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Abstract

Let I' be a real-analytic Jordan curve in R®. Then I' cannot bound
infinitely many disk-type minimal surfaces which provide relative minima
of area in the C™ topology. This was already known for absolute minima
of area, but not for relative minima, even in the C° topology.

1 Introduction

Branch points of minimal surfaces have been of interest ever since Douglas and
Rado solved Plateau’s problem in the 1930’s, because their solution methods
proved the existence of minimal surfaces which might in general have branch
points. It was not until the seventies that the regularity (lack of branch points)
of solutions providing an absolute minimum of area with given real-analytic
boundary was proved, and in 1980 the interior regularity of solutions providing
a C! relative minimum was proved in [3].

Branch points of minimal surfaces not furnishing a relative minimum of area
are also of considerable interest, because they are intimately connected with the
“finiteness problem”. It follows from the work of Tomi and Tromba [18] that if
a C* Jordan curve I' bounds infinitely many disk-type minimal surfaces, then it
bounds a one-parameter family of minimal surfaces, all with the same Dirichlet’s
integral, which can be continued until it either loops or terminates in a branched
minimal surface. In [16], it is shown that a loop of disk-type minimal surfaces
contains one which is not a relative minimum of area. Therefore, to prove
that I" does not bound infinitely many relative minima of area, we only have
to rule out the possibility that I' bounds a one-parameter family of minimal



surfaces, terminating in a branched minimal surface when the parameter ¢ is
zero, and furnishing a relative minimum of area for each positive ¢. Tomi solved
the finiteness problem for absolute minima of area and real-analytic boundaries
[16] in this way, since the limit of absolute minima of area is again an absolute
minimum, and hence has no branch points.

The finiteness problem for relative minima of area was attacked by this
method in [1], where interior branch points arising as the limit of one-parameter
families of relative minima were shown not to exist, and in [2], such boundary
branch points were eliminated under special conditions on I', but not in gen-
eral; so the finiteness problem for relative minima remained open until now,
except for special boundaries. Indeed, in [2] a one-parameter family of minimal
surfaces is constructed, bounded not by a Jordan curve but by a straight line,
which terminates in a boundary branch point and satisfies the local conditions
considered in [2], so it appeared that there was no hope of a local argument (in
the neighborhood of the branch point) to solve this problem.

In this paper, we show that this is not the case: the requirement that the
boundary curve be real-analytic and not lie in a plane in the vicinity of the
branch point is quite strong. We first study the case of a single minimal surface
with a boundary branch point, bounded in part by a real-analytic arc which
does not lie in a plane. There are four integers involved: The order and index
of the branch point, and the integers p and ¢ such that the curve I' satisfies
I" = (1,t2 4 ...,t? + ...). We are able to derive some necessary relations
between these four integers by a local analysis inspired by the proof of Lewy’s
regularity theorem.

This same Lewy-style analysis can be applied, not just to a single minimal
surface, but to the entire one-parameter family of minimal surfaces. Here the
Weierstrass function g (the stereographic projection of the unit normal) has
poles for ¢t > 0, called a;, which go to zero as t approaches zero. We show that
asymptotically we have a; = a;t” for some 7. Focusing attention on the region
z < Rt7, we are able to perform the Lewy-style analysis as a series in ¢, whose
coefficients are functions of w = t7/z, instead of just numbers as in the case of
a single surface. This is good, because terms that could cancel out in the case
of a single surface cannot cancel out, even if their powers of ¢ agree, when their
coefficients do not agree as functions of w. We calculate N - I”, where N is the
unit normal and I the tangent vector to the boundary curve T'. Of course this
must be zero, but calculating it directly, using the Weierstrass representation of
the surfaces, we reach a contradiction, except in a certain case.

The main line of attack in [1] is an eigenvalue argument, that in the case of an
interior branch point, the Gaussian image of u for small positive ¢ must include
more than a hemisphere, and hence v cannot be a relative minimum of area.’
In this paper we first push this argument as far as it can be taken for boundary
branch points: for small positive ¢, the Gaussian image contains m “extra hemi-
spheres”, which “pinch off” when ¢ goes to zero. Their contribution of 27m to

1Readers not familiar with the connection between the second variation of area and an
eigenvalue problem should consult [1] or [14].



the Gaussian area is made up, in the limit, by the branch point. The point is
that the “extra” Gaussian area of 27m is made up of hemispheres, not spheres,
since otherwise the Gaussian area would include a region with eigenvalue less
than 2, and the surface would therefore not furnish a relative minimum of area.
This requirement implies certain conditions on the unit normal N—in particular,
the image of the boundary of the parameter domain under N “wraps around”
the unit sphere m times monotonically (without reversing direction), near the
origin in the w-plane for each small positive ¢t. This corresponds intuitively
to a helicoid-like surface spiraling around the boundary near the origin. The
2m sheets of this “helicoid” would have to somehow twist around from being
perpendicular to the boundary curve, to being parallel, intersect the rest of the
surface and produce the branch point, with its 2m + 1 sheets. Note that the
unit normal on a helicoid alternates directions on successive sheets, so this pic-
ture makes sense: two sheets of surface per revolution of NV about the Riemann
sphere. As we have remarked, this can happen (locally) when the boundary
is a straight line, but when the boundary is a real-analytic curve not lying in
a plane, we will show that it can’t happen unless the unit normal violates the
monotonicity condition.?

