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Abstract

Deckelnick and Dziuk (2009) proved a stability bound for a continuous-in-time
semidiscrete parametric finite element approximation of Willmore flow /elastic flow
of closed curves in R%, d > 2. We extend these ideas in considering an alternative
finite element approximation of the same flow that retains some of the features of
the formulations in Barrett, Garcke, and Niirnberg (2007b, 2008b, 2010b), in par-
ticular an equidistribution mesh property. For this new approximation, we obtain
also a stability bound for a continuous-in-time semidiscrete scheme. Apart from
the isotropic situation, we also consider the case of an anisotropic elastic energy. In
addition to the evolution of closed curves, we also consider the isotropic and ani-
sotropic elastic flow of a single open curve in the plane and in higher codimension
that satisfies various boundary conditions.

Key words. elastic flow, Willmore flow, Navier boundary conditions, clamped bound-
ary conditions, parametric finite elements, tangential movement, anisotropy

AMS subject classifications. 65M60, 66M12, 35K55, 53C44, 74E10

1 Introduction

In this paper, we study gradient flows of elastic energies for curves. FElastic energies,
which are based on the integral of the squared curvature of a curve, have been considered
as early as 1738 by D. Bernoulli. A first definitive analysis of curvature energies using
methods of calculus of variations is due to Euler in 1743, see Euler (1952). Elastic
energies have many applications e.g. in rod theories, and in the theory of splines. For
a discussion of classical results and classical applications, we refer to Truesdell (1983).
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Recent applications include the modelling of DNA rings, see Goyal et al. (2005); Tu
and Ou-Yang (2008), edge completion in computer vision, see Mio et al. (2004), and in
theoretical efforts to understand curved nanostructures, see Tu and Ou-Yang (2008). The
simplest evolution problem related to curvature energies is the corresponding L2-gradient
flow, which we will numerically study in this paper for various curvature energies both
in 2d and for curves with higher codimension. We will also focus on the case of open
curves, which gives the additional feature that boundary conditions have to be prescribed
at the ends. We point out that boundary value problems for Euler-Lagrange equations
or gradient flows related to curvature energies are notoriously difficult, and only a few
results are known so far, see e.g. Deckelnick and Grunau (2007, 2009); Schétzle (2010)
and the references therein. In addition, we also generalize our numerical approaches for
elastic flows to anisotropic situations. Below we state the problems under consideration
in detail.

Let (I'(t))iejo,r) be a family of closed curves in R%, d > 2, parameterized by Z(p, t) : I x
0, 7] — RY, where I := R/Z. Introducing the arclength s of the curve, i.e. 95 = |7,|71 9,
on I'(t) = #(1,t), then

F= i, = .2, =0 (1.1)

denotes the usual curvature vector of I'. In the case d = 2, we can introduce curvature
via 7 = 3 ¥ with 7/ := —7+ and -1 acting on a vector in R? denoting a clockwise rotation
through 90°.

For a given A € R, we will consider the following energy
E\(T, %) = / [L122 + A ds, (1.2)
r

where [, f ds:= [, [|Z,] dp for f: I — R. Analogously to the case of two-dimensional
hypersurfaces, the bending energy Fy(I', ), i.e. (1.2) with A = 0, is often also called the
Willmore energy of the curve I'. In this paper we will refer to (1.2) as the elastic energy
of I'. The inclusion of the parameter A either penalises growth (A > 0) or encourages
growth (A < 0) in the length of the curve. Another reason for the inclusion of A is that as
a time-dependent parameter it can act as a Lagrange multiplier for a length preservation
constraint. Historically the minimization of an elastic energy under a length constraint
has received particular attention, see e.g. Euler (1952); and this has applications in e.g. rod
theory. In this paper we want to derive finite element approximations of the L2-gradient
flow of (1.2). This flow is of interest as a means to find stable critical points of (1.2). Here
we recall that critical points of (1.2) are called elasticae. Hence the L2-gradient flow of
(1.2), i.e.

f=-V2z - YAz + A5z, (1.3)

is commonly called elastic flow of curves, or Willmore flow of curves. Here V2- := V, (V-
and V, 7= ﬁﬁs is the normal component of 75, where P:=1Id—7,®%, is the projection
onto the part normal to I' and Id is the identity operator/function on R?. We note that
the velocity #; in (1.3) has no tangential component, i.e. Z;.Zs = 0.



For d = 2 and A > 0 global existence of smooth solutions for (1.3) was proved in Polden
(1996), while the corresponding result for curves in arbitrary codimension and A > 0 was
obtained in Dziuk et al. (2002). The latter paper also suggests a finite element approxi-
mation for (1.3). The first error analysis for a numerical approximation of (1.3), including
a stability result for a continuous-in-time semidiscrete finite element approximation, was
recently presented in Deckelnick and Dziuk (2009). It is the aim of this paper to extend
this stability analysis to an alternative finite element approximation, which retains some
of the features of the schemes presented in previous work by the authors, see Barrett,
Garcke, and Niirnberg (2007b, 2008b, 2010b); notably an equidistribution property.

The starting point for our schemes in the planar case d = 2 in Barrett, Garcke, and
Niirnberg (2007b, 2008b) was to allow for a nonzero tangential velocity in (1.3). Since
such a velocity has no influence on the geometric evolution of I'(t), a valid alternative
L?-gradient flow formulation is

ft.ﬁ:—%ss—%%‘?—l—)\%, (1.4)

where, in the case d = 2 as % = » v, we note that E\(I', ) = E\(T', ») and that (1.3)
can equivalently be written as @ = (=, — 1 5® + A3) . For the planar flow (1.4)
the present authors introduced fully practical finite element approximations in Barrett,
Garcke, and Niirnberg (2007b) and Barrett, Garcke, and Niirnberg (2008b), where the
schemes in the latter paper naturally generalize to the Willmore flow of two-dimensional
surfaces in R3. The schemes in Barrett, Garcke, and Niirnberg (2007b, 2008b) have in
common that an equidistribution property can be shown for the corresponding continuous-
in-time semidiscrete approximations. The case of closed curves in arbitrary codimension
was considered in Barrett, Garcke, and Niirnberg (2010b). In order to recover the desired
equidistribution under discretization, it is once again essential to allow for a nonzero
tangential velocity. Hence in Barrett, Garcke, and Niirnberg (2010b) the present authors
introduced the following L2-gradient flow formulation for (1.2):

Piy=—(Vy#), — (|7 2)s + Ast= —V2a - Lz 2+ A%, (1.5)

and presented a fully practical finite element approximation based on the corresponding
weak formulation. The approximation is also generalized to the anisotropic elastic flow
in higher codimension, where the curvature energy (1.2) is replaced by an anisotropic
equivalent. We stress that it appears that for none of the mentioned schemes in Barrett,
Garcke, and Niirnberg (2007b, 2008b, 2010b) a stability analysis seems to be possible.

It is the aim of this paper to combine the techniques in Deckelnick and Dziuk (2009)
and Barrett, Garcke, and Niirnberg (2010b) in order to introduce fully practical approxi-
mations of (1.5), for which the continuous-in-time semidiscrete variants can be shown to
be stable and to have an equidistribution property. Moreover, we want to extend these
new approximations to the anisotropic elastic flow.

In the case of planar curves, i.e. d = 2, one could consider the energy
Bal.)i= 4 [ (o= 9 ds. (16)
r
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where 8 € R is a given so-called spontaneous curvature. Clearly, Ey(T, 3) = Eo(T, 5).
However, it follows from the GauB-Bonnet theorem that [, ds = 27 m(T), where
m(T') € Z denotes the turning number of I'. Here, the turning number of a planar curve
is defined as the winding number of the normal around zero, which is well-defined for
continuous piecewise smooth curves. Noting this, we have that

/F<%—ﬁ)2 dS:/F[%24—52](13—25A%dSZA[%2+ﬁQ}dS—4ﬁﬁm(F). (1.7)

Asm(I") is invariant for smooth flows, then (1.7) yields that such gradient flows of EB(F, )
and F, (T, s) are equivalent for the choice A = % (32. This also generalises to the anisotropic

case, see Lemma 2.1 below. Similarly for d > 2 and a given 5 € R?, one could consider
the energy

E4T,3) =1} /F 17— G ds.

Clearly, EG(F, %) = Fy(T', ). Noting, on applying integration by parts, that

/ﬁ.ﬁds:/ﬁ.fssds:o, (1.8)
I I

we have that Eg(l", %) = E\(T', %) for the choice A = %|ﬁ|2 Hence for closed curves,

there is no advantage in considering the energies E§<F’ x), for d > 2, and EB(F, x), for
d =2, over E)\(T', ) and E\(T', ) = E\(T', %), respectively. Moreover, it follows from the
above analysis in the case d = 2 that the unique global minimizers of F)(I', %) for A > 0
are given by circles of radius (2 )\)’%. It is possible to generalize this result to d > 2,
on recalling the fundamental theorem that [}, |5 ds > 27, with equality only for convex
curves in a plane, from Fenchel (1929); see also Chai and Kim (2000). In particular, it
then follows from the bounds

1
2es [Aas< i ([1zras) <@yt am),
I I

where |I'| denotes the length of I'; and the fact that the right hand side equals to 2 7 for

circles of radius (2 )2, that such circles are the the unique global minimizers of Ey(T', 37)
for A > 0 in R?, d > 2.

Moreover, a further approach that will lead to similar, yet different, evolution equations
is to consider the energy Fjs(T', k) in R?, where

k=[] = [ 7] (1.9)

denotes the curvature of I' in the Frenet—Serret frame, sometimes also called absolute
curvature. Here the parameter 3 € Rs( prescribes an intrinsic curvature value, see e.g.
Goyal et al. (2005); Garrivier and Fourcade (2000); Swigon (2009); Lin and Schwetlick
(2004) for more details. In order to generalize our approach to full rod theory, the torsion
of the curve has to be considered. It is possible, building on the techniques introduced in
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this paper, to consider finite element approximations of the corresponding flows, and this
will form part of our future research in this area.

Another aspect of the present paper is the study of the elastic flow for open curves,
where now Z(p,t) : [0,1] x [0,7] — R? parameterizes (I'(t))icjo). As the elastic flow
(1.5) is of fourth order, we need to prescribe two sets of boundary conditions at the two
endpoints of the curve. In this paper, we will consider the clamped boundary conditions

7(0,t) = dy, (1,t) =d, and 7,(0,t) = G, (1,) = (1,
where @ € R4 and (; € S* ! := {Fe R : [5] =1}, i = 0 — 1; and, in the case d = 2, the
symmetric Navier boundary conditions
Z(0,t) =dy, ©(1,t) =a; and x(0,t) =0, »(1,t) =0, (1.10)
where 8 € R. For these Navier boundary conditions, it is essential to consider the energy

E(, ) := /

T

(15— B]ds (1.11)
in order to recover the flow (1.4) together with (1.10). We remark that considering the
natural higher codimension analogue of (1.11), i.e. E5(I', %) := [o[3 15> = 3. 5] ds for a
given ﬁ € R? leads to a flow satisfying the boundary conditions

7(0,t) = dy, Z(1,t)=a, and #(0,t) = P(0,t)3, #(1,¢)=P(1,t)3.  (1.12)
As the conditions (1.12) do not appear to have a natural physical interpretation, we do
not pursue this in detail in this paper. In the case of clamped boundary conditions, on

the other hand, we show that, as for closed curves, the gradient flows of (a) E\E(F, %)

and Ey(I', ), and (b) EB(F,%) and Ey(I', ») are equivalent. Once again we are able
to introduce fully practical finite element approximations of these open curve problems,
for which the continuous-in-time semidiscrete variants can be shown to be stable and to
have an equidistribution property. Moreover, we extend these new approximations to the
anisotropic case. To our knowledge, the finite element approximations introduced here
are the first numerical approximations of such initial boundary value problems in the
literature. We note that solutions to the corresponding stationary problems have recently
been analysed in the graph case in Deckelnick and Grunau (2007, 2009).

The layout of this paper is the following. In the next section we introduce our new vari-
ational formulations of these elastic flow problems. In Section 3 we introduce continuous-
in-time semidiscrete finite element approximations of these problems. We show that such
approximations satisfy a stability bound and a mesh equidistribution property. In Section
4 we introduce the corresponding fully discrete versions of the semidiscrete approxima-
tions derived in the previous section. At every time level, a linear system has to be solved
for the approximations in the case that \ is a fixed given parameter. We show the well-
posedness of these linear systems under very mild restrictions on the mesh, and in Section
5 we discuss our approach for solving these linear systems. In situations where A\ acts as
a Lagrange multiplier for a length constraint, we obtain a nonlinear system of equations
at every time level. Finally, in Section 6 we report on numerous numerical experiments,
which demonstrate the effectiveness of our fully discrete approximations.



2 Variational formulations

2.1 Isotropic elastic flow

On defining the test function space
Voz=1{neVy: 7.4, =0}, where V, := HY(I,R?) and V; := H'(I,R),

the present authors in Barrett, Garcke, and Niirnberg (2010b) obtained the following
weak formulation of (1.5): Given I'(0) = Z(I,0), with Z(0) € V,, for all ¢ € (0, 7] find
['(t) = Z(1,t), where Z(t) € V, and #(t) € V, - such that

—

(PZ, — A3, X)r — (Vs 52, Vs V)r — 3 (|7 T, Xo)r =0 YV ¥ € V2, (2.1a)

(z,Mr+ (Zs,s)r =0 VijeV,. (2.1b)

Here, and throughout, (-,-)r denotes the L?inner product on I'; that is, (u,v)r :=
[y u.v|Z,| dp.

