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1 Introduction

Surfaces of constant mean curvature are a classical field of differential geometry. Apart
from their rich mathematical properties they can also be used as models for certain natural
phenomenona. For example, the shape of a soap film spanned into a given boundary will
form a minimal surface, i.e. a zero mean curvature surface. Minimizing the area of a surface
enclosing a given volume yields surfaces of non-zero constant mean curvature. For a long
time, the round sphere was the only known compact example of a CMC surface in R3.
Due to the construction of a CMC torus by Wente in [18], the conjecture that the sphere
is the only example of that kind could be proved false. After this discovery, new effort
took place in studying these surfaces. In the late eighties, Pinkall and Sterling [14] and
independently Hitchin [6] classified all CMC tori in R3. This work was the starting point for
applying methods classically rooted in integrable systems theory for geometric problems. The
link between these two areas of mathematics is given by the sinh-Gordon equation 2u.s +
sinh(2u) = 0 for a function u : U C C — R. The function involved describes the conformal
factor of a CMC immersion f : U — R3 of a torus. On the other hand, the sinh-Gordon
equation leads to a completely integrable system that can be solved by means of Riemann
surface theory, spectral curves and Theta functions (carried out in [1]).

The goal of this thesis is to study CMC surfaces in hyperbolic three-space H?. We first
describe some of the classical differential geometry of surfaces and introduce moving frames.
Then we give a matrix representation of moving frames and the ambient space H? which
gives an effective way to do computations and relates our theory to the one in the other space
forms R? and S?. The frame F € SU, satisfies a system of ordinary differential equations,
the so called Lax pair F, = FU, Fz = FV for certain matrices U,V € SLo(C). We introduce
the Gauss-Codazzi equations as the compatibility condition of the Lax pair. Conversely, for
any solution of the Lax pair we prove the Sym-Bobenko formula, which reconstructs the
immersion f from the moving frame F. In the next section we show how to study CMC
immersions of cylinders and tori via the concept of spectral curves. For a frame F' and a
period of the metric, we can introduce a monodromy describing how the frame changes after
traversing this period once. The eigenvalue curve of the monodromy is a two-sheeted covering
of CP! and thus a hyperelliptic Riemann surface. After studying the properties of the spectral
curve of a CMC immersion of a torus we give conditions a Riemann surface has to fulfill in
order to be the spectral curve of such an immersion.

In the third chapter we compute explicitly some examples of CMC cylinders in H? and show
that for this ambient space, there exist no CMC tori of spectral genus ¢ = 0 or ¢ = 1. This
is a difference compared to the case of S? as ambient space, which is caused by the different
Sym-Bobenko formula. The case of H? is similar to R?, as there are also no CMC tori of
spectral genus g = 0 and g = 1.
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In the fourth chapter, we show how to encode the information of an immersed CMC torus in
three polynomials, called the spectral data. Then we introduce a deformation theory for this
spectral data, leading to ordinary differential equations that deform the spectral data such
that the corresponding surface stays in the set of CMC cylinders and tori respectively. By
means of this deformation theory we want to construct a CMC torus in H3. Since there are
no such tori of spectral genus g = 0 we take a CMC cylinder with g = 0 as starting point of
the deformation and describe the spectral data corresponding to a class of cylinders having
certain symmetries on the spectral curve. In a next step, the deformation opens double points
on the spectral curve, which results in increasing the genus to g = 2. Finally we study the de-
formation equations to determine possible endpoints of the deformation. It is shown how the
deformation takes place in the moduli space of doubly periodic solutions of the sinh-Gordon
equation and we discuss whether it is possible to deform a cylinder into a torus.
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2 Differential geometry of surfaces in H’

2.1 Basic surface theory and the sinh-Gordon equation

We use the Minkowski model for the hyperbolic 3-space and define
3
H3 = { (z0, x1, T2, 23) € R Z:c?—x%:—l ,x0 >0 (2.1)
j=1

where R?! is the 4-dimensional Minkowski space, i.e. R* with the standard Minkowski metric

(x,y) = 11 + T2y2 + £3Y3 — ToYo-

Definition 2.1.1. Let U C R? be a simply connected open set and f : U — H3 be a differen-
tiable map. Then f is called an immersion, if for allp € U the differential d,f : R* — Tf(p)]HI3
18 injective.

An immersion f : U — H? is called conformal if the derivatives satisfy

<fx7fy> =0, <fa:afx> = <fy7fy> = 462“7 (2'2)

for a function u : U — R, called the conformal factor.

We identify R? 22 C and use the Wirtinger operators

o _1(o 0\ o _1(o .o
dz 2\ox Oy)’ 0z 2\0x Oy)’

Denote f, = %,f; = %. Then {f.(p), fz(p)} form a basis of T, f(U) C Ty,»H?, where
f(U) is a conformally immersed surface in H®. Conformality in this setting reads (f., f.) =

(fz.f2) =0, ([, fz) = 2e*".

Because the immersed surface lies in H? we have (f, f) = —1 with the induced scalar product
from R3!. Therefore

o) = ) = U ) = e d) = () =0

and similarly (f, f,) = 0. So we see that {f, fz, fy} is an orthogonal system of vectors.
Define the normal vector N to the surface f(U) as the unique vector of length 1 such that
{f, fu [ys N} is a positively oriented basis of R



2 Differential geometry of surfaces in H?

Definition 2.1.2. The collection of vectors {f, fz, fy, N} is called the extended frame of the
surface f(U).
Proposition 2.1.3. With F = (f, f., fz, N) there holds

F,=FU, F;=FV (2.3)
where the Lax pair U,V is given by
0 O 2¢%u 0
1 2u, 0 —-H
U= 0 0 0 —%Qe‘Q“ (2:4)
0 Q 2He* 0
0 2% 0 0
I ) 0 —3Qe 2
V= 1 0 2uz —-H (2:5)
0 2He™ Q 0

For a derivation of the above equations, see e.g. [13]. The quantity H = %6_2u<fzg, N) is the
mean curvature, and @ = (f.,, N) is called the Hopf differential.

Equation (2.3) is a system of ordinary differential equations. The compatibility condition
reads

F,; =F3, & Us—V,—[UV]=0. (2.6)
The second equation is called the Maurer-Cartan equation for the Lax pair U, V. The
explicit computation with U and V as given in the proposition leads to the Gauss-Codazzi
equations for the immersion f.

1 -
Uyz + e2(H? — 1) — ZQQe_% =0, Q:=2H.* (2.7)

Now suppose we have constant mean curvature H with |[H| > 1. Then Qs = 0, so @ is holo-
morphic. With the coordinate transformation z +— (2vH2 — 1)1z and Q — (2 H? — 1)~ te=2%Q
for a fixed ¢ € R, we get

1 -
2,5 — 5@@6_2“ +e* =0

If we further normalize the Hopf differential to have unit modulus, this yields the elliptic
sinh-Gordon equation.

2u,z + sinh(2u) = 0. (2.8)
This nonlinear PDE has been studied extensively in the field of integrable systems. Therefore,
when looking for metrics of CMC surfaces, one can use these methods to construct solutions.
Note that in the case of CMC tori, the assumption of constant Hopf differential is no loss of
generality, since doubly periodic holomorphic functions (i.e. elliptic functions without poles)
are constant.

Having introduced the above quantities, one can show that they determine a conformally
immersed surface up to isometries. This is the fundamental theorem of surface theory.



2.2 The Lax pair in terms of 2 X 2 matrices

Theorem 2.1.4. Let U be a simply connected 2-dimensional manifold and u,H : U — R
and @ : U — C be functions satisfying the Gauss-Codazzi equations. Then there exists a
conformal immersion f : U — H3 with metric g = 4e**(dx? + dy?), mean curvature H and
Hopf differential Q. This immersion is unique up to rigid motions in H3.

2.2 The Lax pair in terms of 2 x 2 matrices

In order to be able to work in a simpler setting we use a representation of H? in terms of
2 x 2 matrices and then derive the Lax pair and Gauss-Codazzi equations in this notation.
We first introduce the Pauli matrices

(01 (0 —i (10
A=\ 1 0) 27\ o) 7 \o0o -1 )

Identify H? with SLoC /SUs via

3 .
(x0+x3 :E1+ZJ:2) (2.9)

(zo, 1,22, x3) — zold + E rjo; = .
— r1 —11r2 To— I3
j:

This mapping is well-defined and an isomorphism since each symmetric hermitian matrix
with determinant one (as is the left-hand side) can be written as FEF?, F € SLyC and this
identification is unique up to multiplication by elements of SU; (see [15] for further details).
The norm on H? in this matrix representation is given by (x, z) = —det(X) and the Minkowski
scalar product by (z,y) = —3tr[Xo2Y'0y], where X,Y are the matrices according to the
above isomorphism.

For some point X € R*>! in matrix representation and an element A € SL,C, the mapping
X — AX A (2.10)

is a rotation in R%! corresponding to X — RX, R € SO(3,1). Taking a matrix

A:<Z Z) € SLy(C)

the mapping (2.10) corresponds to the rotation in R%! given by

Re(ac+ be)  Im(bc — ad) Re(ac — bd) Re(ac + bd)
R Im(bc+ad) Re(ad — bc) I'm(ac —bd) I'm(ac+ bd)
| Re(ab—eéd) Im(ab+ed) (aa—bb—cc+dd)/2 (aa+ bb— cc—dd)/2
Re(ab+¢ed) Im(ab+cd) (ad—bb+cc—dd)/2 (aa+ bb+ cc— dd)/2
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Now consider a conformal immersion f : U — H?® with extended orthonormal frame {f, e1, €2, N},
where e; = dﬁ—ﬂ and e; = lﬁiyl Since {1, 01, 092,03} is an orthonormal basis of the matrix rep-
T Y

resentation SLyC /SU, of H3, we can find F € SL,C that rotates this basis to the matrix
representation of the extended frame

f=FF' e =FoF' ey=FoF', N=Fo3F" (2.11)

Definition 2.2.1. In the representation H3 = SLy(C)/SUs, the matriz F € SLy(C) satisfy-
ing (2.11) is called the exended frame of the immersion f.

Since e; = \;‘%\’ with i = z,y, and |f;| = 2e" it follows

fo= 3l if) = Flor —io ' =2er () 7 212

Similarly we get
fz=2e"F < 8 (1) ) F*. (2.13)

With these formulas one can determine the Lax pair in terms of 2 x 2 matrices from the
system
F,=FU, F; =FV, F0)=1

By writing U = (u;;),V = (v;;) and using f.z = fz. we get

uz 0 —vgg — U1l U1 — U2l

and therefore vio,u01 € R, —uz = v9o + 411, —U, = u11 + V22.
From the previous section we know that fz, = 2e**f+2He?*N, where f = FF!, N = Fo3F"

and hence
o 1+ H 0 —
fzz = 2e F< 0 1—H F*.

Comparing this with our previous formula for f5, we get

e"(1+ H) —U, — Uiz uir +022 \ &
F< 0 e“(l—H))F_F 0 u21 o

Therefore vip = e“(1+ H), ug; =€“(1 — H).

In the same manner one can compute

_ u Uu12 0 i
foz = uzfr +2e F< Uy + D11 Ty >F7

and the 4 x 4 Lax pair yields f,, = 2u, f, + QN. Putting this together we get

Q 0 it u U2 0 it
F F* = 2e*F F
< 2¢"u, —Q c Uog + V11 V21 ’



2.3 The Sym-Bobenko formula

giving u1p = 2e74Q, vo1 = —3e “Q, us = ugn + V1.

Since F~'dF = Udz + Vdz is an element of Q!(C,sl,C) , U and V have to be trace-free,
i.e. uyp = —ug2, v = —vgo. Taking ugsg = 11 = %uz, we get the Lax pair in terms of 2 x 2
matrices.

Proposition 2.2.2. Let f : U — H? be a conformal immersion and F € SLyC such that
f = FFt. Then there holds
F, =FU, F:=FV,

where the Lax pair U, V is given by

1 —u, e vQ 1 Uz 2¢"(14+ H)
U= 2 ( 2¢“(1—H) u, ) , V= 2 ( —euQ —us ) (2.14)

and Q is the Hopf differential and H the mean curvature of the immersion.

Again, the Gauss-Codazzi equations read
1 _
Uﬁ+ehuﬂ44)f1QQaJ“:o, Q- = 2H_ ™ (2.15)

From the classical theory of surfaces it is known that up to isometries a surface is determined
by the triple (u, H,Q), where e2* is the conformal factor, H the mean curvature and @ the
Hopf differential. If H is constant, one can replace Q by A\™'Q for some A € S', and see
that it still satisfies the Gauss-Codazzi equations. Therefore there exists a S!-family of CMC
surfaces to every surface, called the associated family.

2.3 The Sym-Bobenko formula

We now want to derive a procedure to construct explicit surfaces in terms of the data (u, H, Q)
introduced in the last section. The idea is to use the Lax pair to construct a moving frame
to the surface and then reconstruct the surface itself from the moving frame. This is done
by the Sym-Bobenko formula. However, we will see that by this construction, the parameter
A plays a slightly different role than being a reparametrization of the Hopf differential. But
first we need to know that we can actually find a moving frame for the given invariants.

Proposition 2.3.1. Let U C C be a simply connected open set with 0 e U. For U,V : U —
s, C there exists a solution F = F(z) :U — SL,C to the Lax pair

F,—=FU,  F,=FV
with initial value F(0) € SL,C if and only if
Us. —V, — [U,V] = 0.

For two solutions F, I, there is a constant matriz G € SL,(C) such that F = GF.
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Proof. We have already seen that if there exists a solution to the Lax pair, the compatibility
condition leads to the Maurer-Cartan equation for U, V.
Conversely, identify C = R? and write z = x + iy. The above system of equations is then
equivalent to

F,=F{U+V)=:FA, Fy = F(iU —iV) =: FB.

In a first step, solve the linear ODE Fj(z,0) = F(x,0)A(z,0) with initial value F(0). Then,
for a fixed x¢, solve the equation Fy(xg,y) = F(xo,0)B(x0,0). By this algorithm, there holds
Fy = FBV(z,y). To show that F' is well-defined and F, = F'A, define

G=F,—FA
We have
Gy =Fyy—-FyA-FA,=(FB),—FyA-FA,=F,B+FB,—FBA—-FA,+FAB—-FAB

= (F, — FA)B+ F(B, — A, — BA+ AB)

The second part vanishes exactly if U and V satisfy the Maurer-Cartan equation. So there
holds G, = GB with initial value G(0) = 0, and hence (F' + G), = (F + G)B with initial
value F'(0). Due to the uniqueness of solutions for a given inital value we get G = 0, giving
F, =FA. So F is well-defined and independent of the integration path.

The formula for the derivative of the determinant gives
det(F), = det(F)tr(F'F,) = det(F) tr(U) = 0

since U € sl,,C. Similary we get det(F')z = 0. Hence det(F') = const. and since F'(0) € SL,C
we have det(F(z)) =1Vz and F € SL,C.

Now suppose that F' and F are both solutions to the Lax pair. Define G := FF~! € SL,(C)
and compute
G.=FF'-FFlEF1=FUF'-FUF =0,

and by a similar computation Gz = 0. Hence G is constant. 0

Now if there is given u,Q) and H solving the Gauss-Codazzi equations, the corresponding
Lax pair U,V satisfies the Maurer-Cartan equation. Therefore we can integrate to get a
frame F' € SL,C . By introducting a spectral parameter A we get a whole family of frames
F)(z) and we will see how to produce a family of CMC surfaces from these frames by the
Sym-Bobenko formula.

For computational reasons, we express the quantities introduced so far by Lie algebra valued
differential forms. For the Lax pair U, V given as above, the form o = Udz+ V dZz takes values
in sl3(C). For a general differential form w € Q(U, sl5(C)) we denote by

/ "
w=w +w
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the decomposition into the (1,0)- and the (0,1)-part according to d = 0 + 0 in TC. The
Hodge star operator on Q!(U, slz(C)) is defined by

xw = —iw +iw".
For sl3(C)-valued one forms we define the element [a A 3] € Q2(U, sl5(C)) by
[a A ﬁ]<X7 Y) = [OJ(X), /B(Y)} - [(X(Y), /B(X)]7
where [A, B] = AB — BA is the commutator.

