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CMC-trinoids with embedded ends: a closer look
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1 Introduction

Among the surfaces of constant mean curvature H # 0, CMC-surfaces for short, only
a few subclasses have been classified. The first ones have been the surfaces of rotation
among the CMC-surfaces, the Delaunay surfaces. They were found almost 200 years ago
[3], and are still of interest, since every embedded CMC-end is asymptotically a Delaunay
surface [15]. :

More generally, CMC-immersions of round cylinders into R? are fairly well understood.
The class of CMC-tori has been investigated extensively using different mathematical
techniques. While perhaps not explicitly classifiable, the class of CMC-tori ‘is clearly so
far the best investigated one among all CMC-immersions.
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All the surface classes mentioned so far have an abelian fundamental group. The
simplest non-abelian groups are perhaps those which are free and have only two generators.
Thus it seems to be particularly important to understand the CMC-immersions of the
trinotd T3 = S%\ {0,1, o0}.

Among the CMC-immersions from 73 to R? clearly the embeddings are of particular
interest. It seems to be diffcult to classify this class of CMC-immersions. However, in
a beautiful piece of work, Grofle-Brauckmann, Kusner and Sullivan have classified the
Alexandrov embedded CMC-surfaces from 7; to R3 [12].

In [16] it was shown, however, that there are CMC-immersions from 7; to R® which
have embedded ends, but are not Alexandrov embedded. Related to this is the question
whether one can add “bubbles” to all trinoids and where on the surface such bubbles
can be addded, if at all. It is therefore of great importance to the understanding of all
CMC-immersions to understand in detail CMC-trinoids with embedded ends.

Examples of such surfaces have been given in [11] using the generalized Weierstraf
representation [10]. In [4] it is shown that all CMC-immersions from 73 to R3 with
embedded ends can be obtained this way. However, an answer to the questions raised
above requires a much more detailed study of the monodromy matrices associated with
the ends than given in {4] or [16].

In this note we announce recent work characterizing the monodromy matrices of CMC-
trinoids with embedded ends. In particular, we investigate the monodromy matrices of
such CMC-surfaces which are invariant under the rotation by 120° about some axis.

Our approach uses the loop group method [10] and more specifically the potentials
presented in [11]. It is well known that in this setting everything can be expressed in
terms of hypergeometric functions. In particular, under certain normalizations, an explicit
expression can be found for the monodromy matrices (section 3). Finally, in the last
section we investigate trinoids which are invariant under a 120° rotation about some axis.
In [9] we prove that after some A—dependent rotation we can assume that all surfaces of
the associated family have the same axis of rotation. Moreover, all possible monodromy
matrices can be determined explicitly.

2 Outline of the loop group method

We begin by giving a brief review of the “loop group method” for the construction of
constant mean curvature surfaces from holomorphic potentials as presented in [10]. (This
method is often also referred to as the “DPW-method”.) This review will involve intro-
ducing the basic concepts (loop groups, Iwasawa decomposition, holomorphic potentials)
as well as giving an outline of the loop group method itself, illustrated by the simple
example of the so called “Delaunay surfaces”.

2.1 Loop Groups
Let SL(2,C) denote the special linear group of complex 2 x 2 matrices and o : SL(2,C) —

SL(2,C) denote the conjugation by the Pauli matrix o3 = (é _01) For each r € (0, 1],
we define by
ASL(2,C), = {g: C™ — SL(2,C) smooth ; g(—A) = o(g(\))} (2.1.1)

2
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the (twisted) loop group of smooth maps from the r-citle C® = {)\ € C;|)\| = r} into
SL(2,C). The condition g(—A) = o(g(\)) will be referred to as the “twisting condition”
for g. The Lie algebra A, si(2, C), of A.SL(2,C), is given by

Arsl(2,C), = {x: C" - sl(2,C) smooth ; z(—\) = o3z(N\)os}, (2.1.2)

where si(2, C) denotes the Lie algebra of SL(2, C).

Furthermore, we denote by ASL(2,C), the subgroup of maps g € A,SL(2,C), that
extend holomorphically to the open disc 1™ = {\ € C;|A| < r}, and - by abuse of notation
- by A.SU(2), the subgroup of maps g € A,SL(2, C), that extend holomorphically to the
open annulus A® = {\ € C;r < |)] < 1} and take values in the special unitary group
SU(2) on the unit circle $1 = O,

In the case r = 1, we will omit any subscripts “r”, simply denoting the groups
ASL(2,C),, ATSL(2,C),, A1SU(2), by ASL(2, C)e, ATSL(2,C),, ASU(2),, respec-
tively. We deal analogously with the corresponding Lie algebras.

The topology introduced above for the loop groups and Lie algebras is a Frechet
topology. Sometimes it is preferable to work with Banach structures instead of with
Frechet structures. In this case one could require, e.g., that all matrix coefficients are
contained in the Wiener algebra on the unit circle. For the purposes of this article the
topology of the groups will play a minor role.

2.2 JIwasawa decomposition

It is known from [17] that the multiplication map A, SU(2),x A} SL(2,C)s — A.SL(2,C),
is surjective, that is, any g € A,SL(2, C), may be written as

9= gug+, (2.2.1)

where g, € A.SU(2), and g, € AFSL(2,C),. The splitting (2.2.1) is called an r-Jwasawa
decomposition of g € A.SL(2,C),, or, if r = 1, just Jwasawa decomposition of g. By
additionally requiring that g, (0) is diagonal with positive real entries, the factors of the
splitting (2.2.1) are uniquely determined. In this case the multiplication map is a real-
analytic diffeomorphism, therefore we will speak of the unique r-Iwasawa decomposition
(resp. unique Iwasawa decomposition) of g.

