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Introduction

We investigate conformally immersed tori in S® which are critical
points of the Willmore functional under variations preserving the con-
formal type of the torus. These tori are called constrained Willmore.
Examples of such tori are constant mean curvature (CMC) tori in a
space form and Willmore tori, the later are critical for the Willmore
functional with respect to all variations by immersions. Until now no
examples of constrained Willmore tori are known which are not CMC
tori in a space form or Willmore tori. In order to construct exam-
ples we restrict ourselves to immersions with a 1—parameter group
of Mobius symmetries. Such tori are called equivariant. The Euler-
Lagrange equation of constrained Willmore tori is an elliptic partial
differential equation. By restricting to equivariant tori we reduce this
partial differential equation to an ordinary differential equation.

First examples of equivariant Willmore tori were constructed in [P].
The Willmore Hopf tori are the preimages of closed elastic curves on S?
under the Hopf fibration. The conformal type of the torus is given by
the length and enclosed area of the curve on S?. Thus variations pre-
serving the conformal type of the torus must preserve the length and
enclosed area of the corresponding curve. Further equivariant Will-
more tori were classified in [FP]. Another class of examples are the
Delaunay tori, which are obtained by rotating elastic curves in the up-
per half plane, viewed as the hyperbolic plane H?, around the z—axis.
These tori are CMC in a space form as shown in [B]. Elastic curves in
5% and H? are constructed in [LS].

Bohle [B] showed that all constrained Willmore tori are of finite
type. This means that a certain Riemann surface associated to the
conformally immersed torus, its spectral curve, has finite genus. This
fact makes it possible to solve the Euler-Lagrange equation of con-
strained Willmore tori by Riemann theta functions.

In the first chapter we introduce the basic elements of the quater-
nionic theory for surfaces into S* following [BuFLPP]. Further, we
discuss the lightcone model of the n—sphere and the invariants of sur-
face theory in this setup. Moreover, the Weierstrass elliptic functions
are defined and some of their properties that are needed in the last
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2 INTRODUCTION

chapter are discussed.

The second chapter deals with general properties of equivariant
constrained Willmore tori. We show that every equivariant torus can
be interpreted as the preimage of a curve under a certain Riemannian
submersion from the round S® onto S?. The parametrization of the
surface given by this construction can be chosen to be conformal and
the invariants of the surface can be expressed in terms of the invariants
of the curve and of the submersion. We compute the Euler-Lagrange
equation for the constrained Willmore problem and define an associ-
ated family of constrained Willmore surfaces.

We introduce the spectral curve X of a general conformally im-
mersed torus f : T? — S3 in the third chapter. We call f a finite gap
immersion, if ¥ has finite genus. To the spectral curve one can asso-
ciate a kernel bundle £, — X for every z € T?. It is shown in [BoPP]
that for a fixed xy € T? the map

U:T? = Jac(E) o+ L0,

is a group homomorphism. The immersion can be reconstructed from
the spectral curve and ¥(7?). We call an immersion simple if it is
uniquely determined by these data. An example where this is not the
case is given in chapter 5.

As examples of for finite gap immersions we discuss the spectral
curves of CMC and constrained Willmore tori in S®. Following [H],
[PS] and [BoB]| we show that the spectral curves of CMC tori are hy-
perelliptic and by [B] the spectral curves of constrained Willmore tori
are either hyperelliptic or given by a 4—fold covering of CP!. We show
that if the spectral curve of a simple constrained Willmore torus is hy-
perelliptic then the torus is CMC in a space form under some further
restrictions. Further, we show that simple tori of spectral genus 1 are
equivariant. If the spectral genus is 2 we show that simple constrained
Willmore tori are either equivariant CMC in a space form.

In the fourth chapter we compute the spectral curve for an equi-
variant torus which are not necessarily constrained Willmore. It turns
out that a finite gap solution have a hyperelliptic spectral curve. This
spectral curve has two symmetries which yield reality conditions for
the conformal Hopf differential of the torus. In analogy to equivari-
ant harmonic tori into the 2—sphere it has been conjectured that all
equivariant constrained Willmore tori have spectral genus 1, since the
known examples are given in terms of elliptic functions. We show that
this is not true. Rather, all equivariant and conformally immersed tori
of spectral genus 1 are CMC in some 3—dimensional space form. More-
over they are associated to a Delaunay cylinder which is a surface of
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revolution having constant mean curvature in a space form. Further-
more we show that constrained Willmore Hopf tori, which have never
constant mean curvature unless they are homogenous, have spectral
genus 2. In fact all equivariant and conformally immersed tori with
spectral genus 2 are constrained Willmore, if they are non-isothermic.
These tori lie all in the associated family of constrained Willmore Hopf
cylinders. All other equivariant and constrained Willmore tori have
spectral genus 3.

The last chapter deals with the construction of constrained elastic
curves in S? and H? with periodic curvatures. Closed curves in H?
and S? yield tori of revolution and Hopf tori, respectively. The Euler-
Lagrange equation for constrained Willmore tori reduces to the Euler-
Lagrange equation for constrained elastic curves. As shown in chapter
4 all equivariant constrained Willmore tori of spectral genus < 2 are
associated to cylinders build out of these curves. If the curve closes
we obtain a torus. Thus we compute the closing condition for the
curves and the Willmore energy of the corresponding tori. We end
by showing that there exists generically a 1— dimensional space of
Whitham deformations, i.e., deformations changing the spectral curve,
preserving these closing conditions.






CHAPTER 1

Basics

1. Quaternionic Theory

Quaternionic holomorphic theory was developed to investigate sur-
faces in S and S*. Here we collect some of the basic constructions
which are used in the thesis. We refer to [BuFLPP] for further read-

ing.

1.1. Quaternions. The Hamiltonian quaternions H are defined
as the unitary associative R-algebra generated by 1, ] and k with
iP=j=k*=-1
and 1) = —ji.
H can be canonically identified with R? as a real vector space. The
product on H is not commutative and every non-zero element has a

multiplicative inverse. Thus H is a skew-field and a 4— dimensional
Division algebra over R. An element a € H is given by

a=ag+ a1l + as] + ask, a; € R.

The real part of a is Re(a) = ay and the imaginary part is Im(a) =
aii + as] + ask. We define a := Re(a) — Im(a) to be the conjugate.
Then a = —a if and only if @ € ImH. The space of purely imaginary
quaternions ImH can be identified with IR3. The quaternions inherit
the standard metric from R*:

< a,b >gs= Re(ab).
Further, the quaternionic product restricted to ImH is given by
a-b=axb—<a,b>gs,
where ” x” is the vector product of R3. Thus the multiplication of a, b €

ImI is anti-commutative if and only if @ L b as vectors in R?.

After fixing an imaginary unit 4, with 2 = —1, the quaternions can
be identified with C?. Then H splits into the direct sum of two complex
vector spaces H = span{l,i} @ span{l,i}*. There is no canonical
choice of such a unit but a whole S? of such choices.

Lemma. Leta,b e H. Then
(1) a-b=b-a if and only if the imaginary parts of both are linearly
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6 I. BASICS

dependent, i.e. if a commutes with b then a € spang{1,b};
(ii) a®* = =1 if and only if |a|* = 1 and a € ImH.

Nevertheless, the vector spaces H and C? are usually identified
by choosing i to be the left multiplication with the quaternionic 1. We
obtain H = CaCj. If not explicitely stated we will fix this identification
of H and C? for the rest of the thesis. Another common way to identify
H with €2 is to let i be the right multiplication by i. Then we have
H=CeajC.

1.2. The Lie Group S3. Since H = R* the set of unit length
quaternions defines the 3—sphere. Let a € S® and consider the right
multiplication by a

R,:H—H, R,(x)=uxa.

Identifying H with C? there exist a1, a; € C with a = ay+asj. Then
the map R, : C? — C? induced by R, is given by the SU(2)—matrix

A= (Zl —aa2> with:
2 1
) T2

The map S® — SU(2) : a — A is a bijective group homomorphism.
The Lie algebra of SU(2) can be identified with ImH which is the
tangent space of S3 at 1. The Lie bracket for a, b € ImH is given by

[a,b] = 2a x b,

which is the anti-commuting part of the quaternionic product.

The well known fact that SU(2) is a double covering of SO(3)
translates into out setting as follows: for a € S® consider the map

Go: H — H, x> axa™'.
This R—linear map leaves ImIH invariant and is length preserving.
Thus gu|lmu is an element of SO(3). Conversely, every element of
SO(3) can be obtained this way. Therefore the map

m: 5% = SO(3),a+ g,
yields the 2 : 1 covering map from S? = SU(2) to SO(3).

1.3. Quaternionic Vector Spaces. A quaternionic vector space
V' is a 4n dimensional real vector space on which H acts from the righ-
tas scalar multiplication. Due to the lack of a canonical isomorphism
between H and C? it is advantageous to consider an additional com-
plex structure on V compatible with the quaternionic structure. This
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enables us to treat V as a complex vector space as well. In other words,
we fix J € Endg (V) such that J? = —Id and define

(x +iy)v:=ve+ (Ju)y, z,y€R.

The pair (V, J) is called a complex quaternionic vector space. Such
a vector space splits into the +i— eigenspaces of J as every element
v € V can be written as v = (v — Joi) + 3(v + Jui). Obviously the
first term is an element of the 1— eigenspace and the second term an

element of the (—1)— eigenspace of J. Thus we have V =V, & V_ with
Vi={veV|Jv=vi} and V_={veV|Jv=—uvi}.

These eigenspaces are complex vector spaces with respect to J and
right multiplication of j defines an complex isomorphism between V
and V_.

Remark. This splitting of complex quaternionic vector spaces gen-
eralizes the splitting of H = C @& Cj by choosing J to be the left mul-
tiplication with the quaternionic 1.

1.4. The Quaternionic Projective Space. The n—dimensional
quaternionic projective space HP" is defined, analogously to the real or
complex case, to be the space of quaternionic lines in the quaternionic
vector space H" ™. For surface theory in S* the only interesting case is
n = 1. Therefore we restrict ourselves to HHP! here. The general case
works analogously.

The space HP! is defined to be the space of quaternionic lines in
H?. We have a canonical projection

7 :H*\ {0} = HP', 2+ [2] = zH.

The manifold structure is given by affine coordinates for HP! de-
fined on the open sets U; = HP'\ {[1,0]} and Uy, = HP'\ {[0,1]}. On
these open sets we define diffeomorphisms

g1 : Uy — H:[z,9] = ay !

and

g2 Uy = H: o, y] = yz =t

The transition function gy o g; ' is given by o — 271

It is easy to show that HP! is diffeomorphic to S*. Let < .,. >
denote the standard hermitian metric on H? = C*. At any point x €
M2\ {0} we denote by (v)V the projection of v € H? to (xH)*. Let
v,w € H% Then the Fubini-Study metric of HP' at a point [z] € HP*
is given by

< dym(v), dpm(w) >ppr= $Re(< ()N, (w)N >).
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With respect to this metric HP! has constant curvature 4 and is iso-
metric to the round S*.

We need to have a nice description of the tangent space T;HP'.
It is easy to show that ker(d,m)= lH, x € [ and d,\w(v\) = d,7(v).
Therefore we have a isomorphism

d,m: 12/l - TTHP', | =n(x).

This isomorphism depends on the choice of x. To eliminate this depen-
dence consider the space Hom(l, H*/I). An element of this space F' €
Hom(l,H?/1) is fully determined by its valued at an arbitrary x € [.
Thus Hom(/,H?/I) is isomorphic to H?/I and the isomorphism

Hom(l, H?/l) — T{HP', F + d m(F(z))

is well defined and independent of the choice of z € [.

1.5. Quaternionic Line Bundles.

Definition. A quaternionic vector bundle V' of rank n is a real
vector bundle of rank 4n together with a fiber- preserving action of H
from the right such that the fibers become quaternionic vector spaces.

A complex quaternionic vector bundle is a pair (V, J) consisting of a
quaternionic vector bundle and a complex structure J on V, compatible
with the quaternionic structure, i.e., J € I'(Endg(V)), with J? = —Id.

Remark. The fibers of any complex quaternionic vector bundle V'
are complex quaternionic vector spaces. Thus V' decomposes into the
direct sum of two complex vector bundles

Vi={veV|Jv=wi} and V_ = {v € V|Jv = —vi}.

Though Endy (V) is not a quaternionic vector bundle itself, it is still
a real vector bundle and can be decomposed into two complex vector
bundles given by the J—linear and the J—anti-linear endomorphisms.
We denote these by End (V) and End_(V'), respectively.

We restrict ourselves now to quaternionic line bundles. The first
observation is:

Lemma. Let L be a quaternionic line bundle over a Riemann Sur-
face. Then it is isomorphic to the trivial H—bundle.

PRroOOF. By the transversality theorem there exist a section which
intersects the zero-section transversally. As the dimension of the total
space is 6, the codimension of any section is 4. Thus a transverse section
cannot intersect the zero section at all. But then it is a trivializing
section of the line bundle. O
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1.6. Conformal Immersions into S°.

Lemma. Let M be a Riemann surface. Then there exist a one-to-
one correspondence between quaternionic line subbundles
LCV:=MxH? and maps f : M — HP' = 54,

PROOF. Let T := {(z,l)|l € HP' and x € [} be the tautological
bundle of HP!. To any f : M — HP! one can assign the line bundle
f*T C V. Conversely, to a line bundle L C M x H? define the map f
by f(z) = L, € HP. O

Instead of dealing with maps f : M — S3, we consider quaternionic
line bundles. Since the target space of the maps we are interested in
is S C H, f(x) € Uy = HP'\ [1,0], for all x € M. This yields that a
trivializing section of L is given by z € M — (f(x),1) € (f*T)..

The more convenient line bundle for our proposes is the quotient
bundle V/L. The fiber of this bundle is pointwise defined to be the
quotient of H? by L,. Let 7, denote the projection from V to V/L. For
maps into S? the sections given by 7 (1,0) and 7.(0,1) are trivializing
sections of V/L. Moreover the map f can be reconstructed as the
quotient of these sections since

7TL(17 O)f + WL(Ov 1) = 7.‘-L(fv 1) = 0.

A related bundle to V/L is the dual bundle L™!. Let a and 8 be
the dual basis of the constant sections (1,0) and (0,1) of V. Then
the restriction of o and 3 to L are sections in L~!. If f maps to S3,
then both sections « and [ are non-vanishing. Further we have in

this case that L™! is isomorphic to V/L. The isomorphism is given by
a— mr(1,0).

For ¢ € T(L) we have dy : T(M) — H? Let 7 denote the pro-
jection from V to V/L. Then 71 (di) is a map from T'(M) to THP?.
Further for A : M — H we get

TL(d(YA)) = 7L ((d)A + P (dN)) = mr(di)A.
Thus the map 1) — 7w (dv) is tensorial and we can define the following:

Definition. Let f : M — S3, L the associated line bundle and
¢ € T'(L) a trivializing section. The differential § of L is the element
of Q'Hom(L,V/L) given by v + §()) = 71,(dvp) for ¢ € T'(L).

By definition the map f : M — HP?! corresponding to the line
bundle L is immersed, i.e., df is injective, if and only if § is injective.

Since we want to study conformal immersions from 72 to S3, we
give a quaternionic definition of conformality, see [BuFLPP]. This
definition is shown to coincide with the usual one in case of immersions.
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1.7. Definition. Let (M, J) be a Riemann surface. A map
f : M — H is conformal, if there exists N,R : M — ImH with
N? = R? = —1 such that

df o J = xdf = Ndf = —dfR.

Remark. If f is an immersion, i.e., df is injective at every point,
it is sufficient to claim the existence of either N or R. If furthermore
the target space of f is SU(2) = S® = {v € H||v|> = 1} then N and R
are the right and left translation of the normal vector of f to the Lie
algebra of S?, which is ImH.

The following lemma shows that conformal maps in the quaternionic
setup are well-defined.

1.8. Lemma. (Fundamental Lemma)
Let U C H be a real subspace of dimension 2. Then there exist
N, R € H such that

1. N?=R?=-1,
2. NU=U =UR,
3. U={xeH/N2R=uzx}.

The pair (N, R) is unique up to sign and there is only one such pair
compatible to a fixed orientation of U. For any pair N and R the sets
U:={recHNzR=2}, U-={zcH|NzR=—z}

are orthogonal real subspaces of dimension 2.

The proof of the lemma can be found in [BuFLPP).

Remark. Let (M, J) be a Riemann surface and f : M — H be
a conformal immersion with normal vectors N and R. Further let
2z = x + iy be a conformal coordinate on M. Then we have locally

df = Mz + NA\dy = \dx — \Rdy,

for a quaternionic valued function . This yields N = df (JX)df (X)™*,
for all X € I'(T'M)

A more common way to define a conformal immersion is to require
f to be angle preserving, i.e.,

|df (X)|? = |df (JX)|? and < df(X),df (JX) >ga=0, for X € I'(TM).
Since the tangent space of f is real 2—dimensional at every point, there
is a N € ImH with N? = —1 such that the left multiplication with N
preserves the tangent space. We have
< df(X), Ndf(X) >ps = Re(df (X)NF(X)) = [df (X)[2Re(N) = 0
and  |df (X)| = [N||df (X)| = [Ndf (X)].
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Thus Ndf(X) = +df(JX) = £« df(X) and both definitions for con-
formal immersion coincides.

1.9. Quaternionic Holomorphic Structures. Let M be a Rie-
mann surface and let K and K be its canonical and anti-canonical
bundle. Further let V' be a complex quaternionic vector bundle over
M with complex structure J. Define

KV :i=K®cV ={weQ(B)*w=Juw},
KV i=K@cV={wecQ (V) *xw=—Jw}.

1.10. Definition. A quaternionic linear map D : I'(V) — TI'(K'V)
is called a holomorphic structure, if for all ¢» € T'(V) and A : M — H
we have

D(YN) = (DY) - A+ %(@Z)d)\ + Tk dN).

Example. Let (L, J) be a complex quaternionic line bundle, and
let ¢ € T'(L) be a nowhere vanishing section. Then every other section
@ of L is given by ¢ = ¥\ for a quaternionic valued function A. Via
Leibniz rule the holomorphic structure is uniquely determined by its
value for . Thus there exist a unique holomorphic structure on L for
which v is holomorphic. In particular we obtain a unique holomor-
phic structure on V/L for which the sections 77(1,0) and 7. ([0, 1) are
holomorphic, if f is conformal. Analogously for the bundle L.

Unlike the complex case a holomorphic structure on E does not
commute with the complex structure J on E in general. We get rather
a decomposition into a J—linear and a J—anti linear part which we
denote by 0 = 1(D — JDJ) and Q = $(D + JDJ). In contrast to 0,
the Hopf field @ is not a first order differential operator but a section
in KEnd_(L) and is called the Hopf field of D.

Let (L,J) be a complex quaternionic line bundle. Because quater-
nionic line bundles are always trivial, there exist a non vanishing section
1 € I'(L). Then there exist a unique quaternionic holomorphic struc-
ture D such that v is holomorphic. As L has rank 1, there exists a
quaternionic valued function N with Ji = ¥ N with N? = —1. The
Hopf field @ is tensorial thus it is fully determined by the value of
Q(v). And we obtain

4Q() =2(D + JDJ)(¢) = 2JDJ(¢)
(1.10.1) =2JD(¥N) = 2J(¢YdN)"
= 2(YNdAN)" = (NdN + =dN).

Analogously to holomorphic structures we can define an anti-holomor-
phic structure for complex quaternionic vector bundles.
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1.11. Definition. A quaternionic linear map D : T'(V) — T'(K'V)
is called an anti-holomorphic structure, if for all ¢ € I'(V) and A :
M — H we have

D(A) = (D) - A+ %(W TN,

Like holomorphic structures an anti-holomorphic structure splits
into the J—commuting part 0 and the J—anti-commuting part A.
Again A is tensorial and is called Hopf field of D.

Example. Let (V,J) be a complex quaternionic vector bundle,
and V be a connection on V. Then V splits into V = V' + V”, where
V" = 2(V + J V) is a holomorphic structure and V' = £(V — J x V)
is an anti-holomorphic structure on V.

1.12. The Mean Curvature Sphere Congruence. For a sur-
face f : M — S* the conformal Gaufl map or mean curvature sphere
congruence assigns to every point x € M the unique 2—sphere through
f(x) with the same tangent space at f(x) and the same mean curva-
ture vector there. We want to define the conformal Gaufl map in the
quaternionic setting. The first step is to identify the space of 2—spheres
in $* = HP!. Let

Z:={S € End H?5? = —1},
and for a fixed S € Z let
S :={l € HP'|Sl = l}.

Lemma. (1) For a given S € Z the set S’ is a 2-sphere in S*,
i.e., it corresponds to a real 2-plane in H = R* in a suitable
affine coordinate.

(2) Given a 2-sphere A in S* there exist a S € Z, unique up to
sign, such that the corresponding S’ equals A.
(3) Z is the set of oriented 2-spheres in S*.

Next we want to define the conformal Gaufl map for a conformal
immersion f: M — S* Let L C M x H? be the corresponding quater-
nionic line bundle. By the previous lemma the conformal Gaufl map
of f is equivalent to the choice of a special complex structure S on
V = M x H2. Further let V be the trivial connection on V. Then we
can define a holomorphic structure on V' with respect to S by D = V",
and like in the last section we denote by ) the corresponding Hopf
field, i.e., the S—anti-commuting part of D.

Theorem. Let f be a conformal immersion into S* and let L C V
be the quaternionic line bundle associated to f. Then there exists a
unique complex structure S : M — End(H?) on the bundle V' such that

SLCL, dSLCL, Q|,=0.
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Remark. It is easy to show that the first property says that at
each point x € M the sphere S, goes through L,, the second means
that the tangent space of the sphere S, and the surface coincides at
f(z), and the third property ensures that both sphere and surface have
the same mean curvature there.

Since S is a complex structure on V', the trivial connection V of
(V,S) splits into V = V' + V", where V' is an anti-holomorphic struc-
ture and V” is a holomorphic structure on V. The S anti-commuting
parts of V' and V", i.e., the Hopf fields of V, are denoted by A and @,
respectively. We can express A and () in terms of S.

1.13. Lemma. The Hopf fields A and QQ are given by
4A = SdS + xdS and 4Q = SdS — xdS.

PROOF. We have 2V/ = V — JxV and 2V” = V + J x V. Let
Y : M — H?. Then (VS)1 is given by

(VS =V (S¢) — SV (¥)
=0+ A)SY + (04 Q)SY + SO+ Ay + S(0+ Q)
= ASY 4+ QS — SAY — SQu
= -25(A+Q)¥
= 2(+Q — + A}
Thus we obtain
SdS =2(A+ Q) and xdS=2(A-Q).

This proves the statement.
O

To a given conformal immersion in S® C H we can associate two
quaternionic line bundles L and V/L. As already discussed in section
(1.5) we have that (f,1) is a trivializing section of L and 7(1,0) and
71(0, 1) are both trivializing sections for V//L. In V/L the original map
can be reconstructed as the ratio of these trivializing sections. Fur-
thermore the constant sections (1,0) and (0,1) of V' are parallel with
respect to the trivial connection V on V. To L there exist a canonical
complex structure S on V given by its mean curvature sphere con-
gruence. Because SL C L and dSL C L the projection of S to V/L,
denoted by J = 7S, is well defined and is a complex structure on V/L.
Thus the holomorphic structure on V/L given by Dy, = 7, V" is also
well defined. With respect to Dy, the quaternionic linear independent
sections 71 (1,0) and 7. (0,1) are holomorphic. It turns out that the
dimension of the space of holomorphic sections of Dy, which is at
least 2, is an important invariant of f.
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In the coordinates V' = spany{(f,1),(1,0)} the mean curvature
sphere congruence S is computed to be

(1.13.1) S = (_OR }][Vf) :

where H is the mean curvature function and N and R are the left and
the right normal vectors of the surface. Thus we obtain on V/L that

S7r(1,0) = 7w (1,0)N and the formula in (1.10.1]) gives:
(1.13.2) Qmi(1,0) = (1, 0)(NdN + *dN).
1.14. Surfaces in S%. Let (.,.) be the indefinite inner product on
V = H? given by
(v, W) 1= Vyws + Vawy.

Then the set of isotropic lines (I,1) = 0 defines a S C HP!. The
1—anti-commuting part of this inner product defines a symplectic struc-
ture on C* = H2. Given the basis (1,0) and (0, 1) of H? and an endo-

morphism B = (CCL d>’ its adjoint map with respect to (.,.) is given

. [d
byB—é

QI SN
~

Since (.,.) is non-degenerated it defines a isomorphism between V'
and V*. For an immersion f : M — S3 let L+ C V* denote the anni-
hilator bundle of L, i.e., (L, L*) = 0. Obviously L+ = L for surfaces in
S3. Further the following lemma holds.

