STABLE DISCRETIZATIONS OF ELASTIC FLOW
IN RIEMANNIAN MANIFOLDS
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Abstract. The elastic flow, which is the L?-gradient flow of the elastic energy, has several
applications in geometry and elasticity theory. We present stable discretizations for the elastic flow
in two-dimensional Riemannian manifolds that are conformally flat, i.e. conformally equivalent to
the Euclidean space. Examples include the hyperbolic plane, the hyperbolic disk, the elliptic plane
as well as any conformal parameterization of a two-dimensional manifold in R%, d > 3. Numerical
results show the robustness of the method, as well as quadratic convergence with respect to the space
discretization.
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1. Introduction. Elastic flow of curves in a two- dimensional Riemannian man-
ifold (M, g) is given as the L2-gradient flow of the elastic energy 5 f , where s, is
the geodesic curvature. It has been shown, see [6] for the general case and [11] for the
hyperbolic plane, that the gradient flow of the elastic energy is given as

(1.1) V :—(%g)sgsg—%%S—Sozg,

where V; is the normal velocity of the curve with respect to the metric g, s, = g~ 3 Os,
s denotmg arclength, and Sp 1s the sect1onal curvature of g. The evolution law (1.1)
decreases the curvature energy 5 f %g, and long term limits are expected to be critical
points of this energy. These critical points are called free elasticae, see [16], and are of
interest in geometry and mechanics. In particular, let us mention that a curve is an
absolute minimizer if and only if it is a geodesic. Recently the flow (1.1) was studied
n [11, 12], for the case of the hyperbolic plane, relying on earlier results in [14] for
a flat background metric. The hyperbolic plane is a particular case of a manifold
with non-positive sectional curvature, which is of particular interest as the set of free
elasticae is much richer, see [16].

In this paper, we allow for a general conformally flat metric. Examples include
the hyperbolic plane, the hyperbolic disk, the elliptic plane, as well as any conformal
parameterization of a two-dimensional manifold in R?, d > 3. For parameterized
hypersurfaces in R3, earlier authors, see e.g. [9, 17, 18, 2, 4], used the surrounding
space in their numerical approximations, which leads to errors in directions normal to
the hypersurface. This will be avoided by the intrinsic approach used in this paper. In
particular, our numerical method leads to approximate solutions which remain on the
hypersurface after application of the parameterization map. In addition, in this paper
we will present a first numerical analysis for elastic flow in manifolds not embedded
in R3. This in particular makes it possible to compute elastic flow of curves in the
hyperbolic plane in a stable way.

For finite element approximations of (1.1) introduced in [6] it does not appear
possible to prove a stability result. It is the aim of this paper to introduce novel
approximations for (1.1) that can be shown to be stable. In particular, we will show
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that the semidiscrete continuous-in-time approximations admit a gradient flow struc-
ture. For relevant literature on conformal metrics we refer to [19, 15]. Curvature
driven flows in hyperbolic spaces have been studied by [10, 1, 11, 12, 6], and related
numerical approximations of elastic flow of curves can be found in [14, 13, 5, 8] for
the Euclidean case, and in [9, 17, 18, 2, 4] for the case of curves on hypersurfaces in
R3.

The outline of this paper is as follows. After formulating the problem in detail
in the next section, we will derive in Section 3 weak formulations which will be the
basis for our finite element approximation. In Section 4 we introduce continuous-in-
time, discrete-in-space discretizations which are based on the weak formulations. For
these semidiscrete formulations a stability result will be shown, which is the main
contribution of this work. In Section 5 we then formulate fully discrete variants for
which we show existence and uniqueness. In Section 6 we present several numerical
computations which show convergence rates as well as the robustness of the approach.
Finally, in the appendix we show the consistency of the weak formulations presented
in Section 3.

2. Mathematical formulations. Let I = R/Z be the periodic interval [0, 1].
Let # : I — R? be a parameterization of a closed curve I' C R%2. On assuming that
|Z,] > 0 on I, we introduce the arclength s of the curve, i.e. 95 = |Z,| ! 9,, and set

(2.1) F=%, and U=-7,

where -+ denotes a clockwise rotation by 5. For the curvature s of I'(t) it holds that

1 [z
(2.2) %ﬁ_ﬁ_;s_fSS_T[@] ,
|Zp| L12] p

Let H C R? be an open set with metric tensor
(2.3) (7,0),)(3) = g(5) 7.5 V@@ eR®  for 7€ H,

where . W = 9T 0 is the standard Euclidean inner product, and where g : H — R

is a smooth positive weight function. The length induced by (2.3) is defined as
(2.4) 1716](2) = (1@ 0),)())? =g* () [7] VGER®  forFeH.

For A € R, we define the generalized elastic energy as

(2.5) Wor(@) =4 [ G2 +22)1)s dp.
where
(2.6) 9= g 2 (&) [ = 7.V Ing(@)]

is the curvature of the curve with respect to the metric g, see [6] for details. General-
ized elastic flow is defined as the L?-gradient flow of (2.5), and it was established in
[6] that a strong formulation is given by

(2.7) Vy = g2 () &y . T = —(54)s,5, — & 55 — 80305 + A3y,
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where J5, = g*% (Z) 95 and
B Alng
29
is the sectional curvature of g. We refer to [6] for further details.

The two weak formulations of (2.7), for A = 0, introduced in [6] are based on the
equivalent equation

(2.8) So =

RERVHGTEN

The first uses s as a variable, while the second uses s, as a variable.
(U): Let F(0) € [H'(I)]>. For t € (0,T] find F(t) € [H*(I)]* and »(t) € H'(I) such
that

Jo@aoxiglan= [ 64@ (7@ b= 7.V mg(@]) x, 1207 do

RN 5 1 7, 1, 1, ﬂ
o) 7.7 = (g[—]> 10} @ 5 - g1 @) 503 2y
p

1= N 13 N
3 [ 971 @) [ —37.V Ing(®)]" x|7,| dp

—

(2.9a)
— [ $0ld) e 5.5 Wg@] Il dp Ve D),

(2.9b)
| #raldd ot [ i) g dp=0 Ve D,

(W): Let Z(0) € [H'(1)]?. For t € (0,T] find #(t) € [H*(1)]* and 5¢,(t) € H'(I) such
that

/Ig(f)ft.ﬁxlfpl dp:/lg‘%(f) 210 Xp 1T, ™ dp — 5 /Ig%(f) w5 X |T,| dp
(2.10a)

- [ Suld) g4 @) s 1) dp ¥ xe D).
(2.10b)

s FE T N R/ L3 B .
/Ig(x)%gV-nlxpldp+/I{ng(x)-nﬂLg‘Z(x) |;» |2p] [Z,[ dp=0 Vije[H'(I).
P

For the numerical approximations based on (/) and (W) it does not appear possible
to prove stability results that show that discrete analogues of (2.5), for A = 0, decrease
monotonically in time. Based on the techniques in [5], it is possible to introduce al-
ternative weak formulations, for which semidiscrete continuous-in-time finite element
approximations admit such a stability result.

We end this section with some example metrics that are of particular interest in
differential geometry. Two families of metrics are given by

(2.11a) g(2)=(2.8)7%", peR, with H=H?={Z€cR?:7.& >0},
and

4 Dy ={ZeR2:|Z|<a"2} a>0,

(2.11b) g¢(2) = A—aZP2’ with  H = {RZ‘ a<0.
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The case (2.11a) with 1 = 1 models the hyperbolic plane, while 1 = 0 corresponds to
the Euclidean case. The case (2.11b) with o = 1 gives a model for the hyperbolic disk,
while @ = —1 models the geometry of the elliptic plane. Of course, o = 0 collapses
to the Euclidean case.

