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Discrete surfaces of constant mean curvature
Fran Burstall, Udo Hertrich-Jeromin, Wayne Rossman, Susana Santos

Abstract. We propose a unified definition for discrete analogues of
constant mean curvature surfaces in spaces of constant curvature as a
special case of discrete special isothermic nets. Béicklund transforma-
tions and Lawson’s correspondence are discussed. It is shown that the
definition generalizes previous definitions and a construction for discrete
cmc surfaces of revolution in space forms is provided.
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1. INTRODUCTION

Discrete surfaces of constant mean curvature (discrete “cmc surfaces”) have been
studied in recent years from a variety of different points of view. Two essentially
antithetic approaches, one from variational principles and the other from integrable
systems, lead to substantially different definitions: normally, for example, discrete
soap films and bubbles, i.e., “discrete variationally cmc surfaces”, are triangulated
whereas the definition of “integrable discrete cmc surfaces” makes use of special coor-
dinates and, therefore, leads to “discrete cmc nets”, i.e., quadrilateral surfaces. Even
in cases where it is sensible to compare the two approaches, such as that of a discrete
catenoid in Euclidean space, it turns out that different notions are obtained: each
approach leads to a different class of discrete surfaces that can be viewed as analogues
of the smooth catenoid.

The present paper is concerned with the integrable systems approach to discrete
cmc surfaces.

A key feature of this approach is its compatibility with the transformation theory
of the (smooth) surface class under consideration: for a given class of surface, not only
is a similar transformation theory sought for the discrete case but a discrete surface in
the class should be created by repeated (Backlund-Darboux-)transformations of the
smooth class; or, otherwise said, every 2-dimensional subnet of a multidimensional
net created by repeated transformation of a discrete surface in the class should itself
be a discrete net of the class. This is what has recently been coined “multidimensional
consistency”, see the very clear and essential description of integrable discretization
in [6].

A key idea in the definition of integrable discrete cmc surfaces has been to consider
them as special discrete isothermic nets: that is, to discretize a (conformal) curvature
line net on a smooth cmc surface — recall that smooth surfaces of constant mean
curvature (in any space form) are isothermic, i.e., allow a parametrization by confor-
mal curvature line parameters. This has been the pioneering idea in [3], where the
authors introduced the notion of discrete minimal surfaces in Euclidean space along-
side the notion of discrete isothermic surfaces and their Christoffel transformation?.
Subsequently, the notion of discrete surfaces of constant mean curvature in Euclidean
space has been introduced alongside a notion of a Darboux transformation for discrete

INote the parallel with Christoffel’s original paper [13], where his transformation is introduced
~— motivated by an observation about minimal surfaces.
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isothermic nets in [17], see also [4], and the notion of discrete horospherical surfaces
in hyperbolic space — as an analogue of smooth cmc 1 surfaces — has been intro-
duced alongside a notion of a Calapso transformation for discrete isothermic nets in
[18]. In all three cases the constant mean curvature surfaces can be characterized
as isothermic surfaces with a special behaviour of their transformations, as we will
discuss below.

Note that for all three classes of surfaces H? + x > 0, where H is the mean
curvature of the surface and k is the ambient curvature. It is straightforward to
use the Calapso transformation for discrete isothermic nets to extend this family of
definitions to discrete analogues of any constant mean curvature surfaces with

H?*+ Kk >0.

Here, the key observation is that, for smooth constant mean curvature surfaces in
space forms, the Calapso transformation becomes a conformal variant of the Lawson
correspondence and that Bianchi permutability can then be used to carry over the
characterization of cmc surfaces in Euclidean space to other space forms. However,
these ideas turn out to be useless for surfaces with

H*>+ k<0

as, for example, for minimal surfaces in hyperbolic space.

For discrete isothermic surfaces in Euclidean space, a construction of a mean cur-
vature function or rather a “mean curvature sphere congruence” was given in [4] and
shown to be constant for discrete minimal or constant mean curvature surfaces?. Note
that this mean curvature function is defined at the wvertices of a discrete isothermic
net. Very recently, new ideas from [22] have led to substantial progress in this di-
rection: a new definition of discrete cmc surfaces in Euclidean space relies on the
requirement that a mean curvature function — defined via Steiner’s formula on the
faces of a discrete (isothermic) net — be constant, see also [8]. This definition is
equivalent to the one via isothermic transformations, see [9].

Our mission in the present paper will be to add another definition of discrete cmc
surfaces to the list. However, the aim is not just to promote mathematical pluralism:
our definition provides a uniform definition of discrete cmc nets in all space forms
alike — in particular, we also capture the previously inaccessible case of

H?*+k <0.

In fact, we define the much wider class® of “discrete special isothermic surfaces”
based on [10] and [12, Def. 2.18], see Definition 3.12; these come equipped with a
“type number” N € N — discrete cmc nets in space forms will be the N =1 case.
Hence our definition does not only provide a generalization in allowing any ambient
space form and value of the mean curvature, but also in discussing a wider class of
discrete isothermic nets — and we expect it to inaugurate a new direction of research
in the field.

We shall start our investigation with a short discussion of discrete isothermic sur-
faces and their transformations — not only to remind the reader of some facts and
to fix notations but also to introduce our perspective on discrete isothermic nets

2In the minimal case the reverse is in fact also true as shown in [3].
3In contrast to the generic terminology of “special discrete isothermic nets” used earlier our
“discrete special isothermic surface” will be a technical term.



FIGURE 1.1. Discrete minimal net in H3

via loops of flat connections, which will be central to all that follows, see Lemma
2.5. This will set the scene for the central section of this paper: we shall investigate
the properties of polynomial loops of parallel sections, called “polynomial conserved
quantities”, and relations fo the geometry of the underlying isothermic net. Exclud-
ing some degenerate cases we will arrive at the notion of “discrete special isothermic
nets of type N” in a natural way. It turns out that the Darboux transformation
for discrete isothermic nets behaves nicely on these special isothermic nets, which
gives rise to a “Bécklund transformation” for special isothermic nets; in particular,
we will prove a Bianchi permutability theorem that establishes “3D-consistency” for
special isothermic nets. Hence our discrete special isothermic nets satisfy the two
fundamental discretization principles of the “discrete Erlanger programme” of [6]:

o Transformation group principle — this is built into our construction as we are
working in conformal geometry which is the natural symmetry group for spe-
cial isothermic (smooth) surfaces and (discrete) nets alike, see [12, Sect. 2.2.3];

o Consistency principle — which is established by our Bianchi permutability
theorem for the Backlund transformation, see Theorem 4.7.

Certain (very) special Backlund transforms of a special isothermic net, its “com-
plementary nets”, will provide the basis for establishing the relation of our approach
with the previous approaches to discrete cmc surfaces via their transformations as
discrete isothermic surfaces in [3], [17], [4] and [18], as discussed above. Moreover,
we obtain a characterization for discrete cmc surfaces in space forms, i.e., special
isothermic nets of type 1, with

H*+£>0
via complementary nets — as one may have expected; and the lack of their existence

when
H>+ k<0
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provides one possible explanation why the aforementioned approach to define discrete
cme nets in space forms was doomed to failure in this case. In the same context we
also obtain characterizations of type 2 special isothermic nets, which discretize the
classical “special isothermic surfaces” of Darboux [14] and Bianchi [2], see also [15,
§§84-86].

In the final section we arrive at the main subject of this paper: we give a definition
of discrete cmc surfaces in space forms as special isothermic nets of type 1. Clearly,
the rich theory developed in the more general case of special isothermic nets descends
to a similarly rich theory for discrete cmc nets in space forms — in particular, we
have the discrete analogues of the Lawson correspondence and the Béacklund trans-
formation and our discretization satisfies the two discretization principles above for
an “integrable discretization”. Note that we consider Mobius geometry as the natu-
ral ambient geometry for constant mean curvature surfaces in space forms as these
arise in “Lawson families” of cmc surfaces with different ambient curvatures: the con-
finement to a space form subgeometry appears as a symmetry breaking phenomenon
initiated by part of the geometric data attached to a special isothermic net and, in
particular, a discrete cmc net.

Despite the obvious merits of our definition we make a great effort to convince the
reader of its value by providing detailed analysis of how the aforementioned previous
approaches tie in with our definition. However, we do not conceal its problems:
we provide an example of a single discrete isothermic net which is a cmc net in a
whole family of different space forms?; even though this seems to be a rather singular
example we can, at the moment, only speculate about how to obviate this anomaly.
On the positive side, we provide a method to construct discrete cme nets of revolution
for any prescribed mean curvature H and ambient curvature . In particular, we show
how to explicitely construct discrete analogues of smooth constant mean curvature
surfaces that were previously unavailable: for example, we construct (see Figure
1.1) the discrete analogue of a “hyperbolic catenoid”, that is, a minimal surface of
revolution in hyperbolic space, see [1].
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mann, U. Pinkall, W. Schief and Y. Suris for many interesting and helpful discussions
about the subject.

We also gratefully acknowledge financial support for exchange visits of the second
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Foundation and the Japanese Ministry of Education.
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2. DISCRETE ISOTHERMIC NETS
We consider discrete nets f : Z2 D M — S3 in the (conformal) 3-sphere, where
M = {(m,n) € Z*|my < m < my,ny < 1 < na}

is a rectangular grid®:

4This net is not spherical but it “looks” close to a “wrinkled” sphere — note that, in a smooth
world, spheres are the only surfaces that have constant mean curvature in different space forms.

5Tt should be straightforward to generalize our results to discrete nets defined on quad-graphs,
making it possible to consider discrete isothermic nets with “umbilics”, cf. [20].
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Definition 2.1. Such a net will be called a discrete isothermic net if there is a (real)
function a on the edges of M, that is, a map (ij) — aij € R with aj; = a;; for all
edges (ij), so that

e (i) a has equal values on opposite edges of elementary quadrilaterals

(ijkl) = (m,n)(m + 1,n)(m + 1,n + 1)(m,n + 1)),

L€, Q(mmn)(m+1,n) = O(mnt1),(m+1n+1) aNd correspondingly for “vertical” edges;
o (ii) the cross ratios® qim = [fi; f5; fu; fil on faces factorize as
Q5
Qijkl = —
N Qi
wnto two functions of one variable.

Thus we employ the “wide definition” of discrete isothermic nets [4], see also [19,
§5.7.2], which discretizes isothermic nets parametrized by curvature line coordinates
(not necessarily conformally): as all cross ratios are real, the four vertices of any
face of the net are concircular, so that a discrete isothermic net qualifies as a discrete
curvature line net or discrete principal net. Note that the smallest domain of a discrete
net where “discrete isothermic” imposes a condition is a 3x 3-grid, my—m; = ny—n, =
2; there the definition can be reformulated as a cross ratio 1 condition on four cross
ratios:

4(m,n—1)(m+1,n—1)(m+1,n)(m,n) 4(m—1,n)(m,n)(m,n+1)(m—1,n+1) —1
4(mn)(m+1,n)(m+1,n+1)(m,n+1) 4(m—1,n—1)(m,n—1)(m,n)(m—1,n)
a cross ratio function, satisfying this condition on all 3 x 3-grids in M, determines
~the function a uniquely up to a non-zero factor.

As a mild regularity assumption, discretizing the notion of an immersed surface
parametrized by curvature lines, we will usually add the requirement that any three
of the four vertices of a face uniquely determine the circle of the four vertices, i.e.,
that any three vertices are in “general position”.

Throughout the paper we will use the following notations: if g is a map defined on
the vertices of a rectangular grid M, then we let

~ 1
(2.1) dgij :==g; —gi and g = 5(%‘ + 95);
note that (zj) — gi; defines a function on the edges of M whereas (ij) — dg,; defines
a 1-form, that is, dg;; + dg;; = 0. With these notations a Leibniz rule holds:
where “” denotes any product on the target space of g and h.

2.1. The projective approach and Moutard lifts. As we are considering nets in
the conformal 3-sphere it will be helpful to consider

S LY/R CRP*, where L*={Y eR*'||Y[]?=0},
as a quadric in projective 4-space. Recall (from [19] for example) that 2-spheres are, in
this model, described by Minkowski 4-spaces in R%! and circles by Minkowski 3-spaces

or, equivalently, by their (spacelike) orthogonal complements, and that incidence
translates into a subspace relation or as orthogonality, respectively. For example,

6Note that the cross ratio of four points in S2 is (up to complex conj ugation) a conformal invariant.
For a detailed discussion see [19, Sects. 4.9, 6.5 and §7.5.14].
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four points p, € S, n =1,...,4, generically lie on a unique 2-sphere S C S% which
can be described as

S = span{P,,..., P} C R*,
where P, € L* with RP, = p, € S = L*/R — their (complex) cross ratio’ is given
by

(2.3) q = [p1;P2; P3; pa] =

(PL, Pa)(Ps, P) — (Py, Ps)(Py, Py) + (P, Pa) (P2, Ps) £ /det((B;, P;))ig=1,.4.
2<P1,P4><P2,P3> ,
the cross ratio becomes real exactly when the P, become linearly dependent, i.e., when
they span a 3-dimensional Minkowski subspace and the four points p, are concircular.
In this case the (real) cross ratio uniquely determines the relative position of the four
points on the circle: given three of the points, say pi, p2 and ps, and a real cross ratio

g the fourth point ps = I'g,  (p1), where
1 1
: 7, = ——{(qg— ,PYP + (= — ,P)P'},
(2.4) o (X) =X+ <P,P,>{(q 1) (X, P') +(q 1) (X, P)P'}

as is easily verified from (2.3); note that I’} , € O(4,1) descends to a Mobius trans-
formation of S and does not depend on the choice of representatives P, P’ € L* of
p,p’ € S3. Also note that

RP' ~*RU{oc} 3¢ T2 ,(p") € S°

vields a 1-to-1 parametrization of the circle through three distinct points p,p',p” € S®
in terms of the cross ratio, so that I'S_,(p") = p/, T} ,(p") = p” and I';,(p") = p.

