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Abstract

The orientation of liquid crystal particles can be modelled with a unit vector field
(Frank—Oseen model) or a line field (constrained Landau-de Gennes model). Ball and
Zarnescu (2011) gave a criterion to decide if a line field on a Euclidean 2-dimensional
domain is orientable. A line field is called orientable if one of the two directions of
the lines in every point can be chosen without losing regularity. This thesis transfers
those results to manifolds. First, it is shown that all Sobolev W14 (¢ > 2) line fields
on simply-connected manifolds of any dimension are orientable. Secondly, it is shown
that a Sobolev W2 line field on an orientable surface is orientable if and only if it is
orientable on a set of loops that generate the fundamental group. Furthermore, an
analytical formulation of orientability on a loop on an orientable surface is given. As
necessary tools, different definitions of Sobolev vector and tensor fields are introduced
and shown to be equivalent.

Zusammenfassung

Die Ausrichtung von Fliissigkristallteilchen kann sowohl mit einem Einheitsvektorfeld
(Frank—Oseen-Modell) als auch mit einem Linienfeld (beschrinktes Landau—de Gennes-
Modell) beschrieben werden. Ball und Zarnescu (2011) bewiesen ein Kriterium, um
zu entscheiden, ob ein Linienfeld auf einem Euklidischen 2-dimensionalen Gebiet
orientierbar ist. Ein Linienfeld heiflt orientierbar, wenn eine der beiden Richtungen der
Linien in jedem Punkt ausgewéhlt werden kann, ohne Regularitét zu verlieren. Diese
Masterarbeit tibertragt diese Resultate auf Mannigfaltigkeiten. Es wird gezeigt, dass
Wha-Sobolevlinienfelder (¢ > 2) auf einfach zusammenhiingenden Mannigfaltigkeiten
jeder Dimension orientierbar sind. Zweitens ist ein W'-2-Sobolevlinienfeld auf einer
orientierbaren Oberfliche genau dann orientierbar, wenn es auf einer Menge von
Schlaufen, welche die Fundamentalgruppe erzeugen, orientierbar ist. Auflerdem wird
Orientierbarkeit auf einer Schlaufe auf einer orientierbaren Mannigfaltigkeit auch
analytisch formuliert. Verschiedene Definitionen von Sobolevvektor- und -tensorfeldern
auf Mannigfaltigkeiten werden als benétigte Werkzeuge eingefithrt und ihre Aquivalenz
wird gezeigt.
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1 Introduction

1.1 Physical background of nematic liquid crystals

Figure 1: A microscopic image of a liquid crystal. We see the effect of double refraction.
The colors are caused by the local order of direction which changes with location
and time. Polarized light is shining through this plate while the camera has a
perpendicular polarization filter such that we only see colours where the liquid
crystal changes the polarization of the light. Image from Joshi et al. [Jos+19].

In 1888, the botanist Friedrich Reinitzer heated cholesterol extracted from carrots. At
room temperature it was solid, at 145 °C it looked milky and appeared to be between
solid and liquid. After further heating until 179 °C the cholesterol became a clear liquid.
The physicist and crystallographer Otto Lehmann then studied this phenomenon. He
explained the milkiness with double refraction in the cholesterol. [Chell, Ch. 5]

By this point double refraction was already well-known from solid crystals.

What are nematic uniaxial liquid crystals? Crystals are highly structured solid matter.
Namely the molecule position and orientation is ordered. This causes different refraction
indices depending on the polarity of the light. This effect can be seen in Figure 2.
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Figure 2: Double refraction of a calcite crystal. The two images of a blue line come from

the two orthogonal polarities which are refracted by a different angle. Image
by APN MJM [APN11].

Lehmann saw the same effect in the heated cholesterol and deduced that this liquid
also had some internal structure. He therefore coined the term fliissiger Kristall, in



English liguid crystal.

In a liquid crystal, the molecules locally are roughly aligned in the same direction.
In some liquid crystals, there is also a partial ordering in the position of the molecules.
Otherwise, they are positioned isotropically. Liquid crystals can move like a liquid but
are in many cases very viscous. [Dem+98, p. I1.2]

Since Reinitzer’s discovery, it was found that many substances can be in a phase
between liquid and crystal. The different ways how they are structured are called
mesophases. ‘Meso” means middle or in between. The ‘phase’ is the state that matter
can be in, usually solid, liquid or gaseous.

The nematic phase is the simplest and best-studied liquid crystal mesophase. The
word nematic comes from the Greek word nema, meaning thread. This refers to the lines
that are visible under the microscope as in Figure 1. In a nematic liquid crystal, the
position of the molecules is isotropic. That means that there is no structure in it. The
orientation of the molecules on the other hand is very similar to their neighbours. That
means that their orientation is locally structured.

What are examples of liquid crystals? Most liquid crystals are polymers. Polymers
are molecules that consist of many repeating, mostly carbon-based, parts. Hence it is
not surprising that a lot of current liquid crystal research is in biology and biophysics.

Liquid crystals exist not only in the lab as the aforementioned carrot cholesterol but
also occur naturally. Indeed, mucus on the skin of slugs is a liquid crystal. The molecules
are proteins called mucin. The liquid crystal structure holds the mucus together and is
responsible the slimy feeling. Since it is also able to adapt, it protects the slug against
sharp edges of sand or rocks. The article [McQ16] describes how the same principle
applies to giraffe saliva that protects their tongue against thorns.

For applications in technology researchers try to understand how organic molecules
like proteins or polysaccharides assemble and form hierachical structures. One example
is the work of Joshi et al. [Jos+21] who study nature-derived polysaccharides. They
evaporate the water from an aqueous liquid crystalline solution and the polysaccharide
units self-assemble and thus create a thin membrane upon dehydration. This resulting
liquid crystal is uniaxial. This differs from the cholesterol mentioned at the beginning
which becomes a liquid crystal at the certain temperature. By using rods and disc-shaped
liquid crystal units in combination, the created membrane is bridging 8 mm instead of
1mm with just rod-shaped liquid crystal units.

Another instance of liquid crystals that are formed by self-assembly was found by
Morales-Navarrete et al. [Mor+19] in liver tissue. These researchers were surprised to
find a long-range liquid crystal order where the constituents were not molecules but cells.

We see from those very different examples that the term ‘liquid crystal’ describes a
diverse set of substances. That makes this mesophase so interesting and worthy of study.

1.2 Models for liquid crystals

How do we model liquid crystals? The molecule orientation can be described with
a single direction per point in case of uniaxial liquid crystals. In case of biazial liquid
crystals, we need two orthogonal directions as in Figure 3c. In this thesis, only uniaxial
cases are considered. A direction is modelled with a vector of length 1, called the director.
Figure 3 illustrates the meaning of the director for different shapes of molecules. In many
uniaxial cases the molecules are rods that are much longer in one dimension than in



the other two. Then, the director points from one end to the other end of the rod as
in Figure 3a. In other cases the molecules are disc-shaped as in Figure 3b. Then, the
director is orthogonal to the disc. In most liquid crystals, the molecules are not perfectly
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Figure 3: Three examples of how directors model the orientation of a molecule

aligned. This is illustrated in Figure 4. Therefore, the director at one point models
not the direction of a single molecule but the average of the directions of the molecules

around that point.
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Figure 4: Average orientation of molecules in a nematic liquid crystal. From [Majl8, p. 3]

How do we model liquid crystals globally? When we take the directors in all points
together, we have a unit vector field, called the director field. A field is just a vector-valued
function. This is the earliest model for liquid crystals [Fra58]. It is named after Carl
Wilhelm Oseen who developed it in 1933 and Frederick Charles Frank who refined it in
1958. The model further describes how to calculate how the molecules are oriented: The
director field minimizes the ‘Frank—Oseen energy’.

The Frank—Oseen model is simple but has shortcomings. These were addressed in
1974 by de Gennes [dGen74]. He formulated another model of so-called Q-tensors. It
is based on the solid-liquid phase transition theory of Lev Landau [Chell, p. 162] and
is therefore called Landau—de Gennes model. We address only one of the shortcomings,
namely the missing head-tail symmetry. Molecules in nematic liquid crystals are head-tail
symmetric, so a unit vector n models the same direction as —n. Therefore it is more
appropriate to use a line field instead of a unit vector field. A line field is a special case



of a QQ-tensor field. Figure 5a illustrates how we can picture a line field on a flat domain.
Mathematically the codomain of a line field is the real projective space.

We call a line field orientable if we can choose in every point one of the two unit vectors
that represent the line. Additionally, the resulting unit vector field has to be continuous if
the line field is continuous or weakly differentiable if the line field is weakly differentiable.
Figure 5 shows an example of a continuous line field that is not orientable as explained
in the caption. Since unit vector fields are easier to handle than maps into a projective
space the question is:

Is a given line field orientable?
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hole.

Figure 5: An unorientable line field on a domain with one hole and two failed attempts
to find an orientation. Both are discontinuous where the line field is continuous.
From [Fig. 1 BZ11]

How can we predict the behaviour of a liquid crystal? Physical models do not only
describe observations but also predict how a system behaves under given parameters.
In the case of liquid crystals, these parameters include the shape and topology of the
domain, boundary values, electrical or magnetic fields, the temperature and pressure.
They are modeled with the Frank—Oseen energy, a functional on the space of line or
director fields. The orientations of the molecules then minimize this energy and thus, the
mathematical formulation is a minimization problem in a class of unit vector fields or

line fields.



The question that arises is:
Is the line field energy minimizer orientable? (2)

If for a specific problem the answer is ‘yes’ and this is shown without calculating the
minimizer, the minimization problem can be solved in the class of unit vector fields. An
orientability criterion, i.e. an answer to Question 1, is obviously an important tool for
answering this question.

Minimization problems are usually not solved in the class of continuous functions
though, but in the class of weakly differentiable (Sobolev) functions. Therefore, Question
1 also needs to be answered for Sobolev line fields.

1.3 Previous results and content of this thesis

What has been shown before? Ball and Zarnescu [BZ11| showed that on simply-
connected two- and three-dimensional flat domains for g > 2, all weakly differentiable
W4 line fields are orientable [Thm. 2 BZ11|. For two-dimensional flat domains with
holes, they showed that orientability of a W2 line field is equivalent to orientability on
the boundaries of the holes [Prop. 7 BZ11|. Furthermore, they characterised orientability
on a hole boundary with the winding number of an auxiliary unit vector valued map.
Intuitively spoken, this auxiliary map turns twice as fast as the line field and if its winding
number is even, the line field is orientable.

How does this thesis generalise? Some applications like [Keb+14] study thin films
of liquid crystals which are best modeled as two-dimensional surfaces. Therefore, this
thesis generalises the results of [BZ11] to curved surfaces. In order to stay as general
as possible, we also consider manifolds of dimension higher than 2. On manifolds, the
directions need to be tangent to the manifold and the tangent spaces at different points
are distinct. Therefore, we need to adapt the definitions of unit vector fields, line fields
and Sobolev spaces. As mentioned before, line fields are a special case of Q-tensor fields.
This allows us to view line fields as tensor fields and thus, we can define what it means
for a unit vector field or line fields to be tangent to the domain manifold. The Q)-tensor
model and the tensor notation are introduced in Section 2.

Then in Section 3, we define Sobolev spaces of tangent tensor fields. Proper discussion
of Sobolev tangent tensor fields is surprisingly rare in the literature, probably because
properties of Sobolev spaces for Euclidean domains can widely be transferred. Neverthe-
less, we need to take care because there exist several possible definitions. In Section 3.1,
we define them intrinsically. The other two subsections define them differently and show
that those definitions are equivalent to the intrinsic definition.

Why is the hole in the domain important? In the example in Figure 5, we already
see that the hole in the domain plays a crucial role. Without it, every continuous line
field is orientable. More generally, only the topology of the domain determines how we
can check if a continuous line field is orientable. This follows from an algebraic topology
result about liftings and will be discussed in Section 4. The idea is that the sphere in
which the unit vector fields map is a double covering of the real projective space in which
the line fields map. The theorem implies that we can check orientability of a line field
by checking orientability on a set of loops that generate the fundamental group of the
domain. The theorem is called the ‘lifting lemma’.



How can we transfer the orientability criterion to weakly differentiable fields? The
obvious way to generalise the orientability criterion from continuous to Sobolev fields is
to approximate Sobolev fields by continuous fields. This is not possible, however, in the
general case for manifold-valued functions. Our codomains are the sphere and the real
projective space which are not vector spaces but manifolds. However, in two cases, we
have sufficient density results: simply connected domains and surfaces. Surface is just a
different name for a two-dimensional manifold.

