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ALMOST LOCAL METRICS ON SHAPE SPACE OF
HYPERSURFACES IN n-SPACE

MARTIN BAUER, PHILIPP HARMS, PETER W. MICHOR

ABSTRACT. This paper extends parts of the results from [P.W.Michor and D.
Mumford, Appl. Comput. Harmon. Anal., 23 (2007), pp. 74-113] for plane
curves to the case of hypersurfaces in R™. Let M be a compact connected
oriented n — 1 dimensional manifold without boundary like the sphere or the
torus. Then shape space is either the manifold of submanifolds of R™ of type
M, or the orbifold of immersions from M to R™ modulo the group of diffeo-
morphisms of M. We investigate almost local Riemannian metrics on shape
space. These are induced by metrics of the following form on the space of
immersions:

Gy(h,k) = /M B(Vol(f), Tr(L))g(h, k) vol (f*3),

where g is the Euclidean metric on R™, f*g is the induced metric on M, h, k €
C>°(M,R™) are tangent vectors at f to the space of embeddings or immersions,
where ® : R2 — R is a suitable smooth function, Vol(f) = fM vol(f*g) is
the total hypersurface volume of f(M), and the trace Tr(L) of the Weingarten
mapping is the mean curvature. For these metrics we compute the geodesic
equations both on the space of immersions and on shape space, the conserved
momenta arising from the obvious symmetries, and the sectional curvature.
For special choices of ® we give complete formulas for the sectional curvature.
Numerical experiments illustrate the behavior of these metrics.
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2 Almost local metrics on shape space of hypersurfaces in n-space

1. INTRODUCTION

Many procedures in science, engineering, and medicine produce data in the form
of shapes of point clouds in R™. If one expects such a cloud to follow roughly a
submanifold of a certain type in R™, then it is of utmost importance to describe the
space of all possible submanifolds of this type (we call it a shape space hereafter)
and equip it with a significant metric which is able to distinguish special features
of the shapes. Almost local metrics are a contribution towards this aim.

This paper benefited from discussions with David Mumford, Hermann Schichl,
who taught us about the use of AMPL, Johannes Wallner and Tilak Ratnanather.
Parts of this paper can be found in the Ph.D. thesis of Martin Bauer [3].

1.1. Reading suggestions. A reader who wants to see results before immersing
himself in the theoretical background is recommended to pick up the necessary
definitions in the introduction and to jump directly to the last two sections con-
taining special cases and numerical results. In section 2 we build the fundaments
for shape analysis in a Riemannian setting. Section 3 presents background material
in differential geometry and can serve as a reference for our notation. Throughout
this work we will use covariant derivatives of vector fields along immersions. This
concept might not be known to all readers; thus we have decided to give a careful
description in section 3.5. The main results of the work are in sections 6-11.

In the following introduction we give a non-technical presentation of our ap-
proach. Parts of it can also be found in the Ph.D. thesis of Philipp Harms [8].

1.2. The Riemannian setting. Most of the metrics used today in data analysis
and computer vision are of an ad-hoc and naive nature. One embeds shape space in
some Hilbert space or Banach space and uses the distance therein. Shortest paths
are then line segments, but they leave shape space quickly. For several reasons the
Riemannian setting for shape analysis is a better solution.

e It formalizes an intuitive notion of similarity of shapes: Shapes that differ
only by a small deformation are similar to each other. To compare shapes,
we measure the length of a deformation. A deformation of a shape is a path
in shape space. Remember that in a Riemannian manifold, the geodesic
distance between two points is the infimum over the length of all paths
connecting them.

e Riemannian metrics on shape space have been used successfully in computer
wision for a long time, often without any mention of the underlying metric.
Gradient flows for shape smoothing are an example. An underlying metric
is needed for the definition of a gradient. Often, the metric used implicitly
is the L?-metric which has, however, turned out to be too weak.

e The exponential map (if it exists) that is induced by a Riemannian met-
ric permits us to linearize shape space: When shapes are represented as
initial velocities of geodesics connecting them to a fixed reference shape,
one effectively works in the linear tangent space over the reference shape.
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Curvature will play an essential role in quantifying the deviation of curved
shape space from its linearized approximation.

e The linearization of shape space by the exponential map allows us to do
statistics on shape space.

However a disadvantage of the Riemannian approach is that shapes can be com-
pared with each other only when there is a deformation between them, i.e., when
they have the same topology.

1.3. Shape spaces. In mathematics and computer vision, shapes have been rep-
resented in many ways. Point clouds, meshes, level-sets, graphs of a function,
currents, and measures are but some of the possibilities. The notion of shapes
underlying this work is that of immersed or embedded submanifolds of R™ of co-
dimension one. Any such submanifold can be represented as a fixed immersion or
embedding modulo reparametrizations.

The space of all immersions is illustrated in figure 1. The colors are there
to help the reader visualize parametrizations. Immersions differing only by a
reparametrization are drawn along vertical lines. These lines are the orbits of
the reparametrization group. Immersions in the same orbit correspond to the same
shape in shape space. In other words, shape space is the space of orbits of the
reparametrization group acting on the space of immersions.

FIGURE 1. Illustration of the space of immersions of S! in R2.

As mentioned in the previous section, only shapes with the same topology can be
compared. Thus we assume that all shapes (i.e., submanifolds) are diffeomorphic
to the same compact connected oriented n — 1 dimensional manifold M. We will
deal only with smooth shapes. They form the core of actual shape space, which
can be viewed as the Cauchy completion with respect to geodesic distance for one
of the Riemannian metrics that we treat in this paper. See section 2 for a formal
definition of shape space.

1.4. Riemannian metrics on shape space. Riemannian metrics measure infin-
itesimal deformations. Riemannian metrics on shape space come in two flavors:
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e Outer metrics measure how much ambient space has to be deformed in order
to yield the desired deformation of the shape. An infinitesimal deformation
of ambient space is a vector field on ambient space and could be pictured
as a small arrow attached to every point in ambient space; see figure 2.

e Inner metrics measure deformations of the shape itself within a fixed ambi-
ent space. An infinitesimal deformation of the shape itself is a vector field
along the shape. It could be pictured as a small arrow attached to every
point of the shape; see figure 2.

The metrics treated in this work are inner metrics.
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FIGURE 2. Infinitesimal transformation of ambient space (left) as
measured by an outer metric and infinitesimal transformation of
the shape itself (right) as measured by an inner metric.

1.5. Where this paper comes from. In [15], Michor and Mumford investigated
inner metrics on the shape space of planar curves. The simplest such metric is the
L%-metric given by

Gy(k) = [ a(h0).k(0)) 17/ ®)] db

where f,h,k : S* — R? are smooth functions. f is the curve representing the
shape, and h, k are deformation vector fields of f. The Euclidean metric on R? is
denoted by g. We use integration by arc length ds = |f’(0)|df. This makes the
metric invariant under reparametrizations of f, h, k. This invariance is needed when
factoring out reparametrizations; see section 2. Since the metric has to be positive
definite, it is natural to require that f/(0) # 0 everywhere, i.e., f is an immersion.

Unfortunately it turned out that the L? metric induces vanishing geodesic dis-
tance on shape space [15]. This means that any two shapes can be connected by
an arbitrarily short path in shape space, when path length is measured with the L?
metric. Later in [14] it was found that the vanishing geodesic distance phenomenon
for the L?-metric occurs also in the more general shape space where S! is replaced
by a compact manifold M and Euclidean R? is replaced by a Riemannian manifold

LThe graphic is an adaptation by the authors of a graphic in [20].
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N. It also occurs on the full diffeomorphism group Diff(N).? These results together
imply vanishing geodesic distance on spaces of immersions.?

The discovery of the degeneracy of the L? metric was the starting point of a
quest for better Riemannian metrics. A possibility excluding the degenerate paths
encountered in [15] is to penalize high length and/or curvature. This led to the
investigation of a class of metrics which were called almost local metrics; see [16, 15].
A better name might be weighted L?-metrics. They are of the form

GF(h k) = /51 O(U(f), k7 (0))g(h(O), k(©))]f(0)] d,

where ® : R? — Ry is a suitable smooth function, £(f) = [q. |f'(0)|d6 is the
length of f, and kf is the curvature of f. If ® = ®({(f)), then this is just a
conformal change of the metric; it was proposed and investigated independently in
[18] and in [23, 24, 25]. For & = 1+An?¢, where A is a positive constant, the metric
was investigated in great detail in [15].

1.6. Almost local metrics, geodesics, and curvature. In this paper we take
up the investigation of almost local metrics from [16] and we generalize it to higher
dimensions. For surfaces in R? this leads to metrics of the form

G (h k) = /N B(Area( ). ) i) d Area.

Here M is a compact connected oriented two-dimensional manifold, g is the Eu-
clidean metric on R3, f : M — R? is an immersion, h,k : M — R? are seen as
deformation vector fields of the immersion, and ® : R3 — R is again a suit-
able positive smooth function depending on the area of the immersed surface f(M)
and on the mean curvature p. In two dimensions, the mean curvature p = Tr(L)
and Gauf} curvature x = det(L) are all the invariants of the Weingarten mapping
L. However, in this paper we do not treat the metric which involves the Gauf}
curvature. This is done in the paper [1].

We do not restrict ourselves to surfaces in R3. Instead we treat almost local
metrics on spaces of hyper-surfaces in R™. More specifically, these are metrics of
the form

G%(h,k) = /M ®(Vol(f), Tr(L)) g(h, k) vol(g).

Here M is a compact connected oriented n — 1 dimensional manifold, f : M — R"
is an immersion, h,k : M — R™ are deformation vector fields, and ® : R? — Ry is
again a suitable positive smooth function. We denote the pullback of the Euclidean
metric g to M via the immersion f by g = f*g. It is sometimes called the first fun-
damental form of the surface and is given in coordinates by ¢;; = (0, f, 0, f). The
natural replacement of dA is the n—1 dimensional volume density vol(g) induced by
g. In coordinates u',...u"~! on M it is given by /det(g;;) |[du' A---Adu™~!|. The
total n — 1 dimensional volume of f(M) is denoted by Vol(f) = [, vol(g). Finally,

2But not on the subgroup Diff (N, vol) of volume preserving diffeomorphisms, where the geo-
desic equation for the L2?-metric is the Euler equation of an incompressible fluid.

3This has not been stated in [15, 14], but it follows easily. First choose a short horizontal path
going from the immersion fo to the Diff (M)-orbit of the immersion fi. Then choose another short
path in the Diff(M)-orbit of f1 connecting the endpoint of the previous path to fi.
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Tr(L) is the mean curvature, which is the trace of the Weingarten mapping L. See
section 3 for a rigorous definition of the objects that are used in the definition of
the metric.

As mentioned above, metrics of this form will be called almost local as in [16].
A better name might be weighted H°-metrics or weighted L?-metrics. It is natural
to consider Gaufi-curvature weighted metrics as well. This is done in [1]. It might
also be worth considering other curvature invariants.

In the theoretical part of this work ® is general. The special choices of ® inves-
tigated in the more practical two last sections are

. Te(L)?
O=Vol*, d=e" &=1+ATr(L)*, &=Volis+A r\(/ 1) :
O

where A > 0 and k € N are constants. The last choice of ® induces a scale-invariant
metric.

The G®-metrics are weak Riemannian metrics on the manifold of all immersions
M — R™, which is an open subset of the Fréchet space of all smooth mappings.
But we are interested in the induced Riemannian metric on shape space, which
is the quotient space under the identification of immersions differing only by a
reparametrization; see 2.8. Shape space is difficult to handle, but geodesics on
shape space are images of so-called horizontal geodesics on the space of immersions.
A geodesic on the manifold of immersions is called horizontal if its velocity vector
is a horizontal tangent vector at each time. A tangent vector is called horizontal if
it is G®-perpendicular to the reparametrization orbits. The length of a horizontal
(minimizing) geodesic defines the distance between its endpoints, which is what we
are interested in.

In general, geodesics are critical points of the energy functional

1
E(f)= %/0 G?(t)(atfa O f)dt,

where f is a smooth curve of immersions. A curve f(t) is a critical point of the
horizontal energy functional

hor 1 ! P hor hor
() = 5 [ Ghol@n™ @) ae

if and only if a suitable reparametrization of it is a horizontal geodesic. In the
above formula (9; f)P°" denotes the horizontal part of the velocity 9, f; see section
2.8.

Almost local metrics have the great advantage that a tangent vector h : M — R™
with footpoint an immersion f : M — R™ is horizontal if and only if A(x) is normal
to Ty(z) f(M) in R” for all x € M; see section 6.1. Therefore the horizontal energy
for almost local metrics is given by an easy and computable formula. This makes
the numerical approach in this paper possible; see section 11. But an analytical
proof of the existence of critical points for the horizontal energy (which can be
viewed as an anisotropic plateau problem) is still lacking. The simple form of the
horizontal bundle also opens the way to computations of sectional curvature on
shape space; see section 7. We are interested in sectional curvature because it will
eventually be important for doing statistics on shape space and for the computation
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of conjugate points. Furthermore, unbounded positive sectional curvature might be
related to vanishing geodesic distance (see [14]).

1.7. Contributions of this work. Almost local metrics are generalized to higher
dimensions. Some estimates for geodesic distance on shape space are proven. They
show that almost local metrics with suitable functions & overcome the degeneracy
of the L? metric. In addition, almost local metrics are compared to the Fréchet
metric.

The geodesic equation and conserved quantities are calculated on shape space
and on the full space of immersions. For this aim the Hamiltonian formalism
developed in [16] is updated to the more general situation here. Furthermore, the
Riemann curvature tensor is calculated on shape space. It contains some negative,
positive, and indefinite terms. Explicit formulas for special choices of ® are given.

For all these calculations, first and second derivatives of the metric, volume form,
second fundamental form and other curvature terms are developed. The derivatives
are taken with respect to the immersion inducing these objects.

The last section contains numerical experiments for geodesics. We do only
boundary value problems and no initial value problems (it is not clear if the initial
value problem is well posed). We use Mathematica to set up the triangulation of the
surfaces, feed this into AMPL (a modeling software developed for optimization),
and use the solver IPOPT. The numerical results are tested on the totally geodesic
subspace of concentric spheres where we also have analytic solutions. Then we
study translations and deformations of surfaces for various metrics and discuss the
appearing phenomena.

For the sake of simplicity we have restricted ourselves to the shape space of hyper-
surfaces in R™. The more general case of arbitrary co-dimension and R" replaced
by a non-flat Riemannian manifold (N, g) will be treated in another paper.

2. SHAPE SPACE AND THE HAMILTONIAN APPROACH

The aim of this chapter is to develop a rigorous notion of shape space, to derive
the geodesic equation on shape space, and to calculate the conserved momenta.

2.1. Manifolds of immersions and embeddings and the diffeomorphism
group. Mathematically, parametrized surfaces will be modeled as immersions or
embeddings of one manifold into another. We call immersions and embeddings
parametrized since a change in their parametrization (i.e., applying a diffeomor-
phism on the domain of the function) results in a different object. We will deal
with the following sets of functions:

(1) Emb(M,R") C Imm(M,R") C C=(M,R").

C>*(M,R") is the set of smooth functions from M to R™. Imm(M,R") is the set
of all immersions of M into R™, i.e., all functions f € C°°(M,R™) such that T, f
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is injective for all x € M. Emb(M,R"™) is the set of all embeddings of M into
R™, i.e., all immersions f that are a homeomorphism onto their image. In most
cases, immersions will be used since this is the most general setting. Working with
embeddings instead of immersions makes a difference in section 8.

Since M is compact, by assumption it follows that C*°(M,R") is a Fréchet
manifold [11, section 42.3]. All inclusions in (1) are inclusions of open subsets.
Therefore, all function spaces in (1) are Fréchet manifolds as well.

The tangent bundle of the manifold of immersions is
TImm(M,R") = Imm(M,R") x C°(M,R") C C*°(M,R" x R"),

and the cotangent bundle is 7* Imm (M, R™) = Imm(M,R"™) x D’'(M)", where the
second factor consists of n-tuples of distributions in D'(M) = C*°(M)’, which is
the space of distributional sections of the density bundle.

By Diff (M) we will denote the group of all smooth diffeomorphisms. Diff (M)
is a Fréchet manifold as well, since it is an open subset of C*°(M,M). It is an
infinite dimensional Lie group in the sense of [11, section 43]. The diffeomorphism
group Diff (M) acts smoothly on C°°(M,R™) and its subspaces Imm(M,R™) and
Emb(M,R™) by composition from the right. The action is given by the mapping

Imm(M,R"™) x Diff (M) — Imm(M,R"), (fyo) = r(f,o)=19(f) = foe.
The tangent prolongation of this group action is given by the mapping

T(r?): TImm(M,R") x Diff (M) — T Imm(M,R"),
(frh, @) = (fop,ho).

We will sometimes use the abbreviations Emb, Imm, and Diff when the domain
and co-domain of the functions are clear from the context.