Further metrics of interest are induced by conformal parameterizations d:H—
R?, d > 3, of the two-dimensional Riemannian manifold M C R?, i.e. M = §(H)
and |9z, ®(2)|? = |95, P(2)|? and 9z, ®(Z) . 8, B(Z) = 0 for all Z € H. Here examples
include the Mercator projection of the unit sphere without the north and the south
pole, (%) = cosh™ (2. &,) (cos(Z. &),sin(Z. &),sinh(Z. €))7, so that

(2.11c) g(%) = cosh™?(z.&,), with H=R?,
as well as the catenoid parameterization ®(Z) = (cosh(Z. &) cos(Z. &), cosh(Z.&})
sin(7. €3),7.¢€1)T, so that

(2.11d) g(%) = cosh?(z.é), with H =R?.

Based on [20, p. 593] we also recall the following conformal parameterization of a torus
with large radius R > 1 and small radius r = 1 from [6]. In particular, we let s = [R%—
1]z and define ®(2) = s ([s2 + 1]2 — cos(Z. &))" (s cos 28 g sin 28 sin(Z. é))7,
so that

(2.11e) g(2) =52 ([s2 + 1]7 —cos(Z.&)) "2, with H =R2.

3. Weak formulations. We define the first variation of a quantity depending
in a differentiable way on Z, in the direction Y as

(31) (2 )] (0 = iy ATHED =A@,

e—0 3
and observe that, for Z sufficiently smooth,

(3.2) [5% A(g?)] (Z)) = % A(T).

For later use, on noting (3.1), (2.1) and (2.4), we observe that

B [ L @] 0 =80 @R V@ = 5@ T mal@) voER,

330) |59 ng(d)]| (D) = (0 n g(@) ¥.

5o 2.7
3.3 Dzl =teXe _ 2 0 =7 )7
B30 |5l 0= T =75, =70,
P L
(3'3‘1) 5_f|$p|g (X):( . 5+§x.V1ng(x)) |xp|g=
L 0 T . X, 7, T .)Zp . L
22w = —ﬁ’} () = Ko o T Xo o ap g
[533 ] 0x |33p| |$p| |33p|2 |$p|
(3.3¢) — (X..7) 7,
1)
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ijd-
p

ST ()?) = _)_(»é_ = _Yi |fP|7

)
3.3 — Uz X) = —
where we always assume that ) is sufficiently smooth so that all the quantities are

defined almost everywhere. E.g. ¥ € [L>°(I)]? for (3.3a), (3.3b), and ¥ € [W1°°(I)]?
for (3.3¢)—(3.3g). In addition, on recalling (2.1), we have for all @, b € R? that

(3.4a) a@.bt=—a'.b,
(3.4b) at=(at.?) 7+ @t .v)v=(a-.vHF-(at.THr=(@.v)7—(a.n.
Let (-,-) denote the L*-inner product on I. In the following we will discuss the

L?—gradient flow of the energy
(3.5)

- - 1, . Ny 2 1 o
Wor(@) = (352 + A |lg) = (5973 @) (= 3 7.V Ing(@)” + A g* (@), 15,]) .
treating either ¢ or s, formally as an independent variable that has to satisfy the
side constraint (2.9b), or (2.10b), respectively. For the weak formulations of the L?-
gradient flow obtained in this way, it can be shown that they are consistent with the
strong formulation (2.7), see the appendix. Moreover, we will formally establish that
solutions to these weak formulations are indeed solutions to the L?-gradient flow of

(3.5). Mimicking these stability proofs on the discrete level will yield the main results
of this paper.

3.1. Based on . We define the Lagrangian
L@ 5,5) = 4 (973@) (¢ = 17.V Ing(@)" + 2294 (@),17,)
(3.6) — (0 G12]) = (%, 55 |7,))
which is obtained on combining (3.5) and the side constraint
(3.7) (" T, 77| pl) + (s, 70 |T,)) = 0 V77 € [H'(I)]?,

recall (2.9b) and (2.1). Taking variations 77 € [H*(I)]? in ¢/, and setting {5% E} () =0
we obtain (3.7). Combining (3.7) and (2.9b) yields, on recalling (2.1), that s* = s,

and we are going to use this identity from now. Taking variations x € L?(I) in s*
and setting [52+ £] (x) = 0 leads to

(3.8) (g*%(f) (36— L7.V Ing(@) — 7.7, x |fp|) =0 Ve LX),

which implies that

1

(3.9) §.7=g 3(@) (% - 17.Ving(d) <= »=g*@F.7+17.VIng(@.

Taking variations ¥ € [H'(I)]> in #, and then setting (Vy, g2 (&) X.7|T,],) =
(92 (B) T .7, X.7|Z,]) = — [ £] (X), where we have noted (2.7) and (2.4), yields,

on recalling (2.1), that

L

(s @3 7% 712,1) = =4 (= 47,V mgl@) | 2072 @) 15| (D)

8

=

3 (0750 (e 57,9 gl@) | 7. @] (012,
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(%y, 71l 0) + (i | 727 0) =2 (1| ot @ 121 @)

for all ¥ € [H(I)]2. On choosing ¥ = 7 in (3.10) we obtain, on noting (3.2), that

(92 @ @92 170) = =4 (= 3 7.V @)’ [g3 @) 13,] )
+ % (g_%(x) (%— s0.Ving(Z )) 7.V 1In g(Z)], |fp|)
+ (g [Z1Z0),) + (50 7) — A (1, [g%(f) |fp|]t) .

Differentiating (3.7) with respect to time, and then choosing 77 = ¢ yields, on
recalling that s»* = s, that

(3.12) (e, G- 7|Zp]) + (e 4, (F|Zp])e) + (72, 5) = 0.

Combining (3.11), (3.12) and (3.9) gives, on noting (3.5), that

(3.10

(3.11)

(3.13) = S Wa@.

The above yields the gradient flow property of the new weak formulation, on noting
from (2.7) and (2.4) that the left hand side of (3.13) can be equivalently written as

(Ve [Zolg)-
In order to derive a suitable weak formulation, we now return to (3.10). Combin-
ing (3.10), (3.3) and (3.4a) yields that

(3.14)
+ (g N |T) Y X e [HN D).
Overall we obtain the following weak formulation.
(P): Let #(0) € [H'(I)]. For t € (0,T) find Z(t), 3(t) € [H*(1)]* and 3 € L?(I) such
that (3.14), (3.8) and

(3.15) (e 7, 7| Tp]) + (T, s [Fpl) = 0 V7 € [HN(I)]?

hold. We remark that in the Euclidean case (3.8) collapses to » = ¥.7, and so
on eliminating s from (3.14) and (3.15), and on noting (3.4b), we obtain that the
formulation (P) collapses to [5, (2.4a,b)] for the Euclidean elastic flow.
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3.2. Based on ;. We recall that (P) was inspired by the formulation (i),
which is based on s acting as a variable. In order to derive an alternative formulation,
we now start from (W), where the curvature s, is a variable.

We begin by equivalently rewriting the side constraint (2.10b) as
(3.16)

1, [ S o o N\ o= -
(94 @) 520 27111y ) + (s 1Tola) + 5 (V In g(@),717,1,) =0 ¥ 7€ [H (D],

1

where we have noted (2.1), (2.4) and 1 V Ing(Z) = g~ 2 (&) V g2 (&). Combining (2.5)
and (3.16) leads to the Lagrangian

= N * = 1= YT T T T
Eg(l“v %;vyg) = % ((%g)2 +2A, |$p|g) - (92 (7) %; Vs Yg |33P|g) — (s, (yg)s |33p|g)
(3.17) - % (V In g(2), ¥y |Zplg) -

—

Taking variations 77 € [H(I)]? in 7,, and setting [% Eg] (77) = 0 we obtain
(3.18)
Lo xm o S Lo - "
(92 () %_; v,n |33p|g) + (Zs, 75 |33p|g) + % (V In g(%),7 |Ip|g) =0 Ve [Hl(I)]2 .

