GLOBAL EXISTENCE AND UNIQUENESS
RESULTS FOR NEMATIC LIQUID CRYSTAL
AND MAGNETOVISCOELASTIC FLOWS

JULIUS-MAXIMILIANS-UNIVERSITAT WURZBURG
Fakultat fur Mathematik und Informatik

Dissertation zur Erlangung des naturwissenschaftlichen Doktorgrades
an der Fakultat fiir Mathematik und Informatik
der Julius-Maximilians-Universitat Wiirzburg

vorgelegt von

Joshua Kortum
geboren in Pegnitz

Wiirzburg, August 2021

This document is licensed under the Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0):
http://creativecommons.org/licenses/by-sa/4.0 This CC license does not apply to third party material (attributed to another source) in this publication.













Abstract

Liquid crystals and polymeric fluids are found in many technical applications with liquid
crystal displays probably being the most prominent one. Ferromagnetic materials are well
established in industrial and everyday use, e.g. as magnets in generators, transformers
and hard drive disks. Among ferromagnetic materials, we find a subclass which undergoes
deformations if an external magnetic field is applied. This effect is exploited in actuators,
magnetoelastic sensors, and new fluid materials have been produced which retain their
induced magnetization during the flow.

A central issue consists of a proper modelling for those materials. Several models
exist regarding liquid crystals and liquid crystal flows, but up to now, none of them has
provided a full insight into all observed effects. On materials encompassing magnetic,
elastic and perhaps even fluid dynamic effects, the mathematical literature seems sparse
in terms of models. To some extent, one can unify the modeling of nematic liquid crystals
and magnetoviscoelastic materials employing a so-called energetic variational approach.
Using the least action principle from theoretical physics, the actual task reduces to finding
appropriate energies describing the observed behavior. The procedure leads to systems
of evolutionary partial differential equations, which are analyzed in this work.

From the mathematical point of view, fundamental questions on existence, unique-
ness and stability of solutions remain unsolved. Concerning the Ericksen-Leslie system
modelling nematic liquid crystal flows, an approximation to this model is given by the
so-called Ginzburg-Landau approximation. Solutions to the latter are intended to ap-
proximately represent solutions to the Ericksen-Leslie system. Indeed, we verify this
presumption in two spatial dimensions. More precisely, it is shown that weak solutions of
the Ginzburg-Landau approximation converge to solutions of the Ericksen-Leslie system
in the energy space for all positive times of evolution. In order to do so, theory for the
Euler equations invented by DiPerna and Majda on weak compactness and concentration
measures is used.

The second part of the work deals with a system of partial differential equations
modelling magnetoviscoelastic fluids. We provide a well-posedness result in two spatial
dimensions for large energies and large times. Along the verification of that conclusion,
existing theory on the Ericksen-Leslie system and the harmonic map flow is deployed and
suitably extended.






Zusammenfassung

Fliissigkristalle und polymere Fliissigkeiten finden sich in vielen technischen Anwendun-
gen, wobei die Liquid Crystal Displays (kurz LCDs) wahrscheinlich die bekanntesten
sind. Ebenso haben viele ferromagnetische Materialien Gebrauch in der Technologie
gefunden, zum Beispiel als Generatoren, Transformatoren und Hard Drive Disks. Bei
einigen ferromagnetischen Materialien fiihrt die aulere Anwendung eines Magnetfeldes
zu Verformungen. Dieser Effekt wird z. B. in Aktoren ausgenutzt und es wurden neue
Fliissigkeiten gefunden, welche ihre eingangs induzierte Magnetisierung beibehalten.

Bis heute besteht ein Problem darin, derartige Materialien korrekt zu modellieren. Fiir
Fliissigkristalle und Fliissigkristallstromungen existieren mehrere Modelle, aber bisher
hat keines von ihnen einen vollstdndigen Einblick in alle beobachteten Effekte liefern
konnen. Zu Materialien, welche magnetischen, elastischen und vielleicht sogar fluiddy-
namischen Effekten unterliegen, ist die Literatur beziiglich der Modellierung auf math-
ematischer Seite eher sparlich. Bis zu einem gewissen Grad kann man die Modellierung
von Flissigkristallen und magnetoviskoelastischen Materialien durch einen Variation-
sansatz flir das Wirkungsfunktional vereinheitlichen. Verwendet man das Prinzip der
kleinsten Wirkung aus der theoretischen Physik, reduziert sich die eigentliche Aufgabe
darauf, geeignete Energien zu finden, um das beobachtete Verhalten zu beschreiben. Das
Verfahren fiihrt zu Systemen zeitabhéngiger partieller Differentialgleichungen, welche in
dieser Arbeit betrachtet werden.

Aus mathematischer Sicht bleiben grundséatzliche Fragen zu Existenz, Eindeutigkeit
und Stabilitdat von Losungen offen. Beziiglich des Ericksen-Leslie-Modells fiir nematische
Flissigkristalle ist eine Approximation dieses Modells durch die sogenannte Ginzburg-
Landau-Néaherung gegeben. In dieser Arbeit wird bewiesen, dass Losungen des letzteren
Modells gegen Losungen des erstgenannten in zwei Raumdimensionen konvergieren. Prazi-
se ausgedriickt wird gezeigt, dass schwache Losungen des Ginzburg-Landau-Systems auf
beliebig groflen Zeitintervallen gegen Losungen des Ericksen-Leslie-Systems konvergieren
unter der Annahme, dass die Energie des physikalischen Systems beschrankt ist. Dazu
wird die von DiPerna und Majda entwickelte Theorie fiir die Euler-Gleichungen zu Konzen-
trationen unter schwacher Konvergenz verwendet.

Der zweite Teil der Arbeit beschéftigt sich mit einem System partieller Differential-
gleichungen zur Modellierung magnetoviskoelastischer Fliissigkeiten. Wir zeigen, dass in
zwei Raumdimensionen in gewissem Sinne ein wohlgestelltes Problem fiir beliebig grofie
Energien und Zeiten vorliegt. Fiir den Beweis dieses Resultats verwenden und erweitern
wir die bestehende Theorie zum Ericksen-Leslie-System und zum Warmefluss harmonis-

cher Abbildungen.
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Chapter 1

Introduction

Complex fluids appear numerously in nature and technology. They are characterized
in particular by their non-Newtonian laws of evolution which let their behaviour differ
drastically from Newtonian fluids. Among these complex fluids, we find blood, ketchup,
lava, polymer, liquid crystals, ferrofluids etc. In a Newtonian fluid, the overall forces
acting on the constitutive molecules are homogeneous and linear. The microstructure of
a complex fluid behaves non-linearly, i.e. in an anisotropic manner. Complex fluids can
almost be thought of as being in between a fluid and a solid state. Such intermediate
states are also called mesophases. The modeling and analysis of complex media requires
specific adaption to the phenomena observed during their investigation.

In this work, we focus on two materials of this big assemblage. First, we consider ne-
matic liquid crystals, probably best known for their application in liquid crystal displays
(LCDs). The second one are magnetoviscoelastic fluids, which exhibit several features:
Due to their ferromagnetic properties, they react to changes of applied magnetic fields.
In particular, these variations affect the motion of the fluid and compete with the de-
formation of the material (hence the term “viscoelastic” in the name). The coupling of
magnetic and elastic effects is used in actuators and recently, new fluids, constructed with
droplets, were found in [67] which retain the magnetization after the applied magnetic
field is deactivated.

We are interested in the mathematical side and investigate existing models for the
latter materials. This task consists of the fundamental questions of existence, uniqueness
and, to some extent, stability issues of the underlying laws of motions. Therefore, the
work comes within the subject area of partial differential equations and, more precisely,
the branch of parabolic evolution equations.

In order to do so, we take a brief look at the modeling of liquid crystals and mag-
netoviscoelastic fluids in Sections and Section provides an overview on the
mathematical literature of both materials and introduces the definite systems of equa-
tions, which are treated in this work. Finally, Section outlines the structure of the
arguments elaborated in the thesis.
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1.1 A glimpse on the modeling of nematic liquid crys-
tals

When heated, liquid crystals may pass several temperature-dependent intermediate states
[77]. Depending on the specific material, one might observe a smectic phase, a cholesteric
phase and a nematic phase before entering the isotropic fluid phase. Since the temperature
represents the degree of movement which molecules on average occupy, the lower the

temperature is, the more structure in liquid crystal phases will occur.
The nematic liquid crystal mesophase is

mainly characterized by molecules which ex-
hibit a local alignment along a privileged
direction (see Figure [1.1). But different
to other phases, the molecules’ distribu-
tion does not show long-range order. Com-
monly, this preferred direction is called the
anisotropic axis. For the majority of nematic
liquid crystals, one such axis is observed,
hence they are termed uniaxial. However, Figure 1.1: Local alignment
biaxial nematic liquid crystals with a second (nematic phase)

priviledged direction are found as well.
Besides the local alignment along an axis, smectic liquid crystals undergo long-range

orders. The molecules orient themselves in layers or planes because of the average lower
energy assigned to the constitutive particles. The smectic mesophase is further catego-
rized into smectic A, smectic C and smectic C*, reflecting the different positioning of the
layers.

In the cholesteric mesophase, alignment similar to the nematic one is observed as
well. The difference lies in the long-range helical structure. The constitutive molecules
distribute themselves into two-dimensional nematic-like layers where the orientation in
each layer changes gradually in the third space dimension. The orientation thus forms a
spiral along the third component, resulting in the helical structure.

In the following, the modeling regarding liquid crystals is outlined. Several well-
established systems of evolutionary equations exist: The Ericksen-Leslie model, the
Landau-de-Gennes model along with the time-dependent counterpart, the Beris-Edwards
system, and the Doi-Onsager model. In the following, the Ericksen-Leslie model is con-
sidered, introduced by Ericksen and Leslie in [26] and [53].

The Ericksen-Leslie model has its foundations especially in the works of Oseen [70]
and Frank [32]. Before considering the evolution in time, liquid crystals at rest should
satisfy some energy minimization principle. Like in elasticity theory or micromagnetics,
the stationary state should in principle be described by a minimizing configuration of an
energy functional.

As explained above, nematic liquid crystal particles prefer to align (locally) in a certain
direction. This behavior is attributed to the rod-like structure of the particles. It stands
to reason to assign a vector d, called director, to each particle. In the continuum limit,
every point in space or some subdomain U is occupied by the nematic liquid crystal.
Hence, a vector field d : U — R? is introduced which reflects the orientation d(z) of
a particle placed in position x € U. Such a vector field is also called director field.
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Figure 1.2: Depiction of splay, twist and bend strains

The majority of the fluids considered in this work consist of molecules which cannot
be compressed or elongated. This relation translates into a unitary condition on d, i.e.
|d(x)| =1 for all z € U.

Every configuration, represented by a director field, is assigned an energy value. The
tendency of alignment of the orientations indicates that large gradients of the director
field d must lead to configurations with large energies. Therefore, gradients of d must be
penalized by the energy terms. In this regard, Oseen [70] and Frank [32] proposed their
well-known Oseen-Frank energy density

(1.1.1)

where ground states of d — [, Wor(d, Vd) are intended to replicate nematic liquid
crystal configurations observed in reality. The parameters k;,i = 1,2, 3,4 weigh different
phenomena which are observed in distinct configurations: The first three terms represent
splay, twist and bend curvature strains (see Figure , respectively, while the fourth
term describes the saddle-splay term.

Proceeding to an evolutionary model, a time variable t € [0, 00) is taken into account
as well. The nematic liquid crystal state corresponds to higher temperatures and thus
is closer to states of isotropic fluid. A second quantity is introduced, the velocity field
v : U % [0,00) = R3 The velocity field v(z,t) at a space point x € U and time
t € [0, 00) reflects the value and direction of velocity the particle at this position moves
with. In general, the fluid’s mass is distributed inhomogeneously among space leading to
the density function p : U x [0, +00) — R{. At position z and time ¢, the density of the
fluid, the mass per volume element, is described by the quantity p. In total, the three
constitutive variables p,u and d are taken into account.

The aim is the derivation of equations relating those quantities and quantifying their
evolution. As a first approach, one may rely on standard principles known from clas-
sical mechanics: The conservation of mass, of momentum and of angular momentum.
Moreover, it is observed that the nematic liquid crystal flow tends to dissipate to a final
state at rest as the evolution proceeds. Therefore, internal friction needs to be taken into
account as well. In sum, the works of Ericksen and Leslie (see [26] and [53]) established
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the Ericksen-Leslie system which in its full generality reads

Op+v-Vp=0, (conservation of mass) (1.1.2)
dive =0, (incompressibility condition) (1.1.3)
pv = pG +diva, (conservation of momentum) (1.1.4)
prw = p1Gy + g + div . (conservation of angular momentum) (1.1.5)

In this work, we refer to the above system as the general Ericksen-Leslie system. An
alternative derivation of the Ericksen-Leslie model should be mentionend. Assigning a
kinetic energy and an internal energy (here the Oseen-Frank energy) to the fluid as well
as a dissipation rate modeling internal friction, one can employ a so-called energetic
variational approach and the maximum dissipation principle. This is carried out in [83],
which yields the general Ericksen-Leslie system f as well.

In the general Ericksen-Leslie system above, we use the following notation for ¢, 7 =
1,2, 3 where we sum over repeated indices:

e The superposed dot " depicts the material derivative f = d,f +v - Vf,

o A is the rate of strain tensor A = (Vv + Vo),

Q= %(Vv — VuT), the skew-symmetric part of the strain rate,

w is the material derivative of d, i.e. w = d,

N is the corotational time flux of the director motion N = w — Qd,

g is the intrinsic force associated to d given by

. oW,
9i = vd; — B;0;d; — ,OWC?F + 9

with 8 = (f5;); and ~ being functions serving as Lagrangian multipliers to |d| = 1,

g is the kinematic transport of d given by g; = M N; + Aod; Aj;

Wor is the Oseen-Frank energy (density)

(1 and G5 are external forces,

7 is the director stress with

MWor
9(9:d;)’

Ty = Bidj +p

0 1s the stress tensor with

R IWor
0ij = —pdij — Pmajdk + 0ij,

o 1s the viscous stress tensor with

0ij = pndpAgpdyd;d; + poNidy + psd; Nj + pa Ay + ps Agdid; + ped; Ajidy,

e )\, i = 1,2 are material constants which reflect the shape of the molecules,

pi, i =1,...,6 are the Leslie coefficients.
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1.2 The modeling of magnetoviscoelastic fluids

The second type of complex fluids we address in this work are magnetoviscoelastic fluids.
The model here considered has recent origins (see [7, B1]) and we briefly present the
governing equations in this paragraph. The term “magnetoviscoelastic fluid” comprises
three notions: Fluid motion, (ferro-)magnetism and viscoelasticity. The combination of
fluid motion and ferromagnetism shares mathematical similarities with the Ericksen-Leslie
model. Therefore we comment on the third feature, elasticity and viscoelasticity.

The description of elasticity mainly falls into the mathematical area of Calculus of
Variations (see, e.g., [17]). Therein, the utilization of Lagrangian coordinates repre-
sents a difference to fluid mechanics and micromagnetics. An elastic material, for ex-
ample rubber, beams or strings, occupies a domain U, C R®. By application of stress
to the body, the material undergoes a deformation which is represented by a mapping
y: Uy — y(Up) = U in Lagragian coordinates. Elasticity means that removal of the stress
results in reversion of the process, i.e., the material attains its original configuration Uj.
The observed deformation (or deformed configuration) is intended to be a minimizing
state of an energy functional. The material properties which determine the deformed
state are encoded in an elastic energy density W. First and foremost, the density W
usually depends on the deformation gradient F' = Vy.

Taking into consideration fluid motion as well, a subset of complex fluids are so-called
viscoelastic fluids. Examples are ketchup, polymers and tooth paste. Viscoelastic fluids
show two different behaviors at once: Elasticity, i.e., reattainment of original shape if
exterior stresses are removed, and a constant motion reacting to stresses with dissipa-
tion to a state at rest. Seeming contradictory, the (visible) elastic behavior happens on
comparatively short time scale and the dissipation on long time scales.

Since fluid mechanics is usually phrased in Eulerian coordinates on a domain U, the
formulation of elasticity is as well transformed to Eulerian coordinates (see, e.g., [66])
in order to manage the description effectively. Representing the spatial coordinates in
Lagrangian coordinates by X & Uy, the spatial coordinates in Eulerian coordinates by
x € U and the time by ¢, the transformation formula reads

F(z(X,1),t) == F(X, 1)

where F' is the deformation gradient in Eulerian coordinates. If ¢ = 0, no motion of the
fluid has taken place so far, therefore x(X,0) = X must hold. Since z describes the
position of a volume element of the material at position X and time ¢, the evolution is
completely determined by the time derivative of z(X,t), the velocity. The velocity is

(X, 1)

./

Uo

Figure 1.3: Flow map
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denoted by u : U x [0, +00) — R? and hence, the coordinate change (or pullback of u) is
given by
O (X, t) = u(z(X,1),1).

Usually, the mapping z : Uy x [0, +00) — R? is called the flow map (see Figure .

Eventually, calling into play the magnetic component, ferromagnetic effects originate
from the quantum mechanic spins of atoms in the materials. The spins are considered
to have a fixed magnitude with variable degree of orientation. On the macroscopic level,
a vector field M : U — R3 is assigned to the domain U occupied by the ferromagnetic
material. Because of the fixed magnitude, one sets |M (z)| = 1 for every z € U. Without
the application of a magnetic field to a magnetic specimen, the spins do not possess a
specific orientation. If the magnetic field is activated, the spins react which results in the
attempt to align parallel (or anti-parallel) to the magnetic field. Ferromagnetic materials
are then characterized by the fact that they retain this magnetization after the magnetic
field is deactivated again.

Once more, the distribution of M is intended to be modeled by a minimum configu-
ration for a given energy functional. Here, we enter the regime of micromagnetics (see,
e.g., [12] or [49] for an overview). The free energy of a magnetic material should mirror
several phenomena. Similar to nematic liquid crystals, variations of the magnetization
field M are penalized. Further effects must be taken into consideration: Due to possible
crystalline structures in the material, there may exist preferred directions for the mag-
netization. This is reflected by an anisotropy energy term ¢ = ¥ (M). What qualitively
distincts the description of ferromagnets from nematic liquid crystals is the appearance of
long-range interactions. For ferromagnetic materials (for example NiFe, see [45]), the for-
mation of domains with uniform magnetization is observed. This circumstance is mainly
explained by the stray field energy. Determined by Maxwell’s equation

div (M + H(M)) =0,

it resembles the tendency to resolve the magnetic field induced by the magnetization M
outside of the domain. Eventually, it is necessary to also take into account the application
of external magnetic fields Hey, resulting in the so-called Zeeman energy. In sum, the
micromagnetic energy reads

E@D:/GMLNM@+¢WQ—% (M) - M — pigHug - M da.

U

Here, A depicts a positive definite fourth-order tensor and py the permeability constant.
The term “magnetoviscoelastic” indicates that non-trivial interactions between the

different described regimes can take place. For example, magnetostriction describes the

relatively large deformation specific ferromagnetic materials undergo when an external

magnetic field is applied. Looking for an evolutionary model of such materials, in [31, p.

35] the author employed an energetic variational approach (with maximum dissipation

principle). Taking into account the information above, the resulting system reads

i =divT + poV ' (H(M) 4 He) M,
divu =0,
F = VuF,
M = —M X Heg — M x (M x Heg)

(1.2.1)
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with the following notations:

e 1" is the stress tensor with
OW(F)
OFy,

Ej = —péw — VUV (@uz + @u]) — ij — &Mkf)]]\/lk,

e v > () the kinematic viscosity,
o W :R33 — R is the elastic energy density,

e H.g is the effective magnetic field given by

Ov(M)

(Her)i = 0;(AijriOp M) + pio(H(M) + Hext)i — N

We like to point out that 4 represents a variant of the Landau-Lifshitz-Gilbert (in
the following LLG) equation. The LLG equation was first derived by Landau and Lifshitz
in [51] without dissipation. A unique feature of the LLG equation is the first term on the
right-hand side. It describes some form of convection resulting from spin-spin interactions
on the micromagnetic scale. Therefore, the LLG equation does not represent a gradient
flow.

Both systems, the general Ericksen-Leslie system and , are (in principle) achie-
ved by setting an energy functional and applying the principle of least action. Hence,
solutions to the respective equations will be stationary points of the action functional
subject to the imposed laws of dissipaton. Moreover, regardless of the assumption that
our fluid is occupying a two or three-dimensional domain, the director field d and the
magnetization M always attain values in R3. If one wants to state both systems in
dimension two, one needs to extend all quantities arising to three dimensions and interpret
them as functions being constant in the third spatial variable.

1.3 Well-posedness theory for liquid crystal flows and
magnetoviscoelastic flows

In the following, the mathematical background of the Ericksen-Leslie model and the sys-
tem for magnetoviscoelastic fluids is outlined. Ericksen and Leslie established the general
Ericksen-Leslie model in [26] and [53]. The respective equations are obtained by appli-
cation of the least action and maximal dissipation principle which is, e.g., elaborated
in [83]. As the Ericksen-Leslie system is very difficult to analyze, let alone set up a
mathematical well-posedness theory, Lin suggested in [57] a simplified system of equa-
tions: Setting G; = 0,Gy = 0,p = 1 with parameters ky = ko = k3 = 1,k4 = 0 and
1 = o = pz = ps = pg = 0, uy = 1, furthermore ignoring the motion due to the coro-
tational part { and the second order material derivatives (i.e. w — w) in (L.1.2)—(L.1F),
the Ericksen-Leslie system of PDEs reduces to

o+ (v-V)v—Av+ Vp+div(Vd © Vd) =0,
dive =0, (1.3.1)
oud + (v-V)d = Ad + |Vd|*d
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with (Vd© Vd);; = 0;dx0;dy, for i, j = 1,2,3. The relation |d| = 1 still holds true and the
term |Vd|*d on the right-hand side of the third equation in (1.3.1]) serves as a Lagrangian
multiplier subject to the unitary constraint. In this case, the Oseen-Frank energy ((1.1.1)

reduces to the Dirichlet energy
Vd|?
v 2

Despite this reduction, this model preserves all essential nonlinear terms (stress tensor
in the momentum equation, nonlinear Lagrangian multiplier in the director equation)
associated with the full Ericksen-Leslie system, while neglecting other terms of compa-
rable or lower order. Without further explanations, equation (|1.3.1) can be considered
in any spatial dimension n € N. Being a parabolic system of differential equations, one
imposes initial conditions vy(x) = v(0, ), do(z) = d(x,0) for € U and boundary con-
ditions u(x,t) = 0,d(x,t) = dy(x) for (z,t) € OU x (0,+00) to have a chance of unique
solvability in some function space.

Even for the simplified version of the Ericksen-Leslie sytem, an existence theory for
(weak) solutions is mainly available in two dimensions only. The first existence results
for global-in-time existence, i.e., for all times ¢ > 0, and initial data with arbitrarily
large energy stem from [58] and [4I]. The uniqueness of solutions has been proven in [63]
under additional regularity assumptions also in higher dimensions. Extensions of these
works are, for instance, made in [42] and [43] which allow to include further terms of the
original Ericksen-Leslie system —. The method used in the aforementioned
works relies on the similarity of to the harmonic map heat flow into spheres

Oid = Ad + |Vd|*d, d| =1, (1.3.2)

a system that is extensively analysed in the literature. In two spatial dimensions, Struwe
proves in [78] the global-in-time existence of weak solutions to ((1.3.2]), which are regular
besides a finite number of space-time points. The sharpness of this achievement is high-
lighted by the existence of blowing-up solutions in finite time to , first found in
[14]. Similarly, singular solutions to the simplified Ericksen-Leslie system are constructed
in [44], 50].

