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Discrete gradient flows
for general curvature energies

Willy Dorfler* Robert Niirnberg!

Abstract

We consider the numerical approximation of the L?-gradient flow of general
curvature energies [ G(|#|) for a curve in R%, d > 2. Here the curve can be either
closed, or it can be open and clamped at the end points. These general curvature
energies, and the considered boundary conditions, appear in the modelling of the
power loss within an optical fibre. We present two alternative finite element ap-
proximations, both of which admit a discrete gradient flow structure. Apart from
being stable, in addition, one of the methods satisfies an equidistribution property.
Numerical results demonstrate the robustness and the accuracy of the proposed
methods.

Key words. curvature energy, gradient flow, clamped boundary conditions, finite
element approximation, equidistribution, optical fibre.

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

1 Introduction

The classical elastic energy of a curve is defined by the integral of the squared norm
of the curvature . This energy, as a model for the elastic energy of a rod, has been
first considered and analysed by Bernoulli (1738) and Euler (1743), see Euler (1952).
Further, and more recent, applications for this energy are the modelling of DNA rings
and other curved nanostructures, see Goyal et al. (2005); Tu and Ou-Yang (2008); and
edge completion in computer vision, see Mio et al. (2004).

In this paper we study the L?-gradient flow of curvature energies that depend in a
more general form on 3. Such energies appear, for example, when one studies the power
loss within an optical fibre that acts as a wire bond, i.e. as an interchip connection, where
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data is transmitted by light between different components of the chip, see Lindenmann
et al. (2012). Since these connections are long and thin, a common modelling approach
is to formulate the losses in terms of geometrical quantities of a connecting curve. More
specifically, the energy we are going to consider is defined by

16+, (1)
where G(|r|) is the optical loss per length due to the bending of the wire bond, while

A > 0 models the optical loss per length of the connection. If P, and P, denote the
incoming and outgoing power, respectively, then the loss in this model is given by

% — ] —exp <—2/[G(|2!) + A]) , (1.2)

and so minimising the loss is equivalent to minimising the energy (1.1). Examples for
functions G of interest are

G(z) = %zp, p € (1,00), (1.3a)
G(z) = e /7, a € (0,00), (1.3b)
G(z) =vze ®*, ae(0,00). (1.3c)

The case (1.3a) with p = 2 leads to the classical elastic energy, while a physical inter-
pretation for (1.3a) with p € (1,00) in connection with losses in optical fibres is given
in Baets and Lagasse (1983, (16)) and Koos et al. (2007, p. 819) (d = 2). The choices
(1.3b)—(1.3¢) are in the same connection advocated in Marcuse (1993, (14)) for d = 2 and
in Marcuse (1993, (34)) for d = 3. While these (approximative) formulas were originally
derived for constantly curved slabs or fibres, they are also used for trajectories with slowly
varying curvature. In applications one would provide two contact points for the wire, and
a prescribed direction for the wire at each endpoint. These boundary conditions are called
“clamped boundary conditions”. A more realistic model of wire bonds would include also
the “transition loss” caused by varying curvature in (1.2). However, a corresponding term
in the energy (1.1), that models the transition loss, is not known to this date. In Ne-
gredo et al. (2018) such a wire bond connection in the plane was optimised with respect
to its loss by using (1.1), but with transition losses calculated from the interpolation of
precomputed values. In this paper we will neglect transition losses and concentrate on
(1.1) instead.

Of course, for the choice (1.3a) with p = 2 the energy (1.1) reduces to the classical
elastic energy, and its L?-gradient flow is called elastic flow. The classical case is by
now well studied both analytically and numerically. For theoretical results we refer to
Polden (1996); Dziuk et al. (2002); Deckelnick and Grunau (2007, 2009); Schéatzle (2010);
Dall’Acqua et al. (2017), while numerical approximations have been considered in Dziuk
et al. (2002); Deckelnick and Dziuk (2009); Barrett et al. (2010, 2012). A scheme for
the elastic flow of inextensible curves has been proposed and analysed in Bartels (2013);
Bartels et al. (2018). Here we stress that in Deckelnick and Dziuk (2009) a first stability



result for a discretisation of elastic flow was presented, together with an error analysis. In
Barrett et al. (2012) an alternative discretisation was presented, that can also be shown
to be stable, and that, in addition, satisfies an equidistribution property.

It the the aim of this paper to extend the stability results in Deckelnick and Dziuk
(2009); Barrett et al. (2012) to the more general energy (1.1). In applications one is often
interested in the minimising shape of the curve. Here we view the L?-gradient flow as
an opportune method to produce possible candidates. We stress that, to the best of our
knowledge, so far there exist no results on the analysis or numerical analysis of gradient
flows for the more general energy (1.1). Moreover, we will present exact radial solutions
for the L?-gradient flow of (1.1) for the choices in (1.3). Once again, we believe that
these are the first such results in the literature. Finally, we remark that our theoretical
and numerical results reveal the qualitatively very different behaviour of the evolution for
the gradient flow for general GG, compared to the classical case, when G(z) = %zQ. For
example, while stationary solutions exist for (1.3a) for any p € (1,00) and A > 0, there
are no stationary solutions in the cases (1.3b) and (1.3c) if A is sufficiently large.

The remainder of this paper is organised as follows. In the next section we intro-
duce the precise mathematical formulations of the gradient flows we would like to study.
In Section 3 we state two alternative weak formulations, and in Section 4 we introduce
continuous-in-time semidiscrete finite element approximations based on these formula-
tions. We show that our approximations satisfy a stability bound and prove an equidis-
tribution property for one of the schemes. In Section 5 we introduce the corresponding
fully discrete versions of the semidiscrete approximations derived in the previous section.
At every time level, a nonlinear system has to be solved for the approximations, and
we give details on a possible solution procedure. In Section 6 we report on numerous
numerical experiments, which demonstrate the effectiveness of our fully discrete approxi-
mations. Moreover, convergence experiments, based on exact solutions that we derive in
the appendix, show a quadratic convergence rate for our finite element approximations.

2 Mathematical formulation

Let either I = R/Z, the periodic interval [0, 1], or I = (0,1). Note that in the former case
we have OI = (), while in the latter case it holds that I = {0,1}. Let ¥: I — R? be a
parametrisation of the curve I' C R?, d > 2. Note that I is closed if I = R/Z and open if
I =(0,1). We also define the function spaces V = [H*(I)]¢ and W = [H}(I)]?, and note
that W =V in the case [ = R/Z.

On assuming that
) Zc0>0 Vpel, (2.1)

we introduce the arclength parameter s of the curve, i.e. d; = |7,| 71 9,, and define the



unit tangential vector field
. . Zp(p)
T@%=%00=L;@H- (2:2)
p

When we consider the evolution of open curves, we impose the clamped boundary condi-
tions

Z(q)=d, and (=1 7(q)=(, Vqedl, (2.3)

for given @, @, € R% and (o, ¢ € S = {Fe R : || = 1}. The curvature vector 5 of I
is given by
=T, = x4, Iimplying x-7=0. (2.4)

A1

Energy minimisation. We are interested in minimisers of the energy

B@) = [ G2+ A] 15, do. (25)
where A € R is a constant, subject to the boundary conditions (2.3), and with given
energy density G : Ry — Ry(. Variations Variations of (2.5) in > in the direction of a
vector field 77, yield the term [, G'(|%|) ||~ - 7|Z,| dp, and so unless there are further
conditions on G, this term does not make sense for 7 — 0. A sufficient condition for this

term to be well-defined is
G'(z) > 0asz—0, (2.6)

and we make that assumption from now on. Note that it is satisfied for the examples
(1.3a)—(1.3c). Throughout this paper, we set

G212 2=0 if z=0, (2.7)
which is justified by (2.6).