Lemma. Let St denote the mean curvature sphere congruence of

L+. Then S+ = 5*.

Proposition. Let L C V = M xTH? be a quaternionic line bundle.
The corresponding map is a surface in S if and only if S* = S.

The proof can be found in [BuFLPP]

1.15. Proposition. For surfaces in S® we have the following for-
mulas for the Hopf fields

A*=—-Q and QF=-—A.
Proor. By Lemma we have
4A* = (8dS + *dS)*.
Since S = S* for maps into S*, we obtain
4A* =dSS + *dS = =SdS + xdS = —Q).
Then the equation (A*)* = A yields Q* = —A. O
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1.16. The Weierstrass Representation.

1.17. Definition. Let (L, J) and (L, J) be complex quaternionic
line bundles over a Riemann surface M. A pairing between these bun-
dles is a R—linear and point wise non-degenerate map

(,.):LxL—T'MegH

satisfying
(YA, o) = A1, @)p

and

(Y, 0) = (JY,0) = (¥, J),

for sections ¢ € I'(L), ¢ € I'(L) and quaternionic valued functions A
and .

If such a map exist, then the bundles are called paired. Obviously,
the pairing does depend on the order of the bundles appearing in the
definition.

Example. Let (L, J) be a complex quaternionic line bundle. Then
L and the bundle K L' with the induced complex structure are paired
by evaluation, i.e.,

(L) KL'X LT MerH, (wv)=uw().

1.18. Proposition. Let L and L be paired complex quaternionic
line bundles. Then L = KLt as complex quaternionic line bundles.

PROOF. Let (.,.) denote the pairing between L and L. The map
i:L— KL p—(p.)is a well defined isomorphism. O

1.19. Definition. Let L and L be two paired complex quater-
nionic bundles with holomorphic structures D and D. The holomorphic
structures are called compatible with respect to the pairing (., .), if the

following equation holds for all sections ¢ € I'(L) and ¢ € T'(L).

d(¢,¥) = (Dp AY) + (¢ A D).

Here d denotes the exterior derivative, and the wedge products are
defined as follows:

(Dp A)(X,Y) = (Dp(X), 0)(Y) = (Dp(Y), ¥)(X)
(e A DY)(X,Y) = (@, DP(X))(Y) = (¢, Dip(Y))(X).

1.20. Lemma. Let KL™' and L be complex quaternionic vector
bundles and Let D be a holomorphic structure on L. Then there is a
unique holomorphic structure D on KL such that the holomorphic
structures are compatible with respect to the pairing.
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PROOF. Let ¢ and ¢ be trivializing sections in K L= and L, re-
spectively. The holomorphic structures D and D are compatible if and
only if
(1.20.1) (Do A ) = d(p, ) — ¢ A D,

Since KK = A%(M, C) by dz®dz — dzZAdz we have DoAYy = (D, 1)),
where we evaluate the L™! part of Dy at 1. By formula (11.20.1]) and

by linearity Dgo is fully determined by the value (D¢, ). Thus D is
unique. U

1.21. Theorem. Weierstrass Representation
Let M be a Riemann surface and f : M — H be a conformal immersion.
Then there are paired holomorphic bundles K L1 and L with pairing
(.,.) and compatible holomorphic structures D an D, such that there
are holomorphic sections p € T'(KL™) and 1 € T(L) with

(o, ¢) = df.
This equation is called the Weierstrass representation of f. The bundles

and sections are unique up to isomophisms of the bundles as holomor-
phic quaternionic line bundles.

ProoOF. We proof the existence of such a representation first. Let
f+ M — H be a conformal immersion. Consider the associated line
bundle L = f*T, where T is the tautological bundle of HP!. A trivi-
alizing section of L is given by ¢ = (f,1). The vectors (1,0) and (0, 1)
are a basis of H%2. Let o, 8 be the corresponding dual basis. The
restriction of o and 3 on L defines sections on the dual bundle L.
We denotes these sections by ay, and §;, € T'(L™!). We want to show
that the sections ¢ := Brdf € I'(KL™') and v := (f,1) € I'(L) are
holomorphic sections. Obviously we have

(p,9) = df.

Since v is nowhere vanishing, it defines a holomorphic structure on

L by

Dy = 0.
We have to prove that ¢ = Brdf is a holomorphic section of KL™"
with respect to the induced holomorphic structure D given by Lemma

(L-20). Since 8.(¢)) =1, and Dy = 0 we get
0= d(df) = d(Bu(df),¥) = (Do A¥)
thus Dy = 0.

Let S denote the conformal Gaufl map of f. Then S induces a complex
structure S on KL~. We have

(S(BLdf), ) = #df = Ndf = (—=(BLdf)N,¢) = (B * df, ).
This shows that 3rdf € T(KL™).
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To proof the uniqueness up to isomorphisms let L and KL be
other bundles satlsfymg the conditions above, i.e., there are holomor-
phic sections ¢ € KL and w e L with

(¢,9) = df.

Let D be the holomorphic structure on L. Since f is an immersion and
¥ is a trivializing section of L, we express any section h in I'(L) as
h =\, where X is a quaternionic function. Define a linear map

I:T(L) = T(L),h =X s PA.

Obviously I is a quaternionic linear isomorphism. The complex struc-
tures on L and L are given by the conformal Gaufl map S. Thus we
have

Sip=—pR and St = —9R

and [ is compatible with the complex structures. It remains to show
that I commutes with the holomorphic structures. This follows by

I(Dh) = I((¢dA)") = (dA)" = D(I(h)).
O

1.22. Corollary. Let f be a conformal immersion of a Riemann
surface into S® then the paired bundles KL~' and L are isomorphic as
holomorphic bundles.

PROOF. According to the theorem above, there are bundles K L~!,
L and sections ¢ € T(KL™!') and ¢ € T'(L) with (¢, 1) = df, such that
the bundles and sections are unique up to isomorphism. For ¢ := ¢f
we obtain (p,1) = fdf. Further let ¢ = 1 f. The map —(.,.) defines
also a pairing between KL~! and L. Since f maps into S3 we get
fdf = —fdf. Thus

By uniqueness the bundles L and KL~! are isomorphic. Under
this isomorphism the holomorphic section ¢ of L is mapped to the
holomorphic section ¢ of KL™!. Thus the holomorphic structure of
K L7! induced by the isomorphism is not the one compatible with the
pairing (., .). O

1.23. Corollary. Let f: M — S? and let L be the corresponding
quaternionic line bundle. We can split L into the +1 eigenspaces of the
mean curvature sphere congruence S, i.e.,

L=E® Ej

for a complex line bundle E over M. Then E is a spin bundle of M.
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PRroor. For surfaces in S the bundles L and K L~! are holomor-
phic isomorphic. The section v is mapped to ¢ = ¢ f by this isomor-
phism. By construction

SY=—yYR and Sp=—-¢R

Therefore the splittings of L and K L~! into complex bundles are com-
patible. Since KL™! = KE'® KE! we get KE~! = E as complex
holomorphic bundles. And because W~ ® W = C, this yields K = E>
as complex holomorphic line bundles. U

1.24. Corollary. Let f : M — S3, V/L the corresponding quotient
bundle and let 7y, denote the projection from V to V//L. Again we can
split V/L = E & Ej, where E is the i—eigenspace of the the complex
structure J = w1, S, induced by the conformal Gauff map. Then E~! is
a spin bundle of M.

PROOF. For surfaces in S3 the bundles V/L and L' are isomor-
phic as holomorphic line bundles. The isomorphism is determined by
mapping the nowhere vanishing holomorphic section 77 (1,0) of V/L
to the nowhere vanishing holomorphic section o of L™!. The statement

follows then from Corollary ((1.23). O

2. The Lightcone Model

Another tool to study conformal maps into S™ uses the lightcone
model of the conformal S™. The following is taken from [BuPP] and
[B2].

Consider R™"1! together with the Lorenz inner product

n+1
<w,w >= —wg +Zwi2.
i=1
The lightcone in R™™! is defined to be £ := {w | < w,w >= 0}. We
obtain a conformal diffeomorphism between the conformal S™ and the
projectivized lightcone P(L) by

zeS"—[(1,z) e P(L).
The group of Mobius transformations of S™ is then given by the iden-

tity component of O(n + 1,1), acting isometrically on R"™! where
+ denotes the component of O(n+1, 1) preserving the future lightcone.

All n—dimensional space forms can be obtained by a similar con-
struction, namely as intersections of £ with some hyperplane in R*11,
Take a nonzero wy, € R"t! and define

Swy = {w € L| < w,wy > +1 = 0}.

The metric which S, inherits from R™"! can be computed to be pos-
itive definite and of constant curvature — < wg, wy >. For the round



2. THE LIGHTCONE MODEL 19

n—sphere choose wy with — < wq, wg >= 1. In the following we denote
this vector by eg.

We want to derive the conformal invariants of a surface in S* which
determine it up to conformal transformations. For this we want to de-
fine the mean curvature sphere congruence in this set up. As in the
quaternionic case this is a map which assigns to every point of the
surface the unique oriented 2—sphere through that point with com-
mon tangent space and mean curvature vector. The space of round
m—spheres in the lightcone model of S™ is given by all possible decom-
positions of the form

RnJrl,l =W oy WJ_,

where W is a m—dimensional subspace of R"*"! such that W+ is
spacelike. The m—dimensional sphere is then obtained by S., N W.

2.1. Lemma. The mean curvature vector of the m—sphere
Seo MW at a point w € Se, "W is

1 11
Hy = —eg— < ey,eq > w,

where w = w? +wt denotes the decomposition of a vector with respect
to W@ W+,

PROOF. The mean curvature vector of a submanifold M is defined
to be the trace of second fundamental form:

II(X,Y) = (VxY)',

where XY are tangential vector fields of M and V is the Levi-Civita
connection of the ambient space. The tangent space of S., at z is
Ty, Se, = span{xg, eo}+ and the Levi- Civita connection on S, is given
by

VxY =dxY+ < de, T > e+ < de, €y > T,

where g = eg + % < ep, €9 > To. The tangent and normal bundle of the
manifold M = S,, "W are

TooM =Ty Sey "W,  NyyM = Ty Se, N W

Now we take a orthonormal basis X1, ..., X,, of T, M and extend the
basis to tangential vector fields on M by

X; =X+ < Xi,z > w(z)+ < X;,w(z) > x,
with w(z) = el + 1 < el , el > z. Then
dXiXi = €g+ < Gg, Gg > X,
and thus using the formula for the Levi-Civita connection we get
Vi, Xilw = —€g— < ey, eq > w,

which is independent of 7. U
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Now consider a conformal immersion f: M — S from a Riemann
surface M into the round 52, i.e., we choose wy, = ey and n = 3. Like
in the quaternionic case we can associate a line subbundle

LCcMxR" =V, L,=Rf(z)

to f. Again we have ¢ = (1, f) as trivializing section of L, which is
called the Euclidean lift of f. Any other trivializing section is given by
e\, with A : M — R\ {0}. The change of the induced metric caused
by the multiplication with A can be computed to be |dp))|? = |dp|? 2.
Thus one can always choose a scaling of ¢ with

|d|* = |dz|?,
where z is a holomorphic coordinate on M. This section is given by

¥ = e (1, f) and is called the normalized lift of f, where €?" is the
conformal factor of f.

Lemma. Let f: M — S be a conformal immersion and let p =
(1, f) be its Euclidean lift. The mean curvature sphere congruence at
x € M is the 2—sphere associated to the 4—dimensional Minkowski
space W, C R*! given by

Wz - Sp&ﬂ{g&(l’)? dQOI, szz(x)}

PrROOF. First, at every point € M the vector space W, is a 4—
dimensional Minkowski space since

< 9(x), pz(7) >= — < p.(x), pz(x) > < 0.

Therefore S., N W, defines a 2— sphere. Secondly, the tangent spaces
of the immersion and the sphere obviously coincides. It remains to
show that also the mean curvature vector at p coincides. The mean
curvature of W is given by the formula . A short computation
shows e& = ey — ap — bps,, with a = H? — 3 and b = 2e~2*. Using the
formula for the Levi-Civita connection, the mean curvature vector of
the immersion is

H=2e M0z, + 267" <z, > €+ 2677 <z, 80 > .
Then the equalities

< P p >= = <z, 0, >= —ze
< Pz, €0 >=< P2z, €0 — %QO >= }162”
yield
H =20z — e+,
which is exactly the mean curvature vector of W. 0

It is obvious that W is independent of all choices (lift and holomor-
phic coordinate) and is thus a conformal invariant.
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We denote by W+ the orthogonal complement of W in V. The
bundle W+ is called the Mébius normal bundle. By definition the
metric restricted to it is positive definite. The connection D on W+
given by the orthogonal projection of the trivial connection on V is
called the normal connection. For surfaces in S C R* the metrical
normal bundle L is trivial. The isomorphism between this normal
bundle and the Mobius normal bundle W+ is given by

(2.1.1) nely = <H,n>p+(0,n)=necW

The section n has constant length 1 and gives trivialization of the bun-
dle W+.

In order to facilitate calculations we complexify V' and choose an-
other basis for Wg := W ® C. Let ¢ be the normalized lift of f. Then
there is a unique section ¢ € I'(W¢) with

< >=0, <¥,¥>=-1, <, dp >=0.

Further (¢, 1., Y3, 0, n) is a frame for V @ C, to which we always refer
to in the following. Since 1), is orthogonal to 1, 1, and 5, there exist
complex functions ¢ and ¢ with

(2.1.2) Vos + 51 = i

This is an inhomogenous Hill’s equation and the quantities ¢ and ¢ are
Mobius invariants of the immersion f, which are called the Schwarzian
derivative and the conformal Hopf differential, respectively. In fact
they build a full set of invariants, i.e., two immersions having the same
¢ and ¢ are Mobius equivalent, see [BuPP].

In the case at hand the Schwarzian derivative and the conformal
Hopf differential are complex valued functions. Given two such func-
tions one can ask whether there exist a surface in S® with these in-
variants. In order to get a surface we need integrability conditions for
¢ and ¢, the so called Gaufl—Codazzi equations. The frame equations
are

C

wzz = _51/} + qﬁ

1 -

), = —2|Q|2 — s+ 2q.
N, = 2q:¢ — 2qz.
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The GauB-Codazzi equations are then obtained as the commutativity
of the second derivatives of the frame. We obtain

Cz = 4|Q|2 + 2@2(] - QQQZ

c
I (22 —>:0
m\q +2q

In particular, if ¢ only depends on 1 parameter, then ¢ also only depends

one one parameter. We can express these Mobius geometric invariants

also in terms of the metrical ones. The isomorphism in (2.1.1)) gives
gh = Hqp + (0,qn),

where H is the mean curvature function of the surface. The induced
metric of the immersion is:

|df|* = e*|dz*.

Further, the normalized lift is defined to be ¢ = (1, f)e™". Inserting all
this into (2.1.2), we get

(2.1.3) g=1I(&, &L)e™
(2.1.4) c=< H,II (£, £) > +u.. — (u.)”.

Theorem. Let U C C be a simply connected open set, and let ¢
and q be two functions on U satisfying the Gauf$-Codazzi equations for
surfaces in S®. Then there exist a conformal immersion f : U — S3,
unique up to Mobius transformations of S, with Schwarzian derivative
¢ and conformal Hopf differential q.

3. Weierstrass Elliptic Functions

We state in the following the properties of the Weierstrass elliptic
functions needed in chapter V. For further reading we refer to [AS],
where all the proofs can be found.

The Weierstrass elliptic functions are made to investigate all holo-
morphic maps from a torus into CP!. It is well known that every com-
pact Riemann surface of genus 1 is biholomorphic to a flat torus, i.e., to
C/T', where I' := {2nw; + 2mws| 2wy, 2wy € C real linear independent }
is a lattice in €. Without loss of generality one can always fix 2w; to
be real. The Weierstrass p—function on a torus C/I" is a special holo-
morphic map of degree 2 to CP! = C U {oo}. Explicitly it is defined
as:

1 1 1
p(z> -2 + Z ((z+m2w1+n2w2)2 B (m2w1+n2w2)2) ’
(m,n)€Z>\{(0,0)}

The ¢ function is even, holomorphic and doubly periodic, i.e., well de-
fined on the torus. The only pole is at z = 0 mod I" with order 2. It
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can be shown that all holomorphic maps from the torus to CU {oco} is
rational in p and its derivative ¢’

The Weierstrass p-function satisfies a differential equation that re-
alizes every conformal torus as an elliptic curve. Let C/I" be a torus
and I' the lattice generated by 2w; and 2w,. Define a polynomial of
degree 3 by P = 42® — gox — g3 with

go = 60 Z (2mwy + 2nw,)
(m,n)€Z2\{(0,0)}

and

g3 = 140 Z (2mw; + 2nw,)~°.
(m,n)€Z>\{(0,0)}

Then the Weierstrass p—function on C/I" satisfies
(3.0.5) (¢')* = Ps(p)-

If 2wy and 2wy are real linear independent, then the polynomial P;
has only simple roots. The constants g, and g3 are called the lat-
tice invariants of I'. The map z — (¢'(2), p(2)) is a group homomor-
phism between (C/T", +) and the elliptic curve F given by the equation
y* = Py(x). The elliptic involution z — —z is given in this picture by
(ZL’,y) = (I7 _y)'

On the other hand, given gy and g3 with g5 — 27¢3 # 0, the polyno-
mial P3 has only simple roots and there exist a lattice I' such that the
solution to the equation is a p-function on the torus C/I". We
are interested in the case where both lattice invariants are real. Then
all coefficients of the Taylor series of @ are real. Thus in addition to
the elliptic involution we get another symmetry of the curve

(3.0.6) 0(2) = p(2).

Other important invariants of the p-function are the half periods
w1 and wy and w3 = w; + wy of I'. Because the function ¢’ is odd and
periodic we get for the half periods

O (wi) = ' (—w; + 2w;) = —p'(w;) = 0.

Thus p(w;) are roots of Pj. For real lattice invariants g, and g3 the
3 roots of Py are either all real or we have a real root and a pair of
complex conjugate roots. Together with the symmetry given by
we obtain that the lattice I' is either rectangular or its double covering
is rectangular.

If T is rectangular then the polynomial P; has three real roots. We
denote them by ej,eo and e3. The roots of P3 are the branch points
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of the double covering defined by @. Without loss of generality we can
assume

e1 > e > €3,
with p(w;) = e;. Further, we can show w; € R, wy € iR and ws =

w1 4 wy for the half periods w;.

The case that only the double covering of C/I" is rectangular corre-
sponds to the case where P; has only one real and two complex conju-
gate roots. In this case we denote by w; the half period corresponding
to the real root of P;. For the other half periods we have: Wy = w3 and
wi = Wy + ws. In particular we obtain iw; = w; mod I'.

The set of z € € for which p(z) is real valued can be determined
with the two symmetries of g, i.e., the property that o is even and
with equation (3.0.6): if P3; has three real root we have that p(z) is
real valued if and only if z lies on the following lines:

R+T, iR+T, iR+w +I', R+ws+1T.

In the second case we have that p(z) is real if and only if 2 lies on
the lines R +I" and ‘R + 1T

For the proposes of the thesis it is necessary to consider two further
functions related to the p—function and some of their properties.

3.0.1. The Weierstrass (-Function. The Weierstrass (-function is
defined to be the function with

(' =—p and lir%C(z)z =1.

It is an odd function with a simple pole at z = 0 mod I". The ¢ function
is no longer periodic, rather one has

C(z + 2w;) = ((2) + 2n;,

where 7; 1= ((w;).

In the case of real lattice invariants g, and g3 all coefficients of the
power series representation of ¢ are real. Thus (|g is a real function
and in particular n; is real. Further, the following formulas are valid:

Waolh — Wi = %m’,
and for z +y + 2z =0,

(C(@) +Cy) +¢(2))* = p(2) + p(y) + p(2).
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3.0.2. The Weierstrass o— Function. The Weierstrass o—function
is given by a further logarithmic integration of the (-function. We
have

%/ = ( and 0(0) = 0.
All other zeros of ¢ lie in I'. Because ¢ has additive monodromy with
respect to I', the monodromy of ¢ is multiplicative is given by

o(z + 2w;) = —eZHEF g (2),






CHAPTER 1II

Equivariant Constrained Willmore Tori

4. The Willmore Energy

4.1. Definition. Let M be a compact surface and (5%, g) be a
3—dimensional sphere with some metric g. Further let f : M — (S3, g)
be an immersion. The Willmore energy of f is defined to be

W) = [ (@ + KA

where H is the mean curvature of f in (S%,g), K is the sectional cur-
vature of the tangent plane with respect to g and dA is volume form
for the induced metric f*g.

A conformal immersion f : M — (S3,g) is called Willmore, if it
is a critical point of the Willmore energy W under all variations by
immersions. A conformal immersion is called constrained Willmore, if
it is a critical point of W under conformal variations, sece [BoPetP]

and [KS].

Example. Minimal immersions are Willmore and constant mean
curvature (CMC) immerisons into a space form are constrained Will-
more.

An important property of the Willmore energy is its invariance un-
der conformal changes of the metric of the ambient space, see [W].
Note that not only the value of the functional is conformally invariant,
but the integrand itself is. Thus, it is reasonable to consider immer-
sions into (S3, g), where g lies in the conformal class of the round metric.

The physical interpretation of the Willmore energy is the bending
energy of the surface. In case g is the round metric on S® the Willmore
energy of f reduces to

W) = /M(H2 +1)dA.

Let k1 and k9 be the principal curvatures of f in the round S® and K
be its GauBian curvature. By GauB- Bonnet [,, KdA is a topological
invariant. We obtain

W(f) = /M (H? + 1)dA — /M Lk — ro)?dA + /M KdA.

27
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Thus restricted to a given topological type of M the Willmore func-
tional measures the roundness of the immersion.

For the rest of the thesis we restrict ourselves to the case where
M = T? is a 2—Torus. Since we want to consider constrained Will-
more tori, it is necessary to fix the conformal structure of the torus.
Every conformal torus is biholomorphic to the torus C/T", where I' C C
is a lattice. This lattice I' encodes the conformal structure of the torus.
Thus conformal variations are those variations preserving the genera-
tors of I'.

The Willmore conjecture states that the minimum of the Willmore
energy restricted to the class of immersed tori is attained at 272. Fur-
ther, if an immersion f has Willmore energy 272, then it is a Mdbius
transformation of the Clifford torus given by

fouips 2 [0,27] x [0,27] = S € €2, (¢, 0) — \%(ew,ew).
A related conjecture is the Lawson conjecture. It states that the
Clifford torus is the only embedded minimal torus in S®. Very recently

both conjectures were proven. The Willmore conjecture by Marquez
[MIN] and Neves and the Lawson conjecture by Brendle [Br].

Here a selection of important results towards the Willmore conjec-
ture: An estimate by Li and Yau |[LY] shows that the Willmore energy
of non embedded tori is > 8. Thus it is only necessary to confirm the
Willmore conjecture for embedded tori. Leon Simon [S] proved that
the minimum of the Willmore energy in the class of tori is attained and
that the minimizer is in fact a Willmore torus, i.e., it is a critical point
of the Willmore functional under all variations by immersions. Ros [R]
and Topping [T] have independently proven that tori with antipodal
symmetry obeys the Willmore conjecture.

More interesting for the integrable systems approach to the Will-
more conjecture is the quaternionic Pliicker formula proven in [BuFLPP].
It gives a lower bound for the Willmore energy depending on the dimen-
sion of the space of holomorphic sections of V/L, which is the quotient
bundle associated to the immersion, see chapter I. To a conformally im-
mersed torus of constant mean curvature we can associate a Riemann
surface, the spectral curve. As a corollary of the Pliicker formula we
get for CMC tori a lower bound for the Willmore energy depending on
the genus g of its spectral curve. Thus CMC tori with Willmore energy
below 87 have spectral genus at most 3. Embedded minimal tori have
spectral genus g < 6, since they have Willmore energy W < 167 by a
theorem of [CW].
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5. Equivariant Maps into the 3—sphere and Seifert Fiber
Spaces

We want to investigate conformal immersions f : 7% — S? into the
round sphere, which are simple enough to have an explicit description
but still provide interesting examples. In this context simple means to
have a 1—parameter family of symmetries.

