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Abstract We prove optimal bounds for the discretization error of geodesic finite
elements for variational partial differential equations for functions that map into a
nonlinear space. For this, we first generalize the well-known Céa lemma to nonlinear
function spaces. In a second step, we prove optimal interpolation error estimates for
pointwise interpolation by geodesic finite elements of arbitrary order. These two results
are both of independent interest. Together they yield optimal a priori error estimates for
a large class of manifold-valued variational problems. We measure the discretization
error both intrinsically using an H'-type Finsler norm and with the H'-norm using
embeddings of the codomain in a linear space. To measure the regularity of the solution,
we propose a nonstandard smoothness descriptor for manifold-valued functions, which
bounds additional terms not captured by Sobolev norms. As an application, we obtain
optimal a priori error estimates for discretizations of smooth harmonic maps using
geodesic finite elements, yielding the first high-order scheme for this problem.

Keywords Geodesic finite elements - A priori error estimates - Harmonic maps -
High-order methods

Mathematics Subject Classification 65N15 - 65N30 - 53-XX

1 Introduction

This article investigates the numerical discretization of partial differential equations
(PDEs) in variational form for functions whose codomain is a nonlinear Riemannian
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manifold M. Such problems arise, for example, in Cosserat-type material models [44,
45,47,48,59,68], liquid crystal physics [2,32], and image processing [64,65]. Further,
we mention variational splines in manifolds [34], multi-body dynamics [35], and the
investigation of harmonic maps into manifolds [18]. In signal processing of manifold-
valued signals (see, e.g., [S1]), any generalization of a linear variational method leads
to a variational problem with values in a manifold.

The numerical approximation of solutions to such PDEs is difficult, because the
relevant function spaces do not possess a linear structure. Therefore, standard dis-
cretization methods such as finite elements cannot be used. Instead, various ad hoc
methods have been proposed in the literature to discretize individual PDEs with par-
ticular codomains M. For example, to compute harmonic maps into the unit sphere
S Bartels and Prohl [7,9] embedded 52 into R3 and used first-order Lagrangian finite
elements, constraining only the vertex values to be in S2. In [8], this method has been
generalized to compact subsurfaces of Euclidean space which excludes, for instance,
the important case of the projective space P2. This latter case has been treated in
[10]. Other references on the numerical computation of harmonic maps, less related
to the present paper, include [2,40]. In the literature on geometrically exact shells, the
direction of the shell surface normal is frequently expressed as a set of angles, and
the angles are discretized separately using finite elements [70]. For Cosserat continua
(with values in R? x SO(3)), an alternative approach, used by Miinch [43], Miinch
et al. [44,45], and Miiller [42], interpolates rotation vectors in s0(3) instead of in the
group of rotations SO(3). Finally, Simo et al. [60,61] did not interpolate rotations at
all. Rather, they kept the orientation at each quadrature point as a history variable and
updated it with linear interpolants of the corrections coming from a Newton method.

All these approaches have their shortcomings. Bartels and Prohl rely on an isometric
embedding with corresponding projection. This is only an esthetic problem for spaces
such as the unit spheres. However, for others such as the symmetric positive definite
matrices (used, for example, in [22,66]) or the projective space P2 (used to model
liquid crystals [ 10]), such a projection is not easily available. Also, it is unclear whether
their method can achieve higher than first-order convergence. The approach used by
Miinch and Miieller requires certain ad hoc reparametrizations to properly handle
large rotations [43, Sec.2.5]. Also, the dependence on a fixed tangent space of the
codomain breaks objectivity. For the approach by Simo and coworkers [61], Crisfield
and Jeleni¢ [15] showed that it introduces a spurious dependence of the solution on
the initial iterate and the parameters of the path-following mechanism.

With the notable exception of Bartels and Prohl and Bartels, who proved weak
convergence of their discrete solutions to weakly harmonic maps (see also Remark 7.3
below), no analytical investigations of any of the above discretization methods appear
in the literature. Hence, it is generally unknown whether these methods converge
and whether the nominal rate of the approximation spaces is actually achieved. For
the numerical approximation of explicitly given functions with values in a manifold,
several theoretical results have been achieved in the recent years [17,24,25,29,51,69,
71]. These methods are based on subdivision schemes, and it is unclear how they can
be used for solving PDEs.

Recently, geodesic finite elements (GFE) have been introduced for partial dif-
ferential equations with nonlinear codomains [54-56]. Based on the Karcher mean
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(or Riemannian center of mass), they form a natural generalization of Lagrangian
finite elements of arbitrary order to the case where the codomain M is a nonlinear Rie-
mannian manifold. Geodesic finite elements do not rely on an embedding of M into
a linear space and form a conforming discretization in the sense that geodesic finite
element functions are H!-functions [56, Thm.5.1]. Also, they are equivariant under
isometries of M. In mechanics, this leads to the desirable property that discretizations
of objective problems are again objective. Note that for interpolation of values on a
nonlinear manifold, the Karcher mean has already been used in [12,41,50].

In [54-56], numerical studies of the discretization error were performed. These
studies involved geodesic finite elements of order up to three for functions mapping
into the unit sphere SZ and the special orthogonal group SO(3). In all cases, optimal
convergence orders in the L2- and H!-norms were observed. However, no analytical
investigation of the discretization error was given at all. We make up for this with the
present article, providing a complete, intrinsic convergence theory for geodesic finite
elements for problems of variational type.

By “variational type,” we mean the following setting. For a domain ¢ R¢ and
M a Riemannian manifold, we look at minimization problems

u:Q—> M, u = arg min J(w), @))

weH

with J : H — R a nonlinear functional. The domain H of J is a set of functions
Q — M of H! smoothness, which we discuss in detail in Sect. 2 (see Definition 2.1
for a definition of H'!($2, M)). By construction, GFE functions are H' functions,
and the set V" of GFE functions for a given grid is a subset of H. We can therefore
formulate a discrete problem by restricting J to V. The discrete solution is

u = argmin J(w"), (2)
whevh

i.e., we minimize the original energy functional over a finite-dimensional subset (in
the sense that every element can be described by a finite list of real numbers) of the
original set H.

As in the linear case, assessing the error of this numerical procedure is done in
two steps. First, under an ellipticity assumption on the energy J, we show that u” is
a quasioptimal solution in the approximation space V", that is, the error between 1"
and u is comparable to the approximation power of the space V" (inspired by the
linear theory we call such a result a Céa lemma). As it turns out, such a result can be
proved easily in general metric spaces, using only certain convexity properties of the
energy along geodesics, see Theorem 3.1. However, for the crucial H'-type distance,
this convexity is difficult to verify in practice. We therefore also give a more elaborate
result (Theorem 3.3), which allows to bound the H' distance using variations of the
energy along geodesic homotopies. The results are independent of the construction of
geodesic finite elements and also cover other discretization methods.

Then, in a second step, the approximation power of the GFE spaces is assessed. In
Theorem 5.4, we find that, provided that the solution u has a certain smoothness, the
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best approximation error of u in V" decays like a power of the mesh size 1. ' We obtain
the same orders as in the corresponding linear cases. All our arguments are completely
intrinsic, and the dependence of the approximation quality on the geometry of M is
given via iterated covariant derivatives of the logarithm mapping of M.

Combining these two results yields optimal convergence orders for the discretiza-
tion error of geodesic finite element discretizations of general nonlinear elliptic vari-
ational problems (1) in Theorems 6.1 and 6.2. Compared with known results in the
linear setting, the only important additional restriction of our results is that we require
the solution u to lie in a Sobolev space that is embedded in the space of continu-
ous functions—a common minimal assumption for manifold-valued problems. As an
application, we give optimal a priori error estimates for GFE discretizations of har-
monic maps in Theorem 7.1 under certain assumptions of the sectional curvature of
M.

We would like to emphasize that the two aforementioned results, viz. the nonlinear
Céa lemmas and the interpolation error estimate, are highly interesting in their own
right. For instance, the Céa lemmas apply to approximation spaces other than GFE
spaces, for example, the interpolation method used in [42,43] or projection-based
approximation spaces as in [7,28]. The interpolation error estimates are also useful in
the general context of approximating manifold-valued functions (see, e.g., [4,51]).

A delicate issue is the proper choice of error measures in a nonlinear function space.
In the classical theory of a priori bounds in linear spaces, a Sobolev-type half-norm
|u| of the solution u bounds the error ||u — u”|. Since there is no subtraction defined
on the set H, we need to replace ||u — u"|| by a suitable distance metric in the function
space H. We present two such metrics in Sect. 2.2, which reduce to |lu — ul | g1 if M
is a linear space.

To generalize the term |u|, the covariant Sobolev half-norm is an obvious choice.
However, in our expression for the interpolation error, terms appear that cannot be
controlled by a Sobolev half-norm alone. In Sect. 2.4, we therefore introduce a slightly
stronger concept, which we call the smoothness descriptor. We show that it provides
information that is comparable to the actual Sobolev (half-)norms, but it does differ
from them even in linear spaces. The question of whether our bounds also hold for
covariant Sobolev norms is open.

We have structured the article as follows. In Chapter 2, we discuss the nonlinear
spaces made up by functions 2 — M of Sobolev smoothness. We propose two
distance notions and introduce the smoothness descriptor. In Chapter 3, we prove
different forms of a nonlinear Céa lemma. Only then geodesic finite elements are
introduced in Chapter 4. The second important part of the proof, the interpolation
error bound, is shown in Chapter 5. This allows us to state a priori bounds for the
discretization error for the discrete problem (2) in Chapter 6. Finally, in Chapter 7,
we apply our results to harmonic maps and some of their generalizations. Under some
regularity and curvature assumptions, we obtain optimal error bounds for discrete
harmonic maps of all approximation orders.

! Similar results are shown in previous work by [27] for univariate nonlinear interpolation functions and
the L™ norm, albeit with different methods.
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2 Nonlinear Function Spaces

Describing regularity of functions with a nonlinear codomain is a much less unified
field than the corresponding linear theory. We introduce the notions that will be used
in this article.

2.1 Sobolev Spaces

The content of this subsection follows the standard definition of manifold-valued
Sobolev spaces, see, for instance, [11,39,49]. Let Q C RY be open and bounded
with Lipscpitz boundary. On €2, we use canonical coordinates x', ..., x?. We use the

notation d¥ for the (weak) partial derivative of a d-variate function with respect to the
multi-index k = (k1, ..., ks) € Nd, ie.,

v P
T (axd)™ L (ax1)*

where we have written |£| = ki1 + --- + ky. For a function v : Q — R and an
integrability parameter p € [1, c0), we define the usual Sobolev half norms and
norms

k
0l :=/Z 0% (x)|” dx, lllf e, =D Iolh,,- 3)
Q Ikl=k =0

We denote by wk-P (2, RN) the set of measurable functions  — R for which this
quantity is finite componentwise. This set of functions forms a linear space. As an
extension, the space Wk’OO(Q, RN) is defined as the set of all measurable functions
Q — RN for which

lvllwkoo = Z sup |8kv(x)|dx
“—C»‘Sker

is finite. For a simpler notation, we will sometimes write H k@, RN) for wk2(Q2, RN).

Let now (M, g) be an n-dimensional Riemannian manifold with scalar product
(-, )¢ and induced distance dist : M x M — R™. The following definition of a
Sobolev space for functions with values in M is standard (see, e.g., [57]).

Definition 2.1 Leti : M — RY be an isometric embedding (which always exists by
[46]), k € Ny and p € NU {oo}. Define

whrQ, M) = {v e WEP(Q, RV : v(x) € i(M), a.e.}.

Again we will write H k (2, M) for W52(Q2, M). We shall also use the notation
C (2, M) to denote continuous functions from €2 to M.

FoC'T
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For nonlinear M, these spaces obviously do not form vector spaces. However, under
certain smoothness conditions, the manifold structure of M is inherited. The following
result is proved in [49].

Lemma 2.1 Ifk > d/p, the spaces W*P(Q, M) are Banach manifolds.

Unfortunately, this lemma excludes the important case of Wl'z(Q, M) withd > 2.
However, even when Wk-? (2, M) is not a manifold, we can still consider vector fields
that are attached to a general continuous M-valued function.

