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Preface

Abstract

Elastic wires are mathematical curves composed of matter. They have no thickness but
exhibit bending stiffness. Although elastic wires do not exist in the real world, they are
widely used in modeling. Examples include the modeling of plant stems, polymers such
as DNA, marine cables, and hair movement in digital simulations.

The elastic energy of a sufficiently smooth regular curve v: S! — R? describing an elastic

wire is defined as

£(7) = 1/7|I€|2d3. (0.0.1)

2

Here, k = 02 is the curvature of v, 05 = |0,y|10s, and ds = |0,7|dz is the arclength
element. In the last decades, several authors have studied the L?-gradient flow of the
elastic energy in different variants. In this monograph, we briefly present the underlying
theory and background, summarize their results, and then focus on two new variants.
First, we consider elastic wires with a heterogeneity described by a density function.
We define a generalization of (0.0.1), which depends on material parameters, captures
the interplay between curvature and density effects and resembles the Canham-Helfrich
functional. Describing the closed planar curve by its inclination angle, the L2-gradient flow
of this energy is a nonlocal coupled parabolic system of second order. We discuss local well-
posedness, global existence and convergence. Then, we show that the (non)preservation
of quantities such as convexity as well as the asymptotic behavior of the system depend
delicately on the choice of material parameters.

Second, we study the evolution of elastic wires under the assumption of incompressiblity
and derive a gradient flow of (0.0.1) which preserves the enclosed area of the evolving
planar curves. Contrary to an earlier approach based on a fourth order equation featuring
nonlocal Lagrange multipliers, we give priority to the locality of the evolution and propose
a sixth order gradient flow equation with no nonlocal terms. For this flow, we establish
a global existence result. When including an additional term penalizing length, we prove

convergence to an area constrained critical point of the elastic energy.
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Deutsche Zusammenfassung

Néherungsweise eindimensionale elastische Objekte wie Haare, diinne Pflanzensténgel, Po-
lymere oder Unterwasserkabel kénnen durch sogenannte elastische Drahte modelliert wer-
den. Die elastische Energie einer ausreichend glatten, regulédren Kurve, die einen solchen
elastischen Draht beschreibt, ist definiert als das Integral iiber die quadrierte Kriimmung.
In den letzten Jahrzehnten haben einige Mathematiker und Mathematikerinnen den L?-
Gradientenfluss der elastischen Energie in verschiedensten Varianten untersucht. Wir fas-
sen kurz die zugrundeliegende Theorie und ihre Ergebnisse zusammen und konzentrieren
uns dann auf zwei neue Varianten.

Zum einen betrachten wir elastische Dréhte mit einer Heterogenitét, die durch eine Dichte-
funktion beschrieben wird. Wir definieren eine Verallgemeinerung der elastischen Energie,
die von Materialparametern abhéngt und das Zusammenspiel von Kriimmung und Dich-
teeffekten beriicksichtigt. Dadurch dass wir die geschlossenen, ebenen Kurven durch ihre
Winkelfunktionen beschreiben, ist der L?-Gradientenfluss dieser Energie ein nichtlokales,
gekoppeltes, parabolisches System zweiter Ordnung. Wir studieren die lokale Wohlgestellt-
heit, globale Existenz und Konvergenz. Dann zeigen wir, dass die (Nicht-)Erhaltung von
Groflen wie Konvexitét sowie das asymptotische Verhalten des Systems empfindlich von
der Wahl der Materialparameter abhéngt.

Zum anderen untersuchen wir elastische Driahte unter Annahme von Inkompressibilitat
und leiten einen Gradientenfluss fiir die elastische Energie her, der die eingeschlossene
Flache erhalt. Im Gegensatz zu einem fritheren Ansatz mit Lagrange-Multiplikatoren,
priorisieren wir die Lokalitdt der Evolutionsgleichung. Der Preis dafiir ist, dass wir eine
Gleichung sechster Ordnung erhalten. Wir beweisen, dass eine globale Losung existiert
und zeigen Konvergenz zu einer stationdren Losung, die ein kritische Punkt der Energie

unter Annahme von gegebener Fliche ist.
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CHAPTER

Introduction

Geometric flows are a significant and highly active field of research in mathematics. Their
study bridges the theory of partial differential equations, geometry, calculus of varia-
tions, and numerical methods. Geometric flows are a powerful tool that can tackle not
only important theoretical problems across various fields but also numerous real-world
applications. In material science, for example, geometric flows are used to model elastic
deformations. This often involves studying the gradient flow of an energy that measures
the bending of a geometric object in terms of its curvature. In this dissertation, we focus
on physically and biologically motivated geometric flows that arise as gradient flows of

bending energies for curves.

In the following, we first give an overview of the classical theory of the elastic flow. The
elastic energy on which the elastic flow is based is a bending energy for elastic wires. First,
we clarify what elastic wires are and where they find practical application in modeling.
Then, we review the basic concepts of curve theory and discuss the elastic energy for
curves in Euclidean space. To provide a broader context, we also briefly consider the
elastic energy of curves in Riemannian manifolds as well as the Willmore energy. We
then give a definition of (constrained) gradient flows in an abstract Hilbert space setting,
followed by deriving the classical elastic flow as the L?-gradient flow of the elastic energy.
The classical elastic flow is an important and well-studied problem. We summarize the key
results that are most relevant to this dissertation. Additionally, we offer a brief overview
of some other gradient flows. Chapter 1 concludes with introducing two new variants of
the elastic flow, which are studied in detail in Chapter 2 and Chapter 3.

Following the overview in Chapter 1, Chapter 2 explores the first new variant of the elastic
flow: an elastic flow for heterogeneous elastic wires. We define a modified elastic energy
that accounts for the interplay between heterogeneity and curvature and study the L?-
gradient flow of this energy. Our investigation covers local well-posedness, global in time
existence, convergence, and the study of properties of the solutions and the limit.
Chapter 3 explores the second new variant of the elastic flow: an area preserving elastic
flow without nonlocality. We first derive this flow as a gradient flow. Then, we establish
global in time existence and convergence and discuss the stationary solutions.

Finally, in Chapter 4, we offer a brief outlook on further research questions that would be

interesting to explore.




Chapter 1. Introduction

The contents of Chapter 2 are published in the articles [37] and [36], while the contents
of Chapter 3 are taken from the article [99]. All definitions, theorems, propositions, and
lemmas are unchanged in their formulation and references to the original articles where
they first appeared are included. However, the notation is slightly revised for consistency,
and the order of results and comments may differ. We note that not all of the content

from [36] is included in this thesis.

1.1. Modeling with elastic wires

In the title of this thesis, we refer to elastic wires. But what do we mean by this? Elastic
wires are mathematical curves composed of matter. They can be bent, stretched, kinked
and wildly deformed, but they cannot break. Elastic wires have no thickness but exhibit
bending stiffness. Although they do not exist in the real world, they find wide application
in modeling.

The history of modeling with elastic wires dates back to the 17th century. In 1691, James
Bernoulli posed the following problem: Given a lamina that is clamped at a point A and
has a weight hanging at its end point B (see Figure 1.1), what shape does the lamina
take?

B
15

A

N

Figure 1.1: Problem of a bent lamina posed by James Bernoulli.

James Bernoulli also published a first solution in 1694. His nephew Daniel Bernoulli
revisited the problem in 1742 and proposed variational techniques for its solution. He
expressed the energy of the bent lamina as [ %, where R is the radius of curvature and
s refers to arclength. In modern notation and describing the shape of the lamina by the

curve -y, this is
/kz ds (1.1.1)
.

with k the curvature and ds the arclength element. Daniel Bernoulli brought the problem
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of minimizing this energy to Euler, who was able to characterize the solutions. In honor of
their contributions, the energy (1.1.1) is also called Euler-Bernoulli bending energy. We
introduce it rigorously as the elastic energy in Section 1.2. More about the history of the
Euler-Bernoulli bending energy can be found in [105], [117], [153], and [72].

With the problem of the bent lamina, we have seen an early example where elastic wires
appear. From that time until today, elastic wires have always played an important role for
modeling. For example, in biology, elastic wires are used to model plant stems, see [71].
Moreover, polymers, and especially DNA and its functions, can be described with elastic
wires, see [78], [80], [62], and [127]. Another interesting application of elastic wires is in
the explanation of crumbling processes, see for example [107]. In marine research, they
have practical applications for modeling marine cables to prevent kinks and loops, see [74].
Elastic wires are also utilized in medicine for modeling purposes. We can model needle
insertion procedures or describe the navigation of a catheter through the vessel tree, see
[147]. We can also use elastic wires to create decorative elements in computer graphics, see
[166] or to design extraordinary objects, see [77]. Moreover, in recent years, a particularly
significant application has emerged in simulation software to simulate one-dimensional
objects and, for instance, model the movement of hair, ropes, or threads. Here, we find
examples in [15], [148], [90], or [26].

When considering not one dimensional but two dimensional objects, elastic shells are the
corresponding analog to elastic wires. It is easy to imagine that these also play an impor-
tant role in modeling. A simple everyday situation that can be modeled with elastic shells
is a sports ball being deflated and collapsing, see [91]. Elastic shells are pivotal in architec-
ture, or more generally for manufacturing-oriented design, see for example [3]. Moreover,
elastic shells are especially important in the biological field for modeling biomembranes
with negligible thickness. This allows for a better understanding of the properties and
behavior of vesicles, cells, and, for example, red blood cells, see for example [131]. A key
concept here is the so-called Canham-Helfrich energy. In 1970, Canham ([27]) first pro-
posed that the bending energy of elastic membranes should depend on the square of the
mean curvature. Combined with contributions from Helfrich ([81]) of a few years later,

the bending energy for a closed membrane ¥ was formulated into

Eon(S) = /E (%(H ~H)? + /321() as, (1.1.2)

where H and K are the mean and the Gauss curvature and the bending rigidities 81 > 0,
B2 < 0 and the spontaneous curvature Hy € R are material parameters. The equilibrium
configuration of a vesicle modeled by an elastic shell and governed by (1.1.2) reproduces
the biconcave shape found in red blood cells, see [27]. If we take a step back and consider
the cross-section of a (rotationally symmetric) vesicle, its boundary can again be modeled

as an elastic wire (see [142] or [155] for the example of cylindrical shapes). We return to
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this in Section 1.5.

Summing up the last paragraphs, we see that modeling with elastic wires has not only
played a role in the past but also continues to be important in addressing current issues
across a wide range of fields. And if one keeps an observant eye, one finds numerous

objects in everyday life that can be modeled as elastic wires (see Figure 1.2).

Figure 1.2: On the way to university, one finds various objects that can be modeled as
elastic wires.

1.2. The elastic energy

In the following Section 1.2.1, we rigorously define the Euler—Bernoulli bending energy of
an elastic wire and discuss important properties. We refer to this energy as elastic energy.
Before doing so, we introduce some basic curve theory, which can be found, for example,
in [11] or [51]. In Section 1.2.2, we take a closer look at the critical points of elastic
energy, so-called elasticae. Section 1.2.3 is dedicated to briefly discussing the relevance of
the elastic energy. Afterwards, we provide a brief outlook on the elastic energy of curves

in Riemannian manifolds in Section 1.2.4 and on the Willmore energy in Section 1.2.5.

1.2.1. The elastic energy of curves in Euclidean space

We consider an elastic wire which is modeled by a sufficiently smooth curve v: I — R",
where ) # I C R and n € N. We assume v to be regular, i.e. 9,y(x) # 0 for all z € I.
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Given zq € I, the arclength from the point xg is

€T
s(z) = |0zy| dz (1.2.1)

o
for z € I. Since we assume v to be regular, (1.2.1) is strictly increasing and therefore
invertible with smooth derivative d,s(x) = |0,y|. The composition of v and the inverse of
s yields a reparametrization 4 with |0,5| = 1. This reparametrization is called arclength

parametrization. By (1.2.1), the length of the curve « is given by

L(7) :/I|8x7|dx:[yds. (1.2.2)

Here, we already introduced the arclength measure ds = |0,7y|dz, which we will primarily
use in the following. Differentiation with respect to the arclength is denoted by the

arclength derivative Os = |0,7y|'0,. The tangent vector of +y is given by

[2X%1 .
The curvature of « is defined as
— 92,
k=057 = OsT.

Since 2(k,T) = Os(T,7) = 05|0sy|*> = 0 for n > 1, it directly follows that » is orthogonal
to 7 = 0s7.

Example 1.2.1. One of the simplest examples is an w-fold covered circle of radius r > 0

with midpoint in (a1, as) € R? parametrized by

v:[0,2mw] = R?, x> <a1> +r (C?Sx>
as sin z

for w € Z with w > 0. For this parametrization, we have

|0y =7, ds=rdz, and 0s= r=19,.
The length of the circle is

2w
L(y) = / rdx = 2rwr,
0

the tangential vector is given by

r(z) = dey(z) = 227 <_Sinx>, (1.2.3)
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and the curvature is

T \sinx

k(z) = 02y(z) = 1 (COS x) : (1.2.4)

In particular, we obtain |x(z)| = r~1, as one expects.

Before we come to the definition of the elastic energy, we want to establish some additional

preliminaries on curves, which we will need later.

First: Closedness of curves. In Chapter 2 and Chapter 3 we work with closed curves.
A curve v is called closed, if I = [a,b], —00 < a < b < oo, and y(a) = (b) (as in
Example 1.2.1) or if I = R and there exists a regular periodic reparametrization. When
working with closed curves, we sometimes define them on the unit circle S'. We identify
S' 2 R/7Z such that : S' — R"™ can be lifted to a periodic function v: R — R™. When
defining the length as in (1.2.2) (and later the elastic energy as in (1.2.8)), we think of the

periodic parametrization restricted to I = [0, 1].

Second: If n = 2, i.e. if we consider a planar curve v: I — R2, the unit normal vector v to
7 is given by the counterclockwise rotation of 7 = 0sy by 7. In this case, we have k = kv

with the signed scalar curvature
k= (k,v) (1.2.5)

of ~. If the planar curve is closed, we define the signed enclosed area A by

1
A(v) = ~5 {(v,v)ds. (1.2.6)
¥
Changing the orientation of v changes the sign of A. Further, for closed planar curves,
the rotation index w € Z of v measures the number of turns of the tangent vector along

the curve. It is given by

/ kds = 2nw. (1.2.7)
g

We observe that, like the signed enclosed area, the rotation index changes sign when the
orientation of the curve is reversed. Figure 1.3 shows examples for planar curves with

different rotation indices and enclosed area.

Let us shortly come back to Example 1.2.1.

Example 1.2.2. Let the planar closed curve v be given as in Example 1.2.1, describing an

w-fold covering of a circle. Then the unit normal vector is given by the counterclockwise
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rotation of 7 as in (1.2.3), i.e.

w0=-(7)

With (1.2.4), this yields k& = (k,v) = r~1 and thus

2w
/ krdx = 2nw.
0

So, as expected, the rotation index is given by the number of the coverings of the circle.
The enclosed area is given by

2mw
1 2

27w
A(y) = 3/ (v, v)yrdz = 5/0 (aj cos + agsinzx + r)rdz = mwr?,

which is also consistent with our expectations.

(A) (B)

Figure 1.3: Examples for closed planar curves with w = 0 and A # 0 in (A) and with
w=1lorw=-1and A=0in (B).

Having reviewed the most important concepts of curve theory, we now proceed to define
the elastic energy of the sufficiently smooth regular curve ~v: I — R, I bounded. It is
given by

1 1
e =5 [ Wl ds =5 [ w10, do. (128)
Y 1

In the literature, the factor of one-half is sometimes omitted. Clearly, (1.2.8) is invariant
under translation, reflection and rotation of ~.

The elastic energy is defined for regular curves v € W2P(I;R") with p > 2. For curves
merely in W?2P(I;R"), s defined in (1.2.1) is still continuous and stricly increasing since
W2P < C! by Sobolev embedding. The curvature has to be defined weakly.

If n =2 and k = kv, then |k|? = |(k,v)v| = |(k,v)| = k2. Thus, in this case, (1.1.1) and
(1.2.8) coincide.
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Let us note the following properties of the elastic energy.

@ Invariance under reparametrization. Let ®: I — I be a smooth diffeomorphism and
define 5: I — R", ¥ =~ 0 ®. Then

£6) = 5 [ 1ias = 5 [ e ds

= ;/i!fs(@(x))IQ\aﬂ(@(a:))Hax@(x)\ do = ;/Im(y)\?yaﬂ(y)y dy = E(7).

@ Scaling behavior. If ¥ = r: I — R™ with a scaling factor r > 0, then

5(7“7):;/1

We see that by blowing up the curve ~, the elastic energy can be made arbitrarily small.

/{2

T

rds = %5(7). (1.2.9)

This property motivates to take into account a penalization of the length and to consider

the length penalized elastic energy
1
E(n) =EM) +AL(y) = 5/ (|&]? +2X) ds
¥

for some A > 0. Note that in contrast to (1.2.9), the length scales proportional to the
scaling factor of the curve. That means that beyond a certain size of r, the energy increases

as we further inflate the curve.

1.2.2. Elasticae in Euclidean space

Critical points of £, in W2P(I;R"™) are called elasticae. They satisfy the weak Euler—

Lagrange equation

=0

e=0

d
d—gé’/\(’}’ +e¢)

for all ¢ € C§°(I;R™) if we consider given first order boundary data or ¢ € C*°(S!; R™) if
we consider closed curves (see for example [167, Section 40]). Note that for £ > 0 small

enough, the perturbed curve 4. := v + €¢ is also regular. A computation shows that

i(dsE)

R = (1,0s¢)ds and iﬁg

e=0 de

= 8svs¢ - <T, 8s¢>"4“
e=0
Here, V, = P10,, where P' is the normal projection along v defined by Pt¢ = ¢ —
(¢, 057)Osy for some vector field ¢ : S — R™ and (-, -) is the Euclidean inner product in

R™. We obtain for the first variation

d
d—gé’/\(’}’ +e¢)

- /I<n,asvs¢> ds—;/l\n|2<7, Dsd) dS—l—/\/I(T, Ds) ds,

e=0
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see for example [43, Lemma A.1]. If « is sufficiently smooth, we can integrate by parts

and obtain the strong Euler—Lagrange equation
2 Lo
Vsm+§]m] Kk — Ak = 0. (1.2.10)

Note that since we consider ¢ € C§°(I;R") or ¢ € C°°(S!;R"), there are no boundary
terms. In the following, (1.2.10) is also referred to as the classical elastica equation.
If n = 2, we can use the signed scalar curvature k = (k,v) (defined in (1.2.5)) to write

(1.2.10) equivalently as
2 L3
8Sk+§k: — Ak =0. (1.2.11)

Here, we use that 02k = 05(0sk,v) = 05(Vsk,v) = (0sV sk, v) = (V2k,v) since Osv = —kT.
It is immediately clear that straight lines with x = 0 are elasticae. To see another example,

let us again come back to the circle of Example 1.2.1.

Example 1.2.3. Let v be given as in Example 1.2.1. Then

o o= (57 ) (L (), () (2507)
r — COS X r — COS X COS T COST

and

1| 2 1 [cosx
S|k = —= :
2 2r3 \sinx

So we obtain

1 1 A\ [cosx
2 2 —( _ -
vsli+§|:‘£’/€—)\/€—< + )( )

2r3  r/ \sinz

Thus, a multifold covering of a circle with radius r is an elastica if A > 0 and r = \/%

For A > 0, solutions to the elastica equation (1.2.10) have been classified in several works,

see for instance [98] or [48]. If n = 2 and ~ solves (1.2.10), then ~ is either a
e linear elastica, i.e. a line with scalar curvature k = 0, or
e wavelike elastica, i.e. k is a periodic function that changes sign (see Figure 1.4), or
e borderline elastica, i.e. k is not periodic and asymptotically zero (see Figure 1.5), or

e orbitlike elastica, i.e. k is a periodic function that does not change sign (see Fig-

ure 1.6), or

e circular elastica, i.e. a (multifold) covered circle with constant k,
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see for example [124, Proposition B.3]. We only want to provide an idea of what these
types look like. For the explicit parametrizations using Jacobi elliptic functions, see [124,

Proposition B.3].

Figure 1.4: Wavelike elasticae. The figure eight elastica (bottom right) is rotated.

Figure 1.5: Borderline elastica.

Figure 1.6: Orbitlike elasticae.

In [124, Lemma 5.4], it is shown that linear, borderline and orbitlike elasticae cannot close
up. Circular elasticae trivially close up and wavelike elasticae close up if both components
of v are periodic with the same period, which yields exactly the figure eight defined in
[124, Definition 5.1] and shown in Figure 1.4. A proper rescaling of the figure eight solves
(1.2.10), so we can indeed call it the figure eight elastica.

We especially emphasize the result that the only closed planar elasticae are multifold
coverings of the circle and of the figure eight elastica.

For A = 0, and considering planar closed curves, no critical points of &) exist, see for

example [122, Section 2.2].

1.2.3. The relevance of the elastic energy

With today’s rapid advances in science and technology, one might wonder if the elastic
energy is still a relevant concept. We believe that it is. Several modeling approaches lead

to the consideration of the elastic energy, showing its continuing importance.

10
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An example of the relevance of the elastic energy is found in one-dimensional discrete
mechanical systems, which are used to model, for example, one-dimensional atomic chains,
such as those found in graphene structures. These models are related to the Hencky bar
chain model, see [156]. Consider a chain of atoms where the connections between atoms
have a bond length of . This interatomic bond length is assumed to be small, and as
e — 0, the atomic chain converges to a curve. The discrete bending energy of the chain
I-converges to the elastic energy. This is studied in [60] using a description of the chain
and the curve by discrete and continuous angle functions, respectively. In [2], the authors
further show the I'-convergence of a discrete bending energy to a continuous bending
energy under the additional assumption of potential material nonlinearities. For a similar
result that also considers torsion, see [52].

The elastic energy also appears as the I'-limit in the modeling of lipid bilayer membranes.
In [132], the authors study an energy functional that appears in a simplified model of these
membranes. They show that in the zero-thickness limit, this energy functional I'-converges
to the elastic energy of a system of curves.

We also want to mention the articles [123] and [12], which establish the elastic energy as
dimensionally reduced limits from three-dimensional hyperelasticity. Both articles incor-
porate also torsion effects.

Regarding the Canham-Helfrich energy (consider the connection to the elastic energy
described in Section 1.1) we also want to mention the articles [86] and [13] where the role
of this energy in biological and physical contexts is discussed. We come back to these

articles in Chapter 2 when discussing spontaneous curvatures.

1.2.4. The elastic energy of curves in Riemannian manifolds

In this section, we define the elastic energy more generally for curves that live in a Rie-
mannian manifold. By this extension, we can apply our previous concepts to a broader
range of geometric contexts.

We consider an n-dimensional Riemannian manifold (M, g), that is, a differentiable man-
ifold with a Riemannian metric (see for example [85]), and a curve vy mapping from an
interval ) £ I C R (or from S') to M.

The simplest example is M = R", n € N, with the Euclidean metric, bringing us back
to the case in Section 1.2.1. Another common example is the unit sphere M = S? C R3
with the metric induced by the Euclidean scalar product in R?® (see Figure 1.7 and for
details see [102, p. 33] or [38, Section 2.1]). Also important is the hyperbolic half plane
M =H? =R x (0,00) with global coordinates (y1,y2) — (y1,y2) and the metric

1 (1 0
g(y17y2) = ( ) (1212)

w2\o 1

11
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(for details see for example [45, Section 2] or [50, p. 46]).

Figure 1.7: Example of an immersed curve v: S' — S§? (in blue).

We assume v: I — M to be a sufficiently smooth immersion. This means that the velocity
vector 0,y(z), which is defined as the push-forward ~.(9,) acting on smooth functions
f: M — R by

0:7(2)f = - (f 07)(),

does not vanish for any = € I. The arclength s of v starting from a fixed z = zq is given
by

S(l‘) = / \/.g'y(a:) (817(55)7 81’)/(1‘)) dr = / ’ax'}’|g(’y(x)) dx
xo xo

for x € I (see [50, Section 3.2]) and the length of ~ by

L() :/|8x7|g(7(az)) dw:/ ds
I v

(compare to (1.2.1) and (1.2.2)). Here and in the following, ds = dsy = [9x7[g(y(a)) d-

Differentiation with respect to arclength is written as

05 = 1(92) gy a9

which allows as to write the tangent vector of v as 7 = 0y like in (1.2.3). By the
Fundamental Lemma of Riemannian Geometry (see for example [104, Theorem 5.10]),
there exists a unique linear connection V on M that is compatible with g and symmetric.

With this so called Levi-Civita connection of g, we define the geodesic curvature vector
field as

k=V;7r: 1 —->TM,

where T'M is the tangent bundle of M.

12



1.2. The elastic energy

As in Section 1.2.1, let us take a look at the example of a circle. We choose M = H? with
the metric defined in (1.2.12).

Example 1.2.4. Consider v: S' — H? parametrized by

0 2
@) = (@) 2 (0 4 (cosma) (1.2.13)
Y2 (x) a sin(27x)
for some a > r > 0. As explained in [46, Lemma 2.1], this is the boundary of a ball in

the hyperbolic plane with radius tanh™'(Z) centered in (0, va? — r2). For the example of
r= sinh(%) and a = cosh(%), see Figure 1.8.

L

-1 1

Figure 1.8: The ball of radius % centered at (0,1) in the hyperbolic geometry. For more
explanations, see [46, Lemma 2.1].

With (1.2.12), we compute

2
il (1.2.14)

1
0 =—|0 = .
19:7g '72| e a + rsin(2mz)
For clarity, we denote here the Euclidean norm with the index e. Using (1.2.14), we

compute the tangential vector

T =057 = Mﬁxv = (a + rsin(27x)) (

2rr

— sin(27r:n)> ‘

cos(2mx)

With a formula for the the Levi-Civita connection of (H?,g) which can be found, for

13
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example in [45, (10)] or in [46, (2.1)], we compute

K(ZL') — 8371(1') - %8371 (m)8372(x)
8372(37) + %((8‘971(1’))2 - (83’)/2(1‘))2)

Y2

= (a +rsin(27z)) cosx ( Sin(ng)) + (a + rsin(2rz))? ( COS(27T93)>

cos(2mx) r — sin(27z)

. 2sin(27x) cos(2mx
+ (a +rsin(27z)) (sin2(2§rl“) z 005(2(2”25))

=—(a+ 7“sin(27rgz:))2 (COS(%T:E)) .

7 \sin(27x)

In particular, we see that

1 1 a(a + rsin(27x)) g’ (12.15)
,

kg = %Me T a+ rsin(27x) r

i.e. the absolute value of the curvature is constant, as we might expect for a circle, though

this is not obvious in hyperbolic geometry.

In accordance with the special case of the Euclidean space, we define the length penalized

elastic energy as
1 2 1 2
a0 =3 [ InEds+ a0 = 5 [ (@) +21) 109y do
v

We assume that A > 0, but point out that the case A < 0 is also of interest in a certain

range (see [46]).

Being an elastica, or more precisely, the Euler—Lagrange equation for critical points of the
elastic energy, now depends on the curvature of the manifold. Again, we consider closed
curves or curves which satisfy given first order boundary data. Let R be the Riemann

curvature tensor of (M, g) acting on vector fields X,Y,Z on M by
R(X,Y)Z =VxVyZ -NyVxZ -V xyZ,

where [X,Y] = VxY — Vy X is the Lie bracket. Then sufficiently smooth critical points

of &€, satisfy the elastica equation
2V, V. Kk + VT(3|/€|§ —2\)7 + 2R(k, )T =0,

see [98, (1.1)].

If dim(M) = 2, there is a unit normal field v: I — TM along 7. In this case, we define

14
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the signed scalar curvature
k=g(V:r,v) =g(k,v)

such that k = V.7 = kv. With the sectional curvature G of M (see for example [85,
Definition 4.3.4] or [103, p. 145]), the elastica equation then becomes

2k + %k3+ (Govy)k — Xk =0, (1.2.16)

see [98, (1.2)].

For manifolds with constant sectional curvature G = Gy, (1.2.16) can be solved explicitly,
see [98]. In particular, this is the case for our previously mentioned examples. When
considering the sphere (M = S?), we have constant sectional curvature Gy = 1 (see [103,
p. 148]), and for the hyperbolic half plane (M = H?) with the metric in (1.2.12), constant
sectional curvature Gy = —1 (see [50, Chapter 8]). If we take M = R? with the Euclidean
metric, then Gy = 0 and we come back to (1.2.11).

As in Section 1.2.2; let us briefly consider the example of a circle.

Example 1.2.5. Consider the setting of Example 1.2.4. Then ~: S' — H? parametrized
by (1.2.13) satisfies

1 a [ 1a?
2 3 _

Here we used that

RS

1
k=g(k,v)=—5(K1V)e=
V2

(see also (1.2.15)). Comparing this equation to (1.2.16) with G = —1, we see that ~y is an

elastica if

RS

=4/2(A+1).

As we might expect, unlike in Example 1.2.3 for the Euclidean case, the condition for a

circle to be an elastica now also incorporates the position of the circle.

At this point, we do not want to go further. For more on elasticae in Riemannian manifolds
with constant sectional curvature, we refer to [98], to [125] for M = H2, and to [21] or
[146, Section 2.1] for M = S2.

1.2.5. The Willmore energy

The elastic energy can be seen as the one-dimensional analogue to the famous Willmore

energy. To understand this statement and to put the elastic energy in a broader context,

15
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we define the Willmore energy in this section. We are relatively brief and instead provide
references where further information is given. An overview can also be found in [95], whose

notation we largely follow.

We consider a smooth surface ¥ and a smooth immersion f: ¥ — R™ n € N (see [50,
Definition 3.1]). The pullback metric of the Euclidean metric under f is denoted by g. In

local coordinates, we have

9ij = <alf7 a]f>7 Z7] € {172}7

see [95, Section 1.1]. We write g = det(g;;);; and (g¥);; for the inverse of the matrix
(9ij)ij- The pullback metric g induces an area measure py. To define an extrinsic notion
of curvature we first have to clarify what we mean by the normal projection. For a
vector field X along f, the tangential projection is given by ¢*/ (X, d;f)9; f and the normal
projection by the difference

PrX = X — g7(X,0,)0; .

Here and in the following, we use the Einstein summation convention, i.e. we sum over
repeated indices. The normal projections of the second derivatives of f define the vector

valued second fundamental form
Aij = P90, f.

With this, we define the mean curvature vector as the trace of the second fundamental

form given by
H = g Ayj,

see [95, Section 1.1]. The Willmore energy is now given by the integral of the square of

the mean curvature. More precisely, we define it as

W(f) = jl/E]H\Qduf. (1.2.17)

These definitions become clearer if we assume that > is oriented and f has codimension
1, meaning n = 2 + 1 = 3. In this case, a smooth unit normal field v: ¥ — S? along f

exists, defined in local coordinates by

L O f xOaf
O1f x Dof|

see [102, Section 8]. Using this, we can express the mean curvature vector H as H = Hv

with the scalar mean curvature H. With the principal curvatures ki and ko, which are

16
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the eigenvalues of the symmetric Weingarten matrix (gik’Akj)ij, we have H = k1 + ko. In

this case, the Willmore energy (1.2.17) is given by

1 1
=— | H*d :f/ k1 + ko)?d
W(f) 4/2 rr=3 2( 1+ ko)"dpy
(compare to [164, Section 7.2]).

Example 1.2.6. Let us look at the example that f parametrizes a round sphere rS? for
some 1 > 0. Then k; = ky = % and dy = r2 dAg2, where dAg: is the area measure of the
unit sphere S?. With this, we obtain

W(f) = 4r. (1.2.18)

Let us summarize several selected important properties of the Willmore energy.

@ Invariance under reparametrization. Like the elastic energy, the Willmore energy
is invariant under reparametrizations. For a smooth diffeomorphism ¢: ¥ — X it
holds that W(f) = W(f o ¢).

@ Conformal invariance. The fact, that the Willmore energy in (1.2.18) does not
depend on r has a deeper reason. If ¥ is closed (i.e. ¥ is compact without boundary),
then W(f) = W(¢o f) for all conformal transformations ¢: R” — R™ which are non
singular on f(X), see [95, Section 1.2]. In particular, unlike the elastic energy of

curves in Euclidean space, the Willmore energy is scaling invariant.

(@ Lower bound. If ¥ is a closed surface and f is an embedding, then W(f) > 4.
Equality holds if and only if f parametrizes a round sphere, see Example 1.2.6. A
proof for this can be found in [163, Theorem 1]. As we observed in (1.2.9), such a

statement does not hold for the elastic energy of curves in Euclidean space.

@ FEmbeddedness. In [106, Theorem 6], it is proven that if W(f) < 8, then f is an
embedding. This means that there are no self-intersections of f(X). An analogous
result for closed planar curves in Euclidean space is shown in [124, Theorem 1.2].
Since the elastic energy is not scaling invariant, the authors here prove an explicit

smallness condition on the product £LE. For higher codimension, see also [120].

We do not go into detail here, but we want to recall an interesting connection between
the Willmore energy of surfaces of revolution and the elastic energy of curves in H?, see
[22]. If we take a smooth immersed closed curve v: S' — {(x,2) € R? : z > 0} and
rotate it around the x-axis, we obtain an immersion f, describing a surface of revolution.

Considering the curve as v: S! — H?, we compute the elastic energy to be a multiple of

17
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the Willmore energy of f,. More precisely,

£() = ~W(,). (1.2.19)

The exact computation can be found in [45, Section 2.1.1]. This also shows that, like the
Willmore energy, the elastic energy of curves in H? must also be scaling invariant (compare
to @)). The proof can be found, for example, in [45, Remark 2.2].

We would also like to briefly mention the following. In the situation where ¥ is oriented
and f has codimension 1 such that a unit normal field v along f exists, a generalization

of the Willmore energy is the Helfrich energy. 1t is defined as
1
Moo (1) = 7 L = Ho? d, (1.2.20)

where Hy € R is the spontaneous curvature, see [27], [81], and for example [140]. As
explained in Section 1.1, it is used to characterized the equilibrium shapes of elastic mem-
branes as (constrained) minimizers. The selection of constants is irrelevant for this, but
it is immediately apparent that, compared to (1.1.2), the second integral term is miss-
ing. This second term in (1.1.2) is a topological invariant by virtue of the Gauss—Bonnet

theorem and can therefore be essentially ignored if a fixed genus is prescribed.

1.3. (Constrained) gradient flows in Hilbert spaces

The following section aims to provide an introduction to the framework in which we later
derive the gradient flows that we want to investigate. We consider a real Banach space V
with norm || - ||y The dual space of V' is denoted by V' and for the value of v’ € V' at

u €V, we write u'(u), v'u or sometimes also (u/, u)y .

Let U C V be an open subset of V and let F: U — R be a continuously (Fréchet-)
differentiable function. This means that for every u € U, there exists a unique v’ € V'
such that

_ _ !
lim F(u+h) — F(u) —u'(h)
(= |Allv

=0 (1.3.1)

and F': U — V', u+— ' with «/ from (1.3.1), is continuous.

Moreover, let H be a Hilbert space with inner product (-,-)y. We assume that V is
continuously and densely embedded into H, written as V' — H. So we can identify V
with a dense subset of H and there exists a constant C' > 0 such that ||u||g < C||ully for
allu e V.

18



1.3. (Constrained) gradient flows in Hilbert spaces

1.3.1. Gradient flows

In H, we define the gradient of F as follows (see also [29]).

Definition 1.3.1 (Gradient). Let F € C1(U) and u € U. The (H-)gradient V yF(u)
is the unique element in H (if it exists) which represents F'(u) with respect to the inner

product in H, i.e.
Fl(u)p = (VyF(u),p)y forall ¢ € V.

The set of points u € U where F possesses an H-gradient is the domain D(V g F) of the
H-gradient of F.

Let us consider a simple example for this definition. More details can be found for a

similar energy functional in [29, Section 3.4].
Example 1.3.2. Consider V = H}(0,1), which is the closure of C2°(0,1) in W12(0,1),
with the Wh2-norm, H = L?(0,1) equipped with the usual inner product

(u,v) 2 = /01 u(z)v(xr)de  for u,v € L*(0,1)

and the energy F.: V — R given by

Fe(u) = /01 (W(u(a:)) + %s(u’(az))Q) dz.

Here, ¢ > 0 and W: R — R is a smooth function. Then D(VyF.) = W22(0,1) N H}(0,1)
and Vg F:(u) = —eu” + W' (u) for u € D(VyFe).

As in Example 1.3.2, D(VyF) does not always coincide with U. Since the embedding
H' — V' is in general not surjective, the derivative F'(u), u € U, does not necessarily
extend to a continuous linear functional on H. But if it does, then v € D(VgF) by the
Riesz representation theorem.

In the course of this thesis, however, we mostly consider the case where D(VyF) = U
and regard Vg F as a mapping U — H. This assumption is already used in the following
definition of the H-gradient flow of F.

Definition 1.3.3 (Gradient flow). The H-gradient flow of F € C'(U) is the differential

equation
ou(t) = =V F(u(t)). (1.3.2)

A solution of the H-gradient flow is a function v € W42(0,T; H)NL?(0,T; V), T > 0 such
that u(t) € U for almost every ¢t € (0,7") and (1.3.2) holds almost everywhere on (0,7).
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The definition of the H-gradient flow can be motivated by the following observation: If u

is a sufficiently smooth solution of (1.3.2), then

C F(u(t) = (VaF(u(t), dau(t)) s = |V F )|y <0

i.e. F during the evolution. This property is not only useful when studying existence
of solutions to (1.3.2), but also makes gradient flows attractive for modeling physical
processes. In a physical context, F is usually given as an energy and (1.3.2) describes the

evolution towards an energetically preferred state.

1.3.2. Constrained gradient flows

Especially for physically motivated problems, it is often the case that a solution should
satisfy certain constraints. To meet these constraints, we define the constraint functional
G:U — ]Rk, k € N. We assume that G € Cl(U;Rk) and that G is a submersion for all
u € U with G(u) = 0. This means that

e G'(u): V — RF is surjective and

e the kernel ker(G'(u)) splits V, i.e. there exists a continuous projection operator P of
V on ker(G'(u)). Therefore, V = ker(G'(u)) & (I — P)(V),

see [167, Section 43.6d]. We note that the latter is satisfied if V' is a Hilbert space. The
set of all functions that satisfy the given constraints, that is, the set on which we seek
solutions, is defined by the elements of U that satisfy G = 0. Under the aforementioned

assumptions on G, this set has the following advantageous structure.

Proposition 1.3.4 (Ljusternik (1934) in [167, Theorem 43.C]). Let the above assumptions
on the constraint functional G hold and define M = {u € U : G(u) = 0}. Then

(i) M is a Ct-manifold and
(ii) the tangent space at ug € M is given by Ty, M = ker(G'(up)).

Before we define a gradient flow that remains in the manifold M, we recall the character-
ization of constraint critical points, i.e. critical points under the constraint G = 0. This
characterization can be found either using tangent vectors (see [135, Definition 2.12]) or
using Lagrange multipliers (see [167, Section 43.9]). Let us take a look at the latter. In
[167, Theorem 43.21], we find that the function F has a critical point with respect to M
at ug if and only if

k

Fl(ug)p — > Ni(G") (ug)p =0 forall g €V (1.3.3)

=1
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for some (A1, ..., ;) € RF. Equation (1.3.3) is called weak Euler-Lagrange equation. We
assume that the H-gradients of G¢, i = 1,...,k, exist for all w € U. Then we can write

(1.3.3) as the equivalent strong Euler—Lagrange equation, given by
k .
VuaF(ug) = A-VuG(ug) = VuF(up) = > AiVuG'(ug) =0 in H. (1.3.4)
i=1
If k = 1, the Lagrange multiplier A = X in (1.3.4) is given by

VaF(ug), VG (uo))m '

N
A T VeI

Note that VG (ug) # 0 due to the surjectivity of G'(ug). For k > 1, the representations
of the Lagrange multipliers become more involved and, in particular, interdependent. We
consider an example in Chapter 2 for k = 3.

With regard to Proposition 1.3.4, the right hand side of (1.3.4) is the projection of the
full H-gradient Vg F(up) onto the H-closure of the tangent space T,,/M. We define the
constrained gradient flow as the flow with velocity not —V g F but the negative of the

gradient projected onto the tangent space of M. Let us make this concrete for k = 1.

Definition 1.3.5 (Constrained gradient flow). Let £k = 1. The (G-)constrained gradient
flow of F € CY(U) is the differential equation

dpu(t) = —VpF(u(t)) + Mut)VuG(ult)), (1.3.5)

where

(VaF(u®)), VaG(ut) u
IV G (u(t))IIF

Au(t)) =
A solution of the constrained gradient flow is a function v € W12(0,T; H) N L?(0,T;V),
T > 0 such that u(t) € U, VgG(u(t)) # 0 and (1.3.5) holds for almost every ¢ € (0,T) .

The constraint G = 0 is indeed preserved along the evolution, as for a sufficiently smooth
solution u of (1.3.5),

%g(u(t)) = (VuG(u(t), () n
= —(VuG(u(t)), VaF(u(®))u + Mu(®)|Vadut) i =0 (1.3.6)

holds. At the same time, we see from (1.3.6) that

gf(U(t)) = (VaF(u)), dut)m = (VaF(u(t)) — Mu(t))VaG(u(t)), Oru(t)) i

dt
= —[|0cu(®) I,
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i.e. the energy is strictly decreasing in time unless the solution is constant. We come
back to Example 1.3.2 and impose the condition that the integral over the solution re-
mains constant. This is a typical physically motivated condition describing, for example,

conservation of a total mass.

Example 1.3.6. Let V = W?22(0,1) N H(0,1) N {«/(0) = «/(1)}, H = L*(0,1) and

Fo: V=R, Fou) = /01 (W(u(x)) + %6(1/(;5))2) dx

as in Example 1.3.2. Define
1
G:V-R, Gu) :/ u(z)de — M
0

for M € R. Then VyG(u) = 1 and the H-gradient flow of F. subject to the constraint
G = 0 is given by

dult, x) = e0Pu(t, x) — W' (ult, ) + /0 Wt 2) de.

In physics, for example for two-phase problems, it is common to choose W as a double-well

3

potential, for example W’ (u) = u® — u. For this choice, we obtain

1
Dyu(t, v) = e0%u(t, z) — (ult, 2)) + ult, z) + /0 (ult, z))? da.

We emphasize that a different choice of H would result in a different evolution equation.
Depending on the physics we want to describe, or the properties we want the flow to
have, we have to choose H accordingly. In Example 1.3.6, it is possible to satisfy the
constraint G = 0 without nonlocal term by a clever choice of H. This means considering an
unconstrained flow and still maintaining the constraint. Here, this could be achieved with
choosing H to be the zero-average subspace of the dual of H'. This way, we would obtain
the Cahn—Hilliard equation in one dimension, see [61]. However, when the constraints
become more complex and can no longer be described by open subsets of Banach spaces,
constrained gradient flows may be a more appropriate framework. We consider an example

for elaborated constraints in Section 1.5.

1.3.3. Key questions

At the end of this section, we summarize the key questions commonly explored in the
study of gradient flows. Here, we are brief and general. For specific equations, we address

these questions in detail in Chapter 2 and Chapter 3.
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1.3. (Constrained) gradient flows in Hilbert spaces

@ Local well-posedness

Given a suitable initial datum, does there exist a solution to (1.3.3), or to (1.3.5), for
small times? Is this solution unique? And how does it depend on the initial datum?
If the answer to the first two questions is yes and the answer to the third question is
that the dependence is continuous, then the problem is locally well-posed in the sense of
Hadamard. The answers generally depend not only on the flow equation but also on the
initial datum, particularly its regularity. In the context of geometric evolution equations,
one often considers smooth initial data, and assumes local well-posedness to be given. In
Chapter 2, however, we thoroughly address this issue and establish local well-posedness

for initial data in a weak regularity class.

@) Global in time existence

Once we know that a solution exists, it is natural to investigate whether it can be ex-
tended beyond any finite time. The answer strongly depends on the given equation. In
Section 1.4.3, we see examples where the maximal existence time is finite. Whereas for
the evolution equations we study in Chapter 2 and Chapter 3, we show that the solution
exists for all times. To do so, we prove that suitable norms of the solution remain bounded
for finite times. From this, it follows that the solution can be extended and hence must

exist globally in time.

(@ Convergence

In the case where the solution exists for all times, the question of convergence arises. If
we show that suitable norms of the solution are globally bounded, we can deduce sub-
convergence. By this, we mean that given a sequence of times, there is a subsequence
along which the solution converges (in some sense). However, it is important to note that,
in general, different subsequences may converge to different limits. Therefore, additional
work is required to establish full convergence. One approach employs a Lojasiewicz—Simon
gradient inequality or an appropriate constrained version of it. More details on this can

be found in Chapter 2 and Chapter 3, where we apply this method to prove convergence.
@ Properties of the solution

Examining qualitative properties of solutions is a question of equal interest. For instance,
one might investigate whether and under what conditions properties such as positivity
of the initial datum are preserved along the evolution or how the set of zeroes of the
solution develops. The answers again depend strongly on the precise structure of the
equation, particularly on its order. In the geometric context and especially when studying
the evolution of curves, one might ask whether the curve remains embedded along the
evolution or whether a solution for a convex initial datum remains convex. In Chapter 2,

we provide a detailed (non)preservation analysis of these and other properties.
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(®) Characterization of the limit

If the solution converges to a critical point of the energy, the following natural question
arises: can we determine the limit? There are cases where all stationary solutions can
be explicitly characterized, allowing us to precisely describe the limit. In other cases, by
carefully choosing certain parameters and the initial data, we can also characterize the
limit. This point is also closely related to the previous one, as properties that are preserved

along the evolution often carry over to the limit.

To address Questions @) and (5), numerical experiments can be quite helpful. They can
provide insights into which directions one should guide the research. We make use of this

tool to some extent in Chapter 2.

1.4. The classical elastic flow and other geometric flows

In this chapter, we derive the elastic flow as the L?-gradient flow of the elastic energy and
summarize the main results of research. Additionally, we briefly introduce other geometric

flows to get an impression of how the solutions to other equations behave.

Since the main results of this thesis relate to closed curves, we focus on curves defined on
St also in this section. Remember that we identify S' = R/(LZ), L > 0 (in most cases,
L = 1) such that a curve v: S' — R" can be lifted to an L-periodic function v: R — R™.

1.4.1. The L?-gradient flow of the elastic energy

We define V := W22(SL:R") and U := {y € W22(S';R") : 4 regular curve}. By Sobolev
embedding, U is an open subset of V. The space with respect to which we take the
gradient shall be H := L?(S!;R"). Consider now

1 1 /1
E:U—-R, v—E&(y)= f/ k|2 ds = f/ |k(x)|?|0py|dz and
2 Jst 2 Jo
1
L:U—=R, v Ly)= dS:/ |0py| dex.
st 0
The H-gradients and their domains in the sense of Definition 1.3.1 are given by

1
D(VyE) =UNW2ESLRY), VyE(y) = (v§n+§|n|%)\aﬂ| and

D(VHL) =U, VgL(y)=—r|0],

see also [44, Section 2]. The gradients as defined here play a role when working with
functional analytical arguments (see for example Section 3.5 or [44, Section 3]). To define

the elastic flow we switch to the geometric setting and work with the following geometric
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1.4. The classical elastic flow and other geometric flows

spaces. For a fixed v € U, we consider L%(S!, ds,;R™) with the inner product
() 12(dsy) s (X1, X2) /sl (X1, Xa) ds,, (1.4.1)

where ds, = |9,v|dz. Moreover, we consider W22(St, ds,;R"™), the W22-Sobolev space
with respect to the arclength differentiation 95 = |0,v|7'0,. For v € U, we find that
L%(S!,ds,; R") = H and W2(St,ds,; R") = V. Therefore, it is not essential whether we
define the function spaces with respect to the measure ds or dz. However, the choice of
the inner product is important. With respect to the inner product defined in (1.4.1), we

obtain the geometric gradients
1
Vie(as)€(7) = Vik + §|I€|2K, and  Viz(q,)L(7) = —kK. (1.4.2)

We refer to them as geometric gradients because they behave appropriately under repa-

rameterizations. This means that for a reparameterization § =yo ® € U,

Vi2(das)E(7) = Viz(as)E(v) 0@ and  Viz(qe)L£(F) = Vie(as,)L(7) o .

In the sequel, we omit the index v in s, where it is not necessary. In the literature, the

following variants of the elastic flow are common.

@ The free elastic flow

With (1.4.2), the L?-gradient flow of the elastic energy & is defined by
1
0i v = —Vi2(a9€(7) = —Vik — 5”'@\2/‘9 (FEL)

This flow is also called the free elastic flow, see for example [122]. Here, 8- = P10,
where P is the normal projection along 7 as in Section 1.2. It is more or less a matter
of preference whether one considers only the normal component of the velocity ([4], [114],
[139], ...) or also prescribes the tangential component ([40], [43], [53], ...). The same
applies to the flows defined in the following paragraphs. One could argue that, to do justice
to the geometric nature of the energy, we should consider only the normal component. In

this case, a reparameterization of a solution is again a solution, as the next remark shows.