Definition. A map f : T? — S? is called R—equivariant if there
exist group homomorphisms

M : R — Mob(S?),t = M,,
M : R — {conformal transformations of T2}, t — M,,

such that
foM,= Mo f, for all t.

Here Mob(S?) is the group of Mobiustransformations of S2.

5.1. Conformal Transformations of 72. The conformal trans-
formations of the torus 72 = C/I" is the subgroup of the conformal
transformations of C, compatible with the lattice. Conformal transfor-
mations of C are given by

M(z) = az + b, with a,b e C.

M is compatible with the lattice if and only if aI' = I'. We are
interested in 1—parameter groups of conformal transformations of 7.
The set of a € C with al’ = T is discrete, thus a must be constant for
every 1—parameter group. Further the map t — M, is by definition a
group homomorphism, i.e.,

M5+t = MS (¢] Mt

therefore we obtain a = 1 and b(t) = tby. Hence all possible 1—parameter
groups of conformal transformations of T2 are given by translations
along some line determined by a non zero by € C, i.e.,

Mt(Z) =z + tbo

There are two cases to distinguish. The first case is that we have
thy ¢ T for all t € R. Then the set {M,(0),# € R} is dense in C/T.
Equivariant tori with respect to such M are given by Mébius trans-
formations of a point in S3. Such tori are called homogenous tori and
are the product of two circles. We exclude this case from our further
considerations.

In the second case we have that there is a tg € R with ¢4y € I
Such 1—parameter groups are periodic. We get the following lemma.
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Lemma. Letty:= min {t € Ry \ 0|tz € I'} and let v, = to2o.
Then there exist a o € I' such that

spany(y1,72) = 1.

PROOF. Let w; and wy be the generators of the lattice I'. The lattice
vector 7, is then given by v; = kw; + lwsy, k,I € 7. Since tq is the
minimum ¢ such that tzy € I', we get 77, = tp2 is the lattice vector
with the smallest possible absolute value of this form. Therefore £
and [ are coprime and there exist a,b € 7Z with with ak + bl = 1. Let
Y9 := bw; — aws. Then we obtain w; = Iy, + avy; and wy = —kvys + by,
Hence spany {71, 72} = spany,{w;,ws} =T. O

We can rotate the whole picture by e such that e?z; € R. By
the lemma T is generated by v, = tpe’?2y € R and ;. That means we
can fix both zy = 1 and one generator of the lattice I' to be real at the
same time without loss of generality.

5.2. Periodic 1-Parameter groups of Mob(S?). Now we turn
to the Mobius transformations of S3. Let M be a periodic 1—parameter
group of conformal transformations of 72 and let f : 7% — S® be an
equivariant map with respect to M , i.e., there exist a 1—parameter
group M of Mobius transformations of S% such that

(5.2.1) foM=Mof.

Because we restrict ourselves to the case that M is periodic, every group
M satistying for some map f must also be periodic. It turns out
that for every such periodic 1—parameter group M of Mob(S?) there
exist a unique round metric on the conformal S® on which M acts via
isometries. Thus we can restrict ourselves to the case where f maps to
the round sphere.

Proposition. Let f : T? — S be an equivariant map and M be a
periodic 1—parameter group of conformal transformations of T?. Then
a 1—parameter group of Mobius transformations satisfying is
conjugate to the 1—parameter group M acting on a unique round S® C
R* = C? via isometries of the form:

imit
M, = (e 0 ei%) € S0(4),

with m,n € N and ged(m,n) = 1.

Remark. Conjugation in the proposition above is equivalent to a
Mobius transformation of the ambient space.

PROOF. A model of the conformal 3—sphere S is given by the
projectivized light cone in R*!, see Chapter 1. The group of M&bius
transformations of S? is known to be O(4,1);. A connected subgroup
of O(4,1); must lie in the identity component of the group. Thus we
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have in fact here a 1—parameter subgroup of SO(4,1). Because the
1—parameter family is periodic we have that the image of t — M, is
a compact subgroup of SO(4,1). It is well known that any compact
subgroup of SO(4,1) is conjugate to a subgroup of SO(4) which acts
on the round S% = S,, C eg+ eé =~ R* via isometries. Further we have
that SO(4) = SO(3) x SO(3)/{£Id}. Thus in a suitable basis of R*
we get two rotation blocks:

M; = (Rlo(t) Rf (t))‘

By identifying R* with C? we get that these rotations are given by
e’ j = 1,2. In order to have periodic orbits we need that a; € Q.
This proves the statement. Il

Definition. A map f : T? — 5% is a (m,n)—torus, if it is equi-

wmt
variant with respect to the 1—parameter subgroup M, = (60 eg”>

of Mob(S?) for m,n € N coprime.

Remark. Let f : T? 2 C/T — S® be a (m,n)—torus and 2z =
x +1iy be a holomorphic coordinate of T2. Identifying C? and H we get
that M, = e"1*(.)e">* with l; := ™3 and I, = ™5, where the terms
are multiplied as quaternions. Then we obtain

fla,y) = e F0,y)e'>.

Further, since T? = C/T', we can also consider f as a map from C
to S% which is additionally doubly periodic. For equivariant maps we
obtain two conditions. The first is that M has to be periodic and the
second is a periodicity condition on f(0,y).

5.3. Seifert Fibrations. In order to deal with equivariant tori, we
introduce the Seifert fiber spaces. For m,n € N corprime, we define
the following equivalence relation on S* C C2% Let z = (z1,29),w =
(’LU1,1U2) € S3cC @2, then

2 ~mn W < if there exist a ¢ such that z = (e"™wy, e wy).

Definition. The triple F':= (S%,S%/.,. ., Tmn), where 7, ,, maps
every point in S? to its equivalence class is a (m, n)-Seifert fiber space.

For every point in %/, we can always find a representative such
that the first coordinate is real, since

; n
(‘21|el(p) 22) Nm7n (‘Zl‘, elmSDZQ)

S?/ ... will be referred to as the base space or orbit space. It is a
regular manifold away from the points [(1,0)]~,,, and [(0,1)] If
mn > 1 both points are singular. For m = n = 1 the projection m ;
is the Hopf fibration. Thus the base space is the round sphere and has

~m,n*
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no singular points. In the case of m = 0,n = 1 we have that only
[(0,1)]~,,.. is singular, see [BW] for details.

5.4. Example. The two exceptional cases here provide the easiest
examples of equivariant tori.
In the first case m = n = 1 the torus is obtained as the preimage of
a closed curve on S? under the Hopf fibration. These tori are called
Hopf tori.

In the second case we have m = 1,n = 0 and M, is a rotation. The
torus can be constructed by the the rotation of a closed curve in the
open upper half plane, viewed as the hyperbolic plane, around the z—
axis.

Remark. [’ is a principal fiber bundle away from the singular
points. Let F* := F'\ {singularpoints}. We want to define a connec-
tion on F™* such that the curvature of F™* has a geometric meaning for
(m,n)—Tori. In order to do so we need a metric. It turns out that the
right choice of the metric is given by dividing the round metric on S3
by the fiber length. We denote this new metric by gy,».

Because we can always find a representative of the base space where
the first coordinate is real and non negative, we can parametrize the
orbit space by

® :[0,27] x [0,7/2] = S* C C?
®(0, ) = (cos(), e’ sin(y)),

Lemma. The round metric on S® induces a unique metric on the
base space such that wo, , s a Riemannian submersion. In the coor-
dinates given by the parametrization above this metric is given by
m2 3
- sin®(2¢p)

h20®

PROOF. It is shown in [BW] that the induced metric on the base
space given by

(I)*gsr’/Nm,n (Xv Y) = gs3 (q)*(X)N? CI)*(Y)N>7

P gssy.,, . = d6? + dy?.

where ()" denotes the component of the vector orthogonal to the fibers,
makes the projection m.,,, a Riemannian submersion. With basis
vector fields % and % and the fiber direction B given by

% = (—sin(p), ” cos(p))
& = (0,ie” sin(p))

B = \/Lﬁ(zm cos(), ine” sin(yp))

0

the formula for the metric can be obtained by a simple calculation. [J
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To abbreviate the calculations, we define h((zy, 20)) 1= m?|2|* +
n?|z|? to be the fiber length in the round metric. We divide the round
metric g on S3 by the fiber length at each point and obtain the new
metric g, , = % g. This metric lies in the conformal class of the round
metric. Since h is constant along the fibers, g, , induces a well defined
metric on 5%/ . We denote this metric also by g, = %953/~mn'
Furthermore, together with the fiber direction B the metric gy, defines
a connection on the principle fiber bundle F*. We want to compute
the curvature of this connection.

Lemma. For the connection 1—form w = g, (., B) of the princi-
pal fiber bundle F*, the curvature form is computed to be
2nm

vVho®

where ) is a real valued function and vol,, , is the volume form on the
base space of F' with respect to the metric gy, p.

Quoly, ,, = VOl s

PROOF. The connection is well-defined, since w only depends on
the point in the base space. The curvature of the connection is defined
to be dw, which can be computed using Cartan’s formula. With

S() =0
and
‘2
5 nsin®(y)
w(@)  hod
we get
o 9 o (9
dw(%, @) = @W(@)
_ nsin(2¢) N n(m? — n?)sin?(y) sin(2¢p)
~ hod® h2o @
_ nm?sin(2p)
 h2od
The volume form of the metric g, , is given by
m Gin(9
vol — 25022) g
h2 o ®
Therefore, we obtain
2nm

Quoly, ,, = dw = VOl .-

Vho®

Some other curvature functions will be needed in the following.
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5.5. Lemma. Let X be an arbitrary tangential vector field of the
base space. The sectional curvature K,,, of the plane given by X and
the fiber direction in S® is a function on the base space given by:

2,2
Ky = .
’ ho®
And the Gauffian curvature of metric g, on the base space is given
by

Ko = 6525 = (m* + 7).

The proof of the first statement uses the O’Neil formulas, which
relate the curvatures of the total space to the curvatures of the base
space of a fibration. The second statement is obtained by a straight
forward calculation.

5.6. Curves and Equivariant Tori.

Proposition. There exist an one-to-one correspondence between
closed curves in the base space of the (m,n)—Seifert fiber space and
(m, n)—equivariant tori.

PRrROOF. The preimage of every closed curve with respect to the
fibration 7, , is a (m,n)—torus. And the image of any (m,n)—torus
under 7, , is a closed curve in the base space. O

In every fiber bundle with a connection there exist to any curve
a horizontal lift to the total space (in general the lift is not closed).
Here we choose the connection given by w. By definition this means
that the tangent of the lift is orthogonal to the fiber direction B. For
a conformal parametrization, we still need that the derivatives in both
directions have the same length. The fibers are arclength parametrized
with respect to g, . Thus, by arclength parametrization of the curve
with respect to the metric g, ,, we get a conformal parametrization for
the torus. We thus have shown the following:

5.7. Lemma. Let l; := (m +n)/2, Iy := (m —n)/2 and let ¥
be an arclength parametrized closed curve on S/ ~, , with respect to
Gmn- Then there exist a curve v in S* with 5 = [y] such that the
(m, n)—equivariant torus given by

fla,y) = ey (y)e
1s conformally parametrized. The curve ~y s called the profile curve of

f

Remark. The horizontal lift of the curve 4 defines also a horizon-
tal lift of the frame of 4. The curvature of the lifted curve v in the
direction given by the horizontal lift of the normal vector of 7 is by def-
inition the curvature of the curve 4. This statement is valid for both
metrics ggs/~,, ,, and g, in the base space. Further the lifted curve
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has torsion in the fiber direction B, which becomes the binormal vector
of v.

We now show how the invariants of the (m, n)—torus are determined
by the invariants of the curve 4 and the fibration ,,,. The surface
in S has two conformal invariants which determine the surface up
to Mébius transformations, see section or [BuPP]. The first one
is the conformal Hopf differential. For a conformally parametrized
equivariant torus it is given by the function

u@)

Vh
The second one is the Schwarzian derivative c. In the equivariant case
¢ is determined by ¢ up to a integration constant by the Gau3-Codazzi
equations. Thus we will only consider ¢ in the following.

5.8. Proposition. The conformal Hopf differential q of a (m,n)—
equivariant torus is given by

1

where Ky, , 1s the curvature of its profile curve v with respect to G p
and Q is the curvature function of the (m,n)—Seifert fiber space.

Remark. This means that for equivariant tori the conformal Hopf
differential ¢ only depends on y and is periodic. On the other hand,
if ¢ only depends on one variable, then the corresponding surface is
equivariant. This follows from the fact that the conformal Hopf differ-
ential together with the Schwarzian derivative determines the surface
up to Mobius transformations of S3. Since ¢ is determined by ¢ up to
a constant by the Gaufl—Codazzi equations, it depends also only on
one variable. Then f(z,y) and f(x + z,y), for zy € R, has the same
q and c. Thus they differ only by a Md&bius transformation.

We first compute the curvature and the torsion of the horizontally
lifted profile curve v with respect to the metric g,, , on S®. We will not
distinguish between the normal N,,.,, of the curve v given by the hori-
zontal lift of the normal of 4, and the normal of the torus f = et1@ell2?,
since the second is just given by €1 N, (yy)e!?*. Further we will need
to compare the two conformally equivalent metrics on the conformal
S3. We denote by N, the normal of the curve 7 in the round metric
and N, , = VhN,,., is the normal of v with respect to the metric g, .

5.9. Lemma. Using the parametrization of a (m,n)—torus given
m , the curvature of the profile curve v with respect to the metric

Imn 1S

(5.9.1) Kmn = Vhkgs — 2\%2 < 191, Nopm >g3 .
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The curvature expressed in terms of the corresponding immersion is
(592) RKmmn = \/Lﬁ < (fyy fmm) orm >S5 -

PROOF. Let v =, +jv : I — S3 C H. Since f is conformal, we
have that 7 is arclength parametrized in the metric g,,,. Thus
V'[P = iy + Lyil* = mP|y [P+ n?ly* =
The change of the Levi-Civita connection due to a conformal change
1

of the metric by e** = + is

VY —=VxY = (X - u)Y + (V- u)X — ggs(X,Y) grad u.

The normal vector of the curve in S is given by

Norm = 97 277152 = #(Liy + lvivy).

The length of the vector with respect to gy, is V'h, therefore we get
that the curvature of v with respect to the metric g,, ,, is

o = g0 (T, Ny
= \/iﬁ < A", Norm >53 —gmn(grad u, Ny, )
where u = —1In(m?|z1|*> + n?|22|?), (21, 22) € H. Thus
—grad(u)|, = (m*|m])* + n®[l*) (m*y1 +n’9j)
= \g|2 (11 + 1)1 + (b = 12)*723)

= 5 (B + 13)y — 2l11yini).

\g

So
Fmn = (<" Norm >g8 =21y < 19, Noppn >g3)

= \/_ﬁ 3 — 2l1[2 < 171, Nopm >3,

where N, 1s the normal of the surface in the round metric. By writing
out the second derivatives of f we get

Rmmn = \/LE < (fyy fxx) orm > 83 -
O

5.10. Lemma. The torsion of v is 7 = %Q, where Quol,, ,, s
the curvature form of the principle fiber bundle F. In terms of the
corresponding torus we have

T:%:_<fxy7 orm =83 -

PROOF. The connection between the curvature forms of the domain
and the target space of a Riemannian submersion are given by the
O’Neil formulas. In our case these formulas give the torsion of the
profile curve which is Q. Thus

(5.10.1) T = % = — < B Npppp >a= — 7 < Jays Norm >g3 .
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g

Since the conformal Hopf differential g of the conformally parametrized
equivariant torus is given by

qg= II (%’ %) — < f:}cw - fyy - Zifwnyorm >
Vh Avh

this proves Proposition (5.8]).

Let T' denote the tangent vector of . Then we also have < B’ T >=<
Iy + 197'i,v" >= 0, which shows the following.

5.11. Lemma. The frame of the profile curve v given by the tan-
gent vector T, the normal vector Ny, and the fiber direction B of the
Seifert fiber space is its Frénet frame in S3.

Example. In the case of tori of revolution, i.e., m =1 and n =0,
we have that 4¢ = k19 = k is real and k is the curvature of the
profile curve v in the hyperbolic plane. In the case of Hopf tori, i.e.,
m = n = 1, we have that the base space is the round 2—sphere of
constant curvature 4 and the curvature of the Seifert fiber space is 2.
Thus 49 = k + 2i, where  is the curvature of 4 = 7 1(7) in this 2—
sphere.

The conformal type of the torus can also be derived from the profile
curve and the fibration type.

5.12. Lemma. The conformal type of a conformally parametrized
(m,n)—torus given by the preimage of a closed curve 5 in S/, .
under T, », which does not go through the singular points of 53/Nm7n,
18 given by the lattice I' generated by:

wy =27 and wy = ((/ Quol,, ) mod 2m,1),
c

where 1 is the length of the curve with respect to the metric gy, n, 200l 5,
1s the curvature of the corresponding fiber space and C' is a 2—chain in
S3/) ~omm with OC = 7.

PROOF. As the image of the torus on S®/.  under 7, , is a closed
curve 7, there exist a xy with

7(0) = el (l)e’* = My (1),
which means that f(0,0) = f(xg,1). Clearly z( only well defined mod-
ulo 27. We obtain that (xg,l) and (2m,0) are the generators of the
lattice I'. Since 4 = mp, () is arclength parametrized with respect to
Gm.n, | 1s the length of 4. It remains to show zo+k = fc Quol,y, ,,, where
k is a constant depending on the winding number of the curve around
the singularities of 5*/.,, .. This follows easily from the following more
general lemma. U
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Lemma. Let w € Q'(M,R) and V = d — iw be a hermitian con-
nection on the topologically trivial bundle M x C over a surface M.
Further let v;,1 = 1,2 be oriented closed curves on M which give the
boundary of a 2—chain C' in M. Then the holonomies oy and oy along
v1 and 7y considered as complex numbers of length 1 are related by

o = el fod
PROOF. Let s = e be a parallel section along a curve . Then
0= Vys=e(idf —iw)(¥),

which is equivalent to

L,

The formula is then a corollary of Stoke’s theorem. U

i
ap = ¢€

6. The Willmore Functional for Equivariant Tori

Lemma. The Willmore functional of an equivariant torus can be
computed as:

l l
W(f) = = / (K2 + AR p)ds = 167 / g*ds,
0 0

where Ky, 1s the curvature of the profile curve, f(m’n = }192 18 the
sectional curvature of the tangent plane of S*/.,, . and L the length of
the profile curve with respect to g, and s the corresponding arclength
parameter.

This is a simple application of the conformal invariance of the Will-
more energy, since the metric g, , = %g, where ¢ is the round metric
on S3.

6.1. Theorem. Let f:T? = C/T — S® be a conformally parametrized
equivariant immersion and q its conformal Hopf differential. Then f
1s constrained Willmore if and only if q satisfies the equation:

q" +8(lq[*+C)q — 8¢q = 2Re(Aq),
28 =qq-4dq
where A € C is the Lagrange multiplier and £ is a purely tmaginary
function and C' a real constant.

(6.1.1)

The real part of equation (6.1.1]) is the actual Euler-Lagrange equa-
tion. The imaginary part of the equation is the Codazzi equation and
the equation on ¢ is the Gaul equation, given in [BuPP]. In this
paper the Euler-Lagrange equations are stated in terms of ¢ and the
Schwarzian derivative ¢ of f. By the GauB-Codazzi equations it turns
out that the Schwarzian derivative of an equivariant immersion is given
by

c = 4|q|* +imnH + const.
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The function & we use is a multiple of the imaginary part of c. We have
§ =i+ H, see formula .

The GauB-Codazzi equations are already derived in [BuPP|. A
more general version of the Kuler-Lagrange equation can be found
there, too. We want to recompute the Euler-Lagrange equation for
equivariant tori for which the profile curve does not go through the
singular points of the base space. This does not happen for immersed
tori of revolution or Hopf tori. The proof of the theorem needs:

6.2. Lemma. The following formulas hold:
(1)
HwH,. ) _ oHwH .
V,y V,y/”)/ = V’YIV’.Y ’}// + KngL(’)/, Nm,n)Nm,n7

where VH is the Levi-Civita connection of gm., on S*/... . and
K is the Gauf$ian curvature.
(2)
K22 + G (grad(Q?), Np.p) = 4mnQH,

where H is the mean curvature of the (m,n)—torus.

PRrOOF. The first formula is well known for the curvature tensor of
surfaces. For the second formula we need that the mean curvature H
is given by

2H =} < fow + fyys Norm > .
Further

2 __ 4m3n?
/{me = T2 < fyy - fxxa Norm >g3

and
< grad(u), Nm“m >g3=< fmc; Norm > g3,

as computed in ((5.9). Since the conformal factor of the metric of the

torus is given by 4m?n2e?* = Q?, we obtain

grad(u).
Adding both terms leads to the formula stated in the lemma. U

8m?2n?

grad(Q?) =

Now we can proof the theorem.

PRroOF. Fist we want to compute the Euler-Lagrange equation for
equivariant Willmore tori, then we build in the constraints. By sym-
metrical criticality we can compute the Euler-Lagrange equation for
equivariant Willmore tori by considering variations of curves. Let g
be any regular and arclength parametrized (with respect to gy, ,) curve
in the base space and let 7;(s) be a regular variation, i.e., we want
F0(8) = Ao and 4, to be a regular curve for every t € [—¢, €]. We denote
by ()’ the derivative with respect to the curve parameter and by () the
derivative with respect to ¢t at ¢ = 0. For the calculations it is important
to understand what &, , and ds are. We define the function v(s, t) to be
the velocity of the parametrized curves, i.e., we want 5, = v(s, t)7T'(s,t),
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Because 7 is arclength parametrized, we have v(s,0) = v = 1. The
frame equations for curves gives that V:?L’"T = VRmnNmn, Where we
use the notations introduced in ([5.9). We obtain

/%Jm,n = gm7n((7//).a Nm,n) - 21')'%m,n and U =ds= gm,n(;)/a T)

Now we frequently use the Stokes theorem and the first statement
of (6.2)) to obtain the Euler-Lagrange equation for equivariant Willmore
tori.

Liir(f) = A (K + Q2)ds + A (K + 02)ds

= /(QK/Z‘L,H + I{i@,n + QHW,TLK)gm,n(’% Nm,n)ds
v

+/m¢+/mﬁ
v Y

- /(QR;:L,TL + "ifn,n + 2/€m,nK)gm,n(ﬁ/; Nm,n)ds
v

+ / Gmn(grad(Q),4) = gmn(grad(Q?), gmn(¥,7)7')ds
N

_/Q2ﬁm,ngm,n(;y7Nm7n)d8

o

= /(2/4/”,71 + Ii?nm + K (2K — Q%) g (5, Ny )ds

v

+ /gmm(grad(QQ), NH))gm,n(fya Nm,n>d3-
.
Thus an equivariant torus corresponding to the curve 7 is Willmore if
and only if

2“;/71,71 + nfn,n + K (2K — 92) + gmm(grad(Qz), Npn) = 0.

With the second statement of (6.2)) and the formula for the Gauflian
curvature of the metric g,,, in (5.9)), we get that this equation is equiv-
alent to:

2’%/7/n,n + K“?mn + "'im,n(g22 - 2<m2 -+ 712)) + dmnQH = 0.

The space of conformal constraints for tori which are not isother-
mic tori is 2—dimensional. For equivariant tori which are not strongly
isothermic we can consider the corresponding curve in S/, . Infini-
tesimal conformal variations of an equivariant torus f, which preserves
the equivariance type, preserves the length and the total curvature
fc Quol,y, ,, of f, see . This space is also 2 dimensional. Thus all
infinitesimal conformal variations of an equivariant torus which are not
strongly isothermic preserves the equivariance type.
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The variation of the length and the total curvature are given by

[ = /Km,ngm,n<;)/a N),
v

and the variation of the total curvature is

(/ Qvolmm) Z/QUOZm,n("Y,~) :/ng,n("YvN)-
c vy v

For isothermic tori the space of conformal constraints is only 1—
dimensional. Further there exist a constant u € S!' such that the
rotated conformal Hopf differential qu is real valued. Therefore €2 is a
constant multiple of &,,, and the space of length and total curvature
constraint is also 1-dimensional. Thus the Euler-Lagrange equation for
constrained Willmore (m, n)—tori with Lagrange multipliers A\; and Ay
is:

2K A K R (22— 2(m? 4+ n?) + A1) + dmnQH + AQ% _0

With 4q = Ky +9Q2 and § = i7" H we get that the latter equation

is exactly the real part of the equation we stated above with C' =
—2(m?+ n?). O

6.3. Example. In the case of tori of revolution, we have 4q = &,
where x is the curvature of v in the hyperbolic plane. These tori
are always isothermic. The Euler-Lagrange equation reduces to the
equation

'+ 15° — k= Ak,
which is the Euler-Lagrange equation for elastic curves, i.e., critical
points of the energy functional E(vy) = f,y x?ds with prescribed length.
Free elastic curves corresponds to Willmore tori.