Definition 2.2 Letu € C(2, M). We say that W : Q — T M is a vector field along

uif W(x) € T,y)M for all x € Q. The set of all vector fields along u is denoted by
-1

u—"TM.

For each continuous u :  — M, the set u—! T M forms a linear space which we
now equip with two norms. The first is of L”-type.

Definition 2.3 Let u € C(2, M). For a vector field W € u1TM, and p € [1,00],
we set » )
|W|LP = / |W(x)|g(u(x))dx
Q

with the obvious modifications for p = oo

The second one is a W!-2-type norm, involving derivatives with respect to x. With
%, we denote the covariant partial derivative along u with respect to x*. In coordinates
on 2 and M, it reads

_aw' du' .
W = £ (0) T2 W),
where we sum over repeated indices and denote with Ff ; the Christoffel symbols
associated with the metric of M.

Definition 2.4 Letu € Wh4(Q2, M) with q > max(2, d) and assume that the coordi-
nate functions associated with the vector field W € u~'TM are in H' (€2, R). We set

dx. (4)
g(u(x))

d
2
|W|?11 = |W|iz +/ |VXW(x)}gdx = |W|i2 + E /‘—W(x)
Q a=I

Observe that by the smoothness assumption on u and the Sobolev embedding theorem
the H'-norm is indeed well defined by (4). For this norm, we can show the following
version of the Poincaré inequality.

Lemma 2.2 [Poincaré Inequality] Let u € W“9(Q, M) for ¢ > max(2,d), and
assume that W € u=\T M with W|3Q = 0. Then, we have

dx,
g(u(x))

W3, < cmmZ/‘—m )

with C1(R2) the Poincaré constant of the domain Q.

Fo C 'ﬂ
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Proof By the Poincaré inequality for f : x = [W(X)|gwx)) € R, we get

d df |2
W7, =/|W(x>|§(u(x))dx =l =2 |5 .
Q a=1 L
Using the Cauchy inequality for g, we may then calculate
d W(x), 2w D

’_f(x)‘ _ W) g@aWisaw) | D o ’

dx® IW ) g ) dx® g(u(x)
and the assertion follows. O

We will frequently work with functions whose W!9-norms are bounded by a fixed
constant K > 0. We therefore introduce for g € (d, co) the notation

1/q

dx <K}y,
g(v(x))

q
Lg lg 1 d
= QM) = 4(Q,M): —
Wit =W (R, M) veW (R, )aglﬁ’fd /‘dxav(x)
Q

)

with obvious modifications for ¢ = oo. The sets Wll(’q are a manifold-valued analog

of K-balls in Sobolev spaces. Note that functions in Wll(’q are necessarily continuous
for ¢ > max(2, d).

2.2 Distance Measures in Nonlinear Function Spaces

To quantify the error between a function u € W5?(Q, M) and an approximation
v of u in the same space, we need a distance measure on the nonlinear function
space wk.p (2, M). This subsection discusses different distance measures in manifold-
valued Sobolev spaces and their relation to each other. We suspect that these results
are not new but were unable to find a reference for them.

There are several ways to construct such a distance. The simplest one uses the
embedding i used in Definition 2.1 to define the space W7 (Q, M).

Definition 2.5 For all u, v € W*?(Q2, M) define

distenmp, i (4, V) 2= [1i ) — i )l (6)

Since i is an isometry, the definition yields a metric. Also, it equals the standard
Sobolev distance if M is a linear space.

This distance is convenient to evaluate and defined even for functions u, v of little
smoothness. However, esthetically, it is somewhat unpleasing, because it depends on
the embedding i. A purely intrinsic distance can be defined using minimizing paths.

EOE';W
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Definition 2.6 Let H be a set of functions 2 — M, and u, v € H. Suppose there
is at least one continuously differentiable path y from u to v in H. We denote by
y 1 Q2 x [0, 1] - M the push-forward of - along y, i.e., the vector field defined by

. d
y('xa t) = Ey(xv t) € TV(X,T)M-

For each y(¢) € H, let there be a norm |-| on the space of vector fields along y (¢)
and define

distg(u, v) := inf / ly(@)|gdt.

y path from u to v

For each norm |-|;, we obtain a corresponding distance.
Definition 2.7 For each u, v € C(2, M) and p € [1, co) define

I/p

1
distzp (u, v) 1= inf / (), pdt = / dist(u(x), v(x))? dx

y path from u to v
Q

and

distpeo (1, v) := inf / |Y ()| 100 dt = sup dist(u(x), v(x)).

y path from u to v xeQ

Finally, for each u, v € Wl"f(Q, M), g > max(2, d), define

distyy12 (u, v) == / 1y () 1 dit. (7
y path from utov

The minimizing curves with respect to dist;> are called geodesic homotopies. They
have the following useful property.

Remark 2.1 Let y : [0,1] — C(2, M) be a geodesic homotopy. Then, for each
x € 2, the curve y (x, -) is a geodesic on M.

Two functions that can be connected by a geodesic homotopy are called geodesically
homotopic.

Defining distance using minimizing paths is a very elegant way of defining a dis-
tance, but it can be difficult to work with. Inside our proofs, we will therefore frequently
use a third error measure. It has a lot less mathematical structure than the two distance
notions introduced above. However, we show below that it bounds both the embedded
and the path-induced distance from above.

For the definition, we need the exponential map exp(-, -) of M, as well as its inverse
log(-, -). For both maps, the first argument denotes the base point p € M. That is,
exp(p,-) : TyM — M andlog(p,-) :M DU — T, M.

Fo C 'ﬂ
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Definition 2.8 Letu, v € W4(Q, M) for g > max(2, d). Define the quantity

d 2
Dl’z(u,v)2:=/|log(u(x),v(x))léz,(u(x)) dx—l—z;/'d?a log(u(x), v(x)) dx.
*=lQ

o g(u(x))

®)

In the linear case, this definition coincides with the usual H! error. It is, however, not
a metric, since it is neither symmetric nor does it fulfill the triangle inequality.

The following lemma states that Dj >(u, v) provides an upper bound for ||i (u) —
()| gt foru,v e Wll(’q as defined in (5). In the following, we will write A < B to
say that a quantity A is bounded by a quantity B times a constant. If also the converse
estimate holds, we will sometimes write A ~ B.

Lemma 2.3 For u,v € Wll(’q with g > max(2,d) and M isometrically embedded
into Euclidean space, we have the estimate

i) —i@) g1 S Dr2(u, v),

with the implicit constant only depending on K, the embedding i, and the geometry
of M.

Proof For simplicity, we abuse notation and write i (#) = u, i(v) = v. Clearly, we
have

lu(x) —v(x)| < dist(u(x), v(x)) = |log(u(x), v(x))|g(u(x)) for almost all x € €2,

which takes care of the first term in the definition of || - || z1. For the term associated
with the derivative, we put v(x) = exp(u(x), log(u(x), v(x))) and compute, using the

notation 91 exp(p, w) = ipexp(p, w), dy exp(p, w) = % exp(p, w) that
d() 0 (()1(()()))d()
v(x) = 91 exp (u(x), log(u(x), v(x u(x
dx® 1ExXP & dx®
D

+ 2 exp (u(x), log(u(x), v(x)))

—— log(u(x). v(x)).

Then, since 91 exp(p, O)w = w forall p € M, w € T,M, we have

d
dx®

d u(x) = ar exp(u(x), 0) u(x).

dx®
Hence, we can write the difference %u(x) — %v(x) as a sum of the terms

d
dx®

I:= [81 exp(u(x), 0) — 3y exp (u(x), log(u(x), v(x)))] u(x)
EOE';W
@Springer Lﬁjog



1366 Found Comput Math (2015) 15:1357-1411

and
D
11 := 0 exp (u(x), log(u(x), v(x)))ﬁ log(u(x), v(x)).

The quantity II can be bounded in modulus by % log(u(x), v(x)), up to a constant.

By the Lipschitz continuity of d; exp in its second argument and the fact thatu € W ,l(’q
with ¢ > max(2, d) by assumption, we can use the Sobolev embedding theorem to
bound I up to a constant by |[log(u(x), v(x))| 1 for some r < 2d/(d —2) (ford = 1
we can put » = 00), which, again by the Sobolev embedding theorem, is bounded by
D1 2(u, v). This proves the statement. O

Using a uniformity property of geodesic homotopies (which we prove in the follow-
ing section), we can show that D > also bounds the distance disty 1,2 introduced in
Definition 2.7.

Lemma 2.4 Foreachu,v € Wll(’q with ¢ > max(2, d), we have
disty12(u, v) < C2Dy 2(u, v),

where C» is the constant defined in (9).

Proof Let I' a geodesic homotopy (L>-geodesic) from u to v. Then,

1

disty12(u,v) < [ [T@)|gdt < sup [T (@) < Co inf |T(0)| g1,
1€[0,1] tel0,1]
0

where the last inequality is proved in Lemma 2.5. From this, we can conclude that

disty1.2(u, v) < Cy i[%f]] T ()| 1 < C2|T(0)| 1 = CaDy2(u, v).
t€l0,

2.3 H'-Uniformity of Geodesic Homotopies

The curves that induce the distyy,1,2-distance are difficult to work with. The following
result shows that geodesic homotopies are in some sense similar to these curves,
provided the derivatives are bounded by a constant K in the W!9-sense. This will
allow us to work with geodesic homotopies, and still obtain bounds in the disty1.2-
distance.

Lemma 2.5 Assume that u,v € Wll(’q(Q, M) for ¢ > max(2,d) and that T is a

. qd
geodesic homotopy from u to v. Then, for all s > a-a» we have

(20 PG = €2 Jaf IC O

FolCT
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with
Cy = V2 +24/*71C3)|Rm || ¢ K distys (u, v), )

where |Rml||g is the maximum norm of the Riemann curvature tensor Rm [16], and
C3 only depends on the geometry of M.

Proof Since t — I'(x, 1) is a geodesic, we have that
[P(x, n]” = dist(u(x), v(x))?,  for almostall x € Q,
independent of 7. Hence,
P03 = dista(u, v)? + U (1), (10)

where we have defined

U2(t) _Z/‘d —I(x, t) dx.
a=1g g(l'(x,1))
We note that
D d D d
—I'(x,t) = ———T(x,1),
dx® dt dt dx®
as well as the fact that
J%x,1) =

dx®

satisfies the Jacobi differential equation

D o o - -
d—zJ (x,t):Rm(J (x,t),l"(x,t))l"(x,t).

Using this, we can write foreverya = 1,...,d

d

D
2<— I(x, 0.~ F(x z)>
2(C(x,1) dr dx* 2T (x,0)

D
2<—21“(x 1), F(x t)>
d g(T(x,1)
. - D .
_ 2<Rm(1“(x, 0, PG n) e 0, - PG, ’)>
dx g((x,1))
< 20Rmllg[J (D] g o

)il.“(x t)‘ e, )
dx® ’ (T (x,1) > g(C(x,)”
FoE'ﬂ
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For simplicity, we shall omit the subscript g(I"(x, 7)) from now on.
Since we can write J¢ as

o d
J%(x, 1) = = P (u(x), tlog(u(x), v(x))),

we see that there exists a uniform constant C3, only depending on the geometry of M

such that
d

dx“

17 (x, 1)| < C3 max () u(x)(, %v(x)‘).

We can use the previous considerations to bound the time derivative of U2. For 5 - é >

¢ > 0 arbitrary, define

and observe that we have

1 1 1 1
- +t-+-+-=1
q 2 r s

Therefore, the Holder inequality implies that

12

D 2
dx distzr (u, v)

dx®

dUzt I(x,t
o () (x,1)

d
< 2C3||Rm| K distys (u, v) > /‘
a=1 Q
< 2U@FD205|IRm|| K distrs (u, v) distrr (u, v)U (t).
We divide by 2U (¢) to get

FUO) _

0w | = 2[@=D2C5|IRm|| K distys (u, v) distzr (u, v).