Combining (3.18) and (3.16) yields that s, = x4, and we are going to use this identity
from now. Taking variations x € L?(I) in s, and setting [% Eg] (x) = 0 yields that
g

D=

(3.19) (20— 9* @ a7 x17,1s) =0 ¥ x € LA(D),

which implies that
(3.20) g = g7 (B) i, V.
Taking variations ¥ € [HY(I)]? in Z and then setting (V,, g2 X.7|Z,|,) =

(9(Z) Ty . U, X.V|Zplg) = — [ Lg] (X), where we have noted (2.7), yields, on recalling
(2.1) and (2.4), that

N oo o (- "
(@37 X. 7N = =3 (2 [ 1] (0)
I I TS " L 0 1|
+ | %9 Yg: 5_592($)V|xp|9 (X)) + { Wg)ps 5_592(95)7 (X)

L6 . " "
(3:21) 3 (0 |55 (T ma@ 5| @) e
Choosing ¥ = #; in (3.21), and noting (3.2), yields that

(g(f) (T . ﬁ)zv |fp|g) = _% ((%9)2 +2A, (|fp|g)t) + (%9 Yg» (9%(5) ’7|fp|g)t)

(322)  + (@os (F@ 7)) + 3 s (7 10 9(@) |7l,)e)

On differentiating (3.16) with respect to time, and then choosing 7 = ¥,, we
obtain, on recalling (2.1) and (2.4), that

N U P RN
((%g)t Yg,97 (55)’/|xp|g> + (%g Yg> (92(55)”|xp|g)t)
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— 1.\ o
(3.23) + ()0 (9* @ )0) + 5 (s (V 10 g(@)) [7,y)e) = 0.
Choosing x = (s74)¢ in (3.19), and combining with (3.22) and (3.23), yields, on recall-
ing (3.5), that

(3.21) (908 (792, |2, ) = — 5 War (@),

which once again reveals the gradient flow structure, on noting from (2.7) that the
left hand side of (3.24) can be equivalently written as (V2, |Z,|,).

In order to derive a suitable weak formulation, we now return to (3.21). Substi-
tuting (3.3) into (3.21) yields, on noting (2.4), that

(9(2) T .U, X . V|Z,lg)

(3.25)
Lo = ol = Sy oo oo "
— (93 @) 79 G0 X2 Bola ) + (G)s - 7. Xs P1Tnly) VX € [HNDP
Then, on recalling (3.4a), we obtain the following weak formulation.
(Q): Let #(0) € [H'(I)]?. For t € (0,T] find Z(t), y,(t) € [H*(1)]* and 5, (t) € L*(I)
such that
(9(2) 7.V, X V[T, g)
= =3 (g +2A =4, V In g(), [
+5 ((D* In g(2)) g, X |Tplg) +
(3.26)
1 S ol s 2N oo e o
+ (92 Hg, Xs -y; |$p|g) + ((g)s -V, Xs -V |Zplg) VX E [Hl(l)]Q )
(3.19) and (3.16) hold. We remark that in the Euclidean case (3.19) collapses to
7y = Y, .7, and so on eliminating s, from (3.26) and (3.16), and on noting (3.4b),

we obtain that the formulation (Q) collapses to [5, (2.4a,b)] for the Euclidean elastic
flow.

(7)s 7% (V 10 g(8)17,,)

4. Semidiscrete finite element approximations. Let [0,1] = U‘jjzllj, J >3,
be a decomposition of [0,1] into intervals given by the nodes ¢;, I; = [¢;—1, ¢g;]. For
simplicity, and without loss of generality, we assume that the subintervals form an
equipartitioning of [0, 1], i.e. that

(4.1) ¢j=jh, with h=J"", j=0,...,J.
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Clearly, as I = R/Z we identify 0 = g9 = ¢; = 1.
The necessary finite element spaces are defined as follows:

Vh={xeC():x|;, islinearVj=1—J} and V"=[V"?.

Let {x; JJ:1 denote the standard basis of V", and let 7" : C(I) — V" be the standard
interpolation operator at the nodes {g; }3]:1. We require also the local interpolation
operator w;? =gl I, j=1,...,J.

We define the mass lumped L2-inner product (u,v)", for two piecewise continuous
functions, with possible jumps at the nodes {g; }'jjzl, via

J

J
(42)  (uo)' = Z/l ' [uvldp = £ hy [(wo)(g;) + (wo)(g) )],
=

j=1
where we define u(q]i) = }i\r‘% u(gj & §). The interpolation operators 7", 71';? and the

definition (4.2) naturally extend to vector valued functions.
Let (Xh(t))te[O)T], with X"(t) € V", be an approximation to (Z(t))+ef0,1)- Then,
similarly to (2.1), we set
L, Xk
(4.3) =X =2 and "= (7)1,
R

For later use, we let @" € V" be the mass-lumped L2-projection of 7" onto V", i.e.
Sho= k)" Sh = 2h nien)" - h
(a9 (@@IX) = (" e1%) = (M eIX) veer”.

On noting (3.1), (4.3) and (2.4), we have the following discrete analogues of (3.3)
forall Y e V" and for j =1,...,J

0 sy oy g Bl hy o Zh
5 O] (0 = 80P (R V(X
(4.5a) =B8¢°(X")X.VIng(X") onl;, VBeR,

(450) |29 g(X)] (0 = (D* I g(¥) ¥ on 1y,

(4.5¢) 0 |Xh|_(*)=‘@'#”=fh Vo= 7" X | X" on I
) sxh P X |al,}| - Xp “Xs |Ap i
) N o . N -
@) IR (0 = (P4 0V g (R0 K, on .
- ch > Choh oo
i <>z>=l : Xp]bz): G e Sl
oXh ] dXh |X,’}| |X,’}| |X,’}|2 |X;}
(4.5¢) =X =T (s . T") = (Xs . 7M)P" on I,
d 1, o . S ok o
(4.56) = 0= [ e =@ e,

|
(4.5¢) [ o |Xg|: X) = — {

SXh (Xh)L] (X) = —Xy = —Xs IX}| onlI;.
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4.1. Based on x". In the following we will discuss the L?-gradient flow of the

energy
(4.6)
@h ? "
S 1o 1o -
W;A(Xh,mh)=%<g 3 (X7 (m—%m v1ng<Xh>) +2A92<Xh>,|X£|> :
subject to the side constraint
(4.7) (s 7 71%2) "+ (K278 =0 Ve v”.

On recalling (4.4), we see that (4.6) and (4.7) are discrete analogues of (3.5) and
(2.9b), respectively. We define the Lagrangian

—h 2 h
LhXR RV = 1 (ﬁ(xh) ( ol Y 1ng<Xh>) +22g%(XM), |Xh|>

(4.8) - (nh o,y |X'};|)h - (Xh yh |Xh|) ,

which is the corresponding discrete analogue of (3.6).
{ s . h[a"
T

In addition to (4.5), we will require

SXh

I h
ations of (4.8). We establish this along the lines of [5, (3 2a,b)—(3.7)]. To this end, we
2) and (4.3), let Dy, D, : Vh—>Vh

IH (X) in order to compute vari-

introduce the following operators. On recalling (4.
be such that for any ¢ € [0, T]

(Dsn)(g;) =

X" (g5,t) — X" (gj—1, )| ma(g; ) + 1 X" (gj11.t) — X"(q5,1)| ms(q]))
| X1 (qj,t) — XM (gj—1.t)| + | XM(gj41,1) — X" (g;,1)]

(4.92) = — _ g+1) = l95-1) _ L j=1,...,J,

| X" (gj,t) — XM (gj—1, )] + [ X"(gj+1,1) — XP(g5, )]

(4.9b)

(Dsn)(gy) = (Dsm)la;) n(gj+1) —n(gj-1)

(D X2 () (g))] | X (gj41,t) — XP(gj—1, )|

where gj41 = ¢1. Here, we make the following natural assumption

j=1,...,J,

c") X"(gj,t) # X"(gjp1,t)  and  X(gj_1,t) # X" (gj11,1),
j=1,...,J, forallt € [0,7].

