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Abstract

In this thesis, we investigate the regularity and approximation of a hyperbolic-elliptic coupled
problem. In particular, we consider the Poisson and the transport equation where both are
assigned nonhomogeneous Dirichlet boundary conditions. The coupling of the two problems is
executed as follows. The right hand side function of the Poisson equation is the solution p of the
transport equation whereas the gradient field £ = —Vu, with u being solution of the Poisson
problem, is the convective field for the transport equation. The analysis is done throughout on
a nonconvex, not simply connected domain €2 that is supposed to be homeomorph to an annular
domain.

In the first part of this thesis, we will focus on the existence and uniqueness of a classical solution
to this highly nonlinear problem using the framework of Holder continuous functions. Herein,
we distinguish between a time dependent and time independent formulation. In both cases, we
investigate the streamline functions defined by the convective field E. These are used in the time
dependent case to derive an operator equation whose fixed point is the streamline function to
the gradient of the classical solution u. In the time independent setting, we formulate explicitly
the solution operators L for the Poisson and T for the transport equation and show with a fixed
point argument the existence and uniqueness of a classical solution (u, p).

The second part of this thesis deals with the approximation of the coupled problem in Sobolev
spaces. First, we show that the nonlinear transport equation can be formulated equivalently
as variational inequality and analyse its Galerkin finite element discretization. Due to the
nonlinearity of the coupled problem, it is necessary to use iterative solvers. We will introduce the
staggered algorithm which is an iterative method solving alternating the Poisson and transport
equation until convergence is obtained. Assuming that Lol is a contraction in the Sobolev space
H'(Q), we will investigate the convergence of the discrete staggered algorithm and obtain an
error estimate. Subsequently, we present numerical results in two and three dimensions. Beside
the staggered algorithm, we will introduce other iterative solvers that are based on linearizing
the coupled problem by Newton’s method. We illustrate that all iterative solvers converge
satisfactorily to the solution (u, p).
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Chapter 1

Introduction

In this thesis we investigate a mathematical model of corona discharge. Corona discharge occurs
in the electrostatic spray painting process. To paint a metallic work piece, the spray gun releasing
the colour particles contains a negative electrode. At the same time, the work piece is grounded
and thus represents the positive electrode. In practice, multiple mechanisms exist for the guns
to atomize the paint particles, see for example [47] for one particular realization. In all of them,
a high voltage is applied to the electrode to maintain the potential difference and, in particular,
to produce ions by corona discharge at the negative electrode. The atomized paint particles are
then attached to the ions. Consequently, the now charged paint particles are accelerated by the
electrical field towards the work piece.

The modeling of the corona discharge has been considered by several authors in recent years
[42, 1, 7]. The governing equations are first the Poisson equation that models the electrostatic
potential u between the electrode and a plate

—epAu = p

where € is the permittivity constant of the gas present in the gap space and p is the space
charge density. Due to the high applied voltage, ions are emitted at the electrode by corona
discharge. To model the movement of the ions towards the plate of lower electric potential, the
space charge density p should satisfy the transport equation which in the steady state case is
given by

div(Ep) =0

with £ = —Vu. The boundary conditions for the Poisson equation are constant, in other words
the boundary forms equipotential curves [7]. Usually, they are chosen as u = u_ > 0 at the emit-
ting electrode and u = 0 at the collector plate. For hyperbolic partial differential equations such
as the transport equation, a boundary condition is only required at the emitting electrode (also
called inflow boundary). Although both problems are linear, the coupled system is a strongly
nonlinear problem. The coupling is obtained as follows: The solution u of the Poisson equation
is due to the electrical field E the coefficient function of the transport equation. On the other
hand, the solution p of the transport equation is the right-hand side function of the Poisson



equation.

Target I';
Electrode
- <IN
Ue
Us

Figure 1.1: Possible problem setting with u(z) = up for € I'r and u(x) = ug for z € I'g

Several works have been published on the numerical modeling of the ion current and the dis-
tribution of the charge density at the target. We will now introduce some of them and explain
the various discretization methods for the Poisson as well as transport equation. Adamiak et al.
[1, 7] investigated the electrical corona discharge in a point-plane configuration in two dimen-
sions. In this work, an equivalent representation of the continuous coupled problem is used by
replacing the linear transport equation by a nonlinear one. Substituting é divE = —%Au = % P
into the linear transport equation, we get

1
—p*+E-Vp=0. (1.1)
€0

The electrode and the target are modeled by wires of distinct radii of curvature, wherein the
tiny electrode is assigned to a large radius of curvature. In the previous works and [8], the
authors use a hybrid Finite Element - Boundary Element - Method of Characteristics technique
to simulate the current density on the ground plate and ion current for different radii of the
emitting electrode and gap space between the electrode and the target. Their idea is to use the
linearity of the Dirichlet problem of the Poisson equation: It can be decomposed into a Laplace
problem with non-homogeneous boundary conditions plus a Poisson problem with homogeneous
boundary conditions. The Laplace equation thus describes the strong electrical field around
the electrode and is solved by the Boundary Element Method (BEM). Using the BEM solution,
the mesh for the Finite Element Method (FEM) is created by choosing the intersection of the
solution with the equipotential lines as nodes. The Poisson equation is then solved by FEM.
The Method Of Characteristics (MOC) was implemented for the transport equation solving the
problem on the trajectories of the ions. Since the Laplace equation depends only on the given
non-homogeneous boundary data, it is solved only once at the beginning of the algorithm in
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which the Poisson and transport equations are solved alternating until convergence is obtained.
Another modified model is to introduce a stabilization term to the transport equation. Feng
[29] replaces the nonlinear transport equation (1.1) by

1
———Ap+E-Vp+p*=0
PeE

with Pep > 0 being the electric Peclet number. He then examines the corona discharge nu-
merically in a configuration where a wire is enclosed by different collector geometries, that are
a cylinder, square and rectangular shield. The discretization method chosen is the Galerkin
Finite Element Method for the Poisson as well as transport equation. The obtained nonlinear
variational system is solved by Newton’s method with an accuracy of 1076,

In the project [59], Maischak et al. worked on numerical methods to solve the electrostatic prob-
lem in the spray painting process in three dimensions. The aim was to measure the ion current
in the domain and the charge density on the target. The particularity in comparison to the
previous works is that a more sophisticated implementation of the electrode was used. Further,
the domain of computation is enclosed by a frame on which the Poisson equation was assigned
additional boundary conditions. They distinguish between two kinds of boundary conditions.
In the first case, homogeneous boundary conditions are used (this is a Faraday cage) and in the
second case, the problem is formulated as a transmission problem. To solve the coupled problem,
the authors used a staggered algorithm. Therein, the Poisson and transport equations are solved
alternating until convergence is obtained. To solve each of them, several discretization methods
are applied. The Poisson equation is discretized in case of the Faraday cage using the Least
Squares and Galerkin methods while for the transmission problem, a symmetrical FEM-BEM
coupling is applied. In case of the linear transport equation, the authors use the Streamline
Upwind Petrov Galerkin (SUPG) and Least Squares methods (for information see [12, 15, 16])
whereas in the nonlinear case, the Least Squares and Newton Methods are applied.

Deliége [21] uses a different approach to model the coupled problem. Considering the time
dimension in the painting process, he replaces the transport equation by the time dependent
transport equation

Op + div(pupE) =0

with p = 1.8 - 107%V//s, along with an initial condition for p at ¢ = 0. The Poisson solution is
thus time dependent through the variation of p in time. Also in this paper, the results are only
of numerical nature: the authors compare different time stepping schemes and their accuracy.

The time dependent coupled problem is closely related to another research field that is the study
of mean field models for superconducting vortices. The equations in the mean field model are
obtained by setting the permittivity constant ¢y and p to 1. Moreover, the Poisson equation is
replaced by

—Au+u=p

with boundary condition for u at infinity.
This topic has received much attention in recent years. Several results have been proved for
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the existence and uniqueness of a solution on a time interval [0, 7] as well as for the discretiza-
tion. The literature is divided into two approaches. The first one focuses on the existence of a
classical solution [44, 43, 55]. Here, the linear transport equation is used with an initial charge
distribution py € C%(€y) with Qg being defined as the support of the charge distribution at
time ¢ = 0. The proof is based on the streamline function ® indicating the particle trajectory
with respect to time. The domain 2, is moving, that is it changes for every time ¢ < T. The
technique is to reformulate the coupled problem as an integro-differential operator A by com-
bining the Poisson, transport and streamline equations. The operator A is applied to functions
of aset W(M,T) C CH*(€). All functions in W (M, T) are invertible with respect to the space
variable at every fixed instant ¢ and are bounded with M being the boundedness constant. By
a compactness argument, it is shown that a unique fixed point ® € W (M, T') of the operator
A exists. Conclusively, the existence of a classical solution (u, p) follows. In a slightly different
setting of equations but with the same techniques, the method is also applied in [33, 32]. After
proving short time existence, all previous works aim to show global existence in time [11]. Using
®(z,T) as new initial distribution, the authors prove with the same method that ® also exists
in a subsequent small time interval [T, T»]. In fact, by proving that the streamline function is a
priori bounded in the C1®(£;) norm, global existence to the mean field problem is obtained.
The apparent similarities in the equations of the mean field problem and the time dependent
formulation of the electrostatic spray painting process suggest an application of the method.
Nevertheless, the ideas are not immediately transferable. The absence of inflow boundary con-
ditions for p simplifies the setting markedly.

Beside the approach of [44, 43, 55] in which an integro-differential operator is used, a second
approach exists and is presented in several works. In [56], Schétzle and Styles analyze the time
dependent coupled problem on a fixed domain €2 for a given time interval [0, 7], denoted by Q7.
Here, the Poisson equation is assigned constant boundary conditions on 027 while the inflow
condition is assumed to be homogeneous. The idea is to use the regularized time dependent
transport equation

Bpt = — div(p°E®) + eAp©

and to prove first the existence of a solution (u€, p¢) € H?+t1+2/2(Qp). With various estimates,
it is shown in a second step that in the limit for ¢ — 0 a weak solution exists to the problem
satisfying the prescribed boundary conditions. The work closest to the electrostatic spray paint-
ing process is [5]. Therein, the authors consider non homogeneous inflow boundary conditions
for the transport equation and Neumann boundary conditions for the Poisson equation. Their
method is based on [56] and it is proved that a weak solution exists to the coupled problem. The
authors mention that the method is transferable to Dirichlet and Robin boundary conditions in
case of the potential u.

Beside the works on the existence of a continuous solution using asymptotic analysis, discretiza-
tion results have been also obtained in an analogous manner. In [27], the authors study the
approximation of a steady state coupled problem by an upwind finite volume method for the
transport equation and the finite element method for the elliptic equation. They prove the exis-
tence of a sequence (uy,, pr) € H'(Q) x L>(Q) that fulfils the variational discrete formulation. In
[18, 22] the convergence of the discrete solution of the time dependent coupled problem arising
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in the mean field model to a weak limit is shown by a compactness argument.

1.1 Outline of Thesis

We will now give an outline of the thesis. In the first part, we will focus on the existence
and uniqueness of a classical solution to the continuous coupled problem using the nonlinear
transport equation. Therein, we will distinguish between the time dependent and steady state
formulation. The analysis is done (apart from Chapter 3) on a domain homeomorph to an
annular domain for which the inner and outer boundaries are convex curves. This domain is
nonconvex and additionally not simply connected. The inner boundary simulates the electrode
and the outer boundary the collector plate. We use nonhomogeneous Dirichlet boundary condi-
tions for the Poisson equation and nonhomogeneous inflow boundary conditions for the transport
equation. We thus generalize the above discussed results not only in terms of boundary condi-
tions but also by the choice of a non convex domain. In the second part of this thesis, we will
focus on approximation methods for the coupled problem in a theoretical and numerical manner.

In Chapter 3, we begin our analysis with the one-dimensional time dependent coupled prob-
lem on an interval I = [0,1]. We will present an approach of modeling the inflow of charge by
introducing a so-called inflow set @y for ¢ € [0,7] on which we define a streamline function ®.
Following [44], we derive an integro-differential operator A that is then applied to a set W of all
bounded and invertible streamline functions. By the Banach fixed point theorem, we prove that
a unique fixed point ® exists to the operator A for a short time interval [0, 7] and consequently
also a classical solution (u, p). This chapter shall explain the modeling of the charge inflow and
motivate the methods used to prove the existence of a solution of the general two-dimensional
setting in Chapter 4.

In Chapter 4, we consider the two-dimensional time dependent coupled problem. Having an
initial distribution pg with compact support in €2, we prove the existence of a classical solution
(u, p) for a short time T". The challenge and novelty in comparison to [44, 55] is to model the in-
flow of charge in combination with the transport of the initial charge distribution. We therefore
introduce two distinct streamline functions ®; and ®9 where ®; corresponds to the transport of
the initial distribution and ®9 to the transport of the inflow set. We thus generalize the work
[44] in which only the streamline function ®; is considered. Next, we define two operators A;
and Ay that are applied to the product of streamline functions ® = (P, P9) € W C Wy x Wy
where W7 and W5 are the sets of all those streamline functions ®; and ®5 that are invertible and
feasible for the problem. We are able to prove the existence of a unique fixed point A(®) = ®
and conclusively the existence of a classical solution (u, p) for small times 7". Further, we show
that the solution can be continued in time until the support of p reaches the outflow boundary.

Chapters 5 and 6 deal with the two-dimensional steady state coupled problem. In Chapter
5, we consider a radially symmetric problem on an annular domain for which the Poisson and
transport equation reduce to one-dimensional boundary value problems with variable coeffi-
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cients. The approach is to define the solution operators L for the Poisson problem, i.e. Lp =’
and the solution operator T for the transport problem, i.e. Tu' = p. By the Banach fixed point
theorem we prove that a unique fixed point p = T o Lp exists on a set R of bounded functions p
provided the inflow boundary data p,4 is small enough. Since T o L is the solution operator for
the transport problem, it follows immediately that also a unique classical solution exists to the
radially symmetric problem with p € R.

In Chapter 6, we examine the general steady state two-dimensional coupled problem. The
approach is different to Chapter 4 and motivated by the technique of Chapter 5. Again, we
define the solution operators L for the Poisson problem and T for the transport problem and
reformulate the coupled problem as fixed point problem. As the nonlinear transport equation
is solvable on a streamline, we obtain an explicit representation of the operator T. To prove
existence and uniqueness of a fixed point to LoT, it is sufficient to use only existence results and
a priori estimates for the Poisson problem in Holder spaces (see e.g. [34]). The main emphasis in
this Chapter will be given on analyzing the transport solution operator. We obtain restrictions
for the electrical field E that have to be fulfilled to obtain existing streamline functions. Even-
tually, we prove by the Banach Fixed Point Theorem that a unique fixed point to the composite
operator L o T exists on a set W C C1%(Q) and conclusively also a unique classical solution
(u, p) with —Vu € W. Beside the existence result, we obtain that in the continuous case the
Banach fixed point iterations are the staggered algorithm.

The remaining part of the thesis deals with approximation results for the coupled problem.
The advantage of the presented method in Chapter 6 in comparison to the technique given by
[5] is illustrated in Chapter 7. Since L o T is a contraction on Ch*(Q2) and due to numerical
evidence in Chapter 8, we assume that the continuous composite operator L o T' is also a con-
traction on H'(Q). We will show that an error estimate for the approximate solution to the
coupled problem is an immediate consequence.

In Chapter 8, we present numerical results for the approximation of the steady state coupled
problem. While it is equivalent to use the linear or nonlinear transport equation in the con-
tinuous formulation, we need to distinguish the two approaches in the discretization. Next to
the staggered algorithm, we introduce three more algorithms based on Newton’s method to deal
with the nonlinearity of the problem setting. We will use the radially symmetric model problem
of Chapter 5 and investigate whether the algorithms converge. As outlook for further research,
we also present a three-dimensional radially symmetric coupled problem on a hollow sphere. As
last example, we go back to the spray painting process and investigate the convergence behavior
of the coupled problem on a non smooth domain.
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Chapter 2

Foundations

Let us begin with describing the domain we will consider in the analysis. Throughout this thesis,
let Q C R? be an open bounded domain. We assume that Q is homeomorphic to an annular
domain. We thus deal with a domain that is neither convex nor simply connected. The boundary
I' is decomposed into a convex inner closed curve I'_ and a convex outer closed curve I'y . In
the context of the transport equation, the boundary parts I'_ and I'; are referred to as inflow
and outflow boundary. For a convective field E in R? and the outward normal vector 7, the
inflow boundary is defined by

' '={zel:7n-E<0}
and the outflow boundary is defined by
'y={xzel':n-E>0}.

We will only consider those electrical fields E such that the previous definitions coincide, i.e.
the inner boundary I'_ is the inflow and the outer boundary I'y is the outflow boundary.

M+

Figure 2.1: One Possible Configuration for
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We will also refer to I'_ by its parametrization ¢ with respect to the arc length Lr_, i.e.
I ={z:2z=9(),tel0,Lr_]}. (2.1)

In the following we will abbreviate Ir_ := [0, Lr_]. ¢ is assumed to be positively oriented. The
outward normal vector 7i(z) to x € T'_ is thus given for every point p(t) =z € I'_ by

= _ [ —ea®)
(¢(t) ( (1) >

In certain cases, it will become necessary to refer to the domain that is enclosed by I'_. Let us
denote this domain by Q_.

2.1 Classical Norms and Function Spaces

We will carry out the analysis in the Chapters 3 to 6 in the classical function spaces. We begin
by defining the maximums norm for a vector valued function and the corresponding induced
matrix norm.

Definition 2.1. For a vector valued function f = (f1,f2) : Q@ C R? — R2, we define the
maximum norm for all x € Q) by

[ ()00 := max{[f1(z)[, | fa(2)]} .

where | - | denotes the absolute value.
Let A be a 2 x 2 matriz. Then the induced matrix norm s given by the mazimum absolute row

|A(2)]oo = ‘( a11(x)  aiz(x) )

asy (ac) as9 (l‘)

sum

= max {|a11(2)] + |a12(x)|, a1 ()] + |aga(x)|} .

[e.9]

Next, we define the usual sup-norm for a function f.

Definition 2.2. We define the sup-norm for a scalar or vector valued function f defined on )
by

1fllo.0 := sup | f(2)] -
zeQ

We can now define the space of continuously differentiable functions.

Definition 2.3 (Continuous differentiable functions). Let Q € R? be a bounded open domain
with closure Q. Let 3 = (31, B2) be a multi-index with m = |3|. Then we define

cm(Q) = {f : Q — R?: 9™ fis continuous and ||0° f|lo.q < 00, VB < m}
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as the space of continuously differentiable functions up to order m. We equip the space with the

norm

1fllma = D 10°Fllog.

B<|m|
For the closed domain Q, we define
C™(Q) = {f eC™(Q): P f is continuously extendable up to the boundary OQ, VA3 < m}

We equip the space with the norm

£ llma = max|0°f(2)]oo.

g<im *<°
The following corollary shows that for a function in C™((Q), it is sufficient to work with the

sup-norm on the open domain §2.

Corollary 2.4. [6, p.30] It holds for the norms on C™ () and C™(Q)

1m0 = [[fllmo- (2.2)

The classical theory of partial differential equations uses the space of Holder continuous functions.
The functions in this space are uniformly continuous with exponent 0 < o < 1.

Definition 2.5 (Holder continuous functions). Let Q be a bounded open domain with boundary
0S). For any multi-index 8 and 0 < o < 1, define the Holder coefficient by

o 1@ = F W)l

S
x yeﬁ, ‘x_y‘go
[B]=m

| flimas0 =

We define the space of Holder continuous functions by
C Q) 1= {f € C™(Q) ¢ | flypaq < 50}
We equip the spaces with the norm (see [58] )

1 o= D 107Fllog + 1flm.aser (2.3)

B<|m|

The normed space C"*(£2) is complete. We obtain the well-known result

Lemma 2.6. /3, p. 44/ The space C™(Q2) is a Banach space.

In Chapters 3 and 4, we investigate the time dependent coupled problem. We follow the definition
of [43, p.514] to introduce the time dependent classical function space.
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Definition 2.7. Let Q be an open bounded domain and f: Q x [0,T] — R2. Let B = (1, B2) be
a multi-index with m = |B|. Let further | < k be integers and 0 < o <1, 0 <y < 1. Then we
denote

Hf”mozﬂ ;k,7,[0,T] = iupz ||at ||maQ + sup Z ||a f Hk,w;[O,T]' (24)

1<k 2€Q 51 <m

We define the function space of (m,«)-Holder functions in space and (k,~y)-Holder functions in
time by

Cm,a;kz,v(Q7 [O,T]) = {f Q% [O,T] —R?: Hf”m,a,Q;k,%[O,T] < OO} : (25)

With this definition, it follows that 9l f(-,t) € C**(Q) for all I < k and A f(x,) € C™([0,T])
for all |3] < m. Throughout this thesis, we use the following convention. If the Hélder norm is
only applied in space for a time dependent function f(z,t), then we will write for every ¢ € [0, 7]

1 O lmas =D sup|0®f(a,t)le0 + (1)
\ﬁ\ﬁmmEQ

a,)-

We use the argument ¢ to emphasize that || f(t)||m,q is a function in ¢.
Analogously, if the Holder norm is only applied in time, then we write for x € €

1 @)k oy =D b 10Lf (2 8)|oo + |f (5 )01

1< telo,
Lemma 2.8. [3, p. 44] The space C"™*¥7(Q,[0,T]) is a Banach space.

In the Chapters 3 and 5, we will investigate the one-dimensional coupled problem. The previous
definitions are adapted analogously.

Definition 2.9. Let I = [a,b] an interval. Then we define the space of continuously differen-
tiable functions on I by

CH(I) = {f - 0'f is continuous Yz € I,¥] =0, .., k} . (2.6)

We equip the space with the norm

k
lulli,r ==Y 10"ullo,r-
1=0

Let now f : I x [0,T] — R be a time dependent function. Then we denote

2 ()

[l gmte 1,10, Z sup Hf‘%u )

sOx

We define the space of l-times continuously differentiable functions in space and m times con-
tinuously differentiable functions in space by

C™H(L,10,T]) = {f = |lfllmsp < 00} - (2.7)
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So far, we have not yet defined the regularity of the domain 2. In later Chapters, we assume
that Q is a domain of C*® regularity.

Definition 2.10. /34, p. 94] A bounded domain Q C R? and its boundary are of class C*,
0 < a <1, if at each point o € IQ there is an € > 0, a ball B := Bc(x¢) around xy and a
one-to-one mapping ¥V of Bc(xg) onto D C R? such that

° \I’(BQQ)CRXR_A'_

e U(BNIN) C IR xRy)

e U cChyB), Ut eCkyD).

We can conclude that whenever the domain €2 is of class C** also holds ¢ € C**([0, Lr_]).

2.2 Properties of Holder Continuous Functions

We introduce some basic results for Holder continuous functions that are used frequently in the

following analysis. We begin with an analogue of the product and chain rule.

Lemma 2.11. Let U and V be bounded open domains in R?> and V convex. Let W C R be
an open interval. Let f,p :V — W with f,p € C*(V) and h : U — V with h € C*(U) and
0 < a<1. Then we have

[folav < [flloyviIplav + [flaviplov, (2.8)
Lf(M)|ao < |flavIIVRIG - (2.9)
Proof. Using the definition of the Holder norm gives
1fplay = sup |f(z1)p(z1) — f(if2)p($2)\
x1,x2€V ‘.’L'l - .I'Q’
. |f(z1)p(w1) — f(21)p(x2) + f(21)p(22) — f(22)p(72)]
x1,x2€V |'1"1 - xQ‘a
< swp | f(z1)p(z1) — f(in)p(wz)\ + sup | f(z1)p(22) — f(ira)p(wz)!
1,02V |21 — 22 1,026V |z1 — 22|
<[ flloyviplay + [ flayvie llov-

Next, we prove (2.9). Since V is a convex domain, we may apply the mean value theorem. It
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holds
|f(h(z1)) — f(h(z2))|

|f(R)]a,uv = sup

x1,x2€U ’.’I,'l - xQ‘a
_ s | [F (1)) = F(A(z2))] [h(z1) — h(z2)|5
= p

z1,22€U |h(z1) — h(z2)|% |T1 — 29|
o M-S e — Al

y1,92€V ‘yl - yQ‘a x1,02€U |CC1 - 1’2’“

< flav IVARIGy-

0

Let h be a vector valued function. The next Lemma yields a bound for the Jacobian matrix of

h.

Lemma 2.12. Let V C R? be a bounded open domain. For a vector valued function h : V — R?
holds

IVRllo,v < (|02, o,y + |0z hllo,v
‘Vh|a,V < |8x1h a,V + \3x2h!a,v-

Proof. Vh(z) is the 2 x 2 Jacobian matrix of h for every = € V. It holds for the sup-norm

O hy Oyl
6xlh2 azghQ
= sup max {0z, h1(@)| + |0z, 11 (%), |0, ha(2)| + [0z, ha(2)[}

zeV
< sup max { |0z, h(7)[oo + |02, h(T) |0 5 [Ty () |00 + [0y 1) [0 }
zeV

|Vhlpy = sup
ze)

= sup (|02, h(z)]oo + |02, h(7)|c0)
zeV

- Haﬂnh

o,V + |0z, hll0,v-

For the a-Holder norm holds

1 Ozl (2) — Oy ha(y)  Onyha(x) — Oy ha(y)

Vhlov < sup ————
| | v x,yep\/ |SL‘ - y|go ( axth(x) - 8yl h2(y) a:(:QhZ(aj) - athQ(y) oo

B (G ELR R S ACELAAC )

z,yeV ‘ZL’ - y‘go
|8x1h2(x) - 8y1h2(y)’ + |8x2h2(x) — 8y2h2(y)| }
|z —yl%

< sup (‘al'lh’(x) - 8y1h(y)’oo + ‘azzh(x) - 8y2h(y)’00>

o z,yceV ‘1' - y’go

S |8x1h‘a,V + ‘axgh‘a,V-

20



Many results connected to differentiability, like for example the implicit function theorem, are
only defined on an open domain. However, the Holder continuity allows us to extend these
functions uniformly up to the boundary.

Lemma 2.13. [60, p.35] Let V,W be open bounded domains in R?.
a) Let f : V. — W be uniformly continuous. Then f can be continuously extended up to the
boundary, i.e. there exists a continuous extension f V= W.

b) Let f € C*(V) with Hélder constant M. Then the extension is also Hélder continuous,
i.e. f€C*V). f has the same Hélder constant M.
We apply this result to a function f € C1(V).

Corollary 2.14. Let V be an open bounded domain in R2. If f € CH*(V), then f and V[ are
continuously extendable up to the boundary OV with

Vfeco¥V).
Vf and Vf have the same Hélder constant M.
Proof. As f is continuously differentiable, it is uniformly continuous on V. By Lemma 2.13,

there exists an extension f up to the boundary dV. For V£, the assertion follows immediately
by Lemma 2.13b). O

2.3 Geometry and Mean Value Theorem

In the following analysis, we will deal with vector valued functions in R2. For vector valued
function, the usual mean value theorem is not applicable. We will need the following modified
version.

Theorem 2.15. (Mean Value Theorem) [30] Let U be an open subset of R and f : U — R?
be a continuously differentiable function. Let x € U and ¢ € R?, such that x + t& € U for all
0<t<1. Then we have

1
fla+€) — o) = </0 V(e + 1) dt> . (2.10)
1t follows pointwise for x € U

[f(@+8) = F(@)loe < IV Fllo.ul€loo- (2.11)

The representation (2.10) is simply an integration over the line segment = + t£, ¢t € [0,1]. For
a vector valued function, the integral is taken over the Jacobian matrix of f. In the following
Lemma, we show that if f € C1%(V) then the matrix of the right hand side of (2.10) is Holder
continuous with exponent a.
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Lemma 2.16. Let V,W € R? be a bounded convex domain. Let f € CY*(V) and g1, g2
with g1 € CY(W) and go € C*(W) be vector valued functions in R?. For the matriz

1
= /0 Vf(g1(w) + 7(g2(x) — g1(7))) dr
holds

[A(2) = AY)loo < [Vla,v IV

ow + [[Vge )T — Yl

Proof. Set h(z,7) :== g1(z) + 7(g92(x) — g1(z)). We get

1
A(z) — A(y)]oo = /0 VF(h(x,7)) - VF(h(y, 7)) dr

o)

1
< / V(b)) — Vf(hly, 7)), dr.
0

As f € CY(V) holds [V f(2) = Vf(y)loc < [Vflavlz — yl%. We get

1 1
/ IVf(h(z, 7)) = Vf(h(y, 7))l dt < / IV oy [h(z,7) = hy, 7)I5 dr
0 0

< [Vflay sup |h(z,7) = Ay, 7)|5
0<r<1

With g1 € CY (W), g2 € CHW) and 7 € [0, 1], we get

|z, 7) = My, )| oo = l91(z) + 7(92(2) — g1(2)) — 91(y) — 7(92(y) — 91(¥))] oo
=1 =7)(91(z) — 01 (¥)) + 7(92(x) — 92(¥))| 0
< (1 =1)[g1(x) = 91(y)| o + 7 lg2(2) — g2(y)
< (1 =7)[Vaillowlr =yl + T Va2llowlz — ylso
< (@ =1)Vagllow + 7 Vgzllow)lz — yleo-

oo

Substituting the latter equation into (2.12), we have
[A(z) = A(Y)loo < [Vlay sup |h(z,7) = h(y,7)|5
0<r<1
<|Vilay sup ((1=7)[[Varllow + 7Va2llow)®|z — yl5
0<r<1

<V flavUIVarllow + [Vazllow)* |z — ylo.

W -V

(2.12)

O]

It is generally impossible to apply the mean value theorem to vector valued functions f € C1(€2)
as the line segment connecting two arbitrary points in §2 might intersect the convex domain €2_.
However, it is possible to prove a mean value like estimate for functions defined on the nonconvex
domain . In [62], Whitney introduced the domains of P-property in which the length of a curve
connecting any two points is bounded by a finite constant ¢ > 1 and their euclidean distance.
Referring to this work, Wienholtz uses the concept of domains of finite length in [63]. Yet, the
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actual size of the constant ¢ remains unclear. We will show that €2 fulfils a similar condition and
prove that the constant ¢ only depends on the size and shape of Q_.

To bound the distance of a function evaluated at any two arbitrary points , we use the so-called
geometric dilation which is a concept introduced in [23, 24, 25]. For two points a and b on a
closed convex curve 7, it gives the ratio of the shortest detour on ~ in relation to the actual
euclidean distance of a and b. Let us denote for every a,b € v the minimum length of one of the

,,,,,, Euclidean Distance
— Shortest Detour

Figure 2.2: The shortest detour for two points a and b on I'_

two curve segments by d,(a,b). The euclidean distance of a and b is denoted by ||a — bl|,.

Definition 2.17. /23, 25] The geometric dilation of the closed convex curve 7y is defined by

d~(a,b)
5(7) = sup ————~—. 2.13
(7) avb;’ Ta—bll> (2.13)

The geometric dilation of a convex closed curve is bounded in terms of its geometry.

Theorem 2.18. [23, Theorem 2] Let v be a convex closed curve, D the diameter of the enclosed
domain V' and w the minimum distance of two parallel lines enclosing V. Then holds

o(y) <2 D arcsin (%) + <D>2 -1]. (2.14)

w w

Applying the previous theorem to our setting results in the following Corollary.

Corollary 2.19. Let Dq_ = diam)_ be the diameter of Q_ and wq_ the minimum distance
of two parallel lines enclosing Q2_. Then the geometric dilation for the parametrization ¢ of I'_
1s bounded by

i(p) < 3D—7r (2.15)
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Proof. )_ is convex and so is the boundary curve . The assertion thus follows immediately by
Theorem 2.18. 0

The previous result opens the door for a mean-value-like estimate for a function f € C1(€).

Lemma 2.20. Let Q be a bounded domain. Let f : Q — R? be a vector valued differentiable
function. Then holds the mean-value-like estimate

[F(2) = F(W)loo < cmnl VS

0.0/ — Ylso (2.16)

Dq
g T

With ¢my = 3v/2

Proof. We have to distinguish two cases due to the nonconvexity of €.
Case 1:
Let z,y € Q, such that the line segment ﬁ/ is contained in €2. Then holds by Theorem 2.15

[f(@) = F(W)lee < IV fllo.22 = yloo-

Case 2:

Figure 2.3: Choice of points a; and as

Let x,y € €, such that the line segment ﬁ/ intersects {2_. The application of Theorem 2.15 is
impossible as the line z = z + 7(y — z), 7 € [0,1], is not contained in €. Denote the points of
intersection of z and I'_ by a; and ag such that ||a; — 2|2 < ||z — y||2. The line segment z is
divided into three disjoint segments raj , arab and @. By the triangle inequality holds

[f (@) = FW)loe = |f(2) = flar) + flar) = flaz) + fla2) = f(y)l
< |f(@) = flar)lo + [f(a1) = fa2)lo +1f(a2) = f(¥)]s - (2.17)

The line segments a1t and c@ are contained in €2 which allows the application of case 1. For
|f(a1) — f(a2)|, we have again to distinguish two cases. Since a; and ag are both elements of
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the boundary T'_, there exist s1,s2 € [0, L_]|, such that ¢(s1) = a; and ¢(s2) = az. I'_ is a
closed curve, the two points a1 and as thus define two curve segments on I"_.

a) Let the curve segment between ¢(s1) and ¢(s2) in line with the orientation of the parametriza-
tion be the shorter curve segment. Then follows

Flar) = F(a2)]ag = 1F((51) — Fl52))]
[ O

S92 d
<|[C19stel feto)| as
S1 [e’e)
v/ / L o) d
< —p(s S

0,2 . ds -

By the equivalence of the maximum and euclidean norm, we bound
’d%go(s)’m < Hd%gp(s)Hz < \@}d%ga(s)}oo and obtain due to the parametrization w.r.t. the arc

59 52
S1 S1

By Corollary 2.19, we obtain
Dq_ Dq_ Dq_

dr_(io(s1), ¢(s2)) < 3—=7|¢(s1) — @(s2)[l2 < 3V2——|p(51) — ¢(52)|o0 = 3V2——7|as — a2|wc.
wQo_ wao_ wao_

length of ¢

d
d _
5 dSsO(S)

o0

) ds = [sg — s1| = dr_(¢(s1), ¢(s2)).

£¢(3)

b) Let the curve segment between (s1) and (s2) against the orientation of the parametrization
be the shorter curve segment. Let us assume that s; < s. Then holds as ¢ is a closed curve

[f(a1) = flaz)lo = [f((s1)) = f(2(0) + fe(Lr_) = fle(s2))] (2.18)
< 1f(e(s1)) = F(9(0)] o + [ F0(Lr_) = Fle(s2))] . -

We do the same calculations as in case a) and obtain

Flar) — flaz)ly < mszqul 0]+ |Lr_ — sal)

D
= 3\/5&71' dI; (al, ag).
wea_
The last step is based on the parametrization of ¢ with respect to the arc length. sy + |Lp_ — s3]
is nothing else than the length of the sought curve segment between ¢(s1) and ¢(s2). In case of
sy < 1, the calculations are done analogously with the difference that in (2.18), f(¢(s1)) has

to be compared to f(¢(Lr_) and f(p(s2)) to f(¢(0)).

Now we reassemble case 1 and case 2. Since :Wl, aias and c@ is a disjoint decomposition
of the interval @, it holds
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|z — a1]oo + a1 — G2]|c0 + |2 — Yoo = | — Y|oo. We obtain for (2.17) for every z, y € 2 with
D
4 N Q_ # 0 and since 3\/5%71 > 1

Dq_
£0) = Tl < IV ool = orloe + 3VEZ =RV ool — ozl + [V flolaz — sl
< Cmvva”O,Q|x - y|00

The assertion follows by combining case 1 and 2. O
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Chapter 3

Time Dependent Coupled Problem
in 1d

We begin the analysis of the time dependent coupled problem with the one-dimensional case.
The problem is given by

Problem (CP 3.1). Let I = [0,1] and [0,T] a time interval. Find (u, p) with u € C%°(I,[0,T])
and p(-,t) € CY(I), p(x,-) € C*([0,T]) such that

—0%u(x,t) = p(x,t) (x,t) € I x[0,T] (3.1a)

u(0,t) = ua, t € 10,7 (3.1b)

u(1,t) = ua, t€[0,T] (3.1c)

—p(,1) = Opu(z, 1)Orp(a, ) + p2(z,t) =0 (z,t) € I x[0,T] (3.1d)
p(x,0) =0 rxel (3.1e)

p(0,t) = pal(t) te[0,T]. (3.1f)

where ua, > ua, constant and py € C1([—o0,T]) with pa(t) =0 for t € [—o0,0].

Several authors [32, 44, 43, 55] used a particle trajectory approach to model the dynamics of
vortex patches in two or three dimensions. The set of equations considered in their works differ
from (3.1a)-(3.1f) by using a different elliptic equation. In addition, none of the publications
(32, 44, 43, 55] deal either with non-zero boundary conditions for the potential u or a non-zero
inflow condition p4 at the inflow boundary, such as it is necessary for the electrostatic spray
painting process. This chapter is based on and generalizes the previous publications in a one-
dimensional setting. As novelty, the model problem (CP 3.1) focuses only on modeling the
charge inflow into the domain of which we assume that it is initially free of charge. Moreover,
we introduce non-homogeneous boundary conditions for the potential u representing an applied
voltage difference of uys, — u4,. This section is also understood as a preparatory result for the
two-dimensional case in Chapter 4 wherein we follow the same ideas.
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The main task and difficulty is to model the inflow of charge given by the boundary condi-
tion p4. The present variables x and t are not sufficient to express the emission of charge at
x = 0. We introduce the following set of points.

Definition 3.1. For a given time t € [0,T], the set
Q1 = {tz : t, €[0,t]} (3.2)

1s called the inflow set. t, is understood as the time a charge particle is emitted at the inflow
x =0 into the interval I = [0, 1].

For every t, the elements of the inflow set are the times when a charge particle flew into the
domain since t = 0. Due to the continuity in time, the inflow set is therefore the time interval
[0,¢]. The usefulness of the set QQ; will become clear immediately when formulating the streamline
function .

As in [44], we choose the particle trajectory approach to show existence and uniqueness of a
classical solution (u, p) to (CP 3.1). As hyperbolic differential equation, the transport equation
(3.1d) gives rise to a streamline function ®(t,,t), that is drawing the path of a charge particle
through the space time domain. Although streamlines are defined on the interval I, as the
potential u is given therein, we restrict our view to the streamlines starting from the inflow
boundary = = 0. Hence, we focus only on the transport of present charges, in other words on
the expansion of the support of p.

Definition 3.2. [45, Section 9] The streamline function ® for the transport equation (3.1d) is
given as solution of

%@(tw,t) = (D (ta, ), 1) ty € [0,4],¢ € [0,T] (3.3)
B(ty,ty) = 0. tp € 10,7 (3.4)

®(t,,t) describes the position of a particle emitted at t, in x =0 at time t.

With the streamline function, we are able to determine the position of a charge particle at time
t that was emitted at t, < t. ® thus maps @; into the subset of I called I;. As @, is the set of
all inflowing charge, I} is thus the support of p at time t. We therefore define
I == supp {p(z,t)} .
zel
For small ¢, it yields that I; C I. The range of ® is thus given by

We give a short overview about this Chapter. In section 3.2, we derive an integro-differential

operator A by means of (3.3), an explicit representation of the solutions u in terms of Green’s
functions and the solution p evaluated on the streamlines by

_ [ pa(ty)
A@) == [ [ 0l 000 ) P dty
e pa(ty) L
+/tz UO (1—<I>(ty,u))8ty¢>(ty,u)1+(M_ty)pA(ty) dty +ua, —ua,| du  (3.6)
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Figure 3.1: Streamline Function ®(t,,t)

In section 3.3, we define a set W (M, T,§) c CY0(1,]0,T]) of all such streamline functions that
are feasible for the model problem, i.e. they fulfil the requirements of the model. The operator A
is applied to a streamline function ® € W (M, T, ). The question we need to answer is whether
there exists a unique fixed point & € W(M, T, J) to (3.6), i.e.

AD = . (3.7)
A fundamental convergence theorem is the fixed point theorem of Banach.

Theorem 3.3 (Banach Fixed Point Theorem). (/65, p.19]) Let W be a closed nonempty subspace
of a Banach space X and assume that the operator A : W — W is contractive, i.e.

|Au — Aw|| < klju — wl||, Yu,we W,0<k < 1.

Then there exists a unique fized point for A in the set W, i.e. there exists a unique v € W, such
that Av = v.

In section 3.3, we prove that A is a selfmap and a contraction on the set W (M, T, §). The main
result of this Chapter is presented in Theorem 3.15 where we obtain the existence of a unique
fixed point ® in W(M,T,d) to (3.6) with the Banach fixed point theorem. Our method is dif-
ferent to [44, 43] where a compactness argument is used to show existence and uniqueness. The
found fixed point is then the streamline function corresponding to the solution of the coupled
problem (CP 3.1). With the dependence of u and p on the streamline function derived in section
3.1, we will eventually prove the existence of a unique classical solution (u,p) to (CP 3.1) in
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Theorem 3.16.

Next to the classical one-dimensional function space C19(I,[0,7]) defined in Chapter 2, we
define C'10 functions for t, € Q; and t € [0, 7).

CH9(Qy,[0,T)) := {® : ® and 9, ® continuous V(t,,t) with t, € Qs t € [0,T]}. (3.8)

We equip CH0(Qy, [0,T]) with the norm

18l11 0007 = sup (sup Bt )]+ sup \at,ccb(tz,t)\)
0<t<T \0<t <t 0<ty <t

0<to<T \t<t<T ta<t<T

+ sup <Sup ‘&fzq)(t:cut)’—’_ sup ’(b(t:r:vt)‘>

To simplify the notation in the estimates in section 3.3, we will denote the sup-norm over all
0<t, <tforevery t € [0,T] as

[2®)lloq, == sup |®(ts,1)].
0<ta<

and the sup-norm for every t, € Qr by

10, 1= s |D(ta, )]

o <t<T
Note that the previous expressions are still variable in ¢ and ¢, respectively. We abbreviate the
sup-norm in space and time by

12000001 == 5up 1€W)l0.0 + sup [®(t)o e, 11 - (3.9)
0<t<T 0<t,<T

Theorem 3.4. [3, p. 42/
CH0(Qy,[0,T)) equipped with the norm (3.9) is a Banach space.

3.1 Explicit Solutions for the Partial Problems

In the next two sections, we will derive explicit representations of the solutions of the Poisson
equation (3.1a)-(3.1c) and the transport equation (3.1d)-(3.1f). In case of the Poisson equation,
we will use Green’s function to obtain an integral representation of u. The transport equation is
solved on a streamline and depends thereon only on the inflow function p4. These representations
are used for the derivation of the integro-differential operator A in section 3.2.

3.1.1 Poisson Equation

One method to transform the solution of the Poisson equation into an integral equation is the
usage of Green’s function. For every fixed time ¢ € [0, T, the one-dimensional Dirichlet problem
for the Poisson equation is given by
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Problem (Po 3.2). For a continuous right hand side function p(-,t) € C°(I) and a fived time
t €10,7T), find u(-,t) € C%([0,1]), such that

—02u(x,t) = p(x,t) (x,t) € I x[0,T] (3.10a)
w(0,) = ua, te[0,T] (3.10b)
u(l,t) = ua, t€[0,77. (3.10c)

with ua, > ua, constant.

For this standard one-dimensional problem, the solution is given in terms of Green’s function.

Lemma 3.5. /35, p.15] Let p € C%°([0,1],[0,T7]), then the Green’s function for (3.10a)-(3.10c)
s given by

For the solution u(x,t) yields

x 1
u(a, 1) = /0 y(1 - 2)p(y, ) dy + / 2= )p(y, ) dy +ua, (1 - 2) +ugge. (3.11)

It holds uw € C*°(1,[0,T)).

Proof. We easily verify that (3.11) fulfils the boundary value problem (Po 3.2), as
2u(z,t) = p(z,t), u(0,t) = ua, and u(1,t) = ug,. u is thus twice continuously differentiable
w.r.t z. Also, u is continuous in time, as p € C%°(1,[0,77). O

The right hand side function of the differential equation (3.3) is d,u. As a consequence, the
integro-differential operator A is based on the integral representation of 0,u. The next Corollary
is a simple implication of Lemma 3.5 but it is worth noticing as 0,u is used frequently.

Corollary 3.6. The derivative w.r.t. x of (3.11) is given by

x 1
Dyula,t) = — /0 yply, ) dy + / (1= )pys 1) dy + wa, — wa,. (3.12)

Proof. By differentiation of (3.11), we get

T 1
8xu<x7t) - .'13‘(1 - $),0(.’L’,t) - / yp(y7t) dy - 11(1 - :L‘)p(x,t) + / (1 - y)p(y7t) dy +ua, —uA,
0

x

x 1
= —/ yp(y,t)dy+/ (1 —=y)p(y,t)dy +ua, — ua,.
0 x
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3.1.2 Transport Equation

The second component of the coupled problem is the transport problem.

Problem (Tr 3.3). For a given function d,u € CYO(I,[0,T)), find p with p(-,t) € C1([0,1])
and p(x,-) € C*([0,T]) such that

Orp(x,t) — Opu(x, t)dup(xz,t) + p*(x,t) = 0 (x,t) € 10,1] x [0,T] (3.13a)
p(xz,0) =0 x €10,1] (3.13b)
p(0,t) = pa(t) t € [0,7] (3.13¢)

with pa € CY([—00,T]) and pa(t) =0 fort € [~o00,0].

The transport equation is reduced to an ordinary differential equation on a streamline. For com-
pleteness, we will demonstrate this well known result for hyperbolic partial differential equations,
see e.g. [45, p.169]. In fact, the ordinary differential equation is easily solved and we obtain an
explicit representation of the solution p on a streamline.

Lemma 3.7. The boundary value problem (Tr 3.3) reduces on a streamline ® for all (t.,t) with

ty €10,¢],t €[0,7] to

TPt 1)) = —p*(D(ta, 1), 1) (3.14)

with initial condition

p( Pty ts),te) = pa(ts). (3.15)
Proof. With the chain rule and (3.3), we obtain

p(B(t,1), 1) = Dup(Dlta,1),1) -8, 0) + Oup({t, 1), 1)

= —0up(®(ta, 1), 1) O0u(D(ta, 1), 1) + Orp(R(te, 1), 7). (3.16)

dt

Using (3.13a) with z = ®(t5,t) gives
Oep(®(ty, 1), 1) — Opu(D(ty, 1), 1)0up(®(ts, 1), 1) + p*(B(ts, t),t) = 0. (3.17)

Substituting (3.16) into (3.17) gives
TP @(t, 1), 8) = —p*(D(te, 1), 1).
0

The next result is the solution of the nonlinear boundary value problem (3.14)-(3.15) and we
obtain the solution p(®(ts,t),t) of (Tr 3.3). The solution is given on a streamline and depends
thereon only on the inflow boundary data.
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Lemma 3.8. The solution p of (Tr 3.3) is given on the streamlines by

PA(tac)

B(t,, 1), 1) = 3.18
PR 10 = 73 (t —tz)pa(ts) S
for every (tg,t) with t, € [0,t],t € [0,T].
Proof. Set
p(t) = p~ (®(ts, 1), 1) (3.19)
Then holds by the chain rule and (3.14)
d _9 d
Zp(t) = —p 2 D(ty, 1), 1) —p(P(ty, 1), t
(1) = —p (@10, 0),1) 5 ({12, 1), )
_ PH(®(ta,t) )
PPt 1), 1)
=1.
Integration with respect to ¢ gives
p(t) =t + c(ts).
It follows by (3.19)
(Bt ,0) =
p X ) - t + C(tx)
We determine ¢(t;) by using the initial condition (3.15)
1
o layle),te) = = 2%
POt ta)obe) = o = palts)
Eventually,
pa(tz)
D(ty,1),t) =
p( ( ) ) 1+ (t - tx)pA(t:c)
O

The result of the previous Lemma defines the value of p on I for every t. Moreover, it leads
to a global solution p(x,t) on the interval I. The decisive component is the inflow boundary
function p4 which is chosen to be 0 for ¢ < 0 but differentiable on the interval [—oo, T']. This
choice ensures a smooth transition of p into the interval I\ I;.

Lemma 3.9. Let ®(-,t) € CY(Qy) for everyt € [0,T] and ®(t,,-) € C1([0,T]). Let |0y, ®(t.,t)] >
0 for some 6 > 0. Then the solution of (Tr 3.3) is given by

= 1 (2.0)pa (@ 1(@:0)

pA(®~ (@)
D, t) = xel, tel0,T] . (3.20)
0 zel\l, tel0,T]

It holds p(-,t) € CY(I) and p(z,-) € C1([0,T)).
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Proof. By the implicit function theorem and |0, ®(t,,t)| > &, the inverse function ®~!(y,t)
exists and is differentiable. p(z,t) is thus given by (3.18) on ;. We extend p continuously into
I\I; by 0 due to the assumptions on p4(t) in (Tr 3.3). Since p4 € C'(—o00,T), we also obtain
the differentiability of p in . ®~(y,t) is the inverse function for a fixed ¢ € [0, T] with respect
to the space variable. Since ® is differentiable in space and time and due to

d
O (D(ty,t),t) = —V@‘l(cb(twt),t)%@(tw,t)
we also obtain that ®~! is differentiable with respect to t. Since p4 is differentiable holds
p(l’, ) € Cl([O,TD O

3.2 Derivation of the Operator A

In this section, we present the derivation of the intego-differential operator A(®) by combining
the definition of ® in Definition 3.2, the Green’s function representation of d,u in Corollary 3.6
and the explicit solution p in Lemma 3.9. The derivation is based on [44, 55].

Integrating the streamline differential equation (3.3) over [ts,t] gives

t
O(ty,t) = Oty tz) — | Oxu(P(ts, 1), 1) dp.

2%
With (3.4), i.e. ®(tz,t;) =0 and (3.12), we obtain

t

D(ty,t) = — | Opu(P(te, p), 1) dp
te

t D(ty,u) 1
= / / yp(y, 1) dy — / (1 —y)p(y, p) dy +ua, —ua,| du. (3.21)
ty |40 D (ty,m)

To substitute p(x,t) by (3.20), we need additional information about the interval I;. According
to the definition, ®(-,¢) maps the set Q; onto the interval I; for every ¢t € [0,T], i.e.

O(-1) 1 0,4] — 1.

For the model to be meaningful, we have to exclude that any two streamline functions intersect
in the space time domain. Using this assumption, it is possible to determine the point that is
mapped with the greatest distance to the origin, i.e. supy<; <;|®(tz,t)[. The charge particle
that flew in first still needs to be in front, since otherwise a later particle would have ’overtaken’,
in other words the streamlines had crossed. We thus determine

sup |®(tz,t)] = (0,t) € I.
0<tz<t
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We adapt the integral limits to the support of p and substitute p by (3.20). We obtain for (3.21)

P(ty,t) = / / p(y, ) dy — / (1 —y)p(y, p) dy + ua, —ua, du
te ‘I)(tam/i)

B (P (y,p) 1) pa(®(y, 1))
/tz/o yl-}-(u—(l)_l(y,ﬂ)) A((I) 1( )) dyd,u
t [ ro(0,m) oA (y. 1)
- /tx [[b(tw,u) S L+ (o — 01y, 1) pa(®@1(y, p) dy +ua, —ua, | dp. (3.22)

In (3.22), we obtained an integral equation for ®. One way of solving the integral equation is to

reformulate it as integro-differential operator A and seek for its fixed point. In the next section
we will therefore introduce a set W (M, T,§) C C5%(Qy,[0,7]) in which we will apply a fixed
point argument.

Define the operator A applied to all invertible ® € Ct%(Qy,[0,T]) by
dydu

v / / e pA<ty>
e (= t)palto)], gy

/ / PA(ty)
te J (e, ) 1 + (n—ty)palty)

The integral limits in (3.23) are variable in ®. With the substitution y = ®(t,, 1), we allow to
conduct the calculations on a set independent of the choice of ®. This is advantageous as soon

dy +ua, —ua, du.  (3.23)
ty=P"1(y,)

as we compare the distance of the operator applied to two distinct streamline functions.

With the substitution y = ®(t,, 1), (3.23) reduces to

B (b, ) = /t / "Bt )0, B (1, M)H(Mpf(f;))m(ty) dt, dp

pa(ty)
- S ot sy~

- /t /t (I)(ty’ M)aty(p(tyv :LL) ('upf(ty))pA( ) dty dlu’

e pa(ty)
/tx/ (1 — ®(ty, )0, P(ty, )1+(,U_ty)p( )dty—{—uAl—qud,u. (3.24)

The fixed point ®(t,,t) is sought for in a subset of C1%(Qy, [0,T]). To show that the operator
A is a selfmap, we thus need the derivative of A(®) w.r.t. ¢,.

Lemma 3.10. Let ®(-,t) € C1(Q;) and info<y, <¢ |01, P(ts,t)| > & for some § >0 and t € [0,T].
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Then the derivative of A(®)(ty,t) w.r.t. t, is given by

%A@ () = [ (@ 10) =03, 0000012) <txpi‘(f§§pA<ty> o
t PA(ta:)
) Ok Sy s pyy e

dp+ug, —ua,. (3.25)

Proof. By differentiation of (3.24), we get

.
‘ pa(ty)
A(D) (s, t) = — 1 —P(ty,ts D (ty, ts -
B, A1) = = [ (0= 001y, 10)0, 000y, P2ty 4 s,

pA(ta:)
1+ (M - tx)pA(tx)

¢ pa(ts)
+ /tz(l — (I)(tacv M))ata:(b(tx’ /*L) 1+ (,u — tx)pA(tx) du

o ta - PA(ty)
= [ Bty )0, 00ty ) A

t
+ / Bt )0, Loy 1)
te

t

PA(tw)
+ | 0Bt
O e ) T pattn)

dp 4+ ua, —ua,.

3.3 Existence of a Fixed Point for A

In this section, we apply the Banach fixed point theorem to the operator A on the set
W(Ma T7 5) - Cl;O(Qta [07 T])v where

W(M7 T, 5) = {(I) € Cl;o(Qtv [O7T]) : CI)(',t) 1 Qe — 1, (I)(t$7t96) =0, HCI)HO,Qt§O,[O,T] <1,

100 @W)louo o < M, | ink |01, 9k, 1)] 2 6 > 0¥t € [o,ﬂ} .

There are five conditions on the functions ® in the set W(M,T,d). The first two conditions
ensure that every ® € W (M, T, ) maps into the interval I and fulfils the initial condition. The
second one is the boundedness in the sup-norm C%°(Qy,[0,T]) where the bound 1 expresses
that ®(t,,t) € W(M,T,d) maps into I. The derivative is bounded by a constant M which will
be determined in Lemma 3.13. The last condition provides the invertibility for the streamline
function ®(t,,t) which is important in multiple ways. First, the lower bound ¢ permits a bound
for the inverse function

IN

0,07 w.0)] = [ 2@ w0.0) | < | @ew) ] <5

Second, the invertibility condition on 9;, ®(t;,t) also ensures that the streamlines exist for every
time ¢. If the invertibility of ® was violated, then ® could not be a bijective map such that
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intersections of streamlines could exist. Last, it guarantees the expansion of I; in time, i.e. a
particle increases the distance to « = 0 for increasing ¢.

Excluding intersections of the streamline functions is important as otherwise, it would lead to
shock fronts as described in [52]. We will obtain conditions on the choice of the constant § while
examining whether A is a selfmap.

We first prove that W is a non-empty set and is convex.

Lemma 3.11. Let M > 2(ua, —ua,), 6 < ua, —ua, and T < 52—~ Then W (M, T,§) is

2(“,417/“'142)
a non-empty set.

Proof. We show that the streamline function corresponding to the gradient of the solution of
the Laplace equation

_AUO =0
U,()(O) = U4,
uo(l) = UA,

is contained in W (M, T, ).

The solution of the Laplace equation is given by
uo(x,t) = ua, (1 —z) +ug,m.

We thus define the streamline function ® as solution of the equation

d
%é(tﬂﬂt) = _8af:u0(¢)(t$7t)7t) - U/A1 - UAQ
B(ty, ty) = 0.

We obtain by integration over [t;, t]

t
D(t,,t) = D(ty, ts) +/ UA, — UA, AT
te

= (uAl - uA2)(t —ta).

We will now show that all the restrictions in the space W (M, T, ¢) are fulfilled for M, T and §
as chosen in the assertion. First, we see ®(t,,t;) = 0 and since ug, > ua, also ®(t,,t) — Ry.
Second, we have

1®ll0,0,0,00,11 = sup [ @(tz)lloe., ) + sup [2(H)]lo.q, < 2T (ua, — ua,),
0<t,<T 0<t<T

|0, ®

0,Qu:0,0,7] = Sup |0, ®(tx)|lo,ft,, ) + sup |0, @(t)ll0.Q, = 2(ua, — ua,),
0<te<T 0<t<T

and for all t € [0,7]

ogigfgt |0, Ptz )| = ua, — ua,.

With M > 2(ua, —ua,), 0 < uay, —ug, and T < 2%), all restrictions on @ in the set

(ua; —ua,

W(M,T,§) are fulfilled. O
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Lemma 3.12. The set W (M, T,6) is closed in the C10(Qy, [0, T])-norm.

Proof. We need to show that every convergent sequence {®,}, .y € W (M, T,§) converges to a
o c W(M,T,6). Let @, be such a sequence with

|®n — @[, o — 0 for n — oo.

The uniform convergence in C19(1,[0,T]) implies pointwise convergence. Then the initial con-
dition is fulfilled by &, as

(L, te)| = lm [®p(ts, te)] = 0.
n—oo

It follows that ®(¢,,t,) = 0.

As ®,, converges uniformly in the C'1%(I, [0, T])-norm, it converges even pointwise to ®. We
obtain for all (s, s) and (t,,t)

[D(52, 8)| + |D(ta, )] = nh%n;o(‘(pn(sma $)| + |®n(ta, t)])

< lim ( sup [|[®y(s)]

0,Q + sup_[|Pn(ts)llo,t,,17)
0<t,<T

i

= Hm {|®nllo.gu0,077 < 1.

Hence [|®[[g,0,:0,/0,71 < 1. The remaining restrictions are shown likewise and are therefore omit-
ted. 0

Since W (M, T, d) is a closed subset of the Banach space C1%(Qy, [0,T7), it is complete and thus
complies with the requirement of Banach’s fixed point theorem. The remaining part of this
section is concerned with checking whether A is a selfmap and contraction. First, it is shown
that, with a sensible choice of M, T and §, A maps W (M, T, ) into itself. Second, we prove
that A is a contraction for small 7T'.

Lemma 3.13. Let ® € W(M,T,0) and choose (ua, —ua,) > 0+ ||pallo,o1,

_ _ s 1 1 1 1
M =242(ua, —ua,) and T = inf { Tl Moalopor® 26 Tz, —uay) } Then holds

A:W(M,T,5) — W(M,T,s). (3.26)

Proof. A(®) fulfils the inflow condition
A(®)(ty,tz) = 0.