2.2. Riemannian metrics on the manifold of immersions. In this work we
consider smooth Riemannian metrics on Imm (M, R"™), i.e., smooth mappings

G : Imm(M,R") x C*(M,R") x C*°(M,R") — R,

(f,h,k) — Gy¢(h,k), bilinear in h, k,

Gy(h,h) >0 for h #0.
Each such metric is weak in the sense that Gy, viewed as bounded linear mapping

Gy : Ty Imm(M,R") = C*(M,R") — T§ Imm(M,R") = D' (M),
G : TImm(M,R") — T* Imm(M,R"),
G(f.h) = (f,Gs(h, ),
is injective but can never be surjective. We shall need also its tangent mapping
TG : T(T ITmm(M,R"™)) — T(T* Imm(M,R"™)).

We write a tangent vector to T ITmm (M, R™) as (f, h; k,v), where (f, h) € T Imm (M, R"™)
is its footpoint, k is its vector component in the Imm (M, R™)-direction, and where
v is its component in the C*° (M, R™)-direction.
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Then T'G is given by
TG(f7 h7 ka ’U) = (.f7 Gf(h’a . )a kv D(f,k)Gf(h7 . ) + Gf(v7 . ))
Note that only these smooth functions on Imm (M, R™) whose derivatives lie in
the image of G in the cotangent bundle have G-gradients. This requirement has

only to be satisfied for the first derivative; for the higher ones it follows (see [11]).
We shall denote by CZ° (Imm(M,R™)) the space of such smooth functions.

In what follows we shall further assume that that the weak Riemannian metric
G itself admits G-gradients with respect to the variable f in the following sense:

| Dy Gy (R, k) = Gp(m, Hy(h k) = Gy (K (m. h), k), | where
H, K : Imm(M,R") x C%(M,R") x C*(M,R") — C>(M,R")
(fa h, k) — Hf(h7 k)a Kf(h7 k)

are smooth and bilinear in h, k.

Note that H and K could be expressed in abstract index notation as g;;1g" and
gi;. k9. We will check and compute these gradients for several concrete metrics
below.

2.3. The fundamental symplectic form on 7 Imm(M,R") induced by a
weak Riemannian metric. The basis of Hamiltonian theory is the natural 1-
form on the cotangent bundle 7* Imm (M, R™) given by

O : T(T* Imm(M, R")) = Imm(M, R™) x D'(M)™ x C®(M,R") x D'(M)" — R,
(f.czh, B) = (o, h).
The pullback via the mapping G : T Imm (M, R"™) — T* Imm(M,R") of © is
(G*O) (s, (f, hi k,v) = Gy (h, k).

Thus the symplectic form w = —dG*© on T Imm(M,R") can be computed as
follows, where we use the constant vector fields (f,h) — (f, h; k,v):

w(rm ((k1,01), (k2,v2)) = —d(G*O)((k1,v1), (k2,v2))|(1.n)
= —D(4,1)Gy(h,k2) — Gy(vi,k2) + Df )G r(h, k1) + Gr(va, k1)
(1) = Gy(ko, Hp(h, k1) — Kg(k1,h)) + Gf(va, k1) — Gy(v1, ka).

2.4. The Hamiltonian vector field mapping. Here we compute the Hamilton-
ian vector field grad” (F') associated to a smooth function F on the tangent space
TImm(M,R"); that is F € C& (Imm(M,R™) x C>°(M,R™)) assuming that it has
smooth G-gradients in both factors. See [11, section 48]. Using the explicit formulas
in section 2.3, we have

w(s,n) (grad”(F)(f, h), (k,v))
= w(z.n ((grady (F)(f, h), grads (F)(f, h)), (k,v))
= Gy (k, Hy (h,grady (F)(f,h))) — G (K (grady (F)(f, h), h), k)
+ Gy (v, grady (F)(f, h)) — Gy(grad3 (F)(f, h), k).
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On the other hand, by the definition of the w-gradient we have
W(f,h) (gra‘dw(F)(fv h’)7 (kv U)) = dF(fa h)(kv U) = D(f,k)F(f7 h’) + D(h,v)F(f7 h)
= G y(grad{ (F)(f, h), k) + G s (grad§ (F)(f, h), v),

and we get the expression of the Hamiltonian vector field:

grady (F)(f, h) = grad§ (F)(f, h),
grady (F)(f,h) =—grad{ (F)(f,h)
+ Hy (h, grad§ (F)(f, h)) — Ky (grad§ (F)(f, h), h).

Note that for a smooth function F' on T Imm(M,R™) the w-gradient exists if and
only if both G-gradients exist.

2.5. The geodesic equation on the manifold of immersions. The geodesic
flow is defined by a vector field on T'Imm(M,R™). One way to define this vector
field is as the Hamiltonian vector field of the energy function

E(f,h) = %Gf(h,h), E : Tmm(M, R™) x C%(M,R") — R.
The two partial G-gradients are
G y(grad3 (E)(f. h),v) = d2B(f, h)(v) = G (h,v),
grad3 (E)(f,h) = h,
Gy (gradf (E)(f,h), k) = & E(f, h)(k) = $D(s.x)Gs(h, h)
— 16y (k. Hy(h. 1),
gradf(E)(f,h) = LHy(h,h).
Thus the geodesic vector field is
grads (E)(f,h) = h
grady (E)(f,h) = 5Hy(h,h) — K;(h, h)

and the geodesic equation becomes

ft = ha 1

or =:sH , - K , ft).
{ht — LH () — Ky (b, h), fo = 5Hy(fe, fr) = K¢ (fes fe)
This is nothing but the usual formula for the geodesic flow using the Christoffel
symbols expanded out using the first derivatives of the metric tensor.

2.6. The momentum mapping for a G-isometric group action. We consider
now a (possibly infinite dimensional regular) Lie group with Lie algebra g with a
right action g — 9 by isometries on Imm(M,R™). Denote by ¥(Imm(M,RR™)) the
set of vector fields on Imm(M,R™). Then we can specify this action by the funda-
mental vector field mapping ¢ : g — X(Imm(M,R")), which will be a bounded Lie
algebra homomorphism. The fundamental vector field (x, X € g, is the infinitesi-
mal action in the sense that

Cx () = Delor= P (f).



M. Bauer, P. Harms, P. Michor 11

We also consider the tangent prolongation of this action on T Imm(M,R"™), where
the fundamental vector field is given by

G (o) = (f hs Cx () Dipny (C)(F) =2 G (f, ).
The basic assumption is that the action is by isometries,
Gf(h, k) = ((Tg)*G>f(h, k’) = Gry(f) (Tf(?"g)h, Tf(?“g)k‘).
Differentiating this equation at g = e in the direction X € g, we get
(1) 0= Dsex(r)Grhk) + Gr(Cx (f 1), k) + Gy (h, Cx (f.K)).

The key to the Hamiltonian approach is to define the group action by Hamiltonian
flows. We define the momentum map j : g = C&F (T Imm(M,R™),R) by

lix(f.h) = Gy (Cx (£). ). |
Equivalently, since this map is linear, it is often written as a map
J : TTmm(M,R") — ¢/, (T(f:h), X) = jx(f,h).

The main property of the momentum map is that it fits into the following commuta-
tive diagram and is a homomorphism of Lie algebras:

HO(T Imm) — > €3 (T T, R) — = %(T T, w) — > H'(T Imm)

S

where X(7T Imm, w) is the space of vector fields on T'Imm whose flow leaves w fixed.
Note also that J is equivariant for the group action. See [16] for more details.

By Noether’s theorem, along any geodesic t — f(¢, . ) this momentum mapping
is constant; thus for any X € g we have

‘ (T(f, f), X) = jx(f, fr) = G¢(Cx(f), ft) is constant in . ‘

We can apply this construction to the following group actions:

e The smooth right action of the group Diff(M) on Imm(M,R"™), given by
composition from the right: f — f o for ¢ € Diff (M).
For X € X(M) the fundamental vector field is then given by

RE(f) = Cx(f) = X(f) = Qelo(f o FIY) = df X,

where Fl75 denotes the flow of X. The reparametrization momentum, for
any vector field X on M is thus

Assuming the metric is reparametrization invariant, it follows that on any
geodesic f(x,t), the expression G(df.X, f) is constant for all X.

e The left action of the Euclidean motion group R™ x SO(n) on Imm(M,R™)
given by f — Af + B for (B, A) € R" x SO(n). The fundamental vector

field mapping is
CB.x)(f)=Xf+B.
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The linear-momentum is thus G;(B, h), B € R", and if the metric is trans-
lation invariant, G¢(B, f;) will be constant along geodesics for every B €
R™. The angular-momentum is similarly G¢(X.f,h),X € so(n), and if
the metric is rotation-invariant, then G¢(X.f, f;) will be constant along
geodesics for each X € so(n).

e The action of the scaling group of R given by ¢ — €” f, with fundamental
vector field (,(f) = a.f.

If the metric is scale-invariant, then the scaling momentum G¢(f, fi) will

also be invariant along geodesics.

2.7. Shape space. As discussed in the introduction, by a shape we mean a smoothly
immersed or embedded hypersurface in R™ which is diffeomorphic to a fixed com-
pact, connected, and oriented manifold M of dimension n — 1. The space of these
shapes will be denoted B;(M,R™) or B.(M,R") and viewed as the quotient

Be(M,R") = Emb(M,R")/ Diff (M) or B;(M,R") = Imm(M,R")/ Diff (M).

In [11, section 44.1] it is shown that B.(M,R"™) is a manifold again. B;(M,R™)
is, however, no longer a manifold but an orbifold with finite isotropy groups; see
[5]. We will sometimes use the abbreviations B; and B, when it is clear what the
domain and co-domain of the functions are.

More generally, a shape will be an element of the Cauchy completion (i.e., the
metric completion for the geodesic distance) of B; (M, R™) with respect to a suitably
chosen Riemannian metric. This will allow for corners.

2.8. Riemannian submersions and the metric on shape space. We will al-
ways assume that a Diff (M )-invariant Riemannian metric on Imm(M, R™) is given.
Then there is a unique Riemannian metric on the quotient space B;(M,R™) such
that the quotient map 7 : Imm(M,R™) — B;(M,R") is a Riemannian submersion.
This is the construction that we use to induce a metric on shape space.

Let ker(T'n) C T Imm(M,R™) be the vertical bundle. The horizontal bundle is
its orthogonal complement with respect to the metric G. Then T} s B;(M,R") is
isometric to the horizontal bundle at f € Imm(M,R"™). Note that the horizontal
bundle depends on the definition of the metric. For almost local metrics, it consists
of vector fields along f that are everywhere normal to f; see section 6.1 .

By the conservation of the reparametrization momentum, geodesics in the space
of immersions with horizontal initial velocity stay horizontal for all time. Such
geodesics project down to geodesics in shape space because 7 is a Riemannian
submersion. See [13, section 26] for a proof of this fact. We will show in section 6.1
that almost local metrics have the property that any curve in shape space can be
lifted to a horizontal curve of immersions. This implies that instead of solving
the geodesic equation on shape space one can equivalently solve the equation for
horizontal geodesics in the space of immersions.

3. DIFFERENTIAL GEOMETRY OF SURFACES AND NOTATION
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In this section we will present and develop the differential geometric tools that
are needed to deal with immersed surfaces. The most important point is a rigorous
treatment of the covariant derivative and related concepts.

In [2, section 2] one can find some parts of this section in a more general setting.
We use the notation of [13]. Some of the definitions can also be found in [9].

3.1. Tensor bundles and tensor fields. We will deal with the tensor bundles

TrM TrM ® f*TR"
M M

Here T7 M denotes the bundle of (7} )-tensors on M, i.e.,

T M = ®TM ® ®T*M,

and f*TR"™ is the pullback of the bundle TR™ via f; see [13, section 17.5]. A tensor
field is a section of a tensor bundle. Generally, when E is a bundle, the space of its
sections will be denoted by I'(E).

To clarify the notation that will be used later, some examples of tensor bundles
and tensor fields are given now.

End(TM) = L(TM,TM) = T} M is the bundle of endomorphisms of TM.
SET* M = L§ym(TM; R) is the bundle of symmetric (9 )-tensors.

S2,T*M is the bundle of symmetric positive definite (3)-tensors.

ART*M = L¥, (T M;R) is the bundle of alternating (9 )-tensors.

Q" (M) =T (A"T*M) is the space of differential forms.

X(M)=T(TM) is the space of vector fields.

L(f*TR") = {h € C®°(M,TR") : my o h = f} is the space of vector fields
along f.

For X € X(M) the insertion ¢x will always insert X into the leftmost covariant
entry of a tensor.

3.2. Metric on tensor spaces. Let g € I'(S2T*R") denote the Euclidean metric
on R™. The metric induced on M by f € Imm(M,R") is the pullback metric

g=f"gel(S3,T"M), g(X,Y)=(f9)(X,Y)=g(TfX TfY),

where X,Y are vector fields on M. The dependence of g on the immersion f
should be kept in mind. Let (u,U) be a fixed chart on M with 0; = %. In these
coordinates the pullback metric is given by

n—1 n—1
glv = Zgijdui ® du? = Zg(aif, (%-f)dui ® dul.
b irj

The metric can be seen as a mapping

g:TM — T*M, X - g(X)=:X"
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with inverse
g ' T*M — TM, ar g Ha) =: ok
This defines a metric on the cotangent bundle TP M = T*M via
g, B) = g~ (o, B) = a(B) = g(o*, 5)
for a, B € T*M. The product metric

T S
=R’

extends g to all tensor spaces T, M, and g, ® g yields a metric on Ty M ® f*TR".

3.3. Traces. The trace contracts pairs of vectors and covectors in a tensor product:
Tr: T"M TM = L(TM,TM) - M xR

A special case of this is the operator ¢x inserting a vector X into a covector or into
a covariant factor of a tensor product. The inverse of the metric g can be used to
define a trace

T :T"MQT*M — M xR
contracting pairs of covectors. Note that Tr? depends on the metric whereas Tr
does not. The following lemma will be useful in many calculations (see [2, section

2)).
Lemma. ¢3(B,C) =Tr(g 'Bg~'C) for B,C € TYM if B or C is symmetric.

In the expression under the trace, B and C are seen as maps TM — T*M.

3.4. Volume density. Let Vol(M) be the density bundle over M; see [13, sec-
tion 10.2]. The volume density on M induced by f € Imm(M,R") is

vol(g) = vol(f*g) € T'(Vol(M)).
In a chart (u,U) the volume density reads as
vol(g) = \/det(g (0if,0; ) |du A+ Adu™).

The volume of the immersion is given by

Vol() = [ vol('9) = [ vollo).

The integral is welldefined since M is compact. Since M is oriented, we may identify
the volume density with a differential form.

3.5. Covariant derivative. We will use covariant derivatives on vector bundles
as explained in [13, sections 19.12, 22.9]. Let V9, V9 be the Levi-Civita covariant
derivatives on (M, g) and (R™, g), respectively. For any manifold @ and vector field
X on @ one has

V% : C®(Q,TM) — C*(Q,TM), h— V%h,
V% : C=(Q,TR") — C>=(Q, TR"™), h s V5 h.
Usually we will simply write V for all covariant derivatives. It should be kept in

mind that V9 depends on the metric g = f*g and therefore also on the immersion
f. The R™ covariant derivative V% h equals the ordinary differential dh(X) but
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remembers the footpoint f of h, i.e. , V%(f,h) = (f,dh(X)) if we write (f,h)
instead of h. The following properties hold [13, section 22.9]:

(1) Vx respects base points, i.e., 7 o Vxh = o h, where 7 is the projection
of the tangent space onto the base manifold.

(2) Vxh is C*™-linear in X. So for a tangent vector X, € T,Q, Vx, h makes
sense and equals (Vxh)(z).

(3) Vxh is R-linear in h.

(4) Vx(a.h) = da(X).h+ a.Vxh for a € C*(Q), the derivation property of
Vx.

(5) For any manifold @ and smooth mapping ¢ : @ — Q and Y, € Tyé one
has Vr,y,h = Vy,(hogq). f Y € X(Q1) and X € X(Q) are g-related, then
Vy(hogq) =(Vxh)ogq.

The two covariant derivatives V% and V% can be combined to yield a covariant
derivative V x acting on C*°(Q, T7 M @TR™) by additionally requiring the following
properties [13, section 22.12]:

(6) Vx does not change the grade of tensors, i.e., it induces mappings
Vi : C®(Q, T M @ TR™) — C(Q, T' M ® TR™).

() Vx(h®k) = (Vxh) @ k+ h ® (Vxk), a derivation with respect to the
tensor product.

(8) Vx commutes with any kind of contraction (see [13, section 8.18]). A
special case of this is

Vx(aY)) = (Vxa)(Y)+a(VxY) fora®Y :Q — T} M.

Property 1 is important because it implies that V x respects spaces of sections of
bundles. For example, for Q@ = M and f € C*°(M,R"), one gets

Vx :T(T'M ® f*TR") — T(T" M ® f*TR™).