Remark 1.4.1 (Invariance under reparametrization). Let T > 0 and v: (0,7) x S — R"®
be a smooth solution to (FEL). Then

Oy = —Vi2(4s)€(7) + hOsy

for some smooth h: (0,7) x St — R. Let ®: (0,T) x S' — S! be a smooth one-parameter
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Chapter 1. Introduction

family of diffeomorphisms. Then the reparametrization 5(t, x) := y(t, ®(¢, z)) solves

at:y = at'Y(ta @(t, ‘T)) + 8t<b(ta $)am'7/(ta (I)(t7 l’))
= _VLQ(dsw)g(’V(tv (I)(tv SC))) + h(tv @(t, J:))857(ta Q)(t, I)) + atq)(t’ I)ax’}/(tv Q)(t, l’))
= —Vi2(45:)E() + hOF

for some smooth A: [0,T) x St — R. Thus, 9;-5 = —Vi2(as)€ ()

As observed in Equation (1.2.9), the elastic energy can be made arbitrarily small by
blowing up the curve. This characteristic reappears within the framework of (FEL) as the

following example shows.

Example 1.4.2 (Selfsimilar expanding solutions to (FEL)). The family of evolving w-fold

covered circles

et ) = (1+ 275)% (cos(%rw@)

sin(2rwx)

(see Figure 1.9A) and the evolving lemniscate of Bernoulli

1 1 cosx
t,x)=(14+30t)1 ———
ﬂ( ) ( ) 1+ SlIl2 X <% sin(2x)>
(see Figure 1.9B) are selfsimilar expanding solutions to (FEL). This can be shown by a
straightforward computation which can be found, for example, in [122, Section 2.2.2 and
Section 2.2.3].

(A) (B)

Figure 1.9: Selfsimilar expanding circle ¢ with w = 1 for t = 0,2,4,6 in (A) and selfsimilar

expanding lemniscate of Bernoulli g for ¢ = 0, %, %, 1 in (B).
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1.4. The classical elastic flow and other geometric flows

@ The length penalized elastic flow

The length penalized elastic flow is the L?-gradient flow of the length penalized elastic
energy £\ = £ + AL for some constant parameter A\ > 0, see for example [134] or [53]. It

is given by
1
Oy = ~Via(a9€() = \Via(ag L) = ~Vih— Cls’s+ s (PEF)

(see (1.4.2)). The length penalization ensures that the length of a solution is bounded,
meaning that in particular, selfsimilarly expanding solutions like in Example 1.4.2 cannot

exist. This can be easily observed from the energy decay

d

75 0W) = (Vi) Ex(11), By 22(as) = — 10 ¥ ()2 (a5 <0, (1.4.3)

for a sufficiently smooth solution v of (PEF). Due to (1.4.3), the length

(EGE) +ALG(0) = 1E1(1(1)

>| =

L(y(t)) <
is bounded.

(@ The length constrained elastic flow

Instead of penalizing the length, we can also keep it fix, see for example [161], [53], or
[139]. For this, we define the constraint functional G(v) := L(y) — L for some given L > 0

and consider the length constrained gradient flow
1
0y = =Vi2(a9€(1) + A)Vr2(anG(1) = Vi = Sk + A7)k (CEF)

(see Definition 1.3.5). Here, the Lagrange multiplier A is given by

Ao = (VE2@nE0), VizanGOieqan _ Jor (V3 + il ) ds
HVLQ(dS)g(’Y)H%z(ds) fSl |f€|2 ds

As in (1.3.6), one checks that for a solution 7 to (CEF), the length £(v) is constant for

all times.

When we refer to the classical elastic flow, we mean the L?( ds)-gradient flow of the elastic
energy, either with or without penalized length or with fixed length. Thus, we are referring
to one of the variants (FEL), (PEF) or (CEF) which we all call the classical elastic flow.

1.4.2. Results on the classical elastic flow of closed curves

In the last decades, several authors have studied (FEL), (PEF) and (CEF) in different

variants. To our knowledge, the first to address the topic was Polden, who investigated the
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length penalized elastic flow in his PhD thesis ([134]). He proves in [134, Theorem 3.2.2.5]
that for any planar smooth immersed initial curve, there exists a global in time solution
to (PEF). Moreover, he shows that a solution converges along subsequences (see [134,
Theorem 3.2.3.1]) and if the rotation index is +1, the limit is a unique circle (see [134,
Corollary 3.2.3.3]). Eight years later, Dziuk, Kuwert and Schétzle (see [53]) generalized
the results of Polden to curves in R". They study (FEL), (PEF) as well as (CEF). In

summary, we have the following.

Proposition 1.4.3 (Global existence and subconvergence, [53, Section 3]). Let vp: S —
R™ be a smooth regular curve. Then (FEL), (PEF) and (CEF) with initial datum -~y have
a global solution ~: [0,00) x S — R™. For (PEF) and (CEF), as t; — 0o, the curves

(i, ) subconverge, when suitably reparametrized and translated, to an elastica.

Let us recall that by subconverging, we mean that given the sequence (t;);en, ti — 00,
there exists a subsequence (%, )xen such that (¢, ,-) converges smoothly. After seeing
Example 1.4.2, it is evident that we cannot expect subconvergence for the free elastic flow.
A closer examination of the existence proof, for instance by following the arguments in
[114, Section 3], reveals geometric uniqueness. This means that the solutions are unique
up to reparametrizations.

With the help of a f.ojasiewicz—Simon gradient inequality for the length penalized elastic

energy, Mantegazza and Pozzetta prove full convergence of the solution to (PEF) in [115].

Proposition 1.4.4 (Convergence, [115]). Let v: [0,00) x S* — R™ be the solution to
(PEF) with smooth regular initial datum ~y. Then there exists an elastica Yoo such that

Y(t,+) = Yoo, t = 00, smoothly, up to reparametrization.

This result implies in particular that the solution remains in a compact set for all times.
Since no maximum principle is available for higher-order flows like (PEF), which would
allow us to conclude this property by comparison arguments, this is a remarkable result.
With a suitable version of a constrained Y.ojasiewicz—Simon gradient inequality based on
[135], the same convergence result can also be shown for the solution to (CEF). The

arguments for this are similar to those in [139, Section 4].

1.4.3. Other geometric flows

We derived the elastic flow as the L?-gradient flow of the elastic energy. Considering the

L?-gradient of the length as the velocity, we arrive at the so-called curve shortening flow

oty =k in (0,7T) x S!,
7(0,-) =7 on S

for a sufficiently smooth regular initial curve 7g: S' — R2, see for example [33]. The curve

evolves by moving in the direction of its normal vector, with speed proportional to its
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1.4. The classical elastic flow and other geometric flows

scalar curvature — where it bends the most it moves the fastest. The curve shortening flow
(CSF) originated in the 1950s in materials science and was more rigorously investigated
in the mid-to-late 1980s by mathematicians such as Michael Gage, Richard Hamilton, and
Matthew Grayson. Here, we only mention a few key aspects of the CSF. For a detailed
introduction and further information, we refer to [33]. First, we note that along the flow,
the length of a solution «: (0,7) x S — R? decreases like

d

— L 112 _ 2
O =108 0y =~ [ WP as <o

The signed enclosed area, see (1.2.6), changes like

%A(’y(t)) =— /Sl (Opy,v)yds = —/Sl</i, v)yds = — N kds = —27w. (1.4.4)

Here, k is the signed scalar curvature of the solution, see (1.2.5), and w is the rotation
index, see (1.2.7), which does not change during the evolution. An important property of
the CSF is that it preserves embeddedness, see [65, Theorem 3.2.1]. The proof primarily
relies on the maximum principle applicable to the CSF, which is a second order flow. The
maximum principle can also be applied to establish so-called avoidance principles. For
instance, it can be shown that if a regular smooth embedded curve lies within another
such curve, the curves will never touch each other. Similarly, a convex initial curve that is
contained within a convex set will never leave that set. It is not difficult to see that if we
take a circle of radius rg as initial datum, the solution to the CSF is given by a circle of
radius 7(t) = \/r3 — 2t, see also (1.2.4). In particular, this means that in this case, the flow
develops a singularity in finite time. Along with the avoidance principles, this shows that
the CSF causes any embedded curve contained within a compact set to vanish in finite
time. The CSF has been studied in various forms, such as Gage’s area-preserving variant
(see [64]), and, for example, also for curves on Riemannian manifolds (see Section 1.2.4),

for instance in [75].

If we consider not the L?-gradient but an H ~'-gradient of the length, then we obtain the

so-called curve diffusion flow

Oy = —-Vik in (0,7) x St,
70,)=7%  onS.

We do not intend to give a precise definition of the Hilbert space in which the gradient
is computed at this point. In Section 3.1.1, we derive an H ~'-gradient flow of the elastic
energy and define an appropriate Hilbert space setting for this. Within this framework, the
curve diffusion flow (CDF) can be derived analogously. The CDF was studied in various
articles by Taylor and Cahn ([151]), Elliott and Garcke ([57]), Polden ([134, Section 3]),
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Giga, Escher, and Ito ([68], [69], [58]) and many others. Along a solution : S' — R? of
the CDF, the length decreases with velocity

SLG0) == [[1VarPds <0 (1.4.5)

and the signed enclosed area is constant. We have

%A(’y(t)) = _/Sl (Opy,v)yds = /Sl(ng,w ds = — /Sl(Vs’y,asl/) ds =0, (1.4.6)

where we integrated by parts and used that dsv = —kds7v is tangential. The CDF is a
fourth order equation, and as such we do not expect that a comparison principle holds.
Indeed, in contrast to the curve shortening flow, the CDF does not preserve embeddedness
in general. There are examples of embedded curves developing a self-intersection in finite
time (see [69]). Moreover, it is known that the CDF can develop finite curvature singu-
larities starting from smooth regular initial data. For a blow-up criterion, see for example
[32, Proposition B].

It is also possible to study not only the evolution of curves, but also the evolution of
n-dimensional submanifolds in R"*!. The so-called mean curvature flow evolves a hyper-
surface with velocity given by the mean curvature vector. It is known that under the mean
curvature flow, surfaces usually develop singularities in finite time. For more on the mean
curvature flow, we refer to [54], [111] and [79].

Transferring the curve diffusion flow to hypersurfaces, we come to the so-called surface
diffusion flow, see for example [59]. This fourth order flow decreases the area of an evolving
embedded closed hypersurface (compare to (1.4.5)) while keeping the enclosed volume fixed
(compare to (1.4.6)).

We also want to mention the so-called Willmore flow, the L?-gradient flow of the Willmore
energy (1.2.17). In recent years, this flow has been studied extensively. First existence and
convergence results were established by Simonett ([144]) and Kuwert and Schétzle ([93]
and [94]). In [41], the Willmore flow of tori of revolution is studied. Here, the relationship
between curves in H? and the Willmore energy of surfaces of revolution (see (1.2.19) and
the text above) is explored for the first time for a problem involving time. We want to
note that the Willmore flow has also been studied as a constrained gradient flow, see
Section 1.3.2. In [136] and [137], the constraints of fixed volume and fixed isoperimetric
ratio are realized using suitable nonlocal Lagrange multipliers.

The study of the L2-gradient flow of the Helfrich energy (1.2.20), known as the Helfrich
flow, is just starting to get more attention. In [140], the influence of a nonzero spontaneous

curvature is considered for the first time.

To conclude this section, we note that all the flows mentioned so far are eztrinsic geometric

flows, meaning they describe the evolution of an immersed submanifold. However, there
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1.5. Elastic flow with modulated stiflness

are also intrinsic geometric flows, which describe how the metric on a Riemannian manifold

changes. These flows are another significant area of research not covered in this thesis.

1.5. Elastic flow with modulated stiffness

In Chapter 2, we study the elastic flow with modulated bending stiffness. What is this
generalization, and what are the underlying motivations and ideas behind it?

In shape optimization, the energy and thus the equilibrium configuration of an elastic
shell can depend both on its geometry as well as the distribution of some physical densi-
ties, representing, for example mass, electrostatic charge, or temperature differences. For
instance, the shape can depend on the material composition and vice versa, as it is the
case for certain biomembranes [86, 13, 119]. This phenomenon is not accounted for in
the classical Canham—Helfrich model that we introduced in Section 1.1. Thus, we aim to
adjust and generalize the model. Let us briefly review the progress that has already been
made on this topic.

For the case that the physical densities are discrete, a variational existence theory has al-
ready been established, relying on either rotational symmetry [31, 83] or weak formulations
using curvature varifolds [19].

In [18], a one-dimensional model which attributes for the aforementioned interplay between
curvature and density-related effects has been introduced. Brazda, Jankowiak, Schmeiser
and Stefanelli equip closed planar curves with a (nondiscrete) density function. We use
this model in a slightly more general form in the following.

We mention that in [76], the Euler-Lagrange equations for the energy introduced in [18]
are examined for a given density function. Here, the authors assume a one-sided effect:
the density influences the curvature, but not vice versa.

Moreover, for the discrete setting, we also refer to [82] and mention a related discrete-to-
continuum I'-limit result in [52].

Let us now define the energy we work with. We consider a heterogeneous elastic wire, de-
scribed by a planar closed curve « and a density function p. The density function describes
the distribution of the physical densities that affect the curve’s geometry, and vice versa.
For the moment, we assume v and p to be smooth. The energy of the heterogeneous elas-
tic wire is given by a Canham-Helfrich energy (1.1.2) for curves, including a spontaneous
curvature. But instead of a constant bending stiffness, the bending stiffness depends on
the density p. In this way, the interplay between geometry and density effects is taken
into account. Moreover, we add the Dirichlet energy of the density. To summarize, we

define the generalized elastic energy

40 = 5 [ (B0 = o) + 1 (@2p)?) . (15.)
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As in Section 1.2.1, k is the signed curvature of v, ds = |0,7v(x)| dx is the arc-length
element, and 8; = |9,7(z)| ' 8,. The density-modulated bending stiffness 5: R — R is
assumed to be a smooth positive function, the parameter ¢y € R denotes the spontaneous

curvature, and the constant p > 0 models the diffusivity of the density.

In this model (see also Figure 1.10), the curve strives for a preferred curvature ¢y € R
(determined by the material, see [119]), and the defect is penalized depending on the
continuous density distribution. The diffusivity coefficient p causes the energy to strive
for homogeneity. The higher the diffusivity coefficient, the more the material tends to
diffuse, meaning it aims to reach a constant density, i.e., become homogeneous. In the
special case where p is constant and cy = 0, we essentially retrieve the classical elastic
energy (1.2.8). Note that for a multifold covered circle with constant curvature equal to

¢ and constant density, the energy (1.5.1) is zero.

e
666466

Figure 1.10: Modeling a planar heterogeneous elastic wire with constant curvature different
from zero. Here, the heterogeneity is due to the molecules being packed

differently dense (represented by the arrows). The structure of the molecules
induces a preferred curvature, which is achieved in the curved regions.

For planar curves, the order of the energy (1.5.1) may be reduced as follows. Since (1.5.1)
is invariant under orientation preserving reparametrisations, we assume that the planar
curve v with prescribed length L is parametrized by arclength. Then there exists a smooth

(inclination) angle function 6: [0, L] — R such that

Byy = (COS 9) . (1.5.2)

sin 6

Modulo isometries of R?, the curve v together with its orientation is uniquely determined

by 6. More precisely, for some v(0) € R? we have

v [0,L] 5 R2, ~(s) :/Os (CO‘Q’Q) dr + ~(0). (1.5.3)

sin 0

For more details on describing a planar curve by an angle function 6, see also Section 2.1.1.
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o)

Figure 1.11: Describing a planar curve by its inclination angle 6.

With 0 and the density function p: [0, L] — R, the energy (1.5.1) can be expressed by

400 = 3 [ (30100 — o) + 1 (@00)?) s, (15.49)

using that k£ = 0,0, so that £,(v,p) = £.(0, p).

Naturally, to achieve compactness, the variational discussion of (1.5.4) involves prescribing

the length L, the rotation index w of the curve, and the integral of the density, i.e.

L
/ pds =mL (1.5.5)
0

for m € R. We refer to (1.5.5) also as the condition of fixed total mass. The length
constraint and the preferred curvature ¢y € R are competing forces for minimizing £,,, in
general, since prescribing the length may not allow for a curve with constant curvature k =
co. The constrained minimization problem min &, (6, p) with zero spontaneous curvature
and rotation index equal to one was studied in [18]. In Section 2.2, we continue the
discussion of the static problem. However, our primary focus lies on adopting a dynamic
approach to decrease the elastic energy £, by evolving (6, p) by the associated L?-gradient
flow. This flow can be used to describe, in the simplified quasistatic and viscous regime,
the continuous deformation towards an energetically more favourable state. In addition
to the constraints on length and rotation index, we need to ensure that the angle function
describes a closed curve and that the integral of the density does not change. This is why
we work with a constrained gradient flow containing nonlocal Lagrange multipliers (see
Section 1.3).

At the beginning of Chapter 2, the evolution equations and the equations for the nonlocal
Lagrange multipliers can be found. We propose a suitable initial value problem, for which
we then study the key questions of Section 1.3.3. We show local well-posedness and global
existence of solutions for initial data in a weak regularity class. Moreover, we prove full
convergence of the flow. We analyze the preservation and nonpreservation of quantities

such as convexity, positivity, embeddedness, and symmetry. Finally, we also study the
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asymptotic behavior of the system and find conditions under which we can characterize
the limit.

1.6. Area preserving elastic flow

In Chapter 3, we derive an unconstrained gradient flow of the elastic energy that preserves
the area enclosed by the evolving planar closed curve. What is the motivation behind this?
The L?-gradient flow of the elastic energy is a well-studied problem. In recent years,
various authors have explored numerous variants. One version of the elastic flow is the
length constrained elastic flow (CEF), which we introduce in Section 1.4.1. It keeps the
length of the evolving curves fixed. On the modeling level, this means we assume that
the elastic wires are inextensible. The length constrained elastic flow has been studied in
several works, see, for example [92], [39], [40], [53], or [139].

In contrast, to the best of our knowledge, there is only one work ([129]) in which the elastic
flow under the constraint of fixed enclosed area is studied. The area preserving scenario
is physically relevant, for instance, to describe an interface between an inner domain and
an outer domain filled with two kinds of incompressible viscous fluids, see Figure 1.12.
In particular, there are several works exploring area preserving variants for other flows of
curves, see for example [64], [154], or the recent articles [157], [87]. In the survey article
[114, Section 6] on the elastic flow of curves, the authors explicitly point out the absence
of studies of an area preserving elastic flow.

The higher-dimensional analogue to the elastic flow with the constraint of fixed enclosed
area is the Willmore flow with the constraint of fixed enclosed volume. This flow is studied
in [136].

Figure 1.12: Illustration of an elastic wire describing an interface between to domains filled
with incompressible fluids.

Let us come back to the aforementioned article [129], in which an area constrained elastic
flow is studied. In [129], Okabe derives a system of equations with a nonlocal Lagrange
multiplier that governs the L?-gradient of the elastic energy (1.2.8) under the constraints

of inextensiblity and preserved enclosed area. For this nonlocal system, existence of a
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unique solution and convergence is proven.

In some models, local evolution equations that do not depend on any action at a distance
are preferred (see for example [61]). This motivates to search for an evolution equation
which decreases the elastic energy (1.2.8) and preserves the enclosed area without the need
for nonlocal Lagrange multipliers. Inspired by the Cahn—Hilliard equation, which can be
seen as an H ~'-gradient flow preserving a fixed total mass without any nonlocal Lagrange
multiplier, one could also consider an H ~!-gradient approach for the elastic energy (1.2.8).
We note that this approach also works for the length functional. In this context, we have
the curve shortening flow as the L?-gradient flow, see Section 1.4.3. We have seen in (1.4.4)
that it decreases the enclosed area. If the enclosed area is to remain constant, this can be
achieved with the constrained L?-gradient flow with a nonlocal Lagrange multiplier. We
obtain the area constrained curve shortening flow which is studied in several articles, see
[64], [28], [47] and others. On the other hand, we can derive the curve diffusion flow as an
H~'-gradient flow of the length, see Section 1.4.3. It preserves the enclosed area without
nonlocality.

The H~'-gradient approach increases the order of the evolution equation by two in com-
parison to the L?-gradient flow. This effect is also observed when applying the approach
to the elastic energy. It transforms the classical elastic low with fourth order velocity into

the sixth order flow
Oty = V2 (Vzn + 5|K2k — )\n) : (1.6.1)

We are imprecise here and only present the underlying idea. A derivation of (1.6.1) is given
in Chapter 3. The flow given by (1.6.1) is an unconstrained gradient flow for the elastic
energy (1.2.8). The gradient flow structure ensures that, along the flow (1.6.1), the energy
decreases. Moreover, the signed enclosed area A, see (1.2.6), is preserved. Therefore,
(1.6.1) is indeed an area preserving flow without nonlocality. Unlike in [129], we consider
an optional penalization of the length of the evolving curves, rather than fixing it.

The goal of Chapter 3 is to rigorously derive and then to study (1.6.1). We show that
compared to the classical elastic flow, the behavior of solutions does not deteriorate. First,
we prove global in time existence of the geometrically unique smooth solution to (1.6.1)
with a suitable initial datum. Then, we establish convergence of the solution. Finally, we

discuss the stationary solutions and see that a variety of limits is possible.
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CHAPTER 2 .

Elastic flow with modulated stifiness

In Section 1.5, we introduce an elastic energy for heterogeneous elastic wires, which cap-
tures the interplay between curvature and effects induced by heterogeneity. When describ-
ing the equilibrium configurations of certain biomembranes, this mutual influence cannot
be ignored, which motivates this generalization of the elastic energy. We describe the elas-
tic wire by an inclination angle function and express the energy in terms of this function
and a density function p that represents the heterogeneity. In this chapter, we study the
L?-gradient flow of this energy.

Figure 2.1: Illustration of a heterogeneous elastic wire. The color symbolizes the sign of
the density, while the thickness of the line represents its absolute value.

We consider a heterogeneous elastic wire which is described by a sufficiently smooth regular
closed planar curve v with density p. We assume that the curve is parametrized by
arclength and has length L > 0. Then, as described in Section 1.5, the energy of the
heterogeneous elastic wire can be expressed in terms of an inclination angle 6: [0, L] — R
and the density p: [0, L] — R by

£40.0) = 3 [ (500 o) + n(0:0)?) s, (2.0.1)

see (1.5.4). As in the previous chapter, ds is the arclength element, and 0y is the arclength
derivative. Note that since we work with the arclength parametrization, in (2.0.1), the
differential operator J; is just the ordinary derivative with respect to s, the arclength

parameter. Similarly, ds just denotes integration with respect to the variable s € [0, L].
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Chapter 2. Elastic flow with modulated stiffness

Let us specify the assumptions on the model. For the density modulated bending stiffness

B8, we assume
g€ C*R)and g > 0.

In particular, asymptotic decay to zero is permitted. Conditions such as analyticity,
convexity or other growth conditions are not imposed unless explicitly stated in the results.
The constant

w>0

is arbitrary but strictly greater than zero. This provides us with control over the density
function, which ensures both the existence of minimizers and the parabolic nature of the
evolution equation for p. We show that for sufficiently large values of u, the minimizer of

the energy is a multifold covered circle with constant density. The constant
co € R, (2.0.2)

which accounts for a spontaneous curvature, is arbitrary. In particular, the spontaneous
curvature can be either positive or negative. We note that reversing the orientation of the
curve corresponds to a change of the sign of c¢g. When studying the qualitative properties
of the flow, the spontaneous curvature plays a crucial role in preserving convexity. An-
other constant, which is fixed for the minimization problem and determined by the initial

condition for the dynamic approach, is the ratio of total mass to length

1 L
Ram:Z/O pds.

Unless we are specifically discussing the preservation of positivity of the density, the con-

stant m can take any positive or negative value. The rotation index
w€E7Z,

see (1.2.7), is also fixed for the minimization problem and determined by the initial condi-
tion in the dynamic approach. We allow w to be any integer, including zero. By allowing
w to be negative, we keep track of the orientation of the curve. For the following, we fix

the bending stiffness 8 and the constants
L>0, 4u>0,c0eR, meR, andw € Z,
and refer to them as model parameters.

The main focus of this chapter is to study the constrained L?-gradient flow associated to

(2.0.1) which evolves (6, p) under the conditions that 6 describes a closed curve and that
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the integral of the density is fixed. Since an angle function 6: [0, L] — R represents a

zeroth order closed curve if and only if
L L
/ sinfds = / cosfds =0, (2.0.3)
0 0

we require that (2.0.3) and

L
/ pds =mL
0

hold along a solution. If we write the constraints as a constraint functional, as described
in Section 1.3.2, and compute the gradients of the energy and the constraint functional,
we can derive the constrained L2-gradient flow. It is given by the quasilinear parabolic

System

040 = 05(B(p) (950 — o)) + g1 sin @ — Aga cos b,
Oip = pdip — 58" (p)(9s0 — c0)® — Ay

Here, Ag1, Ag2, and A, are nonlocal Lagrange multipliers ensuring the closedness constraint
and the constraint of fixed total mass. The explicit formulas are given in Section 2.1.2.
Observe that the evolution equations are coupled so that we cannot treat them separately.
Another important observation is that by working with the angle function 6, the order of
the equation for the curve is reduced to second order. Working with +, i.e. considering the
L2-gradient flow of (1.5.1), would yield a fourth order equation as for the classical elastic

flow.

We require that along the evolution, the curve remains closed up to second order and
that the density is C''-periodic. With (1.5.2), we see that a curve described by an angle
function is closed to first order if (L) — 6(0) is an integer multiple of 27 and (1.2.7) shows
that this multiple corresponds to the fixed rotation index w. Therefore, we consider the

boundary conditions

and
0:0(s =L) =0:0(s=0), 0Osp(s=L)=0sp(s=0).

Note that we do not prescribe a fixed value at the boundary, which results in having two

boundary conditions for both 8 and p.

In addition, we take an initial datum (g, pp) € C*([0, L]) that belongs to a C2-closed curve

with Cl-periodic density. This means that we assume that the initial datum satisfies the
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Chapter 2. Elastic flow with modulated stiffness

boundary conditions. For the zeroth order closedness, we additionally require that 6

satisfies (2.0.3). To sum up, we obtain the initial boundary value problem

00 = 05(B(p)(9s0 — co)) + Agrsind — Agacos®  in (0,7 x [0, L],

0up = 1 — 55 (D)0 — o)~ A, in (0,7) x [0, LI,

(-, L) — 0(-,0) = 27w, p(-,L) = p(-,0) on [0,T), (2.0.4)
9:0(-, L) = 050(,0), 9sp(-, L) = Osp(-,0)  on [0,T),

6(0,-) = 0o, p(0,-) = po on [0, L],

with (6o, po) € C1([0, L]) satisfying the boundary conditions and (2.0.3). The main goal
of this chapter is to study (2.0.4).

After some preliminary considerations in Section 2.1, we shortly consider the variational
problem associated to (2.0.1) in Section 2.2. The goal of Section 2.3 is then to establish
local well-posedness of (2.0.4) for initial data in a weak regularity class. In Section 2.4, we
prove global in time existence of the solution and in Section 2.5, we establish convergence.
In Section 2.6 we analyze qualitative properties of the solution and in Section 2.7, we
discuss assumptions under which the limit is determined.

The contents of this chapter are taken from [37] and [36].

2.1. Preliminaries

In the following, we first briefly discuss the description of a planar curve via an angle
function, see Section 2.1.1. Next, we provide formulas for the Lagrange multipliers (see

Section 2.1.2) and verify that the energy decreases along the evolution (see Section 2.1.3).

2.1.1. Describing planar curves

In Section 1.5, we use that a planar curve « with prescribed length L can be described by
an inclination angle function 6: [0, L] — R. If we consider regular W?22(0, L; R?)-curves
with W12(0, L; R)-density, for which the the energy (2.0.1) is well-defined, such an angle
function indeed exists. This can be proven analogously to the case of smooth curves in

elementary differential geometry, see for example [20, Lemma 2.2.5].

Lemma 2.1.1 ([124, Lemma A.2]). For a regular curve v € W22(0, L,R?), there exists
6 € WhH2(0, L; R) such that

Oy cos
Oy = - 2.1.1

for x € [0,L]. Any two angle functions satisfying (2.1.1) differ by an integer multiple of
2.
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2.1. Preliminaries

We work with an parametrization by arclength, so |0,y = 1 in (2.1.1). For regu-
lar W22(0, L; R?)-curves, such a parametrization exists. Using the Sobolev embedding
W22(0, L; R?) — C*(]0, L]; R?), this follows like in [20, Proposition 2.1.13]. See also [124,
Lemma A.6].

Lemma 2.1.2. For a regular curve curve v € W22(0, L,R?), there exists an arclength
parametrization 7 € W22(0, L, R?).

At this point, we also refer to (1.5.3), which explains how to derive the curve v from a

given angle function 6.

2.1.2. The Lagrange multipliers

Let us take a closer look at the three Lagrange multipliers in (2.0.4). In the first equation
n (2.0.4), Ag1 and Mg ensure that v remains closed along the flow if the initial curve is
closed. We define

Aor(t)\ _ - L (—sin6 i
<)‘92(t)> =1 1(0)(t)/() ( cos 0 >85(6(p)<850 0)) ds, (2.1.2)

where T171(6)(t) denotes the inverse of the matrix

(2.1.3)

[Fsin26ds — [Fcos B sin b ds
I(0)(t) := ( 0 0 .

- fOL cos 0 sin 0 ds fOL cos? 0 ds

Then, for a sufficiently smooth solution (6, p) of (2.0.4) we indeed have

L L[ _
9, / cos ds — / sin 0 0,0 ds
0 \sind 0 cos b

-/ <_ . 9) - (3(p)(040 = c0)) + Aax sind — Agp cos6) ds

cos 6

—sin @ o1 (t)
=) 000000 - as - oy (Y1)
=0. (2.1.4)

With (2.0.3) we see that this means that if the initial angle function corresponds to a

closed curve, the solution is also closed.

Remark 2.1.3. The boundary conditions in (2.0.4) make it possible to use integration
by parts to write the Lagrange multipliers A\g; and Ay in the form

Aor()\ _ - L (cosf e
(Am(t)>_n 1(0)(t)/0 ( )389ﬁ(p)(850 o) ds. (2.1.5)

sin 0
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Chapter 2. Elastic flow with modulated stiffness

One might wonder whether the inverse of the matrix II is well-defined. The answer to this

question is provided by the following remark.

Remark 2.1.4. As already observed in [160, Lemma 2.1] we have

det TI(6 2/ / sin wtssdsds

where 1¥(t,s,§) := 0(t,s) — 6(t,5). Hence, as long as 6(t,-) is not constant, the matrix
I1(0)(t) is invertible. In particular, the Lagrange multipliers in (2.1.2) are well-defined, as

long as the angle function describes a closed curve.

The third Lagrange multiplier A, is chosen so that the total mass remains fixed during
the flow. Defining

M) === | B(p)(0s0 — co)*ds, (2.1.6)

a sufficiently smooth solution (¢, p) of (2.0.4) satisfies

L L
f)t/ pds :/ Opds
0 0

L 1
= [ (n20(t,5) = 58 (1, ) (@(2.5) = o) =, ) s
1 L
—5/0 B'(p(t,s))(0s0(t, ) — co)* ds — LA, = 0. (2.1.7)

To sum up, the Lagrange multipliers Ag1, Ag2, A, are chosen such that

L L L L
/ cosf(t,s)ds =0, / sinf(t,s)ds =0, / p(t,s)ds = / po(s)ds (2.1.8)
0 0 0 0

along a solution so that the evolution indeed corresponds to an evolution of closed curves

with fixed total mass.

2.1.3. Decrease of the energy

Let us note that a direct computation reveals a constrained L2-gradient flow structure, see
Section 1.3.2. This means that for a sufficiently smooth solution (6, p): (0,7)x [0, L] — R?
of (2.0.4), the energy (2.0.1) decreases.

We also observe this by the direct computation

d

LE0.0) = /L(;ﬁ(xae—co) dp+ Blp ><80—co>atae) ds+/ 1 0up DuDip s

/a 89—60))8t0ds—|—/ ( (0)(0: — co)? —u@?p)@tpds
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2.2. The static problem

L L
= —/ 040 (010 — Mgy sin O + Apo cos ) ds — / Op (Orp + Ap) ds
0 0
L L
_ 7/ (0:0)% ds — / (Bp)2ds < 0 (2.1.9)
0 0

for all t € (0, 7).

2.2. The static problem

Before addressing the dynamic problem, this section focuses on analyzing the minimizers
and constrained critical points of the energy functional (2.0.1). As indicated by the form
of the energy (2.0.1), a global minimizer has to have constant density if u is sufficiently
large, cf. also [18] for the case w = 1, ¢y = 0. Remarkably, this is generically not true
on the level of critical points, see Example 2.2.15. We provide sharp sufficient conditions
for constrained critical points to be homogeneous elasticae, i.e. elasticae with constant
density.

Since the constrained critical points are precisely the stationary solutions to (2.0.4), the
better understanding of the static problem provides us with insights, which are useful for

the asymptotic analysis in Section 2.7.

2.2.1. The Euler—-Lagrange equations

For k € N, we denote the Hilbert space of periodic Sobolev functions on [0, L] by

Wk2(0,L) == {u € WF2(0, L) : 9u(L) = d%u(0) for £=0,...,k —1}. (2.2.1)

per

The standard angle function of an w-fold covering of the circle is given by

é(s) = QWL‘”S for s € [0, L]. (2.2.2)

If § € W*2(0, L) is an angle function for a C*-closed curve with rotation index w € Z,

there exists a unique u € W&;?(O, L) such that # = ¢ + u. Consequently, it is natural to

study the energy &, defined in (2.0.1) on the set

U = W20, L;R%) + (¢,0)

per

= {(6,0) € W0, L R?) : 6(L) — 6(0) = 27w, p(L) = p(0) }

By introducing the constraint functional

L L L
g(@,p):(/o costs,/O sin@ds,/o pds—mL)7 (2.2.3)
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Chapter 2. Elastic flow with modulated stiffness

we see that (6, p) € U corresponds to a C''-closed curve with rotation index w € Z and a
density with total mass mL if and only if G(6, p) = 0. We thus define the side condition

A:={(0,p) eU: G(6,p) =0}.

The set U is not a vector space (unless w = 0), but only an affine subspace of the Hilbert
space W12(0, L;R?). However, this causes only some minor technical difficulties when
applying results from functional analysis that are typically formulated on open subsets of

Banach spaces, see also [37]. To circumvent this, we define the shifted functionals

E,: W)i(0,L) = R, Eyu(u,p) = Eu(u+ ¢, p), (2.2.4)
G: W2 (0,L) = R?, G(u,p) = G(u+ ¢, p), -

per

with ¢ as in (2.2.2). If (0,p) = (u+ ¢,p) € U, then we have E,(0,p) = E,(u,p) and
G(0,p) = G(u,p). The Fréchet derivatives of E, and G at (u,p) € WL2(0, L; R?) are

per
linear mappings E/,(u, p): Wi (0, L; R?) = R, G'(u, p): Wz (0, L; R?) — R3, given by
L
By, p)(w.0) = [ (8(0)(Ou+ 06— co)or
1

+ iﬁl(p)(asu + 050 — c0)*0 + u@spasa) ds, (2.2.5)

L L L
G (u,p)(v,0) = (— / v sin(u + ¢) ds, / v cos(u + ¢) ds, / ads). (2.2.6)

0 0 0

Moreover, for (v,0) € W2(0, L;R?), we have

L
Bl p)(0.0)%) = [ (B0)(@0)? + 26 (0) D + 0.6 = cn)odo

1
+ 58" (0)(Osu+ 05 — co)’0” + 1(950)?) ds, (2.2.7)
L L

G" (u, p)((v,0)%) = ( - / v? cos(u + ¢) ds, — / v? sin(u 4 ¢) ds, 0). (2.2.8)

0 0

In the following, we write in a slight abuse of notation

E,(0,p) == E,,(u, p), £,(0,p) == Ey(u, p),

g'0,p) == G'(u,p), G"(0,p) == G"(u,p) (2.2.9)

for (u,p) = (0 — ¢,p) € WSé%(O,L;Rz). Moreover, we say that £, has a critical point
subject to the constraint G = 0 at some (6,p) € A if E, has a critical point subject to
the constraint G = 0 at (u, p) = (0 — ¢, p) (cf. [167, Definition 43.20]). This is the first

instance where the lack of the vector space structure of U causes technicalities.
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Proposition 2.2.1. The energy &, has a critical point subject to the constraint G = 0 at
some (0,p) € A if and only if there exists A = (Ag1, Ag2, \p) € R3 such that

£,(0,p)(v,0) +A-G'(0,p)(v,0) =0 forall (v,0) € W20, L; R?). (2.2.10)

per

Here, A - G'(0,p) = 32, i (G) (0, p) + X, (G)? (6, p). Equation (2.2.10) is called the

weak Euler—Lagrange equation. Written as two separate equations, (2.2.10) is

L
0= / (B(p) (950 — 0)Osv — Ag1 8in v + Ag2 cos f v) ds, (2.2.11)
0
L 1
0= /0 (ndspdso + 55'(/})(839 —c0)%o 4+ \,0) ds. (2.2.12)

Choosing appropriate test functions shows that Agi, Ag2 and A, are given as in (2.1.5), and
(2.1.6). Proposition 2.2.1 follows from formulating the problem in the periodic setting by
[167, Proposition 43.21] and the following Lemma.

Lemma 2.2.2. For (0,p) € A, the map G'(0,p): WS&%(O,L;RQ) — R3 is surjective.

Proof. Let (z1,2z2,23) € R®. Choosing ¢ = & yields (G')*(6, p)(v,5) = x3 for all v €

WSé%(O, L) (see (2.2.6) and (2.2.9)). Moreover, choose v := —¢; sin @+ ca cosf € WSé%(O, L)

for some ¢1,c2 € R. Then, from (2.2.6) and (2.2.9) we obtain

2

((9)%(6?) (6, p)(v,5) = T1(0) ()

with IT defined as in (2.1.3) for time-independent 6. Since (0, p) € A, the matrix II(0) is
invertible (see Remark 2.1.4). Hence, there exist ¢, co € R such that

((9)1@)%) (0,0)(3,5) = (a1, 25)

and the surjectivity follows. O

For (u, p) € W22(0, L; R?), the energy E,, possesses an L?-gradient, i.e. there exists

per
VE,(u,p) = (VuEu(u, p), V,Eu(u, p)) € L*(0, L; R?)

such that for all (v,0) € W22(0, L; R?) one has

per

E;L(u,p)(v,a) = (VE,(u,p), (U7U)>L2(O,L;R2)

= (VuEu(u, p),v)r200,0) + (Vo Eu(u, p), o) r2(0,1)-
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Chapter 2. Elastic flow with modulated stiffness

Integrating (2.2.5) by parts, we obtain the explicit representation

VE(,p) = ( = 0.(8(p) O+ 0.6 = v). —dEp+ 35(p)(Oeu+ 0.6~ u)?).
(2.2.13)

It is not difficult to see that the components G’ of G also possess L>-gradients for j = 1,2, 3.
For all (u, p), (v,0) € W22(0, L; R?), we have

per

G (u,p)(v,0) = (VG (u,p), (v,0))

(VG(u,p), (v,0))

(VG (u.p), (v,0))

)

L2(0,L;R?) L2(0,L;R?)
L2(0,L;R2) )

for the L?-gradients of the components G’ given as

VG (u, p) = (—sin(u + ¢),0), VG?(u, p) = (cos(u + ¢),0), VG3(u,p) = (0,1).
(2.2.14)

Again, for simplicity we abuse notation and work with

for (0, p) € W22(0, L; R?) + (¢, 0) with ¢ as in (2.2.2) and (u, p) = (0, p) — (4, 0). If (9, p) is

per

a critical point of £, subject to G = 0 with (6, p) € Wgé%((), L;R?)+(¢,0), Proposition 2.2.1

implies the existence of (Ag1, Ag2, A,) € R3 such that
VSM(Ha 10) + A6’1vg1(97 p) + >‘92vg2(07 p) + )\Pvgg(uv 10) =0 (2216)

in L?(0, L; R?). We call (2.2.16) the Euler—Lagrange equation. Written as two separate
equations (2.2.16) is

0 =05 (B(p)(0s0 — co)) + Ag15in € — Aga cos b, (2.2.17)
0= o~ 38(p)(0:6 — co)* ~ Ay (2.2.18)

2.2.2. Existence of minimizers and smoothness of critical points

The existence of a solution to the minimization problem

(9,152,45“(9”’) — min! (2.2.19)

can be shown via the direct method following the arguments in [18, Prop. 3.2].
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Proposition 2.2.3 (Existence of a minimizer). There exists (0*, p*) € A such that

Eu(0%,p") = (a,iSEAE“(H’p)‘

Proof. Since £,(6,p) > 0, there exists an infimizing sequence (6, p,) C A for £,. As &,
does not depend on 6 but only on 9,0, without loss of generality, we assume that 6,,(0) = 0
for all n € N. Let M € R be such that &, (6, pn) < M for all n € N.
Firstly, the definition of £, implies that p ||3Spn||%g(07L) < 2M. Due to the fixed mean
value of pp, the Poincaré inequality allows to bound |[pn|l12( 1) by the L2-norm of the
derivative. Thus, p,, is uniformly bounded in W%2(0, L) and hence there is K € R such
that [[pn |l w120,y lonllcogo,r)) < K for all n € N. This enables us to bound ||950n|[ 12 1,
using again the definition of £, by

10s6 20,1y < 196 — o220,z + dmwco < mf[zi\f;qﬁ + drwep.
Due to 6,(0) = 0, we can bound ||| 2o ) by the L?-norm of the derivative. Thus,
0, is also bounded in W%2(0,L). The boundedness and the compactness of the Sobolev
embedding W12(0, L) C C([0,L]) yields the existence of a subsequence (6, ,pn,) such
that (On,, pn,) — (0%, p*) in WL2(0, L) and (6, , pn,,) — (0%, p*) in C(]0, L]). On the one
hand, the limit (6%, p*) satisfies 6*(L) — 60*(0) = 27w, p*(L) = p*(0) and

L L L
/ p*ds = lim / Pn,, ds = / po ds,
0 k—o0 Jo 0
L L L

L
/ sin6* ds = lim sinf,, ds =0, / cosf* ds = lim cos By, ds = 0.
0 0

k—o0 Jo k—o0 Jo

Consequently (0*, p*) € A. On the other hand, we obtain

. * AR * _
Jim (18(pn,) = B o)) < Sup 8] limllpny, = " lleo,0p) = O

[N
=

It follows that (3(pn,))2 (9sbn, — co) — (B(p*))2 (0s0* — cp) in L?(0, L) and
L L
/ B(p*)(0s0* — cp)? ds < lim inf B(pny, ) (050, — co)? ds.
0 k—oco Jo
Together with the weak L?-convergence Ospn, — Osp™ and
L L
/ 1(9sp*)? ds < lim inf/ 1(Dspn, )2 ds,
0 k—oo Jo

we conclude that £,(0%, p*) < liminfg o0 Eu(Onys pny,) = inf(g pyca Eu(0, p). O

We prove now that constrained critical points (and in particular minimizers) are smooth.
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Chapter 2. Elastic flow with modulated stiffness

Proposition 2.2.4 (Smoothness of critical points, [36, Proposition 2.2]). If (6, p) is a con-
strained critical point, the L-periodic extension of (050, 0sp) to R is smooth. In particular,
(0,p) € C*(]0,L]) and 0s0(L) = 0s0(0), dsp(L) = 0sp(0).

Proof. Let (0,p) € U be a constrained critical point. Then there exist Ag1, Ag2, A, € R
such that (60, p) satisfies (2.2.11) and (2.2.12).

Step 1: (6,p) € W22(0,L) € CY([0, L]). Since p € W'2(0,L) < C([0,L]), 180 plleoy
and || 9spl| 2o 1) are bounded. Thus, (2.2.11) implies that there is C' = C(6, p) such that
<C ”UHL2(0,L)

L L L
/ B(p)0s00svds| = ‘ / (Ag1sin — g cos@)vds — / B’ (p)dspcov ds
0 0 0

for all v € CL((0, L)) ¢ WL2(0,L). So, B(p)dsf € WH2(0, L) by [20, Prop. 8.3]. Hence,

per

18(p) (950 — co)ll o,y and also [|5'(p)(0s0 — co)ll(po,z)) are bounded, so (2.2.12) implies
that

- < Cllol 20y

/L (—ﬂ'(p)(@sﬂ —¢g)’0 — 2)\p0> ds

L
2u‘/ 0sp0so ds
0 0

for all ¢ € C1((0,L)). Tt follows that p € W?2(0,L) c C([0,L]). We thus obtain
0s(B(p)0s0) = B'(p)0spdsh + B(p)026 in the sense of distributions, so 9260 € L?(0, L) as
inf( 1) B(p) > 0.

Step 2: (0, p) € W32(0, L) c C?([0, L]). The increased regularity yields that (6, p) satisfies
(2.2.17) and (2.2.18) in L?*(0, L). Using the same ideas as in Step 1, we can deduce that
(0, p) € W3%(0, L).

Step 8: Smooth L-periodic extension. Testing (2.2.11) and (2.2.12) with W l2-functions

not vanishing at the boundary results in the natural boundary conditions
0s6]0 =0 and  dply = 0. (2.2.20)

Since (0, p) satisfies (2.2.17) and (2.2.18) pointwise we conclude with (2.2.20) that 926(L) =
0260(0) and 92p(L) = 92p(0). The claim follows by bootstrapping. O

2.2.3. Homogeneous elastica

The structure of the energy functional &, suggests that for large values of ;, minimizers
favor almost constant density, cf. [18]. For constant density, &, is essentially the elastic
energy whose critical points are called elasticae (see Section 1.2.2). For p large, these
elasticae also play an important role for the heterogeneous elastic energy (2.0.1).

Since &, only depends on the derivative of 6, if (0, p) € A is a critical point of &, subject
to the constraint G = 0, then (0 + ¢, p) € A, is also a constrained critical point for any

¢ € R. This motivates working with the curvature k = 0,6.
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2.2. The static problem

Definition 2.2.5 ([36, Definition 2.3]). Let (0, p) € A. We say that 6 describes a (length-
constrained) elastica if the curvature k = 050 is smooth and satisfies the constrained

elastica equation
1
2k + §k3 —~ Mk =0 for some \ € R. (2.2.21)

If further p is constant, we say that (6, p) describes a homogeneous elastica.

Solutions of (2.2.21) have been classified explicitely in several previous works, see Sec-
tion 1.2.2. We emphasize once again that in the case of closed curves, the elasticae can be

characterized as follows.

Lemma 2.2.6 ([98]). The only closed constrained elasticae are multifold coverings of

circles and multifold coverings of the figure eight (elastica).

The figure eight is illustrated in Figure 2.2. For an explicit parametrization, see [124,
Definition 5.1].

Figure 2.2: The only closed planar elasticae are multifold coverings of a circle (left) and
of the figure eight elastica (right).

Remark 2.2.7. Let (0,p) € A. If w # 0 and 6 describes an elastica, then 6 is the angle

function of an w-fold covering of a circle with curvature k = %Tw Thus, 6 is determined

up to an additive constant. If (6, p) describes a homogeneous elastica and we require that
6(0) = 0 or that fOL 0(s)ds = mwL, then

(6.9) = Bespe) = (1 osm) € A

Minimizers and critical points for large u

We now show that for large values of 1 and w # 0, a minimizer (6, p) in (2.2.19) describes

a homogeneous elastica. To state a uniqueness result, we define

7(6) = /OLa(s) ds

and fix Z(0) = mwL.
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Chapter 2. Elastic flow with modulated stiffness

Proposition 2.2.8 (Unique minimizer for large p, [36, Proposition 2.6]). Let w # 0.
Then there exists po € (0,00) such that if u > po,

Eu(Oc,pe) < Eu(B,p)  forall (0,p) € AN{Z(0) = nwL} \ {(6c,pc)} -

Proof. We basically follow the ideas of [18, Prop. 3.3]. In a first step, we show that for
u large enough, the second variation 6',’; (Oc, pe) is strictly positive. It follows (for example
with [167, Theorem 43.D]) that (6., p¢) is a strict local minimizer in the sense that there ex-
ists 6 = 0(p) > 0 such that £,(6., p.) < £.(6, p) for all (0, p) € AN{Z(8) = 7wL}\{(0c,pc)}
with norm [[(6, p) — (0c, pe)ly12(0,) < 0. Now, note that £,(0, pc) is independent of p
whereas &,(6, p) is increasing in p. Consequently, the neighborhood in which (6., p.) is
a strict local minimizer can be chosen only depending on a lower bound g1 on p. In a
second step, we prove that there exists puo such that for p > ps all global minimizers are
contained in Bs(f., p.) C WH2(0,L). Together with the first step, for u > max {u1, u2},

(0, pc) is the unique global minimizer.

