 and €2 has positive
measure; see Lemma 3.25. The non-negative function

Ity = 3 17, (3.13)

defines an equivalent norm to (3.11) in W(;c P(Q) [GajGZ74, p. 31]. In particular, summing only over
all multi-indices with |a| = k in (3.12) defines an inner product in H(Q). The dual space of Wg"?(€2)
is denoted by W ~4(Q) with p, ¢ being conjugated indices [GajGZ74, Ch. II, Def. 1.20]. Analogously,
one defines H=*(Q) := [HF(Q)]*. The Sobolev spaces with negative k can be understood as spaces
of special distributions [GajGZ74, Ch. II, Lem. 1.37 f.].

For a finer investigation, it is useful to consider Sobolev spaces with non-integer k, so-called
fractional Sobolev spaces; see [KufJE77, Ch. 6 & 8] and [AdaF03, Ch. 7]. One approach is the
Sobolev-Slobodeckit spaces [KufJE77, Def. 6.8.2], which are defined for k € R<g\ N and p € [1,00) by

D%y D p
wWkP(Q) = { u e Wlkhr(Q) / / | d+p(kELL(IZ))‘ d§dn < oo
lee|=Lk]

Here, |k| € Ny denotes the integer part of k, i.e., k — 1 < |k] < k. The Sobolev-Slobodeckii spaces
are Banach spaces with the norm

|D%u( “u(n)[?
Hu||€vk,p(ﬂ) = HUH@VW,IJ(Q | § — / / d+p =1k d¢ dn; (3.14)
al=|k]

see [KufJE77, Th. 6.8.4]. Analogously to the Sobolev spaces with non-negative integers, the closure
of C2°() with respect to the norm (3.14) is denoted by WP (Q). We set W =%4(Q) := [Wé“’p(Q)]*
with p,q € (1,00) being conjugated indices. The Sobolev-Slobodeckil spaces with p = 2 are also
denoted by H*(Q) and HE(Q), respectively.

For boundary value problems in a domain  with a Lipschitz boundary 0f it is reasonable to ask
if, and in which sense, generalized differentiable functions can be restricted on the boundary 0f2.
Note that the boundary 92 has measure zero in RY and W*?(Q) is not embedded in C(Q) in
general [AdaF03, Ex. 4.43]. However, for every function u from the dense subset C1(Q2) C W1P(Q),
p € [1,00), see Theorem 3.22, its restriction to 9 is well-defined. With Lemma 3.1 this implies the
following.
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Theorem 3.24 (Trace Theorem; see e.g. [KufJF77, Th. 6.8.13 & Th. 6.9.2] & [Roul3, Th. 1.23]).
Let p € [1,00) and Q be a Lipschitz domain. Then there exists exactly one continuous linear operator
tr: WHP(Q) — W=/p2(9Q) with tru = u|aQ for allu € CY(Q). The mapping tr has a right-inverse
in L(W=p2(0Q), WhP(Q)) for p > 1.

The space W='/77(9€) in Theorem 3.24 should be understood as a Sobolev space on a manifold
defined by local charts; see [KufJF77, Def. 6.8.6]. The operator tr is called the trace operator. We
also write u| o instead of tru for u € WHP(Q) or omit tr if its clear that u is restricted to the
boundary 92.

Lemma 3.25 ([Alt16, Lem. A8.10]). Let 2 be a Lipschitz domain and p € [1,00). Then the kernel
of the trace operator with domain W' () is Wy* ().

For a relatively open subset I' of 9 with positive surface measure we define trr: u — (tr u) ‘F. In
this thesis we also consider the spaces

WAP(Q) = ker trp € WHP(Q).

Equipped with the norm (3.13), they are Banach spaces for p € [1,00). The space H}:(f2) = W;Z(Q)
is a Hilbert space with the inner product defined as for H}(Q); cf. [Roul3, Th. 1.32]. If Q
and T are Lipschitz domains, then trp € Z(W'P(Q), W!="/»P(T)) has a bounded right-inverse
trp € Z(Wi=eP(T), WhP(Q)) [Will9, Th. 4.2.4]. In particular,

H'A(T) = W'"4(T)

is a Hilbert space with the inner product (w1, w2) g2y = (trp w1, trp we)gi(q). Its induced norm
is equivalent to || - [ly2(ry; f. [BreF91, p. 90]. Thus, trr € ZL(HY(Q),H'/*(I")) is inf-sup stable.
However, since C*(T') < H'/2(T') is dense in L?(T) [KufJF77, Rem. 6.8.3], L?(T') is densely embedded
in H='/2(T") == [H'/*(T")]* [Zei90a, Prop. 21.35(e)]. Especially, H~'/*(T") is separable and reflexive
and so H'/*(T) is as well. Note that, we set H~'"/*(T") as the dual space of both H'/*(T") and th (T).
This, however, is well-defined since the spaces coincide [LioM72, Ch. 1, Th. 11.1].

In general, a function in H'/*(T") cannot be extended by zero outside of T' C 99 to a function in
H'/2(00) [BreF91, Rem. I11.1.2]. The set of functions, where the extension is in H'/?(99), is denoted

as Hgéz(l"). This space is not closed in H1/2(1") [LioM72, Ch.1, Rem. 11.4 & Th. 11.7]. However, the
existence of a right-inverse tr~ of the trace operator tr implies

Hoy (D) = {trru|u e Hygn()} ¢ H”(I).
We define the inner product

(wl, wQ)H(l){JZ(F) = (tri wy, tr wQ)HéQ\F(Q)7 (315)

where we extend wj;, ¢ = 1,2, by zero outside of I' C 92. Thus, HS(/)Z (T") is a Hilbert space. Its dual
. —1/3
space is denoted by H,, " (I').

3.4. Spaces of Abstract Functions

The analysis of (constrained) PDEs leads to time-dependent equations of abstract functions, i.e.,
functions of the form
u: [a,b] = X (3.16)
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with a real Banach space & and —c0 < a < b < oo. The space of all m-times continuously
differentiable abstract functions is denoted by C™(]a, b], X). Equipped with the norm

m
lullem (a,b,2) = ) e [ul®) (£)]|
k=0 ’

it is a Banach space, [Zci90a, Prop. 23.2(a)]. Here, u(®) denotes the kth derivative of u. We also
write C([a, b], X) == C°([a,b], X) for the space of continuous abstract functions. The set of infinitely
often differentiable functions with compact support is denoted by C°(0,T; X).

As for Sobolev spaces, one can investigate generalized derivatives for abstract functions. Before
doing so we introduce the Bochner-integral.

3.4.1. Bochner Spaces

The measurability and integrability of abstract functions are strongly connected to the Lebesgue-
measure and integral. As for the Lebesgue-integral, we call an abstract function u: [a,b] — X a
simple function if finitely many xp € X and pairwise disjoint Lebesgue-measurable sets Ej C [a, b],
k=1,...,m, exist such that u(t) = >}, zxxg, (t). The map g, is the characteristic function
of Ej. The Bochner-integral of a simple function is defined by

b b m m
/ u(t)dt = / ZkaEk (t)dt == szu(Ek) ex

k=1 k=1
with the Lebesgue-measure p(Fy) of Ej.

Definition 3.26 (Bochner-Measurable; [KufJF77, p. 107]). An abstract function u: [a,b] — X is
called Bochner-measurable if a sequence {uy, }nen of simple functions exists such that u, (t) — u(t)
in X as n — oo at almost every time-point ¢ € [a, b].

For separable X it is enough for the definition of Bochner-measurable functions that the convergence
in Definition 3.26 is weak [Yos80, p. 131]. If a sequence {u, }nen of Bochner-measurable functions
converges weakly at almost every time-point to v in X with X separable, then v is Bochner-measurable
[EmmO04, Cor. 7.1.5]. Furthermore, ¢ — |lu(t)|| is Lebesgue-measurable if « is Bochner-measurable
[EmmO04, Lem. 7.1.10]. This allows the following definition of Bochner-integrable functions and the
Bochner-integral.

Definition 3.27 (Bochner-Integrable and Integral; [KufJE77, Def. 2.19.6]). Let u: [a,b] — X
be Bochner-measurable and the sequence {u, }nen of simple functions converges at almost every
time-point ¢ € [a,b] to u in X. We call u Bochner-integrable if for every e > 0 a N(e) € N exists,
such that f; [tn () — wm, (t)||x dt < € for all n,m > N(g). The Bochner-integral of u then is defined
by

b b
/ u(t)dt :== lim un(t)dt € X.
a n—oo a

The convergence and the independence of the Bochner-integral on the chosen sequence is shown
in [KufJF77, Rem. 2.19.7]. Examples of Bochner-integrable functions are obviously simple functions
but also continuous abstract functions [GajGZ74, Ch. IV, Th. 1.9]. Furthermore, the Bochner-integral
is linear by its definition. We summarize properties of Bochner-integrable functions, which we use
frequently.

Theorem 3.28 (Bochner’s Theorem; see e.g. [KufJF77, Th. 2.19.8]). Let u: [a,b] — X be Bochner-
measurable. Then u is Bochner-integrable if and only if [a,b] — ||u(-)||x is Lebesgue-integrable.
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Lemma 3.29 ([KufJF77, Cor. 2.19.9]). Let u: [a,b] — X be Bochner-integrable. Then the estimate
| u(t) At < [ [lu(t)]| dt holds.

Lemma 3.30 ([KufJE77, Cor. 2.19.11]). Let X,Y be Banach spaces and A € L(X,Y). Suppose
that u: [a,b] — X is Bochner-integrable. Then Au: [a,b] — V,t — (Au)(t) = Au(t) is Bochner-
integrable and for all a <t < t9 < b we have

tz t2
A u(t)dt = Au(t) dt.
t1 t1
With Theorem 3.28 we can define Bochner-spaces for equivalence classes of Bochner-integrable
functions where the equivalence relation is given by u1 ~ ug if ||ug — ua||x = 0 in L(a,b).

Definition 3.31 (Bochner Space LP(a,b; X); [EmmO04, Def. 7.1.22]). For p € [1,00] the Bochner
space LP(a,b; X) contains the equivalence classes of Bochner-integrable functions with

el aiy = || 1O [ oy < 00 (3.17)

Furthermore, we write u € L (a,b; X) if u € L(a’,V'; X) for every a < a’ < b < b.

loc

In this thesis we do not distinguish between u and its equivalence class. In following we summarize
some results about Bochner-spaces.

Theorem 3.32 ([Zei90a, Prop. 23.2] & [Emm04, Th. 7.1.23]). Let X, Y be Banach spaces, p € [1, 0],
and m € Ny. Suppose that LP(a,b; X) is equipped with the norm (3.17). Then the following holds.
i) LP(a,b; X) is a Banach space.
it) If p # oo, then C™([a, b], X) 4 L?(a,b; X) and C*([a,b], X) is dense in LP(a,b; X).
iii) C([a,b], X) is continuously embedded in L™ (a,b; X).
iv) Let u € LP(a,b; X) and f € Li(a,b; X*) with ¢ € [1,0] as the conjugated index of p, then
t e (f(t),u(t) )~ » € L'(a,b) and the Holder’s inequality

b
/ (O u(t) hve 2 dE < (|| ooy

uHLT)(a,b;X)

holds.
v) If X is reflexive or X* is separable, then LP(a,b; X) is reflexive for p € (1,00) and LP(a,b; X'*)
is isometric isomorphic to (L(a,b; X))* with p € (1,00], ¢ € [1,00) conjugated indices.
vi) LP(a,b; X) is separable, if X is separable and p # co.
vii) If X is a Hilbert spaces, then L?(a,b; X) is a Hilbert space with inner product

b

(1,0) L2 e = / (ult), v(t)) x dt.

viti) If X — Y, then LP(a,b; X) < L(a,b;Y) for 1 < q¢<p < 0.
Remark 3.33. If X < Y is dense, then the embedding in viii) is dense; cf. [Zei90a, p. 442].

An additional property of Bochner spaces, which we need in the Parts B and C, is given in the
following lemma.

Lemma 3.34 (Convergence of Piecewise Mean; cf. [Tem77, Ch. ITI, Lem. 4.9]). Let u € L?(0,T; X)
with p € [1,00). Define 7 :=T/N with N € N, t,, = mn withn=0,...,N, and u,: [0,T] = X with

1 tn
uf|(tn717tn] = ;/t - u(t) dt.
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Then u, € LP(0,T;X) and u, converges strongly to w in LP(0,T;X) as N tends to infinity.

3.4.2. Sobolev-Bochner Spaces

The generalized derivative for abstract functions is analogously defined to the real-valued case in
Section 3.3. Therefore, we consider for the open interval (a,b) the function space C°(a,b) =
C>*((a,b)). We define distributions with values in X [GajGZT74, Sec. IV, Def. 1.9 & Rem. 1.12] as the
subset of linear functions ¥: C°(a,b) — X, where {U(¢,,)}nen has the weak limit ¥(p) in X for
every convergence sequence {@n, }nen in C°(a,b) with limit ¢. A distribution ¥ with values in X is
called regular if u € L], (a,b; X) exist such that ¥, (¢) == f; u(t)p(t)dt = ¥(p) for all p € C(a,b).

The mapping u — ¥, is one-to-one and u is reconstructable from ¥, [GajGZ74, Sec. IV Lem. 1.7].

Definition 3.35 (Derivative of Vector-Valued Functions; [Roul3, p.201]). For a given abstract
function u € L] (a,b; X) we define its kth distributional derivative %, k € Ny, as the distribution

ku b
O = D [Cuear

a

with values in X. If % is regular we call (?T’;u € L .(a,b; X) (after the reconstruction) the kth
generalized derivative of u. We also write @ := %u, i = ;—;u, and u®) = ?:T}j.

The kth generalized derivative is unique and coincides with the kth classical derivative of w, if it
exists [Zei90a, Ex. 23.16 & Prop. 23.18]. The following theorem gives alternative definitions of a
generalized derivative in L'(a, b; X). For functions in L{ (a, b; X) the statement should be read as
for all /, b’ with a < a’ < b <b.

Theorem 3.36 ([Emm04, Th. 8.1.5]). Let u,v € L'(a,b; X). Then the following are equivalent.
i) The function v is the generalized derivative of u, i.e., U = v.
it) There exists ug € X such that u(t) = ug + fatv(s) ds for almost all t € [a,b].
iii) For every f € X*, t — ( f,u(t)) has the generalized derivative %(f,u) =(f,v).

As in Section 3.3 we consider spaces of functions with generalized derivatives in L (a, b; X).

Definition 3.37 (Sobolev-Bochner Space W*?(a,b; X)). For a Banach space X we define the
Sobolev-Bochner space WP (a,b; X), k € Ny, p € [1, 0], as

W*P(a,b; X) == {u € LP(a,b; X)|u'¥ € LP(a,b;X), £ =1,...,k}.
Furthermore, H*(a, b; X') denotes W*2(a, b; X).
We equip the Sobolev-Bochner space W*P(a,b; X') with the norm

k

[y = S I8P oy For <00 and [ulhwmosqapy = max 16 1 oty
=0
(3.18)
By Theorem 3.32 the space W*?(a,b; X) is a Banach space. In particular, H*(a, b; X) is a Hilbert
space, if X is one. The inner product is given by

k b
(o) = Y [ (@O0, 00 0)e .
=07
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Theorem 3.38 ([Roul3, Lem. 7.1]). Suppose that X is a Banach space and p € [1,00]. Then
WP (a,b; X) < C([a,b], X) holds with

Cowtn (a,p0) s C([ab),x0) < 24 /Pmax ((b—a) =P, 2(b — a)' /7).

Remark 3.39. If b — a > 1/2, then the embedding constant in Theorem 3.38 is bounded by 2,
independent of p.

By [W1o87, Th. 25.3] an embedding X < ) implies that distributions with values in X can be
included in the distributions with values in ). Therefore, an abstract function with values in X may

have a generalized derivative in L{,_ (a,b;)). We define the Sobolev Bochner space

WhP(a,b;X,Y) = {u € LP(a,b; X) |14 € LP(a,b; )}
with p € [1,00]. By [Roul3, p. 201], this space is complete with respect to the norm

. L/p .
(el o ey + 10l samiy) 0 D € [L,00),

u ’ ( ) ;ny) . .
H ||” ?(a,b
max (HUHL‘X’(a,b,X)a HUHLOO(a,b,y)), lfp 0.

Of special interest in this thesis is the space W12 (a, b; V, V*), where the embedding V — V* is given
by a Gelfand triple V, H, V*. The space W2 (a, b;V, V*) then is a Hilbert space if V' is one [Emm04,
p. 211]. Further, W12(a,b;V,V*) can be continuously embedded into the space of continuous
functions with images in H and for every u,v € W12(a, b; V, V*) the equality

(ult), v(t2))3 — (ults), v(t2))s = / “a(s), 0(8) Yye y + (0(5), u(s) Jye v ds (3.19)

holds for almost every a < t; <ty < b, [Zei90a, Prop. 23.23]. Since W12(a, b; V,V*) — L%(a,b; V) N
C([a, b], H), we can weaken the assumptions on the derivative of u by @ € [L?(a, b; V)NC([a, b], H)]* C
L?(a,b; V*) + L'(a, b; H*), see Lemma 3.2, such that the duality pairs in (3.19) are still well-defined.
So, we consider the bigger space

Wi(a,b;V,V*) = {u € L*(a,b; V) |4 € L*(a,b; V*) + L' (a,b; H*)}. (3.20)

Theorem 3.40 (Continuous Embedding of W (a, b; V, V*); [Daul.92, p. 521] & [Tar06, p.114 {.]). Let
the Banach space V be reflexive, and the Hilbert space H be separable. Assume that the Gelfand-triple
V,H,V* is given. Then Wi(a,b;V,V*) equipped with the norm

lwllwy (a0, v+) = llullz2(apv) + 1)l L2 (@650 ) £ L1 (k275

is a Banach space. This space is continuously embedded in C([a,b], H). For everyu,v € Wy(a,b; V,V*)
and almost every a < t1 < to < b we have

(ulta), v(t2))3 — (u(ts), v(t2)) = / “as),v(s)) + (b(s), u(s)) ds. (3.21)

In particular, 3 |u(t)||3, = 2(u(t),u(t)) for every u € Wi(a,b;V,V*).

Remark 3.41. For u,v € Wy(a,b;V,V*) < L?(a,b;V) N C([a,b], H) the duality pairings in The-
orem 3.40 read as (4,v) = (11,0 )y« + (lo,v )3 With @ = @3 + 12, @1 € L?(a,b; V*) and
Ug € Ll(a,b;’H*).
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4. Dynamic Abstract Equations

In this chapter we consider dynamic equations with abstract functions as solution. This includes
(constrained) PDEs in their strong and weak form.

Before we study dynamic equations in Banach spaces we investigate the properties of the abstract
function ¢ — a(t, u(t)) as the image of a function u: [0,7] — X under a map a: [0,T] x X — Y with
X and Y be Banach spaces. This is done in Section 4.1. In particular, we analyze measurability,
integrability, and differentiability. Afterwards in Section 4.2 we consider integral equations as first
example of dynamic abstract equations. Besides being of interest on their own, integral equations
appear as reformulations of operator differential equations with bounded operators. Operator
differential equations with bounded and unbounded operators are subject of Section 4.3. We finish
this chapter with a short introduction to operator differential-algebraic equations in Section 4.4.

4.1. Nemytskii Mappings
For the analysis of dynamic equations in Banach spaces we consider the map
a: [0, T] x X = Y. (4.1)

With the dynamic equations in mind, the map a can be a right-hand side, e.g., f in the operator
differential-algebraic equation (1.1), or is defined via a(t, z) = A(t)z with a one-parameter family
of linear operators A(t): X — Y. The Nemytskii mapping N, [Roul3, p. 19] is the extension of
function a to abstract functions with range in X, i.e.,

Na: ([0,T] = X) = ([0,T] = V); - u(-) = al-,ul-)).

In the following we collect conditions on a, such that its corresponding Nemystkil map N, maps
Bochner-measurable (Bochner-integrable) to Bochner-measurable (Bochner-integrable) functions.

Definition 4.1 (Carathéodory Conditions; [GolKT92, p. 128]). A map a: [0,T] x X — Y is said to
satisfy the Carathéodory conditions or is a Carathéodory mapping, if

i.)  — a(t,z) is a continuous function for almost all ¢ € [0, T,

ii.) ¢t — a(t, z) is a Bochner-measurable function for all x € X.

Lemma 4.2 ([GolKT92, Rem. 1, Th. 1(ii)&(iv), 4, & 5]). Let the map a: [0,T] x X — Y be
given. Then N, maps Bochner-measurable functions u: [0,T] — X to Bochner-measurable functions
Now: [0, T] = Y, if a satisfies the Carathéodory conditions.

If in addition, for every ¢ > 0 a function kq(-;c) € L9(0,T), q € [1,00], ke > 0, exists such that

la(t, z)lly < ka(t;c) (4.2)

is satisfied for all v € X with ||z||x < ¢ at almost every time-point t € [0,T], then N, maps
continuously L>°(0,T;X) to LI(0,T;Y).

The condition (4.2) is necessary if X is separable, [GolKT92, Th. 3]. For sufficient and necessary
conditions that N, maps LP(0,T; X) into L(0,T; Y) with arbitrary p, q € [1, oo] we refer to [GolKT92,
Ch. 2]. In the remainder of this thesis, we do not distinguish between the map a and its corresponding
Nemytskii mapping N,.
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4.1. Nemytskii Mappings

Let us now consider the special case a(t,z) = A(t)r with a one-parameter family of bounded
linear operators A(t) € .Z(X,Y). Since A(t): X — ) is linear and continuous for every ¢, the
first Carathéodory condition is satisfied for a(t,z). For the second condition we introduce different
notions of measurability for operator-valued functions.

Definition 4.3 (Measurable Operator-Valued Functions; [HilP57, p. 74]). An operator-valued
function A: [0,T] — Z(X,)) is said to be

o uniformly measurable, if t — A(t) is Bochner-measurable in .Z(X,)).

o strongly measurable, if t — A(t)z is Bochner-measurable in ) for every x € X.

o weakly measurable, if t — ( f, A(t)z )y~ y is Lebesgue-measurable for every x € X, f € V*.

Example 4.4.
i) The operator-valued function ¢: [0,7] — Z(C([0,T],R),R), t — &, with 6,[f] == f(¢) is
strongly measurable, but is not uniformly measurable [BlaN10, p. 66, Ex. 2].
ii) A weakly but not strongly measurable function is given by [0,7] — Z(R,L*>(0,T)) =
L>(0,T), t = Xjo,g(+) With x[o,4 as the characteristic function of [0,t]; see [Edg77, p. 672].

By Definition 4.1 the map a(t,x) = A(t)x is a Carathéodory mapping if and only if A: [0,T] —
Z(X,Y) is strongly measurable. In the following theorem we give a connection between the different
definitions of measurability in Definition 4.3.

Theorem 4.5 ([HilP57, Th. 3.5.5]). Let A: [0,T] — Z(X,Y). Then A is strongly measurable if
and only if A is weakly measurable and t — A(t)x is almost separably-valued in Y for every x € X,
i.e., there exists a null set Ey C [0,T] such that the image of A(-)x restricted to [0, T\ Ey is separable
in' Y. Furthermore, A is uniformly measurable if and only if A is weakly measurable and almost
separably-valued in L (X,Y).

Remark 4.6.

i) Since Z(R,Y) = Y and Z(X,R) = X*, the space .£(X,)) is separable, if X or ) is finite-
dimensional and ) or X'* is separable, respectively. In particular, the different concepts of
measurability in Definition 4.3 then coincide by Theorem 4.5.

ii) For infinite-dimensional X', ) the space £ (X, )) is not separable, even if X and ) are separable
Hilbert spaces. To verify this, let x;,y; be orthonormal bases of X, ), respectively, and
0 = {{an}tneny CR| sup,cy|an| < 0o} be the set of bounded sequences in R. We consider
the linear, bounded, injective map G: (> — Z(X,Y); (a1, az,...) — >0y ai(xi, ) xyi- One
can show that the image of G is closed in Z(X,Y) and that G has a bounded left inverse.
Since £ is not separable [Alt16, Ex. 4.18(2)], the image of G is a non-separable subspace of
Z(X,Y). By [Alt16, Lem. 4.17(2)] this proves that .Z(X,)) is not separable.

The weak formulation of a (constrained) PDE is sometimes written with a time-dependent bounded
bilinear form ap;: [0,7] x X X Y — R; see e.g. [EmmO04, Sec. 8.2]. By [Zei90a, Prop. 21.31(a)] there
is a pointwise bijective connection between the bilinear form ay; and A: [0,T] — Z(X, Y*) with
api(t,z,y) = (A(t)z,y )y~ y for all t,z,y. If Y* is separable, then it is enough to consider A by
Theorem 4.5. The results of this section can then be translated to the bilinear form ay;.

Let us consider a pointwise linear A that satisfies the uniform boundedness condition (4.2). We
define k, :== ko(-;1). Then the estimate

(4.2)
[zlx < ka(t)]zllx (4.3)
Yy

4wl =40

x
[E41P%
holds for all x € X\ {0}. For separable X an implication is given in the following lemma.

Lemma 4.7 ([BlaN10, Cor. 2.3 & Prop. 3.7]). Suppose X is separable. Let A: [0,T] — L(X,Y) be
strongly measurable and satisfy the boundedness condition (4.3) for k, € LP(0,T), p € [1,00]. Then
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4. Dynamic Abstract Equations

t = [[A(t)|| 2x,y) is an element of LP(0,T) with ||A(-)||.2x,y) < ka at almost every time-point
te€0,T].

As next step we consider the set of operator-valued functions, which satisfy (4.3). Since it is
enough for the analysis in this thesis, we assume that X is separable. We follow the notation
of [BlaN10].

Definition 4.8 (Space LP[0,T;.%(X,))]). Let X,¥ be Banach spaces and X be separable. The
abstract function A: [0,T] — Z(X,)) belongs to the space LP[0,T; £ (X, V)], p € [1,00], if A is
strongly measurable, t — [|A(t)|| ¢ (x,y) is measurable, and

HA||LP[0,T;$(X,31)] = H ”-’4(')”2’(2(,37) HLp(o,T) < 00. (4.4)

The space LP[0,T;.£(X,))] is a Banach space with the norm defined in (4.4) [BlaN10, p. 74
& Prop. 3.7]. By the definition of the spaces, it follows L [0,T;.2(X, V)] < LP[a,b; L (X, )]
for 1 <p<p <ocand 0 < a < b < T. Furthermore, one should not confuse the space
L?P[0,T; Z(X,Y)] with the Bochner space LP(0,T; .2 (X,))). For example, for § from Example 4.4.i)
we have [|0(t)[| (c(p0,7),r),r) = 1. Especially, § is an element of L>°[0,T; £ (C([0,T],R), R)] but not
of L*>(0,T;.£(C([0,T],R),R)), since ¢ is not uniformly measurable. In general, LP(0,T; Z(X,)))
is a proper subspace of L?[0,T; Z(X,))]; see [BlaN10, p. 75]. Under the conditions of Remark 4.6.1)
both spaces coincide.

Next we summarize some properties of functions in L?[0,T; . Z(X,))].

Lemma 4.9 ([BlaN10, Th. 3.6] & [GolKT92, Th. 1(ii) & (iv)]). Let A € LP[0,T; Z(X,))],
p € [1,00]. Then the corresponding Nemytskii mapping is an element of £ (L4(0,T;X),L"(0,T;Y))
11

with q,r € [1, 00] and%—a =3

Lemma 4.10. Let Xy, X5, X3 be Banach spaces. Assume A; € LPi[0,T; L (X;, Xiy1)] with p; €
[1,00], i = 1,2. Suppose % = p% + p% with q € [1,00]. Then the pointwise composition (A2.A1)(t) =
Ag(t)A1(t) is an element of LI[0,T;. L (X1, Xs3)].

Proof. Since A; and A, are pointwise linear, so is AsA;. Let x € Xy be arbitrary and consider
the constant function wuy: [0,7] — X3t — x. Then u, € L*(0,T;X;) and by Lemma 4.9 we
obtain Aju, € LP1(0,T;Xy) and AsAju, € L9(0,T; Xs). In particular, ¢ — Aa(t)A1(t)uy(t) =
As(t) A1 (t)x is Bochner-measurable in X3 and hence AsA; is strongly measurable. Furthermore,

kasa, = [A20) ||z, 20) A1 ()]l 2(x,,x5) i an element of L(0,T) as product of a LP* and a
LP2-function [Brel0O, Ch. 4, Rem. 2] and satisfies (4.3) for A2.4;. The assertion then follows by
Lemma 4.7. O

For the later analysis we need a concept of derivatives for strongly measurable operator-valued
functions.

Definition 4.11 (Derivative of Operator-Valued Functions). Let X,) be Banach spaces and
A: [0, T] - Z£(X,Y) be strongly measurable. Assume that ¢ — A(t)z has a kth generalized
derivative, k € Ny, for every z € X. Then we define the kth derivative A®): [0,T] = Z(X,Y) of A

by A®) (t)z == L (A(t)z).

dtk
Lemma 4.12. The kth derivative A®) of A defined as in Definition .11 is unique. If A has a kth
generalized derivative %A in the sense of Definition 3.35, then A®) = %A.
Proof. This immediately follows by considering ¢ — A(t)x for fixed but arbitrary x € X. O

Justified by Lemma 4.12 we also use the notation %A = AR A0 = A A= AD and
A= A®). Analogously to the Sobolev-Bochner spaces we introduce a space of strongly measurable
operator-valued functions with derivatives.
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4.1. Nemytskii Mappings

Definition 4.13 (Space WkP[0,T; #(X,Y)]). Let X,) be Banach spaces. We say that A: [0,T] —
ZL(X,Y) is an element of W*?[0,T; Z(X, V)], k € Ny and p € [1,00], if A®D € LP[0,T;.L(X,))]
for all i = 0,..., k. Further, we define H*[0,T; £(X,))] = W*2[0,T; Z(X,))].

By the Definition 4.11 of the derivative, the operator-valued function A inherits properties of the
generalized differentiable function A(-)z.

Lemma 4.14. Let A € WFP[0,T; £(X, V)], k € N, p € [1,00]. Then A has a (k — 1) times
continuously differentiable representative.

Proof. For k = 1, the assertion holds, since HA(')Hg(X,y) € LP(0,T) and thus the term

sup
2eX\{0} ]|

sup
ex\(oy l1zllx

Az — A(s)zlly _ 1

t (4.3) pmax(s,t)
[ amaan] < Ay
s y 1

nin(s,t)

vanishes as s — ¢ for almost all s,¢ € [0, T] by [KufJE77, Cor. 2.19.10]. Here, we used Theorem 3.36.1i).
The cases k > 1 follow by induction. O

Lemma 4.15. Let Xy, Xo, X3 be Banach spaces. Suppose A; € WFP[0,T; L (X, Xit1)], i = 1,2,
and w € WFP(0,T; X1), k € N. Then Aju € WFP(0,T; Xs) and Az Ay € WEP[0, T; £(X1, X3)] with

dk k k d[ dkfl dk k k dl dkfl

— = — A —— d — = — A——A;.

g ) ;) <£> a g and Az ; (é) ar e g
Proof. The assertion on A;u follows the lines of [W1o87, Th. 27.1] where the case p = oo is shown.
The assertion on A3.A; is a consequence of the first part of this lemma, Lemma 4.10, and 4.14. O

We finish this section by investigating pointwise elliptic operator-valued functions.

Definition 4.16 (Uniformly Elliptic and Uniform Garding Inequality). Let V be a Hilbert space
and A: [0,T] — Z(V,V*) be weakly measurable. We call A uniformly elliptic on V, if for all v € V
the inequality (A(t)v,v) > pallv||3 holds at almost every time-point ¢ € [0,7] with a constant
ta > 0. Given a Gelfand triple V, H, V*, we say that A satisfies uniformly a Garding inequality
on V, if a constant k4 € R exist, such that A + k4 idy is uniformly elliptic.

Lemma 4.17. Let A € W'P[0,T;.2(V,V*)] be uniformly elliptic. Then A has a uniformly elliptic
pointwise inverse A=t € WIP[0,T;.Z(V*, V)] with derivative &A1 = — AT AAL.

Proof. Since A has a continuous representative by Lemma 4.14, we define pointwise A~1(t) =
(A(t))~!. The inverse then satisfies the pointwise estimate || A~ (t)[| ¢+ 1) < /%4; cf. [Alt16, p. 166].
Furthermore, for every s,t € [0,7] we have

JATH(E) = A (s) . zoe ) =IAT () A(s) AT (E) — A7 () AR AT ()| 2ve 1)
<[AT )z ) A(s) = A Lz AT () 2 v)-

This shows the continuity of A~! and in particular A=1 € L*[0,T; £ (X,))]. For its derivative

we note that 0 = $2 = & (AA712) = A4 2 + AL (A7) for all 2 € X. Therefore, LA™ =
—ATAAY € LP0,T; £(X, )] holds by Lemma 4.10. To show that A~! is uniformly elliptic we

observe 0 < pa < ||A(t)|| 2w, vy < I Alle(o,1),2(v,v+))- Therefore, the estimate

(LA D) = (ADATT LA ) = pal AT @) FI > e . IA@)A @) f13-
1AE o 1. 20.v7))

(4.5)

is well-defined for every f € V* and at almost every time-point ¢ € [0, T7]. O
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4. Dynamic Abstract Equations

4.2. Volterra Integral Equations of Second Kind

As the first example of a dynamic equation in a Banach space we investigate the Volterra integral
equation (of second kind)

u(t) = £(2) + Ar(2) / As(s)u(s) ds (4.6)

on a bounded time interval [0,7]. We call a Bochner-measurable function u: [0,T] — X a solution
of (4.6), if t — Az(t)u(t) is Bochner-integrable on [0,7] and (4.6) is satisfied at almost every
time-point ¢ € [0,7]. In the monographs [GriL.S90; Lin85] integral equations in finite dimensional
spaces X, are analyzed. For studies in infinite dimension we refer to [GajGZ74, Ch. V § 1] and
[Zei90b, Ch. 28]. However, these references do not include integral equations of the form (4.6). In
Subsection 4.3.1 we use them to investigate operator differential equations and in Chapter 7 to make
statements about the Lagrange multiplier of operator differential-algebraic equations.

Let p € [1,00] and X, ) be separable Banach spaces. We assume f € LP(0,T;X). The linear,
time-dependent operators .4; and Ay are elements of LP[0,T;. £ (),X)] and L4[0,T; Z(X,))],
respectively, with p and ¢ being conjugated indices. For the analysis we write (4.6) in the compact
form

D, ([a,0] = X) = ([a,b] = X), urr [+ Ajgpu (4.7)
with 0 < a < b < T and the integral part

(A i) (1) = Ar (1) / As(s)u(s) ds (48)

for almost every ¢ € [a,b]. With the definition of ®(, ;) the stated integral equation (4.6) becomes
the fixed point problem u = ®y rju. To investigate the fixed point problem, we summarize some
properties of @, ;) and Ay, in the following lemma.

Lemma 4.18. Assume that f € LP(0,T;X), Ay € LP[0,T; Z(Y,X)], and Ay € L10,T; Z(X,))]
are given with conjugated indices p and q. Let 0 < a <b <T and ®(, ) as well as A,y be defined
as in (4.7) and (4.8), respectively. Then ®,y maps LP(a,b; X') Lipschitz continuously into itself
and A,y is an element of £ (LP(a,b; X)) with

”A[aﬁb]“z(Lp(a,b;X)) < ||-A1||LP[a,b;$(y,X)]||A2HL4[a,b;g(X,y)]. (4.9)

Proof. We only have to prove Ay, € Z(LP(a,b; X')). The stated properties of @[, then follow
immediately with f € LP(0,7;X). The linearity of A,y follows by the linearity of A;, Az, and of
the integral. For p < oo and u € LP(a, b; X), we get the estimate

P

b t
[l < [ (a0Olzo [ el huolleas) at

S IAUNE s 020,201 142 o, o 10 (0,0,
where we used Holder’s inequality in the last line. Analogously, one proves (4.9) for p = oco. O
With Lemma 4.18 we can prove the solvability of the integral equation (4.6).

Theorem 4.19. Let the assumption of Lemma 4.18 be satisfied. Then the Volterra integral equa-
tion (4.6) has a unique solution x € LP(0,T; X)), which depends linearly and continuously on f.

Proof. With the bound (4.9) of Ay, 3}, we find a partition of [0,T], 0 =ty <t; < ... <ty =T
with ||A[ti—17ti] < % Therefore, ®;,_, 4,1 is a contraction in LP(t;_1,t; X), i.e.,

g(Lp(tifl,ti;X))
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4.3. Operator Differential Equations

a Lipschitz continuous function from LP(¢;_1,t;; X) into itself with a Lipschitz constant smaller
than one. By the Banach fixed-point theorem [Zei86, Th. 1.A], the map ®g,] has a unique fixed-
point uy € LP(0,t1; X). In particular, u; = lim,, @%7tl]f|[07t11 => o Aﬁ)vtl]ﬂ[&tﬂ' Therefore,
we have -
E
lurllzn i) < D (01 oo sy 1 1Er0ut1:2) < 20 F 0,013
k=0
Tteratively one shows the existence of a unique solution u; on [t;_1,t;] by replacing f in the definition
i—1 tr . .

of @, 41 by f|[ti717ti] + 22:1 A1 () t:_l Ao (s)ug(s)ds € LP(t;—1,t;; X). A solution of (4.6) then
is given by u € LP(0,T; X) with u[f, , +,) = u;. The solution v is unique, since all uy,...,uy are.

The linearity of f + u follows immediately from the linearity of Ajg 7. Furthermore, by (4.6)
and Gronwall’s Lemma 3.15 the estimate

t t
lu@)lx < If#)]x + ||«41(t)||.z(y,x)/o I fllx[[ A2l 2(x,p) exp (/ A1l 2,x) A2l 2 x,) dn) ds

is satisfied at almost every time-point ¢ € [0,T]. For p =1 or p = oo it follows that ||ul|z» (o, 7;x) is
bounded by

(1 + Al oo,z .20 142l Lapo,riz (2,3 €xP (ALl Le 0,752, 2)) ||~’42HL‘1[0,T;$(X,37)])) £l e 0,7;20)
(4.10)
from above. On the other hand, for p € (1, 00) we obtain

()l — 2"~ HIF ()15

t t p
<2 A O ([ 1 1ebal 2o o ([ T4l el 2y an) as)

p

t t t 2
2Oy [ 1 ds( [ 1l v <q [ 1l sl ey an) s )

by (a+0b)P < 2P~ 1(aP+bP) for all a,b > 0, cf. [Emm04, Th. A.1.5], and Hélder’s inequality. Replacing
the limits s and ¢ by 0 and T, respectively, and integrating from 0 to T" leads to the bound (4.10)
for ||ull1s(0,7,x) with the prefactor /2. O

4.3. Operator Differential Equations

We now investigate linear differential equations for abstract functions in Banach spaces,
u(t) + At)u(t) = f(t). (4.11)

Systems of the form (4.11) are called operator differential equations (operator ODEs), abstract
ODEs, Cauchy problems, or evolution equations in the literature. In contrast to ordinary differential
equations, operator ODEs are stated in general Banach spaces X — not necessarily finite-dimensional.
We assume that X is reflexive and separable.

In our analysis we consider (4.11) on a bounded time interval [0,T]. The right-hand side f
maps [0, 7] to X and the operator A maps [0,T] x X to X. In the following we distinguish between
the case that the linear operator A(t): X — X is bounded for almost every ¢ € [0, 7] or not. This
means, the first Carathéodory condition is either satisfied or not; see Definition 4.1. We always
assume that the second Carathéodory condition is fulfilled. However, the two different cases lead to
different solution concepts as well as different functional analytic approaches.
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4. Dynamic Abstract Equations

4.3.1. Bounded Operators

In this subsection we study the operator ODE (4.11) with A(¢) € Z(X) for almost all t € [0,T]. As
for ordinary differential equations, we need in addition to (4.11) an initial value ug € X. A solution
of the operator ODE (4.11) with an initial value ug € X is an abstract function u: [0, 7] — X, which
solves the Volterra integral equation

u(t) = ug + /0 f(s) — A(s)u(s) ds. (4.12)

An existence analysis for finite-dimensional X' can be found in [Hal80, Ch. I.5]. In [Zei86, Ch. 3]
systems with continuous data and general Banach spaces X are studied. For general Bochner-
integrable data we get the following result.

Theorem 4.20. Let f € LP(0,T;X), A € LP[0,T; £ (X)], and up € X be given. Then the operator
ODE (4.11) has a unique solution u € W1P(0,T; X) with uw(0) = ug. The solution map (f,ug) — u
is linear and bounded.

Proof. By Theorem 4.19, equation (4.12) has a unique solution u € L>(0,T; X) which depends linear-
ly and continuously on (f,ug). Its generalized derivative is f—.Au € LP(0,T; X) by Theorem 3.36. [

4.3.2. Unbounded Operators

Let us now consider the operator ODE (4.11) with an unbounded time-independent operator A. Such
systems appear, for example, in the investigation of PDEs. A classical prototype is the heat equation,
which describes the flow of heat in a homogeneous and isotropic medium in a domain Q C R?. With
homogeneous Dirichlet boundary conditions this parabolic PDE is given by

WEt) — Au(E,t) = F(€.1)  in @ x (0,T], (4.13a)
u(€,t) =0 on 09 x (0,T]. (4.13b)
Note that the Laplace operator A = div V is unbounded as an operator from L?(Q) into itself. The

investigation of the solvability of the heat equation leads to the methods of semigroups or variational
methods. These approaches are the topics of the following two subsections.

4.3.2.1. The Method of Semigroups

We recall the basic definition and properties of semigroups for a Banach space X. The following
definitions and results are taken from [Paz83, Sec. 1.1 f., & 4.2 ], if no other references are given.

A one-parameter family S(t) € Z(X), t € Rxo, is called a semigroup if S(0) = idy and
S(t1)S(t2) = S(t1 + t2) for every t1,t2 > 0. A semigroup is strongly continuous if S(t)z is right-
continuous at ¢t = 0 for every z € X'. Right-continuity at ¢ = 0 implies the continuity of the map
t — S(t)z on Rxq for every z € X and the existence of constants m > 1, w € R such that

ISl () < me. (4.14)
The linear operator A defined by

Az = lim M for z € D(A) = {xeX

li%l+ M exists} cX
t—

is called the infinitesimal generator of the semigroup S(¢) with domain D(A). If S(¢) is strongly
continuous, then D(A) is dense in X and S(t) is uniquely determined by A.
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Example 4.21.
i) For a bounded operator A € Z(X) the function t ~— et := 3"7° (tA)*/k! is well-defined and
a strongly continuous semigroup with infinitesimal generator A [EngNO00, Ch. I, Prop. 3.5].
ii) The Laplace operator A generates a strongly continuous semigroup S(t) € Z(L*(2)) with
D(A) = {u € H}(Q)| Au € L?(2)} for every domain Q C R? [Daul.92, p. 328 f.], and with
D(A) = H?(Q) N H(Q) if 09 is smooth enough; cf. [Alt16, Rem. 6.9]. In particular, for the
unit interval = (0, 1), the identity

(S(Ou)(€) =23 ¥ sinfhn) [ sin(kmn)u(n) dy
k=1 0

holds [Olv14, p. 124 f.].

Motivated by Example 4.21.i) we denote the strongly continuous semigroup S(t) with infinitesimal
generator A by e'4. Let us now consider the initial value problem

u(t) = Au(t) + f(t), (4.15a)
u(0) = uo, (4.15b)

ont € [0,T]. We call u: [0,T] — X a strong solution of (4.15) if u € WH1(0,T;X), u(0) = ug
and (4.15a) is satisfied at almost every time-point ¢ € [0, T]. Inspired by the well-known variation-
of-constants formula, see [Hal80, Eq. (4.14)], we weaken the assumptions on a solution and say that
u: [0,T] — X is a mild solution of (4.15) if

t
u(t) = e ug —l—/ (=) f(s)ds (4.16)
0
at almost every time-point t € [0,7]. If f € L'(0,T;X) and ug € X, then the initial value
problem (4.15) has a unique weak solution. The weak solution is a strong solution, if ug € D(A)
and f € WH1(0,T; X) or f is Lipschitz continuous for reflexive X'
We call a strongly continuous semigroup e*4 analytic, [EngN00, Def. 4.5 & Th. 4.6], if a constant
M > 0 exists such that
[tAe | g x) < M (4.17)

for all ¢ > 0. The Laplace operator A in Example 4.21.ii) generates an analytic semigroup, [Daul.92,
p. 412 f.]. The property (4.17) implies that every mild solution u becomes more regular over time
in the sense that if f is Hoélder continuous [Paz83, p. 112], then so is Au,u € C([e,T], X), € > 0,
with the same exponent. This property is sometimes called parabolic smoothing. In particular, the
parabolic smoothing holds for a vanishing right-hand side.

For an analysis of evolution equations (4.11) with time-dependent A and an approach close to
semigroups, we refer to [Paz83, Ch. 5].

4.3.2.2. Variational Method

Consider again the heat equation with homogeneous Dirichlet boundary condition (4.13) in a Lip-
schitz domain. We follow the steps of [Zei90a, Sec. 23.1] and multiply (4.13) by ¢ € C°(), integrate
over the domain, and use Green’s formula [Roul3, Eq. (1.54)] to derive its weak formulation

/ F(ED)pl(€) e = / (&, )p(€) — Aul€, 1)p(€) dé = / (€, ) p(€) + Vu(e. 1) - Vpl€) de. (4.18)
Q Q Q
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4. Dynamic Abstract Equations

For the functional analytic treatment of (4.18) we separate the spatial and temporal variable. This
allows us to write (4.18) as

(a(t), p)r2o) +alu(t), @) = (f(t), v)r2() (4.19)

with u: [0,T] — HE () and the bilinear form

CL(Ul,’UQ) ::/QV’ul(f) V'UQ(S) dg

Note that we choose H}(€2) as the range of u to incorporate the boundary condition (4.13b). The real
bilinear form a is bounded in Hg (92). By [Zei90a, Prop. 21.31(a)] there is a one-to-one correspondence
between a and the operator A € Z(H(Q), H1(Q2)) with (Avy,ve) = a(v1,vs). Furthermore, the
assumptions on 4 and f can be weakened to be elements of H~1(£2). The weak formulation (4.18)
then can be written as an operator ODE (4.11) stated in H~1(£2), where we have used that C2°()
is dense in H}(Q). Note that A is unbounded as an operator from L?(Q) into itself.

The derivation of the weak formulation (4.11) requires, in a natural way, the three spaces Hg (),
L?(Q), and H~1(Q), which form a Gelfand triple [Zei90a, Ex. 23.12]. In general, we study the
operator ODE (4.11) with respect to a general Gelfand triple V, H, V*. In addition to the operator
ODE (4.11) we have the initial value

u(0) = up € H. (4.20)

We call an abstract function u: [0,T] — V a weak solution of the operator ODE (4.11) with initial
value ug [LioM72, p. 239] if the equality

T T
/0 —(u, V) @+ (A, v )y pedt = (ug,v)u ¢(0) +/O (fovhpeyedt (4.21)

is satisfied for every v € ¥V and ¢ € C*°([0,T]) with o(T") = 0.

Note that a weak solution of (4.11) is called a very weak solution in the context of the associated
PDE [Roul3, p. 215]. Furthermore, the term weak solution is also used in the context of semigroups
and coincides with the mild solution; cf. [Paz83, p. 258 f.]. On the one hand, the mild solution is a
weaker solution concept than the weak solution in the variational setting. On the other hand, the
existence of a Gelfand triple V, H, V* allows more freedom in the choice of the right-hand side and
is connected to the Galerkin method and the finite element method [Zei90a, p. 405].

Theorem 4.22 (Theorem of Lions-Tartar I). Let A € Z(V,V*) satisfy a Garding inequality (3.6).
Assume that ug € H and f = f1+ fo with fi € L*(0,T;V*) and f € L*(0,T;H*). Then the operator
ODE (4.11) has a unique weak solution u € W1(0,T;V,V*), i.e.,

uwe C([0,T],H)NL*0,T;V) and e L*0,T;V*)+ L0, T;H*),

with u(0) = ug. Furthermore, the map (f,ug) — wu is linear and bounded with

) 1/2 t 2

ods) k[ e (o) e s
0

(4.22)

t t
B+ [ T ds < | (Jualle + [ 1)
0 0

Proof. The existence of a unique solution and the continuous dependence on the data is proven
in [Tar06, Lem. 19.1] and [Daul.92, Ch. XVIII. §3.5]. For the proof of the estimate (4.22), we test
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the operator ODE (4.11) with the solution w and integrate over [0, ¢]. Together with (3.6) this yields

t t
)+ s [ s s < ol + [ (AN + 20l + 20 el

u||;.t> ds.  (4.23)
We set ¢(t) == ||[u(t)||3,- Then for every s € [0,] the estimate (4.23) implies
P(8) < Uels) = e [ (2ragn) + 20 bl V200 (424)

with the time-independent constant c. = € + [Jug||3, + f(f #%Hﬁ (M|3. dn > 0 and an arbitrary

constant € > 0. Thus, the function . is positive and /1. as well as its derivative

GV = 5o = T (et Il B) < RVl + el

are well-defined. A differential version of Gronwall’s lemma [Emm04, Lem. 7.3.2] implies

t (4.24) t 2
o +a [ o) s < wsa)s(\/m e IIfz(S)IfH*d$>

Letting € go to zero proves the estimate (4.22). O

Remark 4.23. The assumption on the right-hand side can be weakened, such that a third summand
f3 € L2(0,T;V) with f(t) = fi(t) + f2(t) + $tf3(t) exists; cf. [LioM72, Ch. 3 Th. 4.4]. The unique
solution u then has only a distributional derivative in general.

Remark 4.24. Under the assumptions of Theorem 4.22 on A the operator —A is an infinitesimal
generator of an analytic semigroup in H [Daul.92, Ch. XVIL.A. §.3 Th. 3 & §.6 Prop. 3]. In particular,
estimate (4.14) is satisfied with m = 1 and w = K 4; see [Daul.92, p. 413].

The weak formulation of a parabolic PDE with time and state-independent coefficients satisfies the
assumptions of Theorem 4.22 [Zei90a, Ch. 23]. Therefore, we will denote the operator ODE (4.11)
also as a parabolic PDE under the assumptions of Theorem 4.22.

To get more regular solutions we can assume that the right-hand side is generalized differentiable,
see [Wl1o87, Th. 27.2] and Section 6.2, or that A € Z(V,V*) splits into A = Ay + Ay with A; €
Z(V,V*) being self-adjoint and A € Z(V, H*). Note that, if A satisfies a Garding inequality (3.6),
then A is elliptic on V without loss of generality. This can be seen as follows: With the Garding
constants p4 and k4 of A and C4, the continuity constant of As from an arbitrary splitting of

~ 2 ~ 2
A, we set A; = Ay + (HA + ;fj) idy and Ay == Ay — (nA + QC:Z) idy . Then the sum of the

self-adjoint A; € Z(V,V*) and Ay € Z(V, H*) still equals A. Furthermore, A, satisfies

- c2 (3:3) pug
(o) > ol = wall = Coallloliothe + (e + 522 Yol = 1ol

for all v € V. Hence, throughout this thesis we assume that, given the splitting A = A; + As as
described above, A; is elliptic on V. As a result, A; induces an equivalent norm in V), i.e.,

pay [0l < llvll%, < Ca, vl (4.25)
Theorem 4.25 (Theorem of Lions-Tartar II; [Tar06, Ch. 21] & [Zim15, Th. 3.16]). Suppose

that A € Z(V,V*) satisfies a Garding inequality (3.6) and A = Ay + Az with Ay € ZL(V,V*)
being self-adjoint and elliptic and Ay € L (V,H*). Assume that ug € V and f € L?(0,T;H*).
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Then the operator ODE (4.11) has a unique weak solution u € H(0,T;H) N C([0,T],V) with
Au € L2(0,T; H*) N C([0,T],V*) and uw(0) = ug. The map (f,ug) — u is linear and bounded with

T 02 t
/ ||u<s>|%ds+||u<t>||?41éexp(zuft) [uonihw / IIf(s)II%*dS}- (4.26)

Furthermore, the estimate (4.26) implies that Au € L*(0,T;H*) is bounded in terms of the data.

Remark 4.26. Alternatively to (4.26), one can bound the solution in Theorem 4.25 via

! . 2 2 2 C-Az 2Kk At 2 20?42 2Kk At ‘ 2
l[a(s)]15 ds + u()Za, < lluolll, +4—==€"*"|luoll3 + (2+ —= (" — 1)) 1/ (s)l[3- ds.
0 HA KARA 0
(4.27)

The estimate is still valid for an elliptic A by setting k4 = 0 with %\M:o = 2t.