Gradient flow. In order to approach stationary points of (2.5) we will use a timede-
pendent gradient flow. We begin by deriving the strong formulation of the L?-gradient
flow of (2.5). To this end, let (I'(¢))ieor be a family of curves in R?, parameterised by
T:1x[0,T)] = RY, (p,t) = Z(p,t). Straightforward calculations give, on recalling (2.4),
that

=T (Th), =T (%), (2.8a)

: (2.8b)

(17,

)t
Ti
where the normal projection P is defined by

P=Id-7®7 and V,=PJ,. (2.9)

A weak formulation of (2.4), on noting (2.3), is given by

[zl dos [70,d0= 3 Goila) v

1 1 q€edl

=
M
<

(2.10)



Note that 7j(q) is well-defined for 77 € [H*(I)]%. Differentiating (2.10) with respect to time
yields

[ s [zq0a)an+ [7qdp=0 viev, (2.11)
I I I

It follows from (2.11) and (2.8), and on assuming the boundary conditions (2.3), that
d d
SE@=< )+ A |Z,| d
3 B0 = 5 [1602) + 17,1 o

_ / G2 |77 5 5413, dp+ / G + N (7). dp

I

= [l 2, o+ [ (602 - 1) 1+ 0] () dp

I

= [(RI6G) 7 2~ (607D - @12 21+ 3] ) - (), o

I
— [ 127 2 [60) - G2 A + 0] 7), Bl dp. (212
Hence the strong form of the L?-gradient flow of (2.5), subject to (2.3), is given by
T =—(2[G(12) |2 #s), + ([G(#) — G'(17]) 172 + A 7)., (2.13)
On noting from (2.9), 75 - 7= 0 and (2.4) that

—

V(@A) 1A )] - ([9 (@) 127 2)] 7) 7

+[G(#) 12 #] R

s

52 (@

—~
U
=
N
I
A
!
SN—"
I
| —|

48

Vi ( )
= [V (@2 127 2)] + (@2 1347
( )

+[G (2], 147,

7= — |V (612127 )]+ [6(#) - 1) 1], 7
+ (GO - G 121 + A 2
= V2 (G (1) |77 ) + [G(171) - ¢/ (12]) 1721+ A]
+ [GUA) - G2 1#1], 7 + (G (2], 121 7
= —V2(G/(10) |77 2) + [G(171) — ¢/ (12]) 1721+ A] 2
+(GUA. - G'(7) [1#1),) 7
— —V2(G(7) 127 ) + [G(1A) - G'(121) 1]+ \] 2. (2.14)



see also Barrett et al. (2010, (2.25)). As the right hand side in (2.14) is normal to the
curve, an alternative formulation of (2.13) is given by

P, = —(P[C() 127 #.), + (CU#) ~ C(Z)1A + X7, (216)

3 Weak formulations

We define the first variation of a quantity A depending on Z, in the direction Y as

0 ] oy o AT +eX) — A(@)
52 A@)] (0 = Iy ‘ . (3.1)
For later use, on noting (3.1) and (2.2), we observe that

Ll =Tt _ 7y (320
o7 | |Z,| P

5 ] 5 z, 1

__ 7 v) = | — — % _":—P_»:f)_‘s7 .2b

5 — 1 — —
2] (0= (3.20)

where we always assume that y is sufficiently smooth so that all the quantities are defined
almost everywhere; e.g. ¥ € [IW51°(I)]%. In addition, we note that

{% A(f)] (7,) = %A(f) . (3.3)

For example, (2.12) can be read as [0/0Z Ex\(Z)](Z).

3.1 Weak formulation without tangential motion

The differential equations obtained in the previous section are first order in time but
fourth order in space. It is in view of numerical methods more convenient to write the
equations in & and ¢, but coupled by (2.4), since it allows to use first order methods. The
weak formulation will then be derived from the corresponding Lagrange function. For
convenience we will denote by (-, -) the L?>~inner product on I.



Weak formulation. Given I'(0) = Z(7,0), with #(0) € V for all t € (0,7, find I'(t) =
Z(I,t), where Z;(t) € W, #(t) € V and y(t) € V, such that

(%, X17,]) — (P4, X,)

+ (G +A=2Z-7,%,-7) =0 VYyew. (3.4a)
(G5 1727 2 = 7.€17,) =0 v € (LX), (3.4b)
G f|T) + (7)) =Y Goiil)  ¥iEV. (3.4¢)

Lagrange formalism. We derive the weak equations by using the formal calculus of

PDE constrained optimisation, see e.g. Troltzsch (2010). For our constrained problem we
define the Lagrangian

Li(Z, 7,9) = (G(|7]) + M\ |Z,|) — (3, 77,]) )+ G

qedl

i.e. we consider the gradient flow of (2.5) subject to the constraint (2.10). Taking varia-
tions ¥ € W in Z, and setting (&, X|Z,|) + [ £1] (¥) = 0 we obtain that

Gox i)+ (G0 + A= 27| 21| ) - (|57 @) =0 view,

(3.5)
On recalling (3.2a,b), it follows from (3.5) that

(Z, X1Zo|) = (PUss Xo) + (GUE) + A= 52§, %, 7) =0  VYXeEW

—

and thus (3.4a). Taking now variations [<= £4](§) and [5% L1](7), for € € [LA(I)]* and

77 € V, and setting them to zero yields (3.4b) and (3.4c).

Stability. It follows from (3.4b) that

y=G'(|#) |2 . (3.6)
Then the weak form (3.4) reduces to

(@6, X 17,]) — (2IG'(12]) 1# " 25, Xo)

+ ([G(#) — G'(|2]) 17 + N 7, X,) = VYew, 3.7a
(2. 7717,]) + (Faﬁp)IZCZ-ﬁ(q) VieV. (3.7h)
qedl
Choosing ¥ = Z; € W in (3.7a), on recalling (2.12), yields that
d TN
3 D) + (1%, |Z,]) = 0, (3.8)

7



and thus provides the stability result & E(Z) < 0.

We remark that in an alternative to the Lagrange formalism above, the weak formu-
lation (3.7) can also be obtained directly by testing (2.13) with functions in W and using
(2.10). We note that in case (1.3a) with p = 2, (3.7) collapses to the weak formulation of
Deckelnick and Dziuk (2009, (2.2), (2.3)) for elastic flow.

3.2 Weak formulation with tangential motion

In the following, based on the techniques in Barrett et al. (2012), we will introduce an
alternative weak formulation for the L?*-gradient flow of the energy (2.5), by imposing
the two constraints

G5 + (Fi) = Y G-ila) VeV (3.9)
qeol
and (-7, x|Z,) =0 vV x € L*(I). (3.9b)

We recall that the right hand side in (3.9a) is zero in the case I = R/Z. Here we should
stress that the finite element discretisation of the constraints (3.9), building on the ideas
published in Barrett et al. (2012), will lead to an induced tangential motion that gives
rise to an equidistribution property in the semidiscrete setting, Section 4. Of course, on
the continuous level the constraint (3.9b) is redundant, recall (2.4) and (2.1). We will
formally establish that solutions to this weak formulation are indeed solutions to the L%~
gradient flow of (2.5). Mimicking this stability proof on the discrete level will yield the
main result Theorem 2 of this paper.

