ISOTHERMICITY FOR DISCRETE SURFACES IN THE EUCLIDEAN
AND MINKOWSKI 3-SPACES

YUSUKE KINOSHITA AND WAYNE ROSSMAN

ABSTRACT. In this report we explain why a certain notion of isothermicity for discrete
surfaces in Euclidean 3-space is natural. We also consider isothermicity of discrete
surfaces in Minkowski 3-space.

INTRODUCTION

In this report on the contents of a talk given in December of 2008 at Osaka City
University, we give an already known description of isothermicity for discrete surfaces
in Euclidean 3-space, and we apply this description for the case of discrete surfaces in
Minkowski 3-space as well. We derive a motivation for this description from the case of
smooth surfaces in Euclidean 3-space.

1. SMOOTH ISOTHERMIC SURFACES IN EUCLIDEAN 3-SPACE, AND THEIR MEAN
CURVATURE.

Let
x = x1(u,v)i + x2(u,v)j + x3(u,v)k
be a surface in Euclidean 3-space Im(Q) ~ R? with metric 4(dz? + dz3 + dz2), where Q
denotes the quaternions and Im(£Q) denotes the imaginary quaternions. Assume (u,v)
is a conformal curvature-line coordinate system. Every constant mean curvature (CMC)
surface can be parametrized this way, away from umbilic points. We call such coordinates
isothermic coordinates.

The choice of metric 4(dz? + dz3 + dz3) instead of the more common dx? + dx3 + da?
comes from a unification of notation with cases where the ambient space is spherical
3-space S® or hyperbolic 3-space H3. Although we do not consider those other two space
forms here, we keep the unifying notation, for the benefit of a reader who would like to
look at those other cases (see [4] or [7]).

Although the phrase ”isothermic coordinates” means simply conformal curvature-line
coordinates, we also use the phrase ”isothermic surface” to mean any surface for which
isothermic coordinates exist, even if those isothermic coordinates have not been deter-
mined yet.

A formula for the mean curvature is given in the next lemma:
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Lemma 1. The mean curvature H of x, with Ax = 0,0ux + 0,0, is
H= %(kl + ko) = *71|a:u|_2 Re{Az-n},

where the k; € R are the principal curvatures, i.e. Oyn = —ki10yx and Oyn = —k20,x.
Here, n is the unit normal vector to x.

Remark 1. Letting 21, denote %(xl), and similarly taking other notations, the unit
normal vector n to the surface takes the explicit form

1 (T30 — 3020)1 + (T3uT10 — T1u®30)] + (T1uT20 — T2uT10) K

2 \/(372713731; - 333713321))2 + (x3ux1v - xlux3v)2 + (mlquU - xqulv)

=
Note the presence of the factor % in front of this expression, which is due to our unusual

choice of metric for R3.

Proof. The first equality of the equation in the lemma is of course just the definition of
the mean curvature. We now prove the second equality. The first fundamental form (g;;)
satisfies (z,2y) =0 = g12 = g21, and
911 = (Tu, Tu) = 4|33u|2 = 4|33v|2 = (T, Ty) = g22 -

Then the second fundamental form (b;;) satisfies

b11 = (Tyu,n) = —4Re{xy, -n},

bia = b21 = (Tuy,n) =0,

bag = (Tyy,n) = —4Re{xyy -0} .

The result follows. O

2. CHRISTOFFEL TRANSFORMS FOR SMOOTH SURFACES

We now define the Christoffel transform z*, which for a CMC surface in R? gives the
parallel CMC surface. Let 2 be a surface in R? with mean curvature H and unit normal
n. The Christoffel transform x* satisfies that

z* is defined on the same domain as x,

z* has the same conformal structure as z,

x and x* have opposite orientations, and

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

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

This definition above turns out to be equivalent to the following definition, and the
existence of the integrating factor p below is equivalent to the existence of isothermic
coordinates. Then, once we have x*, we will see that we can take z* so that dz* =
xy tdu — x; dv.

Definition 1. A Christoffel transform z* of an umbilic-free surface = in R® is a surface
that satisfies dz* = p(dn + Hdzx) for some nonzero real-valued function p on the surface
x (here z* is determined only up to translations and homotheties).