In this paper, we will derive an approximation based on an alternative formulation
of (1.5). We consider the L?-gradient flow of (1.2) for I'(t) = Z(I,t), with ¥ € V,, and
» €V, subject to the side constraints

<Q7 ﬁ)l‘ + <fm ﬁs>F =0 v ﬁ € KO (228“)
and (3. 7Z5,X)r =0 Vxely, (2.2b)
where Uy := L?*(I,R). Here we should stress that the finite element discretization of

the constraints (2.2a,b), building on the ideas published in the series of papers Barrett,
Garcke, and Niirnberg (2007b,a, 2008b, 2010b,a), will lead to an induced tangential motion
that gives rise to an equidistribution property in the semidiscrete setting. Of course, on
the continuous level the side constraint (2.2b) is redundant, recall (1.1). We now consider
E)\ as a functional in  and ». We want to compute its derivative, taking the constraints
(2.2a,b) into account. Using the formal calculus of PDE constrained optimization, see
e.g. Troltzsch (2010), we now introduce the Lagrange multipliers ¢ € V, and z € U, for
(2.2a,b), and define the Lagrangian

L(Z,3#,7,2) =1 (3, @+ AN = G4 9)r — (T, Yo)r + (2. Ts, 2)1 (2.3)
where |T| = (1,1)p is the length of I'. Hence we obtain, on taking variations [ £](X),

{1,
[ L](¢ &), E = L](7]) and [£ £](x), that the direction of steepest descent of E under the

constraints ( a,b) is given by —[Z L](X), with the remaining variations of £ set to zero.
In particular, we obtain the gradlent flow

—

<P‘rt7 > <€ v >F__<(|%‘2_2% y+2)\)x87Xs>F_<Z%7XS> VX»EKO7

(2.4a)
<Qaﬁ>f‘+ <fsaﬁs>1“ =0 VﬁGKO, (2.4(3)
(3.7, X)r = 0 VyeU. (2.4d)



It follows from (2.4b,d) that P§ = % and z = 7.#,. Hence the normal part of the
Lagrange multiplier § agrees with the curvature vector, but in addition it may have a
nonzero tangential component z. Overall our formal weak formulation of the L2-gradient
flow for (1.2) subject to (2.2a,b) can now be formulated as: Given I'(0) = Z(7,0), with
7(0) € V,, for all t € (0, 7] find T'(t) = Z(I,t), where Z(t) € V,,, and ¢(t) € V,, such that

(P, X)r — (Vs 0, Vs X0 — S {(IPF? = 20) @5, Xo)r + (7. 75) PU, Xs)r =0 VY€V,
(2.5a)

(PF,Mr+ (F, ifyr =0 VeV, (2.5b)

An important property of the formulation (2.5a,b), which will have repercussions on the
discrete level, is that it is independent of the tangential part, ¥/.Z,, of the Lagrange
multiplier . To see this, note that it immediately follows from (2.4b,c) that

—(Vo i, Vs X0r + (7. Z) PT, Xs)r = —(Vs %, Vi X)r ¥V X €V, (2.6)

which yields that (2.5a,b) is independent of /. 5. The identity (2.6) also gives an insight
into the connection between (2.5a,b) and (2.1a,b). In particular, this means that enforcing
(2.1a) also for test functions X' € V, \ V- yields no further conditions on &, as can be
seen on choosing ¥ = x @, in (2.1a) for all xy € V,. Moreover, in common with similar
formulations of general geometric evolution equations in the series of papers Barrett,
Garcke, and Niirnberg (2007b,a, 2008a, 2010b), the tangential part (Ia — ﬁ) Z;, of the
velocity vector 7y is not prescribed in (2.5a,b). Hence there does not exist a unique solution
to (2.5a,b). Under spatial discretization, the tangential part of the discrete approximation
to @y will be intrinsically fixed, and this choice will lead to an equidistribution property.
The nonuniqueness of 7. ¥, on the other hand, appears to persist on the discrete level.
However, under appropriate spatial and temporal discretization uniqueness of a fully
discrete solution is ensured.

Comparing (2.1a,b) and (2.5a,b) we observe that the main difference is that in the
latter, the Lagrange multiplier 3/ is allowed to have a nonzero tangential component, while
in the former the curvature vector i is always normal. As a result, the test spaces for the
first equations differ and, moreover, an additional fourth term is introduced in (2.5a). In
particular, in the new formulation it is possible to test (2.5a) with ¥ = #;; whereas (2.1a)
only allows for testing with ¥ = ﬁft, which does not lead to straightforward estimates on
the discrete level. Apart from these differences, the two formulations (2.1a,b) and (2.5a,b)
are very close.

REMARK. 2.1. In applications it is often natural to look at flows with a constraint on
the total length of the curve. A time-dependent \(t) € R can also be interpreted as a
Lagrange multiplier for a side constraint on |I'(t)|. For the length preserving flow version
of (2.5a,b), we would choose

A(t) = — 2.7

( ) <xsays>f‘ ( )

to yield |T(t)|, = (Z,, (Z)s)r = —(P§,Z)r = —(§, PZ,)r = 0, where we note that (2.7) is
well-defined because (Z,, Go)r = —(P , v = (P, P e = —(% #)r

~J



2.2 Anisotropic elastic flow

Here we generalize the previously introduced geometric evolution equations to the case of
anisotropic curve energy densities.

In many applications the energy of a curve in R? depends locally on the orientation
in space. For the case of curves in R? d > 2, the local orientation is given by the unit
tangent T, cf. also Pozzi (2007). Hence we introduce an anisotropic curve energy of the
form

Ty = ($(2), )r = / 6(Z,) dp,

where ¢ € C2(R?\ {0}, R>o) N C(R? Rsp) is a given anisotropic energy density, which is
positively homogeneous of degree one, i.e.

dAP) =Ao(p) VPERY VA€ Rs. (2.8)

The one-homogeneity immediately implies that

o). F=¢(F) and ¢"(H)p=0 VyeR'\{0}, (2.9)

where ¢’ denotes the gradient and ¢” the matrix of second derivatives of ¢. In addition,
we assume that ¢ is strictly convex in the sense that there exists a positive constant cg
such that

7.8"P)7>co VP, deST withp.g=0. (2.10)

In the isotropic case it holds that

o) =1pl VPER! =  ¢@=q @Q=Ld-goq VgesT, (211)

and so ¢(Zs) = 1, which means that |I'|, reduces to |I'|, the length of I'. A given anisotropy
can be visualized by its Wulff shape, Wulff (1901), which for d = 2 can be defined as

Wy = {7€R?: ¢*(q") < 1}, (2.12)

where the dual of ¢ is defined by ¢*(q) = SUP eR2\ (0} %; see e.g. Pozzi (2007). It is known
that among curves in R? enclosing the same area, the boundary of a scaled Wulff shape
has the smallest weighted length | - |4, see Fonseca and Miiller (1991). Similarly, it can
be shown that the boundary of the scaled Wulff shape (2)2 W, minimizes E) (I, 54)
for A > 0; see (2.24) below. For an introduction to anisotropic curve energies in general,
and to Wulff shapes in particular, we refer to Giga (2006), Deckelnick, Dziuk, and Elliott
(2005) and the references therein.

The first variation of |I'|, is given by

[ ITlel() = (&), e =~ (&)

The quantity
sy = [¢/(T)]s = ¢7(3) € Vo » (2.13)

\T

8



can be viewed as an anisotropic curvature vector; where, in deriving the inclusion, we have
recalled from (2.9) that ¢"(Zs) Zs = 0. For later use we remark that in the planar case,
d = 2, the following anisotropic version of the well-known planar GauBB—Bonnet theorem
holds.

LEMMA. 2.1. Let d =2, let T' = #(I), with T € C?(I,R?), be a closed curve in R* and let
sy = 7y T = 5. (T,) T = (7. (&) ) 3¢ (2.14)

denote the anisotropic curvature of I'. Then it holds that

(524, 1)p = m(T") /0 ' o((cosu,sinu)”) du, (2.15)

where m(I") is the turning number of T.

Proof. Let 0 € C'([0,1],R) denote, for each p € [0,1], an angle such that 7, =
(cos®,sin@)?. Tt follows from (1.1) and our sign convention on the normal of T that
x = 0; = |Z,|716,. In addition, we have that 6(1) — 0(0) = 27 m(T). We define the
function ¢ € C?(R) by setting

~

o(u) == ¢((cosu,sinu)’) VueR, (2.16)

so that gg is periodic with period 2 7. Then, on recalling that 7 = -7+ = (—sin 0, cos §)7,
it follows from (2.9) that

7.¢"(3.) 7 = ¢"(0) + (0). (2.17)

Hence, we have that

(s L)r = (7. ¢"(&,) 7, ) = / (6) + 3(6))6, dp = / 30) + 3(0)], dp

where <I> f 0 0

In Barrett, Garcke, and Niirnberg (2010b) the authors derived the L?-gradient flow of
the anisotropic elastic energy Ey(I", %), recall (1.2), as

Py = —(¢"(,) (3)s)s — 3 (17l° 2.)s = —Val¢"(&) (7),) — 5 |3%/° %, (2.18)

where, in obtaining the equivalence above, we have noted from (2.13) and (2.9) that

% (|Q¢|2)s ( ( ) Hgb/l(fs) (Q¢)s] ~fs]s - [gb/l(fs) (ﬁ¢)s]s . fs
= —[¢"(Z;

%) (%)
)

(%5)s]s -



In the case d = 2, (2.18) can be equivalently formulated, see Theorem 2.3 below, as

.= —([7.¢"(F) 7] (32)s)s — 5 70, (2.19)

which in the isotropic case (2.11) clearly collapses to (1.4) with A = 0. For later use, we
state a similarity solution of (2.19), which is the analogue for the anisotropic elastic flow
of the solution found in Soner (1993) for the anisotropic curve shortening flow.

THEOREM. 2.1. Let d =2 and let (2.10) hold. Then the weighted anisotropic elastic flow
[U(fé‘)]_l Ty U= —([7.¢" () V] (54)s)s — %%?p >, (2.20)

where o(q) := &(q) (7. ¢"(7) §-) > 0 for § € S*, has a similarity solution of the form

D(t) = {TeR*: ¢*(q") = (1 +21)1}, (2.21)

i.e. the expanding boundary of the Wulff shape corresponding to the anisotropy ¢.

Proof. As OW, is by definition convex, w.l.o.g. we can consider a parameteriza-
tion Z,(0) : R/(27Z) — OW, such that 7, := (Z,)s = (cosf,sinf)”. Let i,(6) :=
(—sinf,cos0)? and recall from (2.16) the definition of ¢. Then it holds that

7,(0) = §(0) 7 (0) — &/(0) 7,(6) . (2.22)
with curvature s, (6) = —[¢"(0) + $(6)] ", see e.g. Gurtin (1993, (1.10), (7.43)).

Now let 7(6,t) = »(0). Then it follows that the curvature is given by (0,t) =

2(t) .
[2(6)] 7Y 50,(0) = —[2(t) (" () +b(6))] ", which on combining with (2.14) and (2.17) yields
that s4(0,t) = —[2(t)] 7!, and so (s,(6, t)) = 0 for all  and ¢t. Moreover, it follows from
(2.22) that

(0,1) . 7(0,) = F(60,1) . 7,(0) = 2'(1) o(6) . o(6) = 2'(1) () .
It follows for Z(6,t) = z(t) ¥,(0) that the flow (2.20) collapses to

~

[0 (0" + ) 2 o =112 (0" + )]

ie. 2/ = $ 273 which together with z(0) = 1 is solved by z(t) = (1 + 2¢)

result now follows from (2.12). O

. The desired

PN

The present authors in Barrett, Garcke, and Niirnberg (2010b) introduced a finite
element approximation of (2.18) based on the following weak formulation: Given I'(0) =
Z(I,0), with Z(0) € V,, for all ¢ € (0,7T] find T'(t) = Z(I,t), where Z(t) € V,, and
#4(t) € V, - such that

(PT, X)r — (8"() ()5 Xo)r — 3 ([ T o) =0 ¥V ¥ € Vi, (2.23a)
(g, e + (' (&), T)r =0 Ve V. (2.23b)
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On recalling that in the isotropic case (2.11) it holds that ¢"(Z,) = P, we see that (2.18)
and (2.23a,b) are the natural anisotropic analogues of (1.5) and (2.1a,b), respectively, in
the case A = 0.

Similarly to (1.8), it follows from (2.13) that for closed curves Eg(I', 5%,) = E(L', 5)

for the choice A = 1 | 3|2. Hence, from now on we consider E (T, #,) for a general A € R.
In addition, in the case d = 2, similarly to (1.7), it follows from Lemma 2.1 that

Eg(T, 55) = E1 52 (L, 525) = Bm(T) /0 ' ¢((cosu, sinu)”) du; (2.24)

and hence, gradient flows of Eg(F, x,) are equivalent to gradient flows of E\(I, 5,) =
E\(T, 54) for the choice A = 1 3%. Moreover, the above analysis shows that the scaled

Waulff shapes (2 )2 Wy having s, = —(2 A)z, recall the proof of Theorem 2.1, are the
unique global minimizers of E\(T', s,) for A > 0. In view of all this, for closed curves
we will just consider the energy E\(T', %,;) for d > 2, and not consider the case d = 2
separately.

