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Abstract

In this thesis, we study six Ginzburg-Landau minimization problems in the
context of two-dimensional nematic liquid crystals with the intention of find-
ing conditions for the existence of boundary vortices. The first minimization
problem consists of the standard Ginzburg-Landau energy on bounded, sim-
ply connected domains 2 C R? with boundary energy penalizing minimizers
who stray from being parallel to some smooth S!-valued boundary function g
of degree D > 1. The second and third minimization problems consider the
same Ginzburg-Landau energy but now with divergence and curl penalization
in the interior and boundary function taken to be ¢ = 7, the positively oriented
unit tangent vector to the boundary. The remaining three problems involve
minimizing the same energies, but now over the set for which all functions are
precisely parallel to the given boundary data (up to a set for which their norms
can be zero). These six problems are classified under two categories called the
weak and strong orthogonal problems.

In each of the six problems, we show that conditions exist for which sequences
of minimizers converge to a limiting S'-valued vector field describing an equi-
librium configuration for nematic material with defects. In some cases, energy
estimates are obtained that show vortices belong to the boundary exclusively
and the exact number of these vortices are known. A special case is also studied
in the strong orthogonality setting. The analysis here suggests that geometries
exist for which boundary vortices may be energetically preferable to interior
vortices in the case where interior and boundary vortices have similar energy
contributions.
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Chapter 1

Introduction

Throughout this thesis, the mathematics presented will be taken in the context
of modeling the molecular order of nematic liquid crystal in two-dimensional
space. However, it should be noted that the physical application of these
results do not solely belong to liquid crystal phenomenon. Other interest-
ing topics in physics such as the study of superconductors make use of the
same mathematical framework. The goal of this introduction is to build up
and discuss the necessary background material needed to introduce the main
problems of this thesis. We begin by familiarizing the reader with some basics
of nematic liquid crystal theory and then explore some of the related math-
ematical research done spanning over the last thirty years. From there, the
core problem of this work is presented along with some results which form the
basis of the thesis.

1.1 Nematic Liquid Crystals: What are they?

The term liquid crystal at first glance may be quite puzzling. From a tradi-
tional understanding of states of matter, one is taught in elementary science
classes that for isotropic liquids, molecules are randomly oriented and are free
to flow within the confines of their vessel. On the other hand, the opposite
is true of solid crystals since molecules constituting crystalline structures are
highly ordered in both an orientational sense (with respect to the axes of the
molecules) and positional sense (with respect to their location in space). What
is not usually presented is the fact that certain materials exist that can live
within a state intermediate between solid and liquid called ‘liquid crystal’.
Roughly speaking, substances in the liquid crystal state retain some partial
ordering of the molecules whether it be orientational or both orientational and
positional (reminiscent of the solid state) but are simultaneously capable of
diffusing throughout the container (reminiscent of the liquid state).
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In the materials physics literature there are two well-known categories of
substances that can achieve the liquid crystal state and these categories aim to
partition based on the primary factor driving the self-ordering behaviour. One
of these classes describe substances that greatly depend on the thermal energy
of the system and has the label thermotropic liquid crystals. For materials in
this grouping there exists a temperature range for which the molecules do not
move fast enough to fully break the molecular order imposed by the solid state
but also do not move slow enough to form a traditional solid. The other cate-
gory of liquid crystals are labeled lyotropic liquid crystals and these substances
begin self-ordering when introduced to a solvent. In this situation it is the in-
teraction between the molecules of the solvent and material in question that
forces partial ordering and the degree of ordering can depend on concentra-
tion [15]. For substances in any of these groups, molecular shape and structure
play a fundamental role in how self-organization is accomplished. In this work
we adopt a somewhat naive view of molecules that coincide with the simplest
structure known to facilitate the liquid crystal state, namely, molecules that
are long, rigid and rod-shaped.

Beyond the material classifications mentioned above, the liquid crystal
state itself can be broken into different phases which are defined by the type
and degree of ordering the molecules exhibit. For the purposes of this thesis
and discussion we restrict our attention to the nematic phase for thermotropic
liquid crystals. The term ‘nematic’ has its origin from the Greek word vnua
which translates to thread. The reason for this title choice comes from the
characteristic string-like discontinuities observable in the nematic phase called
disclinations [34]. A rather simplistic but sufficient description of nematic
liquid crystals are those in which a degree of local, long-range orientational
order is achieved throughout the material sample but positional order is not.
To visualize this, one can imagine a small subset of the material sample where
the molecules have a preferred direction of molecular alignment with respect to
their long axis. However, the preferred direction observed at this local level can
change as a function of position throughout the entire container. Classically,
this direction of preferred molecular alignment at a point x in the material
sample is commonly represented by a vector d(x) called the director. Since
the magnitude of d has no physical meaning, the director is also taken to be
of unit length. The director will be treated with slightly more detail in the
following section.

1.2 Modeling Liquid Crystals

As with any model for physical systems, it is important to consider the math-
ematical structure used to represent the natural phenomenon one wishes to
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study. For nematic liquid crystal continuum theories, there are typically three
general components that are used together to describe the system. These three
components are:

1. a function within an appropriate function space X representing molecu-
lar orientation,

2. an energy for the system which takes into account the geometry of the
space in which the liquid crystal fills. Usually this is given as an integral
functional

F X 5 RU{+o0}

where the integral is taken over the space containing the liquid crystal,

3. (a) avariational partial differential equation describing stationary points
(or physically observable equilibrium configurations) of .# whose
solutions are elements of X, and

(b) boundary conditions to be paired with the partial differential equa-
tion which either come naturally from the structure of the energy
or are imposed to fit the desired situation to be studied.

The functional .%# from item 2 in this list can be constructed based on the
physically observable details of the system. For example, we can ask what
the relevant elastic distortions are and then try to quantify them appropri-
ately. Items 3(a) and 3(b) follow from computing the first variation of .Z#.
That is, calculating the Euler-Lagrange equations and natural boundary con-
ditions associated to .. Additional boundary conditions can sometimes be
imposed if the given system requires it and the problem is well-posed. The
most challenging aspect of modeling liquid crystal comes from item 1, finding
the appropriate function space X to work with. The function space must strike
a balance between being physically relevant and having appropriate regularity
properties to satisfy the variational equations. In this thesis, we work within
the context of a simple system governed by the Oseen-Frank model which we
discuss below. A brief overview of a more refined representation called the
Landau-de Gennes model can be found in Appendix A.

The Oseen-Frank Model

Consider a container filled with nematic liquid crystal in either two or three
dimensions. The container can be represented as a bounded, simply-connected
domain Q C RY (N = 2,3) with smooth boundary 9. Let

d: O — sV
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be a unit vector field representing the average direction of molecular align-
ment at each point of €2, i.e., the director for the nematic sample. In order
to derive an energy with appropriate elastic distortions for a given molecular
configuration, it is useful to think about how the molecules in a small neigh-
bourhood of the sample might interact with one another. Does the molecular
configuration tend to spread out near a point x € €27 Perhaps there is a slight
tendency for the molecules to circulate around some region. In three dimen-
sions one could also even observe helical-like rotation about some axis. To
quantify these different configurations, we can borrow some machinery from
vector calculus. Specifying to the two-dimensional case for a moment, we con-
sider two ‘extreme’ molecular configurations in the plane, namely, curl-free and
divergence-free configurations as shown below in figure 1.1. In the first panel
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(a) Curl-free director field (b) Divergence-free director field

Figure 1.1: Molecular splay and bend near the origin.

we see a molecular configuration that tends to spread out from the origin.
This ‘spreading’ configuration will be referred to as molecular splay and can
be quantified by the divergence of the director divd. The second represents
a configuration in which the molecules are ‘bending’ around the origin. The
degree of molecular bend can be gauged by the curl of the director curld. In
this setting, one can see that a combination of the divergence and curl of the
director will capture quite a bit about the geometry associated to any config-
uration in two dimensions. After this crude visualization, it then makes sense
to consider the two-dimensional Oseen-Frank energy [14]

~ 1
For(d) = ; / (ky(divd)® + ky(curld)?) de, d €S
Q

The quantities ks and k;, are called the splay modulus and bend modulus re-
spectively and are taken to be positive constants in this functional.

4
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Remark 1.1. A more realistic energy would consider the splay and bend mod-
uli as functions of the space variables.

In the three-dimensional version of the Oseen-Frank energy, two more en-
ergy densities can be introduced to account for the new intricacies made avail-
able by the extra spacial dimension. These densities involve a twist compo-
nent and a saddle-splay component [41]. We omit writing the functional for
the three-dimensional case since our focus for this work will be solely on a
two-dimensional problem.

In the special case where the bend and splay moduli are equal
k=ks=ky
we obtain the identity
ks(divd)® + ky(curld)? = k (|Vd[* + 2det(Vd)) . (1.2.1)

The identity (1.2.1) can be used to derive a much simpler form of the func-
tional .#or when an appropriate function space is considered. To obtain this
simplification, let g € S! be such that

X ={de H'(%S") :d =g on 09}

is nonempty. Having g specified in this context amounts to knowing the molec-
ular configuration of the nematic sample along the boundary of the container.
Over the set X, the null Lagrangian det(Vd) integrates to a constant C' = C'(g)
depending only on g. Therefore over the function space X the Oseen-Frank
functional with equal bend and splay moduli takes the simplified form

For(d / IVd[2dz + C(g).

Assuming k = 1 and subtracting off C' we arrive at the one constant approxi-
mation for the Oseen-Frank energy

For(d) = For(d /!Vd|2dx

With these simplifications in place, the new functional .#or now represents a
crude, generalized measure of molecular deviation away from the director d.

Remark 1.2. [t should be noted that the boundary conditions imposed by the
set X are not dealt with in this thesis. The intent of the above explanation is
to be taken in a motivational context.
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Now that a function space and energy have been assigned we can begin
looking for energy minimizing configurations. That is, solutions of the min-
imization problem infqcx -#or. Upon taking the first variation of Fopr over
X one obtains that directors corresponding to minimizing configurations are
weak solutions of the Euler-Lagrange system

—Ad = |Vd[*d in Q,
d=g on 02,

which is the well-studied S'-valued harmonic map problem (see [18] for a light
introduction). Therefore the minimizing configuration represented by the di-
rector d is the unique solution to this system and is a smooth S!'-valued har-
monic map.

1.3 Ginzburg-Landau Energy Minimizers

To give context for the main problems of this thesis, it will be useful for the
reader to encounter some foundational background material related to some
relaxed versions of the minimization problem addressed in the previous section.
We begin this discussion with a brief overview of some influential work that
was established in the early to mid 1990s which concentrate on a minimization
problem with given Dirichlet boundary data. From there, we will move to more
recent work that deals with different boundary conditions.

Nematic Minimizing Configurations with Strong Anchoring

Recall from above that the minimization class used for .-Zpr was the set
X={de H'(2S") :d =g on 0Q}.

The condition that d = g along the container’s boundary is called the strong
anchoring condition in liquid crystal theory. In partial differential equation
terminology, this simply coincides with a Dirichlet boundary condition. Recall
also from Section 1.2 that it was assumed the strong anchoring set X was
nonempty in order to derive the one constant approximation functional Zpp.
In general, this assumption cannot always be made unless more is known about
the function g and the geometry of 2. This problem is clearly highlighted by
[11, Lemma 5]. In particular if 9Q = S, then

X # @ <= deg(g;00) = 0.

In other words, the winding number of g along 02 must be zero to even
consider the minimization problem infgcx -#or. This of course is a concern
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since many physically observable configurations where deg(g;02) € Z \ {0}
cannot be analyzed. Luckily, there is a workaround for this setback and it
forms the basis of the famous text of Bethuel, Brezis and Hélein [10]. To allow
for non-zero degree boundary conditions, the authors of [10] extend X to the
set

1 LTR2) 1 L TR2) . _
Hg(QJR)—{dGH (G R%) :d =g}
and then introduce the term

1

— [ (1—]d]*)*d 1.3.1
o [0 lap) e (13.1)
to the Oseen-Frank energy where ¢ > 0 is a small constant. The analysis done
in this book then observes the behaviour of minimizers d. € H, gl(Q; R?) for the
Ginzburg-Landau functional

G = |

1
d?+ —(1—1|d]*)?*)d
[(1vaP + g0 P2 o

with associated Euler-Lagrange equations

1
“Ad. = —(1—|d})d. inQ,
=1 ld)d. in (1.3.2)
d. =g on 0,

as the weighting ¢ — 0. The point of including the new potential (1.3.1) is that
for small € > 0, the quantity (1—|d|*)? becomes heavily penalized in the energy
and thus one would expect |d.| — 1 as ¢ — 0 as a means to approximate the
classical S'-valued director. By the main theorem of [10], this is exactly what
happens and the precise statement is given below for convenience:

Theorem (Bethuel, Brezis and Hélein). Let Q C R? be starshaped with smooth
boundary and let g : 0 — S' be smooth with degree D = deg(g;d) > 0.
Then there is a subsequence e, — 0, exactly D points {aq,...,ap} C Q and
a smooth harmonic map do : Q\ {a1,...,ap} — S' with dg = g on IQ such
that

d., — dy in CF (Q\ Ui{a;}) Yk and in CH*(Q\ Ui{a;}) Ya < 1.

Shortly after this was proven, Michael Struwe in [39] showed a similar result
with relaxed assumptions on 2. Here, {2 can now be multiply-connected and
weak H'-convergence of minimizers is achieved along a subsequence &, — 0
to a smooth S'-valued harmonic map on Q\ {ai,...,ap}.

The elements of the finite singular set {ai,...,ap} are called the vortices
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of the limiting map and their existence is a consequence of the extension of X
to Hy(Q;R?). By relaxing the assumption d € S', the topology associated to
non-zero degree boundary conditions forces the existence of a non-empty zero
set

{r € Q:|d.| =0},

which we also call a ‘vortex containing set’ for d.. The vortex containing set
for d. is not completely understood, but one of the main results of [10, 39
show that it can at least be covered by a finite number of balls with radius of
order ¢, and the number of such balls is bounded independent of €. Therefore,
when € > 0 is small, the vortex containing set must also be small. The method
for constructing this cover actually depends on a larger set (which this ball
covering also covers) that has historically been called the ‘bad set’. Specifically,
the bad set is defined to be

Se:={reQ:|d]| < 1/2}

which in a loose sense, represents the set of points in {2 where d. begins to stray
from acting like a classical director. The general idea is to use this set to define
a ‘good set’ of points Q \ S. where d. does not touch any of the problematic
portions of the domain. To obtain the fact that the cardinality of this ball
covering is uniformly bounded in ¢, an important property of minimizers called
n-compactness (or n-ellipticity) can be shown to hold, which basically states
that for solutions of (1.3.2) satisfying the logarithmic energy bound over a
region R C (2

1 1 2
- d.’+ — (1—1d.*)" ) dz < |1
5 [ (904 5 (1= 1P do < gl

for a constant > 0 (small enough) independent of ¢, there is a smaller region
R C R where one has the pointwise bound

|de(z)] =

N | —

for all z € R and there is a constant C' > 0 independent of ¢ where

1
— [ (1 —=|d.*?*dx < Cn.

e? J»

In other words, the bad set S. and the region R are disjoint under these con-
ditions.

Finally, it will be worth stating some fundamental results which stem from
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the analysis leading up to the main theorems of [10] and [39]. In this way, we
can compare these classic findings to those analyzed here in this work for an
extended Ginzburg-Landau functional with boundary energy:.

Classic Results for Ginzburg-Landau Minimizers with Strong Anchoring

(SI) Solutions d. of (1.3.2) have the pointwise bounds

dl<1, |Vd|< g

for all z € 2 where C' is a constant independent of ¢. [39, Lemma 2.2]

(SII) There is a subsequence of minimizers {d.,} C Hy(%;R?) for G. and a
constant C' > 0 independent of €, such that

Ge(d.,; Q) < 7mD|lne,| + C.

Moreover, for certain o € (0,0p), there are balls B,(a;) of radius o
centered at the vortices {a;} such that the energy on these balls satisfy

G.(us, ;UP B,(a;)) > 7Dln 51 —C

where C' is a constant independent of ¢ and o. [10, Theorems III.1 &
V.3,

(SIIT) The limiting vortices {a;}2 , are always interior points. That is, a; & O
for alli =1,...,D. Moreover, if C(a;) is a small circle enclosing the vor-
tex a; € €2, then the limiting harmonic map d, satisfies deg(dy; C(a;)) = 1
foralli=1,...,D. [10, Theorem VI.2|

Relaxing the Strong Anchoring Condition

One of the main benefits to working with the strong anchoring condition is
the knowledge of boundary behaviour for minimizers d. € Hg(€%;R?) of G..
Indeed, the Dirichlet boundary problem as treated in most texts on partial
differential equations usually signifies the simplest class of problems since it
drastically reduces the complicated analysis needed near the boundary. A par-
ticular example of where the strong anchoring condition is useful in the context
of liquid crystals comes from item (SIII) of the classic results list above, namely
that the set of vortices {ai,...,ap} never intersect the boundary 9€2. This
fact makes the process of finding the location of nematic point defects much
easier.

An obvious question that arises from result (SIII) is:

9
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In which situations are there boundary vortices?

It turns out that minimal alteration is needed to produce them. One way
to do this is to drop the strong anchoring condition and then modify the en-
ergy functional so that boundary behaviour is accounted for. Over the last
couple decades, there has been some advancement concerning this very ques-
tion. In this section, we will provide two interesting problems that implement
this relaxation, one of which heavily relates to the main focus of this thesis.
The first problem comes from [3] where the authors seek minimizers for the
Ginzburg-Landau functional

a / u—g|* ds

2e% Jaq

over the class X = H'(Q;R?) where 2 C R? can be taken to be a bounded,
simply-connected domain with smooth boundary, g is a smooth S'-valued vec-
tor field on 02 of degree D > 0, s € (0,1] and K > 0 is a constant. Minimizers
for Zear satisfy the Euler-Lagrange system

Fear(u; Q) = Go(u; Q) +

1

—Au, = 62(1 — |u*)u.  in Q,
K
Ol = —g(u6 - 9) on OS2

The boundary behaviour imposed by this new energy term is called the weak
anchoring condition and its function is to penalize minimizers whose mag-
nitude and direction are far from ¢ along 9€). As in the strong anchoring
problems of [10] and [39], the authors of [3] study the convergence of mini-
mizers u, for Z,ca as € — 0. Many of the classical results for the strong
anchoring condition hold in this case as well, such as the convergence along a
subsequence ¢, — 0 to a S'-valued harmonic map wu outside a singular set.
The singular set in this case however may include points along 0f).

Since a minimizer u, need not be S!'-valued on the boundary in this setting,
it is reasonable to expect that the formation of boundary vortices is not impos-
sible. What is found is that the exponent s € (0, 1] included in the boundary
integral plays a fundamental role in dictating the location of vortices. By con-
structing appropriate upper and lower bounds for %, it can be shown that
there is a critical exponent s = s, € (0, 1] such that for 0 < s < s, the limiting
map ug has exactly D vortices, all of which are located on 0f2. For s, < s <1
the vortices for ug occur strictly within the interior €. At the critical exponent
s = s, the value of the constant K can dictate the location of vortices, where
appropriately small K yields boundary vortices while appropriately large val-
ues of K give interior vortices.

10
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The second problem we’d like to consider now is closer to that of what
will be dealt with in this thesis. In his paper [32], Moser considers the free
boundary data problem

in {Gs(u; Q) + % /BQ(u,n>2 ds e Hl(Q;R?)} (13.3)

where again @ C R? is a bounded, simply connected domain with smooth
boundary, s € (0,1] and n is the outward unit normal vector to 9€2. The
bilinear functional

(,):RY =R

denotes the standard innerproduct for vectors in RY and solutions of (1.3.3)
solve the system

1 :
—Au, = 6—2(1 — |uP)u.  in Q,
1
Optte = —— (U, m)n on 0f).
68

Instead of penalizing minimizers which do not ‘stay close’ to some specified
vector field, in this problem the additional boundary energy simply penalizes
minimizers which stray from being parallel to 7, the positively oriented tangent
vector to the boundary. In this way, Moser’s problem is a slight weakening of
what is expected of minimizers in [3] with g = 7, in the sense that minimizers
now only must be close to the azis associated to g and not g itself. Even so, as
before from the discussion of [3], there is no S'-value constraint along 9 for
minimizers u. of Moser’s problem and thus vortices may form there. To see
some effects of this boundary energy in the context of liquid crystals, we refer
the reader to the work of Garcia-Cervera, Giorgi and Joo [20]. However, the
work done in [20] will involve mixed boundary conditions on a square domain.
Nonetheless, this reference nicely motivates the use of such a boundary energy.

Although the physical basis for [32] has its roots in ferromagnetic bodies,
the model used in this work is equivalent to the relaxed Oseen-Frank setting
for nematic material. It is found that the critical exponent for this problem
is s, = 1 in the sense that the limiting harmonic map uy has two boundary
vortices when 0 < s < 1. If s = 1 then there are either exactly two boundary
vortices or exactly one interior vortex. We note that in this case, the number
of vortices for uy does not always coincide with the degree of the fixed bound-
ary function as it did for [10] and [39] since D = deg(n; 002) = 1.

This concludes our discussion of Ginzburg-Landau minimizing problems
and we may now give the main problems of this thesis.

11
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1.4 Thesis Outline

Throughout this entire thesis, 2 C R? = C will denote a bounded, simply-
connected domain with C*-smooth boundary I' := 02. We associate to ' a
small tubular neighbourhood

Nr = small tubular neighbourhood of T,
and we fix a function
g € CHNp;SY N CH(Q; R?)

with positive degree D = deg(g; ") € Z,. The case of g having negative degree
can be transformed to the former via complex conjugation [10]. The require-
ment that g € C*(Nr;S') will allow us to perform orthogonal decompositions
of functions with respect to the orthonormal basis {g(z), g*(x)} near I which
will be needed later.

In this thesis, we consider two Ginzburg-Landau minimization problems
in the context of modeling nematic liquid crystal in the relaxed Oseen-Frank
setting. The primary focus in both of these problems is to understand when
the formation of boundary vortices occur. The first main problem is a general-
ization of Moser’s tangential problem (1.3.3), where we require the orientation
of minimizers along I" to be roughly parallel to a given function g of degree
D > 1. Specifically, we study

inf  GY(u),
ueH' (QR2) W0
GY(u) == G.(u) + 2‘/; /(u,gl>2 ds, o
r

where s € (0,1], W € (0,+00) and g € C*(Nr;S') N C4(Q;R?) are fixed and

we recall the notation

G.(u) = %/Q <|W|2+ 2—; (1- |u]2)2> dx = /Qeg(u) dz.

The minimizing problem (W.O.) will be called the weak orthogonality problem
and we say the boundary integral

w

1\2
d
5es F<u,g> s

enforces the weak orthogonality condition, analogous to the weak anchoring
condition from Section 1.3 employed by the authors of [3]. Associated to

12
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(W.0.) is a limiting case given by

inf Go(u; ),
v (8.0.)
H(Q) = {uec H(%R?) : (u,g") =0 on I'},

which we call the strong orthogonality problem. The restriction (u,gt) = 0
on I' will be called the strong orthogonality condition and this carries the
interpretation that uw = f(x)g on I' where f : I"' — R is a scalar function. The
motivation for studying (S.0.) comes from a limiting observation related to
(W.0.) and is rigorously justified in Chapter 2.

Remark 1.3. Observe that in problem (S.O.) the functional G, can be replaced
by GV for any fired W € (0, +00) since GY (v) = G.(v) for allv € H(Y). The
choice to use G. as opposed to GY' merely emphasizes that the minimization
problem is independent of W'.

The second main problem we consider is another variant of (1.3.3), but
instead of generalizing the boundary energy, we study a generalization of the
interior energy which adds additional penalization for either molecular bend
or splay as introduced in Section 1.2. Consider the functional

Z.(u) = %/Q </%|VU|2 R () 4+ —= (1 — |u|2)2) dx

2¢e2

where hj(u) is either equal to x(divu)? or x(curlu)? and where k and & are
known positive constants. The functional .%., within the context we consider
for this work, was originally used by Colbert-Kelly and Phillips in [14] where
convergence of its H!-minimizers with smooth Dirichlet boundary data was
analyzed. Our goal here is to observe the strong anchoring relaxation of this
problem through the lens of (1.3.3). Specifically, we consider the minimization
problems

inf .7V (u),
ueH(;R?) (W o *)
FY () = Fu(u) + 2 /<u, n)? ds, o
2e Jr
where s € (0,1], W € (0, +00), n is the outward unit normal to I and
inf Z.(u),

H(Q) :={ue H (%GR : (u,n) =0on T},

in an effort to study how molecular bend and splay contribute to the formation
of boundary vortices in a relatively simple setting.

13
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For all problems (W.0.), (W.0.*%), (S.0.) and (S.0.*), we are interested
in observing minimizers u. and their limiting map uy along a subsequence
g, — 0 near the vortex-containing set {x € Q : |u.| = 0}. Our main goal is to
determine when boundary vortices occur and what the behaviour of minimizers
are around boundary vortices when the parameter ¢ > 0 is small. Below, we
give a brief overview of the content contained in Chapters 2-6 of this thesis.
Cumulatively, these chapters can be strung together to prove our two main
theorems, which we state after the chapter overview.

e In Chapter 2, we prove the existence of minimizing solutions wu. for
(W.0.) and (S.0O.) and derive their associated Euler-Lagrange equations.
At the end of the chapter, these equations are used to develop a Pohozaev
identity that will be used several times throughout this work. Also in
this chapter, we justify the claim that (S.0.) can be thought of as a
limiting case of problem (W.O.) where the weighting W — +o0. From
here, some pointwise estimates for u. and its gradient are given. Finally,
an optimal upper bound for the energy of minimizers is found which is
shown to be logarithmic in €.

e In Chapter 3, our main goal is to prove an n-compactness result which
is tailored for solutions of (W.0.) and (S.0.). We then use this property
to show that a finite cover of balls exists (whose number is independent
of €) for the associated ‘bad set’ as discussed in Section 1.3. The 7-
compactness property depends on a lengthy integral estimate which is
derived at the beginning of this chapter. At the end, we then show that
a static ball covering can be constructed that covers the bad sets for all
¢ > 0 small enough along some subsequence.

e In Chapter 4, we define a notion of orientation for minimizers with
respect to the boundary data g on I". Using this orientation, a topological
integer D called the boundary index is defined which aims to describe
the winding behaviour of minimizers around boundary vortices. From
here, we take the time to analyze how this quantity relates to the degree
of interior vortices for u. by proving two identities. The first of these
identities is a global one and also includes how the degree D of g relates to
the winding of u. around all vortices in the domain. The second identity
provides the way in which interior degrees and boundary indices can be
added together locally. These quantities are then utilized to develop a
lower bound for the Dirichlet energy of u. on annuli. The final part of
the chapter then uses this lower bound in combination with an intricate
vortex ball expansion/fusion argument to obtain a global lower bound
for the energy of u. outside the bad set.

14
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e In Chapter 5, we show that the upper bound from Chapter 2 can be
combined with the lower bound of Chapter 4 to produce a uniform bound
for the energy of u. outside of the static bad set covering. This bound
can then be used to extract a subsequence of minimizers which converge
weakly in H! to an S'-valued harmonic map outside of a finite number
of point singularities in . We also show that for £ > 0 small enough,
one can conclude that the degree and boundary index associated to each
non-trivial vortex is equal to one. Moreover, in the case of solutions for
(W.0O.) we prove that when 0 < s < 1, the only non-trivial vortices that
occur are located on I' and that there are precisely 2D of them. For
s = 1 and for solutions of (S.0.), it may be possible for both interior
and boundary vortices to simultaneously exist. To analyze this further,
we look at a specific example in the context of the strong orthogonality
problem where the domain is taken to be the unit disc with tangential
boundary data. In this example, we show that the renormalized en-
ergy associated to the asymptotic expansion of the energy for boundary
vortices attains a smaller minimum value than that of the interior renor-
malized energy. This suggests that a pair of boundary vortices may be
energetically preferable over a single interior vortex.

e In Chapter 6, we discuss and prove some modified estimates for (W.0.*)
and (S.0.*) that were originally seen in the previous chapters for (W.O.)
and (S.0.). In this case however, we make the critical assumption that
solutions of (W.0.*) and (S.0.*) satisfy similar pointwise bounds as
proven in Chapter 2. We show that conditions can be found that ensure
the formation of boundary vortices in the case of curl penalization and
conclude that the vortices of the limiting map have degree or boundary
indices equal to one whenever uniform energy bounds can be obtained.

By combining the results of Chapters 2-5, we prove...

Theorem 1.1. Suppose {u.}e~o is a sequence of minimizers for either (W.O.)
or (S.0.) with associated boundary function g having degree D > 1. Then there
is a subsequence €, — 0 and a finite number of point singularities ¥ C Q such
that

u€

— gy weakly in H. (Q\ Z;R?)

n

where ug € H'(Q\ X;R?) is an S'-valued harmonic map. Moreover, the degree
and boundary index associated to each vortex for ug in X is equal to one and
in the specific case where ug is a limiting map of solutions for (W.0.), then
Y C T with |X]| = 2D whenever 0 < s < 1.

15
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By Chapter 6 and elements of the previous chapters, we prove...
Theorem 1.2.
(a)

Assume hj(v) = k(curlv)? and suppose {u.}.so is a sequence of minimizers
for either (W.O0.*) or (S.0.*) such that there is a constant Cy > 0 independent
of € for which
Co
luc| < Co, V| < ~
for all x € Q. Then there is a subsequence €, — 0 and a finite set of point
singularities 3 of € such that

u., — ug  weakly in Hp.(Q\ ¥;R?)

where ug € H'(Q\ X;R?) with |ug| = 1 almost everywhere. The degree and
boundary index associated to each vortex for ug in X is equal to one. In the
specific case where ug is a limiting map of solutions for (W.0.*), we have
Y ={q,q} C T whenever 0 < s < 1. Ifug is the limiting map of solutions for
(S.0.%) or (W.O.*) with s = 1, then either ¥ = {p1} CQ orX ={q, ¢} CT.

(b)

Assume hj(v) = k(divv)? and suppose {uc}eso is a sequence of minimizers for
(S.0.%) or (W.O0.*) with s = 1 satisfying the given pointwise bounds from part
(a). Then there is a subsequence €, — 0 and a finite set of point singularities
Y of Q such that

ue, —ug  weakly in H. (Q\ T;R?)

n

where ug € HY(Q\ 3;R?) with |ug| = 1 almost everywhere. The degree and
boundary index associated to each vortex for ug in X is equal to one and either

Y={pm} CcQorX={q,qp}.

The final chapter of this thesis, Chapter 7, is dedicated to stating some
new problems that have arisen from this work.

16



Chapter 2

Existence and Some Basic
Properties of Minimizers

We begin our analysis by deriving some fundamental properties for solutions
of (W.0.) and (S.0.).

2.1 Existence of Minimizing Solutions

The first obvious step in the analysis of our problem is to justify the existence of
minimizing solutions. For the weak orthogonality functional GY, the Hilbert
space H'(Q;R?) will suffice as an appropriate minimizing space to consider
since the energy can be bounded below by the H'-norm. The trace theorem
for H! functions ensures all elements of this space belong to L*(I'; R?) and
therefore convergence with respect to the boundary energy can be dealt with
easily. In the strong orthogonality problem we restrict to the subspace H(£2) as
defined in (S.0.) to enforce the strong orthogonality condition along I'. Thus,
the existence of minimizers for (W.0.) and (S.0.) will follow easily by the
direct method from the calculus of variations (see [16] for a nice introduction
on this topic). That is, for each problem we will show that a minimizing
sequence {u,}> ; converges to some limit u. within the desired minimizing
space.

Lemma 2.1 (Existence). For each ¢ > 0 and fized s € (0,1], W € (0, +00)
in the weak orthogonality problem, there exists u. € H'(Q;R?) such that
Gl(u:)= inf  GY(v).
V)=t GV ()
In the strong orthogonality problem, for each ¢ > 0 there is u. € H(S2) satis-

fying

G5<Ug) B 'Uel?r{l(fﬂ)

Ge(v).

17
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Proof. Consider first the weak orthogonality problem and let

m:= inf GY(v)>0.
veEH1(R?)

