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NON-SPECIAL, NON-CANAL ISOTHERMIC TORI
WITH SPHERICAL LINES OF CURVATURE

HOLLY BERNSTEIN

ABSTRACT. This article examines isothermic surfaces smoothly immersed in
Mobius space. It finds explicit examples of non-special, non-canal isothermic
tori with spherical lines of curvature in two systems by analyzing Darboux
transforms of Dupin tori. In addition, it characterizes the property of spheri-
cal lines of curvature in terms of differential equations on the Calapso potential
of the isothermic immersion, and investigates the effect of classical transfor-
mations on this property.

1. INTRODUCTION

Let f: S — (M, g) be a smooth immersion of a surface S into a 3-dimensional,
oriented, Riemannian manifold M. In terms of local coordinates (x,y) on S, the
first and second fundamental forms are given by

I = Ed2*+ 2Fdzdy + Gdy?,
II = lda? + 2mdxdy + ndy®.

Local coordinates for which £ = G and F' = 0 are called isothermal. Local coor-
dinates for which m = 0 are called principal. The immersion f is isothermic if for
any point p € S, there exists a neighborhood with local coordinates that are both
principal and isothermal. Examples of isothermic immersions include surfaces of
revolution, cones, cylinders, and constant mean curvature immersions.

The local properties of isothermic immersions were studied extensively in the late
1800’s by geometers including Bianchi and Darboux. In recent years, interest in
isothermic immersions has reappeared in connection with Bonnet’s problem. Two
non-congruent isometric immersions of a surface into R? that have the same mean
curvature function are called Bonnet mates. Bonnet’s problem asks if there exist a
pair of compact embedded surfaces of given genus that are Bonnet mates. Tribuzy
proved that a compact embedded surface of genus zero does not admit a Bonnet
mate [Tri80]. Moreover, with Lawson, Tribuzy proved that a compact embedded
surface with non-constant mean curvature admits at most one Bonnet mate [LT81].
For genus greater than zero, however, existence remains an open question.

Kamberov, Pedit, and Pinkall have shown that locally each pair of Bonnet mates
arises from an isothermic immersion [KPP98]. Thus, if there exist two compact
embedded tori that solve Bonnet’s problem, then these tori might arise from an
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isothermic torus. This makes isothermic immersions in general, and isothermic tori
in particular, an interesting area of current research. In contrast to the classical
investigations, this research focuses on global results.

Prior to this article, the known examples of isothermic tori were either tori of
revolution or constant mean curvature tori immersed in one of R?,.83, or H3. The
latter were discovered by U. Pinkall, I. Sterling, H. Wente, R. Walter, U. Abresch,
and A. Bobenko [PS89, Wen806, Wal87, (Wal89, [Abr87, Bob91]. However, none of
these tori appear to be helpful in solving Bonnet’s problem. The property of being
isothermic is preserved under the action of the group of conformal transformations,
also called the group of Mobius transformations. Thus, trivial new examples of
isothermic tori can be generated by taking Mobius transformations of known ex-
amples. A torus that is Md&bius equivalent to a torus of revolution is called canal,
while a torus that is Mobius equivalent to a constant mean curvature torus in one
of the three space forms is called special.

This article finds explicit examples of isothermic tori that are not Mobius trans-
formations of the known examples. In addition to proving the existence of non-
special, non-canal isothermic tori, these tori exhibit several interesting properties:
They arise from the Darboux transforms of a standard torus of revolution, and their
parametrizations are given in terms of the trigonometric functions. These tori have
spherical lines of curvature in two systems. They belong to a countable number
of conformal classes, and in each such class, there are uncountably many tori that
are not Mobius equivalent. Some of these tori are umbilic free, some have isolated
umbilic points, and some have curves of umbilic points that are distinct from the
coordinate curvature lines. It was thought that isothermic tori with such curves of
umbilics exist, but to our knowledge, the tori in this article provide the first explicit
examples.

Since some of the background information used in this endeavor is difficult to
obtain, Section [Z contains extensive background material. Section B] characterizes
the property of spherical lines of curvature in terms of differential equations on the
Calapso potential of the immersion, and investigates how certain transformations
of isothermic immersions affect the property of spherical curvature lines. Section [4]
demonstrates the existence of non-special, non-canal isothermic tori with spherical
lines of curvature by finding explicit examples. It also explores the properties of
these tori. Section [B] contains examples and pictures.

Special thanks go to Gary Jensen, Emilio Musso, and George Kamberov for
many helpful discussions.

2. BACKGROUND

2.1. Mobius geometry. We use the model of Mobius space used by Bryant and
Musso [Bry84, [CM9§|. After developing the basic setup, we show how the three
space forms are embedded in Mobius space. We explore how the space of oriented
spheres appears in Mobius space. Finally, we examine the method of moving frames
in Mobius space as it applies to curves and surfaces.

2.1.1. Mébius space and the Mobius group. Let L% be the vector space R? with the
inner product

(1) (z,y) = —(2%" +2%°) + 2'y" + 2%y + 2%y® = g2’y
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Orientation is defined by
Q = da® Ada' Ada® Ada® A dat > 0.
Time orientation is defined by the positive light cone
LT ={zecl®: (z,z) =0, 2° +2* > 0}.

Definition 2.1. The Mdbius group G is the identity component of the pseudo-
orthogonal group of ().

Let (eo, €1, €2, €3, €4) be the standard basis of R®, and let A € G. Let A; = Ae; €
L5 denote the column vectors of A. Then (Ag, A1, Ag, Az, Ay) is a basis for L% such
that

<Ai,AJ‘> = Gij, Ao,A4E£+, Q(Ao,Al,AQ,Ag,A4):detA:]..

Regard the A; as L? valued functions on G. Since the A; form a basis of L?, there
exist unique left invariant 1-forms wj such that

(2) dA; = Wl A;.

Differentiating (Z)), we obtain the Cartan structure equations
; ‘ k

(3) dw; = —wj Awj.

Differentiating the relationship (A;, A;) = g¢;; gives the symmetry equations
wy grj + wfgik = 0.
Definition 2.2. Mdébius space is the real hyperquadric in RP* defined by
M= {[y] e RP": (y,y) = 0}.
The unit sphere 52 in R? is diffeomorphic to the space M via the map
t
1420 2t 22 23 1-2f
£, 0 1 .2 3 3
€s — = = =, —— | M.
(x’x’x 7x) = 2 7\/57\/5’\/5’ 2
The Mé&bius group acts transitively on M on the left via A[z] = [Ax], and the
projection map

m: AeG — [Ag) e M

makes G into a principal fiber bundle with structure group

r~1 IpX %rtpp
Go = 0 X p |7 >0, X € SO(3), pcR?
0 0 r

The forms w{, w3, wi generate the space of semi-basic 1-forms. Letting A(r, X, p) €
Gy, we see that

1
Ry (wp Awg Awl) = Zwy Awg Awp,
T

Ry((wo)® + (w5)* + (wp)?) = rig((wé)z’ +(wg)? + (wg)?).

Thus w§ Awd Awd and (w})? + (w3)? + (wd)? are well defined on M up to a positive
multiple. This implies that these forms induce an orientation and a conformal
structure, respectively, on M.
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2.1.2. Space forms in Mobius space. Let ¢ € {—1,0,1}, and let M, denote the 3-
dimensional space form of constant sectional curvature c¢; that is, the space M is
the Euclidean space 2° = 1 in R*, the space M; is the unit 3-sphere in R*, and the
space M(_1) is the hyperbolic space of curvature —1 defined by

H? = {z e R*: — (29)2 + (2" + (2?)* + (2%)2 = -1, 2° > 1}

We freely identify the point (1, 2!, 2%, 23) € My with the point (2!, 2%, 23) € R3.
Conformal embeddings of M, into Moblus space are given by
t -

r: (20, 2t 2?2 2%) e My —

r(—1): Ha0, 2t 22 x)EM( 1y =

1,2t 2?23 e My — 1,

As remarked in Section 1] the map 7 takes S3 diffeomorphically onto M.
Identifying M with S3, the map r(—1) takes H? diffeomorphically onto the “north-
ern” hemisphere of M, and the map 7 is an inverse stereographic projection from
the south pole. This stereographic projection is given by

ty1 .2 3
: vy vy
t[yovylayQayJayzl] = \/5 (Ea Ea E) .
In particular, the point [0, 0,0,0,1] € M = S? corresponds to the point at infinity
in R3. We denote this point by P,
Let H. be the group of orientation preserving isometries of M,; that is,
Hy=E(3), H; =S50(4), H_;=50(31).