Analogously to the isotropic case treated beforehand, we consider the L?-gradient flow
for Ey\(T', 54) subject to

(#g, M + (&%), T)r =0 VeV, (2.25a)
and (#5. Zs,x)r =0  Vxel. (2.25b)

Introducing the Lagrange multipliers ¥ € V, and z € U, for (2.25a,b), we define the
Lagrangian

‘C(fa qu,?j, Z) = % <%¢7%¢>F+)\|F| <%¢7mf - <¢/(fs)7?js>f‘+ <J?¢'fsaz>F (226)
and hence we obtain, on taking variations and on setting (P #,, X)r = —[& L](X), that

<ﬁft7 )Z)F = <¢H(fs> 6s 377 Vs )Z>F - % <<‘}?¢>‘2 —2 %(25 . 37_'_ 2 )\) 'f& )ZS>F - <Z Q(Z% )ZS>F

VxeV,, (2.27a)

(%% + 2%, — §,§)r = VEeV,, (2.27b)

(%, M +(¢'(T5), Ts)r =0 Vi€ Vy, (2.27¢)

(#5.Zs,x)r =0 Vxel. (2.27d)
Clearly, it follows from (2.27b,d) that

Py=3;, and 2=7¢.7,. (2.28)

Overall, and similarly to (2.5a,b), our weak formulation for the gradient flow is then given
by

(PZ, X)r — (0"(Z) Vo 7, Vs X)r — 3 (|P G — 2X0) T, Xo)r + (7. 75) PF. Xo)r =0
VxeVy,, (2.29a)
(P, i+ (¢/(Z.).7i)r =0 VijeV,. (2.29)

11



Of course, in the isotropic case (2.29a,b) collapses to (2.5a,b), recall (2.11). And analo-
gously to the isotropic case, the system (2.29a,b) with (2.28) is equivalent to (2.27a—d).
The following theorem establishes that (2.29a,b) with (2.28) is indeed a weak formulation
for the L*-gradient flow of the energy F\ (T, 5,).

THEOREM. 2.2. Let (Z(t),(t))ico,m be a solution to (2.29a,b). Then we have that

d ﬁ L
5 B\ Pj) = —~(P7, PE)r <0, (2.30)

where Py = 3, is the anisotropic curvature vector.

Proof. Differentiating (2.29b) with respect to ¢ yields, on noting that
(Z) = Py, =V, @y, (2.31)
that
(P e + (P§) .71, T Toghr + (8"(&) Vo &, Vil =0 VeV,  (232)
On choosing 77 = ¢/ in (2.32), we obtain that
(P i + (P 2. Bro)r + (¢"(Z) Ve &, Ve dir = 0. (2.33)
Combining (2.33) and (2.29a) with ¥ = &; yields that
(PP + 5 ([PTP+2A 2 T + (7. 7) PG To)r = —(P3, PT)r. (234)

The desired result (2.30) then follows from (2.34) and (2.28), on noting that

!

(P, (Id = P) v = (PP, (7. 8,) Fo)v = —(P, (5. 75) (F):)r

a

COROLLARY. 2.1. Let (Z(t), y(t))ic(o,r] be a solution to (2.5a,b) with A(t) € R chosen as
in (2.7). Then we have

d — " .
L) =0 and T Ey(T,Pij) = —(PZ,PZ)r <0, (2.35)

&~

where Py =  is the isotropic curvature vector.

Proof. As noted in Remark 2.1, choosing A(t) as in (2.7) yields that |['(¥)|; =
(Zs, (Z4)s)r = 0; and so the term involving A in (2.34) vanishes. O

12



2.3 Initial boundary value problems

In this section, we want to study the elastic flow (1.5) for a single open curve. Here
(D(¢))tepo,) is given by a parameterization Z(p, ) : [0,1] x [0,7] — R% As there is no
particular difficulty in allowing an anisotropic curve energy density, we will consider the
anisotropic elastic flow (2.18) throughout. As mentioned in the introduction, suitable
boundary conditions need to be considered at the two endpoints of the curve I'(t), and
one can either fix position and angle(s) (clamped conditions), or fix position and curvature
(Navier conditions), see e.g. Deckelnick and Grunau (2007, 2009).

In what follows, we will derive the elastic flow (2.18), supplemented with various
suitable boundary conditions, in each case as an L2-gradient flow of an appropriately
chosen curvature integral.

LEMMA. 2.2. Let B € R, dy,dy, 3 € RY and let Z(p,t) : [0,1] x [0,T] — R? be such that
['(t) = Z([0,1],t) with Z(0,t) = dy and Z(1,t) = ay. We compute the time derivative of
EA(T, 2y) as

. . . . RS
it (317 = 8. 32, 1 = (Vi(¢"(%) (3p)s) + 5 [3l* 2, Vir + | (3% = 5) . ¢"(E) Ve V|
2.36a)
where V := P Z,. Similarly, in the case d = 2 we compute the time derivative of Eﬁ(T, )

—~

(152 — By, )r = (([7. ¢ (&) 7] (3)s)s + 5 323 26, V)1 + [(32 — B) (7. ¢ (&) D) Vil
(2.36b)

—

where V := T, . V.

Proof. The fixed boundary conditions imply that #;(0,t) = #(1,t) = 0 for all t €
(0,7). Setting 7 = &5 we can write Z; = V + v 7. Hence we have for all ¢ € (0,7") that

v(0,t) =v(1,t)=0 and  V(0,¢)=V(1,t) =0. (2.37)
The following results are easily derived, see e.g. Dziuk et al. (2002, Lemma 2.1):
T, = (v, — Z.V)|Z,], 0,0,—0,0,= (% V—0v,)0, and 7 =V,V+v3#, (2.38)

where the last equality is just a rewrite of (2.31). On noting (2.13), (2.38) and (2.9), it
follows that

—~
AV
At}

|

S
vy
S~—

!
©-

I
—~
<L
=
St
S~—
m<|l

<!
+
S

X

;_/
+
X
<!

+ - US) J?¢
NZ) Va)s + (52.V) 525 4 v (54)s - (2.39)
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On noting (2.38), (2.39), (2.37) and (2.9), we then compute

d
dt<2|%¢\ — 3. %, )1
= (% — B, (3)e)r + (L |5 — B 2,05 — 5. V)r
= (% — B, (¢"(Z) Vo)shr + 2 (1522 2, V)r + ([(3 |7]* — B %) v]s, I)r
o)

N N - I

(%) (@) Vodr + 3 (15l 2 V)0 + | (3% = B /(7)) V. V|
:4@wmmom»+éwmﬁﬁﬁ+ﬁ%—ﬁ»¢

and hence the desired result (2.36a).

The above is easily adapted to the energy Eﬁ(F, #,) in the case d = 2. Now V=V
and s = s, V. It follows from (2.39) and (2.9) that

(s25)e = (32)e - V= (Vs @' (Zs) U)s . U+ 32365 V + v (524) 5

= (VS ﬁgﬁ”(f )ﬁ)s+%%¢v+v(%¢)s. (241)
We then adapt (2.40), using (2.41) in place of (2.39), to obtain that
d

(33
sy — B, (Vs . ¢"(Z,) ) Yo+ 3 (365 26, V)r + ([(3 25 — B 25) v]s, I)r
D)r + 3 (3536, V)r + (56 — B) (Ve 7. ¢ () D)),
+§¢%Vﬁ+u%—ﬁﬂmadwwmﬁ,
2.36b). 0

We are now in a position to state the strong formulations of gradient flows for the
energies
E

@A(Pa J?)

(172 = 3.5, 1)r + MU and  Epa(T, 2) = (& 5% — B3, 1)p + AT
In each case, we find that the elastic flow equation is satisfied in the interior of I'.

THEOREM. 2.3. Let A\, € R, ﬁ, Aoy, @, € R and 50, 51 € S¥1. Then the flow

P& = =V(¢"(%,) (7)s) = 3 2?2+ A5 = —(0"(8) (Bp)s)s — 5 (1Z6* To)s + A 52
in (0,1) x (0,7) (2.42)
with the clamped boundary conditions
(0,t) = day, Z(1,t) =a; and T,(0,8) =G, To(1,0) =G (2.43)
is an L*-gradient flow of Eﬁ,)\. Moreover, (2.42) with the boundary conditions

0,t) = dy, 20, 0) =, and #2,(0,t) = P(0,8) 3, #,(1,t) = P(1,1) 3 (2.44)
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is an L*-gradient flow of Eg’)\. If d =2, then the flow

—

v U= —([V. 0" (&) V] (525)s)s — % %; x4+ N in (0,1) x (0,7) (2.45)
with the Navier boundary conditions
2(0,t) =adp, Z(1,t) =a1 and s4(0,t) =, xs(1,t) =0 (2.46)

is an L?-gradient flow of EB«\'
Proof. 1t immediately follows from (2.38) and (2.37) that
d R4 4 1 - 13
E |F| = <vs —x.V, 1>F - _<%7 V>F + ['U]O = _<%7 V)F .

Hence it remains to show that in each case the boundary terms in (2.36a) and (2.36b),
respectively, vanish. For the clamped conditions (2.43) we observe that 73(0,t) = 73(1,t) =
0 and so V,V(0,t) = V,V(1,t) = 0 for all ¢ € (0,T), on recalling (2.38) and (2.37).
Hence, the boundary term in (2.36a) vanishes. The boundary conditions (2.44), on the
other hand, imply that [¢(Z,)(%, — P 3)](0,t) = [¢"(Z) (52 — P F)](1,t) = 0 for all
t € (0,7), on noting (2.9); and hence the desired result. Finally, in the case d = 2 it
immediately follows from the Navier conditions (2.46) that the boundary term in (2.36b)
vanishes. a

COROLLARY. 2.2. The flow (2.42) with the clamped boundary conditions (2.43) is an
L*-gradient flow of the energy E\(T, 5,).
Proof. This follows immediately from Theorem 2.3 on noting that (2.42) and (2.43)
do not depend on S. d
For later use, we introduce the definitions
V:=H'"((0,1),RY) and W :=H}((0,1),R?)

and similarly U := L*((0,1),R), V := H'((0,1),R), W := H}((0,1),R). We then have the
following weak formulations of (2.13) on the open curve I'(¢). For the clamped boundary
conditions (2.43), in the case d > 2, we formulate this as i, € V with

(Fso M + {8 (@), e = ¢'(G) . 71(1) — ¢(G) . 7(0)  VFeV,  (24Ta)
and (#5.Zs,x)r =0 VxeU, (2.47b)

while for the Navier boundary conditions (2.46), in the case d = 2, we use the formulation

(524 — B) € W with
<%¢ 17,77>F + <¢/(fs), ’I75>F =0 v 776 Ww. (248)

As is standard, and unlike the clamped boundary case above, we use W instead of V in
(2.48) since we have no information about Zs at the two endpoints.
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2.3.1 Clamped conditions

In view of Corollary 2.2, we have that (2.42) and (2.43) is an L2-gradient flow for
E\(T', %5). Then, similarly to the closed curve case (2.29a,b), our weak formulation of
this gradient flow, subject to the side constraints (2.47a,b), is given by: Given I'(0) =
Z([0,1],0) with #(0,0) = dp and Z(1,0) = ay, for all ¢t € (0,7 find T'(t) = Z([0, 1], 1),
where Z(t) € V with 74(t) € W, and y(t) € V such that

(PZ, X)r — (0"(Z5) Vo 7, Vs X)r — 3 (|PG* = 20) T, Xo)r + (7. F) PF. Xs)r = 0
VxeWw, (2.49a)
(PF, e+ (&), Ts)r = ¢'(C1) . 7(1) — ¢/ (Co) . 7(0) ViFeV. (2.49D)

Here we observe that in the above formulation the fixed position conditions in (2.43)
are enforced strongly through #, € W, while the angle conditions in (2.43) are enforced
weakly through (2.49b).

THEOREM. 2.4. Let (Z(t),1(t))ico,r be a solution to (2.49a,b). Then it holds that

d g — —
T B Py) = —(P&, PE)r <0, (2.50)

—

where Py = 3, is the anisotropic curvature vector.

Proof. The proof follows along the same lines as the proof of Theorem 2.2, on noting
that 7, € W and y € V. ad

Moreover, it is not difficult to show that (2.49a,b) with now (¢) € W and the test space
V for (2.49b) replaced by W is a weak formulation of the flow (2.42) with homogeneous
boundary conditions (2.44); that is, 3 = 0. However, since the boundary conditions (2.44)
are non-physical in the case 3 # 0, we do not consider the flow (2.42) and (2.44) in detail
in this paper.

2.3.2 Navier conditions

We derive our weak formulation for (2.45) and (2.46) as an L*-gradient flow for E\@ AL, 52p).
First, we observe that

BT, 505) = L (565 — B)%, L + 2 2 A = 82 [T

For a family of open curves (I'(t));cp, satisfying the boundary conditions (2.46), we then
define the Lagrangian

L(F, 525, 9) = 5 (35— B 50 — B)r + 5 (22 = %) [T| = (s ¥, v — (¢'(3), J)r . (2.51)
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where ¢(t) € W is a Lagrange multiplier for the side constraint (2.48). Hence we ob-
tain, on taking variations [ £](X), [52 £](x) and [5% £)(77), and on setting (P Z,, {)r =

5%¢
—[L£ £](X), that

(P Ty, X0 = (¢"(&) Vo, Vs Xr = 5 {[(5 = B)* +2X = 57 = 255 (§. )] &, Xo)r

— (e, (Vi) VX EW,  (2.52a)
(36— B—9.V,x)r =0 Vxew, (2.52b)
(325 7, )1 + (¢ (Z), 7ls)r =0 Vi€ W. (2.52c)

Clearly, it follows from (2.52b), (22, — 5) € W and y € W that
Our weak formulation of this gradient flow is then given by: Given I'(0) = #([0, 1],0) with

7(0,0) = dp and Z(1,0) = @y, for all ¢t € (0,7] find I'(t) = Z([0,1],¢), where Z(t) € V
with Z,(t) € W, and ¢(t) € W such that

(PZ, X0 — (" () Vo i, Vs 01 + 2 ([(F. )2 + 2 X — B T, Xo)r — ((F- 7+ B) T+, Xo)r
=0 VxelWW, (2.54a)

(P, M+ (¢(@), i) = —B (@i VieW. (2.54D)

We note that in deriving (2.54a) we have observed that

< (?j )fsa Xs)f‘ + <%¢ Y, (v X) > _<%¢ gia %s)f‘ . (255)

Once again, it is easy to show that (2.54a,b) with (2.53) is equivalent to (2.52a—c). More-
over, we note that ©; € W and i € W enforce the boundary conditions (2.46) strongly,
recall (2.53).