First we show that A(®) maps into the positive real numbers. Recall that A(®) is given by

A0 = _/t /tu 2ty 100 2ty )7 (Mpf(ttj))PA(ty) A i
+ /t /D (1= D(ty. 1)), Dty 1) o (Mpf(tt;))pA(ty) dty + ua, — wa, dp
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We will show that the two integrals are less than wa, — uwa, > 0 for small 7" which proves
A(®) > 0. We obtain for p € [0,7] and with the choice of T and w4, — w4, as in the assertion

uAy — A, — /t Bty )01, B(1y, 1) 1+ (Mpf(fj))m(ty) "
o ,OA(ty)
_ /O (1 — @(ty, M))atyq)(ty’ M) 1+ (,u — ty)PA(ty) dty’

> uay —ua, = T®llo,q,0,0.1 Hﬁtyq)HO,Qt;O,[O,T} loallo, o,

-T|1- (I)HO,Qt;O,[O,T] Hatyq)HO,Qt;O,[O,T} [pal 0,[0,77]

> ua, —ua, — 2T M ||pallg o 1y

>0+ lpalloor) — llpallojor =6 > 0.
In the next step, we investigate the remaining restrictions on ® in the set W(M,T,J). By
showing that || A(®P)
A(®)(-,t): Q¢ — 1.

0,0::0,0r] < 1, we have proved together with the previous result that

We show the boundedness of A(®). We obtain pointwise by the triangle inequality and the
definition of W (M, T, 0)

[A(®@)(tz, 1) <

L oprp
pA(t
/t /t (I)(tm/i)atyq’(tyvﬂ)l y) dty dﬂ’

=+ (N - ty)PA(ty)

bt palty) !
[ [ a-at.ma,we.m oyt | [
te Jo 1T+ ( te

w—ty)palty)

Lo PA(ty)
< [} el ool |2

t ot B PA(ty)
# 0= e mlanetnml |2

0,[0,77]

—+

dt, dp

dtydp +tlua, —ua,

<t 12 1l0.1:0.j0,77 Hatyq)HOQt;O,[O,T] lpal
+2 1 - ‘I)HO,Qt;o,[o,T} Haty(bHo,Qt;o,[o,T] HPAHO,[O,T] +tlua, —ua,

< 262M ||pallojo,ry + tlwa, — uay|

< 2T°M |lpallo o) + T lwa, — ua,l.
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It holds pointwise for the derivative (3.25) with the definition of W (M, T, 0)

t
© PA(ty)
o, A(P tz,tS (I)t,tm —la‘bt,tm dt
9 A0 = | [ @) = Dot P2 s
t
,OA(ta:) ’
+ O ®(ty, dp| + o T UA,
O e T ey | e ]
t
PA(ty)
< | 1®(ty,ts) — 1] |8y, B(ty, ta dt
_/0‘ (ty:t2) = 1] |01, D(ty, ta)| L+ (te —ty)palty) |

t patz)
+ /t 10r, Dtz )] ' L+ (1 = ta)palta)

<2tM ”PAHO,[O,t] + [ua, — ua,l

dp + |UA2 - uA1|

< 2TM |lpallo o) + lua; — uwa,l-

Finally, we need to show that A(®) is invertible. Using again (3.25)
|0, A(®) (L, 1)

L+ (tz — ty)pa(t L+ (p = ta)pa(ts)

te / t ‘.
[ @) - 10, 2(0.) palty) st + [ oot Palle) 4t uny —ua,
0 y te

The inverse triangle inequality gives

t
‘ pa(ty)
Op, A(®) (ty, t)] > |ua, — uny| — D(ty,ty) — 1), D(ty, L, dt
N e A A R L
t
pa(ts)
— O, P (12, d
e e T G )

> |ua, —uay| = TM|[palloo) — TM [|pallo o

> ua, —uay| —2TMl|pallo,jo,r)-

With the choice of 7', M and w4, — ua, as given in the assumptions of this Lemma, we obtain

1 1
1A®@) 0,000 = sup [[A@)()llog, + sup [A®)(E)llop, < 5+5 =1
0<t<T 0<t,<T 2 2

190, A@®) (b2, ). 0r000 = 51D 100 A®) Do, + 5D 196 A@) () o 1
0<t<T 0<to<T
<2+42up, —ua,| =M

and for t € [0, T

inf Dt t) >0 — = 0.
oglggt‘atz (te, )] = 6 + llpallo,jo,r — llpallo,jo,m

A(®) is thus bounded in W (M, T, §) and the last estimate guarantees the invertibility of ® which
is equivalent to the existence of the streamlines for every 0 <t <T. O

The second requirement on A in Banach’s fixed point Theorem is the contraction property. The
next theorem shows that A is Lipschitz continuous in W(M,T,0) with a Lipschitz constant
depending on T, |pallo,o,r] and a constant ¢(M) depending only on M. With T' sufficiently
small, A is even a contraction.
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Theorem 3.14. A: W (M, T,5) — W(M,T,d) is continuous in C0(Qy,[0,T)), i.e

|A(@) - a@)| < (5M + )Tlpall guoom |[© - |

I’Qt;o’[O)T} LQt;Ov[OvT]

for ® & € W(M,T,6).

Proof. It holds

|a@) - A@HL@,O,[O,ﬂ = s |a@)@ - a@) )|

+ s [0, A@)(L) - 0, A@)(k)

0<t,<T

L,Q¢

+ sup [|A@)(t:) — A@) (k)

(3.27)
Ov[tva} 0<t,<T

Ho,[tx,T} '

We use the representation (3.24) of the operator A, as the integral limits are the same for ® and P.
We begin with a pointwise estimate for |A(®) — A(®)|. For every (t,t) with ¢, € [0,t],t € [0,T]
holds

\A(@)(w) - A@)(tmt)\

R [
[ [t
Bty 1) = (.00, 8(0.0) T2y
(1 0002, 000000 — (1= Bl )00, 00000 1 L2t
//H (ty> 1) — D(ty )‘Iatﬂ)(ty,u)l’1+(MPA(tZy))pA(ty) dt, dp
) L 1ot 0, 80 et [ 2

" / / \@(W)—é(tm\at;b(ty,uﬂ\H Ly
o vt = 08t (1= ) [ 25 |

< 2001 + Dlpalon (|2 - 9

+ o, @ - 0,9 >
) ) 0,Q¢;0,[0,T

) -
<T2(M + I)HPAHO’[O’T] (H(I) B (I)Ho Q+;0,[0,T] + Hatyq) 5’tyq)Ho ,Q+30,[0 T]>

0,Q+;0,[0,T7]

where we took the supremum over 0 < ¢t < T in the last step. Conclusively, we have for the
first and third term of (3.27)

s A@ - a@)o)

< 72200+ Dlloalojon (2 - 2

0,Q¢

+ |on,@ - 0,8 )
0,Q+30,[0,7] 0,Q+;0,[0,T]
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and

e |a@) - Ay, o

< 72201+ Dlloal o (|2 - 3

+|on,@ - 0,8 )
0,Q+;0,[0,7T7] 0,Q+;0,[0,T7

We bound the first and second term |9y, A(®) — 8, A(®)| of (3.27) pointwise by

90, A@)(ta,1) = 91, A@) (1)

/tm (®(ty,te) — )8ty (ty,tz)pal(ty) dt _/ (‘i)( ty, te) — )aty (yv 2)pA(ty)
L+ (ts —ty)palty) Y ) L+ (tz — ty)palty)

dt,

pa(tz) palts)
/at’ T = tpatte) M /at* S )PA(tx)du’

(@t ) te) — (D(ty, ta) — 1)0p, B(ty, ts palty) dt
<[ (@t = 10, 000 — (Bt )~ 19, 8(0,.1) .

L+ (tz —ty)pa(ty)
][ (o0t - 000 u)) palle)

L+ (- )pA(t)
<

/t

z

+/f 00, (ta, 1) — 1, B(t, 1) ‘1+(upA(tix))pA(t )

D(ty,ts) — Bty t

dt,

|‘ t _t PA(ta:

)
8tI(I)(tz,/J,) - 8%&)(15:1:7#) ‘]‘ - é(tzdi) 1+ (/.Lpfgft;))pA(tl)

dp

dp

<M +2)T lpallo,om <H‘I’ - é’ 00001 | Hat’”q) %, HO,Qu&[O,T]) '
We have for (3.27)
1A(®) — A(®)[11,0150,0,7)
< (AM +8)T [|pallo o <Hq> ~ “llo.gio0] T Hatz@ B atzi)Ho,@;o,[o,T]) '

O]

The continuity constant of A depends on the maximum time 7". For small T" and in combination
with Lemma 3.13, we show that A is a contraction.

Theorem 3.15. With the assumptions and notations of Lemma 3.13 and T < 2(6M+8)ﬁpAHo ol
the operator A : W(M,T,§) — W(M,T,0) is a contraction, i.e.

J46@) =A@, g 1= 2 - 8]

17Qt;07[0aT} 1aQt§07[07T] .

Proof. The continuity constant of A is given in Theorem 3.14 as

e, = (6M +8)T [pallo,jo,r -
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< s i
for T < G Dlpalon Ve thus obtain

N =

O]

We arrive at the main result of this Chapter. By Lemma 3.13 and Theorem 3.15, A : W(M,T,¢) —
W(M,T,?¢) is a selfmap as well as a contraction. Hence, it fulfils both requirements in Banach’s
fixed point theorem. Using the definition of the operator A, we define a sequence {®,}, in the
space W (M, T,J)

B,y = A(®,) € W(M,T,5), &€ W(M,T,0) (3.28)
with @y being an arbitrary element of W (M, T, ?).

Theorem 3.16 (Existence of a Unique Fixed Point). Let

1 1 1 1 1
T := inf —

[8M||pallo o "2M|lpalloor) 2M 7 2(6M + 8)lpallojo,r” 4luay, —ua,| [

M =2+ 2(ua, —ua,) and |ua, —ua,| > 0+ ||pallo. Then the sequence (3.28) has a unique
fized point in W(M,T,J).

Proof. We use the Banach fixed point theorem to prove the unique existence of a fixed point to
the sequence (3.28). Lemma 3.13 shows that A is a selfmap and thus ®,, € W(M, T, J) for all
n € N. Theorem 3.15 proves that for T" small enough, the operator A is a contraction. It follows
immediately with the Banach fixed point theorem that there exists a unique fixed point to the
sequence (3.28) in the set W (M, T, J). O

The next theorem now gives the existence of a classical solution to (CP 3.1) for small time 7.

Theorem 3.17. Let T, M and 6 be as chosen in Theorem 3.16. Then a classical solution (u, p)
exists to (CP 3.1).

Proof. Theorem 3.16 proves the existence of a unique fixed point of & = A(®) € W (M,T,0).
With the restrictions in W (M, T, d), we conclude that there exists ®~1(y,t) € C1O(1,[0,T)).
Moreover, since @ is the fixed point to A, we know by the fundamental theorem of calculus
that @ is differentiable with respect to t. It thus holds for the fixed point ®(t,,-) € C([t,, T]).
Hence, p(-,t) € CY(I) and p(x,-) € C*([0,T]) by Lemma 3.9. By Lemma 3.5, we obtain u €
C%9(1,10,T]). We thus found the classical solution (u, p) to (CP 3.1). O
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3.4 Remarks about the Chapter

In this chapter, we have shown that for the model problem (CP 3.1) exists a classical solution
(u, p) with u € C%9(1,[0,7T)) and p(-,t) € C*(I) and p(z,-) € C1([0,T]) for small times T, when-
ever the Poisson boundary data u4,, v4, and inflow function p4 fulfil certain requirements. The
potential difference [ua, — ua,| and ps are dependent, since |ua, — ua,| > 6 + [|pallo o, for
some § > 0. There are two strategies to follow:

1. For a given boundary function p4 and § > 0, the potential difference must be chosen big
enough.

2. For 6 > 0 and a given potential difference [ua, —ua,| > 4, choose pa such that |[pallo 0,7

small enough.

The time interval of existence depends on the applied potential difference |ua, — wa,| and the

supremum of the inflow charge |[pallo,jo,r)- The greater the potential difference and |[pallo,o,7],
the smaller T" becomes.

This chapter focused only on the modeling of the inflow of charge into the domain. We did not
address the question of long time existence. A simple continuation argument is not immediately
applicable as it would require the initial distribution pg # 0. However, in the following chapter,
we will examine the general two-dimensional setting on a domain that is not convex and not
simply connected. Therein, we use the ideas presented in the previous analysis and apply them

in two dimensions.
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Chapter 4

Time dependent 2d

4.1 The Time Dependent Case

In this chapter, we analyze the existence and uniqueness of a solution to the two-dimensional
time dependent coupled problem. With the notations of Chapter 2, the model problem is given
by

Problem (CP 4.1). Let Q be a C%® domain and [0,T] a time interval. Find
(u, p) € C**0(Q,[0,T]) x CHL(,[0,T)) such that

—Au(x,t) = p(x,t) (z,t) € Q x[0,T) (4.1a)

u(z,t) = ua(x) z el x[0,T] (4.1b)

%p(w,t) b E(@,4) - Vp(a,t) + pX(z,1) = 0 (2.1) € 2 x [0,T] (4.1¢)
p(x,0) = po(x) ASRY) (4.1d)

plx,t) = pa(x,t) (z,t) e - x [0,T (4.1e)

—Vu(z,t) = E(z,t) (x,t) € Qx[0,T]. (4.1f)

with pa € CHYT_,[0,T)), po € CH(Q), ua € C>*(T) with ualr_ and ualr, constant with
UA‘F, > UA‘F+-

Many authors have been studying similar problems in connection with vortex patches. Huang
and Svobodny proved in [44] the existence of a unique classical solution to a problem using an
integrated transport equation. This work and the three dimensional model of [55] provide the
basis for our analysis. Yet, our problem differs from the previous ones in several aspects. First
of all, we use the Poisson equation (4.1a) while in the study of vortex patches an additional
mass term is required in the elliptic equation, i.e. —Awu+ u = p. Furthermore, to pay tribute to
the model of corona discharge, we have to model the applied potential and the inflowing charge.
In this Chapter, we will present a generalization of [44, 55] by using nonhomogeneous inflow
boundary conditions (4.1e) and Dirichlet boundary conditions (4.1b) for the Poisson equation
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on the bounded non-convex, not simply connected domain 2. However, as in [44], we do not find
a classical solution to (CP 4.1). Instead, we first have to reformulate the coupled problem and
substitute the transport equation by an integrated formulation. Let us start with an overview
about this chapter and define the set of equations for which we prove the existence of a classical
solution.

In section 4.3, we introduce the streamline functions of the transport equation that play a cru-
cial role in the analysis. The main idea, presented in section 4.4, is to reformulate the coupled
problem as system of integro-differential operators A; and As that use the streamline function
as their argument. We strictly divide the analysis of the streamline functions into the study of
the transport of the inflowing charge and the transport of the initial distribution pgy in time. Let
us define an initial domain Q¢ by Qo := (Heonvez (SUpPP po))\Q2— where H oppex(SUPp po) is the
convex hull of pg. Then the transport of the initial distribution is described by the streamline
function ®; : Qy x [0,T] —  given as solution of

%(m,t) = E(®(x,t),1) (x,t) € Qo x [0,T] (4.2a)
1(z,0) =@ z € . (4.2D)

The charge distribution p at a time t is decomposed into two sets. On one hand, it is the image
set F C Q of Qy under ®1(-,t) and on the other hand it is the set Q7 of charge that flew in the
domain up to the time . We also want to define the transport of the inflowing charge and need
therefore a second streamline function ®5. As in Chapter 3, we first define an inflow set.

Definition 4.1. Let Ly_ be the arc length of the closed boundary curve ¢ as defined in (2.1)
and Iy :=1[0,Lr_]. For at € |[0,T], we denote the inflow set by

Q: == [0, Lr_] x [0, 1]. (4.3)

An element (s,t,) € Q¢ defines the starting point p(s) € I'_ and the time of emission t, for a
particle. The set

% ={Q1 Qo}
is called the initial set for time t € [0,T]. Its elements are given by

TEEt.

The elements of ¥; represent the initial positions and emission times for all charge present at a
time ¢t <T'. ¥; is a set of two disjoint sets and is disconnected.

With this definition, we obtain analogously to Chapter 3 the streamline function ®5. It de-
scribes the particle trajectories starting from the inflow boundary and is given as solution of

()
%(s,tz,t) = E(Do(s,ty,1),1) (8,tz,t) with (s,t;) € Q¢ t € [0,T] (4.4a)

Dy (s,ty,t:) = @(8) (s,tz) € Qp. (4.4b)
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With the streamline functions ®; and ®9, we find the position of a charge particle at a time ¢
that was initially present or flew into the domain. Hyperbolic partial differential equations such
as the transport equation reduce to ordinary differential equations on the streamlines. We use
this observation and obtain in section 4.3 the solution p to the coupled problem by

O, Y S Q\Qt
po(®1 " (y:1)) 1
p(y,t) = T tpo (5= (3.0)) y €LY (4.5)

pa(®y " (y:t))

2
@ w)oa(@; ) Y€ 2

where Q) is the range of ®;, Q7 the range of ®y and Q; = Q} UQ? and ;' (y,t) and &, (y, )
are understood as inverse functions with respect to the space variable for a fixed time ¢. In this
Chapter, we will seek for a classical solution in the following sense.

Problem (CP 4.2). Let Q be a C%° domain and us € CH*(T'). Let further

pa € COUYNQT), po € COH Qo) with Qo := (Heonvez (SUpp po))\Q— CC Q and ua € C>*(T') with
uAlr. = wua, and ualr, = ua, constant with ua, > ua,. Moreover let the transition between pg
and p4 be continuous, i.e. po(x) = pa(z,0) forx e T'_.

Then find (u, p) € C%%0(Q,[0,T]) x CO¥L%(Q,[0,T)), such that (4.1a), (4.1b), (4.5) and (4.1f)
hold pointwise.

We now proceed as follows. In section 4.2, we find a representation of the solution u of the Pois-
son equation in terms of Green’s function. In section 4.3, we derive the solution (4.5) in more
detail and discuss requirements for the streamline functions ®; and ®o such that p is well de-
fined. Combining the Green’s function representation of v with (4.2a)-(4.2b) and (4.4a)-(4.4b),
we obtain a system of integro-differential operators A = (A1, A2). In section 4.4, we will define
function sets Wy and W» of all streamline functions that lead to a possible solution of (CP 4.2)
and in particular whose elements are invertible. The remaining part of this Chapter then deals
with proving the existence of a unique fixed point to A in a set W C Wy x Ws. Unfortunately,
the existence of a fixed point A(®1, P2) = (P, Py) cannot be proved with the Banach fixed
point theorem as A lacks the contraction property. We will instead use a compactness argument
to show that a classical solution to (CP 4.2) indeed exists for a small time interval 7" and small
data p4 and pg. Eventually, we show that the solution can be extended in time until the support
of p reaches the outflow boundary I';..

Beside the classical norms defined in Chapter 2, we need to define the C**(Q;) norm on the
inflow set.

Definition 4.2. Let Q; be defined as in (4.3) with t € [0,T]. For any multi-index 8 = (1, B2),
m =8|, 0 < a <1, and any function f : Q; — R?, denote by

’f‘ Qe — sup |8Bf(81’t1) — aﬁf(s%t?”oo

(81’t1)72(‘3_27t2>6Qt, ‘(Slth) - (327t2)|go
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the Holder seminorm and by

Hme,oc;Qz = Ssup ‘86f<37tz)’oo + ‘f|m,a;Qt

(s,tx)€EQy,
[BI<m

the Holder norm.
We define the corresponding function spaces

(@) ={f € C"™(Q1) : [Ifllm,as, < 00} (4.6)

The normed space C"*((Q;) is complete. We obtain the well-known result

Lemma 4.3. /3, p. 44] The space C™(Q) is a Banach spaces.

Analogously, we define space-time Hélder functions on @y and ¢ € [0,T]. Note that here we need
to carefully work with the dependence of @ on ¢ € [0, 7.

Definition 4.4. Let Q; be as defined in (4.3) and f : Q¢ x [0,T] — R2. For any multi-index
B = (B1,P2), m=|B|, integer | <k and 0 < o <1, 0 <~y <1, we denote

1l @ty fo.ry = SUP D 0t Ollmaso + sup D N2 (st ki) (A7)

stshcp (s,tz)EQT 18|<m

We define the function space of (m,«)-Hélder functions in space and (k,~)-Hélder functions in
time by

Cm’a;kﬁ(gv [Oa T]) = {f RO [O’T] — R2 : ”f”m,oz,Q;k,'y,[O,T] < OO} . (48)

If the norm is taken only w.r.t. to @, then we write for every 0 <t < T

[fOllmaq = sup |f(s,tet)]o
(Satm)EQt

to emphasize the variability in t. Analogously, we write for every (s,t;) € Qr

£ (8, te)lle o) i=  SUD (8,2, 1)]o0
to<t<T

to emphasize the variability in (s, ;).

Lemma 4.5. [3, p. 44] The space C™F7(Qy,[0,T)) is a Banach space.

4.2 Poisson Equation

In this section, we will investigate the existence and uniqueness of a classical solution to the
Poisson equation. In contrast to the one-dimensional problem of Chapter 3, a continuous right-
hand side function p is not sufficient to prove existence and uniqueness of a classical solution.
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The classical theory for elliptic partial differential equations is done in the space of Holder
continuous functions. In this section, we will first use the linearity of the Laplacian to decompose
the Dirichlet problem for the Poisson equation into two subproblems. We then introduce the
Green’s function representation of v and examine some of its properties.

Problem (Po 4.3). Let Q be a C** domain. Let p(-,t) € C*(Q), us € C*>*(T') and t € [0,T).
Then find u(-,t) € C**(Q) such that

—Au(x,t)

p(x,t) xz € (4.9a)
u(z,t) =u

A(T) rel. (4.9b)

The existence and uniqueness of a solution to (Po 4.3) is given by the following Theorem.

Theorem 4.6. [34, Theorem 6.14] Let Q be a bounded C** domain, p(-,t) € C%(Q) and
us € C*%(T). Then the Dirichlet problem

—Au=p x e
U=1uy x € 0N

has a (unique) solution u lying in C**(Q).
We will now investigate some properties of the Poisson equation. The linearity of the Laplacian

allows us to decompose (Po 4.3) into an equivalent formulation of two subproblems. With the

decomposition v = ug + u1, we obtain for ¢ € [0, T

—Auy(x,t) = p(z,t) z e (4.10a)
ui(z,£) =0 zel (4.10D)
and
—Aup(z) =0 x € (4.11a)
up(z) = ua(z) rel. (4.11Db)

By Theorem 4.6, we immediately conclude that unique solutions u; and gy to (4.10a)-(4.10b)
and (4.11a)-(4.11b) exist.

Further, we observe that the Dirichlet problem for the Laplace equation (4.11a)-(4.11b) is in-
dependent of time, as the solution only depends on the domain 2 and the time independent
boundary function u4. The time dependence of w is thus introduced by u; through the time
dependent right-hand side function p. We will now introduce the Green’s function representation
of uq.

Definition 4.7. [9, p. 117 [f.] Consider the Poisson equation —Au = p in  with Dirichlet
boundary data u(z) =0 for x € OQ. Let 6 be the Dirac delta function. A function G(z,y) with

—AG(z,y) =d(x —y) reN, ye
G(x,y) =0 x €I, ye

1s called Green’s function.
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The definition shows that Green’s function G(x, y) depends on the shape of the domain. The next
theorem confirms that Green’s function always exists for regular domains and is thus applicable
to the problem (Po 4.3).

Theorem 4.8. [63, p. 119] Let Q be a C%' domain. Then the Green’s function exists for €.

We can now rewrite u; as a singular integral equation.

Lemma 4.9. The solution uy of the Poisson equation —Auy = p in Q with Dirichlet boundary
data uy(z,t) =0 for x € 00, t € [0,T] is given by

ui(z,t) = /QG(:I:,y)p(y,t) dy xeQ, tel0,T]. (4.12)

Proof. To verify the assumption, we show that u; given in (4.12) is a solution of the Poisson
equation. Applying the Laplacian gives

—Auy(z,t) = /Q —AG(z,y)p(y,t) dy = /95@ —y)p(y,t) dy = p(z,t).

The boundary conditions are fulfilled due to the boundary conditions on G(z,y). By Definition
4.7 holds for xzg € I

ui(zo,t) = /QG(xo,y)p(y) dy = 0.

O]

With the previous result, we now define the singular integral operator GGy for the Poisson problem

(4.10a)-(4.10b), i.e. G1p = uy for a given right-hand side function p(-,t) € C%(Q2).

Theorem 4.10. Let Q be a bounded C*® domain and p(-,t) € CY(Q). Then for everyt € [0, T]
the linear operator Gy : C*(2) — C*%(Q) defined by

Guplr.t) = /Q Gz, y)ply,1) dy (4.13)

is the solution operator to the Dirichlet problem for the Poisson equation (4.10a)-(4.10b), that
18

uy = Glp. (414)

Proof. By Lemma 4.9, we obtain the integral operator G;. It is left to prove that
Gip(-,t) € C%%(Q). As uy € C*%(Q), we obtain by Theorem 4.6

Gip=u(-t) € 02’0‘(@).
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We now obtain a representation for the solution u of (Po 4.3) that will be the basis for the

following analysis. We therefore sum up the previous results in the following Lemma.

Lemma 4.11. Let Q be a C** domain, p € C*%(Q,[0,T]) and ug € C>*(T'). Then the solution
u € C*Y(Q) of (Po 4.3) is given for every t € [0,T] by

u(z,t) = Gip(z,t) + up(zx) (4.15)

with G1p € C*%0(,[0,T]) and ug € C**(Q). Moreover holds u € C**9(Q, [0,T]).

Proof. As the Laplacian is linear, we split (Po 4.3) into u(x,t) = ui(z,t) + uo(x). By Theorem
4.6 and Theorem 4.10, we obtain Gyp(-,t) € C%%(Q) and uy € C%*(Q). As p € C40(Q,[0,T)),
we can conclude that also Gip € C?%%(Q,[0,T]), as the time dependence of G1p is only in-
troduced by p. Since ug is constant in time, it is also continuous in time. We thus obtain
u € C*%0(Q,[0,7)). O

A helpful tool in the upcoming analysis is the continuous dependence of u on the right hand side
and boundary data. In case of the sup-norm, a first a priori bound is given by the maximum
principle.

Theorem 4.12. (Maximum Principle)[34, Theorem 3.1]
Let Q be a bounded domain and —Au = 0 in Q with u € C?(Q)NCY(Q). Then the mazimum of
u 18 achieved on 0S), that is

supu(x) = sup u(z).
z€Q €

A consequence is the following a priori bound for the Poisson equation.

Theorem 4.13. [34, Theorem 3.7] Let Q2 be a bounded domain, and —Au = p with
u € C%Q)NC?(Q). Then

sup |u(z)| < sup [u(z)| + () sup |p(z)]
e TEIN e

where ¢(Q) is a constant depending only on the diameter of Q.

Schauder developed a priori estimates for classical solutions of elliptic partial differential equa-
tions in the C%%(Q2)-norm in [57, 58]. It shows that the solution of the Poisson equation is
bounded by its right-hand side and boundary data, if all quantities are sufficiently regular. The
standard references for this topic are [34, 51].

Theorem 4.14. (Schauder’s A priori Estimate)[34, Theorem 6.6]
Let Q be a C*% domain in R Let u € C*%(Q) be the solution of —Au = p,ulr = ua with
p € C¥Q) and us € C*%(Q). Then holds

[ull2,0:0 < co(€, @) ([[ulloe + [lpllase + luall2,ar)

where co(2, ) is a constant depending on « and the domain €.
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With the previous results, we are able to obtain a priori bounds for ug and u; and consequently
also for the solution u of (Po 4.3). The a priori bound for u; implies the continuity of the
operator G1.

Lemma 4.15. Let Q be a C*% domain, p(-,t) € C*(Q) and uy € C>*(T'). The mappings

G1:C°(Q) = C%(Q) (4.16)
Gy : C(Q) = C**(Q) (4.17)

are continuous for every t € [0,T] with continuity constant cs(a, ). Further holds for ug

[uoll2,a:0 < es(Q, )l[uallz,a;r-

Proof. Since uj(x,t) = Gip(x,t) and uy(z,t) = 0 for z € T', t € [0,T], application of Theorem
4.13 gives

sup |G1p(z, 1) < ¢(€) sup [p(z, t)].
e e

By Theorem 4.14 and 4.13, we obtain

1G1p(1) 2,000 < o, Q) (Jur(®)llog + [[o(t)]la02)
< co(a, Q) (c(Q) + Do) [laq-

By Theorem 4.13 and 4.12, we have

200 < c0(2 @) ([Juollog + [[wallz.ar)

< 2¢o(a, Q)[Juall2,a:r-

||U0

With ¢g(€, a) = max {2¢o(Q, ), co(Q2, @) (c(2) + 1), ¢(Q)}, the proof is complete. O

The constant cg(€2, «) that was defined in the previous Lemma depends only on « and 2 and
is thus independent of time. The exact size of the constant is unknown. It is only important
for applications in section 4.10 that cg(£2,«) is the same for every ¢t € [0,7] and depends on
quantities that are a priori known.

With Theorem 4.14, we can bound ||VGip(t)|/on. However, it is bounded by ||p(t)|la,o which
is not always convenient in the following analysis. Let us therefore investigate VG further and
find a bound in terms of the sup-norm of p.

Lemma 4.16. Let Q be a C*% domain and p(-,t) € C°(Q). Then holds for every t € [0,T]

sup
€

| G ot dy| < cldiam(@) IOl (4.18)

oo
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Proof. It holds pointwise

/VG z,y)p(y,t dy' /IVG z,Y) oo |0(y, )| dy
< o)l /Q VG (z,y)., dy
< Ip®)llo.0 /Q VG 9)ll, dv, (4.19)

with || - ||2 being the Euclidean norm. Since €2 is a C*% domain, we may apply [63, p.128] to
bound ||VG(z,y)||2. It holds

VG (a0l < ctdian(@)log (52 ) o =l

Hence, we bound the integral (4.19) by using polar coordinates

: |z —yll2 1
< _
[ 196l dy < ctaian() [ 1o (=) e = ol ay
giam(@) [ ! L d
< ] - _
< c(diam( ))/0 8 <6diam(Q)> rr "

diam(2)
log SR -
"%\ 6 diam(Q) .

diam(Q) log <é> - diam(Q)' .

< ¢(diam(€2))

< ¢(diam(€2))

< ¢(diam(€2)).
The assertion follows with (4.19). O
4.3 Transport Equation

We will now explain in detail how the integrated transport equation (4.5) is obtained and
therefore start off with the second subproblem of (CP 4.1).

Problem (Tr 4.4). Let Q be a C*% domain. For a given vector field E € C1*%(Q,[0,T)), find
p € COL(Q,[0,T)), such that

oip(x,t) + E(x,t) - Vp(z,t) + p*(2,t) = 0 (x,t) € Q2 x[0,T) (4.20a)

p(z,0) = po(x) z € (4.20b)

plx,t) = pa(x,t) (x,t) e - x [0,T (4.20c)

with pg € C¥Y(Q) and py = 0 for x € Q\Qo, pa € COH(Qy) and po(xo) = pa(so,0) for all
zo = ¢(s0).

One method to solve partial differential equations of hyperbolic type such as (4.20a) are the
streamline functions or characteristic curves. In our model case, we consider the transport of
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two disconnected sets, that is on one hand the initial distribution €2y and on the other hand the
inflow set ;. It is therefore necessary to obtain a piecewise definition of the streamline function
and to distinguish those that are defined on Qg and Q.

For the initial domain €, the streamlines shall start from every point = € Qq as every point is
transported in time. We obtain the streamline function ®; : Qg x [0, 7] — Q} C Q as solution
of the initial value problem

%@1(x,t) = B(®q(x,1),1) (z,t) € Qo x [0,T] (4.21a)

®y(z,0) ==z z € Qo. (4.21Db)

In the above definition, the time interval [0, 7] must be chosen small enough such that the range
of ®1, i.e. QF, is subset of Q for every ¢t € T. Q} shall be understood as the image set of Qg
under ®; at a time ¢t. ® is a tool to determine the position of a point = € )y at a time ¢t < T.
We are thus able to follow the path of a particle in time.

As @y describes all points flowing into the domain through the inflow boundary I'_, the corre-
sponding streamlines need to start on I'_. We obtain the streamline function
Dy : Q¢ x [0,T] — QF as solution of the initial value problem

%ég(s,tx,t) — B(®a(s, b0 1), 1) (5,£2) € Qi t € [0,T] (4.222)
Do(s,ty, ty) = @(s) (s,tz) € Qr (4.22b)

where ¢ is the parametrization of the inflow boundary I'_. Again, Q7 denotes the image of Q;
under @5 for a time ¢t < T. ®y(s,t,,t) gives the position of a charge particle at time ¢ that flew
into the domain at z = ¢(s) at a time t, < t. The corresponding one-dimensional case has been
discussed in Chapter 3.

To simplify the notation in some cases, we will refer to the piecewise defined streamline function
P — Q= Q UQ? C Qif the computations are the same for ®(z,t) and ®5(s,t,,t). We
define

L <I>1(a;,t) T=x€
rt)= { Po(s,te,t) T =(s,ta) € Qs (4.23)

Later on, we will also use the 2-tupel notation ® = (®;,P2) which shall be understood as in
(4.23). As ®(,t) describes the particle trajectories, we conclude for the charge density p that

supp {p(z,t)} C Q.

The streamline functions ®;(x,t) and ®o(s,t,) play a crucial role in the procedure to prove
existence and uniqueness of a solution to (CP 4.2). Following [44], they are the key to formulate
the integro-differential operator A in section 4.4. Further, the streamline function ®(7) enables
us to find the solution p to (Tr 4.4). Given a velocity field E, the hyperbolic partial differential
equation (4.20a) reduces to an ordinary differential equation on the streamlines.
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Lemma 4.17. Let ®(7,t) be defined as in (4.23). Then the solution p of (Tr 4.4) solves

dP(‘I’(d?t)’ﬂ = 2 (D(r, 1), 1). (4.24)

Proof. The total derivative of p(®(7,t),t) with respect to ¢ gives

Op(®(T,t),t) d[®(T,t)]1 . Op(D(7,t),t) d[®(T,t)]2 n Op(®(7,t),t)

@09 = 5amon @ oe(rl  dt ot

ap

d
= Vap(O(7,1),1) - gé(ﬂ t) + Op(@(7,1),1). (4.25)
(4.20a) evaluated at x = ®(7,t) together with (4.21a) and (4.22a) gives

8tp((I)(T,t),t) + pZ(CI)(T,t),t) = _E((I)) ’ VP((I)(Tv t)7t)
d

=~ 0(n,1) - Vp(2(r,1),1). (4.26)

Substituting (4.26) into (4.25), we obtain

@p(@(ﬂ t)? t) = _8t/0((1)(7—7 t)v t) - p2((I)(T, t)v t) + atp((l)(Tv t)? t)

= —,02((1)(7', t)v t)'

O]

The nonlinear differential equation for p(®) obtained in Lemma 4.17 is explicitly solvable subject
to the initial conditions pp and p4. The piecewise definition of ®(7) is reflected in the solution
p on a streamline.

Lemma 4.18. Let Q be a C*“ domain. Then the solution p for the initial value problem (Tr
4.4) is given on the streamlines by

Sty
TS T = (s,t) € Qs

_po(@) _ T=x€Q
p(®(,1),1) = {

Proof. Set

p(t) = ———r. (4.28)




Integration with respect to ¢ gives
p(t) =t +c(1).

It follows with (4.28)

1

p((I)(T, t)vt) = t+ C(T)

We now have to distinguish the cases 7 € Qg and 7 € Q;. We use the initial conditions (4.21b)
and (4.22b) for @4 (z,t) and Pa(s,t,,t). With &1(z,0) =z , we get

p(®1(x,0),0) = @ po(x)
and thus
Pl (2,0).0) = T2

Analogously, we obtain for ®9

1

p(P2(s,te,ts), te) = o+ o(sity) = pa(z,ts)

resulting in

pa(@,ts)

p(Pao(x, ty,t),t) = 15— t)pala)

0

The piecewise representation of p in (4.27) must not be understood as a global solution in
the domain 2. As (4.27) is defined on the streamlines, it only gives the solution in the time
dependent domain ;. However, due to the choice of pg, extending (4.27) by 0 into 2\ results
in a continuous solution p for z € €. To do so, it is necessary to use the inverse streamline
functions <I>f1 and &, ! where the inversion is understood with respect to the space variable, i.e.
x € Q and (s,t;) € @, for every fixed time ¢t. We will need to define an interface between the
images of ®; and ®3 and exclude any overlapping of the open domains Q; and Q7 in order to
obtain well defined inverse functions.

Definition 4.19. We say that ®; and P9 fulfil an interface condition if the image domains
intersect only in boundary points, i.e. the open domains Q} and Q2 are disjoint and

Dy (x0,t) = Pa(s0,0,t), for all xo = ¢(so). (4.29)
The closed curve given by
I = [y« ®1(z0,t) =y = Pa(s0,0,1), for all z9 = @(sp) € T_} (4.30)

is called interface of ®1(x,t) and Po(s,ts,1).
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Theorem 4.20. Let Q be a C** domain, Qf C Q, QF C Q with Qf and Q? disjoint. Further
assume that the interface condition

Dy (x0,t) = Pa(s0,0,t), for all xo = ¢(so),

holds and let ®1(x,t) and Py(s,t,,t) be invertible for every fized t € [0,T] with respect to the
space variable. Then holds
a) The solution p of (Tr 4.4) is given by

0, y e
po (@7 (y,1) 1
ply,t) = Trono(@7 1 (5.0) y € (4.31)

pa(®y  (y:t))

2
@, W@, Ty 7€ 2

b) p is continuous for x € Q.

Proof. a) By Lemma 4.18, we know the solution p in €. Due to the definition of € as
Q¢ 2 suppyeq 1p(y, 1)}, it holds further that p is continuously extendable by 0 into \€2;.

b) By a), it is immediately true that p|g is continuously extendable by 0 into Q\(. It is
left to show that we have a continuous interface between p\Qtl and p| o2 For every y € I'/¥, there
exist sg and xy due to the definition of the interface, such that

Dy (x0,t) = y = DPa(s0,0,t) with ¢(sg) = xo. We now use the invertibility of the streamline
functions and the continuity condition for py and p4 claimed in (Tr 4.4). Hence we obtain by
(4.27) for y € TIF

po(®1 (Y1) po(®1 (Pi(20),1))
Lt tpo(®7 (y, 1)) 1+ tpo(®@y (@1 (20, 1), 1))
_ polzo)
1+ tpo(zo)
pA(s0,0)

~ 1+ tpals0,0)
pA(®3 ' (y,1))
1+ tpa(®5 ' (y,1))

and thus the continuous transition of p at '/ O

4.4 Derivation of the Integro-Differential Operator A

We are now going to derive the integro-differential operators A; and A, following the method of
[44, 43]. We begin with manipulating ®; and ® and to formulate these as integral equations.
With the differential equation (4.21a), (4.1f) and the representation (4.15) of u, we obtain

d<I>1(:E, t)

T —Vu(®q(z,t),t) = —Vag, / G(P1(z,t),y)p(y,t) dy + Eo(P1(x,t)) (4.32)
Q
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where Ey = —Vug and Vg, shall be understood as gradient with respect to the argument ®;.
Integration with respect to ¢ over [0, 7] and using the initial condition ®1(z,0) = x in (4.21b),
we obtain

<I>1($,t) = x_/() VCIH /QG(CIH(:E,M),y)p(y, /’L) dy—EO(q)l(xnu’)) d:u

t
o [ [ VoG 0)plo ) dy - Eo@a(o )i (433)
Analogously, we derive with (4.22a), (4.1f) and (4.15) the following integral equation for ®o(s, ¢, 1)
d®o(s,ty,t
2(2;) = Vi, u(®a(s, o, 1), t)

= —Vq>2 /Q G((I)Q(S7 2 t)? y)p(ya t) dy + EO((I)Q(Sa ty, t)) (434>

with again Ey = —Vug. By integration over [t,,t] and the initial condition ®(s,t,,t;) = @(s)
in (4.22b), we get

Ba(s, b 1) = p(s) — / Va, /Q G(®a (5.t 1), )Py 1) dy — Bo(®a(s, b, ) dp

= ¢(s) —/t /QV¢2G(¢z(8,tz7u)7y)p(y,ﬂ) dy — Eo(P2(s, tw, 1)) dpe. (4.35)

At the first glance, it might appear that the right hand side of (4.33) only depends on the
streamline function ®; and that the analysis for ®; could be done without the knowledge of
®,. In fact, this is not the case as p defined in (4.27) depends on both streamline functions
®; and ®5. We now reformulate the presented integral equations for ®; and ®, as system of
integro-differential operators that are applied to 2-tuple ® = (®1, ®2) by

Ay (®)(z,t) = o — /O /QV<1>IG(<I>1(967 1), 9)p(y, ) dy — Eo(®1(, 1)) du (4.36)

and
A2(<I>)(S,tx,t)=<p(8)—/t /QV¢2G(<I>z(8,tz,ﬂ)7y)p(y,u)dy—Eo(<1>z(s,tx7u))du (4.37)

where p is defined in (4.31).

Lemma 4.21. Let Q be a C*% domain. If solutions ®; and ®o of (4.33) and (4.35) exist, then
they are given as fixved point (D1, Po) = (A1 (D1, Pg), Ao (P1, P2)).

Proof. The right hand side of the integral equations (4.33) and (4.35) depend on ®; and ®2 due
to the function p defined in (4.31). To find the solutions ®; and ®,, we therefore need to find
the fixed point of the integral operators (4.36)-(4.37). O

To obtain a classical solution (u, p), the fixed point ® of A := (A1, Az) has to be a Ch*-function
in space on the respective domain of definition. The next Lemma states the gradients of both
operators as they will be used frequently in the following.
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Lemma 4.22. [t holds
t
VA (®)(z,1) 21—/0 chl/QV@G(‘Pl(w,u),y)p(y,u) dy V& (xz, ) dp

+f VB 1)) V1 (2, 10 (4.38)
0

and

t
VAs(®)(5, b, 1) = Da(s,t2) — / Va /Q VaG(®a (s, tay 1), Y)p(y, 1) dy Vs (s, b, 1) dp
te

t
+ VE0(©2(87t1‘7:u’)) v®2<87tx7u) d/"L (439)
2
with I being the identity matrix and

cin— [ WEL [JoVGC@(9),v)p(y,ta) dy — Eo(e(s))]
Datste) (w%m mvmwﬂwmm@@—%@@m> (440

where [-]1,[-]2 denote the first and second components of the vector.

Proof. In case of VA;(®), the Lemma is a simple application of the chain rule. For VAs(®), we
first find the derivative with respect to s.

t
asAQ(q))(satma t) = SDI(S) - / VCI)/ V<1>G(<I>2(s,tx,,u), y)p(ya//b) dy 88@2(5775%’ :U‘) d:u
ta Q

t
+ | VE(P2(s,te, 1) OsPa(s, s, 1) dpt.
tx

For the partial derivative with respect to t,, we also have to differentiate the integral limits.
00 Ao ®)(512.0) = [ TG(a(s,t2,82),1)pl0: )y~ Eal®5,10,1,)
- /tt Vo /Q VaG(Pa(s, te, 1), y)p(y, 1) dy Or, Po(s, ta, 1) dps
+ tVEO(CDQ(S,tx,u))8t1<1>2(s,tm,u)d,u.

2%

By (4.22b), i.e. ®o(s,ty,tz) = p(s), we obtain the assertion. O

4.4.1 Definition of the Set W (M, T, K, 0)

We will now define subspaces Wy and Wy of C1%%(Q, [0, T]) and W C W; x Wy in which we will
seek for the fixed point ® = (P, P3) of (4.36) and (4.37). The elements ¢; and Py of W; and
W5 obey certain restrictions in order to be possible solutions to (CP 4.2). While W is chosen
as in [44], we have to do some more considerations for Wa.
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Definition 4.23. Define the sets

Wi(M,T) = {® € CH*(Q0,[0,T]) : @1(-,t) : Qo — Q, ®1(z,0) =z,

1@ 1[]1,0,0050.[0,7) < M,OzltlgT 11 = V&1 (t)]l0,0 < 0-5} (4.41)
and
Wo(M, T, K,§) := {®3 € CV%(Qy, [0,T]) : ©2(-,t) : Q¢ — Q for t € [0, 7],
Do (s, tatz) = @(5), 1®2ll1,Qp:0,00,1) < M,
S, 1D = Ve®2(t)llo: < 77 S0P, V@ ()|aq < K
(s,tigSth |0, Pa(s, e, t = tg) - (—5(s), pl(s))]| =6 > 0} (4.42)
with

[P'(s)]y 01, Pals, by B)li=t.]o

Choose the constant 6 in the set Wo(M, T, K, ) such that

|Eo(p(s)) - p(s)*| > 26,
. .
inf [Eo(2)]oc 2 20

D@w:<wwm[%%@%mm$)' (4.43)

with Ey = —Vug being the solution of (4.11a)-(4.11b).

Remark 4.24. The field Ey as solution of the Laplace equation (4.11a)-(4.11b) is constant in
time. By defining the boundary condition ua and the geometry of 1, we thus define the constant
d. 0 depends on the difference ualr_ — ualr,. The bigger the difference ualr_ — ualr,, the
larger § is.

The initial condition on ®; € W;i(M,T') ensures that the streamlines start from every point
x € Qp. In case of Ws, the initial condition states that every streamline starts from the inflow
boundary. While ®; is bounded by a common constant M in the C1:%%(Qqx [0, T]) norm, we need
to distinguish two cases for ®5. For technical reasons, the C%(Q;)-semi norm of V® is bounded
by a second constant K. The remaining restrictions on ®; and ®, ensure the invertibility of the
streamline functions. We therefore introduce the following result based on Neumann series and
show that any ®; € W and ®5 € W5 are invertible with respect to the space variables.

Lemma 4.25. Let K be a continuous endomorphism on a Banach space V.. Let I :' V — V be
the identity operator. If

|K‘VSQ<L

then I — K is invertible. (I — K)~' is bounded by

=57 < (4.49)
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Proof. The proof uses the Neumann series, compare [61, p.56]. OJ

With the previous Lemma, we conclude that to any ®; € Wi (M, T) exists a bounded inverse
function <I>f1.

Lemma 4.26. Let &1 € Wi (M, T) with ®1(-,t) : Qo — Qf. Then for every fived t € [0,T), there
exists the inverse function 7' € CY(Q}) with

< |l

| @7 (¢ 0. (4.45)

Ve (®)]gqr <2 (4.46)

Moo

Proof. V®1(z,t) is the Jacobian matrix of ®; and as such, an endomorphism on R2. Since
|11 — V®1(t)]lo0, < & there exists the inverse matrix (V&1 (xz,t))~! for every « € Q by Lemma
4.25. By the implicit function theorem, there exists conclusively

ol = Q.
As @' maps Q} into Qo, (4.45) is immediate. Since |I — V&1 (t)[o.q, < 3 =t ¢ it holds by (4.44)

(I =T = V&1(1) Ylogy = sup |(VE1 (1)) oo < 11 _o (4.47)

1
EASION) )

By the implicit function theorem and the previous equation holds

sup [VO ' (1, t)|oo = sup [(VO1(7 ! (1, 8),8)) oo < sup [VO1(y,8) oo < 2.
yeQ} yen! €

O]

Lemma 4.25 does not immediately apply to V&3, as we compare VP, to a variable matrix
D(s,t;) defined in the space Wo(M, T, K,d). However, with the following generalization of
Lemma 4.25 and provided D(s, t,) is invertible, we can also prove the invertibility of V®o(s, t,,1).

Lemma 4.27. compare [3, p. 147, 3.8]. Let V and V' be Banach spaces and S : V — V' be an
invertible operator. If for an operator T : V. — V' holds

IS-TI<gls7Y  0<g<1, (4.48)
then T has a continuous inverse. The inverse operator is bounded by

. 1 .
177 < TqHS - (4.49)

Proof. As S is invertible, it holds

T=S(—(I-S"'T)). (4.50)
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The product on the right hand side is invertible iff both factors are invertible. Applying Lemma
4.25 to the second factor and using the assumption (4.48), we obtain

1 === = -$T'T| =87 = ST < ISTHIS - T < g < 1.

It follows that I — (I — S™!T) is invertible and thus is 7T'.
To obtain (4.49), we first use (4.50). It holds

IT7H < (= (2 =S~ T)HIIS 1.
As(I—I—(I—-S71T)=(I—-S7'T) =SS —T) and due the assumption holds
|S7H|||S — T|| < q. We apply Lemma 4.25 and obtain the bound for the inverse

ey 1
(7= =s7'T)7H < et

The bound for T~ is thus given by
1
T7H < —IS7Y.
1T < 1_qH |

O]

Before applying the previous Lemma to V®y, we have to ensure that the matrix D(s,t,) is
invertible for every (s,t;) € Q;. Whenever a matrix norm is used in the following, it is the
| - |oo-norm as defined in Definition 2.1.

Lemma 4.28. Let &9 € Wo(M, T, K, ). Then the matriz D(s,t;) defined in (4.43) is invertible
for every (s,t;) € Q¢. Further holds for every t € [0,T]
_ 2M

1D~ o, < 5 (4.51)

Proof. Recall that D(s,t;) is a 2 x 2 matrix. Since ®o € Wo(M,T, K,J), it holds for the
determinant of D(s,t,)

( tir;fQ |det D(s,t,)| = ’gp’l(s)[atszg(s,tx,t =tyz)]2 — [0, Pa(s, ty, t = tx)]lgpé(s)‘ >4 > 0.
S,ly et

It follows that D(s1,t,) is invertible for every (s,t,) € Q;. The inverse matrix is given for every
(87 tm) € Qt by

1 — _ _

D(S,tz)fl — [8tz(132(8,tg;,t tz)]g [8751@)2(8,75%15 t:c)]l ‘
det D —¢2(3) 901(5)

As @y € Wa(M, T, K, ) and ||¢lo.g, < M and [|9y, Pa(s, to,t = ta)]lo,q, < M, follows

_ 2M
ID 0,0, < o
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We can now prove that every ®o € Wo(M, T, K, 0) is invertible.
Lemma 4.29. Let &3 € Wo(M, T, K, ) with ®a(-,t) : Qy — Q7. Then for every t € [0,T)] exists
the inverse function ®;1 € C1(Q7) with

195 1y, < mex {lello 0,21 T} (4.52)

_ 4M

IN

IH(),Qg (4.53)
Proof. Since &y € Wo(M, T, K,§) and by (4.51), we obtain

o 2M 1
——=—-=:q. 4.54
a5 2 (4:54)
Thus the inverse matrix (V®2(y,t)) ! on QF exists by Lemma 4.27. Due to the implicit function
theorem, there exists for every t € [0, 7]

ID = V®sl0.0.1ID o, <

o107 = Q.

(4.52) is an immediate consequence. By the implicit function theorem, Lemma 4.27 with ¢ = %
and (4.51), we obtain

sup |[V®; ' (y,1)| _ = sup [(VO2(® ' (y,8),1) | < sup  [(V®a(s,tet) |

yeQ? yeQ? (s5,t2)€Q:

AM

<2[D7Mog, = 5

O]

Remark 4.30. We have seen in Lemma 4.20 that the invertibility of ® = (®1, ®2) is necessary
to obtain the solution p to (Tr 4.4). If the invertibility was violated, then two streamline functions
would cross over and the solution would blow up, in other words it would cease to exist. We thus
ensure the ezistence of a solution to (CP 4.2) by demanding that ® must be invertible.

So far, we have defined the function sets Wi (M, T) and Wa(M, T, K, §). We can now specify the
set in which we seek for the fixed point ® = (P, P2) to (4.38)-(4.39) as subset of the product
space W1 x Ws. Not every combination of any two functions ®; and ®5 leads to a classical
solution of (CP 4.2). Recall that to obtain p in (4.31) we require the existence of the global
inverse function @~ = (&', ;). Additionally, to obtain a continuous p, holes between Q}
and Qf must be excluded. We thus conclude, that the range of ®; and ®» must not intersect
(in more than boundary points) and the interface between Q) and ? has to be continuous. We
will formulate an interface condition ensuring that Q} and Q7 only intersect at the interface T'/¥
and obtain the following set of functions

W(M,T,K,0) ={® = (P1,P2) : &1 € W1 (M, T), Py € Wo(M, T, K,6),
D4 (x0,t) = Pa(s,0,t) for all zg = p(s)}. (4.55)
Clearly, W(M, T, K,5§) C W1 (M, T) x Wo(M, T, K, ). The solution ® is considered as a 2-tuple

consisting of ®; and P9 that fulfil the interface conditions. The norm on W (M, T, K, ¢) is defined
due to the natural convention for product spaces

120,20 = [1P1(E)]]1,0.00 + 192(8)[|1,000:-
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Lemma 4.31. The set W(M,T, K,0) is non-empty a small time Tg,,
M > 2||zl|o,0, + 2¢5(2 @) [uallz.a,r +3 and K > cmpes (2, a)[uallz.ar Ly ® + 1.

Proof. We show that the streamline functions ®; and ®9 generated by Ey are in W (M, Tg,, K, ).
The proof is given in the appendix A.1. O

We proceed to find the following result on the image domains Qf and Q7.

Lemma 4.32. Let Q be a C* domain, ® € W(M, T, K,5). Then Q} and Q? intersect only in
the interface T1E.

Proof. By the interface condition
Dy (z9,t) = Po(s,0,t) for all xg = p(s),

we know that ®; and ®5 intersect at boundary points. We have to show that these are the only
points of intersection.

o, € W(M,T,K,0) is invertible with respect to the space variable for every fixed t € [0, 7]
due to Lemma 4.26. Further, the initial condition is the identity map ®(z,0) = x for all x € Qq
and t = 0. With these two statements, we can conclude that the boundary 9}y is mapped onto
the boundary 9Q} for every ¢ € [0,T]. For t € [0,7], no two streamlines can intersect because
otherwise the invertibility of ®; was violated. It follows that no inner point of 2y can ever be a
boundary point of Q; since holes in 2} are excluded due to the continuity of ®;.

Do(s, ty,t) € W(M,T,K,o) is invertible with respect to the variables (s,t¢,) for every fixed
t € [0, T] due to Lemma 4.29. The initial condition is given by ®a(s,t,,t,) = ¢(s) stating that
every inflowing point starts from the inflow boundary. The expansion of ®o(s,,,t) is thus de-
scribed by the interface condition in W (M, T, K, ). Since at ¢ = 0 holds F{)F =I"_, all inflowing
points for t € (0,7") must be mapped in between Ff Fand I'_. Tt is not possible that any points
inflowing at ¢ € (0,7) are outside these two boundaries as then the invertibility condition must
have been violated.

We conclude that the open domains 2} and Q? are disjoint. O

The remaining part of this chapter is concerned with the question whether there exists a unique
fixed point ® = (P, P2) such that

B(7, 1) == (A1 (D) (2, 1), As(®)(s, L0, 1)) (4.56)

We proceed as follows. In section 4.6, we first show that A is a selfmap on the set W (M, T, K, 9).
We start by considering the regularity of p in the next section and then in section 4.7, we show
that A is a contraction in the sup-norm. In contrast to the one-dimensional case in Chapter 3,
we are not able to prove the contraction property for A in the C»*®(%;,[0,7]) norm and thus
we can not apply the Banach fixed point theorem. Instead, we will use a compactness argument
to show the existence of a unique fixed point in section 4.8.
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4.5 Regularity of p

To show that A is a selfmap, we have to investigate whether the functions A, (®) and Ay (®) fulfil
the restrictions in Wi (M, T') and Wa(M, T, K,§). The main work in bounding A;(®) and A (P)
is caused by p. At this point, the non convexity of the domain €2 hits in and makes the proofs
lengthy and technical. In this section, we examine p with respect to its regularity in space and
time. The first Lemmas deal with the Holder continuity of p in space. We need to distinguish
several cases due to the piecewise definition of ® and the nonconvexity of the domain €.

Lemma 4.33. Let Q be a C** domain and let L,,,L,, be the Lipschitz constants for py and
pa. Let p be defined in (4.31) and ® € W (M, T, K, ).
a) Let y1,y2 € QF such that the line segment yiys C QL. Then we have fort € [0,T]

1(y1,t) = p(y2, )| < Lo [V (B)l]o,01 [91 = ¥2] oo (4.57)
b) Let y1,y2 € QF, such that the line segment y1y2 C Q2. Then we have fort € [0,T]
o(y1,) = ply2, 1) < (Lps + llpalls.0.) VO (D)llo.02ly1 — y2loo- (4.58)

Proof. a) As the line segment 15 is fully contained in Q}, we apply the mean value theorem
(Theorem 2.15) to the streamline function ®7 LTt follows with the Lipschitz continuity of pg
and by (4.31)

(‘I’_l(yh ) po(® (g2, 1) ’

1+ tpo(®7 (41, 1)) 1+tpo(q’1_1(y2,t))

:l po(Py (y1, t)) = po(®1 ' (y2,1)) ‘
(1+ tpo(®7 (y2,1))) (1 +tpo(<bf1(y2,t)))

< |po(@7H(y1,1)) — po(@7  (y2,1))]

<Lpo|‘1> (y1:t) — @7 (y2, )]

< Ly, Hv(bl Ho,Qtl |1 = Y2loo-

1) — oy, 1)] = 1

b) We proceed the same way as in a). Since the line segment y1y5 is fully contained in Q?, we
apply the mean value theorem (Theorem 2.15) to the streamline function ®; L It follows with
the Lipschitz continuity of p4 and by (4.31)

lp(y1,t) — p(y2,1)]

:‘ pA(<1> Yy1,1)) pA( '(ya,1)) ’
L+ (t— [ (y1, 0)]2)pa(®; L(yint)) 1+ (t— (@) (yz, )]2)pa(®3 " (y2,1))
_ |pa(@3 (w1, 1) — pa(®3 (32, 1) + ([‘I> "y, t)l2 = [@5 ' (1, )]2)pA( "y, )) A(Py (yz,t))‘
(14 (¢t =[5 (1, D)]2)pa (@3 (y1, 1)) (1 + (¢ = [25 " (y2,1)]2) pa(®5 (2, 1))
< |pa(®3 ' (y1,1)) — pa(®y (yz, t) + ([25 (y27 t)]2 — [ (yl, t)]2)pa ( (yl, ))PA(% Yya, 1))
< [pa(®3 (y1, 1) — pa(®3 " (2, 1)] + |15 (w2, )2 — [®5 " (1, )]2| |pa(®5 " (y1,8)] |pa (@5 (y2, 1))
< Lpa “I) (y1,t) — D5 (y2, 1)|  + |95 (w2, 1) — @5 (w1t HPA o, (yh \oo\pA 5 (y27t))}

< Loy [V (1, )| lyn — w2l + [V (y2, )| 191 — v2lo |pA (5 (1, 1)) | |pa(@5 (92, 1))
< (Lpa + llpalls.q,) V23 ()llo,02lyr — v2loc:
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O

We next show that p is Holder continuous for every 0 < S < 1. In particular, we obtain the
Lipschitz continuity of p in 2.