Lemma 2.3.2. Let U C C and f : U — H? be a conformal immersion. With w = f~1df
there holds
2d*w=—iH[wAw]. (2.16)

Proof. By definition of the extended frame F' € SLy(C) there holds

f=FF!'=FF*
and F, = FU, Fs; = FV for the Lax pair U, V. In terms of forms this yields dF = Fa, where
o 1 —uzdz +uzdz e “Qdz + 2(1 + H)e"dz
2\ 2(1—H)e"dz — e “Qdz u,dz — uzdz '

We compute

w=fldf = F*YF Y dFF* + Fd(F*)) = F* Y(a+ o) F*

0 2e%dz
_ *—1 *
=F < 2e¥dz 0 > E

=14 2u 0 dz 0 dz %
[wAw] = F*""4e Kdz 0 >A<dz 0 F

= ge2up*1 ( -0 ) F*dz A dz.

With this we get

0 1
Using the definition of the Hodge star operator we have

s = it L ( 0 dz >F

—dz 0
R 0 2ieu,dz N dz N
= drw=F < 2ietuzdz N\ dz 0 F
-1 * %—1 0 2’L€ud2 * x—1 0 22€ud2 %
Fd(F)F < —2ie"dz 0 F F —2ie"dz 0 d(F7)
el 0 2ie%u, Sk 0 2ie"dz '\ 0 2ietdz w|
=F [( 2iebu; 0 dzNdz—a —2ie¥dz 0 —2ie¥dz 0 o F
= —4ie®* HF*! ( -1 0 ) F*dz A dz.
0 1
Hence 2d * w = —iH[w A w]. O
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For the next proposition we want to recover the Gauss-Codazzi equations in this notation.
For this we note that writing « = Udz + Vdz, the Maurer-Cartan equation for the Lax pair
is given by

1
Ug—‘/z—[U,V]:O <~ da+§[a/\a]:0 (217)
By introducing a spectral parameter A € C* in the Lax pair we can produce a whole family
of frames F) € SLs(C) leading to CMC immersions in H?, where the mean curvature is given

in terms of the spectral parameter. For that purpose we work with a slightly different version
of the Lax pair than given before.

Proposition 2.3.3. Let U CC andu:U — R and Q : U — C be smooth functions. Define

1 udz —uzdz  —A"letdz — Qe %dz
Q) = 5 < Qe—udz 4 \etdz —ude + ugdé ) . (218)
Then day + oy A ] = 0 if and only if uw and Q are a solution of
1 1~
uaz e = 1QQe ™ =0, Qs =0. (2.19)

Proof. As we mentioned before, day + %[a A A ay] =0 is equivalent to
UMz =V = [UN),V(N] =0,

where ay = U(M\)dz + V(A)dz. Using the decomposition of avy into the (1,0)- and (0, 1)-part
we compute

N O IR B (R P 1Q.c )

z
LQze s+ 1QQe - e

proving the claim. O

If we normalize @) by |Q| = 1 we recover the sinh-Gordon equation

2u —2u

2uzz + % = 2uz + sinh(2u) = 0.

In the next proposition we will see that by integrating the Lax pair dF)\ = Fha), we can
produce a family of moving frames that correspond to CMC immersions. In later applications,
we will be interested in CMC tori and cylinders with constant Hopf differential. Therefore,

for the Maurer-Cartan equation to be satisfied, it is sufficient that u is a solution of the
sinh-Gordon equation. The properties of the resulting surface are as follows.

Proposition 2.3.4. Let U C C be open and simply connected and u : U — R be a solution
of the sinh-Gordon equation. Let Fy € SLa(C) be a solution of dF\ = Fyay with ) given by
(2.18). Then for \g € C*\ S', i.e. A\g = 9T ¢ #0, the map f : U — SLy(C) defined by
the Sym-Bobenko formula
—_—t
f(2) = Fx, (2)Fx (2) (2.20)

is a conformal CMC immersion in H?> with mean curvature H = coth(q).

10
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Proof. First we note that the defined map actually takes values in H? 2 {FF* | F € SLy(C)}.
To proof conformality we compute

df = dFF* + Fd(F*) = FaF* + Fo*F* = F(a + o) F*,

_ — e Lo 0 A — A\ Hevdz N
w=fTldf = F"at+a")F" = F 1<()\—5\1)e“d,§ hory )F

From this we get the decomposition w = w’ + w”. Using the formula (X, X) = —det(X) for
the metric in the hermitian matrix model for H? we compute

<w/,w/> — <w//’w//> — O7
and since the metric is left invariant on SLs(C)/SUs =2 H? we get
(fmfz) = <f27f2> = 05

proving conformality of f. The conformal factor can be computed using (X,Y) = —3tr[Xo2Y 0]
and the left invariance of the metric as

<fz;f2> = <w/7w//> =

11 gus o1y o1y [0 dz 0 dz
—§tr 1€ A=A"HA=A )(0 0>02<0 0>02]

_ 1 A=A H\=ANe?dz dz.
8

To prove the formula for the mean curvature we use

2dxw=—iH[w A w]

and compute

1 _ _
[wAw] = 562% — A Ha=xHpt < é _01 > F*dz N dz,

1 _ _
dxw=—Zic™ (AN = ATIATH ( (1] _01 ) F*dz A dz.

With A\ = e4T we get

T e I V0 o
A=A =AY A F AN -2 20 4 o2 — 2e9e79]
(T e (e —eT)  elted
B (eq — e*Q)2 B ed — e*q'
This gives
cosh(q)
H=— = coth(q)
sinh(q)
proving the claim. O

11
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This proposition gives a method to construct families of CMC surfaces parametrized by the
spectral parameter A\. The difference in the two versions of the Lax pair is that in the first
case, we can replace Q@ — A~!'Q, where |A\| = 1, and see that the Gauss-Codazzi equations
still hold. Hence introducing a spectral parameter amounts to a reparametrization of the
Hopf differential. In the second case, introducing a spectral parameter A € C*\ S! means
that we get Lax pairs of a family of CMC surfaces, where the mean curvature of the resulting
surface is encoded by the spectral parameter. In this notation, A € S' corresponds to H = oo,
meaning that we get in fact a surface in R3. However, by using this method, the resulting
surface does not have the invariants v and ) but constant multiples of these as conformal
factor and Hopf differential.

2.4 Spectral curves and CMC tori

In this section we describe how to associate a hyperelliptic Riemann surface to a solution of
the sinh-Gordon equation, called the spectral curve. By studying properties of the spectral
curve, one can gain information about the CMC surface corresponding to this solution.

Definition 2.4.1. Let U C C be open and simply-connected and v : U — R a periodic real
solution of the sinh-Gordon equation with period T € C*, i.e.

uw(z+7)=u(z) VzeUwithz+71eU.
Let Fy : U — SLy(C) be a solution of the Lax pair
F,=FU, F;=FV,
and define M(\) € SLy(C) by
Fx(z+71) = M(\)Fa(2). (2.21)

Then M(X) is called the monodromy of the moving frame F) corresponding to the period
T e Cn.

Since @ = Udz 4+ Vdz is holomorphic in A for A € C* and the frame was constructed by
integrating dF\ = F\a, F) and hence also the monodromy M (A) is a holomorphic map
C* — SL9(C) with essential singularities at A = 0, cc.

Proposition 2.4.2. The monodromy satisfies

MY = Mt~ (2.22)

Proof. Writing oy = Uydz 4+ V)dZz and using the expressions for U and V we can check that
there holds

Oé;\—l — _Oé)\

12
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For the moving frame F)\ € SL2(C) we compute
d((F)™1) = —(F) ™" dF} (F) ™' = —(F) ™" GAF} (Fy) ™
=—(F) = (F) ™ ax

Hence (F!)~! as well as Fy_1 are a solution of

dF = Foj
with the same initial value F'(0) = 1. Therefore

(F)™ = Fy
and by the definition of the monodromy matrix it follows that

M) =M\~
O]

The monodromy encodes how the moving frame F' varies when traversing a period of u. We

have seen before that for a solution of the sinh-Gordon equation and a corresponding frame
F we can describe a conformal CMC immersion f : U — H? by

f(z) = F()F(z) -

Therefore we can characterize the periods of the surface given by the Sym-Bobenko formula
by investigating the behaviour of the monodromy matrix.

Proposition 2.4.3. Let f: U — H? be a conformal CMC immersion given by
—t
f(2) = Fx, (2)Fx (2)

with moving frame Fy, : U — SLa(C) where \g € C*\S'. Letu : U — R be the corresponding
solution of the sinh-Gordon equation and T € C* be a period of u. Then the immersion is
periodic with period T, i.e.

flz+71)=f(2)

if and only if the monodromy matrixz satisfies

M(Xo) = M(X ") = +1. (2.23)

Proof. From the Sym-Bobenko formula we know that
7t _
f(2) = Fx(2)Fx(2) = FAO(Z)F;;l(Z)-
The condition that the immersion f(z) is periodic with period 7 is equivalent to

Fe 4+ 7) = MOWPLFMOG) ™ = 1) = B Fih

& M) = MO = £1.

13



2 Differential geometry of surfaces in H?

Equation (2.23) is called the closing condition for the monodromy. We can use this propo-
sition to determine if a CMC immersion with periodic metric u is periodic itself. If there is
one period 7 and the closing condition is satisfied, the resulting immersion is a CMC cylinder
in H3. If there are two linearly independent periods 71, 7 of the metric and the corresponding
monodromy matrices satisfy the closing condition for some g, the immersion f), closes to a
CMC torus. This information can be encoded in an algebraic construction, called the spectral
curve.

Definition 2.4.4. Let 7 be a period of u, F\ the moving frame and M (\) the corresponding
monodromy matriz. Then the spectral curve of the immersion f = FAF){ s given by

I'={(\p)€C?|det(pl— M) =0}. (2.24)

Hence the spectral curve is by definition the eigenvalue curve of the mondromy matrix. In
fact, the spectral curve is associated to the whole family f\ and therefore depends only on
the solution u of the sinh-Gordon equation. If we are working with CMC tori there are two
periods 71, 79 corresponding to two generators of the fundamental group Z & Z. In this case
we can consider the monodromy as a representation of the fundamental group on SL2(C) or,
equivalently, investigate the two commuting monodromy matrices M, (\) and M, (X).

Since det(M,(\)) = 1, the eigenvalues are of the form y;, u; ' and satisfy
p? —tr(M(\)pu+1=0. (2.25)

Using the well-kown formula for the zeroes of a quadratic equation one computes

= % (tr(M () = VI QIO 1) (2.26)

Compactifying the spectral curve over the points with A = 0, 0o and assuming that there are
no singularities we get a two-sheeted covering of CP' with branch points at A = 0, 00 and the
odd roots of tr(M()))? — 4. In general, such a two sheeted covering is called a hyperelliptic
Riemann surface and can be written as

N
{Av)eC | =A[J(A—a)}, Ne{29,29+1},
=1

where «; are distinct branch points and ¢ is the genus of the algebraic curve. A good reference
for the basic theory of hyperelliptic Riemann surfaces is [3].

One can show that for CMC tori, there are only finitely many odd roots of tr(M(\))? — 4 in
C*, hence the spectral curve is of finite genus. Furthermore, for the two generators 71, of
the fundamental group of a torus, the odd roots of tr(M,, (A\))? —4 and tr(M,,()\))? — 4 coin-
cide. Therefore both monodromy matrices lead to the same spectral curve (see [6] and [10] for
further details). Real solutions of the sinh-Gordon equation leading to spectral curves with
finite genus are called finite type solutions. Pinkall and Sterling and independently Hitchin

14



2.4 Spectral curves and CMC tori

proved that all CMC tori are of finite type ( [6], [14]). The genus g of the hyperelliptic Rie-
mann surface I' is called the spectral genus of the solution u of the sinh-Gordon equation.

The eigenvalues p; of the monodromy matrices M., (A) are functions on the spectral curve.
From the properties of M one can show the following behaviour (see [13]).

Proposition 2.4.5. Let I' be the spectral curve of a conformal CMC immersion f: U C C —
H? of a torus and yu; the eigenvalues of the monodromy corresponding to two periods T1,Ta.
Then the following holds:

1. There is a holomorphic involution o and two anti-holomorphic involutions n and p,
where  has no fived points on I', satisfying

o: <)‘7:U'i) = ()‘7 E)v
- (A,MH(%,,—M), (2.27)
pr o) = (52

2. The functions p; are holomorphic and non-zero on T'\ {y™,y~}, where y*,y~ are the
branch points corresponding to A =0 and X\ = oo respectively.

3. The logarithmic derivatives d1n p; are meromorphic differentials of the second kind (i.e.
without residues) with double poles at A = 0 and A = co. The singular parts at the poles
are linearly independent.

Recall the closing condition on the monodromy which ensured that a given immersion closes
to a torus. It was given by
M(ho) = M(35") = £1

for a point \p € C*. In terms of the functions u; on the spectral curve, this condition is given
by 1i(Xo) = pi(Ay 1) = +1. The point Ay, where the frame F) is evaluated to produce the
immersion f via the Sym-Bobenko formula, is called the Sym point.

Knowing the properties of the spectral curve of a torus, we can determine sufficient condi-
tions when a given hyperelliptic Riemann surface is the spectral curve of a conformal CMC
immersion of a torus. This leads to the theory of integrable systems, where algebro-geometric
methods are used to construct solutions pf the sinh-Gordon equation corresponding to a given
hyperelliptic curve. The data which is sufficient for a solution to exist is exactly the one stated
in the proposition before.

Proposition 2.4.6. Let I' be a hyperelliptic Riemann surface with branch points over X =0
and X\ = oo and let there be given two functions p; fulfilling properties (1)-(3). If there are

points yi,y2,y3,ya on I', where yo = o(y1), ya = o(y3) and ya = p(y1), ys = p(y2), such that
wi(y;) = 1, then T is the spectral curve of a conformal CMC immersion of a torus in H3.
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2 Differential geometry of surfaces in H?

We only sketch the proof which makes heavy use of Riemann surface theory. In a first step one
can show that the conditions in the proposition enable one to write down an explicit solution
of the sinh-Gordon equation 2u,z + sinh(2u) = 0 in terms of Theta functions. Furthermore,
this solution is real and doubly periodic.

Using this solution, one can write down the Lax pair U,V as introduced before. Because the
Maurer-Cartan equation is satisfied, one can integrate F, = FU, F; = FV to get a frame
F, e Sy ((C)

Finally, the Sym-Bobenko formula gives the formula for the immersion. The existence of the
points y; which correspond to the Sym points A\g and 5\6 L ensure that the eigenvalues of the
monodromy satisfy the closing condition. Hence the immersion is also doubly periodic, i.e. a
torus. A detailed proof of these facts can be found in [13].
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3 CMC Cylinders in H*

3.1 Spectral genus g =0

3.1.1 CMC cylinders and tori with g =0

To describe CMC cylinders with spectral genus g = 0, we first compute the moving frame.

Proposition 3.1.1. Every conformally immersed CMC' cylinder f : U — H? with constant
mean curvature H and spectral genus g = 0 can be described as

_ —t _ 1 0 A 4+ 2
f =Ry, 1%(2)—«39@(2(”2A ; )) (3.1)

where \g = edTW and H = cothgq.

Proof. For g = 0, there is only the spectral curve given by v?> = X. The only solution
of the sinh-Gordon equation corresponding to this spectral curve is the flat solution u =
0. Integrating dF)\ = F)a) with u = 0 gives the frame as stated in the proposition. By
Proposition 2.3.4, the surface f : U — H3 can be described by f = FAOFf\O, proving the
claim. O

Taking the initial value F\(0) = 1 ¥\, the monodromy is given by

i 0 A+ 7
My () = exp <2<r+%/\ 0 ))

0 z)\_1—|—2>

Define the matrix A by M () = exp(A(N)), i.e. A= % < 2+ Z\ 0

Finding periods for which the immersion corresponding to F)\(z) closes to a cylinder amounts
to finding Ag and 7 for which M;(\g) = £1. Since the matrix A is trace-free, the eigenvalues
come in pairs +k. If we diagonalize A by D, i.e. diag(...) = D 'AD, we get exp(A) =
Dexp(D~'AD)D™!, where the exponential on the right-hand side has e** on the diagonal.
So for M(A) to be the identity, we need £k = miN, N € Z, for the eigenvalues +k of A.