For the analysis of operator ODEs with a time-dependent operator A by variational methods we
refer to [Daul.92, Ch. XVIIL. § 3] and Section 7.1.

4.4. Operator Differential-Algebraic Equations

As DAEs are roughly speaking ODEs with additional algebraic restrictions, so-called constrained
PDEs or partial differential-algebraic equations (PDAE) are dynamic PDEs with additional con-
straints. These constraints are possibly given by spatial differential operators. The incompressible
Navier-Stokes equations [Tem77, p. 280], for example, force its velocity field u to be divergence-free,
i.e., divu = 0. The temporal derivative of the pressure does not appear at all.

As the weak formulation of PDEs leads to operator ODEs, see Subsection 4.3.2, PDAEs becomes
to so-called abstract DAFEs, often referred as operator DAFEs. In general, operator DAEs are operator
ODEs with additional constraints. These constraints force the solution to lie on a manifold of a
Banach space, e.g., the set of functions with vanishing divergence for the incompressible Navier-Stokes
equations. On the other hand, operator DAEs can also be characterized by the fact that their spatial
Galerkin discretization leads to a DAE; see [Alt15, Sec. 4.3].

Operator DAEs with time-independent operators are well-studied; see [FavY99; Rei06; Shol0] for a
semigroup ansatz and [Alt15; EmmM13; Heil4; Zim15] for a variational approach as well as [Daul.93;
Tar06; Tem77] in the context of fluid dynamics. In this thesis we investigate semi-explicit operator
DAEs of the form

%(Mu) + (A=t Mu — B A= f in V*, (4.28a)
Bu =g in Q* (4.28b)

on a bounded time interval [0,7], T > 0. The spaces V and Q are assumed to be reflexive and
separable Banach spaces. We suppose that a separable Hilbert space H exists, such that V, H, V*
forms a Gelfand triple. Operator DAEs of the form (4.28) can be derived by considering operator
ODEs of the form %(Mu) + (A- %M)u = f in V* and introducing the constraint (4.28b) by the
Lagrange multiplier method [Ste08, Ch. 4.1.2]; see also [Alt15, Ch. 6]. Anyway, the operators are
possibly time-dependent with M(t) € Z(H,H"), A(t) € L(V,V*), and B(t) € Z(V,Q"). The
right-hand sides f and g are pointwise elements of V* and Q*, respectively, at almost every time-point
t € [0,T]. Both functions are in general time-dependent, and f may also depend on the solution u
itself.

In the Parts B and C we assume that A (uniformly) satisfies a Garding inequality (3.6) on the
pointwise kernel of B. Referring to the discussion of parabolic PDEs in Subsection 4.3.2.2; we will
then say that the operator DAE (4.28) is of parabolic type or is a constrained, parabolic PDE.
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In addition to the operator DAE (4.28) we assume that an initial condition
u(0) =ug € H (4.29)

is given. From the theory of DAEs it is known that by the constraint (4.28b) the initial value
cannot be arbitrary and must be consistent in some sense. However, since the domain of B(0)
is V, an evaluation of B(0) at the initial value ug € H is not well-defined in general. In Part B we
characterize the set of consistent initial values, which incorporate ug € H with a formal consistency
condition B(0)ug = ¢(0). This is also discussed in [EmmM13, Rem. 3.1] and [AltH18, Cor. 3.5].
A solution (u, A) then should satisfy the operator DAE (4.28) and the initial condition (4.29) in a
distributional sense; cf. [EmmM13, p. 462] and (4.21).

Definition 4.27 (Solution of Operator DAE (4.28)). We call a tuple (u, A) of abstract functions
u: [0,T] = V and A: [0,T] — Q a (weak) solution of the operator DAE (4.28) with initial condi-
tion (4.29) if an abstract function Ag-: [0,T] — V* with distributional derivative < A5 = B*A
exists such that the identity

T
/ —(Mu,v ) 1 @+ (A= SM)u,v)pe v o+ (Ap=, v )ve v @+ (Bu,q) o+ 0 pdt
0

— (M(O)up, v )1e 0 9(0) + /<f7 v+ (0:a)e-opdt (4.30)

holds for every v € V, ¢ € Q, and ¢ € C*([0,T]) with ¢(T) = 0. All integrals in (4.30) are assumed
to be well-defined.

Note that, neither the derivative @ nor the Lagrange multiplier A are required in (4.30). They
exist in general only as distributional derivatives [EmmM13, Sec. 3.2.1].

Remark 4.28 (Superposition Principle). Since the operators are pointwise linear the solutions of the
operator DAE (4.28) are linear in the data (f, g, uo), if f and g are independent of u and .

Remark 4.29. The operator DAE (4.28) can formally be rewritten as
Mi+ (A+IMu—BA=f  inV, (4.31a)
Bu =g in Q*. (4.31Db)

For a uniformly elliptic A, system (4.31) is in the form of a pHDAE (2.5) in infinite dimensions with
the operator-valued functions

M 0 C[RA+ A4 0 C[iAr—A— M) B
e= | o m=PUH o= T

and the control given by the right-hand sides f, g. The system (4.31) also fits in the framework
of [MehM19, Def. 1] with the same R and J but without 1./\/1 The so-called effort function and
time-flow function in the definition of pHDAE in [Mch\ll()} is given by the state itself and by
(%Mu, 0), respectively.
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In this chapter, we introduce the two temporal integration schemes, which we are focusing on in
this thesis. The two families of iterative one-step methods are implicit Runge-Kutta methods and
explicit exponential integrators. Runge-Kutta methods are recapped with its application to DAEs in
Section 5.1. In Section 5.2 we study exponential integrators. Exponential integrators are used to
solve dynamical systems with a nonlinear right-hand side. The nonlinear part is approximated by
polynomials and the resulting system is solved exactly. These integrators are introduced by their
application to ODEs and PDEs.

In this thesis we focus on a uniform partition of the interval [0, 7] with step size 7 = T'/N. For a
given dynamical system with solution z, e.g., an ODE, a DAE, or a PDE, a numerical integration
scheme is said to be convergent of order p if x,, as the approximation of x at timepoint ¢, = nr,
n=1,..., N, satisfies

lzn — x(tn)|| S 7P + h.o.t.

The acronym h.o.t. stands for higher order terms and summarizes finitely many positive terms with
prefactors of 7 raised to powers greater than p. The constant is independent of 7 but may depend
on the system’s data and the interval length 7.

5.1. Runge-Kutta Methods for DAEs

A Runge-Kutta method is defined by the Butcher tableau

% (5.1)

with b,c € R® and A € R**%; cf. [KunMO06, p. 225]. Here, s denotes the number of stages. We say
the Runge-Kutta method (5.1) has classical order p if it is convergent of order p when applied to
ODEs with smooth right-hand sides. It is well-known, see e.g. [HaiNW93, Ch. II, Th. 7.4], that a
Runge-Kutta method, which satisfies the assumptions

S
Zbicf_lzé, k=1,...,p,
i=1
S
€5 = i ooy S, yeeeyds
j=1

S
b,
Zbicf_lAij:?j(l—cf), j=1,...,8, k=1,...,r,
i=1

is of classical order pif p<q+r+1 and p < 2q+ 2. The integer q is called the stage order of the
Runge-Kutta method.

For the numerical treatment of DAEs it is necessary that A is invertible [KunMO06, p. 256],
which implies that the method is implicit. Therefore, the limit of the stability function R(z) =
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1+ 2bT(I; — zA) 11, [HaiW96, p. 40] as z — oo is well-defined,

R(c0) = lim 14 zb” (I, —2A) "1, =1-bTA1,.
Z—r00
Here, 1; is given by
L,=[1,...,1]" eR".

Consider an initial value problem for a linear DAE with constant coefficients
Ei(t) + Axz(t) = f(¢), x(0) = xo. (5.2)

We assume that the matrix pair (E, A) € R"=*"= x R"= X" ig regular, i.e., A — det(AE — A) # 0,
xo € R™ is consistent, the right-hand side f: [0,7] — R"= is sufficiently regular, and a unique
solution = € C*([0, T],R"=) of (5.2) is given. With the Kronecker product [KunMO06, p. 220] given
by ®, an implicit Runge-Kutta method with constant step size 7 applied to DAE (5.2) leads to the
iteration scheme

z, =1 -bTA )z, 1+ (bTAT T, ), (5.3a)

LA™ @ B~ 1. @) + (1 ® Az = S (5.3b)

The vector z,, € R"™* is an approximation of z at t, = n7 and x,, € R®"* are the so-called internal
stages. The right-hand side is defined by f, = [f(tn_l +71e)t, o ftaar + TCS)T]T € R "=,

The convergence order of the Runge-Kutta method (5.1) applied to the DAE (5.2) not only
depends on the method itself but also on the index of the DAE. It is well-known that a high index,
i.e., i, > 1, can reduce the convergence order or leads in the extreme to divergence; see e.g. [KunMO06,
Th. 5.12], [HaiW96, p. 504], [HaiLR&9, p. 18 f.] or for a special class of PDAEs [DebS05, Th. 7].
Therefore, one usually reduces the index of the considered DAE beforehand by constructing a DAE of
lower index with the same solution space; see [KunMO06, Ch. 6] and [HaiW96, Sec. VII.2]. Note that,
the naive approach of differentiating the constraints leads to drift-off phenomena [HaiW96, p. 468 f.].
Appropriate index reduction actually reveals and introduces hidden constraints, e.g., equation (2.4)
for DAE (2.3), and thus increases the number of algebraic equations instead of differential equations;
cf. e.g. [KunMO06, Ex. 6.17]. However, if, after a possible index reduction, the DAE (5.2) is of index
one, then there exist by [HaiW96, p 378] invertible matrices P, @ € R™=*"= such that

[EOH 8] [gx] i [A A} H _ PEQL(Q )+ PAQQ s = Pf m (5.4)

312 Az1 Aga| | T2

with Q= 'z = [#] #2117 and F11, Ay be square and regular.
An important class of Runge-Kutta schemes in the numerical treatment of DAEs and operator
DAEs are stiffly accurate methods.

Definition 5.1 (Stiffly Accurate; [KunMO0G, p. 231]). A Runge-Kutta scheme with s stages and
Butcher tableau A, b, c is called stiffly accurate if b satisfies bY = el A with e, = [0,...,0,1]7 € R*.

Example 5.2. A stiffly accurate Runge-Kutta method of second classical order and first stage order
with two stages is defined by the Butcher tableau

~3.25 6.25 ~0.25 3
A= [—0.25 1.25] b= [ 1.25} o C7 H

Another important class for (operator) DAEs are L-stable methods. For their definition, we call
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a Runge-Kutta scheme A-stable [HaiWw96, Ch. IV, Def. 3.3], if |R(z)| < 1 holds for every complex
number z = a + b with a < 0.

Definition 5.3 (L-Stable; [HaiW96, Ch. IV, Def. 3.7]). An A-stable Runge-Kutta method given by
the Butcher tableau (5.1) is L-stable, if R(co) =1 —bT A1, = 0.

Every A-stable, stiffly accurate scheme is L-stable, since
R(c0) =1-bTA 1, =1-¢l1,=0.

As a consequence, stiff components of the dynamical system are numerically damped out fast,
[HaiW96, p. 44]. In particular, R(0co) = 0 implies that (1—b? A=11,)x,,_; vanishes in equation (5.3a).
Therefore, the values of the previous step are not needed for variables, which are in the kernel
of E. As an example, %2 is not needed for the numerical integration of the index-1 DAE (5.4).
Furthermore, for stiffly accurate Runge-Kutta methods the approximation x,, is given by the last n,
entries of @,,. Thus, the numerical approximation Z1 ,,, 2, of (5.4) satisfies all algebraic constraints,
i.e., AQlan + AQQ.%Q’TL = f2(tn), for every n = 1, ey N, if Cs = Zj’:l Asj = Zj:l bj =1.

We can now formulate a convergence result for the implicit Runge-Kutta methods applied to
linear DAEs of index 1.

Theorem 5.4 (Convergence Order for DAEs; [HaiW96, p. 380]). Suppose that the Runge-Kutta
method (5.1) has classical order p, stage order q, and an invertible matriz A. Consider the DAE (5.4)
with square and invertible matrices Ell,AQQ. Assume that the initial value is consistent. Then the
global error satisfies

&1, — Z1(tn)]| S TP+ hoot.  and  ||Z2n — Z2(tn)| S ™+ ho.t.

form=1,... N, where
i) k = p if the method is stiffly accurate,
i) k = min(p,q+ 1) if R(o0) € [-1,1),
i1) k =min(p —1,q) if R(c0) = 1.
The method is not convergent if |R(co)| > 1.

In Chapter 8 we study the discretization of the operator DAE (4.28) with Runge-Kutta methods.
There, we assume that the operator A of (4.28) is elliptic on a subspace. It is crucial that the
ellipticity is preserved for the time discretized problem; see [LubO95b] for operator ODEs and
Example 8.20 for operator DAEs. Therefore, we consider a subclass of Runge-Kutta methods in this
thesis.

Definition 5.5 (Algebraically Stable; [HaiWw96, Ch. IV, Def. 12.5]). A Runge-Kutta scheme
with Butcher tableau A, b, c is called algebraically stable if b has only non-negative entries and
BA + ATB — bb” is positive semidefinite with the diagonal matrix B € R*** given by B;; = b.

Theorem 5.6 ([HaiWw96, Ch. IV, Th. 12.11]). Ewvery algebraically stable Runge-Kutta method is
A-stable.

For the error analysis in Chapter 8 we make the following observation.
Lemma 5.7. Suppose the Runge-Kutta method with Butcher tableau (5.1) is algebraically stable and
A s invertible. Let zo € R and x € R® be arbitrary and z1 = (1 —bT A7)z + bT A= 2. Then

we have

20" BA " (x — x01,) > 2% — 2. (5.5)
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5.2. An Introduction to Exponential Integrators

Proof. Consider the matrix M := BA + ATB — bb” € R***. Since the Runge-Kutta method is
algebraically stable, M is positive semidefinite by definition and it follows
20" BA " (x — 201,) — 2% + 22
=2x"BA " (x — zol,) + 2bT A 1,22 — (BT ATL,) %R
—2z0(1 = bTA' 1 )bTA e — (BT A 2)?
=2’ AT TMA 'z — 22T A" TMA a0 + 1ITATTMA T 22
=(x — 1,20)TA T TMA " (z — 1,20) > 0. O

5.2. An Introduction to Exponential Integrators

In this section we introduce exponential integrators and recall their basic properties when applied to
ODEs and PDEs of parabolic type. For more details we refer to [StrWP12, Ch. 11] and [HocO10].

5.2.1. Exponential Integrators for Ordinary Differential Equations

Exponential integrators were first introduced by Certaine in [Cer60] for the simulation of systems of
the form

#(t) + Az(t) = f(t,2(t), w0 € R"™. (5.6)

For the matrix A € R™*"= it is assumed that it possesses eigenvalues with large negative real
part. Such systems occur for example in the discretization of semi-linear parabolic PDEs [HaiW96,
Sec. IV.1]. Note that, because of their relatively small linear stability domain, most explicit methods
require very small step sizes for the simulation of (5.6); see [HaiW96, Sec. IV.2 & V.1] and [HunV03,
Ch. II, Sec. 1.4]. On the other hand, implicit methods are not preferable if the evaluation of the
nonlinearity f is expensive.

Exponential integrators are based on the variation-of-constants formula of the solution of (5.6),
see e.g. [Hal80, Eq. (4.14)], given by

z(t) = e g —|—/0 e =A% (s, 2(s)) ds. (5.7)

For the construction of exponential integrators for (5.6) we consider the recursively defined ¢-functions
[StrWP12, Ch. 11.1]

%) S . 1 %)
D RO L R sz (5.5)

=0 =0

k=1,2,... Note that ¢,(A) is well-defined for every k € Ny and matrix A € R™"=*"=; see [GolV96,
Th. 11.2.3]. The importance of the ¢-functions comes from the fact that

k—1

1
br(2) = /0 e(l_s)zi(ks_ ol ds,

k > 1. As a consequence, the exact solution given in (5.7) with initial value zy € R™ and polynomial
right-hand side f =", _, , , 7 € Np, with coefficients fr € R™=, k =0,...,r, can be expressed in
terms of ¢y. More premsely, the solution of (5.6) then is

z(t) = ez + / —(t=s)4 Z Ji sFds = ¢po(—tA) xo + Z¢k+1(—tA) futhTL, (5.9)
k=0
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Remark 5.8. By the linearity of formula (5.9) in 2y and fg, the function ¢t — ¢o(—tA) x is the
solution of (5.6) with initial value xy and homogeneous right-hand side, whereas t + t*¢p(—tA) fx

is the solution of (5.6) with vanishing initial value and monomial right-hand side ﬁ th=1 ke N.

The main idea of exponential integrators is to replace the nonlinearity f in (5.6) by polynomials
designed from the previous approximation and internal stages. For example, considering the
interpolation polynomial of degree 0 by evaluating the nonlinearity only in the previous step, we
obtain the exponential Euler scheme,

Tpal = e ™, + To1(—TA) f(tn, Tn).

For a general exponential integrator, the solution z(t,+1) of (5.6) is approximated by

Tpr =€ a4 Z bi(—TA)f(ty + cim, Xn i) (5.10a)
i=1
with notes ¢; € R>q. For i =1,..., s the internal stage X,, ; denotes an approximation of z(t, + ¢;7)
and is given by
Xpi=e %z, + TZ a;j(—TA)f(tn +¢;7, Xn 5). (5.10b)
=1

In this thesis, we assume that the functions b;(z) and a; j(z) are linear combinations of ¢ (z) and

br,i(2) = dr(ciz), (5.11)

k=1,2,...,i=1,...,s. Like a Runge-Kutta method, the exponential integrator defined in (5.10)
is specified by the Butcher tableau

C1 a171(z) al,a(z)
c|A(z) _ : D 5.12
bT(z) Cs as,l(z) a5,3(2> ( :

‘ b1(2) bs(2)

Note that A and b in (5.12) are function-valued.

In this thesis, we focus on explicit exponential integrators, i.e., ¢c; =0 and a;; =0if i < j < s.
They have the advantages that no nonlinear root finding problems have to be solved and the number
of evaluations of the nonlinearity f is known a priori.

For order conditions of explicit exponential integrators applied to ODEs we refer to [StrWP12,
Ch. 11.2].

5.2.2. Exponential Integrators for Partial Differential Equations

As a preparation for our investigation of exponential integrators for operator DAEs in Chapter 9, we
consider semi-linear systems

u(t) + Au(t) = f(t, u(t)) (5.13)

with A mapping linearly from an infinite dimensional Banach space X" into itself. In Chapter 9 the
operator A is usually a (unbounded) differential operator. For a bounded operator A: X — X and
k € Ny the notation ¢ (t.A) given as an infinite sum (5.8) is well-defined [Alt16, Th. 5.9]. Therefore,
the derivation and interpretation of exponential integrators for bounded operators is similar to those
in Subsection 5.2.1. If —A: D(—A) C X — X is an unbounded differential operator, which generates
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tA

a strongly continuous semigroup e~ ", we use the interpretation as in Remark 5.8.

Definition 5.9 (¢-Functions for Unbounded Operators). Let the linear operator —A: D(—A) C
X — X generate a strongly continuous semigroup e~**. We define the operator ¢o(—tA): X — X
as the semigroup e *A for nonnegative times ¢ > 0.

For k € N we set ¢p(—tA): X — X toid /k!, if t = 0, and for ¢t > 0 as the map from f; € X to
u(t) t =% where u(t) is the mild solution of (5.13) with initial value 1y = 0 and monomial right-hand
side t — ﬁ th=1,

We obtain the following major property for the corresponding ¢-functions.

Theorem 5.10 (Properties of the ¢-Functions; cf. [HocO10, Lem. 2.4]). Assume that the linear
operator —A is the infinitesimal generator of a strongly continuous semigroup e **. Then the
operators ¢ (—tA) from Definition 5.9 are elements of £ (X) for allk =0,1,... and t > 0.

With the reinterpretation of the ¢-functions, the solution formula for bounded operators (5.9)
directly translates to the operator ODE (4.11) with an unbounded A; cf. [HocO10]. Furthermore,
the approximation u,41 and the internal stages U, ; similar determined as in (5.10a) and (5.10b)
are well-defined.

For our investigation in Chapter 9 we take a deeper look at the norm of ¢y (—t.A) in Theorem 5.10.
For this, let V, H, V* be a Gelfand triple and A be an element of Z(V,V*). We suppose that the
operator A satisfies a splitting as in Theorem 4.25. Further, we assume that A is elliptic. This
is reasonable, since by the assumed splitting A satisfies a Garding inequality (3.6); see page 31.
Therefore, we can add the term k4u to both sides of the semi-linear operator ODE (5.13) such
that the new operator A + k_41idy is elliptic. Note that, —A4 then generates an analytic semigroup
in #, see Remark 4.24, and the function ¢ (—t.A): H — H are well-defined. In the estimate of the
norm of these functions, we distinguish between the domains H = H* and V as well as between
the codomains H and V. Here, we use the parabolic smoothing of analytic semigroup e~ *4; see
Subsection 4.3.2.1.

Lemma 5.11. Let A = A1+ Az € Z(V,V*) be elliptic with a self-adjoint and elliptic A1 € L (V,V*)
and Ay € Z(V,H*). Then for every k € N and t > 0 the estimates

a) le" 2@y ST, b le™lgan S, o Ve ™| 2y S 1+ VA,
&) lon (=t A 2= S 1, €) ou(~tDlz0y S1, ) [Vigr(—tA) 2@ ST+ VE
hold with generic constants independent of t.

Proof. By Definition 5.9 of the ¢-functions, all estimates hold for ¢ = 0 and we can consider ¢ > 0.

Estimates for e *A: By the definition of ¢, the function u(t) = e™*Auy = ¢o(—t.A)ug describes
the solution of

u(t) + Au(t) =0 in V¥, u(0) = up. (5.14)
Estimate a) then follows directly from (4.22) by setting k.4 to zero, since
—tA,, |2 2 2
¢ (4.22)
e S0l OB 2l
uoEH ||U0||H uoEH ||u0||'H uoEH ||UOH7-L

Analogously, one proves inequality b) with (4.27) and k4 = 0. For the case ¢), i.e., ¢o(—t.A): H — V,
we observe v/tu € C([0,T],V), Vtiu € L*(0,T;H), and v/t Ayu € L*(0,T;H*) by [Tar06, Lem. 21.1].
In particular,

(\/iih \/iu)ﬂ + < \/IE.Al’U,, \/iu >7-L*,7-[ = _< \/£A2u7 \/iu >H*,’H (5'15)
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5. Temporal Discretization

is well-defined in L'(0,T). By [Zim15, Th. 3.20], this equality implies the estimate

IVtu(t)%, = tolin(}+||\/iu(t)||v241_||mu(t0)||?41
= lim 2(\/sAvu(s), Vsu(s) )= 3 + (Aru(s), u(s) )y= v ds

to—0t t

15) [t
< Acﬁ;m&m%+a%mwm%m
(1:22) €5t + Cu,

Ug
ol

which shows ¢) with (4.25) and va +b < v/a + Vb for a,b > 0 [Emm04, Cor. A.1.2].
Estimates for ¢r(—tA), k > 1: We fix t > 0 and consider u(t) = ¢r(—tA) fr. = tFor(—tA)[fut ¥

as the solution of the associated operator ODE

u(s) + Au(s) = Fi(s) = sk_ltk(kfkl)! in V*, u(0) =0 (5.16)

at the time point s = ¢. Thus, by Remark 4.26 and x4 = 0 we get

(4.27) 204 t 2 207 [EALE
w(t)]|? < (2+t“42>/ Fi(s z*ds:(—k A2> He
[|u( )HAl LA 0 ([ F%( )”H t pa ) ((E—1)"2

This bound gives us the estimate f). Analogously, the bound d) is a direct consequence of Theo-
rem 4.22.

For ¢ as a map from V to V we note that @ satisfies the formal derivative of the operator
ODE (5.16) with initial value @9 = Fy(0) € V < H [Emm04, Th. 8.5.1]. Hence, @ € L*(0,T};V)
and Au € H(0,T;H*) holds by Theorem 4.22 and 4.25. Therefore, we can test (5.16) with
Au € L2(0,T;H*) — L?(0,T;V*) by using that V is densely embedded in H*. Then integration
over time leads to the estimate

1 C2 f2
wa [ B as + 1A < 4 [ ogas =3 S g

Note that this inequality bounds @ in L?(0,7;V). Since u(0) = 0, we obtain |lu(t)||3, < tfg |i]|2 ds
by the Cauchy-Schwarz inequality. This estimate, together with (5.17), imply the estimate e). [

Remark 5.12. In Chapter 9 we consider the case that V is a closed subspace of Vs, and that
an operator Asup € £ (Vyp, Viyp) €Xists with Asup’V = A. With these additional conditions one
can enlarge the domain of estimate ¢) in Lemma 5.11 to Vyp, i-e., ||¢n(—tA)l|20,.,,v) S 1 for
k > 1. The associated proof follows the lines of Lemma 5.11 and estimate (5.17), where we use that
we Wh2(0,T;V,V*) < L*(0,T;V) C L*(0,T; Vsup) implies A € L*(0,T;Vz,,) N L*(0,T; H*).

A proof of Lemma 5.11 based on the theory of semigroups can be found in [HocO05a, Ch. 3 f.].
Under this consideration, the estimates for the operators from H* to V in Lemma 5.11 and
Remark 5.12 are not obvious. Anyway, in addition to the estimates above, we need bounds

of the operator norm of ¢5(—t.A) as function with codomain D(—A).

Lemma 5.13. Let the assumptions of Lemma 5.11 be satisfied. Then for every k € N andt > 0
the estimates |tAe ™| gan) S 1 and [[tAdy(—tA)|l 2@y S 1 hold. Furthermore, we have
[VtAe | 2 3y S 1+ VE. All generic constants are independent of t.

Proof. The estimates for ¢ = 0 follow by Definition 5.9. Thus, we can consider t > 0.

40



5.2. An Introduction to Exponential Integrators

Estimates for e7**: Let u(t) = e "y be the solution of (5.14) with initial value uy € H.
By [Emm04, Th. 8.5.3 f.] we have that v(t) == ta(t) € WH2(0,T;V,V*) solves © + Av = 4 with
vanishing initial value. With the associated operator ODE (5.14) this leads to

(5.14) (4.22) 1 b (5.14) 02t (4.22) 02
[tAu@®)l5- = ta(®)l3, = lo@)l5 < 7/ [a(s)[[B- ds = f““/ lu(s)[[ds < —sHuol3,-
KA Jo KA Jo Ha

For up € V, we consider a sequence {ug n}tneny C V with Aug, € H* and ug, — uo in V as
n — 0o. Such a sequence exists, since A is elliptic and we find arbitrarily close elements in H* for
Aug € V*. Let u,, the solution of (5.14) with initial value ug , and vy, := t@,. Then the estimate

¢ (4.27) o ¢ (4.27) o2
/ lom(s)|2,ds < (2 + 4ﬂt) / linll2,ds < Cia, (2 44 t)||u07n||% (5.18)
0 Hna 0 HA
holds. This implies a bound for
it () = D3 (£) — tn (£) (5.19)

in L2(0,T;H). Furthermore, 1, satisfies the formal derivative of operator ODE (5.14) with initial
value g, = —Aug, € H* = H [Emm04, Th. 8.5.1]. This implies /ti,(t) € C([0,7],V) and
Vi, (t) € L2(0,T;H) by [Tar06, Lem. 21.1] and the estimate

Vel = Tim Vim0l ~ [VEsin(to) I
t
= i [ (o) 245 (5, Vi (s) ds
to—0Tt to
t
= [ Ml + 2 (9. ) s
(5.19) ¢ . . . 2
= [ 2o o)) = () s
(3:8) [t (5.18) c?
< [ ono)lds S e, (24 45220) o (5.20)
0 mA

holds. With the same steps, estimate (5.20) shows that {v/ti, (t)}neny C C([0,T],H) is a Cauchy
sequence. Its limit is given by v/, since #,, converges to @ in L2(0,T;H) as n — oo by Theorem 4.25.
The estimate for v/tAe™*Auy = vt Au(t) € H* follows then by the limit of (5.20) for n — co and
VEAu(t) = —vtu(t) € C([0,T],H*) by (5.14).

Estimates for ¢p(—tA), k> 1: Let t > 0 be fixed. We consider u(t) = ¢ (—t.A) fi as the solution
of the operator ODE (5.16) at s = t. By [Emm04, Th. 8.5.1] the derivative of u satisfies the operator
ODE (4.11) with right-hand side £ Fj, € L?(0,T;H%*) and initial value iy = Fj,(0) € H* = H.
Therefore, the estimate

(5.16) (4.22) L. 12| fllae
[Au@) 0 = a@ln+1Fr@)lla < ||Fk(0)||7-l*+/0 1E ()32 ds+ [ (@l = 5 1)
holds. This finishes the proof. O
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Part B.

Solutions of Operator
Differential- Algebraic Equations

In this part we analyze the existence and uniqueness of solutions of operator DAEs as well as their
regularity. Here, we focus on semi-explicit systems of the form

A Mu)+(A-IMu — BA=f  inV, (B.1a)
Bu =g in 9~ (B.1Db)

with solutions in the sense of Definition 4.27. As mentioned in Section 4.4, operator DAEs of
the form (B.1) are used to describe the weak formulation of constrained PDEs in an abstract
fashion. This type of equation appears among others in the field of fluid dynamics, thermodynamics,
electrodynamics, and chemical kinetics; see the examples in Chapter 6 and 7.

In Chapter 6 we investigate operator DAEs with time-independent operators A, B, and M. We
mainly extend known results, e.g., existence, uniqueness, and regularity of solutions, to systems with
more general right-hand sides. These results are used for the temporal discretization of (B.1) in
Part C. For the proofs of the extension results we use the continuity of the solution with respect to
the data. Furthermore, we specify the assumptions on the operators and on the right-hand sides
as well as characterize consistent initial values. These assumptions are transferred to systems with
time-dependent operators in Chapter 7. For the study of such operator DAEs we semi-discretize
the system in time. We use the implicit Euler scheme to get existence, uniqueness, and regularity
results by considering sequences of stationary solutions. Thereby, we investigate Gelfand triples
where the pivot space has a time-dependent inner product. We analyze the effect of this nonconstant
inner product on the embedding of generalized differentiable functions into the space of continuous
functions. Furthermore, time-dependent splittings of Hilbert spaces are studied as well.

Theorem 6.15, which can be found as Theorem 2.7 in [AltZ20], was originally proved by the author
of this thesis. All remaining results are unpublished work.
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6. Systems with Time-Independent
Operators

Semi-explicit operator DAEs with time-independent operators of the form

L(Mu(t)) +Au(t) — B*A(t) = f(t,ut))  in V7, (6.1a)
Bu(t) =g(t) in 0%, (6.1D)

with the initial condition

are well-studied in the special case where the right hand side f is independent of u; see the references
in Section 4.4. In this chapter we summarize and extend these results. In particular, we investigate
the existence and uniqueness of solutions as well as their regularity and their continuous dependence
on the data.

We assume that V and Q are real separable Hilbert spaces. The operators in (6.1) are all
time-independent, linear, and continuous, i.e.,

Ae 2V, V"), Me L(H,H), BeZ2V, 0.

Here, H denotes an additional real Hilbert space such that V, H, V* form a Gelfand triple. Since B
is continuous, its kernel is a closed subspace of V. We denote this subspace and its closure in H by

Vier = ker B and Hyer := clos”,HH Vier,
respectively. By the assumption on V and H these spaces then form another Gelfand triple
Vker — err = 7-llter — Vlter‘

Example 6.1 (Unsteady Stokes Equations). The weak formulation of the linear unsteady Stokes
equations with homogeneous Dirichlet boundary conditions can be written as an operator DAE
of the form (6.1). The unsteady Stokes equation characterizes the evolution of a Newtonian fluid
and is the linearization of incompressible Navier—Stokes equations around a vanishing velocity field
[Tem77, Ch. III, § 1]. The state u describes the velocity field of the fluid, whereas A relates to a
relative pressure, which is assumed to have zero mean. For the application of the Stokes equation,
we consider the Hilbert spaces

V= [H(Q)]4, H = [L2(Q)], Q:=L*Q)/R:={pe L*Q)]| [,pd¢ =0}

Here, Q C R? denotes a bounded computational domain with Lipschitz boundary.

The operator A: V — V* corresponds to the Laplace operator in the weak formulation and is
defined by

d
(Au,v) = ,LLZ/ Vu; - Vo; d€
=170
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with the dynamic viscosity p € Rsq. The operator B: V — Q* denotes the inf-sup stable divergence
operator [Bra07, Ch. ITI, Rem. 6.5]. Its dual B*: Q — V* is the gradient operator. The operator M
is induced by the componentwise inner product of L?(£2) multiplied by the constant density p > 0.

The space Vi, are the divergence-free functions of [H&(Q)]d. Its closure Hier is the subset of
functions in [L2(£2)]¢ whose trace in normal direction and whose divergence vanish in the distributional
sense [Tem77, Ch. 1, Th 1.4].

Example 6.2 (Heat Equation with Boundary Control). The constraint (6.1b) may also be used
for boundary control [HinPU-+09]. As a prototype we consider the heat equation (4.13a) with inho-
mogeneous Dirichlet boundary conditions. The spaces then are given by V := HY(Q), H = L*(Q),
and Q = H~'/2(Q) with a Lipschitz domain © C R?. The operator B is the trace operator, A
is the weak Laplacian as in Subsection 4.3.2.2, and M is induced by the inner product of L?(Q).
Since C2°(9) is dense in H = L?(Q2), see [AdaF03, Cor. 2.39], the closure of Vier = H} () equals H
itself.

In Section 6.1 we specify the assumptions on the operators and define consistent initial values.
Furthermore, we prove the existence and uniqueness of solutions of operator DAE (6.1) with right-
hand sides, which are independent of the solution. The regularity of these solutions is topic of
Section 6.2. In Section 6.3 we discuss whether and in which sense a controlled operator DAE implies
a dissipation inequality. Finally, in 6.4 we extend the results on the existence and uniqueness to
semi-linear systems, where f depends on time and on the solution w itself.

6.1. Existence and Uniqueness

In this section we study the solvability of the operator DAE (6.1) with a right-hand side f = f(¢),
which is not dependent on the state u. We assume that B satisfies an inf-sup condition of the
form (3.2). By Lemma 3.6 the operator B then has a right inverse B, for every closed complement
Ve of Vier in V. In [AItH18, Th. 3.4 & Cor. 3.5] the authors prove under some additional assumptions
that for a fixed V., the condition

ug € Hier + B;Cg(O) = {hker + B;CQ(O) | hyer € err} CH (6.2)

on the initial value ug and right-hand side g is necessary and sufficient for the existence of a solution.
For a given right-hand side g we state the following lemma for the initial value wug.

Lemma 6.3. Let VCI and Vf be complements of Viker in V and go € Q. Suppose that hi + Bglgo =
ha + B2 go is satisfied. Then hy € Hyer if and only if ha € Hyer.

Proof. Since hy — hy = By,,g0 — Bj,190 € V with B(h1 — ha) = go — go = 0, we obtain hy — hy €
Vker — err~ O

Given the right-hand side g of (6.1b), Lemma 6.3 implies that the specific choice of V, is irrelevant
in (6.2). Therefore, we do not fix the complement V. in (6.2) and write in the following

g € Hyer + B~ g(0) C H. (6.3)

Following [EmmM13] we call an initial value ug consistent with respect to the operator DAE (6.1)
if ug satisfies (6.3). If in addition ug € V holds, then (6.3) should be understood as ug € Vier +87g(0)
and therefore Buy = ¢(0).

Remark 6.4. Since the spaces ‘H and Hy., in Example 6.2 are equal, every initial value ug € H is
consistent for the boundary controlled heat equation.
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Remark 6.5. With Lemma 9.22 a consistent initial value ug can be characterized as an element
of the closure of V with respect to the norm (|| - |3, + ||B - ||%.)"/?. The initial value then satisfies
Bug = g(0) where B is the extension of B to this closure of V; see Subsection 9.3.2.2.

For the assumptions on the operators B and M let us recall the finite-dimensional DAE (2.3). To
be uniquely solvable it is necessary that the matrix B in (2.3) has full (column) rank; see Lemma 2.1.
This is equivalent to matrix B fulfilling an inf-sup stability condition of the form (3.2), since 8 > 0
is a lower bound for the smallest singular value [BreF91, Prop. 11.3.1]. Hence, it is natural to assume
that the operator B in the operator DAE (6.1) satisfies an inf-sup condition. Furthermore, if B has
full rank in finite-dimensional DAE (2.3), then a sufficient condition for a unique solution of (2.3)
is by Lemma 2.1 that M is symmetric positive definite. Therefore, we assume for the operator
DAE (6.1) that M € £L(H,H*) is self-adjoint and elliptic.

Remark 6.6. If M € L (H,H*) is self-adjoint and elliptic, then the bilinear form (M-, - )y~ 4 is
an inner product in H. Its induced norm || - || o is equivalent to | - [[5. Therefore, H equipped
with the inner product (M -, - )y~ 3 is a Hilbert space denoted by (H,| - ||am). The three spaces
V, (H, |- |m), V* then form a Gelfand triple. The Riesz isomorphism in (#, |- || ) is the operator M;
see Theorem 3.3.

The existence of a right inverse of B by Lemma 3.6 implies that the dynamics of u in the
complement V. is completely given by the constraint (6.1b). The remaining part of u, which maps
into Vier, has to be determined by the differential equation (6.1a). By the Theorem of Lions-
Tartar 4.22 the operator A must satisfy a Garding inequality (3.6) on Vye,. With these assumptions
on the operators we can prove the existence and uniqueness of a solution of (6.1). To do so, we
assume that the right-hand sides f and g satisfy assumptions adapted from Theorem 4.22.

Theorem 6.7 (Solutions of Operator DAEs). Suppose that A € L (V,V*) satisfies a Gdarding
inequality on Vier, B € L(V, Q%) is inf-sup stable, and M € L(H,H*) is self-adjoint and elliptic.
Let f = fi + fo with fi € L*(0,T;V*) and fo € LY(0,T;H*) and g € W11(0,T; Q%) be given.
Assume ug € Hyer + B~ g(0). Then the operator DAE (6.1) has a unique solution (u,\), which
satisfies

u € L2(0,T; V)N C([0,T],H), A= LA fora A€ C([0,T],Q) with A(0) =0,
GMu) € 20, T3 Vi) + LY0, T Hie), 55 (Mu) — B*A € L*(0,T; V) + L0, T3 1),

and the initial condition uw(0) = ug. The mapping of the data (f,g,uo) to (u,A) is linear and
continuous.

Proof. By Remark 6.6 we can assume without loss of generality that M = Ry. Let u. = B7¢g €
WE0,T;V), cf. [EmmMI13, p. 463], and uger :== u — ue. Then (u, A) is a solution of the operator
DAE (6.1) if and only if (uker, A) is a solution of the operator DAE (6.1) with right-hand sides
frer = f — Auc — e, grer = 0 and initial value uker o == ug — B~ ¢(0). Theorem 3.3 from [EmmM13]
proves the existence, the uniqueness, and the continuous dependence on the data (fier,0, Uker,0) Of
(tker, A). The assertion of this theorem follows then by u = uc + uer- O

6.2. Regularity of Solutions

Theorem 6.7 shows the existence of a unique solution of the operator DAE (6.1), where the Lagrange
multiplier A exists only in a distributional sense. For a regular A, Lemma 3.6 and (6.1a) imply that
the existence of a Bochner-integrable Lagrange multiplier is equivalent to Mwu having a generalized
derivative with images in V*; cf. [Zim15, Sec. 3.1.2]. Note that the norm of Vj . is weaker than the
norm of V*.
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In this section we investigate conditions such that @ € L?(0,T;H), which implies %(Mu) =
M€ L*(0,T;H*). For this we assume that the right-hand sides f and g are more regular as stated
in Theorem 6.7 or that A can be split similarly to the assumption in Theorem 4.25. We discuss these
two approaches in the following two paragraphs. In both cases we need that the initial value ug is

an element of V and satisfies the consistency condition Bug = ¢(0).

Regular Right-Hand Sides As a first approach we formally differentiate the operator DAE (6.1)
and consider the needed assumptions on the data for a solution. Obviously, the right-hand sides
must be one times more differentiable than stated in Theorem 6.7. The possible initial value wq of %
has to satisfy wg € Hier + B~ ¢(0) by the algebraic constraint (6.1b) and

( Muwo, vier J3+,1 = ( f(0) = Auo, Uker )v+,v (6.4)
for all vker € Vier by the differential equation (6.1a); cf. [Wlo87, Sec. 27] and [Zim15, Sec. 3.1.2.1].

Theorem 6.8 (Regular Solutions of Operator DAEs I). Let the assumptions of Theorem 6.7 on
the operators be satisfied. Assume that f € HY(0,T;V*) + WHY(0,T;H*), g € WY0,T; Q*),
and ug € V with Bug = g(0). Suppose that a wy € Hyer + B~ §(0) exists, which satisfies (6.4). Then
the solution of the operator DAE (6.1) satisfies

we HY0,T;V) N CH[0,T),H),  Ae C(0,T], Q).
The solution (u,\) depends linearly and continuously on the data (f,g,uo,wp).

Proof. Let (u,\) and (w, u) be the solution of (6.1) with data (f, g,uo) and (f,§,wo), respectively.
We prove &« = w. For this we use an arbitrary direct sum V = Vior @ V. with associated splittings
U = Uker + Ue AN W = Wier + We. We note it = %(B;Cg) = B, g = wc. For the part in Vier we
consider the function

Ve () = e (0) + /0 e (5) 5 — e (). (6.5)

Then vy, vanishes at the initial time-point ¢ = 0 and satisfies the operator ODE

t
6.5
%(vaker) + Avker (:) kaer - %(Muker) + A(uker (0) + / Wker ds — uker)
0

(6.1a

t
i )AUker(O) + Mwyer,0 + / f- AB;CQ —MB,, gds — [+ AB;Cg + MBy, g
0

= Auker(o) + kaer,o - f(O) + AB;CQ(O) + MB;CQ(O) (6:4) 0

in Vi¥,.. This equivalent to vy, fulfilling the operator DAE (6.1) with homogeneous data. So, vxer = 0
by Theorem 6.7. Theorem 3.36 then implies e = Wier in V* and therefore o = w. The continuous
dependence of u = ug + [, w(s)ds on the data follows by the continuity of (f,g,wo) — w; see
Theorem 6.7. The assertion on \ follows by

(6.1a)

A= B (f — S (Mu) — Au) = B (f — Mw — Au). O

Operator A with a Special Splitting As a second approach for a more regular solution of (6.1)
we adapt Theorem 4.25 to operator DAFEs. For this we assume that A is the sum of an elliptic,
self-adjoint operator and an operator with codomain H*. Since the part u. is determined by B~ ¢ and
only uker by an operator ODE in V{, see e.g. [EmmM13, Th. 3.3], we can restrict the assumption
on A to the space Vger-
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Theorem 6.9 (Regular Solutions of Operator DAEs II; [Tar06, Ch. 21] & [Zim15, Sec. 3.1.2.2]). In
addition to the assumptions of Theorem 6.7 on the operators, let A = A1+ As with Ay € Z(V,V*) be
self-adjoint and elliptic on Vier and Ay € L(V,H*). Assume that f € L*(0,T;H*), g € HY(0,T; Q*),
and ug € V with Bug = ¢g(0). Then the operator DAE (6.1) with initial value ug has a unique solution

u € C([0,T],V) N H(0,T;H), A€ L*0,T; Q)
with w(0) = ug. The solution depends linearly and continuously on the data.

Remark 6.10. The assumptions of Theorem 6.9 can be weakened in the sense that f € L2(0,T;H*) +
WLL(0,T;V*) and an operator Az € £ (H,V*) exists such that A = Z?zl A;. The operators A;
and As still satisfy the assumption of Theorem 6.9. The spaces of the unique solution v and A
stay the same and the mapping (f,g,ug) — (u,A) is linear and continuous. For an associated
proof, one considers two sequences {fn}nen C H(0,T;H*) and {ug,} C V. The sequences are
constructed such that f,, — f in L?(0,T; H*) + Wh1(0,T;V*), cf. Remark 3.33, as well as ug ., — uo
in V, Bug,, = ¢(0), and Aug,, € Hj,,; cf. Lemma 6.11. Note that the statements i) Av € Hj,, ii)
(kid +A)v € Hi,, for all k € R, and iii) (kid +A)v € H;,, for a k € R are equivalent. The assertion
follows then by the limit behavior of the sequence of solutions (u,, A,) and Theorem 6.8, 6.9, and
Lemma 3.1.

6.3. Dissipation Inequality

In this section we analyze the operator DAE (6.1) in a port-Hamiltonian setting similar to the one
we introduced for descriptor systems in Section 2.2. Here, the control is given by the functions
w;: [0,T] = W; with reflexive Banach spaces W;, i = 1,2. Given the operators D; € Z (W, V*)
and Dy € L(Ws, Q) we consider the controlled operator DAE

L(Mu) + (T +R)u— BN =Diw;  in V", (6.6a)
Bu = Dowy in QF, (6.6b)

Diu =1 in Wy, (6.6¢)

DI\ = yo in W. (6.6d)

The additional functions y;: [0,7] — V and yo: [0,7] — Q are the system’s outputs. We assume
that the operator J € Z(V,V*) is skew-adjoint and that R € Z(V,V*) is self-adjoint, elliptic
on Vier, and satisfies (Rv,v) > 0 for all v € V.

In the setting of the operator DAE (6.1) we have A = J + R, f = Dywi, and g = Daws. By
Theorem 6.7 the controlled operator DAE (6.6) then has a unique solution (u, A) for every w; €
L2(0,T;Wy), we € HY(0,T;W,) and consistent initial value ug € Hier+B~Daws(0). For this solution
we want to study a dissipation inequality similar to (2.6) with respect to the Hamiltonian defined
by (u,A) — 3| lull3;. In the case of the operator DAE (6.1), the right-hand side of the dissipation
inequality (2.6) is not well-defined, since A and therefore also y, exist only in a distributional sense.
To interpret the integral of (ys, w2 ) in (2.6) we consider a sequence of more regular solutions. To
do so, we need the following lemma.

Lemma 6.11. Assume thatw; € L2(0,T; W), wa € HY(0,T; Ws), and ug € Hyer+B~ Dowo(0) C H
are given. Let A € L (V,V*) be elliptic on V-

Then there exist sequences {win}tnen C CZ([0,T], W), {wanltnen C C®([0,T], W2) with
w2, (0) = we(0) and wa, € CP([0,T],Wa), as well as {ug.pnltneny C V with Bug, = Daw:(0),
and Aug,n, € Hy,,, such that

lim (w1, w20, Uon) = (W1, w2, u0) @0 L*(0,T; Wy) x H(0,T; W) x H.

n—oo
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Proof. Since C2° is dense in L2, cf. [GajGZ74, Ch. II, § 1, Lem. 1.20 & Ch. IV, § 1, Lem. 1.13], we
find sequences {w1,n}fnen C C&F([0,T],W1) and {wy ,, tnen C C& ([0, T], Wa) with

lwr —winllzzorom) < 5 and  los —wy, llz20.0mm) < 5

We set wa ,(t) = wa(0) + fot wh , ds. Then the inequality [lwy — wan | w1070, < = /1 + %2 holds.

For the construction of g, we define ugker == ug — B~ Dawz(0) € Hier. Since Vie, is dense
in Hyer and H;,, in Vi, we find Ué,ker,n € Vier and f,, € Hj,, with

Huo,ker - u(),ker,nHerr < % and an - Au’O,ker,n”V* < %

ker

Finally, ug p, = A|;: fn + B™Daws(0) € V satisfies the identities Bug, = Daw2(0), Aug,, = fn in
Hiorr as well as (with p4 as the ellipticity constant of .,4|vk ) the estimate

||U0 — u07n||7.[ = HUO,ker - A’;kleranerr

C(Vker‘_y"[ker || f
n

< HuO,kQT - ué),kemn |err + - Au&ker,nnvier
< (1 + Cvkerc_)err>l' N
114 n

Lemma 6.12 (Dissipation Inequality). Let B be inf-sup stable, M € L (H,H*) be self-adjoint as
well as elliptic. Assume that J € £ (V,V*) is skew-adjoint, i.e., J = —=J*, R € L(V,V*) with
R = R* is elliptic on Vyer, and satisfies { Rv,v) > 0 for all v € V. Suppose that w; € L?(0,T; W),
wo € HY(0,T;Ws), and ug € Hyer + B~ Dowo(0) are given. Let (u, \) be the solution of (6.6) given
by Theorem 6.7 and Yo = D5A. Define

/O(yg,wg)ds ::-/0 (Ya,i2) ds + (Ya(t), wa(t)). (6.7)

Then we have

t

t
%llu(t)\lﬁ/l—%lluOH%:/o —<Ru,u>+<y1,w1>+<yz,w2>ds§/0 (y1,w1) + (y2,w2) ds. (6.8)

Proof. Consider the sequences {wi,}nen C C2([0,T],W1), {w2ntnen C C([0,T], W2), and
{uo,n}tnen CV as stated in Lemma 6.11 with A = J + R. Then for every n € N we have a solution
(Uny Ay Y1,m, Y2,n) Of (6.6) with X, € C([0,T], Q) and ya,, € C([0,T], W2) by Theorem 6.8. Since the
solution of (6.6) is continuous with respect to the data, u,, converges to u in L2(0,T;V)NC([0,T], H)
and [; Ands to A in C([0,T], Q). In particular, we have

Yin =Diu, > Diu=y1 and Ys, = D;/ An(s)ds = D3A =Y5
0

in L?(0,7;Wy) and in C([0,T],W3) as n — oo, respectively. Therefore, we get

slu@®li = sluolie = Jim slun®)130 = lluonlia
o t
(6.62) lim (—Rup, + B* Ay, + D1w1 n, Uy, ) ds
n—oo 0
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t
6.6¢
( = ) lim <_Run;un> +<y1,nawl,n> + <D2w2,n7)\n>ds

n— oo 0

t
(6.6d) ..
=" lim <*'Run,un> + <y1,nawl,n> + <y2,nvw2,n>d5
t

= hm <_Runaun> + <y1,nawl,n> - <}6,n7w2,n>d8+ <Yv2,n<t)aw2,n(t)>

n— oo 0

_ /0<—Ru,u>—|—<y1,w1>—<Y2,w2>ds+<Y2(t),w2(t)>. -

6.4. semi-linear Systems

This section is devoted to the extension of our analysis of the semi-explicit linear operator DAE (6.1)
to semi-linear systems. The investigated system has still linear constraints, but a nonlinearity
appears in the low-order terms of the dynamic equation. Thus, we consider the following semi-linear
operator DAE: find w: [0,7] — V and A: [0,T] — Q such that

w(t) + Au(t) — B*A(t) = f(t,u) in V*, (6.9a)
Bu(t) =g(t) in Q. (6.9b)
Example 6.13 (Dynamical Boundary Conditions). The (weak) formulation of semi-linear parabolic

equations with dynamical boundary conditions [SprW10] fits into the given framework. As a
prototype consider

u— Au= fq in Q, (6.10a)
pit — BAru + Opu + au = fr on I C 99, (6.10b)
u=0 on 0N\ T (6.10¢)

with constants p, x > 0, 8 > 0, the Laplace-Beltrami operator Ar, see [GilT01, Ch. 16.1], and the
normal derivative 9, on I'. Equation (6.10b) describes a heat source on the boundary T'; see [Gol06].
Then the reformulation of (6.10) as a coupled system with the dummy variable p = u|r has in its weak
form the operator DAE structure (6.9); cf. [Alt19]. We choose H := L2(Q) x L3(T), Q := Hy,*(T),
and V depending on 8 as V = H(Q) x Hy (') for =0 or V := H'(Q) x HY(T') if 8 > 0. The
constraint is given by 0 = B(u,p) = u|r — p, where B is inf-sup stable [Alt19, Lem. 2 & 5]. The
operators A and M are the weak versions of the associated operators.

We emphasize that PDEs with dynamical boundary conditions may have nonlinear reaction
terms also on the boundary. Examples include the Allen-Cahn equation [ColF15b; GalG08], the
Cahn-Hillard equation [ColF15a; Gal07], and the Caginalp equation [ChiFP06].

Example 6.14 (semi-linear Reaction-Diffusion-Advection Equations). The weak formulations
of semi-linear reaction—diffusion—advection equations with boundary control can be modeled as
semi-linear operator DAEs (6.9); cf. Example 6.2. Examples include the conduction of heat with
chemical reactions [CarJ96, Sec. 1.6.IT], the flow of electrons and holes in semiconductors [Van50,
Sec. 2.2], and chemical reactions in a catalyst pellet [Gav68, Sec. 2.1]. For more examples see [Hen81,
Ch. 2] and the references therein.