Lemma 4.34. Let Q be a C*® domain, p be defined in (4.31) and ® € W (M, T, K,5). Then
fort €[0,T] and x,y € Q follows

p(x,t) = p(y, V)| < cplz — yloo-
with
2 M
¢p = max < 4cmy(Ly, + ||PA”0,QT)7= 2L, o - (4.59)
We have further fort € [0,T]

Ip(t)lls.0 < Kp(B)
with
kp(B) = max {|pollo,2 lpallo,or } + ¢, diam ()7 (4.60)

and Ly, L,, Lipschitz constants for py and pa and cp,, defined in Theorem 2.20.

It follows that p(t) € CP(Q) for 0 < B <1 andt €[0,T].

Proof. The pf-norm is given by

lp@®)ls.0 = llp®)lloo + |p(t)s,0- (4.61)

By (4.31), we know that p(y,t) = 0 for y € Q\Q} UQ2. Consequently, we obtain for the sup-norm
of (4.61)

sup |p(y, t)| = max < sup |p(y,t)|, sup |p(y,t)| ¢ - (4.62)
yeQ yeQ} yeQ?
For the first term of (4.62) follows

po(®1 ' (y,1))
L+ tpo(@1 ' (y,1))

sup |p(y,t)| = sup
ye} yeQ!

\ < ool

and for the second term of (4.62) follows

pA(®y (y,1))
L+ (¢ — [@5 7 (y,1)]2)pa (@3 (3, 1))

To bound the 5 semi norm, we first bound the difference |p(x,t) — p(y,t)|. We have to distin-

sup |p(y,t)] = sup
yeQ? yeQ?

' <lpallg,

guish eight cases that are caused on one hand by the non convexity of the domain and on the
other hand by the piecewise definition of ®. Recall that the domain €2 is composed of the three
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Figure 4.1: Possible configurations for Lemma 4.34

disjoint sets © = QF UQ2 U (2\Q;). Moreover, it will become important, if a line segment 7 of
two points x,y € () intersects the domain {)_ which is disjoint to 2. In the following, we will
denote the outer boundary of Q] by I';.

Case 1: z,y € Q\Q; This case is trivial, as p(y,t) = 0 for y € Q\Q;. This is the only
case for which it is negligable whether the line segment @ intersects any other subdomains of
2. As long as the starting and endpoint are element of Q\€, this case is applicable.

Case 2: i) C O}
By Lemma 4.33a) follows

() = p(y, )] < Lo [VOT (Dl 12 = oo -

Case 3: Ij) C 02
By Lemma 4.33b) follows

lp(2,t) = p(y. )] < (Lps + llpallo@)IVE (B)llo0z I — ¥lss -

Case 4: 7{) C Zu_
As Q_ is convex, the line segment ﬁ/ intersects I'_ exactly twice. Lemma 2.20 is not immediately
applicable, as p(y, t) is not differentiable. With the Lipschitz continuity of p 4, we get analogously
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to the proof of 4.33b)

pA(®; (2,1)) B pa(®y ' (y.1))
L (t = [@5 (@, 0)]2)pa(®y (z,1) 1+ (= [®5 (5, 1)]2)pa(®3 (,1)
< (Lo +llpalll,) 107" (. 8) = 23 (1) -

plast) — oy, 8)] = ]

Applying Lemma 2.20 to @, 1 we get

2 —1
oz, t) = p(y, )] < cmo (Lpys + 0all5.0,) VRS ()llo02l2 = Yoo
Case 5: ) C Q} U (Q\)
Let z € Qf and y € (Q\€). Since the boundary I'} is not necessarily convex, the line segment 0
might intersect I'} more than once. Choose the intersection point a1, such that the line segment
a1t C Q. Then we have by the triangle inequality

lp(z,t) — p(y, t)| < [p(z,t) — plar, )] + |p(a1, ) — p(y, t)]. (4.63)

Since a; € I'} follows due to the assumptions on pg in (CP 4.2) that p(ai,t) = 0, and thus
the second term vanishes. It is left to bound the first term of (4.63). a1 was chosen, such that
at C QY. We apply case 2 and get

‘p(.%',t) - P(y,t)‘ < ‘p(ﬂ?,t) - p<a17t>‘
< L[ VO (B)]g 01 |2 — a1] o

< Loy [V (D)o 01 12— Yoo -

Case 6: 7 C Q} UQ?

Let z € Q} and y € Q7. Since the interface I'/¥" is not necessarily convex, the line segment :@
might intersect I‘tIF more than once. Denote the n points of intersection by a; for i = 1,..,n,
with n odd. The points are assumed to be ordered while following the line segment from z to
y, Le. |z —ai| < |xr —az] < .. <|z—ay|. By adding 0 and the triangle inequality, we obtain

n—1
lo(x,t) = p(y, )] < |p(e,t) — plar, B)] + Y |p(ait) = plaiyr, )] + [p(an, t) — py, t)|
i=1
Due to the continuity of p and ® at the interface, we obtain on one hand line segments in )}

and on the other hand line segments in 7. We then obtain for all indices j € Ji, such that
aja;+i C Qf by case 2

Ipla,t) = plar )| + 3 Io(az.t) = plaj-1,6)] < L [VOT Bllogys [ I = arloe + 3 las — ajiloo
JeN NS

68



Figure 4.2: Choice of a; for cases 5 and 6

For all those indices j € Jo with aja; 1 C Q2. we obtain by case 3

> Iplag,t) = plaj—1,t)| + |p(an,t) — p(y. )]
NSO

< (Lpy + all5.0)IVE O)llooz | D 107 — ajsiloo + 1y — anly
JEJ2

Since all the line segments are disjoint due to their construction, the sum of the lengths of all
segments is the length of the interval (x,y). We thus get

n—1
p(x,t) = p(y,t)| < |p(x,t) — plar,t)| + Y |p(ai t) = plairs, t)| + |p(an, t) — ply, t)]
=1

< max { Ly IVOT (Ol (L + 10l )1V 2Z Oz }

n—1

“(Jr — a1]oo + Z @i = @it1]oo + |an — Yloo)
i=1

< max { L, | VOT (¢)

-1
oaps (Bpa + 1pald @)1V 9T B)llogz } 17— vloe.

Case 7: T C QU2 UQ_
This case is a combination of cases 4 and 6. Let us assume that z € Q} and y € Q7. Further,
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assume that there is one intersection points of ﬁ/ with €} and call it a;. We obtain with case 2
since zaj C

[p(2,t) = plar, )] < Ly, [ VT (1) 0,01l — a1 oo
The line segment @ is contained in Q2 U Q_ due to the assumption. By case 4 follows
|p(ar,t) = p(y: )] < cmo (Lps + llpalld.q.) 1V (®)lloglar — yloo-

Thus, we obtain
ot ) = p(y, )] < max {emu (Lo + 1013 0,) IV®5 ()02 Lol IVET (1)o7 = o

This case includes the combination of z € Q} and y € Q} with 7 intersecting Q?UQ_. Further,
the case of multiple intersections of the interface I'/¥" is treated as in case 4 and leads to the
same bound.

Case 8: 7 C QUQ_

In this last case, we consider a line segment intersecting all the inner boundaries. Let 2z € Q\Q,
y € Q2. We assume that I'} is intersected once by @ in a;. Then the line segment Taj is
contained in Q\;. It follows due to case 1

ol ) — plar, 1) = 0.

The line segment a4 is subset of Q; UQ_. Tt is thus bounded with case 7 by

Iplar,t) = p(y, )] < max {em (Lpy + Ipal3.0,) IVOF Bllo.02: Lo IVET () lor }lar = yloc

< max {eme (Loa + 10413 0,) 1995 O)llogz Lo V2T (1) lop } o — wloe.

Case 8 includes those combinations of line segments with either start or endpoint in Q\.
Further, the bound is still valid for multiple intersections of :ﬁ/ with I'} and T'/F.

Combining all the 8 cases, we obtain for any z,y € Q and ® € W(M, T, K, )

Ip(a.1) = ply. )] < max {emy (L + l0all @) 1925 @)l Lo V2L (o1 f 12 = vloe

M
< max {4y (Zya + 418 00) 5+ 2L0m o ol

Hence, we have for the S-norm (4.61) for all ¢ € [0, 7]

P x,1 —pP yvt
o sup 1220 =pl0-0)
z,y€N |z — yloo

lp(8)]

M ~
< max {||pollo,0» [l all0,@, } + max { demy (Lo, + 1pallgq,) 2L } sup |z — y|”

» 4L pg
0 z,y€ef)

—

M . _
e (Loa + pal0,) % 2L | dinmn(@)1

< max {||pollo,00, llp4
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Next, we demonstrate that p(z,-) € C*(][0,7]) for a fixed x € Q. We will encounter the
same technical difficulties in the proof as in Lemma 4.34. We will use the same idea and find
intermediate points on the transition boundary whenever two points z,y are not in the same
connected set. First we still need a result on the a-Hdélder continuity of <I>1_1 and @5 Lin time.

Lemma 4.35. Let Q be a C*® domain and ® € W (M, T, K,d) and t1,t3 € [0,T).
a) Let y € Qf ,z € Q}, and z, = Oy (D, Ny, t1),t2) € Qf,. If the line segment Zt C Qf,, then
follows

‘q)l_l(y7t1) - (I>1_1(Zat2)}oo < 2|Zl - Z|OO' (464)

b) Let t1 < tg, y € Q?l,z € Q%Q and let z9 = <I>2(<I>2_1(y,t1),t2) € Q%Q. If the line segment
Z2t C Q?Q, then follows

_ _ AM
‘@QI(y,tl) —Qll(z,tg)‘oo < T\zg—z]oo. (4.65)
Proof. a) Let y € Q} ,z € Q. As 7 (y,t1) € Qo, the mapping @1 (07 (y,t1),t2) =: 21 € Q4
is well-defined. We get by the identity &7 (®y(x,t2),t2) = x

27 (g, t1) — D7 (2, t2)| L = @7 (@1(DT (g, t1), 1), t2) — @7 (2, t)|
= |(I)1_1(Zl>t2) - <I>1_1(Z7t2)|oo

Since z12 C QtQ, we may apply the mean value theorem (Theorem 2.15). With the bound
V@ (t)]o.0 < 2 for &1 € Wi (M, T), we obtain

|7 (21, t2) — @7 (2, t2)| L < || VO )HO’% |21 — 2|oo
S 2‘2’1 — z‘oo'

The assertion follows.

b) For y € Q N QtQ, we proceed analogously. The mapping <1>2(<I>_1(y,t1) ta) =: z9 € sz
is well-defined since [0,¢1] C [0, 2] and we get with the identity &5 (®a(s, s, t2), t2) = (s, ts)

‘¢51(y,t1) - q>2 (Z lo } |<I> (¢51(y>t1)>t2)7t2) - ¢51(z’t2)|m
= |@2 Zg,tg) — @El(z,tgﬂoo

As the line segment zz5 C Q?Q, we may apply the mean value theorem (Theorem 2.15). With

the bound for HV@;l(t)HO o2 < TM given in the space Wa(M, T, K, J), we obtain
"oy

|©5 " (22, t2) — @5 (2, t2) |0 < || VRS )HO% |22 — 2|oo
4M

S T’ZQ — Z|OO.

The assertion follows. O

We can now prove that p(z,-) € C%([0,T]).
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Lemma 4.36. Let Q2 be a C*>® domain, p be defined in (4.31) and ® € W (M, T, K,§). Then
follows for ty,te € [0,T] with T <1 and y € Q

1y, t2) — plyst1)] < 2max {e,M, llpoll3 0 1al13.0r } 11 — o]

with ¢, defined in Lemma 4.34.

Moreover follows p € C*([0,T]).

Proof. We conduct a case analysis on y. Without loss of generality, let ¢; < ts.

Case 1: y € O} NQ,
Denote <I>1(<I>f1(y, t1),t2) =: z € Qtl2. If the line segment z{ intersects any boundary, then find
the point of intersection a1, such that the line segment zaj is fully contained in Q%Q. We get by
the triangle inequality

lp(y,t1) — p(y, t2)| = [p(y, t1) — pla1, t2) + plar, t2) — p(y, t2)|
< lp(y,t1) — plar, t2)| + [pla1, t2) — p(y, t2)]. (4.66)

In the second term of (4.66), p is evaluated at two points aj,y € €, for a fixed time to € [0, T].
We can thus apply Lemma 4.34 and get

|p(ar,t2) = p(y,t2)] < cplar — yloo.
For the first term of (4.66), we obtain with (4.31) and the Lipschitz continuity of pg

po(®' (. t)  po(®r(an, t2)) ‘
T+ 0@ (g, 1)) 1+ tapo(d(an, t2))

| po(@1 (w, t1) — po(@1 (a1, 1)) + (1 — t2)po( @1 (y,t1))po (P (a1, t2))
(14 t1p0(@Hy, 1)) (1 + t2p0(P~ (a1, 12)))

< |po(®1 (5, 11)) — po(@7 ' (a1, t2))| + 1t1 — ta| |po(® " (. t1))] [po(@ " (a1, t2)|
< Ly |97 (g, t1) — @7 M (an, t2)|  + [t1 — t2 [l poll§ g -

Ip(y,t1) — pla, t2)| = (4.67)

Asa; € Qf,ye ], z€Q, and zay C Q,, we obtain with Lemma 4.35a)
|07 (ar,t2) — @7 (y, 11)] < 2|a1 — 2]oo-
Hence, we get for (4.66)

2
Py 1) = p(, )] < plar = yloo + 2L lar = 2loc + |11 = tal o3 0,
2
< ¢pl2 = yloo + [t1 = t2] lpoll5 04

By definition of z and the identity y = <I>1(<I>f1(y, t1),t1), we obtain with the a-Hélder continuity
of @1 in time

12— Yoo = |21(PT (3, t1), t2) — P1(PT (y, 1), 1) oo < Mty — t2|®.
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Eventually, we have for (4.66) as t1,t2 <1

2
Ip(y,t1) — p(y, t2)| < cp Mty —t2|™ +[t1 — ta| [l pollg o,
< max {e,M, [|poll3 g, } 112 — 2]

Case 2: y € O NQF

Since [0,t1] C [0, t2], 2 := ®o(D5 (y,t1),t2) is well defined. If the line segment Z{ intersects any
boundary, then find the intersection point ai, such that a1z C Qt22. By the triangle inequality,
we get

lp(y,t1) — p(y, t2)| < |p(y,t1) — plas, t2)| + [p(ar, t2) — p(y, t2)| . (4.68)

We apply Lemma 4.34 to the second term of (4.68) and get

Ip(ai,t2) — p(y, t2)] < cplar — Yoo (4.69)

For the first term of (4.68), we obtain by (4.31), the Lipschitz continuity of p4 and Lemma
4.35b)

Ip(y, t1) — plar, ta)|

' pa(®3 (v, 11)) PA(<I> Ya1,t2)) '
L+ (t =[5 (5, 00)]2)pa(@3 (g 1)) 1+ (b2 — [®5 (a1, 12)]2) pa (3 (a1, 1))
pa(®y ' (y, 1)) — pa(®y ' (a1, 12)) + (t1 — ta)pa(® ' (y, t1)pa(®y (a1, ta)

(1+t1pa(@ 1y, 1)) (1 + t2pa(®7 (a1, t2)))
([@5 ' (a1, t2)]2 = (@5 (y, t1)]2) pa(Py ' (v, t1)pa(Py ' (a1, t)
(14 t1pa(®5 " (y,01)))(1 + tapa(®; ' (a1, t2)))
< |pal q>2—1(y,t1)) pa(®5 (a1, t2))| + [t1 — ta| [pA(D5 (g, 1)) |pa(®5 ' (a1, 1))
+ |[®5 a1,t2)]2— [‘I) Yy t)]2| [pa(®@5 (. t1)] [pa(@s (a1,t2))’

_l’_

-1
< (Lpa Yy, 1) — @5 (an, ta)|  + [t — to] HPAHO,QT
AM )

< T(LPA + HPAH(Q),QT) |z — a1l + [t — t2| [lpallg o -

We obtain for (4.68) by the definition of z, the identity y = ®(®5 " (y,t1),t1) and the a-Hélder
continuity of ®5 in time

AM )
[p(y:11) = p(y,t2)] < eplar = Yloo + == (Lps + llpallior) 2 = arl + [t = tal llpallo o,

2
< cplz = yloo + [t1 — tal llpallg g,
_ 2
= ¢p|Pa(Py  (y,11), t2) — Pa(Py  (y,11), t1) oo + [t — t2| [lpallg 0y
< cpMltr — t2|* + [t1 = to| lpal} o,

< max {e,M, |pald g, } 1 — t2]°.

The last step follows as t1,t9 < 1.

73



Case 3: y € O} NQ7

The technique is the same as in the previous cases. The mapping z := @1 (0 (y,t1),t2) € Q,
is well defined. The line segment 117 intersects the boundary T’ sz at least once. Choose the
intersection point a; such that at C Q%Q. Hence,

lp(y,t1) — p(y, t2)| < |p(y,t1) — plar, t2)| + [p(ar, t2) — p(y, t2)| . (4.70)

The second term of (4.70) is bounded with Lemma 4.34a). For the first term, since both points
are element of 9%2, we apply case 1 starting from (4.67) and get

p(y,t1) — plar, t2)] < 2Ly, lar — 2| + [t — t2 | poll§ g, -

Since a; was chosen as intermediate point on the line segment Z7, the sum of the length of the
subintervals are the length of the interval, i.e. |y — a1]|oo + a1 — 2|0 = |Y — 2]0o. Summing up,
we obtain for (4.70) by the identity ®;(®~!(y,t1),t1) = y and the Hélder continuity in time of
051

oy t1) = py,t2)| < 2L, |ar — 2| + [t — tal [ poll§ 0, + €plar — Ylss
< [t = talllpollg 0 + ol = ¥loo
= [ts —tal [ poll§ o + ol @1(DT (W t1),t2) — D1 (Y, t1),11) oo
< max {¢,M, [|pol|§ o, } [t1 — t2|%-

Case 4: y € Q%Q N Qfl
We set z = ®1(®7(y,t2),t1) which is defined as the domain of definition of ®; is Q. We now
conduct the computations analogously to case 3 leading to the result

lp(y,t1) — p(y, t2)| < max {c,, [|poll§.a, } [t1 — to]%-

Case 5: y € Q}, N (Q\Q,)

The mapping &1 (P (y,t2),t1) =: 2 € Qf, is well defined. The line segment Z1 intersects the
boundary I‘%l at least once. Choose the intersection point a;, such that zaj C Q%l. Due to the
compact support of p follows p(a1,t1) = p(y,t1) = 0. We get

Ip(y,t2) — p(y,t1)| = [p(y, t2) — O] = |p(y, t2) — pla1,t1)].

Starting from (4.67) in case 1, we get

lp(y,t2) — p(y, t1)| = |p(y, t2) — plai, t1)|
< 2Ly M |t1 — ta|* + || poll§ 0, It1 — to|
< max {2L,, M, |lpoll§.0, } 1t1 — t2|*.

Case 6: y € Q7 NQ\Qy,
This case is more complicated than the previous ones. Since ¢; < tg, the point & l(y,tz) is
not necessarily in the domain of definition of ®9(x,¢;). We therefore cannot apply the same
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technique as before. However, due to the continuity of ®, in time, there must exist a time ¢
with t; < <t such that y lays on the interface between Qf and Qb i.e.

Y € I‘tlF .
We now use the time ¢ and obtain

p(y, t1) — p(y, t2)| < |p(y, t1) — p(y, D] + |p(y, 1) — p(y, t2)]. (4.71)

For the first term of (4.71) follows y € Q% N Q\Qy,. This is analogous to case 5 and we and
obtain

p(y:11) = p(y, D)| < max {2L, M, ollF 0, } 11— t1]*
< max {2L,, M, ||p0||3,90} [ta — 1.

For the second term of (4.71) follows y € Qt22 N Q% Since t < t3, we may apply case 2 and obtain

p(y, 1) — ply, t2)| < max {c,M, [lpalld o, } [t — 1|
< max {¢,M, ||pall§ o, } [t2 — t1]*.

We thus obtain for (4.71)

o(y, t1) — p(y, t2)| < 2max {c,M, || pollg 0y l10alI}.0p } 11 — t2]* (4.72)

Case 7: y € O} NQ\Qy,
This case is dealt with analogously to case 5. The mapping ®;(®; ' (y,t1),t2) =: z is well-defined.
The line segment z?/ intersects the boundary GQ%Q at least once. Choose one intersection point
ar € I‘%l. We have

p(y, t2) = p(y, t1)| = [0 = p(y, t1)| = |p(a1, t2) — ply, t1)] -

Starting from (4.67) in case 1, we get

lp(y,t2) — p(y, t1)| = |p(a1,t2) — p(y,t1)|
< 2Lp M [t — t2|* + |l poll§ .01t — t2
< max {2L,, M, |lpoll§.0, } 1t1 — 2|

Case 8: y € O NO\Qy,
Since t; <ty and thus [0,t1] C [0, 2], we may set ®o(®5(y,t1),t2) =: 2 € Q7. The line segment
y? intersects the boundary Ftlz at least once. Chose a point a; such that @ C Q%l. We have

Ip(y,t2) — p(y,t1)| = 10 — p(y, t1)| = |p(a1, t2) — p(y,t1)|-

We now have to do a second step. The line segment c@ intersects the interface F{ZF at least
once. Chose ay € F{QF such that zas C Q?Q. Hence,

Ip(a1,t2) — p(y, t1)| < |plar, t2) — plaz, t2)| + [plaz, t2) — p(y, t1)] (4.73)
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The first term of (4.73) is bounded with Lemma 4.34

Ip(a1,t2) — plag, t2)| < cplar — a2

We use the computations of case 2 to bound the second term of (4.73) and obtain

4M
Ip(az,t2) = (1) < = (L + 19l 02 = 2lec

Summing up and using the identity, we obtain

p(0:12) = 93, 10)] = eplaz — oo + 5 (Lo + 0l g, ez — 2l
< cplz — a1
< ¢plz = Yloo
= ¢p|Da(®y " (y, 1), t2) — Pa(®5 " (y, 11),t1)]oo
< c,Mlt; — ta]*.

Let us now summarize all eight cases. We obtain for all ¢1,ts and y € Q2

oy, t2) — p(y, t1)| < 2max {c,M, || poll o, ll0All5 @p } 111 — t2]*.

4.6 A is a Selfmap

With the previous estimates for p, we may now proceed to prove that the operator
A= (A1, Ay)

is a selfmap on the set W (M, T, K, ) defined in (4.55). The following collection of Lemmas
checks whether A;(®) and A () fulfil the restrictions in Wy (M, T) and Wa(M, T, K, §) whenever
the argument ® is taken in W(M,T, K, ). For a specific choice of M,T and K, we prove in
Theorem 4.43 that the operator A maps the set W(M, T, K,J) into itself. In comparison to
Huang and Svobodny [44] who use potential theoretic estimates to bound A;(®), we make use
of the mapping properties obtained for the operator G; in Lemma 4.15 to bound A;(®) and
Ay (D).

Lemma 4.37. Let Q be a C%>® domain with 0 < o < 1 and let ® € W(M,T,K,6). Let
us € C*%(T) and p be defined in (4.31). Then we have
a) for the operator A;

sup [|A1(®)(#)]lo,00 < [lzllo,00 + Tes (82, @) (rp(@) + [[uall2,ar) - (4.74)
0<t<T

b) for the operator As
sup [|A2(®) ()o@, < lellozr + Tes( a) (ko(a) + [luallz,ar) - (4.75)

0<t<T

with ky(o) defined in (4.60) and cs(€2, «) in Lemma 4.15.

76



Proof. First, we note that by Lemma 4.34 follows p(-,t) € C*().

a) We prove the assertion by applying Schauder’s estimates in Theorem 4.14. By Lemma
4.15 and Lemma 4.34, we obtain

[A1(®)(t) ][00 = sup
FASION)

< llzllg0, + /0 sup
2€Qo

< Jallg.0, + / sup

t
o= [ [ V@ .0.9)0001) dy = Fol® o) d

o0

[ V@t ds| o+ sup o)

00 e

p| [ v6tz. 0ot >dy\ T 1Eolloq du

o0

t
<o, + | es(@0) 1000+ es(®0) [uall i di
< llzllog, + Tes(@,0) (Rp(@) + lualyar) -

b) For (4.75), we obtain in a similar manner by Lemma 4.15 and Lemma 4.34

[A2(®) (@)l = sup

t
o(s) — / /Q VG (®s (s, Lo, 1), y)plys ) dy—Eo@»g(s,tw,u))du'

(5,t2)€Q1 )
< Ilwllo,zr_ﬂL(stSBth /t /VG(%(S,tx,u),y)p(y,u)dy‘oo+IEo(<1>2(5,tx,u))loo du‘oo
<Nl + /0 swp| [ VG0, )dy‘oo+|E0| au
<ol + [ e5(0.0) 1Ol + es(6.0) Fually e i
< lellg, g +Tes(@,0) (Ko@) + lualyar) -

O

In the next Lemma, we bound VA(®) in the sup-norm.

Lemma 4.38. Let Q be a C*% domain, p be defined in (4.31), us € C*%(T) and let
e W(M,T,K,o). Then follows
a) for the operator A;

S [IVAL@)B)llog, < 1+TMes(,@) (mp(@) + |luaflz.ar) -
<t<

b) for the operator A,

sup [|[VAa(®)(4)lo,qc <1+ ¢(diam(§2)) max {[|pollo.0o,

(©, @)lluallz,a;r
0<t<T

+TMcs(Q,a) (ko) + Juall2,ar)

with k(o) defined in (4.60) and cs(€2, ) in Lemma 4.15.
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Proof. First, we note that Lemma 4.34 yields p(-,t) € C%(Q).

a) The gradient of A(®) is given in Lemma 4.22a). We obtain an upper bound by Lemma
4.15 and use that |V®q|p o, < M since ®; € W1 (M, T),

IVAL®)()llo.0, < [Hlo0 + sup

e

/ VE0<¢1<x,u>>v¢1<x,u>du.‘

/ Vo / VoG (@1 (. 1), y)p(y, 1) dy V1 (x, 1) dps
0 Q

o

+ sup
e

t
§1+/ sup
0 €

t
4 /0 IV Eo (@1 () llo.0, 1IV®1 ()]0, i

[e.e]

Vo [ 96150 0)0l0: ) dy\ 1%, 0,

o

t t
<1+ /0 (2, )|p®) o IV (0 o0 it + /0 (9, @) [uallo.ecr V21 (1), s

<1+ TMes(Q,a) (kp(@) + [uall2,er) -

b) With Lemma 4.22b), we have the gradient

t
VA2((I))(S7tIB7t) = DA($7tIE) _/ V@/ VQG(qDQ(S,tx,u),y)p(y,u) dyvq)2(87trau)
te Q

t
+ VE0(®2(5775$7M))V(I)2(Sat$7u) d,u (476>
2%
where

Dats.t) = [ &I Lo VG(e():9)p(y, ta) dy — Bo(e(s)], >
b [ ()]s [Jo VG(e(s), 9)py, te) dy — Eolp(s))],

Let us first bound every component of the matrix D 4. We have pointwise for i = 1,2 due to the
arc length parametrization and the equivalence of the supremum and maximums norm

11’ ()]i| < 1€'(8)]oo < |¢(s)]2 = 1.

As p(s) is the parametrization of the inflow boundary, the remaining components are evaluated
on I'_. This is allowed due to Lemma 4.15, as u; and ug and the derivatives are continuously
extendable up to the boundary. By [6, p. 30] follows

max |u(x,t)|so = sup |u(z,t)|so.

z€€ xE€Q
Hence,
swp | [ V6(o0) 0ol ta) dy + Ea(el)| < sup sup| [ VG u)ply.t)dy + Eola)
(s,tz)€Q: 1/Q so  0<t<TzeQ|JQ .
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By Lemma 4.15, Lemma 4.16 and the sup-norm estimate of Lemma 4.34, we get pointwise for
every x € 2

/VG:c y)p(y,t) dy + Eo(x

/ VG (&, )l [(4:1)] dy + | Bo(z)

< c(diam(Q)) [[p(t)llo o + cs(2 @) [[uallz.ar
< c(diam(§2)) max {{|pollo.c0, }+es(Q,a)lluallz,ar

Eventually, we obtain for (4.76) with Lemma 4.15 and Lemma 4.34

[A2(®) (D)o, < Dallgg, + sup
(s,t2)€Q1

/ Vo / T G(@a(s, b, 1), y)ply, 1) dy Vs (s, ta, 1)

e
t

+ sup
(s:tx)EQt

< 1+ ¢(diam(2)) max {[|polo.0o, lpallo.q.} + ¢s(€2, a)lluallz,ar

¢
—|—/ sup ch/ VaoG(Pa(s,te, 1), y)p(y, 1) dy ”VCI)Q(:U’)HO,Qt dp
0 (Satz)th Q

t
+ / IV Eo(@2(2)llg 0, 981l
< 1+ c(diam(2)) max {{[pollo,00: lPall0., } + es(2, @) [[uall2,ar
t t
+M | sup V/QVG(fc,y)p(y,u)dy‘ du+M/0 IVE o0 du
S [e'e)

< 1+ ¢(diam(Q)) max {|| pollo,02- [24ll0,@. } + €5(2, a)[Juall2,a;r
+TMes(Q,a) ([[p(t) a0 + [[uall2,er)
< 1+ ¢(diam(Q2)) max {||pollo, l2all0,Q. } + €5(Q, @) luall2,ar + TMes(Q2, a) (kp(e) + [uall2,ar) -

Y Ep(®(5, ta, 1)) Va5, 2 1) du‘

2 0

O]

Lemma 4.39. Let Q be a bounded C*“ domain, p be defined in (4.31) and ua € C**(T'). Let
b ecW(M,T,K,d0) and T < 1. Then we have
a) for the operator A;

[VAL®)(t)]q,0, < 2Tchues (2, a) M (kp(a) + [[uallzar) -

b) for the operator Ay

sup [V Az(®)(t)l,,0,
0<t<T

< 1@l + emoes (2. 0) (sy(a) i) L+ 2masx {Me, o3 - 104113 0,
T 0 (9, ) (K + M+ M) (k,(a) o)

with k(o) defined in (4.60), c, defined in (4.59) and cs(§2, o) defined in Lemma 4.15.
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Proof. First, we note that by Lemma 4.34 follows p(-,t) € C*(Q) and by Lemma 4.36 follows
p(CB, ) € Ca([OaT])

a) The gradient of A;(®) is given in Lemma 4.22a). We obtain pointwise
[VAL(®)(x,1) = VAL(®)(2, 1) |

< / v / VG(®1 (2, 1), y)ply, 1) dy Vs (1) — V / VG<<I>1<z,m,y>p<y,mdywn(z,u)du\
0 Q Q

o0

+

| VE@ )V o) d - [ VE0<<I>1<z,u>>v<I>1<z,u>du]

</
0

+ [ V@0 10) VO 1) = TEN(1 (2 V1 o)
<)
‘)

T / VEy(@1(2, 1)) — VEo(®1 (2 1)) [V (2, )] dp

[e.9]

v / VG(®1 (2, 1), ) plys 1) dy Vs (a1, 1) — V / VG(®1 (2 1), 1) (. 1) dywl(z,u)\ dy
Q Q

oo

V/ VG(@1(z, 1), y)p(y, 1) dy—V/ VG(®1(z, 1), y)p(y, 1) dy‘ IV®1(z, 1) dp
Q Q

o0

V/QVG(CI)l(:c,u),y)p(y,u) dy’ VO (z,t) — VOi(2,t)], du

oo

+ [ V@1 10) o [V 20 = T )] i (4.77)

As &, € W (M, T), V&, is a-Holder continuous with constant M, i.e.
V@i (z,t) — VPi(2,1)|0c < M|z —y|%. We bound (4.77) by Lemma 4.15.

[VAL(®)(x, 1) = VAL(P)(2, 1)

g/ Meg(Q,a) [®1(x, 1) — @1 (2, )| [lp(1)
0

t
st [ Mes(50) o) lole — 21% du
0

t t
4 / Mes (9, 0)||uala.or |1 (2, 1) — B (2, 1)[ dp + / Mes(Q, 0)lua ooz — 2I% du.
0 0
(4.78)

®, is defined on the domain € which is non convex. To bound |®1(z, u) — P1(y, 1)|%,, we apply
Lemma 2.20

(B (@, 1) — D1z, WIS < IV Gt — 212

< 8, Mo — 2|2
It follows for (4.78) by Lemma 4.34

[VAL(®)(,t) = VAL®)(2,1)] o < 2T¢h,e5(2 )M (5p() + [uall2.ar) |2 — 2[%.
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Eventually, we have for the a-seminorm of V,A;(®)

IVAL(®)(@,1)],, o, < [VAL®)(2,t) = VAI(D)(2, 1) oo

B xvyGQO |x - Z|g0
< oup ZTCes(2 )M (15,(0) + fuallzar) o — 2l
o z,yENo |'CC - Z|go

= T2¢;,,c5(9, ) M (p(a) + [|uall2.oir)

b) It follows by Lemma 4.22b)
|V A2 (@) (s1,t1,t) — VAs(P) (82, t2,1)]

o0

t
< |Da(s1,t1) — Da(s2, t2)]oc + / v / V(s (s1, b1, 1) ) plys 1) dy V(1 b, 1) dp
t1 Q

t
_ / v / VG(®a(52, ta, 1), y)p(ys 1) dy VBo(s, to, 1) dﬂ'
to Q

o0

VEO(@2<32, tQ, /J,))V‘I)Q(SQ, tg) d,u‘ . (4.79)

o0

t

t
+ / VEO((I)2(317tl:ﬂ))vq)2<317t1>dﬂ_/

t1 to

We begin with bounding |Da(s1,t1) — Da(s2,t2)|s. Due to the C%“-regularity of I'_, we obtain

¢ (51) = ¢'(52) o0 < & atr_quls1 — 2|

Next we find a pointwise bound for the second component of D 4

[ VG0 00t 0) dy + Ens0) — [ TGl v)pla ta)dy + EO(SO(S2))‘

o0

<

[ 96 (s0).0) = VGt )] p(y,mdy\ T 1Bo(p(s1)) - Bo(w(s2))los

o0

+

[ VG50 0) o 10) = plosta) dy] . (4.80)

[e.9]
We use the mean-value like estimate of Lemma 2.20 for the first and second term of (4.80). Then
we get with Lemma 4.15 and Lemma 4.34

/Q[VG(SD(SD,ZJ)—VG(w(Sz%y)]ﬂ(y,tl)dy‘ + [Eo(p(s1)) — Eo(p(s2))]o

o0

< cmw

|o(s1) = #(52)]o0 + cmu [[VEollg o l(s1) = ¢(52) oo
0,0

v /Q VG, y)p(y. t1) dy

< emocs(,a) ([p(t) o + luall2,ar) € o, |51 — 52l
< emocs (2, a) (kp(@) + luallz,ar) [51 — s2].

For the third term of (4.80) follows with Lemma 4.16 and Lemma 4.36

/QVG((P(SI)73/) [p(y,t1) — p(y, t2)] dy‘ S/Q\VG(sO(slhy)loo!p(y,tl)—p(y,tz)loo dy

< / VG (o(s1), )| dysup lo(y, t1) — p(ys £2)].
Q ye

«

< 2max { Mey, l|poll3 0 pall3 0, } 1t — tol% -
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To sum up, we obtain

[Da(s1,t1) = Dals2,t2)lo0 < ¢ larr_|s1 = 82|% + emues (@, @) (hp(a) + [uallzar) [s1 = 52l

+ 2max { Mc,, ||po 8,Qt} [t1 — ta]o - (4.81)

%,Qo’ ||pA

To bound the second term of (4.79), we use Lemma 4.15 and Lemma 4.34. Moreover, we use
. t t t
V20,0, < M and |V®sy|a,, < K since & € Wo(M, T, K,0) and ftl = J,; +ft2

t
/ v / VG (@a(s1, 11, 1), y)p(ys 1) dy VBs(s1, b1, 1) dp
t1 Q

t
- / v / VG (@a(59, b, 1), 9)p(y, 1) dy Vs (55,5, 1) du’
to Q

o0

<

to
/ V/ VG (P2(s1,t1, 1), y)p(y, 1) dy VPo(s1,t1, 1) du‘
t1 Q

o

t

+ / [V/ VG(@2(s1,t1, 1), y)p(ys 1) dyV/ VG(Pa(s2,t2, 1), y)p(Y; 1) dy] Vo, du‘
t1 Q Q o]
t

+ / v/ VG((I)Q(Slvtlnu’)vy)p(ya/J’) dy [V@2(317tlvu) —V(I’2(527t2aﬂ)] d:“"
t1 Q )

< |t1 —t2| sup

V/VG(@g(sl,tl,t),y)p(y,t)dy' sup |[V®a(s1,t1,t)|
Q

0<t<T oo 0<t<T
t
+ [ |7 [ 6@ttt s = 3 [ TG tr ) ot ] 1982 . d
t
+/ V/ VG(q)z(Sl,tl,M)ay)P(y,M)dy‘ IV ®o(s1,t1, 1) — V®o(s2,ta, p)| o dp
0 Q 0o

< t1 = 2| Mes(, o) |lp(t)lae + TMes(Q, )l p(t)[|la, [P2(s1, 1, 1) — Pa(s2, t2, w)|5g
+ Tes(Q, a)|[p(t) la. [VP2(s1,t1, 1) — VPo(s2,t2, 1)
< |t — t2| Mes (9, )mp(a) + TM T es (2, a)rp(a)|(s1,t1) — (s2,12)|5%
+ Tes(, a)kp(a) K|(s1,t1) — (s2,t2)]% (4.82)

In the last step we used Theorem 2.15 to bound
| Do (s1,t1,t) — Pa(s2, ta, t)|eo < M|(s1,t1) — (S2,t2)|%. It is allowed since @Q); is a convex set.
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We bound the third term of (4.79) analogously by Lemma 4.15 and Lemma 4.34

t t
VEo(Pa(s1,t1, 1)) VPo(s1,t1, ) du — | VEo(Pa(s2,ta, 1)) V2(s2,ta, 1) du‘

t1 to

to
¥ Bo(®s(s1, 1, 1)) Va(s1, 1, 1) du'

o0

<

t1 [e°)

| [ 9B @ao1,1,10) — V(a3 2,1)] V01,11, ) s

t1
t

‘ o0

+

VEo(Pa(s1,t1, 1)) [VPa(s1,t1, 1) — VPa(s2,ta, 1) dﬂ’

t1

< |t1 — to]es (R, ) M||uall2,ar + cs(2, o) Mt||lual
+ tes(Q, a)[uall2,ar K[(s1,t1) — (s2,12) |5

S ‘tl — tg’CS(Q,Oz)MHUA 2,a;1 +TCS(Q,Q)(M1+a + K)H’U,AHZQ;FKSMH) — (Sg,tg)‘go. (483)

[e.9]

2704;F’(D2(817t17:u’) - @2(327t27 M)’go

Eventually, we get for the a-semi norm by (4.81), (4.82) and since 7' < 1 (4.83)
V®y(s1,t1,t) — VPy(s,to,t
VD9 ()]a.0, = sup [V ®a(s1,t1,1) 2(52; 2,)|oo
(s1,t1)7(s2,t2)€Qs |(s1,t1) — (s2,t2)|%
<19l + emoes(2,0) (55(0) + [ualzanr) o1 = saf' ™+ 2max (Meo ol Iealo.}

+ sup |t — to| T Mes(Q, )kp(a) + TM e (Q, a)k,(a) + Tes(Q, )k, (a) K
0<t1,t2<t

+ sup [ty —to| T es(Q )M |luallzar + Tes(Q, ) (M + K)|luall2,ar
0<ty1,t2<t

<@ lavr + cmues(Q, @) (5p(@) + [[uallz,ar) Ly~ + 2max {Mcy, [l poll§ o,- ll0ll5 o, }
+ T %5(, ) (K + M + M) (k,(a) + |lua

2,0¢;F)'

Next we bound the a-norm of A(®) with respect to time.

Lemma 4.40. Let Q be a bounded C*“ domain, p be as defined in (4.81) and uy € C*(T).
Let ® € W(M, T, K,d). Then we have for T <1

a) for the operator A;

sup [|A1(®)(2)[la,0,7) + sup V2 A1(2)(@)|la,0,7)
x€QQ z€Q

<1+ [lllogy + 27" *Mes(Q, a) (k@) + [|uall2,ar) -

b) for the operator As

sup || A2(®)(s, to) o)+ SUP  ([VAAPR)(S, to) |l ft.1)
(57tw)eQT (S7tI)EQT

<1+ ello g + e(diam(€)) max {{lpollo.p: 0allo.q.} + cs(2 @) [ual
+ 2T (M + D)es(a, Q) (rp(@) + [uallz.ar)

2,01
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with ky(o) defined in (4.60) and cs(Q2, o) defined in Lemma 4.15.

Proof. First, we note that by Lemma 4.34 follows p(-,t) € C*(2).

a) Recall that the C1%%(Q, [0, T]) norm is given by

HAl ((I)) H 1,a,9;0,[0,7T)
= |A1(®)(z)

sup 10,9 + sup [|[A1(®)(@)][afo,7) + sup [[VaAr(®) (@)oo (4.84)
o<t<T € €

While the first term of (4.84) has been bounded in the previous Lemmas, we now have to deal
with the second and third term. As A(®) is continuous in space and time, the sup-norm is
interchangeable, i.e.

sup sup |A(®)(z,?)lcc = sup sup [A(P)(z, )]s
z€Qo 0<t<T 0<t<T z€Qo

Lemmas 4.37a) and 4.38a) thus give

sup sup |A1(®)(z,t)|eo + sup sup |[VA(P)(z,1)|oo
z€Q 0<t<T zeQo 0<t<T

<1+ [lzlloq + T(1+ M)es(Q, ) (rp(a) + [luallzar) - (4.85)

In the following, we will bound the a- semi norm in time. By Lemma 4.15, we get the pointwise
estimate for all x € Qg and t1,t5 € [0, T

[AL(®) (2, t1) — Ar(®) (2, t2) o =

/t 2 /Q VG(®1 (2, 1), y)plys 1) dy + Eo(®1 (. 1)) dp

o)

< |t1 —ta| sup
0<t<T

< t1 = tales(, a) (kp(a) + [Juall2,ar) -

/Q VG(®: (. 1), y)p(y. 1) dy + Eo(®, (x, 1))

o0

It follows for the a- semi norm by Lemma 4.34

AL(®) (@) 11 = ‘Al(q))(xat‘lt)l—_;121’((;1))(1’,152”00

< |tr — to " es(2,0) sup ([lp(t)lla,0 + [[uallz,air)
0<t<T

< T %es(Q,0) sup ([lpt)llag + luallzar) - (4.86)
0<t<T

Analogously, we obtain for VA;(®) by Lemma 4.15
[VAL(®)(z,t1) — VAL(P) (2, t2)]

|9 [ 9610, 0)0(0. ) a1 (.0) + T Eo(1 ) V1 5,1 du‘

oo

< |t —ta] sup
0<t<T

V [ 96(@i(e.0.0)0(0.1) dy T 5.) + VE0<<I>1<w,t>>w>1<x,t>\

o0

< [ty —tafes(Q, )M sup ([[p(t)[la. + uall2.er)
0<t<T
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and thus by Lemma 4.34

[VAL(®) (2, t1) — VA(P)(,t2) |00

|VA1(¢)<37)IQ,[0,T]: sup

t1,t2€[0,7) ‘tl - t2|04

< sup |ty — o TYes(Q, )M sup (|p(t)lla,0 + uall2ar)
t1,t2€[0,7) 0<t<T

< T *Mes(Q, @) (k@) + [|uall2.ar) - (4.87)

Hence, we have with (4.85), (4.86), (4.87) and since 7' < 1

sup [|A1(®) (@)oo, + sup [[Vadi(®)(z)]
z€Qo x€Qo

<1+ allogy + 27 *Mes (9, ) ([o(t) e + uallzar) -

,[0,7

b) Since A(P) and VA2(®P) are continuous with respect to space and time follows

sup sup |A2(q))(87tx7t)‘ = sup sup ‘AQ((P)(Satx>t)| .
(85tz)EQT Lt <t<T 0<t<T (s,tz)EQ¢

Due to Lemmas 4.37b) and 4.38b), we get

sup  sup [Aa(®)(s,tz,t)[+ sup  sup [VA(P)(s,ta,1)]

(8,te)EQT ta <IT (8,t2)EQq ta<t<T
= sup sup|Ay(®)(s,tz,1)[ + sup sup|VAy(P)(s,tz,1)]
0<t<T Q¢ 0<t<T Q¢

<1+l g + e(diam(2)) max {{lpollo.co: [Palo.@rt + cs(2, a)lluallz.ar
+ T(M + 1)e(a, Q) (kp(a) + [luall2,ar) - (4.88)

To obtain the a-Hélder norm, we first find the following pointwise estimate for all (s,t,) € Qr
and t,to € [t;,T]. By Lemma 4.15 and Lemma 4.34 follows

‘AQ(CI))(Sa ty, tl) - AQ(CI))(Sv L, t2)’oo

to
I VG(q»z(s,tx,u),y)p(y,u)dy+Eo<<1>2<s,tx,u>>du‘
t1

(e o]

<|t1 —ta| sup
Lo <I<T

<l —toles(@0) suwp ([lp()llao + ua
<

x>

/Q VG(Pa(s,te,t),y)p(y, t) dy + Eo(Pa(s, ts, t))’

[e.9]

Q,a;F) .

We obtain for the Hélder norm by Lemma 4.34

[A2(®) (5, ta) ooy < sup [t —t2|' " Yes(Q,@) sup (lp(t)]lae + [uallzar)
Lo <t1,t2<T Ly <t<T
< T %s(9, @) (kp(@) + [luall2.or) - (4.89)
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Analogously, we obtain for V Ay for all (s,t,) € Qr and ty,to € [ty, T

(VA (P)(s,te,t1) — VA2P) (5,12, t2)]

/: [VAVG(éz(s,tm,u),y)p(y, 1t) dy+E0(<I>2(s,tx,,u)} Vs (y, 1) du'

o0

< |t1 —ta| sup
te<t<T

v/ vc;(%(s,tx,t),y)p(y,t)dy] sup [Vbs(s,ta. 1)
Q

s ta<I<T
+ [t — tof [Eo(P2(s, ta, 1)) o [VP2(s, ta, )|

<ty —tales(Q, )M sup  ([[p(t)[la, + lluallz,ar) -
te <t<T

We obtain for the Holder norm by Lemma 4.34

IV A2(®) (5, ta)loor) < sup [t —ta| " Mes(Q, @) (kp(a) + [uallz,ar)
Ly <t1,t2<T

< TlfaMcS(Q, a) (kp(a) + |lua

2.0:T) - (4.90)

Conclusively, we obtain by (4.88), (4.89) and (4.90) and since T' < 1
sup || A2(®) (s, to)laft, 1)+ sup  [[VA2APR)(S, ta)lloft., 1)
(s,tz)€QT (st)€Qr
< 1+ ey g, + c(diam(2)) max {{|pollo.0o: [l0allo.@. } + ¢s(82; @) [[uall2.ar
+ 2T (M + 1)e(a, Q) (mp(a) + [[uallzar)

O

We proceed to check the last restrictions in Wy (M, T) and Wa(M, T, K, ) that are connected
to the invertibility of A;(®)(z,t) and As(P)(s,t,,t) with respect to the space variable.

Lemma 4.41. Let Q be a C%%, p be defined in (4.51), us € C>*(T') and let ® € W(M, T, K, 6)
and max {||poll0,00: [|£All0,0r } < m. Then we have for (s, t;) € Qr

O, Ag(®) (s, te,t = 1) - ( —h(s) )

> 6.
©1(s) -

Moreover, the matriz D (s, t;) defined in (4.40) is invertible for every (s,t;) € Q.

Proof. First we note that by Lemma 4.34 follows p(-,t) € C%(2). We get by Lemma 4.22

O, Aa(P) (s, ta,t = o) = /QVG(sO(S% Y)p(y te) dy + Eo(e(s))-
With the inverse triangle inequality follows
T
01, Aa(®) (5, ot = ta) - (~2h(s), ()|

/Q VG ((s), ), ta) dy - (5 + Eolls)) - &' (s)*

> |Bole(s) - /()] - . (4.91)

/Q VG(p(s),y)p(y, ta) dy - ¢ ()
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The assumptions on Ej given in Definition 4.23 yield

[Bo(e(s) - ¢/ ()*] 2 26,

Due to the arc length parametrization of ¢ and the equivalence of the maximums and euclidean
norm follows that |¢/(s)|ec < [|¢/(8)]l2 = 1. Hence, we get for (4.91) with Lemma 4.16 and the
sup-norm estimate of p in Lemma 4.34

Buls)) - ¢ (6)* | = | | VG(e(s) oty to) dy- o' (s)*

> 26 — c(diam(Q2)) sup [|p(t)]lo0l@’(5) |
0<t<T
> 20 — c(diam(£2)) max {||pollo.00, [l0all0.or } -

As max {{[pollo,0 [Pall0.@r } < c(dmémv we eventually obtain

)
8151142((1))(5’ ty,t = ta:) : 9/02(8) > 0.
@1 (s)
So far, we showed that |det D4(s,t;)| > 0 > 0 for every (s,t,) € Qr. It follows that the matrix
D (s, t;) is invertible for every (s,t;) € Q7. (See Lemma 4.28). O

Lemma 4.42. Let Q be a C*% domain, p be defined in (4.31), us € C*>*(T) and
e W(M,T,K,o). Then we have
a) for the operator A;

sup || = VA(®)(D)]lo.0o < Tes(a, Q)M (kp(a) + luallzar)

0<t<T

b) and for the operator As

S [Da —VAAPR)(t)l0,@r < Tes(a, Q)M (ky(a) + |luall2,ar)
<t<

with Da(s,t,) defined in (4.43), ky(a) in (4.60) and cs(2, o) in Lemma 4.15.

Proof. First, we have by Lemma 4.34 that p(-,t) € C*(€).
a) By Lemma 4.22a) and Lemma 4.38a), we have

I — VA (@)(®)]og,
= | [ v ve<¢1<x,u>,y>p<y,mdywl(x,m+Eo<<b1<x,u>>v<b1<x,u>du]
€ |J0 Q

<TMes(a, ) (kp(a) + [[uall2,ar) -

[e.9]

b) By Lemma 4.22b) and Lemma 4.38b), we have
D4 = VA(®)(t)llo.c.

t
/ v / VG (@5, tas 1), ) p(ys 1) dyN Da(ss s 1) + Fo(@(s, b 1)) VB (s, fas 1) du‘
t Q

T

= sup
(SztI)EQt

<TMecs(a,Q) (kp(c) + [luall2,ar) -
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We can now obtain the main result of this section. We show that A is a selfmap on the set

W(M,T, K,6).

Theorem 4.43. Let Q be a C*% domain with 0 < a < 1, p be defined in (4.31), ua € C*%(T)
and ® € W(M, T, K,§) with

. 1 @ 1
1= i { <<3M + g, M K + 3)cs(Q, a) (ry(a) + ||UAH2,a;F)> 25 (cr QM (rp(@) + uallor)’
) ’ d Ty }’
4Mes(a, Q)M (rp(@) + [[uallor) es(2 @) (mp(@) + uallgor
2.00) i + 2max { Mey, [lpol3 o, l0all2 0, } + 1,
M =34 2|zljo0, + 20 + 2¢5(Q2, a)||ual2,a:r-

K=1¢

adr_ + Cmvcs (82, @) (”p(a) + [Jua

with Tg, defined in Lemma 4.31, c, defined in (4.59), k,(a) defined in (4.60) and cs(S2, o)
defined in Lemma 4.15 and d := dist(T'y, Qq). Further, let

max 4 || P P .
010,920 All0,Q = C( i Q)

Then the operator A defines a selfmap on the set W (M, T, K,0), i.e.

A:W(M,T,K,5) = W(M,T,K,6).

Proof. First, we prove that the interface condition is fulfilled by A;(®)(z,t) and Aa(P)(s,t,,1).
Choose xg and (sg,0) with o = ¢(sp). Then we obtain ®(zg,t) = Po(sp,0,t) since ®1, Py €
W (M, T, K,J). Hence,

Ay(®) (20, 1) = 20— /0 /Q VG(®1 (20, 1), 9)p(y, 1) dy — Eo(®1(z0, 1)) dp

= o(s0) - /0 /Q VG(®s (50,0, 1), 4)p(y. 1) dy — Fo(®s(s0,0. ) dp

= AQ(@)(S(), O, t).
The inflow condition is fulfilled by A;(®) since for x € Qy holds
A1(®)(z,0) = x. (4.92)

The question is whether A;(®) maps the initial domain into Q for every ¢ € [0,7T]. It is not
excluded that A;(®) might map a point into the convex domain Q_. We therefore use now the
interface condition and As(®) to show that A;(®) expands into (2.

Aa(®) is a streamline with streamline parameter ¢. The direction of the field is thus given by
the derivative with respect to t. Hence,

d

%AQ((I))(Svtwat) = _/QVG((I)2(57txvt)>y)p(y7t) dy + E0(¢2(Satw’t))'
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The flow direction for every inflowing point is thus given for ¢ = ¢, by (using the inflow condition

for &5 € WQ(M, T K, 5))

d

£A2(¢)(S,t$,tx) = — /ﬂ VG (Pa(s,ty,tz),y)p(y,t) dy + Eo(Pa(s, tz,tz))

_ /Q VG (p(s), y)p(y, t) dy + Bo((s))

We now show that with max {||pollo.o, ||£all0,Q.} < m, it is determined by Ey whether I'_
is the inflow or outflow boundary. By Definition 4.23, Lemma 4.16 and the sup-norm estimate
of Lemma 4.34 follows for every (s,t;) € Q¢

SCHIACCCR RS Eo<so<s>>>\

> |o*(5) - Eol(s)))] -

o vc<w<s>,y>p<y,tz>dy\

> 25| 0)|| [ 96t intonte) o

> 26 — c(diam Q)||p(t2) (0.0

> 26 — ¢(diam Q) max {|pollo,p: lpallo.@r}
>20—0=0>0.

Thus I'_ is the inflow boundary with respect to %Az(i’(s,tx,tz) for every (s,t;) € Q¢ As
A1(®) and Ay(P) fulfil the interface condition, it is only possible for A;(®) to expand into
Q. Tt is left to determine an upper bound for T for which A;(®) maps into Q. Let therefore
d = dist(I'y,Qp). Then we have for every z € I'y and = € §p with alike computations to
Lemma 4.37 and T' <

d
2es(,a)(rp(a)+luallz,ar)

|2 = Au(®) (2, )]

smat [ VG0t 0y - Eo<<1>1<x,u>>duj

co
00

> |z =zl — '/Ot/QVG(@l(w,u%y)p(y,u) dy — Eo(®1(z, p)) du‘

> |z —af, —Tes(Q, o) (kp(a) + luall2,ar)

d
2 d = Tes(, a)(rp(a) + fJuall2ar) 2 5-

o0

Thus the image of A1(®) is a subset of Q and ® : X — Q.

Next, we collect the results of the previous Lemmas with the goal of determining the constants
M, T and K such that A(®) € W(M, T, K,d). We obtain with Lemmas 4.37a), 4.38a), 4.39a)
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and 4.40a) and since T' < 1

1AL 1 00000, < 12llo,00 + Tes(2, @) (Ko(a) + [luall2,a;r)
+1+TMcg(Q, ) (kp(a) + [Juall2,ar)
+ 26, Tes (2, a) M7 (ky(a) + [[uallz.ar)
+ 14 ||2llq, + 2T *Mes(Q, @) (kp(a) + luall2,ar)
<2+ 2|zllo0, + T “es(, @) (262, M + 3M + 1) (k,(a) + |luall2,ar) - (4.93)

We obtain for the operator As with Lemmas 4.37b), 4.38b) and 4.40b)

[A2(®)[11,0s0nf0.7] < llellor_ + Tes(, ) (Kp(ar) + [[ua
+ 1+ c(diam(£2)) max {||pollo.0; |24 llo.@r } + €s(2, @) |uall2,a;r
+TMcs(, ) (kp(a) + [[uall2,er)

+ 1+ [lellg .+ c(diam(€2)) max {|[pollo,, P4 ll0,0r }

2,a;F)

+es(Q, a)lluallz.qr + 2717 (M + De(a, Q) (kp(e) + uall2,ar)
< 2+ 2l 4 2¢(diam(€2)) max {{|pollo,0: P4 llo.or }
+2¢5(Q, )lluallz.ar + T es(Q, @) BM + 3)(kp(a) + [[ual2.ar). (4.94)

For the Holder constant in space of VAg(®), we get with 4.39b)

sup [Aa(P®)(t)]a,q:
0<t<T

<@ e+ Cmocs (2, a) (Kp(@) + luallzar) L 4+ max {Mc,, [|poll§ o, 04ll5.0, }
+ T %s(Q, ) (K + M + MY (k,(a) + |luall2.0r) (4.95)

For the invertibility condition, we obtain with Lemma 4.42a)

sup || = VAL(®)(B)]lo.qy < Tes(a, QM (kp(a) + luallzar) -
0<t<T

and with Lemma 4.42b) for the function Ag(®)

JSup [Da =V A2A(®)()]lo.q. < Tes(e, QM (rp(e) + [[uall2,ar)
<t<

Choice of T,M,K: Set

1 @ 1
T" = min , )
{<<3M + oo M £ K +3)es(Q, ) (k@) + ||uAr|2,a;r>> 2cs(c, QM (rp(@) + lualo,ar)
) d T }
AMes(a, M (rp(@) + [[uallzar) es(Q,a)(kp(a) + ualoar’ ™
p.0) L@ + 2max { Mey, |polZaps lpalZ o, } + 1,

K = ¢ |are + cmwes(Q, a) (p(a) + [lua
M =3 +2[|z[lo,0, + 20 + 2¢5(2, @) ||uallz,ar-
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with T, defined in Lemma 4.31. Hence,
[AL(®)[|1,0,000,00,71 < M
1 42(®)[11,Qusaf0r) < M
sup || A2(®)(#)]la,. < K
0<t<T

0
sup (D~ VA(®)Olloq, < 117
0<t<T
1
sup 11— VAL ®)(t) o, < 5
0<t<T

Furthermore, since max {||pol0.00, [£4ll0,0r} < M%HW’ we obtain by Lemma 4.41

O, Ag(®) (s, bt =t3) - ¢ (s)F| > 6.

Conclusively, A : W(M,T,K,0) - W(M,T, K,?). O

4.7 Continuity of A

Unfortunately, the operator A is not a contraction in Ct*(Q, [0, 7). Instead, we will prove in
this section that A is a contraction in the sup-norm. Due to the derivation of A, we will need to
estimate the distance of p defined by two distinct streamline functions. We encounter the same
technical difficulties as in section 4.5 caused by the lack of convexity of 2 and the piecewise
definition of ®. We therefore first focus on a bound for ||p(t) — (t)[/0,0, where p and p are given
by (4.31) for two streamline functions ®, ® € W (M, T, K, 6).

Lemma 4.44. Let Q be a C** domain and ®,® € W(M, T, K,8) and p, p defined by (4.31).
Then we have fort € [0,T]

() = (H)]lo.0
S max {Cp,MLp07M(LPA + ||pA

2on)} (19100 = 1) o, + [92(t) — @2(t) 00, )

with ¢, defined in Lemma 4.34 and L,,, L,, being the Lipschitz constants of po and p4.