Step 1: Strict local minimizer. To prove the first part, we switch to the periodic setting of
Section 2.2.1, which allows us to apply [167, Theorem 43.D]. So, let (uc, pc) := (0c, pc) —
(¢,0) = (0,m). Fix p > 0. To begin with, choose

Ae = (0,0, %B'(m)(@sgb — co)?). (2.2.22)

Then E} (uc, pe)(v,0) = Ae- G’ (ue, pe)(v,0) = 0 for all (v,0) € W;:2(0, L; R?), which means

per
that (uc, pc) is a critical point of E, subject to the constraint G' = 0. Next, we prove that

there exist o > 0 and pp such that for p > pq,

EZ(“C? pC)((”? 0)2) —Ac- G”(u07 pC)((”? 0)2) e H(Uv U)HIQ/V1’2(O,L) (2223)

for all (v,0) € WL2(0,L;R?) N {Z(v) = 0} such that G’'(uc,pc)(v,0) = 0. Let (v,0) €

per

WL2(0, L;R?) N {Z(v) = 0} such that G'(uc, pe)(v,0) = 0. With (2.2.8) and (2.2.22), we

per
observe first that

Ae - G (e, pe)((v,0)?) = 0. (2.2.24)

Hence, we concentrate on Ej(uc, pc), see (2.2.7). For a clearer representation we use

¢ = 0s¢ — ¢g. With the Cauchy-Schwarz inequality we obtain

EZ(UCaPc)((UaU)z) > B(m) HaSUH%Q(O,L) —2[f'(m)¢| HU”L2(0,L) HasUHH(o,L)

~2
C
=5 8" ) llolZ20,0) + 100 [ 7200.1-

20



2.2. The static problem

Further, Young’s inequality yields

2(B'(m))* & p(m)

2(8'(m) el lloll L2(o,z) 1950l 20,y < T Bm) loll720,z) + 5 10501 72(0.1.)

Remember that Z(v) = fOLvds = 0 and note that G'(uc,p:)(v,0) = 0 implies that
fOLods = 0. Therefore, the L:norms of v and o can be estimated by the L?-norms
of the derivatives, which in turn are equivalent to the W2-norms. So, combining the last

two estimates, we get

F "(m '(m 2
B(uesp0 (0.0) = (= (52)' ('5 gl 2 ) ) 10:0120.1

+ (50m) = 20 oo .

and (2.2.23) follows for suitable p; and a.
Step 2: Convergence of minimizers to (6., p.). Let (1;);jen with pj — oo for j — oo be a
monotonically increasing sequence and define

M = {(0, p) . global minimizer of £, subject to G = 0 and Z(0) = 7er} .

We claim that for all § > 0 there is J € N such that M; is contained in the W12-ball
Bs(0., pe) for all 7 > J. In the following, C' denotes a constant that can vary from line to
line without being renamed. Furthermore, we write £(6,, p.) for £,(6., pc) to make clear
that there is no dependence on p. Let (6, p) € M; for some j € N. As fOL(H —6,)ds=0
and fOL(p — pc)ds = 0, there is C' > 0 such that

100, p) = (be, pe)llwr2go,n) < (1 + C) 050 = Osbell 120 1) + (1 + C) [|9spll 20,1 -

First, we notice that for any d; > 0 there is J € N such that

2 2
10spl72(0,1) < —Ep; (0, p) < —E(Be, pe) < 67
Hj Hj

for all 7 > J. Hence, by Sobolev-embedding and the Poincaré inequality, there is C' = C(L)
such that [[p — pell ¢,y < C01. Thus, there exists K € R such that

18(6) = B(eleqorn < 51w 181110 = pellco < Co (2.2.25)

for all (0, p) € M;, j = J. Since inf|_g 7 8 > 0, we have that

2E(Oe; pe)

' 2.2.26
inf_x k) 8 ( )

L 1 L
—c)Vds< ——— —0)ds <
/0 (00 — ) ds < e /O B(p) (050 — co)? ds <

o1



Chapter 2. Elastic flow with modulated stiffness

is uniformly bounded. With a short computation using 0s6. = constant and fOL 0,0ds =
fOL 050.ds = 27w we see that

L
1050 = 0,00220.1) = / (050 — c0)? — (0600 — co)? ds
0

- /3&5) ( /0L<5<Pc> = B(p))(950 = o) ds + /0 * 5(0)(0,6 - co)? ds — 26, m)-

Since fOL B(p)(0s0 — co)?ds < 2E(Be,p.), using (2.2.25) and (2.2.26), we have
||0s0 — 6500”%2(0’ ) < €6 for some C depending on the model parameters but not on
. Choosing 61 > 0 small enough, the claim follows. O

This result does not extend to w = 0 and 6 describing the figure eight elastica as we see
in Remark 2.2.12.

The next example shows that (6., p.) does not always need to be a global minimizer.

Example 2.2.9 ([36, Example 2.7]). For the bending stiffness, we consider a double-well
potential given by 3(z) := (#? —1)? +c with ¢ > 0. Let L =27, w =1, ¢y = 0 and m = 0.
Consider 6. = s, p. = 0 and p :=sin(2s). Then (6., p) € A and

3
Eu(0ep) = (L4 ) m > (L4 e 20) = £,(6.p)

for p < %.

Nonetheless, for large p, (6c,pc) is locally the unique constrained critical point. This

basically follows from the continuity of £ and G” and the positive definiteness of £/ (6., pc)-

Corollary 2.2.10 ([36, Corollary 2.8]). Letw # 0. There is g > 0 and a C*-neighborhood
O of (0, pc) such that if (0,p) € O is a constrained critical point with Z(0) = mwL and

p > po, then (97/)) = (907pc)'

Proof. Again, we switch to the periodic setting. We have seen in the proof of Proposition
2.2.8, that there exist a > 0 such that for

coL\? (18"(m)| | 2(8'(m))?
“><“’_27r)< 2 B(m) )

and A, as in (2.2.22),

Ejj (e, pe)((0,0)%) = Ae - G" (ue, pe) ((v,0)°) = @l|(v,0)[[fyr12(0,1

for all (v,0) € W2(0, L; R?*) N {Z(v) = 0} such that G'(uc, p.)(v,0) = 0. So E, has a

per

strict local minimum at (u, p.). Now, we claim that for € > 0 there exists 6 > 0 such that
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2.2. The static problem

if we take (u,p) € W12(0, L;R?) with ||(u, p) — (e, pe)ll e po,rg) < 0, then

per

(Bl tespe) = A+ G (e, p0) = Bl p) + A - &, ) (0,0)%)] < £ (0.0 nzgoy -
(2.2.27)

This is a continuity type property of the second derivatives at (uc,p.). Here, A =
(Auts Auz, Ap) = (Mg1(0 — @, p), Ag2(0 — &, p), Ay (0 — ¢, p)) is explicitly given as in (2.1.2),
and (2.1.6). By [167, Theorem 43.D] and choosing ¢ < «, this implies that if (u, p) is a
critical point of E, subject to the constraint G = 0 and Z(u) = 0, then E, has a strict
local minimum at (u, p) subject to the constraint G = 0 and Z(u) = 0. We conclude that

there cannot exist other constrained critical points in a sufficiently small C'*-neighborhood

of (e, pe)-
It remains to prove (2.2.27). We take 0 < § < 1 small enough and consider (u,p) such
that [|(u, p) — (e, pe)llcr(o,07) < 6. Then, there exists C = C(J) such that

(B (e, pe) = Eji(w, p)) (v,0)2)]
L L
< [T 18(00) = B (@) ds +2 [T |(8(pe) = 8(0) (0.0 = cn) 7 00| s
2 [11910) Gue — Do ] st 5 [18"0) = )] 02— oo
0 P sUc sU) 0 OsV| dAS 2 Jo Pec P s Cp) o das
1 rL
+5

< C|[(ue, pe) — (u, P)Hcl([o,L]) H(U,U)H%Vw(o,L) )

8"(p) ((0:6 = c0)? = (Du+ 0,6 = o)) | 0 s

cf. (2.2.7). Since A. - G"(uc, pe) = 0 (see (2.2.24)), it remains to prove that

8- G" () ((0,0))] < C e pe) = (s Do,y 0oy (2:2:28)

for some constant C. With (2.2.8), |G" (u, p)((v,0)?)| < ||(U,O‘)||I2/V1,2(07L). Moreover, using

Lemma 2.4.2 in Section 2.4 to bound the inverse matrix and u. = 0,

(Ot z)| = |17+ 9) H]/ (_:fgij;) Dt B(p) (Dt + D — co) ]

< C0sulloqo,r)) < C ll(ues pe) = (ws p)ller o,z -
Since (G")3(u, p) = 0, we conclude (2.2.28) and the proof is complete. O

Conditions for homogeneous elastica

If a constrained critical point has constant density, this already implies that it describes

a homogeneous elastica.
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Chapter 2. Elastic flow with modulated stiffness

Lemma 2.2.11 ([36, Lemma 2.9]). If (6,p) describes a constrained critical point and

p = m, then 0 describes an elastica.

Proof. By Proposition 2.2.4, (6,p) is smooth. Since p is constant, the Euler-Lagrange
equation (2.2.17) reads

0 = B(m)0sk + Ag1sin € — Aga cos b, (2.2.29)
with k = 050. As in [128, Remark 2.2], we multiply (2.2.29) with k. This yields
1
0= 55(m)a9(k2) + s (— g1 cos B — Agasin ) .
So there is A € R such that
-1 ) .
A= iﬁ(m)k — Ag1cos @ — Agasin 6. (2.2.30)

Differentiation of (2.2.29) and inserting (2.2.30) leads to (2.2.21) with A = B(/}n)‘ O

Remark 2.2.12 ([36, Remark 2.10]). In the case w = 0, a constrained critical point with
constant density exists only if 5'(m) = 0. Indeed, if p = m and p’'(m) # 0, it follows from
(2.2.18) that (9560 — co)? is constant. For w = 0, this contradicts the closedness of the
curve described by 6.

For w # 0, we provide suitable assumptions on 3, under which the converse implication of
Lemma 2.2.11 also holds.

Lemma 2.2.13 ([36, Lemma 2.11]). Let w # 0 and co # 27<. Let (0, p) be a constrained

critical point and suppose 0 describes an elastica. If (8 is such that

(a) B is convex or

2T

2
2w — Lco> [m = | or

(b) 18'(@)] < 2u (

" 2 2
(c) sup |B"| < 2u (W_LCO) ,

then p is constant. In particular, (0, p) describes a homogeneous elastica.

Proof. Since 6 describes a constrained closed elastica and w # 0, we have k = 0,60 = Q”T"’

by Remark 2.2.7. The Euler—Lagrange equation for p (cf. (2.2.18)) simplifies to

L

_ (k —C )2 ! 1 /
020 =SS (80 - 1 [ # ) as), (2.231)
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2.2. The static problem

(a) Using integration by parts, (2.2.31), fOL pds = mL, and the convexity of 3, we have

L o2 /L
[ @as =-E5 08 [Ty - myas

(k — 60)2

L
=55 [T - B (p—myas <o,

(b) First, we proceed as in (a), then we obtain with

27\ 2 /27w — Leg\ 2
k—cy)= (= _—
e-a2= () (55

the assumption on ', and the Wirtinger inequality that

(k — cp)?

L 2
Bsp)2ds = —
/0<p>s -

/OL B'(p)(p—m)ds < (2;)2/;@_ m)%ds < /()L(asp)z ds.

(c) We write 5'(p) = % fOL B'(p) ds and use the Wirtinger inequality twice to get

2
[ @pras= (W) [ (#0)-70)" as

< (?)2/0L(38p)2ds < /OL(ﬁzp)Q ds.

In all cases, the periodic boundary conditions imply that p = m. O

For clarity, we also present a corollary now, which follows from the analysis of the asymp-
totic behavior. Under the assumptions of Lemma 2.2.13, we can already prove it using
the same ideas as in the proof of Part (a). Later (in Theorem 2.7.1), we see that it also
holds for w = 0.

Corollary 2.2.14 ([36, Corollary 2.12]). Let (0, p) be a constrained critical point. If /3 is
such that 8'(x) < 0 forx < m and '(x) > 0 otherwise, then (6, p) describes a homogeneous

elastica.

Without additional assumptions on /3, the density of a constrained critical point describing

an elastica might be nonconstant.

Example 2.2.15 ([36, Example 2.13]). Let L = 27, w = 2, m = 0 and let x> 0 and
co # 2 be chosen such that (2 — ¢g)? = 2u. Let B(z) = —% +1for —1 < x < 1. Then
both (6 = 0.,p = m) € A and (0 = 0.,p = sins) € A are constrained critical points.
In this case, inequalities (b) and (c) in Lemma 2.2.13 are attained with equality, so the

assumptions are sharp.
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Chapter 2. Elastic flow with modulated stiffness

Remark 2.2.16 (Special choice of co, [36, Remark 2.14]). For w # 0, co = 22% and (6, p)
a constrained critical point with 6 describing an elastica, it follows directly from (2.2.31)

and the periodic boundary conditions that p is constant.

2.3. Local well-posedness and regularity

In the literature, short time existence and uniqueness for quasilinear parabolic systems is
widely accepted if the initial datum is smooth. The goal of this section is to provide a
complete proof of local well-posedness for the system (2.0.4), including continuous depen-
dence on the data, even for initial data with low regularity and despite the presence of
nonlocal terms, in a fairly concise way.

First, we summarize the compatibility conditions for the initial datum.

Hypothesis 2.3.1 ([37, Hypothesis 1.1]). Let 69, po: [0, L] — R be C'-functions such
that

Oo(L) — 00(0) = 27w,  Os60(L) = 0s00(0),

(2.3.1)
po(L) = po(0), 9spo(L) = 9spo(0).

Moreover, let 6y satisfy (2.0.3).

The goal of this section is to prove the following existence result. Here, h'T® is the little

Holder space, cf. Section 2.3.6.

Theorem 2.3.2 (Local well-posedness, [37, Theorem 1.2]). Let (6o, po) € h***([0, L]) for
some a € (0,1) and assume Hypothesis 2.3.1. Then there exists To > 0 and a unique
solution (6, p) € C*((0,Tp) x [0,L]) of (2.0.4) on (0,Tp) x [0, L] which satisfies

lim (0(t), p(1)) = (6o, po) in ([0, L]).

t—0

Moreover, the solution depends continuously on the initial datum.

The idea of the proof is to meet the boundary conditions by formulating the problem in a
periodic setting (see Section 2.3.1). Then, following the ideas in [17], the Inverse Function
Theorem between appropriate time-dependent little Hoélder spaces yields existence and
continuous dependence on the initial datum (see Section 2.3.2). We deduce the local
invertibility of the Fréchet derivative from the maximal regularity theory developed in
[101] and a perturbation argument (see Proposition 2.3.12). The precise formulation of
the continuous dependence is given in Proposition 2.3.5 and Remark 2.3.6 below. To
show instantaneous smoothing, we rely on the theory of parabolic systems in [96] and a
bootstrap argument (see Section 2.3.4). Finally, exploiting the dissipative structure of the

system, uniqueness follows from an energy argument (see Section 2.3.4).
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2.3. Local well-posedness and regularity

2.3.1. Transformation to a periodic setting

Proving Theorem 2.3.2 in a periodic setting is quite natural due to the geometric inter-
pretation of the problem. In the periodic setting, we get rid of the boundary conditions
which enables us to apply an existence result in [101] for a suitable linearization of our
problem. We first prove short time existence and continuous dependence on the data as
well as uniqueness and smoothness of the solution to the periodic problem. Then, by a

suitable transformation, we can transfer the results to problem (2.0.4).

For the moment, assume that (6, p) is a sufficiently smooth function in (¢, s). We observe
that the boundary conditions in (2.0.4) imply that ds0 is a C°-periodic function, i.e. it
can be extended to a continuous L-periodic function on R. Similarly, p is a C'-periodic
function. The angle function @ is itself not periodic if the rotation number is different from

zero. We hence first perform a suitable transformation. We work with the function

2mws

6 0.1 R, 6(s) = 7

defined in (2.2.2) and consider the function wu(t,s) := 6(t, s) — ¢(s). The boundary condi-
tions in (2.0.4) imply that u and p are Cl-periodic functions on [0, L]. We thus consider
the L-periodic extensions of ug := 6y — ¢ and pg to all of R and look for L-periodic solu-
tions (u, p) defined on (0,7) x R for some 7' > 0. Now, instead of Hypothesis 2.3.1, it is

sufficient to assume that
L L
/ cos(up + ¢)ds = / sin(up + ¢)ds = 0. (2.3.2)
0 0

In terms of (u, p) L-periodic, (2.0.4) can be equivalently written as

Oru = 05 [B(p) (Osu + 0s¢p — co)] + Au(u, p) in (0,7) x R,
0up = lp — 55 () (Ot 06— )’ + Ap(up) i (O.T) xR, (233)
U(O, ) = Uo, :0(07 ) = pPo on R.

Here, to simplify the notation, instead of working with (Ag1, Ag2) (see Remark 2.1.3) we

consider A, given by

A < (u+ ¢, p t)) . ( sin(u(t, s) + ¢(s)) ) (2.3.4)
(u+ @, p)(t) —cos(u(t, s) + ¢(s))

L (cos(u+ ¢
+¢)/ (Sm u+¢> (Osu + 050) B(p) (Osu 4 05 — ¢p) ds
sin (u + ¢ sin(u + ¢)
.<COS “+¢> St It ).<cos(u+¢)>
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Chapter 2. Elastic flow with modulated stiffness

for (t,s) € (0,7") x R and, instead of A,, A, given by

1 L / 2
A, p)(8) = Mol 6.9)(8) = 57 [ B(0) (@uu+ 0.6 — o) s,

for t € (0,7), see (2.1.6).
We now define our concept of a solution. To that end, we work with time-weighted little
Holder spaces (see Section 2.3.6 for a precise definition), which provide an appropriate

framework for the local well-posedness of the problem.

Definition 2.3.3 ([37, Definition 3.1]). Let 7 > 0, a € (0,1) and n € (3,1) be such that
2n + a ¢ Z. Moreover, let (ug, po) € hi"JrO‘(R;RQ) be such that ug satisfies (2.3.2). We
call (u, p) a solution of (2.3.3) on (0,T) x R with initial datum (ug, po) if

(u,p) € BUCL_, ([0, 7']; h (R; R?)) N BUC: — ([0, T"]; h3+* (R; R?))
for all T" < T, if (u, p) solves the flow equations in (2.3.3) on (0,7 x [0, L] and if

. D — . 20+« L2
%E}%(u’ p)(t, ) (UO,PO) in C (R’R )

The time weight (described by the parameter n) allows us to consider less regular initial
data. For T'> 0, a« € (0,1) and n € (%, 1) such that 2n + o € Z, we set

Eo([0,T)) := BUC, _, ([O,T]; ho (R; Rk)) , (2.3.5)
Ei([0,T]) := BUCL, ([0, T); 1% (R R*)) N BUC, -, ([0, T]; b7 (R RF))  (2.3.6)

for k = 1,2. For k = 2, Eq is the space of solutions in the sense of Definition 2.3.3. For
(u,p) € E; the right hand side of the evolution equations in (2.3.3) belongs to Eg, cf.
Remark 2.3.20. We define vE; := h7""*(R;R¥), the space for initial data (see (2.3.37)).
In the following, the value of kK = 1,2 is clear from the context.

We introduce the open set
U0, T = {(u ) € Ba(10. 7)) : inf detTl(u+ ) > 0}
and define the nonlinear differential operator

F: U([Ov T]) — EO([Ov T])v F(uv P) = (Fl(uv p)v F2(uv P)) )
Fl(uv ,0> = 0 [/B(p) (asu + 0s¢p — CO)] + Au(u7 p)v (2'3'7)

Fa(u, p) == 182 — 35/ () (Bot+ 86 — co)? + Ay(u, ).

The evolution equations in (2.3.3) can be written as 9;(u, p) = F(u, p) on (0,T) x R.
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2.3. Local well-posedness and regularity

Remark 2.3.4 ([37, Remark 3.2]). The choice > 1 ensures that the initial datum has
finite energy, but also turns out to be essential to control the nonlinearities in the equation
(cf. Lemma 2.3.9, Proposition 2.3.12) and to show uniqueness (cf. Lemmas 2.3.14, 2.3.21).

2.3.2. Short time existence and continuous dependence

To prove short time existence and continuous dependence on the data, we essentially follow
the ideas of [17, Theorem 2]. However, since we work with periodic little Holder spaces,

we have to justify some steps differently.

Proposition 2.3.5 (Existence and continuous dependence, [37, Proposition 3.3]). Let a €
(0,1) and n € (3,1). Let (ug, po) € ¥E1 and let ug satisfy (2.3.2). Then there exist Ty €
(0,00) and r > 0 such that for every (to, po) € YE1 with ||(uo, po) — (o, po)llczn+e o,y < T
the problem

Byt = 05 [B(p) (st + Dsp — co)] + Au(i, p) in (0,Tp) x R,
Oup = pd2p — %B/(ﬁ) (01 + D5 — c0)® + Ay(@i, ) n (0,Tp) x R, (2.3.8)
ﬂ(Ov ) = 4o, ﬁ(oa ) = ﬁO on Ra

admits a solution (1, p) € Eq([0,Tp]). Moreover, there is a C'-map which associates to
the initial datum a solution of the problem. In particular, there exists a solution (u,p) €
E1([0,T0]) of (2.3.3) on (0,Tp) x R with initial datum (ug, po).

Proof. We divide the proof into several steps. For the sake of readability, the details are
partially moved to Section 2.3.3. We will refer to this at the respective points.

Step 1: Construction of a “good” function. We show that there exist T > 0 and (u, p) €
Eq ([0, T]) with (@, )(0,-) = (ug, po), such that (u, p) € U([0,T]), i.e.

inf det (II(u + ¢)) > 0, (2.3.9)
[0.7]

and having some extra regularity. More precisely, ds(a, p) € E; ([0, T]) where
B1([0,T]) := BUCL_; ([0, T); % (R)) N BUC, 5 ([0, T]; h3(R))

forﬁ::n—%>0.
First, we take the solution (@, p) € E1([0,7]), for T' > 0 arbitrary, of

{Gt(v,a) — 9%(v,0) = (0,0) in (0,T) x R,
(v,0)(0,-) = (uo, po) on R.

Such a solution exists by [101, Theorem 6.4]. As solution of the heat equation, we know
that (@,p) € C*°((0,T) x R). Due to the fact that n > %, 0s(uo, po) € h%ﬁJra(R) = 7k,
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Chapter 2. Elastic flow with modulated stiffness

and hence it is an admissible initial datum. We look at

{at(v, 0) = 0(v,0) = (0,0) in (0,7) xR, (2.3.10)

(v,0)(0,-) = 9s(uo, po) on R.

Again, we use [101, Theorem 6.4] and obtain a unique solution in Ey([0,77]) that is smooth
for positive times. Since this solution coincides with 0s(u, p) for t = 0 and 0s(u, p) solves
the evolution equation in (2.3.10), we conclude by uniqueness that ds(u, p) is the solution
of (2.3.10), so that d,(a, p) € E1([0,77).

It remains to check (2.3.9). Since uy + ¢ satisfies Hypothesis 2.3.1, using Remark 2.1.4
and Lemma 2.3.18, by continuity there exists T' < 7" such that (2.3.9) is satisfied.

Step 2: We claim that there exists 7" € (0, T] such that the nonlinear operator

®: U([0,T"]) — Eo([0,T"]) x ~Eq,
(@, p) = (04(, p) — F (@, p), (@) (0,"))

is well defined and a local diffeomorphism at (u, p) (restricted to [0,7"]). Here F is the
map defined in (2.3.7).
It is sufficient to prove the existence of T' € (0,T] such that the Fréchet derivative

D®(a, p): Er([0,T]) — Eo([0,T"]) x 4E1,

2.3.11
D®(, p)(v,) = (9(v,0) = DF (@, )(v,0), (v,)(0,)), 2341

is a linear isomorphism. It then follows, since ® € C!, by the Local Inverse Function
Theorem that @ is a local diffeomorphism at (u, p). The proof that the map in (2.3.11)
is a linear isomorphism is given in Proposition 2.3.12 (with J = D®(a, p)). The idea is
to use a maximal regularity result in time-weighted little Holder spaces [101], where the
time weight allows for rough initial data. Since the results in [101] are applicable to linear
systems with time-independent coefficients, we first consider an auxiliary linear problem,
cf. Proposition 2.3.7. A perturbation argument then gives that the map in (2.3.11) is an
isomorphism for small times.

Step 3: By Step 2, there is a neighborhood V' C U([0,T"]) of (u,p) and a neighborhood
W C Eo([0,T"]) x vE1 of ®(a,p) =: ((f1, f2), (w0, po)) such that & : V — W is a diffeo-
morphism. Choose 7 > 0 small enough such that B, ( f1, fg) x By (ug, po) C W. Moreover,
choose T” € (0,7") small enough so that

||(f1’f2)HEo([O,T”]) <T. (2.3.12)

Here it is crucial that the Eg-norm becomes arbitrary small for small times (see the defi-
nition of BUC;_,, in Section 2.3.6).

60



2.3. Local well-posedness and regularity

Step 4: Define (fl,fg) € Ey([0,77]) by

(0,0) on {0, %T”},
(P o) = { At = 3T") (1, o) om (3T7,77),
(f1, f2) on [T",T'].

Then, by a short computation and the choice of 7" in (2.3.12), we have

1(f1, f2) = (f1, fQ)H]Eo([O,T’]) <.

This implies that, with (@, po) € 7E;1 as in the statement, we have

((f1, f2), (@0, po)) € Br(f1, f2) x Br(uo, po) C W.

Since ® : V. — W is a diffeomorphism, there exists (i,p) € V' C U([0,7"]) such that
O (i, p) = ((f1, f2), (o, po)). We restrict (i, ) to [0,2T"] x R, set Ty := 37" and obtain
a solution of (2.3.8) on (0,7p) x R.

Step 5: We constructed a mapping which maps every (g, po) € Br(uo, po) to a solution
(@, p) € E1(]0,Tp]) of the problem. It consists essentially of the composition of the C!-

mapping ®~! and a restriction operator and is thus continuously differentiable. O

Remark 2.3.6 ([37, Remark 3.4]). In Section 2.3.4 we prove uniqueness of solutions.
Together with Proposition 2.3.5 this yields the continuity — or more precisely even the
continuous differentiability — of the mapping which maps any initial datum (ug, po) € vEq
to the unique solution (u, p) € E;([0,Tp]) of (2.3.3).

2.3.3. Auxiliary results for Section 2.3.2

In the following, we show Step 2 of the proof of Proposition 2.3.5, i.e. that D®(u, p) (see
(2.3.11)) is a linear isomorphism. This is equivalent to show existence and uniqueness of
a solution for a certain inhomogeneous linear initial value problem.

In this section, o € (0,1) and 7 € (1, 1) are fixed.

The linearization
We compute here DF(u, p) needed in (2.3.11), where F is given as in (2.3.7). By a direct

calculation one finds

DF(u, p)(v,0) = B(p) B3v + B'(p) 03w o + B'(p) Dsp Osv
+ B'(p) (05t + Os¢p — o) Os0 + B"(p) Osp (9sti + Osp — o) @
+ DA (@, p) (v, 0), (2.3.13)
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Chapter 2. Elastic flow with modulated stiffness

1
DFs (i, 7)(0,0) = % — 3 8"(2) (9 + 0.6 — o)’ & — §'(3) (9 + 06 — co) D
+ DA, (a, p)(v,0). (2.3.14)
Let T > 0. We first observe that by (2.3.4), in the Lagrange multipliers only spatial
derivatives of first order appear. More specifically, A, is well defined with A, (u,p) €
Eo([0,T]) for (u,p) € V(]0,T]) where
V([0,T7) = {(%p) € F([0, T]):=BUC]_, ([0, T}; k% (R)) " BUC: ([0, T]; 1" *(R))

such that [%){IYE] det II(u + ¢) > 0}. (2.3.15)

This is an open subset of F([0,7]) by continuity. Moreover, using n > % and (2.3.37),

any initial datum (vg,09) € vE; is in F([0,T]) if we identify it with the function (t,s)
(vo(s),00(s)). It is not difficult to see that

V([0,T1) 5 (u, p) = Au(u, p) € Eo([0,T7) (2.3.16)

is of class C''. Moreover, it follows from the product rule that

DAy (@, p)(v, o) = DII" (@ + ¢)(v) T (@, p) - <_Siz(s?u++¢c)f>)>
+ I Y (u+ ¢) DT (1, p) (v, 0) - <_Sicr;(s?a++¢;)>
+ 0 Na+¢) T (4, p) - (Z?r?((g —t jﬁ?) o

for all (v,o) € F([0,7]). A similar argument yields that A,: V([0,T]) — Eo([0,T7) is well
defined and C' with derivative

L
DA, (u, p)(v,0) = 21L/0 B"(p) (05t + Os¢p — 00)20 +28'(p) (st + Dsp — o) Osv ds.

Linear evolution problem with time-independent coefficients

We consider an auxiliary linear evolution problem. Since we rely on [101], where time-
independent coefficients are used, we would like to freeze the coefficients of the terms in
(2.3.13) and (2.3.14) in ¢t = 0. For the second term in (2.3.13), the regularity of the initial
datum does not allow this. Therefore, we treat this term differently from the others and
move it together with DA, and DA,, which are nonlocal, to the right hand side of the
inhomogeneous initial value problem we want to solve. This explains the structure of the

differential operator chosen below.
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2.3. Local well-posedness and regularity

Proposition 2.3.7 ([37, Proposition B.1]). Let (ug,po) € YE1 such that ug satisfies
(2.3.2). Let (4,p) € Eq([0,T]) be the function constructed in the proof of Proposition
2.3.5. Then for all T € (0,T] the mapping

J:Ei1([0,T]) = Eo([0,T]) x vEq1, (v,0) = (8¢ (v,0) — A(v,0) — ¥, (v,0)(0,-))
where

A(0.0) :=(B(p0) 03w + 5'(po0) Dspods + 5'(po) (Dsuip + Dss — c0)Dsor
+ 8 (p0)spo(@sup + 0: — co)o.

58" (p0) Dst -+ 0,0 — co)Pr = B o) By + 0,6 = c0) 00,

W = (v, 00) := (B ()02 00 + DAu(ii, p)(v0, 70), DA(@, 5)(v0, 7))

pdo —

is well defined and an isomorphism. Here (vo,00) = (v,0)(0,-) € F(]0,T]), cf. (2.3.15).
Equivalently®, for any pair (p1,¢2) € Eo([0,T]) and (v, 00) € YEy there exists a unique
solution (u, p) € E1([0,T]) of the linear problem

{8t(v, 0) = A(v,0) = (p1,92) + ¥ in (0,T) xR, (2.3.18)

(v,0)(0,) = (vo,00) on R.

Proof. We want to use [101], which works with functions on the one-dimensional torus, or
equivalently for periodic functions, cf. [101, Proposition 1.1]. With (2.3.37) and Lemma
2.3.17, the time-independent coefficients of the operator A are in A% (R). Because 3(po)
is bounded away from zero and p > 0, A is a uniformly elliptic operator. Apart from
this we have to check that ¥ € E([0,7]). Using Lemma 2.3.17 and Remark 2.3.20, we
find 8'(p) € E1([0,7)) and thus f'(p)0%u oy € Eo([0,T]). From (2.3.16), we conclude that
DAy (u, p)(vo, 00) € Eo([0,T]) and similarly for A,. Applying [101, Theorem 6.4] yields a
unique solution (v, o) € E;([0,T]) of (2.3.18). O

From the fact that the mapping J from Proposition 2.3.7 is an isomorphism, an estimate
of the norm of the solution follows implicitly. We now show that the constant in this

estimate can be chosen independent of 7.

Lemma 2.3.8 ([37, Lemma B.2]). Let (ug, po) € YE1 such that ug satisfies (2.3.2). Let
(a,p) € E1([0,T]) be the map constructed in the proof of Proposition 2.8.5. Let T € (0,T)].

'Here we slightly abuse notation, denoting by (vo,00) both the initial datum of the problem (2.3.18)
and the evaluation at t = 0 of (v,0) € E1([0,T]). However, for solving (2.3.18), this does not make a
difference.
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Chapter 2. Elastic flow with modulated stiffness

Then the solution operator J~' satisfies the estimate

|37 (ere0). o, 00)) [ oy < € (o1 02y oy + 1120, 00) 5,

((0,17)

for all (p1,p2) € Eo([0,T]) and (vo, o) € YE1 with C = C(ug, po,T).

Notice that here we do not write explicitely the dependence on T of the solution operator.

This abuse of notation is justified in the proof below.

Proof of Lemma 2.3.8. Proposition 2.3.7 already yields the claimed inequality with C' =
C(ug, po,T). We show that C' can be chosen only depending on T > T by an extension
argument. Let (v,0) = I ((p1, 92), (vo,00)) € E1([0,T]). Consider

(p1,02)(t,s)  for (t,s) € [0,T] x R,

(1, ¥2)(t,s) = { -
(p1,92)(T,s) for (t,s) € (T,T] x R.

Then (%, %) € Eo([0,T]) and we can apply Proposition 2.3.7 and obtain (v*,o*) =
I (1, 93), (vo,00)) € E1([0,T]), the solution of (2.3.18) on (0, 7] with (¢}, }) instead
of (¢1,92). The same proposition gives that J~! is an isomorphism from E;([0,T]) to
Eq([0, T]). Hence, there exists a constant C' = C(ug, po, T') such that

10", 0" g, oz < € (16E @D ooy + 110, 00) e, ) -

Because of the uniqueness of the solution and using that (2.3.18) is local in time, we find
(v*,0)jo,m = (v,0). The claim follows using that ”(U,O’)HEI([QTD < H(v*,a*)HEl([Oﬂ),
together with [ (¢, ©5)llg,(jo,77) = 1(¥1:02) |, (0,7 N

Some auxiliary estimates

We collect here some technical results, which we use to examine the differences appearing
when comparing the linear operators in (2.3.11) and J from Proposition 2.3.7.
Throughout this subsection, we fix (ug, pg) € YEq such that ug satisfies (2.3.2) and de-
note by (u, p) € Eq1([0,T]) the function constructed in the proof of Proposition 2.3.5. In
particular, n € (1,1), 7 =1 — % and 9,(1, p) € Eq1([0, T)).

Lemma 2.3.9 ([37, Lemma B.3]). Let t € (0,T]. Then we have
_ _ " _ ~ Tl
[a(t) = uollga < llullg, Py 10su(t) = Osuollga < [|0stullg, 7

and similarly for p.
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2.3. Local well-posedness and regularity

Proof. Inspired by (2.3.36), we compute

J(t) ~ ol = | Jim. @(6) ~ Dl = i, [ 2ra(r)

t'—0+ t'—0+
¢ 1.1 ! 1 "
< lim [ |77 —ﬂafa(T)H dr < |lillg, lm [ 777Vdr = |y, —
=0+ Jy o L0+ Jp !
For dsu, we proceed completely analogously. O

In the sequel, we estimate terms involving 5 (p). Since 5 € BUC([0, T]; h3""*(R)), see
Lemma 2.3.18, there exists J C R, a compact interval, such that p(¢,s) € J for all
(t,s) € [0,T] x R. Since f € C®(R), there is a constant M € (0,00) such that

sup HH—l(a+¢>)H§M, Sl}p‘ﬁ(i)ISM fori=0,....4,

i) (2.3.19)

sup |luller, [[ullg, o7y, sup pller < M.
t€[0,T] t€[0,T]

Lemma 2.3.10 ([37, Lemma B.4]). Let M > 0 be as in (2.3.19). There is C = C(M)
such that for all i € {0,1,2} we have

‘ . o _
189 (p0) = B (p(1))llow < C(M) ||pllg, P for all t € [0, T].
Proof. For the supremum norm we find
18(po) = B(p)llco = sup [B(po) — B(p)| < sup|B'|sup |po — p|. (2.3.20)
seR J sER

To estimate the Holder semi-norm, we note that for s1,s9 € R

16(po(s1)) = B(p(s1)) — Blpo(s2)) + B(p(s2))]

[ on 15 Ovnlon) + (1= N)plsn)) — 8 () + (1= Np(sz))]

< 18 Ovnton) + (1= 0o pn(sn) = pls1) = pofs2) + pls2)] 0
+ [18 Oolsn) + (1= 0p(s1)) = & (o) + (1= Np(s2)) (o) — pls2)]
< sup 18] [po — Pl 51— s2|®

+s5up 8] (os1) = pofs)] + 15(s1) = pls2)]) ln(s) — plso)

< [sup || [0 =l +sup|8"] ([p0]a + [7le) sup [0 — 71 | [s1 — s2]”
J J seR

This estimate together with (2.3.20) and Lemma 2.3.9 yields the claim for i = 0. Since /3

is smooth, we can proceed in the same way for ¢ > 1. ]
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Lemma 2.3.11 ([37, Lemma B.5]). Let M > 0 be as in (2.3.19). Then there exists
a constant C, only depending on M, n, o and the model parameters, such that for all
T € (0,T], (v,0) € E1([0,T)) and (vo,00) := (v,0)(0,-) € YE1 we have

IDA (i, 5)(v,0) — DAuii ) (w0, 00) g, < C ([lellg, + llolls, ) max {T.77},  (2:3.21)
IDA(@. 7)(v, 0) — DA (@, p) (v0, 00) |5, < C (Ilvllg, + o], ) max (T, 77}

Here DA, is the Fréchet derivative of the map defined in (2.3.16), thus may be applied to
(vo, 00), identified with an element of F([0,T7), cf. (2.3.15). Similarly for A,.

Proof of Lemma 2.53.11. In the following, C' denotes a constant which varies from line to
line but only depends on M and the model parameters. First, we prove (2.3.21) considering
each term in (2.3.17) separately. By (2.1.3) with 6 = u + ¢, we find

JEsin(2(a+¢))vds  — [ cos(2(a+ @) vds

J¥cos (2(a+¢))vds — [ sin(2 (U+¢))vds> (2.3.22)

DIl (a + ¢) (v) = (

and obtain using (2.3.19) and (2.3.22) (considering the operator norm of the matrix)

HDn4a+¢nw—DH%w+¢ﬂmw
= |- @+ ¢) (DI (@ + ¢) (v) — DI (@ + ) (v0)) T (i + 6)

< M*V2L sup |v—1wo| < C v — vol| e -
s€[0,L]

Hence, with Lemma 2.3.9 the difference coming from the first term on the right hand side
of (2.3.17) can be estimated by

sin (@ + o) )

(g — DI ! (a v U, p) -
| (oI (@ 4 ) (v) — DI (+¢HoDJ(W)<_mﬂu+@

< C sup 7w — g ga < Clvllg, T
te(0,T]

For the second term of (2.3.17) we integrate once by parts and obtain

DJW%M%0%=AL(;32:;?)M&u+@@B@H@U+@¢—%)@

L (cos (u+ ¢) ) . )
+ /0 (Sin (a + ¢)> (asu + 8s¢) ﬁ (p)a (asu —+ as¢ _ CO) ds

a /oL <_ccs>lsn(éﬂ++¢(§)> (051 + 05¢) (2051 + 2056 — o) B(p) v ds

66



2.3. Local well-posedness and regularity

L [cos (u+ ¢) o
_/0 <sin(u+¢)> 20;u (p)vds

L (cos (u+ ¢) B o
_/0 (sin (QTL—|— ¢)> (2asu+2as¢_ CO)/B (p)asp’l) ds.

So the difference we need to consider can be estimated by

DI (@, p)(vo, 00) = DI (1, p) (v, )| ca
<c(1+ oz

o) IIo = woll e + C llo = o]l o
2| ,.) (Ivllg, + llollg, ) -

In the last step we used Lemma 2.3.9. Using (2.3.19), we obtain

gCt’?(

HH1W+¢NDJ@ﬁWuﬂ—DJ@ﬁXmmw)<Sm@+¢))

—cos (u + @)

<C sup 771+ |02 ) (Iwlls, + llolls, ) < € (lollg, +llolls, ) (7 +T7).

te(0,77]

Finally, we look at the difference coming from the third term of (2.3.17). We have

cos (U + ¢)
(v —p)
sin (u + @)
Thereby we obtain using (2.3.19) and Lemma 2.3.9

L — cos (u + @) v—
HH (@+¢) (@) @mw+¢)( )

< Cv—wollca -
Ca

Eo
< C sup t'7"[v—wofla < Cllvflg, T
te€(0,7)
This proves the first part of the claim. The second part follows similarly. ]

Solving the linearized problem

We show that the map in (2.3.11) is an isomorphism, now considering a linear initial value

problem with time-dependent coefficients.

Proposition 2.3.12 ([37, Proposition B.6]). Let (ug,po) € YE1 such that ug satisfies
(2.3.2) and let (u,p) € E1([0,T]) be the function constructed in the proof of Proposition
2.3.5. Then there exists T' € (0, T] such that the mapping

J:E([0,T"]) — Eo([0,T]) x vE1, (v,0) = (8:(v,0) — DF(4, p)(v, o), (v,0)(0,-))
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is an isomorphism. FEquivalently, for any right-hand side (p1,¢2) € Eo([0,T7]) and any
initial datum (vo,00) € YE; there is a unique solution (v,o) € E1([0,T']) of

{@(v,a) — DF(, p)(v,0) = (p1,02) in (0,) x K,
(v,0)(0,-) = (vo, 00) on R.

Proof. Let T e (0,T) to be chosen. We compare J with J from Proposition 2.3.7, which

we already know is an isomorphism. We have

J(v,0) =J(v,0) + (A(v,0) + ¥(vg, 09) — DF(w, p)(v, ), (0,0))
= 3(1(v,0) + 37} (v,0) (S(v,0), (0,0))),

where A, U are given as in Proposition 2.3.7, I is the operator identity and

S:= (Sla S2): El([ovT]) — EO([O)T])v
S(v,0) = A(v,0) + ¥(vg, 00) — DF(u, p)(v, o).

Thus, by a Neumann series argument, it is sufficient to show that the operator norm of
S becomes arbitrarily small for T getting small and at the same time the operator norm
|J7|| remains bounded, independent of T < T'. This last part has already been proven

in Lemma 2.3.8. Hence, the statement follows if we show

18Il < Cmax {1, 77,77} (2.3.23)

By definition of A, ¥ and using (2.3.13), (2.3.14) we find

+ (B8'(po) (Osuo + Bsd — co) — B'(p) (05t + D¢ — o)) Os0
+ (B,/(pO)asPO (Osug + 0s¢ — co) — B”(ﬁ)asﬁ (Ost + Osp — CO)) g
+ DAy (a, p)(vo,00) — DAy (w, p)(v, o) (2.3.24)

and

S2(v,0) = ( - %/3”(/)0) (Dsuo + D5 — co)* + %5”(5) (Osti+ D¢ — co)” )U

+ (—=A'(po) (Osuo + dsp — co) + B'(p) (95t + D5 — o)) Dsv
+ DA, (i 5)(v0, 00) — DA(@, p) (v, ). (2.3.25)

We now take a look at the terms of (2.3.24) and (2.3.25). In the following, C' denotes

a constant, only depending on the model parameters, o, n and M as in (2.3.19), which
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is allowed to change from line to line. The Eg-norm of the first term of (2.3.24) can be

estimated using Lemma 2.3.17 and Lemma 2.3.10 by

1 (B(po) = B(p)) Bivllg, < C s(l(l]pT]tl "18(po) = Bl 0]l g2t < Clollg, T

Here we used the time-weight of the Eg-norm to bound the second derivative of v. For the
second term of (2.3.24) we have to use the time-weight to bound the second derivative of
u. An additional factor depending on 7' and going to zero for T' going to zero is given by
Lemma 2.3.9. This motivates the choice of the first term in ¥ in Proposition 2.3.7. We

obtain
I80) 23 (00 = 0) g, < € sup 77 |8 D [l cavc oo = ol
< Clolg, T
The third term of (2.3.24) can be estimated using Lemma 2.3.10 and Lemma 2.3.9 by

1(8'(p0)dspo — B'(9)Dsp) Dsv||,

SC' sup 17718 (po) = B'() | ce lpollcrsa 10l gra
te (0,7

+C sup B )l on 100 = 0uplce Iolcrin < C ol T +C ol 77
te (0,

The same also applies for the fourth term of (2.3.24) and the second term of (2.3.25). For
the fifth term of (2.3.24) we proceed similarly and estimate

(8" (p0)dspo (Osuo + GSQS — o) — B"(p)0sp (05t + D59 — cp)) a||IEO

<Csup t'7" Hﬁ” po) — B (p) Hoa llpoll cita |Osuo + Osd — collca ||o]| ca
te (0,77

+C S(%pﬂ 18" (0) || o 19sp0 — Bspll ca (10510 + Ds¢ — collca [l
te(0,

+C s 83" e [Pl 1950 = Bl Nl < C loll, (T7+77).
te(0,

Analogously, we can treat the first term of (2.3.25). Together with Lemma 2.3.11, (2.3.23)
and thus the claim follows for T/ = T' < T sufficiently small. O

2.3.4. Smoothness and uniqueness of solutions

We now show that a solution is smooth for positive times.

Lemma 2.3.13 (Smoothing, [37, Lemma 3.5]). Let 0 < T < oo and (u, p) be a solution,
in the sense of Definition 2.3.3, of (2.3.3) on (0,T) x R. Then (u,p) € C*°((0,T) x R).
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Chapter 2. Elastic flow with modulated stiffness

The idea is to define a smooth cut-off function, which vanishes at ¢ = 0 and outside of a
spatial interval of length larger than L. The product of w with this cut-off function is the
solution of a new initial value problem — this time with zero boundary values and zero
initial data. This enables us to use [96, Theorem IV.5.2], which gives us higher regularity
of u in the scale of parabolic Holder spaces, cf. Section 2.3.6. We proceed similarly for p

and iterate this procedure to conclude smoothness.

Proof of Lemma 2.3.13. By Definition 2.3.3 the solution (u, p) satisfies (u, p) € E1([0,77])
forall 77 < T. Let 0 < § < T < T and let 91 : [0,7] x R — R be a smooth cut-off

function satisfying

alt,s) =1 for (t,s) € 02, T'] x [~L/a,5L/4),
Pi(t,s) =0 for (t,s) € ([0,5/4] x R) U ([O,T’] x (R\ [—L/2,3L/2D).

We define u; := ¢qu € E1([0,7"]). By (2.3.3) we have
Oyur — andiur + a1dsur = fi,
where a11(t, s) := B(p), ai(t,s) := —=F'(p)dsp, and

f1(t,8) == — 2B(p)dsudstpr — B(p)udhr — B (p)udspdsipr + 118 (p)Dsp (Dsp — co)
+ 1Ay (u, p) + udiihr.

Defining ¢ :=n+ % — 3 € (0,1), Lemma 2.3.22 yields
dgu, Dsp € H3C ([0,T'] x [~L,2L)) .

Since 5 € C*(R), we conclude a1, a1, f1, € H3< ([0,7"] x [-L,2L]). By [96, Theorem
IV.5.2] there exists a unique solution w € H5 642 ([0,7"] x [-L,2L]) of

Ow — a110%w + a10;w = fi in (0,7") x (—L,2L),
w=0 on (0,7") x {~L,2L}, (2.3.26)
w(0,-) =0 on (—L,2L).

By uniqueness u; = w € H &P 6+ ([0,T"] x [-L,2L]). Analogously for p, we obtain
¢+2
wpe H 244 ([0, 1] x [-Lya, 5114 ).

Since u and p are periodic with period length L, we even have

u,p € HE 2 ([0, 7] x [~ L,2L)). (2.3.27)
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2.3. Local well-posedness and regularity

Let 15 : [0,T] x R — R be another smooth cut-off function satisfying

o(t,s) =1 for (t,s) € [35/4,T'} X {—L/4, 5L/4} ,
Ua(t,s) = 0 for (t,5) € ([0,20/3] x R) U ([0, 7] x R\ [-L/2,3L/2]).

We set ug = 1pou € H 562 ([5/2,T’} x [-L, ZLD. Now, uy solves an initial bound-
ary value problem similar to (2.3.26) where fy is given by fi with 1 replaced by 9
and where the initial condition is prescribed at t = 0/2. By (2.3.27), we find that
ai1, a1, fo € HSSCH ([5/2,T’} X [—L,2L]), so by [96, Theorem IV.5.2], we conclude

ug € HE 0+ ([5/2,T’} x [—L, 2L]). Proceeding similarly for p, we find
u,p € H 563 ([35/4,T’} X [-L, 2LD )

Iterating the above procedure, by periodicity and since 0 < § < T” < T were arbitrary, it
follows (u, p) € C*°((0,T") x R). O

We are now able to prove that solutions are unique as long as they exist. To do this, we

use the energy method, which we can apply once we have established smoothness.

Lemma 2.3.14 (Uniqueness, [37, Lemma 3.6]). Let (ug, po) € YE1. Let 0 < T7,T» < 00
and let (u1,p1) and (ug, p2) be solutions of (2.3.3) on (0,71) X R and (0,T2) x R with
initial datum (ug, po). Then (u1, p1) = (ug, p2) on [0,min{T},T5}).