Remark 2. The Christoffel transform is also sometimes called the “dual surface”, and
taking the Christoffel transform can be called “dualizing”.
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Remark 3. We did not allow umbilic points on z in the above definition, because they
can be troublesome. In particular, the case that x is a round sphere (i.e. is completely
umbilic) is a very special one in this discussion.

Proposition 1. Away from umbilics of x, the Christoffel transform x* exists if and only
if x is isothermic.

Proof. First we prove one direction, by assuming x is isothermic and then showing x*
exists.

Take x to be isothermic, and take isothermic coordinates u, v for x, 80 T4, = Az, +Bx,
for some A, B. Then

d(x; du — z; tdv) = lﬁgﬂz(xumm,mu + TpTypZy)du Adv = 0.
This implies that there exists an «* such that
de* =z du — z; Ndv .
Also,
dn+ Hdz = £(b11 — bag) (2, "du — z; ' dv)
implying that x* is a Christoffel transform, since b1 — baa # 0 at non-umbilic points.
Now we prove the other direction, by assuming z* exists and then showing that x has

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

(b11)y — (b12)u = Tlpbi1 + (FFy — Tiy)bia — T3 1boo

(bi2)o — (baz)u = Taob11 + (I35 — Ty)b1o — I51bas .
(See, for example, page 97 of [6].) Here the Christoffel symbols are

2
1
I = 3 > 9" (0u, 9ik + Ougik — Ouy i) »
k=1
where u; = u and us = v. Because we are avoiding any umbilic points of z, we may
assume that u and v are curvature line coordinates for x (see, for example, Appendix
B-5 of [8]), and so g12 = b1z = 0. It follows that

1 _ 3u911 2 _ 3@922 2 _ _811911
U 2g 7 BT 2gy T M 2922
3u922 3v911 3u922
i, =— , It =T = , 2, =12 = .
22 2911 12 21 2911 12 21 2922
Denoting the principal curvatures by &;, the Codazzi equations simplify to
O Oy
2(k1)y = L (ky — k), 2(ka)u = —L2 . (k) — ko) . (1)
g11 g22

Then existence of z* gives
d(pdn + pHdz) =0,
from which it follows that

bi1 bao by baa
. Ob T gee <pu>:p' (911+g22 .
bao _ b1y b b
g22 gi1 0 Po (L + ﬁ)
u
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Then because pyy, = pyy (i-e. it does not matter which order we take mixed derivatives
in), we have
<(l€2 + kl)v) . <(k1 + k2)u)
ki—ky ), \ ka—Fk1 ),

+2(kg — k1) 72 ((k1)o (k2 — k1) + (k2)u (k2 — Kk1)y) =0 .

which implies
2(((k1)v)u + ((kQ)U)v)
k1 — k2
Substituting the Codazzi equations (1) into this, we have

<10g&) =0.
922 uv

In particular, there exist positive functions fi(u) and f2(v) depending only on u and v,
respectively, so that

(fi(uw)?g11 = (f2(v))*go2 -
Writing v = u(4) and v = v(9) for new curvature line coordinates @ and ¥, we have
J12 = bis = 0 and g1 = (ug)%g11 and goo = (v5)%gaz, for the fundamental form entries
gij and i)ij in terms of @ and ¢. We can choose ¢ and ¢ so that ug = f1(u(t)) and
vy = f2(v(0)) hold. Then g11 = §22 and so 4, ¢ are isothermic coordinates.

Corollary 1. Away from umbilic points, one Christoffel transform x* of an isothermic
x = z(u,v) can be taken as a solution of dx* = x; du — x, dv.
Because of dz* = p(dn + Hdz), we have
0=d*c* =dpA(dn+ Hdzx) + p-dH Ndz
which gives, with respect to isothermic coordinates (u,v), that
g110.H D pe=— 9110, H o @)
guH —by 7" g H — by
The existence of * then automatically implies the compatibility condition (py)» = (pu)u,
with p,, and p, as just above. This pair of equations tells us that p is uniquely determined
once its value is chosen at a single point, and thus the solution p is unique up to scalar
multiplication by a constant factor. Thus the Christoffel transform in Corollary 1 is

essentially the unique choice, up to homothety and translation in R3. As a result of this,
without loss of generality, we can now simply take the definition of z* as follows:

Pu = —

Definition 2. The Christoffel transform of a surface x with isothermic coordinates (u, v)
is any 2* (defined in R? up to translation) such that dz* =z du — z, Ldv.