2.3 Holomorphic potentials

Next we will outline how one obtains from an immersion ¥ : M — R® of constant mean
curvature H # 0 on a simply connected domain M C C an s1(2, C)-valued holomorphic
differential one-form on M involving a loop parameter A\ € C* = C\{0}, the so called
“holomorphic potential” 7. As we are interested in constructing CMC-immersions ¢ :
M — R3 on a not necessarily simply connected Riemann surface M, we think of M as
of the universal cover of M, that is M = M /T, where I" denotes the fundamental group
of M (acting freely and discontinously on M ). While the loop group method will allow
to recover 1 : M — R® from the holomorphic potential n (see section 2.4), we will need
to turn to the question under which circumstances ¢ descends to an CMC-immersion
¢ : M — R3, at least for a special choice of the loop parameter ) (see section 2.5).
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An immersion ¥ : M — R3® of constant mean curvature H # 0 may be interpreted as
a member of an “associated family” ¥y : M — R3, A € S!, of immersions of the same
constant mean curvature H. Say, ¥ = ¥ =;. We may obtain the associated family v,
from v in the following way: First, consider the “extended frame” F : M — ASU(2),
corresponding to 3 as defined in [10]. Note that, by construction, F involves the loop
parameter A = e € S'. Then compute ¢, from F by evaluating the Sym-Bobenko
formula 1 9

i
¥ =55 (56F" Fly §F03F_1) (2.3.1)

Remark 2.1. The extended frame F' associated with 9 is not determined uniquely, but
only up to the choice of some initial value F(z.,,\) € ASU(2), for some z, € M. It is
in particular always possible to achieve F(z.,)\) = I for a chosen base point z, € M,
meaning that the surface is moved by a rigid motion into the “right position”.

Remark 2.2. Note that 1) generated by the Sym-Bobenko formula (2.3.1) actually takes

. — zZ . xT+1
valuesmsuz={71(x_z.y —zy

of CMC-immersions M — R? by identifying su, with R? via the isomorphism

) ; x,y, 2 € R¥. Weinterpret ¥y, A € S, as a family

T

RS, =1 z T+ iy
J:R Sug, Z il (x-z'y _, ) (2.3.2)

According to [10], there exists B, € ATSL(2,C), such that
H = FB, is holomorphic in both z € M and A € C* (2.3.3)

H is called an holomorphic frame associated with 1. The corresponding Maurer-Cartan
form n = H~'dH is holomorphic in both z € M and A € C* as well and is called the
holomorphic potential associated with the immersion .

2.4 The loop group method

As indicated above, we can construct immersions of constant mean curvature H # 0
defined on the universal cover M of a Riemann surface M = M/T from holomorphic
potentials introduced in section 2.3 by applying the “loop group method” presented in
[10]. Carrying out this procedure involves the following three steps: -

1. Given a holomorphic potential 7), solve the differential equation

dH = Hn. (24.1)
2. Perform (for each z € M) an r-Iwasawa decomposition

H = FB,. (2.4.2)
3. Interpreting F' as the extended frame of a CMC-immersion %, compute the asso-

ciated family of ¢ by (2.3.1) to obtain for every A\g € S* a CMC-immersion -y,
defined on M.
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Remark 2.3. For our purposes, that is for the construction of CMC-trinoids from holo-
morphic potentials (cf. section 3), we can think of the starting potential 7 on M as the
pullback of some potential defined on M = M /T [5]. Thus we ensure that 7 is invariant
under the fundamental group I' (viewed as a subgroup of the automorphism group of M ).
We will return to this in section 2.5.

By the theory of ordinary differential equations the solution to (2.4.1) is uniquely
determined, once we prescribe an “initial value condition”

H(Z*) = Ho (243)

for an arbitrary base point z, € M and some Hy € A SL(2,C), for some r € (0,1].
Given a solution H to (2.4.1) with some initial value H(z,), it is easy to verify that
H(z) = HyH(z,)"*H(z) will also satisfy (2.4.1) and, moreover, will meet the initial value
condition (2.4.3). ‘

In general, we will refer to the action of replacing H by

H=TH, (2.4.4)

where T denotes some z-independent loop in A,SL(2, C),, as r-dressing or simply dress-
ing H by T. By dressing a solution H of (2.4.1), we will obtain a new solution H of
(2.4.1), “only” changing the initial condition. Such a change, however, will have profound
consequences in step two of the loop group method, as there is no trivial relation between
the frames F and F involved in the Iwasawa decomp051t10ns of H and H, respectively.
This means, that dressing a solution H of (2.4.1) will (in general) give rise to significant
changes in the CMC-immersion ) = 15~; generated by step three of the loop group
method. In fact, the manipulation of the initial value Hy given by (2.4.4) turns out to be
crucial for our purposes, as it plays the decisive role when it comes to deciding whether
¥ will descend to a CMC-immersion ¢ on M or not. This issue will be discussed further
in the following section. :

2.5 Monodromy

Next we investigate under which circumstances a given immersion 9 on the universal
cover M of a Riemann surface M will descend to an immersion ¢ defined on M = M/T.
The answer to this question is closely linked to the behaviour of the holomorphic frame H
associated with ¢ (cf. section 2.3) under the deck transformations +y corresponding to the
elements of the fundamental group I'. This transformation behaviour of H is expressed
by a z-independent matrix, the “monodromy matrix” M = M (v, \). We will briefly state
the results pertinent to this article, for more details see section 2.4 of [11].

Lemma 2.4. Given a holomorphic potential n on M which is invariant under T' in the
sense of remark 2.3, any solution H of (2.4.1) will transform under v € T according to

H(y(2),\) = M(v, \)H(z, \), (2.5.1)

where M(v,)\) denotes some ASL(2,C), matriz depending on v, but independent of z.
For each vy € I', M(«, ) is called the monodromy matrix of H with respect to ~.
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The basic theorem for all considerations in this note is obtained from theorem 2.7 of

[7]:

Theorem 2.5. Let n, I and H be as in the above lemma. Then, ¢ descends to a CMC-
immersion ¢ on M = M /T if and only if

1. M(~, ) is unitary for ally €T, A€ S? and
2. M(y,A=1)==I forally €T and
3. OM(y,\)|r=1=0 forallyel.

Theorem 2.5 provides the key for “tuning” the loop group method such that it will
generate a CMC-immersion 9 on M that descends to an immersion ¢ on M for, say, A = 1:
Assuming the requirements of theorem 2.5 are met, it is easy to verify that dressing a
solution H of (2.4.1) by T = T()\) € A,SL(2,C),, as defined in section 2.4, will produce
a solution H = TH with monodromy matrices M(7y, A) = T(A\)M (v, \)(T(X\))~? for each
v € T, where M(v,)), v € T', denote the corresponding monodromy matrices of H.
Thus, to obtain a CMC-immersion ¢ : M — R® from a given potential 7, the strategy
will be to find an appropriate dressing matrix 7" that will modify a given solution H
with monodromy matrices M (v, A),y € T, such that the monodromy matrices M (v, \) of
H = TH will meet the conditions given in theorem 2.5.

