Exploring the Space of Embedded Minimal Surfaces
of Finite Total Curvature

Martin Traizet

CONTENTS

We investigate, both numerically and mathematically, several
1. Introduction questions about embedded minimal surfaces of finite total cur-
2. Balanced Configurations vature in Euclidean space. We also describe how a theoretical
3. Pictures construction can be implemented numerically to produce pic-
4. Proofs and Computations tures of such surfaces.
Acknowledgments
References

1. INTRODUCTION

This paper investigates the space of complete embedded
minimal surfaces of finite total curvature (FTC) in Eu-
clidean space. For a long time, the only known examples
were the plane and the catenoid. In 1982, C. Costa dis-
covered a genus-one example with three ends [Costa 84].
D. Hoffman and W. Meeks proved that the Costa sur-
face is embedded, and they constructed, for each genus
> 1, a one-parameter family of embedded FTC minimal
surfaces with three ends [Hoffman and Meeks 90]. Since
then, several general methods to construct examples have
been proposed [Weber and Wolf 02, Kapouleas 97].

In [Traizet 02], the author developed a construction
that does not rely on symmetries, as do the previous
ones. The input data for this construction is a finite col-
lection of points in the complex plane (the configuration)
satisfying a set of algebraic equations (the balancing con-
dition). The output is a family of embedded FTC mini-
mal surfaces, whose geometry can be described explicitly
from the configuration. Roughly speaking, the surface
is composed of planes with small catenoidal necks be-
tween them, and the configuration gives the position of
the necks, as shown in Figure 1.

There are two aspects of this construction that can
be explored numerically. The first is the search for bal-
anced configurations. Most of the interesting examples I
have found were discovered numerically. Some of them
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FIGURE 1. A configuration of type 3,4,1 and a genus-5 embedded minimal surface in the corresponding family. The
stars, the circles, and the dot represent the points at levels 1, 2, and 3, respectively. The neck sizes are ¢; = %, c2 = 1,

and c3 ~ 2.34.

The other aspect is pictures. How can we actually
compute these minimal surfaces? Theoretically, they are
constructed using the Weierstrass representation. The
Riemann surface is defined by opening nodes, an explicit
algebraic construction. Then three holomorphic 1-forms
01, P2, 3 (the Weierstrass data) are defined abstractly by
prescribing periods. The question is how these holomor-
phic 1-forms can be computed numerically. We provide a
constructive answer to this problem when all parts of the
noded Riemann surface have genus zero, and we explain
how this can be used to implement the construction in
[Traizet 02].

See http://www.lmpt.univ-tours.fr/~traizet /minimal.
html for 3D versions of the images in this paper, which
can be freely rotated using the mouse. The webpage http:
//www.lmpt.univ-tours.fr/~traizet /maple.html contains
Maple 9 worksheets for the computations described in
this paper.

2. BALANCED CONFIGURATIONS

A configuration is a collection of points {pr,; : 1 < k <
M, 1 < i < Ni} in the complex plane, together with
some positive real numbers cq, ..., cps. These points are
organized into layers: the points py 1, ...,k n, form the
kth layer. There are M layers, and Nj points in the
kth layer. We also say that the points pg1,...,0k N,
are the points at level k. The total number of points
is N = Ny + -+ 4+ Npy. The numbers cq,..
called the neck sizes. The type of the configuration is
the sequence Ny, ..., Ny;.

Given a configuration that is balanced and nondegen-

.,Cpf are

erate (we will explain these terms shortly), the output
of [Traizet 02, Theorem 1] is a one-parameter family
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of FTC minimal surfaces {M;}o<s<c, for e sufficiently
small. These surfaces have genus N — M and have M + 1
embedded ends, asymptotic to half-catenoids or planes.
They can be described geometrically as M + 1 horizon-
tal planes with small catenoidal necks between them; see
Figure 2.

There are M layers of necks and Ny necks in the
kth layer, whose positions are given by the points
Dk,1s-- -+ Pk,N,- LThe necks in the kth layer have waist ra-
dius ~ sci. This geometric description holds only asymp-
totically as s — 0.

The planes are perturbed to have logarithmic growth
at infinity; the surface has M + 1 catenoid type ends,
whose logarithmic growth is as follows: Let Qr =
Ni—1¢x—1— Ngex (with the convention Nog = Njs41 = 0).
Then the logarithmic growth of the kth end is precisely
sQp for k=1,..., M — 1, and is asymptotically sQy, for
k=M,M+1ass— 0. (When the logarithmic growth is
zero, the end is asymptotic to a plane.) The theorem also
guarantees that if Q1 < -+ < Q-1 < Qur < Qars1,
the surfaces M, are embedded (for s sufficiently small).
When this condition is satisfied, we say that the con-
figuration is embedded (a rather clumsy but convenient
terminology).

Let me now explain the balancing condition. Let

Nk 2 Nk—l

Flos = Z 2 Z CrCl—1

=5 Pk — Pk.j = Pk,i — Pk—1,5
JAi
Niy1
CkCk+1

)
= Phi = Phri

with the convention that Ny = Nj;4+1 = 0. Because of
the analogy with 2-dimensional electrostatic forces, we
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FIGURE 2. A genus-one Costa—Hoffman—Meeks surface, as computed from the configuration on the left.

call F; the force on py ;. The point py; interacts with
all other points in the same layer and with the points in
the layers directly below and above it. We require that
the points in each layer be distinct and also that they
be distinct from the points in the layers directly below
and above, so that Fj; is defined. (We say that the
configuration is nonsingular.)
The configuration is balanced if all forces are zero:

Vk Vi, Fr,;=0.

These are N algebraic equations. They are not inde-
pendent because one has E,” Fyi; = 0. Moreover, a
computation shows that
M M-1
Zpk,iFk,i = Z ng(ng — 1)c; — N4 1Ck Clot 1 -
ki k=1 k=1
(2-1)
The right-hand side depends only on the neck sizes, and
it must be equal to zero for balanced configurations to
exist. When the neck sizes satisfy this condition, we are
left with NV — 2 equations to solve. The balancing condi-
tion is also invariant by translation and complex scaling
of the points (transformations z — az + b). We may
normalize the positions of two points, and are left with
N — 2 parameters.
We call the configuration nondegenerate if the Jaco-
bian matrix 0Fy, ;/dp, ; has complex rank N — 2. This is
the maximum rank it may have.

2.1 Basic Example: Costa—Hoffman-Meeks

The simplest examples have M = 2 layers of necks, with
Ny =n > 2 and N = 1. The neck sizes are ¢; = 1,
c2 = n — 1. The configuration has dihedral symmetry of
order n and is given by p1; = w’ and ps; = 0, where

w = exp(2wi/n). It is nondegenerate; for details, see
[Traizet 02, Proposition 1].