3.6. Swapping covariant derivatives. We will make repeated use of some for-
mulas, allowing us to swap covariant derivatives. Let f be an immersion, h a vector
field along f, and X,Y vector fields on M. Since V is torsion-free, one has [13,
section 22.10]

(1) VxTfY —VyTf.X —Tf[X,Y] =0.
Furthermore, one has [13, section 24.5]
(2) VxVyh—VyVxh—Vixyh=0,

since R™ is flat. These formulas also hold when f : R x M — R™ is a path of
immersions, h : R x M — TR"™ is a vector field along f, and the vector fields are
vector fields on R x M. A case of special importance is when one of the vector
fields is (0¢,0p7) and the other (Og,Y'), where Y is a vector field on M. Since the
Lie bracket of these vector fields vanishes, (1) and (2) yield

(3) Vo000 T f-(0r,Y) = V(e )T f.(Or,00) = 0

and

(4) V(0:,0a) V0, ) 0 = Vi02,v) V(61,000 = 0.
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If the context is clear, we shall write 9, instead of the more detailed notation
(0r,0p7) and Y instead of (Og,Y).

3.7. Higher covariant derivatives and the Laplace operator. When the co-
variant derivative is seen as a mapping

V:D(TIM) = T(T7 M) or V:T(T'M ® f*TR") — (T, M ® f*TR™),

then the second covariant derivative is simply VV = V2. Since the covariant
derivative commutes with contractions, V2 can be expressed as

Viy =wixV?=1yVxV =VxVy —Vy,y for X,Y € X(M).

Higher covariant derivates are defined as VFE k > 0. We can use the second co-
variant derivative to define the Laplace—Bochner operator. It can act on all tensor
fields B and is defined as

AB = —Tr(V%B).
For h = (h',...,h™) : M — R"™ one has Ah = (Ah,...,AR™).

3.8. Normal bundle. The normal bundle Nor(f) of an immersion f is a subbundle
of f*T'R™ whose fibers consist of all vectors that are orthogonal to the image of f,
ie.,
Nor(f), = {Y €Ty R" : VX € T, M : gV, Tf.X) = 0}.
Any vector field h along f can be decomposed uniquely into parts tangential and
normal to f as
h=Tfh" +h",

where hT is a vector field on M and h= is a section of the normal bundle Nor(f).
When f is orientable, then the unit normal field v of f can be defined. It is a
section of the normal bundle with constant g-length one which is chosen such that

(V(@), T f- X1, To f Xy T f- X1

is a positive oriented basis in Ty(;)R" if X1,...,X,_1 is a positive oriented basis
in T, M. In this notation the decomposition of a vector field h along f reads as

h=Tfh" +a.v.
The two parts are defined by the relations
a=g(h,v) € C¥(M),
h' € X(M), such that g(h",X) = g(h,Tf.X) for all X € X(M).

3.9. Second fundamental form and Weingarten mapping. Let X and Y be
vector fields on M. Then the covariant derivative VxT f.Y splits into tangential
and normal parts as

VxTLY =Tf(VxTLY)" +(VxTfY): =Tf.VxY + S(X,Y).

S = Sf is the second fundamental form of f. It is a symmetric bilinear form with
values in the normal bundle of f. When T'f is seen as a section of T*M ® f*TR",
one has S = VT'f since

S(X,Y)=VxTfY —TfVxY = (VTf)(X,Y).
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Taking the trace of S yields the vector valued mean curvature
Tr9(S) € T'( Nor(f)).
One can define the scalar second fundamental form s = s¥ as
5(X,Y)=g(S(X,Y),v).

Moreover, there is the Weingarten mapping or shape operator L = Lf = g7 's. Tt

is a g-symmetric bundle mapping defined by
s(X,Y) =g(LX,Y).

The eigenvalues of L are called principal curvatures and the eigenvectors principal
curvature directions. Tr(L) = Tr9(s) is the scalar mean curvature and for surfaces
in R? the Gauf$ curvature is given by det(L). The covariant derivative V xv of the
normal vector is related to L by the Weingarten equation

VXV = 7TfLX
In a chart (u,U) the second fundamental form is given by

0% f )

sij = $(05,0;) = §(Vo, T f.0;5,v) = g(ﬁ’y
i0j

and the mean curvature by Tr(L) = 3, ; g si;.

3.10. Directional derivatives of functions. We will use the following ways to
denote directional derivatives of functions, in particular in infinite dimensions.
Given a function F(z,y), for instance, we will write

D 4,1y F' as shorthand for O;|oF'(x + th,y).

Here (x, h) in the subscript denotes the tangent vector with footpoint = and direc-
tion h. If F takes values in some linear space, we will identify this linear space and
its tangent space.

4. VARIATIONAL FORMULAS

Recall that many operators such as
g=1r'g, S=5/, L=L), vollg), V=V A=A

depend on the immersion f. We want to calculate their derivative with respect to
f, which we call the first variation. We will use these formulas to calculate the
metric gradients that are needed for the geodesic equation.

Some of the formulas can also be found in [2, 4, 14, 21, 8].
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4.1. Paths of immersions. All of the concepts introduced in section 3 can be
recast for a path of immersions instead of a fixed immersion. This allows us to study
variations of immersions. So let f : R — Imm(M,R"™) be a path of immersions. By
convenient calculus [11], f can equivalently be seen as f : R x M — R™ such that
f(t,-) is an immersion for each ¢t. We can replace bundles over M by bundles over
R x M:

pryT7M  pryTIM® f*TR"  Nor(f)
Rx M Rx M Rx M

Here pry denotes the projection pry : Rx M — M. The covariant derivative V zh is
now defined for vector fields Z on R x M and sections h of the above bundles. The
vector fields (0%, 0p) and (Og, X), where X is a vector field on M, are of special
importance. Let
ins; : M — R x M, x— (t,x).
Then by [13, 22.9.6] one has for vector fields X,Y on M
VxTf(t,")Y =VxT(foins;) oY =VxTfoTins oY
=VxTfo(0r,Y)oins; = Vrins, oxTf o (Or,Y)
= (Viou,x)T'f o (Og,Y)) oins; .
This shows that one can recover the static situation at ¢ by using vector fields on
R x M with vanishing R-component and evaluating at ¢.

4.2. Setting for first variations. In the remainder of this section, let f be an
immersion and f; € TyImm a tangent vector to f. The reason for calling the
tangent vector f; is that in calculations it will often be the derivative of a curve of
immersions through f. Using the same symbol f for the fixed immersion and for
the path of immersions through it, one has in fact that

Dy 10 F =0 F(f(1)).

For the sake of brevity we will write 0y instead of (0;,057) and X instead of (Or, X),
where X is a vector field on M.

Let the smooth mapping F : Imm(M, N) — T'(T7 M) take values in some space

of tensor fields over M, or more generally in any natural bundle over M; see [10].

4.3. Lemma (tangential variation of equivariant tensor fields). If F is equi-
variant with respect to pullbacks by diffeomorphisms of M, i.e.,

F() = @ P)() =" (Fe™))))

for all ¢ € Diff (M) and f € Imm(M, N), then the tangential variation of F' is its
Lie derivative:

DigrpprF = 0doP (foFUf* ) = aoF (R )7 1)

_ 8t|0<F1{tT )*(F(f)) — £, (F(f).
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.
Here Fl{f denotes the flow of f,' and £ £ denotes the Lie derivative along the

vector field f,” on M. This allows us to calculate the tangential variation of the
pullback metric and the volume density, because these tensor fields are natural with
respect to pullbacks by diffeomorphisms.

4.4. Lemma (variation of the metric). The differential of the pullback metric

{Imm — T(S2,T*M),
foo= 9=ryg

is given by

Dy 9 = —29(f,v).5+ L7 (9).

Proof. Let f : R x M — R™ be a path of immersions. Swapping covariant
derivatives as in section 3.6, formula (3), one gets

0, (9(X.Y)) = 8, (9(Tf.X.TL.Y)) = §(Vo,Tf.X,TLY) + g(Tf.X, Vo, TLY)
=9(Vxfo, TfY)+g(Tf.X,Vy fi) = (2Symg(V f+, Tf))(X,Y).
Splitting f; into its normal and tangential parts yields
2Symg(V /i, Tf) = 2Symg(V S + VT 1.f] , Tf)
= —2Symg(fi", VT f) +2Symg(Vf/ ")
= —2(fi",9) +28ym V(f,')".
Finally, the relation
D9 = 28ym V(f,)" = Lirg

follows from the equivariance of g (see section 4.3).

4.5. Lemma (variation of the inverse of the metric). The differential of the
inverse of the pullback metric

{Imm — D(L(T*M,TM)),
foo= gt =9t

is given by

Disg " = =2g(fe,v)Lg™ + Ly (g7h).

Proof.

Oyt = =97 (Og)g ™t = —g7 (= 29(fi" ) + Lyrg)g
=297'9(f 897 =g (Lyrg)g™ = 25(fi 97 SgT ) + Ly (g7
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4.6. Lemma (variation of the volume density). The differential of the volume
density

{Imm —  T(Vol(M)),
[ = vol(g) =vol(f*g)

is given by

Dz, gy vollg) = ((div?(f;") = g(f*,v). Tr(1)) vol(g).

Proof. Let g(t) € T'(S2,T*M) be any curve of Riemannian metrics. Then
1
O vol(g) = 5 Tr(g~*.0:g) vol(g).

This follows from the formula for vol(g) in a local oriented chart (u!,...,u") on
M:

dyvol(g) = Opy/det((gij)i;) du* A -+ Adu"?

Tr(adj(9)0:g) du* A --- A du™*

Tr(det((gi;)ij)g " Org) du' A+ Adu"!

1
24/det((gi;)ij)
1
2¢/det((gij)i5)

1
=3 Tr(g~".0:9) vol(g).
Now we can set g = f*g and plug in the formula for ;g = 9;(f*g). This yields

9y vol(g) = § Tr(g~" (—2g(f1,v)-s + Lu7g)). vol(g)
= ~g(fe.v) Tr(g™".5). vol(g) + 5 Te(g ™" Ly7 g)- vol(g)-
The same calculation as above with 0; replaced by £;+ shows that
Ly vol(g) = § Tr(g™ Ly g). vol(g).
Therefore,

9y vol(g) = —g(fe,v) Tr(L). vol(g) + Ly (vol(g))
= —G(fs,v) Tr(L). vol(g) + div?(h ") vol(g).

4.7. Lemma (variation of the volume). The differential of the total volume

is given by

Ds.5,) vol(g) = */ (fi*,v). Tr(L) vol(g).

g
M
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4.8. Lemma (variation of the second fundamental form). The differential

of the second fundamental form

Imm — T[(S*T*M),
f — st

is given by

Dis 5 = §(V2 fe,v) = V2g(fr,v) — §(fe,v).9(L, L) + L7 5.

Proof. By definition s(X,Y) = g(S(X,Y),v) = g(Vx(TfY) - TfVxY,v).
Interchanging covariant derivatives as in section 3.6, formulas (3) and (4), yields

atS(X,Y) = g(@tS(X, Y), V) +g(S(X, Y),atl/)
=§(VxVyTf .0 — Vv Tf0nv) +0=g(Viyfe,v),

where the term §(S(X,Y),0,v) vanishes since ;v is tangential (see section 4.11).
For the normal part this yields the following: To get the second formula we calculate

(D150 )X Y) = Q(Vﬁg,y(é(ft, v)v), y)
= Vi i(fi,v) +0+5(fi,v).9(Viyv,v)
= Vi yd(fo,v) = 3(fi,v)-3(Vxv, Vyv) +0
= Viya(fi:v) = g(fi,v).9(LX, LY)

By section 4.3, the formula for the tangential variation follows from the equivariance
of the second fundamental form:

wa(XvY)ZQ(VXT(fO@OYVfW) 9(Vx $.Y) 0 p), v o)
=3(VrgoxTfo (Y ), 0p)o¢
=G(Ve.xTfo(¢.Y), )0 =5/(¢.X,0.Y)0¢ = (¢"s)(X,Y).

4.9. Lemma (variation of the Weingarten map). The differential of the Wein-
garten map

Imm — T (End(TM)),
f = L

is given by
Ds ol =g~ .V (g(fr,v)) + a(fi, v)L? + Ly (D).

Proof. From L = g~'.s follows
L =g 105+ 0:(g7")s
= g7 (V@) = 3(fes)gL? + L7 (5)) + (20(fes ) Lg ™ + Lyr (7)) s
=97 'V2(g(fe,v)) + g(fe,v) L + Lyr (L)

)
)
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4.10. Lemma (variation of the mean curvature). The differential of the mean
curvature
Imm — C*(M),
{ f = T

is given by

Dy Te(L) = =A(g(fe,v)) + g(fe, v). Tr (L2) +d( Te(L)) ().

Proof. This statement follows from the linearity of the trace operator and from
the previous equation for D¢ r,)L.

4.11. Lemma (variation of the normal vector field). When f is a curve of
immersions, the normal vector field to f is a smooth map v : R x M — R”™.
Therefore, as explained in section 3.5, we can take its covariant derivative in the
direction of vector fields on R x M. Identifying 0y with the vector field (0;,0pr) on
R x M, we get

Vo,v = —TF. (ij + grad? (g(fi, y))).

Proof. Va,v is tangential because §(V,v,v) = $8,g(v,v) = 0. Therefore, one
can write Vy,v = Tf.(Vs,v)". Then for all X € X(M) we have

9(Vo,r) ", X)=g(Vo,v,Tf.X) =0—g(v,Vs,Tf.X) = —g(v,VxTf.0,),

where in the last step we swapped X and 9; as in section 3.6, formula (3). Splitting
into normal and tangential parts yields

g((vf)tV)TvX) = —g(y, vat) = —g(y, VX(Tf'ftT + g(fh”)'”))
= —g(v,Vx(TLT +5(fev)0))
= —s(X, f") = Vx (9(fr,v)) = 0
= _g<LftT +gra’dg g(ft,l/),X).
4.12. Lemma (variation of the covariant derivative). Let V = V9 = V/'9
be the Levi Civita covariant derivative acting on vector fields on M. Since any two
covariant derivatives on M differ by a tensor field, the first variation of V1 9 is

tensorial. It is given by the tensor field D(f,ft)vf*ﬁ € I(T} M), which is determined
by the following relation holding for vector fields X,Y,Z on M :

1
9((Ds. 10 VIX,Y), Z) = S(VDs 10 9) (X @Y ©Z+Y 0 X0 Z - Z0XQY).

Proof. The defining formula for the covariant derivative is
1
9(VxY.Z) = 5 [Xg(Y.2)+ Yg(2.X) - Zg(X,Y)

- g(X’ [Yv Z]) +g(Y7 [Zv X]) + g(Zv [Xa Y]) .
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Taking the derivative Dy y,) yields

Dy 109 (VxY, Z) + g((D(s.5) V)X, Y), Z)

= % (X (D109 (V. 2)) + Y ((D(1,59)(2. X)) = Z((Diy1)9)(X. Y )

— (D(s,509) (X, Y, Z)) + (Di5,109) (Y, [Z, X]) + (D, 109)(Z, [X, Y])]

Then the result follows by replacing all Lie brackets in the above formula by co-
variant derivatives using [X,Y] = VxY — Vy X and by expanding all terms of the
form X ((D(s,4,,9)(Y, Z)) using
X((Dis.09)(Y. 2))

— (VxD4,109) (Vs Z) + (Di5.109) (VX Y, Z) + (Dg,50)9) (Y Vx Z).

4.13. Setting for second variations. All formulas for second derivatives will be
used in section 7.2. There we consider a curve of immersions

ft,z) = folz) + t.a(z).v/o(z)

for a fixed immersion fy. This curve of immersions has the property that at ¢ =
0 its first derivative and the covariant derivative of the first derivative are both
horizontal, i.e.,

(1) fli=o = fo, Otlof = a’®, and Va,Tf.0i—0 = 0.

In all calculations of second variations we will assume that the above properties
hold.

4.14. Lemma (second variation of the metric). The second derivative of the
pullback metric

{Imm — T(S2,T*M),
foo= 9=ryg

along a curve of immersions f satisfying property (1) from section 4.13 is given by

0210f*7 = 2(da ® da) + 2a%go(L7, L*).

Proof. Since V,T f.0¢|o = 0, we have
9 log(X.Y) = 0F|og(Tf.X, T 1Y)
= 0tlog(Vo, Tf X, TLY) + 0log(TfX, Vo, TIY)
=29(Va,Tf. X0, Vo, TfY]o) +0+0=2g(VxTf0,VyTf.0p).
Using Tf.0; = a.vfo, we get
%o(9(X,Y)) = 2da(X).da(Y) + 2a*§(Vx v/, Vy 7o)
= 2(da ® da)(X,Y) 4 2a°%.go(LP° X, L7Y).
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4.15. Lemma (second variation of the inverse metric). The second derivative
of the inverse of the pullback metric
{ Imm — T(L(T*M,TM)),
o= gt=(0rg!
along a curve of immersions f satisfying property (1) from section 4.13 is given by

2o (f*g) "t = 6a*(L70)%.g5" — 295 (da @ da)gy .

Proof. We look at g = f*g as a bundle map from T'M to T*M. Then
9lo(g™") = dilo(— 97" 0g.97") = 295 "-3tl0g-95 *-Dtlog-95 ' — 90 "0 10995
= 2(—2aL’0)%.g;" - go_l.(2(da ® da) + 2a2gy o (L @ Lfo)).go_1
= 8a®(L7)% g5 — 295 (da ® da)gy* — 2a%(L7°)%.g5 "

4.16. Lemma (second variation of the volume form). The second derivative
of the volume form

{Imm —  I'(Vol(M)),
[ = vol(g) = vol(f*g)

along a curve of immersions f satisfying property (1) from section 4.13 is given by

2o vol(g) = [aQ Tr(L)? — a2 Tr ((Lf0)2) + ||da||§51 } vol(go).