Recall that H. is a principal fiber bundle over M, via the map n.: C' — Cj, which
projects the matrix C onto its first column vector. Let p.: H. — G denote the
faithful representations defined by

1+C9 c) £1-c))
o * S0 1 0 0
p+1(C) = % ci Ih | and p(C)=| B O 0
+1-c®  FCU 140 ICol®  CoCy
% 2 ; 0 1 NG 1

The diagram

H, —"’

| |

M, e .M
commutes, and it makes p. into an injective homomorphism of principal fiber bun-
dles; that is,

7e(C - z) = pe(C) - re(),

for all C € H, and z € M.. Thus 7.: H. — M., may be viewed as a reduced
subbundle of 7: G — M on the image of M, in M.
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2.1.3. The Mobius group as orientation preserving conformal transformations of
R3. Let A € G and = € R3. The M&bius group G acts on R? via
La(x) =15 (A ro(x)).

Via this action the Mobius group can be viewed as the pseudogroup of orientation
preserving conformal transformations of Euclidean space [Nic96).

2.1.4. Surface theory in Mébius space. In this section we apply the method of mov-
ing frames to a surface immersed in Mobius space. The details of this frame re-
duction in Mobius space are well developed by Bryant in [Bry84], so we only give
a summary of its most important features below.

Assumption 2.1. Throughout this article, all maps are assumed to be smooth unless
otherwise noted.

Definition 2.3. Let S be a Riemann surface, let U be an open subset of S, and
let f: S — M be a conformal immersion. A Mdbius frame field along f is a map
B: U — G such that f(z) = [Bo(x)] for all z € U.

Given a Mobius frame field B along f, consider the pullback of the Maurer-
Cartan form w = (w}) of G to S:

(8}) =8 =B""dB = B'w.
Any other Mobius frame field on U is given by
B = By,

where g: U — Go. Under this change of frame, the pullback of the Maurer-Cartan
form transforms as follows:

B*(w) = (Bg)~'d(Bg) = g~'Bg + g~ 'dg.
Definition 2.4. A first order frame field is a frame field for which
Bs =0, BoASg>0.

First order frame fields exist in a neighborhood of any point.

Given a first order frame field, differentiating B8 = 0 and applying Cartan’s
Lemma implies 83 = h;;(3), where h;; = hj;. The form

(4) U = <i(h11 — ha)? + h%z) Bo A Bo

is invariant under a change of first order frame field. In other words, ¥ induces a
global, non-negative 2-form ¥ on S, given by equation (@) with respect to any first
order frame field.

Definition 2.5. The umbilic locus of f is the set {p € S: ¥, = 0}. Elements of
the umbilic locus are called umbilic points.

If f: S — M, is an immersion, then consider the map r. o f. A point of S is in
the umbilic locus of r. o f if and only if it is an umbilic point for f in the classical
sense.

The umbilic locus of the surface is a conformal invariant. It is a closed set. On
the complement of the umbilic locus, two further frame reductions can be made.
The end result is the following:
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Definition 2.6. A Mobius frame field B: U — G along a conformal immersion
f: 8 — Mis a normal frame field if

() Bo NGB >0, Bo=0=p3 0Bi=0, B =05

Theorem 2.1 ([Bry84]). Let f: S — M be a conformal immersion. A normal
frame field exists in a neighborhood of any non-umbilic point of S.

If B: U — G is a normal frame field, then any other normal frame field on U is
given by (By, €Bi, €Ba, B3, By), where € = +1. Let

P,(f)={(z,B(z)): v € S,B: U 3 2 — G is a normal frame}.

The projection 7: P,(f) — S defines the bundle of normal frames. This bundle
is a Zs principal bundle. The frame reduction is now complete, because a change
of normal frame does not lead to any advantageous simplifications of the Maurer-
Cartan form.

Differentiating the conditions (@) and applying Cartan’s Lemma implies that
there exist smooth functions p1, p2, ps3, q1,q2: U — R such that the Maurer-Cartan
form of the normal frame B takes the form

=225 + 2135 1B + 285 —p2B) +p3fs 0 0
B 0 —q1085 — @B -8B 1B+ p88
(6) 83 @By + @253 0 B —p2fB§ + p3B}
0 5o -8 0 0
0 B B3 0 2¢285 — 2152

The functions p1, p2, p3 are constant along the fibers of 7,,. Thus, there are well
defined global functions J, W, M : S — R such that locally

1 1
Wzi(pl_p?))v J:§(P1 +p3), M = po.

Bryant proved that an umbilic free immersion for which W = 0 is a Willmore
immersion [Bry84]. An immersion for which J = 0 is called an immersion of
spherical type. Such immersions are Mobius equivalent to a minimal immersion
into one of the space forms [CM98]. We will see that an immersion for which
M =0 is isothermic [Mus97].

Pulling the structure equations (@) back to the surface S yields the structure
equations of the immersion:

By = —q18 A B3,
35 = —q2fy N B3,
1 2 _ 2, 2\4l 2
dgi A By +dg2 A By = (1 +p1+ps + a1 +42)5 A By,
daa A B — dqu A B3 = —pafBy A B3,
dpy A By + dpa A B = (4g2p2 + q1(3p1 + p3)) By A B3,
dpa A By — dps A B3 = (4q1p2 — @2 (p1 + 3p3)) By A B3
2.1.5. Oriented spheres in Mdébius space. Recall that under the action of the con-
formal transformations, planes in R?® are special cases of spheres in R3. Thus, the
space of oriented spheres in R? is the space consisting of all oriented spheres in R?

along with all oriented planes in R?. Via stereographic projection, this space may
also be viewed as the space of oriented spheres in S = M. One of the most useful
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features of Mobius geometry is the identification of the space of oriented spheres
with the quadric

&={Becl’: (B,B)=1}.

The oriented sphere o(p,r) C R3 with center p € R? and signed radius r € R* is
identified with the point

t
) ’I“”I"”I“”I“’ 2\/57’ .

Here a positive radius denotes the orientation given by the inward normal; negative,
the outward normal.

The oriented plane m(n, h) with normal n € S? and equation n-v = h is identified
with the point

t

p(n,h) = (0,n1,n2,n3, %) € 6.

Conversely, if B € G, let
Bt ={yeL’: (y.B) =0}.

The stereographic projection of B+ N M into R? will be an oriented sphere in R?
if B £ 0, and an oriented plane in R? if 4 = 0.

Definition 2.7. Two spheres are in oriented contact if they are tangent and induce
the same orientation on their common tangent plane. They are in oppositely ori-
ented contact if they are tangent and induce opposite orientations on their common
tangent plane.

Remark 2.1. The relative positions of two oriented spheres By, Bs € & may be
determined as follows [Nic96]:

1. If 0 < [(Bi1, B2)| < 1, then the spheres (planes) corresponding to By and Bj
intersect along a circle (line), and (By, B2) = 0 if and only if the two spheres
intersect orthogonally.

2. The two spheres are in oriented contact if and only if (By, B2) = 1, and the
two spheres are in oppositely oriented contact if and only if (By, Bs) = —1.

3. The two spheres are disjoint if and only if |(B1, B2)| > 1.

Remark 2.2. If A € G, the vectors A1, Ay, A3 € G are oriented spheres that inter-
sect each other orthogonally. The points [Ag], [A4] € M are the common intersec-
tion points of these three spheres.