The corresponding family of embedded FTC minimal
surfaces is the Costa—Hoffman—Meeks family of genus n—
1, or rather the extreme part of this family. (I have no
proof of this claim, except by the classification in [Costa
89] in the genus-one case. All I really know is that the
surfaces have the same symmetries and topology as the
Costa—Hoffman-Meeks surfaces.)

These are also the only nondegenerate balanced con-
figurations with two layers of necks; again see [Traizet
02, Proposition 1.

2.2 Dihedral Configurations

In this section we investigate the following question:

Question 2.1. What is the least genus for an embedded
FTC minimal surface with » > 2 ends?

N. Kapouleas has proven the existence of embedded
FTC minimal surfaces with any finite number of ends
[Kapouleas 97]. His examples are constructed by desin-
gularization of a finite set of coaxial catenoids and hor-
izontal planes. However, the genera of his examples are
very large by construction (in fact, it seems hard even to
estimate the genus).

D. Hoffman and W. Meeks have conjectured that the
answer to the above question is » — 2. M. Weber and M.
Wolf have constructed, for each r > 4, an FTC minimal
surface with genus 7 — 2 and r ends [Weber and Wolf 02].
However, they cannot mathematically prove that their
examples are embedded, although numerically generated
pictures seem to indicate that they are (at least for a few
values of r).
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FIGURE 3. A configuration of type 3,3,1 with dihedral symmetry and a genus-4 embedded minimal surface in the
corresponding family. The neck sizes are ¢y = 1.35, c2 = 1, and ¢3 = 1.595.

Our result lies somewhere between these two: we can
prove the existence of embedded FTC minimal surfaces
with arbitrarily many ends, with an explicit formula for
the genus, but the genus is not optimal.

The easiest way to compute balanced configurations
with an arbitrary number of layers M is to retain the
symmetries of the Costa—Hoffman—Meeks configuration
and increase the number of layers (see Figure 3).

Let M > 2 be the number of layers. Take N| = --- =
Ny—1 = n and Ny = 1, where n > 2 is some integer.
We want the configuration to have dihedral symmetry of
order n, so we set

Pri=apw', 1<k<M-—1, pp1=0,

where w = exp(27i/n) and aj is such that a € R*.
Equation (2-1) gives

M-1 M-2
Z n(n — 1)0% — Z N2CpCre1 = NCM_1CML- (2-2)
k=1 k=1

This determines cj; as a function of the parameters
Cly...yCM—1-

By symmetry, Fi,1 = 0, and py, ;Fj ; is the same for
all 7. In fact, elementary computations give

n

a
priFii = (n—1)cf - nClczﬁv (2-3)
1~ a
and for 2 < k < M — 2,
an
Pr,iFri = (n — 1)cg — nep_1cp———
kO
an

— NCRCh41— k (2—4)

—.
E Okt

We can fix a; = 1, and then these equations determine re-
cursively as, . . .,cpm—1. The
equation pys—1,Far—1,; = 0 is then automatically satis-
fied, since > pr i F; = 0. Alternatively, we can choose
the values of aq,...,ap—1, and then the equations deter-
mine the values of ¢1,...,cpr—1.

For M = 2 we recover the Costa—Hoffman—Meeks con-
figurations (see Section 2.1). For M > 3, these configu-
rations yield minimal surfaces with r = M + 1 ends and
genus g = (n — 1)(M —1). In particular, if n = 2, the
genus is g = r — 2, the critical case for the Hoffman—
Meeks conjecture. Unfortunately, it is not hard to check
that when M > 3 and n = 2, the configuration is never
embedded, whatever the choices of the neck sizes. I be-
lieve (this is pure speculation) that the surfaces we obtain
in this case are in the same family as the examples con-
structed in [Weber and Wolf 02] but that these examples
do not stay embedded all the way.

One question we have to answer is whether the above
configurations are nondegenerate. It turns out that if
M > 3, they are not always nondegenerate, but the
following is true: for generic values of the parameters

.,ap—1 as functions of ¢y, . .

c1,...,cp—1, the configuration is nondegenerate. Here
generic means outside the zero set of a nonzero polyno-
mial. Indeed, nondegeneracy can be written as a polyno-
mial equation in ¢1,...,cpr—1.

To prove the statement, it suffices to prove that this
polynomial is not identically zero, so it suffices to exhibit
one set of values of the parameters such that the con-
figuration is nondegenerate, for each n and M. We give
the details of this computation in Section 4.1. It is clear
that for generic values of ¢q,...,cp—1, the configuration
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is nonsingular, which in this case means that all a; are
nonzero and ay # Gp41-

It remains to choose the neck sizes such that the con-
figuration is embedded. Take ¢; = -+ = ¢py—1 = 1.
Equation (2-2) gives ¢py = n — M + 1.
-n, Q2 = -+ = Q-1 = 0, Qu = M — 1, and
Qr41 =n— M + 1. The condition Qpr41 > Qs gives
n > 2(M — 1), so we can take n = 2M — 1. We ob-
tain a family of embedded minimal surfaces with genus
2(M —1)? and number of ends equal to M + 1. This gives
us the following theorem:

Theorem 2.2. For each r > 3, there exists an embedded
FTC minimal surface with r ends and genus 2(r — 2)2.

This estimate is by no mean optimal, since the genus
grows quadratically with r, whereas the Hoffman—Meeks
conjecture asks for linear growth. It is possible to im-
In fact, it is
possible to prove that in general, for a configuration
with M layers, if the total number of necks is less than
M(M — 1)/2, the configuration cannot be embedded,
whatever the repartition of the necks and the neck sizes.
Hence one cannot construct minimal surfaces with r ends
and genus less than (r — 1)(r — 2)/2 with this approach:
quadratic growth of the genus cannot be avoided.

prove this estimate, but not very much.

2.3 Asymmetric Configurations

In this section we investigate the following question:

Question 2.3. What is the least genus for an embedded
FTC minimal surface with no symmetries?

By a symmetry, I mean an ambient isometry preserv-
ing the surface (other than the identity). In [Traizet 02],
an embedded, asymmetric example of genus 45 with five
ends was proven to exist, as well as examples of arbitrar-
ily high genus.

A numerical search gives a large number of embedded
asymmetric examples of much smaller genus. The small-
est genus I have found so far is 6 (see Figure 4). Also, this
numerical investigation has uncovered a genus-7 example
that is simple enough that it can be proven mathemati-
cally to exist (see Figure 5).

In this section, we explain how one can compute con-
figurations without the help of symmetries, a situation
quite opposite to that of Section 2.2. A proof for the
genus-7 example of Figure 5 is given in Section 4.2.

The only nondegenerate configurations with M = 2
layers are the Costa—Hoffman—Meeks configurations. The

(e]

[¢]

FIGURE 4. An asymmetric configuration of type 3,4, 2
(embedded, genus 6). The neck sizes are ¢; =
c2 =1, and c3 ~ 2.85.

