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Approximation and Applications to Nonlinear Splines
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Abstract

We consider stable semidiscrete approximations of parameterized curve networks
for gradient flows of elastic type functionals. Here meaningful and relevant condi-
tions at junction points, such as double and triple junctions, need to be derived
and suitably discretized. Examples for double junction types are C° attachment
and C! continuity. We develop strong and weak formulations for the elastic flow for
curve networks with such junction points. For junctions with three or more curves
the conditions at the junctions are derived here for the first time. Possible appli-
cations include a simplified one-dimensional model of geometric biomembranes, as
well as nonlinear splines in two and higher dimensions. The numerical results pre-
sented in this paper demonstrate the practicality of the introduced finite element
approximations.

Key words. elastic flow, Willmore flow, parametric finite elements, tangential move-
ment, curve networks, junctions, nonlinear splines
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1 Introduction

In many applications in elasticity theory, computer vision, shape reconstruction or in
problems which require the interpolation of points one is interested in minimizing the
integrated squared curvature of curves, see e.g. Birkhoff and de Boor (1965); Truesdell
(1983); Moreton and Sequin (1993); Mumford (1994). Typically side constraints leading
to boundary conditions at junctions have to be imposed in these problems. For example,
in interpolation theory one is interested in finding a curve passing through an ordered
set of points in Euclidean space in a smooth way. In this case one typically seeks curves
which minimize a total bending energy, i.e. a curvature energy. In some applications,
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e.g. in simplified models for a biological membrane, two phases appear on the curve and
certain physical parameters, such as bending coefficients or intrinsic curvatures, undergo
jump discontinuities. This will also lead to junction conditions at a phase boundary.
Finally, we are also interested in curve networks with junctions at which more than two
curves meet — a situation relevant for elastic networks with junctions.

For all of the above situations we will derive equilibrium conditions at the junctions,
and we will also consider gradient flows of the underlying energies. A major part of the
paper is devoted to the derivation of numerical schemes for the geometric partial differen-
tial equations governing the evolution of the networks. Continuous in time semidiscrete
versions of the schemes fulfill an equidistribution property and can be shown to be stable.
To establish the latter is highly non-trivial due to the highly nonlinear character of the
problem. We now introduce some notation in order to specify the problem.

Let Z(p,t) : R/Z x [0,T] — R, d > 2, be the parameterization of an evolving closed
curve. The standard elastic energy is given by

):%/F(\JZ’\QJrQ)\) ds, (1.1)

1 -
CARNEA P

denotes the curvature vector of I'; with s being arclength.

X

E\(T,

where

We define P := Id — T ® Iy, the projection onto the part normal to I'. Here Id is the
1dent1ty operator on R?. Moreover, let v, 7= P s be the normal component of 7j;, and

V2. =V, (V,-).
The L%-gradient flow of (1.1) is given as
Piy= (Vi) — (|7 %), + At = V2% - Lz* 52+ ) 7, (1.3)

see e.g. Dziuk et al. (2002) and Barrett, Garcke, and Niirnberg (2010a). In particular, a
curve parameterized by a solution to (1.3) satisfies
d 5 = (2
— E\(T, 32 —/ |PZ|ds <0. (1.4)
dt r
In the recent paper Barrett, Garcke, and Niirnberg (2011b), the present authors combined
ideas from Deckelnick and Dziuk (2009), Barrett, Garcke, and Niirnberg (2010a) and the
formal calculus of PDE constrained optimization, see e.g. Troltzsch (2010), in order to
derive a finite element approximation of the elastic flow (1.3) based on the following weak
formulation of this gradient flow. Given I'(0), for all ¢ € (0,7] find I'(t) = #(R/Z,1),
where 7(t) € V, := HY(R/Z,R?), and §(t) € V,, such that

(P&, {r —
B

(V — LP P2, X)r + (7. 2) P7,Xs)r =0 VY X €V,, (1.5a)
< g'aﬁ)F_l'(fsa_)s)F:O Vﬁ

B g
cV,, (1.5b)



where (-, -)r denotes the L-inner product on I'. Here ¢ formally is a Lagrange multiplier
for the equation (1.2), and it can be shown that

j=%#+(].4)3 =  z=Pj. (1.6)
Hence it can be shown that a solution to (1.5a,b) satisfies

EEA(F,ﬁgj):—/@fthsgo. (1.7)
dt r

In Barrett, Garcke, and Niirnberg (2011b) the authors introduced a continuous-in-time
finite element approximation of (1.5a,b) which is stable, i.e. which satisfies a discrete
analogue of (1.7), and which yields spatially uniform discretizations. The latter property
makes this approximation particularly appealing from a practical point of view, as the
fully discrete finite element schemes need no remeshing procedure and are free from coa-
lescence. The introduced schemes share this equidistribution property with a number of
other approximations derived by the authors for the approximation of geometric evolution
equations over the last few years, see e.g. Barrett, Garcke, and Niirnberg (2007b,a, 2008,
2010a, 2011a). For an overview on the numerical approximation of geometric evolution
equations we refer to the survey article Deckelnick, Dziuk, and Elliott (2005).

Apart from simple closed curves, in Barrett, Garcke, and Niirnberg (2011b) the authors
also considered the elastic flow for open curves. Here the flow equation (1.3) in the
interior of the curve needs to be coupled with appropriate boundary conditions at the two
endpoints, in order to still satisfy the gradient flow property (1.4). Physically relevant
boundary conditions are so-called clamped conditions, where position and angle(s) are
fixed, and so-called Navier conditions, where position and curvature is fixed. We would
like to stress that the finite element approximations in Barrett, Garcke, and Niirnberg
(2011b) for the open curve case were the first variational numerical methods for the elastic
flow of open curves with boundary conditions.

It is the aim of the present article to generalize the ideas from Barrett, Garcke, and
Niirnberg (2011b) on the approximation of the elastic flow of open curves to more general
curve networks with junctions. Here we will consider open and closed chains of curves
with double junctions and possible boundary points, as well as higher order junctions
involving three or more curves meeting at a point. See Figure 1 for a sketch of possible
situations. The types of junctions considered in this paper are for two curves: C junction,
C' junction and C! spline junction. For more than two curves we consider junctions with
the following properties: attachment only (“C°”), attachment and Young’s law (“C'”),
fixed in space and Young’s law (“C* spline”). In each case the boundary conditions for
[' at the junctions need to be formulated, so that the resulting flow still satisfies (1.4).
Moreover, weak formulations need to be derived, which will then form the basis for the
finite element approximations. Building on the work in Barrett, Garcke, and Niirnberg
(2011Db), it is often straightforward to formulate the desired weak formulations, while
deriving and interpreting the corresponding strong boundary conditions is much harder.

In preparation for later considerations we note that in the planar case, d = 2, the
curvature s of I' can be defined via 3 = s 7/ with 7 := —#} and -1 acting on a vector in
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Figure 1: Closed chain with N = 3, open chain with N = 2, and a triple junction network
with N = 3.

R? denoting a clockwise rotation through 90°. Then the elastic energy (1.1) is equivalent
to

E\(, ) =1 /F(%%m) ds. (1.8)

Moreover, it is then possible to introduce a so-called spontaneous curvature 3¢ € R, see
Helfrich (1973), and consider the energy

E(T, ) = § /F(% — %)% ds (1.9)

instead. It was discussed in Barrett, Garcke, and Niirnberg (2011b) that the gradient
flows for (1.8) and (1.9) for simple closed curves are equivalent if A = 132 Hence for
closed curves there is no need to consider an energy of the form (1.9). However, the
situation is different for an open curve that forms part of a network of curves. Here 3¢ and
A will play different roles during the evolution, and with a view towards physically and
biomathematically interesting and relevant simulations, it is crucial to consider energies
of the form (1.9).

We remark that so far there is little work on the numerical approximation of the elastic
flow for junctions. In Esedoglu et al. (2008) a thresholding algorithm is used in order to
evolve a curve network via (1.3) for d = 2. However, no considerations to boundary
conditions are made and so a decrease of the elastic energy similar to (1.4) cannot be
expected. In addition, the authors in Lowengrub et al. (2009) considered a phase-field
model of a situation where two curves, attached to each other with two double junctions,
move by a gradient flow for a biologically motivated generalized elastic energy. A similar
model is considered in Helmers (2011).

Often the problem appears to find an interpolating curve through a relatively sparse
set of data points. The curve should be at least curvature-continuous through the given
set of points. It was first proposed by Birkhoff and de Boor to minimize the curvature
energy of a curve subject to the constraint that the curve passes through the given points
in a prescribed order. This approach is motivated by the traditional mechanical splines of
draftsmen, and these so called nonlinear splines have been studied by many authors; see
e.g. Birkhoff and de Boor (1965); Mehlum (1974); Golomb and Jerome (1982); Moreton
(1993); Moreton and Sequin (1993); Mio et al. (2004); Levien (2009).

The remainder of the paper is organized as follows. In Section 2 we present in detail
the conditions at the curve junctions that we consider in this paper together with their
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strong and weak formulations. We also establish that together with the flow equation
(1.3) on the curves, these junction conditions lead to an L2-gradient flow of the con-
sidered elastic energy. In Section 3 we present a semidiscrete continuous-in-time finite
element approximation of the elastic flow for curve networks with junctions together with
a stability result. The corresponding fully discrete scheme and ways to solve the result-
ing discrete systems of equations are presented in Sections 4 and 5. Finally, we show
numerous numerical simulations in Section 6.

2 Variational formulation for the elastic flow of junc-
tions

In this section we derive the junction conditions that need to hold in a network of curves
in order for an elastic energy to decrease in time for the elastic flow. Let Z;(p,t) :
[0,1] x [0,T] — R? be the parameterizations of N evolving open curves I';, i = 1 — N.
The curvature vectors are then defined by

;fi:fi,ss, 1=1— N. (21)
Let I'=(I"y,...,'y), % = (541, ..., %n) and consider the energy
N
:%Zgl/r (7P +2\) ds, (2.2)
=1 z
where we use the notations A = (A1,...,Av) € RY, ¢ = (¢1,...,sy) € RY, and so on,

here and throughout the paper. In addition, in the case d = 2 we consider the energy

Eyz(T _229/ s — ) 4 2)) ds, (2.3)

where 32 = (3¢1,...,32y) € RY are given spontaneous curvatures.

In order to keep the initial presentation simple, from now on we consider a network of
N curves that all meet at two junction points. We also assume that each curve is oriented
in the same way, so that they all start and end at the same points. Generalizations to
more complex topologies are straightforward.

For this simplified setup, we want to consider the following types of junctions. For
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Figure 2: Different types of junctions (clock-wise from top-left): a moving C° double
junction, a moving C' double junction, a stationary C! spline double junction and a
moving “C'” triple junction.

r € {0,1} and for all t > 0 we require one of the following.

C? junction {:E’i(r, t) =21 (rt), i=2—N; (2.4a)
(fi(’f’,t):fl(’f’,t>, Z:2—>N,
C' junction il S 2.4b
J S, t) = 0 (2.4b)
\i=1
(fi(T,t):&r, Z:1—>N,
C" spline node N . 2.4¢
P S E(r,t) = 0 (2:40)
\i=1

where @y, @; € R are given “spline” interpolation points. Here the terms “C* junction”,
for k=0 — 1, and “C"! spline node” really only make sense for N = 2, when exactly two
curves meet at the two junction points. However, for ease of presentation we will use the
same terms, in an abuse of notation, also for the cases N > 3. Some example junctions
for N =2 and N = 3 are presented in Figure 2.

In what follows we will derive suitable junction conditions to complement (2.4a—c) for
the L2-gradient flows of (2.2) and (2.3). Let (-, ")y, denote the L*inner product on T'j;

that is, (u,v)r, = fol w.v|Z;,| dp,i=1— N.

LEMMA. 2.1. Let Ti(p,t) : [0,1] x [0,T] — R? be a parameterization of the open curve



L;(t) = ([0, 1),t). It holds that

% % (1% I)r, = <§S2 7+ % |7 |* 7, 171>F1 + [% |7 |* v — His . ]7, + ;. ﬁs f};]; . (2.5a)
where 17, = 15, Ty and Ty = 17, +v; T 5. Stmilarly, in the case d = 2 it holds that
% % (56 = 72:)% V)r, = (5iss + % (56 —327) 3, Vi)r,
+ [ G4 —38)° vi — s, Vi + (54 — 52;) V@s}é : (2.5b)

where V; == T, . U;.

Proof. The results (2.5a,b) immediately follow from the proof of Lemma 2.2 in Barrett,
Garcke, and Niirnberg (2011b). We note that there the boundary terms involving v;, V;
and V; were dropped due to the assumed stationary boundary conditions on I';. 0

It follows from (2.5a,b) that, together with suitable boundary conditions, the flows
Ci_l P;fzt = _(ﬁs #i)s — % (‘J?z“2fi,s)s + A7 = —652 7 — % (‘ZE —2\) %
in (0,1) x (0,7), i=1— N; (2.6a)
and, if d = 2,
G Ty V== — (56 =38 —2N) 3 in(0,1)x (0,T), i=1—N; (2.6b)
represent L*-gradient flows for the energies E\(T', 5) and E) (T, ), respectively. The

following theorems make the suitable boundary conditions precise, and they all hinge on
the following lemma.