Remark 2.3. Let S be a Riemann surface, and let f: S — M be a conformal
immersion. By doing a Mobius transformation, we may assume without loss of
generality that P, ¢ f(S), so that the map f = 75! o f is an immersion into R3.
Take any first order frame ( f ,e) along f around a point p € S. The Euclidean
immersion f has oriented affine tangent plane f(p) + df|,(T,S) at the point f(p).
This plane has unit normal vector es(p). Thus the oriented affine tangent plane to

f S) at f p) corresponds to the point (0, es, et p) € 6. Any sphere or plane in
V2

oriented contact with f at p is in oriented contact with this plane.
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Definition 2.8. A sphere congruence is a map s: S — &. Let f: S — M be a
conformal immersion, and let f =7y 16 f: 8 — R3 be the corresponding immersion
into Euclidean space. The immersion (.5, f) is an envelope of the sphere congruence
s: 8 — G if for every p € 5, the oriented affine tangent plane f(p) +df|p(TpS) and
5(p) are in oriented contact at f(p).

Remark 2.4. With notation as in Remark[2:3] let B = po((f, e)) be the projection
of the frame (f, e) into G. Then B is a first order Mobius frame field along f.
Any other first order Mobius frame field A along f has fourth column vector of the
form A3 = ¢Bo + Bs, where ¢ is a smooth real valued function. Thus (43, B3) = 1,
which proves that B3 and As are in oriented contact. Since Bj is the oriented affine
tangent plane of f, this shows that if A is a first order Moébius frame along f, then
f is an envelope of As.

Finally, suppose that ¢ € {—1,1}. A sphere in M, is the intersection of M. C R*
with a hyperplane in R* [Wal89]. If B € &, then the equation defining B+Nr.(M.,),
namely (B,7.(z)) = 0, is precisely the equation of a hyperplane in R*. Conversely,
any hyperplane intersecting M. can be represented by an element of &. Thus G is
also the space of spheres in hyperbolic and spherical geometry.

2.1.6. Curve theory in Mébius space. The method of moving frames can also be
applied to curves immersed in Mdbius space. This theory was developed by R.
Sulanke [Sul81]. He demonstrated that there are four frame reductions for a non-
circular curve immersed in M = S3. In our work, we only need third order frames,
so we only summarize the reduction up to this point.

Let f: I — M be an immersed curve. Let b = (bg, b1, b2, b3, bs) be a Mobius
frame along f; that is, f(t) = [bo(t)]. Let (85) = b~'db be the pullback of the
Maurer-Cartan form of the Mobius group to 1.

Definition 2.9. A first order frame field along f is a frame for which
g =0=75.

Definition 2.10. A second order frame field along f is a first order frame for which
B =0=p

Definition 2.11. Let b: I — G be a second order frame field along f. If
By =0 =73,

then the curve is called type (1). Otherwise the curve is called type (2).

Theorem 2.2 ([Sul81]). The curve f is of type (1) if and only if f(I) is contained
in a circle in M = S3.

Definition 2.12. Let f: I — M be a curve of type (2). A third order frame field
along f is a second order frame for which

B=o  H=o

The forms 33, 35 are third order invariants.
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After the third reduction, the Maurer-Cartan form of a frame field along a curve
of type (2) has taken the form

o B B 0 0
B 0 0 0 0
B=10 0 0 -B5 23}
0 0 B 0 0
0 B 0 0 -8

Notice that the vector bs is constant if and only if 35 = 0.
The next lemma follows naturally from Sulanke’s research:

Lemma 2.1. Let f: I — M be an immersed curve of type (2). Let b: I — G be
a third order frame field along f. Then f(I) lies in a sphere in M if and only if
B3 = 0; in particular, f(I) lies in the sphere bs.

2.2. Isothermic immersions. Let the map f: S — (M,g) be a conformal im-
mersion into a 3-dimensional, oriented Riemannian manifold (M, g).

Definition 2.13. Local coordinates (z,y) that diagonalize the first fundamental
form are called isothermal; that is,

I = e (d2® + dy?).

Notice that with respect to isothermal coordinates, the first fundamental form is
conformal to the standard metric on R2.

Definition 2.14. Local coordinates (x,y) for which the parameter curves are lines
of curvature are called principal.

Definition 2.15. The map f is isothermic if at any point p € S, there exist local
coordinates that are both principal and isothermal; that is, at any point, there are
local coordinates (x,y) such that

I = e*(d2® + dy?),
IT = e*(ada® + cdy?).
Here a and c are the principal curvatures of the immersion.

Example 2.1. Examples of isothermic immersions include surfaces of revolution,
cones, and cylinders in R3, as well as constant mean curvature immersions in space
forms.

There are two main difficulties with the classical definition of isothermic. First,
it is not coordinate free. Second, it often fails to define the notion of isothermic at
an umbilic point. There are several suggestions for a coordinate free definition of
isothermic. We present one, due to E. Musso, below [Mus97]:

Definition 2.16. A polarization on a Riemann surface .S is a holomorphic quadra-
tic differential Q on S that is not identically zero. The surface (S, Q) is called a
polarized surface. An isothermic chart is a complex parameter z: U C S — C such
that Q|y = dzdz. Isothermic charts exist near any point p € S such that Q|, # 0.

Note that if z: U — C is an isothermic chart, then any other such chart on U is
given by Z = £z + b, where b € C is locally constant.
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Definition 2.17. Let S be a Riemann surface, and let f: S — (M, g) be a con-
formal immersion of S into a 3-dimensional, oriented Riemannian manifold (M, g).
Let I1(>9 be the Hopf differential of f. The immersion f is called isothermic if
there exist a polarization Q of S and a real-valued smooth function m: S — R such
that 7729 =mQ.

Write QQ = M\I2%, where A\: S — [0,00). If the polarization is nowhere zero,
then A is smooth. At zeros of the polarization, the function A is continuous, but
not differentiable. The Calapso potential of f is the map ®: S — R defined by
D =2m.

Remark 2.5. Let f: S — M, be a constant mean curvature immersion. Recall that
the metric induced on S by f gives S a complex structure. This complex structure
breaks forms into bidegrees. The Hopf differential of the immersion is the (2, 0) part
of the second fundamental form of the immersion. It is a global symmetric 2-form
on S. Moreover, the Hopf differential is holomorphic if and only if the immersion
has constant mean curvature [Hop83]. Using the above definition, an immersion
is isothermic if the Hopf differential is the product of a real valued function and
a holomorphic quadratic differential. In this sense, isothermic immersions are a
generalization of constant mean curvature immersions.

Remark 2.6. If f: (S,Q) — (M, g) is an isothermic immersion via Definition 217]
and z = z + 4y is an isothermic chart, then (x,y) are principal, isothermal local
coordinates. Thus, away from the zeros of Q, an immersion that is isothermic by
the above definition is isothermic in the classical sense. The converse, however,
holds only locally.

The new definition of isothermic also fails to define isothermic on some totally
umbilic surfaces. For example, the unit sphere in R? is isothermic under the classical
definition. However, the sphere has no nontrivial holomorphic quadratic differen-
tials, so it does not admit a polarization.

There are, however, advantages to this new definition. The umbilic points of
the immersion are precisely the zeros of the Hopf differential. Definition 217 dis-
tinguishes between two types of umbilic points. If an umbilic point is caused by a
zero in the polarization, then no isothermic coordinates may be found, but umbilics
caused by zeros in the real valued function m will admit isothermic coordinates. A
torus always admits a nowhere vanishing polarization. By using this polarization,
we will find isothermic tori that have umbilic points that arise from the zero locus
of the function m.

In addition, Definition [ZT7 creates a global Calapso potential on the surface.
Classically the Calapso potential was defined using a local isothermic coordinate
system [Cal03|, with the result that different isothermic coordinates could yield
different, albeit related, Calapso potentials. Fixing a polarization and taking an
isothermic chart fixes a set of local coordinates that make the Calapso potential
well defined globally.

Summarizing, Definition 2.1 is not only sufficient, but also advantageous, for
the work that concerns us in this article. However, it is too restrictive to be used
as a general definition of isothermic.