10°

simplest next case is M = 3 with N3 = 1, which already
gives many interesting examples. Let me explain how I
compute examples in this particular case. The method
generalizes to an arbitrary number of layers and necks,
but is especially successful in this case.

Note that the balancing condition is invariant by per-
mutation of the points at each level, so we should not
use py; as variables when computing configurations, for
otherwise, each configuration will be duplicated N1!Ns!
times, so the list of configurations will be huge, and in
fact, the system will be impossible to solve. So the cor-
rect variables are the elementary symmetric functions of
the points at each level.

Consider the polynomials

Ny,

Pi(z) = H(z — Pkyi)-

i=1

By translation, we may assume that p3 1 =0, so Pz = z.
Let us write the forces in terms of Py, P,. We have

by
— = if P, 0
R=2 0, RGO
/!
2
_k( ) — -
pkﬂ) - )
P ;Pm—pk,j
PI/ P/ Pl
Fi:2k— B k—1 k41
k, Ck_P;Q CLCk 1Pk71 CkCk+1 Pk+17

evaluated at z = py ;. From this we get that the config-
uration is balanced if the polynomial

c12P'Py + c32Py Py — c1cozP] Py — coc3PL Py (2-5)

vanishes at the points p1,1,...,p1,n, and p21,...,02,N,-
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Since these are N1 + Ny distinct points and this poly-
nomial has degree < Ny + Ny — 1, it is identically zero.
Writing that all coefficients of this polynomial are zero
gives a system of Ni + N> quadratic equations in the
coefficients of P;, P5. The leading coefficient of (2-5) is

Ny (Nl — ].)C%-l—Ng(Ng — 1)C§—N1N26102 — Nococs, (2*6)

so we recover equation (2-1). We are left with N7 4+ N —
1 equations to solve. The unknowns are the Ny + No
coefficients of P; and Ps.

This system has a special form that makes it relatively
easy to solve. First of all, the balancing condition is in-
variant by complex scaling z — az, so we may normalize
one coeflicient of P, to be equal to 1. We may then use
the first N1 equations to express the coefficients of P; as
functions of the coefficients of P, solving a linear sys-
tem of Ny equations. By substitution in the last Ny — 1
equations, we obtain a system of algebraic equations in
the Ny — 1 remaining coefficients of P,. This works fairly
well if Ny is small. If Ny is small, we can exchange the
roles of P, and Ps.

Once we have found a pair of polynomials P;, P, sat-
isfying (2-5), we recover a configuration by computing
y P1,N; and P2,15---,DP2,No- We still
must check that the configuration is nonsingular, in the
sense that these points are distinct, so that the forces
are defined. In fact, (2-5) always has the trivial solution
P, = zN*, which gives a useless configuration in which
all points are equal to 0. But we can make sure a priori
that any other solution is nonsingular as follows.

Note that the balancing condition does not make sense
for a singular configuration, but equation (2-5) still does,

their zeros pi1,...

*
]
*

FIGURE 5. An asymmetric configuration of type
5,4,1. The neck sizes are ¢1 = 1, c2 = 1.01, and
c3 ~ 2.98. There is a cluster of four points on the
left and a cluster of three points on the right. This
configuration is almost singular.

and may be seen as a way to make sense of a balanced
singular configuration. In fact, families of configurations
typically become singular for some particular values of
the neck sizes, although this can happen only for a finite
number of values. To understand why, assume that zg is
a zero of P, with multiplicity my < N, for k = 1,2,3
(if ms = 1, then zp = 0). Assume that mq + mo > 2 or
mo + m3 > 2, so the configuration is singular. Also as-
sume that (mq,ma, m3) # (N1, N2, N3), since otherwise,
P, = 2Nk for k = 1,2,3, and we have the trivial solution
to (2-5).

Writing P, = Ag(z — 20)™* 4+ 0((z — 20)"*) and replac-
ing in (2-5), we obtain the equation

mi(my—1)ci+ma(ma—1)ci—mimacica—mamacacs = 0.

(2-7)
Eliminating c¢3 from (2-6) and (2-7), we obtain a
quadratic homogeneous equation in the unknowns ¢y, co,
whose coefficients depend on (mq, ma, ms).

By inspection, we find that the coefficients of this
equation are not all zero, so normalizing by ¢; = 1,
there are at most two possible values for co. Since there
is only a finite number of possible values for the triple
(m1, ma, ms), there is only a finite number of values of
¢o for which a singular configuration (besides the trivial
solution Py, = zV*) can occur.

Figure 5 displays a configuration of type 5,4,1. This
configuration is almost singular, and it becomes singular
when ¢ = 1. One can compute the configuration quite
explicitly by hand when c¢s = 1, and conclude that it is
asymmetric. The details of this computation are given
in Section4.2. This proves the following theorem:

Theorem 2.4. There exist embedded asymmetric FTC
minimal surfaces of genus 7 with four ends.

2.4 A Minimal Surface with a Planar End of Order 2

In this section we investigate the following question :

Question 2.5. Can an embedded FTC minimal surface
have a planar end of order two?

We are talking here about the order of the extended
Gauss map at the puncture corresponding to the end.
This order is always at least 2 for a planar end. There are
examples of periodic minimal surfaces with planar ends
of order 2, such as the Riemann minimal examples. For
the previously known examples of FTC minimal surfaces
with planar ends, the order of the Gauss map at the end
was always at least 3. But this was in fact forced by the
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symmetries of these surfaces. In this section we exhibit
an example with a planar end of order 2.

We consider a configuration of type 5,4,1. We may
normalize ¢; = 1, and we choose c; = 2. Equation (2-1)
gives c3 = %. The logarithmic growths of the ends are
Q1=-50Q2=0,Q3 = %, Q4 = %, so the end at level
2 is planar. The configuration can be computed as in
Section 2.3.

The question is, how can we determine the order of the
Gauss map at the planar end? Theoretically, we have
the following asymptotic for the Gauss map gs; of Mg
in a neighborhood of the planar end (corresponding to
z =o00):

N1 c N2 c
lim —2(sgs(2)" 1) = ! — 2
s—0 ( gs( ) ) ; Z—=Pii ; Z = P2

The right-hand side can be expanded as

N1 No
(Nic1 — Noco)z™t + (Cl Zpl,i —C z:pz,i)z’i2
i—1 i—1
+o(272).

The first term vanishes because the end is planar. The
Gauss map has order 2 if the second term is not zero.
This condition is easy to check (note that we do not need
to compute the points py ;; the coefficients of the poly-
nomials Py are enough).

The configuration can be computed using the methods
of Section 2.3. Unfortunately, I was not able to prove
mathematically (meaning by hand) that this configura-
tion is nondegenerate. (What I can prove is that the
configuration is nondegenerate for generic values of the
neck sizes, but here the neck sizes are fixed.)