Since we are ultimately interested in small values of ¢ > 0, we may assume
0 <e < 1. Given (2 is bounded, by Holder’s inequality

V]l 2@m2) < 241Q 0]l L1z

where |€2| denotes the standard Lebesgue measure of 2 and

=108 do 2 Tollugen, = 2ol + 19
= mHUHi?(Q;R?) — 2||v]| 22 qp2)-

Choose ¢ > 0 so that [[v]|72 g2y > 2|Q(3][v]|72oz2) — ¢)- Applying this to the
above yields

Au—wmmxzwmmma—a

Now let {u,}22, C H'(£;R?) denote a minimizing sequence for GY'. Taking
c as above and n large enough,

1
12 GY () 2 Ll gz — ¢
That is, minimizing sequences are uniformly bounded in the Hilbert space
H'(Q;R?). Therefore there exists a subsequence {u,,} and a function u. €
H'(Q;R?) so that u,, — u. weakly in H'. By Sobolev embedding there is a

further subsequence (still denoted {uy,}) such that u,, — u. pointwise almost
everywhere in ). Then

/(1 — |ue|?)? dx < liminf/(l — |up, [*)? dz
Q J=eo Ja
by Fatou’s lemma. Moreover, by Lemma D.3 we have

j—00

/(us,gl)2ds < lilrninf/(v,bnj,gﬂ2 ds
r r

and therefore

GY (u.) < liminf GY (uy,,) = m.
j—00

18
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In the case of strong orthogonality, the minimizing sequence is taken to belong
to H(Q2). Existence follows as above except we now obtain by Lemma D.3

/<ue,gl>2ds < liminf/<unj7gL>2dS 0
r J—00 r

showing that u. € H(Q). O

2.2 Euler-Lagrange Equations

In this section, we derive the Euler-Lagrange equations associated to the min-
imization problems (W.0.) and (S.0.).

(W.0.) Case

Let u € H'(€;R?) be a minimizer for G¥ and let v € H'(Q;R?) be arbitrary.
Taking the first variation of G gives the equation

d o 1
—GW t — Gt (1 — 2 d
Gl = [ (Zu S u ><u,v>> :
w
+ s <<uagL>gL7U> ds
e Jr

=0

for all v € H'(Q;R?). To obtain the pointwise Euler-Lagrange equations, we
assume v and v have sufficient regularity to apply integration by parts. Doing
this yields

/<—Au - %(1 = [ul*)u, v) dz + /@nu + 2, gty ) ds = 0
Q € r &°

and therefore minimizers satisfy the Euler-Lagrange system

1
S =Juf)u  inQ,
5

W
O = —;@wﬂgL

—Au =
(2.2.1)
onlI.

(S.0.) Case
Suppose u € H(£2) is a minimizer for G. and let v € H(£2). The first variation
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for G, is given by

%Gg(u + tv)

= / (Z u, vy, — —(1— |u|2)(u,v)> dr = 0.
e\5; 7 ¢

Integrating by parts, we are left with

t=0

d
%GE (u + t'U)

= /Q<—Au - 8—12(1 — |u?)u, v) do + /((?nu, vyds = 0.

t=0 r

To obtain the appropriate boundary conditions we write v and v on I' using
the orthonormal frame {g(z),g*(z)}. For x € Ap (the small tubular neigh-
bourhood of T),

u=(u,g)g+ (u,g")g" = wg+uig",
Ot = Op(ug + uLgL) = U0 g + Opuyg + w1 0ngt + Opuy g, (2.2.2)
Oru = O0-(u)g + uLgt) = w079 + Oruy g + w, 0,gt + Oruy gt

Then using the fact that u; =v, =0on I,
/(8nu, vy ds = /(8n(u|g +urgh), v + vig*t)ds
r r
= /(u@ng + Opuyg + Ot g, v|g) ds
r

Z/F(un(@ng,g)Jranun)U .

Since the inner product of an S'-valued function with any of its directional
derivatives is zero (see Lemma B.1) we have (0,9, g) = 0 and therefore by the
first variation equation

/anu”11| ds =0
r

for all v and so 9,uy = 0. Thus, a minimizer for G, over H(2) must satisfy
the Euler-Lagrange system

1
—Au= —(1- lu|?*)u  in Q,
€
L =0 onT. (2.2.3)
GnuH =0 on .
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Remark 2.1. Notice that u;, = 0 along I' implies O;u; =0 on I

2.3 Justification of the Strong Orthogonality
Problem

It is clear by direct observation of the functional GY that for large values of
W, minimizers are incentivized to decrease their projection along g+ on I
This leads to the expectation that along some sequence W,, — +oco for fixed
e > 0 we would find

<u£,Wn>gl> — <u£,oo>gL> =0
with respect to some topology where u. o, € H({2) is a limiting function for
the sequence {u.w, }o>,. It turns out that such a limiting function exists and
also corresponds to a H(€2)-minimizer for G.. The following lemma allows us
to view the strong orthogonality problem (S.0.) as a limiting case of the weak
orthogonality problem (W.0O.).

Lemma 2.2. Let {W,}>2, be an increasing sequence of real numbers such
that W,, — 400 asn — oo and let {u.w, }5°, denote a sequence of H*(; R?)-
minimizers for GV with e > 0 and s € (0, 1] fized. Then there is a subsequence
W, }52, and a function u. . € H(2) such that UeW,, — Usoo weakly in
HY (4 R?) and ue oo minimizes G, over H ().

Proof. Fix any W > 0 and let u. w € H'(Q; R?) be a minimizer for G¥. Let @
be a H(Q)-minimizer for G.. Since H(Q2) € H'(;R?) and @ is independent
of W we have

G (uew) < GYW(a) = G.(a) = C (2.3.1)

where C'is a constant independent of /. As in the existence proof of Lemma
2.1, there is a constant ¢ > 0 independent of W so that

el — ¢ < AGY (uew).

Therefore )
[uewllm < C (2.3.2)

uniformly in W. Applying inequality (2.3.2) to the sequence {u. w, }52, yields
a subsequence {uew, }32; and a weak limit u.o € H 1(Q; R?) such that
Ue W, — Us,oo Weakly in H'(Q;R?).

Next, we prove u, o, € H(2) by showing

/<u5,oo, gL>2 ds = 0.
r
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Suppose in order to derive a contradiction that

lim inf / (uew, ,97)ds > 0. (2.3.3)
T

Jj—00

Upon taking the limit infimum as j — oo across inequality (2.3.1) we obtain

Jj—00 Q¢

W, .
lim inf —— /<U57an,gj'>2 ds < C.
r
However, since {W,, }22, is increasing, inequality (2.3.3) implies

Wi,
liminf —2 [ (ucyy, ,g9)*ds = +o0
Jj—ro0 2e8 T B

giving the desired contradiction. It now follows by Lemma D.3 (using the fact

gt is continuous) that

Jj—o0

/<u5,oo,gL>2 ds < hminf/<u€,an7gl>2ds —0
r r

which shows wu. o, € H(2). Finally, we prove u. o minimizes G.. Using the
fact that @ € H(2) is a known minimizer for G., we trivially have

Ge(t) < G- (Ue00)-

Upon relabeling subsequences as necessary, Lemma D.1, Fatou’s lemma and
the result above allows us to write

G (o) < liminf G2 (usyy, ) < C = Gi(@).

j—0o0

Therefore Ge(u: o) = Ge(@) and S0 u. o € H(§2) must be a minimizer for G,
over H(£2). O

2.4 Pointwise Bounds for Minimizers and Their
Gradients

In this section, we show that solutions to (2.2.1) and (2.2.3) continue to satisfy
the classic pointwise bounds as originally obtained in [10, 39] for minimizers
of G. in the Dirichlet case and [3, 32| for problems of weak anchoring-type.
In short, Lemma 2.3 below confirms that in the context of Moser’s problem
(1.3.3), generalizing the energy to account for boundary functions of degree
deg(g; ') > 1 does not change the pointwise bounds.
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Lemma 2.3. Suppose u. is a solution of (2.2.1) or (2.2.8). Then
lucsl <1 on Q (2.4.1)

and there is a constant Cy > 0 independent of € for which

Co

Ve < = (2.4.2)

for all x € Q.

The proof of both (2.4.1) and (2.4.2) follows [3, Lemma 3.2]. The main
difference here occurs in the accounting for strong orthogonal boundary condi-
tions. We also note that the techniques used below use the fact that solutions
of the Euler-Lagrange equations are smooth. The reader can refer to Appendix
C for a regularity statement and discussion on this topic.

Proof. We begin by justifying (2.4.1) using a maximum principle argument.
Define the scalar function V' = |u|? — 1 so that

1
1 2.2 11 2 2\ _
§VV—(uuxl+uuxl,uum—l—uuzz)—u-Vu.

Then we have
%AV = |Vul* + (Au, u) = |Vu|* + 5—12V(V +1)
which of course readily implies
é(v +1)V = é\uﬁv < %AV
since |Vul|? is non-negative. Multiplying both sides of this inequality by
Vi := max{V, 0}

and integrating over , we have V.V = V? and

1 1
Og/lu\QVfd:zzg —/V+8ans——/ IVV, |* dz.
Q 2 Jr 2 Ja
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Focusing on the boundary integral, note that we may write for x € I'

0,V = (VV,n)
Lol 202 1 11 2 22 2
= 2wy, n +utupn +uu, nt +utug,n’)
= 2(u'(Vu',n) + u*(Vu?, n))

2(u, Opu).

If w is a solution of (2.2.1) then

0,V = 2(u, Opu)

2W
- - s <U’7 <U’7 gL>gL>

2W

_ 1\2
- 55 <u7g>

< 0.
If w is a solution of (2.2.3), we can write using the decomposition (2.2.2),
0,V = 2(u, Opu)
= 2(ug + w gt | Ong + Opuyg + w, O0ngt + anulgﬂ.
The boundary conditions u; = d,u = 0 implies
0,V = 2{uy g, u0png + O 1 g™)

= 2(uy)*(g, Ong)
=0

and therefore in either case

1
—/V+aan8 SO
2 Jr

The string of inequalities now simplifies to
2772 1 2 _
Q Q

and so |u| <1 1in Q.

24



Ph.D. Thesis — L. van Brussel McMaster University — Mathematics

To prove the gradient bound (2.4.2), suppose in order to derive a contradic-
tion that there exists sequences e — 0 and zy, € €2 so that ¢, := |Vug(zy)| =
| Vug||oo satisfies trer, — 00 as k — oco. Let

() = w (ask + 3)

179

which is defined whenever y = x4+ z/t;, € 2. Likewise we define h(z) := g(y)
whenever y € I'. By the uniform bound (2.4.1) and the choice of scaling, we
have

lvklloo = ||tklloo < 1 and |Voug(0)] =1 (2.4.3)

for all k. For each 7,7 = 1,2 the chain rule gives

vl 1 0%l

ox? 2 oy

so that

—Av, = (1 — |Uk|2)’l}k, for x € tk[Q — ZEk]

1
(trer)?

Therefore we obtain the uniform convergence

1
Avgllee < —5 — 0 244
H Uk” = (tkgk)2 — ( )

as k — +oo. The limiting behaviour of the sequence {z;} gives two cases to
consider. Suppose first that there is some subsequence so that ¢ dist(xy, ') —
+00. Then the sequence of domains for vy,

te[Q — 2] = R? as k — +o0

and the regularity induced by the partial differential equation paired with a
diagonal argument shows the existence of a limiting function v with vy — v in
CF . By (2.4.4) we have ||Av|| = 0 and so v is a bounded harmonic function
in all of R2. Therefore v is a constant function giving |[Vv| = 0 which contra-

dicts the gradient bound (2.4.3).

Finally, suppose tj dist(xy, ') is bounded uniformly so that after a rotation
and translation, the domains of v, converge to the half-space

t[Q — 2] > RY as k — +oo.

25



Ph.D. Thesis — L. van Brussel McMaster University — Mathematics

For each k, the weak orthogonality problem becomes

— 2 ;
—Av, = (tk5k>2<1 — |ok|F)vr in G [Q — ],
- (2.4.5)
Oty = ——— (v, h)h* on t[[' — zy],
tkﬁz
while the strong orthogonality problem converts to
A ! 2 '
—Avy, = (tkek)Q(l — g v in 6[Q — 2],
(v, hT) = on ti[I' — xy], (2:4.6)
On (v, h) =0 on ty[I' — xy).

As before, there is a bounded harmonic limit v defined on ]RQ+ with v, — v in
CF . in both the weak and strong orthogonality case. Using (2.4.3) and the fact
that ||h|l.c < 1, the normal derivative along the boundary for system (2.4.5)
has the estimate W
|00 vk]|o0 < —= — 0 as k — +o0

tkEZ
and so the limiting harmonic map v satisfies the Neumann condition d,v = 0
on ORZ. Applying the reflection principle, v can be extended to a bounded
harmonic function on all of R? and now the same contradiction argument ap-
plies from before.

In the strong orthogonality problem, the boundary function h converges to
a constant vector field on OR? and the boundary conditions of (2.4.6) implies

v, ht) = 0 and 9,(v,h) = 0 along OR2. Let h denote the extension of the
+

constant vector field h to all of RZ and note that (v, h) is a harmonic scalar
function defined on R? since

A(v,h) = (Av,h) = 0.

This fact paired with the Neumann condition (v, h) = 9, (v, h) = 0 allows
us to use the reflection principle and Liouville’s theorem to conclude (v, h) is a
constant function on R2. Next, since (v, h') = 0 on IR? we have (v, h) = +|v|
along the boundary. But (v,h) is constant, so we have (v,h) = £|v| on all
of R? and thus v is a constant vector field parallel to h. The contradiction
argument can be used once more to conclude ¢|Vu.| < Cy where Cj is a

constant independent of ¢. O
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2.5 An Upper Bound for the Energy

In some sense, constructing an optimal upper bound for the energy of a min-
imizer requires some knowledge of what one expects to see. If a given energy
functional is a component of some physical model, then one could look to ex-
perimental data and observe what realistic energy minimizing states look like.
Another method of a purely mathematical nature would be to think about
the simplest case of what might add some significant energy to the system.
As mentioned in the introduction, it has been shown in [10] and [39] that the
energy of minimizers G.(v) with Dirichlet boundary data v = g on I have an
upper bound of the form

G.(v) < 7D|lne| + C (2.5.1)

where D = deg(g;T") and C' is a constant independent of . The idea used
to construct this upper bound, vaguely speaking, comes from the realization
that the boundary data causes ‘tension’ in the system (due to its non-zero
winding around the boundary) and that some sort of compensation is needed
in the interior to counteract it. From the point of view of degree theory, this
counteractive interior winding should balance the winding contributed by g¢
on I'. The simplest vector field (satisfying an S'-value constraint to adhere
to the director model) that comes to mind with non-trivial winding could be
something of the form

which correspond to the curl-free and divergence-free vector fields as shown in
figure 1.1. Both of these vector fields are the profile of a vortex with degree
equal to one, and by observing their energy over annuli with inner radius of
order €, one can easily calculate that this energy will be equal to 7|lne| + ¢
where ¢ is a constant independent of €. Thus, to counteract the winding of the
boundary data, one can ‘plant’ D local vector fields that look like F'(x) around
) and then try to smoothly connect them in some way that does not depend
on €. The total energy of this construction should therefore have a bound of
the form (2.5.1). Of course, it is the process of connecting these vector fields
independently of € which makes the upper bound truly non-trivial.

In the case where vortices can appear on the boundary, we aim to use the
same principles as above, namely, calculating the energy of a simple vortex
when centered on I'. However, a simple vortex on I' should have energy close
to half of a full vortex of degree one in the interior. In any case, this can be
accomplished by creating an appropriate test function.
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Proposition 2.4. Let u. be a solution to the minimization problem (W.O.)
with D = deg(g; ') > 1. There is a constant C' > 0 independent of € so that

G (ue; Q) < wsD|Ine| + C.
If u. is a solution to (S.0O.), there is a constant C' > 0 independent of € so that
Ge(ue; Q) < nD|Ine| + C.

Before we begin the proof of this proposition, we define some set notation
and introduce a local polar coordinate system near the boundary that will be
used often throughout the rest of this work.

Let R > 0 and xy € Q. Define
wR(xg) = BR(JT()) N« (252)

and if ¢ € I", we also set

Lr(xg) == wgr(zo) NT. (2.5.3)

When zy, € T', we may define (as done in [3, 4]) a local polar coordinate
system on wg(zg) as follows. Let 7(xg) denote the positively oriented unit
tangent vector to I' at 2. Define the polar coordinates (r, 0) centered at o so
that 6 is the angle measured from the ray defined by 7(z¢) and set r = |z — xq|.
By the smoothness of I', we may always choose R small enough so that

wr(xg) = {(r,0) : 61(r) <0 < O(r), 0 <r <R}
where 6,(r) and 05(r) are smooth functions satisfying
01(r)] < cr, |m—0s(r) <ecr (2.5.4)

for some constant ¢ = ¢(I') > 0. From this choice of coordinates we may also
parametrize I'g(zo) \ {0} in two pieces, namely

Lh(zo) :={(r,6:(r)) : 0 <r < R},
(2.5.5)
I'g(zo) == {(r,02(r)) : 0 <7 < R}.

That is, I';(xo) is the segment of T'r(zo) following 7(z) away from z, and
' (z0) is the remaining segment with orientation flowing towards z.
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Annular regions can be treated in the same way. For any zy € Q set
Ay (20) 1= wry (20) \ wiy (20), 0 <7y < 7o (2.5.6)

When 2z, € I' and ry > 0 is taken small enough, the intersection A,, ,,(zo) NT
consists of two disjoint smooth arcs

L (wo) :=={(r,0.(r)) :m <7 <71}

71,72

L (o) == {(r,0a(r)) 1 <71 < 1o}

(2.5.7)

where ) (r) and ,(r) are as in (2.5.4). For notational convenience, we also set

L3 (0) = Ay (0) NT =T (w0) UTT, ., (w0). (2.5.8)

1,72 71,72

Lastly, we will require some notation to denote energies that are restricted to
subsets €2 of Q. To do this, we set

Go(u; Q) = %/ <|vu|2 + L(1 - |u|2)2) da

GW (u; Q) i= Go(u; ) + E/ (u, g*)* ds.
2e° Jregy

Proof of Proposition 2.4.
(S.0.) Case

For strong orthogonality, the result is an easy consequence of [39, Lemma 2.1].
Let v, be a minimizer for G, over

HYQ) ={ve H'(;R*) :v=gon T}

g

which we now use as a comparison function. The inclusion Hj(Q) C H(Q)
implies G.(u.) < G-(v.) and applying [39, Lemma 2.1] to G.(v.) yields

Ge(us) < Ge(v.) < mD|Ine| + C.

(W.0.) Case

In the case of weak orthogonality, we construct a test function following the
methods of [3, Lemma 3.1] and [27, Proposition 3.1]. First, we consider 2D
sets of the form wg(q;) where {g;}52, are well-separated points on I' and R is
chosen so that

1

for all indices i # j. On each of these sets, an S'-valued function v\ is
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constructed that simulates a ‘half-vortex’ planted at ¢; within some small
annular region contained in wgr(g;). For such a configuration, one can obtain
the bound

GV (v wr(q))) < gln e~°+ constant independent of &

as a means to incorporate the exponent s € (0, 1]. In particular, this is achieved
by ensuring v\ is equal to £¢ on one side of g; and then an approximate
rotation along 0Bg(g;) N € is made so that v is equal to Fg on the other
side of g;. Combining this rotation with an appropriate cut-off function near
g; that incorporates the correct scaling will give the desired bound. Finally,
we construct the remaining part of the test function via a harmonic extension
to fill the remaining part of the domain.

Assume that the points {g; ?21 are labeled such that g;; is the first point
found by following the positively oriented tangent vector field along I' starting
from ¢; and note that these points partition I' into 2D smooth segments C; in
the sense that

with C; being the curve connecting ¢; and gj;;. Next, let v be a lifting of ¢
on the curve I'g(g;), that is,

g=¢" ong(g). (2.5.9)
Define as in [3, 27] the functions
hi(r) =~ (reiel(”) +(j — 1),
ha(r) = 7 (re™®) + j,

_ ha(r) = ha(r)
92(7’) —61(7”)

where 6;(r) and 05(r) are as in (2.5.4). In this way we have

o(r,0) (0 —6:(r)) + ha(r),

g on I'h(g;) for j odd,

£i9(r0)

—g on I'}(q;) for j even,

(45)

—g on I';(g;) for 7 odd,
(¢;)
(45)

g on I'p(g;) for j even.
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Choose a cut-off function n.(r) € C*° near ¢; satisfying
(0< ne(r) <1 forall r,

n-(r) =0 for r < &*,

n.(r)=1 for r > 2e°,

¢ :
InL(r)| < —2 for e < r < 2e®, ¢y a constant independent of €
£

\

and set
(1, 0) = ne(r)o(r, 0) + (1 = n:(r))(v(q;) + (G — D7)
so that we may define the test function %) on wr(gj) via
o0 (r,8) = V00 = (cos((r, 0)),sin(¥(r,0)).  (25.10)

Remark 2.2. By the construction of ¢(r,0) and (r,0), note that the phase

of v rotates by approzimately ™ on 0B, (q;) NQ for all 2¢° < r < R and then
unwinds as v decreases from 2¢° to €°. In this way, we simulate a half-vortex
in the annular region As.s r(g;).

At this point we immediately have

1
— (1 —|ve]*)?dz =0
2¢? wr(q5)
since |v:| = 1 on wg(g;). It is also easy to see that there exists a constant
c1 > 0 independent of € where
W
. (Ve, g7V ds < cy. (2.5.11)
2° Jrn(ay)

Indeed we have clearly have |I'y.s(g;)| < Ce® for C independent of € and the
cut-off function ensures v. = £¢g on F;tea r(qj). Therefore by Cauchy-Schwarz

w w w
20 (v, 97)% ds = 20 (ve,97)% ds + 5es / (v2,97)% ds
€ Jra(g) €% Jraes(a)) € JT5 play)
2,112
< W|U€| |g ’ 'C€s+0
- 2es
S Ct.
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To estimate the energy on wg(q;) it will be convenient to use polar coordinates:

1 R pOa2(r)
G.lvawnta) =3 [ [ Ve.rasar
2J)o Joyr
and note that we may write
2 2, 1 2 2, 1 2
|VU5| = |@T‘U€| + T_2|801}5| = (8r¢) + ﬁ(80¢) :

Dealing with the radial derivative first, observe

Orp = n:(r)0,¢ + nl(r) (¢ — (v(q;) + (F — D)),
[0rve|* = 10,01 < 2 (Ine(r)*[0-¢1* + InZ(r) |6 — (v(q5) + (5 — Dm)F) ,

where v is as in (2.5.9). It is straightforward to show that a constant ¢, can
be found for which

1001, 16— (v(g5) + (G = Dm)* < 2

on wg(q;) \ {g;} where ¢y is independent of . Using this and the fact that
N(r) =0 for r < e and n.(r) = 0 for r € (0, R) \ (£°,2¢°), we have

| e < calonta)
AES,R(qj)

and

Co C%

/ ne(r)1?l6 — (V@) + (G = ) |* doe < =2 Aes 20 (g5)]
A£5,2£5(Qj) €

2
C2 CO 2s
= 3me

2
= 3mcach.

Therefore there is a constant ¢z independent of € for which

/ 10,0 dw < cs. (2.5.12)
wr(g;)
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For the angular derivative:

Do = 1.(r) 9 = m(r)ZiE:; = Zj((:)) ,
o = v = ) GO = )

We can also derive a uniform bound for the angular energy over the set wo.s(g;).
To see this, observe by (2.5.4) and the smoothness of v, we can find ¢ > 0 so
that

|ho(r) — hi(r)| <7 +ecr, and |0z(r) — 0:1(r)| > 7 — cr.

Using these estimates and by properties of the cut-off function, a basic uniform
estimate can be calculated as follows:

1 0 (a(r) = ()
/ (a5) 7“_2|80U|2 do = / /6 (r) (775(7“))2 : 1 2 dfdr
waes (qj € 1(r
2e°

r(0a(r) — 01(r))

el )R
WAL et

2es 2
< / (m+cr) r

s r(m—cr)

2 28
< (m +cR) / 1 g
c r

(m —cR) J.s
B (m + cR)? N
- (r—cR) n(2).

Therefore, it must be the case that the primary energy contribution comes
from within the annular region Ay g(g;). Using the same estimates as above
along with the properties of the cut-off function, we may write

1 R 2
/ —|89v€|2dx < / Mdr
wnlay) T o r(m—cr)

R R R
4
:/ zalr—i—/ T dr—/ cdr
s T es m—Cr es

< ws|lne| + ¢4

where ¢, is independent of e. With this and applying inequalities (2.5.11) and
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(2.5.12), there is a constant ¢5 independent of € so that
T
GY (vo;wr(gy)) < §5| Ine| + c5. (2.5.13)
This completes estimating the energy on wg(g;).

Next, we must fill in the remaining piece of the domain
2D
Q:=0\ UwR(qj)
j=1

with a test function V. so that the energy on {2 remains uniformly bounded in
€. Define the closed contour

[:=00 = (D\ U2 Ta(g)) |J (U2,0Br(g;) N Q)

with orientation matching that of I' where they coincide. In this way, ob-
serve that the circular arcs 0Bg(g;) N €2 are negatively oriented for each
j = 1,...,2D. With this in mind, we define boundary data § : I — S!
by setting

g onf‘ﬂCj for 5 odd

g: =4 —g on rn C; for j even
9 on 0Bgr(qj) NQ for each j =1,...,2D.

By the construction of v9) and the negative orientation associated with the arc
0Bg(g;) N, the phase of § turns by approximately —7 on each 0Bg(g;) N €2,
j=1,...,2D for a combined associated phase turn of —27D. The remaining
pieces of the boundary data will contribute a phase of 27D to g since both g
and —g are of degree D. Therefore the net phase of § around T is zero, i.e.

deg(g;T') = 0.

Now we may define the remaining test function on Q by letting V. be the
St-valued harmonic extension of § to €. It is known that this extension has
bounded energy and since V; is equal to +¢g where I' and I" coincide,

~ -1
GV (Vi Q) = Go(Ve; Q) = 5[ IVV|*dx < ¢ (2.5.14)
Q
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for ¢¢ independent of €. Defining
V. in Q

he = ,
w9 in wr(g;) for each j =1,...,2D,

and using inequalities (2.5.13) and (2.5.14) we obtain
2D )
G (he) = ) _ G (0 wr(gy) + GLY (Vi ) < msDIne| + C
j=1
as desired. ]

2.6 A Pohozaev-Type Identity

The final section of this chapter is dedicated to developing a Pohozaev-type
identity for solutions of (2.2.1) and (2.2.3). As usual, Pohozaev identities
typically utilize a vector field of the form

Y- Vu = (1, Vab), (6, Va?)) = (9lul, +%ul,, o', + o)

where ¢ can be chosen later to suit the needs of the situation. The following
proposition is a fairly standard result (see [3, 39] for example), but we derive
it here for completeness.

Proposition 2.5. Let ¢ € CY(w,;R?). If u is a solution of (2.2.1) or (2.2.3):

/8 (ex(u) (1) — (Ot - V) ds

= / <€5(U) le w - Z wlxj <ax]~u7 axlu>> di[f
wr .l

(2.6.1)

Proof.

We begin by taking the inner product on both sides of the PDE in (2.2.1) or
(2.2.3) with the vector field ¢ - Vu and integrating over w.:

_/WW-VU,Awdx:/ L tull ~ ), - V0 da,

Wr

Labeling
W - [ (o Vu. s de
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(1) / 5—12<u(1 uf?), - V) da

we consider each separately.

(D):

Applying integration by parts,

/m@p Vu, Au) d Z/ (Yl + Pl )Au' da

Z/ ('l *ul.), Vu') dz
—/8 (Opu, ) - Vu) ds
By the product rule for gradients we have
V(pul, +¢*ul ) = ¢'Vul, +ul V' + >Vl +ul Vi
and therefore

1,4 2,1 1 i 2 2
<v<1// u:’LI,’l + ule) > ¢ uazl J:lazl + (ul ) w ua:1 J:zarl + u:cl a:g x1
+ wl .Z'Q xlacg + uacl IQ + wQ CCQ :CQCEQ _'_ (u;2)2 22‘

Collecting terms, we see that
1,0 i i 20,0 i i 1 i|2
w (umluml_’m + uxg“am:pg) + w (umlumgml + umgumgmg) = §<1/}7 % (|VU | )>
and the remaining part can be written

( : ) _'_wxl T 12+w12 T2 11 l wa] x] xl
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Returning to the integral

2

2 1
u “u ‘ = Z 0|2
;/WWW Uy, + u@)aVuM:cZ/w S0V (|Vu'[)) da

=1 r

+/M (;w L ) dx
=5 | w.v (v i

+/ (Zl/)i.(@xju,amlu>> dx
Wr j,l ’

Integrating the first term above by parts yields
1 1

1
5 /wrﬁb,v (IVul?)) dz = 5 /Bwr IVul?(1,n) ds — 5 /wT |Vul? div e dr.

Therefore we can write
1
—/ (¢ - Vu, Au) dx = / (§|Vu|2<w,n) — (Onu, ¢ - Vu)) ds
wy Owy.
+ /wr (; @Z)lmj (O, u, Opu) — %|Vu|2div¢> dx
(IT):

Observe that

2

01— ), V= 5 (1 ), + )

15 i=1
1 < : :
=52 Z — ) (4 B, ()2 + 20, ()7
1 < ;
—2—2 1— [u?)(, V|u']?)

1 2\2
= 0, V(1 = ).
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Integrating by parts, we then have

/wr é(uu —Juf?), ¢ - V) de = — /w 4—;@#, V(1 [u*)?) dz

1 .
= / 4—82(1 — |’U,’2)2 le”Lpd%
1 212
-/ 12 (L= )", m) ds.
Putting (I) and (II) together gives the result. O
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Chapter 3

Bad Sets and n-Compactness

As minimizers of (W.0.) and (S.O.) are intended to represent approximate
directors for nematic material satisfying certain boundary conditions, we are
primarily concerned about the region of the domain where |u.| is close to unity
and where the phase of u. is close to the phase of £¢g (modulo 7) along I'.
However, as previously mentioned in the introduction, the boundary conditions
used within this work can force |u.| to be small and the phase of u. to be far
from the phase of +¢ along I" (in the weak orthogonality case) in some subsets
of the domain 2. In these regions, a minimizer is not a suitable candidate
for a physically relevant approximate director and thus it is important to
determine how large this set is. In the literature, the set of points where u.
is not behaving as we’d like is called the bad set. A bad set can be defined in
many ways, and the cut-off for which we consider |u.| to be small is essentially
arbitrary. Indeed, since we expect that as ¢ — 0 one finds |u.| — 1 in the
majority of the domain, for ¢ small enough, any real number ¢ € (0,1) could
be used to say that the set of points where |u.| < ¢ constitutes part of the
bad set. Classically, the value of ¢ is chosen to be 1/2 (see [10] for example).
Following in this way and in the sense of [3, 32], we define a bad set as follows.

Definition 3.1 (The Bad Set). For fized € > 0, the bad set for u. is defined
by the collection of points

1

Se = {x € Q:|u(z)] < % or [{u.(z), g (x))| > Z_l}

In this chapter, we prove a property of minimizers called n-compactness
which allows us to find an upper bound on the size of the bad set S.. Es-
sentially, the property of n-compactness states that if the energy of u. over
some region R, C  can be bounded by n|Ine| where 7 is some appropriate
(small) constant independent of ¢, then there is a subset Ry C R4 such that
lus(x)| > 1/2 for all x € Ry and [{u.(z), g (x))| < 1/4 for all z € RoNT.
In other words, if the energy in some region is small enough, it can be shown
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that a smaller region within it cannot contain a vortex.

The n-compactness property can be used in conjunction with a covering
argument to show that S. can be covered by a finite, disjoint family of balls
whose number is bounded independent of €. Moreover, each ball can be shown
to have radii of order no larger than £° (0 < s < 1). In this way, it is evident
that as ¢ tends to zero, the measure of S, also tends to zero and thus the
regions where u. does not behave like a classical director shrink as € — 0.