In this section we are interested in solutions u, which are continuous with images in V. Following
Theorem 6.9, we restrict the analysis of (6.9) to operator DAEs with an operator A = A; + A,
where A; € Z(V,V*) is self-adjoint and elliptic on Vi, and Az € Z(V,H*). Furthermore, we
choose M to be the Riesz isomorphism in H. This can be extended to a general self-adjoint, elliptic
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operator M € Z(H,H*) by interpreting M as the underlying inner product in . The operator
B e Z(V,Q") is inf-sup stable.

The nonlinearity f maps from [0, 7] xV to H*. In order to transfer the results of Theorem 6.9 to the
semi-linear operator DAE (6.9) we need to consider the Nemytskil map Ay induced by f, which maps
abstract measurable functions u: [0,T] — V to abstract measurable functions f(-,u(-)): [0,T] — H*.
For this, we need the classical Carathéodory conditions of Definition 4.1. Furthermore, we need a
growth condition such that Ny maps C([0,7],V) to L?(0,T;H*); cf. Theorem 6.9. We assume in
the following that there exists a function k € L?(0,7) such that

1 (& 0) I3 < k@)1 + vllv) (6.11)

for all v € V and almost all ¢ € [0,7]. We emphasize that (6.11) is sufficient but not necessary for f
to induce a Nemytskil map; cf. [GolKT92, Th. 1(ii)] and Remark 6.17. A last crucial point for the
existence of a solution is that f is locally Lipschitz continuous. This means that for every v € V an
open ball B,.(v) C V with center v and radius r = r(v) > 0 as well as a constant L = L(v) > 0 exist,
such that

LF (1) = £t vl < Lllon — vl (6.12)

for all v, vy € B,(v) and almost every ¢ € [0,T]. We use these conditions to prove the existence and
uniqueness of a global solution of (6.9).

Theorem 6.15 (Existence of Solutions for Semi-Linear Operator DAEs). Assume that A € Z(V, V*)
can be split into A = Ay + Ay with Ay € Z(V,V*) self-adjoint and elliptic on Viey and Ay €
LV, H*). Let B € L(V,Q") be inf-sup stable. Further, suppose that g € H(0,T;Q*) and
that f:]0,T] x V — H* satisfies the Carathéodory conditions as in Definition 4.1, the growth
condition (6.11), and is locally Lipschitz continuous (6.12). Then for every consistent initial value
ug €V, i.e., Bug = g(0), the semi-linear operator DAE (6.9) has a unique solution

uwe C([0,T),V)NH (0, T;H), A€ L*0,T;9Q)
with w(0) = ug.

Proof. Without loss of generality, we assume that A = A; and Ay = 0. Otherwise, we redefine
ft,v) < f(t,v) — Agv, leading to an update of the involved constant L <— L + C 4, and k(t) <
k(t) + C 4, but leaving the radius r of the local Lipschitz condition (6.12) unchanged.

To prove the assertion, we follow the steps of [Paz83, Ch. 6.3]. Let t' € (0,T] be arbitrary
but fixed. With (6.11) we note that the Nemyskii map induced by f maps C([0,¢'],V) into
L?(0,t';H*); see Lemma 4.2. Therefore, the solution map Sy 1: C([0,t'],V) — C([0,t'],V), which
maps y € C([0,%'],V) to the solution of

u(t) + Au(t) — B*A(t) = f(t,y(t)) in V*, (6.13a)
Bu(t) =g(t) in Q" (6.13b)

with initial value ug, is well-defined by Theorem 6.9. To find a solution to (6.9) we have to look for
a fixed point of Sjg ) and show that the interval of existence [0,t'] can be extended to [0,77].

Let @ € C([0,T],V) be the solution of the operator DAE (6.9) for f = 0 and initial value ug. With
r =1r(up), L = L(up), and the ellipticity constant u4 of A restricted to Vier we choose t1 € (0,7
such that

IN

- T
() = wolv < 3, (6.14a)
' par®
k?ds < ; 6.14b
[ s < gt (6-148)
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L*t) < pa, (6.14c)
t
/ BR(1L+ a]2) ds < ’; exp ( / k]2 ds) (6.14d)
0

for all ¢ € [0,¢;]. This is well-defined, since & — up and the integrals in (6.14b) and (6.14d) are
continuous functions in ¢, which vanish for ¢t = 0. We define

D= {y e C([0.t.]. V) | ly — tllc(o.nyv) < 7/2}

and consider y;,y2 € D. By (6.14a) we have ||y; — uol|c(o,1,],v) < 7. Using that @ and Spg 4,1y
satisfy the constraint (6.13b), we obtain the estimate

2
il Sy — DO /WUs% DI ds < L/w 2(1 4 lyi(5) — wolly + [[uollv)? ds
t
g(uw+mmm{/w@Wm, (6.15)
0

which implies with (6.14b) that Sjg;,) maps D into itself. Further, we have

(4.26) [t (6.12)
pall(Sp.91 = Sp.ajy2) D5 < /OIIf(S,yl(S))—f(&yz(S))II%* ds < L*tillyn — w2l o,

for all ¢ < ¢;. This, together with the previous estimates (6.14c) and (6.15) shows that Sjg 4,1 is a
contraction on D, i.e., a Lipschitz continuous function from D into itself with a Lipschitz constant
smaller than one. Hence, there exists a unique fixed point u € D C C([0,%1],V) of Sjg,) by the
Banach fixed point theorem [Zei86, Th. 1.A]. On the other hand, for every fixed point u* = S ¢,ju
in C([0,t1],V), we have the estimate

pall(* =)0 = pall(So,eu” =B < /0 k()P (1+ (@ = @)(s) v + [a(s)[lv)” ds.

Using (a + b+ ¢)? < 3 (a® + b% + ¢) and Gronwall’s inequality (3.10) it follows

- 2 ti s)|? U 5-ex 25 .
I =D < [ RER+ [aIR) ds- e ( l/m Pds)  (66)

for every t < t;. Because of (6.14d), this shows that u* is an element of D and thus, u* = u.

By considering problem (6.9) iteratively from [t;—1,T], to := 0, to [t;,T] with consistent initial
value ug = u(t;), we can extend u uniquely on an interval T with u € C(I;V) and u = S ju
for every ¢’ € I. Note that either I = [0,7] or I = [0,77) with Tf < T. The second case is
only possible if |Ju(t)|ly is unbounded near Tt, otherwise we can extend u to Tt and start at T}
again; see also [Zim15, Th. 3.20]. But, since the estimate (6.16) also holds for v = w* and
t < Tt, we have that 1imt_>T; lu(@®)|ly < limt_m; llu(t) — a(t)||y + ||@(t)]]y is bounded. Therefore,
u = Sp,ru € C([0,T],V). Finally, the stated spaces for v and A follow by Theorem 6.9 with
right-hand sides f = f(-,u(-)), g, and initial value ug € V. O

Remark 6.16. In the proof of Theorem 6.15 we follow the steps of [Paz83, Ch. 6.3]. The assumptions
considered in [Paz83, Ch. 6.3], however, are stronger than the one in Theorem 6.15. If these
additional assumptions are satisfied, then the existence and uniqueness of a solution to (6.9)
follows directly by Theorem 6.9, [Paz83, Ch. 6, Th. 3.1 & 3.3], and the fact that every self-
adjoint, elliptic operator A € .Z(V,V*) has a unique invertible square root A'/* € Z(V,H) with
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u v
X

r(u(te)) f2

r(u(te)) o

u(t1)

|

St, St,

Figure 6.1.: Illustration of the proof of Lemma 6.18, where ¢ = 3 and r,, = r(u(t2)).

(Avi,v9) = (A"vy1, A?vy)y for all vi,v9 € V. This can be proven by interpreting —A as an
(unbounded) operator A: D(A) C H — H with domain D(A) == {A th|h e H* =X H} CV — H
and the results of [BirS87, Ch. 6, Th. 4 & Ch. 10, Th. 1] and [Paz83, Ch. 2, Th. 6.8].

Remark 6.17. Tt is possible to weaken the assumption (6.11) in Theorem 6.15 to || f(t,v)||u <
k(t)(1+ ||v]|},) for an arbitrary p > 1. Under this assumption one can show the existence of a unique
solution of (6.9), which may only exist locally.

As a next step we show that the unique solution of (6.9) depends continuously on the initial
value ug and on the right-hand side g. For the associated proof we need the following lemma.

Lemma 6.18. Let f satisfy the assumptions of Theorem 6.15 and let u € C([0,T],V) be arbitrary.
Then there exists a radius r, > 0 and a Lipschitz constant L, € [0,00), both depending on the
function u, such that (6.12) holds for all vi,ve € B, (u(s)) with L = L,, and arbitrary s € [0,T].

Proof. The proof is constructive and its main idea is illustrated in Figure 6.1.
We extend u to a function on R by setting u(t) to «(0) if ¢ < 0 and to w(T) if ¢ > T. Furthermore,
we define for every ¢ € [0, 7] the set

St::{seR

Ju) - u(s)ly < 52} <

with the local radius r > 0. Since ¢t € S; and S; is open by the continuity of u, the set {.S;}4cjo,7 is
a open cover of the compact interval [0, T]. Thus, there exist finitely many time points ¢; € [0, T,

i=1,...,N, such that Uf\;l St, 20,T]. We define

t;
ry = min rult:)) and L, = max L(u(t;)).
i=1,....,N 2 i=1,...,N

Let now s € [0,T] be arbitrary. By the construction of the sets S;, there exists an £ € {1,...,N}
with s € S;,. Then, for every v € B, (u(s)) we have

lo = u(to)lly < flv—uls)llv + lluls) —ulte)llv <ru+

r(u;te)) < r(u(te)),

which shows B, (u(s)) C By(u(t,))(u(te)). Finally, for every vi,ve € B, (u(s)) this implies

(6.12)
1f(tv1) = f(t,v2)llax < Llu(te)) [lvr — vally < Ly [lv1 — val|y. O
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The existence of the uniform radius r, and Lipschitz constant L, is one of the key ingredients
in the proof of the convergence order of the exponential integrator schemes in Chapter 9. It is
also helpful to prove the continuity of the mapping from the data to the solution of the semi-linear
operator DAE (6.9).

Theorem 6.19 (Continuous Dependence on Data for Semi-Linear Operator DAEs). Let the as-
sumption of Theorem 6.15 be satisfied. Then the mapping from the data ug € V and g € H(0,T; Q*)
with Bug = g(0) to the solution (u, ) of (6.9) is continuous.

Proof. Let r, and L, be the uniform radius and Lipschitz constant of Lemma 6.18. We consider an
arbitrary sequence {(ug.n,gn)}nen €V X HY(0,T; Q%) of consistent initial values and right-hand
sides, which converges to (ug,g) in V x H'(0,T; Q*). The associated solutions of the operator
DAE (6.9) are (upn, \n) and (u, \), respectively. We show Au, = v —u, — 0 in C([0,T],V) as
n — oo. This is sufficient, since for big enough n € N we have || Auy||c(jo,7],v) < 7 such that

T T
/0 1F (e () — £t wn () [ df < / 2 Aun(8)[3 dt < LT Aun |2 0.29.0) — 0

as n — 00. The continuity follows then by Theorem 6.9.
To prove Au,, — 0, we define for arbitrary but fixed n the strictly monotonically increasing
function R,, € C([0,T]) by

_ Ca, _ 2
Rult) =183, Aaallcon + | 225 (18u0ally + 1157, 20.0) V)

+

t 1/2 2
_ _ 3(Ly +Ca,)
Ly +Ca,)?1B5. Agn ()3 + 1By L Ag, 2*d8:| ex (zt,
e /0( 42) 7 1B, Agn ()1 + 1B, 35 A9n ()13 p in

where Aug , and Ag,, are defined analogously to Au,,. Since Aug , and Ag,, are zero-sequences in V
and H'(0,T; Q%), respectively, R, (T) vanishes as n — oo. Therefore, we find an N € N such that
R, (T) <, for all n > N. We want to prove ||Au,(t)||y < 7, for all n > N. Let us assume that
this is not true for an n > N. Then by the continuity of Aw,, there exists a smallest t* € [0, T] such
that [[Aun,(t*)||y = 7. On the one hand, t* # 0 holds by R,,(0) < R,(T) < ry and pg, < Cy,, and
therefore the difference of the initial values Auyg . is smaller than r,. On the other hand, one has

s | Atp ger ( )”\2/

(4.26)
< O [|Aup ker (0[5 + / 1£(s,u(s)) = f(s,un(s)) = AzAup — B, 5:Agn(s)]13- ds

(6.12) B )
< Cu (|Auonlly +1B4,Agn(0)[Iv)

t
+ 3/0 (Lu + Cay)* [ At ke ($)[I5 + (L + Cao 1B, Mg (8)I5 + 1B, 55 Agn ()3, ds

for all ¢t € [0,t*]. By Gronwall’s inequality (3.10), it follows
ru = [[Aun (%) ||y < [[B4,9(E) v + | AU ke () [[v < B (") < Rn(T) < 7.

This is a contradiction. Therefore, ||Auy(t)||y < ry for all t € [0,T] and n > N. With the same
estimate as before, one has ||Au,(t)|ly < R, (t). The proof is finished by taking the limit

lim max [|Au,(t)]]y < lim max R, (¢) < lim R,(T) = 0. O

n—0t€[0,T n—01t€[0,T n—0
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7. Systems with Time-Dependent
Operators

In this chapter we generalize the existence, uniqueness, and regularity results of the previous
Chapter 6, to the case where the operators M, A, and B in the operator DAE (B.1) depend on time.
We therefore consider the operator DAE

LMBu) + (At) — IM(@)u(t) — B OAE) = f(t)  in V", (7.1a)
B(t)u(t) = g(t) in Q* (7.1b)

with operator-valued functions M: [0,7] — Z(H,H*), A: [0,T] — L (V,V*), and B: [0,T] —
Z(V, Q). The initial value is given by ug. The definition of a solution is given in Definition 4.27.
In the analysis of the operator DAE (7.1) we restrict ourselves to A € L*°[0,T;.2(V,V*)]. The
operator-valued functions B and M have derivatives in the sense of Definition 4.11. In the following,
we assume that B € H'[0,T;.£2(V,Q*)] and M € H'[0,T;.%(H,H*)]. The function B satisfies
uniformly an inf-sup condition of the form (3.2). Inspired by the results of Chapter 6 we assume in
the following that the operator A satisfies uniformly a Gdrding inequality (3.6) on ker B(t), i.e., the

inequality
(A(t)Vxers Vier ) = .UAHUkerH% - “A”UkerH’QH (7.2)

holds for every vie, € ker B(t) at almost every time-point ¢ € [0, T]. Note that the kernel of B may
depend on time, whereas pyq > 0 and k4 € R are constant. In addition, we assume that M is
uniformly elliptic on H.

Remark 7.1. Without loss of generality we can assume that A is uniformly elliptic on ker B(t), i.e.,
ka = 01in (7.2). To verify the validity of this assumption, suppose that A only satisfies uniformly
a Garding inequality on ker B(¢) and that M is uniformly elliptic on H. Then (u, A) is a solution
of the operator DAE (7.1) if and only if the transformed tuple (@(t), A()) = exp(—74¢)(u(t), A())
fulfills

9 (M) + (At ZAM = LN)T— B X = ¢ 'S in V"

@ (M) + (A+ M= g MJa = BA = e i f i VY,
KA

Bu =e kM g in O*

with initial value @ = ug. The operator A(t) = A(t) + %M(t) € Z(V,V*) is uniformly elliptic
on ker B(t), since for all vy, € ker B(t) and at almost every time-point ¢ € [0, T] it satisfies

(A()okers vier ) > prallvier B = wallvie 3 + 22 pallveel 3 = pallvied -

In comparison to Chapter 6, we make the more restrictive assumptions f € L?(0,T;V*) and
g € HY(0,T;V*) on the right-hand sides of the operator DAE (7.1). The case f € L*(0,T;V*) +
LY(0,T;H*) and g € WHL(0,T; V*) similar to Chapter 6 is discussed in the separate Remarks 7.15,
7.46, and in Theorem 7.21. In any case, the initial value wug is consistent, i.e., ug € closy (ker B(0)) +
B~(0)g(0) € H. In particular, for time-independent B the consistency condition reads wuy €
Hyer + B~ g(0) as usual. We summarize these assumptions.
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7. Systems with Time-Dependent Operators

Assumption 7.2 (Operators, Right-Hand Sides, and Initial Value of Operator DAE (7.1)).
i) The operator-valued function B € H'[0,T; £ (V, @*)] is uniformly inf-sup stable.
ii) We assume that M € H'0,T;.Z(H,H*)] is uniformly elliptic with constant prs > 0 and
that A(t) with A € L*°[0,T; Z(V,V*)] is elliptic on ker B(t) with a uniform constant p4 > 0
at almost every time-point ¢ € [0, 7.
iii) The right-hand sides satisfy f € L2(0,T;V*) and g € H*(0,T; Q*).
iv) The initial value wg fulfills uy € closy (ker B(0)) + B~ (0)g(0) C H.

Example 7.3 (Linearized Navier-Stokes Equations). The linearization of the incompressible Navier-
Stokes equations around a prescribed vector field vs: [0,7T] x © — R? in its weak form is an
operator DAE of the form (7.1); cf. [EmmM13, Eq. (3)]. The spaces V, H, and Q as well as
the time-independent operators M and B are the same as for the unsteady Stokes equation; see
Example 6.1. For regular ve, the operator A: [0,T] — Z(V, V*) is given by

d
(A(t)u,v) = Z/ uVU; - Vo, + 0 (Voo () - V) + 03 (u - Ve 4(1)) da.
=179

Example 7.4 (Dynamical Boundary Condition with Non-Constant Relaxation Time). The weak
formulation of the heat equation with dynamic boundary conditions and a non-constant relaxation
time o(t) on the boundary leads to an operator DAE (7.1) with a time-dependent operator M(t) =
o(t)Rr2a0); see [KovL17, Sec. 2.2.2] and Example 6.13.

Example 7.5. Consider the PDE
u(€,t) + 65555u(5, t)= f(&t) in Qx(0,7] (7.3)

with the domain Q = (0,1) and vanishing Dirichlet and Neumann boundary conditions, i.e.,
u(0,t) = u(1,t) = 0 and O¢u(0,t) = Jeu(l,t) = 0. In addition, u should satisfy u(®(¢),t) = g(t) with
functions ®, g € H'(0,T), where 0 < ®(t) < 1. By applying Green’s formula [Rou13, Eq. (1.54)] twice
and the Lagrange multiplier method [Ste08, Ch. 4.2.1] we derive the weak formulation of (7.3), which
is in the from of the operator DAE (7.1). The associated spaces are V = HZ(0,1), H = L%(0,1), and
Q = R. The operator A € Z(V,V*) given by (Au,v) = (u, U)Hg(o,l) = (855u, 85€U)L2(0’1) is elliptic,
see Section 3.3, and M = Rp2(g1). Furthermore, B € H'[0,T;.£(V, Q*)] with B(t)v = v(®(t)) and
derivative B(t)v = 9zv(®(t))®(t) is well-defined by [Brel0, Th. 8.8] and the assumptions on ®. For
its uniform inf-sup stability we set v;(§) = % € H3(0,1) for fixed t € [0,T]. For every
a € R\ {0} we then have

a- B(t)v a? V5

sup > >
verzo\ {0} 1Vlaz0nlal ~ llavel gzl

Note that @ is a continuous function [Brel0, Th. 8.8] with 0 < ®(¢) < 1 by assumption.

Linear time-dependent operators B occur by the linearization of PDEs with nonlinear constraints,
e.g., the nonlinear boundary condition in the Stefan problem [DiPVY15, Sec. 2]. However, for
systems of the form (7.1) with a time-dependent operator B there are only few results known.
The paper [AltH18] is devoted to systems with M as the constant Riesz isomorphism in H and
a time-dependent B with a constant kernel. Hyperbolic PDEs with moving Dirichlet boundary
conditions are studied in [Alt14]. Here, roughly speaking, the operator B(t) is given by the trace
operator restricted to a time-dependent part of the boundary T'(¢) C Q2. This operator, however,
does not satisfy Assumption 7.2.i).

The analysis of operator DAEs (7.1) where only A is time-dependent is a straightforward gen-
eralization of the results of Chapter 6. We consider this case together with nonautonomous M in
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Section 7.1. A time-dependent M can be interpreted as a nonautonomous inner product in H; cf.
Remark 6.6. In Section 7.2 we analyze operator DAEs with a time-dependent B. In particular, we
investigate nonautonomous splittings of V in Section 7.2.1. Finally in Section 7.3, we combine the
results of the sections 7.1 and 7.2 and make statements on operator DAEs of the form (7.1) where
all operators, namely M, A, and B, are dependent on time.

7.1. Time-Dependent Inner Products of the Pivot Space and
Operators A

In this section we investigate the operator DAE

G (M(Ou(®) + (A(t) = sM@)u(t) — BAG) = f(t)  in V", (7.4a)
Bu(t) = g(t) in Q*. (7.4b)

We emphasize that A and M are time-dependent operators, but B is constant in time. We assume
that B € Z(V, Q") is inf-sup stable and that Assumptions 7.2.ii)-iv) are satisfied. The existence of
solutions of (7.4) to a given consistent initial value

ug € err + B_Q(O)

is analyzed in the first part 7.1.1 of this section. For the analysis we discretize the operator DAE (7.4)
in time by the implicit Euler method. We consider the weak /weak* limits of sequences of time-discrete
solution given by the Euler scheme. The uniqueness of the solution is topic of Subsection 7.1.2.
For this, we need to generalize the continuous embedding of W12(a,b;V,V*) in C([0,T],H), see
Theorem 3.40, to the case of time-dependent inner products in H. This is investigated in 7.1.2.1.
Solutions under weaker assumptions on the right-hand sides f and g are analyzed in Subsection 7.1.3.
There, we use continuity results of the solution on the data. This section finishes with comments on
the regularity of the solution in 7.1.4, where we consider analogous cases to the ones in Section 6.2.

7.1.1. Existence Results

Let us consider the operator DAE (7.4). As in the case of autonomous operators in Chapter 6, we
split the possible solution u into two parts and set u = uyer + uc. The first part uye, is a function
mapping into Vier = ker B and wu, satisfies Bu, = g for almost all ¢ € [0,T]. There are many possible
choices for uc, e.g.,

ue = B1g € H'(0,T; Vig,); (7.5)

see Definition 3.7 and Assumption 7.2.iii). Later in Subsection 7.1.4 we choose u. depending on A
in order to improve the regularity of the solution u as in Section 6.2. This, however, requires a
smoother A in time. Therefore, we use (7.5) for now.

Using the splitting u = tker + Uc = Uker + B g in (7.4), we get for uye, the operator DAE

LM e (8) + (A(L) = IM(E))uer(t) — BNE) = fier(t)  in V7, (7.6a)
Buker(t) - O in Q* (76b)

with the right-hand side )
fker = f - (A + %M)uc - Muc (77)

By Lemma 4.15 and Assumptions 7.2.ii) and iii) the function fi, is an element of L?(0,T;V*). In
the following we study the operator DAE (7.6). The associated initial value uer,0 = uo — B ¢(0)
is an element of Hye by Assumption 7.2.iv). Note that we could consider equation (7.6a) tested
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7. Systems with Time-Dependent Operators

only with functions in Vye,. This would lead to an operator ODE with a time-dependent inner
product of the pivot space Hyer; cf. Remark 6.6. However, having the analysis of operator DAEs
with time-dependent B in Section 7.2 in mind we directly consider system (7.6).

7.1.1.1. Rothe Method

To analyze the existence of solutions (uker, A) of (7.6), we use the Rothe method [Rot30] consisting
in semi-discretization in time. We take an equidistant partition of the interval [0, T] with step size
7=T/N >0, N € N, and discretize the operator DAE (7.6) formally with a Runge-Kutta method.
This leads to stationary problems for the discrete time points t, ==n7r, n=1,..., N. We work with
an arbitrary monotonically decreasing zero-sequence of step sizes {7x }ren € Rso. In the following
we omit the index k& and write 7 — 0 instead of limy_,o, 7% = 0.

In the whole of Chapter 7 we use for the Rothe method the implicit Euler scheme. Applied to (7.6)
this leads to a stationary saddle point problem for every discrete time point ¢,, given by

DT<Muker)n + (-An - %DTM’I’L)UI{GI‘,TL - B*)‘n = fker,n in V*a (783‘)
Bugern =0 in Q* (7.8b)

with n =1,..., N. The terms D, (Muye)n and D, M,, denote the discrete derivatives

Mnuker,n - Mnfluker,nfl and DrMn _ Mn - Mnfl 7

T T

DT(Muker)n =

respectively, with the pointwise evaluation M,, = M(t,), n = 0,..., N. This is well-defined by
Assumption 7.2.ii) and Lemma 4.14. Since A € L>®[0,T; £ (V,V*)] and fyer € L%(0,T;V*) are not
continuous in general, they cannot be pointwise evaluated. Instead we use their mean over the
interval [t,_1,t,], i.e.,

1 [t I
Jrern = ;/ frer(8)ds € V*  and  Ayv = ;/ A(s)vds (7.9)
tn—1

tn—1

for all v € V. Note that A, : V — V* is linear by the pointwise linearity of A and of the integral,
and bounded by

1 tn
[Anvlv- < ;/ [AG) 2wy llvllv ds < [lAll o,z vy l[o]lv- (7.10)

tn—1

Furthermore, the operator A, is still elliptic on Vier, since for every vye, € Vier we have

1 tn 1 tn
<Anvker7vker> = — / <A(S)Ukeravker > ds Z ; / /f”A”Uker”%} ds = MAHUker”%w (711)

T Jtn_1 tn—1

Remark 7.6. Under spatial discretization the operator DAE (7.6) becomes an index-2 DAE; see
Chapter 2 and [Alt15, Sec. 8.2]. This leads in general to numerical difficulties for the temporally
discretized DAE; see Section 5.1 for the finite-dimensional case as well as [Alt15, Sec. 6.1.3]
for the temporally semi-discretized operator DAE (7.4). Under the assumption of consistent
initial values, these difficulties, however, come from the inexact approximation of the hidden
constraints; cf. [HailLR89, p. 33]. Since the right-hand side of the constraint (7.6b) is homogeneous,
its numerical derivative is exact, and no instabilities occur. A possible treatment of operator DAEs
with inhomogeneous constraints is discussed in Section 8.1.

98



7.1. Time-Dependent Inner Products of the Pivot Space and Operators A

Remark 7.7. By the definition of D, M,, for every h € H we have

DeMyh = %(M(tn)h — M(tn_1)h) = % " M(s)hds. (7.12)

tnfl
The existence and uniqueness of a solution (Ukern, An) of (7.8) is discussed in the following lemma.

Lemma 7.8 (Solvability of Stationary System). Let tukern—1 € Hier and fiern € V* be given.
Assume that M, M,,_1 € L(H,H*) are elliptic. Suppose that A, € L(V,V*) is elliptic on Vier
and B € L(V, Q%) is inf-sup stable. Then the stationary saddle point problem (7.8) has a unique
solution (Uker,n, An) € Vier X @, which depends linearly and continuously on frern and Ukern—1-

Proof. Since A, is elliptic on Vi so is %Mn + A, — %DTMn =A, + i(/\/ln + M,,_1). The
assertion then follows by Theorem 3.8 and equation (7.8b). O

By Lemma 7.8 the stationary saddle point problem (7.8) generates for a given initial value
Uker,0 € Hier & sequence of solutions uker,n € Vier and Ay, € Q for the time points ¢,, n =1,..., N.
In the following lemma we bound the elements of this sequence in terms of fyer and uger 0.

Theorem 7.9 (Bound for the Discrete Solutions). Let uker,o € Hier be given. Suppose that
B e 2V, Q") is inf-sup stable and that Assumptions 7.2.ii) and iii) are satisfied. Let fyer be defined
by (7.7). Let M,, .= M(t,) as well as A, and fyer,n, be defined as in (7.9). Then the sequentially
defined unique solution (Ukern, An) € Vker X @, n=1,..., N, of (7.6) satisfies

n n

ke, + D ler e = weere—tla,_, + #a Y Tlterkll < M (uker,0, ficer) (7.13)
k=1 k=1

with the constant M (uker,0, fker) = \/||uker,0||f\/t0 £ ||fkerHL2(0Tv* Furthermore, the discrete
derivative D, (Muyer)n satisfies

n

Z 7| D7 (Muker ) H%};er

k=1

4pm

1 .
< 3(pa+ M*AHAH%M[O,T;X(V,V*)] + M2, 2)) M (tker, 05 ficer). (7.14)

Proof. As first step we note that the equality

2A My h— My 1 hh) — (M, — My_1) b, h)
=(Muh,h) = (Mu_1h,h) +{(Mpu_1(h—h),h—h)

=[1l5, = I3l + =Rl (7.15)

holds for every h, h € H. Testing (7.6a) with Tuye, ,, then leads to

1 1
i(Huker,nH%\/{n - Huker,n—lng\/tn_l) + §Huker,n - uker,n—lui/ln_l + T,LLAHUker,nH%
(7.15) 1
S 7—< DT(Muker)n + (-An - 7D7Mn)uker,n7 uker,n>
(7.6a) (3:8)
:1 T<fker,nauker,n> S 7“fkern|v* +7— ||UkernHV

214
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—_—e Uker,n—1
' d ~

P N —,.\Ulc(‘lun 1
d -~ ’ ~
.7 ~ . S
S ¢ A e
—a¢ Uker,n—2 S e
N .
. .
L —_— U ker,n L \
T T T T 4
tn—2 tn—l tn tn+1
Figure 7.1.: Piecewise functions uker» (solid) and Uer» (dashed) defined by uker,n, n=0,...,N.

Summing this inequality from k£ = 1 to n implies (7.13), since by the Cauchy-Schwarz inequality we
have

7.9) 1 b

n ( n
TZ”fker,k|$}* = TZ” \ Jrer(s) ds|
k=1 k=1

k—1

nooaty T
b3 [ M@l ds < [ (o) R ds.
k=1"tk—1 0

Further, we note that B*\,, € V) vanishes if we consider (7.6a) as an equation in V. Inequal-
ity (7.14) then follows by (7.13), Young’s inequality (3.8), and

||DT(Muker)n||V*

ker

S ||fker,n||V* + ||(An - %DTMn)uker,n| V*

- 1 tn .
" frerllye + - | / (A(s) = 3M()tner |
tnfl

(7.16)

Py

CH*%V*

< lfxernllve + Al Lot 1 sz (v, [tkernllv + W”MHLQ[tnfmn;z(H,H*)J||uker,n||H- O

Remark 7.10. Equality (7.15) also holds for arbitrary self-adjoint, elliptic operators Ki,Ks €
Z(X,X*) instead of M,,, M,,_1. Especially, for X = K1 = K3 and 2,7 € X equation (7.15)
becomes

2K(z —2),2) = 2]k — |12l + [l — 2k (7.17)

7.1.1.2. Convergence of Temporal Discrete Solutions

Given the sequence of the discrete solutions (ukern;An) € Vier X @, n = 1,...,N of (7.8) from
Lemma 7.9, we build functions over the whole interval [0,7] and show that they converge to a
solution of (7.4). More precisely, we define the piecewise constant function uyer r: [0, 7] = Vier and
the piecewise linear function Uker r: [0,T] = Hker by

e (t) . ) Uker,1, if t =0, T (t) . J Uker,0, ift =0,
er,T = . er,T — .
Uker,n if ¢ S (tn—la tn] Uker,n + DTuker,n(t - tn); if ¢ S (tn—ly tn]

(7.18)

A sketch of uyer,r and Uger,r is given in Figure 7.1. Analogously, we define the piecewise constant
function A, for the Lagrange multiplier A via A,,. The starting value A\, (0) can be chosen arbitrarily,
since we will study the convergence in spaces of Bochner-integrable functions and the initial time-
point is a null set. In the same manner we define piecewise constant functions associated to the
right-hand side fyer and the operator A denoted by fyer,r and A;, respectively. At last, we define
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the piecewise linear functions

_ Mo, it ¢t =0,
M (t) == 7.19
®) {Mn Dy Ma(t—ty), it € (ta,tl, (7.192)
Mitten 7 (1) 1= § 7 100ker0: ife=0, (7.19b)
7 Motiern + Dy (Mtier)n(t — tn), it € (tn_1, tn).

Note that, in the interest of readability we write /\//Rkem for the piecewise linear function defined
by M Uker,n instead of (mr)T. Furthermore, we denote the generalized time derivative of
/T/l\uker,r by %j\//ﬁq{em which is piecewise constant with value D;(Muger)n at (tn—1,tn], n =
1,..., N. Analogously, we use the notation %M\T and %ﬂke”. With this the temporally discretized
system (7.8) can be reformulated as

%/T/l\uker,r + (AT - %%M\T)ukerﬂ' - B*)\T = .fker,T in V*v (720&)
Buyer, =0 in Q. (7.20Db)

The main goal of this section is to prove that the piecewise defined functions converge to a solution
of the operator DAE (7.6) as 7 — 0. At first we show that uerr and Uker» have the same weak
limit as 7 tends to zero.

Lemma 7.11. Let the assumptions of Theorem 7.9 be satisfied. Then there exists a function
Uker € L2(0, T; Vier) N L(0,T; Hyer) and a subsequence ' of T such that as 7/ — 0 we have

Uker,7/ — Uker in L (07 T V), Uker, 1’5 aker,f’ = Uker 0 L™ (07 T H), (7213)

Mrtier 70, MopsTier vty Mtger 7 — Mutger —in L(0,T; H*). (7.21b)

Proof. By Theorem 7.9 the function e, is bounded by ¢ M = ¢ M (tker,0, frer) in L>(0,T;H)
and L2(0,T;V) with ¢ = 1/un and ¢® = 1/, respectively, independently by 7. For a bound for the
piecewise linear function Uyer -, we note

vV M/Vl”aker,T(t)”’H = iM ||uker,n71(tn_t>+uker,n(t_tnfl)”’i-t < ||uker,n71HM,,L,l‘f'”Uker,n”Mn < 2M

in [t,—1,t,]. Therefore, the weak limits (7.21a) follow by the same arguments as in [Emm04,
Th. 8.3.8]. Since Ve, is closed in V and uker - (t) € Vier for almost all ¢ € [0,T], the limit uye, is
pointwise an element of Ve, at almost every time-point [Tr610, Th. 2.11].

Since the operator M can be identified as an operator from Z(LP(0,T;H), L*(0,T;H*)), p €
[1,00], by Lemma 4.9, the functions Muyer ', MiUyer,-+ converge in a weak® sense to Muye, in
L>(0,T;H*) as 7/ — 0; cf. [Zei90a, Prop. 21.28]. By the continuity of M, see Lemma 4.14, we have
M, - M in C([0,T],Z(H,H*)) as 7 — 0. This implies

—

Mrluker,w = (MT/ — M)uker,q—/ +Muker,7—’ N Muge, in LOO(O,T,H*)
as 7/ — 0 and analogously for /\Z,akem,. For ,/T/l\ukem/ we observe
max m t) — MG DI,
KM te[0.1] || ker,T( ) ( ) ker,r( )HH

- Mn_M t crn(t_tnil) Mnf _M t er.n— 7@"70 2
2 e | M = MO e 254 s = M1 B e
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tn

: (t tn 1) (tn—t>2
< QMM max max M( )uker n dS M uker n—1 dS
n=1,....Nte[ty,_1,tn]
(r13) 8§ (T

S 27 ||M||$ H,H* )dSM (uker O’fker)

as 7 — 0. Therefore, /T/l\uker,T/ and Miker -~ have the same weak™ limit in L>°(0,7; H"*). O

In the next step of the proof that the piecewisely defined functions converge to a solution of (7.6)
we investigate the limiting behavior of the derivative %Mukem.

Lemma 7.12. Suppose that the assumptions of Theorem 7.9 are satisfied. Let uye, be the function
and 7' be the subsequence of T introduced in Lemma 7.11. Then Muyer € H(0,T; Vi, )NL> (0, T H*)
with (Muger)(0) = M(0)uker,0 in Vi, holds. Further, as 7" — 0 we have

L Muger 7o = S (Muger) in L2(0,T; Vi, )-
Proof. By Theorem 7.9 the estimate

(7.14)

”iMuker,T”%Z 0,T;V, = HD Muker) |$}* ds S MQ(Uker,Oyfker)
dt 0.TVy,) — er

te—1

holds with a constant independent of 7. Therefore, there exists a subsequence 7" of 7/ such that
%Mukemn converges weakly to a w in L?(0,7T;V},,). Proposition 23.19 in [Zei90a] then shows
that Muye, has a generalized derivative in L2(0,T; Vi..) given by w. Since the derivative is unique,
%Mukcm/ converges weakly to %(Muker) for the whole sequence 7 [GajGZ74, Ch. 1, Lem. 5.4].
In addition, for every vier € Vier the equality

T
{ (M) (0), Toper ) = /0 —%(Muker,(T—t)vker>dt

T
- / ( Mther v ) — { & (Mutger), (T — t)vyer ) dlt
0

T
= lim <Muker,’r’a Uker > - < %Muker,‘rﬁ (T - t)vker > dt

7'=0 Jo

= 7_1/1210< MOukcr,Oa Tvkcr > = < M(O)ukcr,Oa Tvkcr >
holds. Since T # 0, this shows (Muke)(0) = M(0)uker,0 in Vi, O

As our last preparatory step, we consider the approximations of the operators A and M.

Lemma 7.13. Let the assumptions of Theorem 7.9 be satisfied. Suppose that uyer is the same
function and 7' is the same subsequence of T as in Lemma 7.12. Then as 7" — 0, we have

Arrtiger v — AUger 0 L2(0, 7;V*) and (%M\T/)uker",-/ — Muker m LQ(O, T;H").

Proof. Note that both limits are well-defined by Lemma 4.9.

Let us first consider A;ukerr. By the estimates (7.10) and (7.13) the function A;ukerr is
bounded in L?(0,T;V*) independently of 7. With [Yos80, Sec. V.1, Th. 3] it then is enough to
show { A tuyer +7, ) — ((Atger, @) as 7/ — 0 for every element ¢ of a dense subset of L2(0,T;)).
We consider the set of polynomials ¢: [0,7] — V, ¢(t) = >, _,vxt® with r € Ny and v, € V
for k = 0,...,r, which is dense in L?(0,T;V); see [Zei90a, Prop. 23.2.d]. Let ¢ be an arbitrary
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polynomial of degree » with monomial terms oy (t) == vit*, vy € V and k = 0,...,r. Then the
identity

T T
(Artker,r, Ok ) =/ (A (8)tger+(s),vs" ) ds =/ (A%(8)vs" uker,r(5) ) ds = ( AL px, tgerr )
0 0

holds for every . We note that Afv, = (A*vy), is the piecewise constant function correspond-
ing to A*vy € L%(0,T;V*), analogously to the way fier, corresponds to fier; see (7.9). By
Lemma 3.34, the function Afvy = (A*vg), converges strongly to A*vy in L2(0,T;V*) as 7 — 0.
Hence, lim, 0 AXpr = A*px in L2(0,T;V*). Since A*, ¢ converges strongly and uye, »+ weakly as
7/ — 0, the limit

T T

<A'r’uker,'r’7 <;0> = Z<Ar’uker,7’a Pk > = Z<~A:/90k, Uker,r! > — Z<A*@k7uker> = <Auker7 90>

k=0 k=0 k=0

holds as 7" — 0. This implies the asserted weak convergence of A, tker 7.

Analogously, one proves the weak limit of ( %M\T)uke”, where its boundedness is given by

T — (7.12) 1 Nt tn
[ Gt as 55 [ [ M sl dt
0 T n=1"7tn-1 tn—1
N tn
)3 / 1M 00
n—1

( 13) 1
< —M[F2p0,7, 200,20 M (ttker, 0 fier)- O
Yy

We can now prove the existence of a solution of the operator DAE (7.4).

Theorem 7.14 (Existence of a Solution). Let B € Z(V, Q) satisfy an inf-sup condition (3.2) and
let Assumptions 7.2.7) and 7.2.i) be fulfilled. Suppose that Assumption 7.2.iv) is satisfied, i.e.,
g € Hyer + B~ g(0). Then the operator DAE (7.4) has at least one solution (u, \), which satisfies
a) u € L20,T;V)NL>®(0,T;H), b) A= 2A foran A€ L>(0,T;Q),
o) L(Mu) € L2(0,T; VL), d) L (Mu) - B*X € L*0,T;V*).
Proof. Let u. € H'(0,T;VL,) be defined as in (7.5) and uyer € L2(0,T; Vier) N L°(0, T'; Hyer) be
the weak limit mentioned in Lemma 7.11 with initial value ugero = o — uc(0) € Hier- Then
U = Uc + Uker Satisfies a) and c) by the embeddings V — H, H* — V., Theorem 3.38, Lemmas 4.15,

7.11, and 7.12.
For the Lagrange multiplier A\ we investigate A\;. We consider the integration

T: LY0,T;X) — L=(0,T; X), © +— (tl—> /Ota:(s) ds). (7.22)

Since 7 is linear and bounded we have the weak™ limit

7 2()a
I(B*)\‘r ) ( Muker T/ M(O)uker,O + I(AT’uker,‘r ) §I(diMT’Uker,‘r’) - I(fker,‘r’)
A Muker - M(O)uker,o +I((-A - %M)uker) - ( ker)
(.7)

Mu — M(0)uo +Z((A— LM)u) — Z(f) =: Ap-
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in L>=(0,T;V*) as 7" — 0. Here, we have used Lemmas 7.11, 7.13, and fier.r — fier in L2(0,T; V)
as 7 — 0 by Lemma 3.34. By Lemma 3.30 the identity Z(B*\,/) = B*ZA, holds, which implies
Ap-(t) € V2, for almost every ¢ [Tr610, Th. 2.11]. Therefore, A := B,_;; Ag- € L>=(0,T; Q) is well-
defined with By, as the left-inverse of B*; see Lemma 3.6. In particular, ZA./ S Ain L%(0,T; Q)
as 7' — 0.

We have to show that (u, \) with A\ = S A is a solution of (7.4). For this, we note that by (7.5),

dt
(7.7), and (7.20a), for every v € V, ¢ € C*([0,T]) with ¢(T") = 0 we have

0= /O 8 Mt + S (Mu) 4 (A — 58 K Yt + (A S, 0)
+(=B*Ar = frer,r + fier — frv ) ds
= /OT< (Ar — %%/\//\lr')uker,r' + (A = 3M)uc — frer,rr + frer — f,0 )
— ( Mtgeer, 7 + Mue — B*TArr,0) ¢ ds + ( Motier,o + M(0)ue(0), v )o(0)

—>/O (A= IMu—fv)p— (Mu—B*Av)pds+ (M(0)uo,v)p(0) (7.23)

as 7 — 0 using Lemmas 3.34, 7.11, and 7.13. For every q € Q and ¢ as for (7.23) we observe

T T T (7‘5) T
/ <Bu,q><pd8=/ <Buker+6u07q>§0d3:/ (Buc,q)pds = / (9,q)pds (7.24)
0 0 0 0

by Lemma 7.11. The equations (7.23) and (7.24) prove that (u,A) with A\ as the distributional
derivative of A is a solution of the operator DAE (7.4). In particular, b) is satisfied by the choice
of A.

Finally, equation (7.23) with ¢ € C¢°(0,T) implies that Mu — B* has a generalized derivative
in L?(0,T;V*). This proves assertion d). O

Remark 7.15. The existence of a solution can be proven under the weaker assumptions M &
W0, T; L(H,H*)], f € L?(0,T;V*) + L'(0,T;H*), and g € WH1(0,T; Q*). The spaces of c)
and d) then change to L?(0,T;V;.,) + L*(0,T; H;.,) and L?(0,T;V*) + L*(0,T; H*), respectively;
see also Theorem 7.21.

7.1.2. Uniqueness Results

Theorem 7.14 proves the existence of a solution (u, ) of the operator DAE (7.4). In this subsection
we investigate its uniqueness. In the case where operator M is time-independent, the usual proof is
based on the embedding of generalized differentiable functions in the space of continuous functions;
see e.g. [Daull92, Sec. XVIIL.3, Th. 1] and [Daul.93, Sec. XIX.2, Th. 1]. Therefore, we generalize
Wb2(0,T;V,V*) — C([0,T],H) for a time-dependent inner product of the pivot space H induced
by M in Subsection 7.1.2.1. With this generalization we prove the uniqueness of the solution (u, A)
of the operator DAE (7.4) in Subsection 7.1.2.2.

7.1.2.1. W12_Functions with Nonautonomous Inner Product

Since the operator M is time-dependent in (7.4), the inner product m(¢, hq, he) = (M(t)h1, ho )1+ 1
of the pivot space H is time-dependent as well. In order to analyze the uniqueness of the solution,
we need an embedding similar to W2(0,T;V, V*) < C([0,T],H) with a nonconstant inner product
in H. We slightly generalize a result from [Str66].
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Theorem 7.16. Let X,) be Banach spaces and X be reflexive. Assume that X and Y are contained
in a linear space and that X NY is dense in X and ). Suppose that a Banach space Z exists such
that Z and Z* are dense in L'(0,T;Y) and L*(0,T;Y*), respectively, with continuous inclusions.
Let for every f € Z* and z € Z, the duality pairing { f,z )y~ y be integrable. Suppose that Z is
closed under multiplications with real-valued step functions and that translations in t are continuous
for elements in Z, where the functions are extended by zero outside of [0,T].

Let K € HY0,T; £ (X, X*)] be pointwise self-adjoint and uniformly elliptic. Suppose that w €
L>(0,T;X) fulfills w e Z and Kw € Z*. Then w € C([0,T],X) and for all t € [0,T] we have

(Kw,w) - 2]y = /0 (K(s)w(s), w(s) )a- a0 + 2(K(s)w(s), w(s) )y- » ds. (7.25)

Proof. The case with K € Wh*°[0,T;.£(X,X*)] is proven in [Str66, Th. 3.1 & Th. 3.2]. An
adaptation of the proof of [Str66, Th. 3.1] shows the assertion. Here, we use that for every
p € [1,00) and w € LP(0,T; X) (extended by zero outside of [0,7]) the sequence of convolutions
{@e * w}eer., with mollifiers {¢, }ccr.,, i.e., nonnegative C°(R)-functions with supp(p.) C [—¢, €]
and fR e dt = 1, converges strongly to w in LP(0,T;X) as ¢ — 0 [KufJF77, Sec. 2.5]. O

Remark 7.17. If two function wy, wsy satisfy the assumptions of Theorem 7.16, then they satisfy

t

0 = ((K(wy +ws), w1 + w2 ) — (Kwy,w; ) —(Isz,w2>)|t

2<1Cw1,w2>f 0

14 t . .
(720)/ <IC’U)1,U)2> + <K:w2,’u}1 > +2<K:U}1,11}2> +2<1Cw2,1l)1 > ds.
0

Theorem 7.16 implies the generalization of W12(0,T;V,V*) — C([0,T], H).

Theorem 7.18. Let V,H,V* be a Gelfand triple. Suppose that M € HY0,T; L (H,H*)| is pointwise
self-adjoint and uniformly elliptic. Assume that u € L?(0,T;V) N L>(0,T;H) fulfills %(Mu) €
L2(0,T;V*). Then u € C([0,T],H) and for all t € [0,T] we have

Proof. With the notation of Theorem 7.16 we choose X = H*, Y = V* K = M=t Z = L*(0,T; V"),
and w = Mu € L*(0,T;H*). The continuity under translation for every element in Z is proven
in [GajGZ74, Ch. 4, Lem. 1.5] and C([0,T],V*) < Z is dense in L'(0,T;V*) = L*(0,T;Y) by
Theorem 3.32. Analogously, the embedding Z* < L'(0,7;V) = L'(0,T;)) holds. The assumptions
of Theorem 7.16 are then fulfilled by Kw = M~ Mu = u and since M~ € H'[0,T; .2 (H*, H)]
is uniformly elliptic by Lemma 4.17. Therefore, w = Mu is continuous with images in H* by
Theorem 7.16. This implies u = M~tw € C([0,T], H) and

(Muu) [ 27 / (& (M1 (8) M(s)uls), M(s)u(s) ) +2( M (M()u(s), &(M(s)u(s))) ds

0

where we used Lemma 4.17 and M* = M. O

7.1.2.2. Uniqueness of the Solution and Continuity in the Data

With Theorem 7.18 we are able to prove the uniqueness of the solution of the operator DAE (7.4).
For the estimate of the solution we use the shortened notation | - ||c for || - [|¢([0,77,4), Where the
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Banach space X is clear by the argument. Analogously, we use a shortened notation for the norms
of HY(0,T;X), L*[0,T; £ (X, X*)], and L?[0,T; £ (X, X")].

Theorem 7.19 (Uniqueness of the Solution). Let the assumptions of Theorem 7.14 be satisfied.
Then there exists only one solution (u, \) of the operator DAE (7.4), which fulfills the condition a)
and b) in Theorem 7.14. In addition to the stated spaces in Theorem 7.14, the solution salisfies
u € C([0,T],H) with u(0) = ug and A € C([0,T], Q) with A(0) = 0 where A = LA in a distributional
sense. The bounds

2||M||C 4 1 45

2 2 2 2

U by < Ugl|7y + f + (1+ ) g 7.26a
| ||L2(0,T,v) l[uoll3 2 1122 32 gl ( )

2 2
U < UQ +
| ||C([O,T],7-L) “ [ ||7—L

5
IAZ o.71,0) < 2 (”MH%‘C%‘—H-L(”U”%‘([O,T],H) + lluoll3e) + T (AN lull 22 0,7:v) (7.26¢c)

8
11172 +

o 7 + == Nllgl: (7.26D)

T P

1 (405%1 max(1,472)  8C

Al MUl go,21.30) + 171132))

i ~ 2 2 4 M2 C{_} 2 < 2
hold with the constant C' = “AJj + “M“fbf"““ + (||MHC + H HéiAV H) P s LATD)  In

particular, the solution operator

S:{(f,g,u0) € L*(0,T;V*) x H'(0,T; Q%) x H |ug — B~ g(0) € Hyer}
— L%(0,T;V) N C([0,T),H) x C([0,T],9), (f.g,u0) — (u,A)

is linear and continuous.

Proof. Theorem 7.14 proves the existence of at least one solution (u,A). Let now (u,A) be an
arbitrary solution, which satisfies condition a) of Theorem 7.14, i.e., u € L?(0,T;V) N L>(0,T;H).
We split u into uge, € L?(0,T;V,,,) and u. € L?*(0,T; Vlir). This is well-defined, since Vie, is a
closed subspace of V. The algebraic constraint (7.4b) then implies u. = B} Bu = BT g. Especially, u.
is an element of H'(0,T; V) = C([0,T], H) with bounds

1 V2Cy 3 max(1,2T
W) < gla e, Tuloan < =4I gl o, (727

k = 0,1, by Theorem 3.38 and [Bra07, Lem. I11.4.2.b]. The part uye; € L2(0, T; Vier) VL (0, T; Hier)
satisfies by Definition 4.27 of a solution the equality

T
O:/ <("4_%M)u_favker>30_<Mu7vker>¢)d8
0
T
= / (A= fMu—f+ %(Muc),vkerﬁp — { Muger, Vker )@ ds (7.28)
0

for every vker € Vier and ¢ € C°(0,T'), where we used

T T T T
/ (AB*,ka,mds:—/ (B*)\,vkcr>g0ds:—/ <kacr,)\)<pds:/ (Buger, A)pds = 0.
0 0 0 0

) (7.29)
Equation (7.28) implies that Muye, € L*(0,T;H;,,) has the derivative f — (A — 2 M)u — & (Mu,)
in L2(0,T;V;.,). Therefore, the assumptions of Theorem 7.18 are satisfied for uye, with the Gelfand
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triple Viop, Hiors Viey- Theorem 7.18 then implies uyer € C([0, T, Vier) and

t
Ut (lae) — 2l (O)g o) + 1 / ke |2 ds

t

< / < %(Mukcr) + (A - %M)ukcr,ukcr > ds
0

(r.42) [* L d
A9 [0 F (A= L — & (Mug), uger ) ds

0

B8 to1 L .
< [ G - (At LB g - MBy
0

2 4 “7A||uker||$, ds. (7.30)

Further, the identity uke:(0) = uo — B g(0) € Hier holds, since for every vker € Vier and ¢ €
C*°(]0,T)) with ¢(T) = 0 we have

) T
02" / (A= LX) = f, vher Yo — { Mtt, ver ) ds + { M(0)ig, vier }9(0)
0

= /0 ((A- %M)“ - f+ %(Mu)vvker>@d5 + (M(0)(uo — uc(0) — Uier(0)), Vier ) 2(0).