The eigenvalues of A are given by

Inp(A,7) = %(T\/X_l +7V)
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3 CMC Cylinders in H3

Set A = 4T 1 = 5T We compute

Inp=mN <& es(e_%+i(t_i%) + e%_i(t_’%)) =21N <& e’ cosh(% —i(t—

) =nN

Therefore a necessary condition is

cosh(g—i(t—%))eR & g: or t—%:wk

Theorem 3.1.2. There are no conformally immersed CMC tori of spectral genus g = 0 in
H3.

Proof. Assume that there is such a torus given by f = F) F )t\o, then there are two linearly
independent periods 7, 70 and Ag for which

M, (\g) = +1.

From the discussion of the Sym-Bobenko formula we know that [\g| # 1. So ¢ # 0, giving
— ¥ = k. Therefore 2t — 21k = .

If the 7; = e%T% are linearly independent, t; # ty mod m. Therefore v mod 2r = 2t; #

2ty mod 2w = 5. Therefore the 7; cannot belong to the same Sym point A\g. Hence there

cannot be two linearly independent periods. O

Nevertheless we can find periods leading to CMC cylinders. As shown above, for In yu = wilN
we need t — 5 = mk. For a fixed \g = e?t"W we can find periods by choosing some k € Z
and solving t — & = wk for . Note that this way, the argument of 7 is determined up to 7k,
therefore all periods corresponding to one Ay are linearly dependent, as we have just proved
above. Then computing

q . (0
h(= — - =
Cos (2 it 2)),
we can solve for a chosen N € Z
e’ cosh(g —i(t— L5)) = 7N,

finding a unique s € R for which 7 = €5 is a period. With these choices of Ay and 7, we

get a CMC immersion which closes to a cylinder in H?.

3.1.2 Formula for the immersion

Finally, we get the immersion corresponding to the frame F)\(z) by plugging it into the Sym-
Bobenko formula

f(z) = FA(2)F\(2)

18



3.1 Spectral genus g =0

(0 AT RN (i 0 ATz
I T P W P\alz+2x 0

By the Sym-Bobenko formula, this gives an immersion of a CMC cylinder with mean curvature

H= }fi:;g = coth(q), if A = 9T, We first compute the frame via the exponential.

on [ 0 A4z _ L0 0 z2A'+z
P\ 242\ 0 “ETo s 0

1 ( (AL +2)(2 + 2N) 0 )

8 0 A+ 2)(2 4+ 20)
i 0 (A1 4+ 2)2(2 4+ 2))
_48< (z+20)2(z2A "1 + 2) 0 >+
_ cosh(/(zA1+2)(z + 2))) A2 sinh(§/(zA 1+ 2) (2 + 20))
Zi'ff‘ig sinh(3/(zA~1+2)(z + 2\)) cosh(3/(zA~T+2)(z + 2\))

where we used the power series expansion of cosh and sinh. If we set a = 4/ Z’Z\%;\Z and omit
the arguments of cosh and sinh then we get

PR | cosh |? 4 |a sinh |2 1 coshsinh + acosh sinh
~ \ lcoshsinh +acoshsinh |cosh [2 4 |1 sinh |?

For a concrete immersion we have to pick some A € C*\ S! and use the representation
H3 = SLQC/SUQ via

To+x3 T+ 129 > (3.2)

(xo, x1, T2, 3) ( )
T1 — 1Ty To — T3

From the diagonal entries we get

1
xo + 3 = | cosh |* + a?| sinh |?, zo — x3 = |cosh |* + =1 sinh |2
a
which yields
1 1 1 1
zo = |cosh|? + 5((12 + $)| sinh |2, T3 = §(a2 - ?” sinh |?

From the off-diagonal entries it follows that

1,1 - 11— S N 1 - S
x] = E(j cosh sinh + —cosh sinh +acosh sinh +a cosh sinh) = Re(= cosh sinh 4 acosh sinh),

a a a
Z. 1 1 1 1 . T 1 . — v 1 1 SN Ty .
xTg = — i(j cosh sinh — —cosh sinh +acosh sinh —a cosh sinh) = I'm(= cosh sinh + acosh sinh).
a a a

19



3 CMC Cylinders in H3

Next we choose some A out of the admissible set, i.e. A ¢ S!, and compute the missing
expressions. We choose A = % This gives

—1 = 2
ZA :I—z z—l—z: 3:U+zy_\[27
zZ 4 ZA z+ 5 2x—132’

where we set z = x + iy. For the argument of the hyperbolic functions we get

v s voue :Z'\/ ety =L /L )2 = S Y
2\/(;:)\ +2)(z 4 2\ 5 (3x—l—zy)(2x 22) 5 2(3w+zy) 75

Now we just need to plug this into the above formula for the frame. We use the identities
cosh(ixz) = cos(z), sinh(iz) = isin(z)
and

1 1
| cosh(w)|* = i(cosh(w + W) 4 cosh(w — w)), |sinh|* = i(cosh(w + w) — cosh(w — w))

where in our case w = 31‘\:1;;,_ This gives
Ty = gcosh(—ji) - cos(fj/%),
T3 = gcosh(—%) - 8COS($%),
- Re(2\3/§sinh(—\%) + 1ﬂs1 (Gég)) _ \3/§sinh( )
3 Y 6ix 1 6x

xT9 = Im(Q—

Like described above, we can find out which simple periods belong to our chosen A by solving

qg ... ¥
fcosh(= —i(t— =)) =
e’ cos (2 i( 2)) T,
Wheret—%EWZ. For)\:%:e_ln2 this gives
s=lh—" & r=e=—"

cosh(—1n+/2) cosh(—In f)
This gives the following example of a CMC cylinder in H?3.
Proposition 3.1.3. The mapping f : R? — H3,

9 Y 1 6x 3 . Y 1 . 6x. 3 Y 3 6x

z,y) = (= cosh(——==)—=cos(—=), —=sinh(——=), —=sin(—=), = cosh(——=)—— cos(—
defines an immersion of a cylinder in H® with constant mean curvature H = coth(—In2) and
stmple period T =

)

cosh(—7rln V2)©
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3.2 Spectral genus g = 1

3.2 Spectral genus g =1

3.2.1 The spectral curve

Let I' be a hyperelliptic Riemann surface of genus one with branch points at A = 0, oo, «, é,
a € R, given as compactification of the algebraic curve

vi=XA—a)(A——). (3.3)
In general, the two branch points are of the form «, é However, we can always move them
to the real axis by performing a Mobius transformation in the A-plane.

On T there is the hyperelliptic involution o : (A, v) — (A, —v), and since o € R, there is the
additional involution (A, v) + (A, 7), . Furthermore the following involutions exist.

p:(\v)—( ,—5\%), n:(A\v)—( )

L)
I \2

where 7 is chosen so that there exist no fixed points (since v? < 0 for A = £1, we have
—v=v).

>:," N

)

>l
>

(3.4)

‘95()\7V)’_)(%7_%)’ X (A ) = (

>l
>

Let A,B € H (I',Z) be a canonical basis of the first homology group of I, where the cycle
A surrounds the branch points 0, « in positive direction and the cycle B surrounds a,é in
positive direction. A model for I is given by gluing together two copies of CP! along the cuts
[0,a], [, 00]. By this construction, v is a well-defined, single-valued function on I' (see [3]).
If T is the spectral curve of a conformal CMC immersion of a torus in H?, there exist two
linearly independent differentials of the second kind, dIn p; and d1In pe, with poles of second
order at A = 0,00. They are the logarithmic derivatives of functions p; which are the eigen-
values of the monodromy of the extended frame of the torus along two linearly independent
periods. Regarding the transformation of p; under the involutions, we have

o'dlnp;=—dInp;, p'dlnp;=—-dlng;, n'dlnp;=dng, i=1,2 (3.5)

Given the spectral curve, the differentials dIn y; can uniquely be chosen such that

/ dlnp; € 2miZ, i=1,2. (3.6)
B

The operation of the transformation n on the cycle B € Hy(I',Z) is as follows. In the A-plane,

the transformation A — % has fixed points in B N S' and the cycle B is traversed in opposite

direction. However, 7 is without fixed points. Hence these points in B N S' are mapped into
the other sheet of I'. So the cycle no B is the same as 0 o —B. As the hyperelliptic involution
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3 CMC Cylinders in H3

acts as —Id on Hy(T',Z), this yields n o B = B. By the homology invariance of the complex
line integral it follows that

/dln,ui:/ dln,ui:/n*dln,ui:/dln,ui.
B noB B B

:>/dlnm—dlnﬂi:/QiIm(dlnui):().
B B

Thus the integral along B has to be real. This can only hold if

/dlnm =0, i=1,2. (3.7)
B

3.2.2 Periods of CMC cylinders for g = 1

In order to determine the explicit form of the first eigenvalue, we need the following

Lemma 3.2.1. Every meromorphic function f on a hyperelliptic Riemann surface I' can
uniquely be written as
f=r(Nr+s(N), (3.8)

where v and s are rational functions of .

Proof. Let T be defined by v?> = R()\) where R is a polynomial in A of degree 2g + 1 or
2g+2. The resulting algebraic curve is a two sheeted covering of CP! possesing the involution
o: (\v)— (A —v). Splitting f in symmetric and antisymmetric parts with regard to the
hyperelliptic involution

1 . 1 i
[ =5+ N+ 50 =),

we can write the symmetric part as pullback of a meromorphic function s on CP'. Due to the
symmetry v — —v, s is well-defined and unique. In addition %( f —o*f) is symmetric with
regard to o, and therefore the pullback of a meromorphic funtion » on CP!. The meromorphic
functions on CP! are rational functions of \. O

From the previous sections we know the properties which have to be satisfied by the eigenfunc-
tion p of the monodromy if I is the spectral curve of a solution of the sinh-Gordon equation.
In general, In p is multi-valued. However, on a genus g = 1 spectral curve, there exists a
function which has the same properties than In u has. To determine the explicit form of that
function we are looking for a meromorphic function f having simple poles at A = 0, co. From
the lemma we know that f = 7(A\)v + s(\). Since o*p = p~! this yields o*Inpy = —Inp.
Hence s = 0. We use the following Ansatz (higher powers of A cannot come up because of

the determined pole order).
aX+b

F=ao5a"
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3.2 Spectral genus g = 1

Around the branch points A = 0, 0o, local charts for I are given by v/A and % respectively.
Plugging in the local paramter in a neighbourhood of these branch points we get

az2+b\/2 9 5 1
)‘EUe(O)vZ—\/Xéf—m 2%(z —Oz)(z—a)
B az’? +b \/(2_ )(2_3)
ez dzl T «a

The expression in the square root is non-singular at z = 0, hence we must have d = 0, for
In i to have a pole of order one.

1 az_2+b\/ o/ o 1
)\EUE(OO),Z—W :>f—62772 y4 (Z —O[)(Z —a)
az 240 3\/ 1 a b
_ - _ o4 (@ 3 0
=== (oz+a)z +z (Cz +Cz VA

The square root is non-singular at z = 0, hence a = 0.

bv
= I=a

The constant factor can be determined by the relation p*;u = =1 (The functional equations
for In only hold mod 2mwi. However, this does not affect our arguments since we are looking
for purely imaginary values).

. B v s v
Pl =y = ok, —f =
= c=c¢c & ceR
The differential reads )
v VA — v cA*—1

where we use the explicit form of v. Altogether we have

Proposition 3.2.2. On the hyperelliptic curve I' of genus one, there is exactly one function
f up to real factors with simple poles at A = 0,00 satisfying the transformation rules of the
mondromy eigenfunction. It is given by

2 _
f=ef ar= S0

=575, I\ ceR (3.9)

It is known that on the spectral curve of genus g = 1, there is one direction for the period,
in which the metric is constant. Choosing this period, the logarithm of the eigenvalue of the
monodromy corresponds to the function derived above.
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3 CMC Cylinders in H3

A necessary condition for the immersion to close to a cylinder is
p==x1 Shpu=nN,NecZ =lnuciR
With the explicit form of In u for the first period we get

v v v v
Inp=c~ €iR R — iR = —
npu C)\Gl,CG = )\62 = X \

_ - 1.- - 1
o N2 =122 (Amod £1) < >\(>\2—(a+a)>\+1):)\()\2—(a+a))\+1)

- 1 - 1
S AN -(a+N+DeER & DN A+AeR & A+ €ER
e
Setting A = €97 this is the case iff cosh(¢ + i) €ER < ¢=0or¢y =7k & A€ S'UR.
However A is only determined up to sign. For A € R the formula for v yields:

1
%eiR,)\eR s vEIR & 1 <0 & Ae (—00,0)U (o, =)
«

Altogether we have:
1
Inp€iR < AeS'U(—o0,0)U (e, —) (3.10)
o

By choosing A from this set not having unit modulus, we get an immersion of a CMC cylinder
in H? by integrating the Lax pair corresponding to the periodic solution of the sinh-Gordon
equation which is determined by the spectral curve and plugging the resulting frame into the
Sym-Bobenko formula.

3.2.3 CMC tori with g =1

If we want the immersion to close to a torus, we need two linearly independent periods. The
integral along B vanishes for both differentials. However, this can’t be true for A. Suppose

there holds
/ dlnp; =0, 1=1,2.
A

Then both differentials are exact, i.e. exterior derivatives of a meromorphic function obeying
the transformation rules. Since on a genus one Riemann surface, there is only one such
function up to real factors, the differentials are of the form
v v
Inp; = ch, In pe = CQX, c € R.

This is a contradiction to dln p; and dln s being linearly independent. So there must hold

/ dlnpg # 0, (3.11)
A

i.e. Inpo is a multi valued function on T'.
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3.2 Spectral genus g = 1

L

dIn py is symmetric under the involution x : (A, v) — (%, 1z

tions. Ansatz:

) and satisfies all required condi-

dlnps =dw+cdln py,

where dw is y-antisymmetric. Due to the prescribed pole order, dw is of the form

a)\2+b)\+c@
fA v’

The antisymmetry x*dw = —dw leads to

aX™? +bA"! +C(—A—2))‘—2d>\— CaF+bA el dh - aN +bA+cd
fAl v A v A v’

hence there must hold a = ¢. Therefore dw is of the form

b
fv
The factor % can be determined by the relation p*dw = —d ®.

A2 41
dw—gi

=55

N+ 1 A2 41 o < N4
p*ﬁ + — E%(_ _Q)d)\: a _—i__ d.
v FATIN2(—D) f v
Hence we need —% = %, ie. % € iR. In the same way, we get % € iR. Thus
A2 +1 dX
dw =ic + A\ +ico—, ¢ R (3.12)
v v

In a next step we want to rule out the existence of tori in H? with a genus 1 spectral curve. If
I is the spectral curve of a torus, there exists A\g satisfying In p1(Ag) € iR and In us(Ag) € iR.
Since [ 4 dInpg # 0 and therefore i) 4 dw # 0, w is multi valued along A. We make w unique
by cutting I' into different branches and investigating each. We have shown earlier that

1
Inp €iR & A€ STU(—o0,0)U (a, ).
a
First case
Cut along [—o0,0] and normalize w by w(A = 1) = 0. Because of x*dw = —dw and the
normalization we have y*w = —w on this branch. Since for A € («, é) we have v? < 0, it
follows that — = v in that interval. Therefore (3, 32) = (%, ;—5), ie.
Plia,1) = Xl(a,1) (3.13)

Beacause of p*In uo = — In fio, there holds p*w = —@.
Let Ao € (o, 1). Suppose that w()\g) € iR. Then we have

«

pw=—0=w.
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3 CMC Cylinders in H3

However, from (3.13) it follows that

1
prw=x'w=-w YA€ (a,—)
a

1

Therefore w cannot be purely imaginary in (o, ), unless A\g = 1.

Second case

Cut along [o, 1] and normalize by w(A = —1) = 0. Then w fulfills the same transformation
rules as in the first case. Due to v? < 0 for A € (—o0,0), again there holds p = x along that
line. Therefore w cannot be purely imaginary in (—oo,0) unless A\g = —1.

Altogether we get
IN|weiRY N {\| Iny; €iR} C St (3.14)

Since w is the %—antisymmetric factor of Inus, the same holds for the logarithms of the
eigenvalues In y; of the monodromy for two linearly independent periods. However, due to
the Sym-Bobenko formula, A € S! is not admissble in the case of H3. So we have shown

Theorem 3.2.3. There are no conformally immersed CMC tori of spectral genus g = 1 in
H3.
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4 Deformation of spectral curves

4.1 Spectral data and deformation theory

In this section, we study deformations of spectral data corresponding to finite type solutions
of the sinh-Gordon equation leading to CMC tori in H?. First, we define the spectral data of a
CMC torus by polynomials describing a hyperelliptic Riemann surface and two meromorphic
differentials. Then we derive differential equations describing deformations of this data that
leave invariant the closing condition imposed on the deformed meromorphic differentials and
therefore conserve the property of the solution to be the metric of a CMC torus. This de-
formation theory was introduced in [8] and used in [7] to study deformations of CMC tori in S3.

