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goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8, -F- Vi
Metric Projective Minkowski
1 1 1 +2

S"n C R S™ C RP™ L™t c R}

space of const. curvature: ... the base-mf becomes... | quadric:

S? R3, HPUH! = M ST\ Do M Q" c Lt

sphere complex: hyperplane: hyperplane:

{Sc M| I=0} pol[K] {K}+

immersion:

f:M™— S"

proj. immersion:

Vp,v: f(p) # Ouf(p)

spacelike immersion:

(df.df) >0

sphere congruence:
M™ 3 p— S(p) CS™

sphere congruence:
S:M™ — RPpH!

sphere congruence (locally):

S:Mm—>5f+1

f envelopes S: f(p) € S(p),
dp f(TpM) C Ty () S(p)

f envelopes S:
T(p) f (M) C pol[S(p)]

strip (f,S):
f(p),dp f(T,M) L 5(p)

Mobius frame:
(S1,...

7Sn71757f7f)

pseudo orthonormal frame:
F:M™ — O1(n+2)

Fig. T.2. The classical model of M6bius geometry, differential geometric terms



2g2
15252

f envelopes S: f(p) € S(p),
dp f(TpM) C Ty,)S(p)

f envelopes S: S(f,f)=0
S(f.df) + S(df, ) = 0

strip (Sf, S):
S§(p), dpSy(TpM) L S(p)

f envelopes S: f(p) € S(p),
dp f(Tp M) C T () S(p)

[ envelopes S: Sf || f
as - f I f

Mobius transformation:
€ Mob(4)

fractional linear:
w€ SI(2,H), v po

Lorentz transformation:
uwe S (2,H), S puS

stereographic projection:

v = (19v) (Voov) 1

affine coordinates:

V=00 + Voo

point pair map:

(fif): M —%p

Mobius frame:
F:M— Sl(2,H)

Mobius frame:
(Sl,...,S4,Sf,Sf)

cross-ratio:

[p1; P23 p3; P4l

cross-ratio:

1 1
N2 gy V1V o0y

Fig. T.3. A quaternionic model of M6bius geometry
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Introduction

Over the past two decades, the geometry of surfaces and, more generally,
submanifolds in Mdbius geometry has (re)gained popularity. It was prob-
ably T. Willmore’s 1965 conjecture [306] that stimulated this increased in-
terest: Many geometers have worked on this conjecture, and in the course
of this work it turned out (see for example [67] and [40]) that the Willmore
conjecture is in fact a problem for surfaces in M&bius geometry and that
the corresponding local theory was already developed by the classical ge-
ometers (cf., [218]). A crucial classical reference was [29]; however, it may
not be very easy to obtain and, once found, may not be very easy to read,
especially for non-German—speaking colleagues.

A similar story could be told about the recent developments on isothermic
surfaces — here, it was the relation with the theory of integrable systems,
first pointed out in [71], that made the topic popular again; also in this case
[29] turned out to be a treasure trove, but many more results are scattered
in the classical literature.

The present book has a twofold purpose:

— It aims to provide the reader with a solid background in the Mobius
geometry of surfaces and, more generally, submanifolds.

— It tries to introduce the reader to the fantastically rich world of classical
(Mobius) differential geometry.

The author also hopes that the book can lead a graduate student, or any

newcomer to the field, to recent research results.

Before going into details, the reader’s attention shall be pointed to three')
other textbooks in the field. To the author’s knowledge these are the only
books that are substantially concerned with the M6bius geometry of surfaces
or submanifolds:

1. W. Blaschke [29]: Currently, this book is a standard reference for the
geometry of surfaces in 3-dimensional Mobius geometry where many fun-
damental facts (including those concerning surface classes of current in-
terest) can be found. Mobius geometry is treated as a subgeometry of
Lie sphere geometry.

2. T. Takasu [275]: Nobody seems to know this book; like [29], it is in
German, and the presented results are similar to those in Blaschke’s
book — however, Mobius geometry is treated independently.

1) Apparently there is another classical book [95] by P. C. Delens on the subject that the
present author was not able to obtain so far.
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3. M. Akivis and V. Goldberg [4]: This is a modern account of the theory,
generalizing many results to higher dimension and /or codimension. Also,
different signatures are considered, which is relevant for applications in
physics. In this book the authors also discuss nonflat conformal struc-
tures; almost Grassmann structures, a certain type of Cartan geometry,
are considered as a closely related topic (compare with the survey [7]).

Besides these three textbooks, there is a book with a collection of (partially

introductory) articles on Mobius or conformal differential geometry [170].

Here, M6bius geometry is mainly approached from a Riemannian viewpoint

(see, for example, J. Lafontaine’s article [173]), which is similar to the way

it is touched upon in many textbooks on differential geometry but in much

greater detail and including a description of the projective model.
A more general approach to Mobius geometry than the one presented
in this book may be found in [254], see also the recent paper [50]: There,

Mobius geometry is treated as an example of a Cartan geometry.

I.1 Mobius geometry: models and applications

In Mé6bius geometry there is an angle measurement but, in contrast to Eu-
clidean geometry, no measurement of distances. Thus Md6bius geometry of
surfaces can be considered as the geometry of surfaces in an ambient space
that is equipped with a conformal class of metrics but does not carry a
distinguished metric. Or, taking the point of view of F. Klein [160], one can
describe the Mobius geometry of surfaces as the study of those properties
of surfaces in the (conformal) n-sphere S™ that are invariant under Mobius
(conformal) transformations of S™. Here, “Mobius transformation” means
a transformation that preserves (hyper)spheres in S™, where a hypersphere
can be understood as the (transversal) intersection of an affine hyperplane
in Euclidean space R™*! with S C R"*!.

Note that the group of Mobius transformations of S™ = R™ U {oo} is
generated by inversions, that is, by reflections in hyperspheres in S™.

The lack of length measurement in Mobius differential geometry has in-
teresting consequences; for example, from the point of view of Mdbius ge-
ometry, the planes (as spheres that contain oo) and (round) spheres of
Euclidean 3-space are not distinguished any more.

At this point we can already see how Euclidean geometry is obtained as a
subgeometry of Mobius geometry when taking the Klein point of view: The
group of Mobius transformations is generated by inversions; by restricting
to reflections in planes (as “special” spheres), one obtains the group of
isometries of Euclidean space.

Also, the usual differential geometric invariants of surfaces in space lose
their meaning; for example, the notion of an induced metric on a surface
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as well as the notion of curvature lose their meanings as the above exam-
ple of spheres and planes in R? illustrates — the reason is, of course, that
these notions are defined using the metric of the ambient space. But the
situation is less hopeless than one might expect at first: Besides the angle
measurement (conformal structure) that a surface or submanifold inherits
from the ambient space, there are conformal invariants that encode some of
the curvature behavior of a surface. However, it is rather complicated and
unnatural to consider submanifolds in Mobius geometry as submanifolds
of a Riemannian (or Euclidean) space and then to extract those proper-
ties that remain invariant under the larger symmetry group of conformal
transformations.?)

I.1.1 Models of Mo6bius geometry. Instead, one can describe Mobius
geometry in terms of certain “models” where hyperspheres (as a second
type of “elements” in Mobius geometry, besides points) and the action of
the Mobius group are described with more ease. For example, we can de-
scribe hyperspheres in S™ C R™t! by linear equations instead of quadratic
equations as in S™ = R"™U{oo} — however, it is still unpleasant to describe
the Mobius group acting on S™ C R™*1.

Let us consider another example to clarify this idea: In order to do
hyperbolic geometry, it is of great help to consider a suitable model of the
hyperbolic ambient space, that is, a model that is in some way adapted to
the type of problems that one deals with. One possibility would be to choose
the Klein model of hyperbolic space where H" is implanted into projective n-
space IRP™; then the hyperbolic motions become projective transformations
that map H™ to itself, that is, projective transformations that preserve the
infinity boundary 0, H™ of the hyperbolic space, and hyperplanes become
the intersection of projective hyperplanes in RP™ with H". In this model,
for example, it is obvious that the Euclidean Parallel Postulate does not
hold in hyperbolic geometry. Another possibility would be to consider H"
as one of the connected components of the 2-sheeted hyperboloid

{y e R | {y,y) = -1}

in Minkowski (n+1)-space R?* = (R™*1,(,,.)). In this model® it is rather
simple to do differential geometry. A third possibility, which we will come

2) This will become obvious when we take this viewpoint in the “Preliminaries” chapter that
is meant as an introduction for those readers who have a background in Riemannian geometry
but are new to Mobius geometry.

3) 1t is a matter of taste whether one wants to consider this as a different model for hyperbolic
geometry: Of course there is a simple way to identify this “model” with the Klein model; it is
just a convenient choice of homogeneous coordinates for the Klein model after equipping the
coordinate R™*! with a scalar product.
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across in the present text more often, will be to use the Poincaré (half-space
or ball) model of hyperbolic geometry, where H™ is considered as a subspace
of the conformal n-sphere. In this model, the hyperbolic hyperplanes be-
come (the intersection of H™ C S™ with) hyperspheres that intersect the
infinity boundary 0,,H"™ C S™ of the hyperbolic space orthogonally and
reflections in these hyperplanes are inversions.

In this book we will elaborate three and a half models? for Mobius
geometry.

I.1.2 The projective model. This is the approach that the classical
differential geometers used, and it is still the model that is used in many
modern publications in the field. In fact, it can be considered as the model,
because all other “models” can be derived from it.?) A comprehensive treat-
ment of this model can be found in the book by M. Akivis and V. Goldberg
[4], which the reader is also encouraged to consult; our discussions in Chap-
ter 1 will follow instead the lines of W. Blaschke’s aforementioned book
[29].

To obtain this projective model for Mébius geometry the ambient (con-
formal) n-sphere S™ is implanted into the projective (n + 1)-space RP™*!.
In this way hyperspheres will be described as the intersection of projective
hyperplanes with S® C RP"*!, in a similar way as discussed above, and
Mobius transformations will be projective transformations that preserve S™
as an “absolute quadric” so that, in homogeneous coordinates, the action
of the Mobius group is linear. This is probably the most important reason
for describing Mobius geometry as a subgeometry of projective geometry.5)

I1.1.3 The quaternionic approach. Here the idea is to generalize the
description of Mébius transformations of S? 22 CP! 2 C'U{co} as fractional
linear transformations from complex analysis to higher dimensions. For
dimensions 3 and 4, this can be done by using quaternions — this approach
can be traced back to (at least) E. Study’s work [262]. Recently, the use
of the quaternionic model for Mobius geometry has provided remarkable
progress in the global M&bius geometry of surfaces [113].

One of the main difficulties in establishing this quaternionic approach
to Mobius geometry is the noncommutativity of the field of quaternions.
Besides that, it is rather seamless to carry over much of the complex theory.

4) As mentioned above, it is, to a certain extent, a matter of taste of what one considers as
different “models” and what one considers to be just different incarnations of one model.

5) Therefore, one could consider this model to be the only model and all other “models” to
be different representations or refinements of it; however, this is not the author’s viewpoint.

6) 1 [160], F. Klein undertakes it to describe many geometries as subgeometries of projective
geometry and, in this way, to bring order to the variety of geometries (compare with [254]).
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An important issue will be the description of (hyper)spheres in this
model. For this it is convenient to link the quaternionic model to the projec-
tive model by using quaternionic Hermitian forms; for the important case of
2-spheres, there will be a second description based on Mobius involutions.

I1.1.4 The Clifford algebra approach. After describing Mobius geom-
etry as a subgeometry of projective geometry it is rather natural to use the
Clifford algebra of the (n+2)-dimensional space of homogeneous coordinates
of the host projective space, equipped with a Minkowski scalar product, in
order to describe geometric objects (cf., [155] and [154]) — just notice that
the development of this algebra, initiated by H. Grassmann in [130] and
[133] and by W. K. Clifford in [77], was originally motivated by geometry,
as its original name, “geometric algebra,” suggests. For example, the de-
scription of spheres of any codimension becomes extremely simple using this
approach. Our discussions in Chapter 6 on this topic were motivated by an
incomplete 1979 manuscript by W. Fiechte [117].

More common is an enhancement”) of this Clifford algebra model by
writing the elements of the Clifford algebra of the coordinate Minkowski
space R} of the classical model as 2 x 2 matrices with entries from the
Clifford algebra of the Euclidean n-space R™. This approach can be traced
back to a paper by K. Vahlen [288]; see also [2] and [3] by L. Ahlfors.

In some sense this model can also be understood as an enhancement of
the quaternionic model (for 3-dimensional Mdbius geometry): Mébius trans-
formations, written as Clifford algebra 2 x 2 matrices, act on the conformal
n-sphere S™ = R" U {oc} by fractional linear transformations.®) The de-
scription of Mobius transformations by 2 x 2 matrices makes this approach
to M6bius geometry particularly well suited for the discussion of the geome-
try of “point pair maps” that arise, for example, in the theory of isothermic
surfaces as developed in the excellent paper by F. Burstall [47].

I.1.5 Applications. The description of each model in turn is comple-
mented by a discussion of applications to specific problems in Mo6bius dif-
ferential geometry. The choice of these problems is certainly influenced by
the author’s preferences, his interest and expertise — however, the author
hopes to have chosen applications that are of interest to a wider audience
and that can lead the reader to current research topics.

Conformally flat hypersurfaces are discussed in Chapter 2. Here we already
touch on various topics that will reappear in another context or in more
generality later; in particular, we will come across curved flats, a particularly

7) Thus we count the two descriptions as one and a half “models.”

8) This matrix representation of the Clifford algebra .AIR;H'2 corresponds to its “conformal
split” (see [154]); this choice of splitting provides a notion of stereographic projection (cf., [47]).
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simple type of integrable system, and Guichard nets, that is, a certain type
of triply orthogonal system.

Willmore surfaces are touched on as a solution of a Mobius geometric prob-
lem that we will refer to as “Blaschke’s problem.” In this text we will cover
only basic material on Willmore surfaces; in particular, we will not get into
the large body of results concerning the Willmore conjecture.

Isothermic surfaces will appear as another solution of Blaschke’s problem.
A first encounter of the rich transformation theory of isothermic surfaces is
also given in Chapter 3, but a comprehensive discussion is postponed until
the quaternionic model is available in Chapter 5; in the last two sections of
Chapter 8 we will reconsider isothermic surfaces and show how to generalize
the results from Chapter 5 to arbitrary codimension. We will make contact
with the integrable systems approach to isothermic surfaces, and we will
discuss a notion of discrete isothermic nets in the last section of Chapter 5.

Orthogonal systems will be discussed in Chapter 8. We will generalize the
notion of triply orthogonal systems to m-orthogonal systems in the con-
formal n-sphere and discuss their Ribaucour transformations, both smooth
and discrete. The discussion of discrete orthogonal nets is somewhat more
geometrical than that of discrete isothermic nets, and it demonstrates the
interplay of geometry and the Clifford algebra formalism very nicely.

1.1.6 Integrable systems. A referee of the present text very rightly made
the remark that “the integrable systems are not far beneath the surface in
the current text.” This fact shall not be concealed: As already mentioned
above, conformally flat hypersurfaces as well as isothermic surfaces are re-
lated to a particularly simple type of integrable system in a symmetric space,
“curved flats,” that were introduced by D. Ferus and F. Pedit in [112].

However, the corresponding material is scattered in the text, and we will
not follow up on any implications of the respective integrable systems de-
scriptions but content ourselves by introducing the spectral parameter that
identifies the geometry as integrable. Instead we will discuss the geometry
of the spectral parameter in more detail:

Conformally flat hypersurfaces in S* are related to curved flats in the space
of circles, and the corresponding spectral parameter can already be found
in C. Guichard’s work [136]. In this case, a curved flat describes a circle’s
worth of conformally flat hypersurfaces, and the associated family of curved
flats yields a 1-parameter family of such cyclic systems with conformally
flat orthogonal hypersurfaces.

Isothermic surfaces are related to curved flats in the space of point pairs
in the conformal 3-sphere S (or, more generally, in S™), and the existence



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 7

of the corresponding spectral parameter will turn out to be intimately re-
lated to the conformal deformability of isothermic surfaces [62] and to the
Calapso transformation, see [53] and [55]. In fact, the associated family of
curved flats (Darboux pairs of isothermic surfaces) yields one of Bianchi’s
permutability theorems [20] that intertwines the Christoffel, Darboux, and
Calapso transformations of an isothermic surface.

For more information about the respective integrable systems approaches,
the reader shall be referred to [142] and to F. Burstall’s paper [47].

I1.1.7 Discrete net theory. More recently, discrete net theory has become
a field of active research. In the author’s opinion, discrete net theory, as it
is discussed in the text, is of interest for various reasons: An obvious reason
may be the application of the theory in computer graphics and experimental
mathematics; however, the author thinks that it is also very interesting for
methodological reasons — the proofs of “analogous” results in corresponding
smooth and discrete theories are usually rather different. While proofs
in (smooth) differential geometry are often very computational in nature,
the proofs of the corresponding discrete results may be done by purely
(elementary) geometric arguments. In this way proofs from discrete net
theory sometimes resemble the proofs of the classical geometers when they
applied geometric arguments to “infinitesimal” quantities (cf., [70]).

As already mentioned above, we will discuss two discrete theories, one of
which is a special case — with more structure — of the other:

Discrete isothermic nets will be discussed in the last section of Chapter 5.
We will see that much of the theory of smooth isothermic surfaces can be
carried over to the discrete setup; in fact, many proofs can be carried over
directly when using the “correct” discrete version — discrete quantities
usually carry more information than their smooth versions. In this way,
the analogous smooth and discrete theories can motivate and inspire each
other.?) Note that the fact that computations can be carried over from one
setup to the other so seamlessly relies on using the quaternionic model for
Moébius geometry.'?)

Discrete orthogonal nets will be treated more comprehensively, in Chap-
ter 8. This topic demonstrates nicely the interplay of analytic and geomet-
ric methods in discrete net theory, as well as the interplay of algebra and
geometry in the Clifford algebra model. In this way, its presentation serves
a twofold purpose. A highlight of the presentation shall be the discrete ana-
log of Bianchi’s permutability theorem for the Ribaucour transformation of

9) Despite the order of presentation, some of the proofs on smooth isothermic surfaces in the
present text were obtained from their discrete counterparts.

10) Or, equally, the Vahlen matrix approach should work just as well.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 8

orthogonal systems.

I.1.8 Symmetry-breaking. Finally, the author would like to draw the
reader’s attention to a phenomenon that he considers to be rather inter-
esting and that appears at various places in the text. First note that the
metric (hyperbolic, Euclidean, and spherical) geometries are subgeometries
of Mébius geometry.!!) Now, imposing two Mobius geometric conditions
on, say, a surface may break the symmetry of the problem and yield a
characterization of the corresponding surface class in terms of a (metric)
subgeometry of M&bius geometry. The most prominent example for such a
symmetry-breaking may be Thomsen’s theorem, which we discuss in Chap-
ter 3: A surface that is Willmore and isothermic at the same time is (Mo6bius
equivalent to) a minimal surface in some space of constant curvature. Other
examples are Guichard cyclic systems, which turn out to come from parallel
Weingarten surfaces in space forms, and isothermic or Willmore channel
surfaces, which are Mobius equivalent to surfaces of revolution, cylinders,
or cones in Euclidean geometry.

1.2 Philosophy and style

In the author’s opinion, geometry describes certain aspects of an ideal world
where geometric configurations and objects “live.” In order to describe
that ideal world, one needs to use some language or model — that may
change even though the described objects or facts remain the same. Thus
a geometer may choose from a variety of possibilities when carrying out his
research or presenting his results to colleagues or students. In this choice he
may be led by different motivations: sense of beauty, curiosity, pragmatism,
ideology, ignorance, and so on.

I1.2.1 Methodology. This book shall be an advertisement for “method-
ological pluralism”: It will provide the reader with three and a half “models”
for Mobius (differential) geometry that may be used to formulate geometric
facts. In order to compare the effect of choosing different models, the reader
may compare the treatment of isothermic surfaces — in terms of the classi-
cal projective model in Chapter 3, in terms of the quaternionic approach in
Chapter 5, and in terms of the Vahlen matrix setup in Chapter 8. The au-
thor hopes that the chance of comparing these different descriptions of the
geometry of isothermic surfaces compensates the reader for the repetitions
caused by the multiple treatment.

However, we will also pursue this program of “methodological pluralism”
in the details. Very often we will (because of the author’s pragmatism, sense

11) For the hyperbolic geometry, we already touched on this when discussing the Poincaré
model of hyperbolic geometry above.
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of beauty, or ignorance) use Cartan’s method of moving frames to describe
the geometry of surfaces or hypersurfaces. However, we will always try to
find an “adapted frame” that fits the geometric situation well. This notion
of an adapted frame, which is central to many computations in the text,
will change depending on the context. The discussion of isothermic and
Willmore channel surfaces in the last section of Chapter 3 may serve as
a typical example: Depending on the viewpoint we wish to take, we will
use frames that are, to an attuned degree, adapted to the surface or to the
enveloped sphere curve, respectively.

1.2.2 Style. Note that a “model” should always be distinguished from
what it describes, and that it is unlikely that a description using a model
will be optimal in any sense. This is even more the case as long as an
author has not stopped working and learning about his topic — here is
where the ignorance issue comes in. Therefore, the present text does not
claim to provide the optimal description of a subject, and the reader is
warmly invited to figure out better ways to think about, say, isothermic
surfaces. However, there is another issue related to the aim of this book
to make the classical literature more accessible to the reader: In this text
we will try to adopt certain habits of the classical authors and make a
compromise between modern technology and classical phrasing; in this way
a reader may be better prepared to study the classical literature — which
is sometimes not very easy to access.

1.2.3 Prerequisites. There is some background material that the reader
is expected to be familiar with: some basics in semi-Riemannian geometry,
on Lie groups and homogeneous spaces, and some vector bundle geometry.
All the needed background material can be found in the excellent textbook
[209]. Also, the reader shall be referred to [189], which is a treasure trove
for algebraic (and historic) background material, in particular on Clifford
algebras and quaternions.

In the “Preliminaries” chapter we will summarize some material on con-
formal differential geometry from the Riemannian point of view, mainly
following ideas from [173]. It is meant to be a preparation for those readers
who have some background in Riemannian geometry but who are new to
conformal differential geometry; the author took this approach when giving
a course for graduate students at TU Berlin in the winter of 1999—2000.
This chapter also serves to collect some formulas and notions for later ref-
erence, and a discussion of certain conformal invariants of surfaces in the
conformal 3-sphere is provided.!?)

12) However, it shall be pointed out that this chapter is not meant as an introduction to nonflat
conformal differential geometry; for this the reader is referred to [254] and [50].
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I.2.4 Further reading. At the end of the book the author gives a selec-
tion of references for further reading, with comments.

Also, the list of references contains many more references than are cited
in the text: In particular, many classical references are provided to facilitate
the search for additional literature — in the author’s experience it can be
rather difficult to locate relevant (classical) references. For the reader’s con-
venience the coordinates of reviews are provided where the author was able
to locate a review, and some cross-references to occurrences of a reference
in the text are compiled into the Bibliography.'?)
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Preliminaries

The Riemannian point of view

As already mentioned before, this book grew out of the lecture notes of
a course given for graduate students who had previously taken a course
in Riemannian geometry. This preliminary chapter is meant to be of a
didactical (and historical) nature rather than to be a modern conceptual
introduction to conformal geometry; a modern treatment!) of conformal
geometry may be found in [254] or [50].

Thus, in this chapter, we will discuss basic notions and facts of conformal
geometry from the point of view of Riemannian geometry: This is a point
of view that most readers will be familiar with. The main goal will be
to introduce the notion of the “conformal n-sphere” — this is the ambient
space of the submanifolds that we are going to investigate — and to get some
understanding of its geometry. In particular, we will discuss Riemannian
spaces that are “conformally flat,” that is, look locally like the conformal
n-sphere.

In the second part of this chapter we will discuss the conformal geometry
of submanifolds from the Riemannian point of view: We will deduce how
the fundamental quantities of a submanifold change when the metric of the
ambient space is conformally altered, and we will discuss various conformal
and “Mobius invariants” that appear in the literature. Totally umbilical
submanifolds will be treated in detail because they will serve as a main tool
in our approach to Mobius geometry presented in the following chapters.

Much of the material in this chapter can be found in the two papers by
R. Kulkarni [170] and J. Lafontaine [173]; see also the textbook [122].

The contents of this chapter are organized as follows:

Section P.1. The notions of conformal maps and conformal structures on
manifolds are introduced and illustrated by various examples. The most
important conformal map given in this section may be the stereographic
projection. The metrics of constant curvature are discussed as represen-
tatives of the conformal structure given by the Euclidean metric. The
term “conformal n-sphere” is defined.

Section P.2. In this section, the transformation formulas for the Levi-Civita
connection and the curvature tensor under a conformal change of the
Riemannian metric are derived.

1) However, to appreciate the modern treatment of conformal geometry as a Cartan geome-
try, it should be rather helpful to be familiar with the classical model of Mobius differential
geometry as it will be presented in Chapter 1 of the present book.
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Section P.3. The Weyl and Schouten tensors are introduced via a decompo-
sition of the Riemannian curvature tensor that conforms with the trans-
formation behavior of the curvature tensor under conformal changes of
the Riemannian metric.

Section P.4. The notion of conformal flatness is introduced and related to
the existence of conformal coordinates. Then Lichtenstein’s theorem on
the conformal flatness of every surface (2-dimensional Riemannian mani-
fold) is presented and two proofs are sketched. One of the proofs is based
on the relation between conformal structures and complex structures on
2-dimensional manifolds.

Section P.5. The conformal flatness of higher dimensional Riemannian man-
ifolds is discussed: The Weyl-Schouten theorem provides conditions for
a Riemannian manifold of dimension n > 3 to be conformally flat. A
proof of this theorem is given. As examples, spaces of constant sectional
curvature and of 3-dimensional Riemannian product manifolds are given;
the last example will become important when investigating conformally
flat hypersurfaces in Chapter 2.

Section P.6. The geometric structures induced on a submanifold of a Rie-
mannian manifold are introduced via the structure equations: the in-
duced connection and the normal connection, the second fundamental
form, and the Weingarten tensor field; and their transformation behav-
ior under a conformal change of the ambient Riemannian structure is
investigated. Some conformal and Mobius invariants are discussed. In
particular, we arrive at Fubini’s conformal fundamental forms for sur-
faces in the conformal 3-sphere, and we investigate Wang’s “Mo6bius
form,” which turns out to be a Mobius invariant but not a conformal
invariant; however, Rothe gave a conformally invariant formulation for
Wang’s M6bius form in the 2-dimensional case. Finally, it is shown
that the notions of curvature direction and of umbilic are conformally
invariant.

Section P.7. Using the conformal invariance of umbilics, we introduce hy-
perspheres as totally umbilic hypersurfaces that are maximal in an ap-
propriate sense. As examples, we discuss the hyperspheres of the spaces
of constant curvature — of particular interest may be the hyperspheres
in hyperbolic space. Using Joachimsthal’s theorem, spheres of higher
codimension are then characterized in two equivalent ways. An ad-hoc
definition is given for hyperspheres in the conformal 2-sphere S2.

Section P.8. In this final section the notion of Mobius transformation is in-
troduced, and Liouville’s theorem on the relation between Mobius trans-
formations and conformal transformations is formulated; a proof will be
given later.

Remark. As indicated above, in this chapter the reader is expected to have
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some background in Riemannian geometry. On the other hand, most of the
presented material will be familiar to the reader, so that this chapter may be
omitted from a first reading; it may rather serve for reference. However, this
chapter may be a good introduction when giving a course on the subject.

P.1 Conformal maps

First, we recall the notion of a conformal map between Riemannian mani-
folds and the notion of conformal equivalence of metrics:

P.1.1 Definition. 4 map f: (M, g) — (M, §) between Riemannian mani-
folds is called conformal® if the induced metric f*§ = g(df,df) = e*“g with
some function u: M — R.

Two metrics g and § on M = M are said to be conformally equivalent if
the map f = id is conformal.

Fig. P.1. The stereographic projection

P.1.2 Note that a map f : (M,g) — (M,§) is conformal iff it preserves
angles iff it preserves orthogonality: Clearly, a conformal map preserves
angles, and hence it preserves orthogonality. It remains to understand that
f preserving orthogonality forces f to be conformal. For that purpose, let
(é1,...,€e,) denote an orthonormal basis of T, M, with respect to g; then,
0= f"gp(ei,e;) and 0 = f*gyle; +ej,e; —ej) = [ Gplei, €i) — [*gp(e;, €5)
for i # j, showing that the df (e;) are orthogonal and have the same lengths.
Hence f is conformal.

P.1.3 Examples. The stereographic projections o4, defined in terms of

2) Note that, by definition, the conformal factor e2* > 0 — allowing zeros of the conformal
factor, the map is called “weakly conformal.”
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their inverses by
—1. mn n n+l _ n 1 2
oy :R"— S"CR"™ =R x R", pHW(:F(l—]p] ), 2p),

are conformal (cf., Figure P.1).

The Mercator map of the world (assuming the world is a 2-sphere), given
by the parametrization (u,v) — (Coslhu COS v, ﬁ sinv, tanh u), is confor-
mal;®) the Archimedes-Lambert projection (projection of the sphere to the
cylinder along lines perpendicular to the axis) is area-preserving but not
conformal. Note that the system of meridians and parallels of latitude still

forms an orthogonal net (see [260]).

The metrics g|p, = %, k > ko for some kg € R, are conformally

equivalent on {p € R"™ |1 + ko|p|?> > 0}; in particular, the standard metrics
of constant curvature?) k > —2 (cf., [122]) are conformally equivalent on
the ball B(r) := {p||p| < r}. The Poincaré ball model of hyperbolic space
of curvature k = —T% is obtained as the only complete space in the family.

The metric %(dp% +dp?) on (0,00) x R™ is clearly conformally equivalent
to the standard Euclidean metric on that set as a subset of R"™1. This met-
ric has constant sectional curvature —1 (cf., [162]) as one either computes
directly or one concludes by defining an isometry onto the Poincaré ball
model (B(1),g-1) given above; this can be done by using a suitable “inver-
sion” (we will learn about inversions later). This is the Poincaré half-space

model of hyperbolic space.

P.1.4 Definition. A conformal equivalence class of metrics on a manifold
M s called a conformal structure on M.

P.1.5 Clearly, “conformally equivalent” defines an equivalence relation for
Riemannian metrics on a given manifold M. Thus, this definition makes
sense.

Note that in [170] a slightly more general definition is given: There,
a conformal structure is defined via locally defined metrics; however, any
conformal structure in this wider sense contains a globally defined represen-
tative by a partition of the unity argument (see [170]).

One particular example of such a conformal structure on a specific man-
ifold will become very important to us — as the ambient space of the sub-
manifolds or hypersurfaces that we are going to examine:

3) Note that the lines v = const give unit speed geodesics in the Poincaré half-plane model
(see the next example); the sphere is then isometrically parametrized as a surface in the
space S1 x H?, which is conformally equivalent to IR?\ {(0,0,#)} equipped with the standard
Fuclidean metric.

4) We will see later how to describe these models via “generalized stereographic projections.”
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P.1.6 Definition. The n-sphere S™ equipped with its standard conformal
structure will be called the conformal n-sphere.

P.2 Transformation formulas

Our next goal is to give the transformation formulas for the Levi-Civita con-
nection and the curvature tensor of a Riemannian manifold under conformal
changes of the metric.

P.2.1 Lemma. If § = €?%g, then V = V + B with the symmetric (2,1)-
tensor field B(x,y) := du(x)y + du(y)z — g(z,y)grad u.

P.2.2 Proof. Obviously, V := V + B defines a torsion-free connection as B
is symmetric. Since

(Vo) (y, z) = e*[2du(z)g(y, 2) — g(B(z,y), 2) — g(y, B(z, 2))] = 0,

this is the Levi-Civita connection for g. <

The next definition is of a rather technical nature but allows us to write
the transformation formulas for the curvature tensor in a much more con-

densed form (cf., [173]):

P.2.3 Definition. Let by,bs : V XV — R be two symmetric bilinear forms
on a vector space. The Kulkarni-Nomizu product of by and by is defined as

ba(x,z) ba(x,w)

(b1 Abo)(z,y, 2, w) = bi(y,z) bi(y,w)|’

P.2.4 Note that the Kulkarni-Nomizu product is bilinear (thus it qualifies
as a “product”) and symmetric, by A by = by A by, and that it satisfies the
same (algebraic) identities as a curvature tensor:

1. by ANba(x,y,w, 2) = by ANba(y, x, 2z, w) = —by Aba(z,y, 2, w),

2. by ANba(z,y, z,w) = by Aba(z,w,x,y),

3. by ANba(z,y, z,w) + by ANba(y, z,z,w) + by Aba(z,z,y,w) = 0.
These statements are proven by straightforward computation.

With this, the transformation formula for the curvature tensor reads

P.2.5 Lemma. If j = e*“g, then the (4,0)-curvature tensor of § is given
by 7 = e®“(r — by, A g), with® the symmetric bilinear form

bu(z,y) := hessu(z,y) — du(z)duly) + Lg(gradu, gradu)g(z, y).

5) We use the following sign convention: R(z,y)z = —[V:Vyz -V, Vyz — Vi, 2]

Also note that, b_, = —b, so that changing the metric conformally and then changing it back
has no effect on the curvature tensor — as it should be.
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P.2.6 Proof. Write B = V — V; then,

R(l‘,y)Z - R<$7y)z
= _(VxB)(y7z) + (VyB)(xVZ) - B(va(yaz)) + B(y,B(x,z))

With B(y, z) = du(y)z + du(2)y — g(y, z)grad v,

9((VaB)(y, 2), w)
= hessu(x,y)g(z,w) + hessu(z, 2)g(y, w) — hessu(z,w)g(y, z),

9(B(z, By, 2)),w)
= [du(x)du(y)g(z,w) — g(z,y)du(z)du(w)]
+ [du(x)du(2)g(y, w) + 2g(x, w)du(y)du(z) — g(z, 2)du(y)du(w)]
— g(x, w)g(y, 2)g(grad u, grad u).

Adding the respective terms up, the claim follows. N

P.2.7 Corollary. For the sectional curvatures, a conformal change of the
metric g — § = e*tg yields® K(z Ay) = e 2 (K(xz Ay) — tTby|ony)-
If dimM = 2, then K = e 2%(K — Au).

P.2.8 Proof. With an orthonormal basis (e1, e2) of z Ay with respect to g,
we have

~ o ’F(e ,€2,€1,€ )
K(@Ay) = seenitces
= 672u(r(617 €2,€1, 62) - bu(el’ 61) - bu(€2’ 62))

= e ?(K(xAy) —trbyluny)-

If dimM = 2, then trb, = trhessu = Au. N

P.3 The Weyl and Schouten tensors

From the transformation formula for the (4, 0)-curvature tensor we see that
a conformal change of metric effects only the “trace part” of the curvature
tensor, while the trace-free part is just scaled. This suggests a decomposition
of the curvature tensor into a “trace part” and a “trace-free part” that is
adapted to conformal geometry (cf., [122] or [173]).

P.3.1 Definition. Let (M, g) be an n-dimensional Riemannian manifold.
Then, the Weyl and Schouten tensors are defined as

s = —(ric— Q(ffll)g) (Schouten tensor),

w = r—sAg (Weyl tensor).

6) For the moment, “z A y” just denotes the 2-plane spanned by the two vectors z and y.
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P.3.2 The Weyl tensor is “trace-free”: With an orthonormal basis e; at
b, we have ZZ UJ(.CC, eiay7ei) = ric(a:,y) - (TL - 2)‘9('7;’3/) —trs- g(.fE,y) =0
indeed. On the other hand, if » = w + s A g with a “trace-free” tensor w,
then

ric = (n—2)s+trs-g

scal = 2(n— 1)trs,

which implies that s is the Schouten tensor and w is the Weyl tensor
(cf., [122]).

The transformation behavior of the curvature tensor is now easily de-
scribed by that of the Weyl and Schouten tensors:

P.3.3 Lemma. Under a conformal change ¢ — § = e*“g of the metric,
the Weyl and Schouten tensors transform as follows:
€2uw ,

w
s = s—0b,.

m
|

_
H
In particular, the (3,1)-Weyl tensor W, w = g(W.,.), is invariant under

conformal changes of the metric; therefore, it is also called the “conformal
curvature tensor.”

P.4 Conformal flatness

As a first application of our notions, we want to discuss conformal flatness
of a Riemannian manifold and give, in the following section, a criterion for
conformal flatness in terms of the Weyl and Schouten tensors.

P.4.1 Definition. A Riemannian manifold (M, g) is called conformally
flat if, for any point p € M, there is a neighbourhood U of p and some
function v : U — R so that the (local) metric g = e*“g is flat on U.

P.4.2 Note that some authors define conformal flatness globally; that is, the
conformal structure associated with the given metric is required to contain
a (global) flat representative.

P.4.3 Lemma. A manifold (M, g) is conformally flat if and only if, around
each point p € M, there exist conformal coordinates; that is, there is a
coordinate map x : M D U — R™ and a function u: U — R such that the

metric gly = €** Y 1| dx?.

P.4.4 Proof. Obviously, a metric of the form g = e?* > " | dx? is confor-
mally flat; on the other hand, to a flat metric e=2%g, there always exist local

coordinates  such that e 2%g = S dz? (any flat manifold is locally iso-
metric to R"™, via the exponential map; cf., [122]). N
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P.4.5 Any 1-dimensional Riemannian manifold (M?!, g) is conformally flat
(actually: flat — there exist arc length parameters).

P.4.6 Theorem (Lichtenstein [183]). Any 2-dimensional Riemannian
manifold (M?,g) is conformally flat.”)

P.4.7 Proof. According to the transformation formula for the Gauss curva-
ture from §P.2.7, we have to (locally) solve the partial differential equation
K = Au for u. Then the (locally defined) metric g := e2“g will be flat.

P.4.8 Here is a sketch of a proof for the existence of local solutions:

On a 2-torus (T7,g), the total curvature (1,K) = [,1-KdA = 0
(Gauss-Bonnet theorem), that is, K € ker" A = {u : T2 — R|u = const}.
By the Hodge decomposition theorem [298], ker™A = imA in C*(T?, R);
thus there exists a (global!) solution u € C*°(T?) of Au = K.

On an arbitrary (M?2, g) choose coordinates x : M D U — RR? around a
point p € M with z(U) C (0,1)? and introduce a metric § on T? = R?/Z?
such that 2*§ = ¢ on some neighborhood U C U of p (partition of unity).
By the above argument, there exists a function 4 : 72 — R such that e?%§
is flat on T2; since z : (U, g) — (x(U), §) is an isometry, the metric e?“g

U
with u = 4 o x, is then flat on U. N

P.4.9 The theorem of §P.4.6 establishes a relation between 2-dimensional
manifolds equipped with a conformal structure and Riemann surfaces, that
is, with 1-dimensional complex manifolds: Given isothermal (conformal)
coordinates (x,y) around some p € M on (M?,g), complex coordinates
can be defined by z := x + iy. The transition functions of such complex
coordinates are (as angle-preserving maps) either holomorphic or antiholo-
morphic; restricting to holomorphic (orientation preserving: M has to be
orientable) transition functions, an atlas of complex coordinates is obtained.
This identifies 2-dimensional (orientable) Riemannian manifolds as complex
curves.
On the other hand, the pullback of the multiplication by ¢,

Jp : TyM — T,M, dyzolJ,="1-dpyz,

provides, if it can be extended to a global tensor field (that is, if M is
orientable), 90° rotations (isometries with J2 = —id) on each tangent space:
an “almost complex structure.” The above theorem states that any almost
complex structure J on M (as it defines a conformal structure) comes from
complex coordinate charts (that is, it is a “complex structure”).

7) Compare also [182]. Concerning the realization of (compact) Riemann surfaces as subman-
ifolds of Euclidean 3-space, see [124] and [125].
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P.4.10 By using the concept of an almost complex structure, another (more
constructive) proof for the existence of isothermal coordinates can be given
(cf., [260]):

Suppose we are given®) a harmonic function z; : M2 > U — R on a
simply connected neighborhood U around p € M such that dx; # 0; then
we find?)

d(xdz1) := d(dzq1 0 J) = dg(grad x1, J.) = —Ax; dA =0,

so that there is a function x5 : U — R with dxs = *dx1, the “conjugate

harmonic function.” Then, (z1, xg) U — R? define isothermal coordinates

since 52 = —J 52 yields 0= g(;2+, 52-) and g(52, 52) = 9(52 52):

P.5 The Weyl-Schouten theorem

In higher dimensions, the Weyl-Schouten theorem gives a characterization
of conformally flat Riemannian manifolds (cf., [81], [82], [300], [301], [252]):

P.5.1 Theorem (Weyl-Schouten). A Riemannian manifold (M",g) of

dimension n > 3 is conformally flat if and only if

— the Schouten tensor is a Codazzi tensor, (Vzs)(y,z) = (Vys)(x,2), in
the case n = 3; and

— the Weyl tensor vanishes, w =0, in the case n > 3.

P.5.2 Proof. (cf., [173]). By the transformation formula for the curvature
tensor from §P.2.5, (M, g) is conformally flat if and only if w = 0 and there
exists (locally) a function u with s = b,.

We divide the proof into three steps:

P.5.3 Step 1. If n = 3, then w = 0, by algebra.
Let (e1,e2,e3) be an orthonormal basis of some T, M; then!®

r(ei,ej, €, e5) = ric(e;, e;) + riclej, e;) — %scal = (s Ng)(ei,ej, €, €5)

8) of course, to obtain a complete proof, one would have to show that such nonconstant
harmonic functions (locally) always exist.

9) Note that V.J = 0 because, for any vector field v, g((VJ)v,v) =0 and g((VJ)v, Jv) = 0.

10) e computation is best done from right to left.

Another, more conceptual proof was pointed out by Konrad Voss: Let Sym(V) denote the
space of symmetric bilinear forms on a vector space V, and note that Sym(A?V) is the space
of algebraic curvature tensors on V if dimV = 3 (the first Bianchi identity follows from the
other symmetries in this case). Now, observe that

Sym(V) 2 s r(s) =sAge Sym(A?V) and Sym(A?V) > r— s(r) € Sym(V)
are linear maps. Since Sym(V) 3 s — s(r(s)) = s € Sym(V) is the identity, the linear map

s+ r(s) injects and hence is an isomorphism since dim Sym(V) = dim Sym(A2V) in the case
dimV = 3.
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for ¢ # j, showing that w vanishes as all its sectional curvatures do.

P.5.4 Step 2. If n > 3, then w = 0 implies (Vzs)(y, z) = (Vys)(z, 2); this
is a consequence of the second Bianchi identity.
If r =sAg, then (V,r) = (Vys) A g; thus,

0=1[(Vas) Agl(y, z,v,w) +[(Vys) A gl(z,2,0,w) +[(V25) A gl(2, y, v, w).
Contraction with respect to x and w yields

0 = [(Ves)(y,v

since’) div s — d(trs) = L5 (divric — 3d scal) = 0.

P.5.5 Step 3. (V.s)(y,2) = (Vys)(x, z) is the integrability condition of
the partial differential equation b, = s for u when w = 0.

With the (1, 1)-Schouten tensor S, s = g(., S.), and the ansatz v = gradu,
the equation b, = s is equivalent to the system

du = g(v,.),
Vo = S+g(v,.)v—39(v,v)id.

Because A := S + g(v, . )v — %g(v,v) id is symmetric, any solution v of the
second equation is locally a gradient.
The integrability condition for the second equation'? reads

0 = (VaA)(y) = (VyA)(2) + Rz, y)v
= (VaS)(y) = (VyS)(x) + W(z, y)v,

since W(z,y)v = R(z, y)v—(g(Sz, v)y—g(y,v)Sz)+(9(Sy, v)x—g(z,v)Sy).
Thus, assuming W = 0, the claim follows. N

P.5.6 Example. The spaces of constant curvature K = ¢ = const are
conformally flat: Here, the curvature tensor R(z,y)z = clg(z, x)y—g(z,y)x],
that is, 7 = 5g A g. Hence, the Weyl tensor vanishes, w = 0, and the
Schouten tensor s = 5g clearly is a Codazzi tensor.

11) This can also be obtained by contracting again with respect to z and v.

12) 1 1ocal coordinates, the integrability condition for the second equation 9;v% = A? —Ffmvm

reads 0 = (82‘(9]‘ — 8]»81»)1;’“ = ((91145 — @-Af + Tk Am _Tk AT+ RE ™,

im g jm*Ti mij
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P.5.7 The Weyl-Schouten theorem shows that the condition of being con-
formally flat is a second-order condition on the metric in the case n > 3,
but it is a third-order condition in the case n = 3. This makes the case
n = 3 different from higher dimensions, and it becomes more complicated
in some respect: For example, a Riemannian manifold of dimension n > 3
is conformally flat if and only if to any orthogonal basis of a tangent space
there exists a (local) orthogonal coordinate system with the Gaussian basis
fields at the point pointing along the prescribed directions,'®) that is, if and
only if there is (locally) an n-fold orthogonal system of hypersurfaces in any
position. On the other hand, such orthogonal coordinate systems in arbi-
trary positions exist on any 3-dimensional Riemannian manifold (see [252]
or [200]).

Another example is the study of conformally flat hypersurfaces in the
conformal (n + 1)-sphere S™*1: These are well understood in the case of
dimension n > 3 (see [61], [102], [222]), while 3-dimensional conformally flat
hypersurfaces in S* are still not fully classified. We will come back to this
point later; there, the following example will be important.

P.5.8 Example. Consider a 3-dimensional product manifold M3 = M2 x I
with a product metric g + ds?, where (M, g) is a Riemannian surface with
Gaussian curvature K and [ is an interval with parameter s. Because covari-
ant differentiation on (M, g + ds?) splits and is trivial on the 1-dimensional
component, we have

F=n*r=n*"2KgAg=sK(g—ds?) A(g+ ds?),

N[

1
2

where 7 : M x I — M denotes the projection onto the first component. The
last equality follows from ds? A ds? = 0 and the symmetry of the Kulkarni-
Nomizu product (see §P.2.3). Consequently, § = %K (g—ds?) is the Schouten
tensor of M3. Since (g—ds?) is clearly parallel, @(g—dsz) = 0, the covariant
derivative of § is given by (@H% §) = 2dK(z) - (g — ds?), where x € T M.
Thus, by the Weyl-Schouten theorem, (M x I, g+ ds?) is conformally flat
if and only if K = const:

0=(V23)(z, &)~ (Vad) (5, &) = 3dK ().

S

13) One direction of the proof is trivial; the other relies on the fact that the Weyl tensor
vanishes if and only if r(e1, e2,e3,e4) = 0 for four (different) orthogonal vectors, and on the
integrability of the coordinate hypersurfaces.
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P.6 Submanifolds

For a submanifold M C M of a Riemannian manifold (M ,g), the induced
covariant derivative V (which turns out to be the Levi-Civita connection of
the induced metric I = g = §|lramxra), the second fundamental form I,
the Weingarten tensor fields A,,, and the normal connection V+ are defined
through the orthogonal decomposition TpM =T,M & N,M:

A~

Voy = Vey 4+ I(z,y),

A

V.,n = —-A,x + an.

With these notations, the compatibility conditions (Gauss-Codazzi equa-
tions) read as follows:

By’ = R@y)et Argos - Areoyl  (Gauss equ),
Rz, 92t = =[(ViI)(y,2) = (VyI)(x, 2)] (Codazzi eqn),
[R(z,y)n]" = [(VeA)ny — (VyA)nz] (Codazzi eqn),
[R(z,y)n]t = RY(z,y)n—[I(A,z,y) — I(z, Amy)] (Ricci eqn).

Our next task is to determine the transformation behavior of these quanti-
ties when the ambient space’s metric changes conformally:

P.6.1 Lemma. Under a conformal change § — § = €*>“§ of the ambient
manifold’s metric, the second fundamental form, the Weingarten tensor,
and the normal connection change as follows:

I(z,y) — I (z,y) = H(z,y) — I(=y)lgradul’,
Apr — Az = Ay — du(n)z,
Vin — Vin = Vin + du(x)n.

Moreover, the normal curvature R*(z,y)n is invariant.

P.6.2 Proof. The formulas follow by a straightforward computation from
the transformation formula for the ambient Levi-Civita connection V (see
§P.2.1).

For the last statement, we employ the Ricci-equation: With
(bu A g)(xv ya n, ﬁ’) = O

and

9(A,z, Asy)
= 2 I(A,x, Any) — I(Anz,y)0au — I(x, Apy)Onu + I(x,y)0nu Opu},
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we deduce
m(e,y,n,n) =z y,n,n) + [§(Aue leﬁ )—El(fiﬁx,finy)]
= e {i(z,y,n, 1) + [[(Anz, Any) — I(Anz, Any)]}
= 2u J_(x7 y7 n7 n)7
where we use §(I(A,z,z),n) = g(A,z, Asz). This proves the claim. <

P.6.3 At this point it is straightforward to derive various conformal invari-
ants for submanifolds. Later, we will occasionally be concerned with certain
“simple” conformal (or Mobius) invariants.'®) However, here we do not at-
tempt to study invariants of submanifolds systematically or to determine
a (complete) set of invariants that describes a submanifold uniquely in the
geometry considered (that is, up to conformal or Mdbius transformations
in our case) in the sense of a Bonnet-type “fundamental theorem” for sub-
manifolds in conformal or M6bius geometry. But, we will recover some of
the discussed conformal invariants discussed in the following paragraphs by
geometric considerations later — which will in some cases naturally lead
to certain special classes of surfaces in Mobius geometry as, for example,
Willmore surfaces as Mobius analogs of Euclidean minimal surfaces.

The systematic study of conformal (or Moébius) invariants has a long
tradition in differential geometry, and for readers interested in getting more
information on the subject some references may prove useful, even if the
list is far from being complete: For surfaces in a 3-dimensional (conformally
flat or flat) ambient space, various results were obtained around 1900 by
A. Tresse [283], P. Calapso [54] (compare also [53], [55], and the survey
[59] by his son, R. Calapso), R. Rothe [247], and K. Ogura [210], as well as
G. Fubini [120] (cf., [121]). A short survey on the state of the art around that
time was given by L. Berwald [14]. Relevant work by G. Thomsen [277],
[278] and by E. Cartan [61], [62] will be considered in the course of the
present text. In 1944, A. Fialkov [115] gave a rather exhaustive treatment
of conformal invariants of submanifolds from the Riemannian point of view;
for the special cases of curves and (2-dimensional) surfaces, the reader may
also consider the two papers [114] and [116]. More recently, there is work

14) We distinguish between “conformal invariants” and “Mdobius invariants”: The latter are
invariant under Mébius (or conformal) transformations, that is, under those conformal changes
of the (ambient) metric that are caused by pulling back the ambient metric with a M&bius
transformation, whereas the former are invariant under arbitrary conformal changes. For
example, as we will see in the following section, the “distance spheres” on S™ are Md&bius
invariant — to any (hyper)sphere of S™ there is a “center”; however, when changing the
metric on (part of) S™ conformally (so that it becomes flat, for example) not all hyperspheres
will remain distance spheres, as some of them will lose the property of having a center. Thus,
the notion of a distance sphere is not conformally invariant in general. Below we shall discuss
briefly another example of a Mdbius invariant for submanifolds that is not invariant under
general conformal changes of the ambient metric.
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by R. Sulanke [265], [266], M. Akivis and V. Goldberg [5] (see also [4]),
G. Preissler [225], and C.-P. Wang [296], [297], as well as by F. Burstall,
F. Pedit, and U. Pinkall [48].

P.6.4 Thus let us derive some simple conformal invariants. Besides the
induced conformal structure [I] on M, which is clearly a conformal invariant,
the most prominent conformal invariant is the (normal bundle—valued)
trace-free second fundamental form:

I-H-I where H:=Ltr;I=2L%" 1(e,e;)

denotes the mean curvature vector field; herein, (eq,...,e,,) denotes an
orthonormal basis. Accordingly, the normalized length h of the trace-free
second fundamental form,
h? = %A(ﬂ— HI, I —HI)
= i1 (I — HI)(eise5), (I — HI)(ei, 5)),
changes opposite to the induced metric: If § — e2%§, then h? — e 2v“h2.
Therefore, as soon as I — HI # 0, so that h # 0, an invariant representative

of the induced conformal structure [I] (the “conformal (surface) measure
tensor” in [115]) can be defined by'®)

Teony == h?-1.

In case M C M is a hypersurface, one usually considers the second funda-
mental form (and hence the mean curvature) to be real-valued,

Ipr=g(@,n) and Hg = g(H,n),

with a unit normal field n. Asn — n = e “n when § — g = e*%g, a
conformally invariant normal field may be defined by

— p—1
Neonf = h n,

with a metric unit normal field n; hence a real-valued “conformal second
fundamental form” will be given by'6)

I—HI=I—HI)conf Neont
& (I —HI)econs =h?g(I — HI,neons) = hg(I — HI, n).

15) In fact, h can be used to define an invariant representative h2§ of the ambient space’s

conformal structure [§] “along” M C M (cf., [115]): this “conformal ambient metric along M”
(“conformal (space) measure tensor” in [115]) will prove useful below.

16) Here we use the “conformal ambient metric along M” as discussed in the previous footnote.
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With this we recover Fubini’s [120] conformally invariant fundamental forms
for surfaces: As h? = (H3 — K)? with the (real) mean and (extrinsic) Gauss
curvature Hi and K of M? C M, we find

Ieong = (H3 — K)I and (I — HI)cony = \/H% — K (Ig — HgI).

We will eventually come across these two invariant “conformal fundamental
forms” by means of a different geometric construction later; in particular,
the “conformal metric” I..,¢ will play a distinguished role in various con-
texts.

Clearly, other conformal invariants can then be derived from the above
conformal invariants; for example, from the conformally invariant metric
I.ony on M one can derive a conformally invariant Levi-Civita connection!?)
as well as a related curvature tensor (cf., [115]).

P.6.5 To demonstrate the difference between Mdbius invariants and con-
formal invariants, we briefly discuss Wang’s “Mdbius form” (see [297] or
[181]): for a submanifold in S™ (or any other space of constant curvature)
with h # 0, this normal bundle—valued 1-form can be defined by!®

w(z) = 15(VsH + (I — HI)(gradIn h, z)).
A lengthy but straightforward computation'® then shows that, for & € NM,

h2g(w(a§) - (:)(I),f) - bu(l'a£>

when changing the ambient metric conformally, § — § = e?“§. Thus w
stays invariant under conformal changes of the ambient metric for which
the normal and tangent bundles of the submanifold are orthogonal with
respect to the symmetric bilinear form b,,. However, it will not be invariant
under arbitrary conformal changes of the ambient metric.

Now we consider the conformal change § — § = e?“§ = ©*§’ induced by a
conformal transformation p of the space (M, §) of constant curvature ¢ into
a space (M, §') of (possibly different) constant curvature & Considering g
as an isometry, p: (M, §) — (M’,§), we infer that

* A/

2 (G —by)Ng=e*(F—byNg) =F=p*"t =Sp g Aprg = Setgng,

DO

17) However, even though the conformal metric can be “extended” to a conformal ambient

metric along M, this connection does not extend because we are lacking the derivative of h in
normal directions.

18) The form given here differs from the one given by Wang by a constant.

19) We use the conformally invariant “conformal ambient metric” k2§ in this computation.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 27

/62u ~

so that b, = <5°—§ = 1(cg — ¢g). Hence Wang’s Mobius form is indeed
invariant under such conformal changes of the ambient metric, showing two
things: First, w is a Mobius invariant, and, second, it does not depend on
the value of the constant curvature of the ambient space. In particular, it
does not matter whether we compute w for a submanifold in the sphere S™
or for, say, its stereographic projection in Euclidean ambient space R™.

For hypersurfaces Wang’s Mobius form can be expressed in terms of
a real-valued quantity by using the conformal normal field introduced in
§P.6.4:

W = NconfWR = % {% + #(EJR - HJRI)<gradh7 )}a

in the case of a surface, we introduce curvature line coordinates?®) (zy, )
so that (here we use the notation of the classical authors)

I = Edx? + Gdz3 and IR = kiEdx? + koGda3,
and the real Mobius form wp reduces?!) to
WR = %{g—ﬁdxl + g—’;zdxg}.

This form of wg reveals a close relationship with another Mébius invariant
for surfaces in Euclidean 3-space that was first given??) by Weingarten [299]
(see also [88] and [247]):

dh ok ok
Q= h + %(ER — HRI)(gradHR, ) = %{8—1‘,1d1‘1 — 8—1§d1‘2}
In fact, the two forms wr and €2 give rise to a whole pencil twr + (1 — t)€,
t € R, of Mobius invariant 1-forms. To see the Mobius invariance of €2 we
can directly use the Mo6bius invariance of wr and the conformal invariance
of the curvature directions, given below: Since

Q(i) — Wﬂ%(aiml) and Q(aim) = —Wﬂ%(a%z)a

20) Note that higher dimensional and/or codimensional submanifolds do not carry curvature
line coordinates in general.

21) This form of wp lets us recover a classification result of Wang [297]: A surface in 3-space
with vanishing Mobius form, w = 0, is a Dupin cyclide. We will come across Dupin cyclides
various times in this text; they will appear as double channel surfaces in the following chapter,
that is, as surfaces with two families of circular curvature lines.

22) The form presented here differs from those given in the literature by constants. This 1-form
appeared first in the context of isothermic surfaces — this will be discussed in greater detail
later. Compare [65], [299], [164], [244], and [246].
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and since our curvature line coordinates (x1,x2) are conformally invariant,
we have

Q-0 = @r-omGE) = bl ineny) = O
Q-90GE) = —Er-)GE) = —bulsh nens) = 0.

However, Rothe [247] derived a form of 2 that is indeed conformally invari-
ant: By employing the Codazzi equations,

%+(k1—k2)8%21n\@:0 and 8—];2—(k7 —k?2) 111\/__0

8372

and k; — ko = £2h so that (formally) dlnh = dIn(k; — k2), we obtain

+3Q = dIn(h VEG) + 1(3% In €)day + (3% In £)das.

P.6.6 As we will build our approach to Mobius geometry on the notion of
sphere and sphere-preserving transformations (rather than conformal trans-
formations) we will need the following lemma. Besides showing that the
curvature lines, or curvature directions of a submanifold, (if they exist) are
conformally invariant, it provides the basis for a discussion of spheres from
a local, conformal geometry point of view — it will enable us to define the
notion of a sphere without referring to a “center.” And, in fact, we will
obtain a more general notion of a sphere than the notion of a “distance
sphere.”
The following lemma follows directly from §P.6.1:

P.6.7 Lemma. For fited n € N,M, the eigenspaces of the Weingarten
tensor A, : T,M — T,M are conformally invariant. In particular, the
notion of an umbilic®> p € M, that is, A, = \(n) idy, v with a (linear)
functional X : NyM — IR, is invariant.

P.7 Spheres

Using this last lemma, we can give an obviously conformally invariant defini-
tion of a (hyper)sphere; because completeness is not a conformal invariant,
we have to encode the desired “maximality” of a sphere a little differently:

P.7.1 Definition. A hypersphere S C M in a Riemannian manifold (M, g)
of dimension n > 3 is a connected, totally umbilic hypersurface that is

23) Equivalently, an umbilic can be characterized by h(p) = 0 since I = X;I(., A,;.)n; for an
orthonormal basis (n1,...,np—m) of NyM: Thus I,, = H(p)I, for some vector H(p) € N,M
if and only if A, = g(H(p),n) idr,p = A(n)idT, m
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“mazximal” in the sense that there is no strictly larger connected, totally
umbilic hypersurface containing S.

P.7.2 In particular:
(i) this notion of “hyperspheres” in (M, g) depends only on the conformal
structure [g] defined by g¢; and,
(i) if f: (M,g9) — (M ,§) is a conformal diffeomorphism, then it maps
hyperspheres to hyperspheres.

P.7.3 Examples. On S™ C R"*!, the hyperspheres are the intersections
of S™ with affine hyperplanes H C R"™!, dist(H,0) < 1.

In R™, a “hypersphere” is either a hypersphere (in the usual sense) or
a hyperplane: The stereographic projection (cf., §P.1.3) o(S) C R™ of a
hypersphere S C S™ is a hypersphere or a hyperplane (if S contains the
center of projection).

In hyperbolic space H" = (B(1), = | B )de ) (see §P.1.3) the hyper-

spheres are the intersections of B(1) with hyperspheres in R™. Note that
(as in Euclidean space) not all hyperspheres in H™ are distance spheres: If
S C H™ touches the infinity boundary S"~! = OH", then the orthogonal
geodesics meet on the infinity boundary; if S intersects H", then the or-
thogonal geodesics do not intersect at all. Also note that the hyperspheres
intersecting S”~! = OH" orthogonally are the hyperplanes of H".

P.7.4 It can be shown that a Riemannian manifold of dimension n > 3 has
totally umbilic hypersurfaces in any position (that is, for any prescribed
vector v € T'M there exists locally an umbilic hypersurface orthogonal to
that vector) if and only if the manifold is conformally flat?%) (see [252]). This
might serve as a motivation why we will restrict to the conformal n-sphere
as an ambient space soon, since “Mobius geometry” has the hypersphere-
preserving transformations as its symmetry group.

P.7.5 Later we will wish to describe spheres of higher codimension as in-
tersections of hyperspheres. Here, a key tool is the following well-known
generalization of a theorem dealing with the intersection of two surfaces in
Euclidean 3-space (cf., [260]):

P.7.6 Theorem (Joachimsthal). Let M := M; N My be the transversal
intersection of two hypersurfaces of a Riemannian manifold (M,g); then
two of the following imply the third:

(i) Vp € M,ny € N,M; : A, T,M C T,M;

(ii) Vp € M,ny € NyMs : A,°T,M C T,M;
(iii) My and My intersect at a constant angle.

24) This is not true in dimension n = 3, where totally umbilic (hyper)surfaces always exist.
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P.7.7 Proof. 0 = 0,G(n1,n2)+ g(ny, AA,jz x) -I-Q(A]Zix,ng) for x € T, M and
unit normal fields n; of M;, defined near p. N

P.7.8 As an immediate consequence, hyperspheres intersects at a con-
stant angle. In particular, if a family of hyperspheres S,..., Sk intersect
transversally at one point p € M := ﬂle S;, then it intersects transversally

along the intersection M, which is consequently ensured to be a submani-
fold.

P.7.9 Lemma. The transversal intersection M = ﬂle S; of hyper-
spheres S;, i = 1,...,k, is a connected, totally umbilic submanifold with
flat normal bundle.

P.7.10 Proof. Let n; denote (local) unit normal fields of S;. Then, since
the S;’s are totally umbilic, @wnz =Nz forx € T,M = ﬂle T,S;, with
suitable functions ;. In particular, the n;’s are parallel (local) sections of
the normal bundle NM.

Since?® N,M = span{n;}, any normal field can be written in terms of
the n;’s, n = Zle a;n;. Then Vyn = —A(n)x + Zle(&vai)m with the
1-form A(n) := Ele i@

Thus, M is totally umbilic and, because it has a (local) basis of parallel
normal fields, has flat normal bundle. N

P.7.11 In Euclidean space, it is an easy exercise to prove the converse:
Any totally umbilic submanifold M C R™, m := dimM > 1, with flat
normal bundle lies in the transversal intersection of n — m hyperspheres
(or hyperplanes, which are also hyperspheres in our more general sense).
Namely, using the Codazzi equation, (V,A),y = (V,A),x, we obtain
(VEN)(n) -y = (V;)\)(n) -z, where \ denotes the 1-form on NM given
by A,z = A(n) - x. Consequently, for any parallel normal field n, the func-
tion A\(n) is constant. Now, either A(n) = 0 and n is constant (in which case
M lies in the hyperplane with normal n) or A(n) # 0 and p — p+ ﬁp)np is
constant, giving the center of a hypersphere that contains M. Since M has
flat normal bundle, there is (locally) a basis of parallel normal fields to get
n —m hyperspheres that contain the submanifold, because the constancy of
norp— p-+ mnp, respectively, extends to all of M if M is connected.

P.7.12 By stereographic projection, this result carries over to submanifolds
of S§™ since the notions of flatness of the normal bundle and total umbilicity
are conformally invariant. Note that, in S™, the distinction between hyper-
spheres and hyperplanes becomes obsolete. By conformal invariance again,

25) At this point, we use the transversality assumption, so that the n;’s form a local basis.
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the result is valid for all ambient manifolds that are (globally) conformally
equivalent to a subset of S™ equipped with its standard metric, that is,
those that are conformally equivalent to a subset of the conformal n-sphere:

P.7.13 Lemma. Any “mazximal,” connected, totally umbilic submanifold
M™, m > 1, with flat normal bundle in a conformal manifold (M™,[g]),
which conformally embeds into the conformal n-sphere, is the intersection
of n — m hyperspheres.

P.7.14 Note that, for dimension dimM = 1, the above definition of “hy-
persphere” is not exactly what we want: Any “maximal” curve would be
a hypersphere.28) We will leave this situation as it is; however, as we will
abandon the Riemannian picture at this point anyway, we give the following
brute-force definition:

P.7.15 Definition. On (subsets of) S? equipped with a metric that is con-
formally equivalent to the standard metric, a hypersphere (circle) is a maz-
imal (in the above sense) curve that has constant geodesic curvature with
respect to the standard S?-metric.

P.8 Mobius transformations and Liouville’s theorem

We now turn away from the Riemannian setup and restrict our attention
to (subsets of) the conformal n-sphere?”) as the ambient manifold. In this
setup, we will develop the Mobius geometry of submanifolds, that is, the
aspects of their geometry that are invariant under the group of Mobius
transformations, or conformal transformations, as we will learn from Liou-
ville’s theorem:

P.8.1 Definition. A diffeomorphism p : S™ — S™ on S™ that preserves
hyperspheres (maps hyperspheres to hyperspheres) is called a Mébius trans-
formation; the group of Mobius transformations of S™ is called the Mdbius
group, denoted by Mob(n).

P.8.2 Any conformal diffeomorphism g : S™ — S™, n > 2, is a Mdbius
transformation: For n > 2, this is a consequence of our previous develop-
ments; for n = 2, this is a case of the uniqueness part of the uniformization
theorem (see [257]). However, in the case n > 2, we have an even stronger

26) This is less absurd than it appears at first: Any (real) analytic embedding ¢ : S* — C of

the unit circle extends to an analytic (conformal) diffeomorphism defined on an annulus about
St

27 1n higher dimensions, only the conformal n-sphere provides “enough” hyperspheres to be
preserved by Mobius transformations (see §P.7.4). On any other Riemannian manifold the
conformal group (group of Mobius transformations) is inessential (see [119] or [111]).
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statement that ties down a conformal diffeomorphism even if it is only known
locally:

P.8.3 Theorem (Liouville). Let f : U — V be a conformal diffeomor-
phism between connected open subsets U,V C 8™, n > 3; then, there is a
unique Mébius transformation of S™, u € Mob(n), such that f = ply.

P.8.4 Proof. See [170]; another proof will be given later. <



Chapter 1

The projective model

Following Klein’s Erlanger program [160], a geometry can be described in
terms of a transformation group acting on an underlying space (see also
[254]): Two geometric configurations are considered equivalent if one can
be mapped onto the other by an element of the transformation group under
consideration. Thus, we describe Mobius geometry as the geometry given
by the Mobius group Moéb(n) acting on the conformal n-sphere S™. The
goal of this chapter is to describe Mdbius geometry as a subgeometry of
projective geometry, as the classical geometers did; see [239], [86], and [88],
or [161], where interesting historical remarks also are to be found. This
description provides a linearization of Md6bius geometry: Spheres will be
described by certain linear subspaces and Mobius transformations by linear
transformations.

After the description of this model of Mobius geometry, culminating in
a “translation table” for the occurring geometric objects and relations (see
Figure T.1), we will discuss the metric geometries (hyperbolic, Euclidean,
and spherical geometry) as subgeometries of Mobius geometry — and give
the announced proof of Liouville’s theorem by making use of the subgeom-
etry description of hyperbolic (resp. Euclidean) geometry.

Turning to differential geometry, we will introduce the concept of (hy-
per)sphere congruences and their envelopes, which is central to many con-
structions in Mobius differential geometry (cf., Figure T.2). We will set
up frame formulas for certain kinds of adapted frames for later reference.
There are many possibilities to carry out computations; for reasons of per-
sonal taste of the author, we will often use Cartan’s method of moving
frames. However, in contrast to a common approach, we will not introduce
a “canonical frame.” We will also frequently switch between the moving
frame method and the invariant formalism; to make the relation between
the two formalisms more transparent, we will discuss the geometry con-
tained in the frame equations after stating them.

In this chapter, we mainly follow the presentations in W. Blaschke’s book
[29] (which was actually written by G. Thomsen, as Blaschke mentions in the
Preface) and in G. Thomsen’s papers [277], [278]. The interested reader may
also want to check the book [275] by T. Takasu, which appeared around the
same time as Blaschke’s book, and the more recent book [4] by M. Akivis
and V. Goldberg; the reader shall also be referred to the very readable
introduction in T. Cecil’s book [66].
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The contents of this chapter are organized as follows:

Section 1.1. In this section the basic geometric constructions are presented.
These constructions yield a description of points of the conformal n-
sphere and of hyperspheres in S™ as points in a projective space with an
absolute quadric. Introducing a Minkowski scalar product on the space
of homogeneous coordinates the incidence of a point and a sphere, and
the intersection angle of hyperspheres can be described conveniently.

Section 1.2. Hypersphere pencils and hypersphere complexes are introduced
as configurations of hyperspheres that are linear in our projective model
space, and their geometry is discussed. These configurations will, on one
hand, become important in our description of the Mobius group and, on
the other hand, for the description of spheres of arbitrary dimension.

Section 1.3. In this section we provide the relation between Mobius transfor-
mations, projective transformations of our projective model space that
preserve the absolute quadric, and Lorentz transformations of the co-
ordinate Minkowski space. Inversions are discussed as an important
example. We will also see how Mobius geometry arises as the boundary
geometry of hyperbolic geometry.

Section 1.4. Hyperbolic, Euclidean, and spherical geometry are character-
ized as subgeometries of Mobius geometry. In fact, we will learn how
the space forms arise as quadrics of constant curvature in the coordinate
Minkowski space of Mobius geometry. A generalized notion of stereo-
graphic projection from (part of) the conformal n-sphere onto a space of
constant curvature is introduced. The groups of motions or similarities
are characterized as subgroups of the Mc6bius group.

Section 1.5. In this section the announced proof of Liouville’s theorem is
given by making use of the description of hyperbolic geometry as a sub-
geometry of Mobius geometry. The (global) conformal diffeomorphisms
of Euclidean and hyperbolic space are discussed.

Section 1.6. The notions of sphere congruence and of an envelope of a sphere
congruence, which are central to many constructions in Mobius differen-
tial geometry, are introduced and a convenient formulation for the en-
veloping condition is given. Conditions on a (hyper)sphere congruence

to have one or two envelopes are derived, and the notion of a “strip” is
defined.

Section 1.7. The notion of an adapted frame — adapted to a hypersphere
congruence or one of its envelopes — of a strip is introduced, and the cor-
responding structure equations and compatibility conditions are derived.
The geometry of the occurring forms is discussed from different points
of view. The notion of a curvature sphere congruence of an immersion
is introduced.
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Section 1.8. As a somewhat degenerate example, channel hypersurfaces are
discussed: This example will become important in the context of con-
formally flat hypersurfaces. As an application, the Mobius geometric
classification of Dupin cyclides, that is, surfaces in S? that are channel
surfaces in two ways, is presented.

Remark. Some basic knowledge of projective geometry is required in this

chapter. However, it should not be difficult to extrapolate the required

facts from projective geometry from the present text; the reader may also
wish to have a look at [162]. An understanding of the topics covered in
this chapter is absolutely necessary for everything that follows. And for the
reasons indicated above, it may be of profit, even to a reader familiar with
the classical setup for Mobius geometry, to flip briefly through this chapter.

However, it should do no harm to postpone reading the more technical part

concerning frames.

1.1 Penta- and polyspherical coordinates

In §P.8.1, we defined Mobius transformations as those transformations of
(the conformal) S™ that preserve hyperspheres. Thus, we will consider two
kinds of “elements of Mobius geometry”: the points of the conformal n-
sphere and the hyperspheres S C S™. Mébius transformations act on both
types of elements!) simultaneously. We start by giving a description® of
these “elements” and their interrelations.

1.1.1 Remember, from §P.7.3, that we considered a hypersphere S C S™ as
the intersection S = E™ N S™ of an n-dimensional hyperplane E* C R"t!
with S™ € R™*! embedded into R"*! as the standard unit sphere. Now,
consider the cone C' C R™*! that touches S™ along a hypersphere S in S™:
If S is not a great sphere, then it can be identified with the vertex of C', that
is, with the “pole®” of the (projective) hyperplane that cuts out S from

1) Not intertwining them, in contrast to Lie transformations (cf., [29] or [66]).

2) Caution: Tn this section, we introduce certain identifications (as we will later also do for
the other models), and soon we will stop (notationally) distinguishing between the identified
objects (unless explicitly stated). This will be unfamiliar to many readers; thus, we will
emphasize these identifications several times, at the beginning. However, subsequently, we will
leave it to the reader to detect the correct setting from the context — here the “translation
table” in Figure T.1 may be helpful.

3) For our purposes, this construction shall serve as a definition of the relation between a
“pole” and its “polar hyperplane.” Another possible way to characterize this relation is pro-
vided by the observation that the two intersection points of a line through the pole separate
the pole and the intersection point of the line with the polar hyperplane harmonically. In a
moment, we will give a more technical characterization of “polarity,” using a scalar product on
the space of R™*2 of homogeneous coordinates of RP™t!. Note that this relation of polarity
can be extended to a relation between m- and (n — m)-planes in RP" 1.
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S™. By embedding R"*! — RP"*! (by “adding” the infinity hyperplane),
this identification is extended to great spheres, where the vertex of the cone
C (that degenerates to a cylinder) lies in the infinity hyperplane.

Fig. 1.1. Hyperspheres in the classical model of M6bius geometry

Subsequently, we will not distinguish between a hypersphere S C S™ and
the corresponding point in the “outer space®” of S™ ¢ RP™1.

Thus, the elements of M6bius geometry are described in a unified manner:
The points of S™ are the points of the “absolute quadric” S™ C RP"*! while
hyperspheres become points in RP"t! “outside” this absolute® quadric.
Observe that a hypersphere, or a point, is described by n + 2 coordinates in
this model, that is, by 5 coordinates if we consider S2. This might explain
the term “pentaspherical coordinates” — see also the explanation that Klein
gives in [161].

In the future, we will (notationally) not distinguish between a point in
projective (n+1)-space and its homogeneous coordinates, nor will we distin-
guish between the object in S™ and its representative in RP"*!: We may, at
the same time, write S C S, S € RP"*! and S € R"*?orp € 8" c R"*!,
p € RP"! and p € R"2 as we identify p ~ [(1,p)] ~ (1,p). Which inter-
pretation has to be used will be clear from the context.

1.1.2 On the space R""2 of homogeneous coordinates for points in RP"*!,
we introduce a scalar product (.,.) such that its null lines are the points
p € 8™ If R = {z € R"? |z = 1}, then (.,.) = —da? + S0 da?

4) The complement RP™t1\ S™ consists of two connected components: One of them is the
“outer space” containing those points that correspond to spheres, i.e., that lie on (real) tangent
lines to S™.

5) The term “absolute” refers to the fact that polarity (see below for an algebraic description)
is with respect to that quadric.
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yields such a scalar product; up to nonzero multiples, this scalar product
is unique.®) Given a hypersphere S C S™ in terms of a center”) m € S"
and the corresponding radius ¢ € (0,7), we have S = [(cos o, m)] € RP™ 1.
Note that, with the above choice of scaling, (S, S) = sin® o > 0.

Fig. 1.2. A hypersphere in terms of a “center” and its radius

Subsequently, we let (.,.) be a Minkowski product on R"*2? = R"*?  that
is, we rule out negative scalings of —dz2 + > dz? in the above setup. Thus
the space of hyperspheres S C S™ becomes the space of spacelike lines in
JRTLQ, as the outer space of S™ C RP™*! can now be described in this way
(cf., Figure T.1).

1.1.3 Later on, we will need to provide the space of hyperspheres with a
metric: Similar to the way the Fubini-Study metric is introduced on a real
projective space by considering the (metric) sphere as a Riemannian double
cover, we obtain a metric on

RPL = {Rv € RP™ |v € R (v,0) > 0}
by considering the Lorentz sphere
Srtl= v e RYT?| (v,v) = 1}

as a Lorentzian double cover of ]RPgH. Thus, by denoting the light cone in

our coordinate Minkowski space by
Lt = {v e R} | (v,v) = 0},
we obtain the identifications

Smo= [nFU/R and  RPATT = SPF/ 41

6 . _ 9 o) 9 9 _ o) 1 o) 9 9 1 9 9
)...smce0f<—:t - _iaxi>*<_+7§(8wiin)’m—i—\TQ(axiiﬁj»"'

7) Note that, with m, —m is a center for the same sphere (with radius m — g), too.
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for the n-sphere S™ and the space® IRPSJrl of hyperspheres in S™.

. . . . . . +2
Fig. 1.3. Hyperspheres in S™ as lines in Minkowski R}

1.1.4 Having established this description for hyperspheres in S™, we now
turn to the interrelations between the elements of Mobius geometry.

First, we discuss the incidence relation between points and hyperspheres:
a point p € S™ lies on a hypersphere S C S™ if and only if (p,S) = 0.

Namely, if ¢ : (—¢,¢) — R}"? are homogeneous coordinates of a curve in
S™ C RP™! then (c A c’)(0) defines its tangent line”) at ¢(0). Because c is
isotropic, (¢, c) = 0, the tangent hyperplane (not the tangent space) of S™ at
c(0) is therefore given by {c(0)}*+ — and, by construction, p € S if and only
if S lies in the tangent hyperplane'® of S ¢ RP"t! at p (see Figure 1.1).

Another proof can be obtained by bare-hands computation: Obviously,
the condition (p,S) = 0 is independent of the choice of homogeneous co-
ordinates (as it has to be); by describing S = (cosp,m) in terms of m

8) Using the two representatives in S{LH of a hypersphere to distinguish the two possible

orientations of the hypersphere, the Lorentz sphere can be considered as the space of oriented
hyperspheres. For example, by using the “inner” center m € S® C R"™'! to describe an
oriented hypersphere of radius ¢ in S™, a change of orientation, (m, ¢) — (—m,m — p), yields

a change of sign for the Sf“-representative: Sirllg (cos o, m) — s1111 5 (— cos g, —m).

9 (¢ Ac)(0) € A2(R™?) determines the 2-plane spanned by c¢(0) and ¢/(0) that, in the
projective picture, defines a line — the line tangent to the curve at [¢(0)] € S™. We will often
use the A-product of vectors in JR?""2 to indicate the subspace spanned by the vectors (if they
are linearly independent); this will be discussed in greater detail later, in the context of the
Clifford algebra model. Note that ¢’ does depend on the choice of homogeneous coordinates of
the curve — thus, it makes no sense to consider ¢’ as a tangent vector in projective geometry:
c’(0) just defines some point (depending on the choice of homogeneous coordinates for ¢) on
the tangent line.

10) Note that the tangent hyperplane of S™ at p € S™ is exactly the polar hyperplane of p.
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and g, as above, we find'") that the point p ~ (1,p) € S if and only if
p-m = cos o, that is, if and only if the projection of p onto m has length
cos o (see Figure 1.2).

1.1.5 Next, we want to examine the interaction of two hyperspheres: Two
hyperspheres Sy, So C S™ intersect orthogonally if and only if (S7,S2) = 0;
moreover, their angle of intersection,'? a € [0, 5], is given by

<Sl, SQ>2 = |Sl|2|52|2 COS2 .

Fig. 1.4. Orthogonal intersection of two hyperspheres

Namely, the scalar product (S7,S52) = 0 vanishes if and only if S; lies
in the polar hyperplane of S5, if and only if the two spheres intersect and
the generators of the cones C'; and (5, which meet at an intersection point
p € 51N Sy, intersect orthogonally (see Figure 1.4).

To find the angle formula, suppose p € S; N .Sy and the S;’s are given in
terms of their centers m; € S™ and their radii g; € (0,7), that is, we have
S; = (cos p;, m;). Then, the intersection angle of S; and S at p ~ (1,p) is
the angle (in R™*!) between the vectors m; — cos g; p. Since p-m; = cos g;,
we find

(S1,52) = (mq —cosp1p)-(mg—cospap) and
(Si, Sz‘> (mi — COS 05 p)Q;

which proves the claim.

11) We denote the scalar product of p,m € R by p-m, to distinguish it from the Minkowski
product (.,.) on R} 2.

12) We consider the unoriented angle of intersection.
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1.2 Sphere pencils and sphere complexes

As a next step, we want to examine more complicated configurations of
hyperspheres and points that correspond to m-planes in RP"*!. Here, of
particular interest are “sphere pencils,” which correspond to lines in RP™ 1,
and “sphere complexes,” which correspond to hyperplanes in RP™ 1.

To start, we first prove the following

1.2.1 Lemma. Let 51,5 € lRPg+1 denote two hyperspheres, S1 # Ss.
Then:

x If |S1|?|S2|* — (S1, S2)? > 0, then S1 and Sy intersect transversally.

x If |S1]2]S2|? — (S1,S2)% = 0, then they touch at one point.

x If |S1]?]S2|? — (S1,S2)? < 0, then they have no points in common.

1.2.2 Proof. The sign of |S1]?|S2|* — (S1,S2)? determines the signature of
the induced metric on the plane S; A Sy C IR?H: Depending on whether
this metric is positive definite, degenerate, or Minkowski, its orthogonal
complement intersects the light cone in an (n — 2)-sphere, in a point, or not
at all. Moreover, in the second case, we see that S; and Sy “intersect” at
an angle a = 0, that is, they touch. N

Fig. 1.5. Elliptic, parabolic and hyperbolic sphere pencils

1.2.3 Definition. Thus, in the projective picture, we get the following:
x A line that does not meet S™ C RP™ " can be identified with an (n—2)-
dimensional sphere in S™; such a line of spheres will be called'® an
“elliptic sphere pencil.”

13) The notions of elliptic versus hyperbolic pencils are not used consistently in the literature.
Here we consider a pencil elliptic when it carries an elliptic measure (the intersection angle),
whereas it is hyperbolic when it carries a hyperbolic measure (with two limit points) (cf., [162]).
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x A line that touches S™ C RP™1 can be identified with a 1-parameter
family of spheres that touch each other in a point (the point p of contact
of the line with S™); such a line is called a “parabolic sphere pencil,”
or “contact element” on S™ (cf., [66]).

x A line that intersects S™ C RP™ ! can be identified with the point pair
(0-sphere) that is the intersection of the line with S™ or, by polarity,
with the set of all hyperspheres containing these two intersection points;
such a line shall be called a “hyperbolic sphere pencil.”

1.2.4 Earlier (see §P.7.5ff) we agreed on describing m-dimensional spheres
in S™ as the intersection of n — m hyperspheres. Now, we see that an
m-sphere can be identified with
* an (m + 1)-plane Pt C RP™*! that intersects S™ transversally, that
is, with a Minkowski (m 4+ 2)-subspace in the coordinate Minkowski
space R},
or, via orthogonality™® (polarity P™*+! s P?~m~1 = polP™*+1) with
* an (n —m — 1)-plane P*~™~!  RP"*! that does not meet S™, that
is, with a spacelike (n — m)-subspace in R} "2,
The first characterization is directly obtained by describing an m-sphere
in S™ as the intersection of an (m + 1)-plane with S™. In particular, an m-
sphere is determined by m + 2 points p1, ..., pm+2 € S™ in general position.
On the other hand, by choosing n — m hyperspheres Si,...,S5,_ ., in
general position on the polar (n —m —1)-plane, the same m-sphere is equiv-
alently obtained!® as the transversal intersection of the Si,1<i<n—m.
This brings us back to our original description of m-spheres.
Note how hyperbolic and elliptic sphere pencils occur as the special cases
of 0-spheres (point pairs) and (n — 2)-spheres.

1.2.5 In the previous paragraph, we established a Mobius geometric inter-
pretation for (m+1)-planes in RP™*! that intersect S™, and for (n—m—1)-
planes that do not intersect. We want to conclude this section by giving a
characterization of the set of all spheres that lie in a hyperplane in RP"*+!
that may intersect S™, touch, or not intersect S™ at all:

1.2.6 Definition. Given K € RP™"!, the set {S C S™|(S,K) = 0} of

hyperspheres is called a “linear sphere complex.”

14) polP™F1 can be obtained as the projectivization of the orthogonal complement of the
coordinate (m + 2)-subspace of P™*1 in ZR;H'Z. Readers without background in projective
geometry may take this as the definition of “polarity.”

15) It shall be a small exercise for the reader to verify that any point in the intersection of
the “spanning” spheres S; also lies on any sphere in the span inc[Sy,...,Sn—m] of the S;.
Here, “inc[S1,...,Sn—m]” denotes the (n — m — 1)-plane containing all S;, that is, it is the
projectivization of span{S1,...,Sp—m} C JR?""Z.
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Again, three types of sphere complexes occur, depending on whether K
lies in the outer space of S™ C RP™ Y, on S™, or in the “inner space” (the
other connected component of RP™" ™1\ S™).

x If (IKC,KC) > 0, then K defines'®) an “elliptic sphere complex”; in this
case, K = Sy can be identified with a hypersphere, and the sphere com-
plex consists of all hyperspheres that intersect Sy orthogonally.

Interpreting Sy as the infinity boundary of a hyperbolic space, an
elliptic sphere complex becomes the system of hyperplanes of that hy-
perbolic space.

x If (IK,KC) = 0, then the sphere complex is called a “parabolic sphere
complex”; here, I = po, can be considered as a point, identifying the
sphere complex as the system of all spheres containing this point.

Interpreting poo as the point at infinity of R™ C S™, a parabolic
sphere complex becomes the system of hyperplanes in that Fuclidean
space.

x If (IC,K) < 0, then K defines a “hyperbolic sphere complex”; consider-
ing all lines (hyperbolic sphere pencils) that contain K (as an “inner
point” of S C RP™"), we find that K defines a notion of “antipodal
points.t7)”

Interpreting K as the center of S™ C R™™1 = RP"*1 \ pol[K], we
obtain the system of hyperplanes (great spheres) in S™ C R™™L; note
that this reverses our initial reasoning to embed R™*! — RP™H!,

1.2.7 A particular interest in linear sphere complexes is triggered by the
fact that they single out the “hyperplanes” in the subgeometries of Mobius
geometry, as we will discuss in more detail later.

We will identify a sphere complex with the point K € RP™*! defining it.

1.2.8 Summarizing. In Figure T.1 we have collected various identifica-
tions and relations discussed in this chapter, for the reader’s reference. In
that table, we denote by inc[yi, ..., ym] the unique (m — 1)-plane in RP™*1
that contains the m point yq,...,ym, the “incidence plane of the points”;
otherwise said, it is the projectivization of span{yi,...,ym} C R}"2. Note
the twofold interpretation of the y;: as points in RP™*! in the first formu-
lation and as vectors in IR?JFZ in the second.

16) Again, the notions of elliptic versus hyperbolic are not consistent in the literature. We
follow [29]. Note that, in the case n = 1, this leads to the following curiosity: A hyperbolic
sphere pencil becomes an elliptic sphere complex, and vice versa.

17) We will come back to this point in the next section, to see how hyperbolic sphere pencils
relate to certain Mobius transformations that can be considered as “antipodal maps.”
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1.3 The Mobius group

In this section we will see that the Mobius transformations of the conformal
n-sphere are exactly the projective transformations of RP"*! that preserve
the absolute quadric S C RP™*!. Further, we will see that the Lorentz
group O1(n + 2) is a (trivial) double cover of the M6bius group, providing
a linear representation of the Mobius group. We start with the easy part:

1.3.1 Lemma. Any Lorentz transformation p € O1(n + 2) descends to a
projective transformation'® p: RP™t1 — RP™1 that preserves S™ (as the
absolute quadric).

Any projective transformation on RP™*! that preserves S™ gives rise to
a Mébius transformation p : S™ — S™, with its action p : RPE™ — RPET!
on the outer space being exactly the action of the Mobius transformation on
the hyperspheres of S™.

1.3.2 Proof. As a linear transformation of R"*2, a Lorentz transformation
maps lines in RP"*! to lines, and it preserves S™ C RP™t! as it maps the
light cone L"*! C R} onto itself.

A projective transformation also maps (hyper)planes in RP™ ™! to (hy-
per)planes, and as it maps S™ onto itself it induces a M6bius transformation
on S™; moreover, since polarity is preserved, its restriction to ZRPSH yields
the action of this M6bius transformation on hyperspheres. N

1.3.3 Example. Given a point (sphere) S € RPA™ of the outer space, the

reflection p — u(p) := p—2 éggi S is a “polar reflection” on RP"*!. Namely,

given S and any point p # S, the line through S and p is parametrized by
t— q+1tS, where ¢ = p— (p,S)S is the intersection point of this line with
the polar hyperplane {S}+ of S; since, with this parametrization of the line,
S ~ 0o and ¢ ~ 0, we find that p ~ (p,S) and u(p) ~ —(p, S) separate S
and ¢ harmonically.™®)

Moreover, the restriction of p to S™ is exactly the “inversion” of S™ at
the hypersphere S C S™: When describing S = (cos g, m) in terms of a
center m € S™ and the corresponding radius ¢ € (0, 7), we obtain

( 14-cos?(p)—2p-mcos g sin?(o)p—2(p-m—cos g)m)
sin? o ’ sin? o
.2
~, sin“(@)p—2(p-m—cos g)m c gn
- 1+cos? p—2p-m cos o :

S"sp~(1,p) —

18) Or “collineation”: a diffeomorphism of projective space that maps lines to lines.

19) This argument also applies to points S in the inner space, showing that the resulting
map is a polar reflection in that case, too. Note that we just proved the aforementioned
characterization of “polarity” (see Footnote 1.3) — this is a common way to introduce polarity
in projective geometry.
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1.3.4 Now we turn to the more difficult part of the description of Mobius
transformations in our model: We have to show that a Md6bius transforma-
tion of the conformal n-sphere S™ C RP™*! (uniquely) extends to a projec-
tive transformation on RP™*!. For that purpose, we discuss the effect that
a Mobius transformation has on sphere pencils and sphere complexes.

1.3.5 Lemma. Madbius transformations preserve sphere pencils of each
type, as well as the orthogonal intersection of hyperspheres (polarity).

1.3.6 Proof. Clearly, Mobius transformations do not change the type of a
sphere pencil. Because elliptic and parabolic sphere pencils are character-
ized in terms of incidence and contact (cf., Figure T.1), these are preserved
by Mobius transformations. The spheres of hyperbolic sphere pencils can
be characterized in terms of the incidence and orthogonal intersection of hy-
perspheres; namely, the spheres of a hyperbolic sphere pencil are orthogonal
to all spheres that contain the point pair of the pencil. Thus, hyperbolic
sphere pencils are preserved by Mobius transformations as soon as orthog-
onal intersection is preserved.

The invariance of orthogonal intersection depends on a curious (“merk-
wiirdige”) property of parabolic sphere pencils: On one hand, a parabolic
sphere pencil consists of all spheres S that have first-order contact in the
point p of contact with S™ while, on the other hand, it can be considered
as the tangent line of any curve intersecting these spheres orthogonally
in p. Thus, two spheres S; and Sy intersect orthogonally??) in p if the
two parabolic pencils inc[p, S1] C T,S2 and, conversely, inclp, Sa] C T,,S5;.
Consequently, the orthogonal intersection of two hyperspheres is preserved
by Mé6bius transformations. <

1.3.7 Lemma. Madbius transformations preserve linear sphere complexes.

1.3.8 Proof. Elliptic sphere complexes can be identified with spheres via
orthogonality (cf., Figure T.1), and parabolic sphere complexes can be char-
acterized in terms of incidence; thus, these are preserved.

To show that Mobius transformations preserve hyperbolic sphere com-
plexes, we use induction: Suppose (k — 1)-planes P*~! C RP"*! that
do not meet S™ are preserved by the action of a Mobius transformation
2 RPATY — RPAY! on the space of spheres.?!) Now, choose k + 1 orthog-
onally intersecting spheres S; that determine a k-plane??) P+ lRPgH,
and let S € P*. Then, the line inc[S, Sj,1] intersects the (k — 1)-plane

20) Note that this, in fact, was how we came by our characterization of orthogonal intersection.
21) por k < n, this is just the fact that Mobius transformations preserve (n — k)-spheres.

22) This fails for k > n; for k < n it works since the k-plane does not meet S™.
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P*=1:=inc[Sy,...,S;] in a sphere S # Si,1. By assumption pS € uP*=1,
so that the line inc[,ug, wSk41] C inc[uSy, ..., uSk41] lies in the k-plane de-
termined by the 11.5;’s. Because Mobius transformations preserve orthogonal
intersection, the ©S;’s span a k-plane. Then, since elliptic sphere pencils
are preserved, uS € inc[uS’ , WSk+1], and, because Mébius transformations
act bijectively on the space of spheres, uP* = inc[uS1, ..., uSki1]. N

1.3.9 Theorem. Any Mébius transformation p € Mob(n) naturally ex-
tends to a projective transformation RP™"tY — RP™! that maps S™ onto
itself.

1.3.10 Proof. A Mobius transformation p € Méob(n) naturally acts on the
elements of Mobius geometry, points and spheres, S™ U JRPgJrl C RP™H!L,
To extend the action to all of RP™*!, we consider its action on linear sphere
complexes — since the identification of elliptic and parabolic sphere com-
plexes with spheres and points is compatible with the action of Mo&bius
transformations, this yields nothing new on S™ U ]RPSH. If we happen to
show that this action on sphere complexes preserves lines, then the claim

follows by:

1.3.11 Fundamental theorem of projective geometry (§50 in [29]).
Any bijection p : RP"T1 — RP™*! that preserves lines and the incidence
of points and lines comes from a linear map on the space of homogeneous
coordinates, p € PGl(n + 2).

1.3.12 We already know that M&bius transformations preserve sphere pen-
cils. Thus the only thing left is to show that they also preserve the incidence
of inner points of S™ C RP™! (hyperbolic sphere complexes) with lines that
intersect S™ (hyperbolic sphere pencils). But, an inner point I, (I, K) < 0,
lies on a line inc[py, po] intersecting S™ if and only if K+ D {p1, p2}+, that is,
if and only if the sphere complex K contains all spheres S € T,,, S™ NT},,S"
that contain both points p; and p,. This characterization is clearly invariant
under Mobius transformations. N

1.3.13 Remark. Our approach was not the most efficient one; indeed,
it would have been much easier to define projective transformations as lin-
ear transformations on the space of homogeneous coordinates and Md&bius
transformations to be restrictions of projective transformations to the n-
sphere S™ C RP"*! (cf., [161]). However, the approach we took seemed to
be the more intuitive.

Now, obtaining the last identification of our table Figure T.1 at this
point, it is not hard to show that

1.3.14 Theorem. Any Mdébius transformation p € Mdb(n) comes from a
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Lorentz transformation p € O1(n+2); this Lorentz transformation is unique
up to sign.

1.3.15 Proof. As we already saw, any Mobius transformation naturally
gives rise to a unique projective transformation Ry € PGl(n + 2). Since
1 € Gl(n + 2) is a transformation that preserves the light cone of R}*2,
we have?3) that, for an orthonormal basis (eg,e1,...,en11), the vectors
p(ep £ e;) and p(eg + \%(ei + e;)) are isotropic. Hence, the pe;’s form,
up to a common scale, an orthonormal basis; that is, p is a multiple of a
Lorentz transformation. <

1.3.16 As a consequence, proved by linear algebra, we find that any Mobius
transformation can be decomposed into inversions, that is, polar reflections
with poles in the outer space ]RPgH. First note that any pseudo orthogonal
transformation p € Og(n), 0 < k < n, is generated by at most n reflections
in nondegenerate hyperplanes (see [66]). Since, moreover, a reflection in a
spacelike hyperplane in ]R’f’L2 can be written as the composition of n + 1
reflections in Minkowski hyperplanes and —id, we obtain the result:

1.3.17 Corollary. Any Mdébius transformation is generated by inversions.

1.3.18 Before turning to the metric subgeometries, we want to examine a
class of M6bius transformations that contains the inversions in hyperspheres
as a special case: the Mobius involutions. These transformations can be used
to define the “tangent planes” of the hyperbolic and elliptic subgeometries
of Mdbius geometry, as we will see later, and, their fixed point sets yield
m-spheres in S™.

1.3.19 Lemma. Let pp € O1(n+2) be an involutive Mdbius transformation,
that is, u? = +id; then, u is the composition of at most n + 1 inversions in
orthogonal hyperspheres.

1.3.20 Proof. We have to consider two cases: u? = —id and p? = id.

p? = —id: We would have (v, u(v)) = —(u?(v), p(v)) = —(u(v),v); thus
p(v) L v for any v € RY™2. In particular, if [v]> = —1, then v and pu(v)
would be two orthogonal timelike vectors, which is not possible. Thus, this
case does not occur.

p? = +id: Here, any vector v € R"*? decomposes into orthogonal eigen-
vectors of p, 20 = (v + pv) + (v — pv). Thus, RY*? is the direct and or-
thogonal sum of the +1- and the —1-eigenspaces of p, IR?+2 =FE. 16, F ;.
Since the sum is orthogonal and direct, one of the eigenspaces is Minkowski

23) The same argument proves the uniqueness up to scale of a Lorentz product when its light
cone is prescribed.
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(w.l.o.g. the +1-eigenspace, since we are only interested in the M&bius trans-
formation +p), whereas the other is spacelike. By choosing an orthonormal
basis of ]Rg”’2 compatible with this decomposition, we can write p as the
composition of m = dimFE_; reflections in Minkowski hyperplanes. N

1.3.21 If the dimension m of the spacelike eigenspace E_1 of a Mobius
involution p is less than n, m < n, then E_; (resp. E;; = E*,) defines
an (n — m)-sphere as the fixed point set of u. Thus we may consider p
as the inversion in that (n — m)-sphere. Clearly the converse is true: Any
(n — m)-sphere defines a Mobius involution with this (n — m)-sphere as its
fixed point set.

Now consider a Mobius involution of S™ with no fixed points; that is, the
dimension of the spacelike eigenspace E_1 of y is m = dimE_; = n + 1.
Then p defines a hyperbolic sphere complex (via its unique timelike eigendi-
rection), and the spheres of the complex are exactly those hyperspheres that
are mapped onto themselves by the involution. Such an involution is the
composition of n 4+ 1 inversions in orthogonal hyperspheres of the complex.

1.3.22 Finally, we note that n-dimensional M6bius geometry appears as
the infinity boundary geometry of (n+ 1)-dimensional hyperbolic geometry:
The projective transformations of RP"*! that preserve S™ act as hyperbolic
motions on the Klein model of hyperbolic space, given by the inner part of
RP"1\ S where (hyperbolic) straight lines are segments of the lines of
the ambient projective space (cf., [29]).

1.4 The metric subgeometries

Clearly, the isometries of the (metric) n-sphere S™ C R™"! are Mobius
transformations, because they preserve hyperspheres.

The Euclidean space R" is conformally equivalent to the n-sphere mi-
nus a point, via stereographic projection o : S™ \ {oo} — R™; thus it can
be considered as a subspace of the conformal n-sphere. In this picture, the
isometries of R yield conformal, that is, hypersphere-preserving diffeomor-
phisms; we will see that these are the M6bius transformations that fix the
“point at infinity.”

Considering the Poincaré model of hyperbolic space (cf., §P.1.3), we see
that it is conformally embedded into Euclidean space, and hence into the
conformal n-sphere. Again, the hyperbolic isometries yield hypersphere-
preserving diffeomorphisms. We want to see that they extend (uniquely) to
(special) Mébius transformations of the conformal n-sphere — characteriz-
ing hyperbolic geometry as a subgeometry of Mobius geometry also.

However, we will approach the description of the metric subgeometries
as subgeometries of M6bius geometry in a slightly different way, using our
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recently developed model. Our first objective will be to develop suitable
models for the spherical, Euclidean, and hyperbolic geometries (cf., [29]).

Fig. 1.6. The spaces of constant curvature as affine light cone quadrics

1.4.1 Lemma. Let K € R} \ {0} and let k := —|K|>. Then the n-
dimensional affine quadric

Qr:={pe L' [(K,p) = -1},

equipped with the induced metric (.,.), is a space of constant curvature k.
If Kk < 0, then Q. consists of two connected components that can be
(isometrically) identified via the inversion

ioo 1 QT = QF, pris(p) =—(p+ 2(p,K)K)

at the “infinity boundary” Soc ~ K of Q7.

1.4.2 Proof. We consider the cases x = 0 and k # 0 separately.2)

If k # 0, then the affine hyperplane EZT' := {y € R/"?|(y,K) = —1}
becomes an (n+1)-dimensional Euclidean (if k > 0) or Minkowski (if k < 0)
space — with 0 ~ % IC — that contains Q)] as the standard round sphere or
the standard 2-sheeted hyperboloid of “radius” ——, respectively:

VKl

Vy=1K+yt:(yy) =0& (ytyt) =1

Tk K

24) Indeed, these two cases are qualitatively slightly different — this is related to the fact
that Euclidean space is the only space of constant curvature that allows homotheties, that is,
constant scaling of the metric without changing the curvature.
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If k < 0, then the map 7., clearly preserves E,’%“, and since ioo| gn+1 = —id
K

(where we think of E,TCLJrl as the linear space of the y*’s, with 0 ~ %IC), it
interchanges the two sheets of the hyperboloid Q7.

In the case Kk = 0, we may assume that = (1,0, —1) in terms of some
orthonormal basis (eg, - .., ent1) of RYT? = R x R™ x R. Then the map

R" >z +— (1+2$'w,x, 1_258'”0) e [t

is an isometry parametrizing Q). N

1.4.3 Identifying, as above, R" 3 = < ((H';'z),x, (17‘;'2)) € Qg and the
round sphere R"*! > S 3 p « (1,p) € QF, we recover the inverse of a
stereographic projection (cf., §P.1.3) as a simple rescaling,

1+4|z|? 1—|z|? 2 1—|z|?
QBL 2 ( |2$| » Ly |2x‘ ) = (17 ﬁa %) S Q?,

that is, as a central projection of (Jf to Q7 along the generators of the light
cone. This may motivate the following generalization of the stereographic
projection:

1.4.4 Definition. Any choice of representative o : S™ \ {K}+ — Q" for
the inclusion map S™ — IRP™! of the conformal n-sphere into the light
cone that takes values in a quadric Q) of constant curvature will be called
a stereographic projection.

1.4.5 Note that, for —(IC, ) = k > 0, such a stereographic projection is
globally defined while, for x < 0, it ceases to be defined:

— at a point (the point p,, = K at infinity) if kK = 0, and

— on a hypersphere (the infinity boundary S, = ﬁl@ if kK < 0.

To understand that these “stereographic projections” are conformal, we
prove the following:

1.4.6 Lemma. Let fi, fo : M™ — R""? denote two representatives of
the same immersion f : M™ — S™ C RP™t!. Then their induced metrics
gi = (dfi, df;) are conformally equivalent.

1.4.7 Proof. First note that, if f; : M™ — L"t! is a representative of an
immersion f : M™ — S™, then g; is a (positive definite) metric indeed:
Suppose g;|p(v,v) = (0, fi(p), Ov fi(p)) = 0 for some p € M and v € T,M,
then 0, fi(p) L fi(p), 0y fi(p), that is, 0, fi(p) || fi(p), which contradicts the
assumption of f: M™ — S™ being an immersion if v # 0.

Now, f; are two representatives of the same immersion f : M — S™ if and
only if fo = fe%f; with some function u : M — R. Then, since |fi|?> =0,
we find go = (d(e" f1),d(e" f1)) = e**(df1,df1) = e*“g1. g



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 50

The conformality of the above stereographic projections follows now from
the following more general corollary, which finally justifies the term “con-
formal n-sphere” for our inclusion map S™ < RP™t!:

1.4.8 Corollary. Any choice of representative i : S™ — R?+2 of the inclu-
sion map S™ — IRP™! induces the standard conformal structure.

1.4.9 Proof. With the scalar product (.,.) = —dx + Z?:Jrll dx? on R,
the representative R"*1 © 8™ 3 p +— i(p) := (1,p) € L™ is an isometry. <

1.4.10 Next we want to determine those hyperspheres that yield the hy-
perplanes (complete, totally geodesic?) hypersurfaces) in our spaces Q7 of
constant curvature.

For k # 0, the orthogonal hyperplane {S}+ of a spacelike vector S € K+
(hypersphere of the linear complex K) contains the point

%IC ~0€ E,Té“ ={y e IR?JFQ | (y, K) = —1}.

Consequently, its intersection with Q. C E,TCH'1 (the set of points of S that
lie in the quadric Q7) is a hyperplane in Q7 (cf., [122]).

Note that any sphere S € K+ of the linear sphere complex K is invariant
under the Mé6bius involution®®)

i i p— —(p+ 2(p,K)K,
since oo (LK +yt) = 1K —yt for 1K+ yt € EZTY, that is, ioo|gn+t is a
K
point reflection of E,’%H at %IC ~0e€ Efc”rl.
If kK = 0, then the spheres S of the linear complex K ~ p,, are just the

spheres that contain the point po, at infinity of R" = Qf = S™ \ {po }-
Thus, we have obtained the following

1.4.11 Lemma. Given K € JR?’LZ, the spheres of the linear sphere complex
K are the hyperplanes of Q" = {p € L | (p,K) = —1}.

If k < 0, then these are the hyperplanes that are invariant under the
INVETSIon 1o, that is, that smoothly extend through the infinity boundary

Seo 2 K of Q7.

1.4.12 Going back to F. Klein’s characterization of a geometry [160], we
are left to show that the motion groups of our constant curvature quadrics
Q" C S™ are subgroups of the Mébius group O;(n + 2)/4+ — then we have

25) Remember that a hypersurface M C M is called “totally geodesic” if its second fundamental
form vanishes identically.

26) 1 4, < 0, this involution is the reflection in the infinity sphere Soo ~ K of @ that identifies

the two copies of hyperbolic space (see §1.4.1). If k > 0, then i~ is the antipodal map.
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established the spherical, Euclidean, and hyperbolic geometries as subge-
ometries of Mobius geometry. However, in the hyperbolic case, Q)] consists
of two components, each of which is a hyperbolic space and which we iden-
tify via the inversion i,, at the infinity boundary; we will show that the
group of motions that commute with 7., is a subgroup of the Mobius group
in this case.

1.4.13 Lemma. Let K € R?*?\ {0}. Then the Lorentz transformations
p € O1(n+2) that fix K, p(K) = K, are isometries of Q7.

If kK > 0, then all isometries occur in this way.

If k < 0, then these are the isometries that commute with the inversion
Ioo Gt Soo == IC, that is, those isometries that smoothly extend through the
infinity boundary of Q..

1.4.14 Proof. Any Lorentz transformation p € O1(n + 2) with u(K) = K
induces an isometry on E,TCLH, and hence on Q7.

On the other hand, for x > 0, the isometries of Q)] are the linear isome-
tries of the Euclidean space E,%“, where we identify 0 ~ %IC (for the
linearity); and, for k < 0, the isometries of Q7 that commute with i, are
the Lorentz transformations of the Minkowski space E,%H with 0 ~ %IC.
Thus, in both cases, an isometry of Q7 (that commutes with i, if K < 0)
extends uniquely to a Lorentz transformation with () = K.

Finally, for k = 0, any isometry of ()7 is a Mobius transformation that
preserves the point p., = K; that is, it comes from a Lorentz transformation
p € O1(n + 2) with u(K) = rK for some r € R\ {0}. Projecting back onto
Qy, p— % up, the resulting map becomes an isometry if and only if we have
r? =1. N

1.4.15 Note that, in the projective setting, the Q)7:’s cannot be defined
any more (since the defining equation depends on a choice of homogeneous
coordinates). However, the corresponding linear sphere complex K is still
well defined, providing a notion of “hyperplanes”: In the case of a parabolic
sphere complex this yields the geometry of similarities on Euclidean space; in
the case of an elliptic or hyperbolic sphere complex, the group of hyperplane-
preserving Mobius transformations is isomorphic to the isometry group of
hyperbolic or elliptic geometry, respectively.

In fact, by identifying points p € S™ via the polar reflection defined by
the linear sphere complex, we obtain the classical hyperbolic and elliptic
geometries: the metric geometries of H™ (rather than on two copies of H™)
and of RP™ = S™/+1 equipped with the Fubini-Study metric (see [29]).

1.4.16 Thus we may also break the Mébius symmetry by factorizing the
conformal S™ by a M&bius involution (see §1.3.21) and considering the group
of Mobius transformations that commute with the involution. If the fixed
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point set of the involution?”) S™ — S™ is a hypersphere, we obtain hyper-
bolic geometry, and if its fixed point set is empty,2®) we obtain the classical
elliptic geometry; in both cases the fixed point set of the involution (now
considered as an involution on the projective ambient space RP" ! of S™)
determines a sphere complex that consists of the hyperplanes of the geom-
etry.

1.5 Liouville’s theorem revisited

At this point, we have collected the necessary material to prove Liouville’s
theorem (see §P.8.3) in our setup. Remember that, in §P.8.2, we already
saw that a globally defined conformal diffeomorphism S™ — S™ is a Mobius
transformation (this is true even in case n = 2). First note that the converse
of this statement is easily derived from our model of Mo6bius geometry:

1.5.1 Theorem. Moébius transformations are conformal.

1.5.2 Proof. (Compare with the proof given in [170].) Since Mdbius trans-
formations p € Mob(n) are represented by isometries u € O1(n + 2), and
any change of representative for the inclusion S™ — RP"*! is conformal
(see §1.4.8), the statement follows immediately. <

1.5.3 Now, Liouville’s theorem states that even local conformal diffeomor-
phisms come from Mobius transformations if the dimension n > 3, showing
that any “conformal geometry” as determined (following Klein) by a base
manifold M™ that is globally conformally equivalent to a subset of S™ acted
on by the group of conformal diffeomorphisms is actually a subgeometry of
Mobius geometry:

1.5.4 Theorem (Liouville). Let f : U — V be a conformal diffeomor-
phism between connected open subsets U,V C S™ C R™', n > 3. Then
there is a unique Mébius transformation p € Mob(n) such that f = plu.

