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STABLE APPROXIMATIONS FOR AXISYMMETRIC WILLMORE FLOW FOR
CLOSED AND OPEN SURFACES*

JOHN W. BARRETT!, HARALD GARCKE? AND ROBERT NURNBERG>*

Abstract. For a hypersurface in R®, Willmore flow is defined as the L2-gradient flow of the clas-
sical Willmore energy: the integral of the squared mean curvature. This geometric evolution law is
of interest in differential geometry, image reconstruction and mathematical biology. In this paper, we
propose novel numerical approximations for the Willmore flow of axisymmetric hypersurfaces. For the
semidiscrete continuous-in-time variants we prove a stability result. We consider both closed surfaces,
and surfaces with a boundary. In the latter case, we carefully derive weak formulations of suitable
boundary conditions. Furthermore, we consider many generalizations of the classical Willmore energy,
particularly those that play a role in the study of biomembranes. In the generalized models we in-
clude spontaneous curvature and area difference elasticity (ADE) effects, Gaussian curvature and line
energy contributions. Several numerical experiments demonstrate the efficiency and robustness of our
developed numerical methods.
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1. INTRODUCTION

Geometric functionals involving the principal curvatures of a two-dimensional surface play an important role
in mechanics, geometry, imaging and biology. In plate and shell theories such functionals go back to the work
of [22,26,31]. In geometry, an energy given by the integrated square of the mean curvature has been studied
intensively since the pioneering work of [36]. Especially variational problems are of interest and the famous
Willmore conjecture, which states that the minimizer among genus 1 surfaces is given by the Clifford torus, was
only solved recently by [28]. In imaging, boundary value problems involving the Willmore functional have been
used in problems related to image inpainting and surface restoration, see [12,15]. In the theory of biological
membranes and vesicles, side constraints on surface area and enclosed volume, and more general curvature
functionals play a role. In a work of [13] a possible explanation of the shape of the human red blood was given
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using a curvature functional together with volume and area constraints. In this approach the membrane is
modeled as a two-dimensional surface. Later [23], in a seminal paper, introduced the energy

g /S(lcm—ﬁ)2 dH2+aG/Skg dH?, (1.1)

for a surface S in R?, where k,, is the mean curvature, k, is the Gaussian curvature, d’H? stands for integration
with respect to the two-dimensional surface measure and «, ag are so-called bending rigidities. The important
new ingredient is the term 37, the so-called spontaneous curvature, which reflects a possible asymmetry in
the membrane. In biological applications, membranes in equilibrium minimize (1.1) under volume and area
constraints on the surface S.

The simplest evolution law which decreases the energy (1.1), and which can be used to obtain minimizers, is
the L?-gradient flow

Vs = — Ag ki + 20 (b — 3) by — & (k2, = 7°) ki, (1.2)

where Vs is the normal velocity of an evolving surface (S(t)):c[o,7). The above formula shows that the Gauss
curvature term ag f skg dH? does not give a contribution to the flow, which is due to the fact that for closed
surfaces | skg dH? is a topological invariant. For surfaces with boundary, however, the term |, s kg dH? enters
the L2-gradient flow via boundary conditions. The equation (1.2) also shows that the L2-gradient flow is highly
nonlinear and for open surfaces also highly nonlinear boundary conditions have to be considered.

It is the goal of this paper to introduce variational discretizations for an axisymmetric formulation of (1.2),
and to show stability estimates in a semi-discrete setting. The main contributions of this paper are as follows.

— Using a Lagrangian calculus we derive two mixed formulations of (1.2), which can be used for all boundary
conditions which appear in geometry and applications.

— The derivation of continuous-in-time, discrete-in-space formulations for which stability bounds can be shown.

— A proof of an equidistribution property for one of the schemes, which relies on an implicit tangential motion
of vertices and leads to a uniform distribution of vertices on the polygonal curve everywhere where the
curve is not locally flat. We refer to our review article [11] for more information on the background of this
tangential motion.

— For fully discrete variants, existence and uniqueness results are shown under mild assumptions.

— Numerical computations show the efficiency of the approach.

To our knowledge, this is the first time that weak formulations involving general boundary conditions are
derived in the axisymmetric setting.

To describe earlier literature in more detail let us discuss the geometry under consideration. We consider
the case that S(¢) is an axisymmetric surface, which is rotationally symmetric with respect to the xs-axis,
see Figure 1. Besides the geometry of a closed surface, we allow for open surfaces, i.e. the boundary of the
rotationally symmetric surface can consist of either one or two circles. Altogether four different topologies can
be considered: surfaces of spherical topology, surfaces of toroidal topology, surfaces suspended between two rings
and surfaces suspended at one ring. We have to compute the evolution of a curve which then has to be rotated
around the xs-axis. For boundary points on the xs-axis, singular and degenerate behaviour in the resulting
equations appear, which makes the analytical and numerical treatment difficult. At other boundary points,
which correspond to a boundary ring of the surface S(t), one has to describe further conditions, which can be
of the following form:

— Clamped boundary conditions (position and angle fixed at the boundary).

— Navier boundary conditions (position fixed and a natural boundary condition involving the mean curvature).
Semifree boundary conditions, i.e. the boundary is free to move on a plane.

Free boundary conditions, for which several natural boundary conditions have to hold.

The motivation behind considering axisymmetric geometries is clear: a vastly more efficient numerical method,
compared to truly three-dimensional computations. On the other hand, many situations of interest in practice
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FIGURE 1. Sketch of I and S, as well as the unit vectors €, €5 and €3.

do have rotational symmetry. Moreover, some qualitative aspects of the considered evolution equations, or
the impact of certain physical parameters, can often be studied in the axisymmetric setting. For example, in
Figure 24 of [7], we numerically studied the onset of a singularity for Willmore flow for a surface of genus 0,
and we perform an analogous investigation for genus-1 surfaces in Appendix B of this paper. The axisymmetric
setting is hence very popular in the (bio-)physics literature and we refer to [14,25,34] for a derivation of the
equilibrium equations for axisymmetric open membranes.

Earlier results on the numerical approximation of geometric evolution problems in the axisymmetric setting
can be found in [7,9], as well as on the surprisingly closely related problem of curve evolutions in Riemannian
manifolds, see [8,10]. There appears to be little numerical analysis for such evolution problems in the literature.
In the case of Willmore flow, we refer to [7,16,20,29] for existing numerical approaches. The present paper fills the
gap left by [7], where two schemes for axisymmetric Willmore flow of closed surfaces were considered, for which
no stability proofs appear to exist. The numerical analysis will share certain features with our earlier works [3—
6,8], work that has been critically influenced and inspired by the seminal works [19,21]. However, as mentioned
already above, the axisymmetry introduces additional difficulties due to degenerate or singular coefficients that
have to be taken care of in the analysis and in the numerical treatment. For numerical approaches of the flow
(1.2) for open membranes without the restriction of axisymmetry, we refer to [6,35], where the latter authors
use a phase field approach.

The rest of the paper is organized as follows. In Section 2 we postulate the mathematical problems we would
like to consider, and in Section 3 we state suitable weak formulations for the evolution problems. Based on these
weak formulations we introduce two types of semidiscrete schemes in Section 4 and prove their stability. We also
consider approximations for the area and volume preserving variants of Willmore flow. The corresponding fully
discrete schemes are presented in Section 5, and numerical results are shown in Section 6. Finally, in Appendix A
we prove the consistency of the weak formulations introduced in Section 3, including the considered boundary
conditions, while in Appendix B we present numerical evidence for the onset of a singularity for Willmore flow
of genus-1 surfaces.

2. MATHEMATICAL FORMULATION

2.1. Generating curve

Let R/Z be the periodic interval [0, 1], and set

I=R/Z, withdI =0, or I=(0,1), with oI ={0,1}.
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We consider the axisymmetric situation, where #(-,t) : I — R>q x R is a parameterization of I'(t). Throughout
I'(t) represents the generating curve of a surface S(¢) that is axisymmetric with respect to the xs-axis, see
Figure 1. In particular, on defining ﬁg(r,zﬁ) = (r cosf,z,rsind)” for r € Rsg, 2 € R, § € [0,27] and
I3 (r, z) = {Ti3(r, 2,0) : 0 € [0,27)}, we have that

sy= U )= Jm@Ee). (2.1)

(r2)Tel(t) p€I

Here we allow I'(t) to be either a closed curve, parameterized over R/Z, which corresponds to S(t) being a
genus-1 surface without boundary. Or I'(¢) may be an open curve, parameterized over [0, 1]. If both ends of I'(¢)
are attached to the zy-axis, then S(¢) is a genus-0 surface without boundary. If only one end of T'(¢) is attached
to the zo-axis, then S(t) is an open surface with boundary, where the boundary consists of a single connected
component. If no endpoint of T'(¢) is attached to the zo-axis, then S(t) is an open surface with boundary, where
the boundary consists of two connected components. On the boundary we either prescribe clamped boundary
conditions, or Navier boundary conditions, or semifree boundary conditions, or free boundary conditions. For
clamped and Navier boundary conditions, the boundary point is fixed in space, while for the semifree boundary
conditions the boundary point is allowed to move on a line parallel to one of the two axes. As the name for
the free boundary condition suggests, the endpoint is free to move in space. In order to define the different
boundary conditions, we let gl UdcI UINIUO1 T UD I UOrI be a disjoint partitioning of I, with 9yl denoting
the subset of boundary points of I that correspond to endpoints of I'(¢) attached to the zg-axis. Moreover,
Ocl, ONI, Ospl = 011 U 021 and OpI correspond to clamped, Navier, semifree and free boundary conditions,
respectively. See Table 1 for a visualization of the different types of boundary nodes.
Hence, we always assume that, for all ¢ € [0, 7],

Z(p,t)-€1 >0 Vpel\dl, (2.2a)
Z(p,t)-€1=0 Vp € dpl, (2.2b)

Z(p,t) =0 Vp € dcI UdNI, (2.2¢)
Ze(p,t)-€; =0 Vpe o, i=1,2. (2.2d)

We will discuss the additional boundary conditions to (2.2b)—(2.2d) later in this section.
On assuming that |Z,| > ¢o > 0 in I x [0,77], we introduce the arclength s of the curve, i.e. 95 = |Z,|71 ,,
and set

R N U ) E S (2:3)

where ()1 denotes a clockwise rotation by 5
On recalling (2.1), we observe that the normal s on S(t) is given by

. (W(p,t) - €1 ) cos 6 B
iis (I5(Z(p, 1), 0)) = (p t)-é. for pel, t€[0,T], 6 €[0,2m). (2.4)
p,t) - €1 ) smH
Similarly, the normal velocity Vs of S(t) in the direction 7is is given by

Vs = Z(p,t) - #(p,t) on II3(Z(p,t)) C S(t), Vpel, tec[0,T]. (2.5)

For the curvature s of T'(¢) it holds that

1 7 _
WP =R=Fy = —— {I”} in T. (2.6)
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TABLE 1. The different types of boundary nodes enforced by (2.2b)—(2.2d), and their effect on
the possible movement of the boundary circles S. Here the boundary circles in R? are shown

with the help of an oblique projection.
or oS

/
N/A

ool i

oI

OcITUONT -

o1 i

o1 i

We recall that the so-called mean curvature, i.e. the sum of the principal curvatures, and Gaussian curvature
(2.7)

of §(t) are given by
v-é v-é -
L' and Ks=—»x—= _,1:%(%57%) in I,
xT-ex

—

S = X — =
€T - ey

respectively; see e.g. (2.11) of [7]. More precisely, if k., and k, denote the mean and Gaussian curvatures of
S(t), then
b = #s(p,t) and k, = Ks(p,t) on TG(#(p,1) € S(), VpeT, te[0,T]. (2.8)

In the literature, the two terms making up ss in (2.7) are often referred to as in-plane and azimuthal curvatures,
respectively, with their sum being equal to the mean curvature. We note that combining (2.7) and (2.6) yields
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that

™y

1 - = _
|93p| |33p‘ P !

™

Weak formulations of (2.6) and (2.9) will form the basis of our approximations for Willmore flow. Clearly, for
a smooth surface with bounded curvatures it follows from (2.7) that

v(p,t)-e1=0  Vpeadl, te[0,T], (2.10)

which is clearly equivalent to
Zy(p,t) -2 =0  Vpeol, te[0,T). (2.11)

A precise derivation of (2.11) in the context of a weak formulation of (2.9) can be found in Appendix A of [9].
We note that for the singular fraction in (2.7) it follows from (2.11) and (2.10), on recalling (2.6), that

: ﬁ(p> t) ) gl . ﬁp(p, t) . 51 . .
lim —=——r = lim —=——t— = T(po, t) - T(po, t) = —5(po,t)  Vpo € oI, t €0,T]. 2.12
p—po Z(p,t) €1 p—po Tp(p,t) - €1 (pot) - T(po, t) (po,t) po € 0o [0,T] (2.12)

2.2. Willmore flow

We now define the generalized Willmore energy of the surface S(¢) as

E(t) = ;a/s(t) (km — 32)° dH2 = wa/lf- &1 (s2s —7)2 |7, dp, (2.13)

where we have recalled (2.8); see also (6) and (7) of [16]. Here a@ € R+ and 3¢ € R are given constants, with
7 denoting the so-called spontaneous curvature. On S(t), Willmore flow, i.e. the L2-gradient flow for (2.13), is
given by

1
~Vs = —Askm +2(kn, —3) kg — & (k2, —32°) kn,  on S(1), (2.14)

recall (2.5) for the definition of Vs, see e.g. [2]. Here As = Vs - Vs is the Laplace—Beltrami operator on S(t).
Associated with (2.14) are boundary conditions, but we will discuss these once we have generalized the energy
(2.13).

For applications to biomembranes, and for surfaces with boundary, the considered energy can be more general
than (2.13). In particular, surface area constraints, area difference elasticity (ADE) effects, Gaussian curvature
contributions and line energy now also play a role. Hence, we adapt (2.13) to

E(t) = %a/ (km —32)° dH? + AH2(S(t)) + 5§ AL (1) + aG/ ky dH? + ¢ H (9S(1)) (2.15)
S(t) S(t)

with As(t) = fs(t) km dH?— My, and given constants 3 € R>q, My, ag,s € R, see e.g. [5,6,13,14,23,24,30,33,34]
for more details. In addition, A € R is a constant that can penalise or encourage surface area growth. If chosen
time-dependent, it can act as a Lagrange multiplier for a surface area constraint. We make this more explicit
later on, see Section 2.4 below. We remark that the contributions ja [g, kp, dH* + ag [, kg dH? to the
energy F(t) are positive semidefinite with respect to the principal curvatures only if ag € [—2a, 0]. We note that
this constraint is likely to have implications for the existence and regularity of the corresponding L2-gradient
flow.
Noting the Gauss—Bonnet theorem, see [27],

/ kig dH? = 27rm($) +/ k‘as)u dHl, (2.16)
S oS
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where m(S) € Z denotes the Euler characteristic of S and kas,, is the geodesic curvature of 0S, we can rewrite
(2.15) as

B(t) = ;a/s(t) (ko — )% dH2 + AH2(S(0)) + £ A%(8) + a6

/ kos. A + 20m(S()) | + < H (3S(1)).
a5(t)

(2.17)
In order to define kas,,, we first define the conormal, jigs, to S(t) on 9S(t) to be

Hos = £ iis X i?ls on 9S8(t), (2.18)

where id denotes the identity in R?® and s denotes arclength on the curve dS(t) C R3, so that id, is its unit tangent
vector. The sign in (2.18) is chosen so that figs points out of S(¢). It holds that idys = kps = kasn its+kas,u fios
on 0S(t), where Eag is the curvature vector on 0S(t), and where kss,, is the normal curvature and kps ,, is the
geodesic curvature of 9S(¢).

Similarly to (2.8), it is easily seen that

v(p,t) - € fi(p,t) - €1 30z
kosy = — PO A kg = —END L T (E(p, 1) C OS(t), Yp € AT\ oI, t €[0T, (2.19
S, f(p,t) & an oS, f(p, t) Fa on 2(-T(P )) C ( ) pE \ 0 € [ ] ( )

where (-, t) is the unit normal on I'(t) as defined in (2.3) and (2.4) and
fi(p,t) = (=P 7(p,t) Vpe€dl, tel0,T], (2.20)

denotes the corresponding conormal of T'(¢) at the endpoint Z(p, t), for p € 9I. Here, we have recalled that the
conormal jips points out of S(¢).