4.1.1 Spectral data

In the previous sections, when we considered spectral curves of CMC surfaces, we showed that
a sufficient condition for the surface to close to a torus is the existence of two meromorphic
differentials

dlnpy, dlnpe

with double poles at A = 0, 00 and without residues, that are the logarithmic derivatives of
functions p; that satisfy p;(Ag) = 1 for some )y and

o=yt Pt = 0=
for the involutions defined on the spectral curve. For the purpose of this section, we use a
transformed spectral parameter

A1
K=y 1
The points lying over A = 0, 0o correspond to k = i and the points with |A\| = 1 are mapped
to k € R. By defining « in that way there is a freedom of taking a Mobius transformation

. sin(v) + K cos(v))
cos(y) — ksin(e))’

which amounts to a rotation in the x plane by angle v having fixed points at k = 4. This
transformation changes the spectral data, but leaves invariant the corresponding solution of
the sinh-Gordon equation. In our further investigations, we fix this Mdbius transformation
such that for the Sym point there holds A\g € R, respectively kg € iR.

(4.1)

PUENPELD WP
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4 Deformation of spectral curves

For a set of pairwise distinct branch points a; € C*, i = 1,.., g, with Im(«;) < 0 define the
polynomial

g
a(k) = [[(r — i) (k — &) (4.2)
i=1
and the hyperelliptic curve I' by
V2 = (k%4 1a(k). (4.3)

I" is a two-sheeted covering of the Riemann sphere with branch points at kK = £i, a;;, @;. Note
that since a(x) does not have any real roots, we have a(k) > 0 Vk € R. On I there exist the
following involutions

o (K,l/) = ('%7 _V)v P (’{a V) = (Rv ﬂ)a n: (K,I/) = (R> _ﬂ)‘ (44)
The fixed point set of p is called the real part of I'.
Define b;(k) = %0, In p;(k* + 1)v. Because of the freedom of Mébius transformations we can

assume that dln y; is holomorphic at K = co. Comparing powers of k we see that b;(k) is a
polynomial of degree g + 1. Because of n*dIn y; = d1In ji; we have

b; (R
-V

"2+ 1)d/<; =dlnp; = —mﬂ

< bi(R) = bi(k),
so b; has real coefficients. The two differentials dIn u; can then be written as

. bi(w)
Inp; = mi——-—dk. 4.
dlnp; = mi 2+ l)udH (4.5)

In general, there is a whole family of polynomials b; corresponding to a solution of the sinh-

Gordon equation. Fixing a Mdbius transformation like described above then determines the
parameter x and hence the polynomials b; uniquely.

Let the closing condition hold for Ag. Then by the transformation rules obeyed by pu;, the
closing condition must also hold for +. In the k-plane, this corresponds to two points kg, k1
with

>

0
Ao —1
=1
Ao+ 17
oA -1 1= X
TR T
0 0

With this information, we can formulate the definition of the spectral data of a CMC torus.

Ko

= KqQ.

Definition 4.1.1. Let a be a real polynomial of degree 2g with highest coefficient equal to
one, and let b; be two real polynomials of degree g+ 1, and kg € C\ R a marked point.
The spectral data of a CMC torus of finite type in H> with mean curvature

. 1+ Kokog

~ 2Im(ko) (46)
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4.1 Spectral data and deformation theory

consists of (a,by,ba, ko) with the properties
(A) a(k) > 0 for k € R.

(B) On the hyperelliptic curve I' defined by a(k) via (4.3) exist two functions p; with essential
singularities at k = +i and otherwise holomorphic with logarithmic derivatives (4.5), that
transform under the involutions (4.4) as o*p; = ,ui_l, i = ﬂi_l, N = ;.

(C) The differentials d1n u; are meromorphic differentials of the second kind with double poles
at k = i and linearly independent principal parts.

(D) pi(ko) = pi(Ro) = +1.

We computed the formula for H using H = coth(q) with A\g = €% and the parameter
transformation A — k. Note that choosing the Sym point kg = 0 corresponds to H = oo,
i.e. a cylinder in R3. kg = =i corresponds to |H| = 1, which is also a boundary of the
domain where we can choose kg since we used |H| > 1 to introduce the Lax pair and the
Sym-Bobenko formula.

4.1.2 Deformations

Now suppose we have an open set of spectral data {(a, b1, be, k9)} which is parametrized by
a real parameter t C (tg,t1), meaning that all four quantities depend on k and ¢ and the
corresponding family of spectral curves is defined by

L(t): v?=(k*+1a(s,t). (4.7)

We want to derive conditions on the deformation in order to leave invariant the above prop-
erties of the spectral data. From condition (B) we know that 0 In y1; is meromorphic on the
family of spectral curves and can only have simple poles at the branch points, i.e. £¢ and the
roots of a(k). Therefore we can write

& In ji; = i C@'(y’““) dr. (4.8)

The condition of being holomorphic in kx = oo again shows that ¢; is of degree at most
g + 1. From the transformation rules of pu; it follows that ¢; is a real polynomial. To find
deformations such that the polynomials a and b; stay in the set of spectral data of CMC tori,
we look at the second derivatives and derive the integrability condition for the vector field
corresponding to the polynomial ¢;.

2a 0;b; — Ora b;
O Inp; = m’w, %, Inp; = i

2(k? + 1)a Oxc; — 2rac; — (k% + 1)0pac;
23 '

203
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4 Deformation of spectral curves

Therefore we get
O o = Oy lnp &

2a 0ib; — Ora b; = 2(,‘42 + 1)a 0xci — 2kac — (52 + 1)0xac;. (4.9)

If we want the solution to stay doubly periodic, we need to specify the relation in which
the two linearly independent differentials dln u; should be deformed, i.e. a condition on the
polynomials ¢;. For this, we build the differential

9C1by — 2y

v2(k2 4+ 1)
Since the dln u; have poles of second order at kK = +i and 0 In u; at most simple poles, w
has at most poles of order three. Furthermore In p; is constant along the curves ro(t), ko(t)

of the marked points. Therefore 0; In 1; must have zeroes at kg and Kg. These conditions are
satisfied by the differential

w=0Inpu; dinps — O Inpus dlnpu; = —m dk.

(k — ko) (K — Ro)
(HQ + 1)2
Therefore if we require w to be of that form up to factors of proportionality, the deformation
conserves the properties of dIn p; and 0 In p;. This is the case iff

dk.

Crbo — coby = —%(m — o) — Ro)a(k). (4.10)

For the deformation to be well-defined, we need to show that for given initial data, the above
equations define unique tangent vectors d.a and 9;b; and hence vector fields on the set of
spectral data.

Proposition 4.1.2. Let the spectral data of a CMC torus be given. If the differentials dln p;
have no common roots, then the equations (4.9) and (4.10) describe a well-defined deformation
of spectral data and the initial data is contained in an open set of spectral data of CMC tori.

Proof. If d In p; do not have commen roots, neither do b;. Fixing the parameter s such that
ko € iR, the b; are uniquely determined. Evaluating equation (4.10) at the 2g + 2 roots of
b1 and by then uniquely determines ¢; and co. Now let «;, i = 1,...2g, be the roots of a.
Evaluating equation (4.9) at these roots yields

bi(a)0ra(ay) = (%2 + 1)ci(aj)O0xaley) (4.11)
whereas equation (4.10) at these roots gives
c1(aj)ba(ey) = cala;)bi(ey). (4.12)

Since the b; have no common roots, one of the ratios # is well-defined. But then the other
one also must exist and they coincide. Putting this into (4.11), we get Oia(c;) for the 2g
roots and hence a unique 9,a. But given 0,a, 9;b; and ;b are uniquely determined by (4.9).
Therefore, given our initial data, the tangent vectors on the set of spectral data are uniquely
determined. Since the derivatives are rational functions in x and continuous in ¢, a solution
to the system of ODEs exists on some open interval. Hence the initial spectral data lies in
an open set. ]
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4.2 Spectral genus g = 0 data

If we want to deform spectral data of CMC tori, we also need the closing condition to be
invariant under the deformation. Therefore we have to pose a condition on the Sym point xg
to fulfill the closing condition for every ¢, meaning that

In pi(ko(t),t) = miN = const. YVt e R
This holds if and only if
O In i (ko (t),t) = O In i (Ko (t), ) 0ero(t) + O In p; (Ko(t),t) = 0.
Solving for 0;kg and using the description of 0In u; in terms of b; and ¢; we get

8t In i

. ci(ko)
SR — (k2 + 1)bi(,€0). (4.13)

Again the ratio is well-defined at the roots of a(x) and therefore yields a unique solution O;x.

atl-io = —

4.2 Spectral genus g = 0 data

In this section we describe the spectral data of flat cylinders with spectral genus g = 0. These
will be used as initial data for a deformation of spectral data. As there are no CMC tori of
spectral genus g = 0 and 1 in H3, we start with cylinders but want to recover tori of higher
spectral genus in the course of the deformation.

4.2.1 Moving frame and spectral data

We have already shown the following.

Proposition 4.2.1. Let f : R? — H3 be a conformal immersion of a flat cylinder of spectral
genus g = 0 and constant mean curvature H. Then there exists A\g = 9T € C with |\g| # 1
such that H = coth(q) and

_ i 0 z2A'+z
f(2) = Fx\,F\,, where F\(z)=eap <2 ( g, 0 >) .

From this formula, we want to derive the spectral data of the cylinder in terms of the polyno-
mials a(x), b(k) and the Sym point ¢ introduced in the previous chapter. Note that because
we are working with cylinders, there is a priori only one period and hence only one eigen-
function p with corresponding polynomial b(k). First of all we need the eigenvalues of the
monodromy. Since F(0) = 1 we have

M.(\) = Fy(r) VAeC*

and a period 7 € C*. So the eigenvalues of the monodromy are simply the eigenvalues of F'.
For the function p this yields

12, \) = exp <i;¢(zA1 e 2A)>
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4 Deformation of spectral curves

and so the logarithm is .
Inp(z,\) = i%(zﬁ\_l +z2V\). (4.14)

Next we look at the closing condition, which ensures that the immersion closes the period
and becomes a cylinder. For a marked point Ay and a period 7 it is given by

M, (M) = M, (N) = £1
and since the eigenvalues of the transposed matrix are the same as the original ones, we get
p(r, No) = £1.
This is the case if there exists an integer K € Z with
In pu(1, No) = miK. (4.15)
K is called the wrapping number and tells how many times the frame F' returns to its

initial position while traversing one period.

Later we want to parametrize the g = 0 cylinders by the mean curvature H. Because H is
independent of the argument of \g, we can fix Ay € R by a Mobius transformation. Given
Ao, we now compute the periods satisfying the closing condition.

Inp(r, Ng) =mK < T\/)\o_l + 7y Ao = 27K

o alVhe  + V) +ib(Vae = Vo) =27K,  T=a+ib

If A\p > 0 the roots are real. Since the right hand side is real, b has to vanish and we get

1 VAo
f = 27TK .
VAo T+ VA [Aof +1

If A\p < 0 the roots are purely imaginary, so a has to vanish, leading to

b —igrK— 1 oric VI

T = -2t K — =27
Ve Sl i/l Dol
i/ ol VAo

=2tK .
|)\0|—|—1 ’)\0‘+1

T=a=21K

& T =ib=21K

So we see that in both cases we can write

Vo

T=21K
| Aol + 1

(4.16)

From this forumla we can see that if we choose Ao € R4, then 7 € R, whereas A\g € R_ leads
to 7 € iR.
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4.2 Spectral genus g = 0 data

The polynomial b was defined by

b(k) (k% 4 1)0, In p(k).

:—.V
T

Since we are on a genus zero Riemann surface, the defining equation v? = (k? +1)a(k) breaks
down to v? = (k% + 1) and hence a(x) = 1. Therefore we have

1 p
b(k) = — (K% + 1)20, In (7, k). (4.17)
v
i i _ ;A1
Using our formula for Iny in terms of A and the transformed spectral parameter £ = i3
we have )
i Vi itk Vo itk
1 =_—| 21K 2rK
np(r,r) 2<7r Dol +iVice TN EIViok

_2miK Re(v/Ao) — Im(v/Ao)k
ol +1 K2+ 1 ‘

Note that the different branches of the root v'k2 + 1 correspond to different branches of v, so
In i is only well-defined on the Riemann surface.

Taking the derivative with respect to k gives

—2miK Re(v/ o)k + Im(v/Ao)
Aol +1 (k2 +1)2 '

OxInp =

Pluggin this into (4.17) gives

b) = — o (Im(y/3) + Re(v/A)k)

_’/\0’ +1

i+Ko

Finally we express the Sym point Ag in terms of k via the above transformation, i.e. A\g = pnrl

which eventually gives the explicit formula for b

2K i+ Ko i+ Ko
k)= ————— [T R
(<) |’+“°y+1(m( i—no)+ el i—/ﬁo)/€>

1—KQ

As we have seen above, the Sym point is given by ko = z% This gives the following

characterization of spectral genus zero cylinders.

Proposition 4.2.2. The spectral data (a,b, ko) of a flat cylinder of spetral genus g = 0 in
H? with wrapping number K is given by the polynomials

2K 1+ Ko 14 Ko
aW) =1, b(x) |ﬁw+1<m(i_%wd FWJO (4.18)

and a marked point ko with ko ¢ R.
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4 Deformation of spectral curves

We can simplify computations by considering the special property of Ag being real. For

positive Ao we get
2K '
b(k) = —- Z,+K0ﬁ:—K\//€%—I—1/€,
—Zf:g +1V 11— kKo

so in this case, b is an odd polynomial in k. On the other hand, if we choose A\g € R_ we
have a purely imaginary period and the polynomial is given by

b(x) 7K\//~$%+1

Ko

)

which is even in k. Regarding this, it seems that the two situations are crucially different, but
later we are going to describe a transformation which interchanges the two cases, allowing us
to refer only to one of them in our further considerations.

4.2.2 Double points on the spectral curve

In the last section, we have seen how to obtain the spectral data of a spectral genus g = 0
cylinder. Now we want to use a deformation of this data in order to obtain CMC tori. Since
there are no tori with spectral genus g = 0 in H® we have to change the spetral genus during
the deformation. As the branch points of the spectral curve can be characterized by the trace
of the monodromy being 42, this can be done if there are two additional points where the
eigenvalues of the monodromy are +1. By interpreting these two points as a pair of branch
points that have fallen together, we can deform them into four distinct branch points and
obtain a Riemann surface of genus g = 2.

Definition 4.2.3. Let (a,b, ko) be the spectral data of a CMC cylinder with spectral genus
g =0, pu the eigenvalue of the monodromy and T a simple period. A double point is given by
ka € T, where T is defined by v* = (k? + 1)a(k), such that kg # ko and

Inu(r, kg) = milL, L €Z. (4.19)

Using the formula for the eigenvalues of the monodromy in the case g = 0, we can compute
the possible double points of the spectral curve. For this, let A\g € R be a Sym point with
period 7 = 27K % and wrapping number K. We are looking for another point A\; which
fulfills the closing condition with the same period 7 and some wrapping number L € Z:

In pu(7, A\g) = miL.

Since we want to deform a cylinder into a torus we need a second period during the deforma-
tion. Since the values of In u; at the branch points of the spectral curve stay constant during
the deformation, we need to make sure that In u;(\g) € miZ at the beginning. From the dis-
cussion of CMC cylinders of spectral genus g = 0 we know that for two linearly independent
periods 71, T this can only hold if the point satisfies Ay € S or equivalently kg € R. So
without loss of generality we can set Ay = e’¥. Then the above condition reads

34



4.2 Spectral genus g = 0 data

) -1 . .
%(T\/Ad + i) =ml & e it +7eit = oL

As we said before, the choice of Ay € R being positive or negative affects the shape of the
polynomials b(x). We also need to distinguish these cases when looking for double points.
From now on we refer to Ao > 0 as the first case and Ay < 0 as the second case (of course
Ao # #+1 in order to obtain a well-defined cylinder in H?®).