1.5.5 Proof. We show that the restriction of f to any ball in U is the
restriction of a unique Mobius transformation. Thus, let B C U be an
open ball with boundary B = S, C U. Since conformal diffeomorphisms
map hyperspheres to hyperspheres,??) f(Ss) C V is a hypersphere. By
possibly postcomposing f with a Mdbius transformation, we may assume
that f(So) = Se and f(B) = B.

27) 1t should be an interesting exercise to study the geometries that are obtained from an
involution with an (m — 1)-sphere, 1 < m <n — 1, as its fixed point set (cf., §1.3.21).

28) I this case it seems reasonable to call the involution an “antipodal map.”

29) At this point, we need n > 3.
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Now we equip B = H" with a hyperbolic metric g: Consider B as one of
the connected components of Q™ ; where K = S.; without loss of generality
we assume that [S.|? = 1. Then f preserves the straight lines of this
hyperbolic space — circles that intersect S, orthogonally. Thus, for the
covariant derivative V of the induced metric § := f*g, we infer that

Vaoy — Vey = w(z)y + w(y)z,

with a suitable 1-form w since V and V have the same pregeodesics (this is
Weyl’s theorem; cf., [179]).

On the other hand, § = e?“g and ¢ are conformally equivalent since f is
conformal. Comparison with the transformation formula for the covariant
derivative (see §P.2.1) shows that gradu = 0, that is, u = const is con-
stant. Since g has — as the pullback of the hyperbolic metric ¢ — constant
curvature —1, we finally learn that § = g; for example, by employing the
transformation formula for the sectional curvature from §P.2.7.

Consequently, f is an isometry of one of the connected components of
Q" , and, therefore, there is a unique Lorentz transformation u € O1(n+2)
with p(Ss) = S and f|p = u|p. By postcomposing both f as well as u
with the inverse of the M&bius transformation that we may have used earlier
to achieve that f(B) = B, we derive that f|p: B — f(B) C V extends to
a unique Mobius transformation on S™.

Finally, because B was an arbitrary open ball in U, we conclude that
f:U — V extends to a unique Mobius transformation. N

1.5.6 Note that this result obviously does not hold in dimension n = 2:
Here, any biholomorphic function f : U — V of subsets U,V C C provides
a conformal diffeomorphism.

As a consequence of Liouville’s theorem we obtain the following corol-
lary characterizing (global) conformal diffeomorphisms of the Euclidean and
hyperbolic spaces:

1.5.7 Corollary. Any (global) conformal diffeomorphism f : R™ — R™ of
Euclidean space is a similarity, and any (global) conformal diffeomorphism
f:H™ — H™ of hyperbolic space is an isometry.

1.6 Sphere congruences and their envelopes

Now, we turn to a key concept in M6bius differential geometry: The concept
of sphere congruences and their envelopes. In some sense, a sphere congru-
ence enveloping a hypersurface replaces the Euclidean concept of the Gauss
map (therefore, a certain sphere congruence that can be uniquely associated
to a surface in S is called the “conformal Gauss map”). However, in cer-
tain contexts, the sphere congruence is considered to be the primary object
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and its envelope(s) take the role of the Gauss map. In the following two
chapters on conformally flat hypersurfaces and on Willmore and isothermic
surfaces we will get to discuss each of these two viewpoints in detail. These
remarks will become clearer below.

We start by giving the following

1.6.1 Definition. A differentiable m-parameter family S : M™ — ]RPgJrl
of spheres is called a sphere congruence.

A differentiable map f : M™ — S™ is called an envelope of a sphere
congruence S if, for all p € M,

fp)eS(p) and  Tyu)f(M) C Typ)S(p)-

Sp)

f(p)

Fig. 1.7. An envelope of a sphere congruence

1.6.2 Note that, again, we consider the tangent spaces of S(p) and f(M)
at f(p) as planes in projective space RP""!, that is, we do not consider
their linear structure. Also, we do not require f (or S) to be an immersion,
in general: Usually, we will require one of them to be regular, depending on
the viewpoint we wish to take — the object of primary interest will usually
be assumed to be immersed.

The following lemma gives a useful way to handle the congruence—
envelope relation formally. Note that the conditions are independent of
the choices of homogeneous coordinates for f and S.

1.6.3 Lemma. A differentiable map f : M™ — S™ envelopes a sphere
congruence S : M™ — IRP8+1 if and only if

(f,S)=0 and  (df,S)=0.

1.6.4 Proof. We already saw (see Figure T.1) that f(p) € S(p) if and only
if (f(p),S(p)) = 0. The tangent plane T, f(M) C Ty, S(p) if and only if
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any tangent line of f at f(p), inc[f(p), D, f(p)], lies in the polar hyperplane
pol[S(p)] of S(p), that is, span{f(p),d f(p)} C {S(p)}*. <

1.6.5 This characterization shows that a sphere congruence S and an enve-
lope f of S can, if both are regular, be considered as an “immersion—normal
field pair” in IR?J”2 in two ways: S as a spacelike normal field of f, or f as
an isotropic normal field of S.

In the following, we want to cultivate this viewpoint a little further, after
discussing some obstructions for a sphere congruence to have envelopes.

1.6.6 Remember that we can equip the space lRPgJr1 of spheres with a
spherical metric by considering the Lorentz sphere S{LH as a double cover
(the +-ambiguity can be interpreted as the orientation) (see §1.1.3). Thus
we can (locally) choose homogeneous coordinates for a sphere congruence
such that |S|? = 1, that is, so that S : M™ — S?*! takes values in the
Lorentz sphere.

Subsequently, we will always choose (local) homogeneous coordinates for
a sphere congruence to take values in the Lorentz sphere, S : M™ — S’f“.

In this way it makes sense®?) to consider the induced metric (dS,dS) of
a sphere congruence S, as in the following two lemmas:

1.6.7 Lemma. If a regular sphere congruence S : M™ — S{H'l has an
envelope, then 0,S never becomes timelike.
If S has two envelopes, then S induces a Riemannian metric on M.

1.6.8 Proof. If d,S(T,,M) would contain a timelike vector, then the corre-
sponding normal space {S(p),d,S(T,M)}+ C Ts(p)S{“Ll would be space-
like, that is, there would be no isotropic normal vectors. Hence there would
be no envelope because an envelope can be interpreted as an isotropic nor-
mal field of the sphere congruence.

If S has two (different) envelopes, then each normal space has to be a
Minkowski space, and hence the tangent spaces have to be Euclidean. <«

1.6.9 Lemma. A regular hypersphere congruence S : M"~ ! — S;‘H has
two envelopes if and only if S induces a Riemannian metric (dS,dS) on M.

1.6.10 Proof. The “only—if” part is a special case of the previous lemma.

For the “if” part, note that the normal bundle of S : M"~! — S?‘H as
an immersion into the Lorentz sphere is 2-dimensional. Thus, if S induces
a Riemannian metric, then the normal planes are Minkowski, containing at

30) Note that the pullback of the Lorentz metric on ZR;H'Q is by no means (half) invariant under
changes of the homogeneous coordinates of a sphere congruence, in contrast to the pullback by
a light cone map or the pullback by a sphere congruence in Lie sphere geometry, where only
the induced conformal structure is well defined.
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each point exactly two (distinct) null lines (that smoothly depend on the
point); these provide two envelopes of S. N

1.6.11 From these considerations we learn that, in particular, a sphere
congruence can have at most two envelopes.

We close with a definition that emphasizes the “immersion—normal field”
viewpoint on a sphere congruence with an envelope, treating the two maps

symmetrically: Note that (f,S) = 0 implies (df,S) =0 < (f,dS) =0.

1.6.12 Definition. A pair of smooth maps (S, f) : M™ — STt x [+l
that satisfies the enveloping conditions (f,S) = 0 and (df,S) = 0 will be
called a strip.

1.7 Frame formulas and compatibility conditions

There are various possibilities to carry out computations in our model of
Mbbius (differential) geometry. Working with O;(n + 2) acting on R}*2,
we will often use Cartan’s method of moving frames. However, we will not
(as it is often done) stick to some “canonical frame,” but we will rather try
to choose our frames to be adapted to each problem in order to simplify
computations and arguments as much as possible in this framework. In
fact, the definition of “adapted frames” in this section should be understood
as a temporary definition only; it will be convenient in the following two
chapters. However, for other situations other notions may be more suitable.
Thus a central notion will be that of an “adapted frame” for a strip:

1.7.1 Definition. Let (eg,e1,...,6en,€ex) be a pseudo-orthonormal basis of
]R;L“, that is, {e;,e;) = &;; and ep, 00 € {€1,...,en}" are isotropic and
scaled so that (eg,es0) = 1. Further, let (S, f) : M™ 1 — SPH 5 L+ pe
a strip. Then a smooth map F : M™"~ 1 — Oq(n + 2) will be called a frame
for the strip (S, f) if

S =Fe, and [ = Fey.

Moreover, F is called®V)
* S-adapted if Vp € M : d,S(T,M) = span{F(p)e; |1 <i <n —1}, and
* f-adapted if Vp € M : d, f(T,M) = span{F(p)e; |1 <i<n—1}.
1.7.2 Note that our definition of an (adapted) frame depends on various

choices: First, it depends on our model for Mobius geometry, that is, on
the representation of the Mobius group Mob(n) as (doubly covered by) the

31) Note that these conditions force S resp. f to be immersed and of “good” geometric behavior:
S will have two envelopes, or f will be an immersion into the conformal S", respectively.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 57

Lorentz group O1(n+2). In Chapters 4, 6, and 7, other types of frames will
be used as we will use different representations of the Mobius group. Second,
it depends on our choice of using a pseudo-orthonormal basis as the (fixed)
“reference frame”: This is convenient but not necessary; in particular, our
choice for the relative scaling of ey and e, will not always be the best. In
Chapter 4 we will naturally come across a different relative scaling that will
cause the structure equations to look slightly different.

Finally note that we assume the domain manifold (usually just an open
piece of R""!) to be (n — 1)-dimensional. This is a restriction that we
impose here since, in the following two chapters, we are interested only in
treating hypersurfaces. Remember that, in this text, frames are understood
as a convenient tool to carry out computations — nothing more — and that
we will change our view of what an (adapted!) frame is whenever it seems
convenient.

1.7.3 However, there is some geometry attached to a frame that we do not
want to conceal: The maps S; = Fe; : M"~1 — SI‘“, i=1,...,n—1, are
congruences of spheres that intersect S orthogonally in f, and f = Fey is
the map of the second intersection points of the spheres S; and S.

If the frame is f-adapted, then these spheres S;, and so their second
intersection points f, depend3? on the choice of lift f : M™~! — L+ and
the S;’s also depend on the “tangential gauge” of the frame.

If, however, F' is S-adapted, then f is the second envelope of S.

In Figure T.2 we have condensed some of the developed differential geo-
metric terms, extending our table from Figure T.1 in this way.

1.7.4 Compatibility Conditions. Let F' be a frame for a strip (S, f);
denote by ® := F~1dF its connection form,

w11 cee Wi,n—1 —11 w1 X1
P = Wn—-1,1 cer Wn—1n-1 _Q,bnfl Wn—1 Xn-—1 , (11)
Y1 e P 0 WX
—X1 Ce. —Xn—1 —X v 0
—wq . —Wn—1 —Ww 0 —v

where w;; + wj; = 0 since ® € 01(n + 2), and w = 0 since (f,.5) is a strip.

32) 1t should be an instructive exercise for the reader to investigate this dependence; to de-
termine the effect on the connection form of the frame is a nightmare computation that will
provide some additional insight, though — the reader should compare his result with our
transformation formulas from Section P.2.
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Then the Maurer-Cartan equation®®) 0 = d® + %[q; A @] is equivalent to
(i) the Gauss equations

0ij = dwij + ) pwik ANwpy = Vi ANYjFwi AxG+ X Awy,  (1.2)

(ii) the Codazzi equations

dpi + 3 jwig AN = X Aws
dwi + Zj Wij N w; = v N w; (13)
dxi+ ,;wij AX; = YiAX+XiAV,

(iii) and the Ricci equations

0 = Zﬂpi/\wi
dx = Y XiNbi—VAX (1.4)
dv = Y, Xi\wi.

1.7.5 The equivalence is verified by straightforward computation.

In the case where F' is an adapted frame (adapted to S or f) we want to
give some geometric interpretations, for the coefficient forms of ® as well as
for the Gauss-Codazzi-Ricci equations; it should be a worthwhile exercise
for the reader to verify these geometric interpretations:

1.7.6 S-adapted frame (y = 0). The induced metric and second funda-
mental form of the sphere congruence S : M"~! — S?H are given by

I=(dS,dS) =S4 and I = (X, wibi)f + (3, xtbi)f- (1.5

Introducing the dual vector fields v; of the first fundamental forms ¢;, that
is, 1;(v;) = 6;; or, equivalently, dS(v;) = —S;, the Weingarten tensor fields
of S become

Af = Zz ViWw; and Af = Zz ViXi . (16)

The first and second Ricci equations (1.4) then show that Ay and A j are self-
adjoint tensor fields — and are, therefore, diagonalizable by orthonormal
vector fields. The induced covariant derivative is given by

Vvi = — Zj Wij;Vj , (17)

33) For two Lie algebra—valued 1-forms, we define [® A U)(z,y) = [®(x), ¥(y)] — [®(y), ¥(z)];
note that [® A U] is symmetric in ® and ¥ since [.,.] is skew. In the case of a matrix Lie
algebra, where [.,.] is the commutator, we get [® A ®](x,y) = 2® A ®(z,y), where the second
A means matrix multiplication with A for the components.
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and the forms p;; provide its curvature tensor,
R(.,Jvi = 2, 0ijvj - (1.8)
The normal connection V+ of S is given by
Vif=vf and Vif=—-vf, (1.9)
and the normal curvature becomes
RY(,)f=—dvf and RY(,)f=dvf. (1.10)

The third Ricci equation (1.4) then shows that f and f can be normalized
to be parallel normal fields if and only if dv = 0, that is, if and only if the
Weingarten tensor fields Ay and A j can be diagonalized simultaneously.

1.7.7 f-adapted frame (v = 0). Here, the induced metric and second
fundamental form of the immersion f : M"~! — IPJlhL2 into the light cone
(note that we consider f as an immersion into the ambient Minkowski space
in order to make the normal bundle a nondegenerate metric vector bundle)
read

I=%,w? and I=(>,wiy;)S— (>, wixi)f — If. (1.11)

Taking v; to be the dual vector fields of the first fundamental forms w;, that
is, df (v;) = S;, the corresponding Weingarten tensor fields become

Ap == vwi = —id, A;=—=3%,vix;, and Ag =3, v, (1.12)

all three being self-adjoint, as the first and third Ricci equations show. As
before, the w;;’s and g;;’s define the covariant derivative and curvature
tensor of the induced metric; as we will study conformal flatness of hyper-
surfaces using this framework, it will be convenient to express the Weyl
and Schouten tensors, 7;; = w(.,.,v;,v;) and s(.,v;) = 0, in terms of the
occuring forms by

where 0; = >, 05(.,v;) and 0 = >, 0;(v;) give the Ricci tensor and scalar
curvature. The normal connection of f is given by

ViS=—xf V%if=0, and VI:f=yxS5. (1.14)

The second Ricci equation then shows that the normal bundle of f is flat
(dx = 0) if and only if the Weingarten tensors Ag and A 7 commute, that
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is, if and only if they can be diagonalized simultaneously; in that case, the
normal gauge transformation

S—S+af and f—>f—aS—%a2f, (1.15)

where da = x, yields a parallel normal frame for f.

1.7.8 Now suppose that f: M™"™1 — Q" is an immersion into a quadric of
constant curvature, (IC, f) = —1. A canonical choice of an enveloped sphere
congruence is its tangent plane congruence, S : M"~1 — Sf“ N {K}.
Since df,dS 1L IC, S, f, we learn that an adapted frame F' will be adapted to
both f and S at the same time — if f and S are immersed. In particular,

f=5f-K~f-2{K

is M6bius equivalent to f (if kK # 0) or constant (if kK = 0).
Conversely, if there is a x € R such that Sdf —df = 0, then f takes
values in the space Q7! of constant curvature x defined by K := 5 f — f

1.7.9 With this construction in mind, we motivate the definition of a cur-
vature sphere of a hypersurface in the conformal n-sphere:

Let f : M™~1 — Q™ be a hypersurface in a quadric of constant curvature,
and let S : M1 — ST A{KC}1 denote its tangent plane congruence. Note
that S can be interpreted as the Gauss map of f as a hypersurface in Q7
since S(p) € Ty, Q" = {f(p),K}+ for p € M™~1. Then®*

I=(df,df) and Ig=—(df,dS)=1I(., Ag.)

yield the first and second fundamental forms of f as an immersion into Q7.
Now denote by a; the eigenvalues of the Weingarten tensor Ag, that is,

the a;’s are the principal curvatures of f : M"~1 — Q7 and let v; be the

corresponding principal vector fields, so that?®) (Rodrigues’ formula)

(dS + azdf) (Uz) == df(aivi - Asvi) =0.

Then the sphere congruences S; := S+ a; f consist of touching spheres that
have the same (principal) curvature®®) a; = —(S;, K) as the hypersurface in

34) Compare this with (1.11): Since f takes values in Q}., we have x; = §w;, and its (vectorial)
second fundamental form becomes I = IS — I - (f + £f) LK.

35) Here we use that df,dS L f,S,K (see §1.7.8).

36) This formula for the curvature of a hypersphere can be checked by assuming that f locally
parametrizes the (for that purpose constant) hypersphere in @Q7: Let S be a constant sphere
that is parametrized by f; then S = S+ a f as f envelopes S, and 0 = (dS,df) = a I — Ig
shows that a = —(S, K) is the (constant) curvature of S C Q™.
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the corresponding direction: The S;(p) are the “curvature spheres” of f at
f(p), and the S; : M™~ ' — S?*! are the “curvature sphere congruences”
of f.

A characteristic property of these curvature sphere congruences S; is that

becomes isotropic (in fact, parallel to f) for an eigendirection v; of the
Weingarten operator Ag that corresponds to the principal curvature a;.

To see the converse, let S : M1 — S{H'l be a sphere congruence with
a regular envelope f : M™™1 — 8™ so that dS(v) || f for some vector
field v on M™~'. Then we may choose any K € R?*?\ {0} and consider
homogeneous coordinates f : M™~1 — QT into the corresponding quadric
of constant curvature. Now let 7' : M"~1 — SI‘H denote the tangent plane
map of f and write S =T + a f: From

dS = (dT' + adf)(v) + da(v) f || f

we deduce that (dT + adf)(v) L df, so that a is a principal curvature of f
(eigenvalue of Ar) by Rodrigues’ formula.

1.7.10 Definition. A sphere congruence S : M" ! — IRPSJrl with a regu-
lar envelope f : M™~1 — S™ is a curvature sphere congruence of f if, at each
point p € M, there is a direction v € T,M so that d,S(v) € inc[f(p), S(p)].

1.7.11 Clearly, this definition does not depend on any choices of homoge-
neous coordinates for f or S, and the curvature spheres of a hypersurface
(as well as the corresponding curvature directions; cf., §P.6.7) are invariant

under Mobius transformations.3”)

By choosing homogeneous coordinates S : M"~! — S of the sphere

congruence to take values in the Lorentz sphere, we have dS 1 S,so that
the above condition reads dS(v) || f(p). Since also dS L f (the enveloping
condition), the sphere congruence S becomes a curvature sphere congruence
as soon as its induced metric has, at every point p € M"~!, some null
direction: If v is a null vector, |d,S(v)|* = 0, then we have d,S(v) || f(p),
by the enveloping condition.

Usually, we will avoid this situation and assume that the considered

sphere congruences have a nondegenerate (positive definite) induced metric,
as discussed above.

37) Actually, the curvature spheres of a hypersurface are invariant under Lie sphere transfor-
mations (see [66]).
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1.8 Channel hypersurfaces

To conclude this chapter, we discuss channel hypersurfaces as an example®®):

a “channel hypersurface” is the envelope f : I x 8”2 — S™ of a 1-parameter
family S': I — lRPg“L1 of hyperspheres in S™.

1.8.1 We start by discussing channel hypersurfaces from the point of view
of a “sphere curve.” We explicitly do not assume that its envelope is im-
mersed. At the end of the section, we will switch viewpoints and discuss
the notion of a channel hypersurface by considering the (regular) hyper-
surface as the primary object of interest, and we will introduce the notion
of a “branched channel hypersurface” that will become important in the
following chapter.

1.8.2 Not every l-parameter family of spheres possesses such an envelope.
Assuming that f({t} x S"72) is an (n—2)-sphere (as it generally should be),
a necessary condition — since f envelopes S — is that S(t) and S'(t) are
both perpendicular to the Minkowski n-space that defines this (n—2)-sphere
(see Figure T.1). In particular, (S A S’)(t) has to be spacelike, that is, the
tangent line inc[S(t), S'(t)] of S at S(t) should not intersect S C RP"T!.

If we (locally) normalize S to take values in the Lorentz sphere, this is
equivalent to the sphere curve being spacelike, |S’| > 0, since S L S’.

The next lemma shows how to construct the envelope f from the (regular)
sphere curve S and gives an additional condition on S under which the
envelope f is regular:

1.8.3 Lemma. Let S : I — S' be a spacelike sphere curve, |S'|> > 0,
and choose an orthonormal®®) parallel normal frame (Sy, S1,...,Sn_1) for
the sphere curve. Then

oI x S"2 — L (8,9) — f(t,9) == So(t) + 1= 9:Si(t)

envelopes S, and f : {t} x S"72 — S(t) N S'(t) is a diffeomorphism onto
the “generating spheres” S(t) N S'(t) for any fized t € 1.

f is an immersion if and only if all osculating planes inc[S(t), S’ (t), S (t)]
of S intersect S™ transversally.*?)

1.8.4 Proof. f envelopes S since (f,S) =0 and (df,S) = —(f, S'dt) = 0.

38) This will become important, for example, in the context of our discussion of conformally
flat hypersurfaces in the next chapter (compare [61]). See also [124]. A more general notion of
channel hypersurfaces than the one we are going to discuss here was investigated in [6] (cf., [66]).

39) Remember that the scalar products of parallel vector fields along a curve are constant.
“Orthonormal” means: 1 = —[Sy|? = |S;|? and S; L S; for i # j.

40) 1y particular, for f to be regular, the sphere curve has to be curved, that is, S(t), S’(¢),
and S”(t) have to be linearly independent.
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For the rest of the proof we assume, without loss of generality, that S is
parametrized by arc length, |S’|? =
Introducing the curvatures k; := (S”,S;) of the sphere curve S, the

induced metric of f becomes

(dieo) fr Aoy ) = (ro(t) + X000 ka(£)0:)2 dt? + dib? .

Thus, for fixed t € I, f(t,.) : S"72 — {S(t),S'(t)}* is an isometry and
hence a regular parametrization of the generating (n—2)-sphere S(t)NS’(t).

However, f may fail to be an immersion (into S™) because % f(t,9) may
become isotropic for some (¢,%9). By interpreting the forefactor of dt? in
the above formula as the squared inner product of the curvature vector
(=Ko, ..., kn—1) and the isotropic vector (1,91, ...,9,_1) in the Minkowski
space RY, we learn that f induces a positive definite metric (is an immer-
sion) if and only if the curvature vector is timelike, that is, if and only if
|(S + 8")|? < 0 for all t. Thus, in the projective setting, f is an immer-
sion if and only if the osculating planes inc[S,S’, S”](t) of S all intersect
S™ C RP™*! transversally. q

1.8.5 Example. We consider the case of a “planar” curve S : [ — S} of
spheres in S3, that is, the osculating planes inc[S, S, S”] C RP* are a fixed
plane. There are three cases to consider, depending on the signature of the
plane of the curve:

(i) inc[S,S’,S”] intersects S3 transversally (that is, f is an immersion).
Then this intersection yields a fixed circle; by describing that circle
in terms of two fixed, orthogonally intersecting spheres S, S, € SY,
we realize that all spheres S(t) intersect S; and Si, and hence this
circle, orthogonally. Stereographically projecting S — R3 from a
point pos € Si N So, this circle becomes a straight line in R® that
intersects the spheres S of the 1-parameter family orthogonally: The
immersion f becomes a surface of revolution about that circle as an
axis of rotation.

(i) inc[S,S’,S”] touches S? in a point ps,. In this case, all spheres S(t)
contain that point; choosing a (any) fixed sphere S e pol[S, S’, S|
in the polar line of the osculating plane yields another sphere that
contains p., and intersects the spheres S(¢) orthogonally. Stereograph-
ically projecting S® — IR? from p.., we obtain a 1-parameter family of
planes ¢t — S(t) that intersect a fixed plane S orthogonally: f becomes
a cylinder — that fails to be immersed at the point p, at infinity.

(iii) inc[S,S’, "] does not meet S3. Here we consider the two points py and
Poo Of the intersection of the polar line pol[S,S’, S”] of the osculating
plane with S3: The spheres S(t) of our 1-parameter family all contain
both of these points. Stereographically projecting S® — R? from p
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yields a family ¢t — S(¢) of planes that contain py and intersect all
spheres of the pencil inc[py, po| orthogonally; those become concentric
spheres with a common center pg, and f becomes a cone with vertex
po — failing to be immersed at pg and p..

1.8.6 Reverting these arguments, we see that any surface of revolution,
cylinder, or cone is the envelope of a planar sphere curve.*!)

Note that this example can, with minor reformulations, be generalized to
channel hypersurfaces in any S™; we leave this as an exercise to the reader.

1.8.7 As an application of the just-derived classification of channel surfaces
with a planar sphere curve we obtain a Mdbius geometric classification of
Dupin cyclides*? (cf., [217] or [66]), that is, of surfaces that are channel in
two different ways*3):

1.8.8 Classification of Dupin Cyclides. If a surfaces in S® is a channel
surface in two different ways, then it is Mobius equivalent to (part of) a
circular torus of revolution, a circular cylinder, or a circular cone.

1.8.9 Proof. Let S; : I; — St, i = 1,2, denote the two (different) 1-
parameter families of spheres, and let f : I; x I — S2 be their common
envelope. We assume the sphere curves to be curved, that is, S;, S, and
S/ are linearly independent: If one of them was not curved, then it would
describe an elliptic sphere pencil, that is, a fixed circle, so that f would be
highly degenerate.

Since Si(s) and S3(t) touch at f(s,t), the spheres Si(s) and Ss(t) belong
to one parabolic sphere pencil, and Si(s), S2(t), and f(s,t) are (as points
in projective space) collinear:

(S1(s), 52(¢)) =1 and  f(s,t) = Si(s) — S2(t),

up to scale. Consequently, by taking derivatives of (Si(s), S2(t)) with re-
spect to s and ¢, respectively, we find S}, S;" L S, S}, S7 for i # j. In partic-
ular, S L S, so that the generating circles S1(s) N .S{(s) and Sa(t) N S5(¢)
intersect orthogonally in f(s,t) for any choice of (s,t) € I1 x I. Moreover,
because we required the sphere curves S; to be curved so that S; and S/
are linearly independent, we have

inc[S1, 51, S7](s) = pol[S5, SF](t) and inc[Sa, S5, S5](t) = pol[S], SY](s)

41) Compare [8] for an investigation of Mdbius equivariant surfaces; see also [267] and [268].
42) Brom a Lie geometric point of view, all Dupin cyclides are the same (Lie equivalent).

43) Note that a surface in Euclidean 3-space qualifies as a channel surface if and only if one of
its principal curvatures is constant along its curvature lines, as we will discuss at the end of
this section. Thus a surface in Euclidean space is a Dupin cyclide if and only if Weingarten’s
invariant 1-form Q = 0 (see §P.6.5) vanishes.
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for all (s,t) € I; x Is. As a consequence, the osculating planes inc[S;, S;, S/']
of the two sphere curves are fixed.
Now, three cases can occur:

1.8.10 If inc[S1, S, S7] does not intersect S® C RP?, then f stereographi-
cally projects to a cone with the circles S; N S} as its generators; since the
spheres S} belong to the hyperbolic pencil pol[Si, S1,S}] = inc[po, poo] of
spheres with center py in R3 =2 S3\ {po} — which contain the other family
of generating circles S NS, — it is a circular cone.

In homogeneous coordinates: Denote span{S;, S!,S!'} =: E; and choose
a pseudo-orthonormal basis (eq, ez, €3, po, Poo) Of IR3, With (pg, poo) = 1, SO
that Ey = span{ei, ez, es} and Ey = span{es, po,pc}. Since S; L E; for
i # j, we find, up to reparametrization,

Si(s) = sina-[cos(s)e; + sin(s)es] + cosa - e3,
Sa(t) = seca-ez+ \/Lﬁ tana - [e'po — e 'poo),

with some constant a; consequently, f(s,t) = S1(s) — S2(t) becomes a cone
in R = Q3 with p,, as the point at infinity:

f(s,t) =~ e t/2[cosa - (cos(s)e; +sin(s)ez) —sina - e3] — po + e Hpe.

1.8.11 If inc[S1,5],S7] meets S? in a point ps, € S3, then f yields a
cylinder in R? = S\ {po} and its generators S; NS} all contain ps;
since all spheres S}, project to planes (spheres containing p,) that intersect
this cylinder orthogonally and contain the other family of generating circles
Sy NS4, it becomes a circular cylinder.

In homogeneous coordinates: Here Ey = span{eq, €2, po }, with the above
notations; Sp(s) = cos(s)ey + sin(s)es + a(s) po with some function «; and
Sa(t) = crer + coea + (5 + t)es + copo + 2 (t% + Coo)Poo, Without loss of
generality, since S5 L Ey; |S2|?> = 1 and (S, S2) = 1 then yield c3 = 0,

co=—1,co =ct+c3—1, and a(s) = c;cos s + casin s — 1:
S1(s) = cos(s)e; +sin(s)es + (c1coss + casins — 1) poo,
Sa(t) = cier+czea+tes —po+ 22+ 2+ 12— 1)po.

Thus f(s,t) = S1(s) — S2(t) becomes a circular cylinder in R? & Q3:

f(s,t) =~ —[(coss—ci)er + (sins — co)eq — teg]
—po + 3((coss — c1)? + (sins — ¢2)? + t?)poc.

1.8.12 If inc[S1, S, S7] intersects S3 C RP* transversally, we may restrict
ourselves to the case where inc[Sy, S5, S5] also intersects S transversally
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(otherwise we are back to one of the previous cases with the roles of S; and
S, interchanged). Here, f projects to a surface of revolution in R? in two
ways, where the the intersection of the osculating planes inc[S;, S., S/] of
S; with S3 provides the respective axis of revolution; since all spheres S}
contain the axis given by the osculating plane of S;, i # j, f becomes a
circular torus of revolution in either way.

In homogeneous coordinates: Here, we choose an honest orthonormal
basis (eg,e1,...,e4) of R}, 1 = —|eg|? = |e;|* and e; L e; for i # j, such
that we have E; = span{eq,e1,es} and Ey = span{eg, e3,e4}. Then

Si1(s) = sinha-ep+ cosha - [cos(s)e; + sin(s)es],
SQ (t) = _sinlha €0 + Z?ﬁﬁg [COS(t)eg + Sin(t)€4],

with a constant «a, and

f(s,t) =~ eo+ 2mh%leog(s)e; + sin(s)ey] —

cosh a

—alcos(t)es + sin(t)ey]
becomes a Clifford torus in S® =2 Q3 that stereographically projects to a
circular torus of revolution in R? in two ways. N

1.8.13 Note how, in the cases of circular cones and cylinders, the oscu-
lating plane of one of the enveloped sphere curves does not intersect S3
transversally: This corresponds to the envelope being singular at two or
one point(s), that is, two or one of the generating circles degenerates to a
point.

1.8.14 So far we have considered “sphere curves,” dealing with their en-
velopes as derived objects that can be constructed from the curve under
weak regularity assumptions. In the next chapter we will reconsider chan-
nel hypersurfaces in a different context, where the hypersurface will be of
primary interest and the enveloped sphere congruence will be a derived ob-
ject: There, we will not be able (and it will not be desirable, cf., [102]) to
keep the regularity requirements on the enveloped sphere curve. Thus we
will weaken the regularity assumption on the enveloped sphere congruence
while requiring the envelope to be an immersion:

1.8.15 Definition. A regular map f : M"~1 — S™ is called a branched
channel hypersurface if it envelopes a sphere congruence S with rkdS < 1.

1.8.16 To conclude this chapter, we want to prove that a branched chan-
nel hypersurface can be characterized by a slightly weaker condition than
the one given in the definition when the dimension is high enough. This
characterization®®) will turn out to be useful later:

44) Compare [6] or [66].
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1.8.17 Lemma. A spacelike submanifold f : M"~1 — L™t n >4, of the
lightcone defines a branched channel hypersurface if and only if its shape
operators Ag with respect to some spacelike normal field S : M™~ ! — S?H
have tk Ag < 1.

1.8.18 Proof. Clearly, if S is a spacelike normal field (defining a sphere
congruence) with rkdS < 1, then rk Ag < 1.

The converse is a consequence of the Codazzi equations (1.3): Using an
f-adapted frame (cf., §1.7.7), the equations for the 1; read

(VeAs — x(z))y = (V,As — x(y))

when written invariantly. Now, choosing local orthonormal vector fields z, y
in the kerAg distribution, we obtain

dS(y) = —xW)g(z,2)f = 9((VaAs)y = (VyAs)z = x()y, z) f = 0,
showing that we have dS(y) = 0, for y € kerAg. <

1.8.19 A change S — S + af of the normal field (enveloped sphere con-
gruence) with a function a results in a change Ag — Ag — a - id of the
corresponding Weingarten tensor field: (dS,df) — (dS + adf,df).

Thus, a hypersurface in S™, n > 4, is a branched channel hypersurface
as soon as it is “quasi-umbilic,” that is, as soon as the Weingarten tensor
field As — with respect to any enveloped sphere congruence S — has an
eigenvalue of multiplicity n — 2.

1.8.20 Note that the above lemma does not hold in dimension n = 3:
There, the Weingarten tensor fields with respect to a congruence of curva-
ture spheres S (see §1.7.10) have rkAg < n—1—1 = 1 for any surface.
The reason why the above proof fails is the same as the one that made our
definition of hyperspheres fail in dimension n = 2 (cf., §P.7.15): The Co-
dazzi equations cannot be applied to prove that a “totally umbilic” curve is
a circle — because “totally umbilic” is not a condition on curves.
However, it remains true that a surface in the conformal 3-sphere is a
channel surface if it carries one family of circular curvature lines.*®) Namely,
by Joachimsthal’s theorem from §P.7.6, any sphere of the elliptic pencil (cf.,
Figure T.1) that contains the circular curvature line intersects the surface
at a constant angle. In particular, if the sphere touches the surface in one
point of the circle, then it touches along the circle, and hence we find a
1-parameter family of spheres that is enveloped by the surface.

45) If we consider the surface in Euclidean ambient space R, then it has circular curvature
lines if and only if one of its principal curvatures is constant along its curvature lines: Suppose
that the principal curvature a; of the surface f, with unit normal field n, does not vanish; then
the focal point f + a—lln of f is constant along the corresponding curvature line if and only if

a; is.



Chapter 2
Application: Conformally flat hypersurfaces

As a first application of the just-elaborated classical model of Md&bius ge-
ometry we want to study conformally flat hypersurfaces in the conformal
n-sphere. Here, we will consider the (regular) hypersurface as the primary
object of interest and an enveloped (1-parameter) family of spheres as its
“Gauss map,” in contrast to the way we considered channel hypersurfaces
in most of Section 1.8.

Conformally flat hypersurfaces have been a topic of interest for some time.
In [61], E. Cartan gave a complete local classification of conformally flat hy-
persurfaces’) in S™ when n > 5, that is, in the case where conformal flatness
is detected by the vanishing of the Weyl tensor (cf., §P.5.1). Cartan’s re-
sult was reproven several times; we will present a proof close to Cartan’s
original proof to show that any conformally flat hypersurface in dimension
n > 5 is (a piece of) a branched channel hypersurface, using the model
for Mobius geometry developed in the previous chapter. Later, the global
structure of compact conformally flat (submanifolds and) hypersurfaces was
analyzed, showing that the conformal structure has, in general, no global
flat representative (see [199]), deriving restrictions on the intrinsic structure
(cf., [198], [222], [194]), and giving a complete geometric description of their
shape (see [102]; cf., [173]). However, in contrast to the 2-dimensional case
(cf., [124] and [125]), the question of whether a given “classical Schottky
manifold?)” can be immersed conformally seems to be still open (cf., [231]

and [271]).

As indicated earlier, in §P.5.7, the situation seems more complicated in
the case of 3-dimensional conformally flat hypersurfaces in the conformal
4-sphere. Here, the condition for conformal flatness is a third-order system
of partial differential equations for the metric,®) as opposed to the higher
dimensional case where the condition is of second-order (see §P.5.1). It is
not hard to see that branched channel hypersurfaces are conformally flat.
Thus, the remaining (local) problem is to characterize generic conformally
flat hypersurfaces, that is, conformally flat hypersurfaces with three distinct

1 For related results, see also [208], [190], and [195]; for a survey, see [292].

2) This is a conformal manifold that is obtained by removing 2k disjoint round balls from the
round n-sphere and then identifying their boundaries pairwise by means of M&bius transfor-
mations [222].

3) Most approaches to the classification problem are of a local nature; for an entirely different
approach, see [68] and [69].
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principal curvatures.) Cartan [61] gave a rather mysterious characteriza-
tion in terms of the integrability of the “umbilic distributions.” Below we
present his characterization, along with a relation with certain maps into
the symmetric space of circles, “curved flats” (see [112]), which might make
Cartan’s characterization less mysterious since his umbilic distributions turn
out to be exactly the “root distributions” of the curved flat [145]. In fact,
we are going to relate Cartan’s result to the integrability of the “conformal
fundamental forms” of a generic hypersurface — which leads to the notion
of “Guichard nets” [143], a special type of triply orthogonal system.

By constructing the cone, cylinder, or hypersurface of revolution over
a surface of constant Gauss curvature in S3, R3, or H3, respectively, we
obtain examples of generic conformally flat hypersurfaces in the conformal
4-sphere (see [173]). We will discuss the corresponding Guichard nets and
see that they are rather special — showing that these examples do not
provide all conformally flat hypersurfaces in the conformal 4-sphere with
three distinct principal curvatures (see [143]). More explicit examples of
generic conformally flat hypersurfaces that are not of the above type are
given by Y. Suyama in [273].

We will conclude the chapter by discussing a certain class of Guichard
nets, “cyclic Guichard nets,” that lead to families of parallel linear Wein-
garten surfaces in spaces of constant curvature. An interesting feature of
this point of view on linear Weingarten surfaces is that it provides a unified
framework to prove analogs of Bonnet’s theorem on parallel constant mean
and constant Gauss curvature surfaces in space forms (cf., [214] and [146]).

The contents of this chapter are organized as follows:

Section 2.1. We prove Cartan’s theorem that conformally flat hypersurfaces
in ambient dimensions n > 5 are branched channel hypersurfaces. A
notion of a conformal metric for 3-dimensional hypersurfaces in S* is
introduced.

Section 2.2. The notion of a curved flat is introduced, and basic proper-
ties of curved flats are discussed. A relation between conformally flat
hypersurfaces in S*, cyclic systems, and curved flats in the symmetric
space of circles is established. The aforementioned conformal metric for
3-dimensional hypersurfaces is shown to arise naturally from the curved
flat description of conformally flat hypersurfaces.

Section 2.3. The conformal fundamental forms of a 3-dimensional hypersur-
face are introduced, and their integrability is shown to be equivalent to
the conformal flatness of the hypersurface. We discuss to what extent the
conformal fundamental forms determine a conformally flat hypersurface.

4) For an early result, see [118]. Interesting classes of examples may be found in [190].
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Finally, the relation of the conformal fundamental forms with Cartan’s
umbilic distributions is given, and Cartan’s respective characterization
of conformal flatness is discussed.

Section 2.4. Guichard nets are introduced as certain triply orthogonal sys-
tems in (Euclidean) 3-space. Their relation with conformally flat hy-
persurfaces is revealed. Dupin’s classical theorem is obtained as a by-
product (a more general version of this theorem will be proved in Chapter
8), and Lamé’s equations are derived for later use. Various examples of
3-dimensional conformally flat hypersurfaces are given, and the geome-
try of their Guichard nets is investigated.

Section 2.5. The geometry of cyclic systems (normal congruences of circles)
and of the triply orthogonal system given by a cyclic system are inves-
tigated. It is shown that any Guichard cyclic system is a normal line
congruence in some space of constant curvature.

Section 2.6. Continuing the line of thought from the previous section, it is
proved here that the orthogonal surfaces of a Guichard cyclic system are
parallel linear Weingarten surfaces in a space form and, conversely, that
any such family of surfaces gives rise to a Guichard cyclic system.

Section 2.7. Bonnet’s classical theorem on parallel surfaces of constant
Gaussian and constant mean curvature in Euclidean space is obtained
as a consequence of the previous discussions on Guichard cyclic systems.

Remark. The reading of this chapter requires familiarity with the classical

model of M6bius geometry presented in Chapter 1.

2.1 Cartan’s theorem

In this section we will present Cartan’s local classification result for confor-
mally flat hypersurfaces in S, n > 5. Our proof will be very similar to the
original proof by Cartan [61]. Because we are interested in the geometry of
the hypersurface, we will work with an f-adapted frame of a hypersurface
fiM=t — S™ (cf., §1.7.7).

We start by discussing the conformal flatness of channel hypersurfaces:

2.1.1 Example. Any branched channel hypersurface is conformally flat.

2.1.2 Proof. Denote by S the enveloped sphere congruence that character-
izes f as a branched channel hypersurface, that is, rkdS < 1. Further, let
F:M" ! — O1(n+2) be an f-adapted frame for the strip (S, f). For the
components of the connection form (1.1) of F, the assumption rkdS < 1
implies that 1; A¢; = 0 and ¥; A x = 0 for all ¢,j (recall that, for an f-
adapted frame, w = v = 0). Consequently, the Gauss equations (1.2) reduce
to 0ij = Xi Aw; +w; A xj, that is, the Schouten forms, o; = x; (cf., §P.3.2),
and the Weyl tensor vanishes, n;; = 0.
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Thus, for n > 5, we are done: A branched channel hypersurface is con-
formally flat by the Weyl-Schouten theorem §P.5.1.

For n = 4 (the case n = 3 is not interesting, anyway; see §P.4.6), the Weyl
tensor always vanishes, and the condition for conformal flatness becomes
that the Schouten tensor be a Codazzi tensor (see §P.5.1). Here, we employ
the Codazzi equations (1.3) for x; to obtain do; + > wi; A o; = 0, that is,
conformal flatness in this case also. N

2.1.3 In order to prove the converse, we first state a lemma — that is the
key to other interesting results, too. Cartan’s classification will then be an
immediate consequence.

2.1.4 Lemma. If f: M" ! — ]R;“LQ, n >4, is a flat spacelike itmmersion
with values in the light cone — a flat lift of a conformally flat hypersurface
in S™ — then f has flat normal bundle (as an immersion into R? 2 ).

2.1.5 Proof. Let F be an f-adapted frame with connection form ®. Sup-
pose (cf., §1.7.7) that the dual vector fields v; of w; diagonalize the Wein-
garten tensor field Ag, that is, that we have {1 = a;w; with suitable func-
tions a;. With the ansatz x; = — ), b;jw;, the Gauss equation (1.2) then
yields

0= a;a; — bm — bjj and 0= bij (2.1)

for i # j. In particular, x; = —b;;w;, so that A jis also diagonal; hence the
second Ricci equation (1.4) shows that the normal bundle of f is flat. <

2.1.6 Now let i, j, k,[ be pairwise distinct indices. From (2.1) we deduce
(a; —ar)(a; —ar) = (bis + bjj) — (bii +by) — (brk + bj5) + (brr + bu) = 0.

Hence n — 2 of the a;’s coincide: as = ... = a,_1, without loss of generality.
Then rk Ag < 1 for the sphere congruence S:=S+ayf (cf., (1.15)), so that
our lemma from §1.8.17 tells us that f is a branched channel hypersurface.

Since we can have four pairwise distinct indices i, j, k,l € {1,...,n—1} as
soon as n > 5, we have just proved a theorem by Cartan [61] (see also [252]):

2.1.7 Theorem (Cartan). If f : M™ ! — 8" n > 5, is a conformally
flat tmmersion, then f is a branched channel hypersurface.

2.1.8 For n =4, Cartan [61] introduces the tensor B := 2?21 vi(05 — Xi)-
As the Weyl tensor vanishes, 0;; = 0; A wj + w; A 0, the Gauss equations
(1.2) then imply that the coefficients b;; of B satisfy (2.1) when working with
a principal f-adapted frame, that is, ¥; = a;w;, as above. Consequently,
2b;; = a;a; + a;ar — ajai for pairwise distinct indices 4, j, k € {1,2,3} or,
written in an invariant way,

B = (trAg - Ag — A%) — L((trAg)? — trA2)id. (2.2)

1
1
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This formula now holds for any light cone lift (choice of homogeneous coor-
dinates) of an immersion f : M3 — S because the induced curvature has
been built in — in contrast to the above reasoning, where we chose a flat
lift.

2.1.9 Obviously, the Cartan tensor B has the same eigendirections as Ag,
and the induced metric of f is conformally flat, that is, the Schouten tensor
is a Codazzi tensor, if and only if B satisfies

(VaB — x(x)As)y = (VyB — x(y)As)x (2.3)
<~ (VxB — Asvas)y = (VyB — AsvyAs):L', '

since dO’i + ijij /\O'j =0« d(O‘Z - X,) + ijij VAN (O'j - Xz) = X/\wz‘ by
(1.3) for an f-adapted frame F'; the equivalence with the second equation
is a consequence of the Codazzi equations, again.

For example, for an immersion f : M3 — Q% into a space of constant
curvature, y = 0 so that the Schouten tensor is Codazzi if and only if the
Cartan tensor is.

2.1.10 Also note that the Cartan tensor is not invariant under “admissible
changes” (f,S) +— (e f,S + af) of the strip (f,S). By (2.2), the transfor-
mation behavior of B is determined by that of Ag. Namely,

(df, df) > €>*(df,df) and (df,dS) > " (df,dS + adf)
implies that the Weingarten tensor
As—e“(As—a-id) = B +— e ?(B—a-Ag+1a®-id). (2.4)

Thus B — 1A% — e7 (B — $ A%), so that I(., (B — $A%).) defines a scalar
product that is invariant under such admissible changes:

2.1.11 Definition. The scalar product C := I(., (2B — A%).) will be called
the conformal metric of an immersion f : M3 — S* into the conformal
4-sphere.

2.1.12 By choosing f : M3 — Q% to take values in a space of constant
curvature, S can be chosen to be the tangent plane map of f, that is, its
unit normal field in Q%, so that Ag will be the usual Weingarten tensor field
of a hypersurface in a space form.

Before analyzing this conformal metric C' further, let us see how it arises
in another context.
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2.2 Curved flats

In this section we want to examine some consequences of the lemma in §2.1.4
for 3-dimensional conformally flat hypersurfaces. Thus, let f : M3 — L5 be
a (local: remember that such flat lifts usually do not exist globally [199]) flat
lift of a conformally flat hypersurface in the conformal 4-sphere. Then we
learned that, besides the tangent bundle, the normal bundle of f : M3 — RS
is a flat subbundle of f*T'R{ also.

2.2.1 The “generalized Gauss map” « of any immersion f : M3 — L°® with
spacelike tangent planes,

v M? - G+(6,3)7
p +— (p):=span{d,f(T,M)},

provides a map® into the Grassmannian of spacelike 3-planes in RS, that
is, into the space of circles in S* (see Figure T.1). Its target space

G.(6,3) = 01(6)/K, where K :=0(3)x 04(3),

(2.5)

is a reductive homogeneous space (cf., [209]): The Lie algebra o1 (6) of O1(6)
has a symmetric decomposition 01(6) = € @ p, where £ = 0(3) @ 01(3) is the
isotropy algebra and p is a complementary subspace, so that

[e,¢) C e, [t&,p]Cp, and [p,p] CEL (2.6)

2.2.2 Now, by taking v to be the generalized Gauss map of a flat spacelike
immersion f : M3 — L5 and F : M3 — O;(6) a lift of v with connection
form® & = @+ ®,, the Gauss and Ricci equations, (1.2) and (1.4), decom-
pose — since both bundles, y(M) — M as well as v (M) — M, are flat,

we have in addition to the Gauss-Ricci and Codazzi equations,”
0 = dPp+ 5[0 A De] + 5[0y A D] 2.7)
0 = do,+ [P A D], '

the integrability®) of the form ®g: 0 = dPe + %[(IJE A ®¢| or, equivalently,

5) Note that this generalized Gauss map does depend on the lift of an immersion f : M3 — §4
into the conformal 4-sphere: It is not a well-defined notion in Md&bius geometry.

6) In our setup from §1.7.4, this symmetric decomposition of ® will be decomposition into
diagonal and off-diagonal blocks in (1.1).

7) For the definition of the product [® A ®], see Footnote 1.33; note that, by (2.6), the Maurer-
Cartan equation splits into a ¢-part and a p-part.

8) This means that F' can be chosen to provide parallel basis fields for both bundles: If H
is a solution of H1dH = ®, then the gauge transformation F — FH ! causes ®¢ — 0 to
vanish, that is, the derivatives of sections Fe; of one bundle take values in the other bundle.
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This last condition makes the generalized Gauss map ~ of our flat light cone
immersion qualify as a “curved flat”:

2.2.3 Definition. A map v : M™ — G/K into a reductive homogeneous
space G/K is called a curved flat if [Py A @] = 0, where F': M™ — G is

any lift of v and
FUdF=d=0;+®,: TM —g=t®p

s the ¥ & p-decomposition of its connection form.

2.2.4 Note that the condition [®, A ®,] = 0 to be a curved flat does not
independ on the lift (frame) F' : M™ — G of v : M™ — G/K. When
computing the effect of a gauge transformation (change of frame) F' — FH
on the connection form ® = F~'dF, where H : M™ — K a is a map into
the isotropy group K, we find

®p — Ady®e + H'dH and &, — Ady®,.

Hence, the notion of curved flat is a well-defined notion for maps into the
reductive homogeneous space.

2.2.5 Geometrically, the curved flat condition says that ®,(7,M) is, at
every point p € M, an abelian subalgebra of p. Identifying dy with &,
(cf., [44]), this means that, in case the ambient space G/K is a symmetric
space, 7 is tangent to a “flat,” that is, to a totally geodesic flat submanifold
of the ambient space (see [140]).

Otherwise said, ~ is an envelope of a congruence of flats (cf., [112]).

2.2.6 Clearly, by the Gauss equations (1.2), the induced metric of a space-
like light cone immersion f : M3 — L5 is flat as soon as its generalized
Gauss map 7 is a curved flat (in the space of circles). Together with §2.1.4,
this gives us the converse of our above assertion, and we have the following
lemma®):

2.2.7 Lemma. A light cone representative f : M — L° of an immersion
into the conformal 4-sphere is flat if and only if its generalized Gauss map
18 a curved flat.

2.2.8 Trying to reconstruct the light cone map f : M2 — L5 from the
associated curved flat v, we encounter a problem: Any parallel isotropic
section f : M3 — L° of the bundle y-(M) — M has ~ as its generalized

9) That, in view of the lemma in §2.1.4, is true in any dimension (cf., [145]); however, here
we restrict our attention to the 3-dimensional case n = 4.
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Gauss map. In terms of parallel, pseudo-orthonormal'® basis fields (S, f, f )
of the bundle, we obtain a 2-parameter family

(rot) = frai=r- (D5 (f = ) + 25(f + Pcost + Ssint)

of parallel isotropic sections. Here, the first parameter r is just (constant)
scaling of the section and, as such, geometrically not interesting. Thus, we
are left with essentially a circle’s worth of light cone maps that share (if
they are immersed) the generalized Gauss map 7.

2.2.9 And indeed, in terms of Mobius geometry, a map v : M3 — G, (6,3)
into G4 (6,3) can be interpreted as a congruence of circles: At any point,
y(p) is a circle in S* (see Figure T.1). Moreover, each circle y(p) in-
tersects f(M) in f(p) orthogonally: When choosing an f-adapted frame
F = (51,52,55,9, f, f), any circle vy(p) is the intersection of the spheres
S1(p), Sa(p), and S3(p) that intersect S(p) orthogonally in f(p) (and f(p)),
as discussed in §1.7.3; but, S(p) touches f(M) in f(p) by the enveloping
condition, so that the circle v(p) intersects f(M) orthogonally in f(p).

2.2.10 Moreover, using the above parametrization for the circles, it is an
easy exercise to show that, when S, f, and f are parallel sections of v+, the
maps

fr = Z5(f = /) + J5(f + f)cost + Ssint (2.9)

envelope the sphere congruences
St:—\/iﬁ(f—i—f)sint—l—Scost. (2.10)

Since all spheres S;(p) intersect the circles y(p) orthogonally in fi(p), the
maps f; represent (if they do not degenerate) hypersurfaces in the conformal
4-sphere that intersect the circles of the congruence ~ orthogonally.'!)

Hence we have identified the congruence v : M3 — G (6, 3) of circles as
a “cyclic system” (cf., [79]):

2.2.11 Definition. 4 map v: M" 1 — G (n+2,n— 1) into the space of
circles in the conformal S™ is called a cyclic system, or normal congruence
of circles, if there is a 1-parameter family of hypersurfaces fy : M"~1 — S
that intersect all circles orthogonally.

10) Remember that the scalar products of parallel sections are constant as soon as the connec-
tion on the bundle is compatible with the metric.

11) Note that this is a Mobius geometric generalization of the family of parallel hypersurfaces
in the metric geometries.
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2.2.12 Thus, given a curved flat v : M3® — G, (6, 3), there is a 1-parameter
family of light cone maps'? f, : M® — L that have, if they are immersed,
~ as their generalized Gauss map and induce a flat metric: This is an
immediate consequence of the lemma in §2.2.7.

We summarize our discussions in the following theorem (cf., [39]):

2.2.13 Theorem. Given a conformally flat hypersurface, the generalized
Gauss map of any flat light cone lift is a curved flat.

Conversely, any curved flat gives rise to light cone lifts of a 1-parameter
family of maps into the conformal 4-sphere; when such a map is immersed ')
it is a flat lift of a conformally flat hypersurface in S* with the curved flat
as its generalized Gauss map.

2.2.14 Note that the curved flat that we can associate to a conformally
flat hypersurface is only locally defined (as flat light cone lifts usually do
only exist locally [199]), and it is not unique. Consequently, the Md&bius
geometric construction that comes from it also is local and not unique (cf.,
[145]):

2.2.15 Corollary. Any conformally flat hypersurface is (locally) an or-
thogonal hypersurface to a cyclic system with all of its orthogonal hypersur-
faces being conformally flat; this cyclic system is not unique.

2.2.16 Example. From §2.1.1, we know that (branched) channel hyper-
surfaces are conformally flat. Thus, suppose f : M3 — L5 is a flat lift of a
channel hypersurface and S : M? — S7 is the enveloped 1-parameter family
of spheres — for simplicity, we exclude umbilics on the hypersurface, so
that rkdS = 1. Consequently, the corresponding Weingarten tensor Ag has
a 2-dimensional kernel, and we may (locally) choose an f-adapted frame
such that, in the connection form (1.1), ¥ = b3 = 0. As usual, we analyze
the integrability conditions and then interpret the results geometrically:

By the Gauss equations (1.2), x; =0, i = 1,2, 3, and the Ricci equations
(1.4) yield 11 = aw; with a nonvanishing function a # 0, and dxy = 0.
Further, 0 = aw; A x and d(aw;) = x Aw; = 0 by the Codazzi equations
(1.3). This last assertion gives us the integrability of the distribution wy = 0,
that is, locally aw; = ds; moreover, dy = 0 and xyAds = 0 tell us that y = db
with a function b = b(s).

12) As for parallel hypersurfaces in the metric geometries, regularity of the f;’s depends on
“curvature quantities,” that is, on the quantities arising in the connection form (1.1). However,
if f = fo is regular, then the maps f; are (locally) regular for small ¢.

13) By using the normal form for ®, given by the Cartan-Moore lemma [197] it can be shown
that, under certain regularity conditions on the curved flat, there are always immersions among
these maps; cf., [112] and [142], [145].
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Since df =S5 x and x Aw; = 0, the point map f is constant along the
foliating 2-sphere (pieces) wy = 0 of the channel hypersurface — just as the
enveloped 1-parameter family of S hyperspheres is. Hence, all circles of the
normal congruence (given by the curved flat associated to the flat lift f)
that intersect in a fixed foliating 2-sphere are perpendicular to all spheres
of the parabolic pencil given by S(s) and f(s) € S(s). In particular, all
circles pass through the fixed point f(s). In order to obtain the family (f;):
of conformally flat hypersurfaces orthogonal to this cyclic system, we apply
a normal gauge transformation

S—S+bf and f— f—bS—L102f

(cf., (1.15): this yields a parallel normal frame for the cyclic system) and use
the parametrization (2.9): With g;(b) := (14 cost) + bsint + 1b*(1 — cost),
we obtain

fo=oib) F + J5gi(6)S — Lgl(b) f.

It is then easily checked that S; := S — zigzg f provides, for each t, a 1-
parameter family of spheres that, of course, belong to the parabolic pencils
spanned by S and f and that is enveloped by f;: By the definition of S;

we have (S, fi) = 0, and the enveloping condition (S}, f;) = 0 follows with

(S, f'y = —(S', f) = V' since g]2(b) = 24/ (b)ge(b), so that (gzg’g)/ — _Zi((zf)) b

Consequently, all of the orthogonal hypersurfaces of our cyclic system are
channel hypersurfaces also.

2.2.17 Finally, we want to see how the conformal metric C' that we defined
before, in §2.1.11, arises in the curved flat theory.

Supplying the space G (6, 3) of circles with the Killing metric, it becomes
a pseudo-Riemannian symmetric space with O1(6) acting on G4(6,3) by
isometries. The Killing metric on G4(6,3) = WQ(S) is just a multiple
of the trace form p x p 5 (X,Y) — trXY € R (see [140]); hence the metric
induced by v becomes a multiple of tr CIDg.

Now, let v be the generalized Gauss map of a flat light cone lift of a
conformally flat hypersurface in S*. Assuming that the lift F' of v is an
f-adapted frame for the flat light cone map f : M3 — L5 such that the
Weingarten tensor field Ag with respect to S = Fey is diagonal, 1; = a,;w;
(cf., §1.7.7), we saw in (2.1) that x; = —bjw; with b; + b; = a;a;. Thus we
recover a multiple of our conformal metric from §2.1.11:

Str®2 =3, (2b; — af)w? = C.
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2.3 The conformal fundamental forms

Next we want to analyze the condition (2.3), on the Cartan tensor B, for
conformal flatness further. We are interested in “generic hypersurfaces” of
the conformal 4-sphere, that is, hypersurfaces with three distinct principal
curvatures — if two principal curvatures coincide, then the hypersurface
is a channel hypersurface (cf., §1.8.17f) that we already detected to be
conformally flat in §2.1.1. Thus we will restrict our attention to the case
where the Weingarten operator of any lift f : M3 — L® of a hypersurface
with respect to a (any) enveloped sphere congruence S : M3 — S} has three
distinct eigenvalues.

2.3.1 Let F': M3 — O1(6) denote an f-adapted frame for a strip (f,S),
where f is generic. Then, we can (locally) choose the frame to diagonalize
the Weingarten tensor field Ag of f with respect to S, that is, ¥; = a;w;.
Thus, with the dual vector fields v; of the w;, the Weingarten and Cartan
tensors take the forms

As =) via;w; and B =) v;bjw;,
where, as in §2.1.8, we have 2b; = a;a; + a;ar — aja; for pairwise distinct
indices i, j, k and the a;’s are the eigenvalues of the Weingarten tensor Ag.
2.3.2 Now the second equation in (2.3) detecting conformal flatness reads
0 = d(blwz) + Ej Wij A (bjwj) — a; [d(a@wz) + Zj Wij A ((ijj‘)]
(dbz — aidai) N w; + ZZ(—QbZ + GZZ + bz + bj — aiaj)wij N Wj

V2b; — a2 - d(+/2b; — a2 w;),
(2.11)

where the second equality relies on the second of the Codazzi equations
(1.3) and the last equality uses (2.2) in addition.
Hence, we have proved the following:

2.3.3 Lemma and Definition. A generic hypersurface f : M> — S* is
conformally flat if and only if the 1-forms'®

V(a3 —a1)/(a1 — az) wy

Y = 1/2b; —a?w; = ¢ /(a1 — a2)\/(a2 — a3) wy (2.12)
V(a2 —az)y/(az — a1) wy

are closed.
We call the forms ~; the “conformal fundamental forms” of the hyper-
surface.

14) There is always a choice of signs for the roots that makes the second equality hold; see the
following paragraph.
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2.3.4 These conformal fundamental forms are, up to sign, well-defined ge-
ometric objects: For example, because we have > . ~? = I(., (2B — A%).),
they can be described as the dual forms of the principal vector fields v; on
M that are normalized to be unit vector fields with respect to the conformal
metric C of f (see §2.1.11).

Clearly, if two principal curvatures of f coincide, then two of the con-
formal fundamental forms vanish; on the other hand, if f is generic, then
the conformal fundamental forms do not vanish and the conformal metric
is nondegenerate.

However, note that (independent of the order of the a;) only one of the
conformal fundamental forms, say 7, is real-valued, whereas the other two
are imaginary, v3,7y1 : TM — ¢R. Hence the conformal metric C of a
generic hypersurface f : M3 — S4 has the signature (+ — —).

2.3.5 Our conformal fundamental forms are a variant of Wang’s invariant
differential forms 6; [296]: Introducing the functions l; by w; = l;;, we have

z z z
01 = =27, 0= -, and 03 =—7l9s.

Since two of the forms ~; take values in the imaginary complex numbers so
do two of the functions [/;; as a consequence, the forms 6; are real-valued.
An easy computation yields l%gl + Z%SQ + 135’3 = 0, where S, =8+ a; f
denotes the curvature spheres of f (cf., §1.7.10). Multiplication with —l%

3
then gives

WS +(1-W)S,—S3=0, where W := —ﬁ— = e
denotes Wang’s “Mobius curvature” — which is conformally invariant up
to rearranging indices. Note that the ratios of the functions [; are invari-
ant, whereas the functions themselves are not. In his paper [296], Wang
gives a fundamental theorem: The invariants W and 6;, i = 1,2, 3, form a
complete set of invariants, that is, they determine a 3-dimensional generic
hypersurface uniquely up to a Mobius transformation.'®

2.3.6 However, we are interested in a weaker version of such a funda-
mental theorem — restricting attention to conformally flat hypersurfaces
(cf., [143]).

First, we want to determine how far a flat light cone lift f : M3 — L°
of a generic conformally flat hypersurface is determined by its conformal
fundamental forms and the functions'® [; or, equivalently, by its induced

15) 1y fact, he also formulates an existence theorem: Given W and 6;, i = 1,2, 3, that satisfy
certain equations, there exists a generic hypersurface with these invariants.

16) Note that the Mébius curvature W determines the functions l; up to a common factor,
that is, it determines a conformal class of metrics for f.
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metric I = Y. 127?. To do so, we will study how unique the connection
form ® of an f-adapted frame in terms of principal directions is, using the
integrability conditions.

Then, we will extract the remaining integrability conditions in terms of
the functions /;. This will provide us with necessary and sufficient conditions
on a set of (closed) forms «; and a set of functions I;, defined on some
manifold M3, to (locally) define a flat light cone immersion f : M3 — L5
with the v;’s as conformal fundamental forms and ) _,[?+7? as its induced
metric.

Later, in the next section, we will then use these more technical results
to formulate a fundamental-like theorem for generic conformally flat hyper-

surfaces in the conformal 4-sphere.

2.3.7 Thus, let ® : TM?3 — 01(6) be the connection form of an f-adapted
frame F' : M3 — O1(6) for a given flat light cone lift f : M3 — L5 of a
conformally flat hypersurface with conformal fundamental forms ;. In order
to make the frame F' unique, we require the sphere congruence S = Fe4 to be
the central sphere congruence of f, that is, we require trAg = 0. Moreover,
because we restrict our attention to generic hypersurfaces, we may assume
that F' is a principal frame for f, so that the S; = Fe;, 1 = 1,2, 3, yield
principal directions for the strip (f,S), that is, Ag is diagonal: ¥; = a;w;
with the “principal curvatures” a; of f with respect to S. Let [;, 1 =1,2,3,
be functions with w; = ;7;.

Since the ~;’s ought to be the conformal fundamental forms of our con-
formally flat hypersurface, we have to have (2.12), which gives us

al—agzlf—?Q, az—agzli—%, and ag—alzlé—%l. (2.13)

This determines'” the a; up to an additive function a. Investing the as-
sumption that S be the central sphere congruence of f, a1 + as + a3 = 0,
we obtain:

51

(s — 1), a3 =505 —57). (2.14)

1 Tals
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Flatness of the induced metric then allows us to uniquely determine the
forms x;: Asin (2.1), the Gauss equation (1.2) yields

Xi = —bjw; with b; = %(aiaj + a;ar — ajag), (2.15)

where 1, j, k are pairwise distinct indices. Using the fact that the conformal
fundamental forms are closed, dvy; = 0, the components w;; of the covariant

17) Here, we want to disregard the sign ambiguity of the conformal fundamental forms ~;; this
effects the sign of the I; and, consequently, the simultaneous sign of the a;.
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derivative can be determined from the second of the Codazzi equations (1.3),
for the w; = ;7;. We find

wij = kijwj —kjw; with  kj; = —52, (2.16)

where 9; denotes the directional derivatives, d;u = du(v;), with the dual
vector fields v; of the w; when v denotes some function. Then the Codazzi
equations for the v; = a;w; read

X Nw; = d(aiwi) + Zj Wij N (ajwj) = [dal — Zj kji(ai — aj)wj] N Wsis
(2.17)
this (over)determines the form x: By writing x in terms of the basis forms
w;, we obtain two equations for each coefficient.
To summarize, we formulate the following:

2.3.8 Lemma. A flat light cone representative of a generic conformally flat
hypersurface is uniquely determined (up to Lorentz transformation) by the
conformal fundamental forms and the function triplet (11,l2,13) that relates
the conformal metric C' to the (flat) induced metric I.

In particular, the corresponding generic conformally flat hypersurface is
determined up to Mobius transformation.

2.3.9 Now we turn to the converse: Suppose we are given three closed,
linearly independent forms ~;, ¢« = 1,2,3, two of which take values in ¢R
and the remaining takes values in IR, along with three functions [;, so that:
(i) the three forms w; := l;7; are real-valued,

(ii) >°,1? =0, and

(iii) the metric I := )", w? is flat.

The problem is to determine a flat light cone lift, with induced metric I, of
a generic conformally flat hypersurface such that the ~;’s are its conformal
fundamental forms.

The idea is to define the connection form ® of the previously discussed
f-adapted frame F' and to determine conditions on the [;’s and, possibly,
the forms 7; that ensure that ® is integrable. Thus, let the components (cf.,
(1.1)) of ® be defined by the above equations (2.14), (2.15), and (2.16), and
let x be defined through (2.17). However, for the definition of x, we have
to check that the two equations for each coefficient are compatible, that is,

x(v1) : Oraz — ki2(az —a1) = 0Oraz — kiz(az — a1),
X(’Ug) . 82(13 — k23(a3 — az) = (92(11 — kgl(al — az), (2.18)
X(’Ug) . 83&1 — ]Cgl(al — CL3) = 83a2 — kgg(ag — a3).

But, using (2.13) — which follows from (2.14) — the set of three equations
is shown to be equivalent to ﬁ(lldll + lodls + l3dl3) = 0, which holds
since >, 1?2 = 0. Hence x can consistently be defined by (2.17).
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Now we check the integrability conditions:

e The Codazzi equations (1.3) for w; hold by definition (2.16) of the forms
w;j to provide the components of the Levi-Civita connection of I.

e The Codazzi equations for v; hold by the definition of y, as we just
discussed.

e The Codazzi equations for x; reduce, by the computation (2.11) (which
uses the definition of the x; and the Codazzi equations for the w;), to
the Codazzi equations for the 1; together with dv; = 0.

e The Gauss equation (1.2) holds, on one hand because of the definition of
the x; and, on the other hand since we required the metric I = >, w?
to be flat, g;; = 0 (cf., §1.7.7: note that the forms w;; do indeed
provide the components of the Levi-Civita connection of I by their
definition'®)).

e The Ricci equations (1.4) hold as soon as dxy = 0: This will be a
straightforward computation — after some preparation:

2.3.10 First, we will need the Lie brackets of the dual vector fields v; of
the basis forms w;: wi([vs,v;]) = —dwi (v, v;) = kirwi(v;) — kjrwi(v;) by
(1.3), so that we obtain

[Ui, Uj] = kijvj — kjﬂ)i. (219)
As in §2.1.4, we will also use the flatness of the induced metric. To make

this fact accessible to us, we compute 0 = 0;; = dw;; +w;i Awy; for pairwise
distinct indices 4, j, k (cf., §1.7.7). This yields Lamé’s equations (cf., [248]):

Oskia = ksa(ki2 — ki3), O3kar = ksi(ka1 — ka3),
O1kas = kis(kas — ka21), O1kss = kia(ksa — ks1),
Ocks1 = koi(ks1 — ks2), Ookis = kos(kis — ki2),
(2.20)
Or1k12 + Ookor = kiy+ k3, + k31ksa,
Ookos + Osksa = k3g + k3y + ki2ki3,
Dsks1 + Okis =  k3y + k35 + kaskor.

2.3.11 Another formula that will prove to be useful is obtained by using
> i ljz = 0: For pairwise distinct indices i, j, k, we derive

Ly = bodhy b dy
d(ljlk> T Ll e + Lily 1 (221)
18) Defining a connection by Vv; = —%;w;;v;, the skew-symmetry w;; +wj; = 0 provides com-

patibility with the metric, and the Codazzi equations (1.3) for the w; yield that the connection
is torsion-free; compare the following paragraph.
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Now we are prepared to check dx = 0. By cross differentiating the terms
from (2.18), we compute

O1x(v2) — Oox(v1) = 010203 + (a2 — a3)01kas + k2301 (a2 — a3)
—0201a3 + (az — a1)02k13 + ki302(as — a1)
= ki202a3 — k210103
+(az — az)ki3(kaz — ka1)
—kas[(az — a1)kiz + (a1 — a2)ki2]
+(asz — a1)kaz(kiz — ki2)
—ki3[(a1 — a2)ka1 + (a2 — ag)kas]
= k12[82a3+k23(a2 - a3)] - k21[31613—k13(a3 - Gl)]
ki2x(v2) — ka1 x(v1)
= X([vl,vQ])v

where we use (2.19) for the second and last equations, and the second also
uses (2.20) and (2.21). The other two terms are obtained by cyclic rotation
of indices because all of the facts that we used remain valid under cyclic
permutations of indices. Thus we have proved:

2.3.12 Lemma. Given three closed, linearly independent forms ~;, one
with values in R and two with values in iR, and three functions l; such that

ii=1ly : TM — R, Y% 12=0, and I::Z L 1297 is flat,

Jj=1 J

there exists a flat light cone lift, with induced metric I, of a generic con-
formally flat hypersurface such that the v;’s are its conformal fundamental
forms.

2.3.13 Before turning to a geometric application of the two lemmas that
we just proved, let us mention another observation, which links the confor-
mal fundamental forms §2.3.3 to the geometry of a hypersurface: The six
distributions v; & v; = 0 are exactly Cartan’s “umbilic distributions” (see
[61]). Namely, for example, for i = 1 and j = 2, let

Vas—as Vas—aq )
Vaz— CL1 1+ Vaz—ax v2)

vi=wv3 and w:=1(

where, as before, the v;’s denote the dual basis fields of the w;, that is,
the v;’s are principal basis fields that are orthonormal with respect to the
induced metric I of f : M3 — L5. A straightforward computation shows
that v and w form orthonormal (with respect to I) basis fields for the
distribution v; £ v, = 0 and that'?) Tg(v,v) = Is(w,w) = as. Hence, the

19) Here I s = —(dS, df) denotes the (real-valued) second fundamental form of f with respect
to S as a unit normal field (cf., §1.7.7).
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planes v £ 72 = 0 intersect the Dupin indicatrix (curvature ellipsoid) of f
(with respect to S) in circles.

2.3.14 Consequently, from the lemma in §2.3.3, half of Cartan’s charac-
terization of 3-dimensional conformally flat hypersurfaces [61] follows: If a
generic hypersurface is conformally flat, then the six umbilic distributions
are integrable.

To see the converse, first note that the integrability of the umbilic distri-
butions implies the integrability of the distributions v; = 0: If

0=d(vi £75) A (i £75) = (dyi Avi +dyg Ayg) £ (dyi Ay + dyg Avi)

for i # j, then dvy; Ay; = 0 for i = 1,2,3. Thus dvy; A~ + dy; A~ =0 for
any choice of indices i,7 € {1,2,3}. By employing the Codazzi equations
(1.3) for the forms w; = l;7;, we have l;dvy; = —”ﬁ—lj Aw; — Zj wij Aw;. When
writing the w;;’s in terms of the basis forms w;, w;; = kijjw; — kjiw; + sijwi
with k # 4, j, we obtain

lidyr = (s12 — 513)wa A w3z — (a?—lll + k31)ws A wr + (812111 + ko1)wr A wa,
lgd”yg = (8%2 + kgg)wg N ws + (823 — 821)W3 Nwp — (8;;2 + klg)wl N wa,
lsdys = —(8%3 -+ kzg)wg N ws + (6;;3 + klg)w;), Nwi + (331 — 832)w1 A wag.

Now d”}/z /\’71' =0 implies S§12 = 8§13 = —831 = —S832 — §923 = S21 — —S12 and,
consequently, s;; = 0. From dv; A v; + dvy; A~; = 0 we then deduce three
equations:

81l2 + kl 81l3 _|_ k13’ 82l3 + k2 62l1 + k O?Ill + k31 — 8?;2 + k32
On the other hand, the Codazzi equations for the v);, written in the form
(2.17), give us the three equations (2.18). Expressing the differences of the
a; in terms of the functions I; (see (2.13)) and using (2.21), those become

0= 73 (%2 +ki2) + 13
0= b (% + kas) + o (%2 + ko),
0= 73 (% + kar) + 7}

3l \ NI
which ﬁnally yield together with the previous set of equations, k;; = — 8ij ,
since l -+ 1112 = lZl # 0, and so on. Consequently, dv; = 0 and the

hypersurface is conformally flat, according to our lemma in §2.3.3:

2.3.15 Theorem (Cartan). A generic hypersurface in S* is conformally
flat of and only if its six umbilic distributions are integrable.
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2.4 Guichard nets

By §2.3.3, the conformal fundamental forms of a conformally flat hypersur-
face f : M3® — S* in the conformal 4-sphere are closed. Hence they can
locally be integrated to obtain a coordinate system

= (21,20,23) : M®> DU — R3, dx; =,

in case f is generic since, in that case, the conformal fundamental forms
are linearly independent. Here we identify R = R x iR x ¢[R. This is
the starting observation that will lead to the announced “fundamental-like”
theorem.

2.4.1 On the other hand, because f is conformally flat, there exist local
conformal coordinates y : M3 DV — IR? with respect to the induced con-
formal structure, by §P.4.3. Then the map xoy~!: R* > y(VNU) — R3
defines a “triply orthogonal system” of surfaces in IR3: Since, by construc-
tion, (x1, 2, x3) are curvature line coordinates, any coordinate surfaces from
different families, z; = const and x; = const with i # j, intersect orthogo-
nally.

2.4.2 Choosing different conformal coordinates ¢, the transition map goy !

yields a conformal map between open sets in IR?. Hence it is the restriction
of a Méobius transformation of S = R3 U {oo} by Liouville’s theorem (see
§1.5.4). On the other hand, any Mé&bius transformation p € Mob(3) (that
does not map an image point of y to oco) gives rise to a choice of conformal
coordinates y = p o y.

Thus the triply orthogonal system x oy~!: R3 D y(V) — R3 is unique
up to Mobius transformation. In order to simplify notations we will, in what
follows, assume V = U = M3 C R?® and y = id. In this way = : U — R3
itself defines the triply orthogonal system under investigation.

2.4.3 Clearly, the Gaussian basis fields % of x are orthogonal, and their
lengths I;, 12 = I(:2-, -2-), where I denotes the Euclidean metric U, are

9z; Ox;
well-defined functions up to sign: Since two of the coordinate functions z;
are imaginary, two of the functions /; are also, along with their corresponding

Gaussian basis fields -2~ that live in the complexified tangent bundle.

ox;

Introducing the orthonormal vector fields v; := %%, along with their
dual forms given by w; = I(v;,.) = l;dz;, that is, I = Y, w?, we are back
to the picture of a flat light cone lift of a conformally flat hypersurface
in 5%, intrinsically. In particular, the “Lamé functions” I; of the triply
orthogonal system x satisfy >_.1? = 0 because they relate a (flat) rep-

resentative I of the induced conformal structure to the induced conformal
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metric C (cf., §2.1.11). Thus we have identified the triply orthogonal system
z: R3O U — R3 as a Guichard net??):

2.4.4 Definition. A triply orthogonal system x : R®> D U — R3 will be
called a Guichard net if its Lamé functions l;, which are uniquely defined
up to sign by I =3, 12dxz3, satisfy >, 17 = 0.

7

2.4.5 Note that the Guichard condition Y, 1? = 0 is invariant under con-
formal (M&bius) transformations of the ambient R3U{oco} or, more general,
under conformal changes I — e2“I of the ambient space’s metric 1.

If we consider a triply orthogonal system z : R? — IR given by real
coordinate functions, then the Guichard condition reads I3 + I3 = I3, after
suitable choice of indices. On occasion, we will prefer to give Guichard nets
a “real” treatment, as, for example, in one of the examples below.

Merging this terminology with our lemmas in §2.3.8 and §2.3.12 in the
previous section, we obtain the announced fundamental-like theorem:

2.4.6 Theorem. Any generic conformally flat hypersurface f : M3 — S4
in the conformal 4-sphere gives rise to a Guichard net x : R®* D U — R3;
this Guichard net is unique up to Mébius transformation.

Conversely, given a Guichard net x : U — IR3, there exists locally a
generic conformally flat hypersurface in S* with conformal fundamental
forms ~v; = dx;; this conformally flat hypersurface is unique up to Mobius
transformation.

2.4.7 As an application of this 1-to-1 correspondence between (Mé&bius
equivalence classes of) generic conformally flat hypersurfaces in $* and
(Mobius equivalence classes of) Guichard nets, we want to study how the
geometry of the Guichard net is related to the geometry of the conformally
flat hypersurface, in a special case.

For this purpose, we first analyze the extrinsic geometry of the coordinate
surfaces x; = const of our Guichard net: Clearly, v; = %a%i yields a unit
normal field for the surfaces z; = const. To determine the curvatures of
these coordinate surfaces, we compute its derivative V,,v; in a tangential
direction vj, j # . From Koszul’s formula,

2V o o) = a1 o) + o 1 %) — o (e %),

da; Ox; ) Oxy, = ox; oz ; dx;’ Oxy/  Oxp Ox;’ Ox;
we deduce
o _ 10, 9 10l; 0 o
V% 81‘2 - E 8131 8:Ej + Eal‘; 8$i7 or V’Ujvl - _kzjv]7

20) These Guichard nets were (first?) considered by Guichard in [136], where he also derived
a relation with 3-dimensional submanifolds in a 6-dimensional space, in particular, with 3-
dimensional submanifolds of a light cone.
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where k;; = —%jlj = lll a?; l;, as in (2.16). Consequently, k;; is the
principal curvature of a surface x; = const in the (principal) direction v;.

Note that we did not use the Guichard property; thus, as a by-product, we
have just proved Dupin’s theorem (see [248]):

2.4.8 Theorem (Dupin). Any two surfaces of a triply orthogonal system
that are from different families intersect along curvature lines.

2.4.9 Also note that we did not use flatness of the metric I = >, 1?dx?:
Thus, the above statement about k;; being the principal curvature of a
coordinate surfaces x; = const in the principal direction v; stays true for
any conformally equivalent metric I = e2“] with

kij =

o7 _ __—u_1l 98 .
—1F o5, l; =—e T (l; +u).

For later reference, we formulate this fact as a lemma, while also collecting
a previous result on detecting flatness of the metric I:

2.4.10 Lemma. Given a triply orthogonal system x : R®> D> U — R?® with
Lamé functions l;, where I = > 12dx? is any metric that is conformally

equivalent to the FEuclidean metric on U, k;; = lll £ l; is the principal
curvature of a surface x; = const in the principal direction v; = %%.
J J

The metric I is flat if and only if the k;; ’s satisfy Lamé’s equations (2.20),
or the following equivalent version of the Lamé equations:

o 0.y _ L Olg Oly 4 1 Ol3 Oly
8331 8932 3= 1 8931 81‘2 lg 8132 85E1’
5] o _ L ol 8l2 i ol Ols
8172 8$3 1= l2 8$2 8303 l3 8373 8902’
o 0 _Lalzalg,_i_iab oly
dx3 Ox1 2 — I3 Bz Ox1 | 1 Oz Ox3’
9 al g al aly dl (222)
— 0 (190l 0 (1 0ly i__
0 8w2<l28x2)+3$1(l189€1)+ 12 Oz3 Ox3
o 1 Ols o 1 Ols l Ol 8
8w3<l38w3)+8m2(l23m2)+ 23 Oz
9 (1 03 9 (19 i ol 8
_Bxl(l18x1)+8w3(l38w3)+73 Oz

2.4.11 Proof. The only thing left is to check the second statement: For
1 % ] 7é k we have Wiy = I(’Ui, Vvkvj) = —k:jkéik; hence Wij = kijw]' — kjiwi.
This implies that the computation that provided (2.20) applies to give a

flatness Criterion
Using 0; = l a— and k;; = — li?j, it is a lengthy but straightforward
J

calculation to show the equivalence of (2.20) and (2.22) (cf., [248]). <

o

2.4.12 Example. Now, we want to turn to some special (generic) con-
formally flat hypersurfaces, the conformally flat “conformal product hyper-
surfaces.” By §P.5.8, a 3-dimensional product manifold (M x I, g + ds?)
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is conformally flat if and only if the 2-dimensional part (M, g) has con-
stant Gauss curvature K. Using this fact, we can construct three types of
conformally flat hypersurfaces in (part of) the conformal 4-sphere:
(i) If f: M? — R3? is a surface of constant Gauss curvature K, then the
cylinder
M? x R> (p,s)— (s, f(p)) € Rx R®* = R*

over f(M?) defines a conformally flat hypersurface.
(i) If f: M? — 83 C R* is a surface of constant Gauss curvature K, then

M2 X R > (p,s) — ¢*f(p) € R x §% = (R*\ {0}, &)

defines a conformally flat hypersurface in the conformal 4-sphere: The
metric induced from R x S is easily seen to be the product metric
df? + ds®. Note that the metric of R x S? is conformally equivalent to
the Euclidean metric on R*; hence R x S can be considered as part
of the conformal 4-sphere.

(i) I 7 2 M2 — H® = ({(yr.yeys) [y > O}, e (dyf + dyf + dy)) s
surface of constant Gauss curvature K in hyperbohc 3-space, thought
of as a surface in the Poincaré half-space model (cf., §P.1.3), then

xSt - SixH}P=(R*\{yo=wn =0},m2idyf)
(p,s) = (f1(p) - sins, f1(p) - cos s, fa(p), f3(p))

again defines a conformally flat hypersurface as a computation of the
metric f; 2(df? 4 df3 + df?) + ds? induced from the ambient S x H3
shows. Note that, again, the metric of S* x H3 is conformally equivalent
to the Euclidean metric on IR*, so that the hypersurface’s ambient space
can be considered part of the conformal 4-sphere.

Because all of these hypersurfaces have an extrinsic product structure,
their principal directions are the principal directions v; and vy of the 2-
dimensional part together with vs = %; and, since the induced metric is a
product metric, the induced covariant differentiation splits. In particular,
Vo, % = —ksz;v; = 0, so that in the induced metric the coordinate surfaces
s = const are planar. Hence, choosing any conformal coordinates, the sur-
faces s = const are mapped to totally umbilic surfaces in Euclidean 3-space
— otherwise said, if the hypersurface is generic, then the corresponding
Guichard net has to contain one family of sphere pieces.

Conversely, by §2.3.12, any Guichard net containing one family of sphere
pieces, say k31 = k3o =: k, gives rise to a generic conformally flat hypersur-
face in the conformal 4-sphere, which is unique up to Mobius transformation
by §2.3.8. A careful case-by-case study then recovers the above “conformally
flat conformal product hypersurfaces” (see [142]) — a key step is to show
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that the orthogonal trajectories of the sphere pieces consist of circles: With
Ok = 02k = 0, as derived from the Lamé equations (2.20), and the Guichard
property >, 12 = 0, one computes 0 = dzi(a%g, %) = 1;03k;3 for i = 1,2.
As a consequence, the sphere pieces belong to a sphere pencil. This yields
six cases to consider, depending on the type of the sphere pencil and on
whether the corresponding coordinate function z3 is real or imaginary.

2.4.13 Another example. Motivated by the above observation, that the
orthogonal trajectories of the sphere pieces are circles, we might ask whether
there are more general Guichard nets with the property that one family of
curvature lines consists of circles. Explicit examples of conformally flat
hypersurfaces carrying such Guichard nets are given by Y. Suyama in [273];
we will present one of his examples below. A classification of these “cyclic
Guichard nets” was given in [146]; later we will present this classification,
leading to an interesting application of Mobius geometric arguments in its
metric subgeometries. For the moment though, we shall just discuss an
example that is rather typical: If we additionally assume that all circles
of a cyclic Guichard net pass through one fixed point oo, then the triply
orthogonal system will comprise a family of parallel surfaces in Euclidean
space. In what follows we shall see how the parallel surfaces of Dini’s helices
yield a cyclic Guichard net.

Fig. 2.1. Dini’s helix and the pseudosphere
Identifying R® = R x C, a curvature line parametrization for Dini’s
helices (cf., [17]) is given by

f(wy,22) = (21 — ataﬂhg(fﬁ,fw),@mm),

where g(z1,22) := g(21,%2) := ~(x1 +bx2) and a,b € R satisfy a® +b* = 1.
Computing derivatives we find

a%lf = tanhg- (tanhg, —e'®2 ﬁ),
5 ) o
ozl = Coslhg {-b (Coslhg €2 tanh g) + a (0,1e'*2)}.

A unit normal field n of f is then

n(z1,22) = a (ogrgiarayy € tanh (w1, 22)) + (0, ie™2).



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 90

It is straightforward to see that (x1,x2) are indeed curvature line parame-
ters, and to compute the principal curvatures of f:

8 _ 19 8 o )
Fa = 5.7/ and zZ=n = sinhg f

" sinh g 8_:::2
Now we parametrize the family of parallel surfaces of f by
h(x1,x9,23) := f(x1,x2) + sinhxz - n(z1, x2).

Then the Lamé functions of the triply orthogonal system formed by the
coordinate surfaces x; = const are given (up to sign) by

. i ,
Bor,wa,05) = | hP(@r,a0,mg) = (Cheleyze) s

8 1+h , h 2
Bn o) = |fhPeyaney) = Oome
(21, 22,23) = ‘aimh‘z(wlﬁz,xs) = cosh? 3.

We derive 12 4+ 13 = 13 — this is (up to permutation of the indices) the
Guichard condition when calculating in the reals. Moreover, the principal
curvatures?!) of the coordinate surfaces x; = const become

_ -1 .9 _ 1 _ -1 9 — 0
k12 = I1l2 8x1l2 ~ a(l+sinhgsinhzz)’ ki = I1l3 Oz1 I3 = 0;
_ -1 9 _ b S ) N
k21 sl Oxo ll - a(sinh g—sinh z3)’ k23 sl Oxo 13 — O’
fay = =L 0 | — 1 __ kay — —L 0 — __ sinhg
31 = 71517 9231 — sinh g—sinh 3’ 32 — 1315 023'2 — 7 Itsinhgsinhzs

This shows that none of the families of surfaces x; = const consists of sphere
pieces, unless b = 0; in that case, the Dini helix becomes the pseudosphere,
and the surfaces xo = const become the planes of its meridian curves.
Consequently, for b # 0, these Guichard nets correspond to generic con-
formally flat hypersurfaces of the conformal 4-sphere that are not among

the conformal product hypersurfaces considered in the preceding example
(cf., [143]).

2.4.14 Suyama’s example. A more explicit construction of confor-
mally flat hypersurfaces that are not among the conformally flat conformal
product hypersurfaces from §2.4.12 was communicated to the author by
Y. Suyama (see [273]). In a certain sense it “intertwines” the construction
from the preceding example and that of the generic conformally flat cylin-
ders in §2.4.12(i). Namely, given a surface f : M? — RR? of constant Gauss
curvature, a hypersurface is defined by

(u, f+wvn): M x I — Rx R>=R%,

21) Remember that a choice of sign for [; = \/? results in a simultaneous choice of sign for

both curvatures k;; of the surfaces x; = const, that is, to an orientation for these surfaces,
while the other curvatures do not depend on that choice.
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where u,v : I — IR are suitable functions defined on some interval I.
As an example we will reconsider the Dini helices from the preceding
example (cf., [273]). Thus let f be a Dini’s helix as given above, and let

A

f=(u,f+on): (z1,22,5) — (u(s), f(x1,22) + v(s) n(x1,22)) € R

Further, we define a function ¢ = ¢(s) by??

tanh¢(s) = psn,(s) & ¢ =-+v/1—q2cosh’ ¢, ¢(0) =

where p? + ¢ = 1 and sn,(s) = sin(am,(s)) denotes the Jacobi elliptic
function sn, with modulus p. We note that, with this notation,

cosh¢p = -~ and sinh¢ =pt
P

are also Jacobi elliptic functions. Now we let
v(s) :=sinh¢(s) and wu(s):= qfos cosh® ¢(s)ds = qfo dn2(s)

Then, with 72 := (—¢’,qcosh¢pn) = (—pdc—;l:, dinp n), we compute??)

oot = —Si“hs?;s;“h‘*”m,% ), o = —a5o 2 - (0, 52 );
%f = (1 + sinh gsinh ¢) - (0 78x2f) %ﬁ = gcosh¢sinhg - (0, a%Qf);
2f = coshg-(qcosho,¢'n), 2 = gsinh¢- (gceoshe,¢'n),

showing that 7 is a (unit) normal field of f and that (1, 22, s) are principal
curvature line coordinates for f — its principal curvatures are given by

_ cosh ¢ _ cosh ¢ sinh g _
qsmhg sinh ¢’ a2 = —¢q 14sinh g sinh ¢’ as = _qtanh ¢
The induced metric of f is given by?%
_ h h ¢ 1+4sinh gsinh ¢)? ; 2 2 9
I = %dm + 4 Slzos‘fl;l; ) dx5 + cosh” ¢ ds*.

22) The equivalence can be verified by using the Pythagorean rules 1 = cng—i— sn:lz7 = dn?,—b—p2 Snf7
and snj, = cnpdny, so that snj? = (1 — sn2)(1 — p?sn?). For what follows it may also be

P
useful to note that cn;9 = —snpdn, and dn; = —p? sn, cny, which can also be deduced from

the Pythagorean rules and the derivative of sn,.
23) g=g(z1,72) = L (21 + bay), as in the preceding example.

24) Note the similarity with the metric induced by A in the preceding example.
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Having determined the induced metric in terms of the curvature line coor-
dinates and the principal curvatures of f, it is straightforward to determine
the conformal metric C' of f that we considered in §2.1.11:

C = (a3 —a1)(a1 — az)w? + (a1 — az)(az — a3)w3 + (as — a3)(asz — al)w§
= ¢*-{—dz? — da3 + ds?}.

To check now that f is conformally flat, we employ the criterion we derived
in §2.3.3: From C' we obtain

v1 =iqdxry, v =iqdre, and 73 =qds

as the conformal fundamental forms of f — since those forms are clearly
closed, the induced metric I of f is conformally flat.

Finally, to see that f is not Mobius equivalent to one of the hypersurfaces
discussed in §2.4.12, we use the same argument as in the preceding example.
With the (real-valued) Lamé functions?®)

R b (010 )—sinh 6(s))?
B(x1,m0,8) = |35 (z1,20,5) = (sin 96(0“;111;0;)(3318,1;2)425(8))

R o Sme) 2
13(x1,22,s) = |8%2f (21, 29,8) = (1+51ncogs(§21gﬂz;):;r;)¢(8))
(21, 22,8) = |%f|2($1w2,8) —  cosh? ¢(s)

we determine?®) the principal curvatures ki; of the surfaces x; = const as

A~

surfaces “inside” f(M x I), that is, with respect to the induced metric I:

-1 0

_ -1 9 _ 1 _ N
ki2 = I1ls a§1l2 ~ a(1+sinh gsinh @)’ ki3 = I3 8§1 I3 =0;

| _ b _ = _ 0.
k21 sl Oxo ll _ a(sinh g—sinh ¢)? k23 T lsl3 Oxo 13 _ 0’ .

=1 0y _ __1 — =1 0y _ ___ sinhg
k31 = I5l1 azgll ~ sinh g—sinh ¢ ', k3p = I5l2 Oz3 Iy = 1+sinh g sinh ¢ .

Just as before, we see that none of the families of coordinate surfaces consists
of totally umbilic surfaces unless we started with the pseudosphere — or we
have ¢ = 1 and ¢ = 0, in which case®”) we are obviously back to one of the
hypersurfaces from §2.4.12(i).

25) Any simultaneous rescalings of the Lamé functions will not affect the result of our quest.
26) This is just the very same computation as in the preceding example.

27) Note that this is the limiting case p — 0, where sn, — sin and dn, — 1; in the other
limiting case p — 1, where sn, — tanh, we are back to the example of the preceding paragraph
— the hypersurface f then becomes totally umbilic, which is reflected by the simultaneous
vanishing of all conformal fundamental forms.
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2.5 Cyclic systems

Generalizing the examples of Guichard nets from the preceding section, we
want to study Guichard nets where one family of curvature lines — the
orthogonal trajectories to one family of surfaces of the net — consists of
circles. Obviously, such a triply orthogonal system gives rise to a cyclic
system (see §2.2.11). The first thing we want to do is to see that, conversely,
any cyclic system v : M? — G (5,2) in the conformal 3-sphere gives rise to
a triply orthogonal system,?®) consisting of the orthogonal surfaces of the
cyclic system and two families of surfaces given by collecting all the circles
along a curvature line of an orthogonal surface.

2.5.1 Thus, let v : M" ! — G4 (n+2,n—1) denote a congruence of circles
(see Figure T.1). In the context of §2.2.11, we already discussed that any
parallel isotropic section of the normal bundle v+ (p) + p provides, if it is
immersed, an orthogonal hypersurface of 7. Hence, if there exist 3 = rky*
parallel basis fields for v+, then 7 is a cyclic system; locally this is the
case if and only if the bundle v+ is flat. We want to elaborate on this
characterization of cyclic systems a little further.

2.5.2 Choosing a basis for v that consists of two light cone maps f and
f and a perpendicular unit section S, the circles of the congruence can be
parametrized by (2.9). However, for our present argument, it seems more
convenient to parametrize them by

tes fo=f+tS— Le2f. (2.23)

Then, similar to (2.10), we can parametrize a 1-parameter family of hyper-
sphere congruences S; by

Sp=8—tf (2.24)

such that??) each sphere S;(p) intersects the circle v(p) orthogonally in f;(p):
We have S¢(p) L ~v(p), fi(p) for each p € M. Now we seek t = t(p) such
that f; envelopes S;. This yields a differential equation

0= (df,Se) =dt + 3> —tv+w (2.25)

28) Note that the notion of a triply orthogonal system is naturally a conformal notion because
it only refers to the intersection angles of the surfaces. For example, Dupin’s theorem in §2.4.8
remains valid in the conformal 3-sphere because it only refers to conformally invariant notions;
in contrast, Lamé’s equations (2.20) or (2.22) are not valid in the conformal setting because
they express the flatness of the ambient metric.

29) Note that these sphere congruences are by no means unique; they just have to belong to
the parabolic pencils spanned by S;(p) and fi(p) for each t € R and p € M.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 94

for ¢, where w, x, and v denote the connection forms of the bundle o
relative to the chosen basis (S, f, f), as in (1.1). The integrability condition
of (2.25) reads

0= %tQ(dX‘FV/\X)—t(dv+w/\x)+(dw+wAu), (2.26)

which, for fixed p € M, is a quadratic polynomial in ¢. Consequently, there
are more than two solutions ¢ of the differential equation, that is, the circle
congruence vy has (locally) more than two orthogonal hypersurfaces if and
only if all three coefficients in (2.26) vanish. But, these coefficients are just
the curvature forms of the induced connection V+ on the vector subbundle
Y (p) = p of M x RYH? (cf., §1.7.4fF).

Summarizing, we obtain the following lemma (cf., [78] or [79]):

2.5.3 Lemma. A circle congruencey : M™" ! — G, (n+2,n—1) is (locally)
normal if and only if the normal bundle v (M) — M is flat.

This is the case as soon as there are three orthogonal hypersurfaces of the
circle congruence.

2.5.4 Thus, the orthogonal hypersurfaces of a cyclic system v can (at least
locally) always be described by parallel isotropic sections of the (normal)
bundle y+(M) — M. If we choose, as before, basis fields (.5, f, f) for v+,
assuming now that they are parallel, the family of orthogonal hypersurfaces
can be parametrized by (2.9), or (2.23) if we do without f, where ¢ is a real
parameter (not a function).

Extending (.5, f, f) to a frame F', we obtain a frame that is adapted to
S and f (as well as f) at the same time (cf., §1.7.6 and §1.7.7). If we
assume, for a moment, that all three maps, S, f, and f, are immersions,
then we learn from the Ricci equation (1.4) that the Weingarten tensors Ay
and A ; of S with respect to f and f as its isotropic normal fields commute
(see §1.7.6). Hence, they simultaneously diagonalize. Reinterpreting the
equations in terms of f or f (see §1.7.7), we find that the Weingarten tensors
A;l of f and A;l of f (with respect to S as a normal field) also commute
and, therefore, have the same eigenspaces. Because these yield exactly
the (conformally invariant) principal directions of f, foMP1 = 87 ag
hypersurfaces into the conformal n-sphere, and since f and f were arbitrary
orthogonal hypersurfaces of the cyclic system, we see that mapping one
orthogonal hypersurface onto another along the circles of the congruence
preserves the principal directions:

2.5.5 Lemma. The principal directions on any two (immersed) orthogonal
hypersurfaces of a cyclic system do correspond.
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2.5.6 As a consequence, any cyclic system in the conformal 3-sphere®?)
gives rise to a triply orthogonal system where the surfaces orthogonal to
the orthogonal surfaces of the cyclic system are assembled by collecting all
circles of the cyclic system along a curvature line of a (any) orthogonal
surface. By construction, these surfaces intersect the orthogonal surfaces
of the cyclic system orthogonally; the fact that curvature lines intersect
orthogonally ensures that any surfaces from the other two systems are also
perpendicular.

By Dupin’s theorem in §2.4.8, these surfaces assembled from the circles of
the cyclic system have those circles as curvature lines. Hence, from §1.8.20,
we know that the corresponding triply orthogonal system contains two fam-
ilies of channel surfaces. This observation gives rise to a characterization of
cyclic systems as special triply orthogonal systems3!):

2.5.7 Lemma. A triply orthogonal system comes from a cyclic system if
and only if two of the 1-parameter families of orthogonal surfaces consist of
channel surfaces.

2.5.8 Now, we want to study the effect of the Guichard condition in §2.4.4
on a cyclic system. Again, it seems preferable to use the parametrization
(2.23) for a cyclic Guichard system, where f, S, and f now depend on the
common curvature line parameters (x1,x2) of all orthogonal surfaces of the
cyclic system and the family parameter ¢ = t(x3) is a function of the third
“Guichard parameter.” Without loss of generality, we assume ¢(0) = 0 and
t’(0) = 1. This last condition is achieved by possibly rescaling f by the

constant ﬁ. Since (x1,z2) are principal coordinates for all f;, we can
extend the (parallel) normal frame (5, f, f) to a frame F' = (51,52, 5, f, f)

such that the connection form (1.1) satisfies
’lﬂi/\u)i = X N\ w; :0,

that is, the 1;’s and x;’s are multiples of the metric fundamental forms w;
of our chosen “base surface” f = fy. In this setup, the Guichard condition
reads (cf., §2.4.5)

2 = \a%ftp = |a%ft|2i|a%ft|2. (2.27)

2.5.9 For z3 = 0, (2.27) becomes 1 = |8%1f|2 + |8%2f|2. Thus we may
assume
w1 =cosudry and wo = sinudrs,

30) With minor modification the following assertions remain true in any dimension. We leave
this as an exercise for the reader.

31) By Dupin’s theorem again, it actually suffices that one family of surfaces consists of channel
surfaces in order to conclude that a triply orthogonal system comes from a cyclic system.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 96

where®?) u = u(z1,2) denotes a suitable function (that takes values in IR
or in iR, depending on =+ in the equation (2.27)). With the ansatz

1 = (a1 cosu — ag sinu) dxq, and X1 = —(by cosu — by sinu) dxq,
Yo = (ay sinu + ag cosu) dxs, X2 = —(by sinu + by cos u) dxa,
(2.28)

where a;, b; are suitable functions of x1, 22, (2.27) then becomes

7 = (1—tay + 5t%b1)? + (tay — 5t%by)?
= (1 — (CL1 =+ iag)t + %(bl + Zbl)tz)(l — (a1 — iag) t+ %(bl — Zbl) tz).

This shows that the parametrizing function ¢ of the family of orthogonal
surfaces of a cyclic system satisfying the Guichard condition has to be an
elliptic function. Since this function ¢ = t(x3) is independent of the param-
eters x1 and xo of the orthogonal surfaces of the circle congruence, so are
its branch values ¢ = 0, and, therefore,?) the a;’s and b;’s are constant.

2.5.10 As a consequence, K := bsS + (a1by — agby) f — azf is a constant
vector,

dK = d[byS + (a1by — asby)f — asf] = 0.

If I =0, then ay = by = 0 and all the surfaces x3 = const are sphere pieces.

If, on the other hand, K # 0, then it defines a quadric Q3 of constant
sectional curvature k = —|K|? and a linear sphere complex that consists
of the hyperplanes in Q2 (see Section 1.4). Since S; L K for i = 1,2, the
spheres S; and S5 are planes in the subgeometry given by K, and hence the
circles S1 N Sy of the cyclic Guichard system become straight lines:

2.5.11 Lemma. Any cyclic system that defines a Guichard net is a normal
line congruence in some space of constant curvature.

2.5.12 To begin with we had chosen our parallel normal frame (.5, f, f)
for the cyclic Guichard net v under consideration rather arbitrarily; now,
because we know that the cyclic system is a normal line congruence in some
space of constant curvature, there are more natural choices: We may nor-
malize the “initial surface” f = fq to take values in the quadric Q3 defined
by K and the sphere congruence S to be its tangent plane congruence. Thus,
we fix the normal frame (S, f, f) to satisfy (cf., §1.7.8)

(f,K)y=-1 and (S,K)=0, hence fzgf—lC

32) Remember that the forms w;, 1;, and x; depend, with the frame F', only on 1 and xs.

33) Another option is to take the x;-derivative, i = 1, 2, on both sides of the equation to obtain
a vanishing polynomial on the right side. Its coefficients, which contain the derivatives of the
a;’s and b;’s, then have to vanish, showing that the a;’s and b;’s have to be constant.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 97

with x = —|K|?. Instead of choosing some parametrization for the cir-
cles of the cyclic system directly, we now choose a simple parametrization
for the family of sphere congruences S;, requiring all of them to be plane
congruences:

Sy 1= == (S +t[5f + f]). (2.29)

The surfaces f;, which we normalize to take values in @3, are then obtained
as one of the intersection points of S; with the circles of the cyclic system,

fo= e =115 + ams KD, (2.30)

whereas the other f = & f—K is just its mirror image or the point at infinity
in the case k = 0 (see §1.7.8). Note that, in (2.30) as well as in (2.29), the
range of t is restricted by the condition 1 + xt?2 > 0: If kK < 0, the maps

\/1+Ht2-ft—>f+%le:\/+75J_lC as t—>j:\/+7,

that is, f; approaches the intersection points of the circles of the cyclic
system with the infinity boundary 9Q3.

With this new parametrization the Guichard condition (2.27) changes
shape: Using (2.28), where now b; = —% and by = 0, we find

’ 2 2,2
Ty = Wrad 260 o 2 = (14 wt2)(1+ 2art + (aF + a)t?),

(2.31)

with the a; being constants, as before.

2.6 Linear Weingarten surfaces in space forms

Since the principal curvatures of the surfaces f; in Q2 are obtained from
expressions comprising the forms in (2.28), they only depend on one func-
tion w. Thus the principal curvatures of the surfaces f; are (functionally)
dependent, that is, the surfaces f; are all Weingarten surfaces.

We want to make this statement more explicit.

2.6.1 Since S; are the tangent plane congruences of the surfaces f; in Q2
(St,C) = 0, the maps S; can be interpreted as unit normal fields for f;
within the quadrics Q3 of constant curvature: S(p) € Ty, () Q3. Hence the
first and second fundamental forms of the f; : (x1,22) — fi(z1,22) € Q3
are given by

It = <dft,dft> and Et = —<dft,dSt>
In this way we obtain the principal curvatures of the f;:

(a1 —kt) cosu—as sinu
(14a1t) cosu—ast sinu

(a1 —rKt) sin utaz cos u (2.32)

and (1+a1t) sinutast cosu”



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 98

With this it is now pure algebra to verify that the (extrinsic) Gauss curva-
tures K; and mean curvatures H; of the surfaces f; in Q3 satisfy an affine
relation

0= CK(t)Kt + QCH(t)Ht + C(t) (233)
with
cx(t) = (a?+a3)t® +2ast +1,
ca(t) = kait?> + (k — (af + a3))t — aq, (2.34)
c(t) = rK*t®—2kait+ (a} + a3).

Note that the sign of cx (t)c(t) — ¢ (t) = a3(1 + xt?)? is an invariant of the

family of parallel Weingarten surfaces: It determines whether we have + or

— in (2.27), that is, whether a9 is, with the function u, real or imaginary.
Thus we have proved the following theorem (cf., [146]):

2.6.2 Theorem. The orthogonal surfaces of a cyclic system that defines
a Guichard net are parallel linear Weingarten surfaces in some space Q2
of constant sectional curvature; that is, their (extrinsic) Gauss and mean
curvatures Ky and Hy satisfy, with suitable functions cx, cy, and ¢ of the
family parameter, an affine relation

0=cr(t)Ki+2ch(t)Hy + c(t).

2.6.3 The surfaces of constant Gauss or mean curvature among the surfaces
f; of a family are characterized by the (distinct) zeros®®) of ¢y and c,
respectively. By (2.31) we have t'? = (1 + xt?)ck(t), so that the Guichard
net degenerates exactly at the surfaces of constant mean curvature in the
family — and at the infinity boundary of Q2 in the case k < 0.

We will follow up on the study of these special surfaces among the surfaces
of a family (f;); in a moment; first we want to understand the converse of
the above theorem though.

2.6.4 Does any given linear Weingarten surface f : M? — Q2 give rise
to a cyclic Guichard system via its normal line congruence? Obviously,
by the previous paragraph, we have to exclude surfaces of constant mean
curvature since they would be singular for the Guichard net. Thus, assume
f is a linear Weingarten surface, satisfying 0 = cx K + 2cg H + ¢ in some
quadric Q3 of constant curvature s, with nonconstant mean curvature. In
this way cx # 0 and we may assume cx = 1, without loss of generality.
Excluding also surfaces with a constant principal curvature, that is, ¢ = ¢%,
where the Weingarten condition factorizes, we make the ansatz

a1 —astanu and aj + ascotu

34) Note that ek (t)e(t) — % (t) = a3(1 + kt?)? # 0, because we excluded the case az = 0 of
sphere pencils, so that cg and cx cannot vanish simultaneously.
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for the principal curvatures of f, where a; := —cp, as := y/c — c%, and u
denotes a suitable function. Using a principal frame we consequently have

Y1 = (a1 —agtanu)w; and Yo = (a1 + az cotu) ws

in (1.1). Combining the Codazzi equations (1.3) for the v¢,;’s and w;’s to
eliminate the connection forms w;;, we obtain

_ dw1 duNwq _ __ _as w1

0 = a2(cosc'lusinu + 3082u) - sinud(cosu)
_ wo _ dulAwsg _ az w2

0 = a2(cosusinu sinzu) - sinud(sinu)’

showing that principal curvature line coordinates (z1,x2) can be chosen
such that w; = cosudr; and wy = sinwu dzg, that is, |8%1f|2 + |a%2f|2 =1,
where the sign depends on whether w« is real- or imaginary-valued.

At this point, our previous computations show that parametrizing the
parallel surfaces of f by (2.30) with the correct speed (2.31) provides us with
a Guichard net. Thus we have proved the converse of the above theorem.

2.6.5 Theorem. Given a linear Weingarten surface with nonconstant
mean or principal curvatures, in a space of constant curvature its normal
line congruence gives rise to a cyclic Guichard net.

2.7 Bonnet’s theorem

Now, we want to resume our above discussion about surfaces of constant
mean or constant Gaussian curvature among the surfaces of a family of linear
Weingarten surfaces. By the theorem we just stated, any linear Weingarten
surface with nonconstant mean or principal curvatures is part of a cyclic
Guichard system. However, by dropping the Guichard condition on the
family, we may include these surfaces. For that purpose we will redo some of
our computations, not assuming the special form for the principal curvatures
of the surface f = fy given by (2.28).