The computation can easily be done using software like
Maple or Mathematica, however. Moreover, the compu-
tation involves only rational numbers, and so it can be
carried out using exact arithmetic. This gives a numer-
ical proof that there exist embedded FTC minimal sur-
faces with a planar end of order 2. The details of this
computation are given in Section 4.3.

3. PICTURES

The goal of this section is to explain how, given a bal-
anced configuration, one can compute numerically the
corresponding family of minimal surfaces. This is illus-
trated in Figure 6 in the case of the Costa—Hoffman—
Meeks genus-1 family (recall that this family corresponds
to a configuration of type 2, 1; see Section 2.1).

The surface is decomposed into three pieces, one for
each end. Each piece is parameterized by a multicircular
domain, by which I mean the complex plane minus one or
several circular disks. The point at infinity corresponds
to an end of the surface. (In practice, we clip the ends,
so each piece is parameterized by a big disk minus some
small disks.)

If we identify the circle marked A with the circle
marked A’, the circle marked B with the circle marked
B’, and the circle marked C with the circle marked C’,
we obtain topologically a genus-1 surface with three ends.

To see why this defines a Riemann surface, we must
specify how we identify the circles with one another. This
is in fact an instance of a standard construction called
opening nodes, which is fundamental to the construc-
tion in [Traizet 02], so let me explain this construction in
greater detail.

Consider three copies of the complex plane, labeled
C1, Co, C3. Take two distinct points aj 1, aj 5 in Cy,
three distinct points a);, a5, a5, in C2, and one point
a;')l in C3. Identify

— + — + — +
Ay ~ayy, @9~ a9, and Ay 1 ~ Qg -

This defines a (singular) Riemann surface with three
nodes (or double points). The planes C;, Co, C3 are
called the parts of the noded Riemann surface.

To open the nodes, we consider three nonzero com-
plex parameters ¢; 1, t1,2, and t2 1. We remove the disk
D(ay, ;, [tk,i]) in Cy and the disk D(a;i, [tri] in Cpy1,
for (k,i) equal to (1,1), (1,2), and (2,1). We identify
the point z in the annulus [t ;| < |z —a; ;| < 1in Cy
with the point 2z’ in the annulus |tg ;| < |2" — a;i| <1
in Cry1 such that (2 —a; ;) (2" — a;i) = tyi, for (k,7)
equal to (1,1), (1,2), and (2,1). This defines a Riemann
surface because the change of coordinates z — 2’ is holo-
morphic.

Let me explain how this construction is related to Fig-
ure 6. Note that the circle with center a;; in C; and
the circle with center a{l in Cy, both of radius \/|¢1 1],
are identified: these are the circles labeled A and A’ in
Figure 6. A similar statement holds for the other pairs of
circles. As ¢ ; goes to zero, the corresponding circles col-
lapse into the node. In some sense, the Riemann surface
converges to the noded Riemann surface. The argument
of t; may be seen as a Dehn twist parameter.

The parameters in this construction are the six points
af’i and the three complex numbers ¢y ;, for a total of
nine complex parameters. We can, however, normalize
the value of six parameters by translation and complex
scaling in each plane.
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FIGURE 6. Triangulation of the three multicircular domains generated with MATLAB (left) and their image in space
(right), in the case of the Costa—Hoffman—Meeks genus-1 surface. The three pieces on the right match perfectly, to give
the whole surface.
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Then we are left with three complex parameters, which
is the dimension of the space of conformal structures on
a torus with three punctures.

More generally, in the case of a configuration of type

Ni,..., Ny, we consider M + 1 copies of the complex
plane, labeled Cq,...,Cyry1. We take Ny + Ni_1 dis-
tinct points a4, ... WA and az_l 1r0e ag_l_Nkﬂ in

C (with the convention Ny = Nps41 = 0). We identify
ap.; ~ az,i for each possible pair (k,), which defines a
noded Riemann surface with N = Ny + - - - + Nj; nodes.
We open the nodes as explained above, introducing one
parameter ¢ ; per node.

The minimal surface is parameterized by the Weier-
strass representation in the following form:

1= (e [ [ 0).

where ¢1, ¢o, and ¢3 are three holomorphic 1-forms
on our Riemann surface such that ¢? + ¢2 + ¢2 = 0
(the conformality equation). The period problem requires
that X (z) be well defined (independent of the integra-
tion path).

To find three holomorphic 1-forms satisfying the con-
formality equation and the period problem, we adopt the
following strategy: We construct ¢1, ¢2, ¢3 by prescrib-
ing their periods around the necks. (These periods are
imaginary, so part of the period problem is already solved
by definition. Each imaginary part is a parameter.) Then
we adjust the parameters to solve ¢? + ¢2 + ¢2 = 0 and
the remaining part of the period problem.

This strategy was used in [Traizet 06] to construct
We follow that con-
struction, with a few modifications due to the fact that

triply periodic minimal surfaces.

our minimal surfaces have ends.

This is not the strategy used to construct the family
of minimal surfaces in [Traizet 02], where we used the
classical form of the Weierstrass representation (with the
Gauss map). The construction in [Traizet 02] seems more
difficult to implement.

The main question we have to answer to implement the
construction in [Traizet 06] is, how can we compute these
holomorphic 1-forms numerically? For each of them, we
need some kind of formula in each multicircular domain.
We answer this question in Section 3.1. Each 1-form is
represented by some kind of series, whose coefficients are
determined by solving a linear system.

At this point we have a family of Riemann surfaces and
holomorphic 1-forms ¢1, ¢2, ¢3, depending on a number
of parameters. We have a well-defined immersion on each
multicircular domain, but there is no reason that the im-

ages should fit together. For instance, in Figure 6, the
images of the circles A and A’ differ by a translation, and
so do the images of the circles B and B’. But there is no
reason that these translations should be the same (as is
the case in Figure 6). We need to adjust the parameters
so that this is the case, which is the period problem.

We also have to adjust the parameters so that ¢3+¢3+
#3 = 0. Let ¢ = ¢? + ¢35 + ¢3. This is a meromorphic
quadratic differential with at most double poles at the
ends. The space of such differentials has finite complex
dimension 3N — M — 1. The question is, how do we
compute numbers from a quadratic differential?

Following the construction in [Traizet 06], we simply
compute periods of ¥/dz along suitable circles in each
multicircular domain (where dz stands for the usual dz
in each multicircular domain, so it is not globally de-
fined on our Riemann surface) and check that we obtain
3N — M —1 independent equations. (Another possibility
would be to divide v by a global 1-form, say ¢3, and com-
pute periods. It is much simpler numerically to compute
periods of 1 /dz.)

The total number of (real) equations we have to solve
is 9N —H5M —3. This is a quite large number of equations:
for example, for the asymmetric example of Figure 7,
with N = 10 and M = 3, we have 72 equations to solve.
How do we solve such a large nonlinear system?