Hence, an energy equivalent to (2.17), for flows of axisymmetric surfaces without topological changes, can be
written as

E(t) = E(t) — 2rag m(S(t))

m/f. & s — 72 |7, dp + 27r/\/(f~ 2) |7, do + BA%(t)
I I

—2mac Y {f &

pEBI\{)oI

—

=

:f}(p)ﬂm > #p)a

€
€
pEBI\GOI

8
S\

_ wa/f- & s — 72 |7, dp + 27r)\/(f~ &) 17,] dp+ 2 A% (1)
I I

—2mac Y fi(p)-ét2ms Y E(p)-é, (2.21)
peEDI\DoI pEDI\DoI
where
As(t) = 27r/f~ & x5 |T,| dp — Mo. (2.22)
I

In this general situation, (2.14) is replaced by
Vs = —aAs ky +2[a(ky — %) + 0 As] kg — [%a (kfn - %2) — )\} km on S(t), (2.23)

see e.g. (1.21) of [6]. A strong formulation for the flow (2.23) on I, on recalling (B.3) of [7], as well as (2.5) and
(2.8), is given by

(Z-€1) @ T =—a[ €1 (ss)s)s + 281 [a (365 —52) + BAs| Ks —T-€1 [Aa (32 —32°) — A s in . (2.24)

Next we discuss the boundary conditions associated with (2.23) and (2.24).
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2.3. Boundary conditions

We recall from [6] the following boundary conditions one can consider for S(t) on dS(t). A connected com-
ponent of the boundary can either move freely, or move along the boundary of a fixed domain D, or it will
be fixed. For the latter case two types of boundary conditions arise: clamped and Navier. Corresponding to
(2.2b)—(2.2d), we now partition S into IcS U INS U 91 S U 928 U OrS, and we also set dgpS = 1S U 3 S. In
the free boundary case, the three natural boundary conditions are, for ¢ € (0,T], given by

a (Vs km) - fias + S kasnm =0 on OrS(t), (2.25a)

Lo (km —3)° = BAskm +Skasu — agky = A on 9pS(t), (2.25D)

a (km —%)+ BAs +agkasn =0 on JpS(t). (2.25¢)

In general, the term g ts features on the right hand side of (2.25a), where t = —(7is)s - figs denotes the torsion

of 9S(t), see (1.15) and (1.22) of [6]. However, in the axisymmetric case OS(¢) is made up of circles, and so the
torsion is zero. For the semifree case, when dspS(t) C 9D for all ¢ € [0, T], where 9D is the boundary of a fixed
domain D C R3, we let 9D be given by a function F' € C*(R?®) such that

OD={Z€R*: F(?)=0} and |VF(?9)|=1 VZe oD,

and we denote the normal to D on 9D by 7ip = VF. For the special axisymmetric setting considered here, recall
(2.2d), we restrict ourselves to the two cases

id - (id-&) &

lid — (ia : 52) &

on 818(15), ?’_ip = 7_7:2 = 52 on 628(t) (2.26)

ip =11 =

The semifree boundary conditions are, for ¢ € (0,77, then

OsrpS(t) C 9D (2.27a)

—[~3a (km — 3)* = B As b + kos — ac kg — N (fis - ;) + [a (Vs k) - fias + s kos.n] (flos - 1) =0
on 0;8(t), i=1,2, (2.27b)

a (kym — %)+ S As + ag kosn =0 on OspS(t) = hS(t) UdS(t). (2.27¢)

Note that compared to (1.17) and (1.22) of [6], we have once again omitted the vanishing torsion term. Clamped
boundary conditions are, for ¢ € (0,7, given by

9cS(t) = 0cS(0) and fias(t) =Cs on 9cS(0), (2.28)

where (s € C%(8c8(0),S2), with S? := {Z € R3 : |7] = 1}, needs to be axisymmetric. Similarly, Navier boundary
conditions are, for t € (0,71, given by

OnS(t) =0nS(0) and «(ky —%)+ BAs+agkssn, =0 on OnS(0). (2.29)

We now translate the above boundary conditions to the axisymmetric case. On noting (2.25), (2.20), (2.19)
and (2.8), we obtain, for ¢t € (0,7, the free boundary conditions

I

Ry
D

1

(=1 a(ss)s — =0 on 9pl, (2.30a)

8
o

1

—

—%a(%g—%)Q—ﬂAS%S—c%—aglez)\ on Orl, (2.30b)
“ €1
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a (s — %) + B As — ag a’; Z} =0 on Opl. (2.30c)
"€l
Similarly, (2.27), (2.26), (2.20), (2.19) and (2.8) yield, for ¢ € (0,T], the semifree boundary conditions
Z(-,t)- € =2(,0)-& on I, i=1,2, (2.31a)
1 =\2 fi-e =~z p+1 v-e| oo _

— |~z (s — %) —5As%s—<f.gl—aalcs—)\} (V'ei)+|:(_1) a(%S)S_Cf‘Hl (fi-€;)=0
on 01, i=1,2, (2.31D)
a(%s—%)—l—ﬁfls—ag;.? =0 on Ogpl =0, 1UDsI. (2.31c)

-€1

Taking into account the clamped boundary conditions (2.28), we define, similarly to (2.4),

s 5(p2~€1 cos 0
Gs (11 @w,0,0) = [ )& for pedol, 0¢€lo,2m), (2.32)
5(p) € sinf

to be the conormal of S(t) on dcS(0) = 0cS(t). Here ((p), for p € O, are given unit vectors that prescribe the
clamping direction for the conormals fi(p, t) of T'(t) at the endpoints Z(p, t) = Z(p,0), for p € dcI. In particular,
for clamped boundary conditions we will enforce, for ¢ € (0,7, on recalling (2.20),

Z(p,t) = Z(p,0) for pe€ dcl, (2.33a)
(—1)P* F(p,t) = jilp,t) = C(p)  for pedcl. (2.33b)

Similarly, for Navier boundary conditions we will enforce, for ¢ € (0, 7], on recalling (2.29), (2.8) and (2.19),
Z(p,t) = ¥(p,0) for pe€onl, (2.34a)
a(xs — %)+ BAs — ag ; Zj =0 on Ayl (2.34b)

el
Finally, we impose the following boundary conditions on Jy/

Z-é&1=0 on 9yl, forte|0,T], (2.35a)
Z,-€ =0 on Oyl, fortel0,T], (2.35b)
(#s), =0 on Oyl, forte (0,7T]. (2.35¢)

Here (2.35¢) ensures that the radially symmetric function k,, on S(¢) induced by g, recall (2.8), is differentiable,
while (2.35Db) is the same as (2.11). It is natural to ask for differentiability of k,,, due to the regularisation property
of parabolic equations. We also remark that Ag k,, in (1.2), for radially symmetric solutions, is only defined
even in the weak sense if (2.35¢) holds. We note that the boundary conditions (2.2b)—(2.2d) are incorporated
in (2.35a), (2.33a), (2.34a) and (2.31a), respectively.

We now introduce an energy equivalent to (2.21), which takes into account the clamped, (2.33), Navier,
(2.34a), and semifree, (2.31a), boundary conditions,

E(t)=E(t)+2mag Y C(p)-& — 27 > Z(p) - &

pEdcI pEAcIUONTUOL T
- m/f- &\ s — 72 |%,) dp + Qm/(f. &) 17,] dp+ £ A% (1)
I I
—2rag Z i(p) - €1 + 27s Z Z(p) - e, (2.36)
pEdMT pED IUOR T

where Ag is defined in (2.22) and
Oyl = OnIUOgpI UOFI. (2.37)
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2.4. Conserved flows

In a number applications, such as biomembranes, the L2-gradient flow of (2.15) is considered under conser-
vation of the total surface area and, in the case of a closed surface, conservation of the enclosed volume. Before
we state these variants, we recall the following useful results. We have, similarly to (2.21), that

d d S o= . N
—H*(S(t)) = — 27r/x €12, dp = 27r/ [Zy - €1 |Z,| + (Z- 1) (Z4), - 7] dp. (2.38)
dt dt I I
In the case of a closed surface S(t), we have from (2.5) that

d

— L3(Q(t)) = Vs dH? = 27r/(f- e1) Ty - U |Z,| dp, (2.39)

di S() I

where £2 denotes the Lebesgue measure in R3, S(t) = 9€(t), and where we assume from now on that fis is the
outer or inner normal to Q(t) on S(t), recall (2.4) and (2.3).

Generalized Helfrich flow is the surface area and volume conserving variant of (2.23), and its strong form can
be stated as

Vs = —aAskp +2[a(km — %) + BAs] kg — [3a (k2 —32°) = A b + Aa ki — Ay on S(t), (2.40)
where (Aa(t), \v(t))T € R? are chosen such that

d ., B d -
o1 (S(t)) =0, I L3(Q(t) = 0. (2.41)

For axisymmetric surfaces the flow (2.40) with (2.41) can be equivalently formulated as

(T-€) & T=—all e (xs),],+28 & |o (s — %)+ BAs|Ks — T €1 [2av (38 —3°) — A 5s
“r)\AJ—L"-_’l%S_)\\/f-é'l in I, (2.42)

where (Aa(t), A\v(t))T € R? are chosen such that

/[ft~€1 |Z,| + (Z-€1) (&), 7] dp =0, /(f~€1)ft-17|fp| dp =0, (2.43)
I I

where we recall (2.24), (2.38) and (2.39).
3. WEAK FORMULATIONS

On recalling (2.3), we have for all @, b € R? that

at=(at-7) 7+ (@ -v)i=(a"-vt)F-(a--F) v=(a 97— (a7 v (3.1b)
We define the first variation of a differentiable quantity B(Z), in the direction X as

[‘5 B(f)} (%) = lim 2220 2 B, (3.2)

—0 £

For later use, on noting (3.2) and (2.3), we observe that

o . . T, X oL I,
|:5j»|xp] (X): pf E=7. p:T'Xs|$p‘, (33&)
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N 0 T . X, Z, T )Zp N Y L L

—=T|(X) = {—»—»p] N)=H = = =X T ) = (s 9) 7, (3.3b)

[m e Al R AR FACAR A )=

o o T Aol (o o

7| 0= 5| =@ = (330
Sz @ = | 2zt ()= -t = gL 1) (3.3d)
oz 1oel] 5z e , s %ol

where we always assume that Y is sufficiently smooth so that all the quantities are defined almost everywhere;
e.g. X € [W1(I)]2. In addition, we note that

s 1., d_
2 50) @) = 3 5@, (3.0
Let
Vo, ={7 € [H' ()] :7f(p) - €1 =0 ¥pedol}, (3.5a)
X = {776 Vo, :i(p) =0 Vpedcl VNI, if(p)-& =0 Vpedil,i= 1,2}. (3.5b)

Here X is the space of all directions in which we can vary a given curve. For a given z € R?, on recalling (2.37),
we define
Y(2)={7€Vy, :7p) =2 Vpecoul}. (3.6)
On recalling (2.37), we note that
if 9cI =0 then Y(0) C X. (3.7)

Let (-,-) denote the L2-inner product on I. We now consider the following weak formulation of (2.6) with
feV,, and » € L*(I) such that

(B3 + (Fa) = > [Cal @)+ Y i) eV, (3.8)

p€EdcT pEIMT

where we recall (2.3). We note that (3.8) weakly imposes (2.35b) and (2.33b), where ((p) € S*, p € dcl,
are given data. However, (3.8) also yields that mi(p) = fi(p) € R?, p € Op1. This will not be the case under
discretization, where 1m(p) € R?, p € dp/I, are approximations to the conormals ji(p), p € darl.

Similarly, we consider the following weak formulation of (2.9) with & € V, and s € L*(I) such that

(& - & 325 7+ 7718, )+ ((F- @) Fiy) = Y [(f-ﬂ)?vﬂ P+ D [(@F-a)m-ql(p) Vi€V, (3.9)
pEdcT pEdMT

It is shown in Appendix A of [9] that, despite the degenerate weight, (3.9) weakly imposes (2.11). In addition,
(3.9) weakly imposes (2.33b).

3.1. Based on x

We begin with a weak formulation based on (3.8). Finite element approximations based on this weak formu-
lation will exhibit an equidistribution property.
On recalling (2.36), (2.22), (2.7), (3.8) and that i = i on dyrI, we define the Lagrangian

T-er T el

[N 2 - - 2
E(a‘c’,%*,rﬁ,gj’)zw(a [%*— A —%] FONT & |g:~',,|> +8 [% (;f*—liej,f-éa |f,,|) —MO}



844 J.W. BARRETT ET AL.

— ST GIT) — Fdp) +2ms Y, Ep)-é+ Y [517} (p)
pED IUOR T pEIcT
+ > [ (- 2mac )] (p), (3.10)
pEOM T

for # € Vy,, »* € L*(I), m : Oyl — R? and i € V, . Here, we recall from (2.2b) and (2.12) that on the
continuous level the Lagrangian (3.10) is well-defined for curves generating a smooth surface also in the case
0ol # 0.

Taking variations 77 € V5 in ¢, and setting {6% [,] (77) = 0 we obtain

G ailE ) + Fi) = Y [ )+ Y i) Ve Vo, (3.11)
p€dcl pEOM I

and so combining with (3.8) yields that »* = 5. We are going to use this identity from now on. Taking variations
X € L2(I) in »* and setting | g L] (x) = 0 we obtain, on using »* = 5, that

Oc*
2 (a [%— - —4 +ﬂA,f~€1xlfp> S FxlT) =0 vy e L), (3.12)
- €
where oo
A(t) =27 <% %f 7 |fp|> — Mo =21 (T8 32— &, |7,]) — M. (3.13)
We note that
) . o L L . [ I R . .
%A(t) (X) = 27 | 7, sLa |Z,|| (X) | — 27 | é1, ﬁy|z[,| (xX) vy € X. (3.14)

Taking variations in 1, and setting them to zero, yields that
¥ =2mag € on Opl. (3.15)

) we obtain, on noting (3.14)

bal
=

I

|
gl
ia)
—
=l

Taking variations ¥ € X in #, and setting 27 ((Z- &1) @, - 7, X - V|
and (3.5b), that

. 2
. )
2 () 7,7 717 ]) = —7r<a - T2 ] 2 | (06 15 <>z>>

T
0
+ (%zj—i— 2rBAé;, [&? ﬁqu ()Z')) +
X

—ame ). X))@ Ve
pEDIUIORT

(3.16)

Choosing ¥ = Z; € X in (3.16) yields, on noting (3.4), that

R 2
21 (T & (T4 - 0)%,|Z,|) = — 7 <a {% V.é,l %] + 20+ 28A ¢, [(Z - €1) fp|]t>
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(3.17)

+ (Y, T) — 2m< Z Zy(p) - €1.
pEDIUIORT

Differentiating (3.11) with respect to time, and then choosing 77 = ¥, on recalling »* = > and Eis independent

of t, yields that
Gan T 71T,) + (7, [F1T,0) + (T o) = D [ -7 () (3.18)
pEIM T
It follows from (3.18), (3.15) and (3.12) with x = s, € L*(I) that
(@, [P1,]],) + (Far i) = — (e, G- F1E,]) + 2mae Y 1iu(p) - &
pEOMI
(3.19)

v-e - - S o
! —%} +BA T 2 |xp|) + 2rag Z M (p) - €7.

= =27 (a {%— —
I-€
1 pEIMT

Combining (3.17) and (3.19) yields that

N 2
oo w2 = v- — S =
27T(:c.el (xt-y)2,|xp|) = —7 (a {% = é} %] 2N+ 28A 5, [(Z- 1)%Ht>
=t
V- e L L | P-e - S =
+ 27 <%_ T |:4H1] |xp|) +2rBA (&, [7|7,]],)
x- ey T-€1],
v
— o (a [% _— 4 +BATE |fp|> +2mag Y u(p) - é
x 1 pEIM T
— 276 Z Zi(p) - €1
pEDIUORT
d 7 & 2 d
= -no la {%—;e{ —%] +2)\,:E'oé’1|fp|] —g&/ﬁ’—m S d@lp)-a
pEDIUORT
+ 2mag Z me(p) - €
pEINM T
- - 4B (3.20)
dt ’ ’

where we have recalled (2.36), (2.22), (2.7), (3.13) and that f = m on Oy 1.
Remark 3.1. The property % E(t) + 27(Z - & (Z, - D)2, |Z,]) = 0 shown in (3.20) demonstrates the gradient
flow property of the derived weak formulation.

We now return to (3.16), which, on recalling (3.3), can be rewritten as

oL 2
o SN o o oo v-er _ S o o 5 o\ o o
2m (7€) &y -V, X - V|Zp]) = —W(a [%_f 81 —%] +2>\+25A%»X'€1|$p|+(m'el)T'Xp>
- €1
v-er _v-éel L oL, v-€ _ L L oo
—27ra(%— —— — %, —— X-elxp|>—27roz(%— — =%, (X, V)T 61>
X - eq xT-er X - eq

— (s +2mBAEL X)) + (Fp - 7 %o V1T 7)
(3.21)

—2mc Y X(p)-& YYEX
pED IUORT

<
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Our finite element approximation is going to be based on the following formulation, on combining (3.21),
(3.12), (3.11), (3.15) and (3.13), and on recalling »* = 5, (3.1a) and (2.3).