2.6 Delaunay surfaces

As pointed out in the introduction, for the study of CMC-immersions with embedded ends
“Delaunay surfaces” are of particular importance. These are CMC-surfaces of revolution
around an axis z; in R® For a detailed discussion of Delaunay surfaces, we refer to [8].
Here, we will only summarize some basic results, which we will use in this article.

By section 3.2.1 of [8] all Delaunay surfaces (up to rigid motions) can be constructed
from holomorphic potentials of the form

1 1/0
n=Ads =2 ()—( )0() dz, (2.6.1)
where X(X) = sA™" +tA, X(A) = sA+tA~" and s,t € R with (s +¢)2 = 1. The matrix
A is called a Delaunay matriz.

The choice of s and ¢ will determine the special shape of the produced Delaunay surface
(see [8] for details). We will be especially interested in embedded Delaunay surfaces, which
are also referred to as unduloids. These correspond to s and ¢ such that st > 0, w.lo.g.
s>0and ¢ >0.

Given a potential 7 of the form (2.6.1), it is easy to verify that

H = exp(In(2) A) (2.6.2)

solves the differential equation (2.4.1). Around the singularity at 2 = 0 of , H picks up
the Delaunay monodromy matriz M(\):

H(y(2),\) = M(v,\)H(z, )\, (2.6.3)

6



105

where v denotes the deck transformation on M corresponding to the simply closed curve
in C, which encloses the singularity z = 0, w.Lo.g. defined by (—m,7) — C, ¢ — €®. Note
that v already generates the fundamental group I' of M = C\{0}. A simple computation
yields

M(7, A) = exp(2mwiA), (2.6.4)

where ;4 = V X X. By use of lemma 2.5, we conclude that H gives rise to a CMC-immersion
1) = =1 which under our conditions descends to M, thus defining a CMC-surface ¢ on
M.

3 Trinoids

In this note we are concerned with constant mean curvature surfaces parameterized by the
extended complex plane C = CU {co} with three points removed, which are singularities
of the parameterizing immersion ¢ and thus induce three “ends” of the surface. By
applying an appropriate coordinate transformation on C we may assume w.l.o.g. that
the singularities are located at 2o = 0, 23 = 1 and 2z, = oo. While we allow arbitrary
self-intersections of the surface away from its singularities, we require the ends to be
“embedded”. That is, we require that for sufficiently small pointed discs D?(2;) = {z €
€\{0,1,00}; |2 — 2| < €} the immersion ¢ is a CMC-embedding. Therefore, according to
[15], the ends asymptotically show the behaviour of (unduloidal) Delaunay surfaces (cf.
section 2.6). Constant mean curvature surfaces with three asymptotic Delaunay ends will
be called “CMC-trinoids with embedded ends” or “trinoids” for short.

It is well known that the universal cover of M = C\{0,1, 00} is given by the upper
half plane M = H = {z € C;Imz > 0}. The fundamental group I" = m; (M) is generated
by three simply closed curves v; in M, which start at a base point 2z, € M and surround
only one z;. The corresponding monodromy matrices associated with a solution H of
dH = Hpn, where 7 is a potential defined on M, will be denoted by M;(A) = M(y;, A).
We note (see section 2.5 of [11]) that

MoMiMy, = £1.

3.1 The trinoid potential

For the construction of trinoids via the loop group method we start with a potential 7
with three singularities at zop = 0, 2; = 1 and z,, = co. These singularities will carry over
to the solution of the differential equation dH = Hn as well as to the induced immersion
¢ parameterizing the surface and thus will generate the three trinoid ends. As explicated
in section 3.1 of [11], we may restrict without loss of much generality to the case where 5
is off-diagonal, that is of the form

n= (T(z 3 v ’\)) dz, (3.1.1)

where, for now, v and 7 denote some holomorphic functions in z € @\{zo, 21, 200} Which
also depend on \ € C*.
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Since we would like to construct CMC-trinoids with embedded (and thus, as pointed
out above, asymptotically Delaunay) ends, we further assume that the potential 7 near
each end z; adopts some of the properties of the corresponding (unduloidal) Delaunay
potential ;—_%J—Djdz involving the off-diagonal Delaunay matrix

D; = (_,% )éj) , (3.1.2)

where
X; =5 A7+t X; =5 A+ A7 (3.1.3)
55,8, € (0,5), 85 +1; = 3 (3.1.4)

First of all, as the singularities of Delaunay potentials are regular, we require all
singularities z; of 7 to be regular singularities. More precisely, they will be regular singular
points of a second order scalar ODE corresponding to the differential equation

dH = Hpy (3.1.5)
in the sense of the following straightforward lemma.

Lemma 3.1. Every solution H of the differential equation (3.1.5) can be written in the

form
vi
H= (y y‘) , (3.1.6)
P
where y1, y2 is a fundamental system of the differential equation
VI
y'= —y' ~vry =0 (3.1.7)

We require that zo, z1, 2o are regular singular points of (3.1.7), i.e. we require that
equation (3.1.7) is of “Fuchsian type” (cf., e.g., chapter 7 of [1]) with three singular points.
In general, a Fuchsian equation can have a singularity which, however, does not show up
in the solutions. Such a singularity is called “apparent singularity”. In our case we do not
want any apparent singularities, since otherwise we would have fewer than three embedded
ends. From (1] and sections 3.3 and 3.5 of [11] we obtain that the three ends at 0,1 and
o0 are non-apparent regular singular points if and only if:

v(z,\) = /\“lz_ao(z - 1), (3.1.8)
bo()\) b1()\) Co(/\) Cl(A)

o = —X\2%(z — 1) 1.
(2, \) Az%( 1) 2 +(z—1)2+ > +z—1 , (3.1.9)
for some integers ao, a1, as and some even functions b, by, beo, ¢o, ¢1 in A € C* satisfying
a0+ a1+ ap = 2, (3.1.10)
bo(A) + bi(\) +0- co(A) +1- 61(/\) = beo(A), (3111)
co(A) + e1(A) = 0. (3.1.12)
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The potential above is defined on M. Therefore, its pullback to the universal cover
M is invariant under the deck transformations which correspond to surrounding an end.
Thus, given a solution H of (3.1.5), after surrounding an end we obtain a monodromy
matrix (cf. section 2.5). One should expect that the monodromy matrix M, corresponding
to the end at z; is somehow related to the monodromy matrix of the Delaunay surface
which is the asymptotic shape of the end at z;. It is therefore natural to assume that M,;
is conjugate to the monodromy matrix of the corresponding Delaunay surface. Actually,
one can prove that this is necessarily the case [4]. Referring to section 3.6 of [11], this is
equivalent to requiring for each j € {0,1, 00}

bj(A) = i(l —a;)% — s, (3.1.13)

where

w=\X% (3.1.19)
and +u; are the eigenvalues of D;.