Now suppose that f : M — S3 is an isothermic net and fix a cross ratio factorizing
function a. We wish to show that there is a lift F' of f with

(2.5) (Fi, Fj) = a;;

on every edge (ij) of M. To this end we have to show that this scaling is compatible
on any quadrilateral: thus let (ijk!) denote an elementary quadrilateral and choose
a light cone lift F; € L* of f;; then we normalize lifts F}, F; € L* of f; and f; so that
(F;, F;) = ai; and (F;, F}) = a;;. Now we choose the lift

(2.6) Fo =T (F)=F+ 2 "% p _ R
. k- £\ i ( F}, , F ) J l
of fi and readily verify that (F}, Fx) = ag = aj and (F, F) = ai; = an.
Note that this lift F' of f satisfies the discrete version (2.6) of a Moutard equation.
Conversely, if a light cone lift F' of a discrete surface satisfies a Moutard equation,
F,, — F; || F; — F; on all faces, then it is isothermic, see [7, Def. 9]. Namely, taking

scalar products we learn that

Fk+-Fz—LFJ—F1l (F])Fk>=<EaF1l>
F,—F, L F;+F (Fy, F1) = (F3, F})

"Note that det({P;, P;)) < 0 so that 1/det((P;, P;)) € iR. Using the Clifford algebra of R**, a
Clifford algebra valued cross ratio can be defined whose “imaginary” part encodes the 2-sphere of
the four points [19, Sect. 6.5].



and hence

so that (2.3) gives

[fi; f5 s ] = Eg’g;

From (2.6) it is also straightforward to see that any diagonal vertex star of a
discrete isothermic net is cospherical: if immn), M, € {—1,0,1}, denote the vertices
of a 3 x 3-grid then the discrete Moutard equation (2.6) shows that the four diagonals
Fitmmy = Fooys M1 € {£1}, are linearly dependent so that

dim span{Fi(O’O), (1,1 E(i,_n} <4

(1,1 (-1,-1)

and the five points lie on a 2-sphere.

Assuming that the vertex star {Fim,O) s Fitroys Figonys i) Fi(o,_l)} is not cospherical
the converse can also be shown, leading to two characterizations of discrete isothermic
nets, see [7, Sect. 3]:

Lemma 2.2. . A discrete net f : Z*> > M — S° in the conformal 3-sphere is
1sothermic iff

o (i) there is a lift F : M — L* of f satisfying a discrete Moutard equation
Fy — F; || F; — F; on every face (ijkl) iff '
e (ii) any diagonal vertez star is cospherical.

The sphere containing a diagonal vertex star of an isothermic net is referred to as
the central sphere of the net at the center of the star, see [7, Thm. 10].

As an example we investigate discrete surfaces of revolution: consider the discrete
net

(M, 1) = fmm) = (Thn, Om COS Pn, Om sin 0,) € R® C R3 U {00} = §°

where 7, 0 and ¢ are real functions of a discrete parameter. A straightforward cross
ratio computation would reveal that -

(dnm,m-i-l)z + (de,m+1)2 '

. d
40m 01 Sin? “Erntl

q(m,n)(m+1,n) (m+1,n+1)(m,n+1) = —

identifying the net as a discrete isothermic net. However, we shall proceed differently
to show that f is an isothermic net and to find a cross ratio factorizing function a on
the edges.

Consider

4
|(zo, ..., z4)|* = —x2 + fo
i=1

as the quadratic form of the Minkowski scalar product of R*! and let

14 |f?
2 )

1_|f|2)

(2.7) R ;

£,

139



140

denote the Euclidean liff8 of f into the light cone L* C R%!. Now observe that
(=)™

an
o, mm) =

Fenn) =

(~1)m{(Htattn 1m0 0, 1-Ta=ts ) + (0,0, c08 ¢, sin g, )},

20m ' om’
N

o
g

= Mm c ]R2’l = ‘I’nC € R2
that is, there is an orthogonal decomposition R*! = R*! @ R? so that
(2.8) Fimny = (=1)™(Mm + ®nC) = (=1)"®n(Mm + C),

where ®,, are rotations of R?, C € S! C R? and M takes values in the hyperbolic
plane®
={Y e R ||[Y|* = -1,Y, > 0} Cc R*L.

In particular, M,, L ®,C for all (m,n).

Note that R? = span{®,C |n € Z} defines an elliptic sphere pencil, hence (cf. [19,
Sect. 1.2]) a circle

L*NR*! = [*N {9,C|n € Z}*,

which is the axis of our discrete surface of revolution. At the same time, it is the
infinity boundary of the hyperbolic 2-plane H? of the meridian curve.

Clearly, F satisfies the discrete Moutard equation

Fimiintt) — Fmmy = (=)™ Y Mpi1 + 8501C + My + ®nC} = Fimiin) — Fimn+1)
and is therefore a discrete isothermic net with cross ratio factorizing function

= (F, F}) =

20mom+1

—1 4 (®,C, ®p4,C) = —25in? Lnntt for (ij) = ((m,n)(m,n + 1))
as soon as My, # M,, and ®,,C # $,C.

_ { ~1 — (M, Miy1) = (dtm,mi1)* +H(domm+1)? g0 (i5) = ((m,n)(m + 1,n))

2.2. Quaternions and the Calapso transformation. The Calapso transforma-
tion, or T-transformation, of (discrete) isothermic nets will be central to our investi-
gations — it was introduced in [18] (see also [19, §5.7.16]) using a quaternionic setup
for Mobius geometry. Hence we will first briefly discuss the quaternionic approach in
order to make contact with earlier work; however, we will provide an independent def-
inition in the following section so that a reader unfamiliar with previous approaches

may just skip this section.
Thus, we consider S = ImH U {co} C HP' and

T Too

R*! = {X € End(H?) | X = ( ) ,z € ImH, 29,z € R} C End(H?)

o —2

8The Euclidean lift into the (flat) quadric of constant curvature (see [19, Sect. 1.4])
Q={Y eL*|(Y,Q) = -1}, where Q:=(1,0,0,0,-1).

9Secretly we are using a conformal map R3 \ {axis} = H? x §* ¢ R?! @ R? = R%! adapted to
the rotational symmetry of the map f, cf. [19, §1.4.16].



141

equipped with |X|? = —X?2 = 22 4+ 242, as the quadratic form of the Minkowski
product’®. In particular, we obtaln an isometry

2
(2.9) R3%ImH9x—>X=(f x)eL“CR‘“;
-
note that, for two such “Euclidean” light cone lifts X,Y € L,
“2X)Y)=XY +YX =~(y—2)*=|y—z|°.

In this setup the M&bius group
Mob(3) = {(a 2) € End(H?) | ac+ca = bd+db = 0,ad+cb € R\{0}}/R c PGI(2, H)

of S% acts isometrically on R%! via
(2.10) Mob(3) x R 3 (4, X) = A- X := AXA™ e RY.

Now let f : M — S® be a discrete conformal net, with cross ratio factorizing
function a on the edges, and define

(211) Tij = dij

2(F“F)

where F' is any light cone lift of f; assuming that f: M — ImH C S° and using the
lift (2.9) we find

Tij = (fzjf’j _fidfif?) , where df}; = a;(dfi;)™
J

is the “derivative” of the Christoffel transform f* of fin R?, see [4, Thm. 14] or [19,
§5.7.7]. Then, for X € R,

(1 + )\Tm)(l + )\Tji) =1 /\CLij eR

FF;,

and
(14 A7) (1 4+ Amje) = (1 + A7) (1 + Am)
on every elementary quadrilateral (ijkl) so that
(2.12) (i§) = 14+ Ary, 14+ dm;: {5} x S® — {5} x S8,
defines a flat Mob(3)-connection™ on M x S3, as long as
1—Xay #0 & 1+ A7, € Mb(3)

for all edges (ij). Hence there is a gauge transformation
(2.13) T*: M — Mob(3), T} =TN1+ Aryj),
which identifies the (1 + A7)-connection on M x S3 with the trivial connection.

The T* play a key role in the transformation theory of (discrete) isothermic nets;
in particular, it turns out that every T*f defines'? a discrete isothermic net: T :

M — Mob(3) are the Calapso transformations of f and the dlscrete isothermic nets
T*f are its Calapso transforms, see [19, §5.7.16).

10T his is analogous to the Vahlen matrix approach to Mébius geometry (see [19, Sect. 7.1]) using
the Clifford algebra of R%1.

1'We shall make the notion of a flat (discrete) connection precise in the following section.

12Here Mob(3) acts on S3 = ImH U {oo} by Mébius transformations, i.e., by fractional linear
transformations.
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The connections (ij) — 1+ An; lift to flat O(4, 1)-connections (ij) — I'}; on the
(discrete) vector bundle M x R*! via (2.10) to give

(2.14) XD X:= (1+ A7) X (L4 A75) = r};}fjaij (X).

1-—- )\a,;j
2.3. The vector bundle approach. Clearly, the flat connections I'* on M x R*! in
(2.14) can be defined without reference to the quaternionic approach. First we define
our setup:

Definition 2.3. A connection on a (discrete) fibre bundle F — M, where the base
M s a rectangular grid as before, is a map that assigns to each directed edge (ij) in
M an isomorphism
F'ij : F} — E so that Pijrj,; = 1,
it will be said to be a flat connection if its holonomies around all elementary quadi-
laterals (ijkl) are trivial,
Lyl il = 1.

With these notions we can now formulate the key definition:

Definition 2.4. Let f : M — S3 be a discrete isothermic net with cross ratio factor-
izing function a. We say that

(2.15) (A,i) = T =T} 2% € Hom({j} x R, {i} x R*")

defines the isothermic family of connections'® of f, where A € R so that 1 # Aa;; for
all edges (ij).

Note that the [* are metric connections on M x R%!, as all I‘;\j are isometries and
hence descend to connections on M x S3.

We already know that, if f is an isothermic net, then the isothermic family of
connections (2.15) is flat, see [19, §5.7.5]. Here we shall give an independent proof,
not relying on the quaternionic setup, as well as a certain converse of this fact (cf.
[18, Thm. 3.14)):

Lemma 2.5. Let f : M — S3 be a reqular discrete net, i.e., any three vertices of a
face are in general position, and let a be a function on the edges. Then the connection
given by (2.15) is flat if and only if f is isothermic with cross ratio factorizing function
a.

Proof. First note that I‘};};"“ (X) = X mod f; when X L f;, so that F};}\:” projects
to the identity on fi/f; and similarly for f;. Consequently,

r};g“*fr};;:fk (X)=Xmod f; if X_LJ.

The same is true for the product F}:ﬁ“"‘l“};}\k““‘ so that, if we now assume flatness of

the connection,

1-Xaij pl=Aajk _ nl-dagpl-dey . P
Ff.wfj Fijfk _Pfi»fl I1)’1,1’1& =T7,

13We have T;T); = 1 on all edges (i5), so that the I'* qualify as discrete (linear) connections.



we learn that T* = id on (f; @ f;)* since f; # f;. Moreover, f; and f are eigendirec-
tions of I'* and
Ik X i X e fy,

1— )\a
M(X) = X if XL ff,
X if Xef

As I'* is, along with I‘1 Aa” and Fl )‘ J’“ , an orientation preserving orthogonal trans-

formation we infer that for all A,
1-— )\ajk 1-— )\alk
1-— /\aij 1-— )\aﬂ

1= )\aij
1-— /\G,jk-

A
=1 and F)‘:F}jf’f(l), q(A) =

Hence a;; = a;; and a; = ay, (in which case I'"* = id for all A) or a;; = ay and
a5k = Q4.

Now decompose Fy, € fy \ {0} as Fy = F;+ F;+ F- € f, o f; ® (fi @ f;)* and
observe that

1 1 Y — \a; 1
1-\)\ F) = Qg ij L .
(i) = 1 — Aaj gy (Fi) = — Aa; F 1 — Aajk Bt (1= Xai;)(1 = Aajk) 5
(J,jk

as A — oo. This shows that, since f;, # f;, we cannot have a;; = a,i; hence the func-
tion a has equal values on opposite edges of an elementary quadrilateral. Moreover,
we learn that

4(00)
=Ty 5 (fo),

showing that the four vertices f;, fj, fx and f; are concircular and the edge function
a factorizes their cross ratio,
a ..
[fi5 £33 fies fi] = g(00) = =L

ajk
Hence f is a discrete isothermic net.

Conversely, suppose that f is discrete isothermic with cross ratio factorizing func-
tion a; we wish to show that

Ard _ pl/a(y) _ pay) _
Tl =Ty =T%% = Taln,

where g(\) = 1 M’ . As the second equation holds and the third is obtained from the
first by exchangmg the roles of j and [ it suffices to prove the first of these equations.
Also, :

X if Xe fj

Xmod f; if XL1Ff

so that flatness of the family of isothermic connections of f follows as soon as

F‘}(A}lf‘f‘]f‘;\k has another isotropic eigendirection — we shall show that f;, serves this

purpose: consider

RP' 2 RU {00} 3 A = TR (fi) = Th(f), TY5V (fi) € $°.

TN TATR(X) = {

143



144

Both maps parametrize the same circle in terms of a certain cross ratio, given as a
linear fractional transformation of ); in particular,

A=0 = Th(fi) =T}, (fi) = fi = F};,f,(fk) = F},(Z‘(zA)(fk)’
%k

A=oo = DY) =TF,() = fi = T2 (f) = T8 (o)
00 A

A== DM =TS, (fe) = 5 = T 1 (o) = THIV(fe).

aij
As two Mobius transformations of a circle coincide as soon as they coincide at three
points we conclude that I'}(fi) = F}J/ ’qf(l)‘)( fx) for all A. O

Note that, freeing the second part of the proof from the specific notations of the
situation, we have proved the following:

Lemma 2.6. Write [pi; po; ps; ps] = § with a,b € R for the cross ratio of four con-
circular points p; € 83,4 =1,...,4; then, for all A € R,

l—aApl=bh _ p(1=bA)/(1—a)) _ p(1-a)d)/(1-b)) _ pl-bATl—al
Fpl D2 sz,pa - sz,m - Fm,pz - Fp1,p4 Fp4,pa'

Thus, for a discrete isothermic net f, there are gauge transformations T : M —
O(4,1) identifying the connections I'* on M x R*! with the trivial connection:

Lemma 2.7. (Lemma and definition) Let f : M — S° be a discrete isothermic net
with its isothermic family of connections T*. Then the gauge transformations

T: M — O(4,1) with T} =TT}

are the Calapso transformations of f; the isothermic nets f* := T*f are its Calapso
transforms. '

Note that a* = 1_“’” is a cross ratio factorizing function for the Calapso transform

f* of f with cross ratio factorizing function a, see [19, §5.7.16}; the isothermic family
of connections of f# is given by

' A A —
(2.16) Dyt =TT (T
which shows that the Calapso transformations of a discrete isothermic net satisfy a

1-parameter group property, see [18] or [19, §5.7.30]:
(2.17) THATH = THH,

3. POLYNOMIAL CONSERVED QUANTITIES

The second key notion in our definition of discrete cme nets in space forms will be
that of polynomial conserved quantities:

Definition 3.1. Let f : M — S® be an isothermic net. A polynomial conserved
quantity of f is a map

: N
Rx M>(\i)— P\ = Epi(k))\k € R[]
k=0

so that, for every fized A,
TAP()\) = const.