2.7.1 Thus, let f : M? — Q3 denote a linear Weingarten surface, its
Gauss and mean curvatures satisfying cx K + 2cg H + ¢ = 0 with suitable
constants ¢, cy, and cg. Further, let f; denote the parallel surfaces of
f = fo, parametrized as in (2.30), whereas S; shall denote the tangent
plane congruences (unit normal fields in Q3) of f;. A similar computation
as the one providing (2.32) before now yields
2
Hy = il and K= SEgs

Straightforward computation then proves that the parallel surfaces f; of f
are linear Weingarten again, that is, there are functions

cx(t) = ct? —2cyt + ck,
cu(t) = —kegt?+ (kex — )t +cy, and
c(t) = rKZcxt? + 2keyt+c
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such that cx (t) Ky 4 2cg (t)Hy + ¢(t) = 0, similar to (2.34) providing (2.33).
We state this as an intermediate result:

2.7.2 Lemma. The parallel surfaces of a linear Weingarten surface in a
space of constant curvature are linear Weingarten.

2.7.3 Among the surfaces of such a family of parallel linear Weingarten
surfaces there are special ones that are distinguished by the vanishing of
one of the coefficient functions ck, cy, or ¢: If cx(t) = 0, then H; is
constant; if cy(t) = 0, then K is constant — as we already discussed in
§2.6.3 — and if ¢(¢) = 0, then the ratio % is constant, that is, the sum of
the principal curvature radii is constant.

This provides a simple tool for studying analogs of Bonnet’s theorem
about parallel constant mean and constant Gauss curvature surfaces in Eu-
clidean space (cf., [214]). The only thing that is not reduced to the study
of quadratic equations in this way is the computation of the (geodesic) dis-
tance between the distinguished surfaces of the family — this is obtained
as the arc length integral [ |8t feldt = [ 1+m2 along the lines (geodesics)
between the surfaces under investigation.

2.7.4 Example (Bonnet’s theorem). We want to conclude these con-
siderations deriving Bonnet’s classical theorem in this context, leaving a
detailed analysis of the other cases as an exercise for the reader (cf., [146]).
Thus, we are considering Euclidean ambient space Q3, that is, s = 0. In
this case we have c¢(t) = ¢ for all ¢, and cy(t) = ¢y — ¢t becomes (at most)

linear. Now there are two different cases to consider:
¢ # 0. Here the function ¢ — cy(t) is an honest linear function with exactly
one zero at tg = 2, so that our family of linear Weingarten surfaces

contains one surface of constant Gauss curvature3®)
2
_ _ _ ¢ — c
Kto —  ck(to) c%{—cKc'

The zeros t4+ = CHEVERTORC (f the quadratic polynomial ¢ — cg (t)
become real if and only it K;, > 0: Then there are two parallel
constant mean curvature surfaces at t+ with mean curvature

c = 4+ 1
2cq (t+) 2/ Ko

Hti:_

The two constant mean curvature surfaces lie symmetrically to the
constant Gauss curvature surface in distance

1

it _ S
| Ji dti—|tﬂ:—tOi—\/K—to—zwti\7

35) Note that ek (to) Ky, = —c # 0 forces cx (to) # 0 and hence c%[ —cgc#0.
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having themselves distance \H—iﬁ Thus, we obtained Bonnet’s clas-

sical assertion.

. In this case we can further distinguish two cases: If also ¢y = 0, then

both functions, t — c(t) as well as t — cg(t), vanish identically, so
that we must have K; = 0 for all ¢; if, on the other hand, cy # 0,
then cy(t) = cy for all t, whereas t — cg(t) becomes an honest
linear function with exactly one zero at ty = i—g Consequently, we
obtain one surface of constant mean curvature Hy, = ;> = 0 while
all its parallel surfaces have constant sum of their curvature radii.



Chapter 3

Application: Isothermic and Willmore surfaces

As a second application of the classical model of M&bius geometry we will
discuss some aspects of isothermic surfaces and Willmore surfaces. As un-
related as the two surface classes seem to be at first, they occur as two
(the two nontrivial) solutions of the same problem that we will refer to') as
“Blaschke’s problem,” since it arises in [29]. The contents of this chapter
are loosely arranged around the solution of this problem, collecting many of
Blaschke’s key results in surface theory in the conformal® 3-sphere. Isother-
mic as well as Willmore surfaces are a field of current interest after they
have been neglected for quite some time — Willmore surfaces even seem to
have been forgotten and had a different name in classical times. The study
of both surface classes traces back to the first half of the nineteenth century;
however, the origins remain obscure to the author. It is also true for both
surface classes that physical considerations play a role — as indicated for
isothermic surfaces by their name.

“Willmore surfaces” were apparently (re-) discovered at least three times.

First, in the early nineteenth century, Germain [126] (cf., [127]) studied
“elastic surfaces” — analogous to the elastic curves discussed in the works
of Bernoulli and Euler [185]. Her main contribution seems to be “her hy-
pothesis” that the “elastic force” of a thin plate is proportional to its mean
curvature. As a consequence, the “elastic energy” is then the total squared
mean curvature, the “Willmore functional.” For a detailed discussion of
Germain’s work as well as related work by, for example, Poisson, see [83].
It may also be remarkable that this aspect of Willmore surfaces is known
in physics [176] and of interest in current research [289]. As was already
indicated, the mean curvature of a surface plays a central role in the the-
ory of Willmore surfaces. It seems worth mentioning that Germain studied
the mean curvature of surfaces (see also the colloquial presentation of the
history of differential geometry [261] for an interesting remark) and intro-
duced the “mean curvature sphere” [128], a concept that became central
in Mobius differential geometry: Around the turn of the century, the 2-
parameter family of the mean curvature spheres was known as the “central
sphere congruence” of the surface [29]; nowadays, after Bryant’s paper [40],
it goes by the name “conformal Gauss map.”

) This problem is also referred to as “Ribaucour’s problem” (see [80]).

2) ot course, we do not cover any results in Lie sphere geometry that comprise the main part
of the book.
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This brings us to the second, Mobius geometric approach to Willmore
surfaces, which we will follow: The central sphere congruence can be defined
in a conformally invariant way. One possible characterization is that its
induced metric is conformally equivalent to the (conformal class of) metrics
induced on the surface, justifying the notion of the conformal Gauss map.
Following the classical authors (see [29]) we call a surface “conformally
minimal” if its central sphere congruence is minimal, that is, if it minimizes
the area for all variations through sphere congruences — as the “simplest
variational problem that can be invariantly associated with a surface in
Mobius geometry.” Following [110], we will then show that the conformally
minimal surfaces are exactly the Willmore surfaces, a fact that is already
stated in [29].

The third approach was by T. Willmore in 1965 [306], after whom these
surfaces are usually named in our days. He considers the “total squared
mean curvature” of a closed surface as an analog for the total Gaussian
curvature — which is a topological invariant. Then he notices that the in-
fimum value of this “Willmore functional” characterizes the round sphere.
As a natural next step, he asks for the infimum value and a minimizer
in the class of (topological) tori.®) The conjecture is that a stereographic
projection of the minimal Clifford torus in S3 (and its Mobius transforms)
minimize with value 272 of the total squared mean curvature. Since then
many mathematicians, too numerous to cite here (for some of the better
known papers, check the list of references), have worked on this conjecture
and the characterization of the corresponding critical surfaces, using meth-
ods that range from Euclidean and Mobius differential geometry to global
analysis, calculus of variations, and integrable systems methods. See [307]
for an inspiring survey.

“Isothermic surfaces,” on the other hand, have a less inconsistent history,
even though the origins are as obscure as in the Willmore case, and they
were pretty much off the main stream after a period of intensive research
at the end of the nineteenth century. It was only recently that isothermic
surfaces regained interest because of their integrable systems description,
initiated in [71].

It seems that the notion of “isothermal lines” was motivated by their
physical interpretation as lines of equal temperature [184], and it appears as
early as 1833 in a work by Lamé (cf., [175]; see also [274]). He was apparently
led to the notion of “isothermic surfaces,” that is, surfaces with isothermal
lines of curvature, by considering triply orthogonal systems constructed from
surfaces of equal temperature in a (homogeneous) body with a stationary,
nonconstant temperature [191], [237]. Thus it seems that, in the beginning,

3) Candidates for minimizers among surfaces of other genus may be found in [172].
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the study of isothermic surfaces was closely related to the study of triply
orthogonal systems, and that it was only later that they were studied on
their own,*) as, for example, in [64] or [299].

Among the first papers that deal with isothermic surfaces from the point
of view of surface geometry is Christoffel’s paper [70], where a problem very
similar to Blaschke’s problem is treated in Euclidean geometry. The solution
leads to a transformation, or “duality,” for isothermic surfaces that is at the
basis of an exceptionally rich transformation theory. Later, a second type
of transformation for isothermic surfaces was introduced by Darboux [93],
which will appear from the solution of Blaschke’s problem in a very similar
way as Christoffel’s transformation appears from Christoffel’s problem. As
in the Willmore case, a special type of sphere congruence occurs in this
context, “Ribaucour sphere congruences,” and Darboux’s transformation is
a special type of the corresponding notion of “Ribaucour transformations.”
The Darboux transformation is closely related to the integrable systems ap-
proach to isothermic surfaces (cf., [46]) as well as to the theory of “discrete
isothermic nets” [30]. Finally, a third type of transformation is found in pa-
pers by Bianchi [21], [20], and P. Calapso [53], [55]. This last transformation
turns out to be again closely related to the integrable systems approach to
isothermic surfaces (see, for example, [153]) as well as to rigidity questions
in M&bius geometry (see [62] and [203]).

However, this transformation theory of isothermic surfaces is much more
smoothly dealt with in the quaternionic or the Clifford algebra setting.
Therefore, we only touch on it in this chapter, in order to fix some basic
notions and ideas, and postpone a detailed analysis.

After completing the discussion of Blaschke’s problem and related topics,
we will discuss the “intersection” of both surface classes considered, giving
a proof of Thomsen’s theorem [29]. Here an interesting phenomenon occurs:
Imposing these two Mobius geometric properties on a surface causes sym-
metry breaking, so that the surface naturally lies in a metric subgeometry of
Mobius geometry, similar to §2.6.2. To conclude, we will reconsider channel

surfaces as an example, experiencing another symmetry-breaking (see [276]
and [144]).

The contents of this chapter are organized as follows:

Section 3.1. We state Blaschke’s problem, and we introduce the notion of

Ribaucour sphere congruence — that will be central to various later
discussions. One (trivial) class of solutions of Blaschke’s problem is
given.

4) Also of interest is the relation with Bonnet surfaces (cf., [18], [157], and [201]).
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Section 3.2. The notions of isothermic surfaces in the conformal 3-sphere
and of Darboux pairs of isothermic surfaces are defined. A second (non-
trivial) solution to Blaschke’s problem is given: Darboux pairs of isother-
mic surfaces.

Section 3.3. A first encounter of the transformation theory of isothermic
surfaces in S is given — a more complete (and more general) treatment
is to be found in Chapter 5 or 8. We discuss the relation between Dar-
boux pairs and curved flats, and introduce the spectral transformation
of a Darboux pair. As an example, Lawson’s correspondence for con-
stant mean curvature surfaces is discussed.

Then the limit behavior of the spectral transformation is used to mo-
tivate Christoffel’s problem, which can be considered as the Euclidean
analog of Blaschke’s problem. The solutions to Christoffel’s problem are
given: This leads to the notion of Christoffel pairs of isothermic surfaces
and to families of minimal surfaces in Euclidean 3-space that general-
ize the associated family of minimal surfaces. Again, constant mean
curvature surfaces in R? are discussed as an example.

Section 3.4. The central sphere congruence of a surface is introduced, and
its characterizations as the mean curvature sphere congruence and as the
conformal Gauss map are given. The notion of a conformally minimal
surface is defined and a third class of solution of Blaschke’s problem is es-
tablished: dual pairs of conformally minimal surfaces. The (quadratic)
Clifford torus is discussed as an example of a “self-dual” conformally
minimal surface.

The transformation formula for the Laplacian under a conformal
change of the metric on the domain is given, and conformal minimality
is proven to be equivalent to the harmonicity of the conformal Gauss
map.

Section 3.5. The notion of Willmore surface is introduced. The first varia-
tion formula for the Willmore functional is derived, and it is shown that
Willmore surfaces are the same as conformally minimal surfaces. The
Euler-Lagrange equation for Willmore surfaces in a space of constant
curvature is formulated.

Section 3.6. It is shown that a surface is isothermic if and only if its central
sphere congruence is Ribaucour. Thomsen’s theorem is proved: Isother-
mic Willmore surfaces are minimal surfaces in some space of constant
curvature.

Section 3.7. A theorem by Vessiot is presented: Isothermic channel surfaces
are (part of) cones, cylinders, or surfaces of revolution. It is shown that
Willmore channel surfaces are isothermic, and further analysis shows
that planar free elastic curves are involved. It is shown that a Willmore
channel surface is an equivariant minimal surface in a certain space form.
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The Willmore functional of a channel surface is computed in terms of
the enveloped sphere curve, and it is shown that the Willmore functional
can be lowered by replacing the channel surface by a surface of revolu-
tion. It is discussed how this fact can be used to prove the Willmore
conjecture for (umbilic-free) channel tori.

Remark. In this chapter the reader is expected to be familiar with the clas-
sical description of Mobius geometry, as provided in Chapter 1.

3.1 Blaschke’s problem

In §78 of [29], the following problem® is considered: Let S : M? — RP}, be
a sphere congruence with two envelopes f, f : M? — S3, such that the two
envelopes induce the same (possibly degenerate) conformal structure on M;
characterize the sphere congruence and its envelopes.

It will turn out that three cases can occur. In this section we will provide
the setup to solve the problem, and we will describe the first (trivial) case.
The two remaining (interesting) cases will be treated in the following two
sections, respectively.

3.1.1 We will consider S : M? — S as a regular, spacelike map into the
Lorentz sphere®) — remember that a sphere congruence has two envelopes
if and only if the induced metric of S is positively definite (see §1.6.9). Any
lifts f, f : M? — IR} of the envelopes of S can then be interpreted as two
isotropic normal fields (see §1.6.3) of S : M? — Si.

Fixing some scale for f and f , the induced metrics Iy and I 7 become the
third fundamental forms of S with respect to f and f (cf., §1.7.6):

=I(A,A) and I;=1I(A,A),

where A = Ay and A=A i denote the Weingarten tensors of S with respect
to f and f , respectively.

3.1.2 Now f and f induce the same conformal structure on M? if and only
if the induced metrics Iy and I j are conformally equivalent, 22T F = 2T i
Since the Weingarten operators are self-adjoint by the Ricci equations (1.4),
the induced metrics are conformally equivalent if and only if A\2A42 = \2A2.
By using the Cayley-Hamilton identity, A? = trA - A — detA - id and
similarly for A, we see that (pointwise) two different cases can be considered:
1. A, A, and id are linearly dependent — in this case, 4 and A com-
mute, so that they can simultaneously be diagonalized; denoting their

5) Compare also [80], [93], [98], and [99].

6) In this way we exclude nonorientable surfaces, but our analysis will be local anyway.
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eigenvalues by a; and a;, respectively, AZAZ = \2A2 yields Aa; = +Aa;,
1 = 1,2. Thus we further distinguish two subcases:
a. \2detA = A\2detA, and
b. A2detA = —\2detA.

2. A, A, and id are linearly independent — in this case, we must have
trA = trdA = 0.

3.1.3 Regularity assumption. To analyze the problem we will assume
that these cases do not mix, that is, at all points p € M? the same case
applies. Moreover, we will assume that at least one of the envelopes, say f,
is immersed, that is, I is positive definite, detA # 0.

3.1.4 We start by collecting some general facts about the first case.
Consider the bilinear form I(A., A.). Choosing an S-adapted frame F for
S (cf., §1.7.6), we have I(A., A) = > wixi: Thus I(A.,A.) is symmetric if
and only if A and A commute, [A, A] = 0, if and only if the normal curvature
dv = > x; Aw; = 0 of S vanishes, by the third of the Ricci equations (1.4).

3.1.5 Moreover, if both envelopes f, f : M? — S are immersions, then
both Weingarten tensors A and A are invertible, and their inverses, A1
and A~!, are the Weingarten tensors of f and f with respect to S as a unit
spacelike normal field. This gives the reversed viewpoint with f or f as
the primary object of interest (see §1.7.7). Since [A, A] = 0 if and only if
[A=1, A=1] = 0, we find that I(A., A.) is symmetric if and only if f and f
have the same curvature directions.”)
Thus, we have proved the following.®)

3.1.6 Lemma. Let S: M" ! — SIL“ be an immersed sphere congruence
with two envelopes f and f Then the corresponding Weingarten tensors A
and A commute, [A, A] =0, if and only if the normal bundle of S is flat.

When both f andf are reqular, this is the case if and only if the curvature
directions of f cmdf correspond.

3.1.7 This type of sphere congruences, where the curvature lines on both
envelopes correspond, has been studied extensively by the classical geome-
ters and goes by the name “Ribaucour congruence.” This classical charac-

) Remember (§P.6.7) that the notion of “curvature direction” makes sense in the conformal
n-sphere. Moreover (§1.7.7), the curvature directions of an immersion f are the eigendirections
of the Weingarten tensor of f with respect to any enveloped sphere congruence S, viewed as
a normal field of f: Any change S — S + af of the enveloped sphere congruence yields a
change A — A — aid of the corresponding Weingarten tensor field that does not effect its
eigendirections. And, by having f take values in one of the constant curvature quadrics, the
Weingarten tensor of f with respect to its tangent plane congruence gives the Weingarten
tensor of f in that space of constant curvature.

8) Note that we never used n = 3 in the proof.
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terization, however, causes problems when one of the envelopes is degenerate
— and therefore has no curvature lines. On the other hand, we also wish
to have a definition that applies to the case where the sphere congruence is
not immersed. Thus, we give a definition using no regularity assumptions:

3.1.8 Definition. A sphere congruence S : M" ! — ]an+1 with two
envelopes f,f : M"Y — 8™ is called Ribaucour (sphere) congruence if the
normal 2-plane bundle spanned by any® lifts f, f: M1 — ]R?+2 s flat.

3.1.9 We are now prepared to analyze the situation of case la in §3.1.2.

We use an S-adapted frame such that, without loss of geqerality,lo) f
and f are parallel sections of the normal bundle of S. Thus, Adf = £Adf.

Since f was assumed to be immersed, A # 0. Now let k := j:2)‘ that is,
0= gdf — df . The Codazzi equations then yield

O:d(gwi—xi):%dm/\wi—zjwij/\( —Xj) = 2dr Aw;.

Hence dx = 0 because the w;’s are linearly independent, and K := 5 f — f
is a constant vector. Consequently, S is the tangent plane congruence of
a surface f : M? — Q32 into the space Q2 of constant curvature defined
by K (see Figure T.2). Moreover, the second envelope f is either constant

(if k =0) or f = S(f— 2&?’,? K) is a Mébius transform of f (cf., §1.7.8).

3.1.10 The converse clearly holds: Given any surface f : M? — Q3 in
a space of constant curvature, its tangent plane congruence is Ribaucour
and the second envelope of the tangent plane congruence is either constant
(the point at infinity of Q3) or a Mébius transform of f. Thus the tangent
plane congruence of any surface in a space of constant curvature gives a
(Ribaucour) sphere congruence whose envelopes induce the same conformal
structure on M.

Hence we have obtained a first classification result:

3.1.11 Case la. The sphere congruence S : M? — RPg is the common
tangent plane congruence of its two (Médbius equivalent) envelopes in some
quadric Q3 of constant curvature.

Conwversely, the tangent plane congruence of any surface in a space Q> of
constant curvature provides a Ribaucour sphere congruence whose envelopes
induce (weakly) conformally equivalent metrics.

9) Note that this 2-plane bundle does not depend on the choice of lifts for f and f .

10 Since dv = 0, locally v = du; then f — e~ f yields a parallel rescaling of f.
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3.2 Darboux pairs of isothermic surfaces

The second case, 1b, of §3.1.2 is more interesting. Clearly, as discussed in the
previous section, the sphere congruence under consideration is Ribaucour
in this case, too. The condition 1b, N2detA = —)\zdetfl, is distinguished
from la only where det A # 0, that is, where f is immersed. Thus we
restrict attention to (the open set of) points where det A # 0; the results
then extend to all of M? by continuity — as long as we prohibit the singular
set of A from having interior points. But such open singular set would fall
into case la, and we assumed that the cases should not mix.

3.2.1 Thus Aand A simultaneously diagonalize in exactly one way,'V) such
that their eigenvalues satisfy Aa; = Aa; and Aas = —MAas with positive

functions A, A Let u = w We choose an S-adapted frame F' that
diagoAnalizes A and A, that is, w; = a;v; and x; = a;v;, and such that f
and f are parallel sections of the normal bundle of S. In particular, we have

X1 = e 2%w; and y2 = —e~2%wy. Now the Codazzi equations (1.3) yield
dle “wy) = d(e"x1) = e“(du N x1 — wiz A x2),
dle™"w1) = —e “(duhwy+wiagAws) = —e“(du x1 —wiz A X2);
d(e "wq) = —d(e"x2) = —e"(du/ x2 —wa AX1),
dle "wy) = —e “(duNws+way Awy) = e“(du A x2 — war1 A X1)-

Hence d(e "w;) = 0 (as well as d(e“x;) = 0), so that there are (local)
coordinates (z1,x2) with dz; = e “w; = £e"x;. Since

Ip =% w?=¢e*> . dz? and If:e_zuzidx?,

these are conformal coordinates for both surfaces, f as well as f; and,
because the aii ’s are the eigendirections of A and /Al, they are curvature
line parameters.

We have proved that both envelopes ought to be “isothermic surfaces”:

3.2.2 Definition. A surface f : M? — 83 is called isothermic if, around
each (nonumbilic) point, there exist conformal curvature line coordinates.

3.2.3 Note that this definition for isothermic surfaces works globally. How-
ever, since isothermic surfaces need not be analytic, arbitrarily unpleas-
ant configurations of umbilics can occur — thus we will always work with
umbilic-free surface patches or, at least, with surface patches that carry
regular curvature line parameters.

In order to get our hands on umbilics (and on the global geometry of
isothermic surfaces), some “better” definition will be needed.

11) By the determinant condition, only one, A or 121, can be a multiple of the identity.
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3.2.4 Additionally, we want to show that the enveloped sphere congruences
in case 1b (§3.1.2) cannot take values in a fixed sphere complex — this
distinguishes the case at hand from case la geometrically.

Assume that S : M? — K+ for some vector K € R}. Then K L S,dS
and, consequently, K = fif+pu f with some functions p, 1. Taking derivatives
we obtain 0 = (fiwy +px1)S1+ (fwe+ux2)Se+dif+duf. Thus du = dip =0

T -0 - ¢ HE)-O)

Consequently (A and \ are positive) u = 4 = 0, so that £ = 0, and S
cannot take values in a linear sphere complex.

Later, when reconsidering the Darboux transformation in the quater-
nionic setup, we will want to relax the requirement that the enveloped
Ribaucour congruence not be immersed or not take values in a fixed sphere
complex.'? However, in our current situation, the following will be a good
definition to work with:

3.2.5 Definition. Two (isothermic) surfaces are said to form a regular
Darboux pair if they envelope an immersed Ribaucour sphere congruence
that does not take values in a (fixed) linear sphere complex and if their
induced metrics are (weakly) conformally equivalent.

One envelope is then said to be a Darboux transform of the other.

3.2.6 Note that by requiring our “Darboux sphere congruence” (that is, its
envelopes form a Darboux pair) not to take values in a fixed linear complex,
we rule out the sphere congruences occurring in case la. Thus, by the very
definition, we obtain the converse of our characterization.

We will see later that any given isothermic surface allows (locally) a 4-
parameter family (0o*) of Darboux transforms, that is, extends in co* ways

to a Darboux pair (cf., [106]).

3.2.7 Also note that we need not require the surfaces of a Darboux pair
to be isothermic by definition: Because a regular Darboux pair envelopes a
sphere congruence that falls into'®) case 1b of §3.1.2, it follows that both
surfaces of a Darboux pair have to be isothermic where they are regular.

3.2.8 Case 1b. The sphere congruence is Ribaucour and, around points
where both envelopes are immersed, there exist (common) conformal cur-
vature line coordinates for both envelopes; moreover, the sphere congruence

12) For example, we will want to consider two orthogonal nets on a 2-sphere as a (degenerate
case of) a Darboux pair, in which case the sphere congruence is constant.

1 . Y .
3) “Ribaucour and same conformal structure” implies case 1, “not values in a fixed sphere
complex” rules out, as discussed above, case la.
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does not take values in a fixed linear sphere complex: Its envelopes form a
regular Darboux pair of isothermic surfaces.
The converse holds by the definition of a reqular Darboux pair.

3.3 Aside: Transformations of isothermic surfaces

Isothermic surfaces have an exceptionally rich transformation theory re-
lated, for example, with their integrable systems description in terms of
“curved flats” (cf., [71]). Because most aspects of this transformation the-
ory are dealt with much more smoothly in the quaternionic/Clifford alge-
bra setup of Mobius geometry, we will only touch on the most important
topics in the present section: We will briefly discuss the curved flat descrip-
tion and the spectral transformation related to it [46]; then we will turn to
Christoffel’s classical work [70] and discuss his transformation for isothermic
surfaces.

3.3.1 An investigation of the Gauss equation (1.2) shows that the “ex-
tended Gauss map” p — v(p) := span{S(p),d,S(T,M)} of the sphere con-
gruence'® S enveloped by a (regular) Darboux pair yields a flat vector space
bundle over M?:

0 = wiAx2+x1Aw2 = p12—Y1AY2 and
0 = dlﬁl—f—wlg/\wg == d@[)g—wlg/\wl.

Note that flatness of the extended Gauss map is a frame-independent notion.

A~

Because the normal 2-plane bundle p — span{f(p), f(p)} of S is flat,
041 (5
0(3)><(O)1(2)

the (pseudo-Riemannian symmetric) space of point pairs in S defines a
curved flat [46]. Remember that a curved flat v: M — G/K in a reductive
homogeneous space (or semi-Riemannian symmetric space) is characterized
by the fact that the p-part ®, of the connection form ® = ®¢ + ®, of any
lift F': M — G is an abelian 1-form, that is, [®, A ®,] = 0 (see §2.2.3).

too (since S is Ribaucour; cf., §3.1.8), the map v : M? — into

3.3.2 Lemma. The extended Gauss map
M2 3 p—(p) = {f(0), f(0)}* € O1(5)/K, where K =0(3)x 01(2),

of a Darboux sphere congruence S with envelopes f and f (that form a

Darboux pair of isothermic surfaces) is a curved flat in the (symmetric)

space ﬁ% of point pairs in the conformal 3-sphere.

14) Note that this extended Gauss map does not depend on a choice of homogeneous coordi-
nates; it only depends on the honest sphere congruence S : M? — JRP?).
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3.3.3 It is an entirely general fact that curved flats appear in associated,
or spectral, families (cf., [112]): implanting a “spectral parameter” p into
the connection form ® of a lift F': M — G of a curved flat v: M — G/K,

O, := By + udy,

it is a direct consequence of the Maurer-Cartan equations together with the
curved flat condition [®, A ®,] = 0 that the obtained connection forms &,
satisfy the integrability condition for all 4, again'®:

{dq)e + 5 [P A D] + 42D /\(I)p]} — 0

1
Ay + 3[Pu A P, + p (d®y 4 [Pe A Op])

Thus, integrating these connections forms ®,,, we obtain a family of lifts F),
of curved flats 7,,.1% Moreover, the resulting curved flats 7, do not depend
on the choice of lift for v = ~: If F — FH, H : M — K, is a gauge
transformation of the original lift F' of the curved flat v, then

q)u = q’g + ,U,(I)p — (AdH(I)g + H_ldH) -+ NAdH(ppy

showing that F,, — (F'H), = F,H are gauge transforms of the F},, and
hence are projecting to the same curved flats v, as the F},’s.

3.3.4 By applying these observations to our situation of Darboux pairs of
isothermic surfaces,!” we obtain a l-parameter family of Darboux pairs
from a given Darboux pair: Introducing the spectral parameter p into the
connection form of an adapted frame for a Darboux pair of isothermic sur-
faces (normalized as in §3.2.1) yields a 1-parameter family

0 wiz  —Y1 pwr pxa
—Ww12 0 —  pw2 X2
¢, = 1 (2 0 0 0 (3.1)
—px1 —pxz2 0 0 0
—Uw1  — w2 0 0 0

of connection forms of the same structure. In particular,

e Yw; = ey = dx;

15) The integrability of the ®,’s is actually a characterization for curved flats, by this computa-
tion. Remember that we defined [PAY](z,y) := [®(z), ¥(y)]—[P(y), ¥(x)] (see Footnote 1.33).

16) Note that the frames F,, are unique up to left translation by a constant element in the

group G; hence, the curved flats 7, are well defined up to their “position” in G/K.

17) It can actually be shown that, under suitable regularity assumptions, any curved flat in the
symmetric space of point pairs gives rise to a Darboux pair of isothermic surfaces [46]. However,
for our purposes, it is sufficient to see that the curved flats «, obtained by p-deforming a
Darboux pair of isothermic surfaces yields Darboux pairs, again.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 113

provide simultaneous conformal curvature line parameters (z1,z2) for all
the surfaces f, := Fj,eo and fu := F,es, where F,, dF,, = F,,®,, denote
lifts of the curved flats v, = {f,, fu}i.

These observations are worth being condensed to a lemma—definition:

3.3.5 Lemma and Definition. Let ® = ®; + ®, denote the connection
form of a frame F' of the curved flat v = {f, f}L corresponding to a Darbouz
pair of isothermic surfaces. Then, all connection forms @, := ®¢ + ud®, are
integrable to provide frames F),, of curved flats corresponding to Darboux

pairs (fu, fu)

The family (f,, fu)ueﬂ{ will be called the spectral family of Darboux pairs,

the transformation (f, f) — (fu, fu) will be called spectral transformation.*®

3.3.6 Note that, on one hand, the frames F), are uniquely determined by
the ®,,’s up to postcomposition by a constant element of O;(5), and, on the
other hand, ® = ®; does not depend on the position of the Darboux pair
in the conformal 3-sphere. Thus the Darboux pairs (f,, fu) are unique up
to Mobius transformation and do not depend on the position of the origi-
nal Darboux pair, that is, the spectral transformation is a transformation
between Mobius equivalence classes of Darboux pairs.

We will see later that f,, does not even depend on the Darboux pair, but
only on the isothermic surface f. This will prove the classical notion of the
“T'-transformation,” a slightly modified version of our spectral transforma-
tion (instead of u we use A = pu? as a real parameter), to be a well-defined
transformation for M6bius equivalence classes of isothermic surfaces. In
this context the quaternionic model for Mcbius geometry, as discussed in
the following chapter, will turn out to be very useful.

3.3.7 Example. Writing the connection form (3.1) in terms of conformal
curvature line parameters (x1,22) and making an ansatz for the forms 1);,

U = (He" + Ii_fe_“)dml, wy = e%dry, x1= e “dry, (3.2)
o = (He" — He “)dre, we = eYdre, x2 = —e “dxa, '
with suitable functions H and H , the Codazzi equations (1.3) show that the
form wig = %dml — %dmz = — xdu, and dH = 0 if and only if dH = 0.

A

Now we assume H (and, consequently, H) to be constant; excluding the
case H = H = 0, where the surfaces f and f take values in a fixed 2-sphere
S, we may assume H # 0. Then, by a (constant) gauge transformation

18) Later a slightly modified version of this transformation will go by the name Calapso trans-
formation, or T-transformation for short; it also provides a conformal deformation for isother-
mic surfaces, as will be discussed later.
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(f, f) — (—%f, —Hf) and altering u appropriately, we achieve H = —1.
Consequently,

Ky = NQ(SM + H(%fu)) - (Nfu)

is a constant vector, dK,, = 0, and the surfaces
Le . g2 3
ﬁf“ P M® - Q(2H—u2)u2

take values in the spaces of constant curvature 2Hu? — pu* = —|K,|? de-
termined by K, since (%fu,lCM) = —1 (see §1.4.1). Determination of the
tangent plane congruence T, = S, —I—,uzfu of a surface %fu, by (K., T,) =0,
allows one to compute the second fundamental form of % [ since T}, can be

interpreted as a unit normal field of % [ as a hypersurface of Q?2 H— i)
— thus we have

I=e?(do? +dz3) and I = (H — p?)I— (do? — dz3),

showing that the surfaces % [, are all isometric and have constant mean cur-
vature H,, = H —p?. Hence we have identified the (spectral) transformation
W % f,. as Lawson’s correspondence. Note that the mean curvatures H,,
of i fu and the ambient space’s curvatures r, = (2H — p?)u? are related
by a quadratic equation, s, + Hﬁ = H? = Kpax. Here kmax denotes the

maximum value of the ambient space’s curvature x, that is attained!?) for
u? = H, where the surface % fu becomes minimal, H, = 0.

A~

3.3.8 Given a Darboux pair (f, f), its spectral transform becomes singular
as it — 0, when they are computed using the form (3.1) of the connection
forms for the family of curved flats: Clearly, dfy, = 0 as well as dfo = 0.
However, applying u-dependent gauge transformations

(fuafu) = (%fua/vbfu) or (f;mfu) = (:ufua %fu) (3-3)

while sending ;1 — 0, only one surface degenerates, say f,“ and can be
interpreted as the point oo at infinity of the Q} determined by K := — fo, SO
that fo takes values in that Euclidean space. Since Sy L fo, the (Darboux)
sphere congruence Sy then becomes the tangent plane congruence of fy.
Thus, with the ansatz (3.2), we compute the first and second fundamental

forms of fo (and of fy by taking the reverse gauge in (3.3)) to find that

19) In the present setup it actually makes sense to consider also u? < 0, that is, p € ¢IR; this
will be discussed in more detail later.
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the fundamental forms of one surface are determined by those of the other
surface:
I = e?“(dx? + dz3) I = e 2%(da? + dx)

] 2 2 A 7 7T 2 2 (3.4)
Hence both surfaces are — in “different” Euclidean spaces — isothermic,
with corresponding conformal curvature line parameters, reciprocal confor-
mal factors, and with their mean curvature and (real) Hopf differentials
exchanged.

3.3.9 Conversely, two such isothermic surfaces fy and fo in Euclidean space
can be used to generate a family of Darboux pairs of isothermic surfaces in
the conformal 3-sphere via (3.2) and (3.1), with these surfaces as limiting
cases as u — 0, by defining ®, in terms of their fundamental quantities and
then integrating ®,,.

3.3.10 Another observation is the following: Since one of the surfaces, f)
or fy, shrinks to a point (at infinity), the sphere congruence S becomes
the tangent plane congruence of the other — while the circles intersecting
the spheres of the congruence orthogonally in the points of contact with its
envelopes become more and more straight lines. Thus the two surfaces have
more and more parallel tangent planes (cf., [152]). This observation may
motivate the following problem of Christoffel2?) [70]:

3.3.11 Christoffel’s problem. Let f,f* : M? — IRR3 be two surfaces
with parallel Gauss maps, n = £+n*, such that their induced metrics are
conformally equivalent, \>I = (\*)?I*; characterize the surfaces and their
relation.?!)

3.3.12 As for our investigations of Blaschke’s problem (see Section 3.1) we
distinguish three cases that we formulate in terms of the Weingarten tensor
fields A, A* of f and f*, respectively:
1. A, A" and the identity I are linearly dependent, and the Gauss curva-
tures K = detA and K* = detA* of f and f*
a. have the same sign, KK* > 0, or
b. have opposite signs, K K* < 0.
2. A, A* and I are linearly independent.

3.3.13 Regularity assumption. We will consider n (as well as n*) to
be regular, that is, KK* # 0. Moreover, we will assume that our surface
pair (f, f*) globally falls into one of the mentioned categories.

20) Well, Christoffel himself was motivated by another observation concerning the relation
between associated minimal surfaces, as we will discuss below.

21) Variations and generalizations of this problem have been considered by various authors
after Christoffel; see [249], [230], [215], [290], [291], [84], and [47].
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3.3.14 Christoffel’s problem is a Euclidean problem — the problem does
not make any sense in Mobius geometry since the term “parallel” does not.
As a purely Euclidean problem we will give the problem a Euclidean treat-
ment, using the classical technology. Most of the analysis of this problem
will be taken care of by the following lemma. To simplify the computation,
we will assume the existence of curvature line parameters on one of the two
surfaces, say f. In cases 1b and 2, this is not a restriction because it is
implied by the assumptions; in case la, the general statement will follow
from the “generic” situation by a continuity argument.

3.3.15 Lemma. Let f : M? — IR3 be an immersion given in terms of
curvature line coordinates, I = E dx3+G dx3 and I = Ldz?+ N dz3. Then
the integrability conditions for an immersion f* : M? — IR® with parallel

O px __ o) o) 0 f*x __ 0 0
tangent planes, 5" = ag—f + V5 and 5" = =Bz + 5a—x2f,
read

0 = o+t o280+ gplla =055 B+ B0 E — 750G
0 = oot - e ke ka6
0 = BL+AN,

and its first and second fundamental forms (with respect to n) are given by

I* = (a?E 4+ 7?G)dz? — 2(aBE — v0G)dz1dxs + (B*E + 62°G)dz3,

I* = aLdx? — (BL — yN)dxidxs + 6N dxi. (3.6)
3.3.16 Proof. By a straightforward computation using
o o 1,0 o 1 (.0 0
I T A oty
1 1

R o W s

s O = Do/ + wenGanf + Nn
The details shall be left as an exercise for the reader. N

3.3.17 In the cases la and 1b of §3.3.12, the Weingarten tensor fields A
and A* are, just as in §3.1.2, simultaneously diagonalizable, that is, the
curvature lines of f and f* correspond where they are (uniquely) defined.
Thus, in the above lemma in §3.3.15, we have 0 = BL + vN from (3.5)
as well as 0 = L — N from (3.6), since the coordinate lines we use are
curvature lines for f*, too. As a consequence, § = v = 0 since we assumed
n to be regular, K # 0.

Conformality of the induced metrics now implies that a? = §2, and from
K* = %K we deduce § = +a # 0 in case la and ) = —a # 0 in case 1b.

In case la, the integrability conditions (3.5) then read da = 0. Hence:
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3.3.18 Case la. The two surfaces f and f* are similar: f* = af 4+c with
constant a € R\ {0} and c € R3®. Conversely, any surface f : M?> — R?
and a scale translation of f form a pair of surfaces with parallel tangent
planes and conformally equivalent metrics.

3.3.19 Incase 1b, § = —a # 0 and § = v = 0, as above, and (3.5) becomes

O_

QIH

aioﬁ—i 9 F  and O—éa%la—k

_0_
E dz2 0x1 G.

Ql=

d d d :
am Fas =—InFk — &c Fo7 =—InG = ax Fr ln , showing that

g is a fraction of two functions of one variable. Hence, by a sultable change
Z1 = Z1(x1) and Ty = Zo(we) of curvature line coordinates, a conformal
parametrization is obtained, F = G =: €?*, identifying f (as well as f*) as
isothermic surfaces.

What we just discussed is nothing but Weingarten’s criterion [299] for a
surface to be isothermic??): Using Rothe’s form from [247] of Weingarten’s
invariant 1-form, as discussed in §P.6.5, we find

As a consequence, 0 =

+dQ = 522 (In §) dzy A day,

so that f is an isothermic surface if and only if d{2 = 0.

Moreover, o = e~ 2% up to some multiplicative constant, so that I* and
I* in (3.6) take the form of I and I from (3.4).

3.3.20 Case 1b. The two surfaces f and f* are isothermic such that they
allow common conformal curvature line coordinates with reciprocal confor-
mal factors. In these coordinates their mean curvatures and Hopf differen-
tials interchange roles, that is, they appear as limiting surfaces of a spectral
family of Darboux pairs:

I = e?*(dx? + dz3) o I* = e 24 (dz? + dz3)
I = HI+ H*(dx? — dz3) I* = H*I* + H (dz? — dz3).

3.3.21 Such surface pairs (f, f*) are usually called “dual isothermic sur-
faces,” or “Christoffel pairs”: We will use the geometric characterization
from Christoffel’s problem in §3.3.11 to define this terminology. To exclude
the two cases 1a and 2 from §3.3.12, we explicitly exclude the trivial case la
(as we did for Darboux pairs in §3.2.5), and we require the curvature lines
of f and f* to correspond, thusly excluding case 2:

3.3.22 Definition. Two (isothermic) surfaces f, f* : M? — R® that are
not similar are said to form a Christoffel pair, or a pair of dual surfaces,

22) Compare also [65], [164], [244], and [246]; [53]; [233], [235], and [236].
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if they have (pointwise) parallel tangent planes such that their curvature di-
rections correspond, and if their induced metrics are conformally equivalent.
One surface is then said to be a Christoffel transform of the other.

3.3.23 As for Darboux pairs (cf., §3.2.8), Christoffel pairs give, by defini-
tion, a surface pair falling into case 1b of our classification of §3.3.12.

However, we can do better: Suppose we are given an isothermic surface in
terms of conformal curvature line coordinates, and let e?* be the conformal
factor. Then it is straightforward to see that the 1-form

df* = e~ 2 f — 52 ] (3.7)

is closed and therefore (locally) integrates to give a Christoffel partner for
f, from the lemma in §3.3.15. Thus:

3.3.24 Corollary. Given an umbilic-free isothermic surface f : M? — RR3,
there is (locally) a Christoffel transform f*: M? D U — R? of f.

3.3.25 Example. If f: M? — R3 is a surface of constant mean curvature
H # 0, then its parallel surface f* := f + %n is a surface of constant mean

curvature H* = H when using n* := —n as its Gauss map (cf., §2.7.4).
Moreover, by the Cayley-Hamilton identity, the third fundamental form of
fisll =2HI — K 1,sothat [* =1— %ZZ—I— %ZZ[ = HZ_QKI is conformally

equivalent to I. Clearly the curvature lines of f and f* coincide. Hence f
and f* form a Christoffel pair of isothermic surfaces.

On the other hand, f and f* envelope a (Ribaucour) congruence of
spheres, with constant radius % Consequently, they also form a Dar-
boux pair — in fact, this can be shown to be a characterization of constant

mean curvature surfaces in R? (cf., [147]).

3.3.26 In the previous example we had dn+ Hdf = H*df*, where H* = H
was the (constant) mean curvature of f*. This formula can be generalized
for arbitrary isothermic surfaces:

3.3.27 Lemma. If f, f*: M? — R3? form a Christoffel pair, then
dn + Hdf = H*df*, (3.8)

where H* is the mean curvature of f* with respect to n* := —n.

3.3.28 Proof. Away from umbilics we may choose conformal curvature line
parameters (z1,z2) for f; then —dn = k; %f dry + ]{Jg%f dzs. Conse-
quently, by (3.7),

dn + Hdf = =855 [0 fdry — 2 f das] = Adf*
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is a multiple of the differential of f*, with a suitable function A\. By sym-
metry, —dn + H*df* = A\*df. Combining the two, the claim follows since df
and df* are linearly independent. N

3.3.29 Example. Knowing that a minimal surface f : M? — IR? is isother-
mic (3.8) shows that its Gauss map n : M? — S? complements f as a
Christoffel partner,2?) which is unique up to scaling and translation. How-
ever, given a map n : M? — S?, its Christoffel partner is unique (up to
translation) only after fixing a “curvature line net” or, equivalently, a “Hopf
differential.” Without this additional information, the family of minimal
surfaces mentioned in case 2 below provides as many Christoffel partners
for n as there are holomorphic functions — as one expects, knowing about
the Weierstrass representation.

Using a minimal surface together with its Gauss map as the limiting
surfaces for a spectral family of Darboux pairs (cf., §3.3.8), we obtain a
family of surfaces of constant mean curvature H, = —u? in hyperbolic
spaces Q2 e This gives?? the Umehara-Yamada perturbation of minimal
surfaces into cme-1 surfaces in hyperbolic space (cf., [153]) — we will study
this fact in more detail later, after introducing the quaternionic model for
Mobius geometry.

3.3.30 Now we turn to the remaining case 2 of §3.3.12: This is the case that
actually caught Christoffel’s interest, as the title of his paper [70] indicates.

In the case at hand, the Weingarten operators do not simultaneously
diagonalize. On the other hand, n* = 4+n, so that the third fundamental
forms of f and f* coincide, that is, I(., A%2.) = I*(.,(A*)2.). Hence, by the
conformality assumption in Christoffel’s problem in §3.3.11, we conclude
that (A\*A)? = (AA*)2. Then, by the same Cayley-Hamilton argument as in
§3.1.2, both surfaces f and f* have to be minimal, H =0 and H* = 0.

Minimal surfaces are isothermic. Therefore, in the formulas of §3.3.15,
we can assume that £ = G and L + N = 0 — note that, by the regularity
of n, we have automatically excluded umbilics. The third equation in (3.5)
then yields v = 8 with 8 # 0, since we assumed that the curvature lines of
f and f* do not line up, and conformality gives af = vd < a = d, by (3.6).

Assuming that 8%1 f, 8%2 f, and n form a positively oriented basis in R?
the ansatz for df* from §3.3.15 can now be rewritten as

df* = adf + Bn x df;

23) This can also be argued directly: Conformality is checked by using the Cayley-Hamilton
identity, Il = —K 1, and curvature lines are not an issue because, for a totally umbilic surface,
any orthogonal net is a “curvature line net.”

24) We may also allow imaginary values of u: This is equivalent to choosing — f* instead of f*
as a Christoffel transform to generate the spectral family of Darboux pairs, or to interchanging
the roles of the curvature lines.
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moreover, the integrability conditions (3.5) become the Cauchy-Riemann
equations for o + 103,

e} (o) _ o) 0 _
a—mla—a—mﬁ—o and 8—m205+8_ml5—0
The converse follows by straightforward computation, using the fact that f
is minimal. Thus we have:

3.3.31 Case 2. The two surfaces f and f* are minimal surfaces whose
differentials are holomorphic multiples of each other:

df* = (a+ pnx)df, where a+if: M? — C

1s a holomorphic function. Conversely, any two such minimal surfaces have
parallel tangent planes and conformally equivalent metrics.

3.3.32 Note that the associated family of minimal surfaces occurs as a
special case where o + i3 = e is a constant of unit length.

3.4 Dual pairs of conformally minimal surfaces

In the last case 2 of §3.1.2, the enveloped sphere congruence is not Rib-
aucour; if it was the Weingarten tensors A and A could be diagonalized
simultaneously by the lemma in §3.1.6 and, consequently, A, /Al, and d
would be linearly dependent since we are in dimension dimM = 2. How-
ever, the condition trA = 0 characterizes the sphere congruence as a special
sphere congruence for its envelope f; we will start by discussing the corre-
sponding relation between a surface and an enveloped sphere congruence in
a more general setup:

3.4.1 Lemma and Definition. Given an immersion f : M"~1 — 8™,
there is exactly one sphere congruence Z : M" 1 — S?“ such that the
corresponding Weingarten tensor Ay (of f with respect to Z as a normal
field) has trace trAyz = 0.

This sphere congruence is called the central sphere congruence of f; in
the case of dimension dimM = 2, it is also called the conformal Gauss map

of f.

3.4.2 Proof. Choose any light cone representative f : M"~! — L"*1 of
the immersion and any sphere congruence S : M"~! — S"*1 enveloped by
f to obtain a strip (f,.S). Any different choice (“admissible change”) of the
strip, (f,S) — (e“f,Z := S+ a f), has the effect

(df, df) — 20 (df,df) and  (df,dS) > e"({df,dS) + aldf, df)).
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Hence the Weingarten tensor Ag changes by
Ag— Ay = e_“(AS — a@d)

This shows two things:
1. There is a unique sphere congruence Z = S +%- f such that trA; = 0.
2. This sphere congruence does not depend on the choice of homogeneous
coordinates for f, that is, the central sphere congruence is a well-defined
object for a hypersurface in the conformal n-sphere S™. N

3.4.3 Sometimes, the central sphere Z(p) of a hypersurface f : M"~t — S”
at a point f(p) is also called its “mean curvature sphere.” To justify this
notion we compute the central sphere in terms of a stereographic projection
of f (cf., §1.4.4).

Thus, let f : M™~! — Q™ denote an immersion into a quadric of constant
curvature k = —|K|? (cf., §1.4.1) and let T : M™~1 — Kt denote its tangent
plane congruence (cf., §1.4.11). Since T(p) € {f(p),K}+ = Ty)QL at
every point p € M, the tangent plane map T can be interpreted as a unit
normal vector field of f : M™~! — Q7 and, consequently, Ar becomes the
Weingarten tensor field of f as a hypersurface in the space Q7 of constant
curvature. Hence Z =T+ ﬁtrAT f consists of spheres that have the same
mean curvature?®) —(Z, ) = ﬁtrAT as the hypersurface f (cf., p. 60).

This observation is important enough to formulate it as a lemma:

3.4.4 Lemma. If f : M"! — Q" is an immersion into a space Q" of
constant curvature k, then the central sphere congruence Z consists of those
spheres Z(p) that have the same mean curvature —(Z(p),K) = H(p) as the
hypersurface.

3.4.5 As an immediate consequence we obtain a Mobius geometric char-
acterization for minimal hypersurfaces or, more generally, constant mean
curvature hypersurfaces in spaces of constant curvature:

3.4.6 Corollary. A hypersurface f : M™"~1 — S™ allows a minimal (con-
stant mean curvature) stereographic projection f : M"~! — QU into a
quadric of constant curvature if and only if its central sphere congruence
takes values in a linear (affine: {S| (S, ) = const}) sphere complez K.

3.4.7 Next we want to motivate the notion of the “conformal Gauss map”
in the 2-dimensional case. By the Cayley-Hamilton identity, the induced

25) We chose Z and T to have “oriented contact” — by replacing Z by —Z we pick up a
sign that comes from differently orienting the hypersurface and the touching mean curvature
sphere.
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metric?®) of a sphere congruence S : M? — S} enveloped by an immersion
satisfies Ig = I (., A%.) = trAg - I¢(., Ag.) —detAg - I, where f : M? — L4
is any lift of the immersion.

At nonumbilic points, Ag and the identity are linearly independent; hence
Is and Iy are conformally equivalent if and only if trAg = 0.

At umbilics, on the other hand, Ag is (for any S) a multiple of the
identity, so that trAg = 0 < Ag = 0, that is, I degenerates exactly when
tI‘AS = 0.

Thus we obtain a characterization of the central sphere congruence as
the “conformal Gauss map” of a surface in the conformal 3-sphere:

3.4.8 Lemma. A surface f : M? — S3 and its central sphere congru-
ence Z : M* — RP}, induce (weakly) conformally equivalent metrics — the
metric of Z degenerates exactly at the umbilics®? of f.

This is a characterization of the conformal Gauss map.

3.4.9 Example. If f : M? — Q3 = R?, then the induced metric of the
central sphere congruence Z =T 4+ H f becomes

Iy =1Ip(.,A%.) = 1(a1 — a2)? Iy = (H? — K) Iy,

where a; are the principal curvatures of f and K = ajas its Gauss curvature.
Thus Iz turns out to be exactly the “conformal metric” from §P.6.4.

3.4.10 A special feature in dimension 2 is that an invertible endomorphism
A has trace trA = 0 if and only if its inverse has trA=! = 0. As a conse-
quence, a regular sphere congruence S is the central sphere congruence of
an immersion f if and only if the Weingarten tensor field Ay = Agl of S
with respect to f as an (isotropic) normal field has trace trAy = 0. Thus
we can check a sphere congruence for being central by observing its second
fundamental form (cf., §1.7.6): Since

I = —(ds, df>f — (dS,df)f
f

= ( ) + I('aA')fa

where A = Ay and A=A i denote the Weingarten tensors with respect

to f and f , respectively, we see that trll becomes isotropic if and only if
S is the central sphere congruence for one of its envelopes, and S becomes

26) The metric Is = (dS,dS) does not depend on the lift S : M? — S} of S (sign of S); so the
induced metric Ig of a sphere congruence is a well-defined global quantity.

27) This is where the mean curvature sphere becomes a curvature sphere; see §1.7.10.
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minimal,?®) trfl = 0, if and only if it is the central sphere congruence for
both of its envelopes (if they are regular).

3.4.11 Applying these observations to case 2 from §3.1.2, which we are
currently investigating, tells us that the sphere congruence (that we assumed
to be immersed) is minimal and is therefore the central sphere congruence
of both of its envelopes, where those are immersed. Otherwise said, both
envelopes are “conformally minimal”:

3.4.12 Definition. A surface f : M? — 83 is called conformally minimal
if its central sphere congruence is, away from umbilics, a minimal surface.

3.4.13 Case 2. Around points where both envelopes f cmdf of the sphere
congruence S are immersed, it is the central sphere congruence of both en-
velopes at the same time, S = Z = Z. This is the case if and only if the
sphere congruence S : M? — JRPé s minimal.

On the other hand, the central sphere congruence of any conformally
minimal surface falls into case 2 of §3.1.2, as soon as it is reqular; the
second envelope of the sphere congruence is then also conformally minimal
where it s reqular.

3.4.14 This last statement follows from the next theorem, below. In our
setup, defining conformal minimality via the minimality of the central sphere
congruence, this theorem is a rather direct consequence of the definition;
however, choosing a different approach, which we will address in the follow-
ing section, it requires a quite involved proof: See [40)].

3.4.15 Theorem and Definition. The second envelope f of the central
sphere congruence Z of a conformally minimal surface f is (where reqular)
conformally minimal itself; it is called the dual surface of f.

3.4.16 Proof. In our context, this theorem follows from the symmetry that
we built into the definition of conformal minimality and from the following
lemma, which is merely a reformulation of the considerations in §3.4.10. <«

3.4.17 Lemma. Let [ : M? — S3 be a surface such that the second
envelope f of its central sphere congruence Z is immersed. Then f is con-
formally minimal if and only if Z is the central sphere congruence of f.

3.4.18 Example. Let us, for a moment, equip our Minkowski space R}
with an orthonormal basis (eg,e1,...,es), that is, (e;,e;) = £d;; with —1
for © = 0 and +1 otherwise. Let

R?/21Z% > (u,v) — f(u,v) = (1, <, 252 eap #02) € Qf

28) Remember that we equipped the space lRPé of (unoriented) hyperspheres with the metric

that makes S7 — RP¢, a (double) pseudo-Riemannian cover.
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parametrize the square Clifford torus. Because f is a minimal surface, its
tangent plane congruence

T(,u/’ ,U) (0 C\O/SE’U,’ S%’U/, C\O/SE’U7 Si;lj)) E Sl

coincides with its central sphere congruence, Z = T'; alternatively, one easily
checks that the Weingarten tensor field Ay = —%du + a%dv has trAr = 0.
The second envelope of the central sphere congruence T' becomes

f(u,v):<_l cosu sinu cosv sinv)

27 227 2v/2° 2v2° 2v2 /"
This is just a reparametrization of f f(u, v) fu+m,v+ ). Because the
Weingarten tensor field Ay = —l —du + dv of f with respect to T' as

a unit normal field also has trace trAT = 0, the square Clifford torus f is a
conformally minimal surface whose dual is just a reparametrization — it is
a “self-dual” conformally minimal surface.

3.4.19 At this point we wish to switch viewpoints, in the usual manner,
and extend our definition of conformally minimal surfaces slightly: We want
to relax the requirement on the central sphere congruence to be immersed.
For a map ¢ : (M, g) — (M, §) between (pseudo)Riemannian manifolds
we define the Hessian by hess p(z, y) := Vado(y) := Va(de(y)) — do(Vay).
In case ¢ is an isometric immersion, I = hess ¢ and trfl = Ap. A conformal
change g — § = e?*g of metric on the domain manifold yields (see §P.2.1)

Ap = > g(vj ) (VUJ do(vs) — dp(Vy,vj + 2du(vi)v; — g(vj,vj)grad u))
= e 2(Ap + (n — 2)dp(grad u)),

where v;, i = 1,...,n, denotes an orthonormal basis of T}, M with respect to

g. Thus, for dim M = 2, Ago = 0 if and only if Ay = 0, that is, harmonicity

of a map from a 2-dimensional domain does not depend on a metric but

only on a conformal structure on the domain manifold.

In particular, the central sphere congruence Z : M? — IRP?) of an immer-
sion f : M? — 83 is minimal if and only if it is harmonic with respect to the
conformal structure induced by the immersion f. This condition on a sur-
face f to be conformally minimal works across umbilics, t00.2?) Note that,
in our definition of conformal minimality, we did not impose any condition
at umbilics, so that, in particular, sphere pieces are conformally minimal.

Summarizing we obtain the following characterization of conformally
minimal surfaces that requires only the surface to be immersed, not its
central sphere congruence:

3.4.20 Theorem. A surface f : M? — S2 is conformally minimal if and
only if its central sphere congruence Z : M* — RP}, is harmonic.

29) By a continuity argument AZ = 0 on the closure of the set of regular points of Iz; on open
neighborhoods, where I = 0, we have dZ = —x f; but, using an f-adapted frame here, the
Codazzi equations for Z show that y = 0. Hence Iz = 0 implies dZ = 0, so that AZ = 0.
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3.5 Aside: Willmore surfaces

Motivated by the observation that the total Gauss curvature [ 1 Kda of a
compact surface f : M? — R? in Euclidean 3-space is a topological invari-
ant, 5 [,, KdA = x(M) by the Gauss-Bonnet theorem, T. Willmore in-
troduced the total squared mean curvature 7(f) := % Iy H 2dA and raised
the question for relations between its infimum value and the topology of the
underlying domain manifold (see [306]). He gave a complete analysis in the
case M? = S? of genus 0. In the case where the underlying manifold is a
2-torus, M? = T2 the problem of finding the infimum (minimum: [256])
value of 7(f) is still open — in fact, many people have since worked on the
famous “Willmore conjecture,” saying that 7(f) > 7 for a 2-torus.>®) At
the end of this chapter we will touch on this conjecture in a special case.

3.5.1 Another point of view is to consider the “Willmore functional” 7
as the “bending energy” of a (closed) surface, analogous to the bending
energy for (planar) curves that is given by their total squared geodesic
curvature: This was the approach that led Germain [126] in the beginning
of the nineteenth century to consider the mean curvature of a surface as
the “elastic force” of a thin plate (cf., [83]). Indeed, in modern literature
on the elasticity of membranes (see for example [289] or [186]; cf., [176]), a
weighted sum of the total squared mean, the total mean, and the total Gauss
curvatures is considered as the “free energy” of a membrane. By neglecting
the total mean curvature (by physical considerations) and observing that
the total Gauss curvature is a topological invariant, one is led to consider
the Willmore functional as the free energy of the membrane.

And just as the (free) elastic curves are the critical curves for the bending
energy of rods (see [41] and [177]), “Willmore surfaces” are the (closed)
critical surfaces for the total squared mean curvature. In fact, we will even
discover a close relationship between elastic curves (in planes of constant
curvature) and special Willmore surfaces [276] (cf., [218] or [178]).

In this section we will deal with the corresponding variational problem.

30) Just to give a few references: After the Mdbius symmetry of the problem was recognized
(see [302] and [67]), Li and Yau obtained a partial solution by introducing an important new
technology based on the notion of “conformal volume” (see [180]), and Bryant gave the cor-
responding variational problem a Mobius geometric treatment in [40] (see also [43]). Bryant’s
work is of particular interest to us because it establishes the relation with conformally minimal
surfaces. An extension of the Willmore conjecture for different genuses has been formulated
by R. Kusner [172] (cf., [171]), and generalizations to higher dimensions and codimensions
have been discussed in [220], [169], [241], [107], [202], and [225] (see also [226]). Important
examples were given in [219] (compare with our discussion of Willmore channel surfaces later),
and (constrained) Willmore surfaces were treated using quaternions in [240]. For a survey
see [221] or [307]. Very recently, a proof of the Willmore conjecture, using integrable systems
techniques, has been claimed: See [251].
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3.5.2 Our starting point is the following observation: If f : M? — R3 is a
compact surface in Euclidean 3-space, then its total Gaussian curvature is a
topological invariant, so that, fixing the genus of the underlying manifold,
our example in §3.4.9 shows that the total squared mean curvature 7(f) of
the immersed surface f is given by the area of its conformal Gauss map, up
to constants:

e ez = o [yp(H? = K)dA = 7(f) — x(M?). (3.9)

This observation has some interesting consequences: First, the total squared
mean curvature 7(f) is a conformal invariant of the surface, that is, it is
not effected by Mébius transformation of the surface (cf., [302] and [67]) or,
more generally, by conformal changes of the ambient space’s metric. Thus
it makes sense to consider the Willmore functional for (compact) surfaces
in the conformal 3-sphere.

3.5.3 Definition. A compact®V) surface f : M? — S3 is called a Willmore
surface, or elastic surface, if it is critical for the Willmore functional

W(f) = %IMQ dflz,

where dAz denotes the area element of the central sphere congruence (con-
formal Gauss map) Z : M? — RP, of f.

3.5.4 As a second consequence of the relation (3.9) between the total
squared mean curvature and the Willmore functional we learn that compact
conformally minimal surfaces are critical for the Willmore functional, that
is, they are Willmore surfaces: By our previous definition, f : M? — S§3
is conformally minimal if its central sphere congruence is a minimal sur-
face, that is, the first variation of its area vanishes when varying through
sphere congruences. Consequently, the first variation of its area also van-
ishes when restricting it to variations through central sphere congruences
of surfaces into the conformal 3-sphere: Hence, the first variation of the
Willmore functional (as a functional defined for surfaces) vanishes.

We want to show that the converse is true — also extending our argument
to surfaces whose central sphere congruence is not immersed (cf., §3.4.20):

3.5.5 Theorem. A compact surface f : M? — S3 is a Willmore surface
if and only if its central sphere congruence Z : M? — RP is harmonic.
Otherwise said, f is Willmore if and only if it is conformally minimal.

31 One may replace the compactness assumption by requiring the integral to exist and con-
sidering only compactly supported variations. However, without the compactness assumption,
the functionals W and 7 are obviously no longer related by (3.9).
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3.5.6 Proof. Compare [49] or [110]; the second assertion follows by §3.4.20.

To begin with, we compute the first variation of the Willmore functional.
For this first note that the Willmore functional of an immersion f coincides
with the harmonic map energy of the conformal Gauss map Z, since Z is
conformal and the domain is 2-dimensional:

2Ay = (xdZ N dZ) = (dZ o J A dZ), (3.10)

where we define3?)

(wAm(z,y) = (w@),n(y)) = (w(y), n(z))

for two R}-valued 1-forms w,n : TM — 3, and x denotes the Hodge-x
operator of the conformal structure induced by f, xw = woJ with the almost
complex structure of f. Here the advantage of dealing with the harmonic
map energy rather than with the area of the conformal Gauss map becomes
apparent: Umbilics, where the induced metric of the conformal Gauss map
degenerates (see §3.4.8), do not have to be treated separately (cf., [110]).

The equality (3.10) is straightforwardly verified by applying both 2-forms
to a basis (z,Jx) of a tangent space, x € T,M?*\ {0}:

2dAy(z, Jx) = 2|dZ(x)|* = |dZ(J2)|? + |dZ (z)|? = (xdZ N\ dZ)(z, Jx),

where the first equality holds since dZ(z) and dZ(Jzx) form a positively
oriented orthogonal basis of d,Z(T,M?) C Tz St — as long as the metric
induced by Z is not degenerate at p; otherwise, both sides in the equality
vanish — and the second equality holds since J is an isometry for any metric
in the conformal class of the metric induced by f.

Now let ¢t — f; be a variation of fo = f : M? — S3 and t — Z;
the corresponding variation of central sphere congruences. We denote the
respective variational vector fields by %hzo f =:f", Z', and so on. Note
that the conformal structure induced by f; also varies, so that variations
J¢ of the almost complex structure (or the associated Hodge-x operator,
respectively) also have to be taken into account. However, J? = —id implies
JJ +J'J =0, so that

([dZ o J' NdZ)(z,Jz) = (dZ(J'z),dZ(Jz)) — (dZ(]'Jz),dZ ()
= —(dZ((JJ' + J')z),dZ(z))
07

32) Because the scalar product is symmetric, the product (w A 1) is skew-symmetric in w and

71 (compare Footnote 1.33); we also will need a Leibniz rule for the product of a function g and
a 1-form w:
d{g,w) = (dg A w) + (g, dw).
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where we have also used (dZ(Jy),dZ(x)) + (dZ(y),dZ(Jx)) = 0 since J is
skew for any metric in the conformal class of the metric induced by f.

Moreover, it is an entirely general fact that J is skew for the product
(wAmn). Namely, a test on the basis (z, Jx), x € T,M \ {0}, yields

(wodAm+{wAnod))(x, Jz) = (w(Jz),n(Jz)) + (w(x), n(x))
- (()w(:c), (#)) — {w(Jx), n(Jx))

In particular, we also have (dZ’ o J AdZ) 4+ (dZ' NdZ o J) = 0.

With these preparations we are now well equipped to compute the vari-
ation of the Willmore density 2dA; = (xdZ NdZ) = (dZ o J NdZ):

2dAYy, = (dZ'oJ+dZoJ NdZ)+ {(dZoJANdZ')
—{dZ' NdZ o )+ {(dZ o J NdZ")
= =2d(Z',%xdZ) + 2(Z',d* dZ).

Integration by parts (Stokes’ theorem) then gives us

3.5.7 Lemma (First Variation Formula). Let f; : M? — S3 denote a
variation of a compact surface fo = f and Zy : M? — RP}, the correspond-
ing variation of conformal Gauss maps. Then

(W) = & [uldxdZ,2") = X[, .(AZ Z)dA,  (3.11)

where 7' = %}t:OZt denotes the variational vector field of the wvariation
of conformal Gauss maps, and A and dA are the Laplacian and the area
element of any metric in the conformal structure induced by f on M?.

3.5.8 Note that (3.11) already implies that f is Willmore as soon as its
central sphere congruence Z is harmonic. However, the formula does not
prove the converse, since we only consider variations Z; of Z through con-
formal Gauss maps of variations f; of f; hence, Z’ cannot be chosen to be
an arbitrary section of Z*T'S}, and we cannot conclude the argument as
usual.

Thus, to see the converse we analyze the right-hand side of (3.11) further.
For that purpose we have to choose a metric representative of the conformal
structure induced by f. We do that by assuming that f takes values in a
metric S? = Q3 (see Section 1.4): Consider R} = R x R* and let f = (1,f),
where f : M? — S2 C R*, that is, K = (1,0). The tangent plane congruence
of f is then given by T = (0,n), where n : M? — S3 denotes a unit normal
field of f (see §1.4.11), and the central sphere congruence is given by the
mean curvature spheres Z = T + Hf of f, where H denotes the mean
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curvature of f with respect to n (see §3.4.4). Computing the Laplacians of
f and n gives

Af = —tI'[I]( + trfﬂn = —2]( + 2Hn
An = trIf — trylln = 2Hf — 2(2H®— K)n,

where tryll = 2H tr; I — K tryI by the Cayley-Hamilton identity, and K
denotes the extrinsic Gauss curvature of f. As a consequence,

AZ = AHf—2(H?-K)T
= (AH+2H(H?-K))f-2H*-K)Z.

On the other hand, Z' = H' f + H f' +T' L Z, so that we obtain

(Az,Z') = (AH+2H(H?-K))(T',f)+H'{f, f) + H(f'. f))
= (AH+2H(H?—-K))(—n-f +0+0).

Hence (W (f))" vanishes for all variations f; of f if and only if

AH+2H(H? -K) = 0, (3.12)
that is, if and only if Z : M? — RP}, = S}/ is harmonic, AZ = 0 mod Z.
This completes the proof of our theorem in §3.5.5. N

3.5.9 As a by-product we obtain the Euler-Lagrange equation (3.12) of the
Willmore surfaces in terms of the mean and (extrinsic) Gauss curvatures of
the surface in the metric 3-sphere. It is no surprise that this Euler-Lagrange
equation has exactly the same form as in the Euclidean setup: By §3.4.4,
the mean curvature of f : M? — Q2 is given by H = —(Z,K), where Z is
(a lift of) the central sphere congruence of f. Thus

AH+2H(H? - K) = —(AZ+2(H?-K)Z,K)
=  —(AZ—(AZ,2)Z,K)

provides, in any space @2, the “f-component” of the Laplacian of Z, that
is, the Laplacian of Z : M? — ZRPEL) as a map into lRPé. This seems worth
stating a corollary (cf., [294]):

3.5.10 Corollary. A (compact) surface f : M? — Q3 in a space of con-
stant curvature is Willmore if and only if

AH +2H(H? - K) = 0,
where H and K denote the mean and (extrinsic) Gauss curvatures of f.

3.5.11 As an immediate consequence of the Euler-Lagrange equation for
the Willmore surfaces, we learn that minimal surfaces in spaces of constant
curvature are Willmore. In fact, we learn that these are the only surfaces of
constant mean curvature in a space form that are Willmore besides spheres.
In the following section, we will attack this phenomenon from a more general
viewpoint.
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3.6 Thomsen’s theorem

To analyze the geometric configurations that occur as solutions of Blaschke’s
problem (see Section 3.1) we assumed that the cases that we were examining
did not mix. However, an interesting phenomenon happens when assuming
that a surface is conformally minimal and isothermic at the same time: We
will see that assuming these two Mobius geometric properties for a surface
causes symmetry-breaking, that is, it forces the surface to be characterized
in terms of a (metric) subgeometry of M&bius geometry.

First we give a more geometric characterization of isothermic surfaces
that does not refer to special coordinates (cf., §3.2.2):

3.6.1 Lemma. An umbilic-free®®) surface f : M? — S3 is isothermic if
and only if its central sphere congruence Z : M? — RP}, is Ribaucour.

3.6.2 Proof. Let F be a local S-adapted frame that diagonalizes the Wein-
garten tensor Ay of S with respect to f, such that

wi =e “YP; and wy = —e "y
with a suitable function u; the Codazzi equations (1.3) then yield

0 = dpr+e*(dwr—vAw) = €“(2dwi + (du—v) Awr),
0 = —dipg+e(dws—vAwy) = €“(2dwy + (du —v) Aws).

If f is isothermic, we can choose f to be an isometric light cone lift, so that
we may assume dw; = 0. Then v = du, showing that S is Ribaucour.
Conversely, if S is Ribaucour, we may assume v = 0. Then d(e>w;) = 0,
so that the forms ez w; can be integrated to obtain conformal curvature line
coordinates for the surface f that is, as a consequence, isothermic. N

3.6.3 This lemma provides a simple and Mobius geometric argument that
surfaces of constant mean curvature in space forms are isothermic: Remem-
ber, from §3.4.6, that a surface f : M? — S3 has constant mean curvature
in some quadric Q3 of constant curvature if and only if its central sphere
congruence Z : M? — S{ takes values in an affine (or linear, if it is minimal)
sphere complex, given by the same vector K that determines the quadric
Q32. Thus the central sphere congruence of a surface of constant mean cur-
vature in some quadric Q> of constant curvature has flat normal bundle,3*)
that is, it is Ribaucour.

33) Remember from §3.4.8 that Z degenerates exactly at the umbilics of f.

34) from §3.4.4, a normal field of Z is given by K + H Z; since the mean curvature H is
constant, this field is clearly parallel.
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3.6.4 Example. In general, the central sphere congruence of an isothermic
surface is Ribaucour, but it does not give rise to a Darboux transform of
the surface (see §3.2.5). However, it does in the following special case.?®)

Let f: M? — Q3 be an immersion into hyperbolic space with infinity
boundary K ~ S.; let T : M? — Kt denote the tangent plane congru-
ence of f; and let F' : M? — O;(5) be an f-adapted frame such that the
Weingarten tensor Ar of f is diagonal (F' is a “principal curvature frame”).
Then —% f — S is the second envelope of T, and the connection form of F
takes the form (note that im df = imdT)

0 w12 —(H + Q)wl w1 —%wl
—Ww12 0 —(H - Q)u)g w9 —5(4)2
o = (H + Q)wl (H — Q)WQ 0 0 0 5
Fw1 Fwo 0 0 0
—Ww1 %) 0 0 0

where H is the mean curvature of f and () some function. Now let the
mean curvature H = 1 and consider Z := T + f : M? — S¢; the second
envelope of Z then becomes f = —(T + Soo + f) = —(Z + Ss). Since
(Z,5.) = —1, the spheres Z(p) are horospheres in Q3 ,, and f takes values
in Sy. f is commonly called the “hyperbolic Gauss map” of f (cf., [42]).
The connection form of the transformed adapted frame,

0 wiz —Qui wi Qw1
—Ww12 0 Qua wy —Quwa
¢ = Quwi —Qus 0 0 0 ,
—Ww1 %) 0 0 0

—Quwy Quo 0 0 0

shows that f and f form a Darboux pair.

In fact, reversing our viewpoint, it can be shown that any Darboux
transform of an immersion f : M? — S, into a sphere (with prescribed
“curvature lines”; cf., §3.3.29) yields a constant mean curvature 1 surface
f: M? — @3, in hyperbolic space with hyperbolic Gauss map f, and,
moreover, that constant mean curvature 1 surfaces in hyperbolic space are
the only surfaces whose central sphere congruence gives rise to a noncon-
stant Darboux transformation (see [153]).

This will be discussed in more detail later, in the quaternionic setup.

3.6.5 Now assume that f : M? — S3 is isothermic and conformally min-
imal at the same time. Then, by the previous lemma, the central sphere

35) Compare [281], [282], [253], and [234].
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congruence Z of f is Ribaucour. Hence the Weingarten tensors A and A of
Z with respect to f and f , respectively, commute and, therefore, simultane-
ously diagonalize, that is, A, fl, and the identity ¢d are linearly dependent.

On the other hand, f is conformally minimal, so that trA = trd = 0.
This implies that detA, detA < 0 have the same sign. Hence (case la of
§3.1.2) the central sphere congruence Z of f is its tangent plane congruence
in a suitable quadric Q3, that is, f is minimal in Q3 (see §3.4.6).

3.6.6 We already discussed the converse in conjunction with the Euler-
Lagrange equation for Willmore surfaces (see §3.5.10). However, it might
be of interest to see a different, more direct proof of the statement.

Thus observe that the central sphere congruence Z : M? — RP§ of
a minimal surface f : M? — Q2 is its tangent plane congruence. This
is clearly Ribaucour, and it is minimal since its second fundamental form
(note that f= 5 f — K is the second envelope of Z; see §1.7.8)

I = —(dZ,df)(5f-K) — (dZ.d(5f~
= —(dZ,df)(rf-K) = Iz(,A)(kf—K)

is trace-free. Consequently, f is isothermic as well as conformally minimal.
Summarizing, we obtain the following famous theorem by Thomsen [29]:

3.6.7 Theorem (Thomsen). If f : M? — S3 is an umbilic-free isother-
mic, conformally minimal surface, then it allows a minimal stereographic
projection f: M? — Q3 into some quadric of constant curvature.

Conversely, any minimal surface f : M? — Q3 is isothermic and confor-
mally minimal.

3.7 Isothermic and Willmore channel surfaces

As an example that nicely illustrates some of the developed theory, we con-
clude this chapter with some results on channel surfaces (cf., Section 1.8). In
particular, we will obtain a classification of isothermic and Willmore channel
surfaces (cf., [144]) presenting a unified proof for a classification result from
a diploma thesis [276] written under the supervision of Konrad Voss (see
also [295]). A similar classification result may be found in [205]. Finally, by
computing the Willmore functional for (umbilic-free) channel surfaces, we
make contact with a proof of the Willmore conjecture for channel tori [141].

In order to carry out our investigations, we will use adapted frames as
well as the description from §1.8.3 of the channel surface in terms of the en-
veloped sphere curve, and switch between them as it seems appropriate. In
order to make the technical details more transparent, we begin this section
with a brief discussion of the setup.
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Fig. 3.1. Umbilics on a channel surface

3.7.1 Let f: M? — S® be a branched channel surface (see §1.8.15), and
let S: M? — S} denote the enveloped 1-parameter family of spheres, that
is, rkdS < 1.

Since we wish to work with principal curvature direction fields for f we
assume their existence. Note that the C'*°-surface shown in Figure 3.1
is channel as a C'°°-composition of rotational surfaces and a sphere piece.
However, at some of the umbilics (indicated by the three thick points) the
curvature line net becomes singular; other umbilics (for example, those in-
dicated by the thick line) are no problem, because the curvature line net
extends smoothly through them.

According to our definition in §3.2.2, isothermic-ness is tested away from
umbilics — hence nothing is to be investigated at umbilics anyway, so that
we will exclude umbilics when discussing isothermic channel surfaces and
the isothermic-ness of Willmore channel surfaces. For example, the surface
shown in Figure 3.1 will turn out to be isothermic in the sense of §3.2.2. On
the other hand, we do not wish to exclude umbilics on Willmore channel
surfaces later, in order to make our discussions also apply to Willmore
channel surfaces with lines of umbilics (cf., [11]).

3.7.2 Thus let F': M? — O;(5) be an f-adapted principal curvature frame
for the strip (f,S) (see §1.7.1). Then its connection form & = F~'dF takes
the form (cf., (1.1))

0 —C1W1 — CoW2 —awi Wi b11w1 + blng
C1wi + Cows 0 0 wo  barwy + boowo
b = awi 0 0 0 bw1
—b1iw1 — biaws  —bajwi —baaws —bwi 0 0
—W1 —W?2 0 0 0

(3.13)
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with suitable functions a, b, b;;,¢; : M? — R and forms w; : TM — R whose
dual basis fields v; provide the principal directions of f (see §1.7.7).

Note that dS(ve) = 0, which characterizes f as a channel surface.

As usual, we analyze the integrability conditions (see §1.7.4) to extract
further information about f and S.

The Codazzi equations (1.3) for f then read

dw] =cpw; Awe and  dwy = cowy A wa (3.14)
which determines the ¢;’s. The remaining Codazzi equations become

Ora—ac; =0 and —acy =0,

—09b11 + 01012 + ¢1(b11 — bag) + ca(bi1a +b21) = 0, (3.15)

—0aba1 + 01b2g + ¢1(b12 + ba1) — ca(b1n — ba2) = 0,

where 9; is the derivative in direction v;, d;u = du(v;) for u € C°>°(M?).
The Gauss and Ricci equations, (1.2) and (1.4), become

2 2 __
8261 — 8102 — Cl — 62 = b11 + b22,

bia = ba; and 02b — by = abya. (3.16)

3.7.3 To make contact with our discussions from §1.8.5, let us assume that
dw1 = Cclwi Nwg = 0 so that w1 = dt

provides a parameter ¢ for the sphere curve S; we denote the respective
derivative by 01 (.) = %(.) =: (.)". Note that (3.15) then yields d2a = 0, so
that a = a(t), as it should be.

If f has no umbilics, that is, if the sphere curve S is spacelike (a # 0),
then the representative f : M? — L* of our channel surface can be scaled
such that a = 1; as a consequence, the first of the Codazzi equations (3.15)
together with (3.14) yields dwy = 0. Hence, in the absence of umbilics, we
can alway introduce the above parameter ¢ for the sphere curve.

Now we construct a Frenet-type frame for the sphere curve by computing

S" = —a(S] — caf) = —aT
T/ = aS + [—0251 + (C% + bgg)f — f] =: aS—N (317)
N = _(2b22 + C%)T + coN + by1Sy — (82621)f.

Note that one verifies 0,T = 0, N = 0 from the integrability conditions, as
it should be: From (3.15) and (3.16) we derive

0= 62 (acz + b) = a(6202 + blz), (318)
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which yields 927 = 0; from (3.14) we have [01,02] = —c101 — 202 = —202
since ¢; = 0, so that the Gauss equation (3.16) combined with (3.15) yields

Cabia + 02(c3 + baz) = —(co + 01) (B2 + ba1) = 0,
which provides us with 9o N = 0. In particular, the function
h:=—(N,N) = 2by + 3 (3.19)
depends on t only: This remark will prove useful later.

3.7.4 Now assume that f is isothermic, that is, away from umbilics there
exist conformal curvature line parameters (see §3.2.2). Thus we can choose
a light cone representative f : M? — L* with dw; = dwy = 0, namely,

w1 =dt and wo = d¥

are the derivatives of the conformal coordinate functions ¢t and . Then,
taking into account (3.14), the connection form (3.13) takes the form

0 0 —adt dt b11dt + 512d19
0 0 0 d¥  bardt + boodd)
o= adt 0 0 0 bt :
—by1dt — byodv  —bordt — bosd?) —bdt 0 0
—dt —dv 0 0 0

and the integrability conditions (3.15) and (3.16) reduce to

Za=0, 0=0b, Lbia= b1, Hbao= Fbo;
(3.20)
0 =0b11 +b22, bi12 =021, and (%b = 0 = abqa.

In particular, ab;o = 0 so that, away from umbilics, by = b1 = 0.
Consequently, the sphere curve S is a planar curve by (3.17) and our
discussions from §1.8.5 apply (cf., [293]):

3.7.5 Theorem (Vessiot). An isothermic channel surface is, away from
umbilics, (a piece of) a cylinder, a cone, or a surface of revolution in a
suitably chosen Euclidean subgeometry of the conformal 3-sphere.

3.7.6 By contemplating the compatibility conditions (3.20) further we learn
that —bgo = b1; =: § and dx = 0. So the connection form (3.13) reduces to

0 0 —adt dt Ldt
0 0 0 4y —Eaw
o=| adt 0 0 0 0
—Edt B9 0 0 0
At a9 0 00

: (3.21)
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with @ = a(t) and constant x, and all integrability conditions are satisfied.

Hence we have %Sg = 0 and %(%f — f) = 0: As a consequence, each
“meridian curve” vy = f(., 1), ¥ = const, takes values in the metric 2-plane
of constant curvature k = —|K|? defined by

A

5%~ S5(9) and K(9):=(5f—f)(0):
For all t we have

(yo(t),S2(0)) =0 and  (y (1), £(V)) = -1,

that is, vy takes values in the quadric Q3 (¥9) of constant curvature defined
by K(9) and in the conformal 2-sphere S2(¢)) at the same time — since
Sa (1) belongs to the sphere complex (), Sy L K, the 2-sphere So(19) is in
fact a hyperplane in Q3 (1), so that it defines a plane of constant curvature
k indeed (see §1.4.11).

The meridian curve vy is parametrized by arc length, |v}|* = |% fI2=1,
and has S = S(¢) as a (unit) normal field since S L Sy(9), C(9), v9, V5.
Hence its curvature is given by (7", S) = a.

By (3.17), the normal field of the sphere curve S is given by

N(t) = (£f + /)(t) = ky9(t) — K(9);

note that a%(gf—f—f) = 0, so that N = N(t). Thus, if K # 0, we can identify
the meridian curve vy = LK(0) + £ N(t) with the normal field +N of the
sphere curve, up to a proper choice of 0 ~ %IC (1) in the affine subspace

Ej={y= ;K@) +y"|y" L S2(9), L)}

compare with Section 1.4 for a similar setup). Note that [N|2 = L. B
p p . y

Tk

rewriting the Frenet frame formulas (3.17) with this in mind,3%)
S'=—al, T'=aS—kK(tN), tN'=T

with T' = S, we learn that %N is a curve with a unit normal field S and
curvature a = (LN”,S) in a standard space form of curvature x in the
(Euclidean or Minkowski, respectively) space E7.
Finally note that span{S,,K} is a fized 2-plane in RS: By (3.21), we
have
dSy =K d¥ and dK = kS, dv.

36) These formulas can also be read off directly from (3.21).
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Setting, for abbreviation,

cos(y/—kK1) \/1_7 sin(v/—k9) for k<0

ek (V) = 1 and  s,(9) = v for k=0
cosh(y/k1) \/LE sinh(y/k9) for k>0,
we therefore have
S0) = @®)S0) + KO0 ad o,
K@) = £ksx(9)S2(0) + ¢.(9)K(0) '

Consequently, we can express f (cf., §1.8.3) in terms of the parallel normal
frame (N, K(0), S2(0)) of S:

f(t, ) IN@#) + s5.(09)S2(0

)+ " (3.23)
= () + s:0)8(0) + L(ex(9)—1)K(0). '
Observe that the first expression only makes sense for x # 0, whereas the
second expression, in terms of the “honest” meridian curve vy, also remains
valid for kK = 0, when taking into account that &;—1 — %192 for k — 0. In
this way we have described isothermic channel surfaces as equivariant sur-
faces in the conformal 3-sphere: They are obtained by letting a 1-parameter
group ¥ — gy of Mobius transformations act on a meridian curve 7y, where
the u1g’s are given®”) by (3.22) on span{Ss, K} and by gy = id on {Sy, L}+.

Thus the Mobius transformations py leave the plane of the sphere curve
S, span{S, T, N} = {S,,K}*, alone. This remark will be useful later.

3.7.7 To prove the converse of our theorem in §3.7.5, we use the parametri-
zation for f from §1.8.3. Since we have to check for the existence of confor-
mal curvature line parameters away from umbilics, we may assume that the
enveloped sphere curve S : I — S} is parametrized by arc length, |S’|? = 1.
Let No, N1, N : [ — IR} be a parallel normal frame of the sphere curve S,
and let x; := (S”, N;) denote the corresponding curvatures. Then we have

S =-S5~ HoNo + /‘ilNl + IigNQ.
Assuming the sphere curve to be planar, we must have

S" = (=14 kg — k¥ — k3)S" — kjNo + K| N1 + 5Ny € span{S, S’, 5"},

3T 1t & # 0, this clearly defines the uy. If, on the other hand, x = 0, then K = const is
isotropic and is left alone by the py, as one sees from (3.22); moreover, the uy’s preserve
any sphere that contains K and is orthogonal to (any) S2: The pyg’s are translations of the
Euclidean quadric given by K in the direction orthogonal to the (parallel) planes Ss.
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so that the curvature vector field (Ko, k1, k2) and its derivative have to be
linearly dependent. As a consequence, A := (kg + K1 cos ¥+ ko sin 1) satisfies

e _ (kikh—K K2)— (KoK} —K(ok1) sin O+ (kokh —KgK2) cos )
piog(InA) = PP =0,

that is, A is a product of two functions of one variable, of t resp. 1, alone.
Now let f(t,9) := No(t)+ N1(t) cos ¥+ Na(t) sin ) be the parametrization

of the channel surface as in §1.8.3. Then the induced metric of f and its

second fundamental form with respect to S as a normal field are given by

(df, df) = N2dt? +d9? and —(df,dS) = Adt>.

Hence (t,9) are curvature line parameters, and, since A is a product of two
functions of one variable, we can choose new curvature line parameters

(£,9) = (£(t),9(9)) so that (df,df) = X2(di% + di?).

As a consequence, f is isothermic.

3.7.8 Note that our theorem from §3.7.5 usually does not hold globally: By
§3.7.7, the surface shown in Figure 3.1 is isothermic because it is assembled
from two surfaces of revolution that are smoothly glued to a sphere (plane).
However, this surface is not a surface of revolution (nor a cylinder or a cone)
globally. In fact, it is not even locally of this form if we do not restrict it
to umbilic-free parts: consider any neighborhood of the umbilic, where the
two gluing circles touch.

Arbitrarily nasty surfaces that are “isothermic” in the sense of §3.2.2
can be constructed in this way — it shall be an interesting task to give a
reasonable global definition of an “isothermic surface.”

3.7.9 As a next step towards a classification of Willmore channel surfaces,
we intend to show that Willmore channel surfaces are isothermic. For this
purpose we restrict ourselves to umbilic-free pieces of the surface and go
back to the frame formulas. To simplify computations, we assume that the
light cone representative f : M? — L* of our channel surface is chosen so
that a = 1, as discussed in §3.7.3. Then we have ¢; = 0 and w; = dt with a
parameter ¢ of the sphere curve. The connection form (3.13) takes the form

0 —Cows —aw1 w1 brjwy + biawa
CoW2 0 0 w9 b21w1 + b22w2
P = awq 0 0 0 buw1 ,
—biiwy — biawa  —bowi — baows  —bwy 0

0
—W1 —Ww39 0 0 0



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 159

and the integrability conditions (3.15) and (3.16) become
—cy = b, O1b12 = O2b11 — 02(512 + b21), O2ba1 = O1b22 — C2(b11 - 522);
O1ca + 3+ (b11 +ba2) =0, bia =bay, Oob = bia.

We use the first Codazzi equation, (3.19), and the first Ricci equation to
eliminate b, b11 + bao, and by from these equations:

0 = Oica+bi1 —ba+h and Oaca = —big;
3.24
O1bi2 = 82(1)11 - 522) — c2b12, ( )
821)12 = %hl — 62(6102 + b11 — bgg) = %h/ + Czh.

Remember that —|N|? = h = 2byy + 3 is a function of ¢ only.
The central sphere congruence of f is given by Z = S+ % f. We compute
the Laplacian of Z:

AZdA = dxdZ = -—

[S + (281[) + 262[) - bll + b22)f] w1 N\ wo

1
%[Z — (281C2 + 20% + b11 — 1)22 + %)f] w1 N wWo,

where we used *w; = ws, *wy = —wy, and dws = cowq A wo besides the
derivatives that are read off from the connection form. Hence, by §3.5.5,
our channel surface f is Willmore if and only if
2(81c2 + 3) + (b1 — baz) + 2 = 0. (3.25)
Using the Gauss equation from (3.24) to eliminate 0;cq, we deduce
b1 — boy = % + 2¢2 — 2h,
and the remaining two equations give us a differential equation for bys:
dbis = —5Hcabiawy + (%h' + coh)ws.
Eliminating, on the other hand, b1 — bo2, we get
O1co +2¢3 = h — %
Thus, using (3.24) and the differential equation for by2,

0 = d2b12 = [%h// + 462h/ + (8102 + GC%)h — 5()%2] w1 VAN %)
= [3h +4ch’ + (h+ 4¢3 — 3)h — 5b%,] wi A ws,
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so that
5b, = Zh”+4coh’ + (h+4c3 — 3)h.

If h = 0, then byo = 05 if, on the other hand, h # 0, we differentiate this
last equation twice with Oy to find

0 (%h/ + Cgh) b12
0 = (10 +coh)? — ho},.

Hence we must have b2 = 0 in any case. As a consequence, our sphere
curve S is planar by (3.17) and f is isothermic by §3.7.7:

3.7.10 Theorem. Any Willmore channel surface is isothermic.

3.7.11 This result will help us to analyze Willmore channel surfaces further:
We may use a flat lift f : M? — L* for a given Willmore channel surface.
Then, according to our considerations in §3.7.6, the connection form (3.13)
takes the form

0 0 —adt dt Zdi
0 0 0 Ay —Edv

o=| adt 0 0 0 0 |, (3.26)
—5dt 59 0 0 0
“dt =9 0 00

where (¢,9) are conformal curvature line parameters (remember that we
assumed the existence of curvature line parameters), with ¢ denoting the
parameter of the sphere curve, and a = a(t) is the curvature of a meridian
curve vy = f(.,9), ¥ = const, that takes values in a fixed plane of constant
curvature defined by S3(¥) and K(J) = (§f — £)(9). By recomputing the
Laplacian of the central sphere congruence Z = S + %a f in this setup, we
find

AZdA = dxdZ = ZL[—a®S+ (a"+ ka)f]dtAdV

+ K
[—a*Z + (d” + 3a® + ka) f] dt A dO,

N[0 | =

where we used *dt = d and *d = —dt as for (3.25). Thus the Willmore

condition becomes
0=a"+ 3a® + ka, (3.27)

the condition on a meridian curve vy to be a free elastic curve®® in its 2-
plane of constant curvature k (see [177]). We have proved (cf., [41], [178]):

38) Compare also the construction of Willmore Hopf tori in [219].
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3.7.12 Theorem. A Willmore channel surface is Mébius equivalent to a

cone 2-sphere,
cylinder » over a free elastic curve in a< Fuclidean 2-plane,
surface of revolution hyperbolic 2-plane.

3.7.13 Free elastic curves in planes of constant curvature have been clas-
sified by Langer and Singer in [177] (cf., [41]). By our above theorem, this
gives rise to a complete classification of Willmore channel surfaces. Explicit
formulas for Willmore cones, cylinders, and surfaces of revolution (which,
by the theorem, comprise all Willmore channel surfaces) were given in [218],
[276], and [205].

Note that we required the existence of curvature line parameters on our
Willmore channel surface — however we, did not exclude umbilics. Indeed,
there are Willmore channel surfaces with (lines of) umbilics that arise from
the zeros of a: For examples see [218] or [11].

Fig. 3.2. A rotational Willmore channel surface (cf., [11])

3.7.14 Since any Willmore channel surface is isothermic, it must be min-
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imal in some suitable space of constant curvature, by Thomsen’s theorem
in §3.6.7. Indeed, given a frame with connection form (3.26) for a Willmore
channel surface f, the vector

M= —a'S; + %a25—a(%f+f) = %G2S—GIT—GN

turns out to be constant, dM = —(a” + 1a® + ka)S1dt = 0. Assuming that
no umbilics are present, that is, a # 0, the surface % f takes values in the

corresponding space of constant curvature®?)

c=—(M,M)=—(a?+ 1a* + ra?). (3.28)

Since the central sphere congruence consists of planes in the respective
quadric of constant curvature, Z | M, the surface % f is minimal in this
quadric by §3.4.6. From (3.28) we immediately deduce that, in the cases
of a cone (k > 0) and a cylinder (k = 0), the ambient curvature of the
minimal surface is ¢ < 0, that is, the surface is minimal in some hyperbolic
space. On the other hand, in the case of a surface of revolution (k < 0),
all types of ambient curvatures may occur — appropriate examples are the
(minimal) Clifford torus in S3, the catenoid in IR?, and the minimal surface
of revolution*®) in (two copies of) H® shown in Figure 3.2.

Moreover, by describing f as the orbit of the 1-parameter group ¥ — py
of Mobius transformations from §3.7.6, we learn that these surfaces are
equivariant minimal surfaces in the quadric of constant curvature given by
M. Namely, remember from §3.7.6 that the py’s fix the points of the plane
span{S,T, N} of the enveloped sphere curve S — in particular, the gy
leave M € span{S,T, N} invariant and hence are isometries of the quadric
of constant curvature (cf., §1.4.13).

39) Note that this equation is exactly the integrated form of (3.27).

40) Given a suitable curvature function a that satisfies (3.28) with K = —1, ¢ = —r2 (r > 0),
the meridian curve 7 can be parametrized, as a curve in the Poincaré half-plane (see §P.1.3),
by 2
— T _ dt
v = \/:2?(1“7 a) where 7= f 2(:‘2‘+a2)
ct., ; Tor Figure 3.2 we chose the Jacobi elliptic function (compare
f., [41]); for Fi 3.2 h he Jacobi elliptic fi i 177
_ 2py/1-p? 1 . _ _4 1 _ 2pV1-p2 _ 8
a(t) = N sd,,(\/2p271 t) with p= > S that 7= =5h—— = 13-

A parametrization in terms of theta functions is given in [11]. At this point I would like
to thank A. Bobenko for providing me with Mathematica code, which greatly facilitated the
experiment with the computer graphics.

Note that, at the zeros a = 0 of the curvature function, f L M: The lines of umbilics
are the intersection lines of the surface with the common infinity plane of the two hyperbolic
ambient spaces, as indicated in Figure 3.2 (cf., [11]).
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Thus we have proved the following theorem (compare [8] and [218]):

3.7.15 Theorem. Any Willmore channel surface is an equivariant mini-
mal surface in a space of constant curvature.

3.7.16 Finally, we want to compute the Willmore functional of a regular
(umbilic-free) channel surface. Our previous results strongly suggest that
the Willmore functional should have something to do with the bending
energy for curves since free elastic curves are exactly the critical curves for
the bending energy (see [177]). Thus let S : I — S{ be (a lift of) the
1-parameter family of spheres enveloped by the channel surface; excluding,
for a moment, umbilics, we may assume the sphere curve S to be regular:
Without loss of generality |S’|? = 1. As in §3.7.7, we parametrize the
channel surface by

f(t,9) = No(t)+ N1(t) cos ¥ + No(t)sin ¥}

where the N;’s are parallel normal fields of S : I — S}. If we require
the surface f to be regular on all of I x S!, then the osculating planes of
the sphere curve S : I — lRPé all have to intersect the absolute quadric
S3 C RP* transversally (see §1.8.3). For the curvatures x; = (S”, N;) of S,
this means that

kg — KT — K3 = K. > 0, (3.29)

that is, N := S+ 5" = —koNg + k1 N1 + k2 Ns is timelike. As in §3.7.7, the
derivatives of f become

Df = —(ko+kicost + kasind)S = —AS,
a%f = —N;isin?d + Ny cosd — S,

and the induced metric and second fundamental form with respect to S as
a unit normal field are

(df, df) = \2dt2 + d¥? and —(df,dS) = \dt2.

Thus, by §3.4.8, the central sphere congruence of f is given by Z = S+ % f
since

(dZ,dZ) = Ldt? + L5 dd? = 5 (N2dE2 + d02) = 1 (df, df).

With this we compute the Willmore functional of f, that is, the area of the
conformal Gauss map:

27
W(f) = %fTQ dAz = fteI L/\ - 4fS kg’
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where the last equality is an integration that is best looked up from some
table of definite integrals — note that (3.29) ensures that A does not change
sign, so that the remaining integrand has no singularities. As a consequence,
the Willmore functional of an umbilic-free channel surface is given in terms
of the sphere curve only. In particular (cf., [141]),

3.7.17 Theorem. The Willmore functional of an umbilic-free channel
torus is the total inverse geodesic curvature of the enveloped sphere curve.

3.7.18 When dropping the assumption on S to be parametrized by arc
length, we have

S = —aT

T = aS —a(koNo — ki N1 — keN2) =: aS —akgN (3.30)
with the speed a = a(t) and the normalized Frenet normal field N of S,
IN|?> = —1. Choosing a new parametrization of S such that ak, = 1, the
Willmore functional becomes

W(f) = ifs%g = 1 Jieradt.

In the case where the sphere curve is planar, that is, in the case of a sur-
face of revolution where the normal field N of S can be identified with its
meridian curve in a hyperbolic plane (see §3.7.6), the Willmore functional
becomes the bending energy of the meridian curve [218] (see also [41] and
[141]). As mentioned above, this is no surprise after knowing about the
relation between Willmore surfaces of revolution and free elastic curves in
a hyperbolic plane (see §3.7.12), that is, the critical curves for the total
squared geodesic curvature.

3.7.19 We want to take our result from §3.7.17 a little further: Consider
the enveloped sphere curve of our channel surface to be given in terms of a
curve m : R — S3 of centers and a function r : R — (0,7) so that

S = -t (cosr,m): R— S{ C Rx R*

sinr

(cf., Figure 1.2). Now we compute the geodesic curvature of S. First,
S =

212 .
Because 0 < a? = M—"—, we see that the center curve m is regular,

m'? > 0; so we may assume that it is parametrized by arc length, m'? = 1.
Next we compute the derivative of the unit tangent field of S:

1 / / ! o _
(=1, =r'mcosr + m’sinr) = —aT.

r

T = m(?"/, T/m COSTr — m' sin ’I"),
T = —L " sinr —r2(1 — 1) cosr
mssiHZT{ ( ) ’

m (r" cosr sinr — r2(1 — r'?))
+ m/((1 —7"?)cosr —r"sinr)r’ sinr
m' (1 — r'?) sin®r}.
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Now remember that the Frenet normal N of S is timelike and the geodesic
curvature x, of S does not change sign, so that it can be chosen to be
positive. Hence we may use the equation [T — aS|? = —a?k2 (see (3.30))

g
to determine kg:

K2 = —(1771,,2)3 {(r"sinr — (1 —?)cosr)? — (m"? — 1) (1 — r'?)sin®r}.
(3.31)
As a consequence, the Willmore functional W (f) = |, S % only depends on,

besides the radius function 7, the geodesic curvature (m’? —1) of the center
curve m.

3.7.20 In particular, (3.31) shows that W (f) decreases with the geodesic
curvature of the center curve: This was the key observation leading to a
proof of the Willmore conjecture for (umbilic-free) channel tori in [141].
Namely, replacing the center curve m by any curve of a (pointwise) lower
geodesic curvature while keeping the radius function r will provide us with
a channel surface with a lower Willmore functional than the original one. In
the optimal case, where m parametrizes (part of) a great circle, we obtain
a surface of revolution (the sphere curve becomes planar then) with a lower
Willmore functional, actually, with the lowest possible Willmore functional
for a given radius function r:

3.7.21 Theorem. For any umbilic-free channel surface f : I X St — 63
there is a surface of revolution f: I x St — S3 with W(f) < W(f).

3.7.22 In the case of a torus this procedure can be used to reduce the
Willmore conjecture to a statement about surfaces of revolution, that is, to
a problem for curves in the hyperbolic plane by §3.7.18. However, the main
problem is to keep the curve periodic: For this to be possible, we need the
original center curve to have the same length 27 as a great circle in S3. For a
proof that this can be achieved (using an intermediate value argument) by a
suitable M6bius transformation for any embedded channel torus,*") as well
as for a direct proof that the total squared geodesic curvature i fv k2ds >
for any curve in the hyperbolic plane, see [141]. An alternative proof for

the second step, that is, the Willmore conjecture for surfaces of revolution,
can be found in [178].

41) Note that, in order to prove the Willmore conjecture, it is sufficient to consider embedded
tori by a result of Li and Yau [180].



Chapter 4

A quaternionic model

In dimension n = 2, the (conformal) 2-sphere can be identified with the
complex projective line, C U {0} = CP! := {vC|v € C?}, with the
(orientation-preserving) Mdbius transformations acting by fractional linear
transformations,

CU{o0} 3z u(z) = ZZZIZ € CU{o0}.
In terms of homogeneous coordinates v € C? for points z = vC € CP?!,
this action will just be by linear transformations, pu(vC) = (M,v)C, where
M,, denotes a suitable endomorphism of C? projecting to pu:

1 z a b z _ (az+b N Z;Idb 1
s (F)e-(00)(5)e- (S e=(5)cear

Note that the result (M,,v) C does not depend on the choice of homogeneous
coordinates v: If 0C = vC, then (M,0)C = (M,v)C since M,, is linear.
Obviously, M,, is not uniquely determined by p, because any nonzero multi-
ple of M, will provide a valid choice for M,,. Thus the group of orientation-
preserving Mdobius transformations becomes PGI(2, C). Using the determi-
nant to normalize representatives, the special linear group SI(2, C) becomes
a double cover of the group of orientation-preserving Mobius transforma-
tions.

Our mission in this chapter is to generalize this model of 2-dimensional
Mobius geometry to dimensions 3 and 4, using quaternions. We will start by
establishing some basic facts from quaternionic linear algebra. In particular,
we will emphasize the differences from the usual linear algebra, which are
caused by the lack of commutativity of the quaternions, and we will intro-
duce a kind of determinant (cf., [10]) that allows us to define the “quater-
nionic special linear group.” To establish the relation with the classical
model of Mobius geometry — which will allow us to “translate” results from
one model into the other — we will consider quaternionic Hermitian forms.
However, this is not the only possible way to establish this relation: Another
possibility is to give the relation by identifying (hyper)spheres with inver-
sions (compare [304], where explicit formulas are given). We will present a
variant of this approach in the 3-dimensional case, that is, for 2-spheres in
S% (cf., [49]). These ideas are not new: The idea of using quaternions in
Mobius geometry goes back (at least) to E. Study, who already discussed
most of the (nondifferential) geometric aspects of the quaternionic model
that we are going to discuss in this chapter in his series of papers [262].
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The quaternionic model of M6bius geometry provides a powerful setup
for the study of isothermic surfaces. In the second half of this chapter we
will collect the technical details to reexamine the transformation theory of
smooth and discrete isothermic surfaces: We will study the symmetric space
of point pairs and establish properties of the cross-ratio as an important
invariant of four points in conformal geometry. This will become important
for our discussion of “discrete isothermic nets.”

The contents of this chapter are organized as follows:

Section 4.1. In this section some viewpoints on the field of quaternions
and various basic facts in quaternionic linear algebra are collected. In
particular, the effects of the noncommutativity of the quaternions are
discussed.

Section 4.2. The Study determinant for quaternionic 2 x 2 matrices and
for endomorphisms of a 2-dimensional quaternionic vector space is in-
troduced. Some basic properties of the Study determinant are derived.
Definitions for the general and special linear groups of H? are given.

Section 4.3. The notion of quaternionic Hermitian forms on a quaternionic
vector space is introduced. It is shown that the space of quaternionic
Hermitian forms on a 2-dimensional quaternionic vector space becomes
a 6-dimensional Minkowski space in a natural way. Points and hyper-
spheres in the conformal 4-sphere HP! = H U {oo} are identified with
null and spacelike directions in the space of quaternionic Hermitian forms
on H?, respectively.

Section 4.4. Here we present how the quaternionic special linear group acts
on the space of quaternionic Hermitian forms by isometries. Using this
representation SI(2,H) — O1(6), it is shown that SI(2,H) is the (dou-
ble) universal cover of the group of orientation-preserving Mobius trans-
formations.

Section 4.5. The space of point pairs in S* is shown to be a reductive ho-
mogeneous space. The notion of adapted frames of a point pair map is
introduced, the effect of a gauge transformation on its connection form is
established, and the Maurer-Cartan equations are analyzed. A “transla-
tion table” between quaternionic connection forms and Lorentzian con-
nection forms is given.

Section 4.6. The space of single points, that is, the conformal 4-sphere
HP"!, is described as a (nonreductive) homogeneous space. The notion of
adapted frames for a map into the conformal 4-sphere is introduced, and
the effect of a gauge transformation on its connection form is examined.

Section 4.7. The enveloping conditions for a map into HP! and a hy-
persphere congruence, thought of as a map into the space of quater-
nionic Hermitian forms, are established. Considering a congruence of 2-
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spheres in S* as a congruence of elliptic hypersphere pencils, the respec-
tive enveloping conditions are discussed. A technical lemma concerning
adapted frames of a point pair map that has a 2-sphere congruence at-
tached is provided.

Section 4.8. A more effective treatment of 2-sphere congruences in terms
of involutions is given: 2-spheres are identified with M&bius involutions,
it is investigated when a 2-sphere is contained in a 3-sphere, and the
enveloping conditions are formulated in this setup.

Section 4.9. The action of the Mobius group on the dual space (HP!)*‘ of
HP! is discussed, and a notion of stereographic projection HP' — H
is introduced. The (complex) cross-ratio of four points in the conformal
4-sphere is introduced, and its properties are investigated — in partic-
ular, the cross-ratio identities are derived. The “hexahedron lemma” is
proven: This lemma will become important in the context of the Dar-
boux transformation for isothermic surfaces as well as in the context of
discrete net theory.

Remark. 1t may be possible to read this chapter independently; in order to

follow various arguments, as well as to get an understanding of the geometric

interpretations of the presented material, it will be of great help to be
familiar with the classical model of Mébius (differential) geometry, as it is

presented in Chapter 1.

4.1 Quaternionic linear algebra

The quaternions form a noncommutative field. This major difference from
the reals and the complex numbers seems to make it necessary to establish
some basic properties and to clarify some notations before we can start to
discuss Mobius geometry. In particular, we want to introduce some quater-
nionic analog of the determinant for 2 x 2 matrices or endomorphisms of
2-dimensional quaternionic vector spaces: The Study determinant. How-
ever, before doing so in the following section, we will have to discuss some
basic quaternionic linear algebra.

4.1.1 The quaternions H can be considered as a 4-dimensional real vector
space, R*, or as a 2-dimensional complex vector space, C2, equipped with
a suitable multiplication that makes H a (noncommutative) field. Thinking
of H as a real vector space, it is common to introduce the multiplication in
terms of a (real) basis (1,4, j, k) of H: 1 is the identity of the multiplication
on H, and the products of the other basis vectors are given by

PP=52=k=-1, ij=—ji=k, jk=—-kj=1, ki=—ik=7j.

On the other hand, considering H as a 2-dimensional complex vector space,
the multiplication is defined in terms of a basis (1, ), where 1 denotes the
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identity as before and j? = —1. But now zj = jZ # jz, unless z € R is real
since 1j = —ji, as above: Quaternionic multiplication is not commutative.

4.1.2 On H one introduces an R-linear map ¢ — ¢, the “quaternionic
conjugation,” by 1 = 1,7 = —i, j = —j, and k = —k. It is easily checked
that quaternionic conjugation is an antiautomorphism, pg = ¢gp. Hence, in
terms of the complex setup, x +yj == — jy

The real and imaginary parts of a quaternion ¢ € H are then defined by

2Req=q+G€ R and 2Imqg=q— q € span{i, j, k}.

And, the norm of a quaternion (identifying H with the 4-dimensional Eu-
clidean space R*) is given by |¢|? = ¢ = (Req)? + |Im ¢|?.

4.1.3 Another possibility is to realize quaternions as (special) complex ma-
trices or endomorphisms: a common way is to write a quaternion in terms
of the following matrices

1 0\ . (i O . 0 1 0 i
1—(0 1)’ Z—(o —i)’ 3—(—1 o)’ k_<i o)’

which are closely related to the Pauli matrices — quaternionic multiplication
then becomes matrix multiplication. More invariantly, this identification

reads
H={Q e End(C?)|[trQ e R,Q+Q* € R- 1},

where Q* is the adjoint of (), taken with respect to the canonical Hermitian
inner product 0n_([72. Note that, in this model, quaternionic conjugation is
taking adjoints, Q = Q*.

4.1.4 For the purposes of surface geometry in 3-dimensional (Euclidean)
space, it is often convenient to decompose the qua,ternionsl) into their real
and imaginary parts, H = R® R?, ¢ = r+v. Then the multiplication reads

(r+v)(s+w)=(rs—v-w)+sv+rw+uvxw,

where v - w is the canonical Euclidean scalar product on R?, and v x w de-
notes the cross-product on R?. In particular, the product of two imaginary
quaternions (vectors in 3-space) gives vw = —v - w + v X w.
Note that S® = {q € H||q| = 1} acts by isometries on R? via the adjoint
action
S3 x R? > (q,x) — qxq € R3,

1) For the relation of the quaternions with the Clifford algebra A(IR3) of Euclidean 3-space,
see, for example, [76] or [134]. See also Section 7.1.
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|qzq|? = |x|? for |g| = 1. Moreover, its differential at the identity,
T:qS% =R>>y+— 2y x . € 0(3),

is a Lie algebra isomorphism, so that S is the universal cover of the identity
component of O(3). In particular, S? acts transitively on its Lie algebra R3.

4.1.5 For quaternion-valued 1-forms w,n € AY(TM) on a manifold, one
defines, as usual, the exterior product

w An(v,w) = ww)n(w) — w(w)n(v)
and the exterior differentiation
dw(v, w) = Oy(w(w)) — Ow(w(v)) — w([v, w]),

where v,w € I'(T'M) denote some vector fields. Note that, by the lack of
commutativity, w A w # 0, in general. Also, it seems worth collecting a
couple of formulas: Conjugation of a wedge product yields

wAn=-nAu,
and the Leibniz rule reads

d(gw) =dg Nw+ gdw or d(wg)=dwg—wAdg.