Proof. We conduct a case analysis in y € 2. We denote the outer boundary part of Q} by T'}.
The interface is denoted as I'}'. Analogously, we denote the outer boundary part of 2} by I'}
and the interface by T'/%.

Case 1: y € QI NQ}.

Since y € Q}, the mapping z = @1 (7! (y,1),t) € QF is well-defined. The line segment 7% is not
necessarily contained in }. Choose the point of intersection a; with any boundary such that
a1t C Q}. By the triangle inequality

p(y,t) — ply, t)| = [p(y, t) — plar,t) + plai,t) — p(y,t)]
< Ip(y,t) — plar,t)| + |p(a1,t) — p(y,t)|. (4.96)
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Since y and a; are two points in €2, the first term is bounded with Lemma 4.34

Ip(y,t) — plar, t)] < cply — ar]ec. (4.97)

For the last term, we use the Lipschitz continuity of py. By (4.31) follows,

po(®7 (al,t)) - po(fifl(y, t)
1+tpo(®7 (a1, 1)) 1+ tpo(D7 (v,

1(a1,t))— o(® ! (y,1))
1+ tpo(®7 (y, t)))

< |oo(@ (@1, ) —po<<i>;1<y,t>>(
)

Ip(ar,t) — p(y, t)| = (4.98)

))‘

—~
—
~
=
o
—~
bcA
—
—
S
—
\/
~—
~—
/—\

We will now use the identity ®7'(y,t) = &7 (®1(®(y,t))) which is valid as the domain of
definition is the same for ®;(z,t) and ®;(x,t). Further follows for the line segment

%
a1<I>1(<I>1_1(y)) —ait C Q} due to the choice of a;. Thus we obtain with Theorem 2.15

Ly |07 a1, t) = 71 8)|_ = Ly |@

o 1) — @7 (@85 (5, 0))|
< Lﬂo’q) (alv ) (I)l_l(zvt)’oo
< Lp|[IVOT (D)oot lar — 21(D7 (,1), 1) . (4.99)
We will use the following ideas: Since the line segments yaj and a1 are a disjoint decomposition
of % follows |y — a1leo + |a1 — 2[oe = |y — 2|eo. Further since y € Q}, we use the identity
y = &1(®; (y,1),t). We then get for (4.96) by (4.97) and (4.99)
< max {C,,, Lpouwz (Dllogs } (1 = arloe + lar = 21T (), D)l )
< max { ¢, Ly [VOT <t>uom} (ly = 1(®7 " (,1). 1) )
< max {cy, Ly M} [81(87 (1), 1) — ¢>1<<i>;1<t>,t>|o,ﬂm
< max {¢p, Ly M} [@1(t) — P1(1)]o,

The last step followed as ®; and ®; had the same argument.

Case 2: y € Q2N Q7

The idea is the same as in case 1. Let z := @2(<i>51(y, t),t) € Q2. If the line segment Z{) intersects
a boundary, then choose the intersection point a; such that zai C Q% Then follows pointwise
by the triangle inequality

p(y,t) — ply, t)| = [p(y,t) — plar,t) + pla1,t) — p(y, t)]
<Ip(y,t) — plar, )| + |p(a1,t) — p(y,t)|. (4.100)
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Since y and a; are two points in €2, the first term is bounded with Lemma 4.34

p(y,t) — plar,t)] < cply — ai1]oo- (4.101)

For the second term of (4.100), we use the Lipschitz continuity of p4. We obtain by (4.31) and
with the same computations as in the proof of Lemma 4.33b)

pa(®5 " (a1,1)) p ]
1+ (t—[@3 ' (a1)]2)pa(®3 (a1, 1)) 1+ (t =[5 (y)]2)pa(®y (. 1))

< (Lo + Ipald @) | @3 (01,6) = &5 (0.0 _

lp(a,t) — py, )| =

The identity &, (Po(®5 ' (y,1),1),t) = &5 '(2,) is well defined, as &3 and @ have the same
domain of definition. Further we know due to the choice of a; that c@ C Q2. We get for the
previous term with Theorem 2.15

(Lpa + llpalls o) |

2@ t) = 95 (1)
= (Lpa + llpalliq,) |07 (@1,8) = 07 (@2(85" (5. 1).8),8)|
< (Lpa + lpalld @IV (D oalar — @287 (3,), D)lc: (4.102)

Since y € Q7 we use the identity y = ®o(®P5 ' (y,),t) and get for (4.100) by (4.101) and (4.102)

< max {cp, (Lps + pal3.0,) 1905 Ol | (Iy = a1loo + lar = @2(85 (9, ),1) o)

JIvVez (1)logs }

< max {cp, (Lps + pal3.0.) 1995 Ollogs | Iy — @285 (1), )l
)IVe3" (O)lo.0s }
)

t

< max {cp, (Lo + 1043 ) IVE3 Dllogz } 182(85 (3, 1),1) — B2(@5(3,1), 1)
< max {¢y, (L, + llpal3 )M} |82() — @2(0)llo.c,.

Case 3: y € Q?NQ}

The mapping z = ®1(® ' (y,1),t) € QF is well defined as ®; and ®; have the same domain of
definition 4. The line segment z@ intersects the boundary I'} at least once. Choose the point
of intersection a; such that a2 C Q}. Using the triangle inequality we get

1p(y,t) — p(y, t)| = |p(y,t) — plax,t) + pla1, t) — p(y,t)|
<Ip(y,t) — plar,t)| + |pla1,t) — p(y, t)] - (4.103)

The first term of (4.103) is bounded by Lemma 4.34

p(y, t) — plar, )| < cply — aioo. (4.104)
For the second term of (4.103), we conduct analogous computations to case 1.
(‘Pfl(al,t)) (@1 (w1)
L+ tpo(®7  (a1,)) 1+ tpo(®7 (1))
< L (alat) (I>1_1(y¢t)
[e.e]

|p(ar,t) — ply, )] =
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The identity &' (y,t) = &7 (®1(®; ' (y,t))) is valid as both ®; and ®; are defined on Q.
— =

Further, the line segment a;®;(®7'(y)) = a12 C 9 due to the choice of a;. Thus follows with
Theorem 2.15

LPO (I)Il(a17t) - éfl(yvt)‘ = LPO

O (ar, 1) — D7 (@1(Dy (1), 1), 1) .
< Loy [V (B)llo,01 a1 = P1(@7 (y,8), 1) oo (4.105)
Summing up, we get with the identity y = ®1(®; ' (y,t),t) for (4.103) by (4.104) and (4.105)
p(y, ) — p(y, )] < |p(y, ) — plar, V)] + [plar,t) — ply, )|
< max { ¢, L IVOT Ol } (Jy = arloo + a1 = 2137 (1,), )| )
< max {cp, Lo VO Ology | (Iy = 187 (5., D))
1

S max {CIHLPOM} ’i)l((i) 1(y7t)7t) - q)l((i)l_l(:%t)vt)’m
< max {cp, Ly, M} [|@1(t) — P1(t)[0.00-

Case 4 y € Q} N Q7
The computations are analogous to case 3 and are therefore omitted. It results

[p(y, ) = Ay, )] < max {cp, Loy M} [1(t) — 1(t) 0,00

Case 5 y € Q} NQ\

Denote z = ®1(®; ' (y,1),t) € QF. The line segment zj intersects the boundary of T} at least
once. Choose the point of intersection a; such that zaj C Qf. As a; € I'} and by (4.31), we
have p(ai,t) = 0. We can thus add p(a;,t) without changing the value of the term.

Ip(y,t) — ply, )] < [0 —p(y, 1)
= |p(a1,t) — p(y,t)|-

This is the setting of case 1 starting from step (4.98). We obtain
|p(a1,t) = py, t)| < Lo M||@1(t) = 1(t)]Jo,00-

Case 6: y € Q?NO\Q, y € U NANQ, y € Q2 N\

These three cases are analogous to case 5 and are therefore omitted.

Summing up all six cases, we get

lo(t) = (t)llo,
< max {p, MLy, M(Ly, + loalB 0, } (I191(8) = @11

000 + 122(t) = 2(1) 0, ) -
0

The next Lemma shows the continuity of A in the C°(%;)-norm. The Lipschitz constant depends
on the time T'. For small T', A is thus a contraction.
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Lemma 4.45. Let Q be a C% domain, p be defined by (4.31) and uy € C>*(T'). It follows for
d,0cW(M,T,K,0)

sup [|A(@)(t) = A@)D)lo.s, < Tex sup ([ @1(1) = @1(t) o + [B2(8) ~ P2(t)lo )
0<t<T 0<t<T

with
e, = max {emues (@) (@) + 1l o ) MLy M(Lp + 043 0,)

with ¢, and k,(a) defined in Lemma 4.34 and cs(S2, ) defined in Lemma 4.15 and Ly,, L,,
being the Lipschitz constants for py and pa.

Proof. First, we note that by Lemma 4.34 follows p(-,t) € C*(£2).
The norm is given due to the definition of the product space as

1A(@) (1) = A(@)(t)llo.s, = 141(2)(t) — A1(D)(t) ll0.020 + [1A2(D)(2) — A2(D) (%) 0.

We will demonstrate the computations for As(®). We have by rearranging terms

1A2(@)(t) — A2(2)(t) 0.,

= sup / /VG (Pa(s,te, 1), y)p (y,u)dy—/VG(@z(s,tx,u),y)ﬁ(y,u)dydu‘
(5 tz EQt tx Q oo
©sup %@w@,»zwﬁ@%mmﬁ
(87t$)€Qi te o0
t ~
g(ﬂ%L//vm%@mwwm%mw—Ava%@%me%mwm‘(u%>
S,te)EQt e’}
t
+(g%2/ /vG@xa%w»wmw4o—m%ﬂnmm4 (4.107)
S,te)EQy c [e’s)
t
+ o %@w@w»JM%@mmmq. (4.108)
(s,tac)th te 00

Due to 4.15, (G1p)(t) € C*(2). We thus have by Lemma 2.20 and Lemma 4.15 for (4.106)

t
/vm%@%mﬂm%mw—Avm@@%me%mww

[e.o]

< [ @ @ats o) = (Gt 0) |

séamwwm<mﬂ%s%>—@@%mkw

(4.109)

< Tempes(Qa) sup [lp(t)]. o sup Hq>2(t)—<‘i>2(t) .
0<t<T T o<i<T 0,Q¢
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We bound (4.108) by Lemma 2.20 and Lemma 4.15

/tED((I)Z(Sutxvu))_EO((i)Q(Svtxa,U'))dM‘ S/O ‘EO((I)Q(S’t:caN))_EO((i)2(S=tI’:U’))‘OO dp

t
S/ CmvHVEOHQQ‘q)Q(S?txa/L)_(I)Q(Satxwuﬂood/‘b
0

< Tempes(2, @) [|ually ,p sup H<I>2(t) - <i>2(t)H . (4.110)
T 0T 0,Qt

Last, (4.107) is bounded by Lemma 4.16 and 4.44

sup

t
//VG(%(S,tmt),y) [o(y, 1) — p(y, 1)] dydu'
(SvtI)th
[
0 xz€N)
5/ sup
0 zeQ

c(diam Q) [[p(k) — p(p)llo.0 dp

c(diam Q) sup ||p(t) — p(t)lo.q
0<t<T

o0

/VG z,y) [p(y, 1) — p(y, p)] dy‘ dp

oo

/IVGwy)\oolp(y, 1) — (y,u)ldy’ dp

o0

INIA
55—

< T (e MLy ML+ Lpal})} s ([0 =01, + [0 = 2t

0,Q: ) .

(4.111)

0,920

Summing up, we get with (4.109), (4.110) and (4.111) and by Lemma 4.34
142(®)(t) — A2(2) (W) lo.g. < Temurip(a)es(2, @) P, |1@2(t) = @2(t)llo.

+ Tempes () [uallyqr sup [[@2(t) — 2(t)]oq,
0<t<T

+ Tmax {ep, MLy, M(Lp,y + lpal)} sup (11(6) = ®1(1)

000+ [B(t) = @2(t)ll0.c:)

<Tey, <||<i>1 — ©10,00:0,0,7]

0p01)
with
er, = max { emues(©,0) (5(0) + [uallo o) € MLy M(Lpy + llpal 0,) -

The computations are done analogously in case of the operator A;. We obtain the bound

sup [ 41(®)(t) = A1 (®)(D)llo.p < Ter sup (11(6) = @1(B)llo.0 + [12(t) = @2(b)lloq. ) -
0<t<T 0<t<T

Conclusively, we obtain for the operator A

sup |A@)(2) ~ A®) (1) o, < Ter (181 = ullago0om + 192~ P2logu0.0m)-
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4.8 Existence of a Fixed Point

It is not possible to apply the Banach fixed point theorem to show the existence of a fixed point
to the operator A as A is not a contraction in C1*%(Q,[0,7]). Instead, we follow the idea of
Huang [44, 43] and show the existence with a compactness argument.

We start with collecting results from literature that will be needed in the following. First, we
introduce the concept of a precompact set by the following Lemma.

Lemma 4.46. [3, 2.5, p.100] For every subset A of a metric space (X,d) are equivalent

1. Every sequence in A contains a convergent subsequence with limit in A.

2. (A,d) is complete and A is precompact.

3. A is compact.
The goal is to prove that Wiy (M, T) and W1 (M, T, K, §) are precompact and additionally that
the sets are complete. Therefore, we list two results on precompactness in Holder spaces.
Lemma 4.47. [3, p.136, U2.15] Let Q be a compact domain in R™ and let S be a bounded set
in C9Y(Q). Then S is precompact in C¥P(Q) for 0 < g < 1.
Increasing the regularity of the domain and the bounded set S, we obtain
Lemma 4.48. [34, Lemma 6.36] Let 2 be a CH* domain in R? and let S be a bounded set in
Ch(Q). Then S is precompact in CIB(Q) if j + 8 <14+ a.
We can conclude that the sets Wy (M, T) and Wo(M, T, K, §) are precompact in C155(Q, [0, 77)
for0<pg<a.
Lemma 4.49. The sets W1(M,T) and Wa(M, T, K,§) are precompact in CH%°(Q, [0, T]).
Proof. s a compact domain and [0, 7] is a compact interval. Further Wy (M, T) and Wo(M, T, K, 5)

are bounded sets in C1%%(Qy, [0, T]) and CH%%(Qy, [0, T]). Then Wi (M, T) and Wa(M, T, K, §)
are precompact in CH%8(Qq, [0, T]) and C*58(Qy, [0, T]) by Lemma 4.48 and 4.47. O

Second, we show that Wi(M,T) and Wa(M, T, K,§) are closed w.r.t. to the CY%# norm for
0<pf<a.

Lemma 4.50. W1 (M, T) and Wo(M, T, K, §) are closed in C*58(Qq, [0, T]) and CH8(Qy, [0,T])
forall 0 < B < a.
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Proof. To show that Wy (M, T) and Wo(M, T, K, §) are closed in C*%8(Qg, [0, T]) and C*58(Qy, [0, T)),
we have to show that the limit of every convergent sequence in W; is in W;.
We begin with Wy (M, T). Pick a convergent sequence {®7} € Wi(M,T) with limit function
(I)l, i.e.
n— oo

|27 — ®1|1,5.00:8, 071 — 0

Conclusively, ®7 and V&7 converge uniformly to ®; and V®;. It follows that ®} and V@7 also
converge pointwise to ®; and V.
We have to show that the limit function ®; € W;(M,T). For the initial condition, we get

pointwise for every x € Qg
|®1(z,0) — x|oo = lim |®1(x,0) — PT(x,0)|e = 0.
n—oo

Hence, ®1(z,0) = x.

We show that [[®1]|1,4,00:0,077 < M. Since ®F € Wi(M,T), we have for every n a constant
M7} < M, such that for every z,z1,x2 € Qo and t,t1,t2 € [0,7T] follows

B (@1, 6)|oo + [V} (@2, )| oo + [ @ (2, t1)] + [ 9] (2, £2)] < MY (4.112)

Next, we show that V®; € C*(Q2). Let therefore be M} < M, z # y € Qp be fixed and ¢ € [0, T.
We have pointwise

V@1 (2,) = V1(y, t)loo = lim [V} (z,1) = VI (y,1)]oc < lim M|z —yls.  (4.113)

It follows that V®; € C%(€y) Analogously, we obtain for ¢; # to € [0,7] and x € Qy and
constants My, M3 < M

[@1(2,81) = Pr(2, )]0 = Tim [0 (2, 81) — DT (2, 12)]o0 < lim My'[tr — tofS, (4.114)
‘V(I)1<$,t1> — V(I)l(.%',tg)’w = lim ]V@?(m,tl) — V(I)?(.%',tg)loo < lim Mf‘tl — tg’go. (4.115)
n—0o0 n—0o0

We then get pointwise for all z,z; € Qo with ¢ = 1,..,4 and ¢,¢; € [0,7] with ¢ = 1,..,6 and
since Y3, M* < M for every n

‘Vq)l(.%';g) — Vq)l(.%'4) ‘oo

[@1(21,8) |00 + [VP1(22,1)]00 + +®1 (2, 01)] + [@1 (2, 12)]

’.’L’g - -754‘00
\<I>1(x,t3) — @1(.%‘,754)‘00 ]VCI)l(x,t5) — V@l(x,tﬁ)]oo
|t3 — ta]oo Its — t6]oo

VT (x3,1) — VO (x4,
— lim <|q>7;(x1,t)|+|v¢>’f(x2,t)|oo+’ (73,1) i (74
n—oo ‘x3—x4’00

| DT (,t3) — DT (2, 14)]0o n VoY (z,t5) — V©?($at6)|oo>
|t3 — t4]oo |ts — t6]oo
< lim (M + M + M} + M)
n—oo

t
oo @7 (2, 1) + 97 (e, 1)

< lim M =M.

n—o0
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We thus obtain (|11 3.00:8,0,7] < M.
Last, we check with the pointwise convergence of the sequence ®,,(x,t)
1
I — VO (2,t)|oc = lim |[I — VO (2,t)|00 < =. (4.116)
n—00 2

Thus, for the limit ®; of every sequence ®} € Wi (M, T) with [[®1 — ®F(|1 5 0:8,0,7] 2220
follows ®; € Wy (M,T). Consequently, Wy (M, T) is closed in C1##(Qq, [0, T]) for all 0 < § < a.

We now pick a convergent sequence {®45}, € Wo(M, T, K,6) with limit function @, i.e.

n—oo

125 — @2[l1,5.q,:8.07) — 0

Conclusively, @3 and V@4 converge uniformly to ®; and V®q. It follows that ®5 and V@3 also
converge pointwise to @3 and V®,. We can now check the initial condition and boundedness of
®5 in an analogously to ®;. Let us explicitly present the restrictions of Wa(M, T, K, ) that are
different to Wy (M, T). For every ®%, we have the corresponding matrix D". It then follows
D — V&s(t)|w = Tim | D" — VOI(H)|o0 < ——
© n—o0o 2 0 = 4M
Last, we obtain

|at1q>2(svtmat = th“) : @/L| = nh_>120 |8tzq)g(5at:rat = tx) : SO,L|oo >0 > 0.

Thus, for the limit ®2 of every sequence ®3 € Wa(M, T, K, 6) with [[®2 — 5|1 3 0,:8,0,7] LNy
follows ®y € Wo(M, T, K,6). Consequently, Wo(M, T, K,5) is closed in CH#2(Qy, [0,T7]) for all
0<fB<a. O

Lemma 4.51. Every sequence in Wi (M, T) and Wao(M, T, K,§) contains a convergent subse-
quence in C15P(Qq, [0,T]) and CHP8(Qy, [0, T)) whose limit is in Wi (M, T) and Wo(M, T, K, 5).
The sets Wi(M,T) and Wa(M, T, K,5) are compact subsets of C155(Qq,[0,T]) and

CYH8(Qy, [0,TY).

Proof. Due to Lemma 4.50, the sets W1 (M, T) and Wa(M, T, K, §) are closed in C*%8(Q, [0, T))
and C1P8(Qy,[0,T]). By Lemma 4.5, the Holder space C158(%,,[0,T]) is a Banach space. As
closed subsets of a Banach space, W1 (M, T) and Wy(M, T, K, §) are complete w.r.t.
CLPB8(%4,[0,T)). By Lemma 4.49, Wy (M, T) and Wy (M, T, K, §) are precompact in CH%%(Qq, [0, T)
and C1%8(Qy,[0,T]). The assertion follows with Lemma 4.46. O

We now show that the set W (M, T, K, ) is compact in the C1#8(%;, [0, T])-norm.

Theorem 4.52. W (M, T, K,§) is a compact subset of C158(3,[0,T7]).

Proof. The product space Wi(M,T) x Wo(M, T, K,§) is compact in C1%8(%,,[0,T]) as each
factor is compact [64, Theorem 17.8]. We will now prove that
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W(M,T,K,8) C Wi (M,T) x Wo(M, T, K,6) is closed in C*%8(%;,[0,T]) and consequently is
also compact.
Therefore, choose a convergent sequence ®,, = (9}, ®5) € W(M,T, K,0) with

1@ = @0ll1 g5 5,0,7) —— O

and show that the limit function ® fulfils the interface condition. ®} and ®% converge uniformly
and consequently pointwise to ®; and ®3. Then we have pointwise for all z¢ and (sp,0) with

zo = ¢(s0)

[@1(20,) = a(50,0, D)oo = lim_ [ (w0, £) — B (s0,0,1)]oc = 0. (4.117)

It follows that the interface condition is inherited to the limit and that every limit function
®ec W(M,T,K,0). We conclude that W (M, T, K,0) is a closed subset of the compact product
set Wi(M,T) x Wo(M, T, K,§) and thus also a compact subset of C138 (%, [0, T]). O

We arrive at the final result. We choose the following sequence

o, = A(P,—1), Poec W(M,T,M,0) arbitrary. (4.118)

and prove that a fixed point ® € W(M,T, K, ¢) exists. From now on let {®,}, be understood
as defined in (4.118).

Theorem 4.53. Let Q be a C*>® domain. Let T, M and K be defined in Theorem 4.43. Then
the sequence ®, has a convergent subsequence in the CY%8 (%, [0, T])-norm with limit ® in

W(M,T,K,6).

Proof. As A is a selfmap due to Theorem 4.43, ®,, is a sequence in W (M, T, M, ). The assertion
follows with Lemma 4.52 and Lemma 4.46. ]

We can now show that there exists a unique fixed point ® to the operator A.

Theorem 4.54 (Existence of a fixed point to A). Let Q be a C2* domain. Let T, M and
K be defined as in Theorem 4.43. Let T' = min {T, %CL} with cp, defined in Lemma 4.45 and

s
max {[[pallo.qr leolloge} < c(diam(Q)) *

Then the sequence {®,}, defined in (4.118) converges to ® € W (M, T, K,6). Further, the limit
® is the unique fixed point for the operator A.

Proof. Existence:
By Lemma 4.45 and the choice of T" < ﬁ, we first obtain the existence of a limit function
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® € C90(%,[0,T)). Tt follows

1@nt1 = Pallo s, 0,077 = 14(Pn) = A(Pu-1)llo50,0,7)

< Ter |2 — Pon-tllo5,0,00,7)

IN

1
5 HCDn - ‘I)n—ll

Ovzﬁor[ovT]

1 n
<2> P21 = Polly 5, 0,0,77 -

By Theorem 4.53, there exists a convergent subsequence ®,, € W (M, T, K,0) of ®,, with limit
P e W(M,T,K,5). We will prove that ® and @ are identical by comparing ® and ® in the

sup-norm. We have

IN

||‘1) - (i)HO,Et;O,[O,T} = ||(I) - &, + P, — q)nz + q)nz - (i)|

O,Zt;O,[O,T]

0,500,007 + [P0 — Py llo,5,:0,0,7] + | @y — @

0,50, 0.7]- (4.119)

It is immediately clear that

n—o0

@ = Pnllos,:0,07 — 0
o —
[®r, = @lo52,.0,0,7] —— 0
as the sequences ®, and ®,, converge to their respective limits. It is left to show that for
(n,l) — (00, 00) follows

H(I)n - (I)nz HO,Et;O,[O,T] — 0.

®,, is a subsequence of ®,. As ®,, is converges to ¢ € CY0(3y, [0, T)), ®,,, must converge to the
same limit as subsequence. We can conclude that || — D|lo,5:0,(0,7] 272 0 and thus ® = @
due to the choice of the sup-norm.

We have shown that ®,, converges to a limit function ® € W (M, T, K, §). Still, it is not proved
whether @ is a fixed point to A. Using again Lemma 4.45, we obtain

| — A(®)

0,5¢0,[0,7] = nh_{glo |®r — A(®)l0,5,:0,0,7]

< Tim [ A(@,1) ~ A®)

Ovzt ;07 [07T}

IN

1
2 Jim |[®, — @o,52,50,f0,71 = O-

Thus, ® € W(M, T, K,0) is a fixed point to the operator A.

Uniqueness: Assume that there is a second fixed point d to A. We obtain with Lemma 4.45

| — &

. 1.
0,500,711 = [[A(®) — A(®)lo,5,:0,00,7] < 5”‘1) -

‘Ovzﬁov[O?T]

This is only possible if & = ®. Thus the fixed point is unique. O

With the existence of a fixed point ® € W (M, T, K, 0), we can also conclude that there exists a
unique classical solution to (CP 4.2).
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Theorem 4.55 (Existence and uniqueness of a classical solution (u, p)). Let Q be a C** domain.
Let M, T and K be as defined in Theorem 4.5/ and let max_{HpAHo,QT, H’OOHO’SZO} < WﬂnQ).
Then there exists a classical unique solution (u,p) € C%*9(Q,[0,T]) x COL(Q,[0,T)) to the
coupled problem (CP 4.2) with streamline function ® € W (M, T, K,9).

Proof. By Theorem 4.54, we have the existence of a fixed point ® € W (M, T, K,J) to the
operator A. Due to the construction of A, the fixed point ® is thus the streamline function
corresponding to the solution p of (CP 4.2). As ® € W(M, T, K,d), the images of ®; and
®5 are non-overlapping. Lemma 4.26 and 4.29 ensure the existence of the inverse functions
o' € CH(Q) and ®;1 € CH(Q). By Theorem 4.20, we have the solution p € C%9(€, [0,T7).
Lemma 4.34 with 8 = 1 and Lemma 4.36 give the Lipschitz continuity in space and the a-Hdolder
continuity in time, i.e. p € C%4%(€Q,[0,7]). By Corollary 2.14 we obtain the extension up to
the boundary p € C%L(Q, [0,T)).

As p(-,t) € COH(Q) C CY*(Q), we have by Lemma 4.11

ulir, 1) = /Q G, y)p(y. ) dy + uo(z)
and u € C%%9(Q, [0, 7).

Thus we found the unique solution (u, p) € C%%0(,[0,T]) x C%L¥(Q,[0,7]) to (CP 4.2) with
streamline function ® € W(M, T, K, 6). O

4.9 Continuation of the Solution in Time

We proved the short time existence for a solution (u, p) to (CP 4.2) on a time interval [0,7],
where T depends on the choice of the boundary data us and p4, the initial distribution pg, the
geometry of the domain €2 and « indicating the Holder regularity of these quantities. We will
now show that the solution can be continued in time. The idea is to use the solution (u,p) in
[0, 7] and define a new initial distribution by po(z) = p(x,T). Since p € C%1%(Q[0,T]), the
new initial distribution inherits the regularity. The proof of short time existence can then be
applied again on the new interval of existence [T, T5].

Theorem 4.56 (Continuation of the solution). Let Q be a C*% domain, ua € C%%(Q) and
pa € CO¥(Ir_ x[0,00]). Let Ly, == c, be the Lipschitz constant of p(x,T) as defined in Lemma
4.84. If (Hconvex(suppgeq {p(x, T)}))\Q— C Q, then the solution (u,p) obtained in Theorem
4.55 can be extended on a time interval [T, T3], where Ty depends on «, the boundary data uyz
and pa, the geometry of the domain ) and Ly, .

Proof. By Theorem 4.55 follows p € C%1%(Q, [0, T]). The charge distribution at time 7 is thus
given by p(z,T) which is a Lipschitz continuous function with respect to x. By Lemma 4.34,
the Lipschitz constant is given by L;, = c,. We now define

o, T) = jol) (4.120)
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and obtain the new initial domain as Qy = Heonver (SUPDPreq {fo(2)})\Q- C Q. We have to
check if po(x) = pa(z,T) for x € T'_. This is fulfilled automatically due to the choice of
pa € COL(Ir_,]0,00]) and since pg consists of previously inflowing points in a neighbourhood of
r_.

We can now apply Theorem 4.55 to the new setting and obtain a solution

(u, p) € C2¥(Q, [T, Ty]) x CO¥L%(Q, [T, T»]). The constant T, depends on the boundary data u
and p4, the geometry of the domain 2, a and the Lipschitz constant of pg, i.e. Ly, :=c,. [

The last Theorem thus gives the continuation of the solution (u, p) in time. The time of existence
decreases with every continuation step as the constant L; and the size of )y increase. When the
charge support increases, then the distance between I'; and €y decreases which reflects into the
time of existence 7.

4.10 Remarks about the Chapter

In this Chapter, we presented an approach using a system of integro-differential operators to
show the short time existence of the time dependent coupled problem (CP 4.2). We therefore
generalized the works [44, 55] by the implementation of inflow boundary data p4 and Dirichlet
boundary conditions u4 for the Poisson equation. Further, we had the additional difficulty of
working on a nonconvex and not simply connected domain €.

To obtain the short time existence of a solution in Theorem 4.55, |[palo,@, and |pollo,0, have

to obey certain restrictions. Both quantities are bounded by o where the constant §

d
diam €2)
is connected to the choice of boundary data w4 through the vector field FEy. There are two

strategies to follow. For a given domain

1. fix u4 and choose p4 and pg small enough

2. fix pp and p4 and choose the potential difference us|r_ — ua|r, big enough.

The time of existence T" depends on the boundary data w4, pa, the initial distribution pg, the
domain 2 and « that defines the Holder space in which the solution is sought in. Thus 7T is
determined by only a priori given data. It is difficult to obtain a qualitative interpretation for
the size of T" with respect to the size of the domain, as we do not know precisely how the constant
cs(92, @) is influenced by Q. However, we can comment on a fixed geometry 2 and increasing
boundary data ua, po and pa: the greater ||uall2,a,r; |lpolloo, and [[pallo,q,, the smaller T
becomes.

Further, we obtained that the solution (u,p) is extendable into a next time interval [T',T}] as
long as the support of p(x,T') is contained in 2. This restriction is based on two reasons. Recall,
that ®¢ is defined on €)y. In Lemma 4.39, we used Lemma 2.20 to obtain

|[@1(2, 1) = P1(2,8)[50 < emo| VLG 07 — 25
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Lemma 2.20 requires the outer boundary to be convex which is the reason why we assume ()
to be convex. Second, we did not model the outflow of charge and chose T such that

D1(-,t) : Qo — O} C Q. The solution can thus only be continued until the first charge particle
reaches the outflow boundary.

The solution (u, p) € C*%0(Q,[0,7]) x C%L*(€,[0,T]) of (CP 4.2) is not a classical solution
to (CP 4.1), as p is neither differentiable in space nor in time. Let us choose the boundary
data py € C1(Q) and ps € CY(Qr) and recall that the fixed point ® € W(M,T, K,J) is of
Ch (%, [0,T)) regularity. Then p defined in (4.31) is differentiable on each of the subdomains
Q? and Q\Q? with respect to space. Due to the construction of the operator A, we know that
the fixed point ® = A(P) is also differentiable with respect to ¢. Since

—Vo(D(r, t),t)%@(ﬂ t) = 0,0 (®(7,t),1),

we conclude that ®~1(y, ) is also differentiable with respect to t. We obtain by (4.31) that p is
differentiable with respect to ¢ and obtain a piecewise classical solution to (CP 4.1) on Q? and
O\Q?. The solution can not be continued immediately, as the new initial charge distribution
po(x) := p(z,T) is not globally differentiable on 2. However, the argumentation of the presented
proof can be applied by considering the additional interface in po(z). In time, we will thus
obtain a solution p to (CP 4.1) that is a piecewise classical solution on each of a finite number
of subdomains of .
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Chapter 5

Steady-State Radially Symmetric
Setting

In the Chapters 5 and 6, we address the question of existence and uniqueness of a classical
solution to the two dimensional steady state coupled problem.

Problem (CP 6.1). Let 2 be a C*% domain with boundary T =T_ UT,. Let us € C*>%(T).
Find (u, p) € C>%(Q) x CH*(Q) such that

—Au(z) = p(z) x € (5.1a)
u(z) = us(x) xel (5.1b)
E(z) = —Vu(x) x € (5.1c)

div(Ep) =0 x el (5.1d)
p(x) = pa(zx) xel_, (5.1e)

with pa € CH(T2).

The existence of steady state solutions (u, p) to a variant of the vortex patch problem was ob-
tained by Styles et al. in [56] in the spaces (H'(€2), L?(2)). However, we are interested in the
existence of a classical solution as in the time dependent cases of Chapters 3 and 4. In this
Chapter, we investigate the radially symmetric setting on an annular domain. The solution to
the radially symmetric setting can be found by classical means (see 8.2.1). This Chapter is meant
to develop a theoretical framework to prepare the proof of the general solution to (CP 6.1) in
Chapter 6. We therefore reformulate the simplified one-dimensional problem as a fixed point
problem. By means of Green’s functions, we explicitly find the solution operator Lp = u’ of
the Dirichlet problem for the Poisson equation (5.1a)-(5.1b). For the transport problem (5.1d)-
(5.1e), we will determine the solution operator Tu' = p to an integrated formulation. We show
by the Banach fixed point theorem, that there exists a unique fixed point p € C°(I) to the
operator T o L. The fixed point then leads to the existence of a solution (u, p) € C?(I) x C*(I)
of the radially symmetric coupled problem.
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To the end of this chapter, 2 is assumed to be an annular domain with midpoint in the origin

and the radii 79 and rq, i.e.
Q={z :ro<|zl2<ri}. (5.2)
The inflow boundary is given by
I ={z: |zfl2 = ro} (5.3)
and the outflow boundary is given by
Dy = {2 flalls = 1} (5.4)

Let u, E and p be radially symmetric, i.e. for r € [rg, r1] with » = /22 + 3?2 holds

u(z,y) = u(r),
E(x,y) = E(r),
p(z,y) = p(r)

The quantities thus only depend on the distance from the inflow boundary I'_ and are indepen-
dent of a tangential component. Using polar coordinates, we obtain for the differential operators

Vau(r) = e 0pu(r) + %DQOU(T) = e, Opu(r),

1 0 1 1 0
Agu(r) = ;(% <ra:f> + r—zaiu(r) = ;& (Tu> ;
0,

”
. 1 1 1
le(E(T’)p(T’)) = ;ar(rer ’ (Ep)) + ;890(64/7 ’ (Ep)) = ; r(rer ’ (Ep))
with ¢ € [-F, §], e, = [cos g, sinp] and e, = [—sin¢, cos ¢] as unit normal vectors in direction

of r and ¢. Eventually, we get for the electrical field
E(r) = =Vu(r) = —e;0ru(r) — %p&pu(r, @) = —erOpu(r).

Using polar coordinates, the two dimensional model problem (CP 6.1) reduces to a one-
dimensional problem on the interval [rg,71]. In the following, ' denotes differentiation with
respect to 7. This chapter is concerned with the following setting:

Problem (CP 5.1). Let I = [ro, r1]. Find (u,p) € C*(I) x C*(I), such that

——0n(ru/'(r)) = p(r) (5.52)
u(ro) = ua, (5.5b)
u(ry) = ua, (5.5¢)

0, (ru/p(r)) = 0 (5.5d)
p(ro) = pa (5.5¢)

with ua, > ua, and pa > 0 constants.
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Figure 5.1: Annular domain {2 with electrical field £

The Poisson and transport equations reduce to one-dimensional differential equations with vari-
able coefficients. For the boundary conditions u4,, u4, and pa, the physical model gives hints
on their size and signs. The potential is generated by a difference of voltages on the boundaries.
The peak is assumed to be on the inflow boundary, which results in w4, > wa,. The charge
density p is defined to be positive, conclusively p4 > 0.

As one-dimensional differential equations, the solutions u and p are sought in the spaces of con-
tinuous differentiable functions C?(£2) and C1(€2).

We proceed as follows. In section 5.1 we derive Green’s function for the Poisson equation.
We thus represent u as an integral equation that uses the solution p of the transport equation
as argument. Because of the simple structure of (5.5d), we obtain the solution p by direct in-
tegration. Apparently, p depends on u’ which expresses the coupling of the two problems. In
section 5.3 we formulate the solution operators L for the Poisson equation and T for the trans-
port equation. The composite operator T o L is applied to a subset R(M) C C([rg,r1]) of all
those p € C%([rg,1]) for which the composition T o L is well defined. To show existence and
uniqueness of (CP 5.1), we apply the Banach fixed point theorem to T o L.

Theorem 5.1 (Banach Fixed Point Theorem). (/65, p.19]) Let W be a closed non-empty sub-
space of a Banach space X and assume that the operator A : W — W 1is contractive, i.e.

|Au — Aw| < q|lu —w|, Yu,weW,0<q<1.
Then a unique fized point exists for A in the set W, i.e. there exists a unique v € W, such that

Av =v.

We will investigate how to choose the constant M in the set R(M) for T o L being a contraction
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and selfmap.

5.1 Partial Problems

In this section, we will find representations of the solutions u to the Dirichlet problem for the
Poisson equation (5.5a)-(5.5¢) and p of the transport problem (5.5d)-(5.5¢).

5.1.1 The Poisson Equation

In the radially symmetric setting, the two-dimensional Poisson equation (5.1a) reduces to a
one-dimensional second order differential equation with variable coefficients.

Problem (Po 5.2). Let I = [ro, 71]. For a given right-hand side function p € C°(I), find
u € C%(I), such that

()~ 1/(r) = plr) (5.60)
u(ro) = ua, (5.6b)
u(ry) = ua,. (5.6¢)

The boundary values wa, and ua, are constant with ua, > ua,.

One technique to represent the solution of (Po 5.2) is given by the method of Green’s function.
Green’s function enables us to express u as an integral equation applied to the right-hand side
function p of (5.6a). In terms of the coupled problem (CP 5.1), this representation is of great
advantage. As p is the argument of the integral equation, we immediately obtain the solution
operator L of the Poisson equation of (Po 5.2). We will now begin to derive Green’s function
for (Po 5.2) and some related results that will be used in section 5.3 to show the requirements
of the Banach fixed point theorem.

We will now present explicitly how to obtain the Green’s function for (Po 5.2). As first step,
we transform (5.6a)-(5.6¢) into a boundary value problem with homogeneous boundary condi-
tions. We then determine Green’s function for the new problem and use it to derive the one for u.

The function

(r1 —7)ua, + (r —ro)ua,

U(r) = 5.7
(" Lt (5.7

is a linear function with ¥(rg) = ua, and ¥(r;) = ua,. Subtracting ¥ of u, we obtain
w(r) =u(r) —Y(r) (5.8)

for » € I. Then w solves the second order differential equation (5.6a) subject to modified
right-hand side data and homogeneous boundary conditions.
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Lemma 5.2. Let r € I. Then w solves the boundary value problem

—w(r) — %w’(r) = p(r) + % (H) (5.92)
w(ry) = (5.9b)
w(rl) — (5 9¢c

—0(r) — () = () — ol () + () + )
—p(r) 41 (M)

O]

We now derive the Green’s function for w. Afterwards, we easily obtain an integral representation
for u by u = w + V. For second order differential equations, Green’s function is characterised
by the following criteria.

Definition 5.3. [35, p.14] We call a function G(r,t) the Green’s function for (Po 5.2) if it
fulfils the following conditions

1. G(r,t) fulfils as function of r with r # t the homogeneous ODE,
i.e. —92G(r,t) —10,G(r,t) = 0.

2. G(r,t) fulfils as function of r the boundary conditions,
i.e. G(ro,t) =0=G(r,1).

3. G(r,t) is continuous, %—f jumps for r =t with —1,
i.e. lim,_ 0,G(r,t) — lim,;, 0,G(r,t) = —1.
The definition suggests that G(r,t) is a piecewise defined function for x < ¢t and = > ¢. In the
following Lemma, we will compute Green’s function for (5.9a)-(5.9¢).

Lemma 5.4. The solution w of (5.9a)-(5.9¢) is given by

w(r) = / " Gan ) f () dt + / Y Gl ) F (1) dt (5.10)

where f(r) denotes the right-hand side of (5.9a)

1) = plr) 4 (M),

r—7To
G1(r,t) and Ga(r,t) are the components of Green’s function

(5.11)

G t) = (a1 + b1)log(r) + as + balog(t) =: Ga(r,t), r <t
’ (a1 — by) log(r) + ag + b log(t) =: G1(r,t), r >t
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with

aj . 1 —bl log (7"07“1) — 2[)2
az log <%> 2log o log 7161 + b log(ror1)

(2)-5( )

Proof. We follow the method described in [20, pp. 158-160].
We begin by finding the fundamental system for the homogeneous ordinary differential equation

and

corresponding to (5.9a), i.e.

—w"(r) — %w'(r) =0. (5.12)

The fundamental system is given by v = {v1,v2}, v1,v2 € R, such that v; and ve are linearly
independent and solve (5.12). Every solution to (5.12) is thus a linear combination

w = v; + svg with s € R. A first solution to (5.12) is easily found as v1(r) = log(r). Due to
the absence of w in (5.12), the second solution is constant, say vo = 1. Then the fundamental
system is given by

v={logr,1}. (5.13)

Green’s function has to solve the ordinary differential equation on both sides of the diagonal
x =t. A piecewise definition is thus reasonable. Further, due to condition (1) of Definition 5.3,
G(r,t) solves the homogeneous differential equation. We use as ansatz a linear combination of
vy and vy with coefficient functions depending on ¢. This is clearly a solution to (5.12).

Gty = 4 (@O + 01O (r) + (ax(t) + a(O)ealr), <t
’ (ar(t) — by (£)vr(r) + (as(t) — bo(B))valr), 7>t

At the diagonal x = ¢, the functions b;, j = 1,2 are decisive for G(r,t) to obey condition (3)
of Definition 5.3. We choose b;(t) such that the continuity and the jump for the derivative are
fulfilled at r = ¢t. With G1(t,t) — Ga(t,t) = 0 and 0,G1(r = t,t) — 0,Ga(r = t,t) = —1, we
obtain the system

bl (t)’Ul (7") + bz(t)UQ (’l“) =
b1(t)vy(r) + ba(t)v(r) =

(2)-5( )

a; and ag are now chosen to fulfil the boundary conditions for G(r,t) and thus to satisfy condition
(2) of Definition 5.3.

o= D

It results
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G(ro,t) = (a1 + by)vi(ro) + (a2 + ba)va(rg) =
G(ry,t) = (a1 — by)vi(r1) + (ag — ba)va(ry) =

logrg 1 a1 L log g 1 by |
logr; 1 as —logr; -1 by |
and we obtain

al B 1 —bl(logro JrlOg’l“l) — 2b2
as | logrg—logry \ 2logrglogriby + ba(logry +logry) |
Green’s function is determined by

_ ) (ar+ §)log(r) + (az — Slog(t), r<t
Gl = { (a1~ §)log(r) + (az + S log(®), 7>t

It results

With the result of Lemma 5.4, we have an integral representation for w.

Theorem 5.5. The solution u € C?(I) of (5.6a)-(5.6¢) is given by

" " 1 — 1 —1
= [ Gitr0par+ [ Gatrup(e) de-+ PEIA = 2) $ 08 Doty — TR,

oz ()

(5.14)
with G1 and G2 as defined in Lemma 5.4.
Proof. Recall the definition (5.8), i.e. w =u — ¥. By (5.10) and (5.7), we obtain
T T1
= / Gi(r,t)f(t)dt +/ Go(r,t)f(t) dt + ¥ (r)
i) r
‘a 71 _ —
= [[Girnswar+ [ Gt drs DD 0,
0 r Tt —"7To
As f(r) = p(r) + (%%), we obtain the assumption by computing
/ Gr(r 1) lug, —ua, dt+/ Ga(r, 1) 1uA2 uA, gt (ri —r)ua, + (r —ro)ua,
t T —To T —To r —To
_ rlog(ri) + rolog(r) — log(ry)re — log( )r1 + log(ro)r1 — rlog(ro) ua, — ua,
10g(%) T — 70
n (r1 —r)ua, + (r —ro)ua,
Tn —T0
_ log(r)(ua, —ua,) + logroua, — logriua,
os (3)
L]
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We will see in section 5.1.2 that the solution p of the Transport equation in (CP 5.1) depends
only on u'. We state the integral equation for v’ as it will be used frequently.

Lemma 5.6. The integral equation for u/(r) is given by

T 1 B
:/ 9,G1(r,t)p(t) dt+/ 8,Ga(r,t)p(t) dt + A~z
70 r

rlog (:—‘;)

Proof. We differentiate (5.14)

W' (r) = lim Gi(r,t)p /8G1rt (t)dt
t—r—
— lim Ga(r,t)p /OGQrt (t)dt + 2 _“AZ.
t—rt

Condition (3) of Definition 5.3 claims the continuity of G(r,t) at ¢t = r, i.e.

Jim G (r,)f(r) = lim Ga(r,t)p(r) = 0.

t—srt
Hence,

T 1 -
= / Or G (r, t)p(t) dit + / 8,Ga(r, 1) p(t) dt + A4z,
" " rlog (:—2)

O]

The next two Lemmas are auxiliary results for showing the requirements of the Banach fixed
point Theorem in section 5.2. To prove that the operator T o L is a selfmap and contraction,
the signs of the kernels G1(r,t) and Ga(r,t) are of importance.

Lemma 5.7. Let G1 and Gy be defined as in Lemma 5.4. Then holds for all r,t € [rg, 1]

0rG1(r,t)

0 (5.15)
OTGQ (’I”, t) 0

<
> (5.16)

Proof. We check the signs of 0,G1(r,t) and 0,Ga(r,t).

vV

0
——

2
log (70 log
t 08 t
0rGi(r,t) = (t ) = -

o log (m) r log

7 N7/ N

SIS |S =

) <o
)

¢
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and

For the constant density p(r) = 1, we compute the integrals of Lemma 5.6 explicitly.

Lemma 5.8. With Gi(r,t) and Ga(r,t) as defined in Lemma 5.4 holds

" -1 2 2.2
/ ’arGl(T, t)| dt = ——— (T’ log <T’> — TTO)
To rlog (;%) 2 o 4

2 2

v 2
/T 10, G, )] dt = Hogl() <glog (%) - Tl4’“> .

Proof. By direct computations, the representations of 9,G1(r,t) and 9,G2(r,t) in Lemma 5.6
and Lemma 5.7, we get

0 T0

T T r 4 log
/rlarGH(ht)ldt:— OrG1(r,t)dt/m:§r§dt

and

R ()
rlog (:—f) 2 ™
1 —r? r 7‘% — 72
- rlog (L"> < 2 s <T1> 4 )
T1
2 _
e ()5

rlog

N———
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5.1.2 Transport Equation

The second component of the coupled problem is the transport equation. The steady state
transport equation reduces in the radially symmetric case to a one-dimensional equation with
variable coefficients. We obtain the following one-dimensional setting

Problem (Tr 5.3). Let I = [ro,71]. For a given v’ € C*(I), find p € C*(I), such that

L0 ()p(r)) = 0 (5.172)
p(r0) = pa (5.17b)

forallr € I and pa > 0 constant.

For a given v/, the solution p of (Tr 5.3) is easily obtained.

Lemma 5.9. Let I = [ro,71], ' € CY(I) with u/'(r) # 0 for r € I. Then the solution to the
boundary value problem (Tr 5.3) is given by

o(r) = parou’(ro)

5.18
ru’(r) (5.18)
Proof. By integration of (5.17a), we obtain
C
p(r) = ru'(r)
With the boundary conditions (5.17b), we obtain
C = parou' (ro).
O

5.2 Formulation of Solution Operators L and T

We are now going back to the coupled radially symmetric problem (CP 5.1). This section car-
ries out the formulation of the solution operators L of the Poisson and T of transport equation.
Further, we will define a set of functions R(M) C C°(I) in which we will seek for a fixed point
of the composite operator T" o L in section 5.3.

First, we define the solution operators 1" and L by using the results of section 5.1.

Lemma 5.10. Let I = [ro,m1] and ' € CY(I) and u/(r) # O for r € I. Then the solution
operator T for the transport problem (Tr 5.3) is given by

_ parou(ro)

T (r) = ra(7) (5.19)

and Tu' € C1(I).
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Proof. By Lemma 5.9, we know that the solution p is given by

p(r) = parou’(ro)

) (5.20)

and Tu/(r) fulfils the boundary conditions (5.5¢)
Tu'(rg) = pa. (5.21)
Since u' € C*(I), Tw' is once continuously differentiable. O

By Lemma 5.10, it is clear that for obtaining the solution p of (CP 5.1), it is not necessary to
know u. For the Banach fixed point iterations in section 5.3, it is thus sufficient to iterate over
u’. The solution operator L for the Poisson equation is hence understood as Lp = u/ with

being the derivative of the solution u to (Po 5.2).

Lemma 5.11. Let I = [ro,r1] and p € C°(I). Then the solution operator L for the radially
symmetric Poisson problem (Po 5.2) is given by

T 1 —
Lo(r) = / 8,G1(r, 1) p(1) dt + / 8,Go(r,t)p(t) dt + A1~ 142 (5.22)
o T

rlog (7’:—(1))

with 0,G1(r,t) and 0,G2(r,t) defined in Lemma 5.7. It holds Lp € C*(I).

Proof. By Lemma 5.6, we have the integral representation of v/ in terms of Green’s function. The
assumption follows as the argument in the integral equation of u’ is p. Lp is once continuously
differentiable due to Theorem 5.5. O

To show existence and uniqueness of (CP 5.1), we prove the existence of a unique fixed point of
the composite operator T'o L. The approach is to prove that T o L is a contraction and selfmap
on a set R(M) C CO(I). This is equivalent to prove that there exists a solution to the coupling
of the integrated transport equation (5.18) and (5.5a)-(5.5¢). For the fixed point p of T o L
follows Lp € C(I) due to Lemma 5.11. With Theorem 5.10, we conclude that the fixed point
is also differentiable, i.e. p € C1(I) and thus (u, p) is a classical solution to (CP 5.1).

Up to now, we have not yet constrained the set of functions in which it is reasonable to search
for v/ and p. The physical model implies restrictions on p such as it must stay positive for all
iterations. We define the subset R(M) of C°(I) by

R(M) = {peC%ro,m]): 0<p<pa<M} (5.23)

with M being a constant to be defined later on. The boundedness of p by its inflow boundary
data p4 is justified by the absence of sources in the interval. It is not immediately obvious that
the boundedness of p also affects the sign of «'. By (5.19) follows that «/ must not change signs on
the interval [ro,r1]. As ua, > ua,, the model suggests u’ < 0. With the following computation
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follows that u/(rg) is required to be negative since r = r¢ is the inflow boundary point of I. The
outward normal vector in the radially symmetric setting is given by 7i(rg) = —e,(r¢). We obtain

0 > 7i(ro) - E(ro) = ex(ro) - e (ro)ud'(ro) = u/(ro).

Yet, not every choice of M, and thus the upper bound of pyu, leads to u'(rg) < 0. The next
Lemma gives a first restriction for the size of the constant M.

Lemma 5.12. Let I = [rg,71]. Let p € R(cg) with

UA;, — UA,

CR= T ; (5.24)
Lrlog () + 4 (17 - 13)
Then holds
u/(To) < 0. (5.25)
Proof. With Lemma 5.6 and 5.7, we get for r = rg
00 = o | [ tos () ol0)
u(rg) = ———— tlo <> t) dt +us, —ug
rolog(72) | Jry o\ ) MU T T
—_—— — >0
<0 <0
Hence for u/(r) < 0
T1 t
UL, — Upy > —/ tlog <> p(t)dt
70 ]
In particular, this must also be true for the upper bound of p
T1 t
UA, — UA, = _/ tlog <> padt
o 1
1 t 15"
=—pa |=t?log | — | — =2
2 (B 4 0
= —pA <—27"O log </)"1> — Z (Tl — To) .
Set
1 _
pa<y |- L “;‘2 = cp. (5.26)
57’% log (%) + 5 (’I"% — rg)
The assertion is proved. ]

We thus found a first restriction for p4. To show the contraction property of 7o L in Theorem
5.20, we will have to restrict p4 further. As an immediate consequence of Lemma 5.12 follows
u'(r) <0 for all r € [rg, r].
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Lemma 5.13. Let p € R(cg) with cr defined in Lemma 5.12. Then holds for all r € [ro, ]

u'(r) <0. (5.27)
Proof. First, by integration of (5.5a), we obtain an alternative representation of u'(r).

W (r) = —% / tole) di + ©.

]

With r» = rg, the constant ¢ is determined as ¢ = rou/(rg). Since p € R(cr), Lemma 5.12
confirms that u/(rg) < 0. The representation

1 r /
d(r) = -~ / tp(t) dt + ") (5.28)
<0
proves the assertion (5.27). O

Before proving that T o L satisfies the requirements of the Banach fixed point Theorem, we
introduce a last result on the extrema of ru/(r).

Lemma 5.14. Let I = [ro,71] and p € R(cr) with cr defined as in Lemma 5.12. Then holds

rou’(ro) > u'(rl)

and
. / o /
min [ru'(r)] = [rou’(ro)l,
max |ru'(r)| = |ru’(r1)].
rel

Proof. This lemma is an immediate conclusion of (5.28)

ru'(r) = — /T tp(t) dt +rou'(ro) .

i <0
—_——
<0

It follows
0> rou/(ro) > riu/(ry)
and conclusively the inequalities

[rou’ (ro)| < [riu’(r1)],

min [ru’(r)] = |rou’(ro)],
rel
max |ru' (r)| = |ru’(r1)].
rel
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5.3 Existence of a Fixed Point

We are now ready to prove that T o L satisfies the requirements of the Banach fixed point
theorem, that is 7' o L is a selfmap and a contraction on R(M). We begin to show that 7' o L
maps R(cg) into itself.

Lemma 5.15. Let I = [ro,71] and cr defined as in Lemma 5.12. Then T o L is a selfmap on
the set R(cR).

Proof. We show the positivity of T'o Lp. As p € R(cg), we obtain with (5.28) for all r € [rg, r1]

1 /" L
Lp(r) = _7’/ tp(t) dt + ToZptro) i(ro) < 0.

To

Denote u'(r) = Lp(r). Hence, by (5.19)

/
Tul(r) = TPAYLT0)

ru'(r)

Second, we verify that T o Lp(r) is bounded by p4. By (5.19) and using (5.28) for u/, we get

!/ / /
ropau’(ro) —ropat/(ro) —ropav’(ro)
T / = = e < .
(r) ru’(r) — —rau/(rg) pA = CR
70
r %f:o tp(t) dt — —u'(ro)
N——— T
>0 —
<0
The boundedness of p4 by cr is immediate due to set R(cg). O

The second requirement for the Banach fixed point Theorem is that 7" o L is a contraction. We
are going to prove this in two steps. First, we show that 7o L is continuous on the set R(cp).
With a further restriction on p4, we reduce the size of the continuity constant and obtain the
desired contraction property.

We begin with pointwise estimates of the difference of two elements p and p in R(cg) in terms
of u/(r) and @/(r).

Lemma 5.16. Let p,p € R(cg) and cr defined as in Lemma 5.12. Then holds point wise for
r € [ro,r1]

lp(r) — p(r)| < Pa — (rolu'(ro) — @ (ro)| + rla/(r) —/(r)]) . (5.29)
ropa [ Ghy(ro,t) dt + =52

log(;2)
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Proof. By (5.19) and adding 0 = @ (r)a/(ro) — @' (r)@' (r¢), we obtain

_ parou' (ro)  parot(ro)
ptr) = )] = | P22 R0)  eanor
_ | parov (ro)d' (r) — parot’ (ro)u'(r)
ra’ (r)u(r)
_ | paro ' (ro)d (r) — /' (r)d (ro) + @ (r)d (ro) — @ (ro)u'(r)
r a'(r)u!(r)
_ | paro @(r)(w'(ro) — @'(ro)) + @ (ro)(@'(r) — v'(r)) ‘
r o (r)u(r)
< |paro W(ro) —@(ro) | | paro @(ro) &' (r) — u'(r)
| r u'(r) roa(r) u'(r)

For the first term of (5.30), we use Lemma 5.14 and Lemma 5.6 and get

ro (v (r0) — @' (10))]

r () (7))
fro(u (1) — @ (r))|
= PAT (o))
< o4 rolu'(ro) — @' (ro)|

ropa [} Gh(ro,t) dt + “{2;[5’;2
1

We turn our attention to the second term of (5.30). Lemma 5.14 implies

u'(ro)
' (1)

<

=

Due to Lemmas 5.13 and 5.14, we obtain

paro @ (ro) @' (r) —u'(r) ror @ (r) — u/(r)
— <pA|l—————~—
ra(r) u'(r) 0 ru'(r)

~r0N

< o[ 0)
Tou (7"0)

~7 o
BRI (R
T PA f’r‘t)l GY(ro, t) dt + f:g(mf;Q
1

The assertion follows by combining (5.30)-(5.32).

(5.30)

(5.31)

(5.32)

O]

The next Lemma shows the continuity of L for p, p € R(cg) evaluated on the interval boundary

r=T7To.
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Lemma 5.17. Let p,p € R(cr) and cg defined as in Lemma 5.12. Then holds point wise

2 _ .2
. TO Tl - TO
Lp(ro) = Lp(ro)| < | ——= — ——F——
‘ p( 0) p( 0)‘ = < 9 4r010g(7’:(1’)>
Proof. By direct computations, we obtain from (5.22)

\mefw%ﬂz/ﬁ&%mmmwﬁ—/ﬂ&Qmmm@a

T1

0, Galro, ) (p(1) — (1)) dt\

T0

< / 10, Galro. D] 1p(t) — (1) dt

70

T1
<o = llos / 10, Ga(ro, )] dt

0
With Lemma 5.8, we get explicitly

2 2
T —To

/“\ac (ro,t)| dt = — 10— _1=T0
TRl 2 4r010g(:—?)'

0

O]

The next Lemma is a generalisation of Lemma 5.17. We show that L is a continuous operator

in p with continuity constant depending on the interval I.

Lemma 5.18. Let p,p € R(cr) with cg defined as in Lemma 5.12. Then holds point wise for
r € [ro,r1]

N (r? — 1) N
|Lp(r) — Lp(r)| < % o= pllo.r

Proof. By (5.22), we obtain

[ Lp(r) — Lp(r)
71
z/aGlrt t)dt+/ OrGa(r,t)p(t) dt — /3G17‘t dt—/ OrGa(r, t)p(t) dt

=| [ 0060 - e ae + [ arc2<r,t><p<t>—ﬁ<t>>dt]
[ 06atr 0060 - ) dt\

<| [ 861000 - p0) dt\ ¥
< ["Bnt 0o o) de+ [ 10,6200l 1ot0) ~ 50 a

T1 T1
<lo—pllos ( [ ool s [ dt) |

70 To
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We compute the integrals over 0,G1 and 0,.G5 and get with Lemma 5.8

r1 T
/ |0,G1(r,t)] dt—l—/ |0,Ga(r,t)| dt = / 0rG1(r,t) dt—l—/ 0rGa(r,t)d
To To

0 ]

o () 8) o (fe3)- 259
rlog(:—?) 2 To 4 rlog(%’) 2 To 4
-1 2 2
ooy (e () -3 (7))
rlog(m) 2 To 2 To
r1

2 2

2r

We use the previous Lemmas to show that the operator L o T is continuous.

