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FORWARD

These notes are about discrete constant mean curvature surfaces defined by an
approach related to integrable systems techniques. We introduce the notion of
discrete constant mean curvature surfaces by first introducing properties of smooth
constant mean curvature surfaces. We describe the mathematical structure of the
smooth surfaces using conserved quantities, which can be converted into a discrete
theory in a natural way.

About referencing: We do not attempt to give a complete reference list, and omit
what is already referenced in [59]. We list only articles referenced in the body of the
text, or that were written after [59] was published, or were otherwise not included in

the reference list in [59], or that were referenced in [59] but need to be updated.

About using quaternions: In following with the historical development of the field,
we use a model that involves quaternions. However, the use of a more standard
model has some advantages, as it can be applied in more general dimensions and
settings (see Chapter 10 here, for example), and sometimes gives less cluttered
computations. It would be a good exercise to convert this text into one involving a
more standard quaternion-free model, but we do not do that here (see [27]), and
instead only make occasional comments about this.
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1. MOTIVATIONS FOR STUDYING CMC SURFACES

These notes are about surfaces of constant mean curvature, or, more briefly, ”CMC”
surfaces. In particular, we will focus on discrete versions of CMC surfaces. However,
it is useful to first take a close look at the smooth case, so let us start there.

Smooth CMC surfaces can be thought of as mathematical models for soap films,
or we might say that they are "mathematically perfect” soap films. Saying that
CMC surfaces are models for soap films is certainly not a rigorous mathematical
definition, but it is a good starting point for appreciating why CMC surfaces are
interesting objects. In fact, it would be impossible to explain why mathematicians
have put so much effort into understanding CMC surfaces without discussing soap
films, or interfaces between fluids, or some other similar idea. Even though modern-
day research on CMC surfaces might not always relate immediately to soap films, the
notion of soap films is invariably lurking in the background. So let this be our first
informal definition:

CMC surfaces are soap films.

In fact, CMC surfaces are defined to be those surfaces whose mean curvature is
constant, as their name suggests. But we save a rigorous definition of mean curvature
for later. This rigorous definition is locally equivalent to the above informal definition,
and we also explain this later.

1.1. Soap films. A soap film forms a surface that minimizes area with respect to
some given constraints, and it is the constraints that determine which soap film will
be formed. Let us give some examples, all of which can be physically constructed if
one has the necessary ingredients:

(1) If one puts a circular wire ring into a fluid soap solution and then extracts it,
one obtains a soap film that is a flat planar disk with this ring as its boundary.
Here the only constraint on this soap film is its boundary, which is fixed to
be a round circle, and this boundary constraint then determines the resulting
soap film (the flat planar disk).

(2) Blowing sufficiently hard on the above flat round disk in item (1) above would
cause this soap film to break free of the circular ring and become a free floating
round sphere. (This activity is a common pastime for young children.) This
sphere contains a pocket of air of a certain volume, and since this air cannot
escape to the other side of the soap film, this volume is fixed. Here the only
constraint on this soap film is the fixed volume it contains. With respect to
this volume constraint, the soap film minimizes its area, and the round sphere
is the unique shape that accomplishes this.

(3) Taking two circular wire rings of the same radius, we can produced two flat
soap films in the shapes of round disks, as in item (1). Putting these two
disks together so that they coincide and then pulling them slightly apart in
the direction perpendicular to the planes they lie in results in a soap film
that has three smooth pieces meeting along a singular round circle. Two of
the smooth pieces are surfaces of revolution and are reflections of each other
across the plane that is midway between the two parallel planes containing the
two circular wire rings. The third smooth piece is a flat planar disk contained
in that plane of reflection. If one pushes a dry pointed object (such as a



pencil) into the third smooth piece, then the soap film will instantly pop into
a single smooth anvil-shaped surface of revolution. This last soap film is called
a catenoid. It is determined by its boundary constraint, which is two fixed
circular wire rings.

(4) Taking the catenoidal soap film in the previous example, we can place two
flat plastic disks so that they fill the planar regions inside the two boundary
circular wires. We have then trapped air inside the catenoid. Making a small
hole in one of the plastic disks and pumping more air into this interior region
(through that hole), the sides of the anvil-shaped catenoid will expand to
accommodate the increase of volume inside. If just the right amount of air is
pumped in (and if the two boundary circular wires are not too far from each
other), the soap film will become exactly a portion of a round cylinder. Thus
the round cylinder can be made using a soap film. In this case there are two
constraints. One constraint is the fixed boundary (two circular wire rings in
parallel planes), and the other is the fixed volume (inside the cylinder). Other
surfaces of revolution can be made from soap films in this way by pumping air
into the interior region, and these surfaces turn out to be portions of Delaunay
surfaces, which we have described in detail in [59].

These examples show that the flat plane, the round sphere, the catenoid and the
round cylinder are all CMC surfaces.
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FIGURE 1. The soap films described in items (1), (2), (3) and (4) at
the beginning of Chapter 1.

Amongst the four examples above, only the second and fourth ones have any volume
constraints. The volume constraints in these two cases are that the volume to one
side of the surface is constrained to be a fixed quantity. In the case that there are only
boundary constraints and no volume constraints (as in the first and third examples),
the resulting soap film is a special case of a CMC surface that is called a minimal
surface. Thus the flat plane and catenoid are minimal surfaces. In the case that there
are volume constraints (as in the second and fourth examples), the resulting soap
film is a non-minimal CMC surface. Thus the round sphere and round cylinder are
non-minimal CMC surfaces.



1.2. Interfaces. More generally, CMC surfaces are models for the interface between
two distinct uniform fluids. For example, when one pours some lighter-than-water oil
into a cup of water, the oil will rise to the top and the interface between the oil and
the water will become a flat horizontal plane, a minimal surface. If one has two types
of oils of equal density that do not like to interact with each other, and one puts a
small amount of one type into a glass container filled with the other type, then the
first type will take the shape of a round ball floating in the other type. Since this
ball is round, the interface between the two oils will be the CMC surface that is a
round sphere. (In the presence of gravity, the interface between two distinct uniform
non-interacting fluids can be a more general type of surface called a capillary surface,
not always a CMC surface. Robert Finn has done much work on capillary surfaces;
see [54], [55], [56], [57] for nice introductions to the subject.)

1.3. Variational property. That soap films minimize area with respect to some
given constraints is called a variational property, because this minimization property
can be rephrased in the following way: If one continuously varies (deforms) the soap
film so that its given constraints are preserved, then the area of the soap film will
increase. Thus soap films minimize area under continuous variations that preserve
the constraints. Once we give a formal definition of CMC surfaces, we will see that
CMC surfaces are a larger class of surfaces than soap films, in part because CMC
surfaces include nonphysical objects called ”unstable” soap films, and so the above
statement is not strictly true for CMC surfaces. However, this is a technical point that
we can ignore for the moment, and simply note that the above variational property
turns out to still be true for small pieces of CMC surfaces: If one continuously varies
a sufficiently small portion of a CMC surface so that its given constraints are still
preserved, then the area of the varied surfaces will be larger than that of the original
CMC surface. Thus we can give a second definition for CMC surfaces that is still
informal, but is intuitively useful:

CMC' surfaces are surfaces that locally minimize area with respect to
boundary and volume constraints.

We will describe the meaning of an "unstable” CMC surface in more detail in Section
2, and we will see some examples there.

1.4. Connections with other fields. Because CMC surfaces model soap films and
interfaces between fluids, they have connections to physics, chemistry and polymer
science. In fact, sometimes new examples of these surfaces are discovered by people
in these other fields rather than by differential geometers. (One example of this are
the minimal surfaces found by Fischer and Koch [58], see Figure 3.4.10 in [59].) CMC
surfaces have connections with biology as well, and an example of this is that some
forms of coral take shapes resembling the triply periodic Schwarz P minimal surface in
Figure 3. CMC surfaces are even sometimes connected to architecture, as can be seen
by looking at the Olympic Stadium in Munich, which has sheets resembling minimal
surfaces. Thus is it clear that CMC surfaces have connections to fields outside of
mathematics, and this is certainly one of the reasons why we study them.

1.5. Connections within mathematics. Other reasons for studying CMC surfaces
are that they have a rich mathematical structure and have interesting relations to
other fields within mathematics. Although minimal and CMC surfaces are topics



Ficure 2. Examples of soap films. Whenever surfaces come together
along a singular edge, they meet in threes and come together at 120
degree angles, and whenever those singular edges meet at a singular
vertex, they meet in fours and come together at the tetrahedral angle
(approximately 109 degrees).

of geometry, they are also fundamental examples in the calculus of variations, as is
clear from the variational property that we described above. Thus minimal and CMC
surfaces are closely connected to the calculus of variations (although we will explore
this connection only briefly in Section 2).

Minimal surfaces are also strongly related to the field of complex analysis via a
theorem called the Weierstrass representation (this representation was given in [59]).
This representation provides a way to describe all minimal surfaces using pairs of
complex-analytic functions defined on Riemann surfaces. As a result, the theory of
minimal surfaces has a rich mathematical structure and has many easily accessible
examples. A number of the simpler examples were described in [59].



FiGURE 3. The minimal triply-periodic Schwarz P surface.

Also, by making use of an additional parameter (called the spectral parameter), one
can describe non-minimal CMC surfaces as well in terms of complex-analytic functions
defined on Riemann surfaces (see [59]). Hence again we have a connection to the
field of complex analysis. Furthermore, away from isolated special points (umbilics),
non-minimal CMC surface theory is equivalent to the sinh-Gordon equation. This
equation appears prominently in the theory of integrable systems, so CMC surfaces
are also clearly connected to that field. In fact, the essential idea behind the DPW
method, which we focused on in [59], comes from the theory of integrable systems. The
DPW method is a method for constructing CMC surfaces using loop group techniques
coming from the theory of integrable systems. Finally, we note that both the minimal
and non-minimal CMC surface equations are well-known partial differential equations,
so the connection of these surfaces to the field of partial differential equations is
evident.

Applying the techniques of these other fields of mathematics to CMC surfaces gives
these surfaces a rich mathematical structure and gives us the means to describe many
examples of CMC surfaces, as we saw in [59].

1.6. Non-Euclidean ambient spaces. When we move to studying CMC surfaces
in spaces other than Euclidean 3-space R?, the connections to chemistry, polymer sci-
ence, biology and architecture certainly largely disappear, but connections to physics
still remain — and the strong connections to other fields within mathematics remain
completely intact, as we can find other ambient spaces for which the rich mathe-
matical structure of CMC surfaces and their connections to other mathematical fields
carry over. In some ways the mathematical structure carries over in an analogous way
from the case of R?, but in some ways the structure changes in interesting ways. The
behavior of the direction perpendicular to the surface (the Gauss map) can behave
quite differently in other 3-dimensional ambient spaces, and the global properties of
the CMC surfaces can be markedly different. In this text, we will study CMC surfaces
(and some other types of surfaces as well) in the spaces S?, H® and R*! that we will
define later in this text.

1.7. Discrete CMC surfaces. Recently, finding discrete analogs of smooth objects
has become an important theme in mathematics, appearing in a variety of places
in analysis and geometry. So it is natural to consider discrete analogs of smooth



minimal and CMC surfaces. But there is no single definitive approach; the definition
one chooses depends on which properties of smooth minimal and CMC surfaces one
wishes to emulate in the discrete case.

One can define a discrete minimal surface in Euclidean 3-space R? to be a piecewise
linear triangulated surface that is critical for area with respect to any compactly-
supported boundary-fixing continuous piecewise-linear variation (of its vertices) that
preserves its simplicial structure, see [134]. Then one can define discrete CMC surfaces
the same way, but adding the condition that the variations must preserve volume
to one side of the surface, as in [137]. These definitions are clearly imitating the
variational properties that smooth minimal and CMC surfaces have. This results
in discrete surfaces with the right variational properties, but without the elegant
"holomorphic” structure that the corresponding smooth surfaces have. Examples of
a discrete catenoid and Delaunay surface made via this approach are shown on the
left-hand side of Figure 4. We will not take this approach in these notes.

One could instead use discretized versions of integrable systems to define discrete
minimal and CMC surfaces, in analogy to integrable systems properties of smooth
minimal and CMC surfaces, as Bobenko and Pinkall did ([19], [20]). These discrete
surfaces are formed from planar quadrilaterals. This approach gives discrete minimal
and CMC surfaces with ”discrete holomorphic” mathematical structures correspond-
ing to the "smooth holomorphic” structures of the corresponding smooth minimal
and CMC surfaces. This approach has the advantage of preserving the rich math-
ematical structure in the discrete case, but it generally does not yield area-critical
discrete surfaces with respect to vertex variations. Examples of a discrete catenoid
and Delaunay surface made via this approach are shown on the right-hand side of
Figure 4. These discrete surfaces and this approach are the central subject of this
text.

1.8. Prerequisites. Before discussing more about CMC surfaces, we need to define
some mathematical objects that will facilitate the discussion. We begin in Section 3,
as promised above (after a brief introduction to variational properties in Section 2),
with the ambient spaces that will appear in this text.

Although we already have defined in [59], or will define here, everything that we
need to rigorously discuss CMC surfaces, in fact it would be hard for the reader to
appreciate the signifigance of the discussions here without at least a bit of experience
with differential geometry. We assume that the reader is already somewhat familiar
with basic differential geometry. There are many good textbooks on basic differential
geometry and surface theory, for example: [32], [33], [67], [79], [97], [112], [129], [131]
and [159].

2. SMOOTH CMC SURFACES AND THEIR VARIATIONAL PROPERTIES

We defined mean curvature H and CMC surfaces in [59]. The definition there states
that surfaces for which H is constant are CMC surfaces, and that minimal surfaces
are those CMC surfaces with mean curvature H = 0. In this section, we consider
why, with these definitions, minimal and CMC surfaces are models for soap films.

The first and second variation formulas here are important for understanding how
CMC and minimal surfaces are models for soap films, and in turn for understanding
why we are interested in such surfaces. However, since these formulas will not be
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FIGURE 4. Discrete minimal catenoids and Delaunay surfaces. The
example in the upper left (resp. lower left) is discrete minimal (resp.
discrete CMC) with respect to the variational approach. The example
in the upper right (resp. lower right) is discrete minimal (resp. discrete
CMC) with respect to an integrable systems approach.

directly used later in this text, we content ourselves with stating them without proof,
and with stating some other properties without proof as well. Furthermore, to simplify
the discussion a bit, we restrict ourselves in this section to the case that the ambient
space is R®. (Analogous properties hold for the minimal and CMC surfaces in the
other ambient spaces we consider, with slightly different formulas.)

Let

f:¥—R?
be an immersion of a 2-dimensional domain ¥ in the (u,v)-plane R? (i.e. the plane
R? with Cartesian coordinates u and v) into R? with induced metric g and with unit
normal vector N = N (u,v). We first note that another equivalent way to define the
mean curvature H at f(p) is as the average of the normal curvatures

—(¥, DzN)

(intuitively, the normal curvature measures the rate at which the surface bends toward
N, in the direction ¥) in all tangent directions

veS={wel,X|gww)=1},



where the average is computed by integrating — (7, DsN ) over S (with respect to an
appropriate 1-dimensional volume form on &, which we do not describe explicitly
here). Thus, for example, a minimal surface has average normal curvature zero at
every point, and this suggests a physical interpretation, for which we quote [76]:

[76]: “Loosely speaking, one imagines the surface as made up of very
many rubber bands, stretched out in all directions; on a minimal sur-
face the forces due to the rubber bands balance out, and the surface
does not need to move to reduce tension.”

To say this more rigorously, suppose ¥ is a compact domain in the (u, v)-plane, and
define a smooth boundary-fizing variation of the immersion f(3) to be a C'* map
fi : (—=1,1) x 3 — R3 with three properties:

(1) fi(-) : ¥ — R?® is an immersion for all t € (—1,1),

(2) fo = f on Z,
(3) ft|ag = f|ag for all t € (—17 1)
We call

%ft|t:0

the variation vector field of f; at t = 0.
Note that Area(f;(2)) = fz dA;, where dA; = \/gt,llgmg — gimdudv is the volume

element (the area 2-form) of the metric g, = (g¢,;) induced by the immersion f; with
respect to the coordinates (u,v) of ¥. It turns out that (see, for example, [112]) the
first variation formula for smooth boundary-fixing variations is then

. d
= [ (HN, ¥ >dA0.
t=0 /E< dttt:O

In particular, minimal surfaces (with H = 0) are critical for area amongst all smooth
boundary-fixing variations on any compact domain ¥, and we could have defined them
this way. Actually, when the subdomain ¥ of ¥ is small enough, not only is f(%)
critical for area, it is also the unique least-area surface with boundary f(9%), hence
"minimal” surface is a natural name for such surfaces. Indeed, minimal surfaces are
a natural 2-dimensional generalization of 1-dimensional geodesics, because geodesic
segments of sufficiently short length are the least-length paths from one endpoint
of the segment to the other (see Section 1.1 of [59]). Furthermore, although longer
geodesics might not be least-length between their endpoints, they are still always crit-
ical for length amongst all smooth variations of the path fixing the endpoints (again,
see Section 1.1 of [59]). This is completely analogous to the variational properties of
minimal surfaces.

Similarly, a nonminimal CMC surface could be defined as an immersion f : ¥ — R?
such that f(X) is critical for area amongst all smooth boundary-fixing variations that
keep the volume on one side of the surface unchanged: the derivative of this volume

with respect to t, at t =0, is
- d
N, —f >dAt :
/E < 2

(2.1) %Area(ft(Z))




so if the volume is unchanging with respect to ¢, and hence f2<ﬁ , % ft} o) dA; =0,

and if H is constant, then Equation (2.1) implies (also, see [8], for example)

iArea(ft(Z)) =0.
dt t=0

Variations that preserve volume to one side of f;|s; are called volume-preserving vari-
ations. This is a natural restriction to make for non-minimal CMC surfaces, as the
example in item (2) of Section 1 shows. If the round sphere soap film described there
were allowed to deform in a way that did not preserve the volume inside of it, it
would reduce its area by simply reducing its radius, and shrink down to a single point
with no area. But clearly this does not happen, and the reason it does not happen is
because of this volume constraint.

We conclude that minimal surfaces in R?® are surfaces that are critical for area
with respect to smooth variations that fix their boundaries, and CMC surfaces are
critical for area with respect to smooth variations that fix their boundaries and fix
the volume to one side of the surfaces. This is why minimal and CMC surfaces model
physical soap films, which always move to minimize area. Minimal surfaces model
soap films not enclosing bounded pockets of air, as such films are area minimizing for
all boundary-fixing variations. Nonminimal CMC surfaces model soap films enclosing
bounded pockets of air, as such films are area minimizing only for variations that
keep the air pockets’ volumes fixed.

These variational properties in the Euclidean case similarly hold for other ambient
spaces, such as S* and H? (see Section 3, see also [59]).

The second variation formula for volume-preserving variations of CMC surfaces
([7], [36], [158], [112]) is (we may ignore the volume-preserving condition when the
CMC surface is minimal)

2

(2.2 s Area( (%)

_ / he L(h)dA, ,
t=0 Py

where
L(h) = —=Ah — (4H? = 2K)h and  h = (< f,]—9, N|i=o) ,

with Gaussian curvature K (see [59]) and Laplace-Beltrami operator

Ah = % (0u(Gg"10,h) + 0,(Bg"20,h) + 0,(Gg* 0,h) + 0, (Gg0,h)) |
where & = \/g11922 — g3, and g1 = (¢%); j—12 is the inverse matrix of g = go =
(9i5)i,j=1,2-

Since the first derivative £ Area( f,(X))]¢—o is zero for CMC surfaces with respect to
the appropriate variations, the sign of the second derivative (2.2) determines whether
a variation increases or decreases the area. If there exists a variation f; so that (2.2)
becomes negative, then the minimal or CMC surface will not be area minimizing with
respect to the appropriate space of variations. If, on the other hand, (2.2) is positive
for every nontrivial variation f; with respect to the appropriate variation space, then
the minimal or CMC surface will be locally area minimizing in the space of variations.

The four examples of soap films described at the beginning of Section 1 are examples
of minimal and CMC surfaces that are area-minimizing. If they had not been area-
minimizing we never would have been able to construct them with soap films in
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the first place. However, not all of these four examples extend (analytically) to
larger CMC surfaces that are area-minimizing (even though any CMC extensions are
certainly still area-critical, by the first variation formula (2.1)). The first example,
the flat disk, can be extended to a complete flat plane, which is a minimal surface.
The complete flat plane is area-minimizing in the sense that any compact region 3
within it is area-minimizing (with respect to the compact region’s boundary) and can
be made as a soap film with a planar wire frame in the shape of its boundary. In
particular, (2.2) will always be positive for any nontrivial smooth boundary fixing
variation of any such compact region ¥. The second example, the round sphere, is
already complete and so cannot be extended at all.

It is the third and fourth examples that extend to surfaces which are not area-
minimizing. Let us consider the fourth example first. The fourth example is a round
cylinder, and, up to a rigid motion of R?, we can represent it by the immersion

f(u,v) = (r cosu,r sinu,rv)

for (u,v) € ¥ =[0,2n] x [0, 4] C R? for some constants r,d € R*. This is a portion
of a cylinder with radius r and height d. The induced fundamental forms (see [59])
are

g=r’dzdz and b= —20[22 — 5dzdz — £d22 , with z=u+iw, 1=+v—-1.
So K =0 and H = 3%, and the right-hand side of (2.2) is

21

d
= 21
(2.3) / / he Log(h)dudv ,  Lag(h) = —hus — how — h
0 0

This second derivative of area can be negative for some boundary-fixing volume-
preserving variation if and only if d > 277, and there is a reason why 277 is the height
beyond which the cylinder becomes only area-critical instead of area-minimizing.
We will not fully explain the reason here (we refer the reader to [7] for a rigorous
explanation), but we will give a clue as to why this is so. Consider the function

h = h(v) = sin 2% .

It has these properties:
® h|y—o = h|y=qsr = 0 (an infinitesimal "boundary-fixing” property),

Od/ "hdv = 0 (an infinitesimal ”volume-preserving” property),
o L.u(h) = ph, where
42?2 — d?
_ -

Thus h is an eigenfunction of the operator L., with eigenvalue p, and ;o < 0 precisely
when d > 27r. So if we choose a rotationally symmetric variation based on this
function h (i.e. a rotationally symmetric variation whose variation vector field at
t=01is h-N, where N = (cos u,sinu, 0) is the unit normal vector to f = f(u,v), see
[7]), the integrand in the second variation formula (2.3) will become negative precisely
when d > 27r. We conclude that a cylindrical tube of radius r and height d > 27r
cannot be made as a physical film.

The third example of a soap film from Section 1 is a catenoid. The profile curve
for a catenoid is the hyperbolic cosine function, so a catenoid can be parametrized as

f(u,v) = (coshvcosu, coshvsinu,v) ,
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with

(u,v) € ¥ =[0,27] x [~d, d] C R?
for some d € RT. Here 2d is the distance between the two boundary circles. Let
dy ~ 1.2 be the unique positive solution to dgsinh dy = cosh dy. Then the catenoid
f will be area-minimizing if d < dy and will not be area-minimizing (i.e. only area-
critical) if d > dy. Hence if we extend the value d past dy, the catenoid will no longer
be constructable with a soap film.

/\3‘(‘0'@ \ Le C U‘F\-’e\

r\‘ (Ao-._ } :
~d+ C&\ A :
C:kcio N

FIGURE 5. The profile curve on the left (resp. middle, right) creates a
stable (resp. weakly stable, unstable) catenoid.

Again, we will not explain here why dy is the precise value beyond which the
catenoid becomes non-area-minimizing, but, again, we will give a hint why this is
so. The value d; actually has a geometric interpretation, as follows: For each v > 0,

consider the cone
C’U:{<x,y,j: \/x2+y2>‘x,y€R}.

Then the cone C, intersects the catenoid tangentially (i.e. a non-transversal non-
empty intersection) if and only if v = dy. When d < dy, any homothety of R3
centered at the origin (0,0,0) will move the catenoid to another catenoid disjoint
from the first one, while this is not the case when d > dy. These facts are related to
the question of whether there exists a boundary-fixing variation f; of the catenoid f
that has negative second derivative of area (we do not need the ”volume-preserving”
property here, as the catenoid is a minimal surface). For a complete explanation of
this, a good source is [37].

cosh v

2.1. Steiner points. Minimal surfaces minimize area (at least locally) with respect
to their boundary curves, thus, as noted above, they model soap films that do not
surround bounded pockets of air. One could consider the analogous phenonemon, but
one dimension lower. Instead of trying to connect 1-dimensional things like sets of
curves (i.e. the wire frames that we use to make soap bubbles) with area-minimizing
surfaces, we could try to connect O-dimensional things such as finite sets of points, and
instead of connecting them with 2-dimensional surfaces, we would connect them with
1-dimensional curves, and instead of trying to minimize the areas of the 2-dimensional
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surfaces, we would minimize lengths of the 1-dimensional curves. As we saw in Figure
2, the area-minimizing soap films can have 1-dimensional singular curves where three
sheets of a soap film come together at equal angles. When the dimension is reduced
by 1 as above, the singular curves are replaced with Steiner points, which are singular
points at which three curves (actually straight line segments) come together at equal
angles.

F1GURE 6. Examples of Steiner points in length-minimizing planar graphs.

To demonstrate this, let us consider the following examples:

Ezxample 2.1. Imagine you have two cities, call them city A and city B, on a flat
region of land, where no mountains or lakes or other obstructions exist, and you want
to build a road (or collection of roads) that connects the two cities. Suppose further
that you want to minimize the total length of the road (or roads).

You would, of course, just build one road along the straight line from city A to
city B. (The mathematicial statement would be that the shortest path between two
points is a straight line.)

Example 2.2. Now imagine that there are three cities, city A, city B and city C, and
that those three cities lie at the three vertices of an equilateral triangle. Now you
want to build roads with minimal total length so that all three cities are connected,
i.e. so that you can drive from any one city to any other of the three.

Suppose that the length of each side of the triangle is . If you just build a straight
road from city A to city B, and another straight road from city A to city C', then
you would not need to build any road from city B to city C', as you could already get
from city B to city C' by passing through city A. The total length of the roads would
be 2¢.

But this is not actually the best solution. The best way is to make a new city D
at the center of the triangle, and then make three straight-line roads, one from each
of the cities A, B and C directly to city D. Now the sum of the three lengths of
these roads would be /3¢, which is strictly less than 2¢, and this is the best way. See
Figure 6.

The city D in the previous example is what we call a Steiner point. It is an added
point that is used to minimize total length of roads.
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Example 2.3. Now imagine that you have four cities, cities A, B, C' and D, at the
vertices of a square with sides of length ¢, in sequencial order around the square. To
connect these four cities so that the road length is minimized, you might first think
of building three straight-line roads, each of length ¢, one from city A to city B, one
from city B to city C' and one from city C' to city D. (Note that you now do not
need a road from city A to city D, just as in the previous example). Then the total
length of roads is 3¢.

But this is not the best way. A better way would be to put a city E at the center
of the square and draw roads directly from each of the four original cities to the new
city E. Then the roads form an ”X” and the length is now 2v/2¢, which is less.

But this is still not the best solution. The best solution is to actually have two new
cities £ and F' (i.e. two Steiner points), and then to draw in roads as in the second
picture of Figure 6. The two Steiner points are placed in this picture so that the angle
between any two roads meeting at a Steiner point is always exactly 120 degrees. One
can now check the total length of the roads is strictly less than 2v/2¢, and this is the
best solution. Note that there are two different ways to choose a least-length solution.

In the above three examples, we have seen how Steiner points help us to find
the least-length collection of ”1-dimensional” curves (i.e. roads) that connects some
points (cities) together. This is analogous to the way singular points (and singular
curves) can appear on area-minimizing surfaces.

3. AMBIENT SPACES

CMC surfaces always exist in some larger ambient space. In the soap-film examples
we described in Chapters 1 and 2, we were assuming that the CMC surfaces lie in the
Euclidean 3-space R?. We encountered CMC surfaces in other non-Euclidean ambi-
ent spaces in [59]. Also, there is a description of general Riemannian and Lorentzian
manifolds in [59]. Here we give two examples of ambient spaces: we describe hy-
perbolic 3-space, like in [59], but in a bit more detail; we also briefly describe de
Sitter 3-space. Minkowski (n + 1)-space R™! and spherical 3-space S? also appear in
these notes, and we assume the reader is already familiar with those spaces (they are
described in [59]).

3.1. Hyperbolic 3-space H?. Hyperbolic 3-space H? is the unique simply-connected
3-dimensional complete Riemannian manifold with constant sectional curvature —1.
However, it can be described by a variety of models, each with its own advantages:
the Minkowski space model, the Poincare ball model, the Hermitian matrix model,
the Klein ball model and the upper-half-space model.

We define H? by way of the Minkowski 4-space R*! with its Lorentzian metric ggs,
of signature (+ 4+ +—), by taking the upper sheet of the two-sheeted hyperboloid

3
M = {(xl,x2,x3,x0) e R3! x%—in =1, x >O} ,
j=1

with metric g given by the restriction of grs.1 to the tangent spaces of this 3-dimensional
upper sheet. We call this 9T the Minkowski model for hyperbolic 3-space. Although
the metric ¢ = ggrs,1 is Lorentzian and therefore not positive definite, the restriction
of g to this upper sheet is actually positive definite, so 91 is a Riemannian manifold.
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The isometry group of 9t can be described using the matrix group
04(3.1) = {A = (ay)!,; € 0(3.1) |ass > 0}
For A € O,(3,1), the map
R*! 5 7 — (A(D)") € R*!
is an isometry of R*! that preserves 90, hence it is an isometry of 9. In fact, all
isometries of 9 can be described this way.

The following lemma tells us that the Minkowski model for hyperbolic 3-space is
indeed the true hyperbolic 3-space.

Lemma 3.1. 91 is a simply-connected 3-dimensional complete Riemannian manifold
with constant sectional curvature —1.

Since this lemma implies 9 is really the hyperbolic 3-space H?, we will in fact
sometimes refer to this Minkowski space model 9t simply as H.

Proof. 1t is clear that 9 is simply-connected. Let us now check that it has constant
sectional curvature —1.

For any point p € 9, there exists a matrix A € SO3 = O(3)N{A € M;x3(R) | det A =
+1} such that the 4 x 4 matrix

A € 04(3,1)

o O O

0 0 01

preserves M and maps p to a point of the form (0, 0, sinh(s), cosh(s)), s € R. Then
the matrix

10 0 0

01 0 0

0 0 cosh(—s) sinh(—s) €0:(3,1)
0 0 sinh(—s) cosh(—s)

is an isometry of R*! that preserves 9 and maps the point (0,0, sinh(s), cosh(s))
to the point (0,0,0,1). Thus one can move an arbitrary point of 9 to the point
(0,0,0,1) by an isometry of 9. Now, if V;, )V, are any two 2-dimensional subspaces
of the 3-dimensional tangent space T(g,0,1)(9M), there exists a matrix A € O, (3,1)
representing an isometry of 9t fixing (0,0, 0, 1) such that di(,0,1) (V1) = Va. There-
fore this model has constant sectional curvature, by Lemma 1.1.6 in [59]. Thus to see
that 91 has constant sectional curvature —1, one need only check that this is the value
of the sectional curvature of a single fixed 2-dimensional subspace of T\ ,0,1)(91). This
can be done using Equation (1.1.10) or Equation (1.1.14) in [59], and we leave this
computation to the reader.

Finally, we argue that 9 is complete. Intersecting 9t with the plane {z; =
xo = 0}, we obtain a curve that can be parametrized with unit speed by a(s) =
(0,0, sinh(s), cosh(s)), i.e. this parametrization is unit speed with respect to the met-
ric g of M. Since the domain of «a(s) is all s € R, this curve a(s) is complete. And
since any geodesic segment in 9t can be moved by an isometry to a(s), 0 < s < a for
some value of a, we know that any geodesic segment can be extended to a geodesic of
infinite length. Therefore 91 is complete. This completes the proof of the lemma. [J
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Remark 3.2. In fact, the functions sinh(s) and cosh(s) can be defined by the condition
that the curve a(s) = (0,0,sinh(s), cosh(s)) with a(0) = (0,0,0,1) and 92(0) =
(0,0,1,0) is a unit-speed geodesic with respect to the metric g of 9 = H?. This

condition implies that the curve a(s) satisfies 22 —x2 = —1, so cosh?(s) —sinh?(s) = 1,
and by differentiation of 22 — 3 = —1 with respect to s we have
dzo

] . %(cosh(s)) sinh(s)

drs g 4 (sinh(s))  cosh(s)
Since |a/(s)[* = (%2)2 — (40)2 = 1 it follows that
2 (sinh(s)) = cosh(s), L (cosh(s)) = sinh(s)
ds S S = COS S s ds COS S =S S) .

Now that we know how to differentiate cosh(s) and sinh(s), we know the power series
expansions of these functions about s = 0. Comparing these series with the power
series expansions for e® and e™® about s = 0, we conclude that
e’ +e° e’ —e?®

5 sinh(s) = 5

which of course are the standard definitions of cosh(s) and sinh(s). (An analogous
analysis can be carried out for the sine and cosine functions on the unit circle in the
Euclidean plane, viewing that unit circle as a geodesic in the unit sphere S? in the
natural extension of R? to R3.)

cosh(s) =

Because the isometry group of 901, which we have noted we may call simply H?3,
is the matrix group O, (3,1), the image of the geodesic a(t) = (0,0, cosht,sinht)
under an isometry of H? always lies in a 2-dimensional plane of R3! containing the
origin. Thus we can conclude that the image of any geodesic in H? is formed by the
intersection of H? with a 2-dimensional plane in R*! which passes through the origin
(0,0,0,0) of R*L.

The Minkowski model is perhaps the best model of H? for understanding the
isometries and geodesics of H?. However, since the Minkowski model lies in the
4-dimensional space R*!, we cannot use it to view graphics of surfaces in H?. So we
would like to have models that can be viewed on the printed page. We would also like
to have a model that uses 2 x 2 matrices to describe H?, as this is more compatible
with the DPW method described in [59], and the discussion in Sections 12.4 and 12.5
here. With this in mind, we now give some other possible models for H?.

3.2. The Klein model. Let K be the 3-dimensional ball in R*! lying in the hyper-
plane {zo = 1} with radius 1 and center at (0,0,0,1). By Euclidean stereographic
projection from the origin (0,0, 0,0) € R*! of the Minkowski model 9 for H? to K,
one has the Klein model K for H?. K is given the metric that makes this stereographic
projection an isometry. Since the geodesics of H? in the Minkowski model are formed
by the intersections of H? with 2-dimensional planes in R3! which pass through the
origin, it is clear that after projection to K, the geodesics become Euclidean straight
lines in the Klein model, and this is the advantage of the Klein model. However, the
disadvantage of the Klein model is that its metric is not conformal to the Euclidean
metric (we defined conformality in [59], and we also define it here in Definition 4.4).
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3.3. The Poincare model. Let P be the 3-dimensional ball in R*! lying in the
hyperplane {z¢ = 0} with radius 1 and center at the origin (0,0,0,0). By Euclidean
stereographic projection from the point (0,0,0, —1) € R*! of the Minkowski model
for H? to P, one has the Poincare model P for H?. This stereographic projection is

T To L3
3'1 , 3 5 e H3 9 Y 70 E 7) .
(3.1) (21, 2, 23, T0) _>(1_|_;1;0 1+z9 1+ )

P is given the metric g that makes this stereographic projection an isomety. Since
the fourth coordinate is identically zero in the Poincare model, we can simply remove
it and view the Poincare model as the Euclidean unit ball

B? = {(z1, 29, 23) € R* | 2% + 25 + 23 < 1}

in R3. One can compute that the metric

9 2
(3.2) g= (1—27%—27%—%%) (da? 4 da3 + dx3)

is the one that will make the stereographic projection (3.1) an isometry. By either
Equation (1.1.10) or (1.1.14) in [59], the sectional curvature is constantly —1. This
metric g in (3.2) is written as a function times the Euclidean metric dz? + dz3 + da3,
and this means that the Poincare model’s metric is conformal to the Euclidean metric.
From this it follows that angles between vectors in the tangent spaces are the same
from the viewpoints of both the hyperbolic and Euclidean metrics, and this is why we
prefer this model when showing graphics of surfaces in hyperbolic 3-space. However,
distances are clearly not Fuclidean. In fact, the boundary

OB* = {(x1, 79, 23) ER® | 23+ 25+ 25 =1}

of the Poincare model is infinitely far from any point in B? with respect to the
hyperbolic metric ¢ in (3.2). For example, consider the curve
e(t) =(t,0,0), te][0,1)
in the Poincare model. Its length is
1 1
| Ve e = [ = oo
0 0

Thus the point (0, 0, 0) is infinitely far from the boundary point (1,0, 0) in the Poincare
model. For this reason, the boundary B3 is often called the ideal boundary at infinity.