(P) Let Z(-,0) € Vy, and a € Ry, %, Mo, ag, A\, s € R, § € Ry, C: 8cI — S be given. For t € (0, 7], find
Z(-t) € Vg, with Zy(-, 1) € X, »(-,t) € L*(I), §(-,t) € Y(2mag €1) and (-, ) : O] — R? such that

— — >

27(((5 H1) ﬂt'ﬁaf'ﬁwfﬁw— (yp'l/7 p'ﬁ|fp|7l)

R 2
= a{%; ejz] +2A+25A%,>Z~€1|fp+(f~€1)F~>Zp>
€1
v-ey _v-er o,
—27704(%— e A— X-el|xp>
X - ey X - e
7-é I B oL I
—27704(%—4 ﬁl—z(rel) p~1/>+(%yL—27rﬂAeg,Xp)—27rc Z X(p)-&1 VxeX,
T-ea PEOTUDFT
(3.22a)
o (a [%_ ;'ej —%} +6A,f-é’1xfp|> —(7-F,x|Z,)) =0 vy € L2(I), (3.22D)
1
(B, 7117, )) + @iy 5,71 = Y0 [Ci| )+ Y W) Vi E Vo, (3.22¢)

pEdcT pEM T

where A(t) is given by (3.13). We note that the number of unknowns fixed via §¥ € Y(2mag€y) on OpI is

matched by the new degrees of freedom arising from {/(p)}pean, I-
We remark that (3.22) is independent of the tangential part i - 7 of . To see this, we note that it follows

from (2.3) and (2.6) that

(e NV =(§-0)s V= (§- V)V = (§-V)sV+ (- 7)7  in L (3.23)
Hence the only terms involving ¢ in (3.22a) are
) f A s )P = (A (G TV )+ (D) T =5 (§-D)TH(F-7)s7  in T, (3.24)

where we have recalled (3.1b). This shows that (3.22) only depends on ¥ - 7, and not on ¢ - 7. We refer to
Appendix A.1, where we show that (3.22) for a sufficiently smooth solution gives rise to the strong form (2.24)

and (2.6).

8.1.1. Conserved flows
In this subsection we present a weak formulation for the conserving flow (2.40). To this end, we assume that
the hypersurface S(t) has no boundary, and so

oI =00 =  X=V,. (3.25)
Then, on writing (3.22a) as
2 (7 80) @0 5, P13,)) = (5 7. %, - 717, 7) = (FXI5,) vieX,
a weak formulation of (2.42) and (2.43) is given by (3.22), with (3.22a) replaced by

2 ((Z- €)@y -V, X - V|Z,]) —

(
— 214 [(€1, X 7)) + (- €1) 7, X)) = 2mAv (( 17,]) VX €X, (3.26)

ol
utl
=y
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where (Aa(t), A\v(¢))T € R? are chosen such that (2.43) holds.
Choosing 77 = (¥ - €1) 7y € X =V, in (3.22c) and noting (2.3) yields that

1) Ty ﬁ|33’p|> . (3.27)
€1

Now choosing ¥ = (% . a”;{l) veX=Vy and Y =7 € X =V, in (3.26), recall (2.10), (3.25) and (3.5a), we

€1

see that the two side constraints in (2.43) will be satisfied if (A4 (t), Ay (t))T € R? solve the symmetric system

(705 (- 82) 7] i) + (7 (- 52) 7lail) | 5.28)

The matrix in (3.28) is symmetric positive semidefinite, and it is singular if and only if »s = » — gg is
a constant. It can be shown that this is equivalent to S(t) being a sphere and hence to I'(t) being an open
halfcircle. Choosing X = Z; € X = V5, in (3.26) and noting (2.43) proves the stability result (3.20) for the weak
formulation of the conserved flow, on recalling (3.17), (3.19) and (3.22a).

An alternative formulation of the two conservation side constraints can be obtained by observing that (2.41)

is equivalent to

HA(S(1) = HA(S(0),  L3(Q1)) = £3(2(0)).
In order to formulate (2.41) in terms of Z, we define, on recalling (2.38),
A(&(t) = 2m (& &, |Z,]) = H*(S(2)) (3.29)

and, see e.g. (3.10) of [7],

V(E®) = 7 (@ 6)% 7 & |2,]) = L), (3.30)
Hence (A4 (), \v(t))T € R? in (3.27) will be such that (2.43) holds, which is equivalent to

A(Z(t)) = A(£(0),  V(Z(t)) = V(£(0)). (3.31)
Our discretization in Section 3.1.1 will be based on (3.27) and (3.31).

3.2. Based on xg

A drawback of the formulation used in Section 3.1 is that in the case 9ol # ) the integrals featuring the
singular fraction gg in the Lagrangian (3.10) are not well-defined on the discrete level, and so an appropriate
interpretation of these terms is needed. An alternative is to use the mean curvature of the surface as a variable
in the weak formulation, i.e. to use a formulation that features (3.9). Then the discretization follows naturally,
and a similar approach has been followed by the present authors for flows in Riemannian manifolds in [8].

On recalling (2.36), (2.22), (3.9) and that i = m on 9y I, we define the Lagrangian

8
9]
S\
o
le
=
|
5
()
|
w1
3]
S
B
Ry
+
S
%)
=
R~y
=

Ls (&5, 5s) = m (o[ — 7 + 203 @ |3, ) + § 27

—(@-&) 7 @s),) +2me Y. @)+ Y [@-a)l-gs| o)

pEDIUOFRT pedcl
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+ > [ (&) dis — 2maq &) (p), (3.32)

for € Vi, s5 € L*(I), m : Oy I — R? and gs € V.
Taking variations 77 € V  in ¢s, and setting [573 [,5} (77) = 0, we obtain

(70 57+ 8, 71T,) + (7 @) 7)) = Y |@ &) @+ Y (@-a)m-7e)  vieVa,
pEdcI pEONM I
(3.33)

and so combining with (3.9) yields that x5 = ss. We are going to use this identity from now on. Taking

variations x € L%(I) in 5%, and setting [ ES} (x) =0, we obtain, on using s§ = g, that

21 (o (325 — 72) + B As, @ € x|T,]) — (T €) ¥s, X T|T,[) =0 Vx € L*(I), (3.34)
where
As(t) =27 (3s,@ - €1 |Z,]) — M. (3.35)
We note that 5
[ As] (X) =27 <%3, {6_,:5 €1 |xp|} ()Z)) vx € X. (3.36)
Taking variations in 1, and setting them to zero, yields that
(- €1) §Js =2mag € on  Onl. (3.37)
Taking variations ¥ € X in &, and setting 27 ((Z-€1) & -V, X -V |Z,|) = — [% Ls] (X) we obtain, on noting (3.36),

(3.5b) and (2.37), that

2n ((Z- 1)@ - U, X - V|Z,]) = —77(@[%3—] —1—2)\—&—2&43%3,[ z-

)
E
+ (e |5 e 71 0) + (4 [&Um@ )

t(n [SE @) - ¥ Erenoadcale  wex

ml
ch
|;|
=1
N~—
N———

pEDIUORT
(3.38)
Choosing ¥ = #; € X in (3.38), and recalling (3.4), yields
2m (78 (@9 17|) = =7 (als — 7 + 20+ 28As s, [7- 8117, ), ) + (35 Fs, (7 &) 71, ],
+ (&1 G, [1B1],) + () [(@-2) 7)) = Y (2w + - 4is] @ - @) (p)-
pEDIUIORT
(3.39)

Differentiating (3.33) with respect to ¢ and then choosing 77 = ¢s € V,, on recalling x5 = s, 73 € X and 5
is independent of ¢ and so the term on ¢l vanishes, yields that

(28)0, (- 1) T | i+ (zsys,[z & 17,1 7,) + (@, s 17,1,) + ((F &) 7, (7s),)
- 3 @ (@& i35 (o) (3.40)
€0m

Q@L
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It follows from (3.40), (3.37) and (3.34) with x = [5s]; that

(%S 375’ [(‘f _'1) ﬁ|fp”t) + (51 : 3737 [|fp|]t) + ((:’75)97 [(f 51) 7_—']15)

= —([ss]t, (T - €1) Us - V]Z,]) + Z (% - e1)m - gs + 2mag My - €1] (p)

p€OMmI
= 2 (a(32s — %) + B As, & - €1 [2s]¢|Z,]) + Z (Zy - €1) M - §s + 2rag my - €1] (p). (3.41)
€0nm
Combining (3.39) and (3.41) yields that
27 (78 (7 )% |7,) = — 7 (ales — 7 + 20+ 2045 55, [7 - @1 |7, ), )
—2m (o (ses — 3) + BAs. T &1 [y |T,]) —2nc Y Fulp) - &
pED TURT
+ 2mag Z me(p) - €
pE€OMmI
d(a[% A 00761, ) sl 2o S mw)-e
= -—r— — —C— A% 27
at S ) 11|%p 2 q; S t\p 1
pED IUOR T

1

|

\
§>
=

(3.42)

where we have recalled the definition (2.36). Of course, Remark 3.1 also applies to (3.42).
In order to derive a suitable weak formulation, we now return to (3.38). Using (3.3) and noting (2.3), (3.38)
can be rewritten as

o ((Z-61) & 7,% - 7|T,]) = f(wf £\ [a (%5f7)2+2x+25,45%8]fgs-gl,yp-f)
— (|7l (s =20 + 20+ 28As 5] — s s - 7| |7,] = (Fs), - 7.0 @)
— (@ & ss s, Xy) + ((F-€1) (Fis)p - 7, Xp - 71| 7")
— > [2rc+m-gsl XAl (p) YYEX (3.43)
pealeapl

Overall, we obtain the following weak formulation from (3.43), (3.34), (3.33), (3.37) and (3.35), on recalling
s = xs, (3.1a) and (2.3).

(Ps) Let Z(-,0) € Vy, and a € Rso, %, My, ag, N\, s € R, § € Ry, 5: dcI — S be given. For t € (0,7,

find (-, t) € Vi, with (-, 1) € X, ss(-,t) € L2(1), §s(-,t) € Vg, with [(Z - €1) ¥s](-,t) € Y(2ragé1), and

m(-,t) : Oy I — R? such that

2w (& &1) & - 7,X - 0|T,|) — (& &) (Fs), - 7, X - P 1T, ")

= - (mz- ] [a (%5—7)2+2A+2ﬁ¢45%5} —gs-a,;zp.f)
( 7 e (55 — %) + 2\ +2B8As xs] — x5 s - I/} |Z,] — (Fs)p - T X - 61)

+ (T @ixsiis o) — >, [Rrc+m-gs]X-al(p)  VYEX, (3.44a)
pEDIUORT

2 (& & [0 (25 — ) + BAs] X |7)) — (@ @) Fsx PlEN) =0 Ve L(1), (3.44D)
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(& & s 7+ 1,77 |T,)) + (T €) Zpr iy 1T, ) = Y [(fa)c'ﬁ} )+ > [(@-&@)m-il(p) VieVy,
pEdcI pEOMT
(3.44c¢)

—

where Ag(t) is given by (3.35). Similarly to (3.22), we note that the number of unknowns fixed via (Z-€}) §s €
Y(2mag €1) on OaI is matched by the new degrees of freedom arising from {m(p)}peca,,1-

Similarly to (3.23) and (3.24), one can show that (3.44) is independent of the tangential part s - 7 of ¢s.
We refer to Appendix A.2, where we show that (3.44) for a sufficiently smooth solution gives rise to the strong
form (2.24) and (2.9).

Remark 3.2. Similarly to the procedure in Section 3.1.1, we can state a weak formulation for the conserving
flow (2.42). In particular, on writing (3.44a) as

2 (7 &0) T B X PN, D) = (7 8) (Fs)p - 7%, 717, 7Y) = (s, XIT, 1) WieX,
we can formulate the conserving flow as

2 (7 &) B 7, X PLEl) = (7 &) (Fs)p 7% P17, 7Y) = (fo X171
— 2mAA (@, X IT,D) + (7€) 7, %)) - 2w (7€) 7, X17,)) VX e

where (A4 (t), \v(t))T € R? are chosen such that (2.43) holds.

4. SEMIDISCRETE SCHEMES

Let [0,1] = szl I;, J > 3, be a decomposition of [0, 1] into intervals given by the nodes g;, I; = [g;-1,¢;].
For simplicity, and without loss of generality, we assume that the subintervals form an equipartitioning of [0, 1],
i.e. that

qgj=3jh, with h=J"" j=0,...,J. (4.1)

Clearly, if I = R/Z we identify 0 = go = ¢; = 1. In addition, we let ¢;4+1 = ¢1.
The necessary finite element spaces are defined as follows:

Vh:{xeC’O(T):th islinear,jzl,...,J}, VOh:H&(I)ﬂVh and Zh:[Vh]Q, zg:[vohf.

In addition, we define Vi = V"NV, , W' =V Wh = {ne V" :n(p) =0V € I}, X' = XnV"
and, for a given Z € R?, Y'(2) = Y(2) N V". Let {x;}]—,, denote the standard basis of V", where jo = 0 if
I=(0,1)and jo =1if I =R/Z. We also set j; = J—11if I = (0,1) and j; = J if I = R/Z. For later use, we let
7 : CO(I) — V" be the standard interpolation operator at the nodes {g; }7_o, and similarly Wgo :C%(I) — Wé’o,
as well as @ : [CO(T)]*> — V.

Let (-,-) denote the L2-inner product on I, and define the mass lumped L2-inner product (f,g)", for two
piecewise continuous functions, with possible jumps at the nodes {g; }3’:1, via

(f.9)" = 3h

J

J
[(f9)(g;)+(f9)(g-1)], (4.2)

=1

where we define f (qji) = ;i\r% f(g; £9). The definition (4.2) naturally extends to vector valued functions.

Let (Xh(t))te[O,T], with X" (-, t) e Zgg, be an approximation to (Z(t)).ejo,r) and define T'"(t) = XM(T,t). A
natural discrete analogue of the well-posedness assumptions for the continuous solution 7 is given as follows.
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Assumption 4.1. Let

—

XMp,t)-&1 >0 VYpeT\dpl, teclo,T). (4.3)
In addition, let )zh(qj,t) + Xh(qj+1,t), j=0,...,J =1, forallt €[0,T).

Then, similarly to (2.3), we set

L, X! -
h= XM = = and M =—(7"t  inl, (4.4)
| X}

which is well-defined if Assumption 4.1 holds. We note that (4.3) implies 7 - & # 0 on elements touching the
To-axis, and so
o Ey #0 on 9o,

compare also with (2.10) and (2.11).
Assumption 4.2. Let Assumption 4.1 hold and let Xh(qj,l,t) =+ Xh(Qj+1,t)7 j=1,...,741, for allt € [0,T).

We note that Assumption 4.2 is only violated if two neighbouring elements of I'#(#) lie identically on top of
each other. For our fully discrete schemes, this never happens in practice. For later use, we let @" € V" be the
mass-lumped L2-projection of 7" onto V", i.e.

_ h N N h
(" ¢1X0) = (F@1%0) = (" 81%0)  woerh (4.5)

Combining (4.5), (4.2) and (4.4) yields that

(Xh(%‘-&-l) - XVh(‘Ij—l))L
—_ Xh

—heoy_ ) — e T\OI
w = 3 > > 4qj € \ )
(99) = 7[R0 (g11) — X0 (g)] + [X7(g5) — Xn(g51)]
7"(q5) q; €0l
It follows that @ € V", defined by
IR
Uh = 7Th |:|u_jh|:| 5 (46)

is well-defined if Assumption 4.2 holds. We also define Q" € [V"]?*2 defined by

hy,\ _ g qj € 8[\801,
Q' (g) = {17h®17h q; € TUOI. (4.7)

Later on we will describe the evolution of I'*(t) through #"[Q" X1, for X' € X, This will allow tangential

motion for interior nodes, because we will only let a discrete normal component of )?f be specified through
an appropriate variation of the discrete energy. But crucially, we will specify the full velocity X{‘ through this
energy variation at boundary nodes g; € 0I \ 0pI. This is because at these boundary nodes we cannot allow an
arbitrary tangential motion, as this would affect the evolution of I'"(¢) itself, and not just the evolution of its
parameterization X", A similar strategy has been pursued by the authors in (3.19) of [6].