How do we show the orientability criterion on simply connected domains? In the
case of simply connected domains, it was shown that all Sobolev functions can be weakly
approximated by smooth functions [PR03]. As explained in Note 5.3, the only way
to use this theorem is to have a common codomain for all points of the domain. We
combine all tangent spaces by embedding the domain into a Euclidean space. The tangent
vectors are then also elements of a common Euclidean space and the Sobolev definition
for R¥-valued functions can be used. Section 3.2 discusses this definition of Sobolev
functions and shows that it is equivalent with the intrinsic definition even though the
norm is unequal. The smooth weak approximations that the density result give are then
line fields in the surrounding space, not necessarily tangent. Fortunately the continuous
orientability result holds for those as well. The last bit to the proof that all Sobolev line
fields on simply-connected manifold domains are orientable (Theorem 5.4) is the stability
of orientability under weak convergence (Proposition 5.2).

How do we show the orientability criterion on surfaces? The other main result
considers surfaces. We show that we can check if a Sobolev W2 line fields is orientable
by checking it on any set of loops that generate the fundamental group of the domain.
In other words, on surfaces the criterion for continuous line fields also applies to Sobolev
line fields.

It turns out that all orientable surfaces either have no unit vector fields or have a
trivial tangent bundle, i. e., there exists a global frame. Since line fields obviously cannot
be orientable if there exist no unit vector field, we only have to consider the other case of
surfaces with trivial tangent bundle. This frame allows us to identify all tangent spaces
and therefore consider vector and line fields as maps into R?. The Sobolev function
definition that this identification induces is discussed in Section 3.3, where we also show
that this definition is also equivalent to the intrinsic one. The rest of the argument
resembles the proof from Section 4 in [BZ11]:

The easier direction from orientability on the surface to orientability on loops is based
on the trace theorem that shows that the restriction to a loop is a continuous operator
between Sobolev spaces. In the other direction, we have to show that the approximations
are orientable on the loops if the approximated Sobolev field is orientable on the loops.
For this, we use the winding number which is an integer. The winding number says
how often a circle valued function on a loop wraps around the circle and is originally
defined in algebraic topology for continuous functions. It got generalised for fractional
W1/2:2 Sobolev functions, which is the suitable trace space of the line fields on surfaces
|[dMGP9I1]. To use it for line fields, we notice that on surfaces, the lines are modeled with
the real projective line which is homeomorphic to the circle. As such it also has a winding
number which is even exactly for orientable line fields. In contrast to higher dimensions,
on surfaces, smooth unit vector valued functions are dense in the Sobolev space of unit
vector valued functions with respect to the norm. Since the winding number is an integer
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and is continuous as a functional on the suitable Sobolev trace space, approximations
that are close enough in the norm sense have the same winding number and are thus
orientable on loops as well. At this point, the orientability criterion for continuous line
fields is used and the limit is an orientation of the approximated line field.

What can we say about Question 2? The two orientability criteria answer the Question 1
for Sobolev line fields in special cases. As the next step, Ball and Zarnescu [BZ11] present
a condition on a flat two-dimensional domain with holes for orientability of the energy
minimizer of the harmonic energy E(Q) = [ |[VQ|dz. The harmonic energy is a special
case of the Frank—Oseen energy. Unfortunately, this result relies heavily on another work
[BBH94| that reduces the minimization problem to a scalar problem and shows that a
minimizer exists. This work specialises on flat two-dimensional domains with holes and
extending it is far beyond the scope of this thesis. In Section 6, we show however that
there exist a condition on the torus similar to a boundary condition for which the line
field minimizer of the harmonic energy is not orientable. Therefore, the question of how
to check if harmonic energy minimizers on surfaces are orientable remains open.

2 Landau—de Gennes model on manifolds

The Frank—Oseen and Landau—de Gennes model use vector-valued and matrix-valued
fields when they are used on Euclidean domains. Since we will use these models on
manifolds, we need to define what it means for those fields to be tangent to the manifold.
The goal of this section is to introduce the @-tensor model and how it specialises to the
line fields and unit vector fields that we study in this thesis.

Throughout the thesis, let M be a smooth Riemannian manifold with or without
boundary. Let g be the metric on M and m := dim M.

2.1 Tensor notation

In accordance to Lee [Leel8] we denote the space of tensors relative to a vector space V/
that take k covectors and [ vectors as arguments as 70V, In particular a (1,0)-tensor
is a (contravariant) vector, a (0, 1) tensor is a covector, a (k,0)-tensor is a contravariant
tensor and a (0, [)-tensor is a covariant tensor.

In this terminology, the metric g is a (0, 2)-tensor in every point p € M.

Given a basis (E|,...,E,;) of a vector space V, any Q € T39OV can be written in
FEinstein summation convention as

Also in accordance to [Leel8], the trace of a tensor is first defined for (1, 1)-tensors
in the same way as for vector space endomorphisms since for t € TV, we get after
plugging in a v € Vthe map t(v,-) € V** = V. This shows that ¢ is an endomorphism of
V. From linear algebra, we know that tr(¢) is then defined as the sum of the diagonal
entries of any representing matrix and that this value does not depend on the choice of
the basis. For Q € T?9 | we first have to lower one index. Here, (¢!, ...,e?) is the dual
basis to (Ej, ..., E;). Then

tr(Q) = tr(QYE; ® E;) = tr(g;,Q"e* ® E;) = g;,Q",

which is the usual trace if the chosen basis is orthonormal.
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2.2 ()-tensors

The Landau—de Gennes model describes the orientation of the rod-like molecules with a
probability measure p in every point. You can also think of this measure in a point as
the distribution of molecule orientations very close to this point. We write

u(p,-): £(S,M) — [0,1]

with the space of unit vectors S,M := {v € T,,M| \v|g = 1} and the set of Lebesgue
measurable subsets £(S,M). In every point p € M, we have u(p,5,M) = 1 since u(p, )
is a probability measure. p(p,S) gives the probability of a molecule at p pointing in a
direction in S C SpM.

As mentioned in the introduction, the molecules are head-tail symmetric. This is
modelled with the assumption that u(p, —S) = u(p,S) for all p € M and measurable
S C S,M. Here, —S = {—x |z € S}. That implies that the expected value in a point
p € M vanishes:

/Svadu(v) = % (/Svadu(v) +/SvadM(v)) —0.

To describe a probability distribution, the next term to consider is the tensor of second
moments:

o) = [ vovduo).
S M

From this definition it is clear that p, is symmetric.
For calculating the trace of y,(p), choose an orthonormal basis (Ey, ..., ;) of T, M.
Then

b (y () = () VB, @ B =Y pii = Y / (v1)?2 dp(w)
1=1 i=1YS, M
= / Z(vi)2 du(v) = / Tdu(v) =1
S. M i=1 S. M

In a normal liquid, the molecule orientations are isotropically distributed. Since we want
to measure the alignment of the molecules, we consider the difference to the isotropic
distribution. The second moment tensor ., of the isotropic distribution is given by

1 1 & 1
L= dA(v) = — EQFE = —gt
o M/Sva@v W= BeR = g
1 o 1 o
since / v E; ® By dA(v) = / v E; ® B dA(v)
dm s, M A {ves, M |vi=0}
1 o
+ o v E; @ B dA(v)
@ {ves, M| vi<0}
1 o o
= — (V' + (—v")v)) E; ® E; dA(v)
A {veS, M| vi>0}
=0fori+#j
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1 4 1 /1 -

and — / (v')?E, ® E;dA(v) = — ( / (vk)2 dA(v))Ei ® E;
AT Js 4T \'m 5, M kzz:

=[v]*=1

*

1 1
:E-E|SPM|Ei®Ei
1
=—E,QF, .
m

As usual g¥ = ZZ | Ei ® Ej is the metric with twice raised indices, hence a (2,0)-tensor.
We call for any point p on M

1
Qp = My — Higo = / v@v— —g*du(v) (3)
S, M

P

a QQ-tensor. (Q-tensors are symmetric and trace-free as shown above.

Definition 2.1 (Q-tensor bundle). The tensor bundle of Q-tensors is defined as

OM:={Q e T?ITM|QT=Q and trQ =0}
with the fiber O, M := {Q € T(Q’O)TPM| QT=Q and trQ = O} atanype M. <

For a more thorough introduction to Q-tensor theory see, [MN14].

Most research considers ()-tensors in Euclidean space. Then, @), is a matrix without
specification if it is a (2,0)-, (1,1)- or (0,2)-tensor. Since we consider a Riemannian
manifold, the metric induces the linear isometric musical isomorphisms that raise and
lower indices. Therefore both co- and contravariant tensors can be interpreted to describe
the molecule alignment. The paper [NRV20] treats liquid crystals on surfaces and uses a
contravariant ()-tensor field. In another paper [Nit+18|, the same working group uses a
covariant -tensor field though. Therefore, there is no agreement in the literature. Since
the director field is modelling a direction, the obvious choice is a contravariant vector
and thus, the obvious choice for second moment tensor is contravariant as well.

2.3 The constrained Landau—de Gennes model

In order to model line fields in the Q-tensor theory, consider the spectral representation
of a symmetric trace-free Q, € 9, M (p € M)

m—1

Q, = MNE, ® E, with \,,, = — A" and E; an orthonormal basis.
i=1

1

If the eigenvalues A, ..., \™ ! are equal, we call the state uniazial and we can write

1
Q= Ng¥ —m\E,, @ E,, = —m\! (B, @ B, — ¢ .

We call s := —mA\! the order parameter and n, = E,, the director, so that

Q,=s (np ®n, — ;Lg”ﬁ) : (4)

13



In order to understand this term order parameter, consider the expected value of the
following term. Here, 6 is the angle between the direction of a molecule v and the director
n:

((cos =~ duto)) = /S o L o)

1
:/ <v®v,—gﬁﬁ,n®n> dM<U)
5, M m

g

(3) m—1
= (Qnen),=""s.

__m 2_ L 1 ]
:>s—m_1<(cos¢9) m>€[ m—l’l .

The lower bound s = —ﬁ means that all molecules are perpendicular to n, s = 0
means that the liquid is isotropic and s = 1 means that all molecules are perfectly aligned

with n. According to [MN14, p. 3], a typical liquid crystal has s = 0.6 (here m = 3.)

Remark 2.2 (Constant order parameter). Throughout the thesis we assume the order
parameter s € [—%, 1]\ {0} to be a constant. Of course, this is a significant restriction
but still covers a range of use cases with homogeneous conditions like constant temperature,
pressure and water content. Furthermore, studying the models with constant order

parameter can prepare research for more complex models.

While we only consider the case of uniaxial nematic crystals with constant order para-
meter s we see that the Q-tensor model in the general form fixes two other shortcomings
of the Frank—Oseen model. For once, the director field does take into account how much
the molecules vary around the direction given by the director. This is also related to the
fact that liquid crystals are in some cases forced to have ‘defects’ where no director can
be properly defined. That can be modeled with s = 0. Secondly, the Frank—Oseen model
assumes that nematic liquid crystals are uniaxial but biaxial examples were also found.
Note that we are considering any number of dimensions m € N but since we live in three
dimensions, the maximum of independent eigenvalues of ) can be 2, so there cannot be
triaxial nematic liquid crystals.

Definition 2.3 (Constrained @-tensors). We introduce the following fiber bundles over M.
Let p € M. The unit vector bundle is denoted by

SM = {n eTM| |n| = 1} cTM
with the fiber
S,M := {n € TpM‘ ]n!g = 1} C T, M as before.
The constrained Q-tensor bundle is denoted by
QSM := {s (n@n— ;gjo ‘n € SM} C 9M
with the fiber

1
QﬁM:: {s (n@n——gjuﬂneSpM}CQpM. <
m

14



Connected to those definitions is the projection operator.

Definition 2.4 (Projection operator). The mapping from a direction to a constrained
Q-tensor is called the projection operator.

P: SM — O°M
P(n):=s (n ®Rn— Tlngju>
By abuse of notation, we also call P o - just P
P:TR(SM) — TR (Q°M)

(P(), =5 (n, @, — —gf ) (pe M)

Here, R and R’ are a regularity classes like C for continuous, C* for smooth, W %4 for
Sobolev or W22 for fractional Sobolev. |

We will see that in our cases the line field P(n) will be as regular as the unit vector
field n: R=R’.

Remark 2.5 (Line fields). We see that P(—n) = P(n) since (—n) ® (—n) = (=1)*n @ n.
As the introduction explains, the identification of two opposite unit vectors defines a line.
Therefore, we will call the constrained Q-tensor fields I'r(Q°M) line fields.