Proof. In section 4.6 we showed that for any curve g(t) € I'(S2,7*M) of Rie-
mannian metrics, we have

1
Oy vol(g) = 3 Tr (g~ ".0:g) vol(g).

Therefore,
1 1
D2 vol(g) = 8755 Tr (g~ ".0rg) vol(g) = 3 Tr (9, (g7 ").0eg) vol(g)

1 1
+ 3 Tr (g~".07 g) vol(g) + B Tr (g~ ".0:9) 0, vol(g).

Evaluating at ¢ = 0 and setting g(t) = f*g, we get
1
D20 vol(g) =3 Tr ((2aL%gy").(—2a.5%)) vol(go)
1
+ 3 Tr (gO_I.Z(da ® da)) vol(go)

1 _
+ 3 Tr (gq 1.2azgo.(Lf°)2) vol(go)

+ % Tr (go_l.(72a.5f°))(f Tr(L7).a) vol(go)

:[az Te (L) — Tt (LP)2) + ||da|\j,1] vol(go).
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4.17. Lemma (Second variation of the second fundamental form). The
second derivative of the second fundamental form

Imm — [(S*T*M),
f — st

along a curve of immersions f satisfying property 1 from section 4.13 is given by
97los = 2(da ® da)(Id®L + L ©1d) — ||da; 1 .57
+ 2'a'(vgrad90 (a) sfo).

Proof. From section 4.8 we have
0s(X,Y) = g(ViyTf0nv) = 3(Viy fr,v).
Using Vg, ft =0, we get
Rs(X,Y) =g(Viyfi,Vov) +3(Va, VxVy fi = Vo, Vyyy fi,v)
=§(Viy[e:Vo,r) +0—3(Vviy Vo, fi + Vo, vxvife: V)
= §(Viyfi: Vo) +0—3(Vio, vy fe,v)
= g(Viy [, Vov) —3(V(p.,, vy x.x) [t V).
In the last step we used
[0:, VxY] = [(0:0nr), (0r, VxY)] = (OR, (Dt V)X, Y)) = (D¢,5)V)(X,Y).
Evaluating at ¢ = 0 yields
Flos(X,Y)
= (Vi (av’), =T fo. grad” a) — §(V(D(f01a.uf0)V)(X,Y)(a-VfO% vio)
=0+ g(da(X).Vyv!* +da(Y).Vxv', ~T fy. grad® a)
+ g(a.Vg(’Y(l/fO), —T fo. grad® a) — da((D}, 4..50)V)(X,Y)) +0.

We will treat the three terms separately. Using Vzv = =T f.L.Z, one gets for the
first term

G(da(X).Vyv!o 4 da(Y).Vxv'o, —Tfy. grad® a)
= go(da(X)L/°Y + da(Y)L'° X, grad® a)
= da(X).da(L"Y) + da(Y).da(L X).
For the second term one gets
g(a.Vg(,Y(yf"), —Tfo.grad® a) = —ag(Vx Vyv/ — Vo, vy, T fy. grad® a)
= —ag(=Vx(TfoLY) + Tfo LV xY, T fo. grad® a)
= —ag(—(VTfo)(X,L7°Y) = TfoVx (LY ) + T fo LV xY, T fo. grad® a)
=0+ ag(Tfo(Vx L) (Y), T fo. grad” a) = ago ((Vx L™)(Y), grad” a)
=aVx (go(LfOY7 grad® a)) — ago(L7°V x Y, grad® a)
— ago(L7°Y, Vx grad? a)
= aVx (s™ (Y, grad” a)) — as’*(VxY, grad® a) — as™ (Y, Vx grad® a)
= a(Vxs)(Y,grad? a).



26 Almost local metrics on shape space of hypersurfaces in n-space

V%.yV is symmetric in X, Y because the ambient space R” is flat. Therefore, the
last formula and the symmetry of s imply that

a(Vxs)(Y,grad” a) = a(Vys)(X, grad? a) = a(Vgradso o5)(X,Y).
The third term yields, using the formula in section 4.12

— 90 ((D(f,a‘VfO)V)(X’ Y)’ gra'dgo (a’))

= f%(V(f2a.sf°))(X, Y, grad® (a)) — %(V(an.st))(Y, X, grad? (a))

+ %(V(—Qa.sfo))(gradgo(a),X7Y)
= da(X).s (Y, grad? (a)) + a.(Vxs/) (Y, grad? (a))
+ da(Y).s7 (X, grad? (a)) + a.(Vy s (X, grad? (a))
— da(grad® (a)).s”(X,Y) — a.(Vgradeo (a)57°) (X, Y)
= da(X).da(L7Y) + da(Y).da( L7 X)
— |ldal’ -1 .s7(X,Y) + a.(V grads (a)™) (X, Y).

4.18. Lemma (second variation of the mean curvature). The second deriv-
ative of the mean curvature

Imm — C®(M),
{ f — Tr(Lf)

along a curve of immersions f satisfying property 1 from section 4.13 is given by
020 Tr(L) = 2a* Tr ((Lf°)3) +4aTr (L gy . V2a) + 2 Tr(g ! (da ® da) L)
— ||dal|? - Tr(L7) +2a T (Vgraaso os”).

Proof. From Tr(L) = Tr(g~'.s) we get
O Tr(L) = Tr (07(g7").s) + 2Tx (9(g™").0ps) + Tr (97 '.07s).
Evaluating at t = 0, we get
97lo Tr(L) = Tr (6a*(L7°)?.g5 " .s7) + Tr (— 295 *.(da ® da).g; *.s7)
+2Tr (ZaLf‘)go_l.Vza) +2Tr (QaLngo_l.(—ago(Lfo)Q))
+2.Tr (go_l.((da ®da o L) + (da o LY  da)))
— Hda||!2]0_1 Tr(L70) + 2a Tr? (Vgradso o57°)
=20’ Tr ((L7)?) — 2Tr (9o '.(da ® da).L70)

+4aTr (L7°gy ' . V2a) + 4 Tr (gy . (da ® da).(L7))
— |[dal[+ Te(L7°) + 2a T (Vgradsn as™).
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5. THE GEODESIC EQUATION ON Imm(M,R")

We recall the definition of the G®-metric from section 1.5,
G?(h, k) = /M @(Vol, Tr(L)(x))g(h(x), k;(x)) vol(g)(z).

We will write ®(v, i) for the function ® and its arguments (v, ) € R? corresponding
to the volume and mean curvature.

5.1. The geodesic equation on Imm(M,R™). We use the method of section 2.5
to calculate the geodesic equation. So we need to compute the metric gradients.
The calculation at the same time shows the existence of the gradients. Let m €
Ty Imm(M,R™) with

‘m =auv' +Tf.mT.‘

To shorten the notation, we will not always note the dependence on f in expressions
FLf
as vl LV .. ..

Dy G2 (k) = /va@)(D(f,m) Vol)g(h, k) vol(g)
+ [ @uB)D (g THE g0, ) vol(9)
M

+ /M ®.g(h, k)(D(f.my vol(g))-

To read off the K-gradient of the metric, we write this expression as

_ a’uq) aH(I) D(f,m) VOl(g)
/M .9 ([ > (D(f,m) Vol) + F(D(f,m) Tr(L)) + T(g)}ha k| vol(g).

Therefore, using the formulas from section 4, we can calculate the K—gradient:

Ky(m,h) = [831:1’ (D(f.m) Vol) + aﬁ‘;(Du,m) Te(L)) + W} h
_ [3;)‘1’ (/M ~Te(L).avol(g) )
+ aﬁ;( — Aa + aTr(LQ) + dTr(L)(mT))

Fdivi(mT) — Tr(L).a} h.

To calculate the H-gradient, we treat the three summands of D(f,m)G?(}h k) sep-
arately. The first summand is

/va@)w(f,m)w(m))g(h(w»k(x))vol(g)(x)

— [ @)/ D) aw) wollo)®)ghi), ko) vlg) @)

xeM yeM

-/ g(a<y>.u<y>,Tr<L<y>> / <av<1>>g<h<z>7k(x))vol<g><z>.u<y>)vol(g)(y)
yeM xeEM
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=G (m—g (D) [ @)k vol(g)).

By the symmetry of the Laplacian

/ A(a).bvol(g) :/ a.A(b)vol(g) for a,b e C°(M)
M M

one gets for the second summand
| Ou8)D (g TH(L) a0, ) vol(0)

= /M(au@)( —Aa+aTr(L?) +dTe(L)(m"))g(h, k) vol(g)

:/ —a.A((8,®)g(h, k)) Vol(g)+/ a.(0,®) Tr(L*)g(h, k) vol(g)
M M
+ [ @) (e (Te(2),m " )g(h ) vol)

:/ —a.A((8,®)g(h, k)) Vol(g)+/ a.(0,®) Tr(L*)g(h, k) vol(g)
M M
+/ (0,®)g(T f. grad?(Tr(L)), T f.m " )g(h, k) vol(g)

M
:G}’(m, SA(@,2)9(h, k). )+Gj13( 5 (0u0) Tr(L)g (b, ). )

+a? (m, 5 (0,9)3(h k)T . gradg(Tr(L))).

In the calculation of the third term of the H;(m, h)-gradient, we will make use of
the following formula, which is valid for ¢ € C*°(M) and X € X(M):

Oz/Md1V¢X ). vol(g /£¢XV01
= [ @oinx +isxodyvollg) = [ d@ixvolls)
M M
/dqb/\zxvol /qb/\devol( )
M
/(—zx(d(b/\vol( )) +ix odg Avol(g) /quXvol 9)
/dqb ) vol(g ¢d1v( )vol(g).

Therefore, we can calculate the thlrd summand, which is given by
/ Bg(h, k) (D 1.m vl(g)) = / Bg(h, k) (divi(m™) — Tr(L).a) vol(g)
M M

; d(®g(h, k))(m")vol(g) + GF (m,—g(h, k) Tr(L).v)

_ / 9(7 1 grad? (@g(h, K)),m) vol(g) + GF (m, ~(h, k) Te(L).»)
M

- G? (m, —éT f.grad? (®g(h, k)) — g(h, k) Tr(L).y).
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Summing up all the terms the H-gradient is given by
1 1
Hy0k) = [~ 5 () [ @®)(h by vollg) = $A@,D)a(h.b)

+ 5(8,@) Te(L3)g(h, k) — g(h, k) Te(L) |/

e

+ 5T | (0.2)g(h, k) grad? (Tr(L)) — grad?(®g(h, k)) .

oA

5.2. Theorem. The geodesic equation for the almost local metrics G® on ITmm (M, R™)
is then given by

[~ 3T [ 8P volle) — A(@.9) A1)
+ 5 (0,8) Te(L) [ — 1h]]> Tr(2)]

4 5T [(0,9) 1] rad? (Tr(L)) — grad (@ ]|

_ [afp(b /M —Tr(L).avol(g)
+ aﬁT@( — Aa+aTr(L?) + dTr(L)(hT))

+div/(h") — Tr(L).a] h.

5.3. Momentum mappings. The metric G® is invariant under the action of the
reparametrization group Diff(M) and under the Euclidean motion group R™ x
SO(n). According to section 2.6, the momentum mappings for these group actions
are constant along any geodesic in Imm(M, R"™):

VX € X(M) : / d(Vol(f), Tr(L ) g(Tf.X, f;) vol(g) reparam. momenta
M

or ®(Vol(f), Tr(L'))g(f,") vol(g) € T(T*M ®p; Vol(M)) reparam. momentum

/ d(Vol(f), Te(L7)) f, vol(g) linear momentum

M

VX € s0(n) : / ®(Vol(f), Te(L7))g(X. £, f,) vol(g) angular momenta
M

or / B(Vol(f), Te(L))(f A fi) vol(g) € A’R™  angular momentum.
M

Here T'(T*M @y Vol(M)) C T(T M)’ is the space of cotangent bundle valued densi-
ties contained in the dual of the Lie algebra I'(T'M). The name angular momentum
is justified by the natural identification A*R" 2 so(n) = so(n)*.
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6. THE GEODESIC EQUATION ON B;(M,R™)

6.1. The horizontal bundle and the metric on the quotient space. Since
vol(f*g) and Tr(Lf) react equivariantly to the action of the group Diff (M), every
G®-metric is Diff (M)-invariant. As described in Section 2.8, it induces a Riemann-
ian metric on B; (off the singularities) such that the projection 7 : Imm — B; is a
Riemannian submersion.

By definition, a tangent vector h to f € Imm(M,R"™) is horizontal if and only
if it is G®-perpendicular to the Diff(M)-orbits. This is the case if and only if
g(h(z), Tpf.X:) = 0 at every point & € M. Therefore, the horizontal bundle at the
point f equals the set of sections of the normal bundle (see Section 3.8) along f.
Thus the metric on the horizontal bundle is given by

G}I’(hhm,khm):G?(a-u,b-u):/ ®(Vol, Tr(L)) a.bvol(g).
M

The following lemma shows that every path in B; corresponds to exactly one
horizontal path in Imm, and therefore the calculation of the geodesic equation can
be done on the horizontal bundle instead of on B;.

Lemma. For any smooth path f in Imm there exists a smooth path ¢ in Diff (M)
with p(t, ) = Idy depending smoothly on f such that the path f(t,o(t,x)) is
horizontal, i.e., Oy f(t, (t,x)) lies in the horizontal bundle.

The basic idea is to write the path ¢ as the integral curve of a time dependent
vector field. This method is called the Moser—Trick, (see [14, Section 2.5]).

6.2. The geodesic equation on B;(M,R"). As described in section 2.8, geodesics
in B; correspond to horizontal geodesics in Imm. A horizontal geodesic f in Imm
has f; = a.vf with a € C*°(R x M). The geodesic equation is given by

1
foo= arv +av, = §H(a.y,a.u) — K(a.v,av);
normal  tang.

see section 2.5. This equation splits into a normal part and a tangential part.
From the conservation of the reparametrization momentum (see section 2.6 and
the previous section) it follows that the tangential part of the geodesic equation is
satisfied automatically. We will nevertheless check this by hand. From section 5.1,
where we calculated the metric gradients on Imm, we get

Ki(av,av) = [ — 8;@ /M Tr(L).avol(g)

0,0

(= Aa+aTr(L?) — Tr(L).a]a.v

@
Hylaw,av) = éT f. {(3M‘I>)a2 grad?(Tr(L)) — gradg(cpa?)}
1

+ [_ %TY(L) 8, ®a® vol(g) — —A((9,P)a”)

M 6
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+ é(@,ﬂ)) Tr(L2)a? — a2 Tr(L)}z/.
From this we can easily read the tangential part of the geodesic equation
a.vy = %Tf. (0,®)a® grad?(Tr(L)) — gradg(@aZ)].
We expand the right—hand side using a Leibnitz rule for the gradient,
grad?(a.b) = agrad? b+ bgrad? a for a,b € C°(M).
This yields
a.vy = %Tf. [({9”@)(12 grad?(Tr(L)) — gradg(q)aQ)}
= %Tf. [(8#@))@2 grad?(Tr(L)) — ®. grad?(a?) — a?. grad? (q))}
= %Tf. {((%@)(LQ grad?(Tr(L)) — ®. grad?(a®) — (9,®)a” grad? (Tr(L))}
= —i@Tf. grad?(a®) = —Tf.a. grad?(a).

29

By the variational formula for v in section 4.11 this equation is satisfied automati-
cally. The normal part is given by

1
a; = g(EH(a.V, av)— K(av,av),v)

1
2

= [%(I)CLQ Tr(Lf) - %Tr(Lf) /M(8U<I>)a2 vol(f*§) — A((aH(I)).GQ)

& =

1
+ (0,®)a /M TH(L).avol(°9) — 5 (3,®) Tr((L)a? + (9,)ala].
We rewrite this equation by expanding Laplacians of products,

A(a.b) = (Aa)b — 2Tr(da ® db) + a(Ab) for a,b e C(M).

6.3. Theorem. The geodesic equation of the almost local metric G® on B; reads
as

ft = a'yf7
=+ qu? Tr(LS) — L Te(L)) / (0,8)a> vol(f*) — ~a>A(8,D)
3|2 2 o 2

+ 2aTr?(d(0,®) ® da) + (0,®) Tr?(da ® da)

+ (0,P)a /M Tr(Lf).a vol(f*g) — %(8,}13) Tr((Lf)Q)a2 )

For the case of curves immersed in R2, this formula specializes to the formula
given in [16, section 3.4]. (When verifying this, remember that A = —D? in the
notation of [16].)
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7. SECTIONAL CURVATURE ON SHAPE SPACE

To compute the sectional curvature we will use the following formula, which is
valid in a chart at the center 0 of the chart:

Ro(a1,as,a1,a) = G§ (Ro(a1,az)ar, as)
1 1
= §d2Gg>(a1, al)(ag, ag) — dQGE){)(al, ag)(al, (12) + §d2Gg)(a2, az)(al, al)

+ G§(To(ar,a1),To(as, az)) — G§ (To(a1,az),To(ar, as)).
Sectional curvature is given by
Ro(ay,az2,a2,a1) = —Ro(ay, az, a1, az).