Remark 2.7. Let (S, Q) be a polarized surface. For any nonzero constant ¢ € R,
consider the polarization @ = ¢Q. Note that an immersion f: (S, Q) — (M, g) is
isothermic via Definition 217 if and only if f: (S, Q) — (M, g) is also isothermic
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via this definition. The Calapso potentials for the two polarizations are related by

<i>=\/—c|?|q>.

Similarly, the coordinate z: U — C is an isothermic chart for Q if and only if
2 = /cz is an isothermic chart for Q.

Assumption 2.2. Unless otherwise noted, we assume that any polarization men-
tioned after this point is nonvanishing.

Remark 2.8. Consider an immersion f: (S,Q) — (M,g). Let I denote its first
fundamental form, and 1729 its Hopf differential. Let r: M — RT be a smooth
function, and replace g by the conformal metric § = r2g. With this new metric,
the fundamental forms of the immersion become I = r2I and I] @0 _ r11(2:0),
Thus, the statement that the Hopf differential is a real valued function times the
polarization depends only on the conformal class of the metric on M, rather than
the metric itself. Moreover, using the notation of Definition 217, we see that

A= %)\ and m = rm. Thus

d = 2\ = 2mA = &.
This equation shows that the Calapso potential also depends only on the conformal
class of the metric on M. In other words, the definitions of isothermic and the
Calapso potential make sense in Mobius space, where we only have a conformal

class of metrics. Given a surface immersed in M, take the metric induced by any
frame field along the surface, and apply the definitions to this metric.

Let f: (S, Q) — M be an umbilic free, conformal, isothermic immersion. Let B
be a normal frame along f, and let 3 = B~'dB be its Maurer-Cartan form. With
respect to the metric I = (83)? + (33)? induced by B, the second fundamental form
is given by

IT =38+ 8305 = (B5)" — (B3)*.
Thus, the Hopf differential is given by

1 .
119 = 1 (g} 1 igd)e

On the other hand, let z = x + iy be an isothermic chart. Since the immersion is
isothermic, the Hopf differential then has the form IT1(>% = mdzdz. Replacing Q
by —Q if necessary, we may assume that m > 0. Since Q is nowhere vanishing,
this implies that the Calapso potential & = e > 0. In terms of the complex
coordinate z, we may write 3} + i35 = hdz, where h is a smooth function. Since
m > 0, the function h is real valued and non-vanishing. If A > 0, then it follows
that h = e*. In particular, note that 3} = e*dz and 2 = e“dy. If, on the other
hand, h < 0, then replace B by the other normal frame,

B = (By,—Bi,—Ba, B3, By),
and replace 8 by 3 = B~'dB. This yields
e' = —h, Bé =e"dzx, Bg =e"dy.
Thus, for any umbilic free, conformal, isothermic immersion f: (S,Q) — M,

and any isothermic chart z = x + iy there exists a unique normal frame such that
By = e%dr and B2 = e“dy, where €% is the Calapso potential. Applying the
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structure equations (@) to this frame, we see that the Maurer-Cartan form of this
frame is

2du pretdx pse” dy 0 0
e dx 0 —uydr + uydy —e“dr pie*dx
(8) B=|e"dy uydr—u.dy 0 etdy pse"dy
0 e dx —e"dy 0 0
0 e dx e dy 0 —2du
Moreover, the equations ([7)) take the form
q1 = e “uy,
q2 = _e_uux7
b2 = 07

Piy = _uy(?)pl +p3)7
P3e = —Uz(P1 + 3p3).

Note, in particular, that J = %(Pl +p3) is completely determined by the function w.
Also note that for an isothermic immersion, the function M = py = 0. The next
theorem shows that the condition M = 0 is not only necessary for an isothermic
immersion, but also sufficient.

Theorem 2.3 ([Mus97]). Let S be a simply connected Riemann surface, and let
f:8 — M be an umbilic free conformal immersion. Then M = 0 if and only if
(S, f) is isothermic (in the classical sense).

Remark 2.9. The above theorem shows that the property of being isothermic is a
conformal invariant. In other words, it is preserved under the action of the Mdbius

group.
Theorem 2.4 ([Cal03|, Mus97]). Let (S, Q) be a polarized Riemann surface, and
let z = x + 1y be an isothermic chart. Let /A = Oy + Oyy be the Laplacian. Let

f:(8,Q) — M be an umbilic free, isothermic immersion. Then, the Calapso
potential ® satisfies the Calapso equation

A(D7H®)gy) + 2(D%)4y = 0.

Remark 2.10. The Calapso equation is an integrability condition for an isothermic
surface. Let U be a simply connected domain in C, and let ¢“: U — R be any
smooth solution of the Calapso equation. Then there exists a 1-parameter family
of isothermic immersions f;: U — M, each with Calapso potential e* [Mus97].

Definition 2.18. Let f: (S,Q) — M be an umbilic free, conformal, isothermic
immersion with Calapso potential e* > 0. The immersion is called special if the
Calapso potential satisfies the second order partial differential equation

(10) Au = se” 2" —
where s € R is a constant.

Theorem 2.5 ([Callh,[CM98]). Let f: (S, Q) — M be an umbilic free, conformal,
isothermic immersion. Then f is special if and only if it is locally Mébius equivalent
to a constant mean curvature immersion into M. for some ¢ € {—1,0,1}.
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Remark 2.11. The actual theorem stated in [CM98| is stronger than the above
result. It characterizes the immersions that are locally equivalent to constant mean
curvature immersions into each of the three space forms. However, we do not need
this information for our purposes.

Definition 2.19. Let f: (S,9) — M be an umbilic free isothermic immersion
with Calapso potential ®. Let z = x + iy be an isothermic chart. If ®, = 0 (or
®, =0), then f is called canal. If ® is constant, then f is called Dupin

Theorem 2.6 ([Mus97]). Locally, an umbilic free, isothermic, canal surface is
Mobius equivalent to either a surface of revolution, a cone, or a cylinder.

2.3. Transformations of isothermic immersions.
2.3.1. The Christoffel transform.

Definition 2.20. Let S be a surface. Let f,f: S — R3 be two immersions. The
induced map f(p) — f (p) is a Christoffel transform if
1. the map f(p) — f(p) is conformal, and
2. the tangent plane T, (S) is parallel to the tangent plane Tf(p)(S) for all
peSs.
If f(S) and f(S) are not congruent, then the Christoffel transform is called non-

trivial. A Christoffel transform of an isothermic immersion is also called a dual
isothermic immersion.

Theorem 2.7 (Christoffel, [Dar72]). Let f: S — R3 be an umbilic free immersion.

1. Iff is a nontrivial Christoffel transform of f, then f is an isothermic im-
merston.

2. If f is an isothermic immersion, then f admits (local) nontrivial Christoffel
transforms.

2.3.2. The T-transform.

Definition 2.21. Two isothermic immersions f, f: (S,Q) — M are said to be
T-transforms of each other if they have the same Calapso potential [CM98].

The T-transform was first defined by Calapso [Cal03]. In [Mus95|, E. Musso
proves that T-transforms are second order conformal deformations [I

Notice that once the Calapso potential has been chosen, the only coefficients of
the Maurer-Cartan form (B) that can vary are p; and ps. Thus the Maurer-Cartan
form of a T-transform of f can differ from the original Maurer-Cartan form only in
these components.

2.3.3. The Darboux transform.

Definition 2.22. Let 0: S — & be a sphere congruence, and let f,f: S - M
be envelopes of o. If the induced map f(p) — f(p) is conformal and preserves
curvature lines, then f is called a Darboux transform of f.

Theorem 2.8 (Darboux, [Dar99]). 1. If f: S — R® admits a Darbouz trans-

form f: S — R3, then f (mdf are isothermic immersions.

ITwo immersions f, f: U — M are second order conformal deformations of each other if there
is a smooth map b: U — G such that b(p) - f and f agree up to order 2 at p for each p € U.
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2. An umbilic free isothermic immersion f: S — R> of a simply connected sur-
face admits (locally) a 4-parameter family of non-congruent Darbouz trans-
forms.