‘dU(t)‘ _
dt

The results above imply that

U (1) — U(t1)| < 2“97D72C3|Rm||o K distzs (u, v) distzr (u, v) (11)

for any 71, t» € [0, 1].
In the other direction, we note that for all # € [0, 1] we have by the Sobolev
embedding theorem that
TG )l > distrr (u, v),

and therefore

T ) = % (distzr(u, v) + U(r)) forallt € [0, 1]. (12)
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Now we can use (10) together with (11) and (12) to see that for t1, , € [0, 1] we
have

ICC )l _ g dista @, v) + U )
ITCo)lg —  distga(u,v) + Un)
U () — U(n)|
<2v2 |1
- |: + diSth(u,v)+U(I2)]
-3 [1 N 2U@+D2C5 || Rm| K distys (u, v) distrr (u, v)}

distzr (u, v) + U(tp)
< V2 422105 |IRm |4 K distys (u, v),

which finally proves the desired estimate. O

2.4 The Smoothness Descriptor

We have given one definition of Sobolev regularity of functions u : & — M in
Sect. 2.1. A natural alternative is the covariant Sobolev norm

1/2

k

_ uior Sl

g, = ([P | dx g, = Dl
dim f=k \Q i=1

Here, the symbol DPu means covariant partial differentiation along u with respect to
the multi-index f§ in the sense that

z D D d
DPu

_ 2 k
=Tt el dff kel (13)

Additionally, we define DE u := 1 (a constant function  — R) if dim E = 0. For a
shorter notation, we introduce the symbol

[d]:={1,...,d}.

Note that (13) differs from the usual multi-index notation, which cannot be used
because covariant partial derivatives do not commute.

Clearly, for linear M, these definitions coincide with the usual Sobolev half norms
and norms (3). However, they cannot control all terms appearing in the nonlinear
Bramble-Hilbert lemma in Sect. 5 (details are given in Remark 5.1). Therefore, we
define the following alternative.
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Definition 2.9 (Smoothness Descriptor) For a function u : Q@ — M, k > 1 and
p € [1, oo], define the homogeneous k-th-order smoothness descriptor

l/p

dx ,
g(u(x))

p

k -
DPiu(x)

Opro) = Z /

Eje[d]mj,j:l ,,,,, Kk \Q J
le.zlmj:k

1

with the usual modifications for p = oo. Further, we define the L” part

1/p

©p.0,0) := min / |dist(u(x), g)|” dx :
qeM
Q
and the corresponding inhomogeneous smoothness descriptor

k
Op.r.a) = Z Op.ia).
i=0

We will be mostly dealing with the case p = 2, for which we will omit the parameter
p in the notation, i.e.,

@k,Q = @2‘1@9 and @k,gz = @2,1(,9.

Note that we use a superposed dot to denote homogeneous quantities.

Remark 2.2 A function u with O q(#) < oo must be uniformly continuous if
k > d/2. Furthermore, in that case, we have

diam(u) := sup dist(u(x), u(y)) < O o(u).

X, yEQ

Both these assertions are direct consequences of the Sobolev embedding theorem.

To better present the smoothness descriptors ®, we discuss their relationships to
other measures of regularity. For simplicity, we restrict our analysis to the case p = 2.
First, it follows directly from the definition that the smoothness descriptor ® is a
stronger notion than the covariant Sobolev norm.

Lemma 2.6 |[ullyx (o ) < Or().

Proof The proof follows immediately by noting that all terms that occur in the defin-
ition of ||u|| HE (2.M) also occur in the definition of ® q(u). O

In the other direction, we show that the Sobolev norm with respect to an embedding
also bounds ® from above, if & is sufficiently large.

FolCT
s
@ Springer |03



Found Comput Math (2015) 15:1357-1411 1371

Lemma 2.7 Leti be anisometric embedding of M into a Euclidean space. Fork > %
we have O o) < lli oul,,.

Note that the smoothness descriptor is bounded by the k-th power of the corresponding
norm.

Proof 1dentify u with i o u for simplicity. We need to estimate terms of the form

1

k 2 2
/H ’Dﬁfu(x) dx (14)
: gu(x))
Q /=1
with Ej eld,j=1,...,k, and 21;21 mj < k. It will be no loss of generality

to assume the most difficult case le‘: 1 m; = k. First, we deduce from the definition
of the covariant derivative that any term of the form (14) can be estimated by a finite
linear combination of terms of the form

/11

Q /=1

2
dx , (15)
g(u(x))

Bzfu(x)‘

with 35 k| = k.

Now, for any values p;, j € 1, ...,k with zl;zl < %, by Holder’s inequality,

1
pj
we can bound (15) by

Pj k
7 2 7 Pj
9% u(x dx | < /ak/ux’ dx < ull i,
/H) ( )g(u(X)) _H () gu(x)) _jl:[l I ”W‘k’“)f

Q /=1 =1 \gq

We make the specific choice

11 k—|/}',-|+(k—1)(k—d/2)
p; 2 d kd '

With this choice and |l€| = k, we have that

ii_/i_k(k—nJr(k—d/z)(k—l) 1
T2 d d T

We shall now use the Sobolev embedding theorem that states that

lullwer S lollyez,

whenever

k—1

-— <

| =
S |-

FoC'T
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Setting [ = |I; jland p = pjforeach j =1,..., k, we arrive at the desired statement.
O

A result similar to Lemma 2.7 can also be established for p # 2. In summary, our
smoothness descriptor is an appropriate covariant way to measure smoothness of an
M -valued function.

We finally show that the smoothness descriptor has a particular homogeneity prop-
erty, also enjoyed by conventional Sobolev seminorms in linear spaces.

Definition 2.10 Let 77, 7> be two domains in RY, and F : T} — T a C°-
diffeomorphism. For I € Ny, we say that F scales with & of order / if we have

sup [9FF ' (0)| <M forallk e NE, K| =0.....1, (162)

xeTr
|det (V]-"(x))| ~ h~%orall x € T1 (whereV Fis the Jacobian of ), (16b)

sup

’ }"(x)’ <h Yoralla=1,....d. (16¢)
xeTy dx®

Such an F will be used to move finite element functions to the reference element and
back, without losing approximation orders, see Sect. 5 below.

Lemma 2.8 Let T;, T» be two domains in R, and F : Ty — T a map that scales
with h of order l. Then, foranyu : Ty — M, k <l and p € [1, 00], we have

Opir o F Y Sh™PHk0, 1 7 ().
Note that we bound the homogeneous smoothness descriptor by the inhomogeneous
one.

Proof 1Tt follows directly from the chain rule and the product rule that for any m € Ny

and ,5 € [d]" the expression DP (u oF ’1) can be written as a linear combination of
terms of the form

[ .
pruF ap [1o% (7))
i=1

with 7 € [d]",

and (.7-' _1)‘/ " denoting the j;-th coordinate of 7~!. Using the scaling assumption (16a),
we can therefore estimate the quantity
I3 ~1
D (” oF ) g1
Fol:'ﬂ
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by terms of the form

S W DTE )

gu(F-1))) ~

I §
Diu(F! ok (71" .
. (X))zI:II ( ) ) gu(F~1(x))

Therefore, every integrand
k -
Bi —1 p
Hl D5 (” °oF ) g1
j=

in the definition of the homogeneous smoothness descriptor © pkWoF ~1) can be
estimated pointwise by terms of the form

k
= p
hPk ‘fou (]—‘_1 x ) 17
}jl ) gu(F~1(x)) a7
with
k
?j € [d]n-i, nje No, Zl’lj <k.
j=1

Now, integrating (17) over T», and using the substitution y = F~!(x), introduces an
additional factor 2~¢/P. Together with the scaling assumption (16b), we obtain the
desired estimate. O

Remark 2.3 The attentive reader will have noticed that only properties (16a) and (16b)
have been used for the proof of Lemma 2.8. We will require the third assumption (16¢)
later, when we use scaling to derive local elementwise interpolation error estimates in
Theorem 5.3 below.

3 Ellipticity and Céa’s Lemma
Recall that we are trying to approximate the solution u of the variational problem

u = argmin J(w) (18)
weH

by a minimizer vonaset V C H

v = argmin J(w), (19)

weV

where H is a suitable set of functions, possibly fulfilling Dirichlet conditions. The
classical linear Céa lemma assumes that H is a Hilbert space, and gives an estimate for
the error between v and i in terms of the optimal approximation error inf ey ||y —w| g
Eo oy
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of the approximation space V [13]. In this section, we show analogous results when
H consists of manifold-valued functions.

We proceed in two steps. Céa-type lemmas can be formulated and proved elegantly
in general metric spaces. We show this in Sect. 3.1 and also give a reformulation for the
case that H has a smooth structure with a Finsler norm [6]. These results require certain
convexity or ellipticity properties of the energy along distance-realizing curves. They
are of independent interest, but they also illustrate some of the ideas of the subsequent
section. There we allow variations over certain nonminimizing curves. The resulting
Céa lemma is the basis of the discretization error bounds for geodesic finite elements
in Chapter 6.

3.1 Céa’s Lemma Based on Variations Along Curves

We start in an abstract setting. Suppose H is a metric space with distance function
dist(-, -), and u and v are solutions of the minimization problems (18) and (19), respec-
tively. We will refer to v as a quasioptimal solution if

dist(u, v) < C inf dist(u, w)
weV

for a constant C > 0. In other words, v is quasioptimal if its distance to u can be
bounded by a constant C times the best approximation inf,cy dist(u, w).

The main assumption leading to quasioptimality is a notion of strong convexity
along curves. The following definition is taken from [3].

Definition 3.1 A functional J : H — R is called A-convex along the curve y :
[0, 1] — H if there is a A > O such that

1
Jy(@) =@ =) Iy 0) +13(y 1) — S = 1) dist(y (0), y (1))

forall ¢ € [0, 1].

With this assumption, a metric version of the Céa lemma follows almost immediately.

Theorem 3.1 Assume that H is a metric space, and let J : H — R. Suppose that
u € H is a minimizer of § and let V be a subset of H for which the minimization
problem

v := arg min J(w)
weV

has a solution. Assume that there exists a curve y with y(0) = u and y (1) = v, along
which the energy J is A-convex. Further, assume that J is quadratically bounded
around u in the sense that there is a constant A > 0 such that

Jw) —J) < %dist(u, w)? (20)

FolCT
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forallw € V. Then,

[A
dist(u, v) < /2 /= inf dist(u, w).
A weV

Proof Inserting t = % into the definition of A-convexity yields that

4
dist(u, v)* < : F) —Jw)).
Since v is a minimizer on V, we can write
} 4 ~
dist(u, v)” < — inf (J(w) — J(u)).
A weV

By (20), the right-hand side can be bounded as desired. O

A slightly more involved argument allows to get rid of the factor /2.

We now consider the case that H has a differentiable structure, which implies
that we can have curves y : [0, 1] — H with well-defined tangent vectors y. We
also assume that there is a norm |-| defined on these tangent vectors. The following
alternative condition on J is frequently convenient.

Definition 3.2 We say that J is elliptic along a differentiable curve y : [0, 1] - H
if it is twice continuously differentiable along y, and if there exist positive constants

A, A such that
2

d
My @)? < WG(V(I)) <Ay (21
forall ¢ € [0, 1].

This concept is related to convexity in the following way. Assume that for each pair
w1, wy € H there is a differentiable path from w; to wy, parametrized by arc length,
that realizes the distance dist(w1, wy). We call such paths (constant speed) geodesics.

Lemma 3.1 Let J be elliptic in the sense of Definition 3.2 along a given constant
speed geodesic y : [0, 1] — H. Then, J is A-convex along that curve. If additionally
y (0) is a minimizer of 3, then y is quadratically bounded in the sense of (20) along
y, with constant A.

In particular, we see that the requirements of Theorem 3.1 are strictly weaker, because
they are implied by ellipticity, but require no smoothness.

Proof Set f := J(y) : [0, 1] — R. By the ellipticity assumption, f is twice con-
tinuously differentiable. We first show that the lower bound on f” implies that J is
A-convex along y. Pick 0 < ¢ < 1 and apply Taylor’s formula to f at ¢. This gives

1
FO) > f()+ f1)O—1)+ EMy‘(sl)F(o —1)?

FoC'T
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and
1
F =@+ @O0 -0+ 5A|y‘(sz)|2(1 —1)?,

where 0 < s1 < tandt < 5o < 1. Since y is a constant speed geodesic, we have
|))(s1)|2 = |)}(sz)|2 = dist(y (0), y(1))2. Multiply the first inequality by ¢, the second
one by 1 — ¢, and add them to obtain the assertion.