In higher dimensions, an analogue of Struwe’s method does not exist and results for
existence and uniqueness to (|1.3.1)) are only known to hold true for small initial dataﬂ [40]
or for short times [30]. Because of the difficulties handling the analysis for , which
is due to the combination of the Navier-Stokes equations and the geometric constraint
d € S%, a penalization approach for the unitary constraint is considered. Substituting the
requirement |d| = 1 by an additional term, the energy of the system reads

i [VdP (1= [d]?)?
(i d
/U > T T W

for € > 0. Hence, one obtains the so-called Ginzburg-Landau penalization
Ove + (ve - V)ve — Av. + Vp. + div(Vd. © Vd.) =0,

divve =0, (1.3.3)

1—1d.|2
Bude + (v. - V)do = Ad, 4 L 1%L)de

e2

3

1. s
in the critical space Ly, .
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If £ > 0 is chosen close to zero, then, it heuristically holds |d.| ~ 1 due to the penalizing
term and the energy. Well-posedness of is first covered in [59] by proving global
existence and uniqueness of weak and classical solutions in two dimensions. Results in
three dimensions are obtained in [59], too. Therein, existence and uniqueness of classical
solutions is shown under a smallness condition as well as existence of weak solutions.
Extensions have been made, e.g., in [30, [60] by including further terms of the general
Ericksen-Leslie system —. The idea of using a penalization again originates
from results on the harmonic map heat flow (1.3.2). In [I5] and [16], Chen and Struwe
showed the existence of weak and partially regular solutions in any spatial dimension
to by using an analogous penalized system as approximation and carrying out
the limit ¢ — 0*. Hence, one might be tempted to perform the similar arguments for
the Ginzburg-Landau approximation to obtain global solutions to . However, the
latter issue turned out to be very difficult to implement and little is known in this case.
In dimensions two and three, the convergence as ¢ — 0 is shown on a short time interval
in [30, 41] and the probably biggest achievement for global (necessarily weak) solutions
consists of [64], where the additional assumption on d attaining values just in the upper
half-sphere % is needed.

The first result of this thesis aims at completing the aforementioned limit passage,
when the fluid is in two spatial dimensions and as long as the initial energy of the system
is finite (see the author’s article [48]). A more detailed version of the proof is presented
in Chapter , Theorem [3.1.2] The idea of the proof to Theorem ({3.1.2)) originates from
the works of DiPerna and Majda [23] on the existence of vortex-sheet solutions to the
Euler equations. Although of different type, the Euler equations and the Ericksen-Leslie
system share similarities in terms of compactness in two dimensions. This is outlined in
Section 3.2} The result of [48], Theorem in this thesis, is generalized to arbitrary
target manifolds by Du, Huang and Wang in [24].

The system has more recent origins. In full generality, it is derived in [31]
by the least action principle and maximum dissipation principle. To some extent, the
magnetoviscoelastic system shares many similarities with the simplified Ericksen-Leslie
system. In particular, the quanities v and d in ({1.3.1]) correspond to w and M in ((1.2.1]).
The additional equation (|1.2.1)3 models the evolution of the deformation tensor and
is of hyperbolic type and therefore does not contain any dissipational terms. This fact
complicates the mathematical existence theory heavily and one may introduce an artificial

dissipation leading to a system variant of (|1.2.1)),

o+ (u-Vu—vAu+ Vp = div(W/ (F)FT = VM ® VM) + poV ' (H(M) 4 Heg) M,
divu = 0,
OF + (u-V)F — VuF = kAF,
OM + (u-V)M = —M X Hegg — M x (M X Heg)
(1.3.4)

for some k > 0. The global existence of solutions to (|1.3.4]) with small initial data is ver-
ified in [31] omitting the external magnetic field, the stray field term and the anisotropic
energy. This result is extended in [7] by inclusion of the external field Hey to the sys-
tem. Both results are obtained in two dimensions and assume W to be a strongly convex
function. Hence, we point out several issues accompanied with the system:
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The problem of an existence theory without artificial dissipation, i.e., kK = 0, even
2
for simple elastic energy densities like W (F') = %

The question whether weaker than strong convexity assumptions on W are sufficient
to prove an existence theory.

The inclusion of all relevant energy terms, especially the anisotropic energy v and
the stray field energy H(M).

The existence theory in three spatial dimensions. Considering the relation with
(1.3.1]), one cannot hope for better results than those for the Ericksen-Leslie system.

The last point also suggests introduction of a penalized variant of again similar to the
Ginzburg-Landau approximation with a parameter ¢ > 0. Here, uniqueness and weak-
strong uniquenss results are established in [74]. With respect to the first point, Zhao
obtains results on local-in-time existence (in two and three dimensions), weak-strong
uniqueness and blow-up criterions of classical solutions in [84] 85] for W (F') = @, >0
and including Hey.

With respect to the second point, an extension to convex energies W and the inclusion
of the stray field in two dimensions is perfomed in joint work of the author with M.
Kalousek and A. Schlémerkemper in [46] for strong solutions local-in-time and small weak
solutions global-in-time without the penalization. Furthermore, Struwe-like solutions (cf.
Section , i.e., global weak solutions for arbitrary large initial data are obtained in
joint work of the author with F. De Anna and A. Schlomerkemper in [I8]. Stated in two
dimensions, the latter results correspond to the thin-film regime in micromagnetics. A
mathematical overview of the different regimes of micromagnetics is provided by [21]. In
the two-dimensional thin-film limit, the non-local stray field energy reduces to a local
term comparable to the anisotropic energy (see [35]).

Finally, it should be mentioned that in order to let K = 0, one might define another
type of weak solutions, the so-called dissipative solutions. Here, a measure compatible
with the energy law is introduced such that is balanced with the measure and the
balanced version holds true in the sense of distributions. The existence of such a solution
is proven in [47] in two and three dimensions including the magnetic external field.

Chapter 4] extends the results of [18], and the existence and uniqueness of a global
weak solution to is established with the following features: All energetic relevant
terms, the external magnetic field, the stray and anisotropic energy, are included. The
elastic energy density W is allowed to be non-convex. The weak solutions constructed
exist for any given positive time, any initial data in the energy space, and are regular
with the exception of finitely many points in time.

1.4 Outline of the thesis

The subsequent chapters deal with the proof of the convergence of Ginzburg-Landau
approximations and the well-posedness of the system for magnetoviscoelastic fluids. To
begin with, Chapter [2] states basic facts on Sobolev spaces and measures. The first part of
Chapter |3 contains the proof of Theorem [3.1.2} The convergence of solutions of to
solutions of (1.3.1)). Since ideas from the analysis of the two-dimensional Euler equations
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are used, Section [3.2] contains a sketch of the results obtained by DiPerna and Majda in
[23] and a comparison between Euler and Ericksen-Leslie equations.

Chapter [ establishes Theorem [4.4.1] In order to motivate this result, the method
of Struwe in [78] is reviewed in Section [£.1] During the proof of Theorem [4.4.1] some
subresults are encountered as well: The uniqueness of solutions in Section and the
existence of a local-in-time strong solution in Section to . Chapter 5| is devoted
to a conclusion of this thesis.






Chapter 2

Notation, Sobolev spaces on T? and
measures

We briefly introduce and recall notions and results used throughout the upcoming argu-
ments.

To begin with, we denote by C' > 0 generic constants throughout the work where the
value of C' might change from one inequality to the next. Unless stated otherwise, the
constant only depends on external parameters. Sometimes we also use the short notation
A < B to denote A < C'B. Further, we employ the summation convention, i.e., we sum
over repeated indices.

Partial derivatives (classical or weak) with respect to spatial variables x; are denoted
by 0; or 0,, and V f denotes the gradient of a function f. A derivative of f with respect
to time is indicated by either 9, f, % for f.

Most of the analysis in Chapters 3| and 4] takes place on the two-dimensional torus T?
in spatial variables. Hence we refer to [72], in particular Chapter 1 and the appendix, for
the notions of weak differentiability, measurability and Bochner measurability and the
well-definedness of the sets in this chapter unless stated otherwise.

The torus T? = (R/27Z)? is a closed manifold where one identifies left-hand with
right-hand side boundary as well as lower with upper boundary. Equivalently, we can say
that we consider functions f : R? — R™ which are 27-periodic in every of the two spatial
directions. Most of the time, we use functions defined on a space time domain T? x [0, T']
for some T" > 0 which lie in some combination of Lebesgue and Sobolev spaces. Letting
U be a bounded domain in R™ or T?, we set for a number k € Ny, p € [1, o0]

WhP(U) := { f:U—=R™:f k— times weakly differentiable

and I, = 32 [ l0us1 < oo}

For a Banach space X, we define the time-dependent counterpart of spatial Sobolev

13
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spaces by

WE»(0,T; X) := {f :(0,T) = X : f k — times weakly differentiable, &/ f

is Bochner-measurable for all 0 < j < k

T .
and HngVtk,pX = Z /0 Haif(t)H’;( dt < oo}

0<j<k

for k € No,p € [1,00]. If k = 0, then we deal with the usual Lebesgue spaces and write
LP(U) == WO (U) as well as LP(0,T;X) := Wo(0,T; X). If p = 2, we often write
H%(U) := W*2(U). Note that we surpress the target space R™ in the notation. If we
additionally assume [y, f =0 for f € W*?(T?), we write f € Wh?(T?).

Continuous functions f : D — X on a domain D are denoted by C(D; X) or C(D)
if X = R™ with corresponding norm || f||, = sup,ep || f(2)| . In the case of D = (0,T)
and X being a Sobolev space we write || f||o = || fll¢,x,- If X is a general Banach space,
then the dual space of X is written as X* with the dual pairing denoted by (-, ) x«xx-
For Sobolev spaces, we sometimes write W% (U) := (WP (U))* where p' = p/(p — 1)
for 1 < p < oo and the subscript o denotes the closure of C§°(U) in the strong topology.

The subscript joc, €.g., Xioc(U), for a function space X, the respective property, in-
tegrability, continuity or differentiability holds true locally, i.e., for every compact set
K C U. Moreover, the subscript gy, €.2., Xgiv, denotes that div f = 0 holds true classi-
cally or in the sense of distributions for all functions f € Xy;,.

If p = 2, the notion of Sobolev spaces can be consistently to above extended to
k = s € R by Fourier expansion

f(z) = Z fre®®, z € T?

keZ?

with coefficients ty, = (2m)? [, e”*u(z).

The probably most important applied theorems are different Sobolev embedding the-
orems and interpolation inequalities. More specific ones are stated when needed in Chap-
ters |3 and |4} but the most common ones in two dimensions are given here:

Theorem 2.0.1 ([72], Theorem 1.7). Let f : T? — R™:

o If1<p<2, then WhP(T?) C LI(T?) continuously with ¢ = 2p/(2 — p). Further-
more, if fT2 f =0 we have

[fllLe < CUVFlLe

for some constant C' > 0.

o If p =2, then WY2(T?) C L4(T?) continuously for all ¢ < oo. Furthermore, if
Jp2 [ =0 we have

[fllze < CIV Sl

for some constant C' > 0, which depends on q.

o [fp>2 then W'P(T?) C C*(T?) continuously where a« =1 —2/p.
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The by far most used interpolation inequality in two dimensions is

Theorem 2.0.2 ([I1], p.313, Ladyzhenskaya’s inequality). There ezists a constant C' > 0
such that

1170 < C (I IV £ + 11 F172)
forall f € WY(T?). If [, f =0, it is
1fllze < CIAZ VAU

Furthermore, standard results on elliptic systems are needed.

Theorem 2.0.3. Let 1 < p < oo and f € LP(T?). Furthermore, let u € W2?(T?) be a
weak solution to

—Au = f.
Then there exists a constant C' = C(T?) > 0 such that
10:0jull py < CNfllpe, 45 =1,2
for all f € LP(T?).

Proof. Since W% < L4 for all ¢ < oo in two dimensions, we have ||Vu| ;. < C|/f|;, by
Riesz’ Representation Theorem. Let {V}} be a finite open covering with 1 <k < L € N
of T? and {n} be a partition of unity subordinated to {V;}, i.e., g € C5°(V;) for each
k,0<mn, <1land ), n =1. Then it holds

—A(ngu) = nef — 2V - Vu — Angu

foreach1 < k < L. If 1 < p < 2 then the estimate below is trivial. Otherwise, we use the

interpolation inequality || Vul|,, < C||V2ull%, [|[Vul|2® for a = ;222 (see [IT, p. 314]).

. . - 2(p—1)
Applying Theorem [2.0.4] gives

1V2ul|,, < STV <32 Ck(1F e + IVull o + ull )
k k
< O (1l + V205, 1V7ull2*)
k
<8y G|V, + S Crs Il + V] 2)
k k

by Young’s inequality. Realizing that the sum is finite, we choose ¢ suffiently small which
yields the assertion. O]

Theorem 2.0.4 ([34], Corollary 9.10). Let U C R"™ be a domain, 1 < p < oo and
f e LP(U). Furthermore, let u € WyP(U) be a solution to

—Au=f on U.
Then there exists a constant C' > 0 such that
10:05ull o < Clflln,  4i=1un
for all f € LP(U).
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We remark that the constant C' in the theorem above does not depend on the size of
U by scaling observations.

Regarding time-dependent spaces, a frequently used result below is Gronwall’s in-
equality:

Theorem 2.0.5 ([72], Lemma A.25). Let n : [0,7] — [0,00) be a continuous function
satisfying

o <a)+ [ " b(s)n(s) ds,

where a, ¢ : [0,T] — [0,00) are integrable functions and a is increasing. Then

n() < a(t) exp ( /0 "o(s) ds) for allt € [0, 7).

In particular, the result implies an explicit bound on the size of 1 on the time interval
[0,T]. Often, continuity-in-time with respect to a strong topology of X is not satisfied.
Therefore we say that a function f : [0,7] — X is weakly continuous if

t = (g, f() x-xx
is continuous for every g € X* and write f € C,([0,7]; X).

Theorem 2.0.6 ([33]). Let 1 < g < co,U C R" be a domain and T > 0. Furthermore,
let f e L>(0,T; LY(U)) with (D¢ f,n) ey xwer € L0, T) for some k € No,1 < p < 00
and any n € C(U). Then there exists g € Cy,([0,T]; L(U)) such that for a.a. t € [0,T]
the equality f(-,t) = g(-,t) holds true.

At last, we recall results on weak compactness of measures (see [4]). A signed Borel
measure u defined on a set 2 C R” is called (inner) regular if

inf{w(U\K) . K C ECU, K closed in Q and U open in Q} ~0

holds true for all Borel measurable sets £F C 2. Such a measure is often called a Radon
measure and we also call vector-valued set functions for which the above conditions hold
true in any component a Radon measure and denote the set by M(€2). The norm on
M(Q) is given by the total variation

k
”NHM = sup { Z |u(E;)| - k €N, E; Borel set in Q}
i=1

and equipped with this norm, the space M(2) is a Banach space. It holds Riesz’ Repre-
sentation Theorem:

Theorem 2.0.7. If Q C R" is compact, it is
M(Q) = (C(Q))"

valid, i.e., every bounded functional f on the space of continuous functions on € can be
represented by a Radon measure jiy such that

1) = /Q b dug

and the map f — py is an isomorphism.
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Since C(€2) is separable by Weierstrass’ Theorem, we have the following consequence:

Theorem 2.0.8. For every sequence (jin)nen C M(2) with ||jin|| o, < C for some C >0
for all n € N, there exists a subsequence of (fin)nen and a limit point u € M(Q) such
that

o, —F W as measures.

1im/¢dun,~=/¢du
71— 00 [¢) 0

As L'(Q2) € M(Q), every bounded sequence in L'(£2) possesses a weak limit point in
M(Q) as measures.

In other words,

for every ¢ € C(2).






Chapter 3

Weak convergence of the
Ginzburg-Landau approximation to
liquid crystal flows on T?

In this chapter, we treat the singular limit problem of the Ginzburg-Landau approxima-
tion on the two-dimensional torus T2. More precisely, we prove that weak solutions of the
Ginzburg-Landau system ([1.3.3]) converge to weak solutions of the simplified Ericksen-
Leslie system as the penalization parameter € tends to 0. This result is stated
in Theorem [3.1.2] The closing remarks of Section [3.1] provide the idea of a second proof
to Theorem , which is closely related to the behavior of (approximated) harmonic
maps on surfaces.

Furthermore, we compare this result to the existence problem of vortex sheet solutions
for the two-dimensional Euler equations initiated by DiPerna and Majda in [23], where
the inspiration for the proof of Theorem originates from (see Section . The
method, sometimes called concentration-cancellation, does not work in the framework of
time-dependent inviscid fluid flows (see the discussion in Section [3.2.3)), but surprisingly
does work for liquid crystal flows.

3.1 Convergence of the Ginzburg-Landau approxi-
mation

Throughout this section, we mainly follow the author’s article [48]. At first, we settle no-
tions to the corresponding problem. As spatial domain, we consider the two-dimensional
torus T? while commenting on a general bounded smooth domain 2 C R? later (see
Remark [3.1.9). Let T > 0 be a fixed, but possibly large, time. Given a parameter ¢ > 0,
the system of the Ginzburg-Landau approximation reads

atva + (Ua : V)Us + Vpg - A'UE = —le(VdE ©) Vdg),

divo. =0, (3.1.2)
1

Ode + (ve - V)d. = Ad. + 57(1 — |d:|?)d. (3.1.3)

19
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for a velocity field v, : T? x (0,T) — R?, a pressure function p. : T> x (0,7) — R and a

director field d. : T? x (0,T) — R3. Being of evolutionary type, System (3.1.1)—(3.1.3) is
accompanied by initial conditions

UE('> 0) = o, da('a O) = dOa (3.1.4)

for which the constraints divug = 0 and |dy| = 1 hold true. Note that vy and dy do

not depend on ¢ (but see Remark [3.1.5)). Altogether, (3.1.1)—(3.1.4]) forms a (parabolic)

initial value problem for which we define the following notion of weak solutions:

Definition 3.1.1. Let € > 0. A pair of functions
vo€ L2(0. T 3,(T%) 0 220, Ts W) 0w (0,73 (Wg2(T)"),

d. € L=(0. T W) 0 22(0,T;WA(T)) 0 W (0, LA(T?))
is called a weak solution to the initial value problem (3.1.1)—(3.1.4) if
/ / V.- 0 — v, @, : Vo + Vo, : Vo —Vd, ®Vd, : Vo dz dt,
0 J12

= [Luweot0) do= [ o(s)-o) e
(1 _ ‘ds|2>d€ _

e2

Oyd. + (v - V)d. — Ad. — 0

holds true for all € C2(T? x [0,T]) and almost every s € [0,T] as well as pointwise
a.e. on T? x (0,T), respectively. Furthermore, (v.,d.) attains the initial data (vo,dy) €

L3 (T?) x WY2(T?) in the weak sense, i.e.

/ ve(t) - do — vg - Y du, Vd.(t) : ¢ dz — Vdy : ¢ dx
T2 T2 T2

T2
for all ) € C3 (T?) and ¢ € C=(T?) ast — 0.

In Definition [3.1.1], the pressure p, is omitted. This limns a standard procedure when
dealing with weak formulations of incompressible fluid dynamic problems since

/Vpg-qﬁ:o
’]I‘Q

for test functions ¢ with divg = 0. As mentioned in the introduction, the Ginzburg-
Landau approximation is derived by a variational approach (see [83]) and therefore comes
with an energy law. In two dimensions, the associated energy is scale-invariant suggesting
that the initial data lying in the energy space give rise to a solution. We have the following
theorem that immediately follows from [59]:

Theorem 3.1.1. Let ¢ > 0,vy € L2 (T?) and dy € W *(T?) with |do| = 1 a.e. Then
there ezists a unique weak solution to the initial value problem (3.1.1))—(3.1.4)).



3.1. CONVERGENCE OF THE GINZBURG-LANDAU APPROXIMATION 21

The above theorem is proven in [59] for a bounded smooth domain €2, accompanied by
boundary conditions, via a multilevel Galerkin approximation. However, it carries over
to 0 = T? since the absence of boundaries simplifies the technicalities.

The regularity properties of these weak solutions originate from the underlying energy
conservation law. Formally, we have

1 t 1 2
/ o () PV (O + — (1 — \dg(t)\2)2+2/ Vol + |Ad. + S (1= |d.?)d.
T2 252 0 T2 52
= 2E0

for a weak solution to (3.1.1)—(3.1.4) for any 0 <t < T, where Ey = £ [, |[vo|* + |Vdy|?

holds, the initial energy. Since all quantities on the left-hand side are non-negative,
they are bounded as is the right-hand side. This justifies the regularity assumptions in
Definition B.1.11

We turn our attention to the limiting problem & — 0%. The energy law above provides,
in particular, a bound on the quantity

- 2\2
R
te[0,7] J12

independently of e. Letting ¢ tend to 0, the absolute value |d.| is then forced to converge
to the constant value 1. The heuristical conclusion is that the limiting problem consists
of the Euler-Lagrange equations for the energy

1
§/TQ lv|? + |Vd[?, (3.1.5)

where d takes values in the sphere S? = {y € R3 : |y| = 1}. In other words, we consider
the simplified Ericksen-Leslie system (1.3.1)),

o+ (v-V)v+ Vp — Av = —div(Vd © Vd), (3.1.6)
divv = 0, (3.1.7)
Od + (v-V)d = Ad + |Vd|*d, |d| = 1, (3.1.8)

again with velocity field v : T? x (0,7) — R?, pressure function p : T? x (0,7) — R
and director field d : T? x (0,T) — S%. More precisely, redoing the energetic variational
approach with the energy , the stationary points of the least action functional are
solutions to (3.1.6)—(3.1.8) (see [83]). Comparing (3.1.1)—(3.1.3) and (3.1.6)—(3.1.8), the
only difference is the Lagrange multiplier |Vd|?d in the d-equation subject to the unitary
constraint in the Ericksen-Leslie system whereas the Ginzburg-Landau system contains

(17@#. Still the expected regularity of weak solutions to both

the penalization term
systems differs.

Definition 3.1.2. A pair (v,d) with
veL® (o,T;L?hV(’JI‘?)) n L? (o,T; Wi;?(T?)),

deL™ (o, T; Wl’Z(T2)> n wt? (o, T; L4/3(11‘2))
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is a weak solution to (3.1.6)—(3.1.8) subject to the initial conditions

v(x,0) = vo(z), diveg =0 on T? x {0}, (3.1.9)
d(x,0) = do(z), |do] =1  on T? x {0}, (3.1.10)

if it satisfies

//—v-&gb—v@v:ng—va:ng—Vd@Vd:ngdxdt
0o JT2

:/T2UO-¢dw—/TQU(S)'¢ dz,

/ -+ (v-V)d - b+ Vd : Vb — [Vd2d - dadt = 0
0 T2

for all ¢ € C(T? x [0,T]), all » € C>®(T? x [0,T]) and for almost every s € [0,T)].
Furthermore, (v,d) attains the initial data (v, dy) € L3, (T?) x WH2(T?) in the weak
sense, 1i.e.

/v(t)-{dx—) vo - € du, /Vd(t):(dm—> Vdy: ¢ dx
T2 T2 T2 T2

for all ¢ € O3 (T?) and ¢ € C°(T?) ast — 0*.

Note that the main difference between weak solutions (v.,d.) to f and
(v,d) of (3.1.6)—(3.1.8) is the loss of L?(0,T; W?*?)-regularity of d. As a consequence, the
equation for the director field is also phrased in a distributional form rather than
pointwise in T? x [0, T]. This loss of regularity poses the main obstacle when considering
the limit of solutions (v.,d.) for ¢ — 07. Nevertheless, the following main result holds
true:

Theorem 3.1.2 ([48], Theorem 2.1 and 2.2). Let (vo,do) € L2, (T?) x WH2(T?) with
|do| = 1 a.e. and (ve,d.)o<e<1 be the family of unique weak solutions to the initial value
problem (3.1.1)~(3.1.4) with initial data (v-(0),d.(0)) = (vo,dy). Then there exists a
subsequence (g;); with lim; o, e; = 0% such that

(e, de;) =" (v,d) in L>(0,T; L3, (T?)) x L>=(0,T; WH2(T?))

as well as pointwise a.e. on T? x [0, T| with (v,d) being a weak solution to the initial value
problem in the sense of Definition . Moreover, the weak solution (v,d) satisfies the
energy inequality

t
/]v|2(t)+|Vd|2(t) dx+2// |vu|2+\Ad+|Vd|2d}2 dz dtg/ lvo|? + |Vdo|? da
T2 0 T2 T2

for almost all t € [0,T.