LEMMA. 2.2. Let N > 2 and let Z(p,t) : [0,1] x [0,T] — (RY)N be a parameterization of
the curve network I'(t) = Z([0, 1],t). Let

Zi(r,t) =2Z1(r,t), i=2—=N, re{01}. (2.7)

Let \,72 € RY and ¢ € RY,,. Then it holds that
N

d -~ =22 — 1122 Ry,
&EA(R%)—;Q (Vi3 + 5 (1717 —N) %, Vi,
N 1 N LN
= [flt Z%gz (2 >\2 - ‘522‘2> fi,s] - [flt Zgz Vs _»z +Z[§2 Qz (xz s)t](l)
=1 0 =1 0 =1
(2.8a)
Moreover, in the case d = 2 it holds that
d N
& E,\,;(Fa %) - ; Si <%i,ss + % (%22 - 722 —2 )\i) i, Vi)l"i
N 1
= lflt Z%Q(%? — %22 _'_2)\@)3?23]
i=1 0
N LN
_ lm. S Giss | + > lsi (6 —3) i (T, - (2.8b)
i=1 0o =1




Proof. The following results are easily derived, see e.g. Dziuk et al. (2002, Lemma
2.1):

|fi,p‘t = (Ui,s — Qz . 1_}2) |fi,p|7 8t 83 — 83 8t = (ﬁz . ﬁl _Ui,s> 83 and (fi,s)t = 65 1_}2 +Ui J?Z s

(2.9)
where the last equality can equivalently be written as
(fi,s>t = ﬁz [fi,t]s = ﬁs fi,t . (21())
It immediately follows from (2.9) that
d R -
& |Fz| = <Uz',s — ;. V,’, 1>Fz <%z> V >I‘ + [U,](l] . (211)
Hence it follows from (2.5a), (2.11), (2.9) and the attachment conditions (2.7) that
q N
- =2 =12 = 33
& E)\(F, %) - ;gi <VS »; + % (|%z| - Az) i, ]}2>1"I
N 1
=3 Ba(aP+ 20 v—g s Vit a s V]
i=1
N 1
:Z [%CZ (2)\1 ‘9_4’2"2>Uz gzvs%z x2t+§2%z (xzs)t}o 9
i=1
N 1 N LN
[ Z%gz 2)\ _|%z| )xzs] - [zlt Zgzvs;fz ‘I’Z[gz;fz(fz,s)t](l)a
i=1 0 i=1 0 i=1

which yields the desired result (2.8a). Similarly, in the case d = 2 it follows from (2.5b),
(2.11), (2.10) and the attachment conditions (2.7) that

N
d
& E,\,;(Fa %) - ; Si <%i,ss + % (%22 - 722 —2 )\i) i, Vi)l"i

- Z (266 —72)2 + 2 N v — G 2.5 Vi + 6 (56 — 55) Vi,s](l]

N 1
= [fu . Z %9’ (36, — 32)% — 2 (56 — 32;) 5 + 2 /] fi,s]
2 0

i=1
N N
- Z [gz A s Ijz Z; t]o + Z [gi (%z %z) v; (xz s)t]l
i=1 =1
N 1
= lflt Z%Q(?f _%22+2)\Z)fZS]
i=1 0
N LN
- lzlt- ZQ His Vi +Z[§z (%z_%z)ﬁz (fzs)t](l)
i=1 0 i=1

Hence (2.8b) holds. O



THEOREM. 2.1. Let the assumptions of Lemma 2.2 hold. Then the flow (2.6a), with the
C° junction conditions

Ti(r,t) = #y(r,t), i=2— N, (2.12a)
Y« (6 Z(r, ) Aifm(r,t)) =0, (2.12b)
=1

#i(r,t) =0, i=1-—= N, (2.12¢)

forr =0 — 1; is an L*-gradient flow of Ex(T, ). Similarly, in the case d = 2, the flow
(2.6b) together with the C° junction conditions

Zi(r,t) =21(r,t), i=2— N, (2.13a)
N
> i ([ B)(r,t) = N Eia(r,1) = 0, (2.13b)
i=1
%Z'(T, t) =7, 1=1— N, (213C)

forr =0 — 1; is an L*-gradient flow of E\=(T, 5).

Proof. The desired results follow from (2.6a,b) and (2.8a,b), if we can show that the
boundary terms in (2.8a,b) vanish. In the case of (2.8a) this immediately follows from
(2.12b,c), while for (2.8b) it follows from (2.13b,c). O

REMARK. 2.1. We remark that the boundary conditions in Theorem 2.1 are consistent
with the fact that the flows (2.6a,b) are fourth order in &. In order to see this, there are
various ways of counting the conditions. One approach is to view each curve I';(t) locally
as a graph in the neighbourhood of a junction, so that T;(p,t) = (q(p), gi(q(p),t)), where
Gi(-,-) € REL. Then the number of conditions required are as follows. On each curve we
solve a fourth order parabolic system for g;, so we need 2 (d — 1) boundary conditions for
each curve at a junction, and a condition to pin down q(0) € R; so we require 2 N (d—1)+1
conditions in total. For this graph formulation, the attachment condition (2.12a) yields
(N —1) (d—1) conditions, the flux condition (2.12b) yields d, and the curvature condition
(2.12¢) yields N (d—1), on recalling that ; is always normal to I';; and so (2.12a—c) yield
2N (d—1)+ 1 conditions in total at each junction.

An alternative counting procedure is to allow for tangential movement at the endpoint
of each curve, i.e. in the direction of the conormal; that is, Z;(p,t) = (q:(p), Gi(¢:(p),1)).
This requires an extra (N — 1) conditions; as q;, i = 1 — N, and not just q have to be
pinned down, which leads to N (2d—1) conditions in total. Under this counting procedure,
the attachment condition (2.12a) now yields (N — 1) d conditions, an extra (N — 1) com-
pared to the original graph count. Of course these counting procedures apply to (2.13a—c)
with d = 2. From now on, we will adopt the latter counting procedure throughout this

paper.

Of course the above counting procedure does not ensure that an initial value problem
for (2.6a), (2.12a—c) or (2.6b), (2.13a—¢) is well-posed. In order to show well-posedness the
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Lopatinski—Shapiro conditions for the linearized problem have to be considered. These
conditions roughly state that the boundary conditions are independent “enough”, we refer
to Garcke and Novick-Cohen (2000) for a well-posedness result of another fourth order
geometric flow with junctions. We expect that similar methods can be used for the above
problems.

In the case of the C'' junction conditions (2.4b) the corresponding equation count is
more subtle. In particular, deriving sufficiently weak conditions that make the last terms
in (2.8a) and (2.8b) vanish is nontrivial. In order to achieve this, we define the following
subsets of (RY)Y, which depend on I', » € {0,1} and ¢t > 0. Let

Nr(rt) :={a € (RYN . a@; . &4(r,t) =0, i=1-— N}
and  Xg(r,t) :={d € Nr(rt): Zcf (2.14)

THEOREM. 2.2. Let the assumptions of Lemma 2.2 hold and let Zfil T s(r,0) = 0 for
r=0— 1. Then the flow (2.6a), with the C' junction conditions

Ti(rt) =7 (rt), i=2—N, (2.15a)
N
Y« (v Z(rt) + L (|17 - 2 \) :a,s(r,t)) ~ 0, (2.15b)
=1
N
> Fu(rt) =0, (2.15¢)
=1
N
> Gd(rt).d =0 Vaeyy(rt), (2.15d)

forr =0 — 1; is an L*-gradient flow of Ex(T, ). Similarly, in the case d = 2, the flow
(2.6b) together with the C junction conditions

Ti(r,t) =21(r,t), i=2— N, (2.16a)
Zgl s D) (r,t) + 3 (6 — 52 — 20) Tiy(r,1)) =0, (2.16h)

N

> Ea(rt) =0, (2.16¢)

i=1

Zgz (5 (ryt) — 72;) Uy(r,t) .d; =0 Vae Xs(rt), (2.16d)
forr=0—1;is an Lz—gmdzent flow of E\5(T, »).

Proof. The desired results follow from (2.6a,b) and (2.8a,b), if we can show that
the boundary terms in (2.8a,b) vanish. In the case of (2.8a) this immediately follows
from (2.15b—d), while for (2.8b) it follows from (2.16b—d), in both cases on noting that
(Zs4)(r,t) € Xg(r,t) for r =0 — 1 can be chosen arbitrarily. O
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REMARK. 2.2. In view of Remark 2.1, in order to motivate that the number of conditions
enforced in Theorem 2.2 is appropriate for the flow under consideration, it is sufficient to
demonstrate that (2.15¢,d) enforce N (d — 1) conditions, i.e. the same number as (2.12c),
and similarly that (2.16¢,d) enforce N conditions. But on noting that (2.12¢) can equiva-
lently be formulated as

N
Zglﬁl(r,t)c_ilzo VJGNF(T,t);
=1

and on noting that (2.15¢) is equivalent to (Zs,)(r,t) € X5(r,t) forr =0 — 1, it fol-
lows immediately that (2.15c,d) enforce the same number of conditions as (2.12c). The
argument for (2.16¢,d) is analogous, on noting that (2.13c) for d = 2 is equivalent to

N
D G Galrt) —z) bi(rt) @ =0  VadeN(rt).
i=1
Here we observe for the reader that (2.15¢) and (2.16¢), respectively, yield d—1 independent
conditions if N = 2 and d conditions otherwise.

For some values of N we now interpret the conditions (2.15a-d) and (2.16a—d) in more
detail, where particular emphasis is put on (2.15d) and (2.16d), respectively.

COROLLARY. 2.1. Let the assumptions of Theorem 2.2 hold, and let N = 2. Then the
flow (2.6a), with the C' junction conditions

Zi(r,t) = Za(r,t), (2.17a)
ig V, #(rt) =0, (2.17b)
i=1

s (|7 (r )] —2X1) = 6 (|72(r, ) — 2 Ag), (2.17¢)
22:93,8(7“, t)=0, (2.17d)
i=1

G 71 (r,t) = G 3a(r, 1), (2.17e)

forr =0 — 1; is an L*-gradient flow of Ex(T, ). Similarly, in the case d = 2, the flow
(2.6b) together with the C junction conditions

7 (T> t) = f2(r> t) ) (218&)
S1o01,(r, 1) = G 0005(1, 1), (2.18Db)
@ (2t =3 —20) = & (B(r 1) — 7 — 2)), (2.18¢)
2
> F(rt) =0, (2.184)
i=1
a1 (e (r,t) —301) = =6 (s(r, 1) — 35) , (2.18¢)

forr=0—1;is an L*-gradient flow of Ex (T, »).
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Proof. The conditions (2.17a—e) are clearly equivalent to (2.15a-d) for N = 2. Simi-
larly, for d = 2 the conditions (2.18a-¢) are clearly equivalent to (2.16a-d) for N =2 on
noting that v/, = —i at the two junctions. O

REMARK. 2.3. It is not immediately clear whether the conditions (2.17a—e) and (2.18a—¢),
respectively, always allow for a (unique) solution. For (2.17a—e) it is easy to see that when
Gl = 2 and Ay = \o, then any pair (31, 72) with 3, = 3y is a solution to (2.17c,e). We
note that in the case d = 2 this leads to sy = —3¢5. If ¢t = G and Ny # Ao, on the other
hand, then there are no solutions that satisfy (2.17c,e). Lastly, if ¢ # < then any pair
W s a solution. Clearly, the existence

of such solutions will depend on the sign of (s2 —¢1) (61 A1 — S2 Az2).

(521, %) with ¢y 31 = G 3% and |74 |* =

We now turn our attention to (2.18c,e) and first consider the case ¢ = 3. Then there
exists a unique solution (3¢, »3) to the two equations (2.18c,e) if 321 + %22 # 0. This unique
solution 1s such that

7 + 3o 71 + o

A — A Ao — A
(501, 5200) = <?1+¥’%2+#).

If 321 + 325 = 0 then any pair (2, 33) with 31 + 35 = 0 is a solution to (2.18c,e), provided
that Ay = \y. An example where this situation occurs is that of an expanding circle for,
say, 31 = 7o = 0. If 721 + 3¢5 = 0 and \y # Ay then no solution exists.

The case 1 # <3 s slightly more involved. If ¢; A1 = ¢ A9, then the two solutions
(%1, %2) = (?1,?2) CLTLd

(51, 20) = (

(1 +%)% +20% (g +<2)7r2+2<1%1)
S1 — <2 ’ G2 — 61

exist, with the two solutions being distinct if and only if 72, + 723 # 0. Otherwise the sign
of the term <16 (321 + 322)% + 2 (52 — <1) (1 A1 — 2 X2) determines whether there are no
solutions (< 0), a unique solution (= 0) or exactly two solutions (> 0).

REMARK. 2.4. In applications it is often natural to look at elastic flows with constraints
on the lengths of the curves. A time-dependent \(t) € RN in (2.6a,b) can then also be
interpreted as a Lagrange multiplier for side constraints on |[;(t)|, i =1 — N. We will
avoid technical difficulties arising from the possibly degenerate situations discussed e.g.
for N = 2 in Remark 2.3, by introducing \(t) € RY in the weak setting below as a free
parameter in a generalized Lagrangian. See Remark 2.9 for more details.

REMARK. 2.5. It turns out that the conditions (2.17a—e) and (2.18a—¢) yield that the two
curves meet at a C? junction, if certain compatibility conditions are met. The conditions
are that ¢, = G and, if d = 2, 721 + 725 = 0. It then immediately follows from Remark 2.3
that also \y = Xy in order for the junction conditions to make sense. Hence the two
curves I'y and T'y have identical energy densities. In other words, the energies (2.2) and
(2.3) do not “see” the junction points at all. It is then not surprising, that the two
junctions are of type C?. To see this, we note that (2.17e) implies T1ss = Toss at the
two junction points if ¢ = <. Similarly, in the case d = 2 it follows from (2.18e)
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that G721 = — 3% if ¢ = G and 721 + 3¢ = 0. Together with (2.18d) this yields that
Ties = MV = =) = syUy = Tags at the two junctions, so that again the junctions
are in fact of type C?.