3.1 An Integral Estimate on Balls

The n-compactness property as mentioned at the beginning of this chapter
requires that we analyze the energy of u. on w, as a function of radius r,
assuming all else is fixed. It turns out that such functions are naturally occur-
ring byproducts from integration by parts against appropriate vector fields.
For xy € Q, define as in [3, 4, 39] the radius-dependent function

F(r):= F(r;zo,u,e) = r/ e-(u)ds.

OBy (z0)NQ

In the special case where xy € ', we also define

Fr(r):=F(r) + ZZ: Z (u, g*-)>.

2€0y (z0)

Although the energy bounds to be presented below in Lemma 3.2 appear
unmotivated, it will be clear within the proof of the n-compactness property
that they are exactly what is needed to obtain the result.

Lemma 3.2. Let xy € Q. There exists constants C' > 0 and 1o > 0 such that
fore € (0,1) and r € (0,ry) we have:

1. Ifxg € Q and w.(zo) NI =@,

(1—|u*?dx < r/

wr (o)

1

462 wr(z0)

1
EIVuPdastF(T), (3.1.1)

2. If xo € I' and u satisfies the strong orthogonality condition,

2

1 1
(1—|uf*)?*dz < C [7’/ §|Vu|2d:c + F(r) + % , (3.1.2)
r(20)

452 wr (o)
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3. If vg € I' and u satisfies the weak orthogonality condition,

1 / 2\2 W 1\2
e A R Y R A
482 wr(z0) 2e T'r(z0)

—_ (3.1.3)

1
<C |:7”/ ~|VulPdz + Fr(r) +
wr(w0) 2

Proof. In what follows, the arguments used reflect those presented in [39] for
the interior case and [3] for the boundary case. We also note that C' will
denote a generic positive constant independent of ¢ throughout this proof
which is subject to change.

Step 1: zg € Q

Assume w, = B,(z9) C Q. Let n and 7 represent the unit normal and tangent
vectors to Ow, respectively and define the vector field X = x — zy. Of course,
| X| < rforall v € w, with (X,n) = X,, =7 on dw, and (X,7) = X, =0 on
Ow,. To obtain (3.1.1), consider the Pohosaev-type identity (2.6.1) and take
v =2X.

Estimates Along Ow,.:

The lefthand side of (2.6.1) can be written as the sum of integrals I 4+ I where

1
I = / {§|Vu\2Xn — (O, X - Vu)} ds,
Owy

1

I = —
452 Swr

(1 — [ul?)2X,, ds.

Since X = rn on Ow,, we have that X - Vu = rd,u. The first integral has

estimate
1 2
L =r —|Vul|* — (Onu, Oyu) ¢ ds
Owy 2

1
:r/ {—|Vu|2— \Gnu\Q}ds
Owr- 2

1
§r/ ~|Vul* ds.
Ows- 2

The integral I, is easily seen to be

_ T 2\2
]2—4—52/6wr(1—|1j¢|> ds
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and therefore
L+ < 7“/ Lhoup+ L= jup2bas = pe).
- By 2 252

Estimates in w,.:

The righthand side of (2.6.1) can be written

/ {es(u) div X — ZX;J,(&EJ.U, 8xlu>} de = J; + Js
Wy ]J

where

1
Jl :/ {§‘vu‘2d1VX_ZXi]<azju7axlu>}dx7
Wy 7,5l

1

h=1s )

(1 — |ul?)*div X da.

Since Xij =0y and divX =2>2—r,

.
Ji 2 /w {|VU|2 - §|VU|2 - Zl:éjl<8$ju7azzu>} dx
Js
= / {—g|Vu|2 + |Vul? — |Vu|2} dx

1
— /WT §|Vu|2d:p.

For J; we use div X > 1 to get

1
> — [ (1—|u*)*da.
J2_4€2 (1—|u|”)"dx

Putting everything together,

1 1
) (1—\u|2)2d;ﬂ—r/ §]Vu|2dx§Jl—i-JQ:Il—I—IQSF(r)

which proves inequality (3.1.1).
Step 2: xg €T

Let 79 > 0 be chosen small enough so that I' N B,(z() consists of a single
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smooth arc satisfying |I',| < Cr for all 0 < r < ry and that w, is strictly
starshaped with respect to some point z; € w, for all 0 < r < rg. Asin [3] we
let A be a 2rg-neighbourhood of T, and by taking rq smaller if necessary, it is
known that there exists a vector field X € C%(N;R?) satisfying

(X,n)=X,=0 forallzel,, (3.1.4)
X — (7 —20)| < Clo —20* forall z € w,, (3.1.5)
05, X7 — 0;5] < Clz — x| for all z € wy, (3.1.6)

for a constant C' > 0 and for any zy € I'. To obtain inequalities (3.1.2) and
(3.1.3) we consider the Pohosaev-type identity (2.6.1) with ¢y = X and find
estimates for several of its terms. Using dw, = I', U (0B, (x) N §2), it will be
convenient to perform these estimates on I', and 0B, (zg) N (2 separately.

Estimates Along I',:

By (3.1.4) we may write X = (X,7)7 = X,7 where 7 is the unit tangent
vector to I', and so X - Vu = X,0,u on I',. Whether one is in the strong or
weak orthogonality case the lefthand side of (2.6.1) reads

{e-(u)X,, — (Opu, X - Vu)} ds = —/ (Opu, X:0ru) ds.
Iy

T

For the strong orthogonality condition, representation (2.2.2) for d,u and 0,u
is used along I, with the known conditions

uy = Opuy = 0ru; =0
to obtain
(Onu, X;0-u) = X (u)0pg + Ot g, u)0-g9 + 0-uyg).
Expanding the inner product,
X ((w))*(0ng, 079) + w07 (Dng, 9) + wyOpur (g™, 0rg) + Opurdruy(g™, ) -
The expansion simplifies considerably using
(0ng.9) = {g7,9) =0
(by Lemma B.1) so that

<anu7 X787u> = XT(<U||)2<ang> a‘rg> + u||anuJ_ <gJ_7 aTg>)
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Noting that since g is smooth, there is a constant C;, so that max{|Vyg|, |Vg|*} <
C, on the tubular neighbourhood Nr. Moreover, by Lemma 2.3 we also have
luy| <1, [Vu| < Coe™! on Q. Using Cauchy-Schwarz,

|())*(0ng, 079)| < |0ngllOrg| < |Vg|* < C

|y dui (g™, drg)| < 10nurllgH]|0-g] < [Vu|[Vg| < CyCoe™
Therefore, there is a constant ¢ for which

(O, X, 0-u)| < |XT|§.

Moreover since | X, | < Cr and |I',| < Cr we have another constant C' (inde-
pendent of ) so that

/ (Opu, X - Vu)ds

T

g/ yX|—ds<C_7”
9

The weak orthogonality condition along I, is slightly more delicate. In this
scenario, we use representation (2.2.2) for 0,u once more so that

/((9uX<9u :—/ (u, g) g+, X,0,u) ds
I

== X (u g™ ,u)0rg + Or u”g—l—uL&g + Oruy gt ds
Iy

|74
== Xu,0:u) ds+ — X (u g™ ;) 07g) ds.
T, Iy
(3.1.7)

Integrating by parts in the first integral of (3.1.7),
W

58 T,

XuLé? UJ_dS— 53/ XT@T(UJ_)2dS
Iy

w
- Qs (<u7gl>2XT‘x€8Fr _/ <u7gL>ZaTXT dS)
Ty

By Proposition B.2 the tangential derivative of X satisfies

0.X, =1+ f(X,7,DX, D7)
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where | f| < C|z — 29| = Cr on I',.. Then

- / (w9120, X, ds = / (") ds — / (u, g1)2f ds
T, I, Ty

< / (u, g1 ds + CrlulgP|IT,|

r

< —/ (u, g7V ds + Cr?.

r

On the other hand by (3.1.5) and the reverse triangle inequality, we have along
Ly
1 X:| F 7| < C7?

so that for  small enough, |X,;| < r on OI',(z¢) and so

‘(u,gl)zXT\xeapT‘Sr > (ugh)”

€0l (z0)

The second integral from (3.1.7) has the basic estimate

44 w
< ST XAl l10:9] < —Clg)r™.

w
s/ X‘r<uJ_gL>u||a‘rg>dS
g T,

Putting these estimates together,

W %4 CWr?
- [(owx0mpas <~ [ ugpase gt Y gt S
Ty

r z€dly(zo)

Estimates Along 0B, (o) N2

The lefthand side of (2.6.1) along 0B, (x¢) N € can be written as the sum of
integrals Iy + I where

1
I = / {—|Vu|2Xn — (Opu, X - Vu)} ds,
9B, (z0)n0 | 2

1

~ A2
4e% JoB, (z0)n0

I (1 — |ul*)*X, ds.

Using the decomposition X = X,,n + X7 and noticing that

X -Vu = ((X,Vu'), (X, Vu?) = X,,0,u + X,0,u
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we can write
—(Ohu, X - Vu) = =X, (Ou, Oqu) — X, (O, Oru)
= —X,|0,ul® — X, {(0,u, O;u).

Again by (3.1.5) it is easily estimated on 0B,.(zg) N that | X,|, | X;| < Cr.
Using this paired with the identity |Vul? = |9,ul* + |0,u|*, Cauchy-Schwarz
and Young’s inequality:

1
[1 = / {—‘VU|2Xn_Xn’anu’2 _XT<8nu7aTu>}ds
0B, (wo)n0 L 2
1 2 1 2
— ~10ul X — =X, |0ul? — X, (Opu, Oru) ¢ ds
0B, (z0)n0 L 2 2
1 1 1 1
<or[ S0k + g0l + ot + gl fas
aBr(xo)ﬂQ 2 2 2 2

= CT/ |Vul? ds.
OB (x0)NQ2

For ]2,

C
(1— |ul?)X, ds < — (1 — |uf?)? ds.
4 2
€% JoB,(z0)NQ

1

L=—
4e? JoB, (wo)n02

Thus, for C' > 0 large enough we have

1 1
I + I, §C’T/ —{|Vu|2+—2(1— |U|2)2}dS:CF(T)
OB, (20)NQ 2e

and therefore

{e-(w)X,, — (Opu, X - Vu)}ds = I + I — / (Opu, X - Vu) ds

Owy- T,

gchm+§]
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in the strong orthogonality case and

{ec(u) Xy, — (Opu, X - Vu)}ds = 1) + I, — / (Opu, X - Vu)ds

Ow,- T

B W2
- 2es

w
< / (u,g" )2 ds + C lFF(T) + -
Iy
in the weak orthogonality case.
Estimates in w,.:

For the righthand side of (2.6.1) we write

e.(u)divX — Xt O U, Op,u) pdr = Jy + Jo
T J l
Wy ],l

where

1
Ji = / {§|VU‘2diVX B ZX;J.(&,;J.U,@”U)} dz,
Wy j:l

1

)
4e® /.

Jo (1 — |ul?)? div X da.

By (3.1.6) we use ]Xfcj\ < ;1 + Cr on w, and using Cauchy-Schwarz and
Young’s inequality:

D X5 (O, ) <Y |XL ][Oy, D)

gl 4l
<Z(5- +Cr) 1|8 u|2+1|8 ul?
= ~ 5l 9 z; 9 T

= |Vul* + 207 |Vul?.
Now, since

divX =X, +X2 =2+ (X —1)+ (X2 —1)>2-2Cr (3.1.8)
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we have

J1 2 / {%|Vu|2 div X — |Vul|* — QCTIVUIQ} dx
> / {IVu> = |Vul> = Cr|Vu|* — 2Cr|Vu|*} dx

> —Cr/ |Vul® dz.

Finally, by choosing o smaller if necessary, by (3.1.8) we have divX > 2 —
2Cr > 1 which gives

1 1
Jy = 1= wr(l — |u[*?div X dz > = /wr(l — Juf?)? da.
Therefore we can find C' large enough so that for the strong orthogonality
condition

1 1
4_52/w (1-— |u]2)2dm—0r/ §|Vu|2dx§ Ji+ Jo

Wr

=15+ 1

<o[rm+Z]

3

which completes the proof for inequality (3.1.2) and

1 1
1= oJr(l — |ul?)? dx — C’r/ §\Vu\2dx

Wy

W 12 Wr?
< — ds+ C | F;
=T ) (u,g7)" ds + { r(r) + -
for inequality (3.1.3) in the weak orthogonality case. O

3.2 n-Compactness

We are now in a position to state and prove the n-compactness property of
minimizers. As a reminder, recall that the n-compactness property allows
one to relate a certain logarithmic bound on the energy to the non-existence
of vortices. Specifically, the idea here is that for two concentric balls, if the
energy on the larger ball is small enough, then it is impossible for vortex to
exist in the smaller ball.
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Theorem 3.3 (n-Compactness). Let %s < B < v < s < 1. There exists

constants n, C, g9 > 0 such that for any solution u. of the Euler—Lagrange
equations (2.2.1) or (2.2.3) with € € (0,¢9), if zop € Q and

G (e waer (20)) < 1| Inel,

then
I
[ue] = 5 in we (20), (3.2.1)
L 1 —
’<’U/5, g >| < Z_J: onI'N wE"/(x0>7 (322)
1 W .
— (1 —|ue*)?*dx + —S/ (ug, g*)?ds < Cn. (3.2.3)
4e? wev (x0) 2e I'Nwev (z0)

Remark 3.1. In the specific case that u. is a solution to (2.2.3), note that
GY (u.) is replaced by G.(u.) and s = 1 in the statement of Theorem 3.3.
Moreover, the bound (3.2.2) is trivially satisfied and (3.2.3) reduces to

1

= (1 — |u.?)?dz < Cn.

Wey ((E())

Proof. The case where zg € Q and wo.s(z9) NT' = @ follows exactly from [39,
Lemma 2.3]. In the situation where xy € Q and wy.s(z9) N T # &, this can
be reduced to the former case or the case where the ball is centered on the
boundary [32]. Therefore, it is sufficient to prove the result for when zq € I’
and thus we proceed as in [3, 4]. Observe first that by the mean value theorem
for integrals, there exists r. € (2¢7,2¢7) such that

/2255 Fr(r) dr = Fp(r.) /;Eﬁ dr _ Fr(r:)In <i—i> = Ir(ro)(y — B)| Inel.

eY r eY r

Using this fact and the energy bound assumption,

= Fr(r)
el = GY (wiwn \wao) = [ S dr = i)y - )l e
2e7
and therefore 0
Fr(r,) < ——.
r(re) v=p5
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In the strong orthogonality case, the same calculation can be refined by re-
placing Fr(r) with F(r) so that

_n
F(TE)SV_B.

If u is a weak orthogonal solution, we use inequality (3.1.3) to obtain

1 / 212 w 1\2
— (1= Jucl")* dr + - (ue,g~)"ds
4% o (w0) 28 Jr,. (w0)
[ 1 Wr?
<C 7“5/ §|Vu\2dx+Fp(r5)+ :E]
wTe(:EO)

< C |2 Ine| + Lﬁ + 4W€2B—5]
N —

< C [28%/*|Ine| + Lﬁ + 4W\/€_3} :
/'y_

If u is a strong orthogonal solution, a similar bound is obtained by using
inequality (3.1.2) from Lemma 3.2:

1

1
— 1 — |u®)?de < — 1 — |u|?)?dz
4e2

waer (z0) —4e? Ju, (o)

] X )
<C ra/ —|Vul|?dz + F(r.) + T—E]
wre (w0) 2 €

< C 2% Ine| + S/ 45251}
i b

<C 253/477|1n€| + ’Y—Lﬂ —1—4\/5} .

From the continuous extension of w?*/4|Inw| to [0, 1], note that we have

max w*/*|Inw| = —.
0<w<1 3se

Using this, we have the bound

8 1
265/ 4p| lne| + —— < Cym,  Cy 1= — + ——.
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Let € < g9 where ¢q is to be chosen later and assume C' > 1. Then

L (1 — |u|?)?dz + W / (us, g)*ds < CCyn
4e? wae (20) 28 Jrper (a0)
where
Cy +4,/Egn ! if u is a strong orthogonal solution,
2o { Cy + 4max{W, 1} /g5n~" if u is a weak orthogonal solution.

Defining C' := C'C, proves inequality (3.2.3).

To prove (3.2.1), we proceed by contradiction. Let zo € Q and assume
there is some x5 € w.+(x0) such that |u(xy)| < 1/2. Then since |Vu| < Coe™?,
one can use the mean value theorem to obtain

C
u(z) = u(zs)] < [Vullz — 2, < ?le — .

For x € w,/ac,(w2)

Co ¢ 1
u(z) — u(z2)| < ?0 G, 1 u(z)| <

o

Note that since £/4Cy < €7 and @ € wa (), We have wejac, (22) C waer (20).
Also, there is a constant o > 0 for which

|w, ()] > ar? (3.2.4)

for all x € Q and for all » < 1. Using this, inequality (3.2.3) and the lower
estimate (1 — |ul?)? > 49/2% on w, ¢, (z2)

1

Cn>——
77_452

(1= |uf*)?dx
w2a"/(x0)
1

>
— 42

(1= Juf*)*dz

We/ac, (72)

49 ( g2 )
e

210£2 42C2

49

21402

Vv

Vv

o1



Ph.D. Thesis — L. van Brussel McMaster University — Mathematics

Recall that C' = C'Cy. Assuming
1

WP (21119%)2 if u is a strong orthogonal solution,
S0 = 1 49 2\
(8] : : .
(4— 214020max{W1}) > if u is a weak orthogonal solution,
we have

1/ 49«
Cn=CCyn < CCn+ = (21402>

1 49« 49¢v

Choosing 1 smaller than 49«/(2"°CC,C?) yields the contradiction.

and therefore

Finally, we prove (3.2.2). As noted in remark 3.1, if u. is a strong orthog-
onal solution then we trivially have |(u., g*)| = 0 < 1/4 on all of T'. Therefore
we restrict our attention to weak orthogonal solutions for the remainder of this
proof. Many of the steps here follow those found in [3, 4], but are altered to
match the boundary conditions of this work.

Recall from the proof of Lemma 3.2 that for zy € I', the radius bound
ro was chosen small enough so that w,(zg) could be assumed to be strictly
starshaped around some x; € w,(zg). Taking r = r., the starshape constraint
allows us to write .

(x —x1,n) > ZE on Ow,_(xo)

where n is the unit normal vector to dw,_(xy). We begin by setting ¢ = z — x4
in (2.6.1) and studying the integrand of the lefthand side of the identity. First,
note that by using the orthogonal decompositions

Vul = (Vul,nyn + (Vul,7)r, i=1,2,
the ith component of the vector field 1 - Vu, can be written
(z — 21) - V)" = (Vul,n){x — z1,n) + (Vul, 7){x — 21, 7)
which leads to
(Ontie, (v — 1) - V) = |0,u*(x — 21,n) + (Opue, Opu){z — 21, 7).

Next, using the lower bound from the starshape constraint, we have

1
(1= Jue?) (= 2,m) > —

= 0= a2 0

162

o2



Ph.D. Thesis — L. van Brussel McMaster University — Mathematics

on all of dw,_(xp). Using this and an orthogonal decomposition of the gradient
once more,

ee(u )@ — x1,n) > =(|0hue|® + |0rus|*) (x — 21, n)

N —

and therefore the lefthand side of (2.6.1) has the lower bound
/ (ec(ue)(x — z1,n) — (O, (x — 1) - Vue)) ds
Owr¢
1
> / (§<x 0, ) (10— Otae?) — (& — 21, 7) (D, 8Tu€>> s,
Owr¢

Focusing on the righthand side of (2.6.1),
div(z — zy) = 2, 8xjwl =0

and so it holds that

ec(ue) divep — Y "l (D, u, 0pu) = i(1 — |ug?)?.

, 2e
Jsl

Combining this with the lower bound on the boundary integral yields the
inequality

/ ((x — a1, n>\87u5]2—2(x — 21, T)(OnUe, Oruc)) ds
Owr,

1
< / (x — x1,n)|Ouc|® ds + —2/ (1 — |ue|?)*d.
Owrg € Wre
(3.2.5)

The second term of the integral on the lefthand side of (3.2.5) can be bounded
easily by Cauchy-Schwarz, the Peter-Paul inequality and using the fact that
|z — 21| < 2r,
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/ 2(x — x1, 7)(Opuec, Oru.) ds
a

Wre

g/ 2z — 20, )| (Ot D) | ds

Te

< / 2|z — x1||7||Onue||Orue| ds

Te

16|0,uc*  |0ru.|?
< Ar, d
—/a " ( 5 T 16.2 )%

Wre

€ a’T € 2
= / (32r5\8nu5\2 + 7"|—u|) ds.
2, 8

Te

The starshape constraint allows us to bound the first integral on the lefthand
side of (3.2.5) by

) 2
/ (x — z1,n)|0u:* > / Mds
Owrg Owrg 4

and therefore the total lefthand side of (3.2.5) has the lower bound
/ ((x — 21,n)|0ruc|* — 2(x — 21, ) (Opue, Oru.)) ds
Owrg

> % |0,u.|* ds — 327"5/ |0pu.|? ds.

Owr Owr,

Using Cauchy-Schwarz again, the first integral on the righthand side of (3.2.5)
has the simple bound

/ (x—xl,n)](?nug|2ds < / |.:E—x1HnH0nu5]2 ds
&/Jrg Wy

€

< 27"5/ |Opue|? ds.
Owr,

Putting these bounds together, we arrive at the inequality

8
/ 10, | ds < 272/ Op|? ds + — / (1 — |ue|?)?da.
awre Te€ Wre

Owr,

Decomposing the boundary dw,. = I',. U (0B,.(z) N Q) and using the known
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boundary condition from (2.2.1) we write

/ |Opuc|? ds :/ |Op | ds—i—/ |0pu.|? ds
Owrg Tre OBy, (z0)NQ2

2
— ZZS / (u, g-)?* ds +/ |Onuc|? ds.
: )

By (z0)NQ2

€

Next, we use the crude estimate

/ |Opuc|? ds < / |Vu|? ds
8BTE (xo)ﬂQ (')BTE (CE())ﬂQ

1
< (]Vug|2 51— |u5|2)2) ds

Te JoB,, (z0)NQ
2F(r.)

,rE
2Fp (TE)

Te

IN

and so

2722
/ |0, uc|* ds < — / (u, g\ ds
Owr, [ond | P
8 | BUFL(r)

1 — |u.l?)?d
+T€€2 /wr( |ue|”) dx r

€

Recall from the beginning of this proof that r. € (2¢7,2¢?) is chosen such that

Ui

Fr*(?"g) S m

Therefore we have the basic bound
544 Fr(r.) < 272n e < 272n o
Te Y= B Y= B
Applying inequality (3.2.3) to the remaining terms of the integral (recall that

this inequality holds for radius r.), we can find constants C’ and C” indepen-
dent of € and zy such that

27212
e /F (u,g*)*ds < C'ne

Te
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and < o
5 / (1 o \u€\2)2d:13 S n S C//ngfs
TE Wy TE
Hence,
272
/ 0,uc|?ds < C'ne™* 4+ C"ne™* + %58 < Ce™*, (3.2.6)
Owr, Y —

Next, we apply the Sobolev embedding theorem to u. on the one-dimensional
set I',_ so that each component of u. satisfies

ul (z) —ul(y) = / O-ulds, Vx,yeTl,.
y

By Hoélder’s inequality,

Jue () — ue(y)] < Z ut(x) — u(y)|

2 T

:Z / O,u' ds
.
SZ/ |0-ul| ds
i=1 Y
2

=1
< (dist(z, y) 2 (100ul ] 2qe,

i=1
< 2(dist (2, 9))? |10 ue | 2, -

Therefore by (3.2.6) and the smoothness and compactness of I' there is a
constant C' independent of £ and x( such that

[us () — ue(y)] < C/w — yle™" (3.2.7)

holding for all z,y € I',.. We are now in a position to apply the same contra-
diction type argument as for (3.2.1).

Suppose in order to derive a contradiction that there is some point x5 € T';.
such that |[(u.(z2), g (22))| > 1/4. By adding and subtracting u(x) in the first
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component and g (x) in the second component,

(ue(w2), g™ (22)) =

(ue(22)
(ue(22) — ue(),
+ (u(x), g™ ().

Applying the triangle inequality, Cauchy-Schwarz and the uniform bounds |u.],
lgt| < 1 wherever necessary,

[(ue(w2), g7 (22))] < [{ue(@), g7 (@))] + Jus(@) = ve(w2)] + g7 (2) = g™ (22)]
and thus by the assumption |{u.(z2), g*(72))| > 1/4 we have the lower bound
[(ue(@), g™ (@))] > 1/4 = Jus(2) = ue(wa)] = g7 (x) = g™ (22)|-

Consider the ball of radius p = €°/(16>°C?) centered at x5. Then by (3.2.7)

8s/2 1
[ue () — ue(22)| < C (160) e8/2 — T

for all € I',_ N B,(x3). By the smoothness of g* on I, there is a constant C’
independent of € and z( so that

97 () — g™ (z2)] < C€°

which again holds for all x € I';, N B,,(z2). Choosing &, small enough so that
C’ey < 1/16 we have

(e (), g (2))] > 1/4 = Jue(2) — ue(2)| — |97 () — g (22)]
>1/4—1/16 — 1/16
=1/8.

Applying inequality (3.2.3) and noting |I',. N B,(x2)| > p,

Y W w1\ W
Cn>— o go)ds > . =) = =—=——.
=50 F,,,SQBP(@)(“ g ds> o5 e (3 819202
Therefore by choosing 1 small enough we arrive at a contradiction. O
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3.3 Covering the Bad Set

As a consequence of Theorem 3.3, we can now show that the bad set

_ 1 1
S. = {:c €0 ju(x)| < 5 ot [(ue(2), g ()| > Z}
can be covered by a finite, disjoint collection of balls with radius of order no
larger than €®. Remarkably, it can also be shown that the number of such balls
needed to cover S is bounded independent of €. In other words, for ¢ small,
the set S, is small.

Proposition 3.4. Suppose first that S, corresponds to the bad set for a mini-
mizer of (W.0.). There exists N € N depending only on ), a constant X\ > 1
independent of € and points pe1,...,peq. € Se N, qer,. .y qeg. € SeNT such
that

(i) I.+J. <N,

(”) S. C Uzlszl B)\e(pe,i) U Ujszl Bies (QE,j))

(111) {Bxe(Pe,i)s Baes(qe5) h<i<i. 1<j<J. are mutually disjoint with centers sat-
isfying

‘ps,i - pe,j’ > 8)‘57 ‘QE,Z' - QE,j| > 8>\€sa and |p€,i - Qz-:,j‘ > 8)‘587

() Bae(pei) NI'=@ foralli=1,... 1.
If S. is the bad set for a minimizer of (S.0.), then the above holds with s = 1.

Definition 3.5 (Bad Balls). Any ball that belongs to the covering

~txdeyl x>

for S from Proposition 3.4 will be generally referred to as a bad ball.

At this point, the specific boundary conditions related to (W.0.) and (S.O.)
do not play a significant role in the proof of Proposition 3.4, other than the
fact that bad balls centered on the boundary have a different radial scaling.
The heart of the proof comes from the form of the local energy bound as seen
in the context of Theorem 3.3. In fact, when compared to [3, 4], the structure
of the n-compactness results is the same as the one proved in this work. Since
Proposition 3.4 relies more on the structure of the energy bound, the proof is
nearly identical to that found in [3, 4]. However, for the sake of completeness,
we prove Proposition 3.4 in the case of strong orthogonality.
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Proof. Consider the cover of S, given by {By.s(y)}yes.. By Vitali’s covering
lemma, there exists a finite collection of points 41, ¥s,...,yn. € S. such that
{Boos ()}, are mutually disjoint and {Bjo.s(y;)}0s, is a cover for S.. By
Theorem 3.3 and the upper bound from Proposition 2.4, we have

Ne
Napllne| < Ge(ue, waes (i) < Ge(ue) < D(w + C)||Ine].
i=1
Therefore D o
N, < Pt C)
n

and so N, = N is bounded independent of ¢.

Now by the mean value theorem for integrals, we again use the fact that
there exists some r. € (£7,¢”) so that

G(ue;weﬁ(yi) \Wa”Y(yi)) > (v — 6)| 1n5|F(T€>'

Applying Lemma 3.2 then gives

1 1
) (1= |uf)?de < — (1= |uf*)? dx
4e? we (¥i) de? wre (y3)
G ey W ev\Y1
< O |16y, () + TSI
(7 B)|ne|
<M
where M > 0 is a constant independent of ¢ and ¢ = 1,...,N. Since (1 —

lu?)? > 9/16 on w.(y;), the same idea used in the contradiction argument of
Theorem 3.3 can be applied so that

1 1 9 9o
— 1— dr > — [ =) - (ae?) = =
422 ws(yi)( [0l de > 15 <16) (=) = 64
independent of € and i = 1,..., N, where « is as in (3.2.4). Therefore

N
« 1 2\ 2
(I —4§§4—/w (1—|u*)?de < MN.

Te (yl)

Setting N = [(64MN/9a)] + 1 finishes the proof for (i). Next, we employ
Vitali’s covering argument again but now on the collection of balls { B.(y) },es. -
Then there is a finite set of points p.1,...,p.1. € SeNQ, e, .., ¢ 5. € SN
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so that {B:(pe.), Be(¢e ;) h<i<i.1<j<s. are mutually disjoint and

I Je
Se C U B55(p6,i) U U B56(Qa,j)

i=1 Jj=1

with I. and J. bounded independent of €. If A = 5 and the current ball covering
satisfies conditions (ii)-(iv) we are done. In the case that condition (iii) is not
satisfied, we apply the ball merging method presented in [10, Theorem IV.1].
Here, balls whose centers do not satisfy the minimum distance 8 \e are merged
by increasing A > 5 and given modified centers. Since there are a finite number
of balls, this merging process will terminate and (iii) will be satisfied after a
finite number of steps with A independent of . If all conditions are satisfied
with the exception of (iv), then each ball whose closure intersects the boundary
is encapsulated into its own boundary ball with center y € B).(p.;) NI and
radius 2Xe. If this new collection of balls satisfy (iii), we are done. If not, we
apply the merging process again. Finally, it is worth noting that the merging
process could produce interior balls which intersect the boundary. In this case,
we proceed in the same way by including the boundary-intersecting interior
ball into a boundary ball and then merging again. As before, since there are
only a finite number of balls, this process will terminate in a finite number of
steps until all interior balls have positive distance to the boundary I, or there
are no interior balls left near I'. O

While the finite ball covering of S, is a significant feat in determining where
U, is nicely behaved, there is an associated complication given by the fact that
the cover is not static. In other words, the centers of the bad balls, in general,
move as € — 0. Thus, if one wants to study u. away from vortices, say on the

set
Q\ {U Brle) U | B (qa,j>} |

i=1 j=1

then one must also be aware of the fact that the domain is now moving when ¢
decreases. One way to rectify this issue is to observe that by the compactness
of Q, subsequences of the bad ball centers can be extracted which approach
fixed points in €. Therefore by taking ¢ > 0 small enough, all bad balls will
have congregated near one of the limiting points, and so a larger static ball
can be used to encapsulate all nearby bad balls. Of course by doing this, we
are potentially covering large portions of the domain where u. behaves nicely.
Nonetheless, for £ small, these new fixed balls can also be taken to be small.
In the next proposition, we construct a collection of fixed balls which act as a
static cover for S;.
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Proposition 3.6. For any sequence of € — 0 there is a subsequence £, — 0,
a constant og > 0 and a finite collection of fixed points {pi1,...,pr} C €,
{q1,...,q;} C T such that for any 0 < o < ¢ and for alln € N, the collection
of sets

Sy = {Ba(p) ¥y U {Boe ()}, (33.1)

are mutually disjoint and cover S.,. The result holds for s =1 in the case of
strong orthogonality.

Once again, as Proposition 3.6 does not depend on the boundary condi-
tions, this result can be shown as done in [3, 4]. The case of strong orthogo-
nality is shown here with details filled in.