Therefore, we have to calculate the metric in a chart, calculate its second derivative,
and the value T'g at the center 0 of the Christoffel symbols T'.

7.1. The almost local metric G® in a chart. In the following section we will
follow the method of [14]. First we will construct a local chart for B;. Let fj :
M — R™ be a fixed immersion, which will be the center of our chart. Consider the

mapping
Y =1y C°(M, (—€,€)) — Imm(M,R"),
B(a)(w) = exvl, . (a(@)0 (@) = fo() + al(e) (2),
where exp? is the exponential mapping on (R™, g) and where € is so small that ¥ (a)

is an immersion for each a.

Denote by 7 the projection from Imm(M,R™) to B;(M,R™). The inverse on its
image of mov) : C°°(M, (—¢,€)) — B;(M,R™) is then a smooth chart on B;(M,R").
We want to calculate the induced metric in this chart, i.e.,

((m 0 9)*G®)a(b1, b2)
for any a € C°(M, (—¢,¢€)) and by, be € C>°(M). We shall fix the function a and
work with the ray of points ¢.a in this chart. Everything will revolve around the
map:
f(t,z) = Y(ta)(z) = folx) + t.a(z).v/o(x).
We shall use a fixed chart (u,U) on M with 0; = %. To calculate the metric G*
in this chart we have to understand how
Ty ath.by = by ()07 (2)

splits into tangential and horizontal parts with respect to the immersion f(¢, ).
The tangential part locally has the form

n—1
Tf(Taay-(b1) T = C0:f(t ),
i=1
where the coefficients ¢ are given by

n—1
¢ = Z gijg (bl(x)yfo (x)vajf(tﬂ x)) .
=1
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Thus the horizontal part is

(Ty.ap.b1).v = (Tr.atp.b1) — Tf(Ti.ayp-(b1)) " = bi(2)v'o(z) - i coif(t, ).

Lemma. Using the local expression of section 3 the metric G* in the chart (moy) ™1
reads as (by an abuse of notation)

(7 010,)"G®) (.0) (b1, b2) = Gy ey (Tra (T © 8).b1, Tia(m 0 ) b2)
= G?Z(tﬂ)((Ttﬂw'bl) . a(Tt.awa) 'V)

_ /M G ((Tyath-b1) v, (Ty.ath-bs)) vol(g)

n—1

= /M ® (bl.bg - Z g0 f(t, x), by(x).wf0 (JZ))) vol(g).

i=1

7.2. Second derivative of the G®-metric in the chart. We will calculate

Flo((m o 5y)* G®) 1.0y (b1, b2).

We will use the following arguments repeatedly:

lo0; f = 0;0¢|of = 0j(a.v’®) = (8;a)v° + a (9;v7°),

——
tang.
g (bl(x)yfo (:L’), ajf(tvx)) |t:0 = 0,
and consequently ¢;|—o = 0.

iloci = Zatm 7).0 + Zgjatlog (b1v7°,0; )

Jj=1 7j=1

n—1 B

:Zg”g (b170, 04000 f) = Zg”g (b, 0 Zgjblﬁ a.
j=1
Therefore

n—1

(b1:b2 - ch Oif b v™))| _y = b1.ba
n—1 .
3t|0(b1-b2 - Z c'g(0; f, b2-1/f°)>
n—1
:—Z&gbc ZO@t|ogafb2u 0) =
n—1 )
3;52|0(bl'52 - g0, bz'l/fo)) =
i=1
n—1 n—1

= — Z 8 |OC 0 -2 Z atloc (’)t\og(ﬁ f, bo. vl Z O@f\og(&f, bQ.Z/fo)

=1 =1 =1
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n—1 n—1
=-2 Z(at\oci)g(ai(a.yf‘)), bQ.l/fO) = -2 Z(8t|oci)(8ia)b2
i=1 =1

n—1ln—1

= —2b1bo Z Zgijaja.aia = —2b1by Hda||§,1 :

i=1 j=1
The derivatives of ® are
Bilo (® o (Vol, Tr(L))) = (9,9).(9lo Vol) + (3,@).(9elo Tx(L))
9210(® o (Vol, Te(L))) = (920).(d4]o Vol)? + (920).(3y]o Tr(L))?
+2(0,0,®).(04]o Vo). (0o Tr(L)) + (0 ®) (070 Vol) + (0,8) (7o Tr(L)).

Lemma. The second derivative of the G®-metric in the chart (mo)~! is given by

OFlo((m 0 ) G) (b1 b2) = (¢ ((m 0 0, )" G*) (0) (@) ) (b, )

(1)
= /M ... b1.by VOl(g)

over the following expression:

Otlo Vol)

vol

B 92]g vol 9 9
..._¢>( o —2||da\|g,1>+(6U<I>).((8t|0Vol)+2(8t|0Vol)

+ (9,®). (9210 Tr(L)) + 2010 Tr(L))atk’oY‘ﬂ) + (92).(D]o Vol)?

+ 2(0,0,®).(84]o Vo) (Oelo Tr(L)) + (07®).(8:]o Tr(L))*.

7.3. Sectional curvature on shape space. To understand the structure of the
formulas for the sectional curvature tensor, we will use some facts from linear
algebra.

Sublemma 1. Let V = C>®(M), and let P and Q be bilinear and symmetric maps
V xV = V. Then

1
B(P,Q)(a1 A az, by Aby) := §(P(a1,bl)Q(a27b2) — P(a1,b2)Q(az,b1)
+ P(az,b2)Q (a1, by) — P(az,bl)Q(ahbz))
defines a symmetric, bilinear map (VAV)® (VAV) = V.

Also H(P, Q) = B(Q, P). The symbol H stands for the Young tableau encoding
the symmetries; see [7]. We have

B(P,Q)(a1 A az,a1 A az)
= 2 P(1,01)Q(a2,02)  Plax,0)Qaz, 1) + 3 Plaz, a2)Qan,a0).

P is called positive semidefinite if for all x € M and a € C*°(M), P(a,a)(x) > 0.
P is called negative semidefinite if —P is positive semidefinite. We will write P >
0,P <0,P 5 0if P is positive semidefinite, negative semidefinite, or indefinite.
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Sublemma 2. If P and @ are positive semidefinite bilinear and symmetric maps
VXV =V, then B(P, Q) also is a positive semidefinite symmetric, bilinear map.

Proof. To shorten notation, we will write, for instance, Pio instead of P(ay, as).
The Cauchy inequality applied to P and @ gives us

Pi2Q12 < v/ P11 P22Q11Q22,

and therefore we have

1

1
B(P,Q)(a1 ANaz, a1 Aaz) = §P11Q11 — P1oQ12 + §P22Q22

1

1
§P11Q22 — VP11 P2Q11Q22 + §P22Q11
1 2
= 5(\/1311@22 - \/P22Q11) > 0.

Y

Let \,p:V — V. Then the map AQ u: V®V — V is given by

(A @ p)(a®b) = Aa).u(b),

where the multiplication is in V = C°°(M). Denote by AV u the symmetrization
of the tensor product given by

AVp=1tA@pu+p®N).

We will make use of the following simplifications.

Sublemma 3. Let X\, B, u,v,: V — V. Then the bilinear symmetric map
BV B, 1V )
satisfies the following properties:
1
(S1) BV u,AVY)(a Aag, a1 Aag) = —Z()\ ® p)(ar Aaz).(A@v)(ar A ag),
(S2) BAVp,A®N) =0,

(S3) BN puVr)(ar Aaz,a1 Aag) = %()\ ® p)(a1 Aaz).(A®@v)(ar Aaz).

Proof. For the proof of simplification (S1) we calculate
BV u, AV v)(ar Aaz,ar Aas)

1
:§M®M®A®v)m®ammu®@+ az ® az @ a1 @ ay
1 1
—§a1®a2®a1®a2—§a1®a2®a2®a1

1 1
—§a2®al®a1®a2—§a2®a1®a2®a1 .

Using the symmetries of the quasilinear mapping A ® 4 ® A ® u, we can swap the
first and third positions in the tensor product of the two summands in the first line.
Then the expression inside the square brackets equals —%(al Aag) ® (a1 A az).

Since A ® A vanishes when applied to elements of V' AV, simplification (S2) is a
direct consequence of (S1).
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For the proof of simplification (S3) we calculate

BOA® A\ pVrv)(a Aaz,ar Aas)
1
:5()\®)\®u®u) a1 ®a1 ®az @as+az ®az ®ar ®ay

-1 Ras®ar PVay —a1 Qas Ras ®aq|.

Using symmetries as above, we can replace the third summand a1 ® a2 ® a1 ® as
by as ® a1 ® as ® ay, because the first two tensor components of A ® A ® u ® v are
equal. Then, swapping the second and third positions in all tensor products, we
get

BOAR N\ p@v)(a Aag,ar Aas)
1
:§(A®u®/\®u) a1 ®az®a1 ®@az+az®a; ®as ® ay

—02 R a1 ®a; ®as —a; Xags R as Ray|.
The expression inside the square brackets equals (a1 A a2) ® (a1 A az).

For orthonormal aq,as the sectional curvature is the negative of the curvature
tensor Ro(a1,as,a1,as). We will use the following formula for the curvature tensor:

Ro(a,az,a1,a2) = G§(R0(a1,a2)a1,a2)
(1) = %CFG(‘?((JJD a1)(ag, az) — d*GE (a1, a2) (a1, az) + %d2G§’(a27a2)(a17a1)
+ G (To(a1,a1),To(as,as)) — G (To(ay,as),To(ar,asz)).
Looking at formula (1) from section 7.2, we can express the second derivative of
the metric G in the chart as

(@(7 0 1s,) G (0)(a1,02) ) (b1, )
= /M (<I>.P1(a1, az) + (8v<I>)P2(a1, ag) + (8M<I>)P3(a1,a2) + (812)<I>)P4(a17a2)

+ (0,0,@) P5(ar, az) + (92®) Py (ar, a2)>P(b1, by) vol(g),

where P(by,b3) = b1.ba, so P = id®id, and where the P; are obtained by sym-
metrizing the terms in formula (1) from section 7.2.

For the rest of this section, we do not note the pullback via the chart anymore,
writing G§ instead of ((m o 1y,)*G®)(0), for example. To further shorten our
notation, we write L instead of Lo and ¢ instead of go. The following terms are
calculated using the variational formulas from section 4:

o 8f|0 vol
T vol

Py(a,a) = (07|o Vol) + 2(d4|o Vol)

Pi(a,a)

—2||dal%-, = a®(Tx(L)? — Tx(L?)) — ||dall>-,

(9t |0 vol
(O]

vol
:/ a2(Tr(L)2_T1«(L2))+/ |\da||§,1vol(g)
M M
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+2Tr(L).a /M Tr(L).avol(g),

Py(a,0) = (0710 Tr(L)) + 20040 Tr(2)) 22
=2a*Tr(L?) +4aTr (L.g~".V?a) + 2Tr(g" ' (da ® da)L)
— [lda]|?-: Tr(L) + 2a Tr? (Vgrad as)
+2(— Aa+aTr(L?) (- Tr(L).a)
=2a>Tr(L?) +4aTr (L.g~"'.V?a) +2Tr(g"*(da ® da)L)
— |ldal?-y Tr(L) + 2a Tr? (Vgradas)
+2Tr(L)aAa — 2 Tr(L) Tr(L?).a?,

Py(a,a) = (8]0 Vol)2 = (/M Tr(L).avol(g))Q,

Ps(a,a) = 2(0¢]o Vol)(0|o Tr(L)) = 2 /M —Tr(L).avol(g)( — Aa+ a Tr(L?))

=2Aa /M Tr(L).avol(g) — 2Tr(L2)a/M Tr(L).avol(g),

Ps(a,a) = (9o Tr(L))? = (= Aa + a Tr(L?))?
= (Aa)? — 2aAa Tr(L?) + a® Tr(L?)?.

Then the first part of the curvature tensor is given by
1 1
idQGg (al, al)(ag, ag) — dQGg) (ah a2>(a1, ag) + §d2G§(a2, ag)(a1, a1)

= [ (@8(RP) + OB B(P P) + (0,0 P)
M
+ (029) BB(Py, P) + (8,0,®) B(Ps, P) + (8;,®) B(Ps, P)) vol(g)

. ((11 AN as, ai N az).

Note that P is positive definite, so that B(P;, P) is positive semidefinite if P; is
positive semidefinite. We can always assume that ® is positive because otherwise
G® would not be a Riemannian metric.

PPl PR
with

P} = (Tr(L)? — Tr(L?))id ®id,
P} = -Tr(d ®d).

Applying simplification (S3) to B(P{, P) and B(PZ, P), we get

B(P},P) = %(TT(L)Q — Tr(L?))(id®id)* =0
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on (VAV)®@(VAV) and

B(P?, P) = —% T ((id®d)?),

B(PE, P)(a1 A az,a; Aas) = f% lardas — agdalﬂi_l <0.
Therefore, we have

/ ®.H(Py, P)(a1 A az,ar Aaz)vol(g) < 0.

M

Py =Py +Pi+ P
with

P} = /M(id®id)(T‘r(L)2 — Tr(L?)) vol(g)

P} =2Tr(L)(idV /M Tr(L)id vol(g))

P} = [ Tr9(d® d)vol(g)
M

Pj is indefinite. Applying simplification (S2) we get B(PZ, P) = 0. Pg, and there-
fore also H(Py, P) is positive semidefinite. Therefore

/M(GUCI)) B(Py, P)(ay A az,a; Aas)vol(g) S 0,
/M(B,ﬁl)) B(P;, P)(a1 A ag, a1 A az)vol(g) > 0.
Py = Pj + P} + Pj,
with
Pl =2idv ( Te(L3)id +2 Tr(Lg ' V2(id)) + Tr (V grad ia5)
+ Tr(L)A(id) — Tr(L) Tr(L)? id),

P} =2Tr (¢ ' (d®d)L),
P} = —Tr9(d®d) Tr(L).

Applying simplification (S2), we get that B(Py;, P) vanishes. Furthermore,

HB(PZ, P)(a1 A ag,a; A az) = a3 Tr(g~ (das ® day).L)
—2a1a; Tr(g™ ' (day ® day).L)
+ a3 Tr(g~ (day ® day).L)
= gg((ald@ — agday) ® (ardag — agday), 5) $0,

1
B(P}, P)(a1 A ag, a1 A ay) = ~3 llardaz - agday |2, Tr(L) $ 0.

PP Py = /M Tr(L)id vol(g) ® /M Tr(L)id vol(g)



M. Bauer, P. Harms, P. Michor 39
Applying simplification (S3), we get

B(Py, P) = %(id@/ Tr(L) idvol(g))Q.

M
Therefore, if 92® > 0, then

/ (02®)B(Py, P)(a1 A az, a1 A ag)vol(g) > 0,
M
with

Pl=2(av [ (L)

5 T T(L) ldVOI(g) )
M
p:=—2 Tr(L2)(idv/ Tr(L)as vol(g)).
M

Applying simplification (S3), we get that B(P2, P) is the indefinite form given by

B(P,P) = (ideA) @ (d® /M Tr(L)id vol(g)).

Simplification (S2) gives B(PZ, P) = 0. Therefore,

/ (0,0,®)B(Ps, P)(a1 A az,a; A az)vol(g) < 0.
M
PsP Ps =Py + P§

with
P} =A®A,
P =Tr(L*)?id®id,
P} = —2Tr(L?)id VA.

Applying simplification (S2), we get that H(PZ, P) and B(P$, P) vanish. Simplifi-
cation (S3) gives

1
B(P}, P) = 5(iol ®A)?
If 92 > 0, then we get

/ (85@) B(Ps, P)(a1 A az,a1 A as)vol(g) > 0.
M

Now we come to the second part of the curvature tensor Ry(a1,az,a1,as), which
is given by

GQ(Fo(al, al), Fo(ag, a2>) — Go(ro(a17a2)7ro(a1,a2)).

From the geodesic equation calculated in section 6, which is given by

a;r =To(a,a) = é[%@aQ Tr(L) — %Tr(L) /M(avfﬁ)a2 vol(g) — %aQA(GHCD)
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+2aTr?(d(0,®P) ® da) + (0,®) Tr?(da ® da)
+(0,®)a /

M
we can extract the Christoffel symbol by symmetrization and get

Tr(L).avol(g) — %(GM(I’) TI‘(LQ)CLQ],

5
1
Lo(ai,a2) = 3 E Qi(a1,az),
i=1

where Q1,...,Q5 are the symmetrizations of the summands in the geodesic equa-
tion. Q; are given by

Q1 = %(@ TH(L) — A(0,) — (0,2) Tr(L?)) id ©1d,
Q2 = f% Tr(L) /M(&,(I)) id ®id vol(g),
Qs = 2id Vv Tv9(d(8,®) ® d),
Q4= (0,P)idV /M Tr(L)id vol(g),
Q5 = (0,2) Tr(d @ d).
Then
Go(To(ar,a1),To(az,az)) — Go(To(ar, az),To(a1, az))

:/ éZEH(inQi)(al Aa?aal/\dz)vol(g)
M i

- /M = 3 B(Qu, Q) (a1 A az, a1 A az) vol(g).