In [MNO97|, E. Musso and L. Nicolodi use the method of moving frames to con-
struct Darboux transformations of isothermic immersions. We summarize these
results below:

Definition 2.23. Let f: S — M be a conformal immersion. Let B: U — G be
a frame along f, and let 3 = B~'dB be its Maurer-Cartan form. The frame B is
called a principal frame if

By =0,
BYA By =0=05 NG,
By A By # 0.

Suppose f: (S, Q) — M is isothermic. Let z = x4+ iy be an isothermic chart. Then
a principal frame satisfies

B Ade =0=F2Ady.
In addition, there exist smooth functions [, ls such that

Bt = 1By — 1135,
d(B — 1185 — 1283) = 0.

Principal frames exist along any umbilic free isothermic immersion.

Definition 2.24. A Darbouz isothermic frame is a principal frame B: U — G
along an isothermic immersion f: (S, Q) — M such that

(=3 +iB3) A (B +i63) =0,
(11) By =0,
BY A BY #0.

Remark 2.12. Let B: U — G be a Darboux isothermic frame along an umbilic free
isothermic immersion f: (S, Q) — M. Then the matrix

B = [B47 _Bla B27 B3) BO]

is a principal frame along [By]. In particular, if B = B~1dB denotes the Maurer-

Cartan form of B, then the conditions (1) imply that there exists a nowhere zero
function h: U — R such that

By =hpBs, B2=hpE B3 =-03, pB3=ps

This shows that (z,y) are principal, isothermal coordinates for f= [B4] on U. Thus

f is another isothermic immersion. Moreover, since a principal frame is a first order
frame, both f and f envelope the sphere congruence Bs: U — &. The resulting
correspondence between f and f preserves curvature lines and is conformal. Hence

f is a Darboux transform of f.
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Let f: (S,Q) — M be an isothermic immersion, let B: U — G be a principal
frame along f, and let ¢ be a smooth function on U such that

dt
— = 2000 = B — 1)
Consider the deformed matrix valued 1-form
0 Bl +tBy B9 -8y B3 0
B4 0 -8 =B A +th
Be=|05 i 0 -3 03—t
0 3 3 0 33
0 B 65 0 —60
This form satisfies the Maurer-Cartan integrability condition
dBe = =B \ By

Thus, there exists a map A: U — G such that A~'dA = 3;. Let V) € L® be any
constant vector, and let V = A~'Vj. Then

(12) AV = —B,V.

Conversely, if V is a solution to ([I2), then d(AV) = 0. This implies that there is a
constant vector V € L? such that AV = V.

Let the map V: U — L' be a solution of equation ([2)) for a fixed t. Write
V =10, v 02 03, v1). The conditions (V,V) = 0 and v° + v* > 0 imply that v*
is nonnegative. Away from the zero locus of v*, define g™ (V): S — G by

(H=1 (Tt o0
gt(V)=1 0 I v, v="0"v"0").
0 0 vt

Lemma 2.2 (Musso, Nicolodi, [MN97]). The frame Bg* (V) is a Darboux isother-
mic frame.

Let B be the normal frame along an umbilic free isothermic immersion with
Maurer-Cartan form (8). This is a principal frame, and the forms 3% and 3§ are
given by

B2 = Uydr — uzdy, [38 = 2du.

Thus B — 13} — 1282 = du, which implies that t = ne=2% for a real constant n.
Write 8; = B,. Let V: U — LT be a solution of (IZ), and consider the Darboux
isothermic frame

B=Bg*(V):U -G
along f. Let d,,(f) = [34] denote the resulting Darboux transform of f.

Lemma 2.3 (Musso, Nicolodi, [MN97]). Let ® denote the Calapso potential of f.
Then the Calapso potential of dy(f) is given by

3
v
b, = 9.

The set {v® = 0} is the umbilic locus of dy(f).
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3. ISOTHERMIC IMMERSIONS WITH SPHERICAL LINES OF CURVATURE

Let f: (S,Q) — M be an umbilic free isothermic immersion. Let z = x + iy be
an isothermic chart on some subset U of S, and let

B = (BO7BlaB27B3)B4): U—-G

be the unique normal frame field on U along f with Maurer-Cartan form (&].
Suppose that the y = const. curves are of type (2). Let v(xz) = f(x,yo) be a
particular line of curvature, let b be the restriction of B to v, and let 9;» = v*w;- be
the pullback of the Maurer-Cartan forms to the curve. Then

2u,  pre® 0 0 0
et 0 —u, —e* pe®
0= 0 Uy 0 0 0 dx.
0 e 0 0 0
0 e 0 0 —2uy,

To get a second order frame along v, let

1L 0 euy 1 F(1+e2ud)
0 1 0 0 0
g=10 0 1 0 e, ,
0 0 0 1 1
0 0 0 0 1

and perform the change of frame b = bg. The frame b has Maurer-Cartan form

2uy e“(pr—3(1+ e ) e (uplly + Usy) 2y 0
) et 0 0 0
0=1 o 0 0 0 6y |d=
0 0 0 0 2u,
0 e 0 0 —2u,

By hypothesis, v(z) is a curve of type (2), so u, # 0. To get a third order frame
along the curve, let

r = (e““‘(uxy + ugguy)2 + 46_2“ui)_1/4,
c = r2(e*2“(umy+uxuy),
s = r2(2e "u,),
and set
00 0 0
0 1 0 0 O
g= 0 0 ¢ —s O
0 0 s ¢ O
0 O 0 0 r

Perform the change of frame given by b = bg. The form
03 = 2r4672“(u;°’cuy + Uggp Uy — UgUggy)dT.
Since v is spherical if and only if 63 = 0, we see that v is spherical if and only if

3
Uy + UggUpy — UgUgzy = 0
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along v. Note that if v had been of type (1), then u, = 0. In this case, the above
differential equation is trivially satisfied. By doing the analagous computation for
the = const. curves, we arrive at the following:

Theorem 3.1. Let f: (S,Q) — M be a conformal, umbilic free, isothermic im-
mersion. Let z = x+1iy be an isothermic chart, and let e* be the Calapso potential.
Then the x = const. curves are spherical if and only if

(13) “zug + UyyUay — Uylgyy = 0,
and the y = const. curves are spherical if and only if

(14) uiuy + UpgUgy — UgUpzy = 0.

Corollary 3.1. Let f: (S,Q) — M be an umbilic free isothermic immersion with
spherical lines of curvature in one or two systems. Any T-transform of f preserves
the property of spherical lines of curvature.

Corollary 3.2. An umbilic free isothermic canal surface has spherical lines of cur-
vature in both systems. One of these systems consists entirely of circles.

Corollary 3.3. Let f: S — R? be an umbilic free constant mean curvature immer-
ston with spherical lines of curvature in one or two systems. A Christoffel transform
of f preserves the property of spherical lines of curvature.

Proof. Without loss of generality, we may assume that f has constant mean cur-
vature H = 1. Since f has constant mean curvature, the Hopf differential 17(2:0)
is a global, holomorphic quadratic differential. Thus we may chose Q = 2IT(>9) as
a polarization of S. If z = x 4 iy is an isothermic chart for this polarization, then
the Hopf differential of f is I1(2:0) = %dz dz. Writing the first fundamental form
as I = e?"dzdz, we then see that the Calapso potential of f is ® = e~ %.