For Hopf tori we have that 4¢ = k + 2¢, where & is the curvature of
the curve 7y 1 (f) in the round S? with curvature 4. The Euler-Lagrange
equation for constrained Willmore tori reduces to

K"+ %/{3 + 25 = A1k + Ag.

This is the Euler-Lagrange equation for constrained elastic curves in
the round S? with curvature 4, where (\; + 2) is the length and ),
is the enclosed area constraint. Note that free elastic curves do not
correspond to Willmore-Hopf tori. For free elastic curves we have A\ =
—2 and Ay = 0, but for Willmore-Hopf tori A\ = Ay = 0.

7. Associated Family and Equivariant Constrained Willmore
Immersions

Let f:7T? — S be a conformally immersed constrained Willmore
torus with conformal Hopf differential ¢q. Then there exist a circle worth
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of constrained Willmore surfaces f,, u € S, to f, the so called con-
strained Willmore associated family. The conformal Hopf differential
of f, is given by
qu = qu.
For equivariant tori g, satisfies Equation (6.1.1]) with the parameters
C, = C+Re(p* — 1))
€= &+ Im(p? — 1))

A= 2\
Since g, satisfies the Gaul-Codazzi equations, there exist a surface
with conformal Hopf differential ¢, and mean curvature H = ;n—ff.

Since both invariants depends only on one parameter, the surfaces
in the associated family of equivariant constrained Willmore surfaces
are also equivariant. In general these surfaces are not compact, i.e.,
fu : © — is not doubly periodic , even if the initial surface was.

A special class of constrained Willmore tori are the CMC tori. The
following theorem characterizes all equivariant CMC tori. It is a version
of a theorem by Richter [R].

7.1. Theorem. An equivariant constrained Willmore torus f is
1sothermic if and only if f is an equivariant CMC torus in a space
form. In particular if mn # 0, then f is CMC in S3.

PROOF. A surface is isothermic, i.e., it has a conformal curvature
line parametrization, if and only if there exist u € S such that qu is
real valued. That is the case if and only if the imaginary part of ¢ is a
constant multiple of the real part of g. Thus we get that f is isothermic
if and only if ¢’ = 0. Since 4§ = imnH, it is obvious that these surfaces
are CMC in S? for mn # 0. For mn = 0 we have constrained Willmore
tori of revolution. These are obviously isothermic. In [B] it is shown
that these tori are CMC in a space form. O

Constrained Willmore tori of revolution are CMC in a space form,
thus we refer to these tori as Delaunay tori in the following.

Corollary. FEzxcept for the preimage of a circle, i.e., ¢ = const and
the corresponding torus is homogenous, Hopf tori are never isothermic.

PROOF. Since for m = n = 1 the curvature €2 of the Seifert fiber
space is constant so the imaginary part of ¢ is constant. Thus Im(q) is
a constant multiple of Re(q) if and only if Re(q) is constant. But Re(q)
is the curvature of the profile curve on the round S?, which is constant
if and only if the curve is a circle. U

For CMC tori there exists a further associated family - the CMC
associated family. By definition isothermic surfaces have a conformal
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curvature line parametrization. In this parametrization the second fun-
damental form is diagonal and thus the Hopf differential is real valued
and £ = 0. The Euler-Lagrange equation reduces to

¢" +8¢° + Cq = Hy,

where H is the mean curvature, see [BuPP]. The associated family
for CMC tori is simply given by C, = C'+r and H, = H+r for r € R.
Putting both associated families together we obtain

7.2. Theorem. Fvery equivariant isothermic torus is in the asso-
ciated family of a Delaunay cylinder.

PRrOOF. First rotate g by p such that gu is real and then choose an
r € R such that C' = —%1. The corresponding q is the conformal Hopf
differential of a Delaunay cylinder. By Theorem (3.3) of [BuPP| we
have that isothermic surfaces with the same conformal Hopf differential
lie in the same associated family as isothermic surfaces. This associated

family coincides in our case with the associated family of CMC surfaces.
g






CHAPTER III

Spectral Curves for Conformal Immersions into S°

In this chapter we define the spectral curve for a conformal im-
mersion f : T? — S®. Following [BLPP] the spectral curve ¥ is the
Riemann surface parametrizing all so called Darboux transformations
of f. If the genus of the spectral curve is finite, then the immersion f
is given in terms of algebraic data on . In the following we use the
notations of the quaternionic theory introduced in chapter ({1).

8. The General Case
8.1. Darboux Transformations.

Definition. Let L be the line bundle associated to the conformal
immersion f : T? — S* and let § be its differential. A sphere congru-
ence S is a map from 7?2 into the space of oriented round 2—spheres in
S* such that for x € T? f(z) € S, and such that the tangent space of
S, at f(z) coincides with the one of f at 2. In other words

SL=L and x6=S5=48.

Definition. A map f# : T? — S* or its associated line bundle
L# is called a Darboux transform of the map f: T? — S*, if f#(x) is
distinct from f(z) for all z € T? and there exists a sphere congruence
S of f with

SL#* =L# and x6% = S67,
where 07 is the differential of L¥.
If f#(x) = f(z) at isolated points z € T? then we call f# singular.

To a conformal immersion f : 7% — S C HP! consider the quo-
tient bundle V/L.

Definition. A section ¥ with monodromy of V/L is a section of

the pull-back X% of V/L to the universal covering C of 7% = C/T’
with

Y(2) = (2 +7) = ¥(2)h,, forall z € T?

where h : I' — H, is a representation. We call h the monodromy
representation of ¢ and h, the monodromy of ¢ along .

45
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Since h is a representation it is uniquely determined by its value on
the generators of the lattice I'. We denote the generators by ~; and ~s.

Let V be the trivial connection on V' and S the mean curvature
sphere congruence of f. A holomorphic structure on V' is given by V",
the K —part of V with respect to S. Since SL C L, the projection of
V" to V/L defines a canonical holomorphic structure D on V/L. It
turns out that all Darboux transformations of f can be obtained by
considering holomorphic sections of (V/L,D) with monodromy. We

denote the space such sections by H 0(‘%).

8.2. Theorem. Let f:T? — S* be a conformal immersion. Then
there is a bijective correspondence between the space of (possibly singu-
lar) Darboux transforms of f and the space of nontrivial holomorphic
sections with monodromy up to scale.

The proof can be found in [BLPP]. It uses the uniqueness of the
prolongation 1 of a section ¢ in H %(V/L), which is an appropriate lift
of the holomorphic section to a section of V = C x H2. Then the cor-
responding Darboux transform L# is given by ¢H. The monodromy
representation is the same for the holomorphic section with monodromy
in V/L and for its prolongation. Moreover, prolongation is a H—linear
map.

8.3. Definition of the Spectral Curve. Consider a section ¢ €

H 0(‘772/) and let i denote its monodromy representation. For a con-
stant A\ € H the section 1 = ¥\ is also holomorphic and induces the
same Darboux transform. But its monodromy representation is given

by h = AR\ since

Yz +7) = 0(2)hyA = ¥(2)AN By A = D(2)h,.

Thus we are interested in the conjugacy class of a monodromy repre-
sentation h as the parameter space for all Darboux transforms of f.

8.4. Definition. The quaternionic spectrum of V/L is the sub-
space
Specy C Hom(T', H,)/H,
of conjugacy classes of possible monodromy representations h of sec-

tions in H°(V/L). In other words, a representation h : I' — H, rep-
resents a point [h] € Specy if and only if there exist a non trivial

holomorphic section ¢ € HY(V/L) with
Y(z+7v) =1¢(2)h, forallzeCand~yel.
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Let v € H 0(‘%) and let h : I' = H, be its monodromy represen-
tation. Since I' is a lattice, we have

h% hw = hV h

2771

Thus the imaginary parts of the quaternions h,, and h., are real
linearly dependent. Then it is always possible to choose a A such that
AN 0 T — C,, ie., for every point [h] € Specy we can always
find a representative he : I' — C, with complex valued monodromies.
Further conjugating he by j € H we get the representation hg, which
is still complex valued. Thus the map

p: Hom(T', C,) — Hom(T", H,)/H,

is 2 : 1 away from real representations and we can lift the quaternionic
spectrum.

Definition. The lift of the quaternionic spectrum by p
Spec(V/L) := p*Specu(V/L)
is called the complex spectrum of V/L. With p(h) = h we get
Spec(V/L) = Spec(V/L)/p.

Theorem. Let f: T? — S be a conformal immersion and V/L
its quotient bundle. If h € Spec(V/L) then we have that also h™' €
Spec(V/L). We denote by o the map

o : Spec(V/L) — Spec(V/L),h + h™*.

PROOF. Let h € Spec(V/L) and ¢ be a holomorphic section of
V/L with monodromy h. Then there exist a holomorphic section ¢
in K(V/L)™! with monodromy such that the pairing between these
sections (1, ¢) has no monodromy. Therefore ¢ has monodromy h~1.
For f:T? — S3 we have further that the bundles V/L and K(V/L)™!
are holomorphic isomorphic and so ¢ induces a holomorphic section in
V/L with monodromy h~! and we obtain A~ € Spec(V/L). O

8.5. Theorem. For h € Spec(V/L) the space of holomorphic sec-
tions with monodromy h is finite dimensional and generically it is com-
plex 1—dimensional.

Theorem. Spec(V/L) is a complex 1 dimensional analytic variety.

The proof of both theorems can be found in [BLPP]. An analytic
variety has a uniquely determined normalization. Thus we can define
the following:

8.6. Definition. The spectral curve ¥ is the normalization of the
complex spectrum of V/L.
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Remark. The involutions p and o defined on Spec(V/L) given by
p(h) = h and o(h) = h~" induce an anti-holomorphic and a holomor-
phic involution on .

The spectral curve defined here is non compact. A criteria when 3
can be compactified is given by the following theorem.

8.7. Theorem. The spectral curve Y can be compactified to a Rie-
mann surface ¥ of finite genus if and only if it has two ends inter-
changed by p, i.e., it can be compactified by adding two points. These
points are called 0 and oco.

The proof can be found in [BoPP]. We also call ¥, if it exists, the
spectral curve of f. It has always two marked points corresponding to
the ends of 3. All connected finite type spectral curves are classified in

[BoPP].

8.8. Theorem. If the spectral curve of a conformal immersion is
connected and has finite genus, then it has the structure of a n—fold
covering of CP*.

Definition. A conformal immerison f : T? — S3 such that its
spectral curve has finite genus ¢ is called a finite type immersion and
g is called its spectral genus.

It is shown in [B] that the spectral curve of a constrained Willmore
torus in S* has finite genus and is connected. Since our interest lies
in equivariant constrained Willmore tori, we restrict ourselves now to
conformally immersed tori whose spectral curves are connected and
have finite genus.

9. The Kernel Bundle

The spectral curve S carries a canonical line bundle £ C I x
I'(V/L). It is called the kernel bundle. The construction of £ works as
follows: To a generic point h € 3 there exist a holomorphic section
in V/L with monodromy h unique up to complex scale. Thus we can
assign to a generic h € % the complex line given by ¢, C. Although
¥y, is not well-defined on the torus, the line given by ¢, C is. The line
bundle £ extends holomorphically through the exceptional points of
3, where we have a higher dimensional space of holomorphic sections.
The kernel bundle is compatible with the involutions p and o. Since
the holomorphic section with monodromy A is given by 5] we have

p*L = Lj.

£ does not extend to ¥ by the asymptotic properties of ¥ shown in
[BoPP]. This can be repaired by fixing a point z € T? and evaluating
the holomorphic section v, at each point of ¥ in z. In other words,
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to a fixed z € T? we associate to a generic point h € ¥ the line
given by 1, (z)C. The holomorphic line bundle corresponding to this
construction is denoted by L., see [BLPP].

9.1. Theorem. The map
U:T? = Jac(X),x — LL;]
for a fized base point xo € T? is a group homomorphism.

Again, the proof can be found in [BLPP]. This theorem means that
the conformal immersion f induces a linear map into the Jacobian of
the spectral curve. Thus it is possible to construct f explicitly in terms
of algebraic data on .

Remark. The bundle £ over 3 can be lifted to a line subbundle
L of ¥ x T(V) by assigning to a generic point h € ¥ the complex line
given by the prolongation ¢, of 1,. The monodromy of ¢, is also h.
Further the bundle £,, for a fixed z € T2, also extends to .

10. The Reconstruction

Let X be a n—fold covering of CP! with an anti-holomorphic in-
volution p. Further fix a real subtorus Z = ¥(7T?) of dimension 0, 1
or 2 of the Jacobian of . The question is now how to construct con-
formal immersions f : T? — S® with given spectral curve ¥ and Z.
For x € T? the line bundle £, over ¥ is by construction a complex
holomorphic line subbundle of ¥ x C*. Thus it defines a map from %
to CP3. A quaternionic structure on C* is a real linear endomorphism
j with j? = —Id anti-commuting with i. By fixing such a quaternionic
structure j on X x C* we obtain a canonical isomorphism between C*
and H?2. This isomorphism induces a map 7y between CP? and HP!
which is called twistor projection. The main theorem is the following
one proven in [BLPP].

Theorem. Let f : T? — S3 be a conformal immersion whose
spectral curve 3 has finite genus. Then there exist a map

(10.0.1) F:T?x ¥ — CP?,

such that
o F(z,—): X — CP3 is an algebraic curve, for all x € T?.

e The original conformal immersion f : T? — S® is obtained by
the twistor projection of the evaluation of F' at the points at
nfinity:

f=muF(—,0) = mgF(—, 00).
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For given ¥ with marked points 0 and oo and a 7% —family of holo-
morphic line bundles Z in Jac(X) the map F' is in general not unique.
In other words, the the immersion f is in general not uniquely deter-
mined by the spectral curve and Z.

Let L be a complex holomorphic line bundle over a Riemann surface
M. By Kodaira embedding there exist a holomorphic map s from L to
CP™ if and only if the space of holomorphic sections of the line bundle
L* is at least complex (n 4 1)—dimensional. The space of holomorphic
sections of L* is (n + 1)—dimensional if and only if the map is unique
up to a PSL(n + 1,C) action on CP". Further, the line bundles in
Z must be compatible with the quaternionic structure j. Elements of
PSL(4,C) compatible with j acts on HP! as Mobius transformations.
So F'is uniquely determined up to a PSL(4, C) action compatible with
j on CP? if and only if mi(F) is uniquely determined up to Mobius
transformations of S%.

Definition. A immersion is called simple if the map F' is uniquely
determined by ¥ and Z up to a PSL(4, C) action on CP3, compatible
with the quaternionic structure j.

10.1. Proposition. Let f : T? — S3 be a simple conformal im-
mersion and V/ L the associated quotient bundle, then the space H*(V/L)
s quaternionic 2— dimensional.

PRrROOF. If H°(V/L) > 2 then there exist at least 3 quaternionic
linear independent holomorphic sections. The quotient of any two of
them yield a map f : 7% — HP!. Thus in this case we get at least two
maps f and f which are not Mobius equivalent such that the corre-
sponding quotient bundles V/L and V/ L are holomorphic isomorphic.
Thus f and f have the same spectral curve and Z and the map F
cannot be unique. O

10.2. Corollary. A simple immersion of spectral genus 1 is equi-
variant.

PrROOF. By assumption the map F' is unique. Thus the bundle
L = g F(—,00) is unique up to Mobius transformations of S*. If we
only consider immersions into a fixed S3 C S*, we obtain that this
reconstruction is unique up to Mobius transfomations of S3. Since the
Jacobian of a torus is the torus itself and the set of line bundles com-
patible with p is only a S!, the map ¥ has a 1—dimensional kernel.
Now let z be the direction in 7% = C/I" parametrizing the kernel of
V. Then the conformal maps f(x,y) and f(x + o, y) have the same
spectral curve X and Z. Thus there is a Mobius transformation M, of
S3 with

f(l' + any) = Mxof(xvy)'
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The map M : R — Mob(S?) is a group homomorphism, thus f is
equivariant. Il

10.3. Example 1: The CMC Case. The spectral curve of a
conformal immersion of finite type is a n—fold covering of CP!, if it
is connected. Thus the easiest non-trivial case is that X is a double
cover of CP!. A surface class for which this holds is the class of CMC
immersions in S and R3. For CMC immersions there exist another
way to define the spectral curve, namely via the holonomy represen-
tation of an associated family of flat connections. Both approaches to
the spectral curve are equivalent by the Theorems (4.5) and (6.8.) of
[B]. In the following, we just explain the constructions and omit the
proofs.

This definition of the spectral curve is due to [H| and [BoB]. Let
f:T? = S? be a conformally immersed torus into the Lie group S®
with constant mean curvature H. And let o = fdf be the corresponding
Maurer-Cartan form. We denote by V' the pull back of the spinor bun-
dle of S3. This is a complex rank 2 vector bundle with a quaternionic
structure j and a symplectic form @.

Let a = o/ 4+ " be the splitting of « into its complex linear and
complex anti-linear part.

To f we can associate a family of connections

(10.3.1) V* = V42 (14X ) (1+iH)o'+1(1+N)(1—iH)d), A€ C,,

where V is the trivial connection on V. This family of connections is flat
if and only if H = const. This family of connection has the symmetry

=Jj 'V

v)\

Thus for A € S! the connection V* is unitary. An associated family
of constant mean curvature surfaces for a given f is obtained by the
following theorem.

Theorem. Let V* be the family of flat connections given in (10.3./
and \g, \; € ST with \g # \1. Further let X, be a parallel frame of V.
Then the map f : C — S? given by

(10.3.2) f=XuX!

1s well defined and has constant mean curvature H = zi“il Further all

constant mean curvature immersions in S® with doubly periodic metric
comes from such a construction. For \g = A1 we have

10X
)\0 EN ‘)\07

which yields all CMC immersions with doubly periodic metric in R3.

(10.3.3) f=
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The formulas above are called the Sym-Bobenko formulas and the
A; are called Sym-points. This is Theorem 5 of [BoB|. We refer to
this paper for the proof. By choosing A\g = —)\; we obtain a minimal
immersion. Thus we can restrict ourselves without loss of generality to
the associated family for minimal tori

(10.3.4) VA=V+1ia+AaNd +11+ M), reC.

Let 72 = C/T and let H)(v) denote the holonomy of the connection
V* along v € T' with respect to the base point x € T%. We choose 7 to
be one of the generators of I.

Proposition. The holonomy is diagonalizable and has distinct eigen-
values for generic A € C,.

The proof can be found in [H|. The spectral curve is now the
normalization and compactification of the analytic variety

{(n,\) € C.xC. | f(n,\) =0} with  f(n,\) = det(H}(v)—nld).

Since H))(7) is generically diagonalizable and 2x 2, we have that the
spectral curve of a constant mean curvature immersion is hyperelliptic.
By [H| the spectral curve of a minimal immersion is branched over
A =0and A = oco. Thus it is given by

St =ML g A=) A —a ),

where ¢; # 0, 00, and q_i_1 are the odd order roots of the function f(n, \)
without multiplicity, i.e., ¥ is a smooth curve.

The change of the base point corresponds to a conjugation of the
holonomy matrix. Thus the eigenvalues do not change and the spec-
tral curve is independent of z € T?. Further since the first fundamental
group of T2 is abelian we obtain that the odd order roots of the func-
tion f(n,A), and therefore the spectral curve, do not depend on the
choice of a generator v € I'.

Next we want to consider the eigenspaces of the holonomy. For
a fixed x € T? let £, denote the line bundle over ¥ given by the
eigenspace of the holonomy. To be more explicit, at a generic point
(n, ) € ¥ we define the fiber £,](, ) to be the 1—dimensional eigenspace
of H}(y) w.r.t. to the eigenvalue 5. The bundle is well-defined and ex-
tends holomorphically to a line bundle over all . Let o denote the
hyperelliptic involution on . Then the bundles £, and ¢*L, are sub-
bundles of the trivial bundle ¥ x V. Since V is the pull-back of the
spin bundle of S3, there exists a symplectic form @ on V. Therefore the
evaluation of the symplectic form w, on £, ® ¢*L, defines a holomor-
phic map to C. Thus @, is a section in L} ® ¢*L}. It vanishes exactly
at those points, where £, and 0*L, coincides. Therefore the zeros of
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w, does not depend on z. Obviously w, vanishes at branch points of ¥,
thus it has at least 2g + 2 zeros.

Definition. Let f : 7% — S3 be a conformal immersion of constant
mean curvature and X its spectral curve. The genus g of ¥ is called the
geometric spectral genus of f. The arithmetic spectral genus p of f is
”T_l, where n is the number of zeros of the symplectic form w counted
with multiplicity.

Obviously we have always p > ¢. Let ¢; and ¢; denotes the zeros of
w with multiplicity. Then the equation

n =ML (A= a)(A =)
defines a (possibly singular) hyperelliptic curve of genus p. We call this
curve the arithmetic spectral curve of a conformally immersed CMC
torus f. This spectral curve is smooth if and only if g = p.

Proposition. Letw be the symplectic form defined above. The line

bundle L}, has degree 5, where n is the number of zeros of w counted
with multiplicity. Further, the bundle L, is nonspecial for all x € T?,

i.e., the line bundle KL} has no holomorphic sections.

n

Obviously the degree of L} is 7. For the rest of the proof we refer
to [H].

Proposition. The map
U :T? = Picy (), L,
1S a group homomorphism.
For a given spectral curve and a family of line bundles ¥(7?) com-
patible with all involutions, we can reconstruct by [H] an associated

family of flat connections of the form ((10.3.4)) and thus also an associ-

ated family of constant mean curvature tori.

Theorem. Let 3 be a (possibly singular) hyperelliptic curve over
CP! defined by the equation

0= NI G (A = a)(A =G )
And let
U :T? = Picyy (X)), L,
be a group homomorphism. Suppose all L, € V(T?) are nonspecial and
p L, = L.j. Further L ® o*L: = L(2p + 2), where L(2p + 2) is the
bundle of degree 2p + 2 on CP'.

Then we can construct a family of flat connections V> on V for
which the lines L|yx and L|_, 5 define a parallel frame of V w.r.t.
V2. This family has the form

VA=V +Li1+2 N + 31+
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10.4. Example 2: The constrained Willmore case. The spec-
tral curve of a constrained Willmore torus is either a double cover-
ing or a 4—fold covering of CP'. As in the CMC case, we can define
an associated family of flat connections. For this we need to state
the Euler-Lagrange equations for constrained Willmore surfaces in the
quaternionic set up. Recall that to a conformal immersion in S? we
can associate a line bundle L C V = T? x H2. The trivial connection
on V is denoted by V and A denotes the Hopf field of V' with respect
to the mean curvature sphere congruence S.

Proposition. Let f : T? — S3 be a conformal immersion. It is
constrained Willmore if there exist a 1—form v € QY(R) such that

dV(2xA+v)=0,
where R = {B € End(V) | ImB C L C KerB}.

Let Ay be the 1—form defined by 2 x Ay = 2 x A 4+ v. Consider V'
as a complex rank 4 bundle with complex structure i given by the left
multiplication of the quaternionic 1 together with an anti-linear endo-
morphism j which is the right multiplication by the quaternion j. The
Euler-Lagrange equation for constrained Willmore tori is equivalent to
the flatness of the associated family of SL(4, C)—connections given by

1—18 1415
VE =V (= ) A+ (0 = 1) 22 Ao,
for p € C,. This associated family V# has the symmetry
vi = jTivny,

Thus for all u € S* C C, the connection V* is quaternionic.

For a fixed point # € T? = C/I' consider the holonomy repre-
sentations H¥ of the associated family V*. The representations are
holomorphic in g and the holonomy H¥ to different basis points are
conjugated. Thus the eigenvalues are independent of x € T?2. Since
the first fundamental group of T2 is abelian, we get that every simple
eigenspace of H¥(yy) for 7y € I' is a simultaneous eigenspace for all
v € I'. Bohle [B] shows

Theorem. Let f : T? — S3 be a constrained Willmore torus.
Then the holonomy representation of the associated family V* belongs
to the following 2 cases:

(1) there is a v € I' such that the holonomy H!(7) has 4 distinct
eigenvalues for generic € C,. These eigenvalues are non-
constant in L.