THEOREM. 2.5. Let d = 2 and let (Z(t),y(t))ico,m be a solution to (2.54a,b). Then it

holds that
d ~

dt
where .V 4 3 = 4 is the anisotropic curvature.

Eg\(D, 7.7+ 8)=—(P&,P&)r <0, (2.56)

Proof. Differentiating (2.54b) with respect to ¢ yields that
<(ﬁg)ta 77>F + <(ﬁ?j) . ’Ffa fs . ft,s)f‘ + <¢”(fs) 6s Il't, ﬁ)f‘ - <Vt + (xs xt s) ]7’ 77>F
VieWw. (2.57)

On choosing 77 =y € W in (2.57), we obtain that

—

(P e+ (79,7, Frohr + (8" (&) Vs &, Vs ghr = =06 (ﬁt+(fs-ft,s)ﬁ,37>(r- |
2.58
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Combining (2.58) and (2.54a) with ¥ = #; € W yields that

yields that (2.59) collapses to

(P9)e,Dr + 2 (.92 +2X = 32,2, . &30 + (7. Z) P, @ o)r = —(P &, P@,)r.

The desired result (2.56) then follows from (2.60) and (2.31), similarly to (2.34), on noting
that Ega(T,7. 7+ 8) = 1 (Pyl, e + 12X — #) [T = Ey(T, B) — [T O

REMARK. 2.2. Also in the case of open curves we can consider a constraint on the total
length of the curve, recall Remark 2.1 to handle the case of homogeneous Navier boundary
conditions in the isotropic case. Testing (2.54b) with 7 = #; and (2.54a) with ¥ = ¢
yields an equation for A(t) in order to fulfill the length constraint. This equation is not
well-defined if and only if I'(t) is a straight line, which is a steady state.

Alternatively, in order to handle a length constraint in any of our variational formu-
lations, including the case of clamped boundary conditions, we introduce the Lagrangian

‘C(fa Q(ba g) z, )‘) = % <Q¢a qu)f‘ + A (|F| - l) - <J?¢7g>F - <¢,(fs)7gs>f‘ + <J?¢ . fsa Z>F

where [ > 0 s a giwen length. We now consider X € R as an unknown and a variation
with respect to A gives the additional equation

| =1. (2.61)

For example, as the length preserving variant of the elastic flow in the case of clamped
boundary conditions we then obtain (2.49a,b) with the additional unknown A(t) and the
additional constraint (2.61) for ! := |I'(0)|. Similarly to Theorem 2.4, it is a simple matter
to show that this length preserving flow fulfills < Eo(T, Py = —(13 7, PZ)r <0.

3 Semidiscrete finite element approximation

In this section we introduce continuous-in-time semidiscrete finite element approximations
of the curvature flows discussed in Section 2. In particular, we will repeat on a discrete
level the considerations in Section 2 and, as a consequence, we will derive spatially discrete
finite element approximations that are stable and that fulfil an equidistribution property,

similarly to the semidiscrete schemes considered in e.g. Barrett, Garcke, and Niirnberg
(2007b, 2010b).
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We introduce the decomposition I = U Lj, J > 3 of I =R/Z into intervals given by
the nodes ¢;, I; = [gj_1,¢;]. Let h; = || and h max;—i_; h; be the maximal length of
a grid element. Then the necessary finite element spaces are defined as follows

Vi ={xeC(RY:y|; islinear V j =1 — J} =: [Vj]* ¢ H'(I,R?),

where V' ¢ H 1([ R) is the space of scalar continuous (periodic) piecewise linear func-
tions, with {X] | denoting the standard basis of V{*. In addition, let 7" : C(I,R) — VI
be the standard Lagrange interpolation operator, and similarly for all the other ﬁnlte
element spaces, e.g. 7" : C(I,RY) — Kg. Throughout this paper, we make use of the
periodicity of I, i.e. ¢; = qo, ¢sj+1 = ¢1 and so on.

From now on we will consider a family (I'"(¢))e[0,r] of polygonal curves parameterized
by X h(t) € V}I. Here we make the natural assumption that

(Ch) Let X"(gjt) # X"(gj41,t) and X"(g;_1,t) # X"(qj1,t), 5 = 1 — J, for all
t €10,77.

In addition, we recall that (u,v)pn = [ i u.v \)? g\ dp and, if u, v are piecewise continuous,

with possible jumps at the nodes {g; }J 1, we define the mass lumped inner product

(w0 1= 5 D 1X"May) = X (g0 [(w-0) () + (woo)(g)] - (31)
5 =

where we define u(q;") := limu(g; & ¢).

N0

For the following considerations it will be crucial to define a discrete analogue of the
projection P=1Id—7, ®x8 on the continuous level. It turns out that replacing P with the
obvious choice P" := Jd— X h®X " is not ideal. Although this leads to a stable scheme, the
derived approximation in general will not satisfy an equidistribution property. Ultimately,
this will lead to a fully discrete approximation that has inferior properties compared to
other choices of discrete projections, see Remark 3.1 below. In particular, replacing p
with a vertex based projection, see (3.6) below, will give rise to all the desired properties.

To this end, we introduce the following differential operators on I'*. Let Dj, 138
Vil — Vi be such that

LX) = XM ne(gy) + 1K (g500) — X(g) | ms(g))
(Dsn)(q) = = > > -
| X" (q;) — XM(qj—1)| + | X (gj41) — X" (q5)]
_ _1(g5+1) = 1(g5-1) _ =1
1 X1 (q;) — XP(g—1)| + | X (qj1) — XM(gq)] ’
(3.2a)
~ (Dsn)(q;) n(gj+1) — n(gj-1) :
Ds i) = — = — ) =1— J7
et ) = D R @]~ 1R Maren) = K@) ’
(3.2b)



—

where, as usual, Dy : z’g — Kg is defined component-wise. We then define 971, W, € Kg
to be

Sa

—

H_h:Ds)?h and (DgzﬁsXh:

: (3-3)

D D
DI Ty

which, on recalling assumption (C{), are well-defined. Here we recall that the discrete
vertex unit tangents @, with this notation, have previously been introduced in Barrett,
Garcke, and Niirnberg (2010b). We note for future reference that

(X0 = (0", 80 VeV (3.4)
and similarly, . L .
(077" 7, ) = (Do i1, ) Vi, E€ VD (3.5)
Let . .
Q"=HLd-sest Vi —-V,. (3.6)

Hence for all ¥ € V2, (Q" ¥)(g;) is the projection of ¥(g;) onto the subspace of R* normal
to & (q;) for j = 1 — J. For future reference, we note also that for 77 € V2 it holds that

ol — (@ (Do) andbence =" @ (B)] . 7

[

3.1 Isotropic elastic flow

In what follows we state a discrete analogue of (2.5a,b), as well as theorems regarding
the stability and equidistribution property of this semidiscrete continuous-in-time finite
element approximation. In particular, we will show that the scheme is an L2-gradient
flow for the discrete energy

EX (T EMY = L (RM RMR, 4+ N T,

1
2

where " € V) is a discrete curvature vector of T". Details of its derivations as well as
proofs of the theorems, which are very close to the details in the continuous case, will be
presented only in the anisotropic setting in §3.2, below.

Given I'"(0) = X"(1,0), with X"(0) € V!, for all t € (0, 7] find T"(¢) = X"(I,¢) with
X"(t) € V2, and Y"(t) € V2 such that

(Q" XI )t — (VoY Vo ) — 5 ((1Q" Y7 P = 20) XL ot

(TG QY X =0 Y EVS,  (38a)
(@ Y™ it + (XP iy =0 Vije V). (3.8b)
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THEOREM. 3.1. Let (C?) hold and let (X"(t), ?h(t))te(o,’]’] be a solution to (3.8a,b). Then

d
dt

where " = Wh[éh ?h] is the discrete curvature vector of I'".

EMITM QMY = —(Q" X!, QM X!k, <0, (3.9)

Proof. The result (3.9) follows from Theorem 3.3, below, for the special case ¢(-) = |-|.
a

Next we show an equidistribution property for the scheme (3.8a,b).

THEOREM. 3.2. Let (C}) hold and let ()?h(t),}_}h(t))te(o,’f] denote a solution to (3.8a.b).
For a fized time t € (0,T] let 6?,1 = Xh(q;) — X"(qj_1), j = 1 — J. Then it holds for
j=1—J that

N

@l =la ] i a (3.10)

Proof. The proof is identical to the proof in Barrett, Garcke, and Niirnberg (2010b,
Remark 3.3). Moreover, the result (3.10) directly follows from Theorem 3.4, below, for
the special case ¢(-) = | - |. O

Theorem 3.2 establishes that the scheme (3.8a,b) will always equidistribute the nodes
along I'" if the corresponding intervals are not locally parallel. Although it does not
appear possible to prove an analogue for the fully discrete setting, in practice we see that
the nodes are moved tangentially so that they are eventually equidistributed.

REMARK. 3.1. As an alternative to (3.8a,b), one can also consider the following semidis-
crete approzimation of (2.5a,b): Given T'"(0) = X"(1,0), with X"(0) € Vi, for all
t € (0,T) find T"(t) = X"(I,t) with X"(t) € VI, and Y"(t) € VI such that

—

(P" X0 0t — (VY Vo X — $ (1P Y = 20) X[, X
(Y XY P YR YO =0 VeV, (311a)
(P" Y it + (XD i) =0 VijeVh, (3.11b)
Similarly to Theorem 3.1, it is then not difficult to show that & E(T", Phyhy < 0.
However, it does not appear possible to relate this stability result to the decrease of the
energy in (3.9) for some discrete curvature approrimation belonging to Kg, since the
function P"Y" is discontinuous piecewise linear. In addition, it does not appear possible
to prove an equidistribution property, as in Theorem 3.2, for (3.11a,b); and this leads to

meshes that are not well distributed for a fully discrete variant in practice. Hence, we do
not pursue the scheme (3.11a,b) any further.

REMARK. 3.2. Deckelnick and Dziuk (2009) considered the following semidiscrete ap-
prozimation of (1.3): Given T"(0) = X"(I,0), with X"(0) € V', for all t € (0,T] find
Th(t) = X"(1,t) with X"(t) € VI, and §"(t) € VI such that

(X7 0 = (Ve Ve O — 3 (R = 20) X2, Xl =0 VX eVh,  (3.12a)
<’l_{h7ﬁ>f‘h + <Xs 7ns>Fh =0 Vv n S Kg . (312b)
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They showed that < Eh(Fh k") <0, and in addition established existence, uniqueness and
error bounds for a solutzon to (3.12a,b).

3.2 Anisotropic elastic flow

Similarly to the continuous setting in (2.27a—d), we consider the L?-gradient flow of the

discrete energy A o .

where Ky € K’(} , subject to the side constraints

(Rl )+ (¢ (XD, )en =0 Y ije Vi (3.14a)
and ("7 X2 =0 VxeW. (3.14b)

Hence /Zg is the natural discrete analogue of the anisotropic curvature vector s, recall
(2.13). Here we remark that it is also natural to consider the mass-lumped inner products
(-,)h, in (3.14a,b), as this gives rise to more practical approximations that in addition
satisfy an equidistribution property in the isotropic case (2.11). As a consequence, we
also employ numerical integration in the discrete energy (3 13). Introducing the Lagrange
multipliers Y € V{ and Z" € V' for (3.14a,b) with X", &t € V{, and the discrete
analogue of the Lagrangian (2.26); we can derive the followmg system:

(Q" XTI X0t = (¢" (XD VY VoD — 5 (RGP = 275 Y" +20) X2, )

—(z" *’;, >23>Fh VYeVh, o (3.15a)
(Rh4+Z" XD —Yh & =0 VEeVh, (3.15h)
(Rl D+ (¢(X0), e =0V i7eVh, (3.15¢)
(Rl XL ) =0 Vx eV, (3.15d)

It immediately follows from (3.15b,d), (3.3) and (3.4) that
/% = 7"G"Y" and Z'=r7x [|6_’h| Lyh gt (3.16)

Hence the system (3.15a-d) can be equivalently rewritten as: Given I'(0) = X"(I,0),
with X”(0) € V! forallt € (0,T] find T""(t) = X"(I,t) with X"(t) € V!, and Y"(t) € V!
such that
(Q" X! X0t — (@"(XD) VoY Ve X = 5 ((1Q"YP = 20) XL )
+ (0" -073) Q"Y' X =0 VY eV, (3.17a)
(@ T, Dl + (@R, iyen =0 Ve VE. (3.17h)

Clearly (3.17a,b) in the isotropic case (2.11) collapses to the isotropic scheme (3.8a,b).
Moreover, we note that (3.17a,b) with (3.16) is equivalent to (3.15a-d).
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The following theorem establishes the stability of the above semidiscrete finite element
approximation. It is the direct discrete analogue of Theorems 2.2. On recalling (3.16),
the theorem establishes that (3.17a,b) with (3.16) formulates an L*-gradient flow of the
discrete energy (3.13).