Proof. Without loss of generality we assume 0 < 77 < T5. Let 0 < T < T;. We show
that the difference (ug4,pq) := (u1,p1) — (u2, p2)|jo,m) of the two solutions is zero using
Gronwall’s lemma. By Lemma 2.3.13 (ug, pq) € C*°((0,T] x R), so

1 L
o(t) := 5/0 ((85ud)2 + (8spd)2 + u?l + pi) ds, te (0,7,

is differentiable. In the following, C' denotes a constant, only depending on ui, us, p1,
p2, T, and the model parameters 3, cg, L, 1, w, which may change from line to line. Other

dependencies are given explicitly. Lemma 2.3.18 and Remark 2.3.19 yield

sup ||(us, pi)|lcn < C,  sup 188 (p)] < C, sup HH_l(ui + (b)H <C (2.3.28)
t€[0,7] 0,T]xR 0,7

for i = 1,2, k = 0,1,2. In particular, there exists a compact interval J C R such that
pi(t,s) € J for all (t,s) € [0,7] X R and i = 1,2. Consequently, we have

infjo r)xr B(pi) 2 ¢>0 fori=1,2. (2.3.29)
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Chapter 2. Elastic flow with modulated stiffness

After integration by parts and using fOL pads =0 by (2.1.7), we get

¥ = —/Lﬁ(m) OZuq)®d M/ (02pa)? ds—u/ Dspq)? ds
[ Rua (800) ~ Bla)) Pz
- /0 g (5 (p1)0sp1 (Dsur + Dsp — co) + Ay(ur, p1)
— B'(p2)0sp2 (Dsus + 056 — co) — Au(ua, p2) ) ds
+ /0 “o2o (%ﬁ’(m) (D1 + Dup — co)” ~ %5’@2) (yuz + Do — co)” ) ds

L
+ /0 Uqd (5(01)382161 + B'(p1)9sp1 (Dsur + 056 — co) + Ay (ur, p1)
— B(p2)02us — B'(p2)0sp2 (Osus + Osdp — co) — Ay (us, pQ)) ds

L
4 [ o (= 370 Guar 06— o) + 55 () (Out + 0,6 — o) ) .
(2.3.30)

We estimate everything but the first three terms using Young’s inequality to absorb higher
order derivatives and bound the remaining ones by ¢(¢) using (2.3.28). Indeed, since
fOL pads = 0, for each t there is s; € [0, L] with p4(¢,s;) = 0 by the Mean Value Theorem
for Integrals. The Fundamental Theorem of Calculus thus yields

L
palt,9)| < [ |o.pal ds. (2.3.31)
Hence, the term on the second line in (2.3.30) can be estimated by a constant times
L L
sup |pdl / |0%ug||0%us| ds < 5/ 2ds + 0(6)/ (0%ug)? ds/ (Dspa)? ds.
0 0
In the third line of (2.3.30), we add, subtract, and use Young’s inequality to find
L 2 /
- /O 2uq (B (p1)Dsp1 (Dsur + Dy — co) — ' (p2)Dspa (Bstis + s — co)) ds
L L
_/0 O2uqf (p1)0spa (Osuy + 05 — co) ds — /0 2ugf (p1)0sp20sug ds
L
— [ 024 (8(01) = B'(p2)) Dup Oz + 016 — co) s

<5 /0 " (02uq)” ds+ 0(5)( /0 C Oupa)? + (Owa)? + 12 ds>. (2.3.32)
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2.3. Local well-posedness and regularity

On the other hand, for the term in the third line of (2.3.30) involving A, we have
Lo
= [ O () = Az, ) ds

= —/0L8§Ud {H_l (u1 4+ ¢) J(u1,p1) - < sin (w1 + ) )

—cos (ug + ¢)

— T (ug + ¢) T (ug, pa) - (_ii:&;f;)) } ds. (2.3.33)

We write the term in square brackets as

[H_l (uy 4+ @) — T (ug + ¢>)} J(ut, p1) - < sin (w1 +9) )

—cos (ug + ¢)
sin (u1 + ¢) )
—cos (u; + ¢)

sin (u1 4+ ¢) — sin (ug + @) )
—cos (uy 4+ @) + cos (ug + ¢) )

+ 17 (ug + @) (T (w1, p1) — T (ug, p2)) - (

+ 17" (ug + ) T (ug, p2) - <

Using the explicit formula for the inverse matrix, it can be shown that

[0 .0 -1+ )] < € [ gl

Proceeding as in (2.3.32), after adding and subtracting, we have

L
Lﬂmmﬂ—fw%mﬂﬁcé(Wﬂ+@wd+wmd&

Consequently, (2.3.33) may be estimated by

L

5 /0 Y (OPua)?ds + C () /0 " u2ds+ 0 () /0 (O5uq)? + C(6) /0 " 2 as.

For the remaining terms, we proceed similarly. Using (2.3.29) and choosing § > 0 suffi-
ciently small, the first two terms in (2.3.30) can be used to absorb all terms involving a

factor of 9. Altogether, we obtain the differential inequality

%(p(t) < C(l + /()L(afug)z ds)cp(t) for t € (0,7).

Using Gronwall’s lemma, we conclude that for all ¢’ € [0, 7] we have

o(t") < Cp(0) exp (/Ot/ (1 - /OL(Q?UQ)Q ds) dt).
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Chapter 2. Elastic flow with modulated stiffness

By Lemma 2.3.21, the integral is finite and uniqueness follows from ¢(0) = 0. O

2.3.5. Proof of local well-posedness

It remains to transfer the results of Section 2.3.2 and Section 2.3.4 to the initial nonperiodic

setting and to prove Theorem 2.3.2.

Proof of Theorem 2.3.2. We define (ug, pg) as the L-periodic extension of (6y — ¢, pg) to
all of R. Then (ug,po) € b} (R). Now we choose @ € (0,1) and 7 € (%, 1) such that

2n+ a =1+ «. Since (ug, po) € hiﬁJrO_‘(R), Proposition 2.3.5 yields T > 0 and a solution

(u, p) € BUCL; ([0, T); h%(R)) N BUC: 5 ([0, 7]; b3+ (R)) (2.3.34)

of (2.3.3) on (0,T) x R that satisfies lim;_,o(u, p)(t) = (ug, po) in C?"T%(R) by Lemma
2.3.18. According to Proposition 2.3.14, the solution is unique and due to Lemma 2.3.13
(u, p) € C((0,T)xR). Now we define (6, p) as the restriction of (u+¢, p) on [0, T)x [0, L].
By construction (6, p) solves (2.0.4) on (0,T) x [0, L]. Moreover, the C''-periodicity of (u, p)
ensures, that (6, p) satisfies the boundary conditions in (2.0.4). Furthermore, the choice
of @ and 7 as 2+ & = 1+ « gives us limy_,((t), p(t)) = (0o, po) in C1 ([0, L]; R?). The
uniqueness of the solution, its smoothness and the continuous dependence on the initial

datum transfer from (u, p) to (6, p). O

Remark 2.3.15. In the above proof of Theorem 2.3.2 we chose & € (0,1) and 7 € (%, 1)
such that 27+ a =1+ « € (1,2). This yields the convergence of the solution (6, p) to the
initial datum (6o, po) in C1T%([0, L]). But in fact, in Proposition 2.3.5 we can allow for
arbitrary @ € (0,1) and 77 € (%, 1) with just the condition that 27+ a & Z. By exploiting
this freedom we observe the following;:

If we even have (g, po) € h?T([0, L]) for a € (0,1) (with periodic second derivatives), we
get convergence of the solution (6, p) to the initial datum (6o, po) in C?T([0, L]). This is

an important ingredient in proving global existence, cf. Section 2.4.3 below.

2.3.6. Appendix to Section 2.3: Function Spaces

The main result of Section 2.3 involves time-weighted little Holder spaces and in the
proof of Lemma 2.3.13 additionally parabolic Holder spaces are used. Here we collect the
definitions of these spaces and list some properties.

Little Holder functions

For oo € R4 \Z, we denote by |« the largest integer less than o and {a} := a—|a] € (0,1).

Let k € N. The space of L-periodic R*-valued functions over R which are continuous and
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2.3. Local well-posedness and regularity

«|-times continuously differentiable is denoted by C Lo R; R¥). The periodic Holder space
L

with exponent « is defined as

’f(LaJ)(x) — f(LaJ)(y)‘

CRER) = {f €O RRY) s [f10)] e sup i <o
s T,y )
T#Y

and equipped with the norm || f{[cag) = || fllcLes @) + {f(LO‘J)LR. Therewith, we define

the periodic little Holder space with exponent a over R by

f(LaJ)(w) — f(LaJ)(y)
e (R;R¥) := {f € CF(R;RF) : lim Sup ‘ p—Ty ‘ = 0}. (2.3.35)
0<|r—y|<

This is a closed subspace of Cf(R; R*) and therefore a Banach space.

In the following we collect some properties of periodic little Holder functions. This type
of functions plays a fundamental role in the classical maximal regularity theory, see for

example [110].

Lemma 2.3.16. [101, Prop. 1.2] Let aq,as € Ry \ Z such that oy < aa. Then h7'(R) is
the closure of CY2(R) in (CF(R), ||-lcey ) and h$?(R) < hT'(R) densely.

Lemma 2.3.17 (Product of periodic little Holder functions). Let o, ap € Ry \ Z. Let
g1 € h7'(R) and let go € h7*(R). Then

9192 € b R) and (| g1g2 | gminter ey < Clen, a2, L) 1]l e g2 cos
Proof. This follows from (2.3.35) and a lengthy computation. O

Time-weighted BUC spaces
Let E be an arbitrary Banach space. Let n € (0,1) and let T'> 0. We define

BUC:, ([0, T}; E) := {€ € C((0,T}; E) : [t = *7"¢(1)| bounded and uniformly

continuous on (0, 7] with lim '~ [l¢(t)]| ; = 0}.
t—0+
Moreover, we define the subspace

BUCL, ([0,T}; B) := {¢ € C* (0, T}; E) : £,,€ € BUC1, ([0, T]; ) }
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Chapter 2. Elastic flow with modulated stiffness

In Section 2.3, we use this space with E a periodic little Holder space. In particular, the

spaces Ey and E;, defined in (2.3.5) and (2.3.6) are Banach spaces with the norms
Elg. = 1I€ = sup t'7E(1)]] pa and
€1z, = 1€lleq(0,7) S 1E@ o)

el = elzuory = e ¢ (10€0)cniey + 160 emeom).
S )

respectively. We use that the mapping
v En([0,T]) — A (R;RY),  £(t,-) = £(0,)

is well defined, linear and continuous. This follows from the observation that for £ €
E.([0,7T]) and 0 < s < t

£(6) - €)= [ a(rar, (2.3.36)

and hence there exists lim_,0 £(t) in h$(R), see [34, Remark 2.1]. We introduce the trace
space YE; := Im(). In particular, vyE; does not depend on 7' > 0. In [101, Section 5.1] it

is shown that up to equivalent norms
VE; = BT (R; RF) (2.3.37)

provided 21 + o € Z. For simplicity, we mostly omit the index k.

If17>%,

following lemma. This is essential in Section 2.3.

we have continuity in space and time of the first order s-derivative by the

Lemma 2.3.18. [34, Lemma 2.2] Let T' > 0. We have
By ([0, T]) < BUC(0, T]; 1" (R)).

In particular, this implies that for § € Eq1(]0,T]) there exists limy_, £(t) in CJQL"JFO‘(]R) and
supiepo,r) 1€llcznra < C(T) [I€llg, < oo

Remark 2.3.19. Lemma 2.3.18 implies that if n > 3, for & € Eq([0,77]), there exists
limg—0 D5€(t) in C2(R) and 9,¢ € BUC([0,T7; h¢ (R)).

Remark 2.3.20. We observe that from the definition of the spaces Eq([0,T7]) and E; ([0, 1)

we can derive the following properties.

(i) If f € E1([0,T]), then Osf, 02 f € Eo([0,T]).

(i) If f1 € E1([0,T]) and fy € Eo([0,T]), then f1fo € Eo([0,T]).
(iii) If f € E1([0,T]) and g € C®(R), then go f € E1([0, T]).

Lemma 2.3.21. Let T >0, n € (1,1), £ € E([0,T]). Then 0¢ € L*([0,T] x [0, L]).
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2.3. Local well-posedness and regularity

Proof. Since the Ej-norm is finite, there exists K > 0 such that for all ¢ € [0,T] we have
sup,ep [02€(t, s)| < Kt"~1. It thus follows

T L T KQL
/)/(f@%ﬂﬁﬁK@/thwz———TM4<m. O
o Jo 0 2n—1

Parabolic Holder spaces of order 2

At the end of Section 2.3 we show that the solution of (2.3.3) from Proposition 2.3.5 is
smooth. For this purpose we consider two additional function spaces. First, we set for
acRy\Z, (€0,1)and T >0

BUCS ([0, T]; h¢ (R)) := {f :[0,7] — h7(R) bounded and uniformly continuous

t - t fe%
on [0.7],  sup 1€(t1,5) — &( 25 sl < Oo}_
t1#t2€[0,T] |t1 — 2]

Moreover, we work with parabolic Holder spaces, cf. [96]. Let [ € Ry \ Z, a,b € R with
a<b,T>0andlet Qp :=(0,7) x (a,b). The parabolic Holder space s (@) is the
space of all functions f : Q7 — R with continuous derivatives 9/*9% f for 2m +n < [ and

finite norm

L)
=Y > sw [apars]

(@) 7=02m+n=j (t,S)EQT

115

+ Z sup |0 02 f(t,s1) — OO f(t, s2)|
2mtn=|1] (£:51),(t,52)€QT |1 — 82|Z—LlJ

51782
oot f(tr,s) — 0" 0% f(ta,
+ Z sup | t sf(l s) li;minf(2 3)‘

0<i—2m—n<2 (t1,5),(t2,5)€QT |t1 —ta| 2
t1#t

The following lemma shows how E; relates to these parabolic Hélder spaces.

Lemma 2.3.22. Let a € (0,1) and n € [%,1) such that 2n + o &€ Z. Let a,b € R

with a < b and let T > 0. Let f € E1([0,T]). Then Osf € H%’C([O,T] X [a,b]) for
C=n+%-%€(0,1).

Proof. Since 0 < 3 — 2+ 1 < p, [34, Lemma 2.2 d)] together with [101, Prop. 1.2 b)] give

Eq([0,T7) ‘%BUC"’(E*%J%) ([0’ T); hi(g_%‘*‘i)‘Fa(R))'

With ¢ =n+§ — % € (0,1), we thus have (in particular) d,f € BUCS ([0, 7Y; h%(R)) The
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Chapter 2. Elastic flow with modulated stiffness

continuity of 9, f in [0,T] x [a,b] (since n > 1) and the finiteness of the norm

|05 f (t,51) — Os f (1, 52)|

HasfHH%,C = Ssup |8sf| + sup

@) (s)eQr (6,51),(£,52)€Qr |51 — 8o
s17£82
B f(t1,s) — D5 f(t
+ sup ’ s f(t1,s) Scf( 273)‘
(t1,5),(t2,8)€QT ‘tl — tgﬁ
t17#t2
imply that 8, f € H3 ([0,T] x [a,b]). 0

2.4. Global existence

For the classical elastic flow, we have long time existence of the solution (see Proposi-
tion 1.4.3). In this section, we prove such a result in the much more general model for

heterogeneous elastic wires.

Theorem 2.4.1 (Global existence, [37, Theorem 1.3]). The solution (0, p) in Theorem

2.8.2 exists for all times, i.e. T = 0.

The flow equations (2.0.4) are a parabolic system, so we cannot use arguments based on
the maximum principle to show global existence. Instead, we rely on energy estimates
to prove that suitable Sobolev norms along the solution cannot blow up in finite time.
To that end, we first show boundedness of the velocity 9;(¢, p) in order to deal with the
nonlinear coupling which limits the direct application of interpolation inequalities. To
allow for w = 0, a new argument is needed to show a priori boundedness of the nonlocal
Lagrange multipliers, compared to the strategy used in [160]. In the following section, we

start the proof of global existence with the presentation of this argument.

2.4.1. Controlling the matrix 117!

As a first step, we show that the inverse of the matrix in (2.1.3), which defines the
Lagrange-multipliers in (2.1.2), does not degenerate if the L?-norm of the curvature
k = 040 is bounded. In contrast to [160, Lemma 2.1], our proof is variational and does

not depend on the rotation index.

Lemma 2.4.2 ([37, Lemma 4.1]). Let K > 0. Then there exists M = M(K,L) > 0 such
that for all functions 8 € W12(0, L) satisfying (2.0.3) and

L
/ (0,0)2ds < K (2.4.1)
0
we have

o)== sup  [Ito)(x)| < M.
XeR2,|X|=1
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Proof. By (2.1.3), all entries of the matrix II(f) are bounded by L, thus it suffices to
bound det IT(¢) from below for all § € W2(0, L) satisfying (2.0.3) and (2.4.1) by some
constant m = m(K, L) > 0. Let (0x)reny C WH2(0, L) be a minimizing sequence for

m := inf {det T1(0) | 0 € W'2(0, L) satisfying (2.0.3) and (2.4.1)}.

Note that m > 0 by Remark 2.1.4. Without loss of generality, we may assume 6;(0) = 0,
after replacing 0y by 6 — 0x(0). Indeed, by direct computation (2.4.1) and also (2.0.3)
are invariant under addition of a constant. Moreover, Remark 2.1.4 directly implies that
det TI(0 — 0;(0)) = det T1(0y).

Consequently, (0x)zen C WH2(0,L) is bounded, so that we may assume 6, — 6 in
Wh2(0,L) and 6 — 6 in C([0,L]) by Rellich-Kondrachov. The limit 6 clearly satis-
fies (2.0.3) and, by weak lower semicontinuity of the L?-norm, also (2.4.1). From (2.1.3),
we find det I1(0;) — det I1(#) and thus conclude that m = det II() is a minimum. Since 6
is continuous, by Remark 2.1.4 we find that m = 0 if and only if 8 is constant. However,

the latter is impossible due to (2.0.3), so m > 0 and the claim follows. O

2.4.2. Energy estimates

We now prove norm estimates for our solution, which by Lemma 2.3.13 instantaneously
becomes smooth. Since we are only interested in long time existence here, for the rest of
this subsection we assume that we have a fixed smooth solution (6, p) € C*°([0,T) x [0, L])
of (2.0.4). This means that the initial datum (6o, po) is smooth and satisfies Hypothesis
2.3.1.

Furthermore, throughout this subsection C' € (0,00) denotes a generic constant that may
vary from line to line. The constant is only allowed to depend on the fixed model param-
eters as well as the initial datum (g, po). In particular, C' does not depend on the (not
necessarily maximal) existence time 7. This is essential for proving the convergence in
Section 2.5.2.

First, we observe that due to Ag; and Ago ensuring the curve remains closed under the
flow, it follows that the integral over the inclination angle remains preserved along the

evolution.

Lemma 2.4.3. For allt € (0,T) we have

L L
/ Hds:/ 0 ds.
0 0

Proof. Integration of the evolution equation for  in (2.0.4) yields

L L L L
8t/ 0ds = B(p) (050 — co) ‘0 + )\91/ sinfds — )\92/ cos 6 ds.
0 0 0
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Chapter 2. Elastic flow with modulated stiffness

By (2.1.8), the integrals vanish. The boundary conditions in (2.0.4) yield the claim. O

Next, we gather some direct consequences of the constrained gradient flow structure.
Proposition 2.4.4 ([37, Proposition 4.2]). We have

(%) ||‘9||Loo([0,T)x[0,L} <0, ”pHLm([O,T)X[OaLD =C,

(it) supiejo,r) 0501l 20,y < €. subiejo) [10spll 20,0y < €

(iti) 1100l 2(10,myxj0.0)) < €5 0ol 20,1y [0,17) < C-

Proof. Statement (iii) follows from integrating (2.1.9) in time and using &,(6, p) > 0.

Moreover, for any ¢ € [0,7') we obtain

£.(6 S B[ a02d
u(o,ﬂo)_QO(sP) s

and the second estimate in (ii) is proven.

We will now use this to get an L*°-bound on p. Since the total mass is conserved along
the evolution by (2.1.8), the Mean Value Theorem for integrals implies the existence of
st € [0, L] with p(t, s¢) = %fOL po ds for any t € [0, 7). Similar to (2.3.31), the Fundamental

Theorem of Calculus yields

L L 1
(L, s) — p(t, 50| g/ 18,p|ds < L%(/ (9p)*ds)” < C (2.4.2)
0 0

and the second estimate of (i) is proven.
Consequently, there exists a compact interval J C R only depending on 6y, pp and the

model parameters such that
p(t,s) e J foralltel0,T),sel0,L]. (2.4.3)
By continuity, we find that
inf 8 > C > 0. (2.4.4)
Therefore, using (2.1.9) again, we obtain
L L L
28, (60, po) > n}fﬂ/ (0,0 — co)? ds > C(/ (8519)2ds—200/ 0.0 ds + L)
0 0 0
By (2.0.3), we have fOL 050 ds = 27w, and hence the first part of (ii) follows.

This together with the fact that fOL fds = fOL 0o ds by Lemma 2.4.3 yields the first estimate
in (i) by proceeding in the same fashion as in (2.4.2). O
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2.4. Global existence

Proposition 2.4.5 ([37, Proposition 4.3]). For the Lagrange multipliers we have

sup |Ag1] < C, sup |A\g2| < C, sup |\, < C.
te[0,T) tel0,T) tel0,T)

Proof. Because of Proposition 2.4.4, Lemma 2.4.2 can be applied with K = C, only
depending on the model parameters and the initial datum. Hence, for the Lagrange

multipliers Ag; and Ago by Remark 2.1.3 we have

Ag2
where J is as in (2.4.3). The right hand side is bounded for all ¢t € [0,7") by Proposition
2.4.4 and the Cauchy—Schwarz inequality. This way, we obtain the desired bounds for

L L
< Csupﬁ(/ (056)% ds +/ |co 050 ds),
J 0 0

g1 and Ag2. For A, we use (2.1.6) and proceed similarly, using that sup;|8'| < C by

continuity. O

As a next step, we would like to bound the L?-norm of 92(, p) uniformly in time. Directly
pursuing this idea, we encounter difficulties in controlling the nonlinear coupling of the
system (2.0.4), which seems to be incompatible with a direct application of interpolation

inequalities. Instead, we control the L2-norm of the velocity 0;(0, p) first.

Proposition 2.4.6 ([37, Proposition 4.4]). We have

sup [106] 20 <C s 0ol 2o < C-
te[0,T) te[0,T)

Proof. By continuity, Proposition 2.4.4 and with J as in (2.4.3) we have that
sup || <C,  sup 8] < C. (2.4.5)
J J

We consider the smooth function

1

o(t) = 3 /OL (((%0)2 + (8tp)2) ds, fortel0,T).

We now use (2.0.4) and integration by parts to differentiate ¢. The boundary terms

dissapear as a consequence of the boundary conditions in (2.0.4). We have

Lo = [ sw@antas - [ woa.?as

L 1 L
- 2/ 0,050 8'(p) Drp (950 — co) ds — 5/ (0p)2B" (p) (950 — co)? ds
0 0

L L
+ / (010)* g1 cos @ ds + / (010)*\go sin 6 ds.
0 0
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Chapter 2. Elastic flow with modulated stiffness

By (2.1.4) and (2.1.7) no time derivatives of the Lagrange multipliers appear. Using
(2.4.5), Young’s inequality, Proposition 2.4.4 and Proposition 2.4.5, we have

0 (t)<—1nfﬁ/ (0:0,0) ds—u/ (0:04p) ds+5/ (8,002 ds

+ 0(5) sup 8tp +C 8t (246)
s€[0,L]

for 6 > 0 to be chosen and some correspondingly adjusted C'(§) > 0. Using (2.1.7) and
arguing as in (2.4.2), we find there exists s; € [0, L] with 9;p(¢, s;) = 0 and thus

L
sup (04l = sup [(@p)? = @p(t, 50| < [ [on (@1p)*] s

s€[0,L] s€[0,L]

< 2(10:pll 120,y 10:05Pll 20,1y < S 10:Dspll72(0.1y + C(0) [0l 7201y > (2:4.7)

using Young’s inequality in the last step. Using (2.4.4) and choosing ¢ > 0 small enough
n (2.4.6) and (2.4.7), we obtain

%(p(t) < Cyp(t) foralltel0,T). (2.4.8)

By Proposition 2.4.4, we find that f(;f ©(t) dt is bounded independently of 7" and thus the
claim follows from integrating (2.4.8). O

Proposition 2.4.7 ([37, Proposition 4.5]). We have

sup |02

<C, su 852 <C.
oo = D (1050 1201

0HL2(O’L) te[0,T)

Proof. To prove the required estimates, we need to consider simultaneously the evolution

equations of § and p. Recall from (2.0.4) that we have

B(p)020 = 8,0 — B'(p)Dsp(8s0 — co) — Aoy sin O + Aga cos 6,

1
ndp =0+ 5B (p)(0:0 — co)* + X,
on [0,7). Using (2.4.4) and arguing as in (2.4.5), by Young’s inequality we find
2 2
||(9§9||L2(07L) + ||882p||L2(0,L)
L L L L
< c(/ (0:0) ds +/ (950)% (950 — c0)? ds + Aél/ sin® 6 ds + AZQ/ cos” 0 ds
0 0 0 0

L L
+ / (Drp)? ds + / (050 — co)* ds + A%L)
0 0

for all ¢ € [0,T). By Propositions 2.4.5 and 2.4.6 it is sufficient to consider the second

82
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term and the sixth term on the right side of the inequality. Using Holder’s inequality,
interpolation [20, p. 233] and fOL Ospds =0, we find

H(@Sp)2(859)2HL1(07L) < HasPHi‘l(O,L) \\539\!%4(0,@
1 3 1 3 2
< C||8§p||1%2(07L) ”85sz2(0@) (||a§‘9||i2(07L) ”830”32(0’” + ||85‘9||L2(0,L)> :

Due to Proposition 2.4.4 the norm [|056|;2(q 1, is bounded for all ¢ € [0,T") and similarly

for p. Therefore, using twice Young’s inequality we estimate
@002 110y < D022+ 31620]2000.) + CO),
for § > 0 to be chosen. In an analogous way we also get
19:0)! 11 1,1, < 8193611720 1) + C0).
Finally, taking § > 0 sufficiently small and absorbing, the claim follows. O

Proposition 2.4.8 ([37, Proposition 4.6]). We have

s 20 <G, sup |02 <C.
te;};)!l 200y < tefS%H pllz20.1)

Proof. Again, we use a Gronwall argument. To that end, we define

o0):= 5 [ (1007 + @) as

for t € [0,7) and obtain after integration by parts

d Loa 2 4 2 1orboy oo 4 92

—olt) + (1) = —/0 040,020 + lp 0,0 ds — - /0 910020 + 91 p02pds. (2.4.9)
Differentiating twice the evolution equations (2.0.4) with respect to s yields

020,0 = 38'(p)9spd20 + B(p) D20 + 35" (p)(Dsp)*020 + 38'(p) 92 p0320
+ 8" (0)(95p)* (950 — co) + 38" (0)05 pds (D58 — co) + B'(p)D; p(856 — co)
— Xg18in 0(950)% 4 Ag1 cos 0926 + Nga cos 0(0s0)% 4 Agg sin 0520,
00k = udkp — 56" (9) Dup)(0.0 — o)’ — L 7" (0)0(0,0 — co)’
— 28" (p)sp(056 — c0) 020 — B'(p)(926)* — B'(p) (956 — ¢0) 6.
By continuity, Proposition 2.4.4 and (2.4.3), we find that |3(*)(p)| is bounded by C for

k=0,...,3. Moreover, due to the embedding W?22(0, L) — C*(]0, L]), Proposition 2.4.4
and Proposition 2.4.7 we know that sup¢o ) |0s0] is bounded by C for all ¢ € [0,T). The
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Chapter 2. Elastic flow with modulated stiffness

same applies to sup,c(o,r] |0sp|. This implies that after plugging the last two equations
into (2.4.9) we get

inf "ot “@tpas + oR(t 2.4.10
G0 +et) <—infs(p) [ @0 ds—p [“@lpPds+CRO). (240

where R(t) is a sum of terms of the form
L L L L
[ 1okl as, [lotsl0gl s, [ (0s1ds, [ lotslioi o2l ds  (2410)
0 0 0 0

for f,g € {0, p}. For the first term, we use Young’s inequality, integration by parts and

Proposition 2.4.7 and estimate

[0ttt as <o [T @2 as +06) [ (0h0)*as
0 0 0
L L
< 5/ (6§f)2ds+5/ (0%9)% ds + C(6).
0 0

Similarly, for terms of the second and third type we have

L L 9
[ (10tsl02] +10251) ds <5 [ (045)? ds + C(9).
0 0

The terms of the fourth type in (2.4.11) can be controlled by interpolation, cf. [20, p. 233]
(using fOL Offds=0for k >2, f € {0, p}) to estimate

L
/0 |0, 1102 |02g] ds < Ha;lfHL%O,L)H852fHL4(O,L)HasngL‘l(O,L)

1 7 1 z
< C||a§fHL2(o,L) |I5§f|}iz<o,L)H3§f||22(o,L)H<9§*g||22<o,mH<939H22<0,L>

2 2
< 8103120,y + 011929 20,1y + C ()

as above by Proposition 2.4.7 and Young’s inequality for 4 > 0 to be chosen. This way,
we have estimated the remainder term R(t) in (2.4.10). Consequently, if we now use
inf; 8 > C by (2.4.4) and choose ¢ > 0 sufficiently small, after absorbing we get

d

—p(t t) < C.

Sott) oty < C
With Gronwall’s lemma, we conclude that ¢(t) < C for all t € [0,T). O
Remark 2.4.9 ([37, Remark 4.7]). It is also possible to bound

sup H(@ap)meﬂ(O,L) <C(m), meN,
te[0,T)

by essentially the same arguments as in Proposition 2.4.8.
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2.4.3. Proof of global existence

Let (6o, p0) € R*T([0,L]), « € (0,1) be such that Hypothesis 2.3.1 is satisfied. As a
consequence of Theorem 2.3.2, a standard argument for initial value problems yields the
existence of a maximal existence time Tyax € (0,00] such that the unique solution (6, p)
to (2.0.4) with this initial datum can be smoothly extended to (0, Tmax). The goal of this

section is to prove Theorem 2.4.1, i.e. that T.x = oo.

Proof of Theorem 2.4.1. Let 0 < Tax < 0o be the maximal existence time of the smooth
solution of (2.0.4) with initial datum (6, p)(0,-) = (6o, po) in C1T([0, L]). We want to
show that the assumption T,.x < 0o yields a contradiction as we can extend the solution
past Tinax-

Assume Tiax < 00 and let 0 € (0,Tmax). We have (0,p) € C([0, Tmax) X [0, L]). By
Propositions 2.4.4 and 2.4.8, there is a constant C' > 0 depending only on (6, p)(d,-) and

the model parameters such that

sup  [|0][yys2(0) <€ and sup |lpllwsze,) < C- (2.4.12)
te[(smiax) tE[Jvaax)

We consider an arbitrary sequence (t,)nen with ¢, * Thax. Let & € (0, %) The bounds
in (2.4.12) together with the compact embedding W32(0, L) — C?*9(]0,L]) and the
closedness of h*+%([0, L]) yield the existence of y € h**®([0,L]) and 5y € h**%([0, L])

such that after passing to a subsequence
O(tn,-) = 0y and  p(t,,) = po in C?*T4([0,L]) asn — oc. (2.4.13)

Suppose t), 7 Tmax denotes another sequence such that (2.4.13) holds with ¢/, instead of
t,, and (6}, pj) instead of (g, po). Using (2.0.4), Propositions 2.4.4, 2.4.5 and (2.4.12), we
find [|0:0|[y1.2(0,) < C for t € [6, Tinax), where C' > 0 again only depends on the model
parameters and (6, p)(6,-). Using that W2(0, L) < C%([0, L]), we find

tn
/ /
[6t0.) =0 Mooy < || [ " 0mar]| < Clta 1),

after suitably modifying C' > 0. Taking n — oo yields élo = 0. With exactly the same

argument we find g, = po. Consequently,

0(t,-) =0y and p(t,-) = po in C*T¥([0,L]) ast / Thax- (2.4.14)

It is clear that (Ao, po) satisfies (2.3.1). Thus, Theorem 2.3.2 and Remark 2.3.15 yield the
existence of T > 0 and a unique solution (6, 5) € C*®((0,T) x [0, L]) of (2.0.4) with

0(t,) >0y and p(t,-) = po in C?TE([0,L]) ast\,0. (2.4.15)

85



Chapter 2. Elastic flow with modulated stiffness

We take this solution to extend the solution (6, p) past Tiax by defining

0, p)(t, s) for t € (0, Trmax),
(97 ﬁ)(tv S) = (éOa ﬁO)(5> for ¢ = Thnax,
(0,0)(t — Thmax,s)  for t € (Tmax, Tmax + T)-

We now claim that
(0, p) € C((0, Tmax + T) x [0, L]). (2.4.16)

Fix T € (Thax, Tmax + T) Examining ¢  Tax and using (2.4.14), respectively t N\, Tinax

and using (2.4.15), we conclude
(8,7) € BUC ([8,T]; C**%([0, L])) .

By (2.0.4), we may write 9;(6, p) in terms of 92(6, p), 9s(6, p) and (0, p) on (0, Tinax) and
similarly for 8,5(5, p) on (0, T). Hence Gt(é, p) exists on [0, Tax) U (Tmax, I'] and possesses

a continuous extension at t = Ty,ax, SO that we find
&0, p) € BUC ([5,T]; €% ([0, L)) ) .
Consequently, we obtain
(8,p) € BUC! ([5,7);C*([0, L]) ) N BUC ([6, T); C*+4([0, L])) . (2.4.17)
By (2.3.34), for every T < Tiax the solution (6, p) satisfies
(0,p) € BUCL_, ([0,7"]; k% ([0, L])) N BUC: 5 ([0, T B> ([0, L))}, (24.18)

where o € (0,1) and 77 € (%, 1) are chosen such that 27+ & = 14 «. Since the time weight
t1=7 only plays a role near ¢ = 0, from (2.4.17) and (2.4.18) we conclude that

(8,p) € BUCL_ ([0, T]; %([0, L]) ) N BUC: 5 ([0, T]; h**%([0, L)) ,

for 0 < & < min{a, &}, using Lemma 2.3.16. If we transfer this back to the periodic

setting as in Section 2.3.1, we may apply Lemma 2.3.13 to deduce that

(0,p) € C*((0,T) x [0, L]).

Since T' € (Timax, Tmax + 1) was arbitrary, we conclude that (2.4.16) is satisfied.

Consequently, we have extended the solution (6, p) smoothly past Ti,ax, a contradiction,
S0 Tinax = o0 has to hold. O
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2.5. Convergence result

Once global existence is established, it is natural to study the asymptotic behavior of the
flow. Although we do not have a classification of the stationary solutions to (2.0.4) at
hand, we can prove full convergence. The goal of this section is to prove the following

theorem.

Theorem 2.5.1 (Long time behavior, [37, Theorem 1.4]). Let : R — R be real analytic.
Then, the global solution (0, p) of Theorem 2.4.1 converges in C*7¢([0, L]) for all & € (0, %)

to a stationary solution of (2.0.1) as t — oo, i.e. to a solution of

0= 05[B(p)(0s0 — co)] + o1 sin @ — Aga cos 6 in [0, L],
1
0= pd5p = 5B ()00 — o)’ = Ay in [0, L], (2.5.1)
(L) — 0(0) = 27w, p(L) = p(0),
859<L) = 889(0)7 8SP(L) = 8sp(0)

for some g1, Ag2, A, € R.

Geometrically, this result can be interpreted as follows. The solution (6(%), p(t))i>0 de-
scribes a family of closed curves (y(t)):>0 with density (p(t)):>0 that evolves in time
decreasing the energy (1.5.1) and converging to an equilibrium as t — co.

For the proof, we first deduce subconvergence of the solution from the energy estimates
used in the proof of Theorem 2.4.1. This means that given a sequence of times ¢, — oo,
we can find a subsequence (t,,)ren along which the solution converges. However, for
different subsequences, the limit may be different. Moreover, the set of possible limits
is non-discrete. Therefore, we need more to prove full convergence. We assume [ to be
analytic and rely on a suitable version of the Lojasiewicz—Simon gradient inequality [135].
As Chapter 1 already suggests, inequalities of this kind are a powerful functional analytic
tool for studying the asymptotic behavior of (geometric) PDEs, even in the constrained
setting; see, for instance, [143, 30, 44] and [139, 136, 138].

In our case, the constraint is given by the zero set of the functional (2.2.3), which is

L L L
Q(G,p):(/o cost?ds,/o sin@ds,/o pds—mL),

where m € R corresponds to the fixed total mass, determined by the initial density, i.e.

mL = fOL pods. We consider the Banach space of periodic Sobolev functions W%2(0, L)

per

defined in (2.2.1). By the choice of the Lagrange multipliers, cf. (2.1.4) and (2.1.7), the

gradient flow remains in the closed set

B:={(0,p) € W22(0,L;R?) + (¢,0) : G(6, p) = 0} (2.5.2)
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Chapter 2. Elastic flow with modulated stiffness

for all ¢ > 0 with ¢ as in (2.2.2). To apply the results in [135], we need to work in
Banach spaces which is why we consider the shifted energies E,(u,p) and G(u,p) for
(u, p) € W22(0, L; R?), defined as in (2.2.4). Here, we work only in the domain of the L2-

per

gradient of the functionals, and not in the energy space W12(0, L). In (2.2.13) and (2.2.14),
we have computed the L?-gradients of E,, (with VE,(u,p) = (V4 E,(u, p), V,Eu(u,p)))
and of the components of G. For the convenience of the reader, we repeat that they are

given by
quu(ua P) = —0s (ﬁ(p) (85u + 8s¢ - CO))7

1
vau(ua p) = —MGSQP + iﬁl(p)(asu + 85¢ - 60)27

VG (u, p) = (—sin(u + ¢),0), VG?(u, p) = (cos(u + ¢),0), VG3(u, p) = (0,1).

2.5.1. The constrained tojasiewicz—Simon gradient inequality

We first discuss analyticity properties of the energy and the constraint functional. A
concise overview of the relevant properties of analytic functions on Banach spaces can
be found in [135, Section 2.1]. In the following, Cper([0, L]) denotes the Banach space of

L-periodic continuous functions on [0, L], equipped with the supremum norm.

Lemma 2.5.2 ([37, Lemma 5.1]). Let 3: R — R be analytic. The maps

WI}(;%(O, L) = Cper([0,L]),  p+= B(p),
Wk2(0,L) — L?(0,L), 6+ 0%0 fork=1,2

per

are analytic. Moreover, the energy and the constraint functional

W22([0.LL,B) = R, (u,p) = Ey(u, p),

per

Wi ([0, LI R?) = R®, - (u, p) = G(u, p)

per

and their gradients given by

are analytic for j =1,2,3.

Proof. The first part follows from the Sobolev embedding W:2(0, L) — Cpe:([0, L]) and
since the Nemytskii operator Cper([0,L]) 2 u — S(u) € Cper([0, L]) is analytic by [7,
Theorem 6.8].

The rest follows using that the composition and sum of analytic maps is again analytic

and that any bounded multilinear map is analytic, see [135, Section 2.1]. ]
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Besides analyticity, we also need to verify certain Fredholm and compactness properties
of the derivatives of VE, and VG, cf. [135, Corollary 5.2]. First, we compute these
derivatives. Let (u, p), (v,0) € W22(0, L;R?). Then we have

(VuF) (0, ) (0,) = =8 (0)spl @t + 0 — o) — B(p) 0P

— B'(p)(Osu + 95 — c0)ds0 — 05(B(p)sv),
(VB () (0,0) = 56" () Do+ 036 — o)

+B(0) @+ 86— o) — i (253)

Moreover, we have

(VG®) (u, p)(v,a) = (0,0).
Lemma 2.5.3 ([37, Lemma 5.2]). The operator

(VE,) (u,p): WZ2(0, L;R?) — L*(0, L;R?)

per

is Fredholm of index zero for all (u,p) € W22(0, L;R?).

Proof. We observe that by (2.5.3), we may write
(VEM)/(uv p)(’U, O') = A(Ua U) + K(’U, 0)7

where A(v,0) = (=05 (B(p)0sv) , —pud20) and K: W3hi(0,L;R?) — L*(0,L; R?) only in-
volves first and zeroth order expressions in (v,0). Hence K is compact by the Rellich—
Kondrachov theorem. Moreover, 3(p) € C'([0,L]) and ming 1) 8(p) > 0 by Sobolev
embedding. Thus, for every f € L?(0,L) there exists a unique solution v € W&%(O,L)
to Js (B(p)0sv) = f as a consequence of the Riesz representation theorem. Consequently,
we find that A: W22(0, L; R?) — L?(0, L; R?) is an isomorphism. The claim then follows

per

using [97, XVII, Corollaries 2.6 and 2.7]. O

For simplicity, we again abuse the notation and write VE,(0, p) and VG(0, p), see (2.2.15).
Moreover, setting A(0, p) := (Mo1(0,p), Ao2(0, p), A\p(8,p)), with Xg1(0,p), and Ap2(6, p),
Ap(0,p) as in (2.1.2) and (2.1.6), we define

A(0,p) - VG(0,p) := X1 (0, p) VG (6, p) + A28, p) VG (0, p) + Ap(6, p)VG (6, ).
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Chapter 2. Elastic flow with modulated stiffness

In this notation, the evolution in (2.0.4) may abstractly be written as

where (0, p): [0,T)x [0, L] — R%. This way, stationary solutions to (2.5.4) (i.e. solutions to
(2.5.1)) are constrained critical points of £ subject to the constraint G = 0 by the method
of Lagrange multipliers, see (2.2.16).

Theorem 2.5.4 (Constrained Lojasiewicz—Simon gradient inequality, [37, Theorem 5.3]).
Let B be real analytic and suppose that (0,p) € B (cf. (2.5.2)) is a critical point of &,
subject to the constraint G = 0. Then there exist C,r > 0 and ¢ € (0, %] such that for all
(0,9) € B with |(0,p) — (0,7) lwa0.1 < we have

€48, ) = £4(8,0)|' ™" < CIIVEL(B, p) + A8, ) - VG (0, p)]l 12(0,1).

Proof. We verify that assumptions (i)-(vi) in [135, Corollary 5.2] are satisfied for the
energy functional E,: W22(0,L;R*) — R subject to the constraint G = 0 at the con-
strained critical point (u,p) := (6 — ¢,p). Assumption (i) is clearly satisfied. As-
sumptions (i) and (iv), and also analyticity of £, and G follow from Lemma 2.5.2,
whereas (iii) is precisely the statement of Lemma 2.5.3. Assumption (v) is satisfied by
(2.5.3) and using the Rellich-Kondrachov theorem. For (vi), it only remains to show
that VG(u,p), VG%(u,p), VG3(u, p) are linearly independent, which can be verified us-
ing fOL cosfds = fOL sinfds = 0.

By [135, Corollary 5.2], Ej|;g—o) satisfies the constrained Lojasiewicz-Simon gradient
inequality near (u, p), which immediately transfers to £,|(g—y near (6, p) as in the state-
ment. The explicit form of the projected gradient in terms of the Lagrange multipliers

follows from [135, Proposition 3.3] and a computation. O

2.5.2. Convergence

Equipped with the Lojasiewicz—Simon gradient inequality in (2.5.4), we can now prove

full convergence, i.e. Theorem 2.5.1.

Proof of Theorem 2.5.1. Since we are only interested in the long time behavior, we may
without loss of generality assume 6, p € C°*°([0, 00) x [0, L]).

Step 1: Subconvergence. We first prove that for any sequence t, — oo, there exist a
subsequence ()nen and a stationary solution (fso, poo) € C2%([0, L]) such that

lim (0(t),), p(t,)) = (foo, poo) in C*T([0, L]) for all & € (0,1).

n—oo

Let (t)nen be any sequence with ¢, — oco. First, note that the constant C' in (2.4.12) does

not depend on the existence time, so (2.4.12) remains valid for Ty = co. The compact
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2.5. Convergence result

embedding W32(0,L) — C?*%([0, L]), where & € (0, 3), and a subsequence argument
yields that there exists (¢),)nen, a subsequence of (t,)nen, and (0, poo) such that for all

& € (0, 3) we have

lim (0(17,), p(11,)) = (Bo0s poo)  in C*FE([0, L)). (2.5.5)

n—o0

It remains to prove that (A, poo) is stationary, i.e. it satisfies (2.5.1). We consider

=3 [ (007 +@p?) as. 120

which is bounded by Proposition 2.4.6, and thus by (2.4.8) its derivative %g@ is bounded
from above. Since ¢ is integrable on [0, c0) by Proposition 2.4.4, this is sufficient to guar-
antee that lim;_,o ¢(t) = 0. In particular by (2.5.5), we have 9,0(t,,-) — 0, d¢p(t,,-) — 0
in C%([0, L]) for all & € (0, 3), 0 (00, pos) is stationary, thus a solution of (2.5.1).

Step 2: Full convergence. By Step 1, there exists a sequence t,, — oo and a stationary
solution (0, poo) of (2.0.4) such that (fso, poo) = limy, 00 (0(ts), p(ty)) in C?+9([0, L]) for
all @ € (0,3).

By (2.1.9), we have &,(0(t),p(t)) v £u(0xc, pc) as t — oo. In fact, we may assume
Eu(0(t), p(t)) > Eu(Oo, poo) for all t € [0, 00), since otherwise the solution must be even-

tually constant, hence converges trivially.

The stationary solution (A, po) is a constrained critical point as observed directly after
(2.5.4). Thus, we may apply Theorem 2.5.4 to (0o, poo). Let C,r > 0 and ¢ € (0, %] be
as in Theorem 2.5.4. After passing to a subsequence, we may assume |(6(ty), p(tn)) —

(Ooos Poo)lw2.2(0,y < 7 for all n € N. We define

Tn i=sup {7 >t | [[(0(1), p(t)) = (Boos poo) lw22(0,0) < 7 for all t € [t,, 7]} (2.5.6)

Since the solution is smooth, we find that 7,, > t, for all n € N. Define

H(t) = (£u(0(8), p(t)) — Eul(0o0, o))" -

By a direct computation and using Theorem 2.5.4 we have

d -1 d
— M =0(E0.0) — €0 p)) (= SEu(0.0))
v—1
= 19(&(9, p) = Eulfo, poo)) IVEL(, Pl L2(0,2) 1060, p) | 2 (0,1
9
> 110606, p)ll 20,1 (2.5.7)
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Chapter 2. Elastic flow with modulated stiffness

on [t,, ). After integration, for ¢’ € [t,, 7,,) we obtain

IO, p(2)) = Blta). plta) 1205y < [ 106,912 0 < SH(ta) >0, (2.58)

as n — oo. We now assume that all of the 7, are finite. By continuity, (2.5.8) also
remains valid for ¢ = 7,,. By Step 1, after passing to a subsequence, we may assume that
(0(10), p()) = (0,p) in C*+3([0,L]) as n — oo for all & € (0,4). By continuity and
(2.5.6), we find that

16, 5) — (B poc) w2200y = > 0, (2.5.9)

whereas on the other hand by (2.5.8) with ¢’ = 7,,, we have

10.7) — (Osor poc)ll 20,0y = im0 [[(O7). (7)) = (O(t). plta) | 20,7 = 0.

a contradiction to (2.5.9).

Consequently, there exist some ng with 7,, = 0o, and thus (2.5.7) is satisfied on [t,,, 00),
which implies that ¢ — [|0,(0(t), p(t)) |l 2(0,1.) € L' (0,00). Therefore, (6(t), p(t)) is Cauchy
in L2(0,L) as t — oo. Hence the limit lim;_,o(6(t), p(t)) exists in L?(0, L) and thus
necessarily equals (6, poo). From Step 1 and a subsequence argument, it follows that we
have 1im;_,o0(0(t), p(t)) = (0o, poo) in C?TE([0, L]) for all & € (0, 3). O

Remark 2.5.5 ([37, Remark 5.4]). Note the following.

(i) In Step 1 above, we have not used that f§ is analytic. Thus, subconvergence also
holds if merely 5 € C*(R).

(ii) Together with stronger global bounds on the solution as in Remark 2.4.9, it can be
shown that the convergence in Theorem 2.5.1 is smooth. The same applies to the

subconvergence in Step 1 of its proof.

2.6. Qualitative properties of solutions

In the following, we study qualitative properties of the solution. We observe that the
preservation and nonpreservation of properties of the initial datum along (2.0.4) depends
delicately on the choice of the model parameters. The decisive advantage of working with
the angle function 6 is that the equation is of second order. In contrast, working with the
curve -y yields a fourth order equation, like the classical elastic flow. Due to the reduction
to second order, parabolic maximum principles are available for both evolution equations
in (2.0.4) individually, but of course not for the full system. A key difficulty in applying
maximum principles is the structure of the relevant evolution equations, explaining the

fundamentally different behavior for a different choice of parameters.
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2.6. Qualitative properties of solutions

In this section, we assume the initial datum (6p, po) to be smooth, to satisfy Hypoth-
esis 2.3.1 and 9%0p(L) = 9205(0) as well as 92po(L) = 0%pp(0). Theorem 2.3.2, Re-
mark 2.3.15 and Theorem 2.4.1 then yield a unique global solution (0, p) € C*°((0, 00) X
[0, L]) N C°([0,00); C2([0, L)) of (2.0.4). We refer to a function (6, pg) satisfying the
assumptions above as an admissible initial datum in the sequel.