(2) all holonomies H!(~y) have a 2—dimensional common eigenspace
with eigenvalue 1 and there is a v € I such that H(v) has 2
distinct and non constant eigenvalues for generic u € C,.
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The spectral curve of a constrained Willmore torus is the normal-
ization and compactification of the 1—dimensional analytic variety

{(n, ) € CoxCyilf(n,p) =0} with  f(n, u) = det(H) (y)—nld).

Theorem. The spectral curve defined by the associated family of
flat connections coincides with the spectral curve defined in .

This is Theorem (4.5) of |[B]. Since every constrained Willmore
torus is of finite type, the compactification of its spectral curve is well
defined and has two marked points 0 and oo corresponding to the ends
of the spectral curve X. It is a 4— fold covering of C P!, if the holonomy
representation of V# belongs to case (1) and it is hyperelliptic if the
holonomy representation of V# belongs to case (2).

We have two involutions p and o on the spectral curve. Because of
the symmetry of V# we have that p covers the involution p +— =t on
CP!. By the following proposition we get that the involution o fixes
the spectral parameter pu.

Lemma. Let f : T? — S3 be a constrained Willmore torus and
V*# the corresponding associated family of flat connections. Further let
H!(v) denote the holonomy of V* at a base point v € T* along v € T.
If n is an eigenvalue of H*(y) then n=' is also an eigenvalue of H(7y).

Proor. Consider the bundle L+ C V*, where V* is a complex
quaternionic bundle with respect to the complex structure —i, see sec-
tion (1.14). We can define a family of connections (V1)*, for u € C,
on L+ by

1445+ _ 1—iS+
(V' =V5+ (n—1) Ay + (' =)= A4y,
This family is dual to the family of connections
. 1—18 _ 1+1S
V=V + (p—1)Qo 5 + (' = 1)Qo 5

with respect to the indefinite inner product (.,.) defining S3, since
At = —Q*, Q+ = —A* and v+ = —v*.

Both families of connections are flat if and only if the immersion is
constrained Willmore. By duality of these families we have if n is an
eigenvalue of the holonomy of (V1)* then ! is an eigenvalue of the
holonomy of V#. On other hand, we have L = L+ and S = S* = S+ for
conformal immersions into S®. Thus we obtain (V+)* = V*. Further
we have that V* is gauge equivalent to V#. The gauge is given by

29 = (u+1) —i(u— 1)8S.

This proves the lemma. U
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At a generic point (n, 1) € ¥ we have that H¥(v) is diagonalizable
and has 2 or 4 distinct eigenvalues. We restrict ourselves now to the
case with 4 distinct eigenvalues. The other case corresponds to CMC
immersions in a space form. Then there exist basis of C* such that
H#(v) is given by

n 0 0 0

0nt o0 0
Hy(y) = 0 770 70

0 0 0 gt

For a fixed z € T? consider the symplectic form w on V, defined in
. Let £, C ¥ x C* be the line bundle which at generic points
(n, 1) € X coincides with the eigenspace of H¥() to the eigenvalue
7. Further let g(a*ﬁm) denote the line bundle corresponding to the
eigenspace of the holonomy of V* to the eigenvalue nt.

The evaluation of w on £, ® g(6*L,)]|,,) is non zero at generic
points, where we have 4 distinct eigenvalues, and thus it defines a
holomorphic map

L,®glo*L,) — C,
which we also denote by w. This map vanishes, if and only if the lines
L, and g(0*L,) coalesce at (1, ). This is indepent on z. The bundles
g(0*L,) and o*L, are holomorphic isomorphic. Therefore we obtain

10.5. Lemma. The bundle ,éx ® 0'*/31, is independent of x € T?
as a complex holomorphic line bundle.

10.6. Theorem. Let f : T? — S3 be a simple constrained Will-
more immersion with spectral curve 3 and a fix point free anti-holomorphic
involution p : (n,p) w— (7,i~) on X. Further let o be the involution
(n, 1) — (n=Y, ). If the quotient ¥/ is CP and p o o has fixpoints,
then f is a CMC immersion in a space form.

PROOF. Let f : T? — S3 be a simple, conformal and constrained
Willmore immersion. Let V# be its associated family of complex
flat connections of constrained Willmore surfaces on the bundle V =
T? x H? =2 T? x C*. There are 2 cases to consider.

In the first case the holonomy H¥(7) of V* has generically 2 distinct
eigenvalues. We obtain that the spectral curve X is always hyperelliptic
and o is the hyperelliptic involution. By the Theorems (6.8), (6.9) and
(6.10) of [B] f is a conformally immersed CMC torus in a space form.

In the second case the holonomy of V# has generically 4 distinct
eigenvalues. So ¥ is a 4—fold covering of CP! and has two marked
points 0 and oo corresponding to the ends of the spectral curve X.
These points are fixed under the involution ¢ and interchanged by
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the involution p. By assumption the quotient /o is also CP'. Thus
the spectral curve X is a hyperelliptic curve and ¢ is the hyperelliptic
involution. Let A be a holomorphic coordinate of ¥ /o such that 0 € ¥
is the point over A = 0 and oo € ¥ is the point over A = oco. Since the
involutions p and o commute and p interchanges the points 0 and co on
Y, p also interchanges the points A = 0 and A = oo on ¥ /o and thus it
induces an anti-holomorphic involution on /0. An anti-holomorphic
involution on CP! interchanging A = 0 and A = oo is either the map
A — A1 or the map A — —A~!. Since p oo has fixed points, p induces
the involution A — A~! on /o, which fixes the points over A € S'.

Moreover there exist by assumption a Tz—faufnily~ of complex line
bundles £, over . For every x € T? the line bundle £, is a subbundle
of V. By Theorem there is a map

F:T?x Y — CP?,

such that the line bundle L corresponding to the immersion f can
be reconstructed by L = mgF(—,00). Thus we can define the quotient
bundle V/L and the projection of the £, to V/L defines a T?—family of
complex line subbundles £, of the topologically trivial complex rank
2 bundle V/L. We want to show that for fixed z € T? the bundle
L* has degree g + 1. Theorem (9.1)) states that the degree of L, is
constant in . Moreover, since f is simple the map F' is unique up
to Mobius transformations of S*. Thus also the complex holomorphic
bundle 77 (F(z,—)) = £, C ¥ x (V/L), = ¥ x C? is unique up to
Mobius transformations of CP! and therefore h°(L%) = 2, by the Ko-
daira embedding theorem. The degree d of L satisfies (¢g+1) < d, since
the symplectic form w defined in (10.5)) is zero at the branch points o.
Thus by the Riemann-Roch theorem the line bundle £ is non-special
and deg(L:) = g + 1. Then, using Theorem ((10.3), we can define a
family of flat connections V*, A € C, on V/L of the form

VA=V +Li1+ 2N + 31+ A,

under which (7y,r(F(—, h)), 7y (F(—,0(h))) is a parallel frame of the
rank two bundle V/L.

The section 1, = my,(F(—, h)) is by definition a holomorphic sec-
tion with monodromy of V/L. Since f is simple, all holomorphic sec-
tions of V/L with trivial monodromy are given by the projection of
constant sections of V' by Proposition . Constant sections of V
are parallel sections of V#=! where V* is the constrained Willmore
associated family of flat connections. This is a complex 4 dimensional
space. Thus there exist only 2 trivial connections in the V* family
of flat connections on V/L. Since p o o has fixed points on 3 and p
induces a involution on the pu—plane which fixes the point y = 1, the
corresponding A\g and A; is also fixed under the involution. Hence A
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and A; has length 1. The immersion f is given by the quotient of the
two holomorphic sections without monodromy. This equals the recon-
struction by the Sym-Bobenko formula. Thus f is a CMC immersion
in S% or R? by Theorem ({10.3)). O

10.7. Corollary. A conformally immersed CMC torus is simple if
and only if its arithmetic spectral genus p equals its geometric spectral
genus g.

PROOF. The proof of the theorem shows that for a simple CMC
immersion we have p = g. On the other hand, the degree of the line
bundle £, is always p + 1. Thus for p > ¢g we obtain by Riemann-
Roch that h°(L%) > 2. Therefore the map F' cannot be unique by the
Kodaira embedding theorem. U

Corollary. A simple constrained Willmore immersion in S® of
spectral genus 1 1s CMC' in a space form, if po o has fived points.

PROOF. The involution ¢ is branched over the two ends of the
spectral curve. Thus by the Riemann-Hurwitz formula we have that
there must be two other branch points and ¥/o = CP*. U

Lemma. Let f be a simple and constrained Willmore conformal
immersion in S* with even spectral genus. If ¥./o = CP!, then the
involution p o o has fized points.

PROOF. Let X be a hyperelliptic spectral curve with hyperelliptic
involution ¢ and a anti-holomorphic involution p such that poo has no
fixed points. Further, ¥ has two marked points 0 and oo corresponding
to the ends of the spectral curve. The involution p interchanges these
points. Since p o o has no fixed points, the involution p induces an
involution on C P!, which has no fixed points. Let A be the holomorphic
coordinate on C P! such that the point 0 € ¥ lies over A = 0 and the
point oo € X lies over A = oo. There exist a unique involution on CP*!
interchanging the points A = 0 and A = oo without fixed points, which
is

A =271
In this coordinate Y is given by
7= TG (A = a) A+ g ) = P(V),

where ¢;, —q; * € C and 0, co are the branchpoints of ¥. It is easy to
compute that

P(=\71) = (=1)9HIA" G2 p()).
Therefore a map p inducing the involution A — —A~! on CP! is given
by

(1, A) = (F7HATOTY, A7),

For even ¢ this cannot define an involution on X. U
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Corollary. A simple constrained Willmore immersion of even spec-
tral genus such that X/o = CP' is CMC in S* or R3.

Corollary. A simple constrained Willmore immersion of spectral
genus 2 1is either equivariant or CMC in a space form.

PRroOOF. The spectral curve of a constrained Willmore immersion
is either a double covering or a four-fold covering of CP!. In the first
case we obtain, as before, a CMC immersion in a space form. In the
second case we obtain by Riemann-Hurwitz formula that the involu-
tion o has 2 or 6 branch points. If o has 6 branch points then ¥ /o is
CP!. Because the genus is even, the involution p o ¢ has fixed points.
Therefore we get a CMC torus in a space form.

If o is 2 branch points then /o is a torus. Let xg,z € T?%. Then
we have
L,=FE,®Ly,,.
Since the bundle £} ® o* L} is independent of = by corollary (10.5)), we
obtain

E,®c"E,=C.
Thus L, lies in a affine translate of the Prym variety of ¥ with respect
to o for all # € T?. Since the Prym variety is complex 1 dimensional
and p*L, = L.], the image of the map

v €T L, € Jac(X)

is real 1—dimensional. And we obtain by the same arguments as in

Corollary ((10.2)) that f is equivariant.
]






CHAPTER 1V

The Equivariant Case

In this chapter we want to restrict ourselves to the case of equi-
variant conformal immersions f : 7% — S3, which are not necessarily
constrained Willmore. In this case the induced Dirac operator on the
quotient bundle V/L is translational invariant. Thus the partial differ-
ential equation Dy = 0, where 1) is a section of V/L with monodromy
can be reduced to an ordinary differential equation. We show that
the spectral curve of an equivariant torus with finite spectral genus is
hyperelliptic. Further we show that equivariant constrained Willmore
tori have spectral genus g < 3.

Recall that since the target space of f is S the section ¢ := 71 (1,0)
of V/L is non vanishing and thus it is a trivializing section of the bundle.
The holomorphic structure D is determined by D¢ = 0. The projection
of the mean curvature sphere congruence S to V/L defines a complex
structure J under which D splits into a J—commuting part 0 and a
J—anti-commuting part ). @ is the Hopf field of f.

11. The Hopf Field of a Equivariant Immersion

We want to show how the Hopf field () is related to the confor-
mal Hopf differential used in the lightcone model. Let f : 7% — S3
be a (m,n)—equivariant torus. We have shown in proposition (j5.8])
that the conformal Hopf differential of f is given by 4q = ki, + €2,
where K, ,, is the curvature of the profile curve in the base space of the
(m, n)—Seifert fiber space with respect to the metric g,,, and € is the
curvature function of the corresponding principal fiber bundle.

The Hopf field () is an endomorphism valued 1—form and the sec-
tion ¢ = w1 (1,0) is a trivializing section of V/L. Thus @ is uniquely
determined by the value of Q(p). We want to switch to another trivial-
izing section which behaves nicer with respect to J in order to compute

0.

61
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11.1. Lemma. Let f be a conformally immersed torus in S® and
V/L the corresponding quotient bundle. Then we can choose a trivial-

izing section with monodromy ¢ € F(‘%) with
JY = i
o =0,
where O is the J—commuting part of the holomorphic structure D on

V/L. This section 1 is uniquely determined up to multiplication by a
complex constant and has monodromy +1.

PrROOF. By the i—eigenspace E~! of 71,5 on V/L is a spin
bundle. Since 0 defines a complex holomorphic structure on E~1, it is
dual to a spin structure and thus there exist a solution to the equation
O = 0 on the double covering of the torus. Thus we obtain a section
1 with monodromy +1 satisfying the conditions above. This condition
fixes 1 up to multiplication with a complex constant. O

Remark. Since ¢ is a holomorphic trivializing section of V/L ev-
ery other section can be written as ¥ = @\, where \ is quaternionic

valued function. Further we have by formula that Jo = @N.
Here N is the left normal vector of f. Then we have
J = J(@)\) = (Jp)A = oNX = @AANINA = A ' N
Thus Jv = 11 reduces to
N =21
Since the group S? acts transitively on S? via
T = T,

and N,i € S? there exist a function ), for which the equation above
holds. The function A, as a H—valued function, is not unique. The
multiplication by a complex function p, not necessarily of length 1,
from the right does not change the equation.

Lemma. Let f be a conformally immersed equivariant torus in S®
and let v be the trivializing section of V/ L given in . Then there
exist a complex valued function q satisfying

QY = ydzqj,
where z = x + 1y is a holomorphic coordinate of T> = C/T.

Proor. The Hopf differential @ is tensorial, satisfies *Q) = —JQ
and takes values in K (V/L). Thus there is a quaternionic valued func-
tion ¢ with

Q) = Pdzq.
Further @) is J— anti-commuting and

JQW) = —Q(JY) = —Q(¢i) = —Q(P)i.
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This is equivalent to
J(dzd) = $(idzq) = —(dzd).
thus
iq = —qi.
Since the quaternionic function ¢ anti-commutes with 1, it takes values
in span{j, k}. Therefore there is a complex function ¢ with § = ¢j. O

11.2. Proposition. For an equivariant conformal immersion f :
T? — S3 the function q defined in the previous lemma is the conformal
Hopf differential of the torus. In particular q depends only on y and is
periodic.

PRrROOF. The previous Lemma states

Q) = Pdzgj,
for a complex valued function q.

We want to compute the function ¢ explicitly. For the section ¢ =
71(1,0) of V/L we have Jo = ¢N. Thus by formula (1.13.2)) we obtain

4Q(p) = p(NdN — *dN).

Since () is tensorial and there exist a H—valued function A with ¢ = @A.
We get

(11.2.1) 4Q(v) = 4Q(¢)A = p(NdAN —*dN)X = p A\ (NdN —*dN)\.

We want to make a special choice of A in order to relate g to the confor-
mal Hopf differential of the torus. Then we show that ) = p\ satisfies
the conditions of Lemma (11.1)).

Let f be a conformally parametrized (m,n)—torus in S* = SU(2)
given by
flwy) = ey (y)e™,
where l; = 1(m +n), l; = 3(m —n) and ~ is the profile curve with
v L fyand |[Y|? = [liy + layi]* = h, see (5.3). With su(2) = ImH

the normal vector of the surface is given by

of 0f  ofof

oz’ oy~ dxdy
and the partial derivatives are
of of
ox Ay

Recall that by Lemma (T(0,9), Nowm (0,4), B(0,y)) is the Frénet
frame of the profile curve . Further a frame of the equivariant torus is
simply obtained by multiplying every argument of the Frénet frame of
v by €% from the left and e”2* from the right. We denote this frame

hNorm -

= M7 (lyiry + lyyi)e™® = VhB, — ehyleiler — /BT
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of the torus also by (T, Norm, B)

Since f is conformal, its left normal vector N is given by
xdf = Ndf.
This function is the right translation of the normal vector of the surface

to su(2) = ImH:

hN = ﬁa_f = _ga_g_ = Normf'

Right translating the frame of the surface to ImH we obtain point
wise a positive oriented orthonormal basis of ImH

of 7 of =
N, T :.=— B:=—-——f.
) ayf? ax

We choose A to be the function which point wise rotate this basis
to the canonical basis (i, j, k) of ImH, i.e., we have

i=ATINX, j=A'TA k=\'B\
Obviously, this choice of A satisfies Ji = JpA = @ NA = 1. Thus
Q(v) = ¢dzqj, for a complex function g.
Now we compute A~ (NdN — xdN)\. The Frénet equations for the

profile curve in S gives:

Nérm = —\/Elis?)f + \/ETs?)B

ON ., . Of -
= a_y - Normf Normfayf
= —VhsT —VhrB — VANT
= —VheT — Vh(r +1)B
ON . .
% —ll(]lN—N]l).

Inserting into ((11.2.1) we get
(11.2.2) QY = LATHNIN + i)\ + (Vhe + Vh(r + 1)i)jdz.

The term NiN + 1 is perpendicular to N and purely imaginary. And
because (N, T, B) is a orthonormal basis of ImH we have

NiN +1 =< NiN +1,T > T+ < NiN +1,B > B.
We compute both summands separately. The multiplication by a unit
length quaternion does not change the metric on H = R*. Thus

< NiN +1,T > =< NiN,NTN > + < NiN,T >

21y

=2< N,1B >= —
vh

< N,ifif > .
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And with N = N,,,, f we obtain
21115

li < NiN +1,T >= —
1 \/ﬁ

< Nopm,0.fi > .

Now we turn to the second term:

1 if
<NﬁN+ﬁ,B>:2<ﬁ,B>:—2l1——212<1‘1,M>

Vh Vh

= —211% + %Re(iﬂf}.

Note that for equivariant tori Re(ifif) = Re(iyi7y). Moreover let v =
Y1 +J72 with complex functions y; and ~y,. Then we have h = m?|v,|* +
n?|y2|? and of course |y1]? 4 |72|* = 1. Thus we get

. . 2
< NiN +1,B > = _ﬁ(mth - n|72|2)

1
= b < NiN +4, B > = —((m = n)m|n[* = (m = n)n|3|")
=L Vh.
Put these results into (11.2.2) and use the formulas computed in

(-9) and (5-10) we get

20115
4qg = \/ﬁm —
q S3 \/ﬁ

Because the curvature of the corresponding (m, n)-Seifert bundle is
2mn

given by ) = T we obtain

. . . 2 . 2
< Nopm, 1771 > —i—n% = Kmn + n%.

4q = K + 192

It remains to show that we can adjust the section ¢ to get 5@[} =0
preserving the property Ji = 11 and the function ¢. In order to do so,
we can still multiply by a real valued function. The condition d¢) = 0
holds if and only if D(1)) anti-commutes with 1. We have

D(¥) = D(pA) = (pd))" = YA A+ TN d A\ = (A HdA+HIATxd)).
Because of the frame equations of the profile curve we have
B'(0,y) = (Vhr + VR)N(0,y).
The derivative of the equation A™'BX = k then gives that
A YN (y) = joly),
with a complex valued function v. Since A(z,y) = 1% \(y), we get
AN+ AT d\ = dZ(II R+ jo(y)

Thus for r = efoyl1<rli’\’ﬁ_>d5 and A\ = M the section ¢ = @A is holo-
morphic with respect to 0. U
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12. The Spectral Curve of Equivariant Conformal
Immersions

12.1. Introducing a Spectral Parameter. The next step to-
wards the spectral curve of an equivariant torus is to investigate holo-
morphic sections of V/L with monodromy. Let f : T? = C/T — S®
be a conformal immersion. Let 73 € R and v, denote the generators
of the lattice I" and let V/L be the quotient bundle associated to f.
Recall that the spectral curve is defined to be the normalization of the
analytic variety given by

{(h1, hs) C C.xC,|3p € H(V/L) with monodromy h., = hy, ho, = hy}.

In order to compute the spectral curve, it is thus sufficient to know the
generic points.

Let v be the trivializing section of V/L with monodromy as in
Lemma and Proposition . All sections of V/L are given by
1u, for a quaternionic valued function u, which splits into two complex
functions u = wu; + jus, u; : C — C. Then the equation D(¢pu) = 0
reduces to

(12.1.1) ou + (dzqj)u = 0,

where 0 is the ordinary holomorphic structure for functions. By iden-
tifying H with € & jC we get the matrix notation of equation ((12.1.1)).

(4, ()

Since the potential ¢ depends only on y, the differential operator D
is translational invariant, i.e., if u(z,y) = ui(z,y) + jus(z,y) satisfies
Du = 0. Then we also have Du(z+x¢,y) = 0, for an arbitrary constant
xg € R. Obviously both solutions have the same monodromy. By
Theorem the space of holomorphic sections with monodromies
(hy,, hy,) is generically complex 1 dimensional. Thus, at a generic
point of the spectral curve, we have that for all o € R

U(LU + Zo, y) = U(ZE, y)Aa)oa

where A,, is a complex constant. In particular, we have u(z,y) =
u(0,y)A,. Now consider the smooth function A : R — C. Since Ay = 1,
Ay = hyand Ay = AyyAs,, we have that A, = e with a € C and
et = hl-
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Thus we can use the following ansatz: u; = e**4;(y), where a € C
is a constant representing the monodromy in x—direction. This yields

=i ()

Dividing by e we obtain

(%( i (y) +i%%%) — qiiz(y )) 0

5(ats(y) — Za—y) + (i

—iaiy (y) + 25 + 2iq(iiy
< (z’aﬂa(y)Jra“Q( ) + 2iq(ii (y)

This is equivalent to the equation

(12.1.2) (a% + (;;5 2;@‘7)) (Zf) = 0.

We have shown the following theorem.

Theorem. Let f:T? — S be an equivariant and conformal im-
mersion and V /L the associated quotient bundle. The spectral curve of
f 1s determined by the kernel of the family of ordinary linear differential

operators
a _ . . —
Da::——i—( v 2_Zq>7 ae€C.
2iq  1a

12.2. Definition and Properties of the Spectral Curve. The
spectral curve is given by all possible monodromies of solutions to equa-

tion (12.1.2)). Since ((12.1.2)) is an ordinary linear differential equation,

we have for arbitrary a € C two linear independent solutions. Let ®(a)
be the fundamental solution matrix to (12.1.2)). Then we have

Oy + ) = H(a)®(y),

where v € R is a period of the potential ¢, and H(a) is a SL(2,C)
matrix independent of y. The solutions with monodromy of
are exactly the eigensolutions of H(a). Therefore the spectral curve is
the normalization of the variety

Spec(V/L) := {(b,a)|a € C and b eigenvalue of H(a)}.

Lemma. For generic a € C the matriz H(a) is diagonalizable and
has distinct eigenvalues.
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PRrROOF. If H(a) is not diagonalizable, then H(a) still is trigonaliz-
able and has only one eigenvalue 1 or —1 with algebraic multiplicity 2.
Since Spec(V/L) is an analytic variety the map

p1: Spec(V/L) — C,, (b,a) — b

is holomorphic. Therefore, if there exist a open set U C C such that
H(a) is not diagonalizable for a € U then the map p; must be constant.
Thus all solutions to D, have either monodromy 1 or —1. Now let a €
iR and u,(y) be an eigensolution of D,. Further let ¥ be the trivializing
section with monodromy introduced in ((11.2)). Then ©e*u,(y) is a
holomorphic section with monodromy (e*", 1) or (e, —1) in V/L. In
either case for a € g”Z we obtain infinitely many holomorph1c sectlons
with monodromy (1, —1) or (1, 1) which contradicts Theorem ([8.5]

The normalization of Spec(V/L) is a double covering of C, because
to every spectral parameter a € C we have generically two different
eigenvalues H(a) and thus two different points in Spec(V/L). If the
spectral curve ¥ is of finite genus then it can be compactified to ¥ by
adding two points at infinity, see (8.7). In this case the ends of the
spectral curve corresponds to the points over a = co. Thus we obtain
that X is a hyperelliptic curve, which is not branched over a = oo.