_0 *
=0in Vy__

The estimates (7.26a) and (7.26b) then follow from ||uker(0)|ln < |luolln + 1B g(0) |2, (7.27),
and (7.30). In particular, these bounds imply u = 0 for a solution for the operator DAE (7.4) with
homogeneous initial value and right-hand sides. The uniqueness of the solution u then follows by
the superposition principle 4.28.

For the Lagrange multiplier A we use the integration operator Z as in (7.22). By (4.30) the equality
T .
0= [ (27 = T(A = 18)0) = Mu+ A, 0)pds = (MO)uo, ) (0)
0

holds for every v € V and ¢ € C°°([0,7]) with (7T") = 0. This implies that a constant ¢ € V* exists
such that ¢ = Zf — Z((A — 3M)u) — Mu + Ag- at almost every time-point ¢ € [0,T7]; see [Emm04,
Cor. 8.1.4]. By choosing ¢(t) = (T — t)/T we obtain { M(0)ug,v) = f0T<c,v>gbds = —(c¢,v).
Together this implies

Age = Mu— M(0)ug + Z((A— 2 M)u) - Zf € C([0,T], V") (7.31)

with Ag-(0) = 0. Note that this shows the uniqueness of Ag-. By (7.29) we have A = B, i Ap-~.
Therefore, A is unique, continuous, and vanishes at the initial time-point, and its distributional
derivative A is unique as well. Estimate (7.26¢) follows from (7.31).

The estimates (7.26) show the boundedness of S. Its linearity follows by Remark 4.28. O

Remark 7.20. Since the solution of the operator DAE (7.4) is unique, every sequence — not only its
subsequence — converges entirely to its weak/weak* limit described in Lemmas 7.11-7.13 [GajGZ74,
Ch. I, Lem. 5.4].

7.1.3. Generalizations

In Chapter 6 we have proved the existence of a solution of the operator DAE (6.1) with time-
independent operators for right-hand sides f € L2(0,T;V*) + L*(0,T;H*) and g € WH(0,T; Q*).
This holds also if M and A are nonconstant.
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Theorem 7.21 (Existence and Uniqueness of Solutions II). Let B € Z(V, Q) satisfy an inf-
sup condition (3.2), Assumption 7.2.ii) be fulfilled, and f € L?(0,T;V*) + L*(0,T;H*) and g €
W0, T; Q*). Suppose that ug is consistent in the sense of Assumption 7.2.iv). Then the operator
DAE (7.4) has a unique solution (u, X), which satisfies

a) u€ L?(0,T;V)NC([0,T),H), b) A= LA foran A€ C([0,T],Q),
o) E(Mu)eL?(0,T; V) + L0, T Hy,), d) di(Mu) B*A € L*(0,T;V*) 4+ LY(0,T; H*).

Further, the solution fulfills uw(0) = ug, A(0) = 0 and depends linearly and continuously on the
data (f7gvu0)‘

Proof. As in proof of Theorems 7.14 and 7.19, we define u, := B g € W'(0,T;V.) and consider
Uger = U — Ue With a possible solution u. We note that (u, A) solves the operator DAE (7.4) with
initial value uo and right-hand sides f, g, if and only if (uger, A) solves the operator DAE (7.6) with
initial value uker,0 = uo — uc(0) € Hyer and right-hand side fyer as defined in equation (7.7).

By assumptions, there exists f; € L%(0,T;V*) and fo € L'(0,T;H*) such that f = f1 + fa.
Therefore, we can split fie, into

e f) —ABg— L MBTg e L2(0,T;V*) and  f2L = fo — MBT g e L'(0,T; H").

By Theorem 7.14 and 7.19 there exists a unique solution (ul[(le]r,)\[l]) to the data (f&]r,o,ukeryo)
of (7.4), which satisfies a)-d).

By the superposition principle, see Remark 4.28, it is enough to prove the assertion for the
operator DAE (7.6) with right-hand sides fier = fli]r, g = 0, and a vanishing initial value. Then
by Theorem 3.32.ii) there exists a sequence {fﬁ]r,n}neN C C([0,T],H*), which converges to flz]r in
LY(0,T;H*) as n —> 00. By Theorem 3.32.viii), 7.14, and 7.19 the operator DAE (7.6) has a unique

solution (uLZC]r ns A ) for every fkor s Which satisfies

t
By (2 2 2 2] 2
2O+ [ s < [ as < [ IR el s

cf. estimate (7.30). Following the lines of Theorem 4.22 one has

, H2L2(O,T;V) i Iy kaer n||L1 0,T;H*)"

2
pllup 1

Similarly as in the proof of Theorem 7.19, one shows that ALLQ }is bounded as in the estimate (7.26¢)

with CZ_, || kern”Ll 0.1~ instead of T f lz]rn||L2 or;v+)- Note that the estimates for ul[fe]rm
and A[n} also hold for the differences ul[ijrn — ul[i]r’m and AE | AL?L], respectively, with right-hand
side fli]rn - 1£2e]r,m' Therefore, {ul[fe]r ntnen and {A[2 }nen are Cauchy sequences in L2(0, T; Vier) N
C([0,T), Hyer) and C([0,T], Q), respectively. Let u[ ] and A be their limits. Then we have

ul[i]r(()) = lim,, 00 ufe]rn(O) =0, API(0) = lim,, o0 Ag] (0) =0, and the equality

T
0= lim | (BAR = Mugy 0} o+ (A= MU, = fitr rv) 9+ (Bug ) pdt

T
:/o (BAR — Maf ) o+ (A= 200u — 12 o)+ (Bu ) ot

is satisfied for every v € V, ¢ € Q, and ¢ € C'*([0,T]) with ¢(T") = 0. This shows that (ul[(e]r7 A2l
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solves the operator DAE (7.4) with data (flﬂ, 0,0) where A2 = L A%l in the distributional sense.

2]

The estimates for u and Ag] also hold in the limit. By the superposition principle this shows

ker,n

the uniqueness of (u1[<2e]r7 AN, The assertions ¢) and d) follow by (7.6a). O

For later analysis we need another generalization where we introduce an additional operator.

Lemma 7.22. Let the assumptions of Theorem 7.21 be satisfied. Suppose that the operator-valued
function Ay, € L20,T; L (H, H*)] fulfills { Ay (t)h,h) > &||h||3, at almost every time-point t € [0, T
with a uniform constant k € R. Then the operator DAE

S M@Out) + (AL) + A (t) = gM@O)ult) — BAE) = f(t)  in V",
Bu(t) = g(t) in QF

has a unique solution (u,\), which satisfies the assertions a)—-d) and the initial conditions from
Theorem 7.21. The solution map (f,g,uo) — (u,A) is linear and continuous.

Proof. With the trick of Remark 7.1 we can assume x = 0 without loss of generality. Then the
proof follows the lines of Theorems 7.14, 7.19, and 7.21. Therein, the temporal discretization

of Ay is given by its means, cf. (7.9), and the bound (7.14) of D, (Muye ), has the additional term

Clue .
=V | Ag (17210 s (2,200 ) M (Uker 0, fieer) cf. estimate (7.16). O

7.1.4. Regularity of Solutions

In comparison to Theorem 7.14, Theorem 7.21 proves the existence and uniqueness of a solution
under mildly weaker assumptions on the right-hand side. In this subsection we consider the regularity
of the solution under stronger assumptions on the data and the operators. For this we adapt the
two cases from Section 6.2.

For the first approach we look at the operator DAE and the initial value, which are formally
satisfied by the generalized time derivative of (u, ). Instead of the operator DAE (7.4) we therefore
consider its reformulation (4.31). If we denote the formal derivative of (u, A) by (w, 1), this ansatz
leads to the operator DAE

LMBw(t)) + (AE) + SME)w(t) — B ut) = ft) — (AE) + 2 M@)u(t)  inV*, (7.32a)
Buw(t) = 4(t) in Q*. (7.32b)

By condition (7.32b) the initial value wq of w must be an element of Hyer+B~¢(0) C H. Furthermore,
since wy is formally the value of @ at t = 0, the initial value wq has to satisfy

(M(0)wo, Vker )3¢-1 = ( £(0) — (A(0) + SM(0))ug, vicer ) v=,v (7.33)
for all vker € Vier; cf. Section 6.2.

Theorem 7.23 (Regularity of Solutions I). Let B € £ (V, Q*) satisfy an inf-sup condition (3.2),
A e Whe[0,T; £ (V,V*)] be uniformly elliptic on Vier, and M € H?[0,T; L (H,H*)] be pointwise
self-adjoint and uniformly elliptic. Suppose that the right-hand sides fulfill f € H'(0,T;V*) +
W0, T; H*) and g € W0, T; Q*). Assume that ug € V is consistent, i.e., Bug = g(0), and that
a wy € Hyer + B~ g(0) exists which satisfies (7.33). Then the solution of the operator DAE (7.4)
fulfills

uw€ HY0,T;V)nCY[0,T],H), X e C(]0,7T],Q).

The solution (u,\) depends linearly and continuously on the data (f,g,uo,wp).
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Proof. We note that A + %M satisfies uniformly a Garding inequality on Ve, since
((A() + 3M))vkers vier ) 2 pallvier % = SIMIloqo,1), 200,200 | oxer I3

for all vker € Vier at almost every time-point ¢ € [0,7]. Further, (A + %M)u is an element of
L?(0,T;V*) + L' (0,T;H*) by Theorem 7.21 and Lemma 4.9. By Remark 7.1 and Theorem 7.21
the operator DAE (7.4) with initial value wp has a unique solution (w, u) satisfying a) and d) from
Theorem 7.21.

We follow the steps of the proof of Theorem 6.8 and show @ = w. For this we split © = e, + Ue =
Uker + B;C g and W = Wyer + We = Wger + B;C ¢ with an arbitrary direct sum V = Vier ® V.. Then

Ue = %(B;C g) = B‘jc g = w.. For the part in Vi, we consider
Vker — Uker,0 + / Wker ds — Uker € LZ(Oa T, Vker) N C([Oa T]a err) (734)
0

with tger,0 = uo — Bgcg(()) € Vier- With Wyer,0 = wo — B;cg(o) € Hyer the following equation holds
in Vi,

%(kaer) + (A - %M)’Uker

(724)Mukcr,0 + M/ Wker ds + kacr - %(Muker) + (A - %M)(Ukcr,o + / Wker ds — ukcr)
0 0

= (-A + %M) (uker,O +[)wker d3> + M(O)wker,O +/(; %(kaer) ds — %(Muker) - (‘A - %M)Uker
(722)(./4 + I M)uer0 + (A + %M)/ Wker ds + M(0)wicer,0

0
+/ = A+ 3 Mu - L (Muwe) — (A+ IM)wds — f+ L(Mue) + (A - LM)uc
0
(7.33)

=" (A+ 3 M)uger,o — (A(0) + 5M(0))ug + (A + 3 M) / Wher ds

0

- / A+ 1500 + (A + 28w ds — Mug+ & (Mug) + (A — LN ue

0
= (A LMo — (A(0) + LA(0))urero + (A + LA1) / e ds
0
- /'(A 4 LAt (A + IM)wds + (A+ LX)ue — (A®0) + 3AM(0))uc(0)
0

= / (A+ 180) (urer0 + / Wher d — 1) — (A+ LM)we + (A + 5 M)uc) ds
(7.3 / (A+ 1)t ds.
0

Therefore, vy, satisfies the operator DAE (7.6) with right-hand side fo (.A + %/\"/l)vker ds and initial
value vger (0) = 0, which directly follows from (7.34). Especially, we get the bound

t
el 120,610 + / e[ s

(7:20) 8114 + 4pip K
— wAeam o

2
ds

/ (A + %M)Ukcr d77
0

V*
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8 4
“’” “M/ / | Aviec||2- dp + = H/ kaerdn
MANM

ds

Y

pa+dpm : C5 - °

A 0 e (1A, AR ) [ ol + [ el s
#,4/1 2 0 0

with the abbreviations L> and L' for L*°[0,T;.Z(V,V*)] and L0, T;.%(H,H*)], respectively.

Gronwall’s Lemma 3.15 then implies ||Uker||2c([o,t},ﬂ) + fg |vker||% ds < 0 for all ¢ € [0,T]. Therefore,

Vker = 0, which proves Uker = Wker Dy (7.34) and so @ = w. The continuous dependence of

u(t) = ug + fo s)ds on the data follows by the continuity of (f — (A + S M)u, g, wo) — w; see
Remark 7.1 and Theorem 7.21. Finally, the assertion on A holds because

(7.4a)

A= B (f = §(Mu) = (A= GM)u) = Bg (f — (A+ gM)u— Mw) € C((0,7],Q). O

For the second approach we assume that 4 can be split into time-dependent operators A; and Ay
similar as in Theorem 6.9. The associated proof needs a specific splitting of the solution u = Uye, + uc
such that ke (t) € Vier and A; (t)uc(t) € VL, at almost every time-point ¢ € [0,77]. This kind of
time-dependent splittings of V are studied in Subsection 7.2.1. In particular, we prove there that u.
inherits the smoothness of A1, g, and B. Therefore, .A; must be differentiable.

Theorem 7.24 (Regularity of Solutions II). Let B € Z(V, Q*) satisfy an inf-sup condition (3.2)
and Assumptions 7.2.i), 7.2.4i) as well as f € L*(0,T;H*) be fulfilled. Suppose that A= A; + Ay
where Ay € WHe°[0,T; £ (V,V*)] is pointwise self-adjoint and uniformly elliptic on Vier and
Ag € L*®°[0,T;. L (V,H*)]. Assume that ug € V is consistent, i.e., Bug = g(0). Then the solution of
the operator DAE (7.4) satisfies

u € C([0,T],V)N H*0,T;H), A€ L*0,T; Q).
The map (f,g,uo) — (u, A) is linear and continuous.

Proof. In order to avoid confusion with the temporal discretization, we use in this proof the
notation AM and AP instead of A; and As, respectively. We split the solution u into e + Ue.
For the part u. we consider the time-dependent saddle point problem

AN (uc(t) — B v(t) =0 in V*, (7.35a)
Buc(t) =g(t) in Q*. (7.35Db)

Theorem 7.27 and Lemma 4.15 then guarantee a unique solution u. € H*(0,7T;V) with
||Uc|\§11(o,T;v) S ||9Hi11(0,T;Q*)'

Here, the constant dependent on AM and B. By (7.4) and (7.35b) the part uye, satisfies the operator
DAE (7.6) with right-hand side fier as in (7.7). Note that we have

frer = [ = (A+ §M)uc = Mite = f — (AP + § M)ue — Mie € L0, T; iy,

since the equality AM(t)u.(t) = B*v(t) € V2., is satisfied by (7.35a) at almost every time-point
t € [0,T]. To prove the assertion we consider again the discretization (7.8) of (7.6). Instead of A,
as integral mean, cf. (7.9), we define A,, :== A; M+ A where AL = = All(t,) and A is the mean
of AP over [t,,_1,t,]. Note that by the contlnulty of Al the operator A,, satisfies

(7.11) t
<Anvkera Vker > Z NA“vker”%) + %< (ft” A[l] (tn) - A[l] (5) ds)vkeh Vker > Z HTAHUkerH%

-1
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for all vier € Vier, if 7 is small enough. Furthermore, by the continuity of Al the piecewise constant
operator-valued function AY defined by AN (t) = A on [tn_1,t,) converges strongly to A in
L0, T; Z2(V,V*)) as 7 — 0. Therefore, the results of Subsection 7.1.1 still hold for 7 small enough
and p4/2 instead of p 4.

Since Uger,0 = %o — Uc(0) € Vier, the discrete difference D uyer,n = %(uker,n — Uker,;n—1) 18 an
element of Vi, by Lemma 7.8 for every n = 1,..., N. Therefore, we can test equation (7.8a) with
TD - Uker,n, = Uker,n — Uker,n—1, Which leads to

n

27—2 HD Uker k”Mk 1 A H'U'ker O||A[1] + TZ ||Uker k — Uker,k— 1”.,4[1
k=1 k=1
n—1
+ Z Dy Mitier g, Drtieer ) + Y || tiker, k” = [louscer, e 1%
k=1 k=1

(717, -
= Z<Mk 1Drttgeer s + 1D Mkukerk+Ak Uker, ks TDrUker & )

n
= 23 (D (Muger)k — 3 Dr Miticer i + A thcer i, 7D thcer 1)

k=1
(7.82)
='2 <fker,‘r _Agcz]uker7k7D‘ruker,k>
k=1
@8 - 47 S T
< Zinfker,k”g{; +Zi||~’4k uker,k”%ﬁ +Z 2 HDTUker,k”g{
MM
k=1 k=1
(79) " TMM
Z/ 7kaer||?-t*rds+2/ 7“Ak ter i ||+ d5+z I Drtiger |3, (7.36)
th—1 tr—1
TﬂM
< = / il ds+ AP g, 1D ther e -

k=1

Further, we observe with M = M (uker,0, fker) from Theorem 7.9 that the first sum in the second
line of (7.36) is bounded by

n
- § T<D7Mkruker,kaDTuker,k>
k=1

B8 N ThMm
< Z | D7 tixcer k”?—[
k=1

(7.12) T te 2
< Z ”M||D —(F / Mds
b LOHH)
THM

< S T DBt [ I e s el

k=1
(7.13) T UM 1 X
< Z | D tncer 1 |I3 + 32, IMI[Z20.7, 20,3 M (7.37)

k=1
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and the second sum is bounded by

n—1 n—1
Z H“kerx’f”i\[ll - ||“ker>k||il[1l = Z< (Am (thr1) — Al (tk))uker,kauker7k>
k+1 k
k=1 k=1
(7.12) =1
< > TS A | Loz v [ ter k13
k=1
(7.13) 9 4 40 )
< ;TAHEA | Looto, 132w, v M~ (7.38)

Theorem 7.9, the uniform ellipticity of M and Al and the estimates (7.36)—(7.38) then imply

T
b+ / | fier 17, ds + M?
0

(7.39)

n n
Y TIDruker sl + ltern I + Y Tllukers = teer -1 13 S lluker,of
k=1 k=1

for all n =1,..., N independently of 7, if 7 is small enough. In particular, this shows that %akem
and Uger » are bounded in L?(0,7;H) and, respectively, L>(0,T;)) independent of 7 and therefore
weakly and, respectively, weakly* convergent. By Lemma 7.11, an argument similar as in the proof
of Lemma 7.12, and the uniqueness of the solution uye, we get

* . d ~ . . 2
Uker, — Uker 1N L (07 Tv V): &uker,r — Uker 1N L (Oa Ta H)

as 7 — 0. Theorem 7.16 with the choices X = Vier, ¥ = Hier, K = A, Z = L?(0,T; Vker), and
Uger = w then implies ukey € C([0,T], Vier) and

t
ian / ke 2 s+ parn e (8) 13
0

t t
= / 2( Miyer, lyer ) ds + <~A[1] (1) uker (£), Uker (t) ) — pm / ”ﬂkerH?—L ds
0 0

t t
7.25 . . .
( = ) HukeLO”il[l] 0) + 2/0 (Muker + Amuker7 Uker> + < %A[l]uke“ Uker> ds — pum /0 ||uker\|3_[ ds

t t

(7.6a) . . .

= Huker,O”il[l](()) + 2/ <fker - (-/4[2] - %M)ukera uker> + < %A[l]ukera uker> ds — ,UM/ ||uker||$-[ ds
0 0

(3.8)

3 3 .
< 2 = 2. ds+ —— || M2 . 7
< lker0lZm o) + Y /0 [ ficer |l ds + T IMIZ200,7:2(3¢,200)] nax, l[uker|[3

3 t

(A o0+ | A ety [ uen B .
fm 0

Since the right-hand side of the previous estimate is bounded by Theorem 7.19, the linear mapping

(fxers Uker,0) F Uker 1S continuous and so is (f, g,uo) — u as well. The assertion on A follows by

(7.42)

A Bt (f = §(Mu) — (A= 3M)u) = B (f — Mi— (A+ 3 M)u) € L2(0,T;Q). O

Remark 7.25. The assumption of Theorem 7.24 can be weakened to f = f1+ fo with f; € L(0,T; H*)
and fo € WH1(0,T;V*). The idea of the associated proof is the same as in Remark 6.10.

Remark 7.26. The results of Theorem 7.24 can be extended to semi-linear operator DAEs (7.4) with
a nonlinear f: [0,T] x V — H*. The right-hand side f should satisfy the same assumption as in
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Section 6.4; see page 51. The existence and uniqueness of the solution as well as the continuous
dependence on the data (g, ug) follows along the lines of Theorem 6.15 and 6.19.

7.2. Constraints with Time-Dependent Operators

After considering in Section 7.1 operator DAEs with a constant operator B, we now investigate
systems with a time-dependent B: [0,7] — Z(V,Q*). We assume that B € H[0,T;.Z(V, Q)]
is uniformly inf-sup stable, i.e., Assumption 7.2.i) is satisfied. To concentrate on the difficulties,
which come with a time-dependent operator B, we restrict the analysis to operator DAEs (7.1) with
M(t) = Ry, ie.,

u(t) + AW)u(t) — B ()A(E) = f(t) in V*, (7.40a)
B(t)u(t) = g(t) in Q. (7.40b)

All results obtained in this section hold also for the operator DAEs (7.1) if M satisfies Assump-
tion 7.2.ii); see Section 7.3.

Since B is time-dependent, its pointwise kernel is in general not constant. In particular, the
usual splitting V = Vier @ V. with Vi = ker B changes over time. Therefore, we investigate
time-dependent splittings of V in Subsection 7.2.1. Especially, we define an operator-valued function
W:[0,T] — Z(V), which maps ker B(0) to ker B(t). With this map we derive the existence of a
solution of the operator DAE (7.40) via a temporal discretization by the implicit Euler scheme in
Subsection 7.2.2. Since Vi, is time-dependent, Theorem 7.18, which implied the uniqueness of the
solution in Section 7.1, is not applicable for the operator DAE (7.40). In Subsection 7.2.3 we discuss
additional assumptions which guarantee unique solutions.

7.2.1. Dynamical Splitting

In this subsection we consider splittings of V = Vi@V, where Vi, and V. depend on time. We assume
that the space Vi, is the pointwise kernel of a uniform inf-sup stable B € W?[0,T; £ (V, Q*)],
p € [1,00]. Note that the analysis of (7.40) requires only the case p = 2. However, the investigation
for general p needs no additional effort.
By the assumptions on B and Lemma 4.14, the operator-valued function B has a continuous
representative. Therefore,
Vier (t) = ker B(t) (7.41)

is well-defined at almost every time-point ¢ € [0,7]. Its pointwise dual space and orthogonal
complement are denoted by

Vier(t) = Ve (t))"  and VkLer<t) = (Vker(t»Lv

respectively. In addition to the operator B, we assume that an operator A € WP[0,T;.Z(V, V*)]
exists which is uniformly eliptic on Vie,. This implies that

Ve(t) = {v € V| (A(t)v, Vker ) = 0 for all vkey € Vier(t)} (7.42)

is well-defined at almost every time-point ¢ € [0,7]. Lemma 3.5 then shows V = Ve, (t) @ Ve (t) at
almost every time-point ¢ € [0,7]. Moreover, the mappings t — Vier(t) and t — V.(¢) inherit in
some sense the regularity of A and B; see Theorem 7.31.

In this subsection, we will show that the assumptions made on the operators A and B imply the
existence of a pointwise right-inverse B, of B with im B (t) = V.(t) for almost all ¢ € [0,T]. Such
a right-inverse was already used in the proof of Theorem 7.24. Furthermore, we analyze how Ve,
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and V. change with respect to time. The starting point of our investigation is the saddle-point
problem induced by A and B.

Theorem 7.27 (Time-Dependent Saddle Point Problem). Let p € [1,00]. Assume that B €
WLe[0,T; Z2(V, Q%)], p € [1, 00|, satisfies uniformly an inf-sup condition (3.2). Suppose that Vie:(t)
is defined as in (7.41), A € WLP[0,T; L(V,V*)], and A(t) is elliptic on Vier(t) at almost every
time-point t € [0,T] with a uniform ellipticity constant. Then the saddle point problem

Az, — B (), = f in V¥, (7.43a)
B(t)xy =g in Q (7.43b)

is uniquely solvable at almost every time-point t € [0,T] for every f € V* and g € Q*. Iis
pointwise solution operator S with S(t): V* x Q* = V x Q,(f,9) — (x¢,vt) is an element of
WLP[0,T; £(V* x Q*,V x Q)].

Proof. By Lemma 4.14 we can consider the continuous representatives of A and 5. Then the
pointwise linear solution operator S of (7.43) is well-defined and the solution (z,1) satisfies
lzellv, lvelle S Ifllve + llgllox with a constant which can be bounded independently of ¢; see
Theorem 3.8. Let (zs,vs), (x4, ;) be the solutions of (7.43) for arbitrary but fixed f, g at the
time-points s,t € [0, 7], respectively. The differences Az := x; — x5 and Av = v, — v, then solve

At)Az — B*(t)Av = (A(s) — A(t))zs — (B*(s) — B*(t))vs  in V*,
B(t)Ax (B(s) — B(t))zs in Q.

Therefore, we get the estimate

[(S(t) = S()(f:9)llvxe S l1Az]y + [|Av]o
S IA®) = Az lzslly + 1B(E) = B(s)Lzv,00) (l2slly + llvslle)
< (IA®) = A | z@w,v) + I1BE) = B(s)lzw,04) (I1f v+ + llglle-)-
Considering the supremum on the unit circle of V* x Q* shows S € C([0,T], Z(V* x Q*,V x Q)),

because A and B are continuous. In particular, z: t — x; and v: ¢t — 1, are continuous functions
with images in V and Q, respectively. Furthermore, their formal derivatives satisfy

A)i(t) — B*(t)i(t) = — AD)z(t) + B tv(t)  in V¥,
B(t)a(t) = —B(z() in Q7,
by (7.43) and Lemma 4.15. The right-hand sides are elements of L?P(0,T;V*) and L?(0,T; Q*),

respectively, and therefore (&,7) € LP(0,7;V x Q) by Lemma 4.9, since S is continuous. Therefore,
S is strongly measurable with bound

IS (. Dllvxa S @)+ E)le SIADB2mv llz®)ly + 1BE) 2,00 ([2E)]v + [v()]e)
S (AG) | 2@v) + I1BEN2,0) (1fllv- + llglle-)-

In particular, S satisfies the boundedness condition (4.3). Lemma 4.7 finishes the proof. O
With the saddle-point problem (7.43) we calculate a right-inverse of B with images in V..

Lemma 7.28 (Time-Dependent Right-Inverse). Let the assumptions of Theorem 7.27 be satisfied.
Suppose that Vier and V. are defined as in (7.41) and (7.42), respectively.

Then B has a pointwise right-inverse By € WP[0,T;.2(Q*, V)] with B (t)g € Ve(t) for every g €
Q* at almost every time-point t € [0, T|. Furthermore, the time-dependent projection P: [0,T] —
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Z(V) with imP4(t) = Vier(t) and ker P4(t) = Ve(t) at almost every time-point t € [0,T] is an
element of W1P[0,T; Z(V)].

Proof. By Corollary 3.9 we have that B,(t)g is the restriction of S(0,g) from Theorem 7.27 on ;.
Therefore, B; € W'?[0,T; 2(Q*, V)] follows by Theorem 7.27 and Lemma 4.15. The pointwise
projection with the stated image and kernel is given by

Pa(t) =idy =B, (t)B(t), (7.44)
see e.g. [AltH18, Lem. 3.1 & Rem. 3.3]. Lemma 4.15 then implies P4 € W1P[0,T;.Z(V)]. O

Remark 7.29. If, in addition to the assumptions of Lemma 7.28, the operator-valued function A4 is uni-
formly elliptic on whole V, then the right-inverse is given by B (t) = A~ (¢)B* (¢)(B(t) A~ (t)B*(t)) ™%
see Remark 3.10. Especially, by Lemma 4.15 and Lemma 4.17 its derivative is given by

ABy=—ATTAB, + AT B (BAT'BY) T - B, & (BAT'BY) (BAT'BY) !
= — B,BB + (idy —BB)A™'B (BA'B*) ™ — (idy —B,B)A T AB.
In Subsection 7.2.2 we transform the operator DAE (7.40) to a system where the kernel of B is

constant. Especially, the derivative of B, becomes simpler, if the spaces Vi = ker B and V, are
time-independent.

Lemma 7.30. Suppose that the assumptions of Lemma 7.28 are satisfied. In addition, let Vier
and V. be time-independent. Then the generalized derivative of B is given by —B BB .

Proof. Let v € V be arbitrary. Since Vi, and V. are constant ar}d UV = Vker + Ve With vier € Vier,
Ve € V. is unique, vger = P4 (t)v is time-independent. Therefore, P 4 = 0 and

. _ (7.44) _ . _ _ i

We now show the existence of a differentiable operator-valued function, which describe the evolution
of the spaces Vier and V. over time.

Theorem 7.31 (Tracking of Vi and V. over Time). Let the assumption of Theorem 7.27 be
satisfied. Then there exists an operator-valued function W € WP[0,T; £ (V)], which is pointwise
bijective at almost every time-point t € [0,T] and satisfies

W(t)WVier (0) = imW(t)],, 0 = Vker(t) and - W(t)Ve(0) = im W(t)

veo) = Ve(®)-

Further, the pointwise inverse W' is an element of WYP[0,T; £ (V)].

Proof. The idea of the proof is based on [KunMO06, p. 80]. Let vy € V be arbitrary and v €
WLP(0,7T;V) be the unique solution of the operator ODE

o(t) = (PaPa—PaPa)(tv(t),  v(0)=vo; (7.45)

see Theorem 4.20 and Lemma 7.28. We define the operator-valued function W via
W:[0,T] = Z(V) with W(t)vg = v(t). (7.46)
By v € W'P(0,T;V) and (7.45) the function W is an element of W'[0, T; £ (V)] with derivative
W = (PAPa—PasPa)W. We show that W(t) is bijective. Note that this is obvious for W(0) = idy.

For an arbitrary but fixed ¢’ € (0, 7], we consider the uniquely solvable operator ODE

%w(s) = —(PaPa—PaPA)( — s)w(s), w(0) = wy € V, (7.47)
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€ [0,#] and define Wy € Z(V) via Wywe = w(t'). Then ¢ — w(t’ — t) with t € [0,#] satisfies

(7.47)

Fut' —t) = —fw(t' —1) (PaPa —PaPa)t)w(t' —1).

Thus, it solves (7.45) with initial value w(t'). Since the solution of (7.45) is unique, we have wy =
w(t' — ') = Wt w(t') = W(t") Wy wy for every wo € V. Analogously, one shows vy = W W(t)vo
for arbitrary vy € V. Therefore, W(t' )Wy = Wy W(t') = idy. Since ¢’ € (0,T] was arbitrary this
proves that W is pointwise bijective with pointwise inverse W=1(t) :== (W(t))~! = W, for ¢ > 0 and
W~0) = idy, . By the operator ODE (7.47) and Theorem 4.20 the pointwise inverse W=1(t) is
bounded independently of ¢ in terms of P4. The assertion W= € W1P[0,T; £ (V)] then follows by
the steps of the proof of Lemma 4.17.

For the tracking of Vie:(t) we note P4P4P4 = (P —PL) = &£ (Pa—Pa) =0. In particular,
this implies

L(PW) = L(PIW) = (PaPa+PaPIW + PV 2 PP = (P 4P A — PaPA)PaW.

Therefore, for every vy € V the function t — P4(t)W(t)vg solves (7.45) with the initial value
PA(0)W(0)vg = Pa(0)vg. The same holds for ¢t — W(t)P4(0)vg. Since the solution of (7.45) is
unique, we have P4 (t)W(t) = W(t)P4(0) and therefore

Vier(t) = Im P (t) = im PAE)W(t) = im W(t)P4(0) = W(t) Vier (0).
Analogously, one proves V. (t) = imidy —P4(t) = W(t)V.(0). O

Remark 7.32. The function W is the fundamental solution of the operator ODE (7.45).

For the analysis of the operator DAE (7.40) we use primarily the pointwise orthogonal decomposi-
tion

V = Vier(t) @ VEL (D).

The associated pointwise right inverse B of B is then defined by the saddle point problem (7.43)
where A is the time-independent Riesz isomorphism Ry € Z(V,V*). Since Ry is constant,
B e Whr[0,T;.Z(V, Q)] is sufficient for the existence of the right inverse B] € W?[0,T; £ (Q*, V)]
with derivative ) .

4B = —B BB + (idy —B B)Ry," (B B)* Ry BT, (7.48)

see Lemma 7.28 and Remark 7.29. For the derivation of (7.48) we have used that Ry is self-adjoint
by the symmetry of the inner product (-,-)y. Formula (7.48) then is the infinite dimensional
variant of [GolP73, Eq. (4.12)]. Anyway, the pointwise orthogonal projection (7.44) is denoted
by P, € WHP[0,T;.£(V)]. Since P, (t) is an orthogonal projection, W(t) from Theorem 7.31 is
unitary.

Lemma 7.33. Let B € WHP[0,T;.2(V, Q%)], p € [1, 00|, satisfy uniformly an inf-sup condition (3.2).
Let W be the fundamental solution of the operator ODE (7.45) with the orthogonal projection P .
Then W € WLP[0,T; £(V, Q*)] satisfies W(t)Vier(0) = Vier(t) and W(t)VE,(0) = VL, (t). Further-
more, W is pointwise unitary and its pointwise inverse is given by its pointwise Hilbert space-adjoint

WH = RIWHR,,.

Proof. The regularity and the tracking property for the spaces Vi (t) and VkLcr(t) follow by the
proof of Theorem 7.31. For the inverse of W, we note that the equality P, = P! = R,'PIR,,
holds by [Alt16, p. 302], since P is pointwise an orthogonal projection. This then implies

dt (WHW) RYWH (PP = PLPLRW +WHW = WH(PL P, — PLPLW + W (45 .
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Therefore, WH(6)W(t) = WHE(0)W(0) = R;,'R,, = idy and for every v € V we obtain

W)l = W, W(t))y = WHHOW(E)v, )y = (v,0)y = o]} O

7.2.2. Existence Results

In this subsection we analyze the existence of solutions of the operator DAE (7.40) under Assump-
tions 7.2.1)-iv). For this we construct a solution by using the time-dependent splitting

V= Vker (t) D Vlﬁ:er (t)
and similar steps as in Subsection 7.1.1. The pointwise closure of Vi, in H is denoted by Hier, i-€.,
Hyer (t) == closy|.|j;; Vier (t).

Let W be the operator-valued function defined in Lemma 7.33. By Assumption 7.2.i) the map W
is pointwise unitary and an element of H[0,T;.%(V)]. We set

B = BW, A= W*AW, f=wWr (7.49)
For a possible solution u of (7.40) we define & = W~1u = Wy such that the tuple (%, \) solves

W) SWR)a() + At)a(t) — B ()A(E) = f(t)  in V7, (7.50a)
B(t)u(t) =g(t) in Q" (7.50D)

if and only if (u, A) solves the operator DAE (7.40). For the initial value we choose g = ug € H.
This is well-defined, since W(0) = idy, € £ (V) can be extended to idy.

By Theorem 7.31 and Lemma 4.15, the operator-valued function B = BW is an element of
HL[0,T; £(V, Q%)]. Its pointwise kernel is time-invariant, since ker B(t) = W™ () Vier (t) = Vier (0),
and B is uniformly inf-sup stable by

inf sup M = inf sup w = inf sup M > >0,

geornioy verioy Ivlvilalle — geavioyvevvioy IWEVIIvidle 4o foyveviio llvlvllallo

where we have used that ¥V is pointwise unitary. Lemma 7.28 then implies that B has a right-inverse
B] € HY0,T;.£(Q*, V)] with im B (t) = VL, (0). In particular, one shows with Theorem 7.31 that

WBT = B7. (7.51)

Remark 7.34. Because of the time-invariance of the kernel of g, the DAE formulation with the
transformation W is more favorable than the one without. For finite dimensional DAEs of the
form (2.3) with a matrix-valued function B stability properties may not be preserved under temporal
discretization — even after an index reduction — if the kernel of B changes too fast for the temporal
step size [KunMO07]. A possibility to overcome this issue is a smooth transformation, which eliminates
the time-changing kernel [KunMO7, p. 409]. This is in our case the purpose of W.

Following the ideas of Subsection 7.1.1 we split @ into Ukey + e With Uker: [0, 7] = Vier(0) and
tc: [0,T) = V&, (0). The function %, is defined via

e =BT g e H'(0,T;V.(0)) ¢ H'(0,T; V), (7.52)

where its generalized derivative is given by U = %(gl) g+ gi g; see Lemma 4.15. For the remaining
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part of the solution of (7.50), i.e., Uxer = U — Ue and A, we consider the operator DAE

W(t)tiker (1)) + At Tier(t) — B (OA(E) = frer(t)  in V7, (7.53a)
B(t)tier (1) =0 in 0%, (7.53b)

W (t)

&l

with the right-hand side

fror = f — Ate = W*SWa) € L*(0,T; V). (7.54)

The associated initial value is given as Uker,0 = %o — B7(0)g(0) = up — BT (0)g(0) € Hier(0) by
Assumption 7.2.iv).

Remark 7.35. Instead of (7.50) one can also investigate directly the operator DAE (7.40). The
possible solution u then can be split into u. = B g and uwer as a solution of the operator DAE (7.6),
where B is also time-dependent. In this case, a restriction of the differential equation (7.6a) to
test functions with images in Vi, leads to an operator ODE with an evolving test space, since
Vker 18 time-dependent. Such a type of differential equation also occurs for parabolic PDEs with
time-dependent domains; see e.g. [AIpES15; BonGO1].

For the construction of a solution (e, A) we discretize (7.53) with the implicit Euler scheme.
The pointwise evaluation of the operator B is denoted by gn = g(tn) and analogously for W,
n=20,...,N. The values ﬁ(er,n and /Tn are defined by the integral means of ﬁ{er and A over the
interval [t,_1,t,], respectively; cf. (7.9). The time-discrete system then reads

WED, Wiiker)n + Anitikermn — Bidn = frerm  in V¥, (7.55a)
By lier.n =0 in Q% (7.55b)

with the discrete derivative D (Wiiker)n = WhUker,n — Wa—1Ukern—1)/7 and n=1,..., N. Follow-
ing Subsection 7.1.1, we show that the system (7.55) is uniquely solvable and bound its solutions.
Lemma 7.36. Let Assumptions 7.2.i)—iv) be satisfied. Suppose that W is defined as in Lemma 7.33,
B, A as in (7.49), and fker as in (7.54). Assume that W,, and B, are defined by pointwise evaluation
as well as ﬁ(enn and A, by integral means. Let Uxer,0 = uo — B (0)g(0) € Hier(0).

Then there exists a unique sequence of solutions {(Ukern, An)n=1,...N C Vker(0) X Q of (7.55),
which satisfies the bounds

.....

n n
Hwnﬂker,n”%[ + Z Hwkﬂker,k - Wk—lﬂker,k—l H% + HA ZTHaker,kH%} S M2(aker,03 fker)7 (7563)
k=1 k=1
n

D TIWED: Wiiken)ilI%; o) < 2(1+ 25 IAN < 022w ) M (Bher, 0. Frer) (7.56D)
k=1

. _ ~ ~ T =
with the constant M (Uxer,0, fier) = \/”uker,OH% + ;%A fo ||fker\|%* ds.

Proof. Because Wy = W(0) = idy can be extended to idy;, the expression Wyliker,o = Uker,0 1S
well-defined for Uyer,0 € Hier(0). Furthermore, Assumption 7.2.ii), W(t)Vker (0) = Vier(t), and the
pointwise unitarity of W imply

~ 1 L[
%(ankera anker) + <Anvkera Uker > = ; ||anker||%-[ + ; L <A(S)W(s)vker7 W(s)vker > ds
n—1
1 L[t
> LWl 3 [ pal Wl ds

1

tn_
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1
:NAHUkerH?J + ;HankerH?{ > NAHUker”%

for every vker € Vker(0) and n = 1,..., N. The existence and the uniqueness of the sequence of

solution then follows iteratively by Theorem 3.8. In particular, Ukern € ker gn = Vker(0) holds by
(7.55b), n = 1,..., N. Following the lines of Theorem 7.9, testing (7.55a) with TUker,n € Vker(0)

implies (7.56a) and W* D, Waiker)n = frer.n —ﬂnﬂker n N Vier(0)* leads to the estimate (7.56b). [
plies (7.56a) n : :

Remark 7.37. Since W(t) is unitary and W(0) = idy, we have M (Uker 0, fker) = M (txer,0, fxer)-

With the solution sequence of Lemma 7.36 we define time-continuous functions. The piecewise
constant function Uyer,, is defined as uyer,r in (7.18) and the piecewise linear function Wiike, » as
Muyer - in (7.19b), ie.,

~ aker 1, ift = 0,
U t) = ’
ker,r () {ﬂker,n, i1 € (tn1,tn],
—= Wollker.0, ift =0,
Wukerﬂ-(t) — 0 Nker,O N .
Wnukerm + DT(Wuker)n(t - tn)a ift € (tn717 tn]

We write again V/\Fﬁkem instead of (Wiiker)- in interest of readability. Note that Wotiker,0 := Uker,0 €
Hier(0). Analogously to the piecewise constant functions in Subsection 7.1.1.2, we define A;, fyer,r,
A-, B, and W,. With these definitions, the system (7.55) can be rewritten as

WESWiner  + Avlikerr — BNy = frerr  in V7, (7.57a)
B lier + =0 in Q*. (7.57b)

Similarly to the bounds (7.13) and (7.14), the inequalities (7.56a) and (7.56b) imply weak and
weak® convergence. We analyze them in the following lemmas.

Lemma 7.38. Let the assumptions of Lemma 7.36 be satisfied. Then there exists a function
tker € L2(0,T; Vier (0)) with Wilyer € L=(0,T;H) and a subsequence of T denoted by 7', such that

ﬂker,T’ - aker mn L2(07 T7 V)7 decr,f’ — Wﬂkcr m L2 (O, T, H),
WT’ﬂkel‘ﬂ'la %ker,r’ = Waker in L™ (Oa Ta H)v Av-r’ﬂker,f’ - Avaker mn L2 (0, T, V*)

as 7' — 0.

Proof. By the estimate (7.56a) the function e,  is bounded by u;hM(ﬂker’o, fker) in L2(0,7;V)
independently of 7. Therefore, there exists a subsequence 7’ of 7 such that Uke, ,+ converges weakly
to a function e, in L?(0,7;V) as 7 — 0. By the arguments of the proof of Lemma 7.11 we
have Uker € L%(0, T Vier(0)) and Wy lier, -+ — Wilker in L?(0,T;V) as 7/ — 0; cf. (7.11). On the
other hand, the estimate (7.56a) shows also that the sequence Wi ilke, » is bounded in L*°(0,T;H)
independently of 7. By [Emm04, Cor. 8.1.11] there exists then a subsequence of 7" denoted by 7’ as
well, such that W, Uyer, A Wilker in L>(0,T;H) as 7" — 0.

For the piecewise linear function Wiike, » we note

(7.56a)
< —

N tn
~ = 2 ~ ~ re
| Wrtiker, - — WukCMHLz(O,T;H) - 2 : HDT(Wukcr)nH%/ (t—t,)%dt M? (Uker.0, frer) — 0

n=1 tn—1

80



7.2. Constraints with Time-Dependent Operators

as 7 — 0. This shows that V/\ﬁlkerﬁf converges weakly in L?(0,T;H) as 7/ — 0. Since L?(0,T;H*)
is dense in L'(0,T;H*) and Wi, » is bounded independently of 7 in L>°(0,T;H) by

||Waker,r = max max HWnﬂker,n + DT(Wﬂker)n(t - tn)”%—[

2
||L°°(0’T§7") n=1,...,N t€[tn—1,tn]

7.56a)
<

~ . ( - ~
< :maXN2||Wnuker,n||§_L + 27-2HDT(Wuker)n||§{ 2M (Uker 05 fxer)s

n=1

[RRRE)

its weak® convergence in L*°(0,T;H) follows by [Yos80, Sec. V.1, Th. 3]. Finally, the weak
convergence of A, Uyer,7+ can be proven with the same steps as in the proof of Lemma 7.13. O

Lemma 7.39. Let the assumption of Lemma 7.36 be satisfied. Suppose that the function Uye, and
the subsequence 7' of T are the same as in Lemma 7.38. Then the function W*Wiiye, has a derivative
in L*(0,T; V5, (0)) with

W2 AW iiher 21 = & (W Wilher) = W Wiler —in L2(0, T; Vi, (0))

T dt

as 7" — 0. Furthermore, W Wiiker)(0) = Uier,0 holds in V. (0).

Proof. By the estimate (7.56b) the function W;‘%V/V\ﬂkem is bounded in L?(0,T; V., (0)) indepen-

dently of 7. Therefore, there exists a subsequence 7"’ of 7/ such that W;‘/,%deewu converges
weakly to a w in L?(0,T; V., (0)) as 7”7 — 0. For the generalized derivative of W*Wiiye,, we prove

LW Wiler) = @+ W Wileer € L0, T; Vi, (0)). (7.58)

Note that the right hand side of (7.58) is well-defined by Wiike, € L*°(0,T;H) < L*(0,T;V*) and
Lemma 4.9. Let now vker € Vier(0) and ¢ € C2°(0,T') be arbitrary. On the one hand it then holds

T
/ (W5 = W) S Wiier 1, e Y0 s
0
T - .ok —_— —_—
- / < :” %Wﬂkerﬂ'”a Uker >90 + < w Wﬂker,'r”a Uker >§0 + < W*Wakerv"'”’ Uker >(P ds
0
T — — . —
- / (Wi %Wakern—” s Vker ) + (Wﬂker,r’ﬂ Whoer) n + (Wﬂkerﬂ'” s Woier)np ds
0
T . T
— / (W + W Walker, Vker Y ds + / (W Wilker, Vker Y ds (7.59)
0 0
as 7" — 0 by the weak convergences of Lemma 7.38. On the other hand, we have
IOV = W) EWitieer 7, Vicer Y2131 0.1

T T
C2llolZ0m / & W+ 2, s / 1OV — W)t ds

N N tn
C2ile 20y 3 71D W) |2 S /
n=1 n=1"7tn-1

IA

tn . 2
/ Wher dnHvds

(7.56a) B - N o ptn tn

<7 1M(uker707fker)O]QJHH”‘pH%‘(O,T)”Uker”%Z/ (tn—S)/ W% () dnds
-1 trn—1 s
T

n=

T - ~ .
< §M(Uker,o,fker)CLHIIsDII%(o,T)||vker||3;/0 W%, ds — 0 (7.60)
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as 7 — 0. Then (7.59) and (7.60) prove

T T
0= / <{17 + W*Wakervvker >90ds +/ <W*Wﬂker,’0ker >¢d57
0 0

which is equivalent to (7.58). The uniqueness of the derivative proves the weak convergence for the
whole sequence 7/ [GajGZ74, Ch. 1, Lem. 5.4]. Finally, the assertion on the initial value is proven
by the arguments of Lemma 7.12 and the fact that for every vier € Vier(0) we have

< (W*Wﬂker)(o)a Tvger >

- T .k
(7;8)/ <W*Wﬂkera Uker > - <ﬂ; -W Wake” (T - t)'Uker> d
0

T
= Tl/anO <W*Wﬂker,'r’ y Uker > - < ;/ %Waker,f’ -W Wﬂker,‘r/v (T - t)vker > dt
0
(7.60) T —
- 7_1/1210 _%< Wﬂker,r'a (T - t)vaer > dt = < aker,O; Tvker > . O
0

Remark 7.40. By (7.58) it formally holds @ = W*{(Wiike). Since Wuker)(t) € Vier(t), its
derivative would satisfy & (Wiiker)(t) € Vi, (t) at almost every time-point ¢ € [0,7]. Note that
there is in general no Banach space, which contains Vi (¢) for all ¢ € [0,T]. However, one can
prove at least that w = Pt (W*)~tw € L*(0,T;V*) satisfies ||w(t)||y- = |Jw(t)] ve_ (1) as well as
fOT<w,Uker yds = fOT<Wﬂker, Vyer ) ds for every vie, € HY(0,T;V) with vyer (0) = vker (T) = 0 and
Vker () € Vier (£).

With the two previous lemmas we can now prove the existence of a solution of the operator
DAE (7.50) and therefor of (7.40) as well.

Theorem 7.41 (Existence of Solutions). Suppose that M = Ry and that Assumptions 7.2.1)—iii)
are satisfied. Let Assumption 7.2.iv) be fulfilled, i.e., ug € Hyer(0) + B~(0)g(0). Then the operator
DAE (7.40) has at least one solution (u, \) with

a) u € L20,T;V) N L>®(0,T; H), b) B*XA= LA for an Ag- € L>=(0,T;V*),

¢) Pra e L*0,T;V*), d) @ —B*\e L0,T;V*).
Proof. We define %, as in (7.52) and Uk, as in Lemmas 7.38 and 7.39 with the initial value
Uker,0 = Up — Uc(0) = ug — B (0)g(0) € Hier(0). Then v := Wiie + Wik, satisfies a) and c) by

Lemma 7.28, 7.38, Theorem 7.31, and Remark 7.40.
For the part Ag- of the solution we define pointwisely (W;)~1(¢t) :== (W2 (¢))~! and note

IOV Ol oy = 1V Ol ey = IVF Ol 0y = [Wr Ol 20 = 1

by Lemma 7.33 at almost every time-point ¢ € [0,T]. With the integration operator Z from (7.22)
the term

fod 7.53a = —1 T ~ \—17
TV BN T2 LA Witer ) + TV A, ) — Z(OVE) ™ i)
= mker,r — Uker,0 + I((W:)ildz('rﬂker;r) - I((W:)ilﬁ(er,r)

is bounded in L*°(0,T;V*) independently of 7; see Lemma 7.36. Therefore, by Lemma 7.38, the
continuity of W1, see Theorem 7.31, and the strong convergence of frer,r t0 fier, see Lemma 3.34,
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we have
I(WE)BaA) 2 Wilker — ttger,0 + Z(W*) ™ Atier) — Z(OWV*) ™ fieer)
T2V 0 g+ Z(W) N AT - Z(W) )
u—ug+IZ(Au) —Z(f) = A~

~
el

©

L

in L*>°(0,T;V*) as 7" — 0. Here, 7" denotes the subsequence of 7 from Lemma 7.38. With equivalent
arguments one shows for arbitrary but fixed v € V and ¢ € C*°(]0,T]) with ¢(T') = 0 the limit

l'a T — o~ ~ ~
0" )/ (W ierr + V2 AT — V2 B A — (W)™ Frerrr 0 Yo ds
0
T
S /<Au—f,v>so—<u—AB*7v>¢ds+<uO,v>w<0>
0

as 7/ — 0. Furthermore, u fulfills (7.40b) since Bu = Biie + Bliger = ggig = g by (7.49), (7.52),
and Lemma 7.38. Therefore, (u, ) is a solution in the sense of Definition 4.27. The remaining
assertions b) and d) follow with the arguments of the proof of Theorem 7.14. O

For a time-independent operator B, Theorem 7.14 shows that not only B* but also A has a regular
primitive. In the associated proof we used that B, and integration commute; see Lemma 3.30.

Since B4 (t) = (B(t)): is now time-dependent the proof of the existence of a primitive of X is

more delicate.

Theorem 7.42 (Existence of a Regular Primitive of \). Suppose that the assumptions of Theo-
rem 7.41 are satisfied. Then the Lagrange multiplier X has a regular primitive A € L*°(0,T; Q).

Proof. We introduce the piecewise functions

Wllker.n ift ety tn — W, ift=0
wker,T(t) = :{ ' . _[ +1)7 WT(t) = 0 Wn—Wn_1 : ;
V\)]\{’lj,ker’]\[7 ift=T W, + f(t—tn), ifte (tnfl,tn]

cf. (7.19a). By the estimate (7.56a) the function wye, , is bounded in L*>°(0,T;H) independently
of 7. Its weak* limit for the subsequence 7/ of Lemma 7.38 is given by e, Since

T N (7.56a) -
/ ||Wrﬂker,'r - wker,7||’2]-[ ds = g THWnaker,n - Wn—lﬂker,n—l ||%—[ < 7—1\42(61«%,07 fker) —0
0

n=1

as 7 — 0. Furthermore, following the lines of Lemma 7.13 one shows ( %W:,)wkew/ N W*Wﬂker in
L2(0,T;V*) as 7 — 0.