1<j

The contribution of the following terms to Rg(ai,as,a1,as) is fM
over the terms listed.

B(Q1,Q1) =0
according to simplification (S2).
2
B(Q2,Q2)(a1 A az, a1 Aag) = Tr(4L) [
[ @@vl). [ @d)advolle) - ( [ @.bjaravolly))’]
M M M

which is positive by the Cauchy—Schwarz inequality, assuming that 9, ® > 0.

B(Q3,Q3)(a1 A az, a1 A az)
_ _((id®T‘r9(d(8Mfl>) ®d))(as A a2))2
— — g (d(0,®), arday — azday)* <0

...vol(g)

&=

according to simplification (S1).

B(Q1,Qn) = ~ (0,85 [ T(L)idvol(g))* <0

M
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according to simplification (S1).

B(Qs, Qs) = (0,@)° (I|das |} |das||} -+ — 97" (das, das)?)
= (0,®)* | day A das|5y >0

by the Cauchy—Schwarz inequality.

The contribution of the following terms to Rg(aq,as,a1,az) is fM % ...vol(g) over
the terms listed:

B(Q1.Q2) = —-(OTH(L)? — TH(L)AWD,®) — Tr(L) Te(17)(,8)).
@ (id@id,/ (9,P) id®idvol(g)>,
M

where the second factor is > 0 assuming that 9,$ > 0.

B(Q1,Qs) =0

according to simplification (S2).

B(Q1,Q4) =0

according to simplification (S2).

Q1 Qs) =  (BTHL)D,®) — (0,2)A(0,8) — TH(12)(5,2)”).

. ||a1da2 — (l2da1||§,1

B(Q2,Q3) S0
Q2. Q) = —5 (0.%) Tr(L)
Eﬂ(/ (0,P) id®idv01(g),id\// Tr(L)id vol(g))
M M

This form is indefinite, but we have

/ % B(Q2,Q4) vol(g) = — EH(QNQ, Q4)a
M

with the positive semidefinite form
Qs = / (9,®) id @ id vol(g)
M
and the form

- 1 , .
Qu = /M Tr(L) 5 (9 ®) id vol(g) v /M Tr(L)id vol(g),

which is positive semidefinite if agb

Q2 Qs) = —5 (0, ) Tr(L)

is a non negative constant.
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EEI(/M(&,@) id®idvol(g), Tr!(d®d)) S 0

because of the factor (0,®) Tr(L). But the factor

B ( / (0,®)id ®id vol(g), Tr? (d @ d))
M
is positive definite.

B(Q3, Q1) S0
B(Qs,Q5)(a1 A az,a1 A as)

= (0,9) (197 (d(9,®), day) | daz |- — (a1g™"(d(3,,®), daz)

+ asg 1(d( ) dal))gfl(dal,dClQ) —|— a2gil(d(8u(b)7 dag) Hda1H3_1 )
) g9 (d ® (ardas — asday ), daj A dag) S0,

(Q4,Q5) S0

We are now able to compile a list of all negative, positive, and indefinite terms of
the curvature Ry(a1, as,a1,as). Remember that negative terms of Ry(a1, az, a1, az)
make a positive contribution to sectional curvature. Positive sectional curvature is
connected to the vanishing of geodesic distance because the space wraps up on itself
in tighter and tighter ways.

‘ PP H PP “QQQQ“Q5Q5‘ are positive, assuming 8U<I>,812,<I),3ﬁ@ > 0.

‘ PP HQgQg HQ4Q4HQ1Q2‘ are negative, assuming 9, ® > 0.

is negative, assuming that aﬁT@ is a non negative constant, and indefinite
otherwise.

is negative, assuming that Tr(L)(0,®) is positive, and indefinite otherwise.

| P || PP |[ PP || @1Qs5][Q2Qs )| QsQu]|Q5Q5 [ QuQ5

are indefinite.

8. GEODESIC DISTANCE ON B;(M,R™)

We will state some conditions on ® ensuring that the almost local metric G®
induces non vanishing geodesic distance on B;. The proofs are based on a compar-
ison between the G®-length of a path and its area swept out. In the last part we
will use the vector space structure of R™ to define a Fréchet metric on shape space
B;(M,R™). In section 8.8 it is shown how this metric is related to an L Finsler
metric, and in section 8.9 the Fréchet metric is compared to almost local metrics.

The main results are in sections 8.6 and 8.9.
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8.1. Geodesic distance on B;. Geodesic distance on B; is given by

distS” (fo, f1) == = inf Len§, (f),

where the infimum is taken over all f : [0,1] — B; with f(0) = fo and f(1) = f1.
Lengj is the length of paths in B; given by

LenB / G“I> (ft, fo)dt for f:1]0,1] — B;.

Letting 7 : Imm — B; denote the projection, we have

LenB (rof)= LenImm / \/G ft, f+)dt for horizontal f :[0,1] — Imm.

By non vanishing geodesic distance on B; we mean that distgi separates points.

8.2. Area swept out. For f:[0,1] — Imm we have

(area swept out by f) = / vol(f(-,-)*g).

[0,1]x M

If f is horizontal, then this integral can be rewritten as

1
(area swept out by f) = / / [ fell vol(f(t,-)*g)dt =: /0 /M |l f¢]] vol(g)dt

8.3. Lemma (first area swept out bound). For an almost local metric G*
satisfying

D(v,u) > C for Cy >0

and a horizontal path f :[0,1] — Imm, we have the area swept out bound

\/C>'1 (area swept out by f) < max Vol (f(t)).LenIGrin(f).

The proof is an adaptation of that given in [14, section 3.4] for the G*-metric.

Proof.

:/0 (/ 2l vol) = VL [ ([ 1 vo)
= Va [ ([ @) [ s
> Vaimin( [ woitg) ! [ [ Il

Gi(mps [ woi@) [ [ sl
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8.4. Lemma (Lipschitz continuity of v/Vol). For an almost local metric G®,
the condition

®(v, 1) > Copr®
implies the Lipschitz continuity of the map
VVol : (B;, distgj)) — R>g
by the inequality holding for fi and fs in B;:

VVol(f1) — v/ Vol(f2) < T;@diStgf(ﬁ,ﬁ)-

The proof is an adaptation of that given in [14, section 3.3] for the G-metric.

Proof. Let f :[0,1] — Imm be a horizontal path, and let f; = a.v/ denote its
derivative. Using the formula from section 4.7 for the variation of the volume, we
get

o Vol(f) = — /M Tr(L)avol(g) < /M Tr(L)avol(g)‘

< (/M 12 vol(g)) : (/M Tr(L)%a? Vol(g)) :
<V ( [ e wlg)) < oV [GF i fo.

Thus
_ Vol(f) _ 1
~2/Vol(f) ~ 2V

9/ Vol(f) G2 (fi. fo)-

By integration we get

VVOI(T) — V/Vol(fo) = / 01/ Vol )t

1
1 & - 1 a®
S/() 2\/@\/Gf(ftaft)* 2\/@ Lenlmm(f)'

Now take the infimum over all horizontal paths f connecting fi; and fs.

8.5. Lemma (second area swept out bound). For an almost local metric G*
satisfying
O(v, p) > Co with C >0

and a horizontal path f : [0,1] — Imm, we get the area swept out bound

Vo (area swept out by f) < LenICf:m(f).

The proof is adapted from proofs for the case of planar curves that can be found
in [16, section 3.7], [18, Lemma 3.2], [25, Proposition 1] and [24, Theorem 7.5].

Proof.

LenIGn(le(f) = /01 \/mdt _ /01 (/M<I>||ft2V01(g))édt
> @/01 \/W(/M ||ft||2V01(9))%dt2 @/Ol/Ml.nftvoug)dt
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=VC vol(f(-,-)*g)dt = VC (area swept out by f).

[0,1]x M

8.6. Non vanishing geodesic distance. Using the estimates proven above, we
get the following result.

8.7. Theorem. At least on B.(M,R™) = Emb(M,R"™)/Diff (M), the almost lo-
cal metric G® induces non vanishing geodesic distance if at least one of the two
following conditions holds:

(1) ®(v, 1) > Cy + Cop® for C1,Cy > 0,
(2) O (v, p) > Co for C > 0.

8.8. Fréchet distance and Finsler metric. The Fréchet distance on the shape
space B;(M,R"™) is defined as

distp, (Fo, F1) = it [[fo— fillp~
0,J1

where the infimum is taken over all foy, f1 with 7(fo) = Fo,7(f1) = F1. As before,
7w denotes the projection 7 : Imm — B;. Fixing fy and fi, one has

distg:o (W(fo),?'r(fl)) = igf I fooe— fill e

where the infimum is taken over all ¢ € Diff(M). The Fréchet distance is related
to the Finsler metric

G :TImm(M,R") - R,  he |||, .-

Lemma. The path length distance induced by the Finsler metric G provides an
upper bound for the Fréchet distance:

1
disthy, (Fo, F1) < dist§, (Fo, Fy) = n}f / | fill e dt,
0

where the infimum is taken over all paths

f:00,1] = Imm(M,R"™) with =(f(0))=Fy, «(f(1))=F.

Proof. Since any path f can be reparametrized such that f; is normal to f, one
has

1 1
it [ 15 e =t [ 1Al
fJo fJo

where the infimum is taken over the same class of paths f as described above.

Therefore,
1
‘ / fedt
0

1
:nflf/ [ -] e dt = distG (Fo, F1).
0

1
dists™ (Fo, 1) = inf |f(1) — F(0)]|, = in < inf / 1 fill et
f f Lo fJo
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It is claimed in [12, Theorem 13] that distgo = distg:o. Unfortunately, the proof
is not correct because convex combinations of immersions are used, even though
the space of immersions is not convex.

8.9. Theorem (almost local versus Fréchet distance on shape space). On
B;(M,R"™) the G® distance cannot be bounded from below by the Fréchet distance
if any one of the following conditions holds:

(1)  ®(v,p) < Cy + Cyp?* for C1,Cy >0 and k < (dim(M) +2)/2,
(2)  ®(v,p) < Co* for C >0,
(3) P(v,p) <Ce" for C > 0.

Indeed, then the identity map
Id : (B;(M,R™), distG ) — (B;(M,R™), dist§ ")
18 not continuous.

Proof. Let fy be a fixed immersion of M into R”, and let f; be a translation
of fo by a vector h of length ¢. We will show that the G®-distance between 7(fy)
and 7(f1) is bounded by a constant that does not depend on ¢. It follows that
the G®-distance cannot be bounded from below by the Fréchet distance, and this
proves the claim.

For small 7, we calculate the G®-length of the following path of immersions:
First scale fy down to a factor ro, then translate it by a vector h of length ¢,
and then scale it up again around the new origin A until it has reached f;. Let
m = dim(M).

For the scaling down part, let r be a decreasing function such that 7(0) = 1 and
r(1) = 9. Then the length of the path f(t) := r(t).fo is

:/0 \//M‘P(Vol(r-fo),Tr(L“fO))é(rt-fo,rt.fo)vol((r.fo)*g)dt

/ \// 2o rmVol (fo), 1Tr(Lf0))§(f0,f0)rmvol (fgg)dt

- / \//M @ (rm Vol(fo), % Tr(L))g(fo, fo)r™ vol (f5g)dr

The last integral converges for g — 0 under any of the above assumptions. So we
see that the length of the shrinking part is bounded by a constant that does not
depend on /.

The path f(t) := ro.fo + t.h is a pure translation of the scaled immersion ry. fo
by the vector h of length ¢. The length of this path is

Lenlmm / / ©.9(fr, ft) vol(g)dt
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//¢€2V01 dt—ég/ ®vol(g)

O(r (m 2k)) if @ satisfies (1),
=4 0(ry" (kH)) if @ satisfies (2),
O(em™.ri") if ® satisfies (3).

Under the above assumptions, this tends to zero as rg tends to zero.

To scale the immersion rg.fy + h back up to its original size, we use the path
f@&) :=r(1 —t).fo + h with r(¢) as in the shrinking part. It follows as before that
the length of this path is bounded by a constant that does not depend on ¢.

Finally, we use

distS” (w(fo), 7(f1)) < distZo, (fo, f1).

9. THE SET OF CONCENTRIC SPHERES

For an almost local metric, the set of spheres with common center z € R” is a
totally geodesic subspace of B;. The reason is that it is the fixed point set of a
group of isometries acting on B;, namely, the group of rotations of R™ around z.
(We also have to assume uniqueness of solutions to the geodesic equation.) For the
G4 metric where ® = 1 + ATr(L)? and plane curves, the set of concentric spheres
has been studied in [15], and for Sobolev type metrics it has been studied in [2, §].
Some work for the G°-metric has also been done by [17].

We denote the (n — 1)-dimensional volume of the n — 1-dimensional unit sphere
in R" by

9.1. Theorem. Within a set of concentric spheres, any sphere is uniquely described
by its radius r. Thus the geodesic equation within a set of concentric spheres reduces
to an ordinary differential equation for the radius. It is given by

n—1/1 0, ®
T = _TET(Z(I) =+ B Tn 2wn 1 + (a q)))

The space of concentric spheres is geodesically complete with respect to a G® metric
if and only if

T1
| e =y oo, >0,

0

and

/ P \/q)(wn_lrnfl, —(n—1)/r)dr = oo, ro > 0.
To
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For the metrics studied in this work, this yields

(v, p) =" incomplete,
O(v,u) =€ incomplete,
1
P(v,p) =1+ Ap?t complete iff k > n—2|— ,
1+n 2
D(v, ) = vin AR complete.
v

Proof. The differential equation for the radius can be read from the geodesic
equation in section 6.2 when it is taken into account that all functions are constant
on each sphere and that

Vol = wn—17“n_1, L= _%IdTM7 TI"(Lk) = (_1)1“%1'

To determine whether the space of concentric spheres is complete, we calculate the
length of a path f connecting a sphere with radius rg to a sphere with radius ry:

G*® _ ! Drpl pL
Leng (f) _/0 Gy (fi, fi)dt

_ /0 ' \/ /M@(Vol, Te(L))r? vol(g)dt

1
:/ \Tt|\/‘1>(wn—17"”_1,—(n—1)/r)wn_1r"—1dt
0
— o [
T0

E \/<I>(o./n,1r"—17 —(n—1)/r)dr.

10. SPECIAL CASES OF ALMOST LOCAL METRICS

10.1. The G%-metric. The G%-metric is the special case of a G®-metric with & =
1. Thus its geodesic equation can be read from section 5.1. It reads as

ft = a'V+Tf‘ftT7

fre = —% (Ifell® Te(L).v + Tf. grad? (| fol1*)) + (Te(L).a — div? (R f,")) -fe.

We have three conserved quantities, namely,

g(f,")vol(g) € T(T*M ®p; vol(M)) reparametrization momentum,

/ fevol(g) linear momentum,
M

/ (f A f)vol(g) € A°R™ = so(n)* angular momentum.
M




M. Bauer, P. Harms, P. Michor 49

The geodesic equation on B;(M,R™) is well studied. We can read it from section 6.

Tr(L).a?

ft:a'yv ay = 9

Sectional curvature is given by

1
Ro(ay,as,a9,a1) = 5/ |laidas — agdalHj,l vol(g) > 0.
M

This formula is in accordance with [14, section 4.5] since we have codimension one
and a flat ambient space, so that only term(6) remains, and for the case of plain
curves, it is in accordance with [16, section 3.5].

The G%-metric induces vanishing geodesic distance; see section 8.

10.2. The GA-metric. For a constant A > 0, the GA-metric is defined as
G7(h.k) = /M (14 ATr(L)?)g(h, k) vol(g).

This metric has been introduced by [15, 14, 16]. It corresponds to an almost local
metric G® with ®(v, u) = (1 + Ap?); thus its geodesic equation on Imm(M,R") is
given by (see section 5.1)

ft = a'V+Tf‘ftT7

Lr ARATHL) /) 2ATr(L?)
fo=5|- =T an@pE — TG e~ V)
| TH[EATHE) 117 grad® (IN(L) — grad? (1 + AT(LP) 141)]

2(1+ ATr(L)?)
(2ATr(L))
B {1 + ATr(L)2

FdivI(fT) — Tr(L).a} fi.

(= Aa+aTr(L?) +dTe(L)(f,))

The conserved quantities have the form

(1+ ATr(L)?) g(f,)vol(g) € T(T*M @y vol(M)) reparam. momentum,

/ (14 ATr(L)?) f; vol(g) linear momentum,
M

/ (14 ATe(L)))(f A fi)vol(g) € A°R™ = s0(n)*  angular momentum.
M

The horizontal geodesic equation for the G4 -metric reduces to

i =auv,
1, —a?AA(Tr(L)) + 4Aag= 1 (d Tr(L), da)
ar =@ Tr(L) + 11 ATHL)?)

2ATr(L) ||dal’- — ATx(L) Tr(L?)a?
(1+ ATr(L)?).
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For the case of curves immersed in R?, this formula specializes to the formula given
in [15, section 4.2]. (When verifying this, remember that A = —D? in the notation
of [15].)