Theoretically, in [Traizet 06] we solve these equations
using the implicit function theorem. The proof of that
theorem, which is based on the contraction mapping prin-
ciple, gives a method to compute the solution numeri-
cally: Assume that we have a system of n equations in
n variables, depending on some parameter s, which we
write as fs(x) = 0. Assume that when s = 0, we are
given a solution xy, and we know that A = dfy(z) is in-
vertible. Then for s small, we can solve fs(z) = 0 by the
following iteration scheme: Define the sequence {x*}en
inductively by z° = z¢ and

=gk AT f (2F). (3-1)

Then for s small, {zF}cn converges to a solution z of
ful@) =0

We apply this scheme to solve our equations. Without
entering into too much detail, we note that at the point
xo, the underlying Riemann surface is fully noded (all
ti,; are zero: the necks collapse to double points), and
the center of the circles are given by the points of the
configuration. We can compute explicitly all equations
at this point; see [Traizet 06] for more details.

The equations boil down to the balancing condition.
Moreover, we can compute explicitly the Jacobian matrix
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FIGURE 7. A genus-7 embedded asymmetric minimal surface (top view), computed from a configuration of type 4,5, 1.

The neck sizes are ¢; = %, c2=1,and c3 = %

A (derivatives of equations with respect to parameters)
at the point xp. Provided the configuration is nondegen-
erate, the Jacobian matrix is invertible. We then invert
numerically the Jacobian and apply the iteration scheme
(3-1). For small values of s it converges very quickly to a
fixed point (several digits of precision are gained at each
loop).

When we increase the value of s, the iteration no
longer converges. Here is the idea to push the param-
eter s further: start from a previously computed solution
Zs, increase s by a small amount, and apply again the
above iteration scheme with 2° = x, and A equal to the
Jacobian at xy.

The basic problem is that as soon as s is not zero, the
nodes open (the ¢ ; are nonzero), so we cannot compute
the Jacobian matrix explicitly.

However, we can compute a good approximation of
the Jacobian by pretending that the Riemann surface is
still noded. Because the radii remain quite small (even
though the other parameters move considerably), this
gives us an approximate Jacobian that we can use in-
stead of A.

Finally, to plot the surface, we need to integrate ¢,
¢2, ¢3. Because these 1-forms are represented as series,
their integrals are readily computed: no numerical inte-
gration is required.

The rest of this section is organized as follows: in
Section 3.1, we explain how we compute numerically a
holomorphic 1-form defined by prescribing periods in the

case of opening nodes. In Section 3.2, we give more
details about the construction of the family of minimal

surfaces.

3.1 Opening Nodes: A Model Case

In this section we explain how to compute holomorphic
1-forms on Riemann surfaces defined by opening nodes.
For simplicity of notation, we first consider the case that
the noded Riemann surface has only one part. Then we
explain how one can generalize the construction to other
cases.

Consider 2N distinct points a ..., ay, af, ey a} in
the complex plane. We assume for convenience that the
disks of radius one centered at these points are disjoint.
Identify for each ¢ = 1,..., N the point a; with the point
aj. This defines a noded Riemann surface Xy with N
nodes, which we call aq,...,axn.

To open the nodes, consider N complex numbers
t1,...,tx such that 0 < |t;| < 1. Remove the 2N disks
D(af,|t;]). Identify the annulus |t;| < |z —a; | < 1
with the annulus |t;| < |2/ — aj| < 1 under the rule
(2 —a;)(2' —af) = t;. This defines an open Riemann
surface X, where t = (t1,...,tn). We compactify X; by
adding the point at infinity, and we still denote by ¥; the
compactification. The genus of ¥; is N.

It is well known that the space of holomorphic 1-forms
on Y; has complex dimension N, and that a holomorphic
1-form is uniquely defined by prescribing its periods on
the circles around the points af,...,a}. Let w be the



Traizet: Exploring the Space of Embedded Minimal Surfaces of Finite Total Curvature 215

holomorphic 1-form on ¥; defined by prescribing

/ w=2mi¢;, t1=1,...,N,
C(af,1)

where ¢q,...,cy are given complex numbers. How can
we actually compute w?
We are aiming for a formula of the form
> Z 2 (3-2)

:tzlnl

where the complex numbers Af are such that Alintl "
is bounded, so that the series converges on the domain
|z — af| > |t;|. (In the above formula, the sum over +
means that we add two terms, one for + and one for —.)
It is not hard to see that w admits such a representation,
using a Laurent series in the annuli [t;] < |z —aF| < 1
and the fact that a holomorphic 1-form on the Riemann
sphere C U {oco} must be identically zero.

The residues Ai[l are determined by the prescribed
periods: since the circle C(a;,
to the circle C(a; ,
must have

1) is homologous in X
1) with the opposite orientation, we

Ail = *¢;.

(Note that this implies that the sum of all Afl is zero,
s0 w is holomorphic at infinity.)

We want w to be well defined on ¥;, namely invari-
ant under the identification rule used to define ¥;. This
should uniquely determine all coefficients A;tn Let

ti
i(2) =a; + ,
pi(2) ——

s0 p; maps the annulus |t;| < |z —a]| < 1 to the annulus
[ti] <|z—a; | <1, and X, is defined by identifying z with
©i(z). The fact that w is well defined on ¥, is equivalent
to pfw = w on the annulus |t;| < |(z —a;")| < 1, for all
i =1,...,N. This is equivalent to

vmez, [ Goayeie= [ G-a)me
C(af 1) C(af,1)
(3-3)
By a change of variable,

t; m
J R e N =
C(af,1) Claj,1) \# — @

So (3-3) may be rewritten as

i w
Ty R
zm+l 2 C(a:&l) (z_a;F)m

VYm > 1, (3-4)

(Notation: the sign F on the right side is opposite to the
sign + on the left side.) This is an infinite-dimensional
linear system in the unknowns AZ 2> 2.

Let us introduce the following notation:

N4
w=3 3 =i
+ =1
A:(Ai : i <N, n>2)
:I:zln22_a
tm—1 e
r* =_2% / e
im () 2mi Jo@F ) (2 —aj)m

F(a) = (F(0) 1§ < N, m > 2).

Then (3-4) may be rewritten as A = F(wg + a(A)).

We solve this fixed-point problem using the standard
iteration scheme: define the sequence { Ay }ren by induc-
tion, setting Ag = 0 and Ag11 = F(wo + a(Ayg)). To see
that {Aj}ren converges to a fixed point, we introduce
the following Banach norms:

|MH=§:§5§?M*

+ i=1n=2

Z Z Sllp

+ i=12€C(af 1)

|a(2)]-

lallee =

Then straightforward estimates give

la(A)llo < IIAl,
2N

7@ < (X 24 ol

Hence [|F(wo)| < oo, and provided that all ¢; are small
enough, A — F(a(A)) is a contracting linear operator.
It follows, by the standard fixed-point theorem, that the
sequence { Ay }i converges to a solution A of A = F(wy+
a(A)).