The striking fact is that although we only have weak convergence in L*(0,T; L?)
available for the gradient Vd, we can still circumvent the problems with nonlinearities
in the Ericksen-Leslie system. The main issue is represented by the limiting behavior of
the stress tensor

div(Vd. © Vd.)
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in the momentum equation of (3.1.1). In general, we only have
Vd. ©Vd, —* VdoVd+ M as measures

with a Radon measure M € L*(0,T; M(T?)). The strategy is not to show M = 0 but
that the weak formulation of f is satisfied by (v,d). In turn, this implies
consequences on the structure of M which we consider in Remark and Remark [3.1.8
Some further remarks on Theorem [B.1.2] are in order:

Remark 3.1.3 (Failure of strong convergence). The convergence statement d. —* d in
L>(0,T; WH2(T?)) cannot be improved to strong convergence in C([0,T]; Wh2(T?)) in
general. Indeed, if this was the case, the Dirichlet energy density %|Vd]2 would be equi-
integrable in time. In particular, for every & > 0, we could find a radius R > 0 small

enough such that
1
sup = / IVd|? < 6.
2o €T2,0<t<T 2 Br(zo)

The theory of Struwe-like solutions for system (3.1.6)—(3.1.8) (see [41, [58]) then implies

the smoothness of solutions as long as this condition is satisfied for a specific = oy > 0.
But in general, there exist solutions which become singular in finite time (see [44, [50]).

Remark 3.1.4 ([48], Uniqueness). As for the harmonic map heat flow, we do not know
whether the solution (v,d) constructed in Theorem is a solution in the sense of
Struwe in [78]. In particular, the energy is not known to be nonincreasing so far. For
the harmonic map heat flow, Bertsch et al. [§] and Topping [80] proved the existence of
infinitely many weak solutions with conserved but increasing energy at certain time steps.
The same behavior may be possible for weak solutions (v, d) here.

Remark 3.1.5 (48], Stability with respect to initial data). Theorem remains true
for a sequence of initial data

(US, d8)€ - (UOv do)
strongly in L2 (T?) x WY2(T?). However, if only weak convergence is given, a result like
Theorem[3.1.9 may not be available in general since various oscillation and concentration
effects may occur.

We briefly sketch the proof of Theorem and the ingredients entering in Sections
3.1.1H3.1.4l First, we establish the energy law and derive a-priori bounds for solutions
(ve, d.). Despite standard arguments, we observe that the gradient flow structure of the
d.-equation interacts with the solenoidality condition of the test functions in the
momentum equation (see Lemma . This is a bit subtle but necessary in the overall
argument. More involved, we recover arguments from the theory of (time-independent)
approximated harmonic maps which guarantee strong convergence of Vd. at least on a
large set of T2. The final crucial point is to benefit from this fact in the time-dependent
problem: We fix a time ¢ and obtain that

Vd.(t) ©Vd.(t) —=* Vd(t)© Vd(t)+ M(t) as measures

up to a subsequence where the support of M is finite. The idea is to cut out the small part
where M does not vanish and then recover the weak formulation in the momentum equa-
tion. Termed “concentration-cancellation”, this technique was used in [23] with respect to
the stationary Euler equations. The crucial point consists of respecting the solenoidality
of the test functions for the momentum equations during the cut-off procedure.
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3.1.1 Energy law and a-prior: estimates

In order to prove Theorem we begin by establishing (mostly standard) a-priori
estimates for weak solutions ( vg, ) to - - As for most systems arising from
physics, this is done by employing the energy law associated to the system and, secondly,
using the structure of the equations to derive duality estimates for time derivatives. We
have the following

Proposition 3.1.1. Let (v.,d.) be a weak solution to (3.1.1)~(3.1.4) for e > 0 with initial
data (vo, do) € L2, (T?) x WY2(T?) and |do| = 1 a.e. Then the following energy law holds
true:

2

1 ¢ 1
[ 0P VAP + 5= 1O 42 [ [ Ve |Ad+ (1= P
T2 252 0 T2
= / |U0|2 + IVCZ0|2 =: 2E0,
T2
(3.1.11)
for almost all t € [0,T].

Proof. Recalling the given regularity for weak solutions by Definition [3.1.1] we see by
Ladyzhenskaya’s inequality that v., Vd. € L*0,T; L*(T?)) holds true. In view of the
momentum equation ([3.1.1]), this implies that dv. € L*(0,T; (W'2(T?))*) holds true.
By a density argument, i.e., approximating the function (z,s) — u(x,s)xpy, We can
therefore test the momentum equation by uX (0, and obtain

2 t
|“5 / Vo |? = |”°| / Vd. ® Vd. : Vo..
T2 T2

Here we used that

o 0

. . i ia 0 i 2 divoe=
/v5®v5.va—/ vavaajva—/ 052 Ve | ’0.
T2 T2

For the director equation (3.1.3)), we use test functions approximating (—Ada — %) X(0,t)
such that
O | A OF [ [ |, , AP
T2 2 452 T2 ez

2
M +/ / (ve - V)de - Ad...
T2 2 0 T2

Again, we have fTQ (ve - V)d. - % = 0 since divv. = 0. Finally, we use integration
by parts to see

N \V4
— | 0i0d Opd — / Ve —|Vd.|? = —/ V. : Vd. ® VL.
T2 T2 2 T2

The sum of both equalities yields the energy law. O]
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Note that we benifited from the fact that |dy| = 1 almost everywhere on the right-
hand side of (3.1.11). As e — 0%, it can already be seen that |d.| — 1 in some LP-space.
However, the gradient structure of gives more information about d., namely the
boundedness by 1 via a maximum principle (similar calculations can be found in [3], [64]):

Lemma 3.1.1 ([48], Lemma 1). Let (v.,d.) be a weak solution to (3.1.1)—(3.1.4). Then
d. satisfies
|d-(z,t)] <1

for almost every (z,t) € T? x [0, T).
Proof. For k € N we define the auxiliary function h* : T? x [0,T] — R by

k*—1 for k < |d.(z,t)],
hE(z,t) = < |do(z,t)> =1 for 1 < |d(z,t)| < K,
0 for |d.(z,t)| < 1.

Notice that h* is weakly differentiable by the chain rule for Lipschitz and Sobolev func-
tions. Then, by (3.1.3)), we have

1
Ohl + v, - VhE = ARY — 2x (10 <ny (|wg|2 + ?(|dg|2 - 1)|d5|2))

< ARF

in the weak sense. Next, we multiply the differential inequality by h*, and an integration
by parts yields (due to the periodicity of T? and |do| = 1)

1 t t
! / O + / VAP < — /
2 T2 0 T2 0

This can only be true if h¥ = 0 a.e. on T? x [0, T'] and therefore the assertion follows. [J

/ Ve -
T2
—_—

\Y
5|hf|2 = 0.
0

Collecting the information of the energy law and Lemma 3.1.1] we deduce the following
a-priori bounds where C' > 0 is independent of € > 0:

[Vl e 12 < C, (3.1.12)

el p2yppre < C, (3.1.13)

1= 1d=|| o o < C, (3.1.14)

ldefl e < 1, (3.1.15)

IVde|l oo 2 < C, (3.1.16)

18ede + (ve - V)dell 212 = HAdE + 6—12(1 — |d:[*)d. s <. (3.1.17)
Ladyzhenskaya’s inequality (Lemma also implies

[Vl paps < C. (3.1.18)

In order to obtain the later needed strong convergence results, we make use of the gen-
eralized Aubin-Lions Lemma.
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Lemma 3.1.2 ([73], Lemma 7.7). Let Vi, Va, V3 be Banach spaces, where Vy is separable,
reflexive and compactly embedded into Vo as well as Vo C V3 continuously. Then the

embedding
LP(0,T; Vi) NWH(0,T; Va) € LP(0, T Va)

1s compact for 1 < p < 400 and 1 < q < 0.

We thus look for estimates on the time-derivatives (0;v., Oid.). A comparison of the
above list of estimates and (3.1.3) shows that

1Ode]l , 4 <C
L

4
2Lz3

holds true uniformly in € > 0. For the time-derivative of the velocity field 0yv., we could
deduce in similar fashion a bound in L?(0,T; (CL (T?))*). However, it is not sufficient

for our purposes.
Lemma 3.1.3. For a weak solution (v.,d.) of - - 1t holds
||8tvg||L§X; <C (3.1.19)
for Xy := W5(T?) for any s > 2 independently of 0 < ¢ < 1.
Proof. First, note that for ¢ € C3 (T?) one has

1 2
(VAP o=~ [ V- japr e

52

Secondly, we employ the identity div(Vd. ® Vd.) = VW + (Vd.)"Ad.. Definition
3.1.1{implies that there exists d,v. € L2(0, T; (W2 (T?))*) such that

v

/ (Brve, ) iy + / / 0. ®0.: V+ V. : Vé—Vd. 0 Vd. : Vo =0
0 T2

0

for every ¢ € C52,(T? x [0,T]) and a.e. s € [0,T]. Therefore we estimate

/ (v, ¢>>‘
T2x[0,7)
/ Ve @ Vg - ng‘ +
T2x[0,T T2x[0,T

/ <v¢ﬂ(Ad+]<r—u| ) 4
T2x[0,T

1
2
< (HUEHL;‘Lé + HUSHL%W;*Z + ||Vde||Lg°Lg . HAd + (1= |d:[?)d

<

V. : ngﬁ’

_|_

X
212

X <||¢||ngg;3 + ||¢||L§cdiv>
< € (I6llzmze + 160120, )

by the a-priori estimates (|3 1.13]), (3.1. 16|) (3-1.17) and (3.1.18)). The assertion follows
since X, = Wy (T?) € W2 (T?) N Caiy(T?) is true for any s > 2. O
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We point out that we benefited from the interaction of solenoidal test functions and
the gradient flow structure of the system. As a consequence of the above estimates, we
can choose a subsequence (g;);eny C (0, 1] with lim; ., &; = 0T such that

v.,, v in L*(T? x [0,T]) and a.e., (3.1.20)
V., = Vo in L*(T* x [0, 7)), (3.1.21)
Opve, — O in L?(0,T; X7) for s > 2, (3.1.22)
d., —d in LP(T? x [0,T)) (3.1.23)
for any p € (1,00) and a.e.,
|d.,|> — 1 in L°°(0,T; L'(T?)) and a.e., (3.1.24)
Vd., =~*Vd  in L>(0,T; L*(T?)), (3.1.25)
Ode, + (ve, - V)d., = 9y d+ (v-V)d  in L*(T? x [0,T]). (3.1.26)
Additionally, we can choose the subsequence such that
ve, (1) = v(-,t)  in L*(T?) for a.a. t € [0,7], (3.1.27)
d,(-,t) = d(-,t)  in L*(T?) for a.a. t € [0,T]. (3.1.28)

3.1.2 Regularity estimates for fixed times ¢

For the time being, we follow the idea of fixing a time ¢t € [0,7] and investigating

limiting and regularity questions of solutions to (3.1.1)—(3.1.4). Formally, with d.(t) = u.,
Equation (3.1.3)) becomes

1
A%+;ﬂ—mﬂ%:n (3.1.29)

on T? for some 7. — 7 in L*(T?) and u. € W*?(T?) being a strong solution for £ > 0.
The integrability of (7.). stems from the energy equality . As e — 01, we have a
singular limit problem and we presume that (u.). converges to a so-called approximated
harmonic map u : T? — S?, i.e.

Au+|Vul*u =7 — (1 -u)u

in some sense. In general, strong convergence of (u.). in W12 cannot be expected because
of a (geometrical) phenomenom called bubbling (see |71}, [82]). For our next purposes, we
need to keep in mind that the appearence of Dirac measures in the energy (density)

[Vue| | (1= Juef?)?
ee(ue) == 5 T 122

(3.1.30)

may occur as € — 0.

However, the size of support of such defect measures in the energy density can actually
be bounded. For this we use the fundamental idea of partial regularity for PDEs: If a
certain scale-invariant intrinsic quantity (often times a rescaled form of the energy) is
small on a subset of the domain, then solutions to the PDE must be smooth on this
subset.
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Actually, for (3.1.29)), the energy itself is invariant under scaling. Equation (3.1.11))
then motivates the assumption

sup / e (us) < Ey. (3.1.31)
T2

0<e<l1
Inspired by [61], 64], we show the following

Theorem 3.1.3 ([48], Theorem 3). Suppose that (u.). is a sequence of strong solutions
to (3.1.29) with 0 < e <1 satisfying (3.1.31)). Further, let . — 7 in L*(T?) for e — 0T

and |u:| <1 fore > 0. Then there exists an g9 > 0 such that if for xo € T? the condition
sup / ee(ue) < e (3.1.32)
0<e<1 By (z0)

holds true for some diamT? > r; > 0, there exists a subsequence with
ue — u strongly in W'?(B,, j4(o))
fore —07.

Proof. The proof follows [48] and is divided into four steps. Let zy = 0 without loss of
generality.
Step 1: We show that

o o 1/2
juew) — el < (OM) on T2

To do so, we use a splitting ansatz u. = (u. — v.) + v., where v, solves
Av. =1,

on T? with [, v. = 0. Theoremm gives ||vg|lyir22 < C'||7:]| ;2 and Morrey’s embedding
in two dimensions, W22 < C'/2_ implies

[v:(2) = ve(y)] < C2Jx — g2,
since (72). is bounded in L?. Moreover, we have ||v.]|;. < C. Secondly, it is
1
Aue —v.) = g(l — |ue)?)ue.

Using a regularity result for the Poisson equation, [9, Lemma A.2.], we have

H(l - |u€|2)u6||L<>o

g2

C

2

9 (e = 02} < €l = vl < el + el )
C

< S0+ )

because |u.| < 1 holds true. Hence, we have

() (o) — () — )| < S~
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Since € < 1, this shows the assertion.

Step 2: We use the Holder continuity to show that |u.(z)| > 3 on B,,. On the contrary,
assume there existed some z; € B,, with |u.(z1)] < 1/2. Due to the Hélder estimate
from Step 1, we have, for x € By, (1), that

3
< Z
uelo)] < 5

provided 0 < 6y < min {%, 7“1}. Therefore it follows

/ (A= ful) (TN O _ (TN
LS L A (R ALY (U
Bogew) 482 T \16)  4e? 32) °

which contradicts the assumption that

1— |ucl?)? 1 1
/ ( |u;| ) S / —|VU5|2 4 _2(1 o |Us|2)2 S 6(2)
Bopea) 46 By, (0) 2 e

for a chosen sufficiently small g5 > 0.
Step 3: We use |u.| > % on B,, to engage the polar decomposition

Ue

Ue = |us| = pewe'

| e |
Notice that |1).| = 1 as well as
Vel + [Vpe| S [Vue] S Ve + [Voe|.

Multiplying (3.1.29)) by . and applying the multiplication operator pie(() — (e - (+))02)

to (3.1.29)), we obtain the system of equations

1
Aps + gps(l - P?) - psvas|2 = Tsws =:0e (3133)

A’@Da = _|V¢e|2wa - pszana + pl(TE - (T€¢5),¢5) =: ff (3134)

&€

on B,,, respectively. Considering the second equation, we take a cut-off function n €
C§°(By,) such that n =1 on B,, 2 with ||V« < 1/r1 and ||[V?9]| ;o < 1/r7. Then the
function 7). satisfies

A(nws) = nfs + 2V77 : Vi/Je + Anws = fz—:-

Hence, we again employ estimates from the theory of elliptic equations [34, Corollary
9.10] by

IVYellpe | [l oo
L% S C (anaHL% + ri/g + 7“1/2

1

92,4 < c||F:

C
7

< CUIVEell g2 + [1Vpell p2) 1MV el o + Cll7ell 2 +
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We point out that the value of the constant C' > 0 in the previous inequality is indepen-
dent of r;. Observe that nVi. = V(ni.) — Vi @1, is valid. The Sobolev imbedding (for
this version in W, 43 see [28, Chapter 5, Theorem 3|) on B,, gives

|\V(77?/J5)HL4(BT1) S HVQ(nwE)HL%(Brl)'

Again, the constant is independent of r;, which can be seen by a scaling argument.
Combining both above inequalities, we use the assumption ||[Vuc|/» < v/2g for small
enough €9 > 0 to absorb the first term on the right-hand side of the elliptic inequality
and get

IV (o)l o S el o + 702

Thus (V¢.). is uniformly bounded in L*(B,, 2) N W43 (B,, ) and admits a strongly
convergent subsequence in WH2(B,, o).

Multiplying by 1 — p. and integrating by parts over some B,, with 0 < ry <
r1/2, we obtain

1
/ ’vaP—l-/ —2(1—02)05(1 _pa)
B g

7’2 B’I’Q
a1l —p
= / (1_/)6)%4—/ Tz—:ws(l_ps)_F/ p€<1_p€)|vw€’2
9By, T By Bry
dpe 2
< /8 . =2 |G (el + el + 1) 1= pelgs, -
(3.1.35)
By Cavalieri’s principle and the mean value theorem we see for some ry € [ry/4,r1/2]
that
0pe C / 0p-
1— <= 1—p.) | 2L
/ NCRIE S Eb O

holds true. Returning to inequality (3.1.35)) we have

| 190 S U505, + DI ol S

B,

which implies p. — 1 strongly in W2(B,, 4).
Step 4: Summarizing the information above, we have in particular

ws — Qﬁ in W1,2<BT1/47R3)7
pe = p=1 in W3(B,, 1)

as well as pointwise a.e. This eventually yields
Ue = P = pY = u
in L?(B,, /1) and since p, = |u.| < 1, we have
Vu. =9 @ Vp. +pVio. — ¢ @Vp+pVy =Vu

in L?(B,,/4) due to the generalized dominated convergence theorem. O
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3.1.3 The concentration set X
Theorem required a smallness assumption (3.1.32)) on the local energy of the se-

quence (uc).. Of course in general, such an assumption is not satisfied. Take for example
a sequence of Dirac measures (d,, )nen on [0, 1] where 0, is supported on the point nr mod 1
for an irrational number r. Clearly, the sequence does not satisfy a condition like (3.1.32)),

i.e.
/ ds, <e
I

for e < 1 for an open interval [ in [0, 1] since there are infinitely many 4,, supported in
any open interval of [0, 1] due to the irrationality of . Hence, there is also no weak limit.
On the other hand, it is easy to select a subsequence such that 9,, converges weakly to
some d,, for some zq € [0, 1]. Even more, the subsequence strongly converges to 0 outside
of any open interval containing xy and trivially satisfies a smallness condition such as the
one stated above.

Our task is therefore to determine the properties of the set where strong convergence of
(ue, )k = (de, (t))r is available at least for a subsequence. We see that strong convergence
fails in finitely many (isolated) points. In order to do so we define, for a sequence (u.).
solving , the set of singular points by

M= ﬂ {xo & T2 : lim inf es(uE) > 8?)}

o<r k—o0 B, ($0)

where ¢ is given by Theorem [3.1.3] Reading the above definition we realize that the
set ¥ contains exactly the points in T? which will never allow assumption being
verified even for a subsequence, how small » > 0 might be chosen. But due to (3.1.31]),
>} must be small.

Lemma 3.1.4 ([48], Lemma 2). There exists a constant K = K(E;) > 0, where Ey is
taken from (3.1.31)), such that

#Y <K
holds true.

Proof. Choose a finite subset Ay := {z;}1<j<y C X for N € N with mutually disjoint
balls {B,,(z;)};. Since Ay is finite, there is a ko € N such that

83 < / ee(ue)
Brl (=)

for all k£ > kg by construction of ¥. Thus we have
Ey
#AN_N<—Z/ ec(us) < =5
€ =1 J Bry(x) €0

due to the energy estimate (3.1.11]). By the arbitrariness of Ay, the set % consists of at
most K := {%W points. L]
0
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As a consequence of the previous lemma, we find a subsequence of (u.). strongly
converging on T?\X.

Lemma 3.1.5 ([48], Lemma 3). Let (u.). be as in Theorem[3.1.5 Then there exists a
subsequence such that
Vu. — Vu,

: 2
in L loc

(T\X).

Proof. Let {z;},en be the set of rational points in T?\X and define

rj 1= Sup {r >0: liminf/ e-(u:) < 53} : (3.1.36)
By (z;)

k—o00

In general the radii r; might be too large to satisfy

/ e.(u) < 22,
BT]' (Zj)

which is why we consider 2r;. In view of Theorem we want to prove U,y By, /5(25) =
T2\¥.
Let z € T?\X with 7, > 0 be such that

lim inf/ ee(ug) < el.
BT‘z(z)

k—ro0
By density, we choose a Zjo such that |z;, —z| < %. Thus we have r;, > grz from ([3.1.36))
and therefore |z, — 2| < 2.

Since the covering is countable we use a diagonal argument, Theorem[3.1.3|and Lemma
to extract a subsequence which fulfills the assertion. O

All in all, we improved the convergence of (u.). (up to a subsequence) from weakly
in W12(T?) to

K
Vuel* =" [Vl + ) ais,
i=1

in measures. The defect measure of the energy density (without the penalization term)
is therefore only caused by concentration. Oscillations are ruled out in total. The cause
for this behavior is the information that the sequence (u.). stems from the solution of a

critical elliptic problem, namely ([3.1.29)).

3.1.4 Limit passage as ¢ — 07 and proof of Theorem [3.1.2]

Using the previous results we now prove Theorem (3.1.2] i.e., we show that weak solutions

of (3.1.1)—(3.1.3)) converge to weak solutions of (3.1.6)—(3.1.8). In comparison to [4§],

we split the argument into different parts and first focus on the easier of the two main
equations, the one for the director field d. (3.1.3).

Lemma 3.1.6. Let (v.,d.). be a sequence of weak solutions to (3.1.1)—(3.1.4) satisfying
(3.1.20) ~(3.1.28). Then (v,d) satisfies (3.1.8) weakly and d(t) — do in W2(T?).
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Proof. The proof imitates the idea of [3, [15]. For a,b,c: T? — R3 being weakly differen-
tiable, we set (a AVb) : Ve =3 (a A 0,,b) - 0p;¢ where A denotes the vector product on
R3. Let £ € L>®(0,T; WH2(T?)) N L*°(T? x [0, T]). Using a density argument, we can test
- 3.1.3) by d. A €. The identity d. A Ad. = div(d. A Vd.) yields

/O/TQ(dE/\(atdaﬂL(va g+//Tded . VE=0

for almost all s € [0,7]. From the convergence statements (3.1.20)), (3.1.23)— (3.1.26)
and the bound of the maximum principle, |d.| < 1 a.e. for all ¢ > 0, we conclude that
the limit of the weak formulation is

/S/Tz(dA(atcH( §+/ /TszVd VE=0.

Here we have |d| = 1 a.e. Therefore all derivatives (in particular the first term involving
0id and 0,,d for j = 1,2) are perpendicular to d a.e. Using this fact, setting { = d A ®
with ® € C(T? x [O,T |) and employing another density argument to test the above
equation by &, we obtain

s s T
/ (atd+(v-V)d)-<I>+//Vd:V<I>—/ IVd[*d- & = 0.
0 T2 0 T2 0 T2

Here we exploited the Lagrange identity (a Ab)-(cAd) = (a-¢)(b-d) —(b-c)(a-d) for the
wedge-product. This shows that the limit (v, d) satisfies the director equation (3.1.8)). [

(1—|d:|*)de
£2

The whole trick of the above proof consists of canceling the penalizing term
by using the properties of the vector product. In the end, the symmetry of S? plays the
key role here to get rid of the question if

(1 — |d€|2)d€
g2

|Vd|*d

holds true in some sense.