In the first case the condition on Ay = ¥ is

. . VA
et et ol o 20KV 9c0s(Y) = 2nL
1+ a0
L 1+ X

& 1h = 2arccos(=—

K e

In the second case the period corresponding to A is purely imaginary. Therefore we get

L v
e — ety morl o 2k iV oY) Zorr

1+ Aol 2
& sin(Z) = — & ¢ =2arcsin(=— ).
277 2K /[N 2K /|l

The arguments of arccos and arcsin are real. Since these functions are only defined on [—1, 1]
we get an additional restriction for the L € Z we can choose when constructing a double
point. It is given by

2K/ Th]

L1+
ol oy o< S
0

2K \/IXo| T

1,

where | | denotes the Gauss bracket. So we see that the choice of the Sym point A9 and
a wrapping number K € Z determines a finite set of numbers L € 7Z which themselves
determine possible double points on the spectral curve. We sum up the previous discussion
in a proposition.

Proposition 4.2.4. Let I' be the spectral curve of a CMC' cylinder with spectral genus g = 0

and Ao € R a Sym point with period T = QWKlJ‘Zl’YUO‘ and wrapping number K. If we choose
an additional number L satisfying
2K /||
L <|——— 4.20
o< (4:20)

then there is a double point \g = €™ on T, i.e. there holds In (T, A\g) = miL, where

L1+
1 = 2arccos(=—— + Ao

2K Vho

L1
) if Ao >0, and 1 = 2arcsin(5- + ol

2K /1)l

) if Ao <0. (4.21)
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4 Deformation of spectral curves

We express the transformed double point in terms of the Sym point

Ky = iez:w -1 z‘el:wm — eiz:wﬂ =— bm(%) = —tan(arccos(— L #))
e+ 1 et/2 4 e—i/2 (%) K \/k3+1
K2
= \/L2 (k3+1) — 1. (4.22)

Vice versa, we could also choose K, L € Z first. These two constants uniquely determine the
spectral curve. Then the above formula tells us for which Sym points xg € iR there exist
double points on the spectral curve. They are given by

L2
Therefore, for each K, L € Z with L < K, there exist Sym points kg on the spectral curve to
which we can associate double points according to the above algorithm.

Because we want to branch from spectral genus g = 0 to spectral genus ¢ = 2 we need to
choose two such double points. A special case which omits an additional symmetry on the
spectral curve is provided by the following

Proposition 4.2.5. Let a spectral curve of a genus g = 0 CMC cylinder be given such that
for the Sym point there holds Ny € R. If Aq is a double point on the spectral curve, then

)\;1 is also a double point. In the k-plane this corresponds to the two points kg, —kq, where

Ag—1
Iid:’L/\d_H

Proof. We use the expression for In y in the case g = 0 to check In pu(7, )\;1) € miZ. Note that
the choice of Ay € R leads the two cases for the period 7 we described above. In the first case
we have

Inp(r, A1) = \/)\_ + VA \/>+ \/> =1Inpu(r, A\g) = wiL.

In the second case

In pu(7, A, T\/)\ L —I-T\/)\ Ad — TV A :—ln,u (1, A\q) = —miL.

Hence )\;1 is also a double point. O

4.2.3 The period lattice

After having chosen two double points on the spectral curve, we want to deform the spectral
data in such a way that the double points open to four distinct branch points on the family
of spectral curves. However, so far we know only one period 7 (the period of the cylinder)
which is deformed such that the corresponding monodromy satisfies the closing condition at
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4.2 Spectral genus g = 0 data

the Sym point A\g. To obtain a CMC torus at the endpoint of the deformation we need to
specify a second period 79, for which there is a doubly periodic solution w of the sinh-Gordon
equation belonging to this spectral curve. Since the values of In u; at the branch points must
be in 7iZ, we can compute which vectors we are allowed to choose as periods, so that we can
construct the solution u from the resulting spectral cuve.

Since the CMC cylinder at the beginning of the deformation is of spectral genus g = 0, its
metric is flat. Therefore, a priori any 7 € C* is a period of the metric. After having chosen
two double points, we want the period to satisfy

In p(r, \g) € miZ.

This yields a lattice of admissible periods. Set 7 = a + ib. In the first case we get
-1
Inu(r,A\g) EMZ < TNy +TVAE2TZ

& a(vVM V) + bV —vAa) = 2a cos(%) + 2ibsinh(—i%) € 2nZ

L1+ X .Y 21K /o s
a— 4+ 2bsin(=) €21Z & a€ —— , be Z.
K Vo () eom L 1+ X sin ¥

So we see that in the first case, the lattice of admissible periods to define a second monodromy
is given by
_2rK Vo g

Ay = +i
L 1+N i)

(4.23)

In the second case, we obtained another formula for the double point A4. Hence the lattice is
given by

—1
Inp(r,\g) € MZ <& T/ Ag +TV A E2TL

& a(\/g_l + V) + ib(\/rd_l — Vi) =2a cos(%) + 2ib sinh(—i%) € 2nZ

0 L1+ |\ T 2rK /| Aol
& 2acos(=) +b— €2tz & a€—7, — .
G 0% Aol cos(¥) L 1+ Ao
So we get the lattice in the second case as
2r K \/|A
Dp=—" T ti™ ol (4.24)
cos(%) L 1+ [Aof

Knowing these lattices, we now choose a second period which is linearly independent to 7.
Again we have to be careful about the two different cases. As there are no spectral genus
g = 0 cylinders in H?3, the eigenvalues of the second monodromy at the Sym point \g must be
different from +1. In order to keep the symmetry imposed on the spectral curve, we choose
a homogenous lattice, i.e. for 71 € R we take 7 € iR.
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4 Deformation of spectral curves

For later purposes we compute everything in terms of the transformed spectral parameter x.
For both cases we have with 7 = a + ib

i i —K 1+ kK ia ibk
Inp(r, k) == 7'\/, —1—7'\/, = - . 4.25
p(r, k) 2( i+ K z—m) VZ+1 Ve2+1 ( )
. _ Vo _ ;
So in the first case, where 7 = 27K 1+A00 and ™ = Sin’;’%) we get
1 (%) TR TiRK 1
sin(¥)v/k2 + 1 \//@2+1\/1fﬁ a2
For the second case, where 71 = 2mi K 1v+| o] and Ty = — (w) we have
2
1 (%) e e 1
nus2(K) = =
: cos(%)\//#—i—l VK2 +1 | _ L2 3
- K7 RgHL

In both computations we used the identities sin(arccos(z)) = cos(arcsin(z)) = V1 — 22.

Now as the second monodromy is defined we are interested in the value of In uy at the Sym
point. As we have chosen Ag € R, the corresponding kg is purely imaginary. Therefore in
both of the above cases, In us(kg) € R. For the specific values K = 5 and L = 3 we compute

; I
In pa(io) = — om0 mmlso) g (4.26)
\//i%—i-é—g \/—Im<ﬁo)2+%
L i . kol > 1. (4.27)

In rz(r0) = 16,2 B 16
\/25/<a0+1 \/—2—5Im(/<;0)2+1

As we saw before, for a fixed wrapping number K € Z the CMC cylinders of spectral genus
g = 0 are sufficiently determined by the value of the Sym point. Therefore we get a one
parameter family of CMC cylinders parametrized by Im(rg). After choosing one branch of
the root, we can picture the values of In us(ko) and see that for ko # 0 this function is non
zero. However, since it is real for all ko € iR we have In ua(ko) ¢ miZ. This means that in
the family of CMC cylinders with wrapping number K and the chosen double points there
are no tori of spectral genus g = 0 in H?3.

38



4.2 Spectral genus g = 0 data

15+
In p12(xo)

10+

IM(xo)

,lo,

-15%

We also want to describe the boundaries of the g = 0 family. We see that for |kg| < 1, the

value of In uo (ko) is only well-defined for |ko| < 7”(;(_]42 To describe what happens when we
reach this boundary, we look at the period 7. In the A-plane, for a double point

- L 14X
g = e, = 2arccos(— ,
it was given by 7 = sin7T(i¢)‘ The limit kg — iiivK;_LQ corresponds to ¥ — 0. For the
2

period this means 79 — o0, i.e. the conformal class of the metric degenerates. Looking at
the formula for the two double points Ay, )\;1 we have chosen, we see that these fall together
to A = 1. In the k-plane this corresponds to the two double points +xg4 falling together to
k= 0.

Another boundary is kg = 0, since choosing this Sym point corresponds to mean curvature
H = oco. Hence the resulting cylinder in fact lies in R3. This point will also be dealt with
later when investigating the deformation of cylinders.

4.2.4 Branching from spectral genus ¢ =0 to g = 2

After having chosen double points and a second period, we can write down the following
spectral data in the case g = 0. We use tildes to distinguish between the g = 0 case and the
g = 2 case with double points.

In the first case, we have already seen that 51(5) =—K V/K§ + 1k, where we used the first

: _ 2 : __m
period 71 = 7K /K5 + 1. For the second period 7o = (D) we compute

Iy K ~ Ounjia(k) Iy 1
—— k 2 = —
sin(%) VA? +1 sin(%) (k2 +1)

In fip(k) = —

3
2
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4 Deformation of spectral curves

and hence 1 ]
bo(k) = E(Ff + 1)%5',.i In ps(k) = —

sin(%)
Because [Im(kp)| < 1 in the first case, the roots involving k¢ are real. Therefore we can write

the spectral data in the form

CNL(KZ) = 1, Bl(lﬁi) = fll'i, i)g(/ﬁ?) = fg, fl, f2 e R. (4.28)
_Kytt ROH = WiK@. For the

In the second case we have 51(/@) = for the first period 71 =

second period 79 = COST(F% ) we compute
T 1 Iy K
In fiz(k) = =  Oglnjis(k) = — ,
fiz (k) COS(%) 2 + 1 I fio () cos(w) (/@24_1)%

giving

~ 1

bg R) =

(%) cos(%)
So in this case we can write the spectral data as
CNL(Ii) =1, Bl(lﬁ?) = fl, BQ(H) = fg/ﬁ;, fl, f2 € R. (4.29)

This shows that compared to the case [Im(ko)| < 1, the roles of the polynomials b, by are
changed when we consider |Im(rko)| > 1.

We now want to derive the form of the spectral data if we consider a spectral curve with
double points on it. So suppose we have chosen a pair of double point +x4 according to the
introduced algorithm. Then the polynomial a(x) must have double zeroes at these double
points. This means that two branch points (which would be simple zeroes of a) have fallen
together, so that they don’t contribute to the geometric genus of the resulting curve. Having
leading coefficient one, the polynomial is

a(k) = (k — "fd)2(/€ + Hd)2 =kt - 2/{3/{2 + /@3,

Because dIn p; = m( dr and the additional zeroes of a(k) result in simple zeroes of v at

2+1)
+r4 we have to factor out these zeroes in order for dIn u; to have poles only at +i. Therefore

we have
bi(k) = bi(k)(k — Ka) (K + Ka) = bi(r)(K* — K3).

We sum up the above discussion.

Proposition 4.2.6. The spectral data of a CMC' cylinder with Sym point ko at a branch
point of the deformation from genus g =0 to g = 2 is given as follows.

(i) If |[Im(ko)| < 1, then
a(k) = k* + ask? + ag, bi(k) = f1(&% = B1)k, ba(k) = f2(:"€2 — [2),
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4.2 Spectral genus g = 0 data

1
2 4 2
ay = —Ky, ap =Ky, f1=—K ﬁ%-i-l, fo=—— , B1 = P2 = Ky

(i) If [ Im(ko)| > 1, then
a(k) = k* + ask® + ag, bi(k) = fi(K® — B1), ba(k) = fo(K* — B2)r,

K\/Kk2+1 1
707 fo=—

Ko cos(%)

2
aBIZBQZHd'

2 4
ay = —Ky, ap =Ky, f1 =

Next we have to investigate how the expressions for the eigenvalues of the monodromy change
as we change the spectral data from genus g = 0 to g = 2. We look at the case [Im(ko)| < 1
first. In the g = 0 case the differentials d1n p; were given by

~ . fik
1 N A
Ok In fiq m(EQ 07’
. . f
Ok 1 =Tl
o 1 fig 7”(%2 5’

where 72 = k2 + 1.

For reasons that will become clear later, we normalize the differentials such that In p1(c0) = 0
and In po(0) = 0. As we will see, these values do not change during the deformation. This
yields

Injiy = —mi 2L, (4.30)
14

In fiy = i 225 (4.31)
1%

Now we compute the differentials in the case ¢ = 2. We have seen that when branching to
higher genus at double points x4 of the spectral curve, the spectral data changes to

a(k) = K2 = 26262 + K, bi(k) = fi(K? — K2k,  ba(k) = fa(k® — K3).

Therefore we get

2,2 3 9
8“1nﬂlzﬂiwy &;111#2:711’W7
K 1% K Y
where now 12 = (k2 + 1)(k? — K2)2.

As we will see later, the Sym point kg stays purely imaginary during the deformation. The
value we are interested in is Inpo(ko,v). With the above formula we can determine it in
terms of the genus g = 0 data as follows.

For x € iR we have k% — /433 < 0 and (k2 — /{3)2 > 0. Therefore, for purely imaginary s, the
additional factors in the g = 2 case are

2 2 2 2
Ii—lﬁd_lﬁ—lidl
1.2 2] -
v K2 — K| D
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4 Deformation of spectral curves

For the special case of the Sym point and with the normalization In 115(0) = 0 this yields

In po(ko, v) = — In fia(ko, 7). (4.32)

So far we distinguished the two different cases |[Im(ko)| < 1 and [Im(ko)| > 1. The special
form of the spectral data and hence the deformation ODEs depend on this choice. However,
there is a transformation which allows us to transform the one case into the other. By taking
the change of variable x +— —% which in the A-plane corresponds to A — —A\ the respective
cases are interchanged. The transformed spectral parameter is now of the form

A+1
k=1
A—1
and for the mean curvature this means that ko = 0 corresponds to H = —oo. Therefore, for

the further investigation, it is sufficient to consider only one of the cases described above. We
will focus on |[Im(kg)| < 1 for the rest of the thesis.

4.3 Deformation of spectral curves of CMC cylinders

4.3.1 The moduli space

In section 4.1 we introduced a deformation theory for CMC tori. First we represented a
CMC torus by its spectral data, i.e. a polynomial a(k) describing a hyperelliptic curve
and two polynomials by (k), ba(k) representing two meromorphic forms which are logarithmic
derivatives of the eigenvalues of the monodromy corresponding to two linearly independent
periods 71, 2. By choosing some initial data, we could derive differential equations that leave
invariant the properties of a CMC torus.

In H? the situation is more complicated. As there are no CMC tori of spectral genus g = 0
and the spectral data of genus g = 2 tori is rather difficult to compute, we start with a g =0
cylinder with double points on the spectral curve, deform this into a ¢ = 2 cylinder and look
for g = 2 tori in the course of the deformation. As CMC tori are of finite type and have
constant Hopf differential (), we also focus on cylinders which share these properties.

Definition 4.3.1. CMC cylinders with constant Hopf differential, whose metric is a periodic
solution of finite type of the sinh-Gordon equation, are called CMC cylinders of finite type.