Weak formulation. Given I'(0) = Z(7,0), with £(0) € V, for all t € (0,7 find I'(¢) =
Z(I,t), where Z;(t) € W, #(t) € V and y(t) € V such that

(£2j2>55|i%|)‘_’(ézgéai})

+([G(#) + A =297+ (¥ 7) #4,X,) =0 VYeWw, (3.10a)
(G'(12)) |77 2 — PF.€|T,]) =0 v Ee [LA)Y,  (3.10b)
(#A1Z,)) + (7o) = D G -ifla) VeV, (3.100)

qeol

We observe that in the case (1.3a) with p = 2, the formulation (3.10), for I = R/Z,
collapses to Barrett et al. (2012, (2.4)) on noting that then (3.10b) implies that % = P .
It is straightforward to show that sufficiently smooth solutions to (3.10) satisfy (2.16), i.e.
that the weak formulation (3.10) is consistent with (2.16).



Lagrange formalism. We introduce Lagrange multipliers ¥ € V and z € L*(I) for
(3.9), and define the Lagrangian

Lo(F, 3,7, 2) = (G(|7]) + N, |Z,]) — (32,7 |2,]) D)+ > Gl

qeol

We start by taking variations [5%7 Lo) (1), [ L] (©), [£ £5](x) and setting them to zero.
While the first term immediately yields (3.10c), the remaining equations are

\11

(G4 1A 7= g+ 27,817,1) =0 vEe[LAD), (3.11a)

(%-Z,,x)=0  VxelL*I). (3.11b)

Taking variations ¥ € W in &, and setting (P 7, ¥ |Z,|) + [ L2] () = 0 yields that

(P&, 5 15,)) + (G(Iﬁ\) .

aliw
(@A) (ol

On recalling (3.2), it follows from (3.12) that

Nt
<y

[«%)

&1| &
<
=

N——

(;2)) —0 VyeWw. (3.12)

(2%, X1E]) + (G(1#) + A= 25,7 Xp) = (0, PXs) + (25,%,) =0 VX EW. (3.13)
In addition, it follows from (3.11a,b) by considering the normal and tangential part that
Py=G'(|#])|# "% and z=7-7. (3.14)
With the first term we can provide (3.10b), while inserting the second identity into (3.13)
gives (3.10a).
Stability. Choosing Y = #; € W in (3.12), and noting (3.3), yields that
(BZ 1) + (GUZ) + A — 2 5.0 — (G 7) + (22500 =0, (3.15)
Differentiating (3.10c) with respect to time, and then choosing 77 = ¥ yields
(o F130) + (7 7.(17,)0) + (7s7) = 0. (3.16)
Differentiating (3.9b) with respect to t, and then choosing x = z yields that
(234,%,) + (23¢,7,) = 0. (3.17)
Choosing ¢ = # in (3.11a) yields that
(- 27.717,) = (G'(2) #7224 50) = (GUA. 7). (3.19)

9



Combining (3.15), (3.16), (3.17) and (3.18) yields that

BT 2) = 5 GUALIED + (A (70

d i
= ([G(I2))], . 1Z,]) + (G([52]) + A, (1Z,])2)
= (§— 27,5 |Z,]) + (G(|5]) + A, (|Z,])¢)
= (G(|#]) + A =3y, (1T,)e) — (Yo Tt) + (252, T1p)
= — (%P |7,)) <0, (3.19)

which shows that (3.10) is indeed a weak formulation of the L*-gradient flow of (2.5).

4 Semidiscrete in space finite element approximation

Let [0,1] = U/_ I}, J > 3, be a decomposition of [0, 1] into intervals I; = [g;_1,q;] given
by a set of nodes g;. For simplicity, and without loss of generality, we assume that the
subintervals form an equipartitioning of [0, 1], i.e. that

qgj=jh, with h=J", j=0,...,J. (4.1)
In case [ = R/Z we identify 0 = gy = q; = 1, and set q;11 = ¢i.
The finite element spaces we use are given as follows:
={xeC): x|y islinearVj=1,...,J} and V"=[V"".

Let {x;}/_;, denote the standard basis of V", where jo = 0 if I = (0,1) and jo = 1
if | = R/Z. We also set j; = J—1if I = (0,1) and j; = J if I = R/Z. Let 7"
C(I) = V" be the standard interpolation operator at the nodes {g;}7_,, and similarly for
7 [C(I)]* — V". Moreover, we define the spaces

Wh=v"nH;(I) and W"=[W"". (4.2)

Let 78, : C(I) — W" be the standard Lagrange interpolation operator with zero Dirichlet
boundary conditions.

Similarly to (-,-), the L?~inner product on I, we define the mass-lumped L?*-inner
product (-, )h for two piecewise continuous functions u, v, with possible jumps at the

nodes {q;}7_}, via

= 5h Y [wo)(g) + (wv)(g )], (4.3)

1

[

J
j=

where we define u(qj ) = h{(r(l) u(q; £ 6). The definition (4.3) naturally extends to vector
valued functions.

Let X" :[0,7] — V" be an approximation to & : [0,7] — V. Here we make the quite
natural assumption that

10



€My XM, t) # XM(gj4n,t), 5=0,...,J =1, for all t € [0, T].

Then, in correspondence to (2.2) and (2.9), we set

h =X = Xf and P'=1d—7®7. (4.4)

Moreover, in analogy to (3.2), on noting (3.1) and (4.4), we have for all ¥ € V" on I,
7=1,...,J, that

S - X‘XT =75, (4.52)
- L% éd e T T SRS
=@ =1 (4.5¢)

Given X" k" € V" we define the discrete energy
B R = (GUR) + 0 1X2) (4.6)

4.1 Semidiscrete method without tangential motion

We consider the following semidiscrete continuous-in-time finite element approximation

of (3.4).