With the introduced piecewise functions we note that for every ¢ € (t,_1,t,] C [0,T] we have

t n-1 i t
* d YA~ § : * d A~ * d =
/ W‘r Ewuker,‘r = Wk / Ewuker,‘r ds + W’n, / Ewukerﬂ' ds
0
k=1

tk71 tnfl
n—1 —
=) Wi (Weliker k = Wi—1iker k-1) = WiWn1Tiker,n—1 + Wi () Wilier - (t)
k=1
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Wk+1 Wkuker E+ W ( )Wﬂker,r(t) - ﬂker,O

OM'

t t
_ / (LW )ty - ds — / (LW wer r ds + W () Wiiker 7 (£) — Tier0- (7.61)
0

tn—1

The first integral of the right-hand side of (7.61) vanishes uniformly in L>°(0,T;V*) as 7 — 0

because
t t
[ 1@ edas < [
tnfl t

n—1

tn

- W’ dn

T ds Hwnflﬂker,nleV*

ZL(V*)
(7.56a) (. t tn . B "
< V:H / / ”W”éf(V) d77 dSM(uker,Oafker)
tTI,

VT Cyosst W 20,7220 M (Ter, 05 ficer)-

tn—1

IN

Then, by (7.61) and an adaptation of Theorem 7.41 we obtain

I(gT/)\T/) (75:7 a)

(W: ddt WUker T/ ) +I(A /'U:ker T/ ) — I(ﬁer’T/)
= W Wiiker = Tiker,0 — TV Wikker) + Z(Aliker) — Z( ficer)
TEV Wi — wp — IOV w) + TV Au) — IOV f) = A,
in L>(0,7;V*) as 7" — 0. By (7.50a) the function Az, € L°°(0,7;V*) has the distributional
derivative B*\. Furthermore, by Lemma 3.30 the weak™ convergence

=Z(P} (0)BjAr) = PL(0)I(Bi A1) = P1(0)Ag. in L0, T; V")

holds as 7/ — 0. This implies that Ag* is pointwise an element of the annihilator of Ve (0).
Therefore, the Volterra integral equation

t

A(t) = B (DG (1) + By (t) | B (s)A(s)ds  in Q (7.62)
0
is well-defined. Note that B maps into V2 (0) := (Vier(0))° and so does %g as well. Furthermore,
one can show that for an arbitrary f € V2 (0) the term B/ () f is given by the partial solution vy
of the saddle-point problem (7.43) with operators Ry and B(t) as well as right-hand side (—f,0).
Thus, B, is an element of H'(0,T;.2(Vy,.(0), Q)] < C([0,T], £ (V2. (0), Q)); cf. Lemma 7.28.
The Volterra integral equation (7.62) has a unique solution A € L*°(0,T; Q) by Theorem 4.19.

Let now pg- € C°(0,T; Q%) be arbitrary. Then there exists a ¢y € H(0,T;V) with pgo« = By,
supp ¢y = supp wo- C (0,T), and we get

T T _
[ tamya= [ <%B@v+8¢v,/\>dt:/ (B'A— [{ 4B Nds, ) dt
0 0 0

T T T
:/ (Ag*,{p\,)dt:—/ <B*>\,<pv>dt:—/ (poe, A} dt.
0 0 0

This shows that X is a distributional derivative of A. O

84



7.2. Constraints with Time-Dependent Operators

7.2.3. Discussion of Uniqueness

In Subsection 7.1.2 we reduced the proof of the uniqueness of the whole solution u to the uniqueness
of the part of u, which maps into Vie,. As mentioned in Remark 7.35, the analysis of uyer = PLu =
P Wu = Wiy is connected to parabolic PDEs on evolving domains. Therefore, we can use the
arguments of the theory of PDEs on evolving domains for the uniqueness of solutions of the operator
DAE (7.40). Anyway, the uniqueness of solutions is in general unsolved [VouR18, Rem. 2.4]. The
open problem is the density of smooth function in the solution space; cf. [VouR18, Rem. 3.1]. For
our purpose this is equivalent to the question: Given the Hilbert space

WE2(0, T; Vi, (4), Viy (1) = {u € L*(0,T;V) | P u = u, Piuc H(0,T;V*), ’Pj_u € L*(0,T;V*)}
equipped with the norm

\\U||%VI»Z(o,T;vker(.),v;er(.)) = HUH%Z(O,T;V) + |‘PIU||§{1(O,T;V*) + H,PLU”ZLQ(O,T;V*)v
is the closure

Uer == closH,”Wm(OYT;vk s (v)){u e Wh2(0,T;V,H) | PLu = u}

equal to the whole space W12(0,T; V.. (*), Vi () ?

Remark 7.43. By Lemma 7.38 and Remark 7.40, the function e, = Wik, is an element of the space
W2(0,T;Vyor (), Vier (+)), where Ty is the constructed solution of (7.53) from Subsection 7.2.2.

The usual techniques to prove Uyer = WH2(0,T; V.. (+), Vi, () are not applicable, since the space
W2(0,T; Vier (), Vi, () is not closed under translation in time; cf. [W1o87, p. 393 ff.] or [Str66,
Th. 3.1]. One can show at least that, if the solution is an element of Uy, then it is unique. However,
it is unclear, if every solution is an element of Uye,; cf. [VouR18, Ch. 3].

We finish this section with two cases with unique solutions. The first result is inspired by the
results of [AIpES15].

Theorem 7.44 (Uniqueness of Solutions I). Let the assumptions of Theorem 7.41 be satisfied.
Suppose that there exists an operator-valued function YW, which satisfies the assertion of Theorem 7.31
and can be pointwise extended to an invertible operator in £ (H) at almost every time-point t € [0, T,
such that W € H'[0,T; % (H)] with a pointwise inverse W=1 € H'[0,T; L (H))].

Then there is only one solution (u,\) of operator DAE (7.40), which satisfies a) and b) from
Theorem 7.41. Furthermore, the solution satisfies u € C([0,T],H) and A € C([0,T],Q) from
Theorem 7.42 with w(0) = up and A(0) = 0. The solution map (f,g,ug) — (u,A) is linear and
continuous.

Proof. By the assumptions on W the operator M = W*W & HY0,T; £ (H,H*)] is uniformly
elliptic and J = %(W*W — W*W) € L?[0,T; £ (H,H*)] is pointwise skew-adjoint. With the
defined operators we can rewrite the operator DAE (7.50) as

LMB)@) + (At) +T(E) - LS M@)a - B* A = f(t)  in V¥, (7.63a)

B(t)u =g(t) in Q*. (7.63b)

As usual we split @ into @ given by (7.52) and the remainder Uye, with images in Vie,(0). Lemma 7.22
then proves the uniqueness of Uyer € L2(0,T; Vier(0)) N C([0, T, Hier (0)) and therefore of u as well.
Note that the time-dependence of B does not affect the result of Lemma 7.22, since its kernel is

time-independent. Because every solution u of (7.40) implies a solution & = W™1u of (7.63) and vice
versa, u is unique and continuous with image in H as well. With ||u(?)||x = [W()u(®)|x < [Ja(t)]|
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X € {H,V} by the assumptions on W, the remaining assertions follow by the steps of Theorem 7.19
and 7.42. O

Remark 7.45. If the kernel of B is time-independent, then we can choose W = idy, and the assumptions
on W in Theorem 7.50 are satisfied.

Remark 7.46. The assumptions on the right-hand sides in Theorem 7.44 can be weakened such that g
is only an element of W11(0,T; Q%) and f can be split into f = fi + fo, where f; € L%(0,T;V*)
and fo € L1(0,T;H*). Then there exists a unique solution (u, ), which satisfies the conditions a),
b), and d) of Theorem 7.21. The associated proof follows the lines of Theorem 7.21 with the results
of Theorems 7.41 and 7.44.

As the second case with a unique solution, we transfer the results of Theorem 7.24 to operator
DAE (7.50) with a time-dependent operator B.

Theorem 7.47 (Uniqueness of Solutions II). In addition to the assumptions of Theorem 7.41,
suppose that B € Wh°[0,T; £ (V,Q*)] and A = A1 + Az with Ay € WH>[0,T; £ (V,V*)] pointwise
self-adjoint and uniformly elliptic on Vier and Ay € L®[0,T; Z(V,H*)]. Assume that ug € V is
consistent, i.e., B(0)ug = g(0), and that f is an element of L*(0,T;H*).

Then there exists a unique solution u € C([0,T],V) N HY(0,T;H) and X € L*(0,T; Q) with
u(0) = ug, which depends linearly and continuously on the data f, g, and up.

Proof. We follow the steps of Theorem 7.24. For this let us denote A; and Ay by Al and A2,
respectively. We split v into u. and uyge, where u. = B;lmg. By Lemma 7.28 the function u. €
HY(0,T;V) satisfies AN (t)uc(t) € V2 (t) at almost every time-point ¢ € [0,7]. The functions e,
and A are given by a possible solution (tUyer, A) of the operator DAE (7.53) with W from Lemma 7.33,
where Uyey = Wilker. The right-hand side ﬂer is given by W*( f}@r + f}£2e]r) with

U= Ay e W0, 15VY) f2 = f — APue — e € L2(0, T3 HY)

and the initial value Uker,0 = W(0)tker,0 = Uker,0 = Uo — By (0)g(0) € Vier(0).

Let us define W,, € Z(V), fﬁrn € V*, and A € Z(V,V*) as the evaluation of W, file]r,
and W* AW at the time-point t,,, respectively. Further, flz]rn € H* and (APIW),, € 2V, H*)
are set to the integral means of fl[j]r and ARW, respectively; cf. (7.9). We then consider the
temporal discretization (7.55) of (7.53) with the discrete operator A, = Al 4 Wi (ARIW),, and
the right-hand side ﬁ{er’n = Wi( 1 + fﬁ]rn) With the steps of Theorem 7.24 one proves that

ker,n
the statements of Subsection 7.2.2 are still valid with %* instead of y4 in Lemma 7.36 if 7 is small

enough. On the other hand, since Ay, € V2 (-) implies W* Ejr € VP (0), testing (7.55) with
TDTﬂker,n = ﬂker,n - ﬂker,n—l S Vker(o) leads to

T< D'r (Wﬂ)ker,n, WnDTﬂker,n > + T< j%}ﬂker,na Draker,n > = < flger,n - (-A[2]W)naker,n7 WnDTﬂker,n >

(7.64)
Note that W € W10, T; £ (V)] by Lemma 7.33. Therefore, equation (7.64) implies the estimate

THDT (Wﬂ)ker,nH’QH + <Av£11]aker,n7 aker,n - aker,n—l >

7.64 ~ ~
( = )T< IEQe]r’n - (A[Q]W>nuker,n7 DT (Wu)ker,n>
~ _ Wp = Wi~
- T< lz]r,n - (A[Q]W)nuker,n - DT (Wu)ker,na %uker,n71>
(38) 37 - 3C% - T .
< Gl — AWl nll3ee + =22 Wi = Wae e[} + 11D OVDerals
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3012/<—>’H
2

(7.12) 3+
<

N — (AW ier 3+ 7

. ~ T ~
= P ker,n ||W||%°°[O,T;$(V)]”uker,nfl‘l%} + §||DT(Wu)ker;nH3-['

With estimates analogous to (7.36)—(7.38) we get the inequality

n n T
> 7D Vel + el + 3 lncrs = ol S inarol + [ AR s+
k=1 k=1 0

for every n =1,...,N and M = M (Uker,0, fker) from Lemma 7.36. This shows that %Vv\flke” is
bounded in L?(0,T;H) and Uyer » in L>(0,T;V) both independently of 7.

By [Zei90a, Prop. 23.19] and the continuity of W, we have uyer = Wiiker € L°°(0,T; V)NH(0,T;H)
with the limit Uye, from Lemmas 7.38 and 7.39. This allows us to test the operator DAE (7.53)
with Uker and ey, which leads to uker € C'([0,77,V) and the continuity with respect to (fier, Uker,0);
see Theorems 7.19 and 7.24. The assertion on u follows by the properties of uye,.

Finally, the Lagrange multiplier A and the solution w are the unique solution of the time-dependent
saddle point problem (7.43) with right-hand sides f — 4 € L?(0,T;H*) and g € H*(0,T; Q*) —
L?(0,T; Q%). The properties of A then follow by Theorem 7.27 and Lemma 4.9. O

Remark 7.48. Example 7.5 is uniquely solvable by Theorem 7.47, if ug € HZ(0,1) is consistent,
f e L*0,T;L%0,1)), and ® € WH°(0,T).

7.3. Main Results

In the previous two sections 7.1 and 7.2 we considered only cases where 5 or M were constant in time.
In this section, we finally investigate operator DAEs of the form (7.1), where all operators, namely
M, A, and B, are simultaneously time-dependent. The results of this section are combinations of
the ideas of the previous two sections. Since the associated proofs are rather technical and mostly
done in the sections 7.1 and 7.2, we will only sketch them.

Let us start with the existence of solutions of the operator DAE (7.1).

Theorem 7.49 (Existence of Solutions of Operator DAEs with Time-Dependent Operators). Let
Assumption 7.2 be satisfied. Then the operator DAE (7.1) has at least one solution (u, ) which
fulfills

a) u € L20,T; V)N L>®(0,T;H), b) A= %A foran A € L>(0,T; Q),
¢) PiE(Mu) € L*0,T; V), d) & (Mu)—B*X e L*0,T;V*).
Proof. Let W be defined as in Lemma 7.33. For the proof we split & = W~1u into . given by (7.52)

and the remainder Uy, with images in Vie, (0). For @ye,, we define ﬁm = ff At —WH* %(MWQC) €
L?(0,T;V*) and consider, similar to (7.8) and (7.55), the temporally discretized system

W;:DT(MWﬂker)n + (Avn - %Drﬂn)aker,n - g:;)\n = ﬁ(er,n in V*,

Bnﬂkem =0 in Q*.

Here, we set Mn = W(tn)* M(t, )W(t,). The discrete derivatives D, (MWiiker ), and DTﬂn are
given by

annﬂker,n Mnflwnflﬂker,nfl vl Mn Mnfl
and DM, =——79#—/¥—/—
T T

DT (Mwakcr)n -
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Then the assertions a), c¢), and d) follow along the lines of Theorem 7.14 and 7.41, where B*\ = %AB*
also holds with a Ag- € L>(0,T;V*). We note that W* MWiye, € H(0,T; V. (0)) is satisfied by
arguments similar to those of Lemma 7.39. Finally, assertion b) follows as in Theorem 7.42. O

For the operator DAE (7.1) with a constant operator B we proved the uniqueness of solutions
in Theorem 7.19. For a time-dependent operator B, we mentioned in Subsection 7.2.3, that the
question of unique solutions is related to the unsolved problem of unique solutions of PDEs on
evolving domains. We proved the uniqueness for two special cases. These results are translatable to
systems with a nonconstant operator M.

Theorem 7.50 (Uniqueness of Solutions of Operator DAEs with Time-Dependent Operators I).
Assume that g is an element of WH1(0,T; Q") and that f can be split into f = fi + fa, where
f1 € L?(0,T;V*) and fo € L*(0,T;H*). Let Assumptions 7.2.i), ii), and iv) be satisfied. Suppose
that there exists an operator-valued function W, which fulfills the assumptions of Theorem 7.44.

Then there exists only one solution (u,\) of the operator DAFE (7.1), which satisfies a) and b)
from Theorem 7.49. Furthermore, the solution satisfies u € C([0,T],H) and A € C([0,T], Q) with
u(0) = ug and A(0) = 0. The map from the data (f,g,uo) to (u,A) is linear and continuous.

Proof. We set M = W* MW and J = TV MW — W MW). Then the assertions follow with the
arguments of Theorem 7.44 and Remark 7.46. O

Theorem 7.51 (Uniqueness of Solutions of Operator DAEs with Time-Dependent Operators II).
In addition to Assumption 7.2, suppose that the operator B satisfies B € W1°[0,T; £ (V, Q*)]. Let
A= A + Ay be satisfied, where Ay € WH[0,T; £V, V*)] is pointwise self-adjoint and uniformly
elliptic on Vier and Az € L0, T; LV, H*)]. Assume that ug € V is consistent, i.e., B(0)ug = ¢(0),
and that f is an element of L?(0,T;H*).

Then there exists a unique solution v € C([0,T],V) N H*(0,T;H) and X € L*(0,T; Q) with
u(0) = ug of the operator DAE (7.1). The solution depends linearly and continuously on the data f,
g, and ug.

Proof. The proof follows the lines of Theorems 7.24 and 7.47. O

Remark 7.52. Theorem 7.51 can be extended to semi-linear operator DAEs of the form (7.1) with
non-linear right-hand sides f: [0, 7] x V — H* satisfying the assumptions of Section 6.4. This can
be proven like Theorems 6.15 and 6.19.
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Part C.

Temporal Discretization of
Operator Differential-Algebraic
Equations

In this part we study time-stepping methods for constrained PDEs. For their analysis, again we use
the framework of operator DAE. In this thesis, we focus on the systems of Chapter 6 with time-
independent operators. We directly discretize the systems in time without a spatial discretization
beforehand, i.e., we use the Rothe method. This leads to infinite-dimensional stationary systems for
every time step; see e.g. [Alt15, Sec. 10.2]. In particular, for each individual time step the stationary
problem then can be discretized individually in space [SchB98, p. 137]. This allows adaptive methods
for every discrete time-point, whose advantages were studied for linear PDEs in [Bor90; Bor91;
Bor92; SchB98]. Furthermore, the Rothe method allows to derive temporal error bounds which are
independent of the mesh width of spatial discretization [HocO10, Ch. 2 & p. 212]. This is vital for
spatially discretized systems, since the temporal convergence order of finite and infinite-dimensional
systems may differ; see e.g. [OstR92, Th. 2], [DebS05, Th. 7], and [HocO05a, Sec. 4.3]. If the spatial
mesh gets finer the order of the infinite system dominates the convergence of the finite dimensional
discretization; cf. [ProR74]. Note that, the (discrete) norms of V and H are equivalent under a fixed
spatial discretization. Anyway, Figure C.1 illustrates a case where the convergence order for the
finite dimensional, spatially discretized system is two, for the infinite-dimensional original system it
is one and a half, and the convergence rate fades for large numbers of degrees of freedom.

We analyze Runge-Kutta methods and exponential integrators in this thesis. Note that a time-
integration scheme for DAEs and parabolic PDEs must respect their infinitely stiff nature, in the
sense that both classes of differential equations can be approximated by a sequence of ODEs, where
every ODE in the sequence is stiffer than its predecessor; see [BreCP96, Sec. 4.5], [Zei90a, Sec. 23.7],
and [OstR92, p. 404]. Because of the stiff behavior of the problem, we consider implicit, algebraically
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Figure C.1.: Temporal error of the (constrained) PDE (9.50) temporally discretized by scheme (9.10)
for different spatial degrees of freedom (dof).

stable Runge-Kutta methods; see [HaiW96, Sec. IV.12] and [HunV03, Ch. II, Sec. 1.4]. On the other
hand, exponential integrators are always suited for stiff semi-linear problems, since they are based on
the exact solution of the linear part, which is responsible for the stiffness [HocO10]. In particular, this
allows large time steps for ezplicit exponential integrators [HocLS98, p. 1572]. These integrators have
the advantages of explicit methods like limited number of evaluations of the nonlinear inhomogeneity
and no nonlinear root-finding problem.

This part is organized as follows. In Chapter 8 we temporally discretize the operator DAEs
from Sections 6.1 and 6.2 with Runge-Kutta methods. Here, the operators M, A, and B are
time-independent and the right-hand sides f, g only depend on time. Since the operator DAEs
are sensitive to perturbations of g, we introduce a regularization which maintains the saddle-point
structure of the original systems. We temporally discretize the regularized system by implicit,
algebraically stable Runge-Kutta schemes, starting with the implicit Euler method. The convergence
of the time-discrete solution to the solution of the original operator DAE is studied under minimal
assumptions on the data. Afterwards, we analyze the convergence order and discuss it by means
of numerical examples. Chapter 9 is devoted to the application of explicit exponential integrators
to the operator DAE from Section 6.4, i.e., the right-hand side f depends on time and the state u.
By exploiting the structure of the operator DAE, semi-explicit integration schemes are constructed
based on the exponential Euler and Runge methods. We study their convergence orders and derive
the order conditions for schemes with an order up to three. Afterwards, we consider the temporal
discretization of the Lagrange multiplier A. Finally, the performance of the numerical schemes is
presented, where an efficient solver for intermediate transient problems is used.

Sections 8.1 and 8.3 are essential copies of [AltZ18b, Sec. 3 & 5]. Lemmas 8.2, 8.3, and 8.5
were originally proven by Robert Altmann. We omit the proofs of the latter two lemmas and give
an alternative proof of the first one, which is closer to the definition of the differentiation index.
Section 8.2 extends the results of [A1tZ18b, Sec. 4] to less regular right-hand sides. The results in
Section 8.5 are based on and extend [AltZ18c¢, Sec. 6]. The author of this thesis originally elaborated
[AItZ18b, Sec. 4 f.] and [AltZ18c, Sec. 6]. All remaining results of Chapter 8 are unpublished.

Sections 9.1, 9.2, and Subsection 9.4.2 are essentially copies of [AltZ20, Sec. 2.4, 3 f., & 5.2].
The schemes of the exponential integrators were elaborated in close cooperation between the two
authors of the book chapter. The algorithms in Subsections 9.1.1 and 9.2.1 were developed by
Robert Altmann. Furthermore, Robert Altmann originally implemented the numerical example in
Subsection 9.4.2. The convergence analysis in Subsections 9.1.2 and 9.2.2 was originally elaborated
by the author of this thesis. The same holds for the results of [AltZ20, Sec. 5.1] which are extended
in this thesis in Subsection 9.4.1. All remaining results of Chapter 9 are unpublished.
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8. Runge-Kutta Methods

In this chapter we investigate Runge-Kutta methods as time integration schemes for operator DAEs
of the form

u(t) + Au(t) — B*A(t) = f(t) in V*, (8.1a)
Bu(t) = g(t) in Q*. (8.1b)

The spaces V and Q are separable Hilbert spaces. We assume that a third Hilbert space H exists such
that V, H, V* is a Gelfand triple. All operators are time-independent. The existence, uniqueness, and
regularity of solutions of (8.1) were studied in Sections 6.1 and 6.2. In addition to the assumptions
of these sections, we suppose that the operator A is elliptic on Vye,. This is not necessary for the
existence of an approximation for small enough step sizes 7, but will imply strong convergence of
the approximations to the solution. We summarize the assumptions in the following.

Assumption 8.1 (Operators, Right-Hand Sides, and Initial Value of Operator DAE (8.1)).
i) The operator B € Z(V,Q*) is inf-sup stable and the operator A € Z(V,V*) is elliptic
on Vyer = ker B with an ellipticity constant g4 > 0.
ii) The right-hand sides satisfy f € L?(0,T;V*) + L*(0,T;H*) and g € WH1(0,T; Q%)
iii) The initial value ug fulfills up € Hyer + B~ g(0) C H.

The application of Runge-Kutta schemes to parabolic PDEs and operator ODEs without a spatial
discretization is well-studied; see for example [Emm04; Roul3, Ch. 8 each] for the study of existence
of solutions and [Cro75; EmmT10; Gon099; Lub093; Lub095b; OstR92] for convergence orders.
In contrast, only few results are known for constrained PDEs and operator DAEs. In [Emm00;
EmmO01] the temporal discretization of the unsteady Stokes equation and the incompressible Navier-
Stokes equations by the implicit Euler scheme is studied. The author of [EmmO00; EmmO01] proves
convergence orders and studies by the nature of the considered constrained PDEs only systems
with constraints with homogeneous right-hand sides. The convergence of the temporally discretized
solutions of the operator DAE (8.1) given by the implicit Euler scheme is studied in [Alt15, Ch. 10].
There the author focuses on the weak convergence of the approximation, as we did in Subsections 7.1.1
and 7.2.2, and on the influence of perturbations. The convergence order of Runge-Kutta schemes
applied to a class of PDAEs with d-dimensional boxes as spatial domains is investigated in [Deb04;
DebS05]. This class excludes systems, which are considered here, and vice versa.

In [Alt15, Sec. 8.2] it is shown that the spatial discretization of the operator DAE (8.1) by the
mized Galerkin method [Bra07, p. 134 ff.] leads to a DAE of index 2. Therefore, this DAE under
temporal discretization with Runge-Kutta methods may suffer from numerical instabilities. In
particular, perturbations of the discretized right-hand side ¢ in (8.1b) may be amplified by the
inverse of the step size, i.e., 771; see [HaiLR89, Th. 4.2] for the finite-dimensional case and [Alt15,
Rem. 10.12] for the infinite-dimensional one with the implicit Euler scheme. Therefore, we consider
a regularization of the operator DAE (8.1) in Section 8.1. The resulting operator DAE has the same
solution, but the finite-dimensional DAE, which we get by Galerkin discretization, is of index 1. In
Section 8.2 we consider the discretization of the regularized operator DAE satisfying Assumption 8.1
with the implicit Euler scheme. Under slightly stronger assumptions we analyze algebraically
L-stable Runge-Kutta methods in Section 8.3. The results, which include the weak and strong
convergence of the discrete solution, are extended to algebraically stable Runge-Kutta methods with
|R(c0)| <1 in Section 8.4. The aim of Sections 8.2-8.4 is the analysis of the qualitative behavior of
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the convergence under minimal assumptions on the data and on the Runge-Kutta methods. The
convergence analysis does not require any additional regularity of the exact solution. For regular
solutions the actual convergence order of the Runge-Kutta methods is considered in Section 8.5.
Note that, higher regularity is equivalent to compatibility conditions on the data, which can be
restrictive; see [EmmT10, p. 786] and [Tem?77]. However, in addition to the convergence rate we
investigate the error under perturbation of the data in Section 8.5. Finally, the performance of the
numerical schemes is presented in Section 8.6.

8.1. Regularization

As mentioned in the introduction of Chapter 8, the spatial discretization of the linear semi-explicit
operator DAE (8.1) leads to a DAE of index 2. Therefore, the temporal discretization of the operator
DAE by Runge-Kutta methods is highly sensitive to perturbations.

Motivated by the Gear-Gupta-Leimkuhler formulation for multibody systems [GeaGLS85], we
extend the system (8.1) by an additional Lagrange multiplier v: [0,7] — Q. With this, we enforce
the system to satisfy additionally the hidden constraint, i.e., the derivative of constraint (8.1b). The
proposed regularization makes the system more robust and achieves that a spatial discretization
leads to a DAE of index one rather than index two.

8.1.1. Finite-Dimensional Case

Consider the DAE, which results from a spatial discretization of system (8.1) by mixed finite elements.
With the symmetric positive definite mass matrix M € R"=*"= ag discretized version of (-, )y, the
matrix A € R"=*"= ag discrete version of A, and the constraint matrix B € R™*"=  which we
assume to have full row rank, the DAE has the form

Mi(t) + Az(t) — BT pu(t) = d(t), (8.2a)
Ba(t) = h(t). (8.2b)

Here, x: [0,7] — R™= denotes the coefficient vector associated with a basis of the finite element space,
which approximates the solution u. The vector-valued function p: [0,7] — R™ corresponds to the
Lagrange multiplier A in the continuous setting, as well as d: [0,T] — R™ and h: [0,T] — R to
the right-hand sides f and g, respectively. The initial condition is given by z(0) = z¢ with xg being
the discrete version of ug.

By Remark 2.3 the DAE (8.2) is of index 2 by the assumptions made. As mentioned in the
beginning of Section 8.1, we reduce the index, and thus regularize the system equations, by adding
the derivative of the constraint (8.2b) and an additional Lagrange multiplier ~: [0,T] — R™. With
some regular matrix C' € R™ <™ the extended DAE reads

Mi(t) 4+ Az(t) — BT u(t) — BT~(t) = d(t), (8.3a)
Ba(t) + Cy(t) = h(b), (8.3b)
Bi(t) = h(t). (8.3¢c)

Here, the Lagrange multiplier v measures the difference between the right-hand side of (8.3b) and
the primitive of the right-hand side of (8.3¢). However, we show that the system (8.3) has the same
solution as DAE (8.2) but a lower index.

Lemma 8.2. Let M € R"=*"= be symmetric positive definite, B € R™*"= have full row rank, and
C € R™*"u pe invertible. Then the DAE (8.3) is of index one.
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Proof. We consider the matrix M; € R(2e+4m:)x(2na+4n4) from the inflated pair of DAE (8.3), see
Definition 2.2, and the matrix Py € R("=+2m)x(2ne+4nu) given by

M 0 0 |0 00
SR
M= |G—pr—pr ool Pr= |BMTAMTT 0 0 | -BMTU 0 I,
B 0 c o oo 0 0 —1In, 0 L, 0
0 0 0 | B 0 0

The matrix Py has full row rank. Therefore, it can be extended to an invertible matrix Ry = [P | %]T
of the same size as M with a non-specified part *. Then the equality

M 0 0 0

~ —1nRT —1RT

RM, — 8 BMO B BMC B 8  R(2ns+in,)x (2n,+4n,)
* * * B

holds. By the assumptions on M, B, and C the top left (n, 4+ 2n,) X (ng + 2n,)-block is invertible.
Therefore, R1M; is 1-full and so is M;. This shows the assertion by Definition 2.2. ]

Lemma 8.3 ([AltZ18b, Lem 3.3]). Suppose that the assumptions of Lemma 8.2 are satisfied. For
consistent initial data xo € R", i.e., Bxg = ¢(0), the DAEs (8.2) and (8.3) are equivalent in the
following sense. A solution pair (xz,p) of system (8.2) implies the solution (xz,pu,0) of (8.3). On the
other hand, a solution (x,u,~y) of the DAE (8.3) satisfies v =0 and (z, ) solves (8.2).

Remark 8.4. An alternative strategy to reduce the index is the singular perturbation approach of
replacing the constraint (8.2b) by Bx + eCpu = g. The parameter € > 0 is assumed to be small and
the matrix C' € R™»*"» ig invertible, e.g., the identity matrix or the discretized version of (-,+)g.
This is known as penalty method or pressure penalization in the field of fluid dynamics [HeiV95;
She95]. The difference between the original solution x and the solution of the regularized system is
in the range of /¢ [She95, Th. 3.1]. For the solution p, however, the error, which is mainly located
close to the boundary 9Q [Ran93, p. 207], is for tu(t) and smooth data of order O(e) and divergent in
general [She95, Lem. 3.1 & Th. 3.1]. Furthermore, for a small parameter ¢ the temporally discretized
system is ill-conditioned [BenH15, p. 13 ff.] and a wise choice of ¢ depends strongly on the used
temporal (and spatial) discretization scheme [She95, Rem. 5.2].

8.1.2. Infinite-Dimensional Case

The regularization procedure from the previous subsection motivates to apply the same ideas also
to the operator DAE (8.2). This leads to an extended system of the form: find u: [0,T] — V,
A: [0,T] = Q, and «: [0,T] — Q such that for almost every time-point ¢ € [0, 7] the system

w(t) + Au(t) — B*A(t) - B*y(t) = f(¢) in V*, (8.4a)
Bu(t) + Cy(t) = g(¢) in 9%, (8.4b)
& (Bu(t)) = g(t) inQF, (8.4¢)

and the consistent initial condition u(0) = ug hold. The right-hand sides still satisfy Assump-
tion 8.1.ii), whereas the linear operator C: Q@ — Q* is assumed to be elliptic and bounded.

From the construction of the operator DAE (8.4) and the results of the previous subsection, we
already know that a spatial discretization leads to a DAE of the form (8.3) and thus, is of index 1.
It remains to show the equivalence of the original and extended operator DAE.
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Lemma 8.5 (Equivalence of Operator DAEs; [AltZ18b, Lem 3.6]). Let Assumption 8.1 be satisfied
and let C € £(Q, Q%) be elliptic. Then the operator DAEs (8.1) and (8.4) are equivalent in the
following sense. Every solution (u,A) of (8.1) implies a solution (u, \,0) of the operator DAE (8.4).
On the other hand, if (u, \,7y) solves the extended system, then v =0 and (u,\) is a solution of
system (8.1).

Remark 8.6. By Lemma 9.22 there exists an intermediate Hilbert space Hyer & V. between V and H.
The operator B can be extended to this space with the new kernel Hye,. Therefore, we define Bh := 0
for h € Hyer with B read as its operator extension. For more details see Subsection 9.3.2.2.

Remark 8.7. By Remark 8.6 a consistent initial value ug = Hyer + B~ ¢(0) implies 7o := y(0) = 0.
Finally, we make some comments on an alternative regularization approach.

Remark 8.8. A regularization approach of the operator DAE (8.1) based on dummy variables
is introduced in [AltH15]. For this, the variable u is decomposed similarly as in Part B into a
function uge, with image in Vi, and u. with range in a complementary space V. of Vier. By
introducing the new variable w. = @, € L?(0,T;V,) we get the regularized operator DAE

Uker(t) +  wWe(t) + Auker () + Auc(t) — B*A(t) = f(t) in V*, (8.5a)
Bu.(t) = g(t) in Q% (8.5b)
Bw(t) = g(t) in Q*. (8.5¢)

The results of the whole chapter can be easily extended to this operator DAE.

Remark 8.9. In contrast to the regularization (8.5), the system (8.4) preserves the saddle point
structure of the original operator DAE (8.1). The temporal discretization by algebraically stable
Runge-Kutta methods can be modified such that for every time step a stationary saddle point
problem has to be solved; see system (8.6) and Remark 8.24. Therefore, efficient solution algorithms
for (generalized) saddle point problems are applicable; see [BanWY90; BenGL05] and the references
therein. Furthermore, the spatial discretization of the operator DAE (8.5) needs a splitting of
the finite dimensional subspace V;, of V with V}, = V1 @ V}, 2 such that dimVy; = n, — n,,
dim V}, o = ny, and the columns of matrix B € R"#*"= corresponding to V}, » compose an invertible
matrix [AltH15, Ch. 3]. Such a splitting is not needed for the operator DAE (8.4), since the operator
DAE does not rely on a splitting of V.

8.2. Implicit Euler Method

As a first step towards the convergence of Runge-Kutta schemes, we prove in this section the
convergence of the implicit Euler method. For this, we follow the steps of Subsections 7.1.1 and 7.2.2.
We show first that the semi-discrete system has a unique solution for every time step. With these
approximations, we construct global approximations of the solution of system (8.4) on [0,7] and
investigate their convergence behavior.

8.2.1. Temporal Discretization

We formally apply the implicit Euler scheme to the operator DAE (8.4) as in Subsection 7.1.1. We
consider a uniform partition of the interval [0, T] with step size 7 = T/N, N € N. The stationary

system, which has to be solved for each time step t, =1n, n=1,..., N, is given by
Drup + Auy, — BN, =By, = fa in V*, (8.6a)
Bu,, + Cv = gn in Q%, (8.6b)
BD.u, = g, in Q*. (8.6¢)
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Here, D, denotes again the discrete derivative, defined by D,u, = (u, — tuy,—1)/7. For n = 1,
equation (8.6¢) includes the term Bug. Assuming ug to be consistent, we have Bug = ¢(0) in the
sense of Remark 8.6. Note that system (8.6) gives an implicit formula for u,, A,, and v, in terms of
a given approximation u,_1. There is no dependence on previous approximations of A and ~.

Since the right-hand sides are assumed to be Bochner functions by Assumption 8.1.ii), function
evaluations are typically not defined. Thus, only for g € W(0,T; Q) — C([0,T], Q) we may define
gn = g(tn), whereas we define f,, and g,, by their means; cf. (7.9). These approximations are of
first order but may be replaced by any other approximation, especially for more regular data f
and g. Nevertheless, we require certain convergence properties, which we summarize in the following
assumption.

Assumption 8.10. Suppose that f, € V*, g, € Q* and g, € Q" are given, n = 1,...,N. Let
fr:[0,T] — V* denote the piecewise constant function with f,(¢) == f, for t € (t,—1,t,] and
f(0) == f1. Analogously, we define the piecewise constant functions g, and ¢, via g, and g,
respectively. We assume that f, g-, and ¢, converge for 7 — 0 in the strong sense, i.e.,

fr — fin L*(0,T;V*) 4+ LY(0,T; H*), gr — g in L*(0,T; Q%), g, — ¢ in LY(0,T; Q%).

Remark 8.11. We emphasize that ¢, is not the derivative of g, in the notation of Assumption 8.10.

The discretization of the right-hand sides above from this page fulfills Assumption 8.10; cf.
Lemma 3.34. For any discretization satisfying Assumption 8.10, system (8.6) is well-defined. It
remains to check the solvability of this system.

Lemma 8.12 (Solvability of the Time-Discrete System). Suppose that Assumption 8.1.i) on the
operators is satisfied and that C € £(Q, Q*) is elliptic. Let u,—1 be an element of Hyer + Ve such
that the operator B is applicable, n = 1,...,N. Assume that the right-hand sides of (8.6) satisfy
fn €V*, gn € QF, and g,, € Q*. Then system (8.6) has a unique solution (Un, An,¥n) €V X Q x Q.

Proof. By (8.6b) and (8.6¢) the equality C~y,, = g — 7§,, — Buy,—1 holds. This equation has a unique
solution -, by the Lax-Milgram Theorem 3.4. Therefore, we consider the system given by the
equations (8.6a) and (8.6¢). This reduced problem and thus also system (8.6) have a unique solution
by Theorem 3.8. O

8.2.2. Convergence Results

Due to Lemma 8.12, system (8.6) provides the discrete approximations u,, A,, and v, at any time
point ¢, for a given consistent initial value ug. With these, we define global approximations of the weak
solution u on the interval [0, 7] similar to (7.18). More precisely, we define wu,, t,: [0,7] = Hier + Ve
by

. o
w (t) = {“0’ ife=0 () = {“O’ =0 .Y

Up, iftE (tn_1,tn] Up + Dot (t — ), ift € (tn_1,t,]

Analogously, we define piecewise constant approximations of the Lagrange multipliers A and -,
which we denote by A, and ~,, respectively. As starting value we set 7,(0) = 79 and A;(0)
arbitrarily. By %QT we denote the generalized time derivative of %,, which is piecewise constant
with values D, u,. By the global approximations, the temporally discretized system (8.6) can be
reformulated as

%ﬂr +Au, — BN — B, = f; in V¥, (8.8a)
Bu, + Cvr = g- in QF, (8.8b)
B(La,) =g, inQ" (8.8¢)
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We assume that the discrete right-hand sides f;, g, and ¢, satisfy Assumption 8.10. For the study
of the piecewise approximations, we state a discrete version of Gronwall’s lemma.

Lemma 8.13. Let a,x1,b1,x2,ba,... € Rxq be given with x2 < a+ Y ., b;x;. Then the inequality
T, <Va+ Y0 b holds for alln=1,2,. ..

Proof. By the assumptions on xz,,, the non-negative root of y — y? — b,y — a — Z?;ll b;z; is an
upper bound of x,, i.e.,

b b2 n—1 1/2
<z L i | .
Ty < 2—}—(4—1—@—1—;@9@) (8.9)

The proof of this lemma is inductive. The base case 1 < % + (% + a) s < V/a + by holds by
inequality (8.9) and [EmmO04, Cor. A.1.2], where the induction step is given by

% 1/2

s (e Su(Sn )

i=1 j=1
bn bn n—1 9 bn n—1 1/2 n

We analyze the convergence behavior of the introduced approximations in the following theorem.

INHE

Theorem 8.14 (Convergence of the Implicit Euler Scheme). Let Assumption 8.1 be satisfied and
C € Z(Q,Q) be elliptic. Suppose that (u,\,0) is the solution of the operator DAE (8.4). If the
approximations of the right-hand sides fr, g-, and g, fulfill Assumption 8.10, then

ur—u in L2(0,T; V), Ur—u in L*(0,T;H),
LU= a  in L*(0,T; Vi) + L0, T; H.,), Yr—0 in L>=(0,T; Q)

as T — 0. Furthermore, the primitive of A, namely A, (t) == fot Ar(s)ds, converges strongly to A in
L?(0,T; Q) with A defined as in Theorem 6.7.

Proof. In the first step we show the convergence of the Lagrange multiplier +,. With this, we show
the weak and afterwards even the strong convergence of u, and the derivative of u,. Finally, we
prove the assertions for %, and \,.

Step 1(Convergence of 7, ): With the consistent initial value ug, equation (8.6b), and a successive
application of equation (8.6¢), we obtain

n tn n tn
Crn=gn—9(0) =7 > g = / gty dt = 7+ gn — g(tn) = / g(t) = g () At + gn — g(tn).
i=1 0 0

i=1
(8.10)
Since C is elliptic and bounded, using the Cauchy-Schwarz inequality, we obtain
(8.10) tn
rllz=orie) = max limle S max H /O §(t) = g, (6) dt + gn = g(tn)|| .
< 9= 9-llzr0m04 + 119 = grllLe=(0,1,07)- (8.11)

96



8.2. Implicit Euler Method

Thus, by Assumption 8.10 it follows that ||y || e (0,7;0) — 0.

Step 2(Weak convergence of u, and %QT): We use the splitting V = Vier & Ve with V. = {v €
V| Av € V2 } as discussed in Section 3.1. We decompose u,, and D,u, for n =1,..., N as well
as the initial value uy = Uger,0 + te,0 With tker,0 € Hier and uc o = B, 9(0) € V.. We also split the
global approximations of u into

o ~ o~ ~ d~ _ d~ d ~
Ur = Uker,t + Uc,T, Ur = Uker,r + Uc,T, i Ut = gz Uker, + at Ue,T- (812)

The exact solution u is decomposed into uyer: [0, 7] = Vier and uc: [0,T7] — V.. Equation (8.8),
Assumption 8.10, and the convergence of ~y, imply

Ue,r = By Bur; = B, (g9r — Cvr) — B9 = uc in L*°(0,T;V.), (8.13a)

L., =B B(L4,) =Brg. - Brg=1i. in L'(0,T;V). (8.13b)

The linearity of the discrete derivative yields (Drup)ker = DrUkern- Thus, we can rewrite
equation (8.6a) as

D‘rukcr,n + Aukcr,n - B*An - B*’)’n = fn - Druc,n — Auc,n in V*. (814)

Since Druker,n € Vier = ker B for n > 1 and D uker,1 € Hier, We conclude with uc , € V. that uker
is fully determined by
D‘rukcr,n + Aukcr,n = fn - -D‘ruc,n in Vf:crv (815)

where Au,, vanishes by the definition of V.. Note that equation (8.15) may also be written in its
continuous form

Llker,r + Atkerr = fr — Bag, In Vi, (8.16)
By the assumption on the right-hand side f there exists fI) € L2(0,T;V*) and 2 € L' (0, T; H*)
with f = fI1 + fI2. Testing (8.15) with e, and summing over i = 1,...,n leads to
lurer,nlle + Y lttkeri = uker,i—1 13 + T4 Y llurer,ills
i=1 i=1

< [Juker,0 Uker,n|ln  (8:17)

ot =S I 20 3 - Bl
i=1 =1

cf. Theorem 7.9. Then Lemma 8.13 with @; = |[uker,qll; @ = [uker0ll3 + 75 2o5=; Hf,gl]H%*, and

2
P

By a combination of the inequalities (8.17) and (8.18) the estimate

b; = 27'Hfi[2] — B;giHH*, i=1,...,n, implies

1

||uker,n

n /2 n
| < <||uker,o||%+l;2||f}”| +2r 3 || £ = Bl (8.18)
i=1 i=1

n n
||uker,n||g-[ + Z ||uker,i - Uker,iflng-[ + THA Z Huker,i”%
i=1 i=1

n 1/2 n
< [(lluker,oni + MLA S i*) +or 3|7 - Bzgillm]
=1 =1

2
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o 1 [T
= r + — i
Klwe oll% HAA (ki

holds. Note that the right-hand side of (8.19) is bounded independently of 7 by Assumption 8.10.
By the arguments of Lemma 7.11, there exists a subsequence 7’ of 7 and a function w € L2(0,T;V)N
L>(0,T;H) such that w is the weak limit of uye,  in L#(0,T;V) and the weak* limit of uyey, -+ and
Uker,r iIn L>°(0,T;H) as 7" — 0. The convergence of uyer,, %ﬂcm and f, then implies

1/2 T 2

i*dt) +2/O 1712 = Bg. |5, dt (8.19)

~ 6) . . * *
%ukem ¢4 fT dtuc = Atger,rr = f— e — Aw =t wq  in L*(0,T; V) + LY0, T Hy,)-

Following the lines of Lemma 7.12 and Theorem 7.14 one shows wq = w and that w is a solution of
the operator DAE
Uger + Alger = f — U in V]:er (820)

with initial value w(0) = uyer,0. Since the solution is unique by Theorem 4.22, the identity w = Uyer
holds and the piecewise functions converge weakly /weakly* for the whole sequence 7 [GajGZ74,
Ch. 1, Lem. 5.4]. In combination with (8.13) this shows the weak (respectively weak*) convergence
of ur in L(0,T;V) and of L@, in L?(0,T; Vy,,) + L0, T; Hi,)-

For the following analysis of the strong convergence we note that uker x is bounded in H by (8.19).
Its weak limit is given by uke;(T") in H as N — oo or 7 — 0, respectively, since for every vker € Vier
we have

(3.21)

T
. . d ~ ~
lim (uker,N7 TUker)H =" lim < Eukerﬂ'a tvker > + (Uker,7'7 Uker)'H dt
N —oc0 T7—0 0

(3.21)

T
= / < ukera tUker > + (ukera vker)’H dt (uker (T)7 T’Uker)H'
0

Step 3(Strong convergence of u, and %QT): It remains to prove that the sequences uyer,r and
%ﬂke” converge strongly. For this, we note that equation (8.16) leads to the estimate

T
Huker,r - ukerHiZ(O.T‘V) 5 / <Auker7‘r - -Aukera Uker,m — uker> dt
o 0
T T
= *\/ <%aker,‘r7 Uker,r — uker> dt + / <ukera Uker,7 — Uker> dt
0 0

T
+/ <f7' - f + B;\(gq— - g)a Uker,m — uker> dt. (821)
0

The second integral on the right-hand side of (8.21) converges to zero because of the weak and
weak® convergence of Uyer r t0 Uker in L2(0,T;V) and L*°(0,T;H), respectively, and the third
integral because of the assumption on the right-hand sides and the boundedness of uyer» and uer
in L2(0, T Vier) N L%(0, T'; Hyer); cf. (8.21) and Theorem 4.22. For the first integral we use

N ( 17)

T
/ <%aker,7'7 uker,7'> dt = Z< Uker,n — Uker,n—1, Uker,n > =
0

n=1

1
3 e, w13, = IIUker,olli-

Then, by the weak convergence of uyer y and [Alt16, Rem. 8.3.4] the limit

T T
o 1 1 (3:21) .
lim lnf/() <dt Uker, T Uker ‘r> dt > - ||uker( )||’2H - 5 Huker( )H2 /0 <uker7 uker> dt (822)

T—0
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holds. With this inequality and the weak convergence of %ﬂkcm, the estimate (8.21) implies

0 < limsup Hukerfr - ukerH%Z(o,T;V)
T—0

(8.21) T . T .
< lim sup/ <auker77, uker> dt — lim inf/ <5uker777 uker77> dt
0 0

T—0 T—0
T T
§ / <ukcr; Ukcr> dt — / <ukcr, ukcr> dt =0.
0 0
This shows the strong convergence Uker,r — Uker as well as
Lhker,r = fr = Bagr — Auker,r — f— Bag— Auker = lier  in L*(0, T3 Vi) + L0, T Hiey)-

By the triangle inequality we obtain the claimed convergence of u; = Uger,r + Uc,r and %QT =
d~ d~
Euker,‘r + Euc;r-

Step 4 (Convergence of u,): We observe that by Theorem 3.36 and %, (0) = uc(0) the limit

IS . T d -~ . (8.13b)
T [[fie,r — uell L o,m0) < lli%/o | $tie,r — tic||,dt ="0 (8.23)
holds. For the convergence of Ukey » We note that
N
‘}ILI%) ||ﬂker,7— — uker7T||%2(0,T;H) = }_%% z:l Huker,n - uker,n—lH%—[ < 71_11)% % Mz(uker,Oa fT?gT) =0,
n—

where M?(uker,0, fr, d,) > 0 is right-hand side of (8.19), which can be bounded independently of 7.
Thus, Uker,r and Uger » have the same limit uye, in L?(0,7; H), which implies the strong convergence
U, — uin L?(0,T; H).

Step 5 (Convergence of \;): Let A, U;, I';, and F, denote the primitives of -, u,, v, and f,
respectively, which vanish at ¢ = 0. An integration of equation (8.8a) then leads to

B*Ar =, + AU, — BT, — F, —ug  in AC([0,T], V"), (8.24)

where AC([0,T],V*) denotes the space of absolutely continuous functions with values in V*. The
inf-sup condition of B implies

B 7A7— (8.24) N
B Ollo < sup LA Ty @ Ol + 10, Ol + T O)l0 + 152

vevfoy  lIvllv

V*
and thus, the bound

”ATH%Z(O,T;Q) IS HaT”%z(O,T;H) + [luollF, + ||UT||2L2(0,T;V) + ||’Yr||%2(0,T;Q) + ”f‘r||2L2(0,T;V*)+L1(O,T;H*)

holds. Inserting A, — A, instead of A, for two different time step sizes 7y, 72, we obtain that A,
is a Cauchy sequence in L?(0,T; Q). Thus, there exists a unique limit A\ € L?(0,T; Q). Finally, a
comparison of (8.1a) and the limit of (8.24) shows A\ = A. O

Remark 8.15. Since u, and 4, converge strongly in L?(0,T;H) and are bounded in L>(0,7T;H)
by (8.19), both sequences converge strongly to u in LP(0,T;H) for every p € [1,00) [Emm04,
Rem. 8.1.13]. Analogously, the limit A, — A holds in LP(0,T’; Q) for every p € [1,00).
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8.2.3. Convergence Results for More Regular Data

By Theorem 6.7 the Lagrange multiplier A exists only in a distributional sense under the assumptions
of Theorem 8.14. Therefore, we cannot expect better convergence for A as shown in Theorem 8.14.
In Section 6.2, however, we studied conditions such that A is a Bochner-integrable function. In
this subsection, we consider these additional assumptions to prove a convergence result for A, and
improve the one for %ﬂf to the convergence in the more restrictive space L?(0,T;%H) than the one
in Theorem 8.14.

Theorem 8.16 (Convergence for More Regular Data). In addition to the assumptions of Theo-
rem 8.1/ suppose that ug € V is consistent, i.e., Bug = ¢(0), and one of the following conditions
holds:

i) The right-hand sides f and g are elements of L?(0,T;H*) and H'(0,T; Q*), respectively.
The approzimations f. and §. satisfy Assumption 8.10 in L*(0,T;H*) and L?(0,T;Q"),
respectively. Furthermore, there exist an operator A; € Z(V,V*), which is self-adjoint and
elliptic on Vier, and an operator Ay € L(V, H*) such that A = A; + As.

ii) The right-hand sides satisfy f € H(0,T;V*) + WHL(0,T; H*) and g € W21(0,T; Q*). The
approximations fr, g-, and g, are given by pointwise function evaluations of f, g, and g,
respectively. Furthermore, the compatibility condition f(0) — Aug € Hy,, is fulfilled.

Then the piecewise constant approximations C%aT and A satisfy

L4, -4 in L*(0,T; H), Ar = A in L2(0,T; Q).

Proof. 1f %QT strongly converges to u in L?(0,T;H) < L?(0,T;V*), then the convergence of A,
follows immediately by

A =B (—fr+ %QT + Au, — B*y;) = Bg(—f+u+ Au) =X in LQ(O,T; Q).

The convergence of u, and -, is shown in Theorem 8.14. Thus, it is enough to prove %GT — 4 in
L?(0,T;H). We therefore split u, and D,u, into their components in Vi, and V. as in the proof of
Theorem 8.14. In both cases, i.e., i) and ii), one proves %ﬂcﬁ — 1 in L2(0,T;V.) < L?(0,T;V)
analogously to equation (8.13b). It remains to prove the convergence of %@kem.

Proof for condition i): Following the lines of Theorem 7.24 shows that %ﬁker,T is bounded in
L2(0,T;H) and has the weak limit Gye,. In particular, this together with (8.16) and Asuker,r —
Aotye,y in L2(0, T;H*) by the strong convergence of ey » imply Ajtker» — Ajtier in L2(0, T Hior)-

By the weak convergence of %ﬂkerﬁ we note that the second and third integral of the right-hand
side in

T
d ~ . 2 d ~ . d ~ .
H Eukerﬁ - ukerHLz(O,T;H) :/0 (Euker,‘r — Uker, Eukerﬁ - uker)H dt
T T
d ~ . d ~ .
- - / <A1ukcr,‘r7 Eukcr,f — Uker > dt + / <A1ukcra Eukcr,‘r — Uker > dt
0 0

T
+ / <fT - f + B:{(QT - g) - A2<uker77' - uker))7 %akerﬁ‘r - aker > dt
0

vanish as 7 — 0. The first integral is a zero sequence by similar arguments as in the proof of
Theorem 8.14 Step 3. Here, we used [Zim15, Th. 3.20] and the weak convergence of tyer, v t0 Uker(T')
in Vker, which follows by uker,v — tker(T') in Hier and an estimate similar to (7.39).