Definition 2.6 (Orientable line field). A line field Q € I'z(Q°M) is called orientable if
there exists n € I'p(SM) such that P(n) = @. In this case n is called an orientation
of Q. Here R is a regularity class as in Definition 2.4. <4

3 Sobolev spaces

In the introduction, we have discussed that the minimization problems are solved in
Sobolev spaces instead of spaces of continuous fields. This section presents how Sobolev
spaces of vector and line fields can be defined. The first Section 3.1 defines them and the
norms on the Sobolev spaces intrinsically. The other two subsections use an embedding
and a global frame to define the Sobolev spaces and show that these definitions are
equivalent to the intrinsic one. We use those non-intrinsic views on Sobolev spaces in the
proofs in Section 5.

3.1 Sobolev tensor fields

This section defines weakly differentiable tensor fields on manifolds intrinsically. It is
based on the definitions of Giineysu [Chapter I and III Giinl7] but specialises to our
cases of the covariant derivative V on TM, and T(2:0 M.

In the Euclidean case Sobolev spaces are defined such that all weak derivatives are in
L49. By summing up the Li-norms of all derivatives we get the norm on those Sobolev
spaces. It is possible to list ‘all weak derivatives’ by listing the partial derivatives in
the coordinate directions. In the manifold setting this norm would depend on the local
choice of coordinates to define the partial derivatives. Hence it would not be intrinsic.
Therefore we define Sobolev spaces with respect to a partial differential operator. In the
general case of [Giinl7| several operators of arbitrary order can be combined to define a

15



Sobolev space. Here we only need V. Note that V denotes different operators as seen in
Example 3.2, depending on the rank of the tensors it operates on.

Throughout this section E and F'are smooth metric vector bundles over the Riemannian
compact manifold M. In our cases of interest E will be TM or TZOT M and F = EQT™* M.

Definition 3.1 (First-order partial differential operator). An R-linear map
D: T () > T (F)

is called a first-order smooth partial differential operator if for any chart ((xq,...,z,,),U)
of M which admits frames (e;,....e, € T (E|), f1,--, ft € Toee(F],), there are
(necessarily uniquely determined) smooth functions

D*: U — R (matrices)

where o € {0,1,...,m}such that for all (o), ..., ) € C®(U,R*) we have

i G ayi 097
D|U(90< Je;) = (DO)ZSO( 'f;+ (D )] B f;inU.

We call the set of smooth first-order partial differential operators D(E, F). |

One well-known example of a partial differential operator is the exterior derivative, as
discussed in Example 1.5 of [Giinl7|. In this thesis we consider connections.

Ezample 3.2 (Connection). Consider a connection V with connection coefficients T'¥,
with respect to a local frame (%) with dual coframe (dz?). On a chart domain U C M

with coordinates z the definition of V then reads

E=TM,F =T"VTM,X €T o (TM) :

-0 S O0X7\ 0
VI Xi— =T, X'+ —— | =— ®dz*
|U ozt ( Rt 036’“) oxJ © dr
With the notation of Definition 3.1 this is
0 0 5
“= Pur Tie = g @ 477
D =1, (D) = 5945
For (2,0) tensors V reads in local coordinates
E=TCOTM,F=T®UVTM,Y€Tw(E) :
.0 0 , ) . 0
V| Vi @ _— = Tk Yyl 4 TL yhi @ @da™ .
v oxt © O ( it g dz™ ) Oxk © Ot ©dr
With the notation of Definition 3.1 this is
0 0 0 0 "
© = a1 © ai” Jeim = 5% © g1 © 4™
0\klm _ Tk sl 1 sk klm _ ksl
(D)5 =65+ 1507 (D)™ = 05,6765

To define weak derivatives analogously to the Euclidean case we need the definition of
the adjoint differential operator.
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Definition 3.3 (Formal adjoint). For any D € D(E, F), there exists a unique D* &
D(F, E) that satisfies

[ 06,0, = [ w.09),av

for all ¢ € I'ce (F') and ¢ € I' oo (E) with at least one of ¢ and ¢ compactly supported.
Here g denotes the metrics both on F and F. The operator D* is called the formal adjoint
of D with respect to the metric g. |

Giineysu [Proposition and definition 1.7 Giinl7] proves that this is well-defined and
gives a formula in coordinates.

Ezample 3.4 (Adjoint of the connection). To find the coefficients of V* on Vector fields
in local coordlnates we deduce it via integration by parts. For this let ¢ = wj 57 ® da?

and ¢ = ¢@-2 5.« Wwith at least one of ¢, ¢ with compact support within the chart domain.
Then

9 ) a¢b 9
[ wva,av, = [ (sgrew (e +55) e ) av,

g
b
= / gibngQp;( a?" T+ 0¢ )dV
M

4 ot
= / 9ipg YTl " — gibgfca Z bav, (Integration by parts)
M
- o
= / 9“0, — ngjca ¢ dV, (rename b 4 a)
M

o o .
= / (gibgﬂcwéfidgd’“gka Iead” 55 | 97 Vg (9940 = 05,0 k)
M

LOUPEN 9 9
— jc z b jc J a
g

k
A ; 0
Hence V*¢ = g (gibgd’“deuﬂ ide ) —

dxc | Oxk -
V* for tensor fields can be derived similarly.

We use the adjoint to define a weak derivative with respect to a partial differential
operator.

Definition 3.5 (Weak derivative). Let D € D(E, F) and f € I';x (E). We say that Df
exists weakly if there is some h € T’y (F) such that

/ (D*, f)g dv, = / (1, h)g dv, forall ¢ eTlqw(F).
M M
We write Df := h. <4

The weak derivative h is uniquely determined as shown in [Proposition and definition 1.7
Ginl7].
Now we can define Sobolev spaces of vector and tensor fields on manifolds.
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Definition 3.6 (Sobolev space of vector bundle sections). Let ¢ € [1,00] and let E and
F be smooth metric vector bundles. Let D € D(E, F'). Then, the Banach space

Tywoa(E):={f €Tl (E)|Df exists and Df € T';,(F)}

with the norm

1

Moo = (G, +1DA17,)" = (/lelj T DfljdVg)
is called the D-Sobolev space of L1-sections of E. p

The following results about basic properties of I'yyp..(E) are proven by Giineysu
[Theorem 1.19 and paragraph in front Ginl7|:

Theorem 3.7 (Separability and reflexivity). For any D € D(E, F), the spaces T'yyp.q(E)
are separable for all g € [1,00) and reflexive for all g € (1,00).

It is also possible to define Sobolev spaces as the completion of smooth functions with
respect to Sobolev norms. The Meyers—Serrin Theorem states that this is an equivalent
definition. Giineysu [Giinl7] also showed that this result also holds for vector bundle
sections on manifolds.

Theorem 3.8 (Meyers—Serrin theorem (Density of smooth sections)). In the situation of

Definition 3.6, let q € [1,00). Then, for any f € I'yyp.q(E), there exists a sequence (f,),,

in oo (B) N Tyyp.q(E) which can be chosen in T o (E) if supp f is compact, such that
|fu(@)] <, €1[0,00] for allz € M,n €N

an—f||WD’q—>0 as n — 0o .

We say that the smooth sections are dense in I'yyp 4 (E) and write

wh.a
Pew(B)NTywoa(E) =Tywoa(E) .

3.2 Sobolev spaces defined by embedding the base manifold

The definitions of Sobolev tensor fields and the norm in Section 3.1 have the advantage
of being intrinsic. On the other hand, they have the disadvantage that in every point the
tensor field, viewed as a function from the base manifold M, maps into a different space.
This means that we cannot use the theory of mappings between manifolds. In order
to use Theorem 5.1 about the approximation of mappings between manifolds we define
Sobolev tensor field spaces differently and show that both definitions are equivalent.

By the Nash Embedding Theorem [Nas56| we can embed the base manifold M iso-
metrically into R for some N € N. This embedding is called ¢ throughout this section.
Then ¢(M) is an embedded submanifold of R and thus, each T, »M (p € M) is embedded
into R via du.

As in [Example 4.8 Leel8, p. 92], we denote the Euclidean connection in RY by V.
That is for X € T'coe (T'M), a chart ¢: M DU — ¢(U) C R™ and an index i € {1,...,m}

o agi(d“’X)l
Vo (dtoeX)= :
Ap?
aii(d“’X)N
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In order to distinguish the scalar product in RY and the metric g we denote the standard
scalar product with a dot - such that g(v,w) = (v, w)g = du(v) - de(w) for all v,w € T, M

and p € M. In particular ’dnp‘[RN =1if |np‘g =1 (for any p € M, n, € 5,M). That
means that we can consider all unit vectors at different points p € M as elements of the
common space SV 1 = {v € [RN’ V] pn = 1} since du(S,M) C SN1.

We would like to have the same for lines. In Section 2.3 we introduced the constrained Q-
tensor bundle O°M. We saw that they model lines (Note 2.5). If we apply the embedding
to the constrained ()-tensors we see that they are of the form s(dL n,®du,n, — idegp ) €
T?°RYN with some n, € S,M at some point p € M. Therefore we Would hke to consider
all tangent line spaces as subsets of Q°RY like

du(Qo M) C QRN < {s (n@n— ;dLogtj> ’n € SN*I}

but this is an invalid definition because g depends on the point on M whereas Q°RY
should be a common line space for all points p € M. We solve this by removing the g*
in the definition of lines as presented in the following definition. This results in a very
similar model for lines.

Definition 3.9 (Sobolev spaces based on embedding the base manifold). The Sobolev
spaces based on embedding M into a Euclidean space are for ¢ € [1,00) defined as
Ly (TM) :={v e WH4(M,R") |v, € du(T,,M) for almost all p € M} (5)
Wha(M,SN7Y) = {n € WH(M,R") | |n|_, =1} (6)
Dypia(SM) := Wha (M, SN N Ty, (TM) (7)
Wl (M o) [RN) = Q e wha (M,T(Q’O)[RN) |Qp =n ®n for some
n € SN for almost every p € M}
Wha (M, TOM) = {Q € Whe (M, T*ORN) [Q,(1,-) = Q,(-,n) =0
for all n.L de(T,,M) for almost every p € M }
Dypia (9% M) := Wha(M, Q5 RN) N Dy (TR0 M) (10)

We identify tangent line fields defined intrinsically with tangent line fields defined with
the embedding ¢ via

lg: va,q(QSM> — le,q<QS/M>
1 11
Lo(Q) =1¢, (g + mQ“) . -

We also extend the definition of the projection operator P to unit vector fields that are
not necessarily tangent to M. Here we use as in Definition 2.4 the same notation Py for
two closely related maps. It will be clear from the context which one is used.

Py: SN — QRN
Py(n):=n®n
Pyt Wha (M, SN71) — Wha (M, 0¥'RY)
(Py(n))(p) :=n(p) ® n(p) (for all p e M)
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The definition of Py claims, that it maps into W14(M, Q5 RN). This will be justified
in Lemma 3.11 in basically the same way as in Lemma 1 of [BZ11].

In order to calculate with with classical derivatives we need the ACL characterisation.
ACL stands for ‘absolutely continuous on lines’.

Theorem 3.10 (Nikodym, ACL characterization). (from [Theorem 1.49 Kin21]) Assume
that u € Wlo’cq(Q), 1 <qg<ooandlet  €Q be compactly embedded in Q2. Then, there
exists u*: @ — [—00,00] such that u* = u almost everywhere in Q and u* is absolutely
continuous on (n — 1)-dimensional Lebesque measure almost every line segments in '
that are parallel to the coordinate azxes and the classical partial derivatives of u* coincide
with the weak partial derivatives of u almost everywhere in Q. Conversely, if u € Lloc<Q>

and there exists u* as above such that Du* € L] (), i =1,...,dimQ, then u € W, LaQ).

loc

Lemma 3.11 (Image of embedding based projection). Let g € [1,00). For a Sobolev
unit vector field n € Wh4(M,SN=1), the corresponding line field Q = Py(n) is in
Wha(M, Q5 'RN). Conversely, if Py(n) = Q € Wh4(M, Q5 'RN) and n is continuous,
then n € Wha(M,SN-1).

Proof. For the first part let n € W4(M,S"V~1). The component functions of Q = P(n)

are products of components of n and thus weakly differentiable. Furthermore in a chart
domain U C M with orthonormal frame (E;), and coframe (¢?); we have

VQ=Vyn®n®c +n®@Vpn®ec .