Semidiscrete weak formulation. Let X"(0) € V. For t € (0,7] find X"(t), 7"(¢),
Yh(t) € V" with X!(t) € W", such that

- S, N\P - -
(X1 XX = (2 ¥h X X0

- i N h
+ (IGUR") + A= & V" X0 X)) =0 VYew", (47a)
S, o o=\ P -
(G Uam IR R =0 €150) =0 vEeV,  (4Th)
N - - -
(R, 71%0) + (R 7 1X0) =S G iile) ViAeVh. (470
q€edl

In case (1.3a) with p = 2, it follows from (4.7b) that & = Y", and so the scheme (4.7),
for the case I = R/Z, collapses to the scheme (2.9), (2.10) in Deckelnick and Dziuk (2009)
for elastic flow of closed curves in R

11



Semidiscrete Lagrange formalism. On recalling (4.6), and with a view to the con-
straint (4.7c), we define the discrete Lagrangian

LR RV = (GURM) + A E) (R 1) (P )+ 2 GV ) (49)

q€edl

where Y" € V" is a Lagrange multiplier for (4.7¢). Taking variations (525 L] (€) and
[2- o L2)(7), for €7 € V", and setting them to zero yields immediately (4.7b) and (4.7c¢).
Taking variations Y € W" in X" and setting (XZ”,)Z'|X£L|) (2 L4 (Y) = 0 we obtain
with (4.5a) that
2h = eh\" ~h oho=h o \" Fh ph o h
(X, 01X00) + (GUAM) + A= 7" ¥, 7 5, ) — (V1P R) =0 VR ew", (49)

which is equivalent to (4.7a).
Stability. Choosing ¥ = X € W" in (4.9), and noting (3.3), yields that
(12, |X',’;|>h + (GOR) + A= 7Y, (|)Z';;|)t> (Vr7) =0, (4.10)
Differentiating (4.7c) with respect to time, and then choosing 7 = yh yields that
(a’:,?h p?};|)h + (p;h Y, (|X'g\)t)h + (?p’l,ﬁh) —0. (4.11)
Choosing 5 = KM in (4.7b) yields that

(7R 1R = (@R R a m ) = ((e0R ], 50) . 1)

Combining (4.10), (4.11) and

—~

4.12) yields that

0, (4.13)

. N
= (1% 1531)
t P
and so a solution satisfying (4.7) is stable. In fact, we have shown the following result.

THEOREM 1. Let G € C (Rsq, Roo) satisfy (2.6). Let (X"(t), _’h(t),?h(t))te(()’j“] denote
a solution to (4.7), with (Xh(t))t€(07T] satisfying (Ct). Then it holds that

d

i N h
BN R + (IXP21%0) = 0.

12



4.2 Semidiscrete method with tangential motion

We now derive a semidiscrete formulation for (3.10). For this we need a few more defini-
tions. Here we make the mild assumption that

(C) Let (C}) hold and let X" (q;_1,t) # X™(qj41,t), = 1,..., 41, for all t € [0, 7.

Let 0" € V" be the mass-lumped L*projection of 7 onto V", i.e

Lo\ . Lo \h
(02150 = (7 @1%0) = (7R 1X0) veevh . (419
Following the notation in Barrett et al. (2012, (3.3)), we then define &%(t) € V" to be
0" (t
Gh(t) = # (4.15)
|6%(2)]
which, on noting assumption (Cy), is well-defined. Let
Qo) =1ty od(pt), Ype1Vte0.T], (416
and introduce the modified operator
Q"(p,t) Vpel
h . Y Y
* 7t i 4.17
Q(p.1) {g o (.17)

Semidiscrete weak formulation. Let X"(0) € V. For t € (0,7] find X"(t), #"(¢),
Yh(t) € V" with X!(t) € W", such that

- AN - -
(@ X xIK) — (B VI %1%

h
= — (GO ) + 1~ & 7" X1 |XD))
h
—(Ww[\éhl LY @) “h,xs\X,’}) VyeWw", (4.18a)
h -
(A" IR R - QY E1RE) = VEeVh,  (4.18b)

GREE +(Xs,ﬁs|X£|)=ZEq~ﬁ<q> VeVt (415)

qeol

Discrete Lagrangian. We consider the L?-gradient flow of the discrete energy (4.6),
subject to the constraints

(Eh’ﬁ’@‘)h*( <7 | ) Y Gille) VeV (4.19a)
q€edl
and (" X, X)h 0 Vxewn. (4.19D)
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To this end, we define the discrete Lagrangian
h
(X gh oy gt ~h h =h Vhish ~h v}h
LhXM R 2 = (G (|/€|)+)\‘X|> = (7 VX)) - (P

+> 4 Yg) + (r{h - X", Zh>h : (4.20)

qeol

where Y € V" and Z" € W" are Lagrange multipliers for (4.19a) and (4.19b), respec-
tively. Here the test space W in (4.19b) was chosen because it is sufficient to obtain the
desired equidistribution result, and this leads to the altered projection Q’j in (4.18b). For
the choice (1.3a) with p = 2, the same strategy was employed in Barrett et al. (2012).

—

We take variations [(SY% LY, [55 L£4](€) and [
and set them to zero. This yields (4.18c),

L Lh)(x), for £,77 € V", x € WP,

— — —» h —
(G’( RO |RPL R — Yoy Zh i € |> —0 Véevh (4.21)
and (4.19Db).

Taking variations ¥ € W" in X", and setting Q" )Z'f,ﬂ)?m)h + [Z L8] (%) = 0 we
obtain that N

(@hih 7 _’h|>h_|_( (JR") + A =R Y" [Lﬁ |Xh|} ()Z))h— <57h [ (i Fh} ()2))
& ARy loxe e "

5 . h
+ (Zh i vah X[;} (;2)) =0 Vyewh. (4.22)

On recalling (4.5), it follows from (4.22) that

(gh)?th,ﬂ)?goh + ( (IR + N = Rh-Yh 7 )Zp)h _ <}7’ph7£h _)s)
+ (2" fa’h,yp)h -0 Vyew". (4.23)
With (4.14), (4.15) and (4.19b), it follows from choosing £ = 6" € V" in (4.21), that
(?h _zh g \X’g\) — 0 and 2" = =, W 2 yh. 971] [\e‘hy 1yh, ﬂ . (4.24)
Combining (4.21) and (4.24), yields that
AUV = 7" [G(IR") R R (4.25)

This gives (4.18b) and inserting Z" in (4.23) yields (4.18a).
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Stability. Choosing Y = )Z'th € W" in (4.22), and noting (3.3), yields that
(1" K22 IXH) + (GURM) + A — 7T (X0) — (V07)
+ (Zh ﬁh,th)h —0. (4.26)
Differentiating (4.18¢c) with respect to time, and then choosing 77 = yh yields
(&t,yh |Xh|) + (Eh YR, (p?g\)t)h (Yh *h) —0, (4.27)

i.e. the same as (4.11). Differentiating (4.19b) with respect to ¢, and then choosing y = Z"
yields that

(Zh/ft,Xh> —|—<Zh/%’h,)?ffp>h:0. (4.28)
Choosing ¢ = & in (4.21) yields that
(7" - zr & X)) = (G R R A1) = ([adR), 150 (a29)
Combining (4.26), (4.27), (4.28) and (4.29) yields that
t ( (R 1%20) "+ (0 1%20.)
(GR™D], 1K)+ (GURM) + 0, (1K)
vz w1+ (GORMD + A (X2D,)
GURM) + A — &V (K0),) — (T + (2R )

- N h
= - (1@ X112 1K) <o, (4.30)

| o

d -
dt E)\ (Xh? h)

I
/\/\/‘\CL

and so a solution satisfying (4.18) is stable.