COROLLARY. 2.2. Let the assumptions of Theorem 2.2 hold and let N = 3. First let
d = 3. Then the flow (2.6a), with the C* junction conditions (2.15a—) and

6 A ) (1) = 7 1) 50 0) = 2l 0) (D), (219%)
3
> 6l B (rt) =0 (2.19D)
=1

forr =0 — 1; is an L?-gradient flow of Ex\(T, ). Here -+ denotes a rotation through
5 in the two-dimensional plane spanned by {Z1s(r,t), Tos(r,1), Z34(r, 1)}, with unit nor-
mal 1(r,t). Similarly, in the case d = 2, the flow (2.6b) together with the C' junction

conditions (2.16a—c) and

3

> G Galrt) —7) =0, (2.20)

i=1

forr=0—1;is an L*-gradient flow of Ex (T, »).

Proof. 1t is sufficient to show that (2.15d) for N = 3 is equivalent to (2.19a,b),
if (2.15a—c) hold. But this follows immediately from the fact that the three vectors
(FL,, T5,, 23,)(r,t), (&, —1,0)(r,t) and (&, 0, —f)(r, t) form a basis for $5(r,t) in (R®)3.
Similarly, for d = 2 it is sufficient to show that (2.16d) for N = 3 is equivalent to (2.20),
if (2.16a—c) hold. But this follows immediately from the fact that @ = /(r,t) is a basis
for 35(r, t) in (R?)3. O

REMARK. 2.6. In Corollaries 2.1 and 2.2 we only considered the cases N =2 and N = 3
in detail. This can be generalized to larger values of N, however the interpretation of
the meaning of (2.15d) and (2.16d), respectively, then becomes more complicated. In
particular, analogously to the proof of Corollary 2.2, we can rewrite (2.16d) equivalently
as

N N
Y GGalrt) - =0 Vaec{BeRY:> Bii(rt)=0}. (2.21)
i=1 1=1

The conditions enforced by (2.21) can be made more explicit by selecting a basis for the
set defined there. For instance, (2.18e) corresponds to a = (1,1), (2.20) corresponds to
a = (1,1,1), while N = 4 would correspond to e.g. a; = (1,0,1,0) and as = (0,1,0,1),
and N = 6 yields e.g. oy = (1,0,0,1,0,0), ay = (0,1,0,0,1,0), a3 = (0,0,1,0,0,1) and
as = (1,0,1,0,1,0).

THEOREM. 2.3. Let the assumptions of Lemma 2.2 hold and let Zfil T s(r,0) = 0 for
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r=0-— 1. Let dy,a; € RY. Then the flow (2.6a), with the C' spline node conditions

Ti(rt)=d,, i=1—N, (2.22a)
N
Z fi,s (Ta t) = 6a (222b)
=1
N
> Gart).d=0 VaeSrt), (2.22¢)
i=1

forr =0 — 1; is an L*-gradient flow of Ex(T, ). Similarly, in the case d = 2, the flow
(2.6b) together with the C spline node conditions

Zi(rt)=a,, i=1—N, (2.23a)
N
> Fu(rt)=0, (2.23D)
=1
N
> G Galrt) —z)vi(rt).d =0 Vet (2.23¢)
=1

forr=0— 1; is an L*-gradient flow of Ex(T, ).

Proof. The desired results follow from (2.6a,b) and (2.8a,b), if we can show that the
boundary terms in (2.8a,b) vanish. It follows from (2.22a) and (2.23a) that (2.8a,b) hold
with #1; = 0. The remaining boundary term in (2.8a) vanishes on noting (2.22b,c).

Similarly, in the case d = 2 it follows from (2.23b,c) that the remaining boundary term
in (2.8b) vanishes. O

For the following corollary we assume that N = 2 and that the two curves are oriented
in such a way that ,(0,t) = Z2(1,t) and #1(1,¢) = #(0,¢). This will be the natural
situation for C! spline junctions adopted from now on throughout the paper.

COROLLARY. 2.3. Let N =2 and let Z(p,t) : [0,1] x [0, T] — (R%)? be a parameterization
of the curve network I'(t) = 2([0,1],t) with Z1(r,0) = Z2(1 —r,0) = &, and ¥ 4(r,0) =
Tas(1 —1,0) forr =0 — 1, where do,d; € RY. Let X\,32 € R?, ¢ € R%. Then the flow
(2.6a), with the C' spline node conditions

fl(’f’, t) = f?(l -, t) = &r 5 (224&)
Ty5(r,t) = To (1 —1,t), (2.24D)
1 )7(1(7” t) = G2 ﬁ?(l -, t) ) (224C)

forr =0 — 1; is an L*-gradient flow of Ex(T, ). Similarly, in the case d = 2, the flow
(2.6b) together with the C spline node conditions

11_3"1(7’, t) = fg(l -, t) = O_Zr s (225&)
fl,s(ra t) = f2,s(1 -7 t) ’ (225b)
S1 (%1(7’, t) — ?1) = G2 (%2(1 -, t) - ?2) y (225C)

forr=0—1;is an L*-gradient flow of Ex (T, »).
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Proof. The conditions (2.24a—c) are clearly equivalent to (2.22a—c) for N = 2, on
noting the different orientation of I'y assumed here. Similarly, for d = 2 the conditions
(2.25a—c) are clearly equivalent to (2.23a—c) for N = 2 on noting that 7, = 1/, at the two
junctions for the orientation assumed here. 00

REMARK. 2.7. In Corollary 2.3, and in Theorem 2.3, in order to keep the presentation
in the above theorems uniform, we included in the case d = 2 non-zero values of 3 for the
smooth spline junctions. In practice, however, this is not of particular interest. Therefore
we will usually consider 2 = 0 in the spline junction case from now on.

REMARK. 2.8. Similarly to Remark 2.5, we see that (2.24c) and (2.25¢) lead to a C*-
spline junction if ¢4 = ¢ and if ¢ = <, 21 = o, respectively. This follows from the
fact that (2.24c) yields that Ty ss = Tass, while it follows from (2.25¢) and (2.25b) that
T15s = 21 V) = 201 Uy = 2y Uy = T 45 al the two junctions.

For later use, we introduce the definitions

Vi={xe[H(0,1),RHY:¥i=%2=...= Xy on {0,1}} (2.26a)
and W :=[H}((0,1),RHN (2.26b)

and similarly V' c [H'((0,1),R)]Y, W = [H((0,1),R)]Y and U = [L?*((0,1),R)]N. In
addition, for arbitrary x,n € U we define

N

(xmr = Z(X:’ﬂmn ) (2.27)

i=1

and similarly for vector- and matrix-valued functions.

2.1 The C° case — attachment only

We now consider a weak formulation of the L?-gradient flow of the energy (2.2) together
with (2.4a). Hence the strong formulation of the flow is given by (2.6a) with (2.12a—c).

We will use the formal calculus of PDE constrained optimization in order to formally
derive the L*-gradient flow of E\(T, %) for # € V and 3 € W under the side conditions

(4, Mr + (T, r =0 VieW (2.284)
and (3.2, x)r =0 VxeU. (2.28Db)

Although the derivation is formal it will turn out that the resulting equations will fulfill
a stability inequality, which will also hold on the semidiscrete level. We observe that
(2.28a) is the natural weak formulation of (2.1) given that only (2.12a—c) holds at the two
junction points. The side constraint (2.28b) trivially holds, however we include it here
to mimic the procedure on the discrete level, where its inclusion leads to equidistributed
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spatial discretizations. We now introduce the Lagrange multipliers ¥ € W and z € U for
(2.28a,b), and define the Lagrangian

ﬁ(f, Q, ?j, Z) = % <§ ;57 Jj‘K>F + <§> )‘>F - <;f>?7>1“ - <fsa gs)l“ + <2 fsa Z>F . (229)

Hence we obtain, on taking variations [= £](Y), [ L] (&), [6% £](7) and [ L](x), that the
direction of steepest descent of E) under the constraints (2.28a,b) is given by —[% L](x),

with the remaining variations of £ set to zero. In particular, we obtain the gradient flow

<ﬁfta>z>f‘ = (65?],65)2% - % <(§|2|2 _2;fg‘+2q)‘)fs>is>f‘ - <Z;27>ZS>F VY€K>

(2.30a)

(cZ+28—7,8r=0 VEeW, (2.30b)

<2aﬁ>r+<fsaﬁs T :0 vﬁewa (2300)

(%.7,,X)r =0 VyeU. (2.30d)
It follows from (2.30b,d) that

Pij=ci# and z =7 %, i=1-N. (2.31)

Hence the normal part of the Lagrange multiplier i agrees with the curvature vector,
but in addition it may have a nonzero tangential component z. Overall our formal weak
formulation of the L?-gradient flow for (2.2) subject to (2.28a,b) can now be formulated
as: Given I'(0), for all ¢t € (0,7 find I'(t) = Z([0, 1], ¢), with Z(¢) € V, and ¢(t) € W such
that

(PZ, 0r — (Va i, Vo X)r — 3 (s PG = 26 \) T, X + (' (7. 75)

(T P+ (T =0 VieW. (2.32b)

On recalling (2.31) we observe that in the above weak formulation of (2.6a) with (2.12a—c),
the conditions (2.12a,c) are enforced strongly, while (2.12b) is enforced weakly through
(2.32a).

In the case d = 2, we consider the L?-gradient flow of the energy (2.3) together with
(2.4a). Hence the strong formulation of the flow is given by (2.6b) with (2.13a—c).

Similarly to the higher codimension case, we formally derive the L2-gradient flow of
E (T, ») for £ € V and (sr — 3¢) € W under the side condition

(e 0r + (Foll)r =0 Ve W, (2.33)
As before, we define the Lagrangian
‘C(fu , ?j) = % <§, (% - ?)2>F + <§7 )‘>F - <%ﬁ7 @F - <i:su ?js)l—‘? (234>

where ¢(t) € IV is a Lagrange multiplier for the side constraint (2.33). Hence we obtain, on
taking variations [= £](X), [ £](x) and [5% L](77), and on setting (P %, ¥)r = —[= £](X),
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([s (5r =32)* + 26 A = 252(§. V)] &, Xs)r
— (e, (V)N VYeV, (2.35a)
(S(¢=3)—§. 7, x)r=0 Vxew, (2.35b)
Jsyr=0 VieWw. (2.35¢)
(¢

Clearly, it follows from (2.35b), (3 — %) € W and ¢ € W that

Our weak formulation of this gradient flow is then given by: Given I'(0), for all ¢t € (0, 7]
find I'(t) = #([0, 1], ), with Z(t) € V, and (¢t) € W such that

(PZ, X)r — (Vs 7. Vs V)1 + 3 {67 (7. 9)2 + 26 N T, Xor — (s
v

17 %)g » X S>F
cV, (2.
(2.

!

3)
(VP + (2, il = —(z 0 ViieW. 37b)

On recalling (2.36) we observe that in the above weak formulation of (2.6b) with (2.13a—
c), the conditions (2.13a,c) are enforced strongly, while (2.13b) is enforced weakly through
(2.37a).

On adapting the techniques in Barrett, Garcke, and Niirnberg (2011b), it is now
straightforward to derive stability theorems for (2.32a,b) and (2.37a,b). In particular, the
following theorem shows that (2.32a,b) and (2.37a,b) formulate L?-gradient flows for the
energies (2.2) and (2.3), respectively.

THEOREM. 2.4. Let (Z(t), y(t))ico,r) be a solution to (2.32a,b). Then we have that

d — — —
EEA(F s'Py)=—(P%, P%)r <0, (2.38a)

where <™ P = 3 are the curvature vectors on T'. Moreover, if d = 2 and (Z(t), Y(t))eo,1)
is a solution to (2.37a,b), then it holds that

d

EE,\,;(F,g_lyj.ﬂW—?) —(P#,P&)r <0, (2.38b)

where <71 . U 4 3 = 3¢ are the curvatures on I.

Proof. Differentiating (2.32b) with respect to ¢ yields, on noting (2.10), that

(HPY M+ (PG T T + (Ve B, Veir =0 YgeW.  (2.39)

On choosing 7=y € W in (2.39), we obtain that

=

(PP e P+ (PG B Fro)r + (Vs @, Ve e = 0. (2.40)
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Combining (2.40) and (2.32a) with ¥ = &, € V yields that

(T P Peie+ 5 TP+ 26N E o + (TG E) Py @e)r = —(P &, PE)r.
(2.41)
The desired result (2.38a) then follows from (2.41) and (2.31), on noting that

<(ﬁg)t7 (Id - ﬁ) ?j)l" = <(ﬁ —»)t’ (g fs) fs>1" = —<ﬁ]j, (?j fs) (fs)t>1"

The proof of (2.38b) is similar. Differentiating (2.37b) with respect to ¢ and then
choosing 177 = iy € W yields that

(PP P+ (s D) E Frodr + (Ve &, Vi) = —( + (T, Fry) 17,7?7>(r- |
2.42

Combining (2.42) and (2.37a) with ¥ = #; € V yields that
(PR e+ 5 BTG 4200 Fs Fos)r = (T ) §5 Fodr + (PE, P
= —((Zpo) + T+ (T . Te) U, 7)1 - (2.43)
Noting that 7;; = —(ﬁs Ziy)t,i=1— N, and that
Jh=(0.0) T — (G- Tis) ¥, i=1—N, (2.44)
yields that (2.43) collapses to

(PG Pr+ 5T D+ 26T T + (G 8) Py, T

2.2 The C' case — enforcing Young’s law

In this subsection we first consider a weak formulation of the L2-gradient flow of the
energy (2.2) together with (2.4b). Hence the strong formulation of the flow is given by
(2.6a) with (2.15a-d).