Before we begin applying maximum principles, we want to first explain the origin of
the figures in the following sections. Then, in Section 2.1.3, we want to note that the
two parts of the energy &, do not decrease separately, which makes investigating the
properties of the solution and the limit more challenging. In Section 2.6.3, we study the
evolution of the zeroset of the curvature which is related to the preservation of convexity,
see Section 2.6.4. With similiar ideas as for the preservation of convexity, we examine
the preservation of nonnegativity of the density in Section 2.6.5. Unlike the preservation
of convexity and nonnegativity of the density, the preservation of embeddedness cannot
be proven using maximum principles. Instead, we employ an energy-based argument to
explore the preservation of embeddedness in Section 2.6.6. In Section 2.6.7 we prove that
for a rotationally symmetric or axially symmetric initial datum, the solution preserves the
rotational or axial symmetry. This result enables us to generalize the result on convexity

preservation, see Theorem 2.6.22.

2.6.1. Numerical experiments

As described in Section 1.3.3, it can be helpful to guide one’s analysis through numerical
experiments. For the system of evolution equations (2.0.4), Gaspard Jankowiak from
the University of Graz developed a numerical scheme approximating the solutions. The
scheme takes advantage of the gradient flow structure of the problem and is based on De
Giorgi’s Minimizing Movements and finite differences, extending the idea of [18]. We do
not go into the details here at all; these can be found in [36, Section 5]. However, we use
figures from the numerical experiments to illustrate our analytically obtained results. The
implementation and configuration files used for most of the figures are available online?.
We note that in the numerically obtained figures, a hat marks a space discrete quantity, i.e.
(é, p) € R?N is the piecewise constant approximation of (6, p), as well as the corresponding
energy (‘fu and so on. Positive values of p are shown in blue, negative values in red. The

thickness of the line increases with |p|.

2.6.2. The two parts of the energy

We have already seen that the L2-gradient structure of the flow equations in (2.0.4) ensures

that the energy &£, decreases along the evolution. On the other hand, the two parts of the

*https://github.com/gjankowiak/dAJLR.2024 (code licensed under the GPLv3)
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energy,

1 rL L
£%0,p) = 5/0 B(p) (050 — cp)*ds  and EN(p) == g/o (9sp)? ds

are not monotonically decreasing individually as the computation in (2.1.9) already sug-
gests. This fact significantly complicates the discussion of the limit in Section 2.7. We

give concrete examples where either £ or £ [, grows.

/ 2\
— ( \
N\ J
-~
u=0.001
- 10! 1
E(t=0) —
w(0:pe)
10° 1 \
."'Q‘; ........................
10" A
— &u0.p.)
— 6,,
- (2:9
e &
102 10° 10°

Figure 2.3: Energy evolution starting with relatively low ||4# — 1||oc. Here, L = 27, u =
1073, co = 0, B(z) = €%, m = 0, w = 1. From [36, Figure 8], reprinted with
permission.

Example 2.6.1 ([36, Example 3.1]). Consider the double-well potential 8(z) = (22 —
)2 +cwithe >0 Let L =21, w=1m =0, and ¢cg # 1. Take 6y := 6. = s and
po = sins. Then, for the solution (6,p) of (2.0.4), an elementary computation yields
A61(0) = Aa(0) = Ay(0) = 0 and

G800 =l [ (580000~ @5 ds

dt 2
— )t r2m
e RCITE
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2.6. Qualitative properties of solutions

- g(l—CO)Q (u— (1—co)* - Z)

which is positive for 4 > (1 — ¢p)? + 2. On the other hand,

d

27 27 1
S| ==l s [T ds - [T @) ds = (50— ) ~ )
0 0

t=0

is positive for p < (1 — o).

In Figure 2.3 and Figure 2.4 we see numerical examples for the growth of &f.

o~
A N
20 )
N /1/\r J\/\f \\’J \"J
1=0.001
E,(t=0) .
il 101_ — &ulbopo)
\ — S)
- - 6/)
\ e
10% 4
10"
E,(0.p.) N
10" ---___\\
_________________________ O SR
107! T T T T T
107! 10°* 1072 10" 10 10 10° 10°*
t
Figure 2.4: Energy evolution starting with relatively large ||&# — 1||oo. Here, L = 2,

pw=10"3 ¢ =0, B(z) = €%, m =0, w = 1. From [36, Figure 9], reprinted
with permission.

Remark 2.6.2 ([36, Remark 3.2]). In view of Proposition 2.2.8 and Corollary 2.2.10, for 4
large, £f can be seen as the dominant term in £,. However, even for arbitrary large u, £ff
might still not be monotonically decreasing. This can be seen with the evolution equations
in (2.0.4). Indeed, taking po = m yields £f(po) = 0. On the other hand, dpli=o # 0 for
all © > 0 as long as 90y is not constant and '(m) # 0.
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Chapter 2. Elastic flow with modulated stiffness

2.6.3. Zeros of the curvature

In this section, we adapt the methods in [5] to study the zeros of the curvature and
the inflection points of the curve, i.e. the sign changes of the curvature. The results are

summarized in the following theorem.

Theorem 2.6.3 ([36, Theorem 1.2]). Let co = 0 and let (0,p) be a global solution of
(2.0.4). Then both the number of zeros of k = 050 and the number of inflection points of

the associated curve are nonincreasing in time.

Here, it is crucial that the equation for 6 is of second order. Differentiating (2.0.4) we find

that the curvature k = 0,0 satisfies the second order equation

Ok = B(p)02k +205(B(p))dsk + 02 (B(p))k + (Ag1 cos 6 + Aga sin 8) k — 83 (B(p))co.
(2.6.1)

The structure of this evolution equation already indicates that the behavior of k strongly
depends on ¢y. In case ¢y = 0, (2.6.1) may be written as a linear second order parabolic

equation for k. Indeed, for cg = 0, we have
Otk = ad?k + bOsk + ck, (2.6.2)
where we define the nonconstant coeflicients
a:=pB(p) >0, b:=20:(B(p)), and c:=3%(B(p))+ \g1cosb + \gasiné.

This allows us to use the techniques in [5] to study the evolution of the zeroset of the
curvature. Sign-changing zeros of the curvature are inflection points of the curve, i.e.
points where the curve locally changes from being convex to being concave or vice versa.
Zeros at which the curvature does not change sign are called undulation points of the
curve. First, we do not distinguish between inflection points and undulation points and
show that the total number of zeros of k decreases. In [160, Remark 3.2], this idea was
also indicated, without proof, for the L?-gradient flow of the angle function of the classical
elastic energy without density-modulated stiffness.

For all ¢ > 0, we denote by zx(t) € NgU{oco} the number of zeros in [0, L) of the curvature
k(t,-) of the global solution of (2.0.4). First we note that this number is finite, which
follows by [5, Theorem C, (a)].

Lemma 2.6.4 ([36, Lemma 3.3]). Let co = 0 and (6, p) be the global solution of (2.0.4).
Then zy(t) is finite for any t > 0.

Further, the number of zeros of the curvature (inflection points and undulation points)

does not increase along the evolution.
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2.6. Qualitative properties of solutions

Proposition 2.6.5 ([36, Proposition 3.4]). Let co = 0 and (6, p) be the global solution of

(2.0.4). Then z is a nonincreasing function on [0, 00).

Proof. Consider the smooth L-periodic extension of &k = 040 to R, which we do not rename
for simplicity. The function zj still denotes the number of zeros of the curvature in the
interval [0, L).

Let to > 0. By Lemma 2.6.4, there exists n € Ny such that zx(t2) = n. Without loss
of generality, we assume that n > 1. Let 0 < 51 < s9 < -+ < s, < L be the zeros of
k at time t2. By [5, Lemma 5.5], there are continuous curves x;(t), ¢ = 1,...,n in the
zeroset Zy, = {(t,s) € (0,00) x R: k(t,s) = 0} defined for ¢t € (0, t2] such that z;(t2) = s;.
Moreover, define x,,41(t) := x1(t) + L, t € (0,t2]. Then x,41(t) is also in Z.

For t; € (0,00) with t; < t, [5, Lemma 5.3] tells us that if z;(t2) < z;(t2), then z;(t) <
xj(t) for all t € [t1,t2], 4,5 = 1,...n + 1. Hence, considering I; := [21(t),zn41(t)) for
t € [t1,t2], we find x;(t) € I for t € [t1,t2] and i = 1,...,n. Thus, there are at least n
zeros of k on {t1} x I;. Since by periodicity, the number of zeros on {t1} x [0, L) equals
the number of zeros on {¢;} x I, it follows that z; is nonincreasing on (0, 00).

It remains to consider the transition from ¢t = 0 to positive times. Due to Lemma 2.6.4
we assume without loss of generality that 2;(0) < co. Similarly as in [5, Lemma 5.2] it
follows that limy\ o 2;(t) exists for ¢ = 1,...n. Suppose that limy o2;(t) = limp o 2;(t)
for i < j and consider the nonempty open set G := {(t,5) : 0 <t < to, x;(t) < s < x;(t)}.
Since £ = 0 on the parabolic boundary of G, the parabolic maximum principle implies
that £k = 0 in G. This contradicts Lemma 2.6.4. Thus, limy o 2;(t) # limy2;(t) for
i # j and it follows that z(0) > n. O

In the following, we specifically consider the inflection points and show that the number
of sign-changing zeros of k£ does not increase. This means geometrically that the number
of ‘dents’ of a curve like in Figure 2.5 is not increasing along the evolution. This is
supported by numerical experiments, see Figure 2.4, while for ¢y # 0, Figure 2.7 in Section

Section 2.6.6 gives an example for growing number of inflection points.

Figure 2.5: Curve with dents. From [36, Figure 1], reprinted with permission.

We denote the number of sign-changing zeros in [0, L) of the L-periodic extension of k(t, -)
by Ek(t) € Ng U {OO}, t e [0,00).
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Proposition 2.6.6 ([36, Proposition 3.5]). Let co = 0 and (6, p) be the global solution of

(2.0.4). Then Zj is a nonincreasing function on [0, 00).

Proof. Consider the smooth L-periodic extension of (k,p) to R. First we observe, that
the zeros of k(t,s) := e Mk(t,s), A € R, (t,5) € [0,00) x R, coincide with the zeros of
k(t,-). By choosing A sufficiently large, we can thus assume that k satisfies (2.6.2) with
c(t,s) < 0on [0,00) x R.

Let 0 <t < t9 < 0o. By Lemma 2.6.4, there is n € Ny such that zi(t2) = n. In view of
Proposition 2.6.5 and due to periodicity of k, we may assume without loss of generality
that n > 1. As in the proof of Proposition 2.6.5, let 0 < 51 < -+ < s, < L be such that
k(ta,s;) =0,i=1,...,n. By the arguments in the proof of Proposition 2.6.5, there exist
continuous curves z;(t) in the zeroset of k defined for ¢ € [0, 2] such that z;(t2) = s,
i=1,...,n,and z;(t) < x;41(t) for t € [0, t2], where xy41 :=x1 + L.

Let ¢ € {1,...,n}. Either k(t2,-) < 0 or k(t2,-) > 0 on (z;(t2),zi+1(t2)). We assume
the latter. Consider the open set G := {(t,s) : t1 < t < to, xi(t) < s < wi+1(t)},
whose boundary is composed of the curves z;, x;4+1 and two vertical lines at t = ¢y, a.
By assumption and continuity, k attains a positive maximum on G, more precisely at the
parabolic boundary by the maximum principle. But since k(t,z;(t)) = 0 for ¢ € [t1, 2]
and similarly for z;y1, the maximum is attained at the vertical line ¢t = ¢;. Consequently,
there exists an interval I C (zi(t1), zi+1(t1)) with k(t1,s) > 0 for s € I. Thus, for each
of the disjoint intervals (z;(t2), x;4+1(t2)), ¢ = 1,...,n, with & > 0 (or k < 0), there is an
interval in (x;(t1), zit1(¢t1)) with & > 0 (or k < 0). Since z;(t) < zi+1(t), t € [t1,t2], there
are at least as many sign changes of k in [x1(¢1),z1(t1) + L) as in [z1(t2), x1(t2) + L). By
periodicity, it follows that zj(t1) > Zx(t2). O

For the sake of completeness, we note the following.

Proof of Theorem 2.6.3. The result directly follows from Proposition 2.6.5 and Proposi-
tion 2.6.6. ]

2.6.4. Convexity

Combining Theorem 2.6.3 from the last section with further maximum principle argu-
ments, we examine (strict) convexity along the evolution. More precisely, we prove the

following result.

Theorem 2.6.7 (Preservation of convexity for ¢y = 0, [36, Theorem 1.3]). Let (0, p) be
the global solution of (2.0.4) with admissible initial datum (0o, po) and co = 0. Then

(i) ko >0 (ko <0) on [0, L] implies k >0 (k <0) on [0,00) x [0, L];

(ii) ko >0 (ko < 0) on [0, L] implies k > 0 (k < 0) on [0,00) x [0, L].
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We refer to convexity because the nonnegativity (or nonpositivity) of the curvature is
closely linked to the convexity of the corresponding curve, see Remark 2.6.8 below. Like
Theorem 2.6.3, Theorem 2.6.7 relies heavily on the vanishing of ¢g. Indeed, even for
lco| # 0 small, convexity is not preserved in general (see Example 2.6.9). This behavior
is not easily predicted from the energy, since for example a large positive ¢y clearly favors

positive curvature.

Proof of Theorem 2.6.7. Case (ii) follows from Proposition 2.6.5. For case (i), we now
show that if 9569 > 0, then 950 > 0 for all ¢ € (0,00). The proof for the nonpositive case
works analogously. We consider the L-periodic extension of the global solution (6, p) to
all of R, which we do not rename for simplicity. Note that 9,6 € C*°((0,00) x R) and
p € C*((0,00) x R) by Lemma 2.3.13. Since ¢o = 0, k satisfies (2.6.2) on (0, 00) x R. Even
though 6 itself is not even continuous on R, due to the boundary condition (L) — 6(0) =
27w, the coefficients a, b and ¢ in (2.6.2) are smooth on R for all £ > 0. Moreover, since the
initial datum is attained in the C2([0, L])-norm (see Remark 2.3.15 and the assumptions
at the beginning of Section 2.6) and ¢ is bounded globally in (0,00) x R (see Section 2.4),
there is K > 0 such that sup;¢(g o), ser ¢(t, 8) < K. Defining ke := k + e exp(Kt) for € > 0
it follows that

Orke > a(t,s)0%k. + b(t, 8)0ske + c(t, s)k.  on (0,00) x R (2.6.3)
and mingeg ke (0, s) = mingg(o 1) Isbo(s) + ¢ > 0. Now we set
t* :==sup {t > 0: Isrgﬂgk‘s(ﬂ s) >0 for all 7 € (0,¢)}.
Clearly, t* > 0. We assume that t* < co. This implies that there is s* € R such that

0 = min k. (", s) = k(t*, s"). (2.6.4)

seR
The necessary conditions for a local minimum yield 82k.(t*,s*) > 0, 95k (t*, s*) = 0 and
Ok (t*,s*) < 0. Together with (2.6.4) this is a contradiction to (2.6.3). Hence, k. > 0 on
(0,00) x R. Sending ¢ — 0 yields 9s6 = k > 0 on (0,00) x R. O

Remark 2.6.8 ([36, Remark 3.6]). A planar closed curve 7 is called convex if it is simple
and its curvature k = 050 does not change sign. This is equivalent to v parametrizing the
boundary of a convex subset of R?. If the initial datum 6y of the flow (2.0.4) describes
a convex curve and if ¢g = 0, then the corresponding curve remains convex for all times.
Indeed, by Theorem 2.6.7, the sign of kg = 9s0y is preserved. Since the initial curve is
simple and the rotation index is preserved along the flow, we have w = 41 for all t > 0
by Hopf’s Umlaufsatz. Thus, fOL |k(t,s)| ds = 27 for any ¢ > 0. Fenchel’s Theorem yields

that the evolving curve remains convex for all ¢ > 0, in particular it remains simple.
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Chapter 2. Elastic flow with modulated stiffness

For ¢y = 0, this is a distinctive advantage of the second order system (2.0.4) over the
classical fourth order elastic flow, as simple curves generically can become nonsimple, see
[121].

Remarkably, the statement of Theorem 2.6.7 can, in general, not be extended to the case

cp # 0. We give an example with |co| > 0 arbitrarily small.

Po
s=b R

Figure 2.6: Cigar-shaped curve (A) with linear density on [a,b] (B). From [36, Figure 2],
reprinted with permission.

Example 2.6.9 ([36, Example 3.7]). Let ¢o # 0. If ¢g > 0, let 8” > 0 on [r, R] for some
r, R € R. Otherwise, let 8”7 < 0 on [r, R]. We consider an initial curve consisting of a
straight line smoothly connected to the rest of the curve in such a way that 05609 > 0
on [0, L]. For example, a cigar-shaped curve as shown in Figure 2.6A. Let [a,b] C [0, L],
a < b, such that

ko(s) = Ds00(s) =0, po(s) € (r,R), spo(s) #0, 0%po(s) =0 for s € [a,b],
cf. Figure 2.6. Then (2.6.1) gives
ek (t,s)|,_y = —B"(po(5))(Dspo(s))?co < 0 for s € [a,b].

Thus, k becomes negative on [a, b] for ¢ > 0 instantaneously and for any cg.

Numerically, we can also observe loss of convexity. For an example, see Figure 2.7. To
directly compare the behavior for ¢y = 0 and ¢y # 0, we also provide two videos from the
numerical experiments by Gaspard Jankowiak. In the one video®, we see the evolution of
a convex initial datum for cg = 0. We use exponential 3, u relatively small and m = 0. In
the other video?, we see the evolution of the same initial datum with the same parameters,

except now ¢g # 0, and observe the loss of convexity.

3https://www.uni-ulm.de/fileadmin/website_uni_ulm/mawi.inst.010/DallAcqua/movie_c.mp4
“https://www.uni-ulm.de/fileadmin/website_uni_ulm/mawi.inst.010/DallAcqua/movie_nc.mpéd
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S

t=20 t~1.82 t~2 t~8 t =~ 6500

Figure 2.7: Snapshots of the solution showing the loss of convexity for ¢y = 3, starting from
0o close to the angle function of a circle and po corresponding to cos(4m/Ls).
Here, L = 27, u = 1073, B(x) = %, m = 0, w = 1. From [36, Figure 6],
reprinted with permission.

2.6.5. Nonnegativity of the density

For a physical mass density p, only a positive sign is meaningful. We state a condition
on B which gives a lower bound on p and particularly enables us to control its sign.
Compared to the situation of Theorem 2.6.7, the evolution equation for p in (2.0.4) is not
linear in p. This asks for stricter assumptions on 3, which we again show to be sharp, see
Example 2.6.12.

Proposition 2.6.10 ([36, Proposition 3.8]). Let g € R. Let f € C(R) be such that
B' >0 on [z, 00) and B'(xo) = 0. Let (0, p) be the global solution of (2.0.4) with admissible
initial datum (0o, po). If po > xo on [0, L], then p > x¢ on (0,00) x [0, L].

Proof. As in the proof of Theorem 2.6.7, consider the L-periodic extension of the global
solution (0, p) to all of R. Since 3'(z¢) = 0, the function

B"(z) for x =

Bz) for x # xq,

is continuous. Choose R > 0 such that supici ) ser |p| < R and K > 0 such that

sup (( sup |B"(z)| — f(p(t, s)))(@se(t,s) — co)2> < 2K. (2.6.5)
te[0,00), sER z€[—R,R]

Let &,T > 0 be arbitrary. Define p. := p — z¢ + e exp(Kt) and
t* :=sup{t €[0,77: miﬂgps(T, s) >0 for all 7 € (0,t)}.
se
We assume that t* < T'. Observe that with (2.0.4) and (2.1.6),

1 1
Onpe = 0 pz — 5 F(p)(0s0 — co)pe + 5 F(p)(0:0 — co)’ee’™" + Keel!

2
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Chapter 2. Elastic flow with modulated stiffness

(B'(p) — B'(pe + 20)) (90 — co)* ds.
(2.6.6)

1
tor [ 8+ 00 - apas s o

For t € [0,t*], pe(t,s) + xo > xo on R and hence 3'(p:(t,s) + z9) > 0. Thus, the first
integral in (2.6.6) has positive sign. Choosing € so small that

sup  (p+eeft) <R,
tE[O,T],sER

we estimate the second integral in (2.6.6) for t € [0, t*] by

1
[ 0= ot 20 0o s> L s (19 s @00
[-R,R] te[0,00),s€R

Thus it follows with the definition of K in (2.6.5) that for ¢ € [0, t*],

1
Orpe > pdipe — 5 (P)(0s6 — c0)?pe-

Arguing as in the proof of Theorem 2.6.7 we find t* = T', which implies that p. > 0 on
[0, 7] x R. The limit ¢ — 0 yields p > xy on [0,7] x R. Since T' was chosen arbitrarily,

the claim follows. O

Remark 2.6.11 ([36, Remark 3.9]). With the same arguments it can be shown that for
p € C*(R) such that 5/ < 0 on (—o0,x0] and '(xp) = 0 for some zy € R, py < xp on
[0, L] implies that p < g on (0,00) x [0, L].

The following example shows that it is necessary to impose some conditions on 3 in order

to control the sign of p.

Example 2.6.12 ([36, Example 3.10]). Let z¢, R € R with 29 < R and suppose that
B'(z0) > B'(z) for all x € [0, R]. Assume w # 0 and ¢y # 27%. Consider an admissible

initial datum with

2
k05%7 zo < po <R, po =g on[ab], p#xonl0,L]

for some nontrivial [a,b] C [0, L]. For s € [a,b], (2.0.4) and (2.1.6) imply

dep(t,s)|,_q —% <27;d — co>2 <B’(:U0) é/L B’(po(s))ds> < 0.

Thus, on [a,b] the density is not bounded from below by z( for ¢ > 0.
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2.6. Qualitative properties of solutions

2.6.6. Embeddedness

We now discuss the (non)preservation of embeddedness. The curve v described by the
angle function 6 does no longer satisfy a second order parabolic equation (not even one with
Lagrange multipliers), but a nonstandard integro-differential equation instead. Indeed, if
0 evolves according to (2.0.4), we may integrate (1.5.3) to describe the evolution of -.
Denoting by v = (—sin 6, cosf) the usual normal vector field along 7, by integration by

parts we find
Oy = B(p)(0y — cov) + / 05y B(p)k(k — co) dr + / v(Xg1 sin @ — Ago cos @) dr + v(t).
0 0

Here v(t) € R? attributes for 9;v(¢,0) and the boundary term arising at s = 0. Note
that the second term on the right hand side still contains k, a term of order two, in a
nonlocal way. While it is possible to express 6 and thus the right hand side entirely in
terms of v and its derivatives, the resulting evolution equation is rather complicated and
of nonstandard structure.

In particular, in contrast to the curve shortening flow (see Section 1.4.3), we cannot rely
on classical maximum principles to show the preservation of embeddedness. Instead, we
use a recent energy-based argument in [121] to conclude preservation of embeddedness
for explicitly small initial energy. Note that w = £1 for any embedded curve by Hopf’s

Umlaufsatz.

Proposition 2.6.13 ([36, Proposition 3.11]). Let Cor ~ 146.628 be as in [121, Theorem
1.1]. Let (0,p) be the global solution of (2.0.4) with admissible initial datum (6o, po).

Suppose that 0y describes an embedded curve with rotation index w = 1 and (0y, po) satisfies

mffﬁ (% — dmco + Lej)). (2.6.7)

Eu(bo, po) < 7

Then 6(t,-) describes an embedded curve for allt > 0.

Remark 2.6.14 ([36, Remark 3.12]). If infg 8 > 0, then the above threshold is nontrivial,
i.e. there exist an admissible initial datum (6o, po) satisfying (2.6.7). Indeed, let w = 1,
e > 0 and let m € R such that S(m) < infgr 8 + . Consider pg = m and let 0y(s) = %
Then, we have

B(m) (47T2

Eu(e()upO) = 5\~ 4mey + LC(Q)).

Using that 472 < Cor, it follows that the assumptions of Proposition 2.6.13 are satisfied
for £ > 0 small enough. Moreover, 472 < Cor also yields that the right hand side of (2.6.7)
is positive if infg 8 > 0.

Proof of Proposition 2.6.13. Let t > 0. If (6o, po) is stationary, then there is nothing
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Chapter 2. Elastic flow with modulated stiffness

to show. Thus, by (2.1.9), we may assume that the energy is strictly decreasing, i.e.
Eu(O(t,-), p(t,-)) < Eu(bo, po). Moreover, (2.1.9) and the assumption yield that

L 2
/0 k(52 ds € 2 E0(t ) (1)) + dmeo — L
2 9 _ Cor
= _ < I
< infRﬁgu(eo’pO) + 4mey — Leg < 7

Now, 6(t,-) describes a closed curve with rotation index one, and hence this curve must
be embedded by [121, Theorem 1.4]. O

In Figure 2.7, we have seen a numerical example for the loss of convexity and the loss of
embeddedness. In the following, we give a second example, for which the discrete energy
gu(éo, po) is above the threshold given by Proposition 2.6.13, and for which embeddedness

is lost along the flow.

Example 2.6.15 (Numerical example, [36, Section 5.4.2]). We consider the choice of

parameters 5 : x +— 0.03+bz2,b>0and L =27, p=1,v=21, w=1, and ¢g = 0. The

™

energy threshold in Proposition 2.6.13 is then

. inf g (CQT
o L

5 \ [ dmeg + Lc%) ~0.35,

where we recall that it holds Cor ~ 146.628. As initial datum, we pick a curve which can
be described as consisting of two lateral drop-shaped lobes which are connected by a long,
narrow neck. The initial datum pg is chosen positive and distributed in the concave parts
of the lobes. Heuristically, the concave parts of the lobes concentrate a large part of the
energy, and are quickly "flattened” by the flow, making the two sides of the middle channel
cross. We show numerically that this crossing does occur for b = 8. A representation of
the corresponding curve and initial distribution pg is shown in Figure 2.8A and 2.8B. For
b = 8, we have g“(éo,ﬁo) ~ 16 > ¢. Loss of embeddedness occurs at ¢; ~ 4.1 x 1073
with éu(é(tl),[)(tl)) ~ 10. The curve becomes simple again at ts ~ 2.91 x 1072 with
£,(0(t2), p(t2)) ~ 4.9 > e. See Figure 2.8D. Note that at time ¢y the energy is still one
order of magnitude larger than the threshold given by Proposition 2.6.13. Simplicity is
then kept for t > to.

2.6.7. Symmetry

Since the evolution equations in (2.0.4) arise from a geometric energy functional, it is
natural to ask if symmetries of the initial datum are preserved. The following section is
inspired by [108]. We show that both N-fold rotational symmetry and axial symmetry of

the initial datum are preserved along the evolution (see Propositions 2.6.20 and 2.6.25).
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2.6. Qualitative properties of solutions

(A)t=0. (C) t = 0.01 > t1, same scale as (B).

(D) t & 0.04 > tq, same scale as (B).

(B) t = 0, detail, y-scale amplified, 5 not
shown. In the middle, the vertical size
of the gap is 2p = 10~ /\

Figure 2.8: Snapshots showing how an embedded curve loses embeddedness. Here, 3(z) =
0034822, L=2m, p=1,v= %, w =1, and ¢y = 0. From [36, Figure 7],
reprinted with permission.

For simplicity, we restrict ourselves here to the case w = 1. First, let us examine rotational
symmetry.
Rotational symmetry

Without further comment, in this section, we frequently identify (6 — ¢, p) with its L-

periodic extension to R. Here, ¢ as in (2.2.2).

Definition 2.6.16 ([36, Definition 3.13]). Let w =1, (6, p) € C*°([0,L]) and N € N with
N > 2. If (0 — ¢,p) is £-periodic, we call the heterogeneous curve described by (0, p)

N-fold rotationally symmetric.

Remark 2.6.17. The %—periodicity of 8 — ¢ is equivalent to demand that

0(s) =0 (s —5E) + 22 dforse [55, MPE] andn=0,1,... ,N=1.  (268)
Indeed, (2.6.8) implies that

6(s) — dls) = 0 (s — BE) + 22— Zrs =g (s mL) — (s — 1)

for s € [4E, (nJ]er)L] and n = 0,1,...,N — 1. Moreover, the %-periodicity of (§ — ¢, p)
implies #—periodicity of 050 and thus

n—1 ,G+HL

S _ —_— S L S*M
«9(5)—9(0):/ Gsﬁdr:Z/L Y o0dr+ L859d7“:n/N ﬁsedr—l—/ ¥ 9,0dr
0 =0 % 0 0

=n(0(%) — 0(0)) +0(s — %) — 6(0)

105



Chapter 2. Elastic flow with modulated stiffness

for s € [%, (n'}_\,l)L] Combining this with

(z+l)L

N-1 .L
2 =0 / 9,0 dr = Z/ 0,0 dr = Z/Nasedr:N(a(%)fe(o))
i=0 70
yields (2.6.8).
We also note the following immediate consequence of ——perlodlclty of (6 — ¢, p).

Remark 2.6.18 ([36, Remark 3.14 (ii)]). If 0 — ¢ is %—periodic, then 6 describes a closed

curve. Indeed, using (2.6.8) we have

L N-1  (inL N-1 ()L
/ sinf(s)ds = / sinf(s)ds = ) / sin (0(s — 2&) + 232) ds
0 n=0 % n=0 WL
L N-1
= / sin (0(s) + %T"),
0 n=0

which is zero for N > 2 since

3 s+ 52) = m(expi0) Y- exp(i252)) = i exp(i0) L 222 _ g
=R =R e (F)7

Analogously, we obtain fOL cosf(s)ds = 0.
Let us explain why we speak of rotational symmetry.

Remark 2.6.19. If (0,p) € C°°([0, L]) describes an N-fold rotationally symmetric het-

erogeneous curve and we choose

cosf(s
ds, 2.6.9
L/ <81n9 (s) > 8 ( )

a computation shows that for s € [HW (n }) | withn=0,1,...,N — 1, we have
cos (2)  —sin (22
Rt (s — ) = (0 U ) ) =0
sin (532)  cos (32)

Indeed, with Remark 2.6.17 and using trigonometric identities, we have

nL
N 0 s 0
v(s) :/N Cf)s dr—i—/ C?S dr + ~(0)
0 sin 6 nL \ sin 6
+
_|_

—a+ f, (08

sin (0(r — 5%¢)
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2.6. Qualitative properties of solutions

—a)+ 1) [ (5] ar = () + REPI 6o - 50 -0

0 sin 0

Moreover, using (2.6.8) repeatedly and with the closedness of 7, we obtain
R(212) / cos (0 + 22) d
=~ r
N L sm 9 4 27rn)
(N—n)L 2 27
1 0+ = L 0+ =%
_</ N T(c?s( +2]>7r)> dr""ﬁN_ )LT<C.OS( +2]>fr)> dr)
L \Jo sin (0 + &) WonlL - \sin (0 + 5F)

1 L . nL cos(@(r—WL)—i—%T") ,
_L/M( N)(sin(Q(r—"L)-i-m))d

N N N
nL nlL 2T
O(r+ L — nL) 4 2m
1 N(r %—FL) cos (6(r + J\£)+2N) dr
L sn (0 + 1 28) + 22)
1 (L 1\ [cos@ 1 (% cos (0 + 2m)
= — ol d +—/ -2t L d
L %(r N)<sin9> "I 0 =% )<sin(0+27r) "

Note that v is chosen such that fOL (s)ds = 0. Since additionally p(s — %) = p(s), the
graph of the heterogeneous curve described by (6, p) indeed possesses an N-fold rotational

symmetry.

For an example of an 3-fold rotationally symmetric heterogeneous curve, see Figure 2.9.

Figure 2.9: Example of a 3-fold rotationally symmetric configuration (6, p).

We now show that the flow (2.0.4) preserves N-fold rotational symmetry for all N € N,
N > 2.
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Chapter 2. Elastic flow with modulated stiffness

Proposition 2.6.20 ([36, Proposition 3.15]). Let w = 1 and N > 2. Let (0, p) be the
solution of (2.0.4) with admissible initial datum (6o, po). If (6o, po) describes a N-fold
rotationally symmetric heterogeneous curve, then so does (0, p) for allt € (0,00).

Proof. We consider the L-periodic extension of (u,p) := (0 — ¢,p) to R. Notice that
(u, p) € C*((0,00)xR). We define (4, ) € C°°((0,00) xR) by (i, p)(t, s) :== (u, p) (¢, s—%)
and (6, p) € C°°((0,00) xR) by (0, ) := (@+ ¢, p). Notice, that § € C°°((0, 00) x R) is not
periodic. Our intention now is to show that the restriction of (6, ) to (0, 00) x [0, L] solves

(2.0.4) with initial datum (6o, po). By uniqueness of the solution (see Lemma 2.3.14), it
then follows that (§ — ¢, 5) = (8 — ¢, p) and thus

(6 - ¢,P)(t; S) = (ﬂ,ﬁ)(t, S) = (u7p)(t75 B %) = (9 -9, p)(t75 B %)

for s € R. Thus, the heterogeneous curve described by (¢, p) is N-fold rotationally sym-
metric.
It is clear that (6,p) € C*((0,00) x [0,L]). With (2.2.2) and the L-periodicity of u, we

have

Ot s) = lt s) + d(s) = u(t,s — %) + o(s — §) +o(F) =0(ts — %) + F
c L], (2.6.10)
—2r  for (t,s) € (0,00) x [0, &].

Using this and trigonometric identities, we see that for ¢ > 0 and s € [0, L], (6, 5) solves
9,0 = 05(B(p) (950 — co)) + a1 8in 0 — az cos § (2.6.11)

with o 1= Ag1(6, p) cos (3) —Ag2(0, p) sin (3F), az == Ag1(6, p) sin (33) 4+ Ag2(0, p) cos (3F).
We use (2.6.10) and the fact that 6 describes a closed curve to obtain

L

L _ =
/ sin@ds:/Nsin(G(s— ds+/ sin ( )—l—i’;)ds
0 0
L
_/ sin 0+27r)d5—cos(ﬁﬂ)/ sm@ds—i—sm(ﬁw)/ cosfds =0
0 0

(cf. (2.0.3)) and fOL cosf@ds = 0 for all t > 0. In particular, this implies
L . L -
/ sinf 0,0 ds = / cosf 0,0 ds = 0. (2.6.12)
0 0

Inserting (2.6.11) into (2.6.12) and comparing to (2.1.2), a short computation yields o =
Xo1(0, p) and ag = Aga(6, p). Moreover, we check that \,(6, 5) = \,(6, p) and

_ JE ~
O = 105p = 5B (P)(050 = co)” + Ao(0, ).
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Next, we notice that (6, §) satisfies the boundary conditions

p(t,L) = p(t,0), and 9,(0,p)(t, L) = 05(0, p)(t,0) for all t > 0. Since (6y — ¢, po) de-
scribes a N-fold rotationally symmetric heterogeneous curve, we know with (2.6.10) and
Remark 2.6.17 that

lim(@, 7)(t, 5) = lim (6(t,5 — %) + 28, p(t, s — %)) = (60, po) (5)
(in C2+2([0, L)) for all a € (0,1)) for s € [%, L] and analogously for s € [0, %]. Hence,
(8, p) solves (2.0.4) with initial datum (o, po). O

In Figure 2.10, a numerical example for the preservation of 5-fold rotational symmetry
is shown. Observe that while the initial angle function has 10-fold symmetry, the initial

density exhibits only 5-fold symmetry.

VRN
w0 0O O

Figure 2.10: Preservation of 5-fold rotational symmetry. Time increases from left to right.
Here, 0 is L/10-periodic, pg is L/5-periodic, B(z) = €%, cg = 0, pu = 1073,
v =0, w = 1. Adapted from [36, Figure 9.

If we take the same parameters and the same 10-fold symmetric initial angle function as
for Figure 2.10, but an 20-fold rotationally symmetric initial density, the 10-fold rotational

symmetry is preserved, see Figure 2.11.

Figure 2.11: 10-fold rotational limit of the solution with parameters identical to those of
Figure 2.10, except that pg is L/20-periodic. From [36, Figure 10], reprinted
with permission.

A distinctive feature of rotationally symmetric configurations is that the Lagrange multi-

pliers Ag1 and Ago vanish.
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Chapter 2. Elastic flow with modulated stiffness

Lemma 2.6.21 ([36, Lemma 3.16)). Let N > 2 and let (0,p) € C*°([0,L]) describe a
N-fold rotationally symmetric heterogeneous curve. Then Ag1(0, p) = Ag2(6, p) = 0.

Proof. With the %—periodicity of p and with (2.6.8) we obtain that

. —sin e
/OL (— sm&) 0, (B(5) (046 — co)) ds = Z / ( COS 0(9++27r]§))) ds(B(p)(9s0 — cp)) ds.

cos b

This sum is zero as we have seen in Remark 2.6.18. With (2.1.2), this yields that Ag; =
g2 = 0. -

The vanishing of Ag; and Mgy gives the following extension of Lemma 2.2.13 in Section 2.2.
Ifw=1, ¢ 75 and (0, p) is a constrained critical point with constant curvature, which
describes a N —fold rotationally symmetric configuration, then £!'({z : f'(x) = 0}) = 0
implies p =m

Furthermore, Lemma 2.6.21 together with Proposition 2.6.20 enables us to generalize
Theorem 2.6.7 on the preservation of convexity for a N-fold rotationally symmetric initial

datum as follows.

Theorem 2.6.22 ([36, Theorem 1.4]). Let w =1, N > 2 and ¢o € R. Let (6y, po) be an
admissible initial datum corresponding to a N-fold rotationally symmetric heterogeneous
curve with kg > ¢y on [0, L] and let (6,p) be the solution of (2.0.4). Then k > ¢y on
[0,00) % [0, L]. Similarly, if ko < co on [0, L], then k < ¢o on [0,00) x [0, L].

Proof of Theorem 2.6.22. With Proposition 2.6.20 we know that the solution (6 — ¢, p)
remains N—perlodlc for all £ > 0. Hence, Lemma 2.6.21 implies that Mgy (t) = Ag2(t) = 0
for all ¢ > 0. This is why (2.6.1) can be written as

Du(k — co) = B(p)O2(k — co) + 20:(B(p)Ds(k — co) + D2(B(O)(k — o). (2.6.13)

Since (2.6.13) has the same structure as (2.6.2), we can proceed as in the proof of Theo-

rem 2.6.7 to show the claim. O

In Example 2.6.9, we saw that convexity may not be preserved for ¢y # 0. With a small
modification of the density, the example can be made rotationally symmetric, so that

convexity (ko > 0) is still lost, while the bound kg > ¢ is preserved by Theorem 2.6.22.

Axial symmetry

Besides rotational symmetry, axial symmetry is likewise preserved along the evolution.
We characterize axial symmetry of heterogeneous curves (after a possible shift in the

s-argument) as follows.
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2.6. Qualitative properties of solutions

Definition 2.6.23 ([36, Definition 3.17]). Let (6, p) € C*°(]0, L]). We call the heteroge-

neous curve described by (6, p) azially symmetric, if
(050, p)(s) = (0s0,p)(L —s) for s €[0,L]. (2.6.14)
Remark 2.6.24 ([36, Remark 3.18]). Axial symmetry implies the following properties.

(i) Integrating (2.6.14) we obtain the equivalent condition

0(s) =6(L) +6(0) —6(L—s) forsel0,L] (2.6.15)

(ii) Let (0, p) € C*([0, L]) satisfy (2.6.14) and v(0) € R? be as in (2.6.9). A computation
shows that

Ref(6(0) — 5) v(s) = v(L — s),

where Ref(a) represents the reflection about an axis through the origin with angle
a to the z-axis. Since additionally p(s) = p(L — s), (2.6.14) indeed implies that
the corresponding heterogeneous curve is axially symmetric. For an example, see
Figure 2.12.

(iii) A short computation, relying on (2.6.15) and the preservation of the integral of the
inclination angle [37, Lemma 2.3], implies that for a solution (6, p) describing an

axially symmetric curve for all times ¢ > 0, we have 6(t,0) = 6,(0).

2

0

@ Nl -

Figure 2.12: Example of an axially symmetric configuration (6, p).

We show that if the initial datum describes an axially symmetric heterogeneous curve,

then this also applies to the solution for all ¢t > 0.
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Chapter 2. Elastic flow with modulated stiffness

Proposition 2.6.25 ([36, Proposition 3.19]). Let w = 1 and (0,p) be the solution of
(2.0.4) with admissible initial datum (6o, po). If (0o, po) describes a heterogeneous curve
which is azxially symmetric, then so does (6, p) for all t € (0,00).

Proof. Let (0, p) be the solution of (2.0.4) with initial datum (g, pg). We define

(Q,ﬁ)(t, S) = (QO(L) + 90(0) - e(tv L— 8)7 p(t, L— S))

for (t,s) € (0,00) x [0, L] and show that (8, 5) solves (2.0.4) with the same initial datum
(6o, po). By uniqueness of the solution, it follows that (8, p) = (6, 5) in [0, c0) x [0, L]. This
yields (940, p)(t,s) = (950, p)(t, L — s) in [0,00) x [0, L]. Thus, (0, p) describes an axially
symmetric heterogeneous curve for all ¢ > 0.

It is clear that (9,p) € C°°((0,00) x [0,L]). Since ds0(s) = (9s0)(L — s) as well as
920 = —(026)(L — s) and 9,p(s) = —(9sp)(L — 5), we see that

0,0 = B(ﬁ)@fé + B’(ﬁ)@sﬁ(asé —¢p) + a1 sin 6 — a5 cos 6.
Here, we have

ai1(t) = Xo1(0, p) cos (Bo(L) + 60(0)) — Ng2(6, p) sin (6o (L) + 00(0)) and
as(t) = Xo1(0, p)sin (6p(L) + 60(0)) + Ng2(8, p) cos (0o(L) + 6p(0))

(by using trignometric identities). Similarly,
L L L
/ sinfds = sin (6p(L) — 6p(0)) / cosBds — cos (0o(L) — 6y(0)) / sinfds = 0.
0 0 0

Analogously, we obtain fOL cosOds = 0. Thus, § describes a closed curve. As in the proof
of Proposition 2.6.20 one shows that this implies that a; = Ag1(0,5) and o = Ag2 (0, p).
Moreover, \,(0, 5) = A (0, p) and

~ -1, ~ 5
O = 105p = 5B/ (P)(050 = co)” + Ao(0, ).

It is readily checked that (6, ) satisfies the boundary conditions in (2.0.4). Using that

(0o, po) describes an axially symmetric configuration, we further have

lim (0, 9) (¢, s) = (6o(L) + 60(0) — Oo(L — 5), po(L — s)) = (0o, po)(s)

t—0

(in C%*(]0, L]) for all o € (0,1)). Hence, (6, p) is a solution of (2.0.4) with initial datum
(B0, po) and the claim follows. O

Remark 2.6.26 ([36, Remark 3.20]). We note that the proof of Proposition 2.6.25 shows
that for an axially symmetric initial datum (6, po), the solution (6, p) keeps 6(t,0) = 6y(0)
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2.7. Asymptotic behavior

for all t € [0, 00).

For a numerical example for the preservation of axial symmetry, see Figure 2.4 or Figure 2.7

in the previous sections.

2.7. Asymptotic behavior

The convergence result in Theorem 2.5.1 naturally raises the question of a characterization
of the limit, which we can answer despite the large number of selectable parameters under
assumptions on 8, m, and pu.

Since stationary solutions of (2.0.4) are precisely the constrained critical points (compare
(2.2.17)—(2.2.18) with (2.5.1)), we can already derive some properties of the limit (6o, poo)
in Theorem 2.5.1 by using the classification of constrained critical points in Sections 2.2.2
and 2.2.3.

In this section, we present several additional assumptions on the initial datum and the
model parameters, under which the limit of (2.0.4) is a homogeneous elastica (see Defini-
tion 2.2.5).

2.7.1. Convergence to a homogeneous elastica under growth assumptions on
the bending stiffness 3

First, we focus on specific assumptions on the bending stiffness 5, under which we can

determine the asymptotic behavior.

Theorem 2.7.1 (Growth assumptions on 3, [36, Theorem 1.5]). Suppose there exists
C > 0 such that

B (x)(m —x) < CR(x)(m —x)*  forallz € R. (2.7.1)

Let (0o, po) be an admissible initial datum with CLE,(0y, po) < w. Then the density p
of the solution (6,p) to (2.0.4) converges exponentially fast to pso = m in C?([0,L]) as

t — oco. Moreover,
(i) if w # 0, then 0(t) — O in C%([0, L)), where O, describes a w-fold covered circle;

(ii) if w = 0 and B is analytic, then 0(t) — 0O in C%([0,L]), where O describes a

multifold covered figure eight elastica.

Assumption (2.7.1) is clearly satisfied if we have 3'(m) = 0, ||8"||c < 00, and infg 8 > 0.
If B is such that 8'(z)(m —x) < 0 for z € R, we may choose C' = 0 in (2.7.1). In this case,
there is no assumption on the initial energy. We highlight that, remarkably, analyticity is

not needed for the case w # 0, see the discussion after the proof.
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Chapter 2. Elastic flow with modulated stiffness

Proof of Theorem 2.7.1. With (2.0.4), (2.1.6), and integration by parts we have

d

L L L L
[ e=mias=2 [“popds =2 [C@)*ds+ [ (m—p)8(0)(0.0 — o) s

(2.7.2)

We use (2.7.1) to estimate the second term on the right hand side of (2.7.2) and obtain

d

dt /OL(p —m)?ds < —2p /()L(asp)2 ds + C”/OL(m —p)?B(p)(0s0 — co)* ds

L B L
< <21 [ (0p)*ds+ C sup (m—p)? [ Blp)(0:6 — o) ds
0 s€[0,L] 0

L _ L
< —2u/0 (asp)2d3+2LCE#(90,po)/0 (0sp)* ds,

using (2.1.9), sup,epo,z) [m — p| < fOL |0sp| ds and Cauchy—Schwarz. This yields

d [f 9 2w
— _ < _9( 2L
dt/o (p—m)*ds < 2(L>

By Gronwall’s inequality we conclude that

2 _ L
(w— LCE, (o, po)) /0 (p—m)*ds.

L L 872 =
2 2 2
/O (p—m)* ds < (/0 pods —m L) exp ( T2 (M - LCEM(HO,pO))t)-

Since C_’LEH(HO, po) < i, it follows that p — m in L2(0, L) exponentially fast. By the sub-
convergence result in Section 2.5.2, there is a sequence ¢, — 0o and 0 € C*°([0, L]) such
that (0o, poo = m) is a solution of (2.5.1) and 6(t,) — 0 in C?([0, L]). By Lemma 2.2.11,
we find that (0, poo) describes a homogeneous elastica.

If w # 0, Lemma 2.2.6 yields that 6., describes an w-fold covering of a circle, so that
necessarily 050, = %T‘” From Lemma 2.4.3, we conclude that fOL Oso ds = fOL 0y ds, which
implies 0o (s) = ¢(s) + 1 fOL 0pds —mwL, s € [0, L]. In particular, 5 does not depend on
the sequence (t,)nen, and statement (i) follows from a subsequence argument.

In the case w = 0, the analyticity assumption on S and Theorem 2.5.1 imply that
(1), p(t)) = (0o, poo = m) in C%([0,L]) as t — 0o, where (0o, poo) satisfies (2.5.1).
Again, Lemma 2.2.11 implies that 6., describes an elastica, so necessarily a multifold

covered figure eight elastica by Lemma 2.2.6. Statement (ii) follows. O

The necessity for stronger assumptions in the case w = 0 arises from the parametrization
invariance of the energy, a general issue for geometric flows which occurs here despite
working only with arclength parametrizations. Suppose that (6, p) is a solution to (2.0.4)
and (0o, poo) is a solution to (2.5.1) originating from the subconvergence result in Sec-
tion 2.5.2, i.e. (oo, Poo) = limp oo (0(tn), p(tn)) for some sequence t, — oco. With ¢ as
in (2.2.2), we write 05 = uxo + ¢. Identifying u and po, with their smooth L-periodic
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2.7. Asymptotic behavior

extensions to R, we find that for any sg € R, the pair

A

(Bo0; Poo) (s) = (&(5) + Uoo(s = $0), Poo(s = 50)), s € [0, L], (2.7.3)

is also stationary for any sgp € R. In fact, any other arclength parametrization of the
corresponding curve leads to an angle function of this form. In particular, the set of
possible limits (i.e. solutions to (2.5.1)) is nondiscrete, so that Lojasiewicz—Simon gradient
inequalities are generically needed for deducing convergence from subconvergence. Hence,
it is somehow surprising that this argument is not needed in case (i) of Theorem 2.7.1.
The reason for this is that if (A, poo) describes a circle, then any reparametrization of
the form (2.7.3) with sg # 0 results in adding a constant to the original angle function
since A is affine. Since by Lemma 2.4.3, fOL 0~ ds is determined by the initial datum,
this degree of freedom is not present in the case w # 0, resulting in full convergence. On
the curve level, adding a constant to 6 corresponds to a rotation of the associated curve
about a fixed angle, i.e. for a circle there is a one-to-one correspondence between arclength
reparametrizations and rotations.

On the other hand, in the case w = 0, the classification of solutions to the elastica equation
in [109, Proposition 3.3] allows us to determine all the parameters, except for the invariance
due to (2.7.3), see also [124, Proposition B.8]. Hence the Lojasiewicz inequality (and

consequently analyticity of 3, cf. [135, Corollary 6.3]) is necessary to ensure convergence.