Next, we show that £ (1) < Aly(1)]* implies J(y (1)) — J(y(0)) < 5 dist(y(0),
y (1))2. Using that f’(0) = 0 by assumption, we can directly compute

1 1 1t
3()/(1))—3()/(0))=/f’(t)dt—/f’(O)dt=//f”(S)dsdt
0 0 00

1

1
/(1 _ My d < /(1 — DAL OPdi
0

0

A 2
5 dist(y (0), y(1))".

O

As an immediate consequence of Theorem 3.1 together with Lemma 3.1, we get
the following result.

Theorem 3.2 Let H be a Banach manifold withnorm |-|,andJ : H — R afunctional.
Assume that u € H is a minimizer of J, and that J is elliptic along constant speed
geodesics, with constants A, A. ForaV C H set

v := arg min J(w),
weV

assuming that this is well defined. Then, we have that

A
dist(u, v) < /2 /= inf dist(u, w).
A wevV

Using this theorem for the space W !-2(2, M) together with the norm | - | ;1 defined in
Definition 2.4 yields the following corollary, provided that W!2(Q, M) is a Banach
manifold. Unfortunately, the latter only holds for d = 1.

Corollary 3.1 Assume that WI'Z(Q,M) is a Banach manifold, and let J
Wh2(Q, M) — R. Assume that u € W'“(Q, M) is a minimizer of J, and that
3 is elliptic along constant speed geodesics in WY2(2, M), starting in u. Let
Vv c WhA(Q, M) and

v =argmin J(w) (the “discrete” solution).
weV
FoCT
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Then, we have that

. A .
distyy1.2(u, v) < V2 /= inf disty1,2(u, w).
A weV

This corollary is the natural extension of the standard Céa lemma to nonlinear
function spaces.

3.2 Céa’s Lemma Using Geodesic Homotopies

When trying to apply the results of the previous section, we encounter two problems.
First, for the energies J and domains €2 of our interest, we consider variational problem
formulations in Wl'z(Q, M), and in general, this space does not possess the structure
of a Banach manifold [20,30,31]. Hence, the results based on Banach manifolds cannot
be used. Secondly, even if the space W12(Q2, M) turns out to be a Banach manifold,
it is difficult to work with constant speed geodesics in these spaces. In particular, it is
not easy to verify ellipticity properties along these curves for important energies, such
as the harmonic energy.

To overcome these issues, we generalize the approach somewhat. Instead of geodes-
ics in W2, we now consider geodesic homotopies. However, we still obtain bounds
in terms of a W1-2-like measure, namely the quantity D > introduced in (8). While
this quantity is of little interest in itself, the result will allow to bound the discretization
error of geodesic finite elements in terms of the embedded distance (6) and the geodesic
distance (7). The proof is based on the H '-uniformity of geodesic homotopies shown
in Sect. 2.3. The price we pay is that we additionally have to assume the existence of
a constant K > 0 such that u € W}gq and V C WII(‘q with some ¢ > max (2, d) (this
simply implies the existence of an embedding into the space of continuous functions
and is a natural restriction for manifold-valued functions).

Theorem 3.3 Let H ¢ W'2(Q, M), J : H — R and K > 0. Assume that u €
HnN W[1<’q (2, M), g > max(2,d) is a stationary point of J w.r.t. variations along
geodesic homotopies in H N W,l(’q (2, M) starting in u.

For a second constant, L > 0 and s > qq—dd arbitrary denote

Hf = {v s distzs(u, v) < L},

and assume that J : W,l(’q NH;' N H — R is elliptic along geodesic homotopies that
startinu. Let V C W,l(’q NH!NH and

v := arg min J(w).
weV

Then, we have that

A
Dia(u,v) < €3y — infl Dy, w),
EOE';W
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with Co the uniformity constant (9), only depending on d, the product K L and the
curvature of M.

Proof For w € V define
Jw(®) :==J(I (1))

with " : [0, 1] — W}gq N H; N H a geodesic homotopy from u to w. We have

1 1 1 ¢ 1
3’(w)—3(u)=/f{u(t)dt—/f@(o)dt=//f1Z(S)dsdt=/(1—t)flﬁ,’(t)dt-
0 0 00 0

By the ellipticity assumption (21), we have
1 1
» A= 0iF @ d =3 =30 = A [a=oiF o ar
0 0

Now, we use Lemma 2.5 that shows that
’\1'“(02 < J(w) — J(u) < ACZ|T(0))?
C_§| Mo = J(w) —J@) = ACHITO0) |41,

where the constant C, depends only ond, K, L, and the curvature of M. Noting further
that

Dy a(u, w)* = [F(0)[7,

immediately yields that
C3? C3?
Dia@, v = 2[30) = 3] = 22[3w) - 3w)]
for all w € V. Furthermore, we have

J(w) — Jw) < C3ADT,H(u, w).

Together, we obtain that

A
Dio(u,v) < sz‘/ Tbtg/ Dio(u, w).

O

Replacing |I"(0) |§-11 by [I'(1) |?{1 in the arguments above shows the following corollary.
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Corollary 3.2 With the notation of the previous theorem, we also have the estimate

A
Di2(v,u) < cg,/r inf Di2(w, u).

The restriction that u € Wll(’q does not appear in the linear theory. The question
whether Theorem 3.3 can be shown without it is open.

Remark 3.1 Requiring that the approximation space V consists only of functions with
derivatives bounded by K in the W!-7-sense may lead to a restriction when considering
families of approximation spaces V" associated with a mesh width 4 > 0. If V" are
chosen as GFE spaces as introduced in Sect. 4, the quantity K could in general grow
as h~! with i denoting the meshwidth (as it is the case with standard Lagrangian
finite elements with values in R). As a remedy, we show in Theorem 6.2 that the
condition V* ¢ Wll(’q can be dispensed with, provided that u is sufficiently regular,
more precisely if u € HY/2T1(Q, M).

4 Geodesic Finite Elements

In Chapter 3, very little has been required from the approximation spaces V. For the
theory based on distance-realizing curves in Sect. 3.1, only the existence of a minimizer
of J in V was asked. In Sect. 3.2, we additionally needed that the approximating
functions that make up V have their derivatives bounded by a constant K.

In this section, we present geodesic finite elements (GFE) as one particular example
of a suitable space V. They have originally been introduced in [55,56], but for com-
pleteness we give a brief review. The definition consists of two parts. First, nonlinear
interpolation functions are constructed that interpolate values given on a reference
element. Then, for a given grid, these interpolation functions are pieced together to
form global finite element functions.

4.1 Geodesic Interpolation

Let Tt be an open bounded subset of R4 , which we will call reference element. Particu-
lar instances are the reference simplex {x c R4 | x>0, a=1,...,d, Zi:l x% <
1}, and the reference cube [0, 1]9. On T, we assume the existence of a set of
Lagrangian interpolation polynomials, i.e., a set of Lagrange nodes a; € Tret,
i = 1,...,m, and corresponding polynomial functions A; : Tef — R of order p
such that

Ai(aj)=8ij forall 1 <i,j <m,

and
m
> u=L (22)
i=1
We now generalize Lagrange interpolation to values in a manifold. Let v; € M,
i =1,...,m be given values at the Lagrange nodes a; € T.r. We want to construct
FoCT
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a function Yy, : Tref = M such that Yy (q;) = v; foralli =1, ..., m. The following
definition was given and motivated in [56].

Definition 4.1 Let {A;,i =1, ..., m} be a set of p-th-order scalar Lagrangian shape
functions, and let v; € M,i = 1,...,m be values at the corresponding Lagrange
nodes. We call

YT : M" X Tyt — M

m
Y (..., vy x) =argmin > 4;(x) dist(v;, q) (23)
aeM

p-th-order geodesic interpolation on M.

For fixed coefficients vy, ..., vy, we set Yy, (-) := Y (v, ..., Uy; ) and obtain the
desired function.

Remark 4.1 Formulas similar to (23) have been used in the literature to interpolate
manifold-valued data [12,41,50]. The idea to use them to construct finite element
spaces was first proposed in [27,55,56].

Itis easy to verify that this definition reduces to p-th-order Lagrangian interpolation
if M is a linear space and dist(-, -) the standard distance. For the nonlinear case and
p = 1, well posedness of the definition under certain restrictions on the v; is a classic
result by [38]. For p > 2, where the A; can become negative, well posedness has
been proved in [56]. The interpolation function Y is infinitely differentiable both as a
function of the v; and of the local coordinates x. This and several other features are
discussed in [55,56].

Since the values of Y, are defined as solutions of a minimization problem, we can
also characterize them by the corresponding first-order optimality condition (see, for
instance, [38]). We will make use of this representation in the interpolation error bound
in Chapter 5.

Lemma 4.1 For any q € M denote by log(q,-) : M D U — T, M the inverse of

the exponential map of M at q. Then, g* := Y (v, ..., Un; X) is (locally uniquely)
characterized by the first-order condition

> ki) log(g*, vi) =0 € T,-M. (24)

i=1

Interpolation error bounds for geodesic finite elements are based on the fact that
the shape functions A; are exact on polynomials of degree no greater than p, meaning
that

m
D rilng(a) = q(x) (25)
i=1
for all polynomials g : Tref — R of degree less than or equal to p. Using this, we can
prove the following technical property.
FolCT
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Lemma 4.2 For all multi-indices [ with |7I < p and all functions f : Ty — R, we
have

m
D k@) @ =)' f@) =0.
i=1
Proof We start by fixing some arbitrary x, € Tret. Then, we can write
m N m
D hi() (@i —x)' fx) = D) p, (@)
i=1 i=1

where

P () = (v — 1) F )

is a polynomial of degree |Z|. By (25), we get

> 000 (@ — x| ) = pr, ().

i=1

Since by definition py, (x,) = 0, this implies

> ki) (@ — ) fx) =0,

i=1

which, by the arbitrariness of x,, implies the statement. O

4.2 Geodesic Finite Element Functions

Let now  be a domain in R?. Suppose we have a conforming grid G for Q with
elements not necessarily restricted to simplices. Letn; € 2,i =1, ..., |n| be a set of
Lagrange nodes such that for each element 7' of G there are m nodes ar ; contained
in T and such that the p-th-order interpolation problem on 7 is well posed.

Definition 4.2 (Geodesic Finite Elements) Let G be a conforming grid on €2, and let
M be a Riemannian manifold. We call v" : @ — M a geodesic finite element function
for M if itis continuous, and for each element 7' € G, the restriction v” |7 is a geodesic
interpolation in the sense that

V) =T (ra, - 7w Fr(x),

where the Fr : T — Tt are element mappings (typically affine or multilinear), and

the vr; are values in M corresponding to the Lagrange nodes ar ;. The space of all
such functions v”* will be denoted by Vlf”g.
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This definition reduces to standard (vector-valued) Lagrangian finite elements if M is
a linear space with the usual Euclidean distance.

The following property is crucial for our analysis, because we always assume that
the approximation space V is a subset of the solution space. The proof is given in [55]
and [56].

Theorem 4.1 v{ﬁ”g(sz) Cc HY(Q, M) forall p > 1.

While this holds for all grids G and all polynomial orders p, we note that geodesic
finite element spaces are generally not nested. This means that in general V[f”g Z

V[%LQ and V[ff[g Z V[f’g, if G’ is a uniform refinement of G. See [56, Chap.4] for a

brief discussion.

Remark 4.2 In numerical algorithms, one uses the algebraic representation of V;’Ig,
that is, a function v" € Vlf”g is identified with a set of nodal coefficients v € M!"!.

However, note that VMg is not globally homeomorphic to M 1. in fact, it is not even
globally a manifold. this is so because for certain sets of coefficients there is more
than one interpolation function (see [54] for a simple example). On the other hand, it
is shown in [56] that for many © € M| there is only a single interpolating function
v", and then, there is a diffeomorphism mapping a neighborhood of v in M/l to
a neighborhood of v" in Vﬁf[g. In this sense, the space V[f”’g contains many small
“manifold patches.” Its global structure, however, remains unclear.