Let w = wo + «(A). From (3-4), we have the estimate

AL < 1™ wlloo- (3-5)

Hence each series ) A (2 — ai)*” converges for |z —
af| > |ti], so w is the desired 1-form.

What we have achieved is a constructive proof of the
existence and uniqueness of w on ¥, provided that all ¢;
are small enough. The above method generalizes easily
to the case of meromorphic differentials with prescribed

principal part at the poles, provided that the poles are



216  Experimental Mathematics, Vol. 17 (2008), No. 2

outside the disks D(aF,
to wo.

The method also generalizes to the case of several Rie-
mann spheres connected by nodes (see Section 3.2); the
notation is just a bit more cumbersome. On the other
hand, it is essential to the above argument that all the
parts of the noded Riemann surface have genus zero so
that we can represent w as a series.

There are several reasons why a constructive proof is
interesting. First of all, this allows us to compute w nu-
merically, which is our interest in this paper The esti-
mate (3-5) says that the coefficients A ,, decay rapidly
with n, provided that all ¢; remain small. So it is legiti-
mate to truncate the series to some finite order. Typically
for the examples we will consider, |¢;| is of order 0.01, and
we truncate the series to the order n = 10.

The method is also interesting from the theoretical
point of view because it generalizes to the case of in-

1): simply add the principal parts

finitely many Riemann spheres connected by nodes. In
this case, by opening the nodes we obtain noncompact
The standard “ab-
stract algebraic geometry” machinery does not seem to
apply to this setup. It might be useful to construct, for
instance, aperiodic minimal surfaces of infinite topology.

Riemann surfaces of infinite genus.

The integral in (3-4) can be explicitly computed using
the following formula:

e~ (e )

3.2 Computing the Family of Minimal Surfaces

Resy,

In this section, we give more details on how we compute
numerically the family of minimal surfaces correspond-
ing to a given configuration. As was already stated, we
follow very closely the construction in [Traizet 06], with
a few modifications due to the fact that our surfaces have
catenoidal ends. In particular, the notation and normal-
izations are as in that paper. Giving all the details of the
construction would essentially amount to a proof of the
main theorem in [Traizet 02], which is not our purpose
here, so we will be quite allusive.

Given a configuration of type Ni,..., Ny, a family
of Riemann surfaces is constructed by opening nodes, as
explained at the beginning of Section 3. The parame-
ters in this construction are the points aki’i and the com-
plex numbers ¢ ; used to open the nodes. We compact-
ify the Riemann surface by adding the points at infinity
001,...,00p+1- Let ¥; be the resulting compact Rie-
mann surface.

Next we define three meromorphic 1-forms ¢1, ¢o, ¢3
on X, with poles at coq,...,
ods on the circles C(CLL, 1) as explained in Section 3.1.
The principal parts at the poles are forced by the fact
that we want horizontal catenoidal (or planar) ends: ¢4
and ¢2 need double poles, with no residue, and ¢3 needs
a simple pole (or no pole in the planar case).

As explained in Section 3.1, we represent ¢, as

00A+1, by prescribing peri-

v = Avedz + ””“’” 3-6
ot SE G
Ni—1 oo

Vk 1,4,n
— 0 dz

APy

i=1 n=1 z_ak 11)

Here ¢, ) denotes ¢, in C. The first term takes care of
the double pole at co,. We require that

Mp=1, dgp=(D, A3y =0.

The residues are determined by the period conditions

+
Al/kzl

ki, icu,k,ia
where ¢, 1,; are prescribed real numbers.

As explained in Section 3.1, the coeflicients A, 1, ; » for
n > 2 may be computed by solving a linear system by
iteration. Adapted to the case at hand, this gives the

following recipe:

Ak imi1 — —Oma Akt + (—ths)

m i (n +m — 2)
— m—1
Ny, AT
v,k.g,m
X
[Z (ajF' _ akjF)j)ner*l

j=1
J#i

(0i,; denotes the Kronecker symbol). Namely, we com-
pute the right-hand side for all v, k, i, and for all m > 1;
we replace all A, 1 ; m+1 by the values we have found; and
we iterate this process until each A, j ;m1 is equal to
the right-hand side to the desired order of accuracy. As
was already stated, we also truncate the series to some
reasonable order, depending on how small the parameters
ty,; are.
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The meromorphic 1-forms can be explicitly integrated:

Xu,k(z) = Re/(bVJC
= Re(Ay 12)

Ny,
+) (AVJCJ'J log |z —ay |
=1

+ Re v, ,7,771_ )
2 Ty
Ni_1
+ Z (Ay,k—l,i,110g|z — a4
i=1
o0 AJrk 1
1 Re v,k—1,i,n )
,;2 (1—-n)(z— a-ktu)n_l

The period problem can be written thus: Xl,,k(a,;i +
Vi) = Xy r1(af, + /T ;) is independent of i.

Let ¢ = ¢? + ¢3 + ¢2. Following [Traizet 06], we solve
the following equations:

N
(z—ay,;)=— =0, (3-7)
/C(akyi,l) i dz
1<k<M,1<i<N,
[ = (3-8)
Claf ;1) 42
1<k<M, 2<i< N,
[ +-o (3-9)
Clay 1) 42
1§kSMal+25k,l§ZSNk7
- Y
Im afi/ — ) =0. (3-10)
<; " JC(aT 1) dz)

Provided that the period problem is solved (all periods of
@1, ¢2, and ¢3 are pure imaginary), ¢ also automatically
satisfies the following relationship:

M+1 Ny, 'l/f Ni_1 'l/f
(—1)* / 2=+ / z—

; ; Clag,1) @2 ; Claf_,, 1) 4%
€iR. (3-11)

This mysterious relation is a consequence of Riemann’s
bilinear relation. For completeness, we give a proof of
this relationship in Section 4.4.

By the same argument as in [Traizet 06], one can prove
that if ¢ is small enough, these 6 N —2M —2 real equations
are linearly independent, so solving this system guaran-
tees that v = 0. For completeness, we provide a proof of
this statement in Section 4.5.

Of course, this gives no guarantee that the equations
are independent for a given ¢t > 0, so after solving the
equations, we check that ¢ indeed vanishes by expanding
the series representing it.

4. PROOFS AND COMPUTATIONS

4.1 Dihedral Configurations Are Nondegenerate

In this section we prove that the dihedral configurations
of Section 2.2 are nondegenerate for generic values of the
parameters ci,...,cp—1. As explained in this section, it
suffices to find one set of values of the parameters such
that the configuration is nondegenerate. We take aj =
2" for 1 < k < M —1. We shall prove that for ¢ > 0
small enough, the configuration is nondegenerate.