In Figure 2.13 and Figure 2.14 we present two numerical examples for Case (ii) of Theo-
rem 2.7.1. In both situations we take m = 0 and 3(z) = 0.1 + 22, a choice which fits the
assumptions of Theorem 2.7.1 with C' = 0, so that the limit is necessarily a (potentially

multiple) covering of the figure eight elastica.

HS HO 5 2

t=20 t~0.5 t~1 t~2 t~ 135

Figure 2.13: Convergence to the homogeneous figure eight elastica. Here, L = 2w, u =
1071, ¢g = 2 and B(z) = 0.1 + 2%, m = 0. From [36, Figure 12], reprinted
with permission.

We observe convergence to the 1-fold covering of the homogeneous figure eight in both
situations. In the second case, this suggests that the multiple coverings of the figure eight

are not stable under the flow, at least for this quadratic choice of .
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Chapter 2. Elastic flow with modulated stiffness

t=20 t ~ 36 t ~ 60 t~ 70 t ~ 100

Figure 2.14: Evolution of the perturbation of a 2-fold covering of the figure eight, where
the second is rotated by an angle of 27/1000 with respect to the first one.
Here, L = 27, i = 107, ¢g = 0 and B(z) = 0.1 + 22, m = 0. From [36,
Figure 13], reprinted with permission.

2.7.2. Convergence to a homogeneous elastica for special ¢

For w = 1, we have dealt with rotational symmetry of solutions. In this case we can prove
exponential convergence of the curvature to a constant if the length allows for a circle with

constant curvature k = ¢g.

2
=, and

Proposition 2.7.2 ([36, Proposition 4.1]). Let 8 be real analytic, w = 1, ¢y =
let (6o, po) € C°([0,L]) be an admissible initial datum describing an N -fold rotationally
symmetric heterogeneous curve for some N > 2. Then, as t — oo, the solution (6, p) to
(2.0.4) converges exponentially fast to (Oso, poo) With Osbs = co, poo = m. In particular,

the limit describes a circle with constant density.

Proof. Let (6, p) be the solution to (2.0.4) and recall £%(t) = %fOL B(p)(k — c)?ds with
k = 0s0. Due to Proposition 2.6.20 and Lemma 2.6.21, A\g1(t) = Ap2(t) = 0 for all t > 0.
Thus

dt 2/ p)Oop(k — co) ds+/ B(p)(k — o)k ds
SUP(t,s) |5 ( )| L 2 2 L 2
< it el [ G- ds = [T @Bk - o))" ds

(2.7.4)

Note that sup; ¢e(0,00)x[0,2] |3'(P)] < 00 and inf(; 4c(0,00)x[0,2) B(p) > 0 since by conver-
gence of the flow, p(t, s) lies in a compact set for all (¢, s). By the assumptions on w and ¢y,
the function k(t) — c¢o has a zero in [0, L] for all ¢ > 0. Therefore, (2.7.4) and Wirtinger’s
inequality imply

d 9 47'['2 L 2 2
€< (Clowlimon — T3 ) [ (Bo)A k=) ds,

where C' = C(p,0,p) € (0,00) is a constant independent of ¢ > 0. Now, (6(t), p(t)) —
(0s0s poo) in C([0, L]) and (2.0.4) imply that [|8yp|| 10,1y — 0 as t — co. Consequently,
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2.7. Asymptotic behavior

we have

igg(t) - _4n?inf( ) B(p)

0
dt = 2L2 £,

for t > T large enough, whence Gronwall’s lemma yields £%(t) < Ce™* for some appro-
priate C,a > 0. It follows that k = 96 — cq in L?(0, L) for t — oo exponentially fast.
For the exponential convergence of p, we use (2.7.2) to conclude

L 2 /L /
d/ (p—m)2ds§—2u§;/ (p—m)2d8+sup!m—plwfe(t)-
0 0

a (t,s) inf(t,s) /B(p)

Using £9(t) < Ce™, the exponential convergence p — m in L?(0, L) follows with a Gron-
wall argument. Since fOL 0 ds is preserved by Lemma 2.4.3, we have 0 — ¢+ % fOL Opds—m
as t — oo exponentially fast by the Poincaré-Wirtinger inequality. Theorem 2.5.1 and an
interpolation argument imply that (6,p) — (¢ + % fOL 0y ds — m,m) exponentially fast in
C2+4([0, L)) for all & € (0, 3). O

Proposition 2.7.2 implies that if w = 1 and ¢g = 2%, there exists no nontrivial constrained
critical point which is N-fold rotationally symmetric. Moreover, in this setting, Proposi-
tion 2.7.2 implies that for ¢ large enough, £%(6, p) is eventually monotonically decreasing

(compare to Section 2.6.2).

2.7.3. Convergence to a homogeneous elastica for large 1

Furthermore, we can determine the limit for large values of p and constant initial density.
In Proposition 2.2.8, we have seen that for w # 0 and large u, the w-fold covering of
the circle with constant density is the unique global minimizer. Theorem 2.7.3 present a

time-dependent version of this result if pg = m.

Theorem 2.7.3 (Asymptotic behavior for large u, [36, Theorem 1.6]). Let w # 0 and
suppose that B is real analytic. Let (0y, po) be an admissible initial datum with py = m.
There exists pg € (0,00) such that if u > po, then the limit (0o, poo) of Theorem 2.5.1

describes an w-fold covered circle with constant density.

A major difficulty here is that the two parts of the energy do not decrease individually.
Note that this also means that a constant initial density does not necessarily remain
constant, unless 5'(m) = 0 or 956y = ¢y. Example 2.2.15 shows that the assumption of

constant initial density is necessary.

Proof of Theorem 2.7.3. We assume that fOL 0o(s) ds = mwL. This is no loss of generality
because if (6, p) is the solution to (2.0.4) with initial datum (6p, pp) € C*°([0, L]), then by
a direct computation using trigonometric identities, it is readily checked that (6 4 r, p) is
the solution to (2.0.4) with initial datum (6p + 7, po) for r € R.
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Chapter 2. Elastic flow with modulated stiffness

Consider (u;)jen such that u; — oo for j — oo. By assumption, &, (6o, p0) =: K is
independent of j € N. For any p;, there exists a unique global solution (5, p;) with initial
datum (g, po) and this solution converges to some (fuo j, poo,;) € C°°([0, L]) in C2([0, L))
for ¢ — oo (see Theorem 2.5.1 and Proposition 2.2.4). Since the integral of the angle is

preserved by Lemma 2.4.3, we have

L L L
/ o, j(s)ds = / 6;(t,s)ds = / Oo(s)ds =mwL forall t € (0,00), j € N. (2.7.5)
0 0 0
Thus, we want to show that
(Booj» Pooj) = (Bespe)  in CH([0,L])  for j — o0, (2.7.6)

cf. Remark 2.2.7. Corollary 2.2.10 and (2.7.5) then allow us to conclude that for j large
enough, (0 j, Pooj) = (bc, pc) and the statement follows.

Step 1: Uniform boundedness of H(aoo,jaPoo,j)”wl,z(o,L); M1 (0co,js Pooi)s Ao2(0s0,js Poc,j)-
For this, we first observe that

L 2

/ (Ospocj)?ds < —K — 0, j— oo. (2.7.7)
0 Hj

Since the integral of the density is fixed (see (1.5.5)), this yields poo; — m in W12(0, L)

and in particular uniform boundedness of Hpoo,jHWLQ(O 1) and | poc.jllc(o,)- Thus, there

is M € R (not depending on j) such that

L K
05000 )2 ds < ——— + drew. 2.7.8
) @t < g (278)
With (2.7.5), we conclude that also || ; HWI,Q(QL) is uniformly bounded. By Lemma 2.4.2
and (2.7.8), the matrix II"*(f ;) is bounded uniformly in j. Hence the bounds on

10o0.5llyyr1.2(0, 1) @04 [|pocjllc(fo,7) Imply that

A _ L (cosOu ;i
< 91) (9007j,p007j) =11 1(90073')/ ( ’]> aseoodﬁ(poo,j)(aseoo’j — C()) ds

)\92 0 sin 0007 yi
is bounded uniformly in j € N.

Step 2: Uniform boundedness of ||(900J’p0073')||w2’2(0 1)- To show boundedness of the L2-
norm of the second derivatives, we use that for all j € N, (6 j, pso;) is a stationary
solution, i.e. a solution of (2.5.1). This allows to use similar arguments as in the proof of

Proposition 2.2.4. First, we observe that

||85 (B(Poo,j) (050005 — CO))HB(O,L) = || Ag1 8in bso j — Ag2 cOS Hoo,jHLQ(QL) .
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2.7. Asymptotic behavior

From Step 1, it follows that 8(psc,j)(0s0s,j — co) is bounded in W12(0, L) uniformly in
J € N and hence also in C([0, L]). By (2.1.6), this implies boundedness of A\,(0 j, poo,;)
and with that, (2.5.1) implies that §?peo ; is uniformly bounded in L?(0, L). Now, we know
that peo ; is uniformly bounded in C*([0, L]) and since B(ps j) > inf (— 1,0 B, this implies
that 920 ; is uniformly bounded in L?(0,L). It follows that (oo j, poo;) is bounded in
W22(0, L), independently in j € N.

Step 3: (Boo.j, Pooj) — (0cy pe) in CL([0,L]). Due to Step 2 and (2.7.7), there exists a (not
relabeled) subsequence such that (0o j, Poo,j) — (0o, m) in W22(0, L) and (0cc j, Poo,j) —
(00, m) in C1([0, L]). The limit (0, m) satisfies the Euler-Lagrage equations (2.2.11) and
(2.2.12). Hence, (0, m) is a constrained critical point. With Proposition 2.2.4 it follows
that 6 € C*°([0, L]). Further, Lemma 2.2.11 implies that 6, describes an elastica. More
precisely, (2.7.5) together with Remark 2.2.7 yields 0., = %Tws = 0.. Finally, a standard
subsequence argument yields (2.7.6). O

To conclude the sections on the classification of the limit, we present another numerical
example by Gaspard Jankowiak that demonstrates the influence of the model parameters

u and 8 on the evolution for a given initial data with w = 2.

Example 2.7.4 (Influence of the model parameters for w = 2, [36, Section 5.4.4]). In Fig-
ure 2.15, starting from the same initial datum (in the center), we illustrate how the shapes
assumed by the limit (éoo, Poo) change with the model parameters p and 5. The sponta-
neous curvature cg is taken to be zero, and f is of the form §(x) = e%*.

For relatively small values of 1 and large values of a, the solution is cigar- (or stadium-)
shaped, with a small additional loop at one end, which accounts for w = 2, see Figure 2.15A
and 2.15D. In those cases, £ can be made small for a curve with flat sections corresponding
to large values of 3(p) (and highly curved sections corresponding to small values) without
making é’ﬁ large thanks to the small value of p.

As p increases, large changes of p are penalized and the geometric part dominates, so that
the curve becomes rounder as a result, cf. Figure 2.15B.

Increasing p further, in view of Theorem 2.7.3, it seems plausible that the solution should
converge to (éc, pc), although here the density po is not constant. This is what can be
observed in Figure 2.15C.

For what concerns a, i.e. ', as it gets smaller (with p kept small), the gain in &Y coming
from a given oscillation of density distribution diminishes, so the oscillation increases, see
Figure 2.15E. Eventually, as a becomes very small, this is balanced by the increase in éﬁ ,

A

and the solution converges to the trivial state (6., o), see Figure 2.15F.
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Chapter 2. Elastic flow with modulated stiffness

(8o, po)

increasing u decreasing a

A

Figure 2.15: Dependency of (0, poo) on 1 and B. Here, w = 2, ¢g = 0 and S(z) = e
Left: (Oso, poo) as p increases in {1072,1,5} with a = 1. Right: (A, poo) as
a decreases in {5,1071,1072} with g = 1072, Center: Initial datum. From
[36, Figure 11], reprinted with permission.

axr
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CHAPTER

Area preserving elastic flow

In Section 1.6, we motivate the study of a local gradient flow of the elastic energy that
preserves the enclosed area of the evolving curves. Such a flow, on a modeling level,
describes the evolution of elastic wires under the assumption of incompressibility. Inspired
by the curve diffusion flow that can be viewed as an H'-gradient flow, we intend to
apply the same idea to the elastic energy. Our goal is to derive an evolution equation
that preserves the enclosed area, without introducing nonlocal Lagrange multipliers. This

approach yields a sixth order evolution equation, which we aim to study in this chapter.

The elastic wire that we want to evolve is modeled by a regular closed planar curve. This
means we consider v: S! — R2. Recall that the (length penalized) elastic energy of the

elastic wire is given by

1
EN(Y) = () +AL(Y) = 3 /S (151 +22) ds (3.0.1)
for A > 0 or A = 0. Here, as introduced in Section 1.2.1, k = 0%y (with the arclength
derivative 95 = |0,y|~10,) is the curvature vector and ds = |0,7| dz denotes the arclength
measure of 7. The most straightforward dynamic approach to study (3.0.1), is to consider

its L2-gradient flow. As derived in Section 1.4.1, this is the classical elastic flow given by
i 2 Lo
Opy=—-Vik— 5]&] K+ Ak (3.0.2)

with 9 = P19, where P+ denotes the normal projection along v. If A\ = 0, (3.0.2) is
the free elastic flow (FEL) and if A > 0, (3.0.2) is the length penalized elastic flow (PEF),
see Section 1.4.1. In Section 1.4.2, we state that given a suitable initial datum, we have
global in time existence of the geometrically unique solution to (3.0.2) and if A > 0, the
solution converges to an elastica.

In this chapter, we consider the gradient with respect to another Hilbert space than
L?(ds). This results in a gradient flow that follows the steepest descent with respect to
the norm of this other Hilbert space. The properties of a solution generally differ from
those of the L?-gradient flow. As mentioned above, we choose a type of H l-space as
the Hilbert space in which to compute the gradient. This choice of Hilbert space ensures
that the area enclosed by the evolving curves remains constant along the flow. At this

point, we intentionally remain imprecise and refer to the exact definition in Section 3.1.1.
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Chapter 3. Area preserving elastic flow

The H~!-gradient approach results in two additional derivatives of the velocity in (3.0.2).

More precisely, we obtain

{8#7 = V3(V3i+ HsPPa— k) i (0,7) xS, (3.0.3)

7(0,) = o on St.

The evolution equation is now of sixth order. In (3.0.3), 7o: S* — R? is a smooth regular
initial datum with rotation index wy € Z, see (1.2.7), and enclosed area A(yy) = Ay € R,
see (1.2.6). The enclosed area Ay € R of the initial datum is considered arbitrary, including
the case where Ag = 0. We also consider arbitrary rotation index wg € Z, in particular
allowing the case w = 0. The curves in Figure 1.3 are possible examples for an initial
datum.

The curve shortening flow, as the L?-gradient flow of length functional, and the curve
diffusion flow, as the H~!-gradient flow of it, behave similarly in the sense that both flows
can develop singularities in finite time, see Section 1.4.3. How does the behavior of the
classical elastic flow (3.0.1) compare to that of the area preserving sixth order variant? It
will turn out that the area preserving flow behaves just as well as the classical flow, the
behavior of solutions does not deteriorate. We have global in time existence of solutions
and, if we add a term penalizing the length, convergence. We summarize the main results
of Chapter 3 in the following theorem, which is to be compared with Proposition 1.4.3
(on global existence) and Proposition 1.4.4 (on convergence) for the classical elastic flow
in Section 1.4.2.

Theorem 3.0.1 (Global existence and convergence, [99, Theorem 1.1]). For any A > 0,
there exists a geometrically unique global smooth solution v: [0,00) x St — R? of (3.0.3).
If X > 0, there exists a family of smooth diffeomorphisms ®(t): S* — S, t € (0,00), such
that v(t, ®(t,-)) converges smoothly for t — oo to a stationary solution Ye.

The theorem refers to geometric uniqueness, which means uniqueness up to reparametriza-
tion — more cannot be expected since we only prescribe the normal component of the
velocity.

It turns out to be interesting to have a closer look at the stationary solutions. Let us first
clarify that by a stationary solution, we mean a smooth regular curve v: S — R? with
rotation index wy and A(y) = Ag (like the initial datum) such that

V2(V2k + k26 — Ak) = 0. (3.0.4)

Since  describes a closed curve, the constant obtained when integrating the equation once

must be zero. Thus, (3.0.4) is equivalent to

Vs(Vik + 3|6’k — k) = 0. (3.0.5)
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Integrating this equation once more, we obtain the classical elastica equation (1.2.10) with
a possibly nonzero constant multiple of the normal vector on the right hand side. It is
immediately clear that for nonzero rotation index, multifold coverings of a circle satisfy
(3.0.5). Compared to the classical elastic equation and Example 1.2.3, the radius no
longer matters. More precisely, regardless of the scaling of the multifold covered circle,
(3.0.5) is satisfied. For wy = 0, we obtain the multiple covered figure eight elastica as a
solution of (3.0.5). The presence of the nonzero term on the right hand side of the elastica
equation, however, implies that there are stationary solutions which do not correspond
to a multiple covering of a circle or of the figure eight elastica. This follows solely from
proving convergence of the solution and taking an initial curve with rotation index and
enclosed area that cannot correspond to an elastica, for example wy # 0 and Ag = 0 or
wo = 0 and Ag # 0.

Figure 3.1: Possible choice as an initial datum with wg = 0 and Ay # 0 and stationary
solution for A = 17.661. Threefold covered, length is 2.

Before we begin to study the area preserving elastic flow (3.0.3), we want to point out
that in [4], an evolution equation similar to (3.0.3) is studied. The authors consider the
L2-gradient flow of the Dirichlet energy of the scalar curvature (without penalization of
length) which also yields a sixth order evolution equation. However, this equation does
not preserve the enclosed area in general and shows a completely different asymptotic
behavior. In [4], the authors classify the stationary solutions as w-fold covered circles. In
particular, this shows that the solution for an initial datum with w = 0 cannot converge.
Convergence to an w-fold covered circle is shown under the assumption that the length of
the evolving curve remains bounded, which is the case for small initial energy. The length
preserving and area preserving variants (with nonlocal Lagrange multipliers) of the flow
discussed in [4], are studied in [118] and [165].

In Section 3.1.1, we first provide a properly derivation of the area preserving flow as an
H~'-gradient flow. Section 3.2 explores the basic properties of this flow, including the
proof that the enclosed area of the evolving curves is indeed preserved. In Section 3.3,
we show short time existence, though the focus is not on this aspect; we basically only

cover what is necessary for the later convergence result. Section 3.4 provides a proof of
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Chapter 3. Area preserving elastic flow

global in time existence by employing appropriate interpolation inequalities. Section 3.5
establishes convergence using a suitable FLojasiewicz—Simon gradient inequality, which we

derive beforehand. Finally, Section 3.6 is dedicated to the stationary solutions.

The contents of this chapter are mostly taken from [99]. Section 3.6.3 and Section 3.6.4

are new.

3.1. Derivation of the flow equation

Since we have not found a rigorous derivation of geometric H~!-gradient flows in the
literature, we will address this topic in detail here. The Hilbert spaces that we introduce
can also be used to derive the curve diffusion flow (see Section 1.4.3) as the H~!-gradient

flow of the length functional.

3.1.1. An appropriate Hilbert space setting
For a given smooth regular curve v: S! — R2, we define the vector space
H, = {Y: S' 5 R?:Y = (Y,v)vy, Y.V, Y € L*(ds,), / (1y,Y)ds, = 0}.
St

Here, ds, denotes the arclength measure of v, V_ is the normal projection of the arclength
derivative 0s, along v and v, is the normal vector of 4. On H., we consider the inner

product
(Y1,Y2)i, = (Vs Y1, Vg Ya)12(4s.)

which induces the norm

YNz, = Vs, YllL2(as,)- (3.1.1)
This is justified by the following lemma, which also shows that on H., || -|/#, is equivalent
to the Sobolev norm || - [[y12 = || - [lyw1.2(ae)-

Lemma 3.1.1 (][99, Lemma 2.1]). There exist constants ci,co > 0, depending on L(7y),
|6y |lco, [|0z7]lco, and ming: |0,|, such that

cil|Ywre < [[Yla, < c2l|Ywrz  forY € H,y,. (3.1.2)
In particular, (H, || - ||u,) is a Hilbert space.

Proof. Let y := (v,,Y). Then 0,y € L*(dsy) and [g yds, = 0. Thus, with Poincaré’s
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3.1. Derivation of the flow equation

inequality, we obtain

2 2 2 2 2
1Y 12 = /Sy ds, < C/SI(BSW) ds, = C/Slwis’W ds, = OV, ¥ 224s )
(3.1.3)

for a constant C' depending on L(v). Moreover, Y = (Y, v,)v, implies that
05, Y =V Y — (Y, v,)(ky, vy)0s,7. (3.1.4)
Here, we use Js vy = — (K, V4)0s,7. Equation (3.1.4) yields together with (3.1.3) that
CillVe, Y22 (asyy < 1Y 172005,y + 105, Y 72045y < Coll Ve, Yl 22(asy) (3.1.5)

for constants C; > 0 depending on the inverse of maxg: |#|*> and Cy > 0 depending on

L(7) and maxg: |k4[%. From 9, Y = |9,7|7'9,Y and ds, = |9,7|dz, we conclude
Y12 = Y172 +10:Y 172 < CUYIE2(as,) + 105, Y 12 (as,)

for some C' depending on ming: |0,7| and maxg: |0zy|. From this, the left inequality of
(3.1.2) follows with (3.1.3) and (3.1.5). The right inequality follows similarly leading to
the equivalence of the norms. Moreover, H, is a closed subspace of WhH2(StR2?). Thus,
(Hy, || - ||z,) is a Hilbert space. O]

The Hilbert space H., is geometric in the following sense.

Lemma 3.1.2 ([99, Lemma 2.2]). Let ¥ = yo¢: S! — R? be a smooth reparametrization
ofv. IfY € Hy, thenY o € Hy and |Y| g, = ||Y o o|g,. For Y1,Y> € H,, we have
Y1op,Yo0p)u, = (Y1,Y2)m, .

Proof. LetY € H,. If the smooth diffeomorphism ¢ of the reparametrization is orientation
preserving, then v5 = v, 0. If ¢ changes the orientation of 7, then v5 = —v, 0. In both

cases, we obtain

Yi=Yop=(Yopr,op)ryop=(Y,v5) 5
Moreover, substitution and |0,5(x)| = |¢'(x) 0xv(p(x))]| yields

¥ ey = [, IV @0 do = [ VPds, < oo

as well as

1

IVer ¥ liaaen) = [ (0T 052 ss = [ omes (0007 (@), v (@) da
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Chapter 3. Area preserving elastic flow

1
= [ (@Y 1@z = [ (00 Y0 dsy = 195, ¥ 120, < 0.
(3.1.6)

Along the same lines, we obtain
[ 5 0dss = [ (@), Y(pla))ori(a) o = o,
since [q1 (v, Y) ds, = 0. Everything together results in Y € Hs. Moreover, with (3.1.1),

(3.1.6) yields [|Y||n, = Y]] H5- The rest of the statement follows similarly. O

In the following, we denote by H. ! the dual space of H,.

Definition 3.1.3 ([99, Definition 2.3]). Let ¢ € H;'. We call X € H, a weak solution of
~V: X =¢ (3.1.7)

if $(V) = (X,Y ), = (Vo X,V Y)p20as) forall Y € Hs.

Note that by the Riesz representation theorem, for all ¢ € HY L there exists a unique
weak solution of (3.1.7).

We define an inner product on H.° L by

(01, 92) g1 1= (X1, Xo)m, = (Vis, X1, Vs, Xo) 1245,

where X; € H,, is the unique weak solution of —VEVXZ- = ¢;, ¢ = 1,2. Moreover, we have

1 XM, = Nl g1 (3.1.8)

Remark 3.1.4 ([99, Remark 1]). If the weak solution X of (3.1.7) is sufficiently smooth,
precisely V;X € L*(ds,), then ¢ € H,Y_1 is represented by ¢ = <—V§7X,‘>Lz(dsv).
We identify the functional ¢ with the function —V;X using this L2-pairing. With this
identification, H, C L2(dsy) C HY L Moreover, this identification allows us to express
the H;l—norm as

1
¢l = sup [ @¥)ds,. (319)

ver o}y 1Y,
Remark 3.1.5 ([99, Remark 2]). Let ¢ € C°°(S';R?) N H,. Then ¢ is interpreted as
an element of H,;l as Hy 2 Y = (¢,Y)2(ds,)- In this case, the weak solution X of
(3.1.7) is smooth (and coincides with the strong solution). Indeed, with (3.1.4), for all
Y € Wh2(dzx), we have

C(3) (02X, 02Y) 20

< )<asz, 8SWY>L2<dsW>’
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3.1. Derivation of the flow equation

< (7 X5 V)| | [ 116,250, 2,0, Y) s,

<100 +| [ @0 I, DX, ) 01,7 ) ds,

4 ‘ [ Ik, Y) ds,

i ’/gl Ky | (s, X, 13 )(85,7, Y ) ds,

+ ‘/Sl |K'Y|<X7 asqy'y><asy’7,y> dS»Y

< CYg2(as,) < ClIY (2 (da)s

for some C' = C(v,9llz2(as,): I X #,), that changes along the lines. It follows that
X € W22(dx) c C'(S';R?). With similar arguments we achieve X € C°°(S!; R?).

On H., we have the following interpolation inequality.
Lemma 3.1.6 ([99, Lemma 2.4]). Let ¢ € C°(S';R?) N H,. Then

16130y < N6l 1],

Proof. Let X € C*(SY;R?) N H, be the solution of —V;X = ¢. With (3.1.8), we have

912 0e,) = = [ (V2 X.0)ds, = [ (V. X.9. ¢)ds,
<V, Xllz2(as ) Vs, @l r2¢asy) = 0l g1 19l - O
Moreover, on H, the H L_norm is equivalent to another norm, which we use in Section 3.5
as an auxiliary norm.

Lemma 3.1.7 ([99, Lemma 2.5]). Let ¢ € C*°(S';R?) N H.,,. Define

o« = sup o /Sl (¢,Y) dex.

vewr2strzn(oy 1Y Iz

Then there exist constants ci,co > 0 depending on ||ky|co, L£(y) as well as ming: |0,

and ||0z||co such that

cillglle <Ml < calllls.

Proof. For the proof, we consider

1
”QZ)Haux = sup Yi/ <¢a Y> dS’Y
vewrzsirznfoy [[Y [wiz Jst
and show the equivalence of || - [|aux and || - HH;1 on C*(SY;R?) N H,. Estimating the

arclength element |0,7| from below and from above, this equivalence yields the claim.

For Y € H, C Wh2(S1;R), Lemma 3.1.1 yields the existence of a constant ¢y depending
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Chapter 3. Area preserving elastic flow

on 7 such that

1
¢, Y)dsy <cg sup ——
[ovias, v oy TVl

[ @v)ds,

1
[Pl g1 = sup
B yem oy 1Ym,

< C2H¢Haux-

For the other inequality, we first note that if ¢ € H,, then ¢ is orthogonal to dsy and
thus (¢,Y) = (¢, Y1), where YL = (Y,v,)v, for any Y € WH2(SL;R?). Moreover,
Y42 <|Y]? and

105, (Y1) P = 0, Y — (95, Y, 057)057 — (Y, kiy) 05y — (Y, Ds)bir |
= 105, Y[* = 2((0s, Y, 957))* — 2(Y, 9057)(0s, Y, ki) + ({05, Y, 957))°
+ (Y, 5))2 + (Y, 00) |5 [
= 105, Y[* = ({05, Y, 057))% — 2(Y, 0:7)(0s, Y, i) + 5 [*|Y |2
<C(Y?+ 0, Y)?) (3.1.10)

for a constant C' depending on bounds on .. Thus, ||[Y4||y12 < C|Y]|y1.2 for a constant
C depending on bounds on ., and the arclength element |0,7v|. As (¢,Y) = (6, Y1), we

conclude that

1
H(bHaux = sup

1
—_ ,Yids, <C  su 7/ ,Y)ds
N el RS eLS P oy, WThws Jon (Y0 4o

Yew!\{0},
Y:<Y7V’Y>V’Y
(3.1.11)

with C' depending on the same quantities as above. Now we note that ¢ € H, also implies
that

/Sl<¢’ Y)dsy = /§1<¢’Y_ £(Yy)/S1<Y’ vy) dsy) dsy =: /Sl<¢aY — Cy(Y)vy) ds,

for Y € Wh2(SY; R?). Moreover, for Y € Wh2(SL;R?) N {Y = (Y, v,)r,}, we have

/Sl Y — (V)0 P ds, = /S Y2 ds, — £(7)C, (Y)? < /S Y2 ds, (3.1.12)

and

10, =0y Pdsy = [ jon, Y ds, +20,(Y) [ (00, Y, 000 (k,5) ds,

+ C’Y(Y)Q/Sl |y |? dssy. (3.1.13)
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3.1. Derivation of the flow equation

Since

1 1
Y)2<——|Y]|? < —— ||V
C’Y( ) = E(’Y)2H HLl(ds—y)— £(,7)|| ||L2(d5»y)’

(3.1.12) and (3.1.13) imply that ||Y — C,(Y)vy||p12 < C||Y|lyr.2 for a constant C' de-
pending on bounds on k, and |9,7| and the energy £(y). We conclude from (3.1.11)
that

1 1
[¢[lanx < C sup Yi/ (,Y)ds, <C sup Yi/ (0,Y)dsy,
Yew!h2, 1Y llw2 Jst YeWL2 Y=(Y,vy)vy, 1Y [z Jst
Y=(Yuy)ry fsl (Yvy) dsy=0

with C' depending on the quantities listed above. By the definition of /., and Lemma 3.1.1,
this is ||@||laux < CH¢||H;1. O

3.1.2. The area preserving elastic flow as a gradient flow

Now, we are ready to derive flow equation (1.6.1) as the H Lgradient flow of the elastic
energy. For this, see also Section 1.3.1. We consider a smooth regular curve v: St — R?
and a smooth normal variation ¢: S' — R? such that ¢ € H, C Lz(dsv) - H;l. For
€ > 0 small enough, the perturbed curve ~. := v + ¢ is also regular. With

Vi2ér(y) = Vi“v + =Ky |2y — Ak
we write

EXMN(@) = (V2E\(1): D) L2(ds,)- (3.1.14)

In general, V2£,(v) & H,. Therefore, we define
1
W= V2Er(7) — Covy € Hy N CX(SLR2)  with €, = el /1 (1, V 12Ex(7)) s,
S

With X € H, N C>®(S*;R?) as the weak solution of —VEVX = ¢ and w = —V?WW, we

obtain

<w7 ¢>H§1 = <V5»YI/V7 Vsﬂ,X)L?(ds,y) = /Sl <I/V7 _V§7X> dsv = /Sl <VL2S)\(’Y)7¢> dSW

= (VL2&A(7), ®) 12 (as,)- (3.1.15)

Here, we used that

/S1 (Cv’/wvi)q dsy = —C; /Sl<88w’/% Vs, X)dsy =0,
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Chapter 3. Area preserving elastic flow

since Js, vy is tangential. Comparing (3.1.14) and (3.1.15), we define the H;l—gradient
VH;“(;A('V) =w = —ng(VLzé’,\('y) — Cyuvy) = —V; (V;my + 3k Phy — Aky).

To properly adress the geometric nature of the problem, we set only the normal component

of velocity equal to the negative gradient. This yields
0y =~V 160,

which is (1.6.1). Note that, in general, the space with respect to which the gradient is

computed changes in time.

3.2. Basic properties of the flow

In order to incorporate the invariance of the elastic energy under reparametrizations, we
defined (3.0.3) in such a way that a reparametrization of a solution again solves (3.0.3)
with reparametrized initial data. See also Remark 1.4.1. Since we need this later, we state

it explicitly.

Remark 3.2.1 (Invariance under reparametrization, [99, Remark 3]). Let 0 < T' < o0
and 7: [0,7] x S — R? be a smooth solution to (3.0.3). Then

Oy = —VH;15,\(7) + hdsy

for some smooth h: [0,T) x S' — R. Let ®: [0,T) x S! — S! be a smooth one-parameter

family of diffeomorphisms. Then the reparametrization (¢, x) := y(t, ®(¢,z)) solves
= =V 1 &t (8, 1)) + h(t, (1, 2))0sy(E, (L, ) + 9 D(t, 2)0ury (1, (L, 7))
= _VH;“S)\(’?) + hds¥y
for some smooth h: [0,T) x St — R. Thus, 95 = _va_lg’\ﬁ) and 4(0,-) = v (®(0,-)).

In what follows, we frequently use the following lemma which gives the time derivative of

various geometric quantities related to a curve v moving under a general flow.

Lemma 3.2.2 ([99, Lemma 3.1]). Lety: [0,T)xS' — R2, T > 0, be a sufficiently smooth
solution of the flow Oyy =V + hdy7y, where V' is the normal velocity and h = (0yy, 0s7).
Then

O(ds) = (0sh — (k, V) ds, (3.2.1)
005 — 050; = ((k, V) — Osh)0s, (3.2.2)
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3.2. Basic properties of the flow

005y = VsV + hk, ( )

O = (=(VsV,v) = h(k,1))0s7, (3.2.4)

Vi = V2V + (k, V) + RV, ( )

ViVsp = ViVip = ((5,V) = 0sh) Vs + (k, 9) VsV = (ViV, @)k, (3.2.6)

for a sufficiently smooth normal field ¢: [0,T) x S! — R2,

Here, V; = 9j- = P*0;. For a proof of (3.2.1), (3.2.2), (3.2.3), (3.2.5) and (3.2.6), see for
example [53, Lemma 2.1]. Formula (3.2.4) follows from (3.2.3).

As one expects, the flow of Lemma 3.2.2 does not change the rotation index w given by

1 1
W= oo N kds = o /Sl</<c, v)ds. (3.2.7)

Lemma 3.2.3. Let v: [0,T) x St — R2, T > 0, be a sufficiently smooth solution of the
flow Oyy = V +h0sy, where V is the normal velocity and h = (9yy, 0sy). Then the rotation
index t — w(t) defined as in (3.2.7) is constant in time.

Proof. Using (3.2.1), (3.2.4) and (3.2.5), we obtain

d

0 /Sl<f£, v)yds = /81<ng + (K, V)k + hVsk,v) ds + /Sl</<a, v)(0sh — (k,V))ds. (3.2.8)

With integration by parts and since O, is tangential, we see that the right hand side of
(3.2.8) vanishes. ]

Next, we note the basic but crucial fact that the flow (1.6.1) decreases the energy (3.0.1).
This follows by a direct computation using (3.2.1), (3.2.5) and integration by parts. All

the terms containing a tangential velocity cancel.

Lemma 3.2.4 ([99, Lemma 3.2]). For a sufficently smooth solution v: [0,T) x St — R?,
T >0, to (1.6.1), we have

d _ 2 1 2 2
() = —/Sl Ve (V25 + 3l — Aw) [2ds < 0. (3.2.9)

Remark 3.2.5 (][99, Remark 4]). We observe the energy decrease also in the abstract

setting of Section 3.1. Here, we have

d 2 2
—&\(7) = <VH;16/\(7)767§'Y>H;1 = _||815LV||H;1 = _||V§VL2€A(7)||H;1

dt
2
= —||VSVL25A(7)HL2(C15)’

which is (3.2.9).

At the same time, the flow (1.6.1) preserves the signed enclosed area (1.2.6).
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Chapter 3. Area preserving elastic flow

Lemma 3.2.6 ([99, Lemma 3.3]). Let v: [0,T) xS* — R? be a sufficently smooth solution
to (1.6.1). Then

d

S A(y) =0.

A0
Proof. Using (3.2.4) and integration by parts yields

GAG) == [ @) ds.

So, as it should be, only the normal part of the velocity plays a role. With integration by

parts and since dsv = —k Oy is tangential, we immediately obtain
iA(’Y) = / (Vs (V2/<c + Lk|?k — An) dsv)yds = 0. O
dt st s 2 )

A more advanced property to study is the preservation of embeddedness. For a sixth
order equation, embeddedness is generally not preserved, see [16]. However, by an energy
argument developed in [121], the energy decay (3.2.9) suffices to provide an explicit bound
on the initial energy which ensures preservation of embeddedness. Note that according to

Hopf’s Umlaufsatz, this only makes sense for w = +1.

Proposition 3.2.7 ([99, Proposition 3.4]). Let w =1, A > 0 and C* ~ 146.628 be as in
[121, Theorem 1.1]. Let v: [0,T) x S* — R? be a solution to (3.0.3) with embedded initial
datum vy such that

(Ex(10))* < 4XC™. (3.2.10)

Then ~y is embedded for allt € [0,T).

Proof. If vy is stationary, the claim is trivial. So with (3.2.9) we can assume that £x(y(t)) <
Ex(vo) for all t € (0,T). It follows that

EGOLA() < 15 (EG(D) + MO < 45 Ex(0)? < C°

= 4N
for all t € (0,7). With [121, Theorem 1.4] we conclude that v describes an embedded
curve for all t € (0, 7). O

. . 1
A short computation shows that if A > 5(&=

this case, there exists Ag > 0 such that a curve describing a circle with enclosed area Ag
satisfies (3.2.10).

)2, the above threshold is nontrivial. In

132



3.3. Short time existence

3.3. Short time existence

In this section we show how to prove short time existence. Addressing this question is
additionally motivated by the fact that we use several of the arguments again in the proof
of convergence in Section 3.5. Our proof works not only for a smooth initial datum, but
also for 49 € CT*(S';R?), @ € (0,1). This could be improved further, but since we are

mainly interested in questions about the long time behavior, we do not focus on this.

In Section 3.3.1 through Section 3.3.3, we provide some preliminary work. We review
an essential reparametrization argument that enables us to find the solution as a graph
over the initial datum. We define the parabolic Holder spaces of order six and show the
solvability of a scalar sixth order problem within these spaces. This groundwork allows us
to prove short time existence in Section 3.3.4. Sections Section 3.3.1 to Section 3.3.3 can

be skipped if desired, and one can proceed directly to Section 3.3.4.

3.3.1. A crucial reparametrization argument

For the convenience of the reader, we state the following reparametrization argument,
which can be found with a detailed proof in [44, Lemma 4.1 and Remark 4.2]. In addition
to the proof of short time existence (Theorem 3.3.6), it is also used in the proof of the

constrained Lojasiewicz—Simon gradient inequality (Theorem 3.5.5).

Lemma 3.3.1 ([99, Lemma A.1]). Let k > 4 and 4 € W*t12(SLR2) be a regular curve.
We define

Vi = whrEshR?) = {Y e WS R?) 1 (Y,0,9) = 0}. (3.3.1)

Then, there exists a constant r = r(%) > 0 such that for all X € B,(0) C W*2(S!;R?),
there exists a W*2-diffeomorphism ®: S* — St such that

(F+X)o®=4+Y (3.3.2)

for some Y € VN WE2(SL;R?).
For v > 0 given, there exists ¥ = #(5,7) > 0 such that for all X € B:(0) c W*2(S!;R?),
(3.3.2) holds for some Y € B.(0) C V- nWk2(SHR?).

Remark 3.3.2 ([99, Remark A.2]). With the notations in the preceding lemma, it can
be shown that smoothness of the reference curve 4 and smoothness of X € B, (0) yields

smoothness of the diffeomorphism ® and the normal variation Y. For details on this, see
[44, Proof of Lemma 4.1].
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Chapter 3. Area preserving elastic flow

3.3.2. Parabolic Holder spaces and the linear problem

For the proof of short time existence, we work with parabolic Holder spaces of order 6, cf.
[56, Section I1.3.1] or [96].

Letl € R\Z, a,b € Rwitha < b, T > 0and let Q7 := (0,7") x(a, b). The parabolic Hélder
space H &l (@) is the space of all functions f: Qr — R with continuous derivatives

7o f for 6m +n < [ and finite norm

1
e =3 >, sup [9f0pf(tx)l

j=06m+n=j (LT)€QT

0707 f(t, 1) — OO [ (L, w2)|
-1

+ Z sup

= 1] (1), (t,z2)€Q 1 — T2
6m-+n=|1] ”"19:1;;2 T | |
AN f (1, ) — OO f(to,
4 Z sup | t a:f( 17‘7;) l_ém_if( 2 SC)|
0<l—6m—n<6 (tlvm)é(t%tx)eQT |t1 — tQ‘
17t2

To define the parabolic Holder space e ([0,7] x S), we identify f: [0,T] x S — R
with its periodic counterpart f: [0,7] x R — R. By choosing a, b such that the interval
(a,b) contains two periods of f, Hl (10,77 x Sl) consists of the functions with periodic
counterpart in H ol (@)

We first consider the linear parabolic problem

{Lgp =0ip — Yg_0agdp=f i (0,T] xS, (3.3.3)

90(07 ) = ¥o on Sl

for some f € He'l ([0, 7] x S1), coefficients a, € Hé! ([0, 7] x S') and o € COH(Sh).

Proposition 3.3.3 ([99, Proposition A.3]). Let L be parabolic, | € Ry \ Z and assume
that aq € Hi ([0,T) xSY), ¢ = 0,...,6. Then for all f € Hi ([0,7] x S*) and ¢ €
CO+L(SY), there exist a unique solution ¢ € H %6+ ([0,7] x S*) to (3.3.3) and a constant
C > 0 independent of ¢, f and g such that

[ c(lfl s +lleollarst))- (3:34)

S5O (0,7 Sl) HE4([0.1]x51)

Proof. First, assume that ag = 1 and ay = 0 for ¢ = 0,1,...,5. Like in [73, Section 3]
one proves that in this case, a weak solution to (3.3.3) exists. Localizing the problem and
using [56, Theorem VI.21] one obtains Holder regularity and (3.3.4). As in [10, Section
3.1.4], the general linear problem (3.3.3) is solved with the method of continuity. O
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3.3.3. The nonlinear problem

In this subsection, we proceed as in [67, Section 2.5] and [45, Section 3.3]. For a smooth

immersed reference curve -y, with normal v,, we define the open set
W= {p € C1(0,T] x S R) : [04(7. + (L, )| # 0}
and F: S! x R” x (0,00) — R as
F( 0,000,800, 100 (v + oua)| ™) = (VEV L2\ (3 + 1), 1)

1 -

For more details, see (3.3.15). As @ is a polynomial with smooth coefficients, the mapping

F: B ([0,1] < s') nw — 15! ([0,7] x §'),

P = F(',(P, 8:17()07 v 783()07 ’a$(7* + @V*)‘—l)’

l € Ry\ Z, is well-defined. With this, we will write (3.3.16) as

{gb =F[p]  in (0,T) x S, e

¢(0,-) =¢o on S’

Proposition 3.3.4 ([99, Proposition A.4]). Take wog € CS(SY) such that v« + @ovs is an
immersed curve. Then there exists T' > 0 and a unique solution ¢ € H %6+ ([0,7] x St)
to (3.3.6).

Proof. First, we assume that 0 <[ < 1.

Step 1: Linearized problem. Let us make the following observation. The Fréchet derivative
of F at & € H'6 61! ([0,7] x S') N W can be written as

6
DF[¢] =) ag0%
q=0

with ag = |0:(7« + &) 7% and a,(t, ) = Gg(t, 7, €, 0:E, ..., 02, |0: (7% + Evi)| 1), where
q = 0,...,5, for smooth functions a,: [0,7] x S' x R6 x (0,00) — R. In particular,
aqg € Hel ([0,7] x St) for ¢ =0,...,6. Since £ € W and by compactness, ag is uniformly
bounded away from zero on [0,T] x S'. Hence, 9; — DF[£] is a parabolic operator and
Proposition 3.3.3 yields a unique solution o € H 56+ ([0,7] x St) to

{a ~DF[glo=f  in[0,7] xS, (3.3.7)

a(0,-) = ¢o on St
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for f € Hel ([0,7] x S1).

Step 2: Special solution. Now, we consider (3.3.7) with £ = 0 and f = F[po] — DF[0]go.
Here, g € COH(S!) is interpreted as function g € H o+ ([0,7] x S*) N W constant in
time. Since f € H " ([0,7] x St), there exists a unique solution in H %6+ ([0,T7] x St)
to (3.3.7). In the following, we denote this solution by o. Since ¢y € W, we can make
T > 0 small enough such that ¢ € W. Now, we define

J =00 —Flo] € H' (]0,7] x ). (3.3.8)
Evaluated at t = 0, we have
f(0,-) = DF[0]o =0 + F[00] — DF[0]ip9 — Flo][s=0 = 0. (3.3.9)

Here, we used (3.3.7) and the smoothness of F.
Step 3: Application of the Inverse Function Theorem. Let 0 < k < [ such that k ¢ Z and

consider the nonlinear operator

O: B0 ([0, 7] x ) W — HE* (0,T] x §T) x COFR(8?),
£ = (0 = F[g], £(0,-)).

By Step 1, the Fréchet derivative

DP[o]: H5 0 ([0,7] x 8T) — B+ ([0,7] x 8') x ¢ (8Y),
¢ = (8¢ — DFo]¢, ¢(0,-))

is a linear isomorphism. It follows by the Local Inverse Function Theorem that & is a
local diffeomorphism at o. So there is a neighborhood U C it ([0,T] x SHYy N W
of o and a neighborhood V C Hs* ([0,T] x S*) x CO+*(S) of ®(0) = (f, o) such that
®: U — V is a diffeomorphism.

Step 4: Cut-off in time. Choose for 0 < & < min{1, £} cut-off functions n. € C*°([0,77)
such that 0 < 7. < 1,0 < 7. < 2¢ ! and 7. = 0 on [0,¢] as well as 7. = 1 on [2¢,T].
Define

fe=mn-f. (3.3.10)

Analogously as in [67, Lemma 2.5.8], one shows that f. € H ([0,7] x S) with norm
bounded independently of . Here, we need the assumption [ < 1. The crucial point is

estimating the Holder seminorm in time. We have

fo(t1) = fo(t2)] < | f(t1) — Flt2)| + [ F(t)]Ine(tr) — ne(t2)]
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3.3. Short time existence

for t1 < te € [0,T]. Assume t; < 2e, otherwise |n:(t1) —n:(t2)| = 0. For t2 < 3¢, we obtain
with (3.3.9) that

C 1

[F(t)In=(t1) = ne(t2)| = [ F(t1) = FO)][n=(t1) = ne(t2)| < - tf [t — tof

L s
[t — oSty © < — oty —ta|6 < Clty — tafs
g g

for a constant C not depending on . For t2 > 3¢, one has
~ L 1 l
[f ()7 (t1) = me(t2)| < Ctp < Ces < Clty — ts.

Again, the constant C' does not depend on &, which allows us to show the claim. Moreover,
one proves with standard arguments (see for example [70, Section 6.8]) and the Arzela—
Ascoli theorem, that for 0 < k < | < 1, Hel ([0,7] x S*) is compactly embedded in
Hek (10,77 x Sl). It follows that there exists a sequence €, — 0, n — oo, and f €
He! ([0,7] x S*) such that

feu = Fin H&® ([0, 7] x S') for n — oo. (3.3.11)

Due to (3.3.9) and the continuity of f, we find that f. — f, & — 0 uniformly in the sup

norm. So we conclude that f =7

Step 5: Existence of solution. By (3.3.11), there exists some ¢, > 0 small enough such
that (f.,,p0) € V with V given as in Step 3. This implies the existence of a unique p € U
such that

Orp =Flp] + fo, and ¢(0,-) = ¢o.

With (3.3.10) and the definition of 7., we conclude that ¢ solves (3.3.6) for ¢ € [0, e,].

6+k

Step 6: Regularity. So far, we have ¢ € H s Tk ([0,e,] xS) nW for 0 < k < I < 1.
Defining

ag(t, z) == |0p(7e + )| 6 € H6 5tk (0,2 x8") € Hé! ([0,2.] x 8"
and
P(t.2) 1= Pl 020, 0,0+ )| ) € HUEE (0.0 x 8Y) € B8 (0.0 x 8)

with P as in (3.3.5), Proposition 3.3.3 yields a unique solution ¢ € 56+ ([0,e.] x SY)
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to

a - 86 — i 0, * Sl,
{ts awdfE=p  in[0e] x (331

£(0,-) = ¢o on Sh.

Since ¢ solves (3.3.12) on [0, e,] x St, we conclude that & = ¢ for ¢t < ¢,. Hence, we obtain
p € HS 6 (0,2,] x S1).

Step 7: Uniqueness. Assume we have two solutions ¢1, @2 € T 6+ ([0,&;] x St),i=1,2

and g1 < g9 < g,. Define
T* =sup {t € [0,€1): 1 = o in COTY(SY) on [0,]}.
We consider ® of Step 3 for variable T and show that for T" > 0 small enough,
o1l w2lpr €U aswellas  (0,¢0) € V- (3.3.13)

From the proof of the Inverse Function Theorem, it follows that there exists r > 0 such
that

B.(0) CU(T) and B.(f,0) CV(T) forall0<T <ey. (3.3.14)

Here, o and f are given as in Step 2. Now, we first note that with (3.3.8) and (3.3.9), for
q=20,...,6,

(i —0)li=o=0 and  9(p; — 0)|=0 = (F[pi] — Flo] = f)|e=0 = 0.
With Lemma 3.3.5 it follows that

s — UHH%’GHC([O,T]XSU -0 asT —0.

