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Chapter 1

Introduction

1.1 Introduction

Nematic liquid crystals are mesophases between the liquid and the solid phases.
Nematic molecules typically have elongated shape, approximately rod-like, and can
translate freely, like in a liquid, but, in doing so, their long axes tend to align along
some common direction. This feature is the key for the extreme responsivity of
nematics to external stimuli, which in turn is the reason why they are so useful in
technological applications (some of which are perhaps very surprising, cfr. [118] and
references therein). Macroscopic configurations of nematics are better described by
continuum theories rather than by molecular models [52} (113, 6} 7). Among continuum
models, the most successful is the phenomenological Landau-de Gennes (LdG) theory
[52, [113].

Call Q C R? the region of space containing the nematic liquid crystal under study;
Q) will be assumed to be bounded and simply-connected, with smooth boundary. In
the LdG theory the state of the system is described by a map @ : @ — Sy, where

So = {M € M3y3(R): M = M" and Tr M = 0}. (1.1.1)

Note that Sy ~ R® as linear spaces; we endow Sy with the norm |M| = /M;;M;;,
where summation convention is understood. The map @ is called Q-tensor order
parameter. The state of the system at x € € is said to be

e isotropic, if Q(z) = 0;
o uniazial, if Q(z) # 0 and Q(z) has two equal eigenvalues;

e biazial, if Q(x) has three distinct eigenvalues.

Following a common convention, we shall often include the isotropic case into the
uniaxial one; moreover, we shall always label the eigenvalues \i(z), A2(x), A3(z) of
Q(x) in the increasing order.

A convenient measure of biaxiality is provided by the biaziality parameter 2 [81],
defined as

T (Q%(x))*

Tr(Q(x))*

It holds 8%(Q(x)) = 0 if and only if Q(x) is uniaxial and 5%(Q(z)) = 1 if and only if
Q(z) is mazimally biaxial [106].

Q) =1-6 (1.1.2)
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Observable configurations of nematics are described in the LdG theory as minimiz-
ers of an appropriate energy functional Frqg(Q;2), whose precise form depends on
the physical effects one wish to include, defined on an appropriate space of functions
subject to the imposed boundary conditions. Thus, amazingly complicated choices
are possible but we will work only with the simplest form for Epqc(Q;€), assuming
Dirichlet boundary conditions. We take

Frac(Q: Q) == /Q o(VQ, Q) dz, (1.1.3)

where

(r-T)

((VQ.Q) = ¢ [VQP - nor-lmgia

2 3 4
Here T is the absolute temperature, T is a critical temperature, depending on the
material. A,b,¢c > 0 are material constants. L > 0 is a constant approximately
depending only on the material [109]. We will work at fixed temperature, so that
a:= A(T* —T),b,c can be considered constant. When 7' > T, the system behave
like an isotropic fluid, while T' < T™ is called the nematic regime. In this case, a > 0.

Since we aim to do a variational theory, a natural class of functions on which defin-
ing the functional Epqq is W12(Q, Sp); as we assume Dirichlet boundary condition,
we further suppose that @ = @, on 0N in the trace sense, with Q, € C*°(99,Sy).
We set

(Tr Q?)2. (1.1.4)

F(Q) := —g TrQ? - gTr Q° + E(Tr Q?)? (1.1.5)

Actually, F' is well-defined on matrices and one can show that it is bounded below
[102] on Sp. Since F' is bounded below, the functional

F(Q) = F(Q) ~inf F(Q) (1.1.6)

is nonnegative. The infimum of F' is achieved on the subclass of matrices in Sy of the
special form

1
M=s, <n®n—3]>, n €S2, (1.1.7)
where [ is the identity 3 x 3-matrix and s a positive constant given by [106]

b+ Vb? + 24ac
S =—m—— (1.1.8)
4c
Notice that on simply connected domains, thanks to a lifting theorem of Ball&Zarnescu

[9], the set of minimizers of F' can be written as the following manifold:

Omin = {Q €Sy:Q =54+ (n@n — ;I) , e WI’Q(Q,SQ)} ~ RP% (1.1.9)

The infimum of F(Q) will be achievied on the classes of maps that will be of our
interest [102} |106]; this will allow us to subtract the minimum of F(Q) in (1.1.6).

Notation. With a slight abuse of notation, from now on we will write /'(Q)) meaning

F(Q). Furthermore, we will drop the subscript “LdG” and write simply E(Q;2) for
the energy functional.
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For a long time, it was widely believed that equilibrium configurations of nematics
should be uniaxial. In 2004, experiments revealed that they could also be biaxial [101].
The possibility of having biaxial minimizers was already seriously considered since long
time before, both in theoretical [100, |120] and in numerical studies |133] |84} 85, |47].
In particular, the numerical simulations [84} 85, |47] shows that in the regime called
deep nematic phase the energy minimizers subject to certain physically-significant
boundary conditions are particular configurations, called biazial torus solutions. The
deep nematic phase may be characterized in terms of the material costants as the
situation in which the reduced temperaturdy]

27ac  2TA(T* —T)c
b= 2 b2
is much greater than 1. More naively, it is often said that “b is much smaller than
both a and ¢” or that the temperature is “sufficiently lower” than T*.

In this work, we follow two main threads. The first is producing some rigorous
arguments in the direction of minimality biaxial torus solutions both in similar
situations to those studied in numerical simulations and with different boundary data.
Recent interest in this kind of problems is witnessed by |5} (142} 143]. The second
thread is studying the behavior of minimizers when the boundary data are suitably
rearranged.

In order to do this, as a preliminary step we have to clarify what we mean by
“biaxial torus solution”. Since apparently there are no codified definitions of this
concept in the mathematical literature, we extracted the features we judged essential
from the phenomenological picture, see Section for an account and Section
for some discussion. Before giving our definition of biaxial torus solution, we find it
convenient to redefine the biaxiality parameter in order it can distinguish between
positive uniaxiality (the two lowest eigenvalues are identical) and negative uniaxiality
(the two highest eigenvalues are identical). This is done by setting

3
B(Q(x)) = \@%. (1.1.11)
(Tr(@?))>

Since~Tr(Q3) = 3A1A2A3 because of the tracelessness constraint, we have —1 < B<+1
and B(Q(z)) = —1 if and only if A2(z) = A3(z), B(Q(x)) = +1 if and only if
A1(x) = Aa(z) and B(Q(x)) = 0 if and only if @ is maximally biaxial at x € Q.

Next, we establish the following definition of linking compact sets.

(1.1.10)

Definition 1.1 (Linking compact sets). Let @ C R™ be a set and let K, Ko C §2
be compact sets. We say that K, Ko are linking if we have both that K; is not
contractible in Q \ Ky and K» is not contractible in '\ Kj.

Now we can state

Definition 1.2 (Biaxial torus solution). Let () be a smooth critical point of the LdG
energy functional E(-; ), defined as in (1.1.3]), on some admissible class of functions.
We call @ a biazial torus solution in 2 if @ has the following properties:

(a) @ # 0 everywhere;

(b) there exist linking compact sets Uy ,U_ C Q so that 5(Q) =1 in Uy, (Q) = —1
inU_.

!The are various ways of defining a quantity playing the same role; we take the one of [105].

3
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To comply our program, in this work we study three kind of minimum problems
for the functional E(Q; B;). We will always work deep in the nematic phase.
In this situation, both physically-grounded arguments (due to Lyuksyutov [100]) and
numerical studies [84} 85| (and, to some extent, rigorous arguments [105]) suggest
that the norm of the Q)-tensor order parameter may be considered constant inside 2.
Thus, in particular, () cannot melt inside €2 and reacts to strong deformations through
exchanges in the eigenvalues and entering biaxial states [84) 85]. We shall always
assume the validity of this norm constraint, customary called the Lyuksyutov
constraint, and further we rescale (Q-tensors so that

Q1> = Qi;Qij = 1. (1.1.12)

Thus, @ takes values in the unit sphere S into Sy. In each case under studying,
we set

Q:Bla

as in most numerical simulations [85, |47, 32, 75|, where B; denotes the open unit
ball in R? centered at the origin. Taking the map

Qv(z) = \/g <|; ® % — ;I) € C>(52%; 5% (1.1.13)

as (physically-significant) boundary condition and defining the admissible class

Ag, = {Q e WY2(By1;8%) : Q = Q, on S? in the trace sense} , (1.1.14)

we first study, in Chapter [4 the regularity of minimizers of the LdG energy functional
E(-; B1) in the class Ag,. Although the analysis here does not present particular
elements of novelty, details appear to be missing in the literature; moreover, the
e-regularity theorem (Theorem and higher regularity theorems (Section
proven there are actually valid for any minimizer appearing in this work. The main
outcome here is the following complete regularity theorem.

Theorem 1. Let Q € Ag, be a minimizer of the LdG energy (1.1.3) in the class
(1.1.14), with Qp as in ([1.1.13)). Then Q is real-analytic in B.

The second problem we shall study is the regularity of minimizers of the LdG
energy (|1.1.3)) in the class

& =Ag, N{Q € Ag, : Q is S'-equivariant}, (1.1.15)
with Qp as in (I.1.13). By S'-equivariance, we mean that the Q-tensor satisfies

Q(Rx) = RQ(z)R!, for a.e. z € By, (1.1.16)

for any rotation R about some fixed axis, which we always identify with the z-axis of
a cartesian coordinate system centered at the origin.

Our motivation for approaching this problem is that we have a simple topological
argument (Theorem proving that smooth S!-equivariant minimizers of E(-; By)

in the class (|1.1.15)) with @ as in (1.1.13)) are biaxial torus solutions in By, in the

sense of Definition [I.2] Our main result here is the following dichotomy.

4
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Theorem 2. Let Q € A be a minimizer of the LdG energy (1.1.3) in the class
(1.1.15)), with Qp as in (1.1.13)). Then there exists a § > 0 so that Q is smooth in a

§-neighborhood of S? and, in the interior, either Q has a finite number of singularities
of dipole kind or Q is a biaxial torus solution in By, in the sense of Definition[I.3.

Here the term dipole refers to a specific structure of the singularities, which in
particular have to come out in pairs; we use it in analogy to [21], as it will become
clear at the end of the analysis in Chapter [7] Even if the theorem cannot exclude
singularities, contrary to our plan, it allows only for a peculiar kind of singular
solution, bearing a remarkable resemblance with the metastable split core solutions
found in [47] (see also Section for a comparison to biaxial torus solutions). In
analogy to [47], we call the singular S'-equivariant minimizers allowed by the theorem
split solutions and we extend this name also to any S'-equivariant minimizer of the
LdG energy having a finite number of dipoles.

The last problem we tackle, in Chapter [§] is the examination of the behavior
of minimizers when the boundary data are arranged in suitable ways. We show
that there exist smooth boundary data whose minimizers are biaxial torus solutions
(Theorem , smooth boundary data whose minimizers necessarly have singularities
(Theorem and also smooth boundary data whose minimizers are biaxial torus
solutions in a subregion of B; but have singularities outside (Theorem [8.4]). We
summarize these results in the following

Theorem 3. Let E(-; By) the LdG energy functional defined in (1.1.3)) over the class
Ag, defined in (1.1.15). Then

(i) There exist boundary data Qy such that the corresponding minimizers are biazial
torus solutions in Bj.

(ii) There exist boundary data Qp such that the corresponding minimizers have
singularities in Bi.

(iii) There exist boundary data Qp such that the corresponding minimizers have
singularities in By but they are biaxial torus solutions in (2 CC Bj.

We also complement the analysis by extending some well-known theorems in
harmonic maps [2, |65], such as generic uniqueness of minimizers, uniform distance
between singular points, convergence of singularities to singularities and we discuss
the possibility of having smooth boundary data with at least two minimizers of
different character: one a biaxial torus solution in B; and the other a split solution.

Our approach to regularity will be in the spirit of geometric measure theory, more
specifically, of very classic works by Schoen & Uhlenbeck [130} 131, |132] and of more
recent works with similar structure of the Euler-Lagrange equations associated to the
energy functional, such as [119]. Thus, the main issue in the quest for regularity will be
ruling out all nonconstant minimizing tangent maps. In this direction, the symmetry
constraint is a major cause of troubles, since it prevent us from applying well-known
results in the literature and, especially, the Liouville theorem of Schoen& Uhlenbeck
[132, Theorem 2.7], which is by far the most delicate point. We partly remedy this
lack by classifying, in Chapter |§|, all possible S'-equivariant tangent maps. Next, we
exploit the form of S'-action to identify, for most tangent maps, directions along
which push them to lower their energy. Anyway, in the S'-equivariant case there are
nonconstant minimizing tangent maps, Theorem [7.6] This circumstance yields both

5
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the obstruction in proving full regularity under the boundary condition and
the interesting phenomenon of multiple minimizers mentioned above.

This dissertation is organized as follows. Chapter 2| and Chapter [3| contain review
material on nematic liquid crystals and on harmonic maps respectively. In this work,
harmonic maps appear as asymptotic objects in the blow-up analysis (i.e., as tangent
maps), thus the discussion of this huge topic is geared exclusively towards relevant
aspects to our needs. Chapter [4 deals with the minimization problem in the class
. Chapters m tackle the minimization problem in the class . The
classification of the S'-equivariant harmonic maps in Chapter |§| is a necessary step in
the analysis in Chapter [7] but it is also of strong independent interest. In Chapter
we study the behavior of minimizers for different boundary data.

The results in this Ph.D. thesis will constitute the core of publications in prepara-
tion with V. Millot (Paris Diderot) and A. Pisante (Sapienza — Univerita di Roma).
Some problems are still open, such as (for instance) proving that split solutions are
not minimizing w.r.t. the hedgehog boundary condition and the question whether
gap happens or not in this setting (in analogy to [63]). These are part of a line of
research, involving also the uniqueness issue, worth to investigate, possibly in the
near future.

Notations. We will use quite standard notations. Bj(xo) = {x € R" : |z — 29| < R}
denotes the n-ball of radius R centered at xg. For balls centered at the origin, we
drop the specification of the center. The unit ball in R? centered at the origin will
be denoted B;. S%(zo) denotes the d-sphere of radius R with center at zp; we drop
both xy and the subscript 1 for unit spheres and, as for balls, the specification of the
center when xg = 0.

Vectors in R™ will usually be written in small Latin letters. Sometimes, vectors
will be emphasized writing them in bold letters; anyway, this will rarely happen and
mostly when it is useful to distinguish them from other kind of quantities or they
stands for quantities universally written in bold capital letters (as for the magnetic
field H). Scalar product of vectors are usually denoted with a dot and the euclidean
norm with |-|.

Matrices will usually be written in capital Latin letters. The symbol Tr M denotes
the trace of the matrix M. M? is the transpose of M. Scalar products of matrices are
usually denoted with brackets: (A, B) = Tr(A'B) = X, ; A;iBi;. |A| = /Tr(ATA)
indicates the Hilbert-Schmidt norm of A (no confusion will arise with the euclidean
norm).

As a general rule, summation convention on repeated indexes will be understood,
but sometimes we will explicitly indicate the sum.

The symbol W$72(M, N) denotes the space of Wh2-functions u : M — N that
agree  on M, in the trace sense. We will also write

ulopr =@ or tr(u) = ¢

to mean the same thing. Here the only trace spaces occurring are that of traces of maps
in W12(M, N); for brevity, they are denoted H%(M, N) rather than W%’Q(M, N).
The gradient on open domains in R” is denoted V. V1 denotes the tangential
gradient on a surface, almost always a sphere. The subscript T will be dropped when
no confusion can arise.
Often, following a common convention, area and volume elements will be dropped
in integrals appearing in fairly long formulae.

6
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Most often, the material constant L will not play any significant réle and thus
will be tacitly set to 1 for convenience.
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Chapter 2

Liquid crystals: main theories
for nematics

Synopsis. In this chapter we give a quick introduction, by no means intended to
be exhaustive, to the main continuum theories for nematic liquid crystals (or, shortly,
nematics). These are the Oseen-Frank theory (Section [2.3)), the Leslie-Ericksen theory
(Section and the Landau-de Gennes theory (Section [2.5). The main difference
between them is the definition of the order parameter, the mathematical tool encoding
the physical concept of orientational ordering. This difference is highlighted in Section
while the relation between the above-mentioned theories is a key field of research,
briefly exposed in Section The focus is however on Landau-de Gennes theory and,
more specifically, on those topic directly connected to our problem. In particular, we
discuss two asymptotic limits: the large body limit (§ and the Lyuksyutov limit
(also termed low-temperature limit) (§ ; we give an account of the phenomenology
of biaxial torus solutions as evinced from numerical simulations (see Section
and, in light of this account, we comment on our definition of biaxial torus solution

(Section [2.5.8]).

2.1 Nematic liquid crystals

Some organic materials do not show a single transition from solid to liquid but rather
they exhibit a certain number of intermediate phases (technically, mesomorphic
phases), often called liquid crystals phases. Among them, the main ones are the
nematic phase, the smectic phase and the columnar phase. Liquid crystals are said
to be thermotropic when the main physical parameter governing phase transitions
is temperature and lyotropic if such parameter is instead the concentration of the
liquid crystals molecules into a solution. Here we shall concerned exclusively with
thermotropic nematics, which are simplest to study and yet sources of very challenging
mathematical problems; for information about all other types we refer to the classic
textbook [52].

Nematic liquid crystals are anisotropic fluids whose constituent molecules typically
have elongated shape; the molecules are free to translate (i.e., they flow like in liquids)
but their distinghuished axes tend to align, in average, along a common preferred
direction, labelled by a unit vector n, usually called the director. The direction n is
arbitrary in space [52, § 1.3.1] and n and —n are indistinguishable; as a consequence,
nematic liquid crystals are not ferroelectric even if they carry a permanent electric
dipole and diamagnetic [52]. Nematic phases occurs only with achiral materials.

9
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Nematic liquid crystals are said wuniazial if n is an axis of complete rotational
symmetry of the system and biazial otherwise |113]. Biaxiality in thermotropic
nematics has been observed only relatively recently [101]. Rigid rods are the simplest
type of objects giving rise to nematic behavior and this is the way we will think of
nematic molecules in the sequel.

Nematics are characterized by an extreme responsivity to external inputs. This
makes them suitable for many technological applications, among which the most
known is certainly in the industry of digital displays; a perhaps surprising list of various
other employments, with references to the literature, can be found in [118|. Another
consequence is that nematics may be observed making recourse to a number of different
techniques, in particular microscopy and NMR (Nuclear Magnetic Resonance).

Liquid crystals may be modelled at various levels of detail; in principle, one would
aim at deriving their macroscopic properties starting from molecular processes but
such a detailed description appear to be unviable up to now [6} |7]. Continuum model
are instead much more suitable to describe macroscopic configurations of nematics.
In continuum models, the main quantity of interest is the order parameter, which
provides a measurament of orientational order. There are various continuum theories
available for nematics, each with a different definition of the order parameter (and,
consequently, of the function space where the theory takes place). Continuum theories
may be classified into mean-field approaches and phenomenological approaches [8].
The most successful continuum theory is the phenomenological mesoscopic Landau-de
Gennes theory, the development of which was a major reasorﬂ to award P.J. de Gennes
with the Nobel prize in physics in 1991. The order parameter in the Landau-de
Gennes theory is a second-order tensor, called the Q-tensor order parameter. In
the next sections, we will briefly introduce also other notable continuum theories,
such as the Oseen-Frank theory, the Leslie-Ericksen theory (which can be viewed as
particular cases of Landau-de Gennes theory) and we will spend some words about
the relation between mean field approach and the phenomenological approach to the
Q-tensor order parameter.

A striking feature of liquid crystals is that they show a vast variety of defects.
Accordingly to [6], by a defect we mean a point, curve or surface in the neighborhood
of which the order parameter varies very rapidly (depending on the theory on use,
this abrupt change may or may not result in a mathematical singularity of the order
parameter). Defects are observed optically and often forms impressively suggestive
patterns. An example of such patterns (a so-called Schlieren texture) is shown in

Figure

The Landau-de Gennes theory can account for all types of defects observed in
real nematics [52]. In general, the analysis of defects in ordered media is one of most
active fields of physics [84] and liquid crystals stand out from other ordered media for
the multiplicity of possible defects and the chance of controlling their appearance and
morphology by choosing suitably the confining geometry and the boundary conditions
[84]. Landau-de Gennes theory looks particularly appropriate to investigate the fine
structure of defects [84]. A detailed account on defects can be found in [52}, Chapter
4] while in Section some notions directly relevant to this work can be found.

!The Nobel Prize in Physics 1991. NobelPrize.org. Nobel Media AB 2018. Sun. 14 Oct 2018.
<https://www.nobelprize.org/prizes/physics/1991 /summary />
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.

Figure 2.1: Example of Schlieren texture in nematic 5CB. Image downloaded from
http://blitiri.blogspot.com/search/label/schlieren.

2.2 Order parameters and continuum theories for ne-
matics

Broadly speaking, in condensed matter physics the orientational order of the con-
stituent molecules arises from first principles of entropy and energyﬂ and can be
usefully quantified, in continuum theories, by the means of well chosen quantities,
depending on the problem, generally called order parameters.

Remark 2.2.1. We shall not insist more on the relation between molecular models
and continuum theories, which is in fact not precisely known at the moment being [6].
As a consequence of this uncertainty, the genesis of order parameters from molecular
models is not completely clear.

Remark 2.2.2. In this work, we are not interested in dynamics but only in equilibrium
configurations, so that there will be no dependence on the time anywhere. Of course,
dynamics is a topic of great interest. Some comments will be given at the end of
Section

The choice of the order parameter is essential, as it forces one to choose an
appropriate function space, thus conditioning the whole subsequent theory. We shall
deal with three important continuum theories for nematics, the following;:

o Oseen-Frank theory, whose order parameter is a vector field n : Q C R?® —
S2/{4+1} ~ RP? termed the director, which assigns, to each point of the
domain, the preferred direction of alignment. Note that we take the quotient
by {£1} because of the statistical head-to-tail symmetry of the molecules.

e Leslie-Ericksen theory, whose order parameter is the director n as before coupled
with a scalar field s : Q2 — R, describing the local average degree of orientation.

2Cfr. .
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e Landau-de Gennes theory, whose order parameter is a field of 3 x 3-traceless
matrices, also called Q-tensor order parameter. Roughly speaking, the eigenvec-
tors of the matrices indicates the preferred directions of alignment and the two
independent eigenvalues the degree of alignment.

Note that, the higher the dimensions of the order parameter, the richer the
information contained in it. The director n has three degree of freedom and we
can think of it as a special case of the couple (s,n), so that Oseen-Frank theory
is conceivably a special case of Leslie-Ericksen theory. In the same fashion, the
five-dimensional @-tensors include the four-dimensional Leslie-Ericksen couples as a
special case. Indeed, the above inclusions can be made more precise, meaning that
all the results known for the Oseen-Frank theory can be obtained by means of the
Leslie-Ericksen theory and all those of the Leslie-Ericksen theory can be recovered by
the Landau-de Gennes theory, at least from a physical point of view. In fact, there
is a general consensus on that the Landau-de Gennes theory is the most effective
continuum theory for nematics.

2.3 Oseen-Frank theory

The Oseen-Frank theory is the oldest and the simplest continuum theory for nematics
still of use today. As we already said, the order parameter of the Oseen-Frank theory
is a line field n : Q € R?® — RP?, where Q represent the region of space in which
the sample is enclosed, which we will suppose to be simply-connected with Lipschitz
boundary. Defects are identified in this theory with the (mathematical) singularities
of n. The Oseen-Frank free energy is customary assumed to berﬂ (see, for instance,
60])

W (Vn,n) := {Kl(div n)? + Ky(n - curln)?Ks [n x (curln)|?

1

2 (2.3.1)
+(Ka + Ka) [Tr(Vn)? = (divn)?] },

where K1, Ko, K3, K4 are generally assumed to satisfy [60] the Ericksen inequalities

K >0, Ko>0, K3>0, Ko> |K4| , 2K1 > Ko+ Kjy. (2.3.2)

Fixed ng : 9Q — S? a Lipschitz function, the equilibrium configurations are the
solutions to the problem

inf W(Vn,n), 2.3.3
2k, [ W (2:3.3)

where
ASOF = {u e WH(Q,5%) : u = ng on OQ} . (2.3.4)

The reason for asking ng Lipschitz is that, in this case, .ASOF is always nonempty |60}
Lemma 1.1].

3This form for the energy density was firstly proposed by Frank [43], who get it under the
request that W must be a quadratic function of its arguments and the assumptions of frame
indifference: W(Vn,n) = W(RVnR!, Rn) for any rotation R in R® and statistical head-to-tail
symmetry: W(Vn,n) = W(—Vn, —n).
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2.3. OSEEN-FRANK THEORY

Remark 2.3.1. Although from the mathematical point of view it is always legitimate
to consider Dirichlet boundary conditions, one may wonder whether this imposition
is really physical significant. The answer is in the affirmative, because there are
various physical and chemical treatments of the walls of the container that permit to
essentially prescribe values of n on 99 (see |52, Section 3.1.4] for a justification).

Note that the last term in W(Vn,n) is formally a divergence:

Tr(Vn)? — (divn)? = div ((Vn)zn — (div n)n) . (2.3.5)

This is the reason why it is very common the assumption Ko = — K, in the physical
literature. From a rigorous point of view, it can be proven [60, Lemma 1.2] that such
a term is a number depending only on ng, thus neglecting it in W (Vn,n) or changing
the value of K4 will not affect equilibria. Indeed, we shall assume Ky = 0 below.

Remark 2.3.2. Although we shall not consider other liquid crystals than nematics, let
us remark that a similar treatment can be done for cholesterics [60] (and references
therein).

In |60, Theorem 1.5] it is demonstrated that the minimum problem has
always a solution in the class .

The main concern is now the regularity of equilibrium configurations. To start
with, let us note that in the equal elastic constant case K := K1 = Ko = K3, K4 =0
the energy of n reduces to

E(n:Q) = K / Vnl? da, (2.3.6)
Q

so that its critical points are harmonic maps from € into S2. For such maps, the
regularity theory has been developed by Schoen & Uhlenbeck in [130} 131} 132].
Recalling fundamental results in [21], we can state the following

Theorem 2.1. Suppose that K1 = Ky = K3, K4 = 0, in the energy density W(Vn,n)
in ([2.3.1). Let ng : 0Q — S? be a Lipschitz function and let n € W12(€, S?) be a
minimizer of the energy in the class AT?OF. Then the singular set singn of n is discrete
and n is real-analytic in Q \ singn. Moreover, in the vicinity of each singularity

T—a
lz—al

a € singn, n behaves like R, ( ), where Rq is a rotation in R3.

Remark 2.3.3. The regularity at the boundary depends on ng ad on the regularity of
the boundary. For sufficiently regular ng and boundaries (i.e., C*“ for some o € (0, 1)),
the minimizers inherit the same regularity in the vicinity of the boundary. For less
regular boundary and boundary data, the situation is slightly more complicated and
the interested reader can consult [60, Section 6] for more information.

A similar statement [60, Theorem 2.6] holds also in the general case of elastic
constant satisfying . In the subsequent sections of the quoted paper, various
generalizations are taken into account (including also the presence of electric and
magnetic fields).

Although we are reporting here only those results that are directly relevant to our
purposes, we have to remark that there is a plently of rigorous statements for the Oseen-
Frank theory, and the reason for this is twofold. The first, as we already mentioned
above, is the reduction (essentially) to the harmonic maps problem. The other is the
resemblance with the well-studied Ginzburg-Landau theory of superconductivity (see,
for instance, [13]), which was a rich source of analogies and inspiration for rigorous
developments in the Oseen-Frank theory.

13
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Remark 2.3.4. In particular, one may wonder whether some of the nonuniqueness
results for the Dirichlet problem for harmonic maps carry over to the Dirichlet problem
for the Euler-Lagrange equations associated to the Oseen-Frank energy. Hong [71] has
shown that this is indeed the case under suitable hypotheses on the elastic constants
K; (such restrictions are consistent in a significant range of elastic constants with
Ericksen inequalities).

To conclude this short review of the Oseen-Frank theory, we mention some results
on the axially symmetric case, which are essentially due to Hardt, Kinderlehrer &
Lin [61).

Let (r,¢,z) € RT x [0,27] x R be the standard cylindrical coordinates on R3. Call
u:QCR3 = S? k-axially symmetric if there exists a real-valued function ¥ = 9(r, 2),
usually called an angle function |61} 63], such that

u = uy = (cos k¢ cos I, sin k¢ cos I, sin ¢).

Note that we have

uo Ry = Rpgpou

for any ¢ € [0,2x]. This implies that u cannot have concentration pointﬁ off the
z-axis. Indeed, recall that the concentration set of a W12(€2, $?) function has always
Hausdorff measure strictly smaller than 1 [53, Proposition 9.21]. Thus, if a was a
concentration point located off the z-axis, the whole orbit of a under the S'-action
defined before would be of concentration points and this is impossible. In the sequel
of this short exposition, let us set k& = 1.

Now consider the Oseen-Frank energy in the one-elastic constant approximation
and set K = 1 for convenience. Then the Oseen-Frank energy of u reduces to the
Dirichlet energy of u and v is a critical point of this energy iff the angle function ¥
satisfies (in the distribution sense) the Euler-Lagrange equations

0 v 0 09 1 . B
o <T8r> + P <T82'> + 57" sin29 =0 (2.3.7)

in the half-disk

D:{(r,z):0§r2§1—z2}.

Also, let B; the unit ball in R? and observe that B; is generated by rotating D of an
angle 27 about the z-axis.

Note that is a system of semilinear elliptic equations, the solutions of which
are real-analytic off the z-axis (where the differential operator becomes degenerate)
by standard elliptic regularity arguments. In particular, this leads quite easily to a
small-energy regularity theorem (see |61, Lemma 4.2]) which in turn yields that a
concentration point is a singular point for u (i.e., a point at which w is not continuous)
and viceversa. Moreover, in [61] the following partial regularity theorem for minimizers
among axially symmetric maps is proven.

Theorem 2.2 ([61, Theorem 4.2]). Suppose u : By — S? is energy minimizing
among axially symmetric maps. Then u is real-analytic in By away from a set of
isolated points on the z-axis. If u|0p, is Lipschitz, then u is Hélder continuous in a

neighborhood of 0B.
1See Eq. .
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The technique used by the quoted authors suits the spirit of the Schoen &
Uhlenbeck theory, with the modifications needed to account for the symmetry. The
authors first note that axially symmetric minimality gives again a monotonicity
formula as in [130], then they blow-up the given minimizer around points on the
z-axis and, by constructing suitable comparison maps exploiting a clever slicing of
the ball, they show that the blown-up maps converge strongly (on a subsequence) in
VV&E to a minimizing tangent map. The strong convergence also allows to use the
Federer’s reduction principle [53, Theorem 10.18] to conclude that the singular set of
u must consist of isolated point. They were also able to classify all possible tangent
maps which, up to a sign, are of the form [61, Lemma 4.3]

A(z) = TLT2T) o p gy - (ELT2 )
|z| |z|

Reference to [61] will also be done in the sequel, especially in the proof of the
strong compactness theorem, Theorem [5.13

Observe that all the regularity theorems above exclude, in particular, a line of
singularities for the director. We already pointed out that a defect may or may not
correspond to a singularity of the order parameter depending on the order parameter
itself. In the case of the Oseen-Frank theory, a defect correspond to a singularity (i.e.,
a discontinuity) of the director. The previous theorems imply that the Oseen-Frank
theory can account only for point defects. This feature is for sure the main drawback
of the Oseen-Frank theory but such a problem is solved by the Leslie-Ericksen and
Landau-de Gennes theories.

2.4 Leslie-Ericksen theory

The Leslie-Ericksen theory, elaborated by Ericksen [37] in 1991, reminescent of older
works by Leslie [89], dating back to 1968, and Fan [41], 1971, overcomes the main
trouble of the Oseen-Frank theory and can accomodate all types of defects actually
observed in experiments until that time |139].

The main idea of Ericksen consists in coupling the directmﬂ n with a variable
scalar order parameter s = s(z), © € €. Defects are then defined within this theory
as the sets

Dig ={z € Q:s(x) =0}.

In other words, defects are interpreted in Leslie-Ericksen theory as points, lines or
surfaces at which the liquid crystal melts, performing a transition from a uniaxial
state to the isotropic state. The singularities of the director n are cured by letting
s — 0 at the defect site, in such a way that melting happens.

In the simplest setting, the free energy in the Leslie-Eriscksen theory can be
writter[f]

Fu(s,n: Q) = KE/(K Vo2 + 52 [Vnf2) + Wo(s), (2.4.1)
)
where Wy(s) is a potential satisfying |37, § 5], [92]

5The original idea of Leslie was allowing the director having arbitrary norm [139).
5The wonderful derivation of Ericksen of the complete free energy can be found in [37] and [139).
The form we are reporting for the energy has been established by Lin [92].
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(ii) Wo(0) > Wo(s™) := minge|_1/2,1) Wo(s), for some s* € (0,1);
(iii) Wo'(0) = 0.

Rigorous results have been derived mostly by Lin [92] and Hardt |58]. The
important novelty, with respect to the Oseen-Frank theory, is that now minimizers
are locally Holder continuous in the interior and smooth off Dy, as one may expect
on the basis of the ansatz on how interpreting defects. The regularity at the boundary
depends on the regularity of the boundary and on that of the datum. Details can be
found in [92, Theorem 6.1]. Some improvements to these results were given by Hardt
& Lin [62]. Generalizations to less restrictive forms of the energy can be found in [92]
and in [94].

2.5 Landau-de Gennes theory

2.5.1 The -tensor order parameter

Before entering into some details about Landau-de Gennes theory, let us say some
words about the Q-tensor order parameter.

There are two main approaches to define the Q-tensor: the first is phenomenological
and the second is a mean-field approach.

Let us start with the phenomenological method. Within this, there are several
different ways of defining the Q-tensor in terms of quantities measurable by a macro-
scopic observer [52]. Some are based on static response functions and others on
dynamical response functions. It is a common convention [52] to take the magnetic
susceptibility x as static response function and then define () as its anisotropic part
([52, Eq. 2.32]):

1
Q:G<X3Trx> , (2.5.1)
where G is a normalization constant. Thus, @ is real, symmetric and traceless and
can be represented by a real, symmetric and traceless 3 x 3 matrix. Recall that the
tensor x relates the magnetic moment per unit volume M (due to the diamagnetism
of nematic molecules) and the magnetic field H through

Mi = Xinj.

The magnetic field H is under the control of the experimenter; we then will suppose
H is static, so that x is symmetric.

As a dynamical response function, it is usually considered the dynamical dielectric
tensor £(w) at some standard frequency w. This has the advantage of being directly
related to refractive indices, which can be accurately obtained [52]. The advantage of
the approach through static response functions is instead that the relation between
the macroscopic quantity y and relevant microscopic quantities (known as ordering
matrices, see [52} §2.1.1.3]) is much better understood, at least when the molecules can
be considered as rigid rods [52]; nonetheless, the relation between ) and microscopic
quantities is more involved, cfr. [52, §2.1.3] for a detailed discussion.

In the mean-field framework, the state of alignment of the nematic molecules is
described by a probability distribution function ¢ on the unit sphere and @ is defined
in terms of the second moment of p. The passage from microscopic to macroscopic
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quantities is made by means of a coarse graining procedure which actually is not
perfectly rigorous [6]. The argument goes as follows [6].

Let us consider rod-like molecules stored in a regular (say, C?) bounded domain
Q C R3. The main point for the sequel of the construction is that, picked x € €,
we can ﬁndm d > 0 such that the ball B(x,d) contains a statistically significant
number of molecules and, nonetheless, B(z, J) can be identified, from the macroscopic
point of view, with the material point . Let N = N(z) the number of molecules
entirely contained in B(z,d). Picking at random molecules from those N, we obtain
a probability measure s, on the unit sphere S? given by

1
Z 5 O +0-p,); (2.5.2)
'L:l

where +p; denotes the orientation of the ith molecule. We require that

pie(E) = pip(—E) for all ju,-measurable E C S2. (2.5.3)

Exploiting again the smallness of statistically significant regions on the macroscopic
scale, we can consider p to be a continuously distributed measure du(p) = o(p)dp,
where dp denotes the surface area element on S? and ¢ € L'(S?) satisfies

0>0, /52 o(p)dp =1, o(p) = o(~p) for a.e. p € S*.

In particular, if the orientation of molecules is equally distributed, we say that p is
isotropic and we clearly have pu = g, with

1

duo(p) = i

i.e., with g9 = ﬁ.

Now, in principle p contains all the information about the orientation of the
molecules, and it would be natural to take u as the order parameter. However, u
represent an infinite-dimensional state at each point x € €2, so that it is convenient to
employ, as order parameter, a finite-dimensional approximation consisting of a finite
number of moments of p. This is what we are going to do. We note that the first
moment

my = /S2pdu(p)

vanishes identically, because of the head-to-tail symmetry. Next, we note, according
to Ball |6, p. 6], that, due to the head-to-tail symmetry, n is better understood as a
line field, i.e., as a map 2 — RP?. As precisely proven in [6, pp. 6-7], elements of
RP? can be identified with matrices p ® p, with p € S2. Thus, the second moment of
4 can be written

M=/ p @ pdu(p).
5'2

Observe that M is a symmetric non-negative tensor satisfying Tr M = 1 and that,
for p = po we have

"See, for instance, [6l p.6]; however, such typical numbers can be found spread all over the
literature on nematics.
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1
My = ~1.
073

Since we want to measure the deviation from isotropy, we take as the principal
quantity of interest in our study

~ 1
Q::M—M():/S2 (p@p—3[> du(p). (2.5.4)
In this framework, Q defined in ~is termed the Q-tensor order parameter. It is
immediate from the definition that () is a symmetric traceless 3 x 3-matrix on R.
Noting that

~ 1
<Q+31>e-620f0ra116652,

it is justified the common notation Q > —%I. We remark that, if 4 = po, then
@ = 0 but the converse does not hold: one can have ) = 0 even if p # uo (see [6, p.
9]). This is possible because higher order moments are neglected in this approach.
Following the common practice of labeling the eigenvalues \;, i = 1,2, 3, of Q in the
increasing order, we have

Al = Amin, A2 = Amids A3 = Amax-

Note that, since Q > —%I , each )\; satisfies \; > —% and, due to the tracelessness
constraint, we also have

- % <A <
Note that there is no hint of the eigenvalue constraints (2.5.5) in (2.5.1)). This
circumstance marks a significant difference between @ and @ and may have conse-
quences in that are often view as physicality constraints on nematic states |6}
§4.3], [8]. Accepting Q as Q-tensor order parameter may therefore imply ruling out
some states, for instance biaxial torus solutions as obtained in many simulationsﬁ
(see . Thus, the question whether the two approaches are in contrast arises
naturally.

. i=1,2,3. (2.5.5)

Wil N

To investigate this issue, we first need to understand in terms of which measured
quantities g is inferred. According to de Gennes & Prost [52, § 2.1.1], average
molecular orientations are deduced via analysis of NMR spectra; microscopic ordering
matrices Sio‘jﬁ are built this way:

5P = % (3iads — Gupdij) -
Here, o, 8 = z,y, z are indexes referring to the laboratory frame, i, = a,b, c are
related to an eigenframe of the molecule and d,8, d;; Kroenecker symbols. The
brackets (-) represent thermal averages.
The ordering matrices may be connected to the magnetic susceptibility x making
the hypothesis that the macroscopic response function is simply the sum of individual
molecule responses [52, § 2.1.3.1]. This leads to set

8 Anyway, this does not mean that biaxial torus solutions are incompatible with (2.5.5): in [32]
the eigenvalue constraints are imposed and biaxial torus solutions are found.
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1
Xap — g‘saBX'y’y = CAijsiajﬁa

where ¢ denotes the number of molecules per unit volume and A;; the magnetic
polarizability tensor of one molecule.

Relating microscopic ordering matrices to dynamical response functions is more
difficult, because dynamical response functions depend not only on the angular
distribution function but also on a correlation function g for (at least) two molecules,
as a function of their relative distance and orientation, on which arbitrary assumptions
are done in the literature |52, § 2.1.3.2].

Now, the distribution ¢ should be expressed, in the mean-field approach, in terms
of the gran canonical partition function Z, see [§] for details, which in turn should
be related to the ordering matrices through appropriate self-consistency conditions
(see |52, |136]). Because of simplifying assumptions anyway made to link microscopic
and macroscopic quantities, it is not really clear (to the writer, at least) whether @
and Q may really be identified. It appears to us that has simpler connections
with experimentally measured quantities and that accepting it as the definition of
the @-tensor may avoid to deal with many subtleties requiring a deep meditation
rooted on the physical ground. We will then stick by the phenomenological
definition (2.5.1). The whole following discussion relies only on the fact that the
Q-tensor order parameter can be represented by a symmetric traceless 3 x 3-matrix,
and this is true for both Q and Q. For very interesting developments in the mean-field
approach, we address the reader to [8], [6] and references therein.

Symmetric traceless 3 x 3-matrix on R form a vector space which we indicate Sy

(already defined in (1.1.1))):

So = {M € M3y3(R): M = M" and Tr M = 0}

We endow Sy with the norm |-| induced by the scalar product

(A,B) :=Tr(A'B) = Tr(AB), A,B¢cS.

Note that Sy ~ R® as linear spaces. Thus, Q-tensor order parameter may be seen as
a map

R35 Q32— Qx) €Sp.

In order the terms in the energy functional make sense (see Section , Q will
be assumed belonging to W12(€; Sp).

Recall that Q describes the local state of the liquid crystal at any point € Q C R3.
Such a state is said to be

e isotropic, if Q(z) = 0;
e uniazial, if Q(x) has exactly two equal eigenvalues;

e biazial, if Q(x) has three distinct eigenvalues.

Often, according to a common convention, we shall include the isotropic case in
the uniaxial case for convenience (@ would then be more precisely characterized by
saying that @ has two equal eigenvalues). As before, the eigenvalues of @ will be
always labeled in the increasing order. A nematic liquid crystal is then said to be (a)
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isotropic, if Q(x) = 0 for a.e. x € Q; (b) uniazial, if Q(z) is uniaxial for a.e. z € Q;
(c) biazial, otherwise.

A convenient measure of the biaxiality of @ (# 0) at a point x € Q is provided by
the so-called biaxiality parameter, introduced in [81] (see also [47] and [106]):

' 3 T 2
FQ) = 1- 6%' (2.5.6)

Indeed, it can be proven [106], [6]

Proposition 2.3 ([106, Lemma 1, (i)]). Let Q € So\ {0}. Then B?(Q) € [0,1] and
B(Q) =0 iff Q is uniaxial.

A point z € Q is said to be of mazimal biaziality if 3?(Q(x)) = 1. Note that the
traceless condition then implies A\;(z) = —As(z), with A3 € (0,1/3], so that Ay(z) =0
if x is a point of maximal biaxiality.

The following proposition, although elementary, is very useful [104]

Proposition 2.4. Let Q € Sg. Then, for any n € N,

3
TrQ" =Y A} (2.5.7)
i=1
Moreover, an easy calculation yields

Tr Q3 = 3\ A2 )\s, (2.5.8)

thus, if 82(Q) = 1, then Tr(Q?) = 0 (and viceversa, if Q # 0).
Note that 32(Q) gives no information on the sign of the eigenvalues of Q. Defining

3
BQw) = %m, (25.9)
we have —1 < 5(Q) < +1 and
e 3(Q(x)) = —1 if and only if Q(z) is uniaxial at x with Ag(x) = A3(x);
e 3(Q(x)) = 0 if and only if Q(z) is maximally biaxial at x;
e 5(Q(z)) = +1 if and only if Q(x) is uniaxial at = with A;(z) = \a().

The representation formulae for ()-tensors below are proven with the aid of the
spectral theorem and the tracelessness condition.