Hence, a polynomial conserved quantity of an isothermic net can be thought of as
a polynomial family of parallel sections of the vector bundle M x R4! equipped with
the isothermic family of connections:

(3.1) T*P(N) =const. & F(\) =T4P())
on all edges (ij) of M.

3.1. Basic properties. Clearly, as T* acts linearly on R*!, the polynomial conserved
quantities of a given discrete isothermic net f can be superposed:

Lemma 3.2. The space of polynomial conserved quantities of f is a vector space.

As a consequence, we can construct new polynomial conserved quantities from a
given one by multiplying with real polynomials p()\), thereby raising the degree; for
example, if P is a polynomial conserved quantity of f then (1+ A)P(X) will be a new
polynomial conserved quantity of higher degree. Thus we will be interested in (non-
vanishing) polynomial conserved quantities of lowest possible degree. The following
lemma provides a criterion:

Lemma 3.3. Let P(u) = 0 for a polynomial conserved quantity P(X) : M — R*[)]

of f; then

P(Y) = 1= POV

is a polynomial conserved quantity of f of lower degree.
Note that, if P;(u) = 0 for some i € M then P(x) = 0 on M since THP(u) = const.

Proof. Writing F;(\) € R*'[A] in terms of a basis of R%! shows that u is a common
zero for all (real) component polynomials, which are therefore divisible by (A — p).
Hence F;(\) is polynomial at any ¢ € M.

Clearly
T P(\) = ﬁ T*P(\) = const
for any fixed A, showing that P()) is a polynomial conserved quantity of f. O

As a direct consequence of the previous two lemmas we learn that, if two distinct
polynomial conserved quantities P(\) and P()) of degree N € N of an isothermic
net have the same value at some point (u,4) € R x M, then there is a polynomial
conserved quantity of degree < N — 1. In particular:

Corollary 3.4. A non-zero polynomial conserved quantity of lowest possible degree
N,

PA)=MZ+- 4+ X0Q : M — R[],
is uniquely determined by either its top or bottom coefficient Z or Q, respectively.

Since the T* are orthogonal transformations, there is another obvious property of
a polynomial conserved quantity which will become important later:

Lemma 3.5. If P()\) is a polynomial conserved quantity of f, then |P())|? depends
~only on A; in particular, |Z|* and |Q|? are constants. If P(\) = AZ + Q is a linear
conserved quantity, then also (Z,Q) = const.
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Finally note that the equation (3.1) for a polynomial conserved quantity depends
crucially on the choice of a cross ratio factorizing function a: however, ifa:=aaisa
new cross ratio factorizing function, then

f\A — Fa/\

by (2.15); hence P(\) = P(a)) is a new polynomial conserved quantity satisfying
(3.1) with the new isothermic family of connections. Consequently:

Lemma 3.6. If P()\) is a polynomial conserved quantity of f with respect to a as a
cross ratio factorizing function then

P()\) := P(a))
is a polynomial conserved quantity of f with respect to @ := aa as a new cross ratio
factorizing function.

3.2. Geometric properties. We now turn to a more detailed analysis of (3.1) and
its geometric consequences: using (2.4) the fact that a polynomial conserved quantity
P(}) is a family of parallel sections of the isothermic family of connections (2.15) of
f reads

P(\) = TR0 = B+ my s (BO), ) Fy — (KN, )}

on any edge (ij) of M; exchanging the roles of the endpoints 7 and j of the edge we
obtain a similar equation which, as f; # f;, yields two equations
Aa,--
dP;(A) = Ety UP (), F) Fi — (B(X), Fi) i}

25 L {(B(N), Fy)Fi = (M), F)Fy}

for some light cone lift F of f. Note that the second equality follows from the first
by taking scalar products with F; and Fj, respectively. Hence, we also obtain the
converse:

Lemma 3.7. P()\) is a polynomial conserved quantity of f if and only if, for all edges
(ij) in M,
)\a,~
(32) 4P5(N) = 2% _{(P,(\), ;) Fs - (R(V), FF}}.
(F3, Fj)
Note that, in case F' is a Moutard lift of f satisfying (2.5), then (3.2) simplifies to
dP;(N) = Mp;(\F, — pi(A)F;},  where p(}) = (P(A), F).
The integrability d2P()\) = 0 of this equation then yields
(Pe(X) — D) (Ej = Fr) = (p;(A) — p(N)(Fk — F3),

and hence p()\) satisfies the very same Moutard equation (2.6) as F' does.

Now the key observation from (3.2) is that this equates a polynomial of degree N
and a polynomial of degree N + 1 with vanishing constant coefficient. Hence, looking
at the degree 0 and degree N and N +1 terms we obtain the following two corollaries:

Corollary 3.8. If P(\) = \NZ + --- + Q is a polynomial conserved quantity of f,
then ) = const.



Thus a polynomial conserved quantity naturally provides an ambient quadric Q of
constant curvature k = —|Q|? for the isothermic net, see [19, Sect. 1.4]:

(3.3) Q={YeLl*|{Y,Q) =—-1}.

Corollary 3.9. If P(\) = ANZ+AN=1Y +...4+Q is a polynomial conserved quantity
of f then:

(i) Z; L f; at all points i in M; ‘

(ii) Z; + aij%% F,=7Z;+ aij%—:% F; for all edges (ij) in M;

(iii) |Z|? > 0 and |Z|?> = 0 if and only if Z € f.

Here, (iii) follows from (i) since f+ carries a positive semi-definite metric with only
[ as a null direction. Also note that, since | Z|? is constant, either Z || F' at all points
or, without loss of generality, |Z|?> = 1 as the space of polynomial conserved quantities
is linear.

We will be mostly interested in the latter case. To interpret this situation geomet-
rically first note that, if |Z|? = 1, then i — Z; defines a discrete sphere congruence
so that every sphere Z; contains the point f;, by (i); moreover, the sphere
(Y5, F5) {Yi, F3)

(Fi, Fy)

(34) Sij = Z,; -+ CLij Fz = Zj + a,-j

(F Fy) 7
belongs to both contact elements! defined by Z at the endpoints of an edge so that
M>3i— Z;+ f; := {Zi-l—aFi]aER}

defines a discrete principal net in Lie geometry, see [6, Sect. 4.1], with curvature
spheres Sj;. On the other hand, the existence of the curvature spheres S;;, which
touch both spheres Z; and Z;, can be interpreted as a discrete version of the enveloping
condition for a sphere congruence defined at the vertices of a discrete net. Thinking
of f as a net in R3, the spheres Z define a unit normal field n at the vertices of f,
which satisfies the trapezoid property of [22, Sect. 3].

We summarize these observations in the following'®

Corollary 3.10. (Corollary and definition) If P(A) = ANZ +---+Q is a polynomial
conserved quantity of f with |Z|* = 1, then f envelops the discrete sphere congruence
Z: we say that f : M — S3 envelops a discrete sphere congruence S : M — S31 if
o (i) S; € fit for alli € M (incidence) and
o (ii) S; = S; mod f; @ f; for each edge (ij) of M (touching);
the common sphere S;; of the two contact elements S; + f; and S; + f; given by S;
and S; at the endpoints of an edge will be called a curvature sphere.

Note that the condition for a sphere congruence to be enveloped by a net is a
condition on the congruence of contact elements defined by the sphere congruence —
hence, if f envelops S and F is any light cone lift of f, then any sphere congruence
S+ hF, h: M — R, is also enveloped by f.

14Recall that, in contrast to Mobius geometry, Lie geometry considers oriented spheres; thus
7 + f will define two contact elements which differ by the orientation of their spheres.
15We insist on a consistent orientation of the spheres of an enveloped sphere congruence.
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Before focusing on this geometrically interesting configuration we shall, for the
rest of this section, investigate the degenerate case where we can, without loss of
generality, take Z = F' as a canonical light cone lift!® of f.

Lemma 3.11. If P(\) = ANF + .-+ + Q is a polynomial conserved quantity of f,
then F' is a Moutard lift of f.

Proof. From (ii) of Corollary 3.9 we learn that

(Fi, Fj) + aij(Y;, Fy) = (Fi, Fy) + a5 (Y5, F5) = 0
since F; and F} are linearly independent; thus!” (Y, F) = const =: c and F satisfies
(2.5) with the cross ratio factorizing function a := —ca. O

As an example we seek an isothermic net with a degenerate degree 1 polynomial
conserved quantity: this is the lowest degree possible since the top term of a degree 0
polynomial conserved quantity is constant and can therefore not be a (Moutard) lift
of an isothermic net.

Now consider, as before,

4
(2o, .., za)l? =~z + 2t
=1

as the quadratic form of the Minkowski scalar product of R*! and the isothermic net

1 1- .
(3.5) {~1,0,1}* 3 (m,n) = fimun) == (1M, % + (—1)"———2—2,Bn) € R3,
where a € (0,1) and 8, > 0, and let
4 l1+a 1+«
. Z = _1 n m,n d = T a Y 17 y ?

where F = (ligﬁ,f,%ﬁz) is a Euclidean lift'®. Note that |Q|> > 0 so that Q
describes a sphere!® and f appears to be a perturbation of a net on that sphere.
Since

1
(Fi Fy) = —51fi = fi?
and f has rectangular faces, so that the cross ratio (2.3) on an elementary quadrilat-
eral becomes
|fi = fil?

i AP

16We neglect the case where Z may have zeroes, i.e., where the degree of P()\) may not be
constant.

17This we already knew from Lemma 3.5, because (Y, F) is the A2V ~1-coefficient of |P(A)}?.

180y, (2.7) and (2.9): this is the Euclidean lift with respect to Qo = (1,0,0,0, —1), defining a flat
quadric of constant curvature via (3.3).

19Suppose that |Q|? < 0 for a degenerate linear conserved quantity P(A) = AF+Q of an isothermic
net f; then

[fi; £ s il =

aij = <F¢,Fj) = _%ldF’ijP <0
for any edge (ij) since dF;; L Q by Lemma 3.5 and f is regular. Hence the cross ratio of any
face becomes positive; thus, if we seek an isothermic net with embedded faces, then Q necessarily
describes a sphere.
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a5 := %(Zi, Z;) provides a cross ratio factorizing function, i.e., Z is a Moutard lift of
f. Moreover
</\Z+ Q? Z) = <Q7 Z> = ——27
so that
)\aij

(Zi) Zj>
and P(A) := AZ 4 @ is a linear conserved quantity for f by Lemma 3.7.

Note that Z = P(00) is a lift of f and that

P = Z —2——"
T = Tmap? *op ¥

is a lift of a Mobius equivalent net or, more precisely, of the “antipodal” net in the
quadric of constant curvature given by Q, see [19, Section 1.4]. We shall come back
to this observation later.

Finally observe that our restriction of the domain to {~1,0, 1}? was not necessary:
[, as given by (3.5), can be extended to all of Z? while (3.6) keeps defining a linear
conserved quantity for f. However, this restriction will be convenient later when we
shall recycle this example to demonstrate another aspect of our theory.

d(AZ + Q)i —

{MN+Q,2);Z; — (M2 +Q,2)Z;} =0

3.3. Special isothermic nets. As in the smooth case, see [12, Sect. 2.2], we can now
use the existence of a polynomial conserved quantity to define a special class of dis-
crete isothermic nets, ordered by the (minimal) degree of an associated polynomial
conserved quantity. However, in contrast to the smooth case, where a polynomial
conserved quantity is essentially unique because its top degree coefficient encodes the
conformal Gauss map of the underlying isothermic surface, the space of polynomial
conserved quantities of minimal degree may be higher dimensional?®® and may con-
tain elements with null top degree coefficient, as in the above example, even though
we require the existence of a normalized polynomial conserved quantity of minimal
degree:

Definition 3.12. A polynomial conserved quantity P(\) = ANZ 4+ --- + Q of an
isothermic net f will be called normalized if |Z|*> = 1; we say that f is a special
isothermic net of type N if it has a normalized polynomial conserved quantity of
degree N, but not of any lower degree.

As a direct consequence of this definition and the 1-parameter group property (2.17)
of the Calapso transformations we obtain stability of the class of special isothermic
nets of a fixed type N under the Calapso transformation:

Theorem 3.13. If f is special isothermic of type N then so are its Calapso transforms
fr=T01.

Proof. T#* = T#(T#)~1 are the Calapso transformations of f* by (2.17), see also
[19, 85.7.30]. Hence, if P(A\) = ANZ +--. + @ is a polynomial conserved quantity of
f, then

PH(\) = T#P(u + A)

20However, we do expect uniqueness of a (normalized) polynomial conserved quantity of minimal
degree for generic isothermic nets of a sufficient size.
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defines a polynomial conserved quantity of f# of the same degree; moreover,
|PEO)P = [P+ w2 = MV Z]P + 221

showing that P#()) is normalized as soon as P(A) is. Thus f* is special isothermic

of type < N.
On the other hand f = T*#f# is a Calapso transform of f*, by (2.17) again, so
that the same argument shows that f* is special isothermic of type > N. (]

So far it is rather unclear how restrictive the definition of special isothermic of a
given type is: as we shall see later (and as one might expect after an equation count),
the condition on a discrete isothermic net of being special isothermic of type N is
not a local condition — in particular, we will see that every isothermic 3 x 3-net has
plenty of linear conserved quantities and is, therefore, special isothermic of type 1.
On the other hand, the condition of being special isothermic of type 0 does already
impose a condition on a 3 x 3-grid, and the corresponding constant conserved quantity
is generically unique:

Theorem 3.14. f is special isothermic of type 0 if and only if f takes values in a
2-sphere.