4.1.6 Vector spaces over the quaternions are defined in the usual way —
with the exception that (because of the lack of commutativity) it has to be
fixed whether scalar multiplication is from the left or from the right. We
will usually assume that the quaternionic vector space we are working with
is a right vector space. Then associativity reads (vA)u = v(Au) for v € V
and A\, u € H.

Linear (in)dependency of families of vectors is defined in the usual way,
and a basis of a quaternionic vector space is a linearly independent family
of vectors that span the space (if such a family exists). The common proof
of Steinitz’ basis exchange theorem goes through so that the quaternionic
dimension of a (finitely generated) vector space is well defined.

Hence, any finitely generated quaternionic vector space V is isomorphic
to H", where n = dim V.

4.1.7 Linear maps between quaternionic vector spaces will only be consid-
ered for both vector spaces being of the same type, left vector spaces or right
vector spaces, respectively. In this case, the linearity of a map is defined in
the usual way.
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Given bases (v1,...,v,) and (w1, ..., wy,) in both domain V' and target
W of a linear map L : V. — W, L can be represented by a (quaternionic)
matrix: If Lv; = > . w;l;;, then, for any vector v = Zj v;b;, the matrix
L ~ (1;5):; acts on its “coordinates” by left multiplication, Lv = Zij w;lijb;.

4.1.8 For endomorphisms we will consider the notion of “eigenvectors”: A
vector v € V '\ {0} will be called an eigenvector of L € End(V) if Lv = v
for some A € H.

However, the notion of “eigenvalue” does not make sense: If v is an
eigenvector of L, Lv = v\, then L(va) = (Lv)a = vAa = (va)(a~'Xa), so
that the multiple A cannot be associated with the “eigendirection” vIH but,

in general, it depends on the choice of vector spanning the quaternionic line
vH.

4.1.9 The “dual space” V* := {v|v : V — H linear} of a quaternionic
vector space V can be equipped with a quaternionic linear structure itself?):
If v:V — H is linear, then (Av)(v) := A(r(v)) yields a well-defined scalar
multiplication since (A\v)(va) = (Av)(v)a.

Note that this multiplication makes the dual space V* a quaternionic left
vector spa,ce.3)

4.2 The Study determinant

We are mainly interested in obtaining a model of Mébius geometry in di-
mension n < 4. Thus, in what follows, we will restrict ourselves to 2-
dimensional quaternionic vector spaces: This is all we need. In dimension
n = 2, the special linear group SI(2, C) provides a double cover of the group
of orientation-preserving Mobius transformations. To obtain a quaternionic
analog we seek a notion of a determinant. However, in the quaternionic
case, the dimension of the Mébius group is dimMsb(4) = 15 = 16 — 1, that
is, our determinant should reduce the (real) dimension 16 = dimpEnd(H?)
by 1 and should hence be real-valued.

Thus, we define the “Study determinant” (cf., [262], [10]) for quaternionic
2 x 2 matrices. For this, first remember that a quaternion can be realized as
a complex 2 x 2 matrix of a certain form (see §4.1.3), so that a quaternionic
2 X 2 matrix can be written as a complex 4 X 4 matrix.

4.2.1 Definition. Given A € M (2 x 2, H)CM (4 x 4, C), its Study deter-
minant [A] := det AT is the determinant of the corresponding complex 4 x 4

2) Note that, in general, it is difficult to supply the space of linear maps between quaternionic
vector spaces with a quaternionic linear structure: With the target space, the space of linear
maps should be a right vector space, but (L\)(va) = L(va)\ # L(v)Aa = (LA)(v)a in general.

3) We could consider V* as a right vector space by means of (vA)(v) := A(v(v)).
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matriz.

4.2.2 As an immediate consequence, the Study determinant is multiplica-
tive,

[AB] = [A] - [B].

Consequently, the Study determinant yields a well-defined notion for quater-
nionic endomorphisms L € End(V'), where V is a quaternionic vector space
of dimension dimV = 2: If (é1,€2) = (e1b11 + eaba1, e1b12 + e2baz) denotes
a change of basis, B = (b;5);j, then the matrices M}, and ML associated
with L transform by M; = B 'M;B. Thus the following definition is
independent of the involved choice of basis.

4.2.3 Definition. Let L € End(V') be an endomorphism of a quaternionic
vector space of dimension dimV = 2. Then [L] := [My], where My, denotes
the representing matriz of L with respect to any basis of V', is called the
Study determinant of L.

4.2.4 Considering, after a choice of basis®) (e;,ez) for our 2-dimensional
quaternionic vector space V', the Study determinant as a map

VxV—->R, (vyw)— [v,w]

on pairs of vectors, it follows from the definition that [v, w] = [w,v]: Inter-
changing the columns (rows) of a quaternionic 2 x 2 matrix amounts to two
column (row) interchangements of the corresponding complex 4 x 4 matrix.

A straightforward computation from the formula for [A] of the following
lemma shows that, for A\ € H, [v,w\] = |A]?[v,w] and [v + w,w] = [v,w].
Moreover, reformulating the corresponding statement in the lemma below,
0 < [v,w] € R and 0 = [v,w] if and only if v and w are linearly dependent:

4.2.5 Lemma. For A = <Z 3) € M(2 x 2, H), the Study determinant®
[A] = |al|?|d|? + |b|?|c|? — abdc — edba.
Moreover, 0 < [A] € R for any A € M(2 x 2,H); and if [A] # 0, then

FE |d|*a —cdb  |b]*c —abd
— M\ |c|?*b—dca |a|*d — bac )’

4) We identify a pair (v, w) of vectors with the endomorphism (e1,es) — (v, w) of V.

5) Note that, even though the usual determinant for 2 x 2 matrices makes no sense in the
quaternionic setting (caused by the lack of commutativity), it does make sense for self-adjoint
matrices since, in that case, the order of multiplication is irrelevant (cf., [10]). Thus we may
write the following formula as [A] = det(A*A).
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if, on the other hand, [A] = 0, then A is not invertible.

4.2.6 Proof. We first consider the special case where one of the entries of
A vanishes; since the Study determinant is invariant under column or row
interchangings, without loss of generality ¢ = 0. Then [A] = |a|?|d|? by
a straightforward computation with the complex 4 x 4 matrix. If, on the
other hand, none of the entries of A vanishes, then we write

a b _ a 0\ (1 a'b

c d)  \ec 1 0 d—ca™'b )’
so that [A] = |a|?|d — ca™'b|* € R with [A] > 0, and

[A] = |al*|d|* + [b]*|c|* — 2Re (dcab),

which yields the above formula since the real part of the quaternionic prod-
uct is symmetric, Re(ab) = Re(ba).

The formula for the inverse in case [A] # 0 is verified by direct compu-
tation. If [A] = 0, we again distinguish two cases: If A has an entry = 0,
without loss of generality ¢ = 0, then [A] = 0 implies either a = 0 or d = 0,
and, therefore, A has a kernel and cannot be bijective; if, on the other hand,
all entries # 0, then [A] = 0 implies d = c¢-a~1b, so that the columns of A
are linearly dependent since b = a - a~'b: Again, A has a kernel and is not
invertible. N

4.2.7 Thus, from the previous lemma, the Study determinant can be used
to characterize the invertible linear transformations, that is, the general lin-
ear group GI(2,[H). Moreover, since the Study determinant is real-valued,
the corresponding quaternionic special linear group SI(2,H) has the same
real dimension dimpSI(2, H) = 15 as the M&bius group Mab(4) of the con-
formal 4-sphere: We will learn later how SI(2, H) does indeed act by Mobius
transformations on S%.

4.2.8 Definition. The general and special linear groups are given by:

GI(2,H) = {L e End(H?)|[L] 0},
SI(2,H) = {L ¢ End(H?)|[L]=1}.

4.3 Quaternionic Hermitian forms

This is the central section of our presentation: We will link the classical
model of the Mobius geometry of S* to the quaternionic setup. Here the
key idea is to use quaternionic Hermitian forms on IH? as the homogeneous
coordinates for hyperspheres and points (cf., [262]). The rest will then just
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be a matter of translating the notions we developed when presenting the
classical model.

4.3.1 Definition. Let V' denote a quaternionic (right) vector space. Then
amap S:V xV — H is called a (quaternionic) Hermitian form if, for all
v,w,w €V and N € H,

(i) S(v,w) = S(w,v), and

(ii)) S(v,w+ w) = S(v,w) + S(v, @) and S(v,wA) = S(v,w)A\.
HV):={5:V xV — H|S quaternionic Hermitian} will denote the space
of quaternionic Hermitian forms.

4.3.2 As usual, the linear structure on the target space H = IR* induces a
(real) linear structure on the space $(V') of quaternionic Hermitian forms
via

(S 4 S)(v,w) := S(v,w) + S(v,w) and (r-S)(v,w):=r-S(v,w)

for all v,w € V, where S, S € (V) and r € R.

Fixing a basis (eq,...,e,) of V, a quaternionic Hermitian form is deter-
mined by its values S(e;, e;), @ < j, on the basis vectors, where S(e;, e;) € H
for i < j and S(e;,e;) € R. Consequently, a quaternionic Hermitian form
depends on n + 4@ real variables:

4.3.3 Lemma. The space $H(V') of Hermitian forms on an n-dimensional
quaternionic vector space V is a (2n — 1)n-dimensional real vector space.

4.3.4 Now let V = H? be a 2-dimensional quaternionic vector space. By
the previous lemma, $(V) is a 6-dimensional real vector space, (V) = RS;
next we want to make it a Minkowski space, that is, we want to introduce
a Lorentz inner product. For that purpose we choose a basis (e1,e3) of V;
then we define a symmetric bilinear form by its quadratic form®

AV) =R, S (S, S):=]|S(er,e2)]? — S(e1,e1)S(e2,e2). (4.1)

Clearly this scalar product has Lorentz signature (5,1).

Choosing a different basis (€1, €2) = (e1b11 + €2b21, €1b12 + €2b22), we use
the same method as in the lemma in §4.2.5 to determine the relation of the
associated scalar products (.,.) and (.,.): We decompose the change of basis
in two,

(e1b11 + eabai, e2) =: (é1,€2) and
(é1, él[bl_llbw] + éa[boe — b21b1_11b12])7

(e1,€2)

—
(é17é2> =

6) Note that this is exactly the same way in which the (real) vector space of complex Hermitian

zo+z3 z1+ize

matrices (961—1'1‘2 e ) is made into a 4-dimensional Minkowski space (cf., [42]).
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where we assume b1 # 0, without loss of generality, because we may inter-
change the roles of é; and é;. Then, for any S € H(V'), we compute

(3, S) 1b11]2(S, S) and
(S, S)

= A 4.2
= |byy — bo1 b b12|2(S, S) = [B]-(S,S). (42)

4.3.5 Lemma. The scalar product (4.1) makes the space $H(V') of quater-
nionic Hermitian forms on a 2-dimensional quaternionic vector space V' a
6-dimensional Minkowski space RS ; this scalar product is invariantly defined
up to (positive) rescaling.”

4.3.6 As a consequence of this lemma, the causal type is a well-defined
notion for quaternionic Hermitian forms, and so are the notions of the “ab-
solute quadric” S* C PH(V) = H(V)/R = RP® and of “polarity” in that
RP5. Hence $H(V) is a suitable classical model space for 4-dimensional
Mobius geometry.

We want to elaborate on this further: Next we wish to establish the rela-
tion between the absolute quadric S* C IRP® and the quaternionic projective
line

HP' := {vH |v € H?\ {0}} : (4.3)

4.3.7 Lemma. The null directions RS C $(H?) are in 1-to-1 correspon-
dence with the points of the quaternionic projective line HP': HP' = §4,

4.3.8 Proof. For a nonnull isotropic Hermitian form S € $(IH?), we have
|S(e1,e2)]? = S(e1, e1)S(ea, e2) and at least one, S(eq,e1) or S(ez, ez), does
not vanish; without loss of generality, S(ej,e;) # 0.

Now suppose that v = e;\; + eaAy € H? \ {0} is an isotropic vector for
S. In particular, v | e; since S(ey,e1) # 0, so that (ey,v) is a basis. Since
the Minkowski product (.,.) on $(IH?) only changes by a real multiple when
changing the basis (|\2|? in our case), we have

0= S(er,e1)S(v,v) = |S(e1,v)?;
hence S(eq,v) = 0. Consequently, S(e1,e1)A; + S(e1, ez)Az = 0, so that®
v=—e1S(e1,e2)\ + exS(er,er)N with A e H )\ {0},

that is, S has exactly one null direction (—e;S(ey, e2)+e2S(e1,e1))H C H?.

7) Remember, from §1.1.2, that we had the same scaling ambiguity when equipping the space
R"™*2 of homogeneous coordinates for the classical model of Mébius geometry with a Minkowski
product.

8) Remember that S(e1,e1) € R commutes with any quaternion.
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On the other hand, given v = ejv; + egvy € H? \ {0},
Sy(er,er) :=|va]?, Syler,ez) := —v102, and Sy(ez,ez) :=|v1]|? (4.4)
define an isotropic Hermitian form S, having v/H as its null direction. <«

4.3.9 Having established a 1-to-1 correspondence between HP!' and the
conformal 4-sphere S*, we need to characterize hyperspheres in HP' and
the incidence of hyperspheres S € S? C $(H?) and points vIH € HP!.
There are two strategies to attack the problem: a direct way, using affine
coordinates, or using the characterizations from the classical model. We
will indicate both approaches. Fix a basis (ey, ez) of H? so that we have a
well-defined Minkowski scalar product on $(H?), and fix a unit S € $§(H?).

4.3.10 To determine the form of S, we distinguish two cases, depending on
whether S(e1,e1) =0 or S(ey,eq) # 0:

. 0 —n 1 1 -m
5 = (—ﬁ 2d) or 5 = T(—m |m\2—7‘2)

with suitable n,m € H and d,r € R, respectively. Then, in terms of the
affine coordinates, v = e1q + eg is isotropic for S if and only if ¢ € H lies
on the plane with unit normal n and distance d from the origin or it has
distance r from the point m € H:

S(v,v) =—qn—nqg+2d or S(v,v)= %{|q_ m|? — r2}.

4.3.11 In the classical model, the incidence of a point and a sphere is
encoded by orthogonality (polarity; cf., Figure T.1). With the Hermitian
form S, defined in (4.4) above, a straightforward computation yields

(S,8,) = —1S(v,v),

so that vH € S* = HP! lies on the hypersphere RS € RPYCP$H(H?) if
and only if S(v,v) = 0. Note that this condition does not depend on the
choices S and v of homogeneous coordinates.

In either way we obtain the following:

4.3.12 Lemma. The spacelike lines RS C $H(IH?) are in 1-to-1 correspon-
dence with the hyperspheres S C S* wia isotropy:

vHeSCHP'~S* & S(v,v)=0.
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4.4 The Mobius group

The general linear group GI(2,H) canonically acts on the space $(IH?) of
quaternionic Hermitian forms via

GI(2,H) x H(H?) — H(H?), (A,S)— AS:=S(A~1 A"L).  (4.5)

Fixing a basis (e, ez) of H? and, therefore, a Lorentz scalar product (.,.)
on $(H?), we have
[A](AS, AS) = (5, 5);

namely, we clearly have (S,S) = (AS, AS) with the scalar product (.,.)
taken with respect to the basis (€1, é3) = (Aey, Aes) (see (4.1)). The trans-
formation formula (4.2) then yields the result. In particular,

4.4.1 Lemma. After firing a basis (e1,ea) of H?, the special linear group
S1(2, H) canonically acts by isometries on $H(H?) = RRY.

Two endomorphisms A, A € Sl(2, H) yield the same isometry if and only
if A=+A.

4.4.2 Proof. The first part is clear from the above considerations; it re-
mains to prove the second assertion.

Clearly, AS = (—A)S; for the converse, it suffices to show that AS = S
for all S € H(H?) implies A = +id. Since the isotropic Hermitian forms
S € H(H?) are in 1-to-1 correspondence with the points of the conformal 4-
sphere HP!, we deduce that A~! induces the identity on HP', that is, every
vector v € H? is an eigenvector of AL, In particular, if (e1,es) denotes a
basis of H?, we have A~'e; = e;\;. Defining S € H(H?) by

e S(ei,e;) =1 and S(ep,es) =0, we deduce that |\;|?> = 1; and,

e S(e;,e;) =0 and S(ey,es) = ¢, we find A\jc = ¢y for arbitrary ¢ € H.
As a consequence, A\ = \y = +1. <

4.4.3 Corollary. The action of SI(2, H) on HP! preserves hyperspheres:
S1(2,H) acts on HP' = S* by Mdbius transformations.

4.4.4 This corollary follows with §4.3.7 from the previous lemma when
employing the classical model of M&bius geometry (cf., Figure T.1), or it
follows directly with the description of hyperspheres in HP' and the char-
acterization of incidence given in §4.3.12.

4.4.5 Using some basis (e1, e2) of H?, we may introduce affine coordinates
HP' = HU {oo} = {(e1qg+e2)H |qge H} U{e;H}

to find that the action (A,vH) — (Av)H of SI(2,H) — or, equally, of
GIl(2,H) — on HP! is by fractional linear transformations:

Alerg+ea)H = (e1(aing+ai2)(asg+az) 't +e)H.
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Thus we succeeded to describe certain Mobius transformations as fractional
linear transformations, just as in the complex case. Note that real multiples
cancel in the action, so that we indeed obtain an action of the 15-dimensional
group PGI(2,H) =GIl(2,H)/R = SIl(2,H)/ £ 1.

4.4.6 So far we have learned that any transformation A € SI(2, H) projects
to a Lorentz transformation of R? = §(IH?) and to a Mobius transformation
of the conformal 4-sphere S$* = HP!, respectively; moreover, we know that
A Ae S1(2, H) project to the same Lorentz transformation iff A=+A.
We want to study the structure of this map Si(2,H) — O1(6), given by
(4.5), and SI(2,H) — Mob(4), respectively, further. Clearly, the map

r: SI2,H) — 01(6), r(A)S :=S(A~1., A=) (4.6)

is a group homomorphism, that is, r(AB) = r(A)r(B). Consequently, its
differential at the identity,

0:=dir :sl(2,H) — 01(6), o(X)S=-5(X..)—S(,X.), (4.7)

is a Lie algebra homomorphism: It is R-linear and [o(X), o(Y)] = o([X, Y]).
Moreover, we can show that o is injective: Suppose o(X) = 0, that is,

o(X)S =0 for all S € H(H?). Writing Xe; = > e;x;; in terms of some

basis (e1, e2) of H? (see §4.1.7) and denoting S(e;, e;) =: s;;, we have

0=—0o(X)S(es,ej) = T1i515 + si1x1; + T2is2j + Siaaj, (4.8)

where the s;; € R and 597 = s12 € [H can be arbitrarily chosen: choosing

s12 = 0 in the (7,j) = (1,2)-term we learn that z12 = x2; = 0;

s12 = 0 in the (i,7)-terms yields z;; € Im [H; and then

sii = 0 in the (1,2)-term reads s1ax92 = —Z11812 = 211512 for all s15 € H,
that is, z9o = x11 € ImH (s12 = 1) commutes with all s15 € Im H or,
otherwise said, Vsia € R3 : 217 X s12 = 0 with the cross-product x on
RR3, so that z;; = 0 also.

Hence X = 0 and p is shown to be injective.
Surjectivity then follows from a dimension argument: Considering qua-

ternionic 2 x 2 matrices as complex 4 x 4 matrices, gl(2, H)Cgl(4, ©), our

definition of SI(2, H) in §4.2.8 tells us that?)

sl(2, H) = gl(2, H) Nsl(4, ©) = {X € gl(2, H)|RetrX = 0}

9) Note that Retr X makes sense since the real part of a quaternionic product is symmetric:
Hence the real part of the trace of a quaternionic endomorphism is independent of the choice
of basis used to represent the endomorphism as a matrix.
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has real dimension dimsl((2, H) = 15 = dimo07(6): Note that the complex
trace tre : gl(2,H) — R is real-valued (see §4.1.3).

Thus we have proved the following:

4.4.7 Lemma. The differential (4.7) of the above map SI(2,H) — O1(6),
given in (4.6), is a real Lie algebra isomorphism o : s((2,H) — 01(6).

4.4.8 Hence, by the preceding lemma, the identity component of SI(2, H)
is a double cover of the identity component of O1(6) (see [298]). Since
the identity component of O;(6) is just the orientation-preserving Md&bius
transformations,'®) we learn that the identity component of SI(2,H) is a
double cover of the orientation-preserving Mobius transformations.

Hence, in order to obtain the following theorem, it remains to show that
S1(2, H) is simply connected, that is, we have to show that it is connected
and any loop F': S — SI(2, H) is homotopic to a constant loop.

4.4.9 Theorem. SI(2,H) is the universal cover of the identity component
of O1(6); as such, it is the (double) universal cover of the group Mob™ (4)
of orientation-preserving Mdébius transformations of S* = HP?.

4.4.10 Proof. Sli(2,H) is connected: Let A € Si(2,H); we want to show
that there is a path joining A to the identity id € SI(2, H).

Choose a basis (e1,e3) of H? and consider the two points Ae;IH € HP?!.
Since the space of point pairs B := {(p1,p2) |pi € HP,p; # po} is, with
HP?, connected, we can join the pair (Ae;H, AesIH) to (e;H, e H); a lift
of this path to SI(2, H) joins A to an endomorphism B with eigenvectors
e1 and ey, that is, we have Be; = e;b;. B € SI(2, H) implies |b1|?|bs|? = 1.
Since S? is connected, we can now join B to some endomorphism C with real
positive “eigenvalues,” C'e; = e1e€ and Cey = eze™¢. Finally, a continuous
rescaling joins C' to the identity.

4.4.11 SI(2,H) is simply connected: Now let A : S — SI(2, H) be a loop
in SI(2, H); we want to show that A is null homotopic.

Here we use the same idea as above: Choosing a basis (e1, e2) of H?, we
obtain a loop (Ae;H, AesH) : S* — B in the space of point pairs. Since P

10) Recall that the Lorentz group O;(6) decomposes into four components, determined by
the orientation and the future orientation: The identity component consists of those trans-
formations that preserve both orientation and future orientation. From §1.3.17 we know that
any orientation-preserving Mdbius transformation p can be obtained as the composition of an
even number of inversions, that is, of an even number of reflections in Minkowski hyperplanes
in JR?. Hence this composition A € O;(6) preserves future orientation and has determinant
detA = +1. Therefore, 1 comes from an element of the identity component of O1(6). Note
that, equally, u is given by —A, which is orientation-preserving but does not preserve future
orientation.
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is, with HP?, simply connected,'?) this loop can be contracted to a constant
loop. Hence A is homotopic to a loop B : St — SI(2, H) that fixes, without
loss of generality, the points e;JH € HP'. Then, by the simple connectedness
of S, B is homotopic to a loop C with Ce; = eje® and Cey = ege™ " with
some function u : S — IR, as above. Finally, a uniform scaling u — 0 yields
the homotopy to a constant loop in Si(2, H). N

4.4.12 In both parts of the proof of the previous theorem we made heavy
use of the space of point pairs 9 in S* = HP'. Thus this seems to be a good
time to investigate the geometry of this space a bit further — in particular,
as it will reappear when we discuss Darboux pairs of isothermic surfaces.

4.5 The space of point pairs

When describing m-spheres in the classical model, we already discussed
0-spheres, or “point pairs,” as a special case: They could be identified
with hyperbolic sphere pencils, that is, with Minkowski 2-planes in the
classical coordinate Minkowski space R?*? (see Figure T.1). Thus, as a
Grassmannian, the space of point pairs is a (pseudo-Riemannian) symmetric
space, as we already discussed briefly in the context of our lemma in §3.3.2;
in particular, it is a reductive homogeneous space.

4.5.1 In the quaternionic setup the space of point pairs

¥ = {(Bp) € HP* x HP'|p # p}
can be described as follows'?): Fixing two base points co,0 € HP', any
pair of points p,p € HP! can be obtained as the image of the two base
points under a Mobius transformation p € Mob(4), p = p(oo) and p = p(0).
Of course, this Mébius transformation is not unique: Precomposing®)
with any Mobius transformation that has oo and 0 as fixed points provides
another choice fi of a suitable Mobius transformation.

4.5.2 In terms of homogeneous coordinates, fixing the two base points co, 0
amounts to fixing a basis (es, €g) of H?, where 0 = egIH and oo = e, H,

11) Note that, for a point pair map (f1, f2) : M — B, one requires f1(p) # f2(p) for all p € M;
it does not have to satisfy f1(M) N fo(M) = 0.

12) ppis particularly simple description may, in fact, be a reason why the transformation theory
of isothermic surfaces, as described in the following chapter, is treated with such ease in the
quaternionic model.

13) Note that this is the same as postcomposing with a Mobius transformation that has p and
p as fixed points: The M&bius transformations with p, p as fixed points are obtained from those
with oo, 0 as fixed points by conjugation with pu.
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up to (quaternionic) rescalings of e, and eg. Then a point pair (0H,vH) is
given as the image of a transformation A € SI(2,H), that is, up to scaling
v = Aeg and 0 = Aes,. Precomposition with a Mobius transformation that
has fixed points oo and 0 now becomes a precomposition of A with some
H € Si(2,H) that has ey, and ey as eigenvectors. Note how this gauge
freedom exactly compensates for the ambiguity in choosing homogeneous
coordinates e, and ey for the base points oo and 0. Hence,

4.5.3 Lemma. The space of point pairs in S* = HP' is a homogeneous
space
P =512 H)/Kx,o,

where Koo o :={H € SI(2,H)|He; = e;\;,i = 0,00} denotes the isotropy
group of some chosen base point (00,0) = (excH,eoH) € B.

4.5.4 Notation. Note that the matrix M4 of A in terms of the basis
(exo, €0) contains the coordinates of the point pair (AeH, AegH) as its
columns. For this reason, we will often write A = (Aes, Aey).

4.5.5 We may identify the isotropy group K o of our chosen base point as
the subgroup {4 € Si(2, H)| AR = RA} of special linear transformations
that commute with the reflection R : (ex,€9) — (—€x0,€0) in the base
point.

Differentiating, we learn that the isotropy algebra £, ¢ is the +1-eigen-
space of the involution Adg : sl(2,H) — sl(2,[H). The —1-eigenspace of
Adp then provides a canonical complement po, o of €0 C sl(2,H) and
hence a model for the tangent space (oo 0)B = 5l(2,H)/€x0,0 = Poo,0 of P
at the base point (00,0). Left translation p. o — Apso,o by A € SI(2, H)
with AecocH = p and AeglH = p shifts that model to any tangent space
TP at (p,p) € B. Note that SI(2,H) acts transitively on ‘B and that
Poo,0 is invariant under left translation by the isotropy group.

4.5.6 Since pooo = {X € sl(2, H) |AdrX = —X} is defined as the —1-
eigenspace of Adg, the decomposition

5[(2, ]H) = Eoo,o @D Po,0
is a symmetric decomposition of the Lie algebra s[(2, H), that is, we have

[goo,(); Eoo,O] - Eoo,(); [Eoo,Ovpoo,O] C poo,Ov [poo,Oapoo,O] C E00,07 (49)

making the space P of point pairs a reductive homogeneous space (cf., (2.6)).

4.5.7 We now turn to maps into the space of point pairs: Often we will
use frames to describe their geometry. Thus, in the rest of this section, we
want to discuss frames, their gauge transformations, the structure equations,
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and compatibility conditions. In order to be able to “translate” results
and computations from the classical setup (see Figures T.1 and T.2), we
will finally derive a formula that gives the relation between a quaternionic
connection form and the “classical connection form” (1.1).

4.5.8 Definition. Let (f, f): M — B be a point pair map and fix a base
point (00,0) € P. Then a map F : M — Sl(2,H) is called an adapted
frame for the point pair map if (f, f) = (FesxoH, FeqH).

4.5.9 Now let (f,f) : M — P with adapted frame F : M — SI(2, H).
Then we may choose homogeneous coordinates for both maps, also denoted
by f and f , so that the frame can be identified with the (homogeneous
coordinates of the) point pair map, F' = (f, f): M — SI(2,H).

The structure equations dF' = F'® then read

_¢¢> {df:f¢+f¢
¢ = ~ & P 4.10
(50 g = fo o+ fo. A0
where ® = F~YdF : TM — sl(2,H) denotes the connection form of F.
A gauge transformation (f, f) — (fa, fa), that is, F' — F = FH with
H: M — Ky, Heg = epa and He, = e, has the effect

d(fa) = flda+@ga) +  foa

d(fa) = fva +  f(da+ ¢a)

or, in terms of connection forms,

A 1( s | an A1
® = H Y®H+dH) = (“ (da + pa) a"ya

- . (411

a~tpa a1 (da + pa) ) (4.11)
4.5.10 The integrability conditions (Maurer-Cartan equation) for the con-
nection form (4.10) read'®

0=dd+i[@Ad] & 0=d* =d
According to the symmetric decomposition (4.9) of s((2,H), the Maurer-

Cartan equation splits into four “scalar” equations: The £, o-part yields
the Gauss-Ricci equations

0 = dp + GAP + YA, (4.12)
0 = dp + whp + YAY,

14) Remember (see Footnote 1.33) that we defined [® A U](z,y) := [®(x), ¥(y)] — [®(y), ¥(z)].



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 163

while the po, o-part gives the Codazzi equations

0 = dp + YA + GAY, (4.13)
0 = dy + vAg + oA, ‘

4.5.11 Now let S, S € $H(H?) = RS denote two fixed (constant) quater-
nionic Hermitian forms. Using the fact that r : GI(2, H) — O1(6) (defined
in (4.6)) is a Lie group homomorphism, we obtain d,(roF') = r(F(p))o(®|p)-
Together with the fact that r takes values in the isometry group of RS, we
then deduce 3 )

(A(F$).FS) = (o(®)8.9),

where, for brevity, we write F'S for (ro F')S (cf., (4.5)). To compute the
scalar product, we evaluate S and S on a basis (e, €q) of H? (see (4.1))
and find

((@)5.5) = Re(@)S(e0,c0)S(enren) — Re(Slew c0)Sleo,en)d)
+ Re(p)S(eg,e0)S(ex,e0) — Re(S(en,eo0)S(€x0,€0)®)
+ Re(S(eg,eoo)t/j)S(eoo,eoo) Re(g(eo,eoo)@/j)S(eoo,eoo)
+ Re(S(ex,e0)®)S(eo,e0) — Re(S(ex,en)®r)S(eo,en)

4.5.12 With this we are prepared to establish the relation between a clas-
sical 01(6)-connection form (1.1) and its quaternionic counterpart (4.10):
Choose a basis (So, S1,Si,S;, Sk, Seo) of H(H?) such that, for ¢ = 1,1, j, k,

1 = Sp(exsen); 0 = Solex,e0), 0 = Soleo,eo),
0 = Scleorbx); € = Sclex,e0), 0 = S.(eo,en),
0 = 500(6007600)7 0 = 500(600760>7 1 = 500(60760)-

In this way the S’s define a pseudo-orthonormal basis — however, in contrast
to the basis we used in (1.1), here we have (Sp, See) = —%. By combining
this with the formulas from the previous paragraph, we finally can express
the components of the connection form (4.10) in terms of the R$-moving
frame:

i+(d(FS1),FS;)j+(d(FS1),FSi)k

p = (d(FSx),FSy) + QE5LES: :
4 SdUFS;) FS it (d(FSy) FS:) jH(d(FS:) FS;)k

)
)
)
)

2
i+(d(FS1),FS;)j+({d(FS1),F Sk

< |~ |<- [~

$ = (d(FSp),FSx) — (BLES: ) ‘
n (d(FS;),FS i+(d(FSkQ),FSi)jﬂ—(d(FSi),FSj k’

¢ = —(d(FSp),FS))
+ (d(FSo), FS;)i + (d(FSo), FS;)j + (d(FSo), FSi)k,

v = —(d(FSx), FS1)

— (d(FS4), FS;)i — (d(FSs), FS;)j — (d(FSs), FSi)k .
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This “translation table” provides the basis for carrying over the geometric
interpretations in §1.7.6 or §1.7.7 of the structure equations in the classical
setup to the quaternionic setup — in situations where f or f envelope
one (or more) of the sphere congruences F'Sy, F'S;, F'S;, or F'Sy, given by
the frame. For example, this will become of interest when we discuss the
isothermic transformations of surfaces of constant mean curvature in space
forms in the next chapter.

4.6 The space of single points

Just as point pair maps will canonically turn up in various contexts, we will
be interested in single maps into the conformal 4-sphere in other situations:
There will not always be canonical partners for the surfaces that we are
going to consider. Just as the space of point pairs, the conformal 4-sphere
can be considered as a Mob(4)-homogeneous or a SI(2, H)-homogeneous
space, respectively. Fixing, as before, a base point 0 € S*, any point p € S*
can be described as the image of a Mébius transformation p € Mob(4) that
is unique up to precomposition with a Mobius transformation that fixes the
base point 0:

4.6.1 Lemma. The conformal 4-sphere S* = HP' is a homogeneous space
St =SI1(2,H)/Ky, where Kq:={H € SI(2,H)|Heg= e}

denotes the isotropy group of some chosen base point 0 = egIH € S4.

4.6.2 Note that, choosing a basis (eg, €so) of H? with 0 = egIH in order to
obtain a matrix representation, this isotropy subgroup Ky consists of upper
triangular matrices. Any change of basis that preserves the condition on the
first vector providing homogeneous coordinates for the chosen base point is

given by an element of Ky, that is, by an upper triangular matrix in terms
of the old basis.

4.6.3 Also note that S* = SI(2,H)/K, is a nonreductive homogeneous
space: This corresponds to the fact that we are considering the conformal
4-sphere S*. In fact, S* = SI(2,H)/K is a homogeneous SI(2, H)-space
with parabolic isotropy subgroup Ky, so that the conformal S* appears as a
symmetric R-space (see [52] for details). Thus, in contrast to the situation
of the space of point pairs, there is no symmetric decomposition of the Lie
algebra s[(2, [H) nor a canonical complement of the isotropy algebra

ko = {X €sl(2,H)| X0 C 0} Csl(2, H)
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to be identified with the tangent space'® T,S* = s((2, H)/¢. However,
after choosing a second point co € S4\ {0}, there is a canonical complement

Poo = {X €5l(2,H) | kerX =imX = oo}

associated with that choice, and we recover our symmetric decomposition
(4.9) relative to the choice of base point (00, 0) in the space B of point pairs
with!6)

to =t 0 P po, where po={X €8y|kerX =imX = 0}.
Note that both subspaces po and po, are ade__ ,-stable, [£x 0, pi] C p;-

4.6.4 As before, in the case of the space of point pairs, a main purpose of
the above view on the conformal 4-sphere S* as a homogeneous space is to
justify our view on frames for a map f: M — S* as lifts F': M — SI(2, H)
of the map into the symmetry group of the ambient geometry, and to clarify
the form of the corresponding gauge transformations.

4.6.5 Definition. Fizing a base point 0 € S*, a map F : M — SI(2, H) is
called an (adapted) frame for a map f: M — HP' if F-0 = f.

4.6.6 After fixing a second base point co € S%, an adapted frame F pro-
vides a second map f = F' - 00, thus providing a point pair map. In terms
of homogeneous coordinates (f, f) = (Feoo, Feg), we again have the struc-
ture equations (4.10). However, now a gauge transformation is of the form
(f, f) — (fb+fa, fa), thatis, F — F = FH with H : M — K, Heg = ega,
but He, = €500+ egb. When computing the effect on the connection form,
we find

o a~tlda+ ga + ¢ a Ya
~\a Tt (db+ b+ pa —ba[da+ ga+¢b]) a(da+ pa —bata)
(4.14)
instead of (4.11).

Note that, as before, ¥ — a~'va.

4.7 Envelopes

Remember from §1.6.3 that a (differentiable) map f : M™ — S™ is called
an envelope of a (hyper)sphere congruence S : M™ — JRP8+1, that is, of a
(smooth) m-parameter family of hyperspheres in S™, if, for all p € M,

f(p) € S(p) and Ty, f(M) C Tyip)S(p) -

15) This may indeed be considered to be the reason why, when discussing the classical model,
we never referred to the tangent space of the conformal 4-sphere but always dealt with tangent
lines or planes instead (cf., §1.1.4).

16) The nilpotent subalgebra po C £y does not depend on the choice of the second point co.
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In terms of homogeneous coordinates (local lifts) f : M™ — L*+1 ¢ R??
and S : M™ — S{LH, these two conditions were translated to

(f,S)=0 and (df,S)=0

(see §1.6.3), that is, to the fact that the pair (f,S) : M™ — L1 x SpH!
forms a strip (see §1.6.12). In this section it is our mission to give a quater-
nionic formulation of the enveloping conditions and to extend the notion
of an envelope to 2-sphere congruences in the conformal 4-sphere HP!, so

that we will be prepared to study the geometry of (2-dimensional) surfaces
in S4.

4.7.1 In §4.3.12 we discussed the incidence relation of a point and a hyper-
sphere: The image points of a map f : M — IHP! lie on the spheres of a
congruence S : M — S? C §(H?) if and only if S(f, f) = 0.

There are several ways to obtain a quaternionic version of the second
condition: One possibility is to use the explicit incarnation (4.4) of the
correspondence between points in HP! and isotropic lines in $(IH?) (see
§4.3.7) to rewrite the above scalar product as (df,S) = =S(f,df)—S(df, f).
Another possibility is to argue with the classical geometers: The map f
envelopes the sphere congruence S if each point f(p) lies in the intersection
of the sphere S(p) and any infinitesimally neighboring sphere (S + dS)(p).
Hence the enveloping conditions read

4.15
where the last equality is obtained by differentiating S(f, f) = 0.

4.7.2 Here, to entirely convince the reader, another rather affine argument
shall be given: Given a sphere S = S(p), we may locally choose a basis
(€00, €0) of H? such that S(es,€00) # 0, that is, co = e, JH ¢ S. Then S
is of the form

S(esos oo) = %, S(exo,e) = —%m, and S(eg,eg) = %(|m\2 —7r?),

where m € H and r € R denote the center and radius of the sphere .S in the
affine Euclidean space R* = H = {e,.q+eo|q € H} (see §4.3.10). Writing
f in affine coordinates, too, f = exf + €g, the two conditions in (4.15) read

0=S(f,f) = %(!f—m\2—r2) and 0=ReS(f,df) = %d]‘- (f —m).

In either way we obtain the following:
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4.7.3 Lemma. A smooth map f : M — HP"' envelopes'™ a (hyper)sphere
congruence S : M — S? C $(H?) if and only if

S(f,f)=0 and  S(f.df)+S(df, f) = 0.

4.7.4 It F: M — SI(2,H) is an adapted frame for the map f : M — HP!,
f=FeyH,and S = FS = (roF)S with S: M — S} C $H(H?) (see (4.6)),
then the enveloping conditions reduce to

0=S(eg,e0) and 0= —(o(®)S)(eq,e0) = 2Re[S(ep, €x0) - Y], (4.16)

where p = d;qr : s[(2, H) — 01(6) is the Lie algebra isomorphism discussed
in (4.7) and ¢ is the component form in the matrix representation (4.10)
of ® with respect to a basis (e, €g) of H?. This is a direct consequence of
the lemma in §4.7.3 and of (4.7),

(FS)(f,df) + (FS)(df, f) = —(o(®)S)(eo, o).

When the sphere congruence is S = F'S.., with S, € $(IH?) being one of the
fixed basis spheres used in the “translation formulas” of §4.5.12,

Sc(ep,e0) =0, Sc(ep,exn) =c€{1,4,5,k}, and Sc(€o,€00) =0,

then the first enveloping condition is automatic, and the second condition
in (4.16) becomes Re(cy) = 0. Comparison with the translation formula in
§4.5.12 recovers the classical condition from §1.6.3.

4.7.5 Clearly a similar formula holds as the enveloping condition for a
second map f in the case where F frames a point pair map ( i f ): M — B,
that is, f = FeoH and also f = Feo H.

For example, consider the sphere congruence S = F'S;. Then S is en-
veloped by f = FegH as well as f = Fe,H if and only if

Ret = Ret) = 0. (4.17)

4.7.6 Now suppose F'S] is a fized 3-sphere, S* D 3 ~ FS; € $H(IH?). Then
d(FS1) = 0, and we may assume'® FS; = S, without loss of generality,
that is, F' : M — Mbb(3). Since d(F'S7) = 0, the formulas from §4.5.12
show that

Reyp =Rep=0 and ¢+5=0

17) Note that these conditions do not depend on any choice of homogeneous coordinates.

18) This can be achieved by possibly postcomposing F with a (constant) M&bius transformation
AeSi(2,H).
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or, otherwise said, ® : TM — mob(3), where
mob(3) = {X €sl(2,H) | o(X)S1 = 0}.

Note that with this choice, S ~ S;, we have S3 = Im HU {oo} C HU{oo}.

4.7.7 In the sequel we will often be interested in surfaces f : M2 — S3. If
F: M? — Mob(3) C SI(2, H) denotes an adapted frame for a codimension
1 surface f : M? — S3, then f envelopes S = F'S; if and only if

¢ : TM? — Cj, and similarly ¢ : TM? — Cj (4.18)

for f , since by construction the points of f = FeqH (as well as f ) lie on
the spheres S = F'S; of the congruence under consideration, S;(eg,ep) = 0
as well as S (oo, €x0)-

Here we can consider the spheres S = FS; as 2-spheres in S ~ S;
since we are restricting our attention to the geometry of the 3-dimensional
ambient space S3. Thus we identify each 3-sphere F'S;(p) with the 2-sphere
given by its intersection S(p) N S3 with S® ~ S, that is, with the elliptic
sphere pencil given by span{F'S;(p), F'S;(p)} (see Figure T.1).

4.7.8 Dropping the assumption on F'S; to be constant, this situation gen-
eralizes and, in this way, provides a notion of envelope for a congruence
of 2-spheres in S* = HP'. Note that, in the above situation, f = FeqH
(and f = FeH) also envelope the 3-sphere $3 ~ FS, so that f (and f)
envelope all hypersphere congruences in the congruence of elliptic sphere
pencils simultaneously.

Thus we consider a congruence of 2-spheres in S* as a map into the
space of elliptic sphere pencils, that is, into the Grassmannian G4 (6,2) of
spacelike 2-planes in $(H?) = RS (cf., Figure T.1). In this way, it appears
as a rank 2 vector bundle over M?. Choosing local (orthogonal) basis fields
for this vector bundle, 9,5 : M2 > U — S?, the 2-spheres of the congruence
are described as the (orthogonal) intersection of 3-spheres.

4.7.9 Definition. A map f : M? — S* = HP' is said to envelope a
congruence S : M?* — G (6,2) of 2-spheres (elliptic sphere pencils) if it
envelopes every congruence of 3-spheres in that pencil congruence.

4.7.10 Given two maps f and f so that f(p), f(p) € S(p )ﬂS( ) at each
point p € M?, we may choose homogeneous coordinates f, f M? — H?
for the two maps such that S(f, f) = 1 and S(f, f) = i, as soon as S and S
intersect orthogonally.

Namely, if f, f denote any homogeneous coordinates of the two maps, we
may assume that S(f, f) = 1 by possibly replacing f by f (S(f, f))~*. Then
any relative rescaling of f and f that preserves S (f, f) = 1 is of the form
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(f, f) — (fa, fa=') with some function a; for the other sphere congruence
S, such a rescaling yields S’(f, f) — ag(f, f)a_l. But, this is exactly how
S3 acts on its Lie algebra R3 (cf., §4.1.4): Since this (adjoint) action is
transitive, we can achieve S(f, f) = i by a suitable choice of a, |a| = 1.

A choice of basis (e, €9) of H? gives rise to a frame F : (es, €9) — (f, f),

where f and f denote the above lifts of the maps into the 4-sphere. Then we
have S = F'S; and S = F'S;. Moreover, since the action (4.5) of GI(2,H)

on $(H?) satisfies [F]|FS|? = |S|?, we conclude that [F] = % = 1: The
frame constructed in this way is SI(2, H)-valued, F : M? — SI1(2, H).
We collect these rather technical results for later reference:

4.7.11 Lemma. Given a congruence of 2-spheres S : M? — G (6,2) and
two maps f, f : M2 — HPY, so that f(p), f(p) € S(p) at each point p € M?,
there is (locally) an adapted frame F : M? — SI(2,H) for f = FeqH and
f: FeoH such that S = span{FSy, F'S;}.

4.7.12 As a consequence, the condition on a surface f : M? — HP! to
envelope a congruence S : M? — G (6,2) of 2-spheres can (locally) always
be written in the form (4.18), after an appropriate choice of frame. Note
that we can always extend f to a map into the space of point pairs such
that both maps have their points on the 2-spheres of a given congruence.

4.8 Involutions and 2-spheres

There is another way of describing 2-sphere congruences in S* and their en-
veloping conditions (cf., [49]). The key idea is to identify a sphere with its
inversion, that is, with a Mobius involution that has this sphere as its fixed
point set. This is a rather universal idea that can be used for any codimen-
sion spheres in S™ (cf., §1.3.21) or S* = HP? (cf., [262]). However, in the
quaternionic setup, SI(2,H) describes the orientation-preserving Mobius
transformations, so that the corresponding involution can only be described
by an element of S1(2, H) if the codimension of the sphere is even.'?)

This is completely analogous to the complex situation, where an involu-
tion can be identified with its two fixed points — which form a codimension
2 sphere in S2. For example, the involution z — % can be identified with
its fixed point set {—1,1}.

4.8.1 Lemma. Any 2-sphere S C S* can be identified with the unique
Mobius involution that has this 2-sphere as its fixed point set.

19) Otherwise, one has to deal with orientation-reversing Mobius transformations, for example,
with quaternionic conjugation. In contrast to the complex picture, quaternionic conjugation is
an antiautomorphism, so that the formalism becomes relatively unpleasant (cf., [262], [304]).



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 170

Any such involution comes, unique up to sign, from some
S € 6(H?) :={S € End(H?)| 8% = —id} C SI(2, H),

s0 that we obtain a double cover &(H?) — G (6,2) of the space of 2-spheres.

4.8.2 Proof. At this point we will give a straightforward proof using suit-
able affine coordinates. However, another interesting proof of this lemma
will turn up when examining the relation of the description of a 2-sphere as
the fixed point set of a Mobius involution versus its description by an elliptic
hypersphere pencil (that is, a 2-dimensional linear subspace of quaternionic
Hermitian forms) below.

First note that we have [S] = +4/[S?%] = 1 for any S € &(H?), so that,
consequently, &(H?) C Si(2,H) and S € &(H?) is a Mdbius involution
indeed.

We will need the fact that, given S € &(IH?), there is some vH € HP!
not in the fixed point set Fix(S) of S. Suppose this was not the case, that
is, suppose any vector v € H? is an eigenvector of S. Then, in particular,
there is a basis (e, es) of eigenvectors, Se; = e;\;. Also, for any ¢ € H,
there is a A € H such that (e1q + e2)\ = S(e1q + e2) = e1A1q + ea)a.
Eliminating A we deduce \1q = ¢\; for all ¢ € H. Hence \;y = X2 € R.
On the other hand, 0 = (id + S?)e; = e1(1 + \}), which is not possible if
A € R.

4.8.3 Now fix S € G(H?) and choose some v € H? that is not an eigenvec-
tor of S. Set ep := v and e, := Sv. Then (e, €y) provides a basis of H?,
and every eigenvector of S is of the form e..q + e for some ¢ € H \ {0}:
s = Seg cannot be an eigenvector of S because ey is not an eigenvector.
Eliminating A from the condition —egq + €5 = S(€00q + €0) = (€0cq + €0)A
that e,oq + e is an eigenvector, we find ¢> = —1, that is, |¢/ = 1 and
q € Im H = R3. Hence the fixed point set of S is a 2-sphere in HP'.

To construct S from a given 2-sphere we just reverse this computation:
Note that, given a 2-sphere in JHP!, we can always choose?”) a basis (eso, €0)
of H? so that this 2-sphere is {e5q + €9 |¢? +1 = 0}. Then we define S by

Sepg =5 and Sey = —eg. (4.19)

Clearly, S € G(H?) and the Mébius involution S has the given 2-sphere as
its fixed point set by the above argument.

4.8.4 It remains to prove the uniqueness statement. For this suppose that
S € G(H?) has {eaoq + €| ¢*> + 1 = 0} as its fixed point set, as in the

20) Otherwise said, after fixing affine coordinates on HP' = {esoq+eo|q € H}U{exH} there
is a Mobius transformation that maps the given 2-sphere to the unit sphere in Im H C HP!.
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previous paragraph. We wish to deduce that (4.19) holds up to sign. Thus,
for each g with ¢ = —1, there is some A, with S(eaoq+€0) = (ecoq+€0)Ay;
the fact that S* = —id implies that A2 = —1. By using the eigenvector
condition for antipodal points ¢ and —¢, we obtain two equations that we
solve for Se;:

28eg = eo(Ag+A_g) + exq(Ng—Ay),

4.20
—2Ses = e ()\q — )\_q)q + e q()\q + )\—q)Q- ( )

Observe that neither the e;’s nor the Se;’s depend on ¢; hence, A\j+A_, =: ¢
does not depend on ¢, and neither does qcq. Choosing ¢ L ¢ € Im H, we
deduce that ¢éqg = —¢?¢ = ¢é. But this equation has to hold for all ¢ with
q*> = —1, since ¢éq does not depend on ¢ — which is only possible if ¢ = 0.

Hence A_, = —\,, and (4.20) reduces to
Seg =€ qNg and Ses = —eg \yq,

where g\, =: ¢ and —\;q = gcq are constant. Note that this time |c| = 1.
Choosing g L ¢, we find qcq = ¢. Hence ¢ L Im H, so that ¢ = +1, and
(4.20) indeed reduces to (4.19), up to sign. <

4.8.5 Our next goal is to understand the relation between the two descrip-
tions of 2-spheres in JHP! that we have at hand. For this let v € H? be an
eigenvector of some given S € &(H?), Sv = vA. Then

(A +1) S(v,v) = S(Sv, Sv) — S(v,S%v)

for any S € $(H?). Hence S is contained in S as soon as the endomorphism
S is symmetric with respect to the quaternionic Hermitian form S.

To see the converse, assume that any eigenvector of § is isotropic for S.
Choosing a basis (€, €0) as in (4.19), so that S(exq + €0) = (exq + €0) q
for all ¢ with ¢> = —1, we find

0 = S(exq+eo,e0q+eo)
= {5(60760) + 8(6005600)} + {5(607600) q+ 5(607600) q}

Consequently, since this holds for all ¢ with ¢ + 1 = 0 so that both terms
have to vanish separately,
S0, Sep) — S(Seoo,€0) = S(€xo,€o0) + Sep,e0) =0 and
4.21)
5(60,360) —5(860,60) o . o (
S(en, Sea) — S(Semoen) | S(egs€00) — S(€oo,€0) = 0.

Hence § is symmetric with respect to S and we have established:
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4.8.6 Lemma. Let S € &(H?) be a 2-sphere and S € S} C H(H?) a 3-
sphere in S*. Then S is contained in S if and only if the endomorphism S
18 symmetric with respect to the quaternionic Hermitian form S.

4.8.7 In this situation, G(H?) > S € S € S} C H(H?), we can easily
construct a second 3-sphere JS that contains S and intersects the given
3-sphere S € S? orthogonally. First observe that if S is symmetric with
respect to S, then

JS = S(.,8.) € H(H?) (4.22)

is a quaternionic Hermitian form so that S is symmetric with respect to J9,
too: By using the symmetry?!) of S with respect to S, it is straightforward
to check both,

JS(w,v) = JS(v,w) and JS(Sv,w)= TS (v,Sw).

Note that S — JS defines a complex structure on the (real) vector space of
quaternionic Hermitian forms that make S symmetric since J2S = —S. In
particular, S and [JS are linearly independent (over the reals).

To verify the orthogonality claim we choose a basis that gives the scalar
product on $(H?) up to scale: Thus, let (es,€0) be a basis as in (4.19).

Then
JS(eo,e0) = S(ep, ) = —TS(€cos€o00)s
S(eooaeoo) = jS(607eoo) = _S<60760)~

In particular, S(eg, ex), JS(€0, €x) € R are real and, up to scale,
1S|? = (S(eo, x0))? + (TS (€0, €00))* = | TSI?,  [S+ TS|? = [S[* + |TS|*.

Consequently, J5 L S are orthogonal and have the same length — as we
might have expected for a complex structure.

4.8.8 Later, for a motivation of the Vahlen matrix model, we will use
this construction to identify the whole coordinate Minkowski space R} of
3-dimensional Mobius geometry with certain quaternionic endomorphisms
that are symmetric with respect to a fixed 3-sphere S3 € §(H?).

At this point it may serve the interested reader as an exercise to show
that the Minkowski space R} = (S3)+ C H(IH?) can be identified with the
(real) vector space of endomorphisms of H? that are symmetric with respect
to S3 and square to a (real) multiple of the identity.

4.8.9 By the lemma in §4.8.1 and geometry, we already know that there
is a 2-dimensional spacelike subspace of quaternionic Hermitian forms (an

2D fact, the symmetry of S is equivalent to JS being quaternionic Hermitian.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 173

elliptic sphere pencil) that make a given 2-sphere S € G(H?) symmetric.
However, it is now a simple algebraic matter to prove this statement.
Namely, if (e, €9) denotes a basis as before, e, = Seg, the computation
in (4.21) showed that S is symmetric with respect to S € $(H?) if and only
if
S(ep,e0) +S(exo,€00) =0 and S(ep,e00) € R.

Hence, given S, we may define S by
S(eo,e0) = S(€ooso0) :=0 and S(ep,ex) =1

to obtain an elliptic sphere pencil span{S, JS}, where [JS is given by (4.22),
that consists of 3-spheres that make & symmetric.

4.8.10 To complete this alternative proof we should show that any elliptic
sphere pencil gives rise to some S € G(H?). To do so, let S1,5, € S}
be two orthogonal hyperspheres that span the sphere pencil and choose a
basis (e, €0) of H? such that S;(eg, eq) = Si(€oos €o0) = 0 for i = 1,2, that
is, in contrast to our choices above, eglH and e, [H are now points on the
2-sphere under consideration. By suitably normalizing the basis vectors, we
may assume Si(eg, €x) = 1. The orthogonality of S; and Sy then implies
that Sa(ep,e00) =: A € ImH, and |S1|? = |Ss|? gives |A\|*> = 1, so that
A? = —1. With the ansatz Se; = >, e;si;, 1,7 € {0,00}, the conditions
that S is symmetric with respect to S; and S compute to

Sc00 = 5000 and )\5000 = —5000/\,
Sococo = S00 and ASoooo = 500)\7
S000 = gOoo and _)\3000 = gOoo)\a

showing that & should be given by
Seg = egA and  Seoo = Feoo A

since 8? = —id.

Thus, to an elliptic sphere pencil given by S, So € S?, there is an endo-
morphism S € &(IH?), unique up to sign, that is symmetric for all quater-
nionic Hermitian forms of the pencil. This completes the alternative proof
of our lemma in §4.8.1.

4.8.11 Now let K € R\ {0} be a sphere complex — remember that such a
sphere complex defines a quadric Q% of constant curvature k = —|K|? (see
Section 1.4). Further, let S € G(H?) be a 2-sphere. We want to investigate

Ks = HK(,8)+K(S., )}
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Note that s is quaternionic Hermitian.

Let S € S} be a 3-sphere that contains S and choose a basis (e, €9) that
consists of eigenvectors of S, Se; = e;\; for ¢ = 0,00. We normalize the
basis vectors??) so that S(ep,ex) = 1. As a consequence, Ao = —Ag =: A,
since S is symmetric with respect to S, and

5(60760) = 07 S(eanoo) = 17 5(6007600) = 07
JS(eo,e0) =0, TS(ep,ex0) = A, TS(€x0,€00) =0.

With this basis we find

2Ks(e0,€00) = Kl(eo, o)A+ AK(e0, €00)
= {K(eo, eo00) + K(€oo,€0) A + { M (€0, €00) — K(€oo, €0)A}
= 2{(K,S) TS+ (K, TS) S} eo,eco)-

Since, moreover, Ks(e;,e;) = 0 for i = 0,00, we have equality of the two
quaternionic Hermitian forms,

Ks = (K,S)JS+(K,JS)S. (4.23)

Thus |Ks|? > 0 and |Ks| yields the curvature of the 2-sphere S in Q%: By
choosing, for example, S to be a totally geodesic 3-sphere in the elliptic
sphere pencil®®) given by S, we have |Ks| = |(K, JS)|, which is, up to sign
(orientation), the mean curvature of the 3-sphere JS that intersects the
hyperplane S in S orthogonally (cf., p. 60).

In particular, S C Q% is totally geodesic if and only if Ks = 0:

4.8.12 Lemma. Let K € H(H?) = RS be a linear sphere complex in
the conformal 4-sphere S*, and let S € G(H?) be a 2-sphere. Then S is a
2-plane in the quadric Q* of constant curvature defined by K if and only if

Ks = {K(,8)+K(S.,)} =0,

that is, if and only if S is skew with respect to K.

4.8.13 Note that (4.23) also yields another criterion for the incidence of a
point p € S* and a 2-sphere S C S*: If the point p is given as an (isotropic)
quaternionic Hermitian form, p ~ S, (cf., §4.3.7), then p € S if and only if
S is skew with respect to 5.

22) Note that this normalization ensures that (eso,€0) is a “correct” basis to compute the scalar
products of quaternionic Hermitian forms: |S|? = |S(eq, €x0)|? — S(€0,€0)S (oo, €o0) = 1 — 0,
so that S € Sf is correctly detected with the basis at hand, (cf., §4.3.5).

23) Any elliptic sphere pencil intersects the space K+ of hyperplanes in Q% (cf., §1.4.11).
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4.8.14 We want to conclude this section by formulating the enveloping
condition in the setup of this section. The incidence condition is already
clear from the above discussions: The points of a map f : M? — HP' lie
on the corresponding 2-spheres of a congruence S : M? — &(H?) if and
only if f(p) is a fixed point of the Mobius transformation S(p). In terms
of homogeneous coordinates, also denoted by f, this means that Sf = fA
with a function )\ that satisfies \> = —1 since S? = —id.
By differentiating the incidence condition Sf = f\, we obtain

dSf = df \— Sdf + fdX. (4.24)

Now remember from §4.7.9 that f envelopes S if and only if it envelopes
any of the congruences of hyperspheres that contain the 2-spheres S. Thus
choose (locally) a 3-sphere congruence S : M? — $(H?) so that S is sym-
metric with respect to S: Then f envelopes S if and only if it envelopes S
as well as JS, that is, according to §4.7.3, if and only if

ReS(df,f) =0 and ReJS(df, f) = Re(S(df, f)A) = 0.

These two equations are equivalent to 0 = S(df, f)\ + AS(df, f). Combi-
nation with (4.24) then yields 0 = S(dS f, f) as the enveloping condition.
Since S is spacelike, we have {v € H?|S(v, f) = 0} = span{f}, and we
obtain the following;:

4.8.15 Lemma. A map f: M? — HP' envelopes a 2-sphere congruence®?

given by S : M? — &(H?) if and only if

SfIIf and dS-f f.

4.9 The cross-ratio

An important invariant of four?® points p; = v;C € CP', i = 1,...,4, is
the cross-ratio. When we write v; = (%), the cross-ratio?® is given by

e e - _ z1—2 z3—z4 __ det(vi,v2) det(vs,va)
[p17p2’p37p4] - Z9—Z3 Z24—2Z21 - det(’ug,’U;g) det(v4,vl) :

24) Note that G&(H?) is a double cover of the space of 2-spheres (cf., §4.8.1). Thus a 2-sphere
congruence may not lift to a map into (‘S(JHQ). A simple example is provided by the 1-parameter
family of curvature spheres enveloped by a channel Klein bottle in $3. However, the enveloping
condition is a local matter, so that we can formulate it in this way without loss of generality.

25) Given any two sets z1, 22, z3 and wq, wo, w3 of three points in S2, there is a Mdbius trans-
formation p mapping one set to the other, pu(2;) = w;; for example, z +— % % will map
any given three points 21, z2, 23 to 0, 1,00. As a consequence, there can be no Mobius invariant
for three points because any configurations of three points are equivalent in Mébius geometry.

26) This definition of the cross-ratio differs from the classical one by the order of the points.
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Note that the right-hand side term is independent of the choice of homoge-
neous coordinates; moreover, it shows that the cross-ratio is invariant under
Mobius transformations: If p € SI(2, C) denotes a Mdbius transformation,

then the cross-ratio [p(p1); p(p2); 1(ps); 1(pa)] = [P1: P23 P3; Pal-

Fig. 4.1. Rectangles in Mobius geometry

Using a Mobius transformation p to map the three points ps, ps, ps to
0,1, 00, the cross-ratio of the four points computes to u(p;). Consequently,
the four points are concircular (lie on a circle) if and only if their cross-ratio
[p1; p2; p3; pa] = p(p1) is real, and it equals —1 if and only if the two circles
intersecting their circle orthogonally in pq, p3, and p2, p4, respectively, inter-
sect orthogonally (cf., Figure 4.1) — in that case, the two point pairs p1, p3
and ps,ps are said to separate harmonically. These notions will become
crucial when we discuss discrete isothermic surfaces in the next chapter.

In the sequel we will reformulate these facts in the quaternionic setting.

4.9.1 Given four points p; = v;JH € HP', i = 1,2,3,4, in the conformal
4-sphere, we may just use the middle term of the above formula to define
the quaternionic cross-ratio (cf., [30]): Writing, as above, v; = (?') with

suitable quaternions p; € H,

CTlpyipoipaipa] = (P1 = P2) (P2 — P3) "1 (p3 — pa)(pa —p1) ™" (4.25)

provides a generalization for the cross-ratio of four points in CP'. However,
to discuss the invariance of cry,,.p,:p,;p,) Under Mobius transformations, it
would be convenient to express this quantity more invariantly, as above.?”)

This will be our next goal.

27) Note that we do not have a notion of a “quaternionic determinant”: The Study determinant
is real valued, so that we would loose (crucial) information by using it.
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4.9.2 Lemma. Given a point p = vIH € HP?, there is a unique line of
linear forms?®)

pt = Hv € (HPY)* := {Hv|v € (H?)*\ {0}}

so that ptp = 0.
The map p — p*— provides an identification HP' « (HPY)*, and the
induced action of the Mébius group Mob™ (4) on (HPY)* is given by

Si(2,H) x (H*)* > (u,v) — vopu~t e (H?)*.

4.9.3 Proof. Let p=vH € HP', 0 # v € H?, be given; let w € H? so that
(v,w) is a basis of H?; and define v € (H?)* by v(v) := 0 and v(w) := 1.
Clearly, Hv € (HP')! and Hv(vH) = 0. If & € (H?)*\ {0} with #(v) = 0,
then 7 = U(w)v, that is, Hv = Hw.

It is clear that the above action of SI(2,H) on (H?)* descends to an
action of the Mdbius group on (IHP!)L that is compatible with the above
identification HP! « (HP')*. 4

4.9.4 Note that, by using the notions from the lemma in §4.9.2, we may
define a “stereographic projection” HP! — H (cf., §1.4.4): By choosing
homogeneous coordinates vy, voe € IH? for two points 0,00 € HP', we
define uniquely two unique linear forms vy, vso € (H?)* by??)

vovg =0, VoUse =1 and rvevg =1, VeUs =0,

the “pseudodual basis” of the basis (vs,vg) of H?. Note that the defining
equations also can be written as vV + VgVso = idp2. Clearly, the map

H?2\ {c} v+ (vov)(vev) "t € H

descends to a map HP! \ {oo} — H with HP! > (vg + veop)H — p € H.
Equivalently, p = —(vvso) " (vvg), where Hy = (vH)t as in §4.9.2:

(V000) " H(vvg) + (10v) (Veov) 1 =0
& (vvg) (Veo¥) + (YVso ) (Vo) = vo = 0.

A change of basis (vs0,vg), while keeping co € HP! fixed, results in

U9 = Vplo + Vsob g = a;ol vy — a;ol bay Yo
< ~ -
= Voo = a, Yoo

600 Voo o

28) Remember (see §4.1.9) that we consider the dual space (IH?)* of H? to be a left vector
space.

29) For short, we write vv := v(v) for the natural contraction of v € H? with v € (H?)*.
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(cf., Section 4.6). Then

1 1

(D) (Poov) ™1 = at (1ov) (Vo) “tag — ag lh,

that is, our projection HP' — HH changes by a similarity.

4.9.5 Definition and Lemma. Let vo,v9 € H? be a choice of homoge-
neous coordinates for a pair of points co,0 € HP'. Then the map

o:HP'\ {0} - H, p=vH p:= (1gv)(Veo?) ! = —(vvso) *(rup),

where (Voo, Vo) 1S the pseudodual basis of (Voo, Vo), Voolo + VoVeo = idg2,
will be called a stereographic projection. The point co € HP' determines
the stereographic projection up to postcomposition by a similarity.

4.9.6 Before coming back to our main topic in this section, the cross-
ratio, we want to briefly examine this stereographic projection in the 3-
dimensional case. Thus, let S € $(IH?) be a quaternionic Hermitian form
that determines a 3-sphere in HP!, and let 0, co0 be points in that 3-sphere
so that S(vo,v0) = S(Voo, Veo) = 0 (see §4.3.12). Then S(vg,ve) = 1 is a
canonical relative normalization for vy and v, that causes S to have length
|S| = 1 when using the basis (veo, V) to determine the scalar product (4.1)
on $(H?). This relative scaling of vy and v, also causes the pseudodual
basis of (v, vg) to be given by

Voo = S(Vso,.) and vy = S(vo,.).

If v = v9(Voo¥) + Voo (V0V) = (Vg + VooP) (Veov) are homogeneous coordinates
for a point p of our 3-sphere S, p # oo, then

S(v,v) = (Vo) (P +P)(Veov) =0 & p+p=0,

that is, the stereographic projection takes values in R® = Im H.

4.9.7 To come back to our quaternionic cross-ratio (4.25), we first express
the difference of the stereographic projections of two points p; = v1IH and
p2 = v2lH by using our newly developed technology:

p2 — 1 = (11Vs) M (1100) + (Vo2) (Veo2) T = (M1V00) " (1102) (Voo t2) 71,
(4.26)

since vgleo + Vool = idgz. Substituting (4.26) into (4.25) yields

CT'p1;pa;psspal — (VlUOO)_l (r1v2) (V3112)_1 (V3U4)(V1U4)_1 (11V00)-

This quantity is clearly independent of the choice of homogeneous coordi-
nates v; and v; for the points p; ~ pz-L, and it is invariant under the action



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 179

of the Mobius group (see §4.9.2). A different choice Uso = Voot 0f homo-
geneous coordinates for co, however, causes a conjugation of cr(,, .py:psipa]
Voo — Voo

= CTpy;paspssps) (Vlﬁoo)_l(Vlvm>cr[p1;pz;p3;p4](Vlvoo)_l(Vlfjoo)

Thus the quantity cr,.p,:pyip,) itself is not Mobius invariant, and there
seems to be no way to assign Mobius geometric meaning to (the direction
of) its imaginary part.??) However, its real part as well as the length of its
imaginary part are Mébius invariant, so that we obtain

Re cr|

+ i |[Im cry

P1;DP2;D3;D4) P1;P2;P3;P4) |

as the “correct” invariant of four points.

Note that, in case p; € CP' C HP', this just becomes the usual com-
plex cross-ratio that we discussed at the beginning of this section — up to
complex conjugation. Since, on the other hand, four points always lie on a
2-sphere that can be identified with CP' ¢ HP' via a M&bius transforma-
tion, our quaternionic cross-ratio is just the usual complex cross-ratio of the
four points when considering this 2-sphere as a Riemann sphere. The ambi-
guity of orientation in this identification is reflected by the sign ambiguity
in the imaginary part — which we brutally resolve by always choosing the
imaginary part to be positive.

4.9.8 Lemma. Let p; € HP' = (HPY)*, i = 1,...,4, be four points and
let vo,vy € H? and vy,v3 € (H?)* denote homogeneous coordinates for p;.
Then

Re (11v2)(v3v2) 71 (v3v4) (1v4) 71 + 4 [Im (v1v2) (v3v0) ~ L (v3v4) (v1v4) 7
18, up to complex conjugation, the cross-ratio of the four points when inter-
preting a 2-sphere that contains the four points as a Riemann sphere.

4.9.9 This complex cross-ratio will become the key tool in our research of
discrete isothermic nets in the following chapter. Because we have identified
it as the usual complex cross-ratio, the two geometric properties that we
discussed in the introduction to this section can be directly reformulated in
the quaternionic setting:
(i) Four points pi,...,ps € HP! are concircular, that is, they form a
“conformal rectangle” (see Figure 4.1), if and only if their cross-ratio

is real, [p1;p2;ps;pal € R.

30) This is in contrast to a Clifford algebra version of the cross-ratio that we will discuss in
Chapter 6: There, the direction of the “imaginary part” of a quantity that provides the cross-
ratio can be interpreted as the (unique if it does not vanish) 2-sphere that contains the four
points.
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(ii) Four concircular points p,...,ps form a “conformal square,®")” that
is, the pairs p1,ps and po, py separate harmonically on their circle, if
and only if [p1;p2;p3;pa) = —1.

Fig. 4.2. Squares in Mobius geometry

To justify the notions “conformal rectangle” and “conformal square,” re-
spectively, first note that it is clear that (a Mobius transform of) a rectangle
(in some Euclidean plane) has concircular vertices; to see that any quadri-
lateral with concircular vertices is Mobius equivalent to a rectangle (in a
suitably chosen Euclidean plane), consider the two circles that intersect the
vertex circle in opposite vertices (see Figure 4.1) and take one of their in-
tersection points as the point at infinity. The other intersection point then
becomes the center of the vertex circle, and the quadrilateral becomes a
rectangle in the corresponding Euclidean plane. Since these two “diagonal”
circles of a conformal rectangle are the honest (Euclidean) diagonals of the
rectangle once the point at infinity is chosen in the described way, it be-
comes obvious that a conformal rectangle is a conformal square if and only
if these diagonal circles intersect orthogonally.

In this sense we define

4.9.10 Definition. A quadrilateral (p1;p2;p3;ps) in the conformal sphere
S™ is called

(i) a conformal rectangle if [p1;p2;p3;pal € R, and

(ii) a conformal square if [p1; p2;p3;pa] = —1.

4.9.11 We also obtain the usual permutation rules for the cross-ratio, with

31) As in the conformal rectangle case, one may use the cross-ratio condition as a definition.
Geometrically, a conformal square can be characterized as a conformal rectangle whose “con-
formal diagonals” intersect orthogonally, so that it becomes a “proper” (Euclidean) square
after a suitable choice of oco.
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a slight alteration that is caused by our convention for the sign of the imag-
inary part of the cross-ratio:

cr 1-¢r 1/(1-cr)
Y S B S Y S
L. XU AP
N
R B 93 & R B
1cr 1-Ler cr/(cr-1)
Y S %) o] 9 S
& Ry B R R R

Fig. 4.3. Identities of the complex cross-ratio

4.9.12 For four points pi,...,ps € CP! in the complex plane, one of the
points can be reconstructed from the other three and a prescribed cross-
ratio — in fact, it is a Mobius transformation of z4 that provides the missing
point:

Pi—zy 23—24 ([p15p2;psipal = 520 )2t oo 28

. . . — — Z2-23 2223
[p1;p2; p3; pa] = s iz & AL N (TR Y Yy e sy

For points in the conformal 4-sphere, this is obviously not true, since the
2-sphere of the four points cannot be determined from the cross-ratio and
three points. However, if the cross-ratio is real, so that the fourth point
must lie on the circle determined by the given points, then the fourth point
can be reconstructed by a similar computation: By writing p; = (p")JH ,

1
that is, the p;’s are stereographic projections of the p;, i = 2, 3, 4, we obtain

— ( (Ip1;p2:p3; a] — p2(P2 — p3) " H)pa + p2(p2 —p3) 'ps)

b= ( —(p2 —p3) " 'pa + ([p1:p2; P35 pa] + (P2 — p3) " 'p3) ) H.
(4.27)

That iS, P1 = U{p,ipoipsipal,ps,ps (P4) is @ Mobius transform of py. Note that,
given three points po,ps,ps on a circle, the cross-ratio parametrizes the
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circle,3? that is,

[P1; p2; p3;i pal # [p1;p2; p3;pa) for  pr # pa,

so that the point p; in (4.27) does not depend on the choice of stereographic
projection used to determine p;.

% G
Al
R 3 -
-
A M A H
31 P -
Au
& %

Fig. 4.4. The hexahedron lemma

We can use (4.27) to prove a version of Miguel’s theorem [12] that will
prove useful later, when we are considering the Darboux transformation for
discrete isothermic surfaces:

4.9.13 Hexahedron Lemma. Let pi,po,ps and ¢ € HP' be four non-
concircular points, and let A\, € R\{0,1}, A # 1. Then there exist unique
points py and q2,qs3,qs So that

[p1;p2;p3;pal = [q1592593;q4] =
p1;pasqas 1] = [psip2sqe;qs] = A,
[q1:q2;p2;01) = g3;qa5pa5p03] = A

Moreover, all eight points lie on a 2-sphere in HP?!.

4.9.14 Proof. Four non-concircular points define a unique 2-sphere that we
consider as a Riemann sphere. Using (4.27), we then construct:

psa from [pa;pispesps] = %’
g2 from [g2;q1ip1spe] = Ay,
gs from [g3;qoip2ips] = A
qa from [qa;q3;p3;pa] = Ap.

32) This is most easily seen by using a Mobius transformation to map the three points to
0,1, 00 so that the circle is the real line; then [¢t;0; 1; 00] = t.
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Since each new point lies on a circle that is determined from three points
on our Riemann sphere, all points lie on that 2-sphere. It remains to show
that

[ga;q1;p1ipal =X and  [q15q2;q33q4) = o :

Considering the p;’s and ¢;’s as complex numbers, this can be done by a
lengthy but straightforward computation that can well be left to a computer
algebra system (cf., [149]). q

4.9.15 As usual, some important identifications and relations developed
throughout this chapter are summarized in a table (see Figure T.3).



Chapter 5

Application: Smooth and discrete isothermic surfaces

We already touched on isothermic surfaces and their transformation theory
in Chapter 3 (see, in particular, Section 3.3). Here we will elaborate on the
transformation theory in more detail, using the just-presented quaternionic
model for M6bius differential geometry that seems particularly well adapted
to the topic.!) To make the current presentation relatively independent
from our previous developments, we will start over from the beginning —
however, it may be helpful to compare the viewpoint from Section 3.3 with
the one elaborated here. In particular, we will extend our definitions and
facts from Section 3.3 to higher codimension, enabling the codimension 2
feature provided by the quaternionic model.

We already gave some details of the history of isothermic surfaces in
Chapter 3. Here we should add that L. Bianchi already gave very com-
prehensive expositions of the transformation theory of isothermic surfaces,
mainly presented in his papers [21] and [20]. There, he does not only in-
troduce the “T-transformation,” which was independently introduced by
P. Calapso [53] and [55], but he also gives an overview of all known transfor-
mations, including their interrelations in terms of “permutability theorems.”
In fact, there are authors who consider Bianchi’s research on transforma-
tions and permutability theorems as his most important contribution to
geometry (cf., [163]). On the other hand, it was Calapso’s contribution to
consider this T-transformation (or “transformation C,,” as he denoted it)
in a more Md&bius geometric context, in terms of conformal invariants of a
surface.?) We should also mention G. Tzitzéica’s contribution to the theory
of isothermic surfaces [284]: He already discussed isothermic surfaces in any
dimension, in terms of the classical model. We will only touch on his very
interesting viewpoint in the preliminary section of the present chapter.

Remember how we came about the transformations of isothermic surfaces
in Section 3.3: The Christoffel transformation appeared in the context of
Christoffel’s problem in §3.3.11, similar to the Darboux transformation that

1) Here the notion of a “retraction form,” which I owe to discussions with Fran Burstall,
deserves particular mentioning: It not only provides a truly invariant approach to the trans-
formations, but also draws a formal relation with the theory of surfaces of constant mean
curvature 1 in hyperbolic space — “horospherical surfaces.”

2) Therefore, we will denote it as “Calapso’s transformation” and honor Bianchi by attribut-
ing his name to the permutability theorems. At times, we will also call this transformation the
“spectral transformation,” because of its relation to integrable system theory [46], or “confor-
mal deformation,” since it is a second-order deformation for isothermic surfaces (cf., [62] and
[203]).
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provided a solution to Blaschke’s problem (see Section 3.1). The pairing of
isothermic surfaces via the Darboux transformation then led us in §3.3.5,
via a certain type of curved flats (see §3.3.2), to a third transformation, the
spectral transformation. Here we will emphasize more the transformation
viewpoint, carefully analyzing the geometric background of each transfor-
mation — in this way we will obtain a fourth transformation, the “Goursat
transformation.”

x Christoffel’s transformation. This is a transformation that depends on
the Euclidean geometry of the ambient space of an isothermic surface —
even though isothermic surfaces naturally “live” in conformal space (the
conformal m-sphere), their pairing via the Christoffel transformation
only makes sense in a Euclidean subgeometry.

x Goursat’s transformation. This transformation, generalizing the clas-
sical Goursat transformation for minimal surfaces [129], owes its ex-
istence to this interplay of the Euclidean and conformal geometries
when Christoffel transforming isothermic surfaces: It is obtained by
intertwining Christoffel and Mobius transformations.

x Darboux’s transformation. In contrast to the previous two transforma-
tions this is a transformation for isothermic surfaces in the conformal
sphere, that is, in Mobius geometry: Geometrically, it can be character-
ized by the fact that the conformal structures induced by the envelopes
of a Ribaucour sphere congruence are equal (see §3.2.5). Thus the Dar-
boux transformation provides a notion of “Darboux pairs” of isothermic
surfaces in Mobius geometry, that is, the pair consisting of an isother-
mic surface and any of its Darboux transforms can be considered as a
submanifold in the space of point pairs® (see §4.5.3).

x Calapso’s transformation. Here we have a truly Mobius differential ge-
ometric transformation: Any Calapso transform of an isothermic sur-
face is only well defined up to Mobius transformation, and any Mobius
transform of the original isothermic surface provides the same Calapso
transforms; that is, this transformation is a transformation between
Mobius equivalence classes of isothermic surfaces rather than a trans-
formation for individual surfaces.

After discussing each transformation in turn, we will discuss their in-
terrelations in terms of Bianchi’s “permutability theorems”: Most of the
presented theorems were, in some form, already known to Bianchi (see [21]
and [20]). These permutability theorems have interesting applications, for
example, in the theory of surfaces of constant mean curvature in space
forms.

3) Note the difference to the notion of “Christoffel pairs” (cf., §3.3.22), where the partners of
a pair “live” in different Euclidean spaces (see §3.3.8).
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Surfaces of constant mean curvature are isothermic (cf., §3.6.3) — in
the case of a Euclidean ambient space, we will provide a proof from the
“isothermic transformations viewpoint” (cf., §3.3.25 and §3.3.29). Also re-
member, from §3.4.6, that constant mean curvature surfaces can be charac-
terized by the fact that their conformal Gauss map (central sphere congru-
ence) has values in an “affine sphere complex,” so that surfaces of constant
mean curvature in space forms (together with their M&bius transforms)
form a well-defined class of surfaces in Mobius geometry. Their isothermic
transformation theory is rather interesting and yields various well-known
transformations (as, for example, Lawson’s correspondence (cf., §3.3.7) and
the Bianchi-Backlund transformation for surfaces of nonzero constant mean
curvature in Euclidean space (cf., [147])) as specializations of isothermic
transformations. However, we will treat surfaces of constant mean curva-
ture only in the form of examples.?) The reason is that they are special
“special isothermic surfaces,” that were extensively studied by the classi-
cal geometers® — which seems to provide a more unified treatment of the
isothermic theory of constant mean curvature surfaces. Nowadays, this the-
ory of special isothermic surfaces still awaits to be fully rediscovered.

As another application of one of Bianchi’s permutability theorems —
the permutability theorem for different Darboux transformations, which is
probably his most famous permutability theorem in the theory of isother-
mic transformations — one may view the theory of discrete isothermic nets:
These can be obtained by repeated application of this permutability theo-
rem. It turns out that, for the discrete isothermic nets constructed in this
way, there is a transformation theory as rich as the transformation theory
in the smooth case.

Discretizations for the Christoffel and the Darboux transformations have
been given in [30] and [149], respectively, using a discrete version of Christof-
fel’s original formula and of the Riccati-type partial differential equation
that was derived in [147]: For both ansatzes it was crucial to have a Eu-
clidean description of the transformation (even though, for the discrete ana-
log of the Darboux transformation, a M6bius invariant definition was given
— as it should be). As mentioned above, the Calapso transformation (or

4) For more information on constant mean curvature surfaces in the context of isothermic
surfaces and their transformations, see, for example, [153] and [206].

5) The notion of a special isothermic surface is related to deformations of quadrics — this
in fact may have been the way in which Darboux came about his transformation (cf., [89]).
A comprehensive treatment can also be found in Bianchi’s work (see [21] and [20]) and in
[106]; for a modern account, see [206]. Special classes of special isothermic surfaces occur in
[280] and [281], in particular, “horospherical surfaces” (see below); a modern description of a
construction of horospherical surfaces by Bianchi can be found in [188]. Compare also [135].

The reader shall also be pointed to work concerning isothermic Weingarten surfaces, which
applies to surfaces of constant mean curvature as well: See [305], [211], [227], and [228].
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“T-transformation”) is a transformation for Mdbius equivalence classes of
isothermic surfaces, not for surfaces with a fixed position in space (in con-
trast to the Darboux transformation, which incorporates the position of
the surface); thus, to be consistent, any description should make use of
the M6bius group. In order to introduce a discrete analog for the Calapso
transformation, it therefore seems necessary to elaborate on a suitable setup.
Here a quaternionic approach (or, in higher dimensions, a Clifford algebra
approach, which will be discussed later: See [47]) seems preferable over the
classical formalism because no normalization problems occur. With this
setup we then obtain discrete analogs for all of the isothermic transforma-
tions as well as their interrelations in terms of permutability theorems.

In order to illustrate one way to introduce a certain type of discrete
analogs for surfaces of constant mean curvature via their isothermic trans-
formations, we finally discuss “horospherical nets,” as discrete analogs of
surfaces of constant mean curvature 1 in hyperbolic space, as an example.
This case is particularly interesting because there are two different ways to
characterize these surfaces in terms of isothermic transformations — the
equivalence will then turn out to be provided by a permutability theorem.

The contents of this chapter are organized as follows:

Section 5.1. In this section, preliminary material is presented for later ref-
erence: The notion of isothermic surface is generalized to arbitrary codi-
mension, a characterization of curvature line parameters of a surface in
the conformal n-sphere is given, and a complex formulation for conformal
parameters is discussed. The notion of the conformal Hopf differential
and the Calapso potential are introduced.

Section 5.2. A notion of the Christoffel transformation for isothermic sur-
faces in Euclidean 4-space H is introduced. Its geometric properties
are discussed, and an algebraic condition, which will become important
later, is given. A formula for the differential of the Christoffel transform
of an isothermic surface in Euclidean 3-space is derived and is applied
to show that surfaces of constant mean curvature are isothermic. It is
shown that the Hopf differential of an isothermic surface in R? is a real
multiple of a canonical holomorphic quadratic differential. The Christof-
fel transforms of minimal surfaces and of an ellipsoid are discussed as
examples.

Section 5.3. A generalization of Goursat’s transformation for minimal sur-
faces is given. A formula for the differentials of essential Goursat trans-
forms of an isothermic surface is derived, and the classical (local) Weier-
strass representation for minimal surfaces is shown to occur as a special
case.

A map that encodes all possible Christoffel transforms of an isother-
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mic surface in the conformal 4-sphere is introduced, and the notion of a
retraction form of an isothermic surface is defined. As an example, the
Goursat transforms of the catenoid are determined.

Section 5.4. After a general discussion on the relation between Riccati equa-
tions and linear systems of differential equations, the Darboux transfor-
mation is introduced analytically. Using the Christoffel transformation,
it is shown that Darboux transforms of isothermic surfaces are isother-
mic, and the retraction form of a Darboux transform is determined. The
Darboux transformation for surfaces of constant mean curvature is dis-
cussed.

A special framing for a Darboux pair of isothermic surfaces is intro-
duced (which will also be important in the context of curved flats and
of a permutability theorem) and is used to show that Darboux pairs in
the present setup provide solutions to Blaschke’s problem, that is, form
conformal Ribaucour pairs. The Darboux transforms of Clifford tori are
discussed.

Section 5.5. The Calapso transformation (or T-transformation) is intro-
duced. It is shown that Sym’s formula can be applied to obtain the
general Christoffel transform of an isothermic surface in the conformal
4-sphere. The retraction forms for the Calapso transforms of an isother-
mic surface are determined, and it is shown that the Calapso transfor-
mation acts like a 1-parameter group on a given isothermic surface. It
is proved that the Calapso transformation provides a second-order de-
formation for isothermic surfaces; in particular, the effect of a Calapso
transformation on the central sphere congruence of an isothermic surface
is investigated.

The relation between the Calapso transformation and the associated
family of curved flats in the space of point pairs, that is, Darboux pairs of
isothermic surfaces, is discussed, and it is shown how the Calapso trans-
formation can be derived using any adapted frame for an isothermic
surface. The Calapso transformations of Dupin cyclides are computed
as an example. It is shown that Lawson’s correspondence of constant
mean curvature surfaces arises from the Calapso transformation — in
particular, the Calapso transformation for minimal surfaces in Euclidean
3-space is discussed, and the notion of horospherical surfaces is intro-
duced.

Section 5.6. Various permutability theorems for the presented transforma-
tions of isothermic surfaces are derived: Most important may be the
permutability theorem for different Darboux transformations and the
major permutability scheme intertwining the Christoffel, Darboux, and
Calapso transformations. As an example, it is shown that any horo-
spherical surface can be obtained as a Darboux transformation of its
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hyperbolic Gauss map. The Enneper cousins are discussed explicitly.

Section 5.7. Discrete principal and isothermic nets are defined, and the
discrete retraction form of an isothermic net is introduced. On these
grounds, discrete analogs are provided for all the isothermic transforma-
tions: the Christoffel, Goursat, Darboux, and Calapso transformations.
Discrete versions of the permutability theorems are proven. Two possi-
ble ways of defining discrete horospherical nets via the transformations
of isothermic surfaces are shown to be equivalent, as an example.

Remark. The presentation of the material in this chapter relies on the
quaternionic formalism presented in Chapter 4. Some knowledge of the
results concerning transformations of isothermic surfaces in Chapter 3 will
be helpful but should not be necessary. Related material can be found in
the last two sections of Chapter 8.

5.1 Isothermic surfaces revisited

In this preliminary section we discuss some introductory material for later
reference, before starting to consider isothermic surfaces and their trans-
formations in terms of quaternions: Besides extending the definition of an
isothermic surface to arbitrary codimension — at least to codimension 2 is
clearly desirable when considering surfaces in HP! = §* — we will discuss
the use of complex (conformal) parameters. We will touch on the notion
of a “conformal Hopf differential” for surfaces in the conformal 3-sphere
(cf., [48]) and introduce the “Calapso potential” (cf., [204]): the quantity
that arises in the Calapso equation. Note that, in the context of higher
codimension surfaces, we will also very briefly touch on some ideas that
G. Tzitzéica elaborates in his remarkable book [284].

We start by extending our definition in §3.2.2 of an isothermic surface:

5.1.1 Definition. An immersion f : M? — S™ into the conformal n-
sphere is called isothermic if, around each (nonumbilic) point, there exist
conformal curvature line coordinates.

5.1.2 Obviously, a necessary condition for an immersion f : M? — S™ to
be isothermic is the existence of curvature lines. Fixing, for example, a
flat metric on the conformal n-sphere, we learned from the Ricci equation
(cf., Section P.6) that the normal bundle of f has to be flat (remember that
the normal curvature of a submanifold is conformally invariant; see §P.6.1)
for f to carry well-defined curvature directions (cf., §P.6.7). Since we are
considering surfaces, that is, 2-dimensional submanifolds of S™, so that any
codimension 1 distribution on the submanifold is integrable, the existence
of well-defined curvature directions is also sufficient for the existence of
curvature line coordinates.
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Thus isothermic surfaces in S™ appear as a special case of “2-orthogonal
systems,” a notion that will be discussed in Chapter 8.

5.1.3 Considering f : M? — IRR™ as an immersion into Euclidean space,
curvature line coordinates (z,y) : M? — R? can (just as in R®) be charac-
terized as orthogonal conjugate parameters, that is, by

fm'fy:() and fmy:v%%fespan{fmfyL

where “” denotes the Euclidean scalar product of R™ and “V” the (flat)
Levi-Civita connection: The first condition says that (z,y) diagonalize the
first fundamental form, and the second condition says that they diagonalize
the (normal bundle—valued) second fundamental form (cf., Section P.6).

5.1.4 Identifying, as in §1.4.3, the Euclidean space R™ with the quadric
Qg of constant sectional curvature x = 0 via

R'>p < (31+p-p).p.21-p-p)€Qy,

where the components of the vector in Qf € IR?+2 are the components in
terms of an orthonormal basis (eg,e1,...,en,en+1) With (eg,e0) = —1, we
obtain an interesting reformulation of the conditions on (x,y) to be curva-
ture line coordinates: By computing the second mixed partial derivatives,
we find

(H_%»Z% %)wy = (p'pmyapmzp _p'pacy) + (p:c 'pyaoa —Pzx 'py)a

so that

(2, p, 752 ) 0y € span{ (FFL, p, 7)o, (FFE p, 5P, )

if and only if p,, € span{p,,p,} and p; L py.

Thus (z,y) : M? — RR? are curvature line parameters for f as an im-
mersion into the flat quadric Q§ C R} if and only if (2,%) are conjugate
parameters for f considered as an immersion into ]R?’LQ.

Since the notion of curvature lines is conformally invariant — that is, it
is invariant under rescalings of a light cone representative of an immersion
into the conformal n-sphere — and the notion of conjugate parameters
is projectively invariant — that is, the fact that f,, takes values in the
tangent planes of f (given by span{f, f;, fy} in projective geometry) is
invariant under rescalings of the homogeneous coordinates of an immersion
into projective (n+ 1)-space — we obtain the following lemma, which is the
basis for G. Tzitzéica’s investigations®) of isothermic surfaces in [284]:

6) In his very interesting book [284], Tzitzéica develops a theory of (conjugate) nets in quadrics
and their transformations. This generalizes, for example, the transformation theory of isother-
mic surfaces in any codimension.
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5.1.5 Lemma. Let f : M?> — S™ C RP"™*! be an immersion into the
conformal n-sphere. Then (z,y) : M? — R? are curvature line parameters
for f if and only if they are conjugate for f : M? — RP™t! as an immersion
into projective (n + 1)-space.

5.1.6 To encode conformality of the (curvature line) parameters of a sur-
face, it will sometimes be convenient to replace the real parameters (x,y)
by a complex parameter’) z = x + iy : M? — C. By introducing, as an
analog of the Gaussian basis fields, the vector fields

on the complexified tangent bundle 7CM, and extending the Minkowski
product (.,.) of our Minkowski coordinate space R} "2 bilinearly to C"*2,
we find that (x,y) are conformal coordinates for an immersion f : M? — S™
into the conformal n-sphere if and only if z = x + iy (or Z = = — 1y,
respectively) are isotropic coordinates for f:

<fz,fz> = <8%;f7 %f> = i(<fm,fz> - <fy7fy> -2 <fw;fy>)

5.1.7 Lemma. (z,y): M? — R? are conformal parameters for an immer-
sion f : M? — S™ into the conformal n-sphere if and only if z = x + iy are
null coordinates, that is, if and only if f, is isotropic.

5.1.8 For later reference we also compute the second derivative, which tells
us when z = x + iy provides curvature line parameters for f : M? — S™:

fzz = %(fﬂc:r - fyy) - %foy

Consequently, z = x + iy are curvature line parameters for f, that is, conju-
gate parameters for f viewed as an immersion into projective space RP"*1,
if and only if the imaginary part Im f,, is tangential. Or, otherwise said,
any “Hopf differential”

Qs = (f..,S)dz?, (5.1)

where S : M? — S?*! is any unit normal field of f (that is, a hypersphere
congruence that is enveloped by f; cf., §1.6.3), is a real multiple of the
holomorphic differential d22. Note that, in the case where f : M? — Q3
takes values in a 3-dimensional flat quadric and S is its tangent plane map
(cf., §1.4.11), Qg is the Hopf differential of f.

") In the context of constant mean curvature surfaces, it will turn out really wonderful to
confuse the complex structure coming from some complex coordinates with the quaternionic
structure of the ambient space.
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5.1.9 In the codimension 1 case, this “Hopf differential” can be normalized
to provide a Mébius invariant of the surface (see [48]): First note that

<fzzaf> = _<fz;fz>

for any conformal coordinate chart z = z+iy (see §5.1.7). As a consequence,
@ := Qg does not depend on the choice of enveloped sphere congruence S:
Remember that any sphere congruence enveloped by f is given by S + af
with some function a (cf., Figure T.1).

However, rescaling f rescales ) with the same factor,

f—e"f = Q=Qs— Q.

0

If we fix the scaling of f relative to our choice of conformal coordinates so
that the induced metric (df, df) = |dz|?, we obtain a conformally invariant
quantity® by suitably adjusting the scaling of Q:

5.1.10 Lemma and Definition. Let z : M? — C be a conformal coor-
dinate chart for an immersion f : M? — S3 into the conformal 3-sphere

and choose a light cone lift f : M? — L* so that |df|> = |dz|?>. Then the
conformally invariant quantity

Qcon = @Q = ﬁ<fzzus>d22

1s called the conformal Hopf differential of f.

5.1.11 Clearly, Q.o encodes information about the curvature directions of
f because it is a rescaling of the ordinary Hopf differential. The remaining
information encoded by Q.. is given by its norm. To compute |Qcon|2 we
may choose any enveloped sphere congruence — to simplify the calculation
we choose S = Z to be the central sphere congruence (cf., §3.4.1) so that

(fes Z2) + {fy, Z,) = 0.

Then
‘Qcon‘Q = ’<fz»Zz>’2|dZ‘2 = %(<fwvzx>2 + <fm7Zy>2) If7

where Iy = (df, df) denotes the (flat) metric induced by f.

On the other hand, since (%, a%) is an orthonormal basis with respect
to Iy, the matrix representations of the second fundamental form and the
Weingarten tensor of f with respect to Z as a unit normal field coincide:

(U2 ()
Az = <<fy,zx> <fy,Zy>)'

8) Compare [5].
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Therefore, the metric I of the central sphere congruence Z becomes
Iz =1I;(.,AZ.) = —detAz - Iy = ({for Z2)* + (fo, Zy)*) I,

where the second equality follows with Cayley-Hamilton’s formula since Z
is the central sphere congruence of f, so that trA; = 0.

5.1.12 Lemma and Definition. The norm of the conformal Hopf dif-
ferential Qeon of an immersion f : M? — S3 into the conformal 3-sphere
provides the induced metric of its conformal Gauss map Z: \Qcon|2 = i[z.

The factor relating the induced metric of the conformal Gauss map and
the flat metric induced by f is called the Calapso potential.”)

5.2 Christoffel’s transformation

Now that we have discussed these preliminaries, we turn to the quaternionic
setup that we developed in the previous chapter, considering isothermic sur-
faces of codimension 2 or 1, respectively. Thus, because we intend to discuss
the Christoffel transformation, which is a transformation for isothermic sur-
faces in Euclidean space, let § : M? — H = R* be an isothermic surface'®)
and let (z,y) denote (local) conformal curvature line parameters. That is,

|fx|2:|fy|2} & fil4fft=0 (5.2)
frefy =0 v T |

and fy € span{fy, f,}. Now define!?)
Y* =, e — N dy.

Using that f,, = af, + bf, with suitable functions a,b : M? — R and
(5.2) it is straightforward to verify that di* = 0. Consequently, there exists
(locally) a map f* : M2 D U — H with df* = ™.

Moreover, (z,y) are clearly conformal parameters for f* — note that (5.2)
is symmetric in f,, f, and f,*, fy 1 and foy = —afy ! +bf, 1. Consequently,
(x,y) are also conformal curvature line parameters for f*, which is therefore
isothermic:

9) This terminology was, to my knowledge, coined by E. Musso (cf., [204]), referring to the
fact that this factor is the quantity arising in the Calapso equation (cf., [46]), which is the
governing equation in the theory of isothermic surfaces.

10) Iy the sequel we will notationally distinguish maps f: M? — H into the Euclidean field (!)
H from the corresponding maps f : M? — HP' into the conformal 4-sphere since, at certain
points, we will have to consider both simultaneously.

11) Here, (.)~! denotes the multiplicative inverse in the field H.
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5.2.1 Theorem and Definition. Let § : M? — R* = H be isothermic
with conformal curvature line parameters (x,y): M? D U — RR%. Then

* = tdr — f;ldy (5.3)

is locally integrable, ¥* = df*, and'® §* : U — H is isothermic, too.
f*: U — H 1s called a Christoffel transform of f: U — H.

5.2.2 Obviously, this notion of a Christoffel transformation generalizes our
notion of a Christoffel transformation from §3.3.22: If f : M? — R3 = Im H,
then f and §* have parallel tangent planes and induce conformally equivalent
metrics. Consequently, the pair (f,f*) provides a solution to Christoffel’s
problem from §3.3.11 (compare [70]).

However, in general, f and {* do not have parallel tangent planes, but
f and f* — the quaternionic conjugate of f* — do. Therefore, the above
Christoffel transformation does not provide a solution to Christoffel’s prob-
lem in higher codimensions (or if we position the ambient R? badly inside
the quaternions). Nevertheless, in the quaternionic context, it seems to be
“correct” to define the Christoffel transformation as we did, as will become
apparent later.

Reconsidering, in Chapter 8, the Christoffel transformation in terms of
the Vahlen matrix approach to Mobius geometry that we are going to discuss
in Chapter 7, we will obtain a generalization of the Christoffel transforma-
tion to arbitrary codimension isothermic surfaces that does not have this
“defect” (cf., [47] and [215]).

5.2.3 After fixing conformal curvature line parameters for an isothermic
surface f, a Christoffel transform {* of f is unique up to translation. A dif-
ferent choice of conformal curvature line parameters, (Z,7) = (Az, A\y) with
a constant A € R\ {0}, yields a scaling (negative if the roles of = and y
are interchanged) of the Christoffel transform: The Christoffel transforma-
tion is a well-defined notion for surfaces in the geometry of similarities on
H = R*. In a short, we will learn about a more invariant way than choos-
ing coordinates to fix the scaling of the Christoffel transform — at least for
surfaces f : M? — Im H in Euclidean 3-space — making it a well-defined
notion in Fuclidean geometry.

Thus, after fixing the scaling for the Christoffel transformation (by fixing
a choice of conformal curvature line parameters, for example) the following
is obtained as a trivial consequence of the definition:

5.2.4 Corollary. The Christoffel transformation is involutive, ** ~ f.

12) por simplicity of notation, we assume that 1* can be integrated on all of U. This is, for
example, the case when the parameter domain U is simply connected.
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5.2.5 Using (5.2), it is a direct consequence of the definition (5.3) that
df* Ndf = (f; e — §, dy) A (feda + Fydy) = (f; 'y + 1, Ha)de Ady = 0,

and the other way around. With this computation we have proved the
“if” part of the following lemma, emphasizing the symmetry of the relation
between an isothermic surface and its Christoffel transform:

5.2.6 Lemma. Two immersions f,{* : M? — H satisfy
df Ndf* =df* ANdf =0 (5.4)

if and only if both | and {* are isothermic and one is a Christoffel transform
of the other: They form a “Christoffel pair,” or “C-pair.”

5.2.7 It remains to prove the “only if” part; that is, given (5.4)
conformal curvature line parameters for f so that {* satisfies ( 3).
Proof. To start with we introduce conformal coordinates'® (z,
Then we have f,f, + f,f. = 0, that is, f,f, € Im H and |f,|*> = |f,
Now (5.4) reads

fafy =TTz and iy = Tyle-

With these two equations we derive

(F2F3) (fufe) = ETofy = EfyTs = (fyFe) (f2T3).

Hence f,f% € span{1, f,f.}, and we may write f; = af; 1 -3 fy ! with suitable
functions «, 3 : M — R since f, = Ef, . Subsequently, f; = —3f,' —af, .
The integrability condition f;, = f;, for §* then reduces, after decom-
position of the second derivatives of f into tangential and normal parts,
to

az =Py, ay=-—0F; and 0= 2041(;}; + 5(%30 - fyLy) (5.5)
In particular, a+i( is holomorphic. With a conformal change of parameters,
du = adm—bdy} N {% = ﬁ( %_b )
dv = bdx+ady % = 2+b2(ba+aay)
where!'®) (a 4 ib)?2 = (a + i), we obtain
v = e (ab(iae — fyy) + (a® = b)fay)

_ SW—%(MM + B(Fee — fyy))

)

13) In the codimension 1 case of a surface in R® = Im H, it would as well be possible to start
from curvature line parameters and then prove that they can be altered to become conformal
(cf., §3.3.15). However, in the codimension 2 case, we do not know a priori that curvature line
parameters do exist.

14) Note that, away from the branch points of {*, a square root can be taken without problems.
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so that (u,v) are identified as (conformal) curvature line parameters for f;
consequently, f : M? — H is isothermic. Moreover,

fufi = ey (afe =) (alefy! = B+ 0[B! +af, ) = 1
fofy = ey 0z +afy)0lafy! = 61, —alBi7' +af ') = -1,
which identifies {* as a Christoffel transform of f. N

5.2.8 If f : M? — R® = Im H is an isothermic immersion into Euclidean
3-space, we already derived (in the absence of umbilics) a coordinate-free
formula for the Christoffel transform §* of f in §3.3.27: Denote by the Gauss
map of f by n: M? — S§2 C R?; then

df* = o(dn + H df),

where H is the mean curvature of § (with respect ton) and o : M? DU — R
is a suitable function. On the other hand, it is easy to check that we always

have
df A (dn+ Hdf) =0: (5.6)

Away from umbilics, we may introduce curvature line parameters (z,y) so
that n, = —kqf, and n, = —kaf,. Then

df A (dn + H df) = 2552 (f,f, + f,f.) do A dy =0,

since curvature lines intersect orthogonally. And, at umbilics, there is noth-
ing to check since dn + H df = 0, anyway.
As a consequence we obtain the following extension of §3.3.27:

5.2.9 Corollary. A surface §: M? — R? = Im H is isothermic if and only
if there is (locally) an integrating factor o : M? — R for dn + H df,

d[o(dn + H df)] = 0.

5.2.10 Example. This corollary provides a new argument for the fact that
minimal surfaces or, more generally, surfaces of constant mean curvature
in Euclidean 3-space are isothermic (cf., §3.3.25 and §3.3.29): we always
have!®)

df A\ (dn+ H df) = 0.

And, if f : M? — RR? has constant mean curvature, then d(dn + H df) = 0,
so that the integrating factor o can be chosen constant.

15) The two equations (5.4) reduce, in the case of two immersions f, f* : M? — R = Im H, to
one equation since one is the quaternionic conjugate of the other (cf., §4.1.5).
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Thus, a minimal surface is isothermic with its Gauss map as a Christoffel
transform, and a surface of constant mean curvature is isothermic with its
parallel (constant mean curvature) surface f* = f+ %n as a Christoffel
transform.

In fact, if the factor o can be chosen constant for an isothermic surface,
that is, if d(dn + H df) = 0, then the surface has to have constant mean
curvature: If (x,y) denote any coordinates on M?, then

0 = d(dn+ ) (2, &) = dH A df(2, ) = Hf, — Hf.

shows that dH = 0 since f is an immersion, that is, f., f, € Im H are linearly
independent.

Thus we have the converse of the above statement (cf., [147]): if an
isothermic surface has its Gauss map as a Christoffel transform, then it is
mainimal; and if it has a suitable parallel surface §* = {4 rn as a Christoffel
transform, then it has constant mean curvature H = %

5.2.11 Example. Another, rather trivial but interesting example is the fol-
lowing: If g,h : M? — C are two holomorphic (or, meromorphic) functions
on a Riemann surface, then

f:=bj and f":=—jg

form a Christoffel pair of two totally umbilic isothermic surfaces; namely,
using complex coordinates z : M2 D U — C, we have

df A df* = b'dz A g'dz = 0.

Now suppose we have'®) § = fédz and write z = x + 7y. Since g is
holomorphic, g’ = g, = —ig,, and similarly for h. Hence
hj)e = Wi = ST = (=)t = (—Ge)L
i)y = 0§ = — (=)' = —(—jig)™" = —(—je),":

We have identified the proper “conformal curvature line parameters” (x,y)
that make f and {* Christoffel transforms of each other. The characteristic
property that makes these coordinates the “correct” coordinates for the
Christoffel transform is that

(df - di*)(g5) = dz*(g5) =1 and (df-df*)(;) = d2*(5;) = -1,

16) Intertwining this Christoffel transformation for holomorphic maps with Mobius transforma-
tions (of the complex plane) yields a process to construct series of holomorphic maps. Using
those as Gauss maps of minimal surfaces via the Weierstrass representation (compare our
discussion of the Weierstrass representation below) provides an iteration process for minimal
surfaces that has been studied in [192].
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where we consider df - df* = dz? as a (holomorphic) quadratic differential.

In the general setup of two holomorphic functions h and g it remains
true that the quantity ¢ := df - df* is a holomorphic quadratic differential,
so that (locally, away from the zeros of ¢) there is a complex coordinate
change z = z(w) that restores the above situation:

q = df - df* = b'g’'dz? = dw?.

When writing w = u+iv in terms of its real and imaginary parts, we obtain,
as before,

L=dw(5) = a(gy) = fu-fu and —1=dw’(5) =a(g5) =Fo T,

characterizing (u,v) as “conformal curvature line coordinates” for (f,{*) as
a Christoffel pair. Our next goal is to see that this is a general behavior of
Christoffel pairs of isothermic surfaces in Euclidean 3-space (cf., [156]):

5.2.12 Lemma. Let f,{* : M? — R?> = ImH be a Christoffel pair of
isothermic surfaces, and let n : M? — S? = {r € ImH |?> = —1} denote
the Gauss map of f. Then, after suitably identifying the (trivial) normal
bundle NM of § : M? — H with the trivial C-bundle M x C over M,
N,M = span{l,n(p)} = C, the map

q:=dj-df* : TM — NM

is a holomorphic quadratic differential. Moreover, the Hopf differential @)
of § is a real multiple of q, Q = 0 - q with 0 : M? — R.

5.2.13 Proof. Clearly, the normal bundle p — span{1,n(p)} of f : M?> — H
becomes, equipped with the quaternionic multiplication, a trivial complex
line bundle over M? since n?> = —1, so that each n(p) can be identified with
the (complex) imaginary unit.

Now suppose (x,y) are any conformal coordinates for f. Then, if we
choose the “correct” orientation for n,

_fxfy_lzm%fmfy:m%fxxfy:n:fy 2

since |f;| = |fy| and f, L f,. With the conformal curvature line coordinates
(x,y) that make the Christoffel formula (5.3) work we find

df - df* = (fodzx + fydy) - (f5 'dz — §,'dy) = (dz* — dy?) + 2ndxdy ~ d2?,

with the identifications n ~ ¢ and z = = + 7y.
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Finally, by using the same conformal curvature line parameters (z,y), we
compute the Hopf differential:

Q = (fz=,n) dz* = i(«fmx - ](yy)an> - 2i<fﬂcyan>) dz? ~ i<(fm: - fyy)vn> " q,

since (x,y) are curvature line coordinates so that (f;,,n) = 0. <

5.2.14 Note that, since f,{* : M? — Im H, we have
q = df-dj* = dj* - df = ¢".

However, if we choose n* = —n to identify the normal bundle of {* as a trivial
complex line bundle, C = span{1,n*}, then we have ¢* = ¢q. Otherwise said,
f and f* have parallel tangent planes but opposite orientations, as is also
clear from Christoffel’s formula (5.3).

5.2.15 Thus, for any isothermic surface § : M? — RR3, there exists (locally,
away from umbilics) a decomposition of the Hopf differential ) = ¢-¢ into a
real function o : M? > U — R and a holomorphic differential g : TU — C.

In fact, this is a characterization of isothermic surfaces: To see the con-
verse, assume that the Hopf differential of a surface f : M? — R? decom-
poses on some neighborhood U C M? in this way, @ = o0-¢q. Away from
umbilics we have @@ # 0, so that also ¢ # 0, and we can locally choose
conformal coordinates (z,%) such that ¢ = dz?, where z = = + iy. Then,
because @ is a real multiple of dz?, Im Q<a%) =Im Q(a%) = 0, saying that
(x,y) are (conformal) curvature line parameters.

5.2.16 Lemma. An immersion f: M? — R3 is isothermic if and only if,
around each nonumbilic point p € M?, its Hopf differential Q = oq locally
decomposes into a real function ¢ : U — R and a holomorphic quadratic

differential q : TU — C.

5.2.17 As another consequence we can now fix the scaling of the Christof-
fel transformation of an isothermic surface in a more invariant way than by
choosing certain conformal curvature line parameters: We can choose a fac-
torization of its Hopf differential, () = pg. By holomorphicity, ¢ is uniquely
determined by @), up to constant scaling — the same freedom that one has
for the choice of conformal curvature line parameters.

This observation provides an option'”) extending the notion of the Chri-
stoffel transformation to points where the curvature line net of an isother-
mic surface becomes singular,'® as well as to totally umbilic surface patches

17) Another option would be to use the invariant formula (5.4). But this turns out to be less
satisfactory when allowing totally umbilic surface pieces.

18) Note that such points are necessarily umbilics. However, not all umbilics cause problems:
For example, a line of umbilics on a surface of revolution is no problem at all because the
curvature line net extends through these points without singularities (see also Figure 3.1).
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where isothermic “curvature line parameters” are rather ambiguous. In par-
ticular, with the second issue in mind — this will be particularly interesting
in the context of minimal surfaces (cf., §5.2.10) — we introduce the notion
of a “polarized surface”:

5.2.18 Definition. A Riemann surface M? equipped with a holomorphic
quadratic differential q will be called a polarized surface.