To prove quasioptimality in Theorem 3.3, we had to make the assumption that the
discrete space V contains only functions with first derivatives bounded by a global
constant K. While it is obvious that each GFE function has bounded first derivatives,
a global bound for all functions of a space VMg exists only if M has finite diameter.
This global bound depends on the grid size /. The specific nature of this dependence
will allow us in Theorem 6.2 to circumvent the restriction V' C W}gq and obtain
discretization error bounds without constraints on the ansatz space. For later use,
there we therefore state the following simple result, which holds for all orders p and
for M with bounded or unbounded diameter.

Lemma 4.3 Let G be such that Fr scales with h of order p for each element T of G.
Then, for each function v e Vlﬁw , we have

Oco1.00™) ShTY,

where the constant depends on the values of v* at the Lagrange nodes.

In order to assess the approximation properties of the spaces Vlyg, we finally
construct the pointwise interpolation operator mapping continuous functions with
values in M to elements in VMg. As in the classical linear case, we first define the
interpolant on a reference element. We start by fixing the reference element Tier with
Lagrangian interpolation nodes a; and corresponding local basis functions A;, i =
1,...,m. Given a function u : Tief — M, its local Lagrangian interpolant on Tier is
defined by

Iru(x) == (u(a), ..., u(am); x) .
Elol:;ﬂ
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Likewise, for a general element 7 with associated mapping Fr : T — Tqer, the local
Lagrangian interpolant is given by

Iru(x) = Iz, (u oFT_l) (Fr(x)), xeT.

With these notions at hand, we can define the geodesic Lagrange interpolant of a
continuous function u : Q — M.
Definition 4.3 For each continuous function u : Q2 — M, define the geodesic
Lagrange interpolant Igu € V;’Ig by

Igu(x) =Iru(x), xeT, T eg.

Note that unlike in the linear case, this interpolant is not always unique.

5 Interpolation Error Estimates

The goal of this section is to derive estimates of optimal order for the interpolation
error between a function # : £ — M and its interpolant Igu. To motivate our proof,
we briefly review how interpolation error estimates can be obtained in the linear case
M = R. There, we start with an error bound on the reference element.

Theorem 5.1 Letu : Trp — R satisfy u € H*(Tyop) with k > d /2. Then, we have
e = Ittt (1, S 1l (7,

In order to turn Theorem 5.1 into an estimate for a small element 7', say, T = h Tzt
with Fr(x) := h~'x and a function u : T — R, we use the fact that the Sobolev
seminorm satisfies the subhomogeneity property

lu o Fp'l kg S HER™2 |l e - (26)

We obtain the factor 4 from the k-fold application of the chain rule to u o Fr ) =
u(hx) and the factor h~4/2 from the integral transformation formula.

Then, denoting v := u o ]-';1 . Tref — R and using ﬁfr = h~! for all
a=1,...,d, we get
d 2
d d
2 _ =2
|M_I[TM|H1(T) =h Z/‘(dxav_ﬁﬂj}efv) OfT(x)d.x
a=1 T
__1—21d 2
=h""h" v = Invly g -

We can now invoke Theorem 5.1 and get the estimate
2 —2;d —12
|M - ]ITulHl(T) S h™"h |M o fT |Hk(Tref)
FoC'T
u o
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which, together with (26), yields the classical estimate
lu =Tzl gy S Bl ey

To obtain a similar result for nonlinear codomains M, we first need a generalization
of Theorem 5.1. We prove such aresultin Sect. 5.1, where the norm on the left becomes
the quantity D and the norm on the right becomes the smoothness descriptor ®.
Then, in Sect. 5.2, we assemble these local estimates to establish optimal approx-
imation rates for the geodesic finite element spaces VMg. This works because the
smoothness descriptor © also has the subhomogeneity property (26) (Lemma 2.8).

5.1 Nonlinear Elementwise Estimates

In this section, we prove a nonlinear generalization of the linear elementwise approx-
imation result of Theorem 5.1. Note that the definition (23) is implicit which com-
plicates the analysis. We cope with this difficulty by a clever use of the equilibrium
condition (24).

Letlog(p,-) : M — T, M be the inverse of the exponential map at p. Denote by
V1, Va, the covariant derivative of a bivariate function with respect to the first and
second argument, respectively. In particular, for/ € N, we will require the derivatives

Vilog(p, q) : (T,M)! — T,M
and
ViVilog(p, q) : TyM & (TyM)! — T,M;

more precisely their norms

Vi log(p, q) (vr, ..., )|
IVilog(p. @)l =  sup : 2(p)
Ulyeens veTyM Hi:l |vi|g(q)
and
|ViVilog(p. q) (w, vr, ..., v)|
IV4Vilog(p. @)ll =  sup : 8
v v €y M [wlg(p [Tizt Vils()
weTp,M

Now, we can state and prove a nonlinear elementwise approximation result.

Theorem 5.2 Letu € Wk’z(Tref, M), and Ir, u its p-th-order geodesic interpolation.
Fork > d/2 and p > k — 1, we have

2 .
/ [log L7, ). uCD g1, yey) 4% S CuTre) O 1, 1), 27
Tref ‘
FolCT
LI o
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andforanya =1,...,d

D 2 )

/ ‘ = log(l, u(x), u(x)) dx 5 (G2 (Top) + G (Tp)) O 1, 0%,
21 87, ()

ref

(28)
where
Cl,u(Tref) ‘= Ssup sup H Vé IOg (P, 6]) H
1<i<k pe]ITrefu(Tmf)
qu(Tre/')

and

CulTup) = sup  sup | Vh¥ilog(p. ).
1<l<k pEHTrqf”(n‘ff)

qeu(Tref)

The implicit constants are independent of u and M and only depend on the basis
functions A;.

Note that the left-hand sides of (27) and (28) make up the quantity Dy >(I7, cu, u).

Proof We split the proof into eight steps.
Step 1 We first prove (27). Using the balance law (24), we obtain for any x € Ti.r that

> xi(x) log (I u(x), u(a;)) = 0.

i=1

Adding a zero, we rewrite this as

log(Ig;u(x), u(x)) = log(Ipu(x), u(x)) — Zki(x) log (I, u(x), u(ay)) .

i=1

and call the right-hand side e(x) € THrmfu(x)M . To obtain (27), we need to control the

L?-norm of the function &.
Step 2 Next, we define the auxiliary function

G(x,y) = log (Tau(x), u(y)),

and perform a Taylor expansion of G in its second argument around y = x (note that
for fixed x, the function G takes its values in a vector space).

In what follows, we shall use the notation 8{?G(x, y) for the partial derivatives of
G with respect to its second argument and the multi-index k. The Taylor expansion
FoC'T
u o
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then reads
Gy = 3 0= 0= i+ S R -of @9
Il <k ' [F|=k

where

N 1
k - -
Rp(x,y) = T/ =M1 G (e, x + 1 (y — x)) dt.
0

N‘

We can express the terms log (HTrefu(x), u(ai)) occurring in the definition of ¢ in the
form (29) and get

e)=Gx, - > n [ > HE @ — - o MG + > Rex,ap (@ —x)f

i=1 [T)<k ’ |k|=k

Using that the weight functions A; form a partition of unity on Tir (22), we get

—e(x)= Z Z,\ (x) BlG(x x) + Zx (x) Z Ry (x, a;)(a; — 0k

0<|l|<k i=1 i=l lk|=k
o . (30)
where the zeroth-order derivative cancels with G (x, x).

Step 3 By the assumption p > k— 1, we can apply Lemma4.2 with f(x) = BgG(x, X)

to each sum > A; (x) =2l <“l ’” al G (x, x) in (30) and see that the first addend in (30)
is zero. Hence, we can erte s(x) as the sum

e(x) =D &(x) with g(x):=-X(x) D Ri(x.a)(a — k.

k| =k

We now treat each term ¢; separately. For simplicity, we may assume, after a suitable
translation (depending on the index i), that a; = 0, and thus, we arrive at the pointwise
estimate

N 1
Ik k|—1qk k
|8i(x)|g(]17-refu(x)) I Z 12_/ ¥l 0y G (x, 1x)x" dt

\kl =k 0 g pu(x))
]_{. 1
i \12\—1‘ k k
hiay 8,G(x,tx)’ kdi, @3

/ Y (I, u(x))
\k| RN

where we have used that the A; are bounded on Tief.

Fo C 'ﬂ
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Step 4 In order to untangle the derivatives of log and u in the expression 8§G(x, y),
we use the chain rule which yields

BEGx, ‘ < Vilog (Tr.u(x), u
Hewn] ) > Vhlog (Ingutx). u(y)
1<i<k, fjeld"s
ljzlmj=k
x (Dﬁlu(y), ...,Dﬁfu(y)). (32)

We repeat that we use the notation
I
Vilog(p,q) : (T,M) — T,M

to denote the /-th-order covariant derivative of the function ¢ — log(p, g), which is
an /-multilinear form. O

Remark 5.1 We record here that this is the point where the smoothness descriptor ©
(defined in Sect. 2.4) becomes necessary. Indeed, (32) already indicates that control
over products of covariant derivatives of lower order is required whenever Vé log # 0.
Note also that in the linear case we have Vé log = O for all/ > 1 and therefore the
usual Sobolev seminorm | - |y« is sufficient to obtain the desired control over terms
of the form (32). Keeping this in mind, it is easy to see that in the linear case our
proof yields exactly the expected bounds for the interpolation error in the Sobolev
seminorm.

By (31), we get

2
/|€i(x)|g(ﬂrmfu<x)> dx
Tref
1 2
5/ /tlkl_1 ‘8§G(x,tx)‘ x*dt | dx
g7, u(x))
Tret 0
1

S > / /,\12\71 ‘Vélog (I (x), utx))

I<i<k, B;eld]™i Ty \0O
1

j=1mj=k
2
x (Dﬁlu(tx),...,’Dﬁku(tx))‘ “kdr | dx
gy pu(x))
. 2
< Z /tlkHHﬁl """ ﬂ’(x,tx)xﬁdt dx,
I<i<k, B;eld™i Ty \0O

Z_’,-=.mj:1<

FoC'T
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where we have put

TR MR (X
( y) > log (I u(x), u(y)) H &) o)

Step 5 In the appendix, we have collected a few estimates for remainder terms of

Taylor series. We can use Lemma 8.1 for the functions H Brow , which gives us
the bound

/'8’(x)|g<ﬂrefu(x)>dX< Z /Sup PP G ) 4

XET e
Trer I<l<k, /3 E[d] /Tref *

Zl=1 mj=k

< sup sup
1<i<k PEHTrefu(Tref)
q€u(Trer)

X Dﬂ’u X ‘
Z / ‘ ( )g(u(X))

1<i<k, fjeld"i T,y J=1
l

Viog (0. 00|

_ymj=k
ﬂﬂmwmﬁ

This concludes the first part of the proof.

Step 6 We now turn to the estimate for the first derivatives. To that end, we need
to bound the L2-norm of d?ﬂ &(x). Since the functions X; have uniformly bounded
first derivatives on Tr.f, by the product rule, we can further reduce the problem to
bounding the L2-norm of

»ll =1

1

D Fl—1
d_ t 8 "G (x, tx)x dt
0

fora=1,...,d.
Using the chain rule, we get

1
Ll / H=198 G (x, 1)k dt = T0x, ) + ),
)

with

d_|k|
mm:zwa

k|=k

[an]

1
/r'k' 1akG(z toxkdt, 7€ Tt
0

Fo C 'ﬂ
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and

M(x) :=

k‘ll 1

w-l

1
/"" lak —Gx2) <k dr.
0

Step 7 To bound the L?-norm of II, we may again use Lemma 8.1 and proceed
exactly in the same fashion as for the proof of (27) in Step 5 above. More precisely,
by the chain rule, we can bound

ok G(x,z ‘
‘ Y dx® ( )|Z=y (I, pu(x))

S > ‘Vévl log (I, (x), u(y))

I<i<k, Bjeld™

1
j=1mj=k

)

d - -
X (—aHTrefu(x), D‘g‘u(y), e, Dﬁlu(y))
dx g (7, ()

where we recall that V| denotes the covariant derivative of the vector field p —
log(p, q). Using that I'7,,.u has uniformly bounded derivatives, and arguing exactly
as in Step 4 and Step 5, we obtain

/|II(x)| Ir ) dx < sup sup
; 1=I=k pely, u(Trep)
ref

qeu(Tref)

2, .
x | V4V 1108 (9. @) | Ok 1@ = O3, (Teer) Ok 1 0%

Step 8 The bound for I(z, x) is more subtle. At first sight, it looks as if a bound
for I(z, x) would require derivatives of order k + 1 of u, which may not be avail-
able. However, by Lemma 8.2 applied to the function U () := G(z, ) : Trer —
T]ITM_M(Z)M for every fixed z € Tief, We can write

Iz.x)= > “ 11) 3l Gz, x),

[l|=k—1

which contains only derivatives of the desired order k. Here, forany o € {1, ..., d},
we use the notation é, € Ng for the unit vector which is 1 in its «-th digit and 0
everywhere else.