To be more explicit: The spectral curve of an equivariant immersion
of finite genus is defined to be the solution set of the equation

' =Tr(H(a))* — 4 =: P(a),

since the eigenvalues of H (a) are given by the roots of the characteristic
polynomial and detH (a) = 1. This is a double covering of CP! with
a as a local coordinate. We denote the hyperelliptic involution by 7.
The projection of involutions on ¥ defines involutions on CP!. The
spectral curve has the following properties:

e There exist a quaternionic structure
pra—ra,(uy,ug) — (i, i),

which comes from the right multiplication by j.

e Because f maps to S® we get that 0 is a spin structure and
thus there exist an involution ¢ : ¥ — X which maps the mon-
odromy h to h=! . With respect to the spectral parameter a
we have o(a) = —a. On CP?! the only fixed points of o are
a = 0 and a = co. Thus for equivariant conformal immersions
into S3 the involution ¢ has 2 or 4 branch points.

e Moreover, we get a third involution p o ¢ and the induced in-
volution on CP! is given by a ~ —a. The imaginary axis of
CP! is fixed under this involution. On the spectral curve the
involution p o ¢ has fixed points over a € iR if and only if
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there are branch points of 7 over the imaginary axis. This is
because p o o interchanges the points over a = co. If there are
no branch points of 7 on the imaginary axis, then by smooth-
ness of p o o, it interchanges the points over all a € 1R.

e The branch points of 7 are interchanged by the involutions
above. Thus if a is a branch point then —a and a and thus
also —a are branch points of the spectral curve. Therefore the
roots of the polynomial P(a) defining the spectral curve has
also these symmetries and the polynomial P(a) is even and
has real coefficients. If the genus of ¥ is even, we have by
Riemann-Hurwitz formula that the number of branch points
of 7 is not divisible by 4 and we always have branch points of
7 on the imaginary axis. Thus p o o has always fix points in
this case.

e The two points over a = oo corresponds to the ends of the
spectral curve X.

e Because for a € R the connection D, is a SU(2) connection,
H(a) lies also in SU(2). Hence there are no branch points of
Y. lying over the real axis.

12.3. Reconstruction of the Equivariant Immersion. The
surface can be reconstructed from the spectral curve and the solutions
of D, for suitable a € C by the following theorem.

Theorem. Let a € iR and let u be an eigensolution to D,. Then
the map f : T?* — S3 determined by

df f = —e~u(y) " (dzk)u(y)e™,

1s conformally immersed and the potential q is the Hopf field of f in a
suitable trivialization. Here z = x 41y is a holomorphic coordinate of
T? = C/T.

PROOF. Since u is the solution of an ordinary differential equation
it is non vanishing. Thus the constructed f is an immersion. Further f
is conformal because

*df f = —e “u(y) ! (xdzk)u(y)e™ = —e ““u(y) ti(dzk)u(y)e™
= —(e""u(y) tu(y)e ™ )e uly) " (dzk)u(y)e™
— Ndff.
For equivariant tori in S we have that ¢ = 77(1,0) is a non van-

ishing holomorphic section of V/L. Let ¢ be the trivializing section
of V/L given in Proposition ((11.2)). In the proof of Proposition (11.2))
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we showed that ¥ = @Ar, where r is some real valued function and
A :T? — S3 satisfies

N =XiA"1 T=Xx\"1 B=X\".
Here T' = %f and B = ——f Further we have \(z,y) = e®)\(y),

for a l; € R and r = r(y). Since ¢ is holomorphic we have u :=
(A(z,y)r(y))~" is a eigensolution to the equation D_;,u = 0 and

df f = —e"uly) " (d2L)u(y)e ™"
Thus by choosing a = —il; we obtain the original immersion.
Now we want to show that also for arbitrary a € iR the Hopf field of
f is q in the right trivialization of V/L. Again the section ¢ = 7. (1,0) is
a trivializing section of V/L. Thus ¢ := pe %4 ~! has by construction
the property that Ji¢ = ¢1. Further 1 satisfies

D = (e d(e=u))" = i uc)eu = pzgi.
This shows 0¢ = 0 and ¢ is the Hopf field of f. O

12.4. Corollary. Let f: T? = C/T — S3 be a constrained Will-
more immersion with conformal Hopf differential q and left normal
vector N = eV N (y)e1@. Let z be a holomorphic coordinate of C/T .
Then its constrained Willmore associated family defined in section (@
can be obtained by rotating the z—plane.

PROOF. Let f be a constrained Willmore torus in S® with confor-
mal Hopf differential ¢ and let f be a surface in its associated family.
Then f is equivariant and lies also in S and by definition its confor-
mal Hopf differential is given by qu?, with u? € S'. Thus the family of
Dirac operators corresponding to f is given by

~ 0 —ia  2iqu?
Da=75.+ (Qﬁq/ﬂ ia )

This is gauge equivalent to the Dirac operator of f. The gauge is given

by
_(# O
g‘(@ u)‘

By the previous theorem there is a spectral parameter a € R and an
eigensolution u to D, such that

df f = —e"u(y) " (dzk)u(y)e™

Since D, and D, are gauge equivalent we get @ = = ju(y)e*

is a
solution to D,. Thus there is a immersion f given by

dff = —e uly) " (ud=ki)u(y)e.
Thus by defining Z = zu? we obtain

df f = e~ u(y) " (dZK)u(y)e™
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The immersion f is equivariant and has conformal Hopf differential gp?,

since the frame given by d f f and left normal vector N is the Frénet
frame of its profile curve. Thus f and f are non congruent if and only
if they are both isothermic but then they lie in the same associated
family as isothermic surfaces by Theorem (3.3) of [BuPP]. O

13. The Nonlinear Schrodinger Hierarchy

The definition of the spectral curve for the family of Dirac opera-
tors D, is the same as for the focussing nonlinear Schrodinger equation
(NLS). We only consider spectral curves of finite genus, i.e., the spectral
curve X is a hyperelliptic curve. Then there exist a so-called polynomial
Killing field, whose eigenlines for generic a € CP' coincides with the
space of eigensolutions of D,. The equations on the polynomial Killing
field gives rise to differential equations on the potential . Comparing
these to the Euler-Lagrange equations of constrained Willmore tori we
show that the (arithmetic) spectral genus of equivariant constrained
Willmore tori in S is at most 3. In particular, equivariant tori are
of spectral genus 1 if and only if they are CMC in a space form and
associated to a Delaunay cylinder, in the sense of Theorem (3.3) of
[BuPP)]|. They have (arithmetic) spectral genus 2, if and only if they
are associated to a constrained Willmore Hopf cylinder as constrained
Willmore surfaces.

Hyperelliptic solutions of the NLS equation are constructed in [Pr],
under some further restrictions. We use a different approach here.

In order to proof the existence of a polynomial Killing field we need
the following theorem which can be found in [BoPP] (Proposition 3.1).

Theorem. For a family of elliptic operators, which depends holo-
morphically on a parameter in a connected 1—dimensional complex
manifold M, the minimal kernel dimension is generic and attained
away from isolated points p; € N C M. Further the vector bundle over
M\ N defined by the kernels of the elliptic operators extends through
the isolated points with higher dimensional kernel and is holomorphic.

Corollary. Let D, be the family of Dirac type operators on V :=
St x C2. For a fived a € CP' we define

&y = {w € Q' (Endy(V)) | dP*w = 0},

where Endy(V) denote the trace free endomorphisms of V. and dPe is
the induced differential on Q*(Endy(V')). Then there is a holomorphic
line bundle £ over CP' whose fiber over a generic spectral parameter
a € CP! coincides with &,.

—ia 214
2iq  1a
locally X € Q'(Endy(V)) can be written as X = Xdy, where X is a

PROOF. Let B = ( ) and y be a coordinate on S*. Then
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section of Endy(V). The equation d?+X = 0 is equivalent to
X' = [X, B].

This is a first order ordinary differential equation and therefore X is
fully determined by its initial value at y = 0. We denote the initial
value of X by Xj.

At a generic point a € CP! the holonomy of D, is diagonalizable
and has distinct eigenvalues y*!. Let L! and L? define the correspond-
ing eigenlines. With respect to the splitting V = L. & L? we get

that X (a) = 7 z), where s € H(L}), v € H°(L2 ® (L})*) and

we HY L @ (L2)*).

The bundle V is the pull-back of the spin bundle of S? and inherits
the symplectic structure. Thus by V = L! & L? we get that L2 = (L})*.
The bundle L} ® (L?)* = L} ® L} is not trivial and has no holomorphic
sections because the monodromy of L} is not +1 and thus L} is not a
spin bundle. We obtain v = w = 0. Therefore X is fixed by the initial
value of s and £ is a complex line bundle over . O

Remark. Note that at a generic point @ € CP! the eigenlines of
X (a) are exactly the eigenlines of the holonomy of D, and detX (a) # 0.

For any meromorphic section Y in £ whose only pole over a = oo
we have

deg & = Z ord,Y.

pEX

Thus if YV is zero at some a € C then its pole order at infinity increases
and the degree of the the polynomial Y in a increases.

Definition. A non vanishing meromorphic section X of £ with a
single pole at a = oo is called a polynomial Killing field of X.

Since £ is a holomorphic vector bundle over CP' we have that X
is polynomial in @ € CP! and thus it is given by

p+1

X = Z X,d'dy,

=0

where X; is a section in ['(Endg(V)). For a € R we have that the
holonomy of D, is SU(2)—valued and the corresponding eigenlines are
perpendicular. Thus we can choose the section s € L! to be purely
imaginary-valued for a € R. Then we obtain that the coefficients X;
are also su(V') valued.

Lemma. Let X be a polynomial Killing field of ¥. The equation
X' = [X, B] preserves the polynomial det(X).
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PROOF. Since tr(X) = 0 we get 2det(X) = trX?. Differentiating
both sides yields
(detX)' = tr(X")X = tr([X, B]X) = tr(XBX — BX?) = 0.
U

The polynomial Killing field X has degree p + 1. Therefore we get
that detX is a polynomial of degree 2p + 2. The equation

n? = detX
thus defines a possibly singular algebraic curve of genus p.

Theorem. The normalization of the algebraic curve given by
n* = detX
18 the spectral curve.
PROOF. The eigenlines of the polynomial Killing field for generic
a € C gives exactly the solutions with monodromy to the equation
D,u = 0. The branch points of the spectral curve are given by those
points where these eigenlines coalesce to an odd order. At these points

a € € the polynomial Killing field is not diagonalizable and therefore
it has only one eigenvalue, which must be 0. Since trX(a) = 0 and X

is non vanishing , we get that X (a) is conjugate to the matrix (8 (1)) .
Thus detX (a) has an odd order zero at this point. O

Definition. An equivariant immersion has arithmetic spectral genus
p if and only if the corresponding polynomial Killing field has degree
p+ 1.

13.1. Lemma. The coefficient X, 11 and X, of a polynomial Killing
field X can be choosen to be

(=i 0 _(—ib 2ig
Xp“_(() z) Xp_(Ziq ib)'

PROOF. The degree of the polynomial Killing field is constant in .
The Lax type equation
X' =X, B]

yields differential equation on each coefficient X; of X. Since B =

—i 0 0 2iq -
(O Z.)cH— (Qiq 0 ) we obtain:

;v (0 2ig (=i 0 .
Xi_[X“(%q 0)]+[X1_1,<0 z>]’ fori=1,...,p+1,

Further since X, 12 = 0 we get that

X (4 D)=
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—s 0
0
polynomial det X, which is constant along y. Therefore s is a constant
and we can normalize it to be 7. Then we obtain

0 2ig i 0
1/?+1 = [Xp+17 (22(] 0 )] + [Xp7 < 0 Z)] = 07

and this yields X, = (_Zb 22@). O

Thus X, = ( . The term —s? is the top coefficient of the

2iq b
Now we build in the symmetry of the spectral curve coming from

an immersion f : 7% — S3. It is given by the involution o, see ((12.2).
We obtain

det(X(a)) = det(X(—a)).
The branch points are then symmetric with respect to the real axis and
the polynomial detX is even. Since

X=(" O aPtt + _.Zb Q?q a? + lower oder terms,
0 =2 2iq b
the determinant is given by

detX = a?*™2 + ba?**! + lower order terms.

Therefore b = 0. Further the involution p gives that the branch points
are symmetric with respect to the imaginary axis, which is satisfied for
X; € T(su(V)). In particular we have for immersions into S® that the
sum of all branch points is zero.

Lemma. An equivariant torus f in S has spectral genus 0 if and
only if ¢ = const # 0, i.e., f is homogenous.

PROOF. The polynomial Killing field of an equivariant torus in S®
with spectral genus 0 is given by X = B. Then we get X' = [X, B] =0
and X is constant. Therefore

(13.1.1) q = const.
This Killing field has no zeros, if and only if ¢ # 0. U

13.2. Theorem. An equivariant torus in S* has spectral genus 1
if and only if it is CMC in a space form and not homogenous.

PRrROOF. Let f be an equivariant conformal immersion. The genus
of the spectral curve is 1 if and only if there is a polynomial Killing

field of degree 2 satisfying X’ = [X, B]. By ([13.1)) we have that such a
polynomial Killing field is given by

(=i 0\, (0 20 —ib 2ip
X‘(o i)a+<2iq 0)a+<2ip ib )
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The equation X’ = [X, B] gives:

;b =2ip\ 4dpq — 4pq 4bq
Xo = <—2ip’ iy ) = Ko X “dbg  —dpg+ 4pq

,_ (0 =27 _ _ (0 —4p
X1_<—2iq’ o )= Fe Xl =1{y, o
X}, =0.

Thus we obtain

2p = —iq,
(13.2.1) p = —2ibg,
i’ = 4pq — 4pq,
Therefore
(13.2.2) b= —2|q|* — 2¢, for some real constant c.
This gives
(13.2.3) q" +8(lq]> + ¢)g = 0,

The constrained that detX is an even polynomial yields

¢q—qq=0.
This condition is satisfied if and only if there exist a u € S* such
that qu is real. Thus we obtain that the function £ defined in the
Euler-Lagrange equation (6.1.1]) for constrained Willmore surfaces is
constant. Further, if ¢ satisfies equation ((13.2.3) then ¢ satisfies also

the Euler-Lagrange equation. By the proof of theorem ([7.1)) the corre-
sponding surface is CMC in a space form.

On the other hand, to a given non constant solution ¢ of the equa-
tion
q" +8(lg* +c)g =0,
defines a polynomial Killing field

(=i 0\ ., (0 20 —ib 2ip
X‘(o i)a+(2iq O>a+(2ip —ib

with p = —%¢’ and b = —2|¢|> — 2c. By construction X satisfies the
equation X’ = [X, B]. If the so defined polynomial Killing field X
would have a zero for a € € then there exist another section of £ with
degree 1 without any zeros for all @ € C. Then ¢ is constant by the

previous lemma. Il
Remark. For Delaunay tori we have that ¢ = %lﬁa, where k is the
curvature of the profile curve in the hyperbolic plane. The torus is

constrained Willmore if there is a A\; € R such that x satisfies

K+ 1+ (WM =1k =0.
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This is equivalent to equation (|13.2.3)) by defining ¢ = %(Al —1). The
spectral curve is given by the equation n? = detX. The polynomial
detX is computed to be

detX = (a® + b)* — (2iga + 2ip)(2iqa + 2ip)
(13.2.4) = a" + 2a”b + 4|q|*a® + b* + 4|p|?
=a* — 4ca® +b* + 4|p%.

Since detX is independent of y we get b? + 4|p|*> = d € R is constant.
Thus the spectral curve defined here is the elliptic curve defined by the
equation
(k) = =i =200 = )R> — v,

by defining a := —ixk,  := ik’ and v := d. This equation is a integrated
version of the Euler-Lagrange equation for elastic curves in H2. The
spectral curve is regular if and only if the polynomial }ﬁ“ +2(\ —
1)k? + v has only simple roots.

Since all equivariant CMC tori lies in the associated family of De-
launay cylinders, there exist a i € S* such that gu is real. By replacing
%‘m by qu we obtain the same statement for all equivariant tori of spec-
tral genus 1.

13.3. Theorem. An equivariant and non-isothermic torus in S*
has (arithmetic) spectral genus 2 if and only if it lies in the associated
famaly of a constrained Willmore Hopf cylinder.

PROOF. For spectral genus 2 solutions the polynomial Killing field
is given by

o= (0 D (ot 0 G e G )
The equation X’ = [X, B| gives by a straight forward calculation
2py = —iq,

ity = 4p1q — 4p1g,
2po = 2b1q — ip,

iy = —2ip}q — 2ipyq,

(13.3.1)

Therefore we get
by = —2|q|* — 2¢, for some real constant c.
and by = ¢'q— ¢'q+ d, for some real constant d.
Thus
(13.3.2) q" + 24|q|*q’ +8cq' +d = 0.

This equation is known to be the stationary mKdV equation. Further
the o—symmetry gives:

(1333) b() + 2]916 + 2]§1q =0 and bobl + 2]?1]30 + 2]51]?0 =0.
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The first equation is equivalent to d = 0. And the second equation is
equivalent to:

pip1 — mpy =0,

which holds if and only if there is a pu € S with pp; € iR. Since
2p; = iq’, we obtain for the corresponding ¢ that there exist a pu with
qu = K + 1r for a real valued funciton x and a real constant » > 0. If
r = 0, the surface is isothermic. An isothermic and constrained Will-
more torus has spectral genus 1, because the function £ in the Euler-
Lagrange equation is constant. For r # 0 the surface with conformal
Hopf differential ¢ = s + 7 is a Hopf cylinder. The function « is the
curvature of its profile curve. A Hopf cylinder satisfies the stationary
mKdV equation with d = 0 if and only if its profile curve is constrained
elastic, i.e., if and only if the cylinder is constrained Willmore.

To a given solution ¢ of the equation
q/// + 24|q|2q/ + 8Cq/ — O

which does not satisfy equations (13.1.1) and ([13.2.3)) we can again
define a polynomial Killing field

(i 0N s (0 =2g\ o, ( iy —2ip iby  —2ipy
X‘(o —i)a+(—2iq 0 )“*(—2@1 —iby )T\ 2ipy  —iby

such that the entries satisfy the equations in ((13.3.1)). Then X' = [X|, B|
and X has no zeros by assumption. So ¢ has spectral genus 2. U

Remark. In contrast to the Delaunay case the constrained Will-
more Hopf tori can have closed solutions with singular spectral curve,
which are obtained by simple factor dressing of a circle, see (|15.2)).
Nevertheless the arithmetic genus p of the constrained Willmore Hopf
tori satisfies p < 2, since the profile curve is always constrained elastic.

13.4. Theorem. Let f : T? — S? be an equivariant constrained
Willmore torus, then its (arithmetic) spectral genus is at most 3.

PROOF. An equivariant torus has arithmetic spectral genus p = 3
if and only if it has a polynomial Killing field of the form:

(=i O\ a, [0 2\ 5, [—ibs 2ip) »
X‘(o i>a+(2iq 0)‘“r 2ipy iby )°

—iby  2ipy —ibo  2ipo
+(2ip1 ibl)a+(2ip0 iby )
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Again the equation X' = [X, B] yields equations for each entry of
the X;. We obtain

(13.4.1)
2py = —iq
iby = 4paq — 4pag,
= by = —2|¢|* — 2¢, for some real constant c.

2p1 = 2byq — iph
iby = —2iphq — 2ipay,
= b, = ¢q— ¢'q+ d, for some real constant d.
2po = 2b1q — ip}
iby = —2ip\q — 2ipyq,
= by = 6lg|* + 2c|q|* + 1(¢"7+ T"q — ¢'T) + e, for some real constant e.
By o—symmetry we have
it 209G+ 20 =0 &  d=0,
(13.4.2) bibs + 2poq + 2pog + 2pap1 + 2papr = 0,
bob1 + 2p1po + 2p1po = 0.

Thus we obtain the following differential equation for the conformal

Hopf differential ¢ of a spectral genus 3 immersion.
(13.4.3)
q""+96]q| ' q+16¢ ¢ g+24(¢')*q+87"¢*+32[q|*¢"+8c(q"+8q[q) +16eq = 0,

with real constants ¢ and e.
The second condition of ([13.4.2)) is equivalent to

(13.4.4) Im (¢"'q + 24(q[*qq’ + 8cqq’ +7"'¢') = 0.

Note that this condition holds if ¢ is real. Further if there is a p € S*
with ¢/ is real then the condition above reduces to equation ([13.3.2]).
Thus there is no spectral genus 3 solution with ¢ = k + ri such that
detX is even.

On the other hand the equations in ([13.4.1)) defines a polynomial
Killing field of degree 4 for all solutions of (|13.4.3]) which do not already
satisfy the equations ((13.1.1]), (13.2.3)) and (13.3.2).

We want to show that a solution to the Euler-Lagrange equation
of an equivariant constrained Willmore torus satisfies the equation
(13.4.3). The Euler-Lagrange equation for equivariant constrained Will-
more tori in S® stated in has order 2 thus it is necessary to
differentiate twice to obtain:

(13.4.5)
q//// + 24q—/q/q + 24(q')2(j+ 4q//q2 + 20|q’2q// + 80(]// _ qu” + Re(}\q) -0
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Note that if ¢ satisfies the constrained Willmore equation for a
surface in S3 then it also satisfies . For a constrained Willmore
surface we have a whole associated family of solutions to the Euler-
Lagrange equation. Inside this associated family we have always a
surface such that A is real. Thus we can fix A without loss of generality
to be real. A computation shows that one can integrate the real and
imaginary part of equation (refEL) once and we obtain:

7q = —4lq|* +8p> — 8C|q|* — Agi — d,
with ¢ = ¢1 + iqo.

Using this equality the equation (13.4.5) is equivalent to the 4—th
flow given in (|13.4.3]) by defining the constants in (|13.4.5]) such that

16C' — 8c+ A\ =0,

(13.4.6) S
2d + d 4 8C? + 8¢C = 0.

g

The space of spectral genus 3 solutions such that the spectral curve
is defined by an even and real polynomial is 8 dimensional but the space
of solutions for the Euler-Lagrange equation has only 7 dimensions.
Thus not all spectral genus 3 solutions yield constrained Willmore tori.
But a solution of a ordinary differential equation is uniquely deter-
mined by its initial values. Thus a solution of yields an equi-
variant constrained Willmore surface if and only if its initial conditions
coincides with the initial values for a solution of the Euler-Lagrange
equation.






CHAPTER V

The Construction of Delaunay Tori and
Constrained Willmore Hopf Tori

In this chapter we want to derive explicit formulas for the Delaunay
and the constrained Willmore Hopf tori. Delaunay tori are surfaces ob-
tained by the rotation of elastic curves in the upper half plane, viewed
as the hyperbolic plane, around the z— axis. They have constant mean
curvature in a space form. A conformal parametrization corresponds
to an arclength parametrization of the curve in the hyperbolic plane.
Hopf tori are given by the preimage of a closed curve in the round
S? under the Hopf fibration. The conformal constraint is equivalent
to length and enclosed area constraints for the curve. By Theorems
, and all equivariant constrained Willmore tori of
spectral genus g < 2 are associated to Delaunay cylinders or Hopf
cylinders. The fact that makes these surfaces easy to construct is that
the imaginary part of the conformal Hopf differential is either O for the
Delaunay cylinders or % for the Hopf cylinders. Thus we only have
to deal with one real function which is the curvature of the curve. In
these cases equations reduce to the Euler-Lagrange equations
for (constrained) elastic curves in the hyperbolic plane and the round
2—sphere with curvature 4, respectively, as shown in . Free elastic
curves in H?2, i.e., critical points of the energy functional for curves
without any constraints, corresponds to the minimal Delaunay cylin-
ders, while Willmore Hopf cylinders are given by certain elastic curves.

What we construct in the following are constrained elastic curves
in space forms. The Miura transformation of the curvature is the
Schwarzian derivative of the curve in the conformal 2—sphere CP!.
Since the Willmore functional is a conformal invariant functional this
setting seems to be more natural than the metric one. We construct
the constrained elastic curves by using the Weierstrass elliptic func-
tions. The definitions and properties that are needed were discussed in
chapter I, section (3)).

In their paper [LS] Langer and Singer constructed elastic curves
in S? and H? without the enclosed area constraint. Our result is a
generalization of this and uses the Schwarzian derivative instead of the
curvature of the curve.