An immersion § : (M?,q) — R3 of a polarized surface will be called
isothermic if its Hopf differential Q = oq is a real multiple of q, 0 : M? — RR.

5.2.19 Example. We first reconsider our example from §5.2.11 of a
Christoffel pair of two holomorphic functions: Prescribing a holomorphic
quadratic differential ¢ = adz?, the Christoffel transform §* of f = b3, with
b a holomorphic function, can now be computed by

7= [(0'j) adz = —j [ grdz

since df = h’dzj. Note that the zeros of a, the “true” umbilics of § where
the “curvature line net” may become singular, are the branch points of the
Christoffel transform f*.

Fig. 5.1. The sphere and the catenoid as a Christoffel pair

5.2.20 Example. As a next example we want to consider surfaces of revo-
lution. We already saw in §3.7.7 that any surface of revolution in Euclidean
3-space is isothermic. In fact, a surface

f:IxSY— R3 (t,9)— (r(t)cosd,r(t)sind, h(t))

of revolution is conformally parametrized (by curvature lines) if and only if
its meridian curve v = (r,h) : I — R4 x R is parametrized by hyperbolic
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arc length, that is, 72 = r"2+h/?: We consider R, x R = H? as the Poincaré
half-plane (see §P.1.3). Then the induced metric of f is r%(dt? + dv¥?), and
the Christoffel transform §* of { is obtained by integrating

dieo)f* = g (—Te(t, 9)dt + fo(t, ﬁ)dﬁ)

_ t)dt
= d(r(t)cosél (t)smﬁ f r2(t)

Hence {* is again a surface of revolution with the same axis of rotation as
the original surface, up to translation. With z = t + 7 we compute the
holomorphic differential

q = dj - df* = (dt* — d9?) + 2(—h cosd, —h'sind,r’) dt dY ~ dz?,
where we identify 7 ~ %(—h’ cos ¥, —h'sin, ") = n, and the Hopf differen-
tial of f is given by

" 12 ’
Q _r "R —(r+r"")h dz2

2
o 47“/£dz ,

where k is the (hyperbolic) curvature of the meridian curve v : I — H?
(cf., §3.7.6).

Thus, for a surface of revolution, we have a globally defined holomorphic
differential without zeros and the (conformal) curvature line net has no
problems — the umbilics (which always appear as umbilic lines) are the zeros
of the real factor in the decomposition of the Hopf differential: They are the
points where the hyperbolic curvature of the meridian curve vanishes. And,
with the holomorphic differential, the Christoffel transform of a surface of
revolution is globally defined, up to translation periods in the case of a torus
of revolution, that is, in case of a closed meridian curve.'?)

A simple example is provided by revolving a hyperbolic geodesic that
yields the catenoid as its Christoffel transform (see Figure 5.1):

f(t,9) = (g7 cos?, =4 sind, tanht),
f*(t,9) = (cosht cosz‘} ‘cosh sind, —t).

However, building up an isothermic surface by attaching surfaces of revolu-
tion smoothly to a sphere as in Figure 3.1, the situation changes: If there is
no global axis of revolution, there will be no globally defined holomorphic
differential. And, at umbilics where two surfaces of revolution come together
(see Figure 3.1), there will not even locally be a holomorphic differential.

19) I that case, by Stokes’ theorem, — fv % = fG T%dr A dh, where G denotes the domain

enclosed by 7 so that the Christoffel transform certainly does not close for embedded tori of
revolution.
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5.2.21 Example. As an example of a rather different flavor we finally
want to discuss the ellipsoid: The Christoffel transforms of quadrics were
already determined by K. Reinbek in [238]. However, we also intend to
discuss the global existence of the Christoffel transform and the holomorphic
differential.

Fig. 5.2. An ellipsoid and its Christoffel transform

For this purpose we will start by giving a global (branched) curvature
line parametrization of the ellipsoid??) using Jacobi elliptic functions:

f(z,y) = (apcdpzndyy, bpgsdyz sdyy, cgnd,x cdgy).

Here sd,, cdp, and nd, denote the Jacobi elliptic functions of pole type d
and module p, and ¢ is the comodule, p?> + ¢> = 1. It is straightforward

20) Using an ansatz that was suggested by our colleague, B. Springborn, this parametrization
was mainly elaborated by my officemate, E. Tjaden, who also developed most of the code to
verify the statements in this paragraph by symbolic algebra.
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to verify that § takes values on the ellipsoid with semiaxes a < b < ¢ by
making use of the Pythagorean rules

2,12  _ 2 2 2
1+p®sd, = nd;, = sd;+ cd,.
The derivatives of these functions are given by
sd;, = cd, nd,, cd;) = —¢° nd, sd,, and nd; = p? sd,, cd,.

Then, one computes det(fz, fy, fzy) = 0, showing that (z,y) are conjugate
parameters — which are orthogonal, f, - f, = 0, as soon as

_ b2—a?
P=1\ a2z

Thus, with the module p related to the semiaxes in this way, (z,y) are
curvature line parameters of the ellipsoid. Computing the induced metric

1 = (¢ ndiw +p? nd?,y —1) (2 + (b* - ?) ndix),

5.7
B = (@nde+pPndly - 1)(a+ (2 - a?)ndy), )

we see that the curvature line parameters (z, y) can be replaced by conformal
curvature line parameters (u,v) = (u(z),v(y)) by integrating

du = \/02 + (b2 — 2) ndix dr, dv= \/a2 + (b% — a?) ndgy dy. (5.8)

Note that 1 < 1r1d]29 < q%, so that ¢2+(b? —c?) ndzzo > a? and the above square
root is guaranteed to be real. In terms of these new parameters (u,v) the
induced metric reads

ful2du? + [f,[2d0? = (¢ ndZe(u) + p ndZy(v) — 1) (du? + dv?),  (5.9)

as we deduce from (5.7). Note that the metric degenerates exactly at the
points where nd,z = nd,y = 1: These are the points that give the umbilics.
Rewriting (5.3) in terms of the parameters (x,y),

dizyf* = (2+ (0 — A)nd2a)f; (2, y) do
— (a®+ (b* = a®) nd2y)f, (2,y) dy,

an expression is obtained that can be integrated explicitly (cf., [238]): Up
to translation, the Christoffel transform of f is given by

cdyx b
ndqy’ pq

sdpx
sdqy

cdqy
nde)'

(z,y) = (—% artanh arctan

, < artanh
q
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The Christoffel transform has four ends that correspond to the umbilics of
the ellipsoid (see Figure 5.2) and it has a translation period in the direction
of the middle semiaxis — that semiaxis that is orthogonal to the symmetry
plane of the ellipsoid that contains its four umbilics.2!)

Fig. 5.3. A loop around an umbilic of the ellipsoid

Finally note that, in terms of conformal curvature line parameters (u, v),
the holomorphic differential ¢ = dw?, where w = u+iv. Rewriting ¢ in terms
of the coordinates (z, ) using (5.8), we obtain a well-defined holomorphic??)
quadratic differential on the rectangular torus R?/(4K,7Z x 4K,Z) that is
the natural domain of our parametrization.??) This torus is a (branched)
double cover of the ellipsoid, with | being the covering map. Since any
holomorphic quadratic differential on a Riemann surface of genus 0 has to
vanish, our quadratic differential cannot descend (globally) to a holomor-
phic quadratic differential on the ellipsoid. However, because df* is well
defined on the ellipsoid punctured at its four umbilics, ¢ has to descend to
a holomorphic quadratic differential on the punctured ellipsoid.

To understand that ¢ extends meromorphically to all of the ellipsoid,?¥
we replace the curvature line parameters by (local) conformal coordinates.
By symmetry it suffices to consider one umbilic, for example §(0,0). Now we

first note that g—g and izl_Z are even functions by (5.8) so that, if we arrange

to have u(0) = 0 and v(0) = 0, then z = z(u) and y = y(v) are, with v and
v, odd functions. Consequently, f(—w) = f(w) since f(—z, —y) = f(z,y),

21) Note the similarity of this Christoffel transform with a Scherk tower (cf., [159]).
22) That is, holomorphic with respect to the “correct” complex structure that is induced by f.

23) The Jacobi elliptic functions with module p have period 4K,,, where K, denotes the com-
plete elliptic integral of the first kind. As a consequence, our map f is doubly periodic.

24) We could also simply argue that df and df* only contain meromorphic data, so that g,
obtained from those by algebraic operations, must also be meromorphic. However, the following
computation seems to be quite intuitive, showing also that ¢ has simple poles at the umbilics.
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and z = w? defines proper conformal®®) coordinates for the ellipsoid in
a neighborhood of the umbilic. In terms of these new coordinates, the
differential ¢ = dw? = ﬁdz2 has a simple pole — in particular, we see that
it extends meromorphically to the entire ellipsoid, as proposed (cf., [158]).

5.3 Goursat’s transformation

It is well known that (conformally parametrized: compare our discussions
on conformality in §5.1.6) minimal surface patches f: R? =2 C > U — R3
are exactly the real parts of holomorphic null curves?®) h : U — €3: This is
the classical (local) Weierstrass representation for minimal surfaces. Clearly,
given an orthogonal transformation A € O(3, C), the map b = A is another
holomorphic null curve giving rise to a new minimal surface f = Ref), a
“Goursat transform” of the original surface (cf., [129] and [167]; see [213]
or [212]). However, any real orthogonal transformation A € O(3, R) only
provides a motion of the original surface, so that, generically, there is a 3-
parameter family of “essential” Goursat transformations for a given surface.

Fig. 5.4. Goursat transformations of the catenoid with respect to different axes

In [129] E. Goursat argues that every complex rotation can be decom-
posed into real rotations and an imaginary rotation (a rotation with an
imaginary angle) about a prescribed axis, thus arriving at his formulas that

25) Because ndzz)(a:) = 1+ p?2? + o(2?), the metric (5.9) vanishes quadratically (the lowest
possible order) at (z,y) = (0,0). Since |dz| = 2|w||dw]|, the induced metric will appear
nondegenerate in terms of z.

26) h:U — C3 is called a holomorphic null curve if hz = 0 and |h,|> = 0. Note that we use
the bilinearly extended scalar product on €2 and that b, = 2(Reb), by holomorphicity.
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are commonly known as the Goursat transformation (cf., [184] or [101]).
Note that the Goursat transformation depends on the direction of the (real)
axis of the imaginary rotation relative to the surface: For example, choosing
the axis of the imaginary rotation to be the axis of rotation of the catenoid
just reparametrizes, the catenoid whereas choosing it orthogonal to the axis
of revolution gives a surface that is no longer a surface of revolution (see
Figure 5.4). That is, Goursat parametrizes the 3-parameter family of es-
sential Goursat transformations by the axis and the angle of the imaginary
rotation.

It is a well-known fact (cf., [213] or [196]), which can be proved by linear
algebra (see [258]), that the Hopf differential is invariant under Goursat
transformations while the Gauss map is changed by a Mobius transforma-
tion. And conversely,?”) changing the Gauss map of a minimal surface by
a Mobius transformation while keeping the Hopf differential gives rise to a
Goursat transformation:

5.3.1 Lemma. Two minimal surfaces f,f : M? — R? are Goursat trans-
forms of each other if and only if their Hopf differentials are equal and their
Gauss maps are Mobius equivalent.

5.3.2 This, together with the fact that any minimal surface and its Gauss
map form a Christoffel pair, is the key observation that justifies our termi-
nology of a Goursat transformation for isothermic surfaces (cf., [148]):

5.3.3 Definition. Given an isothermic surface f: M? — H and a Mobius
transformation p : H U {co} — H U {oo}, the surface f = (po §*)* will be
called a Goursat transform of f.

5.3.4 Note how this definition uses the interplay of the two symmetry
groups of our notions: The notion of an “isothermic surface” is confor-
mally invariant, while the notion of the “Christoffel transformation” is only
invariant under similarities of the ambient space. Accordingly, we will see
below that the Goursat transformation becomes inessential when using sim-
ilarities in the construction, whereas an example will convince the reader
that, generically, the Goursat transformations that correspond to “essen-
tial” Mo6bius transformations will indeed provide essential transforms of the
original surface.

5.3.5 In a certain sense the Goursat transformations provide an action of
the Mobius group on isothermic surfaces. Namely, let us, for a moment,
assume that the Christoffel transformation is an honest involution, that is,

27) Note that the Gauss map and the Hopf differential can serve as Weierstrass data for a
minimal surface.
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f** = § for any isothermic surface f (cf., §5.2.4). Then
(Ao ((uof) ) )" = ((op)of)”

for Mébius transformations p, i € Mob(IHU{oo}). Of course, the Christoffel
transformation is only well defined up to translation (if we somehow fix the
scaling ambiguity), which spoils the above computation to a certain extent.

Nevertheless, it shows that, if f = (u o f*)* is a Goursat transform of
f, then f is also a Goursat transform of f — but we may have to adjust
the inverse of the Mobius transformation g by a translation to obtain a
Mobius transformation i that induces the “inverse” Goursat transformation

f=(mof)"

5.3.6 Writing the Mobius transformation p as a fractional linear transfor-
mation, i(q) = (a11q+ai2)(azq+ase)™!, we may use (5.4) to determine the
(differential of the) corresponding Goursat transform f of f more explicitly:
f and f are Goursat transforms of each other iff their Christoffel transforms

satisfy
* = (a11f* + a12) (a1 f* + az2) ™" (5.10)

As for the computation that led to our quaternionic formula of the Study
determinant (see §4.2.5), we distinguish two cases:

5.3.7 If u is a similarity, that is, if ag; = 0, then (5.10) yields
df* = ay1df*ay, .

Note that, in this case, ai1 # 0 as well as ags # 0, since the Study determi-
nant?® of ;1 can be chosen to be [u] = |a11] |as2| = 1. Clearly, ¢ := asodfay;
satisfies (5.4) and is closed, so that we may integrate 1 to obtain a Christof-
fel transform of f*; that is,

f = anfaly
provides the?? corresponding Goursat transform of f. In particular, we have

5.3.8 Lemma. Ifu: HU{oo} — HU{oo} is a similarity, u(co) = oo, then
any Goursat transform § = (u o {*)* of an isothermic surface f : M? — H
s similar to the original surface.

28) Remember that the Study determinant is a well-defined notion for endomorphisms of H?2.

29) Remember that, away from umbilics, the Christoffel transformation is unique up to scaling
and translation. At umbilics, the statement can easily be verified using conformal “curvature
line coordinates” that we required to existx (see §5.2.1).
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5.3.9 If, on the other hand, u is an “essential” M&bius transformation,
that is, not a similarity, then we may decompose it into a similarity and a
“simple” essential Mobius transformation to obtain

* = (annf"+ 012)(?21](* + a22)711 )
= ((a12 — a11a57 ag2)[f* + agy aze] ™' + a11)ag;

By the “group structure” of the Goursat transformation (cf., §5.3.5), and
since similarities yield similar surfaces, we may restrict ourselves to simple
Moébius transformations of the form ¢ +— (¢ —m)~', m € H. Then we
compute

di* = —(j* —m)~df*(j* —m)~".

Employing (5.4) once more, we find that the ansatz ¢ := —(F* —m)df (f* —m)
provides the differential of the Goursat transform since dip = 0, by (5.4)
again:

5.3.10 Lemma. If g +— p(q) = (¢ —m)~! is an essential Mébius transfor-
mation, then the differential of the corresponding Goursat transform of an
isothermic surface f : M? — H is given by

dj = —(f* — m)df (f* — m). (5.11)

5.3.11 Note that we chose the sign (and scaling) of df in (5.11) such that,
in case f,f* : M? — Im H take values in Euclidean 3-space, the holomor-

phic differential ¢ = df - df* is not changed by the Goursat transformation
(cf., §5.2.12). Namely, with (5.11) we find

G =dj-dji* = (f* — m)q(j* —m)~".
If n: M? — S? denotes the Gauss map of f, then
A= (" —mn(f* —m)~' = (f* —m) " In(f* —m),

where the second equality follows since (f* — m)? € R is real, so that f is
easily seen to be the Gauss map of f:

f-df +df-a=(f —m)(n-df +df - n)(f* —m) = 0.

Hence, after identifying span{l,n} = M x C = span{l,n}, the two holo-
morphic differentials are identified, g ~ q.

5.3.12 Example. The following example may convince the reader that
the Goursat transformation for isothermic surfaces can indeed essentially
transform a surface: Consider a Christoffel pair f = b and {* = —jg of
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holomorphic functions, as in §5.2.11, and let u denote the inverse stereo-
graphic projection
¢—plg)=—i—2(+q) " (5.12)

(cf., §P.1.3). It is a straightforward computation to see that (5.12) really
does provide an inverse stereographic projection: With ¢ = 35 € Cj, we
ha/Ve . . . 71 s 1
—i=2(i+3j)" = i—)i+) T
_1+Z|3|2 (Z )(Z+5J)
s (i 3P+ 7).
Since the Christoffel transformation is only well defined up to translation,

we may neglect the translation by —i in (5.12), so that we can apply our
formula (5.11) to obtain the differential of the Goursat transform f of f:

= iRe(gdh) + 3jRe (1 — g*)db) — $kRe (i(1 + g%)db). '
Thus the Goursat transform of the holomorphic function f = bhj, with
Christoffel partner {* = —jg, yields a minimal surface f with Weierstrass

data g,h. In fact, (5.13) suggests that the Weierstrass representation for
minimal surfaces in Euclidean 3-space can be considered as a special case
of the Goursat transformation.

5.3.13 To define the Goursat transformation for isothermic surfaces in
§5.3.3 we used the interplay of Mobius geometry as the natural ambient
geometry of isothermic surfaces and Euclidean geometry (or, more accu-
rately, the geometry of similarities of the flat ambient space) as the natural
ambient geometry for the Christoffel transformation. Now we want to take a
different viewpoint, studying the family of all possible Christoffel transforms
of an isothermic surfaces in conformal geometry — this will lead to a “mas-
ter Christoffel transform” that provides all possible Christoffel transforms
by certain projections.

First we study the effect of different stereographic projections (see §4.9.5)
of an isothermic surface f : M? — HP' on their Christoffel transforms:

5.3.14 Lemma. Letf = (vgo f)(Ves o )1 and f = (Jp o f)(Peo 0 f) "
be two stereographic projections of an isothermic surface f : M? — HP!.
Then their Christoffel transforms {* and ]E* are Goursat transforms of each
other, which are similar if the point co = Hvs, € (HPY)L is the same for
both projections.

5.3.15 Proof. Writing®®) D = ooooVeo + Gocoo and Py = AgeeVeo + G000,

30) Note that (Voo, v0) and (7o, P9 are bases of (H?)*, since the points Hiy = 0 # 0o = Hvs
and similarly for 0 and .
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we obtain f as a Mdbius transform of f:

f = (apov0 © [+ @oooVoo © f)(Aoo00 © f + GooooVoo © f)
= (a00f + @000 ) (Goo0f 4 Gooso) '

-1

Therefore, the Christoffel transforms §* of { and ]E* of ]E are Goursat trans-
forms of each other. The above Mobius transformation is a similarity if and
only if aso = 0, that is, if and only if co = oo (see §4.9.5). In that case,
the Goursat transformation is a similarity by §5.3.8. N

5.3.16 We are now going to derive the “master” Christoffel transform:
For this purpose we first restrict ourselves to “simple” essential Mobius
transformations of the form ¢ +— (¢ —m)~!, as in §5.3.10.

Thus, let f : M? — HP' be an isothermic surface and choose homoge-
neous coordinates vy, Voo € H? for two points 0,00 € HP'. This gives us
a stereographic projection f = (vg o f)(veo © f)~1 : M? — H of f, where
Voo, Vo € (IH?)* form the pseudodual basis of (vae, V0), VoVeo + VooV = idpy2.
In order to simplify the formulas we work with homogeneous coordinates
f : M? — H? of our isothermic surface such that v, o f = 1: Then
f = voof + vo.

Now we replace our first choice of homogeneous coordinates vy and v,
by

1~)0 = Voo - 170 = Voo

Voo = Vg + VUsoMm Uso = Vg — MlUs.
Indeed, stereographically projecting f with this new basis yields
f = (7 © (V0 + Vaof)) (Foo © (V0 + veof)) ™ = (F —m) 7",

In particular, we have 7o, o f = f — m, and f*9, = —(f — m) if we choose
homogeneous coordinates f+ = 1y — fvs for our isothermic immersion as a
map into (HP!)*. Hence, by §5.3.10, the differential of {* can be written as

df* = Do TUso  where 7 := fdf*f+:TM — gl(2, H).

Because any Mo6bius transformation can be obtained by postcomposing an
essential transformation ¢ — (¢ — m)~! by a similarity — that, by §4.9.5,
yields only rescalings Vo — Vo000 and veg — ag 1P of v and ve, — one
can indeed get (the differentials of) all Goursat transforms of {*, that is,
all possible Christoffel transforms of our isothermic surface f : M? — HP!
after stereographic projection, from 7.

Moreover, note that dr = 0, so that 7 can be integrated to obtain a
map §* that “contains” all possible Christoffel transformations of f, up to
translation (the constant of integration for §*):
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5.3.17 Lemma. Let f : M? — HP! be an isothermic surface, and let f*
denote a Christoffel transform of a stereographic projection f of f, obtained
by a choice vy, Ve € H? or vy, Vs € (H?)*, respectively, of homogeneous
coordinates for two points 0,00 € HP' = (HP')L. Then there exists a map

S M?2DOU — gl(2, H), d¥* =7 := (vo+ Veof)df* (o — fVso)

that provides (up to translation) the Christoffel transform  of any stereo-
graphic projection § = (79 o f)(Pso © f) 7L of f via * = VoS Voo-

5.3.18 So far we have used Euclidean data to define the form 7 that inte-
grates to give us this “master Christoffel transform” of an isothermic surface.
Even though it is clear (by the property of being the universal Christoffel
transform) that §* is indeed an object that belongs to f as an immersion
into the conformal HP' and does not depend on any choices, it might be
good to convince ourselves by giving an invariant description:

5.3.19 Definition and Lemma. Let f : M? — HP' be an immersion.
Then a 1-form T : TM — gl(2, H) with kerT = im7 = f will be called a
retraction form of f.

Any isothermic immersion f : M? — HP' has a closed retraction form

T:TM — g[(vaH)v T = (UO + 'Uoo]()df*(l/o - ](Voo) (514)

where v, Vs € H? and vy, v € (H?)* are homogeneous coordinates of
two points 0,00 € HP' = (HPY)* and * is a Christoffel transform of the
corresponding stereographic projection f = (1o f) (Voo f) ™! of f.

Conversely, if an immersion f : M? — HP! possesses a closed retraction
form, then f is isothermic and T is of the form (5.14).

5.3.20 Proof. We have already seen a proof of the first claim in §5.3.16.

To verify the second statement we choose v, vg and v, Vg as in §5.3.16
and let f denote the corresponding stereographic projection, so that we have
f = (vo + voof)H and f+ = H(vg — fvso). The retraction form 7 of f then
must be of the form

T = (Vg + Voof)w (1o — Vo)
with some 1-form w : TM — IH. The closeness of 7, 0 = d7, then reads
0 = Voodf A w (Vg — fVo0) + (V0 + Voo f)dw (1o — fVeo) + (V0 + Voof)w A dfvee.
Extracting “components” yields

0 = (W —fUeo)dTVoe = dfAw,
0 = voodr(vo+vof) = wAdf, and
0 = Voo dT Vs = dw,
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so that f must be isothermic and w = df* is the differential of a Christoffel
transform of f, by §5.2.6. N

5.3.21 Example. As an example we reconsider the case of a totally umbilic
isothermic surface: We consider f = (vg — v0jg)H with some holomorphic
function g : € D U — CU{co}. A Christoffel transform §* = hj of f = —jg
is then only determined after some choice — of a “curvature line net,” of
a holomorphic quadratic differential ¢* = dhdg, or we may just prescribe
the Christoffel transform f* itself, because any holomorphic function h will
provide a valid Christoffel transform {* of § (cf., §5.2.11).

Instead of carrying our bases (v, v9) and (Veo, V) through all computa-
tions, let us use matrix notations by choosing

T R R

Then, with the above choice of hj as a Christoffel transform of the stereo-
graphic projection —jg of f = (7139)’ we obtain3!)

o (fdf* —fdf*f> _ <_,- o)(gdn —gzdn)(j o)
di*  —df*f 0 1 dy —gdp)\0 1)°
B

factor,3?) our Weierstrass formula from §5.3.12:

war () = an (70 ) (@ @) (6 ) ()

= —(i—jg)dbj(i — jg).

Using 0o, = ( > ~ (1,7) = Dy to project §*, we recover, up to some

Note that, since 7 = J~'7CJ is purely complex after a suitable change of
basis, complex analysis®®) can be used to integrate 7 in the present setup,
so that the “recipe” to produce minimal surfaces described in this example
really qualifies as a “Weierstrass representation” — for a minimal surface
along with all its Goursat transforms.

To have an explicit example, let g(z) = tanh 5 and h(z) = z + sinh 2.
Then our quadratic differential ¢ = dgdh = dz?, so that our “curvature

31) We will see later that the striking similarity with the formulas of M. Umehara and K. Ya-
mada in [285] is not by accident.

32) This factor is caused by the stretching that was used in §5.3.12 to have the considered
Mobius transformation restrict to the inverse stereographic projection.

33) Also note how nicely the complex structure of the domain mixes with the quaternionic
structure of the ambient space.
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line parameters” become r = Rez and y = Im 2. Computing 7 and then
integrating we obtain

) = (—] O)( sinh z dz dz—coshzdz) j 0) and

dz + cosh zdz —sinh zdz 0 1
” - cosh z z —sinh z j 0
§(2) = < > (z+sinhz — cosh z ) (O 1)'

—1/\%> and s = (1, i) to extract a Christoffel

transform: With z = z 4 iy we find

Now we choose 0o, = (

1 - coshz cosy

(2, 0) = UooT (2)loe = =208 + - (1+’\x—12;‘ s1nhmcosy)

+ k- (H’\ coshzsiny — 1 /\AQy)

For A = 1, this is the catenoid with the j-axis as its axis of rotation; for
other X’s, f* is a Goursat transform (of course!) of this catenoid that can
be obtained by an imaginary rotation of the holomorphic null curve of the
catenoid about the i-axis (cf., Figure 5.1): substituting A = e® we have

3 1 0 0 cosh z
(r,y) = —2ARe[[ 0 cosia sinic z .
0 —sinia cosia —isinh z

5.4 Darboux’s transformation

We already learned about the Darboux transformation for isothermic sur-
faces in §3.2.5, in the context of Blaschke’s problem (see Section 3.1). In
this section we will take a completely different viewpoint, partially based on
our developments in [147] and on discussions with F. Burstall and U. Pinkall
(cf., [52]), and make contact with our earlier developments only at the end
of this section. In fact, a notion of “Darboux transformation” can be intro-
duced in the much more general setting of maps into an associative algebra,
via a Riccati equation similar to the one below (see [49]).

So far, the transformation theory for isothermic surfaces that we devel-
oped in the present chapter has not been very different from the classical
theory; we just “quaternionified” the theory that we touched on in Section
3.3. The first real achievement using quaternions might have been the re-
traction form from §5.3.19 that provided the “master Christoffel transform”
(see §5.3.17). We will stress the use of this retraction form further — we
will see that it can be viewed as the key object in the transformation theory
of isothermic surfaces: In this way we will obtain an extremely powerful
tool that will lead us quickly to the heart of the transformation theory.
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As a preparation we will first recall a well-known relation between solu-
tions of Riccati (-type partial) differential equations and linear systems:

5.4.1 Lemma. Letw:TM — gl(2, H) be some gl(2, H)-valued 1-form.

If g : M? — H?\ {0} satisfies the linear system dg +wg = 0, then any
stereographic projection g = (v0g)(Veog) ™! : M? — H of gH : M? — HP!
satisfies the Riccati-type partial differential equation

dg = gWoooo8 + G Woc0 — Wosod — W00, (5.15)

where the w;; = v;wv; denote the “components” of w with respect to the
basis (vso, Vo) used for the stereographic projection.

Conversely, if**) dw+3wAw] =0 and g : M? — H satisfies (5.15), then
there is (locally) a function a : M? D> U — H such that g = (vo + Voo@)a
satisfies the linear system dg + wg = 0.

5.4.2 Proof. To verify the two statements we fix a basis as in the above

example,
(0 (1 vo = (1,0)
“0‘<1>’ ”w‘(o) - {uoo = (0.1),

and use the respective matrix representation,®® so that

_ [ Woo  Woo (9
w—(wOooo wooo) and g—<1>a

with some function a : M? — H. Now the linear system dg + wg = 0 reads

0 = (dg+ wosed + woo)a+ gda,
0 = da + (Wooood + Weoo) G-

Inserting the second equation into the first yields equivalence of the first
equation with the Riccati equation since a # 0. As a consequence, we have
the first assertion. For the second assertion it suffices to verify the complete
integrability of the second equation:

0 = d[(Wooood + Woeoo) al
= [d(Woooo8 + Woo0) + (Wooood + Woo0) N (Woosod + Weeo)] @-

34) Note that the flatness condition on w becomes obsolete in the case of an ordinary Riccati

equation. Remember that, in terms of matrices, [w A w| = 2w A w, where the right term means
g

matrix multiplication with A on the components (cf., §1.7.4).

35) We could just as well carry our abstract bases (voo,v9) and (veo,vp) around. However,
it might be profitable to get acquainted with the interplay of our pseudodual bases and their
matrix representations; the abstract proof shall be left to the reader as an exercise.
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This is easily obtained using our flatness assumption dw + %[w Aw] =0 for
w and the Riccati equation for g. N

5.4.3 Note that this lemma can be reformulated in a projective setting: If g
satisfies our linear system dg+wg = 0, then, in particular, dg+wg || g, which
is a projectively invariant statement. And, in fact, this projective version
is enough to derive the Riccati equation — as one might expect, because
the stereographic projection g depends only on the map ¢ : M? — HP®:
Writing g = () we find

g Woco W00 g\ _ (9
o(3)+ (o 2n) (8)- (1)
if and only if 7 = (Woooed + Woon) and dg + wosed + woo = gn. This last
equation is nothing but our Riccati equation when substituting 7.

Thus the Maurer-Cartan equation for w is only needed when seeking a
parallel lift of gIH : M? — HP":

5.4.4 Corollary. A map g : M? — HP! satisfies dg +wg || g if and only
if any stereographic projection g satisfies a Riccati-type partial differential
equation (5.15),

dg = g Wooo8 T+ JWoo0 — Woood — W00,

with the components w;; = v;wv; of w taken with respect to the basis (Voo , Vo)
that is used for the stereographic projection.

5.4.5 However, the Maurer-Cartan equation 0 = dw+1[wAw] for w guaran-
tees the integrability of the Riccati equation: When taking exterior deriva-
tives in (5.15) we obtain

d*g = d[gWoosol + FWoco — Wooed — Woo)
- g(dwoooo F Woooo N Woso + Weoo A woooo)g
+ g(dwooo + Woooo N\ Woo + Woco A wooo)
— (dwoso + Wooo N Woso + W0 A Woooo )@
— (dwoo 4 Wooo A woo + Woo A Woco)-

Hence the Riccati equation can be considered as a — locally solvable —
initial value problem if w satisfies the Maurer-Cartan equation:

5.4.6 Lemma. The Riccati equation dg = g Wooood + 8 Woo0 — Woood — W00
15 completely integrable as soon as dw + %[w Aw] =0.

5.4.7 Now we want to apply these general facts about linear systems and
Riccati equations in the case where w is a closed retraction form 7 of an
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isothermic surface f : M? — HP' (see §5.3.19). Clearly 7 satisfies the
Maurer-Cartan equation: Since 7 is a retraction form, we have 7 A7 = 0 and
dr = 0 by assumption. Hence the linear system df 4+ 7f = 0 is completely
integrable,?%) as is the corresponding Riccati-type differential equation

df = fdf*} — §df*f — fdf*] + § df*.
Note that, away from umbilics, all closed retraction forms are (constant,
nonzero) real multiples of each other, just as the Christoffel transformation

is unique up to real scaling (and translation). This suggests that we should
consider the 1-parameter family

(TA)aeR\{0}» TA = AT

of closed retraction forms, where 7 = 71 is some “initial” retraction form —
obtained from a choice of conformal curvature line parameters or a polar-
ization ¢ = df - df* in the codimension 1 case (cf., §5.2.18).

In the sequel we will always assume the scaling of the retraction form 7
and “the” Christoffel transform * of a stereographic projection f of f to be
adjusted,

df* = Voo T1 Vo0 - (5.16)

Thus an isothermic surface in HP! has (locally) a (4 + 1)-parameter
family of Darboux transforms in the following sense:

5.4.8 Definition. Let 7 : TM — gl(2, H) be a closed retraction form of
an isothermic surface f : M? — HP'. Any solution f M? — HP! of the
linear system df + 7'>\f | f is called a Darbouz transform of f.

5.4.9 To see that this definition generalizes our previous definition of the
Darboux transformation in §3.2.5, we derive the geometric properties of f .

First, to see that f is isothermic, we employ the corresponding Riccati
equation

dj = A(j —f)df(f - 1) (5.17)
that the stereographic projections f of f and f of f satisfy: If we now define
f=f+5G-D" (5.18)

~

it is straightforward to check that f f* is a Christoffel transform of f.

Namely, using (5.17) to substitute df in df, we find

df = L(F—f)~df (F— )~

36) Phat is, “completely integrable” in the sense that no additional integrability condition has
to be fulfilled.
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so that df A d]E = df Adf = 0, which characterizes f as a Christoffel transform
of f, by §5.2.6.

5.4.10 Lemma. Any Darbouz transform f of an isothermic surface f is
isothermic.

If § and% are stereographic projections of f and f, and the Christoffel
tmnsform * of § is scaled according to (5.16), then the Christoffel transform

f* off can be scaled and positioned so that

where X is the parameter of the Darboux transformation.

5.4.11 As a consequence of this formula for the Christoffel transform f* of
f, we can now determine “the” closed retraction form (5.14) of f: Using
matrix representation with respect to the basis (v, v9) that we used for
the stereographic projection,

. (f(i— DRI VRS (VRS Vi f)‘lf) (5.19)
i 1 ). .

Namely, 7 is a retraction form of f since im7 = ker7 = (i) H = f ,and T
is closed, d7 = 0, by construction.

Knowing 7, it is now a straightforward computation to check that the
original isothermic surface f is a Darboux transform of its Darboux trans-
form f:

a3 (1) = (Tg Ny a=nrar— (1) G-nar= (1) - par

that is, df + A7 f || f.

5.4.12 Lemma. The Darbouzx transformation is involutive, f = f. That
18, if f 1s a Darboux transform of an isothermic surface f, then f is a
Darbouz transform of f .

Moreover, there is a canonical scaling T = 71 for the closed retraction
form of f, relative to the scaling of the closed retraction form T of f, so
that

d+A)f I f & (d+x0)f ]| f

2

The surfaces f and f form a “Darbouzx pair,” or a “Dy-pair.”

5.4.13 Another, simple consequence of the Riccati equation is that a Dar-
boux transform f : M? — HP' of an isothermic surface f : M? — HP!
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induces the same conformal structure on M? as f does. Computing the
metric induced by the stereographic projection § yields

|df|? = N2|f — f|*|df*|?.

Now the claim follows since the Christoffel transform §* of { induces a con-
formally equivalent metric (cf., §5.2.1f).

This is the first step in making contact with the classical notion of the
Darboux transformation from §3.2.5. It remains for us to show that f and
f envelope a Ribaucour 2-sphere congruence.

In the codimension 1 case f,} : M? — Im H, this can also be seen from
the Riccati equation:

5.4.14 Namely, in that case we compute the Gauss maps n,n : M? — 52
of f and f using conformal curvature line parameters (x,y) of f:
= —f;'f, and

(F- iz f(G—H"

where we used the Riccati equation and Christoffel’s formula (5.3).
Now we are seeking the radius and center functions, » and m, for the
enveloped sphere congruence, that is, we want to have

" (5.20)

A

n

“hey
~fufy

f+rn=m=7f+ra.

Thus, by eliminating m and substituting n, we obtain

—ff=fP=G-12=r(G-Hn+nG-—) =-2(F-F,nr (521)

Unless (f — f) L n, in which case it = —(f — f)n(f — f)~' = n by (5.20), so
that f and f share a tangent plane, (5.21) can be solved for r.

To see that this sphere congruence is Ribaucour, we compute the holo-
morphic differential

~ ~

j=df-di* = (F—f)di*df(f—f)"'=GF-HaF-f"~q

since i = —(f — f)n(f — §)~1. Thus, if (z,y) are conformal curvature line
parameters for §, so that ¢ = dz? — dy?, then they are for f.

5.4.15 Example. This seems to be a good point to pause for a moment and
to reconsider, as an example, surfaces of constant mean curvature. Remem-
ber that, in §5.2.10, we determined the Christoffel transforms of minimal
and constant mean curvature surfaces in Euclidean space. Here we want
to argue that minimal and constant mean curvature surfaces in Euclidean
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space have many Darboux transforms with the same mean curvature. In
order to determine the mean curvature of a Darboux transform3”) f of an
isothermic surface in Euclidean 3-space, we employ (5.6):

Hdfndf = —dindf ) A A
(F = f)(dn Adf* + di* ((F — )n +n(f =) Adf*)(F — )

e GH™ = 2((G ). m) df A df,

where we used, besides the Riccati equation (5.17), that n* = —n is or-
thogonal to df*, that (f — f)2 € R, and the characterization §5.2.6 for the
Christoffel transformation. Thus a Darboux transform f has the same (con-
stant) mean curvature H = H as f if and only if the function

hi=3H* = H({=1)?+F-fn+n( -1

vanishes identically. Taking the derivative of h, we learn that h satisfies the
differential equation

dh = X((F — f)df* + df*(f — f)) h.

Here we used H*df* = dn+ Hdf to eliminate dn; this is a direct consequence
of §5.2.9, since we are dealing with constant mean curvature surfaces.?®)
Consequently, h must vanish identically as soon as it vanishes at one point:
Adjusting an initial value f(po) so that h(py) = 0, we obtain a Darboux
transform f of constant mean curvature H = H.

To interpret the condition h = 0 geometrically, we have to distinguish
two cases: In the case of a minimal surface, H = 0, the condition

~

h=0 & ((G—f)n)=g5H

just says that the Darboux transform f has a constant normal distance from
f, that is, the points of ]E have a constant distance from the tangent planes
of f at the corresponding points; if, on the other hand, H # 0, then we may
rewrite the condition

h=0 & [HG-)-nP=1-LHH",

37) Considering the Riccati equation (5.17) as an initial value problem for the Darboux trans-
form of an isothermic surface § in R3 = Im H (with Christoffel partner f* also in Im H), a
solution will take values in Im JH as soon as we choose the initial value in Im H, since we then
have Re (f — f)df* (f—§) = 0. We will discuss the conformal version of this fact in greater detail
below.

38) 1y fact, if the scaling of the Christoffel transform {* is not fixed by some other considerations,
we may just choose f* = n + Hf, in which case H* = 1.
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showing that f has constant distance %(1 — %H H*) from the parallel con-
stant mean curvature surface f + %n of f. Note that this parallel constant
mean curvature surface is, besides being a Christoffel transform of f, a Dar-
boux transform of § itself,??) with A = HH*:

d(f + 4n) = (HH*)(n) df* ().

To summarize,*?) a surface of constant mean curvature in Euclidean 3-space
has a 3-parameter family of Darboux transforms that have the same constant
mean curvature as the original surface.

We will now give a proof for the conformal version of our above asser-
tion that, choosing a “correct” initial point, the Darboux transform of an
isothermic surface in 3-space will also take values in 3-space:

5.4.16 Lemma. If f : M? — S3 C HP' takes values in_a 3-sphere, then
there is a (1+3)-parameter family of Darbouz transforms f : M?> D U — S3
that take values in the same S3.

5.4.17 Proof. Let S € $(IH?) denote the quaternionic Hermitian form that
defines the 3-sphere S® C HP'; let vs, vy be homogeneous coordinates of
two points 00,0 € 83, S(vp,vs0) = 1; and let v; = S(v;,.), i = 0,00, as in
§4.9.6. Then S® stereographically projects to Im IH.

In particular, § : M? — Im H and df* : TM — Im H, so that 7 is skew
with respect to S: With (5.14) we recover the “components” of T,

S, TVe) = VTV = fdf*,  S(vo,7v9) = wvoTv9 = —fdf*f,
S(Voo, TUs0) = VooTUoo = df*, S(Weo,TVo) = VeoTvg = —df*f,

so that S(v;, 7v;) + S(7v;,v;) = 0 since S is Hermitian.

Because dt + %[T A T] = 0, we can choose homogeneous coordinates for
any Darboux transform f so that (d+ )\T)f =0 by §5.4.1. Then

d{S(f, /)Y = -AIS(f. )y +S(f.mf)] =0,

so that S( f, f) is constant. That is, if we choose an initial point of f on 3,
then f takes values in S3. <

39) This fact, that there is a surface that is a Christoffel and Darboux transform of f at the
same time, can in fact be used to characterize surfaces of constant mean curvature among
isothermic surfaces in 3-space (see [147]). This was one crucial step in obtaining a definition
for a discrete analog for constant mean curvature surfaces in Euclidean space (see [149]).

40) Compare [16].
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5.4.18 Let us examine the consequences of choosing homogeneous coor-
dinates f,f : M? — H? for a Darboux pair of isothermic surfaces such
that

~

(d+A1)f=0 and (d+A7)f=0

a bit further: Since im7 = fH and im7 = fH, we obtain

df == Mf=f-¢ and df =-If=—f-(\¥)

with suitable forms ¢, v* : TM — [H. Analyzing the integrability condi-
tions then gives

0 = d&f = —f\W'Ay — fdy*
0 = &f = —fMAY* +  fAdy,

showing that (locally) v = dg and ¢¥* = dg* with a Christoffel pair of
(isothermic) surfaces g and g*:

5.4.19 Lemma. If f,f : M? — HP! form a Darbouzx pair, then there
exists a choice of homogeneous coordinates f, f : M? — H? so that

df = f-dg and df = f- \dg*

with some Christoffel pair g,g* : M? D U — H of isothermic surfaces.

5.4.20 This lemma provides the basis*!) for finally proving that the surfaces
of a Darboux pair envelope a congruence of 2-spheres, which we want to
define (at least locally,*?) on U) as an endomorphism field:

Let ny,ny : U — H denote two orthogonal unit normal fields of the
surface g from the above lemma. Note that, if n; are normal fields for g,
then n; are normal fields for g*, since g* and g have parallel tangent planes
(see §5.2.2). Then define an endomorphism field S of H? by

Sf=fhm = fa and Sf=f(—mny) =:fa.
Because the n; are orthogonal, nyfiy + nofi; = 0, and have length |n;|? = 1,

we derive that a? = a? = —1, so that S : U — &(IH?) defines a congruence
of 2-spheres (see §4.8.1).

4 1y fact, this lemma also provides the relation of the Darboux transformation with curved
flats in the space of point pairs (cf., §3.3.2). We will come back to this point in the following
section.

42) Note that the spheres of a congruence enveloped by two surfaces are uniquely determined
by the envelopes. Therefore, there is a global 2-sphere congruence, even if we can only locally
give an analytic expression.
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Since f and f give, by construction, (pointwise) eigendirections of S, the
points of f and f lie on the 2-spheres §. Moreover,

dSf = d(Sf)—8Sdf = fda+ f(dga—adg) = f[da,
dSf = d(Sf)—Sdf = M (dg*a—adg*)+ fda = fda

since —adg = dga and dg*a = —adg*. Consequently, f and f do indeed
envelope S by §4.8.15.

5.4.21 Lemma. The surfaces f,f : M? — HP' of a Darbouz pair of
1sothermic surfaces envelope a 2-sphere congruence.

5.4.22 Finally, we should show that this 2-sphere congruence is Ribaucour,
that is, the curvature directions on both surfaces do correspond (cf., §3.1.6).
We already know that the two surfaces f, f : M? — HP"! of a Darboux pair
induce the same conformal structure on their domain M? (see §5.4.13).
Thus, if (z,y) denote conformal curvature line parameters for f, then these
are conformal coordinates for f and it just remains to show that they are
curvature line parameters — or conjugate parameters for any stereographic
projection f of f .

Now remember that we saw earlier, in (5.5), that the integrability of the
dual surfaces, given in terms of conformal coordinates, is closely related to
the fact that the coordinates are conjugate. In fact, if we choose conformal
curvature line coordinates (z,y) for § so that f& = ;! and fy = —f, 1 then
we learn from (5.18) that

fp=f' and fp=—f,"
The integrability condition (5.5) then just reads %y = 0, so that (z,y) must
be conjugate parameters.

Thus we have finally collected all the geometric properties that charac-
terize the Darboux transformation classically, as described in §3.2.5:

5.4.23 Corollary. The surfaces f,f : M? — HP' of a Darbouz pair of
isothermic surfaces induce the same conformal structure on M? and enve-
lope a Ribaucour congruence of 2-spheres.

In particular, if f,f . M? — S3 take values in a 3-sphere, then they
generically®® form a Darbouz pair of isothermic surfaces in the classical
sense.

43) The following examples will convince the reader that the enveloped sphere congruence
will usually not take values in a fixed linear sphere complex. However, it seems desirable to
slightly relax, or reformulate, this requirement anyway as the example of a “Darboux pair of
holomorphic maps” below suggests. Note that, for our investigations of Blaschke’s problem
from Section 3.1, we assumed the enveloped sphere congruence to be regular (cf., §3.2.1).
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5.4.24 Example. As a first example we resume our considerations in
§5.3.21 (cf., §5.2.11). Thus let g,h : € D U — C denote two holomor-
phic functions and consider f = (_f g) H. We already discussed that

(=7 0\ [gdh —g*db\ (5 O\ _
= (o 1>(dh —gdh)(o 1) = JrtJ

provides a retraction form for f, “the” retraction form related to hj as a
Christoffel transform (cf., §5.3.19). As in §5.3.21, we can use complex inte-
gration to determine a fundamental system Fy : U — S1(2, H) of solutions
for the Darboux linear system (d 4+ 7a)Fy = 0 (see §5.4.8): Fy = J ¢
with Ff : U — SI(2,C). Then any Darboux transform f = Fyc¢, where
¢ € HP! is constant. If c is chosen complex, ¢ € CP' C HP!, then the

Darboux transform f = <_f g) H is totally umbilic; if, however, we choose

¢ ¢ CP!, then the Darboux transform f will not take values in CP! and
the surface will not be totally umbilic, in general. In fact, we will see later
that these “essential” Darboux transforms of a holomorphic function are
constant mean curvature 1 surfaces in some hyperbolic space (cf., [153]).

LA ZAZ AL Z A
L7 A7 AZFAA7
.'.' "&'

744
2L

Fig. 5.5. A Darboux transform of f(z) = —jz

Let us consider a simple example, g(z) = z = h(z). The computations
done in this example will provide a motivation for those in our next example.
Therefore, we will elaborate on these computations quite comprehensively.
First note that the (complex) retraction form takes the form

.2
Tf:)\(i _z )dz.
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With the ansatz <a22b> for a solution, the Darboux system simplifies:

() 5 (3= G D (E) - () 6)

To solve this system we derive the second-order linear differential equation,
a’ = -b = Aa,

which yields a(z) = coshvAz and a(z) = —% sinh v Az as two linearly

independent solutions. With b = —a’ we obtain the fundamental system of
solutions

AC( - (Cosh\/Xz—z\/Xsinh\/Xz —%sinhﬁz—l—zcosh\/xz)
A= —+v/Asinh vz cosh vz ’

By choosing a complex initial point (f), c € C, for the Darboux transfor-
mation, we obtain another holomorphic function as the Darboux transform
of —jz: For example, choosing ¢ = 0, we find f(z) =—j(z — % tanh v/\z).

If, on the other hand, we choose the initial point not in CP!, we obtain a
surface of constant mean curvature 1 in the Poincaré half-space model with
Cj as its infinity plane (see §P.1.3): The surface in Figure 5.5 is obtained
from F1,33 (311) This surface shows a “typical” behavior of the Darboux
transformation: Periodic “bubbles” are added to the original surface along
one curvature line, while the rest of the surface is only slightly changed,
that is, it is asymptotic to the original surface. We will see in the following
example that this intuition may be misleading.

5.4.25 Example. Surprisingly, the above method for solving Darboux’s
linear system in the holomorphic case can also be employed in certain cases
of truly quaternionic systems of partial differential equations. In the fol-
lowing example we will recover tori found by H. Bernstein in her thesis
[13] (cf., [45] and [207]). Note that the employed method works the same
for cylinders of revolution in Euclidean 3-space: In that case, the constant
mean curvature “bubbletons” from [259] (cf., [39]) can be recovered when
choosing “correct” initial data for the transformation, so that the Darboux
transform has constant mean curvature again (see §5.4.15).

Thus, let p, g € (0,1) such that p? +¢* = 1, and consider the correspond-
ing Clifford torus in S® along with its Christoffel transform in R* = H as
the ambient space*®:

iz iy «
f(z,y) =pe? +qgeaj and §*(x,y)=pe

44) Note that, in contrast to the codimension 1 case, the Clifford tori in $® ¢ R* have closed
Christoffel transforms (see §5.2.20).
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It is easily checked that f and {* indeed form a Christoffel pair by computing

folw,y) =ie?,  fi(wy)=—ie™7 }: {mw =1
fy(x,y) = ies j, f’;(x,y) = —jie 0l ](yfy = —1.

Using the matrix description for our retraction form (cf., (5.14)), the very
same ansatz as in the preceding example provides a substantial simplifica-
tion of the Darboux system: With

: (1 f\[a fdf*  —fdi*f
=G 1) () ()

Darboux’s linear system becomes

(1 =i A 2 a 0 df a
=0 D@renn=ai)+ (i §) ()
or, writing the system in partial derivatives,

— —ievb, by =Xie »
o =0, Jm T e b (5.22)
ay = —ie 1 jb, b, = \jie < a.
Just as in the above example, we may now take derivatives and eliminate b
to obtain three second-order partial differential equations:

0=ayy — ya; —Aa, 0=ay, —ta,+Aa, 0=ag + Xer T ja.

(5.23)
Note that two of these equations become complex equations, so that the
first two equations determine the function a as a complex function, up
to multiplication by (constant) quaternions from the right — these three
equations are quaternionic linear: A function a that solves the ﬁrst tvvo
equatlons must be a linear combination of the four functions e® #+8% Y,
where o and 3% denote the roots of the two second-order equations of one
variable,

at = #(I:I: 1 —4p2)\) and p*:= 21(1(1:& 1+ 4¢2N).

If we are interested in doubly periodic Darboux transforms, we may restrict

ourselves to the cases where a™, 3% € iR, that is, )\ € (—#, ﬁ). With

CYZI} a x CYZI}

this assumptlon we have je = e % %5 and er je* ofe _ ¢ 7, and
similarly for Y. Then the thlrd equation in (5.23) provides a relation
between solutions with opposite sign configurations — hence there are two
solutions to all three equations (5.23):

alzy) = af-e eIy _ \aTa 0y,
asv,y) = a~BredtTHIY _ p\ea sty
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Fig. 5.6. A Darboux transform of a Clifford torus
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Finally, going back to (5.22), we determine the corresponding second com-

ponents for our solutions: Take b; = e v (a;); and divide by —\ = ata~

to obtain
+ 1 Jatx a x
e ) R

A fundamental system of solutions is then provided by

s (1 f at a”
By = (0 1> <b+ b)’
and a Darboux transform is, in affine coordinates, obtained by
f=f+ (atet +ac)(btet +b7e) 7,

where ¢t € H are arbitrary constants. If we happen to choose these con-
stants so that ]E(xo, yo) € S? for some point, then the Darboux transform f
takes values in S3 (see §5.4.16).

Note that f becomes (doubly) periodic under certain rationality condi-
tions:

\/1_4>\p2:% FA(£+27Tp'np,y)::l:F>\($7y)
ol = ~ ~ (5.24)

V14 =T Fx(@,y + 2mp - ng) = £F\(z,y),
so that ;‘(x +27p - ny,y +27p - ng) = ;‘(x, y). Note that this computation
only provides the maximum periods — if, for example, m,, and n, are both
odd, then the z-period in (5.24) halves. To consider an explicit example,

let
\/1—4)\p2:§ and /14 4)\g? = %.
Then 4X = (3)? — (2)? = 3, p* = &, and ¢® = 15, and any corresponding

Darboux transform has periods 37r\/§ and 37r\/§ in the z- and y-directions,
respectively. Thus ]E will be a 9-fold cover of the original Clifford torus § with

periods W\/g and F\/g (see Figure 5.6).

5.5 Calapso’s transformation

Finally we turn to the T-transformation*®) for isothermic surfaces that was
independently discovered by L. Bianchi [21], [20] and P. Calapso [53], [55]

45) Bianchi called this transformation the “T-transformation.” To give credit to P. Calapso’s
contributions to the theory of isothermic surfaces, we will use the name “Calapso transforma-
tion,” but we will use “T-transformation” for abbreviation in order to avoid conflict with the
“C”- (Christoffel) transformation.
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(see also [59]). This transformation plays a key role in the theory of isother-
mic surfaces, as later developments will show: The existence of Calapso’s
transformation is responsible for the fact that isothermic surfaces are (the
only second-order) nonrigid surfaces in Mdbius geometry, as was pointed
out by E. Cartan [62] and E. Musso [203]; moreover, this transformation
gives the “spectral transformation” that we briefly touched on in §3.3.5 and
that naturally comes with the integrable systems description of isothermic
surfaces in terms of “curved flats” [112] (see [46]).

5.5.1 First remember that any isothermic surface f : M? — HP! has a 1-
parameter family (7))xer of closed retraction forms 7y = Ar;. We already
discussed in §5.4.7, in the context of the Darboux transformation, that each
Ty satisfies the Maurer-Cartan equation: Because 7y is assumed to be closed,
the Maurer-Cartan equation reduces to [7) ATy] = 0, which holds since 7 is
a retraction form, im 7y = ker 7y = f. Hence each 7y : TM — sl(2, H) can,
at least locally, be integrated to provide a map T\ : M D U — Si (2 H).

Thus we will obtain Calapso’s transformation by integrating 7, into
the group instead of the algebra,®) as we did in §5.3.17 for the “master”
Christoffel transformation §* of f:

5.5.2 Definition. Let f : M? — HP! be an isothermic surface with closed
retraction forms Ty : TM? — sl(2,H). A solution®™ Ty : M? — SI(2, H)
of

dT)\ = T,\T,\ (525)

1s called a Calapso transformation, or T'-transformation, for f.
The surfaces fy :=T\f are called the Tx-transforms of f.

5.5.3 Note that the differential equation that has to be solved to obtain
the Calapso transformation 7T\ of an isothermic surface f is equivalent to
the system that has to be solved to obtain its Darboux transformations (see
§5.4.8):

dI\ =T < d(Iy")+nTIy'=0.

Thus, given a Calapso transformation 77 for an 1sotherm1c surface f, the
Darboux transformations of f are given by f T)\ ¢, where ¢ € HP! is

some (constant) point; and conversely, if we already know a fundamental
system (f1, f2) for Darboux’s linear system df+7, f = 0 for some A, then the
Calapso transformation T of f can be derived by solely algebraic activities.

46) The retraction form (5.14) of an isothermic surface always takes values in sl(2, H), since
the real part of a quaternionic product is symmetric so that Re (fdf*) = Re (df*f).

47) As for the Darboux transformation, we assume global existence of a solution: A T-transform
for an isothermic surface may consequently exist only after restriction to a simply connected
domain.
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5.5.4 A second formal observation is that the “master Christoffel trans-
form” §* from §5.3.17 can be obtained from the family (7)\)xer of T-
transforms associated with an isothermic surface f by Sym’s formula:

F = (T & T\)a=o-

Namely, d(T5 ' ZT\) = &7 + [Ty ' & Ty, 7] = 71 + [Ty ' Z T, 7]; since
To = 0, the second term vanishes for A = 0, and we have proved the claim.

5.5.5 Obviously, the Ty-transforms f) of an isothermic surface f are only
well defined up to Mobius transformation: The differential equation (5.25)
determines T uniquely up to postcomposition with a (constant) Mobius
transformation.

On the other hand, any Mobius transform pu(f) of f yields po 7y o pu~
for the retraction forms 7y of f. For T this is precomposition by p~!, so
that the Th-transforms f) = (T o p~1)(uuf) of f remain unchanged.

In this sense:

1

5.5.6 Lemma. The Calapso transformation is a well defined transforma-
tion for Mdbius equivalence classes of isothermic surfaces.

5.5.7 In this lemma we already anticipated the fact that the T\-transforms

fx of an isothermic surface are isothermic — to prove this fact we will
determine closed retraction forms for fy: Then it follows from §5.3.19 that
the f\’s are isothermic. Thus, define 7% := TATngl. Clearly, ™ is a

retraction form for f) since
im7 =Tyim7 = f\ and ker7 = Thkerr = fy.

Moreover, dr* = 0 since dr; = 0 and [r; A 7] = 0. Hence we have proved

5.5.8 Lemma. The T)-transforms fx = Txf of an isothermic surface f
are isothermic with retraction forms

™ =TanTy ' (5.26)

5.5.9 From (5.26) we can now deduce the behavior of iterated Calapso
transformations: Let f\ = T\ f be the T)-transform of an isothermic surface
f, and let fﬁ‘ = T:‘fA denote the T),-transform of f\. Then fﬁ‘ = T:‘T,\f.
With (5.26) we compute

d(T:‘TA) = T/i IU,TA T)\ + T:‘T)\ )\7’1 = (TIQ\T)\) ()\ + M)Tl - (leT/\)T)\—l—u-

Therefore, T[L\TA = T)4,, up to postcomposition with a Mobius transfor-
mation.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 230

In this sense, the T-transformations T of a given isothermic surface f
form a 1-parameter group — when fixing the scaling of the closed retraction
forms of fy as in (5.26).

In particular, 72 \=Ty ! yields the “inverse” T-transformation, that is,
f2, is Mébius equivalent to the original surface f.

5.5.10 Next we want to verify that Calapso’s transformation indeed pro-
vides a “second-order deformation” for isothermic surfaces; that is, at any
point pg € M?, the surfaces fy = Thf and Th(po) - f have second-order
contact. To give a low technology proof of this statement we write both
immersions in affine coordinates and show that their second-order Taylor
expansions coincide. Thus, let

f=v0+v0f and fr=Trf = (vo+ veofr)a

with a suitable function a : M? — H. To simplify computations, we assume
that T(pp) = id, so that a(pg) = 1, where py € M is the point where
we intend to check second-order contact. Clearly, fy(po) = f(po), so that
the surfaces have zeroth-order contact. Denoting by 0;, ¢ = 1,2, some
coordinate vector fields on M we find

Uoo(ajf,\) a + (Uo + Uoof)\)aja = ajT)\f = T,\(T)\(aj)f + 8]f) = T)\Uooajf.

Comparing components at py yields d;a(pp) = 0 and 9;fx(po) = 9;f(po),
that is, f and f) have first-order contact at py. Taking, on the other hand,
one more derivative, we obtain

Voo (8Z~8jf)\a + 8¢f,\6ja + @f;ﬁia) + (Uo + voob\)&-@ja
= T (7x(0i)Vs0 05T + V50 0;05f)
= Tx((vo + veof)0if*05f + v 0; 0;),

where we used (5.14), Ta = A(vo + voof) df* (1o — fVoo), With the Christoffel
transform §* of f. Since 0ja(py) = 0, evaluation at py and comparing coef-
ficients now gives 0;0;fx(po) = 0;0;f(po), as desired: We have second-order
contact.

5.5.11 Theorem. The T-transforms fx of an isothermic surface f are
second-order deformations of f; that is, for any given point po € M, the
surfaces fx = Txf and Tx(po) - f have second-order contact.

5.5.12 As a consequence, Calapso’s transformation preserves all first- and
second-order invariants of an isothermic surface.*®)

48) There is an interesting relation with deformable surfaces in projective geometry and their
corresponding transformation; see [56] and [58].
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This observation is the key to the converse of our theorem, as it is proved
by E. Cartan [62], E. Musso [203], or, more recently, by F. Burstall, F. Pedit
and U. Pinkall [48]: In all cases, the authors prove that a surface in the con-
formal 3-sphere is uniquely determined by certain second-order invariants,
unless it is isothermic. In [62] and [203], these invariants are given as func-
tions in the connection form of a (Md&bius invariantly) adapted frame; geo-
metrically, these invariants comprise information about the curvature direc-
tions of the surface and the induced metric of its central sphere congruence
(conformal Gauss map: Remember that the central sphere congruence is the
unique enveloped sphere congruence with induced metric in the conformal
class induced by the surface; see §3.4.8); in particular, the Calapso poten-
tial that we defined in §5.1.12 turns up (cf., [204], see also [246]). In [4§]
these invariants are replaced by one object, the conformal Hopf differential
of the surface: Remember from §5.1.10 that this object can be obtained by
suitably normalizing the Hopf differential, as the name indicates.

Here we skip this theorem and just note, for later reference, that:

5.5.13 Corollary. The Calapso transformation preserves all first- and
second-order invariants of an isothermic surface. In particular, it preserves
the induced conformal structure and the curvature lines.

5.5.14 Another way to describe first-order contact is by using an enveloped
sphere congruence. Thus, let S : M? — &(H?) denote a 2-sphere congru-
ence that is enveloped by our isothermic surface f : M? — HP!, that is, by
§4.8.15 we have

S-fIlf and dS-f] .

Of course, at a given point pg € M, the sphere (T\STy Y (po) will then
touch the surface T (po)f at (Tf)(po) — on the other hand, it is easy to
show that the transformed sphere congruence

Sy :=ThSTy ' : M? — G(H?)

will envelope the Ty-transform fy = T\f of f: First note that S? = —id,
so that Sy indeed takes values in &(H?) and therefore defines a sphere
congruence; further, because f is an eigendirection of S and is annihilated
by 7x, we compute

Safin=T\Sf H fr and dS\fy = T)\(dS—f— [TA,S])f =T\dSf H I3y

which proves the claim.

5.5.15 In the codimension 1 case we can do even better: We will show
directly that the T)-transformed principal and central sphere congruences
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Sy are the principal and central sphere congruences, respectively, for the
Calapso transforms f) of f.

To work with affine coordinates we choose a basis (vs0, vg) of H? so that
the ambient (hyper)sphere S3 € $(IH?) is given by S3(v;,v;) = 0, i = 0, 00,
and S3(vg,vso) = 1, as usual. Then our isothermic surface f = vy + voof
with an Im H-valued immersion f. From (5.14), the retraction forms

Tx = AMvo + Voo f)df* (Mo — V),

where {* denotes the Christoffel transform of §. Since 7 is skew-symmetric
with respect to S, we find that

d(TyS%) = =S3(n Ty ', T ) — 3T, nTyt) =0,

and, by an appropriate choice of initial condition, we can achieve T\ S? = S3,
that is, Th : M? — Mob(S3). Hence

S (fx, 1) = (T 1S9)(f, ) = 0,
showing that fy = T»f also takes values in S3 (cf., §4.3.12).

5.5.16 Lemma. If an isothermic surface f : M? — S3 takes values in a
3-sphere, then, up to a Mébius transformation, each Ty : M? — Mob(S3)
and the Ty-transforms fx = Taf of f also take values in S3.

5.5.17 Now let n: M? — S? denote a unit normal field of our codimension
1 isothermic surface. By using the representation §4.3.10 of (hyper)spheres
in terms of affine coordinates, where we write the center m =  + %n and
replace the radius r = % by the inverse of the curvature a of the sphere, we
have, for any 2-sphere congruence S enveloped by f,

B a —(n+af) _(n+af —(fn+nf+af?)
Jﬁ_(n+ﬂ 4m+w+ﬂﬁ>H5‘( a ~(n+af) )

from (4.22). On the other hand, by writing our retraction form in matrix

form,
N (M (i
7_)\_)\( df* _df*f)7

we obtain

_ fdf*n +ndf*)  —f(df*n+ndf*)f\ _
[, 8] = A ( (df*n+ndf*) —(df*n+ ndf*)f) =0

Hence dSy = T)\dSTy 1 As a consequence, employing 753 = S5,

d(JxS%) = S3(.,dSy.) = (TxS?)(.,dSy.) = S3(Ty 1., dST ') = Thd(TS?).
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Since the action (4.5) of Mob(S3) C Si(2,H) on $(H?) is by isometries
with respect to the Minkowski product (4.1) on $(IH?), the metrics induced
by & and S coincide,

|A(TAS®)? = 1d(TS?) ] = —(dn + adf)?.

From §1.7.10f we know that a sphere congruence is a curvature sphere con-
gruence of f if and only if its induced metric degenerates — because &
and S, induce the same metrics we learn that the Calapso transformation
preserves the curvature sphere congruences of f.

Equally, we know from §3.4.8 that the central sphere congruence (con-
formal Gauss map) of f can be characterized by the fact that its induced
metric is in the conformal structure induced by f — again, this is preserved
by Calapso’s transformation.

Thus, besides an alternative proof for the fact that Calapso’s transfor-
mation preserves the conformal class as well as the curvature lines of an
isothermic surface as stated in §5.5.13, we obtain

5.5.18 Lemma. Let f : M? — S3 be a codimension 1 isothermic surface
with conformal Gauss map Z : M? — S(H?). Then Zy = T\ZTy ' are the
conformal Gauss maps of its T-transforms fy = T\ f, and all Z\’s induce
the same metric.

5.5.19 In order to derive the relation of Calapso’s transformation with the
spectral transformation for Darboux pairs of isothermic surfaces from §3.3.5,
we first observe the effect of a change

T\ — F\ :=T\Fy, where Fj:= ((1) I) (5.27)

denotes the Euclidean frame of an isothermic surface f with respect to some
choice of basis (vg, Voo ) of H?, on the differential equation characterizing the
Calapso transformation:

dF\ = d(T\Fy ') = Fx(Fy 'raFy + Fy 'dEy) =: F)®,.

Writing the retraction form 7y, according to (5.14), in matrix form, we find

D) = ()\c(l)f* Céf) (5.28)

with the Christoffel transform f* of §. Note that, for positive A = pu?,
this connection form is gauge equivalent to the quaternionic version of the
connection form (3.1) that defined the spectral transformation in §3.3.5:

(ot 3)= (0 ) G ) 0410
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Otherwise said, if we let P = S1(2, H)/ K o denote the homogeneous space
of point pairs as in §4.5.3, then Fy : M? — SI(2,H) defines an adapted
frame for a curved flat v, : M? — P. Namely, @) : TM — p o takes
values in the tangent space poo,0 = T(0,0)B of the homogeneous space,
so that its isotropy part ®; vanishes identically and it clearly satisfies the
curved flat conditions from §2.2.3:

dP) + (@A AP\ =0 and [®, APy =0.

Thus, as in §3.3.1, we obtain a curved flat into the space of point pairs.
If, on the other hand, A = —u?, then we may compensate for the sign
by interchanging the roles of the curvature directions in (5.3), that is, by
replacing our conformal curvature line coordinates z = x4y by iz = —y+ix
if we want to keep the orientation. In this way the Christoffel transform f§*
is replaced by —f*. Then the same argument as before applies to see that
we obtain a curved flat v;, : M2 — 9 into the space of point pairs.®)

In the current setup it is now straightforward to derive similar properties
for these curved flats as in the classical case (cf., §3.3.5):

5.5.20 Theorem. Let f : M? — HP' be an isothermic surface with
Calapso transformations Ty : M? — SI(2,H), and let F\ := T\Fy, where
Fy is the Buclidean frame of f with respect to some basis (voo,vo) of H?, as
in (5.27). Then the Fy frame a family of curved flats T M? — B into
the space of point pairs. For each F), its two legs

f,\ = F)\U()H and f>\ = F)\’UOOH

are the Tx-transforms of f = vo +vsof and vo +veof*, respectively, and each
(fx, fa) forms a D_y-pair.

5.5.21 Proof. We have just seen that Fy : M? — Si(2,H) are frames for
a family of curved flats v 5 : M? — P.

To verify that its two legs are T)-transforms of f and Af*, respectively,
first note that, by construction, f) = T)Fyvg = T f are the T)-transforms
of f. On the other hand, $§ = (A\f*)* is the (properly scaled) Christoffel
transform of Af* since the Christoffel transformation is involutive by §5.2.4,
so that, by the symmetry of (5.28) in f = )\(%f) and Af*, fy is the Ti-
transform of vy + Voo (Af*) >~ vo + voof*: Remember that the T)-transform
is the same for Mébius equivalent isothermic surfaces (see §5.5.6).

49 1 fact, replacing ®y = ®¢ + u®, by @\ = ®¢ + iu®, places the curved flat in the dual
symmetric space P* of the space B of point pairs, which is associated to the Cartan decom-
position g* = €@ ip C g« (see [140]). But the space of point pairs is self-dual: Multiplication
by i preserves the condition of being a Minkowski 2-plane in C° equipped with the bilinearly
extended Minkowski product (compare [47]). T am grateful to F. Burstall for pointing out this
observation to me.
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To verify the statement about the Darboux pair property of the two legs
of our curved flat, we employ the retraction form of f) as it is given in
§5.5.8: With this

d(F)\veo) + Tﬁ/\(FAvoo) = dT\Voo — NT\T1Vs = 0,
since the Euclidean frame has v,, as an eigenvector, Fytvoo = Voo- N

5.5.22 Another interesting way to prove that fA is the Calapso transform
of vg + voof” is by determining 7. Define

T3 =T - (VooVoo + A(V0 + Voof) (V0 — F' Vo) );
using (5.14), it is straightforward to verify that T} integrates 75:

dT; — Tyt
= T {TaVoo Voo + Moo df (V0 — F*Voo) — AM(V0 + Voof) df Vo — VooVooTx } = 0.

Then T3 (vo + Voof*) = ThVoo = FiVUso = f>\, which proves the claim.

5.5.23 By using, from §5.3.19, that the existence of a closed retraction form
for a surface f : M? — IHP! ensures that f is isothermic, one can derive
the converse of the theorem in §5.5.20:

Any curved flat vy : M? — 3 into the space of point pairs is a Darboux
pair of isothermaic surfaces, and the corresponding associated family provides
Calapso transformations.

The proof shall be left to the reader as an exercise.’®) Just note that,
using a parallel frame F' for the curved flat and the characterization of
Christoffel pairs from §5.2.6, allows us to extract the derivatives of the
“limiting” Christoffel pair (cf., §3.3.8) from its connection form, as in (5.28)
(compare §5.4.19).

5.5.24 The form of the connection form (5.28) of the curved flat frame F)
indicates how to determine the Calapso transformation from any adapted
frame of an isothermic surface: Suppose F' : M? — SI(2,H) denotes an
adapted frame for an isothermic surface f : M? — HP!, that is, f = FvgH
with some basis (voo,v0) of H?, and let

_ (e ¥
(I)_(@D sO)

denote its connection form (cf., (4.10)). If F' was a Euclidean frame for f,
that is, o = @ = ¢» = 0 and ¢ = df with f = (vg + vof)H, then we could

50) Compare [148] for an utterly complicated but direct proof.
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just apply Christoffel’s formula (5.3) to define the connection forms ®, as
in (5.28).

On the other hand, any adapted frame for f can be obtained from such
a Euclidean frame by the kind of gauge transformation F — F that we
discussed in Section 4.6. We computed the effect of such a gauge transfor-
mation on the connection form in (4.14):

a " tya
¢ - (I)_(a_lz/3&+... '

The key observation is that 1/3 only appears once and changes in the “op-
posite” way than 1 does. Hence the (algebraic) activity of replacing 1 by
P 4+ A\Y*, where

V= (U(g) e = (U(5;)) dy

is given in terms of conformal curvature line parameters (x,y) of f by an
analog of Christoffel’s formula (5.3), “commutes” with the gauge transfor-
mation.

As a consequence we have proved the first part of the following

5.5.25 Lemma. Let F = Fy: M? — SI(2,H) be an adapted frame for an
isothermic surface f = FvgH : M? — HP! with connection form ® = ®.
Then

0= (P ) e 9= WG )

in terms of conformal curvature line parameters (z,y) : M? — R?, defines
a family of integrable connection forms, dFy = F\®y, so that f\ := FyvglH
are the T-transforms of f.

Moreover, Ty = FAFO_1 are the Calapso transformations for f.

5.5.26 Proof. It remains to show that T = FAFO_I. To verify this fact we
show that the connection form

A(FyFyh) = (F\Fy b)) - Fo(®y — ®o)Fy ' =: (F\Fy 1) - AFpU*Fy

of F\F, *is a®") closed retraction form of f. Tt is easy to show that FyW* Fy, !
is a retraction form of f: Since f = FuyoH and imV* = ker¥* = vgH, we

51) The scaling of the parameter is taken care of by the fact that fy = FhvoH is the T)-
transform of f; note that ¥* is independent of A.
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clearly have im(FoU*Fy ') = ker(FoU*F, ') = fH. Tt remains to show
closeness,

d(FoU*Fy 1) = Fy(dW* + &g A T* + T* A Do)y H = 0.

But this follows directly from the integrability of ®,, for all A, and the fact
that U* = &; — P is nilpotent, ¥* o U* = (:

0 = {d(I)l+q)1/\(1)1}—{d®0+(1)0/\<1)0}—(q)1—@0)/\(@1—(1)0)
= d((I)l — CI)()) + ((1)1 — @0) NPy + g A ((I)l — q)o).

Thus 7, = AFpU* Fy lis a closed retraction form of f and, because F)\Fj !
integrates 7y, it qualifies as the T-transformation for f. N

5.5.27 Example. We resume our discussions from §5.2.11, §5.3.21, and
§5.4.24. Thus we consider f = (_fg)lH : C D U — HP!, where g is
a holomorphic (or meromorphic) function, as a totally umbilic isothermic
surface. Coupling g with another holomorphic function § as a Christoffel
partner,

f=—jg and | =byj,
provides the totally umbilic surface with “curvature lines,” or a “polariza-
tion” (cf., §5.2.18), given by ¢ = —j(g'h’d2z?)j ~ g’h’dz* (compare §5.2.14
for the last identification). As in §5.4.24 we have

_ —j 0\ (edy —g*dy\(j O\ _ -
2 (3 G -

so that we can choose T\ = J 'T'FJ with T¥ : U — Si(2,C). As a
consequence the T-transforms

JfAzT;'?G’)H:U—wPchPl
of f=J1 (%) H take values in the same 2-sphere as f does — we could
just as well have derived this fact as a trivial consequence of our lemma in
§5.5.16.

To proceed we choose more convenient homogeneous coordinates for f:
Assuming that g has no branch points, that is, that our surface is an im-
mersion, we can choose a function a = ﬁ so that our lift f = J—! (%) a

satisfies®?)

/ /
det(Jf', Jf) = det (ga—f—gz/ gg) =a%g = 1.

52) Note that .J f:U — C? is complex-valued, so that the determinant makes sense.
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It is well known (or easily verified by straightforward computation) that,
with this normalization, Jf satisfies Hill’s equation

Jf//+Jf.0':0, Where g = (égg/)/_(égg/)z

is the Schwarzian derivative of g. Remember that the Schwarzian derivative
is invariant under postcomposition of g with a Mobius transformation,®® so
that it is a well-defined notion for maps Jf : U — CP! into the 2-sphere.
Conversely, rewriting Hill’s equation as a first-order system

(1) = (Tf71) <_fj é) (5.29)

shows that Jf can be uniquely reconstructed from its Schwarzian, up to
Mobius transformation.

To compute how the Schwarzian changes under the T-transformation we
first verify that the “proper” normalization is preserved: Because

d(TAf) = T)\(TAf + df) =T\df <& Jf;\ = Tfjf’

and T takes values in SI(2, ©), we have det(Jf5, Jf\) = det(Jf', Jf) = 1.

Taking one more derivative we obtain
Jf =T (7 (aﬁ)Jf’ + Jf"M) =TETf Mg’y — o) = —Jfr (0 — Ag'h).

Thus J f) satisfies Hill’s equation with Schwarzian o = o9 — A\g’h’. Other-
wise said, the difference between the Schwarzians®® of fy and f is given by
a multiple of the polarization ¢:

(ox — 00) dz? = —dgdh ~ —)\q.

In [48] the authors show, after introducing a notion of Schwarzian deriva-
tive for conformal immersions, that this becomes the general behavior of
Calapso’s transformation of isothermic surfaces. In fact, they use this be-
havior to describe Calapso’s transformation: They prove, as a type of funda-
mental theorem for surfaces in Mobius geometry, that this Schwarzian and
the conformal Hopf differential (cf., §5.1.10) form a complete set of invari-
ants for surfaces in the conformal 3-sphere. When keeping the conformal
Hopf differential unchanged while altering the Schwarzian by a multiple of

53) This follows, for example, from the chain rule ¢,04 = (0, © g) g%+ og4 for the Schwarzian
az+b

and the fact that the Schwarzian o, = 0 vanishes for Mobius transformations u(z) = ¢Z5;.

54) Note that the difference between two Schwarzians indeed behaves like a quadratic differen-
tial: This is a consequence of the chain rule for the Schwarzian, o0 —0gow = ([0 fag]ow)fw’Q.
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the polarization (the holomorphic part of the conformal Hopf differential;
here we need the surface to be isothermic), the integrability conditions re-
main satisfied so that the altered invariants determine a new (isothermic)
surface (cf., §5.5.12).

Considering, as a simple example, g(z) = z = h(z), we have to integrate

2
oy _ ey [ 2 —Z ov_ o0 1
(T)\)_T)\)‘(l —z) & (FY) =Fy ()\ 0)'

Note the twofold possibility to interpret the system for F\¥' in this case: On
one hand, it is the system for the T-transformation gauged by the Euclidean
frame providing the T-transforms f) as the image of ((1)) H; on the other
hand, we recognize the first-order system (5.29) associated to Hill’s equation.
To obtain a solution for T;fj we may, according to our discussion of the
relation between the Calapso and Darboux transformations in §5.5.3, just
invert the fundamental system F f that we determined earlier in §5.4.24:

cosh vz —L ginh vAz — zcosh vV \z
TE(2) = VA .
VAsinh vz cosh vz — zv/Asinh vz

Thus we obtain

L sinh vz —iL tanh VA2
=Thf=Jt ) H= ( JIx ) o
I A ( cosh vV Az 1

as the T-transforms of f. Note that fo = f. A computation of the
Schwarzian derivative of fy yields, as predicted, o) = —A\.

5.5.28 Example. As a second example we reconsider the Clifford tori

iy

+aqje 9.

_ iz
p

f(z,y) =pe¥ +qej and f*(z,y)=pe
Remember that, in §5.4.25, we restricted our attention to A\ € (—ﬁ, #),
which provided certain reality conditions. Here we want to consider any
A € R — in order to avoid the necessity to consider different cases, we will,
in contrast to §5.4.25, write the solution of our linear system in terms of
real functions.

Thus, we introduce functions s, = s, (z) and s, = s,(y) as the solutions
of

€T

sy + (g2 +N)sy =0, 54(0)=0, s,(0)=1.

S/x/ + (ﬁ - /\)Sgg = 0, Sm(o) = 07 s (0) =1

Note that, as a consequence, we have the Pythagorean rules

sf-l—(ﬁ—)\)sizl and s'yz—l—(#—l—)\)s =1.
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Also, for abbreviation, we write
o 7 ! i
€x = S; + 555 and e, = Sy + 35 5y-
For these two functions we have the relations

el = %em—l—)\sw and |ey|? = 1+ \s2,

i, 2 1 \o2
= 5.6y —Asy and Jey|" =1— As.

/
T
/
ey

Fig. 5.7. Calapso transforms of the quadratic Clifford torus (center picture)

By using similar methods as in §5.4.25, we then determine a solution F) of

the curved flat system

dby = Fy- (Agf* C(Z)](>
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in terms of these functions:

. . _(iz 4 iy
€r€y — ASzSyj  Szp€y — €55y] e (zptag 0
F)\ - / . / . iz _ 1Y .

N / / ! o/ . X 1Y
€r €y — NSy Sy Syp€y — €., 0 ie2r  2q

Since the Study determinant of F)) is constant by the fact that its connection
form takes values in s[(2, H), it suffices to compute it at a single point. At
the origin (x,y) = (0,0) we have

1 0 1 0
F,(0,0) = . i i .,
2(0.0) (—@w z—q—w)(o z)

so that [Fy] =1+ ﬁ + # =1+ ﬁ since p? + ¢°> = 1. Therefore,
a common scaling of the F)’s, which depends on the initial Clifford torus
only, provides us with a family of curved flat frames with values in SI(2, H).
However, to keep the formulas simple, we neglect this scaling. In fact, a
rescaling of F\ by a real constant has no effect on the T-transforms

0 Sz €y — €25y]
nen(3)a= (i)
To understand the geometry of the surfaces f) we introduce two curves of
spheres

5 . (28;(21(131, —ezj)+7 —2s2 >
v —2(# + A)s’? —284(55: —€xf) —J )’

5 (—233(2—2% +eyj) +j 252 )
v 2(# —\)s}? 2sy(g58y +eyd) —J )

First note that

Az T N)s2s7 — 285 (580 — end) + 5P = AAsTsf — [1 - 2s0e,* = 1,
4(# — N)sosi? —|j — 25y, (3450 + exf)|? = —4XsTs? — |1 —2s) e, | = —1,
so that S, and S, really take values in the space &(IH?) of 2-spheres, and
that S, and S, are symmetric with respect to the quaternionic Hermitian
form S given by ((1) é), so that the 2-spheres of both curves lie in the corre-
sponding 3-sphere (cf., §4.8.6). Further, it is a lengthy but straightforward
computation to see that

Sefall fa and  Spfall fa,
Syfall fr and Sy fa |l fa

This shows that f) envelopes the two sphere curves. As a consequence, all
fa’s are cyclides of Dupin (see §1.8.8).



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 242

Another way to verify this statement is by projecting f) stereographi-
cally:

_ . /N I o -1
b\ - (Smﬁy - exsyj)(sazey - emsyj)
1 / 1 !
—575e5: — 355ySy
12 12
( +/\)$/2+( —N)s’2 (Sac Sy )
! Ls,s! — Ls,s
2p T x 2q°Y°y
By computing®® the unit normal field of f we arrive at
L2 gt 2. g
0 25y " SzSz + 2p Sy - 8yS
2 1 12 12
— — Sy Sy ;
ny 1 + (;2+>\)3;2+(;2,)\)5;2 Ap2gZ 5
0 4q 4r L2, 3”8/ _ 1 5/2 g
2p Y x°x 2q x y°y

as a consequence,

1 /
psysy
o 1 12 _ _ 12

¢y = M2 NS = | 1-2s)
q°Yy

and L
ESwSm

Cp = n,\+2($+)\)sf-h = 1—28;2

p~rTx
only depend on one parameter each. Taking derivative with respect to the
other parameter shows that fy has principal curvatures 2( > + A)s2 and

—2(15 12 )\) , by Rodrigues’ formula. Thus the two prln(npal curvatures
are constant along their curvature lines, that is, the curvature lines are
circles. Consequently, fy is channel in two ways by §1.8.20, confirming that
we have a cyclide of Dupin (cf., §1.8.8).

Note that f defines a torus (with one point at infinity®®) if spectral
parameter \ € (—#, #); it is a cylinder for A = 412 , 412 ; and it becomes
(part of) a spindle cyclide otherwise (cf., [207]). In Figure 5.7, some Calapso
transforms of the minimal Clifford torus (the surface in the middle), where
p=q= \%, are shown.

Also note that the Calapso transformation changes the periods of the
surface: Aslong as ﬁ—)\ > 0 or #—1—)\ > 0, the corresponding function, s,

55) Postcomposing fy by a rotation with angle aw = arctan(g/p) in the i-k-plane simplifies the
computation slightly.

56) Therefore, the fact that the Gaussian curvature of fy does not change sign is no contradic-
tion to Gauss-Bonnet’s theorem.
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4pm 4qm
or ,
V/1—4xp? V/1+47q2
in the corresponding direction.

or sy, is a scaled sine function with period respectively.

2pm or 2qm
V1-4ap2  y/1+4)¢2
5.5.29 Example. A noteworthy property of the surfaces obtained in the
previous example is that they all have constant mean curvature in some
space of constant curvature. To conclude our discussions of the Calapso
transformation we want to establish this as a general fact:

The Calapso transforms of a surface of constant mean curvature in some
space form all have constant mean curvature in some space form.

In fact, we will do better than that and identify the Calapso transfor-
mation as Lawson’s correspondence, up to Mobius equivalence (cf., §3.3.7):
To prove this statement (again) we will imitate our argument from §3.3.7
— however, here we will see (again; cf., §5.3.21) how nicely one can mix
up the (intrinsic) complex structure given in terms of complex coordinates
with the quaternionic structure of the ambient space.

Thus let f : M? — S3 denote a surface of constant mean curvature in
some space form Q2 given by K € RS = §(H?) (cf.,, §1.4.1 and §4.3.5).
To frame f we choose the tangent plane map S as an enveloped sphere
congruence (see §1.4.11), so that the second surface becomes M&bius equiv-
alent to f (see §1.7.8); as tangential frame vectors we choose S; = e~ f,
and Sy = e~ " f,, where (x,y) denote conformal curvature line parameters,
I = e**(dx? + dy?). The structure equations then read®”)

Therefore, f) has period

dSy = (—uydr +uydy) Sy + (He* + He *)dz S — Eetdr f + 2etdx f,

dSy; = (uydx — ugdy) Sy + (He" — ﬁe‘“)dyS — getdy [+ 2etdy f,
and

dS = —(He" +ﬁe*“)dx Sy — (He" — Fle*“)dy S,

df = edx Sq + edy Sy,

df = —fetdr S —feudy Sy,

Or, by interpreting f and f as homogeneous coordinates of two maps into
the conformal 3-sphere S3 C HP!, F = ( f,f ), and using our “translation
table” in §4.5.12 with S® = S1, S = F'S;, S; = FSj, and S2 = FSy, we
obtain

df = f-ilxdu— (He"dz+ He "dz)j] + f-%e"dzj,

A ‘ ‘ L) At (5.30)
df = [-e'dzj & f-glxdu—(He"dz + He " dz)j],

where z = x + iy and % is the Hodge operator, xdz = dy and *dy = —dx.
From the Codazzi equation e *H, = e*H; = 0 we learn that H = const

57) Remember that, in contrast to §1.7.8, we normalized f so that {f, f) = —% in the quater-
nionic setup; in this way, f = %IC — 4 f instead of f= 5f—-K.
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since H is constant; therefore, to simplify later computations, we exclude
the (trivial) case H = 0 and choose the coordinates (x,) so that H = 1.

Note how the hypersphere complex K € R} = §(H?) is, in the quater-
nionic setup, given as a quaternionic Hermitian form by

K(f,f)=2, K(f,f)=0, and K(f,f)=15%,

so that (K, Sf) = —3K(f, f) = —1 when using (4.4) to identify vectors in
H? with (isotropic) quaternionic Hermitian forms.

By §5.5.25, any adapted frame can be used to determine the Calapso
transforms fy of f. Thus we may use the above metric frame, F = ( f )
with respect to v, = ((1)) and vy = ((1)) as a basis of H?: Writing (5.30)
in matrix form and, for abbreviation, 6 := —(He"dz + e~ "dz), we must
integrate the system

. o Z(xdu + 07) evdzj
afy =E&s with &)= <(%e£dz — e Udz)j  L(xdu+ ej)) ’
(5.31)
since ¢¥* = (%)) ldx — (e“k) " ldy = —e"“(dx — idy)j. Then f\ = Fyvp.
Note that, for A = 0, (5.31) gives us the original frame F' = Fj up to Mobius
transformation, and, from §5.5.25 again, T = FAFofl.

Next, let Z € &(IH?) denote the central sphere congruence of f = fo;
using (4.22) to identify Z ~ Z = S3(., 2.) € H(H?), we have Z = S+ HS},
where we identify the homogeneous coordinates of f with the quaternionic
Hermitian form Sy via (4.4), as before. Note that (K, Z) = H(K,Sf) = —H
gives us the mean curvature H of f.

From §5.5.18 we know that Z) = TAZT/\_I. In terms of Hermitian forms
this means Zy = T\Z: If we fix Ty to take values in S® (see §5.5.16), we
obtain

ThZ = S3(T ', 2T = (ThS?) (., 2x.) = S3(, 2x.) = 2.
Now we claim that f) takes values in the space form given by
Ky = T)\(/C + 2)\2) :

Clearly, ICx(fx, fo) = 2, so that we only have to show that Ky = const is
constant and consequently defines a quadric Qik of constant curvature k.
First note that

Ky = F\Cy, where Cy:=F; ' (K+2)\2)
is a constant quaternionic Hermitian form:

C)\(U07/U0) = 2) C)x(/UOavOO) = 2)\27 C)\(”OO7/UOO) = % + 2)‘H7
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since Z =S+ HSy = F(S;, + HSy) with Sy = S, as in §4.5.12 (cf., (4.4)).

With this knowledge we find dKC) = F) - o(®,)C), where g denotes the Lie

algebra homomorphism from (4.7). Now it is straightforward to check that

the quaternionic Hermitian form o(®,)C) = 0, proving that ) is constant.
Thus Ky defines a quadric Qi} of constant curvature

k= —|Kal2 = —|K[2 — 4N, Z) — 4N? = k 4+ 4NH — 4)? (5.32)
indeed, so that f) takes values in Qik with constant mean curvature
Hy=—(Kx,Zx) = —(K+2)\Z,Z) = H — 2\, (5.33)

This proves our first assertion. Note that k) + Hf = k + H? does not
depend on A — or, otherwise said, the ambient curvature ) is a quadratic
polynomial of the varying mean curvature Hy. Every such family of Calapso
transforms contains exactly one minimal surface at A = %H , that takes
values in the space of maximal ambient curvature s g =K+ H 2 occurring
in the family (cf., [60]). Using this surface as the “initial surface” of the
family, that is, H = Hy = 0, its transforms fi, take values in the same
quadric of constant curvature ki) = kg — 4\? (up to identification via
Mobius transformation) but with opposite mean curvatures Hiy = F2\.

In order to see that, moreover, the T-transformation is Lawson’s corre-
spondence, we have to verify that the induced metrics I and the trace-free
part I y— H I of the second fundamental forms of the f\’s (as maps into the
quadric sz) do not depend on A. Here we employ our “translation table”
from §4.5.12 again: Because the trace-free part of the second fundamental
form is the same for all enveloped sphere congruences Sy, considered as a
normal field to fy, we do not need to change frames (to obtain the tangent
plane maps of fy) and directly read off, from (5.31),

Iy=e*dz|? =1y and @Iy = H)I\+ Redz?= Iy —2\I. (5.34)

Note that, in the particular case where fj is a minimal surface in Euclidean
ambient space @3, the Calapso transforms fy of f are also obtained by the
Umehara-Yamada perturbation (see [285]): They are surfaces of constant
mean curvature Hy = —2) in hyperbolic spaces of curvature xy = —4\2.
That is, they have the mean curvature of the horospheres of the ambient
hyperbolic space. For this reason we will also refer to them as “horospherical
surfaces.” For later reference we state the following (local) characterization
of horospherical surfaces, as an obvious consequence of our discussions®®:

An isothermic surface f : M? — S3 is a horospherical surface in some
hyperbolic space if and only if it is (locally) the Calapso transform of a
minimal surface in Fuclidean space.

58) Compare [253].
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5.6 Bianchi’s permutability theorems

We already mentioned Bianchi’s outstanding contributions to the trans-
formation theory of isothermic surfaces in the Introduction: He not only
introduced Calapso’s transformation, independently of Calapso, but he also
was the first to elaborate on this transformation theory systematically and
to study the interrelations of the various transformations in terms of per-
mutability theorems (see [21] and [20]). For us, these permutability the-
orems will not only be of interest because they clarify the interrelations
between the four kinds of transformation that we discussed, but they also
turn out to be crucial for the transformations of minimal and constant mean
curvature surfaces (cf., [153]); as well as they will be the key to our discus-
sion of discrete isothermic surfaces (cf., [150]).

5.6.1 Notation. To make our point we will use, throughout this section,
symbolic notations for the Christoffel, Goursat, and Darboux transforma-
tions. Thus we will write C'f for the Christoffel transform f* of an isothermic
surface f in Euclidean space, Gf or G,f for its Goursat transforms (we write
G, if we wish to emphasize the Mdbius transformation ;1 associated with the
Goursat transformation), and Dy f for a Darboux transform of an isother-
mic surface f in the conformal sphere — similar to the way we write T’ f
for the Calapso transform fy of f.

However, in contrast to the Calapso transforms T} f, the notations D) f,
Gf, and Cf are just symbolic notations.

Note that we will use the notation “T%” in both senses: in the concrete
sense of a map into the Mobius group as well as in the abstract sense of a
transformation of an isothermic surface. In the abstract sense we will (nota-
tionally) not distinguish between the transformations for different surfaces,
that is, we will write T f and T f at the same time, even though, as maps
into the Mobius group, the two T’s are different.

5.6.2 We have already proved three such permutability theorems for the
Christoffel, Goursat, and Calapso transformations, in §5.2.4, §5.3.5, and
§5.5.9: Symbolically,

02 = id, GulGuz = GH1°M27 and T)\lT,\2 = T,\1+)\2,

where the first equality is up to translation and homothety, the second up to
similarity, and the last equality is up to Md&bius transformation — that is,
the equalities have to be interpreted as equalities in the respective geometry
of the transformation.

Thus we are, so far, missing a permutability theorem for two Darboux
transformations. This is given by Bianchi’s most famous permutability the-
orem in the transformation theory of isothermic surfaces, which has a simi-
lar flavor as the permutability theorems for the Backlund transformation of
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pseudospherical surfaces or for the Ribaucour transformation (cf., e.g., [28]),
which is more general than the permutability theorem for the Darboux
transformation.

However, before attacking this theorem, it turns out to be useful to dis-
cuss the interrelation of the Christoffel and Darboux transformations for
isothermic surfaces in Euclidean space (see [21]).

5.6.3 Theorem. Let f denote an isothermic surface in Euclidean space,
with Christoffel transform §* = Cf and a Darboux tmnsform f = D\f. Then
there is a surface f* given algebraically by f =+ (f —§)~1, that is the
Christoffel transform off and a Dy-transform of f* at the same time®®;
symbolically,

D\C = CD,.

5.6.4 Proof. We already proved half of that theorem earlier without stat-
ing it: Remember that, when proving that the Darboux transform of an
isothermic surface is indeed isothermic, we used the fact that (5.18) defines
a Christoffel transform of f The only thing left is to show that f* is a
Darboux transform of {*, that is, it satisfies the Riccati equation (5.17):

di* = +(F— ) 1df (F— )= = MF* — F)df= (7 — §)
since A(F* — ) = (F — f)~! and C? = id. N

5.6.5 In particular, this gives us a canonical scaling (and position) for the
Christoffel transform of a Darboux transform f as soon as the Christoffel
transform f* of f is scaled (and positioned). Note that this scaling is com-
patible with Christoffel’s formula (5.3): If (z,y) denote conformal curvature
line parameters, then

foft =1 and f,ff=-1 < ffi=1 and f,fi=—

Because the scaling of the Christoffel transform of an isothermic surface fixes

a “scale” for the parameter of the Darboux (and Calapso) transformations,

this “canonical” scaling of ;‘* provides a canonical scale for the parameter of

iterated Darboux transformations. With this in mind we can now formulate

Bianchi’s permutability theorem for the Darboux transformation (see [19]
r [21], and [106]):

59) Therefore, the notation §*, which does not refer to the order of transformations, makes
sense.
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5.6.6 Theorem. Let j?l =Dy, f, i1 =1,2, denote two Darbouz transforms
of an isothermic surface f. Then there is a fourth surface f that is a Dy,-
transform of fi1 and a Dy, -transform of fa at the same time; symbolically,

Dy, Dy, = Dy, Dh,.

Moreover, corresponding points of f, f1, fg, and f are concircular and have

constant (real) cross-ratio®) [f; f1; f; fa] = )\1
5.6.7 Proof. The cross-ratio condition [f; fi: f; fz] = )‘—f uniquely deter-

mines a surface f (see (4.27)). We intend to show that this surface is a
D), -transform of f1 and a D, -transform of f2 For this purpose we stereo-

graphically project the surfaces, so that the fz s satisfy the Riccati equation
(5.17), and write

f= <§1)(f1—f)_1)\2 <f2)(f — )71 AL

Using the formula from §4.9.8, it is now straightforward to check that this

indeed defines f: By writing f = (I) and ¢; = (1, —f;), we compute
i fifal = (@ f)(@zf ) o
3 =D - )

—
N—r
|

_
—
—+>
=

|
—>
N
N—
—
—>
—

|
—
\_/

Further, by using the fact that the fi’s satisfy the Riccati equation (5.17),
we find

i = (1) Go=nasti - 9= (1) G- e - nas
and, with the retraction form (5.19) of the Darboux transform f1, we obtain
f = <h>&—ﬂ”ﬁﬁﬁ—ﬂ”—ﬁr4fﬂ

Combining these two equations, we finally derive that

~

(d+Xet)f = fdf (o — )1

60) Note that this equation is symmetric in fl and fg by the identities for the cross-ratio shown
in Figure 4.3.
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so that f is indeed a D),-transform of fl, by §5.4.8. By symmetry, f is also
a Dy, -transform of fy, and Bianchi’s permutability theorem is proved. <«

N N
fzs\ A{ /f
A3 AN A3
\ A . A/
f, A b
8 - 8 °
N
f )\1 fl
A A3/ As
/\/ \ N
f, A f,

Fig. 5.8. Three Darboux transformations commute

5.6.8 A simple consequence, using the hexahedron lemma from §4.9.13, is
now an extension of this permutability theorem to three (see [21]) Darboux
transformations (see Figure 5.8):

D)\i(1)D/\i(2)D>\ = D>\1D>\2D>\3

i(3)
for any permutation i : {1,2,3} — {1,2,3}. To verify this assertion just
contemplate Figure 4.4, to obtain the scheme shown in Figure 5.8.

5.6.9 Next we tackle a permutability theorem, in its original form also
due to Bianchi [20], that interrelates the Christoffel, Darboux, and Calapso
transformations: Remember that, in §3.3.8, we obtained the Christoffel
transformation as a limiting case of Darboux transformations. The Sym
formula from §5.5.4 indicates that the same is true in our present setup.

In fact, we already proved the converse statement in §5.5.20, that is, the
first part of the following theorem:

5.6.10 Theorem. Let | be an isothermic surface in Fuclidean space with
Christoffel transform §*. Then their T-transforms fx and fx can be posi-
tioned to form a D_x-pair in the conformal sphere.

Conversely, if f and f form a Dx-pair of isothermic surfaces in the
conformal sphere, then their Tx-transforms form, after suitable stereographic
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projections, a Christoffel pair; symbolically,’)

T,\C = D_,\T,\ and T)\D)\ = CT)\.

5.6.11 Proof. It remains to prove the second statement of the theorem.
Let (f,f) : M? — 9 denote a Djy-pair of isothermic surfaces in the
conformal 4-sphere, and let T\ : M? — SI(2, H) be the T-transformation
for f. Then we know from §5.5.3 that TAf = const =: v, JH € HP'. Let
vp be s0 that (vs0,v0) is a basis of H?, and let (vs, ) be its pseudodual
basis. By possibly replacing f by f(voT>f)~! and f by f(veTaf) ™! we can
achieve
Thf=ve and Thf = fr = vo + Voofr. (5.35)

Let f} denote the Christoffel transform of 5. We intend to show that f
is the T_-transform of . For this, remember from §5.5.9 that T Lis
the T_y-transformation®® for fr. The T y-transformation for vg + voof} is
(from §5.5.22) given by

T*\ =T \(VooVoo — AVo + Voofr) (V0 — fiVeo))-

A~

Now, as in §5.5.22, T*, (vo + Veof}) = T-2Voo = T Voo = f. 4

5.6.12 It may be a worthwhile exercise for the reader to verify that (T7*,)~*
is a Ty-transform for f, (T*,)"t = Tx: For this, one needs to check that

%fod(TiQ‘l =T* 71 (T*) !

is a closed retraction form for f (cf., §5.5.9).

5.6.13 Example. Remember that, in §5.5.29, we learned that the Calapso
transformation yields, for surfaces of constant mean curvature in space
forms, Lawson’s correspondence. In particular, the T)-transforms f) of
a minimal surface fo : M? — Q3 into Euclidean space, given by an isotropic
quaternionic Hermitian form IC = S, that corresponds to a vector v, via
(4.4), have the constant mean curvature Hy = —2\ of horospheres in the
hyperbolic spaces Q3 12 of constant curvature k) = —4)\2, given by the
sphere complexes Ky = T)\(Soo +2AZ): In §5.5.29 we used this observation

61) Remember that, for the symbolic notations, we do not distinguish (notationally) between
different T’s: As maps into the Mobius group, the four T’s in this formula will be different.

62) As before in the present section, we omit the upper indices for the Calapso transformations
for different isothermic surfaces from an associated family.
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to characterize surfaces that are horospherical in some hyperbolic space.
Here we intend to derive a second characterization.

Namely, we know from §5.2.10 that the Christoffel transform of a minimal
surface is its Gauss map ng : M? — S? C Q3. In particular, it takes values
in a 2-sphere, and, as a consequence, all its Calapso transforms n), take
values in certain 2-spheres (cf., §5.5.27). Thus our permutability theorem
in §5.6.10 implies that a surface of constant mean curvature Hy = —2\ in
Qi@\g has a totally umbilic D _-transform.

Conversely, if an isothermic surface f : M? — S has a totally umbilic
Darboux transform n = D) f, then their T)-transforms form, after suitable
stereographic projection, a Christoffel pair in Euclidean 3-space. Since Thn
is totally umbilic, we may, without loss of generality,5®) assume that Thn
parametrizes part of the unit sphere in Q3. Then Tyn is the Gauss map
of T\ f, so that T) f is identified as a minimal surface (see §5.2.10). Then,
since f = T_x(T\f) by §5.5.9, f is a T_ -transform of a minimal surface
in Euclidean space and therefore has constant mean curvature H = 2\ in
some hyperbolic space of curvature x = —4\2.

To summarize®® (cf., [253], [153]): An isothermic surface f : M? — S3
18 a horospherical surface in some hyperbolic space if and only if it has a
totally umbilic Darboux transform.

After having obtained this second characterization of horospherical sur-
faces, we want to study the geometry of the situation a bit further. First
note that the central sphere congruence Z = Zj of a minimal surface f = fj
in Euclidean space @} is its tangent plane map. Thus all spheres of Z con-
tain the point v H at infinity,

Z(Voo,Vo0) =0 & ZvooH = v H. (5.36)

Using the curved flat frame F\ = T\ Fy from §5.5.20, where Iy denotes the
Euclidean frame of f = fy, we have

r=Txfo=Fwy and ny=F\vy = ThV.

Hence Ky (nx,n)) = (S0 + 2AZ)(V00, Voo ) = 0, showing that ny is not only
totally umbilic but, more specifically, takes values in the infinity boundary

63) Here we use the scaling and translation ambiguity of the Christoffel transformation — note
that we exclude the case where Thn becomes flat: This is the case of pairs of meromorphic
functions discussed in §5.4.24. On the other hand, a totally umbilic surface clearly qualifies as
a horospherical surface in many hyperbolic spaces.

64) I the classical literature, isothermic surfaces with a totally umbilic (planar) Darboux
transform sometimes also appear under the name “surfaces of Thybaut” (cf., [234] and [253]);
of interest should also be the papers [280], [281], and [282] by A. Thybaut.

This characterization of horospherical surfaces as Darboux transforms of their hyperbolic
Gauss maps (see below) provides a possibility to construct horospherical surfaces in this way
(cf., [286] and [151]). See also [188] (cf., [22]).
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of the hyperbolic space that makes f) a horospherical surface. Because it is
also a Darboux transform of f), we deduce that corresponding points of f)
and ny lie on circles that intersect fy as well as (the infinity boundary) ny
orthogonally, that is, they lie on hyperbolic geodesics that are orthogonal
to f; moreover, f) and n) induce conformally equivalent metrics. These
two properties characterize the hyperbolic Gauss map of a horospherical
surface®) [42]:

The Calapso transforms ny = Thng of the Gauss map of a minimal
surface in Euclidean space provide the hyperbolic Gauss maps of the horo-
spherical Calapso transforms of the minimal surface.

Finally, remember from §5.5.18 that the central sphere congruence of a
Calapso transform T’ f of f = fo is given by Z\ = T\ ZT L Moreover, from
§5.5.17, we know that dZ, = TAdZT/(l since [Ty, S] = 0 for any 2-sphere
congruence enveloped by f. As a consequence,

Z)\n)\ || U\ and (dZ)\)TL)\ || ny,

since ZvsH = vooH: The central sphere congruence of a minimal surface
is its tangent plane congruence. Thus n) satisfies the enveloping conditions
from §4.8.15. Otherwise said%®) (cf., §3.6.4):

It is the central sphere congruence of a horospherical surface in a hy-
perbolic space form that provides its hyperbolic Gauss map as a Darboux
transform of the surface®? ; the central sphere congruence of a horospher-
ical surface therefore consists of horospheres®®) of the ambient hyperbolic
space form.

This provides another justification for our notion of a “horospherical
surface” for the surfaces of constant mean curvature H in a hyperbolic
space of curvature k = —H?.

65) Note that the hyperbolic Gauss map of a horospherical surface is a globally defined object.
Therefore, the above characterization of horospherical surfaces by the existence of a totally
umbilic Darboux transform works globally.

66) This is, in fact, nearly a characterization of horospherical surfaces: the only surfaces for

which the central sphere congruence provides a Darboux transformation are the horospherical
surfaces and the minimal surfaces in Euclidean space (where the Darboux transform degener-
ates to the point at infinity) (see [234] and [153]).

67) The converse of this statement is also true: If the central sphere congruence of an isother-
mic surface provides a Darboux transformation, then the surface is minimal in Euclidean space
or horospherical in some hyperbolic space. For more details on this as well as on the notion of
“isothermic surfaces of spherical type” (another way of characterizing minimal and horospher-
ical surfaces among isothermic surfaces, via the curvature of their conformal Gauss maps),
see [153].

68) This second assertion also follows from ﬁ (K, Zy) = £1: The central spheres Zy touch
the infinity boundary of the ambient hyperbolic space.
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5.6.14 Applying the above theorem from §5.6.10 twice, along with the “1-
parameter group property” of the Calapso transformation, we obtain a per-
mutability theorem for the Darboux and Calapso transformations, namely,

T\D,Ty' = TA_MTuDuTng;jM = TA_uCT;fH =D, .

More accurately, we should argue as follows: Given a D, -pair of isothermic
surfaces, their T),-transforms can be stereographically projected to yield a
Christoffel pair of isothermic surfaces in Euclidean space; taking the T _,,-
transforms of the surfaces obtained in this way yields, on one hand, the
T\-transforms of the original surfaces, and, on the other hand, these last
surfaces can be positioned to form a D,,_\-pair of isothermic surfaces in the
conformal sphere.

We want to complement this result with a discussion of the Calapso trans-
formations that perform the mapping. Thus consider the D,,-pair ( f , f) and
write the Christoffel pair, obtained as T),-transforms from f and f, in terms
of affine coordinates as in the proof of our previous permutability theorem

(see (5.35)):
fu = uf:UO‘f’Uoofu and fj_ = VO_](uVom
fu=Tuf =v0+ vsof, and fj =) — fulVoo-

We wish to examine the relation between T = T} T and Ty = T/{L_ ”Tu.
From §5.5.22 we know that

Tu_l =T, (Voo Voo — ,ufufj) and Tﬁf—u =T}, (VooVoo + (A — 1) fufi)

A straightforward computation then yields

A

T = T;\L—M(UOOVOO + (A — ,U)fuf;f)(_%voo’/oo + fuf,j_)Tu
= Tf—u(voof:_ + (1 - %)fu”oo)Tu
= T;\L—MTM - %?){L—MTM;}[ VooTH
— -2 T,

where we use Vo1, = ( f LHt f L for the last equality: This follows from

our normalizations (5.35), which yield vT), f=0and Vo1, f = 1. Note
that the last expression in (5.37) is independent of choices of homogeneous
coordinates.

We obtain the following “generalization®®” of our theorem in §5.6.10:

(5.37)

69) This “generalizes” the above theorem when considering the Christoffel transformation as
a Do-transformation. This viewpoint may be justified by sending A — 0 in §5.6.10 (remember
that we can assume Tp = id). However, the Riccati equation (5.17), or the corresponding
linear system in §5.4.8, defining the Darboux transform of an isothermic surface, degenerates
for A = 0, so that any solution will be constant: As discussed in §3.3.8, the limiting surfaces
have to be “blown up” to give a surface, as in §5.5.4, where the derivative with respect to the
spectral parameter A takes care of the blowing up.
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5.6.15 Theorem. Let f be an isothermic surface with D, -transform f

Then their Tx-transforms T f and T,\f can be positioned in the conformal
sphere so that they form a D,,_x-pair of isothermic surfaces; symbolically,

T)\l)M = Du_)\T)\.

Ty = Th(1— %f (fLf)"LfL) is the™ Calapso transformation of f.

5.6.16 From §5.6.10 we know that the Calapso transformation transforms
Christoffel pairs into Darboux pairs, and vice versa. Next we want to ad-
dress the question of whether it is possible to simultaneously stereograph-
ically project the Calapso transforms of the four surfaces satisfying the
Christoffel-Darboux permutability theorem from §5.6.3 so that they satisfy
this permutability scheme again, that is, whether the Calapso transforma-
tion “preserves” the Christoffel-Darboux permutability. This is indeed the
case — for brevity, we state the corresponding permutability theorem?)
only graphically:

A Nx
f)\\ D_)\ ﬂ f)\
T)\\ A N T
f C £
c b b c
A A
9 9
! c N
T, T,

V-4 Y
f)\ D_)\ f}\

Fig. 5.9. A permutability theorem

5.6.17 Proof. Let f, §* = Cf, § = Dxf, and §* = CDxf denote four isother-
mic surfaces in Euclidean space satisfying the permutability scheme from
§5.6.3. In particular, we then have

AF-)G-1 =1 (5.38)

As usual, we denote by f = (vo + voof)H, f* = (vo + veof*)H, and so on,
the corresponding maps into the conformal sphere and let T, T, and so

70) The “correct” one. Compare with T} as given in §5.5.22: Do we have T\ — T3 as p— 07

1) This permutability theorem provides an interpretation of the duality for horospherical
surfaces (see [287]) in terms of the isothermic transformations (cf., [153]).
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on, be the respective Calapso transformations. Further, let (v, v9) denote
a basis of H? with T\ f = v H, as in §5.6.11.