Since |n|g is bounded, VQ € LY(M,T?9RN ® T*M) and Q is bounded. Therefore,

Q € Wha(M, Q5 RN).
For the second part assume Py(7) = Q ewh q(M OYRN) and 7 € C(M,SN~1). Take
a chart ¢: M D U — R™ and consider Q and n in those coordinates: @ := Q| o1

and n = [ o ¢~ 1. For Q we use the ACL characterization Theorem 3.10 and write Q)
for Q* without 1oss of generality. For almost any point p € ¢(U) and a direction e, we
consider the difference (¢ € R sufficiently small)

QU(p + te,) — QU(p) = n'(p + tey)nd (p + tey,) — ' (p)n? (p)
=n'(p +tey) (0! (p +tey) —n?(p)) + (n'(p + tey,) —n'(p)) n’ (p)
When multiplying with 3 (n(p + te;,) + n/(p)) and summing over j we use that the first

term vanishes because of
N

> (W(p -+ te) — i (p) (w9 (p + teg) + 1)) = D mip 1) —w(p)2 =11 =0

and get after dividing by ¢

~+ | =

Il
—_

((Q”(p +teg) — QY(p)) - % (n?(p + tey,) + nj(p)))

J

| =

Il
—

(n'(p + tey) — () W (p) - 5 (W (p+ te) + 1(p))

When we let ¢ — 0 and use that @ is differentiable and n is continuous, we get

lim = (p+t€k —n'( Za Qii(p

t—0
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This shows that the partial classical derivatives of n exist a.e. in ¢(U) and satisfy
8knz == Z akQZ]n], (13)
j=1

and since VQ € L7 it follows from the ACL characterization that n € Wh4(p(U), SN 1)
and hence since U was arbitrary, n € Wh4(M,SN-1). O

In order to relate differentiability in R with intrinsic covariant differentiability on M,
we need to know how the Levi-Civita connection looks on the embedded manifold.

Proposition 3.12 (Levi-Civita connection of embedding). The Levi-Civita connection
on M is given by V = *V7T with VT being the tangential connection as defined in Lee

[(4-4) Leel8, p. 87]: 3
VIY =77 (V,Y)

where w1 is the projection onto the tangent space, V is the Euclidean connection in the
surrounding space and Y is an extension of the vector field Y to the surrounding space.

Proof. Lee [Example 4.9 Leel8, p. 93] shows that the tangential connection is well-defined.
By Lee [Propositon 5.12 (b) Leel8, p. 124] the tangential connection is the unique Levi-
Civita connection of the embedded manifold ¢(M). Also by Lee [Proposition 5.13 Leel8,
p. 125] and since t: M — (M) is an isometry, t*V = V. O

Since V = *V7, the intrinsic norm can be calculated in the embedding as

leeXl o0 = \// |t Xlgn + V(. X) g AV (X € yywa (TM)) .
M

On the other hand the norm on I'yy1 (T M) is

1 X110 = (// |X|;N + WX];N dv, (X € WH(TM)) .
M

In order to show equality of the definitions we need to show that those norms are
equivalent.

Lemma 3.13 (Standard and tangential norm). Lett: M < RY be an isometric embedding
of a compact Riemannian manifold M. Then, there exists a constant C' depending on M,
N and v such that for all X € T qoee (TM)

[ XTpo o < 16Xl < CIX] (14)

WV.a Wta WV.a

It follows that

Ly Tyyoa(TM) — Ty (TM)
Lo Twwa(Q5M) = Ty o (Q5' M)
are continuous and bijective with continuous inverse. In the case of the linear operator ¢,

this means that the norms are comparable and the spaces T'yyv.q(TM) and T y.q (T M)
are isomorphic.
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Proof. Let p € U C M be a chart domain with chart 6 so that the coordinates on M
are called #',...,0™ and the coordinates on R" are called z!,...,z"V. Denote the ith
component of the embedding by ¢*: R™ D §(U) — R defined by 2° o1 = 1 0 0. Let
v =12 507 be a local tangent vector field around p and w a direction, i.e. tangent vector,
at p. Then

9 ) ol
067) ~ 963 o
o\ _ o D

J —
@ (” aw) 003 o

Vi) = ()

B BL 0
= w56 ) oui

- (w( )ge (g:)i))aii

scalar mult. twice diff.

[,U_d[,<

The tangential connection V2 is the orthogonal projection of the standard connection
V,, onto the tangent space. Call the orthogonal complement Vi, such that

Vota]y = |VEeof + [Vheol, - (15)

Note that this is an abuse of notation because V+ is not a connection.

Therefore, in order to compare the two norms we need to look at Viv. To calculate
Vi, take a local orthonormal frame of the normal bundle around ¢(p) and call it (n;);.
Call the corresponding set of covectors ' such that

n'(de(v)) = 0 for all v € T, M, that is v( (16)

())

:<w< ) M ' (aw)) (17)

16
(:>O

= vinl w (8#") n
i\ i) "
N ——eee

indep. of v

Then V5(0) = 1/ (T o =, (10009 35 +

When we plug in an orthonormal basis (w,); for w at each point, we can bound the term
in the last line that is independent of v globally by some constant C > 1 since M is
compact and 7; and ¢ are smooth. Hence for v € ' oo (T'M)

ol = [ 1lf + VoIt av,
M
= [ it D[R ol 4,

(15)

§/|Lv| +Z|V Lv‘;NdVg
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= [ b+ 2 (9500, + (95 0], ) 0,
< [ ol + 3o (VR + € hol?)
s ,

q - q
< | fevlly +22 (Z ‘Vgi(L*v)LRN + [e,v|? Cq> dv,

c=1 o, .
< 2207l

So the norms are equivalent. The topology of M is the subspace topology as a submanifold
of RY. Therefore, the definition of ‘measurable function’ is the same. Since smooth
functions are dense in I'yv.q(TM) by Theorem 3.8 and W14(M,RY) is complete and
W14(T M) is a closed subspace of W14(M,RY), 1, is a linear continuous map. It remains
to show that ¢, (Tyyve(TM)) = WH4(T M) and not a smaller subspace.

Lemma 3.14 (Density of smooth sections in embedding). The smooth sections I qoo (T M)
are dense in 'y q(TM).

Proof. The smooth functions C*°(M,RY) are dense in W4(M,RY). Therefore, we
can find for any X € T'y1..(TM) a sequence of smooth functions X* € C>°(M,RYN)
converging to X in the W9 norm. We want to show that by projecting the X*) onto
TM we get an approximating sequence of tangent vector fields. The projection 77
mentioned in Proposition 3.12 can locally be written as 77(v) = v — n'(v)n, with the
local orthonormal frame of the normal bundle introduced above before (16). This shows
that |7TT<’U)|[R ~ < [vlgy. Furthermore 7T is the identity on values of X and linear and
therefore,

V(rToX® — X) =V(xTo (X® — X)) = Dr(V(XH® — X)

and since M and ¢ are smooth and M is compact, ‘DT['T’[R + can be bound by some global

constant C. Hence ||7rToX(k) — X||W1,q < C||X(k) — X||W1,q —~0ask — oo. 710 X*) is

smooth since 77 is smooth. Therefore, X can be approximated by smooth tangent vector

fields. O

Lemma 3.14 shows that, indeed, ¢, maps bijectively the completion I'yyvq(T'M) of
I'coe (T'M) onto the completion I'yy1,q(TM) of I'pee (T'M).

The proof for T29) tensors is essentially the same, just with more indices. The local
orthonormal frame of the normal bundle is of the form

(nl ® ErsEp ® M ® nl’)l,l’:l,..wam;r:l ..... m

with (77;); being the orthonormal frame of the normal bundle as before and (¢,.), a local
orthonormal frame of the tangent bundle.

The identifications ¢, and ¢, are continuous with continuous inverse since ) — %4— % gt
is an affine transformation. O
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3.3 Sobolev field spaces on parallelizable manifolds

We need connections to define differentiation of tensor fields on manifolds because the
tangent spaces at different points cannot otherwise be identified in a natural manner.
If the tangent bundle is trivial though, we have another way of identifying the tangent
spaces. Manifolds with trivial tangent bundle are called parallelizable. In this case we
can define Sobolev spaces based on this trivialization and will need this definition for
the proof of Theorem 5.12. In this section we will show that the Sobolev space based on
the trivialization is isomorphic to the intrinsic definition based on the connection from
Section 3.1.

Within this section assume that the manifold M is parallelizable and choose a global
orthonormal smooth frame (By, ..., B,,).

Definition 3.15 (Sobolev field spaces on parallelizable manifold). Define for ¢ € [1, 00)

Wh(TM) = {X €T (TM) ‘ (B, X) € WH(M,R) (i =1, m)}

Wy = {30

Whi(eM) = {Q e T (0M) ’ (B;® Bj,Q>g e WHI(M,R) (i,j =1,...,m)}

ly o= 1 3

1,5=1

(B; ®B],Q>

Illyyi.q

Lemma 3.16 (Equivalence of standard and trivialization norm). The norms ||,
and |-|;;1.q are equivalent on T'ca (TM). That means that there exists C > 1 such that
forall X e T'ca (TM),

1
o Xl o, < Xl < CIXL (18)
This implies that
WhUTM) and Tyyv, (TM) are isomorphic (19)
and WH(QM) and Tyyv.q(QM) are isomorphic. (20)

Proof. We estimate the W Y_norm against the intrinsic norm. This is possible since the
frame is smooth on a compact domain and therefore, ]Bi\g =1and [VB;|, is bounded
q

for every i =1, ....m.
00 = B0, [, + 2w B0, [

3 ((v i,X>g + <Bj,ijX>g> B

q

m
= X7, +

La

24



q

2 (‘ijBi

(SIS

M 1D

IN

[
;

<2

2 2 2 2
g |X|9 * ’Bj’g ' ‘VBJ'X‘g))

Il
—

(SIS

(VB2 X +1-[vx?)”
g g g

(VS

2

28 (JVB,[*-X|7 + |VX]7)

= X[}, < 1X]5, +27 (Z HVBZ-\‘;) X107, +29m | VX]T],
! i=1

q
< ClIXI5y v
To get the estimate in the other direction we write VX in the coordinates By, ..., B,,, with
Christoffel symbols. The coordinates are called X* := (B;, X)g. The Christoffel symbols
can be calculated from the B;’s and are therefore bounded on the compact domain M by
some constant C.

X0, = IX12, + ]| (B;(X) +T3x*) B, @ B

2|2
(00 + ) 5, 5 <[ 3" (000 + €3

ij=1

< (m+1)% (i (|Bj(Xi)|2 +C2 i(xkﬁ))

i,j=1 k=1
= (m+1)3 (m202 X[+ ]V(Xi)i\2>§
g

= (m+ 1)%2% (quq |X|g + |V(Xi)i|q>
g

= X[, < (2m+ 2) (0907 + 1) XIS

We know that the smooth sections are dense in T'yyv,(TM) and W4(TM) by The-

orem 3.8 and Theorem 1.19 of [Gtunl7] applied on R™ as the vector bundle. Therefore,

the norm estimates carry over to the Sobolev spaces, proving the result for vector fields.

For (2,0)-tensors the same argument holds, just the calculations are longer and imply
different constants. O

3.3.1 Fractional Sobolev space and trace

The goal of Section 5.2 is to reduce the question of orientability on a surface to the
orientability on loops. For continuous functions restricting to a lower-dimensional manifold
is trivial. In the case of Sobolev functions the restriction is not immediately well-defined
since a lower-dimensional manifold is a Lebesgue null set. So any Sobolev function can be
redefined on the submanifold without changing the function. This problem is solved by
traces which give a meaning to the restriction of a Sobolev function to a submanifold. The
idea is to define the trace for smooth functions by restriction and show that this defines
a continuous operator and can thus be continuously extended to all Sobolev functions.

25



The more simple form shows that the trace of a W function on a submanifold with
one dimension less is an LY function. Unfortunately this is not sufficient as we will see
in Section 5.2. Indeed, the functions that are traces are more regular than L7 but less
regular than W4, These function spaces are called fractional Sobolev spaces. There are
four ways to define them which are all equivalent in the Hilbert space case g = 2.

e The Fourier transform turns differentiation into multiplication operators. Multi-
plication operators multiply the value of a function by a power of the argument.
This can also be defined for fractional exponents.

e The image of the trace operator.

e All L?-functions that have a finite Gagliardo—Slobodeckij norm:

B 2
]|th’2 :—/Q/Qdedy<oo.

Here 0 <t < 1 is the differentiation degree and {2 is the domain.

o Interpolation spaces between Sobolev spaces as in [7.57 AF03].

Since we use the same ideas as Ball and Zarnescu [BZ11] we will use their definition
which they take from [BN95|.