THEOREM. 3.3. Let (CI') hold and let (X" (¢), ?h(t))te(o,ﬂ be a solution to (3.17a,b). Then
we have that

d — — — —
v ENTh QMY = —(Q" X!, Q" X, <o, (3.18)

where /Zg = Wh[éh ?h] is the discrete anisotropic curvature vector of I'".

Proof. Differentiating (3.17b) with respect to t yields, on noting that ()Z'f)t = ph )?fs
—V, )Z'th, that

—» —»

(@Y + (@ V") a7, X2 XL+ (¢"(XD) Vs

Sh

P Veien =0 VeV
(3.19)

On choosing 7 = Y™ in (3.19), we obtain that
(G T, VM) + (1@ T2, K K+ (¢() ¥, X0, 9, ¥ =0, (3.20)
Combining (3.20) and (3.17a) with ¥ = X! yields that

>h

R O =T S ¢RI
= —(Q" X}, Q" X! (3.21)

(@Y™ Y + 5 ((1Q" Y +20), XL

The desired result (3.18) then follows from (3.21) on noting that

(@Y™, (Id = Q" Y™ = (@Y™, V.G S = —(@" V", (V7. &) (@) o)
<(Yh —’h) Qh Yh D Xh>ph
- _<|9_7‘L|71 (Yh (Dcfll) Qh Yh7X£s>Fh )
where we have recalled (3.6), (3.7) and (3.5). O

COROLLARY. 3.1. Let (C!) hold and let (X" (t), ?h(t))te(oﬂ be a solution to (3.8a,b) with

(Vo Y" VY ) + 5 (G VPP X2 Yk — (6" (Y. ) @ Y Y

A(t) = =
<X£L7 }/sh>Fh
(3.22)
Then we have that
d d ~h Sh Rh o
SIM@I=0  and  CELIN G = (@M RE G RNL <0, (323)
where §" = ﬂh[@h }7}‘] is the discrete isotropic curvature vector of I'".
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Proof. The first part of the proof is a discrete analogue of Remark 2.1. We note
that the choice of A(t) yields that [T(t)], = (X!, (XP)s)pn = —(Y*, G"XMh, = 0, and
A(t) is well-defined because (X, Y\ = — (7", kM), <0, on recalling (Cf). The energy
inequality in (3.23) then follows similarly to the proof of Corollary 2.1. O

Next we show a weighted equidistribution property for the scheme (3.17a,b), when the
anisotropy is of a certain form. To this end, we introduce

o) = @) =D [F.Gplr = ¢@) = @) Cop VFeR\ {0},
(=1 =1 (=1
(3.24)

where ég € R¥*4 ¢ =1 — L, are symmetric and positive definite. It is a simple matter to
show that ¢ of the form (3.24) satisfies all our earlier assumptions, e.g. (2.8) and (2.10).

THEOREM. 3.4. Let (C}) hold and let ()Z (t),Y" (t))tE(OT denote a solution to (3.17a,b).
For a fized time t € (0,T) let @ , := X"(q ;) — Xh(qj 1), j =1 — J. Then it holds for

1
2

j=1-—J that

e \ NJ

For ¢ of the form (3.24), this z'mplz'es that

: (3.25b)

Mh

l £) —» . =)
)\g)@ J+ Z)\( oy a;l% if ?Jr% H(Z?ﬁ

o~
I
ol

1

o ._ 1 _ 7 Sh - _ . 0
where \;” =1 [qbg( )ng( Jfl)] (a" aj, 1 GgCL 1) €100,2, £=1— L, with \;” >0
i, H _

. In the speczal case that L =1 this yzelds that

old), ) =0a_,) i @ ka .. (3.25¢)

1
2

Proof. On choosing 17 = &% (g;) x; in (3.17b) and noting that T [Qh&h] = 0, it follows
that
(S —o@ ) (o +dy) =0, j=1-7. (2

which yields (3.25a). Similarly to Barrett, Garcke, and Niirnberg (2008a, (2.24)) it follows
from (3.26) for ¢ of the form (3.24) that

L
—h —h Its I3
;[gbz(a’_ﬂr% ¢£(a]*%)] [ ¢z(5;l+ ) (6 é)] 07

which yields (3.25b). Finally, (3.25¢) follows immediately from (3.25b) on recalling that
N> oifa , fa ., O
Jts3 J—3

In the special case L = 1 we note that Theorem 3.4 gives equidistribution with respect
to ¢, provided that intervals are not locally parallel. In the isotropic case this yields an
equidistribution of the vertices, as discussed in Theorem 3.2.
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3.3 Initial boundary value problems

Let [0,1] = U/_,I;, be a decomposition of [0, 1] into intervals I; = [g;_1, ¢;] based on the
nodes {g;}/ 0, as before. The appropriate finite element spaces are then defined by

V' :={xeC([0,1,R?) : X[, islinearVj=1— J}CV
and similarly for the spaces W" c W, V* Cc V and W"* C W.

In this section, we consider a family (I'*(£));eo.7) of curves parameterized by Xh(t) e
V", Here we make the natural assumption that

(Ch) Let Xh(Qj? ) 7é Xh(Qj-i—la )’ ] =0—J- ]-7 and Xh(Qj—lat) # Xh(Qj-i—lat)’ j =1—
J—1, forall t € [0,T].

Then we introduce the (obvious) open curve analogues 6", @ € V" and Q" of (3.3)
and (3.6). In particular, we introduce the differential operators D, Dy : Vh = VR via
the analogues of (3.2a,b) for the interior nodes ¢;, j =1 — J — 1, and via setting

(Dyn)(@0) = (Dsn)(g0) = nslr,  and  (Dyn)(qs) = (Dyn)(as) = nsl1, »

for the boundary nodes. Then o", &h € V" are defined via (3.3), as before. With these
definitions it is easy to see that (3.4), (3.5) and (3.7) still hold with V! replaced by V".

In addition, in the planar case, d = 2, we define 7" := —(X")* and &" := —(0")*+ € V",
and set
Qh p— ®wh — |wh|2Qh

Here we note that as generally |&"(¢;)| < 1, the operator QZ in general is not a projection.
We note also for all ¥, 77 € W" that

(@ = (@ Mk, and  (GE X M = (X3 7. T, (3.27)
3.3.1 Clamped conditions
A spatially discrete variant of (2.49a,b) is given by the following approximation. Given

I"(0) = X"([0,1],0), with X"(0) € V" and X"(0,0) = @, X"(1,0) = @y, for all t € (0,T]
find T"(t) = X"([0, 1], ¢) with Xh(t) e V" and XI'(t) € W", and Y"(t) € V" such that

(@" X X0t — (" (XY VY Vo X — 3((1Q" VP2 — 20) X!, o)k,
<| - (Y"-ﬁé‘) Q"Y' ) =0 VyeW", (3.28)
(@ Y™, i + (/(X1), ) = ¢(G) . 7(1) — ¢'(Go) . 7(0) ¥ ije V. (3.28b)

Similarly to (2.49a,b) we note that in the above approximation the fixed position condi-
tions in (2.43) are enforced strongly, while the angle conditions in (2.43) are approximated
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weakly. In a complete analogue to the proof of Theorem 3.3, using the V" analogues of
(3.5), (3.6) and (3.7), it is then straightforward to prove stability for (3.28a,b), i.e. that a
solution satisfies q

o BAr QMY = —(@" X} Q" X <0,

However, looking ahead to the fully discrete approximation that will be used in prac-
tice, in order to prove its well-posedness it will be necessary for the testing procedure to
replace the projection Q" in (3.28b) with the modified operator

~ Q") pe(0,1),
QM-—{@ oy (329

In order to achieve this, we now consider the L*-gradient flow of E%(I'", /%’g), where /%’g €
V", subject to the side constraints

(B M+ (@ (XD, e = ¢/(G) . 7(1) = ¢'(Go) .71(0)  ViFeV"  (3.30a)
and (Rh. XM ) =0 VyeWh.  (3.30b)

Here it is crucial to use the test space W" in (3.30b), as (a) this will give rise to the
desired altered projection Q" in (3.28b) and as (b) the resulting scheme will still satisfy
an equidistribution property; see Theorem 3.7 below. Defining the discrete analogue
of the Lagrangian (2.26) and taking variations; we can derive the following system for
Xh, R, Yh e VP and Z" € Wh with X! € W": (3.15a,b,d), now with the test spaces
wh V" and W", respectively, supplemented with (3.30a). In place of (3.16), on noting
the V" analogue of (3.4), we now obtain

/%—7? MQ'Y" and ZM =axl, [|9_h| Lyh gt

where 70, : C([0, 1], R) — W" is the standard Lagrange interpolation operator with zero
Dirichlet boundary conditions. An equivalent reformulation of the derived conditions is
then given as follows. Given I'(0) = X"([0,1],0), with X"(0) € V" and X"(0,0) = d,
X"(1,0) = @y, for all t € (0,7] find T"(t) = X"([0,1],t) with X"(¢t) € V" and X (t) €
W", and Y"(t) € V" such that

-

(@ X Xm — (" (XY VoY Vo X)m — L (1@ Y2 — 20) XI Xk,
(|6 (Y S QY g =0 VX e W, (3.31a)
(@Y™ it 4+ (¢ (XP), T )n = ¢'(01) - 71(1) — ¢/(Co) - 77(0) Vi e VI (3.31D)

THEOREM. 3.5. Let (C") hold and let (X" (¢), ?h(t))te(o,T] be a solution to (3.31a,b). Then
we have that q
3 BAI QY = —(Q" X7, Q" X))p <0, (3:32)

where Eg = ﬂh[@j ?h] is the discrete anisotropic curvature vector of T,
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Proof. The proof is an adaption of the proof of Theorem 3.3. Differentiating (3.31b)
with respect to ¢, choosing 77 = Y and combining (3.31a) with ¥ = X[ yields the following
analogue of (3.21)

>h

(@Y™, Y0+ 5 ((QE Y +20), X0 XL + (i 16771 (V. O] QU Y™, X )t
= —(Q" X! Q" X (3.33)
The desired result (3.32) then follows from (3.33) on noting that

—

(@Y, (Id = @Y
= (@Y "), ml (V" 55) Sl = —(QL Y mi (V" 5) (@D
— (V" S5 QY", Dy Xt = —(mip (1077 (V* . )] QLY XL
where we have recalled (3.29) and the V" versions of (3.7) and (3.5). O
We remark that the scheme (3.31a,b) with now Y"(£) € W" and the test space V" for

(3.31b) replaced by W" is a stable semidiscrete approxmlatlon of the flow (2.42) with the
homogeneous boundary conditions (2.44), i.e. 3=0.

3.3.2 Navier conditions

We now consider the planar case, d = 2, and derive a stable semidiscrete approximation
of the system (2.52a-c). To this end, we consider the L*-gradient flow of the discrete
energy

Ef AT w5) = § Gl = By = B)f + 5 (22 = %) [T,
where (k]; — ) € W", subject to the side constraint
(5l " i+ (@ (X)) =0 Vije W, (3.34)

Observe that (3.34) is a discrete analogue of (2.48). Introducing the Lagrange multiplier
Yt e W" for (3.34), defining the discrete Lagrangian L£" corresponding to (2.51) and
taking variations of £", we can derive the following system:

—

(@h Xt = (6" (XY VY Vs pn — 5 (6 — B)% — 26l VP 7 XD L)k

— (RpY" (VX)) VX e, (3.35a)
(kb — B =YY" " )t =0 Vx e Wh, (3.35h)
(T D+ (¢ (X)) =0 Vige W (3.35¢)

Once again, 7" = —(X")L, recall (2.55), yields that
—<Ki; (P 5%) K Tl + (6h T (T D)5 = — (6 (PR, 2ol
Moreover, it follows from (s — 8) € W", Yh e W, (3.35b) and (3.27) that
Kb — B =r"[Y" & (3.36)
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Hence we can rewrite (3.35a—) equivalently as follows. Given r'"0) =X h([O, 1] 0), with
X"(0) € V" and X"(0, 0) = d, Xn(1, 0) = a, for all t € (0, T] find T(¢) = X"([0,1],¢)
with X7(t) € V" and X"(t) € W", and Y"(t) € W" such that

—

(QL X1 30T — (¢"(XD) VoY Vo X+ 5 (V"G 4+ 20 = 57 X2, X
—((Y". *’wﬁ) (Y"E Xak =0 VxeW", (3.37a)
(QLY" i + (& (X)) = =B (& iyt Ve W (3.37b)
Similarly to (2.54a,b) with (2.53) we note that in the above approximation the bound-

ary conditions in (2.46) are enforced strongly. In particular, it follows from (3.36) that
ki(0,t) = Kl(1,t) = 0 for all t € (0, T, where we recall that Yh(t) e Wh.