Theorem 5.19. Let p, p € R(cr) with cg defined as in Lemma 5.12. Then holds

[b—2a+c|

where
a—c)tua; —ua,l

with K = PA oAl

2_ .2
¢i="11 1 0
Proof. By Lemma 5.16, we obtain
IToLp—To Ll
PA ~ -
< sup —— (ol Lp(ro) — Lp(ro)l +r[Lp(r) — Lp(r)])] -
TO=T=TL TopA f;;l 8TG2(’I"0, t) dt + gg(mf?

1
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By Lemma 5.17 and Lemma 5.18, we get

2 2 2 2
_ro . _T~™"p (ri—rg)
PA (ro( 2 4rolog(:§))>+r 5

|ToLp—ToLplor < S<UI<) . o= pllo.r
PR dropa [ 0nGa(ro, t) di + L2
1
2 r2_p2 r2_p2
PA (‘20_41c1>g(:?1>)+ > 0>‘ B
= — e =pllos
T
ropa [, 0rGa(ro,t)dt + %
r2—r?2 r2—2r2
PA _4lég(§) + gt ~
= . HP—P”O,I-
T
10 A [y, 0rGa(ro,t) dt + =
1
With Lemma 5.8, we compute the integral in the denominator.
r2—r2 r{—27
) PA| " Thog(h) T 72 )
|ToLp—ToLplos < o= pllos
_ropa (T8 1oe(TL) — Tf-n%) uA; —Ua,
rolog(12) (2 log(ia) =7 ) + log(:})
r2—r2 r2—2r2
ety [ - s ()
- 2_ .2
log( 7"0 ‘,OA ( -5 log( ) - %) TUA —UA,
2_ 2
)|
= PA 2 Hp - pHO,I'

,,,2 ,,,2 r

|b — 2a + c|
lpa(a—c)+ua, —ua,l

K =pa

The continuity constant for 7' o L depends on the geometry of the domain, given here by the
interval boundaries, and the boundary data u4,, w4, and p4. It stands out that p4 is a multi-
plicative factor in K. By choosing p4 sufficiently small, it is possible to diminish the continuity
constant such that K < 1. We thus get a second condition on the constant M and have to

reduce the set R(M) further.

Theorem 5.20. With the definitions of Theorem 5.19, set

UA, — UA,
|b—2a+c|+]a—c|

Cr, :—
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Then follows for the constant K of Theorem 5.19 for p € R(min {cg,cr}) that K < 1. Conclu-
swely, the operator T o L is a contraction on R(min{cg,cr}), i.e.

|ToLp—ToLp

01 < Klp—pllor

with K < 1.

Proof. To obtain a contraction, it must holds K < 1. From Theorem 5.19, we know that for
p, p € R(cr) holds

|b—2a+ ¢
|PA (a - C) tua; — uA2’

K =pqy
First choose p4 such that
pala—cl <ua, —ua,.

Then holds by the inverse triangle inequality

|b —2a+ ¢ |b—2a + ¢
<p
[pa(a—c)+ua, —ua,l lua, —ua,| —pala—c

PA

To obtain K < 1, set

|b — 2a + | !
< 1.
lua, —ua,| —pala—c|

PA
As the denominator is positive, it follows
palb —2a+c| <ua, —ua, —pala — ¢

and thus

_ UA, — UA,
A |b—2a+c|+]a—c|

p

We thus set

o min UA, — UA, uA, —uA, | _ UA, — UA,
r |b—2a+c|+la—c| |a—¢] |b—2a+c|+]a—c|

We now choose pg < min {cr,cr} and obtain
[T Lp —T o Lpllos < Kllp = pllo,r

with K < 1. 0

We are now arriving at the main result of the Chapter.

Theorem 5.21 (Existence and Uniqueness of a solution). Let I = [rg,r1] and M = min {cy, cr}.
Then the operator

T o L has a unique fized point p € R(M). Consequently, the coupled problem (CP 5.1) has a
unique classical solution (u,p) € C*(I) x CY(I) with p € R(M).
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Proof. As shown in Lemma 5.15 and Theorem 5.20, T o L is a selfmap and a contraction on
the set R(M). Due to the Banach fixed point theorem, there exists a unique fixed point p in
R(M). Consequently p € C°(I) solves the integrated transport equation (5.18). The Poisson
solution is given by Theorem 5.5. As Green’s function is twice continuously differentiable, we
obtain u € C?(I). As p is the fixed point to 7 o L holds p = T'o Lp. By Lemma 5.11 holds
first Lp € C'(I). We apply Lemma 5.10 and obtain p € C'(I). We found the classical solution
(u, p) € C*(I) x CY(I) to (CP 5.1) with p € R(cg,cr). O

With a transformation argument, we then obtain the radially symmetric solution
(u, p) € C%(Q) x CY(Q).

Theorem 5.22 (Existence of a Radially Symmetric Solution on Q). Let Q be the annular domain
as defined in (5.2). Let u, p and E be radially symmetric. Then the two dimensional coupled
problem (CP 6.1) has a radially symmetric classical solution (u,p) € C%(Q) x C°().

Proof. This result is an immediate consequence of Theorem 5.21 and the transformation of polar
into Cartesian coordinates. O

5.4 Remarks about the Chapter

In this Chapter, we proved the existence and uniqueness of a radially symmetric solution to the
two dimensional steady state coupled problem on an annular domain. We introduced the solu-
tion operators L of the Poisson equation and 7" of the transport equation. We used the Banach
fixed point Theorem to prove the unique existence of a fixed point to the composite operator
T oL on aset R(M) of continuous functions p that are bounded by its inflow boundary data.

We are free to choose the applied potential difference w4, — ua4,. The inflow boundary data
pA, however, depends on the choice of rg, r1 and u4, — uas,. Having a fixed domain (2, the
greater the applied potential w4, — u4,, the greater the upper bound for ps becomes. On the
other hand, for a fixed potential difference, an increasing size of the domain will reduce the
acceptable size of p4.

To prove the existence of a fixed point, we applied the composite operator 1" o L on the set
R(M) of functions p. The fixed point is the solution p of the transport equation in the coupled
problem. The Banach fixed point iterations are thus an algorithm to solve (CP 5.1). Let the
iterations be defined by pp+1 = T o Lp, with pg € R(M). Then for every ps € R(M), the
algorithm converges to the solution p of (CP 5.1) and it holds the a priori estimate

K" K"
— <2M .
Tz lPr = polloyr < 2M—

lor <

o= pn (5.34)

With this error estimate, we obtain a maximum number of iterations that are necessary to
approximate the exact solution by the iterations p,, for a given accuracy. This bound holds for
every choice of inflow boundary data with p4 < M. In section 8, we will solve the discretized
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version of (CP 5.1) using a staggered algorithm. We will investigate numerically the dependence
on p4 for a fixed choice of uq, —ua, and rg,r; and compare the results to the ones that we have
obtained in this Chapter.
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Chapter 6

Steady State Coupled Problem

In this chapter, we analyze the two-dimensional steady state coupled problem focussing on the
existence of a continuous classical solution. The problem setting reads

Problem (CP 6.1). Let Q2 be an open bounded C** domain with boundary I =T _UT . Find
(u, p) € C**(Q) x C(Q) such that

—Au(z) = p(z) x €N (6.1a)

u(x) = ug(x) xel (6.1b)

() +E-Vp=0 ASEY) (6.1c)
p(x) = pa(zx) xel_ (6.1d)

E(z) = —Vu(zx) x e (6.1e)

where ualr. = ua, and u,4|r+ =UA,, UA, > UA, are constant and pa > 0 with pa € C’L’J‘(F,).

The method to show existence of a solution to (CP 6.1) is closely related to the one of Chapter
5. We introduce the solution operators L for the Poisson equation and T for the transport
equation. The idea is to formulate the coupled problem as a fixed point problem. Starting from
a vector field Ey, the Poisson and transport equations are solved alternating until convergence
is obtained. Indeed, provided that |[pa||1,q r is sufficiently small, we will show the existence and
uniqueness of a fixed point £ = Lo TFE in a set W (M, 61, d2,63) C CH*(Q) by the Banach fixed
point theorem.

Let us first give a brief overview of this Chapter. In section 6.1, we will introduce the solu-
tion operator L for the Dirichlet problem for the Poisson equation (6.1a)-(6.1b) by (Lp) (z) =
E(z) = —Vu(z). In contrast to Chapter 5, we do not search for an explicit representation of
the operator L. To successfully apply the Banach fixed point theorem to L o T, it suffices to
use standard existence results and a priori estimates for the Poisson solution in Holder spaces
as they can be found in [34].

The main focus in this Chapter is on the discussion of the Dirichlet problem for the nonlinear
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transport equation (6.1c)-(6.1d). In section 6.2, we introduce the streamline function ® : Q) — Q
defined as solution of

d(};(iﬁ;”” = B(®(s, 1)) s€0,al,t €[0,Lp_]
®(0,1) = ¢(t) t€[0,Lr_]

where a € R and ¢ is, in agreement with Chapter 2, the parametrization of the inflow boundary
I'_ defined on the interval It := [0, Lt _]. We will discuss restrictions on the right hand side
vector field E to obtain a streamline function ® € C1*(Q). Furthermore, we will investigate
whether @ is invertible. With the observation that on a streamline the nonlinear transport
equation can be solved explicitly, we introduce the solution operator 7" for (6.1c)-(6.1d) for
x € Q by

t
L+s-pa(e®)) ] (s=a-1()
Clearly, a solution p only exists on 2 if the streamline function @ is invertible. In section 6.3,
we show that 7" is continuous on a set of functions W (M, d1, d2,03). W (M, d1, 02, J3) contains all
those vector fields E for which the corresponding streamline functions ® exist and are invertible.

Section 6.4 deals with the main result of this chapter: the existence of a classical solution (u, p)
to (CP 6.1). Provided that |[pal/1,a,0 is sufficiently small, we prove that the composite operator
LoT is a selfmap and contraction on W (M, 1, d2,d3). By the Banach fixed point theorem, we
conclude that there exists a unique fixed point £ = Lo TE € W (M, d1,02,93). It then follows
by the definition of the operator L and T that there exists a unique classical solution (u, p) to
(CP 6.1) with —Vu € W (M, 01, 62, 3).

6.1 Poisson Equation

The first subproblem of (CP 6.1) is the Dirichlet problem for the Poisson equation.

Problem (Po 6.2). Let Q be a bounded C*® domain. Given a right-hand side function
p € C%Q), find the solution u € C*>*(Q) to

—Au=p r € (6.3a)
U =us rzel (6.3b)
where uplr_ = ua,, ualr, =ua, and ug, > ua, are constants.

As standard example for elliptic partial differential equations, the classical analysis of the Poisson
equation is found in a vast literature. The theory in the framework of Holder spaces is presented
in e.g. [34, 51]. We will list briefly some classical results that will be needed in the following.
With the regularity assumptions on €2, p and uy4 in (Po 6.2), (6.3a)-(6.3b) has a unique solution.
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Theorem 6.1. [34, Theorem 6.14] Let Q be an open bounded C*“ domain and p € C%(Q).
Further, let uy € C*t*(Q). Then the Dirichlet problem

—Au=p x € €,

U=1uUgp rzel

has a unique solution lying in C*T(Q).

Similar to Chapter 5, we will now introduce the operator L that gives the gradient field of the
solution of the Poisson equation (6.3a)-(6.3b). However, we do not need an explicit representation
for L to prove the unique existence of a fixed point of the composite operator L o T'. Instead,
it is enough to work with an abstract formulation. Applied to the right hand side function p, L
maps onto the gradient field of the solution u of (6.3a)-(6.3b).

Definition 6.2. Let Q be an open bounded C* domain. We denote the solution operator
L:C%(Q) — CH(Q) to the Poisson problem (6.53a)-(6.3b) by

E(x) = (Lp)(x), z€Q, (6.4)
with B = —Vu.
By Theorem 6.1, we know that Lp exists uniquely for every p € C*(2). Although we do not
need an explicit representation of L, we do need to know some of its properties. The listing of
the following results might seem incoherent but the necessity will become clear in section 6.4.

An important property used in the following sections is the linearity of the Laplace operator.
An equivalent formulation of (Po 6.2) is given by the decomposition u = ug + u; with

—Auy =0 x€Q (6.5a)
uy = up zel (6.5b)
and
—Auy; =p x € (6.6a)
up =0 xel. (6.6b)

We obtain the following existence result for vy and u.

Lemma 6.3. Let Q be a C*>“ domain, p € C(Q) and uq € C*>*(I'). Then there erist unique
solutions ug € C**(Q) to (6.5a)-(6.5b) and uy; € C>*(Q) to (6.6a)-(6.6b).

Proof. This is an immediate consequence of Theorem 6.1. OJ

The Laplace equation (6.5a)-(6.5b) only depends on the shape of the domain and the boundary
data. In case of the Banach fixed point iterations, the solution ug is determined a priori and
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does not change with varying p.

Next, we will introduce a priori estimates for the solution u of (6.3a)-(6.3b). These will be
used later on to bound the difference ||Lp — Lp||1,a;0 in section 6.4. The following theorem is
the famous maximum principle for the Laplace equation.

Theorem 6.4. [34, Theorem 3.5] (Strong mazimum principle)

Let Au = 0 in an open bounded domain £ and suppose there exists a point y € € for which
u(y) = supqu. Then u is constant. Consequently a harmonic function cannot assume an
interior mazimum or minimum value unless it is constant.

An immediate consequence is the weak maximum and minimum principle.

Theorem 6.5. [3/, Theorem 3.1] (Weak mazimum and minimum principle)
Let Q be an open bounded domain. Let u € C%(Q) U C®(Q) with —Au(x) = 0 in Q. Then

supu(x) = sup u(z), inf u(zr)= inf wu(x).
z€Q 200 e €0

These theorems are used to give a first a priori bound on the sup-norm of w.

Theorem 6.6. [34, Theorem 3.7]
Let —Au = p in an open bounded domain Q and u € C°(Q) U C?(QQ). Then

sup |u(z)| < sup |u(z)| + c¢(diam Q) sup |p(z)]|.
z€Q) z€of) e

A priori bounds to the classical solution of the Poisson equation in the C%%({)) norm are given
by the Schauder a priori estimates. As we search for a solution on the bounded domain Q, we
need an estimate up to the boundary of €, see [51, p. 106 ff] or [34, Theorem 6.6].

Theorem 6.7. (Schauder’s Estimate)
Let Q be an open bounded C*® domain with o € (0,1). Let u € C**(Q) be the solution of
—Au = p,ulp = ua with p € CYQ) and ua € C>*(T'). Then holds

[ull2,0.0 < es(Q,a) (ullog + [[pllan + luallzer) - (6.7)

The solution u to (Po 6.2) is thus a priori bounded in terms of the right-hand side function p
and boundary data. It will play an important role in section 6.4 where we show that L oT is a
self map and contraction on a set W (M, 01, 8a,63) C CH*(€Q).

6.2 Streamline Function

The second subproblem of (CP 6.1) is the nonlinear transport equation.
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Problem (Tr 6.3). Let Q be an open bounded C*® domain. For a given vector field
E € CY(Q), find p € CH*(Q), such that

PP+ E-Vp=0 x €
P =pPA zel_

with pg € CH*(T'_) and p4 > 0.

Before beginning with the analysis of the transport equation, we need to do some preliminary
work. Hyperbolic partial differential equations such as the transport equation reduce to ordinary
differential equations on the streamlines. We therefore begin our study with the streamline
function @ as it will be the key to derive the transport solution operator 1. Let us define the
parameter set

Q={(s,t):s€(0,a],telr_}

with a € R. For a given continuous vector field E € C%1(Q), the streamline function ® to (Po
6.2) is defined as the solution of the autonomous ordinary differential equation

‘M’C(ij“ — B(D(s,1)) (5,4) € Q (6.92)
B(0,) = o(t) telp . (6.9b)

First, regard a € R as an arbitrary parameter. We will specify it more exactly later on.

A classical solution of the transport equation requires the existence of a C%(Q) streamline
function and as indicated by (6.2) the existence of its inverse function ®~!. This section con-
tains a comprehensive analysis for the existence and uniqueness of a solution to (6.9a)- (6.9b).
Moreover, we investigate restrictions on the vector field F¥ to obtain an invertible streamline
function ® for the model problem. ® has to be a bijective function from () onto €2 because only
then it is guaranteed that every point x € €2 is covered by a streamline.

The right hand side function E of (6.9a) does not explicitly depend on the streamline pa-
rameter s which classifies the differential equation as autonomous. General existence theorems
for streamline functions that are given in the literature (e.g. [41, Chapter 17]) use a different
parametrization for the differential equation. The standard form is given by

w5, 0) = B(W(s,20)

\I/(O, (L‘O) = X0

for s € [0,a] and zg € 2. The streamlines ¥ thus begin in every point = € 2. For completeness,
we will present the proof for existence and uniqueness of ® € C(Q) for the chosen particular
case (6.9a)-(6.9b) in which the streamline functions start only from the inflow boundary. We
therefore generalize the Picard-Lindel6f Theorem as found in [39, Theorem 1.1].
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Theorem 6.8. Let Q C R? be a C' domain and E € C%'(Q) with Lipschitz constant Lg. Then
a unique global solution ® : Q — Q of the initial value problem

déc(zz’t) = B(®(5,%)) s€[0,a], t e lp_ (6.10)
®(0,7) = (1) telr_ (6.11)

exists for every continuous . Further, ®(s,t) is continuously differentiable with respect to s.

Proof. We use the Banach fixed point theorem to show existence and uniqueness of a solution
®(s,t) to (6.10).

Given ® € C°(Q), we define the operator R(®)
R(®)(s.t) = o(t) + [ E(@(r,0) dr.
0
R is a selfmap:

The mapping (s,t) — E(®P(s,t)) is continuous on @ for fixed ® € C(Q,2). It holds
|E(P) = M and thus the integral [ E(®(7,t))dr is well-defined. It holds

|R(®)(s1,t1) — R(®)(s2,t2)| o < lep(t1) — p(t2)|o +

/81 BE(®(r, 1)) dr — / B(D(r,t2)) dr
0 0

() oo
B(r, 1) dT/ E(®(r, 1)) E(@(T,tl))dT/OSQE(q»(T,tQ))dT
— lo(t) — o)+ | [ E(@(r, 1)) ~ B(8(r. 1)) dr
gwm»wmmm+/QW@mmmmw+A E@(r t1)) — E(®(r, 12))]., dr

82
< sup @' ()| [t1 — talog + M |so — s1] oo + LE/ (7, t1) — D(7,t2)|, dT.
0

Let Be((s1,%1)) a ball around (si,t2) with radius e. Let (s2,t2) € Be((s1,t1)) for € > 0. Since ®
is continuous, it holds that |®(s,t1) — P (s, t2)|c < ce and

|R(®)(s1,t1) — R(®)(52,t2)|00 < sup |¢/(t)|ooe + Me + sacLe = Ce.

With € — 0, it follows that R(®) € C°(Q) and thus the operator R is a self-map.

R s a contraction
In the next step, we introduce a weighted sup-norm for C(Q)

lullag) = Sl;p [exp(—2LEs)|u(s, t)|co] -

s,t)e
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This norm is equivalent on finite domains to the usual sup-norm. Thus C(Q) forms a Banach
space equipped with the norm above. It holds

sup |exp(—2Lps)|R(®)(s, 1) — R(@)(s,mw}

(s,t)eQ
— suplexp(-2Lew)| [ E(@(u,t»—E@(u,w)dmoo]
(s,t)e@ L 0
< sw [ew(-2Lss) | \E(@(u,t»—E(éw,tmmdu]
(s,t)eQ L 0

< (Sl)lp exp(ZLEs)/ exp(2Lp) exp(—2Lpp)Lp|®(u,t) — i)(,u,t)|ood,u]
s,t)eQ L 0

< sw [Lrew(-2Le) [ exp<2LEu>u<I>—<i>H@@>du]
(s,t)eQ L 0

- ) i
= sup |Lpexp(—2Lgs)—(exp(2Lgs) — 1)||® — @4 ]
(s;)eQ L 2LE c@

1 -
< 5“‘1) - (I)HCV(Q)'
The assumptions for Banach’s fixed point theorem are fulfilled. It follows that there exists a

unique fixed point ®. With the fundamental theorem of calculus, ® is continuously differentiable
with respect to s. O

The existence and uniqueness of (u,p) € (C%%(Q),C%(Q)) requires ® € C1¥(Q). The next

theorem shows that if VE € C*({2), then ® is differentiable.

Theorem 6.9. Let Q be an open and bounded C' domain, VE € C*(Q) with Hélder constant
Lo. Then follows ;@ € C°(Q).

Proof. First, we differentiate (6.10) with respect to t and change the order of differentiation.

d*®(s,t)
dsdt

dd(s,t)

= VE(®(s, 1)) —

® exists uniquely due to Theorem 6.8 and is considered as a known function. The differential
equation is thus solved with respect to % =: ®;. Again, we use Banach’s fixed point theorem.

Given ®; € C°(Q), define the operator S(®;) by
S(D)(s,t) = ¢'(t) +/ VE(®(7,t))P(7,t) dr.
0

Due to the continuity of ® and ®;, we know that |[VE(®)|/o,o < [|[VE]o, =: M and
| ®¢llo,o =: Ma for constants My, May < co. First we show that S(®;) defines a selfmap.
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S is a selfmap:
[S(®@e)(s1,t1) — S(Pe) (52, t2)]oo

< lor(t1) — o(ta) oo + '/01 VE(®(r, 1))y (7, 1) dr — /082 VE(®(r, 12))®, dr

o0

<lei(t1) — pi(ta)|oo +

51
/ VE(®)P:(T,t2)dr
52

oo

_|_

/082 VE(®)(P(7,t1) — (7, t2)) + (VE(P(7,t1)) — VE(P(7,t2))) i (7, t2) dT

o0

2
< !@t(tl)—sot(tz)loo+/ IVE(®)| o |®i(7,t1) — P4(7; t2) |00 dT
0

+ /052 \VE(®(1,t1)) — VE(P(7,t2))|0o| Pt (T, t2) |00 dT +

s1
/ IV E(®))ocl @0 (7, £2)]oc dr

s2

s2
<le(t1) — pe(t2)|oo + Ml/ [Py (7,t1) — Py(T,t2) |00 dT
0
s2
—I—/ LaM2|q)(T,t1)) — (I)(T, tg))‘go dr + M1M2|52 — 51|.
0

Let B.((s1,t1)) be a ball of radius € around (s1, s2) and (s2,t2) € Be((s1,t1)) for an e > 0. Since
O, ¢ and @, are continuous, it holds that [®:(s1,t1) — P¢(s2,t2)|e < ce and

|S(Py)(s1,t1) — S(Py) (52, t2)|00 < c€ + csMye + cso Lo Mae® + ¢ My Moe < Ce®™.

Since a € (0,1), it follows that S(®;) € C(Q) for € — 0. The operator S defines a self-map.

S is a contraction:
We introduce a weighted sup-norm

o = s exp(-2M15)fu(s, )

(s,t)e

This norm is equivalent to the usual sup-norm. Thus C(Q) forms a Banach space equipped with
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the weighted norm. It holds

s exp(—2M; s) )S(cpt)(s,t) - S(ét)(s,t)‘oj
= sup _exp(—QMls)

/ Y E®(r,1))By(r 1) — VE(®) (7, £))4(r 1) dr
(s,H)€Q - 0

|

< sup |exp(—2M;s) /S exp(2Mi7) exp(—2M17) ‘VE((I))((I)t(T,t) - ét(r, t))‘ dT:|
(s,t)eQ - 0 )

< sup exp(—QMls)/ exp(2Mi7) exp(—2Mi7) [VE(®)|, )‘I)t(T, t) — ®4(T, t)‘ dT:|
(s,t)e@ L 0 ’ o0

S
< sup |M; exp(—QMls)/ exp(2M;7)||P; — (I)tHC’(Q) dr]
(s;t)e@ L 0

< sup [ M[|®; — ®yf| o) exp(—2Ms)
(s)eQ L @ 2My

1 N
< 518 = Pelleg)-

(exp(2Mys) — 1)}

By the Banach fixed point theorem, there exists a unique fixed point S(®;) = ®;. ¥, is contin-
uously differentiable with respect to s due to the fundamental theorem of calculus. ]

6.2.1 Properties of the Streamline Function

Not every streamline function ¢ leads to a possible solution of the model problem (CP 6.1). For
example, as p(z) = TE(x) indicated in (6.2) is defined on €2, we have to ensure that for every
point x €  there exists a (s,t) € Q such that x = ®(s,t). We will now discuss restrictions on
the vector field F in order to obtain streamlines that are feasible for the coupled problem.

Definition 6.10. We call the streamline function ® feasible for the problem setting if the
following conditions are fulfilled

1. No two streamlines intersect on §2.

2. ® maps the parameter set Q) surjectively on €.

3. There are no closed streamlines in 2.
By excluding the intersection of any two streamlines, we obtain that ® is injective. Conditions
(1) and (2) are then equivalent to the bijectivity of ®.
Textbooks on dynamical systems [36, 38, 37, 41] contain the necessary information to ensure

that @ is feasible for the coupled problem. Recall that the initial condition (6.9b) indicates that
every streamline starts on the inflow boundary.
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Definition 6.11. /38, p.176] For ty € [0, Lr_], the curve in the three dimensional space with
(s,2) € R x R? defined by

{(s,®(s,t9)) : s € [0,a]}

with starting point (0,¢(to)) is called the trajectory through o(to).

It follows that the streamlines are the projection of the trajectories onto 2. We use this obser-
vation to show that no two streamlines intersect.

Lemma 6.12. /38, p.176] The streamlines to the autonomous differential equation (6.9a)-(6.9b)
do not intersect.

Proof. The streamlines are the projection of the trajectories (s, ®(s,p)) C R? onto Q. The right-
hand side E of (6.9a) is independent of s. Choose z¢ € Q. For every (s,t) with ®(s,t) = xo,
®(s,t) has the same slope since E(®(s,t)) = E(xg) is constant. Thus if the trajectories intersect
the line x = x(, they must always have the same slope. After projecting the trajectories onto
Q, it follows that no two streamlines can intersect. OJ

With the previous Lemma, we are certain that no two streamlines intersect. However, there are
other phenomena that impede feasible streamlines. We therefore further investigate the context
of dynamical systems. First, let us generalize the initial value problem (6.9a)-(6.9b) to

Y
(CZ(S(;SUO) = E(\Il(‘s?x()))? s € [07 b}v ZTo € Q
\IJ(O,JUQ) =Xy g € €.

The difference to (6.9a)-(6.9b) is based on the initial condition. In case of ¥(s, zg), every point
xo € ) is a starting point for a streamline function. We will see that without any restrictions
on F, the range of ® might only be a subset of the range of W.

Definition 6.13. [37, p.38] An equilibrium point of the vector field E € C1%(Q) is a point p
such that E(p) = 0. If p is an equilibrium point, then the streamline starting from p is the point
itself, i.e. W(s,p) = p,—00 < s < oo. The trajectory of the critical point p is the line in R3
giwen by r =p, —oo < 5 < 00.

Definition 6.14. [36, p. 15] If there exists a 0 < T < oo such that V(s + T, x9) = ¥ (s, xq) for
all s, then we call ¥ a periodic solution.

We will now focus again on (6.9a)-(6.9b) and explain why it is necessary to exclude equilibrium
points of E and periodic solutions of W. Having periodic orbits is equivalent to obtaining closed
streamlines. Figures 6.1a and 6.1b illustrate the consequences for (6.9a)-(6.9b). Since every
streamline ®(-,t) starts from the inflow boundary at ¢(t), ®(-,¢) would never attain any point
x belonging to a periodic streamline ¥. Consequently, ® does not map surjectively on (.
Fortunately, the existence of period streamlines is excluded a priori for our model problem as FE
is a gradient field.

135



q@»
\_//\_//

r r, T r,

(a) Streamline Function ¥ (b) Streamline Function ®

Figure 6.1: Phase Portrait with Periodical Streamlines

Theorem 6.15. [38, p. 434] There do not exist periodic orbits for gradient systems.

Theorem 6.15 excludes the possibility of having closed streamlines for the general streamline
function . Conclusively, the situation illustrated in Figure 6.1b is impossible for ®.

Nevertheless, equilibrium points give not only rise to periodic orbits.

Lemma 6.16. /37, p.38] If p is an equilibrium point, then no streamline other than ¥(s,p) = p
can reach the line x = p, —o0 < s < 0o. This implies: if p is a equilibrium point and ¥V (s, z) # p
tends to p, then either s — oo or s — —o0.

In Figure 6.2b, the previous Lemma is illustrated in a one-dimensional case. If an equilibrium
point p exists, then ® will converge to the first equilibrium point for s — co. The remaining
part of the interval is not contained in the range of ®. It is thus necessary to exclude possible
equilibrium points, i.e. E(x) # 0,Vx € Q.

r [ r [

(a) Streamline Function ¥ (b) Streamline Function ®

Figure 6.2: Phase Portrait Containing Equilibrium Points
Lemma 6.17. Let Q be an open bounded domain. Let E = —Vu € CO(Q) with inf,cq |F ()00 >
61 > 0. Then a parameter set
Q={(s,t) : 0<s<I(t),t€[0,Lp_]} (6.12)
exists, such that ® maps Q) surjectively on 2.
Proof. E is defined in Q and thus gives rise to streamlines through every point z € Q. By

Theorem 6.15 and the assumption E(z) # 0 for every x € (, neither closed streamlines nor
equilibrium points exist. Thus, every point z €  is in the range of ®. The parameter s
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depends on the starting point ¢(t) of the streamline and the local strength of the vector field
E. Apparently, we obtain a different interval of definition for s for every fixed ¢ € [0, Lp_].
Choose [(t) such that ®(I(t),t) € I'y for every t € [0, Ly_]. Then @ defined in (6.12) proves the
assertion. O

We collect the previous results for ® and obtain the following theorem.

Theorem 6.18. Let Q be a C%® domain and Q as defined in (6.12). Let E = —Vu € CY(Q)
with inf o |E(2)|oo > 61 > 0 and @ the solution of (6.9a)-(6.9b). Then

D:Q—
s a bijection.

Proof. By Lemma 6.12 and Theorem 6.15 holds that ® is injective. Moreover, Lemma 6.17
proves the surjectivity of ®. It follows that ® is bijective. O

So far, the maximum [(¢) of the streamline parameter s is only an abstract quantity. We know
that it depends on the starting point ¢ and since E(x) # 0 for x € Q, we also know that [(t) is
finite for every ¢. In section 6.2.4, we will investigate an upper bound and show that I(¢) depends
on the boundary data us and the minimal field strength inf g |E(2)]sc.

6.2.2 Holder Continuity of the Streamline Function

To the end of this Chapter, let Q be defined in (6.12). So far, we obtained ® € C*(Q). To show
that V& is also Holder continuous, we use a different representation of the streamline function.
Integrating (6.9a) with respect to s and using the initial condition (6.9b) gives

B(s,1) = pl(t) + /0 " B(@(y1t)) dy (6.13)

Before beginning, we need to introduce Gréonwall’s inequality that we will use frequently. There
exist multiple versions of this inequality in the literature. We pick the formulation of

[55, Lemma 3.1, p. 89], as it is the most convenient one for our estimates in the following. The
proof is given in the appendix, Lemma A.2.

Lemma 6.19 (Grénwall’s inequality). Assume I = [sg,s1] and ¢ > 0,u > 0 € C°(I) and
c>0eC\(I). If

q(s) < c(s) + /S u(T)q(r)dr (6.14)

S0

g(s) < e(so) exp < / :u(f) d7> + / (1) exp ( / () du> dr.
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We are now ready to conclude that ;& € C(Q).

Lemma 6.20. Let Q be a C1* domain and E € C*(Q)). Then 9;® € C%(Q).

Proof. By the chain rule (2.9) holds for (6.9a)
105@la.@ = [E(P)a.q < |Elaql VP[5 q < oo

The Holder coefficient |0s®|q,¢ is finite and thus 0,® € C*(Q). O

Also, we show that 0;® € C“(Q).

Lemma 6.21. Let Q be a CY® domain and E € CH*(Q). Then 0;® € C*(Q).

Proof. We show that the Hélder coefficient of 9;® is bounded pointwise for all

(s1,t1) # (s2,t2) € Q. We only consider points with s; # so and t; # t3. The cases where
s1 # o and t] = to or t1 # to and s; = so are simpler special cases. They can be derived easily
from the following computations and are thus omitted.

Let now s1 # s and t; # to. The dependence of [0,[(¢)] on ¢ makes it necessary to distinguish
two cases. Two distinct points (s1,t1) # (s2,t2) € Q lead to two distinct intervals of existence
for s; and so. It holds that s; € [0,1(¢1)] for a point (s1,t1) and s € [0,1(t2)] for (s2,t2). The
minimum of (1) and [(¢2) determines a triangle whose vertices (s1,%1), (s2,t2) and either (s, 2)
or (sg,t1) are elements of Q.

Case 1: [(t1) < (t2), i.e. [0, I(t1)] C [0, I(t2)]. Consequently, (s1,t2) € Q.
It holds pointwise

|0: @ (s1,t1) — 0 P(52,t2) |00 _ |0:®(s1,t1) — Oy P(s1,t2) + 0 P(s1,t2) — OrP(s2,12)|0

|(s1,t1) — (s2,12)|% [(s1,t1) — (s2,12)[%
- |0i®(s1,t1) — O P(s1,t2)|00  [0rP(51,12) — 01 P(52,2) |00 (6.15)
T |(s1,t1) = (s2,t2)|% [(s1,t1) = (s2,t2)[% '
On the interval [0,[(t1)], we get for numerator of the second term of (6.15)
52
00(s1,12) — (o0 o) = | [ V(@1 £2)00(0s )
S1 [ee]
< ls2 = 51| [[VE(®)l|g g [10:Plo ¢
< ls2 =51 [VE|gq [10:@]g ¢ - (6.16)
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For the first term of (6.15), we get for the numerator for every s; € [0, I(t1)]
0:@(s1,t1) — 0P (s1,12) |00

< 1@/(tr) — @' (t2)oo + /0 VB, 10)00 (1, 1) — VE(®(j1,£2))0 8 12) dp

o)

" /0 U IVE@ (1) — VE@® (s 12))] 0B (s 1) — VE(®(p 1)) [0 (g1, t1) — 04 (1, £2)]] . s
< |/(t) — P(t2)]  + /0 U VE@ () — VE® (s, 12))o, 1008, 11)], dt

S1
4 / VE(® (11, £2)) 0B (1, 1) — BBy, 12)], .
0

Gronwalls inequality (Lemma 6.19) is applicable with respect to s;. We get
S1
|0:®(s1,t1) — 0r® (51, t2)|oc < [ (t1) — @' (t2)]o0 exP </ !VE(‘P(mtz))!oodu)
0
S1 S1
+/ IVE(®(p,t1)) — VE(P(1, t2)) [0 0P (1, 1) oo €xP (/ VE(@(T,tz))oodT> dp. (6.17)
0 I3

We obtain for (6.15) with (6.16), (6.17) and since |(s1,t1) — (S2,t2)|ec > |t1 — t2|

0P (s1,t1) — OrP(s2,12)]0
|(s1,t1) — (52,12)|%

|52 — 51| ' (t1) — ¢'(t2)]o0 (/1 )
< VE 0;® + ex VE d
(s1,t1) — (52,t2)|go I ||o,Q (|0 ||0,Q (s1,t1) — (52at2)\§o p 0 | HO,Q 1%

S1 . S1
o [ ) =Rl g0 ) e ([ IV E i) die
0 - K

By the chain rule (2.9) and since |(s1,t1) — (S2,t2)|c0 > |51 — s2| follows for the Hélder coefficient

|0:®(s1,t1) — 0 D(s2,t2)] _
[(s1,t1) — (s2,2)[% - s Sl[lopL ] 2 = 1VE o 9% o
5 ) 0 s1,s2€(0,Lp_

51 S1 S1
+|so'|a,zrexp</ IVEllo,Qdu>+ / |VE|a,Quat<1>||éi$exp</ |VE||0,QdT) du
0 0 o
< IS5 IV Elog 10@l0.q + ¢/l exp (Ilose_ IVENo0)

+ 0. [VElaal @555 exp (o [VElo0)

< U572 IV Eloq 10:@llo.g + (I¢'lase_ + IWlose_|VE

w05 ) exp (IUos_ [V Ellog) -

Case 2: [(t2) < (t1). Then [0, I(t2)] C [0, I(t1)] and (s2,t1) € Q.
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This case is only sketched as it works analogously to case 1.

‘(915(1)(81, t1> — 815(1)(82,152)’00 _ |8tq)(81,t1) - 8tq)(82,t1) + 8t(1)(82,t1) — 0t(1)(82,t2)‘00

|(51,t1) — (s2,12)|% [(s1,t1) — (82, 12) [
- |0y ®(51,t1) — OpP(52,t1)|0c  |0sP(52,t1) — OrP(S2,12)]00 (6.18)
T (st) = (s2,t2)lg (s1,t1) = (s2,t2) I~ '
We get immediately for the first term of (6.18) for all sy, so € [0,1(t2)]
|8t‘p(81,t2) — 813‘1)(82,752)‘00 S ’81 - 82H|VE 0,9 ‘8@”07(‘?. (6.19)

For the second term of (6.18), we have for all sy € [0, [(t2)]
|0:D(s2,t1) — 0P (s2,t2)|o0

< @' (t1) = ¢'(t2)]oo + /082 IVE(®(u,t1)) — VE(® (1, t2)) oo 0: P (11, t1) |0 dpt

82
+ / IV B (11, £2))) oo 00 (11, 1) — BB (11, t2) ool
0

Gronwalls inequality (Lemma 6.19) is applicable with respect to so. We get

0@ (52, t1) — OpP (52, t2) |0 < |9 (t1) — ¢/ (t2)]oo exp (/052 !VE(q’(M,tz))!de)

" /0 U IVE@ (1, 11)) — VE® (1, 12)) e 0 (1 1) oo exp ( / " vE@( t2>>ood7> dpi. (6.20)

After bounding the previous equation, we obtain for (6.18) with (6.19), (6.20) and the chain rule
(2.9)

0P (s1,t1) — O P(s2,12)]00
(s1,t1) — (s2,t2)|%

1—
< [lto.r [IVEllo o l10:®llo o + (I@’Ia,fp, + ello.7e_[IVEllo.

2r@llg) exo (11

otr [VEllo0) -

As both cases are bounded by the same global constant, we conclude
01 ®a.@
< ltllsz2 IVEllggq | @ello,q + <|90/|01JF_ + |7

< 0.

o1V E ol ®l§5) exp (Iilloe_ [V Elloc)

We have thus proved that ® € C1%(Q).

6.2.3 Existence of the Inverse Streamline Function

Since ® is a bijective function, it follows immediately that an inverse function ®~!: Q — Q
exists. We will prove that also @~ € C1%()). We therefore first define the Jacobian determinant
of ®.
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Definition 6.22. The determinant of the Jacobian matriz V®(s,t) is denoted for (s,t) € Q by

T(D)(5,) = 0y ®1 (5, 8)0Ba(s, t) — DsDa(s, )9y D1 (s, 1). (6.21)

We use a standard result on the differentiability of the inverse function.

Theorem 6.23. [40, Theorem 171.2] Let Q2 be an open domain and let the function

f:Q c R? — R? be continuously differentiable. Let the Jacobian matriz V f(x) be invertible
for every x € Q. If f is injective, then the inverse function f=' : f(2) — R? is continuously
differentiable.

To ensure the existence of a differentiable function ® !, the Jacobian matrix V®(s,t) must be
invertible for all (s,t) € Q. Let [J(®)(s,t)| > 0 for all (s,t) € Q. Then the inverse matrix
(V®(s,t))~! is given by

T 0, Do(s,1) —04(®1(5,1)
VRO @) ( (B@(s )]s [B@(s, ) ) (6:22)

with E(z) = ([E(z)]1, [E(z)]2) and 8;®(s, t) = (9,1 (s, t), 0iPo(s,1)).
It must hold |J(®)(s,t)| > 0 for V& to be invertible. We will now analyze if and how we can
restrict £ such that J(®)(s, ) does not vanish.

Lemma 6.24. (see [10, p.169]). J(®)(s,t) is given for (s,t) € Q by
J(®)(s,1) = J(®(0, 1)) exp < /0 " div E(®(r, 1)) d7> .

Proof.

<d 6<I>1> 0Py n 0P <d6<I>2> B <d8<1>1> 0Dy B 0P, <d8<1>2>
ds Os ot ds \ds Ot ds Ot 0s ot \ds Os
( 8<I>1 J[E] 8<I>2> 0P, N <8[E]2 0P N J[E]2 8<I>2> 0Dy
6(1)1 Js 8<I>2 Js ot 6<I>1 ot 8(1)2 ot Js
( E}; 09, n J[E) 8@2) 0P, B (8[E]2 0, n J|E]2 8<I>g> 0P
od, ot 0Py Ot Js od, OJs 0®y s ot
e <8<I>1 0Py 0Py 8@2) n J[E]2 <8<I>1 0dy 0Py 8<I>g>

od, \ 9s ot Ot Os 9P,

= J(®) div E(2)|s=a (s 1)-

Solving the ordinary differential equation gives

0s Ot ot 0s

log J(®)(s,t) = /08 div E(®(u,t)) dp + log e(t).

With the initial conditions (6.9b), i.e. ®(0,%) = ¢(t), we get

J(®)(s,t) = J(P(0,1)) exp (/05 div E (®(u,t)) d,u) .
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In fact, J(®)(0,¢) is the inflow boundary condition for E. Thus, we can prove the positivity of
J(®)(s,t) for all (s,t) € @ and conclusively the existence of an inverse streamline function for
our problem setting.

Lemma 6.25. Let Q be an open bounded C*% domain and E(x) -7i(z) < —d2 < 0 for d3 > 0
and x € I'_. Then

. - ‘
At [J(2(0,¢))] = 62 >0

Moreover holds ®~* € C1(€Q).

Proof. Let E(z) = ([E(2)]1, [E(z)]2) and @(t) = (p1(t), pa(t)). By (6.21) follows

J(2(0,1)) = [E(o(t)]15(t) — [E(e(t))] 261 (£). (6.23)

As ¢ is the parametrization of the inflow boundary with respect to the arc length, the vector
(—h(t), ¢ (t)) is the outward normal vector to x = ¢(t) € T'_.
We get with the assumption E(x) - 7i(x) < —d2

Jnf [J@)0,0] = inf [B(e(t) - ()] = 62 > 0.

The matrix (6.22) is thus invertible for every (s,t) € Q. By Theorem 6.23, we obtain that ®~*
is differentiable with gradient

VO (2) = [V ®(@ ' (2))]

We now easily obtain the Hélder continuity of V&1

Lemma 6.26. Let Q be an open bounded C*® domain, E = —Vu be a gradient field and
inf,cq |E(7)]oo > 61 > 0. Let E-7i < —63 <0 for x € T_. Then holds &' € C1*(Q).

Proof. Lemma 6.25 yields that ®~! € C(Q). All entries in the Jacobian matrix (6.24) of
®~! are first order derivatives of ®. Using Lemma 2.11, Lemma 6.20 and 6.21, we obtain the
boundedness of the a-Holder coefficient of V®~! and thus the assumption. OJ

6.2.4 Boundedness of ® and ®!

In this last part of the section, we introduce upper bounds for ||®|1 4,0 and ||®7}|1 4.0 in terms
of E, ), 81, 62 and u4. Of major interest is the range of ®~!(z), z € Q, as it gives an insight into
the size of the streamline parameter [(¢). The main intention of this section becomes evident
by mentioning that ||®||;.4.0 and ||®71|1 4.0 are factors of the contraction constant of Lo T. A
bound in terms of known, bounded data is thus necessary.
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Theorem 6.27. Let Q2 be an open bounded C' domain and E € C1(Q) with E = —Vu being a
gradient field. w satisfies the boundary conditions ulr_ = ua, and u|rJr =uaq, with ua, < ua,.
Further assume inf,cq |E(2)|oo > 01 > 0. Then holds

sup  |I(1)] < uA, — UAy

=:q.
2
0<t<Lr_ 51

Proof. The vector field F is a gradient field with potential function u. Let ® be the streamline
function to E. Then holds for ¢ € [0, Lp_]

u(®((t),t)) —u(P(0,t) = ua, —ua,. (6.25)

w is a scalar function. By the mean value theorem for scalar functions exists a £ € [0,1(t)] such
that

w(@(l(t), 1)) — u(®(0,1)) = %U(‘P(S, )]s=¢(U(t) = 0). (6.26)

We obtain for the derivative by (6.9a)

d d
25 U(2(s,1)) = Vu(®(s,1)) - - B(s,1)

= Vu(®(s, 1)) - (—Vu(®(s,1)))
= [ B(®(s, )3 (6:27)

where || - |2 denotes the euclidean norm. We get for (6.25) with (6.26) and (6.27) and the
equivalence of the euclidean and maximum norm

wa, —ua, = w(®(0,1)) — u(@(U(t), 1) = L) E((E 1)) = 1(2) it |B(2)[5 > U(t)o?

and conclusively

i) < M s,
1

O]

To obtain an upper bound for [(t), we exploited that F is a gradient field. We denote the upper
bound of [(t) by ¢; as the constant is included in almost every upcoming estimate. We have to
keep in mind that ¢; depends on the boundary data w4, in other words the applied potential,
and the minimal field strength inf,cq |E(x)|s. A dependence on the size of the domain € is im-
plicitly given by inf,cq |E(z)|s. For fixed boundary data w4, ¢; will increase with an increasing
diameter of 0, as then inf,cq |E(z)|~ decreases.

A simple consequence is the upper bound for &1

Lemma 6.28. Let Q be an open bounded C' domain and —Vu = E € CY(Q). Further assume
infrcq |E|oo > 61 > 0. Then holds

@~ 0,0 < max {¢;, Lr_}

where ulr_ =:ua, and ulp_ =: ua,
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Proof. Since ® : Q —  is a bijective function, ®~! maps into the parameter set

Q={(s,t) : 0<s<I(t),te[0,Lp_ ] =Ir_}.
We have &5 (z) € [0, Lr_] for € Q and

122" [lo < Lr--

By Theorem 6.27, we obtain an upper bound for the first component <I>1_1. We have
197 lo0 < max {e;, Lr_}.

O]

We proceed by finding upper bounds for the gradients V® and V®~! where V& is understood
as V(s ®(s, ) and VO~ 1(z) as V& !(z).

Lemma 6.29. Let Q be an open bounded C*“ domain and —Vu = E € CH*(Q) with
inf o |E(x)|oo > 01 > 0. Then holds

IVl < [[Ellog +exp (al VE[og) -
Proof. 1t is immediately clear by (6.9a) that
10s@[lo,@ = IE(®)ll0,0 = [ Ello,-

For the partial derivative 9,®(s,t) holds with the integral representation (6.13)
0b(s.t) = (0 + [ VE@(1.0)02 ().
We estimate pointwise for all (s,¢) € @ and due to the arc length parametrization of ¢
(s < [ O]+ [ V@)l 000 )L di
<1 [ IVE@ )] 00 0 die
By Gronwall’s inequality (Lemma 6.19), we obtain pointwise for all (s,t) € Q
(s, < exp ([ VB0l )

Applying the supremum over (s,t) €  and by Theorem 6.27, we have

10:@llo.0 < exp (IWllo.iIVE o)
< exp(al|VE

lo.)-
The supremum of the Jacobian matrix is bounded by Lemma 2.12. We get

IV®@llo.q < 195®llo@ + 10:llo@ < [[Ello.a + exp (allVEoq) -
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Next, we find a bound for the o Holder coefficient of V& in terms of E, Q2 and d; .

Lemma 6.30. Let Q be an open bounded C*“ domain and —Vu = E € CH*(Q) with
inf .o |E(x)|o > 61 > 0. Then holds

V0laq < [ElaclVellig + ¢~ [VElyq 10:lq
B®]5%5") exp (| VE o)

+ (I¢lote_ +alVElag

where u|p_ =:ua, and ulp_ =: ua, and ¢; defined in Theorem 6.27

Proof. The Hélder semi-norm of the Jacobian matrix is bounded by Lemma 2.12. We get

V|00 <105P|a.q + [0:Pa.q- (6.28)

The necessary computations to bound |V®|, g are done in the proofs of Lemma 6.20 and 6.21.
It holds by the chain rule (2.9)
105®0@ = |E(®)|a.q < [Elanl V(G q- (6.29)

By Lemma 6.21, we also obtain

‘815@’04,@

< 372 1Bl 10:@ll0,6 + (1¢'laute_ + Wllo.ie_ IV Elaglla@ 5 ) exp (o IVE]

O,Q) .

Due to Theorem 6.27,

2,21,
< A IVl 10®loq + (1¢lase +alVElald@liys) exp (@ VEloa) . (6.30

The assertion follows by substituting (6.29) and (6.30) into (6.28). O

We will now estimate V®~! in the sup-norm.

Lemma 6.31. Let Q be an open bounded C*“ domain and —Vu = E € CH*(Q) with
inf |E(z)|ec > 01 > 0. Further assume for the Jacobian determinant inf [J(®(0,t))] > d2 > 0.
Then holds

_ 2 .
Ve oq < = exp (e Jdiv Elly ) max {(19@oq - [9:@ln}

with ¢; defined in Theorem 6.27.
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Proof. We obtain by (6.24), Lemma 6.24 and Theorem 6.27

Ve~ Yoo = sup [(VO(s,1)7"|

(s,t)€Q
= sup exp (_ f[)s diVE(‘I’(M,t)) dﬂ) 6t<I>2(s,t) —315(1)1(5’15)
(s,t)eQ J((I)(()?t)) _83(1)2(3,?5) 6sq>1(8,t)

< SUP(s,1)eQ lexp (= Jy div E(®(p, 1)) dp) |
- infier.  [J(2(0,1))]

0Py —0;dq
—65(1)2 8sq)l

max {2[0:®lo.q » 2[19:®[lo.}

07Q
_ b (IWo_ ldiv E(®)log
ST Tk [@0.0)]

2 .
< 5 o (e div Bllg o) max {220 . 9:]oc}-

Eventually, we find the Holder coefficient of V&1,

Lemma 6.32. Let Q be an open bounded C*“ domain and —Vu = E € CH*(Q). Let
infrcq [E(x)|oo > 01 > 0 and infier. [J(P(0,%))] > 62 > 0. Then holds

98 a0 < C1(61.62, Q) VO 0 max {02 ]0. [9:%]0.0)
T Cal61.62, Q) VO max {9, Bl . |0:Bla)

with
2
Ci(cr,02,9) = 5, &P (Cl HVEHO,Q>
2

and

1
Caler,62,9) = 55 (1Elag + 1 Eloale'lase_ ) exp (et [V Ello )
2

1 . _
+ e (al div Elog) (e [VEl, o [9[2 + ¢~ [VE] )

with ¢; defined in Theorem 6.27.

Proof. Tt holds by (6.24) and Lemma 6.24

Vo t(z) =

exp (— [y div E(®(p,t)) dp) Oy Pa(s,t) —0P1(s,t)
7(9(0,1) CE®(s,1)  Fi((s,1))

=:A(s,t) (s,)=2"1(x)
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By the product and chain rule of Lemma 2.11

Vo0 = | [Ven@@ @)] |

a,2
- exp (— Jo div E(®(p, t)) dp)
<|[[V® & su 0 Al
= H ||O,Q s,tg J((I)(O,t)) | | ,Q
_ exp (= [y div E(2(p,t)) du
) .0

The matrix A is bounded in terms of 9;® and 9;® for both the sup-norm and the Holder semi
norm

[Allo,@ < 2max {[|0:®]lo,q, [ Ello,0} (6.32)
[Ala,@ < 2max{|0;®|a,@, [Ela0}- (6.33)

The sup-norm of 1/ det(V®(s,t)) has already been bounded in Lemma 6.31 as

exp (— [y div E(®(p, 1)) dp)
J(®(0,1))

|
< 5o (cl HVEHQQ) . (6.34)

)

The last step is to bound the a-Holder norm of the Jacobian determinant.

exp (— [y div E(®(p,t)) dp)

ZCIn
_ lexp (— [y divE((P(,u,t))du)‘a’Q |exp (— [y divE(@(u,t))du)HOQ
- 17(2€0,8)llo, 1. [ (@0, 6)) a1, '

We begin with J(®(0,t)). By the assumption info<;<r. [J(®(0,))] > 2, (6.23) and (2.9), we
get

1 1
‘ 1 < sup T(@(0,)) — T(@(0.82)) | o,
J((P(O’ t)) a,lpr o ti,to€lr |t1 - t2‘a
< sup |‘]((I)(O’ t2)) B J((I)(Oatl)”oo
ty,to€1r_ |J((I)(O, tg))J((I)(O’ tl))|00|t1 - t2’a
<L | J(®(0,t2)) = J(2(0,11))|oo
B 5% t1,ta€lr ’tl - tz‘a
1 o
<5 (1Bl 1852+ 1Elo0l¢ o)
1
< 5 (1Blao + 1Eloal¢'la_) (6.35)
2

The last inequality followed due to the arc length parametrization of .
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To bound the exponential function, define p(s,t) = — [ div E(®(u,t)) dp. It holds that
p € C%(Q) and by the chain rule (2.9)

t)) — t
|exp(p)|a’Q = sup ’exp(p(sla 1)) exp(p(;27 2)’
(s1,t1)#(s2,t2)€Q ’(81, tl) — (32’ t2)‘oo

< llexp(P)llo ¢ [Plag- (6.36)

Since the exponential function is monotone increasing, it holds
[exp(p)| < exp({[pllo,)-

To bound |p|a,@, we need to distinguish two cases as in Lemma 6.21.

Case 1: (s1,t2), (s2,t2) € Q and I(t1) < [(t2). Then (s1,t2) € Q.

We obtain
[p(s1,t1) = p(sa,t2)lee _ [P(51581) = P(s1,82) |00 [P(s1,t2) = P52, t2) oo (6.37)
(s1,81) = (s2,82)|% — |(s1,81) — (s2,82)[% [(s1,81) — (s2,t2)[%
We get for the first term of (6.37) by the chain rule (2.9) for all (s1,%1) # (s2,t2) € Q
Ip(s1,t1) — p(s1,12)| 1 /51 . .
< div E(®(p,t1)) — div E(®(p,t2))| 4
G tn) — (ool [Gont) — ()i Jo | DU T1)) = ARG E2))
< /S1 ’dIVE((I)(/’Lat1>) — dIVE((I)(:u’vt2>)’oo du
0 |t — to]®
51
< [ taiv B g 0[5 di
< o, IVE], g 1025 q- (6.38)
We obtain easily for the second term of (6.37)
[p(s1,t2) — p(s2,t2)]oo 1 /s1 .
= div E(®(u,t)) d
Gt~ (bl Gnt) — Gat)lg [y T EEWD U]
|s2 —s1] ..
——||divE
= ’81 — SQ‘Q H 1V HO,Q
<oz IVEloq- (6.39)
Case 2: (s1,t2), (s2,t2) € Q and I(t1) < [(t2). Then (s1,t2) € Q.
The computations are done analogously and we obtain the same result
[p(s1,t1) — p(s2,t2)|so o —a
< 1o [VElqqllde@l§o + Uo7 IVEloq- (6.40)

[(s1,t1) — (s2,12)[%
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Eventually, we obtain for (6.36) with (6.37)-(6.40) and by Theorem 6.27

exp (- / ) divE(@(,u,t))du)

0 Oé,Q
< exp (il _olldiv Elog) (Illos_ [VEl,q 102150 + 1157 1VEloq)
< exp (al| div Elog) (@ [VEl,0 10150 + ¢ [V Elog) - (6.41)
The assertion follows by substituting (6.32)-(6.34) and (6.41) into (6.31). O

The inverse function is defined only on the open domain €2 due to Theorem 6.23. However, since
we have proved the boundedness of ||®7!|1 4.0, we can extend ®~1 up to the boundary.

Lemma 6.33. Let Q be an open bounded C*% domain and —Vu = E € CY*(Q). Further let
|E|1,0,0 < M, inf g |E(x)|c > 01 > 0 and infier. [J(P(0,t))] > 62 > 0. Then the inverse
streamline function VO~ : Q — R? is continuously extendable up to the boundary, i.e.

oL e Ch(Q).

Proof. By Lemma 2.20 and Lemma 6.31 holds
27 (@) = 27 (Y)loo < ol VO o0l — yloo
V&~ is bounded with Lemma 6.31 and 6.29 by given constants
@7 (2) = 27 (Y)loo < Cmuc(M, 82,2, 1)z — Yoo
®~! is uniformly continuous and thus by Lemma 2.13 extendable up to the boundary.

We use the same argumentation for V®~!. The Holder coefficient is bounded with Lemma 6.32
and Lemma 6.29 by given constants. Hence,

\VCD_l]a,Q < (M, 62,2, )|z — y|°.

By Lemma 2.13 follows that V&~ € C%(Q) with Holder constant c(M, 6a,, ¢;). O

6.3 Transport Solution Operator

With the knowledge on the streamline function, we now proceed and investigate the Dirichlet
problem for the transport equation

Problem (Tr 6.3). Let Q be an open bounded C** domain. For a given vector field
E € Ch2(Q), find p € C1(Q), such that

P’ +E-Vp=0 z €} (6.42a)
p=pa rel_ (6.42b)

with pa € CH*(T_) and pa > 0.
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By means of the streamline function ®, we are able to find the solution p(®(s,t)) of (6.42a)-
(6.42b) on a streamline. This representation is used to define the solution operator T for (Tr
6.3). The goal in this section is to prove the continuity of the operator 7" in C'“ with respect to
E. We will encounter several difficulties caused by the variability of the domain of definition @
for the streamline functions. Let us begin with determining the solution p on the streamlines.
For simplicity, we denote the transformed boundary condition on Ir_ by pa(t) := pa(p(t)).
Whenever p4 is used, the argument indicates the domain of definition of p4.