Proposition 2.5 (|106, Proposition 1]). A matriz Q € Sy can be represented in the
form

1 1
st(n@n—BI)—i—r(m@m—gI), (2.5.10)
with n and m unit-length eigenvectors of @, n-m =0 and
S s
ogrgiorigrgo. (2.5.11)

In particular, a uniaxial Q € Sg can be written

Q—s(n@n—;)f), (2.5.12)

with s € R\ {0} and n € S? the distinguished unit-length eigenvector of Q.
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The scalar parameter s is said scalar order parameter. An equivalent characteri-
zation of uniaxiality is given by:

Proposition 2.6 (|6, Proposition 1)). A matriz Q € Sy is uniazial with scalar order

parameter s iff
252 253
Tr(Q%) = ——, detQ= = 2.5.13
M) =2 det@ = (2513)
The following Proposition is proved in |106].

Proposition 2.7 ([106, Proposition 14]). Let Q be a real analytic function Q : Q C
R3 — Sy. Then the set where Q is uniazxial or isotropic is either Q itself or has zero
Lebesgue measure.

Remark 2.5.1. We aware the reader that, in the physical and chemical literature, the
terms uniaxial and biazxial are used both in the sense above, i.e., for arrangements of
molecules, and for the molecules themselves. A molecule is said to be uniazial when
it has an axis of rotational symmetry and it is said to be biaxial when there is no axis
of rotational symmetry but there are two axes of reflective symmetry. The picture
to have in mind is a rod for uniaxial molecules and a plank for biaxial molecules.
We are here interested only in uniaxial molecules and in their uniaxial or biaxial
arrangements.

2.5.2 (Generalities

The Landau-de Gennes (LdG) theory can handle both uniaxial and biaxial nematics,
differently from Oseen-Frank and Leslie-Ericksen theories, which can account only for
uniaxiality. The order parameter of the LdG theory is a map Q € WH2(Q, Sp), where
(), as usual, is a smooth bounded domain in R3, representing the region occupied by
the material. The energy functional may be amazingly complicated, because of the
rich variety of interactions in which nematics can be involved. In any technological
application, at least the following terms should be considered:

e A thermotropic energy, related to the bulk, dictating the preferred state of the
liquid crystal when there are no external influences;

e an elastic energy penalizing distortions from the preferred state;

e an electromagnetic term, describing the interaction with external fields and/or
the self-interaction due to dielectric and spontaneous polarization effects;

e a surface energy, accounting for the interaction of the nematic molecules with
the walls of the container.

A readable account of all these terms can be found in [113] and a standard very
deep reference for the LdG theory is, of course, [52]. See also [25] and [140].

We shall deliberately ignore the electromagnetic term, in the sense that in this
work we will be concerned only with free liquid crystals (i.e., not subject to external
fields). Next, there will be no surface energy in our treatment, since we will suppose
the walls coated so that the contribution of the surface energy becomes equivalent to
prescribing a Dirichlet boundary condition (also called a strong/infinite anchoring in
this context in the physical literature [113]).

Thus, we are left with an elastic term and a thermotropic term. The energy
functional will then be of the form
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Er(Q:Q) = /Q $(Q(x), VQ(x),T) da, (2.5.14)

where T denotes temperature and v : Sg x (Sp)® x R — R is the total free energy
density, whose form we are going to determine. The physical principles helping
us to do this are frame-indifference and material symmetry, already exploited for
determining the elastic energy in the Oseen-Frank and Leslie-Ericksen theories, that
is, the invariance of the material under rotations and translations of the sample.
Adopting the passive point of view, we can say that two observers, differing for a
rigid transformation, must measure the same free energy density. More precisely,
let © = (x1,22,23) be the Cartesian coordinates used by the first observer and
z =2+ R(x — &), where 7 is a fixed point in  and R a fixed rotation in SO(3); we
then require that

P(Q%(2),VQ™(2), T) = ¥(Q(x), VQ(), T). (2.5.15)

A function 9 satisfying is said hemitropic. Both nematics and cholesterics
have hemitropic free energies but for nematics actually holds for any R € O(3).
A function 1) satisfying for any R € O(3) is called isotropic.

Thus, we are looking for an isotropic function ¥ (Q, VQ,T). We decompose

= wB(Qv T) + wEl(Q7 VQ, T)'
The term ¥p(Q,T) :=¥(Q,0,T) is the bulk energy density while ¥gr,(Q,VQ,T) is

the elastic energy density. Usually it is assumed that ¢¥gp(Q, VQ,T) is quadratic in
VQ. There are three linearly independent invariant isotropic functions:

(2.5.16)

I = QijkQijk, 12 = QijjQikk, I3 = QikjQijk-

Further, there are 6 possible linearly independent cubic terms quadratic in V@, and
the one usually included in the nematic elastic energy is

Iy = QueQij1Qijik
which is invariant.
The Landau-de Gennes elastic energy is thus a linear combinantions of the terms
I; with coefficients L; > 0. These elastic coefficients depend on the material but
are approximately independent of temperature [109]. Anyway, we shall consider, as
before and besides this introductory section, a one-constant approximation, so that
for us the elastic energy density will reduce to

L L
YE(Q,VQ) = §Qij,inj,k =3 IVQ[*. (2.5.17)

Now we have to determine the form of the bulk term. We appeal to the following
results, whose proofs can be found in [6].

Proposition 2.8 (|6, Proposition 3|). A function f(Q) of a real, symmetric, 3x
matriz Q is isotropic if and only if f(Q) = g(Tr Q, Tr Q*, Tr Q3) for some function g,
and if f is a polynomial so is g.

The above proposition readily yields
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Proposition 2.9 (|6, Proposition 4]). The bulk energy ¢¥5(Q,T) satisfies the frame-
indifference condition (2.5.15)) if and only if

Vp(Q,T) = g(TrQ*, Tr @3, T) (2.5.18)

for some function g. If, for a given temperature T', 1¥p(Q,T) is a polynomial in Q,
then g(Tr Q?, Tr Q3,T) is a polynomial in Tr Q?, Tr Q3.

Recall that we work at fixed temperature; for this reason, we will drop the
dependence on T henceforth (in particular, the coefficients L; will be constant for us).

To step further in the determination of g, we make a couple of remarks. The first
observation is that, at high enough temperature, ¥ g should have a unique minimum
for @ = 0, i.e., in the isotropic state. At lower temperatures, the minima of the
thermotropic bulk energy must be uniaxial states, as shown in [100] on the physical
ground. The possible biaxial character is then due to the competition between the
bulk term and the elastic term. Elastic distortion is typically induced by the constraint
of satisfying the assigned boundary condition(s)ﬂ

Experiments show that bulk minima move in a continuous way with temperature,
a typical picture is as in Fig. 2.2 This means, of course, that there are three
characteristic temperatures for nematics. In the increasing order, the first, usually
denoted T™, is the temperature at which the isotropic phase loses its stability; the
second, Ty, is that at which the energy of the isotropic and nematic states are exactly
equal; beyond the third, 7", the nematic phase disappears.

The second observation is that, for the above behavior to be possible, ¥5(Q)
should behave like a quartic (at least) polynomial. Next, note that, being ) symmetric
and traceless, we have Tr Q* = % (Tr Q2)2. Taking into account also Proposition
the easiest thing to do, in order to obtain a bulk energy density function suitable for
our purposes, is a Taylor expansion of the putative complete bulk function g near
@ = 0, truncated to the fourth order. We then have

¥B(Q) = gTr Q>+ gTr Q° + % (Tr Q2)2 . (2.5.19)

In the above formula, we neglected the zero-order term since it does not affect the
minima. The coefficients A, B, C' are determined experimentally. Experiments show
that B < 0 and C > 0 are both (approximately) independent of temperature, while
A has a linear dependence on temperature:

A=a(T—T%), (2.5.20)
where a > 0 is a material constant and 7' < T* (thus, A < 0). Relabeling
a=—-a(lT-T"), b=-B, c=0C,
we then have a,b,c > 0 and
— __¢ 2 b 3, C 2)?
FQ) =vs(Q) =5 TrQ = 3TrQ° + 1 (Tr Q)

which is exactly the potential energy already introduced in ([1.1.5]).

9Obviously, it may also arise under the influence of external fields, when present.
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Figure 2.2: Typical plot of F(Q) vs temperature. Picture taken from the review [112].
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Remark 2.5.2. Tt is worth stressing that, due to our construction of the bulk potential
function, the Landau-de Gennes theory can be a priori valid only for Q =~ 0, that is,
only for temperatures close to Tni. Anyway, this turns out to be not an inconvenient:
experimental data on heat of transitions (see references quoted in [100]) strongly
suggest that the transition nematic-isotropic is of the first kind, nearly of the second,
and, furthermore, the temperature range of nematic phase is much smaller than the
transition temperature [100]. Therefore, it is believed that Landau-de Gennes theory
is a reliable description of a nematic over its whole range of existence [100].

Note that F'(Q) has good properties with respect to the physical requests above.
Indeed, it can be proved

Proposition 2.10 (|104, Proposition 1]). The stationary points of the bulk energy
density F(Q) are given by either uniazial or isotropic Q-tensors of the form

st(n@n—;l>,

where s € R is a scalar order parameter and n one of eigenvectors of Q.

Moreover, the minimum of F(Q) is attained on the class of uniaxial Q-tensors
with constant scalar order parameter [104, 106]. Thus, we can subtract this minimum
to F(Q) and then redefine the bulk energy density to be nonnegative. With a slight
abuse of notation, we continue to denote F'(Q)) the nonnegative bulk energy density.
Further, for T > T*, the first term in F(Q) is positive so that the unique minimum
of F(Q) becomes ) = 0.

We now look at the complete free energy

Erac(Q; ) := /

Q

{24: LiI; +F(Q)} dz (2.5.21)

i=1
and we ask about the existence of minimizers. A quite general result has been proven
by Davies & Gartland [31] (we quote below the statement in [6]).

Proposition 2.11 ([6, Proposition 11]). Let Q C R? be a bounded domain with

Lipschitz boundary 02. For fized T > 0, let F(Q) in (2.5.21) be continuous and
bounded below on Sy and assume that the constants L; satisfy

) 1
L1 >0, —-Li<Ls<2Ly, Li+ §L3 + 6[13 >0, L4=0. (2.5.22)

Let Qp : 09 — Sy belong to H%(Q,So). Then the energy functional Erqic(Q; Q) in
(2.5.21)) attains a minimum on

A= {Q € WH(Q,8) : Qloq = Qb}-

The condition Ly = 0 is delicate. Indeed, an extremely desirable feature of the
LdG model is the equivalence with Oseen-Frank theory, when both are applicable.
To understand the problem caused by L4 = 0, let us consider ) a uniaxial ()-tensor
with constant scalar order parameter, i.e., of the form

1
st(n@n—g[), n e S% seR\ {0},
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and let us calculate formally the elastic energy for @ in terms on n, Vn. This gives [6,
§ 6] the Oseen-Frank energy functional (2.3.6]) up to an additive constant, enforcing
the following relations between the coefficients L; and the Frank’s elastic constants
KZ'Z

2

Ki =208 + Los® + Lgs® — gL433,
2

K2 = 2L182 — §L482,

4
K3 =2L18% + Los® + L3s® + gL453,
K4 = L382.

Setting L4 = 0 implies K; = K3, which is generally untrue [6, p. 28]. On the
other hand, it is a result of Ball & Majumdar (see [6, Theorem 11]) that allowing
L4 # 0 under the same hypothesis of the Davies & Gartland theorem yields Epqg(+; Q)
unbounded below for any boundary condition [8].

There are expedients to overcome this difficulty [6] but we do not enter in greater
detail. For us, the important thing is that in the one-constant approximation this
problem does not arise and indeed we can prove existence for any boundary condition
we will deal with, as we shall see in Chapters [,

Relation between LdG theory and OF theory. Going back to the relation
between the Landau-de Gennes theory and the Oseen-Frank theory, it is readily
realized that a major difference between the two theories is the fact that the Q-tensor
order parameter is invariant under the transformation n — —n, and so is the Landau-
de Gennes theory, while the invariance of the Oseen-Frank theory is a priori unclear.
Said another way, the issue is whether a line field can be oriented, i.e., turned into a
vector field by assigning an orientation at each point. It is clear that this can always
be done but the problem is that if we can do this in a smooth way.

To settle the question a little more precisely, let us define, for n € S% and s # 0
constant, the set

o={Qes:@=s(non-3I)}.

When the target of Q-tensor parameters is restricted to Q, we speak of constrained
Landau-de Gennes theory. More specifically, our concern will be understand under
what conditions the constrained Landau-de Gennes theory and the Oseen-Frank
theory are equivalent.

Given Q € WH(Q, Q), we say that Q is orientable if we can write

3

where n € W11(€Q, S?). When Q is orientable, we also say that it has a lifting, the
lifting being n, to WH1(€, S2). In particular, since n € L>(Q), if Q € WP(Q, S?) is
orientable for some 1 < p < oo, then n € WHP(Q, 5?). An orientable @ has exactly
two liftings (see |6, Theorem 8]).

Ball & Zarnescu [9] exhibited examples of nonorientable smooth line fields in
domains that are not simply-connected. Thus, simple connectivity plays an important
role in the lifting problem for @Q-tensors. Indeed, Ball & Zarnescu also proved

Qz) = s (n(ﬂs) @ n(z) — 11) ,
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Proposition 2.12 ([9]). If Q C R? is a bounded simply-connected domain of class
CY and Q € W2(Q, Q), then Q is orientable.

As a straighforward corollary, we have that

In a simply-connected domain the constrained Landau-de Gennes theory and
the Oseen-Frank theory are equivalent.

The above results explain why people often work in simply-connected domains in
the context of Landau-de Gennes theory.

Remark 2.5.3. The above observation notwithstanding, there are however interesting
and physically meaningful situations in which the domain is not simply-connected, as
the case of a nematic film spread on an annular region.

Relation between LdG theory and LE theory. The way of interpreting defects
in the FEricksen theory has the side effect that s and n are not independent. One
can pair s and n to form a uniaxial ()-tensor order parameter, i.e., a Q-tensor order
parameter of the special form

Q(z) = s(z) <n @n— ;I) |

However, strictly speaking, it is incorrect to say that two paradigma are equivalent.
They are so when consistency conditions are imposed, so that the energy does not
blow-up around defects. These conditions, due to Ericksen (see [37, § 7,8] or |139,
§ 6.2.3]) are always assumed in LE theory but they do not explicitly appear in the
energy functional because we assumed the simplest form of the free energy,
i.e., the one coming from a one-constant approrimation. Another reason for the
importance of the constistency conditions lies in the fact that there are physical
reasons, correlated to the way of experimentally observing the optic properties of
liquid crystals |52, Chapter 4], for according to @ the status of preferred variable to
describe the state of nematic liquid crystals, cfr. [37]. Thus, Leslie-Ericksen theory
can be viewed as a particular case of Landau-de Gennes theory.

Defects. There appear to be no general agreement on how interpreting defects in
Landau-de Gennes theory, because the role played by the two additional degrees of
freedom offered by biaxiality w.r.t. uniaxiality is not always clear. However, following
the point of view of P. de Gennes [51], the isotropic/uniaxial, isotropic/biaxial and
uniaxial/biaxial interfaces are usually viewed as defects; their common feature is,
of course, the change in the eigenvalues structure of the @-tensor. This ansantz
includes that of Ericksen, thus it is somewhat corroborated by experiments, though
the discussion is still open (arguibly, mainly because biaxiality has been experimentally
investigated only recently). In a mathematical way, one can then take the point of
view [143] 142] that defects are discontinuities in the eigenframe. To be precise [144],
a point xg has to be regarded as a discontinuity in the eigenframe if it is not possible
to find in a neighborhood of zy some continuous e;(x), i = 1,2, 3, with e; - e; = d;5,
so that Q(x)e;(z) = A\i(x)e;(z) for some eigenvalue A;. An explicit example can be
found in [144].

Defects in liquid crystal may be points, lines or surfaces. Actually, surface defects
do not occur in free nematic liquid crystals [52, § 4.2.1], thus we will ignore them
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hereafter. Point and line defects are classified by a number M, called disclination
index or also topological charge |52, Chapter 4]. M is defined w.r.t. the surrounding
nematic director field n, which is singular (i.e., discontinuous) exactly at the defect
site. Around the defect the director rotates of an angle 2r M. In dimension 3, M is
a relative integer for point defects while for line defects it can also take half-integer
values. Lowest values of | M| are preferred. Defects with |[M| > 1 appear rarely. Line
defects are often called disclinations or disclination lines. This way of classifying
defects reflects the point of view, adopted by workers, of adopting Oseen-Frank theory
“far enough” from the defects and the LdG theory to study the cores of defects, when
needed.

Remarks about dynamics. Although in this work only static configurations are
considered, dynamics is actually a topic of great interest, deserving a particularly
careful treatment. Here we write down some short remarks for the convenience of the
interest reader: indeed, several different approaches can be found in the literature
and the situation may look rather intricate at first sight. Here we follow [7], where a
short but very focused discussion can be found.

Liquid crystals must be viewed as complex non-Newtonian fluids. The first step
for a dynamical theory is establishing if the fluid may be considered incompressible
or not. Indeed, the corresponding variational problems are very different and thus
also the related theory of existence and regularity of solutions. Often, the fluid is
considered incompressible.

Next, the set of dynamical equations is very different when the Leslie-Ericksen
model is used to describe the system and when a @Q-tensor model is employed. In the
first case, the dynamical equations are similar to the Navier-Stokes system but with
added difficulties, such as the norm constraint on the director. Within the framework
of the @-tensor theory, a model currently studied is that of Beris&Edwards, which
is structurally related to a forced Navier-Stokes system, coupled with a parabolic
system. It has desirable features also in the direction of its relation with the Leslie-
Ericksen model. In both cases, are known results about the existence of global weak
solutions and about the existence of strong solutions, in some cases. Apparently,
higher regularity results are not known. We refer to |7] for an up-dated account of
the relevant literature.

2.5.3 Omne-constant approximation

Let us consider the LdG energy functional

L
Buac(@:9) = [ {51Vl + Q)
Q
where L > 0, ]VQ|2 and F(Q) are as introduced in the previous section, on the class

A= {Q e WH2(Q,8)) : Q = Q, on AN in the trace sense } ,

where @ € C(99,S)) is an assigned boundary datum.

The first question is that of existence of minimizers of Erqg(+;€2) in the class A.
The answer is clearly in the affirmative, whenever A is nonempty: indeed, the energy
density is convex in V@Q, coercive in ) and bounded below (recall that F(Q) > 0, see
the previous section); moreover, the admissible class A is weakly closed in W2(£2, Sp)
(which is a Hilbert space) because @ is a Dirichlet boundary condition. The direct

28



2.5. LANDAU-DE GENNES THEORY

method (see, e.g., [40, Theorem 8.2.1]) applies, giving the existence of minimizers of
Erac (- Q) in the class A.

The second, natural, question is that of regularity of minimizers. To answer this
question, we note that Q € A is a critical point of the functional Erqg(+;€?) if and
only if is a solution of the Euler-Lagrange equations [104} |106]

1
LAQij = aQi; +b <35ij TrQ* - Qikaj) +¢cQij Tr Q% (2.5.23)

subject to the boundary condition @ = @ on 0f). The derivation of Eqgs. (2.5.23))
is straightforward, the only point to which pay attention being the tracelessness
constraint (which is the reason for the first term in round brackets at r.h.s.).

Eqgs. form a system of semilinear elliptic equations of second order. Using
the embedding W'? — LS (in R3) and Holder inequality to obtain the r.h.s. of
2.5.23) is in L2, elliptic regularity gives Q € W22 <« W16 <5 [ hence the r.h.s. of
2.5.23)) is actually in W12, Elliptic regularity gives back @ € W2 and bootstrapping
we obtain @ € C*°. Now, due to results of Friedman [44], any smooth solution is real-
analytic. Hence, any critical point (not only minimizers) of the functional Erqc(+; )
on the class A is completely smooth (more precisely, real-analytic) in the interior and
smooth as the boundary datum and boundary allow at the boundary.

Remark 2.5.4. In contrast, we will add a constraint on the norm of Q)-tensors and turn

Eqgs. (2.5.23)) into a quasilinear system of elliptic equations (see (4.2.1))), to which

the elliptic regularity scheme cannot be applied as before, since the nonlinearity will
be no more polynomial but will involve also the gradient of Q.

To say something more about minimizers, we now restrict to a class of physically-
significant boundary conditions. Let Qpin ~ RP? the subset of Sy, already defined in
(L.1.9), on which F(Q) attains its minimum. As in [106], we shall consider boundary
conditions @y such that Qy(z) € Ouin is smooth and given by

1
Qy = sy (nb Q np — 3[) , Ny € C“(&Q,SQ). (2.5.24)

Then it can be proven

Proposition 2.13 ([106, Proposition 3]). Let Q C R3? be a bounded and simply-
connected domain with smooth boundary. Let Q be a global minimizer of Erqc(-; ),
in the space A, w.r.t. a boundary condition Qy as in (2.5.24). Then

2
1@l ey < 2o (25.25)
where sy is defined in (1.1.8]).
Further, the following monotonicity inequality holds.

Proposition 2.14 ([106, Lemma 2]). Let Q be a global minimizer of Erqa(-; ), in
the space A, w.r.t a boundary condition Qp as in (2.5.24). Then

Eric(Q,z,r) < Erge(Q,z,R), Yz € Q,r <R so that B(x,R) C Q, (2.5.26)

where
1

Eric(Q,z,r) := T/jgr(w){ VO + (Q)}

L
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2.5.4 Asymptotic limits

Probing the extremal regions of the parameters space is often an interesting source
of information and helps to describe, at least qualitatively, the behavior of true
minimizers in an easy way. However, this kind of analysis usually involves performing
some limiting process, which must be taken with care.

The material parameters entering the Landau-de Gennes energy density are, in
first place, established once and for all by the physical and chemical properties of
the material itself, at a level of atomic and molecular interactions, thus we are not
allowed to change their value (the material and the external conditions being fixed),
performing a limit. Further, the parameters are not pure numbers, they have
appropriate physical dimensions and thus it does not make any sense to speak about
smallness or comparing the absolute values of parameters having different units of
measure in order to decide whether some are negligible with respect to others.

Note that Q-tensor order parameters are dimensionless by definition but, since
FErac(:;Q) must have the dimensions of energy, we have that [L] = Jm~! and
[a] = [b] = [c] = Jm™3, while @ = —a(T — T*) has [a] = Jm3K~!. Rough typical
numbers for such constants are

L~10x107"Im™, o,b,ex~10x 1072 Jm3.

As a preliminary step to any asymptotic analysis, we have to non-dimensionalize
the problem, that is, we have to suitably rescale the parameters in such a way that
the new rescaled parameters become pure numbers and a sensible notion of smallness
may be afforded. The most effective way to do this depends on the specific problem
at hand. In the case of Landau-de Gennes theory, the above observations have been
explicitly highlighted by Gartland [45], although practitioners were well-aware of
these issues since long time before. The main contribution of the Gartland’s paper
[45] is giving a clear interpretation of two important asymptotic limits in the context
of the Landau-de Gennes theory: the commonly called vanishing elastic constant
(which should be named, more properly, large-body limit), studied in [106] (see also
[143]), and the so-called Lyuksyutov limit, analyzed in [105] (whose authors already
explicitly non-dimensionalized the problem) and in [29].

Remark 2.5.5. The paper [106] is not the only one studying the large-body limit (see
[45] and references therein) but it is the most directly relevant to our purposes.

Remark 2.5.6. We must observe that physicists are usually very skeptics about
asymptotic limits involving the material parameters. In particular, also rescalings are
to be taken with special care, in order to not fall into unphysical regimes. Then, the
following discussion must not be taken too literary and should be considered only as
a first step towards a deep understanding of the issues they refer to.

Vanishing elastic constant limit

As explained before, the name vanishing elastic constant limit is misleading, since
associated to an incorrect limiting process from the physical point of view, and we
should not use it; we do so only because this name has acquired some popularity in
force of the similarity of the limit with the well-known London limit in the context of
Ginzburg-Landau theory. Below we follow Gartland [45] (but see also [143]).

Consider the energy functional and let R denote a characteristic geometric
length scale of the problem; since the domain 2 is assumed to be bounded, we can
take R = diam 2. Rescale lengths by R:
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so that

1 - _
V:EV, dz = R*dz, diamQ=1.

Let ang the value of a at T' = Ty and let us accord to any the status of characteristic
bulk parameteﬂ Although @ is dimensionless, it is convenient to rescale it as

b

We then obtain

E(Q;Q) = /Q %E{%I \?Qf + %Tr(Q2) —V3Tr(Q?) + %Tr(QQ)z dz,  (2.5.27)

where

FE - L a T -T*
£N12@a Enp =/ —, t:i=

F=—"— —_—= 2.5.28
Y2aniR?’ R ant ant  Ini—T* ( )

The parameter &nt is usually called nematic correlation length while ¢ is known as
reduced temperature. Note that we have the following correspondences:

T=TTx, T" < 1t=0,1,9/8.
Typical numbers for {n1 and R are [45, 84, |85]

ént =~ 10nm, R~ 10pm,
thus 51%11 is typically of order 1076.

Remark 2.5.7. The nematic correlation has a statistical-physics interpretation: it is
the characteristic distance at which thermal fluctuations (that try to get the order
parameter out of its equilibrium value) are exponentially damped, see [140, Chapter
10] for a satisfactory discussion of this topic.

The rescaled EL equations are

— &AQy = 1Qi; — 3V3QikQrj + Qi Tr(Q)*. (2.5.29)
The (non-physical) limit L — 0, considered in [106], then corresponds to the
physically meaningfu]lﬂ limiting situation in which

0<&p<]l <= 0<& <R,

that is, when the nematic correlation length is much smaller than the typical geometric
length of the system, explaining why we called this the large-body limit.

Remark 2.5.8. We considered only the one-elastic constant case; a similar treatment
carry over also to more general situations [45].

10This choice is arbitrary; we could take, for instance, b, ¢ or even ratios of them.
1Or at least conceivable.
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Below we report the main results of |106]. For ease of comparison, we do not change
the statements of Majumdar & Zarnescu to incorporate the above considerations.
Anyway, their conclusions continue holding true, although they are better interpreted
in light of the non-dimensional analysis above; the interested reader may write down
details easily. We shall give a more physically grounded interpretation of their results
at the end of the short presentation below.

Call a limiting uniazial harmonic map a map Q(O) : 0 = Omin, where Qunin
is defined in , which is a minimizer of the energy functional in the
restricted class

./483 = {Q € Wé’f(Q, S : Q(z) € Qumin almost everywhere z € Q}, (2.5.30)
where Qp is as in ([2.5.24)). Then QO is of the form

1
QY =5, (n@ @n0 — 31) : (2.5.31)
where n(9) is a global minimizer of the corresponding one-elastic constant Oseen-Frank
functional, i.e.,

2
[ [on@f ar = mip [ 190 a.
Q Q

’I’LE.ATL

in the admissible class

A, = {n e WhH3(Q;8%) : n=ny on 89} ,

with ny and Q) related as in . It follows from standard results in harmonic
maps that Q(©) has at most a finite number of isolated point singularities (some of
the theory of harmonic map is reviewed in the next Chapter).

The first important result of [106] — see Lemma 3 therein — is the W12-
convergence to the limiting harmonic map as L — 0, up to subsequences. Using the
W2_convergence QL) — QO the authors are able to prove the uniform convergence
of the bulk energy density to its minimum (i.e, to zero) on those compact sets
K C Q not containing any singularities of Q(®) (Proposition 4). Then they obtain a
Bochner-type inequality for the energy density ey (Q®)) (Lemma 6):

~ Ae(QW)() < €3 (QW) (@) (2.5.32)

on those balls B, (x) such that ‘Q(L)(y) — 54 (m(y) ®@m(y) — %I)‘ < €o, with

m(y) € 52, for all y € B, (), with suitable g > 0 and the constant C' > 0 both
independent of L.

The relevance of the Bochner-inequality stays in its crucial réle in proving
uniform energy density estimates (Lemma 7), which in turn are used to yield uniform
convergence (up to subsequences) Q®E) — QO on the compact sets K C Q free of
the singularities of Q(©) (Proposition 5). The uniform convergence results may be
sharpened to give smooth convergence in the compact sets K C {2 not containing any
singuarities of the limiting harmonic map, see [114].

Established the uniform convergence into the interior, Majumdar & Zarnescu
then study the situation near the boundary. In doing this, they are reminiscent
of techniques used in Ginzburg-Landau theory (see references in [106]). As a first
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step, they obtain a boundary monotonicity formula (Lemma 9), which is the main
ingredient to show the uniform convergence up to the boundary of F(Q(L)) to its
minimum (i.e, to zero) as L — 0 (up to subsequences), see Proposition 6.

Various consequences of the convergence results are examined in Section 5 of
[106] while in Section 6 the authors obtain estimates on the size of the regions where
minimizers deviate from uniaxiality and on that of the regions where they are strongly
biazial, that is, where their biaxiality parameter is strictly positive, and also of the
regions where it is greater than an assigned threshold.

We now elucidate a little the interpretation of the above results. Recalling that the
unphysical limit L — 0 corresponds to the more physically reasonable limit E—gl — 0,
R = diam (), and observing that L is fixed a phyisical quantity (approximately)
depending only on the material, we see that we must regard the limiting harmonic
map as the object to which minimizers tend when the sample is sufficiently enlarged.
Larger the sample, better the approximation, at least well-away from the singular
set of the limiting harmonic map. This is consistent with the fact that Landau-de
Gennes theory is mesoscopic while Oseen-Frank theory is macroscopic [45]. Although
equivalent in a mathematical sense in simply-connected domains, they have different
ranges of reliability in accounting for experimental results, the Oseen-Frank theory
being appropriate when the characteristic geometric lengths of the system are large
enough compared to intrinsic length scales. Thus it makes sense that the (simpler)
minimizers of the OF-energy may approximate the (more complex) minimizers of the
LdG-energy only when the typical geometric length-scale of the physical system is
large. However, accordingly to Gartland [45, § 3], we note that, when the sample is
too large, thermal fluctuations may destroy any orientational order, thus the limit
ént — 0 must be thought of as an idealization which, anyway, may yield interesting
information.

Lyuksyutov limit

Besides the extension of the sample, there is another physical parameter under the
control of the experimentalist and it is clearly temperature. In [105] and in [29] the
regime of low-temperature is studied.

The notion of low-temperature regime requires some words of explaination: indeed,
the nematic phase takes usually place in a relatively narrow range of temperatures
(few Kelvin degrees, often one or two dozens [52, 139]); for lower temperatures, the
liquid crystal will change mesophase or become a crystal. However, an appropriate
rescaled variable connected to temperature can be found so that an asymptotic
analysis involving limiting values of this variable is actually a physically meaningful
idealization of real situations. It turns out that the reduced temperature defined in
is (almost) suitable for playing this role. This notwithstanding, the non-
dimensionalization below will be different, even if related, from the previous one, and
there are good physical reasons for this. On the other hand, we already remarked
that the method of non-dimensionalization is problem-dependent.

Lowering the temperature sufficiently below Ty, they are observed: an increasing
of the orientational order; a deepening of the potential wells in F'(Q) (while the
barriers between the wells become smaller); a reduction of correlation lengths and
defect core sizes. The net result of the combination of these features are a weaker
penalization of biaxiality and encouragment of localized biaxiality as a way to avoid
isotropic melting. A good scaling should take all these features into account. Below
we use the rescaling of [105]; that in [29] differs from this by constant factors, thus
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there is no a significant difference between them.
Let ©Q C R3 be a simply-connected smooth bounded domain, let R be a character-
istic length scale of the Q and define

~ 1 /3
Q= Va@
Let
27ac 34+ V9 + 8t T; ~ 27c
— h, — i = =, = ——1PL. 2.5.
b2 + 1 ) R SR2? (2.5.33)
and set
. 37, -
)= ——F(Q:;: Q)
(Qa ) 2L83_R (Qa )a
where

3L ~
EQ;Q) = /

The corresponding rescaled EL equations are

2+§ (1 —Tr Q2)2+%+ (1 +3 (Tr Q2)2 — 4V6Tr Q3> di.
(2.5.34)

_ 5 s he [~ 5 - s
LAQ;; = %Qij (TY Q* - 1) + 3T+ lQij Tr Q* — V6QikQuj + \/z%‘ Tr QQ] :

Define the biazial correlation lenght

L
& = ’/E' (2.5.35)

The regime studied in [105] and [29] is &n1 < & < R, corresponding to taking

t — oo and hi — 0 simultaneously.
+
Note that this limit and the large-body limit are not unrelated, being Q,Q and E, E
proportional by direct comparison of the definitions. The scaling above is however
more adapt to our purposes, see comments in [45, § 2.2].

For each ¢t > 0, let Q; be a global minimizer of the Landau-de Gennes energy
(2.5.34]) subject to boundary conditions that are rescaled versions of those encompassed
by (2.5.24). Relying also on techniques inspired by [106], the authors of [105] can
prove strong W12-convergence, up to subsequences, Qtj — Q. The map QO is the
same limiting harmonic map in , up to rescaling. The strong W!2-convergence
is then improved, by the same arguments as in |[106], to locally uniform convergence,
away from the singular set of the limiting harmonic map. Moreover, appealing to
arguments in [29] they can prove uniform convergence ‘Qtj‘ —1lonQasj— oo
and they also have an estimate on the size of strongly biaxial regions showing that
their diameters behaves like tj_l/ * for j large enough. In addition, both uniaxiality
and maximal biaxiality are achieved in the closure of strongly biaxial regions, the
uniaxial subregions having vanishing Lebesgue measure. In particular, a minimizer
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)

cannot be purely uniaxial at sufficiently low temperatures (note that “sufficiently low’
should not be understood in absolute terms but in terms of the reduced temperature;
it may be that a large range in terms of reduced temperature turns out to be a narrow
range in term of absolute temperature).

Remark 2.5.9. In an earlier version of [105] published as preprint before the publication
of [29], the statement on the attainment of maximal biaxiality was missing. Indeed,
its proof constitutes a major novelty of [29]. In more recent versions of [105], the
maximal biaxiality statement is proven via a slighty different reasoning than in [29]
(whose authors deduce it as a consequence of a lemma of Canevari [24], stated in |24]
for planar domains but with a proof actually valid also in dimension 3, as observed in
29]).

We want to stress the uniform convergence ‘Qtj‘ — 1 in Q: this result represents

the first rigorous justification of the Lyuksyutov constraint (see next section), whose
introduction was legitimated by Lyuksyutov [100] by energy comparisons, i.e., on the
physical ground.

2.5.5 Lyuksyutov constraint

In his as short as remarkable paper [100], dating back to 1978, I. F. Lyuksyutov firstly
argued that it may be not restrictive setting the norm of Q-tensor order parameters
equal to a constant. The argument exposed by Lyuksyutov goes as follows. Suppose
the material constant b = 0. Then, the potential energy reduces to

a(T —T%)
2

2

Freo(Q) = —
Minimizing Fp—(Q) gives

Tr(Q?) + £ (Tx(@Y)

a(T*=1T)
2c
so that @ takes values in the unitary sphere S* C R? ~ ;.
Now suppose that b # 0 and that its value is small w.r.t. to a(T"—T™) and
c. Here “small" means that the nematic-isotropic correlation lenght &ny, defined in
, is small w.r.t. the biaxial correlation lenght &, defined in (2.5.35)). This
makes sense from the physical point of view, because of the fact that measuraments
of the latent heat during the isotropic-nematic transition indicate that the transition
is only weakly first order, meaning that the contribution from the cubic term to the
energy is modest. According to [84], in order to make quantitative this hint, let us set

TrQ? = = const., (2.5.36)

. %, for 7 > 1,
§(7) = VESS for 7 <1,

V/-ar+3+3V0-87"

and let us define

&u(7)
() = :

§(7)
The numerics in [84] strongly suggest that the Lyuksyutov constraint (2.5.36)) may be
taken as valid when p(7) > 1. Assuming the constraint ([2.5.36]) amounts to assume
that the liquid crystals responds to distortions, even strong, in a way that leaves
Tr @Q? unchanged, typically by exchange of the eigenvalues. This is plausible deep in
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the nematic phase, because a(T* — T) Tr Q2, ¢(Tr Q?)? are large enough to remain
comparable to the elastic term L ]VQ|27 even for large values of \VQ|2, due to the
typical smallness of the elastic constant L.

Remark 2.5.10. Recalling , we see that assuming the Lyuksyutov constraint
may drive minimizers out of the range [—1/3,2/3] for the eigenvalues. Indeed, along
the 180°-disclination ring of the biaxial torus solutions of [84} [85] (see also §2.5.7)),
we have \; = —2/3 and Ay = A3 = 1/3. Apparently, this problematic has never
been reported in the literature. We content ourselves to highlight it and to suggest
cautiously that this incompatibility may be the signal that in some regimes more
multiples of the distribution function than only the second are needed to fully specify
the nematic state at some points.

The possibility to escape to biaxiality in order to avoid melting motivated the
conjecture that defect cores may posses a biaxial fine structure. Taking all the above
considerations into account, Lyuksyutov argued that, deep in the nematic phase,
melting at the defect sites may be exceedingly costing. In this direction, he noted
that, when the characteristic geometric lenght R of the system is greater than &, then
the Oseen-Frank theory may be applied and, due to the topology of the target space
(i.e., RP?) of the order parameters, point singularities and line singularities alike are
allowed. On the contrary, when &, > R, a description involving the full Q-tensor
order parameter is needed. In this regime, the constraint may be assumed.
He then remarks that the topology of S* does not allow point nor line singularities
and then he also discussed an example of removal of a singularity on a disclination
line in the range & > R, suggesting a way to experimentally verify such a prediction.

Since Lyuksyutov’s arguments sound reasonable from a physical point of view,
his conclusions were often assumed as a starting point in many works in the physical
literature, especially the numerical simulations [47, 84, 85, |137]. However, a rigorous
— although partial — justification of the Lyuksyutov constraint, deep in the nematic
phase, lacked until the papers [105, [29], as we saw above.

2.5.6 The hedgehog solution
Let us consider the LdG energy (1.1.3)) on the admissible class

3 1
Ay = {Q € W'2(Br; So) : Q = \@ (|i| ® 1y 31> on BBR} :

where R > 0. The name radial hedgehog solution is customarily given to solutions of
the EL equations associated to the LdG energy functional (1.1.3) on Ag of the form

Hy = \/gh(m) (,Z ® % - ;1) , (2.5.37)

where h is a radial function minimizing the energy functional

R 2 2
I(h; [0, R]) :/0 r? (; @i) +3Ti2 +f(h)> dr,

where, using the notation introduced in

_ W hy g ARy
f(h) == =5 W4 5 s

in the admissible class
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A = {h € W'2([0, R}, R); h(0) = 0 and h(R) =1}
Note that Hp, is SO(3)-equivariant. It can be proven [103] that

E(Hp; Br) < 127R.

A natural question is whether the radial hedgehog solution is actually a global
minimizer of the LdG energy in the class Ay. To investigate this question, one is
naturally led to examine the simpler issue of the stability of the radial hedgehog.
Various analyses have been carried out over the years [46| 125, 103, |77] in various
ranges of the parameter R and of reduced temperature t. Without entering too specific
details, it turns out that radial hedgehog solutions are stable for sufficiently high
values of ¢ and for sufficiently small R [103, 77|, or in narrow classes of perturbations
[125], while thery are unstable w.r.t. more general biaxial perturbations for sufficiently
low temperatures and sufficiently large balls [47, |103} [77]. In particular, under the
Lyuksyutov constraint we have h = 1 and H; is unstable also w.r.t. S'-equivariant
perturbations in the unit ball (we prove this explicitly in Chapter [7| but it is not a
new result as it was already contained in the quoted works above).

2.5.7 Biaxial torus solutions

Though early recognized, the possibility of allowing biaxiality in ()-tensor theory was
not really exploited, or even explicitly ignored, for a long time, because of the lacking of
any experimental evidence of biaxial phases in nematics. According to [14], the earliest
experimental hint of biaxiality is maybe contained in [33]. Anyway, the first commonly
recognized evidences of biaxiality in thermotropic nematics were produced only in
2004 [99, [101]. Nevertheless, Lyuksyutov [100] early suggested in 1978 that escaping
to biaxiality may save energy in equilibrium configurations, deep in the nematic
phase, and avoid the isotropic melting. The mechanism proposed by him, already
mentioned at the end of exploits the additional room provided by biaxiality to
remove the isotropic core on a disclination line through, in few words, a broadening
of the isotropic core to a 180°-disclination rinﬁ linking the axis containing the
singularity line (which we always identify with the z-axis). Importantly enough, this
should happen even when homeotropic boundary conditionﬂ are imposed, against
the accepted fact [87, [120] that such boundary conditions enforce the arising of point
singularities, and despite the fact that the thermotropic nematic bulk can have only
uniaxial minima. Since both these facts induced to believe that the equilibrium
configuration should be the hedgehog in all nematic regimes, Lyuksyutov’s argument
raised the doubt that this may not actually be the case.

Lyuksyutov’s predictions were then later (1987) confirmed numerically by Schopohl
& Sluckirﬂ [133], who were able to describe the picture more accurately. They worked
in an infinite domain and, choosing uniaxial asymptotic values for the Q-tensor order
parameter, they observed a sort of symmetry breaking in approaching the core, in the
sense that far from the core three parameters were sufficient to specify the @Q)-tensor

">The ring is thus a line defect of strenght |M| = § corresponding to a uniaxial/biaxial interface.

13n the language commonly adopted in the physical literature, homeotropic boundary conditions
are Dirichlet boundary conditions such that the boundary Q-tensor is uniaxial with leading eigenvector
everywhere normal to the boundary.

14 Actually, Schopohl and Sluckin do not quote the work of Lyuksyutov. Since the two papers are
separated by a decade, it may be plausible that Lyuksyutov’s ideas were already become part of the

common lore of theoretical physics.
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(so that it was uniaxial there) while near the core five parameters, that is a full biaxial
Q-tensor, were needed. In particular, they found a 180°-disclination ring around
the core on which the Q-tensor parameter becomes again uniaxial but whose scalar
order parameter changed sign w.r.t. to that it had on the z-axis and far (i.e., outside
10&, from the defect line, where &, is the biaxial correlation lenght introduced in
(2.5.35))) from the core. Around the core they found another ring of diameter ~ 2§,
where the maximal biaxiality was attained. Moreover, the analysis of the eigenvalues
showed that melting never happens. Perhaps, the first rigorous revision of Lyuksyutov
arguments is contained in [15], whose authors also detail much more thoroughly
biaxial escaping and explain that, when escaping happens, then a negative uniaxial
disclination line is naturally surrounded by a toroidal surface of maximal biaxiality.
Furthermore, [15] puts Lyuksyutov argument in a more precise perspective. However,
the authors of |15] are not able to say whether escaping actually happens.

In 1986 Lavrentovich & Terent’ev [87] observed in real nematic droplets a related
phenomenon but of different origin (it was due to changes in elastic constants
caused by tuning temperature) and a much larger radius of the ring described above,
strengthening however the idea of a somewhat universal attitude of singularities
towards broadening.

Later, in 1989, Penzenstadler & Trebin [120] elaborated on the above results
and other experimental works and assuming the Lyuksyutov constraint showed
theoretically that there are classes of Q-tensors exhibiting the 180°-disclination ring
as above that are also more stable than the radial hedgehog solution. The natural
question then became whether real minimizers have this structure.