THEOREM. 3.6. Let d = 2, let (C") hold and let ()_(’h(t),?h(t))te(oﬂ be a solution to
(3.37a,b). Then we have that

d

o Bl (T Y G4 g) = —(XP .ot XS, <o, (3.38)

where /ig = 7 [Y" 5" + B is the discrete anisotropic curvature of T

Proof. Differentiating (3.37b) with respect to t yields, on noting (3.27), that

) Xh Xths>I’h

(" &) 7+ (V87 7+ (V" 3" (7.
+(XDXE) it Ve W' (3.39)

+ (8" s)vS Xtvvsml“h: <
On choosing 7= Y" € W" in (3.39), and recalling (3.27), we obtain that

(" *h) YR+ (VG Y+ (VS (7

), X KR
¢"(XD) Vs X0 VY M) = =B (0 + (X0 X)) o, Y

Th

M (3.40)

/\

Combining (3.40) and (3.37a) with ¥ = X € W" yields the desired result (3.38), on
recalling that 7 = —(V, X!)* and that (Y")+ = (Y".7h) XP — (YR XM 7", O

THEOREM. 3.7. Let (C") hold and let (X"(t),Y (t))te 01 denote a solution to (3.31a,b)
or to (3.37a,b). For a fized time t € (0,T] let a;‘ | = Xh(q]) X" (gj—1), 7=1—J.

Then it holds that X"(t) satisfies (3.25a-—) for j =1 — J — 1.

to

Proof. On choosing 77 = &"(g;) x;, for j =1 — J—1,in (3.31b) or (3.37b), and noting
that &"(q;). &k (q;) = 0, for j = 1 — J — 1, in the latter case; then the proof follows
exactly as the proof of Theorem 3.4. 0

We note, as before, for L = 1 the above theorem gives equidistribution with respect
to ¢, provided that intervals are not locally parallel; and in the isotropic case this yields
an equidistribution of the vertices, as discussed in Theorem 3.2.
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REMARK. 3.3. Replacing the test and trial spaces W" in (3.37a,b) with the space z’g m
the closed curve case, we can immediately introduce the following alternative semidiscrete
approzimation to (3.17a,b) for the flow (2.45) in the case of a closed curve in the plane.
Given T"(0) = X"(I,0), with X"(0) € V!, for all t € (0,T] find T"(t) = X"(I,t) with
XMty e VI, and Y(t) € V! such that

—

(@Qn X, D)t — (¢ (X VY Vo D + 2 (VP32 + 20 XI Xy
—(Yh (Y’l)L )b =0 VeV, (3.41a)
(@Y™ i, + (¢ (XD), i) =0 Y ie Vi, (3.41D)

—

In addition, we immediately have the following result. A solution ()?h(t),Yh(t))te(o,T] to
(3.41a,b) satisfies

d

- — EMIh YR S < (XD .o X g, <o, (3.42)

where /ig = 7 [Yh Gh] defines the discrete anisotropic curvature of T™.

REMARK. 3.4. Similarly to Corollary 3.1, we can also consider a constraint on the total
length of the curve in the anisotropic case, as well as in the case of open curves. In
particular, mimicking on the discrete level the procedure in Remark 2.2, we can introduce
the discrete Lagrangian LM(X", Ry, YT, Z" N) := L (Ry, Ryl + A ([T = 1) — (Rg, Y, —
(¢/(X1), Y P + (R - Xh L ZM, where | > 0 is a given length. We now consider A € R
as an unknown and a variation with respect to \ gives the additional equation

T =1. (3.43)

For example, as the length preserving approximation of the elastic flow in the case of
clamped boundary conditions we then obtain (3.31a,b) with the additional unknown A(t)
and the additional constraint (3.43) for 1 := |T'"(0)|. Similarly to Theorem 3.5, it is then

a simple matter to show that this semidiscrete approximation fulfills % IT"(t)| = 0 and

SEQT QMY = —(@" X[, Q" X, < 0.

4 Fully discrete finite element approximation

In this section we introduce fully discrete variants of the semidiscrete finite element ap-
proximations derived in Section 3.

Let 0 =ty < t; < ... < ty_1 < tyy = T be a partitioning of [0, 7] into possibly
variable time steps 7,, := ti1 —tm, m =0 — M — 1. We set 7 := maxX,,—o_r—1 Tin-
Given 0 = X O(I), our fully discrete approximation will define a sequence of polygonal
curves I'™, m = 0 — M, where I = X™(I) with X™ € V. Similarly to (3.1), we define
(u,v)rm = [;u.v |)Z';“| dp and, for the case that u,v are piecewise continuous, we also
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define the mass lumped inner product

(u, v)fm 1= 3 Z X" (g5) = X (g5-0)] [(w-0)(g5) + (w.0)(g)] -

Furthermore, we note that on [' we have almost everywhere that

. .- Pma,.P"g,  P™i,. T,
us.vszw and Vitu. VU = u’i Y _ }LP Y
| X5 | X502 | X502

where P = Id — X™ @ X™. Similarly to (3.3) and (3.6), we introduce the definitions
o, G € Vi and Q™, which are based on X™ in place of X"(t). For the case d = 2 we
introduce, in addition, 7™ := —(X™)*, as well as ™ € V} and Q7 := 3™ ® &™.

Before we introduce our approximations, we have to make the following very weak
assumptions.

() LeJt X™(q;) # X™(gj41) and X™(gj_1) # X™(¢j11), j = 1 — J, and in addition let
LJJ‘:1{J}¢71H(‘JJ')}l =R%

4.1 Isotropic elastic flow

We have the following fully discrete approximation of (3.8a,b). Find (X™!, Y™m+1)
Kg X K’(} such that

. Xm+1 —Xm

(@ - - e — (Y YV om 4+ (I — P™) Y™, X )pm
= 3@ Y™ = 20) X, Vo) — (|07 (Y™ .G @Y™, Vo) ¥ X E VS,
(4.1a)
(@Y™ i+ (X G m =0 YV ijeVh, (4.1D)

where, here and throughout, Y0isa suitably chosen initial value. Of course, for the above
we let YO € Kg , while for the open curve schemes in §4.3 we let Y? € V"

THEOREM. 4.1. Let the assumptions (CJ') hold. Then there exists a unique solution
(XL Y™y e V< VI to (4.1a,b).

Proof. The result follows from Theorem 4.2, below, for the special case ¢(-) = | - |.
a
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4.2 Anisotropic elastic flow

A wide class of anisotropies can either be modelled or at least very well approximated
by (3.24), see Barrett, Garcke, and Niirnberg (2008c), and for our fully discrete approxi-
mations we will restrict ourselves to anisotropies of the form (3.24). Here we recall that
the authors in Barrett, Garcke, and Niirnberg (2008a, 2010b) introduced the linearized

semi-implicit approximation ®(X™) X1 of ¢/(Z,), where

L

@)= [oel@) G VqeST = @i=¢@ ViesT. (42

(=1

On employing the above linearization, the authors in Barrett, Garcke, and Niirnberg
(2008a, 2010b) introduced parametric finite element approximations for anisotropic geo-
metric evolution equations in the plane and in R, respectively; and showed that for the
class of anisotropy densities that correspond to the choice (3.24), unconditionally stable
fully discrete approximations are obtained for certain gradient flows of the weighted length
functional |T'|,. For later purposes we also note for all 7 € R?\ {0} that

L

&) = Y lou@) ™ [~ 0] (Gep) @ 5] C (4.3)

=1
is positive semi-definite.

The natural extension of (4.1a,b) to the anisotropic flow (2.18) for anisotropies of the
form (3.24) is then: Find (X™+1 Y™1) € V! x V! such that

= Xm+1 —Xm

(@ S D)t — (B Y Ko + (B(X]) = ¢(XT) ¥V, X
= L@ Y™ P X = 20), X — (07 (YT QY ) VX E VS,
(4.4a)
(@Y™ i + (DX X i )em =0 VeV, (4.4b)

On recalling (2.9) and (4.2), we note that (4.4a,b) is a fully discrete variant of the semidis-
crete scheme (3.17a,b).

THEOREM. 4.2. Let the assumptions (CJ') hold. Then there exists a unique solution

(X Yty e VI x VI 1o (4.4a.b).

Proof. As (4.4a,b) is a linear system, existence follows from uniqueness. To investigate
the latter, we consider the system: Find (X,Y) € VI x V# such that



Choosing ¥ = Y in (4.5a) and 7 = X in (4.5b) yields that
L L
T Y ([ Ge(XI T Go Yy, Yoyom + D ([0 X)) Go Xy, Xypm = 0.
=1 =1

It follows from the positive definiteness of ég, { =1 — L, that X = X¢ € R? and
Y = Y° e R% Hence it follows from (4.5a,b) that ©"[Q™ XC] — 7"[@™Y*] = 0. The
assumptions (C*) then yield that X¢ =Y = (. Hence there exists a unique solution
(XL Yty e VI s VR to (4.4a,b). 0

REMARK. 4.1. We note that the natural semi-implicit fully discrete approrimation of
(3.17a,b) has —(¢/(X™) Y™+ () pm instead of the last two terms on the left-hand side of
(4.4a). However, then existence and uniqueness of the discrete solution ()Zm“,)?m“) €
Kg ng to this modified system is in general no longer guaranteed. In particular, existence
and uniqueness can only be guaranteed if

(@"(X) Y, Ya)pm =0 (4.6)

for Y € Kg implies that Y s constant, which is only true if the curve I'™ has nowhere
locally parallel segments. To see this, observe that if the two segments meeting at )Z'm(qj)
are parallel, then (4.6), on recalling (2.9), imparts no information on the tangential part
of?(qj). In addition, we observed in practice that even for curves I'™ where existence and
uniqueness 1s theoretically guaranteed, the resulting linear system is very ill conditioned,
and so numerical blow-up can be observed. Hence our preference for the scheme (4.4a.b).

REMARK. 4.2. In Barrett, Garcke, and Nirnberg (2010b), the authors introduced the fol-
lowing fully discrete approzimation of (2.23a,b), where they defined the following subspace
of V-

Vor = 1{i € Vg iilgy) . & (a;) =0, j =1 — J}.

Find (X™*, /%’;?H) e Vhx V™ such that

Am Xm+1_)2m —\ h 1" my\ [ =m+1 — 1 2
(@™ ———— ) — (¢" (X)) (B, Xy — (IR X Xo)pm = 0

Tm

VYeVyr,  (4.7a)

(Qm R+ (B(X]) X e =0 V7€V, (4.7b)
where K ’% € Vh =~ 1s suitably chosen. On noting that X, K _,m+1 th, it is easy to see that
(4.7a,b) is the scheme (3.20), (3.18b) from Barrett, G’arcke and Niirnberg (2010b) for the
case A\ = 0. While the scheme (4.7a,b) is fully practical and while ezxistence of a unique
solution ()Zm+1,/%’;7+1) c Vi x Kg:? is easily established, it does not appear possible to
derive a stability result similar to Theorem 3.3 for the semidiscrete continuous-in-time

version of (4.7a,b).

In the isotropic situation (2.11), a fully discrete approximation of the stable semidis-
crete scheme (3.12a,b) as considered in Deckelnick and Dziuk (2009), is given by: Find
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(XmHl gmtly e VI s VI such that

Xt — Xm A\ h = omt+l O o 1 /(| zm|2 cm+l =

(X = (Ve R™, Ve X)rm — 5 (([F™7 = 20) X7 Xg)rm = 0 vV YeVy,
(4.8a)

(E e+ (X ) =0 Vi€ VD (4.8b)

4.3 Initial boundary value problems

Similarly to §3.3, we extend the previously given definitions to gm J € V" and, in the
case d = 2, to @™ € V" for the open curve case I = X™([0, 1]). We make the following
assumption for our fully discrete approximations.

(Cm) Let X)m<q{]> ?é Xm<qj+1)7 .7 =0—J— 17 and X)m<qj*1) 7é )?m<qj+1)7 .7 =1—J- 17
and let ;- {07 (¢;)}+ =

4.3.1 Clamped conditions

We introduce the time discrete analogue @T of (3.29). Our fully discrete analogue of

the semidiscrete approximation (3.31a,b) is then given as follows. Given X° € V" with

X0) = @ and X°(1) = @, for m =0 — M — 1 find (6X™, Y™ e Wh x V" with

Xmtl = Xm 4 §X™+ such that

Sm 5)2'm+1 A h Zyvmy vym+l o Fwvm 1" my\ vm o o
(QF ——— X)rm — (X)) Y, Xoprm + (X)) — ¢"(X)) Y Xs)rm
= S (@I Y™ = 20) X, Xo) o — (mip 10771 (V™. G QY™ o) o

VxeWw", (4.9a)

(@Y™ i, 4+ (B(XT) X ) em = ¢/(C1) (1) — ¢'(Co) - 77(0) ¥ if € V. (4.9D)

As §X™H € W it follows that @T in the first term in (4.9a) can be replaced by Q™. so
that (4.9a,b) is indeed a fully discrete variant of the semidiscrete approximation (3.31a,b).
We prefer the stated version of (4.9a) as it makes the resulting linear system more sym-
metric.

THEOREM. 4.3. Let the first assumptions in (C™) hold, so that (4.9a,b) is well-defined.
Then there exists a unique solution (3X™, Y1) € W" x V" to (4.9a,b).

Proof. As (4.9a,b) is a linear system, existence follows from uniqueness. To investigate
the latter, we consider the system: Find (6X,Y) € W" x V" such that

(@7 0X, Vo — T (B(X) Yo, X =0 ¥ Y € WH, (4.10a)
(@Y ke + (BX) 06X, ff)rm =0 ViFe V. (4.10D)

33



Choosing ¥ = 6X in (4.10a) and 77 M= Y in (4.10b), and combining, yields that hQm 53(]
— 7"@™Y] = 0, and hence that ¥ € W". On choosing X' = Y in (4. 10a) and 7= 60X in
(4 10b) it follows from the positive definiteness of Gy, £ = 1 — L, that X = X¢ € R? and
Y = Ye e R Recalling that 5X Y € W" then immediately yields that Xe=Ye=0.
Hence there exists a unique solution (6X™ Y™ 1) € W x V" to (4.9a,b). 0

REMARK. 4.3. The natural fully discrete analogue of (3.28a,b) is given by (4.9a,b) with
QT replaced by ij and with 7, removed. It is then no longer straightforward to establish
existence and uniqueness for this approximation. In particular, it is not possible to infer
from (4.10a,b), with QT replaced by Q™, that Y € W" and hence that X =Y = 0. Of
course, this problem can be overcome on the fully discrete level by considering instead
(4.9b) with the right hand side correction term (Q™ — Q™) Y™, fh,.. which would yield
a different fully discrete analogue of (3.28a,b). However, both of these schemes performed
badly in practice, and hence our preference for the approximation (4.9a,b).