We already learned in §5.6.11 that a suitable choice of normalizations
(5.35) yields

Trf(vosTof) ™t = vo + voofx  and Thf(oTaf) ™ = vo + vaofa
with (fA, fy) forming a Christoffel pair, where we chose™) (cf., §5.6.12)
T\ = — % (VooVoo — Avg + Voo Fr) (V0 — Favso )) T
On the other hand, from §5.5.22, we know that 75 can be adjusted so that
TS =T (VooVoo + A(Vo + Voo f) (10 — f'V0)); (5.39)

this choice assures that (f}, fn), where fy =T f* = ThvsH, form a Dar-
boux pair.
Now, the key observation is the following: Using (5.38), we find that

T:(UO + ’UOO]E*)(]E - f) = TA(UO + Uoof) = Voo .

That is, Thf = T f* = const € HP' define the same (constant) point in
the conformal 4-sphere. Hence we can normalize f* and f* as in (5.35) to
obtain

T f* (Voo Tof*) "t =00 + veofy  and T3 f*(oTaf*) ™! = vo 4 voof%,
where (;‘f\, f3) form a Christoffel pair and, as in (5.39),

Ty = —%(UOOVOO — Moo + Uooﬁ)(l/o — Ve ) Tx.

Finally, from the permutability theorem for the Christoffel and Darboux
transformations in §5.6.3, we know that fy = Cfy and {3 = Cf3 can be
scaled and positioned to form a D_ y-pair. N

5.6.18 The author remembers that there was a very simple proof of this
theorem, using the curved flat system from §5.5.20 to obtain the Calapso
transforms. However, because the notes got lost, we must content ourselves
with the above proof. It may be a challenge for the reader to “recover” that
lost proof.

72) Remember that the T-transformation for an isothermic surface is only determined up to
postcomposition by a (constant) Mobius transformation.
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5.6.19 Finally we want to establish a theorem that brings the Goursat
transformation into the picture: In §5.6.10 we learned that proper stereo-
graphic projections of the T)-transforms of a Dj-pair yields a Christoffel
pair,

T\D) = CT).

Thus, if f1 and fg denote two (different) Dj-transforms of an isothermic
surface f, then their T)-transforms are the Christoffel transforms of T} f
after (generically different) stereographic projections. That is, T fl and
T fg are, after stereographic projection, Goursat transforms of each other:

_

s

_
_<>;—h >

9
(@]

Y
V4
AN
O
Ve
N> <<— @

>

Fig. 5.10. Another permutability theorem

Reversing the argument we learn, with §5.6.10 again, that the T)\-trans-
forms of two isothermic surfaces that are Goursat transforms of each other
are (different) D_ y-transforms of one isothermic surface — namely, of the
T\-transform of the Christoffel transform of either of the two original sur-
faces: Because the Calapso transformation is a transformation for Mobius
equivalence classes of isothermic surfaces, it does not matter which of the
two (M6bius equivalent; see §5.3.3) Christoffel transforms is used to deter-
mine the T\-transform.

In this sense the Goursat transformation “measures” the difference be-
tween two Darboux transformations of an isothermic surface. We conclude
with the following:

5.6.20 Theorem. The T)-transforms of two Dy-transforms of an isother-
mic surface are, after suitable stereographic projection into Fuclidean am-
bient space, Goursat transforms of each other.

Conversely, the T-transforms of two isothermic surfaces that are Gour-
sat transforms of each other are D_-transforms of one single isothermic
surface.

5.6.21 Example. In this example we want to determine the Enneper
cousins, that is, the Calapso transforms of the Enneper surface, illustrating
various aspects of our theory. First reconsider z — zj and z — —jz as a
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Christoffel pair of (totally umbilic) isothermic surfaces, as in §5.5.27, where
we determined the Calapso transformations of

. —Jjz 0 1
n::vo—voojz:( f ), voz(l), and voo:(o),

to be given (with respect to (v, Vo) as the basis of H?) by

T,\(z)z(_j 0)( cosh v Az \%sinhﬁz—zcoshﬁz) (j ()>'
0 1 Vsinh vz cosh v Az — zv/Asinh vz 0 1

Thus ny(z) = (Thn)(z) ~ vy — voojﬁ tanh(v/\z), as discussed in §5.5.27.
Note that, by §5.5.20, the T)-transforms of h(z) := vy + v 2j are

hxa(z) = Th(2)Vs0 =~ Vg — Voo j\% coth(v/A2)
since the Euclidean frame Fy(z) = ((1) ~J%) of n has ve as an eigenvector.
It is easily verified (for example, by using the Riccati equation (5.17)) that

hy is a D_-transform of ny, as predicted by our permutability theorem

§5.6.10; moreover, hy and n) are Mobius equivalent — as one might expect,
j 0

0—j
Next we want to determine the master Christoffel transform of n: A
fabulously complicated way™) to do that seems to be by using the Sym

formula that we derived in §5.5.4:

§(2) = (T ' & T\)amo(z) = <_’(7) (1)) (%52 :izz) ({) ?)

Using vo, and Vs = S3(vs0,.) = (1,0) to extract a Christoffel transform
from §* (see §5.3.17), we recover Vo §*(2)voe = zJ as a Christoffel transform
of —jz, as expected. However, using a different basis

since they are Calapso transforms of Mobius equivalent maps, h >~ n.

Voo = Uso(—i) —+ g o Voo = 1IlVog + o
Up = Vo Vg = Voo

as in §5.3.21, we find the Enneper surface

fe) = Pef(2)0a

—1(2% = j2) + 352 — 2j
= —i(a? -y +(32° — (1 +yH)2) + k(3y® — (14 2?)y)

73) The A-derivative of T is probably best computed in terms of the power series expansions
of its components.
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as a Goursat transform of zj (see §5.3.3). Writing n in terms of the new
basis shows that f is the Christoffel transform of (a scale translation of) the
stereographic projection (5.12) of —jz onto the 2-sphere:

n(z) = v — Voojiz = {0 + Voo (i — j2) "1 }(i — j2) = To + Usc (i — jz) L.

Fig. 5.11. The Enneper surface as a Goursat transform of z — zj

To determine the T)-transforms of Enneper’s surface f = 0y + Uof, we

compute
Fa(2) = T ()5 = (—j 0) (% sinh(v/Az) — cosh(v/\z)j (i —jz)>

A AV T 0 1) \cosh(vAz) — VAsinh(vVA2)j(i — jz) /)
As an exercise, the reader may want to examine the effect of the above
change of basis on the linear system that we have to solve to determine the
Calapso transformations: It turns into a truly quaternionic system that we
certainly do not want to solve.

However, from §5.5.20 we know that f) such obtained is the T-transform
of the Enneper surface f; on the other hand, from our permutability theo-
rem in §5.6.10, we know that f is another D_ y-transform of ny, providing
an explicit example for the above permutability theorem in §5.6.20. More-
over, from §5.6.13 we know that the f\’s are horospherical surfaces in a
hyperbolic space whose infinity boundary can be determined from the hy-
perbolic Gauss maps n). Thus, stereographically projecting n) as before,
ny ~ —j % tanh(v/A\z), the surfaces fy are horospherical in (one of) the
hyperbolic half-spaces Im H \ Cj (cf., §P.1.3). In Figure 5.12, the confor-
mal deformation of the Enneper surface into its cousins is shown™); their
hyperbolic Gauss maps are included in the bottom three pictures. Similar
pictures can be obtained with Bryant’s original Weierstrass-type represen-

tation from [42] (see [9]), providing evidence for our assertions from §5.5.29
and §5.6.13.

™) We only show transforms for positive values of A. By the symmetry of the Enneper surface
and the fact that a negative sign of \ is compensated by interchanging the roles of the curvature
directions, negative values of A yield congruent surfaces.
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Fig. 5.12. Enneper cousins as Calapso transforms of the Enneper surface

5.7 Discrete isothermic nets and their transformations

In this final section we will discuss (one possible version of) discrete isother-
mic nets as discrete analogs of smooth isothermic surfaces. It turns out that,
with the definition that we are going to use, the transformation theory of
smooth isothermic surfaces completely carries over to the discrete setup
(cf., [150] or [250]). Here, we will content ourselves with the study of the
transformations and omit any discussions of whether or not the existence of
these transformations can be used to characterize discrete isothermic nets,
as they can in the smooth case. For partial answers to such problems the
interested reader is referred to [150].

This transformation theory can then be applied to define discrete analogs
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of certain constant mean curvature surfaces in spaces of constant curvature
— in cases where we have a characterization of the constant mean curvature
surfaces in terms of isothermic transformations — as particular isothermic
nets. Here we will, as an example, discuss “horospherical nets” as an ana-
log of horospherical surfaces in hyperbolic geometry, following [150]; besides
those, discrete analogs of constant mean curvature surfaces in Euclidean
space have been discussed [149], using the Darboux transformation for dis-
crete isothermic nets — this definition can clearly be carried over to other
space forms using the Calapso transformation (Lawson’s correspondence;
cf., §5.5.29). Thus this ansatz does provide definitions for discrete analogs
of all constant mean curvature surfaces in space forms that have constant
mean curvature T-transforms in Euclidean space. However, for the case of
horospherical nets, we have two different characterizations, one as Calapso
transforms of minimal surfaces in Euclidean space and another as Darboux
transforms of their hyperbolic Gauss maps (see §5.6.13) — which makes this
case particularly interesting.

5.7.1 There are various different ways to motivate our definition of discrete
isothermic nets, as a special case of discrete curvature line nets.” Thus
a minimal requirement for a discrete net f : Z2 D U — HP! to qualify
as a discrete isothermic net will be that the vertices of any elementary
quadrilateral, or “elementary 2-cell,”

(f(m,n); f(m+1,n); f(m+1,n+1); f(m,n+ 1))
of f are concircular, that is, their cross-ratio has to be real:
[F(m,n); F(m + 1,0); £m + Ln + 1); f(m,n+1)] = g(m,n) € R.

In their original paper [30], A. Bobenko and U. Pinkall introduced dis-
crete isothermic nets as the discrete analog of a conformal curvature line
parametrization: Using Taylor expansion, they argue that the discrete ana-
log of a conformal curvature line parametrization should satisfy ¢ = —1, that
is, elementary quadrilaterals form conformal squares (see §4.9.9). Another
way to motivate this definition is that it is the direct discrete (and Mé&bius
geometric) analog of the classical definition of isothermic surfaces, as the
“surfaces capable of division into infinitesimal squares by their curves of
curvature” (cf., e.g., [64]): Using nonstandard analysis, the term “infinites-
imal” can be given a rigorous meaning, and elementary considerations then
show that this classical definition indeed characterizes isothermic surfaces
in our sense (see [152]).

75) Discrete curvature line nets will be discussed in greater detail in Chapter 8.
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+va .

Fig. 5.13. Smooth and discrete nets

In [32], Bobenko and Pinkall gave a weakened version of the definition
of a discrete isothermic net, as a discrete version of an arbitrary curvature
line net on an isothermic surface, that only requires that the cross-ratios
of the net’s elementary quadrilaterals decompose into two single-variable
real functions, g(m,n) = %. This definition can be motivated by observ-
ing the behavior of a single point when applying Bianchi’s permutability
theorem in §5.6.6 for the Darboux transformation repeatedly (cf., [35]). A
behavior of the Calapso transformation in the discrete case that is similar
to its effect on the periods of a periodic isothermic surface (cf., §5.5.28)
indicates that this second definition is the “correct” definition for discrete
isothermic nets:

5.7.2 Definition. A map f : Z? D U — HP' will be called a discrete net
if the four vertices f(m,n), f(m+1,n), f(m+1,n+ 1), and f(m,n+ 1)
of any elementary quadrilateral are different, that is,

[F(m,m); f(m + Lon); f(m + 1,n +1); fm,n +1)] # 0,1, 0.

A discrete net is called a principal net, or a discrete curvature line net, if
every elementary quadrilateral is a conformal rectangle, that s,

[f(m,n); f(m +1,n); f(m+1,n+1); f(m,n+1)] € R,

and it will be called a (discrete) isothermic net if there are two real valued-
functions a = a(m) and b = b(n) of one (integer) variable so that the
cross-ratios of its elementary quadrilaterals satisfy

[f(m,n); f(m+1,n); f(m+1,n +1); f(m,n +1)] = 5.

5.7.3 Note that this definition does not depend at all on HP! being the
target space of our net: Because the definition only refers to the cross-ratio
of the (four) vertices of each elementary quadrilateral of the net, we may
use this definition in any codimension, that is, with the conformal n-sphere
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S™ as the ambient space of our net. Indeed, the above notion of a principal
net will reappear in the context of (Ribaucour pairs of) orthogonal nets in
Chapter 8.

5.7.4 Notation. Since we will discuss stereographic projections | of a
discrete (isothermic) net f = (vo + voof)H, f = (vof) (Voo f) ™! as in §4.9.5,
we will need to consider the “partial derivatives” of f — to downsize formulas
we will write, for abbreviation,

(Omf)(m,n) := f(m+1,n) — f(m,n)
(f+(m,n)vee) M (f+ (myn) f(m + 1,n)) (veo f(m + 1,n)) 71,
(anf)(mvn) = f(m7n + 1) - f(mvn)

= (fH(m,n)vee) M (fH(m,n) f(m,n + 1)) (Voo f(m,n + 1)) 71,

where f+ = H(vg—fvs) denotes the “dual net” of f, with values in (IHP')+
(see §4.9.2 and (4.26)). Note that our regularity assumption on discrete nets
implies that these “partial derivatives” of f do not vanish and are not equal,

Omf,Onf #0 and O f # Onf.

Similarly, we will use the notion of this “discrete partial derivative” for any
vector space—valued maps as, for example, in the following definition. Also,
to make the discussions simpler,”® we will always assume our discrete nets
and any derived objects to be defined on all of Z2.

As in the transformation theory of smooth isothermic surfaces, a key
notion will be that of a (closed) retraction form (cf., §5.3.19):

5.7.5 Definition and Lemma. Let f : Z? — HP' denote a discrete net.
Then a pair T = (T, Tn) Of MaPS T, Tn : Z°* — gl(2, H) will be called a
retraction form of f if

im7,,(m,n) = f(m,n) and kerr,(m,n) = f(m+1,n),
im7,(m,n) = f(m,n) and kert,(m,n) = f(m,n+1).

Any isothermic net f : Z? — HP' has an integrable retraction form T, that
is, there is a map §* : Z* — gl(2, H) so that T = (OpmS*, 0nS*).

5.7.6 Proof. Remember that, in the smooth case, the existence of a closed
retraction form was ensured by the existence of a Christoffel transform f*
for an arbitrary stereographic projection of f. Here we intend to proceed
similarly: Define the retraction form in terms of affine coordinates for f, as

76) We do not want to be obliged to discuss the “boundary points” of the domain of a discrete
net, where these partial derivatives and other objects that are naturally defined on the edges
(or faces) of the domain lattice may not exist.
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in (5.14), and then study the integrability of the gl(2, H)-valued “l-form”
7 in terms of the occurring H-valued discrete 1-form.

Thus assume that ((1)) H ¢ f(Z?) and write f = <I> and f+ = (1,—f).
Then any retraction form 7 of f must be of the form

7(m,n) = (f(m,n) wm(m,n) f+(m + 1L,n), f(m,n) wp(m,n) f+(m,n + 1))

with some quaternionic “discrete 1-form” (w,,,w,). The integrability of
is equivalent to

dr(m,n) :=t,(m+ 1,n) + 7n(m,n) — 7y(m,n + 1) — 7,(m, n) = 0;

f(m+1,n+1)
1

evaluating dr(m,n) on ((1)) and ( ), as a basis of H?, and writing

the results in terms of (f("f”)) and ((1)), the integrability of 7 reduces to

three (the fourth equation is trivially satisfied) quaternionic equations:

0 = wpy(m+1,n)+wn(mmn)—wnp(mn+1)—w,(m,n),
0 = Onf(m,n) -w,(m+1,n)— 0 f(m,n) - wyn(m,n+1),
0 = wnp(mn) Oflm+1,n) —w,(m,n) - Opf(m,n+1).

Thus 7 is integrable if and only if there is a map f* with w = (9,,f*, Onf")
that satisfies

Omf*(m,n) - Opf(m+1,n) = 0O,f"(m,n)- - Onf(m,n+1). '
Taking f* to be a Christoffel transform”™ of f, as given in the following
lemma, the two equations (5.40) are a consequence’) of the affine versions
(see (4.25)) of the cross-ratio condition,

by = [ftmon) f(m+Lon); f(m+ 1n+ 1); f(m,n +1)]

= [f(m+1,n); f(m,n); f(m,n+1); f(m+1,n+1)]. (5.41)

Here the second equation follows from the cross-ratio identities in Figure 4.3.
Thus we have proved the existence of an integrable retraction form T,

Tm(m,n) = (Vo + Veof(m, 1)) Omf*(m,n)(vo — f(m + 1,n)re),

Tn(m,n) = (UO + ’Uoof(m7n)) 3nf* (m’ n)(VO _ f(m + 1771)1/00)7 (5.42)

77) Note that the two equations (5.40) can be viewed as a discrete version of (5.4).

78) Note that, for this deduction, it is crucial that the functions ¢ and b are real-valued (so
that they commute with any quaternion) and that they only depend on one variable.
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for any isothermic surface as soon as we have proved the existence of a
Christoffel transform, in the following lemma. N

5.7.7 Definition and Lemma. Let § : Z? — H denote (a stereographic

projection of ) an isothermic net, and let q(m,n) = C;)((ZL)) be a factorization

of the cross-ratios of its elementary quadrilaterals with real-valued a and b.
Then

Omf* = a(Onf)™t and  O,f* = b(0,)7! (5.43)

defines™) a second isothermic net f* with ¢* = q.
This net * s called a Christoffel transform of f.

5.7.8 Proof. To check integrability, first note that the cross-ratio, given in
affine coordinates as in (4.25), of an elementary quadrilateral of f can be
written as

qgim,n) = (Omf)(m,n) (anf)_1<m +1,1) (O f)(m,n + 1)(6nf)_1(ma n),
= (Onf)(m,n)(0nf) " (m, n) (O f) (M, 1 4 1) (D)~ (m + 1(a5n4)i>

as in (5.41). Now the integrability is easily checked:

a(m){(9mf)~ (m,n) (Omf)~H(m,n + 1)}
= b(){(Onf) = (m,n) = (Onf)~H(m + 1,n)}
a(m){ (D) (m, 1+ 1) = (D))}
b(n) (Omf) (m, n){(Onf) =1 (m, n) — (Onf) ™" (m + 1,n) HOm) (m, 1 + 1)
= a(m){(9nf)(m + 1,1) = (Inf)(m, )},

where the last equality follows from (5.44), so that integrability of f* is
equivalent to the integrability of f.

To check that {* is an isothermic net with ¢*(m,n) = g(m,n), we com-
pute:

g*(m,n)
(amf*)(ma n)(@nf*)_l(m +1,1) (O f) (m, n + 1)(anf*)_1(m7 n)
S (D) L (m, 1) T (D) (m 4 1,1) (D)~ (m, 10+ 1)(Dnf) (m, m)

a(m)
b(n) >

where the last equality is again obtained from (5.44). <

5.7.9 The above construction (5.42) of an integrable retraction form for an
isothermic surface f : Z? — HP! in terms of the Christoffel transform f*

79) Note that a real factorization of the cross-ratio function ¢ is unique up to simultaneous
multiplication of a and b by some real factor A # 0: We recover the scaling ambiguity of the
Christoffel transformation in the smooth case.
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of a stereographic projection f : Z? — H of f yields, after having fixed a
factorization ¢ = ¢, a unique object that is independent of the stereographic
projection.

Namely, choosing a different strerographic projection § = (7 f)(Poof) ™
for f = vy + voof and using (4.26) yields

—Onf(m,n) = ([ ) (m+1,n) (=0 )(m n)(Poo f) ™1 (m, )
= Onft(m,n) = (Peof)(m,n) f* (m, 1) (fH000) (m + 1, n),
=9, f(m,n) = (feo)” (m,n 4 1)(=0n f)(m n) (Voo f) (M, 1)
= Onf*(myn) = (oo f)(m,n) dpf*(m,n)(fHoe0)(m,n+1),
(5.45)

similar to §5.3.10. Comparison with (5.42) shows that 7 = 7 since

B0 + Boof = f (Too f) ™' = (V0 + Voof) (Foof) "

and similarly for f+ = vy — fus. Thus 7 and F* are invariantly defined
objects, and §* provides, as in §5.3.17, the “master Christoffel transform”
for an isothermic net f : Z? — HP!': The Christoffel transform * of any
stereographic projection f = (vof)(Veof) ™! of f is given by f* = Voo F* Voo-
And, any two Christoffel transforms of (different) stereographic projections
of an isothermic net f are Goursat transforms of each other — if we define,
as in §5.3.3:

5.7.10 Definition. Let f : Z*> — H be an isothermic net and p € Mob(4)
a Mébius transformation. Then the isothermic net f = (po f*)* is called a
Goursat transform of §.

5.7.11 For the Darboux and Calapso transformations we wish to introduce
a (spectral) parameter A\: As we discussed in §5.7.7, a factorization ¢ = § of
the cross-ratio function of an isothermic net is unique up to multiplication of
a and b by some A # 0. Since a and b enter linearly into the retraction form
T as given in (5.42), a different choice of factorization causes a rescaling of
T — just as in the smooth case (cf., §5.4.7). Thus, from now on:

We will always assume that an isothermic net f : Z* — HP! comes with

a factorization q = § of its cross-ratio function.

Here we will introduce the Darboux transformation®?) a little differently
from [149] and [150] — we postpone a discussion of the equivalence with
the definition given in [150] as well as of the relation with our integrable
retraction form 7 until we have also introduced the Calapso transformation.
The relevance of the factorization ¢ = § becomes obvious from the definition
anyway:

80) Compare [75]; see also the Darboux transformation for planar curves in [193].
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5.7.12 Definition and Lemma. Let f : Z? — HP?, q = 7, be an isother-
mic net. Then the system

Nam) = [fmon)s fGm+ 1) Fm o+ 1,m)s fm, )]
Mo(n) = [Flmn); flmon+ 1 fmon 4 1) fomm) 020

can be solvedfl) to provide an isothermic net f : 72 — HP! with ¢ = q.
This net f is called a Darbouz transform (or Dy-transform) of f.

5.7.13 Proof. This lemma is a direct consequence of our hexahedron lemma
in §4.9.13: The claim is best verified by contemplating Figure 4.4 while
taking into account the cross-ratio identities from Figure 4.3. N

5.7.14 Clearly, the Darboux transformation is a Md&bius invariant notion,
and, by the symmetry of the defining formula (see Figure 4.3), it is involutive
in the sense that, if f is a Dy-transform of f, then f is a Dy-transform of f .

As in the smooth case, we have a (1 + 4)-parameter family of Darboux
transforms for a given isothermic net.

Note that the hexahedron lemma also provides the existence of a “dis-
crete sphere congruence” that is enveloped by f and f . The fact of discrete
isothermic nets being particular principal nets suggests that we should con-
sider this discrete sphere congruence as a discrete Ribaucour congruence:
We will come back to this viewpoint in Chapter 8.

5.7.15 In a Euclidean setup, the system (5.46) is equivalent to the Riccati-
type system of difference equations

Onf(m,n) = AG—§)(m+1,n) Bf (m,n)(f — )(m, n)

A = A= Dm0 (m.m)(F = Hlm+1m), g
Ouf(m,m) = A= Pm,n+1) uf*(m,m)(f — ), n)
= A= D)) Baf (m,m) (= P)mon+ 1),

where the respective second equations follow from the corresponding sym-
metry of the cross-ratio (see Figure 4.3). This set of equations was, as a
discrete version of the Riccati-type partial differential equation (5.17) in the
smooth case, the starting point in [149] to introduce the Darboux transfor-
mation for discrete isothermic nets.

We now turn to the definition of the Calapso transformation for discrete
isothermic nets:

81) For almost all data (X, f(mo,ng)) this system yields such an 1botherm1c net; the only
problem might be the regularity of the net f However, choosing A # —— ( ) forallm,n € Z

and the initial point f (mo, ng) so that none of the adjacent quadrllaterals degenerates ensures
that all occurring cross-ratios are # 0, 1, co — hence we obtain a net in our sense.
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5.7.16 Definition and Lemma. Let f : Z? — HP!, q = b, denote an
isothermic net with retraction form T = (T, Tn), and let X\ # a(m), W for

all m,n € Z. Then there is a map Ty : Z*> — GI(2, H) with

T\x(m+1,n) = Tx(m,n)(1+ A7n(m,n)), (5.48)
Tx(m,n+1) = Tx(m,n)(1+ Ar,(m,n)), '
called a Calapso transformation (or Tx-transformation) for f.
1—X\b

The Calapso transform fx :=Txf is then isothermic with qx = 1=5, q-

5.7.17 Proof. First note that the system (5.48) is indeed integrable since
7 is an integrable retraction form for f, so that dr =0 and To7 = 0:

(1 4+ AT (m,n)) (1 + A (m 4+ 1,n)) — (1 + A7 (m,n)) (1 + Arp (m,n + 1))
= AM7m(m,n) + m(m+1,n) — 7 (m,n) — T(m,n + 1))
+ A2 (1 (m,n) o 7 (m + 1,n) — 7 (m,n) o Ty (m,n + 1)) = 0.

To check that T\ can be chosen to take values in GI(2, H), we investigate
how regularity is “transported” when integrating (5.48): With f = vg+voof
and using (5.42), we find

(1 + ATy (m,n)) - f(m,n) = f(m,n)-(1—Xa(m)) and
(1+ At (o)) - f(m + 1,m) = f(m+1,m),
(1 + Am(m,n)) - f(m,n) = f(
(1+ A1p(m,n)) - (m n+1) = f(

that is, 14 A7y, (m, n) maps the basis (f(m,n), f(m+1,n)) — here we need
the regularity of our isothermic net f — to a basis (as long as \a # 1)
so that Th(m + 1,n) is regular as soon as Th(m,n) is, and similarly for
Tx(m,n+1).

Finally, we determine the cross-ratio of an elementary quadrilateral of the
Calapso transform fy of f using the formula given in §4.9.8: Since (from
§4.9.2) we know that fi- = (T\f)* = fioT/\_l, the relations that we derived
n (5.49) give us

fy(mon) fa(m+1,n) = fH(m,n)f(m+1,n),
firm+1,n+1)fa(m+1,n) = (m+1 n+1)f(m—|—1,n)#b(n),
fim+1n+1)fi(mn+1) = fHm+1, n+1)f(m,n+1)#a(m),
f(m,n)fi(mn+1) = fH(m,n)f(m,n+1).
Taking products yields the claim, gy(m,n) = g(m,n) f;éjé%, and, as a
consequence, fy is an isothermic net. N

5.7.18 Note that the Calapso transformation is a well-defined transforma-
tion for Mobius equivalence classes of isothermic nets, as in the smooth case:
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The argument here is exactly the same as the one that provided us with the
lemma in §5.5.6.

We can also prove a discrete analog of the fact that the Calapso trans-
formation provides a second-order deformation for isothermic surfaces in
the smooth case (see §5.5.11): This is another consequence of the equations
(5.49). Namely, for any Calapso transform fy = T f we obtain:

fA(m7n+1) “ TA(man)f(m7n+ 1) f/\(m"'_l n) H TA(m n)f<m+17n)

NS
fA(m,n) ” TA(m,n)f(m,n)
SN
f)\(m - 17”) || TA(m,n)f(m - 17”) f)x(man - 1) H TA(m,n)f(m,n - 1)

That is, any “vertex star” of f) consisting of the center vertex fy(m,n) and
its four neighbors is Mobius equivalent (via T (m,n)) to the corresponding
vertex star of the original isothermic net.

5.7.19 We are now prepared to study the relation between the Darboux
and Calapso transformations, to obtain the discrete version of the relation
discussed in §5.5.3: In this way we will prove the equivalence of our definition
in §5.7.12 and that given in [150]. Thus we want to study the implications

of requiring a discrete net f 7% — HP! to satisfy
T,\f = const € HP?,

where T) is a Calapso transformation for a discrete isothermic net f. This
is equivalent to

(Txf)(m +1,n) = Tx(m,n)(1 + A (m,n)) f(m + 1,n) || Tx(m,n) f(m,n)
A & fi(m,n)(1+)\7m(m,n))f(m+1,n):O, and
(T f)(m +1,n) = Tx(m.n)(1 + Ay (m,n)) f(m,n + 1) || Ta(m, n) f(m,n)
& fHm,n) 1+ A (myn))f(m,n+1)=0.

Writing f = v + UOO]E and f L=y — ]EZ/OO in terms of affine coordinates and
using the form (5.42) for our retraction form 7, these equations read

+ A= Dm.n) 0§ (myn) (f = P (m + 1,n),
_|_

A(f - f)(m7 n) 8nf* (m7 n)(f - f)(mv n+ 1)7

0 = Omflm,n)
0 = Onf(m,n)

that is, T’ f = const if and only if a stereographic projection f of f satisfies
the Riccati-type system (5.47) of difference equations. Thus we have proved
the following:
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5.7.20 Lemma. A discrete net f L 7% — MHP' is a Dyx-transform of an
isothermic net f if and only if Txf = const, where T denotes the T)-
transformation of f.

5.7.21 Next we want to see that a Calapso transformation 7T’ of a codimen-
sion 1 isothermic net f : Z2? — S3 can be chosen to fix $3: This will become
crucial when discussing horospherical nets as a discrete analog of horospher-
ical surfaces. Thus we want to show that T)\S? || S, where we identify the
3-sphere with some choice of homogeneous coordinates, S3 € $H(H?) = RS,
for the (real) line of quaternionic Hermitian forms that defines the 3-sphere
(cf., §4.3.12). To prove this fact we proceed as in the proof of §5.7.16: We
show that preserving the 3-sphere is “transported” when integrating (5.48).
Thus we assume that Ty (m,n)S3 || S and consider

Tyn(m +1,n)S3 = Ty(m,n)(1 + A7, (m,n))S3.

Evaluating the quaternionic Hermitian form (1 + A7y, (m,n))S® on f(m,n)
and f(m + 1,n) as a basis of H?, the equations (5.49) yield

(1 + A7 (m, 1)) S3(f(m, n), f(m,n))
= arag S (f(m,n), f(m,n)) = 0,

(1 + AT (m,n))S?(f(m + 1,m), f(m,n))
= msg)(f(m—i_l?n)vf(mvn))a and

(1 + A (m,n))S%(f (m + 1,m), f(m +1,n))
= Sg(f(m+17n)7f(m+17n)) = 0,

since S3(f, f) = 0 when f : Z2 — S3 takes values in S3. Hence T (m+1,n)
preserves,2) with Ty (m,n) and (1+ A7, (m,n)), our 3-sphere S. A similar
computation applies to T (m,n + 1), and we have proven a discrete version
of §5.5.16.

As a trivial consequence, the Calapso transform f) of a codimension 1
isothermic net f : Z? — S3 takes, up to Mdbius transformation, values
in that same 3-sphere. Moreover, the relation between the Darboux and
Calapso transformations that we established in §5.7.20 provides us with a
similar assertion for the Darboux transforms f = Ty Leonst of f: Choosing
const € S3, the Darboux transform f will take values in S since Ty !
preserves, with T, our 3-sphere.

Summarizing, we have the following:

5.7.22 Lemma. Let f : Z? — S3 be an isothermic net with values in some
3-sphere S3. Then its Calapso transformation Ty can be chosen to preserve

82) For this conclusion we need the function a to be real.
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that 3-sphere. Moreover, the Calapso transform fx and a 3-parameter family
of Darboux transforms f =T, Leonst then takes values in that 3-sphere.

5.7.23 Now we turn to the various permutability theorems for our trans-
formations of discrete isothermic nets — here we will adopt the notation
conventions from Section 5.6.
Clearly, the Christoffel transformation is involutive. This follows directly
from the defining formulas in §5.7.7 and the fact that the Christoffel trans-
a

form {* of an isothermic net § with cross-ratios ¢ = § is isothermic with a
cross-ratio ¢* =

5.7.24 Theorem. The Christoffel transformation is involutive, C? = id.

5.7.25 This was the only fact that we used to derive that the Goursat
transformations of an isothermic surface behave like the M6bius group in the
smooth case (see §5.3.5). Thus we have the same “permutability” behavior
in the discrete case:

5.7.26 Theorem. The Goursat transformations act as a group on discrete
isothermic nets: G, G, = Guiop,-

5.7.27 To derive the discrete analog of Bianchi’s permutability theorem for
the Darboux transformation in §5.6.6, we employ the same method as in the
smooth case: Given two Darboux transforms f1 D, f and f2 D, f of
an isothermic net f, we construct the fourth net f by solving the cross-ratio
condition

[f; fus fus fo] = 32

for f (see (4.27)). Now, restricting our attention to, say, the m-edges of the
four nets, the hexahedron lemma tells us that

[fg(m,n);fg(m+ 1,n);f(m+ 1,n);]f(m,n)] = M\a(m) and
[fl(mvn); fl(m + 17n); f(m + 1}”); f(m7n)] = )‘2a<m)

(see Figure 4.4). Since a similar argument works for the n-edges of the
nets, we learn that f such constructed is a D), -transform of fg and a Dy,-
transform of fl at the same time and, as such, is an isothermic net with a
cross-ratio § = ¢1 = q2 = q:

5.7.28 Theorem. If fz Dy, f,1=1,2, are two Darboux tmnsforms of an
1sothermic net f, then there is a fourth net f satisfying [f; fi; f fg] = )\1

that is a Dy, -transform of f1 and a Dy, -transform of fg at the same time,

Dy, Dy, = Dyx,Dy,.
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5.7.29 Next we want to obtain the l-parameter group property for the
Calapso transformation (compare §5.5.9): If T}, is the T),-transformation
for an isothermic net f and T ;‘21 denotes the T),-transformation for the

Calapso transform fy, = Ty, f of f, then Ti‘; o Ty, gives the Ty, 4x,-

transformation for f. Thus we want to show that Ti‘; o T, satisfies the
system (5.48) defining the Calapso transformation with A\; + A2 as a param-
eter. Employing the fact that T\, and T i‘; satisfy (5.48) with retraction

forms 7 and 7™ of f and fy,, respectively, this reduces to

TQ; (1 4+ Ao )T, (1 4+ A7)
Tj; (14 X)) T, (1 + A7)

T3 Ty, (1+ (A1 + A2)7)  and
T3 Do, (14 (A + A2) 7).

!
!

Evaluating both sides of the first equation on f(m,n) and f(m + 1,n), as
a basis of H?, and the second equation on f(m,n) and f(m,n + 1), our

eigenvector equations (5.49) provide the desired result since a*t = =xia’

and likewise for b** (see §5.7.16). To ensure regularity we have to require,
for all m,n € Z,

)\17£a(1n) and A27éa—xll(m) < )\1+)\27£a(1n)7
Al#ﬁ and Aﬁﬁ(n) & )\1+)\27éb(1—n).

Thus we have proved the following discrete analog of §5.5.9, where, for
simplicity of notation, we drop the superscript of the second transformation:

5.7.30 Theorem. If T\, and T, denote the Calapso transformations for
an isothermic net f and its Ty, -transform fx, = T, f, respectively, then

T)\z T)\l = T>\1 +A2

15 the Tx, 4, -transformation for f; here, choosing A1, A\1 + Ao # #m), ﬁ

for all m,n € Z ensures that the occurring transformations are regular.

5.7.31 Now we turn to the permutability theorems that intertwine dif-
ferent isothermic transformations. First we address the permutability of
the Christoffel and Darboux transformations given, in the smooth case, in
§5.6.3. Thus let § denote an isothermic net with Christoffel transform f*
and Dj-transform f, and consider §* := §* + %(f —§)~!. Then, employing
the Riccati system (5.47) for f,

On(f — F)m,m)
= —Omf"(m,n) + A[5(F = )~ 1(m, n) Omf(m, n)|
871(](* - V)(ma n) R
= —0nf*(m,n) + A[5(F = )~ (m,n) Onf(m,n)|

(f =) ""(m+1,n),

>|=

(f=H~(m,n+1),
(5.50)

>
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that is, ]E* satisfies the Riccati system — here we use f = {** from §5.7.24 —
and is therefore a Darboux transform of f*. On the other hand, using the
symmetry of (5.47) in the endpoints of corresponding edges of an isothermic
net and its Darboux transform, (5.50) together with the Riccati system for
f yields

Onf)Onf?) = (=D Ouf)OnD-T) = a and
0f) (Ouf*) = F=DT'Ouf)@af) G—1) = b,

so that f* is identified as the Christoffel transform of f by (5.43). Thus,
completely analogous to the smooth case, we have:

5.7.32 Theorem. If {* and f denote the Christoffel tmnsfarm and a D)y-
transform of an isothermic net f : Z2 — H, then [* = {* + (f —f)lisa

Dy -transform of f* and the Christoffel transform off at the same time,

CDy = D,C.

5.7.33 Most important for the study of horospherical nets will be the effect
of the Calapso transformation on Christoffel or Darboux pairs, respectively.
Again, a proof can be carried out entirely analogously to the smooth case in
§5.6.10: There, the key observation was that, writing the discrete isothermic
net f = vg + vf and its Christoffel transform f* := vy + voof* in terms of
affine coordinates, the Calapso transformation 7% of f* is given by

T = T (VooVoo + A(V0 + Voo f) (M0 — Vo)) = Th (Voo Voo + Affh). (5.51)

As in the smooth case, it is straightforward to verify that 7% defined in this
way integrates the retraction form

To(m,m) = f*(m,n) Onf(m,n) f*(m +1,n)
Ta(m,n) = f*(m,n) Ouf(m,n)f**(m,n+1)

of f*, given as in (5.42):

T (M, 1) (Voo Voo + A f*H (M +1,1)) = (VooVeo + A ff (M, n)) 75 (m,n),
Tn<m7 n)(vOOVOO + )‘ff*L(mvn + 1)) = (UOOVOO + )\ff*L(m,n))T;:(m, n)

Now, it follows that fy = T f* = Thve, so that T;lfj{ = const. On the
other hand, by §5.7.30, T/\_1 = T_) is the T_ -transform of f), so that we
deduce with §5.7.20 that f} is a D_x-transform of f). This provides a slight
variation of our proof in the smooth case, which we gave in the context of
the curved flat®) approach to the Calapso transformation in §5.5.20.

83) This would also be a good point at which to discuss a discrete version of the curved flat
approach to isothermic surfaces (cf., [150]). We leave it as an exercise for the reader.
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For the converse, that the T)-transforms of a Dy-pair of isothermic nets
can be stereographically projected to give a Christoffel pair of isothermic
nets in H, we refer the reader to our proof in the smooth case (see §5.6.11):
It may serve the reader as an exercise to verify the claim for the discrete
case.

Anyway, we have the following permutability, as in §5.6.10:

5.7.34 Theorem. The T -transforms of the members of a Christoffel pair
(f*,f) of isothermic nets in a Euclidean space form, if properly positioned
in the conformal 4-sphere,8®) a D_\-pair.

Conversely, the Tx-transforms of a Dy-pair (f, f) of isothermic nets
i the conformal 4-sphere form, after suitable stercographic projection, a
Christoffel pair in Fuclidean 4-space:

T)\C = D,)\T,\ and T)\D)\ = CT)\.

5.7.35 As in §5.6.15, this theorem can be “generalized” to obtain a per-
mutability that intertwines the Darboux and Calapso transformations for
different parameters, A and p: To prove that theorem, we only used prop-
erties of the Darboux and Calapso transformations that we also proved in
the discrete case by now. Hence the proof is also valid in the current setup:
TAD,T5 " = Th yTuD, T T3 = Th yCTy L, = Dy

We also obtain the very same formula for Ty as in §5.6.15: If ( i f ) denotes
the original D,,-pair, then we have

T =Ta(1=2 f(fX)1 ).

Similarly, our permutability scheme in Figure 5.9, showing the intertwining
of the Calapso transformation and the permutability scheme for the Dar-
boux and Christoffel transformations, also holds in the discrete setting: It
shall be another exercise for the interested reader to verify this claim by
carefully analyzing the proof of the smooth version.8%) This permutability
scheme becomes crucial when discussing the notion of duality, introduced
by M. Umehara and K. Yamada in [287], for horospherical nets (see [150]),
or for (smooth) horospherical surfaces (see [153]).

Finally, our permutability theorem in §5.7.34 directly provides the dis-
crete analog for our permutability theorem that established the effect of the

84) Remember, from §5.7.18, that the Calapso transform of an isothermic net is only well
defined up to Mébius transformation (cf., §5.5.6).

85) 1 fact, our proof in the smooth case is just a smooth version of the proof given in [150].
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Calapso transformation on different D ,-transforms of an isothermic surface
(cf., §5.6.20):

5.7.36 Theorem. If fi, 1 = 1,2, denote two Dy-transforms of the same
1sothermic net f, then their T-transforms are, after suitable stereographic
projections, Goursat transforms of each other.

Conversely, the T\-transforms of two discrete isothermic nets that are
Goursat transforms of each other are, when properly positioned, D_ y-trans-
forms of the same isothermic net, namely, the T\-transform of the Christof-
fel transform of either of the two original nets.

5.7.37 Example. To conclude this chapter we are going to discuss a dis-
crete analog of horospherical surfaces in hyperbolic space. Remember that
we derived two different characterizations for horospherical surfaces in terms
of isothermic transformations: on one hand, as Calapso transforms of min-
imal surfaces in Euclidean space (see §5.5.29) and, on the other hand, as
Darboux transforms of their hyperbolic Gauss maps (see §5.6.13). Thus
we have two different options for defining horospherical nets via isothermic
transformations — here we want to see that both options provide the same
class of isothermic nets.

First we define, with [32], discrete minimal nets via the Christoffel trans-
formation,®®) conforming with our characterization for minimal surfaces
from §5.2.10:

An isothermic net § : Z? — Im H is called a minimal net if its Christoffel
transform * is totally umbilic, that is, it takes values in a 2-sphere.

Without loss of generality (this amounts to a choice of factorization ¢ = §
of the cross-ratios of f) we may then assume that n := §* : Z2 — S? takes
values in the unit sphere — this net will then be called®” the “discrete
Gauss map” of the minimal net f. In [30], the authors also provided a
geometric characterization for these nets that corresponds to the fact that
a minimal surface has opposite principal curvatures at any point.

Since the Calapso transformation of a net into a 3-sphere can be chosen to
preserve that 3-sphere (see §5.7.22), it also transforms totally umbilic nets
into totally umbilic nets — or, otherwise said, the Calapso transformations
of a “discrete holomorphic net” are complex (cf., §5.5.27) — because those
can be described as nets taking values in the 3-spheres of an elliptic sphere
pencil (see Figure T.3). As a consequence, by our permutability theorem in
§5.7.34, an isothermic net has a totally umbilic Darboux transform if and
only if it is a Calapso transform of a discrete minimal net. Consequently,

86) Note that there are other ways of defining discrete minimal nets, for example, as solutions
of a variational problem, as in [223].

87) Note that this discrete Gauss map will be a discrete holomorphic map in the sense of [193].
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the two options for defining horospherical nets as a discrete analog of horo-
spherical surfaces via isothermic transformations that we proposed above
describe the same class of isothermic nets.

An isothermic net f : Z? — S will be called horospherical if it possesses
a totally umbilic Dy-transform n : Z? — S? or, equivalently, if its T-
transform can be stereographically projected to become a minimal net.

Fig. 5.14. Calapso transforms of a discrete catenoid

The totally umbilic Darboux transform n of a horospherical net provides
an analog for the hyperbolic Gauss map, the “discrete hyperbolic Gauss
map” of the horospherical net that determines the hyperbolic ambient space
for the horospherical net. The minimal Calapso transform fy : Z% — Im H
of a horospherical net will be called its “minimal cousin,” and the Gauss
map (Christoffel transform) ny of this minimal cousin will be its “secondary
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Gauss map”: We obtain an entirely analogous situation as in the smooth
case (see [42]).

Finally, note that the hyperbolic Gauss map and the parameter A do not
determine the horospherical net uniquely: There is a 3-parameter family®®)
of Dy-transforms of a given isothermic net. The effect on the minimal cousin
is a Goursat transformation, as we learned from our permutability theorem
in §5.7.36. On the other hand, its secondary Gauss map determines the
minimal cousin uniquely, and therefore it determines the horospherical net
uniquely up to Mobius transformation, that is, up to identification of the
“canonical” ambient hyperbolic space. Also, this behavior conforms with
the behavior of smooth horospherical surfaces.

Figure 5.14 shows the Calapso transforms of a discrete catenoid. Similar
to the way in which the Enneper cousins in Figure 5.12 were determined
by solving a complex version of the linear system for the Calapso transfor-
mation (see §5.6.21), here we solved the corresponding discrete system with

. m4in _ m+tin . . . .
—je?™ 20 and e 220 j as a Christoffel pair of “discrete holomorphic
functions.”

88)

Corresponding, for example, to a choice of initial value for the system (5.46).



Chapter 6
A Clifford algebra model

In this chapter we make our first contact with the Clifford algebra approach
to Mobius geometry. More common than the approach that we discuss here
is a use of the Clifford algebra that, in some sense, generalizes the quater-
nionic model that we discussed in the preceding two chapters — a model that
uses “Vahlen matrices,” that is, certain 2 x 2 matrices with Clifford algebra
entries (see, for example, [47], [189], or [288]). This Vahlen matrix approach
will be discussed in the following chapter — as an enhancement of the model
presented in this chapter. However, besides the fact that we will use the
material from this chapter in the following chapter on Vahlen matrices, the
model presented here is of its own interest, as the application to orthogonal
systems in Chapter 8 should show; for that reason it got its own chapter.
The model that will be presented here is, in some sense, simpler than the
Vahlen matrix approach: It is a direct reformulation of the classical model
from Chapter 1 using the Clifford algebra AR?*? of the space of homoge-
neous coordinates R} "2 of the conformal n-sphere S™ (see §1.1.2). Besides
gaining an additional algebraic structure from this, the major achievement
will be that (orientation-preserving) Mobius transformations are then de-
scribed by elements of the spin group Spin(R}"?) ¢ AR}, These two
features will, for example, turn out to be very useful in our discussions of
discrete analogs of “Ribaucour pairs” of triply (multiply) orthogonal sys-
tems and the related “discrete Ribaucour sphere congruences” in the first
part of Chapter 8.

The key point in developing this Clifford algebra model is to interpret
certain “pure” elements of the algebra geometrically. For this purpose we
will adopt the point of view that the underlying vector space of the Clifford
algebra is the exterior, or Grassmann, algebra for which the relation with
geometry is well known'); see, for example, [63], [155], or Grassmann’s orig-
inal expositions [130], [133] (cf., [132]; see also [303]). Then, we will replace
the exterior product® by the “Clifford product” and study its properties,
loosely following [117]. Prepared in this way, it will then be an easy ex-
ercise to reformulate many facts from the classical model in terms of the
Clifford algebra. In addition, we will derive a formula for the cross-ratio

1) However, it is an unfortunate fact that in most modern textbooks on multilinear algebra
one can no longer find this relation to geometry — even though it was geometry that led to
its discovery, as indicated by the original term “geometric algebra.”

2) Grassmann himself already considered various products for the “geometric algebra,” com-
prising the interior and exterior products as well as all kinds of combinations of those, including
the Clifford product [131] and quaternionic multiplication [134]; see [77] and [76].
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of four points in the conformal n-sphere as a key ingredient for the theory
of discrete orthogonal nets and their Ribaucour transformations, which we
will need in Chapter 8.

The contents of this chapter are organized as follows:

Section 6.1. Some basic facts on the Grassmann algebra of a vector space
are recalled, and notations are fixed.

Section 6.2. In this section we introduce the Clifford product on the Grass-
mann algebra of an inner product vector space, thus giving a definition
of the Clifford algebra of this vector space. As an example, we show
that the Clifford algebra of the Euclidean plane is isomorphic to the
quaternions. Basic algebraic facts are proved, and the commutator and
anticommutator are investigated.

Section 6.3. Two involutions are introduced on the Clifford algebra: the
order involution and the Clifford conjugation. Those become important
in order to describe the (twisted adjoint) action of the Clifford group on
the underlying vector space. The representation of the Clifford group
on the orthogonal group of the vector space is used to show that any
element of the Clifford group is the product of vectors.

Then the pin and spin groups are defined, and it is shown that the
subgroup Spinj (n + 2) is the (double) universal cover of the group of
orientation-preserving Mobius transformations of S™.

Section 6.4. The Clifford dual is introduced, and its relation with the Hodge
operator is investigated. Representations for points and k-dimensional
spheres in S™ by elements of the Clifford algebra are given; the Clifford
dual is used to identify different representatives. The intersection angle
of two k-spheres in S is discussed.

Section 6.5. A formula for the (complex) cross-ratio of four points in the
conformal n-sphere is given and interpreted geometrically.

Section 6.6. The notion of an envelope is generalized to arbitrary dimen-
sions, and enveloping conditions that make use of the Clifford algebra
setup are derived. The notion of a contact element is introduced.

Section 6.7. A notion of an adapted frame for a pair consisting of a map
into the conformal n-sphere and a congruence of m-spheres is introduced.
The connection form and the compatibility conditions are examined, and
the geometry of the occurring forms is discussed.

Remark. The reading of this chapter requires knowledge of the classical
model of Mobius geometry, as presented in Chapter 1. The material pre-
sented here will be used in the following chapter on Vahlen matrices.
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6.1 The Grassmann algebra

First we recall a couple of facts about the Grassmann algebra, also known
as the “exterior algebra” over an m-dimensional vector space V: This is a
2" -dimensional vector space AV = @?:OA’“V, equipped with the “exterior
multiplication” A : AV x AV — AV such that A°V = R, A'V =2V C AV
and the subspaces A¥V C AV are spanned by e;, A ... Ae;,, i1 < ... <ig,
when (eq,...,e€,,) denotes some basis of V. Hence, dimA*V = (7;:), so that
we have dimAV = ", () = 2™ indeed.

The A-product is an alternating product, so that the product v1 A... Avg
of k vectors v; = Ezl vije; € V,i=1,...,k, can be expressed in terms of
the determinants of k x k submatrices of the coefficient matrix,

Vil Vigk
viA LAY =00 o det ceiy AN A€, .

Vigl Uik
Note that A¥V A AW C AFTV | which identifies AV as a “graded algebra.”

6.1.1 The elements of A¥V C AV are called “k-vectors,” and v € AFV is
called a “pure k-vector,” or “blade,” if it can be decomposed as a product
of k 1-vectors, v = v A ... Avg, v; €V = A'V. Note that v A... Av, #0
if and only if the vectors v; are linearly independent.

6.1.2 The link to geometry is given by the following observation: Two
pure k-vectors v = v; A ... Avp, 0 = wy A ... ANwy € APV are linearly
dependent (parallel) if and only if the k-dimensional subspaces spanned
by the respective vectors coincide, span{vi,...,vx} = span{wi,..., wx}
(see [63]). In fact, this was one of the observations that led Grassmann in
[130] to introduce his notion of “geometric algebra,” and it is the fact that
makes the Grassmann algebra a canonical object to work with in projective
geometry (cf., [155]).

As a consequence, we obtain an embedding of the Grassmannian of k-
planes in V into the projective space PA*V of 1-dimensional subspaces in
A¥V. Note how the “A-notation” that we occasionally used earlier (see, for
example, Figure T.1) has now been supplied with a deeper meaning.

6.1.3 In the case of a 2-vector v € A%V, decomposability can be detected
taking an exterior product®: v is decomposable if and only if v A v = 0.
This condition is known as the “Pliicker relations”; when V = IR*, that
is, for lines in projective 3-space, the Pliicker relations become one scalar
equation defining the “Pliicker quadric” in PA2V = RP® (see [161]).

3) The “only if” part is trivial since A is an alternating product; for an idea of proof of the
“if” part see below.
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6.1.4 Given an “inner product®” (.,.) on V, there is a canonical extension
to the Grassmann algebra given by A*V L A'V for | # k and, on A*V, by

(Vi A A v, w AL A wg) = det((vi, W) =1, m-

6.1.5 In case this inner product is positive definite, the length |v| of a pure
k-vector v = vy A ... A v is the volume of the parallelotope spanned by the
vectors v; (see [63]).

However, we will eventually use the Minkowski product on the space
R of homogeneous coordinates of the classical model space for M&bius
geometry — only being interested in the signature of the induced inner
product on k-dimensional subspaces. Thus we note that, in the case of a
Minkowski inner product (.,.), the sign of |v|?, where b = v; A ... Avy is a
pure k-vector, is the signature of the induced metric on spanf{vy, ..., vg}.

6.1.6 In the presence of a nondegenerate inner product, the space A2V can
be identified with the orthogonal algebra o(V'): Fixing vy,v9 € V,

w = (v1 Avg)(w) 1= (w,v1)ve — (W, v2)v1

assigns®) a skew-symmetric transformation to vi Ave € A?V. Because a basis
of A2V is mapped to a basis of o(V), this map extends to an isomorphism
between linear spaces.®

6.2 The Clifford algebra

Now let V' be equipped with a (possibly degenerate) inner product (.,.). To
obtain the associated Clifford algebra AV, or algebra of “alternions,” as it
is called in some cases (cf., [243]), we equip AV (as a vector space) with
another product:

6.2.1 Lemma and Definition. An associative product, the Clifford prod-
uct, - : AV x AV — AV, can be uniquely defined by the scalar and vector
multiplications

a-v=av="uv-a for acA°V,v € AV,

vow=—{v,w)+vAw for wv,we AV (6.1)

4) This term was apparently also coined by Grassmann: See [131] for an explanation.

5) As an exercise, the reader should convince himself that this actually assigns a skew sym-
metric endomorphism to vy A ve, that is, that the endomorphism does not depend on the
representation of v1 A vy as a product of two vectors.

6) This identification can actually be used to prove that the above Pliicker relations indeed
characterize decomposable 2-vectors, by using normal forms of normal endomorphisms and the
fact that v1 A v is decomposable if and only if the corresponding endomorphism has rank 2.
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The algebra AV = (AV,-) is called the Clifford algebra of (V,(.,.)).

6.2.2 Proof. It suffices, by bilinearity, to show that (6.1) uniquely defines
the products of the elements of a basis of AV. Thus, let (ey,...,e,) be an
orthonormal basis of (V,(.,.)), that is, (e;,e;) = €;0;; with ¢; € {—1,0,1}.
Now observe that, by (6.1), scalars commute with vectors while the basis
vectors anticommute,

ei'ej:ei/\ej:—ej/\ei:—ejwei

for i # j. Thus, using associativity, the product of any basis elements of
AV becomes

(e,-l/\.../\eik)-(ejl/\.../\ejl) = (eil-...-eik)-(ejl-...-ejl)

= €iq - '€ik'€j1~...'6jl,

which now can be computed from (6.1) by interchanging vectors until all
equal indices have been eliminated and the remaining product has been
rearranged to again be one of the basis elements of AV.

Existence is clear — note that the expressions in (6.1) are bilinear. <

6.2.3 The decomposition AV = @?:OA’“V, in general, no longer provides
a grading for the Clifford algebra AV, AFV - AV ¢ AV . However, from
the above proof we learn that A*V-A'V € @?iéAj V', so that AV is a filtered
algebra, AV c A'V C...Cc A™V = AV with A*V = @?"ZOAJV.

An exception is the case when the scalar product (.,.) = 0 vanishes iden-
tically: In this case, the Clifford algebra becomes the Grassmann algebra,
AV = AV.

6.2.4 Example. As an example, we consider the Clifford algebra of the
Euclidean plane R?: Choosing an orthonormal basis (e1,es) =: (j, k) and
denoting ejey =: i, we have AR? = R @ span{i, j, k}. Computing pairwise
products we find

jk=1=—kj, ki=j=—ik, ij=k=—ji, and i®=j%2=k>=—1.

Thus the Clifford algebra AR? = H is isomorphic to the field of quaternions
(cf., [134], [76]).

6.2.5 In our applications we will need to compute Clifford products of
nonorthogonal vectors. Thus it will be convenient to have some formulas
that give the product of a vector with a pure k-vector, generalizing (6.1).
The following formulas (from now on we suppress the “”) are easily ver-
ified for orthonormal (basis) vectors: Since the occurring expressions are
obviously linear in each entry, this is enough to prove the lemma.
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6.2.6 Lemma. For vectors vy, ..., v, w € AV we have:
w(vp Ao AvE) = wAvL AL AU
k .
+ i (CDTur A A (w,vg) AL A g, (6.2)
(A Av)w = v A AV Aw ’

+ 3 (CDE I AL A (w0 AL A

6.2.7 Thus A'V-A*V c A*"1V@A*1V and, depending on k, the A*~1V/-
and AFT1V_parts are the symmetric and antisymmetric parts, or vice versa:

AV for k=0 mod 2,
A=V for k=1mod 2,
A1V for k=0 mod 2,
AV for k=1 mod 2.

wwp A AvE)F (v AL A w €

wwr Ao Avg) — (L Ao A w € {

Introducing, for v, 1w € AV, the symmetric and skew parts of their product,
{v,r0} :=vrw+wov and [v,t0]:= v — 1OV, (6.3)

we may reformulate these properties as

A=V for k=0mod?2
ALYV for k=1mod 2.

Ak—|—1v

{A1V7 Akv} € {Ak—lv )

ALV, A*V] € {

In particular, {v,w} = —2(v,w) and [v,w] = 2v A w for v,w € A'V. Also
we derive that, for v € A*V and w € A'V, we have

1 L=
b AW — { {o,w} if k=0mod?2,

g[b,w] if k=1mod 2.

For the other part of the product we state formulas, for k = 2, 3, similar to
the one expressing double cross-products in terms of the scalar product:

[v1 Avg,w] = {w,va} vy —{w,vi}vy for vy, v, w € AV, (6.4)
{foAv,w} = {v,wlo—[o,w]Av for ve AV v,weAlV. V7
We leave these as an exercise for the reader,”) as well as the next, which
now is a straightforward computation:

(U102U304 + U4'U3’U2'Ul) = V1 ANva Av3 Ay
+ i{vl,UQ} {U3,U4} - i{vlaviﬂ} {U27U4} + i{vlav4} {U27U3}.

N[ —

(6.5)

7) Hint: Prove the second for decomposable 2-vectors v = v A va.
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Note that this sum of two quadruple products takes values in A°V @& A4V.

6.2.8 The first of the two formulas (6.4) shows that any v € A%V defines
an endomorphism A'V 3 w + [0,w] € A'V. Moreover, it is easy to check®

that
0 = A{fo, 0], w} +{v, o, w]},
[b,oAw] = [o,0] Aw+v Ao, w).

The first equation shows that the above endomorphism is skew with respect
to {.,.}, that is, [v,.] € o(V) when the scalar product {.,.} = —2(.,.) is
nondegenerate.

The second equation implies that [A%2V,A2V] C A?V. Combining this
with the fact that the commutator [.,.] : AV x AV — AV makes the Clifford
algebra AV a Lie algebra — it is straightforward to check the Jacobi identity

0 = [v, [r0, 1] + [, [r, v]] + [x, [0, 0]

for any v,tv,r € AV — we find that A%V is, equipped with [.,.], a Lie
subalgebra. In fact, since we have [, [w,v]] — [to,[v,v]] = [[v,w],v] for
v,t0 € A2V and v € AV, the map A2V 2 v — [v,.] € o(V) is a Lie algebra
homomorphism.

Contemplating the first equation in (6.4) for v being given in terms of an
orthonormal basis of V' (for the nondegenerate inner product (.,.)), we see
that the homomorphism v +— [v,.] injects. Then, since dimA2?V = dim o(V),
it is a Lie algebra isomorphism.

When comparing the first of the two formulas in (6.4) with the one in
§6.1.6, all of this is indeed no surprise.

6.3 The spin group

Since we recovered the orthogonal algebra o(V') as sitting inside the Clifford
algebra, we might expect to find a copy of the orthogonal group in AV:
Indeed, we will recover a double cover of the (special) orthogonal group
inside AV, the (s)pin group. For a more detailed account of the covered
material, see [224].

6.3.1 As a first step, we introduce two involutions on AV:

(i) v+ 0: the “order involution,” an automorphism of AV, and
(ii) v — b: the “Clifford conjugation,” an antiautomorphism of AV,
both of which satisfy ? = v = —v for v € A'V = V.

More explicitly, we can define the order involution by

b = (—1Fv for ve AV

8) The second equation becomes easy when using v A w = %[v, w]. In fact, it is just a special

case of the Jacobi identity on AV, given below.
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Clearly, v — b such defined is linear with eigenvalues +1 and eigenspaces
A*V. Fixing an orthonormal basis (e1,...,ey) of (V,{.,.)) and computing

(A) of a product of basis elements,
(eil VANV eik) . (ejl VAN ejl) € Di<k+l, i=k+lmod QA/L"/,

we learn that oo = (—1)**orw = 0w for v € AFV and v € A'V. As a
consequence, v — b is verified to be an automorphism of AV, that is,

pw = ow for v, e AV.

The Clifford conjugation, on the other hand, has to act — since it should
be an antiautomorphism, that is,

po = o for v,we AV

— on the basis elements by

(eil/\.../\eik) = (eil-...-eik) == (eiku..-eil)

which uniquely fixes v — b as an endomorphism:

E(k+1)

b = (=1)"=z v for veAFV.

Note that both maps v — v and v — b are involutions, that is, b=0=0
for all v € AV.

6.3.2 Now suppose that the inner product (.,.) on V is nondegenerate. We
consider the “Clifford group?”

['(V):={se€ AV |s ! exists and sVs~! C V}

acting on V via the “twisted adjoint action” (s,v) — r(s)v := svs~!. Now

(r(s)v)? = —(svs™')(sv5 1) = —svslhisTl = 02
showing that I'(V') acts on V' by isometries. In particular, since (.,.) is non

degenerate, each r(s) is an orthogonal automorphism (with respect to the
linear structure on V = A'V), that is, 7 : T'(V) — O(V).

9) Clearly, I'(V) is closed under multiplication; since (r(s)) ™! = r(s~!), it is also closed under
taking inverses.
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Clearly, r : I'(V) — O(V) is a representation of I'(V), that is, r is a
group homomorphism, 7(ss) = r(5) o r(s) for all 5,5 € T'(V).

Next we want to determine the kernel of this representation: Thus we
seek those s € I'(V') that satisfy

[s+50 = 0

(s—4v} — 0 (6.6)

sv = U§ & {
for all v € A'V, where the equivalence is obtained by taking (A) of the
equation and adding and subtracting the two equations obtained. Note
that b — © has the even, respectively odd, grades of AV = &7 A*V as
its +1- and —1-eigenspaces. Since {A'V,A*V} c A¥~1V for odd k and
[AYV,AFV] € A*=1V for even k, we find that s — 5 = 0 and 5 + 5 € A°V,
by staring at (6.2).

We summarize these results in the following

6.3.3 Lemma. The map r : (V) — O(V), (s,v) — r(s)v = svs~!, is a
representation of the Clifford group with kernel A°V \ {0} = R\ {0}.

6.3.4 Example. As an important example we examine the orthogonal
transformation given by r(s), where s € A'V = V: First note that s—1
exists as soon as |s|? = —s? # 0 since, in this case, s~ = —#s. Then

1 2

2

r(s)v=—svs™' = R SUs = W(—U 2+ {s,v}s)=v— W<U’S> s

is the reflection in the hyperplane s C V.

6.3.5 Asfor §1.3.17, we can now employ a result from linear algebra, saying
that any pseudoorthogonal transformation on RJ" is a composition of at
most m reflections in nondegenerate hyperplanes (cf., [66]), to state that
any element s € I'(V') of the Clifford group is a product of at most m (where
m = dimV’) nonisotropic vectors s; € I'(V)NAV. Because we assumed the
inner product (.,.) on V' to be nondegenerate, we have (V, (,,.)) = R with
some signature 0 < 5 < m. Thus there are nonisotropic s; € V, 1 <k <m
and s? # 0, so that

r(s) =r(sy)o...or(sg) =r(s1---Sk).

And, since the kernel of r : T'(V) — O(V) is just R\ {0}, we conclude that
5 = Asy - -+ s for some A € R\ {0}. Hence, after possibly replacing s; by
As1, we obtain

6.3.6 Lemma. Any element s € I'(V), s & R\ {0}, of the Clifford group
is the product s = s1--- sk of k < m = dimV wvectors s; e T(V), 1 <i < k.
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6.3.7 With this we now find that

65 = (81 -8k)(S1-+Sk) =8k 5181 Sk = Hle |5;]? € R\ {0}.
(6.7)

Thus “normalizing” the elements of the Clifford group imposes one real

condition; in this way we obtain the pin and spin groups of (V, (.,.)):

Pin(V) = {seT(V)|ss = +1},
Spin(V) = {se Pin(V)|s=sl.

By §6.3.6 we can write an element s € Pin(V') as a product § = s1 - - - s, of
vectors; from (6.7) we learn that the s;’s can be chosen in Pin(V), s? = +1.
Moreover, since

§=(s1--55) =818 =(=1)Fs1-- sy,

any element s € Spin(V) is an even product of vectors s;, s? = £1. As a
consequence, the corresponding orthogonal transformation r(s) € SO(V) is
orientation-preserving.

We collect these results in a corollary, including the obvious consequence
that the “normalization” in the definition of Pin(V') has on the kernel of
the restriction of the representations r : Pin(V) — O(V) of the pin group

and 7 : Spin(V) — SO(V) of the spin group, respectively:

6.3.8 Corollary. Any element s € Pin(V), or s € Spin(V), is the prod-
uct'® of k < m = dimV wvectors s, s? = +1, where k = 0 mod 2 is even
when s € Spin(V):

Pin(V)
Spin(V) = (Il silsi €V, s

|
-
i
—_
»
S
w
S
m
=
w

Moreover, the (twisted for Pin(V): r is not twisted in case of Spin(V)
where § = s) adjoint actions

r: Pin(V) — O(V), s— [Vov—svsteV] and
r:Spin(V) — SO(V), s—|[VovsvsteV]
define representations of Pin(V') and Spin(V'), respectively, with kernel £1.

6.3.9 Finally, we compute the Lie algebras of Pin(V) and Spin(V'), that is,
their tangent space(s) at s = 1. For that purpose, let s = s(t), t € (—¢,¢),

10) The empty product is defined to be H?lei = 1.
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be a curve with s(0) = 1 in Pin(V'), or Spin(V); let v € V denote any
vector and v(t) := r(s(t))v, so that v(0) = v. Then
v = v (5(0)7t —5(0)v(5(0) 18 (5(0))" = sv—wvs, (6.8)
where (.) denotes the derivative at ¢t = 0. Taking (.) of (6.8) and taking
sum and difference of the two equations'? we obtain
{¢/ =8 v} = 0 and [ +5,0] = 20 €V =AWV

Using a similar argument as the one we used to determine the kernel of r
from (6.6), we deduce that 5’ = ¢’ and s’ € A2V. On the other hand,

0 = (ss) = & +59,
so that ' must be in the —1-eigenspace of (.); hence ' € A2V by §6.3.1.
Thus we have proved that the Lie algebra of Pin(V'), as well as that
of Spin(V), is A2V. Moreover, the differential dir : A2V — o(V) of the
(twisted) adjoint representation is exactly the Lie algebra isomorphism con-
sidered in §6.2.8. As a consequence, the (identity components of the) two

groups Spin(V) and SO(V) are locally isomorphic (see [140]). In fact,
r: Spin(V) — SO(V) is a double cover of SO(V') since its kernel is +1.

6.3.10 Theorem. If V carries a nondegenerate inner product (.,.), then
the adjoint representation
r:Spin(V) — SO(V), s—r(s)=w3Vi—svs!eV]
is a double cover of SO(V') with differential
dir :spin(V) = A2V — o(V), v+ dir(v) = [o,.].

6.3.11 One can say more in the cases (V, (.,.)) = R}*, m > 3and k € {0, 1},
which are of particular interest to us. Then the groups Spin(R™) and

Spint (RT) := {s € Spin(R) |55 = +1}

are simply connected (see [189]), so that they are, in fact, the double univer-
sal covers of the (identity components of the) respective orthogonal groups
SO(m) and SO (m), the group of orientation- and time orientation—
preserving Lorentz transformations. But SO7 (n + 2) is just the group of
orientation-preserving Mobius transformations of the conformal n-sphere!?):

6.3.12 Theorem. The group Spin} (n+2) := Spint (R}?) is the double,
universal cover of the group of orientation-preserving Mobius transforma-
tions.

11) ppig argument becomes unnecessary in the Spin(V') case since, in this case, § = ', anyway.

12) Gee §1.3.14: Here we can argue that any orientation-preserving Mobius transformations is
generated by an even number of inversions (cf., §1.3.17), just as any Lorentz transformation

in SOf(n + 2) can be generated by an even number of reflections in Minkowski hyperplanes.
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6.4 Spheres and the Clifford dual

After these preparations, we now want to return to our mission: to estab-
lish a Clifford algebra model for Mobius geometry. We already saw in the
previous section how the group of (orientation-preserving) Mé&bius trans-
formations appears in this context via the spin group Spin] (n + 2). Also,
points and hyperspheres can be described, just as in the classical model, by
isotropic and spacelike vectors. However, by our discussions on the “geomet-
ric algebra” in §6.1.2, spheres of any dimension k£ can now be described as
decomposable spacelike (n — k)-vectors or, equivalently, as timelike (k + 2)-
vectors (see Figures T.1 and T.4). Before proceeding to a description of the
incidence relation and the intersection angle of spheres, we want to discuss a
map A" FR}T? — AFF2RIT? that realizes the identification between both
descriptions: the “Clifford dual.”

Having this in mind, we stay for some more paragraphs with the general
setup.

6.4.1 Thus let (.,.) denote a nondegenerate inner product on V, and let
(e1,...,€m) be an orthonormal basis of V. We define

vi=er e =€ N--Ney, € ATV

Clearly, v has unit length, vv = +1, where the sign depends on the sig-
nature that the inner product (.,.) has on the 1-dimensional space A™V.
Note that this condition determines v uniquely up to sign.
Choosing a different orthonormal basis, é; = Ae; with A € O(V), we
obtain
v=Aes N...NAe,, =detA- v ==v. (6.9)

In particular, we may fix an orientation on (V,(.,.)) by choosing a sign for
the “reference volume” w. Finally, we compute

Hz'w;l 622 = (-1)

m(m—1) m(m+1)
2

V2 = (o1 em)? = (<) gv.  (6.10)

6.4.2 Now let j — i; be a permutation of {1,...,m} such that i; < ... <7
and ix+1 < ... < ip,. Given the corresponding basis element e;; A... Ae;,
in A*V, the product

Velen Ao ANey) =er - em ey e, =%e, A ANe;, € ARV

Because we have v? = +1, multiplication with v yields an isomorphism
A*V — A™ RV for each k=0, ..., m:

6.4.3 Lemma and Definition. The map v : A*V — A FV, v — wv, is
an isomorphism, called the Clifford dual.
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6.4.4 Example. The Clifford dual is very similar to the Hodge-x operator,
or “Hodge dual,” that is defined by the equation

o A*to = (b, )V

for v,10 € A*V (cf., [189]). The Hodge operator also provides isomorphisms
x : A¥V — A™~FV. However, in contrast to (6.10), its square becomes
x2 = (=1)km=k) on ARV (see [298]).

As an example, we consider the Clifford algebra AR? of the Euclidean
2-plane (cf., §6.2.4). Choosing an orthonormal basis (e1, e2) of R?, we have

v = ejea. Then |v|? =1 and v = (-1)3 = —1. Now
*xl =wv, =*xe; =ey, *ey=—€1, and *v= 1;
vl=wv, wve; =ey, WVey=—e;, but wvv=-1.

Thus the Clifford dual differs from the Hodge dual by a sign on some A*V.
It shall be left to the reader as an exercise to determine the relation in the
general situation.

6.4.5 Finally, as an important step toward the identification of the two
descriptions of spheres of higher codimension, we examine the effect of the
Clifford dual on a nonisotropic pure k-vector v: First note that, since v is
pure, it determines a k-dimensional subspace of V', with a nondegenerate
metric since v is nonisotropic. Hence we can choose an orthonormal basis
(e1,...,ex) of that subspace to obtain v = Aej - - - e, with some A € R\ {0}.
Extending that basis to a positively oriented orthonormal basis (eq, ..., e.)
of V, we obtain (cf., (6.9))

V=e€1"""€mn, so that \Vt]:j:)\ekJrl...em

is again a pure (m — k)-vector and nonisotropic since |vv|? = |v|?|v|%.

6.4.6 Lemma. Let v € A*V be a nonisotropic pure k-vector. Then its
Clifford dual vo € A™*V is a nonisotropic pure (m — k)-vector, with
lvo|? = |v|?|0|?, that represents the orthogonal complement of the subspace
represented by v.

6.4.7 To apply these results to Mobius geometry, let (V, (.,.)) = R} now
be the space of homogeneous coordinates of the classical model (see §1.1.2).
From Figure T.1 we read off that isotropic vectors p € A11R7f+2, p? =0,
represent the points of S”, and spacelike k-blades s € AkIR?”, ss > 0, give
the (n—k)-dimensional spheres in the conformal n-sphere S™. Hyperspheres
are obtained as the special case of spacelike 1-vectors s € AllR’lﬂ'Q, 52 < 0.

Equivalently, a k-dimensional sphere in S™ can be given by the Minkowski
(k + 2)-plane spanned by k + 2 points of the sphere in “general position,”
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that is, by a pure timelike (k + 2)-vector § = p1 A ... A ppyo € AFF2RIT2,
Remember that this (k + 2)-plane is just the orthogonal complement of the
above spacelike (n — k)-plane, which can be interpreted as the family of all
hyperspheres that contain s as a subset.

The identification of both representations can be given in terms of the
Clifford dual: 5 € AF*2R"? and s = v € A" *R}"? represent the same
k-sphere in S™, by our lemma in §6.4.6.

6.4.8 Lemma. The points and k-dimensional spheres in the conformal n-
sphere S™ are represented by
% isotropic 1-vectors p € AYRYT?\ {0}, p? = 0;
% spacelike pure (n — k)-vectors s € A" FR? 2 |5|2 = 55 > 0;
or, by their complementary
% timelike pure (k + 2)-vectors 5 = vs € AFT2RT2 |52 = |vs|? < 0.

6.4.9 Note that sphere pencils and complexes (see Figure T.1) also fit into
this setup: Any sphere complex is given by a vector K € A'R?*2\ {0} and
any pure 2-vector 5 € A?R?*2\ {0} determines a sphere pencil — elliptic,
parabolic, or hyperbolic, depending on the sign of |s|? (see §1.2.1).

In the elliptic and hyperbolic cases we already know by §6.4.6 that the
Clifford duals vK and ws provide pure n- and (n + 1)-vectors that give the
orthogonal complements of the respective subspaces.

For the parabolic cases, an analog of the lemma in §6.4.6 can be proven by
using a pseudo-orthogonal basis: Suppose s € A*+1R2\ {0} is an isotropic
pure (k + 1)-vector, |5|> = 0; then choose an orthogonal basis (p, s1, ..., Sx)
with p? = 0 and s? = —1 for the corresponding subspace of 11%711Jr2 and extend
it to a pseudo-orthonormal basis (p, s1,. .., Sk, Sk+1,-- -, Sn, D) Of JR?H,

si=-1, s Lsj(i#j), p=p>=0, pp+pp=1, and p,pLs;.

Then we have s || p-sy -+ s and v = £(p—p)(p+p)S1 - -+ Sn, and we deduce

vs || (pp—Dp)si---Sn-DPS1 Sk = EPPPSk41---Sn
= *(ppp+DPpp)Sk+1---Sn =  EPSki1---Sn

since p? = 0. Thus we have proved the following isotropic version of §6.4.6,
which will also be of interest in the context of contact elements in the
conformal n-sphere:

6.4.10 Lemma. Let s # 0 be an isotropic pure (k + 1)-vector. Then its
Clifford dual vs is an isotropic pure (n — k + 1)-vector that represents the
orthogonal complement of the subspace represented by s.

6.4.11 Our next issue is to analyze incidence and intersection of spheres.
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As in the classical model, the (unoriented) intersection angle a € [0, 7]

of two hyperspheres s,5 € SI'"! is given'® by (s,5)? = i{s,§}2 = cos® o
(see Figure T.1). In particular, two hyperspheres intersect orthogonally if
and only if (s,3) = —%{8,5} = 0 or, equivalently, s5 = s A § € A2R}T2

Thus, describing a k-sphere s = s1 - - - s, in terms of an orthonormal basis
of the corresponding subspace in R’f+2 means geometrically to describe it
as the orthogonal intersection of the n — k hyperspheres s;.

Now, we know that a point p lies on a k-sphere, given as the orthogonal
intersection of n — k hyperspheres, s = s1 -+ s, with s; L s; for ¢ # j, if
and only if p L s; for alli =1,...,n— k. Hence, checking (6.2), we see that
incidence is equivalent to ps = pAs € A"*kHJR?H. In terms of the skew
and symmetric parts of the product, this can be expressed as

[p,s] = 0 for n—k=0mod?2,
{p,s} = 0 for n—Fk=1mod 2.

If, on the other hand, the sphere is given as a pure timelike (k + 2)-vector
5= wvs € AFF2RI2 (see §6.4.8), then the point p lies on that k-sphere if
and only if p is in the corresponding Minkowski (k + 2)-plane, (cf., §6.4.6).
Hence p € 5 lies on the k-sphere § if and only if pAs = 0 < p-5 € Ak+1R’f+2.

6.4.12 Lemma. A point p € JR?H, p? =0, of the conformal n-sphere lies
on a k-sphere s € A" "F R if and only if ps € An~FHIRIT2,

If s = s1 - s, 1S given as the orthogonal intersection of hyperspheres
Sq, this is equivalent to saying that p L s; for all 1.

If the sphere is given by a timelike (k + 2)-blade § = vs € Ak”LQZR?H,
then the point p lies on § if and only if ps € AFTTR}T2,

6.4.13 Example. We have only considered the intersection angle for
hyperspheres so far — a similar ansatz that one might expect to provide
a notion of intersection angle for k-spheres s and s does not work in the
general case, as the following example shows.'¥

Consider two orthogonal 2-spheres si,3; € A'R] in the conformal 3-
sphere, and let sp, 35 € ALIR? be two other 2-spheres that both intersect s;
and §; orthogonally (see Figure 6.1). Computing

(s182,5182) = det(<$1’81> <31’82>> = det<O 2) = 0,

(s2,51) (s2,32) 0

13) Remember that two hyperspheres intersect if and only if s and § define an elliptic or
parabolic sphere pencil, that is, if and only if (s, )2 < |s|?|5|? (see §1.2.1).

14) For a set of invariants, “generalized stationary angles,” which describes the relative position

of two spheres of arbitrary (possibly different) codimensions, the reader is referred to [270].
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~ =L

Fig. 6.1. The “intersection angle” of two circles in the 3-sphere

it becomes clear that the scalar product of s = s1s and § = 5155 cannot be
used (without further information) to determine the intersection angle: even
though the scalar product vanishes, the two circles may not even intersect.

If, however, we assume the two circles to lie in a common 2-sphere, then
this scalar product indeed gives the intersection angle of the two circles (as
hyperspheres in that 2-sphere):

6.4.14 Lemma. The angle o between two k-spheres 5,5 € A"_kJRﬁ1Jr2 that
lie in a common (k + 1)-sphere is given by |s|?|5]? cos® a = (s,5)2.

6.5 The cross-ratio

As we already discussed in Section 4.9, the (complex) cross-ratio is an im-
portant invariant of four points in the conformal n-sphere — four points
always lie on some 2-sphere that we consider (after equipping it with an ori-
entation) as a Riemann sphere so that this cross-ratio can be defined. This
invariant plays a key role in discrete theories as, for example, in the theory
of discrete principal or isothermic nets (cf., §5.7.2) or, more generally, in
the theory of discrete orthogonal nets that we will discuss in the Chapter 8.

In our present Clifford algebra setup, the cross-ratio is given by a simple
expression that we want to derive in this section — in fact, the expression
that we will obtain seems simpler than in the quaternionic case, and it seems
to contain more geometric information (cf., §4.9.8).

6.5.1 Contemplate (6.5): If p; € L" ™1 C AllR?H, 1=1,...,4, denote four
points of the conformal n-sphere, p? = 0, that are in “general position,”
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that is, not concircular, then the “imaginary part” p; A pa2 A ps A pg # 0 of
5 (P1p2pspa + papspap1) € A°RY? @ A*RYH?

determines the 2-sphere s € A4R’f+2 that contains the four points; if, on
the other hand, it vanishes, then the four points lie on some circle, so that
the 2-sphere containing them is no longer unique.

6.5.2 However we cut it, four points p; always lie on a 2-sphere S2 C S
(unique or not) so that there is always a Minkowski R{ C R} that con-
tains the four isotropic vectors p; € A'R?*2, Introducing an orthonormal
basis (eg,e1,€e2,e3), ¢; L e; and €3 = 1 = —e?, on that Minkowski R},
we can isometrically parametrize a parabolic section (cf., §1.4.3) of its hght
cone by

@%Rza(x,y)H(1+x2jy ,x,y, 1 — % )EQ C L3 C R}

With this, we compute {p,p} = (z — %) + (y — 7)? = |z — Z|, where
z = x +iy. Thus the “real part” of 2(pipapsps + papsp2p1) computes to

{p1,p2aH{ps, pat — {p1, pat{p2, pat + {p1, pat{p2, 3}
= (21 — 22/%|z3 — 24)* — |21 — 23] |22 — 24]® + |21 — 2a|?|22 — 23]?)
= 2Re|(z1 — 22)(22 — 23)(23 — 24) (24 — 21)]
= 2Regq,

where (21 — 22)(23 — 24) — (22 — 23) (24 — 21) = (21 — 23) (22 — z4) provides the
second equality and ¢ := (21 — 22)(22 — 23)(23 — 24) (24 — 2z1). To determine
the “imaginary part” (up to sign) we compute its norm:

1 Ap2 Aps Apal? = det(=32 — 2]*)ij=1,..a = 7[(Req)® —|§] <0
Now, denoting v4 := egejeses, we have |v4]? = —1, so that
> (P1pop3pa + papspepr) = 3(Req+wlmg) ~ 3§: (6.11)

Note that vZ = —1, so that A°R} ® A‘R} = C. The last identification in
(6.11) involves a ch01ce of orientation, vy >~ \/—

6.5.3 As a consequence of (6.11) we obtain a formula for the cross-ratio of
the four points:

F1—”RZ2 Z3”Z4 — q ~  P1P2P3P4—P4P3P2P1
Z2—23 Z4a—Z1 |zo—z3]%|za—21|2 {p2,p3}{pa,p1}

Clearly this last expression does not depend on the choice of homogeneous
coordinates for the p;, so that it is a conformal invariant of the four points;
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the “direction” of the imaginary part p; A pa A ps A pg will generally change
under a conformal transformation p € Spin,(n + 2) though, since the 2-
sphere containing the four points does not need to remain fixed.

6.5.4 Note that, on our way to this formula, we expressed the cross-ratio
entirely in terms of scalar products,'®

P1P2pP3P4—P4aP3P2P1
(p2p3+p3p2)(Pap1+pipa)

(P1,p2){P3,p1) —(P1,P3)(P2,P4)+(P1,pa) (P2,p3)++/det({pi,p;))
2(p1,pa){p2,p3) ’

so that it can be given in the classical model (without referring to the Clif-
ford multiplication). However, the geometric interpretation of the imaginary
part as the 2-sphere containing the four points relies on the Clifford algebra
model.

6.5.5 Lemma. The cross-ratio of four points p1,...,ps € S™ is given by

. . . _ P1pP2pP3P4—P4aP3P2P1
[pl’p2’p3’p4] " (p2p3+p3p2)(Pap1+pipa)’

Modulo direction of the A4R7f+2—part of the Clifford product — which de-
termines the 2-sphere that contains the four points — this expression is a
Mobius invariant of the four points.

6.6 Sphere congruences and their envelopes

Finally we turn to differential geometry: We want to formulate the condi-
tions for a sphere congruence to be enveloped by a map. The enveloping
conditions for a hypersphere congruence can be reformulated directly in
terms of the Clifford algebra model (see §1.6.3):

6.6.1 Lemma. A differentiable map f : M™ — L1 C A1R’f+2 envelopes
a sphere congruence s : M™ — ST C AYRY2 if and only if

{f,s} =0 and {df,s}=0.

6.6.2 However, we now want to extend this notion of envelope to congru-
ences of k-spheres, where k£ > m: Since, geometrically, “envelope” should
mean that the tangent plane of f at some point f(p) is contained in the
tangent plane of the sphere at that point (compare §4.7.9), £ < m would
mean that the map f cannot be an immersion.

15) Note that det({pi,p;)) < 0, so that +/det((pi,p;)) € iR.
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6.6.3 Definition. A differentiable map f : M™ — S™ is said to envelope
a congruence s : M™ — A”*’“JR?Jr2 of k-spheres, k > m, if, for allp € M,

f(p) €s(p) and Ty f(M) C Tipys(p).

6.6.4 Note that, as in §1.6.1, we consider the tangent planes of f(M) and
the k-sphere s(p) C S™ at f(p) as projective planes in RP"™1, not referring
to any linear structure.

We already studied the incidence of a point and a k-sphere in §6.4.12.
There the main idea was to describe a k-sphere s = s1---s,_; as the or-
thogonal intersection of n — k hyperspheres s;. With this description, the
tangent plane of f at some point f(p) € s(p) will be contained in the tan-
gent plane of s(p) at f(p) if and only if it is contained in all tangent planes
of the spheres s;(p) (cf., §4.7.9). Combining this observation with §1.6.3,
the same argument as the one that gave §6.4.12 now provides:

6.6.5 Lemma. A differentiable map f : M™ — S™ envelopes a k-sphere
congruence s : M™ — A”*k]R’lle2 if and only if

sf: M — AVFHIRY2 and  sdf i TM — AP FH R,

In case s = s1 -+ Sn_k 1S given in terms of n—k congruences of orthogonally
intersecting hyperspheres, this is equivalent to

{si,f/} =0 and {s;,df} =0 for i=1,...,n—k.

6.6.6 We already mentioned the term of a “contact element” in the context
of §6.4.10. Suppose f : M™ — S™ is an immersion and (vq,...,v,,) is a
basis of T, M, so that the d,f(v;) form an orthonormal basis.'® Then the
tangent plane of f at p, as a projective m-plane in RP" 1!, is given by

t(p) = f(P)dpf(v1) - dpf(vm) € AR (6.12)

If s(p) = (51 Sn_m)(p) € A*"™R?*? is now an m-sphere that contains
f(p), then the tangent planes t(p) of f(M) and of s(p) at f(p) coincide
(note that, by our assumptions, they have the same dimension) if and only

16) T depends on the lift of f : M™ — L"*! C lR?"'Z. Remember that f: M™ — S™ is
an immersion if and only if any lift f : M™ — L™+ induces a definite metric or, otherwise
said, f and df span an (m + 1)-dimensional subspace of the tangent space f* to the light cone
L™ at f (see Figure T.2).

However, d(e" f) = e“(df + du - f), so that the vectors of an orthonormal basis scale with

the reciprocal factor and the contact element t scales with f: If f = e*f, then { = e%t.
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if the subspaces given by t(p) and (sf)(p) € A» ™R} are orthogonal
complements of each other. Thus, with §6.4.10, we deduce the following:

6.6.7 Lemma. An immersion f: M™ — S™ envelopes an m-sphere con-
gruence 5 : M™ — A" "™ RI2 if and only if t(p) || v - (sf)(p).

6.6.8 Geometrically, this means that v(sf)(p) = (vs(p)) - f(p) gives the
tangent plane (or contact element) of s(p) at f(p).

Or, conversely, we may interpret vt(p) as the family of all m-spheres that
touch f(M) at f(p). In the case m = n — 1 of a hypersphere congruence
enveloped by a hypersurface, vt(p) € A2R}™? clearly defines the parabolic
pencil of hyperspheres that touch f(M) at f(p) (see Figure T.1). In the
general case, on the other hand, any choice of a spacelike (n—m)-dimensional
subspace of the (n — m + 1)-dimensional space given by wt(p) provides us
with an m-sphere touching f(M) at f(p). Because the condition to be
spacelike is an open condition, this leaves us with an (n — m)-parameter
family of touching m-spheres.

For example, given one touching m-sphere s(p) = (s1---Sp—m)(p) in
terms of orthogonally intersecting hyperspheres, this (n — m)-parameter
family of m-spheres may be parametrized by

(A1 Anem) = (s1(p) + A f (D), -5 Snem (D) + Anom £ ().

These observations may justify the following:

6.6.9 Definition. We will call any isotropic (m + 1)-blade t € A1 R?2
an m-dimensional contact element in the conformal n-sphere S™.

6.6.10 Note that the (unique) point p € S™ of contact of all m-spheres of
a contact element t is given by the intersection of the light cone L"*! with
the (m + 1)-dimensional space given by t. Otherwise said, it is the unique
isotropic direction in that subspace.

Since we will not use the notion of contact elements much, we leave
further investigations to the reader; check [66] for more information.

6.7 Frames

To conclude our presentation of this model for Mébius differential geometry,
we want to briefly discuss the spinor frame equations, and how they relate
to the classical frame equations.

First we slightly generalize the notion of an adapted frame from §1.7.1:

6.7.1 Definition. Suppose we are given a map f : M™ — L™*! along with
an m-sphere congruence s : M™ — A" ™R 2 and let (eg, €1, .. ,€n,€oo)
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denote a pseudo-orthonormal basis on JR?+2, that s,
(eie;) = —3leie} =

A map 3 : M™ — Spiny(n + 2) will be called an adapted frame for (s, f) if

-1 1

5=38m+1"""Sn = 3Cm+1"""€End and [ =j3e03 ",
where s; == 3e;3~ L. Moreover, 3 will be called
x s-adapted if Vp € M : dps;(T,M) = span{3(p)e;3 *(p)|j =1,...,m}
fori=m+1,...,n, and
x f-adapted if Vp € M : d, f(T,M) = span{3(p)e;3 ' (p)|j =1,...,m}.

6.7.2 In the case m = n — 1, this is just the Clifford algebra reformulation
of the definition in §1.7.1 of an (f-, s-) adapted frame for the strip (s, f).

Note that, for m < n — 1, the condition on a frame to be s-adapted is
rather restrictive. We will discuss this in detail in a moment. However, this
is the kind of frame that we will be dealing with when discussing (Ribaucour
pairs of ) m-orthogonal systems in Chapter 8.

6.7.3 Compatibility Conditions. Remember that, from §6.3.10, the con-
nection form
@ =3 'ds: TM — A’R} 2

of a frame 3 : M — Spin,(n + 2) acts on A'R}T? = R?*2 by ¢; — [0, €],
that is, d(ﬁelﬁ_l) = 5[907 ei]é_l-

In particular, df = 3[p,e0l3 ! and ds; = 3[p,e;]3~! for i = 1,...,n.
Taking second derivatives, we obtain

d*(3ei3 ) (2, y)
= 3([de(z,y),ei] + [p(z
= 3ldo(z, y)+[90( ), p(y)], eils
= 3[(de+ 3le Ae])(z,y),els™
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when we set'™ [p A ¢)(z,y) == [p(2), ¥(y)] — [p(y), ¥(2)] for 2,y € TM.
Thus the compatibility condition for the connection form ¢ becomes the

Maurer-Cartan equation (cf., §1.7.4)

de+ 3l A @] =0,

17) Note that, in this context, “A” has a different meaning than previously in this chapter: It
refers to the A-product of 1- formb rather than to the exterior product of elements of A]R""'
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since the adjoint representation A’R}™2 5 v — [v,.] € 01(n + 2) is a Lie
algebra isomorphism, so that [v,.] = 0 implies v = 0 (see §6.3.10).

6.7.4 Writing this Lie algebra isomorphism A2R?*? — o0;(n + 2) in terms
of the basis (eg, . .., e ) allows similar (the same when m = n — 1) interpre-
tations of the components of ¢ as in §1.7.6 and §1.7.7. Thus we will only
give some simple discussions and leave a detailed analysis to the reader.

First let us define the components of the connection form,™® as in (1.1):

dsj =  Yiliswy + Yinasity + 2fo; + 2fw,
dsp = =2 sk + e Sivie + 2fop + 2fwit,
df = Sy siwi o+ D swi +  fv o+ 0,
df = Z:il SZ'(:)Z' + Z?:m+1 S'L(:)ZJ' + 0 — fV,
(6.13)
where j = 1,...,m and £k = m + 1,...,n. That is, for example, we have
([, €il,ej) = —w;j for i,5 =1,...,m and ([p, €0, e;) = w;.

The condition of §6.6.5 for f to envelope the congruence s = s,,41--- S
of m-spheres now reads wi- = 0, and 3 is

x f-adapted if and only if, in addition to w,ﬁ =0, v =0, whereas it is
* s-adapted if and only if, in addition to wi- = 0, v;; = c?)jl =0.

Note that the v;;’s were not present in the codimension 1 case m =n — 1.

6.7.5 As mentioned above, the condition on a frame to be s-adapted is
rather restrictive, and, in general, there will be no s-adapted frame for a
given m-sphere congruence s when m <n — 1.

L
(2
envelopes f and f — in the codimension 1 case, this was guaranteed as soon
as the metric induced by s was spacelike (see §1.6.9).

First, in order to achieve w;- = & = 0, the congruence has to have two

A second condition is that the vector bundle given by s has to be flat:
Writing s in terms of any orthonormal basis fields, s = $,,4+1 Sy, this
is the vector bundle span{s,,11,--,sp}. In terms of the above forms v;;,
given in (6.13), flatness is expressed by ij =dvij + Y vik Nvg; = 0. If
these equations hold, then, locally, there is another choice of orthonormal
frame fields that yield parallel basis fields for the bundle.

The Ricci equations — we interpret the bundle span{s,,+1, -+, $n, f, f }
as the “normal bundle” and its orthogonal complement, spanned by the
orthonormal vector fields s;, i = 1,...,m, as the “tangent bundle” (see

18) Note that there appear certain 2’s instead of —1’s as in (1.1): The reason is the different
relative normalization of eg and e, (€0, €00) = —% instead of {(eg, ex0) = 1, as in §1.7.4.
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below) — now come in four flavors!?):
0 = dwf—i—ZZ:erluik/\ka+wiL/\V—|—Z;n:1¢ij A wj,
~ n ~ ~ m ~
0 = doF+> 0 Vik/\w;i'—wf'/\V—f—Zj:l Vi AN Wj, (6.14)
1 - m ~ n 1AL .
gdv = 3 Wi AW+ Y Wi AW
m ~ ~
Qﬁ‘j = Yo ik Ay — 2(wi /\ij + @ /\ij).

If the sphere congruence s has two envelopes f and f , then, as discussed
above, the forms w,ﬁ = d)kL = 0, so that the bundle given by s is flat if and
only if 0 = gfj = e Vi Ay for i, j = m+1,...,n. Otherwise said, the
bundle given by s is flat if and only if the bilinear forms (ds? ds?), where
dsT = ZTZl(dsi, s;j)s; denotes the “tangential part” of ds;, are symmetric.

Clearly this condition goes away in the codimension 1 case m =n — 1.

6.7.6 In case 3 is f-adapted, the w;’s and w;;’s provide the induced metric
and Levi-Civita connection of f : M™ — L™ asin §1.7.7, and the v¥y;’s
give the Weingarten tensors with respect to the s; as unit normal fields to
f, while w; and w; provide the Weingarten tensors with respect to f and f
as normal fields, as before. The new quantities v;; give, together with the
@i+, the normal connection of f: M™ — Ry+2.

In the case of an s-adapted frame, on the other hand, we may interpret
the components of ¢ in terms of any immersed section si, k =m+1,...,n,
of the bundle s, which is flat since v;; = 0: Here, the vy;’s give the induced
metric of s; and the w;;’s its Levi-Civita connection, as before. The ;;’s,
where j =m +1,...,n with j # k, together with the w;’s and @;’s provide
the Weingarten tensors of s, and its normal connection is given by v.

6.7.7 To conclude, we determine the induced metric of an m-sphere con-
gruence 5 : M™ — A" ™R?*? as an immersion into A"~ R} 2. Here it
is convenient to write s in terms of orthonormal basis fields using the ex-
terior product instead of the Clifford product,??) s = Sm+1 N ... A\ Sp. The
derivative of s is then given by

ds =3 o Smpt A Adsi AL A syt TM — APTMRYT2

Now we first note that ds; L s;, so that only the “tangential part” ds! of
ds; counts, that is, the part orthogonal to s;, j = m +1,...,n. Then

(SiySma1) = .. = (Si,Si—1) = (S5, ds;) = (Siy Sit1) = .. = (Siy Sn) =0,

19) Note that the fourth type did not occur in the codimension 1 setting (see (1.4)).

20) Remember that, for orthogonal vectors, the Clifford and exterior products coincide. Using
the Clifford product, A"7m72JR?+2—terms would occur during computations that only vanish
at the end.
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so that all mixed terms vanish when expanding the induced metric:

(ds, ds)
= Y (Smat A AdST A LA S St AL AN dST AN LA sy)

= Z?:m+1<d8?, dszT>

becomes a superposition of the metrics induced by the (orthonormal) sec-
tions si used to represent s. Expanding this expression further by using the
forms from (6.13), we find (ds,ds) = >7i" | >0 47, that is, we recover
a multiple of the trace form — as it should be for a Grassmannian-valued
map (see [140]).

It seems less straightforward to determine the remaining geometric quan-
tities of the m-sphere congruence s from the connection form (6.13) of a

frame in this general setup.

6.7.8 To Summarize. Some selected identifications from the Clifford
algebra setup for Mdbius geometry that we discussed in this chapter are
collected in Figure T.4; compare the tables in Figure T.1 and Figure T.2
for the classical model.



Chapter 7
A Clifford algebra model: Vahlen matrices

In this chapter we discuss an enhancement of our Clifford algebra model us-
ing “Vahlen matrices,” that is, certain 2 x 2 matrices with Clifford algebra
entries. In some sense, this approach is very similar to the quaternionic ap-
proach previously discussed, or to the description of Mobius transformations
by complex 2 x 2 matrices. However, it is more similar when considering the
quaternionic model for 3-dimensional M&bius geometry or the complex ap-
proach for the Mobius geometry of the circle. But even in this case there are
certain differences: For example, the Clifford algebra used for 3-dimensional
Mébius geometry is 2° = 32-dimensional,!) whereas the (real) vector space
of quaternionic 2 x 2-matrices is only 16-dimensional — thus in the quater-
nionic setup we have never seen the full Clifford algebra of R;. Nevertheless,
there will be many similarities, as, for example, the description of M&bius
transformations by fractional linear transformations on S™ = R™ U {oo}.

After Vahlen’s original paper [288], this 2 x 2 matrix Clifford algebra
approach caught the interest of various authors (see, for example, [2] and
[3], or [108]); some account of the history of this approach may be found
in [137]. The splitting (“conformal split”) of the Clifford algebra AR?*?
that corresponds to the 2 x 2 matrix representation of Mobius transforma-
tions (and of the Clifford algebra) (see the beautiful paper [154]) provides
a notion of stereographic projection, as is also suggested by the fact that
Mobius transformations are described as linear fractional transformations
on the Euclidean n-space R™. This additional structure turns out to be
very useful in some context (see [47], where, to the present author’s knowl-
edge, this approach to Mobius geometry has been systematically applied to
submanifold geometry for the first time).

The key idea in our introduction to the Vahlen approach to Mobius geom-
etry will be to identify the (real) vector space of 2 X 2 matrices with entries
from the Clifford algebra AR™ of IR™ with the Clifford algebra AR}*? of
the coordinate vector space JR’{H'2 of the classical model — to this end,
we will have to identify IR?+2 as a subspace of the Clifford algebra 2 x 2
matrices. With this background it will then be rather straightforward to
“translate” results from our previous considerations on the Clifford algebra
model for M6bius geometry into the matrix formalism. A central result will
be Vahlen’s theorem on the characterization of the Clifford group T'(IR+?).
This characterization will allow us to write Mobius transformations as linear

1) However, the Clifford algebra of H = R* is 2* = 16-dimensional and can be identified with
the quaternionic 2 x 2 matrices, with H 2 {(_0(7 g)} C M(2x2,H) (see [47]).
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fractional transformations on S™ = R"™ U {co}; a discussion of the pin and
spin groups as well as of Mobius involutions and spheres will then just be an
inevitable consequence. A second highlight of the Vahlen matrix approach
will be a representation of the space ‘P of point pairs in S™ that is just as
beautiful as in the quaternionic setup — and that makes this approach so
well suited for the treatment of (pairs of) isothermic surfaces of arbitrary
codimension.

Before revealing these ideas we will briefly recall relevant facts from the
quaternionic model in order to motivate the matrix approach, on one hand,
and to make apparent differences, on the other hand.

As usual, the discussions of this chapter are complemented by a table
that summarizes some identifications and results; see Figure T.5.

The contents of this chapter are organized as follows:

Section 7.1. After giving a matrix representation for the Clifford algebra
of Euclidean 3-space, relevant notions and facts from the quaternionic
model that we discussed in Chapter 5 are recalled: the description of
2-spheres and points in S® by quaternionic matrices; the Minkowski
coordinate space R} as a subspace of the quaternionic Hermitian forms
on H?; and the spin group as consisting of even products of inversions.

Section 7.2. This section is the heart of the matter: Here we describe the
coordinate Minkowski space of n-dimensional Mobius geometry in terms
of 2x2 matrices with entries in the Clifford algebra of R”. The subspaces
AFR?2 of k-vectors are identified, and the order involution and the
Clifford conjugation are written in terms of 2 X 2 matrices.

Then Vahlen’s theorem characterizing the Clifford group is proved.
As a consequence, we obtain representations of the pin and spin groups
in terms of 2 x 2 matrices.

Section 7.3. Using that the Clifford group acts by Mo6bius transformations
on S™ = R™ U {0}, an action of the Mobius group by fractional linear
transformations is obtained. Inversions are discussed as an example. The
incidence of a point and a sphere is discussed, and the representation of
spheres is reconsidered. Finally, the space of point pairs is described as
a homogeneous space in the present setup.

Section 7.4. The notions of an adapted frame for a point pair map and a
single map are introduced, and the effect of the respective gauge trans-
formations on the connection form is established. As examples, the
Fuclidean frame of a map into Euclidean n-space is given, and a frame
for a pair of maps into Euclidean space is given. These frames will be
useful later.

Section 7.5. Various topics are touched on: We show how to construct the
sphere congruence that is enveloped by a given map and contains the
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points of another map; this result is then applied to introduce the central
sphere congruence in higher codimension. Further, a criterion for a point
pair map to envelope a sphere congruence is given. At the end of this
section the cross-ratio of for points is computed in affine coordinates.

Remark. This chapter is merely a continuation of the previous chapter that
should, therefore, be read before the present chapter. Some background on
the quaternionic formalism, as discussed in Chapter 4, should be helpful
but is not required.

7.1 The quaternionic model revisited

This preliminary section shall serve as a motivation for those who are
familiar with the quaternionic model that we discussed earlier.?) More
specifically, our goal will be to interpret the quaternionic model (in the
3-dimensional case) in terms of our first Clifford algebra model: Embedding
the coordinate Minkowski space IR} of the classical model as a subspace
into the endomorphisms of H?, we will find an algebraic structure that very
much resembles the Clifford algebra setup. In particular, the action of the
Mobius group will be identified. On the other hand, we have the action of
the Mébius group on S2 C HP!: This twofold appearance of the conformal
3-sphere is one of the distinguishing features of the quaternionic model. In
the Clifford algebra model that we are going to discuss in this chapter, there
will be no vector space taking the role of the space H? of homogeneous co-
ordinates for S* = HP'; however, we will still be able to describe Mobius
transformations as fractional linear transformations on S™ = R"™ U {oo} in
the same way as in the quaternionic model. In this way, we will still have
the twofold description of the action of the Mobius group that made the
quaternionic model so powerful, especially for the treatment of point pair
maps.

Thus we start by discussing the Clifford algebra of Euclidean 3-space.

7.1.1 The Clifford Algebra of R3. The Clifford algebra AR3 of the
(Euclidean) R? is a 23 = 8-dimensional associative algebra that can be
obtained by introducing a product on the Grassmann (or “exterior”) algebra
AR? of R3 that combines the exterior and interior products (cf., §6.2.1).
Using Hodge duality® (cf., §6.4.4) to identify A2R® = A'IR3,

*x€e1 = eg N e3, *eg =e3Ne;, *e3 =e; ey,

2) Those readers who have skipped the quaternionic model may, without loosing much, skip
forward to the following section.

3) On A'R? and A2R3, the Clifford dual (see §6.4.3) differs from the Hodge dual by a sign.
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where (e1, e, e3) denotes some (positively oriented) orthonormal basis, the
exterior product of two vectors becomes the cross-product:

v Aw = (v X w)

for v,w € R®. This suggests a close relation of the Clifford multiplication
with the quaternionic multiplication: Remember from §4.1.4 that quater-
nionic multiplication of two vectors v,w € R3 = Im H can be written in
terms of the scalar and cross-products,

vw = —(v,w) + v X w.

Indeed, the Clifford algebra AIR? of the Euclidean R? can be realized as the
diagonal quaternionic 2 x 2 matrices (equipped with matrix multiplication
as the Clifford multiplication) with R3 = A'IR? sitting in it as follows:

AllR?’g{(g _O> ]véImlH}C{(ql O) |q1,q0 € H} = AR3.
v 0 g

The order involution v — © and the Clifford conjugation v +— b on AR3
(see §6.3.1) are then given by 6 = s~ los and b = v*, where s = (? (1)) and
v* means quaternionic conjugation and transpose. With this we can now

write the Clifford group (see §6.3.2):

v = (& L)) lae 0D,

that is, b € T'(R?) iff v~ ! exists and b € AYR*®A?R3 or v € A'R3® A3RR3,
as well as the groups

Pin(R?) = {(g i2>|qEJH,|q|2:1} C Si(2,H) and
spn®@) = (8 O)lgeml? -1 < s

in terms of our quaternionic setup. By §6.3.8, every s € Spin(IR?) can be
decomposed into vectors, s = Hfil s, with s; € S?2 C R3. The action of
each s; on IR3 is a reflection, as discussed in §6.3.4, since nvn = v —2(v, n)n
forv e R®~ImH andn € S? ={geImH |¢* = —1}.

On the other hand, we considered Si(2, H) as acting (by Mébius trans-
formations) on S* = HP' (see §4.4.9). Writing R® = {(V)|v € ImH},
the above action of a vector n € S? on RR® by reflection in the orthogonal
2-plane is recovered:

(5 2) ()= (u=( )
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7.1.2 Spheres in S3. Remember that we identified 3-spheres in S* = HP!
with certain quaternionic Hermitian forms (see §4.3.12); thus, after fixing a
basis (€s0,€0) of H?, say eso = ((1)) and eg = ((1)), we may identify

0 1

1 3 ~
JHPDS_(l 0

) & S3(eg,e0) = S3(€0o0, €00) =0, S3(e0,€00) = 1,
Then S? = {(V)|v € ImnH} U {excH} (see §4.3.7); in particular, 0 = egIH
and 0o = eo.H are points in S3.

On the other hand, we identified 2-spheres in S* = HP! with (Mdobius)
involutions S € End(H?), §? = —id (see §4.8.1). By §4.8.6, S C S? if and
only if S is symmetric with respect to S3. Thus, writing an endomorphism
S € 6(H?) as a matrix with respect to (eso,€0) as a basis and symmetric
with respect to S3, we have®)

S— <n 2d) or S:l<m |m|2—7“2) :
0 —n T\ 1 -m

In the first case S is a plane in R* = {(})|v € Im H}, that is, a sphere
containing oo, with unit normal n € S? and distance d € R from the origin,
and in the second case § is a sphere with center m € Im H and radius r.

Also, we identified a 2-sphere S C S® with the 3-sphere S € H(IH?) that
intersects S3 orthogonally in S. Algebraically, this identification S « S
was given by S — JS% = S3(.,S.) (see (4.22)). In terms of the matrix
representations given above, we obtain (cf., §4.3.10; see also §5.5.17):

0 —n 1 -m
§=J75 (n Qd) or §=J5 r (m |m|2—'r’2) '

Below we will use this identification of certain endomorphisms that are
symmetric with respect to S® and quaternionic Hermitian forms that are
orthogonal to S in the sense of §4.3.5 to obtain a description of the coor-
dinate space IR} of the classical model of 3-dimensional Mébius geometry
(cf., §1.1.2). However, we will first discuss the points of S3 in some detail.

7.1.3 Points in S3. The above identification of endomorphisms S with
2-spheres in the conformal 3-sphere S3, given as a quaternionic Hermitian
form, can be extended to points of the conformal 3-sphere: By sending, in
the affine picture, the radius of a 2-sphere r — 0 (while rescaling suitably),
we will obtain a point,

Sy 1™ |m|? — r? (™ —m? _p
r\1 —-m 1 —m ’

4) The interested reader may want to verify that S € &(H?) and S is symmetric with respect
to S as well as the geometric interpretations given below, as an exercise (cf., §4.3.10).
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More invariantly, we may identify a point p € S% with a nontrivial 2-step
nilpotent endomorphism P € My (H?) that is symmetric with respect to S3:

S35 (11’) H< R (11’ :ZZ) € {P e My(H2)|S3(.,P.) = S3(P.,)}/R.