Such a method is not applicable in the momentum equation (3 and the stress tensor
div(Vd. ® Vd.) for two simple reasons: It is an equation governing the evolution of v,,
and the test functions we are using in the weak formulation are solenoidal. The latter
fact complicates other arguments, like cut-offs of test functions, as well. This is where
we use the main idea of the proof: the concentration-cancellation technique from [23].
In order to do so we state following

Lemma 3.1.7. For every f € L3, (T?) there exists g € W'2(T?) with
f=Vrg, V= (=0,0)".

Proof. We write f as Fourier expansion f =", ,» fre® ) with fo = 0 since Jp f=0.
The solenoidality of f implies k - fk = 0 for all k € Z*\ {0}, which in turn implies
fr = (—=ka, k)T Ay for some A, € C and all k € Z2\ {0}. Then g = > kez\ (0} Ape*0) is
the desired g since

IVglla= D kPP = D flP <o
kez2\{0} kez2\{0}

holds true. O
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Remark 3.1.6. Such a statement holds true for higher-order Sobolev spaces W™?(T?)
by an analogous proof.

We briefly sketch our strategy for the remainder of the proof of Theorem [3.1.2} The
goal is to verify an alternative weak version of for a.e. time t € [0, 7. We do so by
looking at a “good” set of full measure of times ¢ € [0, 7] for which the quantities of the
energy law are bounded independently of . This allows us to view the sequence
as solutions to and to apply Theorem and Lemma m Finally, we use the
aforementioned concentration-cancellation procedure to cut out possible defect measures
and verify in the end the weak formulation of for general solenoidal test functions.

Proof of Theorem[3.1.3 We proceed similarly to [48]. Regarding Lemma the re-
maining part is to show that (v, d) fulfills the momentum equation (3.1.6)) in a weak sense.
We set 7. := 0id. + (ve - V)d. and 7 := 0;d + (v - V)d. Due to (3.1.20)—(3.1.28), the set

A= {te 01 imint (1000 + 1900, + 1900l + I 0,2) < 0

has full measure by Fatou’s lemma, i.e., |A| = T (recall X, = W, (T?) for r > 2).
Without loss of generality, let A be such that (v.,d.)(t) — (v,d)(t) as in (3.1.27) and
(3.1.28)) for every t € A. Fix t € A. Now there exists a subsequence for which

(at/UEj ) VUEj? Vdaj ) Taj) (t) - (Gtv, VU> Vd? T) (t)a

where we identified the limit in ¢ by the strong convergence of (v, (t),d.,(t));en in L*.
Since this is true for any subsequence, the full sequence ((9;v., Vv., Vd,, 7.)(t)). converges
weakly.

Next, we take a test function ¢ € C52 (T?). Since ¢ is solenoidal, it is

¢ =V'in=(-0y0)"n

for some n € C*(T?) (see Remark [3.1.6) if [1,¢ = 0. Similar to the argument in
Lemma 3.1.3, we use the weak formulation of Definition to deduce the existence of
Ow. € L*(0,T; (W12(T?))*) such that

/ <@tv5(t), ¢>(W1J2)*><W1.’2 —|—/ Us(t) X Ug(t> Vo + va<t) Vo

T2 div div T2 T2
0,01 2 (3.1.37)

— [ Vd.t)oVd.(t): | 52 2 =0
T2 Hoe ®) ( 5%77 81827])
is fulfilled w.l.o.g. at time ¢t € A\{0} by ¢. Also, we have

(1 —|d-()*)d-(t)
22
which is, taking into account the bound on 7. above, (3.1.29)) for d.(¢) = u.. Thus, by

Lemma [3.1.5 there exists a subsequence (v, d.)., which in general depends on ¢, such
that

7.(t) = Ad.(t) +

Vd.(t) — Vd(t)
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in L2 (T?\X,), where X; is finite according to Lemma [3.1.4

By density, it suffices to show the weak formulation (3.1.37)) in the limit for all func-
tions n(z) = e with k € Z? where the case k = (0,0) is trivial. First note that the
only problematic terms are the ones related to ;v and Vd ® Vd. However, choosing a

smooth cut—off function ¢ which vanishes in a neighborhood of ¥;, we may pass to the
limit with the test function V+n(z) = V+ (e**y(z)), i.e.

(O(t), Vi) e + / v(t)@u(t): VVIn+ [ Vu(t): VVy
T T (3.1.38)
— [ Vd(t)eVd(t): VVn = 0.
T2
It remains to “fill the holes” and we do so by considering every point in >; separately.
To this end, observe that the equations (3.1.6) and (3.1.1)) are covariant under rotations.

To be more specific, let 0 = ¢ € ¥;, without loss of generality, be the invariant point
of the rotation. Taking a test function V+/3 with supp 3 C B,, r > 0 small enough, the
rotation of coordinates Qy = z for Q7 = Q7! yields

/ (Vd. © Vd.)(x,t) : VV*B(x,t) do = / (Vyd: © V,d:)(Qy, ) : VijB(Qy,t) dy

' ' (3.1.39)
by a change of variables. Similar identities hold for all other terms and we have

/ ful@)é(x) dz — / f@)é(x) deif / £2(Qy)o(Qy) dy — / F(Q)o(Qy) dy.

For r > 0 sufficiently small we know by Lemma that (Vd. ® Vd.)(-,t) only concen-
trates in xy = 0 € B, and so does (V,d. ® V,d.)(Q(-),t) by the same token. Thanks to
the rotational covariance, it is enough to consider test functions h(x) = h(z) in a neigh-
borhood of the concentration point zyp = 0. We can do so by choosing h(x) = h(x - v) for
some v € R?\ {(0,0)} and @ such that Qv is a multiple of e; in (3.1.39). To cut off the
concentration point, define h,, for n € N large enough by the elliptic ODE

By = (L =T ymam)h”,  ho(=1) = h(=7), ha(r) = h(r).

We properly localize the function h,, by considering n,(x1, z9) = h,(x1)x (21, x2) With y
being smooth, x = 1 on B, /, and zero outside of B, (the whole construction is illustrated
in Figure . We set n = h respectively and note that

V0, = Vi(h, - x) = V3(h-x) = Vi almost everywhere on T?
and by dominated convergence in any LP(T?), 1 < p < oo; therefore 1, — n in W?2?(T?)
(in particular V+t7, — Vinin X, = Wy (T2, R?) for 2 < 5 < 00).

Choosing ¢ = V7, in (3.1.37), we are able to pass to the limit in ¢ since VV=n,
vanishes around the concentration point. The limit then reads

(O (t), V) o « +/ v(t)@u(t): VVi, + [ Vo(t): VYV,
e B, B

- / Vd(t) ® Vd(t) : VV*n, — / [Vd © Vd]z,1h, = 0.
BT‘\BT‘/2 B

r/2

(3.1.40)
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Qv |+ Ney
Rotation J
\‘- = Qy lefect o))
W
T2
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width %

Figure 3.1: Cut-off of plane waves

with [A];; = a;; for A = (a;j)i; € RM>N " Notice that we need the regularity of d,v €
L?(0,T; X7) here. As n — oo we are able to replace 7, by 7 in the second, third and
fourth term due to v @ v € L*(T? R?), Vv € L*(T?,R**?),Vd © Vd € L'(T*\B, 2, R**?)
from ([3.1.20)—(3.1.25). For the first term we have

<8tv(t),VLnn>X;7Xs — <8tv(t),Vln>X:’Xs (3.1.41)

since Jyv(t) € XF and V+n, — Vipin X,. In order to use Lebesgue’s dominated
convergence theorem for the last term of (3.1.40|), we observe that

[Vd ©) Vd]QJhZ — [Vd © Vd]zlh” a.e.
‘ [Vd ® Vd]zlh;;‘ < | [Vd ® Vd]271h”| < Ll(BT-/Q)

is valid. This and [VV*n]y1 = h” on B, s yield for n = hy.

By , we deduce that the weak formulation is also satisfied for test functions of
the form V-in(z) = V* (e““'”“"x(:c)), k € 72, where y is a proper chosen cut-off function
around a concentration point. Combining this with (3.1.38]) and using the density (for
example in the W32(T?)-topology, see also Remark [3.1.6)) of {e**() : k € Z?} in the space
of test functions, we eventually obtain that (v, d) satisfies the weak formulation

(Opv(t), ¢)X;,XT —|—/ v(t)@u(t) : Vo+ [ Vu(t): Vo
r E (3.1.42)
— [ Vd(t)eVd(t): Vé=0

']I‘Z

for every ¢ € C$2(T?) and ¢t € A. As t was arbitrary and A has full measure,
holds for a.a. ¢t € (0,T].

In order to deal with the time dependence we multiply by ((t) with ¢ € C*>([0,T7)
and integrate over [0,s] with 0 < s < T. The density of C$ (T?) ® C*°([0,T]) in
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C32 (T2 x [0,T7) yields

/(&v,qb)X:’XT—i—//v@v:V(ﬁ—k/ Vv : Vo
0 o Jr2 o Jr2

—/ Vd®Vd: V=0
0 T2

for all ¢ € C52 (T2 x [0,7]) and ¢(T) = 0. Furthermore, we know from

/OS@”}E’ O) 2y iz = /T2 v:(s) - ¢(s) — /m v - #(0) — /OS /11‘2 Ve - Oy

for every € > 0 that we have

| 0wors = [0 [ wo [ [ o-a0

according to (3.1.20)), (3.1.22), (3.1.27)) and for a.e. s € [0,7]. From (3.1.20)-
(3.1.26) we gain an improvement of regularity, i.e. (v, Vd) lie in C,([0,T]; L*(T?)). In
particular, the solution (v,d) attains the initial data (vg,dp). Hence (3.1.6)—(3.1.10)
possesses a weak solution in the sense of Definition [3.1.2 The energy inequality follows
from (3.1.11) and (3.1.20)—(3.1.28)) as well as the lower semicontinuity of the norms with
respect to weak convergence. 0

In addition to the arguments in [48], we give some remarks on the proof above:

Remark 3.1.7. As mentioned after the statement of Theorem we did not achieve
the weak formulation through an improved convergence result on approximative solutions

(ve,d.). The defect measure M € L>(0,T; M(T?)) defined by
Vd. ©Vd., —* VdoVd+ M

in the sense of Radon measures does not appear in the weak formulation of (3.1.6). On
the other hand, we have

//—v-@tqﬁ—v@v:V¢+Vv:V¢—(Vd®Vd+M):qu:()
0 J12

by standard limit passage in (3.1.1)) for any divergence-free test function ¢ and a.e. s €
[0,T]. Subtracting the above equation from the achieved weak formulation in Theorem
we obtain

/ M:VVin =0
0 T2

for all = V+n and n € C=(T?). For a fized time t € [0,T] (a.e. in [0,T]), there exists
a subsequence of (Vd. ® Vd.). such that

K b
=3 (5 v)e

i=1
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for points x; € T%i = 1,..., K by Lemma and if we localize n, we have up to
translation M(t) = A(t)dy, A € R**? with A being symmetric. Using test function
Ny, x9) = wix(r1,22),5 = 1,2,x € C°(By),r > 0 small and x = 1 on B, the

identity
b —0,0 n —828277
M(t) : VV+ :/ “ )( 172 )d(5
T2 () g T2 (b c 0101 01057 0

b=0.

implies

In other words, we have
O1d:(t) - Ood.(t) —  O1d(t) - D2d(t)

in the sense of distributions. By a local rotation by 45 degrees, the statement |01d.(t)]* —
10od. (D)2 —  [O1d(t)|> — |02d(t)|* follows as well with the conclusion a = c.

Remark 3.1.8. The above remark acually shows that the defect measure M (t) must be
a gradient up to a time-dependent subsequence, i.e.

K
div M(t) =Y ai(t) Vi,
i=1
in the sense of distributions for bounded measurable functions a; : [0,T] — R and i =
1,..., K with K > 0 being the constant in Lemma (3.1.4 However, the dependence of
a;,x; : [0, T] — R x T? is not quantifiable so far. We expect that the mapping t — x;(t)
defines rectifiable-in-time curves.

Remark 3.1.9 (Boundary conditions). Theorem 18 phrased in the pertodic domain
T2. However, if we impose boundary conditions on a smooth bounded domain Q, the
observations on the defect measure and the local structure of the cut-off argument actually
allow us to verify an analogous version of Theorem[3.1.3 on Q. Indeed, the restriction to
plane waves as test functions on T? is not necessary. Similarly to Remark we first
verify the weak formulation for test function n = x2x,i = 1,2. The conclusion is that the
defect consists of a gradient which is not seen by general divergence-free test functions
in Cou (). The energy density |Vd.|* might concentrate on the boundary, but since
functions in C§°(2) vanish close to the boundary, no contribution is seen in the weak

formulation.
Remark 3.1.10. In Remark[3.1.7] we note that
Dide(t) - Dado(t) — Brd(t) - Dpd(t), |01 (1) — |0ade () — |01d(1)]* — |0pd(t)?

in the sense of distributions by usage of the momentum equation (3.1.6)). But one cannot
expect that the coupling to an additional equation should increase the behavior of solutions
to the harmonic map heat flow. Actually, the above statements hold true for sequences

of (approximate) harmonic maps themselves, which is related to the (coefficients of the)
Hopf differential

H - |81d’2 - |82d’2 - 228161 . 82d

For the theory of harmonic maps on two-dimensional surfaces, see e.g. [38]. In particular,
in [38, p. 134], the connection of the Hopf differential to Euler equations and the result
of [29] is noted. Moreover, [24], an analogue of Theorem[3.1.9is shown via observations
on the Hopf differential for ¢ > 0.
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3.2 A comparison to the two-dimensional incompress-
ible Euler equations

In this section, we sketch a selected part of the mathematical theory of the two-dimensional
Euler equations from fluid mechanics. We do so since we use an idea of the work of
DiPerna and Majda [23], the concentration-cancellation method, as central ingredient to
prove Theorem [3.1.2] The situation of inviscid fluid dynamics is compared to the above
result on nematic liquid crystal flows. The intention is to outline the theory of so-called
vortex sheet solutions to Euler equations without treating many of the technicalities which
appear in there. Rather, an intuition is given on what is happening in the argument. The
first and main results in this direction were settled in the late 1980’s to early 1990’s with
the introduction of generalized Young measures (DiPerna-Majda measures) in [22], the
investigation of concentration in measures in [23] and the existence result of vortex-sheet
solutions with non-negative vorticity in [20]. In this presentation, we mainly follow [69].

The Euler equations are the standard model to describe incompressible fluid flows in
the large Reynolds number limit. They read

O + div(v ® v) + Vp = 0,

3.2.1
dive =0 ( )

for a velocity field v : R? x [0,00) — R? and p : R? x [0,00) — R being the pressure.
The system originates from Newton’s second law and the conservation of mass and does
not include internal friction of the fluid. Therefore, the system is not of parabolic type
but rather hyperbolic (in some situations). Solutions to (3.2.1) will at best propagate
the regularity fed into the system by vy but not smooth out over time. Although highly
important in the topic of fluid mechanics, we ignore the effects resulting from boundaries
and consider the whole space R2.

Given an initial state v(z,0) = vo(z) with vy : R? — R? and div vy = 0, the solution
of the initial value problem will formally preserve the kinetic energy

[ OF_ [ i 22

for all times ¢ > 0. Some other quantities such as the barycenter of mass are conserved
as well (see [69, Chapter 1]). One of the difficult questions regarding Euler and Navier-
Stokes equations is whether, or how, turbulence is modeled by them or how turbulent
motion can be deduced from them. We will not enter in the discussion of turbulence
itself as it has no fully consistent definition. But clearly, one speaks of the fluid being in
the turbulent regime if the fluid can be observed swirling on various length scales with a
seemingly random pattern.

From the mathematical point of view, this behavior leads to a fundamental quantity
in (Newtonian) fluid mechanics: the vorticity. It describes the local spinning of the fluid
and is given by the curl of the velocity,

R rl o _82 . U1
w:=curlv = 81 Vo .

Hence, w : R? x [0,00) — R is a scalar quantity in two dimensions. Of course, it is then
important to describe the evolution of vorticity along time and we derive the vorticity
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Figure 3.2: Vortex patch w = wyxa

equation by applying the curl to (3.2.1)),
Ow + (v-V)w = 0. (3.2.3)

The velocity v is not independent of the vorticity and can be recovered by the Biot-Savart
law

1 zt

v=Kxw, K(x):%W

(3.2.4)

for x € R?\ {0} (see [69, Chapter 2]). Equation is essentially a transport equation
which depicts a seemingly simpler structure than the Euler equations itself. The difficulty
of the subject becomes apparent with the non-local and nonlinear coupling of w with itself
through the Biot-Savart law. Nevertheless, with v being solenoidal, transport equations
in general and in particular preserve any LP-norm over time. Given an initial
vorticity function w(z,0) = wy with wp : R? — R, we formally have

|t = [ b (3.2.5)

for a solution to for any 1 < p < oo. Choosing different values of p, one wants to

model different situations. For example, for p = oo, the interest lies in so-called vortex

patch solutions where wy is given by (a multiple of) an indicator function of a smooth

domain, see Figure |3.2 One important point then consists of the description of time-

evolution of the boundary of the domain A. However, we focus on the other endpoint

case p = 1. Actually, we look for even more singular data, namely measures. We require
wo € M(R?) N W, % (R?).

loc

Such an initial datum is called a vortex sheet data (see [69, Chapter 9]).
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w=20
B\—/\\
w=pH'LB

Figure 3.3: Vortex sheet

The actual motivation is the following: For very singular flows of inviscid fluids (jets,
wakes), the vorticity is thought to concentrate on a one-dimensional curve, namely a
weighted one-dimensional Hausdorff measure supported on a curve in R? (see Figure
. This regularityﬂ is propagated by (3.2.2) and (3.2.5)) and therefore bounded in time.

In view of the constraint dive = 0, the velocity can be represented by a stream
function v : R? — R through v = V+¢ (this is the Helmholtz decomposition). Together
with the definition of the velocity, we have

—AY = w. (3.2.6)

For vortex sheet initial data, we have a Poisson equation with right-hand side in L! or
the space of Radon measures respectively. Notice the similarity of ¢ to d in the director
equation of the Ericksen-Leslie system (3.1.8]) and (3.1.29) where the most singular term
|Vd|?d is also bounded just in L'. Therefore, one might be interested in transferring
arguments known for vortex-sheet solutions to the Ericksen-Leslie system. Since the
proof of Theorem is at the core more concerned with the (quasi-)stationary system
(3.1.29), we are led to investigate time-independent solutions to .

3.2.1 Stationary solutions and concentration effects

In constrast to the Ericksen-Leslie system (3.1.6)—(3.1.8)), it is easier to find non-trivial
solutions to the Euler equations. If we ignore the dependence on time in (3.2.1)) and add
an external force f : R? — R2, we arrive at the stationary Euler equations

div(v ® v) + Vp = f, dive =0 (3.2.7)
and the corresponding stationary vorticity equation
div(vw) = curl f. (3.2.8)

Since we are interested in singular effects, as concentration of measures depicts one, we
introduce weak solutions:

Definition 3.2.1. Let f € Li (R?). A velocity field v € L2 (R?) with dive = 0 is called
a weak solution to (3.2.7) if

—/ vRuv: Vo= f-o
R2 R2

holds true for every ¢ € C§%;, (R?).

IThe velocity v lies in L? if and only if fR2 w = 0 because of the Biot-Savart law. Otherwise v is at
least locally in L? which still is bounded in time by a Gronwall inequality, see [69, Chapter 3].
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Figure 3.4: Phantom vortex

Once again, we get rid of the pressure function p by choosing a special class of
solenoidal test functions for (3.2.7)). For some forces f, there might not exist solutions
to the above equations. On the other hand, letting f = 0, every smooth radial vorticity
function w(z) = w(r),r = |z| is a solution to (3.2.8). In order to see this, note that the
Biot-Savart law for a radial vorticity reads ([69, Chapter 2|)

o(z) = i—: /0 " suo(s) ds. (3.2.9)
Then we have
div(vw)(z) = (% /0 " s(s) ds) (@)t =0

for every z € R?. As a model solution and first example, we consider such radial eddies
and in particular phantom vorticies. The name “phantom” stems from vanishing total
vorticity condition, i.e., [, w = 0. Let us take (see Figure (3.4

2 for |z| < 3,
wi(r) =9 —=, fori<|z|<1, (3.2.10)
0, otherwise.

Then w; is supported on B = {z € R?||z| < 1}, has vanishing mean value and the
total variation is [|wi||;1 = [ |wi| = 1. Because of the radial symmetry, it is a (weak)
solution to (3.2.8) and furthermore, the associated velocity field v; via Biot-Savart law
also vanishes outside B by construction.

Our focus now lies on concentration phenomena. In order to do so, we rescale the vortex

solution w; by introducing
(@)= 5 (%)
we(r) = swr | —
e2 ' \g

for ¢ > 0. The L'-norm is invariant under this scaling law, i.e., fR2 lwe| = 1 for e > 0.
Further, the L?-norm of the associated velocity v, = K * w. = 1v;(2) sinceﬂ Jgo we = 0.

?This is not true if [5, wy # 0.
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By the computations below, the set {w.}.~¢ is also bounded in W~1?(R?) and therefore
in the vortex sheet space M N VVlgc1 ? from above. We have (compare to [69, p. 412])

we =0 as Radon measures,
ve — 0 in L*(R?),

but no strong convergence in either cases and we notice that the limit w,v = 0 is a
solution to (3.2.7). The nonlinear terms of the convection in (3.2.7) are (v.);(v.); for
i,7 = 1,2 which are bounded in L' as ¢ — 0". Taking a test function ¢ € Cy(R?) we
compute

iy [ @)@ o) =ty [ o) 00 () ), (£)
=ty [ 600, =00) [ @),

Using (3.2.9), we have

[, = [ (] s d5>2 .

- /O; /OQWTM (/07" swi(s) d8>2 dodr = C5;,

for some C' > 0 with ey representing the angular unit vector and 9;; being the Kronecker-

delta. In total, it is
. d 0
Ve QU =~ C (0 50) ;

so the convection term converges in measures to a multiple of the Dirac measure supported
in the origin. In particular, it is |v.|*> —* 2Cdy. Remarkably, the solutions v, converge to a
solution, although the nonlinear convection term fails to converge to its limit expression.
This fact is due to the structure of the defect measure and the weak formulation. Taking
a test function ¢ € C%;, (R?), we have

d O

lim qu : d’Ua R Ve = C/ ng - d <0 50) = C(al¢1(0) + 82@52(0)) = 0.

e—=0t JR2 R2

The concentration of measure is not seen by the equation and we speak of concentration-
cancellation. This prototypical example illustrates what actually also happens in the
proof of Theorem for liquid crystal flows.

We turn our attention to a more elaborate example of solutions which is due to Green-
gard and Thomann in [36]. It shows that the construction of a sequence of stationary
solutions to is possible such that the associated kinetic energy density concentrates
on the unit square @ of R? with the Lebesgue measure itself supported on Q as defect
measure. The sequence of solutions again converges weakly to zero, hence to a solution
of . In fact, it shows that every Radon measure can be constructed by the defect
measure of solutions sequence to (3.2.7)).
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Theorem 3.2.1 ([36]). There exists a sequence (v,), of weak solutions to (3.2.7)) such
that

Uy, — 0 in L*(R?),

w, =% 0 as Radon measures,
|Vou,| — oo,
R2
[0, |2 =% aL?LQ as Radon measures

with L£* being the two-dimensional Lebesque measure, a > 0 and Q = [0, 1]2.

Proof. We sketch the proof following [69, Chapter 11]. Suppose we have two phantom
vorticies, i.e., radial vorticity functions wy, ws with vanishing mean, and both with com-
pact but disjoint supports By and By. Then the corresponding velocities , v; and v, also
vanish outside of B; and Bs respectively by . The consequence is that although
the Euler equation is nonlinear, the sum v + v, is still a solution of .

