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Preface

This book can be considered a continuation of The Regularity of Minimal Surfaces
by Ulrich Dierkes, Stefan Hildebrandt and Anthony Tromba, Volume 340 of the
Grundlehren der Mathematischen Wissenchaften.

The central theme is the study of branch points for minimal surfaces with the
goal of providing a new approach to the elementary question of whether minima of
area or energy must be immersed.

One of the main difficulties with the current theory of branch points is the trans-
parency and sophistication of the proofs of the main theorems. For example, Osser-
man’s original 1970 cut and paste proof, that absolute minima are free of interior
branch points remains, for the most part, open only to experts. Furthermore, before
the appearance of this volume, no complete proof has appeared in one place.

In the 1960’s the development of global nonlinear analysis and the idea of doing
calculus or analysis on infinite dimensional manifolds had created a great deal of
excitement, especially through the pioneering work of Jim Eells, Dick Palais and
Steve Smale.

The goal of this book is to develop entirely new and elementary methods, in the
spirit of global analysis, to address this beautiful question via energy (Dirichlet’s
energy) as opposed to area. We will do something that rarely, if ever, has been done
in the calculus of variations, namely calculate arbitrarily high orders of derivatives
of energy. This method also applies to boundary branch points for minimal surfaces
with smooth, but not analytic boundaries, a question that heretofore has not been
addressed.

We wish to thank Stefan Hildebrandt for assisting with reworking part of the
manuscript, but all errors are the sole responsibility of the author. A very special
thanks must go to Daniel Wienholtz, whose brilliant insights led to the resolution
of the boundary case for smooth curves, and finally to Fritz Tomi, who worked on
the exceptional branch point case and pointed out potential difficulties in applying
these methods to this case.

My career owes a great debt to all of these wonderful mathematicians.

Santa Cruz, USA Anthony Tromba
August 2011
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Chapter 1
Introduction

The classical problem of Plateau, although by far not the oldest problem in the
Calculus of Variations, is certainly one of the best known. The mathematical formu-
lation of the problem of finding a least area surface of the topological type of the
disk spanning a closed contour goes back to Weierstrass. In particular, Weierstrass
formulated the existence of the solution of the least area problem as a solution to a
system of non-linear partial differential equations:

Set

B={weC:|w| <1}
and
C={weC:|w|=1}=0B.

A closed Jordan curve I' in R is a subset of R? which is homeomorphic to 9 B.
Given a closed Jordan curve I" in R? we say that X : B — R3 is a solution of
Plateau’s problem for the boundary contour I" (or: a minimal surface spanned in 17)
if it fulfils the following three conditions:
(i) X € C°%(B,R3 NC%(B,R3);
(i1) The surface X satisfies in B the equations

AX =0 (1.1
1Xu > =1X01%, (Xu, Xy) =0; (1.2)

(iii) The restriction X|C of X to the boundary C of the parameter domain B is a
homeomorphism of C onto I".

From the classical point of view, one of the difficulties in minimizing the area
functional

Ap(X) =/ 1 Xy A Xo| du dv
B

is that among all those surfaces X satisfying (iii) A is invariant under the action
of the infinite dimensional diffeomorphism group of B. By replacing area by en-
ergy one reduces the symmetry group to the finite dimensional conformal group of

A. Tromba, A Theory of Branched Minimal Surfaces, 1
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2 1 Introduction

the disk. Miraculously, the absolute minima of area and energy are the same. The
Weierstrass equations (1.1) and (1.2) are then the variational equations of Dirichlet’s
energy.

The problem of the existence of a minimum of area spanning I remained open
for a half a century until it was solved by Jesse Douglas (1931) and Tibor Rad6
(1930). For all his work on the Plateau problem, Douglas was awarded one of the
first two Fields Medals of Mathematics (shared with Lars Ahlfors) at the Interna-
tional Congress of Mathematicians in Oslo in 1936.

Jesse Douglas (1897-1965)

Given the fact that the absolute minima of area and energy are the same, we can
formulate the classical problem of Plateau as follows:

Given a closed Jordan curve I" in R?, a mapping X : B — R is said to be of class
erifXxe H21 (B, R%), and if its trace X |C can be represented by a weakly mono-
tonic, continuous mapping ¢ : C — I" of C onto I (i.e., every L (C)-representative
of X|C coincides with ¢ except for a subset of zero 1-dimensional Hausdorff mea-
sure).

Let

1
D(X) = Dg(X) :=5/B<|Xu|2+|xv|2> du dv (1.3)

be the Dirichlet integral of a mapping X € Hzl(B, RR3). Then we define the vari-
ational problem P(I") associated with Plateau’s problem for the curve I' as the
following task:

Minimize Dirichlet’s integral D(X), defined by (1.3), in the class C(I").

In other words, setting

e(I") :=inf{D(X): X € C(I")}, (1.4)
we are to find a surface X € C(I") such that
D(X)=e(I) (1.5)

is satisfied.
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In his solution, Douglas minimized an energy essentially equivalent to Dirichlet’s
energy, which later proved to be a very powerful method for dealing with minimal
surfaces of arbitrary topological type and connectivity.

Almost from the beginning, the question arose as to whether the absolute mini-
mizers were immersed or not. A point p where X is not immersed, i.e.

Xyu(p) = Xy(p)=0

is called a branch point. It follows easily that interior branch points are isolated.
In 1932 Douglas [1] and in 1942 Courant [1] thought that they had found absolute
minizers which had branch points. We should note here that from the early 1930s
until his death in 1972 Courant worked on and popularized the field of minimal
surfaces.

The example of Douglas was refuted in 1933 by Rad6 while Courant’s exam-
ple survived until the pioneering work of Robert Osserman in 1970, and then of
Gulliver—Osserman and Royden in 1973.

In his now classic paper, Osserman constructed a discontinuous parameter trans-
formation allowing a reparametrization of a minimal surface in a vicinity of an inte-
rior branch point, such that the area of the surface can be reduced. He had to distin-
guish between true and false branch points (the latter are those which have a neigh-
bourhood whose image is still an embedded surface), but in his proof he overlooked
some difficulties appearing for false branch points. In 1973, both H.-W. Alt [1] and
R. Gulliver [2] independently extended Osserman’s line of argument to surfaces
which are absolute minimizers of prescribed mean curvature with least energy and
also treated the case of false branch points. The joint work of Gulliver, Osserman
and Royden [1] in 1973 proved that all minimal surfaces bounded by rectifiable Jor-
dan curves do not have any false branch points, even if they do not minimize the
Dirichlet energy.

This difficult work has remained open mostly to experts in the field. For more
historical comments, see the Scholia (Chap. 9).

In this book we give proof of the fact that in R* any solution of Plateau’s prob-
lem which is a relative minimizer of Dirichlet’s integral D or, equivalently, the area
functional A, is an immersion in the sense that it has no interior or (with mild as-
sumptions) boundary branch points. This fact can easily be proved for planar bound-
aries (Dierkes, Hildebrandt and Sauvigny [1]), while the corresponding result in R”
is false for n > 4 according to a famous example of Federer. Therefore it remains to
prove the assertion for a nonplanar boundary curve I" in R3. The proof given here
is based on the observation that one can compute any higher derivative of Dirichlet’s
integral in the direction of so-called (interior) forced Jacobi fields, using methods
of complex analysis such as power series expansions and Cauchy’s integral theorem
as well as the residue theorem. These Jacobi fields lie in the kernel of the second
variation of D; they also play a fundamental role in the index theory and the Morse
theory of minimal surfaces. So, in a very strong sense, this book is about energy
and the fact that it can be reduced in the presence of an interior or boundary branch
point. This is in the spirit of Douglas’ original approach to the Plateau problem.
Since area is less than or equal to energy, reducing energy means that you can also
reduce area. In this connection we must mention the work of Beeson [1].
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Although the computations in this book are sometimes tedious, they are simple
in principle. The main analytical idea is to find, using function theory, paths so that
the calculation of higher order derivatives of Dirichlet’s energy, through the use of
Cauchy’s integral theorem, along these paths reduces to a few manageable terms. In
a sense, we are doing calculus on infinite dimensional manifolds. In order to convey
to the reader a feeling for the methods to be applied, we begin by calculating the
first five derivatives of Dirichlet’s integral in the direction of special types of forced
Jacobi fields, thereby establishing that a relative D-minimizing solution of Plateau’s
problem cannot have certain kinds of interior branch points. These introductory cal-
culations will be carried out in Chap. 2 as a warm up for the general case, together
with an outline of the variational procedure to be used in the sequel. These calcula-
tions are made transparent by shifting the branch point that is studied into the origin,
and by bringing the minimal surface into a normal form with respect to the branch
point w = 0 with an order n. Then also the index m of this branch point can be de-
fined, with m > n. Furthermore, w = 0 is called an exceptional branch point if there
is an integer k > 1 such that m + 1 = x(n + 1). This notion is related to that of the
false branch point, but it is a weaker notion. It will turn out that it is particularly dif-
ficult to exclude that a relative minimizer of D can have an exceptional branch point
at w = 0. In fact, we are only able to exclude exceptional branch points for weak
relative minimizers of A in C(I"). However, we do present conditions under which
a minimal surface with an exceptional branch point cannot be a relative minimizer
of D. In the non-exceptional case, one can “always” reduce energy (and area), and
surprisingly the monotonicity of a minimal surface on the boundary plays no role in
being able to do so.

In Chap. 2 it is described how the variations 7 (t) of a minimal surface X are
constructed by using interior forced Jacobi fields. This leads to the (rather weak)
notion of a weak minimizer of D. Any absolute or weak relative minimizer of D
in C(I") will be a weak D-minimizer, and the aim is to investigate whether such
minimizers can have w = 0 as an interior branch point. This possibility is excluded
if one can find an integer L > 3 and a variation 2(t) of )A(, |t] < 1, such that E(¢) :=
D(i(t)) satisfies

EV©0)=0 forl<j<L—1, ED(0) <0.

It will turn out that the existence of such an L depends on the order n and the index
m of the branch point w = 0.

In our first chapter, this idea is studied by investigating the third, fourth and
fifth derivatives of E(¢) at t = 0. Here one meets fairly simple cases for testing the
technique demonstrating its efficacy. Furthermore, the difficulties are exhibited that
will come up generally.

The first case of a general nature is treated in Chap. 3. Assuming thatn+1 is even
and m + 1 is odd (whence w = 0 is non-exceptional) it will be seen that E+1(0)
can be made negative while £ 92 (0)=0for1 <j<m,andso X cannot be a weak
minimizer of D.

The general situation is studied in Chaps. 4 to 7. In Chap. 4 is shown that w =0
cannot be a non-exceptional branch point of a weak relative minimizer of D. We
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derive simple formulae for the first non-vanishing derivatives of Dirichlet’s energy
and show that they can be made negative. Such a result is no longer true for an
exceptional branch point w = 0, apart from some special cases. In Chaps. 5, 6 and
7 it is proved that a weak relative minimizer of A in C(I") cannot have exceptional
interior branch points if I" is a smooth closed Jordan curve in R3.

In Chap. 8 we study boundary branch points of a minimal surface X with a
smooth boundary contour. In particular we first show that X cannot be a weak rel-
ative minimizer of D if it has a boundary branch point whose order n and index m
satisfy the condition 2m — 2 < 3n (Wienholtz’s theorem).

‘We then will show that if the torsion and curvature of I" are both non-zero, then
a priori 2m + 2 < 6(n + 1). As a consequence it follows that X is not a minimizer
in the non-exceptional cases; i.e. m + 1 # k(n + 1), k =2 or 3. This is a partial
resolution to boundary regularity for smooth contours. Considering only the Taylor
expansion about a branch point, we then argue that the question of whether a min-
imal surface with an exceptional boundary branch point is or is not a minimum is
not decidable.

In conclusion, if the boundary contour is C* or more simply if a minimal surface
X is C*® witha non-exceptional interior or boundary branch point, we can find a C*
surface Y which is C* close to X having less energy and area. This is much stronger
than what was previously known and indicates the power of using derivatives as
opposed to cut and paste constructions.

In the Scholia (Chap. 9) we describe some of the history of the main results
of this book. Finally, we note that some of the introductory material also appears
in Dierkes, Hildebrandt and Tromba [1], but we include it for completeness. The
author wishes to thank Stefan Hildebrandt for reworking the manuscript and for his
encouragement, the Max Planck Institute in Leipzig for their support, Frau Birgit
Dunkel for her excellent typing of the manuscript and finally my wife Inga without
whose love and support this book could not have been written.






Chapter 2
Higher Order Derivatives of Dirichlet’s Energy

2.1 First Five Variations of Dirichlet’s Integral and Forced
Jacobi Fields

In this chapter we take the point of view of Jesse Douglas and consider minimal sur-
faces as critical points of Dirichlet’s integral within the class of harmonic surfaces
X : B — R? that are continuous on the closure of the unit disk B and map B = S
homeomorphically onto a closed Jordan curve I" of R3. It will be assumed that I"
is smooth of class C*° and nonplanar. Then any minimal surface bounded by I
will be a nonplanar surface of class C* (B, R3), and so we shall be allowed to take
directional derivatives (i.e. “variations”) of any order of the Dirichlet integral along
an arbitrary C°°-smooth path through the minimal surface.

The first goal is to develop a technique which enables us to compute variations
of any order of Dirichlet’s integral, D, at an arbitrary minimal surface bounded by
I', using complex analysis in the form of Cauchy’s integral theorem. This will be
achieved by varying a given minimal surface via a one-parameter family of admissi-
ble harmonic mappings. Such harmonic variations will be generated by varying the
boundary values of a given minimal surface in an admissible way and then extending
the varied boundary values harmonically into B. From this point of view the admis-
sible boundary maps 3 B = §' — I are the primary objects while their harmonic ex-
tensions B — R3 are of secondary nature. This calls for a change of notation: An ad-
missible boundary map will be denoted by X : 9 B — I", whereas X is the uniquely
determined harmonic extension of X into B; i.e. X € CO(B, R3) N C%(B, R3) is the
solution of

AX =0 inB, X(w)=Xw) forweaB.

Instead of X we will occasionally write H X or H(X) for this extension, and
~ 1 ~ ~
D(X):= —/ VX -VXdudv
2J)g

is its Dirichlet integral.
In the sequel the main idea is to vary the boundary values X of a given minimal
surface X in the direction of a so-called forced Jacobi field, as this restriction will

A. Tromba, A Theory of Branched Minimal Surfaces, 7
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8 2 Higher Order Derivatives of Dirichlet’s Energy

enable us to evaluate the variations of D at X by means of Cauchy’s integral theo-
rem. In order to explain what forced Jacobi fields are we first collect a few useful
formulae.

Let us begin with an arbitrary mapping X € C (3B, R") and its harmonic ex-
tension X € C (B, R3). Then X is of the form

X(w) =Re f(w) 2.1
where f is holomorphic on B and can be written as
f=X+iX* with X, =X and X, = —X7. 2.2)
We also note that
F'(w)=2X,w) =X, (w) —iXy(w) inB. (2.3)

Conversely, if f is holomorphic in B and X =Re f then f’ and X, are related
by the formula f' =2X,; in particular, X is holomorphic in B. This simple, but
basic fact will be used repeatedly in later computations.

Let us introduce polar coordinates r, 6 about the origin by w = re'?, and set
)% (r,0) = X (re'?). Then a straightforward computation yields

iw)?w(w)‘w:em = % [1?9(1, 9) +i1?,(1,9)] 2.4)
whence
2Re{iw)%w(w)] ‘w =T == 0 X =Y,0) 2.5)
since

Y(1,0) = X () = X (') =: Y (0).

If X € C*°(S', R maps S! homeomorphically onto I" then Yy (0) is tangent to I”
at Y (0),1.e. Yo(0) € Typ)I', and so the left-hand side of (2.5) is tangent to I".

Consider now a continuous function 7 : B — C that is meromorphic in B with
finitely many poles in B, and that is real on d B. Then t can be extended to a mero-
morphic function on an open set £2 with B C §2, and t is holomorphic in a strip
containing d B. It follows from (2.5) that

2Re {iw}?w(w)r(u})} ‘ =1 @)Y e Ty T (2.6)

Suppose now that X is a minimal surface with finitely many branch points in B.
These points are the zeros of the function F(w) := X w(w) which is of class C*°
on B and holomorphic in B. If 7(w) has its poles at most at the (interior) zeros
of the function w F'(w), and if the order of any pole does not exceed the order of
the corresponding zero of wF (w), then the function K (w) := iw)A(w(w)r(w) is
holomorphic in B and of class C*° (B, R?). We call h :=ReK an inner forced
Jacobi field /1 : B — R? at X with the generator 7.

If one wants to study boundary branch points of X it will be useful to admit
factors t(w) which are meromorphic on B, real on 3B, with poles at most at the
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zeros of wF (w), the pole orders not exceeding the orders of the associated zeros of
wF (w). Then
h:=ReK with Kw) :=iwFw)t(w), weB, F:= )A(w, 2.7

is said to be a (general) forced chobi field /2 : B — R3 at the minimal surface X,
and 7 is called the generator of /. .
The boundary values /g1 of a forced Jacobi field & are given by

(0 i0 1 i6 v (10
h(@) :=h(e'"")=ReK (e )=§r(e )Yp(0), Y(©6):=X(e"). (2.8)

Using the asymptotic expansion of F(w) = X, (w) at a branch point wy € B having
the order A € N, we obtain the factorization

Fw)=(w-— wo)AG(u)) with G (wg) # 0, (2.9)

and, using Taylor’s expansion in B or Taylor’s formula on d B respectively, it follows
that G(w) = G(u, v) is a holomorphic function of w in B and a C*°-function of
(u, v) € B. It follows that any forced Jacobiﬁeldfz : B — R3 is of class C*°(B, R?)
and harmonic in B.

Denote by J ()A( ) the linear space of forced Jacobi fields at X, and let Jo (X ) be the
linear subspace of inner forced Jacobi fields. The importance of J ()A( ) arises from
the fact that every forced Jacobi field h at X annihilates the second variation of D,
ie.

8D(X,h)=0 forallhe J(X).

In the present section we only deal with inner forced Jacobi fields, and so we only
prove the weaker statement (cf. Proposition 2.1):

82D(X,h)=0 forall h € Jo(X).

The existence of forced Jacobi fields arises from the group of conformal automor-
phisms of B and from the presence of branch points; the more branch points X has,
and the higher their orders are, the more Jacobi fields appear — this explains the
adjective “forced”. To see the first statement we consider one-parameter families of
conformal automorphisms ¢(-,t), |[t| <€,€ >0 of B with

w o(w, 1) =w+t(w)+o() and @(w,0) =w,@(w,0) =n(w). (2.10)
Type I:
o1(w, 1) =Dy
with a(r) € R, (0) = 0,&(0) = a. Then ¢ (w, 1) = w + tiwa + o(1), and so
n(w)=iwa withaeR.
Type II:
a0 = 2

with (1) € R, B(0) =0, B(0) = b.
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Then @2 (w, 1) = w + 172 (w) + o(t) with n2(w) = ib + ibw?, and so
b
m(w) =iw <— +bw> with b € R.
w

Type I1I:
w —y (1)

p3(w, 1) == 70w

with y(#) eR, y(0) =0, y(0) =c.
Then g3 (w, t) = w +tn3(w) + o(t) with n3(w) = —c + cw?, whence

. fic .
n(w) =iw (— — lcw) .
w
We set

71(w) :=a, T (w) ::b-(l—f-w), 73(w) ::c-(i—iw>, (2.11)
w w

with arbitrary constants a, b, ¢ € R. For w = ¢'? € 9B we have
T1(w) =a, 7 (w) =2bcosH, 3(w) = —2csinb,
and so t;, j = 1,2,3, are generators of the “special” forced Jacobi field h jo=
Re K j, defined by
Kiw):=iwF(w)t;j(w), we B, F:= )?w, (2.12)

which are inner forced Jacobi fields for any minimal surface X bounded by I'. If
we vary X by means of ¢ = ¢, ¢2, 93 with o :=Reg, B :=Img, ie. p(w,t) =
a(u,v,t)+iB(u,v,t), setting

Z(w, 1) = X(pw, 1) =X, v,1), Bu,v,1)),

we obtain
45 % op= LR p) = Rule B + Ryl BB
dt dt dt
=2Re X, ()¢,
and so

d A A
—Z =2Re{X,0(0)}.
217 o e{Xy9(0)}

For ¢ = ¢; we have ¢(0) = 7n;, hence

diZ(w,t)‘ » =2Re{iwX,,(w)tj(w)} = 2h ;(w). (2.13)

Let us now generate variations Z@), 7] < 1, of a minimal surface X using any inner
forced Jacobi field i € JO(X ). We write Z (1) = Z (-, t) for the variation of X and
Z(t) for the variation of the boundary values X of X and start with the definition
of Z(t). Then Z (t) will be defined as the harmonic extension of Z(¢), i.e.

Z(t) = H(Z()). (2.14)
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First we pick a smooth family y (t) = y (-, 1), |[t| < §, of smooth mappings y (¢) :
R — R with y(0) = idg which are “shift periodic” with the period 27, i.e.

y(@,0)=60 and y(@+2m,t)=y@,t)+2n forfeR. (2.15)
Setting 0 (0, 1) :=y(6,t) — 0 we obtain
y@,t)=0+0(,t) witho(0,0)=0ando (6 +2n,1)=0(0,1)
and
ve(0,1) =14+ 09(0,1) =1+ 09,(6,0)t + 0(2).
Choosing § > 0 sufficiently small it follows that
yp(0,1) >0 for (0,1) e R x (=4, 9).
Now we define the variation {Z(¢)};|<s of X by
Z(@"?, 1) =X (7O = X(cosy (0, 1), siny (8, 1)). (2.16)
Then
%Z(eie, 0 =[-Ru()siny 6,0+ Xy (7 ) cosy (6.0 i@, 1).
By (2.4) we have
i€ X, () = % [Xo®) +i%,1,0)]
if we somewhat sloppily write X(r, 0) for X(reie) and X (0) for )A((l, 0) = X ('9).
This leads to
—Xu (@7 @) siny 0, 1) + Xu (e V) cos y (6.1) = Xo ( (6. 1))

whence
0 i0 _ . Vt(g,l)
52(6 1) =Xg(y(0,1)y9(8, 1) o @.1)
On account of
ZO,1):=ZE% =Xy ®0,1) (2.17)

we have
Zp(0,1) = Xo(y(t,0)) - vp(0,1),

and so it follows that
9 Z" 1) 9 Z(0,1) 9 ZO,1)-$0,1)
a. e, = . ) =T 5 : 5
ot ot 20

with

_ .0

Yo (0,1)

¢0,1): (2.18)
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Defining the family {¢(¢)};|<s of 2 -periodic functions ¢ (¢) : R — R by ¢(¢) :=
¢ (-, 1), we have

0

EZ(Z) =¢)Z(t)g =: h(t). (2.19)

Now we consider the varied Dirichlet integral
~ 1 N A
E@):=D(Z({)) = 5/ VZ(t) -VZ(t)dudv. (2.20)
B

Then

d N d 4

—E@)=| VZ(t)-V—Z(t)dudv.

7 E® fB (t)- V2 Z(t) dudv

Since the operations % and H commute, we have

in—H iZt
Sa0= (dt ())

and therefore
dE(t) /vi(t) VH dZ(t) dud
- — . — uav.
dt B dt

Since AZ(1) =0, an integration by parts leads to

iE(:)—fZTr 954y hydo  with h(n) = > 7(1) 2.21)
a7 et W “a\ '

For brevity we write in the following computations Z instead of Z(¢). We have
~ 1 - ~
wZy = E(Zr —iZy)
if we write Z(r, 8) for Z(w)|,,_, i, cf. (2.4), and also
dw=iwdd forw=e¢"ecdB.
Then on 0 B:
wzw . dew = i(wfw) . (wzw) do
- %(Zr —i7¢)- (2, —iZ9)d6
1~ 4 i A~ Ao
:[5 r'ZG_Z(Zr'Zr_ZG'Z0)1| des
and so
2Re[wZy - Zy pdwl=2,-Zg $pd& ondB.
Furthermore, 29 = Zg on dB as well as h = ¢pZg (see (2.19)), and so (2.21) leads

to the formula

iE(t) = 2Re/ wZ ) - Z()wd (1) dw (2.22)
d[ Sl
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where the closed curve S! is positively oriented. This formula will be the start-
ing point for calculating all higher order derivatives %E (t) and, in particular, of

j;, EQ0) := jt,, E (t)| . In order to evaluate the latter expressions for any n, it will
be essential that we can choose ¢ (¢) and any number of ¢-derivatives of ¢ (¢) in an
arbitrary way. This is indeed possible according to the following result:

Lemma 2.1 By a suitable choice of y(0,1) =60 + o (6,t) with o € C* on R x
(—65,6),0(0,0) =0 and o (@ + 27, t) = 0(0,t) we can ensure that the variation
of the boundary values of the minimal surface X, defined by Z(0,t) .= X(y (6, 1)),
leads to “test functions” ¢ (0, t) in formula (2.22) such that the functions

¢ (0) ——¢(9 D]_p v=0.12....n

can arbitrarily be prescribed as 27 -periodic functions of class C*°.

Proof Let us first check that, given ¢o, ¢1, ..., ¢,, the computation of o, and so of
y, can be carried out in a formal way. Consider the Fourier expansion of the function
o (6, t) which is to be determined:

o@,1)= %ao(t) + Z[ak (t) coskB + by (t) sink6]. (2.23)
k=1

From o (6, 0) = 0 it follows that
ap(0) =ax(0) =br(0)=0 forkeN.
Furthermore,

Y

0y () = 8—0’(9 0) = (”)(0) + Z[a,ﬁw(O) coskf + by (0)sink6].  (2.24)

k=1
Hence if D;/o(6,0) are known for v =1,2,...,n, one also knows all derivatives
DyD} o (0,0) =0, (0) from the defining (2.18) for o which amounts to
0,t
$0,1) = L.
1+00(9,1)
By differentiation with respect to # we obtain
Ort 0109t
¢t = - 7
I+op (1+o09)
Ottt 20109; 01001t 201(%9)2
¢tt =

I+os  (I+09)2 (1+0p)?  (I+0p)]
etc. Setting r = 0 and observing that oy (6, 0) = 0 it follows that
=¢o=19,

=¢1 + o109,
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= ¢ + 2000] + 0104 — 201 (0])?,

/ /
o1 =y + fu(o1,...,00,00,...,0,).
Here f, is a polynomial in the variables oy, ...,0,,0],...,0,. This shows that,
given ¢g, @1, ..., ¢n, We can successively determine o1, 02, ..., 0,+1. On account

of (2.23) we then obtain
Ay :=a©), Al:=a©0), Bl:=b"(0) forkeN.
Defining

n+l n+l

ax (1) —Z .A . b —Z .B :

(2.23) furnishes the function y(@, t) =6+ o (0, t) with the desired properties. Fur-
thermore, the construction shows that this procedure leads to a C*°-function o that
is 2 -periodic with respect to 6. ]

Let us inspect a variation Z (t) = H(Z(t)) of a minimal surface XecC (B, R%)
as we have just discussed. It is the harmonic extension of a variation Z(¢) of the
boundary values X of X , given by (2.15) and (2.16). Clearly, VA (t) is not merely an
“inner variation” of X , generated as a reparametrization Xoo (t) with a perturbation
o (t) =idg + 1A+ --- of the identity id5 on B, but the image Z(r)(B) will differ
from the image X (B). Only the images Z(t)(S 1y and X (S') of the boundary S =
d B will be the same set X, but described by different parametrizations Z(z) : S —
Yand X:S' - ¥.

Definition 2.1 We call such a variation Z(t) a boundary preserving variation of
X (for |t] < 1).

Note: If X € €(I") then any boundary preserving variation Z(t) (with [f] < 1)
lies in C(I').

Definition 2.2 We say that X is a weak relative minimizer of D (with respect to
its own boundary) if £(0) < E(¢) holds forAany Variation E(t)=D(Z(t)) of D by
an arbitrary boundary preserving variation Z () of X with |f| < 1.

If X e €N isa Weak relative minimizer of D in C(I") with respect to some
C*-norm on B, then X clearly is a weak relative minimizer of D in the sense of
Definition 2.2.

Let us return to formula (2.19) which states that

]

—Z(t)=¢d)Z(t)s.

o (1) =) Z(1)g
According to (2.5) we have

Z(t)g =2ReliwZy (w, 1]

w=e'?"’
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and since ¢ is real-valued it follows that

0 N
EZ(G’ t)=2Re[iwZy,(w, )0, t)]]wze,-g. (2.25)
Since % and the harmonic extension H commute we obtain
0 N _
EZO) =H{2Re[iwZ(t)y,¢ ()]} in B (2.26)

having for brevity dropped the w, except for the factor iw (as this would require a
clumsy notation). Then, by

22 20=2 25w
ar dw S w ot
it follows that
%2(% = (H{zRe[iwi(z)w¢(t)]})w. (2.27)

Now a straightforward differentiation of (2.22) yields

dzE =4R 9Z(1) Z d
0 =are [ w220 20w du

+ 2Re/ WZ()w - Z()wdi (1) dw. (2.28)
s1
From (2.22) and (2.28) we obtain

Proposition 2.1 Since X=2 (0) is a minimal surface we have

dE 0)=0 (2.29)
dr '
and
dzE(O) 4R / ox Xytd (2.30)
—_— = € wy — . Taw .
dr? sl or | v

with T := ¢ (0). If T is the generator of an inner forced Jacobi field attached to X,
then

d’E
W(O) =0. (2.31)

This means that
DX, hy=0 forallhe Jy(X), (2.32)
i.e. for all inner forced Jacobi fields h= Re[iw Xy, (w)t(w)].

Proof We have )A(w . )A(Aw = 0 since X is a minimal surface, and so (2.29) and (2.30)
are proved. Secondly, /4 is holomorphic in B, as it is an inner forced Jacobi field, and

the w-derivative of any harmonic mapping is holomorphic whence {aa—);( }w 18 holo-
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morphic in B. Thus the integrand of f g1 (--.) dw in (2.30) is holomorphic. Hence
this integral vanishes, since Cauchy’s integral theorem implies . 08,0+ dw=0

for any r € (0, 1) and then fS‘ (..)dw=1lim,_ 19 faBr(O)(' ..) dw =0 as the inte-
grand (...) is continuous (and even of class C*°) on B. Il

Now we want to compute %E (t), and in particular ‘57‘35(0) if T = ¢(0) is the
generator of an inner forced Jacobi field. Differentiating (2.28) it follows

a3 B dZ(1) dZ(1)
WE(I)_4R6/51w{ 5 }w{ a7 }wqb(t)dw

.
+4Re/ w{a Z(t)} SZ(O) o () dw
Sl

912
+8Re/ w{az(”} 2w (1) dw
Sl Bt w
+2Re/ WZ () - 2w (t) dw. (2.33)
Sl

Proposition 2.2 Since X=2Z (0) is a minimal surface we have
d3E 3% v 3
—5(0)=—4Re | w'Xyy - Xy~ dw (2.34)
dt sl
if T := ¢ (0) is the generator of an inner forced Jacobi field at X.

Proof The fourth integral in (2.33) vanishes at r = 0 since
ZO)w - Z(0)w = X - Xy =0.
The integrand of the second integral in (2.33) is

327 .
W(O) WXy T(W)

which is holomorphic in B since the w-derivative of a harmonic mapping is holo-
morphic and h = Re[iw)A(wt] is an inner forced Jacobi field. So also the second
integral in (2.33) vanishes on account of Cauchy’s integral theorem. Next, using
(2.27), we obtain

0 -
{770}
ot w
This implies

0 A
f3t0] 20.].

A

=wliwXytly - Xu

20y {Re[iw)?wr]} = [iwXyT]w. (2.35)
ow

=0

A A A

=iwXy - Xyt + iwzxww <Xyt + iwzxw “XyTw =0
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since Xw . Xw =0, which also yields )A(ww . Xw =0. Thus
o0l 20 ’ 0 (2.36)
w JE— . = .
at » Y1 li=o
and so the third integral in (2.33) vanishes for # = 0. Finally, by (2.35),

aZz 8Zt
({a “}w'{a ”L)

= [iwjzwf]w liwXytle

t=0

=[i XuT +iwXywt +iwXytyl [ Xyt +iwXyyt +iwX,t,]
=—w’Xpw - Xowt?,
using again Xuw - Xw=0and Xy - Xpw =0, ie.
({320)} : {ii(r)} ) ( = Ry - K> (2.37)
ot w LOf w
Thus the first integral in (2.33) amounts to

—4Re/ w3)A(ww . )A(wwr3dw. O
s1
In order to simplify notation we drop the ¢ in (2.33) and write

3

d A A o A
—F =Re 4/ wZ,w-Z,w¢dw+4/ Wiy - Zywd dw
dt3 sl sl

+8f wa . 211;47; dw + 2/ wzw . Zw(ptt dwi| .
s1 s!

Differentiation yields

4

d A A A o
—F =Re ]2/ wZ,tw-Z,wqﬁdw +4/ mew~Zw¢du}
dt* sl sl

+ 12/ WZw - Zewdr dw + 12/ WZiw - Zuwdr dw
S1 N

+12/1 wztw . 2w¢tt dw + 2/1 wzw . Zw¢ttt dw}
S S
=Re[l{ + L+ 1+ 14+ 15+ Ig). (2.38)

We have I5(0) = 0 since iw(O) . 2,1) 0) = )A(w . )A(w = 0. Moreover, by Cauchy’s
theorem, 15 (0) = O since both Z;;y, |z:0 =[Z+(0)]y and wX,, 7 are holomorphic.
On account of (2.36) we also get I5(0) = 0. Finally, taking (2.17) into account, we
see that

1(0)=-12 / w0 X - X721 (0) dw,
N

and we arrive at
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Proposition 2.3 Since X=2 (0) is a minimal surface we have

d*E . . .
0 =12Re /S i) [0 20O + w R (0)] dv

— 12Re / w* X - X w20 (0) dw, (2.39)
s1
provided that t = ¢ (0) is the generator of an inner forced Jacobi field at X.

Finally, as an exercise, we even compute (0) Differentiating (2.38) it follows
that

&SE _ 2
=5 Z (2.40)
with

wzttw : 2ltw¢ dw,

16 U)Z[nw le(;b dw 12 =12
s1

4/ wzmzw : w¢ dw, I, =16
S

1

wzmw : 2w¢r dw,

1

[°5)

Wity - 2w¢m dw,

J
J
48/ wzttw : th¢t dw, I := 24/ wznw : 2w¢tt dw,
s
I; —24/ WZiw  Zewu dw, I3 = 16/
s
19 = 2/1 U)Zw . Zw¢tttt dw.
s
I5(0) vanishes by Cauchy’s theorem since both Zm,(O)w and wX wT are holomor-
phic provided that t = ¢ (0) is the generator of a forced Jacobi field at X. Further-
more, I3(0) = 0 because of (2.36), and X, - X,, = 0 implies I9(0) = 0. Thus we
obtain by (2.37):

Proposition 2.4 Since X is a minimal surface we have

d°E . . .
F(O) = 16Re/1 Zitw(0) - [wZy (0)T + wX ¢, (0)] dw
S

+12Re / Zurw(0) - [w Zern (0)7
Sl
+ 4w Z1 (00 (0) + 2w X oy by, (0)] dw

—24Re / w3 X pw - Xww? ¢ (0) dw (2.41)
Sl

provided that t = ¢ (0) is the generator of an inner forced Jacobi field at X.
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Note also that in (2.39) and (2.41) we can express Z,w(O) by (2.35) which we
write as

Ziw(©0) = [iwXyTlw. (2.42)

The values of E”(0) and E”(0) in (2.30) and (2.34) depend only on T = ¢(0) and
not on any derivatives of ¢ (¢) at r = 0; in this sense we say that £ (0) and E"”(0) are
intrinsic. As we shall see later, this reflects important facts, namely: The Dirichlet
integral D has an intrinsic second derivative d?D, and an intrinsic third derivative
d3 D in the direction of forced Jacobi fields.

Let us try to show that a nonplanar weak relative minimizer X of D cannot have
a branch point in B. To achieve this goal, a somewhat naive approach would be to

compute sufficiently many derivatives E)(0) := %(O) and to hope that one can

find some first non-vanishing derivative, say, E ) (0) # 0, whereas E/)(0) = 0 for
j=1,2,..., L — 1. Then Taylor’s formula with Cauchy’s remainder term yields

E(t) = E(0) + %!E(L)(ﬂt)tL for |t <1, 0<® <1,
that is,
D(Z(t)) = D(X) + %E(L)(zﬁ‘t)tL,
and we infer for some ¢ with 0 < |t| < 1 that
(i) D(Z@)) < D(X) if L odd =20+ 1> 3 and E@*D(0) £0,
and
(i) D(Z(t)) < D(X) if L even =2¢ > 4 and E?Y(0) < 0.

Let us see under which assumption on X this approach works for L = 3. Note that
an arbitrary branch point wy € B of a minimal surface X can be moved to the origin
by means of a suitable conformal automorphism of B. Hence it is sufficient for
our purposes to show that a minimizer X of D in C(I") does not have w =0 as a
branch point. Therefore we shall from now on assume the following normal form
of a nonplanar minimal surface X (cf. Dierkes, Hildebrandt and Sauvigny [1],
Sect. 3.2):

X has w =0 as a branch point of order n, i.e.
Xpw) =aw” +o(w") asw — 0.

Choosing a suitable Cartesian coordinate system in R? we may assume that X, can
be written as

Xow) = (A" + Aw" T + o Ryw” + Ry w4+, m>n, (243)

with A; € C2, R; € C, A #0 and R, # 0 for some integer m satisfying m > n;
the number m is called the index of the branch point w = 0 of X given in the normal
form (2.43). Note that a surface X can also be brought into the normal form (2.43)
(with n =0) if Xis regular at w = 0.
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Lemma 2.2 The normal form (2.43) satisfies

Ai-A; =0, Ap=Ar-Ar fork=1,2,...,2(m —n),

| (2.44)
Al Aom—ont1 = —ER,Q,”

and therefore
Xpw@) - Xypuw(W) = (m —n)?Row® 2+ Ry #0. (245

Proof Equation (2.43) implies
)A(w(w) Xp(w) = (wznp(w) + eranm) +Oo0(w)”* asw—0
where p(w) is a polynomial of degree 2¢ in w with £ := m — n which is of the form
p(w)=A1- A1 +2A1 - Ayw+ QA1 - A3 + Ay - Ar)w?
+ (A1 - Ay + 245 - AW + QA1 - As + 245 - Ay + Az - Apw?

4+ QAL Ay +2A0 - Agp+ -+ 24000 - Ag+ Agyr - Agpw*

=co+ w4 cow + - + cpw?t, cjeC.

Since )A(w . )A(w =0 we obtain
co=ci=-=cp-1=0, cx+R;=0.

Let (A’, A”) := A’ - A” be the Hermitian scalar product of two vectors A’, A” € C2.
The two equations co =0 and ¢; =0 yield A; - A; =0 and A; - Ay = 0 which are
equivalent to

(A1,A1)=0 and (A, A;)=0.
Since Aj # 0 and A # 0 this implies
Ay =X1yA, forsome Ay € C,
and so we also obtain
Ay-Ary=23A1- A1 =0.
On account of ¢; = 0 it follows A - A3 =0, and thus it follows
(A1, A1)=0 and (A3, A;)=0
whence
Az =A3A; forsome A3 € C,
and so
Ay - A3 =AM3A1- A1 =0.
Then ¢3 =0 yields A - A4 =0, therefore
(A1, A1)=0 and (A4, A;)=0;
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consequently
Ag=Xx4A, for some Ay € C.

In this way we proceed inductively using co =0, ..., c2¢—; = 0 and obtain A =
MApfork=1,2,...,2(m —n). Since A; - A; =0 it follows that

Aj-Ar=0 forl<j, k<2(m—n). (2.46)
Then the equation cp¢ + R,%, =0 implies 2A; - Azpy1 + R,%, =0,i.e.

1
Ay Apm—n)+1 = _ER’" (2.47)

Furthermore, from
R () = (A" + Agw™ ! 4+ & Aspyanp 1w 4+ Rppw™ 4 ---)
we infer
X (W) = (AW ™ 4 @m =) Agpy ™ "
mRw" 4.
Then (2.46) implies
X (W) - Xy (w) = [2n2m = ) A1 - Ag—a1 +m> Ry w2 4 -,
and by (2.47) we arrive at
X (W) - Xy (w) = [—n2m — n)R% +m*RE w2 4.,
which is equivalent to (2.45). (I
Theorem 2.1 (D. Wienholtz) Let X be a minimal surface in normal form with a
branch point at w = 0 which is of order n and index m, n < m, and suppose that
2m —2 < 3n (or, eqmvalently, 2m+2 <3(n+1)). Then we can choose a generator
T of a forced Jacobi field h such that E®(0) < 0, and so X is not a weak relative
minimizer of D.
Proof Define the integer k by
=QC2m+2)—-2(n+1).
Because of m > n and 2m — 2 < 3n it follows that
l<k<n+1.
Let
0:=cw " ot i=cwF+owk, ceC,
and set

() t:=rifk=n+1;
(i) t:=etrg+ 11,6 >0,ifk<n+1;
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In both cases 7 is a generator of a forced Jacobi field at X, since wX w(w) has a zero
of order n + 1 at w =0, and Im 7 =0 on d B. By (2.45) it follows for w € B that

w3 Xy (W) - Xy (W) = (m —n)?R2w?"+1 4 ...

where + - - - always stands for higher order terms of a convergent power series. In
case (i) one has
3(w) = S 30D .
and so
w3 X (W) - Xy (W) T ()* = (m —n)*RE,Aw ™" + f(w)

where f(w) is holomorphic in B and continuous on B. Then formula (2.34) of
Proposition 2.3 in conjunction with Cauchy’s integral theorem yields

E®(0) = —4Re[27i(m —n)? R3] ifk=n+1.

With a suitable choice of ¢ € C we can arrange for E®)(0) < 0 since R,, # 0 and
(m—n)?=>1. R R
In case (i) we write w3 Xy - Xy as

W Xy (W) - Xy (w) = (m — n)?REw?™ ! 4 f(w),

where
o0
f(w) :=w>+? Za.jw], ajeC.

From
3_ 2 3
o} =3 43625t + 3erorf + 1
it follows that
g(w) 1= w* Xy (W) - Xopw () 7> (w)

is meromorphic in B, continuous in {w : p < |w| < 1} for some p € (0, 1), and its
Laurent expansion at w = 0 has the residue

Resy—o(g) =3¢ c3(m n)zR,%l + e3c3an_k, 1<k<n.
Cauchy’s residue theorem together with formula (2.34) of Proposition 2.3 then im-
ply
E®(0) = —4Re{27i[3e’c*(m — n)*R2 + €3ay ]} fork <n+ 1.

By an appropriate choice of ¢ € C and € with 0 < € < 1 we can achieve that
E® (0) < 0 also in case (ii). O

The following definition will prove to be very useful.
Definition 2.3 Let X be a minimal surface in normal form having w = 0 as a branch

point of order n and of index m. Then w = 0 is called an exceptional branch point
if m 4+ 1=k + 1) for some k € N; necessarily « > 1.
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Remark 2.1 If2m —2 < 3n,i.e.2(m+1) <3(n+ 1), then w = 0 is not exceptional,
because (m + 1) = k(n + 1) with « > 1 implies 2« (n + 1) < 3(n + 1) and therefore
2k < 3 which is impossible for x € N with « > 1.

Remark 2.2 Now we want to show that the notion “w = 0 is an exceptional branch
point” is closely related to the notion “w = 0 is a false branch point™. To this end
we choose an arbitrary mlmmal surface Z (¢), ¢ € B, in normal form without { =0
being a branch point, i.e. Z = Reg where g : B — C> is holomorphic and of the
form

8(0)=2(0)+ (Bot + B1g> + -+, Cel¥ +--), By#0, Ce #0, k> 1.

Consider a conformal mapping w — { = ¢(w) from B into B with ¢(0) = 0 which
is provided by a holomorphic function

pw)=aw+---, a#0, weB.

Then X(w) :=Re f(w) with f(w):= g(¢"t(w)), w € B, is a minimal surface
X : B — R3 such that X(0) = Z(0) and

F) =X + @' Bow"™! 4o, a D D ),

Thus we obtain for X, = % f/ that

Xpw) = (Aqw" + -, Rpyw™ +--), A1 #0, Ry #0,

and so X (w), w € B, is a minimal surface in normal form which has the branch
point w = 0 of order n and index m :=«k(n + 1) — 1, Whence w = 0 is exceptional.
Clearly X is obtained from the minimal immersion Z (¢) as a false branch point
by setting X:=Zo "+, As the “false parametrization” X of the regular surface
$:=Z(B) is produced by an analytic expression ¢ = ¢"*!(w) we call w =0 an
“analytic false branch point”.

Let X be a minimal surface with w = 0 a branch point of order n. Now, if we
know that the image under X of a small neighbourhood U of 0 is an analytic regular
(embedded) surface S, then w = 0 is a false branch point and it is not hard to see
that w = 0 is also analytically false.

To this end, let Y : U — 8 be a C>% smooth regular conformal parametrization
of f. Then

=Y “lox
is conformal and we may presume holomorphic. Since X has a branch point of order

n, ¢ locally has the form

9(2) = appw" 4

)

where a,+1 # 0.

Therefore, there is a holomorphic function i defined on a neighbourhood V. C U
of 0 such that ¢ = ¥"*! and we may assume ¥ : V — (V) is biholomorphic.
Then

Y—l o )2 — ,lp.n+1
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implying that
Y 'oXoy (w)=w"!
or
Xoy tw) =y@"™

i.e. w =0 is locally analytically false.

In Remark 2.1 we have noted that w = 0 cannot be “exceptional” if 2m —n < 3n,
and so it cannot be an “analytic false branch point”.

It will be useful to have a characterization of the non-exceptional branch
points, the proof of which is left to the reader.

Lemma 2.3 The branch point w = 0 is non-exceptional if and only if one of the
following two conditions is satisfied:
(1) There is an even integer L with

(L=1Dm+1)<2m+1)<Ln+1). (2.48)
(i1) There is an odd integer L with

L-—Dn+D<2m+1D)<Ln+1). (2.49)
We say that w = 0 satisfies condition (Ty) if either (2.48) with L even or (2.49) with
L odd holds.