By the choice of Dy, D,, D, and some integers ag, a1, @uo satisfying (3.1.10) the
functions b; and ¢; are given by equations (3.1.13), (3.1.11) and (3.1.12) explicitly, whereby
n is determined completely. While the choice of the a; seems to be arbitrary (in fact, it
is unknown, if there is any geometric meaning in the choice of the a; at all), the choice of
the D; will determine whether the associated potential  will give rise to a “descending”
CMC-immersion ¢ in the sense of theorem 2.5. In order to ensure this, we further need
to require for \ € S?!

0 < €08(m(Ho — i — pioo)) cos(m(pto — pia + fio))
- sin(27m o) sin(2m ;)

<1. (3.1.15)

Equation (3.1.15) will be referred to as the “unitarizability condition”, as it is equivalent
with the existence of a solution H of (3.1.5), n corresponding to Do, D1, D., which has
unitary monodromy matrices at the singularities at zo, 21, 200 In other words, (3.1.15)
holds if and only if any solution of (3.1.5) can be “dressed” (cf. section 2.4) into a new
solution with unitary monodromy matrices.

Altogether, by [11], theorem 5.4.1 and corollary 5.4.2, we have in fact

Theorem 3.2. Let Dy, Dy, Dy be Delaunay matrices satisfying (3.1.15) for all X € S*.
Let 1 be of the form (3.1.1) associated with the given Delaunay matrices. Assume that n
satisfies equations (3.1.8) to (3.1.13). Then, n yields a CMC-trinoid with embedded ends
after some appropriate r-dressing.

Any potential 7 meeting the requirements of the theorem above will be called a “trinoid
potential”. Note that such potentials are holomorphic in z € C\{0, 1,00} and in A\ € C*,
as well as meromorphic in z € C with singularities at 2o =0, z; = 1 and Zoo = 00.

Remark 3.3. It is claimed in [4] that all CMC-trinoids with embedded ends can be
constructed via the loop group method from potentials of the form above.

Starting with a trinoid potential 7, any solution H of (3.1.5), by theorem 3.2, can
be dressed by some appropriately chosen matrix T = T()\) into a solution H = TH ,
which in turn will produce a CMC-trinoid with embedded ends, defined on M. If H

9
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picks up the monodromy matrix M;(\) around the end z;, H has the monodromy matrix
M;(\) = TN M;(A)(T(N) ! at 2; (cf. section 2.5). These monodromy matrices are, by
theorem 2.5, unitary on S*. Thus, in order to find a solution H yielding a CMC-trinoid
on M in the sense of theorem 2.5, we will perform the following two steps:

1. We compute a solution H of (3.1.5) with monodromy matrix M; at z; (see sections
3.2 and 3.3).

2. We determine the dressing matrix T explicitly such that the “dressed monodromy
matrices” M; are unitary on S* (see section 3.4).

The “right” solution H is then given by H=TH.

Remark 3.4. Note that, in fact, we need to make sure that the dressed monodromy
matrices M, meet all three conditions of theorem 2.5. It turns out, however, that finding
a T which simultaneously unitarizes all the monodromy matrices M; poses the main
difficulty. Furthermore keep in mind that verifying the three conditions of theorem 2.5 for
the three monodromy matrices M; at the ends z; will imply that these conditions hold for
any other monodromy matrix M(y, \), v € T, as well (since the curves 7; corresponding
to Mj, j = 0,1, 00, generate the fundamental group I'). In view of MoM; M, = +1I, it
will even suffice to check the conditions for two of the three monodromy matrices, w.l.o.g.
for Mo and M.

3.2 The Fuchsian ODE

In order to solve (3.1.5) we take a closer look at the Fuchsian differential equation (3.1.7),
which reads more explicitly as

wo (@ @\, (b b1 e e \ _
y+(z+z_l)y+(22+(z_l)2+z+z_1)y_o‘ (3.2.1)

The corresponding indicial equations around the singularities 29 =0, 2; = 1 and 2., =
are given by w(w — 1) + a;w + b; for j = 0,1, 00, respectively (cf. section 7.2 of [1]), and
possess the roots

1
T+ = 5 (1 — aj + \/(1 - Cl,j)2 - 4bj) . (3.2.2)
Defining r; := r; ; and substituting
y=2"°z—1)"w, (3.2.3)
equation (3.2.1) translates into the hypergeometric differential equation
" —'y+(1+a+,@)z / af
1 w=0 2.
w"” + 2z = 1) w+z(z_1)-.u , (3.2.4)
where
a=7Tg++T1++ Too+, (325)
IB = 7‘0’+ + 7'1’+ + roo,—; (326)
Y= 1 + ro,+ — To,—- (327)

10
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Assuming v ¢ Z and o + 3 — v ¢ Z, which is the case for all A\ € C*\S, where S is
a discrete subset of C*, there are natural fundamental systems w;;, wj; of (3.2.4) at z;,
Jj=0,1 (cf. chapter 8 of [1]):

wor = F(a, 8,7; 2), (3.2.8)
woe =2"""Fla—v+1,8—v+1,2—7;2), (3.2.9)
wn =Fla,B,a+B—v+1;1-2), (3.2.10)
wp=1-2)"*PF(y~By—a,y—a—-B+1;1-2). (3.2.11)

where F' denotes the hypergeometric series

L ooa(a‘f‘l)..-(a-}—n——l)ﬂ(ﬂ+1)...(ﬂ+n_l)zn
F(a,,@a'ﬁ‘z)_z 7(7+1)(’Y+n"1) F

n=0

(3.2.12)

Remark 3.5. In view of remark 3.4 it suffices to unitarize the monodromy matrices of two
of the three ends, since they generate the monodromy group. Therefore, our discussion
of a solution H to the equation (3.1.5) can be restricted to the analysis of its behaviour
“near” the two singularities at zo = 0 and z; = 1. More precisely, as a typical set of
definition we will consider an open set, containing 0 and 1, from which we cut out all
points contained in the half-lines extending on the real axis from 0 to —oo and from 1
to oco. It therefore suffices to consider in this article only fundamental systems to the
equation (3.2.4) defined near z, and z;.