Various numerical analyses have been produced studying this issue, mostly in the
setting in which the domain is axially symmetric [137}, 84] or, more specifically, a ball
(i.e., a droplet) [137} |85, 47|, and the Dirichlet boundary condition is the hedgehog. In
[84, 185] the Lyuksyutov constraint is assumed while in [137] 47, |32] it is not. In any
case, it turns out that, deep in the nematic phase, the minimizers have the structure
already encountered by Schophol & Sluckin and Penzenstadler & Trebin. At higher
temperatures, very near to the isotropic-nematic transition, the hedgehog appear to
be preferred. Accordingly to [47], there is also another configuration, called by the
authors of [47] the split core solution, which is strongly biaxial near the z-axis and
uniaxial along the z-axis with a disclination segment ending in two isotropic points,
see Fig. This solution is only metastable and only within a narrow intermediate
range of temperatures. The estimates on the size of the 180°-disclination ring and on
critical lenght scales agree with that in [133]. In [137] no mention is made of the ring
of maximal biaxiality while in [84] it is shown that the disclination ring is actually
enrolled by a solid torus on the surface of which the maximal biaxiality is attained.
The torus, like the ring, is linking the z-axis, as can be appreciated from Fig.
This kind of solution is called in [84] a biazial torus solution. We tried to encode their
features in Definition stressing the linking property. Fig. and Fig. will
clarify the structure of biaxial torus solutions as derived in the above-quoted works.
The three possible competing equilibria are sketched in Fig. Their tensor fields
can be compared looking at Fig. Protoypical plots of the biaxiality parameter
B3? for biaxial torus solutions and split core solutions are reported to comparison in
Fig. [2.6] and the corresponding eigenvalues are plotted in Fig. 2.7

In [85] (and later in [32]) the further theme of the universality of such structures
was tackled, specifically of their independence of the confining geometry, and it was
there seen that they are independent of the confining geometry when the typical
geometric scale of the system is large enough.
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PP o P

SPLIT CORE RADIAL HEDGEHOG RING DISCLINATION

Figure 2.3: Figure from the preprint of [47] available at http://icm.mcs.kent.
edu/reports/2000/ICM-200002-0001.pdf — Reproduced with permission of E.C.
Gartland.

Remark 2.5.11. Recalling , we see that, if one accepts both the mean-field
derivation of () and the Lyuksyutov constraint, then biaxial torus solutions have to
be regarded as unphysical states, since their eigenvalues on the negative uniaxiality
ring lie outside the physical range. Anyway, we use the phenomenological definition of
Q given by , which does not entail constraints on the eigenvalues. Remarkably,
in [32] the eigenvalue constraints are assumed and yet biaxial torus solutions are
retrieved. It would be a very interesting (and, presumably, very difficult) problem
in the Calculus of Variation finding biaxial torus solutions assuming the mean-field
definition of Q).

Remark 2.5.12. In order to make tractable a computationally expensive problem, the
authors of [84, 85, |47] restricted to S!-equivariant Q-tensors. Such a restriction has
been removed in 32, 75], so that nowadays biaxial torus solutions appear as a fairly
general feature of nematics deep in the nematic phase.

2.5.8 Comments on the definition of biaxial torus solution

Here we make some remarks on the definition we chose of biaxial torus solution. First
of all, we note that biaxial torus solutions as obtained in numerical simulations [47,
84, 185, 137] have a high degree of symmetry. It is unclear whether this feature is
universal or due to the symmetry of the domain and/or of the boundary condition
(although [85] strongly suggest that the role of the confining geometry is negligible,
at least for large enough domain), so we preferred not to encode it directly into the
definition.

Next, biaxial torus solutions appear as smooth solutions in the quoted simulations
and we required smoothness in Definition|1.2|for a twofold reason: on the one hand, the
EL equations associated to the LdG energy functional should be semilinear in
physically reasonable regimes (recall that the imposition of the Lyuksyutov constraint,
to which the quasilinear character of our EL equationsF_s] is due, is a mathematical
idealization), thus their solutions have to be smooth (by arguments in §2.5.3). On
the other hand, we need smoothness in the semidisk argument, Theorem Further,
the analysis of the eigenvalues of biaxial torus solutions show that isotropic melting is
avoided; again, this is also needed for the semidisk argument, hence we asked Q) # 0

15See Chapters [4| and
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(a) Schematic representation of biazial torus (b) Logarithmic plot of the biaxiality parame-
solution. The Q-tensor is represented as a ter B2 on a plane through the symmetry azis
field of ellipses in this section. The points of the core.

where the ellipses degenerate into discs, are

those traversed by the ring of negative uniaxi-

ality.

Figure 2.4: Figures from the version of freely available at https://www.
researchgate.net/publication/230987935_Universal_fine_structure_of _
nematic_hedgehogs — Reproduced with permission of S. Kralj.

in Definition Let us stress that the semidisk argument is a mere technical tool;
nonetheless, we need it, in the sense that we at the moment we have no other ways
to convert minimizers into biaxial torus solutions.

The peculiarities of biaxial torus solution are, however, the fact that there are
regions of positive and negative uniaxiality that are linking and the fact that these
are separated by a surface on which the maximal biaxiality is attained; moreover, this
surface is topologically the surface of a torus of revolution. There are various subtle
points in translating the phenomenological picture into mathematical language.

In the first place, numerical simulations take only axially symmetric domains
(capillary tubes or spheres) with the hedgehog as the boundary condition into account.
The picture coming out of them is very neat. The positive uniaxial region is made
up by the boundary and the symmetry axis, while the negative uniaxial region is
a ring in a plane orthogonal to the symmetry axis and linking the symmetry axis.
The maximal biaxiality is attained on the surface of a solid torus of circular section
and the negative uniaxial ring passes exactly through its center; biaxiality increases
from the center towards the surface. On the other hand, suggest that biaxial
torus solutions should be minimizers also in more general domains, at least when
they are large enough. Because of this, in Definition [I.2] we did not specify any
particular domain. Lacking the symmetry of the domain, it is not clear whether the
final picture may be neat as before. Said another way, the geometrical properties
of the biaxial torus solutions resulting from simulations may be a byproduct of the
various symmetries employed to make the problem tractable but their topological
features appear to be universal. This point of view seems to be confirmed by .
This is the main reason why we required the existence of two linking compact sets,
one of positive uniaxiality and the other of negative uniaxiality, without ask anything
about their shape or their regularity. In particular, ¢/_ in Definition [I.2] need not be
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(a) Radial hedgehog. (b) Biazial torus solution.

(c) Split core.

Figure 2.5: Tensor fields of competing equilibria. Tensor fields are visualized as
fields of rectangular boxes aligned with the eigenframe of the Q)-tensors with axes

scaled proportionally to eigenvalues; a fixed constant is added to the eigenvalues,

so that they are all nonnegative. Lenghts are expressed in units of & := 2?7‘2”:.

For more information about scaling and the physical parameters, see |[47]. Figures
from the preprint of [47] available at http://icm.mcs.kent.edu/reports/2000/
ICM-200002-0001.pdf — Reproduced with permission of E.C. Gartland.
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(a) Biazial torus solution. (b) Split core solution.

Figure 2.6: (2 for biaxial torus solutions and split core solutions. Lenghts are

expressed in units of £y := 4/ 2Z§L. For more information about scaling and the physical

parameters, see [47]. Figures from the preprint of [47] available at http://icm.mcs.
kent .edu/reports/2000/ICM-200002-0001.pdf — Reproduced with permission of
E.C. Gartland.
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(a) Biazial torus solution. (b) Split core solution.

Figure 2.7: Prototypical eigenvalue plots for biaxial torus solutions and and split

core solutions. Lenghts are expressed in units of &y := 4/ QZQL . For more information

about scaling and the physical parameters, see [47]. Figures from the preprint of
[47] available at http://icm.mcs.kent.edu/reports/2000/ICM-200002-0001 . pdf
— Reproduced with permission of E.C. Gartland.
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a closed curve. One may prefer to ask, instead, the existence in Q \ {B = 1} of a
non-contractible closed curve ¢ € m1(€2) such that

0:51%{5:—1}.

Although clearer, this position may be source of problems. To see this, observe
that 3 (Q) has the same regularity as @. In particular, it is real-analytic whenever
Q is. Thus, for any regular value ¢ € [~1,+1], 3(Q)~'{c} is a smooth submanifold
of By [108, Lemma 3.1]. By Sard’s theorem, a.e. ¢ € [—1,+1] is a regular value
for 3 (@). The main problem here is that we are not assured at all that ¢ = —1 is
actually a regular value for 5(Q). Thus, 3(Q) *{—1} may be not a manifold, for
instance it may be a union of crossing curves, and in general it has multiple connected
components. A way to overcome this obstacle, suggested by the physical view-point,
may be substituting the sharp value ¢ = —1 with a narrow range I of values and
then looking for closed curves in 5(Q)~*{I}. However, the consequent picture looks
difficult to handle and it would deserve further analysis. Thus, requiring the existence
of a curve as in the above seems a little more demanding than our request of two
linking compact sets of opposite uniaxiality.

Remark 2.5.13. With reference to the Introduction, one may want to be able to
exhibit biaxial torus solutions even without the symmetry constraint, of course. In
this respect, Definition although still making sense, looks a little too demanding
w.r.t. that one may reasonably hope to prove, because of the sharpness of the
requirements. A more suitable definition would involve a fattening of the levels
B =—1and S = +1 and the existence of two linking compact sets U4 and U_ such
that 3 3
max f(Q) < min B(Q).

Thus, in a more general setting (but always thinking to homeotropic-like boundary
conditions) one may consider the following

Definition 2.1 (Biaxial torus solution, revised). Suppose 2 is a bounded simply
connected domain in R?® with smooth boundary. A smooth critical point Q €
Wé’f(Q,SO) N 0%, Sy) of the LdG energy E(-;Q) w.r.t. some assigned Dirichlet
boundary condition Q is called a biazial torus solution in Q if there exist in © two
linking compact sets U_, Uy so that:

(i) @#0in Q;
(ii) We have
—1< HLl{aXB(Q) <min3(Q) < 1. (2.5.38)

Uy
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Chapter 3

Harmonic maps

Synopsis. In this Chapter we recall basic facts about harmonic maps. In this work
harmonic maps appear as asymptotic objects in the blow-up analysis, more precisely
as tangent maps from R? into S?, see below and Chapters @ Thus, the present
exposition is geared toward the regularity theory ( and peculiar properties of
harmonic maps between spheres (§3.6)).

3.1 Weakly harmonic maps

Let (M™,g) and (N™, h) be Riemannian manifolds, M possibly with boundary but
not N. For our purposes, assuming that (M, g) and (N, h) are smooth is not a
restriction. If IV is compact, there exist, by the Nash-Moser embedding theorem,
k € N and an isometric embedding J : N — (R¥ (.,.)), where (-,-) denotes the
standard Euclidean inner product. One can then consider the space

WM, N) = {u € W'2(M,R) : u(z) € T(N) ace.},

on which the Dirichlet integral

1
E(u) = 5 /M |du\%~*M®Rk dVOlM

makes sense. In local coordinates,

Ou® OuP
\du!%*M@)Rk = Z g¥ D @hag and dvolyr = (/det g;; d.
i,5,0,

For brevity, we shall often write ]du|?p* MeRF = IVu|? in the sequel.

Note that, generally, the isometric embedding 7 is not unique, so that the
definition of W}Q(M , V) (and so the value of F(u)) actually depends on the choice of
the embedding. However, assuming M is also compact, then all spaces W}z(M ,IN)
are homeomorphic and E(J7 0 J; ' ou) = E(u) for each pair of isometric embeddings
T, T2 [69]. Taking M compact, we shall then simply write W2(M, N) without
specifying the embedding. Further, to simplify notations, we can think of M as an
open domain in R? (this is not a restriction because our main issues will be of local
nature) and write more succinctly

1
E(u) = 2/M |Vul? dz.
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CHAPTER 3. HARMONIC MAPS

Let O be a neighborhood of N in R¥ and let IIy : @ — N the nearest point
projection (well-defined and smooth, because N is smooth and compact). Let u €
W12(M, N). For any map v € WH2(M,RF)N L>®(M,R*) and any ¢ sufficiently small,
we have u + ev € O so that the map

ug =N (u+ ev) (3.1.1)
is well-defined and u? € W'2(M, N). The family of maps {u’} is called an outer

variation of wu.

Definition 3.1 (Weakly harmonic map). Let v € WH2(M, N), v € WH2(M,R¥F) N
L>®(M,R¥) and let u? be defined as in (3.1.1)). The map u is called weakly harmonic
iff it holds

de e=0 B
for any v € WH2(M,RF) N L>®(M, R¥).

A direct computation (detailed, e.g., in [111] or in [134]) shows that the above
property is equivalent to say that u solves, in the sense of distributions, the Fuler-
Lagrange equations

Agu+ Ay(Vu, Vu)u =0, (3.1.2)

where A, is the Laplace-Beltrami operator on (M, g) and A,(-,-) the second fun-
damental form of the immersion N — R* evaluated at u. Equations are a
system of coupled quasilinear elliptic partial differential equations of second order.

A natural question is that of regularity of weakly harmonic maps. If m = 1,
is the geodesics ODE, so that in this case harmonic maps are geodesics and hence
they are smooth (as the domain and the target manifolds permit). For m = 2, weakly
harmonic maps are again smooth by Hélein’s theorem (see next sections). In general,
because of the quasilinearity of , the regularity of weakly harmonic maps is a
hard problem. Indeed, in general they are not regular at all, as shown by Riviere [123,
124]. Partial regularity and even full regularity are possible with extra assumptions,
as we shall see later. In particular, any continuous weakly harmonic map is smooth
by standard bootstrap arguments (see, for instance, [70, 86, 129] and Chapter .
However, continuity is usually very difficult to prove. The singular set of a weakly
harmonic map v is defined as the set of points in M at which wu is discontinuous.

Besides outer variations, one can consider also inner variations: given a 1-
parameter family of diffeomorphisms ¢, : M — M such that ¢y = id, one can
consider the family of maps

Ut 1= UO ¢y, (3.1.3)

for u € WH2(M, N). The family {u:} is called an inner variation. We state the
following definition.

Definition 3.2 (Weakly stationary harmonic map). Let u € WH2(M, N) and let u;
be defined as in (3.1.3]). The map u is called a weakly stationary harmonic map if (i)
it is weakly harmonic and (ii) it holds

dE(’LLt)

for any inner variation wuy.



3.2. EXAMPLES OF HARMONIC MAPS

If w is a smooth harmonic map (that is, a continuous weakly harmonic map), then
it is also stationary, as can be easily seen integrating by parts the Euler-Lagrange
equations. In general, there is no connection between being weakly harmonic and
being weakly stationary harmonic (that is, satisfying (ii); see counterexample in [66,
Example 1.4.19][[). A detailed analysis of stationary harmonic maps is given in [91].

Stationarity is a very important property in the quest for regularity. Indeed,
weakly stationary harmonic maps enjoy the following monotonicity formula, firstly
proven by Price [121].

Proposition 3.1 (Monotonicity formula for weakly stationary harmonic maps, [121]).
Let u € WY2(M, N) be a weakly stationary harmonic map. Then we have

Rgm/ |Vu|? d:r—R%m/ \Vul? de
BR2($0) BR1 (m())

9 (3.1.4)
=3 ]
Br, (20)\Br, (%0)

2—m ‘ au d:L‘,
where By, (z9) C Bpr,(x0) CC M and % denotes the radial derivative.

ar

The quantity

pos () i= RE / IVl do (3.1.5)
Br(z0)
is called the rescaled energy of u in Br(xg); its relevance will become clear in the
sequel.
To end this section, we establish the fundamental definition of minimizing harmonic
map.

Definition 3.3 (Minimizing map). A map u € WH2(M, N) is (energy-)minimizing
iff for each € M there exists a compact neighborhood K, such that for each
w € WE2(M, N) with u = w a.e. in M \ K, we have E(u) < E(w).

If w is minimizing, it is a weakly stationary harmonic map. Schoen & Uhlenbeck
built in [130, (131} |132] an elegant partial regularity theory for minimizing harmonic
map which has been extended to weakly stationary harmonic maps by Evans [40] and
Bethuel [11]. We shall review this theory below.

3.2 Examples of harmonic maps

Here we collect some examples of harmonic mappings which are particularly useful to
know. For more examples, see, e.g. [34} 35, |69, [141]. As before, M and N are smooth
compact Riemannian manifolds.

e Constant maps v : M — N and the identity map id : M — M are obviously
harmonic maps.

e Isometries are harmonic maps. Further, composition of harmonic maps with
isometries preserves harmonicity.

'In Hélein’s terminology, a map v € W?(M, N) having the property (ii) is called weakly Noether
harmonic.
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CHAPTER 3. HARMONIC MAPS

o If M = R™ and N = R", the harmonic maps are mappings v : R™ — R"
whose components are harmonic functions on R™. Thus, any harmonic map is
completely smooth in this case.

o If u: M — R™, u is a harmonic map iff its components are harmonic functions
on M.

e Geodesics a smooth curve v: I C R — N, I an open interval, is harmonic iff
it defines a geodesics (i.e., iff it is parametrized by a multiple of the arc-length).

e The following is perhaps the most important example of harmonic map. Let M =
B™ and N = S™~!. The map é—l : B* — S™~ ! belongs to W12(Bm, Sm~1)
and it clearly satisfies the harmonic map equation for maps into spheres

Au = —|Vu|’u,

in the weak sense, therefore it is weakly harmonic. Actually, this map is
minimizing in any dimension m > 3, by results of Brezis, Coron & Lieb [21]
(for m = 3) and Lin [93] (for the general case). It is worth remarking explicitly
that this example shows that minimizing harmonic map need not to be smooth
nor even continuous.

o Let M = Bf* and N = S™. The map w = B}* — S" defined by w(z) := ( , f;—‘),
called the equator map [79)], belongs to W12(BJ*, S™) and is weakly harmonic.
Further, it is minimizing iff m > 7 by results of Jéger & Kaul [79].

3.3 Partial interior regularity

In their pioneering paper [36], Eells & Sampson proved the existence of smooth
harmonic maps into manifolds of nonpositive sectional curvature. When the curvature
hypothesis is not satisfied, the situation becomes much more involved. Existence
usually comes from the direct method in the calculus of variations [69, Section 5|; for
example, this is the case when the class of maps &€ C W12(M, N), € # @, of interest
is defined by some Dirichlet boundary condition. Indeed, under this circumstance
& is closed with respect to the weak topology of Wh2(M, N). Let (uy), C € be a
minimizing sequence. Note that minimizing sequences have bounded energy. Since
the Dirichlet energy is weakly lower-semicontinuous, it thus follows from the direct
method (e.g., [40, Theorem 8.21]) that there exist u* € € such that

(i) up — w* in WH2(M, N);

(i) up, — v* in L?(M,RF) by the Rellich-Kondrachov compactness theorem and
hence, up to subsequences, pointwise a.e. (thus, u*(z) € N for a.e. z € M);

(iii) w* is a minimizing map, and so it is weakly stationary harmonic.

We now ask about the regularity of minimizing harmonic maps. The beautiful
theory by Schoen& Uhlenbeck [130] shows that they are partially regular and in general
no more than that. More precisely, they provedE]

*We borrow the formulation of most of the following results from the nice report of Hardt [59).
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3.3. PARTIAL INTERIOR REGULARITY

Theorem 3.2 (Schoen&Uhlenbeck’s regularity theorem). An energy-minimizing map
u: M — N is smooth away from a closed (singular) subset of M that is discrete in
M if m = 3 and has Hausdorff dimension < m — 3 if m > 4.

This theorem is optimal, as the celebrated example of the map ﬁ : Bt — gl
shows. The key ingredient in their proof is the following gradient estimate.

Theorem 3.3 (Schoen&Uhlenbeck’s e-regularity theorem). There are positive con-
stants g = eo(m, N), C = C(m, N) so that if u: B* — N is an energy-minimizing
map with € = [ \Vul? dz < Ceg, then

sup |Vul? < Ce.
1/2

In [27], Chen and Lin give a terse quick proof of this result involving a Ginzburg-
Landau approximation.

Liao verified in [90] that e-regularity does not hold for general weakly harmonic
maps. Indeed, looking at the proof of the e-regularity theorem, it is easy realized
that the key property is the monotonicity formula. Evans [38] established e-regularity
for stationary harmonic maps into spheres by exploiting the special structure of the
Euler-Lagrange equations due to the geometry of the sphere. This particular structure
was previously revealed by Hélein [67] who in fact successfully derived in that paper
the smoothness of weakly harmonic maps from a Riemannian surface into spheres.
In another fundamental paper, Hélein |68] developed a moving frame technique for
weakly harmonic maps (a moving frame is a special frame for the tangent bundle along
the image of weakly harmonic maps) and used it to prove smoothness for general
weakly harmonic maps from a surface. Bethuel [11] then used Hélein’s tecnique and
the compensated compactness phenomen discovered in [28] to extend the e-regularity
theorem of Evans to general target manifolds. He also proved a partial regularity
theorem for weakly stationary harmonic maps; before stating it, we need to introduce
some useful tools.

Observe that, by the monotonocity formula, the rescaled energy of u, defined in

@T9), ie.,

ER o (u) = R / Vul? d,
Br(zo)
is nondecreasing with R, so it has a limit as R — 0 at each point xg, which is called
the density of u at the point g € M, often denoted O, (xo):

Ou(zp) := lim R2_m/ (Vul? dz.
R—0 BR(JCO)

The important property of the function ©,, is being upper-semicontinuous [134} Section
2.5], that is,

zj = x0 € M = Oy(xg) > limsup O, (x;).
j—o0
Note that, due to Lebesgue differentiation theorem, ©, vanishes at regular points.
Next, we define the concentration set Z, of u € W12(M, N) as

Zy = {xo € M: lim Rzm/ Vul* dz > 0} . (3.3.1)
Br(zo)

R—o0

Then we state
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Theorem 3.4 (Bethuel’s regularity theorem). Any stationary harmonic map u :
M — N is smooth on M \ Z,, where Z,, defined in (3.3.1)), is closed in M and has
H"2(Z,) = 0.

Remark 3.3.1. According to [59], although all known examples of stationary harmonic
maps u have H™ 3(Z,) = 0, this fact has not yet proven in full generality.

Note that Bethuel’s theorem is not as good as Schoen&Uhlenbeck’s theorem. To
understand the reason, let us first simplify the notation by taking M = Q, Q C R™
an open set (since regularity is a local issue, this is not a restriction). Then, let us fix
a €  and consider the family of rescaled maps {u,},~0, where

up(x) :==ula+rz), xe&R™ (3.3.2)

The thing making the difference between minimizing and weakly stationary har-
monic maps is that [98] for the first ones there is a sequence r; — 0 such that
the sequence (uy,)r, converges strongly in I/Vl})CQ (€, N) to a limiting harmonic map
Uoo € WI})’CZ(Q, N) as i — 0o. The map u is called a tangent map at x. Minimality
passes to strong limits, so that us is minimizing (hence called a minimizing tangent
map, MTM). Observe that the existence of a tangent map at each point follows by
the monotonicity formula but for weakly stationary (nonminimizing) harmonic maps
the convergence fails to be strong in general |73 Example 3.2].

Moreover, along with the monotonicity formula, the strong convergence implies
that the density function ©, is upper-semicontinuous with the respect to the joint
variables u,, and x,,, meaning that (see [134 § 2.11], |53 Proposition 10.26] and

Chapter

ZTp, = To € Q@ = Oy(x0) > limsup O,, (z,).
1—00 ‘

In particular, it easy proved that

O (0) = Oy(a),

i.e., that us is homogeneous of degree 0 (see, e.g., [134, Chapter 3] for a detailed
proof of this assertion).

The strong convergence to a minimizing tangent map and the joint upper-
semicontinuity of the density are the keys of the so-called dimension reduction
argument (see [53, Theorem 10.18] its application in this context and [42] for the origi-
nal idea) that yields the improvement from Bethuel’s theorem to Schoen&Uhlenbeck’s
theorem.

The result in [98], due to Luckhaus, plays a very important role in the theory
of minimizing harmonic maps and we will be concerned in finding analogues for the
situations considered in this work. The one in the above is actually an application of
a more general result, customary called Luckhaus’ compactness theorem that is worth
recalling:

Theorem 3.5 (Luckhaus’ compactness theorem, [98]). Let u; be a sequence of

minimizing harmonic maps in WH2(Q, N) with locally equibounded energies, that is,

sup/ |V [? d < 400
J Bp(y)

for each ball B,(y) C Q2. Then there is subsequence (uj,)j, converging strongly in
Wi)’f(Q, N) as k — oo to a minimizing tangent map us € Wli’f(M, N).
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3.3. PARTIAL INTERIOR REGULARITY

We now ask about complete regularity. The already-mentioned example of the
map w(z) = ‘ﬁ—' : B — 8™~ ! shows that, in general, minimizing harmonic maps
need not to be smooth. This example also shows that the dimensions of the domain
and of the target manifold are important. In general, in order to have complete
regularity, we need to rule out all possible nonconstant minimizing tangent maps
at any point. A theorem establishing that all minimizing tangent maps have to be
constant is customary called a Liouville-type theorem.

Usually, a Liouville theorem is a very difficult property to get, see, for example,
[119] for a case where much work is needed. Schoen&Uhlenbeck proved a Liouville-
type theorem for minimizing tangent maps with values into spheres in [132] (see also
[95, [115] for various refinements of their result). The main point is that a minimizing
map is stable, meaning that its second variation is a positive-definite quadratic form
(i.e., the map cannot loose energy in any direction), thus giving an integral inequality
(called a stability inequality). Precisely,

Definition 3.4 (Stable harmonic map). Let u : M — N be a weakly harmonic map.
Then u is said to be stable if it holds

([ 5 e
= — —|Vu dvolM)
=0 d€2 M 2 | E’

for any admissible outer variation {u.}c~0.

d’E(u.)

2 >0 (3.3.3)

e=0

Interestingly, at least in the case of maps with values into spheres, the stability
inequality depends on the dimension of the target but it is independent of that of
the domain. Another integral inequality, in the inverse direction and involving the
dimension of the domain but not that of the target, can be derived by integration of
the Bochner identity recalled in Appendix [B| (see [95, Section 2] for optimal results
when the target manifold is a sphere). Comparing the above-mentioned inequalities,
one deduces that, for appropriate values of the dimensions of the domain and of
the target manifolds, the only possibility for the map to be stable is to be constant.
Hence minimizing tangent maps have to be constant in these cases. In particular,
stable tangent maps from R? into S* are all constant.

Remark 3.3.2. One of the main difficulties in the present work is that the available
stability /instability theorems (recalled in Section [7.1.1)) does not hold when S*-
equivariance is imposed. Indeed, their proofs rely on arguments that are generally
incompatible with equivariance and so they need to be proved again with the aid
of ad hoc constructions that preserve equivariance at each step. It could be, and
it actually happens in our context (see Chapter @, that equivariance is so strong
that it prevents us from destabilizing some tangent maps (even those that, without
equivariance, would be unstable).

Remark 3.3.3. In connection also with the previous remark, besides that as a matter
of principle, let us observe explicitly that what we really need is not proving the
instability of all nonconstant tangent maps, which is a sufficient condition, but proving
that nonconstant tangent maps are not minimizing. Stability implies local minimality
but not global minimality, in general. So, when stable nonconstant tangent maps
are found, one has to test whether they are really minimizing or not. We prove that,
in the S'-equivariant context, there are nonconstant minimizing tangent maps (see

Theorem [7.6]).

Finally, it may be interesting to recall the relationship between stability and
regularity in the general setting. In this direction, the simplest thing to do is dealing
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with weakly stationary harmonic maps satisfying a stability inequalityﬂ This has been
done in [72] and [73], where such maps are called stable-stationary harmonic maps,
yielding the following important result, which can be regarded as an improvement of
the Bethuel’s theorem when the additional assumption of stability is made.

Theorem 3.6 (Hong&Wang, [73]). Let u € W12(M, N) be a stationary harmonic
map which satisfies the following stability inequality: there exists a positive constant
A (depending possibly on u) such that

/ VV[? > A/ Vul? [V VvV e CHM,RF).
M M

Then there exists a closed set X C M, whose Hausdorff dimension is at most m — 3,
such that u € C*°(M \ ¥, N).

3.4 The Dirichlet problem for harmonic maps

The Dirichlet problem for harmonic maps from a Riemannian manifold M with
boundary OM into a Riemannian manifold (without boundary) N consists in the
assignment of a boundary datum ¢ on @M and then in looking for solutions w of the
Euler-Lagrange equations such that © = ¢ in the trace sense on M. For technical
reasons (i.e., in order to have sensible estimates), a certain amount of regularity is
required on the manifolds and on the boundary datum. In their important work
[131] concerning the Dirichlet problem for minimizing harmonic maps, Schoen and
Uhlenbeck assume M is C%, OM of class C?*® and ¢ € C**(OM,N). Similar
hypotheses are assumed also in |10, 64, [97].

Having already proved partial interior regularity, the main point in the Dirichlet
problem for harmonic maps is proving some boundary regularity. The path is
analogous to that for the interior regularity. One needs to prove:

(i) A boundary monotonicity formula;
(ii) a boundary e-regularity theorem;
(iii) a boundary strong compactness theorem for rescaled maps;
)

(iv) that any minimizing tangent map has to be constant.

Due to topological reasons (cfr. [131], p. 253), one has to expect that boundary
regularity is in fact stronger than interior regularity. Indeed, for smooth boundary
data, any minimizing harmonic map is completely smooth near the boundary.

Theorem 3.7 (|[131, Theorem 2.7]). Let M be a compact manifold with C** boundary.
Suppose ¢ € C*>¥(OM,N) and u € WH2(M, N) is a minimizing map with u = ¢
on OM. Then there exists 6 > 0 such that u is C*% in a full 5-neighborhood of
OM . Moreover, if M, N are C* and ¢ € C*°(M,N), then u is also C* in a full
neighborhood of OM .

We do not enter into greater details here because we shall do so when dealing
the boundary regularity in our specific cases, in Chapters |4 and [/l However, let us
mention that, when M = B; C R? and N = S2, fundamental results in particular on

3The stereographic projection provides us an example of a stable-stationary harmonic map which
is not minimizing, so that stable-stationarity is a weaker property than minimality [73].
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the number of singularities have been obtained by Almgren and Lieb [2]. In particular,
they show that there exists a universal constant Cyy, such that the number N of
interior singularity of an energy minimizing map u € Wé’z (By, 5?), where ¢ : 5% — 52
is smooth, is bounded by

N < CAL/ ‘VT<,0|2 dvolge. (3.4.1)
52

Remark 3.4.1. Note that the situation is quite different for weakly stationary (non-
minimizing) harmonic maps. Indeed, in this case, a boundary monotonicity formula
does not follow from stationarity. For more details, cfr. [91] and [97, Section 4.4].

3.4.1 Nonuniqueness

Naturally related to the solvability of the Dirichlet problem is the question of the
uniqueness of solutions. Although a general result seems to be lacking, it is however
true that in some important cases nonuniqueness occurs (even in spectacular ways).
In particular, it is known

Theorem 3.8 (Benci & Coron, [10]). Let D = {(z,y) € R? : 22 + y? < 1} and let
v :0D — S? be a C?°(OD) for some § € (0,1). If v is not constant then there exist
at least two functions in C*°(D, S™) which are solutions of the Dirichlet problem

—Au = |Vul*u in D,
u=r on 0D.

Moreover, Riviere proved

Theorem 3.9 (Riviere, [122]). Let Q C R? be a smooth bounded domain, N a surface
diffeomorphic to S* C R3, ¢ : 00 — N be a given smooth map. If ¢ is non-constant,
there exists infinitely many weakly harmonic maps from Q into N equal to ¢ at the
boundary.

Some complementary results were given by Isobe |78]. Pakzad [116] later extended
Riviere’s theorem to cover the case of weakly harmonic mappings from a regular
bounded domain in R™ into, again, S2. Precisely,

Theorem 3.10 (Pakzad, [116]). Let 2 be a regular domain in R™, n > 3, and ¢ a
non-constant smooth map from 0K into S%. Then ¢ admits infinitely many weakly
harmonic extensions.

On the other hand, Almgren <1§z: Lieb proved that the set of boundary data having
unique minimizers is dense in H2 (5%, 52), a result known as "generic uniqueness" of
minimizers [2, Theorem 4.1].

3.4.2 Lavrentiev gap phenomenon

The nonuniqueness phenomenon is often related to another one, the so-called Lavren-
tiev gap phenomenon. Let M, N be Riemannian manifold, OM # @, N without
boundary and let ¢ : 9M — N. Let us set

= inf /VuzdvolM, * = inf /Vu2dvolM.
e weWh?(M,N) M| | He ueCx (M,N)z M| |
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It is plain that p, < u The point is that the inequality can actually be strict,
as firstly shown by Hardt & Lmlﬂ [64]. This occurrence is called the Lavrentiev gap
phenomenon. Moreover, the construction of Hardt and Lin allows for prescribing the
number of singularieties a priori [64]. Precisely, they proved

Theorem 3.11 (Hardt & Lin, [64]). For any positive integer N, there ezists a
smooth function g : S* — S? that has degree zero so that any energy-minimizing map
v E ng(Bl, S%) must have at least N singularities.

They proved also

Theorem 3.12 (Hardt & Lin, [64]). For any positive integer N, there exists a smooth
function g : S? — S? that has degree zero for which there is the gap

inf E(u) < — < inf E(u)
u€Wy*(B1,5?) 2N = ueW,*(B1,5%)NC° (B1)

Another important result, due to Bethuel, Brezis & Coron [12], also shows the
relation with the nonuniqueness phenomenon:

Theorem 3.13 (Bethuel, Brezis & Coron, [12]). Let Q C R? be a smooth bounded
domain, ¢ : 0Q — S? be a given smooth map. Suppose ¢ satisfies

(i) deg =0 and p, < p, or
(7i) degp # 0.
Then there exists infinitely many weakly harmonic maps with boundary value .

Recently, Mazowiecka and Strzelecki [107], elaborating on the Hardt and Lin

results, exploited a modification of the installing singularities trick by Almgren &
Lieb [2, Theorem 4.3] to prove that Lavrentiev gap phenomenon holds for a dense
subset of the set of smooth degree zero boundary data ¢ : S? — 52, where “dense” is
referred to the WP-topology, 1 < p < 2. Their result is sharp w.r.t. p: it fails for
p=2.
Remark 3.4.2. Sometimes, especially in applications in mathematical physics, and
mostly in the theories of liquid crystals and elasticity, the Lavrentiev gap phenomenon
is interpreted by saying that the fuction space is part of the model [6, [7]. It occurs
also when the function spaces are not W2 and C* but, for instance, when one is
SBV and the other a W2 space [6]. Although we shall not purse this point of view
here, larger function spaces can accommodate wilder behavior and this sometimes
leads to lower energies and other advantages (along with some disadvantages).

3.4.3 Stability of singularities

One may wonder whether singularities of minimizing harmonic maps are stable w.r.t.
perturbations of the boundary datum. In [65], Hardt & Lin proved

Theorem 3.14 (Stability of singularities). Suppose 2 C R3 is a smooth bounded
domain in R3, ¢ € Lip(0Q, S?), and v is the unique energy-minimizing map from
to S% with v|0Q) = 1. There exists a positive number 3 and, for any positive €, a

4The theorem by Hardt and Lin has receveid much attention and some generalizations over the
years, notably that due Giaquinta, Modica & Soucek [54] (which we will not state here).
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positive number & so that for any ¢ € CH*(0Q, S%) with || — Y| Ly < & and for any
energy-minimizing u € W12(Q, S%) with u|0) = o, one has

lu—vonllcs <e

for some bi-lipschitz transformation n of Q with ||n — idq| Ly < €. In particular, n
maps the singularities of u onto the singularities of v.

3.5 Harmonic maps from surfaces

Let w : (M,g) — (N,h) be a smooth map and ¥ : M — M be a conformal
diffeomorphism, i.e., U*g = A\2g, with A a smooth function. Then it can be checked
(see, for instance, |66, Chapter 1] or [141, Section 1.2.1]) that

E(uo\If):/ A2 | u)? dvolyy.
M

Let (M2, g) be a two-dimensional Riemannian manifold. Then the Dirichlet energy
is conformally invariant. In particular, any smooth harmonic map is weakly conformal.
Other special things happen: as for the case of harmonic functions, the property of
being a harmonic map depends only on the conformal structure of the surface [3].
We have a special way of writing locally the tension field in terms of the isothermal
coordinates on open sets of M; further, if M is oriented, we can choose an atlas of
oriented isothermal coordinates (x,y) on M and, setting, z = x + iy, we can endow
M with a complex structure so that it becomes a Riemann surface. Any holomorphic
or antiholomorphic map is then harmonic with respect to any Hermitian metric. In
particular, due to the Liouville theorem for holomorphic functions on C, if M = S2,
then any harmonic map from S? to any Riemannian manifold is weakly conformal
and a map from S? to S? is harmonic iff it is holomorphic or antiholomorphic [88].

For the regularity of weakly harmonic maps from a surface, note that the mono-
tonicity formula becomes an identity. Using this fact, the conformality of
the energy integral and a special moving frame technique, Hélein |67, [68] proved the
following fundamental theorem.

Theorem 3.15 (Hélein). Any weakly harmonic map from a two-dimensional compact
Riemannian manifold to any compact Riemannian manifold is smooth.

3.6 Harmonic maps into spheres

Harmonic maps into euclidean spheres have been and are extensively studied because
the geometry of the sphere gives rise to a particularly simple situation. Let (M, g)
be a Riemannian manifold, S™ the euclidean n-sphere endowed with the standard
metric. The harmonic maps equation then reads

Agu = — |Vul*u. (3.6.1)

This is a system of quasilinear coupled elliptic partial differential equations of second
order. Regularity of solutions depends on both M and n and we have already seen
that it is known when M is a Riemannian surface, by a result of Hélein [67]. On the
other hand, when dim M > 3, there exist weakly harmonic maps discontinuous at
every point [123] [124]. Stationary harmonic maps behave better, as shown by Evans

55



CHAPTER 3. HARMONIC MAPS

[40], who extended Hélein’s technique to higher-dimensional domains and obtained a
partial regularity result. The case of minimizing harmonic maps into spheres has been
treated by Schoen & Uhlenbeck, with later refinements especially by Okayasu [115]
and Lin & Wang [95]; some of these results are of direct interest for us and recalled
in Chapter [7}] Also minimizing maps need not to be smooth when dim M > 3.
There would be many topics to be discussed about harmonic maps into spheres
but we shall limit ourselves only to those that are directly relevant to the sequel: some
useful consequences of harmonicity; the classification of harmonic maps S? — 52
and the result of Brezis, Coron & Lieb on the structure of minimizing tangent maps
R3 — S2. Another very significant topic, that of axially symmetric harmonic maps
from the ball By C R? into S%, has been already discussed at end of Section

3.6.1 Useful identities

Let us note some useful identities holding for harmonic maps from S? into the sphere
S™. Let u : S? — S™ be harmonic, think the sphere S” as a submanifold of R*+!
and let (e;)!f be the canonical basis of R"*!. We can then write u = S7" ! uze;.
Note that, by Hélein’s theorem, each component u; is a smooth function real-valued
function on the sphere. Thus, we can use the harmonic map equation pointwise.
Take the scalar product of the harmonic map equation with e; and then integrate

both members on S2. By the divergence theorem we have

/52 u; |Vul* dvolgs = 0. (3.6.2)

By a similar device, other identities can be derived for any integer power p of u;. In
particular, for p = 2,

[ 19l avolgs = [Vl dvole. (3.63)
S2 52

Of course, the above identities hold also for tangent maps w : R? — S™, because
of harmonicity and degree-zero homogeneity.

3.6.2 Classification of harmonic maps 5% — 52

Harmonic maps from S? into S? can be classified by their topological degree as a
consequence of a result of Hopf (see [88, § 8]). The classification, due to Lemaire [88],
exploits the standard identification of the sphere S? with the extended complex plane
C U {oo}. More specifically, Lemaire first shows that any harmonic map between
a Riemannian suface of genus 0 and a Riemannian surface must holomorphic or
antiholomorphic [88, Corollaire 2.9]. Next, let f : S? — S? be harmonic; without
loss of generality, we can suppose f holomorphic. When the target is the sphere, one
can view f as a meromorphic function and it is well-known that such functions are
rational. Thus, denoting 7 : $2 — C the stereographic projection and g = mo fon ™!,
one can write

Yoo ai?’
> =0 bz’

The degree d of f is thus the maximum between r and s. There are harmonic maps
of any degree and their energy is

g = ai,bjEC.
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B(f) = 4 |d].
In particular, harmonic maps of degree 1 are of the form

,__az+b

mofom = cz+d’
with a,b,c,d € C. As observed in [21, p. 678], up to fixed rotations of the domain
and of the target, one can assume ¢ = 0,d = 1,a = b, with v > 0, thus reducing to

roform t=b(z+7), b#O.

In Chapter [6] we will go into further details because we will need to classify the
Sl-equivariant harmonic maps S? — S2.

3.6.3 Minimizing harmonic maps from R? into S? and the Brezis-
Coron-Lieb theorem

In the fundamental paper [21], Brezis, Coron & Lieb addressed two relevant problems
concerning harmonic maps from a domain  in R? into S?: (a) determining the
minimum energy when the location and the topological degree of the singularities
are prescribed, and (b) assigned a boundary condition g on 9f2, determining in what
cases g(x/|z|), i.e., the homogeneous degree zero extension of the boundary datum,
minimizes the energy. This last problem has, evidently, a direct application in the
study of tangent maps and hence on the regularity theory for harmonic maps into S2.

For our purposes, the main result of [21] can be cast in following form found in
[30].

Theorem 3.16 (Brezis, Coron & Lieb). The map u : By — S? is a minimizing
tangent map if there exists R € SO(3) such that u(r) = £Rx/ |z|.

In particular, ﬁ is minimizing in its own class. The proof relies on the classification
in the previous subsection and on some ingredients introduced in [21]. The first is
the center-of-mass condition (see also Chapter @, that is, any weakly stationary

harmonic map u : By — S? must satisfy

/ z; |Vul? dvolge =0, i=1,2,3.
52

The second ingredient is the fact that for any tangent map with degree |d| > 2
the energy may be decresead by splitting the singularity {0} into |d| distinct points
(by means of the so-called dipole construction, also introduced in |21]). The final
step is showing that ﬁ is minimizing, a fact proven in [21, Theorem 7.3] and later

generalized, with a much quicker argument, by Lin [93].
Remark 3.6.1. The dipole construction has also another important application in
the construction of Riviere’s pathological examples [123, [124] of weakly harmonic

maps discontinuous everywhere. It is worth highlighting that the map constructed by
Riviere in [123] is axially symmetric.
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Chapter 4

Landau-de (GGennes theory with
norm-constraint and without
symmetry

Synopsis. In this Chapter we prove existence and full regularity of minimizers of
the LdG energy in the class Ag, defined in (1.1.14), with @, given in (1.1.13).
Existence is a straightforward consequence of the direct method of the Calculus of
Variations, regularity requires more work and it is subdived into interior regularity and
boundary regularity. The main difficulty here is that the Euler-Lagrange equations
are quasilinear. We follow an approach typical of geometric measure theory:
we first derive a monotonicity formula, Theorem and then we use it to prove
an e-regularity theorem (Theorem and a compactness theorem for blow-ups in
the strong topology of VVli)C2 (R3,Sp) (Theorem . Blowing-up around putative
singularities gives tangent maps which are locally minimizing harmonic maps from R3
to S*. The Liouville theorem of Schoen& Uhlenbeck [132, Corollary 2.8] implies that
all minimizing tangent maps (MTM) are constant in this case, so that, by e-regularity
theorem, we have Holder continuity around each interior point. Higher regularity
follows by bootstrap arguments in Section Then we prove boundary regularity.
The approach is analogous to that for the interior regularity, the main steps being
obtaining a boundary monotonicity formula (formula ) and finding a suitable
way of extending the map across the boundary. Once we got these, the proofs of
e-regularity theorem and of compactness theorem are readily adapted. Then the
conclusion is achieved by ruling out all possible nonconstant MTM at boundary
points, exploiting |97, Theorem 2.4.3].