For spectral genus g = 2, the metric of the finite type cyliners is a doubly periodic solution of
the sinh-Gordon equation, according to choosing the second period from the lattices described
above. In order to deform such finite type cylinders we need some additional data to write
down the deformation ODE. We have seen that if we choose the Sym point ko € ‘R with
|ko| < 1 and a second period 75 € iR we have the following spectral data for the double points
+Ky.

a(k) = &+ agk® + ag,  bi(k) = fi(k> = Bk, by = fo(K* — Ba),
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4.3 Deformation of spectral curves of CMC cylinders

where ay = —2kq, ap = K3, f1 = B2 = k2 and f1, f» € R. We have also seen that In us(ko) ¢
miZ at the initial conditions. The deformation ODE for CMC tori was constructed such that
In p; (ko) = const. during the whole deformation. Since we want to reach a value In ps (ko) =
miM, M € Z, we must change this value during the deformation as well. Define

@(t) :=In pa(ro(t),t). (4.33)

This function will be used later to determine whether a deformation of CMC cylinders leads
to a CMC torus. Then we have the necessary data to describe the deformation of a cylinder
whose metric has the periods 71, 7. Remember that we considered the differential form

9C1by — c2by

P21 1) dk.

w=0Inpu dinps — O Inpus dlnpu; = —w

In the case of tori we found the expression for w by the fact that the 0, In p; both have zeroes
at k = Ko, Ro- In the case of cylinders this is not the case as the value of In ug(kg) should
be changed. Nevertheless we know that w is a meromorphic form with only possible poles at
k = %7 and at the branch points. Especially it has to be holomorphic in k = oco. Therefore
it has to be of the form
w = 7]3(@ drk,
(/12 + 1)2

where P(k) is a polynomial of degree at most three in k. Because we have chosen the pair
of double points +x4, the deformation changes only the real parameters of the polynomial
a(k) = k*+azk®+ag. This keeps the symmetry of the branch points of the form «, —a, &, —a
and there is the additional involution (k,v) +— (—k, ) on each spectral curve. For the g =0
case this yields w(—k,v) = —w(k,v), i.e. w is an odd form in k. Since the degree of the
polynomials involved in the definition of w does not change during the deformation, w stays
an odd form. Hence P(x) must be symmetric in x, giving P(k) = ex? + f. The factors e, f
are restricted by the condition

plnp;=—Inpg, = pw=w.

For this there must hold
P(r)=P(k) < e, feR

So we see that we can choose two real numbers e, f that describe how our spectral data is
deformed. Denote by M the moduli space of CMC cylinders of finite type corresponding to a
doubly periodic solution of the sinh-Gordon equation such that the spectral curve obeys the
described symmetry k — —k. In the next section we will see that defining the polynomial P(k)
uniquely determines the polynomials ¢;(x) and by the introduced algorithm all derivatives of
the spectral data from the deformation ODE. Solving the deformation ODE gives curves in
M whose initial tangent vector is determined by the parameters (e, f) € R2. This yields

Proposition 4.3.2. M is a locally two dimensional set sufficiently described by the param-
eters of the polynomials a, by, bs and the Sym point ky. Coordinates in the tangent space can
be described by the two parameters (e, f) € R? of the polynomial P(k) = ex® + f.
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4 Deformation of spectral curves

Similar to the case of tori we can now write down the deformation ODEs. The integrability
condition again reads
OfInp = Opylnp; &

2a O0:b; — Ora b; = 2(/<a2 + 1)adyxci — 2kac — (Hg + 1)okac;. (4.34)

An algebraic manipulation of

P(/i) 201b2 — Cgbl
s dk = T ————-d
W2+ 12 T T )"
gives the second equation
1
c1by — coby = ——=(er? + fa(k). (4.35)

w2
Furthermore, since In (ko) = miK at the initial conditions, we want this value to stay
constant and therefore change the Sym point according to

at In M1

Olnpy(ko(t),t) =0 <  fo= = (k2 +1) (4.36)

Ok In 111

4.3.2 The deformation ODE

We have seen that in order to choose a direction in the moduli space, in which we want to
deform the spectral data, we have to choose two real parameters e, f. For a fixed choice of
these, the polynomials c1, co in

1
c1by — coby = —p(%Q + f)a(k)

are uniquely determined. Using the initial spectral data, we can compute them as follows.

On the right hand side of the equation involving the ¢;, there are only even powers of k. Since
b1 is an odd polynomial and by is an even polynomial, ¢; has to be even and co has to be odd
in k. With the Ansatz

ci(k) =y26" + 710,  c2(K) = V23K + Y21k

and comparing different powers of x in the above equation we get

(ao(ef2 + f) + azfa(efy + [) + 8782 + [B1P2)k* + fao(B2 — 1)
72 f232(B2 — 1) ’

ea(k) = (ao(f + eB2) + Po(f B2 + eglﬁz + a2(f + €f2)))k + Pae(B2 — /31)”3.

72 f182(B2 — 1)
With this we can compute the deformation ODE for the rest of the data according to the
algorithm described before.

c1(k) =
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4.3 Deformation of spectral curves of CMC cylinders

(1 + &) (k§(az + B1)(f + eB1)B2 + ao(frE — fB1+ (f + exd)B2))

fo == m2ko(B1 — K3)(BL — Pa2)Pafif2 ’
e = 2a0(=2(f + eB1)f2 + 2ao(f + €f2) + az(—f + (—e+ f 4+ €61)52))
° w2(B1 — Ba)Baf1fo ’
i = 2(=1+ ag)aa(f + ef1)Ba + 2a0(—2f — 2(e + f + efB1)Ba + aa(f + ef2))
2 72(B1 — B2)Ba.f1f2 ’
fi= Goleh ) (?Qﬁ(;ffélﬂ—;];)z]—;eﬁ%& : fﬂ1ﬁ2v (4.37)
f-2 _ 4a0(f + 6,62) + 52((—36 + 4f)52 + 651 (3 + 4,82) + a2(4f — 2€ﬂ1 + 66ﬁ2))

m2(B1 — B2)B2.f1 ’

(f +eB1)(az — B)B2 + ao(2f (1 + B1) + (2e — f + ef1)B2)
w2(B1 — B2)B2fif2 ’

B =

b, = (CLHa)(f +eB1)B3 + ao(l +26:)(f + efp)
? w2(0B1 — B2)Baf1f '

4.3.3 Properties of the deformation

Now we derive some properties following directy from the deformation ODEs.

Proposition 4.3.3. Let the spectral data of a doubly periodic solution of the sinh-Gordon
equation be given by

a(k) = k* + ask? +ag, bi(k) = fi(k2 = B1)k,  ba(k) = fo(K% — B2).

Then this form of the spectral data is preserved during the whole deformation and the solution
to the ODFEs stays in the set of doubly periodic solutions.

Proof. For spectral data of this special form, we can solve the deformation ODE for @, b; and
by. Then we see that if ag, as, f1, f2, B1, B2 are real, all vector fields on the right hand side of
the deformation ODE are real. Therefore these parameters stay real during the deformation
and a, b1, by keep their special form. Furthermore, the deformation ODE was constructed in
such a way that the properties of the spectral curve which are sufficient for being the spectral
curve of a doubly periodic solution of the sinh-Gordon equation are preserved. ]
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4 Deformation of spectral curves

With this proposition we have also shown that the data describing the intial spectral data
is sufficient to describe all spectral data that occurs during the deformation. Curves in the
moduli space M are obtained by choosing (e, f) € R? describing the initial tangent vector at
a point and then solving the system of ODEs from the previous section. As the tangent space
T, M to a point can be defined as equivalence classes of curves joining this point having the
same velocity vector, we see that T, M and hence also M is two dimensional apart from the
possible singularities.

Remembering the normalization of the functions In y; in the g = 0 case, we can see now that
these values are preserved.

Proposition 4.3.4. The values of Inpy(o0) and Inus(0) stay constant during the whole

deformation.

Proof. By definition of the polynomials ¢; we have

Oy Inp; = mi ci(k) =i ci(k) .
v V(K2 + 1) (k* + agk? + ap)

Since ¢z is an odd polynomial in k we have c2(0) = 0 and therefore 0; In p2(0) = 0. Further-
more, ¢; contains only powers of order 2 and 0 in k. Because of the power of order 3 in the
denominator we get

2
lim Oy Inpy (k) = lim mi 128"+ 71,0 =0.
K—00 K—00 \/(RZ + 1)(%4 + a2/§,2 + aO)
So O¢In 11 (00) = 0 as well. O

To rule out possible singularities during the deformation, we have to determine the domain of
definition of a solution to the system of ODEs. One possible boundary are poles of the vector
fields describing the system. As we can see from the formulas above, the factor fifs appears
in all denominators. However, the next proposition allows us to rule out possible zeroes of
this factor.

Proposition 4.3.5. Apart from the boundary of the moduli space, there holds f; # 0, i =1,2.

Proof. The differentials d1n p; are not identically zero on the spectral curve. Therefore there
exists a cyle a € H(I',Z) such that [ dln; # 0. Since [ dlny; € miZ and the deformation
is continuous in ¢, the value of this integral is preserved during the deformation. If we assume
fi = 0 at some point of the deformation, there holds [dlInpy; = 0 for all cycles, which is a
contradiction. O

Apart from the coefficients of the spectral data, we have also a deformation ODE for the Sym
point kg and the eigenvalues of the second monodromy at the Sym point ¢(t) = In pa(ko(t), t).
These are given by

(1+ k3) (k3 (a2 + B1)(f + €B1)B2 + ao(frd — fB1+ (f + erd)B2))
m2ko(B1 — K3)(B1 — Pa)Pafif2

fio = —
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4.3 Deformation of spectral curves of CMC cylinders

and
O(t) = Ok In pa(ko(t), t)ko(t) + O In pa(ko(t), t)

o ba(ko) —(kG+ Dei(ko) | ca(ko)
_m<1/(/<%+1) o) v >

vbi (ko) - ;\/Wﬁ(/i%—ﬂl)ffo’

where we used (4.35) in the last step. From these ODEs we can determine how the Sym point
and @ are changing during the deformation.

— i —C1 (Iio)bg(fio) + CQ(Ho)bl (li()) ) (6!6(2) + f) a(lio)

Proposition 4.3.6. If ko € iR at the beginning of the deformation, then ko(t) € iR during
the whole deformation.

Proof. Writing ng = Im(kg), the deformation ODE for g is

o = iy = — (K3 + 1)e1 (ko) _ (= + 1) (=128 + 110)
b1 (ko) fi(=n¢ = B1)ino
(—=m3 + 1)(—71,2m3 + 71,0)
fr(=ng = B1)no

We get an ODE for 7y with real coefficients and real initial value, so 79 stays real. Therefore
ko keeps the form iny with ng € R during the whole deformation. ]

=4 770:

Lemma 4.3.7. During the deformation there holds a(kg) > 0.

Proof. Writing ko = inp we have for the initial values
a(kio) = g — 2t + kg = 1o + 264175 + fig > 0

since all quantities in the last equation are non-negative real numbers and kg # 0. Further-
more the polynomial a(rg) keeps the form

4 2 4 2
Ko + agkg 4+ ag = 15 — a2y +ap, az,a0 €R

and therefore stays real during the deformation. Suppose now that during the deformation
there is a point where a(rp) = 0. This means that x( has fallen together with a branch point
of the spectral curve. Since the deformation takes place such that the branch points are of
the form «, @, —a, —a and kg € R, the resulting branch point would be a double point on
the imaginary axis. But we know from the discussion of the double points that the branch
points must fall together on the real axis. This can only happen if kg = 0. Otherwise a(kq)
does not change its sign and stays positive.

The case k9 = 0 and a(kog) = 0 means that all four branch points fall together to o« = 0.
However, this cannot happen either, since In p2(0,t) = 0 Vt whereas In ps(kg,0) # 0 and this
value stays constant for the branch points during the deformation. Hence a(kg) > 0. O
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4 Deformation of spectral curves

This enables us to give a restriction on the values of In ua(ko(t),t). From the formulas for
the g = 0 data we derived above we get that

¢(0) = In pi2(k0(0),0) € R.

Proposition 4.3.8. For the choice of T2 like above, there holds p(t) € R Vt.

Proof. We have just seen that there holds y/a (ko) € R. For [Im(kg)| < 1 we have \/k3 +1 €
R. Looking at the deformation ODE for ¢ the factors ¢ of the enumerator and of kg = ing in
the denominator cancel, so we get a real ODE with real initial condition ¢(0) = —In fi2(ko).
So ¢(t) is real for all ¢. O

If the closing condition should hold for the second period, we need In o (k) € miZ. However,
the restriction of being real gives that this can only hold if In us(kg) = 0. So the subset of
CMC tori in the moduli space we are looking at is given by ¢ = 0.

Another observation is that in the family of g = 0 cylinders, there is the point (kg, ) = (0,0).
However, this point does not correspond to a torus with H = oo or a torus in R? respectively,
since for the spectral data there holds 2 # 0. In R? there is the additional closing condition
Ok In pa (ko) = 0 (see [7]). But B2 # 0 means that d1n us does not have a root at kg = 0. So
the R? closing condition is not fulfilled for the second period.

4.3.4 Homology of the spectral curve

In this section, we describe invariants of the deformation in terms of homology cycles. As
there holds

/dln,ui emiz V€ Hl(F,Z)

¥

and the deformation is continuous in ¢, the value of these line integrals is preserved throughout
the whole deformation.

Let T be a spectral curve of genus g = 2 of a CMC cylinder in H? and the branch points
k = 4% and four other points of the form

o=, g =a, ag = —a, a4 = —q, (4.38)

for some « in the quadrant Re(«) > 0, Im(a)) > 0. We have seen that during the deformation,
the branch points stay in the respective quadrants. We choose a basis for the first homology
group H1(T',Z), denoted by

Ay, Ay, By, By € Hi(I',Z),

where the cycle Ay surrounds the branch points as and a4, As surrounds a; and as, By
surrounds «g and ¢ and By surrounds aq and 3.

Visualizing the hyperelliptic Riemann surface I' by cutting two copies of CP! along the lines
shown below, the cycles A; look as follows.
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4.3 Deformation of spectral curves of CMC cylinders

1

Note that the cycles A; and As are in different sheets of I' over k = co. Hence they only
intersect in one point lying over k = 0. We see that the following relation holds (the minus
sign is because we have to interchange the sheet for A; in order to form a closed cycle).

—A1+ Ay + A3 =0. (439)

The cycles B; are as follows.

[e2} 2

On T, there exists the hyperelliptic involution o : (k,v) — (k,—v), acting on H{(I',Z) as
—Id. Furthermore, there is the involution 7 : (k,v) + (R, —) which has no fixed points and
the involution ¢ : (k,v) — (—k,v) induced by the symmetry of the branch points. We now
derive the operation of the transformations 7 and £ on the basis of the first homology.
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4 Deformation of spectral curves

By complex conjugation x — R, the cycles A; are mapped to themselves, but traversed in
opposite direction. Because the involution n has no fixed points, the points on the real axis,
and hence the whole cycle, is mapped into the other sheet. But since the sheet interchange
operates as —Id on Hi(I',7Z), we have n(A;) = o(—A4;) = A;.

For the cycles B;, the complex conjugation amounts to a refelction on the real axis. Since 7
does not have fixed points, 7(B;) must be in the other sheet around x = 0. For the cycle By
this looks like

To determine 7(Bsz) in terms of basis elements we build the cycle By + n(Bz). Note that
traversing a cylce in opposite direction in the other sheet is homologous to the orinigal one.
Hence we get
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This gives a cycle that sorrounds the branch points aq, as,7, —i. In terms of the cycles A;
this can be written as —Az — Az. Using (4.39) we have

By+n(Bs)=—A3— Ay =—-4A1, =  n(By)=-By— A;.

In the same manner one can compute

n(B1) = —B1 — As.

Regarding the operation of £ on the cycles A;, we see that kK — —k amounts to a point
refelction at kK = 0, where k = 0 is a fixed point. This give

§(A1) = Az, £(A2) = A1

For the cycle B; the point reflection in x = 0 having a fixed point there leads to
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4 Deformation of spectral curves

o3 (¢4

\
<71 o2m

But this is exactly the cycle n(Bs) in the above picture traversed in opposite direction in the
other sheet, hence homologous to 7n(Bz) itself. So

§(B1) = n(Bg) = =By — Aj.

With the same argument we get

§(B2) =n(B1) = =By — As.

Altogether we have shown the following operations of the involutions on Hy (T, Z).
n(A1) = A1, n(A2) = As, n(B1) = —B1 — A2, n(B2) =By — Ay, (4.40)
E(A1) = Ag, &(A2)=A1, &(Bi)=-Ba— A1, £&(By) =—B)— As. (4.41)

So we see that the n-invariant cycles are precisely the A;. Using the transformation rules for
d1In p; under the involutions, for the integrals along these cycles there holds

/ dln,uj:/ dln,uj:/ n*dlnuj:/ dlnfi;.
A; noA; A; A;

7

But since f7 dInp; € miZ for all cycles v € Hi(I',Z), this can only hold if

/ dlnp; =0 i,7=1,2. (4.42)
A;

Given the spectral curve with its branch points, this condition determines the differentials
dIn pu; up to real factors. In our special case with the additional symmetry of the branch
points, we can further reduce the above equation. The differentials are given by

f1(s% = Br)k fa(k? — [Ba)

dlnpy = mi 1) dk, dlnpp = i W21 dk. (4.43)
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4.3 Deformation of spectral curves of CMC cylinders

We see that under the involution & : (k,v) — (—k,v) they transform as
Edlnp; =dlnpy, £'dlnps = —dln ps.