In Theorem 2.1 it was shown that E(0) can be made negative if 2m — 2 < 3n.
Therefore we shall now assume that 2m — 2 > 3n. It takes some experience to realize
that the right approach to success lies in separating the two cases “w = 0 is non-
exceptional” and “w = 0 is exceptional”. Instead one might guess that the right
generalization of Wienholtz’s theorem consists in considering the cases

(L—1n<2m—-2<Ln, LeN, withL>3 (Cp)
and hoping that one can prove
EVDO0)=0 forl<j<L—-1, EP©0)<0

using appropriate choices of forced Jacobi fields in varying the minimal surface X.
Unfortunately this is not the case. To see what happens we study the two cases

3n<2m—2<4n (Cy)
and
4n <2m —2 < 5n (Cs)

by computing E™ (0) in the first case and E®(0) in the second one. We begin by
treating special cases of (C4) and (Cs), where we can proceed in a similar way as
before with E®) (0) for 2n <2m — 2 < 3n.

The case (C4) with2m —2=4p, p e N.



2.1 First Five Variations of Dirichlet’s Integral and Forced Jacobi Fields 25

Proposition 2.5 If wZ,w(O)t +wX w®:(0) is holomorphic, then

E<4>(0)=—12Re/ w3 X ww - Xwwt ¢ (0) dw. (2.50)
Sl

Proof Since Z,w (0) is holomorphic in B, the integrand of the first integral in (2.39)
is holomorphic, and so this integral vanishes. 0

Remark 2.3 In case (C4) with 2m — 2 = 4p the branch point w = 0 is non-
exceptional. To see this we note that p < n whence

2m+2=4(p+1)<4n+1)
and therefore
n+l<m+1<2n+1).

Also note that n =1, 2, 3 are not possible since n = 1 would imply p < 1; n =2
would mean p =1 whence 6 =3n <4p =4; and n =3 would imply p <2, and so
9=3n <4p =_8. Finally 3n <4p and n > 4 yields p > 3.

Theorem A2.2 If 311 <2m — 2 =4p < 4n for some p € N, then one can find a
variation Z(t) of X such that E®(0) < 0, whereas EV) (0) = Ofor j=1,2,3.

Proof First we want to choose T = ¢ (0) and ¢, (0) in such a way that the assumption
of Proposition 2.5 is satisfied. To this end, set

t(w) = (a —ib)w P + (a+ib)wP*!,
which clearly is a generator of a forced Jacobi field. By (2.43) we get

wX oy (w)T (w)
=(a—ib)(Ajw" "+ AZU)n_p-‘rl +-- 4 A2m72n+1w2m_n_p +--,
Ryw" ™ 4 + (a+ib)(Ayw" P2 4o Ryw™ P2 4,

By (2.35) it follows

wa(u},O)r(u})
= wliwXy, Ww)T(W)]Wwt(w)
=i(a—ib)>((n—pAw" P "4 (m—p+DAw" 2 +...
+@m —n— p)Asp—an1w? T p = p)Ryw" TP ),

Note that 2m — 2 =4p impliesm —2p — 1 =0, whence n —2p — 1 < 0 because of
m>n,but2m—n—2p—1=@m—2p—1)+ (m—n)=m—n > 0. Thus the third
component above has no pole, while the first (vectorial) component has a pole at
least in the first term, but no pole anymore from the (2m — 2n + D™ term on. These
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poles will be removed by adding wX w1 (0) to wZ,(0)T with an appropriately
chosen value of ¢, (0). We set

¢ (0):= Vi
=1
with
Y1 (w) :=—i(n — p)(a — ib)*rew 272
+i(n — p)a+ib)*rhew?Pt?

where A = AxA; (cf. Lemma 2.2). The number s is the index of the last term
(n—p+s)As w" 2P+~ where n —2p+5s — 1 is non-negative. Now wa O+
wX w¥1 has no pole associated to A, and poles of the same order or less associated
to Ay, k <s.Choose ¥, so that there is no pole associated to A;. Continue to define
Yy so that all poles are removed.

Note that

U))A(w(w) = (A]wn+l+A2wn+2 + .- +A2m72n+1 w2m—l’l+l =+ .. -, men1+l + - )
and
A1-Ar=0 fork=1,2,...,2m —2n.

Th;refore, w)A(wd)t(O) = w):(w [ + 2 + -+ + ] removes all poles from
wZ;y(0)T. Consequently wZ;,, (0)t + wX ¢, (0) is holomorphic, and so we have

E®(0) = —12Re/ w3 Xww - XwwT ¢ (0) dw.
Sl

Formula (2.45) yields

w3 Xy (W) - Xy (w) = (m — n)>R2Ew?™ 1 4 ...
The leading term in ¢, (0) is that of v1, and

Yi(w)=—i(n—p)a—ib w2 4.
Furthermore,
2(w) = (a —ib) w224 ...,

and so

T2 (W) (w, 0) = —i(a — ib)*(n — pyw™P~4 4 ...
Noticing that 2m + 1= (2m +2) — 1 =4(p + 1) — 1, and setting

K:=12(m — n)z(n —p)>0

we obtain

d
E®(0) =k Re |:i(a —ib)* R / —w] = —2mkRel(a —ib)*R2]
sl w
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and an appropriate choice of a and b yields E®(0) < 0. Finally we note that
E®©) =0 and E® (0) = 0 for the above choice of 7 (t). The first statement
follows from Proposition 2.1. To verify the second, we recall formula (2.34) from
Proposition 2.2:

E®(0) = —4Re f

1w3wa~wat3a'w.
N

From the preceding computations it follows that
W Xy () - Xy (W) T3 (w) = (m — n)?R% (@ — ib) w1730+
and, by assumption, 2m — 2 = 4p, whence
2m+1-3(p+1)=4p+3-3(p+ 1) =p>1;
therefore E(0) = 0. O

Remark 2.4 Under the special assumption that 2m — 2 = 4 p we were able to carry
out the program outlined above for L = 4. However, applying the method from
Theorem 2.2 to cases when 2m — 2 £ 0 mod 4 one seems to get nowhere. However,
trying another approach similar to that used in the proof of Theorem 2.1, one is
able to handle the case (C4) under the additional assumption 2m — 2 =2 mod 4
by considering the next higher derivative, namely E® (0) instead of E® (0), cf.
Theorem 2.4 stated later on. This seems to shatter the hope that one can always
make E®)(0) negative, with EG)(0) =0 for 1 < j < L — 1, if (Cp) is satisfied.
In fact, by studying assumption (Cs) we shall realize that (Cy) is probably not the
appropriate classification for developing methods that in general lead to our goal.
Rather the case (Cs) will teach us that one should distinguish between the cases
“exceptional” and “non-exceptional” using the classification given in Lemma 2.3
for this purpose.

Let us mention that, assuming (C4), the branch point w = 0 is non-exceptional
according to Lemma 2.3, since 3n < 2m — 2 < 4n implies
3n+1)<3n+4<2m+2<4n+1).

Let us now turn to the investigation of (Cs) by means of the fifth derivative E® (0).

Lemma 2.4 If f(w) := wZ,(0)T + wX ey (0) is holomorphic, then

Zi1w(0) = {iwliwX ]y 4+ iwXwdy (0)}w, osh)
Zirw(©) - Xy = —Z1y(0) - Z1y(0) = w? Xy - Xy 72
Proof By (2.27) we have
Ziw = (2H[Re(iwZ o)}
whence

Zuw = 2H[Re(wZpyp + iwZyd)



28 2 Higher Order Derivatives of Dirichlet’s Energy

and therefore
Zuw(0) = 2H[Re(i )T}y = (i}
= ((wZ(0)T + iwX e (0)}u.
By (2.35),
Ziw(0) =[iwXyTl,
and so
Ziiw(©0) = {iwliwXpTlwT +iwXwe; (0)}w.
It follows that
Zitw(©0) - Xop = {iwli Xt +iwXpwT + iwXwTwlt + iwXwd(0)}w - Xu.

From )A(w . )A(w = 0 one obtains )A(w . )A(ww =0, and then

Xoww - X = —Xuw - Xuw.
This leads to
Zitw(©) - Xy = = Xy - Xy T2
= w Xy - Xuwt® = —Zy(0) - Z1u (0),
taking (2.37) into account. Il

Proposition 2.4 and Lemma 2.4 imply
Proposition 2.6 If f(w) := wZy(0)T + wXyu: (0) is holomorphic, then

E®0) = 12Re f [wZ111 (0) - Ziru(O)T + 4w Zy10(0) - Z1y(0)p ()] dw.  (2.52)
Sl

We are now going to discuss the envisioned program for the case (Cs) using the
simplified form (2.52) for the fifth derivative £ (0). It will be useful to distinguish
several subcases of (Cs):

(a) 5n <2m+2,
(b) 51 >2m + 2.

In case (a) we have 5n < 2m + 2 < 5n + 4, that is,
2m+2=5n+a, O0<a<3.
Therefore (a) consists of the four subcases
2m —5n=0,1,—-1, -2. (2.53)

In case (b) we have 5n > 2m + 2, and (Cs) implies 2m + 2 > n + 4, whence 5n >
n + 4, and so we have n > 1 in case (b).
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Case (a) allows an easy treatment based on the following representation of 2m + 2
which we apply successively for @ =0, 1, 2, 3 to deal with the four cases (2.53). We
write

am+1)+pBn=2m+2
witha :=2m +2 —5n,8:=5— o where 0 <o <3 and 8 > 2. Then we choose
T:=1+€1, €>0,
where
0:=cw " +cw", 1 :=cw "'+t ceC.

With an appropriate choice of ¢,(0) we obtain by an elimination procedure similar
to the one used in the proof of Theorem 2.2 that f := wzlw(O)t + w)A(wQS, 0) is
holomorphic. Here and in the sequel we omit the lengthy computations and merely
state the results. As f is holomorphic one can use formula (2.52) for E 3 (0); we
investigate the four different cases of (2.53) separately, but note that always

ED©O)=0, j=1,...,4.
I 2m—5n=0,1<n<4.0Only (i) n =2 and (ii) n = 4 are possible. This leads
to

) n=2,m=5 (m+1)=2(n+1),ie. w=0is exceptional;
(i) n=4,m =10, hence m + 1 £ 0mod (n + 1), and so w = 0 is not exceptional.

For (i) we obtain E® (0) = 0 + o(¢), whereas (ii) yields
E®(0) = 12Re[27i - 360 - €2 - O R2] + 0(€?)
which can be made negative by appropriate choice of ¢. Thus the method is incon-
clusive for (i), but gives the desired result for (ii).
(II) 2m — Sn =1, 1 <n <4. Then necessarily either (i) » = 1 or (ii) n = 3. Here,

@) n=1,m=3,m+1=2(n+1),i.e. w=0is exceptional;
(i) n=3,m=8,and m + 1 0 mod (n + 1), hence w = 0 is not exceptional.

For (i) it follows that E (0) = 0+ o(e?), i.e. the method is inconclusive, while for
(ii) one gets

E®(0)=12-Re[27i - 250 - €3 - O R2] + o(€?),

and so E(0) < 0 for a suitable choice of c.

(D) 2m —5n =—1,1 <n <4.Theneither () n =1 or (ii) n = 3, i.e.

i) n=1,m=2,andsom + 1£0mod (n + 1), i.e. w = 0 is not exceptional;
(i) n=3,m="7,whence m +1=2(n+ 1), i.e. w =0 is exceptional.
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For (i) we have 2m — 2 < 3n, and this case was already dealt with in the positive
sense by using E 3)(0), cf. Theorem 2.1. For (ii) the method is again inconclusive
since one obtains

E®0) =0+ o(e).

(AV)2m —5n = -2, 1 <n <4. Then either (i) n = 2 or (ii) n = 4, that is,

(i) n=2,m=4,whence m + 1 #0mod (n + 1), i.e. w = 0 is not exceptional;
(i) n=4,m=09,andsom + 1 =2(n + 1), i.e. w =0 is exceptional.

In case (i) we have 3n = 2m — 2 < 4n, i.e. condition (Cy4) holds, and this case will be
tackled by Theorem 2.4, to be stated later on. Case (ii) leads to E ® 0)=0+o0(1)
as € — 0 which is once again inconclusive.

Conclusion The method is inconclusive in all of the exceptional cases. In the non-
exceptional cases it either leads to the positive result E®)(0) < 0 for appropriate
choice of c, or one can apply the cases (C3) or (Cy4), and here one obtains the
desired results E®(0) <0 or E®(0) <0 respectively (see Theorems 2.1 and 2.4).

Now we turn to case (b). We first note that (Cs) together with (b) implies 4(n +
1) <2m+2 < 5n. Hence either ) 2(n + 1) =m + 1, or (i) 4(n+ 1) <2m+2 <
5n. Therefore, w = 0 is exceptional in case (i) and non-exceptional in case (ii).
Furthermore we have

2m+2=4n+k with4 <k <n,
where k =4 is case (i) and 4 < k < n is case (ii).

In order to treat case (b) which in some sense is the “general subcase” of (Cs)
we use

Ti=c-(ew " +w ) +7- (ew" + wh).
Choosing ¢ (0) appropriately we achieve that f is holomorphic, and so E ) (0) is
given by (2.52). Moreover, E D@Oy=0forl < Jj <4.1It turns out that
E®(0) =12 -Re[2mic’e*y R2] + o(e*), €>0,
with

y = (m—n)(k —4)? BH §<k—2>]

and y = 0in case (i), whereas y > 0 in case (ii).
Thus the following result is established:

Theorem 2.3 Suppose that (Cs) and (b) hold, hence 4n + 4 < 2m + 2 < 5n. This
implies 2m + 2 = 4n + k with 4 <k < n. For k = 4 the branch point w =0 is
exceptional, and the method is nonconclusive. If, however, 4 <k < n, then T = ¢ (0)
and ¢;(0) can be chosen in such a way that E® (0) < 0 and E/(0) =0 for j =
I,...,4.

Next, we want to prove that the remaining cases of (C4) lead to a conclusive
result also for the remaining possibility 2m — 2 # 4 p for some p e Nwith 1 < p <
n. Because of 3n <2m — 2 < 4n we can write 2m —2 =4p + k with 0 < k < 4 (the
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case k = 0 was treated before). Since k must be even, we are left with k = 2, and we
recall that w = 0 is a non-exceptional branch point in case (Cy4).

Theorem 2.4 Suppose that 3n <2m —2=4p+2 < 4n with 1 < p <n holds (this
is the subcase of (Cy4) that was not treated in Theorem 2.2). Then t = ¢(0) and
¢:(0) can be chosen in such a way that

Proof This follows with
Ti=cw F+ew P+ W +ewlt), e>0,

and setting

—(0):=€2*(n — pw 2Pt L e?@n4+1—p—kw PHHO L.
Then E&/)(0) =0for 1 < j <4 and

E®(0)=12-Re[2mic e* R y] + o(e*),
where the contribution from the last complex component is
(m —n)>(m —2p —1)> +4(m —n)*(m —2p — 1)(m —k — p)
—8(n — p)(m — p)(m —n)(m —k — p)
—4m —n)(m —=2p — D[(n —p)m —p+ 1)+ (m —p)2n—p—k+ D].

We must add to this the contribution of the first complex components arising from
the term Z;44,(0) - Z;4,(0)¢p; (0) which is

4(m—n)[2(2m—n—p—k)(n—p)2+(2m—n—2p— Dn—p)(n+1—k)
+Q2m—-—n—-2p—1)(n—p)R2n—p—k+1)].
It follows that > 0. Thus one can make E®(0) < 0 for a suitable choice of ¢. [

Let us return to the case (C4) : 3n < 2m — 2 < 4n which splits into the two
subcases 2m — 2 =0 mod 4 and 2m — 2 =2 mod 4. The first one was dealt with by
E™(0), cf. Theorem 2.2, the second by E ©)(0), see Theorem 2.4. Combining both
results we obtain

Theorem 2.5 Let X be a minimal surface in normal form having the branch point
w = 0 with the order n and the index m such that (C4) holds. Then X cannot be a

weak minimizer of D in C(I").

We want to show how to calculate the fourth derivative assuming

2m+2=3n+1)+r, 1<r<n. (2.54)
The new approach consists in choosing the generator T = ¢(0) as
T=190+7 withty:=ecw " ! +ecwt!,

e T T (2.55)
1i=cw  +cw", ceC.

We need the following auxiliary result:
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Lemma 2.5 Forany v € N and a € C we have

{2H[Re(aw ™)} = vaw’~' on B. (2.56)

Proof On S! one has w™" =w" whence

aw™’ =aw’ =aw’ onS!
and therefore
Re(aw™) =Re(@w"’) onS'.
Consequently
2H[Re(aw™")] =2H[Re(@w")] on B.
This implies
{2H[Re(aw™")}w = {2H[Re(@w")]},, on B.

Finally, since aw"” is holomorphic in C, it follows that

d
{2H[Re@w") ]}y = d—(aw”) =vaw"’~! onB. O
w
Now we calculate E® (0) using the formulae (2.37) and (2.39):

E®(0) = 12Re f Zin®) - [wZ1 O)7 + wR oy O] du
S

+ 12Re / WZ (0) - Zyw (0)eh (0) dw. (2.57)
Sl

From
wXy = (A" 4 Agy g Ry w4

it follows that

wXyT =ce(A + -+ App—op w2 o Rpw T )
(AT T e Ao w2 T L Ry )
+g(w), gw):=wXyw)-[ecw" ™ +cw].
The expression g(w) is “better” than the sum 77 + T3 of the first two terms T, 1>
on the right-hand side of this equation, in the sense that it is built in a similar way

as Ty + T except that it is less singular. In the sequel this phenomenon will appear
repeatedly, and so we shall always use a notation similar to the following:

war =T + T + (better).

This sloppy notation will not do any harm since in the end we shall see that each of
the two integrands in (2.57) possesses exactly one term of order w™! as w-terms of
least order, and no expression labelled “better” is contributing to them.
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Using (2.35) one obtains
Ziw(©0) =ice(Ay+ -+ 2m — 2n) Agp_ap w2
(m—n)Ryw" 1.
+ic(n+1—r)Ajw"" +---
+QCm—n+1-— r)AZm_zn_szm_”—’ +ee,
(m+1—r)Ru,w" ™" +-..) + (better).
This implies
WZ(0)T = ic?€2(Aqw ™ + -+ + 2m — 2n) App—anprw "~

(m—n)Ruyw" "1 4.

+icte((n+1—r)Aw™ +---

+C2m—-—n+1-— r)A2m_2n+1w2m_2"—’ 4o,

(m+1—=r)Ryw™ """ +--) + (better).

Recall that Ay = AxAq for k =1,...,2m — 2n. In order to remove all poles in the
first two components of

fi=wZm ()T + wXwe: (0)
one chooses ¢;(0) in a fashion similar to that used in the proof of Theorem 2.2:
¢ (0) := —icz)»zezw*z"*l — icze(n +1- r)w*”*lfr 4.
Then
f=ic*(...2m = 2n)Asp—npp1w? " p o (m—n)Rpyw" T )
+ic%e(...2m—n+1—=r)Asy w2 4.

2(m — n) Ry w™ 7" 4+ ...) + (better).

Here and in the sequel, ... stand for non-pole terms with coefficients A; with j <
2m — 2n.
The first two components of f (i.e. the expressions before the commata) are holo-

morphic; the worst pole in the third component is the term with the power w” ="~

note that
1
y=m—-2n—1= 5[(2m~|—2)—4(n+1)] <0.
Thus Lemma 2.5 yields
{H[Re(Rnw! )}y = —y Rnw ™"~
Using a formula established in the proof of Lemma 2.4 one obtains
Ziw () = —c2€2(...2m — 2n) 2m — 3n — 1) Appy—on 1 w>" 372,
m—-—n)2n+1—mRuyw” " +..)
—2e(...2m—n)2m —2n — r)Agm_opp w2

(m—=n)m —n—r)Ruw" """ + (better).

’
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It follows that

Zi1w(0) - [wZ1y ()T + wX s (0)]

= {—ic4e3(m — n)2(m —n— r)R,znuf] + .- )4+ 0(63)

since

2m—=3n—r—-2=0C2m+2)—B3n+1)+r]—-1=-1.
A straightforward calculation shows

wZ1(0) - Zi (0); (0)
= {ic463(m — n)z(n +1—- r)R,z,,w_l +--} +0(€3).

Thus one obtains by (2.57) that

E®(0) =126 Re/ ikc4R,2nd—w +o0(e?)
sl w
with
ki=(m—n)lm+1—r)—2m—n)>(m—n—r).
Since

m—n—r:%{(Zm—i—Z)—Z(n—l—1)—2r}=%(n~|—l—r)

it follows that k£ = 0.

This shows us that the leading term of some derivatives, may in fact, be zero. We
conclude this section with a formula for the fifth derivative (the calculation of which
we leave as an exercise for the reader), assuming

2m+2=4n+1)+r
where
dn+4<2m+2<5mn+1).
Setting our generator 7 := ec/z"T! 4 ¢/z" we obtain
E>(0) = 12Re[27ic e*y R2] 4 O(€) (2.58)
where
y =5(m —n)z(m —2n — 1)2 > 0.

We want to show that it often is possible to estimate the index m of an inte-
rior branch point wg of a minimal surface X e C(I") with the aid of a geometric
condition on its boundary contour I". Following an idea by J.C.C. Nitsche, we use
Radé’s lemma for this purpose (Dierkes, Hildebrandt and Sauvigny [1] Sect. 4.9),
which states the following. If f € C%(B) is harmonic in B, f(w) # 0 in B, and
Vi f(wg) =0at wo € B for j=0,1,...,m, then f has at least 2(m + 1) different
zeros on 0B.
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We can assume that the minimal surface X is transformed into the normal form
with respect to the branch point wy = 0 having the index m. If the contour I" is
nonplanar, then X3(w) E= X3 .= X3(0), whence m < oo and

X3 (w) = XS + Re[cw™ + O(w™?)] forw—0

with ¢ € C\ {0}. Hence f := X3 — Xg satisfies the assumptions of Radd’s lemma,
and therefore f has at least 2(m + 1) different zeros on d B. Hence the plane I7 :=
{(xl,xz,x3) eR3I:x3= XS} intersects I in at least 2(m + 1) different points. If
m = oo then even I" C I1, and so we obtain:

Proposition 2.7 [f the minimal surface Xe C(I") possesses a branch point wg € B
with the index m, then there is a plane II in R3 which intersects I in at least
2(m + 1) different points. Consequently, if every plane in R? intersects I' in at most
k different points, then the index m is bounded by

2m+2 <k.
This result motivates the following

Definition 2.4 The cut number ¢(I") of a closed Jordan curve I' in R3 is the
supremum of the number of intersection points of I” with any (affine) plane I7
inR3,ie.

c(I) :=sup{g(I" N IT) : I1 = affine plane in R3}. (2.59)
It is easy to see that

4<c(IN) < oo, (2.60)

and for any nonplanar, real analytic, closed Jordan curve the cut number c¢(I”) is
finite.

We can rephrase the second statement of Proposition 2.7 as follows:

Proposition 2.8 The index m of any interior branch point of a minimal surface
X € C(I') is bounded by

2m+2 <c(I). (2.61)

If n is the order and m the index of some branch point, then 1 <n < m. On the
other hand, c¢(I") =4 implies m < 1, and ¢(I") = 6 yields m < 2. Thus we obtain

Corollary 2.1

(1) If c(I') = 4 then every minimal surface Xe C(I") is free of interior branch
points.

@11) If c(I") = 6 then any minimal surface X e C(I') has at most simple interior
branch points of index two; if X has an interior branch point, it cannot be a
weak minimizer of D in C(I").
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Proof (i) follows from 1 <n < m < 1, which is impossible. (ii)) ] <n <m <2
implies n = 1 and m = 2 for an interior branch point wg of X , whence 2n <2m —
2 < 3. Thus condition (C3) is satisfied, and therefore the last assertion follows from
Theorem 2.1. U

Corollary 2.2 Let Xe C(I") be a minimal surface with an interior branch point of
order n, and suppose that the cut number of I' satisfies c(I") <4n + 3. Then X is
not a weak minimizer of D in C(I").

Proof By (2.61) we have
2m+2 <4n+3;
hence either
2n+4<2m+2<3n+4&2n<2m-—2<3n
or
3n+4<2m+2<4n+43n<2m-—2<4n
hold true, i.e. either (C3) or (Cy) is fulfilled. In the first case the assertion follows

from Theorem 2.1, in the second from Theorem 2.5. U

Finally, we mention Catalan’s surface (picture on our cover) which has a branch
point at w =0, with n =1 and m = g Thus, 2m — 2 < 3n, and so Wienholtz’s
theorem applies. The normal form for X, is

A | Z Z 1
X, = <l§(ez R GETENEIC +eZ)) .

Summary

In this section we have calculated derivatives of Dirichlet’s energy with respect to
various generators t. In general it will be extremely difficult to calculate higher
order derivatives using an arbitrary choice of generators. Remarkably, with the ap-
propriate choice of generators, the higher order derivatives can be simply calculated
and the results are independent of the first complex components of X,. We show
this in the next three chapters.



Chapter 3

Very Special Case; The Theorem for » 4+ 1 Even
and m + 1 Odd

In this chapter we want to show that a (nonplanar) weak relative minimizer X of
Dirichlet’s integral D that is given in the normal form cannot have w =0 as a
branch point if its order n is odd and its index m is even. Note that such a branch
point is not exceptional since n 4+ 1 cannot be a divisor of m + 1. We shall give the
proof only under the assumptions n > 3 since n = 1 is easily dealt with by a method
presented in the next section. (Moreover it would suffice to treat the case m > 6 since
2m — 2 < 3n is already treated by the Wienholtz theorem. So 2m > 3n +2 > 11,
i.e. m > 6 since m is even.)

3.1 The Strategy of the Proof

The strategy to find the first non-vanishing derivative of E(¢t) at t+ = 0 that can be
made negative consists in the following four steps:

(I) Guess the candidate L for which EX)(0) < 0 can be achieved with a suitable
choice of the generator T = ¢ (0).
(1) Select DP¢(0), B > 1, so that the lower order derivatives EW)(0), j =
1.2,.... L — 1 vanish, (D := 20).
(IIT) Prove that

d
ED(0) =Re / LkR2 Y —Re(2mictkR%}
sl w

where ¢ # 0 is a complex number which can be chosen arbitrarily, and k € C
is to be computed.
(IV) Show that k # 0.

Remark 3.1 In order to achieve (II) one tries to choose D,ﬂ ¢(0),>1,insuch a
way that the integrands of E/)(0) for j < L are free of any poles and, therefore,
free of first-order poles. To see that this strategy is advisable, let us consider the

A. Tromba, A Theory of Branched Minimal Surfaces, 37
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case L = 5; then we have to achieve E®(0) = 0. Recall that £ (0) consists of
two terms, one of which has the form

I = 12Re/ (2H[Reif}w f dw
s!

where
fi=wliwXptlwt + wXwd;(0).
Assume that f had poles, say,
fw)y=gw)+h(w), gw)= Zajw_j, h = holomorphic in B,

jz1
and h € C°(B). Then, by Lemma 2.5,
(2HReif () =g" W)+ (w), ¢ w)=—i)_ jauw".
jzl

Thus, I =12 -{I} + I, + I3}, with
I ::Re/ ghgdw, 1)) ::Re/ hgdw, Iz :=Re/ (g*h +h'h) dw.

sl st st
The worst term is /] ; one obtains

I =R —ija;w/ " lagw™ dw =2 ila;)® >0

1 e-/s1 .Z( ijajw'” agw™") dw ”Z”a./' >
je=1 j=>1

and I3 = 0. Hence, in order to achieve I = 0, one would have to balance I, against
I > 0 which seems to be pretty hopeless.

Let us now apply the “strategy” to prove

Theorem 3.1 Let X be a nonplanar minimal surface in normal form that has w = 0
as a branch point of odd order n > 3 and of even index m > 4. Then, by a suitable
choice of t = ¢ (0) and D{g ¢(0), one can achieve that

E™D0) <0 and ED©0)=0 forl<j<m.

Proof Set N.=L -1, M:=L—(ae+p+1)=N—(¢+p8),hence L —1=
a + B+ M. By Leibniz’s formula,

N—-B N
DM Zu - Zuld) =) ) i D" Zu) - (Df Zu)D}'9.
pRTeem alfI(N—B—a) ! W

a=0 =0

Since

D,E(1) =2Re/ WZ () Z()w ¢ (1) dw,
Sl
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we can use Leibniz’s formula to compute E X (¢) from
ED @) = 2Re/ wDN{[Zy(1) - Zyy()]$ (1)} dw.
Sl
We choose L :=m + 1; then L > 5 as we have assumed m > 4. It follows that
EDO) =5+ nh+ 5 (3.1)

where the terms Jy, J», J3 are defined as follows: Set

T%F .= w(D*Z(0)), D’ $(0). (3.2)
Then,

Jp = 4Re/ [DE'Z(0)]y - (WX, 7) dw
Sl

NS Re/ [DE2Z(0)), f dw
s1

- (L—1)! Vs
+4) mRefsl[Dt ZO)lw - gL-m-1dw, (3.3)

M>L(@L-1)
Fi=TY 4+ 70 = [ Z,(0)]7 + wXuwer (0),

|
o v o,f . v Vi _ 1.
gy = E caﬁT w1thcaﬂ.—a—!ﬂ!,a+ﬁ+v—L 1;
a+p=v
3(L=1)

L= Y MRe/ (DM Z(0)]y - hyr dw
S]

= MM
+2(L—1)(L—=2) Re/Sl[Z(O)]w STV qu, (3.4)
M
M!
Wy = M, : oz,Lflfooz,
=) vl DL —T—M =)

a=0
YyM,a):=1 fora=M, Y(M,a):=2 fora# M,

J3:=4(L — 1)Re/ wZ1y(0) - Xy DE2¢(0) dw
S]
+2Re/ wXy - X DE19(0) dw. 3.5
Sl

We have J3 =0 since )A(w . }A(w =0and Z,w ) - )A(w = 0 on account of formula (36)
in Dierkes, Hildebrandt and Tromba [1], Chapter 6.1.
Now we proceed as follows:

Step 1. We choose 7 = ¢(0) and Df; ¢(0) for B > 1 in such a way that f and
g1—m—1 are holomorphic. Then the integrands of the three integrals in J; are holo-
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morphic because all w-derivatives [D[j Z (0)] of the harmonic functions D,j Z (1)
are holomorphic. Then it follows that J; = 0, and thus we have

ED(0) = Js. (3.6)
Step 2. Then it will be shown that £ (L) (0) reduces to the single term
2.m! . A
2 Re | wID™Z20), - [D"*2O0)wtdw  (3.7)
G I ’

which can be calculated explicitly; it will be shown that

E®P©0) =

ED0) = iRe(zm' k- R%) (3.8)
(5)(3): "
where « is the number
=it Ya—ib)lm — 1)?(m —3)2...3% .17 (3.9)
if the generator T = ¢ (0) is chosen as
T(w):=(a —ib)w 2 + (a +ib)w>. (3.10)

For a suitable choice of (a — ib) one obtains E &) (0) < 0. Furthermore the construc-
tion will yield E/)(0) =0for1 <j <L —1.

Before we carry out this program for general n > 3, m > 4, n = odd, m = even,
we explain the procedure for the simplest possible case: n =3 and m = 4.

From the normal form for X w With the order n and the index m of the branch
point w = 0 we obtain

wXyp = A" ot Ao T L Ry ) (31D
Choosing 7 according to (3.10) it follows from
[Z1(0)]w = (wX T
that
(Z:(0)]w = (a —ib)(i(n — DA w2 +inAyw™ ! ...
+i@2m —n— 1) Agy_gpp1w? "2 i(m = DRyw™ 2+
+ (better). (3.12)

Here, (better) stands again for terms that are similarly built as those in the preceding
expression but whose w-powers attached to corresponding coefficients are of higher
order. Then

w[Z(0)]wt = (a —ib)*((n — DA w" > +indyw" 2 4.
+i@m—n—1D)Aym—2ps 1w "+ im — DRyw™ T 4

+ (better). (3.13)
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Since this term i§ holomorphic we have the freedom to set ¢, (0) = 0. Then f(w) =
w2y (0)T + wXy, ¢, (0) is holomorphic, and Proposition 2.6 in Chap. 2 yields

E®(0) = 12Re/ W Z1w(0) - Zirw (0)T dw. (3.14)
Sl
(This follows of course also from the general formulae stated above.)
From formula (2.51) following Lemma 2.4 we get
Zyw(0) = {iwliwX Tl Ty = i{w Zu (0) T},
and so
Ziw(0) = —(a — ib)*((n — D(n = 3) Ajw"™* + .-
+@m—n—1)2m—n—3)Agm_gp w4
(m—1)(m — 3)Ruw™ % +---) + (better). (3.15)
Since n — 3 =0 and m = 4, this leads to
Ziw(0) - Zirw(0) = (a — ib)*(m — 1)*(m — 3)° Ry, + -+, (3.16)
and by (3.14) we obtainfor L=m +1=5:

ED0)y=E®0) =12- Re/ (a—ib)>(m—1)>*m —3) R2 dw

=12-Re[27i(a —ib)>(m — 1)>(m —3)*R2], m=4. (3.17)

Now we turn to the general case of an odd n > 3 and an even index m > 4.

Step 1. The pole-removal technique to make the expressions f and gp_p—1 in the
integral J\ holomorphic.

We have already seen that f(w) is holomorphic if we set ¢,(0) = 0. In fact, we
set

—1 1
DPp0)=0 for1<p<" and for f > ~(L —3) (3.18)

and prove the following

Lemma 3.1 By the pole-removal technique we can inductively choose Df ¢ (0) for
B < %(L — 3) such that g, is holomorphic for v=20,1,..., %(L — 3). Then the
derivative [D,y 7 (0)]y is not only holomorphic, but can be obtained in the form

N . 1
(D} ZO)]w ={igy—1}w fory=1,2,...,§(L—1). (3.19)
Suppose this result were proved. Since in J; there appear only g, with v =L —

M — 1 where %(L —1)<M<L-3,ie.2<v< %(L — 3), all integrands in J;
were indeed holomorphic, and so J; = 0. Thus it remains to prove Lemma 3.1.
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Proof (of Lemma 3.1) By definition we have

gv=Y TP T = w[DYZ(0)], DL $(0). (3.20)
a+p=v
and ¢(0) = .
The expressions w[D{Z(0)],, T have no pole for o < %, and we make the
important observation that there are numbers ¢, ¢’ such that

ol
w[D,;? Z(O)]yt=(cA1 + -, Rpyw™ " +---).

Thus, a pole in w[Df‘Z(O)]wr may arise at first for ¢ = %(n + 1); then we have, say

L N
wiD2 " 2010t = (CAsw ™ oo Ry ). (320

n+l

This requires a non-zero D, > ¢(0) in case that cA, # 0 if we want to make g Lty

pole-free. Now we go on and discuss the pole removal for v = %(n + 3), %(n +
5).ee 2L —3).

Observation 3.1 Since m is even, n is odd, and m > n, we have

m=n+Qk+1), k=0,1,2,..., (3.22)

and therefore
l(L 3)—1( 2)—1( +2k—1) (3.23)
7 =3 m =3 n . .

Thus, form =n+1,all g, with2 <v < %(L — 3) are pole-free if we set Dfd)(O) =
0 for all 8 > 1; cf. (3.18). For m = n + 3, we have to choose qub(O) appropriately
for g = %(n + 1) while the other chb(O) are taken to be zero. For m =n + 5,
we must also choose Dlﬂ ¢ (0) appropriately for § = %(n + 3) whereas the other
D;s ¢ (0) are set to be zero. In this way we proceed inductively and choose Df ¢ (0)
in a suitable way for 8 = %(n + 1), %(n +3),..., %(n + 2k — 1) in case that m =
n + 2k + 1 while all other D,ﬂ ¢ (0) are taken to be zero according to (3.18).

Observation 3.2 The pole-removal procedure would only stop for some g, with
%(n + 1) <v< %(L — 3) if the w-power attached to As;,_2,4+1 became neg-
ative. We have to check that this does not happen for v < %(L — 3). Since at

the «-th stage in defining [D;’Z (0)],, the w-powers have been reduced by 2«,
we must check that the terms 7%# have no poles connected with A, _2,41 if
a+p < %(L — 3). Looking first only at 70 = w[Df‘Z(O)]wr for a < %(L —3),
we must have

1
2m—n—2a=2m—n+1-2(a+1)>0 foragE(L—3),
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which is true since
1
2m—n+1—2~5(L—1)=m—n+1>0.

We must also check that during the process no pole is introduced into the third com-
plex component. Again we first look at 7% for o < %(L — 3). Then the order of
the w-power at the R,,-term is

m—-20—1=m+1)-2(+1)>=m+1)—(L-1)=1,

and so there is no pole.

Let us now look at the pole-removal procedure. For m =n + 1 all g, with 2 <
v < %(L — 3) are pole-free if we assume (3.18). If m = n + 3 we have to make

1
. . $(n+1 . .
81(ns1) pole-free. To this end it suffices to choose D/ K )cb(O) appropriately; it

need have a pole at most of order (n 4 2) in order to remove a possible pole of
790 o = L(n+ 1), cf. (3.21).

If m =n+5, we have to choose qub(O) appropriately for g = %(n +1)and 8 =

1 1 3
L(n +3). The derivative D7 """ (0) will be taken as before, while D" ¢ (0)
is to be chosen in such a way that

1 1 1
_ d03.0 L pLie) | 70,3 0i43)
8Ly = T2 A T2 4 T2

becomes holomorphic. Since

1 A L+
71204 — [ Z, (01,7 $(0)
=(@{i(n—1(a—ib)Ajw" "+,
. , m—1 $(n+1)
i(m—1)(a—ib)Ryw™ ' +--)D; ¢ (0)
= (A w4 Ryw™ T )

1
. .. 5 3 .
with some constants c, ¢/, the derivative D,2 o+ )¢(0) in

~ 1
TO, % (n+3) _ wXy Dzz ("+3)¢ 0)

should have a pole of order n + 4, while a pole of lower order than n + 4 is needed

1 3) A
to remove a possible singularity in the first term 730430 — w[D} o+ )Z O]yt.
In this way we can proceed inductively choosing the poles of Df ¢(0) always at
most of order

n+2<ﬁ—%)=2ﬁ+l for%(n+l)§ﬂ§%(L—3). (3.24)

This is the crucial estimate on the order of the pole of D{g ¢(0) in order to ensure
that these derivatives play no role in the final calculations.
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Observation 3.3 Consider the last complex component of
1 1
Lot 4 NS T CER))
81 ay1) = wID; 20wt + wXW DT 9(0).

The lowest w-power attached to R, in the firsttermis 1 +m — (n+1) —2=m —
n — 2 > 1 (since in this case m > n + 3 according to Observation 3.1). The lowest
w-power associated to R, in the second termis 1 +m —(n+2)=m —n—1 >
m — n — 2. Continuing inductively we see that the lowest w-power attached to R,

in any g, arises from t = ¢(0) and not from any D;g ¢(0). O

This ends the proof of Step 1, and we have found that E D) (0) = J,. Now we
come to

Step 2. The integral J; is a linear combination of the real parts of the integrals

Layp = f WD} Z(O)]u - 1D Z(O)]wDf ¢ (0) dw (3.25)
N
where 1 <a,y < %(L— 1)and 8 = (L — 1) — o — y. Then we have
. . 1 m
B=0 1fand0nly1fa:y:§(L—l):5. (3.26)
This implies
2-m! Lo L
(33 s

because of the following

Lemma 3.2 We have

1
Ioyg =0 forlga,ny(L—l) and 1<B=m—-a—y. (3.28)

Proof Let us first show that the product of the last complex components of
[D¥Z(0)],, and [Dty Z(0)]y and of wa ¢ (0) have a zero integral. In fact, this prod-

uct has the form
const(w Ry w™ 2% - Rypyw™ 2 + .. )y(w P 1 +..)
= const R w! T2 =2@HA+=1 L ... — const-R% + - --
sinccax+B8+y=L—1=m.
The same holds true for the scalar product of the first two complex components,

multiplied by wa ¢(0). To see this we assume without loss of generality that o >
y. Denote by P%Y the expression

P :=w[C{ - C{ +C5 - C}]

where C{', C5 and C i/, C;’ are the first two complex components of [D;XZ (0)]w and
[D,y 7 (0)]y, respectively.
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Case 1. If 2y <2« < n then
P%Y = w(constAjw"_zo‘ 4o const Agy_opp w4
- (const Agw" ™ 4 ...+ constAzm_anwz’"’"*” +--9)

with j, £ <2m —2n + 1.

Case 2. If 2y <n <2« then
P*7 =w(constA; + - -+ const Ao w4 )
- (const Agw" ™2 4 -+ + const Agy—op w40

with j, £ <2m —2n + 1.

Case 3. If n < 2o and n < 2y then

P =w(constA; + -+ const Ay —opp w2 4

-(constAy +---+ constAZm_anwz’"*"*zV + 9.
Let (e, y) be the lowest w-power appearing in P*Y Df ¢(0). Recalling o + 8 +
y = m we obtain the following results:
Case 1. wl,y)=142m -2y —2a -2 —1
=242m—-2(a+B8+y+1)
=242m—2(m+1)=0.

Case 2. u(a, y) is either zero as in Case 1, or

ule,y)=142m—n—-2y -2 -1
=242m—-n-2(y+6+1)
=242m—-—-n—-2m+1—a)=2a—n>0.

Case 3. As in Case 2 we have u(w, y) > 0.

This proves Iy =0 for 1 <a,y < % and 1 < 8 =m — o — y, which yields
Lemma 3.2. [l

Thus we have arrived at (3.27), and a straightforward computation leads to (3.8)
and (3.9); so the proof of Theorem 3.1 is complete. U






Chapter 4

The First Main Theorem; Non-exceptional
Branch Points; The Non-vanishing of the L™
Derivative of Dirichlet’s Energy

Let us state our main goal: Assuming that XeC)isa nonplanar minimal surface
in normal form having w = 0 as a branch point of order n and index m, we want
to show that X cannot be a weak relative minimizer of Dirichlet’s integral D in
the class C(I"). Unfortunately this goal cannot be achieved for all branch points but
only for non-exceptional ones and special kinds of exceptional ones. In this chapter
we investigate the non-exceptional branch points, while in Chaps. 5 and 6 we deal
with the exceptional ones. The main result of the present section — our First Main
Theorem - is the following

Theorem 4.1 Let X € C*(B, R3) be a nonplanar minimal surface in normal form
having w = 0 as a non-exceptional branch point of order n and index m. Then X is
not a weak relative minimizer of D.
Recall that w = 0 is said to be non-exceptional if and only if
m~+1£0mod (n+1).

According to Lemma 7.3 in Sect. 7.1 this is the case if either

(L—Dn+1)<2m+1)<L(n+1) withanevenL >4, 4.1
or

(L-Dn+1)<2m+1)<Lm+1) withanodd L > 3. 4.2)

The strategy to prove Theorem 4.1 as outlined in Sects. 7.1 and 7.2 is to construct a
variation Z(t) |t| < tg, of X such that E(t) = D(Z(t)) satisfies

E(j)(O):O forl <j<k—1 forsomek>3 aswellas

4.3)
E®©0)£0 ifkisodd, or E®(0) <0 ifkiseven,
where
®) a*
EY(t):=—E(t
(1) =~ EQ)
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denotes the k™™ derivative of E (7). Here 7 (1) is defined as the harmonic extension of
boundary ValuesAZ(t) onto the disk B, where Z (6, t) are defined via the boundary
values X (0) of X by the formula Z(0, t) := X (y (0, t)) with

y@,0)=0+000,1)

where o € C™ is 27 -periodic in 6 and satisfies o (6, 0) = 0. One obtains

dt

with test functions ¢(0,¢) that are 2m-periodic in 6 and such that ¢,(0) :=
Dy o0, t)| .o can arbitrarily be chosen as C®°-functions which are 27 -periodic.
Then E’(0) = 0, and if ¢ (0) is chosen as the boundary Value function 7|0 B of the
generator T of an inner forced Jacobi field h attached to X, i.e.

$(6,0) =1(e'?),

then also E”(0) = 0. As we have obtained in Chaps. 2 and 3, ¢(0) will always be
chosen in this way, and so the Laurent expansion of 7(w) is of the form

L Bty =2Re f WZ (1) - Z(0) o (1) dw
Sl

‘L’(w):%—f—"' with € <n + 1.
w

The derivatives

$v=D{p(,1)|,_o =D/ $(0)

are appropriately chosen as boundary values of meromorphic functions such that
the pole-removal technique (as explained in Chaps. 2 and 3) can be applied. With
a slight misuse of notation we write t and ¢, both for the corresponding meromor-
phic functions and their boundary values. The trick in computing E’(0) consists
in making as many terms of the integrand as possible to be boundary values of
holomorphic functions. Consequently, their complex line integrals over S' vanish
in virtue of Cauchy’s integral theorem and (4.3) can be achieved for k = L.
This idea works very well in case (4.2) where L is odd, and we obtain

Theorem 4.2 Suppose that X satisfies the assumptions of Theorem 4.1 while n, m
fulfil condition (4.2). Then we can achieve (4.3) for k = L.

The situation now is as follows: There is a well-defined Diophantine polynomial
pr(x, y), called the minimal surface polynomial of rank L, which is independent
of the specific minimal surface X satisfying (4.1), such that the following can be
proved:

Proposition 4.1 Suppose that X satisfies the assumptions of Theorem 4.1 while
n, m fulfil (4.1). Then there is an integer r such that

2m+2=(L—-1Dn+1)+r, O<r<n+l, (4.4)
and for

Ti=ecw " M+ scw +ecw" T +5cw”, €>0,8>0,ceC, (4.5)
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and for suitable choices of Df (@O with1 <p < %(L —2) and D{Sqﬁ(O) =0 for
B> %(L — 2) we obtain for L > 4 that

d
E(L)(O)zRe{eL_lfchK%+O(eL)} where k =i pr(n,m), (4.6
S
while ED(0)=0for 1 <j <L —1.

Thus we can achieve (4.3) fork =L if L >4 and py(n,m) #0.If pp(n,m) =0
then (4.6) leads to nothing, and we do not see how (4.3) can be achieved. Yet by

modifying our choice of 7 and D,’B ¢ (0) we obtain variations Z(z, €) of X depending
on ¢ and on € > 0 such that

E(t,€):=D(Z(t,¢))

satisfies the following

Proposition 4.2 Under the preceding assumptions there are sequences {t¢} and {€,}
with 0 <ty — 0and 0 < €p — 0 such that

E(ty, €r) < E(0,0) = D(X) for £ e N. 4.7)

Thus X is not a weak relative minimizer of D.