Definition 3.17 (Fractional Sobolev space). (From [Example 2 BN95|) Let N be a
Riemannian manifold of dimension n, 0 < ¢t < 1 the differentiation degree and ¢ € [1, c0).
Then the intrinsic definition of the fractional Sobolev space W"4(N,R) is

Ju(z) —u(y)|*

WHI(N,R) := {u € LY(N,R) ‘ / dlSt @) tq+n < 00 (21)

with the norm )

u(z) —u)|")
iy, = (lul, + [ [ =) (22)

Wwta La v In dist(z, y)tatn

Here dist(x,y) is the distance on N that is given by the infimum of lengths of paths from
z to y. <4

Other papers like [BW93] first define W*%(R™,R) and then use charts and a partition
of unity to reduce the manifold case to the flat one. Call this fractional Sobolev space
Wt’qN R when it is based on a partition of unity n subordinate to an atlas . This
space has a different Gagliardo—Slobodeckij norm but it stays comparable:

Lemma 3.18 (Equivalence of Gagliardo—Slobodeckij norms). The compact manifold
N of dimension n is equipped with a finite smooth partition (n;,);<<r subordinate to a
finite atlas ((Uy, ¢r))1<p<x- Let the exponent be g € [1,00) and the differentiation degree
be 0 <t <1 such that q(1 —t) —n > 0. Then the norm on C*°(N,R) induced by the
partition of unity and the atlas

K
“u“n,cp,Wt*q = (; ||<77k:u) ° SOEIH;/L(;)

(@) —wy)\T
wherel|lwl . , == (Hw\ / g on C(R™,R)
[Rn IR’IL -

1
q
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is equivalent to the intrinsic norm |||, , defined in (22). Note that supp(n,u) C U, and

therefore (n,u) o ¢! can trivially be extended from ¢, (U) C R™ to the entire space R™
by zero.

Remark 3.19 (Exponent condition). The condition ¢(1 —¢) —n > 0 is fulfilled in our
case of 1-dimensional submanifolds of surfaces because 2(1 — ) —1 = 0.

Proof. First we see that the L?-norm parts are comparable.

K

ful, 0= Z/ ety =3 [ maray,
= k
K K
= Z/nzuq dv, (Z nz) uldv, .
=1YN

x

1
——

k=1

For the summands we know nZ < since ¢ > 1 and 7, < 1. On the other hand, for the
sum we have the mean inequality that states

K K
Zk:l "7]3: > Zkil Mk _ l
K - K K

K
and hence, Z >K"1>0.
k=1
Consequently, — K!'74 Hu||Lq < |

Q=

., L1 = HUHL‘I '

As the next step, we compare | (z) — ¢, (y)| with dist(z,y) for any x,y € U, for some
k€ {1,..., K}. Both values are the infimum of path lengths from one point to the other
but with different way of calculating the path length. Since the number of maps K is
finite and all maps are smooth, the differentials Dy, and Dy, ! are uniformly bounded
by some C' > 0, independent of k. That implies that the length of paths v in U, are
comparable to the length of the paths ¢ oy in ¢, (U,) C R™. Without loss of generality,
we assume that all geodesics between points of one chart domain lie within this chart
domain, for example by shrinking the chart domains to geodesic balls. We write v : z «w» y
for paths from z to y and estimate

dist(x,y) = inf len(y) < inf Clen(py, ©7)

VXY YTy

=C inf  len(y) = Clpi(x) — i (y)]

VP (T) e (y)

lon(@) —@p(y)|=  inf  len(y) <  inf  Clen(gy' o)
Y (@) ey (y) Ypp (@) ey ()
= C inf len(y) = Cdist(z,y) .
yizy

This shows that we can switch between |¢, () — ¢, (y)| and dist(z,y) as long as x and y
are in the same chart domain.

Now we can compare the double integral terms for some k € {1, ..., K}. To estimate the
term 1, (x)—mn; (y), use that the derivatives of the 7, are bounded and therefore there exists
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a Lipschitz constant L such that for all k € {1,..., K}, |n,(z) — n,(y)| < Ldist(z,y).
/ |(m) o 0 () — (mgw) © 03 ()
Rn JRr

’ZL’ y|tq+n

q
< Ctatn |(mu)(x) — (nu)(y)| v 4
/U dlst (x,y)tatn g(x) g(y>

’q
dz dy

gcthrn/ |77k( )(u (fv)—U(y)H(nk(:v)—m(y))U(y)lqug@) av, (y)
U

o, dist(zx, y)tatn

th+n2q 1/ / ‘nk > ( ))|q
dlst (z,y)tatn

| (s (= )—77 (y )) ()
+ kdist(x,ky eV, (z)dV,(y)

< Ctatnoa-1 ( /N /N |<$(Sf2x_;;gji|qdvg(x)dvg(y)
+ [ o [ dfsf}jf(;ﬂl av, @) dvg<y>> (e < 1)
— Ctarnga ( / / o dlst — tﬁl’qug(m) av, (y)
/ lu(y) / dist(x, y)9 1—t>—”dvg(x)dvg(y)>

q
tg+nog—1 | ’
< Ctarng ( / / dlsta: ytw av, () v, (y)

+L ul, /(diam N)ad=t)—n dVg(a:)> (g(1—t)—n=>0)
N

This shows that Hu“ o Wha =

Now we need an estunate for the opposite direction: estimate |u

< " |ullyy,, for some C” that does not depend on u.

R L
Observe that for every x € N there exist a function 7, in the partition of unity that is

greater or equal to 71( at x. Therefore we can partition N in the following way:

Then V,, is measurable, we have K|, >1forall k € {1,..., K} and kKﬂ V., = N. We
A -
estimate

/ @) Z e 4y, (1) v, (@)
NYN

dist(z, y)tatm

u(z) — u(y)|* N
k_l/ /Knk dlst(x y)tatn dVg(y) dvg( )

k

_ |7, — () uy) + m(y)uly) — mp(@)u(y)|* .

Sy [ [ I, W) 0
o ([ @) — ) )

< K2 (kzl dist(z, y)tatn dV,(y) dV,(z)
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(n (&)u()l’ o
+ / /N dlst (z y ytatn dVy(y) dVg($)> (mean inequality)

k

< Koot (i (010@) = W gir ) a1 1

¢
k:l dist(zx, y)tatn

(L dist(x,y))?
+ /N u(y)? /V deg(x)dvg(y)>

/ [m)(@) = ()W 11y (2
U

dist(zx, y)tatn

k
K
<xz (3
k U

1
+ L1 “u”qu /(diam N)a(—t)—n dV,(z) dVg(y)> (V,, CN)
N

k k

In the last two steps we used the same estimate as in the previous calculation based on
the assumption ¢(1 —¢) —n > 0.

Together with the estimate for |uf,,, we have shown that |ul < C" |ul for

Wt.a n,p, Wt
some C” that does not depend on u. This concludes the proof. O

Since smooth functions are dense in the fractional Sobolev spaces with any of the men-
tioned definitions, equivalent norms imply that the corresponding spaces are isomorphic.
Additionally to Lemma 3.18, [BW93] shows that the space W4 (N, R) does not depend
on the choice of the atlas and the partition of unity. So we know

WHI(N,R) = WhL(N,R) = W, (N,R)

for any two finite atlases ¢, ¢’ on N with subordinate finite partitions of unity 7,7’

The definition of W4 in [BW93] also differs from Definition 3.17 by using the Fourier
transform to define fractional Sobolev spaces on R" instead of the Gagliardo—Slobodeckij
norm. Therefore, we need to take [NPV12| into account that shows that the definition
with the Fourier transform is equivalent to the one with the Gagliardo—Slobodeckij norm.
Note that the Fourier transform based definition is valid for any ¢t > 0 whereas in the
definition via the norm as above 0 < t < 1. For t € Z we use the usual Sobolev space
definition instead of Definition 3.17.

We conclude that we can apply the Trace Theorem 11.4 from [BW93]:

Theorem 3.20 (Trace theorem). Let M be a compact Riemannian manifold as usual
and N a (m — 1)-dimensional submanifold. Let t > % Then the mapping u u|N from
C*(M,R) to C*°(N,R) can be extended to the whole space WH2(M,R) by continuity. It
provides a linear map Try: WH2(M,R) — W 2:2(N,R).

We use this theorem with ¢ = 1 and Try: WE2(M,R) — Wz2(N,R).

For R™-valued functions we consider every component separately. Hence, for an
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(m — 1)-dimensional submanifold N of M, there exist continuous linear operators

Try: WH(TM) - W2(TM] ) (23)
with W2 (TM] ) = [Xer rmy)| (B, X) e WEANR) (i=1,..m)}  (24)
Try: W2(QM) — W22 (QM] ) (25)

)

with W2 *(oM],) = {Q e FA(QM]N)‘ (B,®B,,Q) € WH(N,R)(i,j=1,.,m) }
(26)

agreeing with the usual restriction on continuous tensor fields.

4 Orientability of continuous line fields

The projection operator P maps two opposite points on the sphere onto the corresponding
line. Compare this with the construction of the real projective space RP? (d € N): We
start with the sphere S and identify opposite points. This construction also shows that
the sphere is a two-sheet covering space of RP?. Similarly, Q°M is a fiber bundle with
fiber RP™~! and the projection P: SM — Q%M is a covering map.

Definition 4.1 (Covering map). (from Hatcher [1.3 Covering Spaces Hat01, p. 56])
A covering space of a topological space X is a topological space X together with a
map p: X o5 X satisfying the following condition: Each point x € X has an open
neighborhood U in X such that p~!(U) is a union of disjoint open sets in )2, each of
which is mapped homeomorphically onto U by p. The disjoint open sets in X that project
homeomorphically to U by p are called sheets of X over U. <4

Algebraic geometry can characterise orientable continuous line fields. In the language
of algebraic topology an orientation of a line field is a lift from a map into Q°M to a map
into the covering space SM. In this chapter we specialise the theory of lifts to our case
of line fields. This generalises a result by Ball and Zarnescu [BZ11, Theorem 1].

Since we want to lift from O°M to SM, we need to check if P: SM — Q°M is a
covering map.

Lemma 4.2 (Projection as a covering map). The projection operators P: SM — Q5 M
and Py: SN0 — OS'RN (N € N) are covering maps with two sheets.

Proof. Pis continuous since n - s (n®n — % gﬁj) (m = dim M) is continuous as a map
from TM to T?YTM. Py is continuous since n - n ® n is continuous as a map from
SN=1 to TZORN, For n € SM or SV~ choose a neighborhood U that has a diameter of
less than 2 (measured in TM or RY respectively). Then, P~!(P(U)) = U U —U (same
for Py) and U and —U are disjoint because the distance between opposite points is 2.
Since P and Py are quadratic, they have continuous inverses if they are bijective. Hence
they map U and —U homeomorphically onto P(U). O

We want to use Proposition 1.33 from [Hat01] from algebraic topology. This is also
called the ‘Lifting Lemma’.
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Theorem 4.3 (Lifting of continuous maps). Suppose given a connected covering space
p: ()N(, Zy) = (X, zo) and a map f: (Y,yy) — (X, xy) with Y path-connected and locally
path-connected. Then a lift f: (Y,yo) — (X, Z,) of f exists if and only if f, (7,(Y,y,)) C
yom (Wl(X,fo))

The spaces in this theorem are pointed spaces. They are equipped with one distinguished
point which is used to define the fundamental group m,. 7 is the group of equivalence
classes of loops through this point. Loops are equivalent if and only if they are homotopic.
The notation f, denotes the induced homomorphism defined by f,([a]) = [f o ] where «
is a loop in the domain of f and [a] is the homotopy equivalence class of a.

We use Theorem 4.3 to formulate a condition for the orientability of a continuous line
field: we can check orientability on a selected number of loops. To define the spaces of
line and unit vector fields we need a notation for restrictions of fields to submanifolds.
Denote the space of sections of regularity R of the fiber bundle F on the submanifold
N C Mas I'r(E[,).

Theorem 4.4 (Orientability of continuous line fields). Consider a continuous line
field Q € T o(Q°M). Let G be a set of loops at a common point p, that generate the
fundamental group 7 (M,p,). Q is orientable, i. e. there exists n € I' o(SM) such that
P(n) = Q, if and only if Q is orientable along every path v € G.

We formulate the same in the language of Section 3.2 and allow fields that are not
tangent to M.

Lemma 4.5 (Orientability of continuous line fields via embedding of M). Let v be an
isometric embedding of M into RN as in Section 3.2 and let Q € C(M, Q%5 RN) be a line
field on but not necessarily tangent to M. Let G be a set of loops on M at a common
point py that generate the fundamental group m (M ,p,). Then, Q is orientable, i. e. there
exists n € C(SNV71) such that Py(n) = Q, if and only if Q is orientable along every path
v eG.

Theorem 4.4 and Lemma 4.5 are very similar. Therefore the proofs are combined.
Parts in pink are for Theorem 4.4and parts in yellow are for Lemma 4.5. Additionally
exchange SM with SV~! and P with Py for the proof of Lemma 4.5.