According to 1], p. 235, on the simply connected set D = C\{r € R;x < 0 or z > 1},
where all wj; are defined, the following relations hold:

wor = n?}wu + Ii?%’u)m, (3.2.13)
Woo = K:?%’wu -+ /'ng’wu, (3.2.14)

where
01 __ NIy —a=p)

K% = P(”y);‘((z);(g)— i) (3.2.16)
2 _T(y—a—=BTr2-7)

Ky = T3 (3.2.17)
02 T(a+B8-—7I(2-17) (3.2.18)

2T Tla—y+)T(B -7 +1)’

and I' denotes the Gamma function I'(z) = [;° e~*¢*~1dt.
From (3.2.8) to (3.2.11) together with (3.2.3) we obtain fundamental systems Yi1, Yj2
around z; solving the Fuchsian equation (3.2.1):
Yo1 = zTo(l - z)T'lF(a, ﬂ’ Y z)’ (3219)
Yoz =21 - ) F(a—y+1,8—v+1,2 — v;2), (3.2.20)
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yi1 =21 — 2)""Flo, B, a+ B—v+1;1—2), (3.2.21)
Y1z = 201 — )" PR(y — By — o,y —a— B+ 11— 2). (3.2.22)

Note that relations (3.2.13) and (3.2.14) relating the fundamental system wo;, woz to
wi1, Wie are equivalent to the relations

Yo1r = Ki1yn + Kizy12, (3.2.23)
Yo = K93y11 + Kig%12, (3.2.24)

for the fundamental systems yo1, Yoz and yi1, Y12
Applying lemma 3.1 we infer that any solution to (3.1.5) can be expressed locally near

z;, j = 0,1 in terms of the fundamental system y;,, y;2. More precisely, this is possible on
a cut disc around z;. We will keep this in mind for later use in the next section.

3.3 Solving dH = Hny

We want to understand the solutions to the differential equation (3.1.5) near the ends. For
this it will turn out to be helpful to use special forms of the potential and the solutions.
Let’s consider, for j = 0,1, the “gauged” potential

i = ViV, + ViidVy;, (3.3.1)

where

1

- A

Vi = ( . VA= )y yAXs . (83.2)
(a; — )/ ANz — 200 - /AKX \/z\(z—z,)u VX

Remark 3.6. We note that V, ; takes values in A;’“ SL(2,C), for some r € (0, 1] (see sec-

tion 5.2 of [11] for details). The transformation of n by V, ; € ATSL(2,C),, as described
in (3.3.1), will be referred to as gauging n by V. ;.

By section 4.2 of [11] there exists an EDP-representation’ HJ, defined around z;, of
dH; = HJ 7;- We will call H; an EDP-solution for short.

Hj — eln(z_zJ)DJ . }3].’ (333)

where P; = I + (z — z;)Pj1 + (z — 2;)?Pj2 + ... is holomorphic at z = z;, P(z = 2;) = I
and P; is uniquely determined by these properties (2].

Thus, for j = 0,1, we obtain a local solution H; of the original differential equation
(3.1.5) around z; of the form

Hj = H;V;} = ee==)Dipy -1, (3.3.4)

By lemma 3.1, H; may be described in terms of an appropriate fundamental system
solving (3.1.7) around z;, which itself may be expressed in terms of the fundamental
system y;1, yj2 given in equations (3.2.19) to (3.2.22). That is, we may write for j = 0,1

Y, +B5Y;
H. _ (QJ il J7i2 agy]l + ,BJyJQ) (3 3 5)
J 8,y 1+c,y 2 3 Q.

v 6_7y.71+€,7y]2

!The expression EDP-representation is an abbreviation for exponential-Delaunay-powerseries-
representation.
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where «;, 3;, J;, €¢; denote z-independent functions in \. Since Yo1, Yo2, Y11, Y12 may be
extended holomorphically to the complex plane excluding two “cuts” from 0 to —oo and
from 1 to oo, this also holds for Hy and H;. Denoting the extensions again by H, and
H;, respectively, we obtain two solutions of (2.4.1) - now defined globally for z from the
simply connected, “double-cut” complex plane - which will only differ by a z-independent
matrix A = A()). That is, we have

Ho = A\ H,. (3.3.6)

It turns out that, by evaluating in (3.3.4) the properties of both P; and the fundamental
system y;1, y;2 at z;, especially the holomorphy on a cut disc around z;, the connection
coefficients oy, 3;, J;, ¢; can be computed explicitly:

1 /(1= x,
==Y 3.3.7
1y /(-1ye

Thus, by (3.3.5) together with (3.3.7) and (3.3.8), we have explicitly determined two
solutions Hy, H; of the differential equation (3.1.5). Furthermore, these solutions are
linked by (3.3.6), and with regard to (3.2.23) and (3.2.24) we obtain

- [H1 K1 ﬁ%) -1p-1
A=14,/—RyS ST'R{°, 3.3.9
aros (G 1) s (8:39)
X500
, 1 -1
here R; = Hi — andSz—l—( )
where R; o = v ACHE

J
Moreover, using equation (3.3.4), it is not difficult to compute the monodromy matrix
of H; around the end z;: Choosing the curves v,v; € I for z close enough to zj, such

that ; only encloses the singularity z;, w.l.o.g. by

vi(t) = z; +ee®, —m<t<m, (3.3.10)
for a small enough € > 0, we obtain by (3.3.4)

Hji(v;(2), N) = £e*™P1 H;(z, ), (3.3.11)

where ; now denotes the deck transformation on M corresponding to the curve 7; defined
in (3.3.10).