Similarly to (3.3), on noting (3.2) and (4.4), we have for all ¥ € X" on I, j=1,...,J, that

5 onl o XM, L
[leﬁ](x): "ZH”:T’l-xm (4.82)
P
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L g qg ] = Xp Xg Xg’fp - ~h (>  =h > =hy Sh
= T (x)—[ = o | 0= o == =X — T ( )= (Xs-7") (4.8b)
[JXh l OXh | XD | XA [XR2 XD
LY [5 —»hL:|—» o ohy (hy L o ohy =k
—— U =— — (T =—(xs V") (U = —(Xs - T, 4.8¢
- [ e =M o = ) (150
S histhy] oy O omyLl| oy oL
ST 0= | (| 0= - (154)
In addition to (4.8), we will require [Jgh Q’h} (). It follows from (4.5), (4.8) and (4.4) that
5 \" 5 o \" 5. h
(e @ext) = ([s57] wext) - (a0 |5 150 @)
b o\ =h AP ~h - - -
= — ((uh ) h go) — (Th X (wh — uh) ) Vg e Kg0~ (4.9)
4.1. Based on k"
As the discrete analogue of (3.8), we let Xh ¢ Zgo, kP e VP and mP : 9y I — R? be such that
(o al2) + ()= X [CAme X e vievs, (4.10)

pEdcT pEdM T

where we recall (4.4).

We would like to mimic on the discrete level the procedure in Section 3.1. However, a naive discretization of
(3.10) will not give a well-defined Lagrangian, since a discrete variant of (2.12) will in general not hold. To over-
come the arising singularity in a discretization of (3.10), we now introduce the following discrete approximation
of s, which will be based on x". In particular, on recalling (2.12) and (4.5), we introduce, given Xh e Zgo and

k" € VP the function &"(X" k") € V" such that

(%)

nh(%’) Xh(qj)

26" (q;)

('bl Ql

. eI\ 0yl
[ﬁh(Xh, q; € \ (P

W) (a) = (4.11)

q; € Ool.

Clearly, using 7" in place of @" in (4.11) would not be well-defined for interior nodes. For later use we also

define 3" € V" such that

1 ;€T\ 0ol
h d;j (3
i) = 4.12
3" (4y) {2 P (112)
On noting (4.11), we define the discrete analogue of the energy (2.36)
~ . 2 . S\ 9
EMt)=7 <a [ﬁh(xh, k") — 7] +2)\ XM |Xg|) + 5 (A1)
—2mag Z - €1 + 27g Z XMp)-é, (4.13)
pEOM T pED IUOR I
where
5 L \h
Ar(t) = 21 ((Xh : 51) W E |Xg|) ~ M. (4.14)
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Remark 4.3. We observe that the energy Eh (t) does not depend on the values of k" on 9pI. We will thus
fix these values to be zero from now on. A welcome side effect of this procedure is that on assuming that
e.g- 0 € Opl, then choosing 77 = xo €2 in (4.10) yields that (X"(q1) — X"(qo)) - @& = 0. Similarly we get
(Xh(qj) — Xh(q‘jfl)) -ey=0if 1 € 0pl.

Without fixing x" to be zero on 9yI, we observe numerical difficulties in practice for fully discrete variants
of the semidiscrete approximation that we are going to derive.

Similarly to (3.10), we define the discrete Lagrangian

—

, 4 q 2 , L\
ch(xh,ﬁh,mh,yh):w@ [ﬁh(xh,nh)—f] +2A,Xh.g1|X§|) +§[27r((x 7) K

K
s Z Xh(P) -€1

pED VDRI

2

h. g
N h ~ = h ~)
_ ph.gl,|X§|) —MO] - (,fh oy |Xpl|) - (;h,ypl) +2

+ Y [E e X [ (7 - 2maca)| o)

pEdcI pEONM T

for the minimization of the energy (4.13) subject to the side constraint (4.10), where X" € V5 . &' € W},
mh oy I — R? and Yh ¢ Kgo.

Taking variations 7 € Kgo in V", and setting {55" [,h} (77) = 0 we obtain (4.10), similarly to (3.11). Taking
variations x € Wgo in k" and setting [% L"] (x) = 0 we obtain

o ()Zh & (a (& (X", kM) — 7] +ﬂA”) X |Xg|)h - (Yh7xﬁh |Xg|)h 0 VyeWwh (4.15)

where we have recalled (4.11). Taking variations in m”, and setting them to zero, yields, similarly to (3.15),
that
Yh =2ragé;  on Oyl (4.16)

L N . 42 5 fon N o enl o\
o ((Xh.el)QhXth,X Xh|) - _77(@ [ﬁh(xh,nh)—%] 42+ 284" ﬁh,{ (X' -61) X[;|] (X)>

J
h(yh _h = 0 h(yh h 2\ (vh . > h "
—2ma ( [R(X"6") — 7], o AR () (X&) 1 X
h
3} , o [ 6
h <*h h = —h h — h —h =
—|—</{ Yh 4 2mp At ey, Ls;?h” |Xp|] (X)> + Ypy[é)_(.hT](X)>
— 276 Z X(p)-& vxeXxh (4.17)

p682IU3F1

Choosing ¥ = X[ in (4.17) yields, on noting (3.4), the discrete analogue of (3.17)

o S N o 2 S o
gw(xh-a |thf|2,|xg|) - —7r<oz [Rh(Xh,nh)—%} + 2\ + 28A" kP, [(Xh-€1)| ,’;\]
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_, o h - o
+(nth+Q7rﬂAhé'1, [ﬁh |Xg|]) +(th,ﬁh)—27r< Y Xl
! pEDIUIORT
(4.18)

Differentiating (4.10) with respect to ¢, and then choosing 77 = Yhe Kgo yields, similarly to (3.18), that

(Rg,?h.ﬁhp?ﬁ)hju(m)?h, [ﬁh|Xg|L)h+(ﬁh,?ph)= 3 [m?-?h] (»). (4.19)

PEIM

It follows from (4.19), (4.16) and (4.15) with y = &} € Wgo that

- - h N N _ h
(70 [ %01 )+ (R ) = = (b, Y07 (£) 4 2mae Y [l @] ()
t pEIMT
. . L \h
=2 (Xh & (a [RM(X", k") — 7] +ﬁAh) vl ,ﬁ‘\)
+ 2rag Z [ (p) - 1] - (4.20)

peaMI

Combining (4.18) and (4.20) yields, on recalling (4.13), the discrete analogue of (3.20)

S S L \h . 2 . S h
- (Xh & \Qh X2, |Xg|) - — 1 (a [ﬁh(Xh,Hh) ,7] +2) + 284" ", [(Xh - €1) X;}|L>
Gh - e 4
h(vh hy _ — 1 h P2 )| X
— 2T <R (X" k") — 7, [X,h._,l] (3" -2)(X 61)|Xp|
¢
" . L\
~or (Xh s (a (&M (X" kM) — 7] +ﬁAh) | ,’J\)
. h
+amp At (&, [ 1X0]] )
¢
+omac »  [mif(p)-@)—2rc Y XP(p)-é
pEdNM T pEDIUORT
d ~
= — S Eh). 4.21
5 B (4.21)
We now return to (4.17), which, on recalling (4.8), (4.11), (4.12) and (4.9), can be rewritten as
. . L \h . 2 . . h
on (X&) Q" XL IXD)) = — = (a [0 k") = 32| 2x 2840 K" X KD+ (Xh-€1)7?h~>2p)
h = h
h(%h .h h @& ch
+27ra([ﬁ (X,n)—?} (3" -2), 3 X 51|Xp|)
X" e

. h
+2ra (&YX 6 - =] (3" - 2) @, (7 ) 7+ (7 X,) (@ - )
- h - .
— (VM 2mp At E )+ (VPR P R

—2mc > Kp)-a wiext (4.22)
pEDIUIORT

Combining (4.22), (4.15), (4.10), (4.16) and (4.14), our semidiscrete approximation based on k" is given, on
noting (3.1a) and (4.4), as follows.
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(P™M)" Let )?h( 0) € Vg and a € Ry, 72, My, ag, A, s € R, 5 € R>p, 5: dcI — S be given. Then, for t € (0,7

find X"(-,t) € V5 , with X}'(-,t) € X", kP(-,t) € Wk, Y"(-,t) € Y'(27 ag &) and " (-,t) : Oy — R? such
that

- - NG - -
2n (X" &) Q" XX IK]) — (V- 7%, - 7 1X017)

. 2 q . h
=7 (a ﬁh(Xh,nh)—i} +2X +28A" KM X - & |X£|+(Xh~51)Fh->Zp>

N h
—i—(nh (Yh)l—zwﬁAhéb,;z,,) —oae Y W)@ wiex! (4.23a)
pEDIUOR T
i N 5 h
27T(Xh-é'1 (a[ﬁh(Xhmh)—?]—i—ﬁAh),X|X£\) —(Yh,xuh‘XhD =0 VYyeWl, (4.23b)
AN - - -
(7" 71%0) + (X0 X0 = 3 [Caw+ > @hae) vievy, (4.23¢)
pEdcT pEIM T

where A" (t) is given by (4.14).

—

Theorem 4.4. Let Assumption 4.2 be satisfied and let (X" (t), k" (), Y (¢), " (t))re(0,1) be a solution to (4.23).
Then the solution satisfies the stability bound

d ~ . . L \h
S BNt +2m (X0 QM XD IXD) = o.

Proof. The desired result follows as (4.23) is just a rewrite of (4.17), (4.15), (4.10) and (4.14), and then noting

(4.18)~(4.21). 0

Remark 4.5. We note that on choosing 77 = x; [ (g;)]*, for j € {1,...,j1} so 7] € Kgo, in (4.23¢) we obtain
that
[X"(qj) = X"(g-1)] = [X"(gj41) — X" (g)] or X"(g;) = X" (qj-1) | X" (gj4+1) — X" ()

for j =1,...,71. See Remark 2.4 of [1] for details. Hence the curve I'*(¢) will be equidistributed where-ever two
neighbouring elements are not parallel. This aspect of the solution for the semidiscrete problem (4.23) means
that it can be viewed as a highly nonlinear and degenerate system of differential-algebraic equations, see also
Remark 81 of [11] for a related discussion. In particular, at present we are unable to prove the existence of
solutions to (4.23). In addition, an error analysis for our semidiscrete approximations also appears to be out of
reach.

Remark 4.6. We now revisit the discussion in Remark 4.3. Assuming that e.g. 0 = qo € OpI, then choosing
— 2(Xh(fh) X"(g0))-&
1X7(q1)=X"(qo0)[?

7= Xo €2 in (4.23¢) yields that x"(qo) 7™ (qo) - €: and so

(q0) - & = LIX"(q1) — X"(q0)| 5" (q0) 7" (q0) - @2, (4.24)

where we have noted (4.4). Clearly, (4.24) is a discrete approximation of (2.11), which stipulates a 90° degree
contact angle between I'(¢) and the zq-axis.

For the scheme (4.23) we fix " € W} , and so the right hand side in (4.24) is zero. For a more general scheme,
where we allow k" € V" and let xy € V" in (4.23b), the right hand side in (4.24) is still of order O(J~!) on
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assuming that x"(qo) is bounded. However, we observe that " (qp), if 0 € doI, only appears in (4.23c) for this
more general scheme. Hence there is no reason to assume that x"(go) should remain bounded. In fact, x"(qo)
7" (qo)-&: 2J

7'(qo)-&2 HI(T"(2))"
general version of (4.23) leads to incorrect contact angles at the x9-axis and to the numerical breakdown of the

scheme. This is the main reason why we consider the scheme (4.23) as it is.

4.1.1. Conserved flows
We rewrite (4.23a) as

simply acts as a register for the value Moreover, a fully discrete variant of the discussed more

. S N . . N
or (X" &) Q" XX 1K) — (V- 7.5, 7 1X017) = (/1 RIX8) veex™
Then the natural generalization of (P")", (4.23), that approximates the weak formulation (3.26), (3.22b), (3.22c)

and (3.31) is given by (4.23), with (4.23a) replaced by

N N N h _ _ N h
or (£ &) " XI xIK) = (V0 7%, - 7 X0 ) = (7 %1£0)

where (A% (), M (t))T € R? are such that

AXM(t) = A(X"(0)) and V(X"(t)) = V(X"(0)). (4.26)
Here, on recalling (3.29) and (3.30), we note that A(X"(¢)) denotes the surface area of S"(t), where, similarly
to (2.1), we set

S"(t) = [J (X" (p.1)).
pel

Moreover, V(X" (t)) is the volume of the domain Q"(t) with 9Q"(t) = S"(t) in the case that S"(¢) has no
boundary. We remark that

A(ZM) = or (Zh L&, |Z;}\) hevh
and B . . .
V(ZY) == (2" &2 120 &) 2" eV,

recall (3.29), (3.30) and (4.4). Moreover, we recall from (3.7) and (3.11) of [7] that, similarly to (2.38) and
(2.39), it holds that

S AR 1) = 2 [ (&, X2 1X) + (R e 7, (31),)] (1.27)
and
% VR 0) = 2x (X" &) 7", KJ XD (4.28)

Theorem 4.7. Let Assumption 4.2 be satisfied and let (X" (t), k" (t), Y7 (t), m" (t), N (¢), AL (8))e(o,1) be a solu-
tion to (4.25), (4.23b), (4.23c), (4.26). Then the solution satisfies the stability bound

d ~ L S L \h

S BNt +om (X0 e QM X2 X)) =0,
Proof. Differentiating the two equations in (4.26) with respect to ¢, noting (4.27), (4.28), and choosing ¥ = X/
in (4.25) yields

. . Lo\ . o L .
2m (K" QM XIAIKE) — (Vi ot (XD, - o 1K) = (7 K0IK)

which is equivalent to (4.18). Hence the stability result follows as in the proof of Theorem 4.4. O
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4.2. Based on h:g

The approach in Section 4.1 required the introduction of the auxiliary finite element function (4.11) in order
to be able to obtain a well-defined Lagrangian. An alternative is to define the Lagrangian in terms of k%, a
direct discrete analogue of ss. Then it is posmble to repeat the proof of (3 42) on the discrete level.

As the discrete analogue of (3.9), we let Xh e Va , Kk € W((9 ) and mh . Oy I — R? be such that

T B o
(Xh.elmgyhm| /’}‘) +<€1,77|Xg|>+((Xh~6) hﬂ?p)
= > (@ aidw+ Y [& eyt e)  vievs, (4.29)
pedcT pEIMT

Here, and throughout, we use the notation -(") to denote an expression with or without the superscript h,
and simultaneously for the notation with subscripts -(5,). i.e. we consider two separate situations: either mass
lumping is used on the first integral, and then we let Hg € Wgo, or true integration is employed and we let
k& € Wh. We define the discrete analogue of (2.36)

-~ — — (h) —
Eg(t)=7r<a[/<f§—?]2+2)\,Xh-é’1|Xg|) g(AS( —2rag Z - €1 + 27g Z Xh(p) - e,
pEIM T pED IUIR T
(4.30)
where "
AL(t) = 27 ()?h L& Kl \)Z';;|) ~ M. (4.31)

Similarly to (3.32), we define the discrete Lagrangian

. . N IENI(D) . =\ (h) 2
ch (Xh,ng,mh,yg) :ﬂ'(a [ngfﬁ]2+2)\,Xh~€1|Xg|> +2 {2% (Xh~€1 ng,\Xm) MO}
eh = b = b eh\ h >\ b (yh Zh
_(X -e1 ks U +e1,Ys |Xp|) - (X - €1 T,(Y5> + 27¢ Z X"(p)
g pED VORI
A+ Y { &) ¢ qh]( )+ [ﬁ”bh'(()?h'é'l) ?§—27TCYG51)] (p),
pEdcI pEdM T

(4.32)
for X e Va , k€ VV(8 ) mt s Oyl — R? and YS € Va Here we observe that in the case of numerical

integration, we fix /{S to be zero on the boundary dpl, as the Lagrangian (4.32) does not depend on these
boundary values at all.