Unlike the Klein model, geodesics in the Poincare model are not Euclidean straight
lines. Instead they are segments of Euclidean lines and circles that intersect the ideal
boundary dB? at right angles.

Important examples of surfaces in H? are described in [59], using the Poincare ball
model: totally geodesic hypersurfaces (also called hyperbolic planes), hyperspheres,
spheres and horospheres.

3.4. The upper-half-space model. One can obtain the upper-half-space model U
for H? from the Poincare model P by the Mébius transformation of R? which maps
the unit ball B® (with the Poincare metric) centered at the origin to the upper half



17

"'\.
ey Mim\(ﬁ\\liki

VY\C‘JCLE{
Sor H3

FIGURE 7. The Klein, Poincare and Minkowski space models for H?3.

{z3 > 0} of R? and maps the origin (0,0,0) to (0,0,1) and fixes B> N {z3 = 0}.
This map is
(221,239, 1 — 23 — 22 — 22)

eu .
22 + 22 + (13 — 1)2

P > (Jfl,xQ,l'g) -
The metric induced on the upper-half-space by this transformation is

g= %(daﬁ + das + da3) |
T3

where we now view (x1, o, x3) as coordinates of the model U, i.e. x1, 72 € R and x3 >
0. Thus, like the Poincare model, the upper-half space model U is again conformal
to Euclidean space. And because Mébius transformations preserve angles and also
the set of circles and lines, again the geodesics are Euclidean lines and circles that
intersect the ideal boundary at infinity {z3 = 0} at right angles. The isometries of
the model U are generated by horizontal Euclidean translations, Euclidean rotations
about vertical axes, Fuclidean dilations about points in the plane {x3 = 0}, and
Euclidean inversions through Euclidean spheres (and planes) intersecting the plane
{z3 = 0} orthogonally.

3.5. The Hermitian matrix model. The Hermitian matrix model is a convenient
model for applying the DPW method. Unlike the other four models above, which
can be used for hyperbolic spaces of any dimension, the Hermitian model can be used
only when the hyperbolic space is 3-dimensional.
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We first recall the following definitions: The group SLsC is all 2 x 2 matrices with
complex entries and determinant 1, with matrix multiplication as the group operation.
The vector space sl,C consists of all 2 x 2 complex matrices with trace 0, with the
vector space operations being matrix addition and scalar multiplication. (In Section
3.7 we will see that SL,C is a Lie group. SLsC is 6-dimensional. Also, sl,C is the
associated Lie algebra, thus is the tangent space of SLoC at the identity matrix. sloC
is also 6-dimensional.) The group SUs is the subgroup of matrices F' € SLyC such
that F - F* is the identity matrix, where F* = F*. Equivalently,

(7).
q P

for some p, ¢ € C with |p|? + |¢|*> = 1. (We will see that SU, is a 3-dimensional Lie
subgroup, in Section 3.7.)
Finally, we define Hermitian symmetric matrices as matrices of the form

ail aig
—_ )
aiz2 a2

where a1o € C and a1, a2 € R. Hermitian symmetric matrices with determinant 1
have the additional condition that a;ja29 — a12G1z = 1.

The Minkowski 4-space R*! can be mapped to the space of 2 x 2 Hermitian sym-
metric matrices by

T I3 1T
¢Z($1,.T2,$3,$0)—>( 0+3 1+ 2)'

T1 — 1Ty To— T3
For Z € R*!, the metric in the Hermitean matrix form is given by

(%, Z)gs1 = —det(¥(7)) .
Thus 1 maps the Minkowski model for H? to the set of Hermitian symmetric matrices
with determinant 1. Any Hermitian symmetric matrix with determinant 1 can be
written as the product FF* for some F' € SL,C, and F' is determined uniquely
up to right-multiplication by elements in SU,. That is, for F ,F € SL,C, we have
FF* = FF* if and only if F = F - B for some B € SU,. Therefore we have the
Hermitian model
H={FF*|FeSLC}, F*:=F",

for H?, and ‘H is given the metric so that v is an isometry from the Minkowski model
of H? to H.

It follows that, when we compare the Hermitean matrix and Poincare models H
and P for H?, the mapping

a a 19 + Q19 (ag — a aj] — a
<i 12)€H—>< 12 12 (a12 12) 11 22 )EP

arz Qo 24 a1 4+ agn 2+ ayg + as 24 aqq + as

is an isometry from H to P.

The Hermitian model is actually very convenient for describing the isometries of
H?. Up to scalar multiplication by £1, the group SL,C represents the isometry group
of H? in the Hermitian model H in the following way: A matrix h € SL,C acts
isometrically on H? in the model H by

rE€H—-h-x:=hxh*eH,
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where h* = h'. The kernel of this action is +1, hence PSLyC = SL,C/{+£I} is the
isometry group of H3.

3.6. De-Sitter 3-space S?!. Finally, we briefly consider another ambient space,
which will be a Lorentzian manifold, because it also has a 2 x 2 Hermitian matrix
model. Consider the 1-sheeted hyperboloid in R3!

3

2 _ 2 _
E ] —x5=1
j=1

with the metric g induced on its tangent spaces by the restriction of the metric from
the Minkowski space R*!. This Lorentzian manifold S*! is called de-Sitter 3-space.

De-Sitter 3-space S*! is homeomorphic to S? x R, so it is simply-connected, since
both S? and R are individually simply-connected. And this space, like hyperbolic
space H?, can also be written with a 2 x 2 matrix model:

S* = {(xl,xg,xg,xo) e R3!

S = {X € Myo(C) | X* = X, (X, X)ps1 = 1} = {F ((1) —01) F

where (X, X)gs1 = —det X. We note that S*! has constant sectional curvature +1.

Fe SLQC} ,

3.7. Lie groups and algebras. We have already seen some Lie groups, that are
amongst the most basic matrix groups, so here we briefly review some basic facts
about Lie groups and algebras.

Definition 3.3. A set G is a Lie group if
(1) G is a differentiable manifold of class C*°,
(2) G is a group with respect to some group operation, denoted by -,
(3) for each fized go € G and each variable g € G, the maps Ly, : g — go - g (left
multiplication) and Ry, : g — g-go (right multiplication) are C* differentiable.

Definition 3.4. The Lie algebra & associated to a Lie group G is the tangent space
of (the manifold) G at the identity element e of (the group) G, i.e. & = T,G. The Lie
algebra & is then a vector space under addition and scalar multiplication of vectors
in T.G. Furthermore, there is a bracket operation & x & — & defined as follows:

(X, V() = XY () =Y (X)),
where X, Y are arbitrary elements of & with canonical left-invariant extensions to
vector fields on G, and f : G — R is any smooth map.

Remark 3.5. X being a left-invariant vector field means that X is given by trans-
portation by the derivative map of left multiplication in G, i.e.

Xg = (Lg)*Xe ’
where L, : G — G denotes left multiplication by g, as in part (3) of Definition 3.3. In

the case that G is a matrix group, then (L,).X becomes simply (L,).X = gX, and
the above equation can be written as X, = g X..

Remark 3.6. In the definition of the Lie bracket above, X (f) and Y (f) must be
defined at more than just one point e (in particular, in a neighborhood of e) in
order for Y(X(f)) and X(Y(f)) to be defined. But because we take the canonical
left-invariant extensions of X and Y, in fact [X,Y] is determined by X|. and Y|,
alone.
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Remark 3.7. When G is a matrix group, X and Y in & can be identified with matrices,
and it turns out that [X, Y] can be identified with the difference of matrix products
X Y —-Y - -X. We will give an example of this in Example 3.11.

Ezxample 3.8. The first example we consider is SOs3, defined as follows:
SO3 ={A € Ms,3(R)|A- A" =1, det A=1}.

The group operation is then matrix multiplication. This represents the group of
rotations of R?® that fix the origin of R3, and the group operation then represents
composition of rotations. When considering a conformal immersion f : ¥ — R3
defined on a 2-dimensional Riemann surface ¥ with local coordinate z = u + v, we
can consider the three vectors (two being tangent to f, and the third being the unit
normal vector to f)
ilie s 1rlie s Nl

to be an orthonormal frame of Tf(p)]R3. We can use an element of SO3 to describe
this orthonormal frame by choosing the unique element of SO3 that rotates (1,0, 0)
and (0,1,0) and (0,0,1) to Hj‘C—ZH‘f(p) and ﬁ‘f@) and N\f(p), respectively. We denote
the Lie algebra of SO3 by sos.

Ezxample 3.9. The second example we consider is SLoC, defined as follows:
SLQC = {A S MQXQ(C> ‘ det A = ].} .

Again the group operation is matrix multiplication, and the group operation repre-
sents composition of linear maps of C? to itself. In fact, SL,C is a double cover of
SO3, as we saw in Sections 2.4 and 3.2 in [59]. We denote the Lie algebra of SL,C by
SIQ(C.

Example 3.10. Our third example is a subgroup of SL,C:
SU, = {A S SL2C|A/It = I}

p q - -
- NV pgeCpprqz=1} .
{ (_q p) b, q pp T+ 4qq }

The corresponding Lie algebra is denoted sus, and we explicitly compute suy here:
Consider a curve ¢(t) : (—¢,€) — SU, given by

_( pt) qt)
() = (—a<t> m))

with ¢(0) = I. Then, with / denoting the derivative with respect to t,

L (P0) ()
¢(0) = <—a<0> 17<0>)

is an arbitrary element of suy = T7 SUs. In general, for any square matrix A, we have
(det A) = trace(A’ - A~1)det A (see Lemma 3.12 below), so if det A is identically 1,
then the trace of A’ - A~! is 0. This implies that /(0) is trace-free. Then, because
p(0) = 1 and ¢(0) = 0, the derivative with respect to t of p(t)p(t) + q(t)g(t) = 1
implies p'(0) € iR. We conclude that sus, is the 3-dimensional vector space

—1 —XI3 T+ ’ixg
Sug — —_— .
2 \T1 — 122 X3

which is isomorphic as a vector space to R?, and so su, is a matrix model for R3.

T1, T2, T3 € R} ;
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Example 3.11. Our fourth example SLyR is also a subgroup of SLyC:
SLoR = {A € Myyo(R) |det A =1},
with associated Lie algebra
slbeR = {A € Myyo(R) [trA =0} .

We now explicitly describe the bracket operation on sloR, in order to provide an
example for the claim in Remark 3.7. To determine the bracket operation, take the
three curves

a0=("5" () 0= (5 1) a0=(; )

in SLsR through the identity matrix at ¢ = 0. To move these curves to other points
of SLsR, we use matrix multiplication on the left, i.e.

a b
Cja,b,d = (d (1 +bd)a‘1) ’ Cj(t)

for j =1,2,3 and a,b,d € R. (For our purposes we may assume a # 0.) Now a, b, d
represent coordinates for a region of SLsR considered as a 3-dimensional manifold.
In fact, we could regard the coordinate chart ¢ to be defined by

2 <(3 a +£d)a‘1)> = (abd),

as a map from a region of R? to a region of SLyR. Now, for a function
f:SLR —- R,
the composite maps
fodla(l —1),b(1 - t)_I’ d(1—1)),
fod(a,at+b,d),
foola+bt,b, (1+bd)a't+d)
equal, respectively,

f(¢japalt))
for y = 1,2,3. Then, by the chain rule, we have
d —

%f(cj,a,b,d(t)) = UCj,a,b,d(f © ¢(a7 b7 d)) ’

t=0
for the three resulting left-invariant vector fields

Uclya@d = —ad, + b0y, — dd, ,
2702,11,1;,01 = ady ,

Ueg npa = 00 + (14 bd)a™ "0y .

Thus
- o - o — _9F
,Ucl,a,b,d UCQ,a,b,d UCQ,a,b,d Ucl,a,b,d - UC2,a,b,d ’
— — — — —
Vet,a,6,d ° Ves,ap,a — Vs apa ° Vet,a0,a — 2U03,a,b,d )
— o — — o — _ —
Ves ap,a © Vesapa — Vesana © Vesana = " Verapa -
Correspondingly;,

qo=(3 1) ao=( ) 4o=(7 7).
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and

c1(0)¢5(0) = c5(0)c3 (0) = —2¢5(0)

c1(0)¢5(0) — c5(0)c (0) = 2c5(0)

¢5(0)¢5(0) — ¢5(0)c5(0) = = (0) -
Thus the behavior of the bracket on vector fields is exactly the same as the behavior
of commutators of matrices in the Lie algebra. This is why we can use matrix multi-

plication to define the Lie bracket in the case of slsR, and this is true for matrix Lie
groups in general.

We now prove an equation we used in the third example above:

Lemma 3.12. For any square matric A € M, y,(C) with det A # 0 that depends
smoothly on some parameter t € R, we have

(3.3) 4 (det A) = trace((£.A) - A7) det A .

dt

Lemma 3.12 is easily proven in the case that n = 2. It is also easily seen for
general n when A is upper triangular. Furthermore, if A satisfies Equation (3.3), it
is easily seen that the conjugation P - A - P! also satisfies Equation (3.3), for any
P € M, (C) with det P # 0 that depends smoothly on ¢. Because any square matrix
can be conjugated into an upper triangular matrix (the Jordan canonical form), this
provides a proof of Lemma 3.12.

One could also prove Lemma 3.12 by direct computation: Write A = (a;;)7,—;-
Then let Aip,.. b, = Alfan—br,..am—bsy b the matrix with entries as in A, except
that the ¢'th row has been replaced with the row vector (b; ... b,). Then

(34) det ib1,..., Z det 1,0,...,0,b5, Z b, CI,Z] ,

where b; is the value in the 75'th posmon of Az’,o,...,o,bj,o,.,,,o, and where
ai; = det(Aip,...01,0,..0)

(again, 1 is the value in the dj'th position of A;o . 010..0). Then, for any k& €
{1,...,n}, we have (J; is the Kronecker delta function)

Z%% det(As o, o) = O - det(A) .

Hence, for

A= (ai)i 21 5
we have
A A =det(A) - Ly, -
So if A is regular, i.e. det(A) # 0, then
A~ = det(.A ‘At
Thus we have

tr((FA)A™) - det(A) = tr((FA) oy A - det(A) =

n n

9=30 G =

=1 j5=1
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“ d o daij
;det(Ai,a;pwa;n) = E(det(A)) ;=

where the second to the last equality above follows from Equation (3.4), proving
Lemma 3.12.

A third proof of this lemma can be given by using the following fact: If A and X
are n X n matrices and € is a real number close to zero, then

(3.5) A=1T+eX +O(?) implies det(A) =14 ¢-trX + O(e?) .
The argument is as follows: Write the Taylor expansion of A(s) at the value s =t as
A(s) = A(t) + (s — ) A'(t) + O((s — t)?) .
Then
A(s)(A0)) ™ =T+ (s =) A (A®) ™ + O((s = 1)?)
and (3.5) implies
det(A(s) (A1) ™) =1+ (s —t) - tr(A' () (A1) ) + O((s — 1)*) .

Taking the derivative of this with respect to s and then evaluating at s = ¢, we have

(det(A(s)))"ls=¢ _ / 1
A= A0 + 0 1)

(det(A(2)))'
det(A(1))

s=t ’
SO

= trace(A'(t)(A(t)) ™),
proving Lemma 3.12.

4. RIEMANN SURFACES AND HOPF’S THEOREM

4.1. Riemann surfaces. When the dimension of a differentiable manifold M is two,
then we have some special properties. This is because the coordinate charts are
maps from R? and R? can be thought of as the complex plane C ~ R2. Thus we
can consider the notion of holomorphic functions on M. This leads to the idea of
Riemann surfaces and the beautiful theory associated with them. Part of the beauty
of this theory is that Riemann surfaces can be described in a variety of different ways,
but this is outside the scope of this text, and for our purposes it suffices to consider
just two descriptions of Riemann surfaces.

To distinguish 2-dimensional manifolds from other manifolds, we will often denote
them by ¥ instead of M.

Suppose ¥ is a differentiable manifold of dimension 2 with differentiable structure
defined by a family

{Ua) ¢a:Us — X))}

of coordinate charts. Let (uq,v,) be the coordinates of U, C R2. If W := ¢,(U,) U
b5(Us) # 0, then ug, vs can be viewed as functions of the variables u,, v, on ¢, (W)
via the transition function fgo = ¢5' 0 ¢a : 5 (W) — ¢ (W). Associating U, C R?
with the corresponding region of C by defining the complex coordinate

Zo = Uq + 10,

for each coordinate chart (U,, ¢,), we can view z5 as a function of z, on ¢ ' (W).
When z3 is a holomorphic function of z,, we say that the transition function fg, is
holomorphic.
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Definition 4.1. A differentiable manifold > of dimension 2 with differentiable struc-
ture defined by a family {(Uy, ¢a)} of coordinate charts is a Riemann surface if the
transition functions fga are all holomorphic. We then say that the family {(Uy, ¢a)}
forms a complex structure on 3.

The simplest example of a Riemann surface is C itself. In this case, we can choose
a single coordinate (U, ¢,) to give the differential structure, where U, = R? and
04 is the identity map. Then it is vacuously true that the transition functions are
holomorphic.

Another example is the unit sphere S? (in R3). The differential structure can be
defined by a pair of stereographic projections, so we can use two coordinate neighbor-
hoods (Uy, ¢o) and (Ug, ¢) with U, = U = R?, and with ¢, equal to the inverse of
stereographic projection from the north pole (0,0, 1), and with ¢4 equal to the inverse
of stereographic projection from the south pole (0,0, —1) composed with a reflection
of §? across a plane fixing both the north and south poles. Then the map ¢gl 0 Py is
holomorphic, so S? is a Riemann surface.

One property of Riemann surfaces is that they are always orientable. Before proving
this, we first recall the definition of orientability. Given two differentiable functions
f, g from a 2-dimensional differentiable manifold ¥ to R, we define the wedge product
of their differentials as follows: For a point p € ¥ and 0, € T,%,

Ay A gy (7,15) = 5y (9)dgy () — () gy () -

(Note that the wedge product defined here is not the same as the symmetric product
defined in Section 1.1 of [59].) Then, for coordinate neighborhoods (U,, ¢,) and
(Us, ¢g) such that W := ¢,(U,) U ¢3(Us) # 0, and naming the coordinates (uq, vy)
and (ug,vg) on ¢, (W) and qﬁgl(W), respectively, we say that (U,, ¢,) and (Us, ¢g)

are oriented in the same way if
dug N dvy = hopdug N dvg

for some positive function hag : ¢ (W) — RT.

If the coordinate charts {(U,, ¢o)} that comprise the differential structure of ¥ can
be chosen so that they are all oriented the same way wherever they intersect, we say
that the manifold ¥ is orientable, and the family {(U,, ¢o)} is said to be oriented.

Lemma 4.2. Any Riemann surface is orientable.

Proof. Let (Uy, ¢o) and (Ug, ¢3) be two coordinate charts of a Riemann surface 3
such that W := ¢, (Us) N ¢g(Ug) # 0. Let (uq,vq) and (ug, vs) be the coordinates of
o1 (W) C R? and ¢51(W) C R?, respectively. Noting that the differentials of z,, Za,

2 and Zg satisfy
dz, = duy +1dv,, , dz, = du, — idv, ,

dZﬁ = d’LLﬁ + ’id’Uﬁ y d,fﬁ = d’LLg — idUﬁ s

and also that, because z5 is a holomorphic function of z, on ¢ (W), the chain rule
implies
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we have
. . 2 2
dug N dvg = 5dzq NdZo = 5 % dzg N\ dzg = % dug N dvg .
2
Since fil%; > 0 for all « and 3, we conclude that ¥ is an orientable manifold. O

Remark 4.3. We saw in Remark 1.3.6 of [59] that nonminimal CMC surfaces in an
oriented ambient space are always orientable. So when using Riemann surfaces as the
domains for nonminimal CMC immersions, the fact that the Riemann surfaces are
orientable is not in any way a restriction on the types of CMC immersions we can
consider.

Riemann surfaces are in a one-to-one correspondence with conformal equivalence
classes of orientable 2-dimensional Riemannian manifolds, giving us a second way to
describe Riemann surfaces. In order to explain this we start with a definition.

Definition 4.4. Let X be a 2-dimensional orientable Riemannian manifold with dif-
ferentiable structure determined by a family {(Uy, o)} of coordinate charts and with
positive definite metric g. For any coordinate chart (Uy, ¢o) with coordinates (uq, v,)
on Uy, suppose that the metric g can be written as

Jao O
g:(o fa)

in matriz form for some positive function fo : U, — RY, or equivalently, as a sym-
metric 2-form

g = faldu + dv?) .
Then we say that g is a conformal metric and the (U,, ¢o) are conformal coordinate
charts.
Generally, for a metric
9 = gudul, + giaduadve + go1dvadu, + gordv’

written as a symmetric 2-form using the 1-forms du,, and dv,, (note that g5 = ga1 be-
cause the metric is symmetric and g1, g22 > 0 because the metric is positive definite),
we can rewrite the metric using the complex 1-forms dz, and dz, instead:

(4.1) g = Ad22 + 2Bdz,dZ, + AdZ
_ Y
4 9T g 1912 . B= g11 + g22 ‘
4 4
If the metric ¢ is conformal, then g12 = go1 = 0 and f, = g11 = g22, so the metric
becomes

g= fozdzadéa

with respect to the complex coordinate z, = u, + iv,. Since f, is a positive function,
we could also write this as

(4.2) g = 4e*" dz,dz,

for some real-valued function , defined on U, as noted in Remark 1.3.1 of [59].
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Theorem 4.5. Let ¥ be a 2-dimensional orientable manifold with an oriented family
{(Ua, #a)} of coordinate charts that determines the differentiable structure and with a
positive definite metric g. Assume further that the transition functions of {(Ua, ¢u)}
are real-analytic. Then there exists another family of coordinate charts {(Vs,1p)}
that determines the same differentiable structure and with respect to which the metric
g is conformal. Additionally, {(Vs,vs)} is oriented and gives a complex structure on
Y, so X becomes a Riemann surface.

Remark 4.6. The condition in Theorem 4.5 that the transition functions be real-
analytic can be weakened, but we include this condition to simplify the proof and
because it is satisfied in all of the applications of this theorem later in this text.

Proof. We are given coordinate charts (U,, ¢, ) with complex coordinates z, = uy+iv,
on the U,. We must show that there exists a family {(Vj3,13)} of coordinates with
the given differentiable structure so that the metric can be written as in Equation
(4.2) with respect to the complex coordinates wg = x5 + iys of the Vj.

The metric g can be written as in Equation (4.1) with respect to the (U, ¢q)
coordinate charts, and if A = 0 then g is already conformal and we are finished by
taking (U,, ¢o) and (Vj,13) to be equal. So without loss of generality we can assume

A # 0. Then we can write g as
2B
g = S(dZa + ,udZa)(dZa + /_Ldza) , S= TW >0 3

where p satisfies
B —\/B? — |A]?
|l = T
|A]
We need to find new coordinates (xg,ys) for Vs so that wg = x5 + iys satisfies
dwg = Ndzq + pdz,)
for some nonzero function A. Then g is written as g = s|\|?dwsdwsz and we will have

that ¢ is a conformal metric with respect to the new coordinates wg.
The equation dwg = \(dz, + pdz,) is satisfied by a solution wg to the equation

<1.

(9wg o 811)5
0z, “aza ’
and then we can take
\ = d'wg .
dzg

This is the Beltrami equation, and p is called the Beltrami coefficient. The fact that
the transition functions are real-analytic implies there exist solutions to this Beltrami
equation. This can be proven using the Cauchy-Kowalewski theorem, but let us trust
that such solutions exist, and then continue with the proof. (Such solutions exist in
more general settings as well, but we do not explore that here).

We conclude that we have a family of coordinate charts so that g is conformal, and it
only remains to show that this new family {(V3,3)} is oriented on ¥ and determines
a complex structure on Y. This new family is oriented because the original family
{(Uq, o)} was oriented and
2

OWs ™ (1 _ |uf2) e, A d

024

de’ﬂ/\dyg = '
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8w5

2
with (1—|u*)>0
To see that this new family determines a complex structure on 3, we need to see

that wg is a holomorphic function of w, wherever W := ¢3(V3) N wy( ) # (. Both
coordinates wg and w.,, are conformal, so

(4.3) g = 4" dwsdivg = 4e** dw.,diw.,
on W. Because of the chain rule
(9wg 8wﬁ _ _ 8wﬁ 8wﬁ
dwg = —2d —d d —dw —dw
Y8~ 3w, T B, 8= B, T Ba, M

the right-most equality in Equation (4.3) can hold only if either

ow ow

—75 =0 or —2=0.

ow. ow,
Since the change of coordinates is orientation-preserving, we conclude that the first
of the two equations holds, and so wg is a holomorphic function of w,. O

Definition 4.7. Let ¥ be a 2-dimensional orientable differentiable manifold with a
giwen differentiable structure. Suppose that ¥ becomes a Riemannian manifold with
respect to some metric g and also with respect to some other metric g. If g = fg
for some positive function f : X — RT, we say that the two metrics g and § are
conformally equivalent.

Note that if the metric g is a conformal metric, then ¢ is conformally equivalent to
the flat metric du? + dv? on each coordinate chart (U, @)

Conformal equivalence of the metrics is clearly an equivalence relation, so we can
talk about conformal classes of metrics, as in the next corollary.

Corollary 4.8. Conformal equivalence classes of metrics on an orientable 2-dimensional
manifold X are in one-to-one correspondence with the complex structures on 3.

Proof. As we saw in the proof of Theorem 4.5, each positive definite metric on X
produces a complex structure on . Following the arguments in that proof, we can also
see that two conformally equivalent metrics will produce the same complex structure,
and the corollary follows. O

In this text, we will always be considering smooth CMC surfaces as real-analytic
immersions of 2-dimensional differentiable (real-analytic) manifolds ¥. Each immer-
sion will determine an induced metric g on ¥ that makes it a Riemannian manifold.
Theorem 4.5 tells us that we can choose coordinates on X so that g is conformal.
Thus without loss of generality we can restrict ourselves to those immersions that
have conformal induced metric, and we will do this on every occasion possible.

4.2. The Hopf differential and Hopf theorem. The Hopf differential Qdz?, de-
fined in [59], is of central importance. We have already seen in [59] that the Hopf
differential can be used to decide if a conformal immersion parametrized by a com-
plex coordinate z has constant mean curvature, because the surface will have constant
mean curvature if and only if @) is holomorphic. The Hopf differential can also be
used to determine the umbilic points of a surface, as we will now see:

Let us assume that X is a Riemann surface with a coordinate z = u + iv and that
/ is a conformal immersion from % into R3. (Theorem 4.5 has told us that we can
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always assume ¥ is a Riemann surface and the immersion f is conformal.) Then the
first and second fundamental forms are

R Vo N 5 I ) R O

and
b — bll b12 — <buu7 N> <buv7 N>
b21 b22 <bmu N> <bm;7 N> ’
where N is a unit normal vector to f. The Hopf differential function is

1 . )
Q= Z(bll — byg — b1y — Zb21) = <fzzaN> )
where (-, -) is the complex bilinear extension of the metric of R3, and
0. = (0, —10,) , 0z = £(0, + 10,)
by definition. Then
b= Qdz> + (b1 + b)) + QdZ* .
Now, the shape operator is
g b= L (b +bn)+Q+Q i(Q — Q) -
4e2t i(Q— Q) s(bin +b22) —Q—Q

with respect to the basis f, and f, of each tangent space of f(X). The two principal
curvatures are then the two eigenvalues of this shape operator ¢—'b, which can be
computed and seen to be

%(bn + bg2) +2|Q)] , %(bn + bg2) — 2|Q)] -

Definition 4.9. Let ¥ be a 2-dimensional manifold. The umbilic points of an im-
mersion f : ¥ — R3 are the points where the two principal curvatures are equal.

So, for example, every point of a flat plane or a round sphere is an umbilic point,
and a cylinder has no umbilic points. One can check that a catenoid also has no
umbilic points.

Putting all this together, we have the following lemma:

Lemma 4.10. If ¥ is a Riemann surface and f : ¥ — R3 is a conformal immersion,
then p € X is an umbilic point if and only if QQ = 0 at p.

Thus the Hopf differential tells us where the umbilic points are. When () is holo-
morphic, it follows that @ is either identically zero or is zero only at isolated points.
So, in the case of a CMC surface, if there are any points that are not umbilics, then
all the umbilic points must be isolated.

If every point is an umbilic, we say that the surface is totally umbilic, and then the
surface must be a plane or a round sphere. This is proven in [32], for example. But
let us include a proof here:

Lemma 4.11. Let ¥ be a Riemann surface and f : ¥ — R3 a totally umbilic confor-
mal immersion. Then f(X) is part of a plane or sphere.
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Proof. Because f is totally umbilic, the Hopf differential @) is identically zero. So @
is clearly holomorphic, and thus H is constant, by the Codazzi equation (see Section
1.3 in [59]). Let u,v € R be local conformal coordinates for f, and N = N(u,v) the
unit normal of f. We first consider the case that H is not zero, and show that

(4.5) O(f+H 'N)=0,(f+H 'N)=0.
This can be computed as follows, with @ as defined in (4.4):
(fut HTINy, fu) = 4€* — HTHN, fuu) = 4" — H by =
=4e®" — H ' (3(b11 + b)) +Q + Q) =
=4e”" — TH ' (byy + b)) = 4e®* — 4e** = 0.
Similarly,
(fot H'Nyy fo) =0, (fo+ H'Ny, fu) =0, (fu + H'N,, f,) =0,
(fut H'NyyN) =0, (fy+H 'N,N)=0.

((fu, No) = (fo, Nu) = 0 because ¢g~'b is diagonal on a conformally parametrized
totally umbilic surface.) It follows that (4.5) holds, and so f(X) is part of a round
sphere of radius H ! with constant center point f + H 1N.

In the case that H = 0, to show that f(X) is part of a plane, we need only show
that N, = N, = 0. Similarly to the previous case where H was not zero, one can
compute that

<N7 NU> = <N7 Nv> = <fU>Nu> = <fu>Nv> = <.fvaNu> = <fuan> =0 s
and the result follows. O

Remark 4.12. We stated Lemma 4.11 with the assumption that the immersion is
conformal, but in fact the conformality condition is not required.

In the case that ¥ is a closed Riemann surface (i.e. compact without boundary),
we can take this even further. Orientable closed Riemann surfaces are classified by
their genus. For example, if ¥ is a sphere, then it has genus 0; if it is a torus, then
it has genus 1. So if ¥ is a closed orientable Riemann surface, then it has a genus
g for some g € ZT U {0}. Since f is a CMC immersion, the Hopf differential Qdz>
(written here in terms of local coordinates z) is a holomorphic 2-differential defined
on . The order ord,(Qdz?) of Qdz* at each point p € ¥ is defined to be the order
of the function Q at p (i.e. if Q = 2%, then Q has order k at z = 0). It is then well
known, when @ is not identically zero (see [53], for example), that

(4.6) D ord,(Qdz*) =4g — 4.

peEY

Because Qdz? is holomorphic, we have ord,(Qdz*) > 0 for all p € . We conclude
that if g = 0, then either @ is identically zero or 0 < 3 o ord,(Qdz*) = —4. The
second case certainly cannot hold, so @ is identically zero. So the surface is totally
umbilic and must be a round sphere, and this proves Hopf’s theorem [79]:

Theorem 4.13. (The Hopf theorem.) If ¥ is a closed 2-dimensional manifold of
genus zero and if f X — R3 is a nonminimal CMC immersion, then f(X) is a round
sphere.
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Remark 4.14. In fact, there do not exist any compact minimal surfaces without bound-
ary in R3, and we will prove this using the maximum principle, in the next chapter.
Therefore, without assuming that f in the above theorem in nonminimal, the result
would still be true.

Now let us consider the case that X is a closed Riemann surface of genus g > 1 and
f: ¥ — R3is a conformal CMC immersion (by Remark 4.14, because there do not
exist any closed compact minimal surfaces in R3, f is guaranteed to be nonminimal).
In this case, f(X) certainly cannot be a sphere, so @ is not identically zero (by Lemma
4.11). Tt follows from (4.6) that, counted with multiplicity, there are exactly 4g — 4
umbilic points on the surface. We conclude the following:

Corollary 4.15. A closed CMC surface in R? of genus 1 has no umbilic points, and
a closed CMC surface in R? of genus strictly greater than 1 must have umbilic points.

5. THE MAXIMUM PRINCIPLE FOR CMC SURFACES

Here we consider the maximum principle for smooth CMC surfaces. Roughly, this
principle states that if one CMC H surface lies locally to one side of another CMC
H surface, and if they touch tangentially with a common orientation at some interior
point, then the two surfaces must coincide in a local neighborhood of that point.

The result in the theory of partial differential equations behind this principle is the
maximum principle for elliptic partial differential equations (see, for example, [140]).
The maximum principle for CMC surfaces is relevant to us here because it can tell
us quite a lot about the kinds of surface one can hope (or cannot hope) to construct.
This is because, although it is stated locally, the maximum principle can give global
results. It then becomes a powerful tool for making global statements about CMC
surfaces. For example, one can easily prove the following theorems:

Theorem 5.1. Any complete minimal surface in R® or H? without boundary cannot
be compact.

Proof. By way of contradiction, suppose that M is the image of a compact minimal
surface without boundary in R3 or H®. Then there exists a geodesic plane P = P, that
does not intersect M. Translating P in the direction of a geodesic perpendicular to it
and toward M at unit speed (along the geodesic) to make a family of parallel geodesic
planes P, t > 0, and taking the smallest value ¢y of ¢ so that P, N M # (), one has
the first (necessarily tangential) contact of M with P,,. Thus one has two minimal
surfaces M and P,, each lying to one side of each other and touching tangentially at
some point p. The maximum principle then implies that in a local neighborhood of
p, M is contained in the geodesic plane P,,. Once an open set in a minimal surface
is a geodesic plane, the entire surface must lie within that geodesic plane. (This last
sentence follows in the case of R? from real analyticity of the frame as in Remark 4.4.2
in [59] with H chosen to be zero. It also follows from the fact that the stereographic
projection of the Gauss map in the Weierstrass representation is both holomorphic
as in Section 3.4 of [59] and is constant on an open set, and thus is constant on all of
M. Any surface with a constant Gauss map must lie in a plane. An argument along
the same lines using an analog of Remark 4.4.2 in [59] applies in the case of H? as
well.) Since M is complete, we conclude that M is an entire geodesic plane, but this
contradicts the assumed compactness of M. O
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FIGURE 8. The maximum principle (on the left) and the boundary
point maximum principle (on the right). In both cases, the surfaces M,
and M, are tangential at p and have the same constant mean curvature
with respect to the normal direction N at p, and M, lies above M, as
pictured here. On the right hand side, the boundaries of M; and M,
have a common tangent line at p. The conclusion in the first case (left
hand side) is that M; and M, must coincide in a neighborhood of the
point p. In the second case (right hand side), M; and M, will coincide
in an open set whose closure contains p.

Theorem 5.2. The only embedded compact CMC' surfaces in R and H? are the
round spheres.

This theorem can be proven using the Alexandrov reflection principle, which is an
immediate consequence of the maximum principle (see, for example, [106]). Note that
the embeddedness condition in Theorem 5.2 is really necessary, as the CMC Wente
tori show (see Chapter 6).