Equidistribution. Next we show an equidistribution property for the scheme (4.18).
Choosing & = &% (g;) x; in (4.18b) and 77 = &"(q;) x; in (4.18c), for j = 1,..., 71, yields,
on recalling (4.16) and (4.17), that

G'(IR"(q5)D) 1R (q5)| 7 &M(q5) - &y () =
7(q;) - @ (q5) (XWIX )+ (X?,(@Z(Qj)Xj)p> =

It follows from (4.31b), on setting 6?71 = )?(q]) )Z'(q] 1) and on noting that &% (q;) =

: (4.31a)
(4.31b)

2
Hh+ +dh 1
JT3 J739
W, that
J+j j*%

=h =h ch 1 6?% 6?75 5?+§+6?—§
#(a) - Gilar) (o 1K01) + 5 | =5 — = B s
J




If we assume that G’(z) # 0 for z > 0, then it follows from (4.31a) that |5"(¢;)] = 0 or
that #"(q;) - @ (q;) = 0, i.e. the latter always holds. Hence it follows from (4.32) that

=h =h
ar . a .
it3 i~3 (—»h —h ) _
= - la. l_'_a_l =0, (433)
()
which together with the Cauchy—Schwarz inequality implies that ]EL’? 1l = |c??_ .| if EL’? 1
2 2 2

is not parallel to EL’;‘_ Iy
2

Overall we have shown the following results.

THEOREM 2. Let G € O (Rso, Rsg) satisfy (2.6). Let (X" (t), R (), Y™())icqor) denote
a solution to (4.18), with ()Z'h(t))te(oj] satisfying (C2). Then it holds that
d noen o nhz (2h)" _
th/\(Xﬂli)—'_ |2 Xt|7|Xp| =0.
Moreover, if G'(z) # 0 for z > 0, then on letting 6?+1 = Xh(qj,t) - Xh(qjﬂ,t), Jj =
2
0,...,71, for a fized time t € (0,T), it holds for j =1,...,j; that

ol =y o K

REMARK 3. We note that the assumption G'(z) # 0 for z > 0 is satisfied for all the
choices in (1.3). The proof of the equidistribution properties highlights that a weaker
sufficient condition is given by G'(|[F"(q;)|) # 0, for j=1,...,71.

We also stress that the equidistribution property is what sets the approximation (4.18)
apart from (4.7), and this is what makes fully discrete variants of the former more practical
than fully discrete versions of the latter.

5 Fully discrete finite element approximation

5.1 Fully discrete scheme without tangential motion
On recalling (4.7) we introduce the following fully discrete approximation of (3.4). Given

X% € V" with Xo(q) = a, for ¢ € I and suitably chosen #° € V" and Yo e v
find (6XmFL gm+l ymtl) ¢ Wh x VP x VP with X™ = X™ 4+ §X™*! such that for
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m=0,...,M—1

s

1 e > vm . m ym = | yYm
F <5Xm+17X‘Xp ’) o (E Y, +17X8 ’Xp ‘)

- o o h
== (IGUR™) + A= 7" ¥ K2, %, 1 K77 VIEW", (5.1a)
- . h -
(G (Rt Rt st = Y €5 =0 VeV, (5.1b)

(R 71 X0) "+ (Ko gl 50) = 6 i) vaevh. (1o
qedl
We observe that in the case (1.3a) with p = 2, it follows from (5.1b) that F™ = Y™+,
and so the scheme (5.1), in the case [ = R/ Z, collapses to a fully discrete variant of the
scheme (2.9), (2.10) in Deckelnick and Dziuk (2009) for elastic flow, compare also with
Barrett et al. (2010, (3.7)).

5.2 Fully discrete scheme with tangential motion

Built on (4.18) we introduce the following fully discrete approximation of (3.10). Given
X% € V" with X°(q) = @, for ¢ € OI and suitably chosen 7% € V" and Y° € V"
find (6X™FL gmtl ymtl) ¢ Wh x VP x VP with X™ = X™ 4+ §X™*! such that for
m=0,.... M —1

A (QaXm g %) - (T ) + (@ 2 T X))
= — (16(R™) + A~ Fm -7 K g K1)
— (wly 187 (P R X)) VYeWw", (52a)
(G o st — Qv €15) = 0 vEevt,  (52m)
(et )+ (R X0) = S0 i) VeVt (5.2
qedl

Here we have introduced the time discrete analogue Q7" of (4.17). As SXmH e Wh it
follows that Q7" in the first term in (5.2a) can be replaced by Q.

REMARK 4.

e We observe that in the case (1.5a) with p = 2, it follows from (5.2b) that R™™! =
I Y™ and so our scheme (5.2) collapses to the linear schemes (4.1), if
I =R/Z, and (4.9), if I = (0,1), in Barrett et al. (2012). We recall from Barrett
et al. (2012, Theorems 4.1 and 4.3) that these schemes admit a unique solution, and

this is the reason for the chosen time-discretisation of the terms involving Y™+ and
Y™ in (5.2a); see also Barrett et al. (2012, Remark 4.1).
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e [or general G, the scheme (5.2) is (mildly) nonlinear, and can be solved with the
help of a Newton iterative solver. An alternative, linear scheme can be obtained by
replacing G'(|[R™ 1) [R™ =1 in (5.2b) with G'(|R™|) |R™|~'. Howewver, in practice
such a scheme does not perform well, with the scheme breaking down, for example
because |K™ | becomes too small. That is why we prefer the nonlinear scheme (5.2).

o The main difference between the two schemes (5.1) and (5.2) is that the former uses
the standard discrete curvature vector R™™' as a variable, which leads to mainly
normal motion for X™HL . This is in the spirit of the seminal works by Dziuk, see
e.g. Dziuk (1991, 1994, 2008); Deckelnick and Dziuk (2009). The scheme (5.2),
on the other hand, enforces F™H1 to have no tangential components, which leads to
an implicit tangential motion in X X+ that gies equidistributed meshes, at least
in the semidiscrete limit, recall Theorem 2. This is in the spirit of the works by
Barrett, Garcke and Niirnberg, see e.g. Barrett et al. (2010, 2011, 2012) for the
case of discrete curve evolutions.

5.3 Solution of the nonlinear system of equations

With the obvious abuse of notation, i.e. on letting Y™+, §X™+1 xm+1 also denote the
vector of coefficients with respect to the basis functions of V", we can write the nonlinear
systems (5.1) and (5.2) as

é L g 0 ym+l i
0 é M SXmHL | = | fm ], (5.3)
-M 0 M (Rm+t) Rt 0

where the definitions of the matrices and vectors in (5.3) follow from (5.1) and (5.2). In
particular, for (5.2), and in the case I = R/Z, the block diagonal matrices M, gg(ﬁm“)
and M are defined by their diagonal block entries

Mjj = M;; Q7(a5) . [Ma(F™ )] = G'(1E™(gy)D) [F™(g5)] 7" My;1d,

ﬁjj = ijg7 ij = <X]7|X;7)n|> 7j :jOw-'aJ' (54)

The Jacobian matrix of (5.3) at a Newton iterate (Y~,6XY #¥)T is independent of
YN 6X", and can be written as

LM 0
Mo, (5.5)

where

[MdG(ﬁN)]m - MJJ (G/(’ﬁj\%
[

a)|™
+ [G"(1EY (g)]) - G'( RY (gD RN (a) 72 Y (q7) @ BY(qp)) - (5.6)



We note that for the cases (1.3a)—(1.3c) we have
G'(2))z= 2", G'(z) = (p—1)2"77, (5.7a)
G'(2)/z=a z3e />, G"(z)=a(a—22) 2z e (5.7b)
G'(2)/z = %z_g (z+2a)e %, G"(2) = %lz_% (24 4az—4a%) e/, (5.7¢)
In practice the Newton iteration for (5.3), for the schemes (5.1) and (5.2), usually con-
verges in only a few steps. We implemented the schemes (5.1) and (5.2) with the help
of the finite element toolbox ALBERTA, see Schmidt and Siebert (2005). The linear

subproblems of the Newton iteration, featuring the block matrix (5.5), are solved with
the help of the sparse factorization package UMFPACK, see Davis (2004).