Proof for condition ii): We note that D, ke € Vker satisfies the discrete system

DTD‘ruker,n + A-D‘ruker,n = D‘rfn - DTB;(gn in Vlter’ (825)
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cf. equation (8.15). Here, we define D uyer,0 = Wker,0 With wier,0 as the representation of f(0) —
Aug — B4 9(0) € Hi,, in Hyer- The system (8.25) can be seen as the approximation of the operator
ODE (8.20) with right-hand sides f — B¢ and initial value wyer,0. Note that the solution of this
operator ODE is e, by [W1087, Th. 27.2]. Furthermore, we have

D: fn = l(f“n) - f(tn71>) = % n fdt

tn—l

Thus, the piecewise constant function (D, f), defined as in Assumption 8.10 converges to f in
L2(0,T;V*)+L*(0,T; H*) by Lemma 3.34. Analogously we have (D,§), — §in L'(0,7; Q*). Finally,
lim,_,q %ﬂkem = Gyer in L2(0,T; Vier) = L?(0,T;V) follows by the arguments of Theorem 8.14
Step 2 and 3. U

Remark 8.17. Under the assumptions of Theorem 8.16.i) one can prove that w, and @, converge
strongly to w in LP(0,T;V) for p € [1,00) and weakly* for p = cc.

The conditions i) and ii) in Theorem 8.16 are the assumptions of Theorem 6.9 and 6.8, respectively,
where the discretized right-hand sides converge in the associated spaces. In Section 8.5 we prove for
the implicit Euler method and each of these conditions that, in contrast to general algebraically
stable Runge-Kutta methods, the convergence order of the Lagrange multiplier A is not reduced for
infinite-dimensional DAESs, if the solution is regular enough.

8.3. Algebraically and L-Stable Runge-Kutta Methods

In this section, we analyze the convergence of a special class of Runge-Kutta schemes applied to
the operator DAEs (8.4). Note that in general for operator ODEs/DAEs, an implicit Runge-Kutta
scheme may not even provide a unique approximation, which then leads to unbounded solutions and
thus, to divergence; see Example 8.20. Thus, we first give sufficient conditions on the approximation
scheme, which guarantee a unique solution in every time step. Afterwards we study the convergence
behavior of the discrete solution.

We consider an s-stage Runge-Kutta scheme given by the Butcher tableau A, b, c. As mentioned
in Section 5.1, we assume A to be regular and R(c0) = 1-bTA"11, =0 with 1, :=[1, ..., 1]T € R®.
In this case, the approximations of A and - are independent of their approximations from the previous
time step.

For the application of the Runge-Kutta method to the operator DAE (8.4), we need the spaces V,
H, and Q in s components. This is necessary in order to define generalized state vectors. Therefore,
we introduce

Vs = V57 Vker,s = (Vker)sa Vc,s = (Vc)sa Hs = HS; err,s = ,Hls(ery Qs = Q°.
equipped with the associated norms ||z||x: == (3 ;_; ||asz||/2-,()1/2 Accordingly, we define their dual
spaces Vi, Vi, » Hyy Hier s> and Q.

8.3.1. Temporal Discretization

Similar to the finite-dimensional case u,, A,, and v, are approximations of u, A, and v at time
t, = nT, respectively. We introduce the internal stages

Unp,1 An,l In,1
Un = eVs; >‘n: S Qs, Yn = S Qs-

Unp, s )\ms Yn,s
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8. Runge-Kutta Methods

These stage vectors call for corresponding operators such as Ag: Vs, — V| which is induced by A
via a componentwise application. In the sequel, we do not distinguish between these two operators
such that for u,v € Vs we write

S

(Au,v) = (A,u,v) = Z(Aui,vi>.

i=1
In a corresponding manner, the operators B and C can be applied componentwise to elements with s
components.

Finally, we denote for an arbitrary matrix M € R™*% and an element * € X* by Mx € X™ the
formal matrix-vector multiplication (Mx)y ==Y ;_, My ;x; € X for k=1,...,m.

Lemma 8.18. Let X and Y be normed spaces. Consider a matrix M € R**% and a linear operator
K: X — Y*, which induces a linear operator KC: X* — (V*)* by a componentwise application. Then
<ICM:c,y> = <M1Cm,y> = <ICa:,MTy> holds for all x € X° and y € Y*.

Proof. The result follows by a simple calculation,

S

(KMz,y) ZZ <’C2Mk,ixiayk~> = Z My i (Kz;, yr) ZZ <]Cmi;ZMk,iyk> = (Kz,M"y). O

k=1 =1 k,i=1 i=1 k=1

S

The approximations of the right-hand sides f and g need to be extended for elements with s
components as well. For this, we introduce f,, € V! and g,,g, € Qi, n =1,...,N. Asin
Subsection 8.2.1, the specific definition of f,,, g., and g,, is not of importance as long as it satisfies
an analog of Assumption 8.10. Anyway, we emphasize that it is not possible to estimate the internal
stages u,, n = 1,..., N under Assumption 8.1 in the time-discrete counterpart of L>(0,T;Hs)
[EmmT10, p. 793]. Therefore, we have to strengthen the assumptions on the right-hand sides in
comparison to Assumption 8.10. We demand f € L?(0,T;V*) and g € H'(0,T; Q*). We now state
the assumptions on the approximations of f, g and g.

Assumption 8.19. Let f, € V7, g, € QF, and g,, € QF be given for n =1,..., N. The functions f,,
g-, and g, denote the piecewise constant functions defined on [0, T] with

.fr(t)|(tn,1,tn] = fa, gr(t)|(tn,1,tn] = 9n, gr(t)|(tn,1,tn] =3,

for n=1,..., N and with a continuous extension at ¢t = 0. We assume that for 7 — 0 we have

fr —f1,in L?(0,T; V7, g- —gl, in L=(0,T; Q%), g, —gl, in L*(0,T; Q7).

An example, which satisfies Assumption 8.19, is given by f, = f,1s, g» = gn1ls, and g,, =
gnle, n=1,...,N,if fu, gn, and g, fulfill Assumption 8.10 for L2(0,T;V*), L>°(0,T; Q*), and
L2(0,T; Q%), respectively. Given the Butcher tableau (5.1), we could define g,, by the componentwise
function evaluation g, ¢ == g(tn—1 + c¢7). Also, this approach satisfies Assumption 8.19, since ¢ is
uniformly continuous on [0,7]. In any case, we are able to prove the convergence to the solution of
the operator DAE (8.1). Recall that we aim for convergence behavior under minimal assumptions
on the data in this section. The convergence order is studied in Section 8.5.

With the introduced notation, the temporal discretization of system (8.4) yields the time-discrete

problem
un =bTA u,, Ay =bTA'A,,  v,=bTA lq,, (8.26)
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8.3. Algebraically and L-Stable Runge-Kutta Methods

where u,,, A, and -, satisfy the operator equation

A7'D u, + Au,, — B*\,— B*vy, = fa in V¥, (8.27a)
Bu, + Cvn = gn in QF, (8.27Db)
BA™'D,u, =g, inQ&L (8.27¢)

The discrete derivative D,u,, is given by (u, — u,—11s)/7.
Unfortunately, u,,, A,, and -, are not bounded in terms of the right-hand sides for all Runge-Kutta
schemes, even for an arbitrarily small step size 7 as we show by means of the following example.

Example 8.20. Counsider the discretization (8.27) with vanishing right-hand sides and ug = 0.
Furthermore, we assume that the operator A is self-adjoint and that V is compactly embedded in #;
see [Alt16, Def. 10.1] for a definition. We show that the discrete solution given by the 2-stage stiffly
accurate Runge-Kutta scheme from Example 5.2 may be non-zero no matter how small 7 is chosen
and thus, not stable with respect to the initial value and the right-hand sides. For this, we note
that A~! has a negative eigenvalue o € R with eigenvector w € R?, which satisfies b w # 0.

Since (A-,-) defines an elliptic, bounded, and symmetric bilinear form on Vi, there exist
countably many eigenpairs (ug,vi) € R X Vier of the infinite-dimensional eigenvalue problem
pv = Av in Vi . More precisely, all p are positive and tend to infinity as k& — oo and vy, are
normalized for all £ € N [Mic62, Ch. 4.34]. Let ¢ > 0 be arbitrarily small and choose k large
enough such that 7 := |a|/p, < . We set u = vpw € Vier s. The given eigenvalue problem implies
(A~ 4 7A)u € Vy,, , such that there exists a unique A with

B*A = (771A71 +A)u in V}.
Thus, the tuple (u, A, 0) satisfies system (8.27) and we obtain as approximation in the first time step
u; = bTA 'u = abTwuy, #0.

In summary, one step of the given Runge-Kutta scheme with step size 7 yields an approximation,
which is unbounded with respect to the data.

Example 8.20 shows that it is not sufficient to require that the discretization scheme satisfies
R(o0) = 0. We introduce a class of Runge-Kutta methods, which provide a unique and bounded
solution for every discrete time point. For this, we state further assumptions on the Runge-Kutta
scheme.

Assumption 8.21. The Runge-Kutta method (5.1) is algebraically stable, i.e., the matrix BA +
ATB — bbT is positive semidefinite with the diagonal matrix B;; = b;, and L-stable, i.e., R(cc0) = 0.
All weights b; are positive and its classical order is at least one, i.e., Y ;_, b; = 1Tb =1.

Example 8.22. Radau IA, Radau ITA, Lobatto ITIC [HaiW96, p. 72 ff.], and Lobatto ITID [NorW81,
p. 205] methods satisfy Assumption 8.21; see [HaiW96, Ch. IV, Pro. 3.8, Th. 12.7 & 12.9] and [Jay15,
p. 822).

With the given assumptions on the discretization scheme, we are able to show the unique solvability
for every time step.

Lemma 8.23 (Solvability of the Time-Discrete System). Consider w,—1 € Hyer+Ve, n € {1,..., N},
and right-hand sides f, € V¥ and gn, g, € QF. Suppose that Assumption 8.1.i) on the operators is
fulfilled and C € £(Q, QF) is elliptic. If the Runge-Kutta method satisfies Assumption 8.21, then
system (8.27) has a unique solution of internal stages (W, An,¥n) € Vs X Qg X Q¢ and thus, there
exists a unique approximation (Un, An,Vn) € V X Q x Q.
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8. Runge-Kutta Methods

Proof. Since M := BA + ATB — bb” is positive semidefinite by Assumption 8.21, the inequality

2'BA 'z = (A7) [BA+ ATB](A'z) > ~(A'e)'M(A ') >0

N |

1
2
is satisfied for arbitrary = € R*® and consequently BA ™! is also positive semidefinite. If we multiply
the equations (8.27a) and (8.27b) by B and (8.27¢c) by BA, then it results in the system

BA'D,u, + ABu, — B*B\, —-B*B~, = Bf, in Vi, (8.28a)
BBu,, + CB~, = Bg, in 93, (8.28b)
BBD. u, = BAg,, in Q. (8.28c¢)

Note that we have used BA = AB as well as similar results for the other operators. Let B'/2 be

the diagonal matrix with Bgi/ ? = \/b;. Since

_ 2 .
<BA 1uker + 7-«4]3“'1(&7 uker> > <T-ABuker7 uker> > TIU/.AHBl/QukerHVS > THA i:Hlnn s bi”“ker”%}S
for all uker € Vier,s, the operator BA~! + 7AB is elliptic. The solvability then follows by the
invertibility of B and a similar argument as in the implicit Euler case in Lemma 8.12. O

Remark 8.24. System (8.28) preserves the saddle point structure of the time-continuous operator
DAE (8.4). In particular, under spatial discretization and a rearrangement the system (8.28) reads

1BA'@M)+(B®A) -BeBT | -BeBT| [z, (B® I,,)d, +1(BA™'® M)z, _,
B® B BeC 0 o | = (B @ I, )hn
B® B 0 | 0 o, T(BA® I, )h, + (B® B)x,_4

with the notation of Subsection 8.1.1. Here, C' denotes the discrete version of the elliptic operator C.
We emphasis that B is a diagonal matrix and that the top left s(ny +n,) x s(ny +n,)-block of the
iteration matrix is positive definite.

Before we investigate the convergence of the Runge-Kutta schemes applied to operator DAEs, we
summarize results on the convergence for unconstrained operator equations.

8.3.2. Convergence Results for Operator Differential Equations

Let us consider a linear operator ODE
o(t) + Av(t) = f(t) in V* (8.29)

with initial condition v(0) = vy € H, right-hand side f € L?(0,7;V*), and elliptic operator
A€ Z(V,V*). These assumptions guarantee a unique solution by Theorem 4.22. The following
convergence analysis is based on the paper [EmmT10], where the authors investigate the behavior
of stiffly accurate and algebraically stable Runge-Kutta schemes applied to the evolution problem
(8.29). They assume that the schemes are of at least first order and all entries of b are positive.
Note that such methods fulfill Assumption 8.21.

Lemma 8.25. Let the Runge-Kutta method with Butcher tableau A, b, c satisfy Assumption 8.21.
Suppose that K € L (X, X*) is elliptic and self-adjoint. Then for every xg € X and € X* we have

2(Kz, BA ' (z — zo1,)) > (Kb"A 'z, b" A z) — (Ko, 20). (8.30)

Proof. The proof follows the lines of Lemma 5.7. O
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8.3. Algebraically and L-Stable Runge-Kutta Methods

In the following theorem, we consider the temporal discretization of the operator ODE (8.29) by
the Runge-Kutta method (5.1). The associated time-discrete system is given by

v, = bTA o, (8.31a)
A7'D,v, + Av, = f, (8.31b)

with the discrete derivative D,v,, defined as in (8.27).

Theorem 8.26. Consider the operator ODE (8.29) with f € L*(0,T;V*), initial data vo € H, and
an elliptic operator A € L (V,V*). The corresponding exact solution is denoted by v. Assume that
in (8.31) the step size T is uniform and that the Runge-Kutta method satisfies Assumption 8.21.
Suppose that the piecewise constant function f, € L?(0,T; V) defined by f-(t) = fn fort € (tp_1,t,]
satisfies fr — fls in L?(0,T;V?) as T — 0.

Then there exists a unique solution v, € V and v, € Vs of system (8.31) for every time step

n=1,...,N. Furthermore, the piecewice constant functions v, and %@T associated to v, and D v,
forn=1,... N, respectively, cf. Subsection 7.1.1.2, and vy are weakly convergent in the sense
v, = vl in L2(0,T;Vy),  wn —o(T) in H, 45, — v in L*(0,T; V*).

Proof. By the same arguments as in the proof of Lemma 8.23 one shows that BA~! + 74B is
elliptic and bounded. The existence of a unique solution of (8.31) then follows by the Lax-Milgram
Theorem 3.4. With bT A~!v,, = v,, and estimate (8.30) one proves the stated convergence behavior
by an adaptation of the proof of [EmmT10, Th. 5.1 & Rem. 5.3]. O

8.3.3. Convergence Results for Operator Differential-Algebraic
Equations

In this section, we investigate the convergence behavior of the semi-discretized system (8.27). For
this, we recall the piecewise constant and piecewise linear approximations ., U, %ﬂ}, Ar, and v,
from Subsection 8.2.2. For the internal stages we introduce accordingly

uply, ift=0 . 0, ift=0
u,(t) = o , L. (t) = i ,

W, iftE (tny,tn] Druy, ift € (th-1,ty] (8.32)
Ar(t) = An, ift € (tn_1,tn], e (t) = Y, it € (tno1,tn].

The values for A, and ~, at time ¢ = 0 can be chosen arbitrarily.

Theorem 8.27 (Convergence of L-Stable Runge-Kutta Schemes). Let the approzimations f,, g,
and g, of the right-hand sides f € L*(0,T;V*), g € H'(0,T; Q%) satisfy Assumption 8.19. Suppose
that Assumptions 8.1.1), iii) on the operators and the initial value are fulfilled. The corresponding
solution of the operator DAE (8.1) is denoted by (u,\). Then, every Runge-Kutta scheme, which
satisfies Assumption 8.21 yields the convergence results

u, = u in L2(0,T;V), U, = u in L2(0,T;H),
LU —»a in L2(0,T; Vi), Yy — 0 in L°(0,T; Q)

for T — 0. Furthermore, [, b"X;(s)ds converges strongly to A in L*(0,T; Q).

Proof. We follow the steps of the proof of Theorem 8.14.

Step 1(Convergence of «,): With (8.27b), a successive application of (8.27¢), and b A~ D, u,, =
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D.u,, we obtain

n—1
C'Yn =gn — TAgn -7 Z ngi]ls — Bupl,

i=1

tn
=7(b7g,1, - Ag, ) + (/ §(t) = b7, (1) dt) 1, + g — g(t) 1. (8.33)
0
Furthermore, with bT A='1, = 1 the equality

tn
Cyn =CbTA 1y, = / g(t) —b"g, (t)dt + b" A" (g, — g(t,)1s)
0

holds. Similar as in the proof of Theorem 8.14, Assumption 8.19, the Cauchy-Schwarz inequality,
and b71, =1 imply

i {lyr [l < 0,7;0) S lim VT|iLs = g, 20.1:02) + 915 — grll L~ (0.1:02) = 0. (8.34)
Given equation (8.33), Assumption 8.19 also implies v, — 0 in L2(0,T; Q) by the estimate
||’Yr||2L2(o,T;QS) ST ||QT||%2(0,T;Q;) + 17 g1s — gTH%Q(O,T;Q;) + T gls - gTH%OO(O,T;Q;)'

Step 2(Weak Convergence of u, and %QT): Note that the splitting V = Vier @ V. implies the
splitting Vs = Vier,s © V¢,s. With this, we obtain

Up, = Uker,n + Uc,n, D;uy, = Druger,n + Drug p.
Analogously, we split the global approximations into
Ur = Uker,r T Uc,rs %ar = %ﬁker,r + %ﬁc,r-
Thus, formula (8.27b) yields
Uer = Bagr + BiCy, — Bagls =ucls in L2(0,T; V),
which implies u. , — u. and respectively by (8.27c) and bT1, =1,
L., =bTATN (L4, ) =Byb g, — Byb"gl, =Bg=1u. in L*(0,T;V).

By a combination of the equations (8.27a), (8.27c) and a restriction of the test functions to Vier,s,
we obtain

A_lDTuker;n + Auker,n = .fn - A_lD‘rucm = fn - B:{Qn in Vf(ker,s' (835)

Note that (8.35) equals the Runge-Kutta approximation of the operator ODE (8.20). With the
initial value tker,0 € Hiker, the conditions of Theorem 8.26 are satisfied. Thus, wker,» converges
weakly t0 Uger1s in L2(0,T; Vier,s) and %ﬂke” converges weakly to e, in L2(0,T;V5,) as 7 — 0.

Step 3 (Strong Convergence of u, and %ﬂT): For the strong convergence we note that by equa-
tion (8.35) we have

||uker,7_uker]ls ||2L2 (0,T5Vs)

T
5 / <AB (uker,‘r - uker]ls)v Uker,r — uker]ls> dt
0

106



8.3. Algebraically and L-Stable Runge-Kutta Methods

T T
= - / <BA—1%{I’]{EI‘,T7 Uker,r — uker]ls> dt + / <Buker]ls, Uker,r — uker]ls> dt
0 0

T
+ / <B(fT - f]lg) - BZB(QT - g]]-s)a Uker,r — uker]]-s> dt, (836)
0

since A is elliptic and all b; are positive. As for the implicit Euler method, we only need to analyze
the first integral, since the remaining terms vanish as 7 — 0 by the weak convergence of uyer » and
Assumption 8.19. By Lemma 8.25 we obtain

N

T
_ ~ _ 1 1
/ <BA 1%uker,7—auker,r> dt = Z T <BA 1D7uker7n7 uker,n> > §Huker,N||%{ - 5”“]&&,0”%{
0 n=1

From Theorem 8.26 we know tger v — Uxer(1'). As for the implicit Euler method this limit implies

T T
lim lnf/ <BA_1 %aker,'ry uker7r> dt > / <ukera uker> dt.
0 0

T—0

Further, by the convergence results for u,, f-, §., equation (8.35), and 17B1, = 1 we get

T T T
/ <BA71 %aker,‘m Uker ]]-s> dt — / <Buker]]-sa Uker ]]-s> dt = / <ukera uker> dt.
0 0 0

As in the proof of Theorem 8.14 we conclude with (8.36) that wkerr — UkerLs in L?(0,T; Vier,s). A
direct implication is given by

Ugerr = DT A Uper ;= BTA  uper 1 = Uy in L2(0, T Vier) € L2(0, T3 V).
Furthermore, we obtain the convergence of %ﬂkem in L2(0,T; Vi) by
%aker,r = bTA_l%aker,T = bT(.f‘r - B;\g-r - Auker,‘r) — bT(f - B;\g - Auker)]]-s = ﬂker'

By the proven convergences of their parts in V. and Ve, u, and %ﬂ} converge strongly to u and .
Step 4 (Convergence of u,): For the convergence of 4., — u. we argue as in the proof of
Theorem 8.14. For Uyer,r we observe

1
L (e = Vs I + e = 1 12
(7.17)

= <D7uker}n,uker,n>

= <bTA71 DTuker,na uker,n>

(8.35)

S 1l )

Vo + ltkern 13-

%.: + ”B;\gnH%{: + ||uker,n

This estimate together with the telescope sum Zgil (Hukerm 2, — ||uker,n,1||3{) = ||uker,n I3 —

[txer 0|3, yields

N
~ 2
||ukcr,7' - ukcr,T”%Z(o,T;H) = § ||ukcr,n — Uker,n—1 ||7-l
n=1

Wl

N
T Huker,OH%L +7 Z [ fnl %J* + ||B;\gn‘|g{; + [[tker,n %JS + [ uker,n %))

n=1

A
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Note that the terms in parentheses are bounded independently of 7, since the right-hand sides are
bounded by Assumption 8.19 and uyer,r as well as Uyer » are convergent sequences. Thus, Uker r
and Uger,- have the same limit uye, in L? (0,T;H), which implies the strong convergence 4, — u in
L2(0,T;H).

Step 5(Convergence of bTA,): For the proof of the distributional convergence of b7\, we
introduce primitives for the expansions of the stages u,, A, v,, and for f.. We use capital letters
for the absolutely continuous primitives, which vanish at ¢ = 0. Then we have

t
B*bTA.(t) = B* / bT A (s)ds = U, (t) + AbTU,(t) — B*b™T(t) — bT F,(t) — ug (8.37)

0
in AC(]0,T],V*), which follows from equation (8.27a). Then an argument as in the proof of
Theorem 8.14 yields that bT A, converges to A in L?(0,T; Q). O

Remark 8.28. In Theorem 8.27 we show the convergence of bT A ;. For a proof of bTA7IA, = A, — A
in L?(0,T; Q) we would need a result of the form

A]lsuker,o + / %ﬁker,T ds = Al upe, in LQ(O,T; V:)
0

With this, we could consider B*b” A=A, similarly as in equation (8.37).

Remark 8.29. The proof of Theorem 8.27 also shows the strong convergence of the continuous
representation of the internal stages u, to ul, in L?(0,T;V;). By (8.27a) and (8.27c), this implies
$r = Slierr + Fler = Alglger + Alie = Al in L2(0,T; Vi, ,)-

As for the implicit Euler scheme, we can prove the convergence of the Lagrange multiplier \ if we
assume additional regularity of the right-hand side f and the initial data.

Theorem 8.30 (Convergence with More Regular Data). In addition to the assumptions of Theo-
rem 8.27, consider an initial value ug € V with Bug = g(0) and a right-hand side f € L?(0,T;H*).
Furthermore, let the approximation f, satisfy Assumption 8.19 in L*(0,T;H?). Assume that an
operator Ay € L (V,V*), which is self-adjoint and elliptic on Vier, and an operator Ay € L(V, H*)
exist such that A = A1 + As. Then the approzimations satisfy

44, —»a in L*(0,T;H), A — A in L2(0,T; Q).

Proof. We follow the ideas of the proofs of Theorems 8.16 and 8.27. Due to the splitting V = Vi, BV,
and the strong convergence

L., =b"A " da. . — bTAad, =0, in L*(0,T;V.) < L*(0,T; H),

cf. the proof of Theorem 8.27, it is sufficient to consider the remaining part %ﬂkem. We first show its
weak and afterwards its strong convergence. For this, we test equation (8.35) by BA’lDTukeryn €
Vier,s- Lemma 8.25 with K = A; yields

1
CHDTUker,n”%{S + E(<-A1uker,nauker,n> - <A1uker,n—17uker,n—1>)

< <A71D~ruker,n + Aluker,n; BA?IDTuker,n> = <fn + B;‘Qn - -AQ'U'ker,nv BA?IDTU/ker,n>-

Here, ¢ > 0 denotes the smallest eigenvalue of A"TBA~!. As in the proof of Theorem 8.16, a
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multiplication by 7 and a summation over all time steps leads to the estimate

T N
/ H dtuker THH dt + ||uker N||A1 < ||u0 kerHv + Z THA TB(.fn + B_Agn A2uker,n)||%—t’;- (8-38)

n=1

Since the right-hand side of (8.38) is bounded, so is %ﬁkem in L2(0,T;Hs) and uger v in Vier- By
Remark 8.29 and Theorem 8.26, the weak limit of the whole sequence is given by Aty 15 and
uker(T'), respectively. Thus, the strong convergence of 4 5 Uker,r — Aliger1g in L?(0,T;Hs) follows
by the estimate

||A 1df'U/ker T uker]]'S“%z(o’T;HS)

A

T
/ ( (A 14 ukerT uker ) A~ 1d ukerr uker]ls)ﬂs dt
0

T T
- / <A1BA 1d uker ,75 UWker,T uker]]-s> dt + / <Buker ]]-57 A~ 1d uker T 'L.Lker]]-s> dt
0 0
T
+ /0 <B(f7— - fls) - B;B(QT - g]lé) - AQB(uker,T - uker]ls)7 A_liaker,r - aker]ls> dt

and arguments similar to the ones in Theorem 8.27 Step 3. This shows the strong convergence of
%ﬂkew pTA-14d S Uier,r 0 L?(0,T;H). On the other hand, with the continuity of the operators

B\ =b" AT (AT Ltner - + BLg, — fr) + Aur — By,
—bTA? (uker—i—BAg—f) s+ Au=1u— f+ Au in L*(0,T;V*)

holds. As in the proof of Theorem 8.16, this results in the claimed convergence of A;. O

Remark 8.31. The condition in Assumption 8.21 that the scheme has to be algebraically stable
may be weakened. It is sufficient if a positive definite matrix M € R**® exists such that M =
MA + ATMT —bb” is positive semidefinite and MT1, = b.

8.4. Comments on Non-L-Stable Methods

Many proofs in the previous section 8.3 did not use the L-stability of the Runge-Kutta scheme.
For this reason, we want to discuss in this section what happens if we drop the L-stability from
Assumption 8.21. The other assumptions on the discretization scheme are still satisfied such that
the considered Runge-Kutta methods fulfill the following assumptions.

Assumption 8.32. The Runge-Kutta method (5.1) is algebraically stable and R(c0) € [—1,1].
Furthermore, all weights b; are positive with Zle b, = ]lsTb =1.

Example 8.33. The Gauss—Legendre methods [HaiW96, p. 71 f.] satisfy Assumption 8.32; see
[HaiNW93, Th. I1.16.5] and [HaiW96, Th. IV.12.7]. In particular, these methods satisfy R(oco) = —1
for odd and R(o0) =1 for even stage numbers [HaiW96, p. 227].

Since R(oc) =1 — bTA~11; must not vanish under the weakened assumption 8.32, we need an
approximation of the previous time step of the Lagrange multipliers A,,_; and 7,_1 to calculate A\,
and 7y, respectively; see Section 5.1. In particular, we need initial values for A and ~. By Remark 8.7
we set 79 := 0. However, a well-defined initial value Ay would require continuous right-hand sides f,
g and a regular up with Aug € H;,,; cf. Lemma 9.23. Thus, we omit the calculation of A,, and only
set

Uy = R(00)tp_1 +bT A, Y = R(00)Yn_1 + b A y,. (8.39)
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8. Runge-Kutta Methods

The internal stages are given by the system (8.27) as for the L-stable schemes, i.e., by

A7'D u, + Au, — B*X\,—B*v, = fa in V7, (8.40a)
Bu, + C¥n = gn in 9F, (8.40b)
BA'D,u, =g, inQ.L (8.40¢)

Lemma 8.23 guarantees the existence of unique internal stages (wn, An,¥n) € Vs X Qs X Q. We
point out that in contrast to the L-Stable methods, the approximation u,, is only an element of H,
if ug ¢ V. Thus, only the internal stage u,, has images in V.

Before we investigate the Runge-Kutta methods for operator DAEs we study their application to
the operator ODE (8.29). The temporal discretization then reads

Vny1 = (1 =bTA ' 1)v, + bT A ,, (8.41a)
A7'D. v, + Av, = f,. (8.41b)

Lemma 8.34. Let the assumption of Theorem 8.26 on f, vy, and A be satisfied. Suppose that a
Runge-Kutta method is given, which satisfies Assumption 8.32. Let the operator ODE (8.29) be
discretized by (8.41) on [0,T] with constant step size T =T/N, N € N. Assume that the piecewise
constant function f, defined by fr (tnastn] = fn converges strongly to fl, in L*(0,T; V7).

Then there exists a unique solution v, € H and v, € Vs of system (8.41) for every time step
n=1,...,N. Furthermore, the piecewise constant functions v,, v,, and %@ given by vy, v,, and
D,vy at (tp—1,tn], n=1,..., N, respectively, satisfy

v, = v in L2(0,T;H), v, = vl, in L2(0,T;Vs),
45, =0 in L2(0,T; V"), v (T) = o(T) inH

as T — 0, where v is the solution of the operator ODE (8.29).

Proof. We note that the proof of Theorem 8.26 only uses the algebraic stability of the Runge-Kutta
method and the classical order of at least one. Thus, the assertion follows the lines of Theorem 8.26,
where the approximation v, is given by (8.41a) rather than by b” A~1wv,,. O

For the study of Runge-Kutta methods applied to the operator DAE (8.4) we define the piecewise
functions u,, w,, U, %ﬂﬂ %ﬁﬂ A, ¥-, and 4, as in Subsections 8.2.2 and 8.3.3.

We start by discussing the convergence behavior of the piecewise constant functions associated
to 7. For v, we note that equation (8.33) still holds and therefore the arguments ~. tending to zero
in L2(0,T; Q) are still valid. Furthermore, 7o = 0 implies

n—1
Crn "2 RM(00)Cro + 3 RF(00)b" AT Cys (8.42)
k=0

tn—k

n—1

8.33 ; . _ .

(8:33) E R*(00) (bTA_l]lS/ g—b"g. dt+bT AT (g — g(ta_i)Ls) — TR(OO)ngnfk).
k=0 0

Thus, for R(c0) € (—1,1) \ {0} we observe by the geometric series > po  |R¥(c0)| =
|R(c0)| < 1 that

TGy and

(8.42)n—1 . tn - [ .
blle 5 Y IR GOI( [ 13- bgcllor dt+ max lgi— gLl + [ [bTalo- )
k=0 0 T

tn—k—1
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8.4. Comments on Non-L-Stable Methods

ti
S VT~ b9, liron) + o — Lili=oron + max, [ dlo-dt.

i—

Since the right-hand side is independent of n and vanishes as 7 — 0 by [KufJF77, Cor. 2.19.10] and
Assumption 8.19, we have lim, g7, = 0 in L*°(0,T; Q).
For R(c0) = —1 and even n we have

(8.42) — X e, T a1 T.
Cr 23 (1) (2/ g =173, dt+bTA (g — glt)1,) + 773, )
0

k=1
n/2 tor,

= > 2 / g—b"g, dt +b" A (gor — gar—1) — 2(g(tak) — g(tar—1)) + 70" (o — Gor_1)
k=1 top_—1
n/2

= > b"A ! (gor — gok—1) — 7D (G + Gop_1)- (8.43)
k=1

This expression does not vanish uniformly for every g, and g, which satisfy Assumption 8.19. A
counterexample is given by ¢(t) = t* with approximations gi = t715, and g, = 2t 1, if k is even
and g;, = 2t;_11, otherwise, k =1,..., N. Since we want to consider Runge-Kutta methods and
data under minimal assumptions, we choose a specific approximation. We set

gn = g(tn)1s + TAG,,, n=1,...,N. (8.44)

Then g,, n = 1,..., N, fulfills Assumption 8.19 by the uniformly continuity of g and [KufJF77,
Cor. 2.19.10]. Furthermore, for the limit of v, we consider for every arbitrary but fixed € > 0 a
function ¢. € C([0,T], Q*) with [|g — @ellz2(0,1;0+) < €; see Theorem 3.32.ii). Then we observe that

x| lnlle
(8.43) n/2

| max ; Ib" A 1, (g(t20) — g(tan—1)) = 72b" a1l 0-

n/2 tok tok—1 top—1
=  max 2 / gdt—/ gdt+bT/ g]ls—gTdtH
n=24,....N =1 I/ tar—1 tog—2 tag—2 o
n/2 it tok
S e 2> [ g ede + it - gl dr+ [ et~ eele - Do
k=1""2k-2 tok—1

T

< 2 [ o= wdllor + 19— g llos dt+ T max [loe(t) = pelt — 7)o
0 T,

— 2/Te

as 7 — 0. Here, we used that ¢, is uniformly continuous on the interval [0,7]. In comparison
to even n, for odd n the sum (8.43) has an additional summand, which vanishes as 7 — 0 by
Assumption 8.19. Since € > 0 was arbitrary, this shows ||,z (0,7;0+) — 0 for R(c0) = —1.
Finally, for R(co) =1 we have Cv,, = Y_;_, bTA~lg; — 7bTg, by bTA711, =1 - R(c0) =0
and (8.42). This term does not vanish in general. A counterexample is the same as for the
case R(o0) = —1. However, by the approximation (8.44) we have C~,, = 0 and therefore 7, = 0.
With the convergence of v, we can now investigate the approximations of the state u. As a start,
it follows uc, — ucls and %ﬁcﬁ — 1, in the associated L2-spaces by the convergence of v, and
arguments similar to Theorem 8.27 Step 2. For the piecewise linear approximations we observe
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8. Runge-Kutta Methods

Ue,r — ue in L(0,T;V) by (8.23) and ue » — u. in L2(0,T;V) by

o 9 N3 T a1 , 841y . T2 (T o
i e =iy = 32 G 1A Dl 2 iy T [ 7850, 0= 0
e

For the part with images in Vier, we test equation (8.40a) by Buker . Then we get by Lemma 8.25

the inequality [[uern |2 + 714 Sy [tter i3, < lerollfy + 70y 1513 + 1Bl for every
n=1,...,N. Thus, we can use the arguments of Theorem 8.27 Step 3 to prove Uyer,r — Ukerls in
L?(0,T;V,) and %ﬁkerﬁ — figer in L2(0,T; Vir)- In addition, we have

T N
/ ||bTA71]]-sukcr,'r - bTAilukcr,THg-[ =7 Z ”bTAil]]-SukCF," - bTA?lUkCTv"”%'[
0 n=1
N
(1 — bTA7115)2T Z ||Uker,n - uker,n—l”’QH,

n=1

(8.39)

where the right-hand side vanishes as 7 — 0 by Theorem 8.27 Step 4. Note that this implies
Uker,r — Uker in L2(0, T'; 1) by the strong convergence of uyer -, if b A711 £ 0, i.e., R(c0) € [—1,1).
Finally, Theorem 8.27 Step 4 and Step 5 show e, » — w in L2(0,T;H) and bT JoArds = Ain
L?(0,T; Q) for R(c0) € [~1,1). For R(cc0) = 1 the functions Uker, 75 Uker,r, and bT fo A, ds converge
weakly by Lemma 8.34 and the steps of the proof of Theorem 8.27.
We summarize our observations in the following Theorem.

Theorem 8.35 (Convergence of Runge-Kutta Schemes). Let the approzimations f., g-, and g,
of the right-hand sides f € L*(0,T;V*), g € HY(0,T; Q*) satisfy Assumption 8.19. Suppose that
Assumptions 8.1.1), iii) on the operators and the initial value are fulfilled. The corresponding solution
of the operator DAFE (8.4) is denoted by (u, \,0). Suppose that the Runge-Kutta scheme satisfies
Assumption 8.32.
If R(o0) € (—1,1), then we have
ur, Uy — u in L2(0,T;H), Lh =i in L*(0,T; Vi), v+ — 0 dn L*(0,T; Q)

for 7 — 0. The function fo b?' X, (s)ds converges strongly to A in L?(0,T; Q). If we replace g,
by (8.44), then for R(co) = —1 the statements still hold and for R(co) =1 the convergences of ur,
Uy, and [, b" X, ds are weak.

Proof. The assertions are proven by the previous discussion in this section 8.4. O
Remark 8.36. If the data is more regular in the sense of Theorem 8.30, then we have

44, 4 in L2(0,T;H), Ar — A in L%(0,T; Q)

under the assumptions of Theorem 8.35. This follows along the lines of Theorem 8.30.

8.5. Convergence Order

In the previous sections 8.2-8.4 we studied the qualitative behavior of the convergence of the discrete
solution. In this section we analyze the convergence order of the Runge-Kutta methods applied to
the operator DAE (8.4). For this we combine convergence results for operator ODEs [LubO95b,
Ch. 1] and for DAEs; see Theorem 5.4. Following [LubO95b] we restrict our investigation to regular
solutions and Runge-Kutta methods which satisfy Assumption 8.32 and |R(c0)| < 1.
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8.5. Convergence Order

Before we formulate the main result of this section, we recall the order conditions for the Runge-
Kutta method (5.1), namely

> 1
Zbicf_l = k=1,...,p, (8.45a)
i=1
s k
_ c’ .
ZA'LJC‘I; 1:?7’7 2217"'787 k:]‘?"'ﬂq; (8.45]:))
j=1

see Section 5.1. Note that every Runge-Kutta method of classical order p satisfies (8.45a) [HaiNW93,
Th. 11.2.13 & p. 208]. We can now state the first theorem on the convergence order.

Theorem 8.37 (Convergence Order for Runge-Kutta Methods). Suppose that the Runge-Kutta
scheme (5.1) satisfies Assumption 8.32, fulfills |R(c0)| < 1, has stage order q, and has classical
order p > q+1. Let Assumption 8.1.7) on the operators be fulfilled. Suppose that ug € V is consistent,
i.e., Bug = ¢g(0). Assume that the right-hand sides f and g as well as the solution (u,\) of the
operator DAE (8.1) are sufficiently regular. In particular, let A\g = A(0) € Q for non-L-stable
Runge-Kutta methods be well-defined. Furthermore, suppose that the solution and the right-hand
sides are extendable outside of [0,T] by maintaining its reqularity. Assume that the norm (in the
associated space of regular functions) of the respective extension is bounded by a multiple of the norm
of the associated function on [0,T)].

Then the approximations {(tn, An,Tn) tn=1,..8N CV x Q X Q given by the temporal discretiza-
tion (8.39), (8.40) of the operator DAE (8.4) with fn; = f(tn + 7€), Gni = g(tn + 7¢;), and
G = i(tn + ;) satisfy

N
max lu, —u(tn)ll3 + 7 D lun = ulta) [}
n=1

n=1,...,

r ker

T
2
A / @D + Nl 1, + 119" - (8.46a)

N T
2

T3 An = Alta) B S 72 / D+ AL + D)3+ (19| dt,  (8.46D)

n=1

N T
23 oy < 72 / 19% 13 + g%+, . (8.46¢)
n=1

The integer k in (8.46¢) is given by p if the Runge-Kutta method is stiffly accurate and by q + 1
otherwise. All constants which are suppressed by < depend on the coefficients A, b, and ¢ of the
Runge-Kutta method, on the operators A and B, on T, as well as the factor of the possible extension.

Proof. For the sake of brevity, we introduce the errors

u(tn,1 +TC1) ’(.I,(tn,1 +TC1)
Ay, = upy —u(ty), Au,, = u, — , A, = A 'D,u, — :
u(tp—1 + 7C5) U(tp—1 + 7Cs)

Analogously, we introduce the error for uye;, uc, and A\, where we use again the direct sum V = Vi, &V,
with V. == {v € V| Av € V2 }. Note that Ay, = v, holds by v = 0. Furthermore, we assume
c; €[0,1],i=1,...,s, for the simplicity of this proof. For Runge-Kutta methods with a ¢; ¢ [0, 1]
one uses the assumed extension of the solution and the right-hand sides.

The proof is split into four parts. We start by estimating the error for u. and 7. Afterwards we
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8. Runge-Kutta Methods

bound Auyer,,. We finish the proof with the error A\,,.

Step 1 (Error for u.): For the part in V,, we obtain by Bu,¢ = g(0) and several Taylor expansions

BAuc (8.39) Bucpn—1+ b"AT'D Bue, — g(tn)
(8.40¢)
BAucn 1 +7'szg n—1 +7—Cz) (g(tn) _g(tn—l))
=1
p—1 . s bCk 1 (k+1)
= BAuc,n—1+ZT ( o (k+1)!>g (th—1) + Ry

k=0 =1

LY BN 1 + R (8.47)

for every p=1,...,p with the remainder

no T (¢, ;=P o oty — )P 5
n—TZb/ o e 1) 9("“)(t)dt—/ =P e sy ar
- (P-1! tno1 p:

Note that 0 < c¢; <1 foralli=1,...,s and a successive application of (8.47) implies the estimate

n
|Aucal? 5 |
=1

2 N _ T
o =¥ Slml 7 [ 1™ 01 (8.48)
=1

We emphasize that the included constant only depends on the Runge-Kutta method, B, and T.
Furthermore, with analogous arguments we have for the internal stage u.  that

840c
BAucmz )BUCH+TZAZ]9 tn— 1+TC7) g(tn—l +Tci)
Jj=1
q—1 k+1
A C (;.+
= BAuc - k1 e R L (k+1) tn— R, ;
wen1+ 2 T 2L - )0 ) + R
k=0 j=1
(8.45b)

BAuc,nfl + Rn,i;

where the correction term R,, € Q} satisfies || R, [|5. < 72911 ftt"fl g1 ||%. dt. This equality and
inequality (8.48) with p = q + 1 lead to the bound

T
S [ gD+ g dr (5.49)
0

Step 2(Error for v): We observe 7, = —C~1BAu,, by (8.40b) and (8.4b). This implies (8.46c)
for stiffly accurate methods, since v, = v, s = —C " 1BAuc,. For non-stiffly-accurate schemes we

note that by Young’s inequality (3.8) with ¢ = % > 0 the estimate

1+ R*(o0) o | 2= R*(00) a1 2
nllo £ ————17n— — " ||b" A",
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is satisfied. This inequality implies (8.46c) by (8.49), since (1 + R?(c0)) < 1 holds and thus

N N N
Y ala ST IDTAT G S 7Y [Aucnlf3,-
n=1 n=1 n=1

Step 3(Error for uyer): As in the proof of Theorem 8.27, we use that uker, and Uker, are also the
solutions of the temporal discretization of the operator ODE (8.20) by the Runge-Kutta scheme (5.1).
By [LubO95b, Th. 1.1] we then have

N T
+1 +2
max [ Auierllfy, 7Y [Aweral},, $ 7 / e 1, + o™ 13, e (8.50)

This estimate and (8.48) imply the error bound (8.46a). In addition to (8.50), the proof of [LubO95b,
Th. 1.1] shows for the internal stages Uxer, that

N
3 At
n=1

Furthermore, on the one hand the authors in [LubO95b, p. 606] prove Aty , = T_IA_l(Auker,n -
Atger n—11s + R,,) where the remainder R,, fulfills an estimate analogous to (8.51). On the other
hand, we have Attyey p = —AAUKer , I Vf:er,s. Together these equations for Aty lead to

N
T Z ||Auker,n|
n=1

T
1 2
2 < 22 / Ja@F D12 + @ 2. dt. (8.51)

N
%)S* ST Z ”Auker,n”%ts
n=1

68 X1 . 2 NG 2
<rT Zl ﬂHAukcr,n”Vl’:ﬁ,S + EHAukcr’"Hvkehs
n=

A

1225 + HAUker,n—1”$} + ”RnH%}S)

AN 1
—|A er.n 2 —(]|A er,n
T;QTH Ukernlly, + 5 (| Atkern|
’ 1 2
S e S + s, (8.52)
0
In the last line we used (8.50), (8.51), and the estimate for R,,.

Step 4 (Error for \): We start by observing for every k =1,...,q that
>3 biAa e CEY R bkt Y
s i=1

holds. Using this equality and several Taylor expansions one shows A)\, = R(c0)AN,_1 +
bTA7'AN, + R,, where the remainder satisfies |R,[% < 72q+1f:"71 [A@HD|Z dt. Thus, we
get the estimate

N N N T
Y AN ST I AT AN + [RallS S 7Y IBTATIAN G +72q+2/0 NV dt
n=1

n=1 n=1
(8.53)
by following Step 2. For the first term of the right-hand side of (8.53), we note that the error of the
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internal stages A, satisfies B*AX,, = Adtyer,n + AAu, + B*C 1BAu.,, in V* by (8.40) and (8.4).
Finally, inequality (8.46b) follows by the estimates (8.49) and (8.51)—(8.53). O

Remark 8.38. Theorem 1.1 in [LubO95b], which states error bounds for operator ODEs and which
we used in the proof of Theorem 8.37, is proven by energy estimates. Using techniques similar to the
method of semigroups the error estimates can be sharpened; see [Gon099; Lub093; LubO95b, Ch. 3
each]. These results would also refine (8.46a). However, this approach requires a deeper knowledge
of the underlying constrained PDE, since the convergence order then also depends on the spatial
regularity of the solution as well as on the type of boundary condition; see [LubO93, p. 116 f.]
and [LubO95b, p. 616 f.]. For a certain class of constrained PDEs this was investigated in [Deb04;
DebS05].

Remark 8.39. The convergence rate for the Lagrange multiplier A in Theorem 8.37 can be refined
to g + @ if the interpolation space [Vker, Vﬂ‘er] p 1s embeddable into V*. Here, we use the notation
from [LioM72, Ch. 1, Sec. 2], where the theory of interpolation between separable Hilbert spaces
is discussed in detail. For the interpolation between general Banach spaces we refer to [BerL76].
However, by the assumed embedding we have

HA'&ker,n”%}: S HA’l:"ker,n”fVk V* ] g HAﬂker,n”%;:i||Auker,n

20
‘V*
er,s? ker,s]y ker,s

S 2 HAuker,nH%ker R + 7072 ||Auker,n| %;er S (854)
where we used [LioM72, Ch. 1, Prop. 2.3] and [Emm04, Th. A.1.4]. All constants are independent
of 7. By the estimate (8.54) we can prove the refined convergence order q + 6 following the steps
of (8.52) and Theorem 8.37 Step 4.

We point out that we showed the specific case § = 1/2 in Theorem 8.37, since the embedding
Viers Vier |1, = Hier © H < V* holds by [LioM72, Ch. 1, Prop. 2.1(a)].

Remark 8.40. For more regular data one can estimate the errors of u. and « by applying Theorem 5.4
to the system (8.4b—c). As a matter of fact, Theorem 5.4 can be extended to this infinite-dimensional
system since the operators Bly, € £ (V., Q) and C € £ (Q, Q*) have bounded inverses.

In contrast to v and  the convergence rate for the Lagrange multiplier A is half an order smaller.
This is the case, since in general we can estimate 7., only in V},, rather than in the more restrictive
space V*; see the proof of Theorem 8.37 and Remark 8.39. For the implicit Euler method, however,
all approximations have the same convergence order.

Lemma 8.41 (Convergence Order of the Implicit Euler Scheme). In addition to the assump-
tions of Theorem 8.37 let ug € V fulfill f(0) — Aug — B~ g(0) € H;,,- Then the discretization
{(Uns AnsYn) tn=1,... N given by the implicit Euler scheme (8.6) satisfies the error bounds (8.46)
with T2, i.e., the convergence order is one for every state variable.

Proof. The convergence orders for u and v follow along the lines of Theorem 8.37; see also [AltZ18c,
Lem 6.4]. For A\, it is sufficient to show that the error Adie, y is of first order; see (8.52) and the
proof of Theorem 8.37. By (8.25) and the proof of Theorem 6.8 the error Aftiker ,, satisfies

bt —t,
DTAichrm + AAichrm = A(Drukcr (tn) — 'l'llkcr(tn)) = / ;Aﬂkcr(t) dt in Vf:cr (855)

tn—1 T

with D uker,0 = Uker(0) = f(0) — Aug — B~ §(0) € Hj, = Hier- By testing (8.55) with 7Adker,pn, We
get similarly to the derivation of (7.13) the estimate

bt —t,_
/ L Aligeer (£) At

tn—1 T

N N
max HAaker,n”%L +7 Z HAi‘ker,n”% S Z
n=1,...,N

n=1 n=1

2 T
<7 / e 3 dt.
0

O

*
Vicer
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According to Lemma 8.41, the state u and the Lagrange multiplier A have the same convergence
rate if we use the implicit Euler scheme. To get the same result for general Runge-Kutta methods,
we assume the splitting A = A; + As of Theorem 8.30. This additional assumption also improves
the convergence of u in the time-discrete counterpart of C([0,T],V).

Theorem 8.42 (Convergence Order for More Regular Data). In addition to the assumptions of
Theorem 8.37, let an operator Ay € L (V,V*) ewist, which is self-adjoint, elliptic on Vyer, such that
Ao = A— Ay € L(V,H*). Assume that f is an element of L?(0,T;H*). Suppose that the solution u
and the right-hand side g are regular enough such that

T
. +1 12
€= [ 1AL g+ 1S B, + T + -

T

is well-defined with uyxe,y = v — B Bu. Then we have

Cmax |y —u(tn)[}, STC, (8.56a)
N T
7Y A = Alta)llg ST (C +/0 IA(““)IQth) (8.56b)
n=1

Proof. We use the notation and the splitting © = uyer + u. of the proof of Theorem 8.37.

Starting with the approximation of the single parts of u, we have that the estimate (8.56a) for
Auc,, follows by (8.48). For the part with images in Vyer we investigate the error Aj Auyer , in the
time-discrete counterpart of L?(0,T; Hﬁer’s) in addition to Auger,,. Note that Theorem 4.25 and
equation (8.35) guarantee that A;u and AjUker, - are L?-functions with images in Hier and Hi, o
respectively. Therefore, we have

Ai‘fker,n + AlAuker,n = *AQAuker,n in Hlter (857)

by (8.20) and (8.35). Using (8.57) and |[vker[|%, < [[A10ker|l2:

ker

Ajvker € My, by the Gelfand triple Vier, Hier, Vip, O1E proves

Uker”err for every vier € Vier with

n
||Auker,n||?41 + g Z ||A1Auker,i|‘%;er s

i=1

T n
S 1 Atner o1, + 72+ / A 5+ 2, dt+ 7 A A,
=1

|${;m (8.58)

by an adaptation of the proof of [LubO95b, Th. 1.1]. In contrast to [LubO95b, Th. 1.1] which estimates
the error Augey,n, in Hyer, we consider Aukern, in (Vier, || - |.4,). However, the inequalities (8.51)
and (8.58) imply the error estimate (8.56a) for uye,. Thus, (8.56a) follows by the triangle inequality
and the single error bounds for u. and uye,.

For the Lagrange multiplier A we note that (8.51), (8.57), and (8.58) imply that 7 anzl (| Adtier,nl3;.
has convergence rate 2q + 2. Thus, the error bound (8.56b) for A\, follows by Step 4 in the proof
of Theorem 8.37. O

Remark 8.43. By piecewice polynomial interpolations based on the approximations u,, A,, and
v, one can construct abstract functions; cf. [AltZ18¢c, p. 23 f.]. These functions then satisfy
the error estimates in Theorems 8.37 and 8.42 as well as in Lemma 8.41 in the norms of time-
continuous functions, i.e., max,—1__ n ||(-)n[% and ngzl [|(-)n |3 become the norm in C([0,T7], X)
and L?(0,T; X), respectively; cf. [AltZ18c, Th. 6.6].
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For finite-dimensional DAEs, Theorem 5.4 provides a higher convergence order than Theorem 8.37.
If we consider the spatial discretization (8.3) of the operator DAE (8.4), it may be more reasonable
to compare the fully-discrete solution, i.e., the spatially and temporally discretized solution, to the
solution of the operator DAE (8.4) rather than to the solution of (8.3). If the spatial discretization
is based on conforming finite elements [Bra07, p. 60] then the fully-discrete solution can be rewritten
as the space-continuous functions (T, Ap,7¥,) € V x Q@ x Q. By the arguments of [Alt15, Sec. 10.4.2],
these time-discrete solutions satisfy

Uy = R(c0)uy—1 +b"A™ '@, 7, = R(00)7,; +bTATYT,, (8.59a)

with the internal stages (@n, An,7¥,) € Vs X Qs X Qs given by

A~'D.w, + Aw, — B*X\,—B'7, = f.+6, inV}, (8.59b)

Bu, + C7,, =gnt+0, in QF, (8.59¢)

BA~'D.w, =g, +& in QF. (8.59d)

The new initial values are Ty = uo + eg and 7, = —C~'Bey. This allows us to interpret the spatial

truncation error ey and the residuals 6, 8, and &, as perturbations of the system (8.40). The
following lemma addresses the influence of perturbations of (8.40) onto its solutions.