Namely, if P is 2-step nilpotent, then® imP = kerP =: (¢) H € HP' with

a suitable quaternion ¢ € H (cf., §5.3.19). Hence P = (q:\\ __qig) with

some other quaternion \; symmetry with respect to S then yields A € R
and ¢ € Im H, so that imP € S®. In fact, S3(.,P.) yields, up to a real
factor, the quaternionic Hermitian form that we identified in (4.4) with a
point p := (esq + egl)H € HP:

53(60077)600) = 17 S3(60077)60) = —q, and 53(6077360) — _qQ'

7.1.4 The Minkowski Space IR}. We have already represented the ele-
ments of Mobius geometry, 2-spheres and points of S2, by endomorphisms
of H?; our next goal is to recover the space IR} of homogeneous coordi-
nates of the classical model. Remember that, in §4.3.5, we identified the
coordinate Minkowski space IR$ of 4-dimensional Mdbius geometry with
the space of quaternionic Hermitian forms on H?, with points and hyper-
spheres being the unit and isotropic vectors (Hermitian forms), respectively
(cf., Figure T.1). The Minkowski space IR} is now obtained as the orthog-
onal complement of S € R} = $(IH?) — the points in S are the isotropic
vectors orthogonal to S, and the 2-spheres in S can be identified with
those 3-spheres that intersect S® orthogonally, as discussed in §4.8.8. On
the other hand, any quaternionic Hermitian form can, in the presence of the
fixed quaternionic Hermitian form S% € §(H?), be identified with an endo-
morphism that is symmetric with respect to S3: This is the way we obtained
the representations of points and 2-spheres by endomorphisms above.

To extend this description to all of R} we first note that, in our above
matrix description, any endomorphism that is symmetric with respect to

S3 ~ ((1) é) can be written as V = (Z ;) with ¢ € H and r,s € R. The

(Minkowski) scalar product (4.1) of $3 and S3(.,V.) ~ (T q) is then given

by .
(3 6)- (5 Dp-saro

5) In the case where imP = kerP = (é) H, the same computation yields P = (o 0) up to a
real factor.
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Hence S3(.,V.) L S3 if and only if ¢ € Im H, that is, if and only if

o (rs+4¢* r(g+q) (10
|4 _(s(q+(j) rs+ q? €R 0 1
is a multiple of the identity. In fact, V2 = —|S3(.,V.)|?id, so that we have
the identification

R} = {V € End(H?)|V is symmetric w.r.t. S3, V2 = —|S3(.,V.)|?idp=}.

Note how this generalizes the above characterizations of 2-spheres as endo-
morphisms with S? = —1 and points as those satisfying P2 = 0.

7.1.5 The Mébius Group. By §6.3.8 we know that Spin(IR3) is generated
by reflections (cf., §6.3.4). With the above identification of a point p € S3
with a nilpotent endomorphism P € My (IH?), via p = imP = kerP, we find
that the action of a 2-sphere S € G(IH?) on P is given by

SPS1 = Sps — —lom® (m — 2w —m)™ (= (- m>—1>2) ;

2 1 —(m —7r?(v—m)"1)

the first equality holds because S? = —id and S = =8, and for the second
equality we have assumed that S and P are given in terms of affine coor-
dinates as above. Thus S acts on the points P of S by inversion in S, as
we expected, since a Minkowski reflection in a Minkowski hyperplane of R}

is an inversion (see Figure T.1). Similarly, the action of S = (8 Ei) is a

reflection in the plane given by S§. Thus we have learned that the group
Spint (5) = {[17£, S; |S; € 6(H?) N R} = S{} € SI(H?) C End(H?)

sits inside the endomorphisms of H? and, since Spin{ (5) is a double cover
of the M&bius group Mab™ (3) (see §6.3.12), how the (orientation-preserving)
Mobius transformations act on R} C End(H?).

7.1.6 Thus we have recovered important objects of our previously discussed
Clifford algebra model in terms of the quaternionic setup, as sitting in-
side the endomorphisms of H?: the coordinate Minkowski space R} from
the classical model of 3-dimensional Mobius geometry as well as the group
of orientation-preserving Mobius transformations Mob™ (3), or its universal
cover Spin; (5).

However, it is clear that there will be no chance to recover the Clifford
algebra A(IR?) itself as a subalgebra of End(IH?), thought of as an algebra
over the reals: Just note that A(RR}) is a 2°-dimensional algebra whereas
End(H?) is of (real) dimension 22 x 4 = 16. Thus, in developing our
Vahlen matrix approach to Mobius geometry in this chapter, we will be led
by various ideas from the setup that we analyzed in this section — but we
will need to suitably adjust the ideas that we elaborated on here.
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7.2 Vahlen matrices and the spin group

Our first goal is to describe the Clifford algebra of the coordinate Minkowski
space of n-dimensional Mébius geometry in terms of 2 x 2 matrices,®) elabo-
rating on ideas from §7.1.4: The main issue will be to express the coordinate
Minkowski space R} in terms of suitable 2 x 2 matrices. Clifford multi-
plication”™ will then be given by matrix multiplication.

After clarifying the structure of the Clifford algebra so obtained, we will
characterize the Clifford, pin, and spin groups. A more comprehensive treat-
ment of the material (also covering the more involved situation of other
signatures) can be found in [189] and in [224], which served as the main
source for this section.

7.2.1 Consider the space M(2 x 2, AR™) of 2 x 2 matrices with entries
from the Clifford algebra of Euclidean n-space. Clearly this is a real 2712-
dimensional vector space, in the usual way. Equipped with matrix multipli-
cation, where multiplication of the components is by Clifford multiplication
in AR™, it becomes a noncommutative algebra with unit 1 = ((1) (1)) As such,
it qualifies as a candidate for the Clifford algebra of an (n + 2)-dimensional
(“vector”-) subspace V of M(2 x 2, AR™). Since Clifford multiplication is
supposed to be matrix multiplication on M (2 x 2, AR™), the elements of V/
have to square to a multiple of 1, and V has to generate AV If we choose
an orthonormal basis (&g, ..., Eyy1) of V, with respect to the scalar product
obtained from squaring elements in V', then all products of k different basis
vectors must provide a basis for A*V, and the products of k =0,...,n + 2
different basis vectors provide a basis of AV = @Zig A*V — remember that
we introduced the Clifford algebra of a vector space V as its exterior alge-
bra, equipped with a different product that depends on the scalar product
on V (see Section 6.2).

7.2.2 Lemma. M (2x2, AR"™) = AV is the Clifford algebra of the (n+2)-
dimensional Minkowski space®

Vet ) v € Rioe R € M(2x 2. ARY).
v

6) Note that the term “endomorphism” makes no sense here since we have no (2-dimensional)
vector space for an endomorphism to act on. This matrix representation of the Clifford algebra
corresponds to what is called “conformal split” in [154] — this should be a useful reference,
together with [155].

") Readers who are not familiar with Clifford algebras may wish to consult Section 6.2 for
some basic information. Good references are also [189] and [224].

8) More generally, it can be proven that M(2 x 2, AR}) = ARZ;’;% (see [189)).
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7.2.3 Notation. Henceforth we will not distinguish between R} and
V, and we shall write AR for AV = M(2 x 2, AR"), T(R}™2) for T\(V),

and so on.

7.2.4 Proof. First note that, for ¥V = ( Y v°°> €V, we have

vy —v

2 2
o [V Vs [ v+ vovse 0 9 ' 71

v _(vo —v> _( 0 U2+'U0?)oo>_(v +ove0) -1 (1)
with v? + vgvs € R. Since R™ 3 v +— —v? € R is the quadratic form of the
Euclidean scalar product on R", the quadratic form V 2 V — —V? € R
belongs to a Minkowski scalar product, as claimed.

7.2.5 To see that V generates M (2 x 2, ARR™) we choose a basis that is
orthonormal with respect to the Minkowski product on V:

(0 1 (e 0 (0 -1
(1) 65 L) mea=(1 7))

Because, for orthonormal vectors, the Clifford product becomes the exte-
rior product, we can now determine A*V for k = 0,...,n + 2: Identifying

(cf., §7.1.1)

1TRN ~v 0 0 1 TRN
AR _{(0 (_1)iu)|neAJR},

and writing, for abbreviation,

ENRT = {EV|VeENRY = {(g = ") Iy € AR,
RN RPN ~ 0 (—1)i+125 RN
A]REn+1 Z:{V5n+1|V€AR} :{ r 0 |XEAIR},
EoN'R"Epyr = {EVE1 |V € R} = {(8 (_1())i+13) |5 € AR},
fori=1,...,n, we will have
ARV
= AR"® 50Ak_1]Rn D Ak_langn+1 D 50Ak_2]RnSn+1
~ 0+3 t kn k—17n k—2 0
= pe AR, p e A" R";3 € A" “R"}.
{( U (—1)k(t)—3)) | Ly 3 }
(7.2)
Hence V indeed generates AV, M (2 x 2, AR") = @}T2A*V. Q

7.2.6 Note that, with the setup from the previous paragraph, we can easily
write the identification R" < @)§ of Euclidean n-space with a quadric of
constant curvature QB C V = R} (see §1.4.3 and §7.1.3), namely,

2 —v|? v —v?
R" 3> v o By + 300 065 + g = (1 ) € T
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7.2.7 Next, in order to arrive at a description of the Clifford, pin, and spin
groups in AV AR 2, we describe the order involution V — V and the
Clifford conjugation V +— V on AR} (see §6.3.1).

First we consider the order involution: On one hand, we know from §6.3.1
that we have V = (—1)*V for V € A*R7"2; on the other hand, we know
from (7.2) that the diagonal entries of V € A*R} ™2 have the orders k and
k — 2 while the off-diagonal entries have order £ — 1. Consequently,

a b\ _( a -b (7.3)
c d) \-¢ d
for V = (Z Z) € A*R?*2, and hence for V € AR} 2,

The situation is slightly more difficult for the Clifford conjugation, where
we have V = (-1 )MJr 'Vior Ve AFR" 2 (see §6.3.1). With

(k—2)(k—1) k(k+1) (k—1)k k(k+1)

(D" ==(-1)" = and ()7 = =(-DF-1)"=,

we deduce from (7.2) that

-or (-

for V = ( ) € A*RT?; this extends to all of AR} = @} 2AFR] T by

linearity, as before. Using (7.3), this yields
a b\ [a b\ _ _ d —b (7.5)
c d) \c d) S\ —-¢ a)’

7.2.8 We are now prepared to establish one of the key results for the present
setup, a characterization of the Clifford group I'(R}?) in AR}™2. The
characterizations of the pin and spin groups (see §6.3.7 and §6.3.8) will
then be an easy consequence. This theorem is usually attributed to Vahlen
[288] — therefore the name “Vahlen matrices” for the elements of I'(IR??)
(cf., [189]). Our proof will loosely follow the one given by Porteous in [224],
and we state it in the form given by Ahlfors [2]:

—

o &

1 b
a

7.2.9 Theorem (Vahlen). An element V = (‘CI Z) c A(R}™?) is in the
Clifford group of R}, V € T(R'?), if and only if

(i) a,b,c,d € T(R™)U{0} =: O(R"™),

(i) ab,bd,dc,ca € R™, and
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(iii) A :=ad—bée R\ {0}.

7.2.10 Proof. Before getting into the proof of the theorem, we collect a
couple of useful facts and recall some material on the Clifford group from
Chapter 6. We will also (locally) introduce some notations. Thus we want
to show that the Clifford group is identical to the set U(R™) of “Vahlen
matrices,”

D(R}*?) = B(R") := {V € A(R""?) |V satisfies (i) — (iii)}.

In order to make the arguments a bit clearer, we introduce a third involution,
the “Clifford transpose,” v — b := b on AR™, and note that v — b is an
antiautomorphism, that is, vt = o for v, € AR", with ¥ = v on R™.
Also note that all three involutions of AR"™ commute — this is because
they are just +id on A*R™ — and that they leave the Clifford group I'(R™)
invariant,

sce'(R") = s,55¢c(R"),

as is easily shown with §6.3.7 in mind: By §6.3.2, we have to show that, for
example, § has an inverse § ! and that svs—! € R” for any v € R™. The first
statement follows because, with §6.3.7, 57! = %%, and the second follows

since (5vs—1) = svs~! € R". For the antiautomorphisms ~ and 7, the second

L . . _ a1 — .
statement is slightly less direct to verify: Here, 5vs = —5~lvs € R" since
we have §71 € I'(R").

7.2.11 With these remarks in mind, we now prove an algebraic fact that
will be useful in our proof:

Ya,b € O(R") :abe R* < ba € R* and abe R" & ba € R™.

If a =0 or b =0, the statement is trivial, so that we may assume, without
loss of generality, that a,b € I'(R™). First let v := ba € R™; then

R" > bvb~! = bEaz%f) — ab.

If, on the other hand, w := ab € R", we compute
R™ > bwb~! = ba,

since b € I'(IR™) also. The second equivalence can be derived similarly. An-
other way?) to obtain the second statement is by applying the first equiva-
lence and the fact that our involutions ~ and ~ leave R™ invariant:

Gb=abe R" & R" 5 ab — ba.

9) Yet another way is by showing that @b € R™ < ab € R™ (cf., [47] and [224]): From §6.3.6,

—~

we deduce da = ad = +aa; this yields a(ab)a~! = al;aa—laad = +ab and b~ (ab)b = +ab.
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As a consequence, (ii) in §7.2.9 is equivalent to ab, cd € R" and aé, bd € R™.
With this we are now prepared to attack the proof of the theorem:

7.2.12 First we show that U(R") C T'(R").
For this purpose we verify that any Vahlen matrix V € U(R") is (a) in-
vertible and (b) acts on R} = V via the twisted adjoint action (see §6.3.2).
(a) By §6.3.7, we know that the inverse V=1 of an element of the Clifford
group is a multiple of its conjugate V. Hence it suffices to verify that VYV is
a nonzero multiple of 1; but

S a b a b ad —bé  ba — ab
— — pl ) =A. 7.6
v (c d) (c d) (cd—da da—cb) Al (7.6)
because the off-diagonal entries vanish by (ii) — V is in the +1- elgenspace
of Clifford transpose — and A = A € R\ {0} by (iii). Thus V~! = V.

(b) Here we have to check that VAV € Ry for all X € IR?H, since

p-1=1 V it suffices to examine

—

2 a b T T a b
vy = <c d) (xo —x) (c d>
axd — bxé + xobd + Tooal axb — bxa + xobb + xovad
cxd — dzxé + xodd + xoocé  cxb — dza + xodb + xooca)
(7.7)
Moreover, since the map X +— VXV is clearly (real) linear, we can break
down the investigation into cases: X
zo=1,2 =0, 2o = 0. In this case, VAV € R} by (i) and (ii), using
our preliminary remark in §7.2.11. X
20=0,2=0, Too = 1. Here VXV € JR?JFQ, just as in the previous case.
xog = 0, x arbitrary, ., = 0. This case is a little bit more complicated,
and we consider the components in (7.7) separately. First consider an off
diagonal entry, say axb — bxa: If a = 0, there is nothing to show; if a # 0,
we compute

a(axb — bra)a = aa - (x - ba — ab - x) = 2aa - (x,ab) € R.

Thus axb — bra = 2(z,ab) € R. To show that azd — bxéc € R", we first
assume that a # 0: Then we can write

d=(da—ch)a'+cba' = L(Ad—c-(ba))

aa

since a~! = %d and ba = —ba because . is an automorphism of AR" with
R™ in its —1-eigenspace. Consequently,
axd —bzc = {ax(Aa-— ( b)¢c) — a(ab)xc}

— Aaza~ '+ 2 (ab,z) ac € R"
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by (i) and (ii), where we again use our remark from §7.2.11. If, on the other
hand, a = 0, we must have b # 0 and ¢ = —%b, so that

ard — bxé = Abrb~! € R™

in this case also. In any case, we find that azd — bxé =: v € R", so that
cxb —dxa = v = —v and VXV € R} as sought.
Thus we have proved one inclusion.

7.2.13 To complete our proof, we show that I'(R"™) C U(R").

From §6.3.6 (and §6.3.4) we know that any element V of the Clifford
group F(IR?H) is a (nonzero) real multiple of the identity, or a product of
nonisotropic vectors, V = Hle V; with V2 # 0. We use induction to show
that any such product satisfies the properties (i) — (iii) in §7.2.9 of a Vahlen
matrix.

k=0, that is, V = 6 1 with 6 # 0. It is a trivial exercise!® to verify that
V satisfies the properties of a Vahlen matrix.

k — k 4+ 1. Here we want to show that the product VX of a Vahlen
matrix V € U(R") and a vector X € R} "2 with X2 # 0 is a Vahlen matrix.
Thus we consider

(a b><m xoo):(am—I—be aacoo—bac> (7.8)

c d o —I cx +dxry Cxoo —dr ) '
(i) As a sample we consider azx + bzg:

If a = 0, clearly ax + bxo = bxg € O(R").

If, on the other hand, a # 0, we write ax + bxg = a(z + %&b) — since
ab € R", we have ax + bxy € ©(RR"™) as the product of a € I'(R"™) and a
vector in IR"™. Note that we have used ab € R" < ab € R™ from §7.2.11.

The same argument works for the other entries of (7.8).
(ii) A straightforward computation yields

(az + bxo)(ars — bx) B
= (zab+ abx — voo@a — xobb) v — (22 + w9200 ) @b € R™,

and likewise for (cx + dzo)(czo — dz). Another computation gives
(ax + bxg)(cx + dxg) = xo(azxd — bxe) + x2bd — x2ac € R",

since axd — bze € R™, as we saw in §7.2.12(b); by a similar computation we
also find that (ax. — br)(croo — dx) € R™.

10) 4 may be a more amusing exercise for the reader to verify that any diagonal matrix with
real (nonvanishing diagonal) entries satisfies conditions (i) — (iii) in §7.2.9 — and then find a
way to write it as a product of vectors in case it is not a multiple of the identity.
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(iii) This is again a straightforward computation:

(ax + bxo)(cToo — dz) — (AZoo — b:c)(qu—jixo) =-A-X%2ec R\ {0}

Hence, the product in (7.8) satisfies the properties (i) — (iii) so that
VX € B(R") is a Vahlen matrix. This completes the proof of §7.2.9. N

7.2.14 Example. A simple example of a 2 x 2 Clifford algebra matrix V
that is not a Vahlen matrix is

Vo= (6162 + €3€4 0 ) :

0 ei1es + €3€4

where e1,es,e3,e4 € R™, n > 4, are four orthogonal unit vectors in R™:
Condition (i) is not fulfilled since eje +e3e4 cannot be written as a product
of vectors in R™, and A = 2 — 2ejesezeq € R, showing that V also fails to
satisfy (iii).

A less obvious example may be

V — <6162 €3 >
€3 €1€2
with three orthogonal vectors ey, es,e3 € R™, n > 3: Here, (i) and (iii) are
satisfied but (ii) fails.

7.2.15 It is now an easy task to determine the pin and spin groups in
AR} according to their definitions given in §6.3.7. Since VV = VV for
V € T(R}™?), the condition for pin simply reads

A = ad — bé = +1,

as already computed in (7.6). For the spin group we must additionally have
the condition V =V, which, according to (7.3), becomes

a=a, d=d, b=—b, and é=—c. (7.9)

Since, as we learned for the elements of I'(IR™) in §6.3.6, any a € ©(IR") can
be written as the product of a real number and a product of vectors,'!)

O(R™) = {a = AT, vi| A € R,v; € R"},

11) Remember that the empty product is defined to be H?: v; = 1.

1
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this tells us that a,d come from even products of vectors whereas b, ¢ come
from odd products.'? Note that, with (7.9), we obtain

A = ad + be.

Summarizing, we have:
7.2.16 Corollary. An element V = (i Z) € T'(R}?) is in the pin group
Pin(R}™?) if and only if A = +1,
Pin(R??) = {V e T(RY?) | A = ad — bé = +1},

and it is in the spin group Spin(RY?) if and only if, additionally, a and d
come from even products and b and c from odd products of vectors in R™,
that is,

Spin(RYT?) = {V e D(RY?) |a = a,b= —b,é = —¢,d = d, A = £1}.

7.3 Mobius transformations and spheres

From §6.3.3 we know that the Clifford group I'(R}"?) acts by isometries on
R?*? via the twisted adjoint action

r:D(RYT?) = O(RY?), S+ RV 35V - SVS~! e R,

with kernel R\ {0}. Similarly, the pin and spin groups act by (orientation-
preserving) isometries on IR?*? with kernel 41 (see §6.3.8).

Interpreting IR?Jr2 as the space of homogeneous coordinates for the Mob-
ius geometry of the conformal n-sphere S™ = R"™ U {oo} (see Figure T.1),
this action is by Mobius transformations on S™ (cf., §6.3.12).

Our next goal is to write this action on S™ in terms of Vahlen matrices:

7.3.1 Let V = (11) :Zz) € S™ (cf., §7.2.6), and let S = (‘CL Z) c T'(R}3).
Then

1 —w 1 —w

a — a2 o2
r(S)-V= %SVS = —(wﬂ%c”*’d) (w w ) ~ (w w )

with w := (av +b)(cv +d)~! as soon as cv +d # 0 — if, on the other hand,
cv+d =0, then 7(S) -V =~ () ;) ~ oo

12) Another way to verify this fact is by examining products of vectors in R;H'Q.
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Note that (av + b)(cv +d)~! € R" U {oc} since r(S) -V € R}*? for
Ve R
Similarly,

(0 0) =5 (T )= (1 2

with w := ac™?!, that is, 7(S)oo ~ ac™!. Thus

7.3.2 Theorem. The Clifford group T'(R}?) acts on S™ = R™ U {oo} by
Mobius transformations; in affine coordinates, this action is by fractional
linear transformations,

(<a b)’U)H(a b)_v::{(av+b)(cvl+d)_1 for wveRM,

c d c d ac” for v = o0.

We will also speak of v +— (av + b)(cv +d)~1 as the Mdobius transformation
associated with the Vahlen matrix (‘Z Z).

Similarly, the pin and spin groups Pin(R}?) and Spin(R}?) act on
S™ by fractional linear transformations.

7.3.3 Note how we used the stereographic projection S™ — R" , that is, a
suitable rescaling for the (lightlike) homogeneous coordinates V € R?*? of
a point v € R™ (see §1.4.4) in order to obtain a Md&bius transformation as
a linear fractional transformation (cf., §7.1.3).

7.3.4 This situation is very similar to the quaternionic setup (see §4.4.5).
However, in contrast to the quaternionic case, there will be no vector space
that can serve as the space of homogeneous coordinates for S™. The closest
we can get to the quaternionic setup here is to identify

R'3 0o (Qf).r(ﬂzﬂ), and oo o <(1)>-r(zz~zn)

and consider I'(IR}?) as acting by matrix multiplication on these “vectors.”
But obviously these “vectors” do not form a vector space and I'(R™) is not a
field, so that this “analogy” between the quaternionic setup and the present
Clifford algebra setup remains formal.

Moreover, in the quaternionic setup, ewvery quaternionic 2 x 2 matrix
acted on (the vector space) H? and hence on S* = HP!. Here it cannot
only occur that a matrix with Clifford algebra entries does not provide a
Mébius transformation of S™ (since it is not invertible), but it can also
happen that it does not even provide a map S™ — S™. For example, the
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second 2 x 2 matrix from §7.2.14 does not act on R™ U{oo}, as the following
small computation shows:

elea €3 es\ [ (e1 —ez)ezes ) [ —eieses
(o e ) (7)) = (e ) = (779 e v e

7.3.5 Example. As a positive example, we consider S € T'(R?*?) to be a
vector, § = ( y S°°> € R}*2, of length 1 = =82 = — (52 + 50540)-

So —S
2 __

If so = 0, we have s —1 and its action on v € R is given by

Sv=—(sV+ S00)s 1 = 505+ 5005 =V — 2((5,V) — 35c) S,

which is the reflection of v in the hyperplane orthogonal to n := s € S*~!

and with distance d := %soo from the origin.

If, on the other hand, sy # 0, we obtain

Sv=(s0+8x)(s0 —sv) L =m—r?(v—-—m)~!

with m := 2 and r := % (cf., §7.1.5). In this case we obtain the reflection
in the hypersphere with center m € R" and radius |;-| € R\ {0}. In
particular, s = 0 and syg = —so, = 1 gives the inversion v — # in the unit
sphere in R".

Note that, corresponding to the factorization of a Vahlen matrix in upper
and lower triangular matrices, every Md&bius transformation (that is not

already a similarity) can be written as the composition of an inversion and
a similarity: If A = (Z Z) € T'(R}™?) denotes a Vahlen matrix with ¢ # 0,

that is, the corresponding Mobius transformation is essential, we may write

(2 4) - E (0 ;))( )
_ (am+b a—(am+bm (m —(1+m?) |

0 c 1 -m

(7.10)

where m = —c7'd € R™ (see §7.2.9 and §7.2.11) is the center of inversion.

7.3.6 Thus, as described in §7.1.2 for 2-spheres in S2, we can identify hy-
perspheres in S™ with elements S € ZR?Jr2 that satisfy'®) S? = —1. In this
way the identification of hyperspheres with a Md&bius involution that has
this hypersphere as its fixed point set (cf., Section 4.8) leads us back to the

13) Note that we obtain exactly the same formulas but that we can no longer interpret S as
an endomorphism of a vector space.
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classical identification of hyperspheres with the spacelike directions (or unit
vectors) in our coordinate Minkowski space IR}t

Thus the incidence of a point V and a hypersphere S can be detected in
two ways: either, by following the classical approach, via orthogonality, or
by the fact that V is a fixed point of the M6bius involution,

v=(1 ) ts e s(Y)=(Y)e @

with a suitable element a € I'(IR™). Similarly, the orthogonal intersection
of two hyperspheres S; and S, is detected by'%)

{51,851} =0 & 8§85 =-85,

that is, the two hyperspheres intersect orthogonally if and only if the corre-
sponding Mobius involutions commute — remember that Spin] (n+2) is a
double cover of Mob(n) (see §6.3.12).

We collect these facts for later reference:

7.3.7 Lemma. Any hypersphere & C S™ is encoded by a spacelike vector
2
S € IR’?H’ S? < 0; the incidence of a point V = (11) v ) c JR?H and a

v

hypersphere S € IR?Jr2 is detected by

S (?) = (11]) a, where a€T'(R"),

and two hyperspheres S1,Ss € ]R?+2 intersect orthogonally if and only if the
corresponding Mdobius involutions commute, {S1,S2} = 0.

7.3.8 The present description resembles very much the quaternionic setup
in various aspects — despite the fact that the coordinate vector space H?
has no Clifford algebra counterpart.

However, the condition S = —1 on Pin(IR?*?) also does not survive as a
characterization of hyperspheres in S™, in contrast to the case of S® C HP!
(cf., §7.1.2): For example, if S, Sy € R"*? are two orthogonal hyperspheres,
that is, S? = —1 and {S1,S2} = 0, then we also have (§1S52)? = —1, but
S1S8y € AR is now a codimension 2 sphere (see §6.4.8 or Figure T.4).

More generally, the product of m orthogonal hyperspheres S; provides
a Mobius involution and squares to ([, Si)? = (1) M(m+1), so that the
m-vectors corresponding to spheres of various dimensions square to —1.

14) Remember that, in (6.3), we defined [b, 0] := bto — tov and {v, 1w} := vro + tov for any two
elements v, w0 of the Clifford algebra.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 319

On the other hand, any Mébius involution S € Pin(RRy*?) can be de-
scribed as a product of inversions in orthogonal hyperspheres (see §1.3.19)
— since the equation S? = +1 characterizes such involutions, we deduce
that it indeed characterizes spheres of certain dimensions as long as the
fixed point set of the involution is not empty'® (see §1.3.21).

Thus the condition 8? = —1, or S? = 41, does not suffice to characterize
the spheres of a given dimension, but, in order to control the dimension k
of the sphere & C S, one has to require additionally that S € A”"ﬂR’f“,
as in §6.4.8:

7.3.9 Lemma. Any k-sphere S C S™ can be described as the product of
n — k orthogonal hyperspheres S; € R"f“, that s,

S=111-"Si e AP FR+2,
where S = —1 and {S;,S;} =0 fori,j=1,...,n—k, j # i. Equivalently,
a k-sphere S C S™ can be characterized as a pure (n — k)-vector'®)

(n—k)(n—k+1)
2

Se AFRI2 with 8% = (—1)"HF

or, similarly, it can be described by its Clifford dual'™ vS € AF+2R"+2,

7.3.10 Now we can characterize the incidence of a point and a k-sphere S
in a similar way as for hyperspheres in §7.3.7: First note that, by writing the
k-sphere § = H?;lk S; as the orthogonal intersection of n — k hyperspheres,
we find that

o(5) 1t (1) - () e ()

with suitable a; € T'(R") and a = ay,— - -- a7 if v € SN R".
A similar argument applies to v = oo and its “coordinate vector” ((1))

7.3.11 To see the converse, we note that a point v € R"™ is a fixed point of
the Mobius involution given by S if and only if it satisfies

3(1’) ~ (i) s r(S) Ve,

15) As it would be for the product of m = n + 1 orthogonal hyperspheres.

16) 1t Sis a pure (n — k)-vector that squares to £1, then S € Pin(]RgH'Z).

(k+2)(k+2+1)
17) We have (vS)? = —(—1)+ since the Clifford dual of a spacelike pure (n — k)-

vector is a timelike pure (k + 2)-vector (cf., §6.4.6).
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1 —v
is the twisted adjoint action of S on JR’{H’Q, as in §7.3.1. With § = H?:_lk S;
as before, the twisted adjoint action of 7(S) € O(R}™?) on R} becomes
the reflection in n — k orthogonal (Minkowski) hyperplanes Sf,

P(S) V=81 Sy VS kS =V + SV, S8,

where we used that S? = —1, so that A; = +1. Consequently, 7(S) has
the spacelike span{Si,...,S,_r} as its —1 eigenspace and the Minkowski
orthogonal complement span{Si, ..., S, asits +1 eigenspace.’® Thus,
if V is an isotropic eigenvector of S, then it must be in the +1 eigenspace
of 7(S), and therefore (see §7.3.7 or Figure T.1) v e S; fori=1,...,n— k.
Consequently, v € S.

Again, the same arguments apply when v = oo, and we have proven the
sought characterization of the incidence of a point and a k-sphere:

7.3.12 Lemma. A point v € S” lies on a k-sphere S € A" *R"*? if and
only if v is a fixed point of the corresponding Mobius involution, that is, if
and only if

sov e s(2)=(D)a o s(D)= ()

respectively, with a suitable a € T'(IR™).

where V = (” _”2> € R is a lightlike vector corresponding to v and r(S)

If§ = H:L:_Ik S; is giwven as the intersection of n — k orthogonal hyper-
spheres, then S -v =wv if and only if S; -v=v fori=1,...,n—k.

7.3.13 Of particular interest to us are the 0-spheres: Remember that the
space of spacelike pure n-vectors S € A”]R’f“, or the space of timelike pure
2-vectors v§ € A2JR’f+2, can be interpreted as the space of point pairs in S™
(see Figure T.4). This space naturally turned up in the theory of (Darboux
pairs of) isothermic surfaces and their spectral (Calapso) transformations
(cf., §3.3.5 and §5.5.20), and the convenient description that this space had
in the quaternionic setup (see Section 4.5) was one of the reasons why the
quaternionic model of M6bius geometry was so well suited for our investi-
gations on isothermic surfaces and their transformations in Chapter 5.

In the present Clifford algebra setup we have a similar description of the
space of point pairs (0-spheres) as in the quaternionic setup.

7.3.14 First remember that the Lie algebra spin(R71?) = A2R}™? (sce
§6.3.10). We already saw in (7.2) that, in our matrix version of AR,

A2]R§L+2 :{<r2}_3 —Tv-l-a) |7 € R;v,w € R";3 GAQJR”}.

18) Note that this argument is quite similar to the one given to prove that any M&bius involution
decomposes into inversions (see §1.3.19f).
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As in Section 4.5, we naturally obtain a decomposition of 5pin(lR?+2)
into diagonal and off-diagonal parts,

spin(lR?JFQ):AZIR;”Q:E@}J::{(T;;Z’ —T0+3)}@{(SJ U)},

which is a symmetric decomposition of spin(RR}™?),
[e¢fCe [e,p]Cp, and [p,p]CE

(cf., (4.9)). Note that ¢ is the Lie algebra of the stretch-rotations of R",
that is, its Lie group K consists of those (orientation-preserving in the case
of the spin group) Mobius transformations that fix the “base point pair”

(00, 0):

. T 0 k n; 0 ) n—1 n
K-{(O :I:%)Hiﬂ(() —ni>|T€R\{O}’m€S C R"}.
Thus, as in §4.5.3, the space of point pairs — or O-spheres — in S™ is
identified as a reductive homogeneous space:

7.3.15 Lemma. The space P = {(P,Q) € " x S| Q # P} of point pairs
m S™ is a homogeneous space

B = Spin(R}™?) /K, where K := {(g 2) € Spin(RT+2)}

is the isotropy group of 0,00 € S™ = R™ U {oc}. This isotropy group K
consists of the rotations and homotheties'® of R™.
The tangent space of ‘B at (00,0) € B is T(s0,0)B = p.

7.4 Frames and structure equations

In §4.5.8 we introduced the notion of an “adapted frame” for a point pair
map in the conformal 4-sphere — choosing (é) and ((1)) as the homogeneous
coordinates for a base point pair (00,0) € B, we could then interpret the
columns of the matrix representation F' : M — SI(2,H) as homogeneous
coordinates of the point pair map, F' = (fs, fo). In the current Clifford
algebra setup, a similar interpretation is possible — with some restriction
caused by the fact that we do not have the notion of “homogeneous coordi-
nates” in the same sense as in the quaternionic setup.
Thus we start with a definition analogous to the one given in §4.5.8:

19) Note how a homothety of R™ can be written as the product of two inversions in hyperspheres
(with different radii) centered at 0 € R™.
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7.4.1 Definition. A map F : M — Spin(R?+2) is called an adapted frame
for the point pair map (foo, fo) : M — P if fo=F -0 and foo = F - 00.
7.4.2 By writing an adapted frame F : M — Spin(R}"?) for a point pair
map (foo, fo) : M — P as a Vahlen matrix, F = <‘C‘ Z), we obtain

foo=ac™t: M — R*"U{occ} and fo=0bd"': M — R*"U {0}

by §7.3.2 (cf., §7.2.9 and §7.2.11). Thus the “columns” of F give us (for-
mally) “homogeneous coordinates” for the legs fy and f. of our point pair

IO - ()
00 - () - (1)

where the (right) multiplication is meant to be componentwise. On the
other hand, by the definition of an adapted frame for a given point pair
map (fs, fo), any adapted frame is of this form as soon as fy, foo # 00:

F = (fooaoo f0a0>,

Uoo ap

where ag, as : M — I'(IR™) are suitable functions with values in the Clifford
group of R™. For these functions we derive additional properties from the
fact that an adapted frame has to take values in Spin(R}"?): Wheeling out
the conditions (i) — (iii) from §7.2.9, we find

(1) fOC}Oa ao, fooaixn acxz € @(]RAn)’

(11) CL()C_LOO, fooaoo(_lofo, C_Lofoao, &Oofooaoo S Rn, and
(111) A= fooaooao — foaoaoo € R\ {0},
and the additional conditions from §7.2.16 read A = +1 and

fooaoo - _fooaoo, oo = — Qo and anO = f0a07 g = ag-
Thus we must have ag, a0 : M — I'(R"), Gg = ap and Go, = —aoo; MoTe-
over, with agle. = —aplss € IR™, we then deduce
A00oo = —A00co = Aploo = Goolg = Goolg and

+1=A = fotooto — f0a0Goo = (foo — fo) aseGo.

The remaining conditions are then automatically fulfilled, so that, by refor-
mulating the last condition in terms of the Clifford conjugation instead of
the Clifford transpose, we have the following;:
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7.4.3 Lemma. Given a point pair map (foo, fo) : M — B, fo, foo # 0,
any adapted frame F : M — Spin(R}™?) is of the form

Jq:-:<fooaoo anO)7

(029% ap

where the functions ag, s : M — T'(R™) satisfy ao = ag and oo = —0oo,
and (foo — fo) @0l = £1.

7.4.4 Example. If fy, foo : M — R™ are two maps so that fo(p) # foo(D)
for all p € M, then the pair (foo, fo) : M — P qualifies as a point pair map.
Choosing ag = 1 and as := (foo — fo) ™!, the map

— fOOaOO fa _ fOO(foo_f)_l f . . n
F = ( o (()100) - ( (foo _fZ)fl 10) : M—>SPZn(lR1+2)

provides an adapted frame for (f, fo)-

In fact, A = (fo — foo)(foo — fo)~! = +1, so that this frame takes values
in Spin] (n + 2) C Spin(RRY*?), the double universal cover of the Mdbius
group (see §6.3.12).

If, however, foo =00 and fo = f: M — R™, we also obtain a point pair
map (oo, f) : M — P. Here,

F = <(1) {) : M — Spin{ (n+2)

defines an adapted frame — the “Euclidean frame” of f.

7.4.5 Any two adapted frames F,F : M — Spin(RR?"?) of a given point
pair map (fso, fo) : M — ‘B differ by a gauge transformation

fo:f]C Where ]C:MHK;

takes values in the isotropy group of 9 = Spin(R}?)/K as a symmetric
space, that is, in K = {K € Spin(R}"?)|K-0=0,K-00 = 0o} (see §7.3.15).

7.4.6 If, on the other hand, we are interested in the geometry of a single
map f = fo: M — S™, we may choose an arbitrary second map f. to
obtain a frame F : M — Spin(R}?) for f (and f..). However, since
we are not interested in this second map fo,, we will allow the frame F to
change in a way that only fixes its “second leg” f, that is, we are considering
gauge transformations of the form

FesF=FK with £-0=0
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but K- oo arbitrary. In terms of Vahlen matrices, this means that

K:M— Ky:= {(CCL 2) € Spin(R72)}.

7.4.7 Thus, here we think of the space of (single) points in S™ as the
homogeneous space

S = Spin(R}T?) /Ky, where Kg:={K € Spin(R}™)|K-0=0}

is the isotropy group of the chosen base point 0 € S™ (cf., Section 4.6). Note
that this space is, as in the quaternionic setup, a nonreductive homogeneous
space because there is no complement of the isotropy algebra €, that would
provide a symmetric decomposition of the Lie algebra spin(IR?*2) — in fact,
S™ is a symmetric R-space (cf., §4.6.3); for more information on symmetric
R-spaces in this context, consult [52].

We summarize these ideas into a definition as in §4.6.5 for the quater-
nionic setup:

7.4.8 Definition. A map F : M — Spin(R}"?) is called an adapted frame
for a map f : M — S™ = Spin(Ry*?) /Ky if it is a lift of f, that is, if
F0=f.

7.4.9 As in all other models, key information on the differential geometry
of amap f: M — S™, or of a point pair map (f, fo) : M — B, can be
encoded in the structure equations dF = F® given in terms of an (adapted)
frame F, where ® denotes the connection form of the frame. Remember
how, in §6.7.4, we established a relation between Clifford algebra framings
and the classical framings in Mobius geometry, using a pseudo-orthonormal
basis of R?"2, via the twisted adjoint action of Spin(R}*?) on Ry*? and
how we extracted the classical invariants from the Clifford algebra connec-
tion form. In §4.5.12 we established a similar “translation table” for the
quaternionic setup. The very same procedure works in the present Clifford
algebra setup — in fact, the procedure discussed in §6.7.4 applies without
change in the present situation.

7.4.10 Here we restrict ourselves to studying the effect of a gauge trans-
formation on the Clifford algebra connection form of a frame, similar to
the quaternionic case (see (4.11) and (4.14)): in fact, the formulas will be
exactly the same as in the quaternionic case when using Vahlen matrices.

First note that, for F = FK, we have

b = (FK)~1d(FK) = K10K + K~ 1dK = K~1(®K + dK).
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Thus, if K = (“oo 0) .M — Ky and ® = (V’w %), then

c ag Yoo ©0

(f _ a'gol 0 (daoo + ()Oooaoo) + IZ}OC Zboao (7 12)
—aalcagol agl Vool + (dc+ poc)  dag + poag )’ ’

as in (4.14) — note that ag,a : M — T'(R™), that is, ap,a # 0 are
invertible since K : M — Ko C Spin(R}*?) is (cf., §7.2.9).

Specializing to the case ¢ = 0 so that K : M — K takes values in the
isotropy group of (00, 0) € B, we obtain, as in (4.11),

~ —1 —1 ~
& (aoo da’°31+ Ao Pooloo _1da'oo w0¢_“{ ) ) (7.13)
Ay Yoolioo Qg aag + ag Yoag

7.4.11 Example. First we consider the Euclidean frame F = (é { ) of a

map f: M — R" (see §7.4.4): The connection form of F then computes to

i (1 —FN (0 df\ [0 df
o-rar=(o (0 V)0 F)

If we now introduce a second map fo : M — R", fo(p) # f(p) for all

p € M, then the respective adapted frame F from §7.4.4 for the point pair
map (foo, f) : M — B is obtained by a gauge transformation,

PNt D=0 Dwlp 1)=7¢

Its connection form can then be computed from (7.12):

i 1 0 df (fo — £)~1 df
v= (_(foo_f)_l 1) <_(foo_f)_1d(foo_f)(foo_f)_l 0)
_ df (foo = )7} df>
_<foo—f>71df00(foo_f)71 _(foo_f)ildf .

7.4.12 Finally, remember from §6.7.3 that the compatibility conditions for
the structure equations become the Maurer-Cartan equation for the con-
nection form ® of a frame,

d® + 3[@ AP =0,
as can be obtained by differentiating the structure equations dF = F®:
0=d*F=F (d2+PA®)=F (d®+ L[® A D)),

where [® A U](x,y) := [®(x), V(y)] — [®(y), ¥(x)] and [.,.] denotes the anti-
commutator on AR?"? [0, 1] = b — v, that is, the Lie bracket on the
Lie algebra AR} = spin(R}?) = 0y(n + 2) (cf., §6.3.10).
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7.5 Miscellaneous

As usual, some of our findings from this chapter are collected in Figure T.5.

In this final section we will touch on a couple of issues concerning en-
velopes of sphere congruences and on the cross-ratio of four points. However,
the presented material is mainly meant to stimulate the reader to pursue
these thoughts further, and most of it will no longer be used in the following
chapter.

7.5.1 Remember that a differentiable map f : M™ — S™ was said to

envelope a (hyper)sphere congruence S if

f(p) € S(p) and dp,f(T,M) C Ty)S(p)

for all p € M (see §1.6.1). In §6.6.3, we extended this notion to envelopes
of congruences of k-spheres, k > m, which must satisfy the same conditions
(cf., §4.7.9). In §6.6.5, we formulated a condition for a map f to envelope a
k-sphere congruence; however, one might be tempted to seek a characteri-
zation analogous to §4.8.15 in the quaternionic setup after we have already
proven a similar characterization for the incidence (see §7.3.12).

7.5.2 Assuming that the points of f lie on the spheres S, that is,

()-()-

with a : M™ — T'(R"), a way to proceed here would be to argue that f
envelopes S if and only if any infinitesimally neighboring points f + df also
lie (up to higher order terms) on S, that is,

S(I40) < (50 s

where da € A(R"), so that (a+da) € I'(R™). Neglecting higher order terms
and taking (7.14) into account, we would arrive at

$(7)=(3) e ()

as the enveloping condition. Taking, on the other hand, derivatives in (7.14),

this is equivalent to
ds - <{) _ ({) (da — ), (7.15)

thus arriving at the very same characterization as in §4.8.15.
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However, we encounter a serious problem with our characterization: Our
last equation (7.15) makes no sense?”) since 2 x 2 matrices with Clifford
algebra entries do not act on S™ in general, as already discussed in §7.3.4.

7.5.3 Example. To illustrate this we consider the following sphere con-
gruence in S = R3 U {cc}:

_ 2 ;
S(t) = (til 1+t ) (egcost;l)—egsmt 0 )7

—tey —egcost —egsint

where (e, €2, e3) denotes an orthonormal basis of IR®. This is a 1-parameter
family of circles of constant radius 1 in IR® whose centers move on the ej-axis
and whose planes rotate around the ej-axis as the centers move. Taking its
derivative at ¢t = 0 yields

doS = S'(0)dt = (6162 € ) dt,

€3 €162

that is, a 2 x 2 Clifford algebra matrix that does not act on S3, as we have
seen in §7.3.4. On the other hand, the sphere congruence S has no envelopes
anyway, as is immediately clear from its geometric construction.

Allowing different speeds for the shift of the center of the circles and
for the rotation of their planes, nothing changes — unless one of the two
speeds is chosen to vanish. Then the sphere congruence has two envelopes:
either the two lines ¢ — te; + ey, in case no rotation takes place, or the
two constant maps +eq if the centers of the circles are 0. In either case S’
becomes a pure 2-vector (cf., (7.2)) that is a circle itself and, therefore, acts
by the reflection in that circle on S3.

It shall be left to the reader to pursue these considerations further.

7.5.4 Now remember the condition for an immersion f : M™ — S™ to
envelope an m-sphere congruence S : M™ — A”_mJR?JF2 that we derived
in §6.6.7 using the notion of “contact element” (see §6.6.9) — note that the
dimension dimM = m of M is the same as that of the spheres. We want
to use this enveloping criterion to derive a representation for an enveloped
sphere congruence that contains the points of a second map?") f .

Thus let F,F : M? — R ¢ AR}*? denote lifts of f and f; then the
condition for the immersion f to envelope S reads

vSF =aT

20) The reader may want to analyze where, in fact, we start to produce senseless equations.
But, perhaps, it is possible to “repair” these problems?

21) Note that, here, we use " to indicate a second map, that is, in our present considerations it
does not denote the order involution from §6.3.1 any more.
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with a suitable real function a and tlr}e contact elements 7" of f. On the
other hand, if we require the points f(p) of f to lie on the spheres S(p),
then we have from §6.4.12 that

FS—(-1)""mSF =0, or F(vS)=(-1)"T (vS)F (7.16)

since??) Fv = —(—1)"vF. From these two formulas we now learn that our
sphere congruence & must be given by

—__ 1 I r — _
vS = 2<f’]:_>\x/3(.7:~7:+]:]:) =

s nTF - (O)"FT). (1.7)

Note that, in any case,

[7,F] for m=0mod 2

E_ (1 \mET — i _ . m+2 mn+2
TF —(-1) ]—“T_{{T,]__} e mElm0d2} 2T A F € A 2R,

since 7 is a pure (m + 1)-vector (cf., §6.2.7). Hence, given 7 and a second
map f with f(p) # f(p) for all p € M, so that TF — (—1)m.7:"T # 0, the
equation (7.17) defines an m-sphere S. Moreover, with §6.4.12 we can derive
that f(p) € S(p), since TF =0, so that

TFF =

vSF = 2<f 7) <]—" F)

T(FF+FF)=aT : M — A" Ry,

and with §6.6.5 we deduce that F envelopes S. We directly built into (7.17)
that the points of f lie on the spheres S; however, this can also be easily
double checked by using (7.16).

If we additionally wish to normalize S “properly,” S? = +1 as in §7.3.9,
we “normalize” 7T appropriately: Let 7 = FD, D := dF(vy)---dF(vy)
with an orthonormal basis (v1,...,v,,) with respect to the metric induced
by the lift F of f, as in (6.12), and let

Then we have D? = (—1)w = —(—1)w, so that
(TF - (-1)"FT)? = (TF)*+(FT)?
= ]-"D(]-"f—i— ]—'}")D}"%— .7-"]:1)(]:}"4— .7-"]:)
= (ff+ .7:]:)22)2
(m+2)(m+3)
—(-1) (]-".7—"4— ff)

22) Ty see that Fv = —(=1)"vF, just write v =

2(}-]_-> (F = F)(F+F)& - En, where the

&’s form any orthonormal basis of the orthogonal complement of F and F. Then the claim
follows since F(F — F)(F + F) = FFF = —(F — F)(F + F)F and {&,F} = 0.
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since 2 =0 and 72 = 0 with 7F = 0 (cf., §7.3.9 (footnote) and §6.4.6).

Thus, using the “normalized contact elements” from (6.12), the formula
(7.18) provides a proper choice of homogeneous coordinates for the en-
veloped sphere congruence:

7.5.5 Lemma. Let f: M™ — 5" be an immersion and f :M™ — S™ a
map so that f(p) # f(p) for allp € M; let T denote the map of (normalized)
contact elements of a lift F of f, and let F : M™ — JR?Jr2 be a lift of f.
Then
— m T __ TAF . m m-+2 pn+2

vS = (}']:+]:]:)(Tj: (=1)™mFT) = —<7__77:_>.M — AR (7.19)
defines a congruence of m-spheres S : M™ — A”_mleHQ that is enveloped
by f and contains the points of f, f(p) € S(p) for allp € M™.

7.5.6 We can use this result to generalize the notion of central sphere
congruence for immersions of higher codimension?® — remember that, in
§3.4.1, we introduced the notion of central sphere for a hypersurface in the
conformal n-sphere in a conformally invariant way; from this definition we
then derived characterizations as the “mean curvature sphere congruence”
(see §3.4.4) and as the “conformal Gauss map” (see §3.4.8). Here we will
generalize the mean curvature sphere characterization of the central sphere
congruence to the higher codimension setup.

Thus we introduce the central sphere congruence for an m-dimensional
immersion f : M™ — S™ = R™ U {oc} into the conformal n-sphere to
consist of those touching m-spheres Z(p) that share the mean curvature
vector with f, considered as an immersion f : M™ — IR" into Euclidean
space, at the point f(p) of contact. That is, we will think of the sphere
Z(p) as the sphere that lies in the affine (m + 1)-plane that?%) contains the
(affine) tangent plane of f at f(p) and the normal line given by the mean
curvature vector H(p) of f at f(p), and that has radius r(p) = |H—%p)‘ and

center m(p) = (f + |H|2H)( p).

Otherwise said, we take Z(p) to be the m-sphere that touches f at f(p)
and contains f(p) == (f + | H|2H )(p). This description allows us to use
§7.5.5 in order to encode the central spheres of an immersion, in the Clifford

algebra way, as spacelike pure (n — m)-vectors Z(p) € A" " R}*? — or as
their (timelike) Clifford duals vZ(p) € A" 2R}, Namely, we choose lifts

_f2 . ¢ 2
f:({ _}t) and f:<{ _;) Ft 2w,

23) Compare [241] and [107].

24) This geometric description fails when H(p) = 0 — but then the central sphere should
clearly be the tangent plane of f at f(p). This problem will resolve itself when proceeding.
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where H := <[g _(Hfj[J;H)_2> (cf., §7.2.6). Then (7.19) yields

vZ = mwf — (-1)"FT) = gz (TH — (1) HT)
since 72 = 0 and 7F = 0. Note that the last expression also makes sense
when H = 0, so that H = —2 (8 é) ~ 00: In this case it gives the m-sphere
that touches f and contains the point oo, that is, it defines the tangent
plane of f — which is its mean curvature sphere when H = 0.

Since we assumed f : M™ — R" to take values in Euclidean n-space,
the mean curvature vector field H of f is given by H = £ Af, where A is

—m
the Laplacian with respect to the induced metric I. Hence

_ Af —(fAf+2I(VE V) +AF) N _
H—%( 0 A )_%A]-“

since I(Vf,Vf) = m. Consequently,
VZ = sxriarr (TAF — (-)"AFT) = - <J-"1Af> TAAF. (7.20)

7.5.7 To see that vZ is a well-defined object for immersions into the con-
formal n-sphere, that is, vZ does not depend on the choice of lift F for f,
we first note that 7 A dF(v) = 0 for any v € TM. As a consequence,

TAA(EF) = e 2T ANA(e"F) = e T ANAF (7.21)

since, by §3.4.19, Ap = e 2“(Ap + (n — 2)dp(gradu)) for any function ¢
on M when A denotes the Laplacian with respect to the metric I = 2]
induced by the new lift F := ¢“F of f. Because 7 scales with F, when
computed with respect to an orthonormal basis as in (6.12), we obtain

TANAF =T ANAF.

Since also (F, AF) = (F, AF) = —m, the representation (7.20) of the mean
curvature sphere Z is independent of the lift F chosen for f.

Moreover, (7.21) shows that the Laplacian can be taken with respect
to any metric that is conformally equivalent to the induced metric of the
liftt without any changes — the scalings caused by a conformal change of
the Laplacian and by a change of lift decouple. Thus, in the 2-dimensional
case m = 2, we may choose any conformal coordinates (x,y) to compute the
central sphere congruence, without the need to scale the lift correspondingly.

7.5.8 Lemma and Definition. Let f : M™ — S™ be an immersion into
the conformal n-sphere, and let F : M™ — IR?Jr2 denote any lift of f. Then

vZ = ﬁ(TA}" —(=1)™AFT)
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defines, in a conformally invariant way, an m-sphere congruence that is en-
veloped by f. This sphere congruence is called the central sphere congruence,
or mean curvature sphere congruence, of f.
If m = dimM = 2 and (z,y) denote conformal coordinates for (M? 1),
then
vZ = 4:e%{]-".7-";,3.7:?;(.7:;,;w + Fyy) — (Faz + Fyy) FFaFy},

where €2“ is the metric factor, that is, I = e*“(dx? + dy?) is the metric

induced by the lift F of f.

7.5.9 As a second application of our representation (7.19) for the sphere
congruence that is enveloped by a given immersion f : M™ — S™ and
contains the points of a second map f : M™ — S™, we derive a condition
for two maps f and f to envelope a congruence of m-spheres — note that
the dimension of M, m = dimM, is the same as that of the spheres. Since
we want to simultaneously obtain a formulation for the case when both
maps f and f take values in Euclidean n-space (see [47]), we will assume
that
fif i M™ - R"C R"U{oo} = 5™,

Thus we choose the “Euclidean lift” F = ({ :§2> : M — R} of f into
the projective light cone (see §7.2.6). Then we can express the contact
element of f at p € M™ in terms of the “tangent space map” t of f:

T(p) = F(p)dpF(v1) -+ - dpF (vin) = (figg _ﬁ;%) : (7.22)

where (v1,...,vy) is an orthonormal basis of T, M for the metric induced
by f ~ F and t(p) := dpf(v1)---dpf(vsm) € A™R™ represents the tangent
space®® of f: M — R" at f(p).

With this relation between the contact element of f and its tangent space
map we can formulate the following;:

7.5.10 Lemma. Two immersions f,f : M™ — R", f # f pointwise,
envelope an m-sphere congruence S : M™ — A”_m]R;”L2 if and only if

FTI|TF & i-(f-NI-hHt

where T, T : M — Am“JR?Jr2 denote the contact elements®®) of F and F,
and t,t : M — A™R"™ are the tangent plane maps of f, f : M — R™.

25) That is, the tangent space as a linear subspace of R™.

26) The contact elements 7 and 7 will usually have to be computed using different orthonormal
bases since the induced conformal structures of f and f will generally be different, so that an
orthogonal basis (v1,...,vn) for the conformal structure of F will not be orthogonal for F.
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7.5.11 Proof. First we note that the equivalence of

(FD)P) | (TFHp) & & F=MNHE) I -1t

is a consequence of (7.22) that is obtained by straightforward computation:
P (f —f2> (ft —ftf> _ <f<f—f>t —f(
1 —f t —tf (f=nt =
Fr - (ft —f{f) (f —f2> _ (fzf(f—f) —ftj(f—f)f) .
t o —tf)\1 —f tfr=r —tf=nNs
A nice geometric proof for the affine criterion is given in [47] — knowing the
equivalence, this proves our lemma. Here we want to complement this proof

with a more algebraic proof, making use of our Clifford algebra setting and,
in particular, of our formula (7.19) for the enveloped sphere congruence.

7.5.12 For this purpose we first assume that f and f do envelope a sphere
congruence S. According to §6.6.7, this means that we have

T | vSF and 7T | vSF,
so that our claim reduces to FvSF || vSFF. By (7.19) this holds since
F(TF - (-\)"FT)F = FTFF = —(-1)™(TF — (-1)"FT)FF.

To see the converse we assume that FT I TF, that is, there is a (real)
function A so that?”) F7 = AT F. Then

TF = —(f_lf)g(]:"}'Jr.?-"]:‘)T]:" = —(f_lf)gf]:"Tf
A 7 I A (T r _ 7
= g FIFF = — 2R FTFF+FF) = €T

Hence (TF — (—1)™FT) || (FT — (—1)™TF), so that (7.19) yields, up to
sign, the same expression for the enveloped m-sphere congruence S. N

7.5.13 Finally, we turn to the cross-ratio of four points in R"™. Remember
from §6.5.5 that the cross-ratio [v1;ve;vs3;v4] of four points v; € R™ C S™
is given by

e 2 _ V1iVoV3Vy+VaV3VoV 0 +2 4 +2
[v15 023 v3; vg] = FZpAE R REL € AORYTE @ ARy,

27) Note that FT,TF # 0 by our assumption that, pointwise, f+#T
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R . . . .
where V; = (”1 _%_) € JR?“ is the isotropic vector corresponding to v;.

Writing formally, as in (4.26), V; = (%) (1, —v;) we compute

V2, V3} = —(va —w3)?, {V1,Vs} = —(v1 —v4)?, and

_ , 7.23)
Vi +0sF  —(v1kva + vaFv1) (
ViVaVsVy + ViVsWVo V) = - - ,
abshat Vavshah ( r+E —(ruat o) )
where ¢ := —(v; — vg)(vy — v3)(vs — vy4). To simplify the argument?®) we

now assume that the cross-ratio is real-valued, that is, that the four points
v; are concircular (see §6.5.1). Then the above expression simplifies?”) to

0

V1 — U4)

ViVaVsVy + ViVsVo V) = ((“1 _0“4)‘ " ) =p-1e RC AR

with y:= (v — v2)(vy — v3)(v3 — v4) (Vg — V7).
Finally, taking into account the denominator, we obtain a formula for the
cross-ratio of four points v; € R™ in terms of affine coordinates (cf., [72]):

7.5.14 Lemma. The cross-ratio of four concircular points v; € R™ is

[v1;v2;v3;v4] = (v — v2)(ve —v3) (3 —vg)(vg —v1)" L € R.

28) 14 may be a worthwhile exercise for the reader to do the computations in the general case:
Here it may be of profit to express the imaginary part of the (complex) cross-ratio in terms of
its norm and its real part, |[Im[...]|> = |[...]|* — (Re[...])?. Remember that only the length of
the “imaginary” A41R§L+2 part of the above expression is conformally invariant — its direction
encodes the 2-sphere that contains the four points (see §6.5.5) — and the imaginary part of
the complex cross-ratio was considered to be its length.

29) 1

In particular, we must have ¢ + ¥ = 0; note that y = (v4 — v1)y(vse —v1) ™" since py is real.



Chapter 8

Applications: Orthogonal systems, Isothermic surfaces

This chapter comprises two relatively independent topics: As an application
of the Clifford algebra formulation of the classical model that we developed
in Chapter 6, we want to discuss smooth and discrete (triply) orthogonal
systems and their Ribaucour transformations; and as an application of the
Vahlen matrix enhancement of the Clifford algebra model that we elaborated
on in Chapter 7, we will discuss (smooth) isothermic surfaces of arbitrary
codimension. However, (Darboux pairs of) isothermic surfaces can be con-
sidered as a special case of (Ribaucour pairs of) orthogonal systems, which
may justify treating both topics in one chapter.

Technically, an orthogonal system can be considered as an orthogonal
coordinate system on R"™ (or the conformal n-sphere S™); geometrically,
it is a system of n l-parameter families of hypersurfaces so that any two
hypersurfaces from different families intersect orthogonally. Triply orthog-
onal systems in FEuclidean space have been studied intensively in classical
time (see for example [17], [94], or [136]; an excellent overview is given in
[248]). However, the notion of an orthogonal system is obviously confor-
mally invariant, and important properties (as, for example, Dupin’s the-
orem; cf. §2.4.8) can be formulated and proven in a conformal setting —
remember that we already briefly touched on triply orthogonal systems in
the context Guichard nets (see §2.4.4). Also, the existence of n-orthogonal
systems in general position in a Riemannian manifold of dimension n > 3
is related to the conformal flatness of the ambient manifold (cf., §P.5.7).

More recently, relations with integrable systems methods have stimulated
new interest in orthogonal systems — in Euclidean space, where the the-
ory is governed by Lamé’s equations (2.20) or (2.22) — and n-dimensional
generalizations thereof (see, for example, [168] and [308]).

In §3.1.8 we introduced the notion of a Ribaucour sphere congruence;
the envelopes of such a sphere congruence are usually called Ribaucour
transforms of each other: They form a “Ribaucour pair” of surfaces. Our
Darboux pairs of isothermic surfaces (see §3.2.5) were special cases of such
Ribaucour pairs. This notion of Ribaucour pairs can be generalized to higher
dimensions and other codimensions (including codimension 0), as we will
discuss later. An excellent and comprehensive treatment of the Ribaucour
transformation can be found in the second volume of [28], or in [106].

Bianchi’s permutability theorem for the Ribaucour transformation (cf.,
[27]) is closely related to the integrable systems approach to orthogonal
systems (cf., [123] or [187]). One possible approach to discrete orthogonal
systems is via a version of this permutability theorem, as mentioned in [35].
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The respective geometric definition was first proposed by A. Bobenko at a
conference in 1996 (see [31]) and was taken up in various publications. The
theory of discrete orthogonal systems defined using this ansatz has many
features in common with the analogous smooth theory, in particular from
the point of view of integrable systems (cf., [74], [104], and [166]; see also
[103] and [105]).

In this chapter we will discuss Ribaucour pairs of orthogonal systems (of
any dimension and codimension), taking a different approach in two ways.
Because orthogonal systems as well as the Ribaucour transformation are
both Mobius invariant notions, we will work in a Mobius geometric setup,
in contrast to the aforementioned papers. The advantage is that certain
geometric features are described with more ease; the drawback, on the other
hand, is that Lamé’s equations, playing a central role in many papers, are
replaced by a more complicated system of differential equations.

Second — and this is where the Clifford algebra model that we just elab-
orated on plays a crucial role — we will define discrete orthogonal systems
via a discretization of the structure equations in the smooth case. Besides
the fact that this discretization procedure is very straightforward, it also
provides a lot of structure that we will derive: Among other things, we
will obtain a geometric description extending the aforementioned geometric
definition of orthogonal systems as “circular lattices.”

This was the approach that we took in [35]. In the present chapter, we will
loosely follow the presentation of the material in [35], elaborating on some
topics in more detail. In particular, we will give the exact discrete analog of
Bianchi’s permutability theorem for the Ribaucour transformation and for
the Demoulin family of orthogonal systems, as it is formulated in [28].

After our discussion of smooth and discrete orthogonal systems, we will
return to smooth isothermic surfaces, as an application of the Vahlen ma-
trix approach to Mobius geometry: We will recover various results from
Chapter 5 on the transformations of isothermic surfaces in arbitrary codi-
mension — to spare the reader, the presentation will be kept rather sketchy
at many places. For more details, as well as for further reading, the reader
shall be pointed to F. Burstall’s excellent paper [47]; in fact, our discussion
in this chapter is to a large extent inspired by [47], and we will in various
aspects follow the presentation there. Other good references for (trans-
formations of) isothermic surfaces of arbitrary codimension may be [215],
where a higher dimensional version of Christoffel’s problem (cf., §3.3.11)
is investigated; compare also [84] and [250], where the integrable geometry
of isothermic surfaces in Euclidean n-space is investigated and where their
transformations are treated in the spirit of [106].

Thus, in the last two sections of this chapter, we will work along the
transformation theory of isothermic surfaces developed in Chapter 5, recov-
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ering all isothermic transformations in the Vahlen matrix setup for Mobius
geometry. Most of the theory will turn out to be very similar, and many
proofs can be carried over with only minor modifications. However, there
are some differences that we will try to find out. Also, the material will
be organized in a slightly different way that may provide the reader with
new viewpoints. In particular, the Darboux transformation will be treated
separately, after the other transformations are discussed, and their relation
with curved flats will be emphasized. Besides giving an n-dimensional gen-
eralization of the transformation theory of isothermic surfaces, these two
sections are also meant to provide the reader with a brief overview of the
transformation theory of isothermic surfaces — therefore, any examples are
omitted (nice examples, which generalize the examples of constant mean
curvature surfaces given in Chapter 5, are discussed in [47]), and a system-
atic discussion of the permutability theorems, as in Section 5.6, shall be left
for the reader as an exercise.

The contents of this chapter are organized as follows:

Section 8.1. In this preparatory section we discuss basic facts about n-
orthogonal systems in the conformal n-sphere S™: Lamé’s functions are
introduced and Dupin’s theorem is proven. The structure equations for
an n-orthogonal system are analyzed, and the geometry of coordinate
submanifolds is investigated.

Section 8.2. The notions of Ribaucour sphere congruence and Ribaucour
pairs of m-orthogonal systems in the conformal n-sphere are introduced.
Using adapted frames, the structure equations for Ribaucour pairs of
orthogonal systems are derived.

Section 8.3. The structure equations for Ribaucour pairs of m-orthogonal
systems obtained in the previous section are discretized, and Ribaucour
pairs of discrete m-orthogonal nets are defined via these discrete struc-
ture equations. Then the resulting geometry is analyzed: In particular,
it is shown that the occurring orthogonal nets are concircular and that
the nets of a Ribaucour pair “envelope” a discrete sphere congruence.

Section 8.4. In this section the discrete structure equations are interpreted
geometrically. On these grounds, constructions of (Ribaucour pairs of)
discrete orthogonal nets are presented. In particular, a Cauchy-type
problem for discrete orthogonal nets is solved. As an example, discrete
analogs of surfaces of revolution, cylinders, and cones are discussed.

Section 8.5. We conclude our investigations of Ribaucour pairs of discrete
orthogonal systems with a discussion of the Demoulin family of Rib-
aucour transforms of a given orthogonal net — which is given by two
“seed” Ribaucour transforms — and of Bianchi’s permutability theorem
for the Ribaucour transformation of discrete orthogonal nets.
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Section 8.6. In this section we turn to smooth isothermic surfaces of an
arbitrary codimension: Its Christoffel, Goursat, and Calapso transfor-
mations are introduced, similar to the way it was done in Chapter 5, and
the geometry of these transformations is discussed. In particular, it is
shown that the Christoffel transformation provides solutions to Christof-
fel’s problem discussed in Chapter 3, and that the Calapso transforma-
tion yields a second-order deformation for isothermic surfaces.

A key role is played by the retraction form that can be associated to
an isothermic surface, firstly because it provides a “master Christoffel
transform,” with values in the 2 x 2 Clifford algebra matrices, that en-
codes all possible Christoffel transforms of an isothermic surface in the
conformal n-sphere and, secondly, because it yields, when interpreted
as a connection form for a map into the Mobius group, the Calapso
transformation for the isothermic surface.

Section 8.7. In this final section the Darboux transformation for isothermic
surfaces in the conformal n-sphere will be discussed. Analyzing the
geometry of Darboux pairs, we make contact with Blaschke’s problem
from Chapter 3, and, providing their interpretation as curved flats in
the symmetric space of point pairs in S™, we make contact with the
corresponding integrable systems approach.

Remark. In this chapter the reader is expected to be familiar with the Clif-
ford algebra approach to Mobius geometry (Chapter 6) and, for the last two
sections, with the Vahlen matrix formalism (Chapter 7). Some knowledge
about the transformation theory of isothermic surfaces from Chapter 3 or
Chapter 5 may be helpful but should not be necessary.

8.1 Dupin’s theorem and Lamé’s equations

We start by deriving some fundamental facts on n-orthogonal systems in
Euclidean n-space, that is, systems of n different 1-parameter families of
hypersurfaces in R™ so that any hypersurfaces from different families in-
tersect orthogonally. Choosing the family parameters xz; : R® D V — R,
i = 1,...,n, so that gradz; # 0, then yields locally curvilinear coordi-
nates on V' C RR™: Since the gradients grad x; point along the orthogonal
trajectories of the families x; = const, they are pairwise orthogonal and,
in particular, linearly independent at any given point. Thus the inverse
mapping theorem ensures that the z;’s locally form a coordinate system.

For the purposes of this chapter we will adopt the opposite viewpoint
by considering the parametrization f = (z1,...,2,)" ! : R* D U — R" as
the n-orthogonal system. In fact, the condition B%i fL a%j f for i # j on
f to provide an orthogonal system is obviously invariant under conformal
changes of the ambient metric. Thus we define:
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8.1.1 Definition. An immersion f : R™ D U — S™ into the conformal
n-sphere will be called an n-orthogonal system if -2 i -f L a f fori# 7.

8.1.2 Choosing any lift f : U — L"*! C JR;H'Z of an n-orthogonal system,
we fix an induced metric I = (df,df) on U. The Gaussian basis fields aa
are then orthogonal with respect to that metric,

I(ag,%):<%f,% Y =0 for i#j.

[

7

Their lengths give the Lamé functions of the system:

8.1.3 Definition.  The positive functions l; given by 12 = I(%, 82»)
are called the Lamé functions with respect to a lift f : U — L™t of an

n-orthogonal system.

8.1.4 Next we determine the Levi-Civita connection of the induced metric:
By Koszul’s identity we have

o 0 _ 0 o 0 0 o _d 0 o o
210V 25y par) = a—LI(aT’a—m)JFaTI(amum)—mf(axiaa—xj)
= 200l + Oikls g; — BijliHes).
In particular, V%% = igiji % + %gfc; % for ¢+ # j. Writing this in
terms of the normalized vector fields v; = 0; = ll 88 we obtain (cf., (2.16)),
. il
ijvi = _kijvj with kij = - lj] . (81)

Because the v;’s provide unit normal vector fields for the coordinate hyper-
surfaces x; = const, this tells us that the v;, j # 4, are curvature directions
for the hypersurfaces x; = const, with k;; being the corresponding principal

curvatures. Since the v; = %% are, moreover, parallel to our Gaussian
J J

basis fields, we have proved the following theorem (cf., §2.4.8):

8.1.5 Theorem (Dupin). The coordinate functions xj, j # i, provide
principal curvature line coordinates for the hypersurfaces x; = const.

8.1.6 Note that this situation is rather exceptional: In higher dimensions,
n > 4, hypersurfaces generically do not carry principal coordinates at all.
Moreover, we learn from (8.1) that the v;;, j = 1,...,m, provide parallel
normal fields for any intersection submanifold (z;,,...,x; ) = (¢1,...,¢m),
m < n — 1, so that the corresponding Weingarten tensor fields simultane-
ously diagonalize, with eigenvalues k; ;,, j =1,...,mand k =m+1,...,n

8.1.7 Corollary. Any intersection submanifold x;; = const, j =1,...,m,
of an n-orthogonal system has flat normal bundle, and the remaining coor-
dinate functions x;, , k =m+1,...,n, provide curvature line coordinates.
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8.1.8 Having fixed a pseudo-orthonormal basis (eg, €1, . . ., €y, €x) Of JR?“,
where epes + €9 = 1, we may associate a frame 3 : U — Sping(n + 2)
with an orthogonal system f: U — S™ satisfying

A~

Voand 0;f =3e3 ' =: 855 let 3es3 ' =: f.

f =303

Introducing the connection form ¢ = 3~ 'd3, we write the structure equations
as usual (see §1.7.4 and §6.7.4):

df = 3lp,en]s™t = 3 D i1 wie; )3
dsi = jlpel3™' = 3(2wieas — Yj_jwije; — oieo); ! (8.2)
df = 3le,esls™ = 3( — 3 2io104€ )5t

where w;(v;) = 6;; and w;; are the connection forms of the induced metric,
satisfying w;; + w;; = 0; the geometry of the forms o; will be clarified in a
moment. Thus ¢ : TU — A2R}*? takes the form?)

o = —3 i1 0j€je0 — o > ke Wik€jek + DT Wiejeoo- (8.3)
By Dupin’s theorem in §8.1.5 we have w;; = k;jw; — kjw;, where k;; de-
note the principal curvatures of the coordinate hypersurfaces xz; = const
(see (8.1)). Hence, when we set k;; := 0,

— 1\ o.on — LN TP n o
Y = —3 22:1 0i€i€0 — 3 Zj,izl kjiwieje; + 22:1 Wi€iCoo
n n

8.4
— Zi:l e; [—%O'ieo—f— (% Zj:l k:jiej —|—eoo)wi]. ( )

8.1.9 The Maurer-Cartan equation dy + 1[p A ¢] = 0 is equivalent to:

0 = &f = (Cljwino) [+ 20 (dwi+ 37 wij Aw;) s
— ijl(gij —ai/\wj —wi/\aj) Sj (85)
+ 2(dw; + 355 wij Awj) f
0 = d¥f = -3 (doi+ Y wijNoy)si+ (X o0 Awi) f,
where g;; = dw;; + 2221 wir N\ wg; denote the curvature forms of the
induced metric (cf., §1.7.4). From the Ricci equation > w; Ao; = 0 we
learn that the (2,0)-tensor s(v,w) := Y ., 0;(v)w;(w) is symmetric, and,

by the Gauss equations ¢;; = 0; A w; + w; A 0, this tensor is the Schouten

1) Because of the twofold skew-symmetry each term in the middle sum occurs twice.
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tensor of the induced metric I = Y1 , w?, while its Weyl tensor vanishes

(cf., §1.7.7): v

oi(v) = Y0 0i(v,v) = 300 (00 Awjtwi Aay)(v,v;),
(n = 2)oi(v) + (X5, 05(v)))wi(v),
0 = 3y 0i(vi) = (2n-2) Z?:l o (v;),

where p;(v) = ric(v,v;) and p = tryric denote the Ricci forms and the scalar
curvature of the induced metric I, so that

7i(0) = 3 (0i(v) — zgywi(v)).

The vanishing of the Weyl tensor is indeed no surprise, since the metric in-
duced from a local parametrization of the conformal n-sphere clearly should
be conformally flat. Moreover, the Codazzi equations do; + ) jwijNoj =0
are the condition on the Schouten tensor to be a Codazzi tensor: By the
theorem of Weyl-Schouten from §P.5.1, this is the condition for conformal
flatness in the case of dimension n = 3; in higher dimensions it is a conse-
quence of the vanishing Weyl tensor.

8.1.10 If we choose f : U — QB C L™ to take values in the Euclidean
n-space given by Ko := 2e,, (see §1.4.1), then 3e.037! = es (see §1.4.13).
Hence o; = 0, so that the Gauss equations now read p;; = 0.

Writing Wij = k:ijwj — k'jiwi we have

Qij = dkl] ANwj — dkﬂ N\ w;
+ e kuilkn — Eji)wi Awp + kg (kig — ki)ws A wp — kiikgwi Awg,

with the principal curvatures k;; of the coordinate hypersurfaces x; = const
(see (8.1)). Thus the Gauss equations yield two sets of equations:

0 = Qij (’Ui, Uj) = 6ZI€@J + (9jkj¢ — (kZQJ + kJQZ -+ Zl¢i7j klik?]‘)’, (86)
0 = oi(v,vy) = Ok — kij(kij — ka), for I #1,j.
In the case of dimension n = 3, these are the classical Lamé equations

(2.20) (see [248]). Using k;; = — %lj (see (8.1)), Lamé’s equations
(8.6) become

1
Ll

_ o (1 0l o (1 9l 1 dl; Ol
0 = 35Gad) + a5 (L o) + Xy 12 Dy g
0 = 9 al._lalj al; 1 0Ol; dly

— Oxy Oxq J l; Oz Oxp I Oxp Ox;

for 4, j, k pairwise distinct indices: The in(n — 1)(2n — 3) equations from
(8.6) reduce to a system of n(n — 1)? equations. Again, in the case n = 3,
the classical equations (2.22) are recovered.
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8.2 Ribaucour pairs of orthogonal systems

We already discussed the notion of Ribaucour (hyper)sphere congruences
in §3.1.8. In the case where the two envelopes f and f of a hypersphere
congruence s in the conformal n-sphere are nondegenerate, that is, where
the two envelopes are regular hypersurfaces in S™, we saw that the sphere
congruence is Ribaucour if and only if the curvature directions? on both
envelopes correspond (see §3.1.6).

8.2.1 Now suppose that s : M"~! — S™ is a Ribaucour sphere congruence,
and let sq,...,s,_1 denote the hypersphere congruences associated with
the (common) principal directions of f and f, that is, any s; intersects s
orthogonally in f and f , and is orthogonal to the i-th principal direction of f
and f. If f (and, therefore, f) carries principal coordinates (z1,...,Z,—1),
then each coordinate submanifold f|;,—const, Or f
congruence $S; |, —const of (n — 2)-spheres.
Clearly this argument carries over to any codimension: The coordinate
submanifolds (z;,,...,z;,_,) = (c1,...,ck—1) of f as well as f are tangent
to the (n — k)-sphere congruence ss;, -+ S, _, |(Ii17_”@%71):(Cl,__.’ck_l), that

z;=const, 15 tangent to the

is, the restrictions f‘(xila~~-7$ik_1):(Clpn,ck—l) and f’(l’il7~~~7$ik_1):(Clwwck—l)
of f and f envelope this congruence of (n — k)-spheres (see §6.6.3).

This observation suggests a definition of Ribaucour congruence in higher
codimension (compare [85]):

8.2.2 Definition. A congruence s : M™ — A" "FR}? of k-spheres with
two reqular envelopes f, f : M™ — S™ s called Ribaucour if f andf have®)
corresponding curvature directions.

The two (reqular) envelopes f,f : M™ — S™ of a Ribaucour m-sphere
congruence s : M™ — A"~ R are said to form a Ribaucour pair (f, f)

8.2.3 Now remember that any of the coordinate submanifolds of an n-
orthogonal system carry principal curvature line coordinates (see §8.1.7).
We condense our above observation on corresponding coordinate submani-
folds of a Ribaucour pair in the following definition (cf., [26]):

2) We talk of curvature directions (not coordinates) that always exist on a hypersurface.

3) Remember that the existence of well-defined curvature directions is equivalent to the flat-
ness of the normal bundles of f and f (cf., Section P.6). This definition is more restrictive

than it needs to be: The fact that f and f do envelope an m-sphere congruence can be used to
identify their normal bundles, so that one could ask for the curvature directions with respect
to corresponding normals to correspond. However, this seems unnecessarily complicated for
our purposes: The above definition will be entirely satisfactory for our present discussion of
(discrete) orthogonal systems.

A discussion of the general Ribaucour transformation and the respective Bianchi per-
mutability theorem shall be given — in its “proper” setup of Lie sphere geometry — in [51].
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Fig. 8.1. A Ribaucour pair of triply orthogonal systems

8.2.4 Definition. An immersion f: M™ — S™ is called an m-orthogonal
system if it carries principal curvature line coordinates.”)

A pair of orthogonal systems f,f : M™ — S™ will be called a Ribaucour
pair of orthogonal systems if any two corresponding coordinate submanifolds
of dimension k < m form a Ribaucour pair (of submanifolds). The orthogo-
nal systems of a Ribaucour pair will be called Ribaucour transforms of each
other.

8.2.5 Thus for m < n we regain the above notion of Ribaucour pairs with
the additional demand that the corresponding curvature directions of both
immersions come from coordinates: The condition on the k-dimensional
coordinate submanifolds to form Ribaucour pairs is then also a consequence.

In the case m = n, however, the condition on two n-orthogonal systems
to form a Ribaucour pair of submanifolds is empty — with the understand-
ing that any orthogonal coordinate system can be considered as curvature
line coordinates in codimension n — m = 0, any pair of orthogonal systems
(that are parametrized over the same coordinate domain) would form a
Ribaucour pair of submanifolds, with the (constant) enveloped Ribaucour
congruence being the conformal n-sphere itself. Here the condition on any

)Thls definition also works for m = n if, in codimension n — m = 0, we consider any
orthogonal coordinate system as principal curvature line coordinates.
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coordinate submanifolds to form Ribaucour pairs of submanifolds also be-
comes important — for £k = m — 1, for the lower dimensions k < m — 1, it
follows from the above observations as before.

In Figure 8.1 a Ribaucour pair of triply orthogonal systems in Euclidean
3-space is sketched. On the 2-sphere touching two of the coordinate surfaces
of the system in corresponding points there are two circles that are tangent
to the coordinate lines of the system, that is, to the curvature lines of the
two surfaces.

8.2.6 In the case m = 2, the existence of principal curvature line coordi-
nates is not a problem as soon as there are well-defined principal curvature
directions: This is because any line field on a (2-dimensional) surface is
integrable. Thus, in that case, the two envelopes of a Ribaucour 2-sphere
congruence form a Ribaucour pair of 2-orthogonal systems without further
conditions.

Note that any Darboux pair of isothermic surfaces in S% or S* (see §3.2.5
and §5.4.23) forms a Ribaucour pair of 2-orthogonal systems.

8.2.7 In some context we will weaken our assumption on the members
of a Ribaucour pair being immersed: For example, it will be convenient
to consider m-orthogonal systems in Fuclidean n-space, coupled with the
point at infinity, as a degenerate case of Ribaucour pairs.

8.2.8 After fixing our notions, we want to study the geometry of Ribaucour
pairs of m-orthogonal systems a bit further. In particular, we want to derive
the structure equations for suitably adapted frames: These will serve as a
starting point for developing the analogous discrete theory.

Thus let f, f :R™ D U — S™ denote a Ribaucour pair of m-orthogonal
systems, given in terms of their common (orthogonal) curvature line coor-
dinates (z1,...,Zm), and let 3 : U — Spin,(n + 2) be a frame with

f=3e03", si=je3 " and  f=jess !,
where (eg,e1,...,€en,, ) denotes a pseudo-orthonormal basis of 1R7f+2 as
usual. By arranging the s;, ¢ = m+1,...,n, to give the enveloped Ribaucour
m-sphere congruence s, that is, § = sy, 11 -+ S5, We can express the first and
second fundamental forms of f and f in terms of the forms given in (6.13):

I=Y"T w L= ¢yw; and I=YT 02 I=3"" ¢;d;

Since we have common principal curvature directions for f and f , given by
our coordinates (z1, ..., T, ), we may choose (by the Cartan-Moore lemma;
cf., [197]) the tangential frame to simultaneously diagonalize the Weingarten
tensors of f and f so that

Wi = lldil?l, Wi = ldeL’j, and Q/)ij = aijdacj.
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From the Ricci equations (6.14) we then learn that
1. ij = 0, so that the frame 3 can be chosen to be s-adapted, v;; = 0;

and
2. dv =0, so that f and f can be rescaled to also obtain v = 0.
Otherwise said, s;41,- .-, Sn, f, f can be chosen to be parallel sections of the
spanned vector bundle p — span{s,,+1(p),- .., sn(p), f(p), f(p)} Now the
common “tangential” basis fields s;, ¢ = 1,...,m, point along the partial
derivatives of any of these (parallel) normal sections: For i =m+1,....,n
and j =1,...,m we have

In particular, the frame 3 is f-, f-, and s-adapted in the sense of §6.7.1 at
the same time:

8.2.9 Definition. A map 3: R™ D U — Spiny(n + 2) will be called an
adapted frame for a Ribaucour pair f = 3e03 ', f = 3003~ : U — S™ of
m-orthogonal systems if

0 _ o f__ 7 o] _
%f = lj8j7 Ef = lij, and BTjSZ' = aiij (87)

~

1
and l;,1;,a;; are

forg=1,....mandi=m+1,... ,n, where s; := 3€;3~
suitable functions.

8.2.10 Assuming that at least one of the orthogonal systems of a Ribaucour
pair, say f, induces a nondegenerate Riemannian metric, that is, all [; # 0,
it is immediately clear that the enveloped Ribaucour m-sphere congruence
must be given in terms of the frame fields, by s = s;,41 - sn.

8.2.11 We analyze further the structure equations (8.7) of an adapted
frame for a Ribaucour pair of orthogonal systems to obtain a characteriza-
tion in terms of its connection form ¢ = 37'd3: The coordinates (1, ..., 2, )
of the orthogonal systems are principal coordinates for any coordinate sub-
manifold (see §8.1.7). As in (8.1), this fact becomes apparent from the
following formula,

%Si = —CijSj with Cij = ljkij = Zj]%ija (88)

where 1 < 4,57 <m, ¢ # j, and k;; and lAcij are the corresponding principal
curvatures, with respect to the induced metrics of f and f , respectively.

Combining (8.8) with the defining equations (8.7) of an adapted frame
of a Ribaucour pair, we obtain the following:

8.2.12 Lemma. 3 : R™ D U — Spiny(n + 2) is an adapted frame for a
Ribaucour pair of orthogonal systems f = 3e03 ', f = 3003 * : U — S™ if



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 345

and only if its connection form ¢ = 37 1d3 satisfies, with suitable functions
lj,lj,cij,aij U — IR,

Pp;) = ejlljeo + 5 X0 Cijei + 5 iy Gigei +ljess). (89)

8.2.13 This lemma is easily verified from our above considerations by using
that 3[p, eols™" = df, 3w, eils™" = dsi, and 5[, eco]s™" = df (see §6.7.3).

Note that, generically, an adapted frame for a Ribaucour pair is unique
up to permutations of the tangential directions, constant orthogonal gauge
transformations of the s-bundle p — span{s;,4+1,...,8,} (since 3 is s-
adapted), and constant rescalings of f and f (as 3 is an f- and f—adapted
frame, in the sense of §6.7.1).

8.3 Ribaucour pairs of discrete orthogonal nets

Our ansatz to obtain a discrete analog for Ribaucour pairs of orthogonal
systems will be to discretize the first-order Taylor expansion of the frame
equations (8.9): By §8.2.12, a map 3 : R™ D U — Spiny(n + 2) is an
adapted frame for a Ribaucour pair of orthogonal systems if and only if, for
infinitesimal ¢ ~ 0,

3z +eg0;) = 3(2)(1+ eeja;(x)) = 5(2) - a5(x)e;

with suitable maps® a; = —(ej tea;) : U — A'R"*2. Obviously these
structure equations can be discretized easily — here we profit from the
fact that we work in the Clifford algebra since, by simply rescaling a5 to
take values in the Lorentz sphere S?H, we can achieve that these structure

equations describe a map into the spin group, for finite values of ¢ also
(cf., §6.3.12):

8.3.1 Definition. A map 3: Z™ D U — Spin,(n+2) is called an adapted
frame for a Ribaucour pair f := 3e03 1, f := 3003+ : U — S™ of discrete
orthogonal nets® if there are maps a; : U — St < AYRT so that

3(x +05) = 3(z) - aj(w)e; (8.10)

whenever x,x + 6; € U, where §; := (01, ...,0m;) € {0,1}™ C Z™.

5) Note that a; L e;, that is, eja; = —aje;.

6) Here we use the notion of a “net” since f comes with canonical coordinates (cf., Figure 5.13).
Synonymously, we will use the notion of “discrete orthogonal system.”
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8.3.2 Starting with this rather technical definition, we want to describe the
geometry of the two maps of a Ribaucour pair, seeking a more direct and
more geometrical characterization.

Fig. 8.2. Smooth and discrete Ribaucour pairs

First we introduce the spheres
sj(z) == 3(x)e;3 Nz +6;) = 3(z +6;)ej3 H(z). (8.11)

Here the second equality, trivially following from (ajej)_l = eja;, shows
that the spheres s;(z) depend symmetrically on the endpoints = and = + §;
of the edges (“elementary 1-cells”) of the domain graph U of 3. Now

f(x+65) = 3(x + 05)ejeoe;3 (z + ;) = s;(x) f(z)s; (), (8.12)

and similarly for f. That is, the points f(z + d;) and f(z + ;) can be
obtained from f(x) and f(z), respectively, by inversion at the hypersphere
s;j(x) (cf., §6.3.4, or Figure T.4). In particular (cf., Figure 8.2),

8.3.3 Lemma. The endpoints of any corresponding edges of the systems
f(U) and f(U) of a Ribaucour pair of discrete orthogonal systems are con-
circular, and the endpoint pairs of f and f do not separate on their circles.

8.3.4 Namely, f(z + ;) and f(z + §;) lie on the circle that contains f(z)
and f () and is orthogonal to s;(x). And, since, in the projective picture,
the hyperbolic sphere pencils (cf., Figure T.1) that are associated with the
endpoint pairs f(z), f(x+0;) and f(z), f(z-+0;) intersect in the hypersphere
sj(x) € IRPSH, the pairs do not separate.
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This fact is confirmed by a computation of the cross-ratio of the four
points:

A~

Fififl+ ) fl+a)] = Memguonmtio annen

2{ajexcaj,ecc)-2(ajena;,eo)
1

~ 4{aj,e0) (aj,€c0)

(see Figure T.4). For this calculation it is useful to note that, since e3 = 0,
we have epaeg = —2(a,eg)ep for any a € AllR?H, and similarly for e.
Moreover, since the endpoint pairs do not separate on their circle, this

cross-ratio [f(x); f(x); f(x+6;); f(x+0;)] <0, that is, (a;, o) and (a;, exo)
must have the same sign.

8.3.5 Generically, as long as the four points are all different, it is also
possible to (geometrically, that is, up to sign) reconstruct the hypersphere
sj(x) from the four points f(x), f(x), flz+ d;), and flz + ;) as the
unique hypersphere that intersects the circle of the four points orthogonally
in such a way that the point pairs f(x), f(z + d;) and f(z), f(z + ;) lie
symmetrically with respect to the sphere. In fact, rewriting (8.12) as

flx+6;) = f(z) —2(f(x), s;(x)) sj(x),

we see that s;() is a suitable multiple”) of f(z) — f(z + §;), and similarly
for f .

When we are not given the “proper” homogeneous coordinates of the four
points, the construction is still guaranteed by the fact that the four points
are concircular, that is, their homogeneous coordinate vectors are linearly
dependent, and the corresponding pairs do not separate on their circle:
Consequently, the two hyperbolic sphere pencils given by f(z), f(x + 0;)
and f(z), f(x+0;) intersect in a point (hypersphere) s;(z) € RPXT of the
“outer space.”

8.3.6 If, however, one of the orthogonal systems of a Ribaucour pair degen-
erates completely, say f = %ICO is constant, then f : U — Q) takes values
in the Euclidean quadric given by ICy (see §1.4.1), and the spheres s; are
hyperplanes in that space since

A~

f(x) = f(a +6) = sj(x) f(2)s; ()

implies 0 = f(z)s;(x) + s;(z) f(x), so that s; L Ko (see §1.4.11).

7) Normalizing f(x) — f(z + J;) to have length 1 yields s;(z), up to sign.
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8.3.7 Next we wish to employ the discrete analog of the Maurer-Cartan
equations from §6.7.3 for our frame 3 : U — Spin,(n + 2): From the struc-
ture equations (8.10) for an adapted frame of a Ribaucour pair of discrete
orthogonal systems we obtain

3(.’17 + 51 + (5]) = 3(13 + 5i)aj (SC + 5i)€j = 3(a:)ai(a:)eiaj (.’13 + 5i)6j,
3(33' + 51 + (5]) = 3(117 + (5j)ai(:1: + 5]')62‘ = 3(:1;)aj(x)ejai(:c + (5j)ei.

Thus a necessary condition for the integrability of the structure equations
are the “discrete Maurer-Cartan equations”

aj(x)ejai(x+0j)e; = ai(x)ea;(x+ 0;)e; (8.13)

for i,5 = 1,...,m, a discrete version of Schwarz’s lemma on the indepen-
dence of the second partial derivatives of the order of differentiation, that
is, a discrete version of the vanishing second exterior derivative, d? = 0.

It is rather clear that the equations (8.13) are also sufficient for the inte-
grability of the structure equations: “Integration” of the equations (8.10) is
independent of the path of integration as soon as the discrete Maurer-Cartan
equations hold, so that 3 is well defined by (8.10) from the a;, j =1,...,m,
and an initial value.

8.3.8 Expanding the four vertices of an “elementary quadrilateral” (or “el-
ementary 2-cell”) of the orthogonal net f : U — S™ by using the structure
equations, we obtain three different expressions for the vertex f(z +d; +6;)
when employing the Maurer-Cartan equations (8.13):

f(z) = 3(z)es (x),
f(x+6;) = 3(2)ai(x)eoai(z); ™ (x),
fla+di+6;) = s(x)ai(r)eaj(@ + di)eoa;(x + di)esai(r); " (v)
= j(z)ai(z)eia;(z + d;)ejeoe;ai(x + d;)eja; ()5 (x)
= 3(@)aj(z)e; A$+5kﬁWNﬂx+5kaA@fW@,
flz+65) = 3(@)a;(x )eoag 2); ! (v).
Using epaeg = —2(a,ep)eg and the fact that ey, e;, and e; are pairwise

orthogonal, that is, they anti-commute, we determine the cross-ratio of this
elementary quadrilateral to be (cf., Figure T.4)

ai(x),eo){a;(x+d;),e
[F(@); Flw+00); fla+ 05+ 0;); fw+0;)) = — {altfeoflaslatfoleol - (g 1)

Clearly a similar formula holds for the other orthogonal net of the Ribaucour
pair. Since this cross-ratio is real, we have (cf., Figure 8.2) the following:

8.3.9 Lemma. The vertices of any elementary quadrilateral

(f(x); f(z+04); fx+6; + 95); f(x + 05))
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of an orthogonal net f(U) of a Ribaucour pair are concircular.

8.3.10 This lemma generalizes to higher dimensions inductively: Suppose
we know that all 2F vertices

fla+35 10, e €{0,1},

of an elementary k-cell lie on a (k — 1)-sphere. Further assume (to simplify
notations) that the point f(x 4+ d;,,,) is not on this (k — 1)-sphere, so that
there is a unique k-sphere containing that point as well as the original (k—1)-
sphere. Now we know that any four points f(z), f(z+d;,), f(x+0d;,,,), and
f(x+0di; +6;,,,), where j € {1,...,k}, are concircular. Since the first three
points of this circle lie on our k-sphere, the whole circle lies on the sphere,
and, in particular, so does the fourth point f(z+d;, +d;,,,). Repeating this

argument, with one more of the ¢;; = 1 in each step, we find that all ok +1

points f(z + Zfill €;60;;) of our elementary (k + 1)-cell lie on the k-sphere

that we just constructed.

8.3.11 Lemma. Let f and f be a Ribaucour pair of discrete orthogonal
systems. Then the vertices of any elementary k-cell of f(U) and of f(U),
respectively, lie on a (k — 1)-sphere.

8.3.12 Clearly the very same argument works for the vertices

fla+ Y 1e6,) and flz+ X5 €0

of corresponding elementary k-cells of both nets, since we know that the
endpoints of corresponding edges on both nets are concircular from §8.3.3:

8.3.13 Lemma. The vertices of any corresponding elementary k-cells of
the discrete orthogonal systems f, f : U — S™ of a Ribaucour pair lie on a
k-sphere s € A"*klR’fH.

8.3.14 This provides a discrete analog of the enveloping condition from
§8.2.4: Any corresponding k-dimensional subnets of the discrete orthogonal
nets f(U) and f (U) of a Ribaucour pair “envelope” a “discrete k-sphere
congruence” s.

However, under certain regularity assumptions, we can do even better
and explicitly determine the “enveloped” k-spheres. First note that

f@ + ;) = 3(x)aj(x)eoa; (x)3 " (z) = 3(x){e0 — 2(a;(x), e0) a;(x) }37 ' (),
and similarly for f: Besides f(z) = 3(z)eg3 (z) and f(z) = 3(x)eses (2),

the spheres s;; = —3(z)a;, (z)37(z), with j = 1,...,k, also must be in
the Minkowski (k 4 2)-space that corresponds to the k-sphere s(z) as soon
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as one of the discrete orthogonal nets, say f, is regular in the sense that
f(x +6;) # f(x) for all x and j = 1,...,m. Assuming additionally that
f(U) and f(U) are disjoint, the k-sphere s(z) is given by

vs(z) = 3(x) eg A ai, () A ... Aag, () Aeso 3 Hz) € AFF2RYT?

(see §6.4.8). Note that, for this argument, we have used the fact that the
points f(xz), f(x+0d;,), f(x), and f(x—l—dij) lie on the k-sphere (cf., §6.4.12).
For the remaining points of the elementary k-cells of f(U) and f (U), inci-
dence follows from our previous lemma.

The interested reader may want to briefly reflect on other ways of ex-
pressing vs(z) using these additional incidence relations.

8.3.15 Classically, the curvature line net of a surface used to be character-
ized as a (coordinate) curve net that divides the surface into “infinitesimal
rectangles”: This fact can be justified by second order Taylor expansion of
a parametrization [32] or by nonstandard analysis arguments [152].

Thus, since any elementary 2-cell of a discrete orthogonal net belonging
to a Ribaucour pair is a conformal rectangle (cf., §4.9.10) by §8.3.11, it
seems justified to consider the net as the discrete analog of a curvature line
net. This fact fits well with the corollary to Dupin’s theorem given in §8.1.7:
In the sense of this notion of “discrete curvature line net,” §8.3.11 is just
a discrete Dupin’s theorem. Combining all of these observations and facts,
we obtain the following geometric description® for our Ribaucour pairs of

discrete orthogonal systems, analogous to the definition in the smooth case
(see §8.2.4):

8.3.16 Definition and Corollary. A discrete net f : Z™ D U — S"
is called a discrete curvature line net? if any elementary k-cell lies on a
(k — 1)-sphere.

The discrete orthogonal systems of a Ribaucour pair form discrete cur-
vature line nets. Any two corresponding k-dimensional subnets “envelope”
a discrete k-sphere congruence — which we call a discrete Ribaucour con-
gruence because its “envelopes” are discrete curvature line nets.

We will say that two discrete curvature line nets with this enveloping
property satisfy the Ribaucour property, and one net will be called a Ribau-
cour transform of the other.'®)

8) In order for this “description” to become a “characterization,” we would have to show that,
given the geometric configuration of the corollary, we can construct an adapted frame j3 for

the pair (f, f) of discrete curvature line nets. In the following section we will learn about an
ansatz that may allow us to do so.

9 . . .
) Various authors also refer to these nets as “discrete circular nets.”

0) This notion of “Ribaucour transformation” for discrete curvature line nets is involutive.
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8.3.17 Note how this definition of a discrete curvature line net generalizes
our definition in §5.7.2. In fact, this notion of a discrete curvature line net
generalizes the notion of a discrete isothermic net, and the notion of Ribau-
cour transformation for a discrete curvature line net generalizes the notion
of the Darboux transformation for discrete isothermic nets (cf., §5.7.12f).

8.4 Sphere constructions

We want to investigate further the geometry of the spheres s;, given in
(8.11). We already discussed their relation with the nets f and f . Given
an initial point pair f(zo) and f(z) for the Ribaucour pair of orthogonal
nets, f and f can be constructed by successive reflections at the spheres s;
(see (8.12)). On the other hand, we found in §8.3.5 that, as a consequence
of §8.3.3, the hyperspheres s; can be reconstructed (up to sign) from the

endpoints of corresponding edges of f and f , if the four points are different.
This remains true if one of the nets degenerates completely and these spheres
become hyperplanes in the corresponding Euclidean n-space (cf., §8.3.6).

8.4.1 By examining (8.11) we see that the s;’s can also be used to recon-
struct the frame 3, by “integrating” the system

3z +8)) = —5;(2)3(@)e;. (8.15)
Integrability of the system (8.15) is, as usual, obtained from the condition
si(z +6;)sj(z)3(x)ejei = 3(x + 6; + 8;) = sj(x + 0;)s:(x)3(x)eqe;.

That is, given some initial value 3(zo) = 30, the system (8.15) can be solved
(uniquely) if and only if

0=s;(x+9;)si(x) + sj(x+ 6;)si(x). (8.16)

Since (8.15) is equivalent to (8.10) with a; = —37's;3, the frame obtained
by solving (8.15) is automatically an adapted frame of a Ribaucour pair of
discrete orthogonal nets.

8.4.2 Lemma. A family of maps s1,...,8m : Z™ DU — S{IH defines an
adapted frame of a Ribaucour pair via 3(x + 6;) = —s;j(x)3(x)e; if and only
if it satisfies 0 = s;(z + 6;)s;(z) + s;(x + 0;)si(x) fori,j=1,...,m.

8.4.3 To draw geometric insight from the integrability conditions (8.16) of
(8.15), we focus on its A2R}™? part:

0= Si(l’ + 53) AN sj(x) + Sj(il? -+ 52) VAN Sz(ili)
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This says that s;(x), s;(z + J;) and s;(x), sj(z + 6;) span the same sphere
pencil.!V) Interpreting the spheres s;j(x), and so on, as points in (the outer
space of ) projective (n+1)-space RP"™! (see Figure T.4), we conclude that

8.4.4 Lemma. Any four points (hyperspheres) s;(x), s;(x), si(z+0;), and
sj(x + &;) belonging to (a pair of corresponding) elementary quadrilaterals
of (a Ribaucour pair of ) orthogonal systems are collinear.

8.4.5 Just as some facts we derived earlier, this lemma can be generalized
to higher dimensions by induction.

For this (as well as the following) argument we can deal solely with the

spheres s;, so that we can neglect the corresponding elementary cells of the
discrete orthogonal nets that they come from: Therefore, we will speak of
a “k-cube” instead of the pair of “elementary k-cells” whose vertices are
obtained as the images of the vertices of the k-cube.
Thus suppose we know that the k-28~1 spheres!? belonging to any k-cube
in U are contained in a projective (k — 1)-plane, and consider a (k+ 1)-cube
with vertices x + Z;tll €j0;;. By assumption the spheres belonging to the
“base” k-cube with vertices = + Z§:1 €j0;, lie in a (k — 1)-plane. Now
consider all quadrilaterals consisting of the endpoints of one edge in the
base cube and the two points “above” them,

Y,y + 5ij7 ) + 5ik+17 and Yy + 5’ij + 5ik+1 .

Without loss of generality,'® the line corresponding to one of these quadri-
laterals sticks out of the (k — 1)-plane of our base cube. This defines a k-
plane. Since the sphere line of any “neighboring” quadrilateral that shares
a “vertical” edge with our original quadrilateral contains two spheres that
lie in that k-plane, it is entirely contained in the k-plane. Repeating this
argument as often as necessary, by applying it to the “vertical neighbors”

1) 1 si(z +6;) Asj(x) = 0, we have f(z + & + ;) = f(x), that is, the net f (as well as f)
degenerates.

To verify this fact, that the four spheres belonging to a pair of elementary quadrilaterals
belong to one sphere pencil, seems to be the major difficulty in obtaining the converse of our
geometric description in §8.3.16. However, in case one of the maps, say f , is constant (the
point at infinity of a Euclidean space), so that all spheres s; are hyperplanes (see §8.3.6) this
fact is rather obvious: The four hyperplanes then intersect in an (n—2)-plane of that Euclidean
space. Moreover, it follows from Thales’s theorem that opposite angles of intersection add up
to 7, which makes the proof of the converse nearly complete — note that the real part of (8.16)
is a condition on the intersection angles of the spheres.

12) The spheres s;; can be associated to the edges of the elementary k-cube. Consequently,
there are as many spheres s;; as a k-dimensional cube has edges.

13) Otherwise, all spheres are already contained in the (k — 1)-plane of the base cube.
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of any quadrilaterals subsequently obtained, the statement extends to all
spheres of the (k 4 1)-cube that we started with.

8.4.6 Lemma. All spheres s;,(x) belonging to corresponding elementary

k-cells,' 2 < k < m, of the orthogonal nets f(U) and f(U) of a Ribaucour
pair are contained in a (k — 1)-plane of RP™'!.

8.4.7 Conversely, this lemma tells us how to reconstruct (geometrically, as
points in RP™*1) all spheres of a (k+1)-cube, k > 2, if only those belonging
to all k-cubes that contain one given vertex of the (k + 1)-cube are given:
To simplify notations, assume that we are provided with all spheres that
belong to the k-cubes containing = + Zf;l d;;- Thus we are seeking the
k+ 1 missing spheres s;, (), j = 1,...,k+1, of a total number of 2% (k +1)
spheres that belong to the (k + 1)-cube.

Now, s;,(r) belongs to all k-cubes that contain the ij-edge, that is, it
belongs to all k-cubes that miss out one of the other edges. In particular,
there are k different k-cubes that s;,(2) belongs to. For each of these k-
cubes we are given'® (28=1 — 1)k > k spheres, so that we can construct the
associated (k — 1)-plane (in a certain k-plane) in RP"*!. The sphere s;, (2)
is then the intersection point of the k (generically different) (k — 1)-planes
in RP™+1.

8.4.8 As a consequence, obtained by induction, we may reconstruct all
spheres s; of an m-cube as soon as we know the spheres belonging to all
k-cubes that contain a given vertex of the m-cube, 2 < k < m.

Because we may construct the spheres from the vertices of the elementary
k-cells of a Ribaucour pair of discrete orthogonal nets f(U) and f(U) (see
§8.3.5), and the spheres can then be used to construct the missing points
of the nets by reflections (see (8.12)), we can solve the following “Cauchy
problem”:

8.4.9 Theorem. A Ribaucour pair f,f : Z™ DU — S™ of m-orthogonal
nets can be reconstructed once all (7,?) pairs of k-dimensional subnets that
pass through a pair of corresponding points are given.

8.4.10 Note that this theorem remains true if one of the m-orthogonal sys-
tems degenerates, say f = const. Then all provided hyperspheres are hyper-
planes in the Euclidean space determined by oo = f , and the construction
of the remaining hyperspheres takes place in the (parabolic) sphere complex
(see Figure T.1) determined by f = 00, so that they will be hyperplanes,
too. In fact, this case of a degenerate Ribaucour pair of orthogonal systems

19 For | = 1, the statement is true but trivial (see §8.3.3).

15) Here we need that & > 2.
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can be used to establish the solution of a similar Cauchy problem for a single
discrete m-orthogonal net (cf., [35]).

NI

Fig. 8.3. Miguel’s theorem

In the case m = 3, the above Cauchy problem for a discrete triply or-
thogonal system can be proven more directly by Miguel’s theorem (see [104]
or [166]): Given the seven vertices of an elementary 3-cell of a discrete cur-
vature line net, its eighth point can be constructed uniquely. Namely, we
know that the vertices of any elementary quadrilateral are concircular, and
that all eight vertices lie on a 2-sphere. Hence the eighth point must be the
intersection point of three circles constructed from the given points — it
has to be shown that the three circles indeed intersect in one point.

Stereographically projecting the 2-sphere of the seven given points, with
the point belonging to all three known 2-cells as the center of projection,
this is reduced to the fact that the three circles in Figure 8.3 intersect, that
is, to Miguel’s theorem [12].

8.4.11 Example. As a (rather simple) example we consider 2-dimensional
orthogonal systems and assume that the spheres si,s9 : Z2 — S{LH only
depend on one parameter, s;(m,n) = s;(m) and sa(m,n) = sa(n). Then
the integrability condition (8.16) reads

0 = si(m,n+1)sa(m,n)+ sa(m+1,n)s1(m,n)
= s1(m)sa(n) + sa(n)s1(m),

that is, the maps s; and sy give rise, via (8.15), to an adapted frame for
a Ribaucour pair of discrete orthogonal nets if and only if all the spheres
s1(m) and s2(n) intersect orthogonally. If we assume that none of the two



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 355

“discrete sphere curves” is constant, then at least one, say s;, takes values
) ) b
in a fixed sphere pencil.

8.4.12 Knowing this we can construct certain types of (Ribaucour pairs)
of 2-dimensional orthogonal nets in S2, that is, “discrete surfaces” in terms
of their “curvature lines” (cf., §1.8.5).

(i)

(iii)

The spheres s1(m) all belong to an elliptic sphere pencil: Then the
spheres s1(m) intersect in a circle — considering one point of that
circle as the point at infinity, the spheres s;(m) become planes that
intersect in a line. Since the spheres so(n) intersect all spheres sq(m)
orthogonally, they intersect this line orthogonally; consequently, their
centers (considered in the Euclidean space determined by the above
point at infinity) lie on the line. Choosing any (pair of) initial points,'6)
the discrete curve obtained by reflections in the spheres sy(n) lies in a
plane containing our distinguished line; if the spheres s1(m) intersect
at small and equal angles, and the plane of the “meridian curve” bisects
one of these angles, then we obtain the discrete analog of a (pair of)
surfaces of revolution, parametrized by curvature lines, with our line
as the axis of revolution.

The spheres s1(m) all belong to a parabolic sphere pencil: That is, the
spheres s1(m) all touch in one point that we consider to be the point
at infinity of a FEuclidean space — the spheres s1(m) then appear as
parallel planes, so that the spheres s(n) must also be planes, intersect-
ing any plane s1(m) orthogonally. Thus a discrete surface constructed
from these spheres will be a “discrete cylinder” over a discrete “merid-
ian curve” that lies in a plane parallel to the planes s;(m). However,
choosing the surface’s initial point to be the point at infinity, the dis-
crete surface completely degenerates, so that we may have a Ribaucour
pair consisting of a “true” orthogonal system coupled with the point
at infinity, as discussed in §8.3.6.

The spheres s1(m) all belong to a hyperbolic sphere pencil: In this case
the s1(m) can be considered as concentric spheres in a Euclidean space;
the spheres sa(n) then become planes that all contain the common
center of the s;(m). Reflection at any such plane maps the points of
any sphere in the pencil of the s1(m) onto itself. Thus our “meridian
curve” becomes a spherical curve in this case, on a sphere concentric
to the spheres s1(m): We obtain a (pair of) “discrete cones.”

8.5 Demoulin’s family and Bianchi permutability

In this section — before returning to the smooth setup — we will finally

16)

Or an initial value 3(0,0) for the frame 3 : Z? — Spin,(5).
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present discrete versions of the Demoulin family of orthogonal systems (cf.,
[100]) and of Bianchi’s permutability theorem for the Ribaucour transfor-
mation (cf., [28]), based on our geometric description in §8.3.16 of the Rib-
aucour transformation of discrete curvature line nets. Note that Bianchi’s
original formulation of the permutability theorem goes way beyond what is
usually referred to as the permutability theorem in the modern integrable
systems literature. However, this simpler formulation of the permutability
theorem (which will also be given below) and its “higher dimensional ver-
sions” provide the same relation between discrete curvature line nets and
the Ribaucour transformation of smooth orthogonal nets (cf., [35]) as the
permutability theorem from §5.6.6 did for the Darboux transformation of
smooth isothermic surfaces and the definition of discrete isothermic nets
(see §5.7.1).

8.5.1 Theorem and Definition. Let f : Z™ D U — S™ be a discrete
curvature line net with two Ribaucour transforms fo, f1 : U — S™. Then
there is a 1-parameter family (fi)iesr of Ribaucour transforms fi : U — S™
of f such that any point fi(x) lies on the circle ¢(x) that is given by the
three points f(x), fo(x), and fi(x), x € U. This family will be called the
Demoulin family of f associated to fo and f;.

8.5.2 Proof. We will construct a discrete curvature line net f; by choosing
an initial point f;(z¢) and then “integrating” along the edges of f;: Observe
that the endpoints of any corresponding edges of a pair of discrete curvature
lines that satisfy the Ribaucour property, in the sense of §8.3.16, have to be
concircular.