81
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14. Constrained Elastic Curves in Space Forms

14.1. The Scattering Problem. Consider an arclength para-
metrized closed curve 7 into a two dimensional space form of constant
curvature GG and let s be its geodesic curvature in the space form. The
Euler-Lagrange equation for a constrained elastic curve is then given

by:

1
(14.1.1) /1"+§/£3—|—(,LL+G)/<—I—)\:0,
where the real parameters g and A can be interpreted as the length
constraint and the enclosed area constraint for closed curves, respec-
tively (not to be confused with the spectral parameters in the previous
sections). A solution to p = A = 0 is a free elastic curve in the space
form of curvature GG. By multiplying the equation with 2k’ one can
integrate the equation once and obtain

(14.1.2) (') = —i/{‘l — (u+ G)K* = 2)k — 1.

Here v is a real integration constant. This equation is the well known
stationary first order modified Korteweg-de-Vries (mKdV) equation.
We denote the polynomial on the right hand side by Fj.

The funciton x must be real valued in order to be the curvature
function of a curve. Such a solution for « exists if and only if P, has real
roots. Since we are interested in tori, we need the corresponding curve
in S? or H? to be closed. Thus the solutions of the mKdV equation
we are looking for are periodic. A real-valued periodic function always
achieves its maximum and minimum and therefore there is a sg with
k'(sp) = 0. Thus by translation of s we can assume without loss of
generality that sg = 0. So we solve an initial value problem for equation
(14.1.1)) with initial values

k(0) =kro and K'(0) =0,

where kg is a real root of Py. If kg is a multiple zero of P, then it is also
a root of 86%, which is the right hand side of equation (14.1.1]). There-
fore Kk = kg is the unique solution to the given initial value problem by
Picard-Lindeloff.

The so called asymptotic solutions are obtained if P, has multiple
roots and we choose the initial value kg to be a simple root.

Proposition. Asymtotic solutions with A = 0 are never periodic.
PrROOF. For A = 0 we have the differential equation
(k) ==L —2(p+ G)K* — 1.

The polynomial on the right hand side is even. Asymptotic solutions
are obtained if this polynomial has multiple roots. In order to obtain
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non constant solutions we need at least 1 simple root of P;. By symme-
try the only case to consider is that the multiple root of P, is at kK = 0
with multiplicity 2 and we have 2 simple roots for Kk = +xq.

We solve a initial value problem for the differential equation of

second order
'+ 15° + (u+ G)r =0,

with initial value (0) = ko and £'(0) = 0. At x(0) we obtain that
k"(0) = ‘9(8#22 < 0. Thus there exist a € > 0 with /() < 0 for ¢t €
(0,€). The curvature function x decreases monotonically for t € (0, ¢€).
Let T := sup{e € Ry|x'(t) < 0 for t € (0,e)}. If T < oo, then
k'(T) = 0 and we obtain x(7") is a root of P,. Since s is continuos, we
obtain k(7T") = 0, which is a multiple root. By Picard-Linderloff we get
then that x(t) = 0 is the unique solution to the initial value problem
k' (T) = k(T) = 0. This contradicts k(0) = kg # 0. Therefore T' = o
and k() is not periodic. O

Corollary. FEquivariant tori of spectral genus 1 are simple.

PROOF. The spectral curve of a Delaunay torus is given by
(K)? = —1r" = 2(u+ G)r* — .

Solutions where the polynomial on the right hand side has multiple
roots are either constant, which are of spectral genus 0, or non periodic.
The polynomial P, has therefore only simple roots. Thus by Corollary
we get that the torus is simple. For other tori of spectral genus
1 there exist a u € S' such that gu is real valued, where ¢ is the
conformal Hopf differential of the immersion. By replacing }lIi by qpu,
we obtain that all CMC tori of spectral genus 1 are simple. O

We exclude the case that P, can have multiple roots in the following.

For polynomials of degree 4 there exist an explicit algorithm to
compute their roots. The procedure is the following: Assign to every
polynomial of degree 4 a polynomial of degree 3, which is called the
cubic resolvent, and compute the roots of the first polynomial out of
the roots of the second.

The cubic resolvent of Py is given by:
(14.1.3) cr, = 22+ 8(p+ G)2* +16((u+ G)? — v)z — 640>
By substituting z = = — %(,u + G) we get the normal form of the
polynomial, i.e., cr, = 23 + px + ¢ with
p=—2(u+G)*—16v

and
g=—2u+G)’+Bv(u+G)—64)\%.
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The properties of the roots of the cubic resolvent heavily depend on
the sign of its discriminant

D = iqz + 2—17p3.
There are 3 cases to consider:

e D = 0 : there exist multiple roots of P;.

e D <0: (orbitlike) the cubic resolvent cr, has 3 real roots.
If all of them are non-negative, then P, has 4 real roots. Oth-
erwise P; has no real roots and there is no real solution for
K.

e D >0: (wavelike) the cubic resolvent has 1 real root and

P, has 2 real roots.

Lemma. Let Py be the real polynomial of degree 4 given in
with only simple roots and let cr, be its cubic resolvent. Then Py has
real roots if and only if all real roots of cr, are non-negative.

PROOF. Let e, eo and e3 be the roots of cr,. Then the cubic
resolvent can be written as ¢r, = (z —e1)(z — e3)(z — e3). We obtain

cr.(0) = —ejeges = —647* < 0.

For D > 0 there is only 1 real root and a pair of complex conjugate
roots of cr,. Therefore the real root must be non negative. For D < 0
all roots of ¢r, must be non-negative in order to obtain real roots of
Py. OJ

Now we fix an arclength parametrized constrained elastic curve ~y
in a 2—dimensional space form of constant curvature G. This curve
has a real valued curvature function x satisfying the stationary mKdV
equation for fixed constants p, A and v. The solutions to the mKdV
equation can be transformed via Miura transformation to solutions of
the KdV equation. A geometric way to do this is described in [BuPP].
It works as follows: Take a curve v in R?, H? orS?2. By interpreting these
space forms as subsets of CP!, the curve « can be lifted to a curve 7
in C? (not necessarily closed) with respect to the canonical projection
from C? to CP!. Then there exist a complex function a with 4 := a7
such that dete(%,4’) = 1. Thus 4” and 4 are linear dependent over C
and there exist a complex function ¢ with

(14.1.4) "+ q¢5 = 0.
An equations of this type is called Hill’s equation.

Remark. We call ¢ the Schwarzian derivative of the curve 7. It is
invariant under Mobius transformations of CP!. To a given ¢ we can
find by solving a curve with Schwarzian derivative ¢ unique up
to Mobius transformations of CP!.
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Lemma. Let~y be a regular and arclength parametrized curve in a
space form of constant curvature G and let Kk be its geodesic curvature.
Then the Schwarzian derivative q of v is given by

i K2 G

PRrROOF. It is only necessary to consider the normalized cases G =
0,1,—1.

G = 0. Let v : I — R? = C be aregular and arclength parametrized
curve. Using affine coordinates we get that [y,1] is a curve in CP.
Thus 7 := (v, 1) is a lift of the curve v to C%. Then 4 = ﬁ(’y, 1) is
the lift of v with the property that det(7,4’) = 1. Therefore 4 and 4"
are linearly dependent and there exist a complex function ¢ with

¥+ ¢y =0.

The frame equations of a plane curve is given by

(v = (06

where T' = ' is the tangent vector, N = iT is the normal vector and
k is the curvature of the curve. Thus we have v = ik’ and we can
compute

—" 1 I U
5 = (wmwj Fﬂ) _ (zwwf Fﬂ)
-

29'\/1y! 24/iv’
—ix! K%Y (—in’ K2 )
~ I o 2 /Z',.YI 4,},/ /i’}// P)/ o 2 /i’y/ 4 /izl ,y
fy - 7,“{/ H2’y/ - —iK/I _ K
SN it vy
_ K/ K2\ 2
= (=5 =)

G = 1. Let v : I — S? be a regular and arclength parametrized
curve in the 2—sphere. In the quaternionic language the Hopf fibration
is given by

7:8°CcH— S*C ImH,x — ziz.
Let n the horizontal lift of v to S?® with respect to 7, i.e., niff = ~
and < in,n" >= 0. Since 1’ is a quaternionic valued function and 7
is non vanishing, there exist a quaternionic function v : I — H such
that 7 = fun. Because < 1,7/ >= 0 and < in,n’ >= 0 we have that
w: I — span{i,j}. Further

T =~ =q'in +nin’ = niun,
= |u|®* = 1.
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Thus there exists a real valued function 6 with u = e'’j. The normal
vector of the curve 7 in the 2—sphere is the vector which is simultane-
ously perpendicular to 7" and . Hence it is given by

N =7 xT =~T = —nun,

where x denotes the vector product in R?® = ImIH. The geodesic cur-
vature of 7 is then given by

k=<7"N>=40".
Now consider H = €? as a complex vector space. Then n = n; + 1] =

(771) with complex funtions 7; and 7y and

M2
r_(m , _ 1619 —72
12 2 h )

Therefore 4 = /2e~%/2 (Zl) is a lift of v to C? with det(9,4’) = 1.
2

To obtain the Schwarzian derivative we have to compute the second
derivative of 4.

/
4 = _Z-%’\/Ee—iG/Q (Z;) + \/2e—10/2 (m)

2
. 9 =
= _igﬁe—w/? 4 £€z9/2 12
T2 2 m
= 4 = (_Z%’ _ %2)\/56—10/2 <Z;) . i\/§€7i9/2 (Z;)
‘K K/Q 1A
L R e L
Andwegetq:¢g+%+i

G = -1. Consider the hyperbolic plane H? as the upper half plane
{(z,y) € R?ly > 0} of R? together with the metric gir = -5 (dz” +dy?).
Obviously, this metric lies in the conformal class of the euclidiean met-
ric of R% Let v = (71,7) be a regular and arclength parametrized
curve in the upper half plane with respect to the euclidean metric. Then
v o with ¢’ = v,(¢) is an arclength parametrized curve in the hyper-
bolic plane. Like in the G = 0 case we have that 4 = (yo¢p, 1) is a lift of
yo to C?. Therefore § = m’y satisfies det(Y(¢), (F(¢))") = 1.

2

The geodesic curvature & of () in the hyperbolic plane is given by
K= QH(V(I{y(cp))/(”Y(SO))/’ Nu),

where V¥ is the Levi-Civita connection of H? and Ny the normal
vector of the curve in H2. Because the hyperbolic metric lies in the same
conformal class as the euclidean metric we have that Ng = y2(p)N,
where N is the normal vector of the curve in the R? metric. Further
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the change of the Levi-Civita connection due to a conformal change of
the metric by e?* is known to be

VY =VxY — (X- MY — (V- A)X— < X,Y > grad()).

Here A\ = —In(y). Thus we have that the geodesic curvature of the
curve s in H? is given by

k() = 12(9)re(e) +71(#)
and kp(p) =< v"(¢),i7'(¢) > is the curvature of the curve in the eu-

clidean metric. We have 7/ (¢) = —rg(p)5(¢) and ¥4 (p) = ke(@)7i (@)

and x'() = 72(¢)?K5(¢). And now 4" is computed to be

v 1 (1) 1 72(0)7 ()
) ( iw(w)v’(s&)) ( 1 )+ iw(w)v/(so)( 0 )

0

_2(9)(5()7 () + 12(0)7"(¢) (v(s&)) N <—i iw(s@h’(@))

272(0)7 (¢)V/i72(0)7 () 1

_(7&2(901 ;(?;)?(2;%)0)) (7(190)> N (—i ivzéw)v’(w))

L) = (2(0)5 () + irp ()13 () + irp(9)12(9)75(9)) (7(@))

2/in2()7' () 1

(2(e )+mE(90) 72(0))? (7(90))
72(0)7 () 1
B (72(90) E(©)1(p) +ivE(9) 13 (9) + ike(0)12(9)15(P)) (
2¢/i72(9)7 ()
((72(9)? = KB(P) (12())? + 2ikE(p)r2(0)V5(0)) (7(@))
4/i72(0)7 () 1

+

_|_

}1 (=29 (P)rE(P)N () = 2ikE(E5(9) + 1 — (n(9)* = KkE(P) (12(¢))?)
Since
K2(0) = % (0)RE(P) + 77 (9) + 2%(9)n (0)rE(p),
we get
g=1i% +5 -1

g

Lemma. Lety be an arclength parametrized curve in a space form
of curvature G. Let k be its geodesic curvature and q its Schwarzian
deriwative. If the curve is constrained elastic, i.e., Kk is a real solution
of the stationary mKdV equation with real constants A\, u, G
and v, then q satisfies the stationary KdV equation

() +2¢° + cq* +2dg+e =0,

~

-
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with real constants ¢, d and e given by

PROOF. Let v be an arclength parametrized and constrained elastic
curve in a space form of constant curvature GG and let x be its geodesic
curvature and ¢ = z%' + %2 + % be its schwarzian derivative. Then x
satisfies the equations:

K+ 1%+ (u+ G)r+ A =0,
and

() + it + (u+ G)rR* + 206+ v = 0.

Therefore we can compute (¢')%.

q_2n +2/<a/£: 5 —5—1-5%"%
1 + G)? v + G 3\ )
:}(q,)Q——gﬂﬁ—(u 4 )KQ_Z_ZKQ_(MQ ),@4—1/{3—1%/:%4
G G P
_(N+2 ) H_(N‘; )Zﬁzﬁl_%ﬂ/ﬁl

Moreover ¢% and ¢® are computed to be

. 1 G 2
¢ = (3/<a’+ —K” 4 —)

2 4 4
1, 1, G 4i,, Gi, G,
= 4(/4;)—1—16/@—1—164-4/154-4/@—1—8/1

4 (M+G>2 1 v G? i/2 Gi/ G2
- W) VPR T T = bl
S XA S T A AR

8 4 2 4 16 4 4

Lo g 30y 9G4 3 g

BT R TR N R
Z([L—FQG) 1,2 3v 2 3G2 2 3(M+G)G 2 G 1,2 iA /
3 KK 16/{—1—64/1—1— 16 I€+16I€li+4lili

w n 3iG? 'y G . 3vG L G3 L G
K4+ —Kk+—+—+ —k.
8 32 8 16 64 4

1
8
K 2 G 1 G A G? i Gi
= <m —|—%+Z) (—H4+—(M+ >K2+—/€+z+—+3/€1l€2+—zl€/+

8

)
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Thus
(n=5) 4+
(q')2—|—2q3— 82 A 4/{2
) TG? G G A
= g = B S =
. wo, 3iG? , 3G G3  \G A2
_Ii [ —_— —

7 T ST R R
In order to cancel the highest order terms we need to choose ¢ = (u— %)
and obtain

= (@) 428+ (n— %) =

8 32 4 16 4 4
pr | pG*opGio,opG o,
RV TR 8

- 1/+G2+ G N _G V+G2+
AU Y ARG Y AV

N G G
4 4 4
So we get
_ el
C=u— 5
_ v G? G
d=—%7—T6 — My
e=cd+ ’\4—2 + “ZTG — %
O
By substituting ¢ = q + %c we obtain:
(14.1.5) (§)? = —2¢° + 292G — 4gs,
with
? (n+G)? v
=S g
2712 2 1
cd e 14

1 , 1., 1
_« Sy B SN .
TR TG AT gVt G)

In particular, we have that both constants are real. We denote the
polynomial on the righthand side by Ps;. Substituting ¢ = —éx in Py

g3 =

we get the polynomial st-a® — £g.x — 4g5. Then - Py(z) is the normal

form of the cubic resolvent of P, given in (14.1.31 . So there are the
same 3 cases for the number of roots as before.

Equation ((14.1.5)) is solved by the Weierstrass p—function
q(s) = —2p(s + o),

for some constant sg € C,. The p—function is defined on a torus C/I’
with a lattice I' determined by the lattice invariants g, and g3. Because

"y

i)
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go and g3 are real, I' is rectangular or its double covering is rectangular,
see chapter I section . As we started with an elastic curve, we already
know that
. ik’ K21

(14.1.6) q(s) = st 6(M+G).

Since we have chosen «'(0) = 0 we get: —2p(so) = G(0) € R. Be-
cause the double covering of I' is rectangular and ¢ is not a real val-
ued function we obtain sy € iR, or sqg € iR, + wi, where w; the
real half period of I'. If sy € iR + wy, let §(s) = —2p(s + s¢) and
G1(8) = —2p(s — w1+ 80) = —2p(s+ 5¢) with §y € iR. Then we get by
Picard-Lindeloff ¢(s) = ¢1(s + w1), i.e., both functions differ only by a
translation of s. Thus without loss of generality we can choose sq € iIR,.

Let § = —2p(s + so) as before, then we can reconstruct a whole
family of curves yg with Schwarzian derivative ¢z = (§ — E), for an
arbitrary parameter £ € C:

Let 7 denote the projection from C? to CP!

(z,w) — [z, w].

Any curve v in CP! with Schwarzian derivative ¢z = (¢ — F) has a
lift 4z into C? satisfying the equation

Vg + qeie =0
or equivalently
(14.1.7) Ve + @8 = EAg,

where Yz = (4}, %%) with complex valued functions 4%, i = 1,2. Thus
4%, i = 1,2 also satisfies the equation

(Yp)" + @7 = Ep-
On the other hand, if for a ' € C there exist two complex linear
independent solutions 4% for the equationﬂ

(k)" + @Y = FAg,
then the curve on CP! given by

(14.1.8) ve = (38, 7p)) = [, 2]
has Schwarzian derivative gg. The functions 4% can be expressed in
terms of the Weierstrass ¢ and o functions, since § = —2p(z + ). We

LAt points E € € where only 1 solution with monodromy exits, which happens
exactly at branch points of the Weierstrass p function, there exist another re-
construction for the curve. We will show that this case never occurs for curves
corresponding to equivariant tori.



14. CONSTRAINED ELASTIC CURVES IN SPACE FORMS 91

have

1 O@ 0= D) (p)atao)
TE = €
oz + z0)o(—p)
~2 o*(a; + 29 + p) ¢(=p)(z+x0)
,YE - € ’
oz +x0)o(p)

(14.1.9)
with p(p) = E.

By construction the functions 4%, i = 1,2 have no poles, since the only
zero of the Weierstrass o function is at 0 but ¢ € iR, and x € R. If
E is chosen such that p # —p mod I'; then both functions are complex
linear independent. Further, 4%, ¢ = 1,2 have no common zeros, if they
are linear independent. Hence the curve is well defined. Recall that
the Schwarzian derivative of a constrained elastic curve in the space
form of constant curvature G with parameters A\, g and v is given by
g=" 4+ 4+ 8 and
G=q+g(u—9)

Note that the Schwarzian derivative determines the curve up to Mobius
transformations of CP'. Thus, by choosing E = 1(n — &) € R, we
obtain that the corresponding curve 4 is a Mobius transformation
of the constrained elastic curve we started with, if £ is not a branch
point of the p—function. The space of Mobius transformations of C P!
is 3—dimensional. Thus the Mobius transformation needed to map one
curve on the other is fully determined by fixing the initial point, the
initial tangent vector of the curve and by the infinity point of CP!.

14.2. The Inverse Problem. Now we want to construct all con-
strained elastic curves in 2—dimensional space forms with regular spec-
tral curves leading to equivariant constrained Willmore tori. As we
have seen in the last section all these curves have a Schwarzian deriv-
ative ¢ solving the stationary KdV equation

q" =3¢" +cq +d,

for real constants ¢ and d. The solutions are given by ¢ = —2p — %c,
where p satisfies the differential equation
(14.2.1) () = 49° — g2 — g,

with real constants g, and g3. Thus, we first write down all such KdV
solutions that are putative Schwarzian derivatives. It is already shown
that these solutions are given by p—functions to special tori C/T". A
necessary condition, in order to get a real valued curvature function
for the curve, is that the lattice invariants g and g3 are real. We also
need that the discriminant D = g3 — 27¢3 is nonzero in order to have
two linear independent generators for the lattice. Then the polynomial

P3=41E3—923?—93

has only simple roots.
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We fix the space form of constant curvature G in which we want to
construct the constrained elastic curve and choose a £ € R which is
not a root of Pj, see (14.1.9). Then we obtain the coefficients of P, by:

ji=6E + 3G
(b +G)?
(14.2.2) v=4g— —5
20u+G)? 2
N =16g5 — ———— + = :
693 o7 T 3V(M +G)

Lemma. The stationary mKdV equation with real param-
eters (u+ G), A and v has real solutions, if and only if ¢(u + G) is
less or equal to all real roots of the polynomial Ps. Equality holds if and
only if A =0.

ProOOF. The stationary mKdV equation has real solutions
if and only if the corresponding polynomial P, has real roots. For this
it is necessary that the real roots of the cubic resolvent cr,, given in
(14.1.3), are non-negative. In order to obtain the normal form of cr,
we substitute z by x = 2z — %(,u + ). And by substituting y = 16z we
obtain the polynomial P5 defining the Weierstrass p—function. Thus
z > 0 is equivalent to y > é(u + () and all roots of P; must be greater
or equal to ¢(p + G). Further

(14.2.3) Py(t(p+G)) =—:N <0,
and equality holds if and only if A = 0. O

Since —cr,(0) = 642, the product of all roots is positive. Thus in
the case of D < 0, where we have 3 real roots of cr,, it enough to show
that two roots of c¢r, are non-negative. This is equivalent to the fact
that all critical points of cr, are positive, i.e., all zeros of its derivative
are positive. The derivative of cr, is 322 +16(u+G)z+16((u+G)*—v).
Thus the condition needed is computed to be:

(t+G)<0and (p+G)* <v<(u+G)~

Remark. Applying the conditions above to the case of free elastic
curves on S2, ie., G > 0, and A = u = 0, we get that there are no
orbitlike free elastic curves on S2. In the case of Willmore Hopf tori we
have that G > 0, A =0 and (¢ + G) = 3G > 0. Thus there are also no

orbitlike curves on S? corresponding to Willmore Hopf tori.

In order to reconstruct the curve we use the following compatibility
condition which states that the conditions above are enough to get that
q = —2p(x + x) — %c is the Miura transformation of the curvature
function of a constrained elastic curve.

Lemma. Let g, and g3 be real constants with g2 — 27g5 # 0. And
let o be the Weierstrass function with respect to the lattice ' C C given
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by the lattice invariants gs and g3. Then there is a function kK : R — R
and o € C\ R with

oz + x9) = —1

where b is a real constant. Moreover, k is a stationary mKdV solu-
tion with coefficients determined by gs, g3 with the formulas given in

29,

Remark. Since p(z + ) is a periodic function,  is also periodic
and achieves its maximum and minimum. Thus we can always choose
k'(0) = 0, which means that we choose a xy such that p(xy) € R.
Assume that there exist an arclength parametrized constrained elastic
curve in a space form of constant curvature G with p(z + x¢) as its
Schwarzian derivative. Then b would have to be real and because

o 2
N BV )
we obtain b = -5 (u + G).

Proor. We will first proof that p(x 4 xo) has the right form. De-
tails on elliptic functions were discussed in chapter I section ({3f). By
differentiating the differential equation defining the Weierstrass p func-
tion we get another differential equation for o, namely

(14.2.4) ¢ (x + 20) = 6p(x + 20)* — 395

Consider now only the points z € C/I" with p — ¢ # 0. A reformu-
lation of our statement is:

O+ = (C — f—l— const1)2 + consts,

with const; purely imaginary, consts real and ( is the Weierstrass (—
function. Then we can define

(14.2.5) K= —2i({ —  + consty).
With (14.2.1)) and (14.2.4)) we obtain
2(p—0)* = (9" + "o —0) +(¢) = ()"

This is equivalent to

B p// _"_ @/l
20— p) = — -
o—p (0 —p)?
By integration we get

¢ +¢
o—p
with a purely imaginary integration constant const;. Thus

O+ @ =2(p— ) (¢~ + consty).

2(¢C — ¢ + consty) =
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Integrate again we obtain
o+ @ =((¢—C) + const,)* + consty,

with a real integration constant consts. The functions p and ¢ is holo-
morphic and anti-holomorphic, respectively, therefore we get that the
derivative of o with respect to z = x + iy and of @ with respect to
Z is the same as the derivative of p and @ with respect to x. Thus
by replacing o by p(x + x¢) this proves the statement. Since all the
functions we consider are continuous the equation above is still valid
at the boundaries in the x— direction. Thus it is necessary to choose a
2o which does not lie on the real axis or on a parallel translate of it by
a half lattice point. These choices of xy does not lead to an arclength
parametrized curve, since ¢ would be real valued.