The curvature tensor Ry(a,as, a1, az) is the sum of

negative terms,
positive terms, and

| pyP | \Q1Q5 \ \ Q3Q5\ indefinite terms.

Ro(ay,as,a1,a2) = / A(ar1Aag — agAal)Zvol(g)
M

+ / 24 Tr(L)gS((aldag — azday) ® (a1dag — asday), s) vol(g)
M

1
* / m { — 4477 (d Tr(L), a1das — a2da1)2
M

- (% (1+ ATr(L)?)” + 242 Tr(L)A(Tr(L)) + 242 Tr(L?) Tr(L)2>-

|lardas — azdas |-+ + (24% Te(L)?) ||dar A das||

+ (84 Tr(L))g9(d Tr(L) ® (ardas — asday ), das A daz)] vol(g).

We want to express the curvature in terms of the basic skew symmetric forms.
Therefore, mimicking the notation of [15, 16], we define

W2 = (lldag — agdal, W22 = alAag - agAal, W12 = da1 A\ dag.

Then the above equation reads as

Ro(a1,a2,a1,a2) = | AW, vol(g) —|—/ 2ATr(L)g3(Wa @ Wa, s) vol(g)
M M
1 2 —1 2
+/M1—|—ATr(L)2[4A gL (dTe(L), Wa)

- (% (1+ ATR(D)?)” + 242 Te(L)A(TR(L)) + 24% Tr(L2) Te(L)?) [Wal -

+ (242 Tr(L)?) ||W12||§g + (842 Tr(L))g9 (d Tr(L) ® Wa, ng)} vol(g).

For the case of plain curves, this formula specializes to the formula given in [16,

section 3.6].

The GA-metric satisfies condition (1) from section 8.6; thus it induces non-

vanishing geodesic distance.
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10.3. Conformal metrics. The conformal metrics correspond to almost local met-
rics G® where ® depends only on the volume and not on the mean curvature. For
the case of planar curves these metrics have been treated in [23, 24, 25, 18]. Then
[18] provides very interesting estimates on geodesic distance induced by metrics
with ®(v) = v and ®(v) = e”. The geodesic equation on Imm(M,R") is given by

fi=h=av+Tfh',

hy = —% [% </M |h||2v01(g)) To(L).v
+ A2 Te(L).v + Tf. gradg(||h||2)}

+ [‘Z (/M Tr(L).a Vol(g)) + Tr(L).a — divg(hT)} .

The conserved quantities are given by

®(Vol)g(f," ) vol(g) € T(T*M ®js vol(M)) reparam. momentum,

d(Vol) / fevol(g) linear momentum,
M

@(Vol)/ (f A f)vol(g) € A’R™ = so(n)*  angular momentum.
M

The horizontal part of the geodesic equation is given by

ay = g(—H(a.u, av)— K(av,a.v), y)

=% (/M a? Vol(g)) Tr(L) + %(f Tr(L) + % (/M a. Tr(L) Vol(g)) a.

To simplify this equation let b(t) = ®(Vol).a(t). We get
by = ®'.(D(,4.0) Vol).a + ®.ay

!/ 1 2
_ v A Te(L).avol(g) + 50 Te(L)
1, 2 ’
— 5(I) (/M a vol(g)) .Tr(L) + @'.a. /M Tr(L).avol(g)
= —%CD’ /M a?vol(g). Tr(L) + %‘I’a2~ Tr(L).

Thus the geodesic equation of the conformal metric G® on B; is

b(t)
= 3o
(L) (., ®Vol) [ .,
b= 3B (VoD (b " B (Vol) /Mb VOI(g))'

For the case of curves immersed in R?, this formula specializes to the formula given
in [16, section 3.7].

Assuming that ® and ®” are non negative, the curvature tensor consists of the
following summands.
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are the positive summands.

‘ PP HQ4Q4 HQlQQ‘ are the negative summands.

is indefinite, but assuming that % is a non negative constant, it is negative.

Solving the ODE % = C > 0 leads to ®(Vol) = €% V°l. In the case of curves,
conformal metrics of this type have been studied in [12] and [18].

is indefinite.

Since the formula for sectional curvature with general ® = ®(Vol) is still too
long, we will print only the formula for ®(Vol) = Vol. To shorten notation we will
write @ for the integral over a € C*°(M), i.e.,

a= /M avol(g).

Then the sectional curvature reads as

1
Ro(ay,as,a1,as) = 5 Vol/ |lardas — agdale_l vol(g)

Tr(L ) (al%_ala2)

)2a2 — 2ar.a3.Tr(L)2%a;.az + a2.Tr(L)2a )

1
)
ag-

T
(a% Tr(L 2 — 2a1.a3.Tr(L)a;. Tr(L)az —I—aig.Tr(L)alQ)

4 Vol
( 2 Tv9((day)?) — 2ar.az.Tr? (da, .das) +;§Trg((da1)2))

a2.a2. Tr(L?) — 2.a1.az3.01.a5. Tr(L?) + a2.a2 Tr(L2)>

For the case of curves immersed in R?, this formula is in accordance with the
formula given in [16, section 3.7].

From condition (2) in section 8.6 we read that the conformal metrics induce non
vanishing geodesic distance if ®(Vol) > C. Vol for some constant C' > 0.

10.4. A scale—invariant metric. For a constant A > 0 we define the metric

1+71 r 2
G (h k) = /M (V = AT\%]) )g(h, k) vol(g).

This is an almost local metric with ®(v, ) = VT 4 A”;. Scale-invariance means
that this metric does not change when f, h, k are replaced by Af, Ah, Ak for A > 0.
To see that G7 is scale-invariant, we calculate as in [16] how the scaling factor
A changes the metric, volume form, and volume and mean curvature. We fix an
oriented chart (u!,...,u"~!) on M. Then

(A)*G(0,05) = G(T(Af)-05, T(NF).05) = N*.f*5(83, 0;),
vol((A.£)*g) = /det(N2(f*@)|v) dul A ... Ad"F = \""Lvol(f*g),
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(Af)
9:0;

O*f 1
5o,V = 3 T

The scale-invariance of the metric G°! follows. Thus along geodesics we have an
additional conserved quantity (see section 5.3), namely,

.

From 6 we can read the geodesic equation for G on B;:

0

Te(L((Af)*9)) = (Af)'9)"3( )

A

= S gl

Tr(L)?
Vol

1

Vol

2 g )3 f2) vol(g)

scaling momentum.

ft = a.v,
1, 1
a; = —a”Tr(L) + -
2 Vol = 4 AT
1 linm 2n Tr(L)?\ o A(Tr(L)).a?
[— 5 Tr(L) /M (17n Voli=n — Vol )a vol(g) — A Vol
4A.a _4 2ATr(L) 2
+ Vol ¢ (dTx(L),da) + Vol [dally-
Lbn yoag2s Tr(L)? B Tr(L?) Tr(L) ,
+ (1_n Vol A e )a y Tr(L).avol(g) Ai\/ol a }

For the case of curves immersed in R?, this formula specializes to the formula given
in [16, section 3.8]. (When verifying this, remember that A = —D? in the notation
of [16].)

The metric G°! induces non vanishing geodesic distance. This follows from the
fact that log(Vol) is Lipschitz; see [16, section 3.8].

11. NUMERICAL RESULTS

11.1. Discretizing the horizontal path energy. We want to solve the boundary
value problem for geodesics in shape space of surfaces in R? with respect to several
almost local metrics — more specifically, with respect to G®-metrics with

d=Vol*, ®=¢" d=1+ATr(L)*

and the scale-invariant metric

Tr(L)?
ol

In order to solve this infinite-dimensional problem numerically, we will reduce it to

a finite-dimensional problem by approximating an immersed surface by a triangular

mesh.

143
® = VolT5 +4

One approach to solving the boundary value problem is by the method of geodesic
shooting. This method is based on iteratively solving the initial value problem for
geodesics while suitably adapting the initial conditions.
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Another approach, and the approach we will follow, is to minimize horizontal
path energy

1
hor( ) = ol, Tr §(fe,v)%vo
B (f) = / /M@(VLT(L))g(f 2 vol(g)

over the set of paths f of immersions with fixed endpoints. Note that, by definition,
the horizontal path energy does not depend on reparametrizations of the surface.
Nevertheless we want the triangular mesh to stay regular. This can be achieved by
adding a penalty functional to the horizontal path energy.

11.2. Discrete path energy. To discretize the horizontal path energy

B (f) = / / BV, Te(L) (.1 vol(g)

one has to find a discrete version of all the involved terms, notably the mean
curvature. We will follow [19] to do this. Let V, E, F denote the vertices, edges,
and faces of the triangular mesh, and let star(p) be the set of faces surrounding
vertex p. Then the discrete mean curvature at vertex p can be defined as

_ ||vector mean curvature|| ||V, (surface area)||

Tr(L = ’
r(L)(p) ||[vector areall IV, (enclosed volume)||

Here V,, stands for a discrete gradient, and
(vector mean curvature), = V,(surface area) = Z (cot oy + cot B;)(p — p;)
(p,pi)EE
is the vector mean curvature defined by the cotangent formula. In this formula, «;
and B; are the angles opposite the edge (p, p;) in the two adjacent triangles. For the

numerical simulation it is advantageous to express this formula in terms of scalar
and cross products instead of the cotangents. Furthermore,

(vector area), = V,(enclosed volume) = Z v(f).(surface area of f)
fE€Star(p)

is the vector area at vertex p.
We discretize the time by
O=t1 <...<tnyy1 =1
Then the (N — 1)(#V) free variables representing the path of immersions f are
fti,p) with2 <i< N, pe V.

f(0,p) and f(1,p) are not free variables, since they define the fixed boundary
shapes. f; can be approximated by either forward increments

fifw(ti,p) _ f(tiJrl’p) - f(tiap)

tiy1 —t;
or backward increments

f(ti,p) — f(ti=1,p)

b —tia .
We use a combination of both to make path energy symmetric. (Instead of this
we could have used the central difference quotient. However, minimizing an energy
functional depending on central differences favors oscillations, since they are not

tbw(tlap) =
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felt by the central differences.) Using the discrete definitions of the normal vector
and increments we can calculate fi- at every vertex p and are now able to write
the discrete horizontal path energy:

N DD Z(I)(Vol Te(L)(p ))

peV F>op

area(star’
G(h(p), v(F)).g(k(p),v(F)) M

Ny t
or i+1 —
E" (f):ZT

=1

(Gf(t (ffw(fi)7ffw( i) +G¢)t +1)( tbw(ti+1)>ftbw(ti+l)))‘

This is not the only way to discretize the energy functional. There are several
ways to distribute the discrete energy on faces, vertices, and edges. Depending
on how this was done, the minimizer converged faster, slower, or even not at all.
However, if the minimizer converged to a smooth solution, the results were quali-
tatively the same. This increased our belief in the discretization. However, we do
not guarantee the accuracy of the simulations in this section.

This energy functional does not depend on the parametrization of the surface
at each instant of time. So we are free to choose a suitable parametrization. We
do this by adding to the energy functional a term penalizing irregular meshes. So
instead of minimizing horizontal path energy, we minimize the sum of horizontal
path energy and a penalty term. The penalty term measures the deviation of angles
from the “perfect angle” 27 divided by the number of surrounding triangles, i.e.,

Z Z Z ‘ (pq, pr) — (perfect angle) k, k € N.

t=2 peV (p,qr)€A

11.3. Numerical implementation. Discrete path energy depends on a very high
number of real variables, namely, three times the number of vertices times one less
than the number of time steps. In the numerical experiments that we have done,
there were between 5.000 and 50.000 variables. To solve this problem we used
the nonlinear solver IPOPT (Interior Point OPTimizer [22]). IPOPT uses a filter
based line search method to compute the minimum. In this process it needs the
gradient and the Hessian of the energy. IPOPT was invoked by AMPL (A Modeling
Language for Mathematical Programming [6]). The advantage of using AMPL is
that it is able to automatically and symbolically calculate the gradient and Hessian
needed for the optimizer. All the user has to do is to write a model and data file for
AMPL in a quite readable notation. The data file containing the definition of the
combinatorics of the triangle mesh was automatically generated by the computer
algebra system Mathematica. As an example, some discretizations of the sphere
that we used can be seen in figure 3.
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s=S==
TSN

FIGURE 3. Triangulations of a sphere with 320, 500 and 720 tri-
angles, respectively.

11.4. Scaling a sphere. In section 9 we studied the set of concentric spheres in n
dimensions. In dimension three the geodesic equation for the radius simplifies to

1-1 1 1
T = —T‘t26 [*‘I) + 0, ®4r°m + —(0,9®) + ﬁ(a3q))]‘

r r2

This equation is in accordance with the numerical results obtained by minimizing
the discrete path energy defined in section 11.2. As will be seen, the numerics
show that the shortest path connecting two concentric spheres in fact consists of
spheres with the same center, and that the above differential equation is (atl least
qualitatively) satisfied. Furthermore, in our experiments the optimal paths obtained
were independent of the initial path used as a starting value for the optimization. In
all numerical experiments of this section we used 50 timesteps and a triangulation
with 320 triangles.

For conformal metrics of type ® = Vol* and & = ¢V°!, the ODE for the radius is

k+1
® = Vol* : TttZ—TtQ —: )
1
® = Vol T = —r?(; + 4r77).

Note that the equation for ® = Vol™! is r,; = 0. These equations have explicit
solutions:

® = Vol* : r =y ((k+2)t — C) 7,

1
P =Vl r:%\/log(Clt—&—Cg).

A comparison of the numerical results with the exact analytic solutions can be seen
in Figures 4 and 5. The solid lines are the exact solutions. Note that for big radii
as in Figure 4, the solution for ® = ¢"°! has a very steep ascent, is more curved,
and lies above the solutions for ® = Vol, Vol?, Vol®. For small radii, it lies below
these solutions, as can be seen in figure 5. Note also that when the ascent gets too
steep, the discrete solution is somewhat inexact as in Figure 4.

For mean curvature weighted metrics, the differential equation for the radius is

1 2k A22k—1 )

B 2k = —r2
®=1+ATr(L)**: T = T (;*W—Az%r
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0.2 0.4 0.6 0.8 1
[ c@=Vol ~d=Vol> d=Vol: d=c" : 2=k

FIGURE 4. Geodesics between concentric spheres of radius 0.4 to

0.8 for several conformal metrics.

tions.
r

0.2f

A8 ¢

167

A4

A2

0.2

0.4

0.6

0.8

1

[« ®=Vol

Solid lines are the exact solu-

t

o=Vol’ d=Vol’+ d=¢"! - ®= g

FIGURE 5. Geodesics between concentric spheres of radius 0.1 to

0.2 for several conformal metrics.

tions.

Solid lines are the exact solu-

The numerics for these metrics are shown in figure 6 and figure 7. Note that we
got convergence to a path consisting of concentric spheres even for the G°-metric
(A = 0), even though we know from the theory that this is not the shortest path.
In fact, there are no shortest paths for the G°~metric since it has vanishing geodesic

distance [14].
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r
2 L
1.8
1.67
1.4+
1.2¢
: t
0.2 0.4 0.6 0.8
[ k=2 k=4 k=6 k=8 |
FIGURE 6. Geodesics between concentric spheres for & = 1 +
0.1 Tr(L)* and varying k. Solid lines are the exact solutions.
r
1 L
0.8}
0.61
04r
0.27
‘ ‘ ‘ ‘ =’
0.2 0.4 0.6 0.8 1
[ -A=1 A=0.1 A=001 +A=0 |

FIGURE 7. Geodesics between concentric spheres for & = 1 +
ATr(L)? and varying A. Solid lines are the exact solutions.

For the scale-invariant metric, the differential equation is given by

Tr(L)? r2
V N Tt = —.
ol T

d=Vol ?2+A

This equation has an explicit analytical solution
Tr(L)?
Vol

Note that this equation, and therefore its solution, is independent of A. Again, this
is confirmed by the numerics: see Figure 8.

d=Vol 2+A r=Che®?t.
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0.2¢

A8 ¢

167

A4 7

A2

0.2 0.4 0.6 0.8 1
e & = Vol %+ ATr(L)? Vol *

FIGURE 8. Geodesics between concentric spheres for the scale-
invariant metric.

11.5. Translation of a sphere. In this section we will study geodesics between a
sphere and a translated sphere for various almost local metrics of the type ® = Vol* ,
O =€ and & =1+ ATr(L)?k.

Depending on the distance (relative to the radius) of the two translated spheres,
different behaviors can be observed.

High distance:

e Shrink and grow: For some metrics it is possible to shrink a sphere in finite
time to zero. For these metrics long translation goes via a shrinking part
and growing part. Metrics with this behavior are & = Volf, & = Vel
and ® = 1 + ATr(L)?. This phenomenon is studied in more detail in
section 11.6; see also Figure 10.

e Mowing an optimal middle shape: For some of the metrics translation of
a sphere with a certain optimal radius is a geodesic. For these metrics
geodesics for long translations scale the sphere to the optimal radius and
translate the sphere with the optimal radius. Metrics with this behavior
are ® = 14+ ATr(L)?* for k > 1. This behavior is studied in section 11.7.