Proof. First suppose that f is special isothermic of type 0 with (necessarily?! normal-
ized) constant conserved quantity P(A) = @. Then ) defines a fixed 2-sphere, since
|Q|? = 1, that contains the points of the net by (i) of Corollary 3.9. This also shows
that a (normalized) constant conserved quantity is unique as soon as the isothermic
net does not take values in a circle.

Conversely, if f takes values in a fixed 2-sphere S C S® then the Calapso transfor-
mations T of f take (up to a constant Mobius transformation) values in the Mobius
group Mob(S) of this 2-sphere (see [18, Thm. 3.14] or [19, §5.7.22]). That is, the
Calapso transformations T* of f can be chosen to fix a unit vector @ defining the
2-sphere S: this yields a normalized constant conserved quantity so that f is special
of type 0. O

As a more involved example we take up surfaces of revolution and investigate
the symmetry of a corresponding polynomial conserved quantity: suppose Fim n) =
(=1)™(M,, + ®,C) is the Moutard lift of a discrete surface of revolution, see (2.8),
with a rotationally symmetric polynomial conserved quantity, i.e., we assume that
@71 Pnny(A) =: Br()) does not depend on n. Then, clearly,

Pmmy(A) = (P(m,n)()‘)’ Fmn) = ("1)m<Pm()‘)a My, + C)
is independent of n; we shall see that the converse also holds:

Lemma 3.15. A polynomial conserved quantity P()) of a discrete net f of revolution
with canonical lift Fiy ) = (—1)™®(Mpy, + C) is rotationally symmetric, Pimny(A) =
®,Pr(N), if and only if :

does not depend on n.

2lRemember that a constant conserved quantity cannot be degenerate by (i) of Corollary 3.9,
since f is not constant.



Proof. We already know that p(A) depends only on m if P(}) is rotationally symmet-
ric; to prove the converse we assume that p(A) does not depend on n and write

(3.7) P(m,n) = P(J,‘n,n) + @n(a(m,n)(] + ﬁ(m’n)CJ‘) e R>' @ RZ,

where C* complements C to form an orthonormal basis of R? and o and S are suitable
real valued functions. First note that

("‘].)mpm = (P(J;n,n)’ Mm) + Oé(m,n)-

Now we fix m and, in order to simplify notation, consider all functions as functions
of n only. From (3.2) we get

0 =dP,ny1(A) + Ap(A) dFpnt1;
hence, in particular,
dP,1 =0 and dogpg = —(dPy,,1, M) =0.
For a function g on the vertices let g, n41 := -g—"+—2g'ﬁi denote the associated function

on the edges, and let dy, 41 be the rotation angle along the edge, i.e., the rotation
angle of ®,,1®_1; observe that

dOCH) s = ——2tadn Bonntd (§C)ppyr L dFpppa,
2((I)Cl)n,n+1 = cot __<Pn2+n+__l_ d(‘bC)n’n_H ll an,n+1'
Hence the R2-part of 0 = dPy, n41(A) + Ap(\) dF, ny1 vields

dgon,n+1

1
0=fpn+1(A) and 0=a(A)+ (—=1)"Ap(N) + Edﬁn,nﬂ (A) cot
so that 8 vanishes

. . . dipn_1ntd
Thus, considering two consecutive edges, 0 = /3, sin Z2=lntCPnnil

and
(3.8) Pny(X) = P () + (1) Apm(X) @,.C
is clearly rotationally symmetric. O

As a simple consequence we see that a linear conserved quantity of a discrete surface
- of revolution f is rotationally symmetric as soon as f is rotationally symmetric in the
space form defined by the constant term:

Corollary 3.16. A linear conserved quantity P(A) = AZ+Q of a net f of revolution

is rotationally symmetric if and only if @ is.

Proof. By (3.8), the constant term of a rotationally symmetric polynomial conserved
quantity has no R?-component in the decomposition (3.7); for the converse observe
that, in the case of a linear conserved quantity, pimn) = (@, Fimn))- O

4. THE BACKLUND TRANSFORMATION

Bianchi’s Backlund transformation of smooth constant mean curvature surfaces in
Euclidean space turned out to be a special case of the Darboux transformation of
isothermic surfaces: considering the Darboux transformation as an initial value prob-
lem depending on a real (spectral) parameter, the Darboux transforms of a constant
mean curvature surface turn out to have constant mean curvature as soon as a certain
relation between the initial value and the parameter is satisfied, see [19, §5.4.15]; in
fact, they turn out to be the Backlund transforms of the surface, see [16, Thm. 7]
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and [21, Thm. 4.4]. A similar fact holds true for discrete constant mean curvature
surfaces in the sense of [17].

In [12, Thm. 3.2], this condition for a Darboux transform of a constant mean
curvature surface to have (the same) constant mean curvature again is shown to be
a special case of a similar condition for (smooth) special isothermic surfaces of given
type N. Here we shall analyze the situation for discrete special isothermic nets, giving
rise to what we will call the “Béacklund transformation” for special isothermic nets.

To this end we shall first recall the Darboux transformation for discrete isothermic
nets, cf. [17] or [19, §§5.7.12 & 5.7.19]: -

Definition 4.1. Let f : M — S2 be a discrete isothermic net with its family of
Calapso transformations T*. Then a Darboux transform of f is a discrete net

f:M— S sothat H,U,E]R:T“fzconst.
Equivalently, we can characterize a Darboux transform by the condition
A ~ 1— 45 -~
for all edges (ij) of M: remember that the isothermic family of connections (2.15)
descends to a family of connections on M x S3; thus a Darboux transform f can be
thought of as a parallel section of a connection I'* on M x S3 of the isothermic family

of connections. Using a cross ratio identity (see [19, §4.9.11]), this condition can be
reformulated as the cross ratio condition®® (cf. (2.4))

(4.1) fis £ F53 fil = 1= [fys £is fis £i] = aiznee
Clearly, a Darboux transform f of an isothermic net has a light cone lift F': M —
L* so that

(4.2) THEF =const. & F,= Ffjﬁ‘j

on all edges (ij) of M, that is, F' is a [*-parallel lift of f. Note that this is exactly
the conserved quantity condition (3.1) for a light cone map F' and a fixed value u of
the spectral parameter; we shall come back to this point later.

The crucial observation now is that the Darboux transformation produces discrete
isothermic nets from isothermic nets, see [17] or [19, §5.7.12], where a proof relying on
the hexahedron lemma [19, §4.9.13] was given; here we shall again give an alternative
proof, relying on Lemma 2.5, that also provides us with a useful formula for the
Calapso transformations of a Darboux transform, cf. [18] or [19, §5.7.35]:

Lemma 4.2. A Darbouz transform f, T f = const, of a discrete isothermic net f
with cross ratio factorizing function a is isothermic with the same cross ratio factor-
1zing function @ = a and with Calapso transformations

(4.3) ™ = T*r;‘f.*/”.

22Using quaternions or the Clifford algebra of R? and thinking of $% = R3U{oo}, this is equivalent
to the (discrete) Riccati type equation
dfij = p(f - idf5 (F = s,
where df; = ai; (dfi;)~! is the derivative of the Christoffel transform of f, cf. [19, §5.7.7); the
condition f; = I’i‘j fj appears as the usual linearization from this Riccati equation: as “Darboux’s
linear system”.
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Proof. We shall show that the isothermic family of connections (2.15) of f is given by
A L pl-da I=M/py —1p) (p1=M ey
Py =lhg = @ T, 75
which is then, with I'*, clearly flat so that f 1s isothermic with cross ratio factorizing
function @ = a by Lemma 2.5; further, the formula for the Calapso transformations
T* also follows directly.
Thus we have to show that
1-A/ppl=dai; _ pl=Aagpl-A/u
Yk Trgy = Tas Thgy

But, with (4.1), this follows directly from Lemma 2.6. O

At this point we are now in perfect shape to discuss:

4.1. Darboux transforms of special isothermic nets. As outlined at the be-
ginning of this section, we aim to obtain the Béacklund transformations for special
isothermic nets of type N as particular classes of Darboux transformations. The
following theorem provides the essential criterion:

Theorem 4.3. Let f be a Darboux transform, T* f = const, of a special isothermic
net f of type N with normalized polynomial conserved quantity P()\) of degree N.
Then:

(i) f is special isothermic of type < N + 1 and

(ii) f ds special isothermic of type < N as soon as P(u) € fL.

Note that, if P,(u) € f* for some i € M, then this holds true for all i € M. Namely,
if F'is a light cone lift of f as in (4.2), then P(u) and F are both parallel sections of
the metric connection I'j; on M x R*! so that their scalar product (P(), F') = const.

Proof. We define
(4.4) PO = (A=) T5 M P().
Clearly T*P()\) = const by (4.3) and, using (2.4), we obtain

~ 1 AA — ~ -
PO) = (A= wPO) - —=2O=Ep0), 4 AP, B F),
(F,F) "
which is polynomial of degree < N + 1 as (P()), F) has degree < N — 1 by (i) in
Corollary 3.9. Finally, writing

A

PA)=MZ+--4+Q and PO =M*Z4+...40,

we find that
NNVZR L= [POVE = (A= ) PO = NON¥2| 2 4
for all A, so that |Z|?> = |Z|%. Hence P()\) is a normalized polynomial conserved

quantity of degree N + 1 and, therefore, f is special isothermic of type < N + 1,
proving (i).
To prove (ii) note that
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when P(u) € fi. Hence f has a polynomial conserved quantity of degree < N by
Lemma 3.3; in particular,

(4.5) P\ = F}}’V”P(,\)

provides a normalized polynomial conserved quantity of degree N for f showing that
f is special isothermic of type < N. O

Definition 4.4. A Bécklund transform f of a special isothermic net f o;f type N with
polynomial conserved quantity P()\) is a Darbouz transform, that is, T#f = const, so

that P(u) € f*.

The Béacklund transformation between special isothermic nets of the same type® is
symmetric, that is, if f is a type N Backlund transform of a special isothermic net f
of type N with polynomial conserved quantity P(A) then f is a Bécklund transform
of f, where P()\) is given by (4.5): firstly, f is a Darboux transform of f since the
cross ratio condition (4.1) is symmetric in f and f,

i fi: £33 £ = fss £33 s ) = o,
by a cross ratio identity, see [19, §f1.9.11]; and secondly, using (2.4), we find that f
satisfies the Backlund condition®* P(u) € f+:

» . » (P (/J‘)7F ) 7
P(u) ,{l—r& P(X) = P(p) F B F mod f.

Recall that constructing a Darboux transform f of a given isothermic net amounts
to determining a parallel isotropic section F of M x R4 equipped with a connection
I'* in the isothermic family, see (4.2): after choosing an initial value there is a unique
solution. As the condition on a Darboux transform of a special isothermic net to
become a Backlund transform is preserved by the propagation it is sufficient to choose
the initial value of the Darboux transform appropriately in order to obtain a Backlund
transform.

Now note that (4.5) has exactly the same structure®® as the conserved quantity
condition (3.1), with i taking the role of the a;;. Thus, completely analogous to
Lemma 3.7,

(4.6) PO + AP, F)

B F=P0O)+

where F and F' are any?® light cone lifts of f and f, respectively. In particular, writing
PN =MNZ4 XY 4. 4Q and PO)=XZ 4+ XY 4+...4Q,

AP, F) o
p (FF)

28We know that the Bicklund transform does not increase the type but, in special circumstances,
if may decrease the type (by 1). We shall come back to this point later.

24The assumption that f is special isothermic of the same type N as f ensures that 15()\) has,
with P()), minimal degree and, in particular, that P(u) # 0 so that the condition is meaningful.

25This is a common phenomenon in discrete differential geometry, often referred to as “multidi-
mensional consistency”, cf. [6] or [7]: the transformations of a discrete net are governed by exactly
the same conditions as the net itself.

26A canonical choice would be to take F' and F to satisfy (2.5) and (F,F) = ﬁ: this is the

“3D-consistency” of the condition to be discrete isothermic, see [7].



we find that, analogous to Corollary 3.8, the constant coefficients Q = Q and that,
analogous to the geometric interpretation of Corollary 3.9,

_, R . (V) -
(4.7) S.—Z+M<F,F>F_Z+“<F’F>F

yields a sphere congruence?®’ that is enveloped by both f and f in the sense of Defini-
tion 3.10. Thus our Backlund transformation for special isothermic nets is a special
type of Ribaucour transformation for discrete curvature line nets in Lie sphere geom-
etry, see [6, Def. 22].

Theorem 4.5. Let f be a Bdcklund transform of a special isothermic net f of type
N, with respective polynomial conserved quantities

PA)=A"Z+AVY 4+ 4Q and P(N\) = I‘;f’\/"P(,\)=,\NZA+)\N—1Y+...+Q.

Then

o () @=Q, and

0(11)Z—|—-%/F—Z,ALF Z+—§(—LF and,

o (iil) in particular, Z + f and Z + f give rise to a Ribaucour pair in the Lie
geometric sense.

4.2. Bianchi permutability. A key feature of Darboux-Bécklund type transforma-

tions for smooth or discrete classes of surfaces is Bianchi permutability: given two
transforms of a surface there is a fourth (often unique) surface, which is a simultane-
ous transform of the two initial transforms — thus providing the combinatorics of a
quadrilateral for the transformation. We will refer to such quadrilaterals as Bianchi
quadrilaterals.

In particular, such a theorem holds true for the Darboux transformation of (dis-
crete) isothermic surfaces, see [17] or [19, §5.7.28], where the fourth surface is uniquely
determined?® by a cross ratio condition®:

Theorem 4.6. If fl and fg are two Darboux transforms, T fz = const, of a discrete
isothermic net f, then

[H2/m
frz: f1 fo f
is a simultaneous Darboux transform of f1 and fg :

Ti2 fio = const  and T4 fio = const.