Next we consider a dyadic lattice A™ on (). Then the sum

with 05, being a Dirac mass supported on the (k,!)-th node of A", converges as Radon
measures to the Lebegue measure on the square (). But we have seen above that a
sequence of phantom vortices leads to a Dirac measure as defect, therefore the idea is
to place a small enough phantom vortex wy,; on every node of A”. The sum >, ,wy; is
again a solution if the supports do not intersect by our above observation. In order to
satisfy these constraints one needs to introduce two scales. The vortices wy; we look for
are translated copies of (see [69, p. 419])
wi,  for |x| < 0,
wa(z) =40, for b, < |z| < 6% or |z| > R,

wo, for 6% < lz] < R,

n?

for the choices (see Figure

4m+1 5 1/2 1
5n = - Rn - _5n ) =
eXp( 2 > (4 ) TS

and w,, such that fR2 w, = 0. The crucial point is the appearance of two different scales.
The inner, positive part of w concentrates with quadratical speed compared to the outer,
negative part supported on an annulus. With the specific parameters chosen, it ensures
the summability of w, = > g Wkl 8 well as the corresponding bounds for the velocity v,
which is proven in [69] p. 419] ]

Recall the meaning of the stream function V+1 = v. Then the essentials of Theo-
rem [3.2.1] consist of the fact that solutions of

A'(pn = Wn, van ® VL'(ﬁn + Vpn =0
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Figure 3.5: Greengard-Thomann example

can develop the worst possible defect measures in the energy density [Venl® w" but still, in
the limit, satisfy the limit equation. None of these examples are acmdental as we will see
in the following section.
In comparison to approximated harmonic maps , the Ericksen-Leslie equations
or the solutions to
—Au, = |Vu, *u, + 7

with bounded energy and tension field [ |Vu,|*+|7,|* < C, we observe a similar behavior
in the proof of Theorem [3.1.2] However, the defect measure concentrates on a smaller (at
most finite) set since a form of elliptic e-regularity is available. Example shows
(by multiplication With a small constant) on the other hand that concentration effects
can always occur in , no matter how small the local energy is chosen.

3.2.2 The reduced defect measure and weak stability of station-
ary Euler equations

We turn our attention to a sequence of solutions of . In the previous section, we
have seen convergence results to a limit solution for special cases despite the failure of
the convergence of the nonlinear terms in . Such a behavior is true in general and
first proven in [23]:

Theorem 3.2.2 ([69], Theorem 12.2). Let f, — f in L'(R?), the velocity fields v, €
L2 (R?) satisfy

loc
div(v, ® v,) + Vp, = fa, divv, =0

in the weak sense with [, |va|?, [ |wn| = [i [ curlv,| being bounded for every K CC R?.
Then the sequence (vy,), possesses a limit point v € LE_(R?) which satisfies (3.2.7)) in the
weak sense.

The proof (we follow a more streamlined version from [27, [69]) involves technical
arguments from capacity theory at some stages which we will only sketch.
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First, we introduce another notion of defect measure, the so-called reduced defect
measure

0(F) := lim Sup/ v, — v]?

n—o0

for any Borel set £ C R2. To be precise, the set function 8 only depicts a premeasure since
it is not countably subadditive but finitely subadditive (a counterexample is provided by
the sequence from the Greengard-Thomann example from the previous section, see [69,
p. 421]). The defect measure we consider so far is the weak*-defect measure o defined
by

?de —~* o

[0, |2 dz — |v
as Radon measures. As we see below the reduced defect measure can behave much better
than o.

We also recall the notion of Hausdorff measure. For a given Borel set £ C R2, the
Hausdorff premeasure of order v for a given r > 0 is defined by

H)(E) := inf {Zr]

ri<r

E C U B,,(z;), 7; € R? for every i € N} :

i=1
Taking the (well-defined) limit » — 0" leads us to the Hausdorff measure of order -,

HY(E):=1lim H)(E),

r—0

and we say that E has Hausdorff dimension d > 0 if d = inf{y| HY(E) = 0}. Morevoer,
we settle the meaning of concentration in terms of the reduced defect measure (see [69,
p. 410)):

Definition 3.2.2. We say that 0 concentrates inside a set with Hausdorff dimension p,
if, given 6,1 > 0 there exists a family of sets {F.} such that

e I(F,)=0
o HP™(F%) < C with a constant C > 0 independent of r and §.

Remark 3.2.3. The assertion 0(E) = 0 is equivalent to the strong convergence v, — v in
L2(E). In general, this is not the case for o restricted to E (a counterexzample is provided
by nxo1/m) on E =(0,1)). If E is closed , then we have o(E) > 0(E) (see [69, p. 411]).

For a given sequence of solutions to , the weak*-defect measure may concentrate
on a set of Hausdorff-dimension two as illustrated in the Greengard-Thomann example.
However, in terms of the reduced defect measure, concentration happens on a set of
dimension zero in the sense of Definition [3.2.21 This fact is not accidental.

Theorem 3.2.3 ([69], Theorem 12.1). Let (vy,), be sequence such that
e divu, =0,

e curlv, = w,,



3.2. TWO-DIMENSIONAL EULER EQUATIONS 47

o [ilvnl® + [ lwn| < C(K) for every compact set K C R?.

Then 6(-) = limsup,,_, ., f(.) lv, — v|* concentrates inside a set of Hausdorff dimension

zero in the sense of Definition[3.2.3

Proof. A detailed proof can be found in [27, [69]. We roughly sketch the idea:
By our assumptions, we introduce a stream function to the problem as in (3.2.6]),

_Awn = Wn,

where the right-hand side is bounded in L' and V4, = v,, in L? locally. As n tends to
infinity, the sequence (w,,), might concentrate only in a countable number of points to a
Dirac measure which as a set has Hausdorff dimension 0. Aside from this set, the limit
measure [ = m must be continuous. To be more precise, for a given 0 < p < 2, we
consider the set

1
Ep:{a:EK: sup sup — |wn]<oo}
neN 0<r rP Br(x)
for a compact set K C R?. A covering argument shows that H?((E,)) is finite for every
0 < p < 2 because of the bound on the total variation of (wy),. On the other hand, the

embeddings for Riesz potentials I, (as the Biot-Savart kernel is one of order o = 1) from
[1] show

HflfHL;IOC < C|f|lpre

forn =2, <2+ ﬁ. Here, the space LYP, the Morrey space, contains all functions

satisfying
sup 17 / lf] < C.
20€R2, >0 Br(z0)

Consequently, we have strong convergence v, — v in L*(E,) since the sequence converges
pointwise and is bounded in some L?-norm with ¢ > 2. Since the complementary set
(Ep)¢ satisfies the bound H((E},)°) < ¢, the concentration set C' ~ [_,.,(F},)¢ must
satisfy H?(C') = 0 for every v > 0. O

The technicalities of the argument are substantially more complicated. For example,
the notion of p-capacity enters in arguments related to the size and properties of £, and
strong convergence of (v,),. Note that it is not necessary that v,, solves the stationary
Euler equations.

The final argument in the proof of Theorem [3.2.2 consists of the aforementioned
concentration-cancellation arguments. Let us note a technicality: Since Theorem [3.2.2is
phrased in terms of local Lebesgue spaces, we need to restrict ourselves to approximating
sequences (vy,), with supp v, C Bg for some R > 0 for almost all n € N. It does not pose
any restriction on our situation which is proven in the appendix of [23].

For the weak formulation of (3.2.7), take a test function ¢ € C§%;, (R?) which can be
written as V47 for n € C$°(R?) by Helmholtz decomposition (compare to Remark.
Then (3.2.7)) reads

/ Uy @y VVE = — [ f,-Vin. (3.2.11)
R2 R2
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Similarly to , one has
/ Vijn(Qy) QT @ Q) (Qy)dy = / V.Vin(z): (vev)(z)dr (3.2.12)
R2 R2

for any Q € SO(2), see [69, p. 457]. Next, by Fourier expansion n(z) = 5= [5, e**7(k) dk,
it is enough to consider a smooth plane wave function & — h(k - x) as test function (note
that the integral expressions in the weak formulation make sense). Regarding ,
we can choose Q such that h(k - z) = h(z;) and reads

- [ et = [

By Theorem we know that the reduced defect measure of (v,), is concentrated
inside of a set of Hausdorff dimension zero. The same holds true for the rotated versions
Q" v, (Q-) (see [69, Lemma 12.3] ).

Finally, we implement a proper cutoff procedure for the test functions. By the defini-
tion of the reduced defect measure, there exists a family {F,} € 2% of closed sets such
that

lim v, — v =0
n—oo F’r

with a constant C' > 0 (independent of r) such that for any r > 0 it holds

HY(FY) < C(p)

r

% Then, for r > 0, there exists a covering
{By, (i) }ien, 7 < 7 with FS C J;en Bri (i) and Y-, f < 2C by the definition of
Hausdorff measure. Let P, : R? — R denote the prOJectlon onto the xj-axis. Then we

have

for any p > 0. In particular, take p =

m\»—x
wh—t
m\»—x

LURE) <D LBy, (1) = Z

R

i.e., the one-dimensional Lebesgue measure of P, Fy tends to zero as » — 0. Thus we
define h, : R — R by

hy(21) = (1 = Xpipe(2))h" (2)
(with boundary conditions leaving k.. bounded as 7 — 0). It holds h, — h in WP (R)

loc
and (h!, h.), remain bounded by a uniform constant as » — 0. Inserting h, into the weak

T

formulation above we have

—/hmmmm:/kmm; S —/mmw:/ﬁm
R2 R2 R2 R2

as n — 0o by the assumptions of Theorem and the fact that v, — v in L? on
the support of the functions h!/. The convergence h!” — h” holds true a.e. on R and by
dominated convergence (it is |h” v v < |hv1v3|), we finally conclude

— / h”UlUQ = fgh,
R2 R2
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for any plane wave h. Regarding the above arguments, we deduce that the weak formu-
lation of is satisfied for every test function proving Theorem m

We recognize that the concentration-cancellation method becomes more technical in
the regime of Euler equations than in Section [3.1} Clearly, this is related to the more
elaborate notion of reduced defect measure. However, the method above does work for
all concentration sets of Hausdorff dimension less than one (in the sense of Definition
3.2.2). The (perhaps critical) case of the concentration set being of reduced Hausdorff
dimension in space-time (!) is dealt with in [2, [86].

3.2.3 Comparison of Euler equations and the Ericksen-Leslie
system

We give a final comparison of the Ericksen-Leslie system — and the Euler
equations in two dimensions. The conclusions drawn below are summarized in
Table 3.1. First, both are systems of evolutionary equations with the Ericksen-Leslie
system of parabolic type and the Euler equations of (partially) hyperbolic type. There-
fore, solutions (v,d) of (3.1.6)—(3.1.8) smooth out after initial time modulo singularities
whereas (at best) preserves initial regularity, e.g., the LP-norm of the vorticity.
We specifically turn our attention to the behavior of the velocity field vg (the subscript
p stands for Euler) in (3.2.1) and Vd in (3.1.6)-(3.1.8). Along (approximate) solution
sequences of their respective equations, both quantities might concentrate some part of
their energy in some measure. By Theorems [3.1.2] and [3.2.2] we know that solutions are
attained in the limit of the sequences for the Ericksen-Leslie system and the stationary
Euler equations. This fact is mainly due to concentration-cancellation, i.e., the potential
concentration of the limit measure |vg|? and [Vd|? is not seen in the weak formulation
of the equations. While the support of the concentrated measure (in the sense of Radon
measures) is only (locally) finite in space (Lemmal3.1.5)) for liquid crystal flows, we need to
introduce another notion, the reduced defect measure, in order to quantify the sufficient
smallness of concentration support with respect to inviscid fluid flows (see Theorem.
Considering the space-time defect, one would expect rectifiable lines as defect measure
in the liquid crystal case. More precisely, the defect should be supported on a set of finite
two-dimensional parabolic Hausdorff measure. At least, this is the case for the harmonic
map heat flow (see [62, Chapters 7 and 8]). For the Euler equations, not too much is
known about the reduced defect measure. Seemingly, the best known result [68] states
that the space-time reduced Hausdorff measure concentrates inside a set of dimension 2+¢&
for any € > 0. Therefore one might wonder if the method of the proof of Theorem [3.1.2
is useful to show the analogous result for the time-dependent Euler equations. In order
to do so, one would fix times t > 0, use a similar concentration-cancellation argument
as in Theorem and verify a weak formulation for almost every t € (0,7"). However,
this scheme depends on the regularity of the time-derivative d,v which is proven to lie in
(WI)* for any r > 2 in the liquid crystal case (see Lemma . We use the gradient
flow structure of the Ericksen-Leslie system to obtain , but the Euler equations
do not provide such an internal structure (at least it is not observed up to now). So
far, the best known estimate for general solutions of is Qg € (C§,)* which
directly follows from the energy estimate. Under such bad regularity assumptions, the
limit procedure in (3.1.41)) would not be possible. Indeed, in [75], it is shown that the
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Table 3.1: Comparison of Euler and Ericksen-Leslie system

Ericksen-Leslie system

n=2 Euler equations vg vd

weak compactness of

stationary solutions v (V)

weak compactness of

time-dependent solu- || not so far V

tions

concentration sets X | H(X) = 2 (weak™ defect), .
(time ¢ fixed) H(X) ~ 0 (reduced defect) % (locally) finite
regularity of O,v (Cai)* Wyhys r>2

method works if the measure of an external force f € (CJ;,)* acting on first derivatives of
a test function is continuous which is in general not the case for distributions in (CJ;,)*.



Chapter 4

Well-posedness theory of global
solutions to magnetoviscoelastic
Hows

In the following, we address the well-posedness of a system of equations modeling the flow
of magnetoviscoelastic fluids. In detail, we review the uniqueness, short-time existence
of strong solutions and global-in-time of weak solutions to system (1.3.4)). All results are
proven in two spatial dimensions which, from the modeling point of view, is thought to
represent the thin film regime in micromagnetics.

We recall the definition and meaning of the quantities arising in (1.3.4). The fluid
mechanics point of view prompts to consider Eulerian coordinates and therefore the
first state quantity consists of a velocity field u : T? x [0,7] — R2 Since nontrivial
deformations are intended to be pictured as well, a deformation gradient (in Eulerian
coordinates) is introduced as matrix-valued field F : T? x [0,7] — R?*2. Further, we
restrict ourselves to incompressible materials. As third ingredient, the fluid is built by
(ferro-)magnetic particles which requires the introduction of a magnetization field M :
T? x [0,T] — S* undergoing the laws of micromagnetics.

Setting up the corresponding energy functional and applying a variational approach,
we are given the following system of magnetoviscoelastic fluids:

o+ (u-Vu—vAu+Vp=—div(VM @ VM — W/ (F)F") + 4oV " Heee M, (4.0.1)
divu = 0, (4.0.2)
OF +u-VF —VuF = kAF, (4.0.3)
divFT =0, |MP?=1, (4.0.4)
OM + (u-V)M = —M A Heg — M N M A Heg, (4.0.5)
on T? x (0,7T) with the effective magnetic field
Heff =AM + ,UOHext - ¢/(M)7

and initial conditions

(u(-,0), F(-,0), M(-,0)) = (ug, Fo, My),  on T? (4.0.6)

divug = 0, div Fy =0, |My| =1, on TZ.

51
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The derivatives of W : R**? — R and ¢ : R* — R are denoted by W'(F) and ¢'(M) with
(W'(F))ij = 3%5)7 i,j=1,2and (¢/(M)) = %}\ZD’ i =1,2,3. To explain the occuring
quantities, Hey @ T? x [0,7] — R? represents the application of an external magnetic
field to the magnetic fluid. The elastic energy density W : R?*? — R depicts the internal
elastic reaction of the fluid to deformation and % : R* — R is a combined expression for
the anisotropic energy as well as the stray field energy in micromagnetics. We mention
here that in the two-dimensional thin film regime, the use of a local energy term for the
stray field energy is feasible, see [35].
For the remainder of the chapter, we make the following assumptions:

e The external magnetic field Hey is a function in Wh>(T? x [0,T7), i.e.,

sup (|Hext(x,t)| 10y oo (2, 8)] + |VHext(x,t)|> < . (4.0.8)
(z,t)€T2x[0,T]

e The elastic energy density W is a twice differentiable function on R?*? and there
exist constants y, C7, Cy > 0 such that

[W'(A) — xA| < ¢4 for all A € R**? (4.0.9)
and

W"(A)| < Cy  for all A € R*2 (4.0.10)

e The combined magnetic anisotropic and stray field energy density ¢ is a non-
negative, even polynomial of degree at most eight in M, i.e.

(M) =Y aaM®, (M) =¢(=M), (M) >0 (4.0.11)

|| <8
for all M € R3.

The requirement depicts the worst expectable regularity when inducing an external
magnetic field. For example, an H.y with saw-tooth profile in time is covered by these
assumptions. Regarding the elastic energy density, we point out that W is not assumed
to be convex in any way in contrast to previous works [7], (I8, 46]. From the physical
point of view, energy densities like the double-well potentials (see Figure , where the
minimizers include the set SO(2), are covered by and (4.0.10). The assumption
on ¥ to be a polynomial of eighth degree is of physical nature as well. In [45], different
types of anisotropy energies are described with maximal degree of order eight. Moreover,
the stray field energy consists of a non-negative, even quadratic polynomial as well if we
consider two spatial dimensions, see [35]. The non-negativity of ¢ makes sense, since v
is intended to model an energy term which, by labeling, is non-negative.

Before we enter mathematical arguments, we summarize the content of the follow-
ing sections: Section [4.1| will introduce a special notion of weak solutions which we call
Struwe-like solutions. Proving the existence of Struwe-like solutions is the main moti-
vation for investigating uniqueness of — in Section and the existence of
strong solutions locally in time in Section [4.3] The final part of investigation of Struwe-
like solutions forms Section [4.4] where the unique existence of such a solution is proven
for any initial data in the energy space. Section /4.5 contains a localized energy law of

(E.0.1)—([#.0.5).
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—I, O I,
Figure 4.1: Double-well potential

4.1 Struwe’s solutions

Let us introduce and motivate the notion of a Struwe-like solution of (4.0.1)-(4.0.5). We
already mentioned in the introduction that system f shares similarities with
the Ericksen-Leslie system f regarding the analysis. Here we specifically
address the main analogy, the unitary constraint |d(x,t)| = |M(z,t)| = 1 for any space-
time point (x,t) in the domain of the respective functions. Therefore, we need to handle
this geometric constraint and may equivalently say the image of d and M lies in S?. The
modeling of magnetic and liquid crystal materials advices to us the Dirichlet energies

|Vd|? / [VM|?
/ 5 and 5

in the variational approach. Ignoring the velocity, deformation gradient and convective
forces in the LLG equation (4.0.5)), we are left with the harmonic map heat flow

o — Av = |V, v(0) = v (4.1.1)

ford=M=wvandv:D x[0,T] = S? on a domain D C R?.
The origin of (4.1.1)) is connected to a different problem in geometry. Instead of R?

(or open subsets) and S?, let us consider general closed Riemannian manifolds (M, g) as
spatial domain and (N, h) as target space of v. The analogy of (4.1.1) reads

v — Agv = A(v)(Vu, Vo), v(0) = vy (4.1.2)

forv: M x[0,T] — N and with A being the second fundamental form of N in the normal
direction v of N. Equation (4.1.2)) was first considered in [25] with the intention to solve
the following problem: Given a map vy in some homotopy class, is there a harmonic
map in the same class? In order to answer this task positively, one needs, e.g., to give a
homotopy from vy to such a harmonic map and the idea was roughly the following: Using
Vg as initial condition, the heat flow evolves in time with a limit as t — +o00. This
limit is characterized by d;v = 0, hence

—Ayv = A(v)(Vv, Vo)
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and therefore is a critical point to the functional

/ \dv|* dM
M

among all v € W12(M, N). Hence, if the solution to is smooth, such a homotopy
is found. In this regard, it was obtained in [25] that solutions remain smooth if
the sectional curvature of IV is non-positive (see also [62, Theorem 5.3.1]).

On the other hand, the sphere S? is a surface of positive curvature everywhere.
Still, one might hope for global regularity in for any target manifold N on two-
dimensional surfaces M since the Dirichlet energy is critical. This was disproven in [14]
by obtainment of a local smooth solution to (4.1.1)) which blows up in finite time. It
shows that a previous result of Struwe from 1985 is sharp:

Theorem 4.1.1. [78, Theorem 4.2] Let (M, g) and (N,h) be closed Riemannian man-
ifolds with dim M = 2. Then for any vy € WY2(M; N) there exists a unique solu-
tion v : M x [0,00) — N of which is smooth except of finitely many points
(x1,t) € M x (0,00), 1 <1< L for some integer L € N.

The problem of singularity formation represents a geometric issue. Considering such
an (z,t;), a phenomenom called bubbling happens. Some amount of energy concentrates
in this point as t approaches t;. Rescaling of the flows shows that the amount of energy
concentrated in the singular point corresponds to the energy of finitely many harmonic
maps w; : S? — N, called bubbles. In some sense, those bubbles separate and flow can
smoothly be continued after time ¢;. These facts are proven, e.g., in [62] [71) [78, 82]. Here,
the analytic side of the proof of Theorem is reviewed.

Roughly speaking, a solution to a (nonlinear) parabolic PDE is smooth if a certain
coercive critical quantity is small. The reason is that the typically superlinear terms
become even smaller than the linear ones in this case. It pushes the PDE almost back
to the linear regime where smoothness of solutions is valid. Hence, a proof of (partial)
regularity usually possesses the following basic ingredients:

e A smallness assumption on such a critical quantity,

e an interpolation/embedding inequality which compares a quantity to its derivatives
and

e a local inequality inherent to the PDE considered which makes the application of
the smallness assumption possible.

For (4.1.2)), a global energy law holds true,

t
/|Vv(t)|2+2// |8tv|2§/ Vool? = 25, (4.1.3)
M 0 M M

for all £ € (0, 00) and since dim M = 2, the energy is critical. Luckily, there also exists a
sensible local energy inequality as well,

2 o ta—1
[Vou(ty)]” < |Vo(t))|* + ¢ Ey (4.1.4)
Br(z0) R

BaRr(wo)
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for all 0 <t} < ty, diam M/2 > R > 0 and xy € M. As interpolation inequality in [7§],
locahzed) version of Ladyzhenskaya’s inequality is used,

veft<e s Vol? x e VP
2
(wo,t)EM X (t1,t2) J Br(wo) R

(4.1.5)

for R > 0. The last inequality is very similar to the energy inquality and states

to 1)
/ /|v2u\2g/ /|W|4. (4.1.6)
t1 M t1 M

The argument then goes as follows: Suppose the critical quantity is small, i.e.

swp [ P ge<at,
(wo,t)EM X (t1,t2) J Br(zo)

Then the combination of (4.1.5)), (4.1.6) and (4.1.3) yields
to t2 t
/ / [V?0]* < Ce (/ / V20 + 2

t1 M t1 M

and therefore we have ,
2 to — 11
V3l < C E,.
/t1 /M Vool s O B

If the W*2-norm of v is finite, a bootstrap argument shows that v is actually smooth (see
[78]. The question is if the smallness assumption can be justified since ¢ — | Br(zo) |Vo(t)]?
might oscillate heavily. Indeed, this is doable by , at least for some small time
[t1,t2]. The local energy of v(ty) is controlled by the local energy of v(t;) and some
contribution dependent on the difference t5 — ¢;. However, one might need to choose a
very small R to conclude the smallness which in turn limits the length of [t1,¢3]. But on
a small time interval to the right of any given time t* € [0, 00), the condition is always
guaranteed.