Remark 4. The function p in Definition 1 is generally a constant scalar multiple of
the multiplicative inverse of the mean curvature of z*, seen as follows: The Christoffel
transform of the Christoffel transform (z*)*, with respect to Definition 2, satisfies that

d((z*)*) = (zF) " tdu — () rdo = (2,8 " rdu — (—2z; ) " Hde = 2y du + vpdv = do

u
so (z*)* should be the original surface x, up to translation and homothety, with respect
to Definition 1. So by scaling and translating appropriately, we may assume (z*)* = x.
Also, if the normal of x is n, then the normal of z* is —n. We have

de =d((z*)*) = p*(dn* + H*dz") = p*(—dn + H*p(dn + Hdx)) ,
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and so
(1= pp*HH")dx = (Hpp" — p*)dn .
Since dx and dn are linearly independent away from umbilic points, it follows that

pH* =p*H=1.

Remark 5. When H is constant and we have isothermic coordinates, the equations in
(2) tell us that p is constant. Thus if 2!/l = z+ H~'n is the parallel CMC surface, then z*
and 2! differ by only a homothety and translation of R3. Thus the Christoffel transform
is essentially the same as the parallel CMC surface to x, as expected.

Remark 6. The round cylinder gives one simple example of a Christoffel transform’s
orientation reversing property. For the cylinder z(u,v) = (cosu)i + (sinu)j + vk in
R3, the normal vector is n = (—cosu)i + (—sinu)j, and the Christoffel transform is
x*(u,v) = (—cosu)i + (—sinu)j + vk with its normal vector n* = (cosu)i + (sinu)j.
Thus n* = —n.

3. DISCRETE ISOTHERMIC SURFACES

Here we will give a definition of discrete isothermic surfaces in discrete differential
geometry, which is now well known.

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

Consider a discrete surface f, € Im(Q), which we can consider to be a discrete surface
in Euclidean 3-space, since Im(Q) ~ R3. Here p is any point in a discrete lattice domain
(locally always a subdomain of Z?2). Consider any quadrilateral in the lattice with vertices
D, q, v, s (i.e. the points (m,n), (m+1,n), (m+1,n+1), (m,n+ 1) for some m,n € Z)
ordered counterclockwise about the quadrilateral.

We change the notation ”2” for surfaces in the previous section to 7§’ here. This is for
distinguishing between smooth surfaces, always denoted by "z”, and discrete surfaces,
always denoted by 7.

It would be natural to assume that the points f,, f4, f» and fs are coplanar, so that
they are the vertices of a planar quadrilateral in R3, and thus the surface is comprized of
planar quadrilaterals connecting continuously along edges. It is even better if the points
fp, fq, fr and fs are concircular (i.e. all lie in one circle), because then we could extend
the notion of a surface comprized of planar quadrilaterals to the cases of other ambient
spaces, such as 5% or H3. In fact, once the vertices are concircular, there is no need to
think about ”planar faces”, as all the needed information is encoded in the circle itself.

)
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We will soon restrict to the concircular case, but for the moment we make no assumptions
about the positioning of f,, f4, f» and fs.
We define the cross ratio of this quadrilateral as

dpgrs = (fq - fp)(fr - fq)il(fs - fr)(fp - f8)71 .