The idea is the following: Scale the configuration so
that the points at level k are the nth roots of unity. Then
the points at level < k go to infinity and the points
at level > k go to 0 when ¢ — 0, and in the limit
So for
small ¢, the configuration may be seen as several overlap-
ping Costa—Hoffman—Meeks configurations. Nondegener-
acy thus boils down to the fact that the Costa—Hoffman—
Meeks configuration is nondegenerate.

We may normalize ¢; = 1. Then co,...,cpr—1 are
determined inductively by (2-3), (2-4), and Cy; is deter-
mined by (2-2). Their limits as ¢t — 0 are

limc, =
n

for1<k<M-—1 and

we get a Costa—Hoffman—Meeks configuration.

(n —1)M-1

limep =
nM—2

Tedious computations give the following limits for the
partial derivatives of the forces:

lim (t2k+1 OFy; )

3]%1‘
n—1 1
111 Cp, w2t ; (wz _ w])2 ’
. ok+1 aFk,z T 2 2 op .
lim (t aka) = hmckm if j # 1,
i
3]91%1,1‘
lim (t2k+1 8Fk7i ) _ _Ckck;+]_
OPk+1,i w7
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2

_ OFy, ; .
lim (t(4_")2k ' Zi:wz ap:j) = lim Cka—l%

with the convention ¢y = 0,

- . OFy
lim (t(4_")2k ' w' - ) =0,
Zl.: apkaj

2
lim (t(4*")2k_1 Zwiiaﬂm ) = -0 nin CRCht1
—~ OPk+1, Wi

Let A be the n x n complex matrix defined by

n—1 1
Alzz——2 TG
5 sz ;(wz_wj)Z

Ai,j = (uﬂ' — wj)2

if j # .
This is the Jacobian matrix of the Costa—Hoffman—Meeks
configuration, with the last row and column removed.
Since the Costa—Hoffman—Meeks configuration is nonde-
generate, A has rank n — 1, and any minor of size n — 1
of A is invertible. Let B be the n x n matrix defined by
B;;=A;; fori<nand B, ; =w /. Then B has rank
n. Indeed, the operation C,, « >~ w/C; on the columns
of B gives the column C,, = (0,...,0,n).

Returning to the dihedral configuration, put the vari-
ables in lexicographic order:

pl,la ceey pl,’n.a ) pM—l,lv DR pM—l,TLv pM,l-

From the Jacobian matrix remove the first line, the first
column, the last line, and the last column. Let Ly ; de-
note the row corresponding to F}, ;. Perform the following
row operations:

t(4—n)2k71 )
Ly — m szLk,i for k > 2,
2k+1
Ly — = Ly; fork>2i>2.
k

By the above formulas, one obtains a matrix that con-
verges as t — 0 to a matrix that has upper triangular
block form, with M square blocks on the diagonal. The
first block has size n — 1 and is an invertible minor of A.
The other M — 1 blocks are equal to B, so are invert-
ible. Hence this limit matrix is invertible. It follows that
the dihedral configuration is nondegenerate for ¢ small
enough.

4.2 An Asymmetric Configuration of Type 5,4, 1

In this section we give a proof that there exists a fam-
ily of embedded asymmetric configurations of type 5,4, 1.

Namely, we take N1 = 5, Ny =4, N3 = 1. We may nor-
malize ¢; = 1, and ¢3 is determined as a function of the
free parameter co by (2-6). By a straightforward com-
putation, the configuration is embedded, provided that
1< e < 355 ~1.381.

We first study the case co = 1. Equation (2-6) gives
c3 = 3. Write

4 3
Py :z5+2aizi, Py :24+Zbizi.
i=0 i=0

We assume that ag # 0, since the case ag = 0 gives
only very symmetric configurations. We also assume that
bs # 0, and take by = 2 by scaling. Equation (2-5) with
z = 0 gives b; = 0. Expanding equation (2-5), we obtain

4(1 — a4)z" — 6(ag + ag — ba)2® — 6(ag + 2a3)2°
—2(2a; + Tag — 10by + 2azby)2*
— 6(2a1 + asby — 2a4bg)z> — 6(ag + a1by — azbo)z?
— (4apbs — 2a2bg)z = 0.

Let E; be the coefficient of 2% in this equation. Write z =
by. Equations E7 = 0 to E5 = 0 in this order determine
all coeflicients as functions of x by the solution of only
linear equations. We obtain, in the given order,

ag=1, a3=x—-1, ay=2-2z,
1 1

ap = Z(—4x3 +22°+ 92 —7), a1 = Z(ze — 132 +7),
1

m:z@ﬁ—0x+ﬂ.

Substituting these values into 7 gives the equation
P(x) :=4z* — 42 +22° — 92 + 7 =0,
which factors as
(z —1)(4a® + 22— 7) = 0.

This polynomial has four simple roots, two of which are
complex. Let xg be one of them. Using the Euclidean
algorithm, we find that

D :=gcd(Py, P)

=25+ (o +2)2% + (22 — 20)2 + i (4x(2) + 220 —7),
and P;, P, factor as

Po=(2*4(xo—1z—20+1)D, P,=(z+x)D.

In particular, P, and P, share three roots, so the config-
uration is singular.
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Let us prove that the configuration is asymmetric if
xo is not real. Let ¢ : C — C be a symmetry of the
configuration (other than the identity), so ¢ fixes the set
of roots of Py, for each k = 1,2,3. Then ¢(0) = 0, and
v fixes the sum of the roots of P;, which is equal to 1.
Hence ¢(z) = z. This implies that the coefficients of Py
are real, and hence x( is real, a contradiction. So the
configuration is asymmetric.

For arbitrary values of c¢o, we can solve the equations
in the same way, except that the computations cannot
be explicitly done by hand, so we content ourself with
the form of the solutions. In the following, the notation
£(+) means a linear function of its arguments whose coef-
ficients are rational functions of cs.

We normalize b3 = 1 and write by = x as before. Then
(2-5) has the form

l(ay, 1)z7 + l(as, aq, ac)z6 + l(az, as, a4x)z5
+ U(ay, az, asz, bo)z + L(ag, a1, asw, agho)z®

+ l(ap, a1z, a3b0)22 + l(apx, azbp)z = 0.

Let again FE; be the coefficient of 2z’ in this equation.
Solving the equations E7 = 0, Eg = 0, and E5 = 0 gives
ag = po(x), as = p1(x), aa = p1(x), where the notation
pr(2) denotes a polynomial of degree at most r in the
variable x whose coeflicients are rational functions of cs.
Equations £y = 0, F3 = 0, and Es = 0 then give
a linear system in the unknowns ag, a1, and bg. The
determinant A of this system has the form A = p;(z).
Cramer’s formula gives
3(x) _ p3(x)

0= ——

A7al_A7

Multiplying F7 by A and replacing the above values gives
an equation of the form P(z) = 0, where P is a polyno-
mial of degree at most 4 whose coefficients are rational
functions of cs.