4.1 Existence of minimizers

We prove the existence of minimizers of the LdG energy in the class ((1.1.14]). This
serves also as an occasion for introduce the important map

3 /[ z 1
H(x) = \/7 — R ——=. 4.1.1
@ =3 (e m3) 1y
Note that H is S*-valued and that it is the homogeneous degree-zero extension to By

of the boundary datum @ in (1.1.13]).
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Proposition 4.1. Let E(+; By) be the LdG energy, defined as in (1.1.3)) and considered
over the class Ag,, where the boundary condition Qy is given in (1.1.13)). Then there
exists at least one minimizer of E(-; B1) in the class Ag,.

Proof. The proof is a simple application of the direct method. We have to prove that
Ag, is nonempty and that E(-; B;) is lower semicontinuous with respect to the weak
topology of Ag,.

To see that Ag, # @, it suffices to note that the map H given in belongs
to AQb.

Next, observe that, since @ is a Dirichlet boundary condition, Ag, is weakly
sequentially closed in W2(By, S%) (see, for example, |69, Section 5.2]), hence it
inherits the weak sequential topology by that of W12(By, $*) and, in turn, by that of
Wt2(By,8p) (since W2(By, S) is strongly and weakly closed in W12(By,Sp) [35]).

Lastly, we see that E(-; By) is bounded below and lower semicontinuous in the
weak topology of W2(By,Sp). Indeed, by writing E(-; B1) = E(VQ, Q, ), we have
that its energy density is convex in V@ and that E(VQ, @, z) is coercive in ). Then
[40, Theorem 8.2] applies and thus E(-; By) is lower semicontinuous with respect to
the weak topology of W12(By,Sp) and, in turn, with respect to the weak topology of

Ag,-
In view of the above considerations, the direct method applies and the conclusion
follows. O

4.2 Euler-Lagrange equations

In this section we find out the Euler-Lagrange equations associated to the LdG energy
functional considered over the class Ag,. As we shall see, they form a system of
quasilinear elliptic equations of the second-order.

Proposition 4.2 (Euler-Lagrange equations). Let E(-; By) the LdG energy functional
defined in over the class Ag, given in with Qp as in and
let Q € Ag, be a critical point of E(-;B1). Then Q is a solution in the sense of
distributions of the following boundary value problem:

{ LAQij + LIVQP Qi = b (Qij Tr(Q%) — QukQuj + %5@') on By (4.2.1)

Qij = (Qb)ij in the trace sense on 0Bj.

Proof. The derivation is standard, the only two points to which pay attention being
the traceless constraint and the norm constraint. For notational convenience, we set
L =1 within this proof.

Let ¢ € C°(B1,8p). Since |Q| =1 a.e., we have |Q + t¢p| # 0 a.e. for sufficiently
small ¢t > 0. To take the tracelessness constraint into account, we add a term A Tr Q)
to the energy density, where A is a Lagrange multiplier to be found. We calculate

d Q10N _ [ o (s 0

% =0 E (M) - /B1 Qz],k <¢U7k oy, (Qz]lefblm))
oF

+ 25— (0ij — QijQum®im) + Adij(¢ij — QijQum®im) dz.
6@1]

Since |Q\2 =1, we have Q;;Q;j = 0 for all k, so that
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19,
Bf%mameQO@mJdx::LJVQFQw@ﬂMa

where we relabeled the dummy indexes. Further, we have

03§ Qi Qim®im = QiiQim®Pim =0

because of the tracelessness constraint. Next, we have

oF
2G5, = (c— a)Qij — bQirQr;j,
hence
oF . _ b0 Ol
@QZ)Z] — [(C - a)QU - szij]@bm
and
15)
i(@ij@lm¢lm) = [(c = a)Qu; — bQu; Tr(Q?)] s,
0Qij

where again we relabeled saturated indexes. Hence we get

tﬂEQgiﬁJ

= / Qij kPijk + [— IVQI* Qi +b (Qij Tr(Q°) — Qikaj) + )‘5@'} pij da.
B

4
dt

Integrating [; Qijx¢ijk dz by parts, we obtain

toEQgiiﬁ

= / [—Qz‘j,kk —|VQI Qi +b (Qij Tr(Q?) — Qikaj) + )\5@1 ¢ij da.

By

q
dt

iri a Q+td \ _
Requiring —0 E (\Q+t¢\) = 0, we have

AQij +VQI* Qi — b (Qij Tr(Q°) — Qikaj) — A =0 (4.2.2)

in the sense of distributions, by the arbitrariness of ¢.
In order to determine A, we multiply both sides of (4.2.2)) by d;j,

AQii + [VQP Qi — b(Qii Tr(Q?) — QirQir) — 3X = bQirQi, — 3X =0
which implies

b
)\—g.

Finally, in the sense of distributions, we have
1
AQy + QP Qs ~ b Qi TH(@) ~ Quuy + 303 ) =0.
hence the conclusion. O
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4.3 Monotonicity formula

In this section we obtain the monotonicity formula for the minimizers of the LdG
energy in the class Ag,. The proof closely follows that of [119, Proposition 4.3]. We
shall also see some useful corollaries.

Theorem 4.3 (Monotonicity formula). Let Q € Wh2(By, S%) be a stationary point for

E(Q; By) defined (1.1.3)) with respect to inner variations (see (4.3.3] ) let xg € By and
suppose that Bg, (mo) C Bg,(x0) C B1. Then Q satisfies the followmg monotonicity

formula:

1
Ra I, w0 “AVQ.Q) - Rl/Bm(xo)e(vQ’Q)

_ I / 1
By (20)\Br, (z0) | — To| | O

/RQdR/ (4.3.1)
BR(L'O ’

where r = (x — x9)/ |z — x0| and — denotes the derivative in the direction of r.

Proof. Pick € > 0. If e is sufﬁciently small, the mappings

T x+eg(x), ¢€CX(B,R?), (4.3.2)
are a one-parameter family of diffeomorphisms of By. Define
V. (x) =z +eo(x)

and set

Qc(z) := (Q o ¥e)(z) = Q(z +e¢(x)). (4.3.3)

The mapping ¢ — E(Q.; By) is C! (see, e.g., [129] or [66, Chapter 1]) so it makes
sense to calculate

d
i E(Q:; By). (4.3.4)

Let’s calculate the expression in (4.3.4)) and then put the variation equal to zero.
Following [119, Lemma 4.2], we first note that, for € > 0 sufficiently small, it holds

DU (z) =1 —edive(x) + O(e)
uniformly on B;. Furthermore, for all f € L! and all g € C*,

it [ o= - [ s owas -3 [ 0 o

(4 3.5)
For . as in ,
90, 0 O(V.)c(x)
o) = 3 g (b)) T
90 96 (4.3.6)
= d 83:(;(\1/6( )) <5cj +€8CC]‘>
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Applying repeatedly equations (4.3.5)), (4.3.6]), we have

d 0Q: 0Q: . 3@ 0Q 3¢c 5@ 0Q
de 0;/ ox; Om; ;/dlvqb( 8:5] 6:@ 22/81‘] axj Ox.

Set,
Yy =+ ep(x);

then Q:(z) = Q(y) and
d

9Q(z) dy,
— = — . 4.3.
|, 0w ; or; de | (4.3.7)
By the chain rule, it follows
81‘k
4.3.8
8yj Z &xk dy; ( )
Clearly
Tk = Yk — E¢k($), (439)
hence
Oxy, Oy,
— =0 —e—(x). 4.3.10

Applying the chain rule and retaining only those terms that injected into (4.3.10)
give a contribution of order at most €,

on s dontns 00 (i, J0) O
0y; — x4 Oy aj 0y; Ox;

hence we have

8.1‘k — 5 58¢k
oy & oxj’
and
;O
kj _ 2R
8yj Z 8mk (6 68xj> ’
and
d
- Z = (¢ VQ)(2). (4.3.11)
€le= 0

Since the integrand in E(Q; B;) satisfies (w1th respect to ) the hypotheses of the
theorem for interchanging the integral sign and derivative, we can differentiate with
respect to € under the integral sign.

By translational invariance of the formula , it suffices to prove it for x¢y = 0.
Imitating [119, Proposition 4.3], we take h € C*°(R) increasing with h(t) = 0 for
t <0and h(t) =1 for t > 1 and we select

¢(z) = h(R — |z])z
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for R > 0 such that Bg C By. Then

div ¢(z) = 3h(R — |z|) — |z| K(R — |z|), (4.3.12)

where the factor 3 is due to the dimension of the domain (in general, for an m-
dimensional domain  C R™, the constant factor would be m). We then have

0. Tl

— = 0¢i — ! 4.3.1
5. =% = (4.3.13)
0Q 9. 9Q,  9Q,,
}cj R b L (4.3.14)

where % stands for the directional derivative in the radial direction =/ |z| and r = |x|.

Put (4.3.12) and (4.3.13)) into (4.3.7) and, in turn, into (4.3.4)), then set the

variation equal to zero:

o_z/BR 3h—uh’>L8Q8Q+2Z/ (6%—”“’”%)53332

||

d
+/ — F(Q:)dx
B, dele=o Q)
(4.3.15)
By (4.3.11)) and the fact that F(Q) is a polynomial in @, it follows
d
4 Q) =6-vF@Q). (4.3.16)
€ le=0
Hence
d
/ — F(Q:)dx = ¢ - VF(Q)dz. (4.3.17)
By dele=0 B

After an integration by parts,

6-VFQ =~ [ dvor@de=—3 [ wF@+ [ lelHPQus,

Bgr R
(4.3.18)
because h is compactly supported in Bp.
We recall that
Q 0Q
2 gy b =lal Z ok (4.3.19)
and we insert (4.3.18]) and (4.3.19) into (4.3.15]), so that we get
0Q 0 , 10
o:/ —h= \VQ|+Z/ \h’QQ —L/ QP
Br 837] 833J
(4.3.20)

3 / h(Q)+ / el HF(Q)
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Letting b — x{¢>0y (i-e., h¢ to the characteristic function of Br and hence ¢ to
measure concentrated on 0BR) gives

[ Lo L oo
o=—[ giversn| Siwer-s[ rQer| e

dBr
2
OBRr

or
Keeping in mind the definition of the energy density e(VQ, @), we rewrite (4.3.21))
in the following fashion:

(4.3.21)

@2

0:—/BRe(VQ,Q)+R e(VQ,Q)—LR/aBR or

OBr

— 2/ F(Q). (4.3.22)
Br
Recall that, for all integrable functions f and for a.e. R > 0,

mfli 2—m — _ —
R (R /BRf> =(2-m) BRf R aBRf’ (4.3.23)

where m is the dimension of the domain. Divide both members of (4.3.22) by R? and
use (4.3.23)):

d (1 QP
=R (R /BR‘WQ’Q)) L /aBR R |or

Now integrate with respect to R from R; to Re and use

/ (4.3.25)
Br 8BR

which holds for all integrable functions f and almost every R > 0. We then have the

2

), FQ). (4.3.24)

monotonicity formula:

;Q/B (V. Q)—Rl/ (VQ. Q)

Ry
1, [ ] e
Br, \Br, \1’| Br

Since F(Q) > 0, the right hand side is nonnegative. This concludes the proof. [

(4.3.26)

(97’

The following corollaries are straightforward consequences of the monotonicity
formula.

Corollary 4.4. For all Ry < Ry such that B, (x¢) C Bgr, (%) C By,
1 1
[ wve@za [ «vaa (1.3.27)
2 (o) 1 /B, (xo0)
i.e., the rescaled energy ER 4, = % fBR(:co) e(VQ, Q) is nondecreasing for all 0 < R <
diSt(aBl, BR(:L‘())).
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Corollary 4.5. The limit

1
lim — VQ,Q
im /BR(xO) e( )

R>0 R

exists for all xg € By.

4.4 e-regularity theorem

Hoping that any weak solution to the Euler-Lagrange equations is smooth is
too much: indeed, counterexamples to regularity and even to partial regularity are
obtained by factorization to RP? of Riviere’s pathological examples of completely
discontinuous weakly harmonic maps from By into S2. Thus, we have to ask something
more to weak solutions in order to prove their regularity. As in the harmonic map
theory, the crucial additional property is a monotonicity formula.

Remark 4.4.1. As in the case of harmonic maps into spheres |40, |68], Eq. and
the possibility of recasting the Euler-Lagrange equations in the form is all
that we need in our arguments. Thus, we do not need to ask to weak solutions to
be stationary but only to satisfy . This fact will be very important when we
will deal with the symmetric case. Indeed, it is not easy to write down a condition of
stationarity w.r.t. inner variations for S'-equivariant maps while it is not difficult to
derive a monotonicity formula for minimizers in the symmetric class, see Section

The aim of this section is to prove the following theorem.

Theorem 4.6 (s-regularity). Let Q € W2(By, S*) be a weak solution of the Euler-
Lagrange equations (4.2.1)) satisfying (4.3.1) and let xg € By. There exist € > 0 and
B > 0 such that, if Br,(z¢) C B1 and

1 1
Ro J sy (w0) 2
then Q € C’O’ﬁ(m, S4).
Theorem is very similar to [119, Proposition 4.5]. In fact, it is an elaboration
of that result in a slightly different context.

We now come to explaining the strategy of the proof. First of all, we point out a
remark.

Remark 4.4.2. Condition (4.4.1]) readily implies, by the monotonicity formula, that

IVQ? dx <, (4.4.1)

1 1

sup sup / ZVQJ? dz < 2e. (4.4.2)
&€ By (20) 0<r<Ro T J B, (z) 2

In other terms, at sufficiently small scales the scaled energy is locally uniformly

bounded by its limit at any point.

The main idea of the proof, tracing back to [26], is to exploit the integral character-
ization of Holder continuity for functions in L?(Bg, /2(0), R?) given by Campanato.
To this end, we show that @ belongs to BMO(Bg,(z0)) and that there is a quantitive
decay of the BMO norm at smaller and smaller scales. Up to choose Ry sufficiently
small, this implies, via the John-Nirenberg inequality, that ) belongs to the Cam-
panato space L2(Bp, 2(0),R®) for some 7 € (3,5]. Now, Campanato’s theorem
(see, for instance, |53, Theorem 5.5] or [134, Lemma 1.1]) implies that

ﬁz’n(BRo/z(CCO)a RS) = CO"B(BRo/z (z0), RS)a
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9
it more p1"e2(3isely7 the L2-class of () contains a Holder continuous representative.
Remembering that Q is S*-valued, the thesis follows.
We now recall the definition of Campanato and BMO spaces. Let 2 C R™ be a
domain with the following property [53, Section 5.1] : there exists a constant A > 0
such that for all xg € 2, p < diam €2, we have

[By(ao) N Q| > Ap™

with 8 = =3, ie., Q is Holder continuous with exponent 3 in Bpy/2(z0). To say

This property is sometimes called extension property. Every Lipschitz domain enjoys
this property.
Take 1 < p < +o00, zg €  and set Q(xg, p) := QN B,(xp). For each XA > 0, the
Campanato space LP () is defined as the space
p
U — ][ ul < —i—oo} .
Q(zo,p)

[ulp,» is the Campanato (p, A)-seminorm of u. Fixed a pg > 0, [u]} , is equivalent to

sup sup pA/ u—][ U
o€ 0<p<po Q(z0,p) Q(zo,p)

which says that only small radii are relevant in proving that a function belongs to a
Campanato space. This fact will be very useful in the proof.

zo€) p>0

LPNQ) = {u € LP(Q) : [u]} , := sup supp)‘/
7 Q(z0,p)

’ (4.4.3)

Theorem 4.7 (Campanato). Let Q C R™ be a domain with the extension property.
Form<A<m+p anda:)‘me we have

LPNQ) ~ O (Q).
Moreover, the seminorms [-]co.a and [-]ppx are equivalent.

We further recall that, if & C R™ is open and u € Li (), u € BMO(Q) if

lullzmog = sup f lu — up| < +oo,
D D

where up = fD u and the supremum is taken over all balls D C €. It is evident from
the definition that, if A C B, then ||ulgmoa) < |lullemo(s)- Indeed, the sup in the
right hand side is taken over a family of balls which surely includes the family of all
balls contained in A. In other words, the BMO norm is monotonic with respect to
the inclusion of domains.

Remark 4.4.3. There is no universal (i.e., function independent) way to estimate how
much the BMO norm in A is smaller than BMO norm in B, even if one knows how
much A is smaller than B. To estimate the difference without giving explicitly a
function, further information is required. This is why we require the condition of

e-smallness (4.4.2)), as we shall see.

The following result is of capital importance to our strategy.

Theorem 4.8 (John-Nirenberg inequality). Let w € BMO(2). For each p € (1,00),
there exists Cp, > 0 (depending only on p and m) such that

1/p
ullBmoa) < Sup (]é lu — UD\p> < Gyllullsmo(a) < 400, (4.4.4)

with the sup taken over all balls D C Q.
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John-Nirenberg inequality is exploited to link between BMO and Campanato
spaces when a quantitative decay of the BMO norm happens. Note that John-
Nirenberg inequality implies that, if © € BMO(), then

A

for each m-ball D (whose radius is Rp) contained in €2, where C’p,m > 0 is a constant
which accounts for the p-th John-Nirenberg constant and for the volume factor.

We shall make use of the following lemmas. The first one will allow to control the
decay of the BMO-norm with a power of the scale, that is the property needed in the
definition of Campanato spaces.

p ~
< CP R (4.4.5)

Lemma 4.1. Let R > 0 be fized and let ¢ : (0, R] — R be monotonically increasing.
Suppose there exists o € (0,1), v > log, (%) and a constant Cy; > 0 such that

p(t) + Crit? (4.4.6)

| =

p(ot) <

for all t € (0, R] and that there exists Cy > 0 a (finite) constant such that

¢(R) < Cy. (4.4.7)
Then P\
p(t) <C (R> : (4.4.8)

where a = log,, (%) and C = Cy +2C1RY.

Proof. Since (4.4.6)) holds for each t € (0, R], picking ¢’ = a’éflt, k > 1 an integer, we
get

p(o™t) <

(" 1t) + Oy (oj“_l)vt”.

N |

Again, (4.4.6) implies

oo™ 1) < Zp(a"2t) + Oy (P )T

N —

Repeating (k — 1)-times, we find

: i e
o(o*) < () o(t) + Cit7 Y oV k1m)oTd (4.4.9)
j=0
Since o < 1, each term in the sum is smaller than the corresponding term in the
1

— J . . . .
geometric sum Z?:(} (5) which in turn is obviously smaller than the sum of the

corresponding series. Hence we have

(™) < (;)k ©(t) + 20117, (4.4.10)

Now, choose k > 1 an integer such that t € [0*R, "1 R). By the monotonicity

of ¢ in (0, R], (4.4.10) and (4.4.7)), it follows

o)< pom) < (M) o< (1)
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k
Set a = log, (%) Then (%) = 0k, Since t > o*R, we have
«
ok < (;) .

o(t) < Cy (;) + 20,87,

Hence,

Since v > « and t/R < 1, we have

t7 = RY <t>’Y < RY <t>a
R) — R

from which (4.4.8) follows. O

Ino
is an increasing function with o.

The second lemma is a standard a priori estimate for the gradient of a solution
of certain elliptic systems.

In(i C . . o .
Note that log, (%) = n(3) from which it is easily seen that « is positive and it

Lemma 4.2. Let m > 3, By C R™ an open ball of radius R>0. Let q € (%,2)

qm

and let s = e Then there exists C' > 0, depending only on q, such that, if

A€ L*(Bg,R"), g€ L*(Bg) and u € Wol’Z(BR) is a weak solution to

Au=divA+yg, (4.4.11)
then

19l zaagy < € (1Allaeg + lallzeg) - (14.12)
Proof. Calculations in [53, §7.1.2] may be readily adapted to yield the claim. O
We now prove Theorem

Proof of the e-regularity theorem. To begin with, note that, if @) satisfies (4.4.2)), then
Q@ € BMO(Bg,(0)) and [[Ql[BmO(B, (x0)) < C'y/e. Indeed, by Cauchy-Schwarz and

Poincaré inequalities,
? 1
<C sup f!Wﬁ<Cﬁ:
DrCBgry \| " JD,

T < s -
||Q ”BMO(BRO( 0)) ; up . \J ][,. Q ][T Q
(4-4-13)

The goal is now to obtain a quantitative decay for ||Q||gnio(py, for all balls D contained
in Bp,/2(70), so that we can exploit the John-Nirenberg inequality to conclude that
Q@ belongs to a Campanato space isomorphic to a Holder space.

Let o € (0,1/8] be fixed but to be specified later. For each & € Bp/, and for
each t € (0,Ry/2], let Dy = D(2) C Bpr, be an open ball of radius ¢. For each
Z € Dot = Dyy(2), let 7 € (0,t) be such that By (Z) C Dyt Then B, (Z) C Dy C Bg,
and, for 7 € (r/2,r), the bound

1/ IVQ* dz < Ce (4.4.14)
T JB# (%)
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still holds.

Within the range of this demonstration, it is often useful to explicitly consider
that each element of W12(By,S%) is, in particular, an element of W12(By,Sy) ~
Wh2(By,R%). Let Ty € Sp be a constant matrix. We show that there exists 7 € (r/2,7)
such that

8
/ |Q —To| < / 1Q —Tol. (4.4.15)
8Bf(53) r Bf(f?)

More precisely, we show that (4.4.15)) holds in (r/2,7) up to a set ¥ of measure at
most /8. Remember that for all g € L! the identity

r/2 880(:50) B7-(xo)\B7./2($O)

holds. Now suppose, for the sake of a contradiction, that it holds

8
/ |Q—T0|>~/ |Q — To|
0B (Z) T JBi(z)

on a set ¥ C (r/2,r) of measure bigger than r/8. Using the previous identity, we get

/ IQ—To!Z// |Q—Todr+/ / Q-1
Br(z)\B, /2(Z) ' JOB(Z) 1\X' JOB5(Z)

where we set I := (r/2,r). The last addendum at second member is surely nonnegative,
while the first is, by hypothesis, greater than |%/| 871 fBr(EUO)\Br/Q(J?O) |@Q — Tp|. Hence
|X'| > r/8 leads to a contradiction.
After having verified the existence of 7 as above, pick one of them and set 7 = 7.
We are going to obtain the BMO norm decay by an iterative procedure, whose
starting point is Lemma 4.2l However, to apply the lemma, we have to cast the

system in the form
Au=divA+g,

for u € I/VO1 2(Br,R5). Let’s start by rewriting the Euler-Lagrange equations (£.2.1)
in the form

AQij = —|VQI* Qij + fij,
with

fij = —%b Qij Tr(Q) — QurQuj + %&j : (4.4.16)

Clearly, f € L>(Bj,R%) and, since B; is bounded, we have f € L? for all p > 1.
We now claim that there exists a harmonic extension h of Q|sp, in Br. More
precisely, h € W12(B,R%), h = Q|sp, on OB and h € C* in the interior.
Indeed, since Q € WH2(By,R?), asking h = Q|sp. on 0By, we have h — Q €
I/VO1 2(By,R?) and it is well known [55, Theorem 8.9] that a solution of the Dirichlet
problem

Ah=0 in BF,
h = Q|8B77 on 63777
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exists, it is unique and it enjoys the desired properties (C*°-regularity in the interior
follows by Weyl’s lemma, see, for instance, [134, Section 1.5]).

Because of the harmonicity of h, Q@ — h € Wol 2 (Br,R) is still a weak solution to
the system

AQ—h)=—|VQIQ+f.

To cast the system in the appropriate form for the application of Lemma [£.2] we
use a trick by Hélein, that allows to rewrite the nonlinearity in a more convenient
fashion. Since @ is S*-valued, ]Q\Q = Q;;Qi; = 1, that implies

SV(IQ1) = QuY(@Qu) =0,

hence

QuV(Qij) - V(Qr) = 0.

On the other hand, |VQ?| Q;; = (V(Qx) - V(Qr))Qij. Subtracting this equation to
the previous one,

IVQI* Qi; = (V(Qr)Qij — V(Qi))Qut) - V(Qw)-
Define

Al = = (V(Qr)Qij — V(Qij) Q1)
and write
—|VQP Qij = ALl - V(Qp).

Remark 4.4.4. In these calculations, the indexes %, j are fixed, while the indexes k, [
are summed. For 4, j fixed, Ai-“]l is a vector field.

We now try to get a divergence in the second member (the raising of other terms
without derivatives is allowedEI). We note that, in the sense of distributions,

div(Af}Qr) = div(Af))Qu + A} - V(Qp).-

Let’s calculate div(A}!). Let ¢ € C°(By).

Remark 4.4.5. According to Remark |4.4.4 diV(AZl ) is a scalar field and hence has to
be tested against a scalar field.

Thus,

. div(AZg)gpdx = —/B Ag -Vepdz

[ (VQuQy - V(@) - Vo da.

T

Observe that

Qij Vi = V(Qijp) — (V(Qij))e, (4.4.17)
QuVe = V(Qry) — (V(Qu))e- (4.4.18)

'Even terms growing as |VQ)| are acceptable, see the proof of [119, Proposition 4.5].
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hence

— Al Vo =V(Qr) - [V(Qip) — eV (Qij)] — V(Qis) - [V(Qrip) — oV (Qra)]
= V(Qu) - V(Qijp) — V(Qij) - V(Qrip)-

Using the Euler-Lagrange equations,

/ V(Qu) - V(Qijp) — V(Qij) - V(Qrip) dz

= /(Ale)Qm@d$+/ (AQij)Qrip dx
Bs

3

= /B_ (’VQ|2 QruQij + flez’j) odx — /B_ (]VQ|2 Qi Qu + fiijl) oda
_/B(flez‘j — fijQr1)p da.

Hence, in the sense of distributions,

diV(A?f) = fijQu — [uQij-
Substituting back,

AV (Qu) = div(AQu) + (fuQij — fijQr)Qu
= dlv(Ak le) fij + fleleij

Note that, if Ty € Sy is a constant matrix, then

div(A(Qu — (To)r)) = div(Af)(Qu — (To)k) + A - V(Q),

so that we have

AQ =div(A- (Q —Tp)) +g. (4.4.19)

Before going on, we remark that for Vh the following estimate holds:

|[Vh(z)]P < C’F”][ |Q — Tol”, (4.4.20)
Br(Z)

with Ty € Sp the aforementioned constant matrix. Indeed, h is a harmonic function,

so h — T is harmonic as well and hence, thanks to the mean property of harmonic

functions, we have

sup 7|Vh| < C'][ |h — Tp
By l‘)
for each 6 € (0,1). Since h and ) agree on the boundary of By(Z), h—Tp and Q — Tj

also agree on 0By(x). Thus, by estimate (4.4.15) and by Jensen inequality, (4.4.20))
follows.

Before we can apply Lemma we have to prove the estimates on the norms of
A - (Q —Tp) and g required in its statement. We prove that

72



4.4. e-REGULARITY THEOREM

1A (Q = To)llaBrzy < OVEVFIQ —To|l 20 (4.4.21)
L2=4(By(z))

and that

_3
19l s (B, ) < CTs. (4.4.22)
The second one is straightforward, since g € L>(Br, R%). For the first one, observe

that |A(z)| < C'|VQ(z)| for each x € Bj. Hence, by Holder inequality with conjugate

exponents % and 2—30 by (4.4.2)), (4.4.21)) follows.
Estimates (4.4.21]) and (4.4.22)) contribute to give the following:

2—q

q 2
][ IV(Q - h)|? < €921 (7[ Q- T0|22—q> +CFIF%, (4.4.23)
Bf(i) r(_

Br ()

Indeed, thanks to (4.4.21)) and (4.4.22)), we can apply Lemma that gives (4.4.23)),
once one has gathered a factor ¥ to have the volume mean.
Now, let

3¢
pzq*=ﬂ>q

and let
p=or<r<<r.

We now prove the central estimate

1/p
(]{3 @) @ - h(£)|p> < (7P 1 0)||QllBMo Dy + Co™ PR, (4.4.24)

Since p < 7, clearly

C C
Foae-n@rs [ oge-npra S [ pen@p. (1a2s)
Bor(Z) P” JBr(Z) P° JByr(Z)

By the mean value theorem, for all y € By, (%),

h(y) = h(z)] < [VA| |y — 2],

where ¢ is the unknown point of Lagrange on the segment [y, Z] joining y and Z; since
its length is surely at most diam B,,(Z), being o < 1/8, we have

S h-n@P<cp s [VHP.
P” J Bor (%) Bia(@)

Recalling (4.4.20]), we estimate the second term in (4.4.25)) as follows:
C:;/ |h — h(z)|P < C’ap][ |Q — Tol” . (4.4.26)
P” J B, () Br(%)

We now deal with the first term in (4.4.25)). Since Q@ — h € W&’Q(B;,]R5) and p = ¢*,
Sobolev-Gagliardo-Nirenberg inequality gives
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C C p/q
> _pr< = AL
S/M\Q rgpg(/&(x)rwcz >|>

p (
#3p/q p/q
(@ nr)
B;(i)

PE
P
(r"’sp/Q (7[ ( )|Q—TO|2’2fcz> +Crp) :
Br(x

< gf3p/q
PE

the last inequality follows by (4.4.23). Being 0 = £ and # < r, we have ol > %.
Write

73p/a—p — 353p/q—p—3 L FOFC

,,:3p/q+p _ 7;3f3p/q+p—3 . B5b

By the definition of p, we see that ¢ = 0 and b = 2p, thus
2 \PT
|Q — T[> +72P . (4.4.27)

(’;/ Q= h|P < Co™® | ¥/ <][
P° JBr(z) Br(z)

By (4.4.27)), (4.4.26) and the definition of o, we have

2—q

P

+ f2p>

][ Q= h(@)P < Co? | &2 (7[ Q- Torqu>
Bor (T) Br(Z)
+ Cap][ Q —ToP?, (4.4.28)
Br(z)

SO
1/p 22;11 1/p
2 q
Fo1Q-n@r)  <co (e (f Q- T0|2‘qq> 7
ng«(i) Br,?(.f)

1/p
+Co (][ Q- T0|p> . (4.4.29)
B;(CE)

Fix Ty = Jfo(aE) Q. Noting that 7 < r, so that Bz(z) C B,(z) C D;, John-Nirenberg

inequality gives

1/p
(]{3 - |Q — h(z) ’p> <C ((7_3/p61/2 + a) QllBMmo(n,) + Co™3t?  (4.4.30)

Since constant matrices coincide with their means, we can bring them in and out the
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means when convenient. Then Hélder inequality and (4.4.30) imply

1/2
_ — h(z)?
]iw(z) @ ]éw(x)Q = (ém(r) @ ) )
1/p
< Q— h(z p)
<]€3w(x) | @

<C (0*3/%1/2 + a) 1QlByo(py) + Co %P,

Since T was arbitrary among points in D, such that the ball with radius or and
center x was contained D,;, we can take the supremum over the balls B, C Dy, so
that

|QllBmo(D,,) < C (0_3/p51/2 + U) 1QllBMo(D,) + Co3/P2, (4.4.31)

Now, choose o € (0,1/8] and & > 0 so small that C(c=3/Pe/? + 5) < 1. Hence,
for some sufficiently large constant C'(q,o,e) > 0 (independent of @, & and ¢) and
each t € (0, Ry/2], we have

1
1QllBMo(Dy,) < §HQHBMO(D1) +C(g,0,¢)t%. (4.4.32)

Set a = log, (%) and note that, for o € (0,1/8], we have a € (0,1/3]. Hence,
in virtue of the monotonicity of the BMO-norm and (4.4.13]), by Lemma with
o(t) = || QllBmo(p,), B = Ro/2 and v = 2 and by (4.4.32), it follows

a_—«o 2 3 ¢ t @
|QllBMo(Dy) < (2 o %/l + 2R0) (Ro) =" (Ro) (4.4.33)

where C’ denotes the constant appearing in (4.4.13)).
Now, by definition of BMO norm and the John-Nirenberg inequality, it follows

]it(;%) 0= ]{Dt(f) ©

with Cy the John-Nirenberg constant for p = 2. By (4.4.33)),

][ 2 - t 204
Dy(#) Dy (%) Ry

where C is constant accounting for the John-Nirenberg constant and for the square
of C". Set

2

< Co||QlBno(py ()

8= 2a.
According to (4.4.5), we have

/I)t(az) @ ]i)t(az) Q|2 =¢C (}go)mg‘ (4.4.34)

Since # was arbitrary in Bpg,/a(z0), (4.4.34) says exactly that Q belongs to the
Campanato space £2°13(B Ro/2(0), R?). From Campanato’s theorem, we have @ €
00’5(330/2(930), R?). Since Q is S*-valued, the thesis follows. O

75



CHAPTER 4. LANDAU-DE GENNES THEORY WITH NORM-CONSTRAINT AND WITHOUT
SYMMETRY

Remark 4.4.6. Theorem is qualitatively different from the analogous theorem
for harmonic maps by Schoen & Uhlenbeck. Indeed, Schoen & Uhlenbeck theorem
[130, 1134] apply to minimizing harmonic maps, while here we ask only stationarity.
Moreover, Schoen-Uhlenbeck theorem provides also an estimate for the gradient
in terms of the rescaled energy. However, in low dimensions, precisely at most 3,
continuity allows to get L-integrability of the gradient (cfr. Proposition 4.9) that is
the threshold at which it is possible bootstrapping as in proof of Theorem

4.5 Higher regularity

For higher regularity we use a bootstrap argument, as in [119, Proposition 5.2]. In
order to start the iteration, it is however necessary to show that if @ is a weak
solutions of the Euler-Lagrange equations and it is continuous, then it is actually a
strong solution. More precisely, we prove the following.

Proposition 4.9. Let Q € W12(By, S*) be a weak solutions of the Euler-Lagrange
equations (#.2.1). If Q € C(By, S*), then Q € WH4(By, S*) N W22(By, S%).

Proof. We follow the proof of [119, Proposition 1]. Rewrite the Euler-Lagrange
equations in the form

AQ =F(f(Q(2)),Q,VQ) = F(2,Q,VQ), (4.5.1)

where F : (Sp)3 x Sy x (Sp)® — Sp is a real-analytic map (indeed, it is polynomial
in its arguments). Since f(Q(+)) (defined in ([4.4.16))) is smooth and Q is S*-valued,
F (z,s,p) satisfies (by construction) on the image of @ the structure hypothesis

| F (2,5,p)| + |VsF (2,5,p)| < co(1 + |p[?), (4.5.2)
IV (2,5,p)| + |VpF (z,5,p)] < a1+ |p]), (4.5.3)

on By x S* x (Sp)3. Using now [80, Lemma 8.5.1] and [80, Lemma 8.5.3], each
continuous solution of (4.5.1)) is locally W% N W22 and the conclusion follows by
taking a finite covering of Bj. O

Theorem 4.10 (Higher regularity). Let Q € WH2(By, S) be a weak solution of the
Euler-Lagrange equations (#.2.1). If Q € C°(By, S*), then Q is real-analytic.

Proof. By Proposition Q € Wh4(By, S*) N W22(By, S*). By Sobolev embedding
theorem, VQ € L5 and by it follows .7 (z,Q,VQ) € L3. Linear elliptic
regularity for ({.5.1) gives Q@ € W23 and in turn VQ € LP for all p < oo again by
Sobolev embedding. Now, if VQ € L? for all p < oo, then the same is true (because of
[@.5.2))) also for .Z(x,Q,VQ) and the linear elliptic regularity for Q gives @ € W?2P
for all p < co. By Sobolev-Morrey embedding, it then follows Q@ € C%* for all
a € (0,1). Going back to Euler-Lagrange equations, a bootstrap argument in the
Holder spaces CH%, [ > 1 leads us to the chain of implications

QeC™ = AQeC ' — el

so that Q € C*°(By, S%). Since f(-) is smooth, the results in [110, Chapter VI] imply
that each smooth solution of the Euler-Lagrange equations is in fact real-analytic. [
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4.6 The compactness theorem

Let Q € Ag, be a minimizer of the LdG energy in the class Ag,. Let ¢ € By and
denote

Ry = max {r > 0: B.(z9) C Bl} . (4.6.1)

Clearly, 0 < Rg < 1. Pick R > 0. We set

Qr(z) == Q(zo + Rx) (4.6.2)

for all z € R? such that the right hand side makes sense. As R varies in (0, Ro], we
get a family of maps {Qr}r. We call each map as in a scaled map or a blow-up
of Q) with center xy. We note few facts.
First, note that, for R fixed, Qp is well-defined on each ball B,r, with p € (0,1].
R

Second, the balls Bﬁ become bigger and bigger as R decreases.
We now prove that {Q}r is locally equibounded in VVI(I)C2 (R3, 5%).

Lemma 4.3. Let Q € Ag, be a minimizer of the LdG energy (1.1.3)). Pick o >0
and, for R < Ro/o, define scaled maps Qr as in (4.6.2)). Then

limsup/ IVQg|? dr < +oo (4.6.3)
R—0 -

for each o > 0. In other words, the family {Qr}r is locally equibounded in
Wie (R3, 54).

Proof. Let o > 0 be arbitrary. For all R < Ry/o, by the monotonicity formula (4.3.1)
we have

1 1
U/ VQr|? do < 0/ VQuI? + 2R2F(Qp) da
2 1 9
< — —|VQ|"+ F(Q)dx
oR Bsr(0) 2‘ | @
2
S 7E(Q7BR0(:CO))7

Ry

hence

lim sup/ IVQr|? dz < +o0
R—0 -
for each o > 0.
By the very definition of Qr, we clearly have that {Q}r is locally equibounded
in L2 (R3,5%). Since each compact set in R3 can be enclosed in a sufficiently large

loc
ball centered at the origin, the second claim follows. O

Remark 4.6.1. We observe that, in particular, each QQr is well-defined on Bp,. This
means that, up to a fixed translation and a fixed dilation, we can assume zg = 0 and

Ry = 1.
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For the sake of a lighter notation, from now on we take Remark
into account.
Following e.g. [130, 39, 60, |98], we next define scaled energy functionals. Set

Eg (Q; B%) - /B % ‘v@f + R*F(Q) d. (4.6.4)
1
R
Eg ( B%) is well defined for Q € W2 (B%,So). Note that

Er (Qni B1) = 1B(Q: Br),

so that Fr (Qg; B1) increases as R 1 by the monotonicity formula (4.3.1)).
We now prove a lemma analogous to [119, Lemma 4.6].

Lemma 4.4. Let Q € Ag, be a minimizer of the LdG energy in Ag,. Let R, Qr,
ER as above. Let p € (0,1) and let {vg}r C WLH2(By,S%) be a family of mappings
such that vg = Qr on 0B,. Then

liminf/ IVQr|? dz < liminf/ \Vug|? de. (4.6.5)
R—0 Bp R—0 Bp

Proof. Define 9g(z) = vg(R™'z) so that o5 € Wh?(B,g, S*). Since g = Q on dB,r
we can extend Or as @ on the whole By \ B,r. We have

E(vr; B1) — E(Q; B1) = E(Vr; Byr) — E(Q; Byr)
[ Vs ronde— [ Livor
_/BpRQ \Vog|* + F(ig) dz /BpR2 IVQ|* + F(Q) dz

>0,

because @) minimizes F(-; B1) in Ag,.
Since F' € L, it follows

/B PO /B F@s

for some constant C' > 0. Scaling back gives

1 1
/ o dac+(’)(R)§/ L\ Sug|? da,
B, 2 B, 2

so we can pass to the limit inferior on both sides as R — 0 and then we get (4.6.5). O

Before stating the compactness theorem, we recall the Luckhaus’ lemma [98] |134]
whose statement below is directly written for our specific context.

Lemma 4.5 (LUCKHAUS). Let u,v € WH2(S2,8%). Then, for each A € (0,1) there
is w € WH2(8% x (1 — \,1),Sp) such that wlg2y g1} = U, W[g2x1-x =,

/ V|’ gC/\/ (IVrul + [VroP) +C’)\‘1/ -’ (46.6)
S2x(1=X\,1) 52 52

and
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dist?(w(z), §%) < CA72 (/S (IVrul” + |vTu|2)>é (/S Ju — v|2>§

+ C)\_?’/ lu — v|?
S2

for a.e. ¥ € S% x (1—\,1). Here Vr is the gradient on S2.

(4.6.7)

The proof can be found, along with some useful corollaries, for instance in [134,
Chapter 2].

Theorem 4.11 (Compactness theorem in the nonsymmetric case). Let Q € Ag, be
a minimizer of E(-, By) in the class Ag,. Let R € (0,1] and let Qg be as in
(with Remark understood). Then there is Qo € W;)’CQ(]RS, S*) and there is a
sequence (QR]-)RJ-; R; — 0 as j — oo, which converges to Qo in the strong topology
of Wl{)’f(RS,S@) as j — oo. In addition, Qo is a locally minimizing harmonic map
and it is degree-zero homogeneous.

Proof. We essentially follow the proof of [119, Proposition 4.4] (which in turn retraces
that by Lin and Wang [97, Lemma 2.2.13]) up to minor modifications.

By Lemma {Qr}r is locally equibounded in VV&’?(R?’, S%) and so it is each
sequence (Qr;)r,, with R; — 0 as j — oo, extracted from it. By the Rellich-

Kondrachov theorem there exists Qg € VVli)2

: (R3,Sp) so that, up to subsequences,
we have Qr;, — Qo (weakly) as j — oo in Wl})f(R?’,So) and Qg; — Qo strongly in
L} (R3,S5%). Thus, in particular, Qo(z) € S* a.e., i.e., Qo € VV&;S(]RS, S4). By the
monotonicity formula and the equiboundedness of the potential (so that it
disappears in the limit R — 0), it easily follows (mimicking, for instance, [130, Lemma
2.6] or the reasoning in [134, Section 3.2]) that Qg is degree-zero homogeneous. Thus,
it is enough to show strong convergence and minimality in some ball B, C B to get
the same properties on any B, C R3 for any p > 0, by the scale invariance of Qg and
the existence of the full limit of 5, IVQ|* dz as R — 0.

Let § € (0,1) be a fixed number and let w € W12(By, S*) be such that w = Qo
a.e. on B; \ B;_;. By Fatou’s lemma and Fubini’s theorem, there exists p € (1 —4,1)
such that

2
lim [ |Qr, — Qo dH* =0,
aB,

Jj—00

f, (o

Applying Lemma [4.5] to
)\:)\Rj <67 u:QRj(p')’ U:@(p) EQU(:O)7

for a decreasing sequence of numbers Ag, — 0, we conclude that there exists a
sequence wg; € W12(B,,Sp) such that if we choose e.g.

) 1/6
ARJ:(/ Qr, - Q| dH2> <3,
dB,
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then we have

o (—2— ). |z < p(1— AR,

wr,(r) = w(l_ARj) 2l < ol 7;) (4.6.8)
QRj ($)7 ’$| =
2 j—)OO
/ )va ’ <C | AR, (‘VTQRJ + [V Qo >+)\R / ‘QR] Qo) ] 0.
Bo\By1 AR,) 0B,
(4.6.9)
dist(wg;, sS4 2% uniformly on B, \ B,1_),, )- (4.6.10)
J

Define comparison maps (vg,)r, C W'?(B,, 5*)

(5 ), lel < pll=Ag)
U(wr,; (2)),  p(1=Ar;) < |2[ < p,

UR; ((L‘) =

where I : O — S is the nearest point projection (O a sufficiently narrow neighbor-
hood of S* so that II is well-defined and smooth as needed). Then, by Lemma

and (510,

/VQoanminf/
B, J—=o JB,

2
< lim inf ‘Vij

j—o00
= lim Vw '
Jj—o0 /B (1 — )\Rj >

2
2
+ / ‘V(H o ij)
Bp\Bp(kARj)

p(lfkRj)

2
< lim (1—AR],)/ |Vw|2+CLip(H)2/ [V,
J]—00 i Bp BP\B/’(l_)\Rj)
:/ \Vw|® .
By
(4.6.11)

Since w is arbitrary, inequality (4.6.11)) implies both minimality of )y and strong
convergence Qr; — Qo in WL2(B,,S%) as j — oo. O

An easy consequence of Theorem is the (joint) upper semicontinuity of the
density of Q9. Together with Theorem this readily implies that the singular
set of a minimizer @@ € Ag, of the LdG energy in the class Ag, is a finite set
of isolated points. We shall give explicit proofs for the analogous results in the
equaviarant case. In fact, the proofs are exactly the same in the two cases, up to
typographical modifications which make the equivariant case a little more delicate

(compare Corollaries 5.16]).
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4.7 Liouville theorem and global interior regularity

In the nonsymmetric case, the Liouville theorem of Schoen-Uhlenbeck [132, Corollary
2.8] applies, hence we have that minimizing tangent maps are constant and from this
global regularity for minimizers of the LdG energy follows.