Finally, according to Theorem 2.5 in Chap. 2 and by virtue of the observation
that (Cy) is equivalent to (74), we know that X cannot be a weak relative minimizer
of D if n, m satisfy (4.1) with L = 4. In conjunction with Proposition 4.1 and 4.2
we arrive at

Theorem 4.3 Suppose that X satisfies the assumptions of Theorem 4.1 while n,m
fulfil condition (4.1). Then X cannot be a weak relative minimizer of D.

Clearly, Theorem 4.1 is now a consequence of Theorems 4.2 and 4.3. Thus it re-
mains to prove Theorem 4.2 and Propositions 4.1 and 4.2. We note that Theorem 4.2
is proved for L = 3,5 and Theorem 4.3 for L = 4 (cf. Theorems 4.1, 4.2, 4.4 and
4.5). Thus it suffices to consider (4.1) for L > 6 and (4.2) for L > 5. We begin with

The first main case: L is an odd integer > 5 satisfying (4.2)

CaseI: 2m +2 = L(n+ 1), L an odd integer > 5. Here we choose
r=cw "+, ceC. (4.8)
The, by now, standard computations yield

wztw(O)f = iCZ(Azw_n 4.4 (2m _ 2n)A2m72n+1w2m—3n—1 4,
(m —n)Ruyw" 21 4.0,
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Set Ay = nAq, pn € C. Note that the number of terms that could possibly contain
poles in the first two complex components are associated with coefficients Ay, £ <
2m — 2n. This follows from the fact that

2m —3n—1=2(m+1)—-3n+1)=(L -3)(n+1)>0.
Consider the expression
fi=wZu(0)T + wX e (0). 4.9)

We can make it holomorphic by eliminating the poles of wZ (0)T step by step
with an appropriate choice of ¢, (0) which has the form

$:(0) == —ipcPw 2" 4 i @ w4 pole terms of lower order.  (4.10)
Consider the formulae (7.1)—(7.5) in Sect. 7.2. We have
ED©0)=J1 4+ 1+ J5,

and J3 = 0 because of )A(w . )A(w =0 and Zw(O) . )A(w = 0. We continue to select
Df ¢(0) in such a way that all integrands in J; are holomorphic, and so J; = 0.
This is summarized in

Lemma 4.1 By the pole-removal technique we can inductively choose Df ¢ (0) for
B < %(L — 3) such that g, is holomorphic for v=20,1,..., %(L — 3). Then the
holomorphic derivative [D,y Z (0)]y can be obtained in the form

A 1
[D) Z(0)],, = ligy_}w fory=12,..., E(L —1). 4.11)

(Note that this result is the analogue to Lemma 3.1 of Chap. 3, and it will be proved
in a similar way.)

Proof The pole-removal process can be carried on as long as the w-power attached
to A2m—2n4+1 does not become negative. At the ath stage in defining D{*Z(0) the
powers are reduced by a(n + 1); so we must check whether

1
2m—n+1—am+1)>0 foraSE(L—?a).

In fact, this is even true for o < %(L + 1) since
1 1
2m —n+1— |:§(L+1)i| (n+l)=§{4m—2n+2—(L+1)(n+1)}
1
:5{2(2m+2)—2—2n—(L+ D+ 1)}

1
=5{(2m+2)—3(n+ 1} >0.
From (4.10) it follows that
2w Z1y (0 (0) = 26> (P Ajw ™ 4--+,..).
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Thus we have to choose
G (0) := =23 2w 4 (4.12)

in order to remove the pole in (4.12).
We make four observations, which we call our “Fundamental Computational
Principles™:

1. The highest pole order of w[DfZ (0)]ywt is at most n and thus strictly less than
2n + 1.

2. Inductively we see that the order of the leading pole term in Df} ¢(0) needed to
remove the poles in the first complex components of g, is just (8 + 1)n + 1 with
B = v; more precisely,

thp(O) :=const- P (=) BT 4 L
which is a consequence of the fact that
D¢ = Bl(—i)Pt(tw + (n + Dr/w)P + . (4.13)
To see this we focus on the term
w2y ()DL $(0) for p= %(L - 3);

the other terms yield the same result. Then the third complex component of g,
has the leading term

const Ry w™H (=i)Pw™"B+D=1 = const R, w™ " B+D

with 8 = v. But
m—nB+)=m+)—-B+Dnr+1)+p
=%{2(m+1)—2(ﬂ+1)(n+1)}+/3

1
=5 =2B+ DI+ D+pzn+1+p>0

for B < L(L —3).

3. For 8 > %(L — 3) we may assume Df¢>(0) =0.

4. In general, as we have seen, with one generator l/z’”‘l Cm+2=k(n+1),k
odd), derivatives D,V ¢(0), ¥y > 1 do not affect the calculation of the L™ deriva-
tive; if we have two generators 1/w"*!, 1/w” the D} ¢ (0), y > 2 are incon-
sequential, and for three generators 1/w”*!, 1/w”, 1/w® we may ignore the
D,y ¢(0), y > 3. This formula follows immediately from (4.13), since the lead-
ing term of 7, 4+ (n + 1)t /w is zero. O

Thus we have found
ED©0) = /.

Next we prove as in Chap. 3:
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Lemma 4.2 For the integrals 1y, defined by (3.25) of Chap. 3 we have

1
Inyp =0 forl=<a, ygE(L—l), B>, a+B+y=L—-1. (4.14)
This implies

i Re [ wlDY 2O, DY 2Ot du or M= (LD,
Sl

@)y —
EXO = M\M!
(4.15)

Proof We simply count orders of zeros and poles. The lowest w-power of
[D¥Z(0)],, and [D} Z(0)],, is

m—am+1) and m—ym-+1) respectively.

Thus the lowest w-power arising from the third complex components in

A A 1
wIDEZ O]y - [D} ZO0)]uD $(0), a+p+y=L—1, 1<a,y< E(L -1
isby (n+ 1)L =2m +2

Cm+1)—(a+y)n+1)—(B+Dn—-1
=C2m+2)—(a+B+y)n+D+(B—n-1)
=—-1>0 forg=>1.
Thus there is no pole arising from the third component. What about the first two
components? The “dangerous” contributions, by construction, are of the form

const A j - Agy—op w27y OHFD=EFD 4

)

or y interchanged with «. Then

2m—n—ym+1)—(B+ n
=2m+2—(y+B+Dn+)—n+B+1)-2
=Cm+2)—(y+B+2)(n+1)+B
=C2m+2)—(L—a+1Dm+1)+p
=(a@—1Dm+1)+B>p sincea > 1,

and similarly for « interchanged with y. Thus there are no poles arising from the
first two complex components. (]

Lemma 4.3 In (4.15) the contribution of the scalar product coming from the first
two complex components is zero.

Proof This contribution has as worst pole term an expression of the form
const A - Ao w21 IL=D/2A0+ D= D+
where j is some index between 1 and 2m — 2n. The power

2m—n—[(L—1)/2)(n+1)
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arises from the fact that, in the expressions [Df‘Z (0)]y, powers are reduced by

a(n + 1) from their initial expression Xy =(Aw"+ -+, Ryw™ + ---). However,
2m—n—[(L—-1)2Jn+1)—(n+1)+1

= %{4m—2n—(L— D(n+1)—2n}

:%{(2m+2)—(L—1)(n+1)+2m—4n—2}

:%{(n+1)+2m—4n—2}.

Since we assume %(L —1)=M > 1, we have L > 3 and therefore

M+ D +2m—dn—2)=Cm+2) -3+ D)=L -Nn+1)>0. O

Lemma 4.4 In (4.15) the only contribution of the scalar product coming from the
product of the last complex components is the term

M
poRECEw™" with po =i [Tlom +1) — e + D). (4.16)
(=1

Proof First one realizes that the lowest w-power of

o — D! A
7zl =i Y el 201,000

a+p=y—1 w

in the last complex component occurs strictly in the first term w[D,V 4 O)]wt
since the pole associated with D{BQS(O) is of the order (B + 1)(n + 1) + 1.

To prove (4.16) we start with R,w”*!, multiply by 7, which in the leading
term is equivalent to dividing by w”*!, and then differentiate obtaining i(m —
n) R, w1, Continuing this process M times we obtain for the third complex
component of [DIMZ(O)]W, M = %(L — 1), the expression

M
woRmcMw™MO+D with pg = iM H[(m +1)— £+ D]
=1
But

m—Mmn+1)=={2m— (L —1)(n+ 1)}

— N =

1
= 5{(2m +2)—(L—-1Dn+1)=2}= E(n —1).
Thus the third complex component of [D,M Z 0]y with M = %(L — 1) has the form

MocMRm w=D/2 4 higher order terms.

From this we infer the assertion of Lemma 4.4. O
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By virtue of (4.15) and Lemmas 4.3 and 4.4 we arrive at

Proposition 4.3 I[f2m +2=Ln + 1), L odd and > 5, then by the choice T =
cw"”’1 +cw"t ceC, and by suitable choices of D;gqﬁ(O) for B > 1 we obtain
EDO)=0for j=1,...,L —1and

2L —1)!

E(L) 0) = T

Re/ el 2 =Lt 4.17)
m ? L ) .
st w 2

with
k=il Ym —n)2m —2n—12m —3n—2)>...(m — Mn — (M — 1))
Sincem +1=3L(n+1)=M@n+ 1)+ 3(n + 1), we have

1
m—Mn—(M—1)=m+1—M(n+1)=5(n+1)>0,

and therefore k # 0. Hence
2-(L—-1)!
M!M!

for a suitable choice of c. Thus we have proved Theorem 4.2 in the case 2m + 2 =
L(n+1).

ED(0) = Re [27ikcE R2]1 <0 (4.18)

Remark 4.1 The beautiful formula (4.17) tells us that for the case 2m+2 = L(n+1)
there is a Diophantine polynomial pr (x, y) such that k = k-1 pL(n,m), and that
pr(n,m) # 0. Note that p; only depends on L, m and n and not on the specific
minimal surface.

Remark 4.2 When we treated the case n odd, m even in the preceding section, we
omitted the special case n = 1. We note that this case is included in Proposition 4.3,
since then we have n 4+ 1 = 2 and therefore 2m +2=L(n + 1) with L =m + 1.

Case II: L is odd and 2(m + 1) = (L — 1)(n + 1) + r with O < r < n. Here we
choose

Ti=eccw "M+ cdw +ecw" T +¢8w” withe >0, §>0, andc e C.
(4.19)

Then we prove the following result which is the analogue of Proposition 4.3:

Proposition4.4 If L isodd,2m+2=(L—1)(n+1)+r,0 <r <n,and t is chosen
by (4.19), then by a suitable choices of Dﬁqﬁ(O) for B > 1 we obtain EW(0) = 0 for
j=1,...,L—1and
2-(L-=1)!

E(L)(O) — VI

d 1
/ sl R2EY 4 0(el), Mi=-(L—1),
sl! w 2
(4.20)

where the constant k depends only on L,r,m,n, k = L1 P;(m,nt), the minimal
surface polynomial.
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A To begin our discussion, again we have EWL)(0) = J; + J» + J3, and J3 = 0 since
X is a minimal surface. Furthermore we can show the analogue of Lemma 4.1: The
8y—1 are holomorphic fory =1,2, ..., %(L — 1) if we choose ¢; meromorphic on
B, real on S!, and such that

¢ (0):= —ipc?tw 2 —is2e(n+ 1 — w4 (i Ay = pA))
4.21)

and then inductively D;S ¢ (0) for B > 1, following the construction of Lemma 4.1:
DF $(0) = const-(ec) P+ (—i) =Bt Dn=1
+ const-ePPH (—iPw= P14 forB < %(L —3) (4.22)
and
quﬁ(O) =0 forg> %(L —1). (4.23)
This implies J; = 0, and we are left with

ED(0) = . (4.24)

In order to reduce J; to two terms we can use the following

Lemma 4.5 After the pole-removal procedure we obtain

w[DEZ ()], - [D} Z(0)],, D ¢ (0)
=elHcwP 2+ 1+ 0@ + Pe,w) (4.25)

fora+B+y+1=L,0<qa,y < %(L— 1), 1<B8< %(L—3),wheretheremain-
der term P (€, w) involves terms of lower order in €, but is holomorphic in w, i.e.

fSI P(e,w)dw =0, and C € C.

Proof (i) First we look at the contribution from the third components to the left-
hand side of (4.25). At each stage of the pole-removal process we are essentially
successively dividing by w”t! and w’ (since the multiplication by w balances dif-
ferentiation in considering the order of the resulting exponents) and removing poles
in the first two complex components. If we wish to look at terms of order /! we
need to consider one contribution from §cw ™" in the definition of 7 = ¢ (0) or const
w ™"~ 1=" in the definition of ¢, (0). A greater contribution from §cw ™" would result
in a larger exponent in w but a lower exponent in €.

If this contribution comes from the Df} ¢ (0)-term, then the leading power of the

contribution from the product of the last complex components of (4.25) will be
14+2m—(e+y)n+1)—pn—r—1
=Q2+2m)—(a+p+y)n+)—r+p-2=-2. (4.26)

If, however, the contribution arises from [Df‘i(O)]w, [D,y 7 (0)]w, then the leading
power from the product of the two last components of (4.25) will be
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1+2m—(e+y—-Dm+1)—r—B+1)n—-1
=Q2+2m)—(e+B+y)n+1)—r+—-1=—-1. (4.27)

Notethat 8 —2>0forg>2and 8 —1>0for g > 1.
The first two complex components of [DY¥Z(0)],, are (Fy +---) € C2. Thus, if

the worst contribution of cw ™" arises from the Df} ¢ (0)-term, the leading term of
the contributions of the first two components to (4.25) is of the form

BV [Fy - Agpy_onit Jw ! F2m—n=y (1t D—pn—r—1
+€a+f5+y[Fy - Agm—apyp T D—pn—r—1
But, fora > 1,
1+42m—n—ym+1)—pn—r—1
=24+2m—-(y+B+Dn+1D)+p—-r—-1
=2m+2—(L—-a)n+1)—r+B—-1)
>C2m+2)—(L-Dr+D)—r+B-1D=p-1>20 ifg>1,
and similarly
l1+2m—n—am+1)—pn—r—1>—-1>0 ify>landg>1.
Furthermore, if y =0,then =L —1—«a > %(L — 1) whence ngb(O) =0, and so
the left-hand side of (4.25) is zero, i.e. (4.25) holds Atrivially, and similarlAy fora =0.
If the worst contribution arises either from [ D% Z(0)],, or from [D} Z(0)],, then
the leading power will be the minimum of the two numbers
1+2m—n—(y—-1Dn+1)—r—(B+Dn—1,
1+42m—-n—(x—1n+1)—r—(B+Hn—1.
But
1+2m—n—(y -+ —-B+Dn—r—1
=2+2m—(y+B+D(n+1)—r+p
=24+2m—(L—a)(n+1)—r+g
=2@2m+2)—(L-Dn+1D)—-r+p=p4=0,
and the same lower bound holds for the other term. Therefore, no pole comes from
the first two complex components, and Lemma 4.5 is proved. U

An immediate consequence of Lemma 4.5 is, by Cauchy’s theorem:

Lemma 4.6 Under the hypotheses of Lemma 4.5 and the additional assumption
B > 2 we obtain

f WDEZ(O)]u - [D! Z(0)]w DL (0) dw = O(eb). 428)
Sl
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Proposition 4.5 Under the assumptions of Proposition 4.4 we obtain EY)(0) =0
forj=1,...,L—1andwith M = 1(L —1):

2(L —1)!
QEL_I Re

ERO ==

{/ w[DMZ(0)],, - [D{”Z(O)]wz} dw
Sl

+(L - 1)Re/ w[DMZ(0)], - [DM 1 Z(0)]0¢: (0) dw 4+ O ().
Sl
(4.29)

Proof According to Lemma 4.5, the left-hand side of (4.25) has poles only for § =0
and g = 1. Inspecting formula (3.4) in Chap. 3, this leaves just two terms for J», and
by virtue of (4.24) we arrive at (4.29). Il

Equation (4.29) is the fundamental formula, or normal form for odd order deriva-
tives of Dirichlet’s energy. To show that we can actually calculate (4.29) we need
the following critical lemma:

Lemma 4.7 If L is either odd or even and r is defined by either (4.1) or (4.2), then
taking our generator as T = ceJw" T +8c/w’ +c+w" T +5cw”, we can calculate
the leading terms (in € and w) of the last complex component of w[sz O]y for
either k < % (L odd), ork =% —1 (L even) by

Kiffm+ 1=+ DIm+1 -2+ D]-...

[m 4+ 1 = k(n 4 D]R,w™ K+
+ 8Kk km+1—m+D]-...-m+1—Gk—=Dmn+1)]
Im4+1=(k=1Dn+1) —r]Ryw" T -k=Doth=r, (4.30)

Proof By induction. The statement is clearly true for k = 1. Assume it is true for k,
and let us show that it holds for k + 1.

By definition:
w[D} Z(0)]y¢
=R )~ + 1]

m 41—k + D]R,wTI-k+De+D 4.31)
+ 8k Im+1 -+ D] ... 41— (k= 1)(n+ 1)]
Im+1—=(k—=1D@n~+1) —r]Ryw™ ! -ke+h=r (4.32)
+ 8k ik [+ 1) — 4+ D] - ...
m+1—k(n + DR wmH—kO+D—r (4.33)

+ 82K kek = kim +1 =+ D]...Im+1— (k= D(n+ 1]
qm4+1—(k—=Dn+1) —r]Ryw" T -k=Da+h=2r (4.34)
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using the fact that all derivatives w[D;‘Z (0)], depend only on ¢ and ¢, (and not on
higher derivatives in 7 of ¢) we get (using ¢; = —8c%€i(n + 1 — r)/w"T177) that

kw[D*1Z(0) ], (4.35)
=8k kim+1 -+ D] - ...
m4+1—=Gk—=1Dmn+ D]+ 1 —r)RywmTi-kath-r (4.36)

— 82k 1 — (n+ 1] ...
qmA 1=k —=2)(n+1)—r](n + 1 — r)Ruyw T1E=DOH+D=2r (4 37)

Now (4.32) + (4.36) equals (since [m+ 1 —(k—1)(n+ 1) —r]—[(n+1)—r]=
[m+1—k(mn+ D)

S ikekkim +1—(m+D]...Im+ 1 —k(n + DRw™ T 7KO+D=r (4 38)
and (4.32) + (4.36) + (4.33) equals

5ck+1ik€k(k +D[m+1—@+D]...[m+1—k(n+ 1)]mem+1—k(n+l)—r.
(4.39)

Since (4.34) and (4.37) are lower order terms we see that the leading terms of the
last complex component

w[Df ' Z(0)]y = [wIDf Z(O0)lwe + wIDf " Zwilw (4.40)
= (4.31) + (4.39) which proves the lemma. O

We can now prove a theorem stating explicitly the L™ derivative of Dirichlet’s
energy if L is odd.

Proposition 4.6 If L > 3 is odd, r < n, the minimal surface polynomial Py (m,n, T)
(we include T to indicate the dependence of the minimal surface polynomial on the
generator t. (cf. (4.20))) does not depend on r and is given by

Pp(m,n,r)=: Pp(m,n)

=L[m—n]z[l—l—m—Z(n—l—l)]zm..
L-11Y), 2
()]
L—1 2
o|:1+m—<T> (n+l)] . 4.41)

Remark Compare this with Wienholtz’s formula (Theorem 2.1) of Chap. 2 and for-
mula (2.58) of Chap. 2. We thus have beautiful formulae for the L derivative
(L odd) of Dirichlet’s energy.

Theorem 4.4 If L > 3 is odd, r < n, the L™ derivative of Dirichlet’s energy is given
by

d
ED (0) = l! Re/ sct it~ P (m, n)R,i—w +0(h). (4.42)
w
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Proof The proofs of Proposition 4.6 and formula (4.42) follows from Lemma 4.6,
since we have an explicit formula for the last complex component of [D{C Z(0)]w- By
L

Ll
Lemma 4 7 we have, setting k = L=l and k = —3 formulae for w[D, * Z(0)]y

and w[D, Z(O)]w.
Using these formulae we obtain that the last complex component of

L— L-1

w’[D ,T O)]w-[D, > Z(O)]w
= —n P14+ m = 2(n+ D)

[ L-1 2 2m+2—(L—1 1
: 1+m—<T>(n+l)j| Ry w?m 2= (L=DntD)

+8(L — D el 2" m —n)? - ...

(452 )ms o] [rem= (557 o]
Nl+m—{——)+D]| |14+m—|——|@+1)
| 2 2

[ L-3

. 1+m—<T)(n+l)—r:|

. Ry w2 2= (=D —r

+ terms of lower order in w. (4.43)

Thus the last complex component of

L— L—

w?[D ,2 Z(O)]y - [D ,ﬂ Z(0)]w¢

2
cLit=lelm — ]2-...~|:1+m—<¥)(n+1):|

. me2m+2—L(n+l) (444)
L.L—1 L 1 2 L-1 ?

+ 8c”i [m —n] -...-[l+m—(T>(n+l)j|

. me2m+2—(L—1)(n+1)—r (445)

L;L—1,L-1 2 |: <L_3> :|2
+6(L —1)c~i [m—nl-...-|14+m— 5 n+1)

rom-(552)] fom-(552)en-

 Rpyw?nt2=L=DOHD=r 4 terms of lower order in w. (4.46)

Moreover the LCC (last complex component) of

L—

wz[D,TZ(O)]w -[D, 2 Z(0)]
L-2.L-2 _L-2 2 [ <L B 3) :|2
=d6c" %0 € [m—nl-...-|14+m— > n+1

. |:1 +m— <LT_1> (ﬂ + 1)i|me2m+2—(L—2)(n+l)

+ terms of higher order in w
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yielding that the LCC of

L— L—
2

(L — w?[D ,2 Z(0)]y - [D, * 2010 (0)

L:L—1_L-1 2 . L-3 2
=—=86(L —1)c"i € [m—n]*-...-|li+m— — (n+1)

L—1

 Rpyw?n T2 L=DOHD=r 4 ermg of higher order in w. (4.47)

Noting that

L-3 L—1

we see that (4.46) + (4.47) equals

S(L — Dclit =1l m n]z-...-[l+m—(LT_1>(n+1):|

e Rpyw?m 2= L=D0HD=r 4 terms of higher order in w (4.48)

and adding this to (4.45) yields that the LCC of
L1 L1 L—
2 2

wlD, ™ 201 {10, 2Ol + (L~ DD, 2Ol 0)]

equals

L—1 2
SLt el m —n? ... [1 +m— (T) (n+ 1)} Ry/w+ -
yielding Proposition 4.6 and Theorem 4.4. |

For L > 5, the same argument as in Lemma 4.3 shows that the L™ derivative
does not depend on the first complex components of X,.

The second main case: L is an even integer > 6

As we have stated at the beginning we must prove Propositions 4.1 and 4.2 in order
to verify Theorem 4.3, which then completes the proof of Theorem 4.1. Recall that
we now have

2m+2=(L—-1)(n+1)+r, 1=<r<n, Leven. (4.49)

We will use the following modification of formulae (3.1)—(3.5) of Chap. 3, employ-
ing the same definitions for g, T%# h.,and ¥ (M, ) as before

EDO) =014+ "+ B+ i+ s (4.50)
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with

i ;=4Re/ w[DtL’]Z(O)]w ~)A(wt dw;
s1

L2 4w -1y
= —R DMz . o — L/
hi= ) M\(L —M —1)! 6/51[ ¢ ZO)]w - gL-m-1dw, s:=L/2;
M=s+1
ML= )
3'_m € Sl[ i Z(0)]y - gs—1 dw
2(L —1)! N
olo! s

ho =Y W (0. a)w[DF Z(0) 1y Df $(0),
a=0
p=L-1)—(—-1)—a=L—-s5s—aqa;

!
Z c;ﬂT“’ﬁ withc;ﬂ ::al:—,é" a+pB+v=L—1,
a+B=v e

7/ = w(D} 2(0)u D/ ¢ (0):
s—2

2(L —1)! .
Z MIM! efsl[DzMZ(O)]w'thw

(L — !

- = 7 7 L3 _ )
(L _3)' Re_[gl wZTlU(O) th(O)Dt ¢(O) du)7 Ol"‘,B‘i‘M—L—l,

Js:=4(L — 1)Re/ WZ1(0) - Xy DE2¢(0) dw
Sl

+ 2Re/ wX, - Xy DE719(0) dw.
sl

The, by now, standard reasoning yields J5 =0, and J; = 0 if T = ¢(0) is the gener-
ator of an inner forced Jacobi field. We choose

Ti=cew "V £ 8cw " +cew +scw”, €>0, §>0, 4.51)
¢ € C, and ¢, (0) meromorphic, real on S I and
$0(0) = —ipctlw 2 —isem+1—rw T 4, (452)

if Ay = uwAj, u € C. Then the pole-removal process leads to the following analogue
of Proposition 4.4 which is just Proposition 4.1:

Assertion Under the assumption (4.49) the construction yields E D©)y=0for1 <
j<L-—1and

d
E<L)(0)=eL—1Re/ L1l g2 4 =+ 0(eh) (4.53)
st

where the constant k¥ depends only on L, r, n, m.
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Although this is more or less straightforward from what we have already done
in case II, a few remarks are appropriate. With our construction, J; = 0 since the
integrands are holomorphic. The pole-removal is achieved by suitable choices of
DP$(0) for 1 < B < L/2 — 1, while we can set D’ $(0) =0 for > L/2—1.In
Jy, the fact that 8 > 3, together with a minor variant of Lemma 3.1 in Chap. 3 show
that J, = O(e!). This leaves the two terms of J3.

Thus, we arrive at a formula for the L™ derivative, L even:

Proposition 4.7 Tuking generators as above, if L is even, the L™ derivative is given

by
AL-1! ,_ .
(L) _ =) L1 M
ED )= M= DI Re/w[D, Z(0)]w
AIDM1Z(0)]wd + (M — 1)DM2Z(0)¢, (0)} dw (4.54)
2(L = 1)!

e Re [ wlDM 200, 1D 2010
(4.55)
where M = L/2 + O(el).

The following lemma, (the analogue of Lemma 2.5 in Chap. 2) allows us to
compute (4.57).

Lemma 4.8 Suppose that f (w) is a meromorphic function in B which is of the form

fw)=ehw)+ e gw) (4.56)

with

N a: 00
h(w)=Y" w—’j and gw)= Y buw*, NeN. (4.57)
j=1 k=N

Then

/ (2H[Re ifw - f dw = —27e> " "Nayby + O(€>). (4.58)
Sl

Proof By Chap. 2, Lemma 2.5, we have
{2H[Re(a;j w1}, = jaw/ .
This implies

N 00
(2H[Re(if)]}w = €’ Zj(—i)ajwf’l + &1 Z kibyw*1.
j=1 k=N
Multiplication with f yields
Q2H[Re(if)l}w - f =€=""i Nanbyw™ +e*h(w) + k(w, €)

where /1 (w) is meromorphic, and k(w, €) is holomorphic. Integration over S' leads
to (4.58). O
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This says that, in evaluating (4.54), we take N times the product of the pole and
zero terms of the highest and lowest orders respectively. We now state a version of
Lemma 4.7 which unfortunately complicates the branch point story:

Lemma 4.9 [fk = L/2, the 8-linear term of w[DXZ(0)1,, is given by

Scki*e" ktm —nl-...-Im+1—(k— D+ 1]
Am—+1=(k—1)(n+1) —r]Ruywm T -k=DetD=r (4.59)

Proof Exactly as in Lemma 4.7. g

This now immediately implies (together with Lemma 4.8) that the ¢/~ term
of (4.54) and (4.55) is zero; i.e. k = 0. This result appears as rather surprising to
the author, even though we saw that this is true for the fourth derivative. Hence,
we must either consider another generator, e.g. T = ce/w" ! +8c/w* +---, s =
n+14+r)/2.

In this case we calculate the 82 terms of the L™ derivative or we could consider
the (L + 1)% derivative with our original generator T = ce/w" ! 4+ 8¢/w”. This last
possibility can be carried out but it is, in fact quite technical and so we leave this for
the appendix. The simplest route is to change generators and show that, with this
change, the L™ derivative can be made negative while all lower order derivatives
vanish. We begin with the fourth derivative.

From Proposition 2.3 of Chap. 2 we have

d*E . R .
d 70 = 12Re/ Ziw(0) - [wZy (0)T + w Xy (0)] dw
t Sl

— 12Re / W Xpw - XwwT ¢ (0) dw. (4.60)
Sl

Take the generator T = ce/w" ! +8c/w’ +---+s = (n+1+7r)/2. Then2m +2 =
2(n+ 1) + 25 and

¢ =—8icte(n+1—$)Rypw ") _22i(n+1—s)Rpw > +---. (4.61)

We now evaluate the §2-terms of the fourth derivative. Now the §2-term of the last
complex component of w[Z;,(0)],, is given by

i€>(m — n)Ryw! =2 +D (4.62)

(there is no é-linear pole).
Using Lemma 4.8, the first term of (4.60) equals

—12Re/ ie2c*8?(m —n)*(1 +m — 25)R2 Jwdw + - - - (4.63)
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whereas the second term of (4.60) equals
—12Re/(m — )22 REw ™ dw + - -
= +36Re/ ic*€?8?(m —n)*(n+1—5)R2 jwdw +---.  (4.64)

Noting that 1 +m —2s =n + 1 — s, we obtain
d*E 4202 2 2 3

W(O) =424Re [ ice6°(m —n)*m+1—-95)R,, /wdw+ O(e’) (4.65)
which can be made negative for an appropriate choice of c.

This completes the discussion of the fourth derivative with the new generators.

The disadvantage of these generators, in general, is that we must calculate both
with ¢, (0) and ¢, (0), and here our results (as the reader may verify) are independent
of Df3 ¢(0), B > 2. Now using the same reasoning as in Proposition 4.5, we obtain
the following normal form result.

Proposition 4.8 (Normal form) Suppose L is even, thenn+14r is even 2m+2 =
(L=2y(n+1)+m+1+7r)). Let s = (n+ 1+ r)/2 and consider the generator
T =ce/w" ! +8/w +cew" ! + 8w, Then all the derivatives of E of order lower
than L vanish and the L™ derivative has the form:

EL(O):MRG/MD[LQZLU
(L/2)Y(L/2 —1)!
. {[D,L/Z—lz(())]wl— +(L)2— 1)[DzL/2_2Z(O)]¢t(O)
L/2—1)(L/2-2 o
+( / )2( / )[D,L/2 35 O) ] (O)) duw
2(L—1)! Lt
(L/2—DIL/2—-1)! Re/w[Dt Z(0)]w

ALDE* 20010 (0) + (L/2 = DIDE 2 2(0)]0ui (00} dw. (4.66)

This result does not depend on the first complex components.
Again, we obtain
L L2 Lg2, p2 4W L—1
E~(0)=Reje c"8°kR, — ¢ +0(") (4.67)
sl w

where k =iL-1p, (m,n, 1), Pr(m,n, t) the minimal surface polynomial (includ-
ing t here to demonstrate dependence on the choice of generator).
We now have:

Proposition 4.9 Suppose L > 4 is even. Then n + 1 +r is also even and s = (n +
1 +r)/2 is an integer. Let T := ce Jw" ! + c8/w® + 1 € w'™! +csw*. Then

—L!
(L/2—1DUL/2-1)!
4+m—(L2-Dn+DP0+1—s). (4.68)

Pr(m,n,t)= [m — ]2~
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As a direct consequence we obtain the analogue of Theorem 4.2, namely

Theorem 4.5 Suppose that X satisfies the assumption of Theorem 4.1, while n, m
satisfy condition (4.1). Then with the choice of generator as in Proposition 4.9, we
can achieve (4.3) for L even.

Noting Theorem 4.4, we see that we have proved Theorem 4.1, which was our
main goal.

Remark If w =0 is exceptional, r = (n + 1) and s = n + 1 and so formula (4.68)
shows that the leading term of the L™ (even) derivative is zero.

We are now ready to proceed with the proof of Proposition 4.9.

Lemma 4}.10 Suppose k < L/2. Then the 8 term of the third complex component
of w[DFZ(0)],, is given by

k)y(k—1
RGIERI.

2 kamwl+m7(k72)(n+l)72s + . (469)

where

or=Im—nl...[14+m—Gk=Dmn+DI[1+m—k—=2)n+1)—2s]. (4.70)

Proof (by induction on k). By (4.61), this holds for k = 2. Suppose the statement
holds for k. Then we have:

w[DF 2001 = w{(DF 2(0)10 0) + KIDE Z(0)],61(0)

k(k—1)
2

[DI22(0))u 0 (0) (.71)

w

Here

p0)=t=ce w™ D 4 sew ™+ ...,
(4.72)
:(0)=—c28i(n+1—s)w ") —282i(n+ 1 —s)w > + -

and
¢ (0) =2c3€8%i2(n 41 — 5)2w = HIH29 4o

By hypothesis the 82 term of the last complex component of w[DfZ (0)]y, is given
by (4.69).

From the ecw ™"+ term of ¢ (0), we see that there is, by the induction hypothe-
sis, a contribution to the §2 term of the last complex component of w [Df VA 0)]we (0)
of the form:

k(k — 1
%ikézek_lck“kam wt, (4.73)

where £ .=14+m—(k—1D(n+1)—2s.
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From Lemma 4.7, we know the leading §-linear term of w[Dl{‘Z (0)]y, yielding
k2 ik Lk i —nl - [ 4+m—(k—D(n+ 1]
M4+m—Gk=1D0n+1)—sIRpwb. 4.74)
We now consider the leading 82 term of the last complex component of
kw[folZ (0)]w¢:(0). Since ¢;(0) has only §-linear or 82-terms, the 82 term of
w[fo1 VA (0)]w¢; (0) does not contribute. We only have a contribution from the §°
and § terms which yield:

—ki* T2 m =)L+ m— k= D+ D]-(n+ 1 —s)Ruwt
—k(k = Di** 12 m —n] - [L+m— (k—2)(n+ )]
4+m—=—GKk=2)n+1)—s]-(n+1—s)Ruw®. (4.75)

We must finally consider @w[DFzZ(O)]w@, (0). Here, since ¢;(0) only
has a SzA—leading term, only the 8°-term of the last complex component of
w[Df_zZ (0)]w 1 (0) contributes, namely:
k(k — Di*H ed =182 m —n)- ... - [14+m— (k —2)(n+ D]
~(n+1—=s)Ruut. (4.76)
Now, wonderfully, the second term of (4.75) + (4.76) equals

—k(k = D" 2 m—n] - [L+m— (k= D(n+1)]
~(n+1—s)Ruwt. 4.77)

Now let us consider the sum of (4.77) + (4.73). Equation (4.77) can be written as

Mikck"'lek_l&z[m —nl- o [l+m—k—1D@+ 1]

2
2m+1) = 2s1Rw?, (4.78)
and (4.73) is
@ikck“ek—l[m —nlee.. [l+m—(k=D@n+1)]
4+m—Gk=2)(n+1)—2s|Ruw®. (4.79)

This sum equals

@ikck“ek”a?[m —nl-.. o [l4+m—k—=D@+ D]

[14+m—k@+ DIR,w, (4.80)
and for the remaining two terms, the sum of the first term of (4.75) + (4.74) is
ki*cFH e =182m —n] [+ m — (k— D+ 1)]
[14m—k(n+ D]Rpwt (4.81)
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and the sum of (4.81) and (4.80) is

k(k+1

(k + )ikck+lek—162
2

Now multiplying by £ (i.e. taking the derivative) yields the lemma. g

m—nl-...-[l+m—k(n+ 1]Ruwt.

Using formula (4.66) and the independence from the first complex components,
we are ready to prove Proposition 4.9. Noting that there is neither a § nor a 8> pole
in

[DE7 Z2(0)1w (0) + (L/2 — DIDE722(0) 11 (0)
(B0 (B2 2) 10E2 200 wn ) (4.82)
503 5 ¢ wPtt :

we apply Lemma 4.8 and multiply the 8% zero term of w[D,L 27 (0)],, by the 8°

pole. Applying Lemma 4.10 we see that the 8° term of w[D,L/ZZ(O)]w is

L/2(Lé2 - I)CL/26L/2—2821-L/2
M+m—=(L2-1Dn+D]n+1-s5)Rw", (4.83)

v=14+m—(L/2-2)(n+1)—2s=n+1-—sy,
and the §° pole of (4.82) is

LV 2Py — )[4+ m = (L2 — D (n + D]Rw T L20+D,
(4.84)

[m—mn]-...

Now we have
1+m—L/2(n+1)=%{r—(n+1)}=—%(n+l—r),
but
s=m+1+r)/2, n+l—s=m+1-r)/2.
Thus
l4+m—L2n+1)=—m+1—ys).
Hence, the first term of (4.66) yields the integral

2L — 1))
(L/2—DIL/2—1

R2
X Re/(L/Z —Dclit 182l 2 2 m qw (4.85)
! w
where

p=Mm—-nP-....[l+m—L2-Dn+DPn+1-—s). (4.86)

‘What about the second term of (4.66)?
First we consider the term

(L—-1)! L/2—15 ipL/2-15
L2 DiL2-1) Re/S1 w[D, Z(O)]w - [D; Z(0)]we:(0) dw. (4.87)
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Again, since no 8Y_terms of ¢:(0) contribute, we need to consider only the § and
8%-terms of
L/2—14
w[DF*7 Z(0)],. (4.88)
The é-linear term of the last complex component of (4.88) yields a contribution to

the integrand of (4.87)

—28%(L/2 — Detit el 20 R w™! — 82cLit el 2R, w 1) (4.89)

Or=[m—nP- ... [l+m—(L/2=2)n+DP-[14+m—(L/2—-1D(n+1)]
Ml4+m—(L/2=Dn+1)=sl(n+1—s);
Or:i=lm—nlP-...-[l4+m—(L]2—Dn+DPn+1—s).
Now only the 8°-terms of

wlDF*'Z0)], and w[DF*Z(0)]w

contribute to the §2-term of the last complex component of

(L/2 = DwID* Z(0)]w - [DF* 72 Z(0)]whi: (0)

and this is

2(L/2 — D)8%ctit el 2O3R,w (4.90)
O=[m—nP ...-[1+m—(L/2-2)n+ D]
M+m—=(L2-Dmn+Dn+1—:s)>
However, the first term of (4.89) + (4.90) equals

—2(L/2 = D&t e 2 m —n)? - ...
M4+m—=(L2=Dn+DP0n+1—s5). (4.91)

Again the L™ derivative does not depend on the first complex components. For
L > 6 this follows as in Lemma 4.3. We leave L = 6 to the reader.

Adding (4.91), the second term of (4.89) and (4.85) proves (4.68) and thus Propo-
sition 4.9.

The reader should also note that formula (4.68) agrees with formula (4.65), for
the case L =4.



Chapter 5
The Second Main Theorem: Exceptional Branch
Points; The Condition k > [

In this and the next chapter we want to prove our Second Main Theorem, namely the
following result:

Theorem 5.1 Suppose that I is a closed rectifiable Jordan curve in R3, and let
X € C(I") be a minimal surface having wy € B as an exceptional branch point.
Then X is not a C° relative minimizer of A in C(I").

Before we turn to the proof we make the following

Remark 5.1 If I' is a planar curve then no minimal surface Xe C(I") has interior
branch points.

Proof We may assume that I” lies in the x1, xz-plane, identified with C, and by the
maximum principle we obtain

X(w) = (X' (w), X*(w), 0).

(See Sect 4.11 of Dierkes, Hildebrandt and Sauvigny [1].) It follows that f := X'+
iX? provides a strictly conformal or anticonformal mapping w — f(w) from B

onto the inner domain £2 of I' in C; in particular we have f'(w) # 0 for w € B, and
therefore X, (w) # 0. O

Remark 5.2 Clearly a minimal surface X e@)is planar if and only if I" is planar.
Therefore it suffices to prove Theorem 5.1 under the additional hypothesis that the
exceptional branch point wy is the origin and XeClNisa nonplanar minimal
surface in normal form at w = 0.

In the following discussion we shall suppose this situation, but dispense with
the assumption X € C(I"); instead we assume X € C*°(B, R3). To formalize these
requirements we state

A. Tromba, A Theory of Branched Minimal Surfaces, 69
Springer Monographs in Mathematics,
DOI 10.1007/978-3-642-25620-2_5, © Springer-Verlag Berlin Heidelberg 2012
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Condition (N) Ler X € C*® (B, R3) be a nonplanar minimal surface in normal form
at the exceptional branch point w = 0 of order n and index m, m >n > 1, i.e.

m+1=0mod (n + 1).
From here on, up to and including Theorem 5.10, we assume that Condition (N)

is satisfied. .
Consider the Taylor expansion of X, on B at w =0:

o0 o
Xyw)=| Y Ajw ™13 Rjuwd |, (5.1)
j=1 j=m

AjeC? R;€C, A1 #0, Ry #0, A;-A; =0,
Aj=xrjAy forj=1,...,2m —2n,

15
At Adm—_ont1 =—§Rm-

Then

o0 o0
wX (W) = ZAjw”+j,Zijj+l ) 5.2)

j=1 j=m
Becauseof n + j =(m + 1) + (j — 1) we have
m+j)#0mod(n+ 1)< (j —1)Z£0mod (n + 1).
Suppose that
A;j=0 forall j e Nwith (j —1)# 0mod (n + 1). (5.3)
This implies
Rj=0 forall j >m with (j +1)#0mod (n + 1). 54

If this were not the case we consider the smallest integer v > m such that (v+1) %0
mod (n + 1) and R, # 0. Since (m + 1) =0 mod (n + 1), it follows that (m + 1) +
v+ 1) =24+m+v=£0mod (n+ 1). Consider the equation

0=w?X, - X, =[w? XL XL +w?X2 X214+ w?X3 X3 (5.5)

The expression ¥ (w) :=[...] in (5.5) is a sum of terms A - A;w" /™75 thus, by
virtue of (5.3), the power w? with

p=n+j+n+s=2n+j+s=20+D+G-D+G—-1)

can only have a coefficient different from zero if p = 0 mod (n + 1). By (5.5)
it follows that also w?X} X3 is a sum of the form Xc,w” with ¢, = 0 if
p # 0mod (n + 1). On the other hand, for py = (m + 1) + (v + 1) we have
¢p, =2Ru R, #0 and py # 0mod (n + 1), a contradiction.

Thus (5.3) implies (5.4), which means that, in (5.2), only those w-powers can
appear whose exponents are divisible by (n + 1), and we have obtained:
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Observation 5.1

(i) If (5.3) holds then w Xy, (w) is of the form

o
wXy(w) = Z Fjuw/ D, (5.6)
j=1

Fj € C3 with Fy = (A1,0), and

o
X(w)=Xo+Re Y Fjw"th (5.7)
j=I

with Xo € R? and F; = F;/j(n + 1).

(i) If (5.3) does not hold, there is an index jy € N with jo — 1 20 mod (n + 1)
such that Aj, #0 as well as A; =0 for all j € N with j < joand j — 1%
Omod (n + 1).

We now define two “indices” k, 1 € N := N U {oo} as follows:

Definition 5.1 If there is an integer j with (j — 1) 20mod (n + 1), A; # 0, and

Ay - Aj =0, then £ is the least integer of this kind; otherwise we set k = co.
Secondly, if there is an integer j with (j — 1) %2 0 mod (n + 1), A;#0, Ay -

A #0, then [ is the least integer of this kind.

Observation 5.2

(i) If k =1 = oo then we have (5.3), therefore (5.4) and consequently (5.6). Other-
wise k # [, and at least one of them is finite.
(i1) We havel > 2m —2n + 1.

Proof of (ii) Since A1 -Aj=0for1<j<2m—2nand Cm—-2n+1)—1=
2m+1) —2(n+1)=0mod (n + 1), it follows that [ > 2m — 2n + 1. ]
Observation 5.3 We have
A - Ayp—on+1 #0 if k <00,
and
Al-A1#0 ifl < oo.

Proof From k < oo and Ay - A1 =0, A # 0 we infer
A = AAp with A #0.

Since Ay - Aom—on+1 = —3 R2 #0, it follows that

1
Ak - Aym—ons1 = —Eka,Zn #0.

Secondly, I < co implies A - A; # 0 by the definition of /. 0
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Suppose now that we are not in the situation when k =1 = oo. Then k # [, and
so at least one of the “indices” k, [ is finite. We distinguish three different cases:

case (A): 2m+2+4+(k—1)<2n+1)+U—-1);
caseB): 2m+2+ k-1 >2n+1D)+1-1);
case (C): 2m+4+2+k—-—D=2m+1D)+U—-1)=:y.

Observation 5.4 If not k = = oo we have
k<oo,l <00 in case (A),
| <00, k<oo in case (B),

k<ooand! <oo incase (C).

Consider now the expressions
2% o1 242 2
Y(w) :=wX,wX,(w)+w X, (wX;(w),
x(w) = w* X X5 (w)

and inspect the term with the lowest w-power in ¥ (w) whose exponent is not divis-
ible by (n + 1). By Observations 5.3 and 5.4 it is

T (w) :=2Ag - Agp—opp1w?"T2HE=D " ip case (A),
T(w) =24 - Ajw? (=D in case (B),
T(w)=cy -w¥ in case (C)
provided that
¢y :=2(Ax - Aa—2n41 + A1 - A #0.
We distinguish the two subcases (C1) and (C2) of (C), defined by
(CD:c, #0; (C2):¢c, =0.

By (5.5) we have ¥ (w) + x(w) =0 on B, and so T (w) in ¥ (w) must be compen-
sated by a term 7*(w) in x (w) in cases (A), (B), and (C1):

T(w) + T*(w)=0.
The term T*(w) has to be of the form
T*(w) = 2R Ryw> ™+ with R, #0

where v is the smallest integer j > m such that R; # 0 and (j +2) #0mod (n +1).
Thus we make
Observation 5.5 If not k =1 = oo then:

incase (A): 24m+v=2m+1)+(k—-1), k <oo, R, #0;

incase B): 24+m+v=2mn+1)+(—-1), <00, R, #0;

incase (C1): 24+m+v=2m+1)+k—-1)=2mn+1)+({ —1) and
k <00, l <00, R, #0.
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In case (C2) the smallest integer v introduced above may or may not exist; in the
second case we set v := 0o. Then we have

incase (C2): 24+m+v>2m+1)+Gk—-—1)=2m+1)+U—-1).