Fig. 8.4. Construction of the Demoulin family

This observation implies a construction, as indicated in Figure 8.4: Since
the two circles belonging to corresponding edges of f, fo and f, f1 determine
a 2-sphere s;(z), which also contains the circles ¢(z) and ¢(z+¢;), the point
ft(x 4+ d;) will then be given as the second (besides the point f(x + d;))
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point!™) of intersection of the circle ¢(z + §,) and the circle ¢(x) through

f(@), f(z +4;), and fi(2).

8.5.3 Now consider an elementary quadrilateral (elementary 2-cell) of our
first net, (f(z); f(z+6;); f(x+0;+9;); f(x+0;)): Its vertices are concircular
since f is a discrete curvature line net — thus there is a (generically unique)
2-sphere s(x) that contains the four vertices of the original net f as well
as the “initial” point fi(2). Because ¢(x) contains three points of s(x), it
is contained in s(z), ¢f(z) C s(x). On the other hand, it is also contained
in the 2-sphere s;(x) that contains the two circles ¢(x) and c¢(x + J;), so
that the circle E; () can be described as the intersection circle of these two
spheres.

Clearly the same is true for the circles ¢ (z), ¢ (z + d;), and ¢ (x + d;)
that correspond to the other edges of the quadrilateral.

Fig. 8.5. Integrability of the Demoulin family

Thus the above construction of the points of f; gives rise to a discrete
net, that is, the “integration” is path-independent: Given the initial point
fi(z), we uniquely construct fi(x + d;) and fi(z + §;), but there are now
two possibilities to construct the point fi(x + &; + d;) — which give the
same result since it is given as the second point (besides f(z + d; + 9;)) of
intersection of the sphere s(z) with the circle ¢(x +d; +0;) (see Figure 8.5).

Moreover, f(x + &; + ;) lies on the circle given by f(z), f:(z + 6;), and
ft(x+9;): Interpreting the sphere s(x) as a Euclidean plane with oo ~ f(x),
this assertion is ensured by Miguel’s theorem (see Figure 8.3).

8.5.4 To summarize: Thus far we have learned that a discrete net f; can be
constructed uniquely such that the endpoints of any corresponding edges of
f and f; are concircular and that the vertices of elementary quadrilaterals
of f; are concircular.

17) Note that this “second point of intersection” may well coincide with f(z + d;): This is the
degenerate situation where a point of f and its Ribaucour transform f; coincide.
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To complete the proof we just note that the fact that f; is a discrete
curvature line net (the vertices of an elementary k-cell lie on a (k—1)-sphere)
and that it is a Ribaucour transform of f (the vertices of corresponding
elementary k-cells lie on a k-sphere; see §8.3.16) can now be derived in the
very same manner as our lemmas in §8.3.11 and §8.3.13 were obtained from
their 1-dimensional versions. N

Fig. 8.6. Circle pencil of the Demoulin family

8.5.5 Note that the three circles ¢)(z), ¢j(x), and ¢(z), which contain the
endpoints of corresponding edges of f and fy, of f and f1, and of f and f;,
belong to an elliptic pencil of circles on s;(x), whereas the two circles ¢(x)
and ¢(z + d;) span a hyperbolic circle pencil on s;(z). Interpreting s;(x) as
a Euclidean plane with oo ~ f(x), the elliptic pencil (E;(a:))te g1 becomes
the pencil of lines through f(z + ;) € ¢(x+0;) C s;(x), and the circle ¢(x)
becomes a straight line (see Figure 8.6). Now observe that if the “initial
point” fi(x) is chosen to be f(z), fi(x) = f(z), then our above construction

yields fi(x 4 d;) as the (second) point of intersection of ¢(z + ;) and ¢ (z),
that is, fi(z + 6;) = f(x + ;) in Figure 8.6.

This shows that the original net f itself does not, in general, occur as a
member of its Demoulin family — unless all circles E;(:c) are tangent to the
circles ¢(z) and c(x + ;) at the same time,'®) so that the two intersection

points f(z + &;) and f(x + §;) always coincide.

8.5.6 Also observe that the map fi(x) — fi(x + 0;) preserves the cross-
ratio!®): This becomes clear by contemplating Figure 8.6. Namely, post-

18) 1y Figure 8.6 this means that the tangent line of the circle ¢(x + ;) at f(z + ;) is parallel
to the line ¢(x).

19) 1 am grateful to Ekki Tjaden for suggesting that fact to me.
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compose the map fi(x) — fi(z + 0;) by the stereographic projection of the
circle ¢(x + ;) from f(x + 6;) onto the line given by its equator O-sphere,
indicated by the dotted line in Figure 8.6. The resulting composite map is
a central projection of one line, ¢(z), onto another line, this equator line.
As such, the composite map preserves the cross-ratio. On the other hand,
the stereographic projection preserves, as a restriction of an inversion of the
plane, that is, as a Mobius transformation, the cross-ratio (cf., §6.5.5).

As a consequence, once a third member f., of the Demoulin family is
determined, all other discrete curvature line nets f; are given algebraically
using the constancy of the cross-ratio function ¢ = [fi; fo; f1; fool:

fe =t =1)(fo, f1) foo = (L = t){foo, f1) fo — t(fo, foo) f1-

To check that the cross-ratio [fi; fo; f1; foo] = t, we assume, without loss of
generality,2?) that the relative scalings of fso, fo, and f; are adjusted, so
that

(f1, fo) = (foor fo) = (f1, foo) = —1.

Then, using the scalar product formula for the cross-ratio given in §6.5.4,
it is straightforward to compute

[ft;fo;fl;foo] _ <ft7f0><f1’foo>_2<{;t’f;3¢<)]zoff,0;o>>+<ft7foo><f1,f0>
(-t
- 2
= t.

Hence the original net f is a member of the Demoulin family if and only if
the cross-ratio [f:; fo; f1; f] is constant.

8.5.7 We have already noted at various places that the Ribaucour trans-
formation of discrete curvature line nets generalizes the Darboux transfor-
mation of discrete isothermic nets. Accordingly, there is a permutability
theorem that generalizes the respective permutability theorem from §5.7.28
(cf., §5.6.6):

8.5.8 Theorem. Let f: Z™ D U — S™ be a discrete curvature line net
with Ribaucour transforms fo and f1, as in §8.5.1. Then there is a simul-
taneous Ribaucour transform fo1 of fo and of f1.

Corresponding points of the four nets are concircular.V

20) Once the relative scalings of fo and f1 are chosen so that (fo, foo) = (f1,fe0) = —1, a
rescaling of fo, can be used to adjust the scalar product {fo, f1) = —a?.

21) In contrast to the Darboux case (see §5.7.28), the cross-ratio of these four points will
generally not be constant. Hence the proof given there will not carry over.
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8.5.9 Proof. The net fp; can be constructed in a very similar way as the
nets f; giving the Demoulin family from §8.5.1 — in fact, as before, there will
be a 1-parameter family of nets fy; that satisfy the permutability property:
First choose an initial point fo;(x) on the circle ¢(x) and then “integrate”
along the edges by using the fact that fo1(z + J;) has to lie on the circles
¢(x), i = 0,1, that are constructed from the points fi(x), fi(z + d;), and
foi(z), as well as on the circle ¢(z + 6;). Since the nets f; are Ribaucour
transforms of f, these three circles lie on a 2-sphere, so that the “integra-

bility” of the net fy; is a consequence of Miguel’s theorem (see Figure 8.3).

The net fyy is, by construction, simultaneously a Ribaucour transform
of fo as well as of f; as soon as it is identified as a discrete curvature line
net. To see this we focus on the corresponding elementary quadrilaterals of
one of the maps fy and f1, say fo, and of fy1, and apply Miguel’s theorem
once more. Since the endpoints of any corresponding edges of fy and fy; are
concircular by construction, and fj is a discrete curvature line net, we learn
that the circle through the three points fo1(z), fo1(x +d;), and fo1(z +6;)
of an elementary quadrilateral of fo; has fo1(z+9; +9;) as a common point
of intersection with the two circles ¢} (z 4 d;) and ¢j(z + ;) that are used
to construct foi(x + 0; + 9;).

As before, the assertions about the vertices of higher dimensional elemen-
tary k-cells to lie on (k — 1)-spheres and on k-spheres (for the vertices of
corresponding k-cells of two discrete nets) follow from the respective prop-
erties of 1-cells. N

8.5.10 In our proof we could as well have taken a slightly different point
of view: We could have constructed the net fy; by requesting it to be a
Ribaucour transform of only one of the nets fy and f1, say of fy, but impos-
ing additionally that the points of fy; must lie on the circles ¢ through the
corresponding points of f, fy, and f; — the fact that fy; is also a Ribaucour
transform of f; would then have been a consequence of Miguel’s theorem.
But this is exactly the way we constructed the Demoulin family in §8.5.2:
Note that the key fact in our proof of the existence of the Demoulin fam-
ily was the existence of a 2-sphere for any edge that contains the endpoint
circles ¢(z) and ¢(x + 0;). Consequently, the net fy; that satisfies our per-
mutability theorem from §8.5.8 gives rise to a Demoulin family of discrete
curvature line nets that all satisfy the permutability theorem. Moreover, ac-
cording to §8.5.6, any four possible nets fy; that are Ribaucour transforms
of fo and f; at the same time have constant cross-ratio.

Switching viewpoints by considering f and fy; as two Ribaucour trans-
forms of fy (or f1), we recognize that any net f; of the first Demoulin family
given by fo and f; is a Ribaucour transform of f and fy;, that is, it is a
Ribaucour transform of any net fy; of the second Demoulin family.



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 361

Thus we obtain the following

8.5.11 Corollary. Let f: Z™ D U — S™ be a discrete curvature line net
with Ribaucour transforms fo and f1, and let (fi)iest denote the Demoulin
family of f associated to fo and fi. Then there is a second Demoulin family
(fs)sesl that contains the original net®?) f, so that any net fi of the first
family is a Ribaucour transformation of any net fs of the second family.

The circles ¢(x) = J,cqr ft(z) and ¢(z) = Uyeq fs(z) of the two De-

~

moulin families coincide, ¢(x) = ¢(x).

8.5.12 This last permutability theorem is the exact discrete analog of
Bianchi’s original permutability theorem for the Ribaucour transformation
of smooth orthogonal nets (see [28] or [27]; cf., [106]).

One ansatz to prove the smooth versions of the theorems on the existence
of the Demoulin family and of this permutability theorem may be to discuss
a smooth limit.23)

Another ansatz would be to use the technology discussed in §7.5.5: As in
the discrete proofs, the constructions will rely on “l1-dimensional versions”
of the existence of the Demoulin family and of the permutability theorem,
respectively, so that one will only have to deal analytically with circles (as
given by (7.19)), that is, with elements in A°R}™?@---@A3R}2. However,
as of this writing, the author did not succeed in completing a proof using
this ansatz — it may therefore be left to the interested reader as a challenge.

The “correct” proof, however, of the smooth versions of these two the-
orems should be a proof that acknowledges the invariance of the Ribau-
cour transformation under Lie sphere transformations. A very simple and
straightforward proof in the Lie sphere geometry setup will be given in [51].

8.6 Isothermic surfaces revisited

As has been mentioned at various places, isothermic surfaces f : M? — S"
in the conformal n-sphere, as defined in §5.1.1, are special 2-orthogonal
systems in the sense of §8.2.4 — just as (discrete) isothermic nets in the

22) Clearly, f is a Ribaucour transform of fy and f; at the same time.

23) The reader may want to investigate the problems that occur when following this ansatz:

For example, the notion of “limit” involves measuring distances, but, in M&bius geometry, we
only have an angle measurement at hand.

However, very recently the author was informed by A. Bobenko and D. Matthes that they
had proof of an approximation result for orthogonal systems in Euclidean space, by using
Clifford algebra technology, as discussed in the present chapter, and in particular the solution
of the above Cauchy problem (see §8.4.9). Compare [36].
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conformal n-sphere, as naturally generalized®®) from §5.7.2, are special 2-
dimensional discrete curvature line nets?® in the sense of §8.3.16. To con-
clude our presentation of applications of the Clifford algebra formalism we
will investigate (smooth) isothermic surfaces of higher codimension: In this
context, the Vahlen matrix approach will prove useful — in fact, many de-
velopments from the quaternionic treatment of isothermic surfaces in HP*
in Chapter 5 can be “translated” to the Vahlen matrix setup developed in
Chapter 7 (compare [47]). Thus, in what follows, we will loosely follow our
investigations from Chapter 5, starting with

8.6.1 The Christoffel Transformation. Remember that the Christof-
fel transformation is a Euclidean notion. Consequently, we consider an
isothermic surface f : M? — R" in Euclidean n-space, and let (x,y) denote
conformal curvature line parameters. The very same computations that led
to §5.2.1 now provide us with an n-dimensional version of the Christoffel
transformation: Since (z,y) are conformal coordinates f f, Yy ot =0,
and as they are curvature line parameters, we have f,, = af, + bf, with
suitable functions a, b; then

(fal)y=—afst =bf fyfat =af o f b+ 007 = —=(F e,

showing that the form ¢* := fldx — fy Ldy is (at least locally) integrable.
Moreover,

(fal)y =—af;t+0f, 1,

so that (z,y) are curvature line coordinates for the corresponding (locally
defined) surface f*, df* = v¢*. Since (x,y) are clearly conformal coordinates
for f*, we obtain a new isothermic surface.

8.6.2 Theorem and Definition. Let f: M? — R™ be isothermic with
curvature line parameters (x,y) : M? D U — IR?; then there is a locally
defined isothermic surface f* with

df* = fylde — f; ' dy. (8.17)

We call this surface f* a Christoffel transform of f.

8.6.3 Clearly we have the same scaling ambiguity for f* in the present setup
as in the quaternionic setup, since (8.17) depends on a choice of conformal

24) Note that the cross-ratio condition for discrete isothermic nets does not see the dimension

of the ambient space: It does refers to four points of the discrete net — which always lie on
some 2-sphere.

25) At this point the reader may want to reconsider the examples discussed in §8.4.11f: The
discrete analogs of surfaces of revolution, cylinders, and cones are discrete isothermic because
they are invariant under a “discrete 1-parameter group” of Mobius transformations.
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curvature line coordinates — which are unique up to constant rescaling,
which yields a positive rescaling of f*, and interchanging the roles of x and
y, which yields a change of sign for df*.

Also, the Christoffel transformation is involutive, f** ~ f, up to trans-
lation once a scaling is fixed (cf., §5.2.4).

8.6.4 However, in contrast to the quaternionic setup, (8.17) provides a
somewhat “better” generalization to higher codimension of the classical
notion of the Christoffel transformation than the quaternionic version of
Christoffel’s formula. Remember that, in §3.3.22, the Christoffel transfor-
mation was introduced as a solution to Christoffel’s problem from §3.3.11,
that is, as a nonsimilar surface that induces the same conformal class on the
domain and has parallel tangent planes at corresponding points (cf., [70]).
A surface f* defined by (8.17) clearly qualifies as a Christoffel transform
in this sense — in contrast to a Christoffel transform as defined by (5.3)
in the quaternionic setup, where f* has parallel tangent planes only after
quaternionic conjugation (see §5.2.2).

8.6.5 Asin the quaternionic case, the Christoffel transform f* of an isother-
mic surface f satisfies df* Adf = 0; taking the Clifford conjugate, we obtain

(df* A df ) (v, w) = df*(v)df (w) — df*(w)df (v) = —(df N df*) (v, w),

so that, as for surfaces in Euclidean 3-space IR = Im IH in the quaternionic
setup, this (one) equation is symmetric in f and f*.

Moreover, we can directly carry over the proof given in §5.2.7 in order
to prove the converse: The equation df A df* = 0 characterizes Christoffel
pairs of isothermic surfaces. Thus we obtain an n-dimensional version of
our characterization for (Christoffel pairs of) isothermic surfaces in §5.2.6
(cf., [215]):

8.6.6 Lemma. Two immersions f, f*: M? — R"™ satisfy
df Ndf* =0 (8.18)

if and only if both f as well as f* are isothermic and one is a Christoffel
transform of the other, that is, they form a Christoffel pair.

8.6.7 However, one can do better [47]: The equation df A df* = 0 implies
that the domain is 2-dimensional, by an algebraic argument.2%)

Namely, consider two immersions f, f* : M™ — R™ of an m-dimensional
manifold M™ into R"™, let p € M, and denote by (e1,...,e,,) an orthonor-
mal basis of T, M with respect to the metric induced by f. Then (8.18)
reads

df (e:) - df*(e;) = df (ej) - df* (e:),

See [190] for a notion of a (higher dimensional) isothermic hypersurface and its implications.

26)
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which implies?”) that (df*)*(e;) = 0 foralli = 1,...,m, that is, the normal
(with respect to f) part of df* vanishes so that f and f* have parallel
tangent planes at p, and that, with suitable coefficients ax; € IR,

df*(ej) = aiidf(e;) +aj;df(e;) aij — aj; =0
(e = adf(es) +andf(c;) } where { tay, =0,

Hence, if there are three distinct indices i, j, k, then, for example,
aggdf (e:) +a;;df (ej) = df*(e;) = ar;df (ex) + a;;df (e;),
so that the coefficients with mixed indices must vanish, and
0= (ai; + ajj) + (aj; + ark) — (ark + aii) = 2a;;,

which yields that all coefficients vanish, contradicting the assumption that
f* is an immersion. Consequently, we must have m = 2 and

df*(e1) = andf(er)+ aidf(ez)
df*(e2) = a21df(e1) — ar1df(ez)

with suitable functions a1 and as;.

Introducing conformal coordinates (z,y) for f, so that f.f, + fyfz =0
and f2 = fy2, and noticing that f-! = f-2f, and fy_1 = fy_2fy, we are
then back to our setup in §5.2.7 to complete the proof of the more general
statement in [47].

8.6.8 Also, we can recover the holomorphic quadratic differential discussed
in §5.2.12 (cf., [47]): Using again conformal curvature line parameters (x,y)
for an isothermic surface, such that (the differential of) its Christoffel trans-
form is given by (8.17), the product that gave the quadratic differential in
§5.2.12 now reads

q = df - df* = (dz* — dy?) + 2t dzdy, (8.19)

where t := fgcfy_1 = ﬁfm A fy is, at each point p € M, a bivector that

encodes the common tangent space®®) of f and f* at p. Since, additionally,

t* = __|fi|4f§f5 =—1,

27) The df (e;)-df (ej), i < j, form a basis of A2df(T),M), and any two bivectors df (e;) -nq1 and
df (e;) - na, where ni,ng L df (T, M), are linearly independent.

28) Here the tangent space of f (resp. f*) is meant, that is, t(p) encodes the 2-dimensional
linear subspace dp f(TpM) of R™.
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we may, as before, interpret the bundle {J ), span{1,¢(p)} as a complex line
bundle over f(M) — note that the unit bivector ¢ is indeed independent
of the chosen coordinates, so that this bundle can be defined invariantly
and hence becomes a trivial line bundle if f(M) is an orientable surface. In
particular, any conformal coordinates (z,y) for f can be used to compute q.
Since, from (8.19), the lines Im ¢ = 0 provide the curvature lines of f, this
fact can be used to determine conformal curvature line parameters from any
choice of conformal coordinates (cf., §5.2.7).

In fact, from (8.19) it becomes clear that any “Hopf differential”

Qn = <fzzvn> dz? = <f:cm - fyy;n> dz? ~ <f:ca7 - fyyan> q,

where n is any unit normal field of f (cf., §5.1.8), is a real multiple of our
holomorphic quadratic differential ¢ ~ dz2.

Finally, interchanging the roles of f and f* in (8.19) yields the Clifford
conjugate q of ¢g: This reflects the fact that f* is equipped with the opposite
orientation (cf., §5.2.14). Namely, if we compute

= f(f) =Ly =t
to identify € = span{1,¢*}, then we find that the holomorphic quadratic
differential does not change under the Christoffel transformation, ¢* ~ q.

More details on the holomorphic quadratic differential associated to an
isothermic surface in R™ may be found in Fran Burstall’s paper [47].

8.6.9 The Goursat Transformation. Clearly we can define the Goursat
transformation, as in §5.3.3, for isothermic surfaces once we have a no-
tion of Christoffel transformation®?: Since the Christoffel transformation
for isothermic surfaces depends on the Euclidean structure of the ambient
space, we obtain a generically nontrivial transformation by intertwining the
Christoffel transformation with Mébius transformations, f = (o f*)*.

Once we know how to write Mobius transformations of R™ U {co} as
fractional linear transformations by using Vahlen matrices (see §7.3.2), we
may derive a similar formula for the differential d f of a Goursat transform
f of an isothermic surface as in §5.3.10. First note that a Goursat transform
f of f given by a similarity p — u(p) = (a11p + a12)ay, is similar to the
original surface,

df = (a11f; tagy )~ Hda — (a1 (—f; Hagy) ~tdy = d(azfaiy),

29) Remember from Section 5.3 that the Goursat transformation for isothermic surfaces gen-
eralizes the classical Goursat transformation for minimal surfaces (see [129], [167], and [213]).
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and that the Goursat transforms act on a given isothermic surface like a
group since the Christoffel transformation is involutive, f** ~ f. Conse-
quently, we may restrict our attention to “essential” Mobius transformations

prpu(p) =—(p-—m)~",

where m € R" is the center of the inversion p. Then we may take the same
approach as in the quaternionic setup to obtain a formula for the differential
of a Goursat transform of f: First express the differential of its Christoffel
transform and then apply §8.6.6:

df* = —d(f*—m)=' = (f*=m)Hdf(f—m),
so that .
a = (f*—m)df (f* —m).

Again (cf., §5.3.10f), we have chosen the scaling of f so that the holomorphic
quadratic differential

G=df -df* = (f*—m)df -df*(f*—m)~t~gq

since

(S 8

= pfaly
T = m) o (F = m2fy (F = m)
= ("= m) e Ly (Fr =)

(f* =m)t(f* —m)~!

Summarizing, we have the following

8.6.10 Lemma. Let f = (o f*)* denote a Goursat transform of an
isothermic surface f : M? — R™.

If p : R™ — R™ is a similarity, then f ~ f is similar to the original
surface.

If, on the other hand, p : R™ U {oo} — R™ U {occ} is an inversion at a
unit sphere with center m € R™, p — u(p) = —(p —m)~1, then

df = (f* =m)df (f* —m),

where the scaling off s chosen so that the holomorphic quadratic differen-
tials q of f and q off coincide, § = df - df* ~df -df* =q.

8.6.11 The Retraction Form. As in the quaternionic setup, we can now
use this lemma to “collect” the possible Christoffel transforms of an isother-
mic surface f : M? — S™ in the conformal n-sphere into one map §* that
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takes values in the 2 x 2 Clifford algebra matrices, by switching viewpoints:
As in §5.3.17, we define a “retraction form”

- (ij: —Jig}"}”) (8.20)

of f: M? — R™ C R™ U {0} that is (componentwise) integrable, dr = 0,
by §8.6.6 — and then we let §* be its potential, d§* = 7.

To see that any Christoffel transform f* of f, thought of as an isothermic
surface in the conformal n-sphere, is obtained as an off-diagonal entry of
$*, we study the effect of using a Mobius transform p o f of f to define 7.

First consider a similarity f — (a11f + alg)a2_21. Then df* — aggdf*&l_ll
so that an easy calculation yields

Fdf* —fdrerN (e aw (fdff —fdffY (an an)
df* —df*f 0  ag df* —df* f 0 ag ’
that is, up to a constant of integration?) §* — AF*A~!, where A denotes
the Vahlen matrix associated with p. Note that the lower left off-diagonal
entry of AF*A~! indeed gives the Goursat transform ass f *al_ll of f*.

On the other hand, using §8.6.10, we compute the effect of taking an
essential Mobius transform f — —(f —m)~! of f:

* * * * -1
fdaf= =fdf*fy _ (0 =1\ (fdf* —=fdf*fy(0 -1
ar* —df*f 1 —m ar* —df* f 1 —m '
That is, we obtain the same answer §* — AF*A~!, also in the case of
an essential Mobius transformation, and the lower left off-diagonal entry
of AF*A~! again yields the Christoffel transform of —(f — m)~!. Thus,

since any Mobius transformation can be decomposed into an inversion and
a similarity (see (7.10)), we conclude (cf., §5.3.17 and §5.3.19) that:

8.6.12 Lemma and Definition. Let f : M? — R™ C R™ U {oo} be an

1sothermic surface with Christoffel transform f*. Then the form

T:<fﬂ*—fﬂv)
=\ d —apy

is called a retraction form3Y) of f. T is integrable, dr = 0, and a potential
S of T, d§* = 71, will be called a master Christoffel transform of f.

30) Geometrically, this constant of integration is a translation of the Christoffel transformation.

31) Note that a rescaling of the Christoffel transform f* results in a rescaling of .



goto: Contents, Index, Chapters: -I-, -P-, -1-, -2-, -8-, -4-, -5-, -6-, -7-, -8-, -F- 368

If po f is a Mobius transform of f, then its retraction form is given
by ATAL, where A is the Vahlen matriz associated to . The Christoffel
transform (o f)* of po f is the lower left off-diagonal entry of AF*A~".

8.6.13 The Calapso Transformation. In fact, a retraction form 7 of an
isothermic surface f takes values in A2(R}™?) 22 spin(R}™?) (see (7.2)).
Since

dr=0 and 7-7=0,

any multiple 7y := A7, A € R, of the retraction form 7 can also be integrated
into the spin-group, that is, there are (locally) maps

Ty : M? — Spin(R}™) with d7y = Ty - Ty

Obviously the 7,’s are only well defined up to postcomposition with a (con-
stant) Mobius transformation, that is, up to a choice of initial condition.

Replacing f — po f by a Mobius transform of f results in 7y, — 7Ty A~1,
where A denotes the Vahlen matrix associated to p, since 7 — A7 A=, This
shows that the maps f) := 7 - f are invariant under M6bius transformations
of f, that is, the transformation f +— f) is a well defined transformation for
Mobius equivalence classes of surfaces (cf., §5.5.6).

8.6.14 Lemma and Definition. The retraction forms T of an isothermic
surface f : M? — R™ C R" U {oo} can be integrated into the spin-group to
obtain maps T : M? — Spin(lR?H); these maps Ty are called the Calapso
transformations, or T-transformations, for f.

The surfaces fx := Ty - f are called the Tx-transforms of f; the f\’s
are well defined up to Mobius transformation, and they only depend on the
Mobius equivalence class of f.

8.6.15 Next we also want to understand that the Calapso transforms fy
of f are isothermic. Remember that, in §5.5.8, we proved that fact by pro-
viding a retraction form 7* = 7 for f\ — however, we did not derive a
Clifford algebra analog®?) for our lemma in §5.3.19, that is, we are lack-
ing the “invariant description” of a retraction form as well as a statement
that guarantees that a surface having such an (invariantly defined) closed
retraction form is isothermic. Hence we will pursue a different strategy and
derive a formula for (the differential of) a Christoffel transform f} of fy:
Then §8.6.6 will ensure that fy is isothermic.

Thus let 7, = <T“ Tl?) : M? — Spin(R}™?) denote a Calapso transfor-

T21 T22
mation for our isothermic surface f : M? — R™ C R™ U {oo} and consider

32) This shall be an interesting exercise: Formulate and prove a Clifford analog of §5.3.19.
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the system d7, = 7, - ) of differential equations that defines 7):

(dﬁl dTlQ) = )\.((Tllerle)df* —(711f+712)df*f> (8.21)
dra1  draa (To1f + To2)df*  —(To1f +me2)df*f )"

As a consequence, d(7;1 f + Ti2) = T1df, so that the differential

dfs = {m1 — (Tia f + 112) (721 f + T22) " 'roa b df (o1 f + To2) 7t

of fax =Ty f = (t11f + 712) (721 f + T22) "' does not contain any derivatives
of the components 7;; of 7). Then algebraic considerations — which we
leave to the reader as an exercise®® — allow us to simplify the first factor

to obtain . . 1 1
dfx = A-(fTo1+To2) b df (T2lf+722)_1

= H(—fTor+ To2) tdf (o1 f + 122) 7, (8.22)

where (.) is the Clifford conjugation and (.) the Clifford transpose (cf.,
§7.2.7), since A = A(7)) = £1 and 791 = —721 and 793 = 793 when 7, takes
values in the spin-group Spin(R7+?) (see §7.2.16).

From (8.22) we now see what the differential of the Christoffel transform
fx of fn must look like:

df;: = :]:(Tglf—I—ng)df*(TQlf—f—ng). (823)
Clearly, df\ A dfy = 0; it remains to show that dfy is indeed the differential

of a map f, that is, d*ff = 0. But with d(721f + T22) = T21df as obtained
above from (8.21), we have

d[(To1f + T22) df *(T21f + T22)]
= Tgldf/\df*(Tglf—l—TQz)—(Tzlf—l-ng)df*/\dfol = 0.

Note that we have chosen the scaling of f} so that the holomorphic quadratic
differential from (8.19) does not change:

g\ =dfy - dfy = (o1 f + T22) "L q (To1 f + T22) ~ q.

Namely,?*) 791 f + 190 = |To1f + To2|? (121 f + T22)71, so that the bivector
that encodes the tangent space of f) is

b= |(f;)z|2(f,\)x “(fN)y = (T2 f +T22)_1t(7'21f + T22)

33) Consider two cases, 791 = 0 and 791 # 0, and remember from §7.2.9ff that 72711722 € R".

34) Here we again use the fact that 721792 € R™ (see §7.2.9).
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by (8.22). In particular, (8.22) also shows that fy induces the same confor-
mal structure on M? as f, so that any conformal coordinates (x,y) for f
remain conformal for fy.

Hence the Calapso transformation preserves (conformal) curvature line
parameters since the curvature lines of f are given by Im g, = 0 (see §8.6.8).

8.6.16 From (8.23) we can now also determine the retraction form 7 of
fx, as given in §8.6.12:

A (fAdff —fxdfi‘fx> _ (fxdfi‘ f)\df;ff)\)
df —df§ f df X df 5 fa
4 <(T11f+7'12)df*(7'21f+7'22) (7’11f+7'12)df*(7'11f+712)>
(Torf + To2)df*(To1 f + T22) (721 f + To2)df* (111 f + T12)

T T2\ [ fAfT —fdfTf (T2 Ti2 1
= j: _ _ - T T .
<7'21 7'22) < df* —df* f 721 T11 AT
Thus we have recovered the formula from §5.5.8, and we can now formulate
the Clifford algebra version of this lemma:

8.6.17 Lemma. The Calapso transforms fx = T, - f of an isothermic
surface f are isothermic with retraction forms ™™ = T,\T’]:\_l.

8.6.18 With this lemma we are now prepared to prove that the Calapso
transformations of an isothermic surface f form a 1-parameter group in the
sense of §5.5.9 — in fact, the proof given there carries over to the Clifford
algebra setup without changes because it only used the definition of 7
formally and the form of 7* that we just derived.

Also, the proof of the fact that the Calapso transformation is a second-
order deformation of an isothermic surface (see §5.5.11; cf., [62] or [203])
can directly be carried over to the Clifford algebra context — in fact, it may
be even clearer in the present setup because we have the projections into
Euclidean space already built into the theory in a more obvious way. Thus
we leave it to the reader as an exercise to verify3®) that 7, f and 7y (po)f
have second-order contact at some point 7y f(pp): If § denotes any linear
differential operator of order at most 2, then

S(Txfx)(po) = 6(Tx(po) f)(po)-

This fact, that the Calapso transformation is a second-order deformation,
directly implies that any second order contact conditions are preserved: If

35) Pirst-order contact is already shown by (8.22); for taking a further derivative one wants to
again use the fact that dr;1 f 4+ drjo = 0. Assuming 7 (po) = ((1) ?), without loss of generality,
greatly simplifies the computation.
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some 2-sphere S € A"~2R"*? has second-order contact with an isothermic
surface in some direction(s) in T}, M, then its image3%)

Sy =T(p) ST, (p)

under a Calapso transformation 7, for f will have second-order contact with
fx in the corresponding direction(s).

8.6.19 In particular, the central sphere congruence Z of an isothermic sur-
face deforms with the surface — remember that, in the codimension 1 sit-
uation, we proved this fact in §5.5.18 by using the characterization of the
central sphere congruence as the conformal Gauss map (see §3.4.8). Here,
using our characterization from §7.5.8 of the central sphere congruence as
the mean curvature sphere congruence of f, we may directly argue with the
fact that the Calapso transformation is a second-order deformation of an
isothermic surface. That is, the mean curvature vectors of 7, f and 7)(po) f
at 7y f(po) coincide — and therefore the mean curvature spheres of 7, f and
Tx(po)f at T f(po) coincide.

In order to verify this fact by more computational arguments we consider

the Euclidean lift (f ; ) of f and let (x,y) denote conformal coordinates.
Then

ZLFL) = L(Fe+ (). FIT = BAET  (824)

since 7y - F = F - 1) = 0, and likewise for %. Consequently, the contact

elements of 7, f become, as desired,
(DFTLNOFLALFLY, = T(FRF)TL.  (8.25)
Taking one more derivative, and using (8.24), we obtain

ZALFLT) = LiZetlr A(5), Fa) T, !
T\ Faw = 2\ o £2) - FIT,

where the last equality follows from the form of the retraction form 7,
given in §8.6.12, and similarly for g—:z. When we now employ the formula
for the central sphere congruence of a 2-dimensional surface given in §7.5.8
we find that any mean curvature sphere of 7, f at 7, f(p) is the image of

36) Remember that T (p) € Spin(R}*?) and that the action of Spin(R}*?) on R"? is
given in exactly the presented way (see §6.3.8). Thus, writing S as the product of orthogonal
hyperspheres, it becomes clear that the image of any sphere S is given by 7, A(p)S?’;l(p).
Another way to verify this fact is by employing §7.3.12.
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the corresponding mean curvature sphere Z(p) at f(p) under the Mé&bius
transformation 7y (p): As in §5.5.18, we have

Z\(p) = (2T, ")(p).

In order to obtain the full generalization of our lemma in §5.5.18, it remains
to show that all Z) induce the same metric on M? — remember that, in
§6.7.7, we discussed a way to determine the induced metric of a congruence
of m-spheres S in S™ by writing S = [[jZ]" S; as the product of n —m
(orthogonal) hyperspheres. With this ansatz, Z = H?:_lz Z;, it is easy to

mimic the quaternionic proof: We obtain3")

dZy = Th(dZ + [y, Z) T, = Thd 2T, .

Now the claim follows with §6.7.7 since 7 : M? — Spin(R}™?) acts by
isometries on RY? € M(2 x 2, A) (see §6.3.8).

8.6.20 Lemma. Let f : M? — S™ be an isothermic surface with central
sphere congruence Z : M? — A”_mJR?H. Then Z\ = T,\Z’T/\*l are the
central sphere congruences of its Calapso transforms fx = Inf, and all Z)
induce the same metric on M?.

8.7 Curved flats and the Darboux transformation

In this final section we will discuss the Darboux transformation for isother-
mic surfaces in S™. Remember from §8.6.7 that an “isothermic submanifold”
— isothermic in the sense that it allows a Christoffel transformation — is
necessarily 2-dimensional. The relation between Darboux pairs of isother-
mic surfaces and curved flats (cf., §3.3.2, [71], or [46]; see [47]) may be the
“true” reason for this fact: Curved flats in the symmetric space of point
pairs cannot have a higher dimension since the space of point pairs is a
symmetric space of rank 2, that is, an abelian subalgebra that carries a
nondegenerate metric induced by the Killing form has dimension at most 2.

8.7.1 The Darboux Transformation. In order to introduce the Dar-
boux transformation for an isothermic immersion f : M? — S™, we fol-
low the same strategy as in the quaternionic setup (see Section 5.4), by
first providing an algebraic description and then discussing the underlying

—n; ¥
tangential hyperplanes (cf., §6.6.8 and §7.3.5), it is straightforward to check that [ry, Z;] = 0.

. —ns f— . 2
37) Writing, as in §5.5.17, the spheres Z; = "03 g f fnj) + a; ({ :f ) in terms of
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geometry.®®) Thus we consider the equation Ty f = const for some map
f : M? — S™ into the conformal n-sphere, where 7, is a Calapso transfor-
mation for an isothermic surface f : M? — S™ (cf., §5.4.8). Now remember
that the spin group Spin(R7"?) acts by linear fractional transformations
on S™ =2 R™U{oo} (see §7.3.2); to simplify the following considerations we
assume that f, f : M? — R" C 8™ and investigate the above condition®?)

Tf =const < d(Tof) = 0.

T21 T22
for the Calapso transformation 7},

Writing 7, = (T“ 712) and using the defining differential equation (8.21)

drii = MNrmaf+me)df*, dna = —Xmf + 12)df*f,
dror = MN7Torf +m2)df*, dma = —Amo1f + Te2)df*f,

where f* denotes a Christoffel transform of f, we compute

AT f) = d[(ﬁ}f—f-7’12)(7'21f+7'g2)_1] X (8.26)
{adf + X(af +b)df*(f — £)}Hrarf + 7m22) 7L, '
where
1 — (T f + 2) (T f + 7o) e = i(—721f+722)_1’ (8.27)
b o= mio— (Tinf +712)(rorf + 722) Mrea = F(rorf + 7e2) 7L

Here the first equation holds*®) since 7Ty, is Spin(R}?)-valued, as for (8.22),

and the second equality is a consequence of the first since 0 = af + b.
Combining (8.26) and (8.27), we obtain the Clifford algebra version of our
quaternionic Riccati equation (5.17) for the Darboux transformation:

A(T\f) = £(ro1 f + 722) " Hdf =X (f = f)df*(f - f)}(721f+722)(;.28)

38) As in Section 5.4, we will see that Darboux pairs envelope Ribaucour sphere congruences
and induce conformally equivalent metrics: The notion of a Darboux transformation that we
will define indeed generalizes the classical notion (see §3.2.5; cf., [93], [89], [98], [99], and [106]).
But we will do better than there: We will show (up to a small gap for which the reader is
referred to [47]) that this geometry characterizes Darboux pairs.

39) Note that, considering the action of Spin(]l{?"‘Q) by fractional linear transformations (or,

equivalently, by Mdbius transformations) we have the equivalence 7 f = const & d(7Ty f ) =0,
in contrast to the quaternionic setup, where we considered Si(2, H) as acting on the space H 2

of homogeneous coordinates so that T f = const < d(T)\f) | Tnf (see §5.4.8).

40) In the nontrivial case 121 # 0, we use that 72_117'22 € R™ and 111722 + 712721 = £1.
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Thus we have the following*"):

8.7.2 Lemma and Definition. Let f : M? — S™ be an isothermic sur-
face with Calapso transformation Ty : M? — Spin(RY?). Then a surface
f : M? — S™ satisfying ’T,\f = const is called a Darbouz transform of f.

If f,f : M? — R™ C S™ are considered as maps into Euclidean n-space,
then f 15 a Darboux transform of f if and only if it satisfies the Riccati-type
partial differential equation

df = X(f = f)df*(f - /), (8.29)

where f* denotes the Christoffel transform of f.

8.7.3 First note that any Darboux transform f of f is an isothermic surface
itself: Defining, as in (5.18),

= s(f=H
we obtain the Christoffel transform of f since
df = 3(f =N (f - N7 (8.30)

so that df Adf* =0 (see §8.6.6). Obviously (8.30) is equivalent to a Riccati
equation for f as a Darboux transform of f; as a consequence, the Darboux
transformation is involutive (cf., §5.4.12).

8.7.4 Clearly, by (8.29), f and f induce conformally equivalent metrics on
M?, and they envelope a congruence of 2-spheres by §7.5.10. In order to
see that this sphere congruence is Ribaucour, we compute the holomorphic
quadratic differential (see §8.6.8)

qg=df -df*=(f - pHardf(f - =F-Half-H"

Now let (z,y) denote conformal coordinates and note (cf., §5.4.14) that the
bivector

ict=foft ==(F =N HGE-H ==(F=PHt(f -7 (8:31)

so that, under the identifications € 22 span{1,#} and C = span{l,t}, the
holomorphic quadratic differentials of f and of f coincide, ¢ ~ ¢. In partic-
ular, since Im § = Im ¢ = 0 characterizes the curvature directions of f, the

41) Compare [73].
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curvature lines of f and f coincide and the enveloped 2-sphere congruence
is Ribaucour.

Thus Darboux pairs (f,f) : M? — S™ of isothermic surfaces in the
conformal n-sphere provide solutions of Blaschke’s problem (cf., §3.2.8).

8.7.5 Conversely, assume that two surfaces f, f : M? — S™ envelope a
Ribaucour congruence of 2-spheres and induce the same conformal structure
on M?. Since f and f envelope a sphere congruence, we have

tf—f)==x(f-t (8.32)

by §7.5.10. Moreover, any corresponding curvature lines on both surfaces
must envelope a 1-parameter family of circles because the sphere congruence
is assumed to be Ribaucour: Thus, if (z,y) denote curvature line parameters
for f, then we have, by §7.5.10 again,

ol =N =r(f =) fo and f,(f =) =ra(f = ) fy

with suitable functions r1,ry (cf., §8.2.4).

Conformality of the induced metrics then implies 72 = r3.

In the case r; = ro, (8.32) becomes £ (f — f) = (f — f)t when computing
t and t using the orthonormal direction fields given by a% and %; this
does not conform with (8.31). Hence we do not find a Darboux pair in this
case.*?)

In the case r; = —rg, on the other hand, we readily check that

df A (f = )7 df = —ri(fafy + o) (F = D7 =0

With this we then find that d[(f — f)~'df(f — f)~!] = 0, that is, f is
isothermic with a Christoffel transform f* given by

df* = (f — f)~tdf (f — p)~ (8.33)

(see §8.6.6). Rewriting (8.33), we obtain the Riccati equation (8.29) for f,
identifying f as a Darboux transform of f, which is then isothermic also.
Thus Darboux pairs of isothermic surfaces can be characterized by their
geometric properties, that they form a Ribaucour pair and induce confor-
mally equivalent metrics, when one additionally imposes the orientation
condition (8.31) — analogous to the geometric characterization of Christof-

fel pairs in §3.3.22 (cf., §5.2.14 and §8.6.8).

42) This case is discussed in more detail in [47]: There, the author shows that the enveloped
sphere congruence is not full (cf., §3.2.5).
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8.7.6 Curved Flats. Next we want to make contact with the notion of
curved flats, showing that Darboux pairs yield curved flats in the symmetric
space of point pairs (cf., §3.3.2 and §5.5.20).

For this purpose first consider, in A(R"), the linear partial differential
equation

0=da+(f—f)'df -a: (8.34)

Since d[(f — f)~'dfa] = (f — f)"Ydf (f — f)" ' Adf - @ = 0 by (8.29) and
§8.6.6, this equation is (completely) integrable, and a proper choice of an
initial condition will provide us with a solution a : M? — T'(R™) since
the coefficient differential form (f — f)~df : TM — A°(R") & A2(R")
takes values in the Lie algebra of the Clifford group I'(IR™). Moreover, the
equation (8.34) remains unchanged under the order involution of A(R"™)
(see §6.3.1), so that a stays in the —1-eigenspace of the order involution if
the initial condition is chosen there.
Next we define

a:=[(f- fa~, (8.35)

where (.)! denotes the Clifford transpose®®) (cf., §7.2.9f) and (.)~* denotes
its composition with the Clifford group inverse. It is straightforward to
compute the derivative

da = [(f — fa~t(dfa)'[(f — Ha]~t = (f— f)~'df -a (8.36)

of @ — here we used the fact that (f — f)! = (f — f) and that (.)! is an
antiautomorphism of A(RR™), besides the differential equation (8.34).
Now consider a~!da and a~'da: Using (8.34) and (8.36), we compute

a 'da = d'dfa, o
i = —aM(f— )G f)tat
= —Xa ldf*a”t.

This shows that a~'da,a"'da : TM — IR™ and that ¢ 'da A a~'da = 0.
Since, moreover, both differentials are closed, we conclude with §8.6.6 that

@ 'da=dg and a 'da=—M\dg*

with some Christoffel pair g, g* : M? — R™ of isothermic surfaces.

43) Here we denote the Clifford transpose by (.)! instead of (.), in order to avoid confusion
with the transformations of isothermic surfaces. Remember that the Clifford transpose was
introduced as the composition of the Clifford conjugation and the order involution (cf., §6.3.1),
and that it could equivalently be characterized as the antiautomorphism that is the identity
on R™. Note that the notation (.)~* makes sense because the Clifford transpose commutes
with taking the inverse.
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8.7.7 Having collected these facts, we now turn to the heart of the matter:

Let
s (F (o ON_(fG-H" F\N((GF-pa o
1 1)\0 a (F-H" 1 0 a)
If we have chosen a to take values in the —1l-eigenspace of the order in-
volution as discussed above, then (f — f)a and a take values in the +1-
eigenspace of the order involution, so that F : M? — Spin(R}™?) by (8.35)
(see §7.2.16).

Thus F is an adapted frame for the point pair map (f, f): M? — P (see
§7.4.3 and §7.4.4). It is straightforward to compute its connection form

e (a—l{dd L(f-pidfeay @ - ldfa )
—a~!(f—f)"'dfa a~{da—(f—f)"'df -a} )
(8.37)
Employing (8.34) and (8.36), we deduce that

0 a~"tda 0 dg
F-14F
= <a1dd 0 ) B (—)\dg* 0 > (8.38)

with the aforementioned*®) Christoffel pair g, g* : M? — R™ (cf., §5.4.19).
As a consequence (see §2.2.3 or [112]), any Darboux pair of isothermic sur-

faces in the conformal n-sphere forms a curved flat in the (symmetric) space
of point pairs in S™ (cf., §3.3.2 and §5.5.20).

8.7.8 Conversely, if (f, f) : M? — B is a curved flat, then we may choose an

— (fa fa
adapted frame F = ( s o

This yields the differential equations (8.34) and (8.36) for the scaling func-
tions a and a@. The Maurer-Cartan equation*®) for the connection form then
shows that

) so that its connection form is off-diagonal.*?)

~

dfAN(F =D = - (F- P Adf =0, (8.39)

Since, moreover, we compute

dl(f = H)'df(f — f)~1] =0

44) 1 fact, the shape of the connection form F~1dF implies that a~'da and ¢~ 'da are closed
and are the derivatives of a Christoffel pair, by the Maurer-Cartan equation.

45) See [112] or Footnote 2.8. The interested reader may want to verify this fact in our present
Clifford algebra setup, as an exercise.

46) 1y fact, it is the curved flat condition [F~1dF A F~1dF] = 0 that provides the equation;
the closeness d [F~1dF] = 0 is then a consequence.
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as a consequence of (8.39), we deduce with §8.6.6 that f is isothermic with
a Christoffel transform f* satisfying

~

df* = L(f = H~'df(f — f)7?

>|=

for some real constant \; therefore, f satisfies the Riccati equation (8.29)
showing that the legs f and f of our curved flat form a Darboux pair.

Thus we obtain a theorem by F. Burstall*”) [47] that characterizes Dar-
boux pairs of isothermic surfaces in the conformal n-sphere as curved flats
in the (symmetric) space of point pairs in S™ (cf., §3.3.2 and §5.5.20):

8.7.9 Theorem. Darbouz pairs (f, f): M? — B of isothermic surfaces
i the conformal n-sphere are the curved flats in the symmetric space of
point pairs.

8.7.10 As in §5.5.25, we can determine a Calapso transformation for the
isothermic surface g from the curved flat frame F: Let G = ((1) ﬁ') be the

Euclidean frame of g and consider FG~!; then

_ _ dg* —gdg*
g (F™) dg*  —dg’g

identifying G~ as the T_ \-transformation for g (see §8.6.14). This shows
that the original surface f = F -0 = FG 'g is a Calapso transform of g.
And, conversely, employing the fact that the Calapso transformations act
like a 1-parameter group on a given isothermic surface (see §8.6.18), g = 7). f
is a T)-transform of f.

Interchanging the roles of f and f in F by means of a (constant) gauge

transformation F +— F - \/ﬁ (?\ (1)), the same line of argument applies to f

and ¢* in order to see that g* = 75 f is a Th-transform of f (cf., §5.6.10).

8.7.11 It is a general fact that curved flats naturally come in (real) 1-
parameter families, the “curved flat associated family” (see [112] or §3.3.3).
In our present setup of the curved flat given by a Darboux pair of isothermic
surfaces, this associated family is obtained by integrating the differential
equation

0 dg
d«/fu:fuﬂ(_Adg* 0)

A7) In [47] the author uses the frame presented in §7.4.4 to deduce this result with more ease
than is done here: For this, the frame invariance of the curved flat condition becomes important.
However, to obtain the Christoffel pair (g, gx) directly, we chose the framing presented here.
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to obtain a family (F,),cr of frames for the associated family of curved
flats. Employing a gauge transformation F,, — F, /|1 <(1) 9 ), so that

1
"

_ 0 dg 0 dg
1 —
i d}—“_(—)\dg* o)ﬁ(—ﬁﬂmg* 0)’

we realize, by the arguments of the previous paragraph, that the legs fu
and f,, of the curved flats are T_ 2 \-transforms of the isothermic surfaces
g* and g of the “limiting” Christoffel pair. With the 1-parameter group
property of the Calapso transformation, this amounts to

fo=Ta_wyf and fu.=Tq ./,

since g = 7, f and ¢* = Tof (see [47]).

In particular, the associated family ( fw fu)uer of a curved flat ( )
consists of Calapso transforms of its two legs. Note that the surfaces f4, and
fiu are Mobius equivalent, since the respective T)(;_,2)-transformations
depend quadratically on .

8.7.12 At this point the reader will have gained enough confidence in the
presented methods to continue and do his own research in the Mobius ge-
ometry of submanifolds. Thus we will end our discussions here.

Many more things could be said — for example, we could continue by
revealing all the permutability theorems for the transformations of isother-
mic surfaces, which we discussed in Section 5.6, in the Vahlen matrix setup.
However, this shall be left as an exercise for the interested reader, who has
certainly noticed by now that we already touched on various permutabil-
ity theorems throughout the last two sections. Of particular interest may
be the permutability theorem for the Darboux transformation (cf., §5.6.6),
which appears to be a special case of the permutability theorem for the
Ribaucour transformation of orthogonal systems (cf., §8.5.8).

Another interesting topic to learn more about may be the implications
from the relation of (Darboux pairs of) isothermic surfaces with curved flats:
Integrable systems theory provides general methods that may not only be
applied to (Darboux pairs of)) isothermic surfaces but also to conformally flat
hypersurfaces (see §2.2.13). The reader interested in this direction is pointed
to F. Burstall’s excellent paper [47], where he will also find references to
further reading.



Further Reading

It is the author’s hope that this book will not only give the reader a first
introduction to the field of submanifolds in M6bius geometry, but that it
will also get him interested in one or the other of the treated applications.
The author chose these applications according to his personal interest and
expertise — however, they seemed to be timely enough and to touch on
rather different circles of problems. Obviously, this book cannot cover all
of the developments in the theory since its beginnings; in fact, the author
cannot claim to be able to write such a “book about everything in Mobius
geometry” — there always seem to be new things to learn, and this does
not only concern new developments and new technology but also old results
and techniques: Again and again, the present author is astonished at how
much the classical authors knew, and how much of this knowledge got lost or
obscured over the years. At various times the author had the experience of
seemingly obtaining new results that he discovered in the classical literature
only afterwards.?

Anyway, it shall certainly be worthwhile to examine the classical litera-
ture and to (re)discover the results of the grand old masters of differential
geometry. For the reader’s convenience, various, in particular older, ref-
erences are included in the Bibliography, even if they are not cited in the
text: In the author’s experience, it can be rather difficult to detect papers
from classical times. To facilitate the decision of what is of relevance to the
reader’s topic of interest, references to reviews are included. However, the
provided Bibliography is certainly far from being complete, and the inter-
ested reader is encouraged to also search for additional (old) literature on
his own.

For this, the “Jahrbuch tiber die Fortschritte der Mathematik” (JFM) is
certainly of great help, and it is also a worthwhile activity to investigate the
“Comptes Rendus hebdomaires des séances de I’Académie des sciences.”

The reader should definitely also have a look at the canonical reference
[29], “Vorlesungen {iiber Differentialgeometrie III: Differentialgeometrie der
Kreise und Kugeln,” by W. Blaschke and G. Thomsen, for the geometry of
surfaces in Mobius geometry (and, more generally, in Lie sphere geometry;
compare also [66]). The author of the present book learned Mébius geometry
primarily from this book and considers it an excellent reference. Parts of
the present text were strongly inspired by this book.

1) Sometimes, he would even recognize the result only after deducing it by himself — some
of the classical literature does not seem very easy to access, even after succeeding to obtain it.


http://www.emis.de/projects/JFM/
http://gallica.bnf.fr/
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In this context the reader should also be referred to the two papers [277]
and [278] by G. Thomsen that may be considered as predecessors of [29].
Also of interest shall be a series of papers [263], [264], [265], [266], [267],
[268], [269] by R. Sulanke, where a variety of problems concerning subman-
ifolds in Mobius geometry is treated using the projective model of Mobius
geometry.

Next, the author would like to point the reader’s attention to the book
[4], “Conformal differential geometry and its generalizations,” by M. Akivis
and V. Goldberg. Two remarkable features of this book are an extensive
bibliography — which contains references to literature that was not available
to the present author, in particular, from the Russian school — and many
interesting historical notes. Besides that, the book presents generalizations
of the classical theory to higher dimension and codimension, as well as to
different signature: This last is relevant for the application of the theory
to theoretical physics,?) as well as establishing a relation with Lie sphere
geometry. Of course there are overlaps with the presentation given in the
present book — however, the text by M. Akivis and V. Goldberg differs
from the present text in many respects: in its choice of topics as well as in
the techniques used. Thus it shall be recommended to check this book out
— even more so because it also addresses nonflat conformal geometry.

Just as Euclidean geometry can be generalized to Riemannian geometry
(“nonflat Euclidean geometry”), Mébius geometry, as it was discussed in the
present book, can be generalized to nonflat M6bius geometry or conformal
geometry.?) The utterly general concept of a (normal) Cartan geometry
provides the framework for treating (also) nonflat Mobius geometry — in
a much slicker and more conceptual way than we did in our discussions, in
the Preliminaries chapter at the beginning of the present book.

To learn about this very beautiful and far-reaching approach to (not nec-
essarily flat) Mobius geometry, the reader is referred to R. Sharpe’s book
[254], “Differential geometry. Cartan’s generalization of Klein’s Erlanger
program”; an approach via connections on vector bundles?) is presented in
the excellent new paper by F. Burstall and D. Calderbank [50], “Conformal
submanifold geometry,” which focuses on the case of submanifolds and sur-
faces in conformal geometry. Readers who are interested in this approach

2) Explicit discussions of important examples are given in the book.

3) Remember that, in dimensions > 3, Mobius geometry and conformal geometry are the
same by Liouville’s theorem (see §1.5.4).

4) Very roughly, the basic idea can be summarized as follows: Attach to each point a classical
model of M&bius geometry and identify fibers by means of a (Cartan) connection. A careful
construction provides a canonical such structure on any manifold of dimension n > 3 that is
equipped with a conformal structure.
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to conformal geometry should definitely have a look into both references,
[254] as well as [50].

Also, the author would like to draw the reader’s attention to recent work
on a “quaternionic function theory” that applies to the (global) Mobius ge-
ometry of surfaces in the conformal 3- and 4-spheres via the quaternionic
model that we discussed in Chapter 4: Here, ideas from the theory of com-
plex vector bundles are generalized to quaternionic vector bundles. A first
announcement of the ideas was published by F. Pedit and U. Pinkall in [216],
“Quaternionic analysis on Riemann surfaces and differential geometry.”

Readers who are interested in this direction should also not miss the
following two references: the book [49], “Conformal geometry of surfaces
in S* and quaternions” by F. Burstall, D. Ferus, K. Leschke, F. Pedit,
and U. Pinkall, and the paper [113], “Quaternionic holomorphic geometry:
Pliicker formula, Dirac eigenvalue estimates, and energy estimates for har-
monic 2-tori” by the last four of the aforementioned authors. The first of
these two texts is a good introduction to the theory and shows how the
theory can be applied to global surface theory; it should complement our
discussions in Chapters 4 and 5 well. The second text takes the reader to
rather spectacular results: In particular, generalizations of the Riemann-
Roch theorem and of the classical Pliicker formula® for complex line bun-
dles over a Riemann surface to quaternionic (holomorphic) line bundles over
Riemann surfaces are obtained as powerful tools in the theory.

In the present author’s opinion, discrete net theory, even though it may
appear to be a rather exotic branch of (differential) geometry at first,
promises to introduce quite interesting methodology to differential geom-
etry — it may (re)introduce more geometric methods to differential geom-
etry and, in this way, provide a link to the “geometric method” of classical
differential geometry (cf., [152]). In order to transcend the state of pure
analogy in linking discrete net theory and differential geometry, a key issue
is to obtain some kind of approximation results: One asks for the existence
of a corresponding discrete object that is arbitrarily close to a given dif-
ferential geometric object (cf., §8.5.12). To the author’s knowledge, there
are currently two such approximation results available in the published lit-
erature®): [36] by A. Bobenko, D. Matthes, and Yu. Suris, where such an
approximation result is proven for smooth and discrete surfaces of constant
Gauss curvature, and [138] and [139] by Z.-X. He and O. Schramm,” where

5) The quaternionic Pliicker formula involves the Willmore energy, which relates it, for exam-
ple, with the Willmore problem.

6) As mentioned in §8.5.12, another, for orthogonal systems, can be expected to be available
in the near future.

7) This is, to the author’s knowledge, the strongest available result; there are other approxima-
tion results for circle patterns, for example, the earlier result [242] by B. Rodin and D. Sullivan.
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an approximation result for conformal maps is provided.

In fact, this second approximation result has a Mobius geometric flavor
since the discrete objects investigated are circle packings, that is, certain
maps of a planar graph into the space of circles in the complex plane. It
appears that the idea of using circle packings to approximate holomorphic
maps goes back to P. Koebe’s 1936 paper [165], which was reconsidered
by W. P. Thurston in [279]. Meanwhile, these circle packings and, more
generally, circle patterns have become a topic of active research — see [33]
and [34] by A. Bobenko and T. Hoffmann, [37] by these two authors with
Yu. Suris, and [38] by A. Bobenko and B. Springborn, for example. The
reader is also be referred to [32] by A. Bobenko and U. Pinkall: There, a def-
inition for discrete isothermic nets, called “S-isothermic surfaces,” is given
that uses a type of spatial circle packings — this provides, in some sense,
a more restrictive notion of a discrete isothermic net than the one that we
discussed in Chapter 5. However, the Christoffel transformation preserves
this class of S-isothermic nets [32], so that discrete minimal (S-isothermic)
nets can be constructed from circle packings in the plane (cf., §5.7.37); using
this construction, one gains better control over the regularity and the global
behavior of the resulting net than by using arbitrary discrete isothermic nets
on the 2-sphere as Gauss maps.®)

Of course, the above is only a very small choice of a vast amount of
literature in the field of conformal (sub)manifold theory. Certainly, this
choice of references reflects the interest (and expertise) of the author, and
it claims not to be complete in any way. However, the author hopes to have
given references that introduce the reader to new and promising methods
that will stimulate further development.

It remains to express my gratitude to the reader for sharing my interest
in Mobius differential geometry — a wonderful field in differential geometry.

8) The author is grateful to A. Bobenko and B. Springborn for the information about their
corresponding recent work with T. Hoffmann.
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65.

66.

67.
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69.

70.

71.

72.

73.

74.

75.

76.

77.

A. Cayley: Sur les surfaces divisibles en carrés par leurs courbes de
courbure et sur la théorie de Dupin, Comptes Rendus 74, 1445—1449
(1872; JFM 04.0364.01); see §P.6.5, §3.3.19

T. Cecil: Lie sphere geometry. With applications to submanifolds, Uni-
versitext, Springer, New York (1992; MR 94m:53076; Zbl 752.53003);
see §1.0.0, §1.1.0, §1.2.3, §1.3.16, §1.7.11, §1.8.0, §1.8.7, §1.8.16, §6.3.5,
§6.6.10, §F.0.0

B.-Y. Chen: An invariant of conformal mappings, Proc. Amer. Math.
Soc. 40, 563—564 (1973; MR 47:9489; Zbl 266.53020); see §1.0.0, §3.5.0,
§3.5.2

S.-S. Chern, J. Simons: Characteristic forms and geometric invariants,
Ann. Math. 99, 48—69 (1974; MR 50:5811; Zbl 283.53036); see §2.0.0

S.-S. Chern: On a conformal invariant of three-dimensional manifolds,
North-Holland Math. Library 34, 245—252 (1986; MR 87h:53051;
Zbl 589.53011); see §2.0.0

E. Christoffel: Ueber einige allgemeine Figenschaften der Minimums-
flachen, Crelle’s J. 67, 218—228 (1867); see §1.1.7, §3.0.0, §3.3.0,
§3.3.10, §3.3.30, §5.2.2, §8.6.4

J. Ciegliniski, P. Goldstein, A. Sym: Isothermic surfaces in E> as
soliton surfaces, Phys. Lett., A 205, 37—43 (1995; MR 96g:53005);
see §1.0.0, §3.0.0, §3.3.0, §8.7.0

J. Ciedlinski: The cross ratio and Clifford algebras, Adv. Appl. Clifford
Alg. 7, 133—139 (1997; MR 99b:52036; Zbl 907.15018); see §7.5.13

J. Cieslinski: The Darboux-Bianchi transformation for isothermic
surfaces. Classical results versus the soliton approach, Differ. Geom.
Appl. 7, 1-—28 (1997; MR 98¢:53003; Zbl 982.53003); see §8.7.1

J. Ciegdlinski, A. Doliwa, P. Santini: The integrable discrete analogues of
orthogonal coordinate systems are multidimensional circular lattices,
Phys. Lett., A 235, 480—488 (1997; MR 99d:58149; Zbl 969.37528);
see §8.0.0

J. Cieslinski: The Bdcklund transformation for discrete isothermic
surfaces, London Math. Soc. Lect. Note Ser. 255, 109—121 (1999;
MR 2000f:53004; Zbl 927.37055); see §5.7.11

W. K. Clifford: Applications of Grassmann’s extensive algebra, Amer.
J. Math. 1, 350—358 (1878; JFM 10.0297.02); see §4.1.4, §6.0.0, §6.2.4

W. K. Clifford: On the classification of geometric algebras, unfinished
paper in R. Tucker, Mathematical Papers by William Kingdon Clifford,
Chelsea, New York (1968); see §1.1.4, §6.0.0
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78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

38.

89.

90.

91.

J. Coolidge: Congruences and complexes of circles, Trans. Amer.
Math. Soc. 15, 107—134 (1914; JFM 45.0918.03); see §2.5.2

J. Coolidge: A treatise on the circle and the sphere, Oxford University
Press, Oxford (1916; JEM 46.0921.02); see §2.2.10, §2.5.2

E. Cosserat: Sur le probleme de Ribaucour et sur les surfaces
isothermiques, Toulouse Bull. Mém. 3, 267—273 (1899—1900;
JFM 31.0608.02); see §3.0.0, §3.1.0

E. Cotton: Sur une généralisation du probleme de la représentation
conforme aux variétés a trois dimensions, Comptes Rendus 125, 225—
228 (1896; JEM 28.0601.03); see §P.5.0

E. Cotton: Sur la représentation conforme des variétés a trois di-
mensions, Comptes Rendus 127, 349—351 (1898; JFM 29.0573.03);
see §P.5.0

A. Dahan-Dalmédico: Mécanique et théorie des surfaces: les travaux
de Sophie Germain, Hist. Math. 14, 347—365 (1987; MR 89a:01030;
Zbl 631.01013); see §3.0.0, §3.5.1

M. Dajczer, E. Vergasta: Conformal hypersurfaces with the same Gauss
map, Trans. Amer. Math. Soc. 347, 2437—2456 (1995; MR 95i:53067;
Zbl 832.53004); see §3.3.11, §8.0.0

M. Dajczer, R. Tojeiro: An extension of the classical Ribaucour trans-
formation, Proc. London Math. Soc. 85, 211—232 (2002); see §8.2.1

G. Darboux: Sur une classe remarquable de courbes et de surfaces
algébriques et sur la théorie des imaginaires, Mém. de Bordeaux VIII,

292—350 et IX, 1-—276 (1873; JFM 05.0399.01); see §1.0.0

G. Darboux: Détermination d’une classe particuliére de surfaces a
lignes de courbure planes dans un systéme et isothermes, Comptes
Rendus 96, 1202—1205, 1294—1297 (1883; JFM 15.0726.02)

G. Darboux: Lecons sur la théorie générale des surfaces, Gauthiers-
Villars, Paris (1887; JFM 19.0746.02; JEM 25.1159.02); see §P.6.5,
§1.0.0

G. Darboux: Sur les surfaces isothermiques, Ann. Ec. Norm. Sup. 16,
491—508 (1899; JFM 30.0555.04); see §5.0.0, §8.7.1

G. Darboux: Sur une classe de surfaces isothermiques liées a la
déformations des surfaces du second degré, Comptes Rendus 128,

1483—1487 (1899; JFM 30.0555.03)

G. Darboux: Sur la déformation des surfaces générales du second
degré, Comptes Rendus 128, 1264—1270 (1899; JFM 30.0555.01)
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92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

G. Darboux: Sur la déformation des surfaces du second degré,
Comptes Rendus 128, 760—766, 854—859 (1899; JFM 30.0554.01;
JFM 30.0554.02)

G. Darboux: Sur les surfaces isothermiques, Comptes Rendus 128,
1299—1305, 1538 (1899; JFM 30.0555.02); see §3.0.0, §3.1.0, §8.7.1

G. Darboux: Lecons sur les systémes orthogonaux et les coordonnées
curvilignes, Gauthier-Villars, Paris (1910; JFM 29.0515.03); see §8.0.0

P. C. Delens: Methodes et problemes de geometries differentielles eucli-
dienne et conforme, Gauthier-Villars, Paris (1927; JFM 53.0659.01);
see §1.0.0

A. Delgleize: Sur les surfaces isothermiques et les surfaces de
Guichard, Bull. Acad. Roy. Belg., V. Sér. 20, 707—722 (1934,
Zbl 009.37502)

A. Delgleize: Sur les transformations de Ribaucour et les surfaces
isothermiques, Bull. Soc. Roy. Sci. Liege 13, 233—242 (1944; MR 7:77f;
Zbl 063.01078)

A. Demoulin: Sur les enveloppes de spheéres dont les deux nappes se
correspondent avec conservation des angles, Comptes Rendus 141,
459—462 (1905; JFM 36.0683.01); see §3.1.0, §8.7.1

A. Demoulin: Sur les surfaces isothermiques et sur une classe
d’enveloppes de sphéres, Comptes Rendus 141, 1210—1212 (1905;
JFM 36.0683.03); see §3.1.0, §8.7.1

A. Demoulin: Sur certains couples de systémes triple-orthogonauz,

Comptes Rendus 151, 796—800 (1910; JFM 41.0694.04); see §8.5.0

U. Dierkes, S. Hildebrandt, A. Kiister, O. Wohlrab: Minimal Sur-
faces I, Grundlehren 295, Springer, Berlin (1991; MR 94¢:49001;
Zbl 777.53012); see §5.3.0

M. do Carmo, M. Dajczer, F. Mercuri: Compact conformally flat hyper-
surfaces, Trans. Amer. Math. Soc. 288, 189—203 (1985; MR 86b:53052;
Zbl 554.53040); see §P.5.7, §1.8.14, §2.0.0

A. Doliwa, M. Manas, P. Santini: Darboux transformation for multi-
dimensional quadrilateral lattics I, Phys. Lett., A 232, 99—105 (1997;
MR 98h:58178); see §8.0.0

A. Doliwa, S. Manakov, P. Santini: J-reductions of the multi-
dimenstonal quadrilateral lattice I: The multidimensional circular
lattice, Commun. Math. Phys. 196, 1—18 (1998; MR 2000a:37072;
Zbl 908.35125); see §8.0.0, §8.4.10


http://www.emis.de/cgi-bin/JFM-item?30.0554.01
http://www.emis.de/cgi-bin/JFM-item?30.0554.02
http://www.emis.de/cgi-bin/JFM-item?30.0555.02
http://www.emis.de/cgi-bin/JFM-item?29.0515.03
http://www.emis.de/cgi-bin/JFM-item?53.0659.01
http://www.emis.de/MATH-item?009.37502
http://www.ams.org/mathscinet-getitem?mr=7:77f
http://www.emis.de/MATH-item?063.01078
http://www.emis.de/cgi-bin/JFM-item?36.0683.01
http://www.emis.de/cgi-bin/JFM-item?36.0683.03
http://www.emis.de/cgi-bin/JFM-item?41.0694.04
http://www.ams.org/mathscinet-getitem?mr=94c:49001
http://www.emis.de/MATH-item?777.53012
http://www.ams.org/mathscinet-getitem?mr=86b:53052
http://www.emis.de/MATH-item?554.53040
http://www.ams.org/mathscinet-getitem?mr=98h:58178
http://www.ams.org/mathscinet-getitem?mr=2000a:37072
http://www.emis.de/MATH-item?908.35125

goto:

Contents, Index, Chapters: -I-, -P-, -1-, -2-, -3-, -4-, -5-, -6-, -7-, -8-, -F- 392

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

A. Doliwa, P. Santini: Geometry of discrete curves and lattices and
integrable difference equations, Oxf. Lect. Ser. Math. Appl. 16, 139—
154 (1999; MR 2000k:53002; Zbl 935.53002); see §8.0.0

L. Eisenhart: Transformations of surfaces, Chelsea, New York (1962;
MR 25:5455); see §3.2.6, §5.0.0, §5.6.5, £§8.0.0, §8.5.12, §8.7.1

N. Ejiri: Willmore surfaces with a duality in S™, Proc. London Math.
Soc., III. Ser. 57, 383—416 (1988; MR 89h:53117; Zbl 671.53043);
see §3.5.0, §7.5.6

J. Elstrodt, F. Grunewald, J. Mennicke: Vahlen’s groups of Clifford ma-
trices and spin-groups, Math. Z. 196, 369—390 (1987; MR 89b:11031;
Zbl 611.20027); see §7.0.0

A. Enneper: Bemerkungen tber die Enveloppe einer Kugelfliche, Gott.
Nachr. 1873, 217—248 (1873; JFM 05.0409.01)

J.-H. Eschenburg: Willmore surfaces and Mobius geometry, informal
notes on discussions between J. Eschenburg, U. Pinkall, and K. Voss
(1988); see §3.0.0, §3.5.6

J. Ferrand: The action of conformal transformations on a Rieman-
nian manifold, Math. Ann. 304, 277—291 (1996; MR 97c:53044;
Zbl 866.53027); see §P.8.0

D. Ferus, F. Pedit: Curved flats in symmetric spaces, Manuscr. Math.
91, 445—454 (1996; MR 97k:53074; Zbl 870.53043); see §1.1.6, §2.0.0,
§2.2.5, §2.2.13, §3.3.3, §5.5.0, §8.7.7, §8.7.8, §8.7.11

D. Ferus, K. Leschke, F. Pedit, U. Pinkall: Quaternionic holomorphic
geometry: Plicker formula, Dirac eigenvalue estimates, and energy
estimates of harmonic 2-tori, Invent. Math. 146, 507—593 (2001;
MR 2003a:53057); see §1.1.3, §F.0.0

A. Fialkov: The conformal theory of curves, Trans. Amer. Math. Soc.
51, 435—501 (1942; MR 3:307e; Zbl 063.01358); see §P.6.3

A. Fialkov: Conformal differential geometry of a subspace, Trans.
Amer. Math. Soc. 56, 309—433 (1944; MR 6:105¢; Zbl 063.01359);
see §P.6.3, §P.6.4

A. Fialkov: Conformal classes of surfaces, Amer. J. Math. 67, 583—
616 (1945; MR 7:175¢; Zbl 063.01360); see §P.6.3

W. Fiechte: Ebene Mobiusgeometrie, manuscript (1979); see §1.1.4,
§6.0.0

A. Finzi: Le ipersuperfizie a tre dimensioni che si possono rapp-
resentare conformemente sullo spazio euclideo, Atti. d. Veneto 62,
1049—1062 (1903; JFM 34.0668.03); see §2.0.0
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119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

G. Fubini: Sulla teoria degli spazii che ammettono un gruppo conforme,
Torino Atti 38, 404—418 (1903; JFM 34.0722.03); see §P.8.0

G. Fubini: Applicabilita projettiva di due superficie, Palermo Rend.
41, 135—162 (1916; JFM 46.1098.01); see §P.6.3, §P.6.4

G. Fubini: Sulle geometria di una superficie nel gruppo proiettivo e
nel gruppo conforme, Rend. Acc. L. Roma (6) 5, 373—377 (1927;
JFM 53.0701.03); see §P.6.3

S. Gallot, D. Hulin, J. Lafontaine: Riemannian geometry, Universitext,
Springer, Berlin (1987; MR 88k:53001; Zbl 636.53001); see §P.0.0,
¢P.1.3, §P.3.0, §P.3.2, §P.4.4, §1.4.10

E. I. Ganzha: On approrimation of solutions to some (2 + 1)-
dimensional integrable systems by Bdcklund transformations, Sib.
Math. J. 41, 442—452 (2000; MR 2001j:37130; Zbl 952.37050);
see §8.0.0

A. Garsia: Imbeddings of some closed Riemann surfaces by canal
surfaces, Rend. Circ. Mat. Palermo 9, 313—333 (1960; MR 24:A2021;
Zbl 100.17801); see §P.4.6, §1.8.0, §2.0.0

A. Garsia: An imbedding of closed Riemann surfaces in Fuclidean
space, Comment. Math. Helv. 25, 93—110 (1961; MR 23:A2890;
Zbl 173.24001); see §P.4.6, §2.0.0

S. Germain: Recherches sur la théorie des surfaces élastiques, Courcier,
Paris (1821); see §3.0.0, §3.5.1

S. Germain: Remarques sur la nature, les bornes et [’etendue de la
question des surfaces elastiques, et equation generale de ces surfaces,
Paris (1826); see §3.0.0

S. Germain: Mémoire sur la courbure des surfaces, Crelle’s J. 7, 1—29
(1831); see §3.0.0

E. Goursat: Sur un mode de transformation des surfaces minima, Acta
Math. 11, 135—186, 257—264 (1888; JFM 20.0833.02); see §5.0.0,
§5.3.0, §8.6.9

H. Grassmann: Die lineale Ausdehnungslehre, ein neuer Zweig der
Mathematik, Verlag Otto Wigand, Leipzig (1844); see §1.1.4, §6.0.0,
§6.1.2

H. Grassmann: Sur les différents genres de multiplication, Crelle’s J.

49, 123141 (1855); see §6.0.0, §6.1.4

H. Grassmann: Grundsdtze der stercometrischen Multiplikation,
Crelle’s J. 49, 10—20 (1855); see §6.0.0
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133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

H. Grassmann: Die Ausdehnungslehre, Verlag Th. Chr. Fr. Enslin,
Berlin (1862); translated by L. Kannenberg, Extension theory, Hist.
Math. 19, Amer. Math. Soc. and London Math. Soc., Rhode Island
(2000; MR, 2001d:01048; Zbl 953.01025); see §1.1.4, §6.0.0

H. Grassmann: Der Ort der Hamilton’schen Quaternionen in der
Ausdehnungslehre, Math. Ann. 12, 375—386 (1877; JEM 09.0512.01);
see §4.1.4, §6.0.0, §6.2.4

C. Guichard: Sur la déformation des quadriques de révolution,
Comptes Rendus 128, 232—233 (1899; JFM 30.0552.01); see §5.0.0

C. Guichard: Sur les systemes triplement indéterminés et sur les
systemes triple orthogonauz, Scientia 25, Gauthier-Villars, Paris (1905;
JFM 36.0668.03); see §1.1.6, §2.4.3, §8.0.0

T. F. Havel: Geometric algebra and Mdbius sphere geometry as a basis
for Buclidian invariant theory, Invariant methods in discrete and
computational geometry, Proc. Conf. Curagao 1994, 245—256 (1995;
MR 97a:15043); see §7.0.0

7.-X. He, O. Schramm: On the convergence of circle packings to the
Riemann map, Invent. Math. 125, 285—305 (1996; MR 97i:30009;
Zbl 868.30010); see §F.0.0

7Z.-X. He, O. Schramm: The C*-convergence of hexagonal disk
packings to the Riemann map, Acta Math. 180, 219—245 (1998;
MR 99j:52021; Zbl 913.30004); see §F.0.0

S. Helgason: Differential geometry, Lie groups, and symmetric spaces,
Academic Press, New York (1978; MR 80k:53081; Zbl 451.53038);
see §2.2.5, §2.2.17, §5.5.19, §6.3.9, §6.7.7

U. Hertrich-Jeromin, U. Pinkall: Fin Beweis der Willmoreschen Ver-
mutung fir Kanaltori, J. Reine Angew. Math. 430, 21—34 (1992;

MR 95g:53067; Zbl 749.53040); see §3.7.0, §3.7.16, §3.7.18, §3.7.20,

§3.7.22

U. Hertrich-Jeromin: Uber konform flache Hyperflichen in vierdimen-
sionalen Raumformen, PhD thesis, TU Berlin (1994; Zbl 861.53059);
see §1.1.6, §2.2.13, §2.4.12

U. Hertrich-Jeromin: On conformally flat hypersurfaces and Gui-
chard’s nets, Beitr. Alg. Geom. 35, 315—331 (1994; MR 95j:53022;
Zbl 820.53003); see §2.0.0, §2.3.6, §2.4.13

U. Hertrich-Jeromin, K. Voss: Remarks on channel surfaces, unpub-
lished (1995); see §3.0.0, §3.7.0
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145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

U. Hertrich-Jeromin: On conformally flat hypersurfaces, curved
flats and cyclic systems, Manuscr. Math. 91, 455—466 (1996;
MR 97m:53099; Zbl 870.53007); see §2.0.0, §2.2.6, §2.2.13, §2.2.14

U. Hertrich-Jeromin, E. Tjaden, M. Ziircher: On Guichard’s nets
and cyclic systems, preprint FIM ETH Ziirich (1997) and preprint
dg-ga /9704003 (1997); see §2.0.0, §2.4.13, §2.6.1, §2.7.4

U. Hertrich-Jeromin, F. Pedit: Remarks on the Darbouzx transform
of isothermic surfaces, Doc. Math. J. DMV 2, 313—333 (1997;

MR 99k:53006; Zbl 892.53003); see §3.3.25, §5.0.0, §5.2.10, §5.4.0,
§5.4.15

U. Hertrich-Jeromin: Supplement on curved flats in the space of point
pairs and isothermic surfaces: A quaternionic calculus, Doc. Math. J.
DMV 2, 335—350 (1997; MR 99b:53017; Zbl 892.53004); see §5.3.2,

§5.5.23

U. Hertrich-Jeromin, T. Hoffmann, U. Pinkall: A discrete version of
the Darboux transform for isothermic surfaces, Oxf. Lect. Ser. Math.
Appl. 16, 59—81 (1999; MR, 2000j:53010; Zbl 941.53010); see §4.9.14,
§5.0.0, §5.4.15, §5.7.0, §5.7.11, §5.7.15

U. Hertrich-Jeromin: Transformations of discrete isothermic nets and
discrete cmc-1 surfaces in hyperbolic space, Manuscr. Math. 102, 465—
486 (2000; MR 2001g:53013; Zbl 979.53008); see §5.6.0, §5.7.0, §5.7.11,
§5.7.19, §5.7.33, §5.7.35

U. Hertrich-Jeromin: Isothermic cmc-1 cylinder, Electr. Geom. Model
2000.09.038 (2000); see §5.6.13

U. Hertrich-Jeromin: The surfaces capable of division into infinitesimal
squares by their curves of curvature: A nonstandard analyis approach
to classical differential geometry, Math. Intell. 22, 54—61 (2000;
MR 2001b:53003), Errata: Math. Intell. 24, 4 (2002); see §3.3.10,
65.7.1, §8.3.15, §F.0.0

U. Hertrich-Jeromin, E. Musso, L. Nicolodi: Mébius geometry of sur-
faces of constant mean curvature 1 in hyperbolic space, Ann. Global
Anal. Geom. 19, 185—205 (2001; MR 2002a:53079); see §3.0.0, §3.3.29,
§3.6.4, §85.0.0, §5.4.24, §5.6.0, §5.6.13, §5.6.16, §5.7.35

D. Hestenes: The design of linear algebra and geometry, Acta Appl.
Math. 23, 6593 (1991; MR 92i:15021; Zbl 742.51001); see §1.1.4,
§7.0.0, §7.2.0

D. Hestenes, R. Ziegler: Projective geometry with Clifford algebra,
Acta Appl. Math. 23, 25—63 (1991; MR 92i:15020; Zbl 735.51001);
see §1.1.4, §6.0.0, §6.1.2, §7.2.0
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157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

G. Kamberov: Quadratic differentials, quaternionic forms, and sur-
faces, preprint dg-ga/9712011 (1997); see §5.2.11

G. Kamberov, F. Pedit, U. Pinkall: Bonnet pairs and isothermic
surfaces, Duke Math. J. 92, 637—644 (1998; MR 99h:53009); see §3.0.0

G. Kamberov: Quadratic differentials and surfaces shape, Rend. Sem.
Mat. Messina, Atti Congr. Int. P. Calapso 1998, 199—210 (2001);
see §5.2.21

H. Karcher: Embedded minimal surfaces derived from Scherk’s
examples, Manuscr. Math. 62, 83—114 (1988; MR 89i:530009;
Zbl 658.53006); see §5.2.21

F. Klein: Vergleichende Betrachtungen tber neuere geometrische
Forschungen (Erlanger Programm), Math. Ann. 43, 63—100 (1893,;
JFM 25.0871.01); see §1.1.0, §1.1.2, §1.0.0, §1.4.12

F. Klein: Vorlesungen tiber hohere Geometrie, Grundlehren XXII,
Springer, Berlin (1926; JFM 52.0624.09); see §1.0.0, §1.1.1, §1.3.13,
§6.1.3

F. Klein: Vorlesungen tiber Nicht-Euklidische Geometrie, Grundlehren
XXVI, Springer, Berlin (1928; JFM 54.0593.01); see §P.1.3, §1.0.0,
61.2.3

P. Klimczewski, M. Nieszporski, A. Sym: Luigi Bianchi, Pasquale
Calapso and solitons, Rend. Sem. Mat. Messina, Atti Congr. Int. P.
Calapso, Messina 1998 (2001); see §5.0.0

J. Knoblauch: Ueber die Bedingung fir die Isometrie der Krimmungs-
curven, Crelle’s J. 103, 40—43 (1888; JFM 20.0754.01); see §P.6.5,
63.3.19

P. Koebe: Kontaktprobleme der konformen Abbildung, Ber. Verh.
Séchs. Akad. Leipzig 88, 141—164 (1936; Zbl 17.21701); see §F.0.0

B. Konopelchenko, W. Schief: Three-dimensional integrable lattices
in Fuclidean spaces: Conjugacy and orthogonality, Proc. Royal Soc.
London A 454, 3075—3104 (1998; MR 2000£:53005); see §8.0.0, §8.4.10

W. Kreft: Beitrage zur Goursat’schen Transformation der Mini-
malfldchen, PhD thesis, Westf. Wilhelms-Univ. (1908); see §5.3.0,
68.6.9

I. M. Krichever: Algebraic-geometric n-orthogonal curvilinear coordi-
nate systems and solutions of the associativity equations, Funct. Anal.
Appl. 31, 25—39 (1997; MR 98f:58049); see §8.0.0

W. Kiihnel, U. Pinkall: On total mean curvatures, Q. J. Math., Oxf.
II. Ser. 37, 437—447 (1986; MR 87m:53084; Zbl 627.53044); see §3.5.0
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170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

R. Kulkarni: Conformal structures and Mobius structures, Aspects
Math. E 12, 1-—39 (1988; MR 90f:53026; Zbl 659.53015); see §1.0.0,
§P.0.0, §P.1.5, §P.8.4, §1.5.2

R. Kusner: Conformal geometry and complete minimal surfaces, Bull.
Am. Math. Soc. 17, 291—295 (1987; MR 88j:53008; Zbl 634.53004);
see §3.5.0

R. Kusner: Comparison surfaces for the Willmore problem, Pac. J.
Math. 138, 317—345 (1989; MR 90e:53013; Zbl 643.53044); see §3.0.0,
§3.5.0

J. Lafontaine: Conformal geometry from the Riemannian viewpoint,
Aspects Math. E 12, 65—92 (1988; MR 90a:53022; Zbl 661.53008);
see §1.0.0, §1.2.3, §P.0.0, §P.2.2, §P.3.0, §P.5.2, §2.0.0

V. Lalan: Courbes isothermes sur une surface. Surfaces isothermiques,
Comptes Rendus 223, 707—709 (1946; MR 8:228d; Zbl 063.03425)

G. Lamé: Sur les surfaces isothermes paraboloidales, Liouville J. 19,
307—318 (1874; JFM 06.0463.01); see §3.0.0

L. Landau, E. Lifschitz: Lehrbuch der theoretischen Physik, Band
VII. Elastizititstheorie, Akademie-Verlag, Berlin (1965; MR 36:2342;
Zbl 166.20504); see §3.0.0, §3.5.1

J. Langer, D. Singer: The total squared curvature of closed curves,
J. Differ. Geom. 20, 1—22 (1984; MR 86i:58030; Zbl 554.53013);
see §3.5.1, §3.7.11, §3.7.13, §3.7.14, §3.7.16

J. Langer, D. Singer: Curves in the hyperbolic plane and mean curva-
ture of tori in 3-space, Bull. London Math. Soc. 16, 531—534 (1984;
MR 85k:53006; Zbl 554.53014); see §3.5.1, §3.7.11, §3.7.22

D. Laugwitz: Differentialgeometrie, Teubner, Stuttgart (1960;
MR 22:7061; Zbl 094.16106); see §1.5.5

P. Li, S. T. Yau: A new conformal invariant and its applications to
the Willmore conjecture and the first eigenvalue of compact surfaces,
Invent. Math. 69, 269—291 (1982; MR 84f:53049; Zbl 503.53042);
see §3.5.0, §3.7.22

H. Li, C.-P. Wang, F. Wu: A Mébius characterization of Veronese
surfaces in S™, Math. Ann. 319, 707—714 (2001; MR 2002b:53098);
see §P.6.5

L. Lichtenstein: Beweis des Satzes, dass jedes hinreichend kleine, im
wesentlichen stetig gekrimmte, singularitatenfreie Flachenstick auf
einen Teil einer Ebene zusammenhangend und in den kleinsten Teilen
ahnlich abgebildet werden kann, Abh. preuss. Akad. Wissensch., Phys.-
Math. Cl., 1911, Anhang (1912; JFM 42.0710.01); see §P.4.6
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183.

184.
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187.

188.

189.

190.

191.

192.

193.

194.

195.

L. Lichtenstein: Zur Theorie der konformen Abbildung nichtanalytis-
cher, singularitiatenfreier Fldachensticke auf ebene Gebiete, Krak. Anz.
1916, 192—217 (1916; JFM 46.0547.01); see §P.4.6

R. v. Lilienthal: Die auf einer Fldiche gezogenen Kurven, Encyclopaedie
der mathematischen Wissenschaften II1.D 3, Teubner, Leipzig (1902;
JFM 33.0633.04); see §3.0.0, §5.3.0

H. Linsenbarth: Abhandlungen tber das Gleichgewicht und die
Schwingungen der ebenen elastischen Kurven von Jakob Bernoulli
(1691, 1694, 1695) und Leonhard Euler (1744), Ostwald’s Klassiker
175, Wilhelm Engelmann, Leipzig (1910); see §3.0.0

R. Lipowsky: Kooperatives Verhalten von Membranen, Phys. Bl. 52,
555—560 (1996); see §3.5.1

Q. P. Liu, M. Manas: Vectorial Ribaucour transformations for the Lamé
equations, J. Phys. A, Math. Gen. 31, 1.193-1.200 (1998; MR 99¢:58178;
Zbl 922.58088); see §8.0.0

L. Lopes de Lima, P. Roitman: CMC-1 surfaces in hyperbolic 3-space
using the Bianchi-Calo method, An. Acad. Brasil. Ciénc. 74, 19—24
(2002; MR 2003a:53008); see §5.0.0, §5.6.13

P. Lounesto: Clifford algebras and spinors, London Math. Soc.
Lect. Note Ser. 239, Cambridge Univ. Press, Cambridge (1997;
MR 98k:15045; Zbl 887.15029); see §1.2.3, §6.0.0, §6.3.11, §6.4.4,
§7.2.0, §7.2.2, §7.2.8

Y. Lumiste, E. Vyal'yas: Isothermal hypersurfaces and three-
dimensional Dupin-Mannheim cyclides, Mat. Zametki 41, 731—740
(1987; MR 88j:53007; Zbl 628.53013); see §2.0.0, §8.6.7

H. v. Mangoldt: Anwendung der Differential- und Integralrechnung
auf Kurven und Fldchen, Encyclopaedie der mathematischen Wis-
senschaften III.D 1, 2, Teubner, Leipzig (1902; JFM 33.0633.03);
see §3.0.0

C. McCune: Rational minimal surfaces, QQ. J. Math. 52, 329—354
(2001; MR 2003a:53010); see §5.2.11

I. McIntosh, U. Hertrich-Jeromin, P. Norman, F. Pedit: Periodic
discrete conformal maps, J. Reine Angew. Math. 534, 129—153 (2001;
MR 2002f:52021; Zbl 986.37063); see §5.7.11, §5.7.37

F. Mercuri: Conformally flat immersions, Note Mat. 9, 85—99 (1989;
MR 93d:53025; Zbl 795.53058); see §2.0.0

F. Mercuri, M. H. Noronha: Conformal flatness, cohomogeneity one,
and hypersurfaces of revolution, Differ. Geom. Appl. 9, 243—249
(1998; MR 99j:53077; Zbl 943.53037); see §2.0.0
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197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

I. M. Mladenov: Generalization of Goursat’s transformation of
the minimal surfaces, C. R. Acad. Bulg. Sci. 52, 23—26 (1999;
MR 2000k:53007; Zbl 947.53005); see §5.3.0

J. Moore: Isometric immersions of space forms in space forms, Pac.
J. Math. 40, 157—166 (1972; MR 46:4442; Zbl 238.53033); see §2.2.13,
68.2.8

J. Moore: Conformally flat submanifolds of Euclidean space, Math.
Ann. 225, 89—97 (1977; MR 55:4048; Zbl 322.53027); see §2.0.0

J. Moore: On Conformal immersions of space forms, Lect. Notes
Math. 838, 203—210 (1980; MR 82k:53081; Zbl 437.53042); see §2.0.0,
§2.2.0, §2.2.14

A. Moretti: Konforme Abbildungen in Riemannschen Rdaumen, Diplom

thesis, ETH Ziirich (1975); see §P.5.7

P. B. Mucha: Isothermic surfaces of k-th order, Proc. First Non-
Orthodox School on Nonlinearity and Geometry, Luigi Bianchi Days,
Sept. 21—28, 1995, Polish Scientific Publishers PWN, Warsaw (1998;
MR 2001h:53006; Zbl 941.53008); see §3.0.0

E. Musso: Willmore surfaces in the four-sphere, Ann. Global Anal.
Geom. 8, 21—41 (1990; MR 92g:53059; Zbl 705.53028); see §3.5.0

E. Musso: Deformazione di superficie nello spazio di Mobius, Rend.
Ist. Mat. Univ. Trieste 27, 25—45 (1995; MR 97i:53013); see §3.0.0,
§5.0.0, §5.5.0, §5.5.12, §8.6.18

E. Musso: Isothermic surfaces in FEuclidean space, L. Cordero, E.
Garcia-Rio, Proc. Workshop Recent Topics in Differential Geometry,
July 1997, Publ. Dep. Geom. Topologia, Univ. Santiago de Compostela
89, 219—235 (1998; Zbl 924.53007); see §5.1.0, §5.1.12, §5.5.12

E. Musso, L. Nicolodi: Willmore canal surfaces in Euclidean space,
Rend. Ist. Mat. Univ. Trieste 31, 177—202 (1999; MR 2001{:53014);
see §3.7.0, §3.7.13

E. Musso, L. Nicolodi: Special isothermic surfaces and solitons, Con-
temp. Math. 288, 129—148 (2001; MR 2003a:53017); see §5.0.0

E. Musso, L. Nicolodi: Darboux transforms of Dupin surfaces, Banach
Center Publ. 57, 135—154 (2002); see §5.4.25, §5.5.28

S. Nishikawa, Y. Maeda: Conformally flat hypersurfaces in a confor-
mally flat Riemannian manifold, Téhoku Math. J. 26, 159—168 (1974;
MR 49:3730; Zbl 278.53018); see §2.0.0

B. O’Neill: Semi-Riemannian geometry. With applications to relativity,
Academic Press, New York (1983; MR 85f:53002; Zbl 531.53051);
see §1.2.3, §2.2.1
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214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

K. Ogura: On the differential geometry of inversion, Tohoku Math. J.
9, 216-223 (1916; JFM 46.1085.03); see §P.6.3

A. R. Ozbek: Uber Weingarten’sche Isothermflichen auf denen die
Kurven festen Krimmungsmasses eine zueinander geoddtisch parallele
Kurvenschar bilden, Bull. Tech. Univ. Istanbul 14, 31—44 (1961,
MR 28:5385; Zbl 101.14101); see §5.0.0

H. Pabel: Geometrisches tuber Minimalfiichen, insbesondere Scharen
assoziterter und derivierter Flachen, Fak. Math. Bayr. Julius-
Maximilians Univ. (1986; Zbl 623.53001); see §5.3.0

H. Pabel: Deformation von Minimalfidchen, Geometrie und ihre An-
wendungen, 107—139 (1994; MR 95k:53014; Zbl 966.53008); see §5.3.0,
68.6.9

R. Palais, C.-L. Terng: Critical point theory and submanifold geometry,
Lect. Notes Math. 1353, Springer, New York (1988; MR 90c¢:53143;
Zbl 658.49001); see §2.0.0, §2.7.3

B. Palmer: Isothermic surfaces and the Gauss map, Proc. Amer. Math.
Soc. 104, 876—884 (1988; MR 90a:53077; Zbl 692.53003); see §3.3.11,
§5.2.2, §8.0.0, §8.6.5

F. Pedit, U. Pinkall: Quaternionic analysis on Riemann surfaces
and differential geometry, Doc. Math., J. DMV, Extra Vol. ICM
Berlin 1998, vol. 11, 389—400 (1998; MR 2000c¢:53053; Zbl 910.53042);
see 8F.0.0

U. Pinkall: Dupin’sche Hyperfiichen, PhD thesis, Freiburg i. Br.
(1981); see §1.8.7

U. Pinkall: Vortrag dber Konformminimalflichen, manuscript (1983);
see §1.0.0, §3.5.1, §3.7.13, §3.7.14, §3.7.18

U. Pinkall: Hopf tori in S3, Invent. Math. 81, 379—386 (1985;
MR 86k:53075; Zbl 585.53051); see §3.5.0, §3.7.11

U. Pinkall: Inequalities of Willmore type for submanifolds, Math. Z.
193, 241—246 (1986; MR 88a:53053; Zbl 602.53039); see §3.5.0

U. Pinkall, I. Sterling: Willmore surfaces, Math. Intell. 9, 38—43
(1987; MR 88f:53009; Zbl 616.53049); see §3.5.0

U. Pinkall: Compact conformally flat hypersurfaces, Aspects Math. E
12, 217—236 (1988; MR 90a:53071; Zbl 657.53030); see §P.5.7, §2.0.0

K. Polthier, W. Rossman: Discrete constant mean curvature surfaces
and their indez, J. Reine Angew. Math. 549, 47—77 (2002); see §5.7.37

I. R. Porteous: Clifford algebras and the classical groups, Cambridge
Stud. Adv. Math. 50, Cambridge Univ. Press, Cambridge (1995;
MR 97¢:15046; Zbl 855.15019); see §6.3.0, §7.2.0, §7.2.8, §7.2.11
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238.

G. Preissler: Mobius-Differentialgeometrie von Hyperflachen, PhD
thesis, Stuttgart (1996; MR 99¢:53067; Zbl 894.53024); see §P.6.3,
§3.5.0

G. Preissler: On a generalization of Willmore surfaces for hy-
persurfaces, Result. Math. 35, 314—324 (1999; MR, 2000f{:53079;
Zbl 959.53033); see §3.5.0

O. Pylarinos: Sur les surfaces-W isothermiques, Ann. Mat. Pura
Appl., IV. Ser. 74, 37—59 (1966; MR 34:6657; Zbl 144.20502);
see §5.0.0

O. Pylarinos: Sur les surfaces-W isothermiques a lignes de courbure
sphériques dans les deuz systemes, Praktika Akad. Athen 42, 195—215
(1967; MR 38:616; Zbl 244.53002); see §5.0.0

O. Pylarinos: Sur les surfaces isothermiques a lignes de courbure
sphériques dans les deur systémes, Bull. Sci. Math. 92, 17—39 (1968;
MR 38:617; Zbl 157.51402)

O. Pylarinos: Sur la représentation des surfaces les unes sur les autres
avec parallélisme des triedres principauxr, Praktika Akad. Athen 44,
187—213 (1970; MR 49:1333; Zbl 242.53006); see §3.3.11

H.-B. Rademacher: Conformal and isometric immersions of confor-
mally flat Riemannian manifolds into spheres and Fuclidean spaces,
Aspects Math. E 12, 192—216 (1988; MR 90c:53159; Zbl 665.53049);
see §2.0.0

L. Raffy: Surfaces doublement cylindrées et des surfaces isothermiques,
Comptes Rendus 128, 285—288 (1899; JFM 30.0548.01)

L. Raffy: Sur la recherche des surfaces isothermiques, Comptes Rendus
140, 1672—1674 (1905; JFM 36.0672.04); see §3.3.19

L. Raffy: Recherches sur les surfaces isothermiques, Ann. Ec. Norm.
Sup. 22, 397—439 (1905; JEM 36.0673.01); see §3.6.4, §5.6.13

L. Raffy: Remarques sur la recherche des surfaces isothermiques,

Comptes Rendus 143, 874—877 (1906; JFM 37.0630.01); see §3.3.19

L. Raffy: Recherches sur les surfaces isothermiques, Ann. Ec. Norm.

Sup. 23, 387—428 (1906; JFM 37.0628.02); see §3.3.19

K. Reich: Die Geschichte der Differentialgeometrie von Gauss bis
Riemann (1828—1868), Arch. Hist. Exact Sci. 11, 273—382 (1973,
MR 58:15971, Zbl 329.01008); see §3.0.0

K. Reinbeck: Ueber diejenigen Flachen, auf welche die Flachen zweiten
Grades durch parallele Normalen conform abgebildet werden, PhD
thesis, Gottingen (1886; JFM 18.0798.02); see §5.2.21
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T. Reye: Synthetische Geometrie der Kugeln und linearen Kugelsys-
teme. Mit einer Einleitung in die analytische Geometrie der Kugelsys-
teme, Teubner, Leipzig (1879; JFM 11.0439.02); see §1.0.0

J. Richter: Conformal maps of a Riemann surface into the space of
quaternions, PhD thesis, TU Berlin (1997; Zbl 896.53005); see §3.5.0

M. Rigoli: The conformal Gauss map of submanifolds in the Mdbius
space, Ann. Global Anal. Geom. 5, 97—116 (1987; MR 89e:53083;
Zbl 642.53014); see §3.5.0, §7.5.6

B. Rodin, D. Sullivan: The convergence of circle packings to the Rie-
mann mapping, J. Differ. Geom. 26, 349—360 (1987; MR 90¢:30007;
Zbl 694.30006); see §F.0.0

B. Rosenfeld: Geometry of Lie groups, Kluwer Acad. Publ., Dordrecht
(1997; MR 98i:53002; Zbl 867.53002); see §6.2.0

R. Rothe: Untersuchungen ber die Theorie der isothermen Flachen,
PhD thesis, Berlin (1897; JEM 28.0545.01); see §P.6.5, §3.3.19

R. Rothe: Sur la transformation de M. Darboux et l’équation fonda-
mentale des surfaces isothermiques, Comptes Rendus 143, 543—546
(1906; JFM 37.0629.02)

R. Rothe: Sur les surfaces isothermiques, Comptes Rendus 143, 578—
581 (1906; JEM 37.0629.03); see §P.6.5, §3.3.19, §5.5.12

R. Rothe: Uber die Inversion einer Fliche und die konforme Abbildung
zweier Flachen aufeinander mit Erhaltung der Krimmungslinien,
Math. Ann. 72, 57—77 (1912; JFM 43.0692.03), Erratum in Math.
Ann. 73, 229 (1913); see §P.6.3, §P.6.5, §3.3.19

E. Salkowski: Dreifach orthogonale Fldchensysteme, Encyclopaedie
der mathematischen Wissenschaften II1.D 9, Teubner, Leipzig (1902;
JFM 48.0783.10); see §2.3.10, §2.4.7, §2.4.11, §8.0.0, §8.1.10

P. Samuel: Correspondance conforme de deux surfaces a plans tangents
paralléles, Ann. Univ. Lyon, Sect. A. 5, 19—29 (1942; MR 8:486c¢;
Zbl 063.06681); see §3.3.11

W. K. Schief: Isothermic surfaces in spaces of arbitrary dimen-
sion: Integrability, discretization and Bdcklund transformations. A
discrete Calapso equation, Stud. Appl. Math. 106, 85—137 (2001;
MR 2002k:37140); see §5.7.0, §8.0.0

M. Schmidt: A proof of the Willmore conjecture, preprint
math.DG/0203224 (2002); see §3.5.0
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J. Schouten: Uber die konforme Abbildung n-dimensionaler Man-
nigfaltigkeiten mit quadratischer Mafbestimmung auf eine Mannig-
faltigkeit mit Euklidischer Mafbestimmung, Math. Z. 11, 58—88 (1921;
JFM 48.0857.02); see §P.5.0, §P.5.7, §P.7.4, §2.1.6

M. Servant: Sur quelques applications de la géométrie non euclidienne,
Comptes Rendus 131, 827—830 (1900; JEM 31.0474.02); see §3.6.4,
§5.5.29, §5.6.13

R. Sharpe: Differential geometry: Cartan’s generalization of Klein’s
Erlanger program, Graduate Texts in Math. 166, Springer, New York
(1997; Zbl 876.53001); see §1.0.0, §1.1.2, §1.2.3, §P.0.0, §1.0.0, §F.0.0

H. Sievert: Ueber die Centralfiachen der Enneper’schen Fldchen con-
stanten Krimmungsmasses, Tiibingen (1886; JFM 18.0739.02)

L. Simon: FExistence of Willmore surfaces, Proc. Cent. Math. Anal.
Aust. Natl. Univ. 10, 187—216 (1986; MR 87k:53006; Zbl 598.49029);
see §3.5.0

G. Springer: Introduction to Riemann surfaces, Chelsea, New York
(1981; MR 19:1169g; Zbl 501.30039); see §P.8.2

H. Steller: Die Goursat-Transformation fur Minimalflachen, Wis-
sensch. Hausarbeit 1. Staatsexamen, TU Berlin (2001); see §5.3.0

I. Sterling, H.C. Wente: Ezistence and classifiation of constant mean
curvature multibubbletons of finite and infinite type, Indiana Univ.
Math. J. 42, 1239—1266 (1993; MR 95a:53015; Zbl 803.53009);
see §5.4.25

K. Strubecker: Differentialgeometrie II—III, Walter de Gruyter,
Sammlg. Goschen, Berlin (1958—59; MR, 20:4273 and MR 21:878;
Zbl 082.36704); see §P.1.3, §P.4.10, §P.7.5

D. J. Struik: Outline of a history of differential geometry II, Isis 20,
161—191 (1933; Zbl 007.38806); see §3.0.0

E. Study: Fin Seitenstiick zur Theorie der linearen Transformationen
etner komplexen Verdnderlichen, Teile I—IV, Math. Z. 18, 55—=86,

201—229 (1923; JFM 49.0075.01) and 21, 45—71, 174—194 (1924;

JFM 51.0588.03); see §1.1.3, §4.0.0, §4.2.0, §4.3.0, §4.8.0

C. Schiemangk, R. Sulanke: Submanifolds of the Moebius space, Math.
Nachr. 96, 165—183 (1980; MR 82d:53017; Zbl 484.53008); see §F.0.0

R. Sulanke: Submanifolds of the Mobius space II: Frenet formulas
and curves of constant curvature, Math. Nachr. 100, 235—247 (1981;
MR 83d:53046; Zbl 484.53009); see §F.0.0
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278.

R. Sulanke: Submanifolds of the Mébius space I1I: The analogue of O.
Bonnet’s theorem for hypersurfaces, Tensor, New Ser. 38, 311—317
(1982; MR 87m:53066; Zbl 511.53060); see §P.6.3, §F.0.0

R. Sulanke: Submanifolds of the Moebius space 1V: Conformal in-
variants of immersions into spaces of constant curvature, Potsdamer
Forsch., Reihe B 43, 21—26 (1984; Zbl 643.53013); see §P.6.3, §F.0.0

R. Sulanke: Submanifolds of the Moebius space V: Homogeneous sur-
faces in the Mdobius space S, Colloq. Math. Soc. Janos Bolyai 46,
1141—1154 (1988; MR 90e:53067; Zbl 643.53014); see §1.8.6, §F.0.0

Ch. Dittrich, R. Sulanke: Submanifolds of the Moebius space VI:
Characterization of the homogeneous tori, Lect. Notes Math. 1410,
121—127 (1989; MR 91g:53054; Zbl 691.53043); see §1.8.6, §F.0.0

R. Sulanke: Submanifolds of the Moebius space VII: On channel sur-
faces, Geometry, Proc. 3rd Congr., Thessaloniki/Greece 1991, 410—
419 (1992; MR 93m:53049; Zbl 759.53037); see §F.0.0

R. Sulanke: Mdébius invariants for pairs of spheres (ST, S%) in
the Mdobius space S™, Beitr. Alg. Geom. 41, 233—246 (2000;
MR 2001b:53012); see §6.4.13

Y. Suyama: Ezplicit representation of compact conformally flat hy-
persurfaces, Toéhoku Math. J. 50, 179—196 (1998; MR 99e:53083;
Zbl 951.53045); see §2.0.0

Y. Suyama: Conformally flat hypersurfaces in Euclidean 4-space,
Nagoya Math. J. 158, 1—42 (2000; MR 2001h:53079); see §2.0.0

Y. Suyama: Conformally flat hypersurfaces in FEuclidean 4-space II,
preprint (2001); see §2.0.0, §2.4.13, §2.4.14

P. Tait: On orthogonal isothermal surfaces, Trans. Edinburgh 27,
105—123 (1872; JFM 07.0462.02); see §3.0.0

T. Takasu: Differentialgeometrien in den Kugelraumen, Bd. I,
Tagaido Publ. Co., Kyoto, and Hafner Publ. Co., New York (1938;
Zbl 019.04401); see §1.0.0, §1.0.0

P. Tapernoux: Willmore-Kanalfldchen, Diplom thesis, ETH Ziirich
(1991); see §3.0.0, §3.5.1, §3.7.0, §3.7.13

G. Thomsen: Uber konforme Geometrie I: Grundlagen der konformen
Fldchentheorie, Hamb. Math. Abh. 3, 31—56 (1923; JFM 49.0530.02);
see §P.6.3, §1.0.0, §F.0.0

G. Thomsen: Uber konforme Geometrie II: Uber Kreisscharen und
Kurven in der Ebene und tuber Kugelscharen und Kurven im Raum,
Hamb. Math. Abh. 4, 117—147 (1926; JFM 51.0585.03); see §P.6.3,
§1.0.0, §F.0.0
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W. P. Thurston: The geometry and topology of 3-manifolds, electronic
version 1.1 (2002); see §F.0.0

A. Thybaut: Sur la déformation du paraboloide et sur quelques
problémes qui s’y rattachent, Ann. Ec. Norm. Sup. 14, 45—98 (1897;
JFM 28.0566.04); see §5.0.0, §5.6.13

A. Thybaut: Sur les surfaces isothermiques et la déformation du pa-
raboloide, Comptes Rendus 128, 1274—1276 (1899; JFM 30.0556.02);
see §3.6.4, §5.0.0, §5.6.13

A. Thybaut: Sur les surfaces isothermiques, Comptes Rendus 131,
932—935 (1900; JFM 31.0607.04); see §3.6.4, §5.6.13

A. Tresse: Sur les invariants différentiells d’une surface par rapport
aux transformations conformes de l’espace, Comptes Rendus 114,
948—950 (1892; JFM 24.0131.06); see §P.6.3

G. Tzitzéica: Géométrie différentielle projective des réseaux, Cultura
Nationala, Bucharest (1924); see §5.0.0, §5.1.0, §5.1.4

M. Umehara, K. Yamada: A parametrization of the Weierstrass for-
mulae and perturbation of complete minimal surfaces in R3 into
the hyperbolic 3-space, J. Reine Angew. Math. 432, 93—116 (1992;
MR 94e:54004; Zbl 757.53033); see §5.3.21, §5.5.29

M. Umehara, K. Yamada: Surfaces of constant mean curvature c
in H3(—c?) with prescribed hyperbolic Gauss map, Math. Ann. 304,
203—224 (1996; MR 97b:53017; Zbl 841.53050); see §5.6.13

M. Umehara, K. Yamada: A Duality on cmc-1 surfaces in hyperbolic
space and a hyperbolic analogue of the Osserman inequality, Tsukuba

J. Math. 21, 229237 (1997; MR 99e:53012); see §5.6.16, §5.7.35

K. Th. Vahlen: Uber Bewegungen und compleze Zahlen, Math. Ann.
55, 585—593 (1902; JFM 33.0721.01); see §1.1.4, §6.0.0, §7.0.0, §7.2.8

L. van Hemmen: Theoretische Membranphysik: der Formenreichtum
der Vesikel, lecture notes, winter semester 2000/01; see §3.0.0, §3.5.1

E. Vergasta: Conformal immersions with the same Gauss map, An.
Acad. Bras. Ciénc. 59, 145—147 (1987; MR 89e:53005; Zbl 644.53004);
see §3.3.11

E. S. Vergasta: Conformal deformations preserving the Gauss map,
Pac. J. Math. 156, 359—369 (1992; MR 93j:53077; Zbl 761.53004);
see §3.3.11

L. Verstraelen, G. Zafindratafa: Some comments on conformally
flat submanifolds, Geometry and Topology III, 131—147 (1991,
MR 96¢:53088; Zbl 727.53028); see §2.0.0
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