2TIndeed, a similar fact can be proved for Darboux transforms in general: given a sphere congru-
ence Z enveloped by an isothermic net and a Darboux transform f of f, the sphere congruence
_(Z,B)
(F,F) F
will be enveloped by both f and f . This is a fact about the existence of Ribaucour transforms for
discrete curvature line nets in Lie geometry, cf. [6]. Note that this is a different “Darboux sphere
congruence” than the one discussed in [17], which “lives” on the faces of the domain M.
28This is in contrast to the Ribaucour transformation of (discrete) principal nets, where a 1-

parameter family of fourth surfaces exists, see [11] or [5].
2Note how repeated application of this theorem builds up a discrete isothermic net.

155



156

We wish to prove a similar theorem for the Backlund transformation of special
isothermic nets of a given type N.
Thus let f be a special isothermic net with polynomial conserved quantity P()\)

and let fi be two Backlund transforms of f, i.e.,

T f; = const and P(u;) € fi-.
Clearly, by the permutability theorem, Theorem 4.6, for the Darboux transformation
and (4.5), the simultaneous Bécklund transform fi5 of f; and fs is necessarily

(4.8) flzzF‘}f/‘“ f owith Pu(A) =T ’V‘“P (\) =T ’\f/‘“P(A)

as a polynomial conserved quantity — just as in the proof of Lemma 4.2 it follows
from Lemma 2.6 that

1=Mpepl=-Mp1 _ p(1=-Mp)/(1=Xp2) _ pl=Xpipl=Xp2
fizfi Ffl,f Ffl f2 Ffm,fz Ffz,f !

so that Pjp()) is well defined by (4.8). Now it is straightforward to see that

P F,
P(p1) = llm F(fi f;\/ul)/(l /\/#2)]_)()\) P(py) — L(%%}_)F +... ke f2 ,
1,12

showing that f; is a Bécklund transform of fio; similarly, f; is also a Bécklund
transform of fi5. The symmetry of the Backlund transformation then completes the
proof of the following

Theorem 4.7. (Bianchi permutability) Given two Bécklund transforms f1 and f
with parameters p; and ps, respectively, of a special isothermic net f of type N,
there is a net f12 so that the four nets form a Bianchi quadrilateral: that is, fi2 is a
Backlund transform of f1 with parameter ps and of fo with parameter {1

Note that we have not used any new arguments to prove this theorem — indeed,
using the similarity of the polynomial conserved quantity equations and the condi-
tions governing the Backlund transformation, we could have formulated a proof based
on the fact that “3D-consistency” of a “2D-system” implies higher dimensional con-
sistency, see [7, Thm. 7]: in the case at hand we were interested in “4D-consistency”.
Thus, any higher dimensional permutability theorems can now be proved by purely
combinatorial arguments®*®. For example, we can now argue that a “Bianchi cube”
can be (uniquely) constructed from a special isothermic net and three Bicklund trans-
forms: the existence of the eighth Backlund transform is ensured by the very same
fact that ensured the existence of a Darboux transform and the compatibility of the
Backlund transformation with the construction, as discussed above.

4.3. Complementary nets. As we already noticed earlier, the equation (4.2) on
a light cone map F' to provide a Darboux transform of an isothermic net f is ex-
actly the conserved quantity equation (3.1) for a fixed parameter u. Consequently,
any zero p of |P(\)[? provides a (light cone lift of a) Darboux transform F' = P(u)
of an isothermic net f with polynomial conserved quantity P()\). Moreover, since

30This is in contrast with the Ribaucour transformation, where 3-dimensional permutability, i.e.,
a “Bianchi cube” theorem, is the critical case as there is no uniqueness in the Bianchi quadrilateral.



(F, P(1)) = |P(p)|?> = 0, this Darboux transform will, in fact, be a Backlund trans-
form of f. In this section we shall discuss the role of these spe(nal Bécklund transforms
of a special isothermic net.

Definition 4.8. Let f be a special isothermic net with polynomial conserved quantity
P()\); those Bécklund transforms f of f given by F' = P(u), where |P(u)]* = 0, are
the complementary nets of f.

Clearly, a special isothermic net of type IV has at most 2N complementary nets
and, as | P(A)|? is an even degree polynomial, there may be no (real) complementary
nets: for example, let f be a type 1 spemal isothermic net with linear conserved
quantity

(4.9) PN =XZ+Q and H:=—-(Z,Q), «:=-|Q%
then the complementary nets of f are given by>!

(4.10) PH+vVH?>+k)=(HtVH +n)Z+Q

so that the number of (real) complementary nets depends on the sign of H2 + k.

On the other hand, if enough complementary nets are known, then the correspond-
ing polynomial conserved quantity can be reconstructed: first we observe that, given
N + 1 distinct parameter values A = o, ..., n,

(4.11) ZP wn) I :n ’Z’;

n=0 m¥#n

where P(u,) are ['*-parallel and, with oy, =[], 4, ﬁ—u’ the leading coefficient

N
Z= Zanp(/f'n) € fJ_
n=0

of P()) is a (constant) linear combination of the P(u,). These are the assumptions
that will allow us to reconstruct a polynomial conserved quantity from N 4 1 suitable
Darboux transforms:

Lemma 4.9. Let F", n=0,...,N, be [*r-parallel sections of M x R*' for pairwise
distinct p, and suppose that

N
Z=% anire ft
n=0

for some constants a,, € R and alli € M. Then

(4.12) P\ : ZanF" 1O = pm)

m#En
is a degree N polynomial conserved quantity for f with top degree coefficient Z; if
|Zi|* = 1 at some i € M, then (4.12) defines a normalized polynomial conserved
quantity.

3INote that P(H 4+ vH? + k) # 0 since f is special isothermic of type 1 so that P(\) cannot
have zeroes.
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Note that, if | Z|> > 0, then f envelops the sphere congruence Z in the sense of Def-
inition 3.10, as desired: incidence is given by assumption and touching is guaranteed
because the sections F'™ are I'** parallel so that

N
dZ; =) a,dF} =0mod f; & f;.

n=0

This also implies directly that |Z|? = const on M.
Proof. It remains to show that P()) is indeed a polynomial conserved quantity, that
is, we wish to show that

a,-j)\ { 1
(Fiy Fj) "1 — ai;A
for all A and each edge (¢j) of M. Clearly, this equality holds true for A = pu
n=20,...,N, since

PunP i (Mn) = anFunFn H (Bn — ) = anFn H (tn = pm) = Pi(pin)
m#n m#n
so that it holds for all A as soon as we know that T Pj(A) — P,()) is a degree N
polynomial. By definition P;()) and P;(\) are degree N polynomials, and (P;(A), F})
is a degree N — 1 polynomial by incidence, Z; L F;. Moreover, ’
(Pi(z5) B = WHm— (1 = Gijtm) Yono =22~ (F7, Fy)
= _N].—[m— (1 = aijim) Yong (T, Fy)
—N [Tmeo(l — @ijtim)(Z:, F)
=0
so that 1_1;_517<PJ'(’\)’ F;) is also a degree N — 1 polynomial. Hence the claim follows.
O

Note that, in Lemma 4.9, we did not require the ™ to be isotropic sections of
M x R*1, that is, we did not require them to be lifts of Darboux transforms of f.

Now suppose that  is a simple zero of |P(\)[? and let ' = P(u) denote (a lift of)
the corresponding complementary net of f. Then, from (4.5),

T Pi(A) — Bi(\) = dP;(\) + (Pi(A), F)F; — (P(X), Fj)Fi} =0

. AP, F) A (PO, P(w)

such that
) B (POLPW) o op L [POYP
oM gE S e i M S Lo e

as A — p. Consequently, if 4 is a simple zero of |P(A)[?, then f is a complementary

net of f , that is, the notion of complementary nets is symmetric.
If, on the other hand, 4 is a higher order zero of |P())|, then P(x) = 0 so that f
is special isothermic of lower type than f by Lemma 3.3. Indeed, all type lowering



Backlund transformations arise in this way: suppose that f is a type N — 1 Backlund
transform of a  special isothermic net f of type N — or, otherwise said, f is a Darboux
transform of f which is not a Bécklund transform. Then, their polynomial conserved
quantities are related by (4.4):

1— )\/p _ > _é(ﬁ(/\))ﬁ> _ <]5()\),F> [
P() = (A= p PO = (A = p)(P(N) W RE) F) =2 FF F
so that
(P(n), F) »
P(u) F )

spans f , which is therefore a complementary net of f.
Note that u is a higher order zero of |[P(\)[?> = (A — u)?|P()\)[2.
We summarize these results:

Lemma 4.10. Let f be special isothermic of type N with polynomial conserved quan-
tity P()).

o (i) If p is a higher order zero of |P(\)|2, then F' = P(u) defines a type N — 1
Bdacklund transform of f.

o (ii) If fisa type N — 1 Bdcklund transform of f, then f 1 a complementary
net of f, f P(p) for some u, where p is a higher order zero of |P()\)|?.

As a consequence of this lemma, a special isothermic net of type N can have at
most NV Backlund transforms of type N — 1 — generically, a Backlund transformation
is between special isothermic nets of the same type, and is therefore symmetric as
discussed above. For example, consider a special isothermic net f of type 1: by (4.10),
[ is a Darboux transform of a type 0 net, that is, of a spherical net (see Lemma 3.14),
if and only if H? + k = 0.

In the remainder of this section we shall discuss geometric properties of comple-
mentary nets of special isothermic nets of type 1 and 2.

First consider a type 1 special isothermic net with two complementary nets ie.,
H? + £ > 0 in (4.10); also, we assume & # 0, excluding the degenerate case, where
one of the complementary nets becomes constant. Then

~ 1
(4.13) F* :=Z+M—Q’ where py:=H +VH?+k,
+
provides I'**-parallel light cone lifts of the two complementary nets so that
L VI R =
K

Thus the two nets are Mobius equivalent and, more precisely, they are “antipodal”
in the quadric of constant curvature given by @, see [19, Section 1.4]. Moreover, the
“orthogonal circles”

* .= span{F, Z, F*}
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of the Ribaucour pair®? (f, f ), see Theorem 4.5, coincide in corresponding points:
& = span{F;, Z;, F*} = span{F,, Z;, Q}.
For a type 2 special isothermic net f we obtain two similar properties: first let
™= Plpn) = 22 + pnY +Q (n=1,2)

denote (I'~-parallel lifts of) two complementary nets of f; then the planes (in the
quadric Q)

é" .= span{F, Z, ) Q}

of the orthogonal circles ¢" coincide at corresponding points:

& = span{F;, Z;, F", Q} = span{F}, Z;,Y;, Q}.

On the other hand, if

Fr=P(un) = p2Z + Y +Q (n=1,2,3)

provide three complementary nets of f, then
Q € ¢ :=span{F"|n=1,2,3}

for all i € M, that is, the circles through corresponding points of the three comple-

mentary nets are, in fact, straight lines in the quadric of constant curvature given by

Reversing these observations yields four constructions for linear or quadratic con-
served quantities from geometric configurations of Darboux transforms:

Theorem 4.11. Let f”, n = 1,2, be two Darbouz transforms with different parame-
ters u, of a discrete isothermic net f so that the circles®

Gy = span{F;, Fj, ﬁz-"} = span{F;, F}, Fan}

on the edges of M do not coincide for n = 1,2. Suppose that the f” are antipodal
in a suitable non-Euclidean space form. Then f has a normalized linear conserved
quantity.

Theorem 4.12. Let f", n = 1,2,3, be three Darboux transforms with different pa-
rameters u, of a discrete isothermic net f so that the circles
&y = span{Fi,Fj,f:’i"} = span{F,-,Fj,F'}’}
on the edges of M are not cospherical for n = 1,2,3. Suppose that the circles
¢ :=span{F"|n=1,2,3}

are straight lines in a suitable space form geometry. Then f has a normalized qua-
dratic conserved quantity.

32In the smooth case, these orthogonal circles form a cyclic system, that is, they have a 1-
parameter family of orthogonal surfaces so that any two orthogonal surfaces are Ribaucour trans-
forms of each other.

33Note that span{F, Fy, F['} = span{F;, F}, F'} since corresponding edges of a Darboux (or,
more generally, Ribaucour pair) have concircular endpoints.



Proof. We prove both theorems. Thus let N =2 or N = 3 and let ﬁ'”, n=1,...,N
denote I'*»-parallel light cone lifts of the Darboux transforms f". Note that the non-
degeneracy assumption for the edge circles cj; ensures that the ﬁ’f or Fj" are linearly
independent mod f; ® f;.

~ Now let @ € R*!\ {0} denote the vector defining the space form. Then

N
Q= Z o B
n=1

with suitable functions «,, : M — R. First, we see that the «,, are constant:
N
0=dQi =Y d(an)iFl} + (on)ydE]} = Zd )i B mod f; @ f,
=1
so that d(ay);; = 0 since (F7,... FN ) are linearly independent mod f; ® f;. Now,

N
0=dQy = 0ndF]= Eanpn{ (F™ F>J — (F™ F), F}},
n=1 ‘
showing that
, N )
Z:=) omp " L f
n=1

defines a sphere congruence enveloped by f: note that |Z|? > 0 since the F™ and
I’ are linearly independent. Hence f has a linear or quadratic conserved quantity if
N =2o0r N =3, respectively, by Lemma 4.9. O

Note that there are no corresponding theorems for the existence of higher de-
gree polynomial conserved quantities for codimension 1 isothermic nets: the non-
degeneracy assumption on the F[”’s, F; and F; being linearly independent in R*
restricts /N to numbers not greater than 3.