Proof. As Lemma 4.2 shows, P: SM — QSMP,,: SV — Q% RN is a covering map. Use
Q,, and an ny € SM with P(ny) = Q,, as the distinguished points.

Connected manifolds are path-connected and locally path-connected.

For the ‘if’ part let v € G, i.e. y: [0,1] — M continuous with v(0) = (1) = p,. @
is orientable along . That means that there exists n EFC(SM|7([0’1D)C'(7([O, 1]),8N-1)
with P(n) = Q. If the orientation of ) along this path has n(y(0)) = —n,, use —n instead.
Then, n oy is a continuous loop at ny in SM with P,[novy] = [Penoy] = [Qov] = Q,[7]-
Since +y is an arbitrary generator of m, (M, p,) and @, and P, are group homomorphisms,
we get that Q,(m(M,py)) C P,(m(SM,ny)). Hence there exists n € C(M,SM) with
P(n) = Q by Theorem 4.3, i.e. @ is orientable and n € T'o(SM).

For the ‘and only if’ part restrict an orientation for ) on the paths in G. O

Corollary 4.6 (Orientability on simply connected manifolds). If M is simply connected
every continuous line field Q € To(Q°M) or Q € C(M, Q% RN) is orientable.
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Proof. M being simply connected means that m, (M, p,) is the trivial group for any point
po € M. Hence it has no generators. Therefore the assumption in Theorem 4.4 or
Lemma 4.5 is trivially fulfilled. O

Remark 4.7 (Topological restriction on the manifold). Hopf [Hop27] showed that the
existence of unit vector fields is a topological property of the manifold. There exists
a unit vector fields on a smooth, compact manifold without boundary if and only if
the Euler characteristic is zero. This result is called the Poincaré-Hopf Theorem. For
surfaces—two-dimensional manifolds—without boundary this implies that the only one
with unit vector fields is the torus. For all other compact boundaryless surfaces the
question of orientability of continuous line fields is uninteresting.

Ezample 4.8 (Sphere). The sphere 5 is simply connected but has Euler characteristic 2.
Therefore every continuous line field is orientable but there exist no continuous unit
vector fields and hence no continuous line fields.

On the 2-sphere the Poincaré-Hopf Theorem is called Hairy Ball Theorem [EGTY).

Since the sphere and distorted spheres are a very common object of study and real-life
application many applications circumvent this problem in some way. Usually the fields
have point defects which are points on the sphere where the line or unit vector field is not
well-defined or zero. For example Napoli and Vergori [NV12] study tiny droplets with
liquid crystals on the surface. Since the liquid crystal layer is so thin in comparison to the
size of the droplet it can be modeled as two-dimensional. Then, the liquid crystal must
have defects that influence the properties of the entire droplet like bonds to neighboring
particles.

Ezample 4.9 (Circle). The natural question that arises from Theorem 4.4 is if the
converse is also true, i.e. if we can find a non-orientable line field on every manifold that
is not simply connected.

In this simple form the converse is not true. To see this, consider the circle S'. 7] p81
is one-dimensional at every p € S!. Therefore SS! consists of only two vectors at every
base point and 9°S! even only of one element. Therefore there is only exactly one line
field on the sphere and it is orientable.

We will also look at the one example of a boundaryless two-dimensional compact
manifold with unit vector fields and construct a non-orientable line field: a torus. In
order to show that a line field is indeed non-orientable we have to understand ‘how it
can fail’ Indeed, if we look at paths that are not loops but injective, every line field can
be oriented. In the flat case this was done in Lemma 3 of [BZ11] and we will reduce the
manifold case to this.

Proposition 4.10 (Orientability on a path). Let : [0,1] — M be a continuous injective
path on M and Q € T' <Q5M| © 1])> be a continuous line field along the path . Then,
’Y b

there exist exactly two orientations n™ and n~ € FC(SML/([O 1])) such that

Q) = P(n,f(t)) for allt € [0,1]

and n~ = —n". Equivalently, given either of the two possible initial orientations at v(0),
there exists a unique continuous orientation with this initial orientation.

Proof. We use the parallel transport of v to transform @ to a line field that maps from
[0,1] to ©F ;) M:

Q(t) = PaI'ZO Q'y(t) .
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For a definition of the parallel transport along v from ~(7) to v(¢) see Theorem 4.32 in

[Leel8|. Since P, is a linear isometry, it maps Qg“)M to Q% M. Hence (Q maps from

~7(0)
[0,1] to QE(O)M. By choosing an orthonormal basis for ng)M we can identify it with the
space Q as it is used by Ball and Zarnescu [BZ11]. Note that g written in an orthonormal
basis is the identity matrix used in the definition of P used in [BZ11]. Furthermore the
parallel transport Pargt0 commutes with the projection P which is clear when writing n

and P(n) in coordinates with respect to an orthonormal frame transported by Pary,.

With this construction the statement follows directly from Lemma 3 in [BZ11]. Note
that [BZ11] formally only considers the case m = 3 but the proof generalises trivially to
any dimension. ]

Yy
J//f \'\\L

t
-/ TN N S~
-/ TN N S~
t

T//f '\’\"\T—,
9

Figure 6: The (uncontinuous) unit vector field n(z,y) = cos (5x) 5~ +sin (5z) a% on the
flat torus T2. The colored edges of the square indicate which sides are identified

to turn [0,1]? into T2.

Ezample 4.11 (Torus). There exist line and unit vector fields on the torus and it is not
simply connected. Therefore it is a candidate surface to exhibit non-orientable line fields.
In order to construct a non-orientable line field we take a loop that is not contractable,
for example a circle around the hole. Call it v: [0,1] — M. We know by Proposition 4.10
that any line field can be oriented along a path. Hence on «([0,1)) we can find an
orientation and thus the problem must occur at v(0) = (1) and  must somehow force
the oriented version n to ‘turn around’ along the curve. After defining () suitably on this
loop we also have to check if we can extend it to all of M.

For simple computation use the square [—1,1]* with opposite sides identified as a
model for the torus. Define the discontinuous unit vector field n(z,y) := cos (5x) % +
sin (§x) 8%. It is continuous on (—1,1)% and n(0,y) = —n(1,y) and n(z,0) = n(z,1)
for all =,y € [0,1]. Hence @ := P(n) is continuous on the entire torus but on the path
v: [0,1] — M with v(t) = (¢,0) an orientation of @ it must be equal to n (or —n) on
(0,1) but then is discontinuous at v(0) = y(1). In Figure 6 v can be any path parallel to
the z-axis.
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5 Orientability of Sobolev line fields

Since algebraic topology is only concerned with continuous maps, it has no tools to
directly study Sobolev line fields. Instead we use approximation results that help to reduce
the orientability question to continuous fields. Smooth functions between manifolds are
in general not dense in the Sobolev function space, though. Therefore we will use two
specialised density results for the simply-connected case (Theorem 5.1 in Section 5.1)
and for surfaces (Theorem 5.11 in Section 5.2).

5.1 Orientability on simply-connected manifolds

If M is simply-connected, smooth fields are in general not dense in the norm sense but in
a weak sense as Pakzad and Riviere [PR03]| showed.

Theorem 5.1 (Sequentially weak density of smooth maps between manifolds). (/Theorem
I PRO3, p. 225]) Let M, N be compact smooth manifolds with M simply connected. The
Sobolev space WH2(M,N) is defined as {f € WH2(M,R%) | f € N a.e.} where N is
embedded isometrically into RY. The norm is inherited from W%2(M,R%). Then for
u € WH2(M, N), there exists a sequence (u'®)), with u® € C®(M,N) for all k € N,
such that u'®) converges weakly to w.

To use Theorem 5.1 we need to show that the weak limit of orientable continuous
approximations is also orientable.

Proposition 5.2 (Orientability preserved by weak convergence). Let g € [1,00) and

Quy € WH(M, 0%RN) for k€N,
Quy = Q € Wh(M, 0¥'RN) as k — oo,
and Q(k;) - PN(n<k)) with n(k) S Wl’q(M, SN_I) fo’r’ ke N.

Then there exists n € Wl’q(M, SN’I) with Py(n) = Q(n).

If additionally v: M < RN is an isometric embedding of M as in Section 3.2, and
Q € Tyy1.a(Q5 M) is tangent to M, then n € Ty (SM) is also tangent to M.

Proof. In order to get a weak limit of the n,’s we need to show that the sequence is
bounded. For this, calculate the Euclidean derivative V7 for n weakly differentiable, a
direction v € TM in terms of Q = Py(n). Note that in RY the musical operators # and
b are given by transposition -I. The vector n and the contravariant tensor @ are here
interpreted as (bi)linear maps on one and two covectors, respectively.

As a preparation, note that n-n = |?L]2 =1 and therefore,

1 1 — 1. _ -
0=V, (- 7) = 5(Vyit) 7o+ 5 (V,7) = Vi i = V(i) (27)
Then,
V,Q@T, ) =V, (A®n) (A7)
= (V,n) (D) @n+nn!) @V, n (28)
=V, n ((27) and 2(AT) =n-n=1) .
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Hence, V7 is in L. Since also |n| = 1 and M is compact, n € W4(M,SN"1) and the
norm of n is bounded by the norm of Q.

Since (Q(x)), converges weakly, it is a bounded sequence by the Uniform Boundedness
Principle. Therefore, the previous calculation (28) shows that (n,), is bounded as well.
The Banach-Alaoglu Theorem further gives a subsequence (n); of (n(;)); that weakly
converges to some n € WH4(M,RY). By the Kondrakov Theorem [§11 2.34 Theorem
Aub82] Wh4(M,RY) is compactly embedded in LI(M,RY). Therefore, we can find a
further subsequence (n ), of (ny,)), that converges in L7%norm and therefore pointwise
a.e.. The same reason shows that (Q ), has a subsequence that converges pointwise
a.e. and hence Py(n) = @, i.e. @Q is orientable.

It remains to be shown that n is tangent to M if Q is tangent to M. For the sake of
contradiction, assume n, - = n,(n") # 0 for some p € M and nLT,M. Then

Py(n)(n",n") = Q(n",n") = (n@n)(n",n") = (n(n")* £ 0.

If Q is tangent to M, i.e. Q € Dy, (Q% M), this is false a.e.. Hence n € Ty o (SM) is
a.e. tangent to M. ]

Remark 5.3 (Choice of codomain). If we only used the intrinsic definition of the tensor
fields it would be unclear how to use Theorem 5.1. If we used it with N = Q°M, we
could not guarantee that it holds for the approximations that (Q ), € T,M. If we
used it with N = QﬁM we have to somehow identify all tangent spaces which is—in the
general case—not possible in a smooth way. By embedding M and allowing non-tangent
approximations, we solve this problem but need Corollary 4.6 and Proposition 5.2 for
OS5 RN- and SN~1-valued functions.

Theorem 5.4 (Sobolev orientability on simply connected manifolds). If M is simply-
connected, every Sobolev line field Q € Tyyvq(Q°M) is orientable for q € [2,00), i.e.
there exists n € I'yyvq(SM) with P(n) = Q.

Proof. By the Nash embedding theorem [Nas56] we can embed the base manifold M
isometrically into RY for some N € N. As usual we call this embedding ¢.

Since M is compact and ¢ > 2, the line field @ is also in the Sobolev space with
exponent 2: Q € I'yv2(Q°M). By Lemma 3.13 we can view Q as a map into the
surrounding Euclidean space: 15(Q) € W2(M, Q% RY). The codomain Q%R is a
model for RPN~ as mentioned in Section 4 and hence a smooth compact manifold.
Therefore, by Theorem 5.1, there exists a sequence (Q ), in C* (M, Q% RYN) converging
weakly to 1o(Q). By Corollary 4.6, Q, is orientable for all k € N with P(n,) = Q)
and ng, € C(M,SN1).

By Lemma 3.11 the orientations n, € W?(M, SN=1) are also weakly differentiable.

Now we apply Proposition 5.2. It shows that ¢5(Q) is orientable with Py(n) = 1o(Q)
and n € W12(SM). The calculation (28) gives a formula for Vn that shows that Vn is
also in L7 since V¢, (Q) is in LY. Transferring n back with ¢!, we get P(1;1n) = @Q, i.e.
Q is orientable. O

5.2 Orientability on surfaces

As mentioned in the introduction liquid crystals exist in some cases like [Keb+14] as
very thin films that are best modelled as two-dimensional surfaces. Therefore, the case
dim M = 2 is of special interest. Section 4 of [BZ11] gives a roadmap how to transfer the
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orientability criterion from continuous to Sobolev line fields. In order to use those ideas,
we use that the tangent bundle is trivial in the case of oriented surfaces with unit vector
fields. This allows us to consider vector fields as maps into R? as discussed in Section 3.3.
Unorientable surfaces are shortly discussed in the outlook 7.