Hence (4.9) is well-defined. As usual, Dy, ﬁs - VP = V" are defined component-wise.
It follows from (4.4), (4.3) and (4.9a) that, for all g€ V",
(4.10)

Lo\ o\ . h . Lo\
(@ 81X01) = - (- @1%0) = - (XD-8) = - (0. XM @1%0)
Therefore, we have from (4.10), (C") and (4.9b) that

“h N
(4.11) " =—-(D, XMt and 7" {Iﬁ"l] —(Dy XMt
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Then it is a simple matter to compute, for any ¥ € v,

so that
(4.12)

§ @] o 0 & gh —»L_ Sh[(=h)=2 (( 2y ~h) (=hyL
LSX—WF w](x)——<[w(—~hDsX X)) =-=« {w| ((sz)-w)(w) }
Similarly to (4.10), we have for any 7 € V" that
L\ N
(4.13) (7.21%0) = (D.7.21%0)  v@er”,
Hence, it follows from (4.13), (4.9b) and (4.11) that

~

N h i h
(4.14) (18" 17, ¢1X0) = (Do @I1X0) Vi, gevh.

Therefore, combining (4.12) and (4.14) yields for any @, ¥ € V" that

(-5 2| w |Xs|)h=—(|wh|-2¢, ((Bur). ") @)

5Xh &t
(4.15)

h
h=3 (% iy b o 2R\ e (BT S
:_(|wh| 3(<p'(wh)L)wh,X5 |X}}|) ——<|wh| 1@_ (W) ,W,XS |Xf’}| .

Taking variations x € V" in " and setting [5% L"] (x) = 0 leads to

—

h
(4.16) (g_%()zh) (ﬁh—%g—H.Vlng(Xh))—?h.ﬁh,x|)€g|> =0 VyxyeVvh,

which, on recalling (4.4), implies the discrete analogue of (3.9)
h[yh —h h Loghy [k " ch
v [Y .(3:|:7T [9_2()( )(/{ —%W.Vlng(X )>}

—h
(4.17) = k=gt [g%(xh)yh.wu “’—.vmg(xh)].

Taking variations 7 € V" in Y" and setting [ééh’ Eh} (77) = 0 we obtain (4.7). Setting

R -, \h -
(g%(Xh) XP.ooh . ah |X,’}|) = - [5;;;1, ﬁh} (X), for variations ¥ € V" in X" yields,

as a discrete analogue to (3.10),
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(1|55 IR <>z>)h
i1 <g;(xh> (,.;h ! |:_h| v mg()zh)) , [5% |:_h| Vin go?h>] () |)?£|>h
(4.18)
| @).

SXh

|

(=2
L

h
h ~xh — h
+<"””Y’Ls;zh” }oo) +<Yp,

Choosing ¥ = X/ in (4.18), where we observe a discrete variant of (3.2), yields that

(oF (X" (XP.aM2, 1X0)
~h 2 h
- —% ((mh — % % v lng(Xh)> ) [g %(Xh) |XZ}|L>
A (1, [g%()'(’h) |)Z'§|L)h
=h =h h
+1 (g3 (XM (nh -1 % \Y 1ng(Xh)) , {% .V In g(Xh)]t |Xg|>

(4.19)  + (Ii h, [1/
Differentiating (4.7) with respect to time, and then choosing 77 = yh yields that

- NG - = h -
(ki V" |X2) + (VR 1K)+ (7 T0) = 0.

(4.20)
Combining (4.19), (4.20) and (4.16) with x = s} gives, on noting (4.6), that
h 3 2 "
3, 2hy  Fh 2 | W > 1o 2hy 2
(o* (X" (Kr.@)%1X0) = -3 (( eV 1ng<Xh>> o |Xﬁl]t>
h

In order to derive a suitable approximation of (P), we now return to (4.18).
Combining (4.18), (4.5) and (4.15), on noting (3.4a), yields
NG - -

) = (VR R0)

h 2 "
v 1ng(Xh)} +2Xg2 (XM, s 7" IX,’J|>
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_ -h -2 h
+1 <g%(xh) Hh_%%.vmg(xh) —2Ag3(XM),X.(V In g(X")) |X§|>
1. h [ h (‘Uh h ‘Dh 2 h h "
+%<g-2<x> S ST g ()] S (0% (X >>x|Xp|)
—h Zh N1 -hn h

o e 1 @ sne | Vo g(X") @ & L an
—z g 2(X") |k" =5 == .V Ing(X") = =) X 1 X

2 < 2 |wh| | whl |wh| |wh| P

—

which is the discrete analogue of (3.14), on noting that 7+ = 7.
Hence we obtain the following approximation of (P).
(Pr)l: Let XM(0) € V. For ¢ € (0,T] find (X"(t), s"(t),Y"(t)) € V' x VI x V"
such that (4.22), (4.16) and (4.7) hold.
We note that in the Buclidean case it follows from (4.17) that x" = " [Y'P . &"],
and so on eliminating x", and on noting (4.4), the approximation (P},)" collapses to
the isotropic closed curve version of (3.36a,b), with 8 =0, in [5].

THEOREM 4.1. Let the assumption (C") be satisfied and let (X"(t), Yh(t)) € V" x
V", fort € (0,T), be a solution to (Py)". Then the solution satisfies the stability bound
(4.21).

Proof. The proof is given in (4.19), (4.20) and (4.21). O

REMARK 4.2. We note why we choose = I S in (4.6) as opposed to 7 or M. In the

a}h'
case of U, (4.17) and (4.18) still hold with ﬁ replaced by &" and 7", respectively.
However, then the elimination of k™ from the modified (4.18) via the modified (4.17)
now leads to a far more complicated version of (4.22). In the case of &", one needs

s o
7 1o
it is easier to compute the latter. Hence, the choice of Ig_hl in (4.6).

h

to compute {6)‘; Jih} as opposed to [ ] However, on noting (4.11) and (4.9),

REMARK 4.3. Due to (4.7), the approzimation (Py)" satisfies the equidistribution
property, i.e. any two neighbouring elements are either parallel or of the same length,
at every t > 0. For this property to hold, it is crucial to employ mass lumping in
(4.7). We refer to [3, Rem. 2.4] for more details.

4.2. Based on k. Let (-,-)° denote a discrete L?~inner product based on some
numerical quadrature rule In particular, for two piecewise continuous functions, with
possible jumps at the nodes {g;}7_,, we let (u,v)® = I°(uv), where
(4.23)

K
I°( Z wi floggi—1+(1—ax)g;), wi >0, ap€0,1], k=1,...,K,

HMu

with K > 2, ZkK wr = 1, and with distinct ax, &k = 1,..., K. A special case is
() = ( )", recall (4.2), but we also allow for more accurate quadrature rules.
We define the Lagrangian
- <& 1 . L . - <&
Lox" ki, V) = 5 (W02 +201X0,) = (o (X)) 7, VX0

) g?
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N N o o N . . o
(4.24) — (X2, 1X0,) = 5 (V m g(X0), 7 KD,

which is the corresponding discrete analogue of (3.17). Taking variations x € V" in

/@’; and setting [Mh Lh} (x) = 0 yields that

o o o o
(4.25) (/{Z —gB (XM Y |X§|g) =0 Vyevh.