Proof. The Alexandrov reflection principle works in the following way: Consider the
image of a compact embedded CMC surface M in the ambient space R? or H?. Let ¢
be any fixed point in the ambient space, and let ¥ be any unit vector in the tangent
space of the ambient space at q. Let az(t) be a geodesic in the ambient space such
that az(0) = 0 and %ag(t)hzo = ¥. Let Pj; be the uniquely determined geodesic
plane containing a;(t) and perpendicular to Lay(t). Let

L;t = Usgtpﬁs )

L, = UssiPis -
Let to be the smallest value of ¢ such that P,y N M # (). Then P, lies to one side of
M and contacts M tangentially. For ¢ > ¢, and sufficiently close to ty, the interior
of the isometric reflection R;(Mj,) of the portion My, = M N Ly, of M across the
plane P; will not make any contact with the portion M, = M N L7, of M, and nor
will R;(M,) and M, have any tangential contact along their common boundary.
One then cbntinuousl}} increases t until one arrives at the smallest value t; where the
reflection Ry, (Mg ;) of Mz, across B, and M; ;, make a tangential contact at some
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point p in L7, . Let us suppose for the moment that p is in the interior of L7, .
Since t; is the smallest such value, Ry, (M, ) lies locally to one side of M7, near
p. Also, since M is embedded, Ry, (M, ) and M7, have the same orientation with

respect to their mean curvature vectors at p. Thus Ry, (Mg, ) and M, coincide in
a neighborhood of p. As in the proof of Theorem 5.1, real-analyticity of the frame
implies that Ry, (Mg, ) and My, are globally identical in L7,. Hence M is invariant
under isometric reflection across the geodesic plane Py, .
When p is not in the interior of L:{tl, it is in P,. In this case we need a variant
of the maximum principle for CMC surfaces, called the boundary point maximum
principle for CMC surfaces. This variant will be stated below and gives the same
conclusion that M is invariant under isometric reflection across the geodesic plane
Py,

We conclude the proof by noting that the direction of v was arbitrary, so M has a
plane of reflective symmetry in every direction, and this is sufficient to conclude that
M is actually a round sphere. 0

rd

A+
Mo,

FIGURE 9. The arguments in the proof of Theorem 5.1 (on the left)
and the proof of Theorem 5.2 (on the right).

The maximum principle can also be applied to surfaces with boundary. For exam-
ple, defining the convex hull of a set to be the smallest convex set that contains it,
only can prove the following result similarly to the way Theorem 5.1 was proven:

Theorem 5.3. The interior of any compact minimal surface in R or H3 with bound-
ary must lie in the interior of the convex hull of its boundary.

Many other results have been proven with the maximum principle, among them
that any complete connected minimal surface in R3 with two embedded regular ends
is a catenoid, proven by Schoen [156]. In addition, Korevaar, Kusner, Meeks, and
Solomon ([126], [106]), have proven that any complete nonminimal finite-topology
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embedded CMC surface with two ends in R? is a Delaunay surface, and any surface
of this type with three ends has a plane of reflective symmetry. Similar results for
CMC surfaces in H? can be found in [107] and [114].

We shall now prepare to give a formal statement and proof of the maximum prin-
ciple for CMC surfaces. For the sake of simplicity we shall at first assume that the
ambient space is R3. However, the arguments here will require only minor changes
to become applicable for other ambient spaces as well. For example, the arguments
when the ambient space is H? are very similar, and we will make some remarks about
how to prove the H? case in the final section of this chapter. As the results we have
given here are for R? and H3, we shall restrict ourselves to a discussion of only those
two cases.

First we give some preliminaries on the maximum principle for elliptic equations
in the next two sections. Much of this material follows [140].

Remark 5.4. In this chapter, we choose to use  and z; to represent independent vari-

ables, and symbols such as a;;, b;, f, f;, f, fj, 9,9, h,u to represent dependent func-
tions, which is different from the notations in the other chapters of this text. This
seems appropriate, however, since this chapter deals with objects of general dimine-
sion, not just 2-dimensional surfaces, and these notational choices are more standard
in the general dimensional case.

5.1. The maximum principle for elliptic equations of a single variable. In
order to get some intuition about the maximum principle for elliptic equations, we
state and prove various versions of it in the case that there is only one independent
variable.

Let us begin with the simplest possible version of the maximum principle. We first
consider the case that u is a smooth function

u(z) : [a,b] = R
defined on the closed bounded interval [a,b] € R, and L is the operator
L(u) =u" + g(x)u

defined on functions u as above, where g(z) is a bounded smooth function on [a, b],
and / represents the derivative with respect to x € [a,b]. We now state the simplest
possible version of the maximum principle:

Lemma 5.5. (Simplified 1-dimensional mazximum principle) Let u, g and L be as
above. If L(u) > 0 on [a,b], then u can attain its mazimum value in [a,b] only at the
points x = a or x = b.

Proof. Suppose that u attains a local maximum at a point ¢ € (a,b). Then u/(¢) =0
and u”(c) <0, so L(u)(c) <0, a contradiction. O

The above result was particularly easy, because we made the strong assumption
that L > 0. But there is a similar result in the case that we only assume L > 0,
and then the proof is slightly more subtle (and in the application to CMC surfaces
we have in mind, we will indeed only know that L > 0). In this case, u can attain its
maximum in the interior of [a, b], but if it does, then u must be a constant function:
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Lemma 5.6. (1-dimensional mazimum principle) Let u, g and L be as above. Sup-
pose that L(u) > 0 on [a,b]. If u < M on [a,b] for some constant M € R and if there
exists some ¢ € (a,b) such that u(c) = M, then u(x) = M for all x € [a,].

Proof. Suppose there exists a ¢ € (a,b) such that u(c) = M and there exists a
d € (a,b) such that u(d) < M. Assume for now that d > ¢. Because g is bounded, we
may choose a constant a > max,c[o5{|g(2)|}, and then we define y(z) = e*==¢) — 1.

Note that L(y(z)) > 0. It is possible to choose an € such that 0 < € < My_(z)(d)
then we define w(z) = u + ey. y is negative on (a,c), so w < M on (a,c). Note that
w(c) = M and w(d) < M. So w has an interior maximum in (a,d) and L(w) > 0.
This contradicts Lemma 5.5.

In the case that d < ¢, we may use y = e*“=® — 1 instead of y = e*(*=% — 1 and

produce a contradiction to Lemma 5.5 in the same way. U

, and

Now we consider a more general operator of the form
(L+h)(u) :=u" + gu' + hu,

where h = h(x) is a bounded smooth function on [a,b]. Then the condition L(u) >0
no longer implies that u attains its maximum at either x = a or x = b. Here are two
counterexamples:

(1) Let [a, b] = [0, 7], let h be identically 1, let g be identically 0, and let u = sin(z).
Then (L + h)(u) = u” +u = 0, and u has an interior maximum of value 1 at z = 7
and is not maximized at the endpoints a and b.

(2) Let [a,b] = [—1,1], let h be identically —1, let g be identically 0, and let
u = —cosh(z). Then (L + h)(u) = u” —u = 0, and u has an interior maximum of
value —1 at x = 7 and is not maximized at the endpoints a and b.

These two examples show that nonzero h can cause the operator L+ h to not satisfy
the maximum principle, regardless of whether h is positive or negative. However, if
we assume h < 0 and maxgejqp)(u) > 0, then we still have a maximum principle, as
we now show:

Lemma 5.7. (Modified simplified 1-dimensional mazimum principle) If h < 0 and
(L + h)(u) >0 on [a,b], then u cannot have a nonnegative mazimum in the interior

of [a,b].

Proof. Suppose that ¢ is an interior point of [a,b] where u has a nonnegative local
maximum. Then u/(c) = 0, v"(c) < 0, h(c)u(c) < 0 imply (L + h)(u) < 0, a
contradiction. 0

Again, if we only have (L + h)(u) > 0 then this statement above (Lemma 5.7) is
not true, but again the only exceptions are when u is constant.

Lemma 5.8. (Modified 1-dimensional mazimum principle I) If u satisfies (L+h)(u) >
0 with h <0 on [a,b], then if u assumes a nonnegative maximum value M at an in-
terior point ¢ € (a,b), then u is identically equal to M.

Proof. Assume M = max,cp{u} > 0 on [a,b]. Assume there exists an interior
point ¢ such that u(c) = M. Also, assume there exists an interior point d such that
u(d) < M. (Suppose for now that d > c.) Because g and h are bounded, we can
choose an o € R so that

oa® +ag+h(l—e @) >0
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for all 2 € [a,b]. Then define y(z) = ¢*®~° —1, and note that (L+h)(y) > 0 on [a, b).
Set w = u + ey for some € such that 0 < e < My_(g)(d). As w < M on (a,c), w(c) = M,
w(d) < M, we have that w has an interior maximum point in (a,d). Then, since
(L + h)(w) > 0, we have a contradiction to Lemma 5.7.

Again, if d < ¢, we use y = e*(“=*) — 1 instead of y = e*(*=9) — 1. 0

Now let us consider a different modification of the maximum principle. Here there
will be no condition on the sign of h (although A is still assumed to be smooth and
bounded). Instead we will assume that u attains a maximum value of precisely 0 in
the interior of the domain. We shall also assume that « is a real analytic function of
the independent variable z.

Lemma 5.9. (Modified 1-dimensional mazimum principle 1) If a real analytic func-
tion u < 0 on |a,b] satisfies (L + h)(u) > 0, and if u(c) = 0 at an interior point
c € (a,b), then u is identically equal to 0.

Proof. Suppose that w is not identically zero. Because u(c) = u'(c¢) = 0, we can

expand u at x = c as
U= Zaj(a: — )Tt
Jj=2
for some nonnegative integer ¢ and some ay # 0. Because u < 0, we have
(5.1) ¢ is an even integer, and as <0 .
Then L(u) expands as
L(u) = (0 +2)({ + Das(z — ) (1 + Oz — ¢)) .
But then (5.1) implies L(u) < 0 for z close to (but not equal to) ¢. This contradiction

proves the lemma. O

5.2. The maximum principle for elliptic equations in n variables. Now we
consider the n-dimensional case, which is entirely analogous to the 1-dimensional case
above. Let (x1,...,2,) denote points in R™ and let D be an open bounded set in R"
with closure D. We now consider a smooth function

u(ry,...,r,) D — R,
and we define the operator L by

n 62 n a
L(u) = > ay(a, o Tn) g > by, )
) i ; j

ij=1 =1

defined on functions u as above, where the coefficient functions
aij(ml, ,I‘n) i bj(ZL’l, ,I‘n)

are bounded smooth functions on D, and % represents the partial derivative with
J
respect to x;.

Definition 5.10. L is elliptic in D if (a;;); ;= is a positive definite n x n matriz for
all x € D; that s, if at each point in D,

(1o ) (@55 (1o ) = pi(1, ey 0) S 02
j=1
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for some positive function p = p(xy, ..., z,) on D, and any y; € R.
L is uniformly elliptic on D if u(xy, ..., x,) > o > 0 for all points in D, where pg
s a fized constant.

This definition is a natural generalization of the Laplacian Aju(x) = v”(z) in the
definition of L in the 1-dimensional case, because of the following easily-computed
fact: (ay;) is positive definite at a point p € D if and only if there exists a linear
transformation A : (xq, ..., x,) — (Z1, ..., T,) such that the second order part

n 82
Z aij(ml, ceey an>axax
? J

ij=1

of L becomes the n-dimensional Laplacian

nooo2
-
=1 O
at A(p).

We state the following two results without proof, and refer the reader to [66], [140]
for full proofs. However, we note that the ideas behind the proofs are like those in the
above proofs for 1 independent variable. But in the case of n independent variables,
there is more bookkeeping involved in the computations, as expected by the greater

number of independent variables.

Theorem 5.11. (n-dimensional mazximum principle) Let w and L be as above. Sup-
pose that L(u) > 0 and that L is uniformly elliptic on D. If u attains a mazimum
value at a point in D, then u is a constant function.

Theorem 5.12. (Modified n-dimensional mazimum principle I) Let w and L be as
above. Suppose that (L+h)(u) = L(u)+hu > 0 and that L is uniformly elliptic on D,
where h < 0 is bounded and smooth on D. If u attains a nonnegative mazimum value
at a point in D, then u is a constant function — in particular, if h is not identically
zero, then u must be identically zero.

We also now state (without proof) a higher dimensional version of Lemma 5.9,
which could also be used to prove the maximum principle for CMC surfaces that
follows. We will not actually use it, as other forms of the maximum principle given
here will suffice, but this next theorem is especially useful in proving the maximum
principle for CMC surfaces when the ambient space is the 3-sphere S®. (We do not
apply the maximum principle for CMC surfaces in S? in this text.) Since we would
have two independent variables in the application of this theorem to CMC surfaces,

we state the result here for only that case. A proof can be found in H. Hopf’s book
[79].

Theorem 5.13. (Modified 2-dimensional mazimum principle II) Consider the oper-
ator

(L+ h)(u) := 0z, 0p,u + Opy Oyt + g104,u + g202,u + hu
for functions v : D — R defined on the closure D of an open bounded domain D of
the 2-dimensional x1x9-plane, where gy, go and h are all smooth bounded functions
defined on D. If a real analytic function u < 0 on D satisfies (L + h)(u) >0, and if
u(p) =0 at a point p € D, then u is identically equal to 0.
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5.3. Proof of the maximum principle for CMC surfaces in R3. Letting D be
an open bounded domain in R?, and letting f(z,73) : D — R be a smooth bounded
function, we can consider the graph

{]E($1,932) = (21,22, f(z1,22)) € R?| (21, 22) € D}

to be a smooth immersion f into R3. Choosing the unit normal to f to be the upward-
pointing unit normal vector, we saw how to compute the mean curvature H of this
surface in Definition 1.3.5 in [59], as half the trace of the shape operator S. Because

f is of the form (1, z2, f(x1,x2)), one can easily compute that (J;; is the Kronecker
delta function)

Z?,j:l fwﬂj (527'(1 + (fw1)2 + (fw2>2> - frzfr])
21+ (fur)? + (f22)?)?
where f,, denotes 0,,f and f,,., denotes 0., (0., f).
Now let fl and fg be two smooth oriented surfaces with boundary. Suppose that

the surface f; can be written as a graph over a closed domain D for j = 1,2; that is,
that

1
(5.2) H= §trace(5) =

Y

]Ej(x1>a72) = (21, T2, fj(21,72))
for (z1,29) € D for some smooth bounded function f; : D — R. Furthermore,

suppose that both fl and f2 have the same constant mean curvature H with respect
to the orientations given by their upward pointing normals.

Definition 5.14. We say that fl lies above fg if f1 > fo for all points in D. Then,
of
b= (xlv L2, fl(xla $2)) = (131, T2, f2(‘r17 1’2))
(i.e. fi(x1,22) = fawy,23)) for some point (x1,72) € D, and if one of the following
two conditions
(1) (w1, x2) is in the interior of D, or
(2) (w1, 22) is in the boundary of D, and the tangent planes of fi and fs coincide
at p, and furthermore the tangent lines of the boundaries of fl and fg coincide
at p
holds, we say that p is a point of common tangency of fl and fQ.

We are now ready to state the maximum principle for CMC surfaces in R3:

Proposition 5.15. (The mazimum principle for CMC surfaces in R3.) Let fl and
fg be CMC H graphs with respect to the orientation of upward pointing normals. In
particular, H has the same value for both surfaces. Suppose the following:

1) f1 lies above fo.

2) fl and f2 have a point p of common tangency at which the first of

the two enumerated items in Definition 5.1/ holds.

Then fl and fg coincide in a neighborhood of p.

Proposition 5.16. (The boundary point maximum principle for CMC surfaces in
R3.) Let fl and fg be CMC H graphs with respect to the orientation of upward
pointing normals, just as in Proposition 5.15. In particular, H has the same value
for both surfaces. Suppose the following:
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1) f1 lies above f.
2) f1 and fy have a point p of common tangency at which the second of
the two enumerated items in Definition 5.1/ holds.

Then fl and fg can be extended to surfaces that coincide in a neighborhood of p.

These two results are well known [4], and we include a proof of just the first one
here. Proofs can also be found in [156], [51].

Proof. Applying a rigid motion of R? if necessary, we may assume p = (0,0, 0) is the
origin in R? and that the common tangent plane of the two surfaces is the xzo-plane
{z3 = 0}. Hence f;(0,0) =0 and (0., f;)(0,0) = (04, f;)(0,0) =0, for j = 1,2.

Equation (5.2) and the fact that both surfaces have the same mean curvature imply
that

(5.3) 3 (wij(sij(u\vm)—( )( ey

21+ V5P
5L+ IV B~ ()1,
i ( o1+ VEP)!

551+ [V AJ?) — <f1>mi<f1>zj>) 0

2(1+ |V fi]2)?
where [V f;[> = ((fi)2,)? + ((f)2,)? and
w:=fo— f1 <0

with first derivatives w; = (f2)s; — (f1)2; and second derivatives wi; = (f2)ze; —
(f1)asz,- Defining ;; by

8 (1 +u? + ud) — wuy
ﬁij(ulau2) — J( 1 5 2)2 - J
2(1 + uf 4 uj)?
the intermediate value theorem tells us that

ﬁij((f2)$17 (f2)$2) - /Bij((fl)rl7 (f1>12> -
Z(( ) (cfot (1—C)f1)m1,(0fz+(1—C)fl)zg))-(fz—fl)zk,

for some ¢ = ¢(i,7) € [0, 1]. Equation (5.3) then has the form

Y

2 2

(5.4) Lw := Z (aijwij + (f1) ez, Z bijkwk> =0,
ij—1 k=1

where

biji, = (aiukﬁij) ((cfa+ (1 =) fi)ers (cfa + (1 =) f1)zs) -

Note that a;, éij, Bijk are all bounded functions. Note also that a;; ~ %’ in a small
neighborhood of the origin (x1, z2) = (0,0), and thus (a;;) is a strictly positive definite
2 x 2 matrix in a small neighborhood of the origin.

Since w < 0 in a small open neighborhood of (z1,z2) = (0,0) and has a local
maximum w = 0 at (0, 0), it follows from the maximum principle Theorem 5.12 (with
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L asin (5.4) and h identically equal to zero) that w is identically 0 in a neighborhood

of the origin. We conclude that f; = f, near p, and thus fl and f2 coincide in a
neighborhood of p. O

5.4. The maximum principle for CMC surfaces in H?. One can give essentially
the same proof for the maximum principle for CMC surfaces in other ambient spaces,
such as H?. (Some references for the maximum principle in the hyperbolic case
are [107], [34], and references therein.) Here we describe how one could prove the
maximum principle for CMC surfaces in H3. The arguments go along the same lines
as above for R?, but some differences from the Euclidean case are the following:

(1) obviously the ambient space no longer has a Euclidean metric (here we will
consider the Poincare model for H?, which is conformal to the Euclidean met-
ric), and

(2) because the ambient space is not Euclidean, the equation for the mean curva-
ture H of a graph will change.

We now remark on each of these two items.

Regarding the first item: For H?, we can use the Poincare ball model P. This
allows us to once again consider the two surfaces locally as graphs over the xqxs-
plane containing the origin. Since the consideration is only local, the graphs will
both lie in the unit ball {(x1, 29, 73) € R®|2? + 23 + 23 < 1} that is the Poincare
model. The notions of ”point of common tangency” and ”one surface lying above
the other” do not change. The only difference is that now the ambient space has the
metric

2

2 2 2
1—af —25— a3

(5.5) N (dat +das +da3), A=

like in (3.2).

Regarding the second item: Although this Poincare metric is not Euclidean, it
is still conformal to the Euclidean metric, and this conformality will simplify the
computation of the mean curvature H for a graph in the Poincare model:

Lemma 5.17. For a smooth immersion f(xl, xa) in P written as a graph

f(xhx?) = (xhx?? f(x17x2)) epP

with (1, 25) € D C PU{x3 = 0}, the mean curvature of f with respect to its ambient
space P ~ H? is
H My
5.6 - _ A
5.6 =
where
(1) H is the Euclidean mean curvature as given in Equation (5.2),
(2) A is the metric factor of the Poincare metric, as given in (5.5),
(3) Ay is the derivative of X with respect to the direction N, where N is the unit
normal vector to f with respect to the standard Euclidean space (R®, dx? +
da3 + dx3).

Remark 5.18. In fact, the above formula for the mean curvature of a surface in R?
holds for any positive function A, when R? is given the metric A?(dz? + da3 + dz?).
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But because our interest here is specifically in H?, we have fixed A to be the metric
factor of the Poincare metric.

Proof. We will give this proof using the moving frames method.

Note that with respect to the usual Euclidean metric, a surface that is a graph
of the form (z1,xq, f(x1,x2)) has mean curvature H as in Equation (5.2). For such
a graph we define an orthonormal moving frame of vectors ey, e; that is an oriented
orthonormal frame of vectors for the tangent space of the surface, and then define
e3 = N to be the unit normal vector to the surface with the upward orientation. We
define 1-forms w' and w! by

3
i _ _§ : J
w (€j> = 61']' y Vez- == w;€; .
Jj=1

Note that the wf are skew symmetric, that is, wg = —wj-. Note also that we have the
structure equation

3
dw' = E w’ /\w;- .
j=1

We can then define the mean curvature as

1 2
H=§;hn,

where hy; = (Ve,e;, e3) = wi(e;).

If we now consider the same hypersurface, but with the ambient metric A\?(dz? +
dz3 + dx3), we can define an orthonormal moving frame in the same way as above.
We denote the orthonormal vectors and 1-forms and mean curvature in this case by
using the symbols é; and & and ch and fLZ-j and H. Noting that we can take ¢; =
and ©' = M\w', and using that @' A w’ = 0, we see that (with \; = e;(\) = d\(e;) the
derivative of A with respect to the direction e;)

3 3

WAL = di' =dw') = dAAW + Adw' =) (\w! Aw' + Il Aw?)
J=1 Jj=1

skew symmetric

3 4 % N
- £ - T2

7j=1
So we have @} = (A;/A)w’ — (A\i/N)w’ + w!. Thus, for i, j < 2, we have
. A A3 e; hij A ~  H A
_ ~3(5 — 3_ A3 3 AL 3 B 3
hij =@5(0) = ( Fw —X“’“%’) () =F-Fua=H=5-%
where A3 = N(A) = dA\(N) is the derivative of A with respect to N = ej. O

6. FURTHER MOTIVATIONS FOR STUDYING CMC SURFACES

In Chapter 4, we gave Hopf’s theorem showing that any closed CMC surface of
genus 0 in R? must be a round sphere. Hopf asked if every closed CMC surface must
be a round sphere, without any initial assumption about the genus of the surface. In
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effect, he asked if any closed CMC surface in R?® of any genus must in fact be of genus
0 and thus be a round sphere.

Evidence to support a positive answer to this question came from the maximum
principle for CMC surfaces. This principle gave a technique for showing that any
embedded closed CMC surface in R?® must be a round sphere. We gave a proof of
this result in Chapter 5. So from this, it follows that a closed CMC surface must be
a round sphere if it is either of genus 0 or is embedded.

So any negative answer to Hopf’s question would need to be an example that is
both of positive genus and not embedded. In 1986, H. Wente [170] found exactly
such examples, of genus 1. This discovery of a negative answer to Hopf’s question
gave impetus for further research on CMC surfaces. Following Wente’s discovery,
U. Abresch [1] in 1987 then published a more explicit representation, using elliptic
functions, for closed CMC tori which contain a continuous family of planar principal
curves. (Principal curves in a surface are those whose tangent vectors are always a
principal curvature direction, and planar curves are those that lie in some plane in
R3.) R. Walter [168] (also published in 1987) found an explicit representation for
those tori that Abresch considered, using special functions called the Jacobi sn and
cn functions. Walter’s representation was developed using the fact that if one family
of principal curves are all planar, then the perpendicular principal curves each lie in
a sphere. Finally, J. Spruck [160] showed in 1988 that these CMC tori considered by
Abresch and Walter are exactly the same surfaces that Wente originally found.

The works mentioned above and the development of the theory of integrable sys-
tems since the 1960’s helped lead to the recognition that closed CMC tori could be
studied by using techniques from the theory of integrable systems, and that closed
CMC tori are special CMC surfaces in the sense that they are of ”finite type”. This
is what is shown in the works of U. Pinkall and I. Sterling [135] and A. Bobenko
[11] [12] [13], from 1989 to 1991, and in these works all closed CMC tori in R? were
classified.

We mention that also N. Kapouleas, in 1991 and 1995, constructed closed CMC
surfaces for every genus g > 1 [87], [88]. But Kapouleas used very different analytic
techniques. Further developments in that direction have been presented recently by
Kusner, Mazzeo, Pacard, Pollack and Ratzkin as well [109], [118], [119], [120], [121],
[141].

The way that the techniques of integrable systems were used in the works of
Bobenko was to convert the problem of studying CMC surfaces into the language
of 2 x 2 matrices. The same approach was taken by Dorfmeister, Pedit and Wu when
they developed the DPW method in their paper [47] published in 1998. While the
language of 2 x 2 matrices might not seem so natural from the viewpoint of classi-
cal differential geometry in R3, it is very natural from the viewpoint of integrable
systems, and is certainly convenient for describing the DPW method.

The idea behind the DPW method is that the needed equations and their solutions
can be found using holomorphic data and applying a splitting called the [wasawa
decomposition to maps from circles (loops) to 2 x 2 matrices. This idea dates back at
least to I. M. Kricever [108] (1980) and perhaps even earlier, and J. Dorfmeister, F.
Pedit and H. Wu formulated it in a way that made the idea apply globally to CMC
surfaces [47]. The DPW method was the central topic of [59].
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Finally, we note that the integral systems approach to CMC surfaces also helped
lead to notions of discrete CMC surfaces. These notions preserve to a large extent
the rich mathematical structure associated with smooth CMC surfaces, and this is
exactly what we shall focus on for the remainder of this text, from Chapter 8 onward.

But before that, we briefly give an aside on smooth surfaces in indefinite ambient
spaces, in Chapter 7.

7. MAXIMAL SURFACES IN R%!

In later chapters we consider surfaces in positive definite spaces such as R?, S?
(spherical 3-space) and H®. However, in this chapter we consider surfaces in a space
that is not positive definite. We do this because we have not considered such a type
of space yet, and it is informative to see the similarities and differences that occur
in the indefinite case. Here we choose maximal surfaces in R*»! (Minkowski 3-space),
and because the R*! Mobius geometric approach of later chapters does not work here,
we investigate them in much the same way as we considered minimal surfaces in [59].
It is possible to consider discrete versions of these surfaces [95], and we come back to
this in Chapter 10.

We note that this chapter depends on Section 3.4 in [59], and we recommend that
the reader look at that before reading this chapter. We also note that this chapter
and Chapter 10 are independent of the other chapters here, so could be skipped over
without affecting continuity of the text.

Because the maximal surfaces here lie in a space that is not positive definite,
they have interesting singularities. The singular points can be cuspidal edges or
swallowtails or cuspidal cross caps, generically, and could also be conical singularities,
for example, less generically (for related material, see, for example, [62], [100], [146],
[147], [148], [149], [151] and [152]). In fact, conical singularities and cuspidal edges
and swallowtails exist on the surfaces shown in Figures 10, 11 and 12. We will say
more about why this happens below.

Let R*' = ({(x1, a9, z0)|x; € R}, (-, )g21) be the 3-dimensional Minkowski space
with the Lorentz metric

(21, 29, 20), (Y1, Y2, Yo))r21 = T1Y1 + TaYa — ToYo -

A surface in R*! is called a spacelike surface if the induced metric on the surface is
positive definite. In this section we study spacelike surfaces in R*! whose mean curva-
ture is identically zero (maximal surfaces). Furthermore, we establish O. Kobayashi’s
representation [96] for these surfaces (see also [125]), which is similar to the Weier-
strass (Section 3.4 in [59]) and Bryant (Section 5.5 in [59]) and Galvez, Martinez
and Milan (Section 5.6 in [59]) representations, and amongst these three previous
representations is most similar to the Weierstrass representation.
Let

f:2— R

be a conformally immersed spacelike surface, where ¥ is a simply-connected domain
in C with complex coordinate z. (Again, by Theorem 4.5, without loss of generality
we may assume f is conformal.) Then

<fz>fz>:<f2>f2>:07 <fz>f2>:2€2aa
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FIGURE 10. The maximal helicoid (on the left) and Enneper’s maximal
surface (on the right). The maximal helicoid cousin is given by the
representation of O. Kobayashi with (g,7n) = (e*, cie”*dz), c € R\ {0}
on ¥ = C, like the data for a minimal helicoid in R3. (This maximal
helicoid is in fact contained in the image of a minimal helicoid as in
Figure 3.4.3 in [59]. See [96] for a proof of this.) Enneper’s maximal
surface is given by the representation of O. Kobayashi with (g,n) =
(z,cdz), c € R\ {0} on ¥ = C, like the data for an Enneper’s minimal
surface in R3. Graphics made by Hitomi Abe and Kouichi Shimose.

where @ : 3 — R is defined this way and (-,-) is the complex bilinear extension of
(-, )rz1. Let N be a unit normal vector field of f. (Note that N is timelike, that is,
(N,N) = —1, since f is spacelike.) We choose N so that it is future pointing, that
is, so that the third coordinate of N is positive. Then

(7.1) N : Y — H? = {il = (ny,n2,n0) € R | (A, 1) = -1, ng >0}

is the Gauss map of f.

Note that the target space of the Gauss map is now H?2, which is not compact
(unlike the case of surfaces in R?, where the target of the Gauss map is the compact
S?). Singularities of the maximal surfaces occur when the Gauss map reaches the
ideal boundary of HZ.

We have the following Gauss-Weingarten equations:

fZZZQﬁzfz_QN7 fz2:_2H62ﬁN7 fZZZQQZfE_QNa
N.=—Hf. - Qe f:, N:=—Hf:—3Qe™f.,
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F1GURE 11. The higher-order versions of Enneper’s maximal surface
are given by the representation of O. Kobayashi with (g,7n) = (2", cdz),
c € R\ {0} on ¥ = C, like the data for higher-order versions of En-
neper’s minimal surface in R®. The left-hand side picture is drawn with
n = 2, and the right-hand side picture is drawn with n = 3. Graphics
made by Hitomi Abe and Kouichi Shimose.

FIGURE 12. The maximal catenoid (on the left) and the maximal
Lopez-Ros surface (on the right). The maximal catenoid is given by the
representation of O. Kobayashi with (g,7) = (2,cz72dz), ¢ € R\ {0}
on X = C\ {0}, like the data for a minimal catenoid in R* (note that
Y is not simply-connnected here, but the surface is a well-defined map
from ¥ to R%!). The maximal Lopez-Ros surface is given by the rep-
resentation of O. Kobayashi with (g,n) = (p(2% + 3)/(2? — 1), p~'dz2),
p € (0,00) =Ry on ¥ =C\ {£1}, like the data for a minimal Lopez-
Ros surface in R? (again we have a non-simply-connected domain).
Graphics made by Hitomi Abe and Kouichi Shimose

where Q := (f.., N) is the Hopf differential function and H = e~2%(f.., N)/2 is the
mean curvature. Also, (f,.)s = (f.z), implies the following Gauss-Codazzi equations:

(7.2) My + QQe 2" —4H?*" =0, Q;=2H,e* .
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Note that the first equation here has different signs than the corresponding equation
for minimal surfaces in R? (see [59]), although it is otherwise very similar.
Now we identify R?! with the Lie algebra

sup1 = { (Zgl —l’)L(Z) a € R, be (C} 5
of the Lie group
_J(e B)| aBeC
SU@l“{(ﬁ @) 06— BB =1 }’

by identifying (z1, 22, 79) € R*»! with the matrix

(7.3) 2101 + X905 + Xgi03 = iwo ity € su
. 101 202 0tv3 .Tl“‘il’Q _Z'l,o 1,1

where 01, 09, 03 are the Pauli matrices defined in the beginning of Section 3.2 in [59]
(but the definition of the Pauli matrices is also apparent from (7.3) here). Note that
the metric becomes

1
(X,)Y) = §trace(XY)

when considering R?! in this 2 x 2 matrix model.
The following lemma is immediate:

Lemma 7.1. If F € SUy 4, then (X,Y) = (FXF ' FYF™!) for all X, Y € R*'.
We also have the following lemma:

Lemma 7.2. There exists an F' € SUy 1 (unique up to sign £F') so that

Jfu 1 Jo
e =—=Fo FF7", ey:=
' 1 A

Ul

where z = u + v for u,v € R.

=Fo, 7', N = FiosF ',

Proof. We first define the Lorentz group O ; as the set of 3 x 3 real valued matrices
A which satisfy A'I,1A = I, 1, and the proper Lorentz group as

aii iz Qi Ae€Oqy, 10 0
SOz, :=<SA=|an ay ay || detA=1, > where I,;:= (0 1 0
apr Qg2 Qoo agy > 0 00 -1

Then the correspondence F' € SUy; with (Fo F~, FooF~!, FiogF~') can be con-
sidered as the map ¢ : SU;; — SO;l given by

o —as— P+ 03 20mas+ 2616 2001 By + 2234
QO(F) = —20510é2 —+ 25162 O{% — OK% + ﬁlz - ﬁ22 20&161 — 2@262
2011 B2 — 20231 20001 + 2028, of + a3 + 7 + B3

via the identification (7.3), where

(o ticn [+ i s o e
= (61_Zﬁ2 al—'éag) ) 0517042761752ER, Oé1+0é2 ﬁl 52_]_

One can check that ¢ is a surjective homomorphism, and that ¢(F}) = ¢(F3) if and
only if F; = £ F5,. This completes the proof. U
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Therefore, choosing F' as in Lemma 7.2, we have f, = 2e*FoF~! and f, =
2¢?Fo,F~' and so

a0 0N o o (001 L
fz—2eF<1 O)F , fz—QeF(O O)F .
We define U and V' by
F,=FU, F;=FV.

Then, similar to the computation in Section 3.2 of [59], we have

1 —a, —iQe™ 1 s  —2iHe"
U‘ﬁ(zz‘Heﬁ I ) ’ V‘Q(z(ge—ﬁ i ) '

Now we consider the case when f is a maximal surface, that is, the mean curvature
H is identically zero. (Sufficiently small portions of H = 0 surfaces in R*! actually
locally maximize area with respect to arbitrary smooth boundary-fixing variations,
rather than minimize area as they would in R3. Hence they are called maximal
surfaces rather than minimal surfaces. See [31] and [35], for example.)

Defining functions a,b : ¥ — C so that

P ()
holds, then aa — bb = e, because F € SU; 1. Since V = F~1F;, we have
1 ( Uz 0 ) _ 1 (—ﬂg + Qe_ﬁ(ac_zz:— bbs) 2e % (ab; — baz) )
2 \iQe™ —uz) 2 '
It follows that

26_11(&62 — bdg) —ﬁ,g + 2€_ﬁ(da5 — bbg)

(5 ) ()= o)

and so az = b; = 0; that is, @ and b are holomorphic.

Note that )
. i O O -1 __ CLb —b
fo=2e"F (1 O) F=2 (a2 —ab) ’

which is holomorphic and is written as
fo = (a® = b*, —i(a® + b*), —2iab)

in the (complexification of the) standard R*! coordinates via the identification (7.3).
Since f is real-valued, by Remark 3.4.2 in [59], we have

1
Re/fzdz = §f + (Cl,CQ,Co)
for some constant (¢, co, ) € R21!. So, up to a translation,
f= QRe/fzdz:Q Re/(a2 — b, —i(a® + b*), —2iab)dz
(7.4)
:Re/(l +g%,i(1 — ¢*), —29)n ,

where g = —ia/b and n = —2b?dz. This is the Weierstrass-type representation for
maximal surfaces as in [96]. We have just shown the following:
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Theorem 7.3. (The representation of O. Kobayashi [96]) Any mazimal immersion
from a simply-connected domain 3 into R*! can be given the parametrization (7.4),
using a meromorphic function g : 3 — C and holomorphic 1-form n on X.

Also, the metric of the maximal surface is expressed as
(1 —gg)°nn = 4e**dzdz .

Note that gg > 1, since aa — bb > 0. Note also that we have one minus sign on the
left side, unlike the plus sign we would have in the case of minimal surfaces in R3,
see [59]. This minus sign here allows for singularities, because when |g| approaches
1 (i.e. the Gauss map approaches the ideal boundary of H?), the metric degenerates
and singularities occur.