Remark 3.7. Note that, by construction, P; is holomorphic around z; and therefore
doesn’t possess any monodromy around z;. Moreover, it is easy to verify, that Vo ,31 picks

up the factor Ve (1~2), hence at most a sign, under ~;. Therefore the monodromy matrix
of H; around z; is up to a sign given by the Delaunay monodromy matrix e27:P;.

Taking into account (3.3.6), we are now able to explicitly compute the monodromy
matrices of Hy at 20 and z;, as well as the monodromy matrices of H; at zo and z;. It
suffices to consider the solution

H=H, (3.3.12)
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which by (3.3.11) and (3.3.6) satisfies

H(v;(2), N) = M;(MNH(z, A), (3.3.13)
where
2miD> 0\ . ... 0 22
Mo(A) = e2mPo = cos(2mpuq) (0 1) + 7 sin(2m o) % 0° , (3.3.14)
0 9 py
M](A) AeZﬂ'iDlA"l = COS(27T/J¢) (0 1) 'LSID(2‘/T/J,1)A 0 A"l (3315)
m

3.4 Simultaneous unitarization of the monodromy matrices

In the previous section, we have determined a solution H of (3.1.5), given explicitly by

2oy HB0Yhs
H=Hy=m@Popyyt = (0 % covort Bovor ) (3.4.1)
—-==202 §oyor + €oyoz

where the fundamental system yo;, Yoz is given by (3.2.19) and (3.2.20) and the connection
coefficients o, 3o, do, €0 are defined in (3.3.7) and (3.3.8). We also know the monodromy
matrices Mo(\) and M;()) of H around zo and 2z, respectively, by (3.3.14) and (3.3.15).
By an easy calculation, we observe that, while M, is unitary for A on S?, this is not the
case for M,. Thus, returning to theorems 2.5 and 3.2, we still need to modify H by “an
appropriate dressing (matrix)” T so that altogether the dressed solution /f = TH yields a
CMC-trinoid with embedded ends. Our next goal will be to compute explicitly a dressing
matrix T = T'()\) such that H has unitary monodromy matrices M = TM;T! for all
ends z;, 7 =0,1,00, and for all A € S, By remark 3.4, it will sufﬁce to require unitarity
(on $?) for My and M. That is, we would like to have

-1
%0 - ?’A]\;O; } unitary on S?. (3.4.2)
1= 1

0o X
In view of (3.3.14) and (3.3.15) we observe that any conjugate of (E ’g) will be

Hj

of the form (1; 3 —rp) for some functions p;(A), ¢;(A), 7;(A). Hence the monodromy
j j
matrices M; are of the general form
- 1 :
M; = TM;T™ = cos(2mu;) ( O) + ¢sin(2mp;) (p; ik ) : (3.4.3)
0 1 4 —Pj
where pf- + gjv; = 1, since det M; = 1 and conjugating a matrix does not affect its
determinant.
In order to express (3.4.2) in a different way, we note that a matrix U is in SU(2) iff

U is of the form U = ( u?_) ;) Applying this to (3.4.3), we see that Mj is unitary on

St iff it is of the form

. 1 i
M; = cos(2mu;) (0 (1)) + ¢sin(2mu;) (I‘;j _q;> (3.4.4)
J
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with
pi=p; and pi+¢;G =1, (3.4.5)
where
oo D) —r(g ® |1 3.4.6
(‘10 ‘“PO) (f—g 0) ’ ( )
n T ora(f E) e bun
- = X . 4.
(‘h P1 ;11 0 ‘

Remark 3.8. We can assume that go, ¢, # 0: If, by accident, some T should give g =0
for some j, it is easy to show that we can modify 7 by multiplying from the left by a
constent unitary matrix U, such that 7' = UT will yield go, ¢; # 0, while unitarity on S?
will be maintained. That is, if simultaneously unitarizing My, M, is possible at all, it is
also possible in a way such that ¢o, ¢; # 0.

Equations (3.4.4) to (3.4.7) give necessary and sufficient conditions for 7" to unitarize
both My and M;. More precisely, T will render M, and M, unitary iff there exist functions
Po, 9o, P1, ¢1 depending on X such that equations (3.4.5) to (3.4.7) hold. In this case the
unitarized monodromy matrices M; are given by (3.4.4).

Based upon this, one can proof the following theorem:

Theorem 3.9. Let My()), Mi()\) be given by (3.3.14), (3.3.15), respectively. Then we
obtain a matriz function T = T()\) simultaneously unitarizing My(X\) and My()\) by the
following steps:

1. Solve o
goG1 + Gog1 __ cos(2mpup) cos(2mpy) + cos(27m thoo)

2 - sin(27m o) sin(2mu;)

pop1 + (3.4.8)

for functions po, qo, p1, g1 satisfying (3.4.5).

2. Compute wy from

1 Ho
Wo = = =1/ (20 + q1 — Pog1 + P190) (—qo + q1 — Pod1 + P140).
2’\/ "7(1)%'9%\/ qoq1 YV M1 : )
3.4.9

3. Compute T from

7= 1 (\/XES [(wo+ w5™) + polwo = w5™)] /%8 [(wo — wi™) + polun + w5 )]

2V % q0(wo — wgt) 20 go(wo + w5
(3.4.10)

Remark 3.10. Note that theorem 3.2 guarantees the existence of the matrix 7" and
therefore also the solvability of equation (3.4.8) for functions po, go, p1, ¢ satisfying (3.4.5)
as long as the eigenvalues u; of the Delaunay matrices D; inducing the potential n as
explicated in section 3.1 meet the unitarizability condition (3.1.15). In fact, the necessity
of (3.1.15) can be derived from equations (3.4.8) and (3.4.5) itself: It is easy to see that
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for any functions p;, ¢; satisfying (3.4.5) the left hand side of (3.4.8) will only take values
in [—1,1]. This needs to hold for the right hand side as well, that is

cos(2mpo) cos(2mu1) + cos(27 )

1<
1 sin(2muo) sin(2mwu,)

<1. (3.4.11)

Since on S* we have 0 < p; < 1 and therefore sin(2mpuo) sin(27u,) > 0, this is equivalent
to
| cos(2muo) cos(2mur) + cos(2mpoo)| < sin(2muo) sin(27wuy), (3.4.12)

which in turn - as carried out in remark 3.7.4 of [11] - is equivalent to (3.1.15).