When ¢, = 1, we have seen that that no division by
zero occurs in this computation, and P has four simple
roots. Therefore, this remains true for generic values of
co (that is, except for a finite number of values). Also,
for ¢co = 1, P has two complex roots. This remains true
by continuity for ¢ close to 1.

We have seen in Section 2.3 that for generic values of
co, the configuration is nonsingular. Let us now prove
that it is nondegenerate, provided that it is nonsingular
and x( is a simple root of P.

Fix the values of ¢1, co, and c3. Let py () be a de-
formation of the configuration with py ;(0) = py ;, where
t is a real parameter. Assume that Fj;(t) = o(t). We

must prove that up to complex scaling and translation,
Pr,i(t) = pr,i(0) + o(2).

Normalize translation by ps1(t) = 0, and define as
before the polynomials Py, = [[(z — pk,:(t)). Equation
(2-5) gives that

2 /! 2 /! / / /
1zP Pot + 2P Py — c1eaz Py Py — cacs PPy

= o(t)

at the points p1,1(?), ..., p1,n, (£), p2,1(¢), ..., p2,n,(t). By
linear algebra, the coefficients of the above polynomial
are all o(t).

If we call ag(t), ..., as(t) and by(t),. .., bs(t) the coeffi-
cients of P; ; and Ps ¢, normalize scaling by b3(t) = 2, and
write ba(t) = x;, we obtain, by the above computation,
the equation P(x;) = o(t), where P is the same polyno-
mial. (Recall that the coefficients of P depend only on
o, which is fixed, so P does not depend on t.) Since z
is a simple root of P, this implies that z; = xg + o(t).
Then we have a;(t) = a;(0)+o(t) and b;(t) = b;(0)+o(t).
Hence py;(t) = pr.:(0) +o(t), so the configuration is non-
degenerate.

We conclude that if ¢o > 1 is close enough to 1, the
configuration is nonsingular, nondegenerate, asymmetric,
and embedded.

4.3 An Example with a Planar End of Order 2

In this section, we give a computational proof that there
exist embedded FTC minimal surfaces with a planar end
of order 2. We continue with the example of type 5,4, 1
of the previous section and take the value ¢ = %, which
gives a planar end at level 2. Here are the results:

5 _ 105 15 3465 4595
MWT o BT o5 T 160 T 2048 11527
1
40 = T 9437184
(- 493537
T 9( 935379682
+ 121415679 + 76894617623
+ 1622694402,
1
“1 = 1966080
x (69672962° — 8351343 + 29794864
162+ 9
— 26814720z7),
, _ 49313 63 , 71379
07 18432 " 256 65536’
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and

P(z) = —1524209068800 2 — 285169111920z
+ 2183134638080z> 4+ 180302283315
+ 14901785395202:*.

The discriminant of P is

13726206707075694323622118372721756638658183426

6359030391280500736000000,
which is nonzero, so P has four simple roots. Each of
them gives a nondegenerate configuration.

To prove that each configuration is nonsingular, we
use the argument described at the end of Section 2.3.
The only values of (m1,me, ms) that satisfy (2-7), with
my + mg > 2 or mo +ms > 2, are (1,4,1) and (5,4,1).
Both of them give P, = 2%, which is not the case because
bs = 2. So the configurations are nonsingular.

Finally, we have

55
c1 Zpl,i —C sz,i = —cia4 + c2b3 = 2 #0

so the Gauss map has order 2 at the planar end.

4.4 Proof of Equation (3.11)

By the residue theorem, we have

N’“ v
Z/ (ag>1) dz+;/(ak11)za
= —27iRes, <z%) . (4-1)
Let g be the genus of ¥ and Ay,..., Ay, By,..., By a

canonical homology basis of ¥. We apply Riemann’s bi-
linear relation [Griffiths and Harris 78, p. 241] to the pair
of meromorphic 1-forms (¢1, ¢2) (these are meromorphic
differentials of the second kind):

i/f‘i%/i%_/fxi%

M+1

= 2mi Resook(é gb).
Wl]; 2/ 1

By assumption, the period problem is solved, so all pe-
riods of ¢; and ¢, are imaginary. Hence the left side is
real.

(4-2)

To compute the residues at ooy, we write, in a neigh-
borhood of ooy,

dz d
¢1 =dz + p 24—o< z)

22
/¢1—Z—M+

5)

. dz dz
p2 = (—1)*idz + Hok—z 0 (§> ;

where p 1, por are some complex numbers and @y, is
real. This gives

Resook (z%) B _2,U1,k + 2(_1)ki,u2,k - in

Resoo,, (¢2/¢1) = (=D M1k — piok-

Since @y, is real,

Im Reso, (z%) = 2(—1)k+1ReResook <¢2/¢1>.

Equations (4-1), (4-2), and (4-3) prove (3-11).

4.5 Proof That the Equations Are Independent

Let ¥ be any meromorphic quadratic differential on ¥
with at most double poles at ocoy,...,00p41. In this
section we prove that equations (3-7) to (3-11) imply
that ¢ = 0, provided that ¢ is small enough. The idea
is to prove that this is true if ¢ = 0, and conclude by
continuity.

When t = 0, ¥; is a noded Riemann surface. In
this case, the notion of holomorphic quadratic differ-
ential must be replaced by that of a regular quadratic
A regular quadratic differential 1 is holo-
morphic outside the nodes (with at most double poles
at 0oy, ...,
side Q. ; and azi
(The residue of a g-differential at a pole p is the coef-
ficient of (77 in the expansion of ¢ in terms of a local
coordinate ¢ such that {(p) = 0. This is independent of
the choice of the local coordinate.) The space of regular
quadratic differentials on ¥; depends holomorphically on
t, including at ¢t = 0.

Let ¢ be a regular quadratic differential on X sat-
isfying equations (3-7) to (3-11). Since ¢ has at most

differential.

oop+1) and has at most double poles at each
of each node, with the same residue.
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double poles at ooy, ..
[© O} YN

., 00M+1, ¥/dz is holomorphic at
Equation (3-7) implies that /dz has at
most simple poles at all azi, Qi

Equations (3-8) and (3-9) imply that the only possible
poles of ¢ /dz are at ayq, aj o, and ai,l fork=1,..., M.
Since ¢ /dz has at most one simple pole in each Cj U
{0k}, k > 2, we conclude that ¢ = 0 in each Cy, k > 2.

Equations (3-10) and (3-11) imply that

, Ok -

- v Y
al)lResal_y1 e + a172ReSa;2 o= 0.
The residue theorem in C; gives
.Y v _
Rebail % + Resa£2 % =0.

These two equations imply that 1 /dz has no residue in
Cq,s0¢ =0.
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