We note that the scheme (4.9a,b) with a zero right hand side in (4.9b) and with V"
replaced by W" is a fully discrete approximation of the flow (2.42) with the homogeneous
boundary conditions (2.44) with § = 0.

4.3.2 Navier conditions

The fully discrete analogue of the semidiscrete approximation (3.37a,b) is given as follows.
Given X° € V" with X°(0) = dy and X°(1) = @), form = 0 — M — 1 find (X",
Yl € W x W, with X+ = X™ 4 §X™*! such that

sXm

(Qx —X)rn — (B(XT) VI X)om + (B(X]) = ¢"(X7) ¥, Xohom
= =3 (V™. @™ + 20 = B2 X ) + (V™3™ 4 8) (V)5 o) o

VYeW", (4.11a)
(G T il 4 (BR) K ) = — 3 (G i VT € W (4.11b)
THEOREM. 4.4. Let the assumptions (C™) hold. Then there exists a unique solution
(6XmHL YmHl)y ¢ W x WP to (4.11a.b).
Proof. The proof follows similarly to the proof of Theorem 4.2. d

REMARK. 4.4. Similarly to (4.11a,b), a fully discrete variant of (3.41a,b) is given by:
Find (X™1, Y™ € Vi x VI such that

v m—+1 _vm
X xm

@ X Bl — BRI Ce + (BE) — 6K T e
= =3 (™3™ + 22X X Koo + (V™67 (V™) 5 X ¥ X €V,
(4.12a)
(@Y™ i, 4+ (SX™) X G =0 YV ije V. (4.12b)
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In the case d = 2 the scheme (4.12a,b) is an alternative to the fully discrete approximation
(4.4a,b). But as there is no advantage in using (4.12a,b) we do not pursue this scheme
any further. We remark that both schemes, with the choice A = 562, may be used to
approximate gradient flows for the spontaneous curvature energy (1.6) in the case d = 2.

REMARK. 4.5. For any of our fully discrete schemes, we can approximate the correspond-
ing length preserving flow by replacing the fived given X € R by a \™*! € R, where this
unknown is chosen so that [T = |T°|. Then we obtain fully discrete versions of the
semidiscrete schemes discussed in Remark 3.4. In each case, the fully discrete approxima-
tion then leads to a nonlinear system of equations at each time level, which can be solved
by a root finding method in terms of N™t, e.g. the secant method.

5 Solution of the linear systems

For an arbitrary n € N, let Id, € (Réxd)nxn he the identity matrix. We introduce also the
diagonal matrix Mg € (R¥?)7*7 and the stiffness matrices A € R7*/, A, Ay, Ag, A, A,
€ (R>*4)7*J with entries

[ _’Q]kl = <XkaXl @m>?m, A = <[Xk]57 [Xl]s>rm, z‘fkl = Ap [317
[Agli = ([Xalss Dals ®XM)) e, [Aglia = 3 (1G™ Y™ 2 [xls, [xals) o I,
and  Ag == ([X)s, [xils P™)rm s [Aglie = ([Xals; Dals @7 (X)) rm . (5.1)

l

5.1 Isotropic elastic flow

The linear system for the scheme (4.1a,b) reads as follows. Find (Y™+! §Xm 1) € (R%)7 x
(R%)7 such that

A LMo\ (Y1 (A= A)Y™+ (NA-AQ) X + fo (5.2)
Mo A % a —AXm ’ '

where fo € (RY)” with [fo]; = (6™~ (V™. &) @™ Y™, [ilo)m, 5= 1= J.

5.2 Anisotropic elastic flow

The linear system for the approximation (4.4a,b) is given by: Find (Y™, §X™t1) €
(R%)7 x (R?)” such that

Ao = Mo\ (Y _ (A= A) Y™+ (VA= Ag) X + fo (5.3)
Mo A, 5 X+ ) W

where we recall the definition of fy from (5.2).
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REMARK. 5.1. Let Py : (R — X ={7e R :Z;.d7(q;) = 0,5 =1— J} be the
orthogonal projection onto Xg'-. In addition, let A, be defined as AQ in (5.1) with Qnym
replaced by Kj'. Then the linear system for the approzimation (4.7a,b) is given by: Find

(—~m+1 5Xm+1) € Xi': x (RY)7 such that

I —"m+1 _ DA ¥m
P= A¢>7D HMQ "o )= Prds X , (5.4)
Mo A, s A, X

— —

where we have noted that Pz Mg /\71Q 73; = /\;lQ.

5.3 Initial boundary value problems

In addition to the open curve analogues of (5.1), we introduce the matrices /\71*, Mw, /YQ*,
A, € (R*)UHDXUHD with entries

M= (e Xt Qs (Aol = TP Y™ s, D))o 1L
Mal = (X Xt @, [Auu = 2] [Xa)ss i) o 1y

Moreover, let

N | =
!
3
l
3
o
)

Pw: (RY)H - W= {Ze R)H: 5 =2, =0}
be the orthogonal projection onto W.

5.3.1 Clamped conditions

The linear system for the scheme (4.9a,b) can be formulated as: Find (Y™+! §Xm+1) ¢
R/t x W such that

(PW A, —L Py M, 7>W><17m+1 ) _ (ﬁw (Ay — A) Y™ + (VA = Ag) Xm + ﬂ)
M, ’

Ay Py sXmH1 —A XM d
(5.5)
where f € (RY)7+! with [f]; = (x ’VHIH’”I LY@ QY™ [, § =0 — J; and
where d € (R4 with dy = —¢/(G), dy = ¢/(C1) and d; = 6 =1—J—1.

5.3.2 Navier conditions

The linear system for the scheme (4.11a,b) can be formulated as: Find (Y™ §X™) €
W x W such that

7DW A¢> PW - PW M 'PW ym+l
Pw MuPw P Ay P gXmH
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where b, @ € (R2)7H with b; = (Y™. 3™ 4 8) (Y™, [x;]s)m and & = B(D™, x;)m,
j=0—J.

5.4 Solution methods

All of the stated linear systems in this section can be written as

0 Py)\M Ay 0 Px)\oxXm ] " \o B)\i)’ '
Py Y = Yl Py XM = g X (5.7b)

where, apart from the obvious block matrices and right-hand sides, Py and Py are pro-
jections onto the Euclidean solution spaces for §X™ 1 and §7er1, respectively. Of course,
for the closed curve systems in §5.1 and §5.2 it holds that Py =Py = IEJ, and so (5.7a)
can be directly solved with a sparse factorization solver. Here we employ the package
UMFPACK, see Davis (2004).

In the open curve case, when the projections Py or Py may have a nontrivial kernel,
it is possible to solve the system (5.7a) with a preconditioned BiICGSTAB iterative solver,
see e.g. Barrett et al. (1994), where a natural preconditioner is

Py 0 Ay -+ M ! Py 0 (58)
0 Py \ M Ay 0 Py '

if this is well-defined, and otherwise (5.8) with Ay and Ay replaced by diag(Ay) and

diag(Ay ), respectively. In each case, the inverses in (5.8) may be computed with the help
of UMFPACK.

A more efficient solution method, which has the additional advantage that it is guaran-
teed to find the unique solution to (5.7a,b) even when the system is very badly conditioned,
is to find a solution to the underdetermined system (5.7a) over (R%)/*! x (R4)’/*! and
then to orthogonally project that solution back to the solution space with the help of Py
and 75y, where we know that the solution is unique. Finding a solution of the singular sys-
tem (5.7a) is done with the help of the sparse QR factorization package SuiteSparseQR,
see Davis (2011). We used this latter method throughout in our numerical experiments.

6 Numerical results

Throughout the numerical experiments for closed curves we take YO = /%’g, where ,'%’25 € K’g
is the usual (anisotropic) discrete curvature vector on I'” defined by

(R3, o + (B(X0) X il)ro =0V ije Vg

s
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Figure 2: (d = 2) Plots of the energy EXI™, Q™ Y™ (left) and the element ratio (right)
for (4.1a,b).

Unless otherwise stated we fix A = 0 throughout, and use the discretization parameters
J =100, 7 = 1073, For later purposes, we define

X(t) = Hlmet X st Yo t € [tmet,tm] m > 1.

Finally, we stress that no remeshing was used for any of the experiments presented in this
section.

6.1 Isotropic elastic flow

First, we compare the existing schemes in the literature; that is (4.8a,b) from Deckelnick
and Dziuk (2009) and (4.7a,b) from Barrett, Garcke, and Niirnberg (2010b) to our new
approximation (4.1a,b). As the initial curve we choose a 2 : 1 lemniscate, and let the
time discretization parameters be 7 = 5 x 107* and 7" = 6. In Figure 1 we compare
the results for the schemes (4.8a,b), (4.7a,b) and (4.1a,b). It is clear that the lack of
tangential motion in the scheme (4.8a,b) in this case results in very non-uniform element
sizes. On the other hand, the results in Figure 2, where we show a plot of the discrete
energy E(’}(Fm,@m Y™+1) and of the r := B [l m, With hg, = max;—_; \)?m(qj) —
)?m(qj_l)| and g, = minj—;_,; |)Z'm(qj) — )Z'm(qj_l)|, over time, show that we get close
to equidistribution in practice for the scheme (4.1a,b).

In Figure 3 we present some results for positive values of A, so that growth in the length
of the curve is penalized. In particular, we set A = %, 2 and 8. On recalling (1.6) and
(1.7), we observe that the results in Figure 3 may also be interpreted as approximations
for the gradient flow of Eﬁ(F, ») with 3 = 1, 2 and 4, respectively. In particular, the

1

minimizing steady states are given by circles of radius 1, 5 and i, respectively.
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Q) )) ) (o)D)

Figure 3: (d = 2) Evolutions for A = %, 2,8. Plots show )?(t) at times t = 0,0.5, ..., 10,
t=0,0.2,...,2,and t = 0,0.05,...,0.3, respectively.

6.2 Anisotropic elastic flow

In this subsection, we show some numerical experiments for our approximation (4.4a,b).
We begin with a computation for the similarity solution from Theorem 2.1 in the case
1
d = 2. To this end, we fix ¢(p) = [¢? p? + p3]2, i.e. ¢ is of the form (3.24) with L = 1 and
G, =G := (502 10) Hence the Wulff shape W is given by an ellipse. On recalling (4.3),

we obtain that

— — — - — - = —

o(X1) = o(X2) [ o/ (K1) 7] = 7 I = [6(X)] 2 (G X @ K| G

On incorporating the term [o(X™)]"! into the first term on the left-hand side of (4.4a),
we can approximate the flow (2.20) by this modification of (4.4a,b); and similarly for the
scheme (4.12a,b).

We compare the solutions from our approximations (4.4a,b) and (4.12a,b) with the
true solution

F(p,t) = (1+2t)1 (cosg(p), e sin g(p))” , (6.1)
where g(p) = 2mp + 0.1 sin (27p) in order to make the initial distribution of nodes non-
uniform. Here we compute the error || X — Z|| 0 1= maxy_1_as || X™ — Z(-, tm) || 1o, Where
|X™ — Z(-,ty)|lpe = max;—y_;min,es |X™(q;) — Z(p,tm)|, between X and the true
solution Z on the interval [0, T'| by employing a Newton method. The numbers in Table 1,
where we report on the errors for 7= 1 and 7 = 0.5 h?, indicate a convergence rate for

the errors of O(h?).

Next, we reproduce the evolutions for the flow (2.18) that were presented in Figures
20, 21 and 22 in Barrett, Garcke, and Niirnberg (2010b) for the scheme (4.7a,b). First we
repeat the experiment in Figure 1, but now for our scheme (4.4a,b) and for the anisotropic
energy densities ¢(p) = 1/0.25 p? + p2 and ¢(p) = /p? + 0. 25 p3, see Figure 4. We observe
that in each case the lemniscate clearly aligns itself with the chosen anisotropy. There
are only minor differences between the results shown in Figure 4 and the plots in Figure
20 in Barrett, Garcke, and Niirnberg (2010b). The next experiments are for a trefoil knot
in R3, and in particular the initial curve is given by

Z(p,0) = ((2+ cos(67 p)) cos(4 7 p), (2 + cos(6 7 p))sin(4 7 p),sin(67p))’, pel.
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=05 e=0.1
J | (4.4a,b) (4.12a,b) (4.4a,b) (4.12a,b)
128 | 8.8676e-04 | 9.0700e-04 | 1.1383e-02 | 6.8666e-03
256 | 2.2217e-04 | 2.2734e-04 | 2.6458e-03 | 1.7818e-03
512 | 5.5621e-05 | 5.6923e-05 | 6.5288e-04 | 4.5071e-04
1024 | 1.3917e-05 | 1.4243e-05 | 1.6286e-04 | 1.1312e-04

Table 1: Absolute error || X — Z|| .~ for the test problems.