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

dpgrs = Re(qpgrs) & 4| [Tm(gpgrs)|| -
Lemma 2. §pqrs 25 a Mobius invariant.
Proof. Applying the following maps to the space Im(Q):
at +bj + ck — rai + rbj + rck ,
ai + bj + ck — ai + bj + ck + (aoi + boj + cok) ,
ai +bj + ck — —ai +bj + ck
ai + bj + ck — (cos(0)a — sin(0)b)i + (sin()a + cos(0)b)j + ck ,
ai + bj + ck — (cos(0)a — sin(f)c)i + bj + (sin(f)a + cos(f)c)k ,
ai + bj + ck — ai + (cos(0)b — sin(#)c)j + (sin(0)b + cos(f)c)k ,
ai +bj + ck — (ai + bj + ck)/(a® +b* + c2) ,

where 0,7, ag, by, ¢ are any real constants, and a, b, ¢ represent coordinates of Im(Q) =
R3, we find that both Re(q) and |[Im(q)||? are preserved in all seven cases. These
seven maps are a dilation, a translation, a reflection, three rotations, and an inversion,
respectively, that generate the full Mébius group. It follows that ¢ is a Mobius invariant.

O

A direct computation gives the following general formula for the cross ratio:
Lemma 3. For p1,pa,p3, pa € Im(Q), we define s;j = (p; — pj)* and then we have

512534 — 513524 + 514503 £ VE

4p1p2psps =

)

2514523
h £ = 2 2 2 2 2 2 ) ) )
where & = $79834 + S13554 + S14553 513514523524 512514523534 512513524534-

Because
E= 1 2 1 2
= 5(512834 - 514823) =+ 5(812534 - 813524) +

1 2
5(513524 — $14823)° — 512523534514 — 512524513534 — 513514523524

it is not clear from straightforward algebraic considerations that £ < 0. However, this
does indeed hold, for geometric reasons (see [4] or [7] for a proof of this):

Lemma 4. £ <0.
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Now let us assume that for every quadrilateral with vertices p, g, r, s, the image points
fp» fqs r» fs are concircular, lying in a circle C. This makes the cross ratios all real-valued.
In fact, once the cross ratio is real, then the value ¢ of the cross ratio, along with the
values of f, and f, and f,, determine the point f, € C uniquely. In this way, the cross
ratio gives a parametrization of the circle containing f,, f; and fs.

We consider the following additional condition:

Definition 3. When, for every quadrilateral, we can write the cross ratio as
pqrs = Gpq/ps € R
so that the cross ratio factorizing function a,q defined on the edges of § satisfies
apg = asr € R and aps =agr € R, (3)
then we say that f is discrete isothermic.

Note that the a,, are symmetric, i.e. a,q = aqp for any adjacent p and q.

4. JUSTIFICATION OF THE NOTION OF DISCRETE ISOTHERMIC SURFACES

One viewpoint on what a ”discrete isothermic surface” is, as in Definition 3, is as
follows: Take a smooth surface x with unit normal n. Give it curvature line coordinates
x = z(u,v), 80 £, L x,. (Curvature line coordinates always exist away from umbilics.)
Then the fundamental forms are

gin O biu 0
( 0 922> ’ < 0 b22)

One can always stretch the coordinates, so that x = z(u,v) = z(t(u),d(v)) for any
monotonic functions @ depending only on u, and ¥ depending only on v. Note that
(xg,25) = 0, and xg5 = ;vw%% implies (zz5,m) = 0, so (&, 0) are also curvature line
coordinates. The surface is then isothermic if and only if there exist @, © such that
the metric becomes conformal, i.e. (rg,zz) = —4a? = —422 = (x5, 75), and this is
equivalent to

g1 a(u)

g2 b(v)’
where the function a depends only on u, and b depends only on v.

Now consider the cross ratio ¢ of the four points z(u,v), z(u + €,v), z(u + €,v + €)
and z(u,v+¢). Using that x,, | x, implies 2,2, + 2,1, = 0, i.e. that z,2,! = —z; 1z,
we see that g

. 11
11—1’% o 922 @
So z is isothermic if and only if

where again a is some function that depends only on u, and b depends only on v. This
description of isothermicity does not involve any stretching of @ or v, which we would not
be able to do in the discrete case anyways, and now Definition 3 is a natural discretiza-
tion of this description in the smooth case: The corresponding statement for discrete
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surfaces, where stretching of coordinates is no longer possible, is that the surface is dis-

crete isothermic if and only if the cross ratio factorizing function can be chosen so that

apg = ars and aps = aqy for vertices p, ¢, 7, s (in order) about a given quadrilateral.
There is another perspective on isothermicity, coming from a theorem proven by