Eh] (77) = 0 we obtain

h h
Taking variations 7 € V" in Y , and setting [ v Lo

o

1 o S L o - I o
(4.26) (g% (2% s 7, 71X01, ) "+ (K07 1X20) 4 (9 In (XM, 71%0,) " =0,

for all 7 € V", as a discrete analogue of (3.16). Taking variations ¥ € V" in X", and
then setting (¢(X") X . &h, ¢.a" |Xg|g)° [ Eh} (X), we obtain

5Xh
- N - o
(9" Xp .ot 33" X0,

5 o — M — 5 — ) — - ¢
e G A ) IR G Ve ST 1)

(4.27) )
(0 |2t @7 8 ) (7[5 (7 maE@ i) )
n (

for all ¥ € V". Choosing X = X
well as (2.4), yields that

4.27), and noting a discrete variant of (3.2), as

=5 (sl 20, (K1) + (sh T (g3 (X 7 X))
(4.28) + (5, (H R 79) 4 4 (V2 (9 1n g (X)) 1K)

On differentiating

(4.26) with respect to time, and then choosing 77 = th’ we
obtain, on recalling (4.3)

(2.4), that

Q
=
Q.

. 1o . . > . 1o . . o
(Gl Yt gt (XM 7" X021, ) + (W ¥ (g} (XM 7" X000

o> N N 5 o

(4.29) + (0 (g (XM 7))+ (Y (9 1 g(£9) 1X0],).) =0,

Choosing x = (k}); in (4.25), and combining with (4.28) and (4.29), yields that
L oh he d L\ ©

(4.30) (X" (X0 .2, 1%8,) + 4 (sl + 20, 1%8,) =0,

which reveals the discrete gradient flow structure. Also note that (4.28)—(4.30) are
the discrete analogues of (3.22)—(3.24).

In order to derive a suitable finite element approximation, we now return to (4.27).
Substituting (4.5) into (4.27) yields, on noting (4.3) and (2.4), that

— —

(a8 R0t . K01,) = (T | =2 (7 )| (01531,
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. 1o

%2, 0)

) ° ) °
hyh =h v h =\ | vh v h h v h —h | vh =

# (77 |5 o @I+ (a7 S 1R 0)
TR I R Fhy (Vh 5l )
(7| ot )+ (N [ 7] 0)

- - - - <&
(IQZ)Q —|—2)\—th.V In g(X"), [Th.xs + %X.V In g(Xh)} |Xf]}|g)

]

-1 <(/§Z)2 —|—2)\—}79h.v In g(X"), {th

1ol

N N o o
(02 m (X)) ¥, X IX0, )

1
2
1 - - = - . - R <
(g3 (XM b Vi7" 4+ % (T 7, (V In g(X1)) . ¥ £0,)
N N o o . . o

— (g%(Xh) HZ th,)d‘ |X;}|g> + ((th)s 77 |X;}|g> VeVl
Then (4.31), (4.25) and (4.26), on recalling (3.4a), give rise to the following approxi-
mation of (Q).

(Qn)°: Let X"(0) € V™. For t € (0,T] find (X"(t), sl (t), Y (t)) € V" x VI x V"
such that

N . ° o °
(g(Xh) Xth AL AL |Xh|g> — ((Yh)s 77 |X;}|g>

(4.25) and (4.26) hold.

THEOREM 4.4. Let |X7}| > 0 almost everywhere in I x (0,T). Let (Xh(t),ng(t),

?qh(t)) eV xVhx V" forte (0,T], be a solution to (Qp)°. Then the solution
satisfies the stability bound (4.30).

Proof. We have already shown that a solution to (Qp)° satisfies (4.28) and (4.29).
Hence choosing x = (k[); in (4.25), and combining with (4.28) and (4.29), yields (4.30)
as before. d

REMARK 4.5. We stress that unlike for (Py)", recall Remark 4.3, it is not possible
to prove an equidistribution property for (Qr)°, even if we employ mass lumping in
(4.26). 1t is for this reason that we also consider higher order quadrature rules. The
motivation behind considering (Qn)° as an alternative to (Py)" is twofold. Firstly,
from a variational point of view, it is more natural to work with s, as a variable, since
(2.5) is naturally defined in terms of sz,. Secondly, the techniques introduced for (Qp)°
will be exploited in [7] for stable approximations of Willmore flow for azisymmetric
hypersurfaces in R3.

5. Fully discrete finite element approximations. Let 0 =t; <t} < ... <
ty—1 <ty = T be a partitioning of [0, 7] into possibly variable time steps At,, =
tma1 —tm, m=0— M — 1. We set At = max,,—g_pr—1 At,,. For a given Xm e vh
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TABLE 1
Ezxpressions for terms that are relevant for the implementation of the presented finite element
approximations.

g V Ing(Z) D? Ing(%)
(2.11a) —21(F.Ep) 71 &y 20 (T.62) 728 ® 6,
— 2 — —
(2.11b) Tala et d+ e T 07
(2.11¢) —2 tanh(Z.€1) &1 —2 cosh™(7.6)) &1 ® &
(2.11d) 2 tanh(Z.€1) €} 2 cosh™3(7.¢y)e1 @ &
1 -
211 _9 sin(& . €2) — 2 1—[5241]2 cos(Z.é&) = ~
(2.11¢) [s241]2 —cos(Z . &) 2 ([5241]% —cos(Z. &))? 20 €2
v m)-L
we set V""" = — [T}’J' , as the discrete analogue to (2.1). We also let &™ € V" be the

natural fully discrete analogue of @" € V", recall (4.4). Given Xm e V", the fully
discrete approximations we propose in this section will always seek a parameteriza-
tion X™+1 ¢ V" at the new time level, together with a suitable approximation of
curvature.

For the metrics we consider in this paper, we summarize in Table 1 the quantities
that are necessary in order to implement the numerical schemes presented below.

5 1. Based on «™1!. We propose the following fully discrete approximation of

\_/

e V" x VM x V" Form =0,...,M — 1, we define x* =
.V

lng()zm)]}, and then find (Xmt1 gmtl ym+l) ¢

& |
m -m 1 —m h
w L w Zm .
1 — — h oM — h
(ga(Xm)YmH &, |X,T|) +3 (IWI V Ing(X™), 7.5 |X,T|)

(5.1b) + (X £l =0 viey!

and

(5.2) R {g%(Xm) ym+l gm 41 |§m| v 1ng()2'm)]
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Notice that (5.1b) was obtained on combining (5.2) with a fully discrete variant of
(4.7), and noting (4.4), in order to obtain a lower dimensional linear system to solve
for the unknowns X™*+! and Y™*! that is decoupled from (5.2). Moreover, (5.1a) is
a fully discrete approximation of (4.22), on noting the definition of x}".

We make the following mild assumption.
(20" Let |X;”| > 0 for almost all p € I, let dimspan{&™(¢;):j=1,...,J} =2,

and let @™ (q;) #0,5=1,...,J.

LEMMA 5.1. Let the assumption (A)" hold. Then there exists a unique solution
(XA gt Yymtly ¢ Vh s Vi VR g0 (P,

Proof. As (5.1) is linear, existence follows from uniqueness. To investigate the
latter, we consider the system: Find (X,Y) € V" x V" such that

- - - h ﬂ -
(5.3a) (g%(xm)xm+1 &™ X |X,T|) — At (Y;Z |X,T|) =0 Vvyevh,

- - - h = -
(5.3b) (P& ¥ .amq.am X)) + (R Xr) =0 vier.

Choosing ¥ = X in (5.3a) and 77 = Y in (5.3b), and combining, yields that
(5.4) ™X.g" =x"[Y.a" =0eVh.
As a consequence, it follows from choosing ¥ =Y in (5.3a) and 77 = X in (5.3b) that
X and Y are constant vectors. Combining (5.4) and the assumption ()" then yields
that X =Y =0 e V"

Hence we have shown the existence of a unique (X™*1 ym+1) ¢ V" x V" solving
(5.1), which via (5.2) yields existence and uniqueness of k™1 € V", 0

5.2. Based on m’g"“. We propose the following fully discrete approximation of
(Qn)°. B B B
(Qm)®: Let (XO,k0,Y?) € V" x VA x V" Form =0,...,M — 1, find (X™+!, g7+,
?qm"’l) € VP x VA x V" such that

5 N o o
+3 (D m g(X™) ¥, XX,
1 m\ .mym —m om -m = m v m ¢
- (gF (XM g T 77 4 L (F) 77X (9 I g (X)) |X7,)
(5.5a)
1. 3m m - m v m -
+(g2(X )R, K (V) | X7 |g) Vyevh,
(5.5b)

m 1/ vm\vm —m, v m ¢
(ng+1_g2(x YYmHt gm oy X |g) —0 VyeVh,
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(5.5¢)
=0 VijeVh.