Considering the transformation of the cycles A; we get

/ dln,ul—/ dlnp, = f*dlnul—/ dln pq,
A1 £oAs Ao Ao

/ d1n po :/ dln pe = Edlnpy = —/ dIn po.
Ay &oAz Az Az

So for (4.42) to hold, it is sufficient that the integral over one of the cycles vanishes,

/ dlnp; =0 i=1,2. (4.44)
Az

4.3.5 Special vector fields for the deformation

The moduli space M we are looking at was shown to be sufficiently characterized by the
spectral data (a, by, ba, ko) of a CMC cylinder with doubly periodic metric possesing a certain
symmetry on its spectral curve. We now want to introduce local coordinates on this set and
thus be able to deform along the flow of the coordinate vector fields. This is done as follows.

On M, there exist the functions kg : M — C and ¢ : M — C . We have already seen that
the Sym point stays purely imaginary during the deformation. Similarly we proved that ¢ is
real. Hence we get two real functions Im(rg) and ¢ on M. We define the map

d: M— R2, (a,b1,ba,k0) — (Im(ko),p) (4.45)

and want this map to be a local coordinate chart. If the Jacobian of the map is invertible, it
is locally a homeomorphism. For this, consider curves in the moduli space

vl — M, t— (a(t),bi(t),ba(t), ko(t))

joining a fixed point z = (a, by, be, ko) € M. With ® oy = (Im(kg), ¢), for the derivative in
the chart ® there holds

& ®07) = dB(1(1))4(1) = (Imko), ).

Hence d® sends tangent vectors of curves in M to tangent vectors of curves (Im(xo), ¢) in R2.
The curves 7(t) are determined by choosing parameters (e, f) € R? and solving the system
of deformation ODEs (4.37) to get v(t) = (a(t),b1(t),b2(t), ko(t)). In order to show that
d® is an isomorphism we construct two linearly independent vector fields on M by choosing
parameters

X = (Xeva)a Y = (1/;7Yf)7
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4 Deformation of spectral curves

such that these satisfy
d®(X., Xs) =(0,1), d®(Ye,Yy) = (1,0).

If these vector fields exist at a point x = (a, b1, b, kp) € M we see that the differential d®
is surjective. Since the space of curves in M is spanned by two real parameters (e, f) € R?
the tangent space T; M is two-dimensional and d® an isomorphism. By the inverse function
theorem, the map ® can be inverted from an open subset of R? to an open neighbourhood
of the point x € M. Hence (Im(ko), ) are local coordinates and the so constructed vector

fields are the usual coordinate fields X = 8‘1, Y = 37 in the corresponding chart.

We see how the values of d® depend on the parameters (e, f) from the expressions for ¢ and

ko we derived previously.
b= i (eng +f)\/ a(ko)
T /K + 1 fi(K3 — Bi)ko
(1+ wp) (g (az + B1)(f + eBr) B2 + ao(fmo — [B1+ (f + erg)B2))
m2k0(B1 — #5)(Br — B2)Pafif2 '

We can solve the above equations defining the vector fields X and Y for the coefficients e, f
and obtain

ko= —

(XeaXf) =
(WW(Kg(az + B1)B2 + ao(kd — B+ Bo)) fi Tro/ K2 + 1(ag + Bi(az + B1))B2f1 )

1Ko/ I‘ig + CLQH(Q) + (Io(ao + (CLQ + ﬁl)ﬁQ) ’ i/ /ié + CLQI{(Q) + ao(ao + (az + ﬂl)ﬁz)

it2(B1 — B2)Baf1f2 it ko(B1 — B2)Baf1f> >
kg +1)(ao + (ag + B1)B32) " (K& + 1)(ao + (ag + B1)B2) )

(e, ¥p) = <_l‘60(

We see that these parameters exist and are well-defined unless the denominators vanish. This
is the case if kg = 0, kg = +i, a(kg) = 0 or ag + (az + B1)B2 = 0. The first two cases are
general boundaries of the moduli space corresponding to H = oo and H = 1. We showed
before that there holds a(kg) # 0. Hence the only critical points during the deformation are
ap + (ag + B1)P2 = 0. Those will be dealt with later when investigating the singularities of
the deformation vector fields.

To obtain the local coordinate vector fields in terms of the spectral data, we have to insert
the parameters e, f in the deformation ODEs computed before. This yields

Proposition 4.3.9. The deformation where ¢ =1 and kg = 0 is given by

2 + lao(ao(263 — 2 + a2 — 231) — Kag + (az(kd — 1 + az) — 2k3)B1)
miko\/ kg + azskd + ao(ao + (az + B1)532) fo ’
2/ + 1ag(2af — Kiaz(az + B1) + ao(az(kg — 1+ B1) + 2(k§ + (k5 — 1)51)))
miko/ kg + azskd + ao(ao + (ag + 51)32) fo ’

V3 + Lag(ag(2 + K3 + B1) + az(kd + 1 + 26351) + B1(263 + 36351 — 57))
miko\/ kg + azkg + ao(ag + (a2 + B1)B2) f2

ag = —

o = —

b= -
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4.3 Deformation of spectral curves of CMC cylinders

VEE + Lag(ag + (2ap + rdas + (263 — 1+ a2)B1) B + K3(az + B1 + (2))
Wilio\/m(aﬂ + (a2 + B1)52) f2

The deformation where ¢ =0 and kg =1 is given by

2((—1 + az)az(k§ — B1)P2 + ao(kf(—2 + az) — (=24 2k§ + az — 261)52))
—iko(kE + 1)(ao + (a2 + B1)B2)

b= -

dg == )
_ 2a0(K3(2a0 — az) + (—2k% — 2a0 + az(1 + K3 — B1) + 261)32)
—iro(Kk§ + 1)(ao + (a2 + B1)52)
(K — B1)(az — B7) B2 + ao(263(1 + B1) — (2 + kG + $1)B2)
—iro (k3 + 1)(ao + (a2 + B1)52)
(ag = 1) (K5 — B1) 55 + ao(rg — B2) (1 +2052)
—i/io(ff% + 1)(ap + (a2 + f1)52) .

ao )

B =

)

By =

Each of the vector fields is a system of ordinary differential equations. From the theory of
ODEs we use the following (see [17])

Theorem 4.3.10. (Global existence and uniqueness) Let (V,||.||) be a Banach space, O C
RxV and f: O —V a continuous map which is locally Lipschitz continuous in the second
variable. Then for every (to,ug) € O there exists a mazimal interval (a,b) C R containing to
where the initial value problem

u(t) = fu(®),t), u(0)=ug
has a unique solution. At the boundary of the interval holds one of the following
1. a = —o0 (b= oo respectively),
2.t ||f(u(t),t)]| is unbounded on (a,a + €) ((b—€,b) resp.) for all e > 0,

3. The solution is not contained in O fort — a and t — b respectively.

Apart from the zeroes of the denominators, the expressions on the right hand side of the
vector fields are continuously differentiable and locally Lipschitz in the coefficients of the
moduli space. Hence the conditions in the theorem are satisfied. Taking V' as the space of
C' functions in a neighbourhood of a nonsingular point of the vector field, the solution leaves
this set only if the vector field has a pole at the boundary. So either the solution can be
extended to t = oo or the vector field on the right hand side has a singularity. This is the
case if either the enumerator becomes infinitely large or the denominator vanishes.

The first case can be treated as follows. When introducing the spectral parameter x, we
saw that we can apply a Mdbius transformation without changing the solution of the sinh-
Gordon equation corresponding to the spectral curve. Suppose now that one of the vector
fields becomes infinitely large for ¢ — b. Assume that this happens because the enumerator
becomes infinitely large, i.e. one of the parameters ag, as, 31, B2 becomes co. This is equivalent
to either a branch point of the spectral curve or a root of the differentials d In p; being deformed
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4 Deformation of spectral curves

to k = co. But in that case we can perform a Mobius transformation which changes k = oo
to some other point and carry on the deformation in the transformed x-plane. Hence this
case does not contribute to singularities of the deformation.

For the second case, we can directly see at which points the denominators vanish and get the
following

Proposition 4.3.11. If the mazimal interval is not [0,00), then the deformation is well-
defined unless one of the following singularities occurs:

ko =0, rKo==i, ao+ (az+ )2 =0.
We have already said that kg = 0 and kg = %4 are boundaries of the moduli space. The third
case can be characterized as follows.

Proposition 4.3.12. During the deformation there holds

ap+ (a2 +1)P2=0 << a(k)=ubs(k) +vkbi(k), u,veR

Proof. Looking at the right hand side, inserting the special form of the spectral data yields
kY4 agk? + ag = ufo(k? — Bo) + vfir2 (K2 — B1).

Comparing the highest powers of k yields v f; = 1. Using this and comparing the other powers
of k, u must be determined by the equations

az = ufs — B, ag = —ufofs.

Defining u by these equations, both yield the same result if and only if

ufp=as+ 01 = —ao/Be=ufs < ao+(az+f1)B2 =0

If B2 = 0 we see that there has to hold ag = 0. In this case we can determine u solely by
az = ufe — 1 and the condition ag + (ag + £1)52 = 0 is fulfilled as well.

O]

To interpret what it means if the deformation hits a point like this outside the g = 0 family,
we look at the polynomials ¢;(x). Simplifying these under the assumption ag+ (az+031)32 = 0

we get
a

0
723 fa

So both ¢; and ¢o have roots at k = i \/g , where e, f are the parameters of the polynomial

P(k) determining the direction of the deformation. With the vector fields X and Y introduced
before one can compte that in both cases there holds

K= ii\/7 = +ko,
e

K

7T2f1

ci(k) = (e® + f), ca(k) = (er® + f).
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4.3 Deformation of spectral curves of CMC cylinders

so the polynomials have zeroes at +rg. For the deformation of the Sym point this means that

(kg + 1)ci(ro)
bi(:‘io)

Since this holds for two linearly independent vector fields on the two dimensional space M,
we have fo = 0 for all directions (e, f) € R2. But since the mean curvature only depends on
the Sym point we see that the points where ag + (a2 + $1)B2 = 0 are critical points of the
mean curvature.

fig = — =0.

Proposition 4.3.13.

ap+ (a2 + 1) =0 < H=0 V(e,f)ERQ.

A direct computation then shows that at these points we can write

ao

Bofs”

(k) + ;lff b1 (k).

a(k) = —

4.3.6 Singular initial conditions

We proved that apart from the boundary points kg = 0, +4, the deformation along the flow
of the introduced vector fields is well-defined unless ag 4 (az + (31)52 = 0. However, looking
at the spectral genus g = 0 data we compute with the double point kg

ag + (a2 + ﬁl)ﬁz = Hfl + (—2/&3 + '%?l)’%?l =0.

So the entire family of g = 0 cylinders is a singularity of the deformation. Furthermore using
the g = 0 data gives that all spectral data becomes % in the limit ¢ — 0. Therefore we need
to make sure that we can define tangent vectors that enable us to leave the initial conditions
and carry on the deformation along the vector fields outside the g = 0 family. This will be
done by using a power series expansion of the spectral data and solving the resulting system

of equations successively.

Using the Ansatz
ro(t) = ro(0) + /o(0)t,

ap(t) = ap(0) + ap(0)t, az(t) = az(0) + a2(0)t,
Bi(t) = B1(0) + B1(0)t,  Ba(t) = B2(0) + B2(0)t.

and putting this into the deformation ODE gives a system of equations of the form

(a0, a2, 41, B2) = © (ag, as, B1, 32)

which can be solved by computer algebraic operations using Mathematica ( [11]). There are
two solutions to the system. The first one is given by

AR ) A )
2 ) a2( )_ ) )

ap(0) = -
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4 Deformation of spectral curves

K2) .
(o) = 2 TRD g )

2 T

2f 4+ exZ + 2fK3
_ 2 :

and the second one by

er§(3 +4K2) + 4f k(-1 + K2 + 23)

CL(_)(O) == (53 _ ]_)71'2 )

o (0) = ek2(3 + 4k2) (4 + 5k2) + 12f(1 + 3K3 + 2k2)
a2(0) = (k2 —1)72 ’
, 12f +12(e + f)r3 + 13ex) — der§
fi(0) = - 2(k2 —1)72 ’

d
6,(0) 4f +4(e +3f)k2 + (13e + 8f) k4 + 4erf
2(0) = — :
2(k3 — 1)m?

When starting the deformation, we want the two double points +x4 on the g = 0 spectral
curve to open to four distinct nonreal branch points and hence get a spectral curve of genus
g = 2. We will see that this happens only in one direction of the deformation. The condition
on the spectral data for this to happen is given by

Proposition 4.3.14. Let (ag, a2, 1, B2, ko) be the spectral data of a g = 0 cylinder with
double points kg4 on its spectral curve. For a deformation of spectral data, the double points
open in positive direction, i.e. with increasing t € R if and only if

—K23a2(0) — ao(0) < 0.

Proof. The branch points of the spectral curve are given by x = +i and the roots of a(k).
For the g = 0 case we have a(k) = x* — 2k2 + K, so tk4 are double roots of a. Increasing
the genus of the algebraic curve

V2 = (k* 4+ 1Da(k)

is equivalent to a(x) having four distinct roots. For the roots we compute

\/—az + \/a% —4ayg
Ozi::i: ) .

If a% — 4ag > 0, there are four distinct roots on the real axis, whereas for a% —4ag < 0, there
are four distinct roots of the form a, —a, &, —a& off the real axis. From the conditions on the
spectral curve of a real and doubly periodic solution of the sinh-Gordon equation, we know
that the involution 7 : (k,v) — (K, —) must not have fixed points. If the roots of a(k) lie on
the real axis, i.e.

a(k) =(k—a1)(k—a2)(k—a3)(k —aq), a1 <ay<0<as<ay,

we have v = /(K% + 1)a(k) € iR for a; < kK < a9 and ag < k < oy and therefore —7 = v. So
in this case, the involution n has fixed points on the real axis, which means that the spectral
curve does not correspond to a real solution of the sinh-Gordon equation. Therefore we need
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4.3 Deformation of spectral curves of CMC cylinders

a3 — 4ap < 0. As there holds a3 — 4ap = 0 in the g = 0 case, the discriminant becomes
negative if at the initial values the deformation satisfies
0

&mg — 4a0)(0) = 2a2(0)as(0) — 4ao(0) = —4r3a2(0) — 4ae(0) < 0,

proving the claim. O

We see that the first solution satisfies —x3a2(0) —ao(0) = 0, so the double points do not open
for this deformation. To discuss the second solution, we need to specify the parameters e, f
prescribing the vector fields X and Y in the ¢ = 0 case. We do this again by using power
series expressions of the spectral data and solving the resulting system of equations. For kg
and ¢ we get

, . 4f(—28 + 97k2 + 125k3) + ex2(1456 + 3875k3 + 2500k3)
k0(0) = lim ko(t) = 5 5 )
t—0 167 Ho(? + 25%0)

i erd
5(0) = lim p(t) = " Fero)f2

t—0 Ko/ 1+ /i(%

The condition ¢ =1, kg = 0 gives

(. ) Ami(k2 4+ 1)2 (=28 + 125k2) miko/1 + k2(16 + 25k3)(91 + 100%3)
e, = s T )
K0 (1568 4 34878k2 + 2000k3) f2 (1568 4 3487k3 + 2000%¢) f-

while condition &g = 7, ¢ = 0 leads to

(. ) 16672 (7 + 25k3) 1692 ko (7 + 25k3)
€, = y .
ko(1568 4 3487k3 + 2000k3) " 1568 + 3487k2 + 2000%]

The denominator of the parameters has no zeroes on the imaginary axis. Therefore, for
ko € iR both parameters are well-defined.

Now we can compute the vector fields X and Y by inserting these parameters into the second
solution. We choose again K = 5 and L = 3 as fixed constants. This yields tangent vectors on
the set of spectral data along which the deformation will leave the subset of g = 0 cylinders.