To summarize, we state

Theorem 4.12 (Global interior regularity of nonsymmetric minimizers). Let QQ €
Ag, be a minimizer for the LdG energy (1.1.3) within the class Aq,, defined in

(1.1.14), with Qp as in (1.1.13)). Then Q is real-analytic in the interior of By; i.e.,
Q € C¥(By,5%).

Proof. By the e-regularity theorem, Theorem Q@ is (Holder-)continuous in a
neighboorhood of each point at which there is no concentration of energy. By the
monotonicity formula, the singular set of () coincides with its concentration set, hence
a point where ) is not singular is in fact a regular point. Moreover, the singular
set is a closed subset of B; of Hausdorff dimension strictly less than one (see, for
instance, [53, Proposition 9.21]). To decide whether a point xy € B; is singular or
not, blow-up ) around it. The compactness theorem, Theorem implies that,
whatever xg, blown-up maps around it converges in the strong WI})’C (R3, S*)-topology

to a minimizing tangent map Qo € I/Vli2

“(R3,5%). Qo is a homogeneous-degree zero
harmonic map from R? into S%, so it is smooth on R?\ {0} by the Hélein’s theorem
[68], in fact constant by the Liouville theorem of Schoen& Uhlenbeck [132, Corollary
2.8]. Then @ is Holder continuous in a neighborhood of zg. Since zg is arbitrary,
Qo is Holder continuous everywhere. Hence (g is a strong solution of the Euler-
Lagrange equations , so that it fits hypotheses of the higher-regularity theorems,

Proposition [4.9) and Theorem Thus we have the conclusion. O

Note that the Liouville theorem of Schoen&Uhlenbeck does not hold in the
symmetric case. Its lack is the main difficulty in the study of the S'-equivariant
problem.

4.8 Boundary regularity

We now extend the regularity results up to the boundary. More precisely, we prove
that there exists a full neighboorhood of the boundary S? of By on which @ is Holder
continuous (hence smooth as the datum and the boundary allow by higher-regularity
theorems). The argument is similar to that for interior regularity. Hence, following
[131] and [97, Section 2.4], we need a boundary monotonicity formula, a boundary
e-regularity theorem, a boundary compactness theorem and we have to prove the
nonexistence of nonconstant minimizing tangent maps at any boundary point.
Actually, the main step towards boundary regularity is the boundary monotonicity
formula. Indeed, once we got this, we can use it to prove the boundary versions of
e-regularity theorem and of the compactness of blow-ups with a small modification
of the argument that we shall indicate afterwards. Moreover, the last step can be
accomplished by [97, Theorem 2.4.3] (which we state below for our specific case).

Theorem 4.13 (|97, Theorem 2.4.3]). Any minimizing harmonic map uy € W?(Bj, S%)
that is homogeneous of degree zero and that is constant on By N {x, = 0} must be
constant.
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Before stating the result, we introduce a bit of notation. Let zy € 0By = S%. We
denote

Q. =B N Br(x()) (4.8.1)

and we let n be the outward unit normal to 0€2,. The area element on 02, is denoted
do. Throughout this section, we set L = 1 for ease.
We now state the result.

Theorem 4.14 (Boundary monotonicity formula). Let Q € Ag, be a minimizer of
the LdG energy in the class Ag,, where Qy is given in (1.1.13) and let xq € 0B;.
Define

1 1
£ = / Lvop + Q) do. (4.8.2)
T Qr 2
Then there exist Ry > 0 and a constant C = C(a,b,c,Qp, Ro), C > 0, so that
dé&,
. > —C(a,b,c,Qp, Ro), Y0 <7< Ry. (4.8.3)

Proof. The main idea is to follow the proof of [106, Lemma 9]. The only problem
with this is that calculations in it require Q@ € W32(By, $*) N CL*(By, $%) for all
a € (0,1), and we do not known if this is the case. To overcome the problem, we use
the following trick: for any € > 0, define

1 2\2 1 )
E.(P;Bi) = E(P;B))+ — [ (1=[P) de+5 [ [P=Qf dx,
4e B 2 B

on

Ao, (So) = {P e W'2(B,,5%) : P =Qp on 52}.

Since the norm constraint has been removed, the Euler-Lagrange equations cor-
responding to F.(-; B1) are semilinear with a polynomial nonlinearity. Thus, any
critical point of E.(-; By) is completely smooth up to the boundary and hence we get
a boundary monotonicity formula as in [106] (of course we will have also some extra
terms generated by the two penalization we introduced). If we now consider a family
{P%}c>0 of minimizers of E.(-; By), then it is easy to proveﬂ that P® — () strongly in
Wh2(By, 8*) and hence we obtain a boundary monotonicity formula for @ passing to
the limit in the boundary monotonicity formulae for the P®s. Since the extra terms

vanish in the limit, we get Eq. (4.3.1]). O

Once the boundary monotonicity formula is given, we can extend the e-regularity
theorem also to balls intersecting the boundary. In order to do this, a suitable
reflection argument of the map across the boundary is needed. Indeed, in order the
argument via John-Nirenberg inequality works, we have to define the map in a full
ball and to control the energy of the extension with the energy of the original map, via
the monotonicity formula. On the other hand, we also need that the extended map
satisfies an appropriate version of Lemma [£.2] thus the extension must be constructed

with care. A suitable way is the following: write 2’ = % and define

2The proof of this statement is completely analogous to the one we shall give in Chapter [5| for
Sl-equivariant minimizers. Since the symmetric case is less explored, we feel more convenient to give
full details for that case and being more concise here, in order to contain the volume of this thesis.
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o ) Q(x), if x € By, (4.8.4)
x) = . 8.
Q(ﬁ) if 7 € By \ By.
Writing the system of the Euler-Lagrange equations in the shortened form
=|VQIQ +f(Q), in By,
Q= Qs, on 0By,
and recalling that, if u: By — R and v(z) = u (ﬁ) for z € By \ B; it holds
/ — IVol? dz = / \Vul® d,
Ba\B1 ‘x‘ B1\By s
we are led to
—dv (7r¥Q) = 7 e (@ in B2\ B, (4.8.5)
Q = Qba on aBl
Therefore
A1 4 ,
~aQ=|vala- <| 2 >Q+Wf<cz>, in By \ By (486)

in the weak sense.

Notation. For P,N € Sy, we let P ® N the linear mapping Sp — Sy given by
(P® N)Q :=(N,Q) P. (4.8.7)

The map ® is bilinear on Sp x Sy.
For = € Bs, we define

Qx) = Q). i o] < 1. (4.8.8)

Observe that for |z| > 1

. {<2Qb<x')®Qb<x’>—I>Q<x>, if 1< |z <2,

99 4) = (2@ua") @ Qyfa') 1) LA
= (I —2Qu(") @ Qu(2")) ’;288? (&)

1 0Q 00 [ @ ,
- () 20 3 (55) oo
1 0Q , x oQ [ = ,
“for <r : )2<Q”(“Q<W>’6¢“<W>>Qb(“’

so that BQ = %f? on 0By, which leads to

/32 <Q,gp> dz = /}31 (—AQ, ) dz + /32\31 <—AQ,<,0> dz Vo € C°(By,R®).
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The fact that the previous equality holds for any ¢ € C°(Bs, R%) and not only for
those vanishing on 9B follows from arguments in [127] 128], since the reflection map
satisfies the same relevant properties.

Remark 4.8.1. For N € Sy, |[N| = 1, the mapping N — (2N ® N — I) is isometric
and 2NQN —I)2NQ@N —1I)=1.

Easy computations give

—AQ = (2Q, ® Qy — I)(—AQ) + (terms of order < 1)
= ’VQ‘Q Q + (terms of order < 1)

~12 ~
= ’VQ‘ Q + (terms of order < 1),

where we used (4.8.6]), in the weak sense in By \ B;. Thus,

~2Q= VG| G+9(.Q.VQ). B\ B, (48.9)
with ’g(aj, Q, VQ)‘ <C (1 + ‘V@D We can now state

Theorem 4.15 (Boundary e-regularity theorem). Let 2o € 0By and let Q € Ag, be
a weak solution of the Fuler-Lagrange equations (4.2.1)) satisfying (4.8.3]). There exist
R >0 and € > 0 such that, if

1

2
— <
R IVQ|” dx < ¢,

Qo
and if Qp € C®(9B,Sy), then Q € C (Em BR/4(J:0),SO).

Proof. The small energy assumption on () implies, by means of the boundary mono-
tonicity formula, small energy for Q in Byg(z0). Now, we would like to apply Theorem
to @ and prove Holder continuity in the ball B r(zo) C B, and thus the Holder
continuity of Q near B r(z0) NOB1. In order to do this, it suffices to observe that the
additional terms due to the reflection procedure can still be accommodated within
the proof of Theorem see the proof of [119, Proposition 4.5] for details.
Established the Holder continuity of Q in Br(x), we write as

_AQ = H(.ZU, Qv VQ),

R <12
where ’H(m, Q, VQ)’ <C (1 + ’VQ‘ ) As in [129] (one could equally well appeal
to results in Section , we get

HVQHLOC(BR/Q(IO)) <C

and from here the linear theory gives Q € C*° (Fl N Bgya(wo), 80). O

Remark 4.8.2. In the case of a more general domain, another issue arises and must be
taken into account, that is, the deformation of the metric on the domain due to how the
reflection is made. Let 1 denote the deformed metric. In this respect, one must verify

that the system can be cast in the form (4.4.11)), with ’g(:v, Q, VNQ)‘ <C (1 + ‘VHQD,
and div and A to be understood as the divergence and the Laplace-Beltrami operators
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w.r.t. the metric . Observe that n may not be smooth (and, in general, will not).
Next, harmonicity of functions must be understood w.r.t. the metric n and thus some
care is needed to obtain gradient estimates analogous to Eq. . In the case
above, the transformation involved by the reflection is the Kelvin transform, which
is conformal and, because of this, it is quite harmless in both directions, as we saw
above.

As a consequence of Theorem [£.15] the singular set and the concentration set
of @) coincide up to the boundary. Thus, it suffices to show strong convergence of
blow-ups to minimizing tangent maps constant on the boundary of 6Ri to conclude,
in view of Theorem We have the following theorem.

Theorem 4.16 (Boundary strong compactness theorem). Let g € 0B1 and let
Q € Ag, be a minimizer of the E(-; By) in the class Ag,. Let R € (0,1] and define
QR = Q(xo + Rx), where x € R™(By \ {z0}). Then there exist a sequence (R;);,
with R; — 0 as j — oo, and Qo € Wﬁf(Ri,S‘l) so that QRr; 2, — Qo strongly in
Wlif(Ri,So). In addition, Qg is a locally minimizing harmonic map into S* with

Qolsrs = const.. Moreover, Qo is degree-zero homogeneous.
+

Proof. Clearly, {Qgz,}r is bounded in norm and hence there exist a sequence (R;);,
R; — 0 as j — oo, and a weak limit Qg € W'l(l)’f(Ri,So). By Rellich-Kondrachov
theorem, up to subsequences, the convergence is strong in L1200 and hence we can
assume Qo(z) € S* a.e.. Since @ agrees with Q on dB; (in the trace sense) and @y,
is smooth, by weak convergence and the continuity of the trace operator, we have
Qo RS = const. on the boundary. From now on, owing to the boundary monotonicity
formula, the proof goes exactly as in the interior case but considering the domains
), and their suitable homothetic restrictions instead of full balls. O

Thus, an application of Therem gives

Theorem 4.17 (Boundary regularity). Let Q € Ag, be a minimizer of E(-; B1) in
the class Ag,, with Qy as in (1.1.13)). Then there exist a 6 > 0 and a neighborhood
Os of OBy such that Q € C¥(0s,5%). Thus, Q € C¥(By, S%).

Proof. Due to Theorem [{.13] any minimizing tangent map at the boundary is constant.
Thus, the concentration set of () is empty in a full neighborhood of the boundary.
By Theorem @ is completely smooth around any boundary point (and also
real-analytic, by the linear theory, since @ is such). By covering, we have both
assertions. O

Remark 4.8.3. Nothing here really depends on the specific form of the boundary
datum Q. Smoothness up to the boundary and interior real-analyticity will hold
true also for data like those considered in [106], i.e. @ = (nb ® np — %I), where

ny € WL2(S2, §2).
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Chapter 5

Landau-de (GGennes theory with
norm-constraint and with
symmetry, I

Synopsis. In this Chapter we add another constraint to the norm constraint already
considered in Chapter [4] that is we require the Q-tensors to be also S'-equivariant,
see Eq. . The reason for doing this is provided by Theorem , which
essentially converts smooth S'-equivariant solutions into biaxial torus solution, in
the sense of Definition Although such a conversion is logically the final step of
the process, we place Theorem at the very beginning of our discussion here to
motivate our approach to the problem. Note that, in principle, there is no relation
between S'-equivariant minimizers and critical points of the nonsymmetric problem,
see Sections Since symmetry is plugged by hand, we have to provide a bridge
between the two things in order that our approach makes sense. This is done in
Section where an ad hoc version of Palais’ Principle of Symmetric Criticality [117]
is proven, ensuring that a S'-equivariant minimizer is indeed a critical point also
of the nonsymmetric problem. We then follow the same steps as in Chapter [d: we
obtain a monotonicity formula in Section and the strong compactness of blow-ups
in Section To step further, we need a classification of all possible tangent maps,
an issue deserving an its own chapter (also because of the fact that it is of its own
interest) and developed in Chapter @ Stability of the possible tangent maps will be
studied in Chapter [7]

5.1 The semidisk argument

In this section we prove a topological result ensuring that smooth S'-equivariant
minimizers of the LdG energy functional (1.1.3)) with respect the boundary con-
dition ([1.1.13)) are indeed biaxial torus solutions. We shall also give some slight

generalizations.

Theorem 5.1 (The semidisk argument). Let Q € A be a S L_equivariant minimizer

of the LdG energy functional (1.1.3)), with Qp as in (1.1.13)). If Q is smooth in By, Q
is a biazial torus solution in By, in the sense of Definition [1.9

Proof. Take any plane II, containing the z-axis. Let D be the disk be the disk
obtained intersecting By and II, and let DT be one of the two congruent semidisks
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in which D splits. Let us write 9Dt = AU C, where A is the segment [—1,+1] on
the z-axis and C the semicircle connecting the end-points of A.

Let @ be a minimizer of E(Q, B1) as in the statement. Let A\ < Ay < A3 denote
the eigenvalues of (). Clearly, Q = @Qp on C and thus A\; = A2 on C; moreover, by
equivariance, Ay = Ao on A. If we follow the change of direction of the eigenvector of
the highest eigenvalue A3 of @, along D, we get the nontrivial path in RP2.

We now claim that there exists £ € D so that A\2(Z) = A3(Z). Indeed, suppose
that such a point does not exists. Then A3 would a simple eigenvalue in the whole
D, hence the corresponding eigenspace would be well-defined and continuous in D.
Thus, we would have a map from D into RP? that is homotopic to a constant and,
at the same time, nontrivial on the boundary. Since ) is smooth and nonvanishing,
this is impossible and a point z € B; with the claimed property must exists.

Now, by equivariance we get a whole circle of such points, this circle lying in
a plane perpendicular to the z-axis and linking the boundary of D. Hence, Q is a
biaxial torus solution, in the sense of Definition [1.2 O

Remark 5.1.1. Tt is crucial in the above argument that Q # 0 everywhere in D (and
hence in By). Proving that {z € By : Q(x) = 0} # @ promises to be very difficult; in
the nonsymmetric case, this is has been proven by Contreras & Lamy [29] assuming
reduced temperature (see sufficiently large. Assuring the nonvanishing of @ is
precisely why we assume the Lyuksyutov constraint, which is approximately valid
deep in the nematic phase [100} 120]. The Lyuksyutov constraint is assumed in some
simulations (such as [84} |85, |137]) but not in all (e.g., [47, |32, |75]). In any case, deep
in the nematic phase the biaxial torus solutions turn out to be preferred versus the
hedgehog.

Notice that, in the above proof, it is not really important that @ is uniaxial
with identical lowest eigenvalues; in this respect, all we need to conclude is in fact
that the highest eigenvalue remains always simple on the boundary. This observation
immediately yields

Corollary 5.2. Let Q € Af be a Sl-equivariant minimizer of the LdG energy

functional (T.1.3)), with Q, € C>®(0B1,S*) a smooth S*-equivariant boundary datum
such that its highest A3 is simple everywhere on the boundary. If QQ is smooth in B,
then @Q is a biazial torus solution in By, in the sense of Definition [1.2

5.2 Transformation groups and equivariance

Let M, N be smooth manifolds, G a group acting on M and N by diffeomorphism by
means of representations

™ . G — Diff M, (5.2.1)
™ . G — Diff N, (5.2.2)

and let u : M — N; we say that u is (7™, 7V)-equivariant if and only if the diagram:

M 5 N
ﬂ_ZWl lﬂ_N
M —5 N

88



5.2. TRANSFORMATION GROUPS AND EQUIVARIANCE

commutes, namely, iff the following intertwining relation is satisfied:

M N(g)u(z), Vg€ G,Vre M. (5.2.3)

u(m™(g)r) ==

Informally, this is the same to say that acting on x € M and then applying u is the
same than acting on u(x) € N.

Notation. Sometimes, for the sake of a lighter notation, we write g- to mean the
action of the element ¢ € G by means of an already-specified action on objects
following g-.

Triples (M, G, ™) are said transformation groups when the action of G on M is
compatible with the structure on M. In case M is a smooth manifold, requiring G
be a Lie group acting by diffeomorphisms (i.e., 7™ (g) : M — M is a diffeomorphism
for each g € G) ensures that the group action is compatible with the differentiable
structure on M. We then say that M is a G-manifold and that 7 is a G-action (of
G on M).

Suppose we are interested in a class A of maps v : M — N. We can use ([5.2.3)
to induce an action of G on A setting

g-u= (g u(r (g)-). (5.2.4)

Equivariant maps are then the fixed points of this twisted action.

The interpretation in this case requires little more care. For instance, when
A = C>®(M,N), then defines in fact a G-action in the above sense. The
same when A = W12(M, V), with V a linear space. When A = W12(M, N), thenE|
g-u € WH2(M, N) if u € WH2(M, N), so (5.2.4) is meaningful. However, W12(M, N)
is not a manifold when dim M > 1 [66], so there is no smooth structure to preserve.
Nevertheless, if G is a topological group, then the action is continuous; said another
way, the function

U(g,u)=g-u

is continuous with respect to g as a function on G x W12(M, N) (endowed with the
product topology).

Some standard references for the theory of transformation groups are |82, |19} 83].
Below, we recall some result of interest for us in the sequel.

If M is a smooth manifold, G' a compact Lie group and (M, G, 7) is a transfor-
mation group, for any x € M the orbit

Gx = {WM(g)(x) 1g € G}

is an embedded submanifold of M. As a consequence of the Tubular Neighborhood
Theorem [19, Theorem IV.2.2], an entire tubular neighborhood of Gz will have
orbits of at least the same dimension. Thus, the function z — dim Gz is lower
semicontinuous.

Now, let M, N be compact Riemannian manifolds (M with or without boundary,
N without boundary) and let G act by isometries on M, N. Since G acts by isometries
on M and N, it is possible pulling-back vector fields on M and N by 7 (g), resp.,
7V(g) for all g € G. Let X be a vector field on M. We write

'The claim is true without modifications if G' acts by isometries on M and N. If G acted by
diffeomorphism, we had have to consider pullback metrics on M. We do not stress this point in our
notations because we deal mainly with isometries.
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*

g-X =m"(9)"X, (5.2.5)

meaning

(7 (9)" X)(p) := dx™ (g7 par () iy (X (7 (9) (), Vp € M. (5.2.6)

We use analogous notations for vector fields on V.

Now, suppose u : M — N is equivariant (for the time being, assume u is smooth;
later we will indicate how to generalize to the Sobolev case) and let Z be a section of
the pull-back bundle v*T'N (i.e., a vector field along u). Then

(¢-2)(p) = dx™ (g™ umm () Z (7 (9)p), VP € M. (5.2.7)

For uw : M — N a smooth map, the differential du of u can be interpreted as a
w*T N-valued one-form on M:; i.e., as a section of the bundle T7*M ® v*T'N. Let D
denote the covariant derivative induced by the Levi-Civita connection on the product
bundle ®2T*M @u*TN. The trace (with respect to the metric on M) of the covariant
differential D(du) of u is called the tension field of u and it is denoted 7(u) [34]. It is
a vector field along u, to which applies when wu is equivariant (in fact, more is
true, see below).

When u € W12(M, N), we have to renounce the intrinsic view; however, the
above discussion still makes sense if we embed N in R™ via Nash-Moser theorem and
view all the objects extrinsically (i.e., R”-valued), interpreting all the equalities in
the sense of distributions. With some care, it is then possible to prove the following
lemma |74, Lemma 6] (we refer to [74] for a proof).

Lemma 5.1 ([74, Lemma 6]). Suppose that u € W12(M, N) is equivariant. Then
the following identities hold in the sense of distributions for every g € G.

(i) g du(X) = du(g - X) for every smooth tangent vector field X on M.

(i) g - DxZ = Dy.x(g - Z) for every Z € L*(u*TN) and every smooth tangent
vector field X on M (here Dx denotes the covariant derivative induced by the
Levi-Clivita connection on uw*TN ).

(iii) g-7m(u) = 7(u).

Remark 5.2.1. When u € WY2(M, N), 7(u) is a little better than a distribution: it
belongs to H~1 + L' (with gain of integrability L? via Sobolev embedding). Usually
[111, Chapter 2] it is given the name tension field only when it belongs to L{ (M, R™).
These subtleties are immaterial for our purposes: we shall content ourselves to consider
7(u) as a R™-valued distribution on M.

5.3 Minimization in a symmetric class

Let 4 be a set, G a group acting on .# and & : .# — R be a functional. Let X
denote the set of symmetric (equivariant) points of &, i.e.,

Y={ue#:g-u=u VgeG},
where g - u is defined in (5.2.4)).
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Definition 5.1 (Critical equivariant point). Let .# be a set, G a group acting on
M, Y. the set of equivariant points of .# and let & : .# — R be a functional. We say
that u € X is a critical equivariant point of & if it is an extremal of & with respect
all allowed?| equivariant variations.

Clearly, u is a critical equivariant point of & iff it is a critical point of &|x (since
this restricts admissible variations to those belonging to X).
The following question arises naturally.

Problem. Under what conditions on .#, G and & it turns out that a critical
equivariant point of & is in fact a critical point of & in .#7

Restrictions are needed. Palais has shown this in [117] by counterexamples. In
the same remarkable paper, Palais has also given sufficient conditions on .#, G and
& so that it is in fact true that critical equivariant points are equivariant critical
points. This last statement is usually known as the Principle of symmetric criticality
(abbreviated herein to “the Principle”).

In particular, the Principle holds when .# is a Riemannian manifold (of finite or
infinite dimension), G a group acting on .# by isometries and & a smooth G-invariant
functional. This is the simplest setting because of the comfortable framework provided
by Riemannian geometry, helping in both calculations and interpretation.

One can weaken the hypotheses on .#Z at price of strengthening those on G. In
particular, one can ask .# be a smooth Banach G-manifold and then the Principle
continues holding true if G is assumed to be a compact Lie group. In the case G
is a semisimple Lie group, the Principle is true for finite dimensional real-analytic
G-manifolds. In any case, however, a smooth structure on .# is required, in order to
give a precise meaning to the objects involved.

We now consider the problem of minimizing E(-; By) in A%’; . We observe that AZQ’Z
is weakly closed in Ag, = Wéf (By,5%). However, Wé’f(Bl, S4) is not a manifold
[66]. This is definitely a problem, since none of Palais’ results applies. One can think
to get round the problem considering that Wé’bQ(Bl, Sp) is in fact a Hilbert space, so
that the Principle applies and a critical point of E(-; By) restricted to

2 ={Qe WS (B1,8): Q=g Qg) Vg € 5}

is in fact a critical point for E(-; By) in Wé’f(Bl,So). However, here the point is
that the norm constraint generates a curvature term in the Euler-Lagrange equations
(compare and [106, Eq. (14)], so that a critical point of E(-;By) in Ag
satisfies a different system of equations than a critical point of E(-; B1) in ¥. In other
words, we cannot avoid facing directly the lacking of a smooth structure on A, .

Fortunately, the main idea of Palais still holds. We describe it in few words below.
Suppose u € ¥ is a critical point of &|y. Then V&, (V& is the gradient vector field
associated to &) is orthogonal to T, (the tangent space to ¥ at u). To show that u
is a critical point of & in .#, then it is sufficient to prove that V&, € T,3.

Of course, we cannot speak of tangent spaces, gradients and so on in our setting
but we can substitute V&, with the Fuler-Lagrange operator, seen as a distribution,
and we can replace the membership to 7,,% (i.e., the vanishing of the differential d )
with the vanishing in the sense of distributions. If @ is a critical point of E(-; By) in

O,» We then have the vanishing of the Euler-Lagrange operator & (@) in the sense of

2Depending on the problem, the set of allowed variations can be smaller than 3.
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distributions when tested against equivariant variations. We then test &(Q) against
arbitrary test functions. Using the fact that S' is a compact topological group, we
have an invariant Haar integral on S' and we can use this invariance to transfer the
equivariance of @) to the test function. Hence we are led again to testing &(Q) against
equivariant variations and so it vanishes in the sense of distribution. We shall see
details in Section

5.4 Existence of minimizers

Here we prove the existence of minimizers of the LdG energy in the class Ag, given

in (I.1.15) of the S'-equivariant Q-tensors.

Proposition 5.3 (Existence of minimizers). Let E(-; By) the LdG energy, defined as

in (1.1.3) and considered over the class Ag, given (L.1.15), with Qp as in (1.1.13).

Then there exists at least one minimizer of E(-; By) in the class (1.1.15)).

Proof. As we saw in the proof of Proposition the map H(z) = \/g (\%I ® \%I — %)
belongs to Ag, and so it will suffice to observe that it is S'-equivariant (in fact,
SO(3)-equivariant) to conclude that A% is nonempty.

We already know from Proposition that E(-; By) is bounded below and lower
semicontinuous with respect to the weak topology on Ag,. We now take a minimizing
sequence (vg)p C A% and we show that it converges to a limit in Ag,- Indeed,
as in the proof of [40, Theorem 2 in 8.2], by convexity, coercivity and Poincaré
inequality, (v3)s is bounded in W1H2?(By, S*). Then we can extract a subsequence
weakly convergent in W12(By, S%), hence in Ag, (because Ag, is weakly closed).
Let v denote its weak limit. By the Rellich-Kondrachov theorem, we can extract a
further subsequence (vk, ), strongly convergent in L*(B1,8%) to v and hence we
pick up another subsequence converging pointwise a.e.. Since S'-equivariance is a
pointwise-property, it then follows that v is S'-equivariant. Hence v € .»425;. O

5.5 Symmetric criticality for S'-equivariance of -tensors

As we already seen in Section [5.3 it is not immediate that a critical point of
E(, Bl)|A22Xb is a critical point of E(+; B1)|4,,- Here we show that this is indeed the
case.

Remembering Definition a critical equivariant point @) € Ag solves the Euler-
Lagrange in the sense of distributions when we permit only S'-equivariant
variations. Our aim is to show that we can allow arbitrary variations and the same
continues holding true.

Since Ag, is not a manifold |66], Palais’ results do not apply. However, we can
borrow the same principle, as explained at the end of Section We supply the
lacking of a differentiable structure on Ag, by exploiting the Haar invariant integral
on S! in such a way to transfer the equivariance from a critical point @ € .A%Xb to
variantions against it is tested. This technique is inspired by the proof of [49, Theorem
1] and by arguments in [74].

Notation. In what follows, —f(Q) denotes the right-hand side of (4.2.1). We set
7(Q) = AQ + |[VQI* Q. (5.5.1)
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hgi denotes the Haar measure on S'. We recall that hg: a regular biinvariant Borel
probability measure; it is the unique Borel probability measure on S! with this
property [126, Theorem 5.14].

Before stating the theorem, we recall from Section (cfr. [74, Lemma 6(c)])
that 7(Q) is equivariant (i.e., a fixed point of the S!(-twisted)-action on maps):

T(Q)=9-7(Q).
We further observe that also f(Q) is equivariant:
f(Q) =g f(Q).

Theorem 5.4. Let Q € Agy a critical point of E(-;Bl)L%z . Then Q is a critical
b
point of E(-; By) in the class Ag,.

Proof. Let gf)sl € CX(B1,8)) be a S'-equivariant variation. Since |Q| =1 a.e., we
have ‘Q + t¢° 1‘ # 0 for sufficiently small ¢ > 0. Then, by hypothesis,

t¢S"
p Yt )
t=0 |Q + to'|
Now let ¢ € C°(By,Sp) be arbitrary. Using Haar’s theorem 126, Theorem 5.14]
and the equivariance of 7(Q), f(Q), we have

4
dt

i o) = [ r@+r@ear= [ /S (@) + £(Q)) b d
/B/ 9-7@Q) +g-F(Q) ¢>dh51d:c—/ / T £(Q)) édhg: du
—/Bl[ @+ @) [ (6" ¢)dh51dw—/31[ Q) + /(Q) ¢ da,

where gosl = fsl g - ¢dhgi. We note that 4,051 is S'-equivariant. Indeed,

75" (m)p® (z) = / 75" (m)rS* () (g 2)) dhg:
Sl
- /s 75" (g)$(nP (g™ m)z) dhg:
= gosl (WBl(m)x), Ym € 5’1,

where we repeatedly used Haar’s theorem.
We now have

d ( Q+to ) / 51
N E = T Q + Q = 07
il E\[0F 19 Bl[ Q)+ f(@)] e
hence the conclusion follows by the initial remark. O
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5.6 Euler-Lagrange equations

As a consequence of Theorem the Euler-Lagrange equations (4.2.1)) carry over to
the S'-equivariant case with no modifications. We report them below for convenience.

Proposition 5.5 (Euler-Lagrange equations). Let E(-; By) the LdG energy functional
defined in over the class Agﬁ) given in , with Qp as in , and
let Q € Agfb be a critical point of E(-;B1). Then Q is a solution in the sense of
distributions of the following boundary value problem:

(5.6.1)
Qij = (Qb)ij in the trace sense on 0Bj.

{ LAQi; + LIVQP Qi = b Qi T(Q) — QuxQus + 3055 in By,

5.7 Monotonicity formula

Our strategy for obtaining a monotonicity formula for minimizers in the class Ag);
consist in getting it by taking the limit in the monotonicity formulae for approximate
minimizers. To state this program more precisely, we start by fixing the minimizelﬂ
Q* € Ag, for which we want to derive the monotonicity formula and picking arbitrarily
€ > 0. Then we define the energy functional

Es(Q;Bl)—/B ;‘VQ‘QJrF(Q)der;EQ/B (1_’(2‘2)2(1“;/3 0 QP do,
(5.7.1)

where F'(-) is the potential appearing in the LdG energy and we consider E.(-; By)
defined over the class

0, (So) = {Q € Wé’f(Bl,So) . Q is Sl—equivariant} : (5.7.2)

Note that we already know, by Proposition that .,425; (Sop) is nonempty.

We call a functional of this kind a penalized energy functional for the LdG energy.
Note that, if Q = Q*, then it makes sense to evaluate E.(Q*; B1) and in fact we have
E.(Q*; B1) = E(Q*; By) for any € > 0.

The reason for introducing penalized functionals lies in the following observations.
First of all, we note that

Proposition 5.6. The Euler-Lagrange equations for the energy functional E(-; By),

defined as in (5.7.1) over the class (5.7.2)), are

AQij = —aQij—b <szng - ;513') +cQij TI‘(Q)2+€%QU (‘Qr - 1) + (QU - z*g) :
(5.7.3)

The derivation is standard, the only detail to which pay attention being the
tracelessness constraint. This is taken into account by adding a Lagrange multiplier
to the energy density as in proof of Theorem (calculations are much easier now
because there is no norm constraint).

3The trick of adding a penalization for being far from the fixed minimizer has been suggested by
V. Millot (private communication).
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We point out that the system is semilinear, with a polynomial nonlinearity.
Regularity is then trivial in this case. Hence, any solution of the boundary-value
problem formed by and the boundary condition in is real-analytic
in the interior and smooth as the boundary datum and the boundary permit in a
neighborhood of the boundary.

Next, observe that solutions to do exist; indeed, we have

Proposition 5.7. Let € > 0 and let E.(+; B1) be defined as in (5.7.1) over the class
(p.7.2). Then there exists a minimizer Q° for E-(-; B1) in the class Ag (So).

Proof. We already observed that the admissible class is not empty. Obviously,
E.(-; By) is bounded below. Being @) a Dirichlet boundary condition, Wé’f(Bl,So)
is closed with respect to the weak topology of W12(By, Sp). To show that E.(; By) is
weakly lower semicontinuous in the weak topology of Wé’f(Bl, Sp), we note that the
corresponding energy density is convex in V() and that it is coercive in (-). Indeed,
the first integral in is exactly the LdG energy which we have already shown to
be weakly lower semicontinuous with respect to the weak topology of W12(B1,Sp),
while the second integrand is clearly coercive in (-). To conclude, we take a minimizing
sequence (vg)y in A (So). The convexity of E(:; B1) in V(-) and its coercivity in (-),
together with Poincaré inequality, imply that (vg)g is bounded in W(}?f (B1,80), hence
it converges to a limit Q° € Wé’f(Bl,So) (because WCIQf(Bl,SO) is weakly closed).
By Rellich-Kondrachov theorem, we can extract a subsequence strongly convergent
in L?(B1,So) to Q¢ and then a further subsequence converging pointwise a.e. to
Q. Then Q° must be S'-equivariant because S'-equivariance passes to pointwise
limits. O

By the principle of symmetric criticality, cfr. Section a minimizer of E.(-; B1)
is a solution in the sense of distributions of the Euler-Lagrange equations ; in
fact, it is in particular a smooth classical solution, as we remarked.

Now, let € > 0 and let Q¢ a minimizer for E.(-; By). Being a smooth critical point,
QF is stationary with respect both external variations and internal variations, so that
a monotonicity formula for QF is simply derived by multiplying by x1,0,Qi;
and then integrating by parts. We have the following result.

Proposition 5.8 (Monotonicity formula for minimizers of penalized functionals).
Fiz a minimizer Q* of the LdG energy, Q* € Afy. Let e > 0 and let E(; B1) defined

as in (5.7.1)) over the class (5.7.2). Suppose Q° is a minimizer of E.(-; By) in the class
(5.7.2)). Then, for every zog € By and every 0 < Ry < Ry such that Bg,(z9) CC By,

the following monotonicty formula holds:

1 2

1 - o
€ / VG, 07) -~ / £V, ) / o
Ry /By, (20) Ri JBg (20) Br, (20)\Br, (z0) 1T — T0]

2)2

0Q*
or

B2 4R ) 2 4R <1_ @
Ry Br(zo) Ry Br(zo) <
-2
R: 4R ‘Q*—Q6 Rz 4R ~
+2/ dak +/ o OF — Q%2 -VQ*), (5.7.4)
Ry R? Br(zo) 2 Ry R? BR($0)< >
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where

£V Q) = L ver Vot -ef

2+F(Q€)+4LEQ (1— (o3

and % means the directional derivative in the radial direction (v — xz¢)/ |x — xo].

Proof. By translational invariance, it suffices to prove for xog = 0. We will
henceforth drop the specification of the center of the balls.

Multiply by 2,0,Q° and then integrate by parts on a ball Br such that
Bpr C B;. We are readily led to

0= /B xkﬁka](x) {AQZEJ(“T)
' 1
3

8F(Q€($)) N 1—‘(25(%') ~e (JJ)"‘(N%_ :])

Q5 €2 ij 6 Tr[(Q°(2))%]| ¢ da.
ij

Since Tr Q¢ = 0,

|, #ekise) (505 U@ @) o= 5 [ Te Q7 (@) Te(@ )P =0

Hence

~ 2
- _ e (x 1—|Q%(x)| . _
0= [ 50050 ad5(o) | e ‘52 Loy + @ -
R 1]
OF (G (x)

= AQ% (x)xkaka] ($) - / IkakQ% (:C)

Br Br 8@%

- 2
e 1_’Q€(x)‘ e e * e
- [ w0 G + (@) - Qi) @)
Bgr €
=L+ 1o+ I35+ 1.
We have

L= /B k0 Q% () AQE, () da

- /B 210, Q% (2)Q5 y(x) da

—— [ Q@ on @) + m Q) e+ [ Qla)enQilo) 5 do
Br 9Br
- - 1. 3
=- . Q5 (2)Q5;(z) dz + 3 /BR 5@%,1(37)@%,1(35) dz
— . J 5 J i da—}—/aBR] 7 do.
(5.7.5)
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Similarly,
~ OF(Q*(2))
L =— OpQ5: (v) ————2d
? /ngk ki (7) Qi
_ /B 2p O F(OF () da (5.7.6)
=3[ F(Q@)de— | FQ@)™" do.
Br OBg R
Observe that
~ ~E‘ 2 2
ol |0-lewl)
z‘j(ff)ainj(l”) =2 = O 122 )
so that it follows
o a-jew]
L= / 2005 (@) — LG5 () da
Br
N 2
(1- @)
_ _/BR 210 e dz (5.7.7)

_ 3/B (1 - ‘Q€($)‘2>2 de /BB (1 - ‘Qg(x)‘zy Trh o

4e2 4e2 R

Analogously,

~ 2
€ *

~ 2
14_3/BR‘Q; dx_/BBR ’Q ;Q‘ :Bkgkda_/BR<Qs_Q*7w,vQ*>dm.

(5.7.8)
Joining (5.7.5)), (5.7.6)), (5.7.7)), (5.7.8]) and recalling the definition of radial deriva-
tive, we have

1 |2 |2 2Q*° 2 - -
o:/ Lvor-r [ |vo+r +3/ FGY-R [ F(O)
Bp 2 9Bg oBg | Or Br OBg
- 12\ 2 ~ 12\ 2
(1-]eT) (1-[eT)
+3/BR 462 _R/BBR 462

B % - *2
wof, 5] ST e

Comparing to the expression for the energy density & given in the statement,
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2

0= [ &(VQ5,Q°)—R EE(VQ,Q°)+ R afa
Br 8BR OBRr r
(1-le )
+2/B F(Q5)+2/B =
‘ Ve Q* 2

+2/BR2+/BR<Q*—QE,95~VQ*>.

Divide both members by R2 and use 4323,
+ = F QE

Mlifecra)-iL,
~ 2

12\ . X
5 (1Q>+2/BR’QQ 1

i = . * _ E . *
+ - 12 7 5 +R2/BR<Q Q,z VQ>.

Q1> 2

aor

Now integrate on [R1, Ro]. It follows:

-2
. - 1 |6¢¢

L[ ewveo)- A
Ry By, : Ri By, ° Br,\Br, |%|| Or
- 12\ 2
Ro dR ~ R2 dR (1_‘Q6 )
+2/ i N (05 +2/ S A L

Ry R? Br ( ) R R? Bgr 4e?

~ 2
N TR=uay JRr)

O]

2
R1 R Br

So far we have proved that, for each £ > 0, the functional E.(-; B1) is well-defined
and have minimizers Q)¢ in the class A% (Sp) which satisfy the monotonicity formula
(5.7.4). Therefore, as € > 0 runs, we get families

{Ea(Qa;Bl)}a>07 {Q8}6>0'

We now show that they are both equibounded, the first one in R and the second one
in A% (So).
Qb

Lemma 5.2. Fiz a minimizer Q* of the LdG energy, Q* € Agy . For each e > 0, let

E.(-; By) be defined as in (5.7.1) over the class (5.7.2) and let Q° be a minimizer of
E.(-; By) in the class (5.7.2)). Then the family {E-(Q°; B1)}eso is equibounded in R;
i.e., there exists some finite constant C' > 0 such that

sup EE(QE; B)<C
e>0
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Proof. As we already pointed out, it makes sense to evaluate E.(-; By) for the fixed
LdG minimizers Q* € Agji . For each € > 0 we have

E-(Q%; B1) < E-(Q*; By).

because QF is a minimizer of E.(-; B;). Since LdG minimizers in Ag, have finite LdG
energy, there exists C' > 0 such that F(Q; B;) = C, so that

sup E.(Q%; By) < C.

e>0

O]

The equiboundedness of {QE }e>0 requires more work. Before proving it, we
observe the following simple fact.

Lemma 5.3. Fiz a minimizer Q* of the LdG energy, Q* € A&Zb For each £ > 0, let
E.(:; B1) be defined as in over the class (5.7.2) and let Q° be a minimizer of
E.(+; By) in the class . Pick a sequence (Q%);, € — 0 as j — oo, from the
family {QF }e=0 and suppose it has a weak limit Q> (i.e., a limit in the weak topology
of WY2(B1;80)) as j — 0o. Then Q™ is S'-equivariant and it is S*-valued.