Lemma 8.44 (Error under Perturbations). Let the assumptions of Theorem 8.37 be satisfied.
Suppose that the initial value ug is perturbed by eg = exer,0 + €c,0 € Vier ® Ve = V. Assume that the
perturbations 6, € V7, 0, € QF, and &, € QF of the right-hand sides f,, gn, and g,,, respectively,
are given, n = 1,...,N. Then the discrete solutions G, and 7, of the perturbed system (8.59) satisfy

N
max [t — u(tn) 15+ 7Y s = ultn) |3
n=1

n=1,...,
N
S B+ lleolly + 7IR(00)| lexeroll$ +7 D 18nll5: + (1€l
N N "
TZ ||7n”29 SEy+ ”66,0”%} + TZ ||9n||2g*; + ||£nHQQ:7
n=1 n=1

where E,, and E. denote the right-hand side of (8.46a) and (8.46¢), respectively.

Proof. The proof follows along the lines of Theorem 8.37 using [LubO95b, p. 605, Remark (¢)]. O

Remark 8.45. Similar to Lemma 8.44 one can estimate the error in Theorem 8.42 under perturbations.

Remark 8.46. By the loss of half an order for the Lagrange multiplier A in (8.46b), an estimate
of 7'22;1 [An — A(tn) || would include the terms 7! ||ejer 0]/ and 25:1 16,13 .

Finally, we make some remarks on the temporal discretization of operator DAEs with time-
dependent operators.

Remark 8.47.

i) Theorem 8.37 as well as Lemmas 8.41 and 8.44 still hold for operator DAEs of the form (8.1)
with a time-dependent operator A € C([0,T], £ (V,V*)), which satisfies uniformly a Garding in-
equality on ker B. The term Auwu,, is then replaced by A, uy, == [A(tp—1+7C1)Un 1, ..., Altn_1+
TCs)Up 5] € VI in the discretized systems (8.6a) and (8.40a). For the associated proofs one
adapts the results of the first chapter in [LubO95b] to operator ODEs with an operator
A:[0,T] — Z(V,V*), which is satisfies uniformly a Garding inequality.
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ii) An extension to systems with a time-dependent, uniformly inf-sup stable operator B €
C([0,T),£(V,Q*)), which has a time-independent kernel, is also possible. The discretization
of (8.4b) and (8.4c) are then given by B,u, + Cv, = g, and B,A D, u, + Bu, = 4.,
respectively. The terms B, B, € £ (V, Q%) are defined similar to A,,.
If B and g are regular enough as well as 7 is small enough, then Awuc, and Av, can be bounded
by Theorem 5.4. Estimates under perturbations can be derived by [HaiWw96, Th. 3.6]. For the
remaining steps of the associated proofs one uses Auc, = Auc,—11s + TAB;AI.S’nAuC,n +

R,. Note that T||AB;ABn||g(VS) < 1 holds if 7 is small enough and that the correction
term R, € V, satisfies ||Rn||$, < rfaft ftt"_l ||u§q+1)| . dt. Finally, the additional term

At = —B; ABnAuc,n in the error estimates for uye, can be treated as a perturbation using
Lemma 8.44.

8.6. Numerical Examples

We illustrate the performance of Runge-Kutta schemes for two operator DAEs in this final section
of Chapter 8. The first example is a so-called lid-driven cavity modeled by the unsteady Stokes
equation. As the second example, we consider a synthetic model to investigate the impact of the
spatial regularity on the convergence order. The associated simulation code can be found in [Zim20].

8.6.1. Stokes Problem — Lid-Driven Cavity

As a first example we consider a fluid described by the unsteady Stokes equation, see Example 6.1,
inside a square cavity. The cavity has three rigid walls with no-slip conditions and a fourth side
where a moving lid enforces a velocity field. The governing equations are given by

w(&,t) — pAu(E,t) — Vp(€,t)=0 in Q x (0,77, (8.60a)
divu(€,t) =0 in Q x (0,77, (8.60Db)

u(, 1) =0 on I'y x (0,77, (8.60c)

u(&,t) =g(&,t) on I'y x (0,77. (8.60d)

The state u: Q x [0,T] — R? is the velocity field and p:  x [0,7] — R is the pressure. In our
example the domain is the unit square = (0,1)2. The subset I'; and I'y of the boundary 99 are
defined by I'y := {0,1} x [0,1] U (0,1) x {0} and T's :== (0,1) x {1}.

Following [Zim15, Sec. 4.3.1] the weak formulation of the constrained PDE (8.60) has the form
of the operator DAE (8.1). We incorporate the no-slip conditions (8.60c¢) into the space V. The
divergence condition (8.60b) is stated explicitly as a constraint in the weak formulation. For the
boundary condition (8.60d) we choose g = [g1 0]7 and formulate u;|r, = g1 as a constraint whereas
uz|r, = 0 is integrated into the space V. Note that, u; vanishes at I'y by (8.60c). Thus, the
right-hand side g; must be extendable to a function of H'/2(9€2) by setting g; to zero on I'y, i.e.,

g1 € HSéQ(Fg). Taking all these aspects into consideration, cf. also Example 6.1, we have
V=HL(Q) < H(Q),  H=LQ)xIQ), Q= (L} \R)x Hy ().

For the regularization from Section 8.1 the operator C € £ (Q, Q*) is chosen as
G0
=[5 el

where the operators C; € Z(L*(Q) \ R, (L*(Q2) \ R)*) and Cy € X(H(;Ol/2(F2), HSéQ(Fg)) are elliptic.
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8. Runge-Kutta Methods

Figure 8.1.: Sketch of the function g..

We choose C1 = Rp2(q), which is well-defined since L?(Q) \ R is a closed subspace of L*(Q2) [Zim15,

Rem. 2.12]. For C; we note that there exists a bounded linear map H501/2 (T2) = HE ()5 w = uy
where u,, is the unique solution of

/QVuw -Vod§ = (w, trp, v)H&;/E(FZ))’Hég(FQ) for all v € Hf (€); (8.61)

see [Sch98, Sec. 1.4.3]. We set Cow = trp, u, € Hééz(f‘g). By the right-inverse tr~ of the trace

operator, see Theorem 3.24, the inner product (3.15) of Hé(/JZ(FQ), and 1 := R;I}/Z(F )w the estimate
00 \*+2

A A /Q Vi - Vir~ rdé < Juol, ol il @ = ol @1l g

holds. Therefore, Cs is elliptic by (w,Cow) = Huw||2H%1(Q) > HwHi&;ﬁ(Fz).

Before we come to the simulation, we have to discuss the right-hand side g = [g; 0]7. We point out
that the moving lid would imply that g; is constant on I's, which is not an HS(/f(I‘g)—function unless g1
vanishes everywhere [Sch98, Ex. 1.38]. Therefore, we translate smoothly the enforced velocity field
to zero near the corners of I'y C 9€2. In particular, we will use g1(&1,t) = gy (t) gi/s4(&1) for the
simulation, where g, () passes slowly from zero to one and g, (&1) is given by the parameterized

function

1—</2
Ge(&1) = (epo * Xfea,1—cp)) (€1) = /R@E/2(77)X[€/2,176/2] (61 —mn)dn = / @epp (€1 —m)dn

5/2

with choice e = 1/64. In the definition of §.(&;) the parameter e satisfies 0 < ¢ < 0.5, xg denotes
the characteristic function of the set E, and ¢, is given by ¢.(n) = ce ' exp(e?/(n* — €?))X(—=.c)(n),
where the constant c¢ is chosen such that fR p1dn = 1. The function g. is depicted in Figure 8.1.
However, by construction the function g. € C*°([0, 1]) is non-negative, constantly one at [e,1 — €],

and satisfies ﬁék)(O) = ﬁék)(l) =0 for all k € Ny; see e.g. [Zei90a, Sec. 18.14].

Numerical Simulation For the calculation we choose as the dynamic viscosity g = 1/400 and
vanishing initial values. The final time-point is 7" = 10 and the non-zero entry g; of the right-hand
side g is given by ¢1(&1,t) = (1 — (110 — 1)8) G1/64(§1). An illustration of the associated solution is
given in Figure 8.2.

As spatial discretization we use quadratic finite elements for the velocity field, which incorporate
the homogeneous boundary conditions. The pressure is discretized by linear finite elements which
vanish at £ = (0,0). In a post-processing step the zero mean condition is realized. The additional
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Figure 8.2.: Illustration of the velocity field u at final time ¢ = 10.

Lagrange multiplier for the constraint (8.60d) is approximated by piecewise constant finite elements.
As mesh we use a uniform criss-cross triangulation with spatial mesh size h. For more details see
[AItH15, Sec. 4], [Ver84], and [Zim15, Sec. 4.3.2]. The implementation of the triangulation is based
on the MATLAB software package AFEM [CarGK+10].

We implemented the Radau ITA schemes with one, two, and three stages for the temporal
discretization; see e.g. [HaiW96, p. 74, Tab. 5.5 & 5.6]. These methods are stiffly accurate, and
have classical order p = 2s — 1 and stage order q = s [HaiW96, p. 72 ff. & p. 227]. The reference
solution is determined by the three-stage method with step size 7 = 5-27'2. Figure 8.3 displays the
approximation error of the velocity field u and of the pressure p for different spatial and temporal
mesh sizes. We observe for the velocity field u that every graph for the one- and two-stage methods
has optimal slope 2s — 1 = min(p, q + 1) independently of the mesh size. The convergence order
for the scheme with three stages is 4.75. This is less than the classical order but still 0.75 better
than predicted by Theorem 8.37. This observed order, however, is the optimal rate for PDEs with
homogeneous Dirichlet boundary conditions [LubO95b, p. 616, Ex. (i)]. Since Vier = ker B is the
space of trace- and divergence-free functions, we expect that the convergence order of uye, and
therefore of w is limited by q 4+ 1.75. Under the assumption of smooth solutions, this explains the
observed convergence rates.

Furthermore, we observe in Figure 8.3 that the convergence orders for the pressure p are the same
as for the state u. Lemma 8.41 and Theorem 8.42 predict these rates for the one- and two-stage
method. For the three-stage method we note that Theorem 8.42 only proves the same convergence
rate g + 1 for u and p, not the improved rate of q + 1.75. However, we expect that an adaptation
of [LubO95b, Th. 3.3] for an error estimate of 7'2521 ||¢4Auker7n||%£;Z ~ combined with the stiff
accuracy of the Radau ITA methods proves the observed convergence O?der; cf. Subsection 9.3.2.2
and Theorem 9.24 in particular. As for finite-dimensional DAEs, see Theorem 5.4, the stiff accuracy
is expected to be the key point in the proof.

8.6.2. A Synthetic Example

In the previous numerical example, we saw an improvement of the convergence order, which could
be explained by solutions which are smooth in space and time. In this subsection we study the effect
of the spatial regularity of the solution from (8.1) on the convergence rate. For this, we consider as
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Figure 8.3.: Convergence history for the error of the velocity field w in the time-discrete counterpart of
C([0,10], [L*(Q2)]*) N L*(0,10; Hp, () x Hg(2)) (left) and for the error of the pressure p
in the time-discrete counterpart of L2(0,10; L2(Q2) \ R) (right). For comparison, we

added lines with slope one (solid), three (dotted), and 4.75 (dash-dotted).

the second numerical example the parameterized PDE

Ua(€,1) — Oceua (& t) — Oeeval(é,t) = —me ™ Z 27r2k27a_7rk26_k2” sin(kwg) (8.62a)
k=1
'Ua(ga t) + ua(fa t) - 3{{”&(67 t) = (1 - 7'(‘ ot + Z — Trk +1 7k ﬂ—t Sln(kﬂg)
(8.62b)
U0 (0,1) = un(1,t) = v4(0,1) = v4(1,t) = e~ ™ (8.62¢)

with the unit interval as spatial domain and 7' = 1. We choose the initial value (uq;0,va;0) such
that the solution of (8.62) is given by

& —k:27rt

Ua(6,t) = va(é,1) Z

k=1

sin(km&). (8.63)

The parameter « will be used to vary the spatial regularity of the solution.

Following Example 6.2, we incorporate the boundary conditions (8.62c) by means of the trace
operator as constraints such that the weak formulation of the PDE (8.62) is an operator DAE of
the form (8.1). Thereby, we introduce the Lagrange multiplier A, € Q. The spaces are given by
V = [H'(0,1)]2, Vker = [HZ(0,1)]2, and @ = R%. The part (uaker, Vaker) Of the solution (uq,va)
with images in Ve, is given by the infinite sum in the solution (8.63). We emphasize that the
right-hand side g(t) = e~ ™14 is infinitely differentiable and the solution satisfies

U e = Ve € L2O, T HY M 275(0,1)) and - ull) = o) € £2(0, 75 o2 6((0 1);
8.64

for k € Ny with a—i—% >2k>a— % and an arbitrary € > 0.
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Table 8.1.: Properties of the Radau IA, Radau ITA, Lobatto IIIC, Lobatto IIID, and SDIRK Cro
method with three stages; [HaiW96, p. 77 & p. 100] and [Jay15, p. 822].

Radau IA Radau ITA Lobatto IIIC Lobatto IIID SDIRK Cro

Classical order 5 5 4 4 4
Stage order 2 3 2 1 1
R(0) 0 0 0 0 ~ —0.63
Algebraically stable v v v v v
Stiffly accurate v v

For the simulation of the operator DAE associated to the PDE (8.62) we choose C as the identity
matrix in R**# in the regularization described in Section 8.1. The spatial discretization is given
by spectral finite elements with 400 degrees of freedom enriched by linear polynomials, i.e., we
approximate V by the space

Vioo = span{1, &, sin(w€), ..., sin(4007¢)} C V.

As temporal integration schemes we use the Radau IA, Radau ITA, Lobatto ITIC, and Lobatto ITID
methods with three stages each, cf. [HaiWw96, Ch. IV, Tab. 5.4, 5.6, & 5.11] and [Jay15, Tab. 5].
In addition to these L-stable schemes we implemented the singly diagonally implicit method from
Crouzeix (SDIRK Cro) with three stages; see [HaiW96, p. 100]. Some properties of these methods
are collected in Table 8.1. Note that the node ¢35 ~ —6.858 - 10~2 of the SDIRK Cro scheme is
negative and the right-hand side of (8.62) is unbounded for ¢ < 0. Therefore, we choose t = 7 as the
initial time for this method.

Figure 8.4 illustrates the experimental convergence order for the state (u, vo) and for the Lagrange
multiplier A\, as a function of the parameter . We remind that the spatial regularity depends
strongly on «; see (8.64). The depicted convergence rates are approximated by the means of the
slopes of the logarithmic errors against the logarithmic step sizes. In these calculations we reject
outliers which may occur in transient phases or by errors which are close to machine precision. We
note that the convergence rates for (uq, v) and A, are mostly better than predicted by Theorem 8.37.
In particular, the convergence rate for (uq,vs) is not limited by q + 1 or by q 4+ 1.75 for the stiffly
accurate methods. This behavior can be explained by [LubO93, p. 116], because the boundary of
Q= (0,1) consists of two separated points and the solution (wa;ker, Va;ker) vanishes on this boundary.
For o which is infinitesimal bigger than 2¢ 4+ 2.5, ¢ € Ny, the convergence rates of (ua;ker, Vasker)
are min(¢ + 1, p) as anticipated by Theorem 8.37. These values of « are special in the sense that

by (8.64) the solutions w = 3D are contained in Wh2(0,T; H}(0,1), H~1(0,1)) for every

asker asker
a > 20 4 2.5 and are not contained in this space for a < 20+ 2.5.

For A\, we note that after the convergence order becomes stationary it is equal to q 4+ 1 for the
non-stiffly-accurate methods and it is similar to the order of (uq,v,) for the stiffly accurate ones. As
for the numerical example in Subsection 8.6.1 we expect that this can be proven by error estimates for
Atger,n, and Aty ,, for spaces which are more regular than Hg (0, 1). However, before it transitions
into the constant phase the convergence order for A, is around 0.25 smaller than the convergence
rate of (Uqker, Uasker). This follows by Remark 8.39 and

[H3(0,1), H (0, 1)]s,—c = H™/*T5(0,1) = [Hg/z—am, D] =[H750,1)]" = [H'(0,1)]"

with an arbitrary € > 0, where we used [LioM72, Ch. 1, Th. 11.1 & 12.3].

Beside the convergence of (uq,vs) and A, the results of this numerical example show that the
convergence rate for the additional Lagrange multiplier 7, is constant over o and as predicted in
Theorem 8.37. Thus, we omit the corresponding plot here.
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Figure 8.4.: The convergence order for (uq,v,) and A, against the spatial regularity of the solution

characterized by the parameter a.

Finally, it is worth to mention that for the approximation of (uq,vs), A, and 7, the convergence
rates of the non-L-stable SDIRK Cro method are similar to those of the L-stable Lobatto IIID
method, which has the same classical and stage order.
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In this chapter we extend the idea of exponential integrators introduced in Section 5.2 to semi-linear
operator DAEs of the form

u(t) + Au(t) — B*A(t) = f(t, u(t)) in V*, (9.1a)
Bu(t) = g(t) in Q. (9.1b)

The spaces V and Q are separable Hilbert spaces. We assume a third Hilbert space H exists such
that V, H, V* is a Gelfand triple. The operators A and B are time-independent. In the interest
of readability, we assume in addition to the assumptions of Subsection 6.4, which give us unique
solutions, see Theorem 6.15, that A is elliptic on Vi, Anyway, the results of this chapter are still
valid if A satisfies only a Géarding inequality (3.6) on V. In this case, we add to A the term x4 idy
and accordingly to the nonlinearity f, i.e., we redefine f(¢,u) < f(t,u)+ kau, such that A+ k4 idy
is elliptic on Vker- The assumption on the operators and the right-hand sides are summarized in the
following.

Assumption 9.1 (Operator B). The operator B € Z(V, Q*) satisfies the inf-sup condition (3.2).

Assumption 9.2 (Operator A).
i) The operator A € Z(V,V*) has the form A = A; + A, with Ay € Z(V,V*) being self-adjoint
and A; € Z(V, H*).
ii) We assume that A is elliptic on Vye, = ker B.
Assumption 9.3 (Right-Hand Sides f and g).
i) The right-hand side f: [0,T] x V — H* fulfills the Carathéodory conditions, see Definition 4.1,
and is bounded via || f(t,v)|lz < k(t)(1+ ||v||y) with k € L2(0,T) for all v € V and almost all
t € [0,T]. Furthermore, f is locally Lipschitz continuous in the second argument; see (6.12).

ii) The function g is an element of H'(0,7T; Q*).

For semi-linear ODEs and parabolic PDEs exponential integrators are well-studied. This includes
explicit and implicit exponential Runge-Kutta methods [Cer60; CoxMO02; HocO05a; HocO05b;
Law67], exponential Runge-Kutta methods of high order [LuaO1l4a; LuaO14b], exponential Rosen-
brock-type methods [HocOS09], and multistep exponential integrators [CalP06]. To the best of
the author’s knowledge, exponential integrators for constrained PDEs have only be studied for the
incompressible Navier-Stokes equations [EdwTF+94; KooBG18; New03], where the convergence
order is not investigated. In [HocLS98], the authors successfully apply exponential integrators to
finite-dimensional index-1 DAEs. We emphasize that a standard spatial discretization of the operator
DAE (9.1) by finite elements leads to a DAE of index two; see Remark 2.3 and Section 8.1.1. In
this thesis, we consider ezplicit exponential integrators for the operator DAE (9.1). The approach
for the explicit schemes, however, can be translated to the general exponential integrators like the
methods mentioned above.

In the linear case, the solution of (9.1) can be expressed by the variation-of-constants formula;
cf. [EmmM13, Sec. 3.2.2]. In the semi-linear case, we consider the term f(¢,u) as a right-hand side,
which leads to an implicit formula only. This, however, is still of value for the numerical analysis of
time integration schemes.

The solution formula is based on the decomposition u = uger + e With uger: [0,7] — Vier
and uc: [0,T] — V. with V. == {v € V| Av € V2 }. The latter is fully determined by the con-
straint (9.1b), namely uc(t) = Bg(t) € V.. For uyer we consider the restriction of (9.1a) to the test
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space Vier. Since the Lagrange multiplier disappears in this case, we obtain
uker (t) + Akeruker(t) = f(ta Uker + uc) - uc(t) in Vf:era (92)

with
Arer = Alvy,, t Viker = Vier-

Note that we use here the fact that functionals in V* define functionals in Vy, simply through the
restriction to Vier. The term Au. disappears under test functions in Vi, due to the definition of V..
If this orthogonality is not respected within the implementation of numerical simulations, then this
term needs to be reconsidered.

The solution to (9.2) can be obtained by an application of the variation-of-constants formula.
Therefore, we note that Ay, is an elliptic operator by Assumptions 9.2.ii). This in turn implies
that —Ayer generates an analytic semigroup on Hyer; see Remark 4.24. Since the semigroup can
only be applied to functions in H,,, = Hy,,, we introduce the operator

Lker - H — Hlter = err'
This operator is again based on a simple restriction of test functions and leads to the solution formula
u(t) = uc(t) + uger(t)

t
= Bg(t) + e_tAkeruker(O) + / e (ol er oy [f(sv Uger(8) + uc(s)) — i‘C(S)] ds;
0

cf. [EmmM13, Sec. 3.2.2] and (4.16). Assuming a partition of the time interval [0,7] by 0 =ty <
ty <--- <ty =T, we can write the solution formula in the form

u(tnt1) — Bygnt1

tnt1
— o~ (tnt1—tn) Axer [u(tn) _ B;\gn} Jr/ e*(tn+1fs)AkcrLker [f(s,u(s)) _ uc(s)] ds. (9.3)
t

n

Note that we use here the abbreviation g, := g(t,,). In the following sections we construct explicit
exponential integrators for constrained semi-linear systems of the form (9.1) by approximating
the integral in (9.3). In Sections 9.1 and 9.2 we consider schemes based on the exponential Euler
and Runge methods, respectively. The order conditions for schemes up to an order of three are
studied in Section 9.3. At first, we consider the approximation of operator ODEs in Subsection 9.3.1.
In Subsection 9.3.2 we translate the results to the temporal discretization of operator DAE (9.1).
Here, we also approximate the Lagrange multiplier A\. Comments on the efficient computation and
numerical experiments for semi-linear parabolic systems illustrating the obtained convergence results
are presented in Section 9.4. We recall that we consider in this thesis only explicit integrators. We
start with a first-order scheme based on the exponential Euler method.

9.1. The Exponential Euler Scheme
The idea of exponential integrators is to approximate the integral term in (9.3) by an appropriate

quadrature rule. Following the construction for PDEs [HocO10], we consider the function evaluation
at the beginning of the interval. This then leads to the scheme

un+1 = B;anJrl + e_TAker [un - B_Zgn] + / e_(T_s)Aker Lker [f(tna un) - uc(tn)] dS
0

= B;(g”JFl + ¢O(_T‘Aker) (un - B;\gn) + T(bl(_TAker) (Lker [f(tna un) - B;lgn]) (94)
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with ¢p and ¢; defined as in Section 5.2. As usual, u,, denotes the approximation of u(t, ). Further,
for simplicity we restrict ourselves to a uniform partition of [0, 7] with step size 7. Assuming that
the resulting approximation satisfies the constraint in every step, we have u, — B4 gn € Vier = Hiker
such that the semigroup e~ is applicable.

The derived formula (9.4) is beneficial for the numerical analysis, but its practical utility depends
on the evaluation of the ¢-functions. In Subsection 9.4.1 we explain a direct implementation.
If e~k is simple to evaluate, the method described in the following section is more favorable.

9.1.1. An Algorithm

Since the evaluation of the ¢-functions with the operator Ay, is not straightforward, we reformulate
the method in terms of saddle point problems. Furthermore, we need evaluations of B, applied to
the right-hand side g or its time derivative.

Corollary 3.9 shows that these evaluations of B; can be replaced by the solution of a saddle point
problem. As a reminder, for given g, € Q*, the vector u, . = B,g, € V. C V is equal to the partial
solution of

Aty — B'v =0 in V*, (9.5a)
Buy, ¢ = gn in Q*. (9.5b)

Analogously one calculates i, . = tc(t,) = B4g,. The Lagrange multiplier v in (9.5) is not of
particular interest and simply serves as a dummy variable. For a saddle point problem, which
can be used to approximate the Lagrange multiplier \(¢,) for a given w, =~ u(t,), we refer to
Subsection 9.3.2.2.

Being able to compute B, g, and B, g,,, we are now interested in the solution of problems involving
the operator Aye;. This is helpful for the reformulation of the exponential Euler method (9.4). We
introduce the auxiliary variable w,, € Vi as the solution of

Akerwn = f(tn7un) - uc(tn) = f(truun) - B;[gn in Vl;ker'
Then w,, is again equivalent to a partial solution of a stationary saddle point problem, namely
Aw, — B'vy = f(tn,un) — BLg, in V¥, (9.6a)
Bw, =0 in Q*. (9.6b)

As for (9.5), the Lagrange multiplier is only introduced for a proper formulation and not of particular
interest in the following. The unique solvability of system (9.6) follows by Theorem 3.8, since
f(tn,un) — B4, € V*. In order to rewrite (9.4), we further note that the recursion formula (5.8)
for ¢ implies

761 (~T Axer)h = = [0(~T Awer) — id | At

for all h € Hj,. = Hier- Recall that Ay, is indeed invertible due to Assumption 9.2.ii). Thus, the
exponential Euler scheme can be rewritten as

Up+1 = B;lgn—&-l + QSO(*TAkcr) (un - B;gn - wn) + Wy,

Finally, we need a way to compute the action of ¢g(—7Ayer). For this, we consider the underlying
operator DAE formulation,

z(t) + Az(t) — B*u(t) =0  in V¥, (9.7a)
Bz(t) =0 in Q* (9.7b)
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with initial condition z(t,) = un — B4gn — wy. The resulting method then reads w, 1 = B gns1 +
z(tn41) + wy. Thus, the exponential Euler scheme given in (9.4) can be computed by solving a
number of saddle point problems. We summarize the necessary steps in Algorithm 1.

Algorithm 1 Exponential Euler Scheme for Operator DAE (9.1)

1: Input: step size 7, consistent initial data ug € V, right-hand sides f, g with g, = ¢(¢,) and
Gn = 9(tn)

2: forn=0to N —1do

3 compute B, gn, B4gn+1, and B, g, by (9.5)

4: compute w,, by (9.6)

5 compute z as solution of (9.7) on [t,, t,41] with initial data u, — B4gn — wy

6

7

set Upy1 = Bygnt1 + 2(tng1) +wy
end for

Remark 9.4. One step of the exponential Euler scheme consists of the solution of three (in the first
step four) stationary — twice (9.5) and once (9.6) — and a single transient saddle point problem (9.7),
including only one evaluation of the nonlinear function f in total. We emphasize that all these
systems are linear such that no Newton iteration is necessary in the solution process. Furthermore,
the time-dependent system (9.7) is homogeneous such that it can be solved without the need of a
regularization; cf. Remark 7.6.

9.1.2. Convergence Analysis

In this section we analyze the convergence order of the exponential Euler method for constrained
PDE:s of parabolic type (9.1). For the unconstrained case it is well-known that the convergence order
is one, see e.g. [HocOO05a, Sec. 4.2]. Since our approach is based on the unconstrained PDE (9.2)
of the dynamical part in Vi, we expect the same order for the solution of Algorithm 1. For the
associated proof we assume that the approximation wu, lies within a strip of radius r around u,
where f is locally Lipschitz continuous with constant L > 0. By Lemma 6.18 there exists such a
uniform radius and local Lipschitz constant. Furthermore, a sufficiently small step size 7 guarantees
that u, stays within this strip around wu, since the solution z of (9.7) and B¢ are continuous by
Theorem 6.9 and 3.38.

Theorem 9.5 (Exponential Euler). Suppose that Assumptions 9.1-9.3 are fulfilled and ug € V is
consistent, i.e., Bug = g(0). Further, let the step size T be sufficiently small such that the derived
approrimation u, lies within a strip along w, in which f is locally Lipschitz continuous with a
uniform constant L > 0. For the right-hand side of the constraint we assume g € H?(0,T; Q*). If

the exact solution of (9.1) satisfies & f(-,u(-)) € L*(0,T;H*), then the approzimation u, obtained
by the exponential Euler scheme of Algorithm 1 satisfies

tn
[un = u(t)D S 72/ 142 F ()3 + [1BRg@)[15- dt.
0
The involved constant only depends on t,, L, and the operator A.

Proof. With the constant w,, and function z from (9.6) and (9.7), respectively, we define v(t) =
2(t) + wyn + Byg(t) for t € [t,,ty41], n =0,..., N — 1. This function satisfies

v(tn) = 2(tn) + wn + Bagn =un and  v(tni1) = 2(tng1) + wn + Bagnt1 = Ung1-
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9.1. The Exponential Euler Scheme

Furthermore, since 0(t) = £(t) + B4 §(t), the function v solves the operator DAE

o(t) + Av(t) — B*y(t) = f(tn,un) + B4 (9(t) —g,)  in V7,
Bu(t) =g(t) in Q"

on [ty,tnt1], n =0,..., N—1 with initial value v(t9) = uo. To shorten notation we define Au = u—wv
and A\ := \ — ~, which satisfy

BAu =0 in Q~

on each interval [t,, t,+1] with initial value Au(tg) =0 if n = 0 and Au(t,) = u(t,) — u, otherwise.
In the following, we derive estimates of Au on all sub-intervals. For this, we assume without loss of
generality that the operator A; is elliptic on Ve, with ellipticity constant p.4,; see page 31. Starting
with n = 0, by Theorem 4.25 with t =¢; =7 and w = 26’342 u;é we obtain the bound

A

(4.26) T s 2
llu(ty) — U1H¢241 <2 exp(wT)/ / d%, (n,u(n)) — BLa(n) dUHH* ds
0 0

zexpor) [ [ 1 ut) = Baanlf. ands

IN

(9.8)

IN

2 exp(wr)r? / 1L £, u(s) |2 + [1B2(s) |2 ds.

=Z(£f,8,0,t1)

With the uniform Lipschitz constant L we have for n > 1 that

/t N Fs5)) = £t ) [Bee s

n

<2 / ) = £l ) e + 1, u(5)) = Fltn, () [ ds

n

tn+1 S
2
<2r e ults) ~unlfy, +2 [ 5= t) [l ulm) e dn s
t tn

n

This estimate together with Young’s inequality (3.8) lead to the bound
fu(tnsr) — unsa||, < exp(wr) [(1 + 37 L) fultn) — wnlh, +3T2L(L 14t tn+1)] (9.9)

similarly as in (9.8). With (1 4+ z) < exp(z), estimate (9.8), and an iterative application of the
estimate (9.9) we get

n
_ —k .
lu(tns1) = wnsal%, 773D explwr)™ ™ H 1+ 37 LD)" T I(G 6 th i)
k=0

2 .
< 7—2 3 exp(w tn+1) exp (3/f71tn) I(%f7g707tn+l)

for all n =0,..., N — 1. The stated estimate finally follows by the equivalence of || - ||y, and || - || 4,
on Vier; see (4.25). O

Remark 9.6. Since ¢o(—.At) is calculated exactly, the assumption of Theorem 9.5 on the step size 7
depends not on the operator A but only on the nonlinearity f such that the approximation stays
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inside the strip along u. Thus, the step size does not depend on the stiffness of the system and is
still allowed to be large.

Remark 9.7. In the case of a self-adjoint operator A, i.e., Ao = 0, the convergence result can
also be proven by the restriction to test functions in Vi, and the application of corresponding
results for the unconstrained case, namely [HocO10, Th. 2.14]. This requires similar assumptions
but with %f(~,u(-)) € L>(0,T;H*). Anyway, we like to emphasize that this procedure is also
applicable if A5 # 0 by moving A, into the nonlinearity f. This, however, slightly changes the
proposed scheme, since then only Asu,, enters the approximation instead of Asu(t). In practical
applications this would also need to find the symmetric part of the differential operator A, which is

still elliptic on Vyer.

9.2. Two-Stage Methods

This section is devoted to the construction of an explicit exponential integrator with two stages
and an order of one and a half for constrained parabolic systems. In particular, we aim to transfer
the method given in [StrWP12, Exp. 11.2.2] to the operator DAE (9.1). This explicit exponential
integrator is described by its Butcher tableau
0
1 01 (9.10)
| o1 — 2 P2

and is a special case of the exponential Runge methods from Subsection 9.2.3. In the unconstrained

case, i.e., for v + Axerv = f(t,v) in VJ,,, one step of this method is defined through

UEill = (bO(_TAker)vn + T¢l(_7--/4ker)f(tna Un)7 (9113‘)
Uil = UE_‘SI + 7o (—T Axer) [f(t,H_l, ’L}E_T_ll) — fltn, vn)]. (9.11b)

Similarly as for the exponential Euler method, we define a number of auxiliary problems in order to
obtain an applicable method for parabolic systems with constraints.

9.2.1. An Algorithm

We translate the numerical scheme (9.11) to the constrained case. Let u, denote the given ap-

proximation of u(t,). Then the first step is to perform one step of the exponential Euler method,

cf. Algorithm 1, leading to u;ELill. Second, we compute w!, as the solution of the stationary problem

Awl, — BV = f(tns1,ult) = Bigngr — f(tn,un) +B1g,  in Vx, (9.12a)
Buw, =0 in Qx (9.12b)

n

and w] as the solution of

Aw!! — B*v) = Lw],  in Vx, (9.13a)
Bw) =0 in Qx. (9.13Db)

Note that, due to the recursion formula (5.8), w], and w!! satisfy the identity

T (=T Ager) tier [ f(tn+1, Ubty) — Badnsr — f(tns un) + Bgn] = —é1(—TAker)w), +w),
= ¢o(—T Ager) Wl — wll + wl,.
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It remains to compute ¢g(—7Aker)w! and thus, to consider the homogeneous system (9.7) on the
time interval [t,,t,+1] with initial value z(t,) = w!. The solution z at time ¢, then defines the
new approximation by

Un1 = Uty + 2(tps1) — W) + w),.

Note that the consistency is already guaranteed by the exponential Euler step, which yields Bu,4+1 =
Bug_‘ﬂl = gn+1- The resulting exponential integrator is summarized in Algorithm 2.

Algorithm 2 Exponential Integrator (9.10) for Operator DAE (9.1)

1: Input: step size 7, consistent initial data ug € V, right-hand sides f, g with g,, == g(t,)

2: forn=0to N —1do

3 compute with Algorithm 1 one step of the exponential Euler method for u,, leading to ugill
4 compute B, g, and B 4§, by (9.5)

5 compute w), by (9.12)

6: compute w] by (9.13)

7 compute z as solution of (9.7) on [t,, t,+1] with initial condition z(¢,) = w/
8 set Upy1 = ubM + 2(t41) — W) +w),

9: end for

9.2.2. Convergence Analysis

In this subsection we investigate the convergence order of Algorithm 2 when applied to operator DAEs
of the form (9.1). For PDEs it is well-known that the exponential integrator given by the Butcher
tableau (9.10) has a convergence order of one and a half if we assume f—;f(-, u(+)) € L0, T; H*);
cf. [HocOO05a, Th. 4.3]. This carries over to the operator DAE case.

Theorem 9.8 (Two-Stage Method). Suppose that Assumptions 9.1-9.3 are fulfilled and ug € V
is consistent, i.e., Bug = ¢(0). Let the step size T be sufficiently small such that the discrete
solution u,, and the internal stage uZ" lie in a strip along u, where f is locally Lipschitz continuous
with a uniform constant L > 0. Further assume g € H3(0,T; Q*). If the ezact solution of (9.1)
satisfies f(-,u(-)) € H*(0,T;H*), then the approzimation u, obtained by Algorithm 2 satisfies the
error bound

tn

: _. 2 _ 3
[wn = u(tn) |3 S/O T2 (I g F (w1 + 1BRa O 3) + 7 (I g f (¢ w(®) g+ 1Ba §w 9 (0)3,-) dt.
The involved constant only depends on t,, L, and the operator A.

Proof. Let v®" be the function constructed in the proof of Theorem 9.5, which satisfies v®ul(t,,) = u,
and vE"(t,,41) = uEY), and set v(t) == v (¢) +2(t) —w] + =t w], with z as in Step 7 in Algorithm 2.
This function satisfies

v(tn) = UEul(tn) = Un, V(tny1) = 'UEUI(tn+1) + 2(tns1) — Wy +wy = Uppa

Note that the estimates (9.8) and (9.9) are still valid if one replaces u, 41 by v®%(t,41) on the
left-hand side of these estimates. As in the proof of Theorem 9.5, we can interpret v as the solution
of an operator DAE on [t,,t,4+1]. The corresponding right-hand sides are then given by

Fltnyun) + 50 (f(tnar, 05 (Eng) = Ftnswn)) + B (3(8) = g = 52 (Gnsr — 9n))
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for the dynamic equation and g¢(t) for the constraint. By Young’s inequality, Theorem 4.25, and an
error bound of the right-hand side by Taylor expansions we then get

2 2 u
utnsn) = sl < expler) [(1+4m ) fu(tn) = wall, + 475 (= 05 (601,

tnt1 5 — a3
o / 2l F e u®)IE + & 1B g, dt

n

with w = 20312 ,u;& The stated error bound then follows by an iterative application of the previous
estimate together with the estimates (9.8), (9.9) and the norm equivalence of || - ||y and || - [|4,. O

In Subsection 9.3.2 we prove that the convergence order can improve to two if t — f(¢,u(t)) and
its derivatives map into V. The authors of [HocO05a] analyze the PDE case where t — f(¢,u(t))
maps into a interpolation space [V, H]g, 0 € [0, 1]; see [LioM72, Ch. 1, Sec. 2] for an introduction
of interpolation spaces. The convergence rate then is 4—59. We close this section with remarks on
alternative two-stage schemes.

9.2.3. Exponential Runge Methods

The analyzed scheme (9.10) is a special case of a one-parameter family of exponential Runge-Kutta
methods described by the tableau

0
C2 2012 (9.14)
| 01— 02 0o

with positive parameter ¢o > 0; cf. [HocO10]. Here, ¢ 2(+) is defined by ¢1(cz-); see (5.11). The
members of the family are called ezponential Runge methods. Note that, for ¢ > 1 we must
assume that f and t — f(¢,u(t)) have regular extension for ¢t > T'; cf. Theorem 8.37. However, we
regain (9.10) for ¢co = 1. For ¢y # 1, the resulting scheme for constrained systems calls for two
additional saddle point problems in order to compute B, g(t, + c27) and B, g(t, + c27). This then
leads to an exponential integrator summarized in Algorithm 3 with the abbreviations

Gn2=g(tn+com),  Gpo=g(tn +c27),  tp2 =ty + ot

We emphasize that the convergence result of Theorem 9.8 transfers to this family of integrators.

Algorithm 3 Exponential Runge Integrators for Operator DAE (9.1)

1: Input: step size 7, consistent initial data ug € V), right-hand sides f, g with g, = g(¢,),
In,2 = g(tn + C27-)7 gn = g(tn)v gn,Z = g(tn + CQT)

2: forn=0to N —1do

3 compute By gn, Bygn2, Bign+1; BAGn, Badn 2, and B4g,,.1 by (9.5)

4 compute w,, by (9.6)

5 solve (9.7) on [ty,tn 2] with initial condition z(t,) = un — B4gn — wn

6: set Un2 = 2(tn,2) + Wn + Bygn2

7 compute w], by (9.12) with right-hand side = (f(tn,2,un 2) = f(tn,un) = Badno + B1dn)

8 compute w] by (9.13)

9 solve (9.7) on [ty,tp1] with initial condition z(t,) = un — B4 gn — wy + w),

10: set Upy1 = 2(tny1) + wn + wy, — wy, + Bagny1-

11: end for
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9.3. Order Conditions for Schemes of Order up to Three

In the previous two sections we constructed explicit exponential integrators of convergence order up
to one and a half. The associated proofs needed the local Lipschitz continuity of the nonlinearity
but nothing more. In [HocOO05b] the authors prove under the same condition the existence of
so called exponential Runge-Kutta method of collocation type of arbitrary order. However, the
investigated methods are of collocation type and therefore implicit [AscP98, p. 101]. In this thesis
we are interested in explicit exponential integrators. In this case, we have to assume more regularity
of f and t — f(t,u(t)) if we want to overcome the bound of one and a half as convergence order.
For semi-linear PDEs with a nonlinearity with domain [0, 7] x H the necessity of this additional
assumption is investigated in [HocO05a, Sec. 4.4].

Assumption 9.9. Let the function ¢ — f(¢,u(t)) be sufficiently many times differentiable with images
in H*. Suppose f is sufficiently many times Fréchet-differentiable with uniform bounded derivatives
in a strip along the solution wu.

Before we can analyze the order of exponential integrators of higher order for operator DAEs we
have to investigate the unconstrained case.

9.3.1. Operator Differential Equations
In this subsection we consider the semi-linear operator ODE
u(t) + Au(t) = f(t,u(t)) in V* (9.15)

and its temporal discretization by an arbitrary explicit exponential integrator. The approximation wu,,
and the internal stages U, ; are determined by (5.10), i.e.,

Uni1 =€ My +7 Z bi(—TA) f(tn + ;7 Upn ) (9.16a)
=1
i—1
Ui =€ My + 7Y a; j(=7A) f(tn + ¢;7,Un j), (9.16b)
j=1

i=1,...,s. Here, ¢; € R>¢ and the functions b;, a; ; are given by the Butcher tableau (5.12). For
the sake of simplicity, we assume in Section 9.3 that ¢; < 1. Otherwise, we have to extend the
function f for t > T.

The main goal is to estimate the global error

en = Up — u(ty). (9.17)

For our investigation we combine the main ideas of [HocO05a] and [LuaO1l4a]. We want to point
out that the authors of [HocO05a; LuaO14a] study the order condition of exponential integrators
with convergence order higher than two for the special case that the non-linearity f maps from
[0,T] x H to H and where the error is measured in the H-norm. We overcome this restriction in our
investigation.

In the following, we make use of the local approximation

g1 = e " Multy) + 7Y bi(—mA) f(tn + ¢, Un), (9.18)
=1

i.e., instead of making one step with w,, as starting value we use u(¢,). The associated internal
stages Uy, ; are analogously defined by (9.16b). In addition to the global errors (9.17), we introduce
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the differences
gn-&-l = Up1 — an-l—h é\n—i-l = an-‘,—l - u(tn-‘rl): En,i = Un,i - u(tn + CiT)- (919)

Since ep41 = €pt1 + €nt1, we can treat the two parts €,,1 and €,1 separately. Furthermore, we
introduce for a shorter notation

fult) = [t u(t)).

Let us start with the local error €,4+1. As a first step, we represent the exact solution by the
variation-of-constants formula

utns1) = e Aulty) + / eI (ty + 5) ds.
0

A Taylor expansion of f,(t, + s) around ¢,, gives us the representation

W(tngr) = +ZTJ¢ —T A fED (¢ )+/076_(T—3)A/03 (s(q_)l)f(q)(t + 1) dnds.

(9.20)

On the other hand, if we insert the analytic solution u in our numerical scheme and use again a
Taylor expansion we get with a defect R, 41 the identity

(tn+1)

+72b —TA) fultn + ¢7) + Rypa (9:21)

Au(t,) +Z bi(—TA) [Zchz_lf(jl)(tn) —|—7'/CiT Mf(q)(tn +s)ds| + Ryy1.
2 27— PRy

With the w-functions defined as

j—1

G-

wj(=TA) = ¢;(-TA) — Z bi(—TA) (9.22)

Jj=1,2,..., the expansions (9.20) and (9.21) of u(t,+1) leads to the representation of the defect as
Ryi1 = ZT%.)J (—TA) IV (t,) JrR,[flrl.
J=1
The remaining integrals Rl ni1 are

RE?L_/ e—(T—s)A/ &f@(t ) dnds— sz )/7, Mf @) (¢,,+5) ds.
0 0 0

(¢ D! 2 (a—1)!

Analogously we can rewrite the internal stages by

u(tn +¢7) = e T Au(ty) + 7Y ai j(—TA) fultn + ¢;7) + R, (9.23)
j=1
where we expand the defect R, ; as > ,_; R i (—TA) fu (k—1) ( n) + R The function Py are

n,i
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defined as )
i— k 1
Vpi(—TA) = dr(—erA)el = ai TA)( pa—T (9.24)
=1

and the remainder RLT,]Z. is given by

R — /C"e—w—sm / G0 vy ) dyds
" 0 o (r=1r 7"

-7 i a; ;(—TA) /OCjT (Cj(::_sl))_f(r)(t + s)ds. (9.25)

We determine bounds for the two remainders RLL and Rn ;» which we use later in this subsection

for the order conditions. Note that, we use the assumption ¢; < 1 in the following lemma.

Lemma 9.10. Let A € Z(V,V*) be elliptic and satisfy Assumption 9.2.i). Suppose that the
right-hand side fq(f) is an element of L>°(0,T;H*). Then the remainders Rmrl and RZL satisfy

IR, < 7 esssup |7 (tn + 7O (9.26)
¢elo,1]
\EHRTZHV S @+ V)T esssup || £t + 7C) || e (9.27)
¢elo,1]
S e AR < (Vg + taga) esssup || £ (1), (9.28)
=0 Vv te[0,tn41]

If fl(f) € L*>(0,T;V), then (9.27) improves to HR Hv < 77l egs SUP¢eo,1] qugr)(tn + T()Hv.

Proof. For the estimates of R[ ] we note that the first term in (9.25) can be estimated with the
same tricks as in the proof of Lemma 5.11. For this, one considers the underlying operator ODE

with homogeneous initial value and right-hand side Ot (t(ri);), fu ) (tn + s) ds. The bounds for the

second term in the expression (9.25) of RL]Z- is a consequence of Lemma 5.11.d)—f). Analogously

Hrl satisfies upper bounds analogous to (9.26) and (9.27). With

one shows that the remainder R
Lemma 5.11, we get

TTmDARTL <Zf_1/2||t1/2 T o 1Bl + R
n—1
§<thnl/j + ﬁ+tn+1> 7" esssup [EARIG] e
=0 t€[0,tn 1]
For the term in the parentheses we note that ¢;41 < 2¢;, 7 =1,...,n. This and the monotonicity of
t > 1/4/t lead to
n+1 i nt1 ]
\[<f+72t ><\f+72tn+1 ]77275 S/ ﬁds:Q\/th- (9:29)

O

With the expression (9.18) of the local approximation @,,; and the expansion (9.21) of the
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solution u,41 with defect R, 11 we get the expression for the local error

Bt = g1 — ultnsr) =7 3 bi(=TA)(F(tn + &7, Uni) = fultn + 7)) — Rug1. (9.30)
i=1
To obtain a formulation of the difference of the nonlinearity in (9.30) we can use the local error of
the internal stages Ej, ; and the expansion

f(tn + CiT, ﬁn,z) - fu(tn + CiT) = JnEn,z + TciKnEn,i + @n,iv (931)

with the Fréchet derivatives

2

mf(tmu(tn))'

0
I = af(tn,u(tn)) and K, =
If Em- is small enough, then the linear operators J,, and K, map continuously from V to H*
and the defect Q,,; € H* is bounded by ||Qn.ill#+ < (272 + ||Enillv) || En.illy by Assumption 9.9;
cf. [HocO05a, Lem. 4.4]. As the last preparation step, we introduce some notation, such that we can

describe the local error of the whole step and of the internal stages in a compact way. Therefore, we
introduce the expressions

En,l Rn,l Qn,l

En = : S V57 Rn = S VS) Qn = : S H5~
n,s Rnrs Qn,s

The notation A and b are short notations for A(—7.4) and b(—7.A4), respectively, from the Butcher
tableau (5.12) and J,, and K¢ are the block operators

&)

Jn ClKn
Jn = EX(VS,H:), KC = eg(V&H:)

n

Jn c. K,

This allows us to express the local error €,11 = Up4+1 — u(tp41) in a compact manner.

Lemma 9.11. Let Assumption 9.9 be satisfied. Suppose that A € L (V,V*) is elliptic and satisfies
Assumption 9.2.1). Let the step size T be sufficiently small such that the local approximation U,41
and the local internal stages (7,” lie in a strip along u, where f is locally Lipschitz continuous with
a uniform constant L > 0. Then the local error €, defined as in (9.19) can be expressed as

s—1
s =78 — 0> (T + 7K TA) (T, + 7KE) R, — R,
k=0

where §n is an element of V with bounds

VTISallv + 1Salla S (72 + | Ry

R, |

v.) v, + h.o.t. (9.32)

The higher order terms are all bounded, positive, and terms with higher powers of T.

Proof. To show the assertion we make use of the representation (9.30) of the local error €,41. Note

~

that €,41 is a function of the local error of the internal stages E, ;, i =1,...,s, by the presence of
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the nonlinearity. By the definition of Tj}” and the expression (9.23) we have

En,i =T Z al}j(_TA)(f(tn + G, fjn,j) - fu(tn + CiT)) -R,;

)

Expanding the nonlinearity f by (9.31), the error E,” is implicitly given by
E,=7AJ, + 7KS)E, + TAQ, — R,..

Since the exponential integrator scheme is explicit, the block operators /7AJ,,/TAKS € £ (V)
are strictly lower triangular. By a successive application of the last representation of E, we get

s—1

E, =Y (TA(J, +7K))F(TAQ, — R,). (9.33)
k=0

On the other hand, we can use the local Lipschitzity of f, Lemma 5.11, and that the method is
explicit, which implies E,, 1 = €, = 0, such that

1—1 1—1

1Enillv < > VPLIVTai (=T A) | 20 w1 Englly + | Ruilly £ (VT + 1)L Enslly + | Ruillv-

Jj=2 Jj=2

Here, we used that f has images in H*. With this bound and an induction argument over ¢ = 1,...,s,
one shows || E,;|lv S ||Rn:llv + h.o.t., where the higher order terms are all positive with higher
powers of 7. This then implies

1Qnills S (€72 + 1R illv) | Rl v + oot (9.34)

Let us come back to local error €,41. With the formulation (9.30) and with the reformulation of
the local internal error (9.33) we have the identity

é\n—Q—l (9:30) T Z bi(fTA)(f(tn + CiT, ﬁn,i) - fu(tn + CiT)) - Rn+1
i=1

9.3 =~
O BT (3, + TKS)E, + Qn) — Rust

s—1 s—1
= YT (@ TG TAY Qu — bT (Fn K TA) (T + 7K R R
k=0 k=0

We define 75, as the first sum of the right-hand side. Lemma 5.11 and the estimate (9.34) then
yield the desired statement. O

For the difference €,11 = un11 — Unr1 between the global approximation u,y; and the local
one Uyy1 we get a similar result.

Lemma 9.12. Let the difference é,41 be given as in (9.19) and ey, be the global error (9.17). Suppose
that A € L (V,V*) is elliptic and satisfies Assumption 9.2.7). Further, let the step size T be sufficiently
small such that the derived local and global approximation and their associated internal stages lie
within a strip along u in which f is locally Lipschitz continuous with a uniform constant L > 0.
Then €,11 satisfies

€ntl = e e, + Tgn
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with an element S,, € V, which fulfills

18ulls S llenlly + heot. and  V7T|Sully S (L4 V) (llenlly + hoo.t.). (9-35)

Here, the higher order terms are all positive and of the form /2 |e,|ly, p > 1.

Proof. Following the steps of the proof of Lemma 9.11, we get for the difference of the internal stages
E,,=U,;—Up,; 1=1,...,s, the estimate

i—1 i—1
1Bnilly S llenlly + LY lIrai (=7 ALz @e | Enjlly S llenlly + (VT + )L 1Enjllv-
j=1 j=1

Note that in contrast to the estimate of ||En i||v the difference of the first terms in the definition
of internal stages, i.e., e (u, — u(t,)), does not vanish. Anyway, the bound of ||E, ;|| and an
induction argument over i = 1,..., s proves ||Ey ||y < |len]ly + hoo.t.