Proposition 4.3.15. Let (ag, az, B1, B2, ko) be initial values of spectral data lying in the family
of g = 0 cylinders. Then the vector field X leaving ko constant and changing ¢ is in the g = 0
case given by
4i(1 + k2)2 (16 + 25K2)2(91 + 100K2) (64 + 325k2)

7297k (1568 + 3487k3 + 2000k f2

ap =

116i(1 + £2)2 (16 + 2542)2(91 + 100x2)
817k (1568 + 3487K2 + 2000k8) fo

ag =

& = 10i(1 + K2)2 (16 + 2542)2(91 + 100%2)
LT 81wk (1568 + 3487K2 + 200053) fo
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4 Deformation of spectral curves

3
2

_10i(1 + Kk2)2 (16 + 25K2)(161 + 260k3)

& 817k (1568 + 3487K2 + 2000%8) f2

The vector field Y changing ko and leaving @ constant is given by

~ 164(16 + 25k5)(23296 + 77700k3 71175k + 17500k0)
729r0(1568 + 3487K2 + 2000%7) ’

apg =

_ 16i(168896 + 5208003 — 528675x§ + 177500)

2= 8110 (1568 + 3487k + 200013) ’
by = 40i(—5824 — 3360k + 142357 + 12500%5)
b 81r0 (1568 + 3487k2 + 2000k1) ’
by — _ 404(10304 + 28320k3 + 22245k + 35004()

81r0(1568 + 3487x2 + 2000k3)

Again we see that the denominator does not vanish except for k9 = 0. This means that we
can start a deformation of cylinders for arbitrary Sym points in the domain of definition of
the g = 0 family.

To investigate how the double points open for the vector fields X and Y it is sufficient to
consider only one of them. The other one can be written as a linear combination of the first
one and the direction along the curve of ¢ = 0 cylinders. Since the discriminant vanishes
constantly along this set, adding this vector field does not contribute to the sign of the
discriminant along X and Y.

For the vector field with I'm(kp) = 1, the condition that the double points open
—k2a2(0) — ag(0) < 0

is satisfied for

4 4
—1 < Im(ko) < —5 0 < Im(ko) < 5 1 < Im(ko).

The first and the third intervals are not contained in the set of Sym points for which the
g = 0 family of cylinders is defined. Hence the deformation opens the double points in
positive direction, i.e. with increasing ko for Im(kop) > 0 and in negative direction, i.e.
decreasing Im(kg), for Im(rp) < 0. To see how these directions lie in the moduli space of
cylinders we have to look at the values of In us(kg). We already pictured one branch of the
curve corresponding to the g = 0 family before. We saw that when we consider the g = 0
family with double points as a subset of the moduli space of g = 2 cylinders, we get an
additional minus sign for In ps(kg,v). Therefore the family of ¢ = 0 cylinders lies in the
moduli space of g = 2 cylinders as the curve (I'm(kg), —In fi2(kp)), where In iy denotes the
eigenvalues in the g = 0 case, and looks like
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4.3 Deformation of spectral curves of CMC cylinders

10
b N pa(ko)

‘ i IM(ko)
L L L n L L L L L L L L Il

1.0

So we see that for Im(kg) > 0, the double points open in positive direction and hence the
spectral genus g = 2 cylinders lie between the g = 0 family and the axis ¢ = 0. The same
holds for the vector fields with ¢ = 1. Since traversing the g = 0 family gives a vector field
that increases ko while it decreases ¢, we need a linear combination of the vector field along
the g = 0 curve with a positive multible of Y to get X. Therefore, if Y opens the double
points in positive direction, then X does as well and vice versa.

4.3.7 Simulation of the deformation

To know where the deformation can take place in the moduli space, we need to determine
where possible singularities can occur. Apart from the boundaries kg = 0, &4, the singularities
were given by

ap + (ag + f1)P2 =0

and this equation is satisfied for the whole g = 0 family.

From the spectral data of the g = 0 family one obtains the following observation. Starting
a deformation from the family of g = 0 cylinders that opens the double points, one reaches
values in the (I'm(kg), ¢)-plane that lie between the g = 0 family and the axis ¢ = 0, that
corresponds to CMC tori. If we assume that there is no singularity in this quadrant of the
(Im(ko), ¢)-plane, one can deform the initial cylinder into a CMC torus in H3. But then
one could deform the spectral data within the class of CMC tori, as it was shown in [7]
and reach a CMC torus in R3, corresponding to (Im(ko),¢) = (0,0). However, as we saw
before, the point (0, 0) in the moduli space M does not belong to a CMC torus, since the R?
closing condition is not satisfied. So if we start the deformation in a local neighbourhood of
(0,0), reaching the axis ¢ = 0 in this neighbourhood would be a contradiction. Therefore, we
assume that there is a singularity of the deformation between the g = 0 family and the axis
¢ = 0 around the point (0,0).

To see whether two singularities intersect on the g = 0 family, consider the derivative of
ag + (a2 + 1)z in the g = 0 case.

ao + (ag + B1) B2 + (az + B1) P2 =
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4 Deformation of spectral curves

100(1 + £3)(16 + 25k3) (e(16 + 25k3) (98 + 125k3) + 9 (107 + 125k3))
72972(7 + 25k3)

It vanishes if and only if

9(107f + 125fk3)
1568 + 44503 + 3125k

Ko = %1, or kg = *—1%, or e = —

If there was another curve satisfying ag+ (az+ (1) 52 = 0 which intersects the g = 0 family, the
derivative had to vanish for all directions (e, f) € R?. The third of the above relations gives a
unique direction (e, f) € R? which corresponds to the tangent vector field of the g = 0 family,
whereas at the boundary kg = j:%i the derivative vanishes for all directions. Furthermore, at
ko = 0, the deformation has a general singularity. This means that we can rule out all points
but kg = 0, j:i% as intersections of the g = 0 family with a curve along which there holds
aop + (a2 + 51)B2 = 0.

A numerical simulation of the deformation shows that there are indeed singularities of the
form we expected. To simulate the vector fields X and Y we choose some initial data on the
g = 0 family, as described above. Then we leave the g = 0 family with a vector field changing
only x¢ according to the Ansatz

Eo(t) = ﬁo(O) + /%)()(O)t, a()(t) = a()(()) + do(O)t etc.

with a very small parameter ¢t € R. By this, we get spectral data of genus g = 2 CMC
cylinders, which implies that 31 # (2 and ag + (a2 + £1)B2 # 0, so there is no singularity at
this point. Eventually we start the deformation along the vector field X, which corrsponds to
Ko = 0 and ¢ = 1 to see whether we can reach the axis ¢ = 0 in the course of the deformation.

For the concrete values of the winding numbers K = 5 and L = 3, we choose different
points in the corresponding family. The simulation with Mathematica ( [11]) then gives a
maximal interval (¢yin, tmaz) on which the deformation ODE can be solved numerically. For
the endpoints there holds

lim (ao + (ag + £1)52)(t) = 0,

—tmin

which corresponds to the initial values in the g = 0 family, and

lim (ao + (ag + ,61),62)(t> =0.

t—tmax
The second limit means that at the boundary of the maximal interval, the deformation along

X reaches a singularity and we can compute the corresponding points in the (Im(kg), ¢)-plane
to get the following graph.
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O L L L L L L L L L L L L |
L 0.2 04 06 08
[ . Im(ko)
,2 [
/.
[ g=0 family
-6+
_8 [
~10F
_12]
1l
L In ua(ko)

This suggests that starting from the family with K = 5 and L = 3, the deformation hits a
singularity before reaching the subset of CMC tori. Investigating the spectral data at the
endpoints of the simulation of the deformation gives
li =1 li =2 li = i =—1.
t_‘ltl;Inlax 0 (t) ’ t—}trrlr?ax @2 (t) ’ t_}trgllaa: ﬁl (t) t—}trrlr;lax 52 (t)

This data describes a spectral curve given by a(k) = (k? + 1)?, meaning that the branch
points have converged to +i. Due to the differentials dIn y; both having roots at =i, the
additional poles cancel and this is again a family of spectral genus g = 0 cylinders. This data
can be interpreted as follows.

If the branch points on a spectral curve of a solution u of the sinh-Gordon equation are
deformed to +i, respectively 0,00 in the A-plane, the solution u becomes singular. By a
coordinate transformation this corresponds to the Hopf differential () vanishing identically.
@ = 0 means that all points on the resulting surface are umbilic points. The only CMC
surfaces which satisfy this condition are spheres. Therefore, the spectral data at the end of
the simulation corresponds to cylinders which are chains of spheres, i.e. spheres glued to each
other in only one point.

However, the above simulation is only valid for the concrete choice of the parameters K = 5,
L = 3. For other combinations of K, L € Z with L < K we have to change the initial values
of the deformation by using the formula for the double point

K2

and hence change the vector field that leaves the g = 0 family. For the choice of K = 2 and
L =1 we get the following picture. Starting from the family of ¢ = 0 cylinders, which in
this case is defined for —@ < Im(ko) < @, and deforming along the vector field X, there is
again a singularity of the form

lim (ao + (ag + ﬂl)ﬁg)(t) =0.

max
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4 Deformation of spectral curves

In a neighbourhood of the point (Im(ko),) = (0,0), the points where this happens lie
between the initial points and the axis ¢ = 0 passing the ¢ = 0 family in (0,0). But
for growing ko(0), the singular curve crosses the axis ¢ = 0 and converges to ¢ = oo for
ko(0) — 2.

20
[ 1IN ko)

151

10F

Im(xo)

—10F

This simulation suggests that we can reach the subset of ¢ = 2 CMC tori by starting the
deformation at the g = 0 family of cylinders for certain initial values. The spectral data at
the endpoints is again of the form

a()(tma:c) =1, a2(tmaa:) =2, ﬁl(tmax) = ﬁ2<tma:n> = -1,
which again corresponds to chains of spheres.

Altogether the numerical simulation suggests that starting with an initial value on the g =0
family with 0.456899 < Im(ko(0)) < § and then running the deformation along X, the flow
passes a point for which ¢ = Inpus(kp) = 0 and hence the closing condition on the second
monodromy is satisfied.

By this, it would be possible to construct the spectral data of a family of g =2 CMC tori in
H? from the initial data of a family of ¢ = 0 CMC cylinders with two double points on the

spectral curve. Using the formula H = 211+ n’;a_f;(’), the mean curvature of the resulting family of
CMC tori is bounded by 4—\7/?: < H < 1.32278.

By varying the constants K, L € 7Z, the numerical simulation resulted in the same spectral
data at the endpoints, i.e.

ap=1, ax=2, pr1=p=-1
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4.3 Deformation of spectral curves of CMC cylinders

However, the case K = 2, L, = 1 and common multiples of them were the only examples
where the deformation passed the axis ¢ = 0.

To prove that by this procedure we can actually construct CMC tori in H? out of CMC
cylinders, one has to determine the endpoints of the deformation analytically. We assume
that these can be computed using the restrictions on the differentials dIn p; in terms of line
integrals described in section 4.3.4. First, one should show that if the branch points are
deformed to +i, the roots of the differentials d1n u; converge to +i as well. Furthermore, in
the simulation, the only points where a singularity occured was in the case g = 0. Therefore
we give the following conjecture, of which an analytical prove would be desireable.

Conjecture 4.3.16. Let (a, by, ba, ko) € M be the spectral data of a spectral genus g =0 CMC
cylinder in H? with two double points on its spectral curve and winding numbers K,L € Z,
where L < K. Then the deformation along the vector field X corresponding to ¢ = 1 and
ko = 0 ends in a chain of spheres. For certain choices of K and L the deformation passes
the subset of spectral genus g = 2 CMC tori in H3. Furthermore, for the singularities of the
deformation there holds

ap+ (a2 +B1)fe =0 <= g=0.
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5 Conclusion and open questions

To study CMC surfaces in H? we have first introduced the classic concepts of moving frames
and Lax pairs. We showed how the integrability condition of the Lax pair is related to
the sinh-Gordon equation, an equation studied in the theory of integrable systems. By that
means, one is able to use the concept of spectral curves to produce solutions and hence metrics
of CMC surfaces.

After investigating the properties of spectral curves of finite type solutions, we gave some
explicit examples of cylinders of low spectral genus and showed that in the special case of H3
there are no CMC tori of spectral genus g = 0 and g = 1. This is different to the situation of
CMC tori immersed in S3.

The main part of the thesis focused on a deformation theory of spectral data. The aim was
to show the existence of CMC tori of spectral genus g = 2 by starting a deformation with
a g = 0 CMC cylinder and changing the spectral genus in the course of the deformation.
By computing different examples of families of g = 0 CMC cylinders as initial values and
simulating the deformation numerically we could find an example of a family for which the
simulation reached the subset of CMC tori of spectral genus ¢ = 2 in H3. Furthermore,
the simulation suggested that at the endpoints of the deformation, the resulting surfaces are
chains of spheres, a very special limit case of CMC cylinders of spectral genus g = 0.

An interesting question would be if every deformation starting from a g = 0 cylinder in H3
ends in a family of chains of spheres. The simulations showed that not every deformation of
that kind passes the subset of CMC tori. Finding an analytic description of the dependence of
this fact on the winding numbers K, L € Z as well as determining the endpoints for arbitrary
combinations of these would be a good aim for further research.

67






Bibliography

1]

2]

8]

[9]

[10]

[11]
[12]

[13]

[14]

A I Bobenko. All constant mean curvature tori in R3, S3, H? in terms of theta-functions.
Math. Ann., 290(2), pp. 209-245, 1991

A.L. Bobenko. Surfaces in terms of 2 by 2 matrices. Old and new integrable cases. In:
Harmonic maps and integrable systems, Aspects of Math., pp. 83-127, Vieweg, Braun-
schweig, 1994

H.M. Farkas and I. Kra. Riemann Surfaces. Graduate Texts in Mathematics 71, Springer
Verlag, New York, 1992

S. Fujimori, S. Kobayashi and W. Rossman. Loop group methods for constant mean
curvature surfaces. Rokko lectures in mathematics, October 2005, arXiv:math/0602570v1
[math.DG]|

F. Hélein. Constant mean curvature surfaces, harmonic maps and integrable systems.
ETH Ziirich Lectures in Mathematics, Birkh&user, Basel Boston Berlin, 2000

N.J. Hitchin. Harmonic maps from a 2-torus to the 3-sphere. J. Differential Geom., 31(3),
pp. 627-710, 1991

W. Kewlin. Deformation of constant mean curvature tori in a three sphere. Diplomarbeit,
Universtitdt Mannheim, 2008

M. Kilian and M.U. Schmidt. On the moduli of constant mean curvature cylinders of
finite type in the 3-sphere. preprint arXiv:0712.0108v2 [math.DG]

M. Kilian, S-P. Kobayashi, W. Rossman and N. Schmitt. Constant mean curvature sur-
faces in 3-dimenstional space forms. Preprint, 2002

M. Knopf. Konforme CMC-Immersionen von Tori nach S*. Seminar Geometrische Anal-
ysis F'SS 09, Universitdt Mannheim, 2009

Mathematica for Students. Version 7.0.1.0. Wolfram Research, www.wolfram.com

R. Miranda. Algebraic curves and Riemann surfaces. Graduate Studies in Mathematics
5, Amer. Math. Soc., Providence, 1995

V. Neugebauer. Constant mean curvature tori in the 3-hyperbolic space. Diplomarbeit,
Universitdt Mannheim, 2008

U. Pinkall and I. Sterling. On the classification of constant mean curvature tori. Ann. of
Math. 130(2), pp. 407-451, 1989

69



Bibliography

[15] W. Rossman. Supplement to 'Loop group methods for constant mean curvature surfaces’,
preprint

[16] N. Schmitt, M. Kilian, S.-P. Kobayashi and W. Rossman. Unitarization of monodormy
representations and constant mean curvature trinoids in 3-dimensional space forms. J.
London Math. Soc., 75(3), pp. 563-581, 2007, arXiv:math/0403366v3 [math.DG]

[17] W. Walter. Gewdhnliche Differentialgleichungen. Fine FEinfiihrung. Springer Verlag,
Berlin, 2007

[18] H.C. Wente. Counterexample to a conjecture of H. Hopf. Pacific J. Math., 121(1), pp.
193-243, 1986

70



Erklarung

Hiermit versichere ich, dass ich die vorliegende Arbeit ohne die Hilfe Dritter und ohne Be-
nutzung anderer als der angegebenen Quellen und Hilfsmittel angefertigt und die den be-
nutzten Quellen wortlich oder inhaltlich entnommenen Stellen als solche kenntlich gemacht
habe. Diese Arbeit hat in gleicher oder dhnlicher Form noch keiner Priifungsbehorde vorgele-
gen.

Matthias Leimeister