Proof. By the equiboundedness of { E.(+; B1)}<>0, there is some finite constant C' > 0
such that

1 (1_‘(25

2 2
< (042 7.
), ) dz < Cye (5.7.9)

2>2d$§0 — /Bl(l—]Qé

for each € > 0. Note also that, since (Q’Ej)ej converges weakly, it is bounded in
the W%-norm, so Rellich-Kondrachov theorem implies that, upon passing to a
subsequence (which we not relabel) if necessary, Qi — Q> strongly in L?(B1;Sp).
This ensures that there exists another subsequence (not relabeled) on which Q% () —
Q> (z) for a.e. z € By as j — 0o. Pointwise convergence a.e. implies in turn that
Q> is S'-equivariant, since the Q%-s are. By Fatou’s lemma and ,

2\ 2 12\ 2 - 2\ 2
/ (1—|Q°°|) :/ 1iminf<1—]QEj ) ghminf/ (1—‘@%’ ) <0.
B B J]—00 J—00 B

2
Since (1 - |Q°°|2) > 0, this implies |Q*°| =1 a.e. and we are done. O

We now recall from [106, Lemma 1] that for each Q € Sy we have

A13
Q
75
Lemma 5.4. Fiz a minimizer Q* of the LdG energy, Q* € Ag. Fore > 0, let
E.(-; By) be defined as in (5.7.1)) over the class (5.7.2) and let Q° be a critical point
for E.(+; By) in the class (5.7.2]). Then

T(Q%) < (5.7.10)

HQEHL"O(BLSO) <L (5.7.11)
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Proof. We closely follow the argument of |[106, Proposition 3]. Suppose, for the sake
of a contradiction, that there exists z* € By such that ’QE‘ (z*) > 1. If Q¢ is a critical

point for E.(-; By) in the class (5.7.2)), it is actually a free critical point by the results
quoted in Section [5.3] and it solves the boundary-value problem

DG = a5 b (@3Qi; — by ) + Q5 QY
+ 505 (@

2 ~
~ 1)+ (G5 - @) i By

Q° = Qp on 0B;.
By our choice of the boundary condition, |Q°| = 1 on the boundary. Since the
L2
function ’Qe : B; — R must attain its maximum at z* € Bj, we necessarily have
that
1 ~_12
A (2 & ) () < 0. (5.7.12)

Multiplying both sides of the Euler-Lagrange equations by Qf;, we obtain

<.
i

(e

) @) = ~aTH(@)) P T(Q)) e (Te(@)2)

2 (’QE

+\VQ€2+§2‘Q5

2 1) n 52@% (~fj — ij) . (5.7.13)

We note that

—aTr((Q°)?) — bTr((Q°)? (%)) > 1 (|0 5.7.14
aTr((Q°)7) ((@)°) +e(Tr(@)7) = f(|Q°}), (5.7.14)
where
SN A2 b a3 ~ 14
£(Q]) = —al@] - 5@ +clQ
by (5.7.10)). Next we note that
f (‘QE ) > 0 for ’QE > 1,
and that
21~ (2 .
]Qs (‘QE —1) > 0 for ]Qs > 1,
and o 3 ) 5
Q5 - Q) > ‘Qa (’Q —1) > 0 for ‘QE >1,
which together (5.7.13)) and (|5.7.14)) imply
1~_12
A(Q‘QE >(x)>0
for all interior points x € By with ‘Q‘E (x)‘ > 1. This contradicts (5.7.12)) and thus
gives the conclusion. O
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Corollary 5.9. Fiz a minimizer Q* of the LdG energy, Q* € A . For each ¢ > 0,

let E.(+; B1) be defined as in (5.7.1)) over the class (5.7.2) and let Q° be a minimizer
of E-(-; B1) in the class (5.7.2)). Then the family {Q}c>0 is equibounded in the
Wh2-norm, i.e., there exists a constant C > 0 such that

sup |Q%[lwr.2(5,.5,) < C-
e>0

Proof. Since {E.}e~¢ is equibounded by Lemma it follows that there exists a
constant Cq > 0 such that

2
sup [|[VQ||72(p,,50) < C1-
e>0
By Lemma [5.4] and by the boundedness of By, it follows that
A2
$up |G 22 3y ) < C
e>0
for some constant C5. Then
Aeq12
sup HQEHWI,Q(BLSO) <C,
e>0

where C' = Cy + Cs. O
Then we have

Proposition 5.10. Fiz a minimizer Q* of the LdG energy, Q* € Agy . For each

e >0, let E.(-; By) be defined as in over the class (5.7.2) and let Q¢ be a
minimizer of E.(-; B1) in the class (5.7.2)). Then, for each sequence (Q%).,, where
gj = 0 as j — oo, picked up from the family {Q°}on0, there is a subsequence (not
relabeled) such that:

(a) Q% — Q* in W12(B1,8p) as j — oo;
(b) Q% — Q* in L2(B1,So) as j — 0o;

Proof. By Corollary {Q%}c>0 is equibounded and so is every sequence picked up
from it. Thus, for any such sequence there exists a weak limit Q> € W2(By,Sy). By
Rellich-Kondrachov theorem and by Lemma [5.3] both conclusions in the statement
hold for Q. We now show that Q® = Q* in L%*(B1,Sp). Since E.(Q*;B;) =
E(Q*; B1), by the weak lower semicontinuity of the first and third integrals in
E.(+; B1) (which do not depend on ¢), equiboundedness of { E.(+; B1) }e>0 and Fatou’s
lemma, we have

1 002 00 1 () %2
[ 5P F@¥ars [ 0% - P as

< liminf E.(Q%; B1) < limsup E.;(Q%; B1) < E(Q*; B1).
J—00

Jj—o0

Since Q* is a minimizer of the LdG w.r.t. its boundary condition and we have already
proven that Q> € A7, we must have

E(Q>;B1) > E(Q*; B1).
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Thus, the above inequalities clearly imply

/ 1Q° — Q*° dz =0,
B1
ie., Q®° = Q* in L?(B,Sp) and thus both conclusions follow at once. O

The W'2-convergence in the above result is actually strong.

Corollary 5.11. Under the hypotheses of Proposition (we retain the same
notations), we have Q% — Q* strongly in W2(By,Sp) as j — oc.

Proof. Since we already have the weak convergence Q%7 — Q* as j — oo and since
Wh2(By,Sy) is a Hilbert space, it suffices to prove that

1 ~
— V@&
f3
as j — oo.

Now, Q* is a minimizer of the LdG energy. On the other hand, it is also the weak
sequential limit of (Q%/)., and hence

2 1
de — [ Z|VQ*? dx (5.7.15)
By 2

E(Q*; B1) < liminf E. (Q%; B1) < limsup B, (Q%; B1) < E(Q;B1),  (5.7.16)
J—00 j—00
which implies
lim E(Q%;B;) = E(Q*; By) (5.7.17)
j—o0

which forces

1 <12\ 2
lim 2/ <1— ‘Q%’ > dz =0 (5.7.18)
Jj—00 4€j B
Now, observe that
F(Q%) — F(Q*) strongly in L*(B1,S), (5.7.19)

since Q% — Q* strongly in L?(By,Sy) and F(-) is a polynomial function. Therefore
we have

lim [ F(Q%)dx = / F(Q*)dx (5.7.20)
J—00 B1 Bl
which together with (5.7.16) and (5.7.18) enforces (5.7.15)), thus the conclusion
follows. O

Corollary qualifies in a precise sense the minimizers Qs as approzimate
minimizers for the LdG energy. We can now state the main result of this section. In
fact, it is a simple consequence of Corollary [5.11] Nevertheless, in view of its global
importance in the present work, we prefer to state it as a theorem.

Theorem 5.12 (Monotonicity formula). Fix a minimizer Q* of the LdG energy,

Qe Aéﬁ;. For each € > 0, let E-(-; By) be defined as in (5.7.1) over the class i
and let Q° be a minimizer of E.(:; B1) in the class (5.7.2)). Pick a sequence (Q%)e,,
ej — 0 as j — oo, from the family {Q%}eso and let Q* € AQ, its strong W2 limit
(see Corollary . Then Q* satisfies the following monotonicity formula:
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1 * )k 1 * yk
2 J BRr,(z0) 1 J Br, (%0)

/ 1 aQ* 2
Br, (20)\Br, (z0) 1T — T0]

4—2/db ar FQY), (5.7.21)

Ry R? Br(zo)

where xy € By, R1 < Ry are such that Bgr,(zo) CC By and e(VQ, Q) is the LdG

energy density as defined in (1.1.4). As always, % means the directional derivative
in the radial direction (x — xo)/ |x — |

Proof. Write (5.7.4)) for Q% and take the limit j — oo on both sides. Then

lim (1 [ e [ e, Qaﬂ'))
J—0o0 R2 BR2 ((EO) Rl BRl (‘TO)
ol
Br Zo)
~ 2
Ry dR (1_’Q ) Ry qR ‘QE—Q*
2 +2 2 5
Br(o) 4e

Ry Rr? Br(zo) 2
Ry
(/ dR/ QE QHEVQ§>,GWQQ
«TO

First, note that the strong convergence VQ% — VQ* as j — oo implies the strong
convergence

8Q%

/ 1
lim
i=0 | J B, (20)\Br, (z0) 1T — 0]

3525] o . 9
L“(B :
or 5, 257 — o0 in L*(B1,8p)
Indeed, by definition of directional derivative,
005 00| . >
og/ - mg/\ww—v@ da
B1 87' 67’ B

and the last member tends to 0 as j — co. Next, observe that (5.7.18]) implies

1 ~ 12
hm 2/ (1 — ’Q‘E]

2
since (1 — ‘Qai > 0. In view of the strong W!2-convergence of Q% towards Q*,

(5.7.19), (5.7.18) and the above remark, all the limits involved in (5.7.22]) do exist, so
that the limit of the sum becomes the sum of the limits and we get ([5.7.21]). O

2
) =0, YVO<R<1,

Remark 5.7.1. This argument actually holds entirely also in the nonsymmetric case.
In a previous version of this work, the trick of fixing a minimizer and then penalizing
being distant from it was not recognized. Because of this, the approximation argument
was less powerful and gave a monotonicity formula only for a class of minimizers,
those that can be obtained as strong limits of minimizers of Ginzburg-Landau-type
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penalizations of the LdG energy. Thus, even if all the computations were valid also
without symmetry, there was a substantial reason to not extend the argument also in
the nonsymmetric setting. In this version of the work, we retained the inner-variations
method in for a threefold reason: to not change too much the new version w.r.t.
the one approved by the referees (even if one of them envisaged the possibility of
extension to all minimizers); to detail a second way to get the monotonicity formula
(which avoids requiring explicitly stationarity) and to highlight an important difference
between the symmetric and the nonsymmetric case.

5.8 The compactness theorem

In this section we prove a strong compactness theorem for blow-ups of S'-minimizers
Q of E(; By) in the class A% .

The main difficulty in the proof is the lack of the Luckhaus’ lemma (Lemma
whose proof is indeed nonequivariant, in the sense that comparison maps constructed in
it are generally not equivariant. Looking at the proof of Theorem [.T1] to understand
the problem, we see that it would not be legitimate to invoke the minimality of
scaled maps @ g, since they are minimizing only among equivariant maps. We shall
remedy this inconvenient by constructing by hand comparisons maps having the same
properties as those given by the Luckhaus’ lemma but that are also equivariant. We
note that there is in literature an equivariant version of the Luckhaus’ lemma, proved
by Gastel [49]. However, it cannot be used in this context without some adaptations
because of the fact that our energy functional is not the Dirichlet energy but the
LdG energy. Moreover, we do not need the full power of the Luckhaus’ lemma and
we do not aim to full generality, so we preferred to make a more explicit construction
modeled over the specific case at hand. For the construction, we followed the line
of earlier results, limited to the context of axially symmetric harmonic maps from
By into S?, due to Grotowski [56] who in turn detailed a sketchy argument of Hardt,
Kinderlehrer & Lin [61].

We point out three important remarks. First, let g € B and consider the family
of blown-up maps {Qr}r (of course, the center of blowing-up is understood to be xg).
Then maps QQr-s are generally not equivariant. Indeed, blowing-up is easily seen not
to preserve equivariance in general. However, if xg € {z-axis} N By, then blow-ups
are equivariant.

Secondly, the e-regularity theorem, Theorem and higher-regularity theorems
hold without modifications even for @ € Ag minimizing the LdG energy. Indeed,
Theorem maps Q) into a critical point of the free problem. Criticality, along with
a monotonicity formula, is all that is needed in the proof of Theorem [4.6]

Thirdly, S'-minimizers Q of E(-; B1) cannot have singularities located off the
z-axis. Indeed, any Q € W12(By, S*) has H!'-null concentration set [53, Proposition
9.21] and, by the monotonicity formula and the e-regularity theorem, sing Q = X(Q).
Hence, all possible singularities of ) are contained into the z-axis. Since the role of
blowing-up is allowing to decide whether a point is singular or not, we see that we
need to blow-up @ only around points belonging to the z-axis.

In view of the previous remarks, definitions and auxiliary results in Section [4.6]
carry over without modifications, except for the fact that blowing-up centers are
always understood as points belonging to the z-axis and that all the statements must
be understood in the S'-equivariant setting. Keeping this in mind, we now restate,
for the sake of convenience, some of that results. Proofs are exactly the same and we

104



5.8. THE COMPACTNESS THEOREM

shall not rewrite them here. Plainly, when the monotonicity formula is evoked, we
now mean formula (5.7.21)).
Let g € {z-axis} N By and let @ € A% be a minimizer of the LdG energy (1.1.3)

in the class A . Let Ro as in (4.6.1). We define maps Qg as in (4.6.2). In view of
the previous remarks, each Qg is S'-equivariant. We have

Lemma 5.5. Let Q € Ag be a minimizer of the LdG energy (1.1.3) in the class
AQ, . Fizved xo € {2-azis} N By, pick arbitrarily o > 0 and, for R < Ry/o, define
scaled maps Qr as in (4.6.2)). Then

limsup/ IVQr|? dz < +o0 (5.8.1)
R—0 -

for each o > 0. In other words, the family {Qr}r is locally equibounded in
Wie (R3, 54).

From now on, we take Remark into account. So, all Qg-s are well-defined
on Bj. Scaled energy functionals are defined exactly as in but, of course,
restricted to S'-equivariant maps.

It still holds, with the same proof, the following lemma.

Lemma 5.6. Let Q € A be a minimizer of the LdG energy in Afy . Let R, Qp be
as above. Let p € (0,1) and let {vgtr C WH2(B1,8%) be a family of S*-equivariant
mappings such that vg = Qr on 0B,. Then

liminf/ IVQg|* dr < liminf/ |Vug|? de. (5.8.2)
R—0 Bp R—0 Bp

We can now prove

Theorem 5.13 (Compactness theorem in the equivariant case). Let Q € Ag’ be a
minimizer of the LdG energy in Af . Fiz xo € {z-azis} N By and let R, Qr, ER be as

above and consider the family {Qr}r. Then there is Qo € Wi)f(RS’, S4) and there is
a sequence (QR;)r;, Rj — 0 as j — oo, which converges to Qo in the strong topology

of Wli’f(RS,So). In addition, Qg is a S'-equivariant locally minimizing harmonic

map and it is degree-zero homogeneous.

Proof. As we said, the proof must be different from that of Theorem [{.11] because
of the fact that Luckhaus’ lemma does not apply. On the other hand, by results
above, this is the only actual difference and we shall remedy the lack by constructing
Sl-equivariant competitors that satisfy all needed properties by hand. The rest of
the proof goes essentially like that of Theorem

By Lemma {QRr}r is locally equibounded in VVI})’CQ(R?’, S4) and so it is each

sequence (Qr,)r;, with R; — 0 as j — oo, extracted from it. By the Rellich-

Kondrachov theorem there exists )y € VVI})2

“(R3,Sp) so that, up to subsequences,
we have Qr;, — Qo (weakly) as j — oo in T/Vlif(R?’,So) and Qr; — Qo strongly in
L% (R3,5%). Thus, in particular, Qo(z) € S* a.e., i.e., Qo € VVéf(R‘s, S4). Moreover,
Qo is S'-equivariant, because the pointwise limit of a sequence of S'-equivariant maps
is itself S'-equivariant. By the monotonicity formula and the equiboundedness
of the potential (so that the potential disappears in the limit R — 0), it easily follows
(mimicking, for instance, [130, Lemma 2.6] or the reasoning in [134} Section 3.2]) that

Qg is degree-zero homogeneous. Thus, it is enough to show strong convergence and
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minimality in some ball B, C B; to get the same properties on any B C R? for any
p > 0, by scale invariance of Qo and the existence of the full limit of & f Br IVQ* dz
as R — 0.

Let § € (0,1) be a fixed number and let w € W12(By,S*) be such that w = Qo
a.e. on By \ Bi_s. By Fatou’s lemma and Fubini’s theorem, there exists p € (1 —6,1)
such that

2
lim ‘QRJ. - Qo‘ dH? =0, (5.8.3)
P

i
AR; = (/B ’QR]- - Qo‘2 d?—t2> 1/6.

Then Ag, < ¢ for j large enough and Ag; — 0 as j — oo.
Before introducing comparision maps, we slice B, in a convenient way, following
ideas in [61]. We set

and

’ g !VQ0|2> dH? < C < 4o0. (5.8.4)

Let us choose

B,=B UEp;UF,; 5.8.5
P (1-Xr;)p Py pJ ( )
where
F,j= {g; € B,: (1—Ar)p < |2| < p, [(x1,22)| < AR,p |g;\} (5.8.6)
and
EPJ = (B,D \ B(l—ARj)p> \ Fp,j- (587)
Of course,
Fpj=F L UF,

with F ij congruent caps, one in the northen hemisphere (+) and the other in the
southern hemisphere (-).
Next, we define comparison maps following [61]. We set

w(=5) o Buon

’URj = JRj7 on Ep,j7 (588)

IR, on Fi».

Above, J r,; denotes the homogeneous degree-zero extension with Center at 2=, =

p.J
(O 0,+£ (1 - /\R ) p) of the boundary trace on (‘3FjE to the interior of F
The deﬁmtlon of Jg; requires a little of care. We would like to deﬁne

Tr,(2) = T3z, (2)) for (1= Ag,)p < |2] < p,

where I : O — S is the nearest point projection (O a sufficiently narrow neighbor-
hood of 5% so that IT is well-defined and smooth as needed) and g, (z) indicates the
linear interpolation between
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x B x _ x 9
w<1—/\Rj> _Q0<1—)\Rj> Qo (p\fﬁl>’ 7 € Sli-an, )

(the first equality above follows from these facts: when (1= Ag,)p < |z| < p, we have
|z /(1 = Ar,;) = p; being p € (1 —4,1), we have —%— ry € Bl\B C By \ Bi_s, on

which @ = w by the choice of w) and Qrg,(px/ |x|); precisely, we set

i, (@) = (pAR) ™ (p—[2)Qo(pz/ 2])+ (pAr) ™ (la] — p(L— AR))Q, (pr/ |2]). (5.8.9)

However, two problems can arise: first, when g, (z) = 0, Jg, is not even defined;
second, when Qo(pz/ |#|) and Qg, (px/ |z|) are antipodal points on S* the projection
is ambiguous. Both of these are solved by taking j sufficiently large. Indeed, since
Qr; — Qo strongly in L*(B,,S*), if j is sufficiently large, then almost every point
VR, () lies in a fixed neighborhood of S* (we choose j so large that such a neighborhood
is away from 0) and almost every Qg;(z) lies sufficiently close to Qo(r) to avoid
ambiguities. So, by taking j sufficiently large, Jg; is well-defined and also Lipschitz.
Looking at , we see that

URj‘aB(lfo_)p = Qo(p')v ij|aBp = QRj (p)

Moreover, the vg,-s are S4-valued. We now need Luckhaus-type estimates to conclude.
As we pointed out, for j large enough, Jg; is Lipschitz, hence
(5.8.10)

2 ] 5 2
V| < Lip(I)?| Vg,

almost everywhere.
Putting a spherical coordinate system (r,w) on R3 (of course, r = |z|), we have

X TW
pro =P = pw,
I

thus

/ (V.5 ( )‘ d37</ ‘V'Ypaj@?)’Q dx
Bp\B(1- AR )P

2 2
/ / (‘8%] ik w)‘ +— ‘VT’YRj(r,w)‘ > r’dr dw
1-Apr;)p /9By r

<C ( / / (PAr,) 72 |@r, (o) — Qo<pw>\2 r’dr dw (5.8.11)
1-ARr 0B

? dH2>

Note that the r.h.s. of (5.8.11)) approaches zero as j — oo by the choice of Ag; and
the strong convergence Qr; — Qo in L?.

2
—i—)\Rj/a |VTQo(pw)\2+ ‘VTQRj(pw)’ d?—[2>
B/J

2
e (Ag}/aB Qr, = Qo| dM?+ g, /83 V2Qol* +|VrQr,
P P
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By definition of degree-zero homogeneous extension, the Fubini’s theorem and
the same calculations above, we get also

/ ‘V’UR].
Fp

2
AR, 17 AH2 < Co)p. 2 ‘
- J J - J J
< CAr / ‘VT'YR‘ H= < Cy R/ |VrQol +‘VTQR
B, B,

2
dH?

? du :/ ’ijjf dr < CARJ./ ]vTJRj
Fp 0B,

) (5.8.12)
dH?

whose r.h.s. tends to zero as j — oo because of ([5.8.4)).
Summarizing, we proved
Vw :
(1 — AR )

2
/ ‘V’URJ. dz < /
B, B

2
+C (Ag} /6 |Qr, — Q| dH? + AR, /6 VoQol +|VrQs,
B, B,

2
dx

(1*/\Rj)P

2 de) (5.8.13)

2
dH?

+ C2 AR, /{9 IVrQol* + ‘VTQR]-
BP

We are now close to the conclusion. Indeed, since F'(-) is essentially bounded, we
have

2
dx

J]—00

lim inf Eg, (Qg,; B,) = lim inf / VQn,
J—00 Bp

and
j—o0 j—o0

2
liminfER].(ij;Bp):liminf/B ’VQ}R].‘ dz.
P

By Lemmaand (15.8.13)) we get

2
/ VOl < liminf/ VQr,| < liminf/ Vo,
B, J—00 B, Jj—00 B,

2
= lim / Vw( : )
j—00 |: B(1*>\R].)P 1-— /\Rj

+/ ‘V’URJ.
BP\Bp(lf)\R],)
< lim [(1—)\}3].)/ IVwl|?

j —00
J P

2

2

2
+C (/\;%]1 /83 ‘QRJ. - Qo‘ dH? + /\Rj /8B ’VTQ()‘Q + ‘VTQRJ-
p p

? d7-l2>

+C2/\Rj/ V7 Qo) + ’VTQRJ-
9B,
:/ |Vuwl|*.

Bp

Since w is arbitrary, inequality (5.8.14)) implies both minimality of )y and strong
convergence Qr; — Qo in W1’2(BP,S4) as j — oo. O

? dHQ]

(5.8.14)
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We now prove some easy corollaries of Theorem [5.13

Corollary 5.14. Let Qg € Wl%)’cz(]RS, S4) the S'-equivariant degree-zero homogeneous
harmonic map given in Theorem . Then Qo € C*°(R3\ {0}, 5%).

Proof. Since Qg is degree-zero homogeneous, it is in particular a harmonic map from
S? into S%. Hence, by Hélein’s theorem [68], it is smooth as a map S? — S*. By
degree-zero homogeneity, it is smooth in R3\ {0}. O

Exactly as in [134, Sections 2.5, 2.11], [53} Proposition 10.26], we can prove joint
upper semicontinuity (with respect to joint variables Qo and y, see below) of the
density. The strong convergence of the blown-up maps is essential to the argument.

Corollary 5.15. Let Q, (Qg,)r; and Qo as in the statement of Theorem let
y € {z-awis} N By and let (ygr;)r, C {2z-axis} N By be a sequence converging to y. The
density function of Qo, ©gq,, s jointly upper semicontinuous with respect to Qo and
Yy, meaning that

©q,(y) = limsup Og, (yr,)-

Jj—00 J

Proof. By Theorem QRr; — Qo strongly in VVI})E Let (yr,)R;, ¥» Yr; — Y as in

the statement and let us fix p,e > 0 such that B,,.(y) C B;. For j large enough,
‘ij — y‘ < ¢, hence B,(ygr,) C Bye(y), implying

1 2 1
@.yvﬁ/ dxg/ VQr.
QR]( R]) P P Bﬁg(y)‘ R;

By
By the I/Vl})’f—convergence, for j large enough,

2

VQn, dz.
(yr;)

1 2 1
/ ‘VQR].’ dz < / IVQo|? dz + .
P Bp+s(y) P Bﬂ-‘ra(y)

Letting € — 0 first and then p — 0 completes the proof. O

Corollary [5.15] plays a fundamental role in the proof of the next result about the
reduction of the dimension of the singular set. Here, we closely follow the line of the
corresponding theorem for (nonsymmentric) minimizing harmonic maps |53, Theorem
10.18].

Corollary 5.16. Let Q € A% be a minimizer of the LdG energy (1.1.3) in the class
A . Then its singular set sing(Q) is a finite set of isolated points located on the
Z-aTis.

Proof. We recall that the singular set sing(Q) coincides with the concentration set
Y¥(Q) in view of e-regularity theorem and higer-regularity theorems.

Let (x,), be a sequence of singular points converging to xg (of course, all these
points lie on the z-axis). Up to translations, we can assume xg = 0. For each v, let
QW™ := Q(2|x,| z); the maps Q™) are an equibounded sequence of blown-up maps
with singularities y, = %, ly| = % Up to subsequences, by Theorem we can

assume Q) — v strongly V[/li2

“(R3,Sp), where v is energy minimizing. We can also
assume ¥, — Yo, with |yg| = % By Corollary 7o is a concentration point, hence
a singular point by Theorem [4.6

We now claim that v is (positively) degree-zero homogeneous: by the I/Vli’f -

convergence, we have
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1 1 2
/ |Vo|* dz = lim / ’VQ(”) dz
P JB, voeopJB,
1 2
= lim ——— IVQ|” dz
v=00 2p || U p,,,,10)
= 6¢(0),
hence the left-hand side does not depends on p. Then, by the monotonicity formula
(15.7.21)), g—}’% = 0 a.e. and the claim follows. We now have that the whole segment
{M\yo : A > 0} N By is singular, hence H!(X(Q)) > 0 and this is absurd. O
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Chapter 6

Classification of Sl-equivariant
harmonic spheres from S? into

514

Synopsis. In this Chapter we classify all S'-equivariant harmonic spheres from S?
into S*. As a preliminary step, we first classify all S'-equivariant harmonic spheres
from S? into S? ( Then we note that it follows from a theorem of Almgren [1]
and Calabi [23] that only two cases are possible for harmonic maps S? — S%: either
the span of the range of the map is a three dimensional linear subspace of R% ~ S,
or it is linearly full; i.e., the span of its range is a five dimensional linear subspace of
R5 ~ Sy. We decompose Sy into subspaces invariant under the S'-action ( and
we find that Sy can be written as the direct sum Lo @® L1 @ Lg, where L;s are invariant
subspaces on which S' acts by rotations of degree k. It turns out that the only three
dimensional invariant subspaces are L; & Lg and Lo @ Ly, thus harmonic spheres
from S? into the unit sphere in Ly @ Lo (d = 1,2) must have degree d and hence
they arise as special cases of the more general classification in In particular,
they must have energy 47 and 8w, respectively. For the general case, we exploit the
properties of the twistor fibration T : CP3 — S* (§ to reduce the study of
Sl-equivariant harmonic spheres S?2 — S* to the much simpler study of horizontal
algebraic curves CP! — CP3 of degree 3 that are equivariant w.r.t. the appropriate
lifting of the S'-action. The result (Theorem [6.2) is that all S'-equivariant harmonic
spheres S? — S* can be classified in terms of two complex parameters. It also follows
that linearly full maps must have energy 127.

6.1 Sl-equivariant harmonic maps S? — 52

We now classify all S'-equivariant harmonic maps S? — S2. In this case, the
classification is particularly easy because it is possible to give a very explicit description
of the maps involved. Moreover, as we shall see, S'-equivariant harmonic maps
52 — 52 are those S'-equivariant harmonic maps S? — S% that are not linearly full.

Let us start looking at S? as an embedded submanifold of R3. Every nonconstant
harmonic map w : S? — S? has degree degw # 0 and it is holomorphic or antiholo-
morphic; this fact is linked to the synergy between the structure of the energy and
the geometry of the problem. In particular, it can be shown that
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1
E(w) = /32 = |Vw|? dvolge = 4r |degw] .

Let us denote 7 : 52\ {S} — C the stereographic projection from the south pole
and let

O S (S} 12 (2, LB
' ' L+ |21 14 |2

the inverse map. The projection 7 is a homeomorphism between S? \ {S} and
C which extends to an homeomorphism between S? and C U {co} via one-point
compactification. We can regard S? as C U {oo} and the application between spheres
x — w(z) as an application C U {oo} — C U {oo} whose restriction between C and
C is a ratio of polynomials in z or in z (not bot, flz) = %, with P,@Q € C[z]
coprime, whose topological degree is d = max{deg P,deg @Q}. The poles of @ coincide
with the points that are mapped to the south pole. In this sense, the singularities of
the (anti)meromorphic map f are artificial; i.e., they are due to the inadequacy of
the coordinate system induced by the stereographic projection from the south pole in
describing the behavior of the function near the south pole.

Thus, w is harmonic iff f = 7 ow o 77! is a rational function in z or in z. We
explicitly remark that, for each polynomial f in z or in z (with positive degree), the
application 7~! o f o 7 is a harmonic map. In particular, all harmonic maps S? — 52

having topological degree 1 are obtained from polynomials of the form f(z) = gjig,

| a Z‘ # 0 (analogously for polynomials in 2).
We note that

W NY) ={P =0}, wT'({S}) ={Q=0}

Dealing with the point at infinity separately is particularly uncomfortable when
Sl-equivariance is taken into account. Then, it is convenient looking at S? as CP?
and describing maps in terms of homogeneous coordinates on CP!. Then we have:

z € 8% [20,21] € CPL,
(N Az = [L7(2)],
N [0,1],

so we can look at w as the application

[20, 21] == [D(20, 21), N (20, 21)],

with A/, D coprime polynomials of the same degree, obtained by homogeneization of
P and @ respectively:

N(z0,21) = 25 P (Zl> . D(z0,21) = 2Q (Zl> .
20 20

We now take S'-equivariance into account, where S'-equivariance means S'-equivariance
with respect to Sl-actions on S? specified by representations p : $? — Diff(5?) on the

1Say, in z, to fix notations.
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domain and p : % — Diff(S?) on the target. A map w : S? — S?is (p, p')-equivariant
iff intertwines p e p':

wop=ypouw.

From the above, S?(C R?) ~ C U {oo} ~ CP!. We write x = (2/,13), 2’ € R?, for
points of S? seen into R3, and we identify g € S as a rotation R around the axis of
equivariance when we look S? as a submanifold of R? and we indentify g = €' in the
remaining cases. We set up the p-action as follows:

gr = (Ra',x3) > gz = ez s p(9)([20, 21]) = [0, eid’zl].

Similarly, we let St act on S? as a rotation of fixed degree k € Z \ {0}.

By comparison of explicit representations of w in terms of homogeneous coordinates
and observing that the (p, p')-action of S* preserves the degree and the property of
two polynomials of being coprime, we have that the harmonicity of w implies that
wo pand p ow are also harmonic. Thus we can ask

Problem. What are all (p, p’)-equivariant harmonic maps?

We note that N and S are left fixed by every p(g), g € S', so that

w(N) = p/(g) ow(N), w(S)=p(g)ow(S).

On the other hand, w(N) and w(S) are left fixed by p'(g) for all g € S'. Then we
have

{w(N),w(S)} = {N, 5},

so that only two cases are possible: either w fixes the poles or w exchanges the poles.
Furthermore, there are no other points left fixed by the (p, p’)-action of S'. These
facts allow to deduce the explicit form of all (p, p')-equivariant harmonic maps.

Suppose that the north pole is left fixed. The counterimages of the north pole are
the zeros of the denominator of the polynomial representation of w. Hence, there is
only one possible zero, namely, z = 0. Since S is also fixed, the only point mapped
into S is S itself. Thus, there is no point (other than the point at infinity) at which
@ vanishes, so that () must be constant. A similar argument holds when w exchanges
the poles.

If w has degree d, 4 possibilities are left:

fi(z) = A28 fo(z) = A2 fa(z) = A2 74 fulz) = A2

Among these, fi and fy fix the poles while f; and f3 exchange the poles. Further,
only f; and f3 are compatible with the (p, p')-equivariance respect to the S'-actions
previously specified. Hence, as A € C\ {0} varie the maps of the form Az% or A\z—¢
provide, by pre-composition with the stereographic projection 7 and post-composition
with 771, all (p, p')-equivariant harmonic maps S? — S? of degree d.

2We shall see that for a class of minimizing maps in the equivariant class equivariance and
stationarity together imply |A| = 1.
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6.2 Classification of S'-equivariant linearly full harmonic
spheres 5% — S*

6.2.1 Decomposition of §) into invariant subspaces

Notation. Throughout this section E(w) will denote the Dirichlet energy of the map
w: 8% — 5% Bold letters denote vectors in R? (seen as column vectors).

Let w : S2 — S be harmonic, w noncostant. Then E(w) = 47 |d|, d € Z \ {0}, see
[138]. Denote V' = span Ran w; two cases are possible: either

dimV < 3,

or
dim V = 5;

the case dim V' = 4 reduces to dim V' = 3 because of the theorems of Almgren [1] and
Calabi 23] (compare also [132, Lemma 1.1]). We note that, because of equivariance,
the images of the maps are invariant subsets of Sy, hence V' is also invariant in any
case.

When we see S? as a submanifold of R3, we look at R € S! as a (2 x 2)-matrix (a
rotation in the plane orthogonal to the axis of equivariance) and we denote

~ R O
m(R)=R= <0 1)

the representation of elements in S in terms of automorphisms of Sy, where R is the
(2 x 2)-block mentioned above.
For elements in Sy, we employ the notation

Qo g
Q = t 9
qQ° 9o
where qq is a scalar and Qg a 2 x 2 matrix. The S'-action on Sy by conjugation can
be written explicitly, in terms of automorphisms, as

R@R—(ﬁ%ﬁ iﬁ. (6.2.1)

We decompose Sy as a direct sum in a fashion that will allow us to describe easily all
its invariant subspace. To do this, it is enough to determine a basis for each block,
paying attention to the fact that basis matrices must be traceless and symmetric.

Remark 6.2.1. The decomposition we are going to introduce is not new. It appeared,
for instance, in [137], although in a nonequivariant context.

We start with

1—100

c=—|0 -1 0]. (6.2.2)
A

Looking at (6.2.1)), it is straightforward to deduce that the subspace
L() = Reo (623)
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is invariant.
The remaining matrices will have the component (3, 3) equals to zero. Let’s start
by considering the “vector” blocks, in the sense of (6.2.1]). We choose first

1 0 0 1
e1r=——7=10 0 O (6.2.4)
V2 1 00
and then
0 00
eo = 1 0 0 1 (6.2.5)
9= — 2.
V2 0 10
The subspace
L1 = Re; @ Reo (626)

is invariant (we remark explicitly that none of the blocks are, if taken separately,
since the S'-action by conjungation maps each one onto the other).
It remains the (2 x 2)-block. We select first

1 1 0 0
es=—1[0 -1 0 (6.2.7)
V2 0 0 O
so that the matrix
010
_ 1 00 (6.2.8)
e4=— 2.
V2 0 00
completes the basis. The subspace
Lo = Reg ® Rey (629)

is invariant.
Clearly,

So=La® L1 & Lo

is a decomposition of Sy into invariant subspaces. We note that the invariant subspaces
of dimension 3 are

Lip=1L1® Lo (6.2.10)

and

L270 = Lo ® Ly. (6211)

Thus, all invariant (proper) subspaces of Sy are Lo, L1, Lo, L1 ® Lo, Lo & Ly.
With the exception of constant maps, we have that

V=L &Ly

or
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V =Ly® Lo

or otherwise dim V' = 5.
Let us study L2 more closely. It is plain that

Lo~ {(‘b‘ _ba> Labe ]R} C Mayo(R).

The application C' : Mayx2(R) — Mayo(R) mapping (CCL Z) = <_ac _bd>

squares to the identity; it can be represented by the matrix

=0 %)

and it establishes an isomorphism between Lo and C. Indeed,

CL2={<“ b),a,beR}f:C
-b a

Thus we can see C' as an application Ly — C, more precisely, as an isometric
isomorphism which associate to each A € Lo a unique complex number z = C'A. The
first observation we make is that the S'-action by conjungation corresponds to the
Sl-action on C by rotations of degree 2. Precisely,

Lemma 6.1. Let A € Ly and let R € S'. Then
R'AR = CR*CA
Proof. We have
CR?’CA = CR*2 = CR(Rz) = CR(2R) = (CR)(zR) = (CR)!2R = R'C?AR = R'AR,

where we used CA = z for some z € C and the fact that, if we look at R as a
rotation in the complex plane, R = e'®, then we have Rz = zR since the complex
multiplication in commutative. Finally, CR is a symmetric matrix. O

Corollary 6.1. Let 7 : S* — Aut(Lsy) denote the S*-action on L by conjugation and
let @ : ST — Aut(C) the action by rotations of degree 2: S' 3 R+ {2z — R?2} € C.
Then m = C7.

Proof. Obvious from the lemma. O

Noting that L1 = Re; ® Res, we see that L1 ~ C, where the isomorphism is
provided by the identity and, in analogy with the above discussion, that the S'-action
on C induced by the S'-action on L; is by rotations of degree 1.

To recapitulate, if dim V' = 3, we have either

V=L &L ~CaR,

or
C
V=Ly®dLo~=CaoR.
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In the first case, if w : S2 C R3 — §? C L1 @ Ly is a harmonic map, S'-equivariance
means

w(Rp) = Rw(p),
where p = (po, p1,p2) € S? C R? and Rp = (po, € (p1 + ip2)). This implies
E(w) = 4.

Looking at the classification in Section [6.1] this means that all equivariant harmonic
maps w : S2 — S% C Ly @ Ly are of the form Az € C or 2 with A € C\ {0}. Actually,
we can restrict ourselves to consider only the first case because the second reduces to
the first one up to a fixed isometry (i.e., the antipodal map). We shall do so from
now on without explicit mention.

In the second case, if w: S%2 C R? — S% C Ly @ Ly is harmonic, S'-equivariance
means that

w(Rp) = R*w(p),

with p as above and hence
E(w) = 8.

Each w : §%2 — S% C Ly @ Ly equivariant is of the form 22, with A € C\ {0}.

Remark 6.2.2. We remark that equivariance firmly fixes the energy of the harmonic
maps into the two classes. Indeed, harmonic maps S?> — S? can have, a priori,
arbitrarly high energy, i.e., arbitrarily high degree. On the other hand their explicit
description in terms of polynomials in z implies that the degree have to be the
maximum between the degree of the denominator and that of the numerator. The
request of equivariance fixes the degree of admissible polynomials, hence the topological
degree and, in turn, the energy. This implies that, in low image dimensions (= 3),
the energy is also low (< 87). On the contrary, a map having “high” energy (> 127)
is necessarily linearly full (i.e., dim V' = 5) and vice versa.

In Section we exploited the fact that S? and CP! are isomorphic to get a
very explicit description of harmonic maps w : S? — S2. Similarly, we can observe
that the twistor ﬁbmtionﬁ 7 maps CP? onto S*. We can thus think to replicate the
previous strategy and thus study algebraic curves CP' — CP? of degree 3, and then
projecting them on S* by means of 7. Actually, we start with linearly full harmonic
maps w : S2 — S, so, first of all, we have to check that each linearly full harmonic
map w : S? — S* has a lifting @ : CP' — CP? and that this lifting is an algebraic
curve, i.e., we have to prove that the following diagram:

CpP?

o

R

commutes, that is, w = 7 o @. In order to treat the problem systematically, we
introduce the twistor fibration following [16, |17, (18§].

3Bolton and Woodward |16l |17, /18] make use of the symbol 7 which can be cause of confusion in
this work.
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6.2.2 The twistor fibration 7 : CP? — S*

Let ¥ be a Riemann surface. The fiber bundle 7 : SO(2m +1)/ U(m) — S?™ is called
twistor fibration in the case 7 is a Riemannian submersion with the further property
that the composition with 7 sets up a bijection between holomorphic horizontal maps
¥ — SO(2m + 1)/ U(m) and superminimal maps X — RP?™,

Remark 6.2.3. We shall not introduce the notion of superminimality, mentioned only
for the sake of completeness, since we are interested only to the case ¥ = S?, in which
case any harmonic map is superminimal [22]; the interested reader can consult the
paper by Bryant [22] for further information. We will make clear in a moment what
we mean by horizontality, restricting to our concrete case for simplicity.

Let m = 2. Then SO(5)/U(2) ~ CP? and the twistor fibration 7 : CP? — §*
is the composition of the Hopf mayﬁ CP? — HP! with the standard identification
HP! ~ S* c H®R ~ C®C®R given by the stereographic projection from the south
pole into the 4-equatorial plane H in HP!. Explicitly, H > ¢ — [1,q] € HP! and

_ 2 2
(2q1q2, |q1]” — 1g2]") g

[Q1,QQ] EHPI > 5 5
l@1]” + 42|

Looking at R% as C® C @ R, the twistor fibration is given by the explicit formula [16]

(2(Z123 + 29%4), 2(Z124 — 2273), |21 ]2 + | 22)? — |23]% = |24)?)
21]* + |2af* + |23)* + |24

7([21, 22, 23, 24]) =

If CP? is endowed with the Fubini-Study metric of constant sectional holomorphic
curvature +1, 7 becomes a Riemannian submersion 22, 16|. The horizontal distri-
bution on CP3 consists of those tangent vectors to CP? that are orthogonal to the
fibers of 7. If we see & : CP! — CP3 as a curve from C @ C into C® C @ C @ C and
if we define the 1-form over C&@Ca C d C

n = 2zodz; — 21 d2g + 24 dzg — 23 d2y,

the horizontality condition can be written

& n = 0. (6.2.12)

Since S? is compact and it is isomorphic to CP? (via the identification built in Section
, each @ : CP! — CP? holomorphic horizontal curve is an algebraic horizontal
curve (18] and w = 7 o @ is harmonic |16, [17]. Conversely, each linearly full harmonic
map w : S? — 8% is of the form +7 o & for some unique linearly full horizontal
algebraic curve @, called the twistor lifting of w. The symbol £+ denotes the possible
application of the antipodal map. If we denote d the algebraic degree of @, its energy
is 47d. Summing up, after having made precise sense of the objects appearing in the
diagram at end of Section [6.2.I] we can assert that it commutes.

“Identyfing H? ~ C* through (z1, 22, 23, 24) < (21 + 224, 23 + 247), the Hopf map p takes the
complex line Cv in C* and associate with it the quaternionic line Hv. Explicitly, p([z1, 22, 23, z4]) =
[21 + z2], 23 + zaj].
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6.2.3 Sl-equivariance of the twistor fibration.

We are concerned with maps S2 — S4 that are S'-equivariant. We now introduce a
Sl-action on CP? which is compatible with the S'-actions on CP! and on S*. Put
g=¢e"?¢c S and

1!

[21, 22, 23, 24] ‘,’ﬁ)) [21, egsz, 62i¢>23’ ei¢24]. (6.2.13)

Such an action is well-defined: indeed, we get [0,0,0, 0] if and only if we start from
[0,0,0,0]. Furthermore, each g € S*, p”(g) is the representation of an automorphism
of CP3, i.e., a matrix belonging to PGL,(C).

Lemma 6.2 (Equivariance of the twistor fibration). Let p” : CP? — PGL4(C) be
the representation of the S'-action on CP3 defined in (6.2.13). Then

7(p"([21, 22, 23, 24])) = RtT([Zl, 29, 23, 24] ) R, (6.2.14)
. ~ i
with R = ( o ‘1))
Proof. Plainly,
T(p”([zla 22,23, 24])) - 7_([217 €3i¢227 €2i¢z37 €i¢z4])

_ (2e¥(Z123 + 20%4), 26" (Z124 — 20%3), 21| + |20)” — |2s]” — |24]?)
21)* + [ 22]? + |23]* + |24]

€ LZ ® Ll & L07
hence the conclusion. ]
Since 7 preserves S'-equivariance, the diagram

0

CpP?
Slc 52 # 54 Dsl

commutes, so that we can use the twistor fibration to study linearly full equivariant
harmonic maps from S? to S*. We aim to adapt the strategy already exploited for
maps S? — S? and so trying to carry out an explicit classification.

Remark 6.2.4. We already noticed in Section that the physics of the problem
supports linearly full maps having the lowest energy, i.e, 127. On the other hand,
without some extra hypotheses, we cannot exclude the possibility of higher energy
maps. The further request of compatibility between all S'-actions implies
and fixes to 127 the energy of S'-equivariant linearly full harmonic maps from S?
into S*.

6.2.4 Classification theorem

As we already remarked in Section the relevance of twistor fibration to the theory
of harmonic maps from S? to S* comes from the fact that [16, 17] the T-projection
of any horizontal linearly full algebraic curve ¢ into CP3 is a linearly full harmonic
map and, conversely, for each linearly full harmonic map w : S? — S there exists
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a unique linearly full algebraic curve & into CP? which is its twistor lift. Moreover,
equivariance for w implies equivariance for @. Indeed, by equivariance, w - p, = 4 - w,
so that the twistor lifts coincide too and the claim follows.