The main line of attack in [2] is the calculation of the eigenfunction corre-
sponding to the first eigenvalue. The starting point of this calculation is the
relation between the second variations of area and of Dirichlet’s integral; namely,
the condition for ¢ to belong to the kernel of the second variation of area is given
by ¢ = k- N, where k belongs to the kernel of the second variation of area.?
In the case at hand, k£ can be shown to be a “forced Jacobi direction” associ-
ated with the branch point; these are purely tangential, so as a function of the
parameter ¢, the eigenfunction goes to zero. We calculate how the eigenfunc-
tion behaves on the w-plane, that is, on a region near the origin that shrinks
to zero as t7. The leading term in ¢ of this function is a harmonic function
in the w-plane which inherits from the eigenfunction the property that it must
have only one sign in the upper half plane. Using this property, we are able to
derive additional information about the behavior of N near the origin. But the
apparent leading term might, it initially seems, sometimes be identically zero.
There is a gap in the treatment of this case in [2], but here it is correctly treated.
Namely, we show that it is not possible for the normal to oscillate wildly enough
in the w-plane to cover the required hemispheres, and at the same time stay
perpendicular to the same boundary curve I'. The Lewy-style analysis is used
here to prove the uniform convergence of certain expressions as t — 0, in regions
of the w-plane where the unit normal is taking on the “extra hemispheres”. We
calculate dZ/dY (where X, Y, and Z are the components of the surface u) on
the boundary; this can be given in terms of arc length, but it can also be cal-

2Whether it can actually happen in any case at all is of course not known. The finiteness
question for general disk-type minimal surfaces is completely open; we only deal with relative
minima.

3Note that ¢ is a scalar, because with area it is enough to consider normal variations given
by u+ ¢N. On the other hand k is a vector since the second variation of Dirichlet’s integral
is defined as a Frechet derivative in the space of (vectors defining) surfaces u.



culated directly, using the Weierstrass representation. Since the extra Gaussian
area has to be made up of hemispheres, we are able to show in a “Monotonicity
Theorem” that the unit normal N (restricted to the boundary near the branch
point) very nearly traces a great circle on the Riemann sphere several times,
for small ¢. Therefore there are points eqq(t) and eqz(t) on the real axis where
the normal N crosses the equator, with opposite signs of the second coordinate.
We find an expression for dZ/dY at eq;(t) as a function of ¢ which contradicts
the expression in terms of arc length, in the case (“H constant”) that could not
be treated directly by the Lewy-style calculation of N -I”. In the paper, the
elimination of the case “H constant” comes first, so that the computation of
N -T' in the last section is the coup de grace.

We note in passing that as of yet, nobody has produced an example of a
real-analytic Jordan curve bounding a minimal surface with a boundary branch
point, although Gulliver has exhibited in [9] a surface with a C* boundary and
a boundary branch point. The experts I have asked all believe that they can
exist, but an example is still missing. Also, it is not known whether Gulliver’s
example is area-minimizing or not.*

I am grateful to Daniel Wienholtz, Fritz Tomi, Tony Tromba, and Joel
Spruck for fruitful discussions of the subject, and to Wienholtz and Tomi for
their careful attention to my earlier work on this problem. None of them, how-
ever, has reviewed this manuscript.

2 Geometric bounds on the index

In this section we consider a single minimal surface u(z) parametrized at least in
the upper half of the unit disk, with a branch point at the origin, and bounded
in part by a real-analytic arc I" defined on the unit interval, which does not lie
in a plane. We suppose that I' passes through the origin tangent to the X-axis,
and that u takes the portion of the real axis near origin onto I', with «(0) = 0.
We still are free to orient the Y and Z axes. We do this in such a way that
the normal at the branch point (which is well-defined) points in the positive
Z-direction. With I" oriented in this way, there will be two integers p and ¢
such that I" has a parametrization in the form

T
Tq+l
F(T) _ C;+1 +O(7-(1+2)

S 06T

for some nonzero real constants C7; and Cy. We therefore have

1
I'(r) = | C177+ O(r91)
Cot? + O(7PT1)

4Wienholtz has used the solution of Bjérling’s problem ([5], page 120) with boundary values
T'(t3) where T is a regular parametrization of an analytic arc, and a suitably specified normal,
to produce examples of a minimal surface partially bounded by a real-analytic arc which is
not a straight line segment, with a branch point on the arc.



We write u(z) = (X(2),Y(2), Z(z)). We make use of the Enneper-Weierstrass
representation of u (see e.g. [5], p. 108)

3 ) f—fgPdz
u(z) =Re | = [ [+ fg*dz
J fgd=

where f is analytic and g is meromorphic in the upper half-disk.

Definition 1 The order of the branch point is the order of the zero of f. The
index of the branch point is the order of the zero of g.