Proof. By Proposition 3.4, the sequence of cardinalities {I., J.} for the approx-
imate vortices {p., ¢.,; } are uniformly bounded by N. By Balzano-Weierstrass
there exists a subsequence ¢,, so that I, = I y Je, = J are eventually con-
stant for g, small enough which leaves us with the sets of accumulation points
{Pentyr- 0., 7} and {ge,1,---,q,., 7} along this subsequence. Upon taking
further subsequences if necessary, Balzano-Weierstrass gives I distinct interior
limits {p;}/,_; C Q and J distinct boundary limits {g;};_; C I'. Next, let
{y ¥ = {p}, U {q;}/_,. Since these limit points are well-separated, we
can define

1
o ::Zmin{|yi—yj|, dist(p;, ) i # g, i=1,...,1, j=1,...,J}

so that
So = {B,(p:) i[:I U{Bs(q;) }‘]:1

is a disjoint collection for any 0 < o < o9 with B,(p;) NT' = @& for all
i =1,...,I. Finally, given that 0 < 0 < 0y is fixed (and independent of ¢)
the set S, covers S;, for all ¢, small enough. O
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Chapter 4

Lower Bounds for the Energy

In Chapter 3, we were concerned about ensuring that the set of points S,
where u. does not behave like a classical director is small. Now that it is
known such a set is small for ¢ > 0 small, we can focus on determining how
minimizers behave when they are close to S.. Since the finite bad ball covering
from definition 3.5 for S; has a known (and uncomplicated) geometry, it will
be more convenient to consider the behaviour of u. near bad balls. To begin
uncovering how one should observe u. around bad balls, we can look to the
energy.

Suppose B is some bad ball. Then by Proposition 2.4,
G (us; B) < 7D|Ine| + C.

The first obvious insight is that the energy associated to a bad ball will grow
no larger than logarithmically in . A more subtle insight comes from the fac-
tor D, the degree (or winding number) of g along I', which highlights the fact
that the tension created by the winding of the boundary data is related to the
energy of the system. Thus, observing how minimizers wind around bad balls
appears to be a step in the direction of quantifying the energy contribution of
a vortex.

In this chapter, we show that the energy contribution of a single non-trivial
defect is logarithmic in € and that the intensity of the energy is attributed to
the square of the winding behaviour of u. around the defect. The way in which
we measure the winding will depend on the bad ball type being observed, i.e.,
interior bad balls or boundary bad balls. It is also shown that a relationship
holds between the degree of the boundary data ¢ and the cumulative winding
behaviour of u, around the bad balls. This relationship will then be used to
develop a global lower bound for the energy that matches the upper bound up
to an additive constant.
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4.1 Winding Quantifications

Our focus in this section will be to describe the way in which we quantify the
winding of u. around each bad ball type (interior or boundary). For interior
balls the topological degree of an S'-valued map, taking values in Z, is well
understood. We refer the reader to [38, Section 3.4.1] for a discussion on this
topic.

A much harder problem is quantifying the winding of u. along the arc
0B N Q where B is a boundary bad ball. Indeed, since the approximate half-
circle 9B N is not a closed contour, it is not obvious how to apply the notion
of degree as used for interior balls. Moreover, due to the boundary conditions
of the minimization problems (W.0.) and (S.0O.), we are open to the possibil-
ity of u. making approximate Zm rotations about the arc as opposed to the
standard 2Zm rotations used in degree theory. In this way, there is a sense in
which the winding or ‘degree’ of u. along a boundary bad ball is fractional.
To avoid the issue of fractional degrees, we define a new topological quantity
called the boundary index for u. along 0B N 2 which will be based on rota-
tions of u. modulo 7 (a ‘half-turn’ quantity) as opposed to rotations modulo
2m. To give the reader an intuitive view on how this quantity can be defined,
we begin by analyzing solutions of (S.0O.) since this case is easier to work with.

Let By.(g.;) be some fixed boundary bad ball as defined in Definition
3.5. Fix R > Ae so that for all A\e < r < R the closure of w,(g. ;) does not
intersect the closure of any other bad ball. By definition of a bad ball, we have
luc| > 1/2 over the annulus Ay, z(g-;) and (u., g*) = 0 on boundary portions
'\, 7(¢-;)- Define the S'-valued function

Ue i

Ve =e

el

locally on Ay r(q-;) and let v be a lifting of g on T'r(q. ), that is, g = /(@
for z € T'r(g. ;). Since (uc, g*) = 0 on boundary portions Ff\[&R(q&j), it is easy
to see that

¢—7=0 modm on Ff&R(q&j). (4.1.1)

Consider the contour given by 0B, (q. ;) N and define
¢ ; = 4.;(r) = 0B:(qe5) N T g(de5),
Q©j = q;j(r) 1= 0B,(ge;) N FXaS,R(Qe,j)-

Suppose 0B, (g ;) NS is oriented such q_ ; denotes the beginning of the curve.
Then by observation (4.1.1) (the phase of v. and the phase of g differ by integer
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multiples of 7), there is an integer D; € Z such that

/ drpds = (g*;) — v(qz,) — Dy
0B,-NQ

The integer D; is what will eventually be called the boundary indexr and it rep-
resents the net integer number of ‘half-turns’ v. makes along the arc 9B, N .
However, there is a way in which the above work can be generalized to include
weakly orthogonal solutions. Thus, before we finally give a formal definition
for the boundary index, we proceed with this development.

Let By.(ge;) be some fixed boundary bad ball as defined in Definition 3.5
with s € (0,1]. Fix R > Ae® so that for all Ae® < r < R the closure of w,(q. ;)
does not intersect the closure of any other bad ball. By definition of a bad
ball, we have |u.| > 1/2 over the annulus A g(q.;) and |{u.,g*)| < 1/4 on
boundary portions Ff\[657 r(¢e;). Define the S'-valued function

U i

Ve =e

el

locally on Aj.s gr(q-;). Let v be a lifting of g on ['g(q.;), that is, g = 7@
for x € I'g(q.;). Using the bound |{v., g*)| < 1/2 on boundary portions
Fis7 r(Gej), it is easy to calculate that this means the phase of v. and the
phase of +¢ are always within a relative angle of 7/6. More precisely, there is
a function ¢;(z) on Ffes,R(qEJ) satisfying |c;(z)| < 7/6 such that

¢ —v=cj(r) modm on Ffes,R(qEJ). (4.1.2)
The correction function ¢;(x) is of course a piecewise function on Fi:s’ r(Gej),

¢y (&) on T, p(ge;),

¢j(x) = { cj(z) on Ty r(ge;),

but the components c;t should be chosen so that angle measurement is con-
sistent. To do this, we must define a sense of orientation with respect to the
boundary function g.

Definition 4.1. We say that u is positively oriented (p.o.) with respect to g
at © € T provided (u(x),g(x)) > 0 and negatively oriented (n.o.) at z € T
with respect to g if (u(x), g(x)) < 0.

Geometrically speaking, Definition 4.1 amounts to u lying within a local
double cone with vertex = € I' and axis of symmetry defined by g(z). In

particular, let (p,#) denote the polar coordinate system where p > 0 is the
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radial distance from = € I and @ € [—7, 7] is the measured angle between u(z)
and g(x), with positive rotational orientation counterclockwise away from g.
Then we define

Cla) =CT(a)UC (a)

where « € [0,7/2) and

C* () = {(5,0) € (0, +0d] x [~a,al},
C (o) = {(p,0) € (0, +0] x ([—m,a — 7] U [r — o, 7])}.

Then w is p.o. at € I' if there is a € [0, 7/2) such that u(z) € C*(«) and n.o.
at x € T if there is « € [0, 7/2) such that u(x) € C~(«). Within this context,
it is clear that if u ¢ C(«) for any a € [0,7/2) then u(x) is orthogonal to g(z).

Remark 4.1. When restricting attention to the strong orthogonality condition,
if |lu(z)] > 0 for x € T then u(x) always belongs to C(0).

Returning to the function ¢;(z), if v. is positively oriented on a component
of Fis’ r(¢=;), then the corresponding branch of the piecewise function will
be the relative angle between v, and the axis defined by ¢ in C*(7w/6) with
positive orientation dictated by a counterclockwise rotation relative to g. If v,
is negatively oriented on a component of Fis, r(Ge ), then the corresponding
branch of the piecewise function will be the relative angle between v. and
the axis defined by —g in C~(7/6) with positive orientation dictated by a
counterclockwise rotation relative to —g.

Remark 4.2. In the special case where u. is a strong orthogonal solution,
¢; =0 on all of F;\taR(qu).

Consider the contour given by 0B, (g. ;) N where Ae? <r < R and let
q:j = q;j(r) = 0B,(q.;) N Fj\rgs,R(qe,j),

Q. ;= 4. ;(r) == 0B:(¢-,5) N Ty 5(4z5)-

(4.1.3)

Suppose that the orientation of 0B, (q.;) N €2 is such that q-; indicates the
beginning of the curve. Then by observation (4.1.2) and the fact that |¢;| <
/6, we have as in the strong orthogonality case

/a drpds = (0a2) + e ) — (0az) + 5 (4z,) — Dy

where D; € Z is the approximate integer number of ‘half-turns’ v, makes along
the arc 0B,(¢.,;) N Q2. We can now rigorously define the boundary index for
Ue.
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Definition 4.2 (Boundary Index). Let Ay r(g-;) be an annular region sur-
rounding a boundary bad ball with center q.; and with R > \e® chosen small
enough such that Axes r(g.;) does not intersect the closure of any other bad
ball. Let o be the lifting of the normalization of u. in Ax.s r(q.;), v the lifting
of g on U'r(q.;) and let c; be the correction function as defined by (4.1.2).
Then the boundary index of u. on 0B, (q. ;) N for Xe® < r < R is defined by
the integer

D, :=

J

3=

(v(aZ;) + ¢ (a5)) — (V(az,) + <5 (az,) — /83 -

(o) ds]

where {q_;,q7;} are as in (4.1.3) and OB, (g ;) NS has orientation such that
q; indicates the beginning of the curve. We will often use the notation

D; := ind(u.; 0B,(q. ;) N Q)

for when the arc over which D; is calculated needs to be stated explicitly.

As in the case for the degree of an interior ball, it can shown that D; is
independent of the chosen radius r € [\e*, R].

Lemma 4.3. Let Ay.s g(q-;) be as in Definition 4.2. Then the associated
boundary index D; = ind(u., 0B, (q. ;) N Q) is independent of the radius r €
[\e®, R).

Proof. We omit the subscript ¢ in this proof and sometimes the ¢; dependence

for space. Let A\e® < a < b < R and consider the closed contour defined by
the boundary of the annulus A, ;(¢;) with decomposition

0Aap(qj) = Tqp(¢5) U Calg;) UT5(q5) U Co(ay)
where we have employed the short-form notation for the circular arcs
Ca = Calg;) = 0B.(q;) N, Cy = Cy(g;) = 9By(g5) N Q.

Here, we take the orientation of Fib(qj) to coincide with the positive orienta-
tion of I'. The circular arcs C, and Cj, are to be oriented as in Definition 4.2.
Define the boundary indices

D, = ind(u.; 0B4(q;) N ), Dy = ind(u.; 0By(g;) N Q).

Since |u.| > 1/2 inside A,4(g;), the degree of u. along the positively oriented
boundary 0A,;(g;) is zero and thus

/ 8Tg0d5:/ 87<pds—|—/ aTgods—/ Orpds = 0.
6Aa,b(Qj) Fib Ca C'b
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Along the boundary segments Fib(qj), we can write

Oy + 0.c) on 'Y, (g5),
87—(,0 = _ _7
0;v + 8ch on Fa’b(qj),

which gives

/ drpds = (v(q (a)) +¢; (¢ (@) — (v(g™ (b)) + ¢ (g (b)),
o (4.1.4)
/F+ Orpds = (v(g" (b)) +¢; (g7 (b)) — (v(¢"(a)) + ¢ (¢7(a))).

On the other hand, by Definition 4.2

/C Orpds = (v(q™ (@) + ¢ (¢ (@) — (v(a~ (@) + ¢ (¢~ ())) — Dyr

- /C Orpds = (v(q~ (1) + ¢5 (¢~ (b)) = (v(g" (b)) + ¢5 (¢ (b)) + Dyr.

(4.1.5)
Adding (4.1.4) and (4.1.5) together,
/ Orpds = —Dgm+ Dy =0
8Aa,b(qj)
which of course readily gives D, = D. O

4.2 The Energy Contribution of a Defect

Next, we develop a lower bound for the Dirichlet energy of u. on an annulus us-
ing our notion of interior degree and boundary index. We begin by recognizing
that when xy € T, there are four possible orientations for u on F:TR<I0)I

(a) wis p.o. on [ and n.o. on T, p,
(b) wis p.o. on I'} and on T p,
(¢) wisn.o.on I, and p.o. on ' 5,

. + —
(d) wisn.o.on 'z and on T .
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(¢) u is n.o. on Fj,R and p.o. on I' 5 (d) w is n.o. on I‘f’R and on I' "p

Figure 4.1: The four possible orientations for u on FfR assuming [ is flat
and g = 7, the positively oriented unit tangent vector to I'.

These four orientations are shown above in figure 4.1 in the case of a flat
boundary and strong orthogonality with tangential boundary data. With this
in mind, we can define a polar representation for u on A, r(zg), zo € Q.
Recall the local polar coordinate system developed in Section 2.5 by Definitions
(2.5.2)-(2.5.8). Let ~(z) be such that g(z) = €7@ along I'g(x0) with 7y =
(o) provided zo € I'. Using this, we set

u(ﬂ? 9) = f(p7 Q)eid)(pﬁ) on AT,R(‘/EO)

where

Y(p,0) =< DO+ v+ ¢(p,0) if zo € I' and wu is p.o. on F:R, (4.2.1)
DO+ + ¢(p,0) + 7 if 2o € T and u is n.o. on I} .

Here, ¢ is a smooth single-valued correction function defined on A, g(zo) and
the integers d, D € Z are the associated degree and boundary index for u
depending on the center of the annulus. Defining the polar form of v in this
way allows the boundary index D to determine the orientation of u along I', 5.
Indeed, when R is taken to be appropriately small and D € 2Z, the phase
difference across I‘fR will be approximately an even multiple of m. Therefore
the orientation of u is preserved along FfR (corresponding to cases (b) and
(d)). On the other hand, if D € 2Z + 1 the phase difference across FfR will
be approximately an odd multiple of m which forces the orientation of u to be
opposite on either side of zy (corresponding to cases (a) and (c)).
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Returning to the correction function ¢ momentarily, in estimates to come
it will be important to appropriately bound the magnitude of ¢ along I'. The
following proposition indicates that |¢| may be bounded in the following way:

Proposition 4.4. Let ¢ be as defined in (4.2.1). Then there exists a constant
Cy > 0 for which |¢(p,0(p))| < C1(|{u, g-)| + p) on FiR provided |u| > 1/2
and |(u, g*)| < 1/4.

Proposition 4.4 is claimed in [32] (for the case where gt = n) but is not
shown explicitly. For completeness and to ensure it is still true for arbitrary
boundary data g, we prove it here.

Proof. By definition of the inner product
[{u, g)] = [ull cos(v — (v = 7/2))| = |ul|sin(v — )]
Using the assumptions |(u,g*)| < 1/4 and |u| > 1/2 we have

1 1
Slsin( =] < [fwg")| < 7 = 3 <sin(w—2) < 3.

Therefore we easily see that u € C(n/6) for all x € T ;fR. In order to show
the desired inequality, we consider the possible four cases of orientation for u
separately.

Case (a) - u is positively oriented on F+R and negatively oriented on I' "

Along I}, we have
Y—y=D0+y—-—v+o=¢
with D € 2Z + 1 and £ € [—7/6,7/6]. Applying the triangle inequality

|| < |1+ DO + |0 — ] < = +Cp

On the curve I', p the phase difference satisfies D0 + v — v+ ¢ = Dr +&. A
similar estimate gives

8] <[l +[Dllm =6l + o=l < = +Cp

Case (b) - u is positively oriented on I}, and on T p

In this scenario, ¥ —v = DO+ —v+ ¢ = £ along FIR and DO+~ —v+¢ =
Dm+ & on ', but now D € 2Z. The estimate |¢| < 7/6 + Cp is obtained
identically to that of case 1.
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Case (c) - u is negatively oriented on F:R and positively oriented I, p:

On T}, we have
V=y=D0+y—v+o+m=m+¢

and on I' " the phase difference satisfies DO + g —y+ ¢ + 7= Dr + 7+ ¢
where D € 27 + 1. The same estimates are applied here as in case 1 to obtain
|p| < 7/6+ Chp.

Case (d) - u is negatively oriented on F:R and on T p:

In this final case, the estimates from case 3 on FfR still hold but now with
D € 27 to preserve orientation.

Remark 4.3. The case where & = 0 in each of the four cases above corresponds
to the strong orthogonality condition.

If needed, we may assume r and R are chosen small enough such that
Cp < w/12, for example, so that

T T T T
< —+4(Cp< — - =
Pl<g+Cr=g+p=7

on FfR. Next, we return to the inner product

.9} = full sin( — 7)| > ] sin(es — )
and observe by the addition formula for sines
sin(a + b) = sin(a) cos(b) + cos(a) sin(b),
the m-translation invariance
| sin(DO+0+7)| = | sin(DO+yo+y+m)|, | cos(DO+yo+7)| = | cos(DO+yo+y+7)|
and the reverse triangle inequality, we have
{94} 2 5] i(D+ 70 = 5+ )

= S 15in()|cos(D8 + 50 )| = 3l cos(@)]sin(D + 50 — )]

on FfR for any of the four orientation scenarios. By the smoothness of I" and
v, we know for r and R small enough,

|sin(DO + 70 — )|, [1 = [cos(DO + v —7)|| < Cp.
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Therefore we may assume |cos(D8 + vy — )| > 1/2 on F:R and we obtain

(.6 = {1sin(@)] - 3G

Finally, since |¢| < m/4 we have the estimate

[sin6)] > 516

which leads to the inequality

1 1
[(u, g*)| > slel = 5Cp.

Arranging for |¢|, we can find a universal constant C' so that

61 < 8(1{u.g") |+ 5 ) < C g )] + )

giving the desired inequality. O
Let us now estimate the Dirichlet energy for u. about z, € Q.

Theorem 4.5. Suppose zy € 0 and assume that 1/2 < |u| < 1 in A, r(zo)
and |{u, g*)| < 1/4 on T%. Additionally, suppose that there is some number
K such that

G(u; Q) < K|lne| + K,
1

2

1
(1 — |ul?)? dx + ;/ (u, g )?ds < K
.y

Wey (:Eo)

where €7 1s as in Theorem 3.3. There exists a constant C' depending only on
Q, v and K such that:

(1) If Br(zo) CQ,e<r<R<ryandd#0,

/ |Vul*dz > 2d*7 In (E) —C. (4.2.2)
AT,R(xO) r

(i) If v e, e <r <R<rgand D #0,

/ Vul?dz > D*rln <§> _c (4.2.3)
AT,R(IO) r
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Remark 4.4. The hypothesis of this theorem includes both the weak and strong
orthogonality problems. Substituting (u, g*) = 0 and s = 1 into the above yields
a version of the theorem tailored to the strong orthogonality problem.

Proof. Asin previous proofs, C' will denote a constant independent of € through-
out and is subject to change. We begin with the polar representation u(p, 0) =

f(p,0)e9) centered at x9 € Q. If Br(zy) C ©, the Dirichlet energy of u has

lower estimate

/ \Vuﬁdx:/ (FPIVeP + |V f]?) da
Ay r(z0) Ay r(z0)

2/ fAVdo + Vol dx
Ar r(z0)

d2 2 2d 2
:/ J; dw—i—/ —289¢dx—|-/ I Vo|? dx
App(zo) P A, r(zo) P Ar g(z0)

=0+ 1+ Is.

The same lower estimate is obtained for when xy € I' but with d replaced by
D. We consider each integral separately for all three cases:

L (i)

The proof of this case is identical to Struwe’s arguments from [39, Proposition
3.4] and [40, Proposition 3.4°]. However, we do give the full calculations here
to fill in the details.

d2 2 d2 2 d2 d2
/ {dx—/ {dx—k/ —de—/ —de
A p(zo) P A g(zo) P A r(z0) P Ap r(z0) P
d? d?(1 — 2
AT,R(:EO) p AT,R(rO) p
2 1— 2
= 2d%7In <§> — / d(—Qf)dx
r Ar r(z0) P

= 2d*mIn (E) — Iy
r

The integral I, needs to be treated differently depending on the sizes of r and
R. In particular, if r < ¥ < R then

d2 1 — 2 d2 1 — 2
Ay v (o) p Aev r(%o0) p
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Estimating I5 via Cauchy-Schwarz,

1 — 2
15 = d2/ 2f dx
Ar,a’Y (:1:0) p

1/2 1/2
< d? (/ —dx) (/ (1— f2)? d$> :
rE'Y (ZO) p Ar,e'y (170)

For the first integral in the product, we compute

27 T
—d = dpdf = — - < =
/M YA / / pt P W( 62”) ~ e

Therefore
1/2
d2
1< VT / (1—f*)?da
€ Ar,e"/(xo)

1 1/2
< /r (;/ ( )(1—f2)2dx)
wey (To

For integral I, the same procedure as above applies but now we use €7 < p
to obtain

1/2 1/2
d*\/m 1
Is < 1— f%)? < d? —/ 1— f%)? .
= e (/Agw,ﬁ(aco)( ) dx) <dVm (527 Q( a dx)

Now since v < 1,

1

= [ 0= )% dz < 420G (u; Q) < 4K (1 + |1Inel) < O(K,7)

Q

and therefore we have the bound I < d?>v/7C. Now if R < £7 we need only the
estimate for I5 since |I4| < |I5]. In the case where €7 < r, then the estimate
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for I is only needed since |I4| < |Ig|. In any case, we have the lower bound

I, = 2d*rIn (E) — I
T
Z 2d27TlIl <E> — |]5| — |IG|
T
> 2d%7 In <§) - C.
T

Note that for future calculations we assume r < €7 < R.

Iy (i)
In this scenario the proof is more closely related to the ideas of Moser [32,
Proposition 5.6]. The annular region can be described by the set

=
<«

a

Arr(zo) ={r <p <R, 6i(p) <0 <0:(p)}

where 6, — 6, > m — Cp. We have

D2 2 D2 D2 1 — 2
Ay r(zo) p Ap r(zo) Ar r(z0) p

92
_02// Sdodp— 1,
01

R —_—
:D2/ 92p01dp—14

As in case (i) we use

D2 1 — 2 D2 1— 2
Ar e (o) P A (w0) P

Proceeding as before

. 1/2 1/2
Is < D? / — dx / (1— f)*dx
Ay v (zo) P Ay v (z0)
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and since Oy — 0 < 2w, r > e > ¢

e 22 1 672
/ —d:r;—/ / —3d6dp§/ Zdp< =
Ts'y(aco)p T 0, P T P €

Then I < D*V/7K is obtained by the same estimate from case (i). Without
any modifications to the arguments used before for I, we still have I <

D?\/wC. Therefore
I, > D?rln <§) -C
r

I (i)

2df? 2d(f2 -1 2d
[ Howar- [ HEZUopa- [ Zaga
Arn(zo) P Ar. r(0) P Ay r(zo) P

2 1 R 21w 2
_ / M(f—?)a@qs dr — / / 2 pp dt dp
Ar,R(IO) p r 0 p

-/ 20 1) 4 /R 2d(6(p,2m) = $(p,0))
Ay, r(z0) P T

P

2

—1

L[ Mo,
Ar R(xO) p

Applying Young’s inequality

|]2|<2/ ‘dHl_]&
S k(0 p

d21 212
§4/ i Rl A / Vo2 da.
Ar.r(x0) p? 4 J A, p(xo)

Using the fact that |1 — f2> < |1 — f?|,

aqs'

1 1
L] < 41, + —/ IVo|2dx < C + —/ Vo2 da.
4 A, R(x()) 4 A R(x())

I6)

D
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I (ii)

In this estimate we utilize the bound

|6(p,02) — S(p, 01)| <2C [ D ur(p.bi(p)| +p

zG@Ff

on I’fR which follows directly from Proposition 4.4.

2D f? 2D(f? -1 2D
/ Qf 69¢ dr = / #8@ dx — / —269¢ dx
App(zo) P Ay r(0) p

Ar r(z0)

2D(f2 —1 B 029D
:/ _i%—%mm—/u/—4www
Ay r(z0) p roJoo P

R
_ / DU =V 540 - / 2D($(p,02) = 6(p:01))
Ar,r(z0) P r

P
2D(f? -1
AT,R(xO) p

gt R 4ID|C
+4|D|C/ Mdp+/ 4picp
T p r p

R

2D(f? -1 =
:/ —JQer@m+qmc/ CE e
Ar,r(z0) p p

+
FT‘,R

The same methods used in case (i) can now be implemented for the first
integral in the sum above:

2D(f2 1 |
[ P swcane [ vopas
Ay r(0) p 4

Ar r(z0)

1
<C+ —/ |V¢|2dx.
4 Ar r(z0)

The second integral is treated as similarily, starting with breaking up the
interval (r, R) = (r, &7 U (7, R):

i i 1
[ Iy U = [Py Y
rt p . p r P

+
R v 7, R
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For p € (r,e7],

(. g5 ) 1/2 1/2
u7
/ g &) dp < / - dp / <u’ gJ_>2 dp

r P rf_ p e,

+
r,e”Y r,eY

\/5 1/2
<5 (/“<u,gL>2d8)

€

(L] wre)
< V2K.

On the remaining interval p € (¢7, R),

[(u, g") 1 v 12 v
/ ———dp < / 5 dp / (u,g7)"dp
r P 5P IS q

e7,R

=2 (gs-vl /P (u, g*)* ds) -

88
< 2(Ke (1 + |Ing])) /2
< C(K,7).

Therefore .
L] < C+ —/ |V¢|2 dz.
4 Ay r(z0)

Iy (i) & (i)
By assumption, |f| > 1/2 and so

1
I :/ PV dz > -/ V| da.
Ar r(z0) 4 Ar r(%0)
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In all cases, we estimate using
/ ‘VUleI2[1—|[Q|+I3
AT:,R(xO)

For BR<$0) Cc Q

/ |Vul?dr > 2d*7 In (E) - C(Q,v,K)
Ay, r(z0) r
and for o € I

/ |Vu|? de > D*rIn (E) —C(Q,7, K).
AT,R(CCO) r

4.3 Winding Identities and Ball Grouping

Given the definitions of how we quantify the winding of u. along the bound-
ary of bad balls, it is not completely obvious at first glance how the degrees
of interior bad balls, the boundary indices of the boundary bad balls and
D = deg(g; ") are related. Indeed, the degree counts full 27-rotations of w.
along curves while the boundary index counts only m-rotations. To get a better
handle on how these topological quantities are related, we proceed to view u.
in a punctured domain.

Consider a minimizer u. of either (W.0O.) or (S.0.) with small € > 0 fixed
and define the punctured domain

Q = Q\ {O B,\a(pm) @) LJ B)\gs (Q&j)} . (431)

i=1 j=1
That is, 2 is the domain for u. with the closures of the bad balls removed. For

notational convenience in this section, we will suppress the ¢ subscripts and
set 1 = e, p = Ae®. Let I" be the boundary portions of (2 defined by

=T\ {U Bp(qj)} : (4.3.2)

Assuming that the boundary bad ball centers {qj}}]:l C I' are ordered with
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respect to the counterclockwise orientation around I', we also define

I'; := connected component of I' linking qj(p) and q; 4 (p) (4.3.3)

where ¢; (p) and ¢, (p) are as in (4.1.3). In this way, we have the decompo-
sition

J
r=Jr, (4.3.4)
j=1

Remark 4.5. With this labeling convention, it should be understood that ¢,
and qj.1 correspond to the same point.

Before we give a proof of the relationship between the degrees and boundary
indices, it is possible to visualize and informally justify what one should expect
to see. We begin by noting that the boundary of the punctured domain
has three fundamental ‘types’ of boundary components. There are the circles
0B, (p;) from the interior bad balls, the arcs 0B,(g;) N €2 from the boundary
bad balls, and the curve segments I' connecting the boundary bad ball arcs.
By the definition of bad balls, it is ensured that u. does not vanish on any of
these curves. Our analysis begins on the closed contour

¢ =1uJ@B,(¢) N Q)

which is taken to be positively oriented, in the sense that the orientation of C'
matches the orientation of I' where they coincide. Given that |(u.,gt)| < 1/4
on T, it is known that along each segment fj, the phase of u. stays relatively
close to the phase of +¢ (modulo 7) depending on the orientation of u. on
that component. Moreover, since € > 0 is assumed to be small, the boundary
arcs OB, (q;) N Q are small compared to I' and thus the turning behaviour of
u. on C' should be primarily governed by the turning behaviour of g. The
identity deg(g; ') = deg(—g; ") also suggests that this turning behaviour of .
will not depend on its orientation with respect to g on any given component
fj. Therefore, it appears as though u. will have a net phase of approximately
27D along T'. Along the arcs, the boundary index associated to each gives the
approximate net number of m-rotations made by u.. By the definition of the
boundary index, each arc should contribute approximately —D;m to the net
phase of u. on C'. Thus, the total net phase of u. on C' will be the sum

J
2D — 7 Z D;.
j=1
By degree theory, this number should be equal to the sum of the net phases
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27d; = 2w deg(ue; OB, (p;)) of u. on the circles 0B,.(p;). Therefore, one should

see
J 1 1 J
2D -7y Dj=2m) di = D—Zdi+%ZDj.
j=1 i=1 i=1 j=1

This vague visualization turns out to give the correct identity relating the
winding behaviour of u. to the winding of g on I'. Moreover, the identity
holds independent of u. being a weak or strong orthogonal solution.

Proposition 4.6 (Winding Identity). Let u. be a solution of either (W.O.)

Stxleyl ) >

Let
di — deg(us; aBAs(ps,i))a
D; = ind(u.; 0Bxes (e ) N ),

be the degrees and boundary indices for u. about its interior and boundary bad
balls respectively. Then

D=> d+ % > D (4.3.5)

Proof. Continuing with the short-form notation, we let » = Ae and p = A\e®.
Suppose the boundary bad ball centers {g¢; ;-]5:1 C I' are ordered with respect

to the counterclockwise orientation around I’ and let Q, T’ and fj be as in
(4.3.1), (4.3.2) and (4.3.3) respectively. We also use the notation

C; = 0B,(q;) N9

to represent the arcs created by the boundary bad balls. Since [u.| > 1/2 on
the punctured domain €2, we may define the normalization

Ue

e H'(Q;SY).

=

Recall that we may write v, locally in © via the lifting ¢,
v, = €',

and likewise, we can write ¢ locally on I' via the lifting v so that g = e?.

Remark 4.6. [t is worth pointing out that even though ¢ can be defined only
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locally in Q, since Vv, = Ve'¥ = ie'?V, we have
Vo = .V,

which indicates that V¢ s actually globally defined on Q.

Along each component f‘j, we have an observation similar to that of (4.1.2),
namely that for every j =1,..., J,,

¢ —~v=c;j(r) modmon fj

where ¢; is a correction function for the phase of u. satisfying |c;| < /6
when v, is a weak orthogonal solution. If u. is a strong orthogonal solution,
one can take ¢; = 0 for all j = 1,..., J; for the remainder of this proof. Note
that to accommodate for this slightly new notation for the correction function,
Definition 4.2 for the boundary index of u. on 9B,(g;) N§) can be rewritten as

D, =§ (V(a}) + ¢(a))) = (1(g;) + ¢-a(g;)) — /C

J

0, ds]

where we are using
4 = (B,(¢;) N ) NIy,
g; = (B,(g;) N NT; 4,
and the convention ¢y = ¢; on I'.