Inserting the definition of global wu,41 and local approximations 41, i.e., (9.16a) and (9.18),
respectively, into €,11 = Un11 — Upy1 We get the identity

Cnr =€ A (up —ulty)) + 7 Z bi(—TA)(f(tn + 7, Upi) = f(tn + 7, Uni)) = e Pe, + 75,
The local Lipschitzity of f and the estimate of ||Enz||v imply

15012 < LZ 16 (=7 A) | 230 20) [ By S LZ 16i (=7 A) || 2 (3¢+,20) ([[enllv + ho.t.)
i=1

with X € {#,V}. Then the assertion follows by Lemma 5.11. O

An important consequence of the previous lemmas 9.11 and 9.12 is the representation of the global
€ITor €541 as

€n+1 :gn+1 + /e\n+1
s—1
=e " Ae, + 78, + 78, — 70T Y ((Jn + 7KS)TA) (T, + 7KE) Ry — Ry
k=0

_ €7T(n+1)A6’0 + TZ €7T(n7j)A§j 47 Z e*T(nfj)ASv\j
=0 =0

(9.36a) (. 36b) (9.36¢)

-7 Z e T(n=DART Z JHTK)TA) I+ TKS)R; = > e TR (9.36)

(9.36d) (9.36¢)

where we applied the second equality successive to get the third one. To get the order conditions for
our exponential integrator we assume that the initial value is correct, i.e., eg = 0, and we expand the
defects R; and R;;1. The resulting order conditions are summarized in Table 9.1. In the following
associated theorem [p] € N denotes for p € Rs the unique integer, which satisfies p < [p] <p+ 1.

Theorem 9.13 (Order Conditions). Let Assumption 9.9 on the nonlinearity f be satisfied. Suppose
that A € Z(V,V*) is elliptic and satisfies Assumption 9.2.7). Assume that for 1 < p < 3 the order
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9.3. Order Conditions for Schemes of Order up to Three

Table 9.1.: Order conditions for exponential integrators. The function w; and 1y ; are defined
at (9.22) and (9.24), respectively. Conditions with J or K should hold for all operators
J, K e LV, H").

No. Order Order condition
1 1 wi(—7A) =0
2 1 P1:(—7A) =0, i=1,...,s
3 302 wa(—TA)=0
4 2 Zl 1 bi(—T AT Yo i (—TA) =0
5 5/2 (—TA) =0
6 5/2 ka L 0i(—TA) T a; ) (—1A) T2 1 (—TA) = 0
7 3 Yo bi(—TA) T3 (—TA) =0
8 3 qu L0i(—TA) T a; j (—TA) T ag o(—TA) T P2,0(—TA) =0
9 3 Zsi i(—TA)e;i Kpg i(—TA) =0

conditions in Table 9.1 hold up to order p. Let T be fized and sufficiently small such that the discrete
solution u,, and its internal stages Uy, ;, 1 =1,...,s, lie in a strip along u, where f is locally Lipschitz
continuous with a uniform constant L > 0. Then we have

lun —u(tn)|ly < 7° + hoo.t.,
n=1,...,N, where the constant depends on t,, L, A, and || f(-,u(-))lwa(0,t,,%) with ¢ = [p].

Proof. Theorem 4.3 in [HocO05a] shows that the conditions 1, 2, and 3 in Table 9.1 are sufficient
for an exponential integrator to be of order one and a half. With the same steps of the proof one
shows that the order condition No. 1 and 2 imply at least first order of the method.

Therefore, we may assume that the order conditions No. 1, 2, and 3 are fulfilled. In particular, a
consequence of condition 2, i.e., 91 ;(—7A) =0,i=1,...,s, is by Lemma 9.10 that
3/2

HRn ZHV = ”R ”dtquL (b s tpg1;H*) " (9~37)

We now consider the representation (9.36) of the global error and estimate the summands (9.36a)
0 (9.36¢). Note that the error (9.36) is for the (n + 1)st step. Anyway, (9.36a) vanishes since we
use the exact initial value, i.e., g = 0. By Lemma 5.11 and 9.12 we can bound (9.36b) by

n1||VN

n

Tze—ﬂn—j)Ang < TZ (t /2 + )11l + 711Snllv
%

Jj=0

(9.35) n—1
< th 2 1) (lleslly + hot) + (V7 +7)(leally + hoit.)

< \/5(1 + Vtnt1) TZ n+l j(HeJHV +h.o.t.),
j=1
where we used §0 =0and tj;1 < 2tj, j =1,...,n. With the same argument for (9.36c) we get

Py eS| Ve e
j=0

v.)
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< \[2\/ tnt1 + tnt1) max (T + [ R;

(9.37)
< 7—3\[ 2(2y/tnt1 + tn1) ”dthHLOO(O top1H* )'i_hOt

For the term (9.36d) we introduce the vectors ¥y = [¥r.1 ... Yrs]T € Vs with ¢y ; from (9.24),
k =2,3. We then bound (9.36d) via

v.)

|R;|

y. +h.o.t.

Z —r(n= J)AbTZ i HTKSTA)R (I + 7KS)

7=0

n

T Z e T TIALT T T AT TP fu(t)

=0

T Z €_T(n_j)AbTJj \E’l/)g %fu(t])

j=0
72| ey e T DART (35 Tps b fu(ty) + KT fu(ty) +IVT(AT VT P & fulty)]
j=0

+ 3R, (9.38)

+ 72
%

\%

\%

By the same steps as in the proof of Lemma 9.10 one shows

n

Ty e TTIADTT T § fulty)

=0

S (Vtnt1 + tar) | fullwaee (0,41 50%) + heout
v

with ¢ = 2. The higher order terms are terms with positive integer powers of /7. The next two
summands of the right-hand side of (9.38) can be bounded analogously. The needed regularity ¢
then is one order higher as in the summands itself, i.e., for the second summand ¢ = 2 and for the
third ¢ = 3. The remainder R,, can be estimated by R,, S (vfni1 +tns1) || fullwse0,t,4 150+ +he0.t.
For (9.36e) we have by Lemma 9.10 the estimate

Z e—T(n—j)ARj+1
=0

_T(n—j)ARE_c]rl S T (Vg F tas) Hf( || £o0 (0,802 947)

’ (9.28)

with 7 = 3 if wg = 0 and r = 2, otherwise. Finally, the assertion follows directly by the discrete
version of Gronwall’s lemma from [HocOO05b, Ch. 4, Lem 4.]. O

Remark 9.14. The application of the discrete version of Gronwall’s lemma in the last step of the
proof of Theorem 9.13 introduces a constant depending on el*». This constant is hidden in the
prefactor in the error estimate. For its determination one possibly could use the exponential decay
of the semigroup e *4. For the simplest case of an operator DAE (9.1) with a self-adjoint, elliptic A,
i.e., A = Aj, discretized with the exponential Euler the error becomes

2 eftn 1\ 1+¢
2
dt/Ju oo . *Y) 9 9.39
LCyvosy B e fullze ot (9-39)

lun —u(ta)llp < 7

if 7 is sufﬁciently small. The sufficiently small upper bound for 7 depends on ¢ > 0 and 8 =
2y/T+¢eLCyl,,, — 2uaCy2, 5, The associated proof is similar to the one of Theorem 9.5, where we

consider the operator A — kid, k < p ACV,_m, and optimize over x afterwards.

Table 9.1 summarizes the order conditions for the case that f(¢,u(t)) € H*. If the solution u
behaves well such that f(¢,u(t)) and its time derivatives are elements of V as well as that the Fréchet
derivatives J,, K, € Z(V), then the convergence order can increase. For example, condition 1 in
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9.3. Order Conditions for Schemes of Order up to Three

Table 9.2.: Order conditions for exponential integrators if f(¢,u(t)) and their derivatives have images
in V. The function w; and 1y ; are defined at (9.22) and (9.24), respectively. Conditions
with J or K should hold for all operators J,K € Z(V).

No. Order Order condition

1 wi(—1A) =0
P1i(—TA) =0, i=1,...,s
wa(—7A) =0
Yoy bi(=TA) TP2i(—TA) =0
w3(—1A) =0

Skt bi(=TA)T @i k(=T A) T gk (—7A) =0
Yoy bi(=TA) TP3i(—TA) =0

Zle bi(—TA)CiK¢27i(—TA) =0

wy(—7A) =0

© 00O Utk Wi =
o R R W W NN

Table 9.1 then is already sufficient for a first order method and the conditions 1 to 5 in Table 9.1
would lead to third order. The order conditions for methods up to fourth order then are the same as
in [HocO05a, Tab. 4.1]. They are summarized in Table 9.2. The associated proof is equivalent to the
one of Theorem 9.13, where one uses Lemma 9.10 to improve the estimate of the remainder RE,]Z-.

The used techniques in this section can only show the conditions for methods of order up to three

and four for f(-,u(:)) having codomain H* and V, respectively. By also considering the bilinear

form %, the authors of [LuaO1l4a] derived the conditions of methods up to fifth order for an
error in the H-norm if the nonlinearity has domain H. It is possible to adapt this approach to get
higher order methods for our purpose. This, however, is not investigated in this thesis, since the
construction would rely not only on the smoothness of nonlinearity f(¢,u(t)) like before but also
of the initial value ug and the solution w itself; cf. [LuaO14b]. Even in the linear case of operator
DAEs theses smoothness conditions can be very restrictive and hardly practical; cf. [Tem82].

The first order of the one stage exponential Euler of Section 9.1 and order 3/2 of exponential
Runge methods from (9.14) are presented in Table 9.1. Note that there does not exist an exponential
integrator of second order with two stages since in this case the second and fourth condition in
Table 9.1 contradict each other. In [HocO05a, Sec. 5.2] the so-called exponential Heun methods are
introduced. This three-parameter family of three-stage integrators is given by

0
C2 C2¢>1,2 ) ) (9 40)
c3 | c3pr3 —YCap2,2 — %@,3 Ye202,2 + %2052,3 ’

I+ ol 1
R Tara??  Tara??

with ¢g, ¢3,vca+c3 # 0 (and ¢2, ¢35 < 1). Every scheme of this family satisfies the first four conditions
in Table 9.1 and has therefore convergence order two. The specific choice co = c3 = 1 leads to a
minimal number of evaluations of the right-hand side. The authors of [HocO05a] were actually
interested in a three-stage method, which fulfills the first five conditions in Table 9.1 and showed
that such a method does not exist. With a long calculation one can also prove that there is even no
four-stage method that satisfies the first six conditions in Table 9.1. Therefore, a four-stage method
of order 5/2 is not possible. A five-stage method is presented in [HocO05a, Eq. (5.19)].

This subsection is concluded with an investigation of the exponential integrators under pertur-
bations of the right-hand side and the initial value. Recall, that this may then be interpreted as
the error of a spatial discretization; cf. p. 118. For the spatially discretized system the nonlinear-
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ity f(¢,u(t)) might be further approximated by model reduction techniques like the discrete empirical
interpolation method [ChaS10]. This introduces additional perturbations of the original right-hand
side f.

Lemma 9.15 (Error under Perturbations). Suppose the assumption of Theorem 9.13 are satisfied.
Assume that there is an error eg € V in the initial value and the evaluation of the nonlinearity
f(tn +¢iT, Uy ;) is perturbed by 6, , € H*, n=0,...,N —1,i=1,...,s. Let all perturbations be
small enough such that the discrete solution and its internal stages lie in a strip along u, where f is
locally Lipschitz continuous with a uniform constant. Then the error between the solution and its
numerical approximation is bounded by

Jtm = w(ta)lly S 78+ (1+ \/%)H@oHVJrTZ DY (Gl + ot

=1

n=20,...,N, with positive higher order terms.

Proof. We review the proof of Theorem 9.13. At first, we note that the statement of Lemma 9.11 does
not change under perturbations. For Lemma 9.12 we adapt the estimate for the internal stages under
sufficiently small perturbations, which results in ||E,, z||v Slenlly + (VT + 7') 1_1 L (LI Enklly +

S llenllv + (V7 +7) 3242 H5 +hot.

With the steps of the proof of Lemma 9.12 one shows that S, € V under small perturbatlons satisfies
the bounds (9.35) with e, |lv + i, |65,:]|%+ instead of ||e,||y. The assertion then follows by an

adaptation of the proof of Theorem 9.13, where one considers e~ ("*1)7™4¢; and So in (9.36) and uses
—1/z
Tty 1T = \/T/n. O

167,||2¢+ ). By an induction argument we get | Enilly

Remark 9.16. As in Remark 9.14 the estimate under perturbations can be improved, if one takes
the exponential decay of the semigroup e * into account. For the exponential Euler with Ay = 0
the error of a perturbed solver can be bounded for small 7 and small enough perturbations by

V1+eLCOpoy efin — 1 2
T — ulta) [} < 7 S (24 2) Ul ot

V1+eLlC
et (O S el 4 (142 )Zeﬁ’f" 631y

with £ as in (9.39). In particular, 8 is negative if p4 > LCy,3 and € > 0 is small enough.

9.3.2. Systems with Linear Constrains

We now return to the analysis of the semi-linear operator DAE (9.1). We explained the steps to get
an approximation of the solution uw with exponential integrators in the beginning of this chapter 9.
The main idea is to calculate the part of the solution in {v € V| Av € VY, } by the stationary saddle
point problem (9.5) and apply the exponential integrator to the operator ODE (9.2) to approximate
the part in Ve. If the explicit exponential integrator is given by the Butcher tableau (5.12), then
the approximation reads

Uns1 = Brg(tnsr) + e (un — Byg(tn))

+7 Z bi (—T Aker ) bker [f(tn + ¢, Uni) — BLg(tn + cn‘)] (9.41a)
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with n =0,..., N — 1. The internal stages U, ;, i = 1,...,s are given by

Un,i = B;lg(tn + Tci) + eiTCiAker (un - B;g(tn))
i—1
+7 Z a; ; (—T Axer) ker [f(tn + i, Unyi) — BLg(tn + c,-T)] . (941b)

j=1

In Subsection 9.3.2.1 we investigate the convergence order of this time-stepping method. Note
that, scheme (9.41) only approximates the state u. An approximation of the Lagrange multiplier A
is constructed and analyzed in Subsection 9.3.2.2.

9.3.2.1. Error Analysis

The practical calculation of the internal states (9.41b) and the whole step (9.41a) can be done by
solving some stationary saddle point problems as (9.5) or (9.6) and transient ones with homogenous
right-hand side; cf. Subsection 9.1.1 and 9.2.1. Alternatively, one also can determine the approxi-
mation by transient saddle point problems with a polynomial right-hand side, which reduces the
number of stationary saddle point problems to solve; see Subsection 9.4.1. However, the practical
computation does not change the convergence order.

Theorem 9.17 (Error Estimate for Operator DAEs). Let Assumptions 9.1 and 9.2 on B and A
as well as Assumptions 9.3 and 9.9 on the nonlinearity f and right-hand side g be fulfilled. The
initial value ug € V be consistent, i.e., Bug = g(0). Assume that the order conditions up to order p,
1 <p <3, of Table 9.1 are satisfied. Let f(-,u(-)) € W>(0,T;H*) and g € WIT1°(0,T; Q*) with
u be the solution of (9.1) and ¢ = [p]. Suppose that the step size T is fized and small enough such
that the numerical solution and the associated internal stages lie in a strip along u, where f is locally
Lipschitz continuous with a uniform constant L > 0. Then the numerical error is bounded by

ltn — u(tn)|ly < 7° + heo.t.,

n=1,...,N, where the constant depends on t,, the Lipschitz constant L, the operators A and B,
as well as the norms of right-hand sides || f(-,u(-))|lwa.(0,t,,,2+) and ||gllwa+t1.0(0,¢,,0%)-

Proof. Since e, = B1g(tn) = uc(tn) and analogously Uc n i = uc(tn + 7¢;), the assertion follows by
Theorem 9.13 and the approximation of uye, by the operator ODE (9.2). O

In Subsection 9.3.1 we mentioned that the convergence order for PDEs can increase if f (¢, u(t)) € V
and J,,, K,, € Z(V). This still holds for the operator DAE case. The arguments are the same where
we additionally use Remark 5.12. For completeness, we summarize this result in the following lemma.

Lemma 9.18. In addition to the assumptions of Theorem 9.17 suppose that the function t —
f(t,u(t)) and its time derivatives have images in V as well as the Fréchet derivatives J,, K, are
element of £(V), n=20,...,N — 1. Then the order conditions for methods up to fourth order are
given in Table 9.2.

In comparison to the unconstrained case, the error analysis under perturbations becomes more
delicate for operator DAEs. The source of possible perturbations doubles, since not only the
initial value, and the right-hand side f could be perturbed, but also the right-hand side g of the
constraint (9.1b) and its derivative g.

Lemma 9.19 (Error Estimate for Operator DAEs under Perturbations). Let the assumptions of
Theorem 9.17 be satisfied. In addition, let the initial value uy be perturbed by eg € V, g(t, + ¢;T)
by 0 € QF, §(tn + ;7)) by &y € QF, and the evaluation of the nonlinearity f(t, + ¢;7,Un;) by
On,i € H*. Suppose that the perturbations are consistent, i.e., Beg = 0y 1, and sufficiently small such
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that u, and Uy, i =1,...,s, lie in a strip along u, where f is Lipschitz continuous with a uniform
Lipschitz constant. Then the error can be estimated by

= u(to)lly S7°+ (14 \ﬁ)”eo -5
*TZ (b5 + 1D (187 = Bagiillae
i=1

V) + h.o.t.,

n=20,...,N, with positive higher order terms.

Proof. We split the solution in its parts in V. and Vie,. Then the error of the approximation in V.,
is given by ucn — uc(tn) = B4(9t, + On1 — gt,,) = B40n,1, where we used c¢; = 0. Analogously, one
determines the error of Uc ,; as B0, ;. For the part in Vi we consider the approximation of the
solution of the operator DAE (9.2) under perturbations. Note that the initial value is perturbed by
Uker,0 — Uker(0) = ug — Uc,0 — u(0) + uc(0) = eg — B40p,1 and the right-hand side associated with
Uker,n,i by

Mn,i = f(tn + CiT, Ukcr,n,i + Uc,n,i) + 5n,i - B;tgn,i - f(tn + CiT, Ukcr,n,i + uc(tn + CiT)) € H*

< L|BAOn.illv + [|0n,i — B4&n,ill#+. The assertion then follows by Lemma 9.15.  [J

with ”nn,i

Remark 9.20. Under the conditions of Remarks 9.14 and 9.16 the error estimate for the exponential
Euler method under perturbations can be improved for sufficiently small 7 to

lun = u(ta)l5

eﬁtn—llz IT+e¢ 4C 4
VL Bl oy + ¢ (et —— 4 2) o — B
< 5 L0yl ||dtf 29T 0,8, T eLCvon lleo — B4

12\/1"’82 Btn_ -1 ||

+2|B30na|3 + 7 851 — Ba&a 3 + L2(1B10;1 13-

9.3.2.2. Approximation of the Lagrange Multiplier

To this point, we have only investigated the difference between the solution u(¢,) and its approxima-
tion u,. In contrast to the Runge-Kutta methods in Chapter 8, the exponential integrators do not
calculate an approximation of the Lagrange multiplier A, only of w. In this subsection we show that
A can be approximate at t,, by only using the already calculated wu,, and the saddle point structure.
For this task we introduce the norm

1ol 2, = 0113 + B[S

on V. Since H and Q* are Hilbert spaces, the norm | - || 7, is induced by an inner product. The
space V with this norm is in general only a pre-Hilbert space; see Example 9.21. The closure of V
with respect to || - [y 3, is denoted by [V, H]s, i.e.,

V. M = clos| |y 4, V- (9.42)

Example 9.21 (The Space H!(div;)). We consider the spaces V := [H}(Q)]¢ and H = [L*(Q)]¢
with a Lipschitz domain Q C R% d € N. The operator B denoted the weak divergence. Then
[V, H]s matches the space of all [L?(£2)]-functions with a distributional divergence in L?(Q), i.e.,
H(div; Q); see [Daul.90, p. 203 ff.].
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The space [V, H]p can be interpreted as the largest space, which is (densely) embedded in H and
where the operator B is well-defined. In the following lemma we summarize properties of [V, H]z.

Lemma 9.22 (Properties of [V, H]g). Let [V, H]s be defined as in (9.42). Suppose that v, — 0 in
H and Bv, — g in Q* for a sequence {v,tneny CV imply g = 0. Then the following holds.

i) The space [V, "] with the norm || - ||jv 3, s a Hilbert space and [V, H], H, [V, H]j forms a
Gelfand triple. The space V is densely embedded into [V, H]g and the operator B has a unique
extension B € L([V,H]|p, Q*).

ii) The space ker B is isometric isomorphic to Hyer. For every closed complement V. C V with
V = Viker ® V its embedding in [V, H]p is also close in [V, H|g and

[V7 H]B = err 2 Vc-
i) For every f € [V, H|y and g € Q* the saddle point problem

Mu—BX =f in[V,H],
Bu =g in QF

with M = Ry, has a unique solution (up,\) € [V, H]g x Q. The solution depends linearly and
continuously on f and g.

Proof. Item i): This follows directly from the definition of [V, H]g, | - ||[v,3)s, and Lemma 3.1.

Item ii): Let us consider h € Hyer. By the definition of Hy,, there exists a sequence {v,, tnen C Vier
with v,, — h in H as n — oco. Since Bv, = 0, n € N, the sequence {v, }nen is a Cauchy sequence
in [V, H]p, too. The limit of v, is h in [V, H]g as well, because [V, H|p and Hyer are both embedded
in H. Furthermore, the equality Bh = lim,,_,o, Bv,, = 0 holds. Hence, Hyer < ker B. On the other
hand, for every v € ker B there exists {v,, }nen C V with 0 + ||v — vnH[QV’H]B = |lv— w3, + | Bun |5~
as n — 0o. To show v € Hyer, we have to proof that v can be approximated in H by a sequence
in Vier. Therefore, let P be the orthogonal projection of ¥V onto Vier. Then Pu,, € Vier converges
to v in Hyer C H, since

lo = Puali3 S v = vall3 + 11Gd =P)oall}y < llv = vall, + 1BGd =P)onllge = llv = vallfy 34,

holds. Here, we used in the second estimate Lemma 3.6. This proves Hier = ker B.

Let now V. be defined as in ii) and {vepn tnen C Ve < [V, H|s be a Cauchy sequence in [V, H]z. In
particular, ||Bve,, — Bvem || o is a Cauchy sequence, which implies by Lemma 3.6 that v, , converges
in V. C V. Therefore, V. is close in [V, H]p. For the direct sum we note that V. + Hyer — [V, H|p is
well-defined since V. and Hyer = ker B can be embedded into [V, H]s. Let v € V. N Hyer- Then v is
an element of V, with 0 = Bv = Bv since v € Hyer. By Lemma 3.6 this implies v = 0. Therefore,
the sum is direct. Let vg € [V, H]s be arbitrary. Then vp = B;CBUB + (id —B;CB)UB holds, where
the first summand is an element of V. and the second of ker B. Thus, we have [V, H]5 = Ve © Hier-

Item iii): We note that B is inf-sup stable by

B B 1 B
sup (Bv, q) > sup (Bv, q) > sup (Bv,q) > B ldlla
vew s\ {0} 10y ags — vevvioy IVllvags — Cvapags vewiioy Iy~ Cvaspy s

for every ¢ € Q. Furthermore, the operator M is elliptic on ker B C [V, H]5 since for every vg € ker B
we have -
(Mug,vp) = |lvsl3 = lvsll3 + 1Bosl g = lvsllRy 2,

The properties of the solution of the saddle point problem follows with Theorem 3.8. O
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9. Exponential Integrators

The main idea for the approximation of the Lagrange multiplier is to solve

Mi, — B Ay = fltn,un) — Au,  in [V, H]%, (9.43a)
Bii, = g(tn) in Q*, (9.43b)

with n =1,..., N. This problem is associated to the semi-linear operator DAE (9.1) evaluated at
the time-point t,,. Anyway, for the analysis so far w,, was considered as an element of V, such that
Au,, € V*. But the space [V, H]j is more restrictive than V*, since V has a stronger norm than [V, H]z.
The same holds for u(t,), since Theorem 6.15 only predicts Au € C([0,T],V*). We actually need
that Auw is continuous in ¢,, with images in [V, H]j. We recall that the dynamics in the complement of
Viker C V is determined by (9.1b). Therefore, we have to assume that Auc,, = AB,g(tn) = Auc(ty)
is an element of [V, H]j%. For the part in Vi, itself we can use the parabolic smoothing to prove the
additional regularity. The needed assumption on the temporal regularity of g and f(-,u(-)) are the
same as for the convergence of the exponential Euler in Theorem 9.5.

Lemma 9.23 (Smoothness of uyer(t,) and uyer,n). Let Assumptions 9.1-9.3, 9.9, as well as the
assumptions of Lemma 9.22. In addition, suppose f(-,u(-)) € H(0,T;H*), g € H*(0,T;Q*), and
that ug € V is consistent. Let uyer be the solution of (9.2) with initial value uyero = uo — B19(0)
and Uger,n = Un — BLg(tn) its approzimation given by (9.41). Then Auye(tn) and Auyern can be
extended to elements in [V, H] forn=1,...,N.

Proof. By the assumptions, the right-hand side of (9.2) is in H*(0,T;H;,,). Therefore, by [Emm04,
Th. 8.5.3] we have tine (t) € WH2(0,T; Vier, Vi) and thus tAuwe(t) = tf(t, u(t)) — tBLg(t) —
tiker (t) € Hi,, N V* at almost every time-point ¢ € (0,7]. Let V. == {v € V| A*v € V2 _} be defined.
Note that, in contrast to our usual choice of Ve, cf. (3.4), we used the adjoint operator of A. Anyway,
the space V. satisfies the condition of Lemma 9.22.ii) by Lemma 3.5 such that [V, H]s = V. ® Hier
holds. Let ¢ > 0 and v = v, + hyer € [V, H|p be arbitrary with ve € Ve, hyer € Hier- Then

<-Auker(t)a v > = < -A*'UCa uker(t) > + (Auker (t), hker)
= (Auker(t)>hker) < HAuker(t)”H* HhkerHH < ||~Auker(t)HH*

ker ker

[0llpy 7415

is fulfilled, where we used [BowI14, Th. 4.42] for the last inequality. Therefore, Auyer(t) € Hj,, can
be extended to an element of [V, H]}.

For the temporal approximation uker,, We note that by its definition uye, , is the solution of an
operator ODE on (t,—1,t,] at the final time point t,. In particular, the right-hand side of the
operator ODE is a polynomial with images in Hj,, . With the arguments as for u one then shows
that (¢, — tn—1)Auker,n can be extended to an element of [V, H]j. O

Lemma 9.23 and the additional assumption AB,g(t,) € [V, H]; guarantees that the saddle point
problem (9.43) is well-defined. We only consider n > 1, since the parabolic smoothing applies only
on positive times. If one is interested in A at the initial time point, i.e., n = 0, we have to make
additional assumptions on the initial value ug. The value A(0) and Ao are then identical determined
by the data ug, g(0), and §(0) as well as (9.43). Therefore, the error would be zero. The difference
between A(t,) and A, can be bounded as follows.

Theorem 9.24 (Convergence Order for the Lagrange Multiplier). Let the assumptions of The-
orem 9.17 and Lemma 9.22 be satisfied. Suppose AB,g is a continuous function with images in
[V, H]|g. Then A(t,) € Q and A\, € Q are well-defined by (9.1) and (9.43), respectively. Further,
their difference is bounded by

A = Atn)llo S 777 + hooot.,

n=1,...,N, where the constant depends on t, L, operators A and B, || f(-,u(-))|lwae(0,t,,7%), @5
well as ||glwa+1.00(0,1,,,0%) with ¢ = [p].
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Proof. By Lemmas 9.22 and 9.23 the solutions A(t,), A, € Q are well-defined. For the difference
between them, we consider the saddle point problem

MAi, — B AN, = f(tp,un) — f(tn,ultn)) — Alun —ults,))  in [V, H]j,
BAw, =0 in 9%,
with n = 1,...,N. It is easy to check that this saddle point problem is well-defined by H* —

[V, H]5 and that its unique partial solution is A), = A\, — A(t,) € Q. By Lemma 9.22 and the
embedding H* — [V, H]; we have

||)‘n - )‘(tn)HQ N ||f(tmun) - f(tm u(tn)) - A(un - U(tn))H[V,H]g < LllenHV + HAenH[V,H]g'

To bound the first term, we can use Theorem 9.17. For the second term we note that wu(ty,), un
and U, ; are all consistent. Thus the error e, is given by the difference of uye,(t) and uker,n. With
the argument of Lemma 9.23, an index shift, and (9.36) it is enough to consider the error

||Aen+1||[V,H]g S ”AkcrenJrl”Hlﬁcr
< ||AkereiTAkeren||H* + T||Aker§n”7—[* + THAkerSnHH*

ker ker ker

(9.44)

+ 7

+ ||-Akear+1 H?—ll’ier .
>

ker

s—1
Arerb™ Y (I + 7K TA) (3, + TKS) R,
k=0

By Lemma 5.13 and a revision of Lemmas 9.11, 9.12, we get ||.Ake]re*““k°fen||7.ther S+ 1) enlly
as well as the bounds

T||Akcr§n||?-l* < llenllvy  and THAkch\n”H* 5(72+||Rn|

ker ker

|Ry|

VS) v, + h.o.t.

for the second and third term of (9.44), respectively. The fourth term of (9.44) can be expanded and
bounded like the fourth term of (9.36); cf. (9.38). The estimates then are equivalent where we bound
|17 Akerbi (=T Axer) || 2 (2 He) with Lemma 5.13. By a reconsideration of Lemma 9.10 with the help

of Lemma 5.13, one proves that HAkerRmrl [#;, is bounded by 7"C esssup,ep, ¢, 1] ||f7(f)(t)\|7{]*(er
from above. These estimates of the terms of (9.44) together with Theorem 9.17 lead to the desired
bound. O

ker’

Remark 9.25. The proven convergence order in Theorem 9.24 is rather pessimistic and has space for
improvements. If, for example, As and f maps (locally) Lipschitz continuously into an interpolation
space between H and V), i.e., into [V, H]g, 6 € (0,1), then the error for X is again of order p. This
can be proven similarly to [HocO05b] with fractional powers of operators.

9.4. Numerical Examples

In this final section of Chapter 9 we illustrate the performance of the introduced time integration
schemes for three numerical examples. The first example is a heat equation with nonlinear dynamic
boundary conditions. In the second experiment, we consider a constrained PDE where the smoothness
of the right-hand side is minimal such that the convergence orders are the same as predicted in
Theorem 9.17. At last, we look at a toy model with a non-homogeneous constraint. The simulation
code of all these problems can be found in [Zim20].

Since exponential integrators for (operator) DAEs are based on the exact solution of (operator)
DAE systems with polynomial right-hand sides, we first discuss the efficient solution of such systems.
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9.4.1. Efficient Solution of Differential-Algebraic Equations in
Saddle-Point Form

This subsection is devoted to the efficient calculation of ukern+1 and Ukern, in (9.41). This is
equivalent to solving the operator DAE (9.1) with a polynomial right-hand side f of degree p and
g = 0. In particular, this includes the case of homogeneous right-hand side, which is needed in
Algorithm 1 and 2. Given a spatial discretization, e.g., by a finite element method, the operator
DAE turns into the DAE

Mz (t) + Az(t) — BYA(t) = zp: G f’“l)' th=1, (9.45a)
k=1 ’

0 (9.45b)

Bx(t)

with consistent initial value 2(0) = z¢. The matrices M, A € R"**"= and B € R™*"= with ny < n,
are possibly sparse. Here, the mass matrix M is symmetric, positive definite and B has full rank.
The goal is to find an efficient method to calculate the solution x at a specific time point ¢ € [0, T].

Let us first recall the ODE case with homogeneous right-hand side, 4(¢) + Az(t) = 0, where we
update M 1A — A. There exist various methods to approximate the solution z(t) = e *4zq of
this linear ODE with initial condition x(0) = x¢. For an overview see [MolV78]. These apporaches
include Krylov subspace methods based on the Krylov space K,, (A, zo) = span{xg, Azo, ..., A"z}
[EieE06; Hocl.97; NieW12; Saa92] but also methods based on polynomial interpolation of e *4z
[CalKO+16; CalO09; CalVBO04]. All these methods have in common that they never use the explicit
representation of A, only its action onto a vector. In particular we never have to work with the
possibly full matrix M ~'A but with the two sparse matrices A and M. These algorithms for
evaluating exponential functions can be used for ODEs with polynomial right-hand sides.

Lemma 9.26 ([Al-H11, Ch. 2]). Let A € R™*" F = [fi, ..., fp] € R™*P, x5 € R™ be given
and ¢y defined as in (5.8). Suppose
611:[1 0 ... O]TERP and ]\7:[0 O]GRPXP
I 0

are defined and t € R. Then we have

(I, On,xp) exp <t [‘g ﬂ) ES] = exp(tA)zo + itkzj)k(tA) .

k=1

With Lemma 9.26 and the mentioned algorithms for the calculation of e!4z we can efficiently
solve linear ODEs with polynomial right-hand side. We return to the DAE (9.45). By [EmmM13,
Th. 2.4 & Eq. (18)] there exists matrices X,Y € R"*"= such that its unique solution x with
consistent initial value xgy € ker B is given by

t P p
z(t) = e ag + / et=)Xy Z (k;fkl)' sl ds = e X ag + Z t*pp(tX)Y fr. (9.46)
0 k=1 ) k=1

To efficiently solve (9.46) it is left to identify X € R"»*"= and Y € R™=*"=.

Lemma 9.27. Let w € R", A)M € R"=*" qnd B € R™*"= be arbitrary, with M symmetric
positive definite and let B have full row rank. Suppose that the linear matriz Y € R™*"= 45 given
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by Y: wr— y where y € ker B is the unique solution of

My — BTy =w, (9.47a)
By 0. (9.47b)

Define X = =Y A. Then x given as in (9.46) solves the DAE (9.45) with initial value xy € ker B.

Proof. By the linearity of (9.45) and (9.46) we can investigate the ¢g-functions, k = 0,...,p,
individually. Let us start with e/Xxg = ¢o(tX)zo. By (9.47b) and x¢ € ker B we have Be!Xxy =
Be Y4z, = 0. On the other hand7 e tXxo = XetXzg = —Y Aet¥ g holds, which means by (9.47a)
that for every t > 0 a p(t) exists with M $e'*xg — BT u(t) = —Ae'Xxg. Thus 2(t) = !Xz and
A(t) = u(t) solves the DAE (9.45) with homogeneous right-hand sides and z(0) = "Xz = .
Analogously to ¢y one shows with (5.8) that Bt*¢ (tX)Y f. = 0 and t*¢y (tX)Y fr|i=0 = 0, k > 1.
Finally, one has

k—1

tkz,zb Y £ S I ey Oy ks XY S b Y
a b < ((+k—1)! BT k LR PR
Therefore, t*¢y (tX)Y fr solves (9.45) with the monomial right-hand side t*=1 £, /(k — 1)!. O

With the previous two lemmas we can approximate the solution of (9.45) by the algorithms
for e4zy. We want to point out that we only work with the sparse saddle-point problem (9.47),
not with X or Y. For solving the saddle-point problems there exists a zoo of effective algorithms;
see [BanWY90; BenGLO5] and the references therein.

Remark 9.28. Since the saddle point problem (9.47) must be solved in the algorithms for the
exponential function several times, see Lemmas 9.26 and 9.27, the numerical solution Z of (9.45)
may not satisfy the constraint (9.45b) due to round-off errors. To prevent a drift-off for longtime

simulations, one can project Z onto ker B by solving an additional saddle point problem (9.47) with
right-hand side Mz.

9.4.2. Nonlinear Dynamic Boundary Conditions

In this first experiment we revisit Example 6.13 and consider the linear heat equation with nonlinear
dynamic boundary conditions; cf. (6.10). More precisely, we consider the system

U—kAu=0 in Q= (0,1)% (9.48a)
U+ Opu+au= fry (t,u) on gy = (0,1) x {0}, (9.48Db)
u=0 on I'p == 0Q \ Taqyn, (9.48c)

with a = 1, £ = 0.02, and the nonlinearity fp, , (¢, u)(£1) = —3cos(2nt)sin(2mé1) —u?(£1). As initial
condition we set u(0) = ug = sin(m&;) cos(5m€2/2). Following [Alt19], the weak formulation of (9.48)
can be written in the form

B] " [K a] m “BA= [frdyno(t, p)] in V7, (9.49a)
5 [zﬂ =0 in Q" (9.49D)

—1/2

with spaces V = HE(Q) x Hopy (Tayn), H = L(Q) x L2(Tayn), Q = Hyy !
operator K, and operator B(u,p) = u’r — p. Here, p denotes a dummy variable modeling the

(Tayn), the weak Laplace

dynamics on the boundary I'qyn. The constralnt (9.49b) couples the two variables u and p. This

149



9. Exponential Integrators

2 A4 . . 1
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Figure 9.1.: Illustration of the solution (u,p). The left figure shows u at time ¢t = 0.7, whereas the
right figure includes several snapshots of p in the time interval [0,0.7]. The graph of p
becomes darker over time and the dashed line shows the initial value of p.
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step size T

Figure 9.2.: Convergence history for the error in (u,p), measured in the V-norm. The solid line
shows first and the dashed line second order rate.

example fits into the framework of the considered semi-linear operator DAEs (9.1) with ¢ = 0.
Further, the nonlinearity satisfies the assumptions of the convergence results in Theorems 9.5 and 9.8
due to the Sobolev embedding Hy(Tayn) C H2(Tayn) < L5(Tayn) [Roul3, Cor. 1.22 & p. 18].

For the simulation we consider a spatial discretization by bilinear finite elements on a uniform
mesh with mesh size h = 1/128. The associated matrices are determined by the MATLAB software
package AFEM [CarGK+10]. As time-stepping schemes we use the exponential Euler method (9.4)
and the exponential Runge method (9.10) given by Algorithm 1 on page 128 and by Algorithm 2 on
page 131, respectively. The simulated time horizon is [0, 0.7]. For the calculation of the exponential
functions we use the MATLAB routine PHIPM from [NieW12], which allows function handles as input.
The initial value of p is chosen in a consistent manner, i.e., pgp = uo|r ayn- An illustration of the
dynamics is given in Figure 9.1.

The convergence results of the exponential Euler scheme of Section 9.1 and the exponential
Runge method introduced in Section 9.2 are displayed in Figure 9.2 and show first and second
order convergence, respectively. These convergence orders are predicted by Theorem 9.5 and
Lemma 9.18, respectively, where we expect the solution p to be as smooth such that an abstract
function p € L%(0,T; Hééz(f‘dyn)) exists, where (fr,,, (t,p(t)), w)r2r,,.) = (P(t), w)L2(r,,,) holds for

all w € Hyl (Tayn).
Finally, we note that the computations remain stable for very coarse step sizes 7, since the possible
temporal step size is not limited through the stiffness of the operator A.
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10,17\ T T T T T T T T T T T Tl T T T T
S
T 1070 2
—
Q
=
Hq') 1079 | - -©- Exp. Euler | |
T S —A— Exp. Runge
- Exp. Heun
10_13*\ Ll Lol Lol Lol Lol —
107° 104 10-? 10—2 107!

step size T

Figure 9.3.: Convergence history for the error in u, measured in the H'(0,1)-norm. For comparison
we added lines of different slopes: slope 1 is represented by the solid line, 1.5 by the
dashed line, and 2 by the dash-dotted line.

9.4.3. Slow Convergence

In the first numerical example in Subsection 9.4.2 we saw that the order of the two-stage method
of Section 9.2 can increase if f(¢,u(t)) is regular enough in time and space. In this subsection we

investigate the convergence order under less regular data. For this, let y(&) == =237, Slzokff €
L?(0,1) be defined. We choose ® such that
—(xk)%t 4 Tk St ek SID(RTE)
Z( (r* ﬂk)2,1[€ —e ]) 151 (9.50)

is the solution of the PDE

W€, t) = Decu(é, t) = (D" ul-,1))*y(€) + @(£,1)  in Q= (0,1),
u(&,t) =0 on 092 = {0,1},

with the bounded functional D*: v — 2377 | (2k — 1)~ (dev, cos((2k — 1)7+)) r2(0,1), @ < 0.5,
from H'(0,1) to R. The solution (9.50) and the right-hand side are constructed such that the
convergence rates of the exponential integrators do not improve. Note that the whole right-hand side
of the PDE is equal to me™* Y 2 | S‘zokswf) for the specific choice of the solution (9.50). Therefore,
it is an element of C*°([0, T, L2(0 1)) < L?(0,T;L?(0,1)) and by Theorem 4.25 the solution u
satisfies u € H'(0,T; L?(0,1)) N C([0,T], H(0,1)).

For the simulation we rewrite the problem as a constrained PDE by introducing the boundary
condition as constraint; cf. Example 6.2. As spatial discretization we use spectral finite elements with
1000 degrees of freedom enriched with linear polynomials; cf. Subsection 8.6.2. For the temporal dis-
cretization we predetermine the precise value of ¢y (— TMk_; Ager), K =0,1,2. Here, Mye, and Ay, are
the discrete versions of M = Rpz2(,1) and A=TR H(0,1)5 respectively, restricted to the kernel of the
(discrete) trace operator, i.e., restricted to the spectral finite elements span{sin(w¢€), .. .,sin(10007¢)}.
The determination of ¢y (—7 M, Aker) then is reasonable since My, and Ayer are dlagonal matrices.
Figure 9.3 illustrates the convergence rate for the exponential Euler method (9.4), the exponential
Runge scheme (9.10), and exponential Heun method (9.40) with ¢ = ¢3 = 1. The numerical
convergence rates coincide with the proven ones of Theorem 9.13.

Table 9.3 summarizes the errors of the associated Lagrange multiplier A = [ O,u|z—0, —0zu|p=1 }T.
Since v € [H*(0,1), L?(0,1)]o.99 by [LioM72, Ch. 1 Th. 9.1 & Rem. 10.5], Remark 9.25 predicts that
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Table 9.3.: Convergence history for the error in A measured in the Euclidean norm.

Exp. Euler Exp. Runge Exp. Heun
Error Rate Error Rate Error Rate
=273 1.098 - 107! 7.535-1073 1.232-1073

r=2°6 1.019-1072  1.14 | 4.095-10~* 1.40 | 2.720-107°  1.83
=279 1.119-10% 1.06 | 1.478-107° 1.60 | 4.237-10~7  2.00
T=2"12| 1.286-10"* 1.04 | 5.555-10~7 1.58 | 6.288-107°  2.02
=215 | 1525-107® 1.03 | 2.143-10"% 157 | 9.453-10~"11 2.02
T=2"18| 1.845-10% 1.02 | 8.034-1071® 158 | 1.380-10"'2 2.03
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Figure 9.4.: Error in the constraint over time.

the convergence rate of u and A are the same. The calculated rates in Table 9.3 confirm this.

9.4.4. Non-Homogeneous Constraints

As last example we consider a finite-dimensional DAE (2.3) with

2 —1 4 1 1 0.8
-1 o2 a1 11401 r |1 | 06
A= 1 o9 1| M=j5 14 1] B =1 m=] g4
1 2 1 4 1 0.2

and right-hand sides f;(t,z) = e 'cos(x;), i = 1,...,4, and g(t) = sin(rt). In contrast to the
previous two examples, the constraint is not homogeneous. For the simulations we use as temporal
step size 7 = 279 and the method described in Subsection 9.4.1. The error of the approximation
in the constraint is illustrated in Figure 9.4. One observes that the error of the exponential Euler
method mostly is smaller than of the exponential Runge method — even if both are of moderate size.
A possible explanation is that the exponential Runge method needs twice as many evaluations of
the ¢-functions per time step such that the drift-off is stronger; see Remark 9.28. In addition to
the exponential Euler and Runge methods, we modified these schemes such that wier , is projected
onto ker B after every time step. The associated methods have the prefix Proj. in Figure 9.4. These
methods do not suffer from drift-offs and the errors of the constraint are in the range of double
precision O(10716).

The convergence orders of the methods with and without the projection steps are the same, i.e.,
first and second order. We omit the corresponding error plots here.
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10. Summary and Outlook

In this thesis we have analyzed the existence, uniqueness, and regularity of solutions of the semi-linear,
constrained PDE in the framework of the operator DAE (1.1); see Part B. Furthermore, we have
investigated their temporal discretization by implicit, algebraically stable Runge-Kutta methods and
explicit exponential integrators in Part C.

In Part A, we provided the essential mathematical concepts for the analysis of constrained PDEs.
In particular, we introduced the abstract framework of operator DAEs, in which we considered
the constrained PDEs. While most results in this part are well-known, we also derived novel
contributions. These included the analysis of strongly measurable operator-valued functions and
their generalized derivatives in Section 4.1. We proved the existence and uniqueness of solutions of
Volterra integral equations with values in abstract Banach spaces; Theorem 4.19. In Lemmas 5.11
and 5.13, we estimated the norm of the ¢;(—t.A)-functions as maps from V and H = H* into the
spaces V, H, and the domain of A.

Part B was devoted to the analysis of solutions of the operator DAE (1.1). Starting with systems
with time-independent operators, we extended well-known existence, uniqueness, and regularity
results in Sections 6.1 and 6.2. Here, the right-hand side f splits into parts with images in V* and
H* and the right-hand side g and its derivative are L'-functions. This can be seen as an abstract
linear extension of the solution operator. We showed that controlled operator DAEs of the form (6.6)
satisfy a dissipation inequality in a distributional sense, see Lemma 6.12, and proved the continuous
dependence of the unique solutions of systems with a state-dependent f on the data ug and g in
Section 6.4. Afterwards, we analyzed the solution of operator DAEs with time-dependent operators
in Chapter 7. Since the kernel of B is time-dependent, we introduced the operator ODE (7.45),
whose fundamental solution W tracks the kernel of B over time; see Theorem 7.31. This allowed
us to restate the system as the operator DAE (7.50) with an operator B = BW with a constant
kernel. The derivatives @ and %(Mu) become W*%(Wu) and W*%(MWU), respectively. For the
existence results, we temporally discretized the (restated) system by the implicit Euler scheme. We
showed that weak/weak* limits of the time-discrete solutions solve the (restated) operator DAE, see
Sections 7.1.1 and 7.2.2. The existence theorem of the Lagrange multiplier A in a distributional sense
was derived by an Volterra integral equation; see Theorem 7.42. The uniqueness of the solution (u, \)
was proven under additional assumptions on W or A in Subsection 7.2.3 and Section 7.3. For the
first case, we used that u € L2(0,T;V) N L*°(0,T; H) with & (Mu) € L2(0,T;V*) and a uniformly
elliptic operator M: [0,T] — £ (H,H*) has a continuous representative. The details are presented
in Theorem 7.18.

Table 10.1 summarizes the main results obtained in Part B on the solutions of the operator
DAE (1.1). In addition, we made comments on possible extensions of the solvability results in
Remarks 6.10, 7.25, 7.26, and 7.52. The latter two, in particular, consider operator DAEs with
time-dependent operators and a state-dependent right-hand side f = f(-,u(-)).

The temporal discretization of the operator DAE (1.1) was analyzed in Part C. Here, the operators
M, A, and B are time-independent. We focused on the saddle-point structure of the operator
DAE (1.1) and chose time-stepping schemes that exploit this structure. For the Runge-Kutta
methods we introduced the regularization (8.4), which is still in saddle-point form and where a
spatial discretization leads directly to a DAE of index one. This implies that the system is more
stable than the original formulation although the solution set remains unchanged; see Lemma 8.5 for
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10. Summary and Outlook

Table 10.1.: Main results on the solutions of the operator DAE (1.1) in Part B.

Existence of Uniqueness Continuous More regular
solutions of solutions | sol. operator solutions
Constant operators. .. Th. 6.7 Th. 6.7 Th. 6.7 Th. 6.8, 6.9
...with state-dependent f Th. 6.15 Th. 6.15 Th. 6.19
Time-dependent M and A Th. 7.14,7.21 | Th. 7.19, 7.21 | Th. 7.19, 7.21 | Th. 7.23, 7.24
Time-dependent A and B Th. 7.41, 7.42 | Th. 7.44, 7.47 | Th. 7.44, 7.47
Time-dependent M, A, and B Th. 7.49 Th. 7.50, 7.51 | Th. 7.50, 7.51

details. Under the minimal assumptions on the data of Section 6.1, we showed that the sequence of
stationary solutions given by the regularized operator DAE under the implicit Euler method converge
strongly to the solution of the original operator DAE; Theorem 8.14. We proved strong convergence
in more restrictive spaces under the assumptions for more regular solutions; see Section 6.2. Similar
results were proven for algebraically stable, L-stable Runge-Kutta schemes in Theorems 8.27 and 8.30.
Here, we considered f € L?(0,T;V*), since estimates of the internal stages in the discrete counterpart
of C([0,T],Hs) are not possible. Theorem 8.35 and Remark 8.36 extend the results to non-L-stable
methods. For schemes with R(co) = £1, we introduced a special discretization of the right-hand
side g. The convergence order was analyzed in Section 8.5. In Theorem 8.37 we showed for
algebraically stable Runge-Kutta methods with R(c0) € (—1,1) a convergence rate of q + 1 for
the state u and q + 1/2 for the Lagrange multiplier A, where q denotes the stage order. For the
Euler scheme or for systems with an operator A satisfying the usual splitting A = A; + Ao, the
convergence order of A can be improved to q + 1; Lemma 8.41 and Theorem 8.42. In addition, we
made comments on time-dependent operators 4 and B as well as on perturbed data, where, for
example, a spatially discretized operator DAE can be interpreted as a perturbed infinite-dimensional
system. The theory of Chapter 8 was verified by numerical experiments.

In Chapter 9, we derived a novel class of time integration schemes for semi-linear operator DAEs.
For this, we combined explicit exponential integrators for the dynamical part of the system with
(stationary) saddle point problems for the part of the solution with images in V.. For the methods
based on the exponential Euler and the exponential Runge methods we have proven a convergence
order of one and one and a half, respectively, under minimal assumptions on the right-hand side
f=f(,u(:)); Theorem 9.5 and 9.8. Under regularity assumptions on f with respect to the second
arguments, we derived order conditions for the approximation of the state u up to order three or four,
depending on the image of f in Subsection 9.3.2.1. The Lagrange multiplier A\ was approximated by
solving an additional saddle-point problem, which leads to a decrease of half an order; Theorem 9.24.
Numerical experiments were presented to validate the theoretical results.

Although operator DAEs are powerful in the analysis of constrained PDEs, their mathematical
understanding is still far from complete. Linked to this thesis, nonlinear constrained PDEs, e.g.,
the Stefan problem [DiPVY15], can be studied by linearization, which leads to systems with time-
dependent operators. Here, the assumption that the operator B and its derivative have pointwise the
same domain, is maybe too restrictive. In modeling moving boundary conditions [Alt14], for example,
the derivative B asks for more regular functions than the operator B itself. These differences are
subject of future works. Also, extensions of the results of this thesis to constrained hyperbolic PDEs
in saddle-point form with time- and state-dependent operators are conceivable.

Investigations of other temporal discretization schemes like multistep and Rosenbrock methods
can be considered in the future. With the ideas presented in this thesis, algorithms based on
other exponential integrators besides explicit ones can be constructed. For explicit exponential
integrators, weakly and very weakly satisfied order conditions, see [HocO05a; HocO10], may improve
the predicted convergence order. For example, for the PDE with dynamic boundary conditions
in Subsection 9.4.2 the exponential Heun method is of third order [Wie20]. Future studies may
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show that the observed convergence rate is due to weakened order conditions. Explicit exponential
integrators for constrained PDEs with time-dependent coefficients can be considered by extending the
ideas of [HipHO12; HipHO14]. Further convergence results for Runge-Kutta methods and systems
with rough right-hand side would be interesting as well. Here, the parabolic smoothing and energy
estimates can be used as in [Emm00]. For time-dependent operators M, B, and A one can possibly
adapt the results of [Gon099]. The effect of a first-order approximation of the operator-valued
function W as in [KunMO07] for a time-dependent operator B can be subject to future work. In
the context of longtime simulations, the preservation of the dissipation inequality for constrained
PDEs is of importance under temporal discretization. Similar to [Eggl19; HaiW96; MehM19], one
can consider discontinuous Galerkin time-stepping, partitioned Runge-Kutta, or collocation methods.
Here, a regularization for the constrained PDEs is desirable on the infinite-dimensional level, that
maintains the port-Hamiltonian structure. The temporal discretization of constrained hyperbolic
PDEs in saddle-point form is another possible research topic. Here, schemes like the Gautschi-type
methods [HocL.99], which deploy the possible second temporal derivatives, are favorable.

Finally, most results in this thesis rely on the saddle-point structure of the problem. It would be
of interest whether statements can be translated to constrained PDEs of more general form.
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