In contrast, the converse statement must be the following: If v becomes non-smooth

in t*, then
sup / Vo)) > e
(zo,t)EM X (t1,t*) J Br(z0)

must hold true. How often is it possible to satisfy this property? Since there is an L*-
bound on dyv, the mapping t — Vo(t) is at least weakly continuous on [0,00). With
respect to the lower semicontinuity of the norm under weak convergence, we have

liminf/ Vo(t)? —/ Vo) = a > 0.
t/t* M M

The strict inequality holds because the convergence is strictly weak (otherwise, by equi-
integrability, the smallness condition can be satisfied). Further, the number a needs to
have at least the size of €, since otherwise, again the smallness assumption is satisfied.
Consequently,

t
1 Eo>

/ Vu(t)|* < 2B, —¢.
M
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Ey 1\ — E(@)
> s
—0
O il 55555
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Figure 4.2: Singularities and loss of energy

With v(t*) being the initial data, one can restart the flow and obtain another
local solution. If it becomes singular, another decrease of energy of at least size € occurs.
However, only finitely many drops may occur since otherwise, the energy becomes nega-
tive which is a contradiction. Therefore also only finitely many singularities may occur
during the flow, see Figure [4.2]

Despite considerable subtleties, we mimic these argument in the following to derive
the existence of a Struwe-like solution, which is the most regular solution available, to

(4.0.1)—(4.0.5). To begin with, we state the definition of a Struwe-like solution.

Definition 4.1.1 (Struwe- hke solutions). A triple (u, F, M) is called a Struwe-like so-
lution to system (4.0.1] - in T? x (0,T) with initial data (ug, Fy, My) € L*(T?) x
L?(T?) x H'(T?) satzsfymg dlv up = 0,div FOT =0 and |My| = 1 if it fulfills

we L=(0,T, L*(T?)) N L*(0,T; H'(T?)) with 8w € L*(T,,T; H(T?)),
F € L>(0,T, L*(T?) N L*(0,T; H'(T?)) with O, F € L*(0,T; H '(T?)),
M e L=(0,T, H(T?) N L*(T;,T; H*(T?)  with ~ O,M € L*(T;,T; L*(T?)),
R (4.1.7)
for any T € [T;,T;11) and for a suitable ordered finite family of times {T1,...,Txn}, with
Ty =0 and T < T . Furthermore, the following identities are satisfied:

/ u(t, z) - Vo(x)de =0 forae te(0,7),
’]1‘2

/ F(t, z)" - VE(z)dr = 0 for a.e. te€(0,7),
T2
\M(t,z)| =1 forae. (t,x)€ (0,T)x T2

for any functions ¢, = in H(T?), as well as
T
/ / —u-Op—u®u:Veo+vVu:Vp
T2

— [ wla) - p(0.2)
T2
T
+ / VM OVM: Ve — WI(F)FT : Vi + oV HeM - ¢
0 T2
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for any smooth vector function ¢ € C*(T? x [0,T]), with divp = 0. Similarly, for any
matriz function Z € C*(T? x [0,T7),

T 2
/ / ~F-0E-u®F:VE— Y wF0;Zy+kVF:VE = —/ Fy- 0=,
0 T2 T2

i,g,k=1
Finally, the following identity must be satisfied pointwise almost everywhere in T2 x (0,T),
oM+ (u-VYM =—M AN Heg — M N (M N\ Heg),

together with the initial condition (u(t,-), F(t,-), VM(t,-)) = (ug, Fo, My) as t — 07 in
L3(T?).

If{T\,..., Ty} is the minimum set for which the above relations holds true, then we say
that {T1,...,Tn} is the set of singular times of the Struwe-like solution.

The goal of the remaining sections is the confirmation of existence and uniqueness of
such a solution in Theorem We follow here to some extend [18] which is inspired by
[41], 58] which, in turn, is based on the original paper of Struwe [78] sketched above. The
final arguments leading to the unique existence of a Struwe-like solution are carried out
in Section [£.4] Along the way, we investigate the uniqueness properties and existence of
strong solutions to f for two reasons. First, these results are of independent
interest. In particular, the proof of uniqueness of solutions, cf. Theorem [4.2.1] is relatively
short compared to [I8] and also differs from the predecessor version for the Ericksen-Leslie
system in [41] and [63]. Secondly, both results form an integral part of the verification of

Theorem [4.4.1]

4.2 Uniqueness of magnetoviscoelastic flows

We carry out the uniqueness of weak solutions for @ f as long as the solution
belongs to the energy space and V2M is bounded in L*(T?x (0,7T)). Regarding the scaling
properties, the situation is very similar to the two-dimensional Navier-Stokes equations
(see [72, p. 85]). On the other hand, the technicalities are considerably more complicated
if one tries to show uniqueness through the energy estimate in L? see [I8, Section 5]
and [41), 63]. Therefore, we consider a sort of energy approach for anti-derivatives of
(u, F, VM) which is easily accessible on the torus. A similar argument is carried out in
[54] for the general Ericksen-Leslie system.

Theorem 4.2.1. Let T > 0 and let (u', F', M?),i = 1,2 be weak solutions to (4.0.1])-
(4.0.5) with initial conditions

uy = uy € L*(T?%), Fy = Fy € L*(R?), My = M7 e WH(T?)

fort =0 and divu)), = 0, div FgT =0,|M{| =1 fori = 1,2. Furthermore, the solutions
and H. satisfy the reqularity properties

(u', F', VM") € L>®(0,T; L*(T?)) N L*(0,T; W“*(T?)),  fori=1,2,
Hew € L0, T; WH(T?)).

Then (u', F1, MY) = (u?, F?, M?) on T? x [0,T].
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Proof. For a quantity a = u, F, M we note the difference by a := a! — a%. Further, let

(u') = o7 Jro u” and (M*) = 7 [1o M?, the mean-values of u’ and M, and F' = (FY, F})
with F}, Fi : T? x [0,T] — R? being the first and the second column vectors of F" for

i =1,2. Then div F* implies div F} for i, j = 1,2. Because of the solenoidality, we have
u' — (u') = Vi and F' = (F}, F3) = (V*x}, V'x4) for @ = 1,2 by Lemma with
(', x4, x%) € WH2(T?) and the standard Poincaré inequality yields

107 33 X2) || gy < C (W FO)| ooy -
By taking the average of (4.0.1]), the evolution of (u’) follows the equation

i H i
Dy (u?) = TT_g! . V' Hey M (4.2.1)

(all remaining terms vanish due to Gaufi’ Theorem). Therefore we conclude by the
assumptions made on the regularity that we have

(u', ', VM") € L*(0,T; L*(T?))

due to Ladyzhenskaya’s inequality and the assumptions on He. Now for the solutions
(u', F*, M?) of (4.0.1)(4.0.6]), we take the difference and arrive at the weak formulations
of

O+ (u' - Vu+ (u- V)u? — vAu + Vp

= —div (VM1 OVM+VM o VM - W/ (FYHFT — (W/(F) — W’(FQ))FQT)
+ 110V " Heye M, (4.2.2)
divu = divu' = divu? =0, (4.2.3)
OF + (u' - V)F 4 (u-V)F?* = Vu'F — VuF? = kAF, (4.2.4)
divFT =divF' =divF? =0, |[M']*=|M*?=1, (4.2.5)
oM + (u' - V)M + (u-V)M?
= -M'"ANHY% + M> NHZ% — MY AN M N HY + M? A M? A HZ, (4.2.6)
on T? x (0,7 with the effective magnetic field
Hlg = AM" + poHey — ' (MY), i=1,2
and initial conditions
(u(0), F(0), M(0)) = (0,0,0)  on T? (4.2.7)

divug = 0, div FOT =0, on T?.
The idea is to test the equations with

(VH(=A) ", VH(=A) 'y, VE(=A) xe, M)

We mention the following point: The operator (—A)~! means the solution operator of

the Poisson equation, see Theorem [2.0.3, Further we assumed that (u’, %, M?) are weak
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solutions as in Definition 4.1.1| with no singular time appearing. As test functions, we
initially allow for smooth functions but by a density argument and the integrability
properties assumed, we are able to make the above choice for the test functions.
Calculations to :

We test by V+(—=A)~1n and execute first only the spatial estimates which hold
true at a.e. time ¢t € (0,7). It is

— /1r2 w-V*H(=A)"tny, = — y Vi VH(=A) "y = /U(_A>(_A)_177t
d n?

:dt T22

Since V(u) = 0, we have for the convective term

L Vv eayty = [ @ )= ) VAT

= / div (ul ® (u — (u))) V(=AY = —/ u' @ (u— (u)) : VVH(=A) "1y
T2 T2

< ]l = @] [V V(=) )| 0 < O[] 1V 9] 1]

< (Ve + Cs |5, nll2e < 81Vnllze + Cs Jut||7a Il 2 199 2

< 28 ||Vnlf32 + Cs [[ut|| L 1nll32 -

Here we used that [|u — (u)|;» = ||[V*n]| . = [Vl 2, Ladyzhenskaya’s inequality (The-
orem [2.0.2)) and the estimate on the operator (—A)~' on LP, 1 < p < 0o in Theorem[2.0.3|
Furthermore, it is

[ v vt eayt = [ (@) v ) vieart
+ [ (-9 v =)y
and similarly to above, we conclude the estimate
[ (= )92 94y < 25 19+ ]
Using , we realize that

/ (v) - V)u? - VEH(=A)"ly = —/ u? @ (u) : VVH(=A)p
T2 T2
< ful o2 9920l < € s Wil [ 19 ol

< CJJu?|| o 19l 19 Hos L 1M1 2 < C (|| 1V Bl (Hnl\iz + HMHiz)
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holds true. For the dissipational part, we have

v | Vu:VVH(=A)Ynp=v [ VV: VYV (-A)y
T2

T2
= 1// Vin (=AW =A)p=v [ |Vig]? (4.2.9)
T2 T2
= u/ V|2 (4.2.10)
T2
The estimates involving VM read
/ div(VM' © VM) - VH(=A)"'y < [[VMY| L IVM] L [VVH(=A) )| L.
T2

< VM| NVM| 21l s < SIVM|2 + Cs IIVMlHZ 17
<S|IVM|3a + Cs [ VMY, Il 2 1Vl 2

< o 19MIEs + 193 ) + Cs 0O Tl
and analogously
/TQ div(VM © VM?) - VH(-A) 'y < 5( IVM|[7. + |Vl 72 ) + G || VM5 e -
Concerning the terms resulting from the elastic energy density, we estimate

WEDET VYT (At < C [ (1 IFDIFIVYT (-a)
T2

’]TQ

where we used assumption (4.0.9). Recalling the definition F' = (V+yy, Vtys), we pro-
ceed with

<O+ [[FH ) IV xa) || [[VV T (=2) 0]
< CL+ |F L) IV O x2)ll e Il o < 81V s x2) |32 + Cs [|[FY[7 Il
<8IV 0 x) e + Cs [|FH] Il 2 1971 2

< oIV )l + 19l ) + G P 5 Tl
In the second term, we use the Lipschitz continuity of W’ implied by and obtain
[ (e = w7 v ayy
<c [ POV (-a) .
Similar to the above estimate, we get
[ (e = we )T v ayy

4
< 8(IV (xas x)llzz + IV ll72) + Cs | E2[[ L llmllze
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Regarding the term involving Hey, it is

vaMMrv%—A)%F:—/XH&VVQM~VH—A)%
']1'2

T2

< NIVM e [ Hextll o [V (=2) 0| -
Now, we apply the Sobolev embedding to VX (—A)~1n, i.e.
[VE(=2) 0|0 < Clinll e

and proceed with

V' HeM - V5 (=2) "0 < C IV M| o | Hextll o 171l

T2
2 2 2
< O[IVM|[2 + Cs [ Hextll 4 Il -

Calculations to (4.2.4):

Recall that F' = (F}, Fi) = (V+x}, Vx3) holds true where the upper indices stand for
different solutions to (4.2.2)-(4.2.6), while the lower indices denote the different columns
of the matrix F?. As for I, the equation (4.2.4)) can be read componentwise in columns,
ie.

OuF; + (u' - V)Fj + (u- V)F? — Vu'Fy — VuF? = kAF, (4.2.11)

for j = 1,2. Because of the div — curl-structure in (4.2.4)) and the solenoidality of u! and
F* we have (componentwise)

(u' - V)F; — Vu'F; = div(u' @ F; — F; @ u'),
(u-V)F; = VuF; = div(u® F; — F} ® u)

for j = 1,2. We test (£.2.11)) by V+(—=A)"'y;, 5 = 1,2 and perform the spatial estimates
for a.e. t € [0, 7. This yields the following estimates:

- /T2 Fy - VH=A) " (xg)e = — /T2 VX - VEH(=A) " 0g)e = /T2 X (=) (=A) " ()
d [ Il

T At Jp 2

and
K VEF; - VVL(—A)’lxj = m/ |ij]2
T2

T2
similar to the calculations in (4.2.9)). Analogously to the momentum equation, the con-
vective terms are mainly dealt with usage of Ladyzhenskaya’s inequality, i.e.

/T div(u' ® Vi = Vg @ul) - VE=8) Ty < IVl (et 19V (=2) ]

<V X120 + Cs [[u |2 1951 Il e < 28 (19112 + Cs [l |1 12
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Terms including u must again be handled by the decomposition u = u — (u) + (u). Since
div F? = 0, we have

/ div(u@ F} = Ff @u) - VH(=4)
_ /T div((u — (1) ® F? — F2 @ (u— (u)) - V-(—A) Yy,
—~ /T div(F? @ (u)) - VH(=A) "y

and in the same manner as above, we obtain

/ div((u — (u) ® F? — F? @ (u— () - V-(—A) Ly
T2
4
< S(IVnl2 + 9512 + Cs | E2||" I s

The second term above is estimated with the help of (4.2.1)):

/div(ﬂ?@@(u))-vi(—A)—lXj = —/Ff@(u) : VVEH(=A) 1y
TQ
< |(u)] IIFfHLQ IIVVL(—A)‘%HLQ < C||VHextl g2 [[M]|| 2 HFfIILQ 151l 22

< OV Hol | 2] . (HMH‘; n ||xj||iz).

Calculations to (4.2.6)):
Equation (4.2.6) is tested by M and for a.e. t € [0,7] we obtain

d M|?
o a= & [ IME
T2 dt T2 2

The first term of the convective part vanishes due to divu! = 0, i.e.
/ (u' - V)M - M =0
T2
and since (M) [, (u- V)M? = 0 holds true, we have for the second one

AQ(U-V)M2~M= (u- V)M - (M = (M)) < ||ull 2 [ VM s (1M = (M| s

T2

< c( = (@lla + crw) (VA2 1M — ()] [V a2

2
<8 (|Valgz + Csl(@)]* + Cs | VM| Lo (VM| 2 (1M = (M) 2
4
< 0(IVallze + IVMI72) + Cs(1+ IV Hewllz2 + VM2 L) (1M 72 + [(M)P?).

In the next terms, some cancellations appear as well due to the wedge product. It is

MANHey - M =0

T2
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and using (4.0.11)), in particular the Lipschitz continuity of 1/’ on S?, we have
[ (arnvary s aeawor) o) s [ e - sl
T2 T2
< CM|3..

Let div(a A Vb) := 3, 0;(a A 0;b). Then it follows

/ (=M'ANAM* + MPANAM?)-M = | —div(M AVNM' + M* AVM) - M
T2

’I[‘Z

= [ MAVM':VM
T2

< O 9 (13 = 1) + 1001

< A 19l (107 = QO IV + o))

< 8V MI[ge + Cs [V (M) + Cs [ VAL [ [V M| | — (M)

< VM + Co( [V + [V )00 + Col[9Ar I
Of course, we have a dissipational part

/1I2 —AM-M = . VM.
When treating the highest-order term
IVM'PMY — |[VM?2PM? = (VM : VMYM' + (VM? . VM)M* + |VM?*M,

the first two terms can be estimated as follows:

1M ] e 1M1

/ (VM : VMYM' - M < VM| ||V,
TQ

< 25 |V M]|2. + ca( VM| + [Vl ) (M2 + (D)),
/ (VM?: VM)M" - M
T2
< 25 | VM2 + ca( V2|2, + [V, ) (M2 + [(M)P)

as above where we used |M!'| = 1. For the last term, we have (we denote the square of
M by [M]?, not to be mistaken with M?)

[ Ivarpae < (08 1. < a1 - ol + on?)

<SIVM|[5. +C || VM| (IM])22 + (M)
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The remaining terms are mostly standard:

[ oMY = (0% Ho) M < 2 ol 1
<O |VM| 72 + CllHexsll72 (1M 172 + [(M)]?),
/TQ(Ml AMYAY (MY — M2 A M A (M?)) - M < C M|, .

We summarize all inequalities and for sufficiently small 6 > 0, we absorb all involved
terms on the right-hand side to the left-hand side dissipational terms. This yields

% {/Tz [nl* + [ Ocu x) P + 1M ] + |(M)|2} +/T2 IVl + KV (ct, x2)? + [V M

<C(1+ (! w, B P2 OMY, VM) [+ | Ho 0 )
([ TP+ vl + 131+ 1002

on [0,7] and since the prefactor on the right-hand side is in L'(0,7T’) by assumption,
Gronwall’s inequality gives the desired assertion. O

Remark 4.2.1. Despite the lengthy calculations, the principles of the above proof are
quite simple. It actually corresponds to using the W="2-norm for the energy quantities
(u, F, VM) instead of the L*>-norm. If one attempts to show uniqueness to the harmonic
map heat flow , testing by M suffices rather than using AM as test function (see
[62, p. 137]). But w and F do not undergo the same scaling law as M whereas n and x
do. In this regard, it seems more natural to consider the above proof for uniqueness.

4.3 Local existence of strong solutions to magneto-
viscoelastic flows

In this section, we investigate the local existence theory of strong solutions to f
(4.0.6). In [46], a local well-posedness result for strong solutions subject to boundary
conditions on a bounded domain is given. We consider solutions on the torus under more
general assumptions on ¢ and W and therefore extend the result obtained in [46].

Lemma 4.3.1 ([46], Theorem 2.4). Let W, ¢ and Hey satisfy the assumptions (4.0.8])—
(@0.11). Then for given initial data vy € W2(T?), Fy € WY(T?) and M € W>?(T?)
with divF) = 0 and |My| = 1 there exists a T > 0 and a unique strong solution
(v,p, F,M) : T? x [0,T] — R? x R x R?*? x §? of (4.0.1))(4.0.6) such that
(v, F, M) e C([O,T]; W12(T2) x Wh2(T?) x W2’2(T2)> N
L2 (o, T, W22(T2) x W22(T?) x W3’2(T2)>,
p € L*(0,T; WH2(T?)).
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The proof is based on the Galerkin method, or more precisely, on a two-level approxi-
mation of the system f. We mainly rely on the arguments and (sub-)results
of [7] and [46] and highlight the different arguments needed for our extension.

The first of the two approximation steps consists of solving f for a given,
smooth enough velocity v = v. To begin with, we introduce the basis of the function
spaces involved. By {£}2°, we denote an orthogonal basis of W%(T?) that is orthonormal
in L% (T?) consisting of eigenfunctions of the Stokes operator on T?. The details can be
found in [72, Chapter 2]. For n € Ny, we set

H" = span{&y, &1, &2, ..., &}

and denote the projection of L? onto H™ by Py,. Following [7], we introduce, for ¢, €
(O,T] and L = H’U()“LQ + ]_,

V, (to) = {v(t, 2) =3 Gu(D&(@) : T2 x [0,10) — B

s Yl O < 22,640 = [

te[0,to) ;1 T2

vo(2)6i() da ),

where the g’ are Lipschitz solutions of the corresponding ordinary differential equations,
the projection of on H" (see [T, Definition 4.1] for the details). For any given
v € V"(ty), we find solutions of (£.0.3)—~(4.0.5) with u = v. Therefore, the result on the
first approximation level is given as follows:

Lemma 4.3.2 ([40]). Let the assumptions of Theorem|4.5. 1| be satisfied and let v € V,,(1).
Then there is t* € (0,to) depending on n, L,ty, Fy, My and Hey, such that we can find a
unique pair (F, M) possessing the regularity

FelL® <0,t*; WL?(T?)) nL? <0,t*; W2’2(T2)), OF € L2 (O,t*; LQ(’JI‘Q)),

(4.3.1)
M e e (0,675 LAT) ) W2 (0,6 WH(T2) ) 1 22 (0,8 WH2(T?) )
satisfying (4.0.3) and ([4.0.5) a.e. in (0,t*) x T?, i.e.
O,F + (v V)F = VoF + kAF,
Wt {v-v) oo (4.3.2)

OM + (v- VM = |VM?M +AM — M A Heg — M A (M A (Heg — AM))

together with the initial conditions from (4.0.6)). Moreover, div F'" =0 and |M| =1 a.e.
in (0,%) x T2.

Remark 4.3.1. Lemma is mainly proven in [7, Section 5] with the extension, es-
sentially the reqularity statement 1, in [46, Lemma 3.1]. It relies on a combination
of a Galerkin approximation, standard enerqy estimates for higher order derivatives of
(F, M) and Schauder’s fized point Theorem. Since many of these estimates reoccur here-
after, we will not prove the previous lemma but mention the minor technical differences
of Lemma with respect to the version of [46].

At first, since the spatial domain is T?, no boundary conditions occur, which simplifies
the situation. Furthermore, we consider a non-convex elastic energy density W. This



66 CHAPTER 4. WELL-POSEDNESS OF MAGNETIC FLOWS

poses no obstacle because the (strong) convezity is not used in [7] to conclude the first
approzimation step (cf. |7, equation (87)]). At last, the anisotropic and stray field term
W is not considered in [7] and as special quadratic polynomial in [[6]. We consider ¢
to be an even polynomial of eighth order here. However, in view of the reqularity proven
for M in [£.3.1)), a (non-negative) function 1 = (M) depicts a lower-order term. The
non-negativity assures the compatibility with the energy law, see .

With the existence of a Galerkin approximation v,, € V,,(t*) and a corresponding pair
(F,, M,) at hand, we proceed with the second step. More precisely, we know of the
existence of a Galerkin approximation v, € V,,(t*) for some t* € (0,7T") and fixed n € N
satisfying

Opvn - E+ (Un - V), - € = (VM, VM, — W (F,)(F,)" — Vuv,) - V¢
'[[‘2

—(VH] M,)-£=0 in (0,t*) for all £ € H" (4.3.3)
and a corresponding pair (F,,, M,,) enjoying the regularity (4.3.1]) and satisfying

<E)tFn,E>+/(vn-V)Fn-E—/ VuuFo-Z+k | VF, - VE=0
T2 T2

for 1;11 = € WH(T?) a.e. in (0,t%), (4.3.4)
O My, + (vn - V)M, — AM,, + M, A Hog — |V M,,|* M,
+ (M, - Hies)M,, — Hyes =0 a.e. in (0,¢%) x T? (4.3.5)
with Hyes = Hex — ¥’ (M,,). Additionally, the pair (F),, M,,) fulfills the constraint
divF"T =0, |M,| =1 ae. in (0,t*) x T? (4.3.6)

and
’Un<0) = PHn'Uo, F(O) = F(], M(O) = Mo.

Note that all weak formulations stated above actually hold pointwise a.e. on T? x (0, t*)
due to the regularity given by Lemma [{.3.2] in particular

OE, + (v, - V)E, — V. F, — kAF, =0 a.e. in (0,*) x T? (4.3.7)

Next, we look for a-priori estimates on (v, F,,, M,). In order to circumvent the

non-convexity of W, we define a substitute energy denoted by
1
E(t) = 5 (loa(llz2 + x 1E (D172 + 1V Ma(®)]172 + 2 [ (Ma(8))] 1)

and the corresponding dissipation
t
D(O) = [ vIVenlls + X IVEl: + 134, A My A el
0

with y being the constant in (4.0.9). Hence, referring to Lemma [4.4.2] we have
E(t) + D(t) S K(E(O>7Hext7t*) (438)

for all ¢ € [0,t*) which represents one global energy estimate. We need to remark that
the constant on the right-hand side remains finite as long as ¢* is finite. However, since
we are interested in strong solutions, we look for additional estimates on the derivatives
of (vn, F,,, My,). At this point we deviate from [46] and verify the following Lemma:
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Lemma 4.3.3. Let (v,, Fy,, M,,) satisfy (4.3.3)—(4.3.7) in the interval [0,t*). Then the
following inequality holds true:

d
= Vel + IVEL: + [ AM72) + (v [ Avallze + 5 | AR5 + [ VAM,2)

2
<O L+ Joall2z + 1Fal72 + IV Ml[22) (14 [IVoal72 + [V Eull22 + [AM,]122),
(4.3.9)

for a suitable constant C' > 0 which only depends on T?, Hey, W and 1).