In order to avoid technical difficulties, we pursue a slightly different approach to §2.1
here. In particular, in view of (2.31), we immediately introduce an auxiliary function
u € V such that

Pi;=g#, i=1-N. (2.46)

Clearly, 4 € V together with (2.46) enforces the curvature junction conditions (2.15d). It
turns out that taking variations with respect to  is now straightforward, whereas working
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directly with sz would be highly nontrivial. We remark that the existence of a function
u € V satisfying (2.46) can be argued as follows. If N > 3, then (2.46) means that d
linearly independent equations need to hold at the junctions, recall Remark 2.2, which
agrees with the degrees of freedom in @ at the junctions. If N = 2, on the other hand, the
C! conditions mean that (2.46) only yields d — 1 linearly independent equations. Thus
we could enforce the additional constraint

ﬁi(’f’,t):QQi(’f’,t), TE{O,].}, tG[O,T], Z:]_—)Q, (247)

in order to have the same number of constraints as unknowns. Note that (2.47) collapses
to only one additional condition, since ts(r,t) = i(r,t) from @ € V, and ¢ #(r,t) =
Gy #o(r,t) from (2.17e). A similar approach to (2.47) will be used on the discrete level
later on.

We then consider the L2-gradient flow of Ey(I',¢ ! P @) for £ € V and @ € V under
the side condition

<

(P, r+ (Z,7)r=0 VigeV. (2.48)

We observe that (2.48) is the natural weak formulation of (2.1) in view of (2.15¢) and
(2.46).

We now introduce the Lagrange multiplier ¢ € V for (2.48), and define the Lagrangian
E(fv ﬁv g) = % <§_1, ‘ﬁﬁ‘2>r + <§7 )‘>F - <§_1 ﬁﬁv@F - <:I’_:Svgs>1—‘ : (249>

Hence we obtain, on taking variations [Z £](X), [& L] (€) and [6% L](77), that the direction

of steepest descent of E) under the constraint (2.48) is given by —[Z £](X), with the
remaining variations of £ set to zero. In particular, we obtain the gradient flow

(2.50a)
(T'PE S — (TG PO =0 VEeV, (2.50b)
(P, r+ (Z,7r=0 VYieV, (2.50¢)
where we have noted that
0 5 . . I S
It follows from (2.50b) and (2.46) that
Py =Pi;=q#, i=1-N. (2.52)

Similarly to §2.1, it is now possible to eliminate u from (2.50a,c) in order to obtain the
following formal weak formulation: Given I'(0), for all t € (0,7] find I'(t) = Z([0, 1], 1),
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with Z(t) € V, and (t) € V such that

(P, X)r — (Vs 0, Vs 01 — S {(s TP G? — 26 \) T, Xohr + (s (7. 75) P, Xs)r = 0
X

(' PG+ (Ffgr =0 VeV, (2.53b)

On recalling (2.31) we observe that in the above weak formulation of (2.6a) with (2.15a—c),
the conditions (2.15a) are enforced strongly, while (2.15b,c) are enforced weakly through
(2.53a,b), respectively. Moreover, the conditions (2.15d) are enforced strongly via y € V.
on recalling (2.52).

In the case d = 2, the flow for the energy (2.3) subject to the C'* junction conditions
(2.4b) can be treated analogously. In particular, and similarly to (2.46), we introduce
i € V such that

Pi;=¢(4—3)0, i=1—N. (2.54)

Similarly to (2.47), in the case N = 2 we could enforce the additional condition that
w;(r,t) = (s6(r,t) — 32) Us(r, t) re{0,1}, te€l0,T], i=1—=2. (2.55)

We then consider the L?-gradient flow of E) (T, ¢™ ' @.7+73) for € V and @ € V under
the side condition

(TP, + (B, o) = — @0,y VieV. (2.56)
1

We observe that (2.56) is the natural weak formulation of (2.1) in view of (2.16¢) and
(2.54).

On introducing the Lagrange multiplier i € V for (2.54), the Lagrangian is now given
by (2.49) with the additional term — (327, ¢)r. Hence, on taking variations, we obtain
(2.50a—c), with the additional terms

<% (?j 17) fm )Zs)l" - <%g7 (ﬁs )Z)J_>F (257>

on the right hand side of (2.50a), and with —(3¢

—

In particular, we obtain once again that P y=P

J,)r on the right hand side of (2.50c¢).
.

Overall, our weak formulation of this gradient flow is then given by: Given I'(0), for
all t € (0,7 find I'(t) = Z([0, 1], t), with Z(¢) € V, and ¢(¢) € V such that

<ﬁft> )Z‘>F - <6s ?j, 6s )Z)F + % <[§_1 ('37 77)2 + 2§)\] f& %s)l“ - <(§_1 ?j Ij_‘_%) :JJ_> )ZS>F =0

VxeV, (2.584a)
(TLPG,Mr + (o fi)r = —(m0,Mr VeV, (2.58b)
Here

As before, we observe that in the above weak formulation of (2.6b) with (2.16a—d), the
conditions (2.16a) are enforced strongly, while (2.16b,c) are enforced weakly through
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(2.58a,b), respectively. In addition, the conditions (2.16d) are enforced strongly through
y € V on noting (2.59).

Similarly to Theorem 2.4, the following theorem holds.
THEOREM. 2.5. Let (Z(t), y(t))ico,r) be a solution to (2.53a,b). Then we have that

d — — —
&EA(F s'PY)=—(P%, PT)r <0, (2.60a)
where ¢~ P = 3 are the curvature vectors on T'. Moreover, if d = 2 and (Z(t), Y(t))ee(o,
is a solution to (2.58a,b), then it holds that

EE,\,;(F,g_lyj.ﬂW—?) —(P#,P&)r <0, (2.60b)

—

where <71 . U 4 32 = 3¢ are the curvatures on T.

Proof. The proof is exactly the same as the proof of Theorem 2.4, with only the change
from W to V for the trial space of ¢ and for the test space for (2.53b) and (2.58b). O

REMARK. 2.9. In order to handle length constraints for any of the flows considered so
far, we adopt the following formal procedure. In the definitions of the Lagrangians we

replace the term (s, \)r by
Z Gi A (|T] —

where | € RY, are given lengths, and we treat \(t) € RN as a free variable. Here |I';| :=
(1, D)r,. Now taking the variation of this modified Lagrangian with respect to X gives the
addztwnal equations

For example, as the length preserving variant of the elastic flow in the case of the C*
Junction conditions (2.4b) we then obtain (2.53a,b) with the additional unknown A(t) and
the additional constraints (2.61) for l; := |I';(0)], i = 1 — N. Similarly to Theorem 2.5,
it is a simple matter to show that this length preserving flow fulfills % Eo(T, ¢t ﬁgj) =
—~(P &, PZ)r <0.

2.3 Nonlinear C? splines

In this subsection, we want to consider the elastic flow for the junction conditions (2.4c)
for N = 2, and here in particular the setting in Corollary 2.3. Given the results of the
two previous subsections, it is straightforward to derive the appropriate weak formulation
of this flow, namely e.g. (2.32a,b) with the roles of W and V exactly reversed, so that
Ty € W and vy € V. We note that of practical interest is usually the case ¢, = ¢ with,
in addition, 77y = 76, = 0 if d = 2. As mentioned earlier, recall Remark 2.8, the junction
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conditions (2.4c) for the flow of (2.2) then immediately yield that the junction is actually
of type C?. Hence we refer to curves obtained in this way as nonlinear C? splines. Of
course, if ¢, # ¢ or 3¢ # 7%,, then the junctions will be only C* in general.

Once the strong conditions and the weak formulations are known for the simple setup
considered in Corollary 2.3, i.e. two curves meeting at two spline node junctions, it is not
difficult to generalize the results to more than two spline nodes, and to possibly open
curve chains as depicted in Figure 1. We will do this in more detail in the remainder of
this subsection.

Given a set of points {@;}}_,, the aim is to find a C" curve that interpolates these
points such that the curvature energy becomes minimal. In order to differentiate the total
spline curve that is sought from the curve segments that make up the chain, we will refer
to the former curve as a “chain” from now on. The chain can either be open or closed,
recall Figure 1. The closed chain case is a very small deviation of the situations studied so
far, and so from now on we will only consider the open chain case This means that there
are N curves, meeting at the N — 1 double junctions {a]} together with appropriate
boundary conditions at @y and dy.

]1’

A natural way to obtain such nonlinear splines as minimizers for the curvature energy
is to consider a gradient flow for the energy (2.2) subject to the desired junction and
boundary conditions.

We remark that the special case N = 1, i.e. a single open curve with prescribed
boundary conditions at the two endpoints, has been considered by the authors in Barrett,
Garcke, and Nirnberg (2011b). Physically relevant boundary conditions are so-called
clamped conditions, where position and angle(s) are fixed, and so-called Navier conditions,
where position and curvature is fixed. Once again, to simplify the presentation we will
only consider the case of clamped boundary conditions from now on. The details of how to
incorporate Navier boundary conditions can be found in Barrett, Garcke, and Niirnberg
(2011Db).

We introduce the following test and trial spaces for our formulation. Let
Vo= {X e [H((0,1),R))Y : Xi(1) = Xina(0), i=1-N -1}, (2.62a)
W, = {Y €V, : X2(0) = Xv(1) = 0} (2.62b)
and similarly V,, W, C [H'((0,1),R)]"; and we also recall the space W from (2.26b).

Observe that given a family of curves (I'()):>0, where I'(0) = Z([0, 1],0) with #(0) €

V., and where F( ) = Z([0,1], ) with (t) € W, t hen all of the curves I'(¢) will interpolate
thedataozz = 7;(0,0),i=1— N, and dy := Zn(1,0).

For completeness, we state the strong formulation of the flow that we consider.

THEOREM. 2.6. Let Z(p,t) : [0,1] x [0,T] — (RN be a parameterization of the curve
network T'(t) = #([0,1],t). Let A,z € RN, ¢ € RY; and @, € R, | = 0 — N. Let

Co,Cy € ST = {F e R : |p| = 1}. Then the flow (2.6a), with the C' spline node
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conditions

Z(1,6) =T (0,8) =@ i=1-N—1, (2.63a)
Fig(1,1) = Fiprs(0,1) i=1N-1, (2.63b)
Gi %Z(l,t> = Gi+1 %Z'+1(0,t) , i=1— N — 1, (263C)

together with the clamped boundary conditions
(a) 1(0,t) = dp, Zn(1,t) =dy and (b) T1(0,t) = C:), Tns(l,t) = @v (2.64)

is an L*-gradient flow of Ex(T', %), provided that (2.63a,b) and (2.64) hold at time t = 0.
In addition, the flow (2.6a), with the C' spline node conditions (2.63a—c) together with
the homogeneous Navier boundary conditions

— —

(a) 71(0,8) = @, @n(1,) =dy and (b) #(0,8) =0, #n(1,8) =0 (2.65)

is also an L*-gradient flow of E\(T, ), provided that (2.63a,b) and (2.65) hold at time
t = 0. Similarly, in the case d = 2, the flow (2.6b) together with the C spline node
conditions

) = i1 (0, 1) = @ i=1—N-—1, (2.66a)
) = Zit1,5(0,¢) i=1—N-—1, (2.66D)
) i=1-N-1, (2.66¢)

(17
T s(1,
Gi (#(1,t) — %) = Gip1 (5441(0,

t) -
and the clamped boundary conditions (2.64) is an L*-gradient flow of E\ (T, 5), provided
that (2.66a,b) and (2.64) hold at time t = 0.

t
t

Proof. The desired results follow from Corollary 2.3 and Lemma 2.1; see also Theo-
rem 2.3 in Barrett, Garcke, and Niirnberg (2011b). O

We then have the following weak formulation of the flow (2.6a) with (2.63a—c) and
(2.64). Given I'(0) = 2([0,1],0) with #(0) € V., for all ¢ € (0,T] find I'(t) = Z([0, 1], 1),
with Z(t) € W, and ¢(t) € V, such that

<P$t> >F - <v y>v X>F Y <( - |P'37|2 2§)‘) fsa)?s)l“ + <§_1 (gfs) ﬁ?ja )Zs)l“ =0
X

(VP i + (e e = v (1) = o i (0) VeV, (2.67b)

where, similarly to (2.31), 13%7]Z = ¢ x,1=1— N. We observe that in the above
weak formulation of (2.6a) with (2.63a—c), (2.64) the conditions (2.63a), (2.64a) are en-
forced strongly, while (2.63b), (2.64b) are enforced weakly through (2.67a,b), respectively.
Moreover, the conditions (2.63c) are enforced in a strong sense through ¢ € V.

Similarly, a weak formulation of the flow (2.6a) with (2.63a—c) and (2.65) is given by
(2.67a,b) with a zero right hand side in (2.67b) and with V, replaced by W .. We omit the
weak formulation of the flow (2.6b) with (2.66a—c) and (2.64). For nonzero 7 this flow
is not of practical interest. For 3z = 0, on the other hand, it collapses to the flow (2.6a)
with (2.63a—c) and (2.64). Nevertheless, deriving the weak formulation and the resulting
finite element schemes is straightforward.
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2.4 More general situations

In the previous subsections we have discussed in detail the situation where N curves
meet at two junctions for different types of junctions, and for nonlinear splines we also
looked at chains of curves, where chains of curves meet at an ordered sequence of double
junctions. The above can be generalized to other situations. E.g. a chain of the type on
the left of Figure 1, but with C° or C' double junctions in place of a C! spline junction.
Equally, the situation in the middle of Figure 1 but now with a C° or C! junction would
be possible. In each case, the corresponding weak formulations are straightforward and
we do not present the details here. But we note that the finite element approximations
introduced later on in this paper will easily carry across to these more general situations.