The normal is

N = FigsF~' = je® (“(ZQbeb B (;fibbb)) :
which is written as
N = ¢t (i(aB —ab),ab + ab, aa + bB)
N (—g—g 9~ g§+1)
99—1"95—1 gg—1
in the standard R*! coordinates via the identification (7.3). Thus the function
g: X —C:=(CU{oc)\{z€C]| |z <1}

is the composition of the Gauss map with stereographic projection from H? (as in
(7.1)) to C, and, as noted above, singularities of the surface occur when |g| becomes
1.

Remark 7.4. If we assume that the mean curvature H is a non-zero constant, then
we have the Sym-Bobenko type formula (see [23])

Fe2) = o (F ((1) _01) F +2)\(8AF)F‘1)

A=1

Remark 7.5. For the purpose of considering spacelike CMC surfaces in R?! via the
DPW method, we make this remark: Birkhoff splitting for the R?! case is the same as
in Theorem 4.2.4 in [59], because SU; ; and SU, are both real forms of SLyC. (SU; 4
is a noncompact real form and SU, is the compact real form of SLyC.) However, the
product of loop groups A SU; 1 x A% SLyC is now only an open dense subset of A SL,C,
so we do not have a global Iwasawa splitting available for a DPW style construction
of spacelike surfaces in R*!, see [23], [80] and [90]. (When the ambient space is R3,
i.e. in the SU, case, there is a global Iwasawa splitting.)

The non-globalness of the Iwasawa splitting is directly related to singularities on the

surfaces, because singularities occur precisely where the Iwasawa splittings associated
with the surfaces leave A SUj; x A% SLyC (see [23]).

Remark 7.6. SU; ; is isomorphic as a group to SL;R. For example,

SU,; S p1+§p2 Q1+§Q2 R A Bl P2+ @2 € SL,R
' Q1 — 192 Pp1— P2 —P2+q pP1+q1



48

is one such isomorphism, where p;, ¢; € R satisfy p? + p3 — ¢} — ¢ = 1. As a result,
either suy ; or slyR can be used to represent R*!. (Both ways of representing R*! can
be found in the references [46], [84], [85] and [86].)

8. LINEAR CONSERVED QUANTITIES FOR SMOOTH CMC SURFACES

In the next chapter we introduce an approach to discrete CMC surfaces coming
from [27]. But to motivate that discussion, in this chapter we first explain a result
of Burstall and Calderbank [26] for the case of smooth CMC surfaces. We begin by
describing the 3-dimensional space forms using the 5-dimensional Minkowski space
R%L,

8.1. Minkowski 5-space. We give a 2 x 2 matrix formulation for Minkowski 5-space.
Let H denote the quaternions and Im H the imaginary quaternions. (We use H to
denote both the quaternions and the mean curvature of surfaces, but this should not
create any confusion, as it will always be clear from context which meaning H has in
each case.)

sy e fxo(n )

with Minkowski metric (X,Y’) such that
(8.2) (X,)Y)-I=—3(XY+YX),

r€lmH, xg, 1y € R}

I = identity matrix. This metric has signature (+,+,+, +, —) with respect to the
(orthonormal) basis

6565 65 (o) (o)

=1
2

0 0 k0 0 1 0 1
X:xl(é _Z.)—f-l’g(é _j)+a:3(0 _k)+x4<_1 0)+x5<1 0),

where x = x1i+x9j+x3k, and then we have the correspondence X « (x1, xo, 3, T4, T5)
to the more usual way

{6 = (wl,x2,$3,$4,$5) S R® ‘ ||€|| = Sgn(é) \% ‘(5|a 6= .CE% + x% + £E§ + x?l - xg}
of denoting R*!. The 4-dimensional light cone is

L' ={X cR*|||X]|=0}.

If we set x4 = %(xoo —x9), Ts (oo + Xg), We can write X as

We can make the 3-dimensional space forms as follows: A space form M is
M={XeL'[(X,Q) = -1}

for any nonzero Q € R*'. It will turn out that M has constant sectional curvature
r, where Q% = k - I, so without loss of generality we can obtain any space form by
choosing

83) o= (1 4) -
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and then, after appropriately scaling x, and letting Im H U {oco} denote the one point
compactification of Im H, we can write
(8.4)

2 r —z?
u={x= i (07

which is equivalent to {(z1,22,73) € R®* U {oco}|2? + 22 + 22 # —k~'}. Note that
when k < 0, M becomes two copies of hyperbolic 3-space with sectional curvature .
Also, note the following property:

r=x1i+ x9j + a3k € ImH U {0}, xz#m_l} ,

1 — ka? is never zero for points in M.

M is called a quadric, because it is determined by a quadratic equation (for the light
cone L*) and a linear equation (for the hyperplane slicing through L* that produces

Remark 8.1. Given any
r —a?
-
living in the projectivized light cone PL*, for any real scalar o, we can uniquely

choose « so that we get a point in M, and so sometimes we can neglect the real scalar
a, or simply freely choose any o we like.

Remark 8.2. We have also used the letter ) to denote the Hopf differential function.
Wherever we think this might cause confusion, we change the notation for the Hopf
differential function to Q).

The tangent space of M at X is

TXM:{'];: 2 '<a—|—fixax —xa—a:z:)})

(1 —ra?)?2 \k(za+ax) —a— Kvaw

for a € ImH. When X = X(t) € M is a smooth function of a real variable ¢, and
when / denotes differentiation with respect to ¢, we have

X' =T, .
A computation gives
—4

(8.5) (1o, T,) = mf{e(ab) )

|7 =1< |a| = %|1—K}ZL’2‘ .
Also,

4(z')? rr  —1

8.6 X" = Tli zx'+a'z 1 22 ’
( ) %-x’-{-m” + (1 — H;x2>2 K —RT

Note that generally X" is not contained in Ty M.
The following lemma follows from (8.5).

Lemma 8.3. The M determined by the @ in (8.3) has constant sectional curvature
K.

We see from (8.5) that the collection of M given by the above choice (8.3) for @,
for various k, are all conformally equivalent (or M6bius equivalent). In fact, the map
M 3 X — x € ImH ~ R3? is stereographic projection when x # 0. (See Figure 15.)
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FIGURE 13. Three choices of k (k > 0, Kk =0, k < 0) giving the space
forms S?, R? and (two copies of) H?.

8.2. Smooth surfaces in space forms. We now consider surfaces in the space
forms. Let

r=x1(u,v)i + x2(u,v)j + z3(u,v)k — X = X(u,v) € M

be a surface in M. (In this chapter we will use z and X to denote surfaces.) Assume
(u,v) is a conformal curvature-line coordinate system (every CMC surface can be
parametrized this way, away from umbilic points). We call such coordinates isother-
mic coordinates.

Note that z1, 7o and x3 can be chosen before the space form M is chosen, and only
once M (and hence k) is chosen do we know the form of X. In particular, the surface
can be defined before the space form is chosen.

Remark 8.4. The phrase ”isothermic coordinates” means simply conformal curvature-
line coordinates. However, the phrase ”isothermic surface” will mean for us any
surface for which isothermic coordinates exist, even if those isothermic coordinates
have not been determined yet.

Notation: Because we will always choose @ as in (8.3), we will indicate this by
denoting M as M,,, with the subscript k. We let n denote the unit normal vector for
x, once M, is chosen. ng denotes the unit normal with respect to Euclidean 3-space
My, where k = 0. We sometimes write H, for the mean curvature of the surface x
with respect to the space form M, to indicate that the mean curvature depends on

the choice of space form. Hj is the mean curvature in the case of Euclidean 3-space
M.

Lemma 8.5. The mean curvature H, of x with respect to the space form M, given

by Q as in (8.3), with Ax = 0,0,x + 0,0,x, is
_ =1y |2 K _
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= 211 — k2?)|zu| ?Re{Az - no} — K(zng + noz) =
(1 — ka*)Hy — k(zng + noz) .

Then H, is constant exactly when 0,H, = 0,H, = 0, which is equivalent to
(87) (auH0> ’ (1 - ’ia’j) - ’ib;gklau(x2> ) (avHO) ’ (1 - ’ia’j) = R%av(x% ’
where the k; € R are the principal curvatures with respect to the Euclidean space form
My, i.e. Oyng = —ki10y,x and Oyng = —keOyx.
Proof. Letting x1, denote %(ml), and similarly taking other notations, the unit nor-
mal vector to the surface is 7,,, where n = (1 — kx?)ny and
_ 1 . ($2ux3v - .133“.732@)7; + (x3ux1v - xlux?m)j + (xlux%) - x2uxlv>k

2 \/(-T2ux3v - x3ux2v)2 + (x?)uxlv - ~Tlux3v)2 + (xluxQU - ~T2uxlv)2
The first fundamental form (g;;) satisfies (7, 7,,) = 0 = g12 = g21, and

4|xu‘2 o 4|xv‘2
(1—k22)2 (1 — Ka?)?
Then using (8.6), with the symbol ’ denoting either 0, or 0,, we have (where the
superscript ”T” denotes the part of a vector tangent to T'x M)

no

= (T2,, 1z,) = 922 -

g1l = <7—$u77—$u> =

T —4 dkz?
bir = (X Tn) = (Xuw, Tn) = 0= r)y Re{zy, - n} + m(im +nx)
b12 = b21 = <XZ;;7,Z;L> = <X'U/U7,Z;L> =0 )
—4 4kx?
bao = <X£, Zm) - <Xm;7 7;) = m Re{l’m : n} + m(]}n + nx) .
The result follows, using Hy = (k1 + k2)/2. O

Remark 8.6. Thomsen proved in the 1920’s that isothermic Willmore surfaces x in the
conformal 3-sphere (i.e. surfaces that are critical with respect to the functional [(H?—
K)dA) have a Q € R*! so that x becomes minimal in the space form represented by
Q. (See the third volume of Blaschke’s texts [10].)

8.3. Spheres. The spheres in any of the space forms M, are the surfaces x such
that |z — Cp| is constant for some constant Cy € ImH. In the case that k = 0, if
the sphere has radius 7o, then r¢Hy = 1 (in particular, Hy is positive with respect
to the orientation of ny in the above proof). Thus the sphere can be written as
x = (—1/Hy)ng + Cy for some constant Cy. Then the equation H, = (1 — ka?)Hy —
k(xng + nozx) gives the following formula

K

. H.=Hy— — — HyrC?
(88) P 0 4H0 0/100

for the relationships between the different mean curvatures for a sphere considered in
the different space forms M,,.
A point

in R*! with positive norm

[|S]] = V=22 — 20200 > 0
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determines a sphere S in the space form M, as follows (see Figure 14): Set
(8.9) S={Y e M,|({,S) =0}.

Note that ¥ € S implies Y is perpendicular to S — Y, so S is the base of the
tangent cone from S to PL*, as pictured in Figure 14.

So we have now seen how both points and spheres in the space forms can be
described by just points in the single space R*!, which is a valuable property, from
the viewpoint of Mobius geometry. Note that S is invariant under real scalings of S,
and that if S satisfies zy = —zu0, then S is a great hypersphere in M; = S3. Also,
note that if ||S|| = 0, then S is a point in S* and S is just a real scalar multiple of S,
hence S simply gives back the same point S.

Let ¢ be the horizontal line segment from S to the timelike axis {(0,0,0,0,t) |t €
R}. Then m = ¢ N L* is a single point, which, when considered as being in the
projectivized light cone PL*, gives the center of S in the space form M; = S?.

Lemma 8.7. Let i, S, be two intersecting spheres in S* produced from Sy, Ss, re-
spectively, and suppose ||Sy|| = ||Sa|| = 1. Let o be the intersection angle between S
and Sy. Then cosa = +(S1,82), where the sign on the right hand side depends on
the orientations of S~'1 and S~'2.

Proof. As k =1, any p € S* = M, has x5 coordinate equal to 1. Take p € $; NS, C
My, so z5(p) = 1. Scale §; and S, so that z5(S;) = 935(82) = 1. Then S; — p and

S, — p are normals (in the tangent space of S?) to S, and Sy, respectively, at p. So

COSO{:< Sl_p , 82_p >:
181 = pl| " [|S2 — pl]

1 1
HSl_pHHS2_p||(<Sl>S2>_<S2ap>_<817p>+<p7p>):

1 1 1
S, S 0—04+0
18 =l TS =gy (S0 52 ~ )= ||81H||82H

Returning to the scalings for S; and Sy so that ||Si]| = [|Ss|| = 1, the lemma is
proved. U

(S1,8) .

Remark 8.8. Lemma 8.7 implies that if S gives a sphere S containing Y € M,, then
{§ +tY |t € R} gives a pencil of spheres at Y, i.e. the collection of spheres of
arbitrary radius through Y and tangent to S.

Lemma 8.9. Inversion through S is the map f:p — p — 2(p,S)S, when ||S|| = 1.

Proof. First note that p € L* implies p — 2(p,S)S € L*. Now let C be a circle that
intersects S perpendicularly. We wish to show that p € C' implies f ( ) € C. Note
that ¢ = & NS, for some spheres S and . Then S; L S and S, L S and so
(8,8,) = (S,S,) = 0, by the previous lemma. Then p € C implies p € S; NS,, which
implies (p, S1) = (p,S2) = 0. Thus (p — 2(p,S)S,S1) = (p — 2(p,S)S,Sy) = 0, and
so f(p) € C. O

For further explanation of all this, see [72].
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Lemma 8.10. S is a sphere with

|20] z
——— and center —
2|[S| 20

i My, and is a sphere with mean curvature H, in M., where H, is as given in
FEquation (8.8).

mean curvature Hy =

Proof. Take z = 211 + 295 4+ 23k, and consider the case k = 0. Take

_ 2 -
Y:2<y y)es.
1 —y

3
> (zoy; — %) =ISI]”
j=1

Then V'S + SY = 0 implies

and thus S is a sphere of radius 2||S||/|z0|. Hence Hy = |z|/(2||S||). The final
statement of the lemma now follows from Equation (8.8) itself. O

8.4. Christoffel transformations. We now define the Christoffel transformation
x*, which for a CMC surface in R? gives the parallel CMC surface. Let x be a surface
in R? with mean curvature H, and unit normal ng. The Christoffel transformation
xr* satisfies that

x* is defined on the same domain as z,

e r* has the same conformal structure as x,

e = and z* have opposite orientations,

e and x and x* have parallel tangent planes at corresponding points.

One can check that it automatically follows that the principal curvature directions at
corresponding points of z and x* will themselves also be parallel.

Remark 8.11. Let us be careful about what we regard as “opposite orientations”
here. With respect to a common orientation for the two parallel tangent planes at
a point on x and its corresponding point on x*, the two surfaces will have opposite
orientations. But if the two surfaces both envelop a common sphere congruence, for
which each of the corresponding pairs of points of x and x* tangentially touch the
same sphere in the congruence, then x and z* will have the same orientation with
respect to the orientation given by a sphere in the sphere congruence. (The surfaces z
and x* generally do not envelop a common sphere congruence, but they will when x is
CMC and z* is positioned to be the parallel CMC surface of x.) The first perspective
might be more natural for parallel CMC surfaces, since one moves a constant distance
along a normal line to get from one surface to the other, so that normal line provides
a common orientation of the two surfaces’ tangent planes, by which the surfaces have
oppositie orientation. However, the second perspective might be regarded as more
natural for the Darboux transformations that we consider later (since a surface and
a Darboux transform of it will always envelop a common sphere congruence).

This description above of the Christoffel transformations turns out to be equivalent
to the following definition, and the existence of the integrating factor p below is
equivalent to the existence of isothermic coordinates. Then, we will see that we can
choose z* so that dz* =z 'du — z; 'dv.
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Definition 8.12. A Christoffel transformation x* of an umbilic-free surface x in R3
is a surface that satisfies dx* = p(dng + Hodx) for some nonzero real-valued function
p on the surface x (here x* is determined only up to translations and homotheties).

Remark 8.13. The Christoffel transform is also sometimes called the “dual surface”,
and “taking the Christoffel transform” can be called “dualizing”.

Remark 8.14. We did not allow umbilic points on x in the above definition, because
they can be troublesome. In particular, the case that z is a round sphere (i.e. is
completely umbilic) is very special.

Lemma 8.15. Away from umbilics of x, the Christoffel transform x* exists if and
only if x is isothermic.

Proof. First we prove one direction, by assuming x is isothermic and then showing z*
exists.
Take x to be isothermic, and take isothermic coordinates u,v for z, so x,, =

Ax, + Bz, for some A, B. Then
d(z,  du — 2, dv) = 1692 (T0TunTy + ToTu®y)du A dv =0 .
This implies that there exists an 2* such that
do* = x, du — z, dv .
Also,
dng + Hodz = £(byy — ba)(z, 'du — x, ' dv)

implying that z* is a Christoffel transform, since by; — bys # 0 at non-umbilic points.

Now we prove the other direction, by assuming z* exists and then showing that x

has isothermic coordinates.
For any choice of coordinates u, v for x = z(u, v), the Codazzi equations are

(b11)w — (b12)u = b1t 4+ (T'Fy — Tyy)bio — Tibas

(br12)y — (ba2)u = Tiobur + (T35 — Ty )big — T51b00 -
(See, for example, page 97 of [79].) Here the Christoffel symbols are

2
1
k=1
where u; = u and us = v. Because we are avoiding any umbilic points of x, we may
assume that v and v are curvature line coordinates for = (see, for example, Appendix
B-5 of [165]), and so g2 = b2 = 0. It follows that

1 Ougni 2 — 0y 922 2 :_avgll
2911 7 2 2922 ’ 1 2922 7

11 —
8u av aﬂ
[y =~ 922 , Tlo=Ty = S y F%2 - Fgl = 2wz

Denoting the principal curvatures by k;, the Codazzi equations simplify to

Dy Ou
i : (kQ - kl) ) 2(k2)u = g22 : (k’l — k‘g) .
g11 922

Then existence of z* gives

d(pdng + pHodx) =0,
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from which it follows that

bui _ boa b 4 bae
. 0 , 911 922 (pu) =p- (911 + 922 )
D22 _ 011 b b
g22 g11 O Pv <A + ﬂ)
u

g11 g22

Then because py, = py, (i-e. it does not matter which order we take mixed derivatives
in), we have
(ko + k1) _ (k1 + k2)u
ki—Fky /), ko—ki ),

o+ 2ky — 1) 2 (K)o (ko — K1)+ (ka)u (o — K1)o) = 0.

which implies
2(((k1>v)u + ((k2>u)v>
ki — ko
Using the Codazzi equations (8.10), we have

<10g &) =0.
922 ) o

In particular, there exist positive functions f;(u) and fa(v) depending only on u and
v, respectively, so that

(fi(w)gi = (fo(v))?ge2 -

Writing u = u(@) and v = v(0) for new curvature line coordinates @ and 0, we have
G12 = by = 0 and §11 = (uq)2g11 and oy = (v5)%ga2, for the fundamental form entries
gij and b;; in terms of @ and . We can choose 4 and © so that ug = f;(u()) and
vy = fo(v(0)) hold. Then §1; = §oo and so @, ¥ are isothermic coordinates. O

FIGURE 14. A typical picture of an envelope on the right, and the
corresponding picture in the R*! model on the left.

Corollary 8.16. Away from umbilic points, one Christoffel transformation x* of an
isothermic surface x = x(u,v) can be taken as a solution of dz* = x,'du — x;  dv.
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Because of dx* = p(dng + Hydzx), we have
0=d*x* =dp A (dng + Hodz) + p- dHy N dz
which gives, with respect to isothermic coordinates (u,v), that

9110, H 0 0y = 9110, Hy )
g11Ho — ba 7 !

The existence of z* then automatically implies the compatibility condition (p,,),
(pv)u, with p, and p, as just above. This pair of equations tells us that p is uniquely
determined once its value is chosen at a single point, and thus the solution p is unique
up to scalar multiplication by a constant factor. Thus the Christoffel transformation
in Corollary 8.16 is essentially the unique choice, up to homothety and translation in
R3. As a result of this, with essentially no loss of generality, we can now simply take
the definition of x* as follows:

8.11 = — _
( ) P g1 Hy —bn

Definition 8.17. The Christoffel transformation of a surface x with isothermic co-
ordinates (u,v) is any x* (defined in R® up to translation) such that dz* = x; 'du —
z; dv.

Definition 8.17 is slightly more general than Definition 8.12, because it can allow
umbilic points in some cases.

Remark 8.18. The function p in Definition 8.12 is generally a constant scalar mul-
tiple of the multiplicative inverse of the mean curvature of z*, seen as follows: The
Christoffel transform of the Christoffel transform (z*)*, with respect to Definition
8.17, satisfies that

d((z*)*) = () du — (22) Hdo = (") Hdu — (=2, ) v = zdu + z,do = da

*

so (z*)* should be the original surface x, up to translation and homothety, with
respect to Definition 8.12. Thus, by scaling and translating appropriately, we may
assume (z*)* = x. Also, if the normal of x is n, then the normal of z* is —n. We
have

dx = d((z")") = p*(dnj + Hydz™) = p*(—dno + Hip(dng + Hodz)) ,
and so
(1= pp*HoHg)dx = (Hgpp™ — p*)dno -
Since dr and dng are linearly independent away from umbilic points, it follows that
pHy =p"Hy=1.

Remark 8.19. When Hj is constant and we have isothermic coordinates, the equations
in (8.11) tell us that p is constant. Thus if !l = 2+ H; 'ng is the parallel CMC surface,
then 2* and 2!l differ by only a homothety and translation of R?. Thus the Christoffel
transformation is essentially the same as the parallel CMC surface to z, as expected.

Remark 8.20. The round cylinder gives one simple example of a Christoffel transform’s
orientation reversing property. For the cylinder z(u,v) = (cosu,sinu,v) in R3, the
normal vector is n = (—cosu, —sinu,0), and the Christoffel transform is x*(u,v) =
(— cosu, —sin u, v) with its normal vector n* = (cos u,sinu, 0). Thus n* = —n. (Note
the comments in Remark 8.11.)
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Lemma 8.21. 5
Proof.
2
(m(dno + Hodx) — z, du + x;ldv) |z, > =
2
— (—k1zydu — kawydv + 2352 (2, du + 2,dv)) + zydu — 2,dv =0
1— R

O

We have already defined the Hopf differential here and in [59], for a surface in R?,
as

Qdz?, Q= (ng,z..) (z=u+1iw).
Corollary 8.22. If Hy is constant for the surface x = x(u,v) in R® with isothermic
coordinates (u,v), then the factor Q of the Hopf differential is a real constant.

Proof.
0 = Nt — 1) = (s — k)l

which is constant by Lemma 8.21 and Remark 8.19. It is clearly also real. U

8.5. Conserved quantities and CMC surfaces. In the next definition, we are
once again considering general space forms M, so the normalization (8.3) is not as-

sumed.
Definition 8.23. We set
_ (zdr* —zdrrw
T \drr  —daz )
If there exist smooth Q and Z in R* depending on (u,v) such that
(8.12) dQ+N2) = (Q+ A2)AT — M(Q + \2)
holds for all X € R, then we call () + AZ a linear conserved quantity of x.

We will describe geometric meanings of (), Z and 7 later in this text.
Some properties of linear conserved quantities are immediate. For example, () and
Z? are constant, X7 =7X =0, X L. Z and X L dZ. We now show these properties:

Lemma 8.24. () is constant.

Proof. Set A = 0 in the conserved quantity equation (8.12). O
Lemma 8.25. X7 =7X =0.
Proof.
2 T T .
since
x
-
Similarly one can show 7X = 0. OJ

Lemma 8.26. If Q + \Z is a linear conserved quantity, then Z? is constant.
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FIGURE 15. P, and P_ are conformal maps from S? and H? to R3,
showing that S?, R3 and H? are Mobius equivalent.

Proof. First note that d(Z?) = Z -dZ +dZ - Z = Z(QT — 1Q) + (QT — 7Q)Z =
(QZ + ZQ)t — 1(QZ + ZQ), since ZT = 17Z. Because QZ + Z() is real, we have
d(Z*) = 0. O

Lemma 8.27. X s perpendicular to both Z and dZ.

Proof. XZ+ Z X is a real multiple of the identity, and is zero because 7(XZ+ ZX) =
7ZX = 7Z17X =7Z-0=0. Thus, X L Z. Next, X -dZ +dZ - X = X(Q1 —
TQ) + (QT —7Q)X = XQT —7QX = (-QX —2(X, Q)[)7 — 7(—XQ - 2(X, Q)]) =
(217 —27)(X,Q) = 0. Thus X L dZ. O

Corollary 8.28. We have Z% < 0 (i.e. Z* = al for some a < 0), and if Z*> = 0,
then Z is parallel to X.

Proof. Because Z is perpendicular to X, and because X is lightlike, Z is either space-
like, or is a scalar multiple of X. So —Z2 > 0, and —Z? = 0 if and only if Z is parallel
to X. U

Furthermore, when Z # 0, we will see that Z2? < 0, see Equation (8.15). (That is,
Z? cannot be zero.)

Remark 8.29. Necessary and sufficient conditions for existence of a linear conserved
quantity can be stated without ever referring to 7 if we wish, as follows: By definition,
a linear conserved quantity exists if and only if there exist Q@ = Q(u,v) and Z =
Z(u,v) in R*! such that the following three conditions hold:

(1) @ is constant,

(2) dZ = QT — 7Q,
(3) ZT =71Z.
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Note that A ; ;
vdr —xdr - x
XdX = (1 — ka?)? (dx —dx - x )
and that (z*), = z;' and (z*), = —z;' and 22 = 22, so
X Xee —2T 0, XXy = g
: u—mT(u)7 : v—mT(v)‘
Then from
(XQ+QX)dX — X(dX -Q+Q-dX)=Q - XdX — XdX - Q
we have
4 2
(XQ+QX)X, = X(X,Q +QX.) = 7= L55(Q - 7(0,) —7(2.) - Q)
and
42
(XQ+QX)X, = X(X,Q +QX,) = Ttz (Q-7(0) = 7(01) - Q)

We similarly have that the third condition above becomes
XX, =XX7Z, ZXX,=XX,Z.
So we can now rewrite the three conditions above, without using 7, as
(1) @ is constant,
(2) (XQ+ QX)X, — X(X,Q + QX)) = oy Zu,
)

(3) (XQ+QX)X, — X(X,Q + QX,) = (b Z,,
4) ZXX, = XX Z, ZXX,=XX,Z.

Properties like these will be utilized to prove Theorems 8.30 and 8.31 below. The
first of these two theorems takes care of the special case that x is a piece of a sphere.

Theorem 8.30. The surface x in any space form is a part of a sphere if and only
if it has a linear conserved quantity that is constant with respect to A\, that is, of the

form Q + X - 0.

Proof. Suppose that = has a conserved quantity @ of order 0. (Here we are not
assuming @ is of the special form in (8.3).) Then @ + AZ will also be a conserved
quantity if 7 = a@), for some constant o € R. It follows from the above lemmas
that () is constant and Z is either spacelike or parallel to X, and Z is perpendicular
to X. In particular, () is constant and perpendicular to X, and is therefore either
spacelike or parallel to X. Thus X lies in the sphere given by S = @), as in (8.9). If
Q@ is lightlike, then X would be a single point, and hence not a surface, so ) must
be spacelike (so the curvature  of the space form M given by @ is strictly negative).
Thus, in fact, X is part of the virtual boundary sphere at infinity of the spaceform
given by (). It follows that X will be part of a finite sphere in other choices for the
space form.

Computationally, this can be seen as follows: Q4 A-0 is a linear conserved quantity,
and the equation for linear conserved quantities implies Q7 = 7). With @ in the
form (8.3), it follows that the two equations

dr* = —kxdr*r , xdx* = —dx*x
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hold. This in turn implies dz* = k2?dx*, and so one of
1—k2>=0 or dz*=0

must hold. However, because dx* = z; 'du — x, 'dv is never zero, we know that the
first of these two equations must hold, and so « is a portion of a sphere (and x < 0).

Conversely, in the case that x is part of a sphere, then there exists a constant S = @)
that is perpendicular to X, and it follows that Q = Q@+ X-0 itself is a linear conserved
quantity, by the four conditions at the end of Remark 8.29. (Note that differentiation
of XQ + QX =0 gives dX - Q + Q- dX = 0, because @ is constant.) O

Theorem 8.31. [26] An isothermic immersion x = xz(u,v) without umbilic points
has constant mean curvature in a space form M (produced by Q # 0) if and only if
there exists (for that Q) a linear conserved quantity @ + \Z.

Proof. Assume that x has a linear conserved quantity. We can take ) as in (8.3), and
denote the components of Z by

7 = (Z Z“’) e R4
zZ0 —RX

The above lemmas tell us that XZ + ZX = 0 and X 1 dZ, which, respectively,

imply
rz— 1220+ 204+ 200 =0 and xdz —2?dzg+dzr+dze = 0.

Differentiating the first of these two equations, and then applying the second one, we
have
dr -z — (xdr +dx - x)zo + zdx =0,
which implies z must be of the form
z=zy-x+h-ng
for some real-valued function h. Then
z(z0x + hng) — 2220 + (200 + hng)x + 200 = hang + 202 + hnex + 200 =0,

SO

Zoo = —h(xng + npx) — 2072 .

2
o r —X Ng —Nogx — TNy
Because Z2 is constant,

(20 + hng)? — zoh(zng + nox) — 252> = —h*/4

Thus

is constant, and so h is constant, and then also ||Z]| is constant and nonnegative.
A direct computation, using ngdz* 4+ dx* ny = 0, now shows that Z7 = 77, so the
condition Z7 = 77 coming from Equation (8.12) provides no extra information. The
relation dZ = Q1 — 7Q from (8.12) gives that

dzo = k(x - dz* + dz* - x) and dzg - x + zodx + hdng = dx™ + Kedxr*x .
These two equations give us a pair of (real) equations that are linear with respect to
both h and zy. Solving simultaneously for i and zj tells us that
2(1 — kz?)

8.13 h=——F-—">=
( ) l’i(kﬁQ — kl) ’
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which we know to be constant, and that

Equations (8.13), (8.14) and & being constant then imply
2(1 — kz?)
dzy = hdHy = ——=<dH, .
<0 0 22 (ks — k1) 0

Then using that dzg = k(zdx* + do*z), and that do* = 2, 'du — x; 'dv, we find that
(8.7) holds, and so H, is constant. One direction of the theorem now follows.

To prove the converse direction, assume that x is a CMC surface with isothermic
coordinate z = u + v, then the Hopf differential is a constant multiple of dz? (see
Corollary 8.22 here for the case when the space form is R* and Equations (5.1.1) and
(5.2.1) in [59] for other space forms). Thus, looking at the end of the proof of Lemma
8.5, we see that
4ZL’12L(]€2 — ]{51)

bll - b22 =

1 — ka?
is constant, and so
~2(1 = ka?)
 22(ky — ky)

is also constant. Take @ as in (8.3), and then take

A ng —rng — NeT
2eimn(5 ) ety o).
Then set the candidate for the conserved quantity to be P = (Q + A\Z. Noting that

dr* = x;'du—z;'dv, and 7 is as in Definition 8.23, a computation gives dP + A\7P —
PAT =0, by Equation (8.7), so P is indeed a linear conserved quantity. O

In Theorem 8.31, for given (), when z is constant mean curvature and not totally
umbilic, then Z is unique. In fact, in the proof above we saw that Z has the unique
form

Z — hi, <x + Hy'ng —a% — Hy ' (now + xno)) 7

1 —z — Hy'ng
where h is the constant as in (8.13). Furthermore, because 1 — kx
cannot be zero, so the norm of Z satisfies

(5.15) 1)1 = 311 > 0.
In particular, ||Z|| # 0.

Also, by Lemma 8.5, the mean curvature satisfies

(8.16) H. = —2h1(Z,Q) = —sgn(h)H—;H<Z, Q).

2 is never zero, h

In particular, if || Z]| = 1, then the mean curvature is £(Z, )). Note that any constant
scaling of the linear conserved quantity is still a linear conserved quantity, and will
change the mean curvature by a constant multiple.

Next, noting that zg = hHp, Lemma 8.10 tells us that Z determines a sphere, as
in (8.9), in M, with mean curvature

20, [nlHy

+ —
2| Z]] 2-5h|

= +|Hy|,
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so the mean curvature of this sphere is the same as the mean curvature of the surface.

In particular, once we know that the surface and the sphere are tangent, Lemma 8.5
implies that Z determines a sphere congruence for which each sphere has the same
mean curvature as the mean curvature at the corresponding point on the surface,
regardless of the choice of space form (i.e. the choice of value k). Thus Z is the mean
curvature sphere congruence (perhaps first defined by Sophie Germain in the first half
of the 19’th century), once we know that the spheres determined by Z contain the
corresponding points X in the surface and are tangent to the surface, which follow
from the next lemma. (In particular, it is not necessary that the surface be of constant
mean curvature. We also note one must check that Z and X have common orientation

as well, and we leave that to the reader.) In fact, the next lemma reconfirms Lemma
8.27:

Lemma 8.32. (X, 7) = (dX,Z) = 0.
Proof. (X,Z)-1 =—(XZ+ ZX)/2=01is now immediate. (dX,Z) -1 =—(dX-Z+
Z-dX)/2 = 0 follows from dx-ng+ng-dr =0, i.e. dr and ng are perpendicular. O

Lemma 8.33. The mean curvature sphere congruence Z can be characterized as the
conformal Gauss map of the surface X (a notion introduced by Robert Bryant), i.e.

the unique enveloped sphere congruence that induces the same conformal structure as
X.

Proof. That Z is the conformal Gauss map can be seen from the following computa-
tion (we do not show uniqueness here):

(dZ,dZ) = —h*(H3dx* + Ho(dwdng + dnodzw) + dn?)
= =Rl (3 (k1 + ko) (du® + dv®) — (k1 + ko) (kydu® + kodv®) + kidu® + k3dv?)
= —1n%22 (ki — ko)*(du’® + dv?) .
O

Lemma 8.34. The mean curvature sphere congruence Z can also be characterized
as the central sphere congruence (a notion perhaps first defined by Darbouz), i.e.
the sphere congruence whose spheres exchange the principal curvature spheres via
1MVErsIon.

Proof. Let X = X (u,v) be a surface. Take

_ _ ¢ goo 4,1
T=T(u,v)= (fo _f) eR
such that ||T|| =1 (i.e. T lies in the de Sitter space S*!) and
(T,Q) = (T, X) = (T,dX) = 0,

with @) as in (8.3). These conditions are equivalent to
o (?+lylo =—1,
o [ ok+Ly=0,
o (x4 al + o — 224y =0,
o (-dr+dx-l— (v -dv+dr-x)ly=0.
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Set

{ Ay 2t r —z? 7 Zx
sereor= (L 5) e 2 () = (2 ).

Then S; also lies in S*! and is perpendicular to both X and dX. By Remark 8.8, the
S; represent all of the tangent spheres to X. Then, by Equation (8.8) and Lemma
8.10 and a direct computation, the mean curvature of the sphere S; with respect to
the space form M, is

ol £ Jal 2

— - ———kK
Then, if k; are the principal curvatures of X, Sj, and Sy, are the principal curvature
spheres. By Lemma 8.9, when Z is the central sphere congruence, we should have
that

=*+t.

Sty = Sk, — 2(Sk, Z) - Z .

However, as we wish to have an inversion that preserves orientation rather than
reversing it, we change Sy, to —Sk,. This does not change the sphere itself, as Sy, is
defined only projectively anyways. Thus the equation becomes

(8.17) — Sk, = Sk, — 2(Sp, Z) - Z .

Now the image of Si, under inversion and Sy, itself will have the same orientation.
We have that Z = S, for some ¢, and so we can now compute from (8.17) that

1
t: §(k51+k2),

i.e. tis the mean curvature. Thus the central sphere congruence is the same as the
mean curvature sphere congruence. 0

Lemma 8.35. The mean curvature sphere congruence Z can be characterized as
the sphere congruence that has second order contact with the surface in orthogonal
directions.

Proof. Principal curvature spheres, second order contact and orthogonality are exam-
ples of M6bius invariant notions, because they are invariant under Mobius transforma-
tions (such as mapping from one space form to another, as in Figure 15, or inverting
through a sphere). Because only M&bius invariant notions appear in this proof, with-
out loss of generality we may assume that the surface X (u,v) lies in My = R3.