The request of compatibility between the p-action on CP! and the 7-action on S*
fixes p” as the S'-action on CP3 (with our conventions about the relevant variable on
CP%). Hence, very restrictive conditions are imposed on the homogeneous coordinates
of (I)([)\o, )\1])

If @ is an algebraic curve having degree 3, the homogeneous coordinates of an image
point are necessarily coprime homogeneous polynomials of degree 3. Equivariance
with respect to the p”-action implies that the polynomials P; in

@([Ao, AM1]) = [PL(Aos A1), Pa(Xos A1), Ps(Ao, A1), Pa(Ao, A1),

are the following:

Pr= 1)y, Py=pe)}, Ps=p3 i, Pi= i,

the coefficients u; are complex numbers.

Up to now, the p; are arbitrary. However, since @ must be linearly full, p1 # 0
so that, without loss of generality, we may set u; = 1. Next, horizontality sets up
a relation between the other variables, so that one is a function the other two. By

(6.2.12)), we have that horizontality yields
(3p2 — papa) NoAT (A1 dAg — AodAr) = 0,
and, by arbitrariness of Ay, A1, we get

3/1,2 = U3U4. (6.2.15)

Hence, every horizontal linearly full algebraic curves of degree 3 is of the form

&([Nos M]) = { 3 %A?,M,A%Ao, M4)\%)\1} (6.2.16)

where (13, 114) € C @ C, hence

” 1 72 ol I\
(Tow)([)‘OaAl]):@ 2u3AGAT | Aol +f ’
21y (4
A
20N <|)\0|4 _ |“3|3’1‘> ’

2 2 2
A
ol (Rof? — maf? Iaf?) + o ('“3’ pal ] —|u3|2|>\02>>
(6.2.17)

with

2 2 2
A
2 = Dol (ol + a1 ) + Dl (‘“3‘ e +M3|2|)\0|2>-

Note, in particular, that setting pus = 4 = /3 gives back the hedgehog.
Summarizing, we have proven the following classification theorem.
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Theorem 6.2. Fach horizontal (p, p")-equivariant linearly full algebraic curve & :
CP' — CP? of degree 3 has the form for some (us, pg) € C®C, hence, each
(p, 7)-equivariant linearly full harmonic map w : S? ~ CP' — 84 Cc C@ C PR having
energy 127 has the form for some (us, ug) € Co C.

In terms of coordinates (6, ¢) on the sphereﬂ we can write

w = (wa(0)e?,wi(0)e™®, wo(0)) . (6.2.18)

The expression of the components of w in spherical coordinates, in terms of the
parameters ps, i4, is given by (A.1). Note that, by Hélein’s theorem, the components
w; are smooth functions on S2. Observe also that S'-equivariance forces

w2(0) = wa(m) =0 and wy(0) = wy(7) = 0. (6.2.19)

Remark 6.2.5. Observe that the function wy is always real-valued, while wq,wo are
complex valued whenever the parameters ps3, uq are such and real-valued otherwise.

Notation. In the following, when recurring to (6.2.18]), we will often drop the
argument 0 of the functions w;.

6.3 The Center-of-Mass condition

We recall that it is a general property of stationary harmonic maps with values
into spheres, firstly highlighted in [21, Remark 7.6] for harmonics S? — S? and
then generalized by [96, Theorem C], that the center-of-mass (CoM) of the measure
\Vw]2 dz must be placed at the origin. In the case of S%-valued maps, this fact
reduces the arbitrariness in the parameter of the maps to a fixed phase, which is
however inessential for what concerns stability. In the case of linearly full maps, it
links the two arbitrary parameters, so that only one remains actually independent.

6.3.1 The CoM condition for S%-valued maps
In the case of maps with values in S?, the CoM condition suffices to state that the
parameter \ of Section [6.1] has to be a fixed phase [21].

6.3.2 The CoM condition for S$*-valued maps

Linearly full maps are classified up to two arbitrary complex parameters. For each
map, up to a fixed rotation of the domain S2, one of them (say, p4) can always be
thought of as real. We now show that the CoM condition determines one parameter
as a function of the other. To this end, it is found convenient rescaling pi4, setting

g 1= with iy € R\ {0}.

|3

Write o = (21, 22, 73); S'-equivariance implies that

Lo () o7 ()

SWe follow the convention more frequently adopted in physics, according to which 8 is the latitude
and ¢ the colatitude.

2
dvolgz =0 <= LT3

2
dV0152 =0.
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In terms of the complex variable z (by means of the stereographic projection 7 : $% —
C U {o0}), we have

1—|z)? 4d
T3 = 12 and dvolge = 72.
1 2 S 2\ 2
+14] (1+12P)

Then we have
4dz

Joms 7 () (14 B

Here V7 denotes the gradient on S? and ||¢2 the norm with respect to the canonical
metric on S2. Denoting V. the gradient on C w.r.t. the complex variable z, we have

1— |z 4d 1— |z
/ 7|Z|2 Vrw(z)Z ——— = / 7|Z|2 V.w(2)[? de.
C1+|Z’ (1—|—|Z‘2) C1+|Z’

Let & = p142. Since every harmonic map from S? into a compact Riemannian manifold
is conformal, we find that

® dvol /1_|z|21v ()2
volgz = Tw(z
S o1+ |2 52

¢
1— |22 l—rm 2
[V 4z = [ Bl vl ae

2

|24l

The index (u3) remarks that pg is held fixed. Let us consider the second member
above as a function of |uy4]:

Recall that |u4] € (0,+00). Define

gellal) = L L (0,400,
|pa)™ + 1€]

Note that g¢(-) is an increasing continuous function with
ge(0") = =1 and ge(+oo0) = +1.

It then follows that A is also increasing and continuous, with
h(0) = —E(w) and h(oo)= E(w).

The intermediate value theorem then implies that, for each pus € C*, there exists
a unique |fi4| such that h(|f4|) = 0. So, for stationary maps, |u4| is a continuous
function of us, actually a smooth function by the implicit function theorem.
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Chapter 7

Landau-de Gennes theory with
norm-constraint and with
symmetry, 11

Synopsis. In this Chapter we prove stability and instability results for the S'-
equivariant tangent maps that can appear as strong limits of blow-ups (centered at
points of the z-axis) of S'-equivariant minimizers of the LdG energy in the class A‘b"b
Of course, in principle we aimed at ruling out all nonconstant tangent maps, thus
getting a Liouville theorem and, in turn, global interior regularity for minimizers.
Recall that in the previous Chapter we classified all possible nonconstant tangent
maps and we learned, in particular, that — due to equivariance — their restriction
to the sphere can only have energy 4w, 87 or 12m. The span of their ranges is
included, respectively, into L1 @ Lo, Lo ® Lg or into a 5-dimensional linear subspace of
Lo® L1® L. Unfortunately, and quite surprisingly in view of the explicit classification,
we did not succeed in completing the program, because tangent maps with values
into Ly @ Lo turned out to be minimizing in their class (Theorem and we have
no reasons for be assured that singularities associated to this kind of tangent maps is
actually avoided by minimizers of the LdG energy in the S'-equivariant class AB, -
As expected, tangent maps with values into Lo @& Ly and linearly full tangent maps
are instead unstable, see Theorem (or Section for more detailed calculations
for maps into Ly @ Ly). Thus, we have only a partial regularity theorem, Theorem
but with the further knowledge of the possible singularities and their structure.
Such a knowledge will allow us to explore interesting behaviors of minimizers w.r.t.
to special boundary data in Chapter

In the following, we shall carry out explicit computations whenever possibile, even
if this may produce some repetitions. In fact, this way we are able to investigate
more deeply the structure of S'-equivariant harmonic maps between spheres, a topic
of its own interest, see e.g. |48, [50].

7.1 Results on the stability and the instability of S'-
equivariant tangent maps

7.1.1 Approach to instability

In this section, we shall prove stability and instability results for the S'-equivariant
tangent maps given by Theorem We recall that a harmonic map w : M — N is
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CHAPTER 7. LANDAU-DE GENNES THEORY WITH NORM-CONSTRAINT AND WITH
SYMMETRY, II

d2E(wt)

said to be stable if it happens
>0 7.1.1
dt? - ( )

d? 1
= -3 (/ 5 \thIQ dVOlM>
t=0 M t=0

for all admissible outer variations w;. Otherwise, w is called unstable. We note

d?E(w¢)
that =— 5~

results are known about the (in)stability of nonsymmetric harmonic maps when the
domain and/or the target are special manifolds. In particular, we recall the following
theorems.

Theorem 7.1 (Schoen&Uhlenbeck, [132]). For k > 3, define d(3) = 3 and d(k) =
|min{k/2 +1,6}]| for k > 4. Then, for k > 3 and n < d(k), there is no noncostant
minimizing map from R™ to S*.

Theorem 7.2 (Lin&Wang, [95]). Form > 2 and k > 3, if w € C®(R™+1 Sk) is q
(WL*l)2 > k—2
am = k-

_0 is a quadratic form, firstly computed by Smith [135]. Important

stable tangent map, then

As Y. Xin remarks in [141} Section 6.3], stability in the equivariant case is much
different from nonsymmetric stability. Indeed, he says, it could actually happen that
an unstable harmonic map is a stable equivariant harmonic map.

Xin’s prophecy actually comes true in our case, because, as we shall see, tangent
maps with values in S? C L ® Lo are stable. In fact, we shall prove the stronger
statement that these maps are even minimizing.

On the contrary, tangent maps with values in S? C Ly @ Lo and linearly full
tangent maps are unstable.

For further reference, we recall below the sharp Hardy inequality in R™.

Theorem 7.3 (Sharp Hardy inequality). Let n > 3 and let 1 € WH2(R™). Then

(n;2>2/Rn ||1/1’| dr < /Rn Vol do. (71.2)

2\? .
The constant (” ) is sharp.

7.1.2 Second variation formula

Let w be a tangent map given by Theorem Let V € C2°(R3,R?) be S'-equivariant
and define

wilz) = w(z) +tV(z)

w(z) + 1V (z)]
Since w is S*-valued, w; is well-defined for sufficiently small ¢, because in this case
w(z) +tV(z) # 0 for all z € R3. We are really interested only in small ¢, so we will
henceforth drop this spemﬁcatlon The family {w;} is an admissible outer variation
of w. Indeed, w; € VVIOC (R3,84) for all t and w; is S'-equivariant:

(x € R®).

w(Rz) +tV(Rx)  Rw(z)R™'+tRV(z)R!
lw(Rx) + tV( a:)| ~ |Rw(z)R™! +tRV (z) R
(W) +tV(z)R™"  (w@) +tV(z) \
= oo e = (e s ) ®
= Rwi(z)R™!  Vaz eR3 VRe S,

wi(Rx) =
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because of the linearity of the S'-action by conjugation on S* and the fact that this
action is by isometries.
Let us set

d’E
QV;w) = ToL

L L;l; </Rs % Ve dx)] : (7.1.3)

t=0

Proposition 7.4 (Second variation formula). Let w, V and Q(V;w) as above. Then
QV;w) :/ [ V) = V) [Vul? = [V(w - V)P = 4(w- V) (VV, Veo) + [VVP ) da
R3

_ / [ Vel [Vl + [V} da,
R3
(7.1.4)
where
V=V —(w-V)w,
is the tangential part of V' to the image of w.

Proof. For brevity, we will hencefort omit the argument z. As in [132], we calculate

d(|Vw|?) _ d{Vw, V) 5 <V (dwt> ,th>,
dt dt

P(|Vwe) . d dw;
a2 la <V (dt) ’V“’t>

We set w = % R Then,
d(| Ve |
dVe) o g, v, (7.1.5)
dt
t=0
d? 2
%“W 2V, Vo) + 2 (Y, Vo) (7.1.6)
t=0
Being

dwy d<w+tv>

AR AT
Vv w+tV
= — (Vew4tV V),
lw+tV| ‘w+tV’3( )
we have
w=V—-(w-V)w
and
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O=3w-V)’w—(V-V)w—-2w-V)V.
Then

1 d?
?qwtﬁ) = (V&, Vw) + (Vw, V)

t=0

= (V3w V)2 — (V- V)w = 2(w- V)V], Vw)
+(VIV ( V)wl, VIV = (@ V)])
=3(V[(w w> (V[(V - V)wl, Vo) = 2(V[(w - V)V, Ve)
+(VV, vv> —2(VV, V[(w - V)w]) + (V][(w - w)], V[w- V)]
Easy calculations in components (taking advantage of the fact that w;Ow; = 0 because

w is S*-valued) lead to the first line in (7.1.4). The second line follows as in the proof
of |97, Proposition 1.6.1] O

Recall that we have classified S'-equivariant harmonic spheres S — S* in terms
of two complex parameters. We now observe that the number of free parameters can
be reduced when studying stability. Indeed, trivially, one of the two parameters, say
14, can always be taken real and positive, up to a fixed rotation of S2?. Thus, we are
left with a free real parameter and a free complex parameter. However, we claim
that, for what concerns the stability issue, both us and pg can be taken real and,
moreover, positive. More precisely, it is trivial to prove the following

Lemma 7.1. Let u3 € C, pg € R, w: S? — 5%, w = (w2e?®, w16, wy), be the
harmonic sphere whose parameters are us, pa. Define w® : 82 — §* setting

wl® = (wee™e?® w1e™, wy)

for any o € R. Then, for any a € R,

(i) W is harmonic;
(ii) w satisfies the CoM condition if and only if w(@ satisfies the CoM condition;

(iii) w is stable if and only if W™ is stable;

Proof. (i) Indeed, for any a € R, w(®) we clearly have ‘Vw(o‘)’Q = |Vw[?. By the
definition of o and the harmonicity of w, w(® satisfies
Aw(® — ‘W(mfw(a)
thus w(® is a weakly harmonic map.
(ii) It follows trivially from the equality |Vw|? = ’Vw(a)r.

(iii) We prove that w is unstable if and only if w(® is unstable. Suppose w is unstable
and let V € O°(R3,R®) be a S!-equivariant vector field such that Q(V;w) < 0,

where Q(V;w) is given by (7.1.4]). Let Vo =V — (w- V)w. Then, by (7.1.4),
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Q(Viw) = Q(Vprw) = /RS {\VVT|2 _ ’VT‘Q ‘VMP}.

. 2 2
Since |Vw|” = ‘Vw(a)‘ , we have

QV;w) = Q(Vr;w) = Q(Vy; @) = Q(V;w ) < 0,

so that w(®) is unstable. The converse follows exchanging the role of w and w(®),
O

It is then clear that, written pus = |u3|e'®, taking w(=®) proves our claim. In
particular, for what concerns the stability issue, the functions w;,ws can
always be thought of as real-valued.

7.1.3 Stability and minimality of L; ® Ly-valued tangent maps

Due to the classification result in [21], all minimizing maps « € W12 from R? into
S% ~ [ ® Ly such that u(x) = z on S? are obtained from % (sometimes called the

radial projection, cfr. [3]) by rotations and traslations of the origin, i.e., they are of

the form R |§:Z|)’ for a € R and R a rotation in R3. Since these transformations
are isometries, it is sufficient to our purposes to consider the case R = identity and
a = 0. The corresponding L; & Ly-valued tangent map (often called the equator map,

cfr. [4,76, [79]) in our framework can be written

w = (O, |i|) €Lyd (Ll ©® Lo). (717)

Let z denote the variable in C. The most general deformation vector field
V € C(R3; Ly @ L1 @ Lg) compatible with the S'-equivariance is of the form

V(r,2) = (falr |21, fi(r,]2De™, fo(r,12]))

with fo, f1, fo of compact support, fs, fi complex-valued functions vanishing at poles.
For such a V, the second variation of the energy of w is of course given by .
However, since w has no components along Lo, such a variation splits into the sum of
two pieces, namely

Qs = Q(fa(r,|2))€??,0,0);w) and Q19 = Q(0, fi(r, |2])e™, fo(r, |2]);w). (7.1.8)

Since w is minimizing as a map into L; & Loy, Q1 is nonnegative definite, so that it
suffices to consider Q. In this case, the second variation formula reduces directly to

the second line of ((7.1.4)).

We now prove the following stability result.

Theorem 7.5 (Equivariant stability of the equator map.). The tangent map w : R —
S2C L1® Ly C Lo® Ly ® Lo defined by w(x) = (0, I%\) is stable w.r.t. S'-equivariant

variations, meaning that, for any S'-equivariant V€ C°(R3; Ly @ L1 ® Lg), the
second variation Q(V;w), computed as in (7.1.4), is nonnegative.
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Proof The above remarks show that it suffices to prove that Qo > 0, where Qs is as
in (7.1.8), only for all S'-equivariant V € C2°(R?; Ly ® L1 & Lo) of the special form

V(T? Z) = (f2(ra ’Z|)€2i¢a 05 0) € L2 S Ll @ L07

with fy a smooth function of compact support. Note that, in this case, the second
variation formula reduces directly to the second line of . Recall that, a priori,
f2 is complex-valued. The argument below will show that actually it suffice to consider
fo real-valued.

Suppose first fo is real-valued. Let us start by rewriting Qs in terms of integrals
in polar coordinates in the complex plane. To this end, first observe that, switching
from cartesian to spherical coordinates in R?, we have (recall that w is homogeneous
of degree zero)

Qg = /R3 {— |f2|2 ]Vw|2 + ’V(f262¢)’2} dx

a 2
52 (0,400) or

By the Fubini’s theorem, we can integrate firstly over r and then over S?. Recall that
52 and C U {oo} are diffeomorphic through the stereographic projection; the change
of coordinates theorem implies that

1 2
+ 2 ‘VT(fzem(b)‘ } r2dr dvolge.

IVrw]? dvolge = |V.w|? dz,

where V, denotes the gradient w.r.t. the complex coordinate z on C. Similarly,

2 2
‘VT(fgeQ“b)‘ dvolge = ’Vz<f2627'¢)‘ dz
and, moreover,

4
dvolgz = ————de.

(1+12P)’

Recalling that |Vzw|? = 2, from the above we have

Q2 =/ dz/Jroo — 8 |f2‘2 + A % i lz ‘Vz (f262i¢’)‘2 r2dr.
C 0 r

(1+|Z|2>2 r2 (1+\Z|2)2 or

Now, by the sharp Hardy inequality we have

+o0 +o0
// 5f2 r2drdz >// i|f22 2drdz,
T

hence,

e 8 |fl 1 ol 1 i6) |2
< 2/(Cdz/(] _(1+‘Z|2)2 7‘22 + (1_'_‘2‘2)2 7‘22 +ﬁ‘vz (f262 ¢)’ ridr.
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We now use again the Fubini’s theorem to revert the order of integration. Thus,
if the following integral:

7 1 Z.
/(C _(1—i—|z|2)2|f2|2+7”2‘vz(f262¢>‘2 dz

is nonnegative for any choice of fo, then the equator map w is stable.

To show that this is indeed the case, it is convenient to switch from the complex
coordinate z to polar coordinates p = |z| and ¢ € [0, 27) in the complex plane. Denote
the partial derivative w.r.t. p with a prime. Observe that

V. ()| = |5+ ,042 |2

Being p the Jacobian of the coordinates transformation, we have

+o00 00 - 2

P |f2| P /12 4 9
=2 “d o = — dp.
< 71-/0 : T/O { (1 +p2)2 r2 + 2 ‘f2| + = | f2] P

(Note that nothing depends on ¢, so that the ¢-integral factors out by the Fubini’s
theorem.)
Thus, we have further reduced our question to show that

e 7 4
/ —% o>+ o f5]2 + =1 f21*t dp >0 for any choice of fa,
0 (1+p%) p

i.e, that

o [ _7 2 4(1 2\2
/ { P (Jr1+( ;)sz ) | fol? +p|f§\2} dp >0 for any choice of fo.  (7.1.9)
0 p(1+p

But we have

2
~TpP+ 4 (14 p%) =4+ 2+ 4p",
which is strictly positive for all p € (0, +00). Thus, the integral ([7.1.9)) is positive for
all f5 not identically zero, and obviously zero otherwise. Hence, w is stable.

Now suppose f9 is complex-valued. In this case it is slightly more transparent
writing V as R®-valued:

where g1, go are smooth real-valued functions of compact support such that
f26%? = (g1 cos(2¢), go sin(26)).

Quick calculations show that

IVV|? = 18,91]* cos®(2¢) + |9y-g2|* sin®(2¢)
|91|2 + |92|2>

r2sin? 6

1 4
+ 5 (190911 cos>(29) + [9pgal* sin® (29)) + (
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and

[V |? = g} cos®(2¢) + g sin®(2¢)).

Substituting [VV|* and |V|* into the second variation formula and using Fubini’s
theorem to perform an integration w.r.t. ¢, we are led to the sum of two pieces, one
containing only g1 and the other only gs, both of which with the same structure as
in the previous part. Hence, the argument above gives that both contributions are
nonnegative and, again, the stability of w. O

We now prove a much stronger statement, that is, the equator map is actually
minimizing among S'-equivariant S*-valued harmonic maps with the same boundary
condition. Clearly, equivariance will be crucial for the argument; without it, the
stament would be false, by well-known results by Jéger and Kaul [79].

Before stating our theorem, some important remarks are in order.

The previous equivariant stability theorem stimulates the natural question whether
this new piece of information could be used to deduce minimality. We remark that a
similar questionﬂ is investigated in [76] (cfr. Proposition 5.2 there) and it is there
proven that stability in a fixed direction not explored by the map in the target space
implies minimality. One may wonder whether the same continues holding true in
the S'-equivariant case for the homogeneous degree-zero extension of the equator
map, also in view of its minimality as a map from R? into S? C L @ Lg. We must be
aware that the situation is not exactly the same: on the one hand, there is no fized
direction in the target space not explored by the equator map, because of the fact
that equivariance intertwines the directions within invariant subspaces. On the other
hand, the equivariant stability with respect Ls-valued perturbation is much weaker
than the stability required in the statement of |76, Proposition 5.2], because it holds
only for I/Vol’2 N L>(B1,R) functions w of the special form w(r, 8, ¢) = v(r,0)e*?. So,
we should expect that complications will arise. If one tries to adapt the proof, it turns
out that the main trouble is the weakness of the equivariant stability; this makes the
elegant method of [76] very difficult to pursue. In particular, also upon using other
useful inequalities such as [77, Eq. (2.10)] to step forward and gain control on as
more terms as possible, a term whose sign is not clear remains and apparently one
is left without further weapons at disposal. For these reasons, we approached the
problem in a different way. It remains an open question whether equivariant stability
with respect general equivariant perturbation actually implies equivariant minimality
or not.

Notation. For the sake of a lighter notation, we write w also for the homogeneous
degree-zero extension of the equator map on to the whole unit ball Bj.

Theorem 7.6 (S'-equivariant minimality of the equator map). The tangent map
w:R = S2CLi®LyC Ly ® Ly ® Lg defined by w(z) = (0, |ﬁ—|> s minimizing
among S'-equivariant S*-valued harmonic maps R®> — S* with the same boundary

condition.

Proof. Let u : R — S* be a S'-equivariant harmonic map such that u|g = w]|g2.
Since u and w coincide on 9B = S?, let us extend u to w outside B; and let us still
call, with a slight abuse of notation, this extension u. We write

u = (u2e®, ur€'®, ug) € Ly ® L1 @ Lo,

Tn a non-equivariant context.
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where u; = u;(r,0), i =0,1,2. Note that equivariance forces uj, us to be vanishing at
poles and that the boundary condition implies, in particular, that us must vanish in
a neighbourhood of S? (while u; coincides in the trace sense with sin # and ug with
cos 6 there).

Now we use a trick similar to that exploited by Ignat, Nguyen, Slastikov &
Zarnescu in the proof of |76, Theorem 1.3], that is, from u we construct the map

U= (0, VUi + u%ew,uo) .

Then @ € W2(By,S8%), S? C L1 @ Lo, @ is S'-equivariant, ii|g2 = w|g2 and we claim
that

Indeed, we have
our* 10w |* 1 [dugl®  |Ougl? 1 iy |2
or r? | 00 r2 | 00 or r2sin“(0) | 0¢
u%—l—u%

Vi 4 |V 2 ,
|Vrgt1]” + |V guol +T28in2(0)

where \Vr,9ﬂ1]2, ]Vngug\Q are defined in an obvious way from the first line above.
Now, note that

Vot |* = U2V, gz 4 u1 Vi gus |

1

u% + u%
1 2 2 2 2

= m UQ ‘VT’QUQI + ul |v7-79u1‘ + 2U2u1v7‘79u2 . vngUl
2 1

< |Vegual* + |Vegua|?,

where the last inequality follows since, by Cauchy and Cauchy-Schwartz inequalities,

(uj + u%)(‘vrﬂ“?’z + ’vrﬂul‘g) = uj ‘vr,9“2’2 + uf |Vr,9u2‘2 +uj ’vrﬁul‘z +uf ‘vrﬂ“l’z

> ud |V, gual® + ud |V, gur|* 4 2uuy V. gus - Vi guy.
To conclude that E(u) < E(u), it now suffices to observe that, from the above,

4u2 + u? B
IVul® = |Vrgua|” + |Vigui|* + |Viguol” + 25— > | Vil

r2sin“(6)
Thus, @ is a map in W2(By, 5?), S? C L1 @ Lo, that coincides with w on dB; = S2,
having lower energy than u. But w is minimizing among W12(Bj, S?) maps subject
to its own boundary condition, hence

E(w) < E(a) < E(u),
and this concludes the proof. O

Remark 7.1.1. Note that, as we already remarked, equivariance is essential for the
argument, because it yields F(a) < E(u). If we do not require equivariance (or, more
mildly, if we do not know that the ¢-part of the gradient of @ is smaller than that of
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u), then there is no reason for E(u) to be smaller than F(u). Indeed, competitors u
with component uy having arbitrary dependence on ¢ (here including no dependence
at all) must be taken into account. This provides enough space to make the conclusion
false (see, for instance, [79]; compare also |76, Example 1.6]).

Remark 7.1.2. Let us explicitly remark that the trick used in the proof is not in
contrast with the result of Jager & Kaul, in the sense that it cannot be used to try
to invalidate their instability theorem, as one might think at first sight. Indeed, let
u : R? — S* be any harmonic map that coincides with w on S2. Then, one may
think to mimic the above argument, “bringing u; into us” this time, thus getting

o= (1 Jud +u?,0, u0> (here there is no request of equivariance, so indexes are merely

labels and u; = u;(r,0,¢)). Then |a| = 1 but it is clear that & does not agree with
w = (0,sin(f)e®, cos(6)) on S, so this procedure does not make any sense. For the

same reason, it makes no sense to consider o = (ug, 0, /u? + u%)

7.1.4 Instability of L, & Ljy-valued tangent maps

We now prove that tangent maps with values into Ly @& Ly are unstable. Here, we
shall prove this by direct computation. The technique we shall use for linearly full
maps extends also to the present case; however, we believe that it may be interesting
to carry out explicit computations, where possible, for the sake of a deeper control of
the objects under studying.

Theorem 7.7 (Instability of Ly @ Lo-valued tangent maps). Let w : R® — S2 C
Lo® Lo C Lo® L1 @ Ly be a S*-equivariant minimizing tangent map given by Theorem
[5.13. Then w is constant.

Proof. By the classification in Section [6.1] it suffices to consider the map w corre-

2
sponding to 7! <(7r ( L )) > We recall that this map is minimizing among the

|z|
Lo ® Lg-valued harmonic maps with the same degree. It then follows that, to make w
unstable, we have to push it in the L-direction.
As a function from S? ~ CU {oc} into C® CO®R ~ Ly & L1 @ Ly, w can be
written

w(z) = (wa(lz)e?,0,w0(l2])) .

with

4

wa(|z])e and wo(lz]) = .
(e = () = 1

In what follows, working in spherical coordinates will be more convenient, because
it will be more apparent how to choose the deformation field. Let us then set

V(r,0,6) = g(r,0) (0,4(0),0) ,
with g : (0,00) x [0,7] — R and 1 : [0,7] — C ~ R? smooth functions of compact

support and such that g(0)y(0) = g(mw)(r) = 0 to be chosen. Then the second
variation formula becomes
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2 2
N — 9 2 2 1 2 2 2 2 Y] 2
Qy(g;w) —/RB{ 2 <|¢| [Vrwl| Sn2(0) 10,V[” — [Op¢| >+ |7 [Org] T2 [Vrgl” ¢ da.

We clearly have \8¢V|2 = g% [¢|%. A quick computation shows that
8sin? ()
(1 + cos?(6))?

A careful look at these formulae gives insight on the choice of ¥(6). Let us take g a
radial function. Setting

Vw|* =

()¢ = —=(sin(0) cos()sin(9) sin(),
we get
[¢* = sin*(0) and  |9p¢|” = cos®(0),
so that
2 2 1 2 2 8811’14(0) 2
[Y|” |Vrw|” — m 10gV|” — [0gtp|” = m — (14 cos™(0)).

Observe that nothing depends on ¢. Switching to spherical coordinates in R? in the
integrals (using the Fubini’s theorem), we then need only to calculate

T 8sin(9) . m '
/0 (1 + cos2(6))? sin(#)df and /0 (1 + cos®(0)) sin(#)d6.

Both integrals are elementary. The second one reduces to

! 8
/(1+t2)dt:3

-1
and the first one gives

™ 8sint(h) ) o [T [ 1—cos*(8) 2 .
/0 Mwsm(a)de_s/o <1+COSQW)> sin(¢)dd

1 2\ 2
1—1¢
[ ()
S \1+¢2
2t

=8 [—2 arctan(t) + o e

1
+1+ C’]

-1
> 6.8.

We then have 6.8 — § > 4. Turning back to Qy(g;w), we have

4 > g9 2y .2

3Qulgsw) = =35 +0ngl” | r¥dr. (7.1.10)
0

Since 3 > i, the sharp Hardy inequality (7.1.2)) is violated and we can find ¢g €

C2°((0,00)) so that the r.h.s. of (7.1.10)) is negative. Hence, the conclusion follows. [J
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7.1.5 Instability of linearly full tangent maps

We now prove that any S'-equivariant tangent map w : R?> — S* with not identically
zero component along Lo is unstable. Note that explicit calculations are out of
question for general linearly full maps, because of overwhelming difficulties due to the
amazing complexity of the expression for |Vw|?, see (A.3). Our proof proceeds by
contradiction and relies on the identification of a suitable stability inequality, given
by the following lemma.

Lemma 7.2. Let w : R? — S be a stable S'-equivariant tangent map. Then, w
satisfies the following stability inequality:

1
/ ¢ |Vw|? dvolg §/ { 2
52 g2 | 4

for all g € C*°([0, 7]) vanishing at poles, that is: g(0) = g(w) = 0.

g2
29} dvolg2, (7.1.11)

Proof. Let V € C2°(R3,R%) a deformation vector field of the form
V = (0,(r,0)ic™,0), (7.1.12)
with ¢ € C2°((0,+00) x [0, 7], R) vanishing at poles:

1/](70) = 1/)(‘,”) = 0. (7.1.13)

Then, w -V = 0, so that the second variation Q(V;w) is given directly by the second
line in ((7.1.4). We have (recall that w is degree-zero homogeneous)

2
,ig 9> } dx.

oviw) = | {— V1wl + 10 + (

We now decompose

Y(r,0) = o(r)g(0),
with

v € C°((0,400)) and g € C*°([0,7]) : g(0) = g(m) = 0.

2 2
g
r</7| + —= < .n20>} dz.

We now optimize w.r.t. ¢ using the sharp Hardy inequality (7.1.2)), as in [95]
Proposition 2.1]. Claiming stability, we must have that quadratic form in g:

g2
2(g;w) :/S { 0} dvolg2

is nonnegative definite, i.e., 2(g;w) > 0 for any g € C*°([0, 7]) vanishing at 0 and at
m. This yields (7.1.11]).

Hence,

4

O]

We can now state the main result.
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Theorem 7.8 (Instability of tangent maps that are not into L @ Lg). Any S!-
equivariant tangent map w : R® — S* with a non-identically vanishing component
along Lo is unstable.

Proof. Let us write w in the form

w= (wg(ﬁ)e%‘b,wl(@)ei“b,wo(ﬁ)) .

Let we # 0 and suppose, for a contradiction, that w is stable. Observe that wo fits
the same hypotheses as g in the statement of Lemma so that it can be pluggedﬂ

into (7.1.11)). Doing this gives:

1 w3
/52 w3 |[Vw|? dvolge < /32 {4w§ + |Opws|® + Smge} dvolg:. (7.1.14)

On the other hand, by (3.6.3]) the L.h.s. above is given by

2
2 2 _ 26\ |2 _ 2 Awj
/82 w5 |Vw|® dvolgz = /52 ‘V (wge )‘ = /52 {|89w2| + sin29} dvolgz.

Comparing to ([7.1.14]), we see that stability forces

3w? 1
/S ) Sin; 5 dvolgs < /S ] Zw% dvolgz,

which is clearly impossible, unless wy = 0. Thus, w cannot be stable. 0

As a particular case, we have recovered instability of tangent maps into Lo @ Ly,
already proven by explicit calculation in Theorem [7.7]
Particular case: instability of the hedgehog

We have two other proofs for the instability of the hedgehog. The first proof takes
advantage of the fact that the hedgehog actually enjoys the full SO(3)-equivariance.
The second proof is achieved showing that, assuming stability, the sharp Hardy
inequality is violated.

Lemma 7.3. Let w, V and Q(V;w) as in Proposition . Set V. = weqy, with
o =(r,0). Then

Qlpen; w) = /RS {IVeP (1 —w2) + ¢ 21Vl — (1 - ) [Vel]} . (7.015)
Proof. Setting V = peg in Q(V;w), given by (7.1.4), we find

Qpeqsw) = /R AP ) Vol ~ [Vul® ~ V(@ eo) P + Vel (1~ (- e0)*)

—6p(w - e9)Ve-V(w-ep)}. (7.1.16)

2Recall that wy can always be thought of as real-valued when studying stability, see Lemma
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We note that 60wV - Vwy = %V@Q -Vwg. Asin [132], we integrate by parts, using
Awg = —wp |Vw|?,

which follows from the harmonic maps equations because eg is constant. This yields

the conclusion. O

Theorem 7.9. The tangent map given by the hedgehog, H(x) = % (Iil ® |x—| — %),

is unstable.

First proof. Since the hedgehog is SO(3)-equivariant, it is S'-equivariant with respect
all axes through the origin. The equivalence of all directions allows to proceed exactly
as in the Schoen-Uhlenbeck proof, choosing an orthonormal basis in R® and then
summing all the corresponding contributions. This removes the dependence on the
direction in the quadratic form and, on the other hand, all the contributions are equal.
Then the argument of Schoen-Uhlenbeck in the last part of the proof of |[132, Theorem
2.7] implies that the quadratic form Q(peq; H) is not positive-definite (¢ € C°(IR?)
radial). O

Second proof. Recalling the decomposition

w = t
v wo

and the form of the matrices e; of the basis we selected for Lo ® L1 & Lo, we have

w - e w \/gw
“€ep = wp = {/ s Wo-
2

In particular, for the hedgehog we have

3, 3 (a3 1\ 3/ 5, 1
c"()—\/;ho—2<rz 3>—2(C°S" 3)’

where hg is wg evaluated for the hedgehog.
Pick ¢, € C°(R3) a radial function. Then we have

2T 3
Q(preo; H / // {I@Lpr (— cost 0+ = 5 €08 9>

+? (18005 6 —18costf — (z %COS 0+ - 5 5 €O 9) |VH]| )} 72 sin d¢ db dr.

Recalling that |VH|* = 5, we reduce to

Q(preo; H 77/ / {( — g cos 10+ g cos 9) [EReNE

-1-(—2005 0 + 9 cos® 9—2) r sm@dﬁ dr.

The 6-integrals are elementary and we get

5 > 2 AR
Q(preg; H) = iR |Oror|” — ?)r—2 redr. (7.1.17)
0
Since 3 > %, the sharp Hardy inequality ((7.1.2) is violated and hence the conclusion
follows. o
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7.2 Partial interior regularity

The results in Section [7.1] can be summarized to give the following partial interior
regularity theorem.

Theorem 7.10 (Partial interior regularity theorem for S'-equivariant minimizers).
Let Q € WY2(By,8%) be a minimizer of the LdG energy in the class ,
with Qp as in (LL13). Then Q € C¥ (B \ X(Q),S*), where £(Q) C {z-axzis} is a
finite set of isolated points, possibly empty, of even cardinality. Moreover, if a € ¥(Q),
then the tangent map of Q at a is the equator map, up to an isometry.

Proof. @ cannot have singularities off the z-axis, thus it is continuous in B; \ (B N
z-axis) and hence real-analytic by higher regularity theorems in Chapter By
Theorem ¥(Q) is a finite set of isolated points located on the z-axis.

Next, by Theorem [7.6] and Theorem [7.8] every nonconstant tangent map, if any,
must be obtained by the equator map w = (0, ﬁ) with an isometry. We have only
to prove that the number of singular points must be even.

Let a € ¥(Q). Then, passing through a along the z-axis, @ suffers a discontinuity
and its leading eigenvector, which must be directed along the z-axis because of
equivariance, changes sign. If there are n discontinuities, then the sign changes n
times. But, denoting H the hedgehog map, at the poles we have

hence n must be even. O

Remark 7.2.1. More succintly, 3(Q) consists of a finite number of dipoles, in the sense
of [21].
Remark 7.2.2. In order to achieve complete regularity, we have to rule out all the
possible dipoles. This appears to be a very difficult task, for the following reason. In
[47], Gartland & Mkaddem numerically showed the existence of a metastable solution,
by them called the split core solution, bearing a remarkable resemblance with singular
single-dipole solutions allowed by Theorem This strongly suggests that the
removal of potential dipoles, whenever possible, must be a highly nonlinear effect
due to minimality. Said another way, this issue cannot be addressed looking only at
the linearized problem.
Remark 7.2.3. Note that here nothing really depends on the specific form of the
boundary condition @y, provided it is S'-equivariant and takes the same values at
the poles (otherwise singularities are unavoidable).

The following dichotomy is an easy consequence of the above partial regularity
result.

Corollary 7.11. Let Q € A be a minimizer of the LdG energy (1.1.3) in the class
(1.1.15), with Qp as in (1.1.13)). Then either Q is singular with a finite number of

dipoles or Q is a biazial torus solution in By, in the sense of Definition [I.2.

Proof. If (Q has singularities, then they must form a finite number of dipoles by
Theorem Otherwise, @ is a smooth S'-equivariant minimizer of the LdG energy
(1.1.3) and then it is a biaxial solution in By by Theorem O

Remark 7.2.4. Corollary extends to the case of any smooth Sl-equivariant
boundary condition @ that satisfies 5(Qp) = +1, Qp(N) = Qp(S) and whose leading
eigenspace perform the nontrivial path in RP? on S2.

137



CHAPTER 7. LANDAU-DE GENNES THEORY WITH NORM-CONSTRAINT AND WITH
SYMMETRY, II

7.3 Boundary regularity

Due to symmetry, boundary regularity is somewhat simpler in the equivariant case
but, nonetheless, it deserves some special care.

The first step is a boundary monotonicity formula. The argument giving the
interior boundary monotonicity formula actually holds up to the boundary and hence
we have

Theorem 7.12 (Boundary monotonicity formula). Let Q € Ag' be a minimizer of
E(-; By) in the class AL, with Qp as in (1.1.13) and let xg € OB;. Define

_1 oo
f=1 /Q L IVQP + F(Q) dr. (7.3.1)

Then there exist Ry > 0 and a constant C' = C(a, b, c,Qp, Rp), C > 0, so that

d&, B
dr —

(a,b,c,Qp, Ry), V0 <r< Ryp. (7.3.2)

Proof. The proof exploits the approximation trick used for the interior monotonicity
formula and goes exactly as in the proof of Theorem [£.14] O

Once the boundary monotonicity formula is given, we can use it to extend the
e-regularity theorem and the strong compactness theorem for rescaled maps. Note
that the extension argument in Section preserves equivariance, so it can be used
also in this case and hence the e-regularity theorem still holds, since it is valid for
any weak solution of the FEuler-Lagrange equations satisfying also , and
thus in particular for minimizers in the symmetric class, by the theorem above.

For what concerns the strong compactness theorem, differently from the non-
symmetric case, we now need to show compactness for rescaled maps only at poles.
Indeed, off the z-axis we cannot have concentration and the boundary monotonicity
formula implies strong convergence to a constant around any point off the z-axis.
With a slight modification of Theorem [5.13] we get

Theorem 7.13 (Boundary strong compactness theorem in the symmetrlc case). Let
Q € A O, be a minimizer of E(+; By) in the class .A ", with Qp as in Let
R € (0,1] and define Qr N := Q(N + Rx), where x 6 R™Y(B;\ {N}) and N is the
north pole of By (analogous definitions for the south pole S). Then there exist a
sequence (R])j, with Rj — 0 as j — 00, and Qo € W, (Ri, S4) so that QR;.z0 — Qo
strongly in Wloc (R +,So). In addition, Qq is a locally minimizing harmonic map into
S* with Q0|8Ri = const.. Moreover, Qo is degree-zero homogeneous.

Proof. Thanks to the boundary monotonicity formula, the proof is similar to that of
Theorem [5.13] The only difference is that we now have to construct competitors in
the region(s) €2, = B,(N) N dB; (analogous for S instead of N) and consider their
suitable homothetic restrictions instead of full balls. To this end, we slice §2, in a
similar way as in Theorem and hence we define comparison maps in the same
way. Analogous calculations then lead to the conclusion. O

Since we are in dimensions 3, full regularity now follows from Wood’s theorem
[131] and the fact that singularities form at most a discrete set. Thus,
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Theorem 7.14 (Boundary regularity in the symmetric case). Let Q € A% be a
minimizer of E(-; B1) in the class Agi, with Qp as in (1.1.13). Then there exist a
§ > 0 and a neighborhood Oy of OBy such that Q € C*(0s, S*).

Proof. Theorem |7_1?3| implies that, for both N and S, Qo : Si — S is constant on
85’?r and hence [131, Lemma 2.5] implies that Qo is constant in both cases. Thus,
the energy of () cannot concentrate in NV and S and hence, by Theorem [£.15] @ is
completely smooth there. Since the singular set of ) is at most discrete, then one
can walk upward from the south pole or downward from the north pole along the
z-axis for at least a distance § > 0 without encountering singularities. O
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Chapter 8

Biaxial torus solutions and
singular minimizers for special
boundary data

Synopsis. Here we produce boundary data so that the corresponding minimizers
are biaxial torus solutions in B; (; boundary data so that the corresponding
minimizers have singularities (§8.3) and boundary data so that the corresponding
minimizers are biaxial torus solutions in a subregion of By and have singularities
outside ( We next (§8.5) exploit the classification of all possibile tangent maps
carried out in Chapter [7] to extend well-known theorems in harmonic maps, such
as generic uniqueness and convergence of singularities to singularities, in order to
use them to investigate to some extent the question whether there are boundary
conditions that are critical in the sense they have at least two minimizers of different
character: a biaxial torus solution and a split solution.

8.1 A Sl-equivariant version of Luckhaus’ compactness
theorem

In what follows, we shall need the result below, which is an S'-equivariant version of
the Luckhaus’ compactness theorem. Actually, its proof will involve exactly the same
estimates as in the proof of Theorem which is indeed a particular instance of
this more general statement.

Theorem 8.1 (S'-equivariant Luckhaus’ compactness theorem). Let {Q%}scp0,1) be
a family of minimizers (with respect their own boundary data) of the LdG energy with
locally equibounded energies, i.e. there is C' > 0, independent of s, such that

sup E(Q°; By(x)) < C < 400,

for any ball B,(x) C By. Then there exist Q* € Wllof(Bl,S‘l) and a sequence (s;);,
sj — 0 as j — 400, such that Q% — Q* strongly in Wi)’f(Bl, S4). In particular, Q*
is a S'-equivariant local minimizer of the LdG energy (1.1.3)) w.r.t. its own boundary
condition.