Now we introduce the integer m as v in cases (A), (B), and (C1), while in case
(C2), v is not suited to define m € N; instead we set m :=m + (k — 1) in this case.
In other words we have the following
Definition 5.2 If not k =/ = oo then m € N is defined by

24m+m:=2m+1)+*k—-1) in case (A),
24m+m:=2m+1)+((—-1) in case (B),
24m+m:=2m+1)+k—-1)=2(n+1)+({—1) incase (C).

Then the preceding discussion leads to

Observation 5.6 If not k =1 = oo then we have

incase (A): k<oo,l<oo, m

incase (B): [ <oo, k<oo, m=v <oo, Rz #0;

incase (C): k<oo,l<oo, m
Furthermore, in case (C)

Riw=0% A - Aom-on+1 +A1- A1 =0
and in any case: Ry #0 < m =v.
Proposition 5.1 Suppose that notk =1 = co. Then m € N is defined, and we obtain
the following:
(1) In all cases (A), (B), (C) we have
nm+€0—-1+m)>@m-—n)>1. (5.8)

(1) If k > £, then neither (A) nor (C) can hold, i.e. we are in case (B).
@iii) If (A) or (C) holds, then

C—k>1+m, (5.9)
l+m>m+k)+@n+1). (5.10)

Proof (i) In case (A) or (C) we have
l+m<2m+1D+U -1 —-A+m)=mn+4L) — (m—n),
and in case (B),
m+m=2n+4£—1,
whence

n+€)—(1+m)=m—n.
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(i) is obvious.
(iii) Since the branch point is exceptional we have
I+m=2n+1).
If (A) or (C) hold, then
2m+24+ k-1 <20+D+(L-1

whence
m+DH+*k-D=2+DH+UL-D—-0+m)<(-1),
and so
L—k>m+1.
Furthermore,

I+m=0+m+k-D=22+ D)+ k—-D=On+k)+®n+1). O
Recall that, by assumption, (m + 1) =0 mod (n + 1), and that m > n > 1. Thus
we have
m+1=pm+1) forsome peNwithp>2, (5.11)
and in particular
m+1>2h0+1)&m>2n+1>3. (5.12)
Furthermore we have m > m and m + 1 £ 0 mod (n + 1). Therefore,
1+m)—(1+m)>0 and (1+m)— 1 +m)£0mod (n+1).
Thus there are integers I” and s with I" > 0 and 0 < s <n + 1 such that
(I+m)—A+m)y=rn+1) +s,

and we obtain

Proposition 5.2 Suppose that not k =1 = co. Then there are integers I’ and s with
I'>0and 0 <s <n—+ 1 such that

M+ =m+1)+Tn+1)+s. (5.13)

Proposition 5.3 The number

[ 2(m+1)

= .14
n+1) 19

is an even integer with L > 4.

Proof Because of (5.11) we have L =2p > 4. (|
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Definition 5.3 If not k = = oo we distinguish the three cases

M s=3(n+1),
) 0<s<3i(m+1),
) f(n+1) <s<@m+1).

In cases (I) and (II), i.e. for 0 < s < %(n + 1), we set
L:=L+2I+1; (5.15)

here L is an odd integer >35.
In case (III) we define L as

L:=L+2I+2. (5.16)

From (5.13) and (5.14) it follows
2m+1)=Ln+1)+2n+1)+2s

whence
2m+1) 2s
= (L+42D)+—, 0 1.
PR (L + )+n+1 <s<n+
Here L + 21" is even, and 0 < nzﬁ < 2. Hence % is an integer if and only if

s = % Thus we obtain

Proposition 5.4 Exactly in case (1), the quotient 2(m + 1) /(n + 1) is an integer; in
fact, it is the odd integer L. In other words:

_2(m+1)
BCES)

™~

1
if and only lfs:i(n+ 1). 5.17)

Proposition 5.5 [fnot k =1 = oo we have
k=1=I'(n+1)+s (5.18)
in case (A) or (C), and
—1=2m+D+T -2)(n+1)+s (5.19)

in case (B).

Proof In case (A) or (C) we have
24m+m=2(m+ 1)+ (k—1)
whence
_ (5.13)
m+D=m+D+*k-1)"="m+D+I'n+1)+s,

which yields (5.13).
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If (B) holds then

2m+ D)4+ -1) = m+1)+m+1)

O 2+ 1)+ T +1) +s. O

From Definition 5.3 we immediately infer

Proposition 5.6 Suppose that not k =1 = co. Then we have:

G) Ifs < %(n + 1) then L is odd, and

=—4T. (5.20)

4T (5.21)

Suppose that not k =1 = co.

In Chap. 4 we have seen that a minimal surface X e C(I'") cannot be a weak
relative minimizer of D in C(I") if w = 0 is a non-exceptional branch point of X.
The analogous statement is not true if w = 0 is exceptional. In a first example we
will indicate why our method can fail, and then a second example will show that the
method has to fail.

Primary Example To give the reader some insight to the methods we will be
using, let us consider as an example the special case k =2,£ =6,n =1,m = 3.
Here we are in case (C) with

2m+2+ k- =20n+1)+ - 1), m=m+ (k—1)=4.
Consider the expansion of wX w(w), which is given by
wXy (W) = (Ajw? + Aw’ + -+ + Agw” + -, Rsw* + Ryw’ + ),
and choose the generator T as
Ti=cw 2+ 8cw ' +cw? + dcw!
where § € C denotes an arbitrary parameter. Note that
Ay =LA
since k = 2. Furthermore we choose ¢, (0) as
$:(0) := —irc?w ™3 —ic?sw ™3 + ircw’ + idctw?
= —i()wl—(?)czw_3 + el

Since 1 +m=2(1+n) (and so w = 0 is an exceptional branch point), one checks
that E()(0) = 0 for 1 < j < 4. Let us now consider E®(0). Here I = 0,5 =
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I,L=4and L =L +2I' + 1=5. A straightforward computation yields
d
E®)(0) = 12Re/ i
sl w

with

K =3R4 + 48R3 — AR3)* —4(3R4 + 48R3 — AR3)2R3(A + 8)
+16R3(L+8)%, Rz #0.
We note that the last term in this expression stems from the first complex compo-
nents of Z,,(0), and so E®(0) may depend on these components. However, if we
set § := —A\, we obtain k = (3R4 — SR31)? and therefore x # 0 if A # 3R4/(5R3).
In the second case E® (0) can be made negative while in the first case E ® 0) =0,
and so no general statement can be made. In fact, this observation indicates a prin-
cipal drawback of our method as we shall see from the next example that has been

communicated to us by F. Tomi. To explain this example we need two observations,
pointed out by Tomi.

Observation 5.7 Let G be an open, convex set in R3, and w be a closed smooth
2-form on G. Suppose Fi, F> € C'(B,R? satisfy F1|0 B = F>|0B. Then

/Ff‘w:/F;w.
B B

Proof There is some smooth 1-form 1 on G such that w = dn. Then

fF;wZ,/ F;kdnzfd(F;‘n)zf Fin, j=12,

B B B JaB
/ Ff‘n:/ Fin. O
B B

Consider a minimal graph M over a convex domain £2 in R,

and

M={x=0x"2xHeR: P =y x?), ! x> e)

andletn = (ny,no,n3): G — 52  R3 be a unit vector field on the convex cylinder
G := £2 x R ¢ R? which is obtained by vertical translation from the normal field of
M . Then we have div n =0 on G whence the 2-form

w:= n]dx2 Adx3 + ngdx3 Adx' + n3dx1 Adx?
is closed. This leads to
Observation 5.8 Let X € C*°(B, R®) be a minimal surface with no branch point
on dB such that X(B) C M where M is a minimal graph as considered before.

Furthermore, let ¥ € C! (B,R?) be an arbitrary surface with ¥ (B) C G such that
the boundary values X := X|jpg,Y := Y|[yp satisfy (i) X =Y, or more generally



78 5 The Second Main Theorem: Exceptional Branch Points

(ii) Y = X o ¢ where ¢ is a diffeomorphism of S' = 3B that is homotopic to the
identity idg:1. Then,

D(X)=A(X) < A(Y) < D(Y).

Proof Because of X(B) C M we can assume that the Gauss map N : B — $? cR?
of X satisfies N =no X whence

AX) :/ X*o
B

Furthermore we infer from || = 1 that

/ Yo < A(Y),
B

/f*w:/ Yo
B B

on account of Observation 5.7. This implies A()A( ) < A(f’). In case (ii) we can ex-
tend ¢ : S' — S' to a diffeomorphism ¢ of B onto itself, and so the preceding
reasoning yields

and in case (i) it follows

AX) < A(Y 0 ).

However, A(? o) = A(I? ), and so we obtain the desired inequality. O
Now we turn to the

Secondary Example Let F : C — R3 be a rescaling of Enneper’s surface, given
by

A 1 1 1 1
F(z)==Re(z——2%,i —).=2?), C.
(2) 3 e(z 3 6al ! <Z+3-64Z) 81) z€

We introduce the branch points w =0 and w = —3 3in Fo f by means of

2
f(w):w2 <w+§) =w4+3w3+<§> w?.

Setting X:=Fo flg we obtain a minimal surface XecC 9(B,RR?) which has a
single branch point at w = 0 of order » = 1 and index m = 3; yet because of the
branch point w = —3/4 outside of B, the expansion of X (w) does not proceed with
powers of w? alone, but odd powers of w appear. Therefore the branch point w =0
of X is not globally analytically false.

On the other hand, by a corresponding property of Enneper’s surface (cf. Nitsche
[1], §92), it follows that X (B) lies on a minimal graph M as described before, and
so we have the minimum property stated in Observation 5.8.
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Furthermore one computes that

K@) = 2w+ 9w? 4+ 4w? — +352+3

=—[-w+9w ——|wlw+= w+ = |,

w =513 Y 2 2
i1 20 ow? 4w 4+ +352+3
2w w w 32wu)2 w2 ,

81 3 527 4
_w —w CEEERY .
32 16

Considering w)A(w(w) it follows A =2A1 andso A =2, k=2, m=3, m=4,
Ry =81/32, R =2 ie.

3Ry —5R31 =0.

Thus we are in the situation of our Primary Example where the method fails to prove
E®(0) < 0; we only have E® (0) = 0 together with E/)(0) =0, j=1,...,4, and
a further calculation shows E© (0) > 0, in agreement with Observation 5.2.

What can we infer from Tomi’s example? The following Conjecture might seem
plausible, as it would be analogous to the First Main Theorem: If Xisa nonplanar
minimal surface with w = 0 as an exceptional branch point of order n and D()A( ) <
D(I?)for all smooth Y = B — R3 with

1Y = Xllcogry < 1

and such that the boundary values are related by Y = Xog, ¢ a C ®_diffeomorphism
of 9B onto itself, then X is globally analytically false, i.e. there is a minimal surface
X € C®(B,R?) such that X (x) = Xo(w"*!) on B.

Tomi’s example shows that there is an (absolute) minimizer X of A (which then
also is a D-minimizer) compared with all YeC® (B, R3) such that Y=Xo o,
¢ : 9B — 9B a diffeomorphism with ¢ ~ idyp, such that the power series ex-
pansion about the branch point w = 0 of order n contains powers w?” with p # 0
mod (n + 1). Hence the Conjecture is not true, and so we have to give up the hope
that for exceptional branch points one can prove a result that is as strong as that for
non-exceptional branch points derived in Chap. 4.

Observation 5.9 Later on we will be reducing energy of a minimal surface in a
neighbourhood of a branch point. So what can we infer from Tomi’s example lo-
cally? Consider an immersed minimal surface X of the form

A - 1 5
X(w):Re<A1w+ A2m+1w2’"+1_|_... rhwm+1+"'>

1
2m + 1 T+
with m > 1. In a sufficiently small neighbourhood of w = 0, X is absolutely area
minimizing above the x !, x2-plane. Now we introduce a branch point z = 0 by com-

posing X with ¢, given by

0()=7"""+pz%, aeN, a=n+k, a0mod(n+1).
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A brief computation shows that Xo ¢ has the exceptional branch point z = 0 of
order n and index m with

l+m=04+m)n+1), l+m=mmn+1)+a.
Thus
24m+m=0CQm+1Dn+1)+a.
Moreover, one computes that
[—1=0Cm—-1)n+1)+a, whencel—1=%0mod (n+1).
Then it follows
20+ D+ -D=Cm+ D+ +a=0C2Cm+2)+ (k—1).

Thus, for the exceptional branch point z = 0 of X (¢(2)) we are in case (C). Note
also that we have k <[ since

k=a—n, I=Qa—-D@n+D+a+1>k.

Reversing the argument, we see that an exceptional branch point with co >k >/
cannot be an analytically false branch point. Thus, this example, together with The-
orem 5.2 below indicates the importance of the assumption

k>1 withl <oo0
in order to reduce energy if w = 0 is an exceptional interior branch point.

In fact, ir appears impossible to calculate derivatives in the exceptional case with-
out the assumption k > /. Even in this case there appears to be no simple formula
for the first non-vanishing derivative.

To set the stage for the general theory, we prove a theorem for exceptionally

branched minimal surfaces that is analogous to what we have proved in the non-
exceptional case, but more restrictive.

Theorem 5.2 Assume that we are in case (I). Then L is an odd integer given by
L =2(m+2)/(n+1). Suppose also that k > 1, | < co. Then, for an appropriate
choice of ¢(t), we have

EDO)=0 fori<j<L, ED0) <o.
Proof Since k > £, we obtain

1—
n+k>n+£>§L(n+l)=l+ﬁ.

We choose
T:=cw " 4w (= ¢(0)).
In forming E @ (0) for a < %(Z — 1), no poles arise on the Aj-term; we may take

DPyp0)=0 forall B> 1
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and we can achieve
th(o) = (iw}%wf)wa
~ ~ 1 —
[D¥Z(0)]y, = {iD*'Z(0),t}y fora< 5(L —1).
If we use the formula for EZ) (0), L odd (see Chap. 4), we are left with only one
term, namely

2T - 1)

ERO ==

Re/ w[DMZ(0)),, - [DMZ(0)],7 dw
S]

1 —
with M := E(L —1).

Since the first two complex components of w[DM Z(0)],, are of the form
consteM (A;w it 4y k>0,

the contribution to the above integral comes only from the product of the third com-
ponent of [DM Z(0)],, with itself. Thus we obtain

7 2(L—1) T AT dw
(L) _ L—1_L 2p2
EY(0) = 0 Re/ i“"ctn Rm_w (5.22)
with
ni=m+1—-m+1)m+1-2n+1))..(m+1—-—Mmn+1)). (5.23)

Hence E(D) (0) can be made negative by an appropriate choice of ¢, provided that
k>{. O

Observation 5.10 As in the non-exceptional case, of n is odd and m is even and
k > £, then above we have a formula for the (1 + m)™ derivative of Dirichlet’s
energy, which can be made negative while all lower order derivatives vanish.

In general however, this appears not to be possible in the exceptional case, and it
remains an open question whether such a formula can be achieved. Thus, in general,
we need to argue indirectly, that some first non-vanishing derivative can be made
negative.

Now we begin with the general discussion.

Theorem 5.3 (Normal form) Suppose that Lisodd k>1,ands < m+1) /2, and
set

ri=ecw "D pecuw™ 4y, yeR, (5.24)
DL ¢(0) =€ {(ScrHirw_S +S(E)F+1(—i)FwS} : (5.25)
and choose D,r 'qu(O) as necessitated by the pole-removal technique, namely

DI g 0) = - el (41 — 5)sw =) o (5.26)
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Assertion:

(i) We have

2L - D I+ 0 + 0@+ 0l (527)

where J1 is given by

Jri= Re/ w(DMZ (01, - {[D,’”Z(O)]wr
S/

_ =" i pN7 r+1
+ NI + 1)g[Dt Z(0)]w Dy, ¢(0)} dw (5.28)

with M := (L —1)/2, N:=L/2 — 1.

(ii) Furthermore, E)(0)=0for j=1,...,L — 1.

(iii) In addition, since the only non-constant generators are 1/7"* and 1/7°, it fol-
lows as in our Fundamental Computational Principles of Chap. 4, D[j(j)(O) are
chosen to be zero for 1 < j < I', and Dfd)(O) for j > T + 1 play no role in
the computation of E (L) (0). One shows first that D,F +2QS(O) has poll terms too

low to contribute to the §-linear terms of the fth derivative. Inductively, it then
follows that all higher order derivative also do not contribute

(iv) Under the assumption k > 1, the €*~'-term of (5.27) depends only on the last
complex component of Zw 0).

The proof of this theorem is deferred until later.
The following lemma will be crucial for our reasoning.

Lemma 5.1 The last complex component of w[DtM 7 O]y has a §-linear term of
the form

LA =1 MiMg R w1, (5.29)
If

M!

with
u=m+1—m+1))m+1-20+1)m+1-3n+1))...(n+1)

then EL(0) # 0.

Proof Apply Theorem 5.3. Then,

the last complex component of w[DtM 7 )]y

=iMMM g Rgw® + X2 = 1es Ry w15y + - (5.31)
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where
kii=m+1—m+1D))m+1-2m+1)m+1-3m+1))...s,
and using (5.26), we find

the last complex component of w[D,M 7 O]yt

M! A
+ mwwﬁ ZO)1, D ¢ (0)

— M M1 {€M+1k1me—(n+l—s) 4 el s R W

2M
NI+ D!
Therefore, the integrand of (5.28) equals

[el?n+1- s)cSme_s]} +oe (5.32)

2clel-1;L-1 {(kl Rar)
ks — L(n T+ 1= )8 | R twt + Ol + Ol 162 + - ..
NI +1)!
(5.33)
This implies E©)(0) # 0. O

If (5.30) does not hold we cannot conclude that E (L) (0) # 0. It may be that
by inductive methods, one can show that in fact (5.30) is equal to zero. The in-
ductive hypothesis is that the §-linear term of w[D; R Z(O0)]ws k> 1 s given by
£ Ryw! M= (=D0+D=5 where

£ = ok (" +K! [
(k—DI"+1)!
l4+m—-Gk-1Dm+D][1l+m—(k—-1)n+1)—-s].

Setting k = L /2 proves that k = #;_1),(;1 + 1 — s)u. However, we will be able to

m—n]-...

prove that if EZ(O) vanishes identically then ET+D (0) can be made negative. We
formulate this result as follows:

Theorem 5.4 Let k > | be satisfied. Suppose that L is odd, and assume that
EWL(0) = 0 for all choices of t, D,Fqﬁ(O), Dtr+l¢(0) which ensure that EY)(0)

forj=1,..., L — 1. Then E(z“)(O) can be made negative, while all lower order
derivatives of E(t) at t =0 vanish.

Proof Choose 7 as in (5.24) and set

D¢ (0) =€ {oc™iTw™ +5@ ! (—i) w'}
(5.34)
Dtp+l(p(0) = 61‘ {wcl“+2i1“+1w7s +E(E)F+2(_1)F+lw3}

+ all those terms needed to remove poles.
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If we calculate E (ZJ“])(O) for w = 0, as above, we would obtain the result that

ETHD (o) 262715kaL+1 dw b
w
If k # 0, we can choose ¢ so that E+1(0) < 0. Thus, we may assume that the
S-linear term does not contribute to the (L + 1)t derivative. We call this assump-
tion (V).
To proceed further we need another normal form theorem whose proof we defer
as well.

Theorem 5.5 (Normal form) Suppose k > 1. If L is odd (< 2s < n + 1), and under
assumption (V) with t, DZFCD(O), D,F+l¢>(0) chosen as in Theorem 5.4 and w =
=8y (n+1—5s), we have:

_ T _ _ _
ECD(0) = WJZH + 0L + 018 0@ w?)  (5.35)

M\ (M +
with

‘IZ+1 = Re/ U)[D,M+IZ(O)]w
sl

M 7 —_—
' {[D’ 2Ok +

(DN Z(0)1, D] +1¢><0>} dw,

1 —
M = E(L —1), N:=L/2-1, providedthat2s+# (n+1).

Note that the value of E (Z‘H)(O) depends only on the last complex component
of Xy .

The choice of w is made to ensure that the term in D,F +1 ¢ (0) of order e is used
to kill a pole. By the Fundamental Computational Principles of Chap. 4, all higher
order derivatives Df} ¢(0), B > I' + 1 do not affect the final result.

We defer the proof of Theorem 5.5 until later and proceed with the proof of
Theorem 5.4.

Recall that
(DM Z(0)]w = {Re H [w(D,M Z(0)wt + mw,’v Z(0)w D/ +1¢(0)] }w.
(5.36)
Consider the last complex component of
A M! A
w[DM Z(0)]wt + —————w[D}Y Z(0)1, D] ¢ (0); (537)

N\(I"+ D!
the e-term of order O (eM*1) of this expression is given by

MMM oy —t1=s) |
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and since, by assumption (5.30) vanishes and 1 +m =I"(n + 1) + (1 + m), there
are no other poles in (5.37) with a lower order €. Choose

w:=—86y(n+1—s). (5.38)

Then, as in the non-exceptional case, E (ZH)(O) does not depend on Df} ¢ (0) for
B > I' + 1. Moreover, with the above choice of w, the e-term of order O (eL/ 2+ _1)
is given by

CM+1iMEL/2+F—1an+1—S _’_’ Z;ﬁO, (539)

i.e. it has a zero of order n + 1 — s in w. Then E(z“)(O) reduces to

— 4L I
T+hqy— L L
ECHD0) = o T + 0D
AL Tl Ta1.T d
=7Ref eL_ch+liL(n+1—S)k1RmZ—w
MM D Ja w
1+ 0@EE) + 0(E182) + 0L w?), (5.40)

which can be made negative for sufficiently small € > 0 and an appropriate choice
of c.
Now we turn to the case “L is even”. There we are in case (III), i.e.

n+1<2s<2n+2.
Here L is defined by L = L 4+ 2I" 4+ 2, and so
L—1=L+2I'+1>L.
Consequently, if we want to achieve
ECD©y£0, ED©O)=0 forj=1,...,.L -2,

we will have EX)(0) = 0.

In the following discussion, the derivatives E =D (0) and E (0) will play the
roles of EX)(0) and E*D(0) respectively in the preceding case where L was
assumed to be odd (< case (I) or (II)).

We further note that in the term corresponding to (5.32), the dominant pole term
in w is now the one of order s (instead of order (n + 1 — s)). Our procedures for
“L even” will parallel those for “L odd”, except L is replaced by L — 1, and L + 1
by L.

Theorem 5.6 (Normal form) Suppose that L is even, k > I, and define t and
D! $(0) by

Ti=ecw "Dy w4y, yeR,

DI'¢0) =€l (8" iTw™ + 5@ T (=) w'),
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and choose qub(O) for =T +1asin(526). Then

2(L —1)!
(M!)?

where J7 is given by (5.28), but M := L/2—1,N:=L/2—1.

ET-D(0) = J+ 0@ + 0%

Now we define a new « € C, similar toAthe k defined earli_er, by the observation
that the last complex component of w[DtM Z(0)]y (with M = L/2—1) has a §-linear
term of the form

MMMsR w15 4 ...
We now obtain the analogue of the Lemma 5.1, which is proved in the same way.
Lemma 5.2 Suppose that k > | and
M!
SN+ D)
Then EL=D(0) # 0.

n+1—s)u#0 withM :=(L/2)— 1. (5.41)

—th . . . .
Thus we turn to the Lt derivative. We formulate this result as follows:

Theorem 5.7 Suppose that L is even, k > | holds, and assume that E (- l)(0)
Jfor all appropriate choices of T etc. which ensure EWD©O)=0forj=1,..

Then E(0) can be made negative, together with EY)(0) =0 for j =1, ..

hl hl

0
—2.
-1
Proof We essentially proceed in the same way as in the case “L odd”. We need

Theorem 5.8 (Normal form) Let k > | be satisfied. If L is even we define t by
(5.24) and set
D¢ 0) 1= 8 H T iy £ 5 @ =iy w4

(5.42)
Dl‘r+1¢(0) — w6F+lcF+1iF+l

w—S + 66F+1 (E)F"rl (_i)F+1wS
+ other terms required to remove poles.

As in Theorem 5.5, we have assumption (V); i.e. for w = 0, the §-linear term

—th . . .. .
of the L derivative vanishes, otherwise it follows automatically that we can make

EL(0) <0.
Finally, we choose w = —y&(n + 1 — s) and obtain:
T 4(L —1)! T - —
L) o) = _ 2 _L—-1 L 2 L—1
E (0)_M!(M+1)! 41 T O0@€ )+ 0(™)+ O(we ") (543)

with Jp_, given by (5.35), and M := (L/2) — 1, N :=(L/2) — 1.
Moreover, any §-linear term in (5.43) does not depend on the first complex com-
ponents of Z,(0).

Again, the proof will be deferred until later.
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Back to the proof of Theorem 5.7. Here we may assume that (5.41) does not hold;

we have chosen
w:=—m+1-ys)yé,
so that we may invoke the Fundamental Computational Principles of Chap. 4.

It follows that the order of the pole of Dtr +2¢(O) isn+sandnotn+ s+ 1,
further implying that for g > I" + 1, D? ¢(0) does not contribute any 8-linear terms
to £ (0). The only 8-linear term of order e/ ~! remaining is

4(L —1)! 4(L —1)! N
AHE-DY 1= ALY Re/ w[DMTIZ(0)] - cdw,  (5.44)
M!(M + 1)! M!(M +1)! sl
where
.= (...,eM“kl Rw ™ 19

M!
L/2+I _ — S 4.
+ € SRm|:K N!(I"+1)!(n+1 s),u]w + )
Since n 4 1 < 2s, the pole term of largest order in the last complex component of ¢
would be w™*, but since (5.41) does not hold, the only leading pole term is

Mt Reqpy=(1+1=5)

(Remember that 1 +m =1+ m + I'(n + 1) +s.) Again, the choice of w assures
that the term of order 2/2~1+1" in the last complex component of [DM 1 Z(0)],, is
of the form

cM+ll-M6L/2—l+1"pwn+s’ 10750

Thus E®)(0) reduces to

E(Z)(O) — MRQ/ Ezflczizflgklpﬁmd_w
M!(M +1)! sl w
+ 0@ Y + ol + 0(eh).
This shows that E©) (0) can be made negative. O

Remark 5.3 Before going on to prove the normal form theorems, we note that al-
though we cannot prove theorems on non-vanishing of E)(0) for j =L —1,L,
L + 1 in case (A) or (C) it remains true that for L odd all derivatives of order j < L

vanish, and for L even that all derivatives of order j < L — 1 vanish.

Now we outline the proofs of the normal form theorems, i.e. Theorems 5.3, 5.5,
5.6 and 5.8. On a first reading, you may wish to skip this and move directly on to
Theorem 5.9. We have to work out

ED© and ETTD©) for“L odd” (Theorems 5.3 and 5.5)
and

E(z_l)(O) and E(Z)(O) for “L even” (Theorems 5.6 and 5.8).
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So as not to repeat the arguments unnecessarily, we do one “lower derivative” and
one “higher derivative”, namely:

E @ (0) incase “L odd” (Theorem 5.3)
and
E @ (0) incase “L even” (Theorem 5.7).

We begin by writing down a general formula for E @ (0) in case that L is odd
(for a proof, see Sect. 7.2, (7.1)—(7.5)).
We have

EDO) =T+ 1 + /3

where the terms Ji, J», J3 are defined as follows:
Set

TP .= w[D*Z(0)], D’ $ (0).
Then,

Ji :=4Ref (DL Z(0)]y - (wXwT) dw
Sl
+4-(L— 1)Re/l [DL2Z(0)], f dw
S

I3 T 1 B
" _ 4~ M{(L-M-1! e/;l[ i ZO))w - gp_prdw,  (5.45)
M>5(L-1)

fi=T"Y 7% = w[Z,(0)]wT + wX i (0),

. v! —
gy = Z c(‘flﬁT“’ﬁ w1thc(‘;ﬁ ZZF,(X-F,B-FV:L—I;

a+p=v B!

LT-1ny  —
’ 2(L —1)! o A
hi= Y gRe/ (DM Z(0)],y - hgg dw
s1

£ MM
M=2
+2(Z—1)(Z—2)Ref [Z:(0)]w - TVE73 dw, (5.46)
Sl
M _
— M) -
h— — M,O[ _ _ Ta,L—l—M—ot’
M O;)W )oe(L—l—M—oz)!

Y(M,a):=1 fora=M, (M,a):=2 fora+#M;
Jy:=4(L — 1)Re/ wZ10 (0) - Xy DE26(0) dw
Sl

+ 2Re/ wXy - XwDE'¢(0) dw. (5.47)
Sl
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We have J3 = 0 since )2w . Xw =0 and th(O) . )A(w = 0 on account of formula
(2.51) in Sect. 2.1.

We set D,]¢(O) =0 for 0 < j < I', and assume that t = ¢(0), Dtr¢(0), and
D,F +1¢(0) are given by (5.25)—(5.26). As in the non-exceptional case, the proof of
the normal forms essentially (but not entirely) consists in counting orders of pole
terms. Considering (5.45) we know from the examples of Chap. 2 that X7 is al-
ways holomorphic, as are [Df‘z (0], and ¢;(0) is chosen in such a way that

fi=w[Z:(0)]wT + wX e (0)

is holomorphic. Now we turn to

Proposition 5.7 Suppose k > 1. Then the §-linear terms in the integrands of (5.45)
are holomorphic if T, Dtrqb(O), D,F+l¢(0) are chosen as in Theorem 5.4, and there-

fore J; = 0(eL=182), whence E(P)(0) = J, + 0 (eL~162).

Before proceeding with the proof of Proposition 5.7, we shall make some obser-
vations, analogs of which are valid for all the normal form theorems.

1. If in Theorem 5.3, we had set § = 0, and considered only iterations by t, then
in (5.45) no poles ever form on the first complex components (FCC). Thus, for
B > 0, we may take all §° pole terms of qu&(O) =0.

2. If § =0, the Zth derivative contains only terms of order €L which are in general,
impossible to calculate.

3. By taking 8 # 0, as in Theorem 5.3, all §-linear poles that develop on the A s’
do so only for j <2m — 2n + 1. Since, for these A, A; = 1Ay, all of these
poles may be removed as in the non-exceptional case.

4. Forg>T, Df ¢ (0) are polynomials in § with (by (5.1)) no constant term.

. In calculating the Zth derivative, we consider only the §-linear terms.
6. The order of the § linear poles of D{g ¢ (0) are bounded by n + 1 + s, the ° poles
are of order n + 1.
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We now need a sequence of lemmata.

Lemma 5.3 Let k > [. Then the exponents of the terms in the F'CC of w[ DY 2(0)]w,
o < (L — 1)/2 that do not contain § (or w), are always greater than or equal to
m+1). If a # I + 1), the D,ﬁ¢(0) can be chosen so that exponents of the §
linear terms in the FCC ofw[Df‘z(O)]w are greater than or equal to (n 4 1). Most
significantly, the order of the §-linear pole terms of qub (0) is bounded byn+1+s
and §-linear pole terms formed in the expression

L-M—-1

a=

(L-M—1)
alL—M—1—a)!

w[D?Z(0)]., DF ¢ (0) (5.48)

o

may be removed. There are no §° poles.
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Proof The statement about f is clearly true for 8 =0, I, I" 4 1, and is true for
a=0,...,(I" +1). Suppose @ = I" + 2. Then, since k > [, we have an expansion
wIDI ' Z(O)]wg =€ - (c18A 1w ™ + 28 Ao 170 4 e38 Agy s w2
+ 8 Agm—pppwE™D0FD=s ), (5.49)
Define
DIt 0) := —el 18w — el s, ow™ + el creadhppow™ +---.

Then w[Df‘z (0)],, has an expansion of the form

2n+2—s 4.

)

and so our assertion is true fora =1"+2,8=1,T + 1.
Now suppose the lemma is true forallo, I' + 1 <a <J —-1,8<J -2

(c4Azpy3w

F+2<a—-1<(L-1)/2.

‘We must show it is true for o = J.
So consider

J—-15 =D = o5 B 5 nJ-1
wID/ T ZOhd + _a)!;ww, ZO)1w Dy $(0) +wZy D} "' (0).

(5.50)

By induction, the lowest power of the §-linear term in the FCC of w[D[J -1z )]
is (n + 1). Thus w[D,J_IZ(O)]w¢> has no §-linear pole in the FCC, and thus this
term makes no contribution to D,J _1¢(O). In

w[D] 1 Z(0)], (5.51)

let us consider the lowest power associated to A2, —2,+1, A7 and Ag.
By definition we have that

(=D=2m+1) =20+ +Tn+1)+s.
Since we are at an exceptional branch point we have
m+1>2n+1).

Thus,

(I-D=214+m+T'n+1)+s, (5.52)
and since k >/

k=—1D>14+m+T'(n+1)+s. (5.53)

Therefore the exponent associated to A; in (5.51) is greater than or equal to

I-D+d+n)—-L24+T -D)n+1
>1+m+T+Dm+D+s—A+m) — T —DHn+1D)=2n+2+s
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and thus the exponent associated to Ay is also greater than 2(n + 1) + 5. We must
check the order of the exponent of Ay, —2,41.Since B>T, a <L/2—1(ax+B <
L/2+T'). Thus in w[D{¥Z(0)],y Aom—2n+1 is associated to w”, where

VZ(L—I)(H+1)—(%—1)(n+1)=%(n+1)22(n+1)~

Similarly for the other terms of (5.50). Thus, no pole forms on Ay, —2,+1 and all
8-linear poles are removable. This completes the proof of Lemma 5.3. d

Lemma 5.4 In (5.48), no §-linear poles or 8° form in the last complex component.

Proof First consider the term
w[D! ™' Z(O)],

where J — 1 <L/2+T —1.
Here, we have an expansion of the last complex component of the form

c1 Rw' + 28 R w??
wherevi > 1+m—(J —1)(n+1). But
I+m=14+4m+IT'(n+1)+s.

Therefore
V1z1+m+(F+1)(n+1)+s—<%+F—l>(n+l)=2n+2+s.
Furthermore
vzzl—i—m—|:(§+F—l)—(F+1)i|(n+1)—s:2(n+l)—s.

Therefore in (5.48), the term (5.51) has no §-linear pole in the last complex compo-
nent. What about the other terms of (5.48)?

Now Df¢(0)=0f0r0<ﬂ <I' Iff+a< (L — 1)/2=L/2 + I', then in
(5.48) consider a non-zero term

w[D? Z(0)wDf § (0). (5.54)

fg>r,«a §L/2—A1 andif B>+ 1,0 <L/2—-2.1f B =TI, the last complex
component of w[ Dy Z(0)],, has an expansion of the form

Clmen+l+s + Cszwn-H +C36w2(n+1)—s (5.55)
and if 8 > (I" 4 1) the expansion has the form
Clmen+l+S + C2Rnw2(n+l) + c36w3(n+1)7s'

Thus, (5.54) has no pole. O
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Lemmas 5.3 and 5.4 now prove Proposition 5.7.
We now proceed with the proof of Theorem 5.3. The basic idea is to arrange the

—th . . . . .
L derivative terms into those with holomorphic integrands and those with poles

at w = 0. Among the latter we ignore those terms Di/ ¢(0), j > T + 1, as in the
non-exceptional case. We also have:

Lemma 5.5 All the terms in the value of Zth derivative of the form
w[D{Z(O) - [D] Z(0)]u D ¢ (0) (5.56)
v.a < (L —1)/2, T <pB < (L —3)/2 do not contribute to the value of the "

derivative.

Proof By Lemma 5.3, the constancy of the order of the §-linear pole of Df ¢ (0),
B > (I' +1) implies that we may ignore all terms of (5.56) where 8 > (I"+ 1). First,
let us consider the last complex components of w[Df‘i 0]y and w[Dty 7 )]y
which take the forms

¥ Ryrw" 15 4 58w D=5 1 ¢ R, w1,
Ci’ men+l+s +612/8w2(n+1)—s +C§/men+l.

Multiplying these out and considering the order of the pole of Dlﬂ ¢ (0), the result
follows. By Lemma 5.3 if @ or y is less than I" + 1 the first complex components
of w[D%Z(0)],, are of the form Cw"+! 4+ C'w"*+! + ...,

C-A=C-C=0, C-C'#0, C'- A #0.
If o or y is greater than or equal to (I” + 1) the expansion is of the form
Crw"™ 4 C'w™ ! 4 Cosw T 4
Ci-A=C-C1=0, Cy-A1 =0, C'-A #0.
This immediately implies that the only possible contribution is of order O (ez’l 82).
O
Consider now the following sum in first term on the right-hand side of the defi-

nition of J, in formula (5.46):

2(L-1) M

WRev/Sl U)[Dt Z(O)]w

(L-1
7

M! .
: {Z —w(m,a)[Df‘Z(O)]waq&(O)} dw, M= (5.57)

alp!
With regard to the contribution of the last complex component to (5.57), the growth

estimates of Lemma 5.3 ensure that D;s ¢ (0) for B > I' + 1 play no role. Thus (5.57)
equals
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2(L—1)! s s
“wn N /S WD ZO)w - [DF" Z(O) ]t dw
2 LG -
* (L/z)zrzRefS1 w[D; " Z ()l - [D;" Z(0)1,, D; ¢(0) dw
2M! o s "
" (L/2—1)!(r+1)zRe/S.w[Dt ZO)lw - DM Z(0)]w D] T ¢ (0) dw,
N=E2=l (5.58)

From formula (5.31) we know that the last complex component of

w[DM Z(0)],, = iM MM k) Rw® + €L/ =S Ryw 15y 4+
whereas w[D,L 27 (0)],, has a last complex component expansion of the form
iL/ch/2(€L/2C1men+17S + 6L/271628meﬂ+173‘ + . ) (559)

Multiplying the expressions, we see that D/ ¢ (0) contributes only a term of order

0 (62_152) and therefore can be ignored.
Thus we are left with only two terms in (5.58), our normal form. It remains

to show that the §-linear terms of the FCC of (5.58) do not contribute to the Zth
derivative. This follows as in Lemma 5.5 and the proof of Theorem 5.3 is complete.

Now we write down a general formula for E @ (0) in case that L is even (see
Chap. 4, formula (4.66)). We have

EDO) =Ty + o+ T3+ Ja+ T (5.60)

with Jq, ..., Js5 defined as follows:

I ::4Re/ w[DE'Z(O0)] - Xt dw:
sl!

Jr = 4L~ 1! Re | [DMZ(O0)y- g+ = . d
2= 20 @ i - € P A O g7 g A
M=5+1
s:Z/Z;
J -—4@_1)!12 D¥Z(0 <~ 1d
3-—m € sl[ y Z(0)]y - g5—1dw
2(L —1)! .
gRe/ [D? Z(0)]y - hodw,
O'!(T! sl

o=5—1=L/2—-1=M,
o

ho = ¥ (0, )w[DE Z(0)], D] $(0), (5.61)
a=0

B=(L-1)—-GF—-1)—a=L—-5—a;
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_ N AL iy _
—_Z M'M' f[D ZO)w - h
M=2

+MRe/ W24 (0) - Zp (0)DE3¢(0) dw
(2_3)' gl rw rw t )

a+B+M=L-1;
Js = 4(L — l)Ref wZ10 (0) - Xy DE26(0) dw
Sl

+2Re/ wXy - XuDE(0) dw.
Sl

We have Js = 0 because of formula (2.36) in Chap. 2. Moreover, as for the case
“L odd”, we obtain J; = 0 and J> = O(8?) since the §-linear and w-linear terms in
the integrands are holomorphic. Thus we have

ED©0) = J5+ Ju+ 0(eE716%) + 0L 0?) + 0(eh). (5.62)

Now, using the same reasoning as in L odd, J; = O(EL 182y + O(GL lw?) +
O(EL) And again, as in the case of L odd, in J3 all terms involving Dﬂ ¢(0), B >
(I" 4+ 1) do not contribute §-linear terms. For 8 > (I" + 1), it follows from our
Fundamental Computational Principle that D,F +1$(0) is used to kill a pole and the
only other generator is ¢/z" 1.

These considerations yield normal form Theorem 5.8, and the same arguments
show that it does not depend on the FCC.

Now we summarize the principal results of the preceding discussion in

Theorem 5.9 Let X € C® (B, R3) be a nonplanar minimal surface with the excep-
tional branch point w = 0 of order n and index m. Suppose that X is given in normal
format w =0, let L be the integer 2(m + 1)/(n+ 1), and let k, [ € N be the indices
of X introduced in Definition 5.1. Then we have:

(i) If k =1 = oo then the Taylor expansion of X has the form

o
X(w)=Xo+Re)Y Fjw/ "™V forweB (5.63)
j=l1
with Xg € R? and Fj e C3.
(ii) Ifnotk =1= 00, and k > 1 is satisfied, then the following holds:
Given €9 > 0 and p € No, there is a C ®diffeomorphism ¢ of 3 B onto itself
such that the harmonic extension Y € C®(B,R¥ of Y := X o with X = XlaB
satisfies

lp —idyp ||cu(aB,R2) < €0, Y — X”C#(F,R3) < €0 (5.64)
and

DY) < D(X).
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In other words, X cannot be a relative minimizer of D “with respect to its own
boundary”.

Remark 5.4 We first note that the assumption “X € C*°(B,R%” in the previ-
ous discussion is only needed when we consider the varied energy functional
E(¢) produced by variations of the boundary values X = Xl|og. The assumption
“X e C*®(B, R3)” suffices for the definition of n,m, L, k,[, m given at the begin-
ning of this chapter.

Secondly we observe that it is not relevant that the parameter domain of the
minimal surface X € C (B, R3) in Theorem 5.9 is the unit disk B (0). Instead we
could take any other disk B’ = B, (0). For instance, if the minimal surface X : B —
RR3 is merely of class CY(B1, R?), we may take B, (0) with 0 < r < 1 as domain B
to which Theorem 5.9 is applied.

These two observations will be used in the proof of the next result.

In the sequel, I" will again denote a closed, rectifiable Jordan curve, and C(I") is
the usual class of disk-type surfaces Z : B — R3 bounded by I".

Theorem 5.10 Let X € C(I") be a nonplanar minimal surface X:B>R3 in nor-
mal form at the exceptional branch point w = 0, having the indices k,l € N as
introduced in Definition 5.1. Then we have:

@) kA;él (i.e. k =1 cannot happen);
(ii) X is not a relative minimizer of A in C(I') if k > [ is satisfied.

Proof As Xe C*®(B, R3), the indicesA k,l €N are well defined.
(1) Suppose that k =/ = co. Then X (w) for w € B is given by (5.63), according
to Theorem 5.9 and Remark 5.4. Set

1 2
w,1 =rexp (mZni> , wr2 ‘=rexp <m27[i> forO<r <1,

wl:=exp ;2711' , w2:=exp LZTH' , 5n:=|wl—w2|>0,
n+1 n—+1

and note that wrl, w,2 € B; w!, w? € 3 B; furthermore,

1

1 2 2
lw —w,|=1-r, lw*—wy|=1-r.

Since the boundary values X = Xlon yield a homeomorphism from 9 B onto I”, we
have

€(8,) :=inf{|X (W) = Xw")|:w',w”" € 3B and |w' — w"| =6,} > 0.
Therefore,
0<e@) <IXw") — Xw?)]
<X @) = X@)I+ X ") = XwH]+ X @?) — X(w})].
Since (w1 = (w2)"*!, we infer from (5.63) that X (w') = X (w?), and so,

0<e@y) <X —XwhH+1Xw? - X(w?)| -0
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as r — 1, a contradiction. Consequently, at least one of the indices k,/ has to be
finite, hence k # [, and so it makes sense to require that k > [ holds on B for X.

(ii) Fix some r € (0, 1) and set B’ := B,(0) CC B and X’ := X|. Then the

indices k,[,n,m, L for X' € C(B’, R3) are the same as for X, and so X’ satisfies
k > 1. By Theorem 5.9 and Remark 5.4 there is a C*°-diffeomorphism ¢ : 8B/
9B’ of 3B’ onto itself such that the harmonic extension Z : B’ — R3 of X o ¢ =
X' 0¢:9B — R3 to B satisfies

Dy/(Z) < D (X). (5.65)
Assume that ¢ is given by
d(ré'?)y =rev®

with a 27 -shift periodic function y € C*°(R). Then we define a C*°-diffeomorphism
¥ : T — T of the annulus

T ={weC:r<|w| <1}
onto itself by setting
U(w) = pe”®  forw=pe? e,
and we note that
Y(w)=¢w) forwedB .
Set

Z(w) forw € B,

- -, (5.66)
XW(w)) forweT=B\BHB.

X*(w) := {

We have 2(1})) = )A((w) for w e dB’, and ¥ is a diffeomorphism from 9B onto
itself. Then X* € C(I") N CY(B, R?), and we have

AXY)=Ap(2)+ Ar(X o W). (5.67)
Since ¥ : T — T is a diffeomorphism and X is conformal, we have

Ar(X o W) = Ar(X) = Dr(X). (5.68)
Furthermore, the inequality A g < Dps together with (5.65) yields

Ap(2) < Dp/(2) < Dp/(X') = Dp/(X). (5.69)
Combining (5.65)—(5.69), we arrive at
A(X*) < Dp/(X) + Dr(X) = D(X) = A(X),

taking the conformality of X into account. This completes the proof of (ii). t
Corollary 5.1 Let XeCI) bea nonplanar minimal surface X : B — Rinnormal
form at w = 0 which is a relative minimizer of D. Then w = 0 can only be an

exceptional branch point of X if the indices k, 1 € N satisfy k # [ and k > [ does not
hold.
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Remark 5.5 On account of this corollary and of Remarks 5.1 and 5.2, Theorem 5.1
will be proved if we can show that w = 0 cannot be an exceptional branch point
which does not satisfy k > [. This will be proved in the next chapter where we
derive a new local representation Y:=Xo ¥~ ! with possibly new indices k’, I/, but
n' =n,m' =m, L = L, such that ¥’ = co. Then either I’ = 0o or I’ < 00. In the
latter case we will be able to show that X cannot be a minimizer of A in C(I'). Thus
it remains to show that not X’ = [’ = co. This cannot be so easily excluded as in
Theorem 5.10(i), since the local minimal surface Y: B, (0) — R3 might not satisfy
a Plateau boundary condition. However, w = 0 is now a “false branch point” of X s
and this can be excluded by the reasoning of Gulliver/Osserman/Royden [1]. We
give our own brief proofs of this result in the care of smooth boundaries in Chap. 7.