Lemma 5.5 (Triviality of two dimensions). Let M be a compact orientable surface.
Then, either M admits no smooth unit tangent field or has a global orthonormal frame.

The prominent example of a manifold without unit tangent field is the sphere by the
Hairy Ball theorem [EG79|. A manifold with a global frame is called parallelizable and
its tangent bundle is called trivial. Any global frame can be orthonormalized to an
orthonormal global frame with the Gram-Schmidt process.

Proof. If M admits no smooth unit tangent field, we are done. Otherwise take some
X € I'cee(SM) and choose an orientation for M. Then, in each point p € M, the
orthogonal complement X; is a one-dimensional subspace. It contains exactly two unit
vectors. Exactly one of them forms a positively oriented basis of T}, M with X, call it Y),.
Since X is smooth and M is orientable, Y is also smooth. ]

Similarly to Section 3.3, we assume throughout this subsection that M is a com-
pact orientable surface and choose a global smooth orthonormal frame (B;,B,) €
(T e (SM))?. We write W2 (SM) and W2 (Q5M) but everything holds for I'yyvs (SM)
and Ty v2(Q° M) as well since the spaces are isomorphic as shown in Lemma 3.16. Note
that \n\g =1 is equivalent to ‘( <Bl,n>g , <BQ,n>g )T‘ =1 since (By, B,) is orthonormal.

The goal is to show that orientability of a line field on a surfaces is equivalent to
orientability of the line field on a set of loops that generate the fundamental group. While
Section 5.2.1 shows that an orientable line field on the entire surface is orientable on the
generators, Section 5.2.2 shows the opposite direction.

5.2.1 Orientability from the surface to loops

The easier direction is to show that an orientable line field is also orientable on loops.
Indeed, this is possible in any dimension and for non-trivial tangent bundles but this
would require yet another way of defining Sobolev vector fields that is compatible with
fractional Sobolev vector fields and the trace theorem. It would extend this thesis more
than it would give insight.

The continuous case is trivial since the chosen orientation can simply be restricted to
the loop. In the Sobolev case the trace is defined via approximation and hence it needs
to be shown that orientability is stable under this approximation. For this we need to
show that the projection P is continuous.

Lemma 5.6 (Continuity of projection on surface). For q € [1,00),
P {n e wuran) | n], < 1} - whiom)

is well-defined and continuous. Here P is defined on a larger domain but in the usual
way (P(n)), = s (np ®n, — %glt,j) for p e M.

Proof. QM is defined just such that P(n) maps into QM. To show that P(n) € W %(QM)

and that P is continuous, calculate HP(n)H%/Lq in terms of Hn”‘évl,q. To simplify notation,
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let nt := <Bi,n>g and Q := P(n) with QY := (B, ® B;,Q) fori,j € {1,2}.
9

- 1
QY = <Bi ® B, s(n®@n — igjﬂ)>
g

s i S
=S <Bian>g <Bjan>g - §g(Bi,Bj) = sn'n’ — 55 J

VQY = s ((Vn')nd +n'(Vn?))
Since |n]g is bounded by 1, it follows that [Q] .., is finite, so Pis well-defined. Now we

estimate the difference Q@ — Q := P(n) — P() for n, 7 € WhSM).

S U D
QY —-QY =s (n’nJ — 55” —n'n) + 55”)

) —0in L4

= s((n' — i) + (0 — ) i
—0 <1 —0 <1

VQ'i —VQU = s ((Vni)nd +n'(Vni) — (Vi)al — i (Vi)
= s((Vni — Vi) ni + (Vni — ViJ) ot

-0 <1 -0 <1
+2(Vnd) (n® —n?) + (VAP — Vn?) (nd — d))
—_——— ——— ~——— —
eLd —0 —0 —0

—0in L% as 71 — n in W7

The second to last term goes to zero by the dominated convergence theorem with |4an |
as the dominating integrable function. We see that |P(n) — P(7)],1., goes to zero if

ln — 7| goes to zero. Hence P is continuous. O

wd
Proposition 5.7 (Orientability on loops). Let N C M be a 1-dimensional submanifold
of M and let Q € W,"*(Q°M) be orientable with P(n) = Q andn € W,"*>(SM). Then,
Try Q is orientable with P(Tryn) = Try Q € W%’Q(QSM|N).

Proof. The Meyers-Serrin density result Theorem 3.8 gives an approximating sequence
Ny € CX(TM) with ‘n(m’ < |nll, . =1 that converges in W2 to n. We showed that
g

Pis continuous in the previous Lemma 5.6. and thus P(n)) — P(n) = Q. Since the
n(k’s are smooth, the trace operator on the n)’s is just restriction and thus trivially
commutes with P

P(Tryngy) = Try P(ng) = Try lim P(ng) = Try Q in Wz2(QM],) .

The right hand side Try P(n ) converges because Try is continuous, see Theorem 3.20.
On the left hand side we notice that Try n, are also L2(TM|N)—functions. Try is
also continuous as an operator from W12 to L? and thus Try N converges to Tryn.
Recalling the previous proof of Lemma 5.6 we see that P is also continuous on L? and
hence P(Tryny,) — P(Tryn) in L?. This shows P(Tryn) = Try Q.

In order to show that @ is orientable, we still need to show that Tryn € W"?(SM),
i.e. [n| =1 a.e. on M. We use Theorem 5.7 of [EG15|. It states that

1

lim / In(y) — Tryn(x)|dy = 0 for almost all z € N .
r=0 [B(a,7) N M| Jyy s N
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It is proven for Euclidean domains but since it is a local property it also holds on
manifolds. Now

1
L= Teyn(e) = ey [ L= [Toyn(@)]dy
N |B(IL’7 T) n M‘ B(z,r)nM N
1
-] [In(y)| — |Try n(z)]| dy
’B(.Z‘, T) n M‘ B(z,r)NM Y
1
< — In(y) — Tryn(z)|dy —0 (a.e.asr—0)
|B($’ T) N M‘ B(z,r)nM N
and hence |Tryn| =1 a.e. on N. O

5.2.2 Orientability from loops to the surface

We can to view the ‘squaring’ n ® n in the projection @ = P(n) = s (n Qn — %g) as
an actual squaring operation by identifying the codomain S! with the unit circle in the
complex plane C.

Definition 5.8 (Complex version of line field). We define the following auxiliary com-
plex valued functions for Q € W *(Q5M) and n € W*(SM) with the coordinates

Q" = (B, ®Bj,Q>g and n' := (Bi,n>g (4,7 € {1,2})

AQ) = % <<B1 ®B1aQ>g +1(B; ®BQ>Q>9) = % (Q1'+iQ?)esSt cC
Z(n) = (Bl,n>g+i<BQ,n>g:n1+in2681 cC. <

Remark 5.9 (Squaring). A(Q) is defined in a way that we have A(P(n)) = Z(n)?. To
show this, let n: M — SM and note that ¢* = B, ® B, + By ® B, since (B;, By) is
orthonormal. Then

A(P(n))=A (s (n ®n— ;g)>

2 1 1
== <<Bl®B1,s<n®n—2gjﬁ>> +i<Bl®B2,s<n®n—29m>> )
s
g

g
2 2
=2nt.nt— 3 (B; ® By, g*) +2in'-n? — ii (B, ® By, g*)
g g
1)2 _ (1 _ (n1)2) + 2i7’L17'L2
12 — (n?)? + 2in'n? (Inf} = (n')* + (n*)* = 1)

Since QM only consists of symmetric and trace-free tensors, A(Q) determines @) com-
pletely, so A is a R-linear bijection.

Ball and Zarnescu [BZ11]| show that for flat two-dimensional domains with holes we
can check if a line field @ is orientable by checking if the winding numbers of A(Q) on
the boundaries are even. The winding number describes how often a function wraps
around the circle along a loop. If this is even you can find a square root Z(n) that wraps
around half as often. From [Hir97, pp. 120-130] and [Theorem A.3 dMGP91] we get that
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there exists a winding number for f € W22(S', 8! (the codomain S* as a subset of C)
computed by

Windf—l,/ f‘la—fdGEZ. (29)
51 ol

These papers call the winding number ‘degree’ since it is special case of a more general
concept from differential geometry that also allows more than one dimension. But since
in our one-dimensional case the term ‘winding number’ is more self-explanatory we use it
here.

The integral in (29) is to be understood in the sense of distributions since f, f~* €
W=2(5!,8) and g—f; € W—22(5!,8!). The winding number is is an integer and it is
invariant under sufficiently small perturbations of f. It is also invariant under repara-
metrisation and thus allows any loop as the domain. For some more discussion on the
degree, see Section 4 of [BZ11].

As mentioned above, a line field is orientable on a hole boundary, which is a loop, if
and only if the degree of A(Q) is even, as shown in Proposition 6 in [BZ11]. The same
proof can be used for our case.

Proposition 5.10 (Orientability on loops). Let Q € W,"*(Q5M) and let : S' — M
be a loop on M. Then TrQ := Trv(gl) Q € VV\?Q(QSML(SU)Z'S orientable if and only

if wind(A(Tr@)) € 2Z. Moreover if it is orientable with n € W%Q(SM“(SI)) with
Tr@Q = P(n), then 2wind(n) = wind(Tr Q).

Proof. (Tryq1) A(Q))oyand (Tr. g1y Z(n))oy are W2-2(S!, 81)-functions by Theorem 3.20.
Therefore, the same proof as for Proposition 6 in Ball and Zarnescu [BZ11] holds. [

For continuous line fields we already know that orientability can be checked on a set of
loops that generate the fundamental group. In order to use this for Sobolev line fields we
approximate them with smooth maps.

Theorem 5.11 (Density of smooth maps on surfaces). (from [Proposition in section
4 SU83]) Let M be a 2-dimensional compact manifold. Let N be a compact manifold
without boundary. Then, C*° (M, N) is dense in W12(M, N).

Note that the authors denote W12 by L2. As the authors show, this is in general not
true if M is of higher dimension.

Now we are ready to prove how to characterize orientable Sobolev line fields on surfaces.
The ideas for the proof stem from Proposition 7 of [BZ11].

Theorem 5.12 (Orientability of Sobolev line fields on surfaces). Let Q € W?(Q5M)
where M is a Riemannian orientable surface such that there exists a smooth tangent unit
vector field on M. Choose a finite set of loops G at a common point p, that generate the
fundamental group m (M, p,). Then, Q is orientable if and only if wind (A (Tr,y(gl) Q)) €

27 for all v: St — M in G.

Remark 5.13 (Fundamental group is finitely generated). Theorem 5.12 assumes that
the fundamental group 7, (M, p,) of a surface is finitely generated. For boundaryless
orientable compact surfaces this is shown by section 17¢ of [Ful97] with the standard form
for those surfaces. For surfaces with boundaries a proof outline is given by MartianInvader
[Mar14]:
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Differentiable manifolds can always be given the structure of PL [piece-wise
linear] manifolds, which can be triangulated into simplicial complexes. By
shrinking a spanning tree of the 1-skeleton of this simplicial complex, we can
obtain a CW complex X with a single 0-cell. This complex is no longer a
manifold, but has the same fundamental group as the original manifold, since
quotiening out by a contractible subspace is a homotopy equivalence.

If the manifold is compact, it has a simplicial decomposition with a finite
number of cells. This carries over to X. But the fundamental group of a CW
complex with a single 0-cell has a presentation with a generator for each 1-cell
and a relation for each 2-cell. Thus X, and therefore the original manifold,
has a finitely presented fundamental group.

Proof. The first direction is proven in the previous section by Proposition 5.7 together
with Proposition 5.7. For the opposite direction let @ € W,"*(Q°M) with the given
winding number conditions. Approximate @ with a sequence @, in CY(Q°M) in
W 2(Q°M) by Theorem 5.11. We will show that Q1) is orientable for sufficiently
large k. Take any loop v € G. The winding number of @) along this loop is even
by assumption: wind (A (Tr,y(sl) Q)) € 27. Since the Tr operator is continuous by

Theorem 3.20 HA(Tr,Y(Sl) Q) — A(Try e, Quﬁ))Hw%2 tends to 0 as k — oo. Now we use

that the winding number is stable under small perturbations. For this we employ the
following result.:

Theorem 5.14 (BMO continuity of the degree). (Theorem 1 from [Theorem 1 BN95])
Let u € VMO(X,Y) where X and Y are smooth compact manifolds without boundaries.
Then there exists 6 > 0 depending on u, such that if v € VMO(X,Y) and dist(u,v) < 9,
then deg(v) = deg(u).