Now we show that x defined by equation (14.2.5]) is mKdV station-
ary with coefficients compatible with (14.1.5) and (14.2.2). We have

O = —i# — %‘”)2 — b and therefore

" ]‘ n 1 " 1 / 2

pla +a0)" = —izr"(2) — 2R (2)r(w) — 2 (K(2))
31 3 3 3
6p(x + xp)* = gm'mQ + 3ibk’ — §I€/2 + 3—2I€4 + 60 + ib/{Q.
Now put this into ((14.2.4]) and take the imaginary part we obtain
3
(14.2.6) K" + 5,-;’/8 + 12bx’ = 0,
which shows that x is mKdV stationary and we get that
12b = (n+ G).

The other coefficients can be obtained by a straight forward computa-
tion. Il

15. Construction of Tori

In this section we use the constructions of constrained elastic curves
in order to get examples of equivariant constrained Willmore tori.
There exist the following cases:

e Delaunay tori:
— orbitlike
— wavelike,
e constrained Willmore Hopf tori:
— orbitlike
— wavelike.

The surface corresponding to a constrained elastic curve is a torus
if and only if the curve is closed. We first show how the ”surface”
spectral curve is connected to the "curve” spectral curve. Then we
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single out the closed constrained elastic curves and compute the con-
formal types and the Willmore energies of the corresponding tori. We
close by introducing a 1—dimensional deformation of Delaunay and
constrained Willmore Hopf tori preserving the closing condition, the
so called Whitham deformations.

15.1. The Surface Spectral Curve. We want to understand the
connection between the spectral curves of the equivariant tori of genus
g < 2 and the spectral curves of the corresponding constrained elas-
tic curves in space forms. Further, we want to compute their spectral
genus. The spectral genus of an equivariant torus is defined to be
the genus of the spectral curve corresponding to the Dirac equation
. The spectral curve of the curve in the KdV setup is the torus
defined by the lattice invariants g, and g3. This curve has always genus
1. It turns out that the surface spectral curve is a double covering of the
spectral curve we use in the KdV setup to construct the curves. The
branch points of this double cover determines the genus of the ”sur-
face” spectral curve. While the spectral curves of the Delaunay tori
have also genus 1, the spectral curves of constrained Willmore Hopf
tori have genus 2.

Delaunay tori have constant mean curvature in a space form. To
obtain the right space form we need to consider the fix point set of
the involution p o o, see sections and ([10.3). Fixed points of
this involution have unitary monodromy. For a CMC torus in S® the
involution p o ¢ has fixed points and the two Sym-points, see Theo-
rem ((10.3)), are fixed points by this involution. CMC tori in R? are
obtained as the limit of the S case if the two Sym-points coincides.
For CMC tori in H® with mean curvature H > 1, we need that po o
has fixed points but the two Sym-points are not fixed points. If the
involution p o ¢ has no fix points, then we have CMC tori in H® with
mean curvature |H| < 1. We show that for Delaunay tori the invo-
lution p o o has fixed points if and only if the corresponding curve is
orbitlike and poo has no fixed points if and only if the curve is wavelike.

We need first a matrix version of the Miura transformation which

gauges the Dirac equation (12.1.2) into the matrix version of the KdV
(17

equation. The Hill’s equation .1.7) can be written in matrix form

B TR T

Proposition. The spectral curve of a Delaunay torus has genus 1
and is a double covering of the corresponding "curve” spectral curve.
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PROOF. The spectral curve of the Delaunay torus is determined by
the kernel of the operator

—ia 1%
Dzaﬁ(z‘ﬂ zé)
where a € C is the spectral parameter. The KdV operator with spectral
parameter 7 € U is given by

_ 0 g—n
L=+ (_1 ; )

We define a transformation of the spectral parameters n = —a® — }L,
which is a double covering of the n—plane by the a—plane. Further we
k! K2 1 . . . . .
have ¢ = i% + % — 7, which is just the Miura transformation of the
curvature function x. Then these operators are gauge equivalent and

the gauge transformation from L to D is given by

_ —ig —ia —i% +1a
g < 1 1 )
for a € C,.

The double covering of the parameter planes can be extended to
a =0 and a = oo and is branched at n = —i and n = oo.

The surface spectral curve is a hyperelliptic curve over the a—plane.
Its branch points are determined by the branch points of the curve
spectral curve and the branch points of the double covering of the
parameters. The curve spectral curve has 4 branch points which are
the branch points of the corresponding Weierstrass p—function. If any
of these branch points coincides with the branch points of the parameter
covering, then the branch point becomes a regular point of the spectral
curve of D. Otherwise every branch point of the spectral curve of L
makes 2 branch points of D. The point n = oo is a common branch
point of the spectral curve of L and n = —a? — %1, thus @ = oo is not
a branch point of the spectral curve of D. Therefore all branch points
n € €\ {—1} doubles over a and D has 4 or 6 branch points which
corresponds to spectral genus 1 and 2, respectively. The spectral genus
of the surface depends on whether n = —1/4 is a branch point of the
curve spectral curve. We have

g+ i(p+i)=—"2pr+z) and E=n+i(u+3).
Hence n = —1/4 is a branch point if and only if }(x — 1) is a branch
point of the Weierstrass p—function, i.e., a root of the polynomial Ps.
By equation (14.2) we have
1
Py(t(p—1)) = ——=\2
Thus %(p — 1) is a root of Pj if and only if A = 0, which always holds
for Delaunay tori. We obtain that in this case the spectral curve of D
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has always 4 branch points and is therefore of genus 1.
g

Proposition. The involution po o has fixed points if and only the
curve s orbitlike and it has no fized points if and only if the curve is
wavelike.

PROOF. The double covering of the parameters gives that a is
purely imaginary if and only if » € R and n > —%. Thus the sur-
face spectral curve has branch points over a € iR if and only if the
curve spectral curve is branched over n € R, n > —}1. In the case of
wavelike curves the curve spectral curve has only 1 real branch point
over n = —%, which vanishes over the parameter a. There fore there is
no branch point of the surface spectral curve over a € iR. The curve
spectral curve of orbitlike curves has 3 real roots and by . All
roots are greater or equal to %(u —1). Thus the corresponding 7 is real
and satisfies n > —1. Thus all branch points of the surface spectral

2
curve lie over a € iR. O

Proposition. The spectral curve of a constrained Willmore Hopf
torus has genus 2 and is a double covering of the corresponding curve
spectral curve.

Proor. For Hopf tori we have a slightly different Dirac operator.

- —ia 15 —1

D=0,+ (¢g+1 ia )
Now the potential is not purely imaginary anymore and although the
real part is only a constant, we get that the spectral genus increases
by the gauge. Like in the G = —1 case we want to gauge the KdV
operator L to the operator D. The gauge is essentially the same

- —i§+1—ia —i§—1+ia
g = .
1 1

_ K 2,1 _ 2 _ 3
But we need to define ¢ = 1% + % + 7 and n = —a” — 3.

The difference to the Delaunay case is that the parameter covering
is now branched over n = —% and 7 = co. Again, the branch point over
1 = oo vanishes and if we have that the spectral curve of L is branched
over n = —%, then the spectral genus of the surface would be 1 and
otherwise we get spectral genus 2. We need to compute whether £ =
—%—i—%(,u— %) = %(,u—f)) is a root of the polynomial Py = 42— gox — g3.
This is never the case, because if e is a root of P3 then it satisfies the
condition

e>—(p+1),

by Lemma ([14.2)), but (1 —5) < #(pu+1). Thus constrained Willmore
Hopf tori have always spectral genus 2. U

D=
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Remark. If we only consider constrained elastic curves in S?, its
spectral curve as a curve in the round 2—sphere (instead of CP!) is
determined by the eigensolutions of D and the potential ¢ is the cur-
vature of the curve as in the G = —1 case. Therefore, we get that the
curves have spectral genus 1 if and only if they are elastic, i.e., A =0
and spectral genus 2 if and only if they are constrained elastic, i.e.,

A £ 0.

Corollary. Let f be a constrained Willmore Hopf torus and D
the corresponding Dirac operator. Moreover let ®, be the fundamental
solution matriz to D,u = 0. Then its profile curve in S* can be obtained
by

Y= (I)aoq):zlzoa

for ag € R.. Further the holonomy matriz of Dy, is £1d.

PROOF. The curve to a given E = p(p) is given by the quotient
of the two linear independent solutions of the equation L,u = 0, with
E=n+ %(,u - %) Because D and L is gauge equivalent, a curve to a
given F is also constructed by the quotient of the fundamental solutions
to the equations Dgyu = 0 and D_gyu = 0, with £ = —ad =2+ 3 (u—3)
smaller than all roots of P5. Thus ay € R,. Further the holonomy of

L, is £1d, thus holonomy of D, is also +/d. U

15.2. Corollary. There exist asymptotic solutions, i.e., non-constant
solutions to equation where the polynomial Py has multiple
roots, which yield closed curves in S?.

PROOF. These curves are obtained by simple factor dressing of a
multi-covered circle. To be more concrete, let v be a circle in the round
S? of curvature k =1, i.e., ¢ = % Then the corresponding operator D

is given by:
_ —ta 51— 1
b ay+<§z’+1 m)’
and its polynomial Killing field is given by

_q 1, _
%:X:( v ﬂ.g@.

%i—i—l ia

i a2 é
The eigenvalues of the holonomy matrix are ey +4, where L = /27
is the length of 4. The branch points of the spectral curve are given

by a = i\/gz'. And ~ can be reconstructed at ag = \/g. A curve re-

constructed with respect to the spectral parameter a € R closes after
n periods of the original curve v if and only if the eigenvalue of the ho-

lonomy satisfies \/Z fa? + % = 277” Then for the double covered circle

v, i.e., n =2 and m = 1 the holonomy matrix is +/d at a = j:\/gi.
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We change the initial values of the fundamental solution matrix. In-

a—a
stead of ,(0) = Id we choose ¢, (0) = h, with h = are -
0 e

Then ¢, = hyp, is a solution of D,p, = 0 with this new intial value.
The monodromy matrix of ¢, and then also its eigenlines with respect
to the basis given by h are obtained by conjugation with h. Although
the gauge has a pole in +a, the holonomy of D, with respect to ¢, is
well defined for all @ € C, since the monodromy of ¢, is £/d. Thus
also the initial value of the polynomial Killing field is conjugated by h.
Let Xo = hXoh~!. We can compute X, to be

g _ata
XO _ 1a a—a
a—x 1Q bl

at+o

which has a pole at a = £a«. In order to obtain the normal form of a
polynomial Killing field we multiply X, by (a+a)(a—a). This yields the
initial value of a non vanishing polynomial Killing field X of degree 3.
Thus the corresponding solution is mKdV stationary and corresponds
to constrained elastic curves in S2. The polynomial detX has double
roots at a = £a. Thus also the polynomial P; has multiple roots. Since
the monodromy of the fundamental solutions (.., is conjugated by h,
the reconstructed curve remains closed. U

FIGURE 15.2.1. Constrained elastic curve with singu-
lar spectral curve in S? and corresponding constrained
Willmore Hopf torus.

15.3. Closing Conditions. To obtain closing conditions for the
curves g defined in (14.1.8]) we compute their monodromy. The curve
v closes if and only if the monodromy is a rotation by a rational angle.
We fix a lattice I' in C with real lattice invariants ¢go and g3 and get a
p—function with respect to this lattice. We denote by w;, i = 1,2, 3,
the half periods of I' and fix wy to be the half period lying on the real
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axis. Then we always obtain for real g, and g3 always a half lattice
point on the imaginary axis, which we denote by ws. In the case of
D > 0 we have w; = w3 mod I'. Recall that g is given by

YE = [’3/]15'7 ’3/%]7
where 43, and 4% are certain complex functions given in ((14.1.9)), pro-
vided FE' is not a branch point of the p-function. Further let ¢ be the
Weierstrass (-function and define 1, = ((wy), see chapter I section .
This is real because the lattice invariants g, and g3 are real. We com-

pute the monodromy of both components separately with the formulas
for the monodromy of the Weierstrass ¢ function and obtain:

Thla +2u) = e KOS (o)
’%%;(:U + le) — 62771,0724(/))%&%(@'

The monodromy of the g is the quotient of the both monodromies
computed here. Therefore we get that the curve closes after n periods
if and only if there exist a m € Z, with (m,n) coprime, such that

2 .
edmp—4C(p)wr _ ST

The integer m is the winding number of the curve. The equation above
is equivalent to
mo .
mp — C(p)wr = o5, T
We distinguish in the following between the 4 cases mentioned at
the beginning of the section. We want to show that we have always
infinite many Delaunay and constrained Willmore Hopf tori.

We start with the constrained Willmore Hopf tori.

15.4. Proposition. Let g, and g3 be real constants with g3 —
27g5 > 0. And let yg be the family of curves in the round 2—sphere
of curvature G > 0 given by with respect to these constants.
Then there exist infinitely many closed curves in that family for E
smaller than all roots of Ps. In particular, E is never a branch point of
the p—function.

ProOOF. This is the case of wavelike constrained elastic curves in
the round 2—sphere. The polynomial P; has 1 real root and a pair
of complex conjugate roots. We denote the real root by e. Let w; be
the real half lattice point of I'. Then p(w;) = e. In this case we have
w3 = w; mod I'. We vary E to close the curves. Since G > 0 we have
that £ = 3(u— %) < 3(u+ G). Lemma states that #(u + G)
is less or equal to all real roots of P3;. Thus here we have that E < e.
The Weierstrass p— function is even and h_)m p(iz) = —oo, therefore

we obtain p € ‘R. For fixed real invariants g, and g3 we get that 7,
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and w; are real constants. Further for p € iR then we get ((p) € iR,
too. Thus it is possible to define a map

g 1R =R, g(p) = mp — ((p)wr,
and g(¢R) is a nontrivial interval since
Jim g(p) = o0 and g(ws) = 0.

The rational numbers is a dense subset of the real numbers, thus there

exist always infinite many closed solutions in this class.
O

FIGURE 15.4.1. Wavelike elastic curve in S? to parame-
ters p = —% and A = 0in S$? and corresponding Willmore
Hopf torus.

15.5. Proposition. Let g, and g3 be real constants with g3 —
27g3 < 0. And let vg be a family of curves in the round S* as be-
fore. Then there exist infinitely many closed curves in that family for
E smaller than all roots of Ps. In particular, E is never a branch point
of the p-function.

Proor. Now we consider orbitlike constrained elastic curves in the
2—sphere. The polynomial P3 has 3 distinct real roots. Again we have
that £ must be smaller than the roots of P; by Lemma and
therefore p € iR. Further the map

g:iR — iR, g(p) = mp — {(p)w1

is still well defined and g(iR) is a non trivial interval, but g(ws) = 2mi.

2
Therefore we obtain infinite many closed solutions.
0

Now we turn to the case of Delaunay tori, i.e., we have G = —1
and A = 0.
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FiGure 15.5.1. Orbitlike constrained elastic curve in
S? and corresponding constrained Willmore Hopf torus.

15.6. Proposition. Let g, and g3 be real constants with g3 —
2793 > 0 and let v be the family of curves as in (m in the space
form of curvature G < 0. Then there exist at most one closed curve
in that family. Also in this case E is never a branch point of the @-
function.

PROOF. In the case of Delaunay tori we have A = 0. This yields by
Lemma ([14.2])

P(3+G)) = At =0,

Thus %(,u + G) is the smallest root of P;. Since G < 0 we have E >
E + 3G = {(p+ G) thus we get that p with p(p) = E does not lie on
the imaginary axis. In the case of wavelike solutions we have that

eo = g(u+G)

is in fact the only real root of P; and because of E > ¢y we get p € R
and thus ((p) € R: Therefore the only chance to get a closed solution
is that
P — G(p)wr = 0.

The solution holds obviously for p = w; but this choice contradicts
the fact that F > F,. The closing condition can be interpreted as
the intersection of the line given by p +— pZ—ll with the graph of the
function (|r. The function (|g is anti-symmetric with respect to wy
and has a simple pole in 0 and is convex for p < w; and concav for
p > wi. Thus there exist two other intersection points if and only if
—p(wr) = —(F + 1G) > L. Otherwise there are no other intersection
points and no closed curves. This condition is never valid for (u+G) >

0 by (15.8.2)) in the next section. Because in this case by (14.2) there

are no orbitlike curves there are never closed elastic curves in H? with

(u+G) > 0. O
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Example. A closed curve in this class corresponds to a constrained
Willmore torus obtained by glueing two CMC cylinder in H? with mean
curvature |H| < 1 at the infinity border of the hyperbolic 3—space. An
example of such a torus is shown in figure (15.6.1)). The curve is closed
since the closing condition is a real valued and continuos function in all
parameters. In the left picture this function is negative and in the right
picture it is positive. Thus there exist a zero for the closing condition.

ﬁsﬁgg&gﬁa g 00008,

FIGURE 15.6.1. Wavelike elastic curves in H?.

15.7. Proposition. Let g, and g3 be real constants with g3 —
2793 < 0 and let v be the family of curves as in (m in the space
form of curvature G < 0. Then there exist infinitely many closed curves
in this family.

PROOF. In the case of orbitlike constrained elastic curves we get
infinite many closed curves. To show this note that in the case of
orbitslike curves the polynomial P; has three real roots and thus we
can choose a E > ¢(p+ G) such that P3(E) < 0 by varying G < 0.
The corresponding p satisfies p = p 4+ w; with p € iR and

C(p+w) =—C(p—wi) =—C(p+wi) + 2m.
Thus the function
9(p) = pm — C(p)wn

is purely imaginary. Further g(ws) = %m’ and g(w;) = 0. By the same
argument as in we get infinite many closed solutions. U

Proposition. The choice of p € iR + wy such that E = p(p) is
not a branch point of o yield CMC cylinders in S®. If E is a branch
point, we get CMC cylinders in R3. Further the choice of p € R or
p € R + wy, which is not branched, yield CMC cylinders in H? with
mean curvature H > 1.

Remark. It is well known that there are no CMC tori in R? with
spectral genus 1. Thus, in order to get all Delaunay tori it is not nec-
essary to consider the case where E is a branch point of p.
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PROOF. Since the corresponding curves are orbitlike, the involu-
tion p o o has fixpoints. This exclude the case of CMC tori in H? with
mean curvature |H| < 1. The surface spectral curve is obtained by a
double covering of the curve spectral curve. The parameter covering is
given by n = a® — %. Since the surfaces have constant mean curvature
in a space form, we can also consider the involution ¢ as the elliptic
involution. Then we can use the Sym-Bobenko formula to reconstruct
the immersion. For p € ‘R 4 w; such that F is not a branch point
of p, we have that the corresponding parameter 4+a are not branch
points of the surface spectral curve. Thus we have 4 complex inde-
pendent solutions with monodromy to the equation Dy ,u = 0. This
corresponds to the case of 2 Sym-points. Further, these solutions have
unitary monodromy, thus the Sym-points are fixed under the involu-
tion poo. And we obtain that the corresponding surface is CMC' in S3.

If we choose E to be a branch point of g, then we have only 2 com-
plex independent solutions with monodromy to the equation Di,u =0
which are interchanged by the involution ¢. Thus in this case we have
only 1 Sym-point and the corresponding surface is CMC in R?.

For p € R or p € R+ws and g not branched in E, the monodromies
of the 4 complex linear independent solutions to Di,u = 0 are real.
Thus these solutions are not fixed by the involution p o o and we ob-
tain CMC cylinders in H? with mean curvature H > 1. By the same
arguments as in the wavelike case there is at most 1 closed solution in
this case. O

15.8. Conformal Type and Willmore Energy. The Willmore
energy of the torus is determined by the bending energy of the curve,
the parameter p and the curvature G of the space form. The curves vg
are Mobius transformations of arclength parametrized curves 7g, for
which ¢ = %m’ + }152 + }lG, where k is the geodesic curvature of .
Thus the conformal type and the Willmore energy of the corresponding
tori can be computed. Recall that the Schwarzian derivative ¢ of such

a torus is a stationary KdV solution and it is given by
q = —2p(z + x0) — §(n— 3G).
Thus the integral of the real part of the Weierstrass g function, i.e., the

real part of Weierstrass (— function determines the bending energy of
the curve. We have

/(m2 + 2(n+ G))ds = 8n(Re(((x — xo + 2w1) — ((x — x0))) = 1601,

.
if the curve closes after n periods of p. In particular we have

(15.8.1) /mst = 16nn, — %(N + G)nw; >0

~
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thus

(15.8.2) NS lin+G)
w1

We need to deal with both cases separately. We start with Delaunay
tori, i.e., G = —1 and A = 0. The conformal type of a torus of revolution
is rectangular by construction and the vectors generating the lattice
I' € C are given by

z1 =21 and 29 =1l

where [ is the length of the curve. As the curve is arclength parametrized,
we get that the length of the curve is 2nw;. The Willmore energy is

W) = i [ s

where k is the geodesic curvature of the curve in the hyperbolic plane.
Thus

W) = S — 2n(p — L.

For constrained Willmore Hopf tori we choose the space form G = 4
due to the formula in Example (6.3)). The Willmore energy is given by

W(f) = %w/(%f + 4)ds,

.
and & is here the geodesic curvature of the curve in the round S? metric
of curvature 4. The Willmore energy can be computed to be

W(f) = Snm — 2o+ .

The conformal type of a Hopf torus is a bit more complicated to
compute than for Delaunay tori because apart from the length we need
the enclosed area A of the curve, see Lemma . The total area of
the 2—sphere of curvature 4 is 7. Since there are no singularities in the
case of Hopf tori we get that the lattice is generated by

z1 =27  and 29 = 2A mod 27 + il.

The enclosed area of a curve is given by A = %ﬁm — }L f7 kds by the
GauB-Bonnet theorem, where m is the winding number of the curve.

On the other hand we have: Im((z + zo) = & — @ — 1((xo). Thus:

i //-ﬁds — 2nwi (3£(0) — 2i¢(20)) = 2Im(Ino(x + zo + 2nw:) — Ino(z + x0))

v
_ 2nm(z+xotwr)
_ olm (ln ( e J($+x0)))
o(x + xg)

= 2Im (ln (6”62”’71 (””0““))) )
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The logarithm is only well defined modulus 27i. We obtain

%//{ds — 2nwi (5£(0) — 2i¢(z0)) = (21 — 4ninze) mod 47.
.
Therefore (24 mod 27) is given by:

(mm — dinmxo — 2nw: (3£(0) — 2i¢(z0)) mod 2.

We have shown the following theorem.

Theorem. Let f : T? — S3 be either a Delaunay torus or a
constrained Willmore Hopf torus determined by the formulas :
Then we have the following.

o If f is a Delaunay torus, then its conformal class is given by
the lattice generated by z; = 2w and zo = il. Further the
Willmore energy of f is given by

W(F) = 8nmmy — (= Lwr.

o [f f is a constrained Willmore Hopf torus, then its conformal
class is given by the lattice generated by zy = 2w and zo =
2A mod 27 +il. Further the Willmore energy of f is given by

W(F) = Snmny — Znm( + Lo,

Here | = 2nw; denotes the length of the curve in the respective space
form and n is the lobe number. The enclosed area of the curve in S?,
2A mod 27, is given by

2A mod 21 = (mm — dinmzo — 2nw (3£(0) — 2i¢(z0)) mod 27.

15.9. Deformation of Constrained Elastic Curves. In order
to get a better understanding of the moduli space of closed elastic
curves, we want to investigate deformations of these. Deformations pre-
serving the spectral curve are excluded as these also preserves the Will-
more energy. It turns out that there exist generically a 1—dimensional
family of deformations of the spectral curves of constrained elastic
curves, the so called Whitham deformations. These deformations pre-
serves the closing of the curves.

We can assume with out loss of generality that the spectral torus
of a constrained elastic curve is generated by 2w; = 1 and 2wy = 7.
The scaling of the lattice corresponds to the scaling of the curve and
of the space form. As the invariants g, and g3 are real we have 7 €
iR or 7 € 1/2 + iR, depending on whether the curve is orbitlike or
wavelike. There exist Fourier series expansion for the functions g, ¢
and n; with respect to 7. For p € 1R consider the function g : :Rx:R —
iR, g(p,7) = pm(7T) — {(p,7) which is smooth in both arguments.
The closing conditions, , imply that the value of the function is
rational. Thus, it has to remain constant if we vary 7. A geometric
interpretation of this fact is that the quotient of the lobe number and
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the winding number of the curve is constant along the deformation.
The implicit function theorem states that if we have p(p, ) # n1, we
can write the level lines of the the function ¢ as a graph over 7, i.e.,
there exist a differentiable function p(7) such that g(p(7),7) = const.
This results in a 1-dimensional deformation of the spectral curve. For
p € iR + w; the deformation can be defined analogously.
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