Since v, is S'-valued on €, the total degree of v, along the boundary 9 is
zero and thus

Je 1Ie
8Tg0ds:/87g0ds—|— / O-pds — / Orpds
/8(1 r ]z_; o ZZ_; OBr(pi)
Ie

:[1+12—27TZdi

=1

(4.3.6)

= 0.
Along the connected components fj, the gradient of ¢ satisfies

Vo =Vy+ Ve,

81



Ph.D. Thesis — L. van Brussel McMaster University — Mathematics

and therefore integral I; of (4.3.6) can be written

Je
I, = /&fyds—Z/ Tvds—l—Z/ 0-cjds
T'y(g)) =175

where decomposition (4.3.4) was used for [ in the last integral. Computing
each integral leads to the sums

Je
L=2tD =Y (vq}) — () + Z (c5(g541) — €i(g)-
j=1

Using the definition of Dj, integral I, from (4.3.6) can be written

Je
L= [0(a) + ¢5(a)) = (A7) + 51 ())] - ”ZD
- 2(’7(% +Z ¢ q] — Cj-1 q] —WZD

Summing [; and I, then leads to

Je
L+1,=2D+ > (¢;(q7) — o +chqj —¢j1(qy) —WZD
7=1
Je
= 21D+ (¢5(q51) — ¢ (q))) —wZD
j=1

Je
=2mD — 7 Z D;.
j=1

Substituting this back into (4.3.6) and dividing through by 27 gives the desired
identity. O

It is clear that equation (4.3.5) should be viewed as a global identity, in the
sense that it relates all degrees and boundary indices of u. to one another via
the degree of g on I'. However, this raises the question as to whether or not
there is a sense in which interior degrees and boundary indices can be added
locally. 1t is well-known from standard degree theory that this can be done
easily for groupings of interior bad balls. More precisely, suppose there is some
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xo € Q and R > 0 such that the ball Zg(z) satisfies
PBr(zo) NI = 2, U Be(pei) C PBr(xo)
=

where 7 is a nonempty set of indices for interior bad balls. We assume also
that R > 0 is chosen so that #r(z() does not intersect the closure of any other
bad ball (of interior or boundary type). Then it is easy to show

deg(ue; 0ABRr(x0)) = Z deg(ue; 0Bae(pei))-

1€L

In the lemma to follow, we prove that a similar result can be shown for when
HAr is taken to be a ball centered at some point located on the boundary.
However, in this case we allow for &g to contain both interior and boundary
bad balls. In this way, the lemma provides the sense in which degrees and
boundary indices can be added locally.

Lemma 4.7. Let Z and J be sets of indices for a collection of interior bad
balls {Bxe(pe,i) yier and boundary ball balls {Byes(g:;) }jes respectively. The
index sets may or may not be empty. Suppose there is a point yy € I' and
radius R > 0 such that the ball Br(yo) satisfies

(U B)\e(pe,i) U U B)\es (%4)) C '%R<y0)

i€l jeT

and Br(yo) does not intersect the closure of any other bad ball (of interior or
boundary type). Then if 9 = ind(us;0Br(yo) N Q), di = deg(ue; 0Bx:(pes))
and D; = ind(u.; 0B (g- ;) N Q),

7= D;j+2) d. (4.3.7)

Proof. Due to the geometry of the problem, if 7 is nonempty, we may assume
the centers of the boundary bad balls {q. ;};cs are ordered with respect to
the positive orientation of I". Suppose |J| = J and assume R > 0 is chosen
large enough such that the ordered endpoints {y, ,ys } of the arc 9Br(ys) N
satisfy

lvo —ai| >0, |yg —qf|>0.

Note that this adjustment can be made since all bad balls have been shown to
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have positive distance between them. Define the punctured half-ball

%? (Yo) := Br(Yo) {U Be(Pe.i) U B)@(Q&j)}

i€ JjeT

and let
0= (1N Zal)) \ {UBAES o }
With this, we can define

connected component of I' linking ya and ¢g; ifj=0,
I'; = ¢ connected component of T linking q and qj g f1<i<J -1,
connected component of ' linking ¢ Tandy; ifj=J,

so that T’ = Ufzofj. Finally, we also define notation for the circular arcs
Cj = 8B)\es(q]') N Q, é = 8,%33(1;0) N €.

As we've done before, we let v. = e € H'(%g(y);S') be the local repre-
sentation of the normalization of u. on PBr(yo). The total degree of v. on
0Br(yo) is zero and so

J J
O-pds = / O-pds + / dpds
/a@R<yo> Z L Z Cj

/ O-pds — / O-pds
0B (ps)

i€l

_Z/ 8T<pds+2/ 8<pds—/8Tg0ds—Z27rd

i€l

:Il+12—13—2277'di
1€L
=0.

The sum of integrals represented by [ is treated the same way as done in
Proposition 4.6:

I = (v(gr) +colar)) = (V(we ) + colyg ) + (v(yg ) + ca(wi))

— (v(q7) +cs(qy)) + i[(v(qm) +¢i(q531)) — (V(g) + ¢5(q))]
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where ¢; is the corresponding correction function for the relative phase of v,
with respect to +¢ on T'; and v is the lifting of g = € on T'z(yo). For I3, we
employ the definition of boundary index to obtain

J J

L= [((g)) +e5(a) = (gy) +¢ima(gy))] =7 Y Dy

j=1 j=1

With & representing the boundary index for u. on 0%g(yo) N2, the remaining
integral I3 is written

—L=72 4 (v(yy ) + colwn ) — (V(wg) + cayg))-

Upon summing, it is easy to see that the phase components cancel and we are
left with

J
h+L—-Iy=x7—7Y D

j=1
Substituting this back into the original sum gives
J
W@—WZDj —Z27Tdi =0
j=1 i€

and therefore dividing through by 7 leads to (4.3.7). O

4.4 A Global Lower Bound for the Energy

In this next lemma, we employ the local result of Theorem 4.5 to develop a
lower bound for the Dirichlet energy on S, as defined in (3.3.1), which in turn
can be used to find a uniform upper bound for the energy on the set

Q, = Q\ S, (4.4.1)

Before we begin, note that since the set S, is a cover for S, we have |u,, | > 1/2
on 0B,(p;) for all i =1,...,I. Therefore we may define

d; := deg(ue,; 0By (pi)).

Similarly, since |u.,| > 1/2 on 0B,(q;) N Q and |{u.,,g")| < 1/4 on T'y(g;) N
0B, (q;) for all j =1,...,J, the function u., has a boundary index

D; :=ind(u.,; 0By(q;) N ).
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Lemma 4.8. Suppose ¢, is the subsequence taken in Proposition 3.6. There
exists a constant C, independent of €, and o such that:

G.(ue, ; Bo(p;)) > |d;| In (;) 0, i=1,...,1, (4.4.2)
T o’ )
Ga(usn;Ba(Qj) ﬂQ) 2 §]D]Hn <€_s> —C, ] = 1,...,J. (443)

The heart of the proof for this lemma comes from a result developed by
Sandier [37] (and could also be done as in Jerrard [25]) which employs proper-
ties of the logarithmic lower bound seen in Theorem 4.5. In short, the method
involves a two-step dynamic approach where balls containing subsets of S,
are grown and merged in such a way where the energy on these balls can be
estimated from below while maintaining the natural scale e. Moreover, this
method is independent of u. being a minimizer.

One of the main differences between this work and Sandier are details sur-
rounding the boundary. The work done in [37] assumes Dirichlet boundary
conditions and thus one does not obtain boundary vortices there. In the
present case, boundary vortices are plausible and thus some extra care needs to
be taken when one performs the expansion/fusion argument of Sandier. Much
of the heavy lifting required for these new considerations are nicely explained
in [5] and [4]. In these papers, there is an added layer of complexity since the
interior bad balls have radii of order € while the boundary bad balls have radii
of order €° for s € (0, 1] as in this work. For the purposes of completeness, we
present a proof of a relaxed variation of [4, Lemma 7.1] where we only need
to consider bad balls of order € for both the interior and boundary to account
for the strong orthogonality condition.

Proof. For €, small enough, we may assume by Proposition 3.4 that each bad
ball center p,, ; and g., ; are within a distance of ¢ /8 of their respective limits.
We begin the proof inside interior o-balls.

Fixi=1,...,I and consider B, (p;) which contains K" > 1 disjoint bad interior
balls of radius Ae. Define for each bad ball B*, k = 1,... K, a time varying
radius Ri(t) = tAe so that Ry (1) is the original radius of B*. Observe also
that each B carries a well-defined degree dj, = deg(u.; dB*) since |u.| > 1/2
on dB*.

Step 1 - Initial Bad Ball Expansion:

We now observe the process of growing the radii of each ball B¥(1) continuously
in time and estimating the energy over the union of these expanded balls from
below. Since all B¥(1) are well-separated, there is a closed interval [1,¢;] such

that BX(t)N B¥ (t) = @ for all t € [1,t1), Vk # k' and B*(t,) N B*(t,) # @ for
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at least some ball pair k £ k’. That is, the right endpoint ¢t = ¢; corresponds
to the first instance in time where at least two of the growing balls touch. By
Theorem 4.5, the energy over the collection of balls can be estimated from

below using the contained annuli US| Ap, (1), r, (1) (Pex) = Ul B¥(t) \ B*(1)

Glus; U, B (1)) > Glus; URL BE () \ BF(1) > 7Y _d; In @:g;) -

But since Ry (t)/Ri(1) =t forall k =1,..., K and

we have

for all ¢ € [1,4].

/7

| |
N Ra(ty), ‘Ry(t1) -

Figure 4.2: Expansion of two disjoint interior bad balls that collide at time
t= tl'

Step 2 - Bad Ball Fusion:

Assume at time ¢ = #; that M > 1 clusters of M, (¢ = 1,..., M) balls
have touched. Then for each cluster there is a ball BY(t;) of radius R‘(t;) =

Z,iw:él Ry (t1) which contains all M, touching balls. If any of the balls B¢(t;)
intersects the closure of any other balls (including fused balls from other clus-
ters), we add their radii together and continue this process until all balls are
well-separated. Redefine M to be the number of resulting merged/fused balls
created from this process, M, the total number of original balls B*(t;) con-
tained in BY(t;) and R’(t;) the sum of their radii. The energy on B‘(t1) can
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be easily estimated by

M,

G(us; B () = ) Glus; B*(th))

k=1

M,
22 7rln tl
k=1

> | deg(ue; OB (t)))|r In(t,) — C.

Next, we utilize a fundamental observation which allows us to rewrite the
lower bound on BY(t;) above in terms of the new radius R‘(t,) and a defined
“seed size” which in some sense preserves the scaling of the radii of the original
disjoint balls from step 1. Using the addendo property of equal ratios

CLl_CLQ CL1_CL2_CL1+(Z2

—_ = = — = = =
b1 b2 b1 b2 b1+b2

we may write for every k= 1,..., My,

where 7(t;) = 24:‘1 Ri(1) = O(e) and so

RY(t
G (ug; UM 1Bf (t1)) Z\deg us,aBE(tl))]wl (%) —C.
=1

It is worth noting here that the seed size 7(¢;) does not correspond to an
inner radius of some annulus. It is only some value of order £ that preserves
the ratio in the lower bound. Now let K, = K — Zé\il M, which corresponds
to the number of original balls B¥(¢;) that have not been included in the
fusion process. The total energy on the new collection of balls {B*(t;)}1=, U
{B(t;)}}, is then given by

G (u L_J B*(t,) U EL_J Bﬂ(t1)> > (Z \dy| + ; | deg(ue; aéf(tlm) rin(t) — C

K.
Z (
k=1

> dp+ ) deg(us; 0B (1))
/=1

= 7T|dz| hl(tl) —C.

) mln(ty) — C
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R(1)

Figure 4.3: (a) A ball of radius R'(t,) is created as a result of merging the
expanded balls B*(t;) and B?(t;). This new disc interacts with another
expanded bad ball B3(¢;). (b) The merged ball is refined to include all three
expanded balls.

Step 3 - Repeat as needed:

The expansion process can now be performed again on the new collection of
balls from above

{B*(t)}i, U {B (t) 1Ly
Let ¢t =ty > t; be the first instance in time for which at least two balls from
the above set make contact. By Theorem 4.5 the energy on the annular region

B(t) \ B(t,) has lower estimate
C

G(ug; B(t) \ B (t1)) > | deg(ue; B (t))|m In (

— | deg(u.; OB (tl))|7rln( )
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and therefore we may estimate the energy on B(t) for t € (t,12) by

G(u; BY(1)) = Glug; B(t) \ B! (1)) + Glue; B (1))
> | deg(ue; OB (t1))|m In <%) + | deg(ue; OB (ty))|r In(ty) — C
— ] deg(us: 0B (1)) (1) — C.

Therefore the energy over the set of expanded balls {B*(t)}& U {B(t)}M,
for t € (t1,t2) can be bounded below via

G (u U B*t)yul Bf@)) > (Z |di| + ) | deg(uc; aéf(hm) mn(t) — C

=1

> 7|di| In(t) — C

as before. For € small enough, we may continue the expansion/fusion process
until we are left with a single ball B(t.) C B,(p;) with radius R(t.) and
associated seed size r = O(e) where t, is the time such that R(t.) = o/2.
This process terminates in a finite number of steps since there are only a finite
number of bad balls. Then

G(ue; By (pi)) > G(ue; B(ts))
> 7|d;| In(t,) — C

= 7|d;|In (E) - C
r

> |d;| In (g) )

Now we describe the same process for balls B,(g;) N§2 centered on the bound-
ary. In what follows, for the sake of space, we interpret B,(g;) to mean
B,(g;) N Q. Fix j = 1,...,J and let Z denote the set of indices for which
B', i € T are the interior balls of radius Ae contained in B, (g;). Similarly, let
K be the set of indices for which B, k € K are the boundary balls of radius A\e
contained in B,(g;). As before, defined is a time varying radius R;(t) = tAe so
that R;(1) is the original radius of B’. Similarly we define R (t) = tAe for the
balls B. For each B there is a well-defined degree d; = deg(u.; ?B’) and for
each B* a boundary index D), = ind(u.; OB¥) since |u.| > 1/2 on B’ U dB*.
The boundary index D; associated to B,(g;) can be calculated (by Lemma
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A7)

Dj:ZDk+22di.

kek i€T
Step 1 - Initial Bad Ball Expansion:

During the initial expansion, there is a time ¢t = t; > 1 such that either:

(i) at least two of the bad balls make contact and B(t;) N T" = @ for all
ieT,

(i) all bad balls are well-separated but Bi(t;) NI" # & for at least one i € Z,

(iii) at least two of the bad balls make contact and there is at least one
i € T such that Bi(t;) NI" # @. We assume here that either Bi(t;) is
disjoint from the cluster of bad balls which make contact, or the time
t = t; corresponds to a “double collision”, where B?(t;) simultaneously
contacts I' and a bad ball cluster. In other words, the distance from the
center of B'(t1) to the cluster and the distance from the center to the
boundary are equal.

In any of these cases, consider the annular regions

(U sm) o (Yeensm)

for t € [1,t1]. Using the fact that R;(t)/Ri(1) = Ri(t)/Rr(1) = t for all
1 €Z, k€ K we can apply Theorem 4.5 to obtain

G <u5;UBi(t> v Bk(t)) > G (UE,UBZ )\ Bi(1 )) +G <u | B*(1)\ B*(1 ))

i€ kel 1€ ke
k(1

>y diln < i) ZDQ < 1)—0

1€T

- g (ZD,%HZCE) In(t) —

kek 1€L

for all t € [1,¢;]. The sum of the squares of the interior degrees and boundary
indices can also be estimated from below,

Y Di+2> &>\ Di+2) di

ke i€ ke i€

= |Djl
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which gives the lower bound

G (u UsmulJ B’f@)) > g|Dj| In(t) — C.

i€l kel

Step 2 - Bad Ball Fusion:

The merging process near the boundary is more complicated than that of
the interior case. To begin, we consider some base scenarios related to cases
(1)-(iii) listed in step 1 and estimate the energy from below over balls that
encapsulate the original bad balls at the time of first collision ¢t = ¢;. After
this, an argument is made to show that after bad ball fusion, a lower bound
can be found that is written in terms of D;, the boundary index associated to

BJ(Qj)'

Assume first at time ¢ = ¢; there is a cluster of M > 2 interior balls that have
touched for which the closures of each do not make contact with the closures
of boundary balls or 02. Then as before in step 2 of the interior case, there
is a ball B(t;) of radius R(t;) = Zf\il R;(t1) which contains all M touching

balls. If B(t,) intersects the closure of any other interior ball (that also does
not make contact with 92 or boundary balls), we add their radii together and
continue this process until the closure of B(t;) has empty intersection with the
closures of all other interior balls. Assume at this point that B(tl) has empty
intersection with 02 or any other boundary ball. Redefine M to be the total
number of original balls B(t;) contained in B(t;) and let R(t;) be the sum of
their radii. Then if #(t;) = S0, Ri(1), step 2 of the interior case gives

> |éeg(ua;0é(t1))|7rln(t1) - C

_ oAb R(t)
= | deg(us; 0B(ty))|m In (f(tﬂ) - C.

Next, we deal with boundary ball collision. Suppose there is a cluster of
K > 2 boundary balls B*(t;), k = 1,..., K that touch at time ¢t = ¢, for
which the closures of each do not make contact with the closures of interior
balls. Then we encapsulate them into another boundary ball B(t;) of radius
R =30 Ri(t)) with associated seed size #(t;) = S.n_; Ri(1) = O(e). The
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boundary index of u. on this new boundary ball is calculated by
~ K ~
ind(u.; 0B(t)) = > _ Dy
k=1

If the closure of l’;’(tl) touches the closures of any other boundary ball, we
continue to enlarge B(¢;) until it no longer touches the remaining boundary

balls. As before, it is assumed at this point that B(t;) does not intersect the
closures of any interior balls. We redefine K, R(t;) and ©(t;) accordingly.
Since Ry(t1)/R(1) = R(t1)/t(t1) = t;, for all k = 1,..., K by the addendo
property of equal ratios, we arrive at an energy lower bound over l’;’(tl) that
can be estimated by

G(ug; B(ty)) > Z G (ue; B (t1))

k=1
- K
2
> §;Dkln(t1) —C

v

g| ind(u.; 9B(t))| In(t,) — C

- g| ind(u.; dB(t1))| In (7%(“)> —C.

I(t1)

Figure 4.4: The merging of two boundary bad balls B'(¢;) and B?(t).

Next, we describe the process of a boundary ball colliding with an interior
ball. Suppose there is a cluster of M interior balls Bi(¢;) and K boundary
balls B¥(t,) that make contact at time ¢ = ¢;. Then a boundary ball B(t,) is
taken to enclose all M interior balls and K boundary balls. If B*(¢;) have radii
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R;(t1) and B¥(t,) have radii Ry(t;), we may assume that B(t;) has radius

K M
R(t) =) Ri(t) +2)  Ri(t)
k=1 i=1
and associated seed size
K M
B(h) =) Re(1)+2) Ri(1)
k=1 i=1

If B(t,) intersects the closures of any other interior or boundary balls, we
enlarge it until it no longer touches the remaining interior or boundary balls.
As in the previous cases, all notation associated to B(tl) is appropriately
redefined to accommodate for this enlargement. The boundary index for B(t;)
can be calculated by the sum

ind(ue; 0B(t)) = > Di+2)

S,

k=1 =1
and note
~ ~ M ~ K ~ M
lind(ue; OB(t))| = | Dy +2) di| <> Di+2> d;
k=1 =1 k=1 =1

The energy over B(t;) can be estimated from below similar to before

K M
Glus; B(th)) > ) Glug; BY(t) + Y Glue; B'(t))
k=1 =1
- K M
2 2

> ;Dk In(t;) + w;dz In(t;) — C
- L Mo

=3 (ZDngdef) In(t;) — C

k=1 =1

> g| ind(u.; 0B(t1))| In(t;) — C.

Due to the way we are able to define the seed size for B(t;),

Ri(t1)/Ri(1) = 2R;(t1)/2R;(1) = R(t1)/E(t1) = t
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foralli =1,...,M and k =1,..., K. That is, the ratios can still be preserved
under the construction of this new boundary ball B(t;). Therefore the lower
bound on B(t;) can be written in terms of its radius

Gluz; B(tr)) > g| ind(u.; 9B(t))| In (75(%1))) _C.

Figure 4.5: Merging of an expanded interior ball and expanded boundary
ball.

Finally, we describe the process of an interior ball of degree d colliding with
0. If some interior ball B(t;) of radius R(¢;) and associated seed size r(t;)
makes contact with 02 at time ¢ = ¢;, then we take some point y € B(t;) N0
to define the center of a new boundary ball B(t;) with radius R(t;) = 2R(t;)
and seed size T(t1) = 2r(t1) that encloses B(t;). With this choice of seed size,
the ratio R(t,)/r(t:) = R(t1)/E(t1) = t; is preserved. The boundary index for
B(ty) is

ind(u.; 0B(t,)) = 2d
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by Lemma 4.7 and the energy on lg’(tl) can be estimate from below by
G(ue; B(ty)) > G(ue; B(th))
> 7|d|In(ty) — C

- gyzci\ In(t;) — C

- g| ind(ue; 9B(t1))| In(t) — C

. . . ~ ﬁ(tl)
= Zlind(us; 0B(1))|In ( i ) —C

Figure 4.6: Introducing an artificial half-ball to include boundary-colliding
interior balls.

Now that the base calculations and scenarios have been dealt with, the merging
process can be fully explained. After the first expansion step, suppose at time
t = t; there are

e M ball clusters comprised entirely of colliding interior balls (the closure
of some of these balls may intersect 0f2),

K ball clusters comprised entirely of colliding boundary balls,

N ball clusters comprised of interior-boundary balls (the closure of some
of these interior balls may intersect 052),

e P remaining disjoint interior balls (the closure of some of these balls may
intersect 09),

e () remaining disjoint boundary balls.
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If any of the M clusters of interior balls or P disjoint interior balls make
contact with the boundary, we enclose the cluster and disjoint ball in a half-
ball using the method described above. Each of the remaining interior ball
clusters then get encapsulated into their own larger ball with associated energy
preserving seed size. If any of these new balls touch 92 but remain disjoint
from boundary balls, we perform the half-ball containment again. If one of the
interior clusters makes contact with another interior cluster or disjoint interior
balls but remains disjoint from boundary balls, we enclose these in another
interior ball with associated energy preserving seed size. This process continues
until either all interior balls are isolated from the boundary and boundary balls,
make contact with at least one boundary ball, or there are no isolated interior
balls/clusters remaining. In any case, no interior ball and or associated cluster
touches 0f2 and we let W denote the number of boundary balls created from an
interior ball coming into contact with 92. The only objects left to consider are
isolated boundary balls and their associated clusters, and interior-boundary
ball clusters. We can then apply the appropriate half-ball containment method
as needed until the closures of all clusters are disjoint. The integers M, K, N,
P, @ and W are then redefined to match the quantities remaining after the
merging process. It is also worth noting again that this process finishes in a
finite number of steps since there are only a finite number of balls contained
in B,(q;). Let

o {B™(t;)}M_, denote the set of interior balls from the fusion process,

o {B*(t,)}£ , denote the set of boundary balls created from the process of
pure boundary ball fusion,

o {B"(t;)}Y_, denote the set of boundary balls created from the process
of interior-boundary ball fusion,

o {B(t;)}!"_, denote the set of boundary balls created from interior balls
interacting with 0f).

Using the base calculations from above, we estimate the energy from below
over the region

M N
UB (1) UUBktl uUB"t1

k=1 n=1

||C%

Y (ty) UUBP (t1) UUB‘I t1)

where the last two unions are the remaining interior and boundary balls that
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were not included in the fusion process.

M K N
G(ue; Cyy) > Z G(uz; B™(t)) + Z Glue; BE(ty)) + Z Gluz; B*(ty))
m=1 k=1

w P - Q
+ 3 Gus BE (1)) + Y Glue BP(t)) + Y Glue; BI(ty)).

Applying the previous calculation to each ball type, the righthand side yields
the bound

GlueiC) 2 5 (2 S Ideg(u; 0B™ (1)] + Y [ind(us; 0B (1))

m=1 k=1
—i—Z!md (uz; OB (ty) |+Z|1nd (ue; OB*(t1)) |+22|d |+Z|D \) In(t,)—C.
p=1 q=1

Since all of these balls are contained in B,(g;), the triangle inequality gives
that the sum of degrees and boundary indices above is an upper bound for
|D;|. Therefore

G(ug; Cy) >

bo |

Step 3 - Repeat as needed:

The expansion process can now be performed again on the new collection of
balls C;,. Let t = to > t; be the first instance in time for which at least
one of the cases (i)-(iii) from step 1 are observed. The trick for obtaining the
improved lower bound on

N w P Q
)U U Bryul B yu B myulBreyul B

for t € [t1,ts] is identical to the interior case. That is, we consider the annular
regions C; \ Cy, and apply Theorem 4.5 to obtain

Cz

G =

m=1

G(u:Ci\Cy) = 5|D;|In (ti) _c
1
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for all ¢ € [t1,t2]. Then

G(ue;Cr) = G(uss G\ Cry) + Glues Cry)

t

t1 2

Ik

= 7D, n(t) - €
for all t € [t1,t5]. For e small enough, we may continue the expansion/fusion
process until we are left with a single half-ball B(t.) C B, (g;) with radius R (%)
and associated seed size r = O(e) where ¢, is the time such that R(t.) = 0 /2.

This process terminates in a finite number of steps since there are only a finite
number of bad balls. Then

G(ue; By (q5)) 2 Gluz; B(ty))

™

2 5|Dj|n(t.) = C
T R
7r o
which finishes the proof. O
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Chapter 5

Convergence and Locating
Vortices

In this chapter, we conclude our discussion on solutions of (W.0.) and (S.0.)
by showing the existence of a limiting S'-valued harmonic map vy which is
obtained along a subsequence ¢, — 0. In the context of liquid crystals, uy can
be interpreted as the ‘classic’ director to which we were previously introduced
to in Section 1.1. However, the map will have a finite number of point singu-
larities. The heavy lifting for this convergence result is primarily taken by the
global lower bound found in the previous chapter. In fact, there are several
easily obtained corollaries derived from Lemma 4.8 which paves the way for
ug. We will begin by proving these corollaries, but we note that many of the
techniques follow the standard procedure originally developed in [10, Chapter
VI] and [39].

5.1 Convergence Along a Subsequence

By Lemma 4.8, we find that for appropriately taken subsequences, a lower
bound on the bad set cover S, is found to be

1 J
GV (u.,;S,) > n <Z|di|+§Z|Dj|> |Ine,| — C (5.1.1)
i=1 Jj=1

where C' > 0 is a constant independent of . It is this bound that will be
pivotal in obtaining our results.

Remark 5.1. As noted in [4, Remark 7.5], it is clear from (5.1.1) that the
o-balls which constitute S, satisfying

deg(ue; 0By (pi)) =0 or ind(u.;0B,<(g;) N Q) =0
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do not have any meaningful contribution to the energy, and thus can be seen
to belong to the set where u., converges. With this, we may omit all such balls
with trivial degree and boundary indices.

Definition 5.1. Let

Z = {pla"'7pf}u{q1a"'7qJ}
denote the collection of non-trivial vortex centers from S,.

The first corollary we prove shows that the degrees d; and boundary indices
D; can be taken to be independent of ¢ along subsequences. Moreover, we can
show that all degrees and boundary indices associated to S, must be of the
same sign.

Corollary 5.2. Let s € (0,1]. Then along a subsequence, the degrees d;,
v = 1,...1, and the boundary indices D;, j = 1,...,J, are constant in €.
Moreover, each d; and D; are positive.

Proof. By pairing inequality (5.1.1) with the upper bound of Proposition 2.4,
we obtain a constant C' > 0 independent of ¢ such that

1 J

s C
d;| + = D;| < sD
ZI |+22| J|—S +HHEU|

i=1 j=1

and thus each d;, D; is bounded uniformly in €. Upon taking subsequences,
we may assume each d; and D; to be constant in . To show that each integer
in the sum is positive, we utilize identity (4.3.5) to get

I J I J
> |dif +§ZyDj\ > s Zdi—l—%ZDj
i=1 j=1 i=1 j=1

On the other hand, we have again by the pairing of inequality (5.1.1) and the
upper bound of Proposition 2.4, a constant C' independent of ¢ such that

C
Z|d|+ Z|D|<5D+|1 T

Since each d; and D; are independent of €, we take ¢, — 0 to obtain the

identity
Z\d|+ Z\D| Zd+ ZD

= s|D| = sD.
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and therefore d;,D; > 0 for each ¢ = 1,...,1 and j = 1,...,J. Since the
centers of o-balls with trivial degrees or boundary indices have been ommited,
this improves to d;,D; > 0 foreachi=1,..., T and j =1,...,J. n

We now show that the full energy can be uniformly bounded independent
of € provided we are outside the bad set cover S,. In particular, it is shown
that the energy is uniformly bounded in € on €, as defined in (4.4.1).

Corollary 5.3. For any o € (0,00), there exists a constant C' independent of
€ and o such that
GY (ue,;Q,) < wsD|lno| + C.

Proof. By Lemma 4.8, Proposition 2.4 and using the fact that 2 = Q, U S,,
GY (u.,; Q) = GV (ue,; Q) — G (u.,; S5)

< wsD|Ineg,| —7sDIn -~ + C
5

=7sD|lno|+ C
for C' independent of € and o. O
Corollary 5.4. It holds that

forallv=1,....1 and j=1,...,J.
Proof. Let 0° < R < 0. Then

I J

A= U Aa,R(pi) ) U AUS,R(Qj) C Qo’

i=1 j=1

for all 0® < R and the anuli in the union above are mutually disjoint. Applying
Theorem 4.5 to each of the annuli, there is a constant C' depending only on R
such that

I J
1 5
§/A\Vu8]2dx27r<g d?—|—§g Df-)]lna|—C.
i=1 j=1

By the upper bound of Corollary 5.3, there is a constant C, depending only
on R such that

J
2 S 2
T —d; — - ) < .
g (d; —d;) + 5 JE:l(D] D;) < o]

=1
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Fixing R, we may choose ¢ small enough so that, C'/|Ino| < s/4. Therefore

s 1
& —di< > <=
! 4~ 4
foreachi=1,...,1 and
1
2
Dj — Dj < 5
for each j = 1,...,J. Since d; and D, are positive integers, it must be that
d; = D; = 1 for all indices. O

Within the proof of Corollary 5.2, we showed

1 J

S
Y d;+-Y D, =sD. 5.1.2
— + 2 s J S ( )

This equation gives yet another interesting fact about the behaviour of solu-
tions u. of (W.0.). Namely, that for 0 < s < 1, one will always have precisely
2D non-trivial boundary vortices and zero non-trivial interior vortices.

Corollary 5.5. If 0 < s < 1 in the weak orthogonality problem, then ¥ C I’
and || = 2D.

Proof. By (5.1.2),

1 J I
1=1 7j=1 i=1

and therefore it must be that I = 0. Since each D; = 1 by Corollary 5.4, we

have again by (5.1.2)
: 2
Jj=1

giving J = I + J = |3| = 2D as desired. O

DN | —

In the proof of Lemma 4.8, recall that the lower bound was developed for
the Dirichlet energy for u. and did not depend on the boundary energy nor the
norm penalizing term in the interior. Due to this, we actually have a uniform
bound on these terms in the energy.

Corollary 5.6. There exists a constant C independent of € such that

1 2\2 W 1\2
E Q(1—|ugn|) d$+E/r<uamg Y2 ds < C.
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Proof. By Lemma 4.8, Proposition 2.4 and Corollary 5.2, we have

1 2\ 2 W 1\ 2 w 1 :
Q/Q@—M) dw+ﬁ/r<usn,g )*ds = G (ue,) = 5 | Vs, |*ds

1
<GY(w)~ 5 | Vuds
So

< wsD|lne,| — wsD|lne,| + C
=C

for C' independent of . O]

By stringing together the above corollaries and following the final remarks
of [39], Lemma 5.7 below is a direct result of following the procedure outlined
by [10, Chapter VI].

Lemma 5.7. There exists ug € H'(Q\ 2;R?) such that along a subsequence
e, — 0 we have B
— g weakly in H,(Q\ X;R?)

Ue

n

for solutions of (W.O.) or (S.0.). Moreover, ug is an S'-valued harmonic
map satisfying

deg(uop; 0B, (p;)) =d; =1, ind(up;0B,(¢;) NQY) =D; =1
foralli=1,....1,5=1,...,J.

Thus, by combining Lemma 5.7 and the above corollaries, we have proved
Theorem 1.1.

5.2 An Example of Strong Orthogonality on a
Disc

In view of equation (5.1.2), we saw that for values of s € (0,1), weakly or-
thogonal solutions have exactly 2D non-trivial boundary vortices and zero
non-trivial interior vortices. In the special case where s = 1 (whether u, is a
solution of (W.0O.) or (S.0.)), equation (5.1.2) does not provide any immediate
information regarding the allocation of interior and boundary vortices. For ex-
ample, if the boundary function g has D = deg(g;I") = 1, then equation (5.1.2)
does not see any difference between the energy associated to a single interior
vortex with degree d = 1, or two boundary vortices with associated boundary
indices D = 1. Therefore, it is possible that the geometry of 2 plays a role in
determining whether interior or boundary vortices are energetically preferable.
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One of the most pivotal results coming from the pioneering work of [10]
was the discovery and development of a special real-valued function called the
renormalized energy, which answers questions about the precise location of
the vortices for the limiting harmonic map ug in €2. In deriving an asymptotic
expansion for the energy of minimizers, the renormalized energy function is a
natural byproduct of this process and is found to be dependent only on point
configurations of €. In particular, it is shown in [10] (in the case of Dirichlet
boundary data) that the renormalized energy W : QP — R is minimized when
the configuration input is equal to the D-tuple of vortices (aq, ..., ap) for ug.