6 Numerical results

Throughout the numerical experiments we take, for given XO, RO = QO E, where k € vh
is the solution to a
— — h — — —
(F1%80) + (RO IX0) = DG eiite) VeV,
qeol
and then set Y0 = 7 [G/(|70]) |71 R%]. We will always employ uniform time steps,
At,, = At, m = 0,...,M — 1. For the spatial resolution we will refer to hro, the
maximal edge length of I'°. On recalling (4.6), we will refer to E?(X™, §™*1) as the fully

discrete energy for solutions of the schemes (5.1) and (5.2), respectively. We stress that
no remeshing was used in any of the experiments presented in this section.

6.1 Numerical results for d = 2
6.1.1 Circular solutions

For the choice (1.3a), we recall the true solution (A.6) with (A.11) for (2.13) with A =0
from the appendix. It will be used for the convergence tests for the presented schemes.
To this end, we start with the initial data

- cos|2mq; + 0.1 sin(2 7 q; ,

X%g;)=r(0) [ 2y , (274;)] . j=1,...,J, (6.1)
sin[27¢; + 0.1 sin(27 ;)]

recall (4.1), with 7(0) = 1. We compute the error

h M
IT =Tl = max —max 1 X7 (g;)] = r(tm)] (6.2)

geeay =1,...,

over the time interval [0, 1] between the true solution and the discrete solutions. Here
we use the time step size At = 0.1h%,. For the choices p = 2, p = 5 and p = 1.1 the
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(5.1) (5.2)

J hro | |7 = T%|| = | EOC | |T = Iz | EOC

32 2.1544e-01 | 2.1279e-03 — 2.2720e-03 —
64 1.0792e-01 | 5.3401e-04 | 2.00 | 5.6804e-04 | 2.01
128 5.3988e-02 | 1.3363e-04 | 2.00 | 1.4201e-04 | 2.00
256 2.6997e-02 | 3.3416e-05 | 2.00 | 3.5503e-05 | 2.00
512 1.3499e-02 | 8.3546e-06 | 2.00 | 8.8759e-06 | 2.00

Table 1: Convergence test for (1.3a), p =2, A = 0, over the time interval [0, 1].

(5.1) (5.2)
J hro | |T = T"||z | EOC | [|T = ||~ | EOC
32 2.1544e-01 | 3.2297e-03 | — | 4.2993¢-03 | —
64 1.0792e-01 | 8.0173e-04 | 2.02 | 1.0631e-03 | 2.02
128 5.3988¢-02 | 2.0008¢-04 | 2.00 | 2.6507e-04 | 2.01
256  2.6997¢-02 | 5.0001e-05 | 2.00 | 6.6227e-05 | 2.00
512 1.3499¢-02 | 1.2499¢-05 | 2.00 | 1.6554e-05 | 2.00

Table 2: Convergence test for (1.3a), p =5, A = 0, over the time interval [0, 1].

(5.1) (5.2)
J hro | |0 = T"||= | EOC | |T = I"|;~ | EOC
32 2.1544e-01 | 8.9127e-04 — 1.4774e-04 —
64 1.0792e-01 | 2.2636e-04 | 1.98 | 3.7037e-05 | 2.00
128 5.3988¢-02 | 5.6815¢-05 | 2.00 | 9.2660e-06 | 2.00
256 2.6997¢-02 | 1.4218¢-05 | 2.00 | 2.3169e-06 | 2.00
512 1.3499¢-02 | 3.5554e-06 | 2.00 | 5.7926e-07 | 2.00

Table 3: Convergence test for (1.3a), p = 1.1, A = 0, over the time interval [0, 1].

20




(5.1) (5.2)
J hro | |T = T"||z | EOC | [T = ||~ | EOC
32 2.1544e-01 | 4.5099e-04 | — | 2.1356e-04 | —
64 1.0792¢-01 | 1.1368¢-04 | 1.99 | 5.3519¢-05 | 2.00
128 5.3988¢-02 | 2.8479¢-05 | 2.00 | 1.3156e-05 | 2.03
256 2.6997¢-02 | 7.1234e-06 | 2.00 | 2.2891e-06 | 2.52
512 1.3499e-02 | 1.7811e-06 | 2.00 | 5.7227e-07 | 2.00

Table 4: Convergence test for (1.3b), & =4, A = 0, over the time interval [0, 1].

0.6 T T T T T 144

0.4

0.2

ol

02|

04|

06 I I . . . 137

. . .
06 0.4 02 0 0.2 0.4 06 o 2 3 4 5

Figure 1: (1.3c) with @ = 4, A = 0.25. Left: Plots of the curve at times t = 0, 1,2, 5.
Right: t vs discrete energy on [0, 5].

computed errors are reported in Tables 1-3. In each case we observe that the schemes
exhibit second order convergence rates.

For the choice (1.3b), we use a numerical solution of the differential equation (A.6)
with (A.13), from the appendix, for (2.13) with A = 0. For the presented convergence
tests, we start with the initial data (6.1) with r(0) = 0.5. We compute the error (6.2)
over the time interval [0, 1]. Here we use the time step size At = 0.1 hZ,. For the choice
a = 4 the computed errors are reported in Table 4.

For (1.3c), we now investigate the behaviour of circles close to stationary radial solu-
tions with radius r such that r~2 e~ (5 —ar)+ A =0, recall (A.19) in the appendix.
To this end, we numerically compute the stationary radius r» ~ 0.55617 for &« = 4 and
A = 0.25, see Figure 11 (right). On noting (A.19) we observe that this stationary solution
is stable. Indeed, starting with the initial data (6.1) with r(0) = 0.4 and J = 128, we
use the scheme (5.2) to compute the evolution shown in Figure 1. Here we use the very
small time step size At = 1077, since for larger values the Newton iteration to solve the
nonlinear equations arising at each time step does not converge. With the chosen At,
the maximum number of Newton iterations per time step was 2. We note that at the
final time the discrete curve has a diameter of 1.112, which is approximately twice the

expected radius of the stationary solution.
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(5.1) (5.2)
J hro | |T(1) = TM|| | EOC | |I'(1) = ™| | EOC
32 1.0792e-01 | 3.0545¢-05 | — | 2.7926e-05 | —
64 5.3988¢-02 | 4.1892c-06 | 2.87 | 3.6824e-06 | 2.93
128 2.6997¢-02 | 6.1270e-07 | 2.77 | 5.0761e-07 | 2.86
256 1.3499¢-02 | 9.9239¢-08 | 2.63 | 7.5317¢-08 | 2.75
512 6.7495e-03 | 1.8154e-08 | 2.45 | 1.2393¢-08 | 2.60

Table 5: Convergence test for clamped boundary conditions for (1.3a), p = 4, with A\ = %
and (o = (1 = —€.

4 osh

4 o6}

4 oal

0.2

0 L L L 0 L L L
-1 -0.5 0 05 1 -1 -0.5 0 05 1

Figure 2: Steady state solutions for (1.3a) with p = 4 and clamped boundary conditions
(o = ¢ = —€é,. Left: A =0.01. Right: A = 10.