Taking variations 7 € Kgo in Y2, and setting [ Eh} (77) = 0 we obtain (4.29), similarly to (3.33). Taking

6Yh

variations x € W(%O) in k% and setting wa Eh] (x) = 0 we obtain, similarly to (3.34),

S o\ () - (h)
o (a (Kl —72) + B AL XM &) x |X§|) - ((X &)Yk, o |Xh|> =0 VxeWl, (4.33)
Taking variations in 7, and setting them to zero, yields, similarly to (3.37), that
(XM &)Yl =2ragé  on Oyl (4.34)
h
Taking variations Y € X" in X" and setting 27 (( )Qh Xt X \XLL|) =— {M‘%h Eg} (X) we obtain, simi-

larly to (3.38), that

h . (h)
o (X @ X RIRH)" = 7 (a [ =7+ 20+ 20l b | S (F o) 1K1 ()
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pEIIUORT

Choosing ¥ = X" € X" in (4.35), on noting (3.4), yields the discrete analogue of (3.39)

. . L \h . . (h)
o (X & Q" XI2 XD) = — (o[ =) + 21+ 2848 kb, (X" &1) XD )

R () B
+ (e V(R a) o (K0 + (2 VR (X2),)

O [(ea) #) - 3 [t ] (70 o

pED IUORT

(4.36)

Differentiating (4.29) with respect to ¢, and then choosing 77 = 173h € Kgo, we obtain, on recalling that
X e xh,

&) it @) ) V3| ). a7
pEOMT

It follows from (4.37), (4.34) and (4.33) with y = (k%); € W(%O) that

(w72, e i%a] )" (e 7 1801 ) + (P, [0 7))

=~ (sl (X" @) ?;-ﬁhpzm)() Z [
€M
2

- ) mh . Yél + 2raq Tﬁ? . 51} (p)

L (h) L o h
= —2r (a(n@—?)—!—ﬂAg,Xh-e (k) | |> + Z [(Xth-el)mh-Yé’—F%raG mf-el} (p). (4.38)
pEdMT
Combining (4.36) and (4.38) yields the discrete analogue of (3.42)
Sh oo wh2 | h)” h 2 hoh (e = wn] Y™
o (X & Q" X ,\X,,|) S (a [kl — 32 + 20+ 28.A4% kL, {X & |Xp|} )

= S, () =
—om (a (Wl =) + AL KM@ (WB) X)) —2n YD K@) @+ 2mac Y il ()

pEDIUORT pEONM T
d _ 12 — . — ( — . o
:—ﬂa( [k — 7] +2)\,Xh-el|X:}|) —2& (AR —27T§Z XMp) - e + 2rag Z mh
PEDIUART
d =

pEOM I

N E5(t),

(4.39)
where we have recalled the definition (4.30).
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In order to derive a suitable semidiscrete approximation, we now return to (4.35). Substituting (4.8) into
(4.35) yields that

3

7r(( ")g x| X £L|>h: —(th-él [a[ﬁg 7]? +2)\+2ﬁ./43l€5] YS €1, Xp - )(h)
( {a[ngf%] +2)\+26A3m5} ng}_f?ﬁhhfﬁ

— (¥, .T*h,g.gl)(h) - ()Zh & Kh Yh»zj)(h)

+ (R a) (), - 7%, 71K )

- 2 H?WH Ys] (X-é1) }(p) vy e X" (4.40)
pEOIUOR T

On combining (4.40), (4.33), (4.29), (4.34) and (4.31), on noting (3.1a) and (4.4), our semidiscrete approxi-
mation based on nh is given as follows.

(Ph) Let Xh( 0) € Kao and o € Ry, 7, MO,aG/\ s e R, B e Ry, f: dcI — St be given. For t € (0,7
find X" (1), with XP(-.t) € X", 6h(-,t) € Wy ), VE( 1) € Vi, with 7" [()Z'h.a)?;} (1) € Yr(2rag &),
and m"(-,t) : Oy 1 — R? such that

. o i h S ~ S
m (XM @) QX RIXN) — (X&) (Vd),- 7", %, - 7 X017
R - (h)
. (ﬂxh & [alsh — 72 + 20+ 28AL k] — V&, X, - Fh)

[W[a[mg—ﬁ]Q—i-Q/\—FQBAZKH HJSYS-%] \Xh|—(YS) ?,)Z-el>(h)

|
/N
1

. ; (n) )
N ( hog (Yg)l,gp> - ¥ H27r§ + ot .Yg} (- 51)} () Vyex (4.41a)
pED IUOR T
) R (n)
on (X" [a (vl =) + BAL] xIXD) - (K" a) VXA KE) =0 YxeWp,),  (441D)

— () —» — _
(X"l 71£0) " + (@, 71X0) + (K@) X0, 10

= > [(X”-H)E-ﬁ} o)+ > [(X‘h.a)mh.ﬁ} (p) VieVh, (44lc)

where A%(t) is given by (4.31).

—

Theorem 4.8. Let Assumption 4.2 be satisfied and let (X" (t), kl(t), Y2 (1), m"(t))te(o,1) be a solution to (4.41).
Then the solution satisfies the stability bound

d ~ L . L \h
S Bb(n) +2n (X7 Q" K K]) =0
Proof. The desired result follows as (4.41) is just a rewrite of (4.35), (4.33), (4.29) and (4.31), and then noting
(4.36)(4.39). O

Remark 4.9. For the scheme (P2)" we note that if 0 € dpI, then choosing 77 = xo € in (4.41c) yields that
(X"(q1) — X"(qo)) - & = 0, recall also Remark 4.6. While the same is not true for the scheme (PL), a weaker
form of these constraints is still enforced via (4.41c), leading to a nearly 90° degree contact angle on the xs-axis
in practice for fully discrete variants based on (P%).
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5. FULLY DISCRETE SCHEME

Let 0 = tp < t1 < ... < ty—1 < tyr = T be a partitioning of [0,7] into possibly variable time steps
Aty =tmy1 —tm, m=0,...,M — 1. For Xme Kgﬂ, we let 77" and U™ be the natural fully discrete analogues
of 7 and 7" on I'™ = X™(I), recall (4.4). In addition, let @™ € V" be the natural fully discrete analogue of
&" € VP recall (4.5); and similarly for @™ € V", recall (4.6). Finally, let §™ € [V"]2*2 be the natural fully
discrete analogue of Q", recall (4.7).

5.1. Based on k™11

We propose the following fully discrete approximation of (P")".
(P™)h Let X° € Kgo, KO e Vh Y0 ¢ ZSO and a € Rsq, 3, My, ag, A\, s € R, 8 € R>q, ¢ : dcI — S* be given.
For m = 0,...,M — 1, find X! € X", with X"+ = X™ + X"+ xm+l € Wh Y™+ € Y'(2rag &) and
m™ L 91 — R? such that

Atm P

i N h
Ym .z Om Xmit—xm Z¥m om+1l o | ym|—1 cmo o =2m o =m | ym|—1
2r | X™-e1Q ,X|Xp| —(Yp ,Xp|Xp| )+(Yp T X T | X7 )

. 2 . . h
— (a [ﬁh(xm,nm) —7} oA+ 2B AT R, K6 | XD 4 (X E) 7 -yp>

o h
am . S

+ 21a ([ﬁh(Xm,mm) —7} (3" -2), = j X - €l |X;n|>
Xm el

N h
+ (ﬁm (F™)L — 215 A™ é’z,yp) “ome Y W)@ wex!, (5.1a)

pEDIUOR T
R . L \h . L \h
o (Xm & (a [&h (X, k™) — 5] + BA’") X |X,T|) - (Ym“,xﬁm |X;"|) —0  VYyeWl, (5.1b)
- h - S o
(et q1 %)+ (X a1 X0 ) = S [Cal e+ Y e vieVh, (5o
pEdcT pEIM T
where .
A™ = 21 ()Z'm-a mm_ﬁm.a,p?;;w) ~ M. (5.1d)
Assumption 5.1. Let Xm satisfy Assumption 4.2 with Xh replaced by )?m, and let dim span{ﬁm(qj)}‘j]:_f = 2.

Assumpt_’ion 5.2. Let X™ satisfy Assumption 4.1 with Xh replaced by )?m, and be such that the following
holds. If U € Y"(0) with

- - o o h
(U,,,X,,|X};1|*1):o vie X" and (U,Xﬁm\X;ﬂ) =0 WyxeWwh, (5.2)

then U = 0.

We note that Assumption 5.2 is only violated in very rare cases. For example, if ) # OcI = OI and if Xm
parameterizes a straight line, then U = 7™ constant in I satisfies (5.2). However, the following lemma shows

that in most cases the assumption holds.

Lemma 5.3. Let X™ satisfy Assumption 5.1. Then if OcI = 0, or if OcI # OI \ Opl, then Assumption 5.2
holds.
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Proof. Let U e Y"(0) satisfy (5.2). If dcI = () then we can choose X = U € Y"(0) ¢ X" in (5.2), recall
(3.7), to obtain that U is constant in I. The second property in (5.2), on recalling (4.5), then yields that
U- G™(gy) = U- ™ (g;) =0,j=1,...,J — 1. Hence Assumption 5.1 gives that U =0.

We now consider the case dcI # 0. As we assume OcI # 01 \ 9o, it holds that also dps I # ), recall (2.37).
For ease of exposition, let dpr I = {0} and dcI = {1}. It follows from the first condition in (5.2) that

_’Uv(qj+1)_Ui(Qj) _ qﬁ(qg')—ﬁ;(qj—l)
X (gj41) — X™(gp)| [ X™(g5) — X (g—1)|

and so, on recalling Assumption 5.1, there exist positive numbers o; such that

—

U(gjs1) = 1+ a)Ulg) —a; Ulgj—1),  j=1,....J — L (5.3)

Combining (5.3) and the fact that U € Y*(0), i.e. U(qo) = 0, we obtain, via induction, that there exist numbers
Cj—1>Cy_o>...> ¢ > 0 such that

Ulgi1) =1 +¢)U0(qr),  j=1,....J—1.

Hence it follows from the second property in (5.2) and the Assumption 5.1, recall (4.5), that U (1) = 0, and so
U =0 in I. This completes the proof. (I

Lemma 5.4. Let Assumption 5.1 hold. Moreover, if ) # OcI and if dcI = 0T\ Dol then let also Assumption 5.2
hold. Let X™, Y™ € Vi, k™ € V', ™ € R? and a € Rx, %, Mo, ag € R, B € Rxq, (: dcI — R? be given.
Then there exists a unique solution to (P™)", (5.1).

Proof. As we have a linear system of equations, with the same number of equations as unknowns, existence
follows from uniqueness. Hence we consider a solution to the homogeneous equivalent of (5.1), and need to show
that this solution is in fact zero. In particular, let 6X € X", x € W}, Y € Y"(0), and 1 : 9p/1 — R? be such
that

N - o h - N
o ((Xm : 51) Qmix, >2|X;“|) — Aty (Yp, X7 —1) =0 vy € Xh, (5.4a)
. . h . . h
o o (Xm & K,X|X;n\) - (Y,xﬁm X7 ) =0 Vx € Wh (5.4b)
- h , _,
(v7m 71 500) + (X)X ) = D -l (p)  ViEVS.  (540)
p€OM T

Choosing ¥ = 6X in (5.4a), x = & in (5.4b) and 77 =Y in (5.4c) yields that
S N S L \h
o (Xm L& QMo |X;"\) + 21a Aty (Xm & K2, \X;”|) =0. (5.5)

It follows from (5.5) and x € W} that & = 0. Similarly, it follows from (5.5), 6X e Zgo, (3.5a), (4.6) and (4.7)
that 7 [6X - ™] = 0 with 6X = 0 on &I \ 8oI. Then choosing 7 = 6X € X" C Zgo in (5.4¢) yields, on recalling
(2.37) and 6X = 0 on A1 \ 81, that

(1621507 ) = 3 [m-0X] ) =o. (5.6)

pEOMT

It follows from (5.6) that 6X is constant in I. Together with 7" [§X - 7] = 0 and Assumption 5.1 we obtain
that X = 0. Now (5.4¢) implies that m = 0.
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It remains to show that ¥ = 0. We have from (5.4a) and (5.4b) that
. . . N
(V%o 117 ) =0 vrex" and (Vx7" (X)) =0 vxe W),

Moreover, our assumptions and Lemma 5.3 yield that Assumption 5.2 holds. Hence we have that Y = 0, and
thus we have shown the existence of a unique solution to (P™)". (]

Remark 5.5. We note that it is not possible to prove the existence of a unique solution to (5.1) in the case
of clamped boundary conditions, when dcI = 9I = {0,1}. The authors faced a similar issue in the context of
the approximation of Willmore flow for general open surfaces in [6]. There the problem could be overcome by
a suitable tweak to the discretization, see (3.19) and Theorem 4.1 there. In particular, the approach applied
in [6] relied on the discretization of the side constraint (2.22) there, which is formulated in terms of the mean
curvature vector Em = k,, s of S, rather than in terms of the scalar curvature variables s and s that we
consider here, recall (3.8) and (3.9). Hence the approach from [6] is not applicable to the situation considered
in this paper.

Remark 5.6. We note that in practice it is easiest to find the solution to (5.1) by first eliminating ™! from
(5.1) via replacing the test space Kgo in (5.1¢) with Y"(0). Having computed (6X™*1, xm+1 Y™ +1) in this way,
for example with the help of a sparse factorization package like UMFPACK, see [18], the values m™T! can be
obtained from (5.1c). For example, if go € dprI then we have, on recalling (4.5), that

i (o) = (10 IX271) 67 (00) @™ (00) + (1, (c) 1X21 ™) K3 q0)-

Remark 5.7. In light of our stability result Theorem 4.4 for the semidiscrete scheme (4.23), it would be
desirable to also prove (conditional) stability for the fully discrete scheme (5.1). However, at present this remains
an open problem, in line with other fully discrete schemes for Willmore flow and elastic flow in the literature,
see e.g. [2,4,5,19,21]. Note that the only stability result for a fully discrete scheme for Willmore flow, that we
are aware of, is given in [32], for a scheme where the tangential velocity is zero.

5.1.1. Conserved flows

Here, following the approach in Section 4.3.1 of [7], we consider fully discrete variants of the semidiscrete
conserving approximations in Section 4.1.1. In particular, on rewriting (5.1a) as

N - h
. Xm+l _ ¥m —_— N . L o N\h
m g m = m m = m|— m m
2 | X lg 7X|Xp| _(Yp 7XP|Xp| ):(f 7X|Xp |) )
we can formulate our surface area and volume conserving variant for (P™)" as follows. Here, for ease of presen-

tation, we assume that 9y/1 = ), so that we do not need to consider the discrete conormals m™*+!. Moreover,
on recalling (3.6), we have that Y*(2rag é€;) = Kgg.

(PR ) Let X0 € Vi, k0 € VP V0 € VB and o € Rso, %, My, ac, A< € R, B € Rxg, ¢ : OcI — S' be
given. For m = 0,...,M — 1, find §X™*+1 € X", with Xm+l = Xm 4 §Xm+1 ,mtl ¢ WZ}O, ym+l g Kgo, and
AP AP € R such that (5.1b), (5.1c) and

— )Zm-‘rl—)?m el " — +1 ol —1 Py yd h
om ( Xmed @ S S IR | - (T 1K) = (R

— oA [(a, >2|X';”|) + ((Xm &)™, ;zp)} — AT ((Xm &)™, ;zp?;w) vy e X, (5.7a)
(i) AX™ 1) = AXY), (i) V(X)) = V(X) (5.7b)
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hold. The nonlinear system of equations arising at each time level of (Pﬁfv)h can be solved with a suitable
iterative solution method, see below. In the simpler case of surface area conserving flow, we need to find
(XL gt ymat AmEL AmE) € XPox W x VA x R x {0} such that (5.1b), (5.1c), (5.7a) and (5.7b)(i)
hold. Similarly, for volume conserving flow, we need to find (§X7+1, g+l ymtl \mHl ymtly ¢ gh Wl x
V5 x {0} x R such that (5.1b), (5.1c), (5.7a) and (5.7b)(ii) hold.

Adapting the strategy in Section 4.3.1 of [7], we now describe a Newton method for solving the nonlinear
system (5.7), (5.1b) and (5.1c). The linear system (5.7a), (5.1b) and (5.1c), with (X}, A7) in (5.7a) replaced
by (Aa,Av), can be written as: Find (JX™*1(Aa, Av), ™1 (A, Av), Y™ 1 (A4, Av)) € XP x Wh x VA such
that

Y™ (A, Av) g’ K" N
T | 6Xm A ) | =8 | +Aa | 0 |+x [ 0
K™ (A4, Av) g, 0 0
Assuming the linear operator T™ is invertible, we obtain that
Y™ (A4, Av) g N g G a
sXme i) | =@ o | o [l =g | e s ] e (3] 69
A (A M) g 0 g Y gy

It immediately follows from (5.8) that
aAAXm+1()‘A7>‘V) :512%7 aXVXm+1(AA’AV) :Qﬂ;7

where X™H (A4, Ay) = X™ 4+ 6X™ (A4, Av). Hence we can proceed as in (4.13) of [7] to define a Newton
iteration for finding a solution to the nonlinear system (le’v)h. In practice this Newton iteration always
converged within a couple of iterations.