Theorem 6.34. Let 2 be a C*® domain, E € CY*(Q) and ps € CY*(Ir_). Then the solution
to (6.42a)-(6.42b) is given on a streamline by

(s 1) = s.0) = 220 (6.43)
for (s,t) € Q and pa(t) := pa(p(t)). It holds that p € C1¥(Ry x Ir_).
Proof. With = = ®(s,t), we get for (6.42a) by (6.9a) and the chain rule
PP(R(s, 1) + E(D(5,1)) - Vo(D(s,1)) = p*(R(s,1)) + %‘P(s, t) - Vp(®(s, 1))
:f@@¢»+£f@@¢»:0 (6.44)

(6.44) is an ordinary differential equation. Separation of variables leads to

dp(D(s, 1))
~[1as= / dp(®(s,1))
/ p*(D(s, 1))
and by integration, we have
1
5=+ c(t).
o@(sn) Y

Using the boundary conditions (6.9b) for ® and (6.42b) for p, we obtain

p@@iﬁzpdﬂ=—a;.
It follows
p(P(s,1)) = m =: (s, ).

p is defined for every s € R,. Since py € CH®(Ir_), it holds due to the chain rule that
peCH Ry x It ). O

To formulate the solution operator T', we first introduce the set of vector fields for which we
obtain feasible streamlines. We therefore define the following set W depending on constants
M, d1,69,03 > 0.
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Definition 6.35. Let Q be a C*% domain and M, 81, 62,03 > 0 constants. Then we define the
set W(M, 01, 09, 53) C Cl’a(ﬂ) by

W (M,0d1,0d2,03) = {E = FEy+ E, € CY*(Q) : Ey, By € CY%(Q), =Vu = E gradient field,

U|F7 == uAl)’II/‘FJr = UA,, HEHI,O[;Q S M7 lgg ’E(l’)’oo Z (517
xX

|Ev]jo <93, M- E<—62<0o0onl_,7-E>0d>00nT,} (6.45)
with 201 = inf g |Eo(x)|e and Ey = —Vug given as solution of the Laplace equation
—Aug =0 x €N
Uy = UA xel.

The set W (M, 41, d2,03) contains all restrictions on F that have been shown in section 6.2 to be
necessary to obtain feasible streamlines. We herein substitute |J(®)(0,¢)| > 2 by the equivalent
restriction on the direction of the flow field 77- F < —d, on I'_. Also, we claim 7i- £ > §5 on ['
which ensures that for all E € W (M, d1, 02, 93), I'— is the inflow and ' is the outflow boundary.
The constants M and d3 depend on boundary data and the geometry of €2 as we will understand
later on. In section 6.4, we will make an explicit choice for M and d3 to show that the composite
operator L o T is a selfmap on the set W (M, d1, 02, 03).

Lemma 6.36. Let M > cg(£2, a)||uall2,a;0, 0 < 92 < 281 and 63 > 0. Then the set W (M, 61, 62, 63)

18 monempty.

Proof. Set B = Ey with Ey = —Vug being the solution of the Laplace equation with boundary
data u|r_ = ua,,ulr, = ua,. The boundary conditions u4, and ua, are constant and form
equipotential curves. Thus Ey(x) with x € I is perpendicular to I' and points into the direction
or exactly opposite to the normal vector 7. Hence holds Ey(z) = —ci(z)7i(z) for z € T'_ and
c1 > 0 and Ey(z) = co(z)ii(z) for z € T4 and ¢ > 0. We have with the equivalence of the
euclidean and the maximums norm

ci(x) = [ler(@)ii(2)lla = | Eo(2)]l2 = |Eo(2)]oo > 261
We obtain for x € I'_
Fi(2) Ey(x) = —i(x) - fi(x)er = —e1 < 201
Analogously we obtain for x € '}
ii(2) Eo () = () - fi()ea() = calar) = 201.
Further, we have with Schauder’s estimates

1Eol[1,0:0 < es(€, @)[ua

|2,051 (6.46)

Choose 6y := 201 and M = cg(2, @)||uall2,a;r. Then E € W (M, 61,052,93) and W (M, 51,2, 03)
is nonempty. L]
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Further, the set W (M, d1, 2, d3) is also convex.
Lemma 6.37. Choose 03 < d1. Then the set W (M, 01, d2,03) is conver.
Proof. We pick two arbitrary elements E and E of W (M, 1,02, d3) and show that

E=tE+ (1—t)E € W(M,6,05,03). As E = —Vu and E = —V4, it holds that E is a gradient
field with u satisfying the boundary conditions.

IElLa0 = [ItE + (1 = ) El1a0 < [tE|Lao + |(1 = O Ela0 < tM + (1 - )M < M.
As the normal vector n depends only on the boundary, it holds for the inflow boundary condition
i-E=@-(tE+(1—t)E)=tid-E+ (1 —t)i-E<td+ (1 —1)d < .
Analogously,
i-E=i-tE+(1—-t)E)=ti-E+ (1 —t)i-E> 0.

Last, we show that the minimum of F remains greater than 0;. Choose d3 := 6.

IE]lo = I[tE + (1 = t)Elo
= |[t(Eo + E1) + (1 — t)(Eo + E1)|lo
> || Eoll = [tEy + (1 = t)Erllo
> inf || Eollo — (t| Exllo + (1 — )| E1llo)
> 25 — 81 = 4.

O]

Before defining the solution operator T', we first denote ® as operator applied to the vector field
E.

Definition 6.38. Let Q be a C*® domain. Then the streamline operator ® with argument
E € W(M, 01, 0d2,03) is denoted

B(E,5,t) = ¢(t) + | E@(E 1) d (6.47)
0
With this definition and Theorem 6.34, we immediately find the solution operator for
(6.42a)-(6.42b).

Theorem 6.39. Let 2 be an open bounded C**-domain and pa € C*(Ir_). Let further
E € W(M,01,62,93). Then the solution operator T to (Tr 6.3) is given by

TE(z) = p(®1(E,z)). (6.48)

It holds that TE € CH%(Q).
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Proof. First, we show that TE € C°(Q). Second, we prove that VI'E € C*(Q).

Since E € W (M, d1,02,93) and by section 6.2, the streamline function ®(FE, s, t) exists uniquely
and has an inverse function ® }(E) € CL%(Q2). Theorem 6.34 then yields (6.48). Since
=1 € Ch*(Q) and p € C*R x Ir_), TE is continuous up to the boundary. It follows
TE € C°(Q).

With ps € CH2(Ir_) follows p € C1%(Q). Moreover, as E € C1%(Q), we know due to Lemma
6.26 that V&1 € C%(Q)). We show that the gradient VT'E is bounded. It holds by Theorem
6.34

VTE(z) = Vap(2(x)) = V(s p(@ ' (2)) - V().
Hence,
IVTE|o0 < [Vsnd(@) - Ve oo < [VinslloolVE o < oo
We get for the Holder coefficient

ITE|a0 < |[VA(@ ) - VO oq
< |IVallogIVe oo +|Vp

a0l VT g < oo

Conclusively, we obtain VT'E € C*(Q). O

By Theorem 6.1, it suffices to have TE € C%(Q) to obtain a new iterate L o TE € C>%(Q).
The previous Theorem shows that in the fixed point iterations, T'E is even of C'%*(Q) regularity
assuming that £ € C1*(Q). In fact, to show that L o T is a contraction and most importantly
for TE to be a classical solution to (CP 6.1), TE has to be a C1%(Q) function.

Recall that we want to prove the existence of a fixed point to the operator L oT" by the Banach
fixed point theorem. The essential steps are to show that L o T is a selfmap and a contraction
on the set W (M, 61,02, d3). The continuity of L with respect to TE is immediately given due to
the Schauder estimates (Theorem 6.7) while the continuity of the transport solution operator is
not obvious. We now begin to show the continuity of the operator T" with respect to £. We will
need several steps before obtaining the final result. Let us simplify the notations and use

(

O(E,s,t) = B(s,t), dYE, z) = )
(z)

o1
D(E,s,t) = (s, ), > YE,z) =31
In the following @) is always understood as the parameter set of ® and () as the parameter set
of .

Lemma 6.40. Let Q be a C>* domain. Let E,E € W (M, 61,82,03) and pa € CH(Ir_). Then
holds for the transport solution operator

| S0l gug (1+ Emll VO o0+ ema [V o)) || €7 — 07

with

TE —TE

a,Q)

)

QUQ = {(s,t) se [o,max{za),i(t)}], te Ipf}.
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Proof. The Holder norm splits up into

p@) - ﬁ@’l)‘

pO~) — p(®

a,) a,)

+|p(@7) = (@7 (6.49)

RS

We begin with a pointwise estimate for the first term of (6.49) for all x € . As the inflow
boundary data p4 € C1¥(Ir_), it holds also p € C1¥(Q). Moreover, p is defined on RT x [0, L _]
which is a convex set. We therefore may apply the Mean Value Theorem 2.15.

A7) =A@ (@) < 19l qug [0 @) — 87 @) (6.50)

o0

We proceed to evaluate the second term of (6.49)

pO(2)) = p(@ 7 (2)) — p(@ () + H(E (1))
= sup

a,Q zfi;]’ |x - y|go

LO. (6.51)

Set z1(7) = & H(x) + (@ Hz) — @ (2)) and 2(7) = 1 (y) + 7( ' (y) — d'(y)) with
€ [0,1]. Both line segments z;1(7) and z2(7) are contained in Ry x Ir_, i.e. in the domain of
definition of p. It holds with Theorem 2.15

PO () = p(@ (@) — (@ (y) + (@ y))‘

=| [ vatarnar [57@) -0 @) - [ Vot [0 -0 )|

<| [ 190ta1) ~ Vateato) ar [cb Ya) @ o)

0 ‘ 00

[e.9]

#| [ Vateatn)ar [57 @) - 07w - 97 + 270
1
< | 1901 (7)) = V(e |74 a) — 27w | (6.52)
1
[ Ve dr |87 (@)~ 7 (@)~ 07 )+ 87 ()| (6.53)

As p e CY*(Q U Q) we obtain by Lemma 2.16 and Lemma 2.20 for the difference in terms of
Vjp in (6.52)

1
/0 IVi(21(7) = Vi(z2(1))|oo d7 < VA, gua (€mol VR o0 + cmo [V lo,0)* |2 — yl%-
(6.54)

It then follows for the a-Holder coefficient (6.51) by (6.52), (6.53) and (6.54)

6(27) = (@ Do < 1V, 0ua (ol VR oo + cmo[VE Hlo0) 27 — 270
+ ||vﬁ||o,QuQ ‘&)_1 - ‘1)_1’049' (6.55)
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Hence, it holds for (6.49) by (6.50) and (6.55)
ITE = TE|a0 < [IVAllgoual® ™ =2 oo+ 1Vallggual® ™' — @ Moo
+ V04000 (emo [V log + cmu[VE o) 187" = 2 loq
< 190l g (14 98 o + e [VE o)) 671 — &g

O]

So far, we have found a bound to |TE — TE|l4q in terms of the difference of two inverse

streamline functions ||®~' — ®~1||,.o. One factor of the preceding constant contains |[V®~||o.o
which has been bounded in section 6.2.4 by a number depending on the geometry of the domain
), the boundary data w4 and the constants M, d1, 02, 63 defining the set W. The second factor
is [[V4ll,.gua- In the following Lemmas, we will bound [|[V||, 5,4 by the inflow boundary data
pa
continuity constant of 7" diminishes in order to obtain a contraction and selfmap T on the set

W(M7 (517 527 63)

lLa,Ip - Later on, the method will be to choose ||palli,a,;r, small enough such that the

Lemma 6.41. Let pa € C(Ir_) and ||pallo. < 1. Then we obtain for p defined in Theorem
6.3/

IVollo.g < llpallim_-

Proof. Since s € [0, I(t)] with t € Ip_ and 1 > pa(t) > 0, we get pointwise

. 1 —p4(t) —p4(t)
‘W“mm:u+mmw< £@>m<< éw)m
= max {[p%(t)], [p4 ()]}
< llpallm_-
Applying the sup-norm gives the assertion. O

Next, we will bound the Hélder coefficient of Vp.

Lemma 6.42. Let the inflow boundary data pa € CY*(Ir_) and ||pall1,;. < 1. Then follows
for p € CH(Q) defined in Theorem 6.3/ that

IVhlag < (201 + QCZLIL:O‘ + 2max {L%{O‘, 1}) llpal

La,Ir_
with ¢; defined in Theorem 6.27.
Proof. It holds
%= ramae (o )|
- m{\ufp(t)(m o [T Q} o
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Let us focus on the first term of (6.56). With the product rule (2.8) holds

‘ PAt)
(14 spal(t))?

, < | +s0a() 7|, 0 1PAllg . + 11 +30a) %]l g [P2
a,

= ‘(1 + S'OA(t))_Q‘a,Q HPQAHO,IR + ‘px%l‘a,IL : (6.57)

oI

To obtain the a-semi norm of the quadratic function in the denominator, we apply again the
product rule (2.8).

(1 +5p4() %], o <21+ 5pa(8) .0 | (1 + 804, o
<2[(1+ spa) ] g (6:5%)

and analogously for |p? a1
4lage < 2llpallor lpala g - (6.59)

It is left to find an upper bound for (6.58).

1 1
’ 1 ‘1+81PA(t1) T 14sapa(te) s
S = sup =
L4 5pa) |ag  (sutn)2(ato)eq (51, 1) = (52, t2)|%

‘ s2pA(t2)—s1pa(t1)
(I4+s1pa(t1))(1+s2pa(t2))
= sup

(s1,t0)£(santz) (515 t1) — (82, 12)[%
< swp |s2pa(ta) — s1pa(ts)|oo
(s1,61),(s,t2)  |(S15 1) — (82, 2)[%
(82 = s1)palta) + s1(palt2) — pa(ti))l

’ >

= sup
(s1,1)£(52.12) (51, t1) — (52, t2)|%
< sw <|82 — 51]oclpa(tz)|oo N |51]00lpa(t2) — PA(t1)|oo)
N (s1,t1)#(s2,t2) |S1 - 52’?0 |t1 - t2|go
1—
<Wllose Npallor + o s lpalar - (6.60)

Hence, we obtain for (6.57) with (6.58), (6.59) and (6.60) and since |pal|i,r, <1

— 2
<2|(L+spa() 7, o Pallog +21pala s llpallor.

(X?Q
1— 2
<2 (I35 oalloss +Wlloe 1ol ) IPall s + 2104l Ioallos
1—
<2522 Noallos +2 0o 10alas +21Palas, - (6.61)

‘ Pat)
(14 spa(t))?

Analogously, we obtain for the second term of (6.56) with (6.57) and (6.60)

} Palt)
(14 spa(t))?

< #alloq |1+ spa(t) 2|, o + 210
a’Q

<2l palloi |(1+ 5pa(0) Y + 2 alanie

1—
< 2paloe (117 Ioallos + o lpalasy ) +20oalete - (662)

oI
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Since |palare < |t1 — to|" " Pullosr < Ly “llP4lloar , we get for (6.56) by (6.61) and (6.62)

and Theorem 6.27

Vilag < (20157 +20ltloLi=" + 2max { LF=, 1} ) oalli ot
< (20; + 20;L11{a + 2max {Lllfo‘, 1}) lpallt,em -

O]

The remaining part of this section deals with finding an upper bound of ||®~' —®~!||, ¢ in terms
of ||[E — E||1.a.0- As we do not have much information on the inverse streamline function &=,
we first bound [|® 1 — ®~!||,.q in terms of || ® — ®||,.o. Unfortunately to bound the latter term,
we will encounter several difficulties due to the variability of the parameter set @) in E. Two
streamline functions defined on vector fields E and E lead to distinct parameter sets Q and Q.
The comparison of the distance of ® and ® in a point (s,t) is only possible on the intersection
of @ and Q. As ® does not in general map Q N Q surjectively on €, this would restrict the
goal of bounding |[TE — TE la,0. To overcome this problem, we extend the vector field E into
a sufficiently large domain QF. The corresponding extended streamline function is then defined
on a parameter set QT D Q. Therefore, we can compare the streamline functions to any two
extended field Et and E* on the fixed set Q. In 6.3.1 we define the space W (M, 81, 82, 03, €, ¢T)
in which the extension of every E € W(M, 41,02, d3) is contained.

6.3.1 Extension of the Vector Field F

The streamline functions for two vector fields E and E € W (M, 01, d2,03) are defined on different
parameter sets Q and Q, say, in order to map surjectively onto  (see Lemma 6.17). We now
change the point of view: Having one fixed parameter set () and a sufficiently large domain
QF O Q, the task is to define an extended vector field E* defined on Q% such that Et|q = F
and ®(E+,Q) € Qt. The extended vector field shall lead to invertible streamlines. TE* thus
has to obey analogous restrictions to F as illustrated in section 6.2.1.

Definition 6.43. Let Q" be an open bounded C** domain with boundary I'*** = T'¢*t U ¢
and Q as defined in Chapter 2 with boundary T =T_ UT . QT is called the extended domain
of Q if

VS EY)

and QF shares the inflow boundary with Q, i.e. T = T'_. The outer boundary is called Fif"’t.
We will denote the e-neighborhood of T'y by

U(ly) = {z € QN\Q : dist(z, ") <€} .
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Figure 6.3: Extended domain Q7

Definition 6.44. Let Q be a C*® domain and Q+ O Q as in Definition 6.43. Let M, 1,9, €,ct >
0. Then the set of extended vector fields on Q" is given by

WH(M,51,09,03,¢,¢") = {ET € CV*(QT) : EY|q = E € W(M,61,02,03), ET gradient field,
IE* 1 a0+ < ca(M+ [Jualor), i€1g+ |ET(2)]oo > ¢ 61,

ﬁ~E+§—(52<00nF_,ﬁ~E+>OonFi}.

where ¢t is a constant depending on the extended domain QT and c¢1 is a constant depending on
given quantities and the constants defining the set W+ .

The method of extending the vector field to obtain streamline functions defined on a larger
parameter set is a known practice. Alber applied in [2] Calderon’s extension Theorem to the
vector field E. He obtained an extension of E from the Sobolev space H3(Q)) into H3(R3), with
Q1 ¢ R3 bounded domain. In our situation, we have to carefully construct the vector field E+
for not losing the properties to obtain an invertible streamline function ®(E*, s,t) € C1(QT).
Instead of directly deriving E* from E € W (M, 1, 2, 83), we extend the corresponding potential
function u to u™. The first condition that ET is a gradient field is thus automatically fulfilled.
The main tools we use are the C%%(Q)-continuity of u and a general extension lemma for C%%(Q)
functions on C** domains [34, Lemma 6.37].

Theorem 6.45. [3/, Lemma 6.37] Let Q C R? be an open bounded C** domain and let €' be
an open set containing ). Suppose u € C%*(). Then there exists a function w € Cg’a(Q’) such
that w = u in Q and

HwHZ,a;Q’ < C(Q7 Q/) HUHQ,OGQ

where ¢(Q, Q) is a constant depending only on Q and €V'.
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The previous Lemma ensures the existence of a C*%-extension of a function u € C*%(Q) into
a larger domain §2'. However, it lacks any qualitative information about w. The restrictions to
obtain valid streamlines are not necessarily fulfilled.

Before starting with the actual construction of the extended function, we need a result on the
distance function dist(z, 'y ). If the domain © is a C** domain, then the distance function itself
is of C*%(U(T)) regularity for an e > 0.

Theorem 6.46. [/8, p.231] Let Q be a C%* domain. Then there exists an € > 0 such that every
point © € U (T'y) has a unique nearest point on 9. The function

dist(z,I'y) = mﬁrggﬂ |z — 20|00

is a C**(U(T'y)) function. Further holds
IV dist(z, 'y )[l2 = 1

with || - ||2 being the euclidean norm. For x € U(T'y), the vector Vdist(z,I'}) points in the
direction of the outward normal vector 7i(xg) to I'y evaluated at the unique nearest point x.

We proceed to derive an extension ut to u. First, we show that ut € C*>%(Q7F). Second, we
verify that BT = —Vut € W+ (M, b1, 82,93, €,¢T).

Define the one-dimensional cut-off function xy € C3([—o00, cc]) for some € > 0 as

1, T <e€
x(z) = (@), e<|a]<2e
0, T > 2€

where v is defined in appendix A.2 and 0 < x(z) <1 for all x.

Theorem 6.47. Let Q be an open bounded C*® domain and let QT O Q be as defined in
Definition 6.43. Let —Vw be a CY extension of E = —Vu € W(M,0d1,62,03). Let v be the
solution of the Laplace equation

—Av(x) =0 r€QN\Q
v(x) = ¢y(x) rel ure

with cy|r, =: ¢y, and Cv|Fe+zt =: ¢y, constant and c,, > Cy,.
Then there exists an € > 0, such that the function

u(x) xz €}
ut(z) = x(dist(z, TT)w(x) + (1 — x(dist(z,TH)))v(z) o€ Use(T'y)
v(x) S Q+\U2€ uQ

is a C2*(Q) extension for every u with —NVu = E € W (M, 61,52,93).
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Proof. Let Q' be an open domain such that O C €' € QF. Then by Theorem 6.45, we obtain
an extension w € Cg Y(€Y) of u. Since w has compact support in €', it is extended by 0 into QT
and therefore w € C%(Q).
It holds that w € C*¥(QF), v € C2*(QT\Q), ¥ € C®°([~00,]) and Theorem 6.46 yields
dist(z,T;) € C?*(Uy(T'y)). Therefore, we have u™ € C%%(Us(I'")). On the other hand is
w the C*%(QF)-extension to u and for € U.(I'y) holds 1 — x(dist(z,['")) = 0. Conclusively,
T € 0?(QUU(T4)). The same argument holds for all z € QT\(U(T'1) U Q). Since
x(dist(z,T'F)) = 0 for 2 € Use(T4)\Uc(T1), v is a %% extension into QF\(Uze U Q). Thus
t e C?(Q). O

In the following Lemma, we will prove that —Vu™ fulfils the restrictions in W (M, 61, ds, 03, €, ct).
Lemma 6.48. Let Q be an open bounded C** domain and QT O Q as defined in Definition

643 Set Coyy = mln{87M}m on Fel‘t and Cy; = mln{S,M}W on F+
Set ¢t = min {, M} 0594”7\9)) with cs(QT\Q) defined in Theorem 6.7 and c,(QF) being a

constant depending on the domain Q.
Then there exists an € > 0, such that the extension EY = —Vu™ to any E € W (M, 81,02, 03) is
element of W+ (M, 61,02, 03,¢,¢h).

Proof. By choosing an appropriate constant € > 0, we will prove that all the restrictions in
W are fulfilled by E* = —Vu™. The crucial point in the argumentation is to choose a global
constant e, i.e. it holds for the extension ET to any E € W (M, d1,d2,03). To choose €, we use
the following properties.

Claim 1:

We use the C*%(Q*) continuity of w to define ¢ > 0. For z € I'y holds —Vw = E. Since
the extension —Vw to any F is continuous in QF, it holds due to E € W (M, d1,d2,d3) that
infzer, [Vw(z)|so > 61 > 0. Again by the C*“ continuity of w, there exists an € > 0, such that
for the extension —Vw to any E € W (M, d1, 62, 03) holds

01
f o1
Jnf [Vu(z)| 2 5
and

01
f —.
xler;heIVw( )| 2 -

Claim 2:

Next, we will compare the angle between the gradients —Vw, —Vv and —Vx(dist(z,T")). The
boundary conditions for v are constant on I'y and thus form an equipotential curve. For z € I';,
—Vw(x) is thus perpendicular to I'y and points into the direction of the outward normal vector
due to the outflow condition in W (M, d1, d2,03). The analogous argumentation holds for v. Due
to the constant boundary value v|r, = ¢,, the gradient field —Vv points in the direction of the
normal outward vector for x € I'y. By

—Vx(dist(z,T})) = — x/(dist(z,T'})) Vdist(x, ') (6.63)

<0
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and Theorem 6.46, we obtain that —Vx(dist(z,I';)) also points in the direction of the outward
normal vector 7i(x).

Due to their continuity, Vv, Vw and Vx(dist(z,T';)) cannot change their direction extensively
in a small neighborhood of I't.. There exists an ¢ > 0, such that the cosine of the pairwise
enclosed angles of Vv, Vw — Vv and Vx/(dist(z,I'1)) at = € Ua(T'y) is greater than 0.9 for the
extension —Vw(x) to any vector field E € W (M, 01, 62, J3).

Claim 3:
The boundary condition ¢, is given by c,|p, > cv\rixt. Since ¢,|r, < 0 it certainly holds
vlr, < w|r,. Due to the continuity there exists an e > 0 such that w(z) > v(z) for z € Us(I'").

Choice of ¢
Let v be an upper bound for the pairwise enclosed angles of Vv, Vx(dist(z,I'+)) and Vw — V.
Choose € > 0 such that for the extension —Vw = F to any E € W (M, 01, d2,03) holds

1. w(z) > v(x) for z € Us,
2. infep, |Vw| > %,
3. infer,, |[Vw| > %,

4. cos(y) > 0.9.

It is reasonable that Vw(z) — Vuv(x) points outward for x € Us(I'"): By the inverse triangle
inequality, Schauder’s estimate (Theorem 6.7) and the choice of the boundary conditions ¢,
holds

Vw(z) = Vo(z)leo 2 [Vw()eo — [Vo(2)]o
> [Vw()loo — es (L, @)l eol|2,0,r
S0 _ a0
— 4 8 8
The strength of the vector field —Vwv is smaller than the one of —Vw and thus the sum is mainly
governed by —Vw.

Verification of the conditions on E™:

Due to the construction of ™ it is immediately clear, that ET|q = E. Moreover,

ET = —Vu™ forms a gradient field and the inflow condition is fulfilled, as E does. The outflow
condition is fulfilled, due to u™(z) = v(z) for z € I'{ and the properties of the Laplace equation.

Boundedness from below:
To show that inf,cq+ | — Vut ()]s > ¢7d1, we have to distinguish three cases.

Case 1: z € U,
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Then

It holds due to the choice of €

01
inf | — Vu'(2)|eo = inf | — > — .
Jinf | — Vu™ (z)] Inf | — Vw(z)| > 5 0

Case 2: € O\ (U2 UQ)
Then

qu:'l).

To find a lower bound, consider the solution of the Laplace equation

~Ap=0 reQt (6.64a)
1

pP=-3 rely (6.64b)

p=—1 PSR N (6.64c)

The solution v is then given by v = ¢,p with the gradient Vv = ¢,Vp. As p is the solution
of a harmonic function, it holds by the strong maximum principle (Theorem 6.4) that there
exist no inner extrema. Conclusively, the gradient Vp(x) # 0 and there exists a lower bound
infcon\o [VP(2)|eo =: ¢p. Tt follows

()

@M\, a)"

. . .1
xeglf\fl IVu(2)|0o = xeglf\g |y VD(2)|oo > min {8’ M}

The actual size of the constant ¢,(2") depends on the size and shape of the extended domain
but is always greater than 0.

Case 3: z € Uy \U,
Then

ut(x) = x(dist(x, T))w(z) + (1 — x(dist(z,)))v(x).
We have to prove that

¥ [(dist(e. T w(a)] + ¥ [(1 = x(dist(z,T*))o(a)] |
= |Vx(dist(z, ")) (w(z) — v(z)) + x(dist(z, IM))(Vw(z) — Vo(z)) + Vo(z)| > ey

for some constant ¢ > 0. Due to the choice of € holds

|Vx(dist(z, TT)) (w(z) — v(z)) + X(distg, ') (Vw(z) — Vou(z)) + Vo(z)].

>0 >0

By condition (4), all gradients are contained in an angle for which the cosine is 0.9 or larger,
i.e. the angles are smaller than 90° for x € Uy \U.. Conclusively, the length of the sum of the
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gradients increases and is larger than the length of any single gradient, in particular greater than
inf e,0\0, |V0(7)]oo. We confirm that this is a lower bound for 2 € Uy, as for all zyp € QF with
dist(zg, ") = 2¢ holds x(2¢) = 0 and x’(2¢) = 0. Hence,

|Vx(dist(zo, T7))(w(xo) — v(x0)) + x(dist(x, TT))(Vw(xg) — Vu(xo)) + Vu(0)|0o
= [Vu(20)|o

> cﬁﬂ‘*‘)min{é,M} 01

CS(Q+\Qa Oé) ‘
To sum up, it holds for u™:

_ 1 . 1 C(Q )
— 3 — — pi
xlénf | — Vu (x)|oo>m1n{2,m1n{8,M} s (N0, )}51>0.

Boundedness from above:
By Lemma 6.45 holds

I = Vllaor < (@ Q)|ull2,00- (6.65)

For every x € Q, there exists a point (z1,22) € T', such that the line segment (2171'2)(1'171'2; is
fully contained in 2. We get pointwise for every x € 2
1

(@)l = Oyu(y, x2) dy — u(z1,x2)

21
Z1

oo

<

ayu@,mz)dy\ T lua(zr, 29)|

21 e%]

< |71 = 2] 03, ulg o + [ualyp

< diam(Q) [Vuly o + [ualo
We thus get for (6.65)
| = Vwllp a0 < (€, Q)(diam Q|E

0.0 + lluallor) < c(Q,Q) (M + |luallor) - (6.66)

We obtain with Schauder’s estimates for v

[vll2a0m\0 < es(27\2, a)lv

< CS(Q+\Q7 a) HCU”2,O¢;F+UF3_‘”

2,a;F+UFft

1 51
= c,(QT\Q in¢ -, Mp——r——r
(7 ’O‘)mm{s’ }cS(Q+\Q,a)
< M6, (6.67)
With Lemma A.6, we have ||x(dist(2,T+))|lz.a0na < “Z5TE) . We obtain with (6.66) and
(6.67)

c(Q, Y, Use ('), 8
= e < mox {1, ST (0 g o) (6.65)

0
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For every Q7 we obtain a different set W™* (M, &1, 02,03,¢,¢t), as ¢™ depends on Q. The
question is whether it is possible to find a finite domain Q7 such that the streamlines to any
E € W(M,dy,09,d3) are satisfactorily extendable. The next Lemma shows that there exists
such a domain with Qt D ®(E™, s,t) for any parameter set Q to E € W (M, 1,82, d3).

Lemma 6.49. Let Q be a C* domain and QT be as defined in Definition 6.43. Let the outer
boundary T be a ball of radius R with midpoint in the centre of mass of Q. Choose R such
that

(U2E(F+)7 Q: Qla 61)(M + HUAHO,F)Cl

€

dist(P_, Tty > ©

with ¢(Uge(T'4), Q, ', 81) defined in (6.68) and ¢; defined in Theorem 6.27.

Set ¢ = min {%, M} 03%&7% Then holds for the streamline function to any

E* ¢ W+(M, 51,52,(53,6,C+) that
®(E*,Q)caf

for the parameter set Q to the streamline function ®(E,s,t) to any E € W(M, d1,d2,03).

Proof. Let E € W (M, d1,09,0d3). We obtain a lower bound for [(¢) by

1(t)

[@(U(), 1) = ()] = E(®(p, 1)) dp

<IU(t) sup |E(P(s,1))]co
s€[0,1(t)]

< I(t) sup | E(2)]oo-
e

Hence,

_ Infose<rr [2(U(t),t) — (t)loo L dist(T-,Ty)
supeq | E(2)]oo ~ SuDeq [ B (@)oo

Let now Et € WT(M,61,02,03,¢,¢t). By using (6.68) for an upper bound on ||[E*||g o+, we
obtain likewise a lower bound for [T () for every ET € W (M, 61,82,03,¢6,¢t) and 0 < ¢ < Lp_
by
) > IR0 — 0l
0<t<Lr_ supea+ [EF(2)|oo
einfy |D(ET, 1T (t),t) — p(t)]oo

~ c(Uze(T'4), 2,92, 61) (M + |luallo,r)

- edist(I'_, T¢*)

— c(Uze(T'4), 2,82, 61) (M + |luallo,r)

(6.69)

By carefully tracking the bound of || E*||q o+ in the proof of Lemma 6.48, we notice the following:
| E*|lo.0+ is bounded by a constant depending on the compact support €’ for w and a further
constant given by x(dist(z,T'y)). However, x(dist(z,T'y)) is constant except on Us (I'"). By
increasing the size of the domain Q%, neither the compact support €’ nor the 2e-neighborhood
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of I';. are affected. The bound of | — Vv[y o+\q is independent of any constant depending on the
domain Q.

The goal is to choose R big enough, such that ®(ET,Q) C QT for every choice of
E € W(M, 01, 09, 53) This is obtained if

inf |IT(t)] > sup it
0<t<Lr_ ol = OStSEF_ i

and by (6.69) and Theorem 6.27 in particular if

edist(I_, T¢*) ;
C
(Une(T1), 4, 50) (M + [[uallor) ~

F?ﬁt is chosen as a ball with midpoint in the centre of mass of ). By increasing R, we auto-
matically increase the distance between the inflow boundary I'_ and the outer boundary I‘ft.
Choose R such that

c(U2e(T'4), 2,9, 61) (M + [Juallor)a

dist(T'—, T5") > -

It follows the assertion. OJ

6.3.2 Distance of two Streamline Functions

We are now ready to bound the difference of two streamline functions |®~1(E) — @ (E)||a.q
in terms of |[E — E||1 a.q. The essential tool is the extension of the field F to obtain streamline
functions defined on a common parameter set. To simplify notations, we set again

O(E,s,t) =: O(s,t), dYE, z) = & ()
D(E, s,t) =: O(s,1) > HE,z) = & L(z)
D(ET,s,t) = T (s,1) o YET z) = é;l(x)

We always identify the parameter set ) with ®(F,s,t) and Q with CIJ(E, s, t).

We start proving a bound for the sup-norm ||®~1 — &~ 1o o in terms of ||® — &F||g o.

Lemma 6.50. Let Q be a C%* domain and QT D Q as in Lemma 6.49. Let E,E € W (M, 61,69, J3)
be vector fields with extension ET € W (M, 81,062,083, €,¢t) to E. Then holds

j27" =& Moo < emalVEL lo.0+ B = @loc-

Proof. The streamline functions ® ! and &~ map Q into distinct parameter sets Q and Q.
Using the extension E+ € W (M, d1,d2,03,¢,¢") to E, we get an extended streamline function
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®* with inverse function i;l Then holds the identity <i>jrl(<i>+(<1>_1(x))) = &~ !(x). We obtain
pointwise for all z € Q with Lemma 2.20 and the identity z = ®~1(®(x))

I (@7 (@) - &7 (a)

e}

Vo

< Cmo 1Ho O+

= Cmw

vé;lHom Ci>+(¢_1(x))—®(@_l(x))‘ . (6.70)

We then obtain for the sup-norm of (6.70)

L

Ao
0,0 +

- <I>H .
0,0+ 0,Q

0

The next lemma states the pointwise distance for two streamline functions on a parameter set
Q. The estimate is based on [10, Lemma 3.2].

Lemma 6.51. Let Q be a C*% domain and Q* as in Lemma 6.49. Let E € W (M, 61,02, 63)
be a vector field with streamline function ® : Q — Q. Let ET € Wt (M, 61, 02,03,¢,¢) be the
extension to E € W (M, 01, 0d2,03). The pointwise distance of the streamline functions ® and ot
is given for all (s,t) € Q by

[B(s.0) = 07 (s. ) < [ 1B@G01) ~ B@(1 oo (emaat VT oar ) do

with ¢; defined in Theorem 6.27.

Proof. ® maps the parameter set @ bijectively on Q. Hence, every point ®(s,t) with (s,t) € Q
is in the domain of definition of E*. We get by the triangle inequality

1B (s5,1) — DT (5,1)]00 =

[ @) - B @ o) du‘

< [ 1B — B (@ (1.0 o
0
= /0 [B(®(p,1)) = EX (@, 1) + ET (R, 1) = EX (DT (11,1)) o0 dpt
< /08 [E(®(, 1)) = ET(@(,1)) oo + [EF (D11, 1) = EF (7 (1, 1)) dpt. (6.71)
By Lemma 2.20 holds
|EF(0(s,1) = EF(@F(s,1)) |00 < cmnl[VE o0+ 9 (s, 1) = D (5,1)] oo
Substituting the latter equation into (6.71) gives
1D(s5,1) — @7 (5,1)]00

< /Os |E(®(p,t)) = EF(@(11,1)) oo + o VEF [lo, 0+ |1, 8) — ©F (11, 1) oo dpe-
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As |®(s,t) — ®(s,t)|oo is a function of s, we can apply Gronwall’s inequality (Lemma 6.19)
[B(6.0) = (5.0 < [ 1E@G.0) = B @G0l ([ IVE v ) di
I

Since this estimate is valid for all (s,t) € @, we know that |s| < ||l|lo,f. . Further, since
P :Q — Qholds |E(®(i1,t)) — EX(®(11,1))|oe = |E(P(p1,t)) — E(®(1,t))|oo- By Theorem 6.27
follows

(s, 8) = & (s,)|os < /0 B, 1)) — B (@1, 1)) e 03 (e 0.0l VE* o0+ )

< [ 1B@010) = B@( 0)o exp (e VE o) di

O]

The previous Lemma is important for the upcoming estimates. The lack of convexity of the
domain €2 generally excludes the applicability of the mean value theorem. In Lemma 2.20, we
adjusted the mean value theorem to our geometry with an additional constant ¢,,,. Yet, in case
of the Holder coefficient |[®~! — 1 la,Q, the four point difference makes an analogous argumen-
tation of 2.20 not feasible. We use the parameter d3 in W (M, 01, d2, d3) to constrain the distance
of two streamlines starting at the same point ¢(t) along s € [0,1(t)].

According to the notations in section 6.1, let Ey be the gradient field of the solution of the
Laplace equation (6.5a)-(6.5b). Ey is element of W (M, d1, 62, d3). Due to the constant boundary
conditions ua|p_ and ualr,, the field Ey is perpendicular to I'y and I'_. As a direct con-
sequence, the streamlines ®( are also perpendicular thereon. Since Ej is a gradient field, the
streamlines always follow the direction of steepest descent [38, p.190]. Furthermore, there do not
exist any inner extrema by Theorem 6.4. Recall that we chose ua|r_ > ualr, , the supremum
is thus attained at the inflow boundary I'_. Conclusively, the streamlines ®q can not approach
I'_ arbitrarily close again after the initial point at s = 0. Let now be E(T the extension to the
vector field Fy with the corresponding streamline function <I)(T . Once @3‘ has left the domain 2,
the distance of every point ®F (s,t) for lo(t) < s < I(t) to I'_ is at least dist(I'_,Ty). Let us
now define

d(s,to) = diSt(¢g(5a to),I'-).

Since @ is the streamline function to the gradient field of the Laplace equation (6.5a)-(6.5b)
and due to its continuity and the reasoning above, we know that d(s,tp) # 0 for all 0 < s < " (¢)
and all 0 < ¢ < Lp_. Further, it does not exist a point so € (0,1 (¢)] with lims_,, d(s,t9) = 0,
as ug attains its maximum at the inflow boundary and there do not exist any inner extrema.
Next, we define

g, = inf  inf {d(sﬂ} (6.72)

0<t<Lr_ 0<s<It(¢) S

which gives the minimal speed for a particle travelling along the streamlines. Since d(s,t) > 0
for all 0 < s < I(t) and 0 < t < Lr_, the constant cg, is positive, i.e. cp, > 0. Again, we
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emphasize that due to the continuity of Ey such a constant cg, exists. The vector field Ej is
given as soon as the problem is defined and depends on €2 and the potential difference w4, —ua,.
We therefore regard cq, as a constant depending on the geometry and the inflow boundary data

UuA.

We now use the constant cg, to show that the point ®(s,¢) is in a small neighborhood of
the reference point @7 (s,t). It is important to use the reference point (IDE; (s,t) as it corresponds
to the solution of the Laplace equation which is determined as soon as the problem is defined.
Using this observation, we restrict the distance of any two streamline functions with vector
fields E, E € W(M,d1,82,03) that are evaluated at the same point. Most importantly, we find
a qualitative result for the line segment connecting ®(s,t) and ®(s,t). The tool to obtain the
following result is to choose the parameter d3 in W (M, d1, d2,03) appropriately. In the choice,
we will also include the assumption of Lemma 6.37 that d3 has to be smaller than d; in order to
obtain the convexity of the set W (M, d1,d2,d3). 1 is not relevant for the following proof but it
will be used in Theorem 6.57 to show that L o T is a selfmap on W (M, d1, 2, d3).

Lemma 6.52. Let  be a C*% domain and QF as in Lemma 6.49. Let Eg € W (M, 81,2, 63)
be the gradient of the solution to the Laplace equation (6.5a)-(6.5b). Let E, E € W (M, 6,02, 03)
and EY € WT(M, 6y, 02,03, ¢, ¢ the extension to E. Moreover, set

Co,

Q,Q ,Use (I'1),01) (M
4exp (Cmvclc( Y Uae 6)2+1&)( +||uA||0’F))

53 = min (51, (673)

with ¢(, Y, Us(T'T),61) defined in (6.68) and ¢; defined in Theorem 6.27. Then follows for the

line segment
2(7) = ®(s,t) + 7(DT (s, 1) — (s,1)), T€[0,1],(s,t) €Q (6.74)
that
2(m) C QF (6.75)

for T €10,1] and all (s,t) € Q.

Proof. Due to the properties of the set W (M, d1, d2,03), both vector fields E and E are decom-

posed into £ = Ey + E; and E = Ey+ FE;. We show that the perturbations by Ej and El are

~ . +
small and that every two points ®(s,t) and ®*(s,t) are found in a ball of radius M.

dist(®F (s,t),I'~)
1

around @ (s,t). This also indicates that the shortest distance of a point ®(s,t) to the inflow

3dist(®F (s,1),['-)

e

First, however, we will show that every point ®(s,t) is found in a ball of radius

boundary is

Let us begin with the mutual distance of ®(s,t) and ®] (s,t). Extend Ej to
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Ear € WH(M,61,062,03,¢,¢cT). We obtain with Lemma 6.51

S
(s, 8) = g (5, )|oc < /0 [E(® (1)) = Eo(® (. 1))]o exp (ciemul VEG llo.0+) di
< s||E(®) — Eo(®)llo.q exp (e emol | VEy
< 5| E = Eollo. exp (e cmol| VE llo,0+)
< sl|B1llo,q exp (¢ cmo[VE o) -

lo.o+)

By the choice of §3 and since Ej € W (M, 61,02, 03, €,¢), we get pointwise for every (s,t) € Q

|D(s,t) — @g(s,tﬂoo < sd3zexp (cmvcl

SCo,
4

- dist(®g (s,t),I'-)

—_— 4 .

c(2, 8, Use(T'), 01) (M + HUAHO,F))
62Jro¢

<

(6.76)

For s = 0, the distance between ®(0,¢) and ®; (0,¢) is thus 0. The distance between two points
®(s,t) and Pg(s,t) increases in s. However, the point ®(s,t) is always contained in a ball of
. dist{®g (s,t),T— . N : .
radius M around @ (s, t) which, due to its size, can not intersect Q_. Conclusively,

the inflow boundary can not be intersected by the line segment connectig ®(s,t) and ®; (s, 1),
—— oy
ie. (s, t)Pf (s,t) C Q.

Now, we will find the distance of two points ® and dt. We compare the streamline functions ®
and ®* directly by Lemma 6.51 and obtain for (s,t) € Q

B4(5.0) = @050l < [ 1B(@006) — B0 0o ex0 (10l VE o) di
0

< s||E — Eloqexp (Cl CmvHVE+||0,Q+>

Q,Q, Use(T'F), 61) (M
< 2503 exp <ClCmvc( LY, Use( )2+1a)( + [Jua 0,F)>
€

Cop
< ¢%0
<5

(B
< T (QSJ)’F_)' (6.77)

By (6.76), the point ®(s,t) lays in a ball of radius % around @ (s,t). The shortest
distance of ®(s,t) to the inflow boundary is thus M. By (6.77), ®*(s,t) lays in a
ball of radius M around ®(s,t). Thus the inflow boundary can not be intersected by

the line segment (s, t), B(s,t), i.e. ®(s,t),D(s,t) C QT The assertion is proved.

O]

The relevance of the previous result will get clear in the following Lemma. We proceed with
bounding [®~! — &1, q.

169



Lemma 6.53. Let Q be a C*>® domain and QT D Q as defined in Definition 6.43. Let
E,E € W(M,61,05,03) and EY € WH(M,61,02,03,¢,¢) the extension to E. Let 03 be as in
Lemma 6.52. Then holds for the corresponding streamline functions
0,2V lo.0)* 187 — @[l00
-1 -1 5+ _
Vo[ . VO loald " — @lag. (6.78)

27" — @ Han < IV g0+ (24 ey [ VY

+ Cmo

Proof. The Holder semi-norm is given by

- O l(x) - (z)— P! (1)
|<I)_1 _ q)_1|a,§2 = sup ’ (l’) (.I') (y) + (y)‘ .

a

(6.79)

The streamline functions ! and ®~! map 2 into the parameter sets Q and Q Extend the
vector field E to Et € W (M, 61, 82,03, €, ¢) and obtain the extended streamlines ® (s, t) with
inverse mapping ®;'. Then holds the identity @' (& (®~*(z))) = ®~!(z) for every z € Q. For
every x,y € €2, we get for the numerator of (6.79)

= 87 (2) - BT @ (@7 (@) - BT () + BT (@@ W) (6.80)

o0

The line segments z;(7) = = + 7(®T(®~(x)) —z) and z(7) = y + (T (D~ (y)) —y), 7 € [0,1]
are fully contained in Q" due to the choice of d3 and Lemma 6.52. We may apply Theorem 2.15
and get

871 @) — 871 @F (@71 (@) - 871 (y) + BT @ (@7 (y)))|
1

[y

0
1

1
+/ ’V@;l(zl(ﬂ)) dr )qﬁ(qu(x)) — - & (@ (y)) —i—y‘ . (6.81)
0 o0 o0
Since VO ! € C%(Q%), it holds with Lemma 2.16

1
9851 10) = VO a0 dt < 19870 2+ e IV 8 oV o) o = i
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Substituting the latter equation into (6.81) and using the identity » = ®(®~!(z)), we obtain for
(6.80)

](13—1(:6) — 07 (z) — & (y) + 7 (y)

o0

<198 o 2+ el VB o7 o) 2 — % |87 (@71 (1)) — B(27 ()|

(@ () — (27 (y) — 2T (2 (x)) + ¢>(<I>_1(x))‘

(e 9]

571
+ve|

0,0+ %)

Eventually, we obtain for (6.79) by the chain rule (2.9) and Lemma 2.20

71— 8 o0 < (T8 s 2+ e [VE 0,0l VB o,0) €7 (871) = B(® )0
p 127 @) =2 )"

Q,Q I,yeQ ’x - y’a

< V8 0 (24 [ VB 0.0V o) 18 — Pl

+ Cmo qu>;1HO7Q+ ||VCI)_1”O,Q|&>+ = Qlaq-

ot — @

+ ”V‘i)f”o,m

O]

With the same technique as in the previous Lemma, we now bound the Holder coefficient of
| — ®lag

Lemma 6.54. Let Q be a C*>® domain. Let E and E € W (M, b1, 62,03) and
Et € WH(M,81,02,03,€,¢T) the extension to E. Let 03 be chosen as in Lemma 6.52. Then
holds for the corresponding streamline functions

@ — 0T |,0 < (c1 +2)||VE - VE| 10
with
e1 = empai L= exp (el VE* o0+ ) 10:@log
and
¢ = [VE g0+ (IV0loq + V87 0.0)* exp (1 + emu)all VE o 01
+e (1 + Cmol[VET [|o.0+ crexp <Cmv ClHVEJrHo,m))

with ¢; defined in Theorem 6.27.

Proof. The a- semi norm is given by

- B(s1,t1) — DT (s1,t1) — D(s9,t2) + P (52, t2)] 0o
&g = sup | (s1,11) (s1,t1) (s2:t2) + @7 (s2,12) ‘ (6.82)
(s1,t1),(s2,t2) |(817 tl) - (827 t2)|go

In the following, we show first a pointwise bound for the right-hand side of (6.82). We need to
distinguish two cases.
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Case 1: [(t1) < [(t2)
Then (s1,t2) € Q. It holds for every (s1,t1), (s2,t2) € Q with I(t1) < I(t2)
‘Cb(sl,tl) — <i>+(81,t1) — @(82,752) =+ é+(82,t2)‘oo
(51,t1) — (82, %2)|%
(@(sl,tl) — Ot (s1,t1) — B(s1,ta) + O (s1,t2) + B(s1,t2) — P (s1,t2) — D(s2, 1) + BT (50, t2)

[(s1,1) — (s2,2)[%
‘(I)(Sl,tl) — i’+(81,t1) — (I)(Sl,tQ) + (i)+(81,t2)‘

0]

a |(s1,t1) — (s2,t2)|% (6.83)
‘@(Slth) — &)+(517t2) — @(327752) + §)+(82,t2)‘00
’ (51, t1) — (s2,12)|% : (6.84)

Let us first examine the numerator of (6.83). Since ® : Q — Q and Q C QF, E+(®(s,t)) is
defined for (s,t) € Q into the domain of definition of ET. We obtain by the triangle inequality

‘(I)(Sl,tl) — (i)+(81,t1) — (I)(Sl,tQ) + (i)+(81,t2)
00

(6.85)
_ /0 E(@ (1)) = EH(@ (1 t0)) = B(®(p, t2)) + E* (" (s 2)) dp Lo
< [ Bt~ B @ t0) + B @) ~ @G, 10)
—B(@ (1 t2)) = B (@1 t2)) + B (@1 t2)) + B(@(u,t2))| _ dp
< /0 E(@(, 1) = B (@, 1) = B(@(u,t2)) + B (1, t))|_ dn (050

BH(@(p, 1)) — BX(@F (u,0)) — B (B, 1)) + B (87 (i, 12))|_dw. (687
Due to the choice of d3 and Lemma 6.52 holds for the line segment

2(7) = ®(s,t) +7(dH (s, 1) — B(s,1)) € QF, 7 € [0,1]. Theorem 2.15 may thus be applied. Define
the matrix

1
B(Mvtl) - /0 VE+(®(M5 tl) + T((i)+(:lj‘vtl) - (P(H?tl)) dr.

Let us omit the variable p of integration for a better overview. We get with Theorem 2.15 for

(6.87)

| B @) - B @) - B @) + B @ )| d

S1
J
S1
<),
0

< [T B0 [B(0) = 87 (01) = B(t2) + 57 (a)|_ + 1Bl02) = Blta) [ 0002) ~ 8 (1) _ .

B(t1) - [@(tl) - <i>+(t1)} ~ B(ts) - [@(tg) - ci>+(t2)] )oo dp

B(ty) - [cb(tl) — B () — D(ty) + <i>+(t2)] )OO + ’[B(tl) ~ B(t)] - [(I)(tg) - <i>+(t2)] ) dy

(e ¢}
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Substituting the previous equation into (6.87), we have for (6.85)

‘(I)(Shtl) - &)+(31,t1) — (I)(Sl,tg) + (i)+(317t2)‘00
< /0 1B(t1)] o ‘(I)(tl) — T (1) — B(ta) + <i>+(t2)‘oo + |B(t1) — B(t2)| o, (q,(tQ) @ ()| dn

51
/
0

With Gronwall’s inequality (Lemma 6.19), we get

“I’(Sl,tl) — ‘i+(81,t1) — (I)(Sl,tz) + i’+(81,t2)‘oo

S1
S/
0

+ /0 1B(t1) — B(ta2)|oo| ®(t2) — @™ (£2)|oo exp </#1 |B(r,t1)]oo dr> du.

E(®(p,11)) = B (@, 11)) = E(@(u,2)) + B (®(u,12))|_ dp.

E(®(u, t1)) — EF(®(n,11)) — B(®(p,t2)) + E+(¢(M,t2))‘m exp (/Sl [B(r,t1) oo d?“) dp
n

Since |(s1,t1) — (s2,t2)|00 = |t1 — t2|co, We get for (6.83) with the previous equation
‘(13(817151) — fi>+(81,t1) — (13(81,t2) + <i>+(81,t2)‘

[(51,t1) — (s2,t2)[50

B®(t) ~ B (8(t)) ~ B(@(t2)) + B (®(t2))|_exp ( JEGIs dr> du

1 o
< (]
o ‘(Slatl)_(827t2)‘oo /0

1 S1 B S1
Ty )~ B~ 8 ) ([t ar)
o |[B@(1) = BH@ (1)) - B(D(t2)) + E*(D(t2) n
< /0 T exp </ﬂ |B(r)|oodr) du (6.88)
B(0) - Blta)ls :
+/0 22 (1) = (1) exp (/ﬂ B(ry 1) dr) . (6.89)

It holds for (6.88) by the chain rule (2.9), Lemma 2.20 and Theorem 6.27

E(2(t1)) — EX((t1)) — E(®(t2)) + E*@(h))‘

S1 S1
/0 |t1 _ t2|a > exp (/ |B<T)’oo dT) dp
o0 2
81 ~ D(ty) — P(t 81
< Cmv/ VE — VEJ'_H ‘ ( 1) ( 2)|OO + €XpP </ |B(T)|oo dT> d/‘L
0 0, u

|t — t2|o,
-~ ) _
< oot 9@l o [t — 1]~ exp <cl HVE+H079+> HVE - VEHO’Q. (6.90)

We use Lemma 2.16 to bound |B(u,t1) — B(p, t2)| in (6.89). It holds
Bk t1) = B(p, t2)loo < [VEF |0+ (IV@llo.g + [V [lo.0)t1 — t2l5%.
Hence we get for (6.89) by Theorem 6.27

*[B(th) = B(t2)]oo - 51
/0 [t1 — t2|% |8 (t2) — (I)+(t2)‘oo exp </ﬂ | B(r, t1)‘ood7"> du

< Al VE |0+ (IV®loq + V8 l0.0)" exp (allVE* o0+ ) 1@ = 8+ o
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We bound [|® — &*||go by Lemma 6.51 and obtain for (6.89)

/051 |B(t1) — B(t2)ls |®(t2) — B(t2)]oo €xp (/M |B(r, t1)]o dr) du

[t1 — t2]oo

< IVE 0 arallVeloq + IV8* 00)” exb (cmucil VE* [o.0¢)
caexp (allVE Joor ) 1B = Elog
< IVE aar (1900 + IV8* 00) exp (1 + cm)aVE ot ) 1B = Elog.  (6.91)

Let us proceed with (6.84). We may apply the mean value theorem in s, since [s1, s2] C [0, [(t2)].
We have for the numerator by (6.9a) and the triangle inequality

‘@(sl,tz) — Bt (51, t0) — D(so, ba) + <i>+(52,t2)‘
o0

< sup [0,0(s,t2) — 0,8* (s, 12)| 51— s2]

S€E[s1,52] o0

< sup |B(®(s, 1)) — B (@7 (s,12))|_|s1 — 5ol

s€E[s1,52] o0

< sw (B0 0) - BT @G 0|+ B0 0) - BT@ )| )l - sl
S€E|s1,82 o0 o0

With Lemma 2.20 and Lemma 6.51, we get

B (s1,t2) — DT (51, t2) — B(s2,t2) + DF (52, 12) |00
< [IB = E*log + emu[VE o0+ 19(s,8) = 3% (5,1)|oc] |31 = 52|

< [1E = E* oo + cmol VE* logrcrexp (emoc[VE* g+ ) I1E = Elloa] Is1 — 52

< [1+ el VE oo crexp (emallVE loar ) | 1B = Elloa st = sa

Hence, (6.84) is bounded pointwise for every (si,t1), (s2,t2) € Q

‘(I)(Sl,tg) — (i>+(51,t2) — (I)(SQ, tz) + (i)+(82,t2)‘
[e.e]
[(s1,t1) — (s2,12)[%
< (1+ eml VE*logrerexp (comal VE* @)lloa+) ) I ~ Elloglss - sl ™

lo.0- (6.92)

<= (14 en VE o= arexp (cmuctl VE* (@)l ) ) I1E - B

Case 2: [(t2) < [(t2)
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Then the point (s2,t1) € @ and it holds for all (s1,t2), (s2,t2) with I(t2) < (1)

[Dls1,11) = BF(s1,01) — Do, t2) + (52, 12)|
|(s1,t1) — (s2,t2)|%
ot

(sl,tl) D(s9,t1) + O (s9,t1) + D(s1,t9) — P (50, t1) — D(s0,11) + T (0, t2)
o0

(@(sl,tl)

(51, t1) — (s2,12)|%
‘@(sl,tl) — Ot (sy,t1) — D(s0, 1) + (§+(32,t1)‘
= [(s1,t1) — (s2,2) |5
‘@(SQ,tl) — Bt (sy, 1) — D(sa b)) + &>+(32,t2)‘00
(51, t1) — (s2,12)|%

The calculations are analogous to the ones in case 1 and lead to the same result.

0

+

To conclude, we get for (6.82) with (6.90), (6.91) and (6.92)
@ = ¥ < conerll0®lloo Lt exp (al VE* o0+ ) IVE = VE[og
IV IV ®log + V8% [0.0)" exp (1 + )t V2o 00 ) 1B — Elos

+ cll_a 1+ chHVE+||0,Q+Cl exXp (CmvCleE-i_HO,Q‘F)} |1E - E”OQ

6.3.3 Continuity of T’

We are now collecting the previous results to prove that T' : W(M,d1,6,03) — CH(Q) is
continuous in FE.

Theorem 6.55. Let Q be a C*% domain and QT chosen as in Lemma 6.49. Let pa € CH*(Ir_)
with ||pall1. <1 and E,E € W(M,81,02,083) with extension EY € W+ (M, 81, 02,83,¢€,¢t) to
E. Let 83 be chosen as in Lemma 6.52. Then holds for the operator T : W (M, 61,02,d3) —
Ch(Q)

ITE = TE|ag < Crllpalian_|E - ElLa.

with
Cp = (2q +2¢ L2 + 2 max {L;ja, 1} + 1) max {c1, 2}, (6.93)
and
&1 = cner [Vl g L= exp (| VE*[lo0 )
and

¢ = e[|V |y o 190 o [~ (1 + o IVE* o crexp (emet[VE 0+ ))
HVEH a0 F2IVl0q + 198 0.0)" exp (1 -+ em)et VB v |

+ [V 0.0+ (2 + cmol VO (|0, VO 0.0) e exp (CZHVEJFHO,W) -
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Proof. By Lemma 6.40, we have

ITE = TEllag < IVAla,0u0 (1 + (260 [V oo + CmvHV‘i’*lHo,n)a) Héil -

By Lemma 6.41 and Lemma 6.42, we have
IVllag < lpaliae_ + (20 +2aLi7 + 2max {1171} ) pallia
< (201 + 201L11{a + 2 max {Lllﬂ:a, 1} + 1) lpallt,e,m -
Lemmas 6.50 and 6.51 give
@7 — 27 0.0 < cmol VO 0.0+ crexp <Cmvcl||VE+||0,Q+) |E — Eljo,0.
Eventually, Lemma 6.53 and Lemma 6.54 lead to

31— 0 Yoo < @ |VE - VE|oq + eal|[E — B

0,0
with

=[99IV

loger 1920 L= exp (| VE o0+ )
and
€2 = Cmu HV(I)jrlHO’m Ve o0 - [Cll_a (1 + Cmu | VET o0+ crexp <cmvcl|’vE+‘|O,Q+))
+HIVET| g0+ i 2[Vllo.q + IV lo.g)™ exp ((1 + Cmv)0l||VE+H0,Q+)]

907 .0+ (2 + emo VB o 7O o.0)*cexp (all VEF s )

a, '

O]

Cr is bounded by a constant depending on the boundary data w4, the streamline functions ®
and ®T and the vector fields £ and ET. We will justify that this unclear constant is bounded.