Chapter 6
Exceptional Branch Points Without
the Condition k >/

Now let X € C(I") bea nonplanar minimal surface in normal form at the exceptional
branch point w = 0 with k # [ which does not satisfy k > /. We have

Xy (w) = (A" + Aw" ™ 4 Ry 4 --)
withm > n, A1 #0, R;; #0. As in Chap. 5 we introduce C; and C} e R? by
Cj:=Aj, C}ZZO ifA;-A;1=0,
CJ'ZZO, C;::AJ‘ ifAj~A1#O.
Set
Oj={(—-D+0n+1);
then

wXW(w):(Alw"H—i—ZCjw@f+ZC}w@f,mem+l+--->_
j>1 ]>]

Lemma 6.1 We have C'; =1, A1 + V}Zl.

Proof A1 and A are linearly independent since A; - A1 =0, A CA # 0, and
dimc C? =2. O

Write Cj = AjA;. Then we have
w)A(w(w) = <A1<Z)‘jw@j +Z)"/jw@j) +Z1 Z”}w@j’ mem—i-l +>
J J J

Let us introduce the holomorphic function g(w) by

n+1

_w AN/ w®
gw)=-— +Z[(/\,+xj)/o]]w J. (6.1)
j>1
A. Tromba, A Theory of Branched Minimal Surfaces, 99
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So we can write
g(w) =w" 1y (w)

where V1 (w) is a holomorphic function on B which can be written as

1
Yi(w) = o + Y2 (w),

where Y (w) is a holomorphic function on B of the form
va(w) =ajw + aw? +---.

Therefore, close to w = 0, we can extract the (n + 1)th root of {{(w), i.e. there

is a neighbourhood B, (0) of w = 0,10 < p < 1, and a holomorphic mapping ¢ :
B,(0) — C with ¢(0) =[1/(n + 1)]"+T > 0 such that
" (w) =y (w) for w e B,(0).
Introduce the holomorphic function ¥ : B,(0) — C by
Y(w) :=we(w) forw e B,(0). (6.2)
We have ¥ (0) = 0 and ¥'(0) > 0 because of
¥ (w) = p(w) + we' (w).

Thus the mapping w + ¥/ (w) is biholomorphic on B, (0) for 0 < p < 1, and its in-
verse ¥ ! is a well-defined holomorphic map on B (g, 0 < p’ < 1, with ¥ (0) =0.
We obtain the Taylor expansion

v '@ =ciz+--- withey #0,
and from z = ¥ (w) it follows
Z}’l+1 — wn+1¢n+l(w) — wn+11//1 (w) — g(w) f0r |w| < p

Using the transformation w = ¥~ 1(z) on B/ (0), we can introduce a new minimal
surface Y : B,y (0) — R3 by setting

Y:=Xoy L (6.3)
Then we obtain the local expansion
¥(2) = Xo+Re(Aiz" + A1y (2), R, 2" ) (6:4)
with A; #0, R/, #0, and y (z) ;= az?" "+l 4 ...

Thus we arrive at

Proposition 6.1 There is a biholomorphic mapping ¥ from a neighbourhood of
w =0, satisfying ¥ (0) =0, such that Y = X oy~ : By (0) — R3 with 0 < p’ < 1
is a mapping in normal form at the exceptional branch point w = 0 which satisfies
k' = oo.

Now we are going to verify
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Proposition 6.2 Consider the minimal surface Y=Xo Vil By (0) — R3, 0 <
o' K 1, from Proposition 6.1 with the new indices kK, I eN. Then we have: Either
k' =1 = o0, or else there is a mapping X* € C(I') such that A(X*) < A(X).

Proof Choose 1 and rp with 0 <r; <ry < p’ and set

B’ := B, (0), B" := B,,(0), T:=B"\B ={zeC:ri <|z| <r)}.

Moreover, we apply Theorem 5.9 and Remark 5.4 of Chap. 5 to Y, assuming that
we have not k' =1’ = oo. Then, for any € > 0, there is a C*°-diffeomorphism ¢ of
9 B’ onto itself such that

¢ —idyp ||cl(33~,]R2) < €0, (6.5)

and that the harmonic extension Z € C®(B',R3) of Z:=Y o ¢ with Y := ?|BB’
satisfies

DB/(Z) < DB/(?) (66)
Let ¢ be represented by
p(re'?) =re'r® (6.7)
with a 27 -shift periodic function y € C*°(R). Because of (6.5) we have
1
ly'(0) — 1] < 8(eg) < — with lim 8(ep) =0. (6.8)
4 €—+0
Now we define a mapping ¥ : T — T of the annulus T onto itself by setting
W(z):=re? "9 forz=re'? withr; <r <nr,

7.0) =1 — u()ly ©) + u(r)o,  ulr) = —-

ry—r1
We note that, for any r € [r1, 2], ¥ provides a one-to-one mapping of the circle

0B, (0) onto itself; thus ¥ yields a one-to-one mapping from 7T onto itself. Further-
more,

ri
n—n

W (rei?) = £/ 700) {1 Lir [y (0) — 9]},

Wy (re'®) =irpy(r,0)e’” 0.

Fix some sufficiently small €y > 0. Then the Jacobian Jy of ¥ is positive on T,
taking (6.8) into account, and therefore ¥ is a diffeomorphism of 7 onto itself
which satisfies

V() =¢(z) forlz|=ry, Y(z)=z forlz|=r.
Define Y* : B” — R3 by

7(2) forze B,

?('I’(Z)) forzeT. (6.9)

Y*(z) := {
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Then ¥* € H} (B",R*) N CO(B",R?), Y*(z) = ¥ (z) for z € B”, and

Apr(Y*) = Ap(Z) + Ar (¥ o ). (6.10)
From (6.6) and the conformality of Y we infer
Ap(Z) < Dp(Z) < Dp/(V) = Ag/(Y), (6.11)
and we also have
Ar(Y o) = Ar(Y) (6.12)

since ¥ is a diffeomorphism from 7 onto itself. By virtue of (6.10)—(6.12) we arrive
at

Apr(Y*) < Ap(Y) + Ar(Y) = Apn(Y). (6.13)

Recall that ¥ = X o ¥ ~! for the biholomorphic mapping v ! B, (0) — B and set
U :=vy ' (B”) cC B. Then

Yoylg=Xly and Y* oyl =Xl
where dU is regular and real analytic. It follows that

Y*((w)) forweU
)A((w) forwe B\ U

defines a surface X™* € C(I"), and we obtain from (6.13) and (6.14)

X*(w) = { (6.14)

AXY) = Ay (T o) + Ay (X)
=Ap (Y + Apw(X)
< Ap/(¥)+ Apu(X)
=Ap(Xoy™) + Apu(X)
= Ay(X) + Ap\u(X) = A(X).

This completes the proof of Proposition 6.2. O

Suppose now that in Proposition 6.2 we have the case X’ =’ = oco. This means
there is a biholomorphic mapping ¥ : B,(wo) — C, 0 < p <« 1, with ¥ (0) = 0 such
that )A’(z) = )A((w_l(z)) satisfies

o0
Y(2) =Y —I—ReZszj("H) forze By (0), 0<p’ <1,
=1

where F 1#0.

This means that w = 0 is a “locally analytically false” branch point of X, and in
particular, w = 0 is a false branch point of X. However, this is impossible for Xe
C(I"), according to the results of Gulliver/Osserman/Royden [1] which we might
use here (cf. Sect. 6 of [1], in particular Theorem 6.16). Thus we obtain
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Proposition 6.3 For Xe C(I") and the mapping Y =Xo V! from Proposition 6.1,
we do not have k' =1' = oc.

From Propositions 6.1-6.3 we infer:
Theorem 6.1 Let X € C(I") be a nonplanar minimal surface X : B — R3 innormal
form at the exceptional branch point w = 0, and suppose that the condition k > [

does not hold. Then X is not an absolute minimizer of Ain C(I).

Combining this theorem with results in Chap. 5, namely Remarks 5.1 and 5.2 and
Theorem 5.10, the Second Main Theorem (= Theorem 5.1 of Chap. 5) is proved.






Chapter 7
New Brief Proofs
of the Gulliver—-Osserman—Royden Theorem

7.1 The First Proof

We would like to present very much simplified proofs of versions of the Gulliver—
Osserman—Royden (GOR) theorem [1], in the case I" is C%* smooth. In the first
proof instead of employing a topological theory of ramified coverings used in
(GOR), we introduce a new analytical method of root curves. The surprising as-
pect of this proof is that it connects the issue of the existence of analytical false
interior branch points with boundary branch points. We should note that this fact
was also observed by F. Tomi [1] who has found his own very brief proof of (GOR)
in the case I" € C>® which we also include. We first state our main

Theorem 7.1 If)z' eCI), I’ e C2%® s a CO relative ml;nimum of area then w =0
cannot be an analytically false branch point, and thus X cannot have w =0 as a
branch point.

We begin by defining the set:
R={pes'|X(p)=X(). q B’

Lemma 7.1 If X € C(I"), R # S!.

Proof Suppose R = S!. Consider a linear function £ = R? — R given by £(x) =
Ya;x;. Then for a fixed a = (ay, az, a3), the planes are parallel and for b large posi-
tive these planes do not intersect X (B). Decrease b until there is a first point of inter-
section; i.e. L(X(p)) +b =0 for some p € B. Then forall p € B, L(X(p)) +b<0.
Noting that « (p) := L()A( (p)) + b is a harmonic function, then by the strong maxi-
mum principle for harmonic functions, ¥ cannot have an interior maximum. There-
fore p e S' and L(X(g)) +b <O forall g € BY. But L(X(p)) +b=L(X(p')) +b
for some p’ € BY, a contradiction, proving Lemma 7.1. O

From what we have proved already, we know that if XeCI)isaC O-Arelative
minimum with an exceptional branch point at w = 0, then near w =0 X(w) =

A. Tromba, A Theory of Branched Minimal Surfaces, 105
Springer Monographs in Mathematics,
DOI 10.1007/978-3-642-25620-2_7, © Springer-Verlag Berlin Heidelberg 2012
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Y (g(w)) for some locally defined (near w = 0) embedded minimal surface Y. More-
over

Xy = (A1’ (W) +A1p (W), Ry (w)). (7.1)
We now have:

Lemma 7.2 If " € C>%(B), then g, p, y are in C>%(B). If I' is real analytic then
g, p, y are real analytic.

Proof If I' e C>“, then XecC 2’“_(§) and if I” is real analytic X has a real analytic
extension to a neighbourhood of B. Since A; - A} =0, we have
(A1~ ADg'(w) € CH(B).
Similarly for p and y. The analytic case follows analogously. (|
We begin the proof of Theorem 7.1 by first ruling out analytically false interior

branch points in the case X has no boundary branch points. This case is quite easy
to prove and gives some geometric understanding as to why Theorem 7.1 is true.

Proposition 7.1 If X € C(I') is a C° relative minimum of area with an analytically
false branch point at w = 0, as above, and if g’ #0 on S', then R = S'.

By Lemma 7.1 we know that R = § Lig impossible, thus we obtain:

Theorem 7.2 If X ecC(), I e C%% X a C° relative minimum of area where
g#0and g’ #0on S', then X cannot have w = 0 as an analytically false branch
point, and thus a C° relative minimum of area cannot be branched at all.

Lemma 7.3 Under the hypothesis of Theorem 7.2, R # (.

To facilitate the proof of Lemma 7.3, we introduce:

= {0 :[0, 1] - C | o analytic, embedded, o (1) € U, where U is the unbounded
component of C \ g(S!), o(0) =0, o avoids the image of the zeros of g’

(see remark below) other than 0 and o is transverse to g(S H).

Remark 7.1 The interior zeros g’ are countable and since g is holomorphic on B
and C? on S!, the zeros of g’ are nowhere dense and this image has Hausdorff 1-
dimension zero, Jiang [1]. Thus, Tomi—Tromba [1], the image of these zeros does
not disconnect R2.

Then, for all o € A, g_1 (o0, 1]) is a one-dimensional submanifold of B trans-
verse to S1. We now construct what we call the roof curves of o € a.
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Lemma 7.4 The equation g(w) = o(t) generates (n + 1) analytic root curves,
0j(t),1 <j<m+1),each analytic on 0 <t < 1 and satisfying

0;(0) =0, gloj()=u

glojt)=o() Vj

p(oj(t)) = p(oi(t)) Vi, j (7.2)
y(oj@)=y(oi(1)) Vi, j

g(0j(1) =g(oi(t)) Vi, j

for all t such that o;(t) € B.

Proof Along o (t), we may define the (n + D™ roots of o (¢), namely & (f), ...,
£,41(1), & ()" = o (). About a neighbourhood of 0, and since w - we(w) is a
local diffeomorphism, the {o;} are the (n + 1) solutions to the equation

we(w) = §(1). (7.3)

For t > 0, g~!(o (7)) is a one-dimensional manifold and the {o; ()} constitute
(n + 1) components of g~!(o(1)). By constructing g maps each o;(t) diffeomor-
phically onto its image, and near w =0

Xw)=Y@Ew), [op@]"=g) (74)
for some Y. This implies that, near w =0, p(w) = p(g(w)), vy (w) = y(g(w)) and
from this (7.2) follows by analyticity. 0

From (7.2) we immediately have:

Lemma 7.5
X(0;(1)) = X(07(1)) (1.5)
foralli, j such that 0;(t),0;(t) € B.

Lemma 7.6 For each index j, thereisat;,0<t; <1 suchthatoj(t;) € st

Proof If not o (t) € BY for all ¢, hence o (1) € B®. Thus g(0;(1)) =0 (1) € U and
g maps an interior point of B to a point in the unbounded component of C \ g(S"),
a clear impossibility. g

Thus there must be an index 7 and a first time #; such that o (t;) € S'. By (7.5)
and monotonicity o (t;) € BO, for all j # . Thus o (f;) € R and R # @, proving
Lemma 7.4.

The next two lemmas conclude the proofs of Proposition 7.1 and Theorem 7.2.

Lemma 7.7 R is open and non-empty.

Lemma 7.8 Under the hypotheses of Theorem 7.2 R is closed.
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The basic idea is to show that each o € A generates a point of R. To achieve this
we construct a map

AL Rcsl.
For each o € a, there is an index 7, a root curve o; and a first time #; such that 7,
is the first time o hits S', and for all indices JF#T,0(t) € B, for if oj(ty) € st,
(7.5) would violate boundary monotonicity of X. Now 1, depends smoothly on o,
i.e. 0 — t; (o) is smooth. By smooth we mean the following: If 4 : [0, 1] — C,
h(0) =0 is analytic and small in any C" norm, r > 3, then (o + ) € A. Then

S +> t; (0 + sh)
is C'. We define the map
P A—->R
by
@ (o) =0(t;) € S'.
Proof of Lemma 7.7 Let o € A be fixed, p = o;(t;). Furthermore, let (77, w) be a

normal bundle of S! such that the derivative of the projection map D7 (p) : R* —
TpSl, has the property that

o.(tr) € Ker Dr(p).
Given an analytic map A, define i, (¢) by

Dg(p)h (1) = h(1). (7.6)
We have @ (o) =0, (t;(0)), thus
D®(0)h = hr(t:(0)) + 0, (t-(0)) Dtz (o) h.
Since 7 (07 (0)) = 07 (1 (0)),
Dr - D®(o)h=DP(0)h = Drh,(t:(0)).
IfveT,S !is arbitrary, pick & so that

he(t:(0)) =v.

Then D® (0)h = v and D@ is surjective implying that the range of @ is open, and
Lemma 7.7 is proved. O

Proof of Lemma 7.8 Assume we have a sequence o7 (fz,,) > p € S . We claim
that all other root curves must be bounded away from S!. Clearly {aj'.” (te,)}s J F£ T
cannot have an accumulative point on S' other than p, since by (7.5) this would
violate monotonicity. Also p cannot be an accumulation point since g is a local
diffeomorphism and (7.2) would be violated.

By picking a subsequence, we may assume that o/"(t,),i # T, converge to
Pls ..., pn € B, n the order of the branch point w = 0. Let po = p. By changing
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variables we may assume that around each py, £ # 0

g(w) =ag(w—p)"™ +g(p).
Let V be a neighbourhood of g(p) and Wy of p with g : Wy — V a diffeomorphism
and Wy, £ # 0 neighbourhoods of p, such that W, € g~!(V), and W, N S'  C. Let
N be large enough so that UTIYV (tzy) € Wo, and if j # Ty, 0’]N (try) € W for some
L. Lett =1N,07 := Grjyv' Let 6; be a C* embedded mapping agreeing with o
outside Wy, 6 (t;) = p and the image of &; avoiding the pre-image of the image of
the interior zeros of g’. By approximation, we may assume that &, is analytic. Let
0 :=g(67). Then p =6, (t;) = ®(6) € R, and so R is closed. This completes the
proof of Lemma 7.8 and Theorem 7.2. O

We now want to prove Theorem 7.1 by finding a way to apply Theorem 7.2
to a disk of radius slightly less than 1, even though X restricted to the boundary
of this disk need not be monotonic. Thus monotonicity must be replaced by other
conditions. This is the content of Lemmas 7.10 and 7.11. Let py, ..., p¢ be the finite
number of branch points of X on S 1 and Wi, ..., W, neighbourhoods so that the
boundary expansion

Xw(w) = (w— p,)iF;(w). (1.7)

Fi(pj) #0,holds. Let K C SUK = ~UW;)N S!, ~ meaning “complement of”
and define

Ag:={oc e Ao (t;) € K}. (7.8)

‘We now have:

Lemma 7.9 For j # t define
I;(K) = inf {dist(c;(t;), S")} (7.9)
oEag

where dist := distance.
Then, forall j € t,1;(K) > 0.

Proof Suppose the contrary. Let {o™} € O be a sequence with dist(aj’." (tz,,)s sh—o.
By passing to a subsequence we may assume that o (fr,) —> p € S I and
a]’fl (tz,) >q €S !. By monotonicity and (7.5), p = ¢. Since p is not a branch point
either g, p, y (cf. (7.1)) must have a non-vanishing derivative at p, say p’(p) # 0.

Then p is locally one to one, but p(aﬁ (t7,)) = p(og, (t7,)), implying that for m
large oj’.:’n (t,) = o7, (tr,), a contradiction. O

Now let W = Wy for some k, Ay defined as was Ak, and I;(WN S!) defined
as was I;(K) (cf. (7.9)) .e. WN st replaces K).

Lemma 7.10 For W sufficiently small, and for all j #
L;(Wnsh>o.
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Since the proof of Lemma 7.10 is a bit technical, let us first complete the proof
of Theorem 7.1, assuming Lemmas 7.9 and 7.10.

Proof of Theorem 7.1 Let {r;,} be a sequence of radii converging to 1 from be-
low with g|S,,, # 0 and g'|S,,, # 0, S,,, the circle of radius r,. It follows from
Lemmas 7.9 and 7.10, that for m sufficiently large, no two root curves can simulta-
neously hit S, . Let R, :=={p € Ry, |}A((p) = )A((q), where ¢ is in the interior of the
disk of radius r,;}. Then Theorem 7.2 and previous lemmas can be applied to this
situation to conclude that R,, = S,,, and thus w = 0 cannot be a branch point, thus
proving Theorem 7.1. 0

Proof of Lemma 7.10 Assume that on W, q = qk,

pw)=w—q) p(w)+c (7.10)

p(q) #0,r odd, 5 € C!. Identify ¢ with 0 in the Poincaré upper half-plane . On
H, the mapping z — 7 divides any disk centred at O into r disjoint open sets on
which z — z” is one to one.

Since near 0, z — z" p(z) can be written as w(z)", z — w(z) a local diffeomor-
phism, we immediately obtain:

Lemma 7.11 There are v > 3 pairwise disjoint open sets 21, ..., §2,, with W =
U&2;, for W sufficiently small, and p is one to one on each $2;.

We now prove Lemma 7.10. Assume W has been chosen so that Lemma 7.11
applies. Choose a neighbourhood V of ¢ so that a component of p~ (V) C W.
Now suppose I;(W N Sl) =0, and let 0™ € Ayng1 With GT’Z (t;’;) = pm € W and
dist(al’.” (7)), S1) — 0. By passing to a subsequence we may assume p,, — p. Then
p = ¢q, otherwise the argument in Lemma 7.9 would yield a contradiction. Thus, we
may assume that for some path o we have:

() or(tz) e WN S
(ii) Forsome j #17,0,(t;) € 2N p~ (V).
(i) For some 50, 07 (s) € £21 N p~ (V) forall s > 59, and 0 (s) € 2, N p~ ' (V).

To complete the proof of Lemma 7.10, we argue as before. Let 6, be a C°° path
such that

(iv) 67(0), 07 (1r) =gq.
(V) 61(1) = 0 (1), Vs < 50.
(Vi) Gelso, 11 € 21N p~ (V).
(vii) p(o¢[so, t;]) is embedded.
(viii) &, avoids the inverse image of the p image of S'.
(ix) o (¢) avoids the zeros of g’ for t < t;. This can be done since the zeros of
¢’ in the interior are countable. Take any 6., then one has uncountably many
disjoint variations fixing ¢, and thus, infinitely many miss the zeros of g’.
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Let 6; be an analytic approximation to 6; so that g(6¢[0, so]) is an embed-
ding, 6; a root curve close to o; for 0 < s < s, 6¢[0, %] and with (iv) and
(vi)—(ix) holding for 6;. By (7.5), p(6.(t)) = p(6(t)) for all t. Thus for 1 > so,
Gjt) e p~1(V) c W. Since 6,[0, ;] is embedded, it follows that 6;[0,t.] is also
embedded.

As s — t;, let g1 € W be any limit point. Then

p(q)=(q1—q9) p(q)+c=p(@ +c=c.

Thus g = ¢1. If we define 6;(t;) = ¢, then &; is continuous on [0, #;]. Now &; and
6, may be viewed as the boundary of an open disk D with boundary component O
and ¢, and 6 (0, ;) and 6 (0, t). From (7.5) it follows that if we look at the images

of the intervals (0, ;) by &, and 6 and the values of X on these images we obtain
X16j(0,10) =X 0¢(0, 1)

and since this is true for all admissible variations o of & we see thatfor¢,0 <t < 1,
the normal derivatives of X also agree. By identifying & j(t) and o:(t)for0<t <t,,
X (D) is a smooth closed minimal submanifold of R? with boundary points X )
and X (g). Thus, by the convex hull property of minimal surfaces, X (D) lies within
the convex hull of X (0) and X (g), i.e. on the straight line joining X (0) and X (g),a
clear impossibility, and Lemma 7.10 is proved. ]

7.2 Tomi’s Proof of the Gulliver-Osserman—Royden Theorem

F. Tomi has generously allowed us to include his proof of the theorem of Gulliver—
Osserman—Royden. His proof does not use the fact that X is a minimum. For the
sake of generality, Tomi works with a domain which is a Riemann surface M with
k boundary components. Thus, he considers minimal surfaces of genus greater than
one. For those unfamiliar with these concepts, assume k =1, M = B.

Let M be a compact Riemann surface with boundary M and X : M — R3 a
minimal surface spanning a collection I" = I'] U - - U I'; of pairwise disjoint Jordan
curves Iq,..., I} of class C Li je. X is harmonic and conformal (up to branch
points) in int(M), continuous on M, and X : M — I is bijective. It follows then
that X € C1*(M) and that X is immersed on M up to finitely many branch points
in the interior and on the boundary of M (Nitsche [1]).

We follow the papers of Gulliver as to the basic definitions and the terminology.

Definition 7.1

(i) Two different points p, g € int(M) are called equivalent if they are both regular
for X and there are disjoint open neighbourhoods V of p and W of ¢ and a
diffeomorphism 4 : V. — W such that X (p) = X (¢) and X|W = (X|V) o h.

(ii) The surface X is called ramified if it admits a pair of equivalent points. A point
p € M is called a ramified point if each neighbourhood of p contains a pair of
equivalent points.
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(iii) A set S C dM is defined as the set of all points p € 9M such that there is a
point g € int(M) and a sequence of equivalent pairs (py, gn), n € N, in int(M)
with the property that p, — p, g, — q (n — 00).

Since the tangent planes of the surface X coincide in equivalent points and the
tangent planes extend smoothly into branch points, the tangent planes also are iden-
tical in limit points of equivalent points, whether the limit points are regular or not.

We would like to show that under suitable assumptions ramification does not
occur. We thus exclude false branch points in particular since such points are clearly
ramified points. We shall prove the following theorem which is a special case of
Gulliver’s Theorem 8.9 in (Gulliver [1]). Our proof takes serious advantage of the
differentiability of the surface up to the boundary.

Theorem 7.3 Let I' =11 U --- U Iy be a collection of pairwise disjoint Jordan
curves in R3 of class C Le o< u < 1, and such that each I'; contains at least one
extreme point of I, i.e. a point in the boundary of the convex hull of I' relative to
the affine subspace of R3 of minimal dimension containing I'. Then any minimal
surface X : M — R3 such that X : 9M — T is bijective is not ramified.

Corollary 7.1 If I' is a single Jordan curve of class C1* then any minimal surface
spanning I' is not ramified.

The theorem (and hence the corollary) is an easy consequence of the following

Proposition 7.2 If X is ramified then there is a component C; of dM such that each
point of C; is either in S or it is a branch point of X .

Let us quickly deduce the theorem from the proposition: let I; be the component
of I' such that I; = X(C;). By assumption, [} contains an extreme point p; of
I', pi = X(z;) with z; € C; and hence z; € S or z; is a branch point. Let then P be a
supporting plane in p; for I" and hence for X (M). If z; € S we may apply the strong
maximum principle for harmonic functions and in case that z; is a branch point
Hopf’s boundary point lemma to conclude that X (M) is contained in P, in particular
I" C P.Identifying P with R? we may repeat the argument in one dimension lower,
implying that I is contained in a line, a contradiction.

Proof of Proposition 7.2 Let us recall the local behaviour of a minimal surface
around a branch point. To begin with let p € int(M) be such a point. We introduce a
system of Cartesian coordinates (xg, x2, X3) in RR3 such that X (p) is the origin and
the plane x3 = 0 is the tangent plane IT of X in X (p). Then, with respect to a local
conformal coordinate system w = u 4 iv around p one has the representation.

X, =aRew" +bImw™ + o(w™),
(7.11)
Xy, =—almw™ +bRew™ + o(w™)
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where a, b € R? with |a| = |b| > 0, (a,b) =0, a3 = b3 =0 and m € N is the order
of the branch point. Considering a, b as vectors in R we obtain from (7.11) by
integration

X=X, X2) = — ! ; (@Rew" ™! + bImuw™ + o™,  (7.12)

From (7.11) and (7.12) we conclude that there is a disk D, = {(x1, x2) € I1| x% +
x% <r%) and a neighbourhood U of p € M such that X(U\{p}) is an (m + 1)-
sheeted graph over D, i.e. X is regular on U\{p}, )A((U\{p}) = D,\{0} and the
degree of )A(|U \{p} is m + 1 on D,\{0}. Corresponding representations hold in
case p is a boundary branch point, but with the following modification: the local
conformal (u, v)-coordinate system is located in the upper half-plane v > 0 so that
v = 0 corresponds to d M, the order m of the branch point is even, and the orthogonal
projection of X (U N dM) on IT divides the disk D, into two regions such that the
degree of X is 2m + 1 on one of them and 1 >m on the other one. O

Lemma 7.12 If X is ramified then the set S is not empty.

Proof Let p,q € int(M) be a pair of equivalent points and let us choose a path
o : [0, 1] > M such that @ ([0, 1)) C int(M), «(0) = p, (1) € 9M and such that «
avoids the finite set X ~! (X (B)), where B denotes the set of branch points of X. Let
us consider a maximal corresponding path 8 : [0, T) — int(M), 0 < t < 1, such that
B(0) =g and (x(t), B(t)) is a pair of equivalent points for 7 € [0, 7), in particular
a(t) # p().

Case 1. T < 1. If there is a sequence t,, > T (n — o0) and a point w € M with
B(t,) — w, then clearly w € S since a(t,) — «a(t) € int(M). In the other case that
no such sequence (f,,) exists, the curve 8 remains in a compact subset of int(M) and
there is a sequence s, — 7 and a point w € int(M) such that B(s,) - w(n — 00).
Since X (w) =lim X (B(s,)) = lim X («(s,,)) = X (¢(7)), w must be a regular point
of X since otherwise a(7) € X —1(X(B)). Since X is injective in a neighbourhood of
a(7) it follows that a(7) # w and since both points are regular for X there are dis-
joint open neighbourhoods U of a(t) and V of w such that X (U) as well as X (V)
are graphs over some common domain in the common tangent plane of X («(7))
and X (w). Since a(s,) € U and B(s,) € V for sufficiently large n the two graphs
coincide on some open set and hence are identical, in particular X (U) = X (V). It
follows that B(r) = (X|V)~' (X (a(t))) for t € [s,, T) and that B(¢) can be extended
beyond t such that «(¢) and S(¢) are equivalent. So 8 was not maximal and we have
shown that S is not empty provided t < 1.

Case 2. T = 1. Again, we consider first the case that for some sequence #, — 1 one
has B(t,) — w (n — 00) for some w € I M. Because of X (x(1)) =lim X («(t,)) =
lim X (B(#,)) = X (w) one has «(1) = w since X|dM is injective. But then «(1) = w
is a branch point since X could not be injective on any neighbourhood of « (1) = w,
contradicting the choice of «. Therefore 8(t,) — w € int(M) for some w and some
sequence t, — 1, which shows that «(1) € S. U
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Lemma 7.13 S is open in 0M.

Proof Let p € S. According to the definition of S there are g € int(M) and a se-
quence of equivalent pairs (p,,g,) such that p, — p, g, = g (n — 00). The
points p, g may be regular or not but their tangent planes coincide and there are
disjoint neighbourhoods U of p and V of ¢ and a disk D, of radius r and cen-
tre xo = X(p) = X(q) in the common tangent plane such that the representa-
tions (7.11) and (7.12) hold in U and V and X (U) as well as X (V) are multi-
graphs over D, \{xg}, respectively, as described above. Since p, € U and g, € V
for large n there is an open subset 2 of D,\{xo} such that some sheet of X (U)
coincides with some sheet of X (V) over §2. By analyticity (or ellipticity) we con-
clude that X (U) is completely contained in X (V). Let now z € (U\{p}) N9 M and
(zn) a sequence in (U\{p}) Nint(M) with z, — z and let us choose neighbour-
hoods U, of z,,, U, C (U\{p}) Nint(M) such that X (U,)) is a single-valued graph
over some open set £2, C D, C \{xo}. By what we have shown, X (U,) is con-
tained in some sheet of X (V) and hence coincides with some graph X (V,), where
V, is a suitable component of ()2'|V)_1(Q,,). Defining w, := (X|V,) "1 (X(z,)),
clearly z, and w,, are equivalent and, passing to a subsequence, we may assume that
w, — w eV Cint(M), showing that z € S. Il

Once the following lemma is proved, Proposition 7.2 and hence Theorem 7.3 are
established.

Lemma 7.14 A boundary point p of S in dM is a branch point and an isolated
point of IM\S.

Proof The set S being open as shown in Lemma 7.13, S is a denumerable union of
open intervals in 9 M. A boundary point of S therefore either is an endpoint of one of
the intervals forming S or it is a limit point of such endpoints. Below we shall show
that each such endpoint is a branch point of X, implying that there are only finitely
many endpoints and hence only finitely many components of S. Then, of course,
each boundary point of S is an endpoint of some subinterval of S. Accordingly,
we now consider a boundary point p of some component of S. Then there is a
sequence (p,) in S and a sequence of equivalent pairs (z,, wy) in int(M) such that
pn — p (n — 00) and d(zn, pn) < % for some metric d on M. Eventually passing
to a subsequence, we may also assume that w, - w € M (n — 00). In case w €
int(M), p would belong to S. Therefore w € dM and since X (w) = lim X (w,) =
lim X (z,) = X (p) it follows that w = p and hence p is a branch point since X is not
one-to-one on any neighbourhood of p. We now employ the representations (7.11)
and (7.12) with the corresponding normalizations. We may furthermore assume that
all points (u#, 0) € U with u > 0 belong to S. We must show that this also holds for
(u,0) € U with u < 0 provided that U is appropriately chosen. Recall that X(U) =
D,, a disk in the tangent plane of radius r and centre 0 = X (0). From (7.11) and
(7.12), using (a b) =0 and |a|> = |b|* one computes
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A

O oo ion2 o
%|X(Pel N =2(X, Xp)

_ 21 <|a|2 p2(m+1)) +o <p2(m+1)) -0 (7.13)
m+1 p

for z = pe!’ € U provided that the radius » and hence U are sufficiently small.
Equation (7.13) shows that the level sets |)A(| =s, 0 <s <r, are curves of class C!,
in fact radial graphs with respect to the (p, 8)-coordinates and, since I)A( | =r on
dU Nint(M), each level set |)A( | = s connects two points (u;“, 0) and (u;, 0) on
UNoM, where u >0 and u; <0, 0 <s < r. Hence we may parametrize each
level set as a curve

o [0, 11> U, a0 =@, 0), o;l)=(u;,0),
. (7.14)
as([0,1D={z€U||X@)|=s}), O<s<r

We now come to the central argument of our proof. Let z = (1,0) e U N M
with u > 0 be given, |}A((z)| =s5€(0,r), i.e. u = u}. We showed in the proof of
Lemma 7.14 that when z € S the points z, in a corresponding sequence of equiva-
lent pairs (z,, w,) with z,, — z may be chosen arbitrarily, if only sufficiently close
to Z. We use this freedom of choice by choosing z, on the level curve |)A( | =5,
ie. 7y = ag(ty) with 1, > 0, t, - 0 (n — 00). Since the corresponding equiva-
lent points wy, also are in U and satisfy X (w;,) = X (z,,), it follows from (7.14) that
wy, = o5 (Ty,) for some t, > 0. It cannot be that 7, < #,, for infinitely many n, because
then w, — o, (0) = z for a subsequence, implying that z is a branch point, contra-
dicting the fact that O is the only branch point of X in U. We may therefore assume
that 0 < #,, < 1, for all n. For some fixed N € N let us now repeat the construction
of a maximal curve f; pointwise equivalent to oy |[fx, 1], i.e. B : [tn, T) — int(M),
Bs(tn) = w, = as(ty) and (a(2), Bs(t)), are equivalent pairs for all ¢ € [ty, 7).
Since X (B;(t)) = X (o5(2)), Bs parametrizes a portion of «y, as follows from (7.14),
and hence

Bs (1) = a5 (9 (1))

for some continuous ¢ with ¢(y) = ty > ty. We claim that

o) >1t, telty, 1) (7.15)

If there were a first value ¢ with ¢(0) = o one could choose an arbitrary
sequence o, — o (n — 00), 0, < o, producing a sequence of equivalent pairs
(as(@(on)), as(o,)) such that az(oy) — as(0), as(p(oy)) — as(0) (n — 00).
Thus o, (o) is a branch point in U\{0}, a contradiction. Finally, we would like to
show that By reaches the endpoint of «, i.e.

lim (1) = 1. (7.16)
—>T

If not, there is a sequence t, — 7 (n — 00) such that ¢(t,) > T (n — o0) with
T < 1. It follows from (7.15) that T < T'. In case T = T we obtain the same contra-
diction as above, namely that s (t) ought to be a branch point. If, on the other hand,
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we had t < T then the pair (o5 (7), as(T)) of different regular points in int(M) is
the limit of the sequence of equivalent pairs (o (%), a5 (@(t,)) = Bs(tn)), n — o0,
and the curve B; could be extended beyond 7 by the same argument already used in
the proof of Lemma 7.12. Since 7 is maximal, (7.16) and consequently

lim o (¢ (1)) = s (1) (7.17)

are proved. Repeating an argument from above we can exclude that T = 1 because
then o (1) is a branch point. Therefore we have t < 1, a3(t) € int(M) and by
(7.16) there is a sequence of equivalent pairs (o (%), Bs (1) = as(@(t,))) such that
as(ty) = ag(t), Bs(ty) — as(1). This proves that o (1) € S. Since o (1) = (1, 0)
with u; < 0 and s € (0,r) may be arbitrarily chosen we have shown that some
interval (—e, 0) with ¢ > 0 belongs to S. ]



Chapter 8
Boundary Branch Points

In this chapter we first show that Dirichlet’s integral possesses intrinsic second
and third derivatives at a minimal surface X on the tangent space Tx M of M =
H2(OB,R") of X = X|3B on the space J(X) of forced Jacobi fields for X. In par-
ticular it will be seen that J (X ) is a subspace of the kernel of the Hessian D2E(X)
of Dirichlet’s integral E(X) defined in (8.1) below, and an interesting formula (see
(8.16)) for the second variation of Dirichlet’s integral is derived.

Secondly we prove that, for a sufficiently smooth contour I" in R3, not only the
order, but also the index of a boundary branch point of a minimal surface X € C(I")
can be estimated in terms of the total curvature of I' if curvature and torsion of I”
are nowhere zero.

Then we prove Wienholtz’s theorem, which states a condition under which a min-
imizer for Plateau’s problem cannot possess a boundary branch point. In particular
we show: If n is the order and m the index of a boundary branch point of X such
that 2m — 2 < 3n (equivalently 2m + 2 < 3(n + 1)) then X cannot be a minimizer
of Dirichlet’s integral of area. The key idea of the proof will be to again compute
the third derivative of Dirichlet’s integral, D, in an intrinsic way on J ()A( ), thereby
showing that the formula for E®(0) = £ D(Z(1))|,_, derived in Chap. 2 is valid
in the presence of boundary branch points as well.

Finally, we show that in the presence of a non-exceptional boundary branch point,
a minimal surface spanning a sufficiently smooth contour with non-zero curvature
and torsion cannot be a minimum for either energy or area.

Towards these goals, we first show that if the boundary contour I" C R” is of
class C™7 r > 3, the space J—Cs/z(B, R") of harmonic surfaces from B into R”,
mapping S' = 3B to I', is a C" manifold, in fact, a C"-submanifold of the space
33/2(B, R") of harmonic mappings from B into R”. Instead of the dimension n = 3
we do this for arbitrary dimension n. Here it is essential that we operate in the con-
text of a manifold since the third derivative of any real-valued C3-smooth function
is seen to be well defined as a trilinear form on the kernel of the Hessian of this
function at any critical point. We shall use the symbol D for the total derivative or
the Fréchet derivative. Therefore we need another notation for Dirichlet’s integral;
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Springer Monographs in Mathematics,
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instead of D we employ the symbol E and consider E as a function of boundary
values X : S! — R” (instead of their harmonic extension X), i.e.

L[ " n n s
E(X) :=§/(Xu “Xu+ Xy -Xy)dudv for X e H/2(SL,R").  (8.1)
B

It is a well-known fact that R” carries a C”*®-Riemannian metric g with respect to
which I is totally geodesic, i.e. any g-geodesic o : (—1,1) — R” with 6(0) € I
and 0’/ (0) € Ty (0)I” remains on I". Let (p, v) — exp pV denote the exponential map
of g: it is of class C"**. Via harmonic extension we identify the space

M:=H*S'T)
of H?-maps from S! to I with the space foﬂ(E, R™). In order to show that M
is a submanifold of H?(S', R") we need to identify the tangent space Tx M for
X e HX(S', IN).
Definition 8.1 We define the tangent space Ty M of M at X € H*(S!, I') as
TxM ={Y € H(S",R") : Y (¢'?) € Ty (0, 6 R}

Clearly Tx M is a Hilbert subspace of H>(S!, R"). Our goal is to show that the

map
D(Y)(s) :=expyy) Y (5), s=e",
is a local C”-diffeomorphism about the zero 0 € H(S!, R") mapping a neighbour-
hood of zero in Tx M onto a neighbourhood of X in M. Towards this goal we have:
Theorem 8.1 If ¢ € C"t3(R", R"), then & : H*(S', R") — H?(S', R") defined by
& (Y):=¢@oY isof class C". Furthermore,
D" @y (A1, ..., kn)(s) = D"y (5)(A1(0), ..., Ap(s)) forO<m <r.

The proof of this theorem will be a consequence of the following

Lemma 8.1 Let L™ (R",R") be the space of m-linear maps from R" into R",
and suppose that f € C3(R", L™ (R", R")). Then the map F : H*(S',R") —
LM(H*(S', R"), H*(S', R")) defined by

Yi> FY)O1, .., Ap)(s) i= fY () (A1), ..., Am(s))
is continuous. Moreover, if f € C* then F € C', and the derivative of Y — F(Y) is

A= df (Y ($))(A(S), A1(8), ..y A (5)).

Proof Recall that H?(S!,R") is continuously and compactly embedded into
C!(S', R™). Assume for simplicity that

IAjllg2 <1, IYllg2 <2, V02 <2,
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and consider the difference

119

[F(Y) = F(D)Os s An)(8) = [F(X($)) — LT NI, -+, A (5)).
Then
d -
T F) = FDI0, -, An)(6)
=df (Y (DT ($)R1(5), s ki (8)) —df X ()T (D18, -+ s A (5))
+ Y L)) = LA, 21 (), () A1 (9), s A (8))
j=1
=df (Y(s))(Y'(s) = V(D) (A1 (5), -+, Am(s))
+1df (Y (s)) — df (Y (SHIX () A1), -+, Am(5))
+ ) LX) = FEENIRS), o, K (5), o Am(5).
j=1

Since f is Lipschitz continuous, we have
sup | £ (¥ (s)) — f(¥(s))| < constsup ¥ (s) — ¥ (s)]
s N

<const||Y — )?||H1,

and therefore

m

S U@ ) = FETENICAS). - K6, han(5))

j=1

m
<const Y _[|Y = Pl ;125
j=1

from which it follows that

m
YL = FDIG, . A | < const][Y = Y|l 2.
j=I1 L?
Furthermore, the Lipschitz continuity of df implies
ldf YY" =¥,y )l g2 < comst|[Y = Y|l 2,
Idf (Y) —df IX )1, ... M)l L2 < const|[Y — Y| 2.
Summarizing these estimates we obtain
d - ~
H—[F(Y) —FY)](A, ..., Am)|  <const||Y — Y| ge.
ds L2
In the same manner we infer
d? - .
H—Z[F(Y) - FMI*, ..., Am)| =const||Y — Y| g2,
ds L2
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since f,df, and d? f are Lipschitz continuous, using

d? -
732 S[F(Y) = F())(A, ..., Am)(8)
S

=d>fY ()Y N (8) = V()R (s), ... Am (5))
+df Y ()X () =Y ()M (s), ..., Am(5))
+ Y df Y (NI (s) = V() (s), ... Ai(s), s Am(5))

j=1
+ A2 F Y )X (5)) — d> FX ()T NI () A1 (5), -+ oy A (5))
+df (Y (5)) = df (Y (HIT () R1(5)s - - -, Am(s))

+ ) MY ($) —df X ENIX )R (S), - (), Am(5))

j=1

+ A ) = FEECE). o 216), o A (5))

j=1

+ D L) = FEENIR), - N (5), s A8, s A (5))

Jok=1,j<k
i ~ ~
+ Z[df(Y(S))(Y/(S)) —df )Y GNIRG), -, Ai(s), ., Am (8)).

j=1

The estimates above prove that F maps H>(S', R") continuously into the space
L (H*(SL R, HA (S, R™)).
If f e C*thendf € C3 and d? f € C?, and Taylor’s theorem yields
fu+h)—fu)—dfwh=ru,h)h,h)

where
1
r(u, h)(h, h) :=/ (1 = OId* f u +th) —d? f )(h, h) dt.
0

Since f is in C* we obtain
7 (e, k) (., 1) || g2 < comst |||, for [l g2 < 1.

This shows that the mapping F is differentiable, and its derivative DF(Y) at Y €
H?*(S',R") is given by

(DF(Y)h)(s) =df (Y (s))h(s).
Since df € C3, the first part of the lemma yields DF € C°. O

Proof of Theorem 8.1 Applying Lemma 8.1 to f = d"¢ successively to m =
0,1,..., r — 1, we infer that D@, Do, ..., D" @ exist and are continuous. O
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Theorem 8.2 M = H2(S!, I') is a C” -submanifold of H*(S', R").

Proof Since H>(S',R") c C!(S,R"), the set M is closed in H2(S', R"). Consider
the map Y +— @ (Y) defined by

D(Y)(s) :=expy (s Y(s) for X € HX(S', ),

which is of class C" by virtue of Theorem 8.1.

Since @ (0) is the identity map, the inverse function theorem implies that @ is a
local C”-diffeomorphism about 0. Moreover, as the Riemannian metric g is totally
geodesic with respect to I”, we see that @ maps Tx M into M. Since @ is also locally
invertible, it provides a coordinate chart for M as a submanifold of H 2(S r RY. O

Before we can apply the preceding results to Plateau’s problem we need an ab-
stract functional analytic reasoning which shows that a C3-function E : M — R on
a C"-smooth submanifold M of a Hilbert space J, r > 3, possesses intrinsic first,
second, and third order derivatives for any critical point x of E (i.e. DE(x) = 0).
To prove this we need a few prerequisites.

By E € C3(M) we mean that E extends to a C>-map on a neighbourhood of
every point x € M. Equivalently we can use coordinate charts as follows. From
the definition of a submanifold it follows that about each point x € M there is a
C"-diffeomorphism p : V — V' from a neighbourhood V of x in H onto a neigh-
bourhood V' of 0 in H with p(x) = 0 such that p(V N M) is an open subset of a
fixed subspace Jy of J. Then “E € C3(M)” means that E o1 is of class C? for any
such chart (p, V) where v is the inverse of p. For x € M with the image 0 = p(x)
we define the tangent space T, M of M at x by

T:M = Dy (0)[Ho] C I,

i.e. as the image of J{y under the mapping provided by the derivative D (0). This
definition of 7, M does not depend on the choice of the chart (p, V).
As each h € Ty M can be written as h = D (0)h with h € Hy, we define

DE(x)h:= D(E o ¥)(0)h,

which again can be shown to be independent of the choice of the chart.
A point x € M is a critical point of E : M — R if DE(x) = 0. At a critical point
x of E there is a well-defined bilinear form

D’E(x): TyM x M — R
defined by
D?E(x)(h, k) := D*(E o ¥)(0)(h, k)
for h=Dy(0)h, k=DyOk; h keHo.