Similarly, (3.3.9) implies
0 asT —0.

HfHH%”“([O,T]Xgl) -

Due to (3.3.14) we conclude that for 7' > 0 small enough, (3.3.13) holds and thus

01 = 2 in H 66tk ([O,T] X Sl).
The regularity of ¢1 and @9 even gives coincidence in H ST 6+ ([0,7] x S*). It follows that

T* > 0. Now, assume T* < £;. Then ¢1(T*) = po(T*) =: $pg € COH(S!). Taking @y as

new initial datum and repeating the arguments yields a contradiction to the definition of
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3.3. Short time existence

T*. Hence, we get T* = £1 and uniqueness is proven.

Bootstrapping and using the same arguments as in Step 6 shows the claim for [ > 1. O

In the last step of the proof of Proposition 3.3.4, we use the following observation.

Lemma 3.3.5 ([99, Lemma A.5]). Let 0 < k <l <1 and f € H %6+ ([0, 7] x S) such
that

f(ov'):atf(oa'):azf(ov'):"':8gf(07'):0'

Then HfHH5+ —0asT —0.

k
o 5T ([0,7]xs?)

Proof. Consider the periodic counterpart f: [0,7] x R — R and let the interval I C R

contain at least two periods of f. Then

IF1 g = sup |f|+ sup |0;f[+ sup [0f|+---+ sup |O3f]
SR ([0,T]xsh) [OT]><I 0,71 0,T]x1 0T)xI
O f(t — O f(t, oS f(t — 981 (¢,
Cap  BGEIAGE ) )
te[0,T],x1,22€1 ’1‘1 - xQ‘ t€[0,T),x1,22€1 ’2131 - xQ‘
T1#£T T17£T2
Ocf(t1,x) — O f(to, x Orf(t1,2) — Opf(ta, x
n sup |0 f (1, ) tkf(2 )’Jr sup 0. f(t1, ) ;:i(Q )l
t1,t2€[0,T),zel ‘tl — t2’5 t1,t2€[0,T],xzel |t1 — Zf2|T
t17£t2 t17#t2
A% f(t1, 8 £ (ta,
e+ sup 05 f(t, @) — f(2 )|
t1,t2€[0,T),x€T ‘tl — t2’6
t1#ta

For the terms coming from the Holder seminorm in space, interpolation as in [110, Prop.
1.1.3] yields

|atf(t7331) - 8tf(t7x2)|

sup < sup |0cfllers
te[0,7],x1,z2€1 |71 —332|k t€[0,T] 9
T1F£T2

1—-k E
< sup ||Ocf |l kayl[OefI A —0 asT —0.
1 [0.T] ” t Hcl(gl)H t Hc(gl)

For the terms coming from the Hélder seminorm in time, we have

O f (¢, — O f(t, o f(t, — O f(t, =k
sup 0 f (¢, 1) tkf( z2)| _ sup |0 f (t, 1) tf( $2)|’t1 _t2|lak
t1,t2€[0,T],m€l |t1 — tas t1,t2€[0,T],zel |t1 —tal6
t1#£t2 t1#t2
<C sup ]tl—t2|% -0 asT —0.
t1,t2€[0,7T)
t1#t2
Treating the other terms with the same arguments yields the claim. O
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3.3.4. Proof of short time existence

Now, we are ready to proof short time existence. The idea of the proof is to use the
reparametrization argument in Section 3.3.1 and to find the solution as a graph over the
initial datum. This approach leads to a scalar problem, which we can uniquely solve using

Proposition 3.3.4 in Section 3.3.3.

Theorem 3.3.6 ([99, Theorem 4.1]). Let 7o: S' — R? be a smooth reqular curve. Then
there exists some T > 0 and a smooth solution v: [0,T] xS' — R? to0 (3.0.3). This solution

18 unique up to reparametrizations.

Proof. Step 1: Good neighborhood. By Lemma 3.3.1, there exists a W?>?2-neighborhood
V of the smooth immersion 7, such that for all ¢ € C*®(S!;R?) NV, there exists a
diffeomorphism ®: S — S! and a reparametrization ¢ = ¢ o ® such that ¢ =~ + w1 for
some ¢: S! — R. By Remark 3.3.2, the smoothness of ¢ and the smoothness of g yield
® € C*°(Sh;S) and ¢ € C*(SY;R).

Step 2: Velocity in terms of v. Let 7: S' — R? be a sufficiently smooth immersed curve.
Continuing the explicit calculation from [139, Proposition A.1], we obtain

6_

_ [ 88 . U
ngng,\(’}’) = PL’Y (8 :7‘6 + Q(81B7¢ tee 76277 ’8187‘ 1))
T

for Q a vector valued polynomial. If 7 is time-dependent and 7(t, z) = yo(z)+@(t, z)vo(z),
then

P985 = P3(98~0 4 8Spvn 4+ @dbug + Lo.t.).

As long as v = P13y does not vanish, we obtain

2 _ Ao vy -5 = 5 - S A
vsv[?g)\(FY) ’6 +Q(790781‘9077613907‘8:17(70—’_@1/0)‘ )VO (3315)

 102(70 + ¢wo)
with a scalar valued polynomial ). Here, 79 and its derivatives are considered as fixed

functions and are included in Q.

Step 3: Construction of a solution. The previous steps motivate to consider the system

%P 080, 1000+ o)) in (0,T) x S,

QO(O’ ) =0 on St.

By Proposition 3.3.4, there exists 7 > 0 and a unique solution ¢ € C*°([0,7] x S'; R?) to
(3.3.16). With this solution, we define v := v + vy € C([0,T] x S';R?). By possibly
making 7' > 0 smaller, we achieve (¢,-) € V and Ptvyy = 15 # 0 for all ¢t € [0,T].
Moreover, 0;-y = Oy vy = V2V 12Ex(7) by (3.3.15) and (3.3.16). Thus, v solves (3.0.3).
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3.4. Global existence and subconvergence

Step 4: Geometric uniqueness. Let 7 € C°°([0,T] x S'; R?) be another solution to (3.0.3)

in the sense that
Ot = V2V 260(5) and F(0,-) =0 ®

for a smooth orientation preserving diffeomorphism ®: S' — S!. For the sake of readabil-
ity, we do not change the notation, but we reparametrize 4 by ®~! such that (0, -) = 0.
By Remark 3.2.1, the reparametrization also satisfies ;-5 = V2V 2Ex (7). Now, make T
so small that (¢,-) € V for all t € [0,T]. Then there exists a reparametrization (which
we again do not rename) such that 5 = ~g + @ for some @ € C°([0,T) x S%;R) with
@(0) = 0. Since 9j-7 = V2V 2£,(7) and $(0) = 0, we see that @ solves (3.3.16). As the
solution to (3.3.16) is unique, it follows that ¢ = ¢ and therefore ¥ = v. We conclude
that every solution to (3.0.3) is a reparametrization of the solution « constructed in Step
3. O

Remark 3.3.7 (][99, Remark 5]). More generally, the solution can also be found as a
graph over any arbitrary reference immersion 4 € W52(S!; R?), provided that it satisfies
I —vollw42 < r, where r is the constant of Lemma 3.3.1. The reference curve in (3.3.15)

and the initial datum in (3.3.16) then change accordingly.

3.4. Global existence and subconvergence

The proof of global in time existence relies on showing that the solution remains bounded
in finite time and can, therefore, be extended as long as the maximal existence time is
finite. This idea is also used for the classical elastic flow in [53] and [43]. Due to the sixth
order structure, we require new geometric lemmata, which we prove in Section 3.4.1. In
Section 3.4.2, we see that the length of the evolving curves grows at most linearly and is
bounded if A > 0. In Section 3.4.3, we then prove global existence. The boundedness of

the solution also provides subconvergence if the length is finite, i.e. for A > 0.

3.4.1. Geometrical lemmata and interpolation inequalities

Using (3.2.1) and integration by parts directly yields the following lemma.

Lemma 3.4.1 ([99, Lemma 5.1]). For a sufficiently smooth solution v: [0,T) x St — R?
of a flow &y =V + hdsy and a normal vector field ¢ : [0,T) x St — R?, we have

d1

1 1
53 [oas+ [ 1v30Rds = [ (6.6 %+ so0uyds— 3 [ 6P 1) ds,

For the following, we introduce a quite common notation (see for example [53] or [43]).
Let ¢ and ¢;, i € {1,...,k}, be normal vector fields. We denote by ¢1 * g % -+ * ¢ a
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Chapter 3. Area preserving elastic flow

term of the type

{<¢i17¢i2> o ADiy_ s i) if k is even,
<¢i1 ) ¢12> T <¢ik,2, ¢ik71>¢ik7 if kis Odd,
where i1, ...,14; is some permutation of 1,...,k. By P¢(¢), we denote any linear combi-

nation of terms of the type
Vg s % Vitg with jp € Ng for all k € {1,...,b} and j1 +---+jp = a
with coefficients bounded by some universal constant. Observe that
VP (6) = P (9). (3.4.1)

Lemma 3.4.2 ([99, Lemma 5.2]). For a sufficiently smooth solution v: [0,T) x St — R?
of
o2( 92 4 L2 _ 4 20, _ \O2
Oy = Vi (Vik+ 2\/<c| Kk — Ak) + h0sy = Vik + P§ (k) — AV3k + his7,

we have
ViV — V05 = PP (k) + PIT2(k) 4+ PP T2(k) — AVT Mg + RV g,

Proof. The claim follows by induction on m. For m = 0 we use (3.2.5). The induction
step follows with (3.2.6) and (3.4.1). O

For the convenience of the reader, we repeat in the following lemmata two results of [53]

and [43] without giving the proof.

Lemma 3.4.3 ([53, Proposition 2.5]). Let v: S' — R? be a sufficiently smooth curve.
Then for P (k) with b > 2 containing only derivatives of k of order at most k — 1 with
2k +1 >a—|—%b, we have

b:—” a+b—1
[Pl ds <= [ 195 ds + 0277 (/ ]/@st)Q "o (/ ‘K|2ds>
St St St St

foranye >0, p=(a+3b—1)/k, and C = C(k,a,b).

Lemma 3.4.4 ([43, Lemma 4.6]). Let v: S — R? be a sufficiently smooth curve. Assume
that [|[V{'6l 12(as) < Cm for some m > 1 and ||k p2(qs) < Co. Then

1046l r2(as) SC for 0<T<m

with a constant C = C(Cy,, Co,m,1).
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3.4. Global existence and subconvergence

3.4.2. Bounds on the length
To prove a longtime existence result we have to control the length of the evolving curve.
A uniform bound from below is given by Fenchel’s theorem which yields

4m? < LOYIKIZ2a5) < 2L(NEN(0)- (3.4.2)

Here, for the second estimate, we used Lemma 3.2.4. If A > 0, we also have a uniform

bound on the length from above by

L(y) < TE(y) < )\SA(VO) (3.4.3)

In order to allow for A = 0, we show that the length grows at most linearly.

Lemma 3.4.5 ([99, Lemma 5.5]). Let T > 0 and y: [0,T) x S* — R? be a smooth solution
0 (3.0.3). Then

d

S£0) £ CEG0)).

Proof. Using (3.2.1) and integration by parts and applying Lemma 3.4.3 with a = 2, b = 4,
k = 2 yields

d
e = /<at7, / V22 ds + 2 / I[?| Vs H|2d8—)\/ IV ,k|? ds

a
/|v2;-;\ ds+5/ V2|2 ds + C(e) (/ |/~$|2ds>

for all t € (0,7T), where € > 0 can be chosen arbitrarily small. The claim follows with
Lemma 3.2.4. O

3.4.3. Proof of global existence and subconvergence

With the preliminary work of Section 3.4.1 and 3.4.2 we are now ready to prove global
existence for A > 0. If A > 0, we additionally obtain subconvergence. This result crucially
relies on the fact that, in this case, the length of the evolving curve is uniformly bounded

from above.

Theorem 3.4.6 (Global existence and subconvergence, [99, Theorem 5.6]). For any A > 0,
there exists a geometrically unique global smooth solution ~y: [0,00) x St — R? of (3.0.3).
If A > 0, then as t; — oo the curves y(t;,-) subconverge smoothly, when reparametrized

with constant speed and suitably translated, to some stationary solution Vee.

Proof. Theorem 3.3.6 gives a smooth solution v of (3.0.3) in a small time interval. We

assume by contradiction that this solution does not exist globally in time and denote by
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0 < T < oo the maximal existence time. Let h € C*°([0, T] xS'; R) be the scalar tangential
velocity, i.e. 9y = V2(V2k + 3|6k — Ak) + hOysy.

Step 1: Bound on ||V{'k|2(4s) for m € No. With Lemma 3.4.1 and Lemma 3.4.2 it
follows that

d
& /§1 V™ k[2ds + /sl V3 k)? ds = /S1<VTK’P§H+4(“) + P (k) + PR (k) ds

—A / V22 ds + / WV R, V) ds (3.4.4)
St St
1 1
+f/ V™ [20,h ds — f/ V™R 20k, V) ds,
2 Jst 2 Jst
where V = V2 (Vgﬂ + 3|K|%k — An). The second integral is negative and can be ignored
in the following estimates. The two integrals containing the tangential velocity vanish

after integration by parts. The other terms on the right hand side of (3.4.4) have the

structure

/Sl P2 (k) ds + /Sl P2 2(k) ds + /Sl P22 () ds.

With Lemma 3.4.3 (for a = 2m+4,b =4, k = m+3 and for a = 2m+2,b =6, k = m+3),

we know that

2m—+7
PE )] ds, [Pl ds < [ VP as +Clmee) ([ 1o ds)
Sl Sl Sl Sl
(3.4.5)
for any € > 0. Further, Lemma 3.4.3 with a =2m + 2, b =4, k = m + 3 yields

Zm+3

/|P42m+2(/<;)\d8§6/ V™32 ds + C(m, &) (/ |/<;|2ds>
St St St

+C(m) (/Sl \/<c|2ds>2m+5

for any € > 0. Lastly, we use Lemma 3.4.3 with a = 2m, b = 2 and k = m + 3 to see that

(3.4.6)

2m+1
/|vg%|2dsge/ |v;"+3m\2ds+05—€/ |/~£|2ds+C</ |/<|2ds> . (347)
St St St St

Putting (3.4.4), (3.4.5), (3.4.6) and (3.4.7) together, choosing ¢ small enough and using

Lemma 3.2.4, we get
d m,.|2 m,.|2
5 L vekds+ [ vrsRds < CEo).m).

It follows that [[Vi*s L2(as)(t) < V"R L2(as)(0) + C(Ex(10), M)
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3.4. Global existence and subconvergence

Step 2: Bound on ||07k| co for m € Ny. By Step 1, Lemma 3.2.4 and Lemma 3.4.4 we

have

105"kl L2(as) < C(r0,m)
for m € Ny. As in [24, Theorem 2.2] one shows that

10" kllco < 105 Kl 1 gasy + L) MO 8l 1 as)
< L2107 wl Lagas) + £0) 2 108 L2(as)-

The length is bounded in finite time by Lemma 3.4.5 and (3.4.2). Thus, we conclude that

107 k|| co < C(y0,m, T). (3.4.8)
Note that this also implies that

Step 3: Global existence. Due to Remark 3.2.1, we can consider the reparametrization 7
of v with constant speed, i.e. such that |0,5| = L(y). This ensures that |9,7| is bounded
away from zero and bounded from above in the finite time interval [0, 77, see (3.4.2) and

Lemma 3.4.5. Moreover,
oI = L£(7)" 290
for m € Ny, which implies by Step 2 that
10725l co < C(v0,m,T)  for m € Ny.

With the control of the normal velocity, we additionally obtain ||7||co < C(v,T). These
bounds allow for a smooth extension of 4 to [0,7] x S'. The short time existence result
gives a smooth extension for ¢ > T which contradicts the maximality of 7. Thus, the

maximal existence time must be infinite.

Step 4: Subconvergence for A > 0. In the case of A > 0, the length is bounded inde-
pendently of T' (see (3.4.3)). Thus, the bounds in (3.4.8) and (3.4.9) do not depend on
T. Again, we consider the reparametrization 4 with constant speed such that 0,7 is
controlled up to T' = oo (in this case independently of 7). Moreover, adding a suitable

translation like

3(t,-) — plt) = A(t, ) — E(lv) /S 5 dss, (3.4.10)
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controls |5 — pllco up to T' = co. In total, |07 (7 — p)|lco < C(y0,m) for all m € Ny and
t € [0,00). So, given any sequence (t;);en, t; — 00, there exists a subsequence (¢, )ken

such that §(¢;,,-) — p(t;,) converges smoothly to a limit curve yuo.

Step 5: Limits of convergent subsequences. We define V := V2k + 3|6[%k — Ak and
u(t) = ||VS‘~/||%2(dS). With (3.2.1), we have
d - N . -
Su(t) = 2/1<vtvsv,vsv> ds + /1 V205 — (k, V) ds, (3.4.11)
S S
where h = (017, 0s7) is the tangential velocity of 4. With a computation using (3.2.5),
(3.2.6), and Lemma 3.4.2, we see that the term V,V,(|x|?x) appearing in V;V,V can be

written as
vtvs(my%) = P(k) + BV?(MZ&),

where P(k) represents several polynomials of the form P?(x), b € N odd and 5 > a € N.
Thus, we see with Lemma 3.4.2 that

- - 1 o
ViV V = P(r) + h(Vir + 5 Valsls) - AV2k) = P(k) + hV2V.

Here, P(r) represents now polynomials of the form P (x), b € Nodd and 7 > a € N. With
this and integration by parts, we see that all terms containing the tangential velocity & in
(3.4.11) cancel. Thus, with the previous steps, |-$u(t)| is bounded by a constant depending
on 7y for ¢ € [0,00). Since u € L'((0,00)) due to Lemma 3.2.4, this is sufficient to deduce
limy o0 u(t) = 0. It follows that 7. solves (3.0.5) and is therefore stationary. O

Remark 3.4.7 (Flow without tangential velocity, [99, Remark 6]). Like in some other
articles, for example [53] or [43], one could also impose that the tangential velocity is zero
and study

Oy =V = V2(Vik + 3|k|%k — Ak) in (0,T) x S,
~¥(0,-) = on S'.

In this case, Step 3 in the proof of global existence is different, because one does not
want to work with a reparametrization. This difficulty can be overcome with the following
considerations. First, one proves bounds on [|07k||co for m € Ny: By induction, it can be
shown that for a sufficiently smooth function h: S' — R or vector field h: S' — R2, for
example h = x or h =V, we have

m—1

O = 00T h + 3 o a(1057), -, 001002, (3.4.12)
j=1
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3.5. Convergence

where F),,_1 is a polynomial of degree at most m — 1. With Step 2, it therefore suffices
to find a bound on ||07"|0z7|||co for m € Ny. For this, we proceed by induction as in [43,
p. 649]. For m = 0, we note that 0;|0,y| = —(k,V)|0z7| by (3.2.1). Since [|(k, V)] co is
bounded by (3.4.8) and (3.4.9) and |0,70| is bounded from below and above, we conclude
that

C™1 <18,v] < C  for some C = C(v0,T).

For the induction step from m — 1 to m one uses (3.4.12) for h = (k, V) to obtain bounds
0% (K, V||co < C(vy0,m,T) for 0 < i < m. Differentiating 9;|0,v| = —{(k, V)|0x7|, we
thus obtain

U010, < — (V)OI D] + C 20, m, T)

which yields the bound on ||92"|0.7]|||co, that we wanted to find. Note that the bounds
on ||07k||co also yield bounds on ||07'V||co for m € Ny. Again, the uniform bounds on &,
V', v and all their derivatives yield a smooth extension up to the maximal existence time

and beyond.

3.5. Convergence

In this section, we first establish that stationary solutions to (3.0.3) are area constrained
critical points of the elastic energy. For these constrained critical points, we then prove a
suitable version of a constrained Lojasiewicz—Simon gradient inequality in Section 3.5.2.
In Section 3.5.3, this inequality is the main tool for progressing from subconvergence to

full convergence. In general, this is only possible if A > 0, as we see in Section 3.5.4.

3.5.1. Stationary solutions as constrained critical points

Working with curves, that enclose a given area Ay € R, we introduce the constraint

functional

1
G: Wiz S4B > R, G(7) = A() = Ao = — [ (.7)ds, — 4o
Here, Wﬁj’fm(Sl; R?) denotes the space of all W22-immersions. A short computation shows

that the Fréchet derivative is given by

G'(0): WSHRY) 2R, GO)(Y) =~ [ (1Y) ds,,

which is a surjective mapping. Hence, the energy &y : WIQI;IQm(Sl;RQ) — R has a critical
point subject to the constraint G = 0 at v € W22 (S*;R2) N {G = 0} if and only if there

Imm
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Chapter 3. Area preserving elastic flow

exits ¢; € R such that

0=_E"()+agd M) (3.5.1)

1
= [ (98, Ym0 = 5l (0., Y. 00,7) + M0, Y.0.,7) ) sy = /S1<1/7,Y> ds.,

for all Y € W22(S';R?). For a computation of £ (v), see for example [43, Lemma A.1]. If
~ is sufficiently regular, we obtain from (3.5.1) the Euler Lagrange equation

1
0=V2k+ §\n|2f£ — M — v = V2Ex(y) —aaVi2G(7), (3.5.2)

where k = K, and v = v,,. Since a stationary solution is a smooth regular curve satisfying
(3.0.5), we see that for any stationary solution, there is ¢; € R such that (3.5.2) holds.

Thus, any stationary solution is an (area-)constrained critical point.

3.5.2. The constrained tojasiewicz—Simon gradient inequality

The proof of the convergence result in Section 3.5.3 mainly relays on a constrained version
of the Lojasiewicz-Simon gradient inequality. We use this inequality for the L?-gradients
of the energy functional £ and the constraint functional G. So, we work in the domain of
these gradients. Moreover, we first work with variations normal to a given regular curve.

With this in mind, we define the following Hilbert spaces and functionals.

Definition 3.5.1 ([99, Definition 6.1]). Let 4 € Wlfm(Sl;RQ). The space of normal
vector fields along 4 is denoted by

VE = WSS R?) = {Y € W (S5 R?) 1 (Y, 0,4) = 0}
(cf. (3.3.1)). Moreover, we set
LPH(SYR?Y) = {Y € LA(SYR?) - (Y,0,4) = 0 ae.}.

Let ¢ > 0 be so small such that 4 + Y is immersed for all Y € U, := B.(0) C V*+. With

this, we define

Ex:U. >R,  E\Y)=&(F+Y), (3.5.3)
G:U.—R,  GY):=GH+Y). (3.5.4)

As in [44] or in [139], we first prove a Lojasiewicz-Simon gradient inequality in V=, i.e.

for normal directions. Since we work in a constrained setting, the inequality is based on

[135]. The following two lemmata cover the assumptions in [135, Cor. 5.2].
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3.5. Convergence

Lemma 3.5.2 ([99, Lemma 6.2]). Let E)\ be defined as in (3.5.3). Then the following
holds.

1. The energy Ey: U: — R is analytic.

2. The L**-gradient dEy: U. — L>+(S';R?),

1 )
Y o P (V2 Kyty + §|Ha+Y|2f”w+Y - /\H%Y) 0:(7 +Y),

S4+Y
with P+ = (-,v3)v3, is analytic.

3. The derivative of the gradient evaluated at zero (dEy) (0): V+ — L%+ is Fredholm of

index zero.

For the definition and fundamental properties of analytic maps between Banach spaces,
see for example [162]. A detailed proof of Lemma 3.5.2 in the case of open elastic curves
can be found in [44, Section 3]. By slightly changing the function spaces (no boundary
conditions but working in S'), this proof is transferred to the case of closed curves. A proof
of 3. in Lemma 3.5.2 is also given in [115]. We remark that for this Fredholm property of

the second variation, it is crucial that we consider only variations in normal direction.

For the constrained version of the Y.ojasiewicz—Simon gradient inequality, we additionally

have to analyze the functional G.

Lemma 3.5.3 (][99, Lemma 6.3]). The constraint functional G defined in (3.5.4) satisfies
the following.

1. The functional G: U, — R is analytic.

2. The L*>*-gradient dG: U, — L>+(S';R?),
Y o —Plussy |00 + V)| = vy, vs)s 0:(5 + 1)

s analytic.
3. The derivative of the gradient evaluated at zero (dG) (0): V- — L?1 is compact.

4. If 4 in Definition 3.5.1 is given such that A(%) = Ao, we have G(0) = 0 and dG(0) # 0.

Proof. 1. and 2. As in [44, Lem. 3.4] and [139, Prop. 4.5], the functions
U. = C(SYR), Y = |0,(3+Y)| and U = W**(SLR?), Y = 0, (74 Y)

are analytic. Since rotation by a fixed angle is a well-defined, continuous, linear operator
on W32(SHR?) c C2(SY;R?),

U. - WS R?), Y vayy

149



Chapter 3. Area preserving elastic flow

is also analytic. The function Y + 4 4+ Y is analytic as a map from U, to W32(S!; R?).
Thus, the scalar product

U » WH(ShR), Vo (7 + Y, v54y)

is analytic. As W32(S!;R?) is continuously embedded into L(S'; R?), Y — (4 + Y, v41y)
is also analytic as a map from U, to L?(S!;R?). Since scalar multiplication L?(S';R) x
C(SY;R) — L%(S;R) is analytic, so is the map

U — LAS5R), Y (74 Vv i) 0n(5 + V).

Since integration over S is a well-defined continuous and linear operator on L?(S'; R), the
analyticity of G: U — R follows. Similar arguments and the continuity and linearity of
the projection PL: L2(S';R?) — L*1(S';R?) yields the analyticity of the L?'-gradient
dG: U, — L*>*+(SY;R?).

3. With the projection P+ = (-, vy )V, We compute

d dG(tY) = —P+ d |02 (5 + 1Y)

= il s s
DAY, k5. (3.5.5)

(dG/)(O)Y Viy+ty ‘81'% i

:]/;Y

Here, we used that

d

dt ‘t:O %

(F+1Y) =V, Y

Y+tY

(see for example [44, (B.5)]), which implies that the first summand in (3.5.5) vanishes.

For the second summand, we used

d

2| 105+ 1Y) = —1031 (¥ 3)

(see for example [44, (B.2)]). We see that (dG’)(0): V+ — L% is of zeroth order in Y.
Hence it is compact.

4. The assumptions on 4 imply that G(0) = G(¥) = 0. Moreover, |0,%| # 0 and v4 # 0.
Thus, dG(0) = v4|0,%| # 0. O

With this, we prove a first version of a constrained Lojasiewicz-Simon gradient inequality

which reads as follows.

Theorem 3.5.4 ([99, Theorem 6.4]). Let 4 € C2, (S';R?) be a constrained critical point
of Ex. Then there exist constants C > 0, ¥ € (0, %] and r > 0, such that

|EA(0) = Ex(Y)|'™" < CIIP(Y)AEA(Y)|| 12 ()
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3.5. Convergence

for allY € B,(0) C U. C V* with G(Y) = 0. Here, P(Y): L*>*(S';R?) — L>+(S};R?)
is the orthogonal projection onto {X € L*>+(S!;R?) : (V34+vs X)12(dsssy) = O}

Proof. We check that the assumptions in [135, Corollary 5.2] are satisfied for E) and G
defined on U, ¢ VL. In Lemma 3.5.2 and Lemma 3.5.3 we have seen that E and G are
analytic. Assumption (i), i.e. V1(S';R?) < L?L(S';R?) densely, is given. Assumptions
(ii) and (iii) follow from Lemma 3.5.2 and assumptions (iv) to (vi) from Lemma 3.5.3.

Thus, by [135, Corollary 5.2], the set of area preserving normal variations
M:={Y eU.:GY)=0}

is locally a submanifold of codimension 1 near 0. Since % is a constrained critical point of
Ex, 0 is a critical point of E on M. Thus, [135, Corollary 5.2] further yields the existence
of constants C,r > 0 and ¥ € (0,3] such that for all Y € M with 1Yl waz(ae) <7, it
holds that

[E(Y) — E0)]'™" < C|P(Y)AE(Y) 12 (an)»

where P(Y): L?>+(SY;R?) — L*1(S';R?) is the orthogonal projection onto the closure of
the tangent space TyMH'”LQ(dx). With [135, Proposition 3.3] it follows that

Ty M 2o — (X e L2H(SYR?) : (dG(Y), X) p2(ax) = 0}
= {X € L* (SYR?) : (vy4v, X) 12(dsy,y) = 0} O

To prove a version of the Lojasiewicz—Simon inequality for variations that are not nec-
essarily normal, the reparametrization argument in Section 3.3.1 is crucial. We use it to

extend Theorem 3.5.4 to area preserving variations with tangential component.

Theorem 3.5.5 ([99, Theorem 6.5]). Let the immersion ¥ € C*°(S';R?) be a constrained
critical point of Ex. Then there exist constants C > 0, ¥ € (0, %] and 7 > 0 such that

Vi2G(7)
L(v)

for all v € W42(SY;R?) with G(v) = 0 and ||y — Flyaz < 7.

£ = EAN' < O Vieéa(y) -

/Sl <VL25>\(7)’ VV) dsﬁ’ L2(dsy)

Proof. Let C' > 0, 9 € (0, %] and » > 0 be given as in Theorem 3.5.4. Moreover, let
# = #(%,7) be the constant of Lemma 3.3.1. We take some v € W#42(S'; R?) with G(y) =0
and ||y — 4|lw42 < 7. By Lemma 3.3.1, there exists a W%2-diffeomorphism ®: S — S!
and Y € B,.(0) C V+ such that yo® =4 + Y. Since 0 = G(y) = G(y o ®), we know that

G(Y) = 0. Thus, the invariance of £, under reparametrization and Theorem 3.5.4 yields

1EA(Y) = EAT = IEE+Y) = EAH)Y = [EA(Y) — EA(0)]
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Chapter 3. Area preserving elastic flow

< C|P(Y)AEXY) 2 (da)- (3.5.6)

By [135, Remark 5.4], the projection operator P(Y): L>+(S';R?) — L?+(S'; R?) is given
by

(dG(Y), X) 12(dz)

dG(Y).
(G gy

PY)X =X —

In particular, we have P(Y)(c1dG(Y)) = 0 for

1

a=c(y):= _W

[ (ViEat) ) ds,.
Moreover, comparing dEy and dG to the L?-gradients, we have
dE\(Y) = P* (V2663 +Y) [0:(3 +Y)|, dG(Y) = P*(V12G(4 +Y))[8:( + )],

where P+ = (., vy)vy. With these two observations, we obtain

IPY)AEA(Y )| 12(a0) = |1P(Y)(AEN(Y) + c1dG(Y)| 22(a)
< [ dEAY) + c1dG(Y) || L2 ax) (3.5.7)
= |PH (V&G +Y) + VG H + Y))0:(3 + V)l L2 (dn)-

By Sobolev embedding and possibly making r smaller, we can assume that |0,(% + Y| is
uniformly bounded for ||Y||y42 < . So, putting (3.5.6) and (3.5.7) together yields

Ex(Y) = ExA)TY S OV 2€a(yo @) + 1V 2G(v 0 )22 (ds,0n)
for a modified constant C' > 0. It remains to notice that the gradients are geometric, i.e.

Vi€x(yo @) = Vi28x(7) 0 @,
Vi2G(yo®) =Vi2G(y) o d.

With this, we obtain
[V2Exn(y o @) + c1VeG(v 0o @) 12(ds op) = VL2EA(Y) + 1V E2G (V) L2(ds,)

and the claim follows. O

3.5.3. Proof of full convergence

We are now prepared to enhance the subconvergence result to a full convergence result.

This finally proves Theorem 3.0.1.
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Theorem 3.5.6 (Convergence, [99, Theorem 6.6]). Let A > 0 and v: [0,00) x St — R? be
the global smooth solution of (3.0.3). Then there exists a family of smooth diffeomorphisms
®(t): St — S, t € (0,00), such that y(t,®(t,-)) converges smoothly for t — oo to a

stationary solution Yoo.

For the proof of full convergence, we use an argumentation similar to [44, Section 5], [115],
or [139]. However, we note that the H!-gradient flow structure partially obstructs the
usual procedure. Indeed, the time-dependent Hilbert spaces in which the energy decreases
do not coincide as sets, unlike for the L?-gradient flow. By considering suitably defined
time-independent norms, we overcome this difficulty. In [66], the authors have to face
similar problems.

We note that in [139], an elegant way to shorten the proof of convergence in [44, Section

5] is shown, but it seems that this cannot be transferred to H~!-flows.

Proof of Theorem 3.5.6. We take a smooth solution v: [0, 00) x S' — R? of Theorem 3.4.6
and (¢, -)—p(t) of (3.4.10), which is the reparametrized with constant speed and translated

solution.

Step 1: Convergent sequence. By the subconvergence result (Theorem 3.4.6), there exists
a sequence of times t; — 0o, such that 5(¢;,-) — p(¢;) converges smoothly to a stationary
solution 7 (which is kept fix throughout the proof). As discussed in Section 3.5.1, v is

an area constrained critical point of €. Due to (3.2.9), we know that

Ex(v(t)) = Ex(7(t) — p(t)) = Ex(Yo0) for all £ € [0, 00). (3.5.8)

We assume that the inequality is strict. If not, there exists ¢ € [0, 00) such that Ex(y(f)) =
Ex(7s0). But due to Lemma 3.2.4, this means £ (Y(t)) = Ex(Voo) for all t > 1, 50 9y =0
n [t,00) by (3.2.9). Thus, only the tangential velocity changes on on [t,00) and the

claimed convergence follows trivially.

Step 2: Fizing 6 = §(7so). For the following, we fix § > 0 such that for all ¢: St — R?
with ||¢ — Yeoll[c1 < 0, it holds that

10:¢| > M := %min |02 V00| = E(;::) > 0, (3.5.9)
see (3.4.2), and such that
0zC \ 02C 1
.= — 2 N2 >
|a | ‘a <a, |6mC|>|az<|’ > 2\oz| (3.5.10)

for all vector fields a normal to 7. The latter equation makes sense, because

9:¢ 92C OV
o e = e e~ !
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Chapter 3. Area preserving elastic flow

becomes small for || — Yoo||c1 small.

Step 8: New initial datum and new flow. Let 0 < € < %min{é,f, 1}, where 7 is given as
in Theorem 3.5.5 for 4 = 7. Then Lemma 3.3.1 yields the existence of &€ = £(g,7) > 0
such that for all X € B:(0) ¢ W"?(S';R?),

(oo + X) 0 ® = 7oc + Y

for a W72-diffeomorphism ® and Y € B.(0) C W72(S'; R?) normal to 7. Due to the
smooth subconvergence, there is an index i € N such that [|5(¢;) — p(ti) — Yool|lw72 < €.
Thus, there exists a W72-diffeomorphism ®; such that

(9(ti) = p(t:)) © Po = Yoo + No
for some Ny € W7T2(S!; R?) normal to 7., with
1 . .
| Nollw2 <e< 3 min{d,7}. (3.5.11)

For this index i, we set 49 := (J(t;) — p(t;)) © Po = Yoo + Np. Possibly choosing £ > 0
smaller, we can ensure that ®g does not change the orientation. So 7y describes a smooth

closed curve with A(5y) = Ag. Moreover, by Remark 3.3.2, &, and Ny are smooth.

The idea now is to take 7y as new initial datum and to consider

0y = V2V 26\(7 in (0,7) x S*,
{m 2V 6(3) in (0.7) x 55.12)

7(0,:) =% = Yoo + No = Yoo + P0Veo  ON st.
By Theorem 3.3.6 and Remark 3.3.7, there exists a a geometrically unique smooth solution
7 of (3.5.12) that can be written as J(t, ) = Yoo () + ¢ (¢, T) Vo (z) for some smooth scalar
function ¢. Let 0 < T" < oo the maximal existence time of this solution. The geometric
uniqueness implies that on [t;,7”), 4 is a smooth reparametrization of ¥ — p(t;). It follows

that for proving Theorem 3.5.6, it suffices to prove that 7" = oo and that 4 converges to
Yoo @S T — 00.

Step 4: Let T € (0,7"] be maximal such that
IN (&) |lwez = ||7(t) = Yoollwe.2 < min{d, 7}  for all ¢ € [0,T). (3.5.13)

Due to (3.5.11), such a T exists. Our goal is to show T'=T" = co. By parabolic Schauder

estimates (see [30, Section 4]), it can be shown that

sujP lle(®)|lce.e < C(5,7,7) and hence sujp 17(t) — Yoollcoe < C(6,7,70)  (3.5.14)

) 07
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3.5. Convergence

for some a € (0, 3).

Step 5: Application of the Lojasiewicz-Simon inequality. We define
H(t) == (Ex(3(1) — Ex(7o0))”  for t € (0,T).

Here 9 is given as in Theorem 3.5.5 for 7. Note that since ¥ is a reparametrization
and translation of v and we made the assumption that the inequality in (3.5.8) is strict,
H(t) # 0 for all ¢. With (3.5.12) and integration by parts, we compute

d 9—1 d

g ) = —(EG1) — E(re)) T HEG0)
= —0(Ex(A(1) — Ex(700)) " (V2Ex(3(1)), at’Y( ) L2(dss)
= —0(Ex(A(1)) ) NV a1, A ) L2(dss)
=9(Ex(V(Y)) — 5A(%o)) ||VsVL25A(7(t))||L2(ds@)-

Since 7 solves (3.5.12) with initial datum 7 with G(79) = 0, we know that G(7) = 0.
Thus, on (0,7, we can apply Theorem 3.5.5 and obtain
d VsV 2Ex(TO)F2 4,

T 2 O e e Bl e (8.5.15)

where

a(0) = g [ (TiEaG(0),7) dss.

L)) Js

Here, remember that V;2G(y) = —v and note that [[V2Ex((¢)) — e1(7(8))7| L2(as5) > 0
by Theorem 3.5.5 and E)(Y(t)) > Ex(Voo). Writing the denominator of (3.5.15) in terms

of the scalar curvature k = (k, 7) and using the Poincaré-Wirtinger inequality, we obtain
IVL2Ex( (1)) — ex(F ()7l L2 dss)
- 1- - 1 - 1- _
:‘Sk+fﬁ—Ak——ti/(£k+fﬁ—A@dﬁH
St

E('y)
<C(L(7)) (¥k+ S =)

L2(dsy)

L2 dS* _CHvva25>\(:Y(t))”L2(ds;/)' (3516)

Here, we used that (V%k,v) = 07k for all n € Ny and (V2(|x|?k),v) = 92k3. With
(3.5.16), we get

d _ _
= 1) = COIVV2E(G0) | 12(asy) = OO AN (3.5.17)

for a constant C' depending on bounds on £() and the constant of Theorem 3.5.5. The

definition of the latter norm is given in Section 3.1.1, see (3.1.9).

155



Chapter 3. Area preserving elastic flow

Step 6: Time-independent norm. With the same partial integration as in Lemma 3.2.6,
we see that V2V 26, (7) € H5 and hence 9;-5 € H5. So Lemma 3.1.7 implies that

1084 -2 = €111« (3.5.18)

for a constant C' depending on ||&||co, £(7) as well as |||0.7]|}|co and [|0.7||co. We al-
ready know that 7 is a reparametrization and translation of v and from the proof of The-
orem 3.4.6, we know that ||x||co and £(v) are uniformly bounded. Moreover, sup |9,7| ™
is bounded by (3.5.9) and (3.5.13) and sup |0;7| < sup |0z7 — OzYoo| + |0270o| is bounded
by (3.5.13). Thus, the constant C' does not depend on the choice of . Moreover, since

07 is orthogonal to 7.0, we have

_ 1
107« = sup AT
vewrt2\goy 1Y [l

1
sup —_
vewr2\gop 1Y [l
1
< sup 7/ (07, Y+*) dw
vewr2\{o} Y llwr2 Jst

1
+  sup —_—
vewrt2\goy 1Y [l

C(Yoo _
< ap SO g vy
vewt2to\{o} [[Ylwi2 Js1

1
+ sup —
vewr2\qoy 1Y llwre

[ (0.7 ds
Sl

/Sl <at’_77 YJ_OO> dz
[ (07054~ 0.5) do

|07 ) (700, 0:5))?

where Y4 = (Y, vy ) Voo and Wh2te = W2 N LY = (Y, v )00 }. For the first term in
the last inequality, we used a computation as in (3.1.10) and for the second term we used
O = (O, Voo Voo Since 1 = |Voo|? = [(Voo, V)2 + |(Voo, Os7)|? and |(veo, 7)| > 3 on (0,7T)
by (3.5.10), we conclude that

_ _ 34
10711 < C () 1051« + Ll (3.5.19)

on (0,7). Putting (3.5.17), (3.5.18) and (3.5.19) together yields

d
—=H(E) > Clla]. (3.5.20)

for a constant C' depending on the bounds of the solution « from the proof of Theorem 3.4.6,

the constants from Theorem 3.5.5, 6 and T'. Integration now yields that on (0,7"), we have

17(8) = Yoollx < 17() = ¥(0) [l + [17(0) = Yool < /0 1071 d7 + [|7(0) = Yoo«

< O((EF(0) = Ex())” = (EXFW) = Ex(1)) ") + 7(0) = Yool
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< CJ7(0) = voollZz + [7(0) = Yoolls < ClIA(0) = Yoo |2 (3.5.21)

Here, we used [|7(0) — Yoollx < [[7(0) = Yooll£2(70) < CL(Y00))17(0) = Yoo llco, (3.5.11),
and 9 < 1.

Step 7: Interpolation. Since N is normal to 7. and since A(5(t)) = A(7a0) = Ao implies
Js1(N(t), Vo) dsy,, = 0, we have ¥(t) — 700 = N(t) € H,,. Thus, Lemma 3.1.6 and
Lemma 3.1.7 yield

() = YoollF2 a5,y < 1) = Yoollar,, [17(2) = Yool 2
< ClF#) = Yool o [17(8) = Yoo«

< CIA() = ool 1, 17(0) = o0 lIZe < C8l17(0) = oo, (3.5.22)

where we used (3.5.21) and [|7(t) — Yool ., < ClI7(t) — Yoollws.2 < 6, see (3.5.13). With
[110, Prop. 1.1.3], we have

- - - G e
17(t) = Yoollws2 < 17(£) = Yoollcs < ClIF(E) = Yoollco ™ I17(E) — Yool 265

for a € (0,1). Moreover, by Sobolev embedding and with interpolation (see for example
14, Thm. 6.4.5 (3)]),

17() = Yoollco < 7(#) = Yool 0.3 < ClIAE) = Yoollwr2

F 1
< OF(®) = Yool 72 17(E) = Yoolljy2.2-

Putting the last two equations together and using (3.5.14) yields

6 6

1 1_ _6
I7() = ool < CIAE) = o0l 22 = 175 = 10012225 17(5) — oo G
< O, 8,30)3(0) — ool s

for some € (0,1). With (3.5.22) and (3.5.11), we obtain

_ _ 28 98
17(t) — Yoollwe2 < ClF(0) — vl 2 < Ce2. (3.5.23)

. ~ 2
Step 8: T =T' = co. Choosing € < (%C‘S’T})W, we obtain from (3.5.23)
min{d, 7}

3(8) = o e < 22

on (0,7). This gives a contradiction to the maximality of T if T < T”, see (3.5.13). Thus,
we obtain 7 = T" and (3.5.13) holds up to 7. Assume that 7" < co. Since (3.5.14)
holds up to t = T”, we can restart (3.3.16) with initial datum determined by 4(7”). This
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contradiction to the maximality of T” yields 77 = oo and
17(t) — Yoo llwe2 < min{4, 7} for all ¢ € (0,00). (3.5.24)

Step 9: Convergence. With (3.5.24) and (3.5.20), we obtain ||0;7||, € L'(Ry). From

t
() =3O < 15) =7l 170 = 3(E) 2 < €5 [ oy dr =0

for t',t — oo, it follows that lim; s, 7(t) exists in L2(S';R?) and thus equals 7. By a
subsequence argument, we obtain ||y(t) — Yeol|cx — 0 as t — oo for any k € N, i.e. the

claimed smooth convergence follows. O

3.5.4. Blow-up in infinite time

Without penalizing the length, solutions do not converge in general. A simple example for
arbitrary rotation index is given by the situation described in the following lemma. For
the sake of completeness, we state it now, even though the proof relies on an argument

that is presented in the following section.

Lemma 3.5.7 ([99, Lemma 6.9]). If Ay = 0 and X\ = 0, the length L(7) of the global

solution v from Theorem 8.4.6 becomes unbounded as time goes to infinity.

Proof. Assume there is M € R such that £(y(¢)) < M for all ¢ > 0. Then, proceeding as
in the proof of Theorem 3.4.6 yields subconvergence. As in Section 3.5.3, this improves to
full convergence to a stationary solution 7. This stationary solution satisfies (3.6.2) for

a constant c; € R, i.e. we have

0 =2c140 = E(Yoo) = AL(Voo) = E(Yo0)-

This implies koo = 0, which contradicts the closedness of v4. O

One might think that for Ag # 0 and A = 0, the length of a curve can be controlled by a
bound on the elastic energy. We expect that this is not the case. We have in mind a curve
shaped like a dumbbell (see Figure 3.2), where we can make the bar longer and thinner,
allowing us to increase the length without increasing the elastic energy or the area (cf.
also [23]). This means that also for Ay # 0, in general, we do not expect the length to
remain bounded, which would imply convergence for A = 0.

We also note that for convex curves with Ay # 0 and bounded elastic energy, it is possible
to control the length. This has already been proven in [63]. However, since we are working

with a higher order flow, convexity is generally not preserved, see [16].
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Figure 3.2: Curve shaped like a dumbbell.

3.6. Stationary solutions

The convergence result outlined in Section 3.5.3 raises interest in gaining a deeper under-
standing of stationary solutions — particularly with regard to the fact that, for certain

initial data, the limit cannot be an elastica.

3.6.1. The defect in the elastica equation

From (3.0.5), we see that ~ is a stationary solution if and only if there exists a constant
c1 € R such that

1
Vik + §|m|2/€ — Ak = 1. (3.6.1)

If ¢, = 0 and A > 0, we obtain the classical elastica equation (1.2.10), for which the
solutions are classified. So in a certain sense, the constant ¢; represents the deviation
from the classical case. Remember that the only closed elasticae are multifold coverings
of the circle and of the figure eight elastica, see [124, Lemma 5.4].

If Ag # 0, the defect ¢; in (3.6.1) can be measured in terms of the unpenalized elastic

energy and the length of the curve.

Lemma 3.6.1 (][99, Lemma 6.7]). Let y be a stationary solution and c; € R such that ~
satisfies (3.6.1). Then

2c1Ap = E(y) — AL(y), (3.6.2)

where £ is the unpenalized elastic energy.

Proof. We assume that v: S! — R? satisfies (3.6.1) on S. This implies

1
/ (V2k,7) ds—l—f/ |52 (K, ) ds—)\/ (K,7) d8:cl/ (v,v)ds. (3.6.3)
st 2 Jst st st

The first integral can be written as
/1 <V§I€) ’7> ds = — /1 <8svs/€7 as’Y> <77 as’Y> ds = /1 <V5KJ, ’f> <'77 as’Y> ds
S S S

_ 1 2 1 2
= =5 [ rPds =5 [ InR e ds,
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Putting this into (3.6.3) and with another integration by parts in the third integral of
(3.6.3) yields (3.6.2). O

Remark 3.6.2 (Equipartition of energy, [99, Remark 7]). If Ay = 0 and ~ is a stationary

solution, Lemma 3.6.1 implies that

E(y) = AL(Y),

So, the two parts of the penalized elastic energy (3.0.1) are equally weighted.

For a suitable choice of the parameters A, Ap, and w, stationary solutions satisfy (3.6.1)
with ¢; # 0.

Lemma 3.6.3. Let v be a stationary solution with rotation indexr w and let ¢; € R be
given such that 7 satisfies (3.6.1). If 2\Ag # ww, then ¢1 # 0.

Proof. If w # 0 and ~ satisfies (3.6.1) with ¢; = 0, then ~ parametrizes an w-fold covered

circle with radius r = \/% (see for example [124, Lemma 5.4]). This implies A(vy) = %%
If w = 0 and ~ satisfies (3.6.1) with ¢; = 0, then v parametrizes a (multifold covered)
figure eight elastica with A(y) =0 = %T. O

Note that ¢; # 0 does not necessarily imply that « does not describe an elastica. This
becomes apparent with the following simple example. Take Ag and w having the same sign
and consider a curve which describes an w-fold covered circle with radius r = /A (rw) 1.
Then this curve satisfies (3.6.1) with ¢; # 0 in general.

3.6.2. Existence of non-elastica stationary solutions

The dynamic approach with the H Lgradient flow provides an elegant proof of the exis-
tence of solutions to (3.6.1) that are no elastica. We emphasize that this has been proven
before by giving concrete examples in [142], [155] or [159]. For more details on this, see
also Section 3.6.4. With our approach, there is no need for an explicit parametrization
using Jacobi elliptic functions (as in [142], [155] and [159]), but simply an appropriate

choice of the initial datum.

Corollary 3.6.4 (of Theorem 3.0.1, Existence of non-elastica stationary solutions, [99,
Corollary 6.8]). There exists c; € R and solutions to (3.6.1) that do not describe a multifold

covered circle or figure eight elastica.