Of course, in the case (-,-)° = (-,)", (5.5b) gives rise to x'tt = 7" [g2 (X™)
}_/Tqm“ .@™], on noting (4.4), and so "' can be eliminated from (5.5a) to give rise

to a coupled linear system involving only X Xm+1 and ?qm"’l, similarly to (5.1).
We make the following mild assumption.
(B)° Let |Xm| > 0 for almost all p € I, and let dim span Z° = 2, where

Z2° = {(92 (X™) 7, XX g ) X € Vh} CR%
LEMMA 5.2. Let the assumptions ()" and (B)° hold. Then there exists a unique
solution (X™H1 kmtL Ymtl)y e VP x VI x V™ to (Qm)°.
Proof. As (5.5) is linear, existence follows from uniqueness. To investigate the
latter, we consider the system: Find (X Kg, Y) e V" x VP x V" such that

(560) (9(X™) X .0 5. @™ 1X70,) = At (oo X 1K) =0 ¥ X eV,
(5.6b) ( g (X™)Y, .7 ,X|Xm|) =0 VyeVh,

(5.6¢) (

m\»—A

(X7 g 7, 71X300) 4+ (Ko 1X70],) =0 VeV,
Choosing ¥ = X in (5.6a), x = Kg in (5.6b) and 7 = }_"g in (5.6¢) yields that
N N N o - <o
(9(X™) (K. @™ 1%0,) + At ((50)%,1X5],) =0,

and so it follows from (4.23), recall K > 2, and the positivities of g(X™) and |)_(7)”|,
that

— — — < —
(57)  kg=0€V" and (g(xm)x 3™ |X;”|g) =0 vypeod.

As a consequence, it follows from choosing ¥ = Y, in (5.6a) and 7 = X in (5.6¢)
that X and Y are constant vectors. Combining (5.6b), £, = 0 and the assumption
(°B)° then ylelds that ¥, = 0 € V™. Moreover it follows from (5.7), (4.23), recall

K > 2, and X being a constant that X.gm=0¢eVh Combining this with the
assumption (A)" yields that X = 0 € Kh. Hence there exists a unique solution
(XmHL gmHl ymaly e Vi x Vi x VP to (Q)°. 0

6. Numerical results. Unless otherwise stated, in all our computations we set
A = 0. For the scheme (Q,,)° we either consider (Q,,)", recall (4.2), or (Q,,)*, where
(+,+)* denotes a quadrature that is exact for polynomials of degree up to five.

On recalling (4.21), for solutions of the scheme (P,,)" we define Wg’f‘)\“ =

LY+t gmy2 420,97 (X™) |X;”|)h as the natural discrete analogue of (3.5). Sim-
ilarly, on recalling (4.24), we define the discrete energy W;’f;l = 3 ((RPT1)2 + 22,
| X"[¢)° for solutions of the scheme (Q,)°.

We also consider the ratio
max;—1 s [X™(g;) = X™(q5-1)]

(6.1) o = -
minj—1 7 |X™(g;) — X™(q;j-1)|
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TABLE 2
Errors for the convergence test for (6.2) with (6.3) for a = —1, with r(0) = 1.5, over the time
interval [0, 1].

(Pm)" (Qm)" (Qm)*
hro | |0 = D%z~ | EOC | |0 = T*|[z= | EOC | || = I*|[1= | EOC
2.1544e-01 7.1380e-03 — 1.4510e-02 — 1.2582e-02 —

1.0792e-01 | 1.7446e-03 | 2.04 3.5351e-03 | 2.04 3.0547e-03 | 2.05
5.3988e-02 | 4.3377e-04 | 2.01 8.7838e-04 | 2.01 7.5835e-04 | 2.01
2.6997e-02 | 1.0829e-04 | 2.00 2.1926e-04 | 2.00 1.8926e-04 | 2.00
1.3499e-02 | 2.7064e-05 2.00 5.4795e-05 2.00 4.7295e-05 2.00

between the longest and shortest element of I'™, and are often interested in the
evolution of this ratio over time.

In order to define the initial data for the schemes (P,,)" and (Q,,)° we define,
given T'? = X°(T), the discrete curvature vector K° € V" such that

S0\ P = = h
(7.71%00) " + (X031 X2) =0 vijev”,

recall (2.2). Then we set k* = 7" {%] and, as a discrete analogue to (2.6), we let
=7h [g*%(fo) {/@0 -1 % .V In g()?%”. Finally, on recalling (4.17) and (4.25),

we set YO = 7 |50 ~2 k0 5] and Y0 = & [g*% (X0) 0|2 10 wO]

6.1. Elliptic plane: (2.11b) with o = —1. For the elliptic plane, we recall
the true solution

(6.2) Z(p,t) = a(t) € + r(t) [cos2mp ey +sin 27 p &) pel,
with
6.3)  a(t)=0 and %r‘*(t) = 11— a?rh8) (1 - 6ar2(t) + a2 (1)),

for « = —1, from Appendix A.2 in [6]. We use this true solution for a convergence
test. To this end, we start with the initial data

>0 ~ cos[2mq; + 0.1 sin(2 7 ;)]
(6:4) X7(g5) = a(0) & +r(0) (sin[27rq; +0.1 sin(27rq;)]> ’
recall (4.1), with 7(0) = 1.5 and a(0) = 0, for J € {32, 64, 128,256,512}. We compute
the error ||I' — || = maxy—1,. m maxj—i,..J ||)?m(qj) — a(tm) €| — r(tm)| over
the time interval [0, 1] between the true solution (6.2) and the discrete solutions for the
schemes (P,,)", (Q,,)" and (Q,,)*. We note that the circle is shrinking, and reaches
a radius r(T) = 1.148 at time T = 1. Here, and in the convergence experiments that
follow, we use the time step size At = 0.1 h%o, where hro is the maximal edge length
of T'°. The computed errors are reported in Table 2.

6.2. Hyperbolic disk: (2.11b) with a = 1. For the hyperbolic disk, we recall
the true solution (6.2), (6.3) for « = 1, from Appendix A.2 in [6]. Similarly to Table 2
we start with the initial data (6.4) with 7(0) = 0.1 and a(0) = 0. We compute the
error ||I' — T'"|| L~ over the time interval [0, 1] between the true solution (6.2) and the
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TABLE 3
Errors for the convergence test for (6.2) with (6.3) for oo = 1, with r(0) = 0.1, over the time
interval [0, 1].

(Pm)" (Qm)" (Qm)*
hro | |0 = D%z~ | EOC | |0 = T*|[z= | EOC | || = I*|[1= | EOC
2.1544e-01 1.8356e-03 — 1.8655e-03 — 2.3602e-03 —

1.0792e-01 | 4.5233e-04 | 2.03 4.5938e-04 | 2.03 5.8378e-04 | 2.02
5.3988e-02 | 1.1270e-04 | 2.01 1.1444e-04 | 2.01 1.4583e-04 | 2.00
2.6997e-02 | 2.8151e-05 2.00 2.8590e-05 2.00 3.6450e-05 2.00
1.3499e-02 | 7.0364e-06 | 2.00 7.1460e-06 | 2.00 9.1121e-06 | 2.00

TABLE 4
Errors for the convergence test for (6.2) with (6.5), with r(0) = 1, a(0) = 2, over the time
interval [0, 1].