3 Semidiscrete finite element approximation

In this section we introduce continuous-in-time semidiscrete finite element approximations
of the elastic flows with junctions discussed in Section 2. In particular, we will repeat on a
discrete level the considerations in Section 2 and, as a consequence, we will derive spatially
discrete finite element approximations that are stable and that fulfill an equidistribution
property, similarly to the semidiscrete schemes considered in e.g. Barrett, Garcke, and
Niirnberg (2011b).

For N > 1, let [0,1] = U}-]izllj, i = 1 — N, be decompositions of [0, 1] into in-

tervals I} = [¢i_;,¢}] based on the nodes {g; 3-];0, Ji > 2. Let by = |I}| and h =
mMax;—i—, N MaxX;—1- 7, hé- be the maximal length of a grid element. The appropriate fi-

nite element spaces are then defined by

V"= {x e V.n[C([0,1], ROV : X

1 islinearVj=1—J,i=1—-N}CV

and similarly for the spaces W' c W, Wh ¢ W and K? C V.. We define the uncon-
strained finite element spaces S" := {¥ € [C([0,1],RD)Y : \: |Ijz; is linear Vj =1 —
Ji, i =1 — N}; and similarly S" C [C([0, 1], R)]". In addition, let 7" : [C([0, 1], R)]¥ —
S* be the standard Lagrange interpolation operator, and similarly for all the other finite
element spaces, e.g. 7 : [C([0, 1], R)]N — 5"

In this section, we consider a family (I'*(£));c0.7] of curve networks parameterized by
X "(t) € V". Here we make the natural assumption that

(Ch) Let th(Q;vt) % )Zzh(qjl-i—bt)v .] =0— JZ - 17 and th(qjl—lvt) % th(q;—i-lvt)u .] =1—
J;—1,fori=1— N and for all ¢t € [0, T].

In addition, we recall that (u, v)pn = SN (us, vi)pr = S, fol w; . v; \X{‘A dp and, if u, v

J

are piecewise continuous, with possible jumps at the nodes {g;};_,, we define the mass
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lumped inner product

= Z ui7vi>{ih
=> 3 | X2 g, t) = XMy, O] [(w-0) (@) 7) + (w.v)((g_))] . (3.1)

=1 7j=1

-

where we define u(¢*) := li\IJn u(q+e).

e\0

We introduce the following differential operators on I'*. Let D, lA?s : St — Sh be
such that Dyn = (Dlny, ..., DN ny), where

; XM ) — X (g1, ) ms((6) ) + 1XM(al 00 t) — XP (g, )| mis(()F)
(Dymi)(g;) = = T T =
| XP (s t) = XP(gioys )] + |1 X (@i 1) — X (g5, 1)
_ 0i(51) = 1i(gj-1) (3.20)
[ X(qs, 1) = XP (g0, )] + |1 X (i, 1) — XP(g, )]
; (D’m)(q’) 7]2((]'.,_1) (2 )
Din)(q ] ] 9~ , 3.2b
(Pem)(e;) = (Di XM 1K t) — XP(q 1, t)] (320
forj=1— J;,—1; and
(Dini)(gh) = (Dim)(ge) = misly  and  (Dim)(qh) = (Dim)(gh,) =misly,  (3.3)

for the boundary node§; 1 =1— N. Here, as usual, D, : St — 5" is defined component-
wise. We then define 0(t), @ (t) € S" to be

0"(t) =D, X"(t) and  &(t) =D, X"(t) = : (3.4)

67 (1)

which, on recalling assumption (C"), are well-defined. We note for future reference that

(X0, = (0", 80 VEesh; (3.5)
and similarly, ~ L .
(67 7, ), = (Do T ) V71, £ € S (3.6)
Let Q" be defined by Qh = ( ey ﬁfjﬁ, ), where

—

Qt(pt) = I — [Fi(p,t)] @ @il t)],  pe0,1], t€[0,T], i=1=-N. (37)

For future reference, we note also that for 7 € S” it holds that
5 ISR Y a o
o7 @il =" [Qh (DS ﬁ)} and hence  [@"], = o [Qh (Ds Xthﬂ . (3.8)
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With these definitions it is easy to see that for any 7 € S"

(@Q" e, (T = @My iyt = (Q" T)es (7. &5) S = —(Q" 7. (77 ) (T}
= (0" (7. &) Q" T, Xi ) (3.9)
In the planar case, d = 2, we define i := —(X")* and &" := —(0")* € S", and set

QL) =" (p, )] ® [ (p.t)] = 1" (0. ) Q" (p,t),  p€0,1]), t€[0,T]. (3.10)

Here we note that as in general |J](¢¢,¢)| < 1, the local operators ijf” in general are not
projections. We note also for all , 7 € S" that

(@ Ot = (7" O and (QL 77, O = (7. 0", X 7)o (3.11)
It follows for all ¥, 7 € S that
(1= 80 Dl =~ + - XD T Dl (3.12)
and hence
(@ Dt = —(XP) + (XL XD & D (3.13)

For later use we define

3 () = {@hm) pe ),

i p€{0,1},
t 0,1
and, if d =2, Q" (p,1) == Lilpt) pe0.1), (3.14)
i pe{0,1},
for i = 1 — N, which gives rise to the curve network versions Q" := ( ﬁi‘,l, ce ﬁ’j’ ) and

similarly C}Z* Fully discrete versions of these variants of the vertex based projections th

and Qﬁ will be instrumental in obtaining existence and uniqueness of the discrete solutions
in some of our corresponding fully discrete schemes. Specifically for all those schemes, in
which the trial spaces for X{L and Y differ. Moreover, in the case of two curves meeting
at two C' junctions, the projections Qi‘ and ij},* will be crucial in obtaining semidiscrete
finite element approximations with the desired equidistribution properties. In particular,
these variants will prevent equidistribution being enforced across the two junction points,
something that would often be in conflict with the to be approximated flow.

Let
EN(TMRY) = 5 (SR M)t + (6 A (3.15)

and
E;\l_(rh> K'h) =

, 7

(6, (K" =32))pn + (<, A)pn - (3.16)

N[
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3.1 The C° case — attachment only

Similarly to the continuous setting in §2.1, we consider the L?-gradient flow of the discrete
energy EP(T" i) for X" e V" and #" € W", subject to the side constraints

(R i + (XD iy =0 Vijew" (3.17a)

and (Rh.XP O, =0 YV xewh. (3.17h)

Hence R" is the natural discrete analogue of the curvature vector 7. Introducing the

Lagrange multipliers Y € W" and Z" € W" for (3.17a,b) we can define the discrete
Lagrangian

Eh()zhv ’%hv ?hu Zh) = % <§ Ehv "_{hyl}‘h + <§, >‘>Fh - <"_{h7 ?hyl}‘h - <Xh Yh)Fh + < Xh Zh)Fh )

in analogue to (2.29). Now taking variations Ls;ih LX), 52 £M(8), [(nih LM (1) and
[s2% £L"](x) we obtain a discrete analogue of (2.30a-d) for ¥ € V", EeW" ije W" and

x € W". In particular, it follows that
QYN =GR and Z} =x"YM.XM], i=1- N; (3.19)

which means that #" and Z" can be eliminated from the derived varation | 5)% LM(x) in

order to yield the desired weak formulation for the gradient flow of E (T, &").

In the case d = 2, we consider the L?-gradient flow of the discrete energy Ef\‘ﬁ(f‘ hokh)
for X" € V" and (k" — 32) € W", subject to the side constraint
(KM i+ (X Y =0 YieWw". (3.20)

As before we can define the corresponding discrete Lagrangian, take variations and then
eliminate " in terms of the Lagrange multiplier Y* € W" for (3.20).

Overall, the spatially discrete variants of (2.32a,b) and (2.37a,b) are given by the
following two approximations. Given I'*(0) = X"([0,1],0), with X"(0) € V", for all
t € (0,T] find T"(t) = X"([0,1],¢) with X"(t) € V" and Y"(t) € W" such that either

(X Rt — (VY Vo X — 3 (@MY = 26 0) XL Ko

H (TS QMY X =0 Y Y eV, (3.21a)
< - Qh Yh>ﬁ>f‘h + <Xs 7/)78>Fh =0 Vr7e Eh, (321b)

or

—» -

(@ X2 0t — (VY Va0 + 3 (7 (V"6 + 26 ) X, X
— (Y G ) (Y X =0 VX e V!, (3.22a)

EQEYM ik, - (XD = —(zd" P YV iTe W (3.22b)
In the former case we have that &% := ¢, h[@h ?h] is the natural discrete approximation
to #;, i = 1 — N, while in the latter case ! := ¢/ ' 7"[V}* . &P + 72 approximates s,
1=1— N.
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REMARK. 3.1. We remark that replacing Q" X; and Q" X, in (3.21a) and (3.22a) with
@’j Xt and @Z* X:t, respectively, is necessary in order to guarantee existence and unique-
ness for the discrete solutions of the corresponding fully discrete schemes; see the proof of
Theorem 4.1, below. Moreover, this replacement only means that rather than prescribing
e.g. (Q" X,)(0,t) at the junction, the full velocity vector X,(0,t) is defined in (3.21a). This
means that locally at that point, the approximation is similar in concept to the scheme in
Deckelnick and Dziuk (2009).

THEOREM. 3.1. Let (C") hold and let (X" (t), Y"(t))ic(0.1) be a solution to (3.21a,b). Then
we have that

d g — — — — —
G TN = —(QU XY, QU X <0, (3.23a)

Moreover, if d = 2 and (X" (), ?h(t))te(oﬂ is a solution to (3.22a,b), then it holds that

d — - — —
aEﬁ\Lﬁ(Fh,g—l Vi3 = —(QF, X! X <0. (3.23b)

Proof. Differentiating (3.21b) with respect to ¢ and then choosing 7 = Y € W" yields
that
(@ YN, YN + (T QYR X X ) + (Vs X VoY) =0 (3.24)
Combining (3.24) and (3.21a) with ¥ = X/ € V" yields that
(@ YM) Y) 4 5 (THQMYP 200, KT X
+ (O G QMY X = — (@ XD QX! (3.25)

The desired result (3.23a) then follows from (3.25) on recalling (3.9). Moreover, differen-
tiating (3.22b) with respect to ¢ and then choosing 77 = Y" € W" yields that

(L (PP ), PG (LT G T YR, + (6 (PR3 (P4 %), R,
(VY XP VY o = — (0 + (XD XD ) 7 2 Y, (3.26)
where we have recalled (3.11). Combining (3.26) and (3.22a) with ¥ = X! € V yields

the desired result (3.23b), on recalling that 7!, = —(V, )Z’th)l, i=1— N, and that the
natural discrete analogue of (2.44) holds. O

Next we show an equidistribution property for the above schemes.

THEOREM. 3.2. Let (C") hold and let ()Z'h(t),?h(t))te(o,ﬂ denote a solution to (3.21a,b)

or to (3.22a,b). For a fized i € {1,...,N} and a fized time t € (0,7 let J;P_l =
2
XMql,t) — XP(q,_y,t), j =1 — Ji. Then it holds for j =1 — J; — 1 that
@l =la sl i @ k), (3.27)
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Proof. On choosing 77 = &l (¢}, t) x: € W", for j =1 — J;—1,in (3.21b), or in (3.22b),
with X;" € W" being the standard basis function associated with q;, and on noting that

, ' +al
&h(qi,t) = 2=, it follows that
i @ +ar |
itz J-z2
— _'h
@1 a;_1 5 "
e | @t al ) =0, G=1 -1 (3.28)
‘CLh 1| ‘CLh 1| Jts I3
It3 i=3

Clearly, (3.28) and the Cauchy-Schwarz inequality imply that |6;.‘ Ll = |c?;.‘_ .| if c?;.‘ , is
2 2

+2
not parallel to c?;.‘_ .0

NI

3.2 The C' case — enforcing Young’s law

In contrast to §3.1, here we need to distinguish two cases. We will present two approxi-
mations for the case N > 3, and two approximations for the case N = 2. In each case one
approximation will be for planar flows in the presence of spontaneous curvatures, and one
for higher codimension flows in R d > 2. In terms of presenting our results it would be
very desirable to cut down on the number of schemes to be investigated. However, each
individual case has features which make it impossible to unify the presentation further.

We begin with the case of N > 3 curves meeting at two junctions. Then it is straight-
forward to mimic the procedure in §2.2 on the discrete level, similarly to §3.1. In partic-
ular, as an auxiliary variable we introduce U" € V" such that

QI UM =R,  i=1-N. (3.29)

7

Then we formally consider the L2-gradient flow of the discrete energy E}(T'", ¢! Q" U h)
for X" € V" and U" € V" under the side constraint

(1 QT g + (X e =0 Ve V" (3.30)
As in the continuous case, we can now define the corresponding discrete Lagrangian
LU MY = L QM T )4+ (5, Mpn — (1 QM U, Y — (X, Y pw s (3.31)

where Y" € V" is a Lagrange multiplier for (3.30). On taking the appropriate variations,
and mimicking the procedure on the continuous level, we obtain that

QY = @ UM =G RY, i=1—N. (3.32)

7

Hence we can eliminate U" from the variation | 5)%;1 LM(Y) in order to yield the desired

weak formulation for the gradient flow of EX(I", ¢ Q" U™).
Similarly, in the case d = 2 for N > 3, we introduce = V" such that
QUM =g [(kl =)@, i=1-N, (3.33)

1
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and then consider the L2-gradient flow of the discrete energy Ef,;(Fh, UM B+ )
under the side constraint

MU i+ (X e = — (=S VeV (3.34)
Introducing the Lagrange multiplier Yh e VP for (3.34), we define the discrete Lagrangian

Eh(th ﬁhv ?h) = % < (Uh ﬁh) >1"h + <§, >‘>Fh - <§_1 @Z (jhu }_}h>?h - <)Z£L? }_}sh>1"h
— (md" Y™, (3.35)

On taking the appropriate variations, and mimicking the procedure on the continuous level
and noting (3.12), we obtain that 7"[Q" Y"] = 7"[Q" U"], which allows us to eliminate
U™ from the variation | 5;, LM(x) in order to yield the desired weak formulation for the

considered gradient flow.