4 Rotationally symmetric trinoids

4.1 Introductory conventions

In this section we discuss a special class of trinoids, namely CMC-trinoids which are
invariant under the rotation R by the angle % around an axis v = (vy, vs, v3)T € R%:

(Ro ¥)(M) = %(M). (4.1.1)

Here ¥ = )1 denotes the CMC-immersion, defined on M = H and generated by a
trinoid potential 7 via the loop group method as described in section 2.4. A CMC-trinoid
satisfying equation (4.1.1) will be called a rotationally symmetric trinoid.

Remark 4.1. In section 3 we have introduced CMC-trinoids as immersions defined on
M = C\{o, 1,00}. When we talk about CMC-trinoids ¢ on M, we mean CMC-immersions
defined on M which descend to M (in the sense of section 3) to yield a CMC-trinoid ¢
with embedded ends on M. Note that, since we have by construction (M) = ¢(M),
equation (4.1.1) is obviously equivalent to (Ro ¢)(M) = ¢(M).

Referring to remark 2.2, we recall that the CMC-immersion 1 = 1,_; obtained from
a holomorphic potential n by the loop group method actually takes values in su, =

{—‘5‘- (9: f i szzy ; x,y,z € R3}. To carry out explicit computations, we therefore
need to translate the rotation R on R? into the “sus-modell” by use of the isomorphism J
defined in (2.3.2). A straightforward computation shows that the corresponding rotation

Jo Ro J7! on su, is given by conjugation with the matrix

_ l . (K] v — ?:’Uz
D =%(I iv/3 (vl tivy v, ) ESUQ) (4.1.2)

From now on, we will no longer distinguish between the rotations R (on R?®) and JoRo J~!
(on su,). Thus, we denote the latter again by R and obtain

Roy = DyD™. (4.1.3)
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4.2 Implications of rotational symmetry

Next, we collect some useful implications of equation (4.1.1).

First we note that (4.1.1) implies that the embedded ends of a rotationally symmet-
ric trinoid are rotated by R into each other. This means that the asymptotic Delaunay
surfaces associated with the ends are rotated into each other as well. Hence, these De-
launay surfaces only differ by a rigid motion on R®. This implies in particular that the
corresponding Delaunay matrices D;, j = 0,1, 00, (see section 3.1 for more details) all
possess the same eigenvalues. Therefore, in the case of a rotationally symmetric trinoid,
we necessarily have

Mo = th1 = [hoo. (4.2.1)

By equipping M with the pullback metric induced by ¥, M becomes a complete
Riemannian manifold. Thus, we can make use of the following lemma. While the first
part of the lemma is a consequence of proposition I1.11.3 of [13], the second part is obtained
by a simple argument.

Lemma 4.2. Let 3 be an immersion on M and R an element of Aut(yp(M )), the automor-
phism group of w(M). Then, if M is complete, there exists an automorphism & € Aut(M)
such that the following holds:

1
Rop=104. (4.2.2)

2. There exists z, € M such that
G(24) = z.. (4.2.3)

Let & be an automorphism of A with fixed point z,, associated with the rotation R
given by (4.1.3) in the sense of the above lemma. By theorem 2.4.1 of [11], the extended
frame F : M — ASU(2), corresponding to v (cf. section 2. 3) transforms under & as
follows:

F(5(2), \) = x(NF(z, Nk(z), (4.2.4)

where x € ASU(2), is independent of z and k denotes a function of z, which is independent
of A. Furthermore, we have

x(1) = D. (425)
By remark 2.1 it is possible to assume w.l.o.g. F(z.,) = I. Thus, (4.2.4) implies
x(A) = (k(z) 7, (4.2.6)

which means that x is actually independent of A. Equation (4.2.5) then implies x()\) =
for all A € S, and we obtain for all A € S!

F(5(2), \) = DF(z, Nk(2). (4.2.7)
This carries over to the holomorphic frame H (see section 2.4 of [11]):
H(6(z),\) = DH(z, ). (4.2.8)

In this context, one can prove the following theorem:
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Theorem 4.3. Let ¢ : M =H — sus be a rotationally symmetric trinoid with respect to
the rotation R, which is carried out on sus by conjugation with the matriz D. Assume R
rotates the trinoid end at z; into the end at z. ~Furthermore, let G be an automorphism
of M given by lemma 4.2 with fized point z, € M.

Then there exists a holomorphic frame H corresponding to v which transforms under &
as in (4.2.8). Moreover, the monodromy matrices M;()) associated with H by surrounding
the singularities z;, 7 = 0,1, 00, are related by

Mi(\) = DM;(\) D™ (4.2.9)

4.3 Simultaneous unitarization of the monodromy matrices as-
sociated with rotationally symmetric trinoids

Let  be a trinoid potential generating a rotationally symmetric CMC-trinoid 1 with
regard to the rotation R. In particular, by the previous section, the three Delaunay
matrices Do, Dy, Do, associated with 7 satisfy po = g1 = pe. We will now explicitly
carry out the procedure given in section 3.4 to obtain the “right” solution H of the
differential equation dH = H7, which produces 1. This procedure will simplify, as we
are going to implement the implications of the rotational symmetry of the trinoid, which
have been explicated in section 4.2. 5

As the image ¢)(M) of a rotational symmetric trinoid ¥ with arbirary axis of rotation
v differs from the image ¥(M) of a rotational symmetric trinoid 1 with axis of rotation
vo = (0,0,1)7 only by a rigid motion on R3, we will restrict our discussion of rotational
symmetric trinoids from now on without loss of generality to the case where R denotes
the rotation by the angle %" around the z-axis in R?, that is

v=1v=(0,0,1)T. (4.3.1)

In this case, the matrix D corresponding to the rotation R by (4.1.3) is given by

e 0
—'::t i . D,
o (7 8) w52

Furthermore, we assume w.l.o.g. that the ends of the trinoid are permuted under R
as 2o > 21 V> 2, > 20. (The second possibility of permuting the ends Jjust correponds
to a rotation in the opposite direction.) The Moebius transformation on C satisfying
0+ 1+ oo > 0 as well as the covering function 7 : M =H — M = C\{o, 1,00} are well
known (cf., e.g., [14], p. 52 for the latter). Therefore, an automorphism & corresponding
to R in the sense of lemma 4.2 can be explicitly computed:

-1

&:]V[——»]\;!, Z > .
1+ 2

(4.3.3)

In particular, & has fixed points at :%@ .