Let Z be the mean curvature sphere at a point X (ug,vg) of the surface. Then
X (ug,vg) is one point of the sphere Z. Let p be a different point in Z and let S be
a sphere with center p that intersects Z transversally. We apply inversion fg of R3
through the sphere S, so that the point p is mapped to infinity and the sphere Z is
thus mapped to a flat plane fg(Z). The image fs(X (u,v)) of X (u,v) under inversion
will satisfy H = 0 at the point fs(X(ug,v9)). Thus the asymptotic directions of
fs(X (u,v)) at that point are perpendicular to each other, and are also the directions
of second order contact with fs(Z). This completes the proof. O

We now explain the conserved quantity equation in terms of the Calapso transfor-
mation, in order to motivate a definition used in the discrete setting. But first, we
consider:
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8.6. Inverses of quaternionic matrices and Mob(3). The Mobius transforma-
tions are the maps from S? to S? that take 2-spheres to 2-spheres. We now describe
them algebraically, using quaternionic matrices.

First we need the following lemma, which follows from the properties Re(z) = Re()
and Re(zy) = Re(yx), where x and y are quaternions:

Lemma 8.36. For a,b,c,d € H, we have
Re(abed) = Re(deba) = Re(badc) = Re(beda) .
For later use, we also give the following lemma:

Ij;ﬂzmma 8.37. Suppose that p,q,r,s € ImH and (p —q)(q —r)(r — s)(s —p) € R.
P—a)g—r)r—=s)(s—p)=(s—p)r—s)(g—r)p—q) =
(g=r)p—a)(s=p)r—=s5)=(q=7)r=s5)(s—p)p—q).

Take a quaternionic 2 x 2 matrix

a b
(4 1)
Then the Study determinant [T] of T is the determinant of T - T, i.e.

[T] = (aa + bb)(ce + dd) — (ac + bd)(ca + db) = |a|?*|d|* + |b|*|c|* — bdca — aedb ,
and this is clearly a real number. (Note that det T itself is not a well defined notion,
as quaternions do not commute.) When [T] # 0, we can define the inverse of T" as

-1 L (ldPa—cdb |b]*c— abd
(7] \|¢|*b — dca |a|*d —bac) °
One can check that T7'T = TT~! = I, by using Lemma 8.36.
In general, for A € R*', TAT~! might not lie in R*!, i.e. we might not have

T Tso
Trg —X

TAT—1:< ) To,Too €ER, z€ImH .

To avoid such a problem, we define a set, call in GG, as all 2 x 2 quaternionic matrices
T so that

(8.18) bd+db=ac+ca=0, ad+chbeR
and
(8.19) ad+¢cb #0 .

Then (8.19) implies

[T] = (ad + ¢b)(ad + ¢b) > 0
and 7" € G will have an inverse. By Equation (8.18) and the fact that ad + ¢b # 0,
we find, when

T
Az(y( OO), relmH, a,x9,2s €R,

g —T

that
[T] - TAT ' =
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e _ axcz — bxc axf_) — bxa bcz b@ ac aa 11
= alad +cb) - {(cxd —dxc cxb— dxc_z) * o (dd db) + Too (cé CC_L):| cR™.
In particular, we have TAT~! € R*!. If, furthermore, o = 1 and z,, = —22, i.e.

A € L*, then we also have that TAT ! is in L*, and this follows from the property
(D) =[] [1], TeG,

for Study determinants.

The set G is a group. For example, if 77 and T3 are in GG, then so is T175.

When A is an element of L*, and consequently TAT ! is as well, the ratio of the
upper left and lower left entries of TAT ! will be (ax + b)(cx +d)~' € Im H. In this
way, the T' € GG are related to Mdbius transformations by

(8.20) (T = (Z’ Z)) vz = (az 4+ b)(cx +d)L.

Thus, when A € L, then TAT ! is essentially the same map as (8.20).

Note that, in Equation (8.20), we place the inverse (cz + d)~' to the right side of
(ax +b). (Because quaternions do not commute, placing this term on the other side
would not give the same result.)

Remark 8.38. In fact, Equation (8.20) gives both orientation preserving and orien-
tation reversing Mobius transformations. For example, ImH > 2 — (0- 2z + 1)(1 -
r+0)' = 27! = —z/|z|> € ImH is orientation preserving, while InH > x —
(0-2—1)1-2+0)"'=—2"! =2/|z|* € ImH is orientation reversing.

Furthermore, because

(TAT™', TBT™Y) = (A, B)

for any A, B € R*!, the map A — T AT~ is an isometry of R*!.

When k # 0, i.e. when @ as in (8.3) is not null, M, has a particular M&bius

transformation called the antipodal map, which we now describe: A point X in M,
can be decomposed as

)
X L(T x):A‘i‘K}_lQ?

1 — ka? -

2 X —£E2 1
Aerm () e
is perpendicular to ). The antipodal map is
A+r7'Q - —A+£7'Q,

that is, we are moving the point X to another point in M, that is on the opposite
side of (). Since

B 9 klel (ki)
— 1 —
A+ 1 — k(K= tz=1)? ( 1 —k a7t )

the antipodal map is the Mobius transformation r — =

where

1 1

x .
Remark 8.39. Mobius transformations of the ambient space preserve the conformal
structure of the space, so will preserve the conformal structure of any surface inside
the space as well. Furthermore, Mobius transformations will preserve contact order
of any spheres tangent to the surface, and so will preserve the principal curvature
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spheres. It follows that if x(u,v) is an isothermic parametrization of a surface, it will
remain an isothermic parametrization even after a Mobius transformation is applied.

Definition 8.40. Mob(3) is the collection of Mdobius transformations L* 5 A —
TAT '€ L*, forT € G.

Remark 8.41. Mob(3) is a 10-dimensional object, while G is an 11-dimensional object.

Now we make some comments about Mébius transformations in general dimension.
Mobius transformations of the n-dimensional sphere S, n > 2, are maps that take
points in S” to points in S™ and also hyperspheres in S™ to hyperspheres in S".
We denote the collection of Mébius transformations of S™ by Mob(n). We have the
following facts:

Fact: Let Conf,(n) denote the global conformal transformations of all of S™, and
let Conf,(n) denote the local conformal transformations of local domains of S”. Then

Mob(2) = Conf,(2) C Confi(2), Conf,(2)# Confi(2)
and
Mob(n) = Conf,(n) = Confi(n)
for n > 3.
The reason the case n = 2 is different is that holomorphic functions from C to C
can be pulled back by the inverse of stereographic projection to maps from S? to S2,

and those maps are generally in Conf,(2) but not in Conf,(2). This occurs only in
the case n = 2.

Fact: Let f € Confy(n) with n > 3. Let M C S™ be a smooth hypersurface. Then
p € M is an umbilic point if and only if f(p) C f(M) is an umbilic point as well.

Remark 8.42. O(n+1,1) is the set of orthogonal transformations of R™™! and these
transformations preserve the set of lines in the light cone, as well as the set of spacelike
lines, and
O(n+1,1)
{£1}
and in fact, these two sets are equal.

C Mob(n) ,

Remark 8.43. Projective transformations are maps from projective space PR"*? to
PR"*2 ie. from lines in R"*2 through the origin to lines in R"*2 through the origin, so
that ”lines of lines”, which can generically be represented by lines in {x,,,2 = 1} (2,42
is the final Cartesian coordinate of points (21, ..., Z,42) € R"™2), get mapped to ”lines
of lines”. The fundamental theorem of projective geometry, a nontrivial result, is this:
Any projective transformation comes from a linear map of R"™2. Then, regarding
R"™2 as R""1! (i.e. changing the Euclidean metric to the Minkowski metric), those
projective transformations that preserve the light cone are equivalent to Mob(n).

8.7. Calapso transformations. In the following definition, the surface x lies in
some space form M, but since we are dealing with a Mobius geometric notion, the
choice of space form will not matter.

Definition 8.44. Let v = x(u,v), with associated X = X (u,v) € M, be an immersed
surface with isothermic coordinates u,v. A Calapso transformation 7' € Mob(3) is a

solution of
T7YT = M7 .
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Then the transform ImH > v — T xx € ImH, where x denotes the Mobius transfor-
mation as in (8.20), or equivalently L* 3 X — TXT~' € L*, is a Calapso transform.
(We can also call it a T-transform or conformal deformation.)

a b
()
then the equation d1T' =T - AT gives
(bd + db), = (bd + db), = (ac + ¢a), = (ac + ¢a), = (ad + ¢b), = (ad + ¢b), =0,

and so if the initial condition for the solution 7" lies in Mob(3), then 7" will always lie
in Mob(3).

Remark 8.45. If we write T as

Remark 8.46. Although we will not be particularly precise about this, we will gener-
ally use the word ”transformation” when the object under consideration is a procedure
toward a separate goal, and the word ”transform” for the desired goal.

The Calapso transformation is classical, and was studied by Calapso, Bianchi and
Cartan. It preserves the conformal structure and is thus of interest in Mobius ge-
ometry. In the case that the starting surface is CMC, it is the same as the Lawson
correspondence (see Remark 11.27), which is an important transformation in the
differential geometry of CMC surfaces.

Lemma 8.47. If x is isothermic, then Calapso transformations exist.

Proof. The compatibility condition for the system

T'T, =\, U= (915) ' (1 —x)

T'T, =V, V=-— (”13) (1 —a)
to have a solution 7' is
AUV =VU)+V,-U,=0,
and this condition holds precisely because of the conditions for isothermicity, that is
(8.21) mi = xz , Tuly +Tyx, =0, z,, = Az, + Bx,

for some functions A, B. By Remark 8.45, we have that T always lies in Mob(3) if
it does at any one point, i.e. if the initial condition for T" is chosen to be in Mob(3),
completing the proof. O

If the surface x has a linear conserved quantity P = Q) + AZ, then
dP + AP — PXt =0
holds, i.e. dP +T7dT - P — P-T7'dT = 0, which is equivalent to
(8.22) d(TPT™Y) =0,

that is to say, TPT ! is constant. It is TPT ! being constant that we will use to
define discrete CMC surfaces, just as it defines smooth CMC surfaces, by Theorem
8.31.

In Mobius geometry (in the space R*!), isothermic surfaces are deformable (Calapso
transformations), and this deformation preserves second order invariants in Mobius
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geometry, such as conformal class, and conformal class of the trace-free second funda-
mental form. (Note that for surfaces in Euclidean geometry, a nontrivial deformation
will never preserve the second order invariants, i.e. the first and second fundamental
forms, of Euclidean geometry.)

Remark 8.48. Because

At =T7YT,
A1 can be thought of as the logarithmic derivative of the Calapso transformation.
8.8. Darboux transformations. For smooth surfaces, a Darboux transform is one
such that

e there exists a sphere congruence enveloped by the original surface and the
transform,

e the correspondence, given by the sphere congruence, from the original surface
to the other enveloping surface (i.e. the transform), preserves curvature lines,

e this correspondence preserves conformality.

However, we will define Darboux transformations in a different way, as in the
following definition:

Definition 8.49. Let T' be a Calapso transformation of X. Then X in PL" is a
Darbouz transformation of X if T - X = TXT~ is constant in PL* for some choice

of \.

We can refer to the equation that 7" - X is constant as Darbouz’s linear system.

Here )
TXT ' =T (a (x - )) 71
1 —z

being constant in PL* means that
T =22\,
(8.23) d(rT (1 _j) T7°)=0
for some function » € R. This is equivalent to the equation
(8.24) Az = N2 — z)dz* (2 — z)
as we now show:

Lemma 8.50. Equations (8.23) and (8.24) are equivalent.

Proof. Equation (8.23) is equivalent to the following four equations:
dr + rA(dz*(z —x) + (2 — x)dz*) =0,
(xdx™ 4+ da*z)d — (xdx™ 4+ da*z) =0,
dr - & +r\(xdx*3 — xdx*z — 2ode* + 2*dx*) +rdi =0,

—dr - #* + r\(—xdz*3® + xdr*vi + Frde*r — 2datz) — ridi —rdi -3 =0 .
Note that dz*(& — ) + (& — z)dx* is real-valued, so the first equation will define the
real-valued function r. Also, note that xdz* + dx*z is real as well, so the second
equation automatically holds. Substituting dr from the first equation into the third

equation, one arrives at Equation (8.24). The fourth equation is then automatically
true, again using that xdx* + dx*x is real. O
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An equation of the form y" = f(y), where f(y) is a quadratic polynomial, is called
a Riccati equation, so Equation (8.24) is a Riccati-type partial differential equation
(where y becomes ). Because of this, at the end of this chapter we include a short
appendix containing some well-known facts about the Riccati equation.

Equation (8.24) is in turn equivalent to the matrix product

T
(i)
being constant, which means that

d(T (f) h) =0

for some quaternionic-valued function h € H.

Remark 8.51. Note that we could rescale X in Definition 8.49 so that T - X is not
only constant in PL*, but is constant in L* as well, if we wish.

Remark 8.52. When the surface x has a linear conserved quantity ) + A\Z, one pos-
sibility for a Darboux transform is to take X = Q@ + \oZ with A = \g chosen so that
||X|| = 0. This would be a special case of a Baecklund transform (called a ”comple-
mentary surface”, and we will come back to this in Chapter 11, after we have defined
polynomial conserved quantities).

Remark 8.53. We do not define Baecklund transforms until after we have defined
polynomial conserved quantities in Chapter 11. However, for now, let us just mention
that more general Baecklund transforms can be obtained by this recipe:

e we take a surface x with a linear conserved quantity P = Q + \Z,

e we pick a value A = pu,

e we pick an initial condition 2, for a possible surface Z, at some point p in the
domain of x, such that

N a2
(7 23) L ren,

—7,
e we solve the Riccati equation (8.24) for .

Actually, we can choose either p or &, first, and then choose the other. This gives a
3-parameter family of Baecklund transformations, generally not preserving topology
of the surface x of course (when x is not simply connected).

We now give a characterization of CMC surfaces in terms of Christoffel and Darboux
transformations, see Theorem 8.56 below. First we give some preliminary results.

Lemma 8.54. If vi,v9 € ImH and |vi| = |va|, then there exists @ € H such that
1

é’vlc_i_ = V2.

Proof. The idea is to show that any rotation of R?® ~ ImH can be written as ImH >
w — awd ' € ImH for some @ € H. Set @ = cosf + v - sinf, for some arbitrary
v € ImH, |v| = 1, and then @' = cosf — v -sinf. If w is parallel to v, then
w = Av for some A € R and qwa—! = w. If w is perpendicular to v, then qwa ! =
cos(20)w + sin(20)(v x w), which is a rotated image by angle 26 of w about v. So

w — awd ! represents an arbitrary rotation of R3. O
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The following is easily shown:
Lemma 8.55. The @ in Lemma 8.5/ is unique up to choices rid+roavy forry,re € R.
We now come to that characterization of CMC surfaces:

Theorem 8.56. A smooth surface x in R® has constant mean curvature if and only if
some scaling and translation of the Christoffel transform z* equals a Darboux trans-
form & (given by some specific value of ).

Proof. Assume x is a CMC surface. Then z* is the parallel CMC surface, by Remark
8.19. To show x* is a Darboux transformation, we must show, by Definition 8.49 and
Equation (8.24), that dz* = A\(z* — z)dx*(z* — z) for some A € R. Because z* is the
parallel CMC surface, we have z* = x + H;; 'ng, and then taking A = —H2/n32 gives
that x* is a Darboux transform.

Now we show the converse direction, proven by Udo Hertrich-Jeromin and Franz
Pedit in the paper [74]. Assume Z is a Darboux transform of z, and that & = a-z* +b

for some constants a € R\ {0} and b € ImH. So there exists A such that di =
AT — z)dz*(Z — z), that is,
adz* = Maz* + b — z)de*(az* + b — ) .
Thus
adr* = —Naz* + b — x)de* (ax* + b — ) Vaz* +b— x| |
Because (az* + b — z)dz*(az* + b — 2)~* has the same norm as that of dz*, we have

that |2 — z|*> = £a\~! is constant.
Suppose

|& — 2| = —aX7!.
Lemma 8.55 implies

ar* +b—x=r1-14+ry-1-a,  =rg-147ry-1-2,"

1

for some r; € R, so linear independence of z,! and z, ! gives

ImHEax*—H;—x:TGR,

for some real constant . Thus r =0 and x = & = ax™ + l;, which is a contradiction.
Thus we have
12— 2> = +a\ !
is constant. Now again, Lemma 8.55 implies

az* +b—x = ring + rongx, 't = r3ng + raneT,

So ar*+b—x = r-ng for some constant r € R. So dz* = a~'dz +ra~tdng. Definition
8.12 implies  has CMC Hy = &r~1. U

Corollary 8.57. Let x be a CMC surface in R®. Let & be both a Christoffel and
Darbouz transform, as in Theorem 8.56. Then, |& — z|? is constant, and & — x is
perpendicular to x, and T is a parallel surface of x up to scaling and translation.
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8.9. Other transformations. Here we make some brief remarks about two other
transformations. The interested reader can consult other sources for more complete
information about them.

If one disregards some degenerate cases, Ribaucour transforms (like Darboux trans-
forms) preserve curvature lines, but (unlike Darboux transforms) they do not neces-
sarily preserve the conformal structure. A simple example of a Ribaucour transform
of a surface in R? is its reflection across a plane, which is not a Darboux transform.
So Ribaucour transformations are more general than Darboux transforms.

In the case of a CMC H # 0 surface, a Goursat transformation is the compo-
sition of three transformations, first a Christoffel transformation, second a Md&bius
transformation, and third another Christoffel transformation.

In the case of a minimal surface, a Goursat transformation is as follows: lift a
minimal surface to a null curve in C3, apply a complex orthogonal transformation
to that null curve, and then project back to R3. It is a Mdobius transformation for
the Gauss map. One example of this is a catenoid being transformed into a minimal
surface that is defined on the universal cover of the annulus, and a picture of this can
be found in Section 5.3 of [72].

8.10. Appendix: comments on the Riccati equation. As promised before when
we discussed Darboux transformations, we include some basic facts here about the
Riccati equation

y'(2) = a(z)(y(2))* + b(a)y(x) + c(z) . alz) #0.
Set v = a -y, and then
vV =1v!4+Rv+S, R=a'd+0b, S=ac.
Let u satisfy v = —u'/u. Then
v — Ru' 4+ Su=0,
which is a linear second order ordinary differential equation, so there is a method for
finding all solutions u. Taking any such solution u, we have one solution
_u/

Yo = ——
au

to the Riccati equation. From gy, we can obtain all solutions y to the Riccati equation
as follows: Let y be any solution, and define z by y = yo + 2~!. Then (yo + 1/2)" =
a(yo +1/2)* + b(yo + 1/2) + ¢, and because yq itself is also a solution, we have

2+ (2ayo +b)z+a=0.

This is a linear first order ordinary differential equation, so again all solutions z can
be found. These solutions z then give the general solutions y = yo+1/z of the Riccati
equation.

Remark 8.58. The Schwarzian derivative S(w) of a function w is

- (2 1)

It has the property that it is invariant under Mobius transformations of w. It is also
related to CMC surface theory, and, in particular, it is very useful in the study of
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CMC 1 surfaces in hyperbolic 3-space H? via the Weierstrass representation found by
Bryant [24] and developed further by Umehara-Yamada [163]. Consider the equation

S(w(z)) = f(z) .
We wish to find a solution w. Setting y = w”/w’, we have the Riccati equation
v =57+
We take u as above solving
(8.25) ' —Ru' + Su=u"+35fu=0.

We have y = —2u’/u. We then integrate (w”/w') = —2(u//u) to see that w' = cu™?
for some constant c. Any other solution @ of (8.25) will give that 4'u—awu' is constant,

so we can take
. u— @\’
Ww=———=(—-] .
u? u
This implies that we can take the solution w to be w = @/u.

9. A CONSERVED QUANTITIES APPROACH TO DISCRETE CMC SURFACES

Our purpose in this chapter is to present a definition for discrete constant mean
curvature (CMC) H surfaces in any of the three space forms Euclidean 3-space R3,
spherical 3-space S® and hyperbolic 3-space H?. This new definition is equivalent to
the previously known definitions [19] in the case of R? (and we will show this in this
text as well, in Lemmas 11.13 and 11.14). It also satisfies a Calapso transformation
relation (the Lawson correspondence), suggesting the definition is also natural for the
space form S3, and for CMC surfaces with H > 1 in H?. The definition is the first
one known for CMC surfaces with —1 < H < 1 in H?.

This chapter falls under the category of “discrete differential geometry”, which is
sometimes abbreviated as “DDG”, and many researchers now work in this and related
fields. Here we list some of those researchers, but we first note that this list includes
only people whose work is in some way related to the viewpoint presented in this
text — and even with this restriction is by no means a complete list: Sergey Aga-
fonov, Andreas Asperl, Alexander Bobenko, Christoph Bohle, Folkmar Bornemann,
Ulrike Buecking, Fran Burstall, Adam Doliwa, Charles Gunn, Udo Hertrich-Jeromin,
Michael Hofer, Tim Hoffmann, Ivan Izmestiev, Michael Joswig, Axel Kilian, Yang Liu,
Vladimir Matveev, Christian Mercat, Franz Pedit, Paul Peters, Ulrich Pinkall, Kon-
rad Polthier, Helmut Pottmann, Jurgen Richter-Gebert, Wolfgang Schief, Jean-Marc
Schlenkev, Nicholas Schmitt, Oded Schramm, Peter Schroeder, Boris Springborn,
John Sullivan, Yuri Suris, Johannes Wallner, Wenping Wang, Max Wardetzky.

9.1. Discrete isothermic surfaces. Consider a discrete surface f, € ImH (recall
that ImH is the imaginary quaternions), which we can consider to be a discrete
surface in Euclidean 3-space, since ImH is equivalent to R? as a vector space (and we
sometimes say this by writing ImH = R3). Here p is any point in a discrete lattice
domain (locally always a subdomain of Z?). Consider any quadrilateral in the lattice
with vertices p, q, r, s (i.e. the points (m,n), (m+1,n), (m+1,n+1), (m,n + 1),
respectively, for some m,n € Z) ordered counterclockwise about the quadrilateral.
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We change the notation ”x” for surfaces in the previous chapter to ”§” here. This
is for distinguishing between smooth surfaces, always denoted by ”x”, and discrete
surfaces, always denoted by 7§”.

It would be natural to assume that the points f,, f,, f, and fs are coplanar, so that
they are the vertices of a planar quadrilateral in R?, and thus the surface is comprized
of planar quadrilaterals connecting continuously along edges. It is even better if the
points f,, f,, f» and f, are concircular (i.e. all lie in one circle), because then we could
extend the notion of a surface comprized of planar quadrilaterals to the cases that
the ambient space is S® or H?, cases which we will consider later in this chapter. In
fact, once the vertices are concircular, there is actually no further need to think about
"planar faces”, as all the necessary information is encoded in the circle itself. We will
soon restrict to the concircular case, but for the moment we make no assumptions
about the positioning of f,, f,, f, and f,.

We define the cross ratio of this quadrilateral as

Gpgrs = (Fqg — Tp) (fr — fq)_l(](s —f)(fp — ](8)_1 .

(We are using ¢ to denote both the cross ratio and one vertex of the quadrilateral,
but this will not cause confusion, since it will always be clear from context which
meaning ¢ has in each case.)

This cross ratio is not invariant with respect to conformal transformations of R?,
but such an invariance almost holds, in the sense that we can produce a conformally
invariant version of the cross ratio by changing it into a complex valued object, defined
up to conjugation, as follows:

Apars = Re(@pgrs) £ 4 [Im(gpgrs )| -
Lemma 9.1. G,qr5 15 a Mobius invariant.
Proof. Applying the following maps to the space ImH:
ai + bj + ck — rai + rbj + rck
ai + bj + ck — ai + bj + ck + (api + boj + cok) ,
ai + bj + ck — —ai + bj + ck ,
ai + bj + ck — (cos(f)a — sin(0)b)i + (sin(d)a + cos(0)b)j + ck ,
ai + bj + ck — (cos(0)a — sin(0)c)i + by + (sin(f)a + cos(f)c)k
ai +bj + ck — ai + (cos(0)b — sin(f)c)j + (sin(0)b + cos(0)c)k
ai +bj + ck — (ai +bj + ck)/(a® +b* + *) ,
where 0,1, ag, by, ¢y are any real constants, and a, b, ¢ represent coordinates of ImH =
R3, we find that both Re(q) and |[Im(q)||* are preserved in all seven cases. These
seven maps are a dilation, a translation, a reflection, three rotations, and an inver-

sion, respectively, that generate the full Mébius group (including orientation reversing
transformations). It follows that ¢ is a Mobius invariant. O

For p;,pr € ImH, taking the corresponding P;, P, € M, as in (8.1) and (8.4), we
have the R*! inner product
2(p; — pi)’
(1 —rpf)(1 = kp)

(9.1) (P, ) =
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as in (8.2). As in Remark 8.1, we can freely scale P; and Py to o;P; and oy P, and
then (P;, P) will scale to ooy (P;, Py). However, writing the cross ratio in terms of
such inner products, we find it is invariant under such scalings. A direct computation
gives the following general formula for the cross ratio:

Lemma 9.2. For pi,ps, ps3,psa € ImH, we have ¢y, popsp, =

(P, P2)(Ps, Py) — (P1, P3)(P3, Py) + (P1, P)(Py, P3) £ \/det((P;, P});i j=1,234)
2<P1,P4><P2,P3> .

In particular, setting s;; = (P;, P;), then

. S12834 — S13504 + S14S23 £ VE
q - 2 )
514523

o2 2 2 .2 2 2
where £ = 5719534 + 513524 + 514523 — 2813814823824 - 2812814823834 — 2812813824834.

Because

€= %(812834 - 814823)2 + %(812834 - 813824)2+

1 2
5(813824 - 814823) — 812523534514 — 512524513534 — 513514523524

it is not clear from straightforward algebraic considerations that £ < 0. However,
this does indeed hold, for geometric reasons:

Lemma 9.3. £ <0.

Proof. Because the P; all lie in the light cone, span{P;, P, P5, P;} is a Minkowski
space (i.e. the induced metric on this vector subspace is not positive definite). There-
fore, we can choose a basis e, ey, €3, e4 of this space so that
llea[* = [lea]|* = [les]|* = —[leal|* = 1 and (e;, e;) =0
for 7 # j. Writing P; = ayje; + agjes + asjes + agjeq in terms of the basis eq, es, €3, ey,
we have that
& = det((F;, Pj>?,j:1) =
t

ail a2 aiz Qiq 100 O ail a2 aiz Qiq
— det G21 Q22 (23 A24 010 0 G21 Q22 (23 A24
ag1 azz az3 as34 001 O ag1 azz az3 as34
aq1 Q42 Q43 Q44 000 -1 aq1 Q42 Q43 Q44
The lemma follows. O

Now let us assume that for every quadrilateral with vertices p,q,r, s, the image
points fp, fq, fr, fs are concircular, with corresponding F,, Fy, F}., Iy € M,.. This makes
the cross ratios all real-valued. In fact, once the cross ratio is real, then the value ¢
of the cross ratio, along with the values of F}, and F, and Fj, determine that F, is

©2) F-a (F + {0 DB PIF+ (a7 = 1)(F, qu})

for some real scalar a;, by Lemma 9.2. In this way, the cross ratio gives a parametriza-
tion of the circle containing f,, f, and f,.
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Remark 9.4. If §,, f4, fr and f, all lie in the circle determined by the intersection of
two distinct spheres S; and Sy given by spacelike vectors S; and Sy, see (8.9), then
fps Tqs Trr fs € S1 N Sa, or equivalently,
Fp, Fq, Fr, Fs 1 span{Sl, 82} .
This implies that F,, Fy, F, and Fy all lie in a 3-dimensional space.
Furthermore, we consider the following additional condition:

Definition 9.5. When, for every quadrilateral, we can write the cross ratio as
Gpqrs = pg/aps € R
so that the cross ratio factorizing function a.. defined on the edges of § satisfies
(pg = asr € R and aps = agr € R,
then we say that § is discrete isothermic.

Note that the a., are symmetric, i.e. a,, = a4, for any adjacent p and q.
Definition 9.5 is equivalent to the Toda equation

d(m—-1,n—1)4(m,n) = d(m,n—1)4(m—1,n)

being satisfied, where the cross ratios

n,n) = q@n,n),(m+1,7),(m~+1,a+1),(10,7+1)

are all real.

9.2. Isothermicity from the perspective of smooth surfaces. One viewpoint
on what a ”discrete isothermic surface” is, as in Definition 9.5, is as follows: Take
a smooth surface z. Give it curvature line coordinates z = x(u,v), so z, L .
(Curvature line coordinates always exist away from umbilics.) Then the first and
second fundamental forms are

g O bii 0
( 0 922) ’ < 0 522)

One can always stretch the coordinates, so that © = z(u,v) = x(u(u), 0(v)) for any
monotonic functions 4 depending only on u, and © depending only on v. Note that
(xg,x5) =0, and xg5 = xm,g—g% implies (27, ]\7> =0, so (u,v) are also curvature line
coordinates. The surface is then isothermic if and only if there exist @, v such that
the metric becomes conformal, i.e. (zz, zz) = (x5, x5), and this is equivalent to

gu _ a(u)

g2 b(v) ’
where the function a depends only on u, and b depends only on v.
Now consider the cross ratio ¢, of the four points z(u,v), z(u+¢€,v), x(u+€,v+€)

and z(u,v + €). Using that z,, L z, implies z,2,' = —z; 'z, we see that
. g

9.3 limg. = —=—.

(5:3) =0 922

So z is isothermic if and only if

A4 li S
(9 ) El_{%qﬁ b(U) bl
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where again a is some function that depends only on u, and b depends only on v.
This description of isothermicity does not involve any stretching by @ or v, which
we would not be able to do in the discrete case anyways, and now Definition 9.5 is
a natural discretization of (9.4): The corresponding statement for discrete surfaces,
where stretching of coordinates is no longer possible, is that the surface is discrete
isothermic if and only if the cross ratio factorizing function can be chosen so that
Apg = Grs and ap,s = ag, for vertices p,q,r, s (in order) about a given quadrilateral.
There is another perspective on isothermicity, coming from a lemma proven by

F1GURE 16. Although we will not consider umbilics on discrete sur-
faces in this text, it is possible to define umbilics on discrete isothermic
surfaces, as follows: We now do not consider the discrete surface as a
map from a domain in the integer lattice Z? (it will not be). Let p be
a vertex of a discrete surface consisting entirely of quadrilateral faces,
with each face having concircular vertices. Thus all cross ratios on the
faces are real, and we have a real cross ratio factorizing function a.
Suppose that p is a vertex of some even number of faces, and at least
six faces, of the surface. If the cross ratio factorizing condition in Def-
inition 9.5 is satisfied, then we have a discrete isothermic surface with
umbilic point p. For example, if p has six adjacent faces as in the figure
here, then we require that ag,_,z,_, = azg;, = aypq;,, for j = 2,3,4,5,
and also agys = apg, = arg, and agr, = Gpgs = Grgg- Furthermore,
this surface with an umbilic is then also discrete CMC if there exists a
linear conserved quantity as in Definition 9.32.

Bobenko and Pinkall [20]:
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Lemma 9.6. Let z(u,v) be a smooth surface in R3, and define the diagonal cross
ratio

@ =@ut+ev—c —zu—ecv—e))(vfutevte) —z(utev—e)t x
(z(u—ev+e) —z(utev+e)(ov(u—ev—e —x(u—evte) .
Then
¢l =—1+0(e)
if and only if (u,v) are conformal coordinates for x, and
¢ =—-1+0()

if and only if (u,v) are isothermic coordinates for x.

The superscript "d” in ¢¢ stands for ”diagonal”, because we are using diagonal
elements to define this cross ratio, unlike with the previous ¢.. Also, O(e*) denotes
any function f = f(¢) such that the limit of f(e)e™*, as e approaches 0, exists and is
finite.

Proof. Without loss of generality, we may assume x(u,v) = 0, and then for p,, p, €
{£1}, we have

x(u + Pu€, v + pv€> = €PyTy + €PyTy + %62 (xuu + Ty + 2pupvxuv) + O(€3> s

SO

1

d - -1
Qe = Ty, Ty, +

1

1 ~1 | ~1 1 ~1 | 2
(TyXy Ty, + TyXy, Ty, Typ®y — Typ®y Tuly — TuTy Tuw®, TuX, )+ O(€7) .

If the coordinates are conformal, then z,z; 'z, z;' = —1, and we have
q¢ = =1+ ex, (2ot Ty (T4 + 1) + 2220 (2, — ) + O(€2) .

Now, if the coordinates are isothermic, then b1, = 0, and so there exist scalar functions
A and B so that

Tyw = Az, + Bz, .
From this it follows that ¢ = —1 + ¢ - 0+ O(e?). O

This lemma leads to the following definition for discrete isothermic surfaces in the
narrow sense: f is discrete isothermic if

Qpgrs = -1

for all quadrilaterals, with vertices fp, fq, fr, fs-

However, with this definition, transformations, such as the Calapso transform, of
isothermic surfaces will not remain isothermic. (Lemma 9.23 demonstrates this.)
Hence the broader definition given in Definition 9.5 has been found to be more suit-
able.

One could think of a discrete surface x with cross ratios exactly —1 as being
"isothermically parametrized”, while a discrete surface f with cross ratios satisfy-
ing Definition 9.5 is one that could have its coordinates stretched so that it becomes
isothermic, were it a smooth surface.
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9.3. Moutard lifts for smooth surfaces. Given a smooth immersion z(u,v) so
that x, L x,, the light cone lift

X = X(u,v) = (:f __”f;) e PL!
could also be represented by « - X for any choice of nonzero real-valued function
a = a(u,v). If we choose a so that
(9.5) 0u0u(aX)[|X
or equivalently o, z, + a,x, + az,, = 0, then we say that aX is a Moutard lift.

Lemma 9.7. Moutard lifts always exist for any smooth isothermic immersion.

Proof. Let x(u,v) be a smooth isothermic immersion with isothermic coordinates
u,v. As we saw in the proofs of Lemma 8.47 and Lemma 9.6, there exist real-valued
functions A, B so that
T = Az, + Bz, .
Taking the inner product of this with z, and with x,, and using that (x,,x,) =
(xy, x,) and (zy, x,) = 0, we find that
A=0,(3log(zy,xu)), B=0u(5108(xy, ),

and thus it follows that A, = B,. The existence of a solution « to the equation
Ty + Ty + axy, = 0 is equivalent to solving the system

o, = —aB, «a,=—aA,
because z,, = Az, + Bx,. The compatibility condition of this system is A, = B,,
seen as follows:
Ay = Oy
if and only if (—aB), = (—aA),, if and only if
a,B + aB, = a,A+ aA, ,
if and only if (—aA)B + aB, = (—aB)A + aA,, if and only if
B,=A,.

This proves the lemma. U

Remark 9.8. Here is a hint of another way to prove Lemma 9.7: x has isothermic
coordinates, and so €’ = (x,,1,) = (1,,2,) for some real-valued function @ =
@(u,v), which implies 2,62 = 2(yy, Zp), SO Tuy = %1 + Ty + UuTy + *2 - N for some
functions #;. Similarly, now taking the derivative of e** with respect to v, we have
Typ = UpTy + UyXy + *g - N. Then (xuv,ﬁ) = —(xy, Nv> = —(Ty, *3 - T,) = 0 implies
Tup = Uyy + Uyx,. Then, taking the lift

2
X; = Xy(u,v) = (313 _Z)
of z = x(u,v) into L*, we have (X)) = Gy(X1)y + @u(X1),. We then rescale
X1 to Xy == e7%X;. A computation gives (X3)u, = A+ Xo with A\ = 1,1, — Ty,
(X2)uww = AX3 is the condition for a Moutard lift. This argument would still hold if
(u, v) were just curvature line coordinates, but not necessarily isothermic coordinates,
for the isothermic surface z. In other words, even if just €% = (z,, z,)-a = (2, 7,)- 5,
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with functions o and ( such that a, = [, = 0, this is enough to say there exists a
Moutard lift X, i.e. (X2)u = AXo.

9.4. Moutard lifts for discrete surfaces. Recall that for each point f € ImH, there
is a unique lift F' € M, (not necessarily Moutard). However, as noted in Remark
8.1 and in the previous section, we can freely multiply F' by any nonzero real scalar,
giving a scalar freedom in the choice of lift. Here, in the case of discrete surfaces, we
describe particular choices for the lift F' that are convenient for computations, again
called Moutard lifts, analogous to Moutard lifts for smooth surfaces.