Overall, the spatially discrete variants of (2.53a,b) and (2.58a,b) are then given by
the following two approximations. Given I'*(0) = X" ([0, 1],0), with X h(0) € V", for all
t € (0,T] find Th(t) = X([0,1],¢) with X"(¢) € V", and Y"(t) € V" such that either

(@" XD 0t — (VoY Vo X — 2 (M@ YP2 — 26 0) X2 X0k
TP S @MY R =0 VY eV, (3.36a)
7Ty

yov =0 VeV, (3.36h)

Sh

(T QMY + (XY

or

-

<Qh th> )2>Fh - <6 ?h> Vs )Z)Fh + % <(§_1 (?h . ("_jh) + 2 S )‘) Xs ) Xs)I‘h
—{((¢TY" S ) (Y RO =0 Y xe V!, (3.37a)

(T D+ (R0 ) = (@ Db Ve VE. (3.37b)
In the former case we have that & := ¢, h[@h ?h] is the natural discrete approximation
to #;, i = 1 — N, while in the latter case k! := ¢/ ' 7"[V}* . &P + 72 approximates s,
1=1— N.

THEOREM. 3.3. Let (C") hold and let (X" (t), ?h(t))te(o”f] be a solution to (3.36a,b). Then
we have that

d o o
ZEMIN QMY = (@M XL QMR < 0. (3.38a)

Moreover, if d = 2 and (X"(¢), ?h(t))te(oﬂ is a solution to (3.37a,b), then it holds that

L (00 17 G ) = (G % K, < 0. (3.350)

Proof. The proof is analogous to the proof of Theorem 3.1. O
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THEOREM. 3.4. Let (C") hold and let (X" (), ?h(t))te(o;p] denote a solution to (3.36a,b)
or to (3.37a,b). For a fivzed i € {1,...,N} and a fized time t € (0,T)] let 6?_1 =

)Z'Z-h(q;-,t) — )Z'{‘(q;-_l,t), j=1—J;. Then it holds for j =1 — J; — 1 that

2

—h

=la | i d k. (3.39)

1
2

Proof. Similarly to the proof of Theorem 3.2, choosing 77 = &} (¢}, t) x} € W" c V",
forj=1— J;—1,in (3.36b), or in (3.37b), we obtain (3.28), and hence the desired result
follows. O

REMARK. 3.2. Looking carefully at the proof of Theorem 3.4, and noting that for N > 3
in general " (t) ¢ V", we see, for example, that on choosing any i € V" with 7, =
Qg,l(O,t) X¢ in the proof will yield no information on the segment length |)Z'{L(q%,t) —
)Z'{‘(qé,tﬂ. Howewver, in the special case N = 2 the approzimation (3.36a,b), say, will
weakly enforce

Sl () + Gy(rt) =0, r=0—1. (3.40)

0,
Hence the function € = @y 1(0,t) Xo — @4,(0,t) x§ will almost be an element of V*. If
.36

5 e V", then we could choose ij = 5 in, say, (3.36b) in order to obtain that

X0 (0t £) = XT(a0, 1)) = 1X5 (a7, 1) — X5 (a5, D), (3.41)

unless these two segments are parallel, and similarly at the other junction. Together with
the results from Theorem 3.4, the condition (3.41) would imply a global equidistribution
property across the two curves I and T#. Clearly, as the number of mesh points is fized
on each T, enforcing equidistribution across the two curves would fix the relative lengths
of the curves to each other. This constraint would be so strong, that the scheme would not
be able to approximate most flows; and we do observe this behaviour in practice for a fully
discrete approximation that is based on (3.36a,b). See Figure 6 below for an example. It
is for this reason that we have to replace Q" and @Z with @f and @Z* in (3.36b) and
(3.37b), respectively; recall (3.14).

Of course, there is a contradiction in our derivation of (3.41). On the one hand, we can
only derive (3.41) if € € V"; that is, (3.40) holds with equality. On the other hand, (3.41)
is only guaranteed, if the two segments are not parallel, i.e. if (3.40) does not hold with
equality. Clearly, this is a contradiction. Nevertheless, numerical evidence for the fully
discrete variants of e.q. (3 36a,b) suggests that if we replace é’m the above argument with
@ 1(0,8) xo— @1 (0,) x§ € V", then, even if (3.40) does not hold with equality, we obtain
an algebraic condition very close to (3.41). This algebraic condition then appears to lead
to something very close to equidistribution, as evidenced by our numerical experiments.

We now consider the case N = 2. In view of Remark 3.2 we will replace th with CZ‘
n (3.29). This mimics on the discrete level what we discussed in (2.46), (2.47) on the
continuous level.
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We begin by introducing the auxiliary variable Uh € V" such that
Qh UM =GR, =1 2. (3.42)
Similarly to (2.49) we then introduce the Lagrangian
AR T8 TR = L6 |G TR+ (s, N — (6~ G T, ), — (X0, ¥y (3.43)
Taking variations, we obtain the gradient flow
(" R0 ) = (VP ¥, Do — L (G TR — 2671 G177+ 260) X0, 1),
T = QO [ GO Y EErt (B
QR — (Y QR =0 vEeV, (3.44b)
<§_1 @il ﬁha ﬁ)?‘h + < s 778>Fh =0 V7 ne Kh ) (3440)

where 7y, : [C([0, 1], RN — W" is the standard Lagrange interpolation operator with

zero Dirichlet boundary conditions. We observe that we could have chosen C}h Xth in place
of @i‘ X'f in (3.44a). However, similarly to Remark 3.1 this has little effect in practice, and
we prefer (3.44a) and the subsequent weak formulation due to its symmetry. It follows
from (3.44b) and (3.42) that

QY = QN UM =GR, =12, (3.45)

Similarly to §2.2, it is now possible to eliminate U" from (3.44a,c) as follows. First, in a
discrete analogue to (2.51), it follows from (3.8) that

70" = —(@" @« @ (D.x)| - 0" " [ (D.x)]

Therefore, on noting (3.45) and on recalling (3.6) we obtain for the last term in (3.44a)
that

[5Xh

_ L T _ 1 Th =g AR h
(Y- QrU"), Ty [[ﬁ Q" Uh](X)]Vﬁh = (M 10 (Y S QYT X
where iy, - [C([0,1],R)]Y — W" is defined similarly to ;.

Similarly, in the case d = 2 and N = 2 for the discrete energy Ef\lﬁ(lﬂh,/ih), we
introduce U" € V" such that

Wh[Qw i UM replaces ¢ 7"[(k" —32;) &P, i=1—2, (3.46)
to obtain the corresponding Lagrangian

LA T Yy = L QUM UMY + (6, N — (1@, T Y — (X Y
(3.47)
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Once again on taking variations, we arrive at the analogue of (3.45), 7| 737* U h =

dl ﬁf)’* ?h], for the associated Lagrange multiplier Y" € V" We note that, in con-
trast to (3.42), we do not state equality in (3.46), as this would require that & and %
are parallel at the junctions, which is not true in general.

Overall our semidiscrete _approximations can then be formulated as_’follows. Given
I"(0) = X"(]0,1],0), with X"(0) € V", for all t € (0,7] find I'"(¢t) = X"([0, 1],¢) with
X"t) € V" and Y"(t) € V" such that either

VoXrs — 3 ((HQEY"? = 26 0) X2, X
F (T 0T (Y QY X =0 YV XY e V!, (3.48a)
=0 VijeVh, (3.48b)

<Q1L h7%>f‘h - <6s}_/i

(T QLY i + (XD

or

(@, XMk — (Vo Y" Y, >z>
<<

+ 3 (@ (V8" = H(@L Y)Y+ 260) XU X
(T G ) (Y =0 VX eV, (349)
(T QLL Y D+ (XL T = —(d" i Ve V" (3.49b)
In the former case we have that & := ¢, * h[Qf ] is the natural discrete approximation
to %, i = 1 — 2, while in the latter case k! := ¢ ' 7"V &P + 32, approximates s;,

1=1— 2.

Before we state the stability results for (3.48a,b) and (3.49a,b), we remark that due
to the form of the Lagrangian (3.47), the correct energy to consider for the latter scheme
is

L @, Y Y (o, M = ER (T Y G432 + (71, (=) (VP (@) )

i.e. the energy in (3.38b) is supplemented with a nonnegative contribution from the tan-
gential components of Y at the two junctions. Of course, if equality did hold in (3.46)
then these tangential components would vanish.

THEOREM. 3.5. Let N = 2. Let (C") hold and let ()Zh(t),?h(t))te(oﬂ be a solution to
(3.48a,b). Then we have that

d

GBI T QIY") = —(QL X} QLX) <0 (3.502)

Moreover, if d = 2 and (X"(¢), ?h(t))te(oﬂ is a solution to (3.49a,b), then it holds that

d o o
=[BT @ TP+ (6 ] = —(@h i K < 0. (3.50b)
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Proof. Differentiating (3.48b) with respect to ¢ and then choosing 77 = Yh e v, and
combining this with (3.48a) with ¥ = X/ € V" yields, similarly to (3.25), that

(TH@EYM) Y+ 5 (THANYMP 26X X XD
+ {10 Y ] QLY X = —(QE XD, QXD (3.51)
The desired result (3.50a) then follows from (3.51) on recalling (3.9).

Differentiating (3.49b) with respect to ¢ and then choosing 77 = Yh e V", and com-
bining this with (3.49a) with ¥ = X/ € V" yields that

d
G BT @Y ] + 4 [
+ (! ﬁgv Y G yh.eh) Xk — (V!

Jh YY) — (7 QL TV
) ] Xths>Fh = _< _‘ZL),* Xth7 Xth>I‘h : (352>

The desired result (3.50b) then follows on noting that 7"[( ﬁﬁv* Y, Yh—( ﬂﬁ,* Yh) Y] =
2l [(Yh.&") (Yh. &) and (3.13). O

THEOREM. 3.6. Let N = 2. Let (C") hold and let ()Zh(t),}_}h(t))te(oﬂ“] denote a solution
0 (3.48a,b) or to (3.49a,b). For a fizred i € {1,2} and a fized time t € (0,T] let 6?_1 =
XM t) — XP(gi_1,t), j =1 — Ji. Then it holds for j =1 — J; — 1 that

2

|6;?+%|:|6;?_%| if a§+%H5§_ : (3.53)

Proof. The proof is exactly the same as the proof of Theorem 3.4. O

REMARK. 3.3. In practice it is most often of interest to consider length constraints for
the elastic flows that we discuss in this paper. We can introduce stable semidiscrete finite
element approximations for these flows, by mimicking on the discrete level the procedure
in Remark 2.9 as follows. In the definitions of the discrete Lagrangians we replace the

term (s, \)rn by
Z% (Irs1 =),
where | € RY; are given lengths. We now consider A\(t) € RY as an unknown and a
variation of the modified Lagrangian with respect to A gives the additional equations
=1, i=1—=N. (3.54)

For example, as the length preserving approximation of the elastic flow in the case of two
planar curves meeting at two C* junctions, we then obtain (3.49a,b) with the additional
unknown \(t) and the additional constraints (3.54) forl; := [T*(0)|, i =1 — N. Similarly
to Theorem 3.5, it is a simple matter to show that this semidiscrete approximation fulfills
i) =0,i=1— N, and SEL (T ¢ 'Y" . &+ 52) = —(Q", X}, X[k, < 0.

34



3.3 Nonlinear C? splines

The derivation of the semidiscrete analogue of the weak formulation (2.67a,b) is similar
to the derivation of (3.48a,b) in §3.2. The obtained approximation is as follows.

Given I'"(0) = X"([0,1],0), with X(0) € V", forallt € (0,T] find T"(t) = X"([0,1],1)
with X(t) € W", and Y"(t) € V" such that

—

(@ X Ot — (VY V, >Fh—‘<( ‘lléh?h\2 2¢0) XU X
(T (Y S @Y X =0 VX e W (3.55)

—

(T QY it + (X i) = Qv v (1 )—Co-Th( ) VijeVveh. (3.55Db)

As before, we have that & = ¢ ' 7" ﬂfﬂ- }7@}‘] are the natural discrete approximations to
;KZ', 1=1— N,

REMARK. 3.4. Using the modified operator @f in (3.55b) is necessary in order to be able to
prove existence and uniqueness of the discrete solution for the corresponding fully discrete
approximation. However, it is also necessary in order to avoid enforcing equidistribution
across all the curves, see Remark 3.2. The operator @’*‘ and the projection 7lt, then appear
in (3.55a) for stability reasons. In fact, (3.55a) is the same as (3.48a) with the test space
V" replaced by W".