Theorem 4.13. Let f”, n = 1,2, be two Darboux transforms with different parame-
ters py, of a discrete isothermic net f and let

M 3 i & = span{F,, Z;, F'}
denote the orthogonal circle congruences of the Ribaucour pairs (f, f”), n=1,2, with
respect to an enveloped sphere congruence® Z and let
(i) ¥ cij == span{F;, Z;, F;} = span{‘Fi,Zj, F;}

denote the orthogonal edge circles®>. Further, let Q € R4! define a quadric of constant
curvature so that neither the circles c;; nor the circles ¢; are straight lines and let

em' = Span{F‘iv Zi; 17j7 Q} = Span{Fia Zj) Fja Q} cmd é;n = Spa’n{F‘i; Zi7 Fi: Q}

denote the corresponding circle planes. Assume that e;; # €} for every edge and
suppose that the circle planes ' = €2. Then f has a quadratic conserved quantity.

34That is: Z defines the normal direction at each vertex of the net so that the notion of an

“orthogonal circle” is well defined — thus, only the contact element Z; + R F; at each point i is

needed. .
35Note that span{F}, Z;, F;} = span{F;, Z;, F;} by the enveloping condition Definition 3.10.
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Theorem 4.14. Let f*, n = 1,2, be two Darbouz transforms with different parame-
ters wn, of a discrete isothermic net f and let

i & and (i) & cij

denote the orthogonal circle congruences as in the previous theorem 4.13. Assume
that c;j # & for every edge and suppose that ¢' = é*. Then f has a normalized linear
conserved quantity.

The first of these two theorems is a discrete version of a famous classical theorem,
cf. [14], [15, §84] and [12, Thms. 2.1 & 2.33].

Proof. Again, we prove both theorems as the proofs are very similar.
Let F™ denote I'*n-parallel lifts of the two Darboux transforms f™ and note that

Q is T'°%-parallel.
First consider the second theorem: as é' = ¢ we have

E? =a1F'1+aF+ﬂZ
with suitable functions o1, o, 8, where a; # 0 since f2 # f. Hence
d(1)yE} = dFE — d(a F + B Z)i; — (e1);dE; = 0 mod ¢y,

so that o is constant since &' # c;;. Moreover, as F!', F? and F are linearly inde-
1 i J ’ )
pendent,

- F'=aF+82Z

defines an envelgped sphere congruence and the claim follows from Lemma 4.9.
In the situation of the first theorem 4.13 we have

F2=a0Q+aF'+aF +82
and deduce
d(al)uF- = dF2 d(a F + ,B Z)ij - d(ao)ijQ (al),dFl =0 mod eij,
so that, again, o is constant since €} # e;;. Then
d(ag)ijQ = dﬁg -~ d(OzF + ,BZ)ij - (al)Jdﬁ’,lj = 0 mod C”,

showing that ag is constant as well, because c;; was assumed to be a proper circle.
Now

F2— o F'—apQ =aF + 82,
so that, again, the claim follows from Lemma 4.9. O
Note that, in the first theorem, we obtain a normalized quadratic conserved quan-

tity as soon as we assume that the circles span{ﬁ’ 1,13’ 2 F} through corresponding
points of f, f! and f? do not become straight lines in the quadric given by Q.



5. DISCRETE CMC NETS IN SPACE FORMS

We are now prepared to define discrete cmc nets in space forms. A smooth isother-

163

~mic surface f in the conformal 3-sphere has constant mean curvature H in a quadric -

of constant curvature k = —|Q|?, given by Q € R*!, if and only if it has a linear
conserved quantity
P(A)=)AZ+Q,

where Z is the mean curvature sphere congruence®® of f, see [10] or [12, Thm. 2.27]: for
smooth isothermic surfaces in the conformal 3-sphere (of codimension 1) it turns out
that the top coefficient of a polynomial conserved quantity is necessarily its conformal
Gauss map®”. Note that, in the case of a spherical surface, the conformal Gauss map
Z of f is constant and f has a constant conserved quantity @ = Z (as in the discrete
case: see Theorem 3.14), hence a linear conserved quantity, e.g.,

PA)=XZ+Q=(\+1)Z
In the discrete setting we use this characterization as a definition:

Definition 5.1. A discrete isothermic net f will be called a discrete cmc net if it is
spectal isothermic of type N < 1. In particular, if f is special isothermic of type 1
with normalized linear conserved quantity

P(A) =\Z +Q,
we say that Z is the mean curvature sphere congruence of f in the quadric
Q={Y e L*|(V,Q) = -1}
of constant curvature k = —|Q|* and that f has (constant) mean curvature3®
H:=—-(Z,Q).

Thus discrete cmc nets in space forms are special isothermic nets and a transfor-
mation theory is readily available to us, cf. [18]: the Bicklund transformation, see
Definition 4.4, yields a transformation for discrete cmc nets in a given space form
preserving the mean curvature,

| Q=Q and H=—(2,Q)=-(2,Q =H
by Theorem 4.5, and satisfying Bianchi permutability by Theorem 4.7; the Calapso

transformation provides a Lawson correspondence f — f* for discrete cme nets,
where both the mean and ambient curvature change,

n“:—-|Q“|2=n+2/LH—,U2 and H“Z“(Z”qu>:H_“

36The mean curvature sphere congruence of f, consisting of spheres touching f that have the same
mean curvature as the surface at the touching points, can be defined using any ambient space form
geometry: it can be characterized as the conformal Gauss map of f, i.e., the unique enveloped sphere
congruence that induces the same conformal structure as f, or as the central sphere congruence, i.e.,
the congruence of spheres that exchange the curvature spheres (via inversion) or, equivalently, that
have second order contact with the surface in orthogonal directions.

3THence it follows directly that an isothermic surface with linear conserved quantity has constant
mean curvature H = —(Z, Q) in the space form given by Q.

38A change a — @ = £ of the cross ratio factorizing function results in a change of the equation
(3.1) for a linear conserved quantity, hence of the linear conserved quantity, see Lemma 3.6; in
particular, Z = Z and Q = cQ. Hence we obtain the effect of an ambient homothety: & = c*k and
H=cH.
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since Z# = T*Z and Q* = T*(uZ + Q) by Theorem 3.13, but
(H*)? + k* = k + H?
remains invariant.

Definition 5.2. The Calapso transformation for discrete cmc nets will also be called
Lawson correspondence.

The main goal of this section will be to show that our definition generalizes and
truly extends previous definitions®® from [3], [17], [4] and [18].

5.1. Uniqueness and existence questions. However, before addressing the rela-
tion of our definition with previous approaches we shall discuss the construction and
uniqueness of linear conserved quantities for a given discrete isothermic net.

Clearly, given the value of a linear conserved quantity at one point of a discrete cme
net f with cross ratio factorizing function a, the linear conserved quantity is uniquely
determined as it is a parallel section of the isothermic family of (flat) connections:
given an initial value of a linear (or polynomial) conserved quantity P()\) we can
use (3.1) to determine the values of P(\) at any point. Thus, starting with a linear
quantity AZ + @) at some point of a discrete isothermic net, there is a unique parallel
section of the isothermic family of connections®®; but the parallel section may fail to
be linear or even to be polynomial at other points of the isothermic net — hence we
may not obtain a linear conserved quantity if we use the “wrong” initial value or if
the isothermic net is not cme.

Using instead the equivalent condition (3.2) from Lemma 3.7 (see also Corollary
3.8 and (i-ii) of Corollary 3.9), we learn that P(A\) = AZ + @ is a linear conserved
quantity for an isothermic net f with cross ratio factorizing function a if and only if

Qi
oy QB F - (QF)F)
for any edge (ij) of the domain graph M. Again, we obtain a propagation formula
that fixes the linear conserved quantity uniquely once an initial value of P()) is given
at some point of a discrete isothermic net; however, now the existence of Z as well as
the incidence relation Z L F' are only satisfied if the isothermic net was, in fact, cmc
and if the initial value of P(\) was chosen correctly.

First we address the integrability of the difference equation for the mean curvature
sphere congruence Z,

(6.1) Q=const, ZLF and Z;=17Z+

aij
(Fi, Fy)
This equation does clearly not depend on the choice of lift F' of the isothermic net f;
to simplify the computation we may choose a Moutard lift, satisfying (2.5), so that

Zr = Z;i+(Q, Fx— F)F; — (Q,F;) (Fr — F)

5:3) — Zi+ $RUQE) - @) F)

(5.2) Zij=Zi+ {(Q, F;) F; — (Q, F;) F;}.

39Note that the mean curvature in [22] is defined on the faces of a principal net and therefore
different from the mean curvature defined here, living on the vertices.
40Here we use the flatness of the connections in the family.



on an elementary quadrilateral (ijkl), where we used the Moutard equation (2.6).
The last expression is symmetric in j and [; hence the propagation equation (5.2) is
integrable.

Next we address the incidence relation Z L F. First consider an edge (ij): from
(5.2)

(25 Fj) = (2, Fj) + ai;(Q, F).

Consequently, incidence determines Z; at the center i = i(0,0) of a non-spherical vertex
star®’: if we let 4(m,n), m,n € {—1,0,1}, denote the vertices of a 3 x 3-grid then the
equations

(5'4) <Zi(o,0)7Fi(o,o)> =0 and <Zi(o,o)7ﬂ(m,n)> = Qi 0yi(m,n) <Q’Fi(m,n))7

where m? + n? = 1, have a unique solution Zig ) o0 and F;
of a non-spherical vertex star form a basis of R4!. Thus an appropriate choice of the
initial value Z;, , for the mean curvature sphere congruence at the center of a vertex
star ensures that incidence is satisfied on all five vertices of the vertex star when
using (5.2) to define Z on the corresponding 3 x 3-grid. At the diagonal vertices
Fimnys Myn = £1, we obtain incidence without further conditions: let (ijkl) denote
an elementary quadrilateral; then, using (5.3), (2.6) and (2.5), we get
(2, F) = (Zi+ Q. F) B~ (QF) ), Fi + S55F, — )
= (Z,F) + Er {2+ aiQ, Fy) — (Zi + aaQ, )}

= (7, F) + %2, Fy) — (7, F})}
= (),

that is, incidence of Zj and f;. Thus we have proved the following, cf. Corollary 3.4:

since the vertices F;

(m,n)

Lemma 5.3. Let f : {(m,n)|m,n € {~1,0,1}} — S® be a non-spherical discrete
isothermic 3 X 3-net and let Q € R*!\ {0}. Then f has a unique linear conserved
quantity P(\) = A\Z + Q.

Note that, if the vertex star of f(0,0) is cospherical, then the corresponding 3 x 3-net
is necessarily also cospherical since f is a discrete principal net, i.e., the vertices of
its faces are concircular. Hence, assuming that f is non-spherical in Lemma 5.3, we
have that the vertex star used to define Z at its center is non-spherical. Moreover,
since any two adjacent vertex stars (i.e., vertex stars at the endpoints of an edge) of a
discrete isothermic net have two face circles in common, they lie on the same sphere
if they are cospherical — thus, an isothermic net is either spherical, hence type 0, or
it has a non-spherical vertex star.

As a (degenerate) example consider the Moutard lift F' of an isothermic 3 x 3-net,
Le., let F satisfy (Fj, F}) = a;; as in (2.5), and choose Q so that

(5.5) QL Fl0) ~ Fea0) Flog) — Foom1y, Fony — Fugy < (Q Flmm) = o

for m® + n? = 1 and some ¢y € R; further let ¢; := (Q, Flo)) and observe that, from
(2.6),

F F a(0,0) (m,0) (0,0)(O,n) F I
m,n y Q = m,0) — n)s Q =0
( ( ) ) (an) > ( F\( ’0), F(O,'n)) < ( :0) (0> ) )

41Here we use the fact that any vertex has four neighbours; in a more general quad-graph this
argument only works at vertices of degree 4, i.e., not at “umbilics” of a discrete net.
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for m,n = %1, so that

co if m*+n:=1,
Finn, = .
Flme), Q) {01 if m?—n?=0.

Now, (5.4) yields Z(0,0)+COF(0,O) 1 F(o,o), Fonn) for m®+n? = 1, that is, Z(O,o)-i-CoF(o,o)
is orthogonal to a basis of R*!, hence vanishes. Consequently, (5.2) yields

7 _ —COF(m,n) if m2 - n2 = O,
(mm) = —c1Fmny i m*4n?=1

Thus Z || F becomes isotropic and yields another Moutard lift of f. Note that, if we
choose @ so that ¢y = 0, i.e., so that Q represents the (unique) sphere containing the
outer points of the vertex star, then Z vanishes for m? — n? = 0, that is, we are in
the situation that we excluded from consideration in Lemma 3.11. This last situation -
is a worst-case scenario for a non-spherical isothermic net and that, by (5.2), Z does
not vanish as soon as (F, Q) does not, that is, as soon as f does not hit the infinity
boundary of the space form given by Q. '

Now recall from Lemma 3.11 that, if Z is null but does not vanish, then it is
necessarily a Moutard lift of f. In particular,

7 _ —CoFm,n) if m?2—-n?2=0,
M 7 ey Py if m2 412 =1

for some cg, c; € R and a Moutard lift F satisfying (2.5) as any two Moutard lifts are
related in this way. Hence, for m? + n? =1,

1
(F(m,n)a Q) = _C—1<Z(m’")’ Q) = const,

so that we are back in the situation of (5.5). Thus avoiding (5.5) we can ensure that Z
becomes spacelike and hence a suitable rescaling of the constructed linear conserved
quantity will leave us with a normalized linear conserved quantity; hence, according
to Definition 5.1:

Lemma 5.4. Let f : {(m,n)|m,n € {—1,0,1}} — S® be a non-spherical discrete
isothermic 3 X 3-net and choose Q € R*! to satisfy, for m,n € {—1,0,1},

(5.6) QL Finmy and Q¢ {Fuo) — F-1,0, Fo) — Foo-1), Fo) — Fuo}
where F is a Moutard lift of f. Then f is a discrete cmc net in a space form defined
by a suitable rescaling of Q.