Lemma 6.56. Let Q be a C* domain and QT chosen as in Lemma 6.49. Let pa € CH*(Ir_)
with ||palli.g < 1 and E,E € W(M,61,82,83). Further let E¥ € W+ (M, 61,02,83,¢,¢) be the
extension of E. Let 03 chosen as in Lemma 6.52. Then the constant Cp in Theorem 6.55 is

bounded and depends only on the geometry of Q and QF, the constants 61,02, M, e,ct and the

boundary data uwa and c, for the extended domain.

Proof. By section 6.2.4, we know that |[V®|o.q, [[V® oo and ¢ are bounded in terms of M,

61 and do. Furthermore, ¢, and Ly_ depend on the geometry of 2. Since
Et Ete W (M, 61,082, 03,¢,cT) follows immediately

c(Q, 9, Use(T'1), 61)

62,&

IVE*aor < max {1, } (M + uallor).
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It is left to bound the extended streamline function. Herein, we will encounter the maximal
streamline parameter [* for the extended vector sets ET. We get by Lemma 6.27

’ux‘h - Cv2|oo

min{%,min{%,M} %}6%

I

0f0.Lr_] <
where ¢, are the constant boundary data on I'¢** for the function v in the extension of u in
Theorem 6.47.
By Lemma 6.31 follows
||v(§_7_1H07Q+ <O, 01, M, 61,00, €, ¢t Jua, — cu,l)
and by Lemma 6.32 holds
VO o < Co(Q, 97, M, 61, 62,¢,a, ¢, [ua, — cuyl)

All occurring constants are bounded. Thus the two constants ¢; and co in Theorem 6.55 are
bounded and conclusively so is the Lipschitz constant cp.

6.4 Existence of a Solution

We will now consider the composite operator L o T and show with an appropriate choice of the
constant M and the inflow boundary function p4 that L o T is a self map and contraction on
the set W (M, 01, 62, d3). With the Banach fixed point Theorem, we then prove the existence and
uniqueness of a fixed point of the composite operator LoT. Conclusively, there exists a classical
solution to (CP 6.1).

Define the sequence
E'(z)=LoTE" Yz), n=1,..
with E9 being an arbitrary element of W (M, &y, 2, 63).

Theorem 6.57. Let Q be a C** domain and pa € CH*(Ir_). Let M = cg(Q,a)(1+||uall2.ar)
with cg(Q2, ) defined in Theorem 6.7. Let

) 1 03
= .94
”pAHLIF‘ mln{C4(Q,Cl,(52,M, Oc)’ C(Q)} (6 ) )
with

a0, 1,02,0, M, 0) = e(@) 2N

max {exp (¢ M), M} max {L%{O‘, cly L%{O‘cll_o‘}
2

and ¢(Q2) being a constant depending on the domain.

Then Lo T defines a selfmap on the set W (M, d1,d2,03).
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Proof. By Theorem 6.39, we know that TE € C%(Q) and conclusively also in C®(€2). Since
Q) is a 0% domain and uy € C**(T'), Theorem 6.1 states that L o TE, 1 € C»*(Q). The
composite operator thus maps into function spaces of desired regularity.

We will now show that L o TE™! fulfils the restrictions in W (M, &1, d2,63). By the defini-
tion of L follows that L o TE"~! = E" = —Vu™ is a gradient field. Let p"* = TE""L.

As presented in section 6.1, the Laplace operator A is linear and the solution to the Pois-

son equation (6.1a)-(6.1b) is decomposed into u™ = ug + uf. wg is the solution of the Laplace
equation

—Auy =0 x €N (6.95a)

Uy = U xel. (6.95D)

ug is the same for every iteration, as it is independent of p™ and is only determined through an

a priori given right hand side function u4 and the shape of 2. u} is the solution of the Poisson
equation

—Auf = p" r € (6.96a)

ul =0 xel (6.96D)

For every iteration u} changes until convergence is obtained. Let us denote L; as solution op-

erator to (6.96a)-(6.96b). We thus obtain —Vu" = Lo TE" ! = Ey + Ly o TE"!. By Lemma
6.3 follows that E° € C1*(Q) and L o TE" ! € C1(Q).

Boundedness of E"

Schauder’s a priori estimate (Theorem 6.7) and Theorem 6.6 give

ILoTE" 100 < U200
< (@) ([[uallz,or + U o + 1TE" |a0)
< cs(2,a) ([uallz,ar + c2(QITE™ a0) - (6.97)

It holds for the Holder norm

ITE" Hag = ITE" og + |TE" a0 (6.98)

The sup-norm of TE"! is bounded by the inflow boundary data. We have with Theorem 6.39

78y = sup 3@ (B )
’ zeQ
- 2 [Ham] < el 099
For the Holder seminorm holds by the chain rule (2.9)
TE o = 5@ (E" 2)lag < |Plaol VO (B G0 (6:100)
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We have for the Holder coefficient of p

ST A I (A
a,Q 1+ spal(t) 00 olr 1 4+ spa(t) 0.0 Or_ |1 4 spa(t) a,Q
< Voalae. + ol |
— pA O[,I[‘7 pA O:IF7 1—|—$pA(t) Oé7Q.
It is left to bound ‘m‘ . Since s > 0 and p4 > 0 follows
‘ 1 B 1 _ ‘ s2pa(t2) — s1pa(ts) ‘
L+ sipa(ts)  1+s2palte)|  [(1+s1pa(tr))(1 + s2pa(t2))
< Is2 = s1llpa(t2)] + [sillpa(ta) — pa(ts)] (6.101)
holds
1 _ 1
‘ 1 I+s1pa(ti)  T+s2pa(tz)
—_ = sup
Lt spa(t)[ng  Griamee (515 t1) = (s2, t2)|%
(s1,t1)#(s2,t2)
1—
< [ltor A Wlloz palar. (6.102)

To complete the bound for (6.100), we use Lemma 6.31 and bound V®~1(E""1 z) in terms of
constants used in the definition of W (M, d1, d2, d3).

2 . e n— n—
V2~ (" Dlloe < 5 exp (e div B o 0 ) max {[92(E" M og . [0:2(E" o)

- 2exp (M)
e
=: c3(cy, 02, M) (6.103)

max {exp (¢;M), M}

Assume that |[paljo,o < 1. It holds further that |pala,r. < Ly “|p4lo,r. - Collecting the terms,
we have for (6.98) by (6.99)-(6.103) and Theorem 6.27

< llpallos_ -+ cs(61,02,ua M) (Ipalauie + WIS Ioal s+ Wlose_lloallose_lpakase)
< llpallo_ -+ cs(6,02,ua, M) (Ipalase + W5 ol + Wose_lpakase)

< llpallo,rr_ + ¢3(d1,02,ua, M) (Ll “Nplallore + 1oz lpallom + Il Ly ®llallo.n )

< (61,6, ua, My max { LI L0852 W }llpallne
< ¢3(01, 62, ua, M) max {L%‘iav cl, L%i%l_a} lpallr -

The previous bound is independent of n. Hence, we get for (6.97)

|LoTE" M aq < cs(Q,a) (”UAH2,a;F + c4(61, 02,2, M, a)”PAHLh“_)
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with
c4(82, 02, ¢;, M, o) = c2(2)e3(cy, 62, M) max {L%{a, c, Lllfo‘cll_a} -
Boundedness of L; o TE™1:

We need to find an upper bound for ||L; o TE" g o. We use Lemma 4.16 of Chapter 4 and
obtain

L1 o TE" 0.0 < c5(diam Q)| TE™ 0.0

< cs(diam Q)|pallo, . - (6.104)
Choice of py and M:
Choose
1 03
a = mi , 6.105
||pA|| Ir_ mln{c4(97cl752>M7a) 65(9)} ( )
and

M = cs(Q,a)(1 + [luallz.a.r)-

The choice of M and p4 is reasonable, because they only depend on constants given in the
definition of the set W (M, d1, d2,03), the given boundary function u4 and the geometry of the
domain. All these quantities are given in the problem definition.

We can now show that the boundedness restrictions on L o TE™ 1 are fullfilled
Ly o TE™ o0 < 05
and

ILo TE" 100 < cs(Q,a)(1 + [[uallzar) = M.

Boundedness from below and inflow/outflow conditions:

As the vector field Ej is given by the solution of the Laplace equation, it follows

inf, g [Eo()|ee = 261. The lower bound on |E™(x)|s is now easily found with the inverse
triangle inequality and the choice of p4 in (6.105). By (6.104), we get

inf |L o TE" " 1()|e = inf |Ey + L1 o TE" ()| 0o
€ e

> inf |Egleo — sup |Ly o TE" ()]s
CCEQ $EQ

Z 251 — 65(diam Q)HPAHOAJF_
> 201 — 03
> 201 — 61 = 01.
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Due to the constant boundary conditions, the field E° is perpendicular to the boundary. Further,
since L4 is the solution operator of the Poisson equation with homogeneous boundary conditions,
the field Ly o TE™ ! is also perpendicular to the boundary I'. It is left to show that the field
strength at « € I'_ is bounded by d;. The iterated field LoTE™ ! points into the same direction
as the outward normal vector at the outflow boundary and in the opposite direction at the inflow
boundary. It holds for a function ¢(z) > 0 and x € I'_

LoTE" Y (z) = —c(z)f(x).

Since inf,cq |L o TE™ *(x)| > 6; holds with the equivalence of the euclidean and the maximum

norm
c(z) = [le(@)ii(z)ll2 = |L o TE" (z)ll2 > |L o TE" ™ (z)]oc > 61.
It follows for x € I'_
fi(z) - (Lo TE" Y(z)) = —c(z)i(x) - fi(z) = —c(z) < =6,
and analogously for x € '}
fi(z) - (Lo TE" Y(z)) = c(z)fi(x) - fi(z) = ¢ > 01.
By choosing d5 := §; follows the assertion.
O
We arrive at the main results of this Chapter. First, we show that a fixed point E € W (M, d1, d2, I3)
exists to the operator Lo T.

Theorem 6.58 (Existence and Uniqueness of a Fixed Point). Let Q be a C** domain,
up € C*Y(T), pa € CY¥(Ip_) with

1 03 1
= mi 1
oo =min{ ey e @) 19

with ¢4 (82, ¢, 02, M, ) and c5(diam Q) defined in Theorem 6.57, cr defined in Theorem 6.55 and
cs(Q, «) defined in Theorem 6.7. Let M and dy be defined as in Theorem 6.57 and d3 be chosen
as in Lemma 6.52. Then the operator L oT has a unique fixed point in the set W (M, 1, d2,03).

Proof. We use the Banach fixed point theorem. By Lemma 6.57, LoT is a selfmap on W (M, 01, 2, 03).
It is left to show that L o T is a contraction.

With Schauder’s a priori estimate (Theorem 6.7) and Theorem 6.6, we get

|ILoTE"™ — LoTE"| a0 =|Lo(TE" —TE")|1a.0
< es(e, Q) (|ITE™™ = TE oo + 0™ — u" o0 + [[ua — uall2,ar)
< (o, Q)ea(Q)|TE" — TE™|| o 0.
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By Theorem 6.55, we obtain

ILoTE™! — LoTE"|1a0 < cs(a, Qe (QCr|pallian [E" = E" o

Due to the assumption on ||pal|1,q,;r  holds

1
ILoTE™ = LoTE 100 < 5IE" = " Mlie
1 _
<glE" - E Y1a.0-

Hence, L o T is a contraction on the set W (M, 01, d2,03). By the Banach fixed point Theorem,
there exists a unique fixed point £ € W (M, d1,02,03) to Lo T. O

We can conclude that there exists a unique classical solution to (CP 6.1).

Theorem 6.59 (Existence and Uniqueness of a Classical Solution to (CP 6.1)). Let 2 be an
open bounded C** domain, us € C**(I'), pa € CH*(T). Let ||pall1,a,r. » M and 53 be chosen
as in Theorem 6.58. Moreover, let 63 be chosen as in Lemma 6.52. Then there exists a classical
solution (u, p) € C>*(Q) x CL*(Q) to (CP 6.1) with —NVu € W (M, 51, 62,93) .

Proof. By Theorem 6.58, there exists a unique fixed point E € W (M, d1,02,93) to Lo T, i.e.
LoTE=F.

The fixed point £ € W(M,d1,d2,03) is a gradient field E = —Vu. We therefore obtain the
unique solution u € C*%(Q) to (CP 6.1) with —Vu € W (M, d1,d2,63). Since T is the solution
operator to the transport problem (6.1c)-(6.1d), we obtain the solution p = TE € C1%(Q)
by Theorem 6.39. We found the unique solution (u, p) € C?*(Q) x CH*(Q) to (CP 6.1) with
—Vu e W(M, 01, 09, (53)

O]

6.5 Remarks about the Chapter

In this Chapter, we have proved the existence and uniqueness of a classical solution (u, p)
to the steady state two-dimensional problem (CP 6.1) with —Vu in a set of vector fields
W (M, 61,82,03) C CH*(Q2). We defined the solution operator L for the Poisson and 7T for
the transport problem. By the Banach fixed point theorem, we proved that a unique fixed point
E = L o TFE exists provided that the inflow boundary data ||pa||1,r. is sufficiently small.

In the argumentation for the existence of the streamline functions and especially to obtain
upper bounds, we exploited one crucial fact in the problem definition: The convective field E of
the transport equation is a gradient field. Due to this knowledge, we were able to determine an
upper bound for the streamline parameter s.
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The fundamental idea in this Chapter is to formulate the coupled problem as a fixed point
problem. In the continuous case that we presented, we can conclude that the Banach fixed
point iterations are the staggered algorithm. In the following Chapters we will use this result
to introduce a discretization method for the coupled problem. Furthermore, we will illustrate
the advantage of following the presented approach in comparison to a compactness argument
applied in Chapter 4. With the error estimate for the Banach fixed point iterations and standard
approximation results, we will show in Chapter 7 that we immediately obtain an error estimate
for the staggered algorithm.

Let us comment on the choice of the vector field E. Vector fields £F = Ey + E; in the set
W (M, 61,62, 03) lead to invertible streamline functions of C1® regularity. The constants M, §
and J2 depend on the choice of the boundary data us and the domain 2. The vector field Ej
determined by the solution of the Laplace equation was considered as the dominant field. Ej
only depends on the boundary data ua and the geometry of the domain 2. As solution to a
harmonic equation, Ey does not have any inner extrema and thus |E(z)|s is naturally bounded
below by a constant §;. We chose the second component F; as a small perturbation to F, as
the supremum of |E(z)|s shall be bounded by this very ;. Indeed, this choice of vector fields
is realistic for the underlying physical model. To obtain corona discharge, we need a strong
electrical field Fy such that ions are emitted into the system. The ions then give rise to the
vector field Fj.

With the previous observations, we justify the method to bound the Holder coefficient of T ~TE
in Lemma 6.53 and 6.54. Herein we first restricted the vector field F further, by claiming that it
is smaller than the minimum of d; and d3 where d3 was a constant determined by the streamline
function ®q of Ey. As FEjp is small, it is realistic to assume that the streamline & corresponding
to Eg + F1 is only a small perturbation of the streamline function ®3. We then used that two
points ®(s,t) and ®(s,t) can be connected by a line segment that is contained in © as the graphs
of both streamline functions lay in a small neighborhood of ®.

The inflow boundary function p4 was the key to prove existence and uniqueness of a classi-
cal solution. We chose ||pal[1,q,1 sufficiently small to obtain a selfmap and contraction L o T
on W (M, d1,d2,03). The actual size of p4 depends on several quantities which all depend on the
geometry of the domain €, the extended domain Q" and the boundary data u4 and ¢, in case
of the extended domain. It is difficult to give a qualitative interpretation for the dependence of
pA on the size of the domain and the boundary data, as for example holds for the maximum of
the streamline parameter

UA, — UA,
1o < 57

T infeq [E(@)5%
For an increasing potential difference, the infimum for the field strength will surely also increase.
However, for fixed boundary conditions u4 and an increasing diameter of €2, the field strength

will decrease. Conclusively, in this case p4 will decrease too.
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Chapter 7

Discretization Methods

In this chapter, we focus on discretization methods for the time independent coupled problem
(CP 6.1). Discretization methods are best analyzed in Sobolev spaces where error estimates and
stability properties are available. We therefore restrain the analysis to Sobolev spaces. First, we
list briefly error and stability estimates for the Poisson and linear transport equations. In section
7.4, we investigate the nonlinear transport equation under a new point of view. We formulate
(CP 6.1) as variational inequality and prove the unique existence of a continuous solution in a
space V4. Further we are interested in the Galerkin discretization of the variational inequality.
We derive an error estimate for a discrete bilinear solution on a quadrilateral mesh and show that
it converges to the continuous solution. We proceed to investigate whether there is a connection
between the solutions of the variational inequality and (CP 6.1). If we further restrict the space
W (M, 01, d2,03) defined in Chapter 6, then the classical solution p is also in the space V4. Due
to uniqueness, the solution of the variational inequality must be equal to the classical solution
p. Conclusively, the discrete solution of the variational inequality also converges to the solution
p of (Tr 6.3).

In section 7.5, we introduce the so-called staggered algorithm which is an algorithm to solve the
coupled problem [1, 59]. The idea is simple, after initializing a first vector field E, the transport
and Poisson problem are solved alternating until convergence is obtained. For the continuous
problem, the staggered algorithm are the Banach fixed point iterations as used in the Chapters
5 and 6. Especially regarding numerical results, it is of great interest if the discretized staggered
algorithm converges. Having the contraction property in the continuous case and stability and
error estimates for the Poisson and transport problem, it is possible to prove an error estimate
for the discrete staggered algorithm. This part is understood as an outline for future work and
does not claim completeness.
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7.1 Notations

Let © C R? be an open C%*® domain. Then we define the space of Lesbesque square-integrable
functions by

Equipped with the norm

HUHQLZ(Q) = / v? dz, (7.1)
Q
L?(2) forms a Banach space. We will denote
(v, W) 2(q) = / vw dx (7.2)
Q
as the L2(Q) scalar product.

Let k£ be an integer and m be a multi-index with |m| < k. The Sobolev space of order k is
denoted by

H*(Q) = {v: 10| 12(0) < o0, |Im| < k}. (7.3)
Equipped with the norm
o2 = 32 1070030 (7.4)
[m|<k
and inner product
(v, w) gr(q) = Z (0™ v, 0™ w) 2 (q) (7.5)
m|<k

H*(Q) is a Hilbert space.

For the analysis of the transport equation, we define additional boundary norms. Let
E € (L*(9))? be a convective field and ps € L*(T'). Then we denote

palt= [ E fida (7.6)

with 77 being the outward pointing normal vector to I". Analogously, we define the norms on
boundary parts I'_ and I' by

palt_ = [ 7B s, (7.7)

palt, = [ - E e (7.8)
+

We will also need the dual space of the usual Sobolev spaces.
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Definition 7.1. [18, p.123] Let m > 1. Given u € L*(Y), define the norm

ulmy = sup L)
=@ iy vllmo

We define H=1(Q) to be the completion of L*(Q) w.r.t. || - Hfi*m(Q)‘ For the Sobolev space built
on L*(Q), we identify the dual space of H™(Q) with H~™. Moreover, by the definition of H™™,
there is a dual pairing (u,v) for allu € H™™,v € H™, i.e. (u,v) is a bilinear form, and

(u,v) == (u,v) 2(02)- (7.9)

7.2 Discretization of the Poisson Equation

The discretization of the Poisson equation is a well-studied problem. We briefly list some prop-
erties for completeness. Let

VP={ve HY(Q) : v=ug on T}
and
‘/OP:{’UEHI(Q> : szonF}:HS(Q)

where P indicates that the sets correspond to the Poisson equation. The variational formulation
for (Po 6.2) is given by:

Find v € V¥, such that
/ Vu-Vodr = / pv dx, Yo € VOP. (7.10)
Q Q

Let 7" be a partition of © into quadrilateral elements 7 € 7" and n = ]’Th| be the number of
elements. Let h be the mesh size with h = max . { longest side of 7}. Let VP" and pr’h
be the discretization into finite element spaces of VI and V" with basis functions of degree p.
Then the discrete variational problem reads:

Find u" € VP" such that
/ Vi - Vude = / pv dx, Yo € VOP’h. (7.11)
Q Q
We will now list well-known results that we will need in the following.

Regularity of u: [45, Section 4.5]
The regularity of the solution u depends on the regularity of the right hand side data p. Since
) is smooth, the following estimate follows

lull 20y < cllpllrzo) (7.12)
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with ¢ being a constant independent of p.

Error estimate: [13, Table 3, p. 82]
Let u € H?(2) and u” piecewise linear. Then we have the following error estimate

v = upl| 1) < chllullg2(q) (7.13)

with ¢ being a constant independent of h.

Stability: [45, Section 2.1]
Let « be the V -ellipticity constant of the bilinear form a(u,v) = Jo Vu-Vudz, ie.

a(v,v) > a|v|ir Yuve Ve
Then follows the stability estimate for the solution u to (7.10)

allully <llpllL2(0)- (7.14)

7.3 Discretization of the Linear Transport Equation

The steady state linear transport problem is given by

Problem (Tr 7.1). Let Q be a C%® domain. For a given E € (C*(Q))?, find p € C1(Q) such
that

div(Ep) = x € (7.15a)
p(x) = pa(z) rel_. (7.15b)

As in the case of the Poisson problem, discretization methods for the linear transport equation
are well studied. For hyperbolic partial differential equation, it is a known phenomenon to obtain
spuriously oscillating numerical solutions as soon as the inflow boundary data are not globally
smooth. Many authors have published methods to stabilize numerical solutions, for example the
streamline upwind Petrov-Galerkin (SUPG) method. Information about the SUPG method are
found among others in the works [15, 16]. In [12], the authors compare the application of the
standard Galerkin, SUPG and Least squares methods for (Tr 7.1). In the following, we introduce
the standard Galerkin method to discretize the linear transport equation. Let therefore first be

VT:{veHl(Q) cv=paonl_}
and
‘/OT:{UEHl(Q) tv=0onT_}.

where T' indicates that the sets correspond to the Transport equation. The boundary conditions
are employed strongly into the space. The variational formulation is given by:
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Find p € VT such that
/ div(Ep)vdx =0 Vo € V.
Q

Let 7" be a partition of  into curved quadrilateral elements 7 € 7" with n = |7"| as number
of elements. Let V" and VOT’h be the finite element discretization of V1 and VjI. We use
bilinear basis functions.

The standard Galerkin method is then given by:

Find p" € VT such that
/ div(Ep")vdz =0 Yo e Vol (7.16)
Q

The existence and uniqueness of the Galerkin solution is proved by means of the following
Galerkin graph norm.

Definition 7.2. [50, Lemma 3] Let %divE > o0 > 0. Then we denote the graph norm for the
Galerkin method by

o
olllE = lpE- + 5 lplZ2)- (7.17)
2 (@)

It holds the following error estimate.

Lemma 7.3. [12, 50] Let p € H*(Q). Then holds for the Galerkin approzimate solution p

o= p"llle < chllplluz@) (7.18)

with a constant ¢ independent of h and p.

7.4 Discretization of the Nonlinear Transport Equation

In contrast to the Poisson and linear transport problem, the variational theory for the nonlinear
transport problem is not a standard result. Recall, that we want to solve the nonlinear transport
problem (Tr 6.3)

E-Vp+p2=0 zin Q (7.19a)
p=pA xonl_ (7.19b)

with E € (C1(2))? being a given bounded vector field. To the end of this section, let 0 < p4 be
constant.

One method to solve and discretize the nonlinear transport problem is the Method of Char-
acteristics (MOC). However, one encounters difficulties in the context of the coupled problem.
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The Poisson equation is discretized by the Galerkin finite element method and is therefore based
on a quadrilateral mesh. The MOC on the other hand solves the transport equation on the
streamlines and is therefore line based. The streamlines start from the boundary and thereon
not only on the nodes of the quadrilateral mesh. Hence it is difficult to extract the relevant
information for p and the method becomes numerically unstable. We are therefore interested
to use a Galerkin discretization. Standard methods to prove existence and uniqueness are not
applicable, as the nonlinear form for (7.19a) is not coercive.

In the following approach, we formulate (Tr 6.3) as variational inequality. Let us first find
the ansatz and test spaces. Apparently, the solution p to (Tr 6.3) must be differentiable which
implies that the ansatz space Vy is a subset of H'(2). We define the operator A : V4 — L%(Q)
according to the form

Ap=F-Vp+ p? (7.20)
with
VA(Uuao—pao—A) - {p € Hl : p‘F, = PA, Oy > P >04>0 a.e., ’vp’ < Op a-e-}

and oy, 0, , 04 > 0 are constant parameter. We will now prove that for every choice of finite
ou,0p and o4, a solution exists to the variational inequality (Tr 7.2) below. Further, we will
prove that a solution exists to the discretization of (Tr 7.2). In section 7.4.4, we then choose the
parameter o, 0, , 04 > 0 such that the solution to the variational inequality (Tr 7.2) is also
the solution of the classical transport problem (Tr 6.3). The discretization of the variational
inequality is thus a discretization for the classical transport problem. In the following, for the
convenience of notation, we will write V4 instead of Va(oy,0p,04).

Lemma 7.4. Let E € (L*(Q))? and p € V4. Then Ap € L*(Q).

Proof. With the Cauchy Schwarz inequality, the boundedness conditions in V4 and since
E € (L*(Q))? holds

/(A,o)zdas:/(E'V,o—i-,OQ)2 dzx
Q Q
§2/(E-Vp)2dx+2/(p2)2dx
Q Q
§2/E2daz/ \Vp\de+2/p4dx
Q Q Q
< 2||E||%2(Q)VOI(Q)O'§ + 201v0l(Q) < oo.

O]

It holds that Ap € L?(Q) for p € V4. Consequently, it would be sufficient to use a test function
space V C L?(Q). However, since H*(Q) D L*(Q), let us choose the test space V4 € H'(Q).
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The dual pairing (Ap,v) is defined and we have a symmetrical formulation for the test and
ansatz spaces.

The variational inequality for (Tr 6.3) reads:

Problem (Tr 7.2). Let Q be a Lipschitz domain and let E € (H"(Q))? with |E|pq) < M and
oa > % div E > 0 with o4 defined in V. Find p € V4, such that

(Ap,v—p) >0 Yu € Vy. (7.21)

7.4.1 Existence and uniqueness of a solution to (Tr 7.2)

A concept used in connection with variational inequalities is the theory of monotone operators
as it is presented in [26, 49]. If the form associated to the variational inequality is monotone,
then the condition of coerciveness to prove existence and uniqueness may be relaxed.

Definition 7.5. [/9, III Definition 1.1 | Let K be a closed convex subset of a reflexive Banach
space X with dual X'. A mapping S : K — X' is called monotone, if and only if

(Su—Sv,u—wv) >0 for all u,v € K.
The monotone mapping S is called strictly monotone if
(Su—Sv,u—v) =0 implies u = v.

Definition 7.6. [49, III Definition 1.2] Let K be a closed convex set of a reflexive Banach space
X with dual X'. The mapping S : K — X' is called weakly continuous if there holds

n—oo

(Sxp,v) — (Sz,v) YveX

whenever

n—o0

(Tp,v) — (z,0). YoveX

The mapping S : K — X' is continuous on finite dimensional subspaces if for any finite dimen-
sional subspace M C X the restriction of S to K N\ M is weakly continuous, namely if

S:KNM — X'
1s weakly continuous.
The following theorem proves the existence and uniqueness of a solution to a variational inequal-
ity.
Theorem 7.7. [49, III Theorem 1.4] Let K be a closed bounded convex subset of X (# 0) and

let S: K — X' be monotone and continuous on finite dimensional subspaces. Then there exists
au € K such that

(Su,v—u) >0 forallv e K.

If S is strictly monotone, then the solution u to the variational inequality is unique.
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In the following Lemmas, we will verify the conditions needed to apply Theorem 7.7 to (Tr 7.2).
First, we show that V, fulfils the assumptions of Theorem 7.7.

Lemma 7.8. The set V4 is convex, bounded and closed.

Proof. Convexity:
The space V4 is clearly convex. Choose p1, p2 € V4, then

M1+ (1 =XNp2>Aoa+ (1= ANoa=0a

o1+ (1= Np2 < Aoy + (1 = Moy, = oy,

AVp1 + (1= A\)Vp2 < Aoy, + (1 = Moy, = 0y,
AVp1 + (1= X)Vpy > =X, — (1 = Nop = —0y.

Boundedness:

For every p € V4 holds due to the boundedness conditions in the space
ol Z () = Ioll720) + 1Vl Z2() < vOl(Q) (o7 + a7) < 0. (7.22)

Consequently, V4 is bounded with respect to the H'-norm.

Closed Set:

Cases (4) and (5) of [3, 6.18] show that the limit p of a convergent sequence p,, fulfils the
boundary conditions on I'_ and the boundedness of p. For a strongly convergent sequence with

Von — Vpllp2q) — 0 follows Vp, 2% Vp almost everywhere. Since |Vp,| is bounded a.e.,
it also holds that the limit function |Vp| < g, a.e.

O]

Next, we prove that the operator A given by (7.20) is strictly monotone.

Lemma 7.9. Let 0 < %divE < 04. Then the mapping A : Va — H™' is strictly monotone
with

1
(Ap1 = Apa, pr = p2) = S|llp1 = p2lI&- (7.23)

Proof. Let p1, p2 € V4. We show that the following dual pairing is bounded from below. By the
chain rule, the Gauss’s divergence theorem and since 0 < 04 < p < g, and %divE < 04, We
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obtain
(E-Vpi+pi —E-Vp2—p3, p1 — pa2) Z/Q(E‘Vlerﬂ%—E'VﬂQ—Pg)(ﬂl — p2)dz
1
= /Q §E V(p1 — p2)* + (p1 + p2)(p1 — p2)® dz
1 . 1 .
= [ Sa(EGn — pP)do— [ v E(pr - paPdo+ [ (o1 + pa)(on — p)P s
Q2 Q2 Q
1 . 1 . .
> [ (B~ pa)?) ~ gsup | E| [ (o1 = po)*da+ int [o1 4 pal [ (o1 po)? o
Q 2 2 Q ze) Q

1
> Q/R-E(Pl—P2)2d8z+UA/(P1—,02)2dSC
r Q

1 1

= / n-E(pa—pa)dse+5 [ n-E(pr—pa)? d8x+UA/(Pl — p2)* dx
2 ) 2 Jr, 0
1 2 2 1 2

2 §|P1 = p2|i +oallpr = p2lli2) = §H|P1 —p2llle = 0.

If p1 # po, then (Apy — Apa, p1 — p2) > 0. Conclusively, whenever (Ap; — Apa, p1 — p2) = 0 then
p1 = p2. A is strictly monotone on Vy. ]

Remark 7.10. The condition %divE < 04 1s needed to prove the monotonicity of the operator
A. In the space Vi we claim additionally that pa > oa. At a first glance, those two conditions
might seem contradictory in case of the coupled problem. For the solution (u,p) of (CP 6.1)
holds

divE = p. (7.24)
Thus, to retain applicability to the coupled problem, the constant o4 must be chosen such that

p=0AZ =P

N |

The crucial point in the following argumentation is that pa is constant. We show in section
7.4.4 that with o4 = %pA and pa sufficiently small, the coupled problem is still well-defined.

To apply Theorem 7.7, we need to show that the operator A is weakly continuous on finite
dimensional subspaces. We are able to show the strong continuity for A.
Lemma 7.11. Let E be a bounded vector field. Then the operator A : Vi — H' s strongly

continuous.

Proof. For two elements v,w € Vy holds due to the embedding L(Q) ¢ H~()

Av — Aw, z
|Av — Awl|| -1 = sup ( )z

Q
z€H1 HZHH1
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With the restrictions for v, w € Vy4, we bound the last term by

140 — Aw|32q) = B+ V(v — w) +v* — 0?32,
= |E-V(v—w) + (v = w)(v+ w)|[72q

§2/(E-V(U—w))2da:—|—2/(v—w)2(v+w)2dx

Q Q

S2/(sup|E|)2|Vv—Vw\Qda:—i-Sag/(v—w)zdx
Q Q

< max {2sup |E|2,803} v — w3

If ||v — w||12,{1(m — 0, then [|Av — Aw”%ﬂ(ﬂ) — 0. Conclusively, the operator A is strongly
continuous on Vj4. L]

With the previous results, we show that (Tr 7.2) is uniquely solvable in the set V4.

Theorem 7.12. Let E € H'(Q) with |E|p=@q) < M and o4 > 1divE > 0. Then there eists
a unique solution p € Va for (Tr 7.2).

Proof. By Lemma 7.8, the set V4 is convex, closed and bounded with respect to the H'(Q)
norm. Lemmas 7.9 and 7.11 give the monotonicity and continuity of A on V4. It is left to
show that A is continuous on finite dimensional subspaces. By [31, 2.3], a strongly continuous
nonlinear operator is weakly continuous. By [31, Remark 1.3], weak continuity on the set Vy,
implies weak continuity on finite dimensional subspaces. The assertion is proved. O

7.4.2 Discretization

We use a Galerkin discretization following the approach of [17, 28]. Let 7" be a partition of
Q into curved quadrilateral elements 7 € 7" and n = |T"| be the number of elements. The
curved elements are chosen to exactly fit the geometry at the boundary. Thus, for the elements
at the boundaries, the mapping from the standard quadrilateral to the actual element involves
functions which are not polynomial. On the standard quadrilateral element bilinear functions
are used and V" denotes the finite element discretization of V = H'(Q2) with bilinear basis
functions.

The discrete convex set V C V" should fulfill two conditions [28, p.94]

1. Vj{ should reduce to a finite number of constraints.

2. V}f should be a ”good” approximation to V.
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The actual meaning and benefit of the second condition becomes clear in the proof of Theorem
7.16. So far, we choose VZ{ by

Vi= {ph eV pMrl = pa, 0w = p"(y;) 204 >0,V < 0,5 =1,2,3, i = 1,..,N}.

The following Lemma shows that Vj{ C V4 which is in fact a good approximation.

Lemma 7.13. Let ps be constant. Then follows Vj‘ C Vyu.

Proof. The inflow boundary condition p4 is chosen constant. Due to the curved elements, we
have phhg = p|r_. For a bilinear function on a quadrilateral element holds that the maximum
and minimum are obtained on the vertices. Thus p"(z) < p"(y;) < oy and p"(z) > pl(y;) >
o4 >0,j=1,.,4 for every element 7 € T". For every function in p* € V} follows |Vp"| < o).
Thus every function p" € V/’f is also a function of V4. 0

7.4.3 A Priori Estimate

We want to determine an error estimate for the discrete solution p”. As first step, we determine
an a priori estimate for the Galerkin discretization.

Lemma 7.14. Let p € V4 be the solution to (Tr 7.2) and p" € V} be the Galerkin solution.
Then holds for all v € V4 and v" € ijf
1o — p"I13 < derllo — pMlli () + det 0" — pllan oy +4lp — V"3

16 h) 12 32 2 h|2
F B (o= ") )+ 20w = 0alp — e

with ¢; = ¢(Q) (sup|E|op + 02).

Proof. We follow the method in [28, Theorem 1]. By the definition of p and p" holds

(Ap,v—p) >0 Vv € Vg,
(Aph, o™ — p™y >0 Vol e VI

v

Adding the previous inequalities gives
(Ap, p) + (Ap", p") < (Ap, v) + (Ap", WM.
Subtracting (Ap, p*) + (Ap", p) from both sides gives
(Ap, p— p") + (Ap", p" — p) < (Ap, v — p") + (Ap", o™ — p).
Grouping terms and adding —(Ap, p — v") + (Ap, p — v") to the right-hand side leads to

(Ap—Ap", p—p"y < (Ap, v —p") = (Ap, p— ") + (Ap, p— ") + (Ap", V" — p)
= (Ap, v—p") + (Ap, v" — p) + (Ap — Ap", p— ™).
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By Lemma 7.9 and the Cauchy Schwarz inequality, we obtain
*Hlp P& < (Ap—Ap", p— o)
(Ap, v —p") + (Ap, v" — p) + (Ap — Ap", p— o)
1Apll g1 llo = o™z + [1Apll g1 10" = pllar + (Ap — Ap", p = o). (7.25)

We now limit the three terms of (7.25). For the first term of (7.25) holds due to the inclusion
H'(Q) > L*(Q)

<
<

(Ap, )

< [[4pllL2(0)
K 2l @

4Pl -2 = sup

We get for the L?-norm of Ap
1Apll2() = 1B - Vo = pPll2 < 1B -Vl 2 + (197 2

= (/Q(E-vp)2 d:c)é—i— (/Qp‘*da;)é

- (VOI(Q) (E-Vp)? da:)é (m(n) /Q o dx) (7.26)

< ¢(Q) (sup |Eloy, + 02) =t c1. (7.27)

Next, we bound the term (Ap— Ap”, p—v") of (7.25). Green’s formula reads [46, Equation (1.4)]
(E- Vv, w)r2q) = (- Ev, w)r2r) — (v, E-Vw)r2q) — (v, wdiv E)r2(q).

Hence,
p =g p =) = [ (B-(p=0) (0= ")+ (6 = i) o — 0" da
=/Fﬁ~E(p—ph)(p—vh)d8x+/Q(ph—p)E-V(p—vh)+(p+ph—divE)(p—ph)(p—vh)dfﬂ

<lo=plelo="lc + o= o2 | B V (= ") 120
+ o= pull2@ll (p + pr — div E) (p = 0")l| 120 - (7.28)

<20y—04

With the Cauchy-Schwarz inequality, we have with the method of [46, Theorem 1.1]
1
o= Pl lo =l = 4 310 = 1o VElo ol
1
< Zlo=p"F+lp— "}

oA 8
lp=p"lL2) |1 E-V (P - Uh) lr2(0) = *HP ="l ()Y *HE : V P - Uh) 222

o= "0 +f|rE V(0= ") 1220

| /\

oA 8
2ow—oaa)lp—p"llp = v |20y = *HP — 0"l 201/ a(%u —oa)llp— 0" 12

| /\

8
||P_ hHLQ +7(20u_UA) ||P_U ”L2(Q)
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Hence, it follows for (7.28)

1 0A
(Ap — Aph,p - Uh> < Z|P - Ph!% + §||P - th%Q(Q)

8(20, —04)
OA

4 2
o= "B+ —|E-V (o= ") 30 + lp = 01220
gA

8(20, — 04)? ||

1 h h 4 h h
= glllp ="l +lp = v"r + BV (p = ") 2 + p—0"72q)-  (7:29)

Substituting (7.27) and (7.29) into (7.25), we have finally

1
e =MlE < arllo = "l + eallo”" =l + o = "}

4 AN 8 2 h2
JFaHE‘V(P*U )‘|L2(Q)+a(20u*fm) o= v"[|72q)-

By renaming the constants follows the next Corollary.

Corollary 7.15. Let p € Vg be the solution to (Tr 7.2) and p" € V! be the Galerkin solution.
Then holds for allv € V4 and v € V}

1o = P"11E < es(llo = p" (@) + 10" = pllar@)) + callv” = pllFn g
with c3 = 4¢(Q) (sup|Elop + 02) and ¢4 = 4cysupg {|E|} + %SUPQ {IE|} + %(QUU —04)?
where op, o, and o4 are defined in the set Vya.

Proof. We bound the terms in Lemma 7.14. Let us first reduce
IE -V (p— "7z < Sup {IEI} Vo = Vo [[72()-
By the trace theorem [13, Theorem 3.1], it holds for the boundary norm
lp ="} < sup{|n- El} [lp = o"|[72(r
< epsup {E[} [lp — v"|[310-
The assertion follows with Lemma 7.14 and choosing
c3 :=4c(Q) (sup | Eloy + 03)
and
16 32
¢4 = 4esup |E| + — sup {|E|} + == (20, — 04)*
Q 0A Q 0A
with ¢ being a constant and o, 04 and o, defined in the space Vjy. O
In the next Lemma, we will obtain an error estimate for (Tr 7.2) and prove the convergence of

the discrete solution to p. Here it will become decisive to have a ”good” approximation Vf to
V4 such that we will finally clarify the meaning.
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Theorem 7.16. Let p € H?(Q) be the solution to (Tr 7.2). For the Galerkin solution p" € V}
holds

Hlp = p"[1IE < max {cs, ca} () (||l r2(a) + h”ﬂ”%{?(ﬂ))

with c3 and ¢4 defined in Corollary 7.15.

Proof. Corollary 7.15 yields

llp = "11% < eslllo = o langay + 0" = llancay) +eal” = pldnggy — (7.30)

for all v € V4 and v € V/f{.

We begin by estimating the term ||v — p/||z1. Due to Lemma 7.13 holds V} C V4. Since
(7.30) is valid for all v € V4 and p" € VA‘, we may choose a particular v € V4. We choose
v =ph € V} C V4. The term reduces to

o — o™ = [|p" = p"|| = 0.

It remains to bound ||p — UhHHl(Q). By [13, Theorem 6.7, p.82] holds

lp— UhH%{l(Q) < C<Q)h2”ﬂH12q2(Q)'
It results for (7.30)
1l = " IIE < esc(hllpll o) + cacR?|pll32 0
< max {cs, ca} c(Q([lollm2() + hllplF20))-

O]

We thus obtained an error estimate for the discrete solution p”. For h — 0 follows that p"
converges to p.

7.4.4 Connection between (Tr 6.3) and (Tr 7.2)

In the previous section, we investigated the variational inequality (Tr 7.2) associated to the
nonlinear transport problem and proved that a continuous solution exists in the set V4. Further,
we have shown that the discrete solution p” converges to the continuous solution p. Recall that
T was the solution operator of the transport equation defined in Theorem 6.39. To distinguish
the two problem settings, let T4 be the solution operator for (Tr 7.2) given by

TAE = p € Va. (7.31)

It is immediately clear that the two solutions T4 E and TE are not elements of the same space
and thus do not need necessarily to be the same. While TE is the classical solution to (Tr
6.3), T4 E is the solution to the variational inequality and is thus included in the Sobolev space
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H'(Q). Moreover, (Tr 7.2) restricts the solution T4 E by incorporating pointwise bounds for
TaE and VT4 E into the ansatz space V4. The goal is to choose the constants o4, o, and o,
such that the classical solution TE € V4. As we have proved existence and uniqueness of both
solutions TE to (Tr 7.2) and T4 E to (CP 6.1), we could then conclude that Ty E' = TE and the
problems (CP 6.1) and (Tr 7.2) would be equivalent. Furthermore, we obtain that the discrete
solution p" of section 7.4.2 also converges to TE and arrive at the main purpose of this section:
We have found a way to discretize the nonlinear transport problem (CP 6.1).

Let us start to examine the constants 04,0, and o,. With the notations of Chapter 6 and
Theorem 6.39, the solution operator 7T is given by

Al — PA
TE(z) = p(® YE, z)) = T+ spalsy—am1 (5.0) (7.32)

with pg > 0 constant. Recall the set W (M, 1, 02, d3) defined in Chapter 6 by

W(M,81,02,03) = {E = Ey + Ey € CY*(Q) : Ey, E1 € C"*(Q), E = —Vu gradient field,
U’I‘_ - UAl,U|F+ = UA,, HEHLCM;Q S Mv 125%|E(‘T)‘OO Z 517
X

|Eillog <03, 7-E<dp<0onl_,7-E>0o0nT,}.

To show the equivalence of the solutions TE and T4 E', we need to restrict the set W (M, 01, d2, J3)
further. Define

W(M,d1,02,03,04) = {E = Ey + E1 € CY*(Q) : Ey, E1 € (), E = —Vu gradient field,
U‘F_ = UAl,u|F+ = UA,, HEHLQ;Q < Mv Helg|E(x)‘oo > 517
X

1
|Evllog <03, M- E<dy<0onl_,7-E>0on F+,§divE(a:) < O'A}.

Given E € W(M, 01, 02,93,04) and p4 sufficiently small, we are able to prove that TE € Vjy.

Theorem 7.17. Let Q be a C*% domain and E € W(M,61,02,63,04). Choose o4 := e,
Oy = pa and

2 .
oy = iz oxp (ar|div Bl ) (121

0.0 +exp (¢||VE|oq)) .

with ¢; defined in Theorem 6.27. Moreover, let pg < Cll Then holds TE € V4.

Proof. Let (s, t) = & (z) = (@7 (z),®5 ' (x)). Then TE is bounded pointwise for every = € Q
by

ITE(x)| < sup -

< pa. 7.33
2€Q 1—|—<I)1_1(E,m)pA P ( )

< pa
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Second, we bound T'E pointwise from below. By Theorem 6.27 and py < C% holds for every
x e}

ITE(z)| > inf P4
2€Q |14+ O (B, z)pa

= PA
T sup,eq |1+ @7 (B, x)pal
> _pPA

I+ c¢pa

> %A. (7.34)

It is left to prove a pointwise estimate for the gradient. Since p4 is constant, it follows that
¢’y = 0. By Lemma 6.41 and Lemma 6.31, we have

IVTE(2)| o0 = |V(s)p(@ " (2) VO ()]
< [V p(@ g V@7 ()]

2 .
< max {lpala I 4lloe} 5 exp (e div Blloq ) max {[a.2lo. [2:2loe}

2 .
< p1245—2 exp (cl HleEHQQ) max {[|0; D]

0@ 19s@lo} (7.35)

V& is bounded by Lemma 6.29

IVellog < [[Ellog + exp (al[VE[oq) -
It follows for (7.35)
20% .
IVTE(z)|y < 5, O (Cl [div E”O,Q) (IEllo,0 + exp (allVE[og0)) - (7.36)

Choose the constants in the space V4 by o, := pa, 04 1= %pA and

2 .
op = pas exp (et [div Ellog ) (1Blloe +exp (el VE]o0)).

Then the classical solution TE € Vy. ]

Next, we prove that T'F and T4 E are equal.

Lemma 7.18. Let Q be a C*® domain and E € W (M, 61, 082,03,0,). Let the constants o4, o,
and oy, of the space V4 be chosen as in Theorem 7.17. Then holds that TE =Ty E.

Proof. Since E € W (M, 61, 82,03, 0,) and by Theorem 6.39, TE € C1(12) is the unique solution
to (Tr 6.3). Due to Theorem 7.12, there exists a unique solution T4 E € V4. With the choice of
the constants in Theorem 7.17, it holds that TE € V4. Since we have proved uniqueness of the
solution in both cases, it holds that TE = Ty F. ]
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Last, we show that the discrete solution Tﬁ converges to the classical solution T'E for h — 0.

Lemma 7.19. Let TE € CY%(Q) the solution of (CP 6.1). Let further T4E € H?(S)) be the
exact solution and TRE € VI the Galerkin solution of (Tr 7.2) in section 7.4.2. Then yields

ITE — TAE||[% < max {es, ca} e(DRTAE] 20y + hITaE] 22 ) (7.37)

with c3 and ¢y defined in Corollary 7.15.

Proof. Since TE € Ch*(Q) as classical solution of (CP 6.1), it is also element of L?(Q2) and
L*(T). By Theorem 7.16 follows

ITE — TAE|I = |ITE - TaB + T4E - THE||I3
<|ITE = TaB||l% + ITaE - T4
< 0+[ITaE - TAE|
< ma {eg, 4} o(QR(|TaB] sy + PITAE g

O]

Remark 7.20. To prove that TE = TsFE, we had to add an additional restriction into the space
W(M,d1,0d2,03) by %divE < g4. Since all our results should be considered in the framework
of the coupled problem, the question is whether the existence result in Chapter 6 is still valid
for the new space W (M, d1,02,d3,04). The contraction property of the composition L o T holds
unchanged, as it depends only on the choice of pa and restrictions on E that are still available in
W (M, 61,02,03,04). We thus only need to verify that LoT is a selfmap on W (M, d1,02,93,04).
First of all, we show that %divE < o4 18 a sensible restriction in case of the coupled problem.
For the solution (u, p) to (CP 6.1) holds p = div E. Then follows by (7.33) and (7.34) and since
%pA =0y forallz € Q

1 1 . 1
pa > plx) > 3PA=04 > §d1VE(x) = ip(:n) (7.38)

The assumptions are thus not contradictory for the solution (u, p). We will now show that LoT
is a selfmap on W (M, d1,0d2,03,04). Since Lp = —Vu and u being the solution of the Poisson
equation, it follows

div(Lo TE" ') =TE"!,
Hence, by (7.33)
div(LoTE"™) < pa
and
1 . 1 1
§d1V(LOTE ) < §pA:JA.

Conclusively, a classical solution also exists to (CP 6.1) in W(M, 1, 02,03,04). The discretiza-
tion method introduced in the previous section is therefore applicable to discretize the nonlinear
transport problem in (CP 6.1).
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7.5 The Staggered Algorithm

In the previous sections, we obtained approximation results for the Poisson equation as well as
linear and nonlinear transport equation. In this section, we introduce the staggered algorithm
which is an algorithm used to solve the discrete coupled problem. This section should be under-

stood as an outline for future work and we do not claim completeness.

The staggered algorithm is an iterative method to solve the coupled problem, initially applied
by [1, 59]. The underlying idea is simple: Starting off by initializing a first vector field F, e.g. by
solving the Laplace equation, the transport and Poisson equations are solved alternating until
convergence is obtained. Recall that in Chapter 6 we used the solution operator L of the Poisson
equation and the solution operator 1" of the transport equation. The composition Lo T is a self-
map and contraction on the set W (M, d1,02,03). Conclusively, Banach’s fixed point iterations

are the staggered algorithm.

Initialization: Solve Laplace equation
-Auy= P, =0 in Q
Uo= W on Tl
Uo
Y
Solve transport equation:
Ei-1 = —grad y,
4 Ei; gradpi+ pf =0 in Q
P=p, on Tl
Y
A
Solve Poisson equation :
=AU = P in Q
U =1 onl
no yes
- Convergenc -

Exit

Figure 7.1: Staggered Algorithm
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In this section only, we will apply the transport solution operator to the Poisson solution u, i.e.
Tu=p (7.39)
Lp = u. (7.40)

For a a finite element implementation, we have to discretize the coupled problem. Let therefore
L" be the solution operator of the discrete Poisson equation and 7" the solution operator of the
discrete transport equation. i.e.

Thu = ph (7.41)
L =" (7.42)

In this chapter, we will again conduct our analysis in Sobolev spaces. Based on the results of
Chapter 6 and due to numerical evidence, we assume that analogous results of Chapter 6 hold
in Sobolev spaces. The error estimate of the Banach fixed point iterations together with ap-
proximation and stability estimates of the Poisson and transport problem lead to an immediate
error bound of the discrete staggered algorithm. We thus eventually clarify the advantage of
using the fixed point approach of Chapter 6 in comparison of applying a compactness argument
similar to Chapter 4 or as it is done in [5, 56].

Let us define the following sequences
Up = LoTup 1,
ul = L o Thul
il = LoTul.
To prove that the staggered algorithm converges, we want to obtain a bound of the kind
Ju— |y = 1L o Tu— L" o T"ull|| g1y < e |ul g2y + c2hlulpz(q)

with ¢; < 1. We now make the following assumptions:

(1) LoT is a contraction: Let L o T be a contraction on H'(Q) , that is for uy,us € H'(Q)
holds

||LOTU1 —LOTUQHHl(Q) S KHU1 —UQHHl(Q) (743)
with K < 1.
Furthermore, use a discretization method such that the following two assumptions are fulfilled.
(2) Error estimate: Let Tu" € H'(Q) and 0 < 8 < 1. For v € V" holds
|ITu" = Ty 120y < cph®||Tu"| o). (7.44)

for a constant c}g independent of h and Tu".
(3) Boundedness: Let u} be the solution of the discrete Poisson equation.
For ult = Lh o Thuh | € VP, n > 1, follows

ITul || ey < er (7.45)
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for a constant ¢y independent of h.

Remark 7.21. One possible discretization technique that might fulfil condition (2) is the dicon-
tinuous Galerkin method. In case of the linear transport equation, we have the following error
estimate [45, p. 194].

1
lp = "Iz < Ch2|pll 1 0-

Since Tult is bounded by the inflow boundary data, we know that |Tult||12q) < pa. Numerical
experiments backed up assumption (2) where we clearly obtained that |]Tu2||H1(Q) 18 bounded by
a constant for all h = % with i = 0,..,8 and n until convergence is obtained.

The contraction property of the operator LoT is the crucial point in the following argumentation.
Let now u be the exact Poisson solution of the coupled problem. Then holds ©v = L o Tu. We

begin with the first step to prove the convergence of the discrete staggered algorithm.
lu — ulll ) = [t — un + un — ult | g1(q)
<l = unll () + [Jun — UZ”Hl(Q)- (7.46)
By (7.43), the first term of (7.46) is bounded by
v —unllgriy =1L oTu—LoTup 1| g ) < Klu—un-1| g0

With the error estimate of the Banach fixed point iterations, we obtain
n

lur — unll g1 () < 1= KHU—UOHHl(Q)'

In the second term of (7.46), u, and u are not immediately comparable since neither stability
nor approximation results are applicable. We perturb the difference by adding the auxiliary
function +4”. The new occurring combinations of terms can be estimated.

tn = ultll gy = lun — @) + @2 — wltl| 1 (0
< un — @l ) + gy — ulll o)
= ”L o} Tun,1 — Lo TUZ—l”Hl(Q) + ||L e} Tug_l - Lh e} Thuﬁ_IHHl(Q). (747)

The first term of (7.47) is bounded by the contraction property (7.43)
IL0 Ttn 1~ LoTul_y iy < K1 — 'y ey (7.48)

with K < 1.

We proceed to the second term of (7.47). Adding 4+Lj, o Tu" | and the triangle inequality gives
Lo TUZ—I —Lpo Thu2—1||H1(Q)
=|LoTu}_ | — LyoTul_; + LyoTu}_y — Ly o Thult | g (q)

<|[LoTu} i — LyoTuli_|lmiqy + |1Ln o Tult_y — Ly, o Thult || i1 (0. (7.49)
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The first term of (7.49) is bounded with the error estimate (7.13) of the Poisson equation
IL o Tufy_y — Ly o Tupy_s ||y < ¢l Lo Tuli_|| (o).
With the stability estimate (7.14) follows

1
ILoTul |2y < aHTUZlem(Q)- (7.50)

For the second term of (7.49), we use the continuity of L; with continuity constant ¢z, and
(7.44) and get

L o Tult_y — Ly, o Thult |y < cp, Tl — Thult | 120
< CchhhﬁnTuzleHl(Q)- (7.51)

We get for (7.47) with (7.48), (7.50), (7.51) and (7.45)
c
lwn = uall @) < Kllun = il o) + -ZRITus 112 + cpen, B Tup |l o)

L
C
< Kllup—1 —uly_ | ) + (;E + cper, )W er

=: K[up—1 —up_y | g1 () + 0b°.

The first term comes from the contraction property of L oT" with a constant K < 1. Further,
we have a second term dh. Thus with successive iterations, the first term will become smaller.
By reducing the mesh size, the second term will diminish. Let us denote €, := [Jun, — ult||z1(q).
Then we have

en < Kepq + ShP.
Then we have for ¢y with the knowledge that wug is the solution of the Laplace equation
€0 = |luo — ug ) < Plluollm2o)-
Let us now write down the first iterations

€1 < Keg + ShP
eo < Key + 0hP = K%y + KShP + 6hP.

We obtain

n
en < K" +6 1Y K.
i=0
For n — oo, we obtain

o0
enTH—Oo>eoo::5hBZKi:7.
=0
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It follows that
ShP
- K

[, — ultl| 1 () < €00 < .

L
with § = (%E + cLer, )ct being independent of h.
We can now formulate an approximation result for the staggered algorithm.

Theorem 7.22. With the assumptions (1)-(3), the staggered algorithm converges to the contin-
uous solution u € H*(Q). The error estimates is given by
K™ )

B
lur — woll (o) + ﬁh

h b h
|u—L"oT UnHH2(Q)§1_K

L
with § = (£ + ckep, )t

7.6 Remarks about the Chapter

In this chapter, we presented discretization methods for the Poisson and transport problem. The
main intention was to develop a discretization technique for the nonlinear transport equation.
Therefore, we formulated (Tr 6.3) as variational inequality. By the theory of monotone opera-
tors, we proved the unique existence of a continuous solution in a set V4. Further, we developed
an error estimate for the Galerkin solution to the corresponding discrete variational problem and
thus proved that the discrete solution converges. By restricting the set W (M, d1, d2, 03) used in
Chapter 6, we were able to show the equivalence of the classical solution of (Tr 6.3) and the one
of the variational inequality (Tr 7.2). Eventually, we presented that the discretization method
for (Tr 7.2) is feasible to discretize the nonlinear transport problem of (Tr 6.3).

The second intention in this Chapter was to underline the usage of the Banach fixed point
iterations to prove existence and uniqueness of a solution to (CP 6.1). Regarding numerical
results, it is of great interest if the discrete staggered algorithm converges to the exact solution.
On the basis of the results of Chapter 6, we assumed that the staggered algorithm is also a
contraction in the Sobolev space H'(f2). Beside the contraction property, we had to assume
stability and error results for the continuous transport solution operator applied to a discrete
coefficient function u” that we have not studied so far. These open problems give an immedi-
ate suggestion for future works. In fact, we were able to prove the convergence of the discrete
staggered algorithm which followed immediately of the contraction property of the continuous
operator L oT and error and stability estimates.

In comparison to the compactness arguments presented in Chapter 4, the approach of Chapter
6 proved advantageous if one aims for discretization results.

In the next Chapter, we will conduct numerical experiments for the time independent steady
state case. We will investigate the radial symmetric coupled problem of Chapter 5. It is shown
numerically that the staggered algorithm quickly converges. The numbers of iterations that
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are needed numerically to obtain a given accuracy are even below the theoretical number given
by the a priori estimate (5.34) for the Banach fixed point iterations. We see herein another
confirmation that the assumptions (1)-(3) are likely to be proved.

206



Chapter 8

Numerical Experiments

In this chapter, we will underline the theoretical results of the Chapters 5 to 7 by numerical ex-
periments. All experiments are performed using the research code MaiProgs [54, 4, 53]. MaiProgs
is a Fortran based programme package that has been initially developed by M. Maischak. Dur-
ing this PhD research, the routines have been extended by the finite element implementation
of the transport equation on curved quadrilateral elements. Furthermore, we implemented dif-
ferent algorithms to solve the coupled problem. Considering the continuous coupled problem,
the formulations using the nonlinear or linear transport equation are equivalent. In terms of the
discretization, it becomes important to distinguish between the formulations. In this chapter,
we introduce four algorithms and investigate their convergence behaviour. Next to the staggered
algorithm that is used if both the Poisson and transport equations are linear, we will use New-
ton’s method to deal with the nonlinearity of the problem. Here, we compare three different

approaches

1. The coupled problem is solved in an outer loop by the staggered algorithm. The nonlinear
transport equation is solved in an inner loop with Newton’s iteration scheme.

2. The coupled problem is solved by Newton’s iteration scheme in an outer loop. The lin-
earized problem is solved by the staggered algorithm in each Newton iteration in an inner
loop.

3. The coupled problem is solved by Newton’s iteration scheme. The linearized problem is

solved as a block-matrix system.

In section 8.1, we will define the algorithms accurately. Let in the following V¥, VOP and V7T,
Vil denote the spaces defined in sections 7.2 and 7.3. The continuous variational formulation of
the coupled problem with the linear transport equation is given by
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Find (u,p) € V¥ x VT, such that

/Vqud:v:/pvdx veVy
Q Q

/ div(Vup)wdz =0 we V.
Q

For the nonlinear transport equation, we replace (8.2) by

/—p2w+Vu-prd1::0 wEVOT.
Q

8.1 Description of the Used Algorithms

We will introduce four algorithms to solve the discrete coupled problem. The first method is the

staggered algorithm which we use to discretize (8.1)-(8.2).