6.1.2 Clamped boundary conditions

In order to test the convergence of the schemes in the presence of clamped boundary
conditions, we consider the stable stationary solution for (1.3a) with r =1 and A\ = 1%1,
recall (A.19) in the appendix. Similarly to (6.1), we choose the initial data

CO( ) — sin[(q; — %) 7+ 0.1 cos((g; — %) )] .
X"(q5) (cOSKQj - %)W + 0.1 cos((g; — %) W)]> , J=0,...,J,

(6.3)
and provide the boundary conditions defined by X° and 50 = 51 = —é,. On computing the
solution until time ¢ = 1, with At = 0.1 h%o, we compute the maximal distance between
XM (g;) and the unit semicircle. For the choice p = 4, the results are presented in Table 5.
As we start the simulations with an interpolation of the true steady state solution, we
observe some superconvergence for large hro. But eventually the convergence rates seem
to settle on second order.

For the same setup as for Table 5, we now present a simulation each with A\ < %

and \ > %, so that the unit semicircle is no longer a stationary solution. The plots of
the obtained numerical steady state solutions, for the scheme (5.2) with J = 128 and
At = 1073, are shown in Figure 2.
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and p = 15 (blue), A = 0.1 and clamped boundary conditions Cl = —(y=
around the point (0,0.5)7 on the right.

Figure 3: Steady state solutions for (1.3a) with p = 1.6 (black), p = 2 (red), p = 4 (green)
€1. A closeup

In the next experiment, we connect two horizontal lines by a minimising curve. In
Figure 3, we show the comparison of the obtained discrete approximations to the min-
imisers for the energy (2.5), with A = 0.1, for (1.3a) with p € {1.6,2,4, 15}. Here we use
the scheme (5.2) with J = 128 and 7 = 107°. We note that for p < 2 the steady state
solution becomes more straight, while for p > 2 the shape is more curved. In other words,
for p < 2 the maximal curvature and the length of the curve become smaller, while for
p > 2 both become larger. The discrete energies for the displayed solutions are 0.963,
0.791, 0.421 and 0.236, respectively.

In order to allow simulations of the situation in Figure 3 for the choice (1.3b), we
apply a regularisation term and consider

G(2) =e " +1ez® withe=10""2. (6.4)

This is purely to help overcome numerical difficulties when |z| is small, and, as far as
we can establish, this has no major influence on the computed evolution. For example,
the errors in Table 4 for the scheme (5.2), but with (1.3b) replaced by (6.4), are given
by 2.1361e-04, 5.3522e-05, 1.3388e-05, 3.3475e-06, 8.3687e-07. In Figure 4, we show the
comparison of the obtained discrete approximations to the minimisers for the energy
(2.5), with A = 0.1, for (6.4) with o € {3,4,9,15}. Here we use the scheme (5.2) with
J =128 and 7 = 107°. We observe that, in contrast to Figure 3, the arrangements of the
stationary curves is not monotone in the parameter «. In particular, the curve for a = 3
lies between the curves for « = 4 and o = 9. In fact, further numerical investigations
suggest that o = 4 is approximately the value that leads to the largest deformation of the
stationary curve. The discrete energies for the solutions displayed in Figure 4 are 0.271,
0.243, 0.228 and 0.226, respectively.
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Figure 4: Left: Steady state solutions for (6.4) with o = 3 (black), a« = 4 (red), « = 9

(green) and o = 15 (blue), A = 0.1 and clamped boundary conditions G=—C=a.
Right: A closeup around the point (0,0.5).

6.2 Numerical results for d = 3

Here we only consider clamped boundary conditions, since we expect stationary closed
curves to lie within two-dimensional hyperplanes. Throughout this subsection, we let
A = 1 and choose the discretisation parameters J = 512 and At = 10~*. Unless otherwise
stated, we employ the scheme (5.2).

We begin with an evolution for a segment of a helix, parameterised by

To(p) = [p,sin(2 Wp),cos(Qﬂp)]T vV pel0,1],

for the clamped boundary conditions (2.3) given by 7, and 51 = —Q_‘f] = €. For the energy
induced by (1.3a) with p = 1.5, the initially three-dimensional curve collapses to a curve
that lies in a hyperplane parallel to the x — y—plane. See Figure 5 for the evolution.
The energy plot nicely illustrates the rapid decay of the energy as the curve settles into
the two-dimensional hyperplane, where it appears to have reached a steady state. The
discrete energy for the final solution in Figure 5 is 7.71.

For (1.3a) with p € {2,4, 15}, however, the curve remains three-dimensional through-
out, until it settles on a stationary shape, see Figure 6. Similarly to Figure 3, we observe
that larger values of p lead to curves with higher maximal curvature and greater overall
length. The discrete energies for the solutions displayed in Figure 6 are 8.67, 7.70 and
6.65, respectively. We remark that starting the evolution from the final shape in Figure 5,
for p = {2,4,15}, still leads to the stationary solutions displayed in Figure 6. Hence we
conjecture that these solutions are indeed discrete approximations to the global minimiser
for the considered curvature energy and the prescribed clamped boundary conditions.

Moreover, we conjecture that the global minimiser changes from a planar to a non-
planar shape for a critical value of p. As an explanation we can state that the curvature-
term gets more expensive for larger p and starts to dominate the term that penalises
the length of the curve. To study this further, we computed for a set of p-values in
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Figure 5: Evolution of a helical curve. (1.3a) with p = 1.5, A = 1, G = —C = &. Left:
Plots of the curve at times t = 0,0.5,...,2.5, with the almost stationary (planar) curve
at time ¢ = 2.5 in red. Right: ¢ vs discrete energv on [0. 31.

1

0.5

Figure 6: Non-planar steady state solutions for (1.3a) with A = 1, 51 = —50 = €5 and
p =2 (red), p =14 (green) and p = 15 (blue).

[1.5,2], and for two possible initial curves (either planar (2d), or non-planar (3d)), the
diameter in z-direction of the stationary solution, see Figure 7. It can be seen that for
values p € [1.55,1.81], two different stationary states appear to exist (planar and non-
planar), and the initial data critically determines which state is reached. Moreover, by
comparing the energy of the final states, we conjecture that the planar stationary state is
the minimiser for p < 1.63, while the non-planar curve is the minimiser for p > 1.64.

We remark that the scheme (5.1) is not able to integrate the evolution in Figure 5
with the same discretisation parameters. Even if we choose the much smaller time step
size At = 1075, the scheme (5.1) can only compute the evolution until about ¢ = 1.4, at
which point the scheme breaks down due to coalescence of mesh points. In Figure 8 we
compare the element ratio

o mi&Xj:I—»] |)fm(QJ) — )fm<qj—1)| (65)
minj—y, s [ X7 (g;) — X™(gj-1)]
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Az

Figure 7: A plot of Az = max;—o._s |(XM(g;) — XM(q0)) - @] (left) and the discrete
energy E? (right) against p in (1.3a). Here we show a curve each for two-dimensional
(red) and three-dimensional (blue) initial data, respectively.