THEOREM. 3.7. Let (C") hold and let (X" (t), Y"(t))ic(0.1) be a solution to (3.55a,b). Then
we have that

d — — — —
MUY = (@R QAN < 0. (3.56)

Proof. The proof is analogous to the proof of Theorem 3.5. O

THEOREM. 3.8. Let (C") hold and let (X" (t), ?h(t))te(oﬂ denote a solution to (3.55a,b).
For a fived i € {1,...,N} and a fived time t € (0,T] let a* , := th(q;,t) — Xf(q;_l,t),
j=1—=J;. Then it holds for j =1 — J; — 1 that

@l =la | i a

(3.57)

Proof. The proof is exactly the same as the proof of Theorem 3.4. O

4 Fully discrete finite element approximation

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

Let 0 =ty < t1 < ... < ty-1 < tyy = T be a partitioning of [0,7] into possibly
variable time steps 7,, := tpa1 —tm, m =0 — M — 1. We set 7 := max,,—o_p—1 Tr-
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GivenI? = X ([0, 1]), our fully discrete approximation will define a sequence of polygonal
curve networks '™, m = 0 — M, where I'™ = X™([0,1]) with X™ € V". Similarly to
(3.1), (3.4) and (3.7), we define (u,v)%,. and introduce the definitions of o™, Jm e st
and @™, which are based on X™ in place of )Zh(t). For the case d = 2 we introduce, in a
similar fashion, 7™ := —(X™)L, as well as @™ € S" and Q™.

Similarly to (C"*), we make the following very weak assumptions.

(C™) Let (i) X™(q)) # X™(qin), 5 =0 = Ji— 1, and X"(gh_) # X™(glpy), j =1 =
Ji—1,fori=1-— N, and (i) U, U Hom (g =R

4.1 The C° case — attachment only

Our fully discrete finite element scheme corresponding to (3.21a,b) and (3.22a,b) are given
as follows.

Find (X7 Y1) € V" x W" such that

. Xm-i—l _)Z‘m . . ~ . N N ~
(@ S X = (V7 K)o+ (= P™) Y, ) om
= (@Y™ = 26 0) X X — (T (YT QMY K)o
vyeVh (4.1a)

(LY ™ ik, + (X G =0 Ve W (4.1b)
where P = Id — X™ @ X™.
Find (X™! Y™+ € V' x W" such that

Sm Xm—l—l_)zm — m — _’ Sm\ \m =
<Qw,* 7-—7 X>?m - <Y; +17 XS>F'” + <([d - P ) Y; 7XS>F7”
= =5 (T YT+ 26 N) X X+ ((THY TG 4+ 32) (V) )
VyeVh (4.2a)
(LY ™ (X G e = — (32 @ . Vi E W (4.2b)
Here and throughout Y0is a suitably chosen initial value. Of course, for the above we let
YY € W, while e.g. for the schemes in §4.2 we let YO € V.

REMARK. 4.1. We note that the natural semi-implicit fully discrete approximation of
(3.21a,b) has —(V, Y™ ¥, {)pm instead of the last two terms on the left-hand side of
(4.1a). However, then existence and uniqueness of the discrete solution (X™, Y™ ¢
VW™ to this modified system is in general no longer guaranteed. In particular, existence
and uniqueness can only be guaranteed if

(G, 7,5, P = 0
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for Y € W" implies that Y = 0, which is only true if the curves I'"", + = 1 — N,
have nowhere locally parallel segments. The same modification was employed by the au-
thors for the fully discrete approzimations in Barrett, Garcke, and Nirnberg (2011b); see

Remark 4.1 there.
THEOREM. 4.1. Let the assumptions (C™) hold. Then there exist unique solutions

(vaﬂ’ fm+1) e V" x W" to (4.1a,b) and (4.2a,b), respectively.

Proof. As (4.1a,b) is a linear system, existence follows from uniqueness. To investigate
the latter, we consider the system: Find (X,Y) € V" x W" such that

T QT X Ok — (Yo, Xs)rm =0 VY eV, (4.3a)
(T QIY i + (X )m =0 VeI (4.3b)

Choosing Y = X € V" in (4.3a) and 7=Y € W" in (4.3b) yields that

—

QT X, X+ (O Y, Y, =0, (4.4)

It immediately follows from (4.4) that 7 [Q™ ﬁ] = 7"@™Y] = 0, and so in particular that
X € W". Hence it follows from choosmg Y=Y eWw'c Vi (4 3&) and 7= X e W"
in (4.3b) that (Y,,Y,)pn = (XS,X Vrn = 0, which yields that Y = X = 0. Hence there
exists a unique solution (X™+! ym+l) ¢ Kh x W" to (4.1a,b). The proof for (4.2a,b) is
identical, on replacing @T with @f* ad

The above proof highlights the need for the introduction of the special projections QT
and Q in order to be able to prove existence and uniqueness for a solution to (4.1a,b)

and (4.2a,b), respectively. This is the reason, why the projections Q"j and @Z* have been
employed in (3.21a) and (3.22a).

w,k?

4.2 The C! case — enforcing Young’s law

For N > 3, our fully discrete finite element scheme corresponding to (3.36a,b) is given
by (4.1a,b) with Q™ replaced by @™ and with W" replaced by V". Similarly, our fully
discrete variant of (3.37a,b) is given by (4.2a,b) with @L”* replaced by Q™ and with
W" replaced by V". Existence of a unique solution to these schemes then follows as in
Theorem 4.1.

For N = 2, the fully discrete finite element schemes corresponding to (3.48a,b) and
(3.49a,b) are given as follows.
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Find (X7, Y™1) € V" x V" such that

. Xm-i—l _ )Zm . . ~ . . . ~
(@ Dt = (V" Ko o+ (= P™) V", K)o
= 2((TQT Y™ =26 \) X Xo) b — (TH A (107 (Y™ &S] QY™ X ) m
VYeV", (4.5a)
QP Y™ it + (X e =0 VeV (4.5b)

Find (X", Y™+1) € V" x V" such that

o Xm+1 _)zm . . . . . . .
<QZZ* o X)lfim - <Ysm+l> Xs)rm + ((Id — P™) Y™, Xs)rm
= (@ A (Y™ @) = (@D Y™ Y™ 4 26 0) XTI Ko m
+ (T Y@ 4+ 3) (V) R VX €V, (4.6a)
(EQm YL P+ (X e = — (2™ )k, VT E VR (4.6b)

THEOREM. 4.2. Let the assumptions (C™) hold. Then there exist unique solutions
(XmHL Y™ H) € Vi x V! to (4.5a,b) and (4.6a,b), respectively.

Proof. The proof is analogous to the proof of Theorem 4.1. O

REMARK. 4.2. We remark that (4.5a,b) with the trial space for Y™ replaced by W" and
the test space for (4.5b) replaced by W" is exactly the same as (4.1a,b); and similarly for
the schemes (4.6a,b) and (4.2a,b). The reason is that the modifications in (4.5a) compared
to (4.1a,b) have no effect when Y™ € W". But this point of view will make it easier to
present the solution methods in Section 5.

REMARK. 4.3. For any of our fully discrete schemes, we can approximate the correspond-
ing length preserving flow by replacing the fized given X € RY by a X' € RN, where
these unknowns are chosen so that [T = |9, i = 1 — N. Then we obtain fully dis-
crete versions of the semidiscrete schemes discussed in Remark 3.3. In each case, the fully
discrete approximation then leads to a nonlinear system of equations at each time level,
which can be solved by a root finding method in terms of X™*1, e.g. by an N-dimensional
generalization of the secant method.
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4.3 Nonlinear splines

Given X0 € VP for m = 0 — M — 1 find (6X™H, Y"H) € Wh x VI with X™+! =
Xm™ 4 §X™+ such that

5)Zm+1

@ ———— Xtm — (Y XY em + ((Id — P™) Y;m, Xs)rm
= L@ Y™ = 26 A) X XYt — (¢Th iy [0 (Y™ )] QT Y™, XY
vVyewh, (4.7a)
(@Y™ i, 4 (X e = Oy v (1) — G (0) YV ije VI (4.7b)

THEOREM. 4.3. Let the assumptions (C™) hold. Then there exists a unique solution
(XM Y™y € W' x VI to (4.7a,b).

Proof. The proof is analogous to the proof of Theorem 4.1. O

5 Solution of the algebraic equations

In line with previous work by the authors on the evolution of curve networks and surface
clusters in Barrett, Garcke, and Niirnberg (2007b,a, 2010b), in order to solve the fully
discrete approximations from Section 4 in practice, it is easiest to formulate the linear
systems of equations over the unconstrained finite element space S”. That means that
the system matrices and right hand sides can be assembled independently for each curve
'™ =1 — N. The effect of the test and trial spaces V", W" and K? can then be

10

incorporated with the help of orthogonal projections from S” onto these subspaces.

For each i € {1,...,N}, we introduce also the diagonal matrices ./\/l(* ./\7lw( 9 €
(Rexd)(Ji+)x(/i+1) " and the stiffness matrices A* € RUHDx(itD) - 4i A’Q( . At e

(Rdxd)(z]i+1)><(‘]i+1 with entries

w(*

[M(*)]kl <X27X§@K,)i>lfilm7 [/\71;( )] <Xk7Xl w(*) >?
Azz = ([XZ]sa [Xﬂsﬁ;”’ /_ﬁcl = Akl Id,
AL Tk = 2T QT VP s Do) o T,
(AL =3 (6 (V&) [xids, i)t 4,
(AL k= 3 (6 @ [V @) = (@ Y)Y Il Do)t 14,
£ = ([Xh]s, Dxils P)em (5.1)

where Id is the identity matrix in R%?; and where ‘(x) denotes an expression with or
without the subscript *.
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Let J:= SN, (Ji + 1). We define the orthogonal projections
Pw: (R = W= {(,...,2") e RY) : [#]y = [#]541=0,i=1— N},
Pv: (R = Vi={(Z,...,2Y) € R): [Z']s = [F]1, [ = [Flosr i = 2 = N},
Py, : (RY) =5V, = {(51,---,5N) € R): [Flpp =[Fh,i=1->N-1}

onto the Euclidean spaces associated with W", V" and V", respectively. These projections
will be crucial for the construction of the linear systems for the unknown coefficient vectors
in (RY)7 x (R?)” that represent the solutions to our schemes in Section 4, rather than
having to work with the trial and test spaces Eh, V" and Ki‘ directly.

Finally, let the diagonal block matrices ./\71(*), ./\/lw( o, A, AQ(*), .A € (RIxd)IxJ
be defined by
M(*) = dlag(./\;l%*), e ,Mﬁ)) 5 M = dlag(./\/li,(7*), ce ,ML]‘Y(’*)) s
A gl N 1 gl N
A=diag(A',...,AY), Aq, = dlag(AQ( SRR AQ(*)) ,
Ay = diag(Ag ), - ,AZ‘Y(,*)) . A= diag(A',..., AN). (5.2)

5.1 The C° case — attachment only

On recalling Remark 4.2, the linear system for the approximation (4.1a,b) can be formu-
lated as: Find (Y™ §X™ ) € W xV, where here and throughout X! = X™ 4§ X"+
such that

B APy —LB BN (T _ ([ Fra 5
Py M, Py Pw APy sXmH —Pw (AXm) )

where g : —(A-—AY" +(cANA— EQ(*)) X+ f (5.3b)

where foy = (i, ) € R with [f1];41 = (wfy (10|71 (V. @) O Yo, L) e
and, for later use, [f it = (6™~ (Ym LWy) Qrym, [X5]s >Fm, in each case for j =0 —
Ji, i =1— N. Here and throughout we use ¢ A Aasa shorthand for the block diagonal
matrix diag(s; Ay AL, ..., v Ay AY); and similarly for ¢71 M.

Similarly, the linear system for (4.2a,b) can be formulated as: Find (Y™ §X™) €
W x V such that

By Ay LBy Mo By (T 5, 7,
73W §_1 Mw,*ﬁw ﬁW /_1’75’\/ 5Xm+1 n — _)W (zzl‘)_()m—F@ 7

(5.4a)
where Ry = (A= A) Y™ 4 (SAA+ Ay) X™ = by (5.4b)
where by, = ( ..,l;é\i)) = (&,...,@) e RY with [bi];4q = (¢l (V™. &m] +

%) (Y™)L [xi]s )hm, and, for later use, [0];41 = (¢~ (Y. & + 32,) (Y™)*, [X1s) 1o, and

] 7
(&1 = 72 (0" ,Xj>Fm, in each case for j =0— J;,i=1— N.
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5.2 The C' case — enforcing Young’s law

For N > 3, the linear systems for our fully discrete finite element schemes corresponding to
(3.36a,b) and (3.37a,b) are given by (5.3a b) and (5.4a,b), respectively, with Py, replaced
by Py and with M,, G h, replaced by M, g, h.

For N = 2, the linear systems for our fully discrete finite element schemes (4.5a,b)
and (4.6a,b) are given by (5.3a,b) and (5.4a,b), respectively, with Py replaced by Py .

5.3 Nonlinear C? splines

The linear system for our fully discrete finite element scheme (4.7a,b) is given by (5.3a,b)
with 75V replaced by 73W, 73W replaced by 73Vs and with the additional contribution d €
(R%)7 added to the right hand side of the second equation in (5.3a), where dy = —50,
OTJ:gNandc@:5forj:2—>J—1.

5.4 Solution methods

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

Px 0 Ay  —L M\ [Py © Y\ (P 0 (fx (5.5a)
0 Py)\ctM Ay 0 Pyx)\oXxmt] VLo BJ\A)
73}/ }}’m-i-l _ }_/’m-i-l ’ 7) 5Xm+1 5Xm+1 (55b)

where, apart from the obvious block matrices and right hand sides, Py and Py are
projections onto the Euclidean solution spaces for 6 X™*! and Y™ *!, respectively.

A possible solution method for (5.5a) would be to employ a preconditioned BICGSTAB
iterative solver together with the preconditioner

- - SN\ —1 N
Py 0 Ay LM Py 0 (556)
0 Px/)\c'M Ay 0 Py ’

if this is well-defined, and otherwise use (5.6) with Ax and Ay replaced by diag(Ax) and
diag(Ay ), respectively. The inverse in (5.6) would conveniently computed with the help
of a sparse factorization solver.