From [Cal03|], we know that a dual of an isothermic immersion with metric I

and Hopf form IT(>% as above has metric d5* = e~ 2*dzdz and Hopf differential

I~I(27O) = %dzdz. Thus, a dual f has Calapso potential ® = e*. But if —u satifies

(@) and/or (@), then so does wu. O

4. NON-SPECIAL, NON-CANAL ISOTHERMIC TORI WITH TWO SYSTEMS
OF SPHERICAL LINES OF CURVATURE

This section contains a thorough analysis of an example from [MN97]. We begin
by summarizing this example below:

Example 4.1 (The Darboux transforms of Dupin tori, [MN97]). The Calapso po-
tential of a Dupin immersion is constant. Without loss of generality, assume that it
is identically one. The structure equations (@) imply that p;, ps are constants such
that 1+ p; + ps = 0. For an arbitrary constant m € R, set

et = 1, pr=m, p3= _(1+m)

The normal frame B of a Dupin surface then has Maurer-Cartan form

0 mdr —(1+m)dy O 0

dx 0 0 —dx mdzx
(15) B=| dy O 0 dy —(1+4+m)dy

0 dr —dy 0 0

0 dr dy 0 0
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Let —3/2 <m < 1/2, and set ( =+/1 —2m and n = +/2m + 3. For these values
of m, the Dupin surface must be a torus of revolution with normal frame

2+ ?/S%ZEC x) e+ COS(CC x) - cos(ny) o
sin(ny) 2 — nsin(¢ )
+ " €3 + \/ECU

By =

€4,

cos(¢ x)€
\/i 4

B, = cos(¢ 7) €0 —sin(C z)ep —

V2

By = —sin(ny)es + cos(ny)es,

—(2 1) — nsi
B, — (2m+1) — psin(C x) o cos(C x) _— cos(ny) o
V2(n ¢ U
sin(ny) —(2m+1) 4+ nsin(Cx)
€3 + €4,
V2(n
14 i 1+
B, — mnsin(¢ z) e+ m cos(¢ x) o (1+m)cos(ny) e
V2n¢ ¢ U
(14+m)sin(ny) 1 —mnsin(¢x)
— €3 + €4.
" V2n¢
Note that B = [By, B1, B2, Bs, B4] is doubly periodic with a-period 27/y/1 — 2m
and y-period 27w /+/2m + 3. These are the periods of the given Dupin torus.
Perform a Darboux transform f = d,(f). Setting k& = m + n, the linear sys-
tem (I2) takes the form

dv’ = —kvtdr+ (1+k)v?dy,

+

dvt = (=0 +0® - kvt)dz,
(16) dv? = (=0 =03+ (1+k)vt)dy,
dvd = —vldz+v2dy,
dvt = —vldx—v?dy.
If n is chosen so that —3/2 < k < 1/2, then this system has solution
W0 = —ku'+ (1+k)u?+a°,
vt = dul/dr,
(17) v? = du?/dy,
¥ = —ul b+ ad,
o= —ul — e+ ad
where
—o0 4 0B — kot
u' =cycos V1 —2kx + casinV1 — 2k x + (zo —1’_&2k a ),
(18) o 3
—af — 1+ k)o!
u2:llcosx/2k+3y—|—lgsin\/2k+3y+( e ();k_:(3+ )oz).

Here c1, ca,11,12,0°, a3, a* are constants that must be chosen to satisfy (V, V) = 0.

Note that V' is doubly periodic with a-period 27 /+/1 — 2k and y-period 27 /+/2k + 3.
The Darboux transform

f=BV:R*— {v* =0} - M
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of the original Dupin immersion is given by
f: By + v' By + v2Bs + v By + v By.

Notice that the domain of f is a subset of the universal cover of the original torus.
O

We now show that explicit examples of non-special, non-canal isothermic tori
with spherical lines of curvature in two systems arise from the Darboux transforms
of Dupin tori computed in the preceding example. This involves a thorough analysis
of these transforms. In the following, we always assume that

3 1
5 <km< 5
Our analysis is broken up into three main parts. Recall that a Darboux transform
of a Dupin torus actually takes place on some subset of the universal cover of the
torus. We study the vector V to determine when the Darboux transform is defined
on all of R?, and to determine when the Darboux transform has umbilic points.
Second, we show that a generic Darboux transform of a Dupin torus is neither canal
nor special. We also show that it has spherical lines of curvature in two systems.
Finally, although the vector V' and the matrix B are each doubly periodic, their
periods are not equal, so the resulting map BV is not doubly periodic in most
cases. Thus, we must determine conditions that make the Darboux transform into
a doubly periodic immersion.
There are eight unknown constants in (I'd) and ([IR). In picking values for these
constants, first pick k, followed by ¢, ¢ca,l1,l2. These five constants determine V:
Set

@t = crcos(V1—2kx) 4 cosin(v1 — 2k z),
@? = lycos(V2k +3y) + lysin(v2k + 3y).
Then the components of V' become
200 — (14 2k)a® + ot

0 _ _pal (1 2
v k' + (14 k)a” + - 2h)@ki3)

1 _ dul
dx’
a2
2—_
(19) =
0 _ 3 4
B = gl g2y LH2HE0 — (1 +2k)a7 +aof)
(1—2k)(2k +3)
0 _ 3 4
ot = gt _ g2 4 2200 — (A +2k)a” + af)

(1 — 2k)(2k + 3)

Note the similarity in the constant terms of v°, v®, and v*. The condition (V,V) =0
is given by

(2a° — (1 +2k)a® +a*)? = (1 —2k)%(3+2k)(c} + c3)

(20)
+(1 = 2k)(3 + 2k)%(1 + 13).
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Since the quantities (1 — 2k) and (3 + 2k) are positive on (—3/2,1/2), equation
([20) is always consistent. This equation also shows that the quantity (2a° — (1 +
2k)a? + a*)? is determined by k,c;,l;. The condition v° + v* > 0 then forces
20° — (1 + 2k)a® + a* > 0. Looking at (I9), we see that V is then completely
determined by k, ¢;, ;.

The next lemma shows that, given k, we may always choose ¢;,l; so that v* is
nonvanishing. When v* is nowhere zero, the Darboux transform is defined on the
entire universal cover of the torus.

Lemma 4.1. The component v* of V is nowhere zero unless

(1 —2k)\/c2 +c2 = (2k +3)4 /12 + 3.

Proof. The condition that v* never vanish is

. 1—2k)(2k
2a° — (1 + 2k)a® + a* > # <\/c%+c§+\/l%+l§>.

If we square both sides and use (20), this becomes

2
((1 —2k)\/ 2 + 2 — (2k + 3)4/ 12 +l§) > 0.

This inequality will hold unless

(1—2k)\/c2 + 3 = (2k+3)\/I3 +13.

By Lemma [2.3] the umbilic locus of the Darboux transform is the zero locus of
the function v3. The next lemma investigates this zero locus.

O

Lemma 4.2. Ifk € [-1,0], then the function v3(x,y) will have zeros for all values
of c1,¢0,l1,1la. If k € (—%,—1) or k € (0, %), then there are values of c1,ca,ly, 1o
that make v3(z,y) nowhere zero, and there are values for which v3(x,y) has zeros.
In some cases these zeros are isolated, while in other cases the zero locus consists
of curves.

Proof. The condition that v3 be nowhere zero is

|1+ 2k[(2a° — (1 +2k)a® +a*) > (1 — 2k)(2k + 3) <\/c% +c2+ \/l% +l§) .

Squaring both sides and using (20) yields
—(1+k)(1 = 2k)%(c} + ¢3) + k(2k + 3)2(IF + 13)

—(1—2k)(2k + 3)\/2 + 2\ /I3 +13 > 0.
Note that if k& € [—1,0], then the left-hand side of the above inequality will be
nonpositive, so this inequality will never hold.

Now suppose that k € (0, 3). Set u=+/c? + ¢ and v = /I3 4 (3. After replac-
ing the inequality in (2II) with equality, we get

A(k)u? + B(k)uv + C(k)v? = 0.

For fixed k, this is the equation of a degenerate conic section in (u,v). The dis-
criminant is

(21)

(B2 —4AC)(k) = (1 — 2k)*(2k + 3)(1 + 2k)?,
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which is strictly positive on k € (0, %) Thus, the conic is a degenerate hyperbola.
We will show that this hyperbola consists of two lines through the origin, one of
which passes through the interior of the first quadrant.

Change coordinates by rotating the u, v axes through the angle a defined by

Dot (A=C
()é—Qa,I‘CCO B .