Now, we can proceed as above in Step 3 (using Lemma 8.1) to show that

; 2. 2
V2 lOg (pv q) ” ®k,Tref(u)

2
/|I(x’x)|g(11nef“(X)) dx 5 sup Sup
1=<i<k pelly, cu(Trer)
Tref qeu(Trer)

which proves (28).

FoE'ﬂ
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The previous theorem has bounded the interpolation error on the reference element.
We now derive an estimate on a general element 7'.

Theorem 5.3 Let T be a domaininR?, u e Wk’z(T, M), Iru its p-th-order geodesic
interpolation, and Fr : T — T,,ramap that scales with h of orderl > k. Fork > d /2
and p > k — 1, we have the estimate

Dy o(Tru, u) S B Cy 7O 7 (),

with
Cm,r () :=Cru(T) + C2,,(T). (33)

The implicit constant is independent of M and only depends on the basis functions A;.

Proof We use the representation
Iru = Iz (u 0.7:;]) o Fr.

As a first step, we prove the desired estimate for the L>-part. Putting v := u o Fr 1.
Tref > M,y = Fr(x), and using (16b), we get

/ log(I7u(x). ()2 1, x4 = / 1087, (). VN 5, oy Idet
Trer
x (VFr()I™ o Frl () dy

< / llog (7, v(»), v()|?

Tref

g7 _v(») dy.

By Theorem 5.2, we can further estimate
2 .
pd / 101 V) VO 3 iy 4Y S HCLu (T Op 14 ().
Tref

Finally, we use Lemma 2.8 and the definition of v to arrive at
hC1u(T)? O 1, (0)* S K C1u(T) O 1 ().

Hence, we have shown the L2—part of the assertion.
We go on to estimate the quantity

/‘_log(HTu(x) u(x)) g(HTu(X))dx

Fo C 'ﬂ
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forana € {1, ..., d}. The chain rule yields that
D 2
/‘d m log(T7u(x), u(x)) dx
g 14 gdru(x))
</[D 2 ]—'()] ! o
= oFr(x) |- |-=—Fr(x X.
J Lldx® ¢TI, v () dx®

Now, we use the scaling assumption (16¢) for the term |#]—'T (x)| to bound the
previous quantity by

2
o Fr(x)dx.

‘— log(Iz,cv(-), v(+))
87, v()

We can now again use the substitution y = Fr(x) and, using (16b), get the bound

2

D
2/‘51 = log(Iz v (), v(-) o Fr(x)dx
A X g7, ()
2
dy.

d-2 D
<h T log(I7, ;v (y), v(¥))
X 87,0 ()

Tref

Now, we can again invoke Theorem 5.2 to deduce the estimate

2
h 2 '— log(I7,,v(y). v(») dy S h*2Co.u(T)Or 1 (v)°.
7 gz, v(»)
ref
Finally, applying Lemma 2.8 to ®k,Tref(U) yields the desired bound. O

5.2 Global Interpolation Error Bounds

We now use Theorem 5.3 to obtain a global approximation result. The necessary grid
regularity is formalized in the following definition.

Definition 5.1 We say that a grid G is of width % if for each element T of G the map
Fr from T to its reference element scales with & (of order p, where p is the order of
the Lagrange shape functions used in the construction of the GFE spaces).

A particular instance of such grids is shape regular triangulations with element
diameters of the order of 4. However, the definition also covers more general cases,
such as grids where the Fr are polynomials.

FoE'ﬂ
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Theorem 5.4 Let Q be a domain with a conforming grid G of width h, and let lg
be the pointwise interpolation operator onto the space of p-th-order geodesic finite
elementson G. If k > d /2 and p > k — 1, we have the estimate

D1 2(Igu, u) < h1Cuy g () O q(u) (34)
with

Cm,g() := sup Cy 7 (),
Teg

and Cy.1(u) as defined in (33). The implicit constants are independent of M and only
depend on the shape functions A;. For h — 0, the constant Cys g(u) approaches the
limit

lim Cp; g(u) = sup sup HVé log (q,q)H + sup sup HV%Vl 10g(q,q)H.
h—0 1<l<k geu(Q) 1<i<k geu(Q)
(35)

Proof The bound (34) follows from applying Theorem 5.3 elementwise and summing
up. To show (35), note that u is uniformly continuous, because k > d/2. Therefore,
the sets u(T"), Iru(T) converge to single points as & goes to zero. O

The error estimates of Theorem 5.4 assess the error between a function and its
Lagrange interpolant whenever the given function is of smoothness k > d/2. In par-
ticular, in three dimensions, our results require that u € Wk’Z(Q, M) with k > 3/2.
The same requirement is needed for the linear theory, since as a minimal requirement
to define the Lagrange interpolant an embedding into continuous functions is needed.

However, numerical experiments in Fig. 1 indicate nevertheless optimal approxi-
mation properties of both linear and geodesic finite element spaces even for k < d /2.

In the linear setting, this stronger result is proved using the Clément interpolation
operator [14]. A generalization of this technique to nonlinear finite element spaces
would be interesting.

Remark 5.2 For the linear case M = R, we have log(q1, ¢2) = ¢2 — q1,

1 ifl=1
Vélog(ql,qz)=[o 4o and ViVilog(gi.q2) =0 1> 1.

Therefore,
Cug=
for any grid G of size h.

FolCT
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H1-error

alpha=0.5
alpha=0.6
alpha=0.8
alpha=2

— — —order line h°
— — ~order line h®'
— — - order line h®3
~ — ~order line h'

107

h
Fig. 1 GFE approximation rates for the functions u® which map (x1,x2,x3) € [0, 1P to
172
(.s-x‘f, 5eag5exg, (1205437 = 05230 - 05.420) ) € 83, Itis classical that ug € HP
for all B < a + .5, see, for instance, [53]. Even though for & < 1 the functions u® are not in Hd/z, the
best GFE approximation with order p = 1 converges with the optimal rate nevertheless, as the above figure
suggests

We also remark that the same argument as the one in Theorem 5.4 also allows to obtain
error estimates in terms of

1/q

D14, w) := | distzqe (v, w) + Z/ ‘ﬁ log(v(x), w(x)) ,
a=1 Q

and Oy i q for g € [1, 00) and with obvious modifications for ¢ = oo. In this case,
we require k > d/q so that pointwise interpolation is defined in W9 (2, M). The
proof proceeds as the one for Theorem 5.4, except that the remainder terms occurring
in the proof of Theorem 5.2 (e.g., in Step 2) have to be estimated in the g-norm (which
is done similar to the L2 norm bounds).

Theorem 5.5 Let Q2 be a domain with a conforming grid G of width h andlet p > k—1.
Then, for q € [1, 0o], we have the estimates
Dy (gu,u) S h"Chy g()Og k.2 (w)

FolC'T
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and
distrq (Igu, u) < h*Car.g ) Oy k.0 ().

The implicit constants are independent of M and only depend on the shape functions
Ai.

Additionally, we obtain the following stability of the pointwise interpolation operator.

Corollary 5.1 There exists a constant C4 which only depends on M and the shape
functions \; (but not on h) such that for ¢ > max(2, d) we have

Og.1.2 (Igu) < C40y 1.0 ().
Proof For simplicity, we only show the case ¢ = 0o, the general case being similar.

We assume that our manifold M is smoothly embedded into RY . With the ansatz and
notation of the proof of Lemma 2.3, we obtain

d
u(x) = d1 exp (ng(x), log(Igu(x), u(x))) ﬁﬂgu(x)
D
dx®

dx®

+ 0z exp (]Igu(x), log(Tgu(x), u(x))) log(Tgu(x), u(x))

foralla € {1, ..., d}, which implies that
d
’81 exp (]Igu(x), log(Tgu(x), u(x))) ﬁﬂgu(x))
d D
S || + | - Togtigu(o), ue)| (36)

foralla € {1, ..., d}. Now, we use the fact that

d d
d1 exp (ng(x), O) d—ng(x) = ﬁﬂgu(x),

xO{

together with the Lipschitz continuity of 9; exp(p, w) in w to get that, up to a constant
C independent of £,

d d
‘81 exp (I[gu(x), log(Igu(x), u(x))) Igu(x) — ﬁﬂgu(x)

dx®

d
< C|log(Igu(x), u(x))| ‘ﬁlgu(x)
By Theorem 5.5, we can further bound
log(Igu(x), u(x))| < diste(u, Igu) < DhOu 1,0 (u)

FolCT
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with another constant D > 0 independent of /. Putting these estimates together, we
obtain that

d d
01 exp (]Igu(x), log(TIgu(x), u(x))) m Tgu(x)— W]Igu(x)

d
ShCD 'ﬁﬂgu(x)

dx
(37)
forall @ € {1, ..., d}. Putting together (36) and (37), we obtain
d d D
(1—-hCD) 'W]Igu(x) < 'dx"‘u(x) + ‘W log(Igu(x), u(x))|,
which by Theorem 5.5 implies the desired result. O

Remark 5.3 One can generalize these results in terms of the shape functions which are
used in the construction for the GFE spaces. Indeed, all approximation error estimates
in the present section only use the property that the Lagrange shape functions A; are
exact on polynomials (25). Therefore, the same proofs can be used for any such set of
shape functions.

5.3 Retraction Pairs

In certain cases, it is computationally expensive to compute the exponential or log-
arithm function of a given manifold. Then, alternative functions can sometimes be
used. This idea is formalized by the concept of retraction pairs.

Definition 5.2 ([26], see also [1,23]) A pair (P, Q) of smooth functions
P:TM —-> M, Q.- MxM—>TM
is called a retraction pair if
P(x,0(x,y) =y, forallx, y e M,

and
d
P(x,0)=x, —P(x,v) =Id forallx € M.
dv v=0

In general, P may only be defined locally around M, and Q around the diagonal
of M x M. Certainly, the pair (exp, log) satisfies the above assumptions [16] and
therefore forms a retraction pair. We refer to [1] for examples of retraction pairs for
several manifolds of practical interest. To better illustrate the concept of retraction
pairs, Fig. 2 shows different pairs for the circle S'.

Given a retraction pair (P, Q), we can construct generalized geodesic finite ele-
ments by using interpolants Y (¥>2) based on the first-order condition (24)

i=1
FoC'T
H_h
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M ™ ™

(@) (b) (0

Fig. 2 Different retraction pairs for the circle. a Retraction pair based on exponential map. b Retraction
pair based on closest point projection. ¢ Retraction pair based on vertical projection

The results in [26] show that this expression is locally well defined.
We state the following theorem whose correctness can be easily verified by going
through the proofs of the results in Sect. 5.

Theorem 5.6 All approximation results shown in Sect. 5 remain valid if we replace
the definition of the interpolant Y by (38) with (P, Q) an arbitrary retraction pair,
provided that the function u to be approximated is in Wh4(Q2, M) for some q¢ >
max (2, d).

The details are left to the reader.

6 A Priori Error Estimates for Geodesic Finite Elements

We are now in a position to combine the nonlinear Céa lemma (Theorem 3.3) with the
approximation result (Theorem 5.4) to arrive at an a priori error bound for variational
problems. For later use, we include Dirichlet boundary conditions and define

H® = {v e WL QM) : ulsq = q;}

for a given function ® : 92 — M. Note, however, that all results in this chapter also
hold without Dirichlet conditions if the functional J has the appropriate ellipticity
properties.