This is the Hessian (bilinear form), which again does not depend on the choice of
the chart (p, V), as we will shortly show. Surprisingly, there is also a third intrin-
sic derivative D3E(x), but this is intrinsically defined only on the kernel K, of
D?E(x),i.e.on

Ky :={heT:M: D*E(x)(h, k) =0 for all k € T, M}.
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Let us state this formally as

Theorem 8.3 At a critical point x of E € C3(M) there is an intrinsically defined'
second derivative D*E(x) : TeM x TyM — R, and a third derivative D3E (x) :
K, x Ky x Ky — R defined as a trilinear map on the kernel K, of D2E(x).

To prove this we have to show that, with respect to any transitionmap ¢ : U — U
on U C M fixing the critical point x € U of E, the second and third derivatives of
E o ¢ depend only on the first derivative of ¢ and are independent of D*¢(x) and
D3¢ (x). Since we may choose the critical point x as the origin 0, the theorem is a
consequence of the following

Lemma 8.2 Let U be an open subset of a Hilbert space and suppose that 0 € U is
a critical point of E € C3(U). Assume also that K is the kernel of the Hessian of E
at 0 and ¢ : U — U is a C3-diffeomorphism of U onto itself with ¢(0) = 0. Then

D?(E 0 ¢)(0)(k1, ka) = D*E(0)(Dg(0)k1, Dp(0)k2),
and furthermore, if De(0)k; € K, j =1,2,3, then
D*(E 0 9)(0)(k1, k2, k3) = D3 E(0)(Dg(0)k1, De(0)ka, Dp(0)ks).

Proof Repeatedly using the chain rule we see that
(i)  D(Eo@)(x)(h) = DE(¢(x)) De(x)h.
(i)  D*(E o @)(x)(h,k) = D*E(¢(x))(Dg(x)h, De(x)k)
+ DE(p(x)) D*p(x) (h. k).

(iii) D3 (E o @)(x)(h.k,£) = D*E(p(x))(Dg(x)h, Dp(x)k, Dp(x)L)
+ D2E(p(x))(D*¢(x)(h, £), De(x)k)
+ D?E(p(x))(Dg(x)h, D*¢(x)(k, £))
+ D2E(p(x))(D*¢(x)(h, k), Dg(x)t)
+ DE((p(x))D3<p(x)(h, k,0).

Set k1 :=h, ky :=k, k3 := £ and note that DE(0) = 0. Then the first assertion
follows from (ii) and ¢(0) = 0. The second claim is a consequence of (iii) noting
that ¢(0) =0, DE(0) =0, and by assumption Do (0)k; € K, 1 < j <3. g

Now we shall apply the preceding result to Dirichlet’s integral E : H>(S', R") —
R defined by (8.1). Recall the assumption I" € Cc™t7. r > 3. By Theorem 8.2 it

! An intrinsic derivative D* f (x) of amap f : M — R on a subspace o of the tangent space T M
is an r-linear form 0™ — R of 0" =0 x --- x o which is defined independently of the choice of
any coordinate chart.
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follows that M := H2(S!, I') is a C”-submanifold of H2(S', R"), and since E :
H2(S',R") — R is of class C*, it follows immediately that the restriction E|M is
of class C". Let us simply write E instead of E|M, i.e. we view E as a function of
class C"(M).

We wish now to calculate the intrinsic third derivative in the direction of certain
specific elements of the kernel of D?E(X):TxM x TxM — R, namely the forced
Jacobi fields, in the case that X € H 2(S v r ) is a minimal surface. By the results
of Stefan Hildebrandt we know that X € C"t0%(B, R") and therefore also X €
Ccrtoo (st R™) forall @ € (0, 1).

Besides assuming that I € C"*7 we make another standing assumption on I,
namely that the total curvature [} k ds of I' satisfies

1
/ Kkds <—-mr, (8.2)
r 3

which implies r > 6. Then the generalized Gauss—Bonnet formula (Wienholtz [3])
implies

2w Z v(wj) +m Z v(¢r) +2m < %nr

w;€B x€dB

where v(w;) are the orders of the interior branch points w; of a (branched) min-

imal surface X € C (I'), and v(¢&) are the orders of its boundary branch points,
k=1,...,q.Suppose that g > 1. Then

V(g =r/3-2. (8.3)

Recall the definition of a forced Jacobi field of a minimal surface X:B>R3
which we now generalize to a minimal surface X : B — R" with n > 3 which has
the interior branch points wy, ..., w, and the boundary branch points ¢1, ..., 4.
The generator t of a forced Jacobi field Y for X is a meromorphic function on B
with poles possibly at w = 0 and at the branch points of X whose orders are at most
v(w;) at w; #0, v(0) + 1 at w =0, v(¢;) at {;, and which is real on 9 B. Then the
forced Jacobi field Y of X with the generator T is a mapping Y : B — R" of the
form

Y =2B8Re(iwX,7) with B R,
and
Y =BXpt|g: ST > R”

are its boundary values. From the regularity of X and (8.3) we infer as in Sect. 7.1
that certainly ¥ € H>(S', R"), Yo € C%(B,R™), and clearly Y e Tx M. The space
of forced Jacobi fields of X is denoted by J ()A( ).

We shall show that the forced Jacobi fields are in the kernel of the Hessian of
E : M — R, and we will compute the second and third derivative of E in these
directions.
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Computation of D’E and D°E  Let 2(p) : R" — T,I" be the C"*®-smooth
orthogonal projection of R" onto the tangent space T),I" for p € I'. We extend
2(p) to a C"-smooth mapping p — £2(p) from R” into L(R",R"). We then
can write the first derivative of E at X €¢ M = H%(S', I') as

DE(X)= / (2(X)X,,h)do, X, = radial derivative of X. (8.4)
Sl

A slight generalization of Theorem 8.1 yields that {X — 2(X)} e C"(M, H 281,
L@R", R"))), M = H2(S1, I'), if we take Theorem 8.2 into account. Clearly, X is a
critical point of E if and only if

X)X, =0. (8.5)

X will be a solution to Plateau’s problem if X is also a monotonic map from S'
onto I'. .
The derivative of £2(X)X, is given by

h> 2(X)h, + D(X)h[X,], (8.6)

and so the Hessian of E is
DzE(X)(h, k) =/ (.Q(X)/;r + D.Q(X)h[f(r], k)deo. (8.7)
Sl

It follows that the kernel of (8.6) is just the kernel of the Hessian D*E(X) of E
at X.

Claim The forced Jacobi fields of X lie in the kernel of D*E(X). To see this we
first note that

|Xo?R2(X)m = (m, Xg) Xy form e R". (8.8)

Differentiating this in the direction of a tangent vector h € TyM, M = H 2(S L r ),
we obtain

2(Xg, he)R2(X)[m] + |Xg|* DR2(X) (h)[m] = (m, he) Xo + (m, Xo)hg.  (8.9)
Thus the kernel of (8.6) is the kernel of

I Xl {(Xr, ho) Xo + (Xr, Xo)ho —2(Xo. ho) (X)X} + 2(X)hs.
From (8.5) we infer
(X,,Xg)=0 and £2(X)X, =0,
and (8.8) yields

2(X)hy = 1Xo| 7 (hr, Xo) Xo.
Thus £ is in the kernel of (8.6) if and only if
|Xol (X, he)Xo + (Xo. )Xo} =0
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that is, if and only if

(X, hg) + (Xg, hy) =0, (8.10)

since the zeros of Xy (0) are isolated because of the asymptotic expansion of X w at
branch points wy € B.

On S' =3B we have
iwXy, = %(Xg +iX,), iwhy = %(hg +ih,),
implying that
(X,, ho) + (Xo, hy) = —4Im{w?(Xy, hyw)}. (8.11)
If /2 is a forced Jacobi field we have
h=pXgt|st and h=2Re(BiwX,1)
with 8 € R and 7 the generator of h. Since wX,, T is holomorphic on B, it follows
hw = BliwXwTlw.
Hence, if w € B is not a branch point of X, we obtain
(W) = Bl X (W) T + iwX o (W)T(W) 4 iw Xy (W) Ty (W)].
On the other hand, a minimal surface X satisfies
(Xw, Xu) =0
and therefore also
(X (W), hy(w)) =0
if w € B is not a branch point of X, and by continuity of hy on B it follows
(Xu, hy) =0 ifheJ(X). (8.12)

From (8.10), (8.11) and (8.12) we infer that for a forced Jacobi field h its boundary
values 4 lie in the kernel of (8.6) and therefore in the kernel Ky of the Hessian
D?E(X). This proves the claim, and we have established

Proposition 8.1 If X is a minimal surface with X € M = H*(S', I") then the
boundary values h of any h € J(X) lie in the kernel Kx of the Hessian D*E(X) of
E at X, thatis, h € TxM and

D*E(X)(h,k)=0 forallk e TxM.

Remark 8.1 We would like to point out that D?E(X) has been defined for branched
minimal surfaces without making normal variations of X.
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Before we compute D3 E(X) we give a geometric interpretation of
D’E(X)(h,h) = 8 E(X, h),
i.e. of the second variation of E at X in direction of 4 € Tx M. An integration by
parts yields
/ Vh-Vhdu dv:f (hy, h)do —/(AA,fz)du dv
B st B
_ / (hy, h)dO (8.13)
sl

since Ah = 0. Away from branch points on ! we set
h=aXy and b= (h,,Xp).
By (8.8) we have
2(X)hy = X1 (hr, Xo) Xo,
and so
(h, 2(X)h:) = (aXe.bXs)|Xe| > = ab = (hr,aXe) = (hy. h)
and by continuity it follows
(hy,h) = (h, 2(X)h,) onS'.
On account of (8.7) and (8.13) it follows that

D2E(X)(h,h)=/ |vfz|2dudu+/ (h, D(X)h[X,1)d6. (8.14)
B s1

In order to simplify the boundary term we return to (8.9) where we insert m = X,.
Since (X,, Xg) =0 we have 2(X)X, =0 on S', and so two terms in (8.9) vanish.
We are left with

DRX)h[X,]=|Xe|"2(X,. ho) Xo.
Since h = a Xy (away from branch points), we have
he =aXgg +apXe
whence
(Xr.ho) =a(X,, Xoo).
This implies
(h, D2(X)h[X]) = |Xo|*(aXp. a(X, Xo9)Xo) = a*(X,, Xoo)
= |h1*1Xo|2(X,, Xo) = |h|*k,

where

ke == 1Xol"2(X,, Xop) (8.15)
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is the signed geodesic curvature of I' in the minimal surface X, i.e. the interior
product of the curvature vector of I' with the unit vector |)A(r|_l)A(r, since | Xg| =
|X,| on S'.

Thus we infer from (8.14) the following result which was independently obtained
by R. Bohme and A. Tromba:

Proposition 8.2 If)A( is a minimal surface with X € M = H*(S', I') then, for any
h e TxM, we obtain

D2E(X)(h,h)=/ |Vh|*du dv—i—/ kolh|de, (8.16)
B s!

where kg is the signed geodesic curvature (8.15) of the boundary contour I' in the
minimal surface X.

Now we proceed to compute the intrinsic third derivative D3 E (X). Let us return
to formula (8.9) which will be differentiated in the direction of a vector k € Tx M.
This yields

2(hg, kg)2(X)m + 2(Xg, hg) DR2(X)[k]m
+2(Xp. ko) DR2(X)[hIm + | Xp|* D*2(X) (h, k)m
= (m, hg)ko + (m, kg)hg.
Choosing m := X, we see that
2(Xo, ho) DS2(X) (W)X, +2(Xg, ko) D2(X)(W)[X,]
+1Xo P D22 (X)(h, K[ X, 1= (X, ho)ko + (X, ko).

By (8.7) we may write for 4, k in the kernel of D?E (X) (and therefore in the kernel
of (8.6))

DRX)W(X,1=—-2X)h,,  DQX)K)[X,]=—-2X)k, (8.17)
then obtaining
~2(Xp, ho) 2(X)ky — 2(Xg, ko) 2(X)h,
+1Xo*D*2(X)(h, )[X,1= (X, he)ke + (X,, ka)ho.  (8.18)
Setting in (8.9) m = 12, we get
2(Xp, he)2(X)ky + | Xo1* D2 (X)[hkr = (kr, ho)Xo + (kr, Xg)ho. (8.19)
Commuting % and k it follows also
2(Xp, ko) 2(X)h, + | Xo* DR2(X) k1, = (hyr, ko) X + (hr, Xg)ko. (8.20)
Adding (8.19) and (8.20) to (8.18) we see that
|Xo2D22(X)(h, k)X, + | Xe|> DR2(X)[hlk; + | Xo|* DR (X)[k]h,
= (X,, ho)ke + (X, kg)ho + (h,, ko) Xg + (h,, Xo)ke
+ (kr, o) Xo + (kr, Xo)ho. (8.21)
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By (8.10) we have
(Xg,hy) = (X, hg) and (Xp, k) = —(X,, ke).
Therefore (8.21) reduces to
X P{D22(X)(h, k)X, + D2(X)[hk, + D2 (X)[k]h,)
= {(hyr, ko) + (kr, ho)} Xa. (8.22)

Suppose now that #, k, £ lie in the space J (X) of forced Jacobi fields. By (8.7) we
have

D*E(X)(h,t) = / (DR(X)h[X, 1+ 2(X)h,, £)do. (8.22)
s1
Differentiating this in the direction of k it follows

D’E(X)(h, L, k) = f (D*Q2(X)(h, K)[X,1+ DR[hlk, + D2(X)[k]h,, £)d0,
s (8.23)
which by (8.22) yields

D3E<X><h,e,k>=/l{<ﬁr,ke>+<ér,he>}|xe|‘2<xe,e>de. (8.24)
S

Actually there are two more terms on the right-hand side of (8.24) which come from
the derivatives £/ and i’ of £ and . We have to show that these terms are zero if £
and h are forced Jacobi fields. The additional ¢'-term is

/ (DL2(X)R[X, 1+ 2(X)h,, £')db.
Sl
It vanishes since

DR (X)h[X,]+ 2(X)h, =0,

as h is a forced Jacobi field.
The second additional term becomes

/S ', (Xe)r — (A X,)0)d6

if we write £ = A Xy = Re{AiwX,} and integrate by parts. But £ is holomorphic
in B and so the Cauchy—Riemann equations yield

0 —~ 0 ~
—— X — (A Xp) =0.
39( 9) + 8r( 0)

This equation extends to the boundary S' = B, and so the second additional term
vanishes too.

The two expressions (8.23) and (8.24) yield the intrinsic third derivative of E at
X . We synonymously write



8 Boundary Branch Points 129

9L %)= DECOH
%( - ( )

82—E(X) = D*E(X)(h, k), (8.25)
dhok

PEX) =D3EX)(h, £, k).

dhoLok

Suppose that h,k, ¢ € J (}A( ) have the generators t, p, A; we shall write 7, p, A also
for the boundary values t|¢1, plg1, Algi:

h©®) =1(0)Xe(®), so h(w)=2Re(wt(w)Xyw)),
k(0) = p(0) X (6). k(w) = 2Re(iwp (w) X,y (w)), (8.26)
£0) =10)X4(0), {(w) = 2Re(iwi(w) Xy (w)).

Then (8.24) becomes

D3E(X)(h, £,k) = /l{m,, ko) + (kr, ho)IN(O) dO. (8.27)
S

On S! we have d6 = f—;’j and
2why = hy —ihg, 2wky =k, — ikg
whence
(hy, ko) + (ky, hg) = —4Tm(w>hyky).

Furthermore,

fzw = (iw)?wr)w = i(wr)A(ww + th + w)A(wrw),

lgw = (iw)?wp)w = i(w,o)?ww + pr + w)A(w,ow).
Since )A(w . Xw =0 and Xw . wa = 0 it follows that

wlhyky = —w*to Xpw - Xuww
and consequently
(hr s ko) + (ke , ho) = 4Im(w*to X - Xupw).

This implies

D3E(X)(h, £, k) :4/ Im(w*to X ww - Xww)r dO
s1
=4Im w4l’,0)\.)2ww . wa do
Sl
4 A A~ dw
=4Im wTpAX yu - Xww—>
sl 1w
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and we arrive at

D3EX)(h, £,k) = —4Re/I W3 TpA X - Xww dw
S

=4 / Im(w*tpA X ww - Xww) d6. (8.28)
Sl

It follows from (8.23) that the right-hand side of (8.28) is the integral of a continuous
function. If we wish to apply the residue theorem to evaluate the integral in (8.28)
we have to get a better grip on the integrand. To this end we impose an additional
standing assumption: n =3, i.e. we consider boundary contours only in R3.

First we wish to understand what the generators t of forced Jacobi fields for
a minimal surface X with a boundary branch point wg € S! are. By means of a
rotation we can move wy to the point w = 1. Thus we make the following further
standing assumption:

Assumption Xee (I') is a minimal surface in the unit disk B with the boundary
branch point w = 1 of order n, and the boundary contour I' € C? has a total curva-
ture k (I') := [ k(s) ds satisfying 3k (I") < mr. It is also assumed that I" € C"*7,

r > 2, which implies X € C"tF(B,R3),0< B < 1,andn <r/3 —2.

It is easy to verify that

L
(w) ::ﬂ(iw+1> . BeR, (8.29)

w—1
is a meromorphic function on B with a pole of order £ at w = 1 such that 7(w) €
R for w e S! \_{1}. If £ <n then X,,(w)t(w) is holomorphic in B and at least
continuous on B since we have the asymptotic expansion
Xow)=aw—1)"+o(w—11") asw—1, we B\({l}
witha € C3, a#0, anda -a =0. (8.30)

Thus 7 generates a forced Jacobi field for X. Consider the conformal mapping ¢ :
B\ {—1} — J, defined by

w7z =pw) = —i weB\{-1}, (8.31)

+1

which maps B = {w € C: |w| < 1} onto the upper half-plane
H:={zeC:Imz > 0}

and takes S' \ {—1} onto the real line R such that ¢(1) =0, ¢(i) = 1, p(—1) = oo.

The inverse ¥ := ¢~ ! is given by

1+iz

1—iz

z> w=Y(z) =
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We write z =x +iy withx =Rez and y =Imz, while w =u +iv,u =Rew,v =
Imw. From (8.31) we infer

1 w+1
Z =
Z w— 1
and so
azztowzﬁl. (8.32)
z

Transforming the minimal surface X (w) to the new parameter z, we obtain

Y(2):=X(¥ () (8.33)
which has the branch point z =0 on R = 9J{ with the asymptotic expansion
Y.(2) =bz" +o(|z|") asz—> 0, z €I\ {0},
beC3\{0}, b-b=0.

Choosing a suitable coordinate system in R? we may assume that I?Z (z) can be
written in the normal form

Y.(2) = Ai12" + o(z") (8.34)

with Ay = (a1 +ib1): a1, by € R, Jar | = b1 > # 05 a1 - by =0, a1 = (n + Darer,
e1 =(1,0,0), a > 0, where ay, by span the tangent space to X at X (1). Let us recall
that the order of any boundary branch point is even; thus we can set

n=2v withveN. (8.35)
Now we wish to write ¥, - in the more specific form
V.(2) = (A" + 4 Amen12™ + 0(2™), Ruz™ +0(z2I™™))  (8.36)
with
Ry #0. (8.37)

By Taylor’s theorem and (8.34) we can achieve (8.36) for any m € N with m > n
and such that ¥ € C"2(H, R3).

However, it is not at all a priori obvious that one can also achieve (8.37). This
fact is ensured by the following

Proposition 8.3 Suppose that Y € C¥*O(H, R?) and that both the torsion T and
the curvature k of I" are non-zero. Then there isan m e Nwithn +1 <m+1 <
3(n + 1) such that

V2(@) = Ruz"™ + O(Iz"*Y)  for |zl < 1 and Ry, #0. (8.38)

Proof Otherwise we have

Y2(z) = 0(1zP" ). (8.39)
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Let y(s) = (y1(s), ¥2(s), y3(s)) be the local representation of I" with respect to its
arc-length parameter s such that ¥ (0) = Y (0) and y’(0) = e1. By (8.34) and (8.35)
we have

Ye(x,0) = (n+ Daerx” + 0", n=2v,
and so s and x are related by s = o (x) with
o'(x) = Y ()| = [(1 + Dax" + 0" H],
whence
o) =ax" + 0x""?) asx — 0. (8.40)

Then Y (x) = y(o(x)) for |x| < 1, and therefore the third component Y3 of Y is
given by

Y3(x) =300 (x) = p3(ax" T + 0(x"?))  forx — 0.
Because of (8.39) we have Y2 (x) = O (x**3) as x — 0, which implies
Y3) =00 asx — 0. (8.41)
On the other hand
y(s)=y'(0)s + O(s*) ass— 0.
Consequently
30 =3 0ax" ! + 0(x"?)  asx — 0.
On account of (8.41) and @ > 0 it follows )/3’ (0) = 0. Thus we can write
y3(s) = %yg’(ow +0(s) ass—0,
which implies
Y3x) = %;/3”(0)oz2x2"+2 +0E"3) asx—0.

By (8.41) and @ > 0 we obtain y3'(0) =0, and we have

1
y3(s) = 6)/3”/(0)S3 +0(@s* ass—0.
Hence,
1
Y30 = crd O+ 0 as x>0,

and then y3”(0) = 0 on account of (8.41) and & > 0. Thus we have found

y3(0) =0, y3 (0) =0, 3 (0) =0,

and so the three vectors y’(0), " (0), y””(0) are linearly dependent. This will con-
tradict our assumption x (s) # 0 and 7(s) # 0. To see this we introduce the Frenet
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triple T'(s), N(s), B(s) of the curve I" satisfying T =y, T'=y”, T" =y"", and

T = kN
N = —«T + 1B
B = —1TN.

Then T3(0) =0, T5(0) = 0, T5(0) =0, and from T" = kN and k # 0 it follows

that N3(0) = 0. Since
/ ] ' / 1 "
N=|\-)T+-T
K K

we obtain N ’3 (0) = 0 whence t(0)B3(0) = 0. Because of t £ 0 it follows that
B3(0) =0, and so T(0), N(0), B(0) are linearly dependent. This is a contradiction
since (T, N, B) is an orthonormal frame, hence the assumption (8.39) is impossi-
ble. O

Remark 8.2 Note thatn <r/3 —2 implies 3n+ 6 <r < r 4 7. Thus the assumption
Y € C3HO(H(, R3) is certainly satisfied if we assume 3k (I") < 7r and I € C"7.
Thus we have a lower bound on r and upper bounds on n and m. We call the number
m in (8.38) with n < m < 3n + 3 the index of the boundary branch point z =0 of
Y, or of the boundary branch point w = 1 of X.

Assumption In what follows we assume that the assumptions and therefore also
the conclusions of Proposition 8.3 are satisfied.

Proposition 8.4 Ifm +1#0mod (n+ 1) (i.e. if z = 0 is not an exceptional branch
point of Y) then the coefficient R, in (8.38) satisfies
Re R, =0, (8.42)
i.e. Ry, is purely imaginary, and therefore
R <0 (8.43)
since Ry, # 0. If we write (8.38) in the form
Y2(2) = Rn™ + Ry 12"+ R 2 +0(|2™ ) for|zl <1 (8.44)
and if 2m — 2 < 3n, then we in addition obtain that
ReR,+1=0 and, ifn>2,also ReR,4+2=0. (8.45)
Finally, independent of any assumption on m, we have
Aj=pjAy, j=1,...,min{n+1,2m —2n}, with u; € R (8.46)
for the coefficients A in the expansion (8.36).

Remark 8.3 The relations (8.46) are in some sense a strengthening of the equations
Aj:)xjA], j=1,...,2m —2n, withkjeC

which hold at an interior branch point w = 0 of a minimal surface X in normal form.
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Proof of Proposition 8.4 (i) From (8.44) we infer

for x — 0.

(8.47)

Ry R R
Y3(x) _Re( i 1xm+1 + m”_l:lzxm+2 + n:rg M3 +0(xm+3)

On the other hand,
Y3 () = y3(ax"t +o(x" )

and y (0) =0, y’(0) = e3 whence also y3(0) = y;(0) = 0. As pointed out before it is
then impossible that both y3'(0) = 0 and y;”(0) = 0 because this would imply that
T(0), N(0), B(0) are linearly dependent. Thus we obtain

1
r3(s) =y P05 + 06 ass 0.y P £0,
for k =2 or k = 3. Therefore
Y30 = =20k xk 0D ok Dy a5 x 0. (8.48)

Comparing (8.47) and (8.48) it follows that Re R, # 0 implies m + 1 = k(n + 1)
for k =2 or k = 3, which is excluded by assumption. Thus Re R,, = 0, and we have

R R
Y3(.x) — Re (mTJ";xm+2 + ”_l:'g m+3 +0(xm+3))
m

kl' YRk XKD 4o (kDY a5 x — 0. (8.49)
Suppose now that 2m — 2 < 3n, which is equivalent to
2m < 3n (8.50)
since n is even, and so
m+2<m+3§%n+3<3(n+1).
Thus, for k = 3, (8.49) can only hold if
ReR;4+1 =0 and ReR,47=0.

Furthermore, (8.50) yields also

1
)

3 ny [=2n+2 n
m+2<m+3§§n+3_(2n+2)+<1—E){<2n+2 when "~

Hence it follows in this case that always Re R,,,+1 = 0 while Re R, = 0 holds for
n>2.

(ii) From Yy (x) =2Re ¥, (x, 0), (8.49) and (8.36) it follows that
Yo (x) = 2Re(A1x" + - + Ay 12" 4+ 0(x™), 0(x*"))
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whence

A A
Y(x) =2Re (ﬁx'”rl +- 4 ﬁxz’l“ +o(x?Th), 0(x2”+1)> .

Furthermore,
y(s) =ers + 0(s2) ass — 0
and
o) =bx"T ...+ bn+1xz”+1 +ox) asx—0

with by, ...,by+1 € R, e1 =bje; = Re A;. Then

n+l
Y(@) =y(©@() = Gra" 4ot by e + 062,
Comparing the coefficients we get

2ReAj=m+ j)bjer witha=b;>0forl<j<n+1.

ThenRe A; = (('; trll))[;/ Re Ay, and so

ReAj=pnjReA; forj=2,...,n+1

with

n+j bj
n+l o
Set Aj:=aj+ibj;aj:=ReA;, bj :=ImA; € R". We know from Lemma 2.2 of
Chap. 2that A; =A;A for j =1,...,2m —2n with ; € C hence

aj=Rekrj)a; — (ImAr;)b; for2<j<2m—2n

Wj= 2<j<n+1.

and
aj=pja; for2<j<n+1.

From |V,| = |Y,| it follows that |b| = |ai| = "t > 0, and ¥y - ¥y = 0 yields
ay - by =0; thus we obtain ImA; =0for j =2,...,n+ 1 whence A; = u; € Rand
Aj:ujA1for1§j§min{n+1,2m—2n}. U

Let us now return to formula (8.28) for D3E(X)(h, k, £) in the direction of forced
Jacobi fields (with the boundary values) h, k, £; note that (8.28) is symmetric in
h, k, £. We already know that (8.28) is the integral of a continuous function; but we
need to understand (8.28) at a level where we can apply the residue theorem. To this
end we consider the conformal mapping (8.31) defined by

w7 =g(w) :=—iZ—:, weB\ (-1}, (8.51)

which has the derivative
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Using the inverse

14+
> w=Y() = Z_Z
1—iz
we obtain
—i )
oY@ =—1- iz)?, (8.52)
or sloppily
dz i 2
= (1—=i7)%
dw 2( i2)

From (8.33) we get )A((w) = ?(gp(w)), whence

Xuw =T2: (@) (@) + T:(p)¢"
From I}Z . }A’z = 0 it follows I?z . I?ZZ =0, and then

A

Xww - Xuww = Yz (0) - Ve (0) (@) (8.53)
which we sloppily write
A A A oA dz \*
Xpw - Xww =Yz - Yz, d— :
w
Lemma 8.3 Assuming 2m — 2 < 3n (i.e. 2m < 3n) we obtain the Taylor expansion

Voo Vo) @)=Y 022" 2 + R(z) (8.54)
j=0

withs :==Bn—1)— (2m —2) = (3n —2m) + 1 > 1, R(z) = O(z™"), where Qg :=
(m —n)zR,%, <0andImQ;=0for 0<j<s.

Proof From 2m — 2 < 3n we infer 2m < 3n since n is even. Thus s > 1 and 2m —
2n + 1 <n + 1. Consider the Taylor expansion

i}z(Z)Z (A" +A2Zn+l 4+, Ry7" +Rm+lzm+l 4.9

ER)

where “4----” indicates further z-powers plus a remainder term. As for interior
branch points we have

Ay Agy_ons1 =—R} /2 (8.55)
and
Ay Ayp—ons1 + A1 Ao—2n42 = —Rpu Ry (8.56)

By (8.43) we have R,%l < 0 whence Ay - Aypy—2,41 € R. Since 2 <2m —2n <n
it follows Ay = oA with uy € R on account of (8.46). Then (8.55) implies A» -
Aym—on+1 € R, and furthermore R, R;;,+1 € R in virtue of (8.43) and (8.45). Then
(8.56) yields A1 - Agm—2n+2 € R, and we arrive at

Yoo(2) - Voo (2) = Qo2 2+ Q122" 4 -
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with Qg = (m — n)2R,%,, and Qg < 0 as well as O € R, since Qg is a real linear
combination of Ay - Aoym—2n+42, A2 - Aom—2n+1, and R, R, 4+1. Suppose now that
s =3n—2m + 1> 1. In order to show ImQ; =0 for 2 < j < s, we note that
by (8.53)

43 - PSRN dz \*
TPAW Xy * Xww =ToAY - Yo [w—) ,
dw
where 1, p, A are generators of forced Jacobi fields with the pole w = 1. Further-
more, by (8.51),

d —2i 1422
I L i (8.57)
dw (w+1)? 2i
Thus
~ ~ 1 ~ ~
Im(tpriw* Xy - Xuww) = 16 mlron(1 + 2., Yool (8.58)

By (8.28) the left-hand side of (8.58) is a continuous function on S I and thus the
right-hand side must be continuous in a neighbourhood of 0 in J{ for all generators
7, p, A of forced Jacobi fields ft, 12, [ with poles at w = 1.

Suppose now thatnotall Q ; with2 < j <s arereal,s = 3n—1) —(2m —2), and
let J be the smallest of the indices j € {2, ..., s} with the property that Im Q ; # 0.
Then we choose A, p, T such that the sum of their pole orders at w = 1 equals
(J + 1)+ 2m — 2) < 3n. Transforming A, p, T from w to z it follows for z = x €
R = 9% that

Im[tpA(l +22)*Y:; - V-]

z=x€eR
1
=1 +x2*B1(Im Q;)— + (terms continuous in x), (8.59)
X

B1 € R\ {0}. This is clearly not a continuous function unless Im Q ; =0, a contra-
diction, therefore no such J exists. O

Now we want to evaluate the integral in (8.28) by applying the residue theorem
to this and we state
Proposition 8.5 Let t be given by (8.29), and consider the function
fw) =) wXyw W) - Xpw @), weB, (8.60)

which has a continuous imaginary part on S U'—= 8B. Then there is a meromorphic
function g(w) on B with a pole only at w = 1 such that

(i) Im[f(w) — g(w)] =0 forwe S' =aB;

(i) f — g is continuous on B.
Proof Setting w =¥ (z) = (1 +iz)/(1 —iz) we obtain

1 3 2:4¢ 5
FW @)= RT(I//(Z)) (1 +27)"Y2(2) - Yoo (2).
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By (8.54) of Lemma 8.3 we see that, in a neighbourhood of z = 0 in HH, we can
write the right-hand side as

ZZB,- 0z +G(2)
Jj=0 ¢;

with ,3‘/ eR, Qj eR,0<!l; <(Bn—1)— (2m —2) =y, and a continuous term
G(z). Set

§@=) > j0;z7h forzeI\(0)

j=01;=1
and
- +1
g(w) = Flp(w)) = Z 54,0, ( - )
j=01;=1

Clearly f and g satisfy (i) and (ii). O
Corollary 8.1 We have

/Sl[f(w)—g(w)] df = =27 resy,— 0%- (8.61)

Proof For w = ¢ € S! we have do = dw/(iw), whence

d
/ Lf (w) — g(w)] d6 = / Lf (w) — gw)] 22
st st w

_, {f(w)—g(w)}
=27 resy—y ———m—
w
= —27 reSy—0 {@}
w
since f(w)/w is holomorphic at w = 0. O
Since Img = 0 on S', we obtain
Corollary 8.2 We have
Im/ f(w) df =2m Imresy—o { §(w) } (8.62)
w

Furthermore we have
—4Re{w 3 Xy - Xy dw} = (=) Refiw* e Xy - Xy} d6
=4Im{w*t* X yw - Xww} d6 =4Im f(w) db.
Then (8.28) and Corollary 8.2 imply

D3E(X)(h, h, h) = —87 Imresy—o {@} . (8.63)
w
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Remark 8.4 We note the following slight, but very useful generalization of the three
preceding results. Namely, if X has other boundary branch points than w = 1 we are
allowed to change t by an additive term having poles of first order at these branch
points. Then Proposition 8.5 as well as Corollaries 8.1 and 8.2 also hold for the new
f defined by (8.60) and the modified t. This observation is used in order to ensure
that the forced Jacobi field / generated by t produces a variation Z(@), [t| < 1, of
X which is monotonic on 9B = S!.

Now we turn to the evaluation of D3E(X)(h, h, h) using formula (8.63). We
distinguish three possible cases: There is an [ € N such that

(i) 2m — 1 =3I, then [ is odd;
(i1) 2m — 2 =3I, in this case [ is even;
(iii) 2m =3I, here [ is again even.

Since 2m < 3n it follows [ < n for (i) and (ii), whereas [ < n in case (iii).
Case (i). Choose 1 as

T:=Br1+et™ and B>0, €>0, and

; (8.64)
n=(iw+]) L wemv)

w—1 7’

w=vY(z),weB\{-1},z¢ ﬁ\ {0}. We will choose 7* as a meromorphic function
that has poles of order 1 at the boundary branch points different fromw =1orz =0
respectively. Then close to w = 1 or z = 0 respectively we have

N ~ 1 A A
T3w4wa Xpw = RT3(1+ZZ)4YZZ'YZZ
s34 B

2p2 1
(m—n)R,—+G()+ O(e)
16 z

with a continuous G(z).
Choose

ﬂ3 2,2 . W +1
g(w) = 1—6(”1 —n)°R;, lm
a}nd let fl(w) = Re(iw)A(w(w)r(w)) be the forced Jacobi field generated by 7, h :=
h|g1. Then by Proposition 8.5 and Corollaries 8.1 and 8.2 we obtain

8 : 1
DYEX)(h, h 1) = — % B (m — n)? R Tm s,y - (20—
16 w\w-—1

= %J‘[ﬂ?’(m — n)zRi + O(e). (8.65)

Since R < 0 this yields for 0 < € < 1 that
D3E(X)(h, h, h) <O.



140 8 Boundary Branch Points

Case (ii). Here we have 3] = 2m — 2 < 3n whence [ < n. Since both [ and n are
even we obtain / + 1 < n whence n > 2. Moreover, 2m — 1 =2+ 1)+ (I — 1). Set

Ti=er + B+, B>0, €>0,

1\ +1 1)1
7= iw+ , T = iw+ , 1" asin Case (i).
w—1 w—1

(8.66)

Note also that both / + 1 and / — 1 are odd. We then have that
= ,33123 + 3,321'22‘516 + 3,362‘5121'2 + 0(63)
— ﬁ32_2m+5 + 3[32Z—2m+3 + 3ﬂ622_2m+1 + 0(63)

for z close to zero, but this does not add a contributign to (8.63);
By the same procedure as in Case (i) we find for # = Re(fw X, 7) that

D3E(X)(h,h, h) = %nezﬂ(m —n)2R2 4+ 0(e?), (8.67)
which implies
D3E(X)(h,h,h) <0 for0<e < 1.
Case (iii). Now we have 2m = 3[, [ = even. We have two subcases.

(a) If ] =n we write 2m — 1 =21 4+ (Il — 1) and set

w1\ w1\
11:=11i , Ti=li——),
w—1 w—1

=817 +en+ €3, B >0, e >0.

(8.68)

(b) If ] <n wewrite2m —1=2( —1)+ (Il + 1) and set

w1 i+l w1 =1
1 :=\i , T=1i ,
w—1 w—1

T:=er +Brr+eT.

(8.69)

Then our now established procedure yields

3 %37‘[}362(}% - n)zR,%l + 0(€3) in Subcase (a),
D E(X)(h,h,h) = (8.70)
137p%e(m —n)?R% + O(€?) in Subcase (b).

This again implies D3E(X)(h, h, h) <0 for 0 <€ < 1 and h = Re(iwX,, 7).

Remark 8.5 The choice of 7* has to be carried out in such a way that the varia-
tion Z(t) of X produced by h = Re(iwX,7) furnishes a monotonic mapping of
dB = S' onto the boundary contour I". The details on how this can be achieved
by the formulae (8.64), (8.66), (8.68) and (8.69) can be found in the thesis of D.
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Wienholtz [2]. The complete proof is technically quite involved and will be omitted
here. We discuss our own approach when considering shortly the fourth, fifth and
sixth derivatives at a boundary branch point. We remark here that, at an exceptional
branch point, using only the generator t*, derivatives of Dirichlet’s energy up to
order 7 vanish. This observation allows us to ignore t* for derivatives up to order 8,
for if there is another branch point which is not exceptional one considers the lowest
order derivative which is non-negative.

In conclusion we have

Theorem 8.4 (D. Wienholtz) If X is a minimal surface in C(I") with I' €
crt1.3 fr k ds < mr, having a boundary branch point of order n and index m

satisfying the Wienholtz condition 2m — 2 < 3n, then X cannot be an Hz(S1 , ]R3)-
minimizer for Dirichlet’s integral E(X) defined by (8.1), and thus X cannot be an
H3/2(B, R?)-minimizer of area.

We now proceed to consider the cases 2m —2>3n,m+1#k(n+ 1), k=2,3.
Our plan is to proceed by considering three main additional cases 3n < 2m —2 < 4n,
4dn < 2m — 2 < 5n, and 5n < 2m — 2 < 6n. These will then include all non-
exceptional cases 2m + 2 < 6n + 6. Within the three main cases there will be sub-
cases; e.g. we begin with 2m — 2 < 4(n — 1). In this regard we need a strengthening
of Proposition 8.4:

Proposition 8.6 If in Proposition 8.4, 3n <2m — 2 < 4n, then
ReRy4+s=0, 0<s<2n—m. (8.71)
If2m — 2 > 4n, then
ReRy4s =0, 0<s<Q@Bn+1)—m. (8.72)

Proof is given below following Lemma 8.6.

We now discuss how to take variations of X so that we can calculate both the
fourth and fifth derivatives of Dirichlet’s energy. For simplicity of exposition we
will now be assuming I" in C*° smooth.

In H we write z = x + iy. Again parametrizing I" by y we have that

Y(x)=yoo(x)
where
o) =bix"T o by x T o) asx — 0. (8.73)
We next define a 1-parameter family of maps oy, o9 = o, by
01 (x) 1= 0 (x) + 15(x) + (1*/2) p(x)

where & and p are C*° smooth maps chosen in part, so that x — o;(x) remains one
to one with o3 (£00) = +00. Assuming that this is possible, we define

@i (x) 1= 0" (o7 (x)). (8.74)
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Clearly ¢, will not be differentiable (in x or ¢) everywhere. Now define a mapping
¢ (1) by

¢ (1) (x) := (dg:/dt)/(de /dx) (8.75)
which is defined for those x for which d¢, /dx # 0. We now have:

Lemma 8.4 At all points where

Oy +1&, 4+ (12/2) px #0,

) (8.76)
¢(1) = 1§ +1pl/lox + 16 + (17/2) px].
Proof Since o (¢;(x)) = g;(x) we have
o' (g1 (x)) - (de; /dt) =doy /dt =& +1p
and
o' (@i (x)) - (dgy/dx) = 01 + &x + (12 /2) s
The result now follows. g

We shall see that the computations in Chaps. 2 and 3 of the fourth and fifth
derivatives of Dirichlet’s energy in the direction of forced Jacobi fields remain valid
in the case at hand. A . .

We begin by selecting our variation Z(¢) of X. We define Z(¢) first on the real
line_ in H, and then via (8.51) it is defined on S 1 and finally, by harmonic extension
to B.

The mapping Z(t) on R C K is defined by

Z(t):=yoo,(x)=y o0 o(c ' o1(x)) = X (¢ (x)) (8.77)
and on S! via (8.14) and on B by harmonic extension. Then t — Z(t) is C*°-smooth
and Z(0) = X.

Lemma 8.5
Z:=Z'(t)y=dZ(t)/dt = X'(¢;(x))(dg, /d1)
=X(p(X))xp =Z(1)x9.

Proof Chain rule. O

Now ¢, induces a one-parameter family on § ! via (8.14) and therefore a map-
ping ¢ (introduced as ¢ in Chaps. 2 and 3). We have

Lemma 8.6

2
¢ = Giw(dz/dw) = (1 i )
&1 = priw(dz/dw)

where ¢; denotes the derivative with respect to t.

(8.78)
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Proof

Z'(t)=9Z(t)
=Z(t)y¢ (Lemma 8.2)

= Re(dgiwzw) =Re (qginzﬁ)
dw

=Re(Z(1)-9). -

Proof of Proposition 8.6 We have

R R R
Y3(x) =Re (%x””rl + %xmﬂ + mTJr;me + 0(xm+3)) for x — 0.
m m m

On the other hand,
Y3 = psax™! +o(x" )
and y (0) =0, y"(0) = e3 whence also y3(0) = y3(0) = 0. It is then impossible that
both y3'(0) =0 and y3”(0) = 0. Thus we obtain
1
Y3(x) = Ey;k)(O)akxk(”H) + o(xk("+1)) as x — 0.

Set m = m + s. It follows that Re Ry; £ 0 implies 1 + 1 = k(n + 1) for k =2 or
k =3, which is excluded by assumption. Thus Re Ry = 0. (]

Formula (8.32) allows us to use the formulae for the fourth (and later the fifth)
derivative of Dirichlet’s energy in the direction of forced Jacobi fields; i.e. ¢ is a
generator of a forced Jacobi field.

We now have from Chaps. 2 and 3, this time using, for convenience subscripts to
denote derivatives in ¢, z, . . . etc.

Proposition 8.7 Assuming s > 4, X=2 (0) a minimal surface and ¢ (0) = 7, a gen-
erator of a forced Jacobi field, the fourth derivative of Dirichlet’s energy is given by

d*E . . .
T O=12Re /S i) [0 20O + w R (0)] dv
+12Re / WZw (0) - Zyw (0)y (0) dw. (8.79)
Sl

Now restating formula (8.79) on the upper half-plane, we have:

Proposition 8.8 If VA (1), X ), Y as above, then

d*E dz \ ~ . .
W(O) = 12Re/ (wﬂ) Z112(0) - [Z12(0)T + Y0, (0)] dO

I d
+ 121{&3/121@Z Y., (w£> $:(0) dob. (8.80)
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Proof For the second term of (8.80) we have from (8.78)

$:(0) dw = ¢, (dw) W _ s, (d“’) do

d_z iw d_z
and
A . A~ . A~ A dZ dw
Ziw(0) = (wXyTw = (wXye0))y = <Yz¢(0)d_ _)
w dz
A A dz
= (Y;0(0)y = (Yz¢(0))zd—-
w
Then

. 3 5 , dz\* o o 5 (dz\?
Ziw(0) - Z1y(0) = (Yz¢(0)); - (Y:0(0)); (@) Yo - Y2 0(0) <E> .

Thus,
W21 (0) - Ziuy (0)r (w) dw = p(0)* Y. - Vo (w —jz ) ¢ db
w

proving Proposition 8.8 for the second term in (8.34). The expression for the first
term follows similarly. 0

dz 14272
w— =
dw 20

(formulae (8.51) and (8.52)) we obtain another formula for the fourth derivative,
namely:

Given that

‘E . . .
d—4 = 6Im/ (1423 Z11:(0) - [Z;;(0)7 + Y-, (0)] dO
dl SI

+ 6Imf (1 + 25 Y., - Y..12¢:(0) d6. (8.81)
Sl

In order to show that (8.80) can be made negative, while all lower order derivatives
vanish, we need:

Proposition 8.9 Referring to formula (8.74) & and p can be chosen as C* smooth
functions, so that

(a) £E(x) =10y, wheret =Y 1;,7; =Bj/z/, j odd Bj € R,

and

(0) ¢ (0)=a/z>" +> /2P a,a; €R, j<n,

where each sum above is finite, i.e. T, $;(0), are meromorphic functions on H (and
consequently on B).
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Proof From Lemma 8.4, we have

¢ (1) (x) = [E(x) + tp(X)]/[0x + tEx + (12/2) px]. (8.82)
Now choose
E(x) =10y,

where 7 is a meromorphic function on B, real on S!, such that Zuw (0)7 is holomor-
phic. This choice assures that o; is monotonic for small ¢ > 0, and that ¢ (0) = 7 is
a generator of a forced Jacobi field.

An easy calculation shows that

$1(0) = p/oy — EE /02 = p/oy — (TTy + T3 (0xx /0)). (8.83)

Write oy = ax"g(x), g(0) =1 and o,y = anx”’]f(x), f(©) =1, where f and g
are (by Taylor’s theorem) C* smooth. Thus

¢:(0) = p/ax"g(x) — 1ty — (nT*/x)(f/8)
— p/ax"g(x) — 11, — (n72/x) + <%) (nt?/x).

Now
2n
g—f=) dix) +h(x)x™*,
j=1
where h € C"~ @2 Thus h e C"3", Let
o1 := —{h)x?" ax" (nt?/x)
and p = p| + p1.
Now
2, i 2r i
i, (Ein djxl)ne?/x 3Ly d)/x0 LA
ax"g g g ax"g
2r i
Zjlzl d}/x/

== - dy, /x* 4 dy, [x* 4 p Jax"g

Sl 4 ha(x)
= RGP g s

Choose p| = p} + p2, p2 = —ax"hz(x). Continue in this manner. Then

$(0) = —TTc —nt’/x 4 - (8.84)

where + - - - are meromorphic functions, real on S 1 with poles of lower order. [

Remark 8.6 In order to ensure monotonicity for the variations o; we need to account
for other possible zeros of o,. In order to adjust for this we use Wienholtz’s trick
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of adding to the definition of 7 terms t* of the form «/z — zy, @ > 0, where z*
is a point in R where o, (z*) = 0. These terms will not, as in the case of the third
derivative, affect the final calculation of the fourth derivative since n > 2. We shall
later discuss the monotonicity question.