The function (A—C')/B is increasing as a function of k on [0, 1), with range [%, c0).
Thus, a decreases as a function of k from Zarccot (1) to 0 on [0, 1].
If u, v represent the new coordinates after rotation, then the conic equation takes

the form

A(k)a? + C(k)o* = 0,

where

A = Acos’a+ Beosasina + Csin? a,

C = Asin?a— Bcosasina + C cos? a.
The function A(k) increases on [0, 1] from —3 — \/g to 0, while the function C(k)

increases from —% + \/g to 8. Thus we see that the degenerate hyperbola is formed
by the two lines

(22) @:1/_—~Aa and 5:—1/_—~Aa.
c C

Let

—A
= arctan —
b C

Note that § is the angle of inclination that the first line in makes with the @
axis. The function §(k) decreases on [0,1/2] from

V10 +1
V10 -1

arctan

to 0.

The angle of inclination of the line with the u axis is given by a + 3. The
function (a + B)(k) is decreasing on [0,1/2], and elementary trigonometry shows
that limy_o(a + 3) = 7/2 and lim_,; /o(ar + §) = 0. Thus, this line always passes
through the interior of the first quadrant. On one side of this line, there will be a
neighborhood in the interior of the first quadrant where (ZI]) holds, while on the
other side of this line, there will be a neighborhood where the inequality in (1)) is
reversed. On the line itself,

—(L+k)(1 = 2k)%(c? + c3) + k(2k + 3)%(12 + 13)

—(1=2k)(2k +3)\/ci+ 313 +13 = 0.

In this case, the zeros of v® will be isolated points provided that neither @' nor @
is constant. To see this, look at the expression for v* in (Id). When (Z3) holds,

(23)

2
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then

12k 4 1](2a° — (1 + 2k)a® + o) , 1 oy _
(1= 2k)(2k + 3) =~ min (CU 4 ET) = max (-0 4@

If neither @' nor @2 is constant, the minima and maxima of —@! + @2 are isolated

points, so this shows that the zeros of v are isolated. On the other hand, when
the inequality in (2I) is reversed,
2k +1](2a° — (1 + 2k)a? + o) 1 2 1, ~2

< — min (—i 4+ @) = .
(1= 2k) (2 + 3) (xgl)léle( a +u”) (xI,Iyl)angz( U +u

so the zero locus of v3 will contain curves.
The case k € (—3,—1) is similar. O

Corollary 4.1. Let the map f: R? — M be a Dupin torus with Maurer-Cartan
form (IA). If k € [-1,0], then any Darbouz transform dg_m(f) of f will have
curves of umbilic points given by the zero locus of v3. If k € (—%, —1) ork € (0,3),
then some Darboux transforms di_m (f) will have curves of umbilics, some will have
isolated umbilics, and some will be umbilic free. Umbilic points are again given by
the zero locus of v3.

This completes the analysis of the vector V. Next we examine the properties of
a generic Darboux transform of a Dupin torus.

Lemma 4.3. A Darboux transform of a Dupin torus is canal if and only if either
6120262 0’/’l1:0212.
Proof. A Darboux transform will be canal if and only if its Calapso potential, v3 /v,

is a function of one variable; that is, if and only if either ‘fd—f: =0or %}2 =0. O

Lemma 4.4. A Darboux transform of a Dupin torus is not special.

Proof. Tt suffices to show that, away from umbilic points, the Calapso potential
of a Darboux transform does not satisfy (I0). Away from umbilic points, we may
assume without loss of generality that v® > 0. The Calapso potential may then be
written ® = e“, where

u=1Inv> —Inov*

By (),

W)2 + (02)2 (b)) + (02)2 — 2000 o
Au=—1 )2 + (w12 + (1+2k)ﬁ'
Suppose that
Au = se™ 2% — 2t

for some constant s € R. These two expressions for Au, along with the equation
(V,V) =0, imply

svt = =200 + (1 + 2k)03.
Using (), we obtain
(24) (1—s)u' + (1 = s)u? = —2a" + (1 + 2k)a® — sa®.
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If s # 1, then (24) implies that
1 = const.,

u? = const.

This occurs if and only if ¢1,ca,11, and ls are all zero; that is, if and only if V' is

constant. In particular, (I7) implies that v! = 0 = v2. Since the derivatives of

v1,v? must then vanish, (I6) implies

0+ 0P — kot = 0,
' =P+ 1+ k)t = 0.

Adding these two equations yields v* = 20°, and back substituting then implies
v3 = (1 + 2k)v°. The condition (V,V) = 0 then forces V to be identically zero,
which is impossible.

If, on the other hand, s = 1, then

—2a° + (1 +2k)a® — a* = 0.

Then (20) implies that both w; and ug are constant, which, as we just demonstrated,
is impossible. [l

Lemma 4.5. A Darboux transform of a Dupin immersion is an immersion if and
only if v* is never zero and k # m.

Proof. Recall that a Darboux transform of a Dupin torus is given by
f = ’UOBO + ’UlBl + ’U232 + ’U3Bg + ’U4B4.
Using (I5) and (I6), we compute

% = (m — k)v' By + (m — k)v*By,
% = (k —m)v?By + (k — m)v*Bs.

These two vectors will span a 2-dimensional subspace of the tangent space of M
if and only if f, B, B, are linearly independent; that is, if and only if v* is never
zero and k # m. O

The next lemma proves that a Darboux transform of a Dupin immersion has
spherical curvature lines in both systems. It is possible to do this using Theorem
B However, on the one hand, this is a computational mess, and on the other
hand, some of the Darboux transforms are not umbilic free. Instead, we use the
more direct approach of computing third order frames along the curvature lines.

Lemma 4.6. A Darboux transform of a Dupin immersion has spherical curvature
lines in both systems.

Proof. Recall that the frame B = BgT(v) is a Darboux isothermic frame along
the Dupin immersion, whose fourth column vector is a Darboux transform of the
original surface. Consider the frame

B = (B47 _Bla BQ7 B3) BO)
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This is a principal frame along the immersion [By]. It has Maurer-Cartan form

dx d
0 -2 . o ) 03 0
vinde 0 —Udr 4+ dy (1-%)de —4
(25) vindy 5—jdm — U—idy 0 . 1+ %i)dy %
0 —(I-iz)de  —(1+{7)dy 0 0
0 vindzx vindy 0 0

Take the frame b = B(-,y) along a y = const. curve. Perform the change of frame
b = bg, where

1 0 v ) 1 @)’ +(@*—v®)?
CRED ORI CREE
0 1 0 0 0
2
00 0 1 ~vsy
0 0 0 0 1

The frame b is a second order frame along the curve. Let (3 denote the Maurer-
Cartan form of b. Then

0 20t0? )

By = W Bo

o _ oY)

BT T
Note that both v? and (v3 —v?) are functions of y alone, so they are constant along
the curvature line. If both are zero, then the curve is a circle, and hence spherical.

If at least one of v? or (v3 —v?) is nonzero, then let
. nl()?
~ R + (B = e
o 20l0?
e=r n2(vh)E’
20l (13 — vt
s — 227 (v’ —v ),
n2(vh)?
and set
0 0 0 0
0O 1 0 0 O
g= 0 0 ¢ —s O
0 0 s ¢ O
0o 00 0 r

Perform the change of frame b= bg.
Away from the zeros of v!(z), this gives a third order frame along the curve for

which 33 = 0. Thus, between any two zeros of v!, the curve lies in a sphere. In

particular, the curve lies in the sphere

ot 1
VT2 + 7 o2

b3 ((1)4 — U3)b2 + 1)2b3) .
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This shows that the vector
1

VP + (= o)

which is continuous on the entire curve, is constant between the zeros of v!. If
vl = 0, then the curve is of type (1), and hence spherical. If v* # 0, then the
zeros of v' are isolated on the curve, so continuity implies that the above vector is
constant along the entire curve. The two vectors

1
+
VT (@ =012
define the same sphere with opposite orientations. Hence, the entire curve is spher-
ical. o
For the & = const. curves, take the frame b = B(z,.) along an x = const. curve.
An argument analogous to the one above proves that this curve either is a circle,
or lies in the sphere
—v? 1
02| /(01)2 + (03 + v?)?