Low distance:

e Geodesics of pure translation (® = 1+ ATr(L)?* for k > 1; c.f. Figure 13).

e Geodesics that pass through an ellipsoid, where the longer principal axis is
in the direction of the translation (conformal metrics, c.f. Figure 9).

e Geodesics that pass through an ellipsoid, where the principal axis in the
direction of the translation is shorter (® = 1+ ATr(L)?* for k > 1, c.f.
Figure 13).

e Geodesics that pass through a cigar-shaped figure (® = 1 + ATr(L)?, c.f.
Figure 12).
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FIGURE 9. Geodesic between two unit spheres translated by dis-
tance 1.5 for ® = Vol. 20 timesteps and a triangulation with 500
triangles were used. Time progresses from left to right. Boundary
shapes ¢t = 0 and ¢t = 1 are not included.

11.6. Shrink and grow. In section 9 we showed that it is possible to shrink a
sphere to zero in finite time for some of the metrics, namely, conformal metrics
with ® = Vol* or & = ¢¥°! and for the GAmetric. For these metrics geodesics of
long translation will go via a shrinking part and growing part, and almost all of
the translation will be done with the shrunken version of the shape. An example
of such a geodesic can be seen in figure 10.

C € e | ¢ ¢

FIGURE 10. Geodesic between two unit spheres translated by dis-
tance 2 for ® = eV°l. 20 timesteps and a triangulation with 500
triangles were used. Time progresses from left to right. Boundary
shapes t = 0 and ¢t = 1 are not included.

We could not determine numerically whether a collapse of the sphere to a point
occurs or not. But the more time steps were used, the smaller the ellipsoid in the
middle turned out. Also, the energy of the geodesic path comes very close to the
energy needed to shrink the sphere to a point and blow it up again. It is remarkable
that almost all of the translation is concentrated at a single time step, independently
of the number of timesteps that were used. The reason for this behavior is that
high volumes are penalized so much: In the case of figure 10, ¢V°! is more than 1000
times smaller in the middle than at the boundary shapes.

We now want find out under what conditions on the distance and radius of the
boundary spheres of the geodesic this behavior can occur. To do this, we compare
the energy needed for a pure translation with the energy needed to first shrink the
sphere to almost zero, then move it, and then blow it up again.

The energy needed for a pure translation of a sphere with radius r by distance
¢ in the direction of a unit vector ey is given by

E :/0 /52 ®(Vol, Tr(L))g(£.e1,v)” vol(g)dt
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9 o cos @ sin 6
= O(4r°T, —7)/ / g | ley,| singsind r?sin @ dpdf
" Jo Jo cos 6
2. [T [ 2, 4
= <I)(4r2ﬂ',—;)/ / % (cos @ sin 0)*r? sin Odpdd = ®(4r*T, —;) ?ﬂ-f T2
0

Any other unit vector can be chosen instead of ey, yielding the same result.

r l
1.0 0.5
t T
0.0 0.5 1.0 0.0 0.5 1.0 1.5

= & = Vol ® = Vol? d=Vol>? = dp=¢vV =gt

FiGURE 11. Left: Shrinking a sphere to zero along a geodesic
path and blowing it up again. Right: Pairs of ¢ and r such that
translating a sphere of radius r by distance £ needs as much energy
as shrinking it to zero and blowing it up again. G stands for the
G# metric with A = 1.

We will now calculate the energy needed for shrinking the sphere, moving it, and
blowing it up again. The energy needed for translating a sphere of radius almost
zero can be neglected. Shrinking and blowing up are done using the solutions to the
geodesic equation for the radius from the last section, where one has to adapt the
constants to the boundary conditions. For the bhrinking part we have r(0) = r and

1

() =0, and for the growing part we have r(1) = 0,7(1) = r; see Figure 11 (left).

The energy of the path is

4k+2 k+1
® = Vol : E = / Vol® / rZvol(g)dt = rhtd
g2 (k+2)?2
1, o
o=V E= / VO‘/ r2vol(g)dt = — (2™ —1)2,
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The energy of the two different paths are the same when

_ 2\/37“
Ck+2

\/g(l _ 67271'7‘2)

2rm

® = Vol* :

o=Vl {=

These curves are shown in Figure 11 (right). We did not derive an analytic solution
for the G4 —metric, but for A = 1 one can see the solution curves in figure 11.
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11.7. Moving an optimal shape. In the following we want to determine whether
pure translation of a sphere is a geodesic. Therefore, let f; = fo + b(t) - e1, where
fo is a sphere of radius r and where b(t) is constant on M. Plugging this into the
geodesic equation from section 5.1 yields an ODE for b(t) and a part which has to
vanish identically. The latter is given by

2 2 2
1 0y ®)=4r’m + (0,®) = + &= =0
(1) ( )rrﬂ+(#)T2+ ,
For conformal metrics this equation is satisfied only if ® = Vol ™*. Since this metric

induces vanishing geodesic distance (see section 8) we are not interested in this
case. For curvature weighted metrics the above equation reads as

48 Ak —1)
_ 2k . —
Solutions to these equations are given by

d=1+ATr(L)**: r=2%/Ak—-1), k>1

For the most prominent example, the G4 -metric, this yields r = 0, and therefore
translation can never be a geodesic for this type of metric. The numerics have
shown that the G4 -metric yields geodesics that resemble the geodesics of the G4
metric for planar curves from [15, section 5.2]. Namely, when the two spheres are
sufficiently far apart, the geodesic passes through a cigar-like middle shape, see
figure 12. As predicted by the theory (see section 8.9), geodesics for very high
distances tend to have behavior similar to that of Vol* metrics; i.e., the geodesic
first shrinks the sphere, then moves it, and then blows it up again (cf. section 11.6).

e

FIGURE 12. Middle figure of a geodesic between two unit spheres
translated by distance 3 for ® = 1 + ATr(L)2. From left to right:
A=02 A=04, A=0.6, A=0.8. In each of the simulations 20
timesteps and a triangulation with 720 triangles were used.

For metrics weighted by higher factors of mean curvature, the above equation
for the radius has a positive solution. For these metrics, geodesics for translations
tend to scale the sphere until it has reached the optimal radius and then translate
it. If the radius is already optimal, the resulting geodesic is a pure translation (see
figure 13).

If the distance is not high enough a scaling towards the optimal size still occurs,
but the middle figure is not a perfect sphere anymore. Instead it is an ellipsoid as
in figure 13.
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FIGURE 13. Geodesic between two unit spheres translated by dis-
tance 3 for ® = 14 = Tr(L)* (first row) and ® = 14+Tr(L)® (second
row). In each of the experiments 20 timesteps and a triangulation
with 720 triangles were used. Time progresses from left to right.
Boundary shapes ¢t = 0 and ¢t = 1 are not included.

FIGURE 14. Geodesic between a sphere and a sphere with a small
bump for & = Vol. 20 timesteps and a triangulation with 500
triangles were used. Time progresses from left to right.

11.8. Deformation of a shape. We will calculate numerically the geodesic be-
tween a shape and a deformation of the shape for various almost local metrics.
Small deformations are handled well by all metrics, and they all yield similar re-
sults. An example of a geodesic resulting in a small deformation can be seen in
figure 14, where a small bump is grown out of a sphere. The energy needed for this
deformation is reasonable compared to the energy needed for a pure translation.
Taking the metric with ® = Vol as an example, growing a bump of size 0.4 as in
figure 14 costs about a third of a translation of the sphere by 0.4.

FIGURE 15. Large deformation of a shape for & = Vol and ¢ =
eVel. 20 timesteps and a triangulation with 500 triangles were used.
Time progresses from left to right.
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FIGURE 16. Large deformation of a shape for ® = 1+ 0.1 Tr(L)?
(top), ® = 1+10 Tr(L)? (middle), and ® = 1+Tr(L)® (bottom). 20
timesteps and a triangulation with 720 triangles were used. Time
progresses from left to right.

Bigger deformations work well with Vol*-metrics and curvature weighted metrics,
but not with the eV°-metric, which tends to shrink the object and to concentrate
almost all of the deformation at a single time step. In figure 15, a large deformation
can be seen for the case of ® = Vol and ® = ¢"°'. Clearly one can see that the
eVel-metric concentrates almost all of the deformation in a single time step. We
have met this misbehavior of the eV°!-metric already with translations. Again, the
reason is that eV°! is so sensitive to changes in volume. In figure 16 one sees that
geodesics are smoothed further by higher curvature weights.
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THE AMPL MODEL FILE

LisTING 1. AMPL model file
param A default 1;
param k default 1;
param B default 1;
param | default 1;
param TimestepsN > 1 integer;
param VerticesN integer;
param PenaltyFactor default 1;
param PenaltyExponent default 2;
set Verticesl := 1.. VerticesN;
set VerticesOfEdges] within {VerticesI, Verticesl };
set VerticesOfFaces] within { Verticesl, Verticesl , Verticesl };
set FacesOfVerticesI {v in Verticesl } within VerticesOfFacesl;
set LinkOfVerticesI { VerticesI} within {VerticesOfFacesl,VerticesOfEdgesI,{—1,1}};
set AdjacentEdgesOfVerticesI {VerticesI} within {VerticesOfEdgesI,{1,—1},VerticesOfEdgesI,{1,—1}};
set EdgesOfFacesI {VerticesOfFacesI} within VerticesOfEdgesI;
set EdgesOfVerticesI {v in Verticesl} := setof {(f1,f2,f3,el,e2,0) in LinkOfVerticesI[v]}(el,e2);

param Pi default 3.141592653589793;

param PerfectAngle {v in VerticesI} default cos(2%Pi/card(FacesOfVerticesI[v]));
param InitialVertices { Verticesl ,1..3};

param FinalVertices {Verticesl,1..3};

var MiddleVertices {2..TimestepsN, Verticesl,1..3};
var Vertices {t in 1.. TimestepsN+1,v in VerticesLiin 1..3} =

(if t=1 then InitialVertices[v,i]
else if t=TimestepsN+1 then FinalVertices[v,i]
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29

31

33

35

37

39

41

43

45

47

49

51

else MiddleVertices[t,v,i]);

var VectorOfEdges {t in 1..TimestepsN+1, (v1,v2) in VerticesOfEdgesL,i in 1..3} =
Vertices [t,v2,i] — Vertices[t,v1,i];

var LengthOfEdges {t in 1..TimestepsN+1, (v1,v2) in VerticesOfEdgesI} =
sqrt(VectorOfEdges[t,v1,v2,1]"2+VectorOfEdges[t,v1,v2,2] "2+ VectorOfEdges|t,v1,v2,3] " 2);

var CrossOfFaces {t in 1..TimestepsN+1,(v1,v2,v3) in VerticesOfFacesl,i in 1..3} =
if i=1 then (Vertices|t,v2,2]—Vertices[t,v1,2])*( Vertices [t,v3,3]—Vertices[t,v1,3]) —
(Vertices [t,v2,3]—Vertices[t,v1,3])x( Vertices [t,v3,2]—Vertices[t,v1,2])
else if i=2 then —(Vertices[t,v2,1]—Vertices[t,v1,1])x( Vertices [t,v3,3]—Vertices[t,v1,3]) +
(Vertices [t,v2,3]—Vertices[t,v1,3])*( Vertices [t,v3,1]—Vertices[t,v1,1])
else (Vertices [t,v2,1]—Vertices[t,v1,1])*( Vertices [t,v3,2]—Vertices[t,v1,2]) —
(Vertices [t,v2,2]—Vertices[t,v1,2])*( Vertices [t,v3,1]—Vertices[t,v1,1]) ;

var NormCrossOfFaces {t in 1..TimestepsN+1,(v1,v2,v3) in VerticesOfFacesI} =
sqrt(CrossOfFaces[t,v1,v2,v3,1]"2 + CrossOfFaces[t,v1,v2,v3,2]"2 + CrossOfFaces|[t,v1,v2,v3,3]"2);

var NuOfFaces {t in 1..TimestepsN+1,(v1,v2,v3) in VerticesOfFacesl;i in 1..3} =
CrossOfFaces|t,v1,v2,v3,i]/NormCrossOfFaces[t,v1,v2,v3];

var AreaOfFaces {t in 1..TimestepsN+1,(v1,v2,v3) in VerticesOfFacesl} =
NormCrossOfFaces[t,v1,v2,v3]/2;

var AreaOfVertices {t in 1.. TimestepsN+1, v in VerticesI} =
(sum {(f1,f2,f3) in FacesOfVerticesI[v]} AreaOfFaces[t,f1,{2,f3])/3;

var VectorAreaOfVertices {t in 1..TimestepsN+1, v in Verticesl, i in 1..3} =
(sum {(v1,v2,v3) in FacesOfVerticesI[v]} CrossOfFaces[t,v1,v2,v3,i])/6;
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var SquareOfNormOfVectorAreaOfVertices {t in 1..TimestepsN+1, v in VerticesI} =
VectorAreaOfVertices[t,v,1] "2+ Vector AreaOfVertices[t,v,2] " 24 Vector AreaOfVertices[t,v,3] "2;

var NormOfVectorAreaOfVertices {t in 1..TimestepsN+1, v in VerticesI} =
sqrt( SquareOfNormOfVectorAreaOfVertices[t,v]);

var Volume {t in 1..TimestepsN+1} =
sum{(v1,v2,v3) in VerticesOfFacesl} AreaOfFaces[t,v1,v2,v3];

var VectorMeanCurvatureOfVertices {t in 1..TimestepsN+1, v in Verticesl, i in 1..3} =
if i=1 then
sum {(f1,£2,3,el,e2,0) in LinkOfVerticesI[v]} ox
(' VectorOfEdges|[t,el,e2,2]x*NuOfFaces[t,f1,{2, 3 ,3] —
VectorOfEdges|[t,el,e2,3]«NuOfFaces[t,f1,{2,£3 2] )
else if i=2 then
sum {(f1,£2,f3,el,e2,0) in LinkOfVerticesI[v]} ox
(—VectorOfEdges[t,el,e2,1]*NuOfFaces|[t,f1,{2,£3 3] +
VectorOfEdges|[t,el,e2,3]«NuOfFaces[t,{1,{2,£3 ,1] )
else
sum {(f1,£2,f3,el,e2,0) in LinkOfVerticesI[v]} ox
( VectorOfEdges[t,el,e2,1]xNuOfFaces|t,f1,f2,3 ,2] —
VectorOfEdges[t,el,e2,2]xNuOfFaces]t,f1,£2,£3 1] ) ;

var SquareOfScalarMeanCurvatureOfVertices {t in 1..TimestepsN+1, v in Verticesl} =
(VectorMeanCurvatureOfVertices[t,v,1] "2+ VectorMeanCurvatureOfVertices|t,v,2] "2
+VectorMeanCurvatureOfVertices[t,v,3] “2) /SquareOfNormOfVector AreaOfVertices[t,v];

var PhiOfVertices {t in 1.. TimestepsN+1,v in Verticesl} =
14+ Ax(SquareOfScalarMeanCurvatureOfVertices(t,v]) "k +Bx*(Volume][t])"L;
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89 var IncrementsOfVertices {t in 1.. TimestepsN,v in Verticesl,i in 1..3} =
TimestepsN#(Vertices[t+1,v,i] — Vertices[t,v,i]);
91
var Energy = 1/ 12 / TimestepsN x(
93 sum {t in 1..TimestepsN,v in VerticesI}
PhiOfVertices[t,v] * sum {(wl,w2,w3) in FacesOfVerticesl[v]}

95 ( IncrementsOfVertices[t,v,1]*CrossOfFaces[t,wl,w2,w3,1] +
IncrementsOfVertices|t,v,2]* CrossOfFaces[t,wl,w2,w3,2] +
97 IncrementsOfVertices|t,v,3]* CrossOfFaces[t,wl,w2,w3,3] )"2 /

NormCrossOfFaces[t,wl,w2,w3] +
99 sum {t in 1..TimestepsN,v in VerticesI}
PhiOfVertices[t+1,v] * sum {(wl,w2,w3) in FacesOfVerticesl[v]}

101 ( IncrementsOfVertices[t,v,1]*CrossOfFaces[t+1,wl,w2,w3,1] +
IncrementsOfVertices|t,v,2]* CrossOfFaces[t+1,wl,w2,w3,2] +
103 IncrementsOfVertices|t,v,3]* CrossOfFaces[t+1,wl,w2,w3,3] )"2 /

NormCrossOfFaces[t+1,wl,w2,w3] );
105
var Penalty =
107  sum {t in 1..TimestepsN+1, v in Verticesl,(vl,wl,01,v2,w2,02) in AdjacentEdgesOfVerticesI[v]}

abs(
109 ( VectorOfEdges[t,v1,wl,1]xVectorOfEdges[t,v2,w2,1] +
VectorOfEdges[t,v1,w1,2]xVectorOfEdges[t,v2,w2,2] +
111 VectorOfEdges|[t,v1,wl,3]*VectorOfEdges[t,v2,w2,3] ) * ol * 02
/ LengthOfEdges[t,v1,wl] / LengthOfEdges[t,v2,w2]
113 — PerfectAngle[v]

)" PenaltyExponent;
115
minimize f:
117  Energy-+PenaltyxPenaltyFactor;
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