To study the critical case where s = 1 more closely, we restrict our atten-
tion to strong orthogonal solutions on the unit disc with tangential forcing on
the boundary. In other words, we take {2 = B;(0) and set g = 7, the posi-
tively oriented tangent vector to I'. In doing this, the simple geometry of €2
will provide us with the ability to find a closed-form solution for W and thus,
brings us closer to determining energetically preferable vortex configurations
in the critical case where equation (5.1.2) is not of any use.

Since D = deg(7;I") = 1, equation (5.1.2) in combination with Corollary
5.4 implies that there are only two possibilities for defect locations. The first
possibility is to have one and only one defect located in the interior of €2, while
the second is to have exactly two boundary defects. Each of these potential
configurations are considered below.

Case 1: One Interior Defect

Let p denote the defect point in Q. As there are no defects along I' = 9B;(0)
we may assume ug = 7 on I['. Following in the style of [3, Section 6] and [36]
we observe the conjugate function ®, which satisfies the PDE

A, =276,(z) in

0P
—L2=gx0.9g onl.
on

The renormalized energy in this case takes the form

: 1 9 1
W(p) = }gr(l] (5 /Qp V&, |*dr — mln (;))

where Q, = Q\ B,(p) and the energy has associated asymptotic expansion
Ge(ue; Q) = m|Ine| + W(p) + Qa + o(1) (5.2.1)

where Qq is the vortex core energy associated to p as defined in [10, Lemma
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IX.1]. Following [10, Theorem VIIL.6], it can be shown that the renormalized
energy W satisfies
min W(p) = W(0) =0 (5.2.2)

pEQN
and therefore ug € H. (Q\ {0};S").
Case 2: Two Boundary Defects

In this scenario, let ¢; and ¢ denote the defect points along I' and consider
the solution @, to

Ad, =0 in Q,

O g% Brg — (3 (1) + 6, () on T

The associated renormalized energy and asymptotic expansion maintain the
same form as in the interior case, namely

. 1 1
Wi, ) = Fl)l_r}(l) (5/9 VO, |*dr — 7In (;)) ,
P

G(ue; Q) =7l lne| + W(q1, q2) + 2Qr + o(1), (5.2.3)

except now QJr represents the vortex core energy for a boundary defect. An
explicit solution to the PDE for ®, is

Q,(z) =In|z — ¢1| +Injz — ¢l

To see this, note that ®, is the sum of scaled fundamental solutions to the
Laplacian with defect points located on the boundary. Thus, ®, is harmonic
in 2. On the other hand, observe that since ¢ = 7 we have g x 0,g = 1 and

o,

B = VPn)
2
1
= (r —gj,2)
]Zl |z — g;? ’
- |z + lg;|* — 2(x, ¢5)
= 2|z = gl?
2
_ Z |z — g5l
_ 2
= 2z = g4l
=1
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on I'\ {q1, g2}

We now derive an expression for W(qy, g2). Using integration by parts,

i)
/ﬁwﬁm—El/ qu+/ @i%s
OB,( 8nq T\(Tp(q1)UTs(g2)) " on

where

T —qj

|z — g

are the outward unit normal vectors to the respective curves 0B,(g;) N 2,
7 =1,2. On each of these curves,

nqj =

gf;q] (Vo,, nq]>
B 1 T —qj 1 T — qj
T gl <”“"‘%’ rx—qj\> IR <°”"”‘qf” \x—qu>
- _ 1 _ <$_qﬁ’x_%’>
lz =gl |z —glle —qp?

where j # j'. Multiplying 9®,/dn,, by In|z — g;|, on dB,(q;) N we obtain

In (1
1 0T — O
_<| _'_<$ 45, q]>)1n|x—q]~|: EP)

r—q| v —gllr — g

and

L () 420 = m0)
0By (gq;)NQ

2 P 2 2 T2

where O(p) — 7 as p — 0. By Cauchy-Schwarz,

[z —qilp _ p
Tlr—g P e —gpl

(x — gy, v — q5)
|z — qy]?

<cp
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where ¢ = min, .5 a0 |z — q;| for some fixed py > 0 and therefore

1
in () [ wmew,
2p 0B g2 1T — q]?

= g@(p)pln (%) :

In l)
(P
< cp|0By(q;) N 1Y

In this way, we conclude

lim _<93—qj/,:c—qj>1n|x—qg-|ds:O'

r=0 JoB,(q;)n0 |z — gjllz — gy ?

Multiplying 0®,/0n,, by In |z — g;|, on 0B,(g;) N Q we get

1 — O T — O Inlz — q.
|z —qi|  |v—qjllz — gy p

Iz —gy[{z—grz—q)
p |z — qp?

Integrating the first term, observe by the uniform continuity of In |z — g;/| on
B,,(g;) N that for all € > 0 there is 0 < p < po such that

|In|x —gy| —In|g; —gqj|| <€

for all x € 0B,(g;) N . Therefore

1 In|x —q; 1
I e AU M e R I
dB,(g;)NQ p P JoB,(q;)n0
1
- — In|q; — qy|ds
20 Jop, e
1
=-3 (In|z — gy| —Inlg; — gj]) ds
P JaB,(g;)NQ
©(p)
—— Infgj —ay|
and
1 C)
—/ (In|z —gj| —In|g; — gy|) ds| < (p)egﬂe.
2p JoB,(q)ne 2
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Since this estimate holds for arbitrary € > 0 we conclude

) 1
i [ e gl Il — e ds =0
8Bp(q]‘)ﬂQ

p—0 P
and so . |
n|\r —qj
lim — —|—qj|ds:—zln|qj—qj/|.
=02 JoB, (g0 p 2
Applying Cauchy-Schwarz to the remaining term,
In|z —qy| (x —qy, v —q;) Injx —qp|
p |z — gy [z —qp| ~
where ¢ = MaX, 530 In|z —¢y|/|z — ¢y|. Then
1 In|z —qy| (x — iy L — ({5 cp©
_/ | g5 ( 4; qu>d$§ p(p)—>0asp—>0.
2 JaB,(¢;)n0 p |z — gy 2

Putting these limits together,

2
1 0P 1
lim —/ ®,—2Lds — wln (—) =—7ln|q — ¢
p=0 <; 2 JoB, (g0 q(?nqj P o

Finally, we show that

o
lim q—ds = lim o, ds =0
P=0 Jo\(T (@)Ul p(a2)) O =0 JP\(T (1) UT p(g2))

to conclude W (g1, q2) = —mIn|q; — go|. First, observe that ®, € L*(T') and in

fact
/ ®,ds = 0.
r

To see this, we note that by symmetry it is enough to consider ¢; = (1,0) for
example. Then on S*

/Fln |z — g;|ds = /0% In (\/(005(9) —1)2+ sin2(0)> do

= /7r In (2 —2cos(0)) db
= 0.
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Remark 5.2. The last equality above comes from the formula

a+\/M)
) 2!

/Oﬂ In(a + beos(t)) dt = rln (

which can be found in a table of integrals (see [26, Appendix E] for example.)

Next, let
Xp = X(I'\ (Tp(q1) UTp(g2)))
denote the characteristic function for the set I' \ (I';(¢1) UT',(g2)) so that

/ @q dS = \/QQXP dS
I\(T(q1)UT,(g2)) r

Since |®yx,| < || for all p > 0 and ®,x, — P, pointwise almost everywhere
on I" as p — 0, the Lebesgue Dominated Convergence theorem yields

lim CIqus:/CI)qu:O.
P20 JP\(T)(q1)UT o (g2)) r

Therefore the renormalized energy in the case of boundary vortices takes the
form

W(Ql;%) = —7ln |Q1 - CJ2|-

Thus, W (¢, g2) is minimized whenever ¢; and g, are antipodal. In particular,
recalling (5.2.2) allows us to conclude

min W(q,q) =—rmln|qg — (—q1)| = —71n|2¢1| < 0 = min W (p)
q1,92€l’ peEN
which suggests that a pair of boundary vortices may be the energetically
favourable configuration. To come to that conclusion one would also need
to take into account the constants Qq and Qr appearing in the asymptotic
expansions (5.2.1) and (5.2.3) of the energy, in the case of interior and bound-
ary vortices. These constants are associated to the core energy of each defect,
that is, the energy associated with the defect profile function at length scale €.
For an interior vortex, the value of (), may be calculated from the equivariant
solution (see [38], for example). For a boundary defect, if we blow-up at scale
¢ and pass to a formal limit we expect to converge to a problem in the half-
plane, with tangential anchoring conditions. The unique solution in that case
should be the same symmetric vortex, with exactly half of the core energy of
an interior vortex, and so we conjecture that the core energy is Qr = %QQ.
Making this argument rigorous will involve some estimates such as those of

[5]. This is discussed in more detail in the context of open problems in Section
7.1.
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Chapter 6

Accounting for Molecular Bend
and Splay

In the introduction of this work, we derived the one-constant approximation
to the Oseen-Frank energy from the functional

For(d) = %/(k‘s(div d)? + ky(curld)®)dz, d €S,
Q
via identity (1.2.1) where we assumed the bend modulus k;, and splay modulus
ks for the nematic sample were equal to some constant k£ > 0. As noted
in remark 1.1, a physically realistic model would ideally regard k, and k,
as functions of the spacial variables, however, this greatly complicates any
mathematical analysis to be done. One way to split the difference between
these two extremes is to consider a situation in which the moduli are non-
equal constants. That is, ks and k;, are each positive constants but satisfy

ky>ks >0 or kg>ky,>0.

To transform this problem into something that looks more familiar, it is easy to
verify (see Proposition B.3) that for constant, unequal moduli, the integrand
of jOF can be written similarly to identity (1.2.1). Indeed, assume kg # k,
and define the quantities

k= min{k,, k}, k:=max{k, k} and k:=k—Fk

Then
ky(divd)? + Ey(curld)? = k|Vd|* + hy(d) + 2k det(Vd)

where -
k(divd)? if k = K,

hi(d) = Y
k(curld)® if k = k.
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Through this identity, Colbert-Kelly and Philips [14] study minimizers of For
with S'-relaxation and Dirichlet boundary data g € C3(T';S'), in particular,

inf Z.(u),
uEnglr(lQ;Rz) €(U)

1 ~ 1

Fe(u) = —/ <kz|Vu|2 + hj(u) + 551 — |u|2)2) dz.
2 Jo 2¢e

Remark 6.1. As expected, we see that for ky, > kg there is a penalization on

the molecular bend of the nematic sample and similarly we observe a splay

penalization in the case kg > k.

As shown in [14], it is seen that H gl—minimizers for .7, still yield strictly
interior vortices with the addition of these new energy terms. An interesting
question to consider then, is to ask how these new energies interact with a sys-
tem that permits boundary vortices. In this chapter, we analyze this question
by returning to Moser’s original minimization problem (1.3.3) and altering the
interior energy accordingly but keeping the boundary energy to simplify the
problem.

Let n denote the outward unit normal vector to I' and 7 the positively
oriented unit tangent tangent vector to I'. The main focus of this chapter is
to study the behaviour of minimizers for the following problems:

inf . ZV(u),
u€H1(Q;R2) (W 0 *)
FWV(u) = F.(u) + ;/VES /(u,n)2ds,
r

where s € (0,1], W € (0,400) and

inf % (u),
H(Q) :={ue H (% R?) : (u,n) =0on I'}.

The minimization problem (W.0O.*) carries the same interpretation as (W.0.),
except now we have specified g* = n and have included the additional elastic
terms to penalize molecular bend and splay accordingly. As done in the case
of (S.0.), we will interpret (S.0.*) as a limiting problem for (W.0.*) as the
orthogonality weighting W tends to 400 for fixed € > 0 and s € (0, 1].
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6.1 Existence & Euler-Lagrange Equations

Just as in the existence proof for (W.0O.) and (S.0.) (see Lemma 2.1), the
existence of minimizers for (W.0.*) and (S.0.*) can be obtained via the di-
rect method from the calculus of variations. The only difference here is the
accommodations needed in the weak H'-convergence for minimizing sequences
involving the term hj(u), which follows from the known weak convergence of
the gradient term.

The Euler-Lagrange equations for problems (W.0.*) and (S.0.*), for the
most part, are fundamentally different to those found in the previous chapters.
In deriving the Euler-Lagrange systems below, we will find that the associated
system of PDEs for .Z, and .#)V are coupled in the vector components of u, via
second order derivatives, which is certainly not the case for (W.0.) and (S.0.).
This fact, unfortunately, will force us into imposing an additional hypothesis
on minimizers in order to continue fruitfully. This hypothesis will be given in
Section 6.3. Nevertheless, we begin by deriving the Euler-Lagrange system for
F. and FWV.

(W.0.*) Case
k =k
Let v € HY(Q;R?). Finding the first variation of #M, we get

%ﬁew(u + tv)

t=0

- o 1
= / <k2u;jv;j + r(div u)(dive) — 6—2(1 - |u|2)<u,v>> dx
2N i
w
+ — [ {{u,n)n,v)ds
e Jr
=0

for all v € H'(Q; R?). Assuming sufficient regularity for integrating by parts,
the first term becomes

/EZuijvij dxz/l%(@nu,w ds—//%(Au,v) dx.
Q r

Q

Using integration by parts again on the second term,

/Q r(div ) (div v) d = /F e (div ) (n, v) ds — / (Y div u, v) da.

Q
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Putting these together, we obtain
- / (eu + kY divu + e 2(1 = [u]?)u, v) da
0
+ /(l;@nu + k(divu)n + We™*(u,n)n,v) ds = 0
r

for all v € H'(Q; R?) and so u satisfies

—kAu — kV divu = Zu(l—[u?) inQ,
] (6.1.1)
kO,u+ k(divu)n = =% (u,n)n  onT.

k =k,
The calculations in this case are identical to the former besides the curl term
in the integrand of #V. The first variation has the form

d w A i 1 2
aﬁs (u+tv)] = /Q <k2uxjvxj + r(curlw)(curlv) — ?(1 — |ul )(u,v>> dx

i,J

t=0

J
+ E/((u,n>n,v) ds
es r
=0

holding for all v € H'(Q; R?). Expanding the curlu term,

/ k(curlu)(curlv) dz = / k(curlu)v2 dz — / k(curlu)vy, do = I) — .
Q Q Q

Assuming once more sufficient regularity, integrating by parts gives
“17 _ 21 2
K = /(curlu)v n ds—/@xl(curlu)v dz,
r Q

kM = /(curlu)vln2 ds — / Oy, (curlu)v' dz.
r Q

Using the notation
VJ_f = (_a:tgf7 axlf)
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for the skew-gradient of a real-valued function f, we can write
K — 1) = /(—(Curlu)nQv1 + (curlu)n'v?) ds
r
+ /(8&;2((:urlu)v1 — O, (curlu)v?) do
Q

= /F<(curlu)nﬂv> ds—/(Vl curl u, v) dx

Q

= /F<(curlu)7, v) ds—/(VL curl u, v) dx.

Q

Therefore
— / (kAu+ £Vt curlu 4+ e2(1 — |u)u, v) dx
0
+ /(/;:&lu + r(curlu)T + We™*(u,n)n,v)ds = 0
r

for all v € H'(Q; R?) and so u satisfies

—kAu — V' curlu = Su(l—|u]?) inQ,
~ (6.1.2)
kOnu + k(curlu)t = — Y (u, n)n on I

_E_S

(S.0.%*) Case

Although there is no boundary energy to consider here, it is important to de-
compose our functions near the boundary in such a way that yields an informa-
tive set of equations. We can proceed as in Chapter 2 where the orthonormal
frame {g(z), g* (z)} was used. In this case, the appropriate coordinates can be
obtained using the Frenet frame {n,7} for which the Frenet-Serret formulas
hold:

orn=Kr
0.1t =—Kn

where K = K () is the curvature of the boundary at « € I'. Setting
Up = (u,n), u, = (u,7)

and using the fact that u, = 0,u,, = 0 on I', the decomposition of v on I'" and
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its normal and tangential derivatives can be written
U = UpN + U, T,
Ontt = OpUpn + UrOpT + OptrT, (6.1.3)
o;u = —Kun + O,u,T.

k =k,
Upon finding the first variation of .%,,

/Q (/%Zuijvij + r(divu)(divoe) — é(l - |u|2)<u,v>> de =0

2
for all v € HY(Q;R?). After integrating by parts, we obtain
- / (kAu+ £V divu 4+ e2(1 — |u*)u, v) dz
Q

+ /(/;anu + r(divu)n,v) ds = 0.
r

Restricting now to v € H,(2) and employing (6.1.3), the boundary integral
satisfies

0= /(E(@nunn + U O T + Opu,7) + K(divu)n, v,7) ds
r

= / k(urv-(0nT, T) + Oqurv;) ds
r

://;;8nu707 ds
r

for all v,. Therefore, the Euler-Lagrange system is

) 1
—kAu— kVdivu = u(l—|ul?) inQ,
£

U, =0 on I, (6.1.4)

Opur =0 onI.

k =k,

Judging by all other strongly orthogonal Euler-Lagrange systems presented in
this thesis, one would guess that the system in the case of k = k, would follow
similarly. However, it turns out that this is not the case, since the (curlu)r
term that will appear along the boundary is parallel to the test functions
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contained in H,(€2) when observed along I". Thus, we obtain slightly different
boundary conditions here, but these will be shown to not cause any issues
later on. As above, we find the first variation of .%. and integrate by parts to
obtain

- /S](%Au + &Vt eurlu + e 72(1 — |ul?)u, v) do
+ /(l;:@nu + k(curlu)7,v) ds = 0.
r
Restricting v to H,(€2) allows us to rewrite the boundary integral as
0= /(l%((?nunn + U OnT + Opu,7) + k(curlu)r, v,7) ds
r
= /(lz:anuT + kcurlu)v, ds

r

for all v, and therefore the Euler-Lagrange equations are

~ 1
—kAu — kV*curlu = —u(l—ul*) inQ,
£

U, =0 on I, (6.1.5)

l%@nuT + kcurlu =0 on I

When compared to the regularity discussion in appendix C of the Euler-
Lagrange systems (2.2.1) and (2.2.3), the equations (6.1.1), (6.1.2), (6.1.4)
and (6.1.5) would need to be treated much differently due to the derivative
coupling in the PDEs. This coupling, unfortunately, drastically complicates
the regularity analysis which we do not provide here. The main complication
arises through the coupling in boundary conditions. Indeed, if one merely
has smooth Dirichlet boundary data, then smoothness of solutions up to the
boundary can be obtained easily through standard results [21]. Although the
coupled systems are more complicated, it is important to recognize that the
equations still satisfy a nice elliptic structure which allows one to conclude
higher regularity of its weak solutions. In particular, we note that the PDEs
defined on € satisfy the Legendre-Hadamard condition, which is fundamental
in obtaining the higher regularity. We refer the reader to Appendix C for a
small discussion on this subject.

6.2 Upper Bounds for the Energies

In setting g* = n (or equivalently, assuming g = 7), this gives us the oppor-
tunity to study the consequence of accounting for molecular bend and splay
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near I' in a relatively simple setting. Indeed, we expect that since u. is ap-
proximately parallel to 7 in the weak orthogonality case (W.0O.*) and exactly
parallel to 7 in the strong orthogonality problem (S.0.*) when restricted to
I', the curl of u. near a simple boundary vortex will not account for much
energy since a simple boundary vortex with near tangential behaviour on I
will resemble a curl-free vector field as shown in figure 1.1. The divergence of
such a vector field on the other hand, will contribute almost as much energy as
the full gradient. Due to this difference, it can be shown that the upper bound
on ZV will in general depend on s € (0,1] and the bend/splay penalization
determined by k.

Proposition 6.1. Suppose u. is a solution to (W.O0.*). Then there is a con-
stant C' > 0 independent of € such that

aW
Ja

() < krs|Ine| + C if k =k,
) rmin{k, ks}|Ine| +C if k = ky,

where k = min{k,, ky} and k = max{k,, ky}. If u. is a solution to (S.0.¥),
then there is a constant C' > 0 independent of € such that

ZF.(u.) < kr|lne| + C.

Proof.
(S.0.*) Case

The proof for (5.0.*) solutions follows a similar trick that was used for (S.0.)
solutions in Proposition 2.4. For both cases k = k;, and k = kg, by [14] there
exists a minimizer vj for %, over the function space

HYQ)={ve H'(QR?) :v=7onT}.

The function v; can now be used as a comparison function. Since the inclusion
HYX(Q) C H.(Q) implies that Z.(u.) < Z.(v;) and noting deg(t;T) = 1,
applying [14, Proposition 2.1 to .%.(v;) yields

F(ue) < Fo(vy) < kr|Ine| + C.

(W.0O.*) Case

In this case, we use the identical comparison function constructed from the
proof of Proposition 2.4 in the weak orthogonality problem. Due to the high
notational demand this proof requires, we will write an abridged version here
with emphasis given on the parts that require modification due to the new
energy.
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Consider two sets of the form wg(q;) where {g;}5_, are well-separated
points on I' and R is chosen so that

1
2¢° < R< §|Q1 —QQ|

On each of these sets, an S'-valued function v is constructed that simulates
a ‘half-vortex’ planted at ¢; within some small annular region contained in

wr(g;). Let
2
r:Uq
j=1

by a decomposition of I with C'; being the curve connecting ¢; and ¢, following
the positive orientation of I' and C5 the remaining curve. Next, let v be a
lifting of 7 on the curve I'g(g;), that is 7 = € on I'r(g;). As before, we use
the method from [27] to define the functions

ha(r) =7 (re™ @) + (7 = D,
ha(r) = 7 (re™®) + j,

_ ha(r) = ha(r)
92(7’) —61(7')

where 6;(r) and 05(r) are as in (2.5.4). In this way we have

¢(r,0) (6 = 61(r)) + ha(r),

Jr
7 on I'g(q1),

(

Lior0) _ —7 on I'x(
—7 on I'L(

(

7 on I'p(qe
Choose a cut-off function 7.(r) € C* near ¢; satisfying
(0<n.(r) <1 forallr,
Ne(r) =0 for r < &%,

ne(r) =1 for r > 2¢°,

£ —

¢ :
n.(r)] < = for e* < r < 2%, ¢ a constant independent of ¢
ES
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and set
W(r,0) = n:(r)(r,0) + (1 — n.(r)) (v(g;) + ( — 1))
so that we may define the test function N

o9 (r,0) = 09 = (cos(i(r, 0)), sin(u(r, 0))) (6.2.1)

on wg(g;) via

and therefore

1

— (1 — |ve]*)? dz = 0.
262 Joon(ey)

Since there is no difference in boundary energy compared to that of GY, we
know from the proof of Proposition 2.4 that there is ¢; > 0 independent of ¢
where

W

— (ve,n)?ds < cy. (6.2.2)
2¢° Jra(ey)

To estimate the energy on wg(g;) it will be convenient to use polar coordinates:

02(r
Fe(ve;wr(G))) / / (k|Vve|? + hy(ve))r dOdr
01(r
and note that we may write
2 2 1 2 2, 1 2
Ve[| = |0, +ﬁ‘891)8‘ = (0:) ‘*’ﬁ(aﬂ’) )

(dive.)? = sin?(6 — )(0,0)? + gsin(Q — ) cos(0 — ) D
+ % cos?(0 — ) (9p1))?, (6.2.3)

(curlv,)? = cos?(0 — 1) (0,1))* — %sin(& — 1)) cos(0 — )01 gtp

+ g sin(6 — ) (@)

Before we specify to the individual cases for the value of k, we note that as
before, the radial derivative of v. has the uniform bound

/ 0,0.* dx = / 10,0 dv < cs. (6.2.4)
wr(g5) wr(g5)
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The square of the angular derivative is written

(ha(r) = ha(r))?
(6a2(r) — 61(r))*

By the smoothness of |9yv.|* and the work provided in the proof of Proposition
2.4, there is a constant ¢4 > 0 independent of € such that

1 1
/ —|89U|2dx,/ LopoPdr < ca (6.2.5)
wr(g) T waes (g5) T

Therefore, using the fact that the cross terms found in equations (6.2.3) for
(divw,)? and (curlwv,)? satisfy

|0gv.|* = |0p0]* = (n(r))*

:I:/ gsin(& — ) cos(0 — )0, 0t dx
wr(q))

NT

<[ (owf + wr) aras
wr(q;)

S C3+C47

it must be the case that the primary energy contribution comes from the
(1/r%)|0pv:|* components of the energies within the annular region Ases p(g;).
For either k = k, or k = ks, by the calculations of Proposition 2.4, the angular
component from the Dirichlet energy will have the estimate

5 1 -
k/ —|0pve* da < kms|Ine| + ¢ (6.2.6)
wr(q;) T

where c¢5 is independent of €. The only difference in calculation now comes
from integrating the third term in the expressions of (divv.)? and (curlwv,)?
found in (6.2.3).

k =k,

Using the estimates above, we have

/ (curlv,)? do < / l sin?(0 — 1) (9pt0)* dw + 4(c3 + c4)
(a5)

AQs“ R (IJ)

O2(r
// ‘Sm —©)(0)* dbdr + 4(c3 + ca).
01 (r
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Next, we analyze the difference # — . Since 2¢®* < r < R, we have

- (1 B hg r)— hl(T)) 9+ hQ(T) — h1(7‘)01(r> — (frewl(’")) o (j o 1>ﬂ._

‘92(7’) — 91(7")

Now, since 7 in this scenario is a lifting of 7 and 7(g;) gives the reference
for the angular measurement 6, we have that for small values of r, v(r) < ér
where ¢ is a constant independent of . Moreover, since

lim hg(’f’) — hl(’f’)

) o)

and |0;(r)| < cr, we can find a constant ¢ such that

if =1,
10—l < {7T+C7" if j = 2.

Thus, for R > 0 chosen small enough, we have
sin(0 — o) = sin*(|0 — ¥|) < kr

for k > 0 independent of € and each j = 1,2. Applying this to the curl estimate
yields

02(r
/ (curlv,)? dow < / / —sin?(0 — ) (0p0)? dOdr + 4(c3 + c4)
wr(q;) 2es JO1(r

/ (89w) dx + 4(c3 + ¢4)
A253 R(QJ)
< keg +4(es + ¢y)

and so K f curl v.)?dx is uniformly bounded. With this and applying

inequalities (6 2 2), (6.2.4) and (6.2.6), there is a constant ¢g independent of ¢
so that

i
FV (v wr(q))) < 7”5| Ine| + cg. (6.2.7)

This completes estimating the energy on wg(g;).
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Next, we must fill in the remaining piece of the domain

Q= 0\ [ Jwnlg)

with a test function V. so that the energy on Q remains uniformly bounded in
. Define the closed contour

I':=00= (T'\U_Tr(g)) | (Ui-,0Bxr(q;) N Q)

with orientation matching that of I' where they coincide. In this way, observe
that the circular arcs 9Bg(q;) N 2 are negatively oriented for each j = 1,2.
With this in mind, we define boundary data g : I' — S' by setting

r onIlNC
g .= —7 on fﬂC’g
v on 0Br(gj) N for each j =1, 2.

By the construction of oY) and the negative orientation associated with the arc
0Bg(g;) N, the phase of § turns by approximately —m on each 0Bgr(g;) N €2,
j = 1,2 for a combined associated phase turn of —27. The remaining pieces
of the boundary data will contribute a phase of 27 to g since both deg(7;T') =
deg(—7:T) = 1. Therefore deg(§;T") = 0 and so we may define the remaining
test function on by letting V. be the S'-valued harmonic extension of § to
Q. It is known that this extension has bounded energy and since V. is equal

to =7 where I and T coincide,

FV (V5 Q) = F(V.;Q)
1

=5 / k|VV|? 4 k(curl V.)? da
0

k+2
< k+ /f/w‘/s’gdx
2 )

(6.2.8)

< cr

for ¢; independent of €. Defining

V. in O
H, =

o9 in wr(g;) for each j =1,2
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and using inequalities (6.2.7) and (6.2.8) we obtain
2 ~ ~
FV(H) = FY 0 wn(g)) + F (Ve Q) < krs|Ine| + C

as desired.
k=hy
Using (6.2.3), we note that

(dive.)? < (dive.)? + (curlv,)? = |V, |

Then since k + K = l;:, the energy has the simple estimate

1 ~
Fosena)) =5 [ FTL i) da
WR\qj

/ (k|Vve|? + K|V |?) d
wr(q

= —/ Vo |* da.
2 wr(g;)

Now that we are back to the setting of Proposition 2.4, we have the estimate
FWV (u) < kns|Ine| + C.

We may also consider the same comparison function vy, as in the case of

(S.0.%). Since vi, € H,(2), we obtain
FV (1) < TV (vg,) = Foln,) < o Ine| + C.
Therefore, we have
FWV (u.) < 7 min{k, ks}|Ine| + C

which completes the proof. O

6.3 An Assumption on Families of Minimizers

In Section 2.4, we proved that solutions of (2.2.1) and (2.2.3) have the uniform
bound |u.| < 1 and their gradients satisfied €|Vu.| < Cj for some constant
Co > 0 independent of €. These properties were vital in obtaining the 7-
compactness result of Section 3.2.

124



Ph.D. Thesis — L. van Brussel McMaster University — Mathematics

Recall that the uniform bound |u.| < 1 was obtained through a maximum
principle argument. Due to the second order derivative coupling in the PDEs
associated to Z. and FV of this section, the maximum principle cannot be
applied here and thus it is not known whether |u.| is uniformly bounded. How-
ever, it is still reasonable to expect that solutions to (W.0.*) and (S.0.*) will
be uniformly bounded for € small enough due to the norm penalization in the
energy. Current results from the literature indicate that even in the simplest
case where one is given smooth S'-valued Dirichlet boundary data, it is still
not known if |u.| < 1. On the other hand, it is known that the Dirichlet
problem does yield uniformly bounded minimizers, but the bounding constant
is unknown. This result is expressed in [14, Proposition 2.2] and is based on a
L* a priori estimate (see [8, Lemma 3.1] for details).

Recall also that the gradient bound of Section 2.4 was obtained by a rescal-
ing which gave a limiting harmonic map. Once again, this argument does not
directly apply in this section since we are not guaranteed a limiting harmonic
function after a similar rescaling. On the other hand, it is still reasonable to
assume that the ellipticity structure of the PDEs may be utilized to achieve a
similar gradient bound. When given Dirichlet boundary data, it is shown in
[14, Proposition 2.2] that the same bounding constant for |u.| can be used for
the gradient estimate. Once again, this heavily uses the Dirichlet condition
and will not apply here.

With this being stated, we admit that there is no easy way to show that
the above bounds apply to solutions of (W.0.*) or (S.0.*). However, for the
sake of moving forward, we will assume a similar conclusion as [14, Proposition
2.2] for the remainder of this section in order to obtain n-compactness.

Assumption. Suppose {u.}e~q is a family of solutions for either (W.O.*) or
(S.0.%). Then it will be assumed that there is a constant Cy > 0 independent

of € such that

C
|u€| S 007 |VUE| S ?0

for all x € Q.

Definition 6.2. Let A denote the class of functions satisfying the assumption
above.
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6.4 Pohozaev Identities and Related Estimates

We begin this section by deriving Pohozaev identities for solutions of (W.O.*)
or (S.0.*). These identities are then used to prove estimates analogous to the
ones found in Lemma 3.2. We define a short-form notation for the integrand
of % by writing

P k 1 1 2
eF(u) == §|Vu|2 + ih,;(u) + 1= (1—[ul*)”.

Proposition 6.3. Let v € C*(;R?). If u is a solution of (6.1.1) or (6.1.4),

then
{6kb — (kyOpu + k(divu)n, 1 - Vu>} ds
Ow,-
2
:/ { b(u)divey) — k’bZi/Jl (O, u, Ogyu) — K(div u) Z 0, V') }
“r 1=1
(6.4.1)
If u is a solution of (6.1.2) or (6.1.5), then
{ef (u) — (ksOpu + K(curlu)T, v - Vu) } ds
Ow,-
2
:/ { *(u) dive) — ks Z@DZ (O, u, Op,u) — K(curlu) Z )0 ,1h, VP ’)}dz.
“r 1=1
(6.4.2)
Proof.