(P )" (Qm)" (Qm)*
hro | [T =T"||p= | EOC | [T =T"||p~ | EOC | T = T"|.~ | EOC
2.1544c-01 | 1.2690e-01 | — | 7.5442e-02 | — | 4.3265¢-02 | —

1.0792e-01 | 3.1923e-02 2.00 1.9548e-02 1.95 1.0719e-02 2.02
5.3988e-02 | 7.9911e-03 2.00 4.9076e-03 2.00 2.6764e-03 2.00
2.6997e-02 | 1.9984e-03 2.00 1.2291e-03 2.00 6.6898e-04 2.00
1.3499e-02 | 4.9966e-04 2.00 3.0741e-04 2.00 1.6723e-04 2.00

discrete solutions for the schemes (P,,)", (Q)" and (Q,,)*. We note that the circle
is expanding, and reaches a radius r(7T') = 0.404 at time T' = 1. The computed errors
are reported in Table 3.

6.3. Hyperbolic plane: (2.11a) with x = 1. For the hyperbolic plane, we
recall the true solution (6.2) with

(6.5) a(t) = a(0) exp (—t+§ /Ot o?(u) du) and r(t) = o0

where o satisfies the ODE o’(t) = o(t) (1 — 1 0%(t)) (62(t) — 1), from Appendix A.1
in [6]. As initial data we use (6.4) with r(0) = 1 and a(0) = 2. We recall from
Appendix A.1 in [6] that the circle will raise and expand. In fact, at time T = 1
it holds that »(T) = 1.677 and a(T') = 2.411. The computed errors are reported in
Table 4, and they should be compared with the corresponding numbers in [6, Tab. 5].
We repeat the convergence test with the initial data (0) =1 and a(0) = 1.1, so that
the circle will now sink and shrink. In fact, at time 7" =1 it holds that r(T') = 0.645
and a(T) = 0.792. The computed errors are reported in Table 5, and they should
be compared with the corresponding numbers in [6, Tab. 4]. We observe that the
approximation (Q,,)" exhibits non-optimal convergence rates for this experiment.
We conjecture that this is caused by the closeness to the €;—axis, and the associated
singularity of g, compared to the experiments in Table 4. All the other experiments,
and all the other schemes, always show the expected quadratic convergence rate.

We recall that in Figures 10, 11 and 13 of [6], the authors show some curve
evolutions for elastic flow in the hyperbolic plane. Repeating these simulations, for
the same discretization parameters, for the newly introduced schemes (Py,)", (Qm )"
and (Q,,)* yields very similar curve evolutions. As expected, the main difference is
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TABLE 5
Errors for the convergence test for (6.2) with (6.5), with r(0) = 1, a(0) = 1.1, over the time
interval [0, 1].

(Pm)" (Qm)" (Qm)*
hro | |0 = D%z~ | EOC | |0 = T*|[z= | EOC | || = I*|[1= | EOC
2.1544e-01 2.9884e-03 — 5.3699e-02 — 1.1530e-02 —

1.0792e-01 | 9.7352e-04 | 1.62 1.6346e-02 1.72 2.9345e-03 | 1.98
5.3988e-02 | 2.6531e-04 | 1.88 5.3475e-03 1.61 7.3673e-04 | 2.00
2.6997e-02 | 6.7844e-05 1.97 | 2.5787e-03 1.05 1.8436e-04 | 2.00
1.3499e-02 | 1.7057e-05 1.99 5.8915e-04 | 2.13 | 4.6102e-05 | 2.00

Fi1G. 1. A plot of the ratio (6.1) for the schemes (Pm)h, (Qm)h and (Qm)*.

in the evolution of the ratio (6.1). As an example, we show the evolution of (6.1) for
the experiment in [6, Fig. 10] in Figure 1.

6.4. Geodesic elastic flow. We present two computations for geodesic elastic
flow on a Clifford torus. To this end, we employ the metric induced by (2.11e) with
5 = 1, so that the torus has radii r = 1 and R = 23. As initial data we choose
a circle in H with radius 3 and centre (0,2)7. For the simulation in Figure 2 we
use the scheme (P,,)" with the discretization parameters J = 256 and At = 1073.
The scheme (Q,,)" was not able to compute this evolution, due to a blow-up in the
tangential part of Y™+l Hence we only present a comparison with (Q,,)*, which
gives nearly identical results to (P,,)". However, the ratio (6.1) at time ¢ = 50 is 11.2
for (Q,)*, while it is only 1.1 for (P,,)". Repeating the experiment with A = 1 gives
the evolution shown in Figure 3. In the case A = 0, the flow reduces the elastic energy
and the absolute minimizer is given by geodesics which have geodesic curvature zero.
However, in Figure 2 the elastic energy does not settle down to zero, and the curves
instead seem to converge to a non-trivial critical point of the elastic energy. This is
in accordance with the analysis in [16], which showed that in cases of hypersurfaces
for which the Gaussian curvature is not non-negative at all points, the set of free
elasticae, i.e., the set of critical points, is much richer.

Appendix A. Consistency of weak formulations.

In this appendix we prove that solutions to (P) and (Q) indeed satisfy the strong
form (2.7). Throughout this appendix we suppress the dependence of g on Z.

For later use we note, on recalling (2.1), (2.2) and (2.8), that

A.la) Uy = — 37,
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A.1d) (Ing)es =7.(VIng)y+7.VIng=7.(D*In g)7+»x7.Ving,
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Fic. 2. (Pm)" Geodesic elastic flow on a Clifford torus. The solutions Xm at times t =
0,1,10,50. On the right we visualize $(X™) at times t = 0,50, for (2.11¢) with s = 1. Below a plot
of the discrete energy ng)j'l, as well as of the ratio (6.1) for (Pm)P and (Qm)*.

(Alle) (#.VIng)s=7.(Ving)s+v,.VIng=70.(D*Ing)7— »(n g)s,

977 (g)ss = 9 2 (97 (559)s,)s = 92 (5%9)s,s, T 9 2 (92)s (529)s,
(A.1f) =97 (329)sy5, + 5 (I0.9)s (329)s, »
(A.lg) —29S0(@)=Alng=0v.(D*Ing)v+7.(D*ng)7

A.1. (P). We note from (3.9), (2.6) and (A.la) that
(A2)  F.0=3,=g (@) [%—37.Ving@)] and F.7= (3)s + »7.7,

and so it follows from (3.14), (2.7), (2.4), (2.1) and (3.4b) that

1 - o= 1
(92 VgaX'V|$P|g> = _% (92 [%§+2)‘]7
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® @ 4w o s 1 15 = ®  ® @ 4 % 0 s 1 15w  m  w  ® 4 & s

Fia. 3. (Pm)h Generalized geodesic elastic flow, with A =1, on a Clifford torus. The solutions
Xm at times t = 0,1, 10, 30,50. On the right we visualize 5()2’”) at times t = 0,10, 50, for (2.11¢)
with s = 1. Below a plot of the discrete energy ng;l, as well as of the ratio (6.1) for (Pm)" and

(Qm)*

Combining (A.3), (2.2) and (2.4) yields that
51(X) =—3 (g% {%g +2X—2g2 %%g} 7"’,)’@)
[%g +2A—2g2 %%g} ﬁ,)’(’|fp|g>
(A.4) +1 (o7 [of e r2r—2970 5] | BRITL).