Bobenko and Pinkall [2]:

Theorem 1. Let z(u,v) be a smooth surface in R3, and define the diagonal cross ratio

qf: (x(u+e,v—e)—x(u—e,v—e))(x(u—i—em—&—e)—x(u—l—e,v—e))*l X

(x(u—ev+€) —ax(u+ev+e)(z(u—ev—e —a(u—evte)t.
Then
¢l =—1+0(e)
if and only if (u,v) are conformal coordinates for x, and
¢l = —140(e%)
if and only if (u,v) are isothermic coordinates for x.

The superscript "d” in ¢? stands for ”diagonal”, because we are using diagonal ele-
ments to define this cross ratio, unlike with the previous g..

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

m(u + pu€, v+ Pvﬁ) = €PuTy + €PyTy + %ez(muu + Xy + 2pupvmuv) + 0(63) )
SO
¢¢ = wur, twar,

-1 -1 R | -1 -1 -1 -1 1., -1 2
(T, Tyw Ty~ + Ty, TyXy Typly  — TywTy Tuly  — Tyl Tuply Ty, ) + O(€7) .

1 1

If the coordinates are conformal, then z,x, "z,x, " = —1, and we have

0@ = 1+ ey (Tu ooy (Ty + o) + 2200 (T — 2,)) + O(€2) .
Now, if the coordinates are isothermic, then b1 = 0, and so there exist scalar functions
« and 3 so that
Typ = ATy + ﬂfv .

From this it follows that ¢¢ = —1 +¢€- 0+ O(€2). O

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

Qpqrs = -1

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

However, with this definition, transformations, such as the Calapso transform for
discrete surfaces, of isothermic surfaces will not remain isothermic. Hence the broader
definition given in Definition 3 has been found to be more suitable.



DISCRETE SURFACES 9

5. CHRISTOFFEL TRANSFORMS OF DISCRETE SURFACES

When f is an isothermic surface in R* ~ Im(£2), we can define the Christoffel transform
§* (also in R3) of { as follows:

Definition 4. Let f be a discrete isothermic surface in R?, then the Christoffel transform
* of § satisfies

df;qdqu = Qpq - (5)
Here, for any object § defined on vertices, d§pq denotes the difference
d§pq =8¢ — Sp

of the values of § at the vertices ¢ and p.

To see that this definition is natural, we consider the Christoffel transform x* of a
smooth surface z in R? with isothermic coordinates (u,v). In the smooth case, we may
assume r and x* satisfy

dr = xydu+ zydv , da* =z, du — 2 dv .
So
dz*(0y)dz(0y) =1 and dx*(9y)dx(dy) = —1.

We also have

_dz*(0y)dz(0u)

~ dx*(0,)dz(0,)

by Equation (4). In the discrete case, we loosened the —1 in the right-hand side of
Equation (4) to the apq/aps in the right-hand side of gpgrs = apg/aps, as in Definition 3.
In this way, it is natural to consider that

li =-1
fng

Gpg _ dfpqfpg
aps  dfpsdfps ,

where dfpq, dfy,, dfps, df,s now represent discrete analogs of dz(0y), dz*(dy), dz(9y),
dz*(9,), and so Definition 4 becomes natural.
We can then prove the following:

Theorem 2. [1] If | is a discrete isothermic surface, then there exists a Christoffel
transform §*.

Proof. First of all, {* exists if and only if the compatibility condition
dfpq + dfy, = dfy, + dfy, (6)

holds, that is to say, we can apply “discrete integration” of df* to obtain f*.