L L L L
[ 0.2 0.4 0.6 0.8 1

Figure 8: The time evolution of the ratio (6.5) for the schemes (5.1) (red) and (5.2) (blue)
for the experiment as in Figure 5 with At = 107°,

for the schemes (5.1) and (5.2) for this simulation with At = 107% until time ¢ = 1. Tt
can be clearly seen that for the scheme (5.1) the ratio increases dramatically, while for
the scheme (5.2) the ratio converges to 1, meaning an equidistribution of the vertices.

Finally, for (1.3a) with p € {1.5,4}, we show some more involved evolutions towards
the steady states shown in Figures 5 and 6. To this end, we choose as initial data a
discretisation of

—

To(p) = [p,sin(4 7rp),cos(47rp)]T vV pelo,1],

i.e. a helix with two turns. The computed evolutions are shown in Figures 9 and 10.
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Flgure 9: Evolution of a double-winded helical curve. (1.3a) with p = 1.5, A =
Cl = —Co = é5. The convergence is towards the steady state solution shown in Figure 5

The curve is shown at times t = 0,1,2,5 (from left to right).

Figure 10: (1.3a) withp =4, A =1, 51 = —50 = 5. Evolution of a clamped helix towards
the steady state solution shown in Figure 6. The curve is shown at times ¢ = 0, 5, 10, 20.

Conclusion

We have presented two continuous-in-time semidiscrete finite element discretisations for
the approximation of the L*-gradient flow of general curvature energies of the form (2.5),
featuring a general energy density G. Here we have considered closed and open curves,
taking into account clamped boundary conditions in the case of open curves. Both schemes
can be shown to be stable, and the second variant satisfies, in addition, an equidistribution
property. The introduced corresponding fully discrete approximations, (5.1) and (5.2), are
in general mildly nonlinear, due to the possible nonlinearities present in G'. In practice
both schemes perform well in convergence tests, using exact radial solutions developed
in the appendix, and exhibit good stability properties. The scheme (5.2) proved to be
more robust in practice, as (5.1) could at times not compute evolutions unless the time
discretisation parameter was chosen sufficiently small. Moreover, the scheme (5.1) can
suffer from coalescence in practice, while the vertices for scheme (5.2) are always well
distributed.
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A Exact radial solutions for d = 2

General planar curves For a closed curve in the case d = 2 we can define the normal

to the curve via
U= -7t , (A.1)

where (-)* denotes a clockwise rotation by Z. Then we can introduce the curve’s scalar
curvature via
HU=34=Ts = Tss, (A.2)
see e.g. Deckelnick et al. (2005). On noting that
V2 (G2 77 2) = V2 (G (|5 |52 5¢) = (G (1) sl 5¢0), - 577 579
= [(G(1) s 7 20)s 7] - 70 = (G (|#]) |2 7 20)aa ¥, (A3)
it is straightforward to establish that (2.14), for d = 2, can be formulated as
Ty V= —(G'(|2]) [5e] ™ 50)ss + [G(1Z]) = G'(|52]) | ] 52 + A e (A.4)
For the special case (1.3a) with p = 2, (A.4) reduces to
ft-ﬁ:—%ss—%%gjt)\%, (A.5)

the standard elastic flow in the plane.

We now make the ansatz

Z(p,t) = r(t) [cos(2mp) €] + sin(27p) €3] Vpel, (A.6)
with r(t) > 0 for all ¢ € [0,T]. Tt follows from (A.2) that
w(p,t)=[r()]™" VpelVtelo,T]. (A.7)
Moreover, it holds that
To(p,t) - U(p,t) = —1'(t). (A.8)
Hence a solution of the form (A.6) for the flow (A.4) needs to satisfy
b3 70 =G () s~ Oely) — A (4.9)

The case (1.3a). Here we obtain the ordinary differential equation

d 2 p—1 P P
i O=1wl" s el A== - (A.10)
It is easy to verify that the solution in the case of A = 0 is
_1
— p+2
(t) = [Z12H ¢ 4 r(0)r+?) (A11)

In particular, for p € (1,00), the solution (A.11) represents expanding circles. For p = 2,
we obtain the well-known expanding circle solution with radius r(t) = (2¢ + r(0)*)3 for
elastic flow in the plane.
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The case (1.3b). The differential equation (A.9) implies

80 = (ar(t) — 1) -y, (A12)

which for A = 0 yields
r(t) = (o — %)6_‘”(@ . (A.13)

We note that a circle with radius r = é is an unstable steady state solution to (A.13), see
also the final paragraph below. Circles with a larger radius will (unboundedly) expand,
while circles with a smaller radius will shrink (to 0).

If we let A'(y) = y [ay—1]7! e*¥, we find its antiderivative to be A(y) = a2 (e Ei(a y—
1) + e*¥), where Ei(z) = — [Zu™' e du denotes the well-known exponential integral.
Then a solution to (A.13), with r(t) > <, satisfies

d / / _
3 AC@) =r) Ar@t) =1, (A.14)

which means that a solution to (A.13) satisfies the nonlinear equation
A(r(t)) =t+ A(r(0)), (A.15)

which can be solved numerically to find r(¢).

The case (1.3c). The differential equation (A.9) implies

d lo—ar
L0 = () ) [l e, (A16)
which for A = 0 yields
)= (o) [l e (A1)

We note that a circle with radius r = ﬁ is an unstable steady state solution to (A.17),

see also the final paragraph below. Circles with a larger radius will expand, while circles
with a smaller radius will shrink.

Stability of stationary solutions. We observe that for our examples in (1.3) circles
of radius r = |Z| have energy

ST P AT (1.3a)
E\(¥)=27 (G(%) + A)r =2magxr), g\(r)=<Kre " +Ar (1.3b). (A.18)
Vre "+ Ar (1.3¢)

In particular, if 7 — 0, then only in the case (1.3a) the energy grows unbounded. For the
other two cases, circles with radius » — 0 are a minimising sequence for (2.5) if A > 0.
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f(r;a)

0 0.5 1 15 2
r r

Figure 11: Stationary radial solutions as the intersection of f(-, a), for a € {2,4, 8}, with
the line A =const (dotted line). The two solutions for v = 4 are marked with a circle. The
left solution is unstable while the right one is stable. Note that there are no stationary
solutions for even moderate A > 0. Left: Example (1.3b) with A = 0.08. Right: Example
(1.3c) with A = 0.25.

The radii of stationary radial solutions are now simply the stationary points of g,.
Their stability can be inferred from the sign change of gj, or from the sign of ¢y, where

% TP+ A (p—1)r=+Y) (1.3a)
Ah(r)=<ce (1 —ar)+ A and ¢\(r) =< ae " (ar —2) (1.3b) .
reze e (L —ar) + ) rere e (ar? —ar— 1) (1.3¢)
(A.19)

In particular, if 7 is the radius of a stationary radial solution, i.e. g} (r) = 0, then for (1.3a)
this stationary solution is always stable. For the choice (1.3b) it is stable if r > %, while
for (1.3c) it is stable if r > I ([1 + é]% —1). We reformulate the equation ¢} (r) = 0 for
the stationary radii in the form f(r,a) = A (for examples (1.3b) and (1.3c)) and provide
the graph of f(-,«) in Figure 11 for some values of a.. It can be seen that there exist no
stationary solutions for the cases (1.3b) and (1.3c), and the chosen values of a, if A > 0
is too large.
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