Proof. For notational convenience, we forgo the subscripts (+),, in the following argument.
We first test the momentum equation (4.3.3)) by —Awv. Hence recalling that dive = 0, we
obtain

1d

oW V]2, +v || Ao, —/ (v- V- Av — gV " He M - Av — div(W/(F)EFT) - Av
TQ

J

v~

Z?:l Ii
+/ (Av- V)M - AM.
T2

Next, we multiply the deformation tensor equation of (4.3.7) by —AF and we integrate
both in time and space, to gather

1d

5 HVFHL2+/1HAFHL2—/T(U V)F : AF — VoF : AF = ZI

i=4

Additionally, we apply the gradient to , multiply by VAM and integrate the result
in T?,

15

||AM||L2+||VAM||L2——/ (Av- V)M -AM+ 3T,

=6

1d
2 dt

where

2

:—QZ/ ka \V4 6kM AM
172—/(U-V)AM-AM,
T2

Iy = —/ 2((VPMVM)®@ M) - VAM,
T2

Iy=— [ |VMP*VM -VAM,
T2
[10 - / (VM AN (AM + Hext)) : VAM,
T2
L = / (M AVHey) - VAM,
T2
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T = / (M - Hoa) - (VM - VAM),
Ly = / ((VAM)TM) - (VM) Ho 4 (V Hot)TM))

114 - VHext : VAM,

TQ

s = —/ V(M AW (M) + M AM A (M)) - VAM.
’]1‘2

We proceed estimating the terms [; by Holder’s, Ladyzhenskaya’s, Young’s and interpo-
lation inequalities. Recall (v) = ﬁ Jp2 v. We obtain that

I = /TQ((U = (v) - V)v- Av < lv = ()[4 Vol s [|Av] 2

S 1AV + llo = ()2 I Vollze 1A 2 S 8 AV]IZ2 + [lolz: Vol 72
2 2
Iy S 0 |Av][2 + [V Hext [ 12
2 2
I S Fl g IVEl g [[Av]| 2 S 0 Av[[ Lz + [1E 2 IV |AF]

~Y

S8 (IAvlze + IAFIZ) + I1FllZ2 IV Flze

where, in the last inequality, we have used that [W”(F)| < Cy and |W'(F)| < Cy(1+x|F])

as assumed in (4.0.9)—(4.0.10). Furthermore, we get by Ladyzhenskaya’s and Young’s
inequality

Iy = /TQ((U — () - V)E - AF SO|AF| 72 + [[ollze (IVollz + [V EII72)

I5 < /T VUllE[|AF] S 8| AFIIZ + [ Vollza [ F 7

SO NAF|L2 + V0l g2 | A0l 2 [1F | 2 [Vl
< 0 (A0l + I1AF L) + 1F15 [Vollze [V FI7

Is < 2/@ Vol V2MIAM] S (Vo] g2 [AMI70 S S IVAMIIZ: + (1Yol 72 + [|AM]|Z2) -

An integration by parts and dive = 0 yields that I; = 0. Similarly as before we obtain
that

I < / VM||VEM||[VAM < 6§ [VAM |2 + VM2 [|AM L,
TQ

Iy < /TQ [VMPVAM| < [V M|[56 [IVAM| 2 S S [IVAM |72 + VM7 [ AM][7

where we employed an interpolation of L% between H' and L2, namely the inequality
1 fll e S |]Vf||i/23 Hf||1L/23 for average-free functions f (see [11, p. 313]). Recalling the
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assumptions on Hey, and v, (4.0.8)) and (4.0.11)), we derive similarly to above that

Lo <5 |IVAM||72 + ([Hexll74 + 1AM|[72) VM7
SO IVAMI[72 + (| Hexllipr2 + IVAM | 2 [AM]|12) [V M]| 2 [AM]| 2
SO IVAMI[7. + (1+ [[VM|[72) [AM] 72 +1
I <6 ||VAM||L2 +1
Ly S8 |[VAM|[7. + [ VM][7 (JAM]|7: + 1)
Iis S 6 [VAM||: + VM| |AM 1. + 1
s S 0| VAM | +1
Ls S O[IVAM 3. + VM7
After summarizing all inequalities, we use the energy estimate and choosing ¢

sufficiently small, we absorb all terms involving ¢ to the right-hand side. Eventually, we
deduce that (4.3.9)) holds true. O

Inequality (4.3.8)) yields a bound on the energy E(t) of (v, F,, M,). Regarding (4.3.9),
a comparison to the initial value problem (see Lemma |4.5.2))

2 (1) =c (14 22(t)) ,
2n(0) = [lvollisz + [ Folliyr2 + IV Mol
shows that there exists a 7% > 0 (w.Lo.g. T* < t*) such that

sup (IIan(t)lliz HIVEMOIL: + 1AM (#)]72

te[0,7]

t
+/0 1AV ()12 + [AF(s)] 72 + IVAM(5)] 22 dS) <C

for a constant C' > 0 for all n € N with ¢ depending on the bounds of the W!2-norms
of (ug, Fo, VM), the norm of H., and the constants in the assumptions on W and .
Therefore we conclude

||'Un||Loo 0,7*;W12(T2

an”L? 0,T*;W2:2(T2

||Fn||L2 0 T* W2 2(’]1‘2

( )
( )
1 Fn | oo (0,751 2 (12)
( )
| M| oo (0,7 5w2.2(12)

( )

VAN VAN VAN VANR VAN VAN
QOO0 aa

)
)
)
)
)
| Mpl| 22 0,7+:w3.2(12))

Hence, there exists a (not explicitly relabeled) subsequence {(v,, F,, M,)}5°, such that

F, —=* F in L>(0,T*;W"*(T?), F, — F in L*(0,T*; W**(T?)),

n)
v, —* v in L0, T WH(T?)), v, = v in L*(0,T*; W?>*(T?)),
(
M, —* M in L*(0,T*; W**(T?)), M,, — M in L*(0, T*; W>?*(T?)).
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We note that the above estimates and the estimates on the time derivatives of v,, F,,
M, and VM, provide strong convergences that are necessary to verify that (v, F, M)
satisfies the weak formulation of f. This is done by deducing estimates on
(Oyon, Oy F, 0, M,) by duality and the use of the Aubin-Lions lemma see Steps 3
and 5 of the proof of [7, Theorem 3.2]. Thanks to the regularity of the limit functions v,
F', M, we can integrate by parts in space and time to get

-
/ / (B + (v- Vo +div(VMTVM — W/(F)F' — V)
0 T2
—(VH/] M)) - pdzdt =0,

ext

/ " / (OF + (v-V)F — (VoF) — kAF) - £dz dt = 0, (4.3.10)

T*
/ / (M + (v-VM)+ M x Heg — |[VM|*M
0 T2
—AM + M x (M X Hyg)) - 6dxdt =0

for all ¢ € L*(0,T; W,2(T?)), € € L*(0,T;W*(T?)) and 6 € L*(0,T; L*(T?)). Obvi-
ously, from (4.3.10)) 3 it follows that equations (4.0.3) and (4.0.5) are satisfied a.e. in
T2 x (0,7%).

The existence of an associated pressure follows similar to [46] from (4.3.10]). Obviously,
the regularity of v, F, M and H., implies that

G(s) :=0w(s) + (v(s) - V)uv(s)
+div (VM (s) © VM(s) — W'(F(s))(F(s))" — Vo(s)) (4.3.11)
— (VH/, (s)M(s)) € L*(T?)

ext

for a.a. s € [0,7%]. Moreover, (4.3.10); and the Helmholtz-Weyl decomposition (see
[72, Section 2.1]) imply that G(s) = Vp(s) for some p(s) € WH3(T?) a.e. in [0,T].
Consequently, we have ||Vp|| 1201+ .2(12)) = |G| L2(0,7%;22(12))- Defining p = p — ‘T—IQ| Jp2 P
we obtain

HPHLQ(D,T*;LQ(TQ)) < CHVPHLQ(QT*;L?(TQ))
by the Poincaré inequality. Therefore we have shown the existence of an associated
pressure and from (4.3.11)) we conclude that is fulfilled a.e. in T2 x (0, 7). O

Since it is of interest for the following chapter, we restate Lemma for strong

solutions of (4.0.1)—(4.0.5)).
Lemma 4.3.4. Let (u, F, M) satisfy (4.0.1)—(4.0.5) in the interval [0,T"). Then the fol-
lowing inequality holds true:

d
— (IVullze + I VFIL + [AM[72) + (v [ Aullze + 5 | AFIZ: + [ VAM]|7)

2
< C (1 [ullze + 1Fl7e + IVMIZ2) (1 + [Vullge + IV FIlZ + |AM]72)",
(4.3.12)

for a suitable constant C. In particular, the loss of reqularity of the solution at the time
T is characterized by

t
th/n%/o IAMI2, (s) ds = +o0.
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Proof. The calculations leading to (4.3.12)) are exactly those for the proof of Lemmal4.3.3|
Now, as long as the quantity

t
Anmww@ds

remains finite, the quantity
' 2 2 2
|19 + IV + 1AM ds
0

remains finite as well by (4.3.8]). Hence we can use Gronwall’s inequality in (4.3.12)) and
conclude the boundedness of the right-hand side on (4.3.12)) on (0,¢) which shows that
the solution remains strong on (0, t). O

4.4 Existence of global weak solutions to magneto-
viscoelastic flows

This section is devoted to the proof of existence and uniqueness of Struwe-like solutions.
This means, we give an extension to [I8, Theorem 2.1] with the difference being the

assumptions on W and ¢, cf. (4.0.9)—(4.0.11)). We use the previous results in order to
show

Theorem 4.4.1 ([18]). Let T > 0 and (ug, Fo, My) € L*(T?) x L*(T?) x H'(T?) be given
initial data satisfying divug = 0 and div Fy = 0 in the sense of distributions. Assume that
| Mo| = 1 almost everywhere in T? and Hex, W and 1 satisfy f. Then there
exists a unique global Struwe-like solution to f as defined in Definition .

Furthermore, there are two constants €9 > 0 and Ry > 0 such that for any singular time
T;, there is at least one singular point y; € T2, characterized by the condition

lim sup/ VM (t,2)|* dz > &,
t/ T J Br(y;)

for any R > 0 with R < Rj.

Remark 4.4.1. The above statement requires a minor adjustment we avoided for the
sake of presentation: If T itself is a time in which a singularity of M occurs, then we
slightly increase its value to ensure that M is smooth in T'.

Regarding the proof of |4.4.1} we roughly follow the argument of [18]. However, the
part of uniqueness is completely different from [I§] and elementary, see Section . We
introduce the following simplified notation of the function spaces in which our solutions
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belong to

H(a,b) := { v:[a,b] x T? — R?: v measurable and

b
esssup,cie [ o0+ [ [ 190 <o),
T2 a JT?2

K(a,b) := {G :la,b] x T? — R**?: G measurable and
ess SUPagtgb/ |G| (¢ / / IVG|* < oo}

V(a,b) := {M : [a,b] x T? — §* : M measurable and

and

ess sz [ [VAP(D) / / |v2M|2+|atM|2<oo}

We start by presenting a brief overview of the strategy we perform throughout this section.
This strategy is very similar to the one for solutions of the harmonic map heat flow (4.1.1])
of [78] outlined in Section {4.1f and the simplified Ericksen-Leslie system in [41], 5§].

1. As a first step, we use the existence of strong solutions (cf. Section that are
defined locally-in-time. More precisely we prove the existence of a suitable time
T* € (0,7T), for which a weak solution of (4.0.1))—(4.0.6) exists within the following

functional framework:
u, F € O([O,T*];L2(T2)) N L? (o,T*;Hl(T2)),
M e C([O,T*]; Hl(']I'Q)) N L? (O,T*; H2(T2)>.

In particular, no singularity occurs within the time interval (0, 7).

2. We secondly extend the aforementioned solution until a first singularity occurs at
a time 7y > 0 in [T*,7T). In addition, we show that at time 7) the system “loses”
a fixed amount of energy.

3. We finally extend our solution on the right-hand side of the singularity and we
recursively perform the previous steps in [T*,T]. We conclude the recursive proce-
dure showing that no accumulation point is reached by the set of singular times.
Hence our solution can be smoothly extended to the entire interval [0, 7], with the
exception of a finite amount of times in which a singularity can occur.

Figure illustrates the difference with respect to a closed physical system. Energy is
“produced” due to the appearance of an external magnetic field Hey.

The first part of the above strategy is developed in a rather standard manner: We
begin by regularizing the initial data leading to a sequence (uJ', Fg", M) men in H(T?) x
H'(T?) x H*(T?) such that

ul" = up in  L*(T?), F— Fy in L*(T?), M — My in H'(T?)
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— EQ@)

Figure 4.3: Finite number of singularities and energy “creation”

with divyg' = 0, div Fé"T = 0. Here, the important point is that Mj"® is chosen such that
|M{"| = 1 holds true a.e. on T?. This (differential geometric) fact is proven in [76, p.
267). Hence, we apply Theorem which implies that there exists a time 7 > 0 and

a unique local-in-time strong solution (u™, F™, M™) of (4.0.1)—(4.0.6) with

(u™, F™) € C([0,T™], H'(T?)) N L*(0, T™; H*(T?)),
M™ e C([0,T™], H*(T?)) N L*(0, T™; H*(T?)).

We proceed to prove that there exists a time 7™ € (0,7") that provides a lower bound for
the family of the lifespans 7™ > 0 of the approximate solutions, i.e., T* < T™, for any
m € N, up to a subsequence. To this end, we perform suitable a-prior: estimates below,
whose calculations are justified since (u™, F™, M™),,en is a strong solution.
Particularly in this part, we follow the strategy used in [41], 58] when treating the well-
posedness of the Ericksen-Leslie system for liquid crystals. To do so, we first consider
the energy law of f. Actually, we employ several variants and substitutes
of energy inequalities since the appearance of H, the non-convexity of W and the
dissipational term concerning F' destroy any chance of energy conservation in the system.
The following energy identity holds true.

Lemma 4.4.1. Suppose (u, F, M) € H(0,T) x K(0,T) x V(0,T) is a weak solution to
(4.0.1) —(4.0.7). Then we have
/2 w(t)]* + X[F @) + [VM @) + 20(M (t)) — 200 M (t) Hexe (1)
T
¢
w2 [ [ VUl kI VEP 4 Hoal? = 0 Ha?
0 J12

(4.4.1)
= /2 luo|* 4+ x| Fol” + [V Mo|* + 2¢(My) — 2110 Mo - Hext(0)
T

t
+ 2/ / (W/(F) = XF) : VuF — 2poM - 0, Hex
0 T2

for almost all t € [0,T).

Proof. By a density argument, we multiply (4.0.1]) by wu, (4.0.3)) by xF', where y is given
by (4.0.9), and (#.0.5) by Heg = AM + He —'(M) and integrate over T2 x (0,¢). Using



74 CHAPTER 4. WELL-POSEDNESS OF MAGNETIC FLOWS

integration by parts and divu = 0, we derive from the first equation

[u@®)* _ Juol®

= 2 2

t
+ / / vIVu|>? = VM & VM : Vu+ W/ (F)F' : Vu — 1oV Ho M - u = 0.
0 JT2

The second equation yields

Ft 2 F 2 t
/x‘ (2>’ —x’ §| +//X/€|VF|2—XVUF:F:O.
T2 0 T2

For the third equation, we have

/ (OM + (- V)M) - (AM + pigHowe — (M) = / / |Heal? = |M - Hog
0 JT2 o JT2

where we used M A Heyy - Heyy = 0 and —M A (M A Hog) = Heg — (Heg - M)M since
|M| =1 a.e. On the left-hand side, note that

2 2
T

2
// (- V)M - Hey = — //VT HouM - u
T2 T2

by divu = 0. We also have

_/t O M - (M) = w(Mo) V(M(1)),

//UVMAM——/ VM -VM :Vu
T2

again by divu = 0 and div(VM © VM) = (VM)TAM + ¥|VM|?. The solenoidality of

u is also used in
t
| [ onrvon o
o Jr2

Finally, note that

t t
/ OM - 210 Hose = 241 / (M(t) - Hug — Mo - Hog) — / / 2410 M - 0, o
0 T2 T2 0 T2

holds true, which, by summation over the three identities, yields (4.4.1)). ]
The “real” energy of (4.0.1])-(4.0.5) rather involves W (F'(t)) instead of x|F(t)|*>. How-

ever, the above form is more useful since it circumvents coercivity problems arising from
the term
kVE : W'"(F)VF
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which, due to non-convexity of W, might attain negative values. Let us define some ex-
pressions depending on the initial data and the external magnetic field describing suitable
behaviors of the energy of the system,

2F, ;:/ luo|? + x| Fo|? + |V Mo|* + 24 (M),
T2

2E(t) = / [u(®)]? + x| F ()] + [VM(t) ] + 20 (M (t)),
']1‘2
t

D(t):/ / v|Vul|? + x| VE|> = |Heg|* + |M - Heg|?
0 T2

for t > 0.

Lemma 4.4.2. Suppose (u, F, M) € H(0,T) x K(0,T) x V(0,T) is a weak solution to
(4.0.1)—(4.0.7). Then we have

t
2B(t) + D(t) < 25(0) + 4t | Hoxtll oo + £ - 2410 0 Hose | o + C / B(s)ds  (442)
0

for a.e. t € [0,T). In particular, we have
E(t) + D(t) < K(Ey, Hox, T) (4.4.3)

for a.e. t € [O,T] where the constant K(EO,HeXt,T) > 0 depends on Ey, the L*°-norm

of Hext and OyHexy and T > 0. Moreover, the following inequality holds true for all
051t <t <T:

2E(ts) + D(ty) — D(ty) < 2E(t1) + C(Hexs, T)K (Eo, Hoxe, T)V/t2 — t1. (4.4.4)
For the remainder of this chapter, we denote by
K(E07 Hext7 T)

the constant derived in the arguments leading to (4.4.3)).

Proof. We use the growth condition (4.0.9)) in (4.4.1)) in order to estimate

t t t
//(W’(F)—XF):VUFS// 3|vu|2+0// Tak
0 JT2 0 T22 0 JT2

and standard estimates regarding Hey, with |[M| = 1 yield (4.4.2). By a Gronwall ar-
gument, we obtain from . With this information at hand, we proceed
analogously to the proof of ({.4.1]), integrate over T? x (t1,t2) but quit to integrate by
parts in the term fot Jg2 O:M - Heyq. The result is

2E(t2) +2(D(t2) — D(th))

to [2)
=2F(t1) + 2#0/ Oy M - H ey +/ (W'(F) — xF) : VuF

t1 T2 t1

(4.4.5)
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Next, we derive the following estimate from (4.0.5)) and (4.4.3]):

oy SN V)M, 7ty 1M A LA o)l 2070y S K (Bo, How, T),

12(0,T5L3)
Once again, we absorb the L?>norm of Vu on the right-hand side of (#.4.5) into the
dissipation. Eventually, we use this information in

to t2 ~
2410 / OM - Hagy + C / / F2 < C || Husll oo VB —Fs + K (Bo, Howt, Tt — 1)
t1 T2 11 T2
< C(Hext, T)K (Eg, Heys, T)\/Ty — 11
]

In contrast to Struwe-like solutions for harmonic map flow, we need to deal with the
exterior force in terms of the external magnetic field H.y. In particular, additional
energy is fed into the system and the energy functional might increase in time. This
implies that estimate is too weak to rule out the possibility of infinitely many
singularities appearing in time. Hence estimate plays a major role in showing
that only finitely many singularities of the solution appear at most. To this end, the
dependence of K(Fo, Hex, T') just on the data and 7" will become crucial.

We recall that (u™, F™, M™)en stands for a sequence of approximate solutions, whose
existence is given by Lemma [4.3.1 Without loss of generality, we can assume that 7™ is
the lifespan of each approximate solution. Regarding —, the limit passage of
some of the nonlinear terms involving M is made possible by the control of the second
gradient of M. To this end, the following lemma shows that the loss of smoothness of
our approximate solutions is characterized by the blow-up of the L?-norm of VM.

Lemma 4.4.3 (Blow-up criterion). Suppose that (u™, F™, M™) is a strong solution to

(4.0.1)—(4.0.6). Then the following inequality holds true:

d m m m m m m
5 (Va5 + [VE™ (7 + I AM™[72) () + (v [|Au™ [}z + 5 | AF™||72 + [[VAM™|,)
m m m m m m 2
< O (U ™z + 17w + IV M5 (L4 IV e + IVE™ 7 + 1AM™2)
(4.4.6)

for a suitable constant C' that does not depend on the index m. In particular, the loss of
reqularity of the solution at the lifespan T™ is characterized by

t
. mi2 -
tngnm/O |AM™||72 (s) ds = +o0.

Proof. This follows from Lemma in Section [4.3| O]

Because of Lemma {4.4.3] the overall goal is to gain a bound on the critical L?-norm
of AM™. The following semi-localized version of Ladyzhenskaya’s inequality forms the
corner stone in this argument:
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Lemma 4.4.4 ([78], Lemma 3.2). There exists a constant Cy such that for any T > 0,
fe H(,T) and any R > 0,

/ \f\4¢§01(ess sup [ \f(t)\2> ([ wieesn2 | i)
0,T]x T2 0<t<T,z€T? J B(x) 0,T]x T2 [0,T]x T2

holds true for every ¢ € C3°(Bgr(x)) with ¢(y) = o(ly — x|) and ¢ nonincreasing.
A partition of unity argument (see [78]) hence entails the following corollary.

Corollary 4.4.2 ([78], Lemma 3.1). There exists a constant Cy such that for any f €
H(0,T) and any R > 0,

/ |f!4§01<ess sup / |f(t)l2> ( / VP4 R W)
(0,7 T2 0<t<T,z€T? J Bp(z) [0,7]x T2 0,7 x T2

holds true.

Corollary unlocks a criterion for a bound on [|[AM||;. in terms of a local smallness
condition of VM, as expressed in the following lemma.

Lemma 4.4.5. Let T > 0 be a general positive time and (u, F, M) € H(0,T) x K(0,T) x
V(0,T) be a weak solution of (4.0.1)—~(4.0.7)). Then there exists a constant 1 > 0 such
that if

ess sup / VM) < &
BR(I’)

0<t<T,z€T2

for a suitable R > 0, then the following estimate holds true:
/ VP4 [VFP + JAMP < C [(1+ TR™)K By, oo, T) + | Hoall 3212 + T
[0,T]xT2

Proof. We first remark that the following identity concerning the dissipation of the mag-
netization field holds true:

Hey — (M - Heg)* = |[AM[* = [VM|* + pgHeyy — po(M + Hext)?

+ ZMO[AM : Hext - (M : AM)(M : Hext)}
+ U (M)? = (@' (M) - M)? = 2AM - ¢/ (M)) — 2419 Hex - ' (M)
+2(AM - M) - (M -9/ (M)) + 2p0(Hexe - M)(¥' (M) - M)

1
> SIAM[* = CIVM[* = Cpgl Hew|* — Co®
with o := supycse [¢/(M)]. Thus, we combine the above inequality with (4.4.3) to gather
/ v|Vul* + xs|VF|* + |V2M|?
[0,T]x T2
< 2/ VIVl + sV + 2(Hi — (M - Her)?)
[0,T]x T2
+2lVM[* + C(|Hext\2 + 02)

S 2K<E07Hextaf) +/

[0,T]xT2

C(\Hext\Q + 0—2> + 2|V M
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Now we use Corollary for f = VM, set e, = ﬁ and employ (4.4.3)) to arrive at the
assertion. N

Lemma becomes useful if one is able to uniformly control the exchange energy
|IVM(t)]* on any suitable ball Bg(z) of fixed radius R, i.e., if {VM(t)}o is equi-
integrable. In general, this is not the case since the best control we can achieve from
weak solutions is the following energy estimate,

€ss Sup,cp 7 /1r2 VM (t)]* < C,

which only yields a bound in the entire domain T2. Nevertheless, to better understand
the main feature presented by this criterion, we first analyze how the local energy term
evolves in time.