We are now ready to apply (8.84) and the fact that ¢(0) = 7 to the formula for
the fourth derivative (8.81).

Theorem 8.5 Suppose 3n <2m —2 <4(n —1). Then

d*E

for an appropriate choice of T.

Proof The trick will be to show that the methodology developed in Dierkes, Hilde-
brandt and Tromba [1] also applies to this case. Here we chose 7 := /7"~ + p/z"
when2m —2=3(n—1)+r,r <(m—1).

Consider the expression

Z12(0)T + Y.¢,(0). (8.85)

Both the first and third complex components have poles, yet its real part 7 (0)T +
Y, 9:(0) has no pole. The last complex component may have poles of the form
Z/LjRj/ZEf,Ej >0, j <m+2,s <2n—m where necessarily Re R; = 0 and
the first complex component has pole terms of the form Z” VjAj /zk-/', j<n+1,
k;j > 0, and no pole forms on A, 2, since in the Taylor expansion A,> has an
initial exponent 2n + 1.

Now ¢ — Z (1) is sufficiently smooth as is

x = Z(1)(x) = X(¢1(x)) =y 0 01(A).

Therefore
1+ {27 + L0 — (Y4572, Y ki) |

is a global meromorphic function on B and JH, yet its real part th O + IA/xqb, 0
is continuous. Thus from Chaps. 2 and 3

Zu:0) = {14+ 27 + Fou 0 = (Y v,/ Y i/ ]

This remarkable formula shows that, unlike removing poles as in the interior case,
the smoothness of the contour I" implies that the only poles that form in (8.85) are
purely imaginary, allowing us to make the computations exactly as in the interior
case, again using the factthat A; - Ay =0, 1 < j, k <2m — 2n.

We have 7 = €B/z"~! + 1/7" and from (8.76)

— ()= —r+ Dep?u/" T + €2/
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Consider the first term in (8.81). Noting that, as in the third derivative, the first
complex components play no role, we obtain

(1422211 (0) - [Z1 (0)T + ¥, (0)] =263 B3 u(m — n — r)(m — n)?R2 2 + - --.
(8.86)

Giventhat 1 +z2 =2iwand ¢ =i wéj—;, it follows that the left-hand side of (8.86)
has a zero of order at least two at w = 0.

Set Cy :=2e38%u(m —n —r)(m —n)*R2 /z.

Now

61m [ (14+2)2,(0) - [2:c0)x + 726,01 do
N N A d
=6t [ {(142)20(0)- (2007 + Ve 01 = €1 T

The integrand is continuous and we can apply, as before, the Cauchy residue theo-
rem to conclude that the first term of (8.81) equals

1273 B3 1u(m — n — r)(m — n)® ImRes (i wl Ri)
w—1 w=0
=127 B3 um —n —r)(m —n)®R2 + -+ (8.87)
where + - - - means higher terms in €. One sees that
Voo Yoo = (m —n)? RAZ" 2. (8.88)

Then from Proposition 8.2, it follows that in the second term of (8.81) no pole is
attached to any R; if Re R; # 0. Then, by exactly the same reasoning, the second
term of (8.81) is equal to

—6me B3 u(n —r +3)(m —n)*RE +---.
However, 2m — 2 =3(n — 1) 4+ r, whence
2m—n—r)=2m—-2-2m—1)—-2r=m—1-—r),
yielding that (8.87) equals
6ne3ﬁ3u(n —1=rm—n)’+--

and thus the sum of the two terms of (8.81) equals —24n63ﬁ3ur(m —n).
Finally, we determine that

d*E 3 23 2 2
o (0) = =247 B (m — )R + - (8.89)

from which it immediately follows that if we can choose @ negative, then since
R,zn < 0 the derivative (8.79) can be made negative for sufficiently small € and we
have proved the theorem. g
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Now we have:

Proposition 8.10 Forr < (n — 1), 8 > 0, and n < 0, the variation o; can be made
monotonic.

Proof We have

o(x)=0 +tto, + (t2/2),o + t1.0y.

For ease of exposition let us assume that X has only one other boundary branch
point at z* € R. We take

T=ef/" N/ + T

and 7, = v/(z — z%); v > 0. Write o, = ax” + O(|x"*!]),a > 0 and

d
0 =0 +1(To)x + (t2/2) px + 1 (1,0 (8.90)

Near x =0 (8.90) equals
ox +atBe +tpO(x]) + tapx " +1p0(|x|"")
+1(t/2)px +1C1O(x|" ). (8.91)

Assume p and B are fixed, say 8 = 1, u = —1. Choose € > 0 fixed so that the fourth
derivative is negative. Then we see that (8.90) equals

ox +at(e — X" 1 1O(Ix]) +£(t/20x). (8.92)

Pick an interval of radius €] < €/2 < 1 and ¢ > 0 small enough so that O (|x|) +
%|t - px| < €/4. Then on [—€1, €1] we have (8.92), and therefore (8.90) is strictly
positive.

Now denote by ¢ the order of the branch point z*. Near z = z*, (1.0)x

vCa(z — 2972 + 0(z — Z°1°°1), C2 > 0, o = C3(z — 29 (C3 > 0) +
O(z — 2*["*1) + (toy)y = tCa(z — 291 + 10(|z — 219, and (2/2)py =
t(t/2)px.
Then near z = z*
d
01 =v1Co(z — 24100z - H + Gz - )
+0(lz = 2" + 1(2/2) px. (8.93)

Pick an interval I := [z* — €3, z* + €3] so that for z € R in this interval

(i) C3z—z9"+0(z—**TH > 0;
(ii) vCo(z =22+ 0(lz =¥ >0

and 0 <t < (UC2/4K)€§72, where k = sup |p,| on 1.

Then for ¢ sufficiently small (d/dx)o; > 0 on [—eq, €1]U[z* — €2, 2" + €7]. Since
o, > 0 on the complement of the union of these two intervals and S! is compact,
we can choose ¢ small enough so that o; is monotonic. This concludes Proposi-
tion 8.10. ]
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Thus we have shown

Theorem 8.6 If Xo is a minimal surface with a boundary branch point of even order
n and index m, where 2m — 2 < 4(n — 1), then Xo cannot be a minimum of either
energy or area, i.e. there is a C* surface X with less energy and area than that of
Xo. If Xo maps S' monotonically onto I', X can be chosen to map S' monotonically
onto I'.

We would now like to move on to the cases 3n < 2m — 2 < 4n (here we are still
in the non-exceptional situation where m + 1 £ 2(n 4 1)) and 4n < 2m — 2 < 5n.
For both these situations we need to consider the fifth derivative in the direction of
forced Jacobi fields. In this case, for ease of exposition, we omit the mention of .

Proposition 8.11
d&SE J
—5 =Re > (8.94)
j=1
with
=16 [ Wiy Zwbdw,  hi=12 f Wi Zurwd duw,
st st
:4/]wzttt1w' ¢dw I4i=16/1 wztttw'zwd;t dw,
N N
48/ Wi+ Zewdr dw, = 24/ wZiw - Zwbu dw,  (8.95)
N N
I; .= 24/ wztw : 2tw¢;tt dw, Iy = ] wztw : 2w¢;ttt dw,
s

19 = Zfl U)Zw . Zw(];m[ dw.
S

15(0) vanishes by Cauchy’s theorem since both Zm(O)w and wX wT are holomor-
phic provided that T = ¢ (0) is the generator of a forced Jacobi field at X . Further-
more, 13(0) = 0 because of (8.81), and X, - Xy, = 0 implies 19(0) =

Thus we obtain from Chaps. 2 and 3
Proposition 8.12 Since X is a minimal surface we have
d°E . . . -
F(O) =16Re . Ziw(0) - [wZy (0)¢(0) + wX¢; (0)] dw

+12Re /S ZinO) - [0 241 0)3(0)

+ 4w Z1y (0); (0) + 2w X by (0)] dw

—24Re / W X ww - Xwwd (0)2d (0) dw (8.96)
Sl

provided that ¢ (0) is the generator of an inner forced Jacobi field at X.
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Lemma 8.7 If f(w) := wztw(O)r + wa¢, (0) is holomorphic, then

Zew(0) = {iw[iw X, T]p(0) +iw X,y dr (0)}w, (8.97)

and
Zuw(0) - Xy = —Z1p(0) - Z11p(0) = w? Xy - Xy 72 (8.98)
Proof The proofs of (8.97) and (8.98) are in Lemma 2.4 of Chap. 2. O

Since 2m — 2 > 4n, ZZ (0)t 4 Y;¢:(0) has no pole in the last complex compo-
nent. Since 2,x (0)t 4 Y, ¢:(0) has no pole, the only possible poles are imaginary;
ie. ZvjA;j/2, vj € R, j<n+1or ZViA /24 = (Zv/4,i2v] /). Thus
v} =0and so f(w) is holomorphic.

As a consequence if f(w) is holomorphic, we have a formula for the fifth deriva-
tive, namely

Proposition 8.13 If f(w) := wZ,w(O)q;(O) +wX wq}, (0) is holomorphic, then
5

d°E N R -
—5(0)=12Re / [wZ11w(0) - Z1 (0)$(0)
t Sl
+ 4w Z112 (0) - Z1y (0) (0)] dw. (8.99)

As we did with the fourth derivative, we can write (8.99) in the notation of the
upper half-plane in order to aid in further computations.
Noting that

Z 7 dz 7. _7 dz 43— 1 dw¢
ttw — tlZdwa tw — tzdwa —_ l.w dz )
1 dw dz 14272

= = = . do=dw/iw,
"= Vaw ( 2 ) w/iw

we obtain: if f(w) above is holomorphic

5 2
%(0)=6Im A (14 2% Z1170) - [Z1(0)$ (0) +4Z,.(0)¢p;(0)] db. (8.100)

We are now ready to compute this integral, or at least terms of a certain e¢-order.
‘We first consider the situation 4n < 2m — 2 < 5n. Then

2m —3=4n+r, n>r>0odd. (8.101)

Here we set t = Be/7" + /7", T = ¢(0). Then formula (8.84) applies to give us
¢:(0). Since 2m — 2 >4n + 2, 2m — 3 > 4n + 1, and this implies that the f(w) of
Lemma 8.7 is in fact holomorphic.

Then, we have that the last complex component of

Z12(0) (0) + X ¢ (0) (8.102)



8 Boundary Branch Points 151

equals
B (m —n) Ry " 72!
+2Bpe(m —n) Ry !
4 12(m — )Ry "
+ higher order terms in powers of z. (8.103)
Moreover, the last complex component of Zi - equals
B2e*(m —2n — 1)(m — n) R "~ 22
+2e(m—n)m —n—r — )Ry" "2
+ u2(m — n)(m — 2r — DRy~ 2 2
+ higher order terms in powers of z. (8.104)
The last complex component of Z,,Z ) - Z,Z (0) equals
Be*(m —2n — 1)2(m — n)>R2 244
+ 4€4uﬂ2(m — n)z(m —n—r— 1)2R,%,Z2m_2"_2r_4
+ (m —n)?(m —2r — 1)2R2 244
+ 4% u(m —2n — 1)(m —n)>(m —n — r — 1)RE 2m=3n—r=4
+28%€312(m — n)2(m — 2n — 1)2Rr2nz2m—2n—2r—4
+depBm —n)2(m —n —r — 1)(m —2r — 1)RL 2734
+ higher order terms in z.
Thus, the last complex component of Z,Z ) - 2,Z (0)¢ (0) equals
Bruetim —n)?(m—2n—1D{m—-2n—1)4+4m —n—r — )}Rn/z
+ O(€’) + terms with no poles in z, (8.105)
and the last complex component of 2,;2 0) - Z:;(0)¢: (0) equals
—B*e*um —2n — 1)(m —n)>(n — r)R2 M4 .. (8.106)
where
2m —4n —r —4=—1.

Thus, noting again that the relation A; - A; =0, 1 <i, j < 2m — 2n implies that
the first complex components do not contribute to the €* terms in the derivative, we
have

d°E 4.4 2 2 Ra 5
ﬁ(O) =68"€¢"u(m—n)y(m—2n—DIm | [1+z°]y—"dO0 + O(€’)
Z
(8.107)
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where

yi=[m—-2n-1)+4m—-n—-r—1)—4mn —r)]
=[5(m—2n—1)].

Again, using the fact that 1 4 z2 = 2w we may apply the same analysis as in the
fourth derivative to conclude that

d’E

—5O= —te*Res [R,an <w—_1>} + 0(€%) (8.108)
w=0

w\w+1
where & := 60 8% u(m — n)?(m — 2n — 1)? > 0. Therefore, in the case 4n < 2m —
2 < 5n, the fifth derivative of Dirichlet’s energy is

PE 4 p2 5

W(O)zée R, + O0(€) (8.109)
which (since Ri < 0) can be made negative for small €.

Noting that with u > 0 and with sgn 8 = sgn b; (cf. (8.73)), it follows as before
that the variation o; is monotone if by = 0 choose T = /7" 4+ u/r" + y /7"~ L.
Then the fifth derivative is unchanged but monotonicity is preserved. Thus we have
proved:

Theorem 8.7 If Xo is a minimal surface spanning a smooth contour with a bound-
ary branch point of order n and index m, where 4n < 2m — 2 < 5n, then X cannot
be a minimum of either area or energy; i.e. there is a C* surface X spanning I”
with less area or energy. If Xo maps S' monotonically onto T, X will also map S!
monotonically onto I'.

Next, we revisit the cases left over from considerations of the fourth derivative,
namely

(A) 2m—2=4n—4orm=2n—1,
B) 2m —2=4n — 2 or m = 2n.

In both cases m > 2(n — 1) + 1, and so Lemma 8.4 applies and formulae (8.96)
and (8.99) for the fifth derivative hold.
We can write

2m —=3=2n—1)+2n—-2)+1 (Case A)
or
2m —3=2mn—1)+2(n—-3)+3 (Case B).
Thus for both (A) and (B) we can write
2m —3 =2k + 2k +r,
ki=m—1),kp=Mm—2)andris1or3.
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With these generators we will need to consider the first as well as the last complex
components. We can consider both cases simultaneously by writing our generator t
as

P(0) =1 :=Be/ZN +y/ 4+ p/7,

2k +2ky +r=2m —3,r > 0, 0dd, r < ky. Then ¢,(0) is determined by (8.84).

We see that since in both cases (A) and (B), 4r < 4k, < 4k < 2m — 2, the fourth
derivative as well as the second and third, with this choice of t, vanish identically.
In (A) in order to ensure that r < k,, we need to assume that n > 2. Thus, in the
following considerations we omit the cases n = 2, m = 3, m = 4. However, the case
n =2,m =3 cannot occur by Wienholtz’s result since here 2m —2 =4 < 6 =
3n. Hence we omit n = 2, m = 4, and we therefore (in (A)) assume that n > 4. In
case (B),if n=4,m =8, and thus r = (n — 1), not r < (n — 1). Thus we leave
consideration of this case until after of looking at case (B). With these exceptions
we consider cases (A) and (B) simultaneously.
. We first evaluaAte only tpe last complex components of ZZ(O), 2,,Z(0), Z,Z ) -
Z117(0)¢ (0) and Z;;;(0) - Z;;(0)¢: (0). R

Now the last complex component of Z;,(0) equals

Be(m — k) RnZ" 1 4y (m — k) Rz 2 + p(m — r)Rpz" "', (8.110)
The last complex component of 2,z (0)¢(0) equals
€2B2(m — k1) R~ 4 Bye(2m — ki — ko) Ry R 1
+ Bep@m —ki — r)RuZ" M 4y — ko) Ry 20T
+p2m =) RpZ" 7 4 yp@m —ky — r)Rpz" R L 8.111)
Also we have, from (8.84)
—$1(0) = B*e*(n — k)z= MY 4 eBy (2n — ky — kp)z~ Rt
+ Bep@n —ki — )z D £y 2(n — ky) Rz PRFD 4
(8.112)

(we ignore the term 2. .
Therefore, the last complex component of Z;,(0)¢ (0) + X, ¢;(0) equals

B22(m — n)Rpuz™ 1 1 2By e(m — n) R,z F1—k-1
+2Bep(m —n)Rpz" 1771 43 2(m — n) Rz 2!
T 2yp(m —mRy T (8.113)
Thus, the last complex component of Z,,Z (0) is
B2e*(m — n)(m — 2k — )R 2" 212
+2Bye(m —n)(m —ky —ky — 1) Ry z™ F17k272
+2Bep(m —n)(m —k; —r — )Rz F177=2
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+92(m — n)(m — 2ky — 1) R,,z" 2272
+2yp(m —n)(m —ky —r — DRpz" 2772 4. (8.114)

To make the next computations somewhat simpler, we ignore terms involv-
ing p%, y*, p*. Adopting this strategy, we see that the last complex component of
Z4117(0) - Z44,(0) equals

Bre*(m —n)*(m — 2ky — 1)2R2 2 —4h—4
48222 (m — m)2(m — kg — ko — 1)2Rr2”Z2m—2k1—2k2—4
+ 4822 yp(m —n)>(m —ky —ky — 1)(m — ky — r — 1)R2 Z2m =2k —ke—r—4
+4BeyZom —n)2(m —ky —ky — 1)(m — kg — r — 1)R2 Z2m=2ke—ki—r=4,
(8.115)

_ Now computing only the €2B2y?p terms of the last complex component of
Z1(0) - Z4:7(0)¢ (0), we obtain

42y p{(m —n)*(m — ki —ka — 1)?
+(m—n)?m —ki —ky = D(n —ky —r = 1)
+(m—n)?m—ky—ki —1)(m —ky —r — 1)}Rp/z. (8.116)

Finally the last complex component of —Z”Z(O) . Zt 2(0)¢;(0) (only the /32)/262 P
terms) equals

B2y p{m —n)(m —ky —r — 1)(m — ko) (n — k1)
4+ (m—n)(m —2ka — 1)(m —r)(n — k1)
+2m—n)(m —ky—r —1)(m —k1)(2n — k1 — k2)
+2m—n)m —k; —r —1)(m —k2)(2n — k1 — k2)
+2m—n)(m —k; —ky —1)(m —r)2n — k1 — k2)
+ m—n)(m —2ky —1)(m —k1)(2n —ky —r)
+2(m—n)(m —ky —ky—1)(m —k)2n —kay —r)
+2m—n)(m —ky —r —1)(m —k1)(n — k2)
+(m—n)(m —2ky — 1)(m —r)(n —k2)}(Rm/2). 8.117)

In these formulae we need only substitute the relevant values for case (A) or
case (B). We begin with case (A). In this case we have the following values: k| =
m—1D,kb=n—-2),2m—-2=4mn -1, r=1,(m—-k1 —ko—1)=1, (m —
k—r—1)=m—-1),m—-2ki—1)=0,(m—n)=m—-1),m—k)=m+1),
m—k)=n,(n—k)=1,(n—ky) =2,2n—k1—ky)=3,2n—ky—r)=(n+1),
(m — k1 —r — 1) = (n — 2). Substituting these values into (8.117) we see that the
last complex component of th ) - Z,,Z (0)9 (0) equals

4(n — D{2n* —4n +2)B%*y?pRE Jz + - -. (8.118)
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On the other hand the last complex component of Z,t 2(0) - th (0)9;(0) equals

(n — 1){22n° + 6n — 28}B%€*y*pR2 /2. (8.119)

m

Therefore the leading term of the last complex component of

Z112(0) - Z412(0) (0) + 4Z412(0) - Z1(0)¢h; (0)

equals

4(n — 1){=20n> — 10n 4 30}B%*y?pR2 /2. (8.120)

As mentioned, with these generators, we must consider the contribution of the first
complex components arising from the term Z,; 2(0) - Z +z(0). Calculating this we get
a final result of 2(n — 1){—24n> 4 12n 4 3} and —24n? + 12n + 3 is clearly negative
forn > 1.

Let & :=4(n — 1){—24n> 4 12n + 3} and take 8 > 0 and p < 0. Then, as in the
fourth derivative the variation o; is monotonic. The same analysis as before yields
that the fifth derivative of Dirichlet’s energy is

d°E
ﬁ(O) = 222 py R + O(€Y). (8.121)

Since Ran < 0 and p < 0, the derivative is negative for sufficiently small €. There-
fore, with the exception of n =2, m =4, case (A) is proved.

What about case (B), n # 4? Then we have: m =2n, ki =n —1), ko =n — 2,
r=3withn—1>3,and (m -k —ky—1)=2, im—ky—r—1=mn—-2),
m—=2k—1)=3,m—-2ki—1)=1,m—n)=n,im—k))=m+2),m—ky) =
m+1D,n—kpD)=1,n—k)=2,2n—k1 —k2)=3,2n—kx—r)=m—1),
m—-—ki—r—1)=m-23).

Then Z,,Z(O) . an (0)¢ (0) has the leading term of the last complex component
equal to

B>y pl{an(4n® — 4n)}R% /2 (8.122)
and the leading term of the last complex component of th ) - th (0)¢:(0) equals
—n{23n% 4 10n — 108)8%€>y%pR2 /z. (8.123)

Thus, the leading term of the integrand arising from the last complex component
of

Z112(0) - Z112(0) (0) + 4Z112(0) - Z1(0)h; (0)
is
4n{—19n% — 14n + 108} %>y pR2 /2. (8.124)

Calculating the contribution from the first complex components we obtain a final
answer of 2n{—24n?% + 7n + 85}. Now & :=2n{—24n% + 7n + 85} < 0 for n > 4.
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Take 8 > 0, p <0, ensuring the monotonicity of o;. Then

d°E
ar
for e sufficiently small.

We have one case remaining, namely n =4, 2m — 2 =4n — 2, m = 8. Here
2m —3=13=4-341. Take k =3, r = 1 and generator

(0) =27EB%e* Y pR2 4+ 0(€%) <0 (8.125)

T Be/ + )7 (8.126)

Then an explicit calculation shows that

d°E 4.3 p2 4
“ ) =2mEp U], + O(e") (8.127)

where & := (16).
Then, again, for € > 0 sufficiently small,

d&’E ©) <0
—_— < L.
dt’

Thus, we have proved Theorem 8.2 in cases (A) and (B) with the exception of
n=2m=4.

We would now like to discuss the case 5n <2m — 2 < 6n(2m +2) < 6(n + 1).
We first need a revision of Proposition 8.9, which is proved in the same way.

Proposition 8.14 Consider a variation of o
01 (x) =0 (x) + tE(x) + (/2 p(x) + (3 /3)n(x). (8.128)
Then p can be chosen as in Proposition 8.8 and 1 can be chosen so that
G (0) =27 (1 +nT/x)* + - - (8.129)

where + - - - are meromorphic functions on JH with poles at z = 0 of lower order. We
start by assuming 2m — 4 < 6n — 2 and taking a generator of the form ce” /7" +

ye/Z +8/7% ki =n —1, ko < ky. Then the derivatives Df}¢(0) do not contribute
to the sixth derivative. We then have a sixth derivative given by

d°E .
—5 (0)=40Re f Zutrw (0)
AW Zin 00 + 202006 0) + w2 ) (O} dw

+60Re / Z1(0) - {w 24101 (0) + 2021, 00 () | dw.
(8.130)

Again, changing variables to the upper half-plane, we have
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d°E h A
W(O) = ZOIm (1 +z )Zmz(O)

N20: 08O +22::00/0) + 2.0 ()} a6

4301 [[(14 2200 - [ 200060 + 22,006, 0) | .

(8.131)
Lemma 8.8
2> Re{Z1(0) (0) + 2Z;-(0)p: (0) + Z,(0)gby: (0)} (8.132)
is smooth.
Proof We have
Z'(1) = X (@1 (x)x 9,
Z"(t) = [X (91 (x))xp1d + X (01 (x))x ;.
Attr=0
Z"(0) = (Xx¢)x¢d + Xx:(0).
Similarly
Z"(0) = [(Xx$)x + X1l + 2[ X1 (0) + Xy (0)
=Z"(0)x¢ +2Z'(0)x¢;(0) + X1, (0).
Since x > Z"'(t) is smooth
x> Z"(0)x¢p +2Z'(0),¢: (0) + Z, (0)¢p; (0) =: A
is smooth. But
20 =Re{Zyz (0)$(0) + 2Z;2(0)¢: (0) + Z; (0)¢hy¢ (0)}
proving the lemma. g

We now calculate the sixth derivative as we have calculated the fourth, noting
that any poles of

Z112(0) (0) +2Z;2(0)¢p; (0) + Z(0)y, (0)

are purely imaginary.

In all subsequent equalities we first consider only the last complex component.
Since we are interested in the y§-terms we will ignore the y2 and §2-terms in our
calculations. We then have

2:0) = m = m) Ry """+ €y (m — ki) R 2" 017!
+ 6(m - kZ)RmZm_kz_l (8133)
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and
—¢ (O) — )/63(11 _ kl)Rmzf(n+k1+1) + 562(1’1 _ k2)Rmzf(n+k2+l)
+8ye(@n — ki — kp) Rz~ krtketD), (8.134)
Furthermore
Z:(0)¢ + Z:(0): (0)

— 64(m _ n)RmZm—Zn—l + 263]/(77’1 _ n)RmZm—n—k]—l
+2€28(m — n) R £ 2ey8(m — )RR (8.135)

Thus, we have

Z112(0) = €4(m — n)(m — 2n — ) Ryyz" =212
+2ye3(m—n)(m —n —ky — D)R,,zZ" k=2
+28€(m —n)(m —n —ky — DRy " "2
+2y8e(m —n)(m —k; —ky — )R, 7" ki—ke=2 (8.136)

and hence

Z112(0)p = €%(m —n)(m — 2n — 1) R,z 32
+2y€(m —n)(m —n —k; — 1)Ryz" " "k72
+ 2864(m —n)(m—n—ky — l)Rmz'"_”_kl_kZ—2
+ € m —n)(m —2n — DR, 2 h2
+ 2y8€3(m —n)(m—n—ky — l)Rmzm_"_kl_k2_2
+ 864(m —n)(m —2n — I)Rmzm—ZH—kz—Z
+ 2y8€3(m —n)(m—n—ky — l)Rmzm_"_kl_k2_2
+ 864(m —n)(m —2n — 1)Rmzm_2”_k2_2
+ 2)/553(m —n)Ym—n—k — 1)Rmzm—n—k1—k2—2 (8.137)
and
—27,:(0); (0) = 263y (m — n)(n — ky) Ry 2" =212
£ 26450 — m)(n — k) Ry "2
+263y8(m — k) (n — ky) Ry 2" K17k 2
+263y8(m — ki) (n — ko) Ry "Rk =2
+26 y8(m —n)(2n — ki — k) Ry 2" TR (8.138)
Additionally, since
G2 (0) = 4y8€3(n — k1) (n — ko) - 7N RitkatD L (8.139)
then

Z:(0); (0) =4€>y8(n — k1) (n — kp) Ry 2"~ "I HH2), (8.140)
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We are setting 2m — 4 =4n + ky + ko, or

m=2n+[(k; +k2)/2] + 2. (8.141)
Keeping this in mind, we see that
Z112(0)p +2Z1:(0)1 (0) + Z:(0)¢b1: (0) (8.142)

has only a y-linear pole or a pole containing no y or § terms. .
Using the fact that in evaluating the derivative, we multiply the zeros of Z;,(0)
by the poles of (8.142) to obtain all §y-terms, we must then multiply the § linear
zeros of the z-derivative of (8.142) by the y poles of (8.142) and the product of the
y 8 zeros of the derivative of (8.142) by the poles of (8.142) contain no § or p terms.
Let us first simplify the ¥ zeros of (8.142). From (8.137)—(8.139) we have the
8 zeros of (8.142) equal to the product of 7" ~%1—%2~2 and
2y8€3(m —n)(n — ki —ka — DRy + 2y8€>(m —n)(m —n — ks — 1) Ry,
+2y8e3(m —n)(m —n —ki — )Ry — 2y8€>(m — k1) (n — k2) Ry
—2y8€3(m — ko) (n — k1) Ry — 2y8€3(m —n)(2n — ki — ka) Ry,
—2y8€3(n — k1) (n — k) Ry — 2y 8€>(n — k1) (n — k2) Ry (8.143)
Adding these in steps, we first obtain
2y8e3(m —n)(m —2n — )Ry, +2y8€3(m —n)(m —n —ky — DR,y
+2y8e3(m —n)(m —n — ki — )Ry — 2y8€>(m — n)(n — ko) Ry
—2y8€3(m — n)(n — k1) R
=6y8e3(m —n)(m —2n — )R,y (8.144)
The pole term of (8.142) containing neither y nor §-terms is
€O m —n)(m —2n — 1) Ryuz" 3" 72 (8.145)
Thus, we have a contribution to the first term of the integrand of the sixth derivative
arising from the product of the derivative of the y§ zeros of (8.142) and the poles of
(8.142) equalling
6y8e’(m —n)>(m —2n — 1)*(m —n —ky —ky —2)R%z™!
=3y8€’(m —n)*(m —2n — 1)>2m — 2n — 2(ky — ky) —4)R% 77!
=3y8¢°(m —n)*(m —2n — 1)>(n —ky + )Rz (8.146)
(since2m —4=4n+ ki +ky,and ky = (n — 1)).
What about the § zero of the derivative of (8.142) multiplied by the y pole of
(8.142)? From (8.137) and (8.138) the § zero of (8.142) is
28€*(m —n)(m —n —ky — 1) Ry k=2
+8€*(m — n)(m — 2n — 1) R, "2 k22
—28€*(m — n)(n — k) Rz 22

=38¢*(m —n)(m —2n — )R, 7"~ 222, (8.147)
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Since the y pole of (8.142) is (from (8.137) + (8.138))
3yed(m —n)(m —2n — 1)Ry,z" k=2
we obtain a second (and final contribution) equal to
9y869(m —n)m—=2n—1)*m—-2n—ky — 2)R,2n171
= gy&g(m —n)2(m —2n — 1)*(n —ky — HR2z 7L (8.148)

Now we look at the second term of the sixth derivative. Consider the last complex
component of the product

Z112(0) - Z112(0)
= eg(m — n)2(m —2n —
+4ye’(m—n)>m—2n—1)(m —n—k, — 1)R,2nz2m73"7k’ —4
+48€%(m — n)>(m —2n — 1)(m — n — ky — 1) R, Z2m—3n—ke—4
+4y8€>(m —n)>(m —2n — 1)(m — ky — ky — 1) R% 2 —2n—ki—ka=4
+8y8€>(m —n)2(m —n —ky — 1)(m —n — ky — 1)R2 g2~ 2n—ki—ka=4,

1)2R31Z2m—4n—4

(8.149)
Thus the 8 term of Zz12(0) - Zi1z(0) (0) is
—4y8e®(m —n)*(m —2n —1)(m —n —ky — 1)(n —k2)R% /2
—4y8e®(m —n)?(m —2n — 1)(m —n —ka — 1)(n — k1) R% /2
—y8e%(m —n)*(m —2n — 1)22n — k| — k)R /2. (8.150)

Moreover

2Z112(0) - Z12(0)¢ (0)
=8y8e”(m —n)*(m —2n — 1)(n — k1) (n — k) R% /2
=4y8e°(m —n)*(m —2n — 1)(n —ky)(n — k) R% /2
+4y8e’(m —n)*(m —2n — (n —ka)(n —k2)R% /z.  (8.151)

Thus, one easily sees that (k =n — 1)

Z11z(0) + Zusz )y +2Z112(0) - Zi (0) s
=—5(m—n)*(m—2n—1)*n—ky+1). (8.152)
Considering the formula for the sixth derivative, we multiply the sum of (8.146) and
(8.148) by 20 and (8.152) by 30 to obtain
60y 8€®(m —n)*(m —2n — 1)*(n — ko + 1)R2 /2
+90y8€”(m —n)>(m —2n — 1)*(n —ky — )R2 /2
— 150y8€°(m — n)*(m —2n — 1)’(n —ka + DR2 /2
= —180y 8¢’ (m — n)*(m — 2n — I)ZR;/Z.
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It is not hard to see that, with this choice of generators, the sixth derivative does
not depend on the first complex components. Choosing § < 0, ¥ > 0 we can ensure
monotonicity and make the sixth derivative negative.

We now consider the last cases. We start with the case 2m — 4 = 6n — 2, or
m = 3n + 1, and begin by assuming n > 4. We choose the generator

Ti=eyc/ZM +¢8/7°,

ki=m—1),kp=3,ky <k;.Then2m —5=6n-3=6(n —1) + 3.
In this case, since A; =1;A; =X;(1,i),1 < j <2m — 2n and the real part of

Z11:(0)¢(0) +2Z;:(0)¢p (0) + Z.(0)by; (0) (8.153)

(cf. (8.132)) has no poles, it follows that the first complex components of (8.153)
have no poles. Since m > 3(n — 1) + 2, the last complex component also has no
poles, and (8.153) is holomorphic.

Using our general formula for odd order derivatives, and recalling that (cf.
Lemma 2.4, Chap. 2)

Z1z(0) - Z(0) = —Z,;0) - Z4-(0),

we obtain the following formula for the seventh derivative of Dirichlet’s energy,
namely

1 d'E

35 i @ =Re [ (142200 Zusc ©9(0)1d6 =: (D)

+6Re f (1 + 29[ Z1112(0) - Z11;(0)¢p (0)] d6 =: (E)
+6Re / (1 4+ 29[ Z111:(0) - Z12(0)¢p (0)] dO =: (F)
+ ZRG/(I + 12)[2,”1(0) : 22(0)451”(0)] do =: (G)
180 ” A .
+ (E) Re / (1 + 29[ Z11z0) - Z112(0)h1 (0)] d6 =: (H)

+ (%) Re/(l + 29[ Z1120) - Z12(0)e (0)1 d6 =: ().
(8.154)
‘We begin our calculations, again calculating only the last complex components:
Zi2(0) =€y (m — kD) Rnz" 7 4 8(m — ko) Ruz" 71 (8.155)
and
~1(0) =€y*(n — kD) Rz 2OFD 4+ 82(n — k) Rz~ +D)
+€ey8(2n —ki — k) Rz~ R1tkath (8.156)
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We may further ignore the 82,83, ... terms. Thus

20,00 + 2.(0)h; (0) = €22 (m — n) Ry 7"~ 21=1

+2ey8(m —n)Ryp7" kel (8.157)
whence
Z112(0) =2y 8e(m —n)(m — ky — ky — )Rz F1—k2=2
+ 2y (m —n)(m —2k; — DRyz" 172 4. (8.158)
and

Z12(0)p = 3y3(m — n)(m — 2k; — 1R, z" 30172
429283 (m — n)(m — ky — ky — 1) Rz F1—k2=2
+ 62)/25(’” —n)(m — 2k — 1)Rmzm7k‘ —kp—2 T (8.159)
We need to evaluate

Z112(0)(0) + 2Z,-(0)¢h; (0) + Z. (0)gby; (0).
First,
—27,,(0)$: (0) =263y (m — k1) (n — k1) Ry 3172
+2e2y28(m — ko) (n — k1) Ry 2" 217072
+ 26202y (m — k1) (2n — k| — k) Rz 2i—k=2 4
(8.160)
Noting that (cf. (8.129)) ¢ (0) =2t (t, +nt/x)*> + - - - we have

011(0) = 492862 (n — k1) (n — ka)z~ @itk 1 002862y — fp)27~Chithat2)
+2y33m—k)2 224 (8.161)
Thus (8.153) equals
2y28€>(m — n)(m — ki — ky — 1) R, 2"~ 21—ka=2
(A): +y28€¢2(m —n)(m — 2ky — 1)R,, 7"~ 1—ka=2 (8.162)
+y2e3(m — n)(m — 2k; — )R 312

_|_
—2y2€28(m — ko) (n — ki) Ry "~ 21—k2=2

(B): —292€28(m — k1)(2n — ki — ko) Rz 21—k2=2(8.163)
—2y363(m — k) (n — ky) Rz 3172

4y2€28(n — k1) (n — ko) Ry 7"~ 2i—k2=2
(C): +2y%€28(n — k1)? R, " K1 ka2 (8.164)
+2y2e28(n — k1)* Rz 30172,
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Adding (A) + (B) + (C) we see that (8.153) equals
3y2€28(m — n)(m — 2n — 1) Ry, 7" 21—k =2
+y33m —n)(m — 2n — DRuZ" 12 (8.165)
yielding that
Zi112(0) = 3y2€25(m — n)(m — 2n — 1)(m — 2k; — ky — 2) Ry "~ 2K1 k=3
+ 9363 (m —n)(m — 2n — 1)(m — 3k —2)Rp" 173 4 ...
(8.166)
Thus, again ignoring 82,683, ... terms
Z1112(0) - Zyy12(0)
=6y 8(m —n)>(m —2n — 1)>(m — 2k; — ks — 2)(m — 3k; —2)
. R, —Ski—ka=6
+10€0m —n)>(m — 2n — 1)2(m — 3k; — 2)2Rpz2" %176 (8.167)
This implies that the integrand of (D) is
Z1112(0) - Z1112(0)$ (0)
=6y%€%8(m —n)>(m —2n — 1)>(m — 2k1 —2)(m — 3kj — 2) R, 72"~ Oki—ka—6
+ 10608 (m — n)2(m — 2n — 1)2(m — 3ky — 2)2 R,z —0k1—-k2—6
+ 97 (m —n)>(m —2n — D)>(m — 3k; —2)* R 22" =6 4 ... (8.168)
Using (8.166) and (8.159) we see that
Z1112(0) - Z11:(0)
=2y%*s(m —n)>(m —2n — 1) (m —ki — ko — 1)(m — 3k; —2) R, 2"~ *1—ka=>
+3y4*8(m —n)>(m —2n — 1) (m — 2k1 — ko) (m — 2ki — 1) Ryyz?"~*1—k2=3
+ 953 (m —n)2(m —2n — 1)(m — 3ky —2)(m — 2k — D Rypyz?" K175 4 ...
(8.169)
Thus, we obtain the integrand of (E):
6Z1112(0) - Z1yz(0)¢; (0)
= —(¥%°%8) - {12(m —n)>(m —2n — )(m —ky —ky — 1)
S(m=3—k —2)(n—kp)
+ 18(m — n)>(m — 2n — 1)(m — 2k; — k — 2)(m — 2k; — 1)(n — k1)
+6(m —n)>(m —2n — 1)(m — 3ky —2)(m — 2k; — 1)(2n — k; — kp)}
. Ry, 22m—0k1—k—6
—6y%%(m —n)?(m — 2n — 1)(m — 3k; — 2)(m — 2k — 1)(n — k1)
Ry (8.170)
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Furthermore, working towards the integrand of (F) we have

6Z111-(0) - Z;-(0)
=y338{18(m — n)(m — 2n — 1)(m — 2k; — k» — 2)(m — ki)
+6(m —n)(m —2n — 1)(m — 3k; — 2)(m — ko)} R, 2" k1—ka—4
+6y4et(m — n)(m —2n — 1)(m — 3k —2)(m — ky) Ry 22"~ 41—4,
(8.171)
Using formula (8.161) for ¢;;(0) we get the integrand of (F):

Zy112(0) - Z1z(0)h (0)
=9%%8{36(m — n)(m —2n — 1)(m — 2ki — ko — 2)(m — k1) (n — k1)?
+12(m —n)(m —2n — 1)(m — 3k1 —2)(m — kp)(n — k1)2
+24(m —n)(m —2n — 1)(m — 3k — 2)(m — k1)(n — k1) (n — k)
+12(m —n)(m —2n — 1)(m — 3k; — 2)(m — k) (n — k1)*} R, 22"~ Oki—ka=6
+12y7€"(m —n)(m —2n — 1)(m — 3ky — 2) (m — k1) (n — k1) 2 Ry 22"~ 70176,
(8.172)
We now evaluate the integrand of (G). As, in the case of ¢;(0) and ¢;;(0) it is not
hard to see that
G111 (0) = 6T (ty +nT/x)> + - (8.173)
yielding that

i1t (0) = =18y €38 (n — k1)2(n — kp)g~ 21 7H273
6338 (n — k)33 _ptetn — k)33 (8.174)

Hence, we obtain the integrand of (G) as

—y%€%8{36(m — n)(m — 2n — 1)(m — 2k; — k» — 2)(n — k1)?
+36(m —n)(m —2n — 1)(m — 3k; —2)(n — k1)2(n —kp)
+12(m —n)(m — 2n — 1)(m — 3k — 2)(n — k1) } Ry 22" —0k1—k2=6
— 1297 (m —n)(m — 2n — 1)(m — 3k; — 2)(n — k1)> Ry 22"~k =6,
(8.175)
Adding the integrands of first (G) to (F) and then this sum to (E) and then to (D) we
get the sum (G) + (F) + (E) 4+ (D) equal to
y0e®8{—18(m — n)>(m — 2n — 1)*>(m — 3k —2)(n — k1)
—18(m —n)>(m —2n — 1)%(m — 2k; — ko — 2)(n — k)
—6(m —n)*(m — 3k; — 2)(m — 2ky — D)(n — ko)
+6(m —n)2(m—2n—1)>(m — 2k; — ko — 2)(m — 3k; — 2)
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+ (m —n)2(m — 2n — D2(m — 3ky — 2)2} R, 22"~ Ok1—ka—6
+ 7€ {(m = n)*(m —2n — 1)>(m — 3k — 2)°
—6(m — n)2(m —2n—1)(m —3k; —2)(m — 2k — 1)(n — ky)
+12(m —n)(m —2n — 1)(m — 3k1 —2)(m — k1)(n — lq)2
—12(m —n)(m —2n — 1)(m — 3k —2)(n — k1) YRy z?" " 7M170.  (8.176)
Notingthatn —k1 =1l,n—ky=n—-3,m=3n+1,m—-3k; —-2=2,m—-2k1 — 1=
n+2,m—2ky —ky —2 =n—2, we see that the integrand of (E) + (F) + (G) + (D)
equals
y0e®8{—36(m — n)>*(m — 2n — 1)*> — 18(m — n)>(m — 2n — 1)*(n — 2)
—12(m —n)>(n+2)(n —3) + 12(m — n)>(m —2n — 1)’(n +2)
+4(m —n)>(m —2n — 1)?} Ry 72" Ok —ka=6 (8.177)
+y7e{4(m —n)*(m —2n — D? = 12(m — n)>(m —2n — D)(n +2)
+48(m —n)(m —2n — 1)(n+ 1)
—24(m —n)(m —2n — D}R, 22"~ =6 4 ..., (8.178)
Let us now focus on the coefficients of y%€8 R, z2"~0k1—%2=6 Rewriting these
coefficients we have
—(m —n)*(m —2n — 1)*(36)
— (m —n)*(m —2n — 1)>(18n — 36)
—12m —n)*(n+2)(n —3)
+ (m —n)>(m —2n — 1)*>(12n +28) (8.179)

which equals

—(m —n)*(m —2n — 1)*(6n — 28)
—12(m —n)*(n +2)(n — 3), (8.180)
which is the integrand of (E) 4+ (F) 4+ (G) + (D).
Calculating the coefficient of y0€®8 R, z2"~%k1=k2=6 in 7., (0) - Z;1.(0)¢;(0),
the integrand of (H), we obtain
Am —n)*(m — 2k; — 1)*(n — k1) (n — k)
+2(m —n)>(m — 2k; — 1)*(n — kp)?
+8m —n)(m =2k —D)(m—k —ky—D(n—k)  (8.181)
which simplifies to
4(m —n)*(n +2)*(n —3)
+2(m —n)*(n +2)*
+16(m —n)’(n+2)(n — 1). (8.182)
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Multiplying this by (180/40) we obtain
18(m — n)>(n + 2)*(n — 3)*
+9(m —n)*(n +2)?
+72(m —n)*(n+2)(n —1). (8.183)

Now the coefficient of y0e®8 R2 z2=0k1—k2=6 in 7. (0) - Z;,(0)¢by1; (0), the inte-
grand of (I) is

—6(m — n)(m — 2k — 1)(m — ko) (n — k1)°
—36(m —n)(m — k) (m — ki —ky — D)(n — k1)*(n — k2)
— 18(m — n)(m — 2ky — 1)(m — k) (n — k1) (n — k2)
—120m —n)(m — k) (m — ki —ky — D)(n — k1)
—6(m—n)(m —2k; — )(m —ka)(n — k1)° (8.184)
which simplifies to
—(m —n)(180n> — 366n> — 372n + 144). (8.185)
Multiplying this by 6 we get
—(m — n)(1080n° — 219612 — 22320 + 1464). (8.186)
Simplifying (8.183) we have
(m —n)(36n* + 90> — 684n — 324). (8.187)
Simplifying (8.180) we have
—(m —n)(12n* = 7203 — 40n*> — 158n — 72). (8.188)
Summing (8.186)—(8.188) we obtain
(m —n)(24n* — 936n> 4+ 22001 + 1706n — 1706). (8.189)

We wish to show that this cannot vanish for even n. So set n = 2p, then (8.189)
equals

4(m — n)(384p* — 7484 p + 8800 p + 3412p — 1706). (8.190)

With our chosen generators, there is a contribution from the first complex compo-
nents arising from the product Ay - Ay—2,41 in the terms Zy; - Zi:bit, Zissz -
Z b1, and Zyy, - Zy Py No first complex components contributions arise from
terms containing ¢-derivatives of order higher than one. We note that the contribu-
tion of these terms is divisible by four. A straightforward calculation shows that the
sum of this contribution and (8.190) is

24n* — 93613 + 7564n% + 34821 — 13322. (8.191)
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We need to show that for n even this cannot be zero. Since n is even, every term in
(8.191), except the last, is divisible by four, and so (8.191) can never vanish.

If (8.191) should be negative, we choose y > 0 and y < 0; if positive, y > 0
and § > 0. In either case, we have a monotonic variation which makes the seventh
derivative negative for 2m —4=6n —2,n > 4.

We thus have three remaining cases, n =2, m =4, m =7 and n =4, m = 13.
In the first, with generator T = yc/x, the fourth and all lower order derivatives
vanish, and the fifth derivative is negative. For n = 2, m = 7 with the same generator
the eighth derivative can be made negative. For n = 4, m = 13 with the generator
T = yc/x>, the seventh derivative can be made negative.