Suppose first that u is a solution of (6.1.1) or (6.1.4). We begin by taking the
inner product on both sides of the interior PDE with the vector field ¢ - Vu
and integrating over w,.:

—/%/ <z/1-Vu,Au>d:1:—fi/ (1 - Vu, V divu) de
s T 1 2
=/ e = [ul"), ¢ - Vu) do
Since the terms

—l;;/ (- Vu,Au)ydr and / 6—12<u(1 — |ul?),v - Vu) dx
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have already been dealt with in Proposition 2.5, we focus only on the diver-
gence term. Applying integration by parts,

—/ (- Vu,Vdivu) de = / (div uw)(div(y - Vu)) da

(3

- / (div u) (¢ - Vu,n) ds.
Owy
Next, we compute div(¢ - Vu).

div(® - Vi) = 8, (wlu +U%ul,) + Oy (WM, + Rl,)
w mlml + 1/)11 1 + 1/) :vgxl + ¢x1 x2
+ ¢ mlmg + 77Z)m2 1 + 77Z) :Dg:rg + ¢x2 x2

1 2
= M Uy, + Ul )+ O (U, +D,,,) + > U U,
7,0

2
=10, divu + 1?0, divu + Z(@xﬂb, Vu')

=1
2
= (¥, Vdivu) + Y (9,0, Vu').
=1
Next, since
(divu) (4, V diva) = (, (diva)V dive) = %w, V(div u)2)
we have

/ (div u) div(¢ - Vu) de = / (div u) (¢, Vdiv u) dx

2
/ (dlvu Z 0, V') )
Wr =1
1

L /Mw, V(div u)?) dz

T2
2
/ (dlvu Z 0, V') )
wr =1
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The first integral in the sum above can be written
1 . N9 1 .9 1 . N2 1
3 (¥, V(divu)) de = B (divu)“ (1, n) ds — B (divw)® dive dex
Wy Ow,- wr

and therefore
. R, .. .
—H/ (-Vu,Vdivu) de = / (§(dlvu)2<w,n> — r(divu)(y - Vu,n>) ds
Wy Owy

2
+/ (ﬁ(div u) Z(@Ciw, Vu') — g(div u)? div 1[1) dx.

=1

Putting all of the integrals together gives (6.4.1). Suppose now that u is a
solution of (6.1.2) or (6.1.5). As before, we find

—l;:/ <’I/J'VU,AU>CZ£E—/€/ (¢ - Vu, V*+ curl u) do
1
= /wr 5_2<u(1 — |ul?),v - Vu) dx.

As above, we focus only on the curl term since the remaining integrals were
covered in the proof of Proposition 2.5. Integrating by parts yields

—/ (¢ - Vu, V* curl u) do = / (curlw)(curl(y - Vu)) dz

Wr

—/ (curlw)(r, ¢ - Vu) ds.
Ows

Calculating curl(y) - Vu) we get
Cur].(?/} ' vu) = 85171 (¢1Ui1 + ¢2U§2) - axQ (77/}11%1“ + wQuig)
= ¢1ui1w1 + wﬂlnu?n + w2ui2$1 + ¢32€1uﬂ2¢2
1.1 1 1 2.1 2 1
- ¢ uacla:Q - wacguxl - w uxgxz - 1/)172“172
- wl(uilxl - uilxg) + w2(u§2{£1 - uigl’z)
+ (0,0, VU?) — (0,0, V')

2

= '0,, (curlu) + ¥, (curlu) + Z(—l)i_l@xiw, Vu?™?)

i=1
2

= <¢, V Curl U> + Z(_1>Zil<aﬂﬁzwa vu37i>.

=1
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Next, since

(curlw) (e, V curlu) = (¢, (curlw)V curl u) = %(w, V(curl u)?)

we have

/ (curlw)(curl(y - Vu)) de = / (¢, (curlw)V curl u) dz

+/ ((curlu) Z(—1)“(aziw,vu“>) dx

1

=3 /OJT(@Z),V(curlu)2> dx

+/ ((Curlu) Z(—l)i_1<6xi¢,Vu3_i>) dr.

i—1

~

Integrating the first integral in the sum above by parts,
1 9 1 9 1 5 ..
5 (¢, V(curlu)?) de = 5 (curlw)“(¢p,n) ds — 5 (curlw)” div ¢ dz.
wr Ows- Wy

Therefore

—/4;/ (1 - Vu, V* curl u) do = /a (g(curl u)*(p,n) — rk(curl u)(r,v - Vu>> ds

+/ (/i(curl w) Z(—l)i_l@miw, Vbt — g(curl u)? div 2/1) dz

i=1
which completes the proof upon combining with the remaining integrals. [J

In what follows, we prove the analogue of Lemma 3.2 for solutions of this
section. It is at this point where we must employ the boundedness assumption
made in Section 6.3. As before, we recall that when zy € I', we use the
decomposition

0w, (xg) = T'r(x0) U (0B, (x9) N Q).
Define as in [3, 4, 39] for 2y € €, the radius-dependent function

F¥(r) := F%(fr;xo,u, €)= r/ ef(u) ds.
OBr(x0)NQ2
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When zy € I', we also define

P 7 Wr
RN . ok 2
Fi(r) .= F*(r) + e ea; ( )(u,n) )
T (x0

Lemma 6.4. Let zg € Q and assume u € A. There exists constants C’(/%, K) >
0 and ro(k, k) > 0 such that for e € (0,1) and r € (0,79) we have
(1) If o € Q and w,(zo) NT = @,

1

(2) If xg € T and u satisfies the strong orthogonality condition,

1 1 /-~ _ 2
& [0-wrraesols [ (Ewasn)ars i 2]
(6.4.4)
(3) If vo € T and u satisfies the weak orthogonality condition,
1
— [ (- |u|2)2dx+l/ {(u,n)?ds
4e? W 2es .
7 1 T I (6.4.5)
Proof.
Step 1: 2o € Q

Assume first that & = k, and w, = B,(29) C Q. Let n and 7 represent the
unit normal and tangent vectors to dw, = B, (z) respectively and define the
vector field X = & — zg. Then, |X| < r for all z € w, with X,, = (X,n) =r
on dw, and X, = (X, 7) = 0 on Ow,. To obtain (6.4.3), consider the Pohosaev
identity (6.4.1) and take ¢ = X.

Estimates Along Ow,:

The lefthand side of (6.4.1) from Proposition 6.3 can be written as the sum of
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integrals Iy + Iy + I3 where
ki o -
I = §|Vu| (X,n) — (kOyu, X - Vu) ¢ ds,
Owr

I, = /&UT {g(divu)Q(X, ny — (k(divu)n, X - Vu)} ds,

1
h= /8 O X s

Since X = rn on Ow,, we have that X - Vu = rd,u. The first integral has

estimate
l’% 2 g
L=r §|Vu| — k(Oyu, Opu) p ds
Owy

= 7‘/ {E|Vu|2 - /~f|8nu|2} ds
Ows 2

k
< 7‘/ —|Vul? ds.
Ow,- 2

For I, we use Cauchy-Schwarz:

I, = r/@wr {g(div u)? — k{(divu)n, 8nu>} ds

R

< r/ { (divu)? + x| (div u)n||8nu|} ds
Ows 2
K K K
< Koo B o K 2
< T/awr {2(dlvu) - 2(dlvu) + 2|8nu| }ds

K ~
SC’T/ —(divu)? + k|Vul? } ds.
(S RV}

The integral I3 is easily seen to be

r

I3 (1 — |ul*)*ds

— U2
4e Ay

and therefore there is a constant C' > 0 so that

1 (-~ 1 ~
L+1L+ 1< C’r/ 5 {k:|Vu|2 + k(divau)? + 2—52(1 — |u|2)2} ds = CF"(r).
Owr
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Estimates in w,.:

The righthand side of (6.4.1) can be written as the sum of three integrals
J1 + Jo + J3 where

k ~
= [ S R 0000 e
Wy j,l

2
Jy = /M {g(div u)? div X — k(divu) Z<aa:¢X7 VUZ>} d,

i=1
1

Sy

(1 — |u|*)*div X dz.

Since X;j =0y and divX =2>2—r,

Ji 2 / {]%‘VUP - %‘VU‘Q - ];Zdjl«?ﬂﬁjua a’rlu>} dx
wr i

k - -
= 7’/ {—7T|Vu|2 + k| Vu|* — k:\Vu|2} dx

=—r /wr g]VUF dx.

Similarly for J,, we use div X > 2 —r and the fact that 3> (9,, X, Vu') =
S22 ul = diva,

i=1 "x;

2
Jy > / {f@(div u)* — %(div u)? — k(divu) Z(@miX, Vuz>} dz,

=1

= [ {55 a? v ag? — staivg?fan,

= —r/ g(divu)2 dx.

Lastly, for J; we use div. X > 1 to get

1 2\2
J3 2 4_82 wr(l— ‘U| ) dx.
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Putting everything together,

1
4e? J .,

r

(1 — |ul?)*dr — r/ {§|Vu|2 + g(divu)Q} de < i +Jo+ J3
< CF*(r)

which proves inequality (6.4.3) for k = k.

To obtain (6.4.3) for k = k,, we continue to use the conditions mentioned in
the preamble of this step but now take ¢» = X in equation (6.4.2).

Estimates Along Ow,.:

The lefthand side of (6.4.2) can be written as the sum of integrals I, + I5 + I
where

I, = / {§|Vu|2<X, n) — (kdyu, X - Vu)} ds,
Ow,-

Is = /Bwr {g(curl u)*(X,n) — (k(curlu)7, X - Vu)} ds,

1

o=
452 Sy

(1 — |u|*)*(X,n) ds.

Integrals I, and Is are handled identically to that of I; and I3 above and so
we estimate [5 only. Using Cauchy-Schwarz:

Is = r/ {E(Curl u)? — k{(curlu)T, 8nu)} ds
Owy 2

< r/ {/j(curlu)2 + K|(cur1u)r||8nu|} ds
Owr 2

VAN

T /am {g(curlu)2 + g(cuﬂu)2 + g|8nu|2} ds

<Cr /&UT {g(curlu)2 + l;:|Vu|2} ds.

Again we can find C' > 0 large enough so that

[4+[5+[6§C7”/

% {l;:\VuP + k(curlu)? + L(1 — \U|2)2} ds = CF*(r).
Owy-

262
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Estimates in w,.:

The righthand side of (6.4.2) can be written as the sum J; + J5 + Js where

k -
Jp:/){?VuﬁmwX—kEZXé@%uihw}da

gl

2

Js = / {g(curlu)2 div X — k(curlu) Z(—l)i_l@ziX, VU3_i>} dz,

=1

1
—/ (1 — |u|*)*div X dz.

Jo = 4e2

As before, the integrals J; and Jg are estimated exactly like .J; and J3 respec-
tively. For J5 observe that

2 2

Z(—l)i_1<8wiX, vVt = Z(—l)i_lui:i =ul —u, =curlu

i=1 i=1

This paired with the fact that div X > 2 — r we obtain

2
Js Z/ {’f@urluf zr(curlu — k(curlu) Z )0, X, Vu?™ Z)}daz
“r =1
KT ) ) ,
:/ {—7(curlu) + k(curlu)® — k(curlu) }da:

= —r/ g(curlu)2 dx
and therefore
4%2 ) (1—\u]2)2dx—7“/w {—\Vu\z (curlu) }dx§J4+J5+J6
< CF*(r).

Step 2: g €I

Once again we assume first that k= ky. Let rg > 0 be chosen small enough
so that I' N B,(zg) consists of a single smooth arc satisfying |I',| < Cr for
all 0 < r < ry and that w, is strictly starshaped with respect to some point
1 € w, for all 0 < r < 7r5. As in the proof of Lemma 3.2, we let X €
C?*(N;R?) to be the vector field satisfying the conditions (3.1.4), (3.1.5) and
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(3.1.6). To obtain inequalities (6.4.4) and (6.4.5), we consider the Pohosaev
identity (6.4.1) with ¢» = X and find estimates for several of its terms. Using
Ow, =T, U (0B, (x¢) N ), it will be convenient to perform these estimates on
I, and 0B, (zo) N 2 separately.

Estimates Along I,
(W.0.*) Case

By (3.1.4) we may write X = (X, 7)7 where 7 is the unit tangent vector to I,
and so X - Vu = X,0,u on I'.. Using the natural boundary condition from
(6.1.1), the lefthand side of (6.4.1) is

—/ (kO,u + k(divu)n, X, 0.u) ds = w (upn, X;0-u) ds.

es T,

The estimate process needed for the righthand side of this equation is identical
to that done in the proof of Lemma 3.2, with ¢g* = n. Therefore, there is a
constant C' independent of ¢ such that

—/ (kO,u + k(divu)n, X 0,u) ds < —E/ (u,n)*ds
T, 2¢es T,

Wr ,  CWr?
+ 5es Z (u,n)* + et
2€9l (z0)

Note that since (X,n) = 0 for all z € T',, the remaining boundary integrals
along I, in (6.4.1) are zero.

(S.0.*%) Case

For strong orthogonal functions, we require a closer look at the inner product
(kOu + r(divu)n, X,0,u) = (kOyu, X, 0,u) + (k(divu)n, X, 0:u)

using the representations (6.1.3) along with the boundary conditions from
(6.1.4). For the first term, the analysis done in Lemma 3.2 combined with the
fact that u € A gives a constant ¢; independent of € such that

(RO, X, 00| < | X, |
£
For the second term,
(k(divu)n, X;0;u) = X (k(divu)n, — Ku,n + 0;u,7) = —k KX, (div u)u,

where we recall K = K(x) is the curvature function for I'; which is uniformly
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bounded independent of €. Since u € A, we have the bounds

. 2,
fur] < o, and[divel < Jul, | + |2, < =7

and therefore there is a constant ¢, independent of € such that
. C2
|k KX, (divu)u,| <X |—=.
3
Putting these estimates together, there is a constant ¢ independent of € where
- c
|(kO,u + k(divu)n, X, 0-u)| < | X |-.
€

Now, given | X,| < Crand |I',| < Cr we have another constant C' (independent
of €) so that

C 2
< [ 1x s <
r € €

/ (kOyu + k(divu)n, X - Vu) ds

T

Estimates Along 0B, (zq) N

The lefthand side of (6.4.1) along 0B, (x¢) N can be written as the sum of
integrals I1 + Iy + I3 where

I = / {QVUF(X, n) — (kd,u, X - Vu)} ds,
9B, (z0)nQ | 2

I = / {E(divu)2<X, n) — (k(divu)n, X - Vu)} ds,
OBy (0)NQ2

1

Iy = —
4e? 0B, (20)N9

(1 — |u|*)*(X, n) ds.

Using X = (X,n)n + (X, 7)7 notice that
X - Vu = ((X,Vu'), (X, Vu?)) = (X,n)0,u + (X, 7)0u
which allows us to write
—(kOyu, X - Vu) = —k(X, n)(8,u, Opu) — k(X, 7)(d,u, Oru)
= —k(X, n)|0nul? — k(X, T){(Du, O,u).

Again by (3.1.5) it is easily estimated on 0B, (xo) NQ that [(X,n)|, (X, 7)] <
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Cr. Using this paired with the identity |Vul?* = |0,ul* + |0;ul?, Cauchy-
Schwarz and Young’s inequality:

n- [ {va%Xm»—HXﬂM@mF—%OﬁﬂEWA@w}ds
0B, (z0)nQ | 2

/ E|8Tu|2<X, n) — E(X, n)|Opul* — /%(X, T)(Opu, Orut) p ds
0B, (wo)nQ | 2 2

IA
e

1 1 1 1
C’r/ {—|0Tu|2 + = [0nul?® + = |0nul* + —|8Tu|2} ds
2B, (wo)n0 L 2 2 2 2

= Cr/ k|Vul? ds.
OB (z0)NQ

To estimate I, we once again write X = (X, n)n + (X, 7)1 so that
—(k(divu)n, X - Vu) = —r(X, n){(divu)n, yu) — k(X, 7){(divu)n, O, u).

Using the same methods for the estimation of I, we have the rough bound

1
I, < mCr/ {—(div u)? + |(divu)n||0,u| + |(div u)n||8Tu|} ds
9B, (z0)n0 | 2

1 1 1 1 1
< HCT/ —(divau)? 4+ =(divu)? + =|0pul* + = (divu)? + = |0ul* ¢ ds
0B, (z0)n0 | 2 2 2 2 2

:CT/ {3—H(divu)2+f]Vu|2}ds.
9B, (@) L 2 2

Lastly,
1

Iy = —
4€? Jop, (z0)n0

Cr
A= pPPetmds< 5 [ 1= juppds
OB, (xo)ﬂﬂ

Thus, for C' > 0 large enough we have

Il+]2+]3 S CT’/
OBr(x0)NQ

= CF*(r)

1(- 1
- {k\vm? + k(divu)? + 2_52(1 — |u|2)2} ds
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and therefore

/a ) {h()(X.m) — (RO, -+ n(divuyn, X - V) ds

= Z I; — /r (kOu + r(divu)n, X - Vu) ds

=1

<

<C [Fﬁ(r) + Wq v

2 )i, (u,n)?ds

68

when w is a solution of (6.1.1) and

/«%7. {ef(u)(X, n) — (kdpu + k(divu)n, X - Vu)} ds < C lF%(’f’) . %2]

when w is a solution of (6.1.4).

Estimates in w,:

The righthand side of (6.4.1) can be written as the sum of integrals J; + Jy+ J3
where

]; -
Y RELZR D e v
Wy j,l

2
Jy = /M {g(div u)® div X — k(divu) Z<8I¢X7 VUZ>} d,

i=1
1

Sy

(1 — |u|*)*div X dz,

and note that the following interior estimates do not depend on the orthogo-
nality condition associated to u. Now, since J; and J3 are identical to their
Lemma 3.2 counterparts, we immediately have

k
J1 > —CT/ §|Vu\2dx

and

1 2\2
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Focusing on the last term in .J;, by adding and subtracting x(divu)?, we get

x] xz

2
r(divu) Z (0., X, Vu') = +k(divu) +/€Z<Xl uilu;l—i-Xl ul 2)
i=1

= r(divu)? + HZ (X2 — 1) (ul)? + (XL — Dul 2]

+I€Z (Xl uzlu;l —i—Xl ugcl m)
J?él

2
< wldivan)? 4 r >0 [1XE, = 1, P+ X — 1, e, ]

=1

3 (1l |+ 1XE 1] )
1
j]#l
As before, | X, [ — 3, < Cron w, by (3.1.6) and applying Young’s inequality
to each of the palrs |ul, ||uw | and |ux ||u2,| there exists C' > 0 such that

2
k(divu) Y (05, X, Vu') < w(divu)® + Crr|Vul®

=1
Now, since
divX =X, +X2 =2+ (X] —1)+ (X2, —1)>2-2Cr (6.4.6)

we write

Jy > / {g(div u)? div X — k(divu)? — C'm“|Vu|2} dx
> / {k(divu)® — k(divu)® — kCr(divu)® — Crr|Vul?*} dx

> —C’r/ r(div u)? dx—C’r/ k| Vul? de.
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Therefore we can find C' large enough so that

1 L2 g YT 2 . /E 2
10 /wr(l |ul?)* dx CT/WTQ(dww de —Cr 2|Vu| dx

Wy

<L+ o+ J3

i Wr? 14
<C [Fﬁ(r) + 5: } — 258/r (u,n)*ds

when w is a solution of (6.1.1) and

i I2\2 g Roge N2 a0 / E 2
102 w,.(l |u|?) dz C’r/WT 2(dlvu) dx — Cr . QWu] dx
~ 2
<C [Fk(r) +?:|

when u is a solution of (6.1.4). This completes the proof for the case when
k = ky. Inequalities (6.4.4) and (6.4.5) for k = k, are handled in a similar way.
To see this, we still assume all conditions given in the preamble of this step
but now take ¢y = X in equation (6.4.2).

Estimates Along I,
(W.0.*) Case

The estimates here are identical to what we just witnessed for divergence
penalization. In particular,

—/ (kO,u + k(curlu)T, X, 0,u) ds < —QK (u,n)*ds

es T,

Wr , CWr?
+ s Z <u7 7’L> + es
z€dl'y(zo)

(S.0.%*) Case

As before, we decompose and analyze the inner product
(kOyu + k(curlu)T, X, 0 u).
Using (6.1.3) and the strong boundary data from (6.1.5),

ko,u + k(curlu)T = kO,u,n + ku, 0,1 + (l;;c?nuT + k(curlu))T
= /%&Lunn + l;uTanT.
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Using (6.1.3) once more,

(l;:@nu + k(curlw)T, X;0;u) = XT(I%anunn + ku, 0,7, — Ku,n + Or s T)
= — X, Kku,0pu, — XTK];J(UT)2<(9,1T, ny.

Since u € A, as before there is ¢ independent of £ such that
[(kdpu + k(curlu)r, X,0:u)| < |XT|E
€

and therefore

2
S/ ’XT|Ed5§ C_T
; € €

/ (kOu + k(curlu)T, X - Vu) ds

T

for C' > 0 independent of ¢.
Estimates Along 0B, (zq) N
The lefthand side of (6.4.2) along 0B, () N2 can be written I, + I5+ I where

I, = / {§|VU|Q<X, n) — (kd,u, X - Vu)} ds,
0B, (z0)nQ | 2

I — / {’j(cuﬂ u)*(X,n) — (k(curlu)7, X - VU)} ds,
9By (z0)NQ

1

Io=—
4e? Jop, (z0)n0

(1 — |u[*)?(X,n) ds.

Since the estimates for I, and I are identical to the estimates of I; and I3
above, only I5 is considered. Writing X = (X, n)n + (X, 7)1, the second term
in I5 can be written

—(k(curlu)7, X - Vu) = —r(X, n)((curl w)7, Opu) — k(X, 7){((curl u)r, 0,u).

Using (3.1.5), Cauchy-Schwarz and Young'’s inequality:

1
Is; < /{C’r/ {—(curlu)2 + |(curl w)7||Opu| + |(curlu)7||&u|} ds
0B, (z0)n0 2

1 1 1 1 1
< mCr/ ~(curlu)® + = (curlu)® + =[0,ul* + = (curlu)® + = |0,ul? ¢ ds
0B, (z0)n | 2 2 2 2 2

= C’r/ {3—K(cur1u)2 + E|Vu|2} ds.
9B, (wo)n0 L 2 2
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Thus, for C' > 0 large enough we have

]4+I5+]6 SCT’/
OB (z0)NQ

= CF (r)

1 (- 1
= {k|Vu|2 + k(curlu)? + 2—82(1 — |u|2)2} ds

and therefore
[ {eF e — o+ s(ewtur, X v }ds
Owy-

6
= Z I; — / (kOu + k(curlu)T, X - Vu) ds
— T,

<C [Fﬁ(r) + WTQ} v

2
ds.
2¢e® FT(u,n) ’

58

when v is a solution of (6.1.2) and

/Emr {ef(uxX, n) — (kdyu + k(curlu)r, X - Vu>} ds < C {F];(r) + 12}

when v is a solution of (6.1.5).

Estimates in w,:

The righthand side of (6.4.2) can be written as the sum of three integrals
Jy+ J5 + Jg where

i -
Jy = / {§|vuy2 divX — kY X} (0n,u, azlu>} dz,
Wy j,l

=1

2
K
Js = /wr {E(curlu) div X — k(curlu) Z ) N0, X, VU™ Z)}d%

]. 22 .
Jﬁzﬁ/wr(1—|u| 2 div X dz.

The integrals J4 and Jg are estimated precisely like J; and J3 so J5 is the only
integral that needs to be treated. Focusing on the last term in J5, we add and
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subtract (curlu)? to obtain

(curlu) Z(—l)i_l (0n, X, V™)

i=1

2
— (curlu) + 37 (X1 — D) — (X5, — Ll u?]
i=1

2,2 2 1.1 1 1.1 2 2 1 2
+ Xxluxluxg + Xxgux1uxg - Xxguxluxl - Xxluxguxg

2
< (eurlu)? + 37 [1X0, — Ll 4 X2 = 1fu o2, ]
=1
2 2, 4 1 bl 4 XL e o2,

+ G, g, [, |

By (3.1.6) we have |Xéj — 01| < Cr on w, and applying Young’s inequality to
each of the derivative pairs, there exists C' > 0 such that

2
r(curl u) Z(—l)i_lwxiX, Vit < k(curlu)? + Crr|Vul?.

i=1

With this estimate and utilizing (6.4.6) once more,

5= / {g(C“ﬂ“VdivX — w(eurlu)? - Crr|Vul?} do
= / {k(curlu)® — k(curlu)?® — Crr(curlu)® — Crr|Vu|*} do

> —C’r/ K (curl u)? dm—C’r/ k|Vul? da.

Therefore by taking C' > 0 large enough

1 2)2 K 2 k 9
12 CW(l lu|*)* dx CT/UJTQ(CUHU) dx C’r/wr2|Vu| dx
< i+ Js+ Jg
3 2
<C [Fﬁ(r) + VZ: } - ;/Vgs (u,n)*ds
FT
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when w is a solution of (6.1.2) and

1 k
@ wr(l — |u|2)2 dex — Cr /wr g(curlu)2 dx — Cr /wr §’Vu]2 dr
~ 2
< C |:Fk(7“) + ?]
when u is a solution of (6.1.5) which finishes the proof. 0

6.5 n-Compactness & Final Results

Upon reflection, it is convenient to notice that from Section 3.3 and onwards,
all of the arguments used to obtain Theorem 1.1 (bad set coverings and lower
bounds) did not explicitly depend on the boundary conditions given in the
Euler-Lagrange systems. That is, our explicit use of the boundary conditions
given in these systems ended with the proof of Theorem 3.3 for n-compactness.
Thus, once we show n-compactness for .Z, and .Z) | we will almost be finished
with our analysis.

Theorem 6.5 (n-Compactness). Let %s < B < v < s < 1. There exists

constants n, C, g9 > 0 such that for any solution u. € A of (6.1.1), (6.1.2),
(6.1.4) or (6.1.5) with € € (0,¢¢), if xo € Q2 and

yaw(us;w%ﬁ(xo)) < 77| lng‘a

then
1
lue| > 5 in wer (o), (6.5.1)
1
[{(ue,m)| < 1 on I' N wer (), (6.5.2)
1 w -
— (1 — |u|*)? dw + — (uz,n)?ds < Cn. (6.5.3)
452 Wey (wo) 25 Fr‘lwaw (:L'o)

Remark 6.2. In the specific case that u. is a solution to (6.1.4) or (6.1.5),
note that FY (u.) is replaced by F.(u.) and s = 1 in the statement of Theorem
6.5. Moreover, the bound (6.5.2) is trivially satisfied and (6.5.3) reduces to

— (1 — |uc|®)?dx < C.

Proof. Due to the structure of the estimates provided in Lemma 6.4, the argu-
ments needed for conditions (6.5.1) and (6.5.3) are identical to that of theorem
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3.3. Thus, it only remains to show condition (6.5.2) for A-solutions of (6.1.1)
and (6.1.2).

It is enough to show that the tangential derivative of u satisfies the bound

/ |0u.*ds < Ce™*
Owrg

for a constant C' independent of €. The rest of the proof will follow from this.
Suppose first u solves (6.1.1). Recall from the proof of Lemma 6.4 that for
xo € T, the radius bound ry was chosen small enough so that w,(xy) could be
assumed to be strictly starshaped around some z; € w,(x¢). Taking r = r,
the starshape constraint allows us to write

where n is the unit normal vector to Ow,_(xy). We begin by setting ¢ = z — x4
in (6.4.1) and observing the integrand

ef(u) (b, n) — (kOyu + k(divuw)n, i - Vu).
Setting ¥ = kd,u + r(divu)n, we calculate
(U, Vu) = (U, 0pu){x — z1,n) + (¥, Oru){x — 1, 7).

Using an orthogonal decomposition for the gradient and the star-shape condi-
tion,

eF(u) (i, n) > glanu|2<:c —x1,n) + gia,m?(x —zy,n) > ’f’”s

= 10wl
Going back to the previous term, applying Cauchy-Schwarz and the Peter-Paul
inequality,
(W, - Vuy| < |W[|0pulle — 2 [[n] + []|0rul|z — 24]|7]
< 21 |¥||0pu| + 2r:|¥||0rul
87"5 krs

167“E krs

I‘I’I2 = 1Onul® + ==V + = 10.uf”.
Thus, we have the lower bound
i ~ 24
e (u) (i, n) — (kOyu + rx(divu)n, i - Vu) > kl?g 0,ul? — ik |\I/|2 (6.5.4)
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Observing the righthand side of (6.4.1), we know
div(z —21) =2,  Op,¢' =y (6.5.5)

and so it holds that
: 1
212
( )divip — k E w (02,1, Opyu) — k(divu) ;1 e, Vu' 252<1_ lul9)”.

With this and the lower estimate (6.5.4), there is a constant C' independent of
¢ such that

1
2 2 2\2
/&W6 ]87u| ds S C l/awrs |\I’| ds -+ /WTE @(1 — ]u| ) dx

Decomposing the boundary dw,. = I',. U (0B,_(z) N Q) and using the known
boundary condition, we have

W2
’\I"z = g(uany

on the boundary portion I',.. On 9B,_(z) N2, we have the crude estimate

/ |\I/]2ds§/
OB, (29)"2 0B, (g

Fk(TE)

Te

- 1
(2/{2\Vu\2 + 2K%(divu)? + é3(1 — ]u\2)2> ds

)fﬁ(]

re (xg

<c

where ¢ is a constant independent of €. The desired bound is obtained from
these observations as in the proof of Theorem 3.3. Now suppose u solves (6.1.2)
and redefine ¥ = kd,,u+ k(curl u)7r. Setting 1) = x —x; in (6.4.2), the lefthand
side integrand reads

e’;(u)@ —x1,n) — (U, (x — x1) - Vu).

£

As before, we calculate
(U, (x — x1) - Vu) = (¥, 0pu)(x — z1,n) + (¥, 0-u)(x — 21, T)
and we have lower bound

= k - k -
eF(u) (@ — 21,n) > = :

3 |9-ul® + == 10nul”

Observing the integrand on the righthand side of (6.4.2), (6.5.5) allows us to
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write

2

ef(u) divy) — /%Z 1/Jij (02,1, Op,u) — K(curlu) Z(—1)i—1(a@¢, Vur™h)
4l i=1

1
= 2_52(1 — [ul?)?

and thus we have as before a constant C' > 0 independent of € such that

1
2 2 22
/Bwrs |0,u|?ds < C {/&% |W|“ds + /wrs 47‘852(1 — |ul?) dm] :

The rest follows as before by replacing x(div u)n with x(curlu)r. O

Now that n-compactness is taken care of, it is clear from the analysis for G.
and G in the earlier chapters that we also obtain a finite bad ball covering
of the bad set S.. Moreover, if we define

GVEw) = Z (v) — hi(v),

then it is easy to see that the lower bounds for G¥'* are lower bounds for
FW since FWV(v) > GV*(v) for all v € HY(;R?) (and H,(£2)). Since the
Dirichlet energy component of GY** differs only by a multiple of k when com-
pared to GY | all lower bounds from the previous chapters can be adjusted
through multiplication by k which is the correct adjustment needed for .7}".
In particular, we have:

Corollary 6.6. Suppose vo € Q and assume that u € A with |u| > 1/2 in
A, r(20) and |(u,n)| < 1/4 on T%. Additionally, suppose that there is some
number K such that

FV (u;Q) < K|lne| + K,

1
=]

1
(1 — |ul|?)*dx + —/ (u,n)?ds < K.
e’ Ty

Wey (10)
There exists a constant C' depending only on €2, 7, l%, Kk and K such that:
(i) If Br(xo) CQ, e <r<R<rgandd#0,

/ \Vu|?dz > kd*mIn (E> ~C. (6.5.6)
AT,R(J:O) r

DO |
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(i) If vg e, e <r <R<rgand D #0,

k k
—/ |Vul*dr > =D?*rln <E> - C. (6.5.7)
2 Ay r(z0) 2 r

where d and D are the associated degree and boundary index for u.
Using the fact that D = deg(7;I") = 1, we also have:

Corollary 6.7. Let {pi1,...,pr} and{q,...,q;} denote the centers of interior
balls and boundary balls respectively for the cover S, for S., with associated
degrees d; and boundary indices D;. Then

I J
TV (ue,; S;) > e (Zdz + gZDj) In (;) —C > krsln (;) - C
=1 j=1 n n

where C'is a constant independent of € and o.