Definition 9.9. We say that F is a Moutard lift if, for the four vertices p,q,r,s
listed in counterclockwise order about any quadrilateral, we have

(Fr = Fp)|[(Fy — Fy)
meaning that
(9.6) F, — F, = p(Fy, — F})
for some real scalar .

The discrete Moutard equation as in Definition 9.9 can be justified as follows:
consider a quadrilateral with lifts F,, Fj, F, and F, at the vertices. The discrete
second derivative of F' (analogous to X, in the smooth case) is

(FT_FS>_(F(1_FP>7

so the Moutard equation, i.e. the discrete version of Equation (9.5), can naturally be
considered to be

FT—FS—Fq—l—Fp:Ali(Fp—l—Fq—i—F,nLFs) , MER,
and the i can be absorbed into the A\; as Ay = i)\l. Then
F,+ F, = \F,+ Fy),

where we have defined X by A\ = {52, ie. (F, + F,)[|(F, + F.). Since F, is only
projectively defined and thus signs of any of the F, can always be switched (i.e.

F, — —F,), we could also write

(£ = Fp)I(Fy — F)
as in Definition 9.9.

Remark 9.10. By a consideration similar to the one just above, we have discrete
conjugate nets: A conjugate net for a smooth surface x in R? is coordinates so that
the second fundamental form is diagonal (not necessarily conformal, nor necessarily
curvature line coordinates), i.e. x,, € span{z,,z,}. This last condition would be
(f» — fs) — (f4 — fp) € span{fy, — fp,fs — fp} for a discrete surface in R?, implying
fr — fp € span{f, — fp. fs — fp}, and so f,, f,, f, and f; are coplanar. This is why we
define discrete conjugate nets to be those discrete surfaces that have planar faces.

Lemma 9.11. For a Moutard lift F' of a discrete isothermic surface f, the cross ratios
Qpgrs = Z—Z" satisfy

Qpq (Fp, Fy)

aps (I, Fy)

Qpqrs =
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Proof. For Moutard lifts, since ||F}|| = ||F},|| = 0, we have
0=(F + Fp, F, — F)) = u(F, + F,,, Fy — Fy) |
and so (F, + F,) L (F, — F). Similarly, (F, — F,) L (F, + Fs). So
(Fp, Fr) - (Fy, Fo) = (Fy, Fr — ) - (Fy — Fo, Fy) =
<vaﬂ(Fq_F8)>'<N_1(FT_FP)>FS> = (Fp, Fy = F) - (B, — Fy, ) =
({Fp, Fo) = (B o)) - (B, F) = (Fp, F)) = (B, ) — (B, )7
since (F,, F,) = (F,, Fy), by (F, + €F,) L (F, — €F}) for e = £1. Also, (F,, F,) =

(Fp, Fs). By Lemma 9.2 with the p, there being the projections of the F, here to
ImH, and using that £ = 0, we have proven the lemma. U

Remark 9.12. The Moutard lift is not completely unique, and it has more than just
the freedom of a constant scalar multiple. For example, if points p corresponds to
(m,n) in the domain lattice in Z?, we could change a Moutard lift F), to aF,, when
m 4+ n is even and BF, when m + n is odd, for any nonzero constants o, 3 € R, and
this gives another Moutard lift.

Lemma 9.11 and Remark 9.12 imply that, by multiplying all F}, by an appropriate
constant real scalar, we may assume

(9.7) F Fy+ FyF, = ap, - I

on all edges. Furthermore, any lift satisfying (9.7) is Moutard, and all Moutard lifts
satisfy (9.7) up to the freedom given in Remark 9.12.

Remark 9.13. Because F,F, 4+ FF), is a scalar multiple of the identity, we sometimes
ignore that it is a matrix, and simply consider it as that scalar a,,.

Lemma 9.14. Let f € R? = ImH be a discrete surface with concircular quadrilaterals.
Then there exists a Moutard lift if and only if § is isothermic. In particular, we can
then choose the Moutard lift so that Equation (9.7) holds.

Proof. First we assume f§ is isothermic, and show that a Moutard lift exists. Choose
a particular quadrilateral pgrs, and assume a lift F' is chosen so that (9.7) holds for
both of the two edges pg and ps in that quadrilateral pgrs. Then Equation (9.2)
implies we can choose F,. to be (note that we are not requiring any condition like
F, € M, here)

b, =F,+ %(<Fq= Fs>>_1((aps - apq>Fq + (apq — aps)Fs) .

Noting that isothermicity implies a,, = a,s and a,s = a4, a computation gives that
(9.7) also holds on the edges sr and gr. It follows that a Moutard lift exists.

We now assume that a Moutard lift F' exists, and then prove the surface f is
isothermic. Let f,, f,, f» and fs be the vertices of one quadrilateral of § with cross
ratio ¢ € R. The assumption of concircularity implies that F, € span{F,, Fy, Fi}, by
Remark 9.4.

Now recall that a point

p € R}~ ImH
has lift

2

(21, T2, 23, T4, x5) = (2pj, —(1 = |pj|*), 1+ |pj|*) = P; = 2 (pl] :?) €M, CL*,
J
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where R = M is given by the @ in (8.3) with k = 0.
We saw in (9.1) that for pi, p, € R® ~ ImH, we have
(P1, Py) = 2(p1 — p2)* .

We have f,, s, fr. fs € ImH, and we can find a,. € R\ {0} so that o, F,, a,F,, . F,
and a,Fy all lie in M,, and then Lemma 8.37 gives that ¢ satisfies

. = (l - e g L)
o = (0 G -
_ (Fp = fa)*(Fr — £5)* _ (aplp, aghy) (o by, asF) _ (Fy, Fy) (Fy, Fy)
(Fg = £:)2(Fs = 10)* (el v Fr){asks, o) (Fy, B )(Fs, Fy)
A condition for F, to be in L* is, from Equation (9.6),
0= (F, Fy) = (WFq—F)+Fy j(Fy—Fy)+F) = N2<Fq_FS7 Fo—Fo)+2p(F—Fy, Fp)

which implies

o _2<Fq_F8’Fp>
= <Fq_E<>‘>Fq_FS>7
and so
—2(F, — Fy, F)

F, =

<F FS,F F>(F F) FP7

which implies

(Fr, Fo) = (Fp, Fy) and (F, Fy) = (F), Fy) .
This shows that the cross ratios of f satisfy the condition in Definition 9.5, completing
the proof. O

Remark 9.15. When the discrete surface is isothermic in the narrow sense, i.e. when
the cross ratios are identically —1, there is a way to describe real values defined at the
vertices so that they can be thought of as the "scalar factor” or ”stretching factor”
for the discrete ”conformal metric”, as follows: For a smooth surface x(u,v) with
isothermic coordinates u, v, we have as in Remark 9.8 that

X2 = e_ﬁXl

2t js the metric factor. Now, in the case of a discrete

_ f * _f *2
pe(h 8
(* now denotes vertices in the domain of f), and we can take a Moutard lift

F’* = s, F,

satisfying (9.7). Here s, will be the "discrete metric”. We can take a,, = £1, and
then

is a Moutard lift, where e
isothermic surface f, one lift is

|apq| = 2|<Fpa Fq>‘
(i.e. F, is a Moutard lift satisfying (9.7)) implies
é = [sp| - |sq| - [{Fp, F)| = %|3p‘ gl Ifp — fq|2 .

So |s.| behaves just like e=% would in the case of a smooth isothermic surface.
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We now give an application of Moutard lifts. Suppose that (0,0), (£1,0), (0, £1),
+(1,1) and £(1,—1) are all in the lattice domain of a discrete surface f. Then the
diagonal vertez star of f( ) consists of the images f(,0), f(1,—1), f(1,1), f=1,1) and f—1,—1)
of the points (0,0), (1,—1), (1,1), (—1,1) and (=1, —1). The proof of the next lemma
applies Moutard lifts.

Lemma 9.16. The five vertices of any diagonal vertex star on a discrete isothermic
surface are cospherical.

Proof. We can take the image f(o ) of the point (0,0) in the lattice domain to be
the center of the diagonal vertex star. Let F{; ;) be a Moutard lift of f ;) satisfying
Equation (9.7).

Our goal is to show

dim(Flo,0), F(1,-1), Fri,1), F-11), Fio1,-1)) < 4.

Then there exists a spacelike vector S € R*! which produces the sphere S, via (8.9),
that contains all five points Fo ), £1,-1), F(1,1), F(~1,1), F{-1,-1), and the proof would
be completed.

In the following computation, for the sake of simplicity, we ignore cases where some

coefficients might be zero (those other cases can be dealt with separately).
Because we chose a Moutard lift, we have (Fy, F,) = (F},, F;) on any quadrilateral,

implying
<FQ’FP_FT>:<FP>FQ_F8>a

SO
(Fy, Fs = Fo)(F, — Fy) = (Fy, Fr — F,)(Fs — Fy) = (Fp, Fy — Fo)(Fy — F)
and so )
(Fy, Fo) (F, — Fp) = _§(apq_ap8)(Fq_FS)-
This implies

1
(Fa,-1), Floo) (Fo) — Fo-1) = —§(a(0,0)(1,0) — ag,~1)0.0)(Fa,-1) — Foo)

1
(Flo,-1), F1,0) (Floo) — Fe1,-1)) = —§(a(—1,0)(o,0) — a(,-1)0,0))(Flo-1) = Fi-1.0)) ,

1
(Fl0,0), Fl-1,0) (Floy) — Fi-10) = —§(a<—17o><o,o> — a,0)0,1))(Fo0 — Fi-11) ,

—_

(Fo)s Fo) (Fany — Floo) = —5(@0,001.0 — ¢00)01) (Fao — Fo)

2
and then
~ (0,0)(1,0) — @(0,-1)(0,0)
2(Fu,-1), Flo))
—2(Fl0,-1), F(-1,0))
Fo-1)— F-10) = O Z L0 (Floo — Fl-1,-1))
a(-1,0)(0,0) — @(0,—1)(0,0)
A(—1,0)(0,0) — @(0,0)(0,1)
2(F(-1,1): Flo0))
2{F1,0), Flo))

@(0,0)(1,0) — @(0,0)(0,1)

(F,—1 — Flo)) »

(Fo0 — Fi-1,1)) 5

(Fay — Fop) -
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Adding these last four equations, we see that a linear combination of those five points
Flo0), F1,-1), Flu,1), Fi-1,1), F=1,-1) equals zero, proving the result. O

The conclusion of Lemma 9.16 is in fact equivalent to the discrete surface being
isothermic, and this then makes it obvious that discrete isothermicity is invariant
under Mébius transformations.

Definition 9.17. We say that the sphere (containing the vertex star) in Lemma 9.16
1s the central sphere of the discrete isothermic surface at the central vertex of the
diagonal vertex star.

9.5. Christoffel transforms. When f is a discrete isothermic surface in R* ~ ImH,
we can define the Christoffel transform f* (also in R3) of f as follows:

Definition 9.18. Let f be a discrete isothermic surface in R3. Then the Christoffel
transform §* of § satisfies

(9.9) d](;qdqu = Qpq -
Here, for any object § defined on vertices, d§,, denotes the difference
dSpg = g — Sp

of the values of § at the vertices ¢ and p.

To see that this definition is natural, we consider the Christoffel transform z* of a
smooth surface x in R? with isothermic coordinates u, v. In the smooth case, we may
assume x and z* satisfy

dx = v,du+ z,dv , dr* =z, 'du — x, dv ,
as seen in the previous chapter. So
dx*(0y)dx(0,) =1 and dz*(0,)dz(d,) = —1.

We also have
dx*(0,)dx(0,
limqez—lz—x( ) ),
e—0 dzx*(0,)dx(0,)
by Equation (9.3). In the discrete case, we loosened the —1 in the right-hand side of
Equation (9.3) to the a,,/a,s in the right-hand side of gpgs = ap,/a,s, as in Definition
9.5. Because of this, it is natural to consider that

Upq _ df pydfpq
aps  dffdfps

where dfpq, dfy,, dfys, dfy, now represent discrete analogs of dz(d,), dz*(0.), dv(0,),
dx*(0,), and so Definition 9.18 becomes natural.
We can then prove the following:

Lemma 9.19. [19] If{ is a discrete isothermic surface, then there exists a Christoffel
transform §* of §.

Proof. §* exists if and only if the compatibility condition
(9.10) dfp, + dfy, = df,s + df,

holds, that is to say, we can apply “discrete integration” of df* to obtain f*.
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We now prove that Equation (9.10) holds with df* defined as in Equation (9.9). By
Equation (9.9), Equation (9.10) is equivalent to

apqdf]:ql + aqufq_rl = apsdf;sl + aSTdfs_rl .

Because a,, = a5, and a,s = a,, (by isothermicity), this equation is equivalent to
a -1 -1 1 -1
Q_Z(d pq dfsr) - dps - dfqr :
By Lemma 8.37, the cross ratio is apga,, = dfpedf, ' df.sdfy, = df, df.df,) dfpy =
i, dfpqdfy,) dfrs, and so the equation becomes

df ! divsdfy,) + df ) dipgdf,,) = df,) — df,"
that is, df,,' (df,s + dfpe)dfy, = df,i — df ' ie.

dfrs + dfpg + dfgr + dfsp =0,

and this follows from the fact that f exists and so df is closed. O

Lemma 9.20. Let | be a discrete isothermic surface. Then the Christoffel transform
* of | is isothermic with the same cross ratios as f.

Proof. Let q,q* be the cross ratios of f, {* respectively. Then
q" = dfy (dfy,) " df(dF,) 7 = apedfyg (agrdfy,) ™ ansdf, f(agpdfy, ) =
(apq/ aqr)(ars/ asp)df;ql(df;rl)_ldfél (dfs_pl>_1 = q2(d](s_pld](rsdfq_r1dqu)_l .
Then Lemma 8.37 implies
" = ¢*(dfpgdf, dirediy, ) =" ¢ =q.
O

9.6. Calapso transforms. Like in the smooth case, we can define Calapso transfor-
mations 7" in the discrete case. We first define 7 as

Tog = (ff) (- (1 1) -

Note that 7,, does not have symmetry with respect to p and ¢, and this was just a
choice that was made, and there is no particular geometric motivation for choosing
fp in the leftward vector and f, in the rightward vector. Then taking any lift

Fp = Qp (flp :E)

at all p, a short computation gives
fpd](* _](pd](* fq Fqu
(9.11) Tpg = ( P LU = —qp——— .
o dqu _d](quq " FpFy+ FyFy

Note that, although F,Fj, + I F}, is a matrix, we are regarding it as a scalar here, like
in Remark 9.13.

If F'is a Moutard lift, then we can assume (9.7), and so we have
(9.12) Tpq = —FLFy .

For adjacent vertices p, ¢, we define T = T? by
(9.13) T, =T,(I + A1) -
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This is not a commutative operation, as we will see in the proof of the next lemma,
i.e. we cannot switch p and ¢ and expect this equation to still hold. So we must
decide on a direction for each edge. Let us do this by fixing one vertex p and then for
any edge pg, where ¢ is farther from p than p is, apply the above equation to define
T; = Tp( + A1p5). It will turn out that this noncommutativity will not affect the
Calapso transform (see the definition of the Calapso transform below), because T is
in fact defined up to real scalar factors even without this normalization of directions,
so it is not a problem, but let us normalize these directions that we use in (9.13) in
order to choose a particular 7. (We will also use this normalization in the proofs of
Lemmas 9.23 and 9.25.)

A direct computation shows that I+ A7,, (with a, b, ¢, d now regarded as the entries
in the matrix I 4+ A7,,) satisfies (8.18) and (8.19) when 1 — Aa,, # 0, so [ + A7, €
Mob(3) and then T is as well, when the initial condition chosen for the solution 7 is
taken in Mob(3).

Definition 9.21. We say that TFT™! is a Calapso transform.

We can write TFT " as T,F},T, ' when we wish to specify which vertex p is being
used, and as T*F(T*)~! when we wish to specify which value of A has been chosen.

We will see in the proof of the next lemma that 7T is only defined up to real scalar
factors, i.e. the T are actually multivalued, and become well defined only when
considered in a projectivized space. But, as noted above, this freedom does not affect
the resulting Calapso transform TFT 1.

Lemma 9.22. If { is a discrete isothermic surface, then a solution T € Mob(3) to
(9.13) ezists.

Proof. First we note that
(L 4+ Apg) (1 + A7)

is a real scalar multiple of I, so that T is defined up to a real scalar factor when
applying (9.13) back and forth along a single edge. To see this, we need to see that

Tpg T Top
is a real scalar multiple of /. Taking a Moutard lift ' of f so that (9.7) holds,
Tpq + Tgp = —FpFy — FyF, = —a,,l is a real scalar multiple of 1.

For a quadrilateral with vertices p, ¢, r, s in counterclockwise order, we have, if T'
exists, that

T, =T,(I + Aryr) = T,(1 + A1) (I 4+ A7yp) =

Tpy(L + ATps) (L + A7)
So existence of T" would be implied by
(9.14) (L 4+ Apg) (L + A1) = (I + A7) (L + ATsr)

that is to say, we want to show
TpqTqr = TpsTsr

and

Tpg + Tgr — Tor — Tps = 0.
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The first of these two equations follows immediately from

o (i) =

and the second one is not difficult to show if we use a Moutard lift satisfying (9.12):
Using such a lift F' means that we need only show
F,F, + F,F, = F,F, + F,F, |

i.e. that

F,(F,—F,)+ (F,— F,)F, =0.
But by definition of the Moutard lift, F, — F, and F}, — F, are parallel, so we need
only show

F,(F,— F.)+ (F,— F,)F, =0.
This is clearly true, since Fp2 =F?=0.

Finally, as noted before, if T),, € Mob(3) at one vertex py, and 1 — Aa,, is never

zero, then T, € Mob(3) for all vertices p. O

Lemma 9.23. Let | be a discrete isothermic surface with lift F'. The Calapso trans-
form F, — FJ' .= T;FP(T;)_l gives another isothermic surface f*, and the cross ratio
factorizing function a,, changes from § to {* as follows:

a
Uy = o
L — prapg

Proof. Let F' be a Moutard lift satisfying (9.7). For a quadrilateral with vertices p,
q, v and s listed in counterclockwise order around the quadrilateral, and noting that

(L 4+ Apg) (L 4+ A7) = (1 — Aapg) 1,
we have (assume pq is directed from p to q)

<Fp>\7 FqA) - <TPFPTp_17 TquTq_1> -

Qpq

ST, F,(I+ A F T, + Ty Fy(I+ Mrgp) BT =

1 — Aay,
%ﬁﬁﬁﬂf+¥txrﬂﬂﬂgﬂ:
Prq
iTwwh—i—~I+—¥L—If%wT4z—;L—@’F>
27PN Nay, 1 — Aay, T re 1—Day, 7Y

Also (assume as well that ¢r is directed from ¢ to r),

(F), FY) = (T,F,T, "\ T,F,T "y = 3 [T,F,T,'"T,F,T," + T,F, T, 'T,F,T, "] =
=+ [LET, T, 1, I + T,ET ' T,T, ' T,F,T,"| =

1 1

1 — Aapg 1 — Aag,
1 1

1 —Aapg 1 — Aagr
1 1

1 — Aapg 1 — Aag,

%Pﬁ;f[fﬂﬁ+ ﬂﬂ&ﬁq:

%ﬂkﬁﬂﬂﬂﬂﬁh— 7?ﬂﬂ&ﬂﬁ4%*:

(Ep, 1)
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Similarly,
1
F)FNN=———(F, F,
<p7 s> 1_)\ap8< P> >7
1
F)FN=——(F,F,
<q7 r> 1_)\aqr< q» >7
<Fq’F8>: <FCI’F8>'

1 —Aapg 1 — Aagr
We now renotate the subscripts p,q,r, s by p1, pa, p3, ps, respectively. Then, using
the lift F' satisfying (9.7) chosen here in Lemma 9.2 (note that we do not need to
require F' € M,), and noting that we have s15 = s34 = —%aplm and Sj4 = So3 =
— 30y, p,, and because ¢ = ay,p, /Ap,p,, Lemma 9.2 implies s13524 = (Appy — Gpyps )% A
computation, again using Lemma 9.2, then shows that the corresponding cross ratio

on the Christoffel transform §# is

g/ s
where a a
po—_%a op_ s
R filtpg - Haps
Thus f* is an isothermic surface, and the lemma is proven. O
In the above proof we saw that (F¥, F!') = (1 — payg) '(F,, Fy) = —jak, and
(Fi,FF) = (1 — pays)” ' (F,, Fy) = —3al, so this corollary follows:

Corollary 9.24. If I, is a Moutard lift of a discrete isothermic surface | satisfying
(9.7), then so is F!, for any p € R\ {0}.

In order to state the next lemma, we define TM* by
M A, A
ot =T (I + py,)
where
—ay F)F)

A pqt p A Upq A A Ay —1
= , o, =———, FY=T"F,(T}) " .
pq FZ;\Fq’\%—Fq’\FZ;\ PE T — Xap, p b p

Lemma 9.25. Let § be a discrete isothermic surface with associated T'. Then T is a
I-parameter group, that is, we can choose TM* so that

T/J+)\ — T)\,;LT)\
for any A\, u € R.

Proof. Without loss of generality, assume F' is a Moutard lift satisfying (9.7), and so
Corollary 9.24 implies 7), = —F}F. First note that T,* = T)(I + A7,,). We wish to
show THtA = TAMTA e,

AHAA A A
(9.15) TP =TT + (4 M) 7o)
where the edge pq is directed from p to q. Note that
(9.16) (TN 'T) =1+ Ay

and inverting gives

(9.17) (TH'T) = !

q P71 Aapq(l+)\qu) )



88

since I is a Moutard lift satisfying (9.7). Then
TMT) =TI — pF, F)T) =
=TI — pT) Fy(T) T T F (T T
Then, using the properties F,7,, = T,,Fy = 0 and (9.16), we have
TIT) = T (1 + T g (T)) T, =
= T;’MT;((T;)_qu)\ + [1Tpq) = Tp)\’qu)\((I + ATpg) + UTpg) =
= T;’MT;(I + (A + 1) Tpq) -
Thus we have shown (9.15). O
Now we recall that, for general lifts F' that are not necessarily Moutard, we have

J— —apeFpFy o —ap Y FY

o Fqu+Fqu’ P FII;LFEILL_‘_F;lFIéL,
and, by Equations (9.16) and (9.17), we have

(9.18) (I + prpy) (I + pryp) -

1 pay,
Remark 9.26. Equation (9.18) is not symmetric in p and ¢. In fact, as noted before,
7 itself is not symmetric in p and ¢q. However, the most essential object, the family
of flat connections ng‘q, is symmetric in p and ¢ (see Remark 9.29). We will discuss
flat connections in the next Section 9.7.

Furthermore, if F' is Moutard satisfying (9.7), this is true of F'* as well, by Corol-
lary 9.24, and we have 7k = —F}Fl' = —THE,(TH)'THF(T!)™ = —TFF,(I +

Wpg) Fy(T1) ™ = T (= FpFo)(T}) ", so we have

(9.19) Th = Th 1 (TH)

This equation will be used later, when we show that if f has a polynomial conserved
quantity of type n, then so do its Calapso transformations (see Lemma 11.26). In
particular, if § is a discrete isothermic CMC surface in some space form, then so are
its Calapso transformations (in different space forms in general). But since we have
not defined the notions of polynomial conserved quantities and discrete CMC surfaces
yet, we come back to this later.

9.7. Flat connections. Let us first review what a connection is in the smooth case.
We will see how isothermic surfaces have a 1-parameter family of flat connections.
Although we do not show it here (see [30] for such an argument), the converse is also
true: existence of a family of flat connections implies that the surface is isothermic.

Recall that the Riemannian connection of a Riemannian manifold is the unique
connection satisfying

(9.20) VixevZ = fVxZ +VyZ,

(9.21) Vx(fY +2)=X(f)Y + fVxY +VxZ,
(9.22) VxY —VyX = [X)Y],

(9.23) X(Y,Z) = (VxY,Z) 4+ (Y,VxZ) ,
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where XY, Z are any smooth tangent vector fields of the manifold, and f is any
smooth function from the manifold to R. The first two relations (9.20), (9.21) define
general affine connections, and adding in the last two conditions (9.22), (9.23) makes
the connection a Riemannian connection.

Taking an n-dimensional manifold M"™ with affine connection V, and taking a basis
X1, Xo, ..., X, of vector fields for the tangent spaces, we define Ffj and Rﬁ-j by

Vi X; =Y ThX, .
k=1

(9.24) V.V, Xi = Vx, VX1 = Vix,x, X1 = > R X
k=1
We define the one forms w’ and w} by (here ¢} is the Kronecker delta function)
k=1
The one forms w;'- are called the connection one forms. Then

n n
i i p_1 Y k
dw; + g w, Nwy =5 E Ry’ ANW" .

p=1 J:k=1

When the connection is the Riemannian connection, the Rj;, give the Riemannian
curvature tensor. When, for an affine connection, all of the Rfjk are zero, then we say
that V is a flat connection. For a more thorough explanation of the above equations,
there are many textbooks one could look at, for example [70].

For a smooth isothermic surface x, we can regard R*! as 5-dimensional fibers of

a trivial vector bundle defined on x. We now define V = d 4+ A7 for any choice of
A €ER,ie.

(9.25) VzY =dzY + M7(2)-Y =Y -7(Z)),

where Y € R*! depends on the parameters u,v for the isothermic surface x, and Z
lies in the tangent space of the surface. This is a bit different than the considerations
above, because now the bundle is not the tangent bundle of the surface z, and so Y
is not necessarily tangent to x. But in any case, 7(Z) is defined, because Z lies in the
tangent space of x. We note that (9.20) and (9.21) hold, and so this V is an affine
connection.

We wish to see that this V in (9.25) is a flat connection for all A € R. That is, we
wish to have

(9.26) Vo.VaY — Vo, VoY — Vig, oY =0

for any Y € R*! depending on u and v, and for any A € R. Because [9,,0,] = 0, a
computation shows that (9.26) will hold if

dAT)+ (A1) A (A1) =0
holds for all A € R, i.e.
(927) 8u(7—(8v)) - GU(T(ﬁu)) = T(au)T(av) - T(av)T(gu) =0.
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Then V is a family of flat connections parametrized by A. Let us now confirm that
V is flat:

Lemma 9.27. Equation (9.27) holds.
Proof. The proof is a direct computation using the properties in (8.21). O

Connections are equivalent to having a notion of parallel transport along each
given curve in the surface, and a connection is flat if and only if the parallel transport
map depends only on the homotopy class of each curve (with fixed endpoints). In
particular, if the surface x is simply connected, parallel transport is independent of
path if and only if the connection is flat, which can be seen as follows: One direction
is immediately clear from Equation (9.24), by choosing the X; there to be constant
vector fields (that is, by choosing X; by using parallel translation, i.e. V.X; = 0),
and then all Rfij become 0. To see the other direction, suppose that the connection
is flat. Then Equation (9.24) implies

Va.Va,Y =V, Vs, Y

for any vector field Y. Then we can apply an argument like in the proof of Proposition
3.1.2 in [59] to conclude that if Y is constructed so that Vs, Y = 0 along one curve
where v = vy is constant and so that Vg Y = 0 everywhere, then also V5, Y = 0
everywhere, and so Y is a vector field that is parallel on any curve in x.

Thus, because the connection in Equation (9.25) is flat, every vector at one point
of a simply-connected x can be extended to a parallel vector field defined over all of
x that is independent of choice of path. Let us denote such a vector field by

Y = ¢_1 }/0 = ¢_1Y0¢7

where ¢ is a map from the domain of = (with isothermic coordinates u, v) to Mob(3),
and Y} is any fixed vector in R*!. The condition that Y is parallel is

(9.28) 0=Vz(¢~" - Yo)

for all vectors Z tangent to the surface x, at any point of z. Equation (9.28) holds if
and only if

0= dz(¢~"Yo9) + N(1(Z) - ¢~ Yoo — ¢~ 'Yo¢ - 7(Z))
for all Z, which then holds if and only if
[R(Z),Yo] =0
for all Z, where
R = (dg)- ¢~ — oro" .

This is true for all Z tangent to z, and for any choice of Y, € R*!. It would certainly
suffice to have R =0, i.e.

(9.29) dp = ot .

So we can take ¢ to be the Calapso transformation 7', as in Definition 8.44 and Lemma
8.47.

Remark 9.28. Note that when Y, € L*, then Y is actually a Darboux transform of
the surface.
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Equation (9.29) is how we can describe parallel transportation in terms of 7.

To get a connection for a discrete isothermic surface f, it is not the connection
V that we will discretize, but rather the notion of parallel transport and Equation
(9.29): the discrete version of Equation (9.29) is

¢q - Cbp = )\Cprpq
along edges pq directed from p to ¢, i.e.
(9.30) ¢;1¢q =1+ A1y .

Note that this is exactly the same equation as (9.13).
Let Yy be a fixed vector in R*'. Analogous to the smooth case as above, for a
solution ¢ to (9.30), we form a vector field defined on the vertices of f by

Y, =o' Yo =9,V ,
we then have the following: obviously Yy = ¢q(¢q—1y0¢q)¢q—1 _ ¢p(¢;1%¢p> 51’ and
SO
¢quq¢q_l = ¢pyb¢;l implies gbp_1¢q}/q(¢;l¢q)—1 _ Y;, :
thus (I + A7) Yy(I + A7pg) ™1 = (1 — Aapy) (I + ATpg) Yo (I + A7) by (9.18). Thus
(9.31) T, Y,=Y,,

where we define I, = F;,‘q, as long as Aa,, # 1, by (the symbol I now plays a different

role than it did at the beginning of this section)
(9.32) Ppg - Yo = (1= Aapg) ™ (1 4+ Mg Yo + ATgp) -

Equation (9.31) defines parallel transport along edges, and thus provides a connection
for the surface. We conclude that I',, is a flat Mob(3)-connection on the discrete
isothermic net, with the solution ¢ being a gauge transformation identifying this
connection with the trivial connection.

Remark 9.29. The connection I',, is symmetric in the following sense: If, instead, pq
had been directed from ¢ to p, then (¢, ¢,) " Yy0, ¢, =Y, implies (I+A7g,) 7Y (I +
M) = (1 = Aapg) (I + A1) Y, (I + A7), and the definition of T'p, in (9.32) would
not change; that is, I',, is independent of choice of direction along the edge pg.

Now, parallel sections Y € R*! are those that satisfy (9.31) for some A € R, and
then Y, — Y}, is parallel transport along edges.

Note that I'), T’y = 1, by (9.18), and for this reason we call I'* a connection. By
(9.14) and (9.18), we have

A DA A PA
Lo e lnls, =1,
and for this reason we call it a flat connection. Finally, we call the '} as in (9.32)

pq
the isothermic family of connections of f.

9.8. Linear conserved quantities. We can now discretize (8.12) as follows: We
say that f is CMC (in the appropriate space form) if there exists a linear conserved
quantity P = Q + A7 so that TPT ! is constant with respect to vertices in the
domain of f. Here, () and Z are maps defined on the lattice domain and taking values
in R*!. (See Definition 9.32 below.) We have proven that this holds in the smooth
case (see Equation (8.22)), and we take it as a definition in the discrete case. We
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will see in Lemma 11.14 the equivalence of this definition with previous definitions of
discrete CMC surfaces. That TPT ! is constant is equivalent to

T,PT; ' =T,PT,"
for all adjacent vertices p and ¢, which is equivalent to
(I + A1pg) Py = Py(I + A1)
which becomes the equation

(9.33) (I + M) (Q +22)g = (Q + AZ),(I + A7) -

Remark 9.30. Note that (9.33) is equivalent to saying that P is a parallel section of
the flat connection I'), , for all \.

Looking at the coefficients in front of the A\* in Equation (9.33) for k = 0,1, 2, we
immediately have the following lemma:

Lemma 9.31. Equation (9.33) is equivalent to dQp, = 0 and dZ,; = QpTpg — Tpe@yq
and TpqZq = ZpTpg-

Noting that ) is constant, we now come to a formal definition:

Definition 9.32. If a linear conserved quantity Q+ \Z, QQ # 0, exists for an isother-
mic discrete surface f, we say that § is of constant mean curvature (CMC) in the space

form M determined by Q.
The first fact we give about these linear conserved quantities is this:

Lemma 9.33. ||Z|| is constant, that is, ||Z,|| does not depend on the choice of vertex
.

Proof. We give an argument similar to the argument in the proof of Lemma 8.26. Let
p and ¢ be adjacent vertices. Then (with 7 = 7,,)

Zq2 o Zi = (Zq - Zp)Zq + Zp(Zq - Zp) = (QT - TQ)Zq + Zp(QT - TQ) =

=QZ,mr—1QZy+ Z,QT1 —72,Q = (QZ, + Z,Q)1 — 1(QZ, + Z,Q) .
We know that QZ, + Z,Q) and QZ, + Z,Q are real multiples of the identity matrix,
so it will suffice to prove QZ, + Z,Q) = QZ, + Z,Q), which we do as follows:

(QZy + Z,Q — QZy — Z,Q)7 = —(QdZpy + dZp Q)T =
= —(QQr —7Q) + (QT - 1Q)Q)T = —(Q*T — TQ*)T = 0.

O
Then, in analogy to (8.16), we define the mean curvature to be
H=—(ZQ)
when we have normalized the conserved quantity by a scalar factor so that ||Z]| = 1,

which we can do because we know from the above lemma that ||Z|| is constant.
This normalization also changes () by a scalar factor, thus potentially changing the
curvature of the ambient space. Even if we do not normalize the linear conserved
quantity, we can still define the mean cruvature, like as in (8.16).
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Remark 9.34. One can see, in the case of My = R3, that the above definition is
equivalent to the definition found by Bobenko and Pinkall [19]: §is CMC if [f, — 3|
is constant, and then that constant is H, 2. This is proven in [27]. Also, the property
of being discrete CMC is preserved by Calapso transformations (see Lemma 11.26
below), so the definition here is the right one for the space form M; = S3, and also
for the space form M_; = H?® when the mean curvature H_; has absolute value at
least 1.

Remark 9.35. Unlike the case of smooth surfaces, Z will not be called the central
sphere congruence. We will call it the mean curvature sphere congruence, for any
space form. In the discrete case, the central sphere congruence and mean curvature
sphere congruence are generally not the same. (See Definition 9.17.)

Lemma 9.31 gives the following two corollaries. The proofs are not hard. One just
needs to note that there exists an imaginary quaternion n, such that we can write

_ ([ Cpfp + 1 B,
Zp_( Cp —Cpfp —1p) BrGreR,

and then use Lemma 9.31 to compute B,. Here we have defined C, as the lower left
entry of Z, and then chosen n, to be the upper left entry minus C,, times f,.

Corollary 9.36. Assume f has a linear conserved quantity. If Kk =0 and Q is as in
(8.3), then
7 — Hfp +np  —npfp — fpnp — Hfﬁ
» H ~Hj,~n, )

for some constant H € R. Furthermore, |n,|* is constant (because ||Z,|| is constant),
and

df;q =d(Hf+n)pg , dfpgng + npdfpg =0
and
Hfz - Hff? + ngfq + fqng — npfp — Fprp = dffy + Fdf™ .

We note that the equation dfy,n, + n,dfp, = 0 could have been replaced with the
equivalent equation dfy n, + n,df,, = 0 in the above corollary.

Corollary 9.37. Assume f has a linear conserved quantity and Q is as in (8.3) for
some k. Then

7 — (prp + 1y —npfp — fpnp — Hp](;%
? H, —Hpfp =y

for some function H,, from the lattice domain of f to R. Furthermore, |n,|? is constant.

), HyeR,

In light of Lemma 9.31, we now give three properties of linear conserved quantities:

Lemma 9.38. Let F' be a Moutard lift of a discrete isothermic surface § having a
linear conserved quantity Z + ANQ. Suppose further that F satisfies (9.12). Then
AZp, = QTpg — Tpe@ 15 equivalent to

(9.34) Zg=Zp— (QFP+FPQ>Fq+ (QF, +FqQ>Fp
for all adjacent p, q.
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Proof. Because QF, + F,Q is a real scalar multiple of I for any p, we have —(QF), +
FPQ)Fq+(QFq+FqQ)Fp = _(QFP+FPQ)Fq+Fp(QFq+FqQ) = FFQ—QF,F, =
QT — 71Q. O

Corollary 9.39. Once Z is determined at one vertex p, it is uniquely determined via
(9.34) at all vertices.