Recall that we obtain the “right” solution H by dressing the solution H given in (3.4.1)
with the A\ dependent matrix T from (3.4.10) determined by functions po, 90, P1, q1, Wo
satisfying equations (3.4.5), (3.4.9) and (3.4.8). In particular, H = TH will have unitary
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monodromy matrices Mj = TM,;T~* given by (3.4.4). By applying theorem 4.3 to H, we
furthermore need to require X X
M; = DM,D™". (4.3.4)

By (3.4.4), this immediately implies
pr=po, @1 =¢"q. (4.3.5)

Thus, in the case of a rotationally symmetric trinoid, we obtain the following equivalent
reformulations of (3.4.5) and (3.4.8):

po=po and pg+ oo = 1, (4.3.6)
= 2
2 QoGo  cos*(2mp) + cos(2mu)
- = , 4.3.7
K sin®(2mu) ( )

where U = fp = U1 = fheo-
An easy calculation shows that all solutions pg, go to this system of equations are
given by

cos(mu)
=+——"7 43.8
Po V/3sin(mw) ( )
o
= — 4.3.9
o V/3sin(mpu) ( )
where (p is obtained by solving

oo = 4sin®(mp) — 1. (4.3.10)

Remark 4.4. Since the expression 4 sin?(7wu) — 1 is holomorphic on C*, it can be written
in a “Weierstra8 product representation” as a product of factors of the form (A— ;) times
ef®, where )\; denote the roots of 4sin?(wu) — 1 and f is a function of \. Note that the
roots appear in pairs \;, % It turns out that this ensures the solvability of (4.3.10). As
4sin?(mu) — 1 possesses infinitely many pairs of roots, there are in fact infinitely many
possibilities to solve (4.3.10), since for each pair one is free to choose which root will
contribute to {, and which one to (p.

Finally, in addition to (4.3.4) also the equations M, = DM,D-! and Mo = D]\AJC,(,D‘1

have to hold. An easy calculation shows, that this implies that only
| cos(mu)
Po \/§sin(7rp,) (4311)

can occur.

Altogether, by computing wp from (3.4.9), we obtain 7" from (3.4.10) which will produce
a solution H = TH to dH = Hp, that generates a trinoid via the loop group method
with unitary monodromy matrices Mj satisfying (4.2.9). The latter ones are explicitly
given by

= 2 —cos(mp) G

Mo = cos(2mp) - I + 7 cos(mu) ( G cos(gw)) , (4.3.12)
1 = i —cos(mp) €75

M; = cos(2mp) - I + 7 cos(mu) ( Y cos(7r,u)) . (4.3.13)
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Remark 4.5. Note that ]\Alj()\ =1) = %I and aAA:Ij()\N)\_—_l = 0 hold for j = 0,1. Thus,
by theorem 2.5 together with remark 3.4, the new solution H = T H produces a CMC-
immersion that descends to M.

Remark 4.6. Altogether, we have proved, that the solution I = TH to dH = Hp
corresponding to a rotationally symmetric trinoid is obtained from H given in section
3.4 by dressing with a matrix 7" of the form above. Furthermore, we obtain monodromy
matrices of the above form. As a consequence, we have classified all CMC-trinoids with
monodromy matrices satisfying the “rotation relation” (4.2.9).

Computer experiments carried out by Kilian, Schmitt, Sterling [16] indicate that there
exist trinoids produced by the given H and a T of the given form which are actually not
rotationally symmetric. Such trinoids would only satisfy the “rotation relation” (4.2.9)
for the monodromy matrices, but not the defining condition given in equation (4.1.1). It
remains to study, in which cases the T" given above will actually give rise to a solution H
generating a rotationally symmetric trinoid.

References

[1] L. Bieberbach: Theorie der gewohnlichen Differentialgleichungen - auf funktionen-
theoretischer Grundlage dargestellt, Springer, 1965

[2] E. Coddington, N. Levinson: Theory of Ordinary Differential Equations, McGrow-
Hill, 1955

[3] C. Delaunay: Sur la surface de révolution dont la courbure moyenne est constante,
J. Math. pures et appl. 1(6) (1841), 309-320

[4] J. Dorfmeister: Characterization of all CMC-trinoids of genus 0 with embedded ends
via loop groups, preprint, 2007

[5] J. Dorfmeister, G. Haak: Construction of non-simply connected CMC surfaces via
dressing, J. Math. Soc. Japan 55 (2003), 335-364

[6] J. Dorfmeister, G. Haak: Meromorphic potentials and smooth CMC surfaces, Math.
7. 224 (1997), 603-640

(7] J. Dorfmeister, G. Haak: On constant mean curvature surfaces with periodic me'tric,
Pacific J. Math. 182 (1998), 229-287

[8] J. Dorfmeister, S.-P. Kobayashi, M. Schuster: Delaunay surfaces via integrable sys-
tem methods, preprint, 2005 :

[9] J. Dorfmeister, Ph. Lang: Classification of rotationally symmetric trinoids, in prepa-
ration

[10] J. Dorfmeister, F. Pedit, H. Wu: Weierstrass type representations of harmonic maps
into symmetric spaces, Comm. Analysis and Geom. 6 (1998), 633-668

[11] J. Dorfmeister, H. Wu: Construction of Constant Mean Curvature n-Noids from
Holomorphic Potentials, Math. Z., to be published

20



119

[12] K. Grofie-Brauckmann, R. Kusner, J. Sullivan: Triunduloids: embedded constant
mean curvature surfaces with three ends and genus zero, J. Reine Angew. Math. 564
(2003), 35-61

[13] S. Helgason: Differential geometry, Lie groups and symmetric spaces, Academic
Press, Inc., 1978

[14] M. Koecher, A. Krieg: Elliptische Funktionen und Modulformen, Springer, 1998

[15] N. Korevaar, R. Kusner, B. Solomon: The structure of complete embedded surfaces
with constant mean curvature, Journal Diff. Geom. 30 (1989), 465-503

[16] M. Kilian, N. Schmitt, I. Sterling: Dressing CMC n-noids, Math. Z. 246 (2004), no.
3, 501-519

[17] A. Pressley, G. Segal: Loop Groups, Clarendon Press, Oxford, 1986

21