We also put for a fixed ¢ > max (2, d)

HY (@ M) = Wl (, M) N HE(Q, M),

where W11<’q, Hz’ are defined as in Theorem 3.3 foru € C(2, M), and K, L > 0.

We first show a direct consequence of Theorems 3.3 and 5.4. Then, we give an
alternative proof showing the same optimal error bounds under weaker assumptions
on the approximation space.

Theorem 6.1 Let u be a stationary point of the energy 3 : H® — R w.r.t. variations
along geodesic homotopies starting in u, and assume that

FolCT
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u e HYQ, M)

for some k > d /2.
Let ¢ > max(2, d) be such that HK(Q2, M) embeds into WH9(Q2, M). Let Cy be
the constant from Corollary 5.1, and pick a second constant

K > C404 1 0u). (39)

With this constant K, and L > 0 arbitrary, assume that J is elliptic on H[’é’L,q NH®
along geodesic homotopies that start in u.

Let G be a grid for Q of width h and order p, Vlﬁ‘j’g a p-th-order GFE space as
defined in Sect. 4, and set

h._ yM u ]
Vi=V,gNHg ,NH".
Assume that ® is such that this space is not empty. Finally, denote

ul = arg min j(vh).
vhevh

Then, whenever p > k — 1, we have the a priori estimates
llu — Mh||W1-2(sz,M) SH T Cp g O a(u)
(with respect to some embedding) and
distyy 12 (u, u")y < H1Cy o) O o (u).

In these estimates, the implicit constants only depend on d, the ellipticity constants of
Jon Hg | N H®, the interpolation functions A;, i = 1, ..., m, and the geometry of
M.

Proof Consider the p-th-order interpolant Igu € V;”g of u. By the choice (39),
Corollary 5.1, and the assumption on the boundary data, we obtain that [gu € Hg ; N
H®. We can therefore apply the Céa lemma (Theorem 3.3) to get

A
Dy o(u, uly < C%,/ IDI,Z(L{, Igu),

with A, A the ellipticity constants, and C» depending only on d, the product K L and the
curvature of M. By Theorem 5.4, the term D 5 (u, Igu) is less than Rkl Cum.gOk, o(u)
times another constant depending only on the A;. On the other hand, Lemmas 2.3
and 2.4 bound Di 5 (u, u") from below by lu — u”||y12(q yy and disty12(u, u"),
respectively. Together the assertion follows. O

EOE';W
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Theorem 6.1 requires that the discrete solution u” is obtained by minimizing the

energy  over the approximation space V ,?:Ig NH I’é Lg" H®. The restriction to Hl’é L.g
(i.e., the requirement that the L7-norm of the first derivatives of all functions in the
approximation space are uniformly bounded by K) is not usually encountered in the
geometrically linear theory. It is problematic because the first derivatives of GFE
functions deteriorate with decreasing mesh size (Lemma 4.3). In the next theorem,
we will show that we can dispense with K provided that u € H* with k sufficiently
large, more precisely whenever u possesses bounded first derivatives. We conjecture
that this result also holds without the additional restriction on k.

Theorem 6.2 Let u be a stationary point of the energy 3 : H® — R w.r.t. variations
along geodesic homotopies starting in u, and assume that

d
u e HYQ, M), k>max(2,§+1).

Suppose that J is elliptic along geodesic homotopies starting in u, with ellipticity
constants A, A, where, for a geodesic homotopy from u to v, the upper bound A may
depend on max (@1,00’9(14), @1,00,Q(v)).

Let G be a grid of width h, and VM a p-th-order GFE space. Denote V"' :=

VMg NH!N H® (assuming again that <I> is such that V" is not empty) with L > 0
arbltrary (for M compact set L = 00). Define the discrete minimizer

ul = arg min JM.
vhevh

Then, whenever p > k — 1, we have the a priori estimates
llu — Mh||W1-2(Q,M) S hki]CM,g(M)®k,Q(u)
(with respect to some embedding) and
disty 12 (u, u) < H1Cl g (0) O o).

Proof For simplicity, we will tacitly assume that the manifold M is embedded into
RN . We proceed in several steps.

Step 1 Using the argument from the proof of Theorem 3.3, we can show that

A

C3 C3
Dot "y = =2 (3w = 3w) = =2 (3gu) - Iw)
C3A(u, Igu)

iy Dy o(u, ]Igu)z.

The constant C5 is the one given in (9), and the K appearing there has to be interpreted

as an upper bound on 1 o on the geodesic homotopy from u to ul.

Fo C 'ﬂ
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By Lemma 4.3, we can pick the K such that O 1 ow") < K < h~! for any
w” € V", where the implicit constant depends on the nodal values of w” . We therefore
obtain

A, 1
D1 2(u, uh)Z g h_zle’Z(u’ ]Igu)2

for h small.
Now, we use that by our smoothness assumptions © 1 o () is finite. Then, by Corol-
lary 5.1, we get

Ooo,1,0(gu) S O, 1,0(u),

and the constant is independent of 4. Therefore, also the quantity A (u, Igu) is uni-
formly bounded, independent of /. Using additionally Theorem 5.4, this gives

Dya(u, u"y Sh7IDy o (u, Tgu) < RF2Ch.gOr.au), (40)

where we have omitted the dependence on the ellipticity constants.
Using Lemma 2.3, we see that (40) implies that in our embedding we have

lu —u" g S K 2Cu O (). (41)

We need to improve this estimate to the desired order k — 1.
Step 2 We will improve the suboptimal order of #*~2 to the desired order in the
remainder of this proof. First, we assume d > 3 and let d, := % so that we have an

embedding of HY'(Q, RY) into L% (2, RN). By (41), we get that
it — u" | pae S B2 Cor 6O (W) 42)

Step 3 Now, we assume that d, < d and use a standard argument to gain an upper
bound for the error of u — u measured in the L*-norm for s > d arbitrary:

lu —u" |13, = / lu(x) — u” (x)*dx
Q

B / ) — " ()1 fu () — " ()~ dx
Q

ds

h s—d. h
<max [u(x) —u (x *Nu —u
= max u(x) — " (O lu = ul7,

ShHED O O™,

the last inequality following from (42). For k > % + 1, we can therefore deduce that
we can find s > d such that

d
(k-2 >1,
S

FoC'T
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and consequently
lu—u"s <h forsomes > d. (43)

Step 4 Put ¢ = oco. Then, Lemma 3.3 states that with
Cy = V2 4+ 227105 |Rm | ¢ K distrs (u, v)
and
K =010 <h™!
we have the inequality
Dia(u, u")?* S C3D1 5. Igu)* < C3h** D CY ;O o).

Note that, due to (43), C; is now bounded independently of /2, which yields the desired
bound for the error D1 > (u, uh). Finally, Lemmas 2.3 and 2.4 bound D1 »(u, uh) from
below by ||lu —ul| w2, m and disty 12 (u, uly, respectively, which proves the desired
result for d, < d.

Step S The condition d, < d always holds if d > 4. For d = 3, we can directly use
the fact that

lu — w0 <l — u" | pae S HET2Cu1 gOK (1)
by (41) whenever k > 3, which yields the bound
lu —u"|a < h.

Now, we can proceed as in Step 4 to gain the optimal order for d = 3, whenever
k > 3. For d = 3, this again implies the desired asymptotic approximation rate ~*~!
whenever k > % + 1.

In the case d = 2, we note that H! embeds into L’ for every s < oo, and therefore,
we have

o — u”| s < W2 for any s < o0.
It follows that for k > 3 and s < oo arbitrary, we have
distzs (u, u”) < h,

which allows us to use the same arguments as in Step 4 to deduce the desired approx-
imation rate. The case d = 1 follows with the same argumentation. O

To summarize, Theorems 6.1 and 6.2 both present extensions of linear a priori
error estimates for finite elements. In Theorem 6.1, we require that the approximation
spaces and the solution u# possess uniformly bounded derivatives. In contrast, Theo-
rem 6.2 does not impose restrictions on the approximation spaces, but poses stronger
assumptions on the smoothness of u instead.

Elol:;ﬂ
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7 Examples

To illustrate our results, we apply them to a few specific examples. We focus on the
harmonic energy and related functionals and leave the study of more general energies
to future work.

Let 2 be a domain and (M, g) a Riemannian manifold. As previously, we consider
Dirichlet problems only. Boundary values are given in form of a function ® : 9Q2 —
M of sufficient regularity. For such a ®, we write H® for the set of all functions
v : Q — M for which v|yq = ® holds.

Studying the assumptions of Theorems 6.1 and 6.2, we recall that we can give
optimal a priori discretization error bounds for discrete minimizers of an energy func-
tional J if J is elliptic, and if the minimizer of J has sufficient smoothness.

7.1 Harmonic Maps

The prototypical elliptic functional is the harmonic energy

) = / VU@ o0 -
Q

The stationary points of this functional are called harmonic maps and have been widely
studied in the literature (see, e.g., [19]).

There are different approaches to showing ellipticity of the harmonic energy. We
first use bounds on the second derivatives along geodesic homotopies. Let K be a
positive constant, and Hg := W,l(’q as defined in (5) for some ¢ > max(2, d).

Lemma 7.1 The energy 3™ is elliptic along geodesic homotopies in Hx N H® in
the sense of Definition 3.2 if either

1. M has nonpositive sectional curvature, or
2. we have 1 — K2||Rm||gC1(Q) > 0,

where C1(S2) is the Poincaré constant of Q2 from Lemma 2.2.

Proof Let I be a geodesic homotopy in Hx N H®, and set f(r) := JM™(I'(r)).
Lemma X.3.2(ii) in [58] tells us that

d? . .
Al = 2/(vr(x, 0, VI D)y 4%
Q

— 2/ (Rm (VI(x, 1), I'(x, 1)) I'(x, 1), VI (x, r))g(r(x’,)) dx.

Q

Now, the assertion follows as a direct consequence of the Poincaré inequality in
Lemma 2.2. O

Remark 7.1 For positive curvature, this ellipticity result is fairly weak. The results in
[36] may allow improvements.

FoC'T
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Alternatively, one can also directly show the A-convexity of the harmonic energy
functional along geodesic homotopies.

Lemma 7.2 Let M be simply connected and have nonpositive sectional curvatures.
Then, the harmonic energy is A-convex along geodesic homotopies in H®, with A
equal to 1/2 times the Poincaré constant of 2.

Proof Let u, v be functions in H®, and let I' be a geodesic homotopy from u to v.
Since M is simply connected and has nonpositive curvature, it is an NPC space is the
sense of [58, Sec. X.2.1]. For this setting, it is shown in the proof for [58, Thm. X.2.2]
that

FAM (1)) < (1= 1) () + 1 P (w) — 1 (1 — 1) / |V dist(u(x), v(x)|* dx.
Q

Since u# and v fulfill the same Dirichlet boundary conditions, we have dist(u(x), v(x))
= 0 on 9€2. The assertion then follows with the standard Poincaré inequality. O

Regularity of harmonic maps is a well-studied subject. The following results are
derived in [19,33,36,37].

Lemma 7.3 A harmonic map u : Q — M with continuous boundary data is in C*°,
if one of the following conditions is satisfied:

1. M has nonpositive sectional curvature,
2. de{l,2}, or
3. the image of u is contained in a convex geodesic ball.

We remark that in other cases singularities may develop [52].
Using the preliminaries above and Theorem 6.2, we are able to prove the following
convergence theorem for harmonic maps.