However, we prefer to solve (5.5a,b) with a direct method as follows. The recently
made available sparse QR factorization package SuiteSparseQR, see Davis (2011), allows
the computation of least squares solutions to both overdetermined and underdetermined
linear systems. From the theoretical results in Section 4 we know that there exists a

solution (Y™ §X™H) to (5.5a) in the subspace (Py (R%)) x (Px (R%4)”) of (R?)7 x (R%)”.
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Hence any least squares solution to (5.5a) over (R%)7 x (RY)” will in fact solve (5.5a).
Moreover, on obtaining one such solution (Y, 6X,) € (R x (R%)” to (5.5a), the solution
to (5.5a,b) is given by (Y™, §X™+) = (Py Y,, Py 6X,). In practice, we use the package
SuiteSparseQR to find a (17“, 5)@)

REMARK. 5.1. The global projections Px and Py in (5.5a) acting on vectors 7 € (R?)’
can always be decomposed into independent local projections acting on (possible combina-
tions of ) the 2 N coordinates [Z'];41, j € {0,.J;}, i =1 — N, of Z only. Throughout, these

—

local projections, denoted by Px, Py, fall into only five possible categories. They are

(i) C° — attachment only: Px = Py, Py = Pyy.
(11) C1' — enforcing Young’s law: Py = ISV, Py = Py.
(iii) Nonlinear C? spline: Px = Py, Py = Py.

(iv) Boundary point with clamped boundary conditions: Py = I3W, Py = Id.

Here we note that I3W is simply the zero map/matriz.

Any of the global projections Px and Py considered in this paper can then be con-
structed from the four types of local projections Py and Py described above. Moreover,
it is now easily possible to use the description (5.5a,b) in order to formulate the linear
systems for fully discrete finite element approximations of the elastic flow for more general
types of curve networks, as indicated in §2.4.

REMARK. 5.2. For the fully discrete length preserving approximations discussed in Re-
mark 4.3, we need to find values \™ € RY such that F(\™™') =0, where F : RN — RN
for an arbitrary X € RN s defined by F(\) = (JT7 — |T9], ..., [T — [T]), where
= Xmt1((0,1]) s obtained from the appropriate approzimation in Section 4 with
this value of \. Hence a function evaluation of I corresponds to the solution of a sys-
tem of the form (5.5a,b). As we use the sparse factorization package SuiteSparse@QR to
solve (5.5a,b) in practice, repeated evaluations of F' are cheap. Therefore we employ an
N-dimensional generalization of the secant method to solve F(\™1) = 0 in all the length
preserving computations presented in the next section.

6 Numerical Results

Throughout the numerical experiments we take either Y0 = Py [¢ 7"[Q° 7°]], or, if d = 2,
Y0 = Py [¢ (7"[Q° &) — 32 &°)], where Py is as in (5.5a,b) and where in each case & € W"
is an approximation of the curvature vector on I'’ defined by

(R, it + (X0 7)o =0 VijeW". (6.1)

s
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2) C° evolutions starting from a unit circle. The plots show X° and XM,

Figure 3: (d =
) (2,-2), (3,-3).

%= (3,—1

In practice, however, the numerical results are not very sensitive to the choice of Yo,
Moreover, as we are mainly interested in (local) minimizers of the chosen elastic energies,
i.e. in steady state solutions of the appropriate elastic flows, the particular choice of
YO is mostly irrelevant. In the same vein we note that although in our derivations in
Section 2 of elastic flows that involve enforcing Young’s law at the junctions, e.g. the C*
junction case and the nonlinear C? spline case, we assume that Young’s law holds for the
initial parameterization Z(0), in most of our numerical experiments the polygonal curve
parameterizations X0 will not satisfy Young’s law.

Unless otherwise stated we choose ¢; = 1, 4 = 1 — N, and use the discretization
parameters J = 100, 7 = 1072 and 7' = 2. For evolutions without length constraints we
always set A\; = 0,7 =1 — N. Unless otherwise stated the solutions XM displayed in
the following figures are always numerical steady states. Finally, we note that for better
visualization any junction or boundary points are marked as red dots in the presentation
of our numerical results. (We refer to the online version of this manuscript for figures in
colour.)

6.1 C" and C! double junctions

Experiments for C° junctions without length constraints, where the initial curve is given
by a unit circle, for varying values of 2 € R?, can be seen in Figures 3 and 4, where the
former show only symmetric evolutions. Of course, in the case 7 = (1,—1) the initial
data is a steady state solution, and this is observed on the numerical level as well. In the
case 7 = (0, 0) no steady state is reached in finite time, with the two curves approaching
a straight line segment and with the distance between the two junction points increasing
in time.

The same experiments as in Figure 4, but now with a fully discrete approximation
that maintains |T7*| = Y], i = 1 — 2, exactly for all m = 1 — M, are shown in Figure 5.
For the computation with 32 = (5, —1) we used the smaller time step 7 = 10~%.

Before we compare these results with the corresponding results from our scheme
4.6a,b) for the evolution of C! junctions, we present numerical evidence for the global
J g
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Figure 4: (d = 2) CY evolutions starting from a unit circle. The plots show X0 and XM ,
7= (1 -1),(2,-1), (5,—-1).

1)

Figure 5: (d = 2) Length preserving C° evolutions starting from a unit circle. The plots
show X% and XM 3 = (1 —1), (2,-1), (5,-1).

1

equidistribution property of the semidiscrete approximation (3.36a,b) in the case N = 2.
To this end, we start with a partitioning of the unit circle, where I'Y has many more vertices
than T'Y. The results in Figure 6 show that for the fully discrete approximation based on
(3.36a,b), the two junctions move tangentially in order to satisfy a global equidistribution
property. For the scheme (4.5a,b), on the other hand, we have |I']*| ~ |I'5*| throughout,
with each curve exhibiting an equidistributed partitioning. It is the undesirable global
equidistribution property of the schemes (3.36a,b) and (3.37a,b) that made it necessary
to introduce the more practical variants (3.48a,b) and (3.49a,b). The final time plots
in Figure 6, for which we used T" = 1, are not numerical steady states, since the circle
will continue to expand to decrease the elastic energy. We remark that both solutions in
Figure 6 correspond to solutions of the continuous problem. In the case 7z = (0,0) with
G = G the problem with C!' double junctions allows for several solutions as the junction
points can move freely in tangential direction. A comparison of the results in Figure 5
with the corresponding results for C! junctions, using our scheme (4.6a,b), is shown in
Figure 7. In addition, we repeat the last two sets of experiments for an initial setup, where
['1(0) is still a unit semicircle, but now I'y(0) is a 2:1 semiellipse. Here we computed until
the final time 7' = 5. In addition, we used the smaller time step size 7 = 10~* for the
computations with 32 = (5, —1). The results can be seen in Figure 8 for the C° case and
in Figure 9 for the C! case.

Finally we present some computations for our scheme (4.5a,b) with different values of
s € R2,. To this end we used the same initial setup as in Figure 9, and set again 7' = 5.
The results can be seen in Figure 10.
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Figure 6: (d = 2) C" evolutions of a unit circle with 3z = (0,0). The plots show X° (left)
and XM for a scheme with Q™ (middle) and with Q™ (right).

Figure 7: (d = 2) Length preserving C! evolutions starting from a unit circle. The plots
show X and XM 7 = (1 —1), (2,-1), (5, -1).
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Figure 8: (d = 2) Length preserving C° evolutions starting from a unit semicircle and a

2:1 semiellipse. The plots show X° and XM 3z = (3,-1), (1,-1) (2,-1), (5,—-1).
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Figure 9: (d = 2) Length preserving C' evolutions starting from a unit semicircle and a
2:1 semiellipse. The plots show X° and X™, 72z = (%, -1), (1, 1), (2, -1), (5, —1).

1)

We do not present simulations in R? for the case of two curves, since the steady state
solutions will always lie within a two-dimensional hypersurface in R3.

6.2 Young’s law for triple and quadruple junctions

Here we report on some computations where three or four curves meet at two triple
junctions, and Young’s law holds at the two junctions. The first set of experiments
start from the unit standard double bubble; see e.g. Hutchings et al. (2002). In the first
experiment we set 3¢ = 0, and observe that the initial double bubble expands. However,
it is not difficult to show that the two curved curves do not remain circle segments, i.e.
the evolution is not self-similar in time. In the second experiment we set 7z = (0, —1, —1),
for which we also present the numerical steady state for the approximation of the length
preserving flow. We use T' = 10 for all three experiments and note that apart from the
length preserving flow the final solutions displayed in Figure 11 are not numerical steady
states.

An example for d = 3 is shown in Figure 12. Here we replaced the straight line in
the initial setup from Figure 11 with a circle arc that lies within the (x5, x3)-plane. As
before, we set T'= 10. We observe that the solution continues to expand indefinitely. In
particular, the solution converges to a self-similar profile which consists of three semicircles
which all lie on the same sphere and meet at two antipodal triple junctions with 120°
degree angles. In fact, a simple calculation shows that a true solution to (2.6a) with
(2.15a-d) and ¢ = (1,1,1) and A = (0,0,0) is given by

Ti(p,t) = (1 + Qtﬁ (sing(p) cos 2, sing(p) sin 2%, cosg(p))", i=1-—3; (6.2)
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Figure 10: (d = 2) Length preserving C'! evolutions starting from a unit semicircle and a
2:1 semiellipse. The plots show X and X* for 3z = (0,0) and < = (4,1), (1,1), (5,1),
(10,1).

Figure 11: (d = 2) Triple junction evolutions with Young’s law. The top row shows Xm
at times t,, = 0, 1, ..., 10, and XM for 3z = (0,0,0). The bottom row shows X™ at times
t, =0,1,...,10, and XM for 3 = (0,—1,—1). In addition, we show XM for the length
preserving flow.
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Figure 12: (d = 3) Triple junction evolutions with Young’s law. The plots show X™ at
times t,, =0, 1, ..., 10, and XM,

JIX =& | eoc

30 | 1.2651e-02 —

60 | 2.7189¢e-03 | 2.218156
120 | 6.2105e-04 | 2.130242
240 | 1.4853¢-04 | 2.063955
480 | 3.6611e-05 | 2.020405
960 | 9.1765e-06 | 1.996261

Table 1: Absolute errors for the test problem with estimated order of convergence.

where g(p) = mp + 0.1 sin (7 p) in order to make the initial distribution of nodes non-
uniform. We use the true solution (6.2) for a convergence test for our finite element
approximation. Here we compute the error || X — Z| e := maxm—1_as || X™ — Z(-, tm) || 1o,
where ||)2m — 2+, tm) || = Max;—1 3 MaxX;j_1_, 7, Mil,ye[ 1] |)Z'Zm(q;) — Zi(p,tm)|, between
X and the true solution # on the interval [0, 7). The numbers in Table 1, where we report
on the errors for 7' =1 and 7 = 0.5 h?, indicate a convergence rate for the error of O(h?).

Two examples for the elastic flow of quadruple junctions with Young’s law are shown
in Figure 13. In each case, the network assumes the shape of two circles that intersect
perpendicularly. Neither of the two solutions is a numerical steady state.

6.3 Nonlinear C? splines

First we compute examples for a closed nonlinear spline, with N = 2. Using the same
initial data as in Figure 3, i.e. two unit semicircles, we compute several nonlinear spline
examples with varying values of 7. For the results in Figure 14, we choose 72, = —77,,
so that the curves try to attain a banana kind of shape. Recall from Remark 2.8 that in
this case the approximated curves are only of type C* at the junctions. We set T' = 1000
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Figure 13: (d = 2) Quadruple junction solutions XM with Young’s law.
Here 32 = (0,0,0,0) and 32 = (-1, 1,1, 1).
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Figure 14: (d = 2) Nonlinear C* spline solutions X for 3z = (3,—1), (1,-1), (2,-2).

Y

for the experiment with 3¢ = (i, —i), and T" = 10 otherwise, so that in each case the

displayed final solution is a numerical steady state. A computation for a closed spline
with N = 3 is shown in Figure 15. Here 3¢ = (—2,2,2), while the initial setup is given as
a unit semicircle and two unit quartercircles.

The remainder of the computations presented in this subsection are for the scheme
(4.7a,b), i.e. we compute open nonlinear C? splines with clamped boundary conditions at
the two endpoints. Throughout we set (s = —Cy = (1,0,...,0)” € R In each case the
initial curve I'? is given by straight line segments that connect the given spline node points
{a@;}Y,. As before, the spline node points {@;}x,, are clearly visible as red dots in our
graphical plots. The two computations in Figure 16 have N = 2 and N = 3, respectively.
The former shows a steady state solution, while the latter curve would continue to expand
in order to decrease the elastic energy further. For the second experiment we chose the
smaller time step size 7 = 107%. A first result for N = 3 and d = 3 is shown on the left of
Figure 17, where the shown solution is once again not a steady state, since the curve can
lower its elastic energy by expanding further. If two further spline node points are added,
then we obtain the shape on the right of Figure 17. This is now a numerical steady state
solution. For both experiments in Figure 17 we set 7 = 10~%. Finally, we present results
for d =2 with N =7 and N =9, and for d = 3 with N = 10. The solutions shown in
Figures 18 and 19 are all numerical steady states.
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Figure 15: (d = 2) Nonlinear C" spline solution X . Here 3z = (=2, 2, 2).

Figure 16: (d = 2) Nonlinear C?2 spline solutions X
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Figure 17: (d = 3) Nonlinear C? spline solutions X
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Figure 19: (d = 3) Nonlinear C? spline solution XM from three different viewpoints.
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