5665 ocooo
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Figure 4: (d = 2, ¢(p) = /0.25p? + p2 (left) and ¢(p) = /p? + 0.25p2 (right))

tropic elastic flow of a lemniscate. Plots of X( ), t=0,1,...,6.

We use the anisotropic energy density ¢(p) = \/ 0.75p? + p3 + p3. The numerical results
for our scheme (4.4a,b) are shown in Figure 5. The same computation for the density
o(p) = \/p? + 0.75 p} + p3 can be seen in Figure 6. The reader will note that the presented
results differ significantly from the ones shown in Barrett, Garcke, and Niirnberg (2010b,
Figs. 21, 22). In particular, the final coordinate planes in which the solutions settle down
are different. It has since come to our attention that the results in Barrett, Garcke, and
Nirnberg (2010b Figs. 20, 21, 22) are based on a faulty numerical implementation of the

operator P- A¢ P- in the anisotropic setting, recall (5.4). The correct implementation of
the scheme (4.7a,b) yields numerical results that are graphically indistinguishable from
the ones in Figures 4, 5 and 6. Hence the three incorrect plots in Barrett, Garcke, and
Niirnberg (2010b) and the last paragraph in §5.6 in that article should be ignored.

In order to complete the picture, we present in Figure 7 the same computation for
$(D) = /vt + p3 + 0.75 3.

6.3 Initial boundary value problems

In all of the following experiments we consider an open curve attached to the endpoints
of the unit interval [0, 1], i.e. we set @y = 0 and @, = &,. Unless otherwise stated we fix
d = 2 and choose the isotropic case (2.11) with A = 0. The discretization parameters are
J =100 and 7 = 10~3 throughout.

We recall that several theoretical results on the steady state solutions of the (isotropic)
flows considered in this subsection have been derived in Deckelnick and Grunau (2007).
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Figure 5: (¢(p) = /0.75p} + p3 + p3) Plots of X (t) at times t = 0, 0.5, 2, 10, 20, 200. A
2d plot of X(T) in the z; — x5 plane below.
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Figure 6: (¢(p) = \/p? + 0.75 p2 + p2) Plots of X () at times t = 0, 0.5, 2, 10, 20, 200. A

—

2d plot of X(7T') in the 21 — x5 plane below.

41



Figure 7: (¢(§) = /1% + p2 + 0.75p2) Plots of X (t) at times ¢ = 0, 0.5, 2, 10, 20, 200.

In particular, the authors in that paper considered the case where the steady state is a
smooth graph solution.

6.3.1 Clamped conditions

As an initial value for Y0 € V" we choose YO = 7h[Q0 RO , where 79 € V" is such that
¢ é
(R, ko + (B(X0) X, if)ro = ¢/(G1) - 7(1) — ¢'(Go) - 1(0) Y ijeV".

For the parameters C:-, i=0—1,in (2.43) we always set

g, = (coséo) and 51 _ ( 00551)’ (6.2)

sin dg —sin &,

where 6; € [0,27), i =0 — 1, describe the contact angles that the curve makes with the
r1-axis at both ends. We remark that for the clamped conditions (6.2) with ¢; € (-7, 5),
i =0 — 1, it was shown in Deckelnick and Grunau (2007, Theorem 2) that among all
smooth graphs over [0, 1], there exists a unique minimizer of the elastic energy Ey(T', 5).
In all our numerical experiments with 6; € (—5,%), i =0 — 1, we did observe a numerical

T 202
steady state that is a graph.

At first, we consider the symmetric case (6.2) with 69 = —d;. For the numerical results
in Figure 8, we start with a unit semicircle and use our fully discrete scheme (4.9a,b).
In all our runs for dy < 7 the evolution finds a numerical steady state, i.e. a discrete
approximation to the known minimizer from Deckelnick and Grunau (2007, Theorem 2).
The run for §y = 45° in Figure 8 is such an example. For contact angles dy > 5 we can
observe unlimited growth, as can be seen on the right of Figure 8.

For contact angles §, > 120°, our algorithm could not integrate the evolution starting
from a semicircle. However, when starting with the solution X (1) obtained from above for
0o = 115°, then also evolutions for larger contact angles can be computed. In Figure 9 we
show the evolutions for dg = —d; = 135°, 180°, 225°, 250°. For the latter two evolutions
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Figure 8: (d = 2) Evolutions for (4.9a,b) with (6.2) and §y = —¢&; = 45°, 90°,115°.
Plots show )Z'(t) at times ¢ = 0,0.01,0.02,1, at times ¢ = 0,0.1,0.2,1 and at times
t=0,0.1,...,1, respectively. Plots of the discrete energy EX(I'™, Q™ Y™"!) below.

Figure 9: (d = 2) Evolutions for (4.9a,b) with (6.2) and §y = —d; = 135°, 180°, 225°, 250°.
Plots show X (¢) at times ¢t = 0,0.1,..., 1.
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Figure 10: (d = 2) Evolution for (4.9a,b) with (6.2) and d, = —d; = 45°. Plots of X (0)
and X (10).

we used the final curve X (1) from the run with §, = 180° as initial data. The continued
growth in the curves in Figure 8 and 9 is easily explained with the scaling behaviour of
the elastic energy, and it also complements the theoretical results from Deckelnick and
Grunau (2007, Theorem 2).

Next we present an experiment that demonstrates the equidistribution property proven
for the semidiscrete schemes in e.g. Theorem 3.7. To this end, we repeated the first
computation in Figure 8, but now use a very nonuniform polygonal approximation of the
initial semi-circle. In particular, I'° consists of a sequence of vertices on the left half of the
semi-circle together with the vertex at a;. The numerical results for our approximation
(4.9a,b) can be seen in Figure 10, where we observe that at time 7" = 10 the polygonal
curve I'M is close to being equidistributed.

In addition, we also present some evolutions for the even choice (6.2) with dy = d;.
Starting from a straight line, we present computations for oy = §; = 15°, 25°, 45°, 65°,
80°, 90°, where when necessary we used the final solution of the previous run as initial
data for the next larger dy. Here we recall from Deckelnick and Grunau (2007, Theorem 4),
that for §p € (—7, §) the existence of a steady state solution is guaranteed. Interestingly,
when we increase gy to a value larger than 90°, then unlimited growth of the curve can in
general be observed again. See Figure 12 for an example with 6y = d; = 100°. Here we
take as initial data the final solution from Figure 11 for o = 90°. In Figure 13 we present
a numerical steady state for the flow with a dy = 90° contact angle prescribed on the left

and a d; = 0° contact angle at the right.

In Figure 14 we show evolutions for some nonzero values of \. We set g = —d; = 75° in
(6.2) and let A = —2, 0 or 20. As expected, the length of the curve is increasing/decreasing
for negative/positive A compared to the minimizer of the elastic energy, i.e. the steady
state for the flow with A = 0.

For the first experiment in three dimensions we set 50 = %(1,1,2%)T and 51 =

1, —1,22)T in (4.9a,b). The numerical results for the same initial curve as in Fig-
ure 8 can be seen in Figure 15, where we show results for A = 0 and A = 1. For the
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Figure 11: (d = 2) Evolutions for (4.9a,b) with (6.2) and 6y = 6 =
15°, 25°, 45°, 65°, 80°, 90°. Plots show X (0) and X(1).

Figure 12: (d = 2) Evolution for (4.9a,b) with (6.2) and dy = 6; = 100°. The plot shows
X(t) at times t = 0,0.1,..., 1.
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Figure 13: (d = 2) Numerical steady state for (6.2) with 6y = 90° and §; = 0°.
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Figure 14: (d = 2) Evolutions for (4.9a,b) with (6.2) and §y = —d; = 75° for A = —2, 0, 20.
Plots show X (¢) at times ¢t = 0,0.1,..., 1.
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Figure 15: (d = 3) Evolutions for (4.9a,b) with {; = s (1,1, 22)T. ¢ =1(1,-1,22)T and

1
2

A =0 (left) or A =1 (right). Plots show X (t) at times t = 0,0.2,..., 1.
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Figure 16: (d = 3) Evolution for (4.9a,b) with ¢y = (; = & and A = 1. Plots show X (t)
at times t =0,2,3,...,7,10.

helix experiment in Figure 16 we chose 50 = 51 = €5 and set A = 1. The helix itself is
parameterized by

Zo(p) = (p,sin(8mp), cos(8mp))",  pe[0,1].

Under our approximation of the elastic flow (2.42) with clamped boundary conditions
(2.43) the helix unravels and attains a numerical steady state which we conjecture is an
approximation of the global minimizer for (1.2) among all curves satisfying (2.43). For
this experiment, we used the fine spatial discretization parameter J = 512.

Next we perform some experiments for the length preserving variant of (4.9a,b), recall
Remark 4.5. First we repeat the experiments from Figure 8, but now for the finer time step
7 = 10~%. In Figure 17 we show the obtained numerical steady states for certain boundary
contact angles. In each case, the presented polygonal curve is an approximation to the
elasticae of length |I'(0)| = 7 for the given boundary conditions. The length preserving
variant of the helix experiment in Figure 16 can be seen in Figure 18. Here we used
the discretization parameters J = 512 and 7 = 1072, Finally, we also show a numerical
approximations for the flow (2.42) with the homogeneous boundary conditions (2.44), i.e.
3 =0, where A(t) in (2.42) is chosen such that length is preserved. For this computation
we use the length preserving variant of the scheme discussed at the end of §4.3.1. See
Figure 19 for the results of this numerical computation, where we used the fine spatial
discretization parameter J = 512. We note that the curve displayed in the final plot in
Figure 19 lies in a two-dimensional hyperplane. We conjecture that stable steady states of
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Figure 17: (d = 2) Numerical steady states for the length preserving variant of (4.9a,b)
with (6.2) and g = —d; = 0°, 45°, 130°. Here [TV |~ Z.

the length preserving elastic flow with homogeneous Navier boundary conditions always
lie in a two-dimensional hyperplane.

6.3.2 Navier conditions

As an initial value for Y0 € W" we choose the solution of

(YO, iy + (B(X0) X0 ij o = —B (&0, iPhe YV ije W,

It was shown in Deckelnick and Grunau (2007, Theorem 1 ) that a stable stationary
solution in the shape of a smooth graph exists for the flow (2.42) with (2.46) if and only
if |6 < fBmax := 1.343799725.... We now investigate this result numerically. To this end,
we start the flow with the initial curve I'(0) = [0, 1] and observe the flow for increasing
values of |3|. The results for our fully discrete finite element approximation (4.11a,b) are
shown in Figure 20, where as expected we observe continued growth in the curve only for

18] > Bmax-

We should note that when we start with an initial curve far “above” the steady state
profile, then, for || sufficiently large, the flow does not settle on this stationary solution.
Instead, it will continuously decrease the energy by expanding the length of the curve
continuously. We show this behaviour in Figure 21 for an example with § = —1 > — .y,
where we use a unit semicircle as initial data. For this experiment, we use the fine
discretization parameters J = 512 and 7 = 1074,

Conclusions

On utilizing the ideas in Deckelnick and Dziuk (2009) and Barrett, Garcke, and Niirnberg
(2010b), we introduced fully practical approximations of isotropic elastic flow of closed
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Figure 18: (d = 3) Evolution for the length preserving variant of (4.9a,b) with G=0=
éy. Plots show X (t) at times ¢t = 0, 15, 20, 25, 30, 40, 50, 100, 200, 300, 400, 1500.
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Figure 19: (d = 3) Approximation of the length preserving variant of (2.42) with (2.44)
with G = 0. Plots show X(t) at times ¢t = 0, 1, 5, 10, 20, 50, 100, 200, 300, 1000, 5000, 10000.
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Figure 20: (d = 2) Evolutions of (4.11a,b) for § = —0.5,—1.0,—1.34, —1.4. Plots show
X(t) at times t = 0,0.2,...,2.

L L L L L L R L L L L
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Figure 21: (d = 2) Evolution of (4.11a,b) and the energy Egﬂ(l—‘m, Y™ . @m43) for 3 = —1.
Plot shows )Z'(t) at times t = 0,0.2, ..., 10.

curves in R?, d > 2, for which semidiscrete variants can be proven to be stable and
to have an equidistribution property. These ideas extend to anisotropic flows, where
the mesh equidistribution property is replaced with a nontrivial criterion that depends
on the given anisotropy, yielding the first stable semidiscrete schemes for anisotropic
elastic flow in the literature. For a single open curve, we considered the isotropic and
anisotropic elastic flow under clamped and Navier boundary conditions, respectively. As
before, the semidiscrete variants of these schemes are stable and satisfy an equidistribution
property. In addition, as far as we are aware, these are the first approximations of these
initial boundary value problems in the literature. The presented ideas can be extended
to introduce similarly stable finite element approximations of the geodesic elastic flow,
where the evolving curve is constrained to lie on a fixed two-dimensional manifold. This
work is currently in progress; see Barrett, Garcke, and Niirnberg (2011a). Moreover, on
utilizing ideas in Dziuk (2008), the techniques presented here for curves can be generalized
to consider stable approximations for the Willmore flow of two-dimensional hypersurfaces
in R3, which maintain the good mesh properties of the schemes in Barrett, Garcke, and
Niirnberg (2008b). This work is also currently in progress; see Barrett, Garcke, and
Niirnberg (2011b). Finally, extending the ideas presented here for a single open curve to
the elastic flow of curve networks, where several open curves meet at junction points is
another avenue for future research. It is hoped that the latter can be extended to the
Willmore flow of surface clusters and surfaces with line energy, which play an important
role in the modelling of biomembranes with locally varying physical properties.
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