Combining (A.3) and (A.2), on noting (2.6), (A.1a), (A.1f) and (2.4), yields that

I

(SIS

[N N
X

(A.5) +
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Choosing ¥ = x 7, for y € H'(I), in (A.3), and noting (A.4), (A.5), (A.6) and
(A.7), we obtain for the right hand side of (A.3) the value

1 1

iSi(xF) =3 (g‘f [gf [%ﬁ +2X-2g72 %%gHS ,xlfplg)
x [(%9)59 - %97% (In g)s %g} » X |fp|g) + % (%3 =2X,(In g)s x |fp|g)
(g‘% 7y 7. (D% In g) 7, prlg)
=3 (9‘% (97)s [%3 +2XA—2g72 %%g} + [%ﬁ —2g72 %%gL,xlﬂ?plg)

+ (% [(%g)sg —1g7% (Ing), %g} + (37 = 3N (Ing)s, x prlg)
+3 (97 5 [(7.V 10 g)s + 5 (0 9)a], x|, )

((ln 9)s {%3 —g® %%g} + {%3 —2g72 %%g]s +2g2 %(%g)s,x|:fp|g)

(SIS

1 1 -
+ (9 2 g (72— 92 #4)s, X |$p|g)

N[

((lmg)S {%g—g ézxq—i—g 2%%q—%},x|xp| )

(20 () + 974 (= (et ) 32 (3205 + 505 32] = 32 ()00 X |7, )

(A.8)
=0,

as required, where we have recalled (A.1b) and (2.6).
Choosing ¥ = x 7, for x € H'(I), in (A.3), and noting (A.4), (A.5), (A.6) and
(A.7), we obtain

4
1 S
(92 Vg, X | %] ):Z _(%{%_34'2)‘_29 2%%9:|5X|$P|9)

+1 (222 (e gt %g)xlfplg) +3 (g-% 07 (D? In 9) 7, x|, )
= (=92 Ga)sye, T 92 Mot + 3973 [F.(D? In g) 7+ 7. (D In ) 7] 325, x|,y )
+%(%%g—29_5%2%94—9_%%g%ﬁ.Vlng+z§(%—g%zq),x|fp|g>
= = (93 [Ga)sys, + 558+ (So@) = N 5] X [Tl
+ (7 sty g% 30y — 2+ 17V I g] X[,y )
(A.9)
= = (92 [Ca0)sge, + 374+ (5@ =N ) X |5l,) ¥ x e H'(D),

where we have recalled (A.1d), (A.1g) and (2.6). Clearly, it follows from (A.9) that
(2.7) holds.

A.2. (Q). It follows from (3.26), (2.7), (3.20), (2.1), (2.4) and (3.4b) that

Lo, o oo S I
(g2Vg,x.l/|:Ep|g>z—%(%§+2)\—yg.V1ng,[T.x 1X.Vngl|Z,ly)
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+ % ((D2 In g) ggv)z|fp|g) + (%g + % (gg)s-?a (VIng) ->Z|fp|g) + (9 Mg 37;,?2/))
1,
+(g2(y) U, Xp -V )
=1 (g* [ +22=7,. VI g] 7%,) + & ((D* In 9) 7y, X |, ,)
(% 3%3—2/\—|—yg Vlng—l— ( )S.?},(Vlng).)ﬂfpb)

g
9740y, Xp) + (9 (Tg)s - Vs Xp -V )

=5 (o b~ 2240, Ving] 7.5,) + (o2 [@)s - 717 — 932 (3, 7) 7%, )
+ (3352 —2X+4, . VIng+2(,)s.7],(VIng).X|Zl,)
(A.10)
4
+%((D2 In g)gqvx’|fp|g) :ZTZ(Y) VXe [Hl(I)]Q-
=1

It follows from (2.6), (3.20) and (A.lc) that

Yg . VIng=(Yy . V)V.VIng+(yy;.7)7.Ving

(AdD) =g 25 2(se— g2 369) + 3y 7 (I0 g)s = 2972 32325 — 252 + 5y . 7 (In g),.
Combining (A.10), (A.11), (A.4), (2.2) and (2.4) yields that

Tl(f)z—%(%{% +2X—2g" 2%%(] .?(lng)s}?,fp)
=510+ (97 6 7 (ln 9). 7%, )
(A.12)

It follows from (3.20), (A.1a) and (A.1c) that

1, - 1, S 1 | L
gz(yg)s-V:[gzyg-V}S_yg-[QZVL:(%g)s_(yg-V)(gz)S‘ng%yg-T
1

_ 1 1 1 N — 1 - —
(A.13) = (59)s — 29977 (97)s + 97 %3y . T = (559)s — 5 (I g)s 565 + g7 7y . T

Combining (A.10) and (A.13), on noting (A.la), (A.1f) and (2.4), yields that

_1 1 - - —
g 2[2 (Fg)s - V1V — g 324 (g - )] wxlwplg)

+

s [[(G0)s - 717 = g% 2, (G- 7)] 7, X1, )
(20)ss = % (10 9)s ). + |5 7 (9% 32 = 93] | 7.1,

=
(
=
(% (5)s - 717 — g% 52, (i - )} 7 X [Tolg )
=
(
(

=
—

9

+

N=

_1 15, 5, 1 - oo
97 (g)sys, — 59 2 (In g)ss 36+ g 2 [yg-f(gz%—g%g)L,x-leplg)

x _(%g)sg - %9

2(%) = (974 [7- 7 gF 5~ 94)]
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(A.14)
Lo 1 N
+ (%yg T (e —9g2 29),X. T |3:p|g) .

It follows from (2.2) and (3.20) that

—

— — — — — — — — — — — _1
(A15)  (Ug)s - T=(Ug-T)s —Yg-Ts = (Yg-T)s — %Yy - V=Yg .T)s — g 2 234

Combining (A.10), (A.11), (A.15) and (2.6) yields that

Ts(X) =1 (352 —2X 44, .V In g+ 2(5y)s - 7 (V In g) . X|Z,4)

= % (%S —2A+ 7, -T(In g)s +2(Fy - T)s, (V In 9)-f|fp|g)

=102 22 47,.7(In g)s +2(§,. 7). [(7.VIn g) X. 7+ (7. V In g) ¥. 7] [7,],)
=1 (2 =20y 7 (0 )+ 2y P [200 — gF ) X7+ (). X 7] 12,

It follows from (3.20) that

(D*1n g)§y =Gy -7 (D? In g) 7+ i, . 7(D* In g) 7
g F(D*n g)7.

(A.17) 3 3, (D% In g) 7+,

Combining (A.10) and (A.17) yields that

. _1 LS, .
T4(x):%(g 2%9(D2 1ng)u+yg.T(D2 In g) 7, X

Tly)
= 3 (4725 (D I )P 45, 7 (D7 n ) 7, [(X-7) 7 + (X )71 15, ,)
(A18)  =Si(N)+ 35 (- F(D* I g) 7 [(X-9) 7+ (X.7) 7] |Zlg) -
Choosing ¥ = x 7, for x € H*(I), in (A.10), and noting (A.12), (A.14), (A.16),
(A.18) and (A.8), we obtain for the right hand side of (A.10) the value

4
ST A =Y SR + 5 (g7 (9h)s (W g) = (i 9)ess (- ) X [Tl
3 (25— g 50) + 3 9)u2 47 (D I 9) 7, (G- 7) x|,
% 55) — %D’.V lng} a(gq-;)X|fp|g) =0,

as required, where we have recalled (A.1b), (A.1d) and (2.6).
Choosing ¥ = x 7, for x € H*(I), in (A.10), and noting (A.12), (A.14), (A.16),
(A.18) and (A.9), we obtain

4
1 = -
(92 Vg, X |$p|g) = ZTz(X )
i=1

4
=SS )+ 3 (= ng)s — 297 [gF (e g% )| (G-I X7 )
=1
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+ 3 (0 g)s (e = g% 520) + (7. ¥ I g), + 3¢ (In g)s, (- 7) x|, )
(A19) =-— (9% [(%g)sgsg + %%3 + (So(Z) = A) %g} » X |fp|g> Vxe Hl(l)a

where we have recalled (A.1b) and (2.6). Clearly, it follows from (A.19) that (2.7)
holds.
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