5.2. Based on Iﬁ:gn—i_l

We can consider the following fully discrete approximation of (4.41).
(P2)® Let X°,YQ € VA, k% € VP, m® € R? and a € Ryg, 7, My, ag, \,s € R, B € Rsg, {: dcI — S be
given. For m = 0,..., M — 1, find 6 X" € X", with X™H+! = X 4 §Xm+1 gutl ¢ W, Yot e vh | with

s
h [()?m -é)) ?é”“} € Y'(2rag é1), and m™*?1 : 9y — R? such that

h
2 ((Xm ) Q" Atm,w?;”> — () (g, %, 1517
(X&) (T4, 7%, - 7 X7
(W)Z'm.eq o[58 — 5% + 2) + 2BAT £2] — VE* - &1, %, - 7"
- ([w alk? — 5’ +2A+2ﬁA§”n?] — KDY ﬁm} X — (V) - 7™, - 51)(h)
(

S o (h) -
meaRg (ENN) - Y [ ¥R ey | viex, (5.92)
pEDIUORT
R . (h) . - R (h)
2m (X7 & (a (R3H = 3) + BAZ) X)) = (X7 a) Vet o™ (£0]) =0 Ve W, (5.9b)

—

. Lo\ () . - i
(X -a gt g1 £00) (271550 + (X -a) X, 15007
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= > [@ma)lam+ Y [(®mayan g @) vie vy, (5.9
pEdcT pEdM T
where
m ym = .m | Ym (r)
m_on (X LR, |X |) — M. (5.9d)

We now state the analogues of Assumptions 5.1 and 5.2.

> S N (R)
Assumption 5.8. Let dimspan { ((Xm -e1) U™, x |X;"|) tx € W(%O)} =2.

Assumpf;ion 5.9. Let X™ satisfy Assumption 4.1 with Xh replaced by X™ and be such that the following
holds. If U € Y*(0) with

—

S\NT7T = | vm|— vi X™. &)U X "
e S

then U = 0.
Lemma 5.10. Let Assumptions 5.1 and 5.8 hold. Moreover, if OcI # 0 then let Assumptions 5.9 hold. Let

)2"‘,5737" € Kgo, K& € Vh,mm e R? and o € Rug, 72, \, My, aq € R, 3 € R>o, f: OcI — S' be given. Then
there exists a unique solution to (P2)"), (5.9).

Proof. As we have a linear system of equations, with the same number of equations as unknowns, existence
follows from uniqueness. Hence we consider a solution to the homogeneous equivalent of (5.9), and need to show

that this solution is in fact zero. In particular, let §X € X, ks € W(%o)’ }73 € Kgo, with 7" {(X:m - e1) Ys| €
Y"(0), and 77 € R? be such that

S h
v — m 60X > vm vm = ¥ = m | — =
2n ( (Xm-a) @ - RIXT | = (@) (V) %, 1X777) = 0 vy € X*,
= Aty
(5.10a)
% - v m (r) Cm =\ —m | vm (h)
2ra (X7 & ns,x 1K) - (X7 @) Yo, x o™ 1X5]) 0 =0 Vx € Wy,
(5.10b)
v - -m = vm (h) vm = v S | vm|— vmo =\ 2 = —
(Xm'elligl/ 171X, |) +<(X €1) (6X)p,7p | X)) 1): Z [(X -el)mm] (p) Vnezgo.
pEOm I
(5.10¢)

—

Choosing ¥ = 6X in (5.10a), Y = ks in (5.10b) and 77 = Ys in (5.10¢) yields, on noting 7" [(Xm : é’l)?g} €
Y"(0), that
S RN . N
o (Xm L& QM oX 2, \X;”|) +21a Aty (Xm & (ks)?, |X;"|) —0. (5.11)
It follows from (5.11) and ks € W(%O) that ks = 0. Similarly, it follows from (5.11) that [6X - ™(g;) = 0,
j=1,...,J—1, and, on recalling (4.7), that 6X = 0 on &1\ 8yI. Then choosing 7j = 6X € X" C Zgu in (5.10¢)
yields, on recalling (2.37) and 6X=0ondlI \ Ool, that

(a1 ) = Y [ ey 6X] ») =o. (512
pEdMm I
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It follows from (5.12) that X is constant in I. Together with [§X - 7(¢;) = 0,7 =1,...,J — 1, and
Assumption 5.1 we obtain that 6X = 0. Then (5.10c) implies that 7 = ()

If 9cI = 0, then we can choose ¥ = Ys € Y"(0) c X" in (5. 10a), recall (3.7), to obtain that Ys is
constant in I. Then (5.10b), together with Assumption 5.8, gives that Ys = 0. If dcI # 0, on the other hand,
then Assumption 5.9 directly gives that Yg = (. Hence we have shown the existence of a unique solution to

(Pg)". .

Remark 5.11. Similarly to Remark 5.6, in practice the system (5.9) is easiest solved by first eliminat-
ing mm+1, Thisﬂ can be achieved by replacing the test space Kgo in (5.9¢) with Y”(0). Having computed
(X™H KB YL the values ™! can then be obtained from (5.9¢). For example, if go € 9y then we
have that

—

>\ om vm =z .m v (h)% vm|\ =
(X™(a0) - &) " (q0) = (X7 - @ mg oo 1K) 7 (a0) + (Lo 1K) &0

(7L ) 1K) K (o).

6. NUMERICAL RESULTS
On recalling (4.13), (4.15) and (4.30), as the fully discrete energy for the two schemes (P™)" and (PZ)")
we consider, respectively,
~ . 2 . o \" . L \h 2
EmHl = o (a {ﬁh(xm,mm“) —ﬁ} r2o) XM |X;"|) +8 {QW (Xm N L |Xm|) - MO}

—2mag Y, m"p)-a 2 Y X"(p)-é, (6.1a)
pEANM T pEDIUORT

. - o\ () . o\ () 2
nglzﬁ(a[ng"“fz]un,xm alxy |) +5{2w(X éln?+1,|X?|) —Mo]

—2rag Z m™ L (p) - & + 276 Z X" (p) - . (6.1b)
pEOM T pEDIUOR I

Given I'? = X 9(I), we define the following initial data. First, we let /i be the true conormal to I'?, i.e
@° = (=1)PTL70(p) for p € AI \ oI, recall (2.20), and then set m° = i® on dpsI. Next, on recalling (4.10), we
let 7O € z’g@ be such that

- h
(R.AIX0) + () = > i) vievh,
p€II\doI

and then define x* = 7} [ - 7°] € W} . Moreover, we let Y0 € V" be such that

—

Y0 = om# [|3 1 X0 (o [R(X0,80) - 7] + 5.4°) )
recall (4.15), (4.5), (4.6) and (5.1d), and then define Y° € Y"(2raq &) via
. (?*O(Qj) . 52) 52 q; € 80[,

Yo (q;) = | 2rac & ¢ € O,
Y*O<Qj) q; € T\ (801 U 8MI)
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FIGURE 2. (P™)" Willmore flow for a torus. Solution at times ¢ = 0,0.5,2, 10, 50. Below a plot
of the discrete energy (6.1a) and of the ratio (6.2).

In addition, we set £% = (X%, £%) € V", and let ?g’* € V" be such that
Ve, = 27" [|8° 7" (a[s§ — 7] + BAZ) 1],

recall (4.41b), (4.6) and (5.9d). Then we define Y2 € V5 | with 7 {()?0 L&) Yfg} € Y*(2rac ), via

(?g,*(%') ‘52) €& g €l

> 2T €1
YO( )= = q; € Oml,
S\ Xo(qj) ] 51 j 7M
Yg,*(qj) q; € I\ (60[U 8]y[]).

Unless otherwise stated we use « =1, 7 = A = § = ag = ¢ = 0 and employ uniform time steps, At,, = At,
m=0,...,M —1.

6.1. Surfaces without boundary

6.1.1. Genus 1 surfaces

In this subsection, we consider genus 1 surfaces without boundary, so that 0I = ().

Starting with an elongated cigar-like shape for 'Y, we observe the evolution shown in Figure 2 for the scheme
(P™)k, (5.1). The discretization parameters are J = 128 and At = 10~%. The observed final radius is 2.14, with
the centre at (3.03,0). Hence R/r = 3.03/2.14 = 1.414 ~ /2. Here we recall that the ratio v/2 characterizes the
Clifford torus, the known minimizer of the Willmore energy (2.13), with 32 = 0 and a = 1, among all genus 1
surfaces, see [28], with Willmore energy equal to 472 = 39.478. We note that, as expected, the energy (6.1a) is
monotonically decreasing, while the ratio

(6.2)

m MaXj—1 ..J |Xm(q]) - Xm(%'fl)‘
_ Xm i1

™= i
minj—y, 7 |X™(g;) (gj-1)|

approaches one as time increases.

When we repeat the simulation for the two schemes (P?)(h), we note markedly different tangential motions.
For the scheme with mass lumping throughout, (P?)h, the vertices coalesce on the left side of the curve and
eventually the algorithm breaks down. For the scheme (P%"), on the other hand, the density of vertices is higher
on the right side of the circular shape, with the ratio (6.2) smaller than 2. We demonstrate this in Figure 3,
where we also show an evolution of the ratio (6.2) for the scheme (PZ') over time.



STABLE APPROXIMATIONS FOR AXISYMMETRIC WILLMORE FLOW 867

2.5 T T T T T T T T T 2.5
2 g 21
5
151 g 151
4.5
1t 4 1L
4
05+ g 05}
35
0+ 4 ol
3
-0.5 4 -05¢
2.
Al 14l 5
A5 { st 2
210 i 2L i 1.5
2.5 . . . . . . . . . 25 . . . . . . . . . 1L . . . . B
05 1 15 2 25 3 35 4 45 5 55 05 1 15 2 25 3 385 4 45 5 55 0 10 20 30 40 50

FIGURE 3. (P2)™ Same evolution as in Figure 2. Left: I'™ at time ¢ = 10 for (P2)", middle:
'™ at time ¢t = 50 for (PZ), right: the ratio (6.2) over time for (PZ).

Because of the bad behaviour of the scheme (PZ)" in practice, we will discard that scheme from now on.
We will mainly concentrate on the scheme (P™)", which in practice leads to nearly equidistributed polygonal
curves, and at times compare it to the scheme (PZ").

6.1.2. Genus 0 surfaces

In this subsection, we consider genus 0 surfaces without boundary, so that dyf = {0,1}. We will parameterize
I' clockwise, so that 77 induces the outer normal ig on S, recall (2.3) and (2.4).
We begin with a convergence experiment. To this end, we note that a sphere of radius R(t), where R(t)
satisfies 7
R'(t) = 0] (% +%), R(0)= Ry € Ry, (6.3)
is a solution to (2.14). The nonlinear ODE (6.3), in the case 3 # 0, is solved by R(t) = z(t) — Z, where
z(t) is such that $(z%(t) — 2%) — 2 (2(t) — 20) + = In %ﬁ) +32°t = 0, with zg = Ry + 2. We use the solution
to (6.3), with 3z = —1, and a sequence of approximations for the unit sphere (Ry = 1) to compute the error

|IT—T"|| e = max,,—1, m maxj—_q, ‘|)?m(qj)| - R(tm)‘ over the time interval [0, 1] between the true solution

and the discrete solutions for the schemes (P™)" and (PZ'). In particular, we choose X0 e Kgo with

g - (2Tt
j . ) J = Ui dy
2= 4) T+0.1cos((3 —g;) 7)]
recall (4.1), to ensure an initially non-uniform distribution of vertices. We also define the error

— 2 ya s

=1,...,.M

Here we used the time step size At = 0.1 h%o, where hro is the maximal edge length of I'°. The computed errors,
together with their experimental order of convergence (EOC), are reported in Tables 2 and 3. We remark that
repeating these simulations for the scheme (P};”)h failed, because of tangential motion leading to vertices in the
left halfplane.

We remark that for the experiments in Table 2, the ratio (6.2), which at time ¢ = 0 starts off at about
r9 = 1.22, always decreases monotonically and approaches the value 1, so that the final semicircle is nearly
equidistributed. For the experiments in Table 3, however, this is not the case, and the distribution of vertices
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TABLE 2. Errors for the convergence test for the scheme (P™)" with 3 = —1. We also show
the ratio (6.2) at time ¢ = 1.

J hro Il =T"|lz=  EOC I =I'"[|pec(z2y EOC ¢V
32 1.0792e-01  1.3951e-02 - 7.3622e-03 - 1.06
64 5.3988e-02  4.1092e-03 1.76 1.8232e-03 2.02 1.06
128 2.6997e-02 1.1867e-03 1.79 4.5434e-04 2.00 1.06
256  1.3499e-02  3.3690e-04 1.82 1.1347e-04 2.00 1.06
512 6.7495e-03  9.4318e-05 1.84 2.8358e-05 2.00 1.06
TABLE 3. Errors for the convergence test for the scheme (P%) with 7 = —1. We also show the

ratio (6.2) at time ¢t = 1.

J  hro Il —T"||z= EOC |I —I'"||pee(z2y EOC oM

32 1.0792e-01  1.5595¢-02 - 9.8711e-03 - 2.79
64  5.3988¢-02 5.5381e-03  1.49  2.7237¢-03 1.86  3.32
128 2.6997e-02  1.9703e-03  1.49  7.5278e-04 1.86  3.96
256 1.3499e-02  7.0062e-04  1.49  2.0783e-04 1.86  4.72
512 6.7495e-03  2.4888e-04  1.49  5.7280e-05 1.86  5.61

FIGURE 4. (PZ) Generalized Willmore flow with 32 = —1 for a sphere. A plot of (6.2) over
time and a plot of the solution at time ¢t = 1 for the run with J = 64 from Table 3.

remains very nonuniform. In each case, the longest elements are the two elements touching the es-axis, while
the shortest elements are found far away from the axis. As an example, we show the plot of (6.2) over time, as
well as the distribution of vertices at time ¢ = 1 for the run with J = 64 in Figure 4, and these are generic for
the behaviour for every value of .J.

We conjecture that these long elements at the boundary are the reason for the suboptimal convergence rates
seen in Table 3. We note that in L>(L') the convergence order is quadratic for the scheme (PZ'), although we
do not display the precise numbers here.

Next we consider a numerical experiment for Helfrich flow, i.e. surface area and volume preserving Willmore
flow, for a flat disc. The dimensions of the initial disc are chosen as 5 x 1 x 5, so that the flow evolves towards
a sharp that resembles a human red blood cell, see Figure 5. The discretization parameters for the two schemes
are J =128, At =10"% and T = 0.2.
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FIGURE 5. (P™)" Helfrich flow for a flat disc of dimension 5 x 1 x 5. Solution at times ¢ = 0,0.2,
and separately at time ¢ = 0.2. On the right we show the final distribution of vertices for the
scheme (PZ'). Below we visualize the axisymmetric surfaces generated by I'™ at times ¢t = 0
and t = 0.2.

6.2. Surfaces with boundary

— —

In the case of clamped boundary conditions, recall (2.32), we define ((p), for p € 9dcI, via ((p) =
(sin¥(p), cos ¥(p))T, where ¥(p) € R, p € A1, denote the prescribed contact angle with the x;-axis.

We recall from Lemmas 5.4 and 5.10 that we can prove existence of a unique solution to the linear systems
arising at each time level in the presence of clamped boundary conditions only if Assumption 5.2 holds. This
assumption is violated if I'"™ is a straight line, and so the linear systems are indeed singular. In all other cases,
however, the linear systems for the simulations we present in the following are nonsingular, and so we can find
their unique solutions.

6.2.1. Surfaces with one connected boundary component

In this subsection, we consider the situation dpI = {0} and I = {0,1}. On recalling (2.3) this means that
the normal 7(0,¢) will point upwards.

We show two experiments for Navier boundary conditions in Figure 6, where we observe that depending on
the sign of the spontaneous curvature, the sphere-like cap is either convex or concave. Our numerical results are
in agreement with Figures 9 and 10 in [6]. As the discretization parameters we choose J = 64 and At = 1074

The same simulations as in Figures 6, but for clamped boundary conditions are shown in Figure 7.

6.2.2. Surfaces with two connected boundary components

In this subsection, we consider the case doI = ) and I = {0,1}. We will always parameterize I'(0) from
left to right, so that the normal 7 for a straight line points upwards. When the curve T'(0) is vertical, we
parameterize it from top to bottom so that the normal 7 points to the right. Throughout this subsection we
choose the discretization parameters J = 64 and At = 1074,

Navier boundary conditions for an open cylinder, when I'(0) is a straight vertical line, are shown in Figure 8.
Here we note that for 3¢ = —1 the evolution is stationary, which is in contrast to Figure 14, below.