Thus, as (5.6) imposes only open conditions on @, any given isothermic 3 X 3-net
is cmc in a 4-parameter family of possible space forms. Enlarging the net and using
(5.2) to propagate Z will add more incidence conditions, hence conditions on Q); it
is therefore natural to expect that a large enough generic isothermic net will have a
unique linear conserved quantity and being cmc becomes a condition. In particular,
the conditions (5.1) for a linear conserved quantity on an isothermic 5 X 5-net

f:{(m,n)|m,n € {-2,-1,0,1,2}} — S*
can be reduced to the incidence conditions on an extended vertex star

{f0,0): fiz1,0)s fo,21)> frz2,0)> fro,22)}



by the arguments that proved Lemma 5.3: this yields nine linear equations for the
linear conserved quantity at the center vertex f(0,0) of the net — hence we get existence
of a linear conserved quantity on any isothermic 5 x 5-net, and we expect uniqueness
up to scaling generically, i.e., using the scaling freedom to normalize the obtained
linear conserved quantity we expect a generic isothermic 5 X 5-net to be a discrete
cmc net in a unique way.

However, the following example shows that even “arbitrarily large” isothermic nets
can be cmc in different space forms — and even with their respective mean curvature
- sphere congruences defining the same contact elements at each vertex.

For this purpose we reconsider our example (3.5). However, instead of thinking
of f as part of a “zigzag-plane” as in (3.5), we now think of it as part of a discrete
circular cylinder by letting

a:=cosp and f:=sing

for some ¢ € (0, %), so that*?

1 1-— '
(571 fommy = (1, ==L 4 (<1)" =22 nsing) = (nm, cos i, sin ).

Further we introduce®?
f(*m,n) = (nm, — cos nyp, — sin ny).

Now let,

(5.8) Z = %chg and Q:=(1,0,0,0,~1),

where F* = (IH;C *lz, f*, 1‘,'; *|2) denotes again the Euclidean lift of f*, and note that
* 1 %
<F)F>:#§|f_f 125_27

so that (\Z + @, F) = —1. Now observe that |f*|?> = |f|> do not depend on n and
hence

AF iy mt1m) — AFmn)mt1,m) = A mymmt 1) T FFmm)mont1) = 0;
consequently, Z and @ define a linear conserved quantity by Lemma 3.7: for all edges
(i5)

: Aai;
d(\Z i — A
AR R

where a;; = £3(F;, F;) as in the example (3.5). Since |Z|?> = 1 the linear conserved
quantity is normalized, characterizing f as a discrete net of constant mean curvature

{AZ+Q,F);F;,— (\Z2+Q, F);F;} =0,

1
in Euclidean space (as |Q|? - 0) according to Definition 5.1, as one would expect.

“2Remember that m,n € {-1,0,1}.
43This is the (parallel) Christoffel transform of f, which is the net of centers of the mean curvature
sphere congruence in Euclidean space.
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Superposition of the linear conserved quantities given by (3.6) and by (5.8) then
yields a 1-parameter family of normalized linear conserved quantities for f, given by

1, . "
Zo = 5(F" + a(=1)"F) = Qo
and
20 14+ cose 1+4cosyp
= Qo — 0,1,0, ———
Qa QO 1—COSQO( 2 sy YUy 4y Yy 2 ),

where @ = (1,0,0,0,—1) and o € R. Thus the isothermic net has constant mean
curvatures

1+cosyp
-

1
Hy = ~(Z4,Qa) = 5(1 + az) 1 —cosyp

in the hyperbolic spaces
Q. ={Y € L*|(Y,Q.) = -1}

of curvatures ko = —(1_—“12‘;:?. Note that all Z, define the same contact element at a
vertex of f, that is, they all define the same “normal direction” at a vertex.

Finally observe that, as for the discrete net (3.5) with degenerate linear conserved
quantity (3.6), the restriction of the domain to {—1,0, 1}? is again not necessary: the
circular cylinder in (5.7) can be defined on all of Z? with linear conserved quantity
given by (5.8). As the two nets, the “zigzag-plane” and the circular cylinder, coincide
on Z x {—1,0,1} we obtain an example of an isothermic N x 3-net, N € N arbitrary,

that is cmc in different space forms.

5.2. Relation with previous approaches. At this point we are prepared to link
the present approach to discrete cmc nets to previous approaches; in particular, we
shall discuss how our definition relates to:

e the notion of discrete minimal surface in Euclidean space introduced in (3,
Def. 7);

e the notion of discrete cmc net in Euclidean space introduced in [17, Sect. 5];

e the notion of discrete horospherical net (cme 1 net) in hyperbolic space in [18,
Def. 4.3];

e the definition of a net of constant mean curvature H in a space form of cur-
vature k, where H? + k > 0, suggested in [18].

In this context we shall also discuss the relation of our notion of “mean curvature
sphere” with that of [4, Sect. 4.5] and the notion of “central sphere congruence” in
[7, Sect. 3].

First we wish to make contact with the definition of a discrete cmc net in Euclidean
space given in [17]: recall that a discrete isothermic net f : M? — R? is called cmc in
[17] if it has a parallel (isothermic) net, i.e., a simultaneous Christoffel and Darboux
transform f*. The (constant) distance of this parallel net yields (up to sign) the mean
curvature of both nets,

1

H=rmp



Note that any constant multiple of (df,df*) is a cross ratio factorizing function,
so that, without loss of generality,

H A& . *
@iy = —5 (dfyj,df;), thatis, dffj=———2lms

Further, since |f* — f|? = const, (2.2) yields

(f* = Ny L dfij, dfy;,
that is, H (f* — f) defines a (unit) normal field for f as well as for f* in the sense of
[22], cf. [17]. Consequently,
4aij QCLU

d(,f*|2)ij = 2<fz§7dfz’;> = _Hldfijlg <fij7dfij> = ~H|dfijl2 d(’f‘Q)u

Now suppose f : M? — R? is a discrete cmc net in this sense, with parallel cme net
J* and (constant) mean curvature H. Let F' and F* denote the respective Euclidean
lifts and let

1
Z:=HF*" — — d Q= 0,-1
2HQ an Q (1)0’ O) ’ )

as in the above example of a discrete circular cylinder, see (5.8). Then
H ., o, 1
(2,F) =~ |f* = P+ 52 =0

and

4y N 2am
dF;; = HdF; + dFi; =0,
(F,Fpy 9 I Jdf P

so that AZ + @) defines a (normahzed) linear conserved quantity of f by Lemma 3.7.
Moreover,

dZ; —

R=—lQP=0 and —(Z,Q)=
Conversely, suppose that f is a discrete isothermic net with cross ratio factorizing
function a and normalized linear conserved quantity AZ + @ so that

k=-|Q*=0 and H=—(Z,Q)#0.

Let
1 1 1

F(Z+55Q) = 55 HZ +Q)

denote the complementary net of f, see Definition 4.8. Clearly, F™* defines a Darboux
transform of f,

F* =

T F* = const,
and (F*,Q) = —1. Choosing a Euclidean lift F of f, i.e., (F,Q) = —1, (3.2) yields

Qi
5. Fr=— % g
( 9) d 17 H<F2,FJ> dF]

44Given a cross ratio factorizing function a of an isothermic net one defines the Christoffel trans-
form f* by
v df” = Q4j (dfzg T,?LQ' dfzyv
as a is only defined up to constant multiples, so is df*. In the case of the parallel net of a discrete
cmc net, however, there is a canonical scaling for f*.
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Now let, without loss of generality, @ = (1,0,0,0,—1) so that
1+|f|2 1+|f|2f

_I1f]2
el LY

,f* _]f*l) and F___( 5

F*=( 5

Then (5.9) gives
2a,,

df't] = H|df1,J'2 dfi]

Hence f* is also the Christoffel transform of f : M? — R3, so that f is a cmc net
with parallel cme net f* in the sense of [17].
Thus we have proved the following

Theorem 5.5. A discrete isothermic net in R® is cmc in Euclidean space in the sense
of [17] if and only if it is cmc in the sense of Definition 5.1.

In [4, Sect. 4.5], a notion of mean curvature sphere for a discrete isothermic net in
Euclidean space is introduced. We shall see that this mean curvature sphere is the
same as our mean curvature sphere Z in the case of a discrete cmc net.

First recall [4, Def. 12]: given a vertex star {f;,,,, € R®|m?+n® <1} of a discrete

isothermic net with constant (negative) cross ratio function g, = %ﬁ- there is a
unique point ¢, , so that
(5'10) Ifi(l,o) - Ci(o,o)l = Ifi(—l,o) - ci(o,O)l and lfi(o,n - ci(o,o), = |fi(o,-1) - ci(o,O)l
and

2 2 2 2
|fi(1,o) B ci(o,g)' - |fi(o,o) B ci(o,O)l _ |fi(o,1) B ci(o,o)‘ - Ifi(o,o) - Ci(o,o)'

®i0,0y3(1,0) @i0,0i(0,1)

(5.11)

This point ¢;,, is the center of the mean curvature sphere at f;,, and its radius

(5 12) TZ(O 0) Ifl(o 0) CT’(O,O) |

Now suppose that f is a discrete cmc net in Euclidean space, with @) as above
and mean curvature sphere congruence Z, and go back to (5.4): let F' denote the
Euclidean lift for f as before and write

1
Z= ;(1 + > =% e, 1 — e +7?)
in terms of its center ¢ and radius r; then .

2 2
0= <Zi(0,0) ) E(0,0)> = 2 (If‘l(o 0) ci(o,o)l - Ti(o’o))

4(0,0)
is equivalent to (5.12), while the remaining four equations of (5.4) read

_ <Zi(o,o)’Fi(m,n)> _ 1 |fi(m,n) Cio, O)I 1(0 0)
21",'(0,0)

)

Qi0,0)i(m,n) i0,0)i(m,n)

clearly implying (5.11); the equations (5.10) follow since the cross ratio function is
constant, so that
Gigayian = Gipoiccre A i oy = Gy, 1

Hence we have proved:



Theorem 5.6. The mean curvature sphere Z of a discrete cmc net f: M — R3 in
Euclidean space in the sense of Definition 5.1 is the mean curvature sphere of f in
the sense of [4, Sect. 4.5].

In fact, we have seen slightly more: the equations (5.4) define®® the mean curvature
sphere of [4] for any isothermic net in Euclidean space with constant cross ratio
function?®.

This suggests to use (5.4) to define the mean curvature sphere of an isothermic net
in any space form. Note that these mean curvature spheres of an isothermic net are,
in contrast to the smooth case, not M&bius invariant: different choices of the ambient
space form given by @ will, in general, lead to different mean curvature spheres Z.
In particular, this also shows that the mean curvature sphere defined in this way is
generally*” different from the central sphere of [7), which is Mdbius invariantly related
to the isothermic net as it is characterized by incidence only.

Following ideas from [18], the Lawson correspondence of Definition 5.2 can be used
to define discrete cmc nets in space forms with

H +k>0

as Calapso transforms of cme nets in Euclidean space. Using permutability theorems
the above characterization of cmc nets in Euclidean space by the existence of a si-
multaneous Darboux and Christoffel transform, i.e., the existence of a parallel cmc
net can then be carried over to other space forms to obtain an alternative character-
ization, similarly to the way in which horospherical nets in hyperbolic space can be
characterized in two ways, see [18, Lemma 4.2] or [19, §5.7.37].

Namely, let f* denote the parallel cmc net of a discrete cme net f in Euclidean space
and consider their Calapso transforms f* and (f*)* — which are only determined up
to Mobius transformation. Then f* and (f*)* can be positioned in S so that:

e (i) they form a Darboux pair with parameter —\ since f and f* form a
Christoffel pair, see [18, Cor. 3.24] or [19, §5.7.34];

e (ii) they form a Darboux pair with parameter u — A since f and f* form a
Darboux pair with some parameter u, see [18, Cor. 3.27] or [19, §5.7.35].

That is, there are two ways to position (f*)* in S3 so that it is a Darboux transform
of f* with different parameters or, otherwise said, f* has a pair of M&bius equivalent
Darboux transforms. More precisely, given a Calapso transform of a discrete cmc net

45Besides the sphere, the equations (5.4) also determine the scaling of its representative in
Minkowski space.

46Recen’cly, a new approach has come into focus, where the “mean curvature” of a discrete prin-
cipal net in R® is defined, as a function on faces, via the area change of a face when varying through
parallel nets, see [22] and [8]. This approach leads to the same class of discrete minimal or constant
mean curvature nets as the one discussed here [9].

4TUsing a Moutard lift satisfying (2.5), as for (5.5), (2.6) and (5.4) yield
<Zi<o 0)? Fi(m n)) =0 <& Qi0,0)i(m,0) (Q Fi(m 0)) = Qi(5,0)i(0,n) (Q Fi(o n)>

for m,n = 1. Hence the “mean curvature sphere” defined by (5.4) is the “central sphere of [7]
(cf. Lemma 2.2) if and only if, for m? + n? = 1,

(@) Cigo,0yi(m,my Fim,my) = CONSL.
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in Euclidean space, (4.13) provides two antipodal Darboux transforms: the antipodal
map identifies the ambient space form.

Theorem 4.11 provides the precise formulation of the converse: normalizing the
linear conserved quantity from the proof,

(1 + /\ul)alﬁ’l + (1 + )\M2)C¥2F2,

we obtain |[P(\)|? = 1+>‘“;m12+’\” 2 as its squared norm, hence

prtpay 1 (= p)?
- - 55— >0
2ppo Pt dpipy
since py # po, so that the isothermic net f is indeed a Calapso transform of a cmc

net in Euclidean space.
Finally we discuss minimal nets in Euclidean space and horospherical nets in hy-
perbolic space, that is, the discrete constant mean curvature nets with

H?>+k=0.

First recall that horospherical nets in hyperbolic space can be defined as Darboux
transforms of their hyperbolic Gauss maps [18, Def. 4.3], that is, as Darboux trans-
forms of a spherical net: hence Lemma 4.10 identifies them as the discrete cmc nets
with

H 4+ k=

H?+k=0 and k#0
in the sense of Definition 5.1. On the other hand, horospherical nets can equivalently
be characterized as Calapso transforms of a discrete minimal net in Euclidean space
in the sense of [3] and, conversely, any discrete minimal net in Euclidean space gives
rise to a Lawson family of horospherical nets, see [18, Lemma 4.2]. Hence we can
reverse the argument to conclude that the discrete minimal nets in the sense of [3]
are those discrete cmc nets with

H?>4+ k=0 and k=0
in the sense of Definition 5.1. Note that [3, Thm. 8] provides two equivalent charac-
terizations of discrete minimal nets in Euclidean space:
e (i) as Christoffel transforms of spherical isothermic nets (their “Gauss maps”)
and
e (ii) by the fact that their mean curvature sphere congruence consists of planes®.
We summarize these discussions in the following

Theorem 5.7. A discrete isothermic net is
o (i) minimal in R® in the sense of [3] iff it is cmc with H = k = 0 in the sense
of Definition 5.1;
e (ii) horospherical in the sense of [18] iff it is cmc with —H? = k < 0 in the
sense of Definition 5.1.