At this point, we are ready to discuss the little remaining results needed
to prove Theorem 1.2. As in the proof of Theorem 1.1, we can finish with a
string of easily obtained corollaries to conclude. In fact, most of the work has
already been shown in Corollaries 5.2 — 5.6. All that is needed is to specify
in which situations these corollaries apply to our new functionals %, and #V.

The main observation to consider is that Corollaries 5.2 — 5.6 worked on
the basis that the upper bound and lower bound for G both had the factor
wsD in front of their logarithmic terms. Unfortunately, we do not have this
luxury in all of the cases for Z. and ZY. However, it is true for all strong
and weak solutions (for all values of s € (0,1]) in the case that k = k, (curl
penalization). Thus, Corollaries 5.2 — 5.6 also apply to solutions in this case
where we take g- = n and replace G with .Z!Y. The main difference here is
that Corollary 5.6 would need to be slightly modified as follows:

Corollary 6.8. Ifk = k,, there exists a constant C independent of ¢ such that

1
45% QO

(1 — |u*)?dz + E/(Curluen)2 dr + W /(ugn,n>2 ds < C.
2 Ja 2es Jr

We also have an analogue of Lemma 5.7 in the case that k= k,. Let & be
as in Definition 5.1.
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Lemma 6.9. Suppose k = k,. There exists ug € H'(Q\ X;R?) such that along
a subsequence €, — 0 we have
u., —ug  weakly in H (Q\ Z;R?)
for solutions of (W.O0.*) or (S.0.%). Moreover, |ug| = 1 almost everywhere
and
deg(up; 0B, (p;)) =d; =1, ind(ug;0B,(¢;) N Q) =D, =1

forallv=1,...,1,7=1,...,J.

The proof of this lemma still follows the uniform bounding techniques of
[39] and [10, Chapter VI]. However, we are not claiming in this case that u,
is an S'-valued harmonic map. The estimates required to show this heavily
depend on the structure of the Ginzburg-Landau equations for G (see [9])
which we simply do not have in this case. At most, we know that the limiting
director should be equal to one almost everywhere in the domain. This fact is
easily seen by Corollary 6.8 since the uniform bound will imply |u., | — 1 in
L?(2) and thus |ug| = 1 almost everywhere. Combining the above corollaries
with Lemma 6.9 proves Theorem 1.2 (a).

To tackle the problem when k = k,, we observe that the logarithmic co-
efficient of the upper bound (Proposition 6.1) for #X (or .Z.) matches the
logarithmic coefficient of our lower bound only in the case of strong orthog-
onality or weak orthogonality when s = 1. The reason for this ‘miss-match’
is because it is most likely that the lower bound is not optimal for divergence
penalization. We refer the reader to Section 7.3 for a small discussion on this
topic. Nevertheless, Corollaries 5.2 — 5.6 apply to solutions in these special
cases with g = n and G¥ replaced by #}. Again, the main difference comes
in comparing Corollary 5.6 to this case. The modification is as follows:

Corollary 6.10. If/;; = ky, there exists a constant C independent of € such
that

1
46% Q

(1 — |ue*)?*dx + E/(divugn)2 dr + W /(uen,n)2ds <C
2 Jo 2es Jr

provided {u., } is a sequence of minimizers for (S.0.*) or (W.O0.*) with s = 1.
Finally, we also have

Lemma 6.11. Suppose k = k. There exists ug € H'(Q\ 2:R?) such that
along a subsequence €, — 0 we have

u., = ug  weakly in H (Q\ 3;R?)

n
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for solutions of (S.0.%) or (W.0.*) with s = 1. Moreover, |ug| = 1 almost
everywhere and

deg(uop; 0B, (p;)) =d; =1, ind(up;0B,(¢;) ") =D; =1
foralli=1,....1,5=1,...,J.

This finishes the proof of Theorem 1.2 (b).
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Chapter 7

Future Problems

Throughout this work, we have come across several questions that provoked
some interest for future problems. In this chapter, we provide three problems
that would be interesting to tackle in projects to come.

7.1 The Core Energy of a Boundary Vortex

In Section 5.2, we showed that the renormalized energy associated to boundary
vortices on a unit disk with tangential forcing in the strong orthogonality
setting yielded a smaller minimum when compared to the renormalized energy
for the interior vortex. While this is a good first step, the main drawback in
Section 5.2 was that we could not precisely state that boundary vortices are
energetically preferable since the relationship between the core energy for an
interior vortex () and the core energy for a boundary vortex Qr is unknown.
As stated in Section 5.2, we suspect that Qr = %QQ, since a simple boundary
vortex after a blow-up should look like a full interior vortex ‘cut in half’. To
somewhat justify this, we give a possible first step in what might be a fruitful
exploration.

Suppose {¢.} is a sequence of approximate boundary vortices for u. which
converge to qo € I'. Define

v (z) = us(q- + ex)

so that we can perform an ¢ blow-up around the points ¢.. With this change
of variables, observing v® through a blow-up near the boundary as ¢ — 0, one
might be able to show that after a translation and rotation, the existence of a
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limiting function v that satisfies

—Av=(1-|v*)v inR3,
v =0 on [zy = 0],

Ol =0 on [zy = 0].

Since the boundary index for u. is D = 1, reflecting v across the x;-axis should
yield a solution v, to the Ginzburg-Landau equation —Av, = (1 — |v,[*)v, in
R? with a vortex of degree d = 1. Then, one could employ [13, Theorem 1] to

show
1

-/ (1= |02 de = 7
2 |

which implies v, is the unique degree one radial solution. One could then
maybe take an approach close to that of [38, Proposition 3.11] to conclude

Qr = %QQ-

Remark 7.1. Of course, it is not necessary that one requires Qr = %QQ n
order to show boundary vortices are energetically preferable. Perhaps it would
be easier to show Qr < %QQ, which would also yield the result.

7.2 Uniformly Bounded Minimizers for .#"

One of the most surprising issues of this thesis comes from the inability to
show that minimizers of .Z. or ZV satisfy a uniform bound. Several attempts
have been made to do this, which include regularity techniques as in [14] and
perimeter estimation methods for bad sets as done in [2]. It is not yet clear
how to show that minimizers truly belong to the bounded class A as defined
in Definition 6.2.

7.3 Lower Bounds For Splay Penalization

At the end of Section 6.5, we showed that the lower bound for .#. and ZY was
optimal in the case of curl penalization. However, it turns out that this is not
the case for divergence penalization. In some sense, this was expected. Indeed,
since the boundary data forces a curl-free type vector field near the boundary,
there is not much energy contribution coming from the curl term of the energy.
Thus, the lower bound derived strictly from the Dirichlet energy is enough.
On the other hand, since boundary vortices will most likely look curl-free, this
means that the divergence term in the energy (when k= kp) will contribute
a significant amount of energy. Assuming that the energy contribution would
be close to that of the gradient, we would expect to find that on an annulus
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A, r centered on the boundary,

H,/ (div u)? dx > 7D In (%) e
AT,R

for a constant C' > 0 independent of ¢.

Remark 7.2. Upon using the polar representation for u as done in the proof
of Theorem 4.5, it is clear that finding such a lower bound for divergence would
wncredibly complicated.

Adding this to the estimate from the gradient we already have and noting
that £ + k = k, one should expect that boundary vortices have an energy
estimate

(k|Vul? + k(divu)?) de > 7kD?In <§) - C.

AT,R r

Away from the boundary, vortices in the interior can potentially orient them-
selves to have a divergence-free profile. Thus, the interior estimates we cur-
rently have would not need change. Therefore, we suspect that the optimal
lower bound on the bad set cover S, is

L s
sz (i5as ST () -

Pairing this with the known upper bound .ZW (u.) < w min{k, ks}|Ine| + C,
it is easy to see that convergence of minimizers would be achieved for all cases
as opposed to just strong orthogonality and weak orthogonality with s = 1.
With this, we believe further investigation into deriving a lower bound for the
divergence term would be useful.
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Appendix A
The Landau-de Gennes Model

In Section 1.2, we claimed that a more refined model for nematic liquid crystal
is given by the Landau-de Gennes theory. We will give a brief overview of this
model here.

The Landau-de Gennes Model

A large drawback of the Oseen-Frank model is the inherent direction associ-
ated with the director d € S¥~!. Typically, the head and tail of the long
rod-like molecules comprising the nematic sample are indistinguishable and
therefore d and —d should represent the same molecular configuration. This
is certainly cause for concern since energy minimizing states could correspond
to configurations which are not orientable (see [6] and [7] for more detail). One
way around this issue was introduced by Pierre-Gilles de Gennes (see [17] for
an excellent reference on this material) by constructing a mathematical frame-
work that accounts for the molecular head-tail symmetry. The brilliant idea
here is to not represent the molecular order by SY~!-valued functions but by
objects that can be identified with elements of real projective space RPN~
These objects proposed by de Gennes are called Q)-tensor order parameters
and take the form of matrix-valued functions

Q:QcR¥Y >SS
where S is the space of real N X N symmetric, traceless matrices
S= {Q € MyR):Q=Q", tr(Q) = O}.

The @Q-tensor order parameter is related to the calculated second moment ma-
trix A associated to a molecular orientation distribution law for the system,
which is given by a probability density function. This second moment matrix is
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capable of easily describing uniazial nematics (having only one preferred direc-
tion of alignment), biazial nematics (having more than one preferred direction
of molecular alignment [30]) and the isotropic state (no molecular ordering).
An important aspect of the Landau-de Gennes theory is understanding the
form of A in the isotropic case. Observe that in the isotropic state the config-
uration of molecules are equally distributed over all orientations and thus the
probability density for finding a molecule in a particular direction is given by
a constant function. Upon calculating the second moment matrix associated
to the constant probability density function one finds the isotropic state is
a constant multiple of the identity matrix [41]. Specifically, one obtains in

dimension N |
Aiso = =1
N

where I denotes the N x N identity matrix. To obtain the desired S-valued
(Q-tensor order parameter, we begin looking at the space of matrices formally
written

Q = A_Aiso-

Hence, the order parameter for the Landau-de Gennes model is a measure of
deviation from the isotropic state. Therefore molecular orientations with as-
sociated constant probability distributions are given by () coinciding with the
N x N zero matrix ) = Oy.

A Q-tensor describes the uniaxial, biaxial and isotropic phases based on
its eigenvalues. In the case where N = 3, we say a ()-tensor is

e biaxial when all three of its eigenvalues are distinct,

e uniazial when two of its eigenvalues are equal and non-zero (i.e., there
are two distinct eigenvalues for @),

e isotropic when all eigenvalues are equal.

The definitions for uniaxial and isotropic ()-tensors also apply to the case
where N = 2. However it should be noted that the notion of biaxial ()-tensors
does not exist in two dimensions. This is due to the constraint tr(Q) = 0
which leaves only the option for eigenvalues of equal magnitude and opposite
sign or a repeated zero eigenvalue. In dimension two or three, the Spectral
theorem allows one to write uniaxial ()-tensors in the special form

st(d@d—%]), de st (A.0.1)

where s is a non-zero scalar [3, 30]. In this way the eigenvector d acts as the
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director for the nematic and the equality
dod=(-d)®(—d)

ensures that the (Q-tensor encodes the identification d ~ —d. Therefore, in a
sense the (Q-tensor strips d of its orientation and allows one to work only with
the azis defined by the director.

A typical minimization problem in the Landau-de Gennes model is of the
form infgex Frqe where

Fric(Q) = /

Q

(5IVQR + 1 £ai@ ) do, X = 1'@:5)

The Dirichlet energy for ) in this setting mimics that of the one constant
approximation to the Oseen-Frank energy, L > 0 is a constant and

(@) = — o (@) — (@) + (@) —d (A0
is a bulk potential derived from a 4th order Taylor expansion about the
isotropic state @) = 0 [33] which penalizes non-uniaxial Q)-tensors. The pos-
itive constants a, b, and ¢ are temperature dependent and d is a constant
chosen so that min fg = 0. In fact this minimum is achieved on a special set
of uniaxial @-tensors [31] which are of the form

{ o2 N =2

1
=s5.(d®d—-—=1], s,= .
@ S( ® N) i b+—vbzc+24ac if N=3
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Appendix B

Miscellaneous Results and
Equations

The following lemma is used often when we encounter the terms of the form
(g,0,9) where g is a smooth S'-valued function.

Lemma B.1. Let f € C1(;S') and suppose v € St. Then

<f7 va> =0
where D, f denotes the directional derivative of f in direction v.

Proof. Since f is S'-valued, |f|* = (f')* + (f?)? = 1 and so

SV(SP) = VS + P9 = (0,0).

On the other hand,
Dyf = (Vf1,0),(Vf%0))

implying
(£, Duof) = (f'Vf0) + (V% 0)
= (f'V + 2V 0)
=0
for any v € S*. O

Proposition B.2. Let X € C?(N;R?) be the vector field of Lemma 3.2 sat-
isfying conditions (3.1.4) and (3.1.5). Then

0.X, =1+ f(X,7,DX, D7)

on I'y(zg) where |f| < Clx — x| = Cr.
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Proof. We begin by expanding the tangential derivative and adding and sub-
tracting |7]%:

0, X, = (V(X,7),7)

= |r]* +(V{X,7),7) = |7[*

2
— 1+ Z (XYL 7+ (X —1)(r)?) + (X1, + X2)r7?

i=1

=1+ f(X,7,DX, D).

Using the conditions of (3.1.5) we have | X*| < |X;| < Cr and | X; —d;;| < Cr.
Moreover, |7!7%| < 1 and [(V7?, 7)| < C where C is independent of & and z.
Thus each term of f is bounded by a constant times r and so |f| < Cr. O

Proposition B.3. Suppose ks and ky, are positive, unequal constants. Define
k = min{ks, ky} and k = max{ks, ky} — k. Then

ko (divu)? + ky(curlu)? = k|Vul? + s(divu)? + 2k det(Vu)  for k =k
ko (divu)? + ky(curlu)? = k|Vul? + s(curlu)? + 2k det(Vu)  for k = k.

Proof.
Case 1: k = kp

ks (diva)® + ky(curlu)? = ky(uy, +u2))® + ky(ul, — ug,)?

(ua,ljl)2 + 2kut u? + ks(ufgz)2 + k:b(uala)2

Tl T2

— 2kyul ul + ky(ul,)?

T2 7T

= ks(ui1)2 + kS(uig)Q + kb<ui2)2 + kb(ui1)2

ks
ks

J/

A

1,2 1,2
+ ?ksumlumz — kaumumj.
Vv

B
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In A, we add and subtract the terms ky(u}, )* and ky(u2,)? to get

A = ks(u;}l)Q - klb(u.i’l)Q + kb<u;1)2 _I_ ks(uig)Q - kb(uig)Q
+ ky(u,)? + ko(uy,) + kp(u?))?

- (ks - kb)(“"il)Q + kb(uﬂltl)2 + (ks - kb)(uig)Q + kb(U’?EQ)2 + kb(ui2>2 + kb<ui1)2

=k [(ug,)? + (up,)? + (u))* 4 (u2,)?] + (ks — ky) (uy,)® + (ks — k)(
= k| Vul? + (ks — k) (ul,)? + (ks — K (u2,)>.

In B, we add and subtract the term 2k,ul u

T1 wz’

B =2kl u? — 2kul u?

xr1 T2 T2 1

= 2kl u? — 2kyul v + 2kyut vl — 2kyut u?

Tl T2 Tl T2 Tl T2 T2 1

(ks — kp)uy, ua, + 2ky (up ul, — up ul)

1 T2 [ ) T2 1

2
2(k —k:b)u U +2kbdet(Vu)

Ty T2

Putting A and B back together,

ko(divu)® + ky(curlu)® = A+ B

= ky|Vul? + (ks — k) (divu)?® + 2k det(Vau).

Case 2: k = ks
We still have

k5<div U‘)2 + /{:b(curl u>2 = kﬁ(u:}h)Q + ks(uiz)Q + kb(uiz)z + kb(ui“l)Z

s

g

A
2
+ 2k: SUp US — 2]<:bux2u:Cl .

-~

B

In A, we now add and subtract the terms ky(ug,)? and k,(u2 )?.

A = ky(ub))? + ko (u2,)? + ky(ul)? — ky(ul,)? + ky(ul,)?
+ k()2 = Ey(u2)? + ky(u?,)?

= k(uy,)® + ko (u2,)? + (ky — ko) (uy,)? 4 k(ul,)* + (ks — ko) (ul,)? + ks (u
=k [(up,)? + ko(ul)? 4 ks (ul,)? + ko(u2,)?] + (ky — ko) (up,)? + (ko —

= ks]Vu| + (kb — k5>(uz2) + (kb — ks)(u21)2.

x
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In B, we add and subtract the term 2k,ul u? ,

B =2kl u? — 2kul u?

Tl T2 T2 1

= 2kl u? — 2kt u? + 2kt w? — 2kyul u?

Tl X2 T2 X1 x2 X1 T2 Tx1
_ 1,2 1,2 1,2
= 2k (uy, uz, — uy,uy, ) + 2(ks — ky)ug, ug,

= 2k, det(Vu) + 2(k, — ky)ul u?

Tro Tl

= —2(ky — ks)up u2, + 2k det(Vu).

xo Yz

Adding A and B back together,

kq(divu)? + ky(curlu)? = A + B
= ke|Vu|* + (ky — k) (curlu)? + 2k, det(Vu).
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Appendix C

Regularity of Minimizers

In most references involving minimizers of the Ginzburg-Landau functional, a
technical discussion of solution regularity is often omitted since related results
are viewed as standard knowledge in elliptic PDE theory. For the sake of
completion, this section will be dedicated to roughly explaining the necessary
arguments needed to deduce additional smoothness of weak solutions to the
Euler-Lagrange equations. We begin by dealing with equations (2.2.1) and
(2.2.3). It will be convenient to begin with a result for which the regularity of
our weak solutions will be built upon. The following lemma is taken from a
series of detailed lecture notes produced by Professor Giovanni Leoni (Carnegie
Mellon) on his website. Access to these notes can be found through [28].
Similar results can be found in [24, Chapter 2].

Lemma C.1. Let Q C R" be an open bounded set with C? boundary. Let
f € L) and g € HY?(09Q) be such that compatibility condition holds

/Qfdx:/aﬂgds

and let u € H' () be a weak solution of the Neumann problem

—Au=f nQ,
Ou=g on dS.

Then v € H*(Q) and we have the estimate

IV2ullz2 < C(Q) (112 + Nglmz + lull ) -

With this, we aim to explain how one obtains the following lemma.
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Lemma C.2. Let u. denote a weak solution for (2.2.1) or (2.2.3). Assume I’
is a C*-smooth curve and that

g € C*Nr;SY) N CHQ; R?)
where Nt is a small tubular neighbourhood of I'. Then it holds
u. € C°(Q;R*) N C**(Q; R?)
for all a € (0,1).

Remark C.1. The use of the neighbourhood Nt is mainly needed for strong
orthogonal solutions. The requirement that g be S*-valued in a neighbourhood
of the boundary will be used for a decomposition of u near I' using the basis

{9,9"}.

Although it will not be shown, the main driver of the results used here
rely on the method of translations for elliptic operators (see [12, 23, 35], for
example). To use this method, it is often required that the boundary data and
boundary curve have smoothness order matching that of the desired Sobolev
regularity order for the weak solution in question. By this, we mean that if one
would like to show that weak solutions belong to H*(£2;R?), then we should
require C*-smoothness on the boundary data and the boundary curve . Thus,
it is apparent from our hypothesis that we would like to show weak solutions
belong to H*(2;R?). Once this is done, the Sobolev embedding theorem can
then be used to obtain solution inclusion in the Holder space C2(Q; R?).

In the weak orthogonality problem (W.0O.), the derived Euler-Lagrange
equations (2.2.1) take the form of a system of semi-linear PDEs with Robin
boundary conditions. To deal with questions of regularity, it is insightful to
recast (2.2.1) in terms of a linear PDE with Neumann boundary conditions.
The ability to do this comes from the fact that weak H*' solutions for the weak
orthogonality problem are known to exist by Lemma 2.1. To see how this
operates, let u. be a weak H' solution for (2.2.1) and define the functions

) = 50— @) )ucla), hele) = — 2 {uala), g
Note that since it is assumed g € C*(Np;S') N C*(;R?), both f. and h.
are defined on all of €. The idea now is to consider the non-homogeneous
Neumann problem for the Poisson equation

{—Av = f. in,

C.0.1
O,v="h, onl, ( )
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and deduce H?(; R?) regularity for the weak solution v € H*(2; R?) through
standard elliptic estimates. Using the fact that v = wu. is a known weak
solution for (2.2.1), and therefore (C.0.1), the general results for v transfer to
u. and then a bootstrapping argument can be implemented to further increase

the regularity for u.. By Lemma C.1 it is required that three conditions for
(C.0.1) are checked in order to achieve v € H?(Q2; R?):

1. f. € L*(Q;R?),
2. h. € HY?(I';R?),

3. the components f7 and h! satisfy the compatibility condition
/fgdx:/hgds.
Q r

The first condition is a consequence of the Sobolev embedding theorem in
two dimensions. Since u. € LP(;R?) for all p € [1,00), the scalar function
(1 — |uc|?) can be shown to belong to LP(2) for all p € [1,00) using the
boundedness of €2 and Minkowski’s inequality. Young’s inequality can then be
applied to obtain f. € L*(Q;R?) since

1
J1rpde =5 [ 1= PPl do
Q e Ja
1
1 e+ ) d

for each 7 =1, 2.

32—549(

< +00.

The H'/? trace condition for h. can be shown by proving h. € H'(Q;R?). It
is easy to see already h. € L?(Q;R?) using the boundedness of g and Cauchy-

Schwarz:
/\hsﬁczx:/ (e, ) Plg™ 2 do
Q 0

< [ fuPlg*t ds
Q

< Mg *lloo e 172

< +o00.

To deduce the form of the first order weak derivatives of h., let ¢ € C3(Q)
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and note that

—Whé = (ue, ") (g =) ullg ) (gh).

=1

Seeing that the components of gt are four-times continuously differentiable,
the product (g1)! (g )¢ € CH () and so for fixed i, j,k = 1,2 the definition
of weak derivative states

[ @i a o de = = [ w0 (6" g d
The derivative on the righthand side can be expanded
0, ((97)(97) %) = (B (97)) (@ 0 + () (D (97 ) + (97) (g7 O
and then collecting like terms relative to ¢ gives
/Q((axkug)( g+ ul (D (7)) (g Y +ullgh) (On, (97)) i da
= —/QUi(gL)i(gL)j 1 i

for all ¢ € C3(€2). Therefore the weak derivatives for the components of h,
have the form

axkhz=——2 ) () (9 + (D, (7)) () + () (0u, (97)7)).

To show 9., h! € L*(2), we begin by applying the triangle inequality repeat-

Tk'%

edly to obtain the bound

Wio 2 &~ o
0, 1| < LS (10, + 2Ju).

=1

Squaring both sides of this inequality, applying Young’s inequality on the
cross-terms and integrating leads to the estimate

W2
[ 1o aa < =2 S IR+ i) < +o0
i=1

where C' is a constant independent of u! and 9, u’ for i = 1,2. Since these

estimates hold for all 7,k = 1,2, we have h, € H'(2; R?) and so the trace of
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h. belongs to H'/?(T; R?).

The third and final point to check is the component-wise compatibility
condition. This fact follows immediately from the known existence of a solution
to the Neumann problem (C.0.1). However, the compatibility condition can
be easily derived via direct observation of the weak formulation of the Euler-
Lagrange equations:

o 1 w
/ (E ufvfﬁé@ - _2(1 - |u|2)(u,cp>) dx + s /<<uagl>gl7§0> ds =0
2\ iy c = Jr

holding for all ¢ € H'(Q;R?). Setting ¢ = (1,0) produces

/feldx:/h;ds
Q r

while setting ¢ = (0, 1) gives the same equation for the second components of
fe and h,.

Now that H?(2; R?) regularity for u. has been established, one can show in-
creased regularity for f. and h.. By the Sobolev embedding theorem in two di-
mensions, H?(2;R?) C L>(Q;R?) and therefore u. € H*(Q; R?) N L>(Q2; R?).
By [12, Proposition 9.4], the product rule can be applied on the components of
f- to obtain f. € H'(2; R?)N L>(Q; R?). Similarly, h. can be shown to belong
to H?(Q). At this point, we can begin bootstrapping to continue the process
until we have reached u. € H*(2; R?). As mentioned above, the Sobolev em-
bedding theorem can then be used to obtain u. € C?*(Q;R?). When away
from the boundary, the bootstrapping process can continue indefinitely since
there is no longer a differentiability cap enforced by the boundary data. In
this case, the interior regularity u. € C°°(€); R?) is achieved.

Remark C.2. Generally speaking, the work for interior reqularity, in practice,
is done before reqularity estimates up to the boundary.

For the strong orthogonality problem (S.O.), the Euler-Lagrange equations
(2.2.3) are composed of the same interior semi-linear PDEs as dealt with be-
fore, but now we are given two scalar conditions on the projections of u. with
respect to g and g+ along the boundary I'. By the same bootstrapping ar-
gument, the interior regularity estimates give u. € C*°(2;R?). To obtain
regularity up to the boundary, we can look at u. on the neighbourhood Np
where we have the decomposition

U = u||g+ulgL.
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Using this, we calculate u) is a weak solution of the scalar equation

2
By = (1, Ag) +2 3V, V') = (1= [uPuy = (w)
1=1

satisfying the Neumann condition d,u; = 0 on the boundary I'. Similarly, u
is a weak solution of the equation

Ay = G, Agh) +2 3 (Vl, V(gD = (1~ [l s = f-()

i=1

satisfying the Dirichlet condition u;, = 0 on I'. Since both f! (u), f+(u) €
L?(Nr), we can apply similar elliptic regularity estimates to obtain the desired
regularity.

In Section 6.1, it is shown that the Euler-Lagrange equations associated to
the minimization problem for .%, and .Z" form a system of partial differential
equations which are coupled in the second order derivatives. Understanding
the underlying structure of this system is deeply important for studying the
regularity of its weak solutions. Due to the domain and range dimensions of our
problem, we restrict ourselves to observing coupled linear systems involving

two equations in two variables.

Let u € H'(Q;R?) be a weak solution of the system

( 2
k,m J
- E al’mAl,j Oy u? = f1
k7m7j:1

; (C.0.2)
= ) 00, AT O = fo

\ kym,j=1

where it is assumed f1, fo € L*(Q) and Ai;-m are constants for all index par-
ings. Using the definition presented in [22] and restricting to the case of
system (C.0.2), we say that the Legendre—Hadamard condition is satisfied by
the matrix of coefficients (Afjm) if there exists a constant v > 0 so that

2

> ATGE Y = AP, VEn e R

k,m,ij=1

Proposition C.3. The matriz of coefficients (Af]m) for systems (6.1.1), (6.1.2),
(6.1.4) and (6.1.5) satisfy the Legendre—Hadamard condition.
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Proof.

The general form for the divergence penalized systems (k = k) is

— (02, kOt 4 Oy Oyt + O, (ks — ki) Oy t®) = Hul (1 — Jul?)

— (Opy (ks — kp)Opyut + Opy ki Oy u? + Oy kO, u?) = 6i2u2(1 — |ul?)
The elements of the matrix of coefficients are

A=A =k AT =Ajy=hy, ATy = Ay =k —ky
and the remaining constants are zero. Let £, 7 € R? and consider the sum
2
> ATPGE' Y = k(&n')? + k(60 + ky(&am?)? + k(&)
keymi,ji=1
+ 2(ks — ky)&1&am" .

Adding and subtracting the terms ky(&11')? and ky(£2n%)* we obtain

2

> ATGE T = RylEP I 4 (ks — k) (&n' + &n®)® = kol n]>
kymi, =1

For the curl penalized systems (k = k), we can write

— (O, ksOpy ut + Opy by Opyut — Oy, (ky — k)0 u?) = 6%ul(l — |ul?)

— (=0, (ky — k) Opyut + Oy, kpOp, u? + Oy, ksOpyu?) = 8%uz(l — |ul?)
giving

A=Ay =k, Ali=Ay =k Ay = A5 =—(k— k)
where remaining constants are zero. Now

2
Z Ai}mgkfmﬁiﬁj = ko(&n")? + ko(&an')? + k(&) + ks (&21?)?

k7m7i7j:1

— 2(ky — ky)&1&m'n’.
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Adding and subtracting the terms k,(&n')? and ky(£,1%)? we obtain

2

N ARG L = k€PNl + (B — ko) (P — Ean')? 2 kil

kym,ij=1

]

The structure provided by the Legendre-Hadamard condition gives several
useful regularity results. To give an example, we quote a simplified version of
[22, Theorem 4.11] for completeness

Theorem C.4. Let u € H'(Q;R?) be a weak solution to system (C.0.2) where
Aﬁ’jm satisfies the Legendre-Hadamard condition and for some integer k > 0
we have f; € H*(Q). Then u € H*"2(Q;R?) and for every Sy € Q there is a

loc

constant C' depending on k, €2, Sy and the Af“;’;n 's such that

1D+ 2ull 250y < € (lullzzoy + 1 fllmecey)
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Appendix D

Boundary Integral Convergence

The following three lemmas are used together several times throughout this
thesis in order to prove convergences results along I' = 0€).

The first lemma is given in the context of Hilbert spaces, but the result
can be generalized to weak convergence in L? spaces p € [1,00) as seen in [19,
Theorem 1].

Lemma D.1. Suppose H is a Hilbert space with inner product (-, )y and let
{hn}oo, C H. If hy, = h weakly in H then

Al < liminf ||, -
n—oo

That is, the norm || - || g is sequentially weakly lower semicontinuous.

Proof. By Cauchy-Schwarz

[(hy hn) et | < ([l | o -
Since h,, — h weakly in H we have (h, h,)g — ||h||% as n — oo. Then

liminf [(h, hy,) | < iminf ||h]| g||ha|lg = ||k]|g < liminf ||h,| 4.
n—oo n—oo

n—00

]

In the next lemma, we show that the trace operator T' : H'(Q2) — L?*(99)
preserves weak convergence. In fact, this result is true of any bounded linear
functional on a Hilbert space. Please refer to [1, 29] for an excellent treatment
of trace theory.

Lemma D.2. Let T be the trace operator on H*(Q) and let {u, }>, C H(Q)
with u, — u weakly in H*(QY). Then Tu, — Tu weakly in L*(09).
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Proof. Fix ¢ € L*(09) and define the bounded linear functional ¢ : H'(Q) —
R

l(u) = / (Tu)pds.
o0
Since u,, — u weakly in H*(Q2) we have £(u,) — ¢(u) as n — oco. Therefore

lim 4(u — u,) = lim (Tu — Tuy,)pds = 0.

Since ¢ € L*(09) was chosen arbitrarily, the result holds for all ¢ € L?(9)
and thus T'u,, — Tu weakly in L?(99). O

Lemma D.3. Let Q be a smooth bounded domain and consider a sequence
{un,}2, € HY(Q;R?) such that u, — u weakly in H' for some u € H'(Q;R?).
Then

n—oo

/ (u, g)* ds < liminf/ (U, g)* ds
09 09
for any g € C(0; R?).

Proof. By Lemma D.2 it is known u,, — u weakly in L?(0Q;R?). Thus, for
g € C(0Q;R?) C L*(09;R?) we have the convergence

lim (up, —u,g)ds =0.

Next, let ¢ € L?(99Q) be arbitrary and note that pg € L*(09Q;R?), (u,g) €
L?*(09). Then

/ ((un7g>_<u79>)§0d3:/ <Un—U,QOQ> ds — 0
o0 o0

as n — oo by the weak convergence of {u,}°°, in L*(0Q;R?). Therefore
(Un,g) — (u,g) weakly in L?(0€2) and applying Lemma D.1 to the sequence
{{un,g)}>2, in the Hilbert space L?(91) yields the result. O
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