In order to see the influence of a negative spontaneous curvature on the evolution, we start two simulations
for Navier conditions for a cut cylinder with a dumbbell shape, see Figure 9. We observe that the dumbbell
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05 1 15 2 0 1 2 3 4 5 6 7 8 9 10

FIGURE 6. (P™)" Generalized Willmore flow with Navier boundary conditions for a sphere-
like cap with 3¢z = 1, top, and 3¢ = —1, bottom. Solution at times ¢ = 0,0.1,0.4 (top) and
t =0,1,5,10 (bottom), as well as a plot of the discrete energy (6.1a) over time. We also show
the axisymmetric surfaces generated by I'’ and I'M .

X S — 0. ‘ ‘
0 05 1 15 %% o5 1 s

FIGURE 7. (P™)" Generalized Willmore flow with clamped boundary conditions with conormal
angle ¥(1) = % m = 210° for a sphere-like cap with 3¢ = 1, left, and 3¢ = —1, right. The solutions
are shown at times ¢ = 0,0.5, and we also visualize the axisymmetric surfaces generated by
FM



STABLE APPROXIMATIONS FOR AXISYMMETRIC WILLMORE FLOW 871

05 05

0 0
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FIGURE 8. (P™)" Generalized Willmore flow with Navier boundary conditions for an open
cylinder. Left with 32 = 1, right with ¢ = —1. The solutions are shown at times ¢t = 0, 0.5, and
we also visualize the axisymmetric surfaces generated by I'M.

FIGURE 9. (P™)" Generalized Willmore flow with Navier boundary conditions for a dumbbell-
like open cylinder shape. Left with 32 = —1, right with ¢ = —2. The solutions are shown at
times t = 0, 1, and we also visualize the axisymmetric surfaces generated by I'M.

becomes more and more pronounced, the smaller we choose 72. For 3¢ = —2 the evolution nearly leads to a
pinch-off. Choosing 32 = —3 does indeed lead to pinch-off, which we do not show in Figure 9.

Two simulations for the same initial data, but now with I = 91, are shown in Figure 10. Here the evolution
for 7z = 1 appears to approach the inner half of a torus, while for 7z = —1 the limiting shape is similar to an
hourglass. In both cases the final discrete energy is approximately zero.

In the former case we can prevent the energy converging to zero by requiring the endpoints to remain on lines
parallel to the xi-axis. I.e. we use the same initial data, but now let dspl = 821 = 0I. The evolution is shown
in Figure 11, where a numerical steady state is reached with discrete energy E™*! > 25. For completeness we
also display the corresponding simulation with 32 = —1, which is indistinguishable from the one in Figure 10.

Different simulations for the top part of a torus, with clamped boundary conditions at the inner ring, and
free boundary conditions at the outer ring, are shown in Figure 12.

Repeating these experiments for Navier boundary conditions at the inner ring of the torus cap, and enforcing
surface area preservation, leads to the simulations shown in Figure 13. Here, for 32 = 1 we observe pinch-off,
and so we stop the simulation just prior to the pinch-off happening.
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FIGURE 10. (P™)" Generalized Willmore flow with free boundary conditions for a dumbbell-
like open cylinder shape. Left with 32 = 1, right with 3¢ = —1. The solutions are shown at times
t =0,0.1,0.5,1, and we also visualize the axisymmetric surfaces generated by I'M.

FIGURE 11. (P™)" Generalized Willmore flow with semifree boundary conditions for a
dumbbell-like open cylinder shape. Left with ¢ = 1, right with 3¢ = —1. The solutions are
shown at times ¢ = 0, 1, 10, and we also visualize the axisymmetric surfaces generated by I'M.

05

O

05 1 15 2 25 3 35 4 0.5 1 15 2 25 3 35 4

FIGURE 12. (P™)" Generalized Willmore flow with mixed clamped and free boundary con-
ditions for a torus-like cap. Left with 3¢ = 1, right with 3¢ = —1. The contact angle for the

clamped node is chosen as ¥(0) = %F = 210°. The solutions are shown at times ¢t = 0,0.1,1, 5,

and we also visualize the axisymmetric surfaces generated by I'M.
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FIGURE 13. (P™)" Surface area preserving generalized Willmore flow with mixed Navier and
free boundary conditions for a torus-like cap. Left with 3¢ = 1, right with 32 = —1. The solutions

are shown at times ¢ = 0,1,5 (left) and at times ¢ = 0,5, 10 (right), and we also visualize the
axisymmetric surfaces generated by I'

1 1

0.5 0.5

[ [

0.5 1 0.5 1
FIGURE 14. (P™)" Generalized Willmore flow, for ag = —1, with Navier boundary conditions
for an open cylinder. Left with 3¢ = 1, right with 3z = —1. The solutions are shown at times

t =0,0.5, and we also visualize the axisymmetric surfaces generated by I'*.

Finally, we show two evolutions for Gaussian curvature effects. To this end, we repeat the simulations in
Figure 8, but now with ag = —1. In contrast to the earlier results, the cylindrical initial data is no longer
stationary for ¢ = —1. See Figure 14 for a visualization of the results.

APPENDIX A. CONSISTENCY OF WEAK FORMULATIONS
A.1. Formulations based on x»

Here we derive the strong form for (3.22), together with possible boundary conditions for the L2-gradient
flow of (2.21). We recall from (3.12), (3.13), (3.35) and (2.7) that

g-U=2n% € [a(xs—%)+ B As], where xs=3x— I:.(il and As = 27 (Z - €1 xs,|Z,|) — Mo. (A.1)
T - eq
We begin by re-stating (3.22a), on noting (A.1) and (3.5b), a:
2n ((Z- &) & -0, X - V|B|) = (G- 7, Xp - P |Zp|~ 1 ( 5—%] +2XA+20As 3, X - €1 |Z,| + (2 - é'))"@-?)
—2ma (35 — %2, (ot — 25) X - €1|Z,|) — 2mBAs (€2, X))

—27a (325 — %, (T €1) Xp - 7) + (3¢5, Xp)

— 27g Z

pE@sFIUé)FI

7
Z VX € X. (A.2)
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‘We now set
B =00l UO0srIUOIrI. (A.3)

On recalling (2.3) and (3.5b) throughout these T;(¥) calculations for any ¥ € X, we have that

Ty (X) = (s - ) 7. Xp) = = ([(Fs - 7) P X [T ) + D (1P (G- ) X -7 () = Al(0) + Bi(X)- (A4)
pEB

Moreover,

D Ti(X) = —7 (a (35 — 3) (25 — 325 — 3) + 2\ + 2B As 30, ¥ - €1 |T,])

=2

- (f 7 (a 325 — 7 + 2\ + 2BAs %) 7+ 28 Asé, gp) = A (X) + Ts(¥), (A.5)

To(X) =7 ([f & (a (s — 3% + 2\ + 28As %) FL ,;z|fp|)

—m D=1 7 (o fes = 20+ 28As3) T 7+ 2045 ¥+ B (p) = A5(R) + Bs(). (A6)

In addition,

T5(X) = 2ma ([(s2s = 72) (7 &) 7], X |T,]) — 2mar Y (=) [(3es —32) (7 @) X+ 7] (p) = Aa(X) + Ba(X)-
peEB
(A7)
Finally,
Ts(X) = = (55, X |Z]) + (=17 [ 7] () = A5(X) + Bs(X), (A.8)
peEB
and Ba(X) = T7(x). With the above definitions, we can write (A.2) as
7 5 5
2 ((F-&) &7, %P1, = Y Ti(0) = Y A+ ) BiY)  VXeX (A.9)
i=1 i=1 i=1
It follows from (3.23), (3.24) and
Vg = —xT, (A.10)
that
(s T+ 5G)s = ((§- D)5 VA5 (F- D) F)s = (§- P)ss VA (- D) Vs + 52 (F - 0)s T+ (§- D) (567
= (Y V)ss V4 (¥ V) (57)s,
and so
A(R) + A5(0) = = ([(T- P)ss +§- 7] P+ G- U3, 7, X | T (A.11)

Choosing ¥ = x 7, for x € H}(I), in (A.9), and combining (A.4)—(A.8) and (A.11), we obtain for the right
hand side of (A.9)

S Ti(x7) =D Ai(xF) = — (§- Vs + 7 [a (325 — 72) (226 — 365 — 52) + 2) + 2BAs ] 7 €1, X |T,])
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. ([f & (a [res — 7] +2>\+26A5%)} 20 (xs -7 & %,X|fp\)
= —ra (7 (2s =7 2 — [Ixs = 7| ) x15l) +2ma (305 = 2) (5 — 220),7 - &1 X |, )
=210 ((32s — %) [Z - €1 (365 — )5 + T - €1 (325 — 230)] , x |Zp]) , (A.12)

where we have noted that 75 - 7 = 0, (A.10), (2.3) and (A.1). In addition, it holds, on noting (A.1), (2.3) and
(A.10), that

—

:f'~é’1(%3—%)5=—f-61[

=781 (2% — xs),

and so substituting into (A.12) yields that ZZ:1 T;(xT) = 0, as expected.
Choosing ¥ = x 7, for x € H}(I), in (A.9), and combining (A.4)—(A.8) and (A.11), we obtain for the right
hand side of (A.9)

7 5
S TP = Y AP = — (7 Dss + 775 x|
=1 i=1
=7 ([ (325 — 7) (220 — 265 — 70) + 2\ + 2BAs #| V- €1, x |Zp|)

( L (a [es — 7 + 2) + 28.As %) % W) + 210 ([(325 — ) 7 &, X 1)

z
— —2n (@ &1 [a (s = 7) + BAs]) o + - T [ (325 — ) + BAs] 2, x|

— 27 (Z- &1 [a(xs — 7) + BAs] %27X|"EP‘) +m (f el [O‘ [”‘2'3 - ?2] - 2= 2&48%} (e = %S)’X‘fpo
e (f 2 [a (s — 7 + 2\ + 2ﬁAs%] %, xlfpl)

= = 270 (& €1 (545)s)s, X[ ) + 27N (7 - €136, X[ ) + 7w (- &1 [3F — 3] (¢ — ), X1

s — ) %, X|Zp) (A.13)

where we have noted that 75 -7 =0, (2.6), (A.1) and (2.3). Clearly, it follows from (A.2), (A.13) and (2.7) that
(2.24) holds.

It remains to show that the weak formulation (3.22) indeed enforces the desired boundary conditions. Here,
we recall that apart from the axisymmetric boundary conditions (2.35) on dygI, we consider the following four
different types of boundary conditions on 91 \ dyI.

(i) OS(t) is free, i.e. OpS(t), see (2.25) for OS(t) and (2.30) in the axisymmetric case.

(il) OS(t) C OD is semifree, i.e. IgpS(t), see (2.27) for OS(t) and (2.31) in the axisymmetric case.

(iii) 0S(t) clamped, i.e. OcS(t), see (2.28) for OS(¢) and (2.33) in the axisymmetric case.

(iv) 0S(t) having Navier conditions, i.e. InS(t), see (2.29) for OS(t) and (2.34) in the axisymmetric case.
Firstly, we recall from (3.22) that (-, t) € V,, with Z¢(-,t) € X, for ¢ € (0,T], imposes strongly that (2.31a),

(2.33a), (2.34a) and (2.35a) hold. Furthermore, we note that (3.22c) weakly imposes (2.35b) and (2.33b), recall

the paragraph below (3.8). This means that we still need to show (2.35¢), (2.30), (2.31b), (2.31c) and (2.34D).
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We begin with (2.35¢). To this end, we choose test functions ¥ = y 7 in (A.2), where x € H(I) is zero away
from 9y1, to obtain

2m (& €)@y - 7, X|Zp]) = (Fp - 7, xp | Tp| ™) — ( [s¢s —5)° + 2\ + 28As 3, X 7 - &1 |Z,| + (2 - é')F-D'px>

— 27 (35 — 7, (3¢ — 5s) XU - €1 |T,]) — 27ar (325 — 52, (7 - €1) Xp) + (5§ — 27B As €2, Xp U+ X ) -
(A.14)

We are interested in the boundary condition that is weakly enforced by (A.14) on dygI, and so the only relevant
terms are the ones involving x, on the right hand side of (A.14). They simplify, on noting from (2.3) that
V- =T-¢é, and on recalling (3.24) and (A.1), to

(370'579@ |fp‘_1) —2ma (365 — 72, (T - €1) X,p) + (’fﬂL _27TBAS€27X/)17)
= (s -7 — 27(v (325 —72) + BAs) (T~ &) + »F* - 7,x,)
-8

= (7 7)s — 2m(a (35 = 32) + B As) (T €1),xp) = 2ma (T €1 (325)p, X [T 1) - (A.15)
We can now argue as in Appendix A.1 of [7] to show that despite the degenerate weight in the last term in
(A.15), the identity (A.14) gives rise to the boundary condition (ss), = 0 on dyI. In particular, we note that
all the integrands in all the remaining terms converge to zero for p approaching 9pI, on recalling (2.10). This

proves that (3.22a) weakly enforces (2.35¢).
Next we recall from (2.37) and (3.15) that

¥ = 2mag €] on Oyl =0NIUO0splUOFI.

Combining with (A.1) yields that

Tl
<'°1

a(xns — %)+ B As — ag -0 on Opl. (A.16)

&i
Si

Hence, we have that (2.30c¢), (2.31c) and (2.34b) are imposed strongly. Overall, we still need to show (2.30a),
(2.30b) and (2.31b). To this end, we derive conditions that make the second sum in (A.9) vanish for all test
functions x € X. It follows from (A.4) and (A.8), on recalling (3.24) and (A.1), that

Bi(¥) + Bs() = Y (=1 (s 2) 74 250) X (0) = Y (1P (5 9)s 7 4 52 (- ) 7) - X ()

pEB peEB
=21 Y (=1)PP (7 &) o (325 — 7) + BAs])s X 7] (p)
peEB
+2r Y (=D)PT (@ 6 (o (325 — ) + B As]) X 7 (D),
pEIsrIUIRIT

where in the last term we have noted that (2.35b) implies that 7-&; = 0 on 9y, recall also (2.10). Looking first
at the normal boundary contributions, we compute for a x € H'(I), on noting from (2.3) that - & = 7 - €,
that

5

D Bilx) =2m ) (~V)PTH(@- & [a(es — %) + BAs])sx] (p)

i=1 peEB

—2mc Y [F-ax](p) - 2mBAs > _(—1)PT 7 @] (p)

pEAspIUORIT peB

—2ra Yy (=1)PF (35 — 32) 7 - E1x] (p)
peEB
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[y

=270y (V)P E ()] () — 275 Y [f-*ﬁﬁaX} ()

pEB pEIspIUART -
~or > [ra(curate. - Z2) o) weno, (A7)

pEAsp IUORIT

where in the last step we have observed (2.35¢) and (A.3). This gives (2.30a) on drI, on recalling (2.2a) and
(3.5b).