48 Assuming, as in [3], that a;; = +6 a very similar computation as the one leading to Theorem
5.6 shows that our statement here is equivalent to [3, Def. 7]: with the Euclidean lift F' and Z =
(d,n, —d), where n is the unit normal of the plane described by Z and d = {n, f) its distance from
the origin, the equations (5.4) become

(ni(o,o)vfi(m,n) - fi(o,m) = (Zi(O,O)’E(m,n)> = Qig,0)i(m,n) — +4.
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9.3. Discrete cmc surfaces of revolution. We conclude by discussing our example
of a discrete surface of revolution in more detail: here we will be interested in the
construction of discrete cmc surfaces of revolution with prescribed mean curvature in
a given ambient space form.

Thus we consider a discrete surface of revolution

(513) (m7 'I’L) = F(m,n) = ("1)m(Mm + (I)nC) e R*! ® Rza
see (2.8), with cross ratio factorizing function
(5.14) a;; = o (Fy, Fy)

since F' is a Moutard lift*>. By Corollary 3.16 a linear conserved quantity P(X) =
AZ + (@) has the same rotational symmetry as the net if and only if the vector Q
defining the ambient space form has this symmetry; in particular, the linear conserved
quantity of an equivariant cmc net is rotationally symmetric with

P(m,n)()‘) = Pfrj;()‘) + (—1)m+1)\pm()\)(I)nC’ = /\{Z'n_'; - Ol(Q, Mm> (I)nc} + Q> ‘
where Z+,Q € R??, see (3.8) and Lemma 3.6. Hence

ZE+ a(Q, My) My, — (@, My,) (M, + ©,C)
= Sm — (@, Finnt1)) Fimom),

where S, = S(mn)(mn+1) 18 the curvature sphere (3.4) on an edge in the rotational
direction: note that this family of curvature spheres does only depend on m, so that
our discrete surface of revolution is the envelope of a 1-parameter family of spheres
in the sense of Definition 3.10.

Our first aim is to formulate the condition (3.2) for a linear conserved quantity of
the given form: clearly

(5.15) Zmm)

0= <ZaF> = (”1)m<S’M>7
that is, the incidence relation is again expressed by orthogonality; further,
0 = dZamnymirn + (@) Fimm) Fimt1,n) = (@, Fims1,m) Flmmy}
= dSm,m+1 - 2a<Q7Mm,m+1> de,m—l—l

and

0 = dZ(m,n)(m,n+1) + a{(Q: F(m,n)) F(m,n+1) - <Q7 F(m,n—l—l)) F(m,n)}

are identically satisfied. Hence we obtain:

Lemma 5.8. Let @ € R*' and Zmp) = Sm — &(Q, Funn)) Fimn), where F is a
Moutard lift (5.13) of a discrete surface of revolution and m — S,, € R®! is q discrete
L-parameter family of spheres. Then P()\) := AZ + Q defines a linear conserved
quantity for f with respect to (5.14) as a cross ratio factorizing function if and only

if
(5.16) 0= (S,M) and dS =2a(Q, M)dM.

49We shall use the scaling freedom « in the cross ratio factorizing function later to normalize the
linear conserved quantity that we will construct, see Lemma 3.6.
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Note that the equations (5.16) determine S,, and Sp,+1 (and, hence, Z,, and Zp,41)
up to a common orthogonal offset from the plane®® spanned by M, and My,+1. Also
prescribing the mean curvature H,

(517) <S, Q) = <Z7 Q) +a<M7 Q>2 = '—H+O((M, Q)2’
we obtain six equations®!

(Sm, Q) = —H + a(Mn, Q)*

(Sm41,Q) = —H + (M1, Q)*
(SmyMp) =0
(Smt1, Mm) = =@, Mimm11) [dMr i |?
(Smy Mim11) = ~(@, Min 1) |dMimme1|*

(Sm+la Mm+1> =0

that determine S,, and Sy, as soon as (Q, M,,, M,,,,) is a basis of R>1.

In order to understand this restriction geometrically we analyze what happens
when M,,, M,,,; and @ are linearly dependent, that is, when @ is in the (1, 1)-plane
spanned by M,, and M,,,;. First recall that the light cone in R*! is the axis of our
discrete surface of revolution (2.8); similarly, for fixed n,

span{ Fiyan), Fim+1,n); PnC} = span{Mpm, Mpm11, 2nC} =: Cmms1

defines the circle through Fy, n) and F(;,41,n) that intersects the axis orthogonally —
which becomes a geodesic in the quadric Q of constant curvature (3.3) given by @ as
soon as

Q € Cm,m+1-

Thus prescribing an edge of a meridian curve, M,, and M,,,1, and a space form, Q,
so that the orthogonal circle ¢y, mi1 of the axis passing through Fiy,n) and Fimyim)
does not become a straight line, any choice of H will lead to a unique solution S, and
Smy1 of the equations (5.16) and (5.17), hence to a unique linear conserved quantity
for the discrete net obtained by rotating the edge.

The top coefficient Z of a linear conserved quantity constructed from a solution
S of (5.16) and (5.17) is, with S, spacelike since S L M and has constant length
by Lemma 3.5. The idea is then to use our scaling freedom o« in the cross ratio
factorizing function (5.14) to obtain a normalized linear conserved quantity, as sought
in Definition 5.1: note that, in contrast to Lemma 3.6, where only the conserved
quantity condition played a role, the prescribed mean curvature equation (5.17) causes
a more complicated dependence of S on «. In particular?,

C? A B
SP=2H-L(a+ZH)
ISP = S B2~ L e+ S HY,
S0Recall that M in (2.8) takes values in one component of the hyperbolic quadric [Y|?=—1in
R
SINote that d({M, Q)?) = 2(M, Q)(dM, Q) by (2.2) so that (5.17) only adds one real equation to
(5.16).

52Note that the symmetry of the formula confirms that |Sp|2 = |Sm41]2-



where we let

A = |QA My A Myl

¢ = Idem+1|< mm+1aQ)7

B = _ldem+1, {IMmm—H' (Mm7Q>< m+1,Q> +2(Mm,m+1aQ>2}7
A = IJVIi/\I\?nillE ) ’

Note that |QAM, AMyi1|?, My AM 1|2 < 0. Also, the assumption M,,, My, 41 £ Q
‘that the endpoints of our meridian edge do not lie in the infinity boundary of the
space form defined by @) implies that B and C do not simultaneously vanish; as a
consequence A > 0.
Thus the equation |S|? = 1 can be solved for « if and only if C2H? < A.
Moreover, as « is a factor of our cross ratio factorizing function, we seek a non-zero
solution of the equation: since A = C2H? clearly implies H # 0 we need to exclude

A
A-C*H?=B=0 = H’=
,M A Mm+1|
Thus the equation |S|?> = 1 has a non-zero solution « if and only if
A
5.1 2H? < 2H? = 2 .
(5.18) C°H* <A and CH» A=H #|Mm/\Mm+1l2

Note that, in the case of strict inequality in (5.18), C*H? < A, our construction will,
in general, provide two different linear conserved quantities®®. However, in the case
H = 0 of a minimal surface, the equation |S|> = 1 has always exactly one non-zero
solution .

Lemma 5.9. Prescribing an ambient space form and a mean curvature, the equivari-
ant discrete surface of revolution obtained by rotating a single edge in the space form
has a normalized linear conserved quantity as soon as:

(i) the orthogonal circle of the axis of revolution passing through the endpoints of the
edge is not a straight line in the ambient constant curvature geometry, and

(ii) the mean curvature is not chosen too large; more preczsely, the mean curvature
H satisfies the constraint (5.18).

Having equipped an initial edge of a meridian curve for a discrete equivariant cmc
net with prescribed mean curvature H and ambient space form ) with a suitable
mean curvature sphere at both endpoints, we shall now investigate how to propagate
the meridian curve M and its enveloped 1-parameter family of spheres S to “build”
a larger equivariant cmc net. That is, we aim to construct M,,,; and Sy, from the
data at the other endpoint of the edge, M,,, S, Q.

As a discrete analogue of a constant speed parametrization in the hyperbolic plane
of the meridian curve®* we prescribe a constant cross ratio factorizing function a along
the meridian curve so that

Q(mn),(m+1, c
(Myps1, M) = "(1+"(M0(4_Wi@) =—(1+ &_)

53As a consequence, our discrete net will have a polynomial conserved quantity of degree 0 by
Corollary 3.4 — which is not too surprising since the net is clearly spherical, cf. Theorem 3.14.
- 34Recall that a hyperbolic constant speed parametrization of the meridian curve of a (smooth)
surface of revolution leads to a conformal curvature line parametrization of the surface up to constant
rescaling of the parameters.
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for all m and some c € R, see (5.14). Note that, since we seek M,, and M, to take
values in the same hyperbolic plane,

c 1
E = §|de,m+1|2 > 0

A second equation obtained from (5.16),
0= (Mm+1a Sm> + a(Q, A4m,m+1)|d]Mm,m+1|2 = <Mm+17 Sm + CQ) + C(Mma Q);

then confines M,,,, to a line in R>! as soon as M,, and S,, + cQ are linearly inde-
pendent or, equivalently, as soon as

X = Sy +¢(@Q + (@, M,,) M,,) # 0.

Observe that, requiring the meridian curve to not cross the axis of rotation into the
other hyperbolic half plane nor to hit the infinity boundary @+ of the ambient space

form®,

0 ;é c <Q7 Mm){(Mm—Ha Mm) - 1} = (Mm+la-Xm>a
so that X,, # 0 describes a sphere intersecting the axis of rotation orthogonally
and containing the point of the meridian curve given by M,, since X,, L M,,. In
particular, X # 0 at both endpoints of a “proper” meridian curve edge.
Thus

a+c ((a+c)? - a®)(Q, My,)

Y,
M,, — =
!

Xom P+t
| Xm|? Yo |2

Mm+1 = {

for a suitable t € R, where Y;, 'is orthogonal to X,, in the (Euclidean) plane M. in
R?! and has the same length, .

Y L My, X, and  |Yo|* = [ Xl
As we wish M to take values in the hyperbolic plane

! a+c)?~o?)(1-2cH—~c*x
0=1+|Mm+1|2:|x_,1n_|7{t2— ((at0) ai(zl 2¢H )},

where we have used (5.17), so that we obtain two candidates for M,,;; as soon as

(5.19) 1—2cH — *k > 0.

When propagating the meridian curve with constant cross ratio factorizing function,
then one of the two solutions must give the predecessor M,,_; of M,,; hence the
propagation of a meridian curve is unique if it is possible. Observe that the condition
(5.19) does not depend on m; hence it is automatically satisfied as soon as a “seed”
meridian curve contains more than one edge>®

Once M, is constructed (5.16) yields

Sm+1 = Sm + 2C¥<Q, Mm,m+1) de,m+l;

9We do, however, not exclude the possibility of the meridian curve crossing the infinity boundary.
%611 case we have one edge of a seed meridian curve we infer that the quadratic equation has at
least one solution, i.e.,
1—2cH—02n20.
In the case 1—2cH — c¢®k = 0 of one solution, the described propagation procedure will then alternate
the two endpoints of one edge.



FIGURE 5.1. Discrete cme torus in S3

it is then straightforward to verify incidence®”
(Sm+17 Mm+1> = (Mm+1> Sm + CQ) + C<Q, Mm> = 0
and the mean curvature (5.17) being constant,

(Qa Sm+1> - a(Q: Mm+l> = <Q? Sm) - a(Q: Mm)

Hence, by Lemma 5.8, we have succeeded in propagating the meridian curve of a
discrete cmc net of revolution:

Lemma 5.10. Let a point and unit normal of the meridian curve of a discrete cmc net
of revolution in a space form be given. Prescribing a (constant) cross ratio factorizing
function c and a Moutard factor o, the meridian curve can be propagated uniquely in
either of two directions to obtain a discrete cmc surface of revolution as long as:

(i) £ > 0 and the point of the meridian curve does not lie in the mfinity boundary of
the space form, and

(ii) 1 — 2¢cH — ¢k > 0, where the mean curvature H is given by (5.17) and k is the
ambient curvature.

These two lemmas now provide a method of construction for discrete cme nets of
revolution in a prescribed ambient space form and with prescribed mean curvature:

Construction: Choose an ambient space form @ € R2! and a mean curvature
H € R. Choose an initial edge My, M; € H? C R?! so that:

e (1) (Q, My), (Q, My) # 0, that is, My and M; do not lie in the infinity boundary
of the space form®® Q; _

e (ii) (@, My, M) is a basis of R*!, that is, the straight line in H? through M,
and M; is not straight in the chosen space form Q; and

5TRecall that the equations (5.16) also ensure that |S|? is constant.
8Note that this condition is sufficient but not necessary, as Figure 1.1 suggests.

177



178

o (iii) the constraint (5.18) is satisfied with the chosen mean and ambient cur-
vatures.

Next, construct the spheres Sy, S; € S? C R?! to satisfy the conserved quantity
and mean curvature conditions (5.16) and (5.17), see Lemma 5.9; generically, there
is a choice of two such sets of spheres.

Then, propagate this “seed” meridian curve using a constant cross ratio factorizing
function, see Lemma 5.10; this yields a unique and proper propagation of the meridian
curve if (5.19) is satisfied.

A variant of this construction was used to obtain the discrete cmc torus in S3
shown in Figure 5.1 as well as to construct the discrete minimal net in two copies of
H?3 shown in Figure 1.1: the plane shown in the figure indicates the common infinity
boundary of the two copies of the ambient H>.
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