Lemma 4.4.6. Let T > 0 be a general positive time and (u, F, M) € H(0,T) x K(0,T) x

V(0,T) be a solution to [E0.1)~([.0.6) with initial condition (ug, Fo, My) € L*(T?) x
L*(T?) x H'(T?). Then there exist constants €1 > 0 and R > 0 such that if

ess sup / IVM(@)|* < &
Bar(z)

0<t<T,z€T?2

then for any t € (0, Tv), for any xy € T? and for any R > 0,

AR (CCRRGRCRATE0)

<[[ (o dmp+ vanE)]
Bar(z0)

+C1(1+t)R? —l—Czt(l + %) +03;—2 (1 +t(1 + %))g

where Cy, Cy and Cs are three positive constants, that depend only on ||Hex|y1.00, Eo
and K(Ey, Hex, T').

Proof. Let ¢ € C§°(Bar(xg)) be a cut-off function with ¢ = 1 on Bgr(zg) and |[V¢| <
%, |V2¢p| < =5 for all R < Ry. Using the local energy inequality provided by Lemmam

Sw
of the next section, i.e.

[ (1 + PR+ 19210)2)
+ /Ot /p (VIVUI2 + kx|VF]* + |AM + |VM|2M|2>¢2
S/w <|uo|2 + x| Fol* + |VM0|2>¢2 n C{ /Ot /TQ <‘u|2 V) 4 [VM]? + |p|)|u||q§||v¢|

+ /Ot /T2 (|U|2 + !F|2 + \VM|2> <|v¢‘2 + |¢HV2¢|) n /Ot /TQ IVl [Fl[\F — W’(F)|§Z52

+ / | " + / / (1 Ho[? + 1V Ho | + |w’<M>‘2)¢2}’
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for0 <t < Tv, we have that
[ (®F+xip@r + Vo)
Br(zo)
t
+/ / (I/\Vu\z + kx|VF|” + |AM + |VM]2]\/[]2>¢2
0 T2
<[ (b + xR+ [936P)
Bar(z0)
t
w0 [ [ (W + PR+ [9ME £ ol ol 9

. t
+ OBy Hot D) +.C [ [ [VUllFINE = WP+ Cil1+ R,
0 T2
(4.4.7)

for a constant C; depending on H. and ¢’ and some positive constant C. We used
in the third term on the right-hand side. Hence, we proceed estimating any terms
on the right-hand side.

We now introduce a small parameter o > 0 that will be determined at the end of the
proof. First we recall that |[IW’/(A) — xA| < Cy for any A € R?*? and a positive constant
Cs by . Hence we remark that

/ / V| Fl[xF — W(F)|¢?
0 T2

t t t
<, / / V||l < 6 / / VaPe? + < / / Nl
0 T2 0 T2 5 0 T2

Next, thanks to Lemma [.4.4] we obtain that

[ [ (1 + 157+ 190 i1
0

<5// (jul* + |FT* + 1V M) 67 + // |V

<C5 ess sup (/ P PP+ VM) B
Br(z

0<s<T,z€T?
t
x{// |Vu|2~|—x\VF]2+|V2M|2>¢2 (4.4.8)
2 2 2 =
b [ (il xip s+ 190P) o} St T

~ ) ~
<COK(Ey, Hoy, T) [/ / \Vu\z + X|VF\2)¢2} + CﬁtK(Em Hex, T)?
0 T2

~ t Ct
K(Ey, Hopo . T M| + =
+ 08 (Eo Hooo D) | [ [ 1920002 4 S

where we have applied (4.4.3) as well as the assumption (4.0.9) on W. For the pressure
p we first note that

p=(—A)"divdiv(W'(F)FT = VM © VM —u®u) + (—A) " 'div (V' Hex M)

K(an Hexta T)a
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holds true weakly and recall Theorem m Hence, thanks to Lemma for t = T,

t t
/ / p|? SC/ / (yu|4+|F|4+yVM|4+|VHext|2>
0 T2 0 T2

< C ess sup </ lu(s)|> + | F(s)|* + |VM($)|2> X
Bag(z)

0<s<T,z€T?2

t 1 t
([ vt 1vEe e o [ e vare)
0 JT2 R 0 JT2

t
+ / / |vHext‘2
0 T2

~ ¢ ~
< CK(Bo, Hoa, T)((1+ 755 ) K (Bo, Hos, T)+

2 2 t ~
+ HHGX'CHL?L?D + (1 + HVHGXtHLtOOL%)t + ﬁK(Em Hext7 T))

< O(K(Eo,Hext,T) + 1)2(1 +t<1 + %))

Thus, we deduce that

' ! c [ 12 1
| [wtterver<s [ [ wrie S [ [ wbelvel
0 Jr2 0 JT2 0 JBag(zo)
t 1 t
< C6 ess sup / |ul? // |Vu|2(b2+—// |u|?¢?
osssizew( Bar(x) )< 0 JT2 R* Jo Jr2 >
c [ 4,2 4
S el
0 BQR(mo)

" t 2
< CK(EO,Hext,T)(S/ / |Vul?|6]* + Jul® +
0 '[[‘2 R2

<05/t/ Tuplol + 0
- 0 T2 R2

+ C% (1 + t(l + %)) ' (K(EO, How, T) + 1)

¢ 3
(L)
0 J Bagr(wo)

C't3
SR3
4
3

A control on VM in terms of AM is given by

/ V2M|$ < / AMPS +4 / VM|V M6]|V el
T2 T2 T2

and an application of Young’s inequality shows

2M 2 AM22 M2 2 ]
[ <o ([ 1ampe s [ warpivor)
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From Lemma (.44 it follows that

t t
| [wemper <o [ [ (164 [9MPMP + 1V119) 6+ [9MPIToF)
0 T2 0 T2

<c(a [ [vmes o [ [ 19upass)

t
+// |AM+\VM|2M|2¢2),
0 JT2

ie.,

/ IVEM|*¢? < C/ / |AM + VM P M|? + 5 K(Eo, Hes, T). (4.4.9)
0 JT2 0o Jr2 R

Finally, for small enough §, we combine the previous inequalities to deduce that

[ W@y e+ 1var < [ (P + xR (VM) +
Br(zo)

Bar(z0)

~ 1

+ CK (Eo, Hoxi, Tt (14 §>

1 2 4

3 1 3 ~ 3

+ CR—Z (1 + t<1 + E)) (K(EO, How, T) + 1) L Oy(1+ bR,

3
Defining the constants

Cy = CK(By, Hoxt, TV, Cy = C(K(Ep, Hot, T) +1)3,

we conclude the proof of the lemma. O

Remark 4.4.3. We assert that Lemma[{.4.0 can be extended to the case of an external
magnetic field Heg in H*((0,T) x T?). The choice of a more reqular external field Hey
in WL has been made for the sake of clear presentation, since in this framework we can
explicitly control the local energy of the system within the ball Bag(xo) with respect to the
radius R > 0 the time t € (0,T) and the initial data (ug, Fy, Mp).

Under the previous considerations, we are finally in the position to address the proof of

Theorem [4.4.1]

Proof of Theorem [[.4.1 Let (ug, Fo, My) € L*(T?) x L*(T?) x H'(T?) be an initial da-
tum satisfying |My| = 1, divug = 0 and divg T = 0. As depicted at the beginning
of this section, we consider a sequence (uf', g™, M{™),, C HY(T?) x H'(T?) x H?(T?)
satisfying the constraints div ', div Fj"" = 0 and |M"| = 1 and converging strongly in
L3(T?) x L*(T?) x H'(T?) to (ug, Fo, My). Every triple (ul)', F{", M) generates a strong
solution (u™, F™, M™) to (4.0.1)~(4.0.5) on a maximal time interval [0, 7™) according to
Theorem (A.3.11

By Lemma , the solution (u™, F™, M™) satisfies lim; -pm fg |AM™|%, (s)ds =
+o00. In turn, Lemma, provides a bound on f(f |AM,, |12, (s) ds if

ess sup / IVM™(s)]* < e,
Br(x)

0<s<t,z€T?
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for some £; > 0 and R > 0. Lemma m yields for any ¢ € (0,7™) the estimate
[ oF + [P+ 9Mm o
BR(ito)
<[ R iR oA (4.4.10)
By Rr(xo)
+C(1+t)R2+Ct(1+ = ) Lol 1+t(1+ = ) '
! ? R? *R? RrR?))
We can choose an R > 0 such that

€1
Za

Ci(1+ )R < 2

/ P PR VM <
Bag(zo) 4

for all t € (0,7™), 2o € T? and m € N. Hence, we define

e R? e3R?
4Cy(1 + R?)’ 4303(1 —|—T(1 + %))2

Combining the above relations with (4.4.10)), we obtain that

T* := min

ess sup / IVM™(s)]* < e,
Br(wo)

0<s<min{T*,T™}

for all zg € T? and m € N. Hence Lemma yields that
min{T*,T™}
/ IAM™()|2, ds < +oc,
0

which can only be the case if T* < T™ for every m € N. Therefore, the strong solution
(u™, F™ M™) exists on [0, T*], where we highlight that 7* does not depend on m. Finally,
we pass to the limit with the a-prior: bounds given in energy inequality and
Lemma which yields local existence of a solution with

(u, F, M) € C([O,T*]; L*(T?) x L*(T?) x Hl(T2)> N
L? (o,T*; HY(T?) x H(T?) x HQ(']I‘Q))
for given initial data (ug, Fy, Mo) € L*(T?) x L*(T?) x H*(T?).

Because of uniqueness of these solutions (cf. Theorem {4.2.1)), we can extend our solution
up to a singular time 73 € (0,7T), characterized by the following relation

ess sup / IVM(t)]* > e
Br(z)

0<t<Ty,z€T?

for any R > 0. Even more, for every 0 < 0 < T} and R > 0, we have

ess sup / IVM#)]* > &
Br(z)

Ty —6<t<Ty,xcT?
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because the solution is regular on T? x [0,7}). This assertion in turn implies

z€T?2 t,/Th
for any R > 0. Since (u, F, M) € C,([0,T1]; L*(T?) x L*(T?) x H'(T?)), the solution
(u, F, M) is well-defined at the time T}, in particular (u, F, M)(Ty) € L*(T?) x L*(T?) x
HY(T?) with divu(Ty) = 0,div F'(T}) = 0,|M(Ty)| = 1. Therefore we claim that the
following loss of energy occurs at this first time singularity (see (4.4.4))):

2B(Ty) < 2Ey + CK(Ey, Hext, T)\/T1 — €1 (4.4.12)

sup lim sup/ IVM#)]* > e (4.4.11)
Br(z)

In other words, the external field H and the non-convexity of W (mathematically) feeds
energy into the system through CK(Ey, Hex, T)+/T) while the singularity decreases the

total energy of the fixed amount given by €; > 0. To prove this statement we proceed by
contradiction. We assume that (4.4.12)) is false, then it follows by (4.4.4]) that

0 < limsup (2E(t) — 2E(T}))

t /‘T1
NS

J

g
=a

< lim sup <2E0 + OK(Ey, Howt, T\t — 2By — CK (Ep, Huw, T)\/T1 + gl> .
t/‘Tl

Defining the local energy 2Eg . (t) := fBR(I) \u(t)|? + x| F(t))* + [VM(t)|* + 24 (M (t)) for

t € [0,T], we have for any z € T?

lim sup/ VM (t)]* < limsup 2Eg,(t) = limsup {ER,x(t) — Er.(Th) + ER,x(Tl)}
t/‘Tl BR(I) t/‘T1 t/Tl

<a+ ERJ;(Tl) < €1

for a sufficiently small radius R > 0 which is a contradiction to (4.4.11]).

Since (u(Ty), F(Ty), M(Ty)) is defined in L?(T?) x L*(T?) x H'(T?), we can start our
entire procedure once again with this new set of initial data, extending our solution to a
new time interval [T7, T3], where a new singularity appears at time Ty:

2E(Ty) < 2E(Ty) + CK(Ey, Hexy, T)\/Ty — Ty — &,
< 2By + CK(Ey, Howt, T)(N/T1 + /Ty — T1) — 2¢1.

Then, we continue this procedure by recursion, leading to a unique solution on the inter-
vals [T, Ty], [T, T3] and so on. Next we show that, at most, a finite amount of singularities
occurs before reaching the final time 7' of system f. This is satisfied if we
prove that there is no accumulation point for the set of any singular time 7;. To this
end, we proceed by contradiction: We assume that there exists a sequence of singular
times (7;);en such that T; < T;41 < T (with an abuse of notation we set T, = 0). By
(4.4.12)), every finite maximal time of existence comes with the loss of ; for the energy,
more precisely

0 < 2B(T,) < 2Fg + 3 (CK (o, Hows T)WT = Ti1 — 1)
= (4.4.13)

n

< 2By — ney + CK (K, Hextaj:‘) Z VT = Ti .

i=1
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Since T; — T;_; converges towards 0, eventually e, > Kg+/T; — T;_; and thus the right-
hand side of the above inequality converges towards —oo as n goes to 400, which is a
contradiction. Thus we deduce that only a finite amount of time singularities occurs
before the solution becomes smooth until the final time 7" > 0. The uniqueness follows
as well by a recursive application of Theorem and the uniqueness of the weak limit
for (u(t), F(t), VM(t)) in the singular times T;,7 = 1,...,n. This concludes the proof of
Theorem [4.4.1] O

4.5 Auxiliary results

In this section, we provide the proof of some technical results used in the previous sections.

First, we have a localized form of the energy law for (4.0.1)—(4.0.5)).

Lemma 4.5.1. Let T > 0 be a general positive time and let (u, F, M) € H(0,T) x

K(0,T)xV(0,T) be a weak solution of ({£0.1)~[.0.7) with initial condition (ug, Fy, My).
Further, let ¢ be a smooth function on T?. Then the following identity holds true

[ (e xipop + 90)7)
+ /Ot /T (1/|Vu|2 +rX|VEP +]|AM + |TM|2M|2)¢2
</, (t|“0|2 T Ry W |F|j + VM + ]l 6]V
+/0t /TF (|“|2+!F|T+IVM|2)(|V¢I2+|¢|!V2¢I) +/0 /TF V| Fl[xF - W(F)|6?
b [ e [ ] (1ol + 19+ 10000R) 6
forall0<t<T.

Proof. By a density argument, we multiply (4.0.1)) by u¢? and integration over T?, we
have that

/ ug - ug® + (u- V)u - ug? — vAu - ug* + Vp - ug?
T2

- / ( — div(VM © VM) - u + div(W/(F)FT) + MOVTHextM> Cug?.
'H‘Q

We first proceed analyzing any term on the left-hand side, since the ones on the right-
hand side will eventually be simplified under suitable combination with terms of the other



4.5. AUXILIARY RESULTS 85

equations. Thus

1d
Ut - U¢2 — 5 |U|2¢2,
/’JTQ 2 dt T2

/T (e V) ug? = /T ittt =— | @ujzabam <c /T [’ l8]IVl,
—v /T 2 Au-ug® =v /T 2 0;u;0;u;0° + Oju; - w;200;¢
v [ [VuPe —v [ P @00,0 + 0050)
— v [ VuPe? — (P + 0a0)
> v [ [VuPe? — (9P + 16l17%).
[ Vpust == [ 2pu-ovo < [ 2pllulolivol.

Furthermore, the contribution of the external magnetic field to the momentum equation
is dealt with by

o |V HoM -ug? < O / |V Hexe|*6” + / uf6?).
T? T? T2

Next, we multiply the equation for F in ([4.0.3)) by xF'¢?, where we recall that the positive
constant x > 0 is such that [WW/(A) — xA| < Oy, for any A € R?. Integrating over T? we
gather

x/ (Ft;F¢2+(u-V)F;F¢2—qu;F¢2—mF:F¢2> —0,
’]1‘2
where
. 2 li 2 2
/1‘2Ft-F¢ _2dt ’]1‘2|F’¢,
[ wiF e = [ PPugds< [ |PPlolivol
T2 T2 T2
—k / AF:F¢? =k / (VF : VF¢2+ajFikFik2¢aj¢)
T2 T2
=K VFP?¢? — |F|*(|Vo]* + oA
[ 1wz = 1p(1908 + 00)
> [ (IVFPS = PRIV +10]v%6]) ).
'JI‘Q
Additionally, we have that
— / XVuF : F¢?* + div(W/ (F)FT") - u¢® = — / Oju; - Fipx Fing® + 0;(W' (F)in Fjp)ui®
T2 T2

= [ W FaE200,0— [ Tur (F - W)
T2 T2

¢ F 0’ FPIVe? FI|XF = W'(F)|¢
<o{ [ erionvel+ [ wrets [ 1rever}+ [ vuliEne - wieg
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Moreover, multiplying the LLG equation (#.0.5) by —(AM +|VM|*M)¢? and integrating
over T?, we deduce that
—/ <Mt +(u- V)M) : <AM + |VM|2M) @

T2

M A Hy - (AM+]VM\M ¢2 /]\/[/\ (M A Hy) - (AM+|VM]2 )

T2

Developing the first term on the right-hand side, we infer

[ M ATy (AM v |VM|2M> ¢? = /T M A (,uoHext - ¢’(M)) : (AM + |VM|2M> ?

<C [ (ol +1000R) 6"

1
+ —/ |AM + |VM|*M|*¢?,
4 T2
while the second term yields

M A (M A Hep) - (AM +|VMEM)g?
TQ
— [ M A (M A GiHon = 00)) - (M 4 [VMPADG — [ 1AM+ [V MPA
T2 T2
<C [ (Hoa + 10 ODP)G - JIAM + [TMPMPS
']1'2

We hence remark that the following estimates holds true (recall (VM)" M = since |M| =
1 ae.)

/ (u- V)M - (AM + ]VM\2M> ¢ — div(VM © VM) - ug?
T2
_ / WD, My - My — (0 M0, M )i = / %|VM|2u-2gngz§
T2 T2

<c [ [oMPllol|vol.
Next, we have M; - [VM|?M = |V M|?0,(|M|?/2) = 0 and

M, - (—AM)@? 2dt/ VM P +/ 0, M0 M, 20040

T2
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Thanks to the LLC equation,
[ anan260.0 ~ - /T (- M) M; 26040

- /T 2 <M A (AM + poHexs — ’(/),(M)>jak;Mj2¢8k¢
= [ (M A2 A (AN + ot = 0/ (0D)) DM 20010

__ /T (- VM) M; 20040
- /T (N (AM + [VMPM + proHoxe = ' (M);0:M;26046
- /T <M AM A <AM + |VMPPM + poHexs — w’<M>))jaij2¢ak¢

<C [ IVMPIOIVal + 1 [ 1AM+ [VMEMPE

+C [ [VMPIVOP +C [ (sl +10/ (0P

T2
Finally, integration over [0, ¢] yields the assertion. O

The second result provides a local-in-time substitute of Gronwall’s inequality.

Lemma 4.5.2. Let 2 : [0,t7) — R{ solve
2 =c(1+ 2%, 2(0) >0 (4.5.1)
for some ¢ > 0. Then if y > 0 solves

y < c(1+y?), 2(0) > y(0) >0 (4.5.2)

on [0,t*), it isy < z on [0,t*).
Proof. Taking the difference of (4.5.1) and (4.5.2)) gives
Yoy ze(z —y) =clz—y)(z+y) 2 c(z—y).

If z(ty) — y(to) > 0 for some ¢, € [0,t*), the function ¢ — z(t) — y(t) is therefore
non-negative on some interval to the right of ¢y by Taylor’s formula. Hence the set
A={tel0,t*): z(t) —y(t) > 0} is right-open, non-empty and closed by continuity of z
and y. So A =[0,t"). O






Chapter 5

Conclusion and open problems

Finally, we relate the results of this thesis to some open problems. Starting with Theorem
3.1.2| and the Ericksen-Leslie model for liquid crystals, we positively answer the conver-
gence of the Ginzburg-Landau approximations in two spatial dimensions. We already
mentioned in Remark that the deeper reason behind the validity of Theorem [3.1.2]
consists of the Hopf differential. Yet, the proof suggests that the set of singularities of a
solution to ([3.1.6)—(3.1.8) might be finite at any time ¢ > 0. A more elaborate formulation
is the following conjecture: As e — 07 in the Ginzburg-Landau approximation (3.1.1)—
, the limit point (v, d) is a regular solution to the Ericksen-Leslie system away from
a set of two-dimensional parabolic Hausdorff measure. Such a behavior roughly corre-
sponds to an evolution of spatial concentration points of the energy on a rectifiable curve
and is known for the harmonic map heat flow (see [16] [62]). If true however, the obstacles
to a verification of this statement are the non-localizibilty of energy in (3.1.6)-(3.1.8) up
to now. Neither Struwe’s monotonicity formula [79] nor a sensible formE] of local energy
inequality (as, e.g., for the Navier-Stokes equations) is available (so far).

The following speculation is closely connected: For every initial data of finite energy,
we find a unique solution to the Ericksen-Leslie model, which is smooth away from finitely
many space-time points. In [41] and [58], the authors show the finiteness of singular
times and conjecture the former statement. Again, the lack of localizibility complicates
the situation in contrast to the harmonic map heat flow where this is known (see [78]).

Likely more important are the issues in the three-dimensional theory for liquid crys-
tals. Global existence results are known only for special cases such as the director field
attaining values restricted to the upper half-sphere (see [64]) or under smallness con-
ditions on the initial data (see [40]). If one again considers the limit of the Ginzburg-
Landau approximation ¢ — 0%, the spatial defect measure is, in general, a rectifiable
one-dimensional set for fixed time. This defect measure might evolve as motion by mean
curvature and could actually appear in the momentum equation or, alternatively,
induce boundary conditions on the velocity at the support of defect measure. Once more,
the barrier to a proof seems to be the absence of an opportunity to localize the energy.

Turning our attention to the system for magnetoviscoelastic fluids f, we
face issues in several directions: On the one hand, we have to deal with the same questions

!Referring to the local energy inequality in Section or Lemma the quantity
€SS SUP (4, _R2 4,) fBR e(t)dz is no good candidate to be required small. Instead, a suitable quantity

poses B2 LZO—RZ [5, e(t)dzdt, cf. [79].

89
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as above because of the similarity to the Ericksen-Leslie system in the magnetization vari-
able. On the other hand, the mathematical theory regarding the viscoelastic subsystem
involving only the velocity field and the deformation gradient is even less developed. At
this point, there are two directions to proceed in. The first one is to develop a more
expanded existence theory. Global existence for weak solutions is only known in special
cases [65] or under restrictive (smallness) assumptions on initial data [52]. Again, the
issue is the stress tensor W/(F)FT in the momentum equation which could also undergo
oscillations due to the lack of dissipation for x = 0 in .

The second way to pursue is the search for more appropiate dissipation laws regarding
the deformation gradient. The Laplacian operator in does not harmonize with the
incompressibility constraint det F = 1. Other terms are proposed, e.g., in [6]. How-
ever, regarding usual questions in the calculus of variations like the different notions of
convexity for elastic energies W, it is not clear how they interfere with such arguments
originating in fluid mechanics.

Eventually, we mention two other possible extensions to Theorem [£.4.1} The system
f does not encompass a coupling of F' and M in the anisotropy energy
for example. Such a coupling in term is, however, plausible, since F' deforms the domain
occupied by the magnetic fluid and therefore also the easy axis, i.e., the preferred direction
for the magnetization. At last, all of the previous work featured the spatial domain T?,
i.e., no boundary conditions are considered for a smooth bounded domain in R?. Remark
mentions how to verify Theorem [3.1.2] on a smooth bounded domain. However,
it does not give insight into the phenomena of harmonic maps defined on surfaces with
boundary. Here, we mention [I3] for a result on bubbling near the boundary. With
respect to Theorem [4.4.1, we conjecture that an analogous result can be proven on a
smooth bounded domain subject to standard boundary conditions. The discussion in
this case consists more of the question which boundary conditions are appropiate for the
deformation gradient to hold.
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