Proof. We sketch here only the main points, referring to the proof of Theorem
for explicit calculations.
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The equiboundedness condition on the energy actually implies, in view of the fact
that |Q%| = 1, the equiboundedness of the family {Q*},co,1) in W?(By, S*). Thus,
there is @* € W12(By,R5) and there is a sequence (s;);, s; — 0 as j — +o00, such
that Q% — Q* as j — oo. By the Rellich-Kondrachov theorem, there is a subsequence
(not relabeled) on which Q; — Q* strongly in L? and hence a further subsequence
(again, not relabeled) on which Q;(z) — Q*(z) pointwise a.e.. Thus, we have that
Q* belongs to W2(By, 8%) and that Q* is S'-equivariant (since S'-equivariance is a
pointwise property).

It remains to prove that Q* is locally minimizing w.r.t its own boundary condition.
By the weak lower semicontinuity of the Landau-de Gennes energy, weak convergence
W2 and the fact the F(Q) is a polynomial in @, plus the strong L2-convergence of
Q% to Q*, this would follow automatically if the convergence was strong in Wllof (i.e.,
if also the elastic energies of the Q*’s converge to the elastic energy of @*). In order
to prove strong convergence, we first observe that, by Fatou’s lemma and Fubini’s
theorem, we can fix § € (0,1) and find p € (1 — 4, 1) so that

lim Q% —Q* > dH?> =0

Jj—+o00 aBP

and

/ (IV2Q** + [VrQ*?) dH? < C < 4o,
By

which are exactly (5.8.3) and (5.8.4). We then choose \; as below and slice
B, as explained in (5.8.5), (5-8.6), (5.8.7). Then we take w € W'%(By, S*) such that
w = Q* a.e on By \ Bi_s and we construct comparison maps (vj); as in (5.8.8)). The
subsequent estimates then follow at once, leading to the conclusion. ]

8.2 A family of boundary data whose minimizers are
biaxial torus solutions

In this section we shall prove the following theorem.

Theorem 8.2 (Biaxial torus solutions for special boundary data). There exist non-
trivial S*-equivariant boundary data Q, € C°°(S?,5*) such that the corresponding
S1-equivariant minimizer of the LdG energy (1.1.3) are biaxial torus solutions in Bj.

The proof will be constructive: we shall craft a family of boundary data {Qf }sc0,1]
such that the family {Q°},¢[,1) of corresponding minimizers satisfy, for small s, the
conclusion of the theorem.

Proof. As anticipated above, we construct a family of special boundary data and,
correspondingly, a family of minimizers of the LdG energy that exhibit the required
property. The idea behind the construction is the following. Suppose that we have
a family {Q®} of minimizers (with respect to their own boundary condition) of the
LdG energy, labeled by a parameter s € [0, 1], and that this family converges, as
s — 0, to a minimizing map, which is also smooth in B;. If the convergence is strong
enough, then all minimizers sufficiently near to the limiting smooth minimizer inherit
smoothness from it (because a strong enough convergence will keep the rescaled energy
small and hence Theorem applies). If now the minimizers fullfill the conditions for
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applying the semidisk argument in Section then they are biaxial torus solutions
in By, at least for s sufficiently small.

In order to craft the desired family of minimizers, we shall assign appropriately
the family of their boundary data. To do this, we observe that, from the point of
view of the semidisk argument, a good behavior is that of the hedgehog map H while,
on the side of the regularity issue, a good behavior is that of constant maps. Noting
that at the poles of S? we have H = ej, we may think to do our construction by
spreading, step-by-step, this constant value along the boundary while concentrating
the rest of the hedgehog far from the z-axis, so that the limiting datum, for s — 0,
will be the constant vector field eg, but, for any s > 0, the hedgehog-like behavior is
preserved. Clearly, the minimizer with respect to the limiting datum ey is eg itself.
Provided that we showed that the minimizers are actually near, in the W' 2-norm,
to eg for s < 1, they must be smooth and have, by construction, suitable boundary
data for the semidisk argument. In terms of s € [0, 1], we then want

ngeo and Q%EH,

with Qf € C*°(52,5%), 0 < s < 1, Sl-equivariant maps interpolating between ey and
H in the sense above. If we are able to assign the data so that the corresponding
minimizers {Q°} se[o,1] Will have equibounded LdG energies, then we can assure Wé’f—
convergence in the interior of By by means of Theorem [8.I] Adding some uniform
boundary regularity (for s small) to this, we can be sure that the corresponding
minimizers have all (for s sufficiently small) the required properties to conclude. We
shall work details in several steps below.

Step 1. Construction of {Q}scpo,1] and {Q°}scjo1)- Let s € [0,1]. Define

Qi0.0) =" if0<9 <™ or MG <p <,
o= H(%(Q—M)ﬁ), if T2 < g < TLEs)

2 2 2
(8.2.1)
where H denotes, as always, the hedgehog map.

Note that Q; € H%(SQ, S4) for any s € [0,1]. In particular, we have

Q)=¢ and Q) =H.

Further, each Q} is S L_equivariant. For each s, let Q° a minimizer of the LdG
energy (1.1.3) in the class .,422’%

Step 2. Equiboundedness of {Q°}scjo,1)- We claim that the family {Q®}c(o,1] has
equibounded energy. To show this, we need to control the Dirichlet energy

Ep(Q?®; By) uniformly w.r.t. s. By the equiboundedness of the potential, such
a control is actually all that we need. In order to get it, let us note that, for

any s € [0, 1],
Q- fa

where C7 > 0 is a constant. On the other hand, we also have

Ep(Q* B1) <y (8.2.2)

2
.1 ’
H3(52,54)
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‘Qb ][Qb

where Cy > 0 is another constant.

o fa

because of |Qj| = 1 and the fact that @ differs from its mean only on that
strip on which @ behaves like H, which corresponds to an interval of values of
f having length s.

~fai

IVQillr2(s2,54), (8.2.3)

o < Cy||Qp
H3(52,54) L2(52,54)

It is easy realized that

< Css, (8.2.4)
12(S2,54)

We now estimate |VQj| 12(s2,54). It is a priori clear that this term cannot be
bounded, since we are concentrating a finite change in the datum in a smaller
and smaller region. For convenience, let us set

9521(9—”(12_5)), 0<s<l. (8.2.5)
S

Note that 91 =6.
Clearly,

71'(1 s)

Ep(Q3) _/ IVQ;[? dvolge —27r/ ‘VH( ¢)\ sin(6) .

We have
Vi (3,0)[" = 1001 (0-9)[ + aggy 00 (30 0)]*
Recalling that
90H(0.0)* = oo 1050, ) =3
we see that
~ in2 7]
v (6..0)] = S% + 38;;2((9;))

Observe that sin(f) > sin (”(127s)> for Tr(lgs) << (Hs) . Thus,

i) sin?(6,) 1 = i
s .
2% (sin(0)do < ————— 1df = —— a5
T-s) sin?(9) sin (@) e sin (@)

(8.2.6)
whose last member clearly tends to zero as s — 0. On the other hand, the
integrand at L.h.s. above is a smooth function of s for s € (0,1]. Defining
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W(l;s) sinz(és) .
G(s) := ffr(lfs> sin?(0) (sin(0))dg, s < (0,1],
= 2
07 S = 0,

we have that G is a continuous function of s € [0, 1], hence G is bounded for
s € [0, 1]. This readily yields

=2 Gin? (0s)

(11— in2
=) sin’(0)

(sin(8)) do < Cu

Then, we have the estimate

sin (%
Ep(Qp) < 058(22) + Cs. (8.2.7)
By taking the square roots of (8.2.4]) and (8.2.7)) and inserting them into (8.2.3)),
we get
sup E(Q°,By) < C, (8.2.8)

s€[0,1]

where C' > 0 is a constant which does not depends on s. We can now also
smoothing a bit the dependence on ¢ in ()j while keeping equiboundedness
(possibly, with a larger constant). This returns us a family of smooth boundary
data satisfying the desired properties. With slight abuse of notation, we shall
replace each ()7 above with its smooth counterpart without relabeling. We then
consider the associated minimizers of the LdG energy, again denoted Q*, and
these will satisfy again (with, possibly, a different constant).

Step 3. Strong compactness and uniform boundary regularity for s small. Thus, we
have a family of S'-equivariant minimizers of the LdG energy with equibounded
energies. In particular, this family is equibounded in W1?(By, §%), and this
means that there is Q* € W12(By, $%) and there is a sequence (s;);, s; — 0
as j — 0o, such that Q% — Q* as j — co. Theorem then shows that this
convergence in actually strong in VVI})CQ (By,5%), so that Q* is actually a local
minimizer of the LdG energy with respect to its own boundary trace. But
tr(Q*) = eo, because the trace operator commutes with weak limits, and hence

* = ey, because @Q* is minimizing but e is clearly the unique minimizer with
respect to its own boundary trace. Further, locally strong converge implies
small rescaled energy in compact sets, hence we can fix a small § > 0 and, for j
sufficiently large, Q%7 must be smooth at least in any compact set K C Bj such
that dist(K, N),dist(K,S) > ¢, where N and S denote the north and south
pole of S2, respectively.

Moreover, for j sufficiently large we have uniform boundary regularity. Indeed,
Sl-equivariance excludes concentration points near the boundary out of the
z-axis and, for sufficiently large j, sz is uniformly constant near the poles.
This means that we can fix 7 > 0 and then find J € N such that Q%7 is smooth
in a n-neighborhood of S? for all j > J.

Combining this with locally strong convergence, we conclude that % has to
be smooth in By for all j sufficiently large (that is, so large that we can take
n > 0), i.e, for s; sufficiently small.
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To conclude, it now suffices to observe that such minimizers fulfill the hypotheses
of Corollary [5.2] and hence they are biaxial torus solutions in Bj, in the sense of
Definition [[.2| O

8.3 A family of boundary data whose minimizers have
singularities

In this section we prove a complementary result w.r.t. that we proved in Section [8:2]
that is, we can arrange the boundary datum so that the appearance of singularities is
enforced.

Theorem 8.3. There exist nontrivial S*-equivariant boundary data Q, € C™(S2, %)
such that the corresponding S'-equivariant minimizers of the LdG energy (1.1.3)
necessarily have singularities.

Proof. As that of Theorem [8.2] the proof will be constructive, the difference being
that this time we shall take a map different from the hedgehog as starting map of our
construction. Indeed, we can force the appearance of a singularity on the z-axis by
selecting a boundary datum whose eigenframes at the poles have opposite orientations.
A map with this property is the equator map . Apart from this and the fact
that we now want to concentrate the data near a pole, the construction goes exactly
as before. We work out details below.

Step 1. Construction of {Q}}scpo,1) and {Q°}sejo,1)- Let s € [0,1]. Define

w(w—%,gf)), if 0 <0 < s,

(8.3.1)
€0, ifrs <6<,

Q5(0,0) = {

where w denotes the equator map.

Note that Q} € H%(SQ, S4) for any s € [0,1]. In particular, we have

QV=e¢ and Q) =w.

Further, each @3 is S Lequivariant. For each s, let Q* a minimizers of the LdG
energy (1.1.3) in the class .,425%

Step 2. Equiboundedness of {Q°}scjo,1)- We claim that the family {Q°}.c(o1] has
equibounded energy. As in proof of Theorem in order to show this, we
need to control the Dirichlet energy Ep(Q®; By) uniformly w.r.t. s. By the
equiboundedness of the potential, such a control is actually all that we need.

Recall that, for any s € [0,1], Egs. (8.2.2]) and (8.2.3)) hold. Thus, we need to

estimate
loi-fa

It is clear that the first one behaves like s for the same reason explained below
(8.2.4). Moreover, it is plain that they are both zero for s = 0. We then need
to estimate the norm of the gradient only for s > 0. To this end, let us set

and  [|[VQpllL2(s2,54)-

12(52,5%)
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0
Os=m——, 0<s<1.
S

Recalling that for the equator map it holds

b
sin?(9)

|0pw (8, 9)|* = 05w (8, 0)* =1,

we see that

82 sin?(6)

Vel o) = - o)

Since sin (7r — %) = sin (%), let us redefine 0, as g. Let J be the greatest

integer contained in 1/s and let 0 < r <1 so that 1/s = J + r. Notice that

ety et(l)
/0 sin?(6) sin(0) df _/0 sin(#

)
- T+ sin ((J—I—r) )
_/0 sin(6) 40

/JL (sin(J@) cos(rf) + cos(J6) SiH(Ta))2
0 sin(6)

< 2/J+r {’SITI(JGM +Cl} 40
0 sin(0)
< Cs,

dé

sin(az)
sin(x)

s sin2 ~s )
Ep(Q3) = /0 {512+ sm2((99 ))}Sm(e) do

< 1 — cos(ms)

where we used the elementary limit lim,_,q = ¢ for any a € R. Thus,

Hence,
sup Ep(Q3) < Cs. (8.3.2)
s€[0,1]

Further, since 1 — cos(ms) ~ $m2s? for s < 1, we also have that

lim Ep(Qf) = Cy, (8.3.3)
s—0

where C'3 > 0 is a constant, which in turn yields

lim Ep(Q°) = 0. (8.3.4)

s—0

We can now smoothing a bit the dependence on 6 in @}, thus we can replace
each @} with a smooth counterpart, while keeping equiboundedness and (8.3.4)
for the corresponding minimizers.
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Step 8. Strong compactness. Due to Eq. , we have a family of S'-equivariant
minimizers of the LdG energy with equibounded energies. In particular, this
family is equibounded in W%2(By, 8%), and this means that there is Q* €
W1L2(By, S%) and there is a sequence (s;);, s; — 0 as j — oo, such that Q% —
Q* as j — oo. Differently from the previous case, the stronger information
carried by gives the strong convergence to Q*, and hence its minimality,
even without passing through Theorem [B.I] By the weak convergence of the
boundary traces to eg, it then follows Q* = eq.

Thus, for s sufficiently small, the minimizer J* must be smooth in a compact set
K C By, with K invading the whole ball as s tends to zero. However, in the present
situation we cannot have uniform boundary regularity because the boundary datum
clearly forces the arising of at least one singularity on the z-axis (such singularities
escape towards the boundary as s — 0). Thus, there is § > 0 such that for s < 5 the
minimizers Q° satisfy the conclusion of the theorem. O

Remark 8.3.1. The kind of singularity induced by the boundary data considered in
the theorem is a bit artificial from the physical point of view. In fact, we are not
aware of the appearance of such type of singularities in physical significant situations.
Nevertheless, our construction is certainly mathematically legitimate and leads to a
conclusion that may be considered significant, at least as a matter of principle.

Remark 8.3.2. In connection to the previous remark, it would be more interesting to
consider a boundary datum in Qi,, where Quin ~ RP? is defined in , which
do not induced singularities a priori for topological reasons. Such boundary data
look also more physical, being at the bottom of the potential well. In this case, split
solutions are analogous to the large solutions considered in |20].

8.4 A family of boundary data whose minimizers are
biaxial torus solutions with singularities
Matching Theorem [8:2] and Theorem [8.3]it is easy to prove that one can construct

boundary data whose minimizers are biaxial torus solutions in a subregion of By and
have singularities outside.

Theorem 8.4. There exists S*-equivariant boundary data Q, € C>(S?, S*) whose
corresponding S'-equivariant minimizers of the LdG energy (1.1.3)) are biazial torus
solutions in a subregion of B1 and have singularities outside.

Proof. Let s € [0, 1]. Define

w(w—%,gﬁ)% if 0 <0 <ms,
eo frs<O< m(1=s)
50,0) =14 2 8.4.1
@3(0,9) o (% (0 B 7r(12—s)) 7(/5) L i) g o i), (8.4.1)
€g, if w <O <.

Then Qjf € H%(SQ,S‘l) for any s € [0,1], Q) = ep and Q} = H. Further, Qi — e as
s — 0.

For each s € [0,1], let @Q° be a minimizer of the LdG energy w.r.t. to
the boundary datum @;. The estimates in Theorem @ and Theorem @ show
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that {Qs}sepo,) s equiboundedﬂ in WhH2(By, 8%) and thus, by Theorem , there
are Q* € Wh2(By, 8%) and a sequence s;, s; — 0 as j — oo, such that Q% — Q*
strongly in Wlif(Bh S%). By strong convergence, Q* is minimizing. On the other
hand, since the trace operator is weakly continuous, tr(Q*) = eg on S2. Thus Q* = e,
because ey is clearly the unique minimizer w.r.t. its own boundary condition. Next,
strong convergence yields small rescaled energy well in the interior of By, and thus,
for j sufficiently large, the minimizers Q% have only a finite number (at least one) of
singularities near the poles.

Let D be the disk obtained slicing the ball with the plane {¢ = 0}, D™ its portion
on the right, say, of the z-axis. From the above, for sufficiently large j we can select a
finite portion .77 of the z-axis which is free from singularities and a finite portion .7
of the semicircle closing D' on which sz is uniaxial with identical lowest eigenvalues.
By the strong L2-convergence Q% — eg, enlarging j if necessary, we can assume that
the leading eigenvalue of Q% is simple everywhere far away from the poles. Thus, we
can connect the end-points .77 and .7 with two arcs so that, restricted to the curve
€7 obtained this way, Q% is uniaxial with identical lowest eigenvalues. Let 27 the
domain encircled by €7. We can apply the semidisk argument of Section to the
restriction of Q% to 27 thus getting the Q% is also a biaxial torus solution in 27, in
the sense of Definition 1.2 O

Let us comment on this result. Its interest relies mainly in the fact that it shows
that biaxial torus solutions are compatible with singularities, although in numerical
simulations |47} |84) |85l [137] they look as smooth solutions. In the paper [47], a special
kind of singular solution (which, however, is only metastable) has been detected.
This solution, called the split core solution, is S!'-equivariant with a (uniaxial) line of
disclination on the z-axis with isotropic end-points. See also Section for a quick
description of this kind of solution. Thus, it resembles, at least qualitatively, the
picture that may arise with the hedgehog boundary condition (remember that we have
not been able to exclude L; @ Ly-valued tangent maps, which are also minimizing),
hence giving a hint of the fact the singularities may be unavoidable. Our theorem may
be superficially interpreted as a strengthening of the numerical suggestion. However,
it must be remarked that the type of singularities that are generated in our context
are very different from those of the split core solution or, more generally, from
those that S'-equivariant minimizers w.r.t. the hedgehog boundary condition may
have.

To understand the difference, recall that by Theorem the only allowed
singularities for S'-equivariant minimizers subject to the hedgehog boundary condition
are dipoles. Thus, singularities have to come out in even number and have alternating
degrees. On the contrary, in the present setting we can have both a even and an odd
number of singularities and they need not, a priori, to have alternating degrees.

8.5 Generic uniqueness, nonuniqueness and related re-
sults

In this Section we derive some easy consequences of boundary regularity and the facts
that singularities are isolated and their tangent approximations well-known. The

LAt this point, we can smoothing a bit the §-dependence in Q3, thus getting smooth boundary
data while keeping equiboundedness.
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following results are counterparts of established theorems in the context of harmonic
maps from B; into S2.

We begin by showing that the set of S'-equivariant boundary data having unique
Sl-equivariant minimizer is dense in H %(5’2, S4), a fact proven for (nonsymmetric)
harmonic maps from B; into S? in |2, Theorem 4.1].

Theorem 8.5 (Generic uniqueness). Let Q, € C™(S2,5%) be S'-equivariant and let
Q € AE, be a minimizer of E(+; B1) in Ag,. For any 0 < X\ <1, define O: B, — §4
and Qp : S? — S* setting

QNx) == Q(\x), =€ By,
Qi (y) ==Qy), yeS2

Define also scaled functionals E(-; By) setting, for P € Agﬂ,
b

ENP; By) ;:/ L|VP> + \2F(P) dz. (8.5.1)
By

Then, for any X € (0,1), Q* is the unique minimizer of E*(-; By) in the class AZ;A.
b
Moreover, QQ — Qp strongly in H%(SQ, S4).

Proof. By definition of £(-; By) and Q*, we have

ENQ BY) = 1 B(@: By

The key point is now that @ is the unique minimizer of E(Q; By) subject to Q7 = Q| s2-
Indeed, suppose Q is another minimizer in By such that Q] 52 = Qi‘. Define

% Q iIlB)\,
Q _{Q inBl\B)\.

Then Q* is a minimizer of E(-; By) in Ag; . Indeed,

E(Q* B1) = E(Q; B)) + E(Q; B1 \ By) = E(Q; Bx) + E(Q; B1 \ B\) = E(Q; By).

Being @), Q* minimizers of E(+; By), they must be real-analytic in the interior of By
out of a finite set of isolated singular points, by results in Chapter [7] On the other
hand, we have Q = @Q* in B; \ B) and hence everywhere by analytic continuation.
Turning back to Q*, we then see that it must be the unique minimizer of £*(-; By)
w.r.t. Qg‘

Regard to the second assertion, observe that, being @, € C*(S52%, %) (C? would
be enough actually, as in [2]), we have that there is § > 0 so that Q € C*(Os, S?),
where Oj is a d-neighborhood of S?. Taking A € (1 — 4§, 1), we have that the family of
boundary traces {Q; }, depends in a C'-way on A and hence the conclusion follows
immediately. O

Thanks to the fact that we know that the only nonconstant minimizing tangent
maps are of the type (O Los ﬁ), we can rephrase almost word-by-word the argument
by Almgren & Lieb [2, Theorem 1.8] to prove
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Theorem 8.6 (Singular points converge to singular points). Suppose that (Q;); C
WY2(By, S%) is a sequence of S'-equivariant minimizers of E(-; B1) in their own
class converging strongly in the W2-sense to Q € .Agi Then

(a) If y; is a singular point for Q; and we have y; — y in By, then y is a singular
point for Q.

(b) If y € By is a singular point for Q then, for all sufficiently large i, Q; has a
singular point at some y;, with y; — vy in Bi.

Proof. Let & 4(Q) := %fBr(y) e(VQ, Q) dz, with ¢(VQ, Q) as in (L.1.4), the rescaled
energy of @ in B,(y). If y is not a singular point of @, then &, ,(Q) < r for r
sufficiently small. On the other hand, by monotonicity, &.,(Q;) > r. Since the
convergence @J; — @ is strong, we get a contradiction.

To prove the second assertion, observe that we know that all possible nonconstant
tangent maps are of the form (OLQ, ﬁ), up to an isometry, and hence there is a

smooth retraction IT on S? so that II o Q maps small spheres centered at y onto
S? with topological degree 1. Since the same property must hold for Q; for all
sufficiently large i (by strong convergence), this implies the existence of discontinuities
for the @);’s inside the same spheres. O

We can also extend the theorem on uniform distance between singularities, [2,
Theorem 2.1], to get

Theorem 8.7 (Uniform distance between singularities). Let Q, € H %(52, S and
let Q € Ag, be a minimizer in of the LdG energy (1.1.3) in the class A . Suppose
y € By is a singular point of Q and let d denote the distance from y to S. Then
there is a universal constant C' such that there is no other singularity within distance

Cd of y.

Proof. The argument goes exactly as in [2, Theorem 2.1]. We can assume y = 0.
Suppose, for a contradiction, that we can find a sequence of minimizers Q7 with
singularities at 0 and at x7, with 27 — 0. Dilate the balls so that |mj | = 1. In the new
ball of radius 2, in dilate coordinates, the energy is uniformly bigger than 87. Indeed,
if uniformity were false, by compactness we would have equality. This means there is
no energy outside the two balls of radius 1 centered at 0 and at 27, and hence @’
would be constant by monotonicity. Again by monotonicity, the energy is greater than
4mr for all r bigger than 2. We now choose a strongly convergent subsequence of the
()’’s in the original ball to a minimizer Q € 0, With a singularity at y. Obviously,

y is isolated and its corresponding tangent map is of the form (O Los ﬁ) by results
in Chapter [7] By strong convergence, we can find a sufficiently large j and a suitable
smooth retraction II so that incoming maps @’ retract on S? by means of II and thus
for the maps IT o Q7 the origin is a singularity of degree 1. It then follows that in
small balls around the origin the energy is close as we please to 47r. But, undoing
the above dilation, we see that the energy must be uniformly bigger than 4nr for
small r. This contradiction proves the theorem. O

Before going on, let us establish, for the sake of clarity, the following definition,
already mentioned in the Introduction.

Definition 8.1 (Split solution). Let Q, € C*(S?,5%) be S'-equivariant and let Q
be a minimizer of the LdG energy (1.1.3) in the class Agj; . We say that @ is a split
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solution if the singular set of @, sing @), consists of a finite number of dipoles; i.e., it
contains an even number of singularities of the type (O Los :I:%) so that the sum of

their degrees (as maps from S? into S% C L @ Lg) is zero.

Next, we prove that along smooth curves connecting boundary data whose mini-
mizers are all biaxial torus solutions at one end and all split solutions at the other
end there exists a boundary data having both types as minimizer. We follow the line
of [107], whose authors extend an argument due to Hardt & Lin [65].

Theorem 8.8. Suppose that {Qg}se[o,l} is a smooth curve of S'-equivariant boundary
data QF € C>®(S2,5%) so that all S*-equivariant minimizers subject to the boundary
condition Qg are biaxial torus solutions in By and all S'-equivariant minimizers
subject to Qg are split solutions. Then there exists o € (0,1) so that Qf serves as a
boundary condition for at least two S'-equivariant minimizers in Agﬁ%, one of which
is a smooth biaxial torus solution in By and the other a split solution.

Proof. Let {Q}}sejo,1] s in the statement. Let

o =sup{s € [0,1] : each LdG energy minimizer

with boundary data @)f is a biaxial torus solution in B;}.

We may choose a sequence s; /o and a sequence of S'-equivariant minimizers Q%
that are biaxial torus solutions in By such that Q*|g2 = Q;'. Similarly, we choose a
sequence t; \, o and a sequence V' € WH2(By, S*) of minimizers having at least two
singularities, with V%|g = Q}'. Passing to subsequences (not relabeled), we have
that there exist Q € W2(By,58%) and V € W12(By, S*) so that Q% — @Q strongly
in Wh? and V% — V again strongly in W12, Moreover, we have Q|g2 = Vg2 = QF.

Note that 0 < o < 1. Indeed, in view of strong convergence, if ¢ = 0, then Qg
must have a minimizer of split type, a contradiction. In a similar fashion, if o = 1,
then Qi must have a minimizer which is a biaxial torus solution in By and this is
again in contrast with the fact that all minimizers associated to Q% are split.

By the very definition of o, @ is a biaxial torus solution. In particular, @
cannot have singularities. Indeed, assume that @) has singularities. Then, by strong
convergence, in arbitrary small balls around each singularity of @) there would be a
singularity of Q% for i sufficiently large, a contradiction.

We now prove that the map V has at least two singularities. Indeed, any V% has
at least two singularities and we know, by Theorem [8.6] that singular points converge
to singular points. We need only to check that singularities cannot merge in the limit
nor escape to the boundary. To see this, we first observe that they cannot merge in
the interior because they must stay at uniform distance by Theorem Next, we
note that they cannot escape to the boundary: indeed, since ij and Q7 are close
to each other in C"*° for ¢ sufficiently large, we can find a uniform neighborhood of
the boundary which contains no singularities of V and of all V% sufficiently close to
V. O

Remark 8.5.1. We are not assured of the existence of a smooth curve as in the
statement of Theorem when the domain is By. The family of boundary data
crafted in Theorem is not suitable to the purpose (though it shows that boundary
data with the properties required to Q(g actually exist), because it is not smooth
enough. Smoothness w.r.t. to the parameter ensures enough uniform boundary
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regularity in order to prevent the escaping of singularities to the boundary as t; \, o
and hence to conclude that the map V is again a split solution.

With reference to Remark there are two main difficulties in building a
smooth curve of boundary data with the required properties on the sphere. The
first one is connected with the geometry of the sphere, which makes it difficult to
understand how to manage the few boundary data whose minimizers have a known
character (i.e., biaxial or split) to produce the desired behavior. The second difficulty,
actually intertwined with the first one, is due to the competition between the elastic
and the bulk term in the LdG energy; specifically, it not clear whether one of the two
terms should be dominant looking only at the boundary condition and hence if the
onset of singularities would be a way to save energy.

Anyway, choosing suitably an axially symmetric domain and the material constants,
the picture simplifies considerably. We now explain how to do this so that a smooth
curve as in Theorem exists. The construction is analogous to that leading to
well-known gap phenomena in harmonic maps |64, 63]. To better understand how the
material parameters should be related to the purpose, let us return to the LdG energy
and, for a moment, discard the constraint |Q|> = 1 as well as the convention of
having subtracted to F(Q) its infimum value (see the Introduction). The norm of the

Q-tensors belonging to Quin is then |Q|? = =, where s, is given in ). Scaling

Q so that Q = \/;S+Q and subtracting 1an(Q) to the energy dens1ty -, we
have

P(Q:)~Fu = [ 5|VQ['+5 (1-|of )2 +2 (14s]Qf - 0o @) as

Let D = diam ) and rescale also the domain so that we have new variables r = % on

Q, with diam Q = 1. Then, we further impose the norm constraint ‘Q‘ = 1 and hence
we reduce to

1(Q; Q) = W - /Q % \v@f + 221’;; (1-v6T@®) do.  (852)

Set

- 2b8+D2
- 27L
We will be interested in the regime x small, as we shall see below.

(8.5.3)

Theorem 8.9. There exists an azially symmetric domain Q C R3 and constants L >
0,b > 0 so that a smooth curve of boundary functions [0,1] 5 s — Qi € C>(Q, %),
having the properties listed in the statement of Theorem[8.8 can be found.

Proof. Let us consider a capsule-shaped open domain 2, coaxial with the z-axis,
whose horizontal section has radius € and whose height is 2N, where N > ¢ will be
determined later. Let’s place the barycenter of 2 at the origin.

To construct the required family of boundary functions, let us first write Q = QT U
Q~, where Q" = {(z,y,2) € Q: 2 >0} and Q™ = {(z,y,2) € Q: 2 < 0}. For s =0,
on 9T\ {(z,y,2) € Q: 2 =0} we put Q) = ep. Let P a plane through the z-axis and,
for instance, the point (¢,0, —N/2) € Q™. Along (PNoN~ )\ {(z,y,2) € Q: z =0},
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in a small region of size A around the plane {z = —N/2}, we let the leading eigenvalue
of Q} performing the nontrivial path in RP2. We then take Q; = ep on the remaining
part of (PNOQ™)\ {(z,y,2) € Q: 2z = 0} and then we define Q)j everywhere on
00~ \ {(z,y,2) € Q: z =0} by imposing S'-equivariance. Taking A sufficiently close
to zero, we can reason as in Theorem and then conclude that any S'-equivariant
minimizers of E(+;) subject to Q) must be a biaxial torus solution in .

Now, for s > 0, we let @)} as in the above in the bottom-half of 2. Let P the
same plane as before. In the upper-half of P N 92, choose A, B points away from the
plane {z = 0} and from (0,0, N), with distpngn (A4, B) = A. We let )} start twisting
smoothly at A; at any step in s, @7 twists a little more along the path from A to B,
in order to become —eg in the limit s /1. At the point A’(s), Q; stop twisting and
then we keep the twisted value from A’(s) to a point B’(s), where it begin twisting
back to return ep in B. We choose N and A so large that we can choose A’(s) and
B'(s) so that twisting requires only a controlled energy, less than some fixed constant.
We then define Q; on the whole of Q" by requiring S L_equivariance.

Suppose s is close to 1 and let Q° be a S'-equivariant minimizer of E(-;2) subject
to Q. If Q° was smooth, then it would be eg everywhere along the z-axis, due to our
choice of the boundary condition. But the boundary condition also forces Q° to be
—ep on a large portion of size A of the upper boundary Q. Because of this, the
I-energy of Q° should roughly payﬂ more than CAe™!/N, with C > 0 a constant,
which can be approximated by Ce™!, up to enlarging and adjusting N and A, if
necessary. Since the potential is bounded because of the Lyuksyutov constraint, if
we take k sufficiently small, then the [-energy of () is a small perturbation of its
(rescaled) Dirichlet energy. Then, scaling back, one can follow the line of [63] and
construct a map @ which is identically —eq on the large central region and that, when
N is sufficiently larger than e, pays less energy than any continuous mapping with
the same boundary trace. Thus, if )° is a minimizer, it has to be discontinuous, and
hence it must be a split solution, because the boundary condition agrees with eg at
(0,0,N) and at (0,0, —N).

Thus, the curve {Q}}c[o,1) has the required properties. O

Remark 8.5.2. We are not claiming anything about the physical significance of
Theorem [8.9] in the sense that we do not know whether materials with suitable values
of the constant exist so that the phenomenon described above actually happens.

Remark 8.5.3. A key point in the construction in Theorem is the fact the bulk
potential is bounded and this allows for tuning the parameters in order to reduce to
a situation analogous to that of axially symmetric harmonic maps (cfr. [63, Theorem
3.2]). The role played by % and the fact that the boundary datum goes also outside
RP? arise the question whether the same phenomenon continues to happen, at least
under the Lyuksyutov constraint, in the more interesting situation when boundary
datum is all RP?-valued. Keeping in mind how RP? embeds into S4, it is easily
realized that this should be the case for boundary data — on domains such as €2 in
Theorem [8.9] — that are closer to —e than to eg on a large part of 9. In this case,
smooth solutions, being everywhere ey on the z-axis, must be large as the onset of
singularities becomes energetically convenient when % is small enough. Anyway,
details are more delicate and will be developed elsewhere.

Remark 8.5.4. To be rigorous, we need boundary regularity and, to state it in the
case of a capsule-like domain, we should take Remark [4.8.2] into account. The claimed

2The important point here is the linear growth with A, cfr. [57].

154



8.5. GENERIC UNIQUENESS, NONUNIQUENESS AND RELATED RESULTS

issues can be still handled quite easily but details will be worked out in a future
publication.

Remark 8.5.5. In connection to the above remarks, nothing excludes, at the moment
being, that the hedgehog boundary condition on the sphere is critical, in the sense of
having both biaxial torus minimizers and split minimizers.
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Appendix A

The norm of the gradient of a
Sl_equivariant linearly full
harmonic sphere 5% — S*

Thanks to our classification theorem, Theorem we know how all S'-equivariant
linearly full harmonic spheres w : S? — 5% look like in terms of the complex parameters
13, pua. This allows us to calculate |Vrw|® in terms of 3, 4.

We start noting that, in terms of coordinates (6, ¢) (as usual, 6 is the polar angle
and ¢ the azimuthal angle) on S?, we have from ([6.2.17)

- _ L 2 (0Y jaio (1, Il 2 (9>
(tow)(d,9) = <2u3 tan (2> e <1 + 3 tan 5 ,
0\ |s|” (9)
2 pio _17sl 47
2p4 tan <2) e <1 3 tan 5 ,

2 2
: 0 0 0
1+ ’u3|9|'u4|tan6 (2) _ \,ug\ztan4 (2> - ]u4\2tan2 (2)>
(A1)

and

_ |M3\2|M4|2 6 Q 2, 4 Q 2, o(0
@—1—1—79 tan 5 + |p3]” tan 5 + |p4]” tan 5

Then, long but elementary calculations show that
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tan (%) 0 4 ] 2 0
oo = ——— 20 (2 + 4l an (5) = 5 ol il tan® (5 ) = 3 bl o ran (5) )
T T o (g)( il + A usl"tan” (5 ) = 5 sl [pa“tan®{ 5 ) = 5 sl [al” tan™ { 5
0 9\ 14 9\ 14 0
Hae 2. 9 ) s s
w1 22 cos? (g)( |pal” tan (2> |us|” tan (2> 5 \p3|” |pal” tan (6)
0 0
—*|u3| tan® <2> 7\M3I4|u4!2tan10 (2)>
2i¢ 0
H3e tan(2) 9 p A . ;
oz = @2cosz< ) ( ‘“4‘ an (2> (’NS‘ ‘M4‘ > an (2> 5 |pa]” tan 5

o sl an (5) )
27#3 Ha 5 .

We also have

Opwl” = 4 |wa|? + w1 | (A.2)
so that

2
Vrwl = ————{|uf*

9% cos? (g)
+2 (\u4\4 +2 \Ms\Q) tan® (g)
+ Jpaal® (12 |paal” + ’”4‘4) tan (Z)
+ 8 us|? (qul + 3 Il )tan6 <§>
+ 14 | s | pa]? (\ug\ + g lial )tans (2)
+4lu3\2< s el + ||t + = \M4I >tan10 <Z> (A.3)
+ 134 s |pal* (2 sl + |pua] ) tan @

8 4, 4 2 4 (0
g sl lal* (12 s o+ Jal ") tan™ (

1 0
gl af (sl + 5 al*) eant® (3)
2 0
+—\u3|6|u4|4 (\m 42 ")t (3)
9

2
1 o 2(0 . . . .
Note that ot (D) (1 + tan (2)) . In particular, taking the hedgehog, i.e., setting

U3 = p4 = /3, an amazing simplification happens and we are left with |V H \2 =6
(of course, this what we expected and knew from the SO(3)-equivariance of the
hedgehog).
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Remarkably, the following equipartition-property, verified by direct calculation,
holds, due to the S'-equivariance:

L

= m |8¢>w’2 (A.4)

|Ogw
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Appendix B

General properties of
Sl.equivariant harmonic spheres

Sl-equivariant harmonic spheres, arising in this work in connection to S'-equivariant
tangent maps from R? into S%, are actually a topic of independent interest, see for
instance [48, |50]. Thus, a detailed knowledge of their structure may be worth also
beyond the scope of the present work. Below we expose some general features we have
found in our study of the stability /instability issue of S'-equivariant tangent maps.
Some of them are reported even if not used, at last, to derive our stability/instability
results because expressions of a somewhat surprisingly peculiar behaviour induced by
Sl-equivariance.

Our classification theorem, Theorem allow us to retrieve interesting pieces of
information about S'-equivariant harmonic spheres. Of course the most important
one for our purposes is the form of the energy density |Vw|2. This may be calculated
in terms of the parameters us, g of Theorem the expression we have found is
given by Eq. . It is remarkable that a unexpected equipartition property
holds: indeed, we have

dpw|* = Dpw)? . A .4
[Opw]” = 55 10| (A.4)
In particular, we can write
8w? + 2w?
Vw|? = =221 B.1
Vel sin? 6 (B.1)
Note also that the equipartition property implies
1
|Vwo|? = |Bpwol* < 5 IVw|? (B.2)

and, integrating both sides and using (3.6.2)),

1
/ |Vewo|? dvolge :/ w2 |Vw|? dvolge < / |Vw|* dvolge. (B.3)
52 52 2 Jg2

Observe that equality is never achieved in (B.3]).

Looking at the explicit expressions in Appendix [A] it is easily realized that the
above relations, although unexpected and apparently helpful, are too cumbersome to
be really useful, unless in special cases. Among these, there are maps with values into
L1 & Ly or into Lo & Ly, respectively, and the linearly full map given by the hedgehog.
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Recall that we are really interested only in stationary harmonic spheres. Thus, the
first two of them are completely characterized by fundamental results in [21] and
hence calculations are really explicit, see Section and Section The case of
the hedgehog is instead tractable because of the additional SO(3)-equivariance, which
implies that |VoH|? is constant and hence necessarily |VrH|* = 6. Alternatively,
an easy check shows that the parameters of the hedgehog are 3 = pus = /3 and
from here the constancy of |V H \2 follows by comparison to . Moreover, the
hedeghog is the only linearly full map, up to rotations, having constant energy density.

The above-quoted special cases may be developed in full details, although two of
them are instances of the more general phenomenon in Theorem because explicit
computations may reveal details of independent interest.

The linearly full case is instead out of range of explicit calculations. For the
argument of Theorem there is no need to explore further features of S'-equivariant
harmonic spheres. Anyway, with an eye towards other possible applications, it may
be interesting to recognize the following properties.

Having the literature in mind, especially [36} 95, |132], we see that the Bochner
identity for harmonic maps between spheres, reported in , often plays an impor-
tant role. Let us recall that, if u € C°°(M, N) is a smooth harmonic map, then we
have the identity (see [34])

An(|Vul?) = |V(du)? + (Ricy Vu, Vu) + (Riemy (u)(Vu, Vu)Vu, Va),  (B.4)

called the Bochner identity (or, sometimes, Bochner formula).
Now, let m,k > 2, (eq)2, be any local orthonormal frame of the sphere S™ and
w € C®(S™, S*). Then (B.4) specializes to (see [95])

A(31vel) = [Wuf +om -9l - 3 {1Vewl [Ve — (Ve Te)

a,B=1
(B.5)
For S'-equivariant harmonic spheres S2 — S*, (B.5) simplifies to in the Lemma
below.

Lemma B.1. Let w € C*®(S?,5%) a smooth S*-equivariant harmonic map. Then w
satisfies the following Bochner identity

1 2 1
A (2 |wy2) = |72 +19ul - 5 IVult. (B.6)

Proof. The couple {%, Sinl(e) %} is a local orthonormal frame on S? and note that

Q

1 _ 1 2 i b s id Y —
<39w, M3¢w> iy ((89w2)e , (Opwn e ,&uo) - (2waie”*?, wiie'?,0) = 0.

Thus, using the equipartition property, the last term at the r.h.s. in (B.5]) reduces to
-3 IVw|* (which is its minimum value, compare [95, Eq. (2.13)]). O

Remark. It may be interesting also to know explicitly the form of the terms involved in
the r.h.s. of Eq. (B.6). We start noting that, since IVw|?, [Vw|? are only semi-explicit,
we might think to compute ]V2w|2 and then to use it to simplify the r.h.s. of .
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However, in doing this — in order to make the computation affordable — we used
equipartition and (B.1]) and the resulting equation turned out to be an identity, thus
carrying no further information. A more direct approach looks not viable.

Because of the previous Lemma and the above remark, we did not succeed in
improving the Bochner inequality of Lin & Wang [95, Eq. (2.11)], recalled below:

1 1
A (2 va\z) > 2|V |Vw|]* + |Vw]? - 3 IVuw]?, (B.7)

for any nonconstant harmonic map w € C*(S?, 5%).
Next, we observe an elementary but possibly useful fact.

Lemma B.2. Let w: S? — S* be a S'-equivariant harmonic sphere. Then
/ IVw|® dvolg2 < / IVw|? sin? 0 dvolge. (B.8)
52 52

Proof. Since |w|* = w3 + w} 4+ wg = 1, we have

\Vw]Q = (w% —I—w% —i—w%) ]Vw\z

= (403 + W) |Vw]® 4 (=3w2 + wd) |[Vw|?.
By (A.4),
1
IVw|* = 3 IVwl|*sin? 0 — 3w2 |Vw|* + wi |[Vwl|* .

Integrating both sides and using (3.6.3)),

1
/ |Vw|? dvolgz = / IVew|* sin? 0 dvol g2 +/ {—3|w212+ \Vw0|2} dvolge
S2 2 SZ SQ
1

< / IVw|* sin? 0 dvol g +/ [Vwo|? dvolge
2 Jg2 52

and from here the conclusion follows using (B.3]). O

Remark. In the spirit of being always explicit whenever possible, we made many
attempts to derive instability of linearly full maps appealing to equipartition, ,
(B.3), and to relations (3.6.2)), (etc...). Essentially, the line of reasoning
was trying to replicate the proof of |95, Proposition 2.5], taking care of the fact
that equivariance requires the use of appropriately weighted versions of (B.6)), in
order to get rid of divergent terms near the poles (whose appearance is forced by the
equivariance itself, see e.g. Eq. ) In this direction, we obtained some hints
but not decisive arguments. This study generated the results reported above.
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