Lemma 9.40. Assume the conditions in Lemma 9.38. Then Z,T,q, = TpeZq for all
adjacent p, q is equivalent to Z,F, + F,Z, =0 for all p.

Proof. Setting 7 = 7,4, Z,7 = 74, implies (F,Z, + Z,F,)1 = F,Z,1 = F,7Z, =
0-Z,=0.So F,Z, + Z,F, = 0. Conversely, (F,Z, + Z,F,)F, — F,(F,Z, + Z,F,) =
0-F,—F,-0 =0, implying Z,F, F, = F,F,Z, by Lemma 9.38, and then Z,7 = 77,. U

Remark 9.41. Suppose that § has a conserved quantity P = Q) + A - 0 of order 0 with
| P||? not equal to zero. Then § is contained in a sphere, like for the case of smooth
surfaces (Theorem 8.30), and this can be seen as follows: P = Z = @ (i.e. Q is
both the highest and lowest coefficient of P) is constant in the case of order 0, with
|Z]|* # 0 by assumption. Thus the upcoming Lemma 11.23 tells us ||Z]|* > 0 and
Z 1 F, for all p. So Z gives a sphere via (8.9) and f, lies in that sphere for all p.

9.9. On uniqueness of linear conserved quantities. When the domain of § is
{(m,n) € 2|1 <m,n <k},

or any translation of that domain, we say f is a k by k net. The vertex star of a
vertex f(,n) consists of it and its four neighboring vertices fm41n), fmn+1)> Fm—1n);
f(mmn—1). When all five points in a vertex star are contained in a single sphere, as say
that the vertex star is spherical.

Lemma 9.42. ([27]) Any 5 by 5 isothermic net whose centermost vertex star is not
spherical has a linear conserved quantity.

Proof. We take a Moutard lift F' such that 7,, = —F,F,. We need to find a constant
(@ and a variable Z so that

(9-35) Zq :Zp—(QFP+FPQ)Fq+Fp(QFq+FqQ)
and
(9.36) ZyTpq = TpgZq

hold. Let us take the domain of the mesh to be {(m,n) | |m|, |n| < 2}. By assumption,
the centermost vertex star is nonspherical, so

(937) dlm span{FQO, F170, F071, F—1,0> FO,—l} = 5 .

(Note that we have abbreviated the notation F| (i,j) to Fj; here, because that will be
convenient in this proof.) Set

(9.38) Q = qo0Fo,0 + q1,0F1,0 + g1 Fo1 + q-1,0F-10 + go,—1F0,—1
and

(9.39) Zo,0 = co0l00 + cr0F1,0 + coaFoq +co10F 10+ co—1F0,-1 -
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Define ¢ = (CIO,O, 41,0, 40,1, 9—1,0, %,—1) and ¢ = (Co,o, €1,0, €0,1, C—1,0, Co,—l) and

(Foo, Foo)  (Fro. Fop)  (Foa, Foo)  (Foio, Foo)  (Fo-1, Foo)
(Foo, Fio)  (Fro, Fio)  (Fop, Fio)  (Flio, Fio)  (Fo—1, Fio)
A= | (Foo. Fop) (Fio, Fo1)  (Fou, Fop)  (Foro.Fop)  (Fo—1, Foqn) |
(Fo,0. Fo10) (Fro, Fo10) (Foa, Foio) (Flvo, Foio) (Fo—1, Flip)
(Fo0, Fo—1) (Fio, Fo—1) (Foa, Fo—1) (Foio, Fo—1) (Fo—1, Fo-1)
(Foo, Fio)  (Fro, Fio)  (Fop, Fio)  (Fiio, Fio)  (Fo—1, Fio)
A (Foo,For)  (Fro, Foa)  (Fop, Foi)  (Flio, Fo1)  (Fo—1, Foa)
(Fo0. F-10) (Fio, Fl10) (Foa, Foio) (Flovo, Flio) (Fo—1, Flio) | 7
(Fo0, Fo—1) (Fio, Fo-1) (Foa, Fo—1) (Fivo, Fo—1) (Fo-1, Fo-1)
(Fo0, Fop)  (Fio, Fo0)  (Foa, Fop)  (Foio, Foo)  (Fo-1, Fap)
o (Foo, Fo2)  (Fio, Fo2)  (Foa, Foz)  (Foio, Foz)  (Fo-1, Fo2)
(Foo, F20) (Fio,F20) (Foa,Fo0) (Foi0,F20) (Fo—1,F-20) |’
(Fo0, Fo—2) (Fio, Fo,—2) (Foa, Fo—2) (Fi10,Fo—2) (Fo,-1,F0-2)
(Foo, Foo) (Foo, Fro) (Foo. Fo1) (Foo, F10) (Foe, Fo-1)
G- (Foo, Foo) (Foo, Fro) (Foo. Fo1) (Foo, F10) (Foe, Fo-1)
(Foo, Fop) (Foo.Fio) (Foo, Foa) (Foo, Fo10) (Foo, Fo-1) |’
(Foo, Foo) (Foo, Fio) (Foo. Foa) (Foo. Fo10) (Foo, Fo-1)
<F0 0, Fo 0> 0 0 0
0 (Fo,0, F10) 0 0
B= 0 0 <F070, Foq 0 ,
0 0 0 Foo, Fo10) 0
0 0 0 <F0 0, F07_1>
<F1’0, F270> 0 0 0
o 0 (Fo1, Fa) 0 0
0 0 <F_170, F_270> 0 ’
0 0 0 (Fo1, Fy_2)
(Fo,0, Fo0) 0 0 0
D= 0 <F070, Fy 2> 0 0
0 0 (Foo, F a0 0
0 0 0 <F070, FO,—2>

We need to know that A is invertible, which follows from (9.37), in this way: We

can write A as

A= (Foo Fip Fou Foip Fo,—1)t'

o O O

0

OO O~ O

O = OO

0

_ o O O

0

o O OO

—1

(Foo Fio Fox Fip Foa)

(here we are regarding Fo o, Fii1,0, Fo+1 as b-vectors, not 2 by 2 quaternionic matrices),

so det A # 0 if and only if

det (Foo Fio Fou Fo19 Fo-1) #0,

but this last condition follows from (9.37).
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Because of
(Fo.0, Zoo) =0,

(F10, Zoo) = 2(F10,Q)(Fo,0, F10) »

(Fy,0, Zoo) = 2(F2,0, Q){F1,0, Fo,0) — 2(Fb,0, Q) (FL0, Fa0) + 2(F1,0, Q) (Fo,0, F2p0) ,
and other similar equations, we then have the two equations

AZ=2BA§, E¢=(-20G+2CFE+2DA)7,
which give in turn that
(EA'BA+CG - CE - DA)§=0.

Because EA~'BA+CG—CFE—DAis a4 by 5 matrix, this linear system has a nonzero
solution ¢. We then define @) using that solution ¢, as in (9.38). Then A¢ = 2BA{
determines ¢, which we use to define Zy,, as in (9.39). We then propagate Z using
Equation (9.35).

It only remains to check that Equations (9.35) and (9.36) hold everywhere. By
Lemma 9.40, Equation (9.36) is equivalent to showing F' | Z, which is now a property
on vertices. We leave out the details of computing F' L Z here, but note that such
types of computations will be shown in detail in the proof of the next lemma. O

Remark 9.43. In Lemma 9.42, we showed existence but not uniqueness of the linear
conserved quantity. It would be interesting to find natural geometric conditions that
would make the linear conserved quantity unique.

Lemma 9.44. ([27]) For any nonspherical 3 by 3 isothermic net and any Q € R\
{0}, there exists a Z so that A\Z + @ is a linear conserved quantity of the net.

Proof. This proof will follow along the same lines as the previous proof, but now will
be simpler because the size of the net is smaller.

Let us take the domain mesh to be {(m,n)||m|,|n| < 1}. Like in the previous
proof, we take a Moutard lift F' such that 7,, = —F,F,. Using the notation in the
previous proof, ¢ is now given by the given choice of ). If the centermost vertex star
Flo0), F1,0, Flo,1), F(=1,0, F(0,—1) would be spherical, then the whole 3 by 3 net would
be spherical as well. Since this is not so, the central vertex star is not spherical, and
thus the matrix A in the previous proof is invertible. We can then solve Ac = 2BAq
for ¢. Setting p = (0,0), we have Z,, defined by this ¢, and we can propagate Z like
in the previous proof so that Z, and Z, are defined, where ¢ = (1,0) and s = (0, 1).
The fact that A¢ = 2B Aq holds implies that

(Fy, Zg) =0 e (Z, Fy) =2(Q, Fy)(Fy, Iy)
and

(Fs,Zs) =0 ie. (Z,, Fs) =2(Q, Fs)(F,, F) .
We also set r = (1,1) and propagate Z to Z,. Then, because F Fy + F;Fy = apg - [
for any edge pg (i.e. (Fp, Fy) = (—1/2)az;), and because (F, — F,)||(F, — Fs), ie.
F, — F, = o(F, — F}) for some scalar «, we have that

<Fq_FS>Fp>
(9.40) F,—F,=a(F,— F,), a=-——"—">2"
g ! <anF8>
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seen as follows: (Fy, F,) = (F),, Fy), (Fy, F, — F.) = (F), F, — Fy), (Fy, F, — F,)(Fy —
{’q) :) <Fp>Fq_Fs>(Fq_F8)a <Fq’F8_Fq>(Fr_Fp) = <Fp>Fq_Fs>(Fq_Fs)a implying
9.40).
We now wish to show (F,, Z,) = 0. First, we find an expression for Z,:
Z, :Zq+2<Qan>Fr_2<QaFT>Fq =
:Zp+2<Qan>Fq_2<Q7Fq>Fp+2<Q7Fq>Fr_2<Q7Fr>Fq =
:Zp+2<Qan>(Fr_Fp) _2<Q7F7“_FP>F(17
thus, by (9.40),
Zy = Zp + 20/(Q, Fy) (Fy — Fy) — 20(Q, Fy — Fy) Fy =
= Zp — 20(Q, F) Fs + 20(Q, F) Iy .
Then (9.40) gives
(Z,, Fy) =(Z, — 2a(Q, F) Fs + 20(Q, Fy) F,, aF, — aFs + F),) =
O‘<Zp> Fq> - O‘<Zpa Fy) — 2042(627 Fq><Fq> Fo)—
20/(Q, Fq><F8> Fp> - 20‘2<Q> Fo)(F, Fq> +20(Q, F8><Fp’ Fq> =
O‘<Zp> Fq>_2o‘2<Qv Fq+FS><Fq> FS>_a<ZP’ F8>_2O‘<Qa Fq> (F, Fp>+20‘<Qa F8> <Fp> Fq> .
Thus, by (9.34),
<Zra Fr) = 20‘<Q7 Fq><Fpa Fq) - 2a<Q7 Fs><Fp7 FS> + 204<Q, FS><FP7 Fq>_
2O‘<Q= Fq><Fpan> - 20‘2<Q7 Fy+ FS><Fq= FS> =
2a<Q7Fq+F8><Fp’Fq> _2Q<Q7F8+Fq><Fp’F8> _2a2<Q>Fq+F8><Fq>FS> =
2a<Q7Fq+FS><Fpan_F8> _2a2<Q7Fq+FS><Fq>FS> =
2a<Q7Fq+F8>(<Fpan_F8> _a<Fq>Fs>) =

F, F,—F,
20(Q. Fy + F)((Fy. Fy - ) - Lol By gy g
(Fy, Fy)
Repeating similar computations on the other three quadrilaterals completes the proof.

O

9.10. Discrete CMC surfaces of revolution. We take @) as in (8.3). Let us first
make the following assumption about the vertices of the discrete surface, implying we
have a discrete surface of revolution:

Assumption 1: fmn) = rm(cni + 555) + ik,

where ¢, = cos(270,/N), s, = sin(276,,/N) and r,,, h,, € R, with N a natural
number and 6,, € R.

The cross ratio for the quadrilateral with vertices coming from (m,n), (m + 1,n),
(m+1,n+1)and (m,n+1) is

_dhgn,m-l-l - dr?n,m-l—l
A7 Pnsr I (1d0,, i1 /N)
where dry, me1 = Tmt1 — Tm, Ahmmt1 = b1 — By, and dO,, 41 = 0,41 — 0,,. So we
can take

4 =A4mmn =

2 2
o dh’m,m—i—l + drm,m—i—l
a(m7n)7(m+17n) - _a ?

'mTm+1
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FIGURE 17. A discrete minimal surface of revolution in H? (in two
copies of the upper-half space model — one above the central plane, and
one below), and a discrete minimal surface of revolution in S* (where
S? has been stereographically projected to R?).

A(m,n),(mnt1) = 40 sin2(7rd9n7n+1 /N)

for any choice of a € R\ {0}. Because dfy, dfpq = ayq, We have

. «
dqu = i%d]{pq )

where "+ is used for m-edges and ”—" for n-edges. The m-edges are those between
fim,n) and fon41,), and the n-edges are those between f, ) and fm n41)-

We then have
S :I:i (](pdqu _fpdqufq) ‘
P Ty dqu _dqufq
Now assume f is a discrete CMC surface, that is:
Assumption 2: f has a linear conserved quantity @) + \Z .
Then, by Corollary 9.37, we have

7z — (" + Hpfp  —fpnp — npfp — Hp](?a
? H, —np — Hyfp '

Definition 9.45. We say that the surface of revolution f,, , has a constant hyperbolic
speed parametrization if the cross ratio gm,, is a constant (i.e. indep of m and n).

We now restrict to the case in the above definition:
Assumption 3: fis a constant hyperbolic speed parametrization .

This third assumption is not so essential for the arguments here, but we include it as
it is geometrically natural.
The last two equations in Lemma 9.31 now give the four equations

dfpgng + npdfp, = 0,
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+o
Hy = Hy, + (Kfpdfpg + Kdfpgfq) - —
T'pT'q
to
ng + Hyfqg = np + Hpfp + (d]cpq + ’ﬂcpd]{quq) S
pT'q

+a
fang + nqfq + quﬁ = fprp + npfy + pr;% + (dfpgfq + fpdfpg) - .
plq

We now assume that n,, and hence the conserved quantity as well, has the same
rotation symmetry as the surface itself:

Assumption 4: n, = p,(cai + 5,7) + npk and py, 7, € R depend only on m .

The fact that ||Z,[|* is constant implies |n,|* is constant, and thus p2 + 7?2 is also
constant. We have the following further facts:

fpnp + npfp + pr = (Tppp + hpnp) Hp(ri + h;) )
and when p = (m,n) and ¢ = (m,n + 1), we have
fpdfpg + dfpafe = 0, dfpg + KFpdfpgfq = 1p(1 + /45(7“2 + h?g))(dcn,nﬂi + dsnni1])

for dey 1 = o1 — ¢ and dsp i1 = Spt1 — Sp. When p = (m,n) and ¢ = (m+1,n),
we have

fpdfpg + dfpfq = r12n + hi@ - Tfn-i-l - hfnﬂ

and

dqu + “fpd](pq](q = (drm,m—kl + H(rm—kl(r?n + hfn) - rm(,r?n—i-l + h%@—i—l)))(cni + Snj)+

(A1 + K1 (12, + h2) = P (120 + hir))k

Now the full list of equations becomes:

) H, depends only on m,

) P+ Hur = —ar (14 k(r), + h3,)),

) (Pms1 + pm)drm,m-kl + (M1 + nm)dhm,m-i-l =0,

) drm,m—i—ldnm m+1 — dhm m—i—ldpm,m—i-l - 0;

) Hiir — Hy = arry eyl (kb2 =k = 2 ),

7) dpmmi1 + Hpi1rmir — Hpr = ozrmlrm+l(d7‘m mi1 + KT (7 3n + h%z) -
Tm(rgm+1 + h’?n—i—l)))u

(8) dnm, m+1 + Hyv1hmyr — Hyphy = O‘Tmlrm+1(dhm,m+1 + ’f(hm+1(7fn + h’?n) -
h ( m+1 + hm—i—l)))

(9) 2(rmpm+hmnm— 7’m+1/)m+1—hm+17im+1)+Hm(7"12n+h$n)_Hm+1(7’3n+1+h%1+1) =

2 2 2 2
Offr?m /rm—i—l(rm + hm Tyl — hm—i—l)‘
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The first condition above should follow from the other equations, and we can just
assume the second condition. We then have the system

H,, 0
Hm+1 0
TIm 0
| e | O
(9.41) P o | =10l
Pm+1 0
H, 0
1 0
r? 0 0 0 T'm 0 0 A
0 r2. 0 0 0 'm0 B
0 0 dhm,m+1 dhm,m+1 drm,m—l—l drm,m—i—l 0 0
P = 0 0 _drm,m—l—l drm,m—i—l dhm,m+1 _dhm,m—i-l 0 0
-1 1 0 0 0 0 0 rC
—hm [ -1 1 0 0 0 FE
r2 -+ hZ, =2 —hi 2k, —2h 41 2 2 0 C
where
A= a(l+w(ry, +hi,))
B=oa(l+r(rl . +hi.)),
C= O”mlrm}i-l( T4 + hm—i—l 1271 h%@) )
D= —ar, T’m+1(d7“m m+1 T K(T’m+1(7“ + b m) — rm(rfn—i-l + hi@+1))) ;

E=—ar, Tm+1(dhm m+1 T ’i(hm+1(r +h? m) — b (1 3n,+1 + hm-l—l)))
The fifth and eighth rows of the product on the left-hand side of (9.41) being zero
implies that

Hm+1 - Hm - QH(Tum + hmnm — 'm+1Pm+1 — hm+17]m+1)+

+Hm(r12n, + h?n)’% - Hm+1( Tt + hm+1)"'i
and so

2H, i= Hpp1(1+ 6(r2 4 hiyt) 4 26(Fmi1 mat + Pnga Thmat) =

= H(1+ &(r2, + h2)) + 26(rmpm + huntin)
is constant.
We can then choose the constant « so that n? + p2, = 1, and then start with some
initial conditions and propagate through values of m via (9.41) to produce the vertex
data for a discrete CMC surface of revolution.

Example 9.46. In Figure 18, we show discrete CMC surfaces of revolution. The first
two curves are profile curves for discrete nonminimal CMC' surfaces of revolution in
R3, the first being unduloidal and the second nodoidal. (For each of these two curves,
the axis of rotation producing the surface is a vertical line drawn to the left of the
curve, and is not shown in the figure.) The third picture shows the profile curve for
a discrete CMC surface of revolution in S®, where S is stereographically projected to
R3, and the circle shown is a geodesic of S® that is also the axis of the surface — and
furthermore, this example has a periodicity that causes it to close on itself and form a
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F1GURE 18. Discrete profile curves for discrete CMC surfaces of revo-
lution. The meanings of these graphics are explained in Example 9.46.

torus. Half of this surface in S3 is shown on the right-hand side of Figure 17 as well,
under a different stereographic projection to R®. The final two pictures in Figure 18
show profile curves for discrete CMC' surfaces of revolution in H3. These surfaces,
with H > 1 and H = 1 respectively, are shown in the Poincare model, and the first
1s undulotdal while the second looks similar to a smooth embedded catenoid cousin.
(For these two curves, the corresponding azis of revolution is the vertical line between
the uppermost and lowermost points of the circle shown, and this circle lies in the
boundary sphere at infinity of H3.) Also, on the left-hand side of Figure 17, we see a
minimal surface that lies in both copies of M_, = H3 UH?, and the horizontal plane
shown there is the virtual boundary at infinity of two copies of the halfspace model
for H3. This example was first known in [27], because the notion of discrete CMC for
this case was not defined before then.

10. DISCRETE SPACELIKE CMC SURFACES IN R2!

In Chapter 7, we looked at smooth maximal surfaces in Minkowski 3-space. In this
chapter, we consider one way to define discrete versions of them, and more generally,
to define discrete spacelike CMC surfaces in R%!. We start by reviewing the smooth
case.

10.1. Smooth CMC surfaces in R? and R*!, without quaternions. Consider
a smooth surface
x(u> U) = (ml(u> U)? Qfg(u, U)? ‘TB(U’ U))
in R? or R%>!, with unit normal n. Suppose the surface is spacelike, in the case of
R2!. Also, suppose that the coordinates w,v are isothermic. Conformality implies
the first fundamental form is
E 0
(i &)

with E = (z,,,), where (-,-) denotes the inner product associated with R* or R*!.
Then the second fundamental form is

() )= ()
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and having isothermic coordinates implies n, = —kiz, and n, = —kox,, where k;
and ko are the principal curvatures, and so

_(kE O
- (%0
The Hopf differential function is, with z = u + iv,

1

N 1
Q = <n7 mzz) = Z<n> Toyu — Typ — 22xuv> = Z(na Loyu — xvv)

1 E
= (b = o) = (k1 — k)

If the mean curvature H is constant, then Corollary 8.22 and the second equation
in (7.2) imply Qs =0, so Q@ = (E/4)(k; — k2) € R is constant.

Lemma 10.1. If x is isothermic in R® or R*! with isothermic coordinates u, v, then
x* exists, solving dr* = —Zxdu + Zdv.

Proof. This was already proven in the case of R? in Lemma 8.15, so let us be brief
here: We want to show "d?z* = 07, i.e.

Ty T B
d(—fdu + Edv) =0,

ie. 2z, F — 2, E, — x,F, = 0. We can see this by noting that b5 = 0 implies
Ty = Az, + Bz, for some reals A and B, and that (z,,z,) = 0. O

The z* in Lemma 10.1 is the same as the z* in Definition 8.17, but scaled by a
factor of 1/4. This is a non-essential change.

Proposition 10.2. Let x be an isothermic immersion in R?® or R>', with x* as in
the previous lemma. Then x is CMC H if and only if dx* = h(Hdx + dn) for some
constant h.

Proof. Let us again be brief, because the R? case was already dealt with in Remark
8.19:

—%du + %dv = h(Hdx +dn), h constant
is equivalent to
ki +ky=2H, and h =2E"*(k; — k)~ ! is constant .

The first of these is clearly true, and h is constant if and only if the Hopf differential
function @ is constant, which is true if and only if x is CMC. O

Corollary 10.3. An isothermic immersion x in R® or R>! is CMC if and only if
—%du + %dv — h(Hdzx + dn)

for some real constants h and H.
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10.2. Discrete isothermic CMC surfaces in R3, without quaternions. Let f be
a discrete isothermic surface in ImH ~ R3 as in Chapter 9, with cross ratio factorizing
function a,,. Starting with the equation

—df
df* — rq
- H ‘dquP
for the Christoffel transformation, we have the following lemma, which follows from
Corollary 9.36:

Lemma 10.4. A discrete isothermic surface f in R® is CMC if and only if there exist
constants h, H € R and n, with |n,|* =1 and df,yn, + nydf,, = 0 so that

h(dnpg + Hdfpg) = M :
|dfpql?
However, df,qng + npdfy,g = 0 is still a quaternionic equation. But this equation is
equivalent to the pair of equations df,, A ngy +n, A dfp, = 0 and (df,q, 1y +1g)rs = 0.
Then we can restate the previous lemma, without any use of quaternions, as:

Theorem 10.5. A discrete isothermic surface f in R3 is CMC if and only if there
exist constants h, H € R and vectors n, so that

i ‘np|2 =1,

o dfpg AN1ng +ny Adfpg =0,

o (dfpg,mp +1ng)rs =0, and

o h(dny + Hdfy,) = _|Z?Zj\f2pq '

Not all four items in the above theorem are independent of each other. For example,
the second item follows from the fourth item, because the second item is just telling
us that df,, is parallel to dn,,.

10.3. Discrete CMC surfaces in R*!. We now propose possible definitions for
discrete isothermic surfaces and discrete spacelike CMC surfaces in R?1.

Let f be a map from a domain in Z? to R*'. Let p = (m,n), ¢ = (m + 1,n),
r=(m+1,n+1)and s = (m,n + 1) be four vertices in the domain of f, for some
m,n € Z. Let f,, f,, f- and f; be the images of p, ¢, r and s under f.

To define the cross ratio factorizing function a,, in the case of R*!, we need to
define some analogue of the cross ratio, call it ¢ = g,qrs. Then we can define the a,,
in the usual way.

We now consider how to define the cross ratio on quadrilaterals. We could consider
quadrilaterals in spacelike planes, without rotating those planes to horizontal. How-
ever, in the argument below we choose to rotate the planes to horizontal, so that the
metric will be exactly the Euclidean metric that is so familiar to us.

We assume that the points f,, f,, f, fs lie in a "circle” in a spacelike plane of R*!.
In general, such a circle is

cosf sinfg 0 coshy 0 sinh~y pcosf X
—sinf cosf 0 0 1 0 psinf | + [y || 0€0,2m) p
0 0 1 sinhy 0 cosh~y 0 20

where 9, o, 20, p, 7, 8 are all real constants. By a rigid motion of R*!, we can move
this circle to the horizontal circle

{(pcosb, psinb,0)]60 € [0,2m)} .
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Then the points f,, fg, f-, fs are moved to points (pcosf., psiné,,0) for x = p,q, 7, s,
respectively.

Then we can compute the cross ratio in the usual way for the space R? (that is,
we can replace the metric for R>! with the metric for R* and then compute the cross
ratio, which is allowed because the circle is now horizontal in R*1):
0, — 6, O, — 6, . 0,—0 0, — 0,

5 ) esc( 5 ) sin( 5 ) ese( 5 ).

Remark 10.6. This gpgs is invariant under isometries of R*! (by definition), but is
not Mobius invariant (unlike the case of R?).

Qpqrs = sin(

Once the ggp,s are defined, then the a,, can be defined by

Gpars = Opq/ aps
and then we could use the same equations as for the R? case, that is, the equations
in Definition 9.5, to determine when the surface is discrete isothermic, with spacelike
quadrilaterals.

Then, after restricting to discrete isothermic surfaces, we could define discrete
spacelike CMC surfaces in R*! by imitating the equations from the case of discrete
CMC surfaces in R3, as found in Theorem 10.5. This is justified by looking at smooth
CMC surfaces in R? and R?*!, which have exactly the same equations — only the
ambient metric changes, see Corollary 10.3.

So the equations we want for defining a discrete spacelike CMC surface in R?! are
as follows: there exist h, H € R and normals n, so that

(1) {np,np)rea = —1,

(2) dfpg A ng+mnp A dfpg =0,
(3) (dfpgs np + ng)r2a = 0, and
(4) h(dnyg + Hdfpg) = —padlpo

ldfpq®
where here (-, -)g2.1 represents the R*! inner product, and A is the R*! cross product,
and | - | is the R?! norm.

11. POLYNOMIAL CONSERVED QUANTITIES AND DARBOUX TRANSFORMS

11.1. Polynomial conserved quantities. Equation (9.33) can be extended to de-
fine discrete isothermic surfaces f with polynomial conserved quantities, as follows:

Definition 11.1.
P=Q+ AP+ NP+ ...+ \"'P,_ +\"Z
s a polynomial conserved quantity uf
(11.1) (L 4+ ATpy) Py = Py(I + A1)
where Q, Z and the P; are maps from the lattice domain to R*!.

We sometimes write Z as P, as well. If such a polynomial conserved quantity
exists, we say that f is a special surface of type n, and the above Equation (11.1) is
equivalent to

(11.2) T P, (T))™"

being constant with respect to the vertices p.
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Equation (11.1) can be restated as F;‘q - P, = P,, i.e. P is a parallel section, i.e. P

is conserved by the connection I')

g» S0 we can call it a ”conserved quantity”.

11.2. Polynomial conserved quantities for smooth surfaces. Before further
exploring discrete surfaces with polynomial conserved quantities, let us consider the
case of smooth surfaces. Definition 8.23 and Equation (8.12) can be extended to
define smooth surfaces with polynomial conserved quantities

P=Q+ AP, + NP+ ...+ \"'P,_ 1 +A\"Z,

where @, Z and the P; are maps from the domain of definition of z = z(u,v) to R*!,
as follows:

Definition 11.2. P is a polynomial conserved quantity of type n if
(11.3) dP = APT — A\TP .

We now state a result about the polynomial conserved quantities of Darboux trans-
forms of smooth surfaces (recall that Darboux transformations were defined in Defi-
nition 8.49):

Lemma 11.3. If the initial isothermic surface x = x(u,v) has a polynomial con-
served quantity of order n, then any Darbouz transform & = z(u,v) has a polynomial
conserved quantity of order at most n + 1.

Proof. Let X be a lift of the initial surface x with Calapso transformation 7" and
polynomial conserved quantity P of order n. Then TPT~! is constant. Let X be
a lift of the Darboux transform # of z, i.e. TXT! is constant in PL* for some
particular choice of A, and let us refer to that choice of A as A = p. (From now on we
take p to be that fixed value, and A will denote a free real parameter.) We define

PR S -
XX+ XX
(since X X + XX is a scalar multiple of the identity, we regard it as a scalar in the
denominator here), and we can check that
1 . .
= (XX + (p—NXX)
DS H H 5
(b —N(XX+ XX)

which follows immediately from the property X2 = X2 = 0.
Since we are free to rescale X and X, let us rescale them so that

x —x? - 1 (& —22
(1) =m0 )

where ¢ := 2 — . Then
- 1 (26 —x6% . 1 (=36 2oz
XX:E(&-%)’XX:_(4 M)’

and also
XX+ XX=—1, x0%=3dz.
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We also have that the logarithmic derivatives 7 and 7 of Calapso transformations
of z and 7 satisfy
1 -1

-1 -1 -1
() = (xx_ul xx_ul x) (@) = — (xx_vl xx_vl x) ’

x, -, x, —T, T
s N9 S P s N -

. T, —xT, T . Tz, —IT,'%

(Ou) = | . ) T0)=— A NEP
z, -, z, —T, T

Furthermore, by Equation (8.24), we have
(11.4) Ty = péx, 0, &y = —pdz; 'S .

Next we should show that d(T'A) = TA- A7, so T = T A solves T—*dT = A\7. That
is, we wish to show that

AN (0) A+ ANdA — A#(D,) =
PA (xx;l —xx;la:) ) (fcriyjl —:%:i';li?) ~ A(00y + 649) (:17(5 —x&%) N

p—A\z,t —alz S (u—Not o —oz
A Ty0 + 10y —Ty,08 — X0, T — TOLy, A2 —302,0 207,07
(1= A)d? Oy —0,& — 0, 1 — Ao \ —0z,0 02,08

is zero, and also A7'A\7(9,)A + A7'dA — \7(9,) = 0, and this follows from the first
equation in (11.4).

Then we define R

P = p(p— NATPA,

and we can show that TPT~! is constant, as follows: d(TPT~') = pu(u — N)d(TA -
AT'PA- AT Y = pu(p — Nd(TPT™) = 0.

It is now clear that P is a polynomial conserved quantity of degree at most n + 2.
To show that the degree is actually at most n + 1, it suffices to show that P, is
perpendicular to X, and so XP,X = 0. We omit an argument for this, but note

that the analogous argument for the case of discrete surfaces can be found in detail
below. U

Remark 11.4. The Darboux transform in Lemma 11.3 is a Baecklund transform ex-
actly when it is of type at most n. See Remarks 8.52 and 8.53. See also Definition
11.28 and Lemma 11.30 (discrete case).

For an isothermic surface with a polynomial conserved quantity of order n, we
define a complementary surface as follows: take a value Ay of A so that

P> =[1Q + XPL + AP+ ... + AP, + M Z) 2 =0

and define the complementary surface to be P()\g). This will be a Baecklund trans-
formation, so will be of type at most n. We say more about this in Section 11.6.

Complementary surfaces can be of type n. But if a Baecklund transform is of
type n — 1 (Darboux transforms must be of type at least n — 1, as seen in Lemma
11.22), then it must be a complementary surface, by Lemma 4.10 of [27]. Examples of
type n — 1 Baecklund transforms can come from CMC 1 surfaces in H? and minimal
surfaces in R3. In fact, we have the following lemma:

Lemma 11.5. In the case n =1 (i.e. CMC surfaces), CMC +£+/—k surfaces in M,
are the only cases where a type n—1 = 0 Baecklund transform can exist. In particular,
if such a Baecklund transform exists, then k < 0.
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Proof. When the linear conserved quantity is normalized, we have
INZ + Q> =\ —2H) — &,

and the discriminant is
2VH? + k.

When a type 0 Baecklund transform exists, we have a higher order zero of \2—2H\—x
(by Lemma 4.10 in [27]), so H?> + k = 0, i.e. H? = —k. (See [27] for further
details.) O

Remark 11.6. Take a smooth surface and apply two Darboux transformations given
by using A and g, respectively. Then apply a Darboux transformations to each of
those, but now using u for the case of the surface first made using A and using A for the
case of the surface first made using p. By a permutability theorem, this second pair of
Darboux transformations is just one single surface. Fixing one point on the original
surface and looking at the other three corresponding points on the four (actually only
three) transformed surfaces, one has a quadrilateral with cross ratio equal to \/pu.
One can keep repeating this procedure to make more quadrilaterals. This will result
in a discrete surface starting from a single point on the original smooth surface, and
comprized of corresponding points on the transformed surfaces (one point for each
transformed surface). Because the cross ratios take the form A/, this discrete surface
is discrete isothermic.

11.3. Darboux transforms for discrete surfaces. The Darboux transforms of
discrete surfaces have similar enveloping properties to the case of smooth surfaces. In
the discrete case, the eight vertices of two corresponding quadrilaterals (one on the
original surface and the corresponding one on the Darboux transform) all lie in one
sphere. (This can be seen from the upcoming Lemmas 11.9 and 11.11.)

Assume f is a discrete isothermic surface, and that F' is a lift of f. We have the
Christoffel transformation T* satisfying

T = T) I + A1py) -
Definition 11.7. F gives a Darbouz transform f of § if
(11.5) THE,(TH) ™!
is constant in PL* with respect to vertices p, for some value ji.
When the term T;FP(T;)_I in Equation (11.5) is set to a constant, we have what
is sometimes called Darboux’s linear system.

In this definition, f is a Darboux transformation if T#F(T*)~! is constant. Here
"constant” means in the projectivized sense. That is, there exists an r,, € R such

that THF,(T#) ! = 1y, - THE,(TH) L. )
Once a choice of T" is made, it is possible to choose F' so that r,, = 1 on all edges,

but then F might not be a Moutard lift.
Just like in the smooth case, where we obtained the Riccati equation (8.24), we
have:

Lemma 11.8. Definition 11.7 is equivalent to

(11.6) dfpg = 1(F = D)pdfs,(F = Fg



108

Proof. We prove just one direction here. The other direction can be proven by an
argument analogous to the one in the proof of Lemma 8.50, and we leave that to the
reader. R
THF,(T!)~" being parallel to T} F,(T})~" is equivalent to the following four equa-
tions:
L+ pdfy 0D, = r{1 — pdDydF)
fq + prdf;quq = T(fp - ,ufpdppd](;q> )
fq + Mdf;qdquq = T(fp - Mdppd](;qfq) )
(fq + m(pd](;qdpq)](q = 1fp(fp — Udedf;qfq) )

for some real r, where dD := ]E — §. Defining r by the first of the four equations, we
have

~

(1 — pdDydiy,) (5 + 1fpdigdDy)iy =
(1 + Ndf;qdpq)Ap(l - Nded](;q)%q =
(1 - Mded](;q)%p(l + Ndf;qdpqﬁq =
( 0)

1+ pdf’,dDy)fp(Fp — 1dDydfs fy) -
In particular,
fq + :ufpdf;qdpq = fp + prd](;qdpq I
fq - Mdppd](;qfq = fp - Mdppd](;qfq .
Summing these last two equations gives Equation (11.6). O

Lemma 11.9. ]f{‘ is a Darboux transform of §, then for adjacent p and g, the four
points fp, fq, fq and §, are concircular.

Proof. Because f is a Darboux transformation, by (11.6) we have

1= 11l — F)diig (o — To) (dfpg)

for some p € R. So

(}p — fp)(fq — ](p)_l(%q - ](q)(]zq - ]A(p)_l eER,

so the cross ratio of f,, f,, fq and ]A‘p is real. U
Lemma 11.10. If f* is both a Christoffel and a Darboux transform, then |f — f*| is
constant.