Thus, such branched minimal surfaces cannot be minima. This concludes the
proof of the fact that C*° minimal surfaces which have a non-exceptional branch
point spanning a contour with non-zero torsion and curvature, cannot be weak rela-
tive minima for Dirichlet’s energy or area in any C” topology.

The culmination of the work of the preceding chapters shows that in order to
prove that minimal surfaces with an exceptional branch point cannot be a minima
requires the existence of a Taylor expansion with the property that, after a change
of variables, k > [ and there exists an m > m, with R;; 7% 0 and 1 + m not an integer
multiple of 1 4 n without a convergent Taylor series (the analytic case); this appears
to be impossible.

In fact, if all R; =0, j > m, or if for all j > m, the only non-zero R; are those
for which j + 1 =k(n + 1), k € N, then, using the generator 1/z", the methods of
this book would yield a curve along which all of the derivatives of Dirichlet’s energy
are zero (one chooses ¢, = 1/z" for all ¢ small; thus ng ¢(0) =0 for all 8 >0, and
the result easily follows). Thus, in the exceptional case, finding criteria to determine
whether or not the surface is a minimum is analogous to finding criteria to determine
if 0 is a minimum for

e_l/xz, x >0,
fx)=10, x=0,
:I:e’]/xz, x <0.

In this regard we refer the reader to the example of Gulliver [4], a minimal surface
with an atypical boundary branch point. It is unknown if this surface is a minimum.

In this book we have put forward the argument that forced Jacobi fields are the
key to understanding the fact that branched minimal surfaces cannot, in most cases,
be minima. If this insight is correct, then from the above remarks, it would appear
that for a C*°, but not analytic, minimal surface X with an exceptional boundary
branch point, the question of whether or not X can be a minimum is not decid-
able. So it is perhaps only in this situation that the original guesses by Douglas and
Courant (see Scholia) concerning the existence of branch points for minimizers may
turn out to be correct.

The analytic case, on the other hand, was, as previously mentioned, worked out
by White [1], who showed that analytic surfaces in C(I") with a true boundary
branch point cannot be minima. The methods of this book apply to this case. First,
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ifXecn), X, by Tomi’s proof (Sect. 6.1) cannot have an analytically false bound-
ary branch point. Thus, the integer I (Chap. 5) is defined and one can use interior
methods to prove the absence of branch points for C? weak relative minima in the
exceptional case also.



Chapter 9
Scholia

The solution of Plateau’s problem presented by J. Douglas [1] and T. Radé [1]
was achieved by a — very natural — redefinition of the notion of a minimal sur-
face X : 2 — R3 which is also used in our book': Such a surface is a harmonic and
conformally parametrized mapping; but it is not assumed to be an immersion. Con-
sequently X may possess branch points, and thus some authors speak of “branched
immersions”. This raises the question whether or not Plateau’s problem always has
a solution which is immersed, i.e. regular in the sense of differential geometry. Cer-
tainly there exist minimal surfaces with branch points; but one might conjecture that
area minimizing solutions of Plateau’s problem are free of (interior) branch points.
To be specific, let I" be a closed, rectifiable Jordan curve in R3, and denote by C(I")
the class of disk-type surfaces X : B — R bounded by I" which was defined in
Chap. 1. Then one may ask: Suppose that X € C(I") is a disk-type minimal surface
X : B — R3 which minimizes both A and D in C(I"). Does X have branch points
in B (orin B)?

Rad¢ [1], pp. 791-795, gave a first answer to this question for some special
classes of boundary contours I”, using the following result:

If Xy (w) vanishes at some point wy € B then any plane through the point Py :=
X (wy) intersects I in at least four distinct points.

This observation has the following interesting consequence: Suppose that there
is a straight line £ in R3 such that any plane through L intersects I in at most
two distinct points. Then any minimal surface X € C(I") has no branch points in B.
In fact, for Py & £, the plane [T determined by Py and £ meets I” in at most two
points, and for Py € £ there are infinitely many such planes.

In particular: If I' has a simply covered star-shaped image under a (central or
parallel) projection upon some plane Iy, then any minimal surface X € C(I") is
free of branch points in B.

Somewhat later, Douglas [2], pp. 733, 739, 753, thought that he had found a
contour I” with the property that any minimal surface X € C(I") is branched, namely

'We now denote a minimal surface by X and no longer by X, i.e. we no longer emphasize the
difference between a surface X and its boundary values X.

A. Tromba, A Theory of Branched Minimal Surfaces, 169
Springer Monographs in Mathematics,
DOI 10.1007/978-3-642-25620-2_9, © Springer-Verlag Berlin Heidelberg 2012
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a curve whose orthogonal projection onto the x!, x2-plane is a certain closed curve
with a double point.

Rado [2], p. 109, commented on this assertion as follows: A curve I" with this
x!, x?-projection can be chosen in such a way that its x!, x3-projection is a simply
covered star-shaped curve in the x!, x3-plane; thus no minimal surface in C(I") has
a branch point.

In 1941, Courant [1] is believed to have found a contour I" for which some min-
imizer of Dirichlet’s integral in C(/") has an interior branch point. This assertion
is not correct, as Osserman [2], p. 567, pointed out in 1970. Moreover, in [2] he
described an ingenious line of argument which seemed to exclude interior branch
points for area minimizing solutions of Plateau’s problem. For this purpose he dis-
tinguished between true and false branch points (cf. Osserman [1], p. 154, Defini-
tion 6; and, more vaguely, [2], p. 558): A branch point is false, if the image of some
neighbourhood of the branch point lies on a regularly embedded minimal surface;
otherwise it is a true branch point. Osserman’s treatment of the false branch points is
incomplete, but contains essential ideas used by later authors, while his exclusion of
true branch points is essentially complete (see also Gulliver—-Osserman—Royden [1],
p- 751, D. Wienholtz [1], p. 2). The principal ideas of Osserman in dealing with true
branch points wq are the following: First, the geometric behaviour of the minimal
surface X in the neighbourhood of wy is studied, yielding the existence of branch
lines. Then a remarkable discontinuous parameter transformation G is introduced
such that X := X o G lies again in C(I") and has the same area as X, but in addi-
tion X has a wedge, and so its area can be reduced by “smoothing out” the wedge.
Osserman’s definition of G is somewhat sloppy, but K. Steffen has kindly pointed
out to us how this can be remedied and the construction of the area reducing surface
can rigorously be carried out.

Osserman’s paper [2] was the decisive breakthrough in excluding true branch
points for area minimizing minimal surfaces in R, and it inspired the succeeding
papers by R. Gulliver [1] and H.W. Alt [1], [2], which even tackled the more difficult
branch point problem for H-surfaces and for minimal surfaces in a Riemannian
manifold (Gulliver). Nearly simultaneously, both authors published proofs of the
assertion that area minimizing minimal surfaces in €(I") possess no interior branch
points (and of the analogous statement for H -surfaces).

Gulliver’s reasoning runs as follows: Let us assume that wg = 0 is an interior
branch point of the minimal surface X € C(I"), X : B — R>. Then there is a neigh-
bourhood V CC B of 0 in which two oriented Jordan arcs y;, y» € C 110,11, B)
exist with y1(0) = y2(0) =0, |y ;(0)] = 1, {(0) # 7, (0), X (11 (1)) = X (y2(1)), and
such that (X, A X)) (y1(?)), (Xy A Xy)(y2(2)) are linearily independent for 0 <7 <1.
One can assume that 9V is smooth, and that y1, y» meet dV transversally at dis-
tinct points y;(€), y2(€),0 < € < 1. Then there is a homeomorphism F : B.—>V
with F(it) = y1(t), F(—it) = y»(t) for 0 <t <€, and F € C*(B, \ {0}) where
B¢ := B.(0) = {w € C: |w| < €}. Define a discontinuous map G : B, — B, such
that {ir : 0 <t <1} and {—i? : 0 <t < 1} are mapped to i and —i respectively;
=+e€/2 are taken to zero; on the segments of discontinuity [—€/2, 0] and [0, € /2] are
each given two linear mappings by limiting values under approach from the two
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sides; G is continuous on a neighbourhood of 9B, with G|yp, =idyp,; and G is
conformal on each component of B, \ Ic\imaginary axis, where I, is the interval
[—€/2, €/2] on the real axis. Thus X o F o G is continuous and piecewise C2. Now
define

(XoFoGoF Y(w) forweV,

X(w) ::{X(w) forwe B\ V.

Then X is continuous and piecewise C 2 and X € C(I"). The metric

ds®:=(dX,dX)=adu*+2bdudv+cdv’,
a=1X" b=(XuXo) =Xy

induced on B by pulling back the metric induced from R? along X has bounded,
piecewise smooth coefficients. It follows from the uniformization theorem of Mor-
rey ([1], Theorem 3) that there exists 7 : B — B with L? second derivatives, which
is almost everywhere conformal from B with its usual metric to B with its induced
metric, and T may be extended to a homeomorphism B — B.

Now define X := X o T; then X € C(I"), A(X) = A(X), and (X, X,,) =0 a.e.
on B, and consequently

infe(ryD = infe(rA = D(X) = A(X) = A(X) = D(X).

Thus X is D-minimizing, and so its surface normal N is continuous on B. On the
other hand, the sets X (B) and X (B) are the same, and so X (B) has an edge, whence
N cannot be continuous, a contradiction.

This reasoning requires two comments. First, D. Wienholtz in his Diploma the-
sis [1], p. 3 (published as [2]), noted that Gulliver’s discontinuous map G : B — B.
does not exist, since its existence contradicts Schwarz’s reflection principle. A rem-
edy of this deficiency would be to set up another definition of G or T, such as used
in Alt [1], pp. 360-361, or in Steffen—Wente [1], p. 218, or by a modification of the
definition of G in Gulliver-Lesley [1], p. 24.

Secondly, the application of one of Morrey’s uniformization theorems from [1]
is not justified, as this requires besides a, b, ¢ € L°°(B) the assumption

ac—b>=1, *)
and this demands the existence of constants Aj, A» € R with 0 < A; < XA, such that
MIE + 1] < aW)E> + 2b(w)En + c(w)n® < MlE” + 1] (**)

for all (¢, n) € R? and for almost all w € B. However, X (w) = X (w) on B \'V, and
X might have another branch point w(, € B \ V; then a(w()) = b(w) = c(w;) =0,
and so neither (*) nor (**) were satisfied.

There is another possibility to correct this deficiency. Suppose that X is quasi-
conformal in the sense that

IX.?+1X0)?> <k| Xy AXy| (ae.on B)

holds for some constant k¥ > 0. Then it follows

a,|b|,c <kvac— b2,
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and thus the quadratic form
do? :=adu® +2B dudv+y dv?

with
a b c
o= ——, Bi=—, Y= —
ac —b? ac —b? ac —b?
satisfies ||, |B], |y| < « and oy — B% = 1. Hence one can apply Morrey’s first
uniformization theorem (as quoted above), obtaining a homeomorphism 7" from B
onto B with 7, T-le H21 (B, B) such that the pull-back T*do?is a multiple of the

Euclidean metric dsf, i.e

T*do? = ) ds?
whence

T*ds>=x1d se2

with A :=Avac—b%, d:=aoT, b:=boT, ¢:=coT.

Now one can proceed for X :=X o T as above. It remains a question as to
whether X can be constructed in such a way that it is quasiconformal. This would
be the case for Gulliver’s construction described before, except that Gulliver’s G
cannot exist on account of the reflection principle. Hence the definition of G must
be modified, say, as in Gulliver-Lesley [1]. Then, one might proceed as follows:
One decomposes B¢ \ [—€/2, €/2] in finitely many triangular domains E such that
the mappings G|z are C!-diffeomorphisms. Choosing F appropriately, one has to
convince oneself that X o @ with @ := F o G o F~! is quasiconformal if X is a.e.
conformal and |D®|, |D®~!| < const.

Alt’s method to exclude true branch points (worked out in detail by D. Wienholtz
[1], [2]) eventually uses the same contradiction argument as Gulliver, namely to de-
rive the existence of an energy minimizer X € @(I') with a discontinuous normal
N. The construction of X is different from Gulliver’s approach. Alt defines a new
surface X on B, which is quasiconformal, and by reparametrization a new surface
X = X o 7 is obtained which is energy minimizing with respect to its boundary
values. Here Morrey’s lemma on e-conformal mappings is used as well as an elab-
oration of Lemma 9.3.3 in Morrey [1].

The non-existence of false branch points for solutions X of Plateau’s problem
was proved by R. Gulliver [2], H-W. Alt [2], and then by Gulliver—-Osserman—
Royden in their fundamental 1973 paper [1]. Here one only needs that X |55 is one to
one, and this observation is used by Alt as well as by Gulliver—-Osserman—Royden,
while Gulliver also employs the minimizing property of X. K. Steffen pointed out
to us that Osserman’s original paper [2] already contains significant contributions to
the problem of excluding false branch points, and it even is satisfactory if, for some
reason, an inner point of X cannot lie on the boundary curve I, say, if I" lies on the
surface of a convex body. It should be mentioned that Gulliver [1] in the proof of
this Theorem 5.1, Case I (S = ), once again uses Morrey’s uniformization theorem.

Furthermore, in Sect. 6 of their paper, Gulliver—Osserman—Royden proved a
rather general result on branched surfaces X : B —> R", n > 2, such that X lap is
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injective, which implies the following: A minimal surface X € C(I") has no false
boundary branch points (see [1], pp. 799-809, in particular Theorem 6.16).

In 1973, R. Gulliver and E.D. Lesley [1] published the following result which we
cite in a slightly weaker form: If I is a real analytic and regular contour in R3,
then any area minimizing minimal surface in C(I") has no boundary branch points.

To prove this result they extend a minimizer X across the boundary of the param-
eter domain B as a minimal surface, so that a branch point wg on d B can be treated
as an inner point. Then the same analysis of X in a small neighbourhood of wq can
be carried out, and wy is either seen to be false or true. To exclude the possibility of
a true branch point, they apply the method from Gulliver’s paper [1], except that a
new discontinuous “Osserman-type” mapping G is described, which is appropriate
for this situation. A detailed presentation of this approach or, what might be easier,
of Osserman’s reasoning applied to boundary branch points, would be desirable. In
a different way, the latter was worked out by B. White [1], see below.

The elimination of the possibility of false branch points in the Gulliver—Lesley
paper is achieved by using results from the theory of “branched immersions”, cre-
ated by Gulliver, Osserman, and Royden. In fact, one can even apply the result on
false boundary branch points quoted above.

The theory of branched immersions was extended by Gulliver [2], [3], [5] in
such a way that it applies to surfaces of higher topological type (minimal surfaces
and H-surfaces in a Riemannian manifold).

K. Steffen and H. Wente [1] showed in 1978 that minimizers of

1
Eg(X) :=/ [§|VX|2 +0(X) - (Xu A Xv)} du dv
B
in C(I") subject to a volume constraint V (X) = const with
1
V(X):= 5/ X -(XyAXy)dudv
B

have no interior branch points. Their work in particular applies to minimal sur-
faces. While their treatment of true branch points essentially follows Osserman [2],
they simplified, in their special situation, the discussion of false branch points by
Gulliver—Osserman—Royden [1] and Gulliver [2].

In 1980, Beeson [1] showed that a minimal surface in C(I"), given by a local
Weierstrass representation, cannot have a true interior branch point if it is a C!-local
minimizer of D in C(I"). (According to D. Wienholtz, Beeson’s proof does not work
for C¥-local minimizers with k > 2.) In this paper Beeson considers higher order
derivatives of a localized energy. Later on, in 1994, M. Micallef and B. White [1]
excluded the existence of true interior branch points for area minimizing minimal
surfaces in a Riemannian 3-manifold, and in 1997, B. White [1] proved that an
area minimizing minimal surface X : B — R" n > 3, cannot have a true branch
point on any part of d B which is mapped by X onto a real analytic portion of I,
even if n > 4. This is quite surprising as X may have interior branch points if n > 4
(Federer’s examples). However, White pointed out that, for any k < oo, one can find
Ck-curves I' in R* that bound area minimizing disk-type minimal surfaces with true
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boundary branch points, and Gulliver [4] found a C*°-curve in R® bounding an area
minimizer with a true boundary branch point.

It is a major open question to decide whether or not an area minimizing minimal
surface of disk-type in R3 can have a boundary branch point assuming that it is
bounded by a (regular) C*- or C*®°-contour I, rather than by an analytic one.

We furthermore mention the paper of H-W. Alt and F. Tomi [1] where the non-
existence of branch points for minimizers to certain free boundary problems is
proved and the work of R. Gulliver and F. Tomi [1] where the absence of inte-
rior branch points for minimizers of higher genus is established. Specifically, they
showed that such a minimizer X : M — N cannot possess false branch points if X
induces an isomorphism on fundamental groups.

In 1977-81, R. Bohme and A. Tromba [1], [2] showed that, generically, every
smooth Jordan curve in R”, n > 4, bounds only immersed minimal surfaces, and
admits only simple interior branch points for n = 3, but no boundary branch points.
“Generic” means that there is an open and dense subset in the space of all sufficiently
smooth & : S! — R” defining a Jordan curve I', for which subset the assertion
holds. This result is based on the Bchme—Tromba index theory, which is presented
in Dierkes, Hildebrandt and Tromba [2].

A completely new method to exclude the existence of branch points for min-
imal surfaces in R which are weak relative minimizers of D was developed by
A.J. Tromba [1] in 1993 by deriving an intrinsic third derivative of D in the di-
rection of forced Jacobi fields. He showed that if X € C(I") has only simple interior
branch points satisfying a Schiiffler condition (a condition which had been identified
as generic by K. Schiiffler [1]), then the third variation of D can be made negative,
while the first and second derivatives are zero, and so X cannot be a weak rela-
tive minimizer of D in C(I"). D. Wienholtz in his Doctoral thesis [3] generalized
Tromba’s method to interior and boundary branch points of arbitrary order, satisfy-
ing a “Schiiffler-type condition”, by computing the third derivative of D in suitable
directions generated by forced Jacobi fields. We note that Wienholtz’s results also
refer to boundary branch points of minimal surfaces in R”, n > 3, but they do not
apply to Gulliver’s R°-example (see Wienholtz [3], p. 244).

These results raised the question whether branch points of any order could pos-
sibly be excluded by looking at even higher order derivatives of Dirichlet’s integral.
Such an approach was quite new since variations of higher order for multiple inte-
grals had rarely been studied. In fact, S.S. Chern was known to have told his stu-
dents: “There is no geometric problem in which there is a need to study more than
four derivatives.”

Let us consider derivatives of area A and of Dirichlet’s integral D at some mini-
mal surface X which is not immersed, i.e. which has branch points. The first deriva-
tive of A is already a nontrivial matter, as | X, A X,| appears in the denominator
when one differentiates A, and the computation of higher order variations of A
might seem hopeless. On the other hand, the conformally parametrized regular ex-
tremals of A and D agree, and one even knows that infery)A = inferyD. This
suggests that one might be able to study higher order variations of D. At first glance
this might seem to be trivial since the integrand is quadratic; but Plateau’s bound-
ary condition is highly non-linear, and so the computation of higher derivatives of
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D turns out to be quite complicated if one also varies X on the boundary. A first
difficulty is that, beyond the order 3, higher order derivatives of D are not intrinsic,
e.g. they are not multilinear forms on a tangent space of the manifold of surfaces
spanning a given contour. A second difficulty, reflecting the first, is the great com-
plexity of calculating variations of D beyond the second. Only the special form of
the variations, employed in this book, together with the use of Cauchy’s integral
theorem and the residue formula, made it possible to succeed. Hence it is not clear
how this method could be applied to other integrals than D, and so an application to
H -surfaces or to minimal surfaces in a Riemannian manifold seems presently to be
excluded.

The approach to branch points of minimal surfaces, presented in this book, was
discovered and developed by A.J. Tromba, with minor revisions by S. Hildebrandt
for presentation in this volume. The somewhat indirect concept of true and false
branch points is replaced by the concept of exceptional and non-exceptional branch
points, which is formulated in terms of the order n and the index m of a branch
point:

either m+1=0mod (n+1), or m+1#0mod (n + 1).

The advantage of the results in Chap. 8 is that they apply to C°°-contours and not
only to real analytic boundary curves, but since not all boundary branch points are
excluded, they presently do not cover the results of Gulliver—Lesley and B. White.






Appendix
Non-exceptional Branch Points; The Vanishing
of the L™ Derivative, L Even

We discuss how to demonstrate that a minimal surface X with a non-exceptional
branch point at w = 0 of order n, L even cannot be a minimum, if we consider the
generator T :=c € w= @D L Zw ! 4 Scw ™" + Scw’. As we have observed, the
eL=1 term of the L™ derivative is zero.

Here we need a trick. Going to the next highest derivative gives us additional
parameters to work with, allowing us to show that, with appropriate choices, the
leading €2~! term of the (L + 1) derivative is negative. This implies

ED0) = 0D, (A.1)
and this remains true if we change the choice for 7 to
T:=cew " 4w + scw +3cw +p, ceC. (A2)
We infer
2m+1)=L(n+1)—(m+1—-r), L =even,
and so n + 1 — r is even, which implies that
1<r<n-—1. (A.3)
Next we define a meromorphic ¢, (0), real on § ! such that

$:(0) ;= —ipc?w 2 —isten+1—Nw " T+ yFwT 4,

(A4)
yi=A/(n+1-=r),
with an arbitrary A € C. Then it follows
W Z1w(0)$ (0) + 2w Z1y (0) = 27 (A A 1w +ipdn+2 —r)A,w™ --,...)

+23E3 WA w4+, L),
For simplicity, we shall assume, for the moment, that § = 0. This does not alter
(A.1). This leads to the definition.
¢ (0) := =23l 2w —idedw I 4 (A.5)

A. Tromba, A Theory of Branched Minimal Surfaces, 177
Springer Monographs in Mathematics,
DOI 10.1007/978-3-642-25620-2, © Springer-Verlag Berlin Heidelberg 2012
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and inductively to
D;3¢(0) = P [conste 1w~ BTDn=1 4 consteP =y —B-Dn—r=l4 .
forl<B<L/2—1. (A.6)
Now we write the formula for E&+D(0) in a different order as
ECDO) =Iop+ I+ h+ L+ I+ Is+ 1
with
Io:= 4Re/sl w[DEZ(0)]wt dw;

L—-1

4L s
Il = Z mRe/;l w[Dl Z(O)]ngfM dw, S = L/2,
M=s5+2
I 4L! Rf [DS—HZ(O)] d
= el w 1 dw:
2 s+DU(L—-s5s—=1) 1 ng s—1
2L! ¢ A
li=SRe | wIDIZO)]y hsdw, a+p=s:
N
2L! A
14:——' 'Re wlD?Z(0)ly - ho dw, o=s—1=L/2—1, f=L—0 —a;
olo!

s—2
2L! .
Is = Z i Re/ w[DMZ(O)]y - hy dw, B=L—-M —a;

B 4L!
(L=

Re/ wZ(0) - X,y D719 (0) dw
SI

+2Re/ wX,, - Xy DE¢(0) dw.
Sl

The standard reasoning yields Ip = 0, /¢ = 0, and the pole-removal process yields
that g7 _ps is holomorphic; thus also /1 = 0.

Lemma A.1 We have Is = O (el). This leaves us with

ELDO) =L+ I3 + I4 + O(eb). (A7)

Proof We begin by considering the contribution of the last complex component to
Is. Since o < M, we have in

M
wDMZO)w -hy. =Y My (M. a)[DEZ(0)1DL $(0),  (AS)
a=0
that B=L—-M—a>L—-2(s—-2)=L—2(L/2-2)>4.
We will show that there is no pole associated with a term that has €,y <L — 1,
as a coefficient. We have

w[DMZ(0)], - [D Z(0)],, = consteM ey +2m—(@+Mn+D)
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In order to achieve a coefficient of order €”, y < L — 1, we must consider the
contribution from the second term of (A.6),

consteP Ly =B=bn=r=l " pr Lo 4 p=1L.

The order of the w-term will then be

1+42m—M+a)n+1)—(B—Dn—r—1
=Cm+2)-M4aoa+B-1)n+DH)+PB-1)—r-2
=r+B-3)-rzl

thus there is no pole.

The lowest w-powers associated to eM—2 ip (D,M 2(0))w are of the order m —
(M —2)(n+1).

Considering the order of the largest pole in D{3 #(0) with coefficient €#*! and
looking at the total contribution to a pole of order e£~! in (A.8), we obtain a term
of the form

M=24a+(B+1) , 14+2m—(M=2) (n+D—a(n+1)—(B+Dn—1 Lyr+B-1.

conste = constel™

so again there is no pole.
What about the first two complex components? In the first case from above we
get terms of the form (j <2m — 2n):

consteM+“+’3_1(Aj  Aom_apy )W F2mm D =(B=Dn—r—1_
and

142m—n—am+1)—B—-1n—r—1
=242m—-n—aoam+1)—Bn+n—r—2
=24+2m—am+1)—Bnr+D)+p—r—-2
=24+2m—(L-M)n+1D)+B—r—2
=2+2m—-(L-Dar+DH+M-Dr+D)+B—r—-2
=r+M-Dn+D)+B—-r—-2
=M-Dn+DH+p-2>m+1)+2=n+3

since M > 2 and k > 4.
Again, there is no pole, and similarly for the second case from above. This com-
pletes the proof of Lemma A.1. g

Lemma A.2 We have

I =0(h) (A.9)

with a real number T > 0.
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Proof We have n > 2 because, by (A.3),
n—1—-r>0, n—1—r=even, r >1.

We begin by considering what comes from the first two complex components in the
products

W[DSZ (0w - [DEZ(O0)]wt, wIDSZO)y - [DSZ(0))wer (0), ... (A.10)
s=1LJ2.

(i) First we have to understand [ D] 7 0)]y:

$5 . (=D s B
[DfZ(0)]y={2HRe i r w[D*Z(0)1, DY ¢(0)

a+p=s—1 w

= {2H Re [iw(Df—li(onwr +ils = (D2 Z(0) i (0) + - ]}w

w

=[2HRe [P T Ry + ¢ 2T R 4
where T, T, are real constants with 75 > 0, and
ylzz—%(n+1—r)<0, yg::%(3n+1—r)>0.
Recall that
{2H[Re(aw ™)}y = vaw" .
Hence,
{2H[Rm¢%%Sﬂmew-+~-+c%%snw*1+~-
+ ai“*e*47§Rmuﬂ?+~-J]}w
=D P TIRu(—yDw " o 4 (=) Ty + -
+ BTS2 Ry
Renaming (—1)**'y, Ty as Ty, (—1)* Ty as Ty, and y» 7> > 0 as T, we obtain
[DSZ(0)]y =€ i T\ Rpyw " 4 4+ T’ Ty
+o+ T E DR w2 (A.11)
whence

w[D{ Z(O)]y - [DEZ(0)]y = G eE €L 2T Ta | Ry P + - --
+ 2il e L el Ty Ty Rypw?? + ) + O (e 71

withy::—yl—l—l—yz:%(n—i-l—r)—l—%(3n+1—r)—1=2n—r.
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(ii)

(iii)

Multiplication by 7 yields

WD Z(0)y - [DEZ(0) ]t = (elel“e“ il T Ty | Ry Pw? =D
+ Zc|c|LeL_1T2T4me7’2_("+1) 409

+ 0(h)
wherey —(n+1)=2n—-r)—(n+1)=mn—-1)—r>0andy, —(n+1) =
fmn—1-r)=0.
Thus, we obtain
/1 w[D Z(0)]y, - [DSZ(0)]ytdw = O (). (A.12)
S

Next we claim that there is no contribution of order e ~! or lower which comes
from any of the complex components of the terms in (A.10) which are indicated
by ..., thatis, from

wlD Z(O0)]w[D:? Z(0)1,DP$(0) for g > 1. (A.13)
Recall that ¢, (0) is defined so that
W Z411 (0)T + 2w Z11 (0); (0) + wX by (0)
has no poles. As noted in (A.5),
6 (0)=—icden+1—rpw 17" — 23 23w 1

+ terms with lower order poles. (A.14)
Using this we see that

w[D} Z(O)]w - [D} > Z(0)] D7 ¢ (0)

has no pole associated with coefficients of order €% or lower, and similarly for
all 8 > 2.

Now we investigate in the second term of (A.10) what contribution comes from
the third complex component of the terms involved. This contribution, C, is

CZ/w-[ESESZ"YTlﬁmw_yl_l+-~'+E‘Y€xl'ST4+-~'

+8E 2T DR, w4
. [l-s—les—lcs—lRmT3wy3 +-]- (—l'Gszcz w—2n—1 + YCZw—r +-9)

where y3 1= %(r +n+1)and 73 > 0.
This leads to

C:/[y|c|LciL—1eL—1T1T3|Rm|2wy3—yl—’+~--

+yclelHit T e E T TR, Tyw T 4 -

_ CL+]€L71iL71T2T3MR31wV2+V372n7]] + . + O(GL)
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and
1 1
yg—yl—r=§(r+n+1)+§(n—|—l—r)—r:n—r+1>0,

1 1
y2+y3—2n—1:5(3n+1—r)—1+§(r+n+1)—2n—1:0,
and y3 — r > 0. Thus we obtain
C = 0(h). (A.15)

Now we have to study the contributions coming from the first complex compo-

nents.
(iv) The first term of (A.8) will have a lowest w-power of the form

€ e (Aj - App_oprw”
for some j <2m — 2n and
y=14+2m+n—sm+1)—(n+1)

= %{2(2m+2)—2n—L(n+1)+2n_4}
= %{[(2m+2)—(L— D+ D]+[Cm+2)—(m+1)—4])

1
= E{r—i—(L—2)(n+ 1) +r—4}.
Since L > 6 it follows that
1
y > E{2r+4(n—|—1)—4}=r+2n > 0.

(v) Similarly the second term of (A.10) is harmless, and what we have seen in (ii)
also applies to the other terms (A.13) of (A.10).

Inspecting (i)—(v) we obtain the assertion of Lemma A.2. U

We now need to investigate 14, which is defined as

2L! N 7, o! 0 8
Ii= 2 Re fs wlDF 200 {3 T (0, ) DF 2001 D $ 0)

olo! azoa!ﬁ!
(A.16)

witho=s—1=L/2—1landa+pB+0o=Lwhence2 < <L/2+1.
Lemma A.3 The terms in (A.16) with B > 3 are of the order O (™).

Proof We need to show that the terms with 8 > 3 and coefficients €~! have no
poles.
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(i) For example, if we consider the lowest order zero of the last complex compo-
nent of w[ Dy Z(0)],, with coefficient €7, this is a term of the form

const € w1+m7(r(n+l).

Multiplication by const €®w™ 2"+ and then by const e#~ly=B-Drn—r-1
yields

constel~1w?
with
y=l+2m—-om+1)—am+1)—(B—-n—(r+1)
=p-3>0,
i.e. there is no pole.

If, on the other hand, we consider the contribution of €1y~ (B+Dn—1 4pq
consider also the term with coefficient €2 in [Df Z(0)]y,, that is

conste® 2y~ (@=20+D)

the total product will again be of the form const eZ~! w?’ with

YV=14+2m—ocm+1D)—(@—-2mn+D)—F+1)—B+Dn—-1
=B-2>0,

again there is no pole.

(i) What about the first complex components? The worst terms are of the form
const(A; - AZm_an)w1+2m+n—a(n+l)—(/3+l)n—1

and

1+2m4+n—am+1)—(B+1n—1
=1l4+2m+n—m+1)—Bn—n—1
=14+2m—am+1)—-Bn+DH+8—-1
=Q+2m)—(@+pHn+DH+p-2
=Q2+2m)—(L2+Dnr+1)+B-2
>L-Dr+D—-L2+Dn+1)+B-2
=UL12-2)n+1D)+p-2>-2>0
sincea +pB8=L/2+ 1.
This completes the proof of Lemma A.3. O

From (A.5) and Lemma A.3 we infer

2L! A A
14=;E;R§£HMDfZ®Hw{szmﬂw@dmdw4—0@L) (A.17)
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In the product w[DfZ 0] - [D;’Z (0)],, we can ignore the contributions from the
first complex components, and from the last one we obtain (as in the case 2m +2 =
L(n + 1), L odd) the contribution
I IPR2 WY 4+ 0T, o= % -1, 20=L-2,
with
ki=m—n)y(m+1-2n+1)---(m+1—0cm+1) >0
and
y=14+2m—(L-2)n+1)=n+r.
We obtain for the integrand on the right-hand side of (A.17) the expansion
2 L2 R w4 0(eD).
Thus we infer that

_2(L - D!

=
4 olo!

d
Re/ AL R2 Y L oel). (A1)
sl w
We must now investigate I>. The first term of I, is (omitting constants)

/ w[DF*H' 201, - D1 2(0)¢ (0) dw.
Sl

The term wD,L/zflz(O) has a highest order pole of the form kleL/zw_%("H_’),
ki # 0, arising from the generator ce/w"*!.
The term w[D,L/z"Llf(O)]w is of the form kzeL/z’lw%("“_r)_l and therefore

has a zero of order %(n — 1 —r) yielding a contribution to I of the form

! f kiko Ry, /w dw
sl

but we know nothing about k;. However, the other terms in I; do not contribute,
as the pole terms in Df ¢, B > 0, arising from ce/w"t! have orders too low to
contribute. The lack of information about k; means that we also have no information
about the sum > + I, which could have a zero e/~ term, yielding absolutely
nothing.

The trick, in this case, is to choose § # 0, p # 0. Then we see that the (L + 1)
derivative is of the form I + I + O(el). Suppose that in this sum the eZ~1ps
term is zero for all choices of p§. Then, if we choose A := —ip§(2n 4+ 2 — r), the
A linear terms in the higher order derivatives ng ¢, B > 2, no longer contribute to
the €L~ ! terms in I, + I4. However, this means that there is no cancellation due to
these derivatives, implying that k» # 0 and also that 14 = 0(eL ) as well. Hence, if
k = kpky # 0, it follows that

2. (L -1

E(L-‘rl)(o) - _ —
sist

d
Re[Sl eL_chHiL_l/{Ri?w 1ol (A19

where k # 0.
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Then by an appropriate choice of ¢ and € > 0 we can make E L1 (0) negative.
Hence there is a real v > 0 such that

ELTD0)y= -2 (L + DHWwel 1+ 0(eh), (A.20)
whereas
ED0) = 0(h). (A.21)

Now we want to prove Proposition 4.2 of Chap. 4, using (A.20) and (A.21). In
addition we need the following auxiliary result to be verified later.

Lemma A.4 Foroa=2,3,...,L there are constants b, € R such that
ETTD(0) = buel ™t 0 (eF7o2). (A.22)
Proof of Proposition 4.2 Let us write Z (t, €) instead of 7 (#) in order to express the
dependence of Z on ¢ and €, and set
E(t,€):=D(Z(t,€)) (A.23)

and so E(0,0) = D()A( ). Applying Taylor’s theorem with respect to ¢ and recalling
that E(/)(O, €)=0for1 <j<L—1,0<c¢€<¢yand some €y > 0 we obtain

E(t,e)=D(X)+ EL+0 0, e)tlte 4 R(t, € A.24
()()Z(H), ©,€) (,6)  (A24)
where the remainder R(, €) can be estimated by

IR(t,€)| < M|t|*E*! if 1] <ty and 0 < € < €p, (A.25)

for some constant M > 0 and some sufficiently small #y > 0. Choosing ¢y > 0 suf-
ficiently small, we may assume the following, taking (A.20)—(A.22) into account:

There are positive numbers v, a, ¢, ..., cr such that for 0 < € < ¢p we have
1 1
—E®D0, €) <aet, ——ETFD, ) < —velt,
L! (L+1)!
(A.26)

TR E(L+a) 0,¢) < CaeL—oz+1.
o)!

From (A.24)—(A.26) we infer for 0 <t < fp and 0 < € < €q that

E(t,E)SD()%)‘i‘(Ea_Ut)GL 1 L+ZC EL a+1 L+O(+Mt2L+1
a=2

Setting f := 2aev~! and choosing €* := min{e, (2a)'vtg} we obtain for 0 < € <
€* that

(ea —vt)el 1l = —qeltt = —2Lgttly~Le2L

= —bezL with b =2Lv"Laltl 5
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and
L
aneL—a+ltL+a -f-MtzL_H SM*GZL_H
a=2
with
L L+« 2L+1
2a 2a
M* = — M| —
YelT) (3
a=2
This yields

N 2
E(t,€) < D(X) + (M*e — b)e*- forr =22 and 0 <€ < €*.
v

Choosing € := min{e*, (2M*£)~'b} and 1, := 2ae,v~" we obtain
e —+0, =40 and E(t,e) < D(X).
Thus Proposition 4.2 of Chap. 4 is proved. g

Therefore the proof of Theorem 4.1 in Chap. 4 is complete as soon as we have
verified Lemma A 4.

Before we do that let us mention that Proposition 4.2 of Chap. 4 can certainly not
be derived from (A.20) and (A.21) alone as one sees by the following

Example The function
F@) =121t —e)? =€*> —2et> +1*

satisfies f”(0) =2¢% and f””(0) = —12¢, but still = 0 is even a global minimizer
for f. This shows the need of further information, e.g. on the higher order Taylor
coefficients, in order to ensure that the minimal surface X is not a local minimizer.

Instead of Lemma A.4 we state a somewhat stronger result which immediately
yields the desired result.

Lemma A.5 Let L be evenand Q .= L +2k+2,k=0,1,...,L — 1. Then

ECVO0)=0(") and EQP0)=0(") forp:=L—k+1). (A27)

Proof We argue only for those terms of the integrands that come from the last com-

plex components, as the reasoning for the first is similar (as usual). Furthermore we

prove the statement only for £(©)(0) since the reasoning for E(2~1(0) is the same.
Recall that

EQ0) =3 copy Re /S WD 2Oy - (D) 2Ol DO dw, ¥ <a.

Consider only those terms of D,ﬁ #(0) arising from the term ¢?w ™" in the defini-

tion (A.4) of ¢, (0) since these will contribute the lowest order e-terms.
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Fory + 8 < L/2 — 1 the sum

> capywID] Z(0)1wDf $(0) (A.28)

has no pole. We will only consider the terms with 8 =0, 1 since for 8 > 1 the pole
orders decrease.
Let us investigate the term

/2—1 5

2], - (D272

Z(0)]wér (0). (A.29)

The term [DtQ /2-1 2(0)]w has no pole, and terms of order €”, v < L/2, contribute
only holomorphic terms to the third complex component. Thus, if we can show that

any term in [D,Q/2_12(0)]w¢, (0) of order €” with v < L/2 — (k + 1) contributes
no poles, then the minimal order © of any e-coefficient will be

w=L/2+L/2—(k+1)=L—(k+1),

w[D?

as claimed. Now

D> Z(0)],,

_ {2H Re[wf/”"‘lZ(onwr + (D200 (0) + - ]} w

The key fact is that in order to obtain one additional contribution from ¢, (0) (no €)

we need to go down two derivatives. Thus, in general, our construction shows that

in the formulation of [DtL Y/ (0)], dropping down 2p orders in the derivatives

of Z yields a contribution of p additional ¢;(0)-terms. Choose p so that v +2p =
L/2 + k + 2, implying that

p>k+1.
Then the contribution of the last complex component to (A.29) is
EvRmwl+m—[L/2+(k—2p)](n—H)—pr—r’ V< L/2 _ (k 4 2)

The w-exponent is equal to
1
y = E{(2m +2) = (L =D+ 1D +[2Qp —k) = 1]1(n+1) —2pr —2r}

— %{r +@p—2k—Dm+1)—2(p+ Drlh

But 2p > 2k + 2; therefore

1 1
Yz 3+ Qo+ Dt 1) =200+ Dr) = 5o + D —r + D),

and so y > 0.

Fory =L/245,0 <s <k, the same argument shows that for u < L/2— (s +2)
no pole-term with a coefficient € arises in (A.28). This completes the proof of the
lemma. O






References

Alt, HW.
1. Verzweigungspunkte von H-Flichen 1. Math. Z. 127, 333-362 (1972)
2. Verzweigungspunkte von H -Flachen II. Math. Ann. 201, 33-55 (1973)

Alt, HW., Tomi, F.
1. Regularity and finiteness of solutions to the free boundary problem for minimal
surfaces. Math. Z. 189, 227-237 (1985)

Beeson, M.
1. On interior branch points of minimal surfaces. Math. Z. 171, 133-154 (1980)

Bohme, R., Tromba, A.

1. The number of solutions to the classical Plateau problem is generically finite.
Bull. Am. Math. Soc. 83, 1043-1044 (1977)

2. The index theorem for classical minimal surface. Ann. Math. 113, 447-499
(1981)

Courant, R.
1. On a generalized form of Plateau’s problem. Trans. Am. Math. Soc. 50, 40-47
(1941)

Dierkes, U., Hildebrandt, S., Sauvigny, F.
1. Minimal Surfaces. Springer-Verlag (2010)

Dierkes, U., Hildebrandt, S., Tromba, A.
1. Regularity of Minimal Surfaces. Springer-Verlag (2010)
2. Global Analysis of Minimal Surfaces. Springer-Verlag (2010)

Douglas, J.

1. Solution to the problem of Plateau. Trans. Am. Math. Soc. 33, 263-321 (1931)

2. On sided minimal surfaces with a given boundary. Trans. Amer. Math. Soc. 34,
731-756 (1932)

Gulliver, R.

1. Regularity of minimizing surfaces of prescribed mean curvature. Ann. Math. 97,
275-305 (1973)

2. Branched immersions of surfaces and reduction of topological type I. Math. Z.
145, 267-288 (1975)

A. Tromba, A Theory of Branched Minimal Surfaces, 189
Springer Monographs in Mathematics,
DOI 10.1007/978-3-642-25620-2, © Springer-Verlag Berlin Heidelberg 2012



190 References

3. Branched immersions of surfaces and reduction of topological type II. Math.
Ann. 230, 25-48 (1977)

4. A minimal surface with an atypical boundary branch point. Differential Geome-
try. Pitman Monographs Surveys Pure Appl. Math. 52, 211-228 (1991)

5. Existence of surfaces of prescribed mean curvature vector. Math. Z. 131, 117-
140 (1973)

Gulliver, R., Lesley, FD.

1. On boundary branch points of minimizing surfaces. Arch. Ration. Mech. Anal.
52, 20-25 (1973)

Gulliver, R., Osserman, R., Royden, H.L.

1. A theory of branched immersions of surfaces. Am. J. Math. 95, 750-812 (1973)

Gulliver, R., Tomi, F.

1. On false branch points of incompressible branched immersions. Manuscr. Math.
63,293-302 (1989)

Jiang, Hai-Yi

1. Jiang, Hai-Yi A general version of the Morse—Sard theorem. J. Zheijiang Univ.
SCI, 754-759 (2004)

Micaleff, M.J., White, B.
1. The structure of branch points in minimal surfaces and in pseudoholomorphic
curves. Ann. Math. 139, 35-85 (1994)

Morrey, C.B.
1. On the solutions of quasi-linear elliptic partial differential equations. Trans. Am.
Math. Soc. 43, 126-166 (1938)

Nitsche, J.C.C.
1. The boundary behavior of minimal surfaces: Kellog’s theorem and branch point
on the boundary. Invent. Math. 8, 313-333 (1969)

Osserman, R.

1. Branched immersions of surfaces. In: Symposia Mathematica of Istituto
Nazionale di Alta Matematica Roma 10, 141-158. Academic Press, London
(1972)

2. A proof of the regularity everywhere of the classical solution to Plateau’s prob-
lem. Ann. Math. 91, 550-569 (1970)

Radé, T.

1. The problem of least area and the problem of Plateau. Math. Z. 32 763-796
(1930)

2. On the problem of Plateau. Ergebnisse der Math. Band 2, Springer, Berlin
(1933)

Schiiffler, K.

1. Isoliertheit und Stabilitédt von Flichen konstanter mittlerer Kriimmung. Manuscr.
Math. 40, 1-15 (1982)

Steffen, K., Wente, H.

1. The non-existence of branch points in solutions to certain classes of Plateau type
variational problems. Math. Z. 163, 211-238 (1978)



References 191

Tomi, F.
1. Tomi, F. False branch points revisited (to appear)

Tomi, F., Tromba, A.J.

1. On the structure of the set of curves bounding minimal surfaces of prescribed
degeneracy. J. Reine Angew. Math. 316, 31-43 (1980)

Tromba, A.J.

1. Intrinsic third derivatives for Plateau’s problem and the Morse inequalities for
disc minimal surfaces in R3. Calc. Var. Partial Differ. Eqn. 1, 335-353 (1993)

Wienholtz, D.

1. Wienholtz, D. Der Ausschluivon eigentlichen Verzweigungspunkten bei Mini-
malflichen vom Typ der Kreisscheibe. Diplomarbeit, Universitidt Miinchen. SFB
256, Universitit Bonn, Lecture Notes No. 37 (1996)

2. Zum AusschluBvon Randverzweigungspunkten bei Minimalflichen. Bonner
Math. Schr. 298, Mathematisches Institut der Universitit Bonn, Bonn (1997)

3. A method to exclude branch points of minimal surfaces. Calc. Var. Partial Differ.
Equ. 7, 219-247 (1998)

White, B.

1. Classical area minimizing surfaces with real analytic boundaries. Acta Math.
179, 295-305 (1997)



	Cover
	Springer Monographs in Mathematics
	A Theory of Branched Minimal Surfaces
	ISBN 9783642256196
	Preface
	Contents
	Chapter 1: Introduction
	Chapter 2: Higher Order Derivatives of Dirichlet's Energy
	2.1 First Five Variations of Dirichlet's Integral and Forced Jacobi Fields
	Summary

	Chapter 3: Very Special Case; The Theorem for n+1 Even and m+1 Odd
	3.1 The Strategy of the Proof

	Chapter 4: The First Main Theorem; Non-exceptional Branch Points; The Non-vanishing of the Lth Derivative of Dirichlet's Energy
	Chapter 5: The Second Main Theorem: Exceptional Branch Points; The Condition k>l
	Primary Example
	Secondary Example

	Chapter 6: Exceptional Branch Points Without the Condition k>l
	Chapter 7: New Brief Proofs of the Gulliver-Osserman-Royden Theorem
	7.1 The First Proof
	7.2 Tomi's Proof of the Gulliver-Osserman-Royden Theorem

	Chapter 8: Boundary Branch Points
	Computation of D2 E and D3E

	Chapter 9: Scholia
	Appendix : Non-exceptional Branch Points; The Vanishing of the Lth Derivative, L Even
	References