We consider a concrete example. Let A > 0, w = 0 and Ay # 0. Clearly, for this choice
of parameters, there exists an admissible initial datum, see for example Figure 3.1. By
Theorem 3.5.6, the solution to (1.6.1) with this initial datum converges to a stationary
solution. Since the rotation index and the enclosed signed area are preserved along the flow,

this stationary solution satisfies w = 0 and Ay # 0. The only closed elastica with w =0
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is the figure eight elastica with A = 0. Thus, the stationary solution does not describe an
elastica. The same arguments apply for A = 0 and arbitrary w # 0. Figure 1.3B gives an

exemplary initial datum.

3.6.3. Symmetries

We already know that stationary solutions exist that are not elasticae. Our goal is to
better understand their structure. Let us first examine their symmetries provided by

phase plane methods.

Working with the scalar curvature k = (k,v), v is a stationary solution if and only if there
exists ¢; € R such that

1
%k + §k3 — Mk =y (3.6.4)

Compare this to (3.6.1) and note that (V2k,v) = 92k. Moreover, multiplying (3.6.4) with

Osk, we see that for a stationary solution ~, there is co € R such that

%(askz)2 + ék‘* — %1& —c1k = . (3.6.5)
Remark 3.6.5. Let the stationary solution v be reparametrized by arclength, such that
s = 0,¥|710; = 0. As in [8, Section 2.2], we can interpret the task of describing
stationary solutions as the problem of determining the motion of a particle in a fourth-
order potential:

If k gives the displacement of the particle and k” stands for the second derivative in time,
the acceleration of a particle is given by k” = F(k), where F stands for the forces acting

on the particle. With the conservative force field

F(k) := _ 4 <;k4 — %kz‘ — clk)

coming from the fourth order potential V = ék‘l - %kQ —c1k and with k” = 92k, we obtain
(3.6.4). The total energy of the particle is preserved, i.e. with the kinetic energy %(k")g,

we have

%(k’)2 +V (k) = c2,

which corresponds with &' = 95k to (3.6.5).

In the following, the aim is to better understand the structure of (3.6.5), or, to put it

differently, to gain a clearer understanding of the potential V from Remark 3.6.5.
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Lemma 3.6.6. For ¢y € R given, we consider the function

1
V:R =R, V(k:):gk:‘*—%

k? — cik.
(i) If 27c2 > 8\3, V possesses one critical point, which corresponds to the global mini-

mum.

(i3) If 27¢2 < 8A3, there are three critical points of V, at which we have two local minima

and one local maximum.

(iii) If 27¢2 = 8\3 there exist two critical points of V. At one of them we have the global

minimum, the other corresponds to a saddle point.

Proof. We consider the derivative

TV (k) = 5k =Mk (3.6.6)

with the not necessarily distinct roots k1, ko, k3 € C. Since (3.6.6) is a third order poly-
nomial with real coefficients, at least one of the roots is real. We follow the theory in [84,
Section 10.3] to prove the claim without computing the roots explicitly. The discriminant
of (3.6.6) is given by

1
76 k1 — ko)? (k1 — k3)? (ko — k3)? =: A.
For the polynomial in (3.6.6) its value is computed to be
Loy3 2
A= (8X° - 27c}).

If A > 0, the three roots ki, ko, ks are distinct and real. Since V is a fourth order
polynomial with positive coefficient for the fourth order term, we conclude that V' possesses
two local minima and one local maximum. In the case that A < 0, (3.6.6) has one real root
and two nonreal complex conjugate roots. It follows that there is only one local extremum
of V' which is a local minimum. Moreover, if A = 0, then (3.6.6) has a multiple root
and all its roots are real. From the structure of V' we deduce, that there is one root with
multiplicity one, which corresponds to a local minimum, and the other two roots coincide

and correspond to a saddle point. ]

Figure 3.3A and Figure 3.4A show V for exemplary values of A and ¢; in the case (i) and
(ii). Note that a change of the sign of ¢; causes a reflection at the vertical axis.

From the structure of V' we can now derive the following (see also [35, §12]). Given A > 0
and ¢; € R, the set {k € R : V(k) < ¢a}, consists of at most two bounded intervals
It = [kmin,1; kmax,1] and I> = [kmin 2, kmax2]. At the endpoints of these intervals (if they
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0sk

»

CN
N

(A) (B)

Figure 3.3: Example for the case 27¢? > 8)3. Parameters \ = % and ¢; = 1. Potential V'

in (A) and phase curves for ¢3 € {—1,0,1,2,5} in (B).

are not empty), V equals cy. Assume that ¢y is a regular value in the sense that ¢y does

not equal the value of V' at any of the critical points. Then the equation

(9sk)?
2

+ V(k) =co, k€ [kmin,i7 kmax,i} (367)

defines a smooth curve diffeomorphic to a circle in the (k, dsk)-plane. Since (3.6.7) is even
in Jsk, this curve is symmetric to the k-axis. See Figure 3.3B and Figure 3.4B for concrete
examples.

In the following section, we distinguish the cases

(I) I = [a,b] for a < b and Iy = (), i.e. there exist two real solutions a,b € R of
V (k) = ¢, (see Proposition 3.6.14) and

(II) I = [a,b] and I3 = [¢,d] for a < b < ¢ < d, i.e. there exist more than two real
solutions a, b, c,d € R of V (k) = ca (see Proposition 3.6.15).

Remark 3.6.7. If ¢y equals the global minimum of V', k is constant (which is an admissible
stationary solution for a certain choice of the parameters w and Ag). If ¢; is as in case
(ii) of Lemma 3.6.6 and ¢y equals the local maximum of V, the curve in the phase plane
contradicts the closedness of . For this, see [8, Section 3.3 and Figure 6]. The same is the
case if ¢; is as in case (iii) of Lemma 3.6.6 and ¢z equals the critical value of V' at which
there is no local extremum. So these values of ¢; and c¢s can be excluded when considering

closed curves.

Before we proceed, let us outline the properties of the solutions to (3.6.7), see [35, §12]
and [158].

163



Chapter 3. Area preserving elastic flow

dsk

(A) (B)

Figure 3.4: Example for the case 27¢? < 8\3. Parameters \ = g and ¢; = i. Potential V'

in (A) and phase curves for ¢; € {—1,—1, 1,1} in (B).

Lemma 3.6.8 ([158, Lemma 4]). Let v be a stationary solution with length L. Then,

after reparametrizing by arclength and a shift in the argument,
(i) k is periodic with period T = L#'O and k(% + 8) = k:(% — s) for s € [O, %},
(ii) k(0) = k(T) = max|g | k = kmax and k(L) = minjg 7.1 k = kmin,

(iii) Osk(0) = dsk(L) = 0 and either Osk < 0 or sk =0 on (0, %),

T
(iv) /02 kds = %

for some n € N.

Remark 3.6.9. We note the following about the value n € N in Lemma 3.6.8.
(i) If k is not constant, n counts the number of minima of & in [0, Lso].
(ii) For w =1, we have n > 2. This follows from [6, Symmetry Theorem].

(iii) If n > 2, the stationary solution -y is n-fold rotationally symmetric.

3.6.4. Explicite parametrization

From here on, we consider only the case where c¢; is nonzero. For the case where c¢; is
zero, we know that the stationary solutions are elasticae, which means that they describe
either an w-fold covered circle or a multifold covered figure eight.

Let us first summarize what is already known from previous works. For ¢; # 0, (3.6.1)

is the equation which determines the equilibrium shapes of cylindrical fluid membranes
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exposed to a pressure difference ¢; and experiencing a tensile stress A, see [142] or [155].
In this context, (3.6.1) is the Euler-Lagrange equation corresponding to the problem of

minimizing the elastic energy
1
) / 152 ds + AL(Y) + e A() (3.6.8)
.

with penalized area (c; > 0 given) and penalized length (A > 0 given). In [142], a
complete classification of the critical points corresponding to closed curves is presented.
Similarly, [155] explicitly provides solutions to (3.6.1) in a format comparable to [142]. The
authors state a condition under which a solution describes a closed curve and investigate
when the curve is simple. We also want to mention that for A = 0 in (3.6.8), we obtain
the Tadjbakhsh—Odeh functional, see [150] and [159]. The corresponding Euler-Lagrange
equation is again of the form (3.6.4), see [159, (11)]. In [159], the authors classify the
solutions for w = 1 and give an explicit condition for the existence of nonelastica solutions.
By [42, Lemma 5.4], minimizing (3.6.8) is equivalent to minimize £, under the constraint
of fixed enclosed area. The latter problem is studied in [158] and [159] for w = 1. The
authors of [126] extend the problem to w € Z. They study an auxiliary problem and
show all the solutions in terms of the curvature. According to [126, End of Section 2], the
authors plan to investigate the existence and non-existence of solutions for given enclosed
area and given rotation index (and free \) in a forthcoming article. This would bring us
closer to understanding our stationary solutions for a given initial datum. However, to
our knowledge, this article has not yet been published. For some further references, see

also the citations within the mentioned articles.

The variety of different references already indicates the complexity of classifying the sta-
tionary solutions. In this thesis, we limit our focus to proposing an approach for finding
stationary solutions that are not an elastica. We intend to see a few concrete examples.
Additionally, we aim to partially demonstrate how the results found in the literature fit
together. Our approach is primarily based on [126] at the beginning and later on [155].

First, we need to introduce Jacobi elliptic functions.

Jacobi elliptic functions

For a detailed introduction to elliptic integrals and Jacobi elliptic functions, we refer to
[1], [25] or [100]. We only summarize what we need for the following. Throughout this
paragraph, let p € R with [p| < 1.

Definition 3.6.10 (Amplitude function). The amplitude function am(-,p): R — R is
defined to be the inverse function of

? 1

RoSR, 2z | — o
: 0o 1—p?Zsin?p
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Definition 3.6.11 (Elliptic integrals). We define the incomplete elliptic integral of first

kind as

z 1
F<$7p) ::/0 7(1@7

1 —p2sin?
such that F(-,p) = am~!(-,p). The incomplete elliptic integral of third kind is defined as

1

xX
(z, o2, :/ de,
( P) 0 (1—a?sin?p)y/1—p?sin?¢p 4

where o? € R such that 1 # a? # p?. Moreover, we define the complete elliptic integral of
first kind as

(3.6.9)

bl 1
K(p) = / 4
®) 0 1—p?sin?yp 4
and the complete elliptic integral of third kind as

us

2 1

II(a?, :/ de.
(o%.p) 0 (1—a?sin?p)y/1 — p?sin?p 4

Definition 3.6.12 (Elliptic functions). The Jacobi elliptic functions are given by

en(s,p): R—= R, cn(z,p) = cos(am(zx, p)),
sn(-,p): R = R, sn(z,p) =sin(am(zx,p)),

dn(,p): R =R, dn(z,p) = \/1 — pZsin?(am(z, p)).

We show the graphs of the Jacobi elliptic functions cn, sn and dn for p? = % plotted on
[0,4K (p)] in Figure 3.5.

— sn(x, p)

K

— dn(x, p)

Figure 3.5: Jacobi elliptic functions for p? = %
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The periodicity of the Jacobi elliptic functions, which can also be seen in this figure, is

formalized in the following lemma.

Lemma 3.6.13 (Periodicity, [1, Section 16.2]). Let ! € Z and x € R. Then

0
and therefore

cn(x + 4K (p),p) = en(z, p),
sn(z + 41K (p),p) = sn(zx, p),
dn(z + 21K (p),p) = dn(z, p).

Explicit expressions for the curvature

In this subsection, we consider a given stationary solution 7: [0, Loo] — R? reparametrized
by arclength with nonconstant curvature. There are ¢; € R such that v satisfies (3.6.4) and
¢2 € R such that v satisfies (3.6.5). We work with V': R — R defined as in Lemma 3.6.6.
Combining the results of [126] and [155], we obtain the following explicit expressions for

the curvature k: [0, Loo] — R. The first proposition belongs to Case (I) of Section 3.6.3.

Proposition 3.6.14 (cf. [155]). If c1,ca are such that there exist exactly two real solutions

a,b € R, a>b, of V(k) = ca, then the curvature of the stationary solution is represented
by
(Aa + Bb) — (Aa — Bb)cn(i\/ABs,p)

ki(s) = 3.6.10
1(e) B+A+(B—A)cn(i\/ﬁs,p> ( )

up to a shift in the argument. Here, we set

A= A2 +Bb+a)?  and B = \JAS()?+ (b+3a)?,

where ¢ = R(c) + iS(c) is one of the imaginary solutions of V(k) = ca. The elliptic

modulus p is given by

B 1\/1 4(3(c))? + (3a + b)(a + 3b)
="\ AB

The next proposition covers Case (II) of Section 3.6.3. A curvature of the form ks could
correspond to the red line on the right hand side in Figure 3.4A, while a curvature of the

form k3 could correspond to the left red line in Figure 3.4A.
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Proposition 3.6.15 (cf. [155]). If c1, co are such that there exist real solutions a,b,c,d €
R,a>banda+#c>d#b, of V(k) = ca, then the curvature of the stationary solution is

represented either by

ko(s) = d + (a=d)(b—d) (3.6.11)
(b—d) + (a—b)sn? (1 /(= a)(d— b)s, p)
(in this case d < c < b < a), or by
ks(s) = ¢ — (c=a)c=b) (3.6.12)

(c=b) = (a = Bsn2(§v/(c = a)(d = D)s,p)

(in this case b < a < d < ¢), up to a shift in the argument. Here, we set

~ J(c—d)(a—Db)
PV e=a@—0

Note that if ¢ = d in Proposition 3.6.15, then ko and k3 coincide. We are slightly antici-
pating here, but we also point out that this is only interesting in the case where V has a
local minimum at ¢ = d. If V has a local maximum at ¢ = d, the curvature ko = k3 does

not describe a closed curve, as explained in [8, Section 3.3].

To prove the preceding two propositions, not many new ideas are required. Rather, our
task is to bring together the already existing results. To understand what is happening,
we partially reproduce the arguments of these established results. The briefly summarized
proofs of Proposition 3.6.14 and Proposition 3.6.15 are provided on page 175 and page
179, respectively.

What is the idea? Due to Lemma 3.6.8, we know that after a shift in the argument, the

curvature k: [0, L] — R is either constant or its restriction to [0, £=] is a solution of

Pk+ i3 — M= on [0, Z=],
D.k(0) = Duk(L=) = 0, (3.6.13)
Osk <0 on (0, LQ%L‘J)

for some n € N. Here, the differential operator d; = J, is just the ordinary derivative.
Without loss of generality, we assume that & is monotone decreasing on (0, Lﬁ) If not,

we achieve this through an additional shift in the argument.

Problem (3.6.13) is studied in [126]. As in this article, we intend to find a representation

of the solutions to (3.6.13). So, the following steps are similar to what is done in [126].
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For a given smooth solution k: [0, Lﬁ] — R of (3.6.13), we define

a:= max_k=Fk(0) and b:= min k=k(5=).
0] o]

’ 2n ’ 2n
Since dsk < 0 on (0, Lﬁ), we know that a # b. By integration, we obtain

k)2 = —1k4+xk2+201k— — 1a4+Aa,+2c1a 3.6.14
( 4 4

Moreover, there exists § € R such that

(85k:)2:—i(k—a)(k—b)((a;b+k>2+46). (3.6.15)

This is because of the conditions in (3.6.13), which tell us that the right hand side of
(3.6.14) can be written as (k — a)(k — b) times a second order polynomial in k. And since
no third order terms appear at the right hand side of (3.6.14), a short computation shows
that this second order polynomial is of the form —% ((“T'H’ + k:)2 +44) for some § € R. We

now define

b b
_datb d Q= a*j’ . (3.6.16)

P

With this definition, P+ Q = a + b and 2(P — Q) = a — b. Moreover, we set

%:=;<k+P;Q>. (3.6.17)

Then k(0) = P and k(4=) = Q and k solves
(0sk)% = (P — k) (k — Q) (k* + ). (3.6.18)

This is an approach which is also found, for example, in [116]. From now on, we have to
distinguish different cases. The case d > 0 leads to Proposition 3.6.14 and the case 6 < 0
leads to Proposition 3.6.15.

First, let us assume that

0>0 and P+Q <0.

In this case, we consider & given as
on [0, Z=). (3.6.19)

Note that k is strictly monotone decreasing and attains values between P and @, such
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that & is well defined. Equation (3.6.18) transforms to

= (P Q)(F - pg) @ + 9) (R + 2%F + o). (3.6.20)
Moreover, since P > ) we know that
k(0)=P-Q)'>0 and k(s) oo for s— L=,

Since tan?(-) attains values between 0 and oo on [0, T), we make the ansatz to write &k on

[0, 5=) as

(3.6.21)

- b e VP2 4§ o(s)
k(s) = (P Q) 1<1+mtan2( > ))

for some function ¢(s) with ¢(0) =0, go(g%f) = 7 and attaining values in [0, 7). For this
change of variable from k to ¢, see also [116, p. 160]. Note that we are in the case 6 > 0,
such that \/Q2 + 0 # 0 and VP2 + 6 # 0. So the coefficient in front of the tangent is well
defined and different from zero. One the one hand, differentiating (3.6.21) yields

~ 1 P2+4
59 —2(py. 1
05k = P-QVE o 2tan ¥ cos™ (%) - 505¢. (3.6.22)

On the other hand, a rather long computation shows that putting (3.6.20) and (3.6.21)
together, yields

- VvVP2+46 1
:\/P_Q\/Qz—l-(s\l %Q2+6P—Qtan2

M

2 VP?+34§ 1 P2+
tan? £ + tan? 2
(P=QPVQ*+s 7 (P-QP@+0 2
1
1 20 1 VP44, an? £ + 1\’
Q2+6P Q QzroP- Q\/Q27 Q%46
P2is\t JPPis )
— <Q2+5> tanij (1+tan 5)
1+ sin? % cos? % 20 +20P -2 (3.6.23)
VP2 +5/Q? +6
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Let us further define

Y 5+ QP
p.—J2<l \/P2+5\/Q2+5>. (3.6.24)

Note that this is well defined since

5+ QP < \/Q2P? +25QP + 52 < \/Q2P? + P25 + Q25 + 8% = VP + 6,/Q2 + 4.

Comparing (3.6.22) and (3.6.23) and using trigonometric identities then yields

Oyip = (P* +0)1(Q* +0)7 (cos® § +sin” £) J L+ sin? £ cos” § (

= (P2 —|—5)i(Q2 —1—5)@/1 —p?sin? o .

Separation of variables and using that ¢(0) = 0 leads to

2420
VP2 +6Q%2+9

9 1 9 1 w(s) 1
PP+ 6 Q7 +6)is= [ — L dp. (3.6.25)
0 V1-—p?sin?p
With ¢(£=) = 7 and (3.6.9), we obtain
L g 1 2 1
P2+ 6)i 2+5%ﬁ:/ 4 :2/ e =2K(p)
DM@ = | Tt T VT, W)
(3.6.26)

which turns (3.6.25) into

4n @(s) 1
—K(p)s = —dp.
LW ) e

Comparing this to Definition 3.6.10 and Definition 3.6.12, we see that

cosp(s) = cn (%K(p)s,p) .
Using trigonometric identities, this turns our ansatz (3.6.21) into

VP46 1cos<p(s)>
VQ2+6 1+ cosp(s)

V@ HE VP + (VT — VPP ) cosp(s)
- (P~ Q)@+ (1 + cos p(s))

k(s)=(P-Q)" (1 +
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\/Q2+5+\/P2+5+(\/Q2+5—\/P2+5) n( {2 K (p)s,p)
(P= QV@T5 (1+ a2 K(p)s.p)) |

With (3.6.19) and (3.6.17) we arrive at

=13 q) -5

2
_ PW+QW+(P\/Q2+5 QVP T n(f2K@)s.p) P 4q
s e (V@ T VT (k)2
(3.6.27)

on [0,%=). Clearly, k(s) — 2Q — PLQQ =b for s — L=

Let us now assume that for smooth solution k: [0, LQ—%O] — R of (3.6.13), it holds that

0>0 and P+Q > 0.

So, we remain in the case that § > 0, but the sum of the maximum and the minimum of
the curvature is now positive. Intuitively, one might think of reversing the orientation of
the curve described by k, which changes the sign of the curvature and, consequently, the
sign of the sum of the maximum and minimum. This is, visually speaking, the basic idea.

We consider
_ I
k(s) =~k (52 —s), selok=].
Then k is monotone decreasing and attains values between

G=— min k=-b and b= — max k= —a.
0.4] o.4]

' 2n ? 2n

For ¢ replaced by —c1, k solves (3.6.13) and (3.6.19). And with a short computation, one
checks that k solves

(0sk)? = —i(/% —a)(k —b)((a;E—F k>2 +45)

with the same § > 0 as for which £ solves (3.6.15). So defining
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3.6. Stationary solutions

we obtain the representation

Q5+ QUFTT s+ (V@R 45 - VRS (2 K(sn)  p g
k(s) =2 B
m+\/Q2+6+(\/Q2+5 W)cn( K (p)s,p) ?

where p is given as in (3.6.24). This yields
=~ (o~ () =5 )
P«/Qz 5+ OQVPZ+0+ (P\/Q2 16— QVDP? +6) (L—” (p)s,p) PO

VP E5 4+ Q75+ (V@73 — VP?+3) en(#2 K (p)s,p) 2
(3.6.28)

cn (%K(p) (%;:’ - 8) ,p) = cn (QK(p) - %K(p)s,p) = —cn (%K(p)s,p) :
Comparing (3.6.27) and (3.6.28), we summarize that in the case

6> 0,

the solution k: [0,5=] — R of (3.6.13) is represented by (3.6.27) with p defined as in
(3.6.24). Moreover, it holds that

K(p) = 22 (P 4 8)(Q+ ),

A

see (3.6.26). We note that this result can be found in [126, Lemma 4.1].

To be able to compare the representation that we found to the formulas in [155] and [49]
and to come to the statement of Proposition 3.6.14, we now write (3.6.27) in a slightly
different form. For this, let us consider the implication of § > 0. Specifically, it means
that the right hand side of (3.6.15), when viewed as a polynomial in k, is only zero at
k =a and k = b < a. Therefore, we write (3.6.15) as

—i(k—a)(k—b)((a;bJrk) +45>:—i(k—a)(k—b)(k—c)(k—d) (3.6.29)

where ¢,d € C\ R and d = ¢* where ¢* = R(c) — iS(c) is the complex conjugate of c.

Comparing the coefficients in (3.6.29) yields

_ (S(e)?
b=
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Next, we define

A= 432+ (Bb+a)? and  Bi= \/43()? + (b + 3a)2. (3.6.30)
A short computation shows that
A=4\/Q?+6 and B=4VP2+5.

With this, we see that p defined in (3.6.24) can be written as

+ (3a + b)(a + 3b)
P= \/1 - AB

Moreover, a quick look reveals that (3.6.26) is expressed in terms of A and B as

4n
AB = —K(p).
I ()

With (3.6.16) and (3.6.30), we rewrite (3.6.27) as
PA+ BQ + (PA— BQ)cn( V/ABs, p) P+Q
B+ A—(B- A)cn( VABs, p) 2

B (Aa + Bb) + (Aa—Bb)cn( V/ABs, p)

k(s) =2

(3.6.31)
B+A—(B- A)CH( VABs, p)
for s € [0, 5=]. Having in mind Lemma 3.6.8, we set
h(s) =k (L= — ) (3.6.32)
for s € [5=,L=]. Since $VAB = #2K(p) and

on (2K0) (% - 5), p> —on <* W) =on (££K w)s.0)

due to Lemma 3.6.13, (3.6.32) is given by the right hand side of (3.6.31). For s € [0, L],
= _periodic extension of k given on [0, =] as in (3.6.31) and in (3.6.32).

we consider the &

Shifting the argument by
2K(p) _8K(p) Ls

iVAB  VAB  2n

174



3.6. Stationary solutions

which changes the sign of cn, we define

8K(p)> (Aa + Bb) — (Aa — Bb)cn(%@s,p)

k1(s) ::k(s—i- JAB) B+A+(B—A)cn(i\/@5’p>

This is exactly the representation given in Proposition 3.6.14. Let us summarize what we

have done.

Proof of Proposition 3.6.14. Let v: [0, Ls] — R? be a stationary solution, parametrized
by arclength, such that ~ satisfies (3.6.5) for ¢1,co € R. Then, by Lemma 3.6.8, after a
shift in the argument, the curvature k satisfies (3.6.13). Since we assume that ¢, cy are
such that V (k) = co has exactly two real solutions, k satisfies (3.6.15) for some § > 0.
It follows that k is represented by [126, (4.1)]. Relating ¢ to the imaginary solutions of
V (k) = c2, we derive the representation in Proposition 3.6.14, which is also found in [155,
Theorem 1]. O

Now, we consider the case that 6 <0 in (3.6.15). First, let us assume that

0<0 and P+Q > 0.

Since P > @, this implies that P > 0. If we assume that @) < 0, then l%(s*) = 0 for some
s* € (0,4=). By (3.6.18), (8;k(s*))? = —PQé < 0, a contradiction. Thus, 0 < Q < P.

) 2n

Moreover, if we assume that v/—¢ > P, we obtain a contradiction to (3.6.18), which is

~

0< (0uh)? = (P~ Ry (k— Q) (k — V=8 (k + V9).

Assuming @ < v/—§ < P yields the existence of s* € (0, Lﬁ) such that k(s*) = v/—0.
This implies (9sk(s*))? = 0, a contradiction. Thus, we know that 0 < v/—6 < Q. We
further assume that v/—9 # @Q and clarify later why. In summary, we consider

0<V-4<Q<P (3.6.33)
In the current case § <0 and P + @ > 0, we define
k(s) := (k(s) +v=3)"" on [0, L=).

Since k decreases, k increases and

ek = —(h +V=0) 20,k = (f + V=02 (P — ) (k — Q)(? + )
:ﬂ (p_% m) (1—¢?5—Q) (}_2%—7“@)2%)
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=\/(P+\/—75)(Q+\/—75)\/( P+1F> (Q+1F )(1—2\/—7/}).

(3.6.34)

. . . . . 1
Since k is monotone increasing and attains values between Vs and \/—5, we make

the ansatz

- 1 1 .
k(s) = FEa <Q+\/7 P_’_\/i)sm%o(s) (3.6.35)

for some smooth function ¢ with ¢(0) = 0 and go(g%j) = 5. On the one hand, differenti-

ating this ansatz yields

- 1 1
Ok =2 — i Os0. 3.6.36
(Q+\/—75 P+¢—TS>SIWCOW i (3.6.36)

On the other hand, combining the ansatz and (3.6.34), we obtain

8512::\/(P+\/—75)<Q+\/—75) <<Q+1\/_75—P+1\/j6>sin2g0

(- (- o))
Piv=o Q+v=o \Q+va p+r
2/ 75 N R Ve B WAL
<p+r <Q+r p+r>sm“” ))

. 1 1 P—+/-=6
:\/(P+¢55)(Q+¢55)81nw608w(Q+m—P+\/_7;> p+g

-4/1 — p2sin? o, (3.6.37)

where we set

. 2V/-0(P - Q)
-\ @Q+V=0)(P - V=)

Due to (3.6.33), p is well defined. Comparing (3.6.36) and (3.6.37) yields

= Ve Vo P - Va1l prsint e

Separation of variables and using that ¢(0) = 0 leads to

o(s) 1

——d
V1 —p?sin? g v

Ve voa/P—vas= 0 (3.6.38)

176



3.6. Stationary solutions

With ¢(£=) = Z, we obtain

Z:LO\/QJM/—TS\/P—\/—TS:/OQ dp = K (p)

v
V1 —p?sin? ¢
Comparing (3.6.38) to Definition 3.6.10 and Definition 3.6.12, we see that

2n

cos p(s) = CD(EK(p)S,p).

With this, (3.6.35) becomes

M0 = 57+ (grvss ~ prves) - oo kW),

which brings us to

k(s):2k(s)—P+Q:2< 1 —\/?5>—P+Q

2 k(s) 2
2 P + Q
= — +< o ) 2(2771[(() ) — /=6 —
Q+v-—4 Prv=s  Q+v=s) M\ L M W)%P
2(Q + V=8)(P + v/=9) W P—;Q. (3.6.39)

PV (P Qe (ZK(p)s.p)

We check that k(0) = 2P — Z59 = g and k(4=) = 2Q — 4% = .

Let us now assume that for the smooth solution k: [0, Lﬁ] — R of (3.6.13), we have

0<0 and P+Q <0.

With the same observations as on page 172 for the case § > 0, we see that
k(s) := —k‘(g%j—s), s € [O,Lﬁ}.

is monotone decreasing, attains values between —b and —a and is thus represented by

Fs) — 2(Q +F_)(P+\2ﬁ) _Q\ﬁ_P—gQ,
P++v/=3— (P - Q)en?( K (p)s,p)
where
P::1<3maxlg+ min I%)z_gb_a:—Q and Q:=—P with P+Q >0.
AN\ 042 o5 4
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This yields

k)=~ (4 (% - (5 -9))
AP V=H@Q- V)
P —V/=6 — (P = Q)en?( 22 K (p)s, p) 2

Il
\
5
—~
ol
SR
\
VA
~——

(3.6.40)

We summarize that in the case

the solution k: [0, Z=] — R of (3.6.13) is represented by (3.6.39) with p defined as in

' 2n

(3.6.24) if P+ @ > 0. If the sum of maximum and minimum is negative, i.e. P+ @Q < 0,
then k is represented by (3.6.40). Moreover, it holds that

K@%:%§¢Q+VCE¢P—VTE

We note that the first part of this result can be found in [126, Lemma 5.1].

Remark 3.6.16 (6 <0 and P+ Q = 0). We exclude the case that § <0 and P+ @ = 0.
IfP+Q=a+b=0,then a <0 < b, since a # b. So there is s* € (0,£=) such that
k(s*) = 0. Since a + b = 0, this implies that (9sk(s*))? = —abd < 0, see (3.6.14). We
recall, that this contradicts (3.6.13).

Again, we rewrite (3.6.39) and (3.6.40) to be able to compare the results to [155]. We
observe that § < 0 implies that the right hand side of (3.6.14), when viewed as a polynomial
ink,iszeroat k =a, k =b<aand k =c, k =d < ¢ for some ¢,d € R. A short

computation reveals

Moreover, by comparing the coefficients or by Vieta’s formulas, we know that

a+b+c+d=0. (3.6.41)
With this, we find
_ [le=d)(a-b)
r=\ 6= (3.6.42)
and
2n 1
QK(Z?) = (b—d)(a—c). (3.6.43)
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With (3.6.41), we find that if P+ Q > 0, then d < ¢ < b < a. Indeed, P + @ > 0 implies
0 <+v—d <@ < P, which yields ¢ < b. Similarly, if P+Q < 0, then Q < P < —v/—0 < 0.
This leads to a < d and thus b < a < d < ¢. In both cases, (3.6.42) and (3.6.43) are well
defined.

Working with a, b, ¢, d, it becomes clear why we excluded v/—3 = @Q in the case 6 < 0 and
P+ @ > 0. If we would have v/—9 = @, then a short computation shows using (3.6.41)
shows that b = c¢. This brings us to the case that ¢y equals the local maximum of V(k),

which does not lead to a curve with finite length, see Remark 3.6.7 and [8, Figure 6.
IfP+Q>0,ie d<c<b< a, combining (3.6.39), and (3.6.41), (3.6.43) yields the

representation

ka(s) == d + (a=d)b—d) . (3.6.44)
(b= d) + (a = bjsn2 (3 v/la = )~ d)s.p)
If P+Q<0,ie b<a<d<c, wefind with (3.6.40) and (3.6.41) that
ks(s) i= ¢ — P é)csn;z() £c (cbi ) , (3.6.45)
Again, we set
ki(s) = ki (L= — s) (3.6.46)

L

for s € [5=, L=] i =2,3. Since 1\/(a —d)(b—d) = 72K (p) and
sn? (%K(p) (L% - 5) ,p) = sn? (f%K(p)s,p) = sn? (%K(p)s,p)

due to Lemma 3.6.13, (3.6.46) is given by the right hand sides of (3.6.44) and (3.6.45). For

Loo
n

s € [0, L], we consider the -periodic extension of k;, i = 2,3 given on |0, LT“’] as in
(3.6.44) and in (3.6.45). This yields exactly the representation given in Proposition 3.6.15.

Let us again summarize what we have done.

Proof of Proposition 3.6.15. Let v: [0, Loo] — R? be a stationary solution, parametrized
by arclength. Then ~ satisfies (3.6.5) for ¢1,¢co € R. By Lemma 3.6.8, after a shift in
the argument, the curvature k satisfies (3.6.13). Since we assume that cj,c2 are such
that V (k) = co has more than two real solutions, k satisfies (3.6.15) for some § < 0.
If the sum maxk + mink is positive, it follows that k is represented by [126, (5.1)]. If
max k + min k is negative, we derive that k is also given by [126, (5.1)] when replacing
v/—6 by —v/—6. Relating § to the two additional solutions ¢, d € R of V (k) = ¢z, we derive

the representation in Proposition 3.6.15. O
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Remark 3.6.17. It is possible to verify by a computation that ki, ko, and k3 indeed
solve (3.6.4) and (3.6.5). For this one uses that comparing the coefficients of (3.6.14) and
(3.6.15) reveals

_3 o 1
A= 8(a+b) — 16(3a+b)(a+3b)—5,
1

1 2
1 = 372(Cb+b)(a— b) + 55,

see also [126, (3.4)]. Written with the (in one case imaginary and in one case real) zero
c € Cof V(k) = cg, this is

1
A= Z(QQ + b% 4 ¢ 4 ab + ac + be), (3.6.47)
1
= —é(a +b)(a+c)(b+c), (3.6.48)

see also [155, (17),(18)]. Observe that the right-hand sides of (3.6.47) and (3.6.48) are real
even if ¢ is not real. This is evident with (3.6.41) and d = ¢* if ¢ € C\ R. Moreover, we

have
1, 1
cy = fza 4+ Xa 4+ 2c1a = Zabc(a +b+c)

for the integration constant in (3.6.5).

Closing criterion

When looking at the explicit representations of the curvature of stationary solutions in
Proposition 3.6.14 and Proposition 3.6.15, one naturally wonders for which choice of the
parameters, (3.6.10), (3.6.11), and (3.6.12) describe closed curves. To derive an explicit
expression for the curve v from the curvature k, two integrations are required. For the given
equations, this is a difficult task. However, in [155, Section 4], a condition for closedness
is presented that requires only one integration. This is made possible by exploiting the
structure of equation (3.6.4). We would like to present this simple yet elegant trick here.
We note that while the ideas are elaborated on in [155], the trick is already known from
8].

Proposition 3.6.18. Let 0 < P; < oo be a period of k;, i = 1,2,3, for k; given as in
(3.6.10), (3.6.11), or (3.6.12). Then a curve ~y; described by k; is smoothly closed if and
only if

P;
/O ki(s)ds = == (3.6.49)

for some w € Z and n € N.
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We would like to point out that a similar closedness condition can also be found in [9].
The authors provide an additional constraint on a periodic curvature function which forces
the associated curve to close up. Using the structure of (3.6.4), we are able to require less

on the coefficients w and n than in [9].

Proof of Proposition 3.6.18. Let ~; be a curve described by k; with tangent vector field 7;

and normal vector field v;. Since k; solves
2 1 3
Bski + ikz — Xk, =1
with A > 0 and c¢; € R, it holds that
L. 2 L.,
85(85ki Ti — ikl v; + Ay — Cl")/i) = 8ski i + Osk; kiv; — k;0sk; v; + ikz ki — ANkiTi — 11

== (882/@ + %k? — )\kz‘ — 61> T = 0.

Integration of this equation yields

_ 1

1
(aski T; — *kizyi + /\I/z) +C (3.6.50)
C1 2

Vi

for a constant C' € R?. By suitably translating the origin, we have C' = 0. Further, we
define the angle function 6;: [0,R) — R by

Let us now assume that there is n € N and w € Z such that (3.6.49) holds. Then
Py
0;(nP;) — 6;(0) = n/ ki(s)ds = 27w,
0

since k; is P;-periodic. Thus, we obtain

vi(nP;) = < Sinei(n-Pi)> _ ( sin 0;(0)

cos 0;(nP;) cos 6;(0) > =1;(0), 7i(nP;) = 7;(0). (3.6.51)

It follows by (3.6.50) that v(nP;) = v(0). Thus, the curve described by k;: [0,nP;] — R is
zeroth order closed. First order closedness follows by (3.6.51) and smooth closedness by
the periodicity of k;.

For the other implication, let us now consider a smoothly closed curve ; with length L
that is described by k;. For its tangent vector, it holds that 7;(L) = 7;(0). By the definition
of the tangent vector, this implies that there exists w € Z such that 6;(L) = 6;(0) + 27w,

where 6; is an angle function describing ;. Without loss of generality we assume that
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0;(0) = 0. Then (3.6.50) reveals

7i(0) = - (—;k?(()) N )\) d (L) = c1 <—§k22([,) + )\> )

It follows that k;(L) = +k;(0) and Oski(L) = Jski(0) = 0. When deriving the represen-
tation formulas for k;, we have seen, that the structure of equation (3.6.5) implies that
Oski(s) = 0 if and only if s = m% for m € Z and some fixed n € N and % = %. This
implies that

9w = 6(L) — 0;(0) = 0,(nP) = / ki(s)ds = n / ki(s) ds
0 0
and the second part of the claim follows. O

We now aim to formulate the closing condition (3.6.49) for the explicit formulas ki, ko,
and kg for the curvature. The periods of k;, i = 1,2, 3, can be determined by the periods
of cn(s,p) and sn?(x,p). The integrals are then computed using a handbook of elliptic
integrals. With formulas (110.08), (361.54), and (361.63) from [25], we obtain the following

lemma.

Lemma 3.6.19 (cf. [155, Theorem 1, Theorem 2, and Section 4]). Let 0 < P; < oo be the
least period of ki, i = 1,2,3, for k; given as in (3.6.10), (3.6.11), and (3.6.12). Then

16 8

Pl:\/ﬁf((m and Py =P3= (c—a)(d—b)K(p).
Moreover,
Py B Aa — Bb (A4 B)(b—a) _(A—B)2
; kl(s)d5—16m(A_B)K(p)+8m(A_B)H< 1AG ,p>a
P 8 a—2>
[ hateyas = S <dK(p)+(b—d)H<a_d,p)),

/OP3 ks(s)ds = = S(d_ D) (cK(p) + (c—a)ll (Z:z,p>> )

With this, we have derived explicit closing conditions that are comparatively straightfor-

ward to verify.

Examples for stationary solutions

We are now ready to find some examples of stationary solutions and gain insight into their
immense variety.

First, we consider the case where the curvature of the stationary solution is given by kj.
We use Lemma 3.6.19 and solve both (3.6.49) and L, = nP; for fixed parameters n and
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3.6. Stationary solutions

w and for fixed length Lo, = 27 using Mathematica. This yields the closed curves shown

in Figure 3.6, Figure 3.7, and Figure 3.8.

— L, o6

(A)
Figure 3.6: Examples of embedded stationary solutions represented by k; as in (3.6.10).
For (A): A~ 0.219, ¢; =5, n =2, for (B): A = 0.853, ¢; =18, n = 3, for (C):
A & 2.043, ¢; = 40, n = 4, and for (D): A = 2.237, ¢; = 100, n = 6. For all
examples Lo, = 2m and w = 1. The figures are scaled differently.

o= s L A
X 1 ¥

Figure 3.7: Examples of nonembedded stationary solutions represented by k1 as in (3.6.10).
For (A): A~ 2331, ¢, =7, n=2, for (B): A = 6.891, ¢; =12, n = 2, for
(C): A= 2982, ¢; =21.7, n =3, for (D): A~ 6.175, ¢; = 28, n = 3, for (E):
A~ 14.226, ¢; = 75, n = 4, for (F): A\ =~ 43.296, ¢; = 180, n = 4, for (G):
A~ 44.679, ¢c; = 250, n = 5, and for (H): A = 43.625, ¢; = 300, n = 6. For all
examples Lo, = 27 and w = 1. The figures are scaled differently.

Naturally, many additional questions arise immediately, such as the conditions under
which the solution is embedded. To answer these questions would exceed the scope of this

section. For the question of embeddedness, we refer to [155, Section 5] or [8, Section 4.4].
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(XD &=

(B)

Figure 3.8: Examples of stationary solutions represented by k1 as in (3.6.10) with w = 0 in
(A) and w =2 in (B). For (A): A =~ 25.995, ¢; = 70, n = 4, 4-fold covered, for
(B): A = 6.308, ¢c; = 508, n = 4, double covered. For both examples Lo, = 2.
The figures are scaled differently.

As explained above, to find examples of closed curves described by ki, we fix the length.
We observe that if a curve v is a stationary solution, i.e. satisfies (3.6.4) for some ¢; € R,
then a scaling 4 = rv, r > 0, of v satisfies

C1

k= et (3.6.52)

O A

Rk + Sk° —
2
i.e. solves the equation for stationary solutions for A = %2 and ¢; = 7%. The enclosed area

scales with the factor r2.

(9

(A) (B) (€)

Figure 3.9: Examples of stationary solutions represented by ko as in (3.6.11). For (A):

A =3, ¢; =0.50000063, n =2, Lo ~ 24.844, for (B): A =1, ¢; = 15, n =3,
Lo =~ 58.643, and for (C): A =1, ¢; = %, n = 6, Lo =~ 55.0164. The figures

are scaled differently.

Next, we consider stationary solutions whose curvature is given by k2 as in (3.6.11) or
k3 as in (3.6.12). This time, we take a different approach. We specify explicit values for
A and ¢1, and use Mathematica to search for solutions to (3.6.49) for these parameters.
The examples we find have different lengths. Taking into account (3.6.52), the curves can
be scaled arbitrarily. Examples for stationary solutions with curvature given by ko are
presented in Figure 3.9. In Figure 3.10, examples for stationary solutions described by k3

are given.
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3.6. Stationary solutions

(A) (B) (©)

Figure 3.10: Examples of stationary solutions represented by k3 as in (3.6.12). For (A):
A =2, ¢1 =0.50000063, n =2, Ly, ~ 17.136, for (B): A= 1, ¢ = 15, n = 3,
Loo ~ 22811, and for (C): A =1, ¢1 = £, n =6, Lo ~ 19.495. The figures
are scaled differently.

There are various ways of fixing certain parameters and comparing the corresponding
stationary solutions. We have only presented a few of the many possible closed curves.
For more examples of stationary solutions, see [155], [142], [126], [116], [150], or [159].

185






CHAPTER 4 .

Outlook

In this thesis, we have investigated two variants of the classical elastic flow. There are,
of course, many other variants inspired by physical and biological considerations. Based
on the two problems we studied, we would like to suggest a few ideas for further research

topics that could be explored.

Heterogeneous elastic wires with density dependent spontaneous curvature

Let us assume we are in the situation described in Chapter 2 and consider elastic curves
with a heterogeneity that is described by a density function. From an application per-
spective, it might be interesting to choose the spontaneous curvature cp, see (2.0.2), as a
function dependent on the density. In three dimensions, this would, for example, describe
the situation of BAR-domain proteins attaching to cell membranes, see for example [145],
[149], or [89].

Mathematically, we would consider a curve 7 described by an angle function 0: [0, L] — R

with density p: [0, L] — R, the sufficiently smooth spontaneous curvature
co: R—R

and the energy

£40.0) = [ (Bo)(@:0 — colo)? + n(2.p)?) ds

0

(for the details, see also Section 1.5). For the L2-gradient flow under the constraints of

closedness and fixed total mass, we would obtain

{ate = 05 (B(p) (950 — co(p))) + Ag1 sin @ — Agg cos 0, (4.0.1)

Oip = pdzp — 58/ (p)(58 — co(p))? + B(p) (958 — co(p))ch(p) — Aps

where the Lagrange multipliers Ag; and Age are given as in (2.1.2) with ¢y = ¢o(p) and

L
M0 =7 [ (=508 0 + 5(0) (0.0 colp))ch(p)) .

Since the additional terms are of lower order, we expect the same results for local well
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Chapter 4. Outlook

posedness and global existence as in Chapter 2. However, regarding the qualitative prop-
erties, it would be very interesting to study the modified flow equations (4.0.1) in more
detail. For example, let us briefly look at the preservation of convexity. The evolution

equation for the signed scalar curvature k is given by
Ok = B(p)02k + 2058(p)dsk + (02 B(p) + A1 cos 0 + Mgz sin )k — 92(B(p)co(p))- (4.0.2)

We observe that the structure of the last term in (4.0.2) allows for new results on the

preservation of convexity, depending on the relationship between the functions 8 and cg.

Fourth order elastic flow with modulated stiffness

Another interesting project would be to study the L?-gradient flow of the energy &£,(v, p),
see (1.5.1), directly, without working with an angle function. This would have the advan-
tage of removing the restriction to planar curves. It would result in a coupled system of
a fourth order equation and a second order equation. While this would be a gradient flow
for the same energy, the decrease of energy would behave differently, and the flow would
exhibit different properties. For example, one might think of the preservation of convexity,
which we do not expect for a fourth order equation. Instead of a Lagrange multiplier for
the closedness constraint, one would obtain a Lagrange multiplier to keep the length fixed
(if desired). For this system, a different theory than in Chapter 2 would be needed to
establish local well posedness. The author is not aware of any existing maximal regularity
results in the literature, such as the one in [101] used in Section 2.3, that could be directly

applied.

Rotationally symmetric heterogenous vesicles

A naturally arising idea is to consider not heterogeneous elastic wires, but heterogeneous
elastic shells. In other words, to study biological vesicles whose geometry is influenced by
a density on the surface. Put differently, this involves considering the Canham—Helfrich
energy (1.1.2) with density dependent bending rigidities. Concerning discrete densities,
we mention [31], where the minimization problem for axisymmetric multiphase surfaces is
studied. Our suggestion would be to study continuous densities. We propose to consider
axisymmetric surfaces obtained by rotating a curve contained in the xz-plane around
the z-axis. Ome could consider this curve as heterogeneous and generating a density
distribution on the surface. This would exclude certain configurations, we particularly
think of the images in [13, Figure 2]. Therefore, another step could be to consider the
density independent of rotational symmetry. Additionally, examining non-rotationally
symmetric surfaces could be another further step. For this problem, we suggest working
within the weak varifold setting from [19]. There, the existence of varifold minimizers

for the Canham—Helfrich energy in the presence of multiple phases, so essentially discrete
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densities, is studied. In this context, we also want to mention [130], where the authors
consider not a sharp but a diffuse interface model, which allows for mixtures between
phases and models concentration fields of the different phases by smooth density functions.
They derive a sharp interface limit for diffuse phase separation energies of Modica—Mortola

type for phase fields on varying generalized surfaces.

Combining heterogeneity and incompressibility

To cover an even broader range of suitable modeling questions, one could also consider
studying an elastic flow that accounts for both heterogeneities and incompressibility. One
option would be to work with the system of a fourth order and a second order equation,
mentioned above, and introduce an additional Lagrange multiplier, as in [129]. Alterna-
tively, one could work with an angle function as in Chapter 2. Note that a closed curve

described by the angle function 6: [0, L] — R encloses the signed area

L rs
A@Z;ALAQMWﬁ—WOM&M

This formula can be shown by a short computation using (1.2.6) and (1.5.2).

Self similar solutions for the area preserving elastic flow

Another interesting question is whether self similar solutions to the area preserving elastic
flow exist. For the free elastic flow, we observed in Example 1.4.2 that both the lemniscate
of Bernoulli and multifold covered circles are self similar solutions. Additionally, for the
curve diffusion flow, the lemniscate of Bernoulli also acts as a self similar solution, see
[55]. Are there such solutions for the evolution equation (1.6.1)7 Of course, we need to
consider the special case Ag = 0 and A\ = 0 for this. Similar to [55, Lemma 9], we prove

the following lemma.

Lemma 4.0.1. Let A = 0. Let v9: S' — R? be a smooth reqular initial datum. Then
the solution to (1.6.1) with initial datum -y evolves self similarly if and only if there is a
constant K > 0 such that

1
%(%%+2%)=Khmmx (4.0.3)

where kg is the signed scalar curvature of o and vy denotes its normal.

Integrating (4.0.3) yields the condition A(y9) = 0, which must obviously hold for self

similar solutions. The question is, which curves satisfy (4.0.3)?
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Incompressibility for networks of curves

In the last two decades, networks of curves and their evolution along gradient flows have
gained increasing attention. See [88], [113], [141], [133], or [152], to name just a few exam-
ples. One version is to study the motion by curvature of networks, which is essentially the
analogue of the curve shortening flow for networks. We do not address the exact defini-
tion of a network or the formulation of the geometric flow with the appropriate boundary
conditions here. However, it is worth noting that, for example, [112, Section 5.1] provides
interesting insights into the evolution of the area, which is enclosed by multiple curves
forming the network. We wonder how an incompressibility condition can be incorporated
into the study of flows of networks, which could certainly find its justification in physical
and biological contexts. However, it is first necessary to choose a specific definition of a
network. How many curves are considered, and how are they connected? From the math-
ematical and also from the modeling perspective, several questions need to be addressed
initially. Next, it must be determined which area should be kept constant. This also
depends on the chosen definition of a network.

This remains a very open and poorly defined question but could lead to an interesting

project.
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