We now assume f is discrete isothermic and prove that f* exists, i.e. that Equation (6)
holds with df* defined as in Equation (5). By Equation (5), Equation (6) is equivalent
to having

apqdpy + agrdfy,! = apsdfy) + asrdiy,!
hold. Because ap; = as and aps = agr (using isothermicity), the above equation is
equivalent to

a — — — —
apq (dqul - dfsrl) = dfpsl - dfqu .

ps
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The cross ratio is apqa,, = dfpedf,,' dfrsdfy,) = di )t dfrsdfy,) dfpg = df ! dfpedfy,) df s, and
so the equation becomes
dig, dfrsdfy,) + dig, dfpgdfy,) = dfyd — di,"
that is to say,
dfrs + dfpg + dfgr + dfsp = 0.
But this follows from the fact that f exists and so df is closed. O

Lemma 5. Let f be a discrete isothermic surface. Then the Christoffel transform {* of
f is isothermic with the same cross ratios as f.

Proof. Let q,q* be the cross ratios of f, * respectively. Then
q = df;q (df;r)ildf:s (df:p)71 = apqdf;ql (aqrdfqirl)ilarsdfrfsl (QSPdf;p1)71 =
(a’pq/aq"“)(a"“s/a’sp)df;ql (dfq_rl)_ldfr_sl (dfs_pl)_l = q2 (dfs_pldff”sdfq_rldfPQ)_l .
We then have
0" = ¢ (dfpediy dfredi ) =" g7 =¢.

6. SMoOTH CMC SURFACES IN R? AND R%!, WITHOUT QUATERNIONS
Consider a smooth surface
z(u,v) = (1(u,v), z2(u,v), z3(u,v))

in R® or R*>!, with unit normal n. Suppose the surface is spacelike, in the case of R%!.
Also, suppose that the surface is isothermic, with isothermic coordinates u,v. Then

conformality implies
E 0
=5 5)

with E = z, o ©,, where o denotes the inner product associated with R? or R%'. Then
the second fundamental form is
17— <nozvuu noxw>

NOoOTyy MNOTyy

and having isothermic coordinates implies n,, = —kjx,, and n, = —ksz,, and so

_(kE 0
= < 0 kQE) :
The Hopf differential is, with z = u + v,

1 . 1
Q =NOXyzz = —NO (xuu — Tyv — 21331“)) = Zn o (muu - xvv)

4

1 E
= Z(bll —by) = Z(kl —ka) .

If the mean curvature H is constant, then it is well known that Q; = 0, so Q =
(E/4)(k1—k2) € Ris constant. As a remark to motivate the next lemma and proposition,
if the constant H is nonzero, then the parallel CMC surface is z!l = z + H n, so the

equation dx* = h - d(Hxz +n), for h = 2(E(k1 — k2)) ™! constant, is solvable for x*.
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Lemma 6. If x is isothermic in R> or R®>! with isothermic coordinates u,v, then x*
N - ko T Ty
exists, solving dz* = — ¢ du + Zdv.

Proof. We want to show "d%z* = 07, i.e.
Ty Ty B

ie. 2zy B —zyEy — 2y Ey = 0. We can get this by noting that b12 = 0 implies z,, =
ax, + bx, for some reals a and b, and that z, o x,, = 0. O

Proposition 2. Let = be an isothermic immersion in R3 or R*>', with x* as in the
previous lemma. Then x is CMC H if and only if de* = h(Hdx + dn) for some constant
h.

Proof.
—%du + %dv = h(Hdxz + dn), h constant

is equivalent to
(ky +ke) =2H , and h=2E"(k; — ky)~! is constant .

The first of these is clearly true, and h is constant if and only if the Hopf differential Q
is constant, which is true if and only if x is CMC. O

Corollary 2. An isothermic immersion x in R® or R*' is CMC if and only if
Ty Ty,
—Edu + Edv = h(Hdx + dn)

for some real constants h and H.

7. DISCRETE ISOTHERMIC CMC SURFACES IN R3, WITHOUT QUATERNIONS

The notion of constant mean curvature for discrete isothermic surfaces in R? was given
in [1]. For the case that the ambient space is a general simply-connected complete 3-
dimensional Riemannian manifold of constant sectional curvature, this notion of “discrete
CMC” was extended in [4]. To make this extension, [4] used discrete versions of linear
conserved quantities, analogous to the way smooth CMC surfaces possess smooth linear
conserved quantities. We do not explain the linear conserved quantities here, but rather
use an equivalent property to define “discrete CMC”, a property that was proven to be
equivalent in [4] (see also [7]) and can be stated without any use of conserved quantities.
As we state the following definition only in the case that the ambient space is R?, it is
also equivalent to the definitions found in [1].