Proof. The previous lemma implies that f,, f,, f; and f, are concircular. Because f*
is a Christoffel transform, f, —f, and f, — f; are parallel. OJ

Lemma 11.11. A Darboux transform ;‘ of f has the same cross ratios as f.

Proof. Note that p and ¢ can be switched in Equation (11.6), which can be seen just
by conjugating that equation, so we have

(F = ol (7= Fa = (F = Doy (F =)y -
Then ) ) o
q = dfPQ(dfqr)_ldfrs(dfgp)_l =

(F = Dpdfo,(F = Do((F = Dedfin(F— 1)) F = Drdfs(F— 1s((F = Dsdfi(F—p) " =
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(F = Dplfpa (G = Dal (G = R)rdf(§ = 1)) G = (G = DG = Dpdfsp (G~ 1)) =
(F = ol (df ) dfdf 5, (G =Dyt =0
Since ¢* = ¢, by Lemma 9.20, the proof is completed. O
Justification for the following definition can be found in [20], [71], [72] and [73]:

Definition 11.12. Let f be a discrete isothermic surface in R3. The § is CMC' in the
old sense if there exists a Christoffel transformation that is also a Darboux transfor-
mation.

Note that Christoffel transformations are defined only up to translation and scaling.

Lemma 11.13. Iff is CMC in the old sense, then § has a linear conserved quantity
(for R3).

Proof. By assumption, there exists an {* such that a,, = dfp,dfy, and there exists a
1 € R such that

(11.7) dfpg = 1(F* = Fpdfpg(F* — Fq -
Set n, = s - (f* — f),, for some constant s € R. For simplicity, we assume p > 0, and
leave the case p < 0 to the reader.

Lemma 11.10 implies |n,|? is constant. Since [f} — f,
implies
(11.8) Pt =1 =)
for all vertices p. Take @ as in (8.3) with x = 0, and set

7 (HH—n —fn—nf—Hf2) '

|? is constant, Equation (11.7)

1 —Hf—n
The goal is to find values for the real constants s and H so that
(11.9) dZ =Qt —1Q
and
(11.10) TZy = Z,T .

If we take H = 1, then Equation (11.10) holds if and only if df,,n, + n,df,, = 0,
and this follows from (f5 — f,)* = (f; — f,)* and the fact that df}, is parallel to dfp,.
Equation (11.9) holds if and only if

(11.11) df;q = Hdfpq + dnp,
and
(11.12) fpnp + npfp — Fang — ngfq + Hf; - Hfﬁ = _df;qfq - ]cpdf;q

both hold. Equation (11.11) holds if H = s = 1. Now assume that H = s = 1. Then
Equation (11.12) is equivalent to
(F* = Ppdipg + dfpg(f* = )g =0,
which in turn is equivalent to
* * * 1
(F" = Fpdipg(F = g -

(7 —§)?

= —df*

pg
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and this last equation is the same as Equation (11.7) by (11.8) and the facts that
(f —§)*> < 0 and p > 0. This completes the proof. O

Although the constant H becomes 1 in the above proof, this does not necessarily
mean that H is the mean curvature of the CMC surface f, because the linear conserved
quantity might not be normalized so that —Z?2 takes the value needed to make H the
mean curvature.

Lemma 11.14. Iff has a linear conserved quantity Q + \Z for R3 (i.e. Q* =0) so
that (Z,Q) # 0, then f is CMC in R3 in the old sense.

Proof. We can assume the constant term () in the linear conserved quantity is as in
(8.3) with x = 0. Then Corollary 9.36 implies that there exists a constant H € R\ {0},
and an n, € ImH with |n,|? constant, such that

dfpg = d(Hf + n)pg »  dfpgng + npdfpg = 0.
The goal is to find constants p and « in R, and a constant b € ImH so that
adfy, = plaf” + b —f)dfy (af +b—1)g .

Here f = af* + b, and without loss of generality we can take {* = Hf + n.
Take b = 0 and a = H~'. Then the goal becomes to find p such that H~'df}, =
pH " nydfs, H g, and = —H/n? will work. O
With respect to Lemma 11.14, we can treat the case (Z, Q) = 0 separately, and

we leave this to the reader. This will lead to the equivalence of discrete minimal
surfaces as defined here via linear conserved quantities, and discrete minimal surfaces

as previously defined (see [20], [71], [72], [73]), like this:

Definition 11.15. § is a discrete minimal surface in R3 in the old sense if the
Christoffel transform §* takes values in a sphere.

Now let us turn our attention to a discrete version of Lemma 11.3. Suppose that
the discrete isothermic surface f has a polynomial conserved quantity P of order n.
Let ;‘ be a Darboux transform of f determined by the value p € R. (X and p play
the same roles here as they did in the proof of Lemma 11.3.) Consider a Christoffel

transformation 7> of ]E satisfying
T} =T 1+ M) -

Let F and F' be lifts into L* of f and ;‘, respectively. We define
A FF
A=A, =1-—— L
HEE, + FLF,
for each vertex p. We want to show

(T/\A)q = (T)\A)p(l + )‘%pq) )
so that we can take T = T*A, ie. we want

(L + ATpg) Ag = Ap(I + Apg)

1.e.
A F,F A FF
(L + A1py) (I — —#) = (- —#)(I—l—)\ﬁgq).
K EFy + FFy K EE, + FLF,
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We can choose F and F so that F,, F,, Fq and Fp are a Moutard lift of the concircular

quadrilateral with vertices f,, f;, f, and f,, satisfying the equivalents of (9.7) and
(9.12). We can also let 1/ take the role of the cross ratio factor a; ; = a; ; on the

edges fpfp and quq. Then the above equation is equivalent to
(Fq_Fp)Fq+Fp(Fq_Fp) =0.

Then, by the definition of Moutard lifts (Definition 9.9), this is equivalent to
(Fq_Fp)Fq+Fp(Fq_Fp) =0,

and this final equation is obviously true.
It is then easily checked that

1 . .
I (WEE, + (u— N E,F,)
~ ~ HEpLp T ([ pt'p) >
' (1= N (Fply + L F)
o (u—A)A; ! is linear in A. Noting that A, itself is also linear in A, we have that
P = pu(p—NATPA
is a polynomial in \ of degree at most n+ 2. Note that T*P(T*)~! is constant. Also,

TAP(TMN ™ = p(p = NTYA- A7YPA - (TAA) ™ = p(p— NTAP(TH) !

so T ’\P(T M)~ is constant. Thus Pis a polynomial conserved quantity of type at
most n + 2 for the Darboux transform f.

We will see in Corollary 11.20 below that FP,F = 0, so FFP,FF = 0, which
implies that the top term of P is Z€ro, SO P is of type at most n + 1. This proves the
following theorem (analogous to Lemma 11.3 for the smooth case):

Theorem 11.16. A Darboux transform of a discrete special surface of type n is a
discrete special surface of type at most n + 1.

We now give some results, with the aim of obtaining Corollary 11.20.

Lemma 11.17. If P is a polynomial conserved quantity of a discrete isothermic
surface f, and iof F' is a lift of |, then F,dP,,F, = 0 for all edges pq.

Proof. By Equation (11.1), we have
0= Fp((l +/\qu)Pq - Pp(l "‘)‘qu))Fq = Fp(Pq - Pp>Fq )
because [,y = Tpely = 0. O

Corollary 11.18. If P is a polynomial conserved quantity of f, and if F is a lift of
f, then
Aapq

11.13 dP,, =
( ) pq <Fpa Fq>

((Pqu)Fp_ <Pp’Fp>Fq)

for all edges pq.

Proof. Because Equation (11.13) is not affected by the choice of lift F', we may assume
Fis Moutard, and (9.7) and (9.12) hold. First note that F,F;, # 0if f, # f,. Secondly,
note that if S € R*!\ {0} is perpendicular to both F, and F,, then S is spacelike
and S? is a negative real scalar times /.
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Suppose further that F,SF, = 0, then
0= SF,SF, = -S*F,F,,
which gives a contradiction. Therefore Lemma 11.17 implies
dP,, = oF, — BF,
for some reals «, 3. Now consider the following computation:
(F,P, + P,F,)F, = F,P,F,, = F,(I + \1p,) P,F,, = F,,P,(I + A1) F}, =
FpPp(1 = Aapg) - I = Agp) Fy = (1 = Aayg) (Fp B + Py ) Fy

Thus

Fp(Pq - Pp)Fp = —Aap F, By Fy
and then

ﬂ(va Fq>Fp = )‘apq<Fp7 Pp>Fp .
Thus

= Adpq (Fp, P)
(Fp, Fy)

We can derive « similarly. 0

Lemma 11.19. P, 1 F.

Proof. Looking at the equation for dP,, in Corollary 11.18, there is no A"*! term on
the left, so the A"™! term on the right must be zero. This means

<Pn,q> Fq>Fp = <Pn7p’ Fp>Fq .
Since F,, and F} are not parallel, it follows that

<Pn,q>Fq> = <Pn,p>Fp> =0.
So (P, p, F,) = 0 for all vertices p. O
Corollary 11.20. FP,F = 0.

Proof. Lemma 11.19 gives F'P, + P,F = 0, which implies 0 = FP,F + P,F?
FP,F.

O

We also have the following stronger version of Corollary 11.18; proven in [27]:

Corollary 11.21. The polynomial conserved quantity P satisfies

\a
deq = ﬁ{([ﬂ,FﬁF} - <Pp’Fp>Fq}
Apq

= P, F)F,— (P, F))F,} .
(1 _ )\apq)<Fp>Fq>{< p Q> p < 9 P> q}

The next lemma follows from the following symmetry: If f is a Darboux transform
of §, then f is also a Darboux transform of f. So if the order of the polynomial
conserved quantity can only go up by at most one, then also it can only go down by
at most one.

Lemma 11.22. A Darboux transformation of a special surface of type n is special of
type at least n — 1.
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Proof. The proof of Lemma 11.9 implies (11.6) is equivalent to

(11.14) 1= payy(fp = 1) (Fg = §p) 7 (T = f) (Fg — £2) ™",
so we know this equation (11.14) holds. We wish to show the equation that results
when f and f are switched also holds, i.e. that

(11'15) 1= ﬂ&pq(fp - ;(p)(;(q - ;(p)_l(](q - }q)(fq - fp)_l

holds. But the equivalence of (11.14) and (11.15) follows from a,, = d,, (Lemma

11.11) and Lemma 8.37, when taking i = p. Now Theorem 11.16 implies the lemma.
4

11.4. More on Calapso transformations. Because the Calapso transformation in
(11.2) is constant, and Calapso transformations give isometries of R*! (for each fixed
value of T'), we have that ||P,||* is independent of p. With this, it is not difficult
to prove the following lemma about order n polynomial conserved quantities P of
discrete isothermic surfaces f. Let F' € PL* be a lift of f.

Lemma 11.23. The following hold:
(1) [|Z]1? and ||Q||* are constant. (Lemmas 9.31 and 9.33 when n = 1)
2) dPyy = 7% {(Py, Fy) By — (P, ) Fy}. (Lemma 11.18)
) Z, L F, for all p. (Lemma 9.40 whenn =1)
) HZ||2 > 0, and ||Z||> = 0 if and only if Z and F are parallel. (Corollary 8.28
in the case of smooth surfaces, when n =1)
(5) Spq = Zp + apq%Fp =Z,+ apq%lfq. (the curvature sphere)
(6) If P is linear, then (Q,Z) is constant as well. (Corollary 9.36 when the
ambient space is R?)
(7) When ||Z||? > 0, S, gives a sphere via (8.9) containing both §, and {,.

(
(3
(4

Next we prove the following lemma:

Lemma 11.24. If a discrete isothermic surface f has a linear conserved quantity
P = Q+\Z and lies in a connected space form (this rules out two copies of H?), then
|Z|1? = 0 implies the cross ratios of § are positive. In particular, the quadrilaterals
are not embedded.

Proof. Let M, be the connected space form, which we may assume is produced by
a @ as in (8.3). Take the lift F' of f so that F € M,. Because ||Z||> = 0, there
exists a real-valued function r so that Z = rF (by part (4) of Lemma 11.23). Then
d(rF) = QT — 7Q gives the three equations

2r 2r . .
1 _ ng - 1 _ ng = K’(fpdqu + dqufq) )
27’qu 27’pf2

1— K?fg - 1 — pfg = df;qfq + fpd](;q )

2rgfg  2rpfp —d
1—kf2 11— kf2
The first and second of these equations imply that r is constant (i.e. r, = r,).
If k = 0, the third equation gives a,, = dfydf,, = 2rdf§q, so all the a,, have the
same sign, and thus the cross ratios are positive.

](pq + ’f](pdf;qfq .
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If k # 0, then
2rf,f; 2rf,f; ) \
/11 _ I{;g - Kl — /{?2 = K;(fpdqufq + f?)dqu) )

and the third of the above three equations gives

Urdfyy = dfty(1 — E2)(1— f2)

Note that 1 — xf? never changes sign, since § stays in the connected 3-dimensional
space form M,, so all the a,, have the same sign. ([l

Example 11.25. The situation in Lemma 11.24 does indeed occur. Consider the fol-
lowing simple example: Let the domain of § be Z2, and

fmm =7, when m=n=0 (mod2),
fmm=1+j, when m=1n=0 (mod2),

fmn =0, when m=n=1 (mod?2),

fmmn =1, when m=0,n=1 (mod?2).

All cross ratios are 1/2 > 0. We can take all cross ratio factors on vertical edges to
be a(mn)(mnt+1) = 2 and on all horizontal edges to be a@nnym+1,,) = 1. Setting

_ _ fm,n - ?n,,n _ 01
Z—Zm,n—_<1 _fm,n ) Q_ 0 0 )

then P = Q + \Z is a linear conserved quantity of f, the ambient space is R3, and
|Z]|*> = 0. Lemma 11.24 now implies all quadrilaterals are not embedded, which is
also immediately clear from the definition of §.

Lemma 11.26. Suppose | is a discrete isothermic surface with a conserved quantity
P of order n. Let T}' denote a Calapso transformation satisfying T} = TH(I + ji7p,).
Then the Calapso transform fi with lift F}' = Tzﬁ‘Fp(Tzﬁ‘)_1 also has a polynomial
conserved quantity of order n, defined by

By = THPO+ )T
where P(X\ + ) denotes P|y_xtp-
Proof.
dPl + ATh Pr — PEATH =
TEP, (A + p)(Ty) ™ = TYPy(A + ) (TH) ™'+
+)‘T57pqpq(>‘ + N)(Tqu)_l - )‘Tipp()‘ + N)qu(Tq“)_l )
by Equation (9.19). So then
dPZﬁﬁ] + )\TZﬁZP;L - P;‘ATI‘,‘(I =
TH Py A+ p)(T2) ™" = THPy(A + p)(TH) ™ = TH[Py (A + 1) — Py(A + p)+
‘H”—pqpq()‘ + ) — ,UPP()‘ + ,U)qu] (T;)_l =
T;[MquPf]()‘ + :“) - Pp()‘ + :“),W—pq - ,W—quq()‘ + :“) + ,UPP()‘ + M)qu] (Tu)_l =0.

q

4
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Note that the corresponding result for the case of smooth surfaces of the above
lemma, in the case n = 1, implies that the Calapso transformations and Lawson
transformations of smooth CMC surfaces are the same. We say more about this in
Remark 11.27 just below.

Remark 11.27. Now we remark about the Lawson correspondence for smooth surfaces
x with linear conserved quantities P = Q + AZ. First we note that, for a smooth

surface x with lift X in the light cone L*, we have, for the Calapso transformation
X N =TXT,

dX* =d(T'X(T*)™ ") = T*(dX + urX — Xp7)(TH) ™t = THdX (T*) !
(note that 7X = X7 = 0), and we similarly have, for the linear conserved quantity
Pt = Q" + AZ" of the Calapso transform,
dZ"F = TMdZ + purZ — Zut)(TH)™ = THdZ(T*) ™,

by considering the version of Lemma 11.26 for smooth surfaces, and noting that
J1—172 =0.

Let us consider for a moment how to derive the version of Lemma 11.26 for
smooth surfaces. For the smooth case as well, we have the corresponding proper-
ties THTA = TAMT* (like we saw in Lemma 9.25 in the case of discrete surfaces) and
7 = Tr7(T*)~! (like Equation (9.19) for the case of discrete surfaces) for the smooth
surface z#* with lift X* = T*X (T*)~'. When x is CMC in some space form, we have
a linear conserved quantity P = @ + A\Z, and by (8.22),

d(TH2P(p+ N (T =0,
d(THN(THP(p+ ) (T~ )T ™) =0,

and so P*(\) = TFP(X + p)(T*)~! is a linear conserved quantity for z#. We have
just derived the version of Lemma 11.26 for smooth surfaces (stated only for the case
n = 1 here).

Thus z# is CMC in the space form determined by the constant term Q* in P*.
Note that

PN = A2+ QM = A+ )T Z(T") 7+ THQ(T") ™ =
_ NTHZ(T) )+ TH(uZ + Q)(TH) "
Now,
||dX"(|* = [|TdX (T")7Y* = [|dX]|*
so the metrics of x and z#* are the same. Also,
—(dX*", dZ") = —(T*dX (T*)~', TFdZ(T*) ™) = —(dX,dZ) ,

so the Hopf differentials of  and x* are the same. Also, assuming we have normalized
P properly, the mean curvatures H and H* of x and x* are related by

H" = —(T"Z(T")", T"(nZ + Q)(T") ") = —p+ H .

We conclude that  — z* is the Lawson correspondence, with the surface z in the
space form determined by (), and the surface z* in the space form determined by Q*.
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11.5. Baecklund transforms.

Definition 11.28. If the Darboux transform f (with any lift F) of a discrete special
surface | of type n satisfies
P(u) L F,

then we say that f 1s a Baecklund transform of §.

In this case, it follows that ]E is also a special surface of type at most n, i.e. not of
type n + 1, as we will now see. (This definition is also related to Remark 8.53.)

Lemma 11.29. If a polynomial conserved quantity P = P(\) satisfies P(u) = 0 for
some | € R, then there exists a polynomial conserved quantity of order one less.

Proof. P(p) = 0 implies P(\) = = - P(X) is still a polynomial. Then TP, (A)(T,") ™

is constant with respect to p, and so TZ;\PP()\)(T;)_l is too. Also, ordP = (ordP) —
1. U

The following lemma justifies the statement we made in Remark 11.4.

Lemma 11.30. For a Darbouz transform ;‘ of a type n discrete special surface f
determined by the value A\ = u, if P(u) L f, then § is of type at most n.

Proof. As in the proof of Theorem 11.16,
A FF

A~ ILL A~ A~
FF—i—FF{(M (1 ) JP( MFF—G—FF)}
SO
A 7 - FF
(1) FF+FF{“ (FP(u))( FF+FF)}
) [ . FF
P = ———AuF(—P(uW)F)———)} =0,
(1) FF+FF{“ (=P(p) )FF+FF)}
since 2 = 0. Then Lemma 11.29 proves the result. O

Lemma 11.31. If P(u), L Fp for one value of p, then this holds also for any other
value of p.

Proof. We suppose P(u), L Fp holds at one particular p, and then show that P(u), L
F, holds for any adjacent ¢. The relation

FpP(:“)p = _P(M)ppp
implies that
—P(u)p(T) T Fy(Te) T8 = (Ty)  TE Fy(T2) T T P(p)y
and so
_P(N)p(f + Nqu)Fq = (I + N%q)FqU + Mqu)_IP(N)p(I + :L”'pq) .
Therefore —P(p),F, = F,P(p),, and F, L P(u),. O
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11.6. Complementary surfaces. As promised in Section 11.2, we say more about
complementary surfaces here.

If P is a polynomial conserved quantity of order n, then ||P(u)
2N Z€TOS [, ..., lon. We can choose F' = P(u;) to get another surface, for some
Jj € {1,...,2n}, because P(u;) lies in the light cone L*. (Clearly, choices of u
for which P(y) is not in the light cone cannot be allowed.) Then T F(T#)~1 =
T P(p;)(T") " is constant, by the definition of a conserved quantity, and thus F
gives a Darboux transform. Furthermore,

(F, P(py)) = |IP(uy)lIP =0,

and so in fact we have a Baecklund transform.

|> has at most

Definition 11.32. We call the Baecklund transform given by F= P(u;) a comple-
mentary surface of f.

11.7. The spaces in which Darboux transformations live. In this section, we
include some comments about the ambient spaces that Darboux and Baecklund trans-
formations lie in. The comments here are less than perfectly organized, and more
thorough arguments can be found in [27].

Let f be an isothermic discrete surface with normalized linear conserved quantity
P=Q+ ), ||Z]]* =1, and let f be a Darboux transform of . To shorten notation,
deﬁpe B=FF+FF. Then, as in the proof of Theorem 11.16, the conserved quantity
for f is

P =uB  (uB - NFF)Pu "B~ (uB — A\FE) = XN2Z + AP, + Q ,

where
Q=4Q, Pi=p’Z—puB ' (FFQ+QFF)
and
Z =B 2FFQFF — uB"\(FFZ + ZFF) .

Using F? = F? = 0, and that FZF = 0 implies FZFFQF = BFZQF and
FQFFZF = BFQZF and FZEFF = BFZ and FFZF = BZF, we have Z2 = 272
Thus, when we normalize P so that the leading coefficient has squared norm +1, the
constant term will become p - @), so f and ;‘ do not live in the same space form, in
general, but at least the sectional curvatures of the two space forms (i.e. the two
quadrics) containing § and f have the same sign. However, it does not really matter
that they are not in the same space form, as Darboux transforms are a notion most
naturally considered for ambient spaces with just a conformal structure, not with a
Riemannian structure (and the two quadrics do have a common conformal structure).

In the case that the Darboux transform is actually a Baecklund transform with
linear conserved quantity Q + A\Z, let us suppose that

(11.16) P=Xs(A\Z+Q)+t(\Z+Q)
for some constants s and ¢. Hence Z = sZ , and so
77 = (u/s)* 2 .
Also, Q = t71Q = t711.2Q. Then P, = sQ + tZ implies
127 — B Y FFQ+QFF) = st ' 1i’Q + ts (B 2FFQFF — uB~ (FFZ + ZFF)) .
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Multiplying this on both the left and the right by F, we get
—uB Y FFFQF + FQFFF) = st ' i*FQF + ts (B *FFFQFFF) .
So
2u+ st 2 +ts ) (FQF) =0.
Since F'Q) = GI — QF for some nonzero real scalar Q, we have FQF = GF # 0, so

(Vlst=1 2] £ V]ts71))* =

So in fact \/|st~1u2] —/|ts~1] = 0, and it follows that 32,u2 = 2. Thus 2% = 12574 2>
and Q = ts2Q, so when we normalize \Z + Q, Q is changed back to the original
. The conclusion is that a Baecklund transform lies in the same space form as
the original surface, when using normalized conserved quantities, and when assuming
(11.16). In fact, this conclusion is true even without assuming (11.16), see Theorem
4.5 in [27].

We gave the arguments here assuming f has a linear conserved quantity, but the cor-
responding results and arguments hold in the case that f has a polynomial conserved
quantity as well.

11.8. Envelopes.

Definition 11.33. Let § be a discrete isothermic surface with domain ¥ C Z* and
lift F: ¥ — L* We say that § envelops the discrete sphere congruence Z = 3 — R,
Zy spacelike for all p € X, if

(1) §f, L Z, for allp € ¥ (incidence),

(2) Z, = Z, mod span{ F,, F,} for all edges pq with p,q € ¥ (touching).

Remark 11.34. The top-term coefficient Z of a polynomial conserved quantity of f is
an example of a sphere congruence of f, by parts (3) and (5) of Lemma 11.23.

Remark 11.35. Although Z, itself is a single sphere, it determines a pencil of spheres
Zy+ sk, for s € R.

Suppose that f is a discrete isothermic surface with lift F' that envelopes a sphere
congruence Z, and let f with lift F' be a Darboux transform of f. Let Z =7 —|—spF be
spheres in the pencils produced by Z so that Z has incidence with fp, ie. (F Z ) =
0. Let ¢, be the circle containing both f, and fp that is perpendicular to Z

Now, f (resp. f) envelops Z (vesp. Z) if and only if there exists a circle ¢,q (resp. épq)
tangent to both ¢, and ¢, for all edges pg. (This follows from the second enumerated
item in Definition 11.33, which implies there is a sphere common to both the pencil
produced by Z, (resp. Zp) and the pencil produced by Z, (resp. Zq).) In particular,
Cpq €xists, because f envelops Z. We then have:

Lemma 11.36. ;‘ envelops Z.

Proof. Consider the circle through the four pomts Fps Tas fq and fp, the circular arc of
¢p from f, and fp, the circular arc of ¢, from f, and fq, and the circular arc of ¢, from f,
and f,. Geometric considerations show that all four circles lie in one sphere (in fact,
by applying a Md6bius transformation, we could assume they all lie in a Euclidean
2-plane), and so there exists an arc of a circle ¢,, from ]A‘p to fq tangent to both ¢, and

Cq- SO ]E envelops Z. O
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12. DISCRETE MINIMAL SURFACES IN R? AND DISCRETE CMC 1 SURFACES IN H?

We have already given definitions of discrete minimal surfaces in R? and discrete
CMC 1 surfaces in H? in Chapter 9. However, in this chapter we describe the ways
these particular surfaces were first defined in the literature, without using conserved
quantities. These ways are more directly related to the Weierstrass and Bryant rep-
resentations for smooth minimal surfaces in R?* and smooth CMC 1 surfaces in HS.
They also provide us with a clear reason to describe discrete holomorphic functions,
which are essential to those first definitions.

12.1. Discrete holomorphic functions. Let g be a map from the lattice Z? (or a
subdomain of Z?) to C. Then g is a discrete holomorphic function if the cross ratios
of g satisfy
_ 4, a
(90 = 90)(9r — 94) (95 — 9)(gp — 95) " = L,
with a,, = a,s € R and a,; = a4 € R, for all quadrilaterals, with vertices p =
(m,n),qg=(m+1,n),r=(m+1,n+1),s=(m,n+ 1) € Z* in the domain of g.
Throughout this chapter, a,, will denote the cross ratio factorizing function of g.

Remark 12.1. Note that this definition of discrete holomorphic functions is the same
as the definition of those discrete isothermic surfaces that lie in a plane.

Remark 12.2. The above definition of discrete holomorphic functions is in the ”broad”
sense. The definition in the "narrow” sense would be that Z—Z" is identically —1.

Remark 12.3. If one takes a discrete derivative or discrete integral of a discrete holo-
morphic function, one will not get another discrete holomorphic function, in general.

Letting (m,n) denote an arbitrary point in the domain of g, examples of discrete
holomorphic functions g are

(1) gmn = c(m+in) for m,n € Z and ¢ a complex constant,

(2) G = e“m+in) for m,n € Z and ¢ a real or pure imaginary constant,
(3) M6bius and Darboux transformations of any of the above examples,
(4) discrete versions of 27 and log z, as in Example 12.4 below.

Ezample 12.4. For a € (0,2) € R, the following discrete holomorphic function is a
discrete version of g = z%, in the narrow sense. It is defined by the recursion

(gm—i-l,n - gm,n)(gm,n - gm—l,n) + 277, (gm,n—i-l - gm,n)(gm,n - gm,n—l) ‘
Im+1n — IGm—-1,n Immn+1 — Gmn—1

Q- Gmpn = 2M

We start with
G9o0=0, gro=1, go1=1".

We can use this recursion to propagate along the positive axes {gm 0} and {go,} with
m,n > (0. We can then compute general g,, ,, m,n > 0, by using that the cross ratio
is always —1. It turns out that the g, ,, then automatically satisfy the above recursion
relation for all m and n. Also, Agafonov [2] showed that these power functions are
embedded in a wedge, and there is also a discrete version of log z. Furthermore,
Agafonov showed that these g are Schramm circle packings [157].
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Remark 12.5. Here is an example of a function that is holomorphic in the sense here,
but is not holomorphic in Schramm’s sense [157]:

9070207 91,0:17 g2,O:2+T7
gop =1, gra=1+4+1i, g1=2+r+1,
90’2:27:’ 91,2:1"‘2@', 92,2:2"‘7""21'7

for any fixed » > 0. In fact, Schramm’s circle patterns are a special case of the
definition for discrete holomorphic functions that we use here. (If one includes both
centers of circles and intersection points of circles, then Schramm'’s circle packings give
discrete holomorphic functions.) The definition here (unlike Schramm’s definition) is
loose, in the sense that it allows the following flexibility: Take a discrete holomorphic
function g, , in the sense here with cross ratios identically —1. Fix g, , where m+n
is odd, as defined by this function. Then change the value of g freely, and then one
can find new values for all g,,, , where m + n is even (and (m,n) # (0,0)) so that the
cross ratios are all still —1.

12.2. Smooth minimal surfaces in R3. We can always take a smooth CMC surface
to have isothermic coordinates z = u + iv, u,v € R (away from umbilic points), and
then the Hopf differential becomes rdz? for some real constant r. Rescaling the
coordinate z by a constant real factor, we may assume r = 1. So now assume we have
an isothermic minimal surface with Hopf differential function ) = 1. Then
Qdz? dz
dg g’

where ¢ is the stereographic projection of the Gauss map to the complex plane, and
g' = dg/dz. The map g taking z in the domain of the immersion (of the surface)
to C is holomorphic. Because we are avoiding umbilics, we have ¢’ # 0. We are
only concerned with local behavior of the surface, so we ignore the possiblity that ¢
has poles or other singularities. Then the Weierstrass representation is (with /—1
regarded as lying in the complex plane, unlike the quaternion 7)

x = Re/ (29,1 — g%, v/—1+ \/—192)% :

20

Associating (1,0,0), (0,1,0) and (0,0, 1) with the quaternions 4, j and k, respectively,
we have the partial derivatives as in the following lemma:

Lemma 12.6. .
Ty = (1 — gj)jg—(i —97)

—1

Ty = (i —gj)j—(i—gj) .

Proof. This proof uses the holomorphicity of g, and uses identification of the imagi-
nary complex number y/—1 with the imaginary quaternion .
Because ¢ is holomorphic, we have v/—1¢g, = g, and ¢'(= g,) = 9. = —vV—1g..
Then,

= % (/(29, 1— g% V=101 +g2>>§ + /(2971 -7, —v-1(1 +§2>>%) )
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SO

<;:fk+ 51’) (14 gk) = (k+g)§(1 +igj) =
N NS
(’4—9])]?(@—9])—( gj)]gu( 97)

Similarly, we have

£<zg 20 1-¢*> 1-¢° \/—_1(1+g2)+\/—_1(1+92))

Ty = — - =
2

g g ¢ g q q

g 1/1—¢g> 1-—¢2 1 /1+¢> 1+
(2
9 g 2 g g 2 g g

(:, - z'—,j) (i — gi)i = (i — gi) =i — g) =
g
(i = 90 = i) = (i~ 0)i =2 - gj) .

(2

O

12.3. Discrete minimal surfaces in R3. The smooth case above suggests that the
definition for discrete minimal surfaces should be

(i — gqj) )

a
fo = fp = (i — 9p5)J
a " Ip 2 r—
where the map ¢ from a domain in Z? to C is a discrete holomorphic function. Here
p = (m,n) and q is either (m + 1,n) or (m,n + 1). As in the smooth case, we avoid
"umbilics”, so

9g—Gp #0 .
Taking this as the definition (see [20] and [71]), we have the following two examples:
Ezample 12.7. The discrete holomorphic function ¢(m +in) for ¢ a complex constant

will produce a minimal surface called a discrete Enneper surface, and graphics for
this surface can be seen in [20].
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Ezample 12.8. The discrete holomorphic function ec1™%@2" for choices of real con-
stants ¢; and ¢y so that the cross ratio is identically —1 will produce a minimal
surface called a discrete catenoid, and graphics for this surface also can be seen in
[20]. See also Figure 4 in this text.

12.4. Smooth CMC 1 surfaces in H?. We can now similarly describe smooth and
discrete CMC 1 surfaces in H3. Construction of smooth isothermic CMC 1 surfaces
starts with the Bryant equation (g is an arbitrary holomorphic function such that

g #0) )
dF = F (9 9 ) dz
1 —g g’

with solution F' € SL,C, and the surface is then

F-F'eH’.
Here, hyperbolic 3-space is

H3 = {(x07xl7x2ax3) S R3’1|3§'0 > 07373 —ZE% _«I’g —x% = 1} =

{(.7;'04_{53 xl—i_zxz)}:{XXt‘XESLQC}
Tr1 — 12 Tg— T3
Ezample 12.9. Take any constant ¢ € C\ {0}. Then g = ¢z gives
P cosh(z) ¢sinh(z) — gz cosh(z)
g sinh(z) gcosh(z) — gzsinh(z) ’
and FF? gives a CMC 1 Enneper cousin in H3.

Example 12.10. To make CMC 1 surfaces of revolution, called catenoid cousins, one
can use g = e** for u either real or purely imaginary.

12.5. Discrete CMC 1 surfaces in H?. Following [71], the discrete version of the
Bryant equation becomes

— A
(12.1) F,—F,=F, <9P gpgq) 2 et FeR,
1 —Y94 ) 99— 9p
and g is again a discrete holomorphic function with ¢, — ¢, # 0. Now the formula
in [71] for the surface is different: it is obtained using the R*! lightcone model by

seting () -0 o)n ()

and then taking the vertices of the surface as

Here H? lies in the 4-dimensional light cone L* in the following way, like in Chapter

X.(_Oi 3)*(_(: (Z,)).X:QI}.

Note that because the entries of I’ are complex, not quaternionic, it follows that ba
is purely imaginary quaternionic, so f, really does lie in R*! and thus in L*. The
scalar 7, is chosen so that f, € H®.

]I-]I3:{X€L4
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One can check that f, will be of the form

—(AC + BD)j +i(AD — BC) ~ CC+DD
" AA+ BB j(AC + BD) —i(AD — BC) ) °
where
A B

F= <C’ D) '

For §, to lie in H3, we should take
B 1
"TAD-BC"

This means that the coefficient of the ¢ term in the diagonal entries will be simply
+1. So we can view the surface as lieing in the 4-dimensional space R*!, by simply
dropping the z; part off of (this sum of matrices was seen at the beginning of Chapter

8)
0 0 k0 0 1 01
T (8 —’L) +l’2 (é _]) +l’3 (0 —]{Z) +ZL’4 (_1 0) +ZL’0 (1 O) .

Now, the projection into the Poincare ball model is

Lo, T3,
(72, 23, T4, T0) — (QTZOO =
(Re(—AC — BD),Im(—AC — BD), 2(—AA— BB + CC + DD))
AD — BC + {(AA+ BB+ CC + DD) '

(12.2)

On the other hand, if we simply look at
L ppe___ L (AL+BB AC+BD\_
AD — BC ~ AD-BC\CA+DB CC+DD) —
< Yo+ Y3 y1+\/—1y2)
y1 — vV —1lys Yo — Y3 ’

and then project to the Poincare ball, we have
(yh Y2, ?JS) —
1+ yo
(Re(AC + BD),Im(AC + BD), %(Afl + BB - CC — DD))
AD — BC + {(AA+ BB+ CC + DD)

Note that (12.2) and (12.3) are essentially the same, up to a rigid motion of H?. Thus
we have proven:

(12.3)

Theorem 12.11. ([78]) The discrete CMC 1 surface f in H? given by F solving (12.1)

15
1 Tt

= FF
det F' ’

f

up to a rigid motion of H?.
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We can now make specific examples by choosing discrete holomorphic functions
Gm.n- For example, we can construct discrete versions of the smooth CMC 1 Enneper
cousins and catenoid cousins by using discrete versions of ¢ = ¢z and g = eH?,

we (RUV—1IR) \ {0}, respectively.

Remark 12.12. Recently, there has been research on a notion of discrete surfaces
called s-isothermic surfaces, and we comment briefly on this here. One can ”bend”
Schramm’s circle packings to get surfaces, by changing half of the circles (in a check-
ered pattern) into spheres. This leads to the notion of discrete s-isothermic minimal
surfaces.

We can define discrete s-CMC surfaces in this way: an s-isothermic surface is s-
CMCif it has a Christoffel transform that is also a Darboux transform. (See Definition
11.12.)

For more on s-isothermic surfaces, see [15] and [22].
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