8.1.1 The Staggered Algorithm

We will briefly describe the iteration scheme given by the staggered algorithm. The discrete

variational problem reads:
Find (u®, p") € VP x VTR such that

/Vuth dx = / P dz Yu € Vop’h
Q Q

/ div(Vu" p")w dz = 0 Yw € VOT’h.
Q

The staggered algorithm is then given by

(8.4)

(8.5)

Algorithm 1 Staggered algorithm

Input: Initial guess pg := 0, accuracy €
Output: Approximation of solution (u, p) to (CP 6.1)
Initialize ug: Solve (8.4) with p" := pft
n:=0
while [lu}y —u)_[lye +[lph — pi_i[lyr > € do
Solve (8.5) with u” := v/ and obtain p?_,
Solve (8.4) with p" := pl | and obtain u”
n:=n+1
end while

If we want to use the staggered algorithm to solve (8.1)-(8.3), we have to deal with the nonlinear

transport equation. Furthermore, the coupled problem itself is nonlinear. A commonly used

method for linearizing nonlinear problems is Newton’s iteration scheme. Let therefore U and V'

be two Banach spaces and F' : U — V a nonlinear operator. We then search for the solution u

of F(u) = 0. We will need the Gateauz derivative of F'.
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Definition 8.1. [6, Definition 4.3.2] The operator F' is Gateaux differentiable at ug if and only
if there exists A € L(V,W) such that
lim F(ug + €6) — F(ug)
e—0 €

We denote DF(ug, ) := Ad.

= A5, Y5V

Newton’s method reads as follows: For an initial guess ug € U, compute for n = 0,1, ..
DF(up;d) = —F(uy) (8.6)

with respect to § and update u,4+1 = uy, + 0. It is expressed in the following algorithm:

Algorithm 2 Newton’s iteration method for Banach spaces [6, Section 4.4.1]

Input: Initial guess ug € U, accuracy €
Output: Approximation of u € U such that F(u) =0
k:=0
while |0l > € do
Solve DF(u,d) = —F(uy) for §
Update ugiq := ug + 96
k:=k+1
end while

8.1.2 Linearization of Nonlinear Transport Equation

As first possibility, we use the staggered algorithm and solve the nonlinear transport equation
by Newton’s method. The operator F' according to the nonlinear variational transport problem
(8.3) is given by

F(p,w) = / p*w + E - Vpw de.
Q

We want to solve F'(p,w) = 0. The Gateaux derivative with respect to p is given by
Jolp+€d,)’*w+ E-V(p+ed)w— p*w+ E-Vp wdzx

DF(p; 5paw) = lgj% p
i fQ pPw + 2epd ,w + ezégw +E-Vpw+ E-Ved,w — p*w + E - Vpwdx
- egr(l) €
= [ 2pd,w+ E - Vi,wdz. 8.7
P p

By (8.6) we have to solve the following discrete problem:
Find 5;} € VOT’h, such that

/ 2ph(52w S VAT V&Zw dr = —/ prw — Vu' - Vphwdr Yw e VOT’h. (8.8)
Q Q

Applying Newton’s iteration scheme, we solve the previous equation iteratively with respect to
(5;} and obtain the solution p" up to a given accuracy. For the coupled problem, we obtain the
algorithm
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Algorithm 3 Nonlinear Transport Equation

Input: Initial guess pg = 0, accuracies eg and ey

Initialize ug: Solve (8.4) with p/* := ph

n:=0

while [|p); — pli_|lve +[luly —ult_y[lyr > es do
Solve (8.8) by Alg. 2 with v/ := u”, accuracy ey and obtain p}}LH
Solve (8.4) for u,11 with p" == ph
n:=n+1

end while

8.1.3 Linearization of the Coupled Problem by Newton’s Method

Another possibility is to linearize the overall coupled problem. The nonlinear operator F' is
defined according to (8.1)-(8.3) by

7 u ’ v _ fQZU-VU—pdeJ (8.9)
p w Jo —p*w+ Vu-Vpwdz

with v € V¥’ and w € VI'. We first compute the Gateaux derivative of F with respect to (u, p).

Let (0u,6,) € Vi x V. Then follows

a—0 «

1
hm(/ V(u+a6u)-Vv—(p+a5p)vdx—/Vu-Vv—pvdm>
Q Q

1
= lim — [ aVé, - Vv —ad,vdr

a—=0a Jo

= / Vo, - Vv —d,vdx
Q
and

1
lim — </ —(p+ady)?w+ V(u+ad,) Vip+ ad,)w — / —p*w + Vu - Vpw dac)
Q Q

a—0 «

1
= liga0 o </ —(p* + 2apd, + agdz)w + Vu-Vow +aVi, - Vpw + aVu - Vé,w + a?Vé, - Vo, ,w
o Q

—/ —p*w + Vu - Vpw da:)
Q
= lim 1 (/ —20p0,w — a26gw +aVié, - Vpw +aVu- Vi, w + a’Vveé, - Vo ,w da;)
a—0 « Q
= / —2pd,w + Vo, - Vpw + Vu - Vi,w dz.
Q

We obtain the Gateaux derivative

DF ([u, pl; [8u: 8,), [v,w]) = lim F([u+ ady, p+ ady), [2, w]) — F([u, p], [v,w])

fQ Vo, - Vv —d,vdx
el . ' . (8.10)
q —2p0pw + Vo, - Vpw + Vu - Vi,w dx
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By (8.6) we have to solve the following discrete problem:

Find (67, 6%) € VOP’h X VOT’h, such that

urrp
(Voh, W) — (8%,v) = —(Vu", Vo) + (p",v)  YweVy"  (8.11)
(Voh -Vl w) + (Vul - Vol w) — 2(p"5", w) = (b} — V' - Vol w)  vwe V' (8.12)

(8.11) -(8.12) is now a linear problem in (67, (52) and can thus be solved by the staggered algo-

rithm. We obtain the following algorithm for the coupled problem

Algorithm 4 Newton iterations using staggered algorithm

Input: pg := 0, accuracies €g, €y .
Output: Approximate solution to (u, p) of (CP 6.1)
Initialize ul: (8.4) with p := p
Initialize (55,62): Solve (8.11) -(8.12) for (55,52) by Alg. 1 with accuracy eg
n:=0
while |6} |ly» + [|6%]yr > en do
Solve (8.11) -(8.12) for (63,52) by Alg. 1 with accuracy €g.
Update the solution: (ul', ,pl )= (ul + ", ph + 52).
n:=n+1

end while

8.1.4 Newton’s Iteration Scheme Using a Block Matrix System

The last possibility uses the same linearization of the coupled problem as in the previous sec-
tion. In comparison to section 8.1.3, the linearized problem is regarded as a block matrix system.
Given (u”, p") € VPP x VTh e first describe the block matrix system for (8.11)-(8.12). Let

therefore be {®;}!" | a basis for the space V' and {¥;}!" | a basis for the space V1. We can

expand the finite element solutions as 6" = 3" | a¥®; and 62 = > a?¥; where a¥ and of

are unknown real numbers to be determined.

Given (u”,p") € VPP x V' we thus obtain the discrete solution by solving the following

A Bl O_CMU‘ E% h ph)
N 8.13
( B, C ) ( ar ) ( L?uh,ph) )

Ay = (VO;, VD),
(B1)kj = —(¥;, ),
(Bs)ji = (V®; - Vp", ¥;),
Cy = (V- VU, 05) = 2(p" W, 1y),

linear system for (a*, ar)

with
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and the right-hand side vectors

(Ll )i = —(Vu", V@) + (", @),
(L%uhwh))j = (p% — V- vﬂha ‘Ilj)

fori,k=1,..mand j,l =1,..m.

Algorithm 5 Newton iterations using block matrix

Input: pf)‘ := 0, accuracy € .
Output: Approximate solution of (u, p) to (CP 6.1)
Initialize ul: Solve (8.4) with p" := pl
Initialize (53,52): Solve (8.13) with (u”, p") = (ul, ph) w.r.t. (53,52).
n:=0
while |6} |ly-» + [|6%]r > € do
Solve (8.13) for (67, 6") with (u”, p") = (ul, p1)

usYp
Update the solution: (u,,,plt, ) = (ul + 6", pl + 52’).
n:=mn+1
end while
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8.2 Example 1: Steady State Radially Symmetric Coupled Prob-
lem

The first example deals with the radially symmetric steady state problem of Chapter 5. Let 2
be an annular domain with center of gravity in the origin, i.e.
Q= {mE]R2 1o < |lzllz < 71, mo,m1 >0} (8.14)

Recall the radially symmetric problem

Problem (CP 5.1). Let I = [rq, r1] with ry > ro. Find (u, p) € C*(I) x C°(I), such that

Lo () = pir) (8.152)
u(ro) = ua, (8.15Db)
u(ry) = ua, (8.15¢)

=0 (royu(r)p(r)) =0 (8.15d)
p(ro) = pa (8.15¢)

with ua, > ua, >0 and pa > 0 constants.

8.2.1 Derivation of the Solution in Closed Form

In the radially symmetric case, we are able to determine a solution in closed form. We get by
integration of the transport equation (8.15d)

ru' (r)p(r) = C.
With the boundary condition (8.15e) follows for the constant
C = rou/(ro)p(ro) = ropar(ro).

While rg > 0 and pyg > 0 are known a priori, the value for the derivative u'(rp) is unknown.
However, we can determine its sign and thus the sign of C. By the definition of the inflow
boundary and the outward normal vector 7i(rg) = —e, (1), we obtain

0> 7i(ro) - E(ro) = er(ro) - er(ro)u/(ro) = u'(ro).

Conclusively, C' < 0. Assume that «/(r) # 0 for all » € [rg,71]. We obtain for p(r)

p(r) = . (8.16)

(8.17)
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Multiplying (8.17) by ru/(r), we have

1

ru (r)0, (ru/(r)) = 5(%(7“2/(7“))2 = —Cr. (8.18)

By integration of the previous equation follows
Lo 1 \2 L o
- =—— D.
57 U (r) 20r +
Set r = ro. We obtain

D= (r%u’(r0)2 + C’r%) =

N | —
[ Q
7N
=
[} )
+
S| Q
N—

We can now determine u/(r) by

1
u'(r) = £/ —r2C + 2D

Tr
=4 _C\/rzf@.
T C

We assumed that u'(r) # 0 for all r € [rg,71]. Since u/(rg) < 0, it follows that u/(r) < 0 for all

r € [ro,r1]. Thus «/(r) is given by
u'(r) = v=C /2 %D' (8.19)
r

In fact, this representation for v/(r) is valid without any further restrictions on the constants C'

and D, since

2D !
T2_7:r2_r(2)_7"ou(7"0) ~ 0
C PA

for every 1o, 71 > 0 and pyq > 0.
We obtain the final representations of p(r) by substituting (8.19) into (8.16)

p(r) = ———. (8.20)

To obtain u(r), we integrate (8.19). We have to distinguish two cases.

Case 1: % <0
Set a? = —22 Integrating u'(r) by [14, p. 1086, No.189] gives

u(r) = —v/—C (\/ r2 +a? — alog W) + B. (8.21)

Using the boundary conditions (8.15b)-(8.15¢) we eliminate the constant B

2 2 3 3
UA; — YAy = — —-C <\/7m—aloga+:0+a> +v-=-C (\/m_aloga—l_’:l_’—a> )
0 1
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In the following experiments, C' is determined numerically by the bisection method with an
accuracy of ¢ = 107!2 for given boundary data pa, u4, and ua,,.

Case 2: % >0

Set a? = %. Integrating «'(r) by [14, p. 1087, No.217| gives
u(r) =—v-C <\/ r? — a? — aarccos 2) +B (8.22)
T

Using now the boundary conditions (8.15b)-(8.15¢) we eliminate the constant B

a a
ug —up, = —V—-C (\/7'8 —a? —aarccos) +v-C <\/7’% — a? — aarccos > :
70 !

Again, in the numerical experiments, we determine C' numerically by the bisection method with
an accuracy of € = 107!2 for given boundary data pa, ua, and ua,.

We will now present the numerical results. The parameters of (CP 5.1) are chosen as
7’0:1, 7“122, uAl :4, qu =1.

We use two criteria to investigate the approximation properties of (CP 5.1). Using a fixed inflow
boundary condition ps = 0.5, we investigate the convergence of the coupled problem with the
linear or nonlinear transport equation by comparing the convergence of the Algorithms 1, 3 -
5. In a second approach, we use the formulation of the nonlinear transport equation and the
Algorithm 3. We investigate whether changing inflow boundary data affects the convergence of
the algorithm.

Although the radially symmetric problem is one-dimensional, the computations are done on
a partition of the two-dimensional domain 2. The computations for the Poisson equation are
done on a quadrilateral mesh. The space V" uses quadratic basis functions. The linear system
is solved by the CG algorithm with an accuracy of ¢ = 107'2. 0 is not a convex domain, thus
while computing the right hand side or the error, evaluation points are found in 2. We use
the following approximation: Whenever r = \/z% + 23 < r(, the evaluation is moved onto the
boundary, i.e. if r < rg then set r = ry.

The computations for the transport equation are done on a curved quadrilateral mesh, thus
the problem of having evaluation points outside of Q is avoided. The space V1" uses bilinear
basis functions. The linear system is solved using the GMRES algorithm with an accuracy of
e = 107!2. Right hand sides and errors are computed in both cases using a 16 x 16-point Gaus-
sian quadrature rule.

The block matrix system of Algorithm 5 is solved by the CGNE solver. Whenever the stag-
gered algorithm is used, the stopping criterion is given by

VMl = w1l g+ lon = pucill3a(g) < 107°
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Figure 8.1: Example 1: u” for py = 0.5

For the Newton schemes, we use the accuracy of 10712, In the tables shown below, a, gives the
convergence rate for the staggered algorithm computed for u whereas «, gives the convergence
rate for the staggered algorithm computed for p. The columns labeled Staggered Iterations and
Newton Iterations show the number of iterations that are needed for the respective algorithm
to converge. CPU Time states the computation time for the algorithm to obtain convergence.
The computation time for the errors [[u” — ul|1(q) or [|[p" — pl|l¢ is not included.

05

0.486
0.473
0.459

0.445

0.427

Figure 8.2: Example 1: Charge distribution p” for p4 = 0.5
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8.2.2 Comparison of Algorithms

We compare Algorithms 1 and 3-5 that were introduced in section 8.1. The inflow boundary
data is chosen as pg4 = 0.5. We obtain the constants

C = -2.025673, D =17.193863, B = 1.577040.

The exact solution is found in section 8.2.1 in case 1.

Table 8.1: Ex 1: Algorithm 1 with p4 = 0.5

Poisson Transport Staggered | CPU

DOF | |lu —un|lgr aw | |llp=pnllle op | Iterations | Time
24 1.1002568 0.0043292 10 0.18
48 0.4931866  2.315 | 0.0080227  -1.78 10 0.30

416 0.1340417  1.207 | 0.0009267  1.999 9 0.34
1472 0.0494057  1.580 | 0.0003787  1.416 9 1.00
6144 0.0170219 1.491 | 0.0001155  1.662 8 2.80
25088 0.0059319  1.499 | .2897E-04  1.966 8 11.81
103936 | 0.0020605  1.488 | .5685E-05  2.291 8 52.23
412672 | 0.0007293  1.506 | .1466E-05  1.966 8 268.35
8

1665024 | 0.0002567  1.497 | .3613E-06  2.008 5474.38

The numerical results show that all four discretizations of the coupled problem converge to the
exact solution. Although using different implementations of the transport equation, Algorithm
1 and 3 demonstrate the same approximation error. However, the linear transport formulation
requires more iterations to obtain convergence: 8 versus 5 iteratior%s. Going back t(2) the analysis
of Chapter 5, we can compute M = min{cg,cr}. Let a = %0 log(%), b = % log(%) and

c= r%;r?’ and with (5.24) and (5.33) we have

UA, — UA, UA, — UA,

M = min ,
o (2) + 4 (12— ) = Zatcl+la—]

2
= min {3.71815, 1.62463 }
— 1.62463. (8.23)

We also compute the contraction constant using Theorem 5.20 as

b2
K =pa ate — 0.25786.
pala—c)+ua, —ua,

For an accuracy of ¢ = 1078, we obtain an upper bound by the error formula (5.34) for the
number of continuous Banach fixed point iterations by n = 13 iterations. This number is valid
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Table 8.2: Ex 1: Algorithm 3 with p4 = 0.5

Poisson Transport Staggered | Newton CPU
DOF | |lu—un|lz, ow | |llp—pullle @, | Iterations | Iterations | Time
24 1.1004885 0.0290814 5 5 0.23
48 0.4932129  2.316 | 0.0140211  2.105 5) 5) 0.33
416 0.1340489  1.207 | 0.0025408  1.582 5 5 1.09
1472 0.0494069  1.580 | 0.0007803  1.868 5 5 2.69
6144 0.0170221  1.492 | 0.0002161  1.797 ) ) 9.65
25088 0.0059319  1.499 | .5410E-04 1.969 5 5 38.59
103936 | 0.0020605 1.488 | .1197E-04  2.122 5 5 204.04
412672 | 0.0007293  1.506 | .3036E-05  1.990 5 5 1099.50
1665024 | 0.0002567  1.497 | .7540E-06  1.997 5 5 10250.00
Table 8.3: Ex 1: Algorithm 4 with p4 = 0.5
Poisson Transport Staggered | Newton CPU
DOF | lu—up|lz, ow | |llp—pnllle @, | Iterations | Iterations | Time
24 1.1004885 0.0290814 8 4 0.37
48 0.4932129  2.316 | 0.0140211  2.105 8 4 0.55
416 0.1340489  1.207 | 0.0025408  1.582 8 5 2.32
1472 0.0494069  1.580 | 0.0007803  1.868 8 5 6.36
6144 0.0170221  1.492 | 0.0002161  1.797 8 ) 24.71
25088 0.0059319  1.499 | .5410E-04  1.969 9 5 101.00
103936 | 0.0020605 1.488 | .1197E-04  2.122 9 5 434.81
412672 | 0.0007293  1.506 | .3036E-05  1.990 9 5 2085.10
1665024 | 0.0002567  1.497 | .7540E-06  1.997 9 5 18420.00

for the continuous solution (u,p) in the sup-norm. Nevertheless, both Algorithms 1 and 3
stay below the maximal number of iterations in the continuous case. The Algorithms 4 and 5
converge to the exact solution with different approximation errors which is due to the different
ways of discretization. In case of Algorithm 4, we stated the number of Newton iterations and
the maximum number of inner staggered iterations for every degree of freedom. Using the block
matrix system, 6 Newton iterations are needed to obtain the desired accuracy whereas in the case
of the inner staggered algorithm, only 5 outer Newton iterations are observed. The computation
time for Algorithm 5 is higher than for Algorithm 4, which is due to the computations of the
matrices. Algorithm 4 is thus much more efficient and preferable.

We observe the same convergence rates for all the methods, that is 1.5 for the Poisson equation
and 2 for the transport equation. We thus obtain better convergence rates than predicted in
section 7 which should be 1 for the Poisson and 1 for the transport equation. The gap in
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Table 8.4: Ex 1: Algorithm 5 with p4 = 0.5

Poisson Transport Newton CPU

DOF | ||u — up| =, oy I|lp—pullle  «a, | Iterations | Time

24 1.0283330 0.0407271 6 0.14

48 0.4466469  2.406 | 0.0174493  2.446 6 0.22

416 0.1248048  1.181 | 0.0038807  1.392 6 1.68

1472 0.0459739  1.581 | 0.0010259  2.106 6 11.19
6144 0.0159006  1.486 | 0.0006584  0.621 6 173.63
25088 | 0.0055523 1.496 | 0.0001651  1.966 7 4156.93

convergence of the linear transport equation between numerical and theoretical results is well
known, see e.g. [50, 12]. Further, the implemented problem is smooth and €2 does not contain
any cusps or reentrant corners. We know that the exact solution (8.20)-(8.22) is the classical
solution to (CP 5.1). Conclusively, the solution (u, p) € H?(Q2) x H(Q2) and does not contain
any singularities which explains the good approximation behaviour.
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Figure 8.3: Example 1: [ju — uhHHl(Q) for pg = 0.5

8.2.3 Comparison of Inflow Boundary Data p4

le+07

In this section, we examine the influence of the inflow boundary data p4. We choose the problem
formulation (CP 6.1) and use Algorithm 3. Since the convergence of Algorithm 3 has been shown
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Figure 8.4: Example 1: ||p — p|lc for pa = 0.5

in the previous example, we will now follow a different approach. In Chapter 5, we obtained an
upper bound for the inflow data pa to prove existence and uniqueness for a classical solution to
(CP 5.1). pa must be chosen, such that

pa < M.
With the chosen parameters follows by (8.23)
pa < min{3.71815,1.62463} = 1.62463.

Let us choose pg € {0.5,1.6,5} and investigate whether the convergence of the staggered algo-
rithm is influenced. Approximation errors and convergence rates for p4 = 0.5 are given in the
previous section. For p4 = 1.6, we obtain the constants

C = —5.646765, D = 3.404342, B = 5.052825.

The exact solution can be found in section 8.2.1 in case 1.

As third choice, we choose p4 = 5.0 and obtain the constants
C =-12.170821, D = -3.122833, B = 4.504260.

The exact solution is given in section 8.2.1 in case 2. The first observation is that the greater p4,
the greater the number of staggered iterations to obtain convergence. While for p4 = 0.5 the
staggered algorithm only needs five iterations, it is increasing to seven iterations for p4 = 1.6
and to twelve for py = 5. The three values for p4 are chosen according to the theory proven
in Chapter 5. For the chosen geometry and potential difference, it is only possible to prove
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Table 8.5: Ex 1: Algorithm 3 with p4 = 1.6

Poisson Transport Staggered | Newton CPU
DOF lu — up| i, oy, lp—pullla  ap Iterations | Iterations Time
24 0.9500793 0.0905598 6 5 0.23
48 0.3964061  2.522 | 0.1495869 -1.45 7 5 0.37
416 0.1146870 1.149 | 0.0092399 2.579 7 5 1.04
1472 0.0422150  1.582 | 0.0035722 1.504 7 5 2.85
6144 0.0146799  1.479 | 0.0008128  2.072 7 5 11.43
25088 0.0051404  1.492 | 0.0002044  1.962 7 5 48.97
103936 | 0.0017904 1.484 | .5070E-04 1.962 7 5 240.97
412672 | 0.0006345 1.505 | .1308E-04  1.965 7 5 1275.99
1665024 | 0.0002235 1.496 | .3217E-05 2.011 7 5 11660.00
Table 8.6: Ex 1: Algorithm 3 with p4 =5
Poisson Transport Staggered | Newton CPU
DOF llu — up| Qy I|lp—pulllc «, | Iterations | Iterations Time
24 0.80417 2.09391 8 5 0.61
48 0.72365 0.304 2.43573 -0.44 8 5 0.65
416 0.12185 1.650 0.43675 1.592 10 6 2.51
1472 0.04862 1.454 0.18590 1.352 11 6 5.86
6144 0.01422 1.721 0.04920 1.861 11 6 27.40
25088 0.00439 1.670 0.01286 1.908 12 6 109.91
103936 0.00140 1.612 0.00325 1.936 12 6 537.18
412672 0.00047 1.584 0.00084 1.969 12 6 3136.21
1665024 0.00016 1.545 0.00021 2.005 12 6 23350.00

existence and uniqueness of a solution for py = 0.5 and py = 1.6. The Banach fixed point
theorem is not applicable to p4 = 5 anymore, since T o L is neither a selfmap nor a contraction.
The staggered algorithm in the continuous case does not necessarily converge according to the
developed theory. Yet, as we have the solution in closed form for this model problem, we know
that a solution to (CP 5.1) exists for p4 = 5. Moreover, the numerical staggered algorithm
converges for py = 5. Surely, the estimates of Chapter 5 are not sharp which explains part of
the discrepancy. The estimates for the continuous solution are obtained in a different function
space in comparison to the one in which the numerical solution is found in. In Sobolev spaces,
Banach’s fixed point theorem might prove the existence of a solution up to a larger value of p4
and thus explains the convergence of the algorithm for p4 = 5.

In the previous example, we computed the maximum number of iterations for an accuracy of
1078 and p4 = 0.5 as 13. With increasing p 4, the maximum number of iterations also increases.
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For p4 = 5, no prediction is possible with the methods of Chapter 5. However, the number of
iterations for all three values of p 4 is smaller. The staggered algorithm seems quickly convergent.
The convergence rates are asymptotically the same for all three values of p4 that is 1.5 for the
Poisson equation and 2 for the transport equation. This phenomenon has been discussed already

in the previous example.
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Figure 8.6: Example 1: |||p — p"|||¢ for Algorithm 3
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8.3 Example 2: Steady State Problem in 3d

Next, we present a three-dimensional example in which we proceed analogously to Example 1.
Let Q be a hollow sphere with

Q= {zeR:r) < |zl <} (8.24)

with inflow boundary I'_ := {x : ||z||2 = ro} and outflow boundary '} := {z : [|z]s = r1}. We
consider the steady state radially symmetric coupled problem which reduces to a one-dimensional
problem with variable coefficients.

Problem (CP 8.1). Let I = [rq, r1]. Find (u,p) € C*(I) x C°(I), such that
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Figure 8.7: Hollow sphere 2

The details in Chapter 5 describing the radially symmetric problem in R? could similarly be done
in R3. After determining a solution in closed form for (v, p) analogously to the two-dimensional
case, we will investigate the three-dimensional problem numerically.
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8.3.1 Solution in Closed Form

In three dimensions, we find a solution in closed form for v’ and p.
By integration of (8.25d), we have
r20u(r)p(r) = C.

The constant C' is determined with the boundary condition (8.25e) as C' = r39,u(ro)p(ro). By
the definition of the inflow boundary, we determine the sign of C' as in two dimensions. Let
n(r) = —e,(r) be the normal outward vector and E(r) = —e,(r)0,u(r). Then

0 < 7i(ro) - E(ro) = er(ro)er(ro)0ru(ro) = Oru(ro)

and consequently C < 0.

Let us assume that u(r) # 0 for r € [ro,71]. Then p(r) is given for r € [ro, 1] by

p(r) = 7’2&6;(7“) (8.26)

Substituting (8.26) into (8.25a) and multiplying by r*d,u(r) gives

—r20,u(r)0, (7"28Tu(7“)) = —%&(rQ&u(r))Q =r2C. (8.27)
By integration, we obtain
SP0u(r) = s 4 D. (8.28)
where the constant D is determined for r = ry by
D = g:%z + %rgC’.

Since u/(r) # 0 for all 7 € [ro,r1] and u/(r9) < 0, it follows that u/(r) < 0. We obtain

r20,u(r) = _\/%. (8.29)

The solutions /(1) and p(r) for r € [rg, 1] are given by

W (r) = —‘/??C ; [y _ % (8.30)
3 V-C
p(r) = \/;T 5

and

To obtain the constants C' and thus D, integrate 8.30 over [rg, r]

u(r) = ua, + /T u'(t) dt. (8.31)

To
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For » = r1, we obtain
&
U, = UA, —|—/ o' (t) dt. (8.32)
70

In the implementation, we apply the following method

e Outer loop: Apply Newton’s method to (8.32) to obtain C.

e Inner loop: Use Gaussian quadrature to evaluate the integral in (8.31).

The constants are determined once in the beginning of the algorithm. We will focus on precision
and use a 32-point Gaussian quadrature rule to compute the integral and an accuracy of € =
1071 for Newton’s method.

8.3.2 Numerical Results

We discretize the formulation of the coupled problem using the linear transport equation and
therefore apply Algorithm 1. Let 7" be a partition of the hollow sphere into prisms 7 € 7"

0.5
0.485
0.470

0.455
0.440

0.420

Figure 8.8: Example 2: p" for p4 = 0.5 and DOF=11286

We use linear basis functions for V" and V", Since Q is not a convex domain, there are
evaluation points in the computations that are not in 2. We use the following approximation:
Ifr = \/x% + :c% + x% < rg, then move the evaluation onto the boundary and set r := ry. To
solve the linear systems, we use iterative solvers. The linear system corresponding to the Poisson
equation is solved with the CG solver and the linear system for the transport equation is solved
by the CGNE solver, both with an accuracy of 107'2. The integrals of the right hand side and
errors are computed with a 4 x 4 x 4 point Gaussian quadrature rule. We choose the parameter
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as
UO:47 u1:1, T():]_, 7”1:2

The aim is to investigate whether the staggered algorithm converges in three dimensions and
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Figure 8.9: Example 2: u” for py = 0.5 and DOF=11286

if yes, whether the convergence behaviour changes with different values of p4. First at all, we
can confirm that the staggered algorithm converges in three dimensions for the formulation of
the coupled problem that uses the linear transport equation. The tables 8.7 and 8.8 contain the
approximation error for the Poisson and transport equation and the corresponding convergence
rates. The staggered algorithm converges quickly for both values of p4. As in two dimensions,

Table 8.7: Ex 2: Algorithm 1 with p4 = 0.5

Poisson Transport Staggered

DOF | lu—wupllg,  ow | llp—pulliz) @p | Iterations
18 6.9027142 0.0294647 9
66 6.0057577  0.214 0.0242367 0.301 10

1290 2.2429156  0.663 0.0033514 1.331
11286 | 1.1276881  0.634 0.0011699 0.970
86058 | 0.6040090  0.615 0.0002416 1.553
737370 | 0.2918365 0.677 .5646E-04 1.354

oo 00 00 ©

we observe that with increasing p4, the number of iterations also increases. While the algorithm
needs about 8 iterations to converge for p4 = 0.5, it needs in average 13 iterations to converge
for p4 = 1.6. Comparing Table 8.1 and 8.7, the staggered algorithm needs the same number
of iterations for p4 = 0.5 in two and three dimensions. This is interesting not only because of
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the change of dimensions but even because the right hand side in the three-dimensional case is
computed with less accuracy. The integrals are computed with a 4 x 4 x 4 quadrature rule, while
in two dimensions 16 x 16 quadrature points are used.

Table 8.8: Ex 2: Algorithm 3 with py, = 1.6

Poisson Transport Staggered

DOF | [[u—wuplln,  ou | llp—pullre  ap | Tterations
18 6.3155316 0.2019701 15
66 4.8771643  0.398 0.2334961 -0.22 15
1290 1.8802057  0.641 0.0283733 1.418 13
11286 | 0.9431810 0.636 0.0077508 1.197 12
86058 | 0.5002869  0.624 0.0021641 1.256 12
737370 | 0.2428009  0.673 0.0004977 1.368 11

The convergence rate is not stable yet. In both cases it seems that the rate of the Poisson
equation tends to 0.7. The convergence rate of the transport equation is not predictable yet.
The approximation error for the Poisson equation is remarkably large. This might be caused
by the linear basis function and the way maiprogs internally generates the mesh. In the first
two steps for a low number of degrees of freedom, the mesh does not contain inner nodes. The
derivative of the approximate solution is constant in r between the inflow and outflow boundary
and thus naturally generates a big error.
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8.4 Example 3: Electrostatic Spray Painting Process

As last example, we want to go back to the motivation of this work: The electrostatic spray
painting process. So far, the theoretical and numerical results in this Thesis were done on
C?? domains. In particular, these domains do not contain cusps or reentrant corners. The
gun which is used to paint a workpiece contains an electrode having a high curvature. As a
starting point, this electrode can be approximated by a point singularity. We now present a
setup on a rectangular domain having a reentrant corner. We model the electrode, i.e. the
inflow boundary, by the boundary part given by the reentrant corner and the outflow, i.e. the
workpiece, is supposed to be the opposite boundary part (Figure 8.10). The tip of the corner is
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Figure 8.10: Mesh for Example 3

a point singularity. We investigate the formulation of the coupled problem that uses the linear
transport equation and therefore Algorithm 1. We choose the parameter as

ua, =4, uap, =1, pa=0.5.

It is not possible to find a solution in closed form for this particular setting but we determine
the H'(€2)-norm of u” and the L%norm of p. Using these sequences of numbers, we determine
a good approximation for the exact solution by Aitken’s extrapolation technique.

8.4.1 Numerical Results

The domain € is partitioned into quadrilateral elements. We use quadratic basis functions for
the space V" and linear basis functions for the space VI"*. The linear system of the Poisson
equations is solved by the CG solver with an accuracy of € = 10712, The linear system for the
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transport equation is solved by the CGNE solver with an accuracy of e = 1072, The right hand
sides are computed with a 16 x 16 Gaussian quadrature rule. The accuracy for the staggered
algorithm is set to 1075.

Table 8.9 confirms that the staggered algorithm converges although the domain is nonsmooth.

Table 8.9: Ex 3: Algorithm 1 with p4 = 1.6

Poisson Transport Staggered

DOF | |lullg, — llunlle, o | llpllr2@) — lpnllzz@) @ | Iterations
37 0.1794444 0.1757060 23
167 0.1166833 0.571 0.0829415 0.996 21
583 0.0828583 0.548 0.0591498 0.541 20
2489 0.0549072 0.567 0.0357015 0.696 19
9167 0.0374420 0.587 0.0242033 0.596 19
37687 0.0249339 0.575 0.0162388 0.565 18
148453 0.0167392 0.581 0.0111624 0.547 18
596189 0.0112116 0.577 0.0073553 0.600 18

The number of iterations is significantly higher than in the comparable case on a smooth domain.
On the smooth annular domain, the staggered algorithm needs 8 iterations (Table 8.1) in com-
parison to 19 iterations in the current example. The convergence rates are 0.9 for the Poisson
equation and 0.5 for the transport equation. Again, due to the singularity of the domain, the
convergence rates are smaller than in Example 1. In Figure 8.12, we present the electrical field
—Vu" for 5199 degrees of freedom. It is clearly visible that the electrical field is huge around
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Figure 8.11: Example 3: Electrical field —Vu”

the tip of the electrode which is caused by the singularity in the geometry. In Figure 8.12, we
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present the charge distribution p”. The charge flows in at I'_ and moves toward the outflow
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Figure 8.12: Example 3: Charge distribution p”

boundary. We can see in Figure 8.12, that the charge concentration is high around the electrode
and spreads into the domain. As we have proved in Chapter 6, the highest value of p is at the
electrode and thus p is bounded by p4.

This example opens the door for ideas for future work. The singularity at the tip demands
a finer mesh structure than the used uniform one. One possibility is to use a graded mesh as
it has been presented for the transport equation in [50]. It is high likely that grading toward
the point singularity increases the speed of convergence. So far, numerical examples have been
obtained for the electrostatic spray painting process, see e.g. [1]. To the best of our knowledge,
a rigorous approximation theory for the staggered algorithm as indicated in 7.5 does not exist.
The presented example suggests the convergence of the staggered algorithm and thus might be
a starting point to develop an approximation theory for the coupled problem on a nonsmooth
domain.
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8.5 Remarks about the Chapter

In this chapter, we introduced four discretization methods for the two-dimensional steady state
coupled problem. We distinguished between the approximation of the the coupled problem
using the linear and nonlinear transport equations. To deal with the nonlinearity caused by the
overall problem or, in terms of the staggered algorithm by the nonlinear transport equation, we
introduced Newton’s iteration scheme. It turned out that all the algorithms 1 and 3-5 converged
to the exact solution. Further, we showed that the number of iterations to obtain convergence
depends on the size of the inflow boundary function p4. The larger p4, the more iterations are
needed. We could show that the staggered algorithm even converges for larger values of p4 than
predicted by the theoretical results of Chapter 5. We then proceeded to the radially symmetric
coupled problem in three dimensions. Again, the staggered algorithm performed satisfactorily.
As last example, we investigated a problem setting to simulate the electrostatic spray painting
process. Here, we approximated the electrode by a point singularity and thus obtained a non
smooth domain. The staggered algorithm converged although the number of iterations is higher
than for the example on a smooth domain.
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Chapter 9

Conclusions and Further Research

9.1 Conclusions

In this thesis, we analysed a time dependent and time independent hyperbolic-elliptic coupled
problem with respect to existence and uniqueness of a solution and its approximation properties.

In the Chapters 3 and 4, we addressed the question whether a classical solution exists for the
continuous time dependent coupled problem. In [44, 55], the authors presented a method to for-
mulate a similar problem as an integro-differential operator by means of the streamline function.
By a compactness argument, they showed the existence of a unique fixed point and conclusively
a classical solution to the coupled problem. This method was not immediately transferable as
the two model problems differed in the choice of boundary conditions. The challenge in the
analysis of the underlying problem of the corona discharge was to model a continuous inflow
of charge into the domain and additionally to have nonhomogeneous boundary conditions for
the Poisson problem. Chapter 3 outlined the methods used in Chapter 4 in a one dimensional
setting. Therein, we presented the analysis for a homogeneous initial charge distribution mostly
focusing on modeling the charge inflow into the domain. The idea was to introduce an inflow set
to describe the time a charge particle flew into the domain. On this set, we defined a streamline
function following the path of a particle emitted at the inflow boundary. In line with [44, 55],
we obtained an integro-differential operator and proved the existence of a unique fixed point for
a small time interval [0, 7] by the Banach fixed point theorem. As a consequence, we also ob-
tained the short time existence of a classical solution. The presented two dimensional approach
in Chapter 4 generalised the one of [44, 55] not only in terms of the boundary data but also in
the choice of the geometry. We chose a domain that was homeomorph to an annular domain and
thus contained the additional difficulty of being not simply connected and nonconvex. Chapter
4 used the same idea for modeling the charge inflow as Chapter 3 but dealt with an additional
challenge. To be able to continue the solution in time, it is necessary to have a non homogeneous
initial charge distribution. Therefore, we had to ensure the continuous transition of the mapped
initial charge distribution with the inflowing charge. We introduced two streamline functions
®; and @, for the mapping of the initial distribution and the inflowing charge and derived two
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integro-differential operators A; and As. Assuming that the boundary conditions pg and p4 were
sufficiently small, we eventually could prove the unique existence of a fixed point (®q, ®2), i.e.
(P, Do) = (A1(P1, P2), Aa(Py, P2)) on a set W containing all those streamline functions leading
to a well defined problem. Consequently, we could show the short time existence of a classical
solution (u, p) to the model problem. Moreover, we proved that this solution is extendable up
to the time until the support of the charge distribution reaches the outflow boundary. In both
the one and two dimensional cases, the interval of existence [0, 7] of the solution depends on the
chosen boundary data and the geometry of the domain.

Starting from Chapter 5, we focused on the steady state coupled problem. Chapters 5 and 6 fol-
lowed the approach of using the solution operators L of the Poisson problem, i.e. Lp = —Vu=FE
and T of the transport problem, i.e. T'E = p to prove the existence of a solution. While L was
applied to the right hand side function p of the Poisson equation, the operator 1" used the co-
efficient function E of the transport equation as its argument and was nonlinear. In Chapter
5, we investigated the radial symmetric coupled problem on an annular domain for which it
reduced to a one dimensional problem. We were able to obtain explicit representations for the
solution operators and defined the composite operator 17" o L. We could show by the Banach
fixed point theorem that the composite operator 7' o L had a unique fixed point provided pa
was sufficiently small. By the definition of the solution operators, we also obtained the unique
existence of a classical solution. In Chapter 6, we investigated the general two dimensional case
on a domain ) that was chosen homeomorph to an annular domain. We followed the same
methods as Chapter 5 and used the solution operators L and T'. Again, we could prove by the
Banach fixed point theorem and with p4 small enough, that a fixed point and thus a unique
solution to the steady state two dimensional coupled problem exists. The choice of p4 was
depending in both the one and two dimensional cases on the choice of the boundary data and
the geometry which are all quantities that are known as soon as the problem is defined. The
size of p4 might appear very restrictive and small. However, the method we have presented is
useful and advantageous in comparison to the compactness argument illustrated in Chapter 4.
As first consequence, we naturally defined an algorithm to solve the continuous coupled problem:
The Banach fixed point iterations. By the well known error estimate, an upper bound for the
number of iterations is immediately given. This iterative method is a staggered algorithm that
solves the two problems alternating until convergence is obtained. The staggered algorithm is
also known to be a way to solve the coupled problem numerically. In Chapter 7, we investiged
discretization methods for the coupled problem. In particular, we assumed based on the results
of Chapter 6 and numerical simulations that the operator L o T is also a contraction in Sobolev
spaces. The usefulness of this assumption became obvious: To show the convergence of the
discrete staggered algorithm, we used the contraction property of the continuous operator Lo T
together with stability and error estimates for the Poisson and transport problems and proved
an error estimate for ||u — L" o ThuhHHl(Q).

Chapter 8 eventually underlined the theoretical results for the steady state coupled problem
by numerical experiments. While it is equivalent for the continuous coupled problem to use the
linear or nonlinear transport equation, it is important to distinguish these two formulations in
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the discrete case. Beside the staggered algorithm, we presented three more algorithms that used
Newton’s method to linearize the problem. We could find a solution in closed form for the radial
symmetric coupled problem of Chapter 5 and thus used it as example. As first experiment, we
compared the convergence properties of the four algorithms. Indeed, all algorithms converged
to the exact solution with the same rate of convergence. As second experiment, we focused
on the formulation of the coupled problem with the nonlinear transport equation and used the
staggered algorithm to investigate the influence of the inflow boundary condition p4. It turned
out that the larger p4, the more iterations are necessary to obtain convergence. Compared to
the theoretical results in Chapter 5, the staggered algorithm did converge even for a value of
pa for which L o T is not a contraction anymore. To obtain an idea about future research, we
presented a three dimensional radial symmetric example. The staggered algorithm converged
satisfactorily. As last example, we presented a setting on a nonsmooth domain that is supposed
to represent the electrostatic spray painting process. Again, we observed convergence although
the number of iterations was significantly higher than in the corresponding continuous case.

9.2 Further Research

We will now suggest some ideas how this thesis might be extended and include some unanswered
questions that appeared during its preparation.

Recall that the motivation of this work is the corona discharge in the electrostatic spray painting
process. Since a work piece is painted in an open space, the problem could be seen as an exterior
problem in R2\91 U with ©Q; and s being two compact domains representing the gun and the
target. During our literature review, we were not able to find Schauder estimates or continuity
estimates for the Green’s function for exterior problems in Holder spaces. These results however
would be necessary to reformulate the analysis of the Chapters 4 and 6 to an exterior setting.
In Chapter 4, we could prove the unique existence of a solution for short time 7" and were able
to extend it in time until the support of the charge distribution reached the outflow boundary.
The painting process, however, does not stop as soon as the first colour particle arrives at the
work piece. An immediate extension would be to incorporate the outflow of charge.

All our existence proofs in the Chapters 3 - 6 were obtained in classical spaces. In view of
the variational theory, an immediate suggestion for further research is the development of anal-
ogous results in Sobolev spaces. With the methods of [5], existence and uniqueness might be
proved easily. However, with this method future results for the discrete staggered algorithm do
not immediately follow. As we explained above, it is advantageous to examine whether LoT is a
contraction on Sobolev spaces. Also, it is necessary to further examine stability properties of the
continuous solution operator T applied to discrete vector fields E", in other words to examine
the continuous transport equation with a discrete convective field. If both results are obtained,
then 7.5 gives immediately an error estimate for the discrete staggered algorithm. This would
open the door for several new aspects of investigation. The analysis in this thesis has been done
on smooth domains. In case of the electrostatic spray painting model and indicated in section
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8.4, the domain is nonsmooth due to the high curvature of the electrode. As starting point, the
electrode can be modelled as a point singularity. An immediate extension is to pay tribute to
the singularity and develop approximation results on anisotropic meshes.
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Appendix A

Additional Results

A.1 Nonemptiness of W

Let the notations be as in Chapter 4. We show that the defined sets W1 and W5 are nonempty.
Therefore, we use the electrical field —Vug = FEy with ug being the solution of the Laplace
problem and show that the streamline functions ®; and ®, given through Fy are in W7 and Wh.
We therefore need Gronwalls inequality which is an equality to bound the solution of an integral

equation.
Lemma A.1 (Gronwall’s inequality, version 1). [19, p. 87] Assume I = [to,t1] and q,c,u >0 €
Cco. If

q(t) <e(t) + /t u(s)q(s) ds (A1)

to

then holds

q(t) <c(t) + /t u(s)e(s) exp (/St u(T) dT) ds

to

Lemma A.2 (Gronwall’s inequality, version 2). [55, Lemma 3.1, p. 89] Assume I = [to,t1] and
g>0,u>0cC%andc>0ecCt. If

alt) < coft) + / u(s)q(s) ds (A2)

then follows
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Proof. Set v(s) = exp (— o uli) du). Then,

% (06 [ umiayar) =uar(s) +76) [ uratrys

S0 S0

= u(s)q(s)y(s) —v(s)u(s) /S u(T)q(T) dr

S0

Integrating both sides and using the initial condition gives

~(s) /S u(r)q(r)dr < /S u(T)y(7)e(r) dr. (A.3)

S0 S0

With integration by parts, we have

and thus (A.3) turns into

15) [ wrha(rdr < (o) +els0) + [ ()

S0 S0

Multiplying (A.2) by v > 0, we have the following inequality

07(5) < els)1(s) +(5) [ utr)atr) dr

< e(s)1(s) — e()9(s) + clso) + /O Cd(r)y(r) dr

< c(so) + /S d(m)y(T)dr.

S0

Multiplying by 1/v gives the assertion. Ol

Let us start with the streamline function ®; which is due to (4.21a)-(4.21b) the solution of

1 (a,1) = Bo(®1(r,1) (2.t) € 2 x [0,7] (A.4)

Dy (z,0) =2z x € Q. (A.5)
Integrating with respect to ¢, we obtain the integral equation
t
Biat) =a+ [ Eol@i(o.p) du (A.6)
0

We will now prove that ®; € Wj.
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Lemma A.3. Let Q be a C*® domain, uy € C*>*(Q). Let M > 3 + 2||z|j0.q and

. 1 1 o .
T < mm{205(%9)”%4”2@er, (205(a,§l)IIuAllz,a,r(2+M+M1+a)) } . Then holds for ®1 defined in
(A.6) that

Oy € Wy (M, T).

Proof. We show that ®; fulfills the restrictions of Wj. First, it holds ®;(z,0) = x. Second, we
prove the boundedness of ®;. It holds for the sup-norm by Theorem 4.14

[®1l[o,20 < ll2llg.q + sup

/0 Eo(®4 (. 1)) dp

FISION) 00
t
< o, + [ sup [ Eo(®1(a,)) | s
0 $€QO

¢
<llelos + [ 1Bo o
< [lzllo.ey + Tes(a, Q)fluallz,ar-
It is more complicated to bound the gradient

Vo, (a,t) = I + /Ot ¥ Eo(®1 (2, 1)) VD1 (2, 1) .

We obtain pointwise

t
VO, (2, )|, < [T]o, + / IV Eo(®1 (2, 1), V1 (2, )], .
0

By Lemma A.1 and Theorem 4.14, we get
t t
V(o0 <1+ [ [VEa(@1(o, )| exp ( / |VE0<<I>1<z,T>>|OOdT> du
0 Iz

<1+ [ IvE@ a0 ([ IVE@ D oa,ar ) da
o

<1+ T VEo|gqexp (T]VE]o.0)
<1+ Tes(a, Q) [[uallg o rexp (Tes(a, Q)[luallz,ar) -

Next, we investigate the a- semi norm of the gradient. We start with the pointwise estimate
IV®q(z1,t) — VOi(x2,1)|

/0 [Eo(®1 (21, 1)) — Eo(P1(w2, )] VO1(22, 1) + [V 1 (21, 1) — V1 (22, 11)] Eo(P1(2, 1)) dpa

o0

t
S/ |Eo(®1(x1, 1) — Eo(P1(x2, )| |VP1(22, )] dpt
0

t
+/ ‘V(I)l(iﬂl,,u) - vq)l(an,u”oo |E0((I)1($2>.u))|oo d”
0
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By Lemma A.2, we obtain
|V@1(21,t) — VO (2,1)|
¢
/ Bo(1 (1,0~ Eo(@(a2. ) e [V (o2l exp ([ 9B, )

It follows for the Holder semi norm by (2.9) and by Theorem 4.14 for every ¢ € [0, T]
t t

Vo0l < [ @0, 1901 g, o0 ( [ 19Ea@ 1), ) do
m

t
S/O [ Eol a0 VO[5 00 IVO1(14)]l0,0, exP (TIV Eollo.0) dp

< Tes(Qa) [uallyor sup [[VO1(1)]gg" exp (Tes(Qa)
0<t<T

ar)-

Analogously, we bound the Hélder norm in time for ®; and V®;. It holds

sup 121(2) 0,17 < llzllo,e + T es(2, @) [uallz,ar
xello

sup [[V®1(2)[lajor) < 14+ T es(Q @)[luallzar sup [VO1(t)]|o0-
zeQo 0<t<T

As last step, we have to investigate whether @1 is invertible. We therefore estimate

1 =Ve1(t)]lgq = sup

RISION

S/ IV Eo(®1(p) V1 ()lg.0p drt
0

< TVEolgqlIVe1(B)llo0 -

I—1- /Ot VEy(Pi(z, 1))V (x, 1) du

o0

By Theorem 4.14, we obtain

1= V®1llyq < Tes(Q a)[[uallzar V1o

Choose T small enough, we have

| P4 a1 < 2[|zlogn +3

1
1 =V®ifpo =

Next, we show analogously that ®5 defined by

Do (s,t5,t) = @(s) + tE()(‘I)Q(S,tm, ) V®a(s,ty, 1) du (A.7)

le

is element of the set Wo(M, T, K,¢). This proof is however more complicated then the previous
one due to the time dependence of ();.
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Lemma A.4. Let Q2 be a C%> domain, ug € C**(Q).
Let M > 2[gllo, i +265(R llullzar +3, K > cmpcs(2, a)l|ualla.ar L + 1 and let

1 )
2c5(Q, a)[|uallgor” 4M3cs(Q, a)||uall2ar

Tgmin{

1 a}
(Cs(Qa @) [|luall2,ar 3+ es(Q o) |uall2,ar + M+ MIte + 2K))

with c¢s(2, ) defined in Theorem 4.14. Then follows for ®o defined in (A.7) that

Py € WQ(M,T,K,(S).

Proof. We show that ®4 fulfills the restrictions in Ws. First, it holds ®o(s, t,, t,) = ¢(s). Second,
we prove the boundedness of ®5. It holds for the sup-norm by Theorem 4.14

t
Eo(®2(s, b, 1)) dp

[@2)llo.q0 < llellos +  sup

(Sata:)th te 00
t
< lellon + / sup | Eo(®a(s,ts 1) |y di
0 (S,tx)EQt
< o, +Tes(a, Q)|luall2,a,r-

The gradient of @, is given by

() —[Boleleh ), [ . .
V(I)2( 7t93>t) < 80/2(3) _[EO(QP(S))]2 ) + . VEO((I)Q( 7t17ﬂ'>)vq)2( 7tmau) dlu‘

t
=:D(s)+ [ VEu(Pa(s,tz, 1)) VPa(s,ts, 1) dp.
te
We now bound the gradient pointwise
t
|V(I)2(37 tm, t)|oo < ‘D(S)’OO + |VEO((I)2(37 tm7 :U'))’oo ‘V‘I)Q(S, t$7 /J/)|oo d:u’

2%

By Lemma A.1 and Theorem 4.14, we get
t t
V(s e, )] < [D(8)]oe + / 1D(8) o, [V Eo(®s (2, 1)), cxp ( / |VE0<<1>2<x,T>>dT) dy
te "

t t
< 1Dl + [ 1l 0, IV Ea@alu) g, exp ( [ IV Es@alr)losydr ) an
m

< |[Dllo.: + T [[Pllo,q, IVE0llg.0exp (TIV Eollo,0)
< |IDllo.. + T IDllo,gp cs(e; Q) lually o p exp (Tes (e, Q)[uallzar) -

We have for the sup-norm of D by Theorem 4.14 and the arc length parametrization of ¢

IDlo,gr < ll¢'llo.re + o) o, < 1+ cs(Q,a)|Juallz,ar.
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It is left to bound the C“(Q;) semi norm of the gradient. We start with a pointwise estimate.
|V ®s(s1,t1,t) — VPa(s2,ta,t)|

t2
< 1D(s1) — D(sa)lo, + / IV EBo(®@a(s1, t1, 1)), [V Do (51, 1, )], d
t1
t
+ [ [VEo(Pa(s1,t1, 1)) — VE(Pa(s2, L2, 1)) | oo [VP2(52, t2, 1)] o dpt
to

t
b [ 19 Ral1,81,10) = Bl b0, 1) o [V (@, )] i (A.8)

to

Let us denote

to
g(s1,82,t1,t2,t) :==|D(s1) — D(52)]c0 +/ IVEo(®2(51,t1, 1) | oo |V P2(51, 1, 1) ] o, dpt

t1

t
+ | |VEo(®a(s1,t1, 1)) — VEG(Pa(s2,to, 1t))] o |VP2(52, b2, 1t)] o, dpt.
to

By Lemma A.1, we obtain for (A.8)
|V (z1,t) — V®o(z2,t)| ., < g(s1,52,t1,12,1)
+ /ttg(sl,52,251,tg,u)|VE0(q)2(81,t1,p)Ooexp (/t ‘VEo((I)Q(Sl,tQ,T”OOdT) dp.  (A9)
. T
To bound ||[V®2(t)a,@,, let us first bound g. By (2.9) and Theorem 4.14, we obtain
lglla.e < IDllaq. + T “es(Q,) [[uallyor V2(t)ll g, + Tes( @) [[ually o r V2165 -
D is bounded by (2.9) and Theorem 4.14

«

D]

0@ < ol VEolloalle lloo,re 1 sup st — s2f'™
s1,82€1_

< CmvCS(Qa a)HuAHZ,a;FLIl‘iOC (AlO)

It follows for (A.9) by Theorem 4.14

t t
IV®2l, 0, < ll9lla.q. +/t 19lla.: IV Eo(®2(1)) llo,q, exp </ IV Eo(®2(1))llo,0: dT) dp

< llgllo@e + Tllgllo IV Eollo.g exp (TI[V Eolo.0)
< llgllo.@. + Tllgllo@ics (€, @) [[uallz.ar exp (Tes (€, @) [[uallz.a.r)

Analogously, we obtain for the Holder norms with respect to time

sup (| @2(s, ta)lafro 1) < lllore + 2T %es (2, @)llua
(sat?ﬁ)th

sup  [V®a(s,ta) a1 < T s (2, ) |uallzar sup [[VO2(t)]o.0,-
(s:t2)€Q: 0<t<T

2,
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We continue to investigate the remaining two conditions. Since FEj is the solution of the Laplace
problem, we know immediately

[0r, @2(s, ta, t = ta) - ' (s)] = | Eo(o(s)) - ¢ ()] = 0.

As last condition, we examine the invertibility of ®. We get

t
sup | D(s) = V(s tr,t)loe = sup [D(s) = D(s) - / Y Bo(®2(s, b, 1)) V25, b, 1) dptloc
Stz €Qt stz €Q¢ te
t
< sup VE(®2(s, ta, 1)) VP2(s, ta, 1) dpt

St €Qt | Sty 0o

< TVEolloq VP2,
< Tes(a, Q) luallyor V2o, -

If T is chosen small enough, then holds

1®2]l1,¢.0.0,1) < 2ll@llo1e_ + 2e5(Q a)l[uallz,ar +3

sup |[VO2(t)]a,q, < cmucs (2, a)lluallzarly @+ 1
o<t<T

)
sup |D(s) — V®y(s,ty,t < —.
s [D(s) = V(s Ol < g7

As last condition, we need to ensure that ®; and ®5 fulfil the transition condition on FtT.

Theorem A.5. Let Q be a C*>® domain and uy € C**(T).
Let M > 2|jzjo.0, + 2¢5(2, @) [[uall2,ar + 3, K > cnoes(2, @)|luallzor Ly ® + 1 and

1 5
2c5(Q, @) uallz,ar” 4M2cs(Q, a)[uallz,ar
( ; )}
2¢s(% a)lJuallza,r (3 + cs(, ) luallzar + M + Mt + 2K)
with ¢g (), «) defined in Theorem 4.14. Then holds for ® = (®1, ®o) with &1 € W1 (M, T) defined
in (A.6) and 9 € Wo(M, T, K, ) defined in (A.7) that

Tgmin{

b ecW(M,T,K,J). (A.11)

Proof. We have to show that ®; and ®5 fulfil the transition condition i.e. for every zo € ¢ and
(80,0) € Q¢ with g = (21, x2) = ¢(s¢) shall hold

(I)l(l‘o,t) == @2(80,0,75). (A12)

By differentiating (A.6) and (A.7), we have the differential equation of ®; and ®2 going through
xo and (so,0)

%(I)l(CUOa t) = Eo(q)l(xO, t))

(I)l($07 O) = T
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and

d
%(PQ(SO, 0, t) = EO((I)2(507 07 t))
(I>2(807 07 O) = 90(80)'

Both differential equations have the same right hand side function. Further, both have the
same initial condition, as ¢(sg) = xo. Since the differential equation is solved with respect
to t, the solution is not affected by the different parametrization of ®; and ®5. Due to the
uniqueness theory of ordinary differential equations, both streamline functions must describe
the same trajectory. It is thus demonstrated that for every ¢ holds

O (x0,t) = P2(s0,0,1).

Conclusively, ®; and @, fulfil the transition condition and & = (P, Do) € W. O

A.2 Bound for Cut-off Function

Observe that with the substitution u = 2t — 1 and symmetry about s = 0 we have

1 1
140 140 3 3 1
140 | (1 —8)3dt = — 1—u2dy="(1-+2-2)=1. A.13
/0( ) 640( u)u64 s Ts = ( )

Hence define for z € [0, 1]

x 1
y(z) =1- 140/ (1 —t)dt = 140/ (1 —t)*dt
0 T
= 2027 — 7025 4 842° — 352 4 1.

Define the transformation

F:{ 0.1 —le2
r = (142

Then the cut-off function y € C3(R) is given by

1, s<e
x(8) = q 1(F71(s)), e<s<2e
0, s > 2¢
with
s
Fls)==-1
()=
Lemma A.6. It holds
52.5

IXllzar < -
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Proof. We get for the sup-norm

19sxlloe = 1.
Since 9,F ~!(s) = 1 and 92F ! (s) = 0 holds

Oz X(F~(s))

€

0sx(5) = DX (F ()05 F ! (s) =

2 ~
O2x(s) = 2P () (@ F (5))? + OR(F (s)02F (s) = 2
‘We obtain
1 o 1 R 2.1875
HaSXHO,[e,2E] = E HaxX(F 1)”07[6725] = E H&BXHO,[O,I] = €
1 P 1 7.5131
|’652XH07[5725] = E HagX(F 1)“0,[6725} = ? H T = €
and
1 R _
|’a§X”a,[e,25 = 2 HaQX )Ha,[e,Qe] < ? Haﬁi’ 1”&,[6,26]
|51 — s
0,[€,2¢€] |51 _ 52|a
1 52.5
< Zta 19:% 0,01 ~ 2+a
Conclusively,
52.5
|82 |aR — 2+a'
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