Next we consider the tangential components. It holds, on noting (A.16), (2.7), 7- €1 = —7 - €3, (2.12), (2.20)
and (2.2b), that

5

Y oBilxm) =2 Y (=P [e(F- & [a (s — ) + BAs]) X ()

i=1 pEIsrIUORT
—2r¢ Y [Fax](p) - 2mB8As Y (1P [F-éx] (p)
PGaSFUBFI peEB
- Z (—1)P*! [f-él (a [2s — 7° + 2\ + 26 As %) X} (p)
pEIsrIUORT
_ =, 2 N P
I M TN DR R SN LY - S
pEIsrIUORT pEIdspUORI
.
RO SR G LA
pEdsFI1UART ra
—om > (0t 7 (Salks — A+ A+ B As ) x| ()
pEIspIUORT
=-2r¢ > (-1t [a? o B0 x} (p)
X - e
pEAsFUIRT
o Y (-1t [q' 7 (g Ks + talxs — 5" + X + B As %s) X] (p)
pEAsr IUORIT
=z
=2 Z (=1)P [55 & (g’f L L agKs + sa s —7* + A+ 8 As %5) X] (p) Vx € HY(I). (A.18)
p€85FU8FI r-e

This yields (2.30b) on Orl, on recalling (2.2a) and (3.5b). In order to prove (2.31b) on Odspl, we choose
a test function ¥ € X and then combine (A.17) and (A.18). For example, on 011 we choose ¥ = x € =
X (T &) 0+ x(F-&)7T=x(-1)P(fi-é)7+ x(—V- )7, and hence we obtain the desired result. The case

091 follows analogously.
A.2. Formulations based on xg

Here we derive the strong form for (3.44), together with possible boundary conditions for the L?-gradient
flow of (2.21). We recall from (3.34) and (3.35) that

—

ys -UV=2m [Oz(%g 77)+5A3], where As ZQW(f~61 %g,|fp|) — Mp. (Alg)

We begin by re-stating (3.44a), on noting (2.3), as
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21 (& &)F - 7, X - UZ,|) = (& €1)(Fis)p - 75 X - I Tp| ")
- & [a (35 — 72)° +2A+2ﬁ,43%5} s BN, T
_|_

(Wf-
(m (55 — 32)% + 2\ + 2B Asss] — ssis - 7 — (§s)s - T X - 51|fp|)

xS Ne) — Y. [Rectmegis]|X-alp) =) Si(Y)  WWeX
pEOspIUORT =1

On recalling (2.3), (3.5b) and (A.3) throughout these S;(¥) calculations, we have that

S1(X) = (- &1 (7 )s-ﬁ)ﬁ%p)
= —([Z- @ ((Fs)s - D) Py, XNZpl) + Y _(~1PFHE- @ ((Fs)s - D)X - 7] (p) = Au(X) + Bu(D). (A21)

peEB

Moreover, it holds that
S5(¥) = — ([m? 7 [a(zs —3)? +2/\+2ﬁA5%5} — s - a} X, )
= ([(ﬂ'f el [a(%g—?)2+2)\+2ﬁ¢43%5] —375~é'1) ] ,X|x,,)

=S (7 @ [a (s =77+ 20+ 284 5] — Tis - &) X+ 7| () = As(0) + Ba(R). (A.22)

peEB

In addition,
Ss(0) = — ([l (s = 32)” + 20+ 205 35] — s s - 7 = (Gs)s 7| €1, X[ ) = A0(0).  (A23)
Finally,

Si(X) = (T &1 #sYs5.X,) = — ([Z- &1 s ?j‘ﬂs X |%]) + Z(—l)pH [T+ & s X U5 (p) = Aa(X) + Ba(X),

peEB
(A.24)
and we also set B3() = S5(X). With the above definitions, we can write (A.20) as

5 4 4
2m (T @) Ty 7, X PIT) = Y Si(0) =) A0+ BilX) WWeX (A.25)

i=1 i=1 i=1

On recalling (3.1b), we observe that

A(X) = — ([Z- @1 ses U5 ), X |Bol) = — ([E- €1 55 (s - 7) 7= (Fs - F) D)), X ) - (A.26)

Choosing X = x 7, for x € H3(I), in (A.25), and combining (A.21)—(A.24) and (A.26), and recalling 7, -7 = 0,
(A.10), (2.3), (A.19) and (2.7), we obtain for the right hand side of (A.25)

ZSi(XF) = iAi(XF)
= (& Euseliis)s - 7, X|T,)) + ([mz-a [a(%577)2+2)\+25¢45%5} fgs.abx\m)

([ [ e =397 + 27+ 28505 — s -7 — (Gis)s - 7] 7+ 1,17, )
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— (& €155 (s V)s + #fs - 7]+ (T E1es)ofs - 7, xIT,])

= (7 810 — 28)(@is)s - TXITN) + (761 (7 [ o = )7 + 284505 | = (s9),Ts - 7) X1,

as expected.
Choosing ¥ = x 7, for x € H3(I), in (A.25), and combining (A.21)—(A.24) and (A.26), and on recalling (2.6),
Vs -7 =0, (A.19) and (2.7), we obtain for the right hand side of (A.25)

4
> Six#) =Y Aix?) = — ([&- & ((Fs)s - P)], > X|T,])
S oo 2 S -

([7?:1: -1 [a (s —22)" +20+ 25,,45%5] — s - el} 2, X p|)

- ([W {a (s —3)° + 2)\+2ﬂAs%s} —xsYs V= (Us)s - T| V- 517X‘£p|)

(& Ermmsys -V — [T E1msys - Ty, X|Tpl)

= —([7- &1 ((Us - V)s + (3¢ — x5)¥s - 7], » X|Zpl)

([mﬁ'- el [a (s — J7)2 42X\ + ZﬁAS%S] R é’l} %7x\fp|)

= ([ [ (e =27 + 20+ 2Bt | + (3 = 525)5is - 7 = (Fs - 7)s| 7+ @1, 017,
— (¥ €rsexsys - U, X|T,|)

= —2ma ([T e1(5s)s),  XITp|) — ([T €1(5e — 25)ys - 7], , x|

T - € {a (s — 7)2 +2)\ + 2BA3%3} %37X|fp|) — (a':' e1 [(% — xs)? + %%3] Us - ﬁ,x|a':'p|)

+

— (s - €13¢ — (Ys - T)sZ - €1(3¢ — 25), X|Z)])
— —2ra (7 @)l XI)) — (7 8¢ — )], s - 7o xI7)
— 7o (T € [(505)? + Fases + 256° — 23055 (305 — 5), X|T,))
— (Js - @136, X|Z,|) + 27\ (T - @135, X|T,|) — 2B As (52 - & (3 — 5), X|T,|)
)sls s X|Zp]) = ([F - €1 (3¢ — 55)] s - T, X[ Zp)

— (7 - &1 [a (32 —32) — 27] 3¢5 + Uis - €136, X|T,|) + 27 (T €1 [a(5es — )

T BAs) (25 — 30) 7 x|E,)). (A.27)
The desired result (2.24) follows from (A.20) and (A.27) on noting that

—[T-e1 (s —ns),ys T—Ys-€1x=—(Vs-€)ys T—Ys €1x=—(Js V)V-& 5
=27Z- € [a (s —3) + B As| (3¢s — ) 2 = 277 - €1 [ (3¢s — ) + B As| Ks,

where we have recalled (2.7), (A.10) and (A.19).

We now need to show that the weak formulation (3.44) enforces the claimed boundary conditions. As in
Section A.1, the conditions (2.31a), (2.33a), (2.34a) and (2.35a) are enforces strongly. We also notice that
(3.44c) enforces (2.35b) and (2.33b), recall the discussion below (3.9). This means that we still need to show
(2.35¢), (2.30), (2.31b), (2.31c) and (2.34b).

In order to show (2.35c) we argue similarly to Section A.1. Choosing ¥ = x 7 in (A.20), where x € H'(I)
is zero away from 9yl that the term 2ma (7 - € (%¢5),, Xp || 7) equals a sum of inner products that have
integrands that converge to zero for p approaching dyI. We can then again use Appendix A.1 of [7] to show
that (3.44a) implies the boundary condition (2.35c¢).
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Next we recall from (2.37) and (3.37) that
(f . 51) s = 2mag €1 on Oyl =0NIUO0splUOFI. (A28)

Combining with (A.19) and noting (2.2a) yields (A.16). Hence, we have that (2.30c), (2.31c) and (2.34b) are
imposed strongly. Overall, we still need to show (2.30a), (2.30b) and (2.31b). It follows from (A.21) and (A.24),
on recalling (A.10), (3.1b), (A.19), (2.7) and (2.2b), that

Bi(X) + Ba(X) = > _(~1)P" [(#- &) (Fs)s - D) 7 + 25 §i5) - X] ()

—

pEIspIUORT

Looking first at the normal boundary contributions, we compute, on noting that 7 = i and (2.20),

4
D O Bilx?) =Y (V)P [2ra (T &) (ks)s + (7€) (s - DX () — Y [[27s 41 3s] (7 @) x] (p)
i=1 peB pEDspIUART
=2ma Y ()P [E 8 (es)ax] ()~ 2w 0 [x oL x] ®)
peB pEdspI1UORT 1
= Y [:z & <(—1)P+1 a(xs)s —¢ ;. 2}) x} (p)  VxeHY(). (A.29)
pEdsrIUART 1

where in the last step we have observed (2.35¢) and (A.3). This gives (2.30a) on drI on recalling (2.2a) and
(3.5D).

Next we consider the tangential components. It holds, on noting that m = i, (2.20), (2.7) and (A.28), that

4
YNBGxA = Y (—)E ) s (s 7)x] ()
i=1 pEIsrIUORT
- Y o [(rFa [ales 7 420+ 2BAs 2] — Ts @) x| )
pEAspIUORIT
—2mc Y [F @)X -— Y. ()P (s 7) (F-E) A (p)
pCAsrIUdFIT pEdsrIUAFT
= > (@ @) x@s D)Xl p) —2rs > [(F-é) (D)
pEAsrIUAFT pEdsr VAT

- Y (e [Wf. g [a (325 — 32)% + 2\ + 2BAs %s} X] ()

pEAspIUORI



STABLE APPROXIMATIONS FOR AXISYMMETRIC WILLMORE FLOW 881

=-2rag Y, (“DPHE-&)Ksx] ()

pEAsr IUORIT
- Y (e [mz. & [a (3¢5 — 7)% + 2X\ + 28 As %s} X} (»)
pEAspIUORIT
—2mg Y (=nrt! [f &1 ;: al X} (p)  Vxe HYD). (A.30)
pEIsrIUORI 1

This yields (2.30b) on drI on recalling (2.2a). In order to prove (2.31b) on dsrl, we choose a test function
X € X and then combine (A.29) and (A.30), similarly to the previous section, Section A.1.

APPENDIX B. SINGULARITIES FOR WILLMORE FLOW OF GENUS-1 SURFACES

In the recent paper [17] it was shown that a torus of revolution S(0), with profile curve I'(0) such that
its turning number T(T') = - [, 5|%,| dp is zero, will develop a singularity under Willmore flow. Here we
recall that for an immersed curve I' C R?, T(I') € Z is the winding number with respect to the origin of
the tangent vector 7. In particular, it is shown in Lemma 4.8 of [17] that either a singularity will develop in
finite time, or as t — oo one of the following quantities will grow unbounded: a(t) = sup;[s»? + ( %)2]% or
ID(t)|gz = ((&- &)~ ', |Z,]), where a(t) is a suitable L°°-norm of the second fundamental form on S(t), and
where |['(¢)|g2 denotes the length of the curve I'(¢) in the hyperbolic plane H?, see e.g. (2.6a) of [10].

In this appendix, we will present numerical evidence that T(I") = 0 appears to be a necessary condition for
a singularity to develop, and that any such singularity is only attained as ¢ — co. To this end, we consider the
case I = () from now on and define

- N h
T = (X7 21) 71, 1K) (B.1)

for I = X™(I) and X™ € V", as a discrete analogue to |T'(f)|u2. We remark that a corresponding discrete
analogue of a(t) in practice behaved very similarly to (B.1), and so we omit its discussion here.

We begin with two experiments for the case T(I') # 0. In particular, we choose as initial data a generating
curve that is made up of a circle of radius 1 centered at v/2 &} and a circle of radius 7 centered at (v/24(1—7)) €1,
with 7 = 0.1, so that T(I") = £2. The simulations of Willmore flow for the surfaces generated by these curves is
shown in Figure B.1. The discretization parameters for the scheme (P™)" are J = 512 and At = 10~4. When
the smaller circle is inscribed on the right, then the evolution immediately approaches a double-covering of the
Clifford torus, recall also Figure 2. If the smaller circle is inscribed on the left, a more complicated evolution
ensues, but eventually a double covering of the Clifford torus is reached. At time ¢ = 100, both evolutions have
reached a discrete Willmore energy of 78.96 ~ 8 72, i.e. about twice the Willmore energy of the Clifford torus.

Overall the results in Figure B.1 indicate that T(I') = 0 is a necessary condition for a singularity under
Willmore flow to occur.

We now concentrate on the possible onset of a singularity. To this end, we show the evolution for two initial
lemniscates in Figures B.2 and B.3. The discretization parameters for the scheme (P™)" are J = 1024 and
At = 1075. The initial data satisfy T(I') = 0, and so the result in Lemma 4.8 of [17] yields that Willmore flow
will develop a singularity either in finite time or as ¢t — oo. In the first experiment the part of the lemniscate
with larger radius is close to the xs-axis. But during the evolution that part thins and approaches the axis. In
the second experiment, the initial lemniscate is rotated by 180 degrees, so that the part with the smaller radius
is close to the zs-axis. During the evolution that parts thins even more and approaches the axis.

To investigate the behaviour close to the zs-axis further, and to help decide whether the evolution reaches
a singularity in finite time, we start a refined computation from the solution at time ¢ = 0.3 in Figure B.3.
The results for J = 4096 and At = 10~® are shown in Figure B.4. The discrete quantity (B.1), which we plot
on the right of Figure B.4, appears to grow polynomial in time. In particular, it seems to grow only slightly
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FiGURE B.1. (P™)" Willmore flow for T(T') = £2. We show the two evolutions at times
t=0,1,5,100.
15 r r r r r r r r r r 15 r r r r r r r r r r 15 T T T T T T T T T T
1 1 1 1
0.5 4 . 0.5 4
0 4 0 1
-0.5 4 -0. -0.5 4
- 1 - A |
1.5 -1 -1.5
0 05 1 15 2 25 3 35 4 45 5 5. 5.5 0 05 1 15 2 25 3 35 4 45 5 55
FIiGURE B.2. (P™)" Willmore flow for T(T') = 0. We show the solution at time ¢ = 0, at times
times t = 0,0.5,...,3 and at time t = 3.
15 15 1.5
1 1 1 1
0.5 4 .. 0.5 4
0 4 0 B
-0.5 4 -0. -0.5 4
1 ] A 1
1.5 L L 15 L L 15 L S .
0 05 1 15 2 25 3 35 4 45 5 55 0 05 1 15 2 25 3 35 4 45 5 55 0 05 1 15 2 25 3 35 4 45 5 55

FIGURE B.3. (P™)" Willmore flow for T(T') = 0. We show the solution at time ¢ = 0, at times
times ¢t = 0,0.1,...,0.3 and at time ¢ = 0.3.
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15 15
1 1
0.5 0.5
0 0
0.5 0.5
1 1
1.5 1.5

L L L L L L L L L L r L L L L L L L L L L 12.8
0 05 1 15 2 25 3 35 4 45 5 55 0 05 1 15 2 25 3 35 4 45 5 55 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

FiGURE B.4. (P™)" Willmore flow for T(I') = 0. The solution at times ¢ = 0,0.05. On the
right a plot of [I"|g= 5, recall (B.1), over time, together with the best fits f(¢) = a (14 t)* and
g(t) = c + dt, with (a,b,c,d) = (12.9,2.3,12.9,31.1).

15 15 15
1 1 1
0.5 4 05 0.5
[} 4 [1] 0
-0.5 4 -05 -0.5
R 4 -1
-1-50 65 l| 1‘5 ‘2 2‘5 l'l 3‘5 ;l 4.5-1-50 65 ‘1 1‘5 é 2‘.5 l‘! 3‘5 ;‘ 45-1-50 0.5 1 15 2 25 3 35 4 45
1.5 - - - - - - - - 15 - - - - - - - - 1.5
1 401 1
0.5 4 05 0.5
0 4 [} 0
-0.5 4 <05 -0.5
A 14 A
AS0Tos 1 1s 2 25 5 35 4 45 0 o5 1 15 2 25 3 a5 4 45 0 o5 1 15 2 25 3 s 4 45

FIGURE B.5. (P™)" Willmore flow for T(I') = 0. We show the solution at times t =
0,0.2,...,0.8 and 0.9. Here the evolution on [0.8,0.9] was computed with the finer parame-
ters J = 4096 and At = 107",

faster than the best fits of the form f(t) = a (1 + t)® and g(t) = ¢ + dt, where for the best fits we observe
(a,b,c,d) = (12.9,2.3,12.9,31.1). It is therefore difficult to draw definite conclusions. Hence we conjecture that
the singularity, where the toroidal surface closes up at the origin, is reached only as t — oo. This conjecture is
in agreement with similar conclusion drawn by the authors for the onset of a singularity for a genus-0 surface
that converges to two touching spheres. In particular, we stress that the evolution shown in Figure 24 in [7]
closely matches the shape of the curves in Figure B.4 near the xs-axis.

Finally, we also show a more interesting evolution for another initial data with T(T') = 0. Here a symmetric
lemniscate is inscribed with a circle on each side. The Willmore flow for a torus with such a generating curve can
be seen in Figure B.5. The discretization parameters are J = 1024 and At = 10~°, and for the final evolution
on the time interval [0.8,0.9] we use the finer parameters J = 4096 and At = 10~7. We see that the circle
inscribed on the right of the lemniscate grows, while the circle on the left untangles to create two loops close to
the xo-axis with large curvature.
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The discrete quantity (B.1) once again appears to grow slightly faster than the best polynomial fits, with
our best fits for the final evolution in Figure B.5 given by f(0.8 +¢) = a (1 +t)” and g(0.8 + t) = ¢ + dt, with
(a,b,c,d) = (22,1.5,22, 33).

Overall, based on our numerical evidence, we conjecture the following: If T(I'(0)) = « # 0, then Willmore
flow will converge to a |a|-covering of the Clifford torus. If T(T'(0)) = 0, then Willmore flow will develop a
singularity /blow-up as t — oo.

Acknowledgements. The authors gratefully acknowledge the support of the Regensburger Universitétsstiftung Hans
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