Theorem 7.1 Let u be a local minimizer of\”jhmm on Hg N Hquor a constant K > 0
and continuous boundary data ®. Also, let u" be the corresponding minimizer in a
p-th-order GFE space generated by a grid of width h and order p, and resolving
the boundary conditions. If M has positive sectional curvature suppose that 1 —
K?|Rm l¢C1(€2) > 0andthat eitherd € {1, 2} or that the image of u is contained in a
convex geodesic ball of M (for M with nonpositive sectional curvature no assumptions
are needed). Then

p+1

h
lu —u ||Wl.2(gz,M) S hp||”||Hp+1

(in an embedding), and

. +1
dist(u, u")yr2 S hP Jull 774

Proof By Lemma 7.3, u is smooth enough for the smoothness descriptor © , 1 o () to
be finite, and by Lemma 7.1, the harmonic energy 3™ is elliptic. Hence, Theorem 6.2
yields bounds in terms of the smoothness descriptor ® 41 o («), which we bound in
turn with Lemma 2.7. O

Elol:;ﬂ
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Remark 7.2 In Theorem 7.1, we have assumed that the boundary data can be repre-
sented exactly in the GFE approximation space. This may not always be the case, but a
simple approximation argument shows that the same result holds if «” is interpolating
smooth boundary data.

Theorem 7.1 is confirmed by numerical studies in [56] for M = $2.1n[55], the same
optimal orders were observed for p = 1, even though the assumptions of Lemma 7.3
did not hold there.

Remark 7.3 In [7], harmonic maps into spheres S> € R3 are approximated by min-
imizing the harmonic energy over piecewise affine finite elements with nodal values
on the sphere. It is shown that for 7 — 0 there exists a subsequence of discrete solu-
tions (more precisely stationary points of the discrete optimization problems) which
converges weakly to a harmonic map. This holds even for nonregular solutions and
without any ellipticity assumption, which is in contrast to our own results. The latter
always assume a certain smoothness of the solution, but, on the other hand, allow to
obtain not just weak convergence of a subsequence but strong convergence with opti-
mal rates. We consider it an interesting question whether we can use the approach of
[7] to prove weak convergence of sequences of GFE approximations when the solution
is not smooth and/or the harmonic energy is not elliptic.

7.2 Generalizations

We can generalize the discretization error bounds for harmonic maps in a few simple
ways. We show only the ellipticity of the different functionals. Together with regularity
results available from the literature, optimal discretization error bounds then follow
by Theorem 6.2.

7.2.1 F-Harmonic Maps

F-harmonic maps are stationary points of the energy

3F () ::/F(x, |Vv(x)|§(v(x)))dx,

Q

with a function F : © x Rt — R. Such energies generalize harmonic maps and
include, e.g., p-harmonic maps and exponentially harmonic maps [5]. For notational
simplicity, we will suppress the dependence of F on x in the following results. The
proofs for this case easily carry over to the x-dependent case.

The following result follows from direct calculations.

Lemma 7.4 Denote
f@) =37 T,
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where I is a geodesic homotopy. Then, we have

d? . .
Taf=2 / F (|vr(x, z)|§(m,m) (VI 0, VG, D),y 45
Q
_2/F/ (|vr(x,z)|§(r(x1,))) (Rm (VF(x,t),f‘(x,t))f(x,t),VI‘(x,t))g(F(x’t)) dx
Q
Q/

F' (1976 0B ey ) (V16 0, TGO 1 5

+4 e

Based on this, we can prove the following ellipticity result.

Lemma 7.5 Assume that there are constants wy, wj, w4 such that
wy > F'(y) >wy >0, wy>F'(y)>0 VyeRT,

and either

1. M has nonpositive sectional curvature, or
2. wy — whK?|[Rm||,C1(R) > 0,

where C1(S) is the Poincaré constant of Q2 from Lemma 2.2. Then, the energy 3¥ is
elliptic along geodesic homotopies in Hx N H® in the sense of Definition 3.2.

Proof Let M have nonpositive sectional curvature. Then, using Lemma 7.4, we have

d? . .
d7f(t) > 2/F/ (|VF(x, t)|§(r(x,,))) (VI'(x, 1), VI'(x, t))g(myl)) dx
Q

> sz/(Vf(x,t),Vl;(x,t))g(r(x)t)) dx
Q
2w2

> H—Tl(Q)W(t)lHl’

where C1(£2) is the Poincaré constant of €2 from Lemma 2.2. On the other hand, again
by Lemma 7.4, we have

d? . 2 2 : 2
Wf(t) < 2w§/ (|vr(x, t)|g(r(x,,)) + K*|Rm||¢|T(x, t)|g(m,,))) dx

Q

. 2
+ 4w/3K2/ }VF(x, t)‘g<r(x"))dx.
Q
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In summary, we have ellipticity with A = 1+2+1)2(Q) and A = max (2w} +4w; K2, 2w)

K2||Rm|| g) . This proves 1. For the proof of the result under Assumption 2, we estimate

d2 . ) . 2
G 2/ (w2|vr(x, DL ey — whK 2 IRmll [T, t)|g(l"(x,t))) dx

Q

2

(D)X

> 2wy — wh K |Rm[|,C1 () / VG, )]
Q
wy — wyK?[Rm||C1 ()

- 1+ C1(R)

INGI»

o k2
We get ellipticity with = 222 wleHILI]R(n;ZII)gCl(SZ) and A = max (2w} + 4wiK?, 2w

K*|Rm] o). o

7.2.2 Harmonic Maps with Potential

We can also generalize the harmonic energy by adding a source term with potential
G : Q x M — R. We arrive at

sha.rm,G(v) — Ghzu'm(v) + / G(x,v(x))dx,
Q

see [21].

Again, for simplicity, in the following we will suppress the dependence of G on its
first variable x and assume that G : M — R. The second derivative of J?™-C along a
geodesic homotopy I' splits in the same terms as above for the harmonic energy, plus
the Hessian of G. Note that for apointg € M, the HessianHess G : T,M x TyM — R
is

Hess(G) (v, w) := <d—D[ grad G(y (s))

,w> , Yv,weT;M.
g(q)

s=0

where y : {—€, €} — M is a differentiable path such that y(0) = ¢ and y (0) = v.

Lemma 7.6 With T a geodesic homotopy and f (t) := JP™-G(I'(t)) with G : M —
R, we have

2
%f(t) = 2/(v1'“, vﬁ)zdx —2/(Rm(VF, DI, V) dx +/Hess(G)(f‘, IMdx.
Q Q Q

Sha.rm, G

The potential G influences the ellipticity of in the following way.

Corollary 7.1 The energy 3"™G . Hx N H® — R is elliptic along geodesic homo-
topies if either

EOE';W
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1. M has nonpositive sectional curvature, and Hess G is positive semidefinite, or
2. we have
Hess(G) (v, v)

1 — K?Rm|[{C1(Q) + inf ———>—"— > 0.
veT M v|2

Hence, J1M.G can be elliptic even if Jjharm by itself is not, provided that Hess G
is sufficiently positive definite.

For various results related to the smoothness of harmonic maps with potential, we
refer to [21].

7.2.3 Tikhonov Regularization

As a special case of the above, we can choose the source term to be the distance from
a given function w : Q - M

J% (v) := A (p) —i—/dist(v(x), w(x))u(dx).
Q

It is useful for applications to allow the source term to be integrated with respect to a
general positive measure 1, which may be discrete. Minimizing such an energy J% can
be useful in smoothing, denoising or motion planning [67]. For d = 1 (by defining
to be a discrete measure and using boundedness of point evaluations in H' ford = 1),
the framework includes a point-fitting energy

N
I ) + > dist(v(x;). pi)?

i=1

for interpolation points x; € €2 and point values p; € M.
In the case of nonpositive curvature, ellipticity can be established easily.

Lemma 7.7 Assume that M has nonpositive sectional curvature. Then, the energy

~

J¥: Hx N H® — R is elliptic along geodesic homotopies.

Proof This is a simple consequence of the ellipticity of JM™  together with the fact
that for a geodesic y(¢) in M, we have that

d2
S disty (@), p?=0

for all points p € M if M has nonpositive curvature [63]. Therefore, the functional
J¥ is coercive for any choice of w. O

Observe that the ellipticity of the functional J* holds even without Dirichlet boundary
conditions. If M has positive curvature, additional restrictions regarding the diameter
of the image u(2) apply.
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8 Conclusion

We have established optimal a priori discretization error bounds for the discretization
of manifold-valued problems by geodesic finite elements (GFE). This was achieved by
establishing appropriate manifold-valued generalizations of the classical Céa lemma
and interpolation error bounds for geodesic finite element spaces. Along the way
we have introduced a number of new technical tools for dealing with the analysis
of manifold-valued functions which we expect to be useful beyond this paper. One
example application of our theory is high-order numerical schemes for the computation
of harmonic maps into manifolds.

Many issues remain for future work. Aside from natural issues such as for instance
the investigation of the effects of variational crimes in the spirit of [62], we mention a
more thorough study of ellipticity properties for several geometric energies of inter-
est, among them a finer study of the harmonic energy with positively curved target
spaces, or the Cosserat energies studied in [48,54]. Additionally, convexity properties
of the energies on the approximation spaces are of interest, because they influence the
convergence speed of numerical solvers. Further, it will be interesting to study weak
convergence properties of GFE discretizations for nonelliptic energies and/or non-
smooth solutions, generalizing results of [7]. Finally, we mention further extensions
of linear finite element-based methods, e.g., nonconforming variants of geodesic finite
elements and temporal discretizations for nonstationary problems.

Acknowledgments The work of Philipp Grohs was supported by the Swiss National Fund (SNF) under
grant number 140635. He would like to thank Christian Lubich, Markus Sprecher and Max Wardetzky for
useful discussions. Special thanks go to Markus Hansen and Anton Schiela whose insightful comments on
an earlier version of this paper lead to significant improvements of the results.

Appendix: Taylor Series Remainder Estimates

In this appendix, we prove two technical results about certain remainder terms in
Taylor series expansions. They are used in the proof of the interpolation error bound
in Sect. 5.1.

Lemma 8.1 For a function H(x,y) : Trr X Trer — R and a multi-index k with
|k| > d/2, we have the inequality

sup |H(z, x)]
€T

1
/tlkl_lka(x,tx)dt < ,
Lz(Tref)
0

L? (Tref)

where the integration in the L*>-norms above occurs in the variable x. The implicit
constant only depends on the diameter of Tref.

Proof We only treat the case d = 2, the general case being similar. Also, for simplicity,
we assume that Tier is contained in the unit ball. Using polar coordinates (xp, x) =
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rsy = r(cos(p), sin(p)) and the substitution T = r¢, we can write

1 1 ’
/t‘“_lka(x,tx)dt :/z'k‘—lr‘k‘s(’;H(x,trs¢)dt :/tlkl—ls(pH(x,rs(p)dt.
0 0 0

We need to estimate the L2-norm of this expression. Since Tret is contained in the unit
ball, we get

2 2 r 2

1
S// /r“zl_lséH(x,rs@)dt rdrde.
0 0 \O

Using the Cauchy—Schwarz inequality, we can bound this expression by

1
/ t‘k|_1ka(x, tx)dt
0

L2(Tref)

27 r

1 r
///H(x,rs(p)zrdrdw/rzl]gl*“rdrrdr
000

0
which can in turn be bounded by

1 1
/ sup H(x,ts¢)2tdrdg0/12|E|*3drrdr
0

X € Tef 0

11
2 20k|-3
72 dtrdr.
Lz(Tref)
0 0

Since the double integral on the right is no greater than 1, we get the desired expression.
(]

2

[

-

o—__

sup [H (x, )]

X €E€Tef

Lemma 8.2 For a function U defined on Ty and a multi-index é with |e| = 1, we

have
1

Z@BE/t|§|1xiale(tx)dt= D (_Lixi87+gU(x). (44)
~ i i

|k|=k 0 [l|=k—1

Proof The term on the left-hand side of (44) is the derivative of the residual term

A
R(x) == U(0) — Z(—l)‘l|%81U(x)
I|<k )

in the Taylor expansion of U around x and evaluated at zero. Using this interpretation,
one can check the statement by direct computation. Indeed, applying the operator 9¢
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to R and using the product rule, we get

3°R(x) = —d° > 1)'” a U ()

ll<k

= Z( 1)'” )a U (x) + (- 1)'” 8l+eU(x)

|l|<k
= (- 1>‘” al+€U<x)+ (—ni= a’“U( )
> > i
|l\<k 1 |l|<k
[ll=k—1
In the second line, we have used the convention xi_g = 0 whenever | — & € 7% has a
negative entry. O
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