((v* = v®)ba + v%b3)

((v4 — 03y + v2b3)

((v3 + oMby + ’U1b3) .

O

Remark 4.1. The Maurer-Cartan form (25]) shows that (z,y) are global principal,
isothermal coordinates along the immersion, so we see directly that the immersion
is isothermic in the classical sense.

Finally, we turn to double periodicity of the Darboux transform.

Lemma 4.7. A Darbouz transform of a Dupin torus is doubly periodic if and only
if the numbers

Vv1-—2k

——  and

Vv1—2m

%%
+1| +
wol| @R

are both rational.

Proof. The vector V is periodic in « with period 27/v/1 — 2k and periodic in y
with period 27/+/2k 4+ 3. The matrix B is periodic in  with period 27/4/1 — 2m
and periodic in y with period 27/v/2m + 3. The Darboux transform f = BV will
be doubly periodic if and only if the ratio of the two x periods is rational and the
ratio of the two y periods is rational. [l

Lemma 4.8. The set of (k,m) in (—3,3) x (=3,1) with k # m that satisfy the
system of equations

(26) V1—-2k P V2k+3 T

Vi—2m ¢  V2m+3 s

where p, q,r, s are positive integers satisfying

p#q TFS, g#

)

w |3

is countably infinite.
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Proof. Assume that (26) holds, and solve for k in terms of p, q,r, s:

3p2(s2 _ 7“2) _ 7’2(}72 _ q2)
2((]27“2 _ 82p2) '

k(p,q,r,s) =
This implies that

2k(p,q;71,8)8° +p° — ¢°
2p? ’
Since p, ¢, r, s are all integers, the number k, and hence the number m, is rational.
Let a be a positive integer, and consider

m(p,q,r,s) =

1+ 2a — 2a?

k‘(a,a—i—l,a—i—l,a): m,

—(3 + 6a + 2a?)

2 +4a + 4a?
For a > 0, elementary calculus arguments show that k is strictly decreasing and
lies in (—3, 1), while m is strictly increasing and lies in (=2, —3). Thus there are
infinitely many distinct pairs (k, m) that satisfy (28]). O

m(a,a+1,a+1,a) =

Lemma 4.9. The non-special isothermic tori given by Darboux transformations of
Dupin tori belong to a countably infinite family of conformal classes.

Proof. With notation as in the proof of the last lemma, let (k,m) be a solution
of (26). Assume that 2 and { are in lowest terms. Then the Darboux transform

f = dg—m(f) is doubly periodic with z-period and y-period

2 2
M and 2T

v1—-2m 2m+3
respectively; that is, f descends to an immersion of R?/A, where A is the lattice
generated by these two periods.
Let R?/A; and R?/A; be two such tori, defined by m; = m(p1,qi,71,51) and
mo = m(pa, g2, 2, S2) respectively. These tori are in the same conformal class if
and only if

s1v/1—=2my  s2/1—2my
GV2m1 +3 ga/2ma +3

Consider
14+3a—a®
k 1 2 1 _
(aaa+ aa+ aa+ ) 2(1+a)3 )
—(2+a)
1 2 1) = ——.
m(a,a+1,a+2,a+ 1) S0+ a)

For integers a > 0, both k and m lie in (—%, %), and both p/q and r/s are always
in lowest terms. Moreover,

sy —2m /34 2a
W2m+3 V1+2a

The right hand side of this equation is strictly decreasing as a function of a, so each
positive integer a gives rise to a distinct conformal class of tori. O
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Lemma 4.10. If two isothermic immersions f, f: (S, Q) — M are Mébius equiv-
alent, then they have the same Calapso potential.

Proof. Let B be a first or@er frame field along f. By hypothesis, theAre exists A € G
such that f = Af. Then B = AB is a first order frame field along f, and

= B*w=(AB)*w = 3,

where w is the Maurer-Cartan form of G. In particular, since B and B have the
same Maurer-Cartan form, Remark implies that the Calapso potentials of the
two immersions are equal. O

Lemma 4.11. The set of non-Mobius-equivalent, non-canal tori given by Darboux
transformations of Dupin isothermic tori is uncountable. In particular, let (k,m) be
a fized solution of (28], and let f,f be Darboux transforms defined by two solutions
of equation ([IR). If

(éla é?a lAlv ZQ) # w(cla C2, llv lQ)a
where w > 0 is a real constant, then f andf are not Mébius equivalent.

Proof. If f and f are Mdbius equivalent, then, by the preceding lemma they have
the same Calapso potential; that is,

(27) vt = vto3.

This implies that

In particular,

which implies that
(é1,62,11,12) = wlcy, ez, 1, 1y)
for some constant w € R*. Then
26" — (1 +2k)a> + a* = |w|(2a° — (1 + 2k)a® + o).

Substituting all this back into (), we see that w must be positive. O

We summarize our results in the following theorem:

Theorem 4.1. The set T of isothermic tori given by the Darboux transforms of
Ezample [{.1] contains a countably infinite number of distinct conformal classes.
Each conformal class contains an uncountable number of non-Mobius-equivalent
tori. The elements of T have spherical lines of curvature in two systems. They
are not special, and a generic element of T is not canal. Some elements of T are
umbilic free, some have isolated umbilic points, and some have curves of umbilic
points distinct from the coordinate curvature lines.
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5. EXAMPLES AND FIGURES

Computer graphics of the tori found in Section 4 can be generated as follows.
First choose k, m, ¢1, c2, 11, and l3. Then, using Example[dTl compute the functions
ui,v?, B;, where i € {1,2}, and j € {0,1,2,3,4}. Next, simplify the expression

BV =By +v'B; +v*By + v* B3 + v* By,
which gives the components of the desired Darboux transform. Let
ARV A
denote the components of BV. Using a parametric plot over a fundamental domain
of the torus, plot the stereographic projection of this map into R3, which is given

by
frorp
V(5 g0 5 )

The resulting image will be the desired torus.

Example 5.1. We choose k and m by using the proof of Lemma H.8; that is, we
pick p, q,r, s so that

k(2,3,2,1) = —1/4, m(2,3,2,1) = —19/16.
We then arbitrarily choose
cr=1, =0, I1=1, Il;=0.
Using (20), we compute
2a° — (14 2k)a? + o* = V15.

The z-period is 47/4/3/2, and the y-period is 47/4/5/2. The conformal class is
given by the ratio of the y-period and the z-period, in this case, 1/3/5. Figure [T
shows a picture of this torus.

FIGURE 1. A torus in conformal class 1/3/5.
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FIGURE 2. The umbilic loci of the tori in Figures[ and [3], respec-
tively, shown in a single fundamental domain.

27

S

|‘nni 1117

FIGURE 3. Another torus in conformal class y/3/5 shown from
three different viewpoints.

Since k € [—1,0], the torus generated by these constants will necessarily have
umbilic points. The umbilic locus of this torus is shown in Figure 21 In the con-
nected region, the function v3 is positive, on the four umbilic curves, it is zero, and
in the oval shaped regions, v* < 0.

Example 5.2. In this example, we create a torus that is not Mobius equivalent to
the preceding example, but is still in the same conformal class. Let k,m be as in
Example [5.1] but this time choose

This implies 2a° — (1 + 2k)a® + a* = /285. By Lemma ELTT], this torus is not
Mobius equivalent to the previous example. However since k and m are the same
for both tori, they are in the same conformal class. Figure Blshows a picture of this
torus from three different viewpoints.

Again, since k € [—1,0], this torus has a nonempty umbilic locus, pictured in
Figure

Continuing in this manner, one can generate further images. By changing k and
m, one can produce tori in other conformal classes, though some distinct choices of
k, m will yield tori in the same conformal class. Moreover, if k is in the appropriate
range, then one can produce tori that are umbilic free by manipulating the ¢; and
l; so that equation ZI]is satisfied.
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