We use this theorem with X = Y = S! and deg = wind as mentioned above. The
space VMO is the space of measurable functions of vanishing mean oscillations. Its norm
is the BMO-norm (bounded mean oscillation). The important information for us is that
VMO is a superspace of W22 with continuous injection. This is shown in Example 2,
case 2 in the same work [BN95]. That means that ||A<Tr,y(51> Q) o ’yH < oo and there

BMO

is some C' > 0 such that for all k € N

JA(Try 51y @) 0y = ATy Quey) o
< CllA(Tr 61 Q) 0y = A(Trys) Quo) 0|y, =0, k0.

Hence wind(A(Tr.,s1) Q) = wind(A(Tr g1 Q)) € 2Z for all sufficiently large k. By
Proposition 5.10 this means that Tr.s1) @y is orientable in W22, In order to use the
theory for continuous line fields we need to show that Tr.s1) @y is also orientable in the
class of continuous unit vector fields. This is shown by [BZ11] together with [dMGP91].
Recall that @, is smooth by definition.

Theorem 5.15 (Continuous and W22 orientability on the line). (/Lemma 9 BZ11])
Let I C R be an open set. Take f: I — R be such that f € W22(I,R) and f2 € C(I,R).
Then, there exists f* € C(I,R) so that f* = f almost everywhere on I.

Theorem 5.16 (Angle function). ([Theorem A.3 dMGP91]) Let f be a function of
Sobolev class W22 from the circle S to itself. Then, there exists an integer n and
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a real function g € W22 on S, unique up to an integral multiple of 2w, such that

f=2z"exp(ig). The winding number n is given by n = ﬁ j;l f*1% dx.

Since G is finite, there is some k, € N such that for all k > kj and all v € G, Tr 1) Q1

is orientable in W22, At this point we apply Theorem 4.4 to see that those @, are
orientable with n, € C(SM) such that P(n)) = Q). Lemma 3.11 shows that the

N(k)’s are in W22, This is necessary to find a limit of the n(g)’s- Lemma 3.11 was intended
for fields into a surrounding Euclidean space but the statement holds for N =2 =m
as well. The lemma uses the projection operator Py, but as defined in Definition 3.9
P differs from Py merely by the affine linear transformation @, % + % g% with the
smooth and bounded ¢*. So the result is also applicable here.

Now we have a sequence of line fields that converges in norm and which elements
are orientable in W12, This is a stronger statement than in the previous Section 5.1
where we dealt with weak convergence. So it natural to expect that the orientations
N also converge in norm. However, this is not the case since there are always two
possible orientations for each Q(k) and hence the n(k>’s can ‘swap back and forth’ instead
of converging.

Therefore, we employ Proposition 5.2 again to show that a subsequence of the n,’s
converge weakly. Proposition 5.2 is mainly intended for fields on a manifold into a
surrounding Euclidean space but it is also valid for Q% RN for any N € N. Instead of
0% R2, the line fields here map into O°R?. Those two spaces are related via the affine
transformation @ % + %gm and therefore Proposition 5.2 is also applicable here.
Hence, there exists 7 € T (SM) with Py(72) = % + Lg*# and thus P(n) = Q and Q
is orientable. O

6 Orientability of minimizers of the harmonic energy

Models for liquid crystals should not only describe the matter, but also predict how it
reacts under conditions enforced from outside. These conditions include, among others,
the domain, boundary conditions and electrical or magnetic fields. They are modeled
as a minimization problem and the functionals to be minimized are called energies. As
mentioned in the introduction one common energy is the Frank—Oseen energy. In the
simplest form it is the harmonic energy

1Q) = [ varay,. (30)
M

It would be good to know if the minimizer is orientable before it is calculated. Ball and
Zarnescu [BZ11] show that a condition exists for flat 2-dimensional domains with holes.
Unfortunately the transfer of this result to surfaces is beyond the scope of this thesis
because it heavily depends of other results that are specific to this kind of domain.

Therefore this section will be restricted to a note on how the harmonic energy of a
unit vector fields and its corresponding line field relate and an example on a torus where
a line field minimizer is not orientable. This shows that the question is also relevant to
the manifold setting.

Remark 6.1 (Harmonic energy). For an orientable line field the energy of the line field
and the corresponding unit vector fields have a simple correlation. Let (E;); be a local
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orthonormal frame of T'M with coframe . Then

2

VPl = (s (n@n— Lg#))
g m 9

1 1
= <5V(n ®n)——Vg,sV(n®@n)— *V9>
m m g

=52 <VEin®n®5i+n®VEin®ei,

VEin®n®£i+n®VEin®5i> (g is parallel)
9

= 52 (<VEinainn>g <n,n>g <g—:i,5i>g + <VEin,n>g <n,VEin> (%, ")

g g
+ <n, inn>g <VEin,n>g <5i,5i>g +(n,n), <VEin, in”>g <5i,5i>g>

= 52 (2]Vn\2-1—|—0‘0'1+0'0‘1>:252|Vn|2 .
g g

Here we use (n, n)g =1 and

0= %VE(W, n>g) = % <VE,L.n, n> + % <n7in”>g = <VEin, n>

g g

Therefore we define the harmonic energy as
J: PWv,z(QSM) — R
Q) = [ [veLa,
M
ﬂ: FWVQ(SM) — R
2
J(n) = 232/ \Vn|gd‘/;}
M
such that 7 =J o P.

Before [BZ11] develops in chapter 5 the orientability criterion for minimizers on
punctured flat domains, it presents an example of a domain that allows orientable and
non-orientable minimizers of the harmonic energy and a boundary condition that forces
the minimizer to be non-orientable. This domain is called the stadium domain because
of its shape depicted in Figure 7. Now we want to find a similar example on the torus.

The stadium domain contains two holes to allow a boundary conditions that does
not completely determine if the line field is orientable: there is no condition on the
boundary of the holes and the outer boundary is a closed curve that is homotopic to the
concatenation of the two generators of the fundamental group. On the outer boundary,
the line field has a winding number of 1 (i. e. the auxiliary vector field A(Q) has a winding
number of 2) that gets split into two halfs for the non-orientable minimizer.

The fundamental group of the torus also has generators. In order to create a similar
scenario, we take a line field with winding number 1 on the concatenation of the generators
as shown in Figure 8.

In order to have simple calculations we use a flat metric on the torus. That is,
we define the torus as the quotient T? := R?/7? = {[z,y]| (z,y) € R?} with [z,y] =
{(z +k,y+1)|k,l € Z} as depicted in Figure 8. The coordinates induced by R? are
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Figure 7: The stadium domain with the boundary condition that allows orientable and
non-orientable minimizers of the harmonic energy. The boundary condition
only predefines the line field on the outer boundary while the values on the
hole boundaries are free. From [Chapter 5 BZ11].

y , Yy ,
(0,1) (1,1) (0,1) (1,1)
A % AR S
1) — \ | /e
Vv R2 S N
P! A
X 4 —=~X\ | /S
—~ —=~\\ ¢/
7 Q =N\
(0,0) (1,0) = ool 7T o

(a) The ‘boundary’ condition (31) in red. (b) The unorientable candidate for energy
minimization @ on T2

Figure 8: The 2-dimensional torus as the quotient T? = R?/Z? with the diagonal . The
colored edges of the square indicate how opposite sides of the unit square are
identified to define the torus.

43



called z and y, the metric is g = (dz)? + (dy)?. The covariant derivative is the usual
Euclidean derivative and the area element dV, is dz ® dy.

The torus does not have a boundary on which we can fix a condition. So we use the
closed curve given by the image of v: [0,1] — T2, ~(¢) := [t, ] and set the ‘boundary’
condition drawn in Figure 8a.

. . 0 0
Qy(t) = Pny(e) ® Nyqy)) With nyy) := sin(2mt) - + 008(27#)@7] (31)

One obvious candidate for minimizing the harmonic energy is given by translating the
values on ~ perpendicular to :

Qlzy) = PNy )

A 0 0 .0 5,0
with ny, 1 := sin (27Tx ;_ y) e + cos (2#%+y> oy =: n1% + n2a—y .

Figure 8b shows Q. Note that 7 is not well-defined since sin(QW%Hy) = —sin(2r%3Y)

and analogously for y and n2 but since P(—n) = P(n), the corresponding line field Q is

well-defined. We calculate the harmonic energy of @) by choosing one of the two options
for n. For J this choice is irrelevant.

L0 = L@

252

:/ Val> dz @ dy
T2 g
Lty o0 0 .0 0

2

9 dz dy

- 0 _ 0
+8yn1% ® aiy +ayn287y
2

1 el 2
:// (’TFCOS (2wx+y>> +(—7rsin<27rx+y>>
b o 2 2
2 2
+ <7rcos <27Ta:—2|—y>> + (—Wsin <2ﬁx;—y>> dz dy
1 1
:7r2/ / 1+ 1dady = 272
o o

In order to find a lower limit of the energy of orientable line fields we look again at
the diagonals perpendicular to 7. Let @ € I'y,v2(Q°T?) be orientable and fulfill the
‘boundary’ condition. Let n € Iy, v2(ST?) an orientation of Q: P(n) = Q. By using
suitable coordinates and employing the ACL characterisation Theorem 3.10 we see that
@ is continuous on almost all diagonals D, := {[z,y| |z +y =z + k,k € Z} for z € [0, 1].
In Figure 9 we see that a unit vector field must turn around between the intersections
with v whereas () stays constant. Therefore we expect a higher harmonic energy for ()
than for @

To make this precise, we calculate the harmonic energy on some diagonal D, for

z € [0,1] where Q is continuous. Here v = 272 (3% — a%) is the direction of the diagonal.

The intersections with  are at [, 2] and [2£L, 2.

02
0y
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orientations for the ‘boundary’ condition.

Figure 9: The diagonals D, for z = 1 together with one of the two possible

’ V2ds (transformation law: ds = dz — dy)

1
/ |Vn\2dVg = / |Vn[s,z_s]
D, 0

1
> V2 / Ve y| ds

0
1 2
1 d d _
= V2 / 277 N eg| ds (chain rule, 32— _ /3,
0 ds ™ ds
1 1 d 2
= 72 (/ din[syz—S] ds) (Jensen inequality)
0

+1 z 2
1 0 d 5+l
= — (/Z an[s’zﬂ] ds + /z+1 &n[s,szs] dS)
2 27

(length(SLy) + length(SL,))’

2

(m+7)?2=—m

Sl

[Vn(s)|* dV,(s)

1
Hence %J(n) = #

2 4\/§ 9 9 1 ~
> — =92 = —
/D Va(s) dsdz > “Vor = 2n = 2-7(Q)

z

In order to have J(n) < J(Q), the estimate |Vn| > |V, n| must be sharp almost
everywhere on almost every diagonal D,. That means that for the perpendicular direction
vt = 2_%(8% + 8%) we have V in = 0 almost everywhere which makes n constant in
this direction. This contradicts the ‘boundary’ condition which is not constant in the
direction vt. Therefore, the minimizer in the class of all line fields has a lower harmonic
energy than the minimizer in the class of orientable line fields. Consequently, in this case,
it is necessary to use the @-tensor model and not sufficient to consider the Frank—Oseen

model.
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7 Outlook

The goal of thesis is to generalise the orientability results of [BZ11] to non-Euclidean
domains. We do generalise the orientability criteria for Sobolev line fields on simply-
connected domains and on two-dimensional domains. On the other hand we do not
generalise the criteria for orientability of energy minimizers of the harmonic energy on
two-dimensional domains. Therefore this can be pursued next.

While proving the orientability criterion on surfaces, we are limited to orientable
surfaces because unorientable surfaces do not have a global frame. The other two main
proof ingredients, namely the approximation result Theorem 5.11 and the orientability
criterion for continuous line fields, hold on unorientable surfaces as well. Therefore,
further work could search for a technique to transfer the orientability on loops to smooth
approximations. In the case of orientable surfaces, this technique is the winding number.

Both orientability criteria are also limited by the exponent ¢ which could not be less
than 2. Indeed, Figure 2 in [BZ11] shows that for ¢ < 2 there exist non-orientable Sobolev
line fields on simply-connected domains. This example contains a so-called ‘defect’; a
point where no direction can be continuously defined. The study of defects is central in a
lot of liquid crystal research [Nit418; NV12]. Hence it is a serious limitation of [BZ11]
and this thesis to exclude those cases. Therefore, the study of orientability criteria for
q < 2 provides a range of possible further research.

In order to generalise the orientability criterion on surfaces to manifolds of higher
dimension, we need at least two new ideas. First the approximation theorem Theorem 5.11
is limited to two-dimensional manifolds. Secondly we need a way to transfer the orient-
ability on loops from a Sobolev line field to the smooth approximations. Good ideas are
needed to, maybe using the degree as the natural generalisation of the winding number
to higher dimensions.
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