Starting with the equation
* _dqu
A —

R e

we have the following:

Definition 5. A discrete isothermic surface f in R? is CMC if and only if there exist
constants h, H € R and n,, with |n,|?> =1 and dfpeng + n,dfpq = 0 so that

—apqdfpqg

h(d'flpq + depq) = |df |2
pq
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However, dfpqng + npdfpg = 0 is still a quaternionic equation. But this equation is
equivalent to dfpq Ang+np Adfpg —dfpgo (np+ng) = 0, where dfpq Ang+n, Adfpg € Im(Q)
and dfpq © (np +n4) € R. So, instead, the equations we want are dfpq Ang +np Adfpg =0
and dfpq © (np + ng) = 0. Then we can restate the previous definition, without any use
of quaternions, as:

Theorem 3. A discrete isothermic surface | in R3 is CMC if and only if there exist
constants h, H € R and vectors n, so that

i |n1)|2 =1,

o djpg Ang+np Adfpg =0,

o dfpq 0 (ny, +ng) =0, and

—0pqdipg
[ ] h(dnpq + depq) = W

The second item in the above theorem actually follows from the fourth item, because
the second item is just saying that df,, is parallel to dn,q.

8. DISCRETE CMC SURFACES IN R?!

‘We now propose possible definitions for discrete isothermic surfaces and discrete space-
like CMC surfaces in R?1.

To define the a,, in the case of R?!, we need to define some analogue of the cross
ratio, call it ¢ = gpgrs. Then we can define the ap, in the usual way.

We now consider how to define the cross ratio on quadrilaterals. We could consider
quadrilaterals in spacelike planes, without rotating those planes to horizontal. However,
we choose in the argument below to rotate the planes to horizontal, so that the metric
will be exactly the Euclidean metric that is so familiar to us.

We assume that the points p, g,, s lie in a "circle” in R?! lying in a spacelike plane.
In general, such a circle is

cosf sinf 0 coshy 0 sinhy pcosf x
—sinf8 cosf 0 0 1 0 psinf | + |y || 0€][0,2m) 3 ,
0 0 1 sinhy 0 coshvy 0 20

where xg, Yo, 20, p, 7Y, 0 are all real constants. By a rigid motion, we can move the ”circle”
to the horizontal circle

{(pcosB, psind,0) |6 € [0,27)} .
Then the vertices p,q,r, s go to points (pcosf;, psind;,0) for j = 1,2,3,4, respectively.
After doing this, we can compute the cross ratio in the usual way for the space R? (that
is, we can replace the metric for R?! with the metric for R? and then compute the cross
ratio, which is allowed because the circle is now horizontal and therefore ” Euclidean”):

Qpgrs = sin(a1 ; 92)csc(92 ; 93)sin(93 ; 94)(35(:(94 ; 91) .

Remark 7. This g is invariant under isometries of R*!, but is not Moebius invariant
(unlike the case of R3).

Once the ggprs are defined, then the ap, can be defined by

pgrs = Qpq/aps ,
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and then we could use the same equations as for the R3 case, that is, the equations in
(3), to determine when the surface is discrete isothermic, with spacelike quadrilaterals.

Then, after restricting to discrete isothermic surfaces, we could define discrete spacelike
CMC surfaces in R?! by imitating the equations from the case of discrete CMC surfaces in
R3, as found in the previous section. This is justified by looking at smooth CMC surfaces
in R? and R%*!, which have exactly the same equations — only the metric changes, see
Corollary 2.

So the equations we want for defining a discrete spacelike CMC surface in R?! are as
follows: there exist h, H € R and "normals” n, so that

(1) npony =—1,

(2) dfpg Ang+np Adfpg =0,
(3) dfpq o (np +1ng) =0, and
4)

_ —apydf
(4) h(dnpg + Hdfpg) = 2%,
where here o represents the R%! inner product, and A is the R?! cross product, and | - |

is the R%! norm.
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