The order of a boundary branch point of a solution of Plateau’s problem must
be even (since the boundary is taken on monotonically). It is customary to write
it as 2m, and to use the letter k for the index. Thus f(z) = 22™ + O(z?™ 1)
and g(z) = cz¥ + O(2**1) for some constant c.

Let 7(z) = X(z) = Rei [ f — fg?dz. Then on the boundary we have

u(z) = T(7(2))

This parametrization and function 7(z) were inspired by Lewy’s equation (see
[6], p- 38). We will expand everything as power series in z and compare coeffi-
cients. The main result we want is this:

Theorem 1 Geometric bounds on the index. Let u have a boundary branch
point of order M and index k on a real-analytic boundary segmentI' parametrized
as TV = (1,Cy774...,Cot? + ...). Then k < (M + 1)p.

Remark: For this theorem, the boundary does not have to be a Jordan curve;
it just has to be a non-planar arc.

Proof: We have f(z) = Y a;2* and g(z) = Y ¢;2°. [Note: the letters a; and ¢;
will be re-used with another meaning later in the paper. This notation is only
for this proof.] The first nonzero a; is aps, where M is the order of the branch
point. If w is monotonic on the boundary, as is the case in Plateau’s problem,
then M must be even, and we have M = 2m; but it is not necessary to assume
that in this section, so we continue to write M for the order. Because of the
orientation of I', we have a,s real. The first nonzero ¢; is ck.

If not all the coefficients of g are pure imaginary, define § to be the least
integer such that ci4s has a nonzero real part. If not all the coefficients of f are
real, we define v to be the least integer such that a4, has a nonzero imaginary
part. It cannot be that the coefficients of g are all imaginary and the coeflicients
of f are all real, for in that case the coefficients of fg? would be all real, and so
dY/dz = —Im(f + fg?) would be identically zero on the real axis, so ¥ would
be constant on the real axis and I' would lie in a plane. Since aps is real, we
have v > 0 if v is defined, but we may have § = 0 if ¢ has a nonzero real part.



We have
T(2) = X(2)
Re%/f—ngdz

_ am M+1 M+2
= ———R 0]
ST+ 1) ez +0(z )

Plugging this into the equation for I above, we have for real z:

1
F/(T(Z)) — ng(M+1)q _|_O(Z(M+l)q+1)
C4Z(M+1)p _|_O(Z(M+l)p+1)
where
o, = G
3 2¢(M +1)4
C, — _ Chaly
L 20(M + 1)P

We have u(z) = I'(7(z)) for real z. To emphasize that we are considering
real z we write x instead of z. Differentiating with respect to « we have du/dx =
IV (7(z))7'(x). Since 7(z) = X(z) we have

du dX
e 0 ¢ -
7 = (X (@)=

Writing out the third component of this vector equation, we have (on the
real axis)

‘fl—i = (CueMHIP L VdX/da
CLMCEM
2

—02;M pMADpHM

= (Cyx™MHP 1 )( + O(zM+1y)

The point here is the exponent: the leading term in dZ/dz starts with (M +Dp+M,
On the other hand, using the Weierstrass representation directly,

az

el Re fg

The real part of fg begins either with the term in zM**+9 or with the term
2M+E+v - depending on which is smaller, § or v; or conceivably, these two terms
could cancel and the first term would be an even higher power of z. If one
of § or v is not defined because the coefficients of f are all real or those of ¢



are all imaginary, then the real part of fg begins with whichever term does
exist. Comparing these possibilities for the exponent of the leading term to the
one derived above, we have proved that one of the following alternatives holds:
Either

M+1Dp=k+v

or
M+1)p=k+4

or
v=3dand k+v < (M+1)p.

If all the coefficients of f are real, so v is not defined, only the second alternative
is possible, while if all the coefficients of g are imaginary, only the first alternative
is possible. In all three cases, we have the desired conclusion k < (M + 1)p.

Remark: Wienholtz has used the solution to Bjorling’s problem (see [5], p.
120) to construct a minimal surface u bounded by a portion of a real-analytic arc
I" with p and M given arbitrarily, and k taking any value satisfying the bound
of the theorem, including p(M +1). If k is taken larger than the bound permits,
the construction does not work, and in fact Wienholtz has used the equations for
Bjorling’s problem to give another proof of Theorem 1. Wienholtz’s construction
shows that ¢, can sometimes have a real part, so that § = 0.

Corollary 1 If a real-analytic Jordan arc has nonzero curvature and torsion at
a certain point, then a boundary branch point at that point satisfies k < 2(M+1).

Proof: Nonzero curvature at a point implies that the smaller of p and ¢ is 1;
and nonzero torsion implies |p — ¢| = 1. This can be proved by starting from
the standard formula for torsion (see for example [11], p. 38). We omit this
elementary computation, as the result is not used for our main theorem.

3 On the zero set of real-analytic functions

Several times in this paper we have reason to consider the zero set of a function
that is analytic in two variables (one real and one complex). The following
lemma applies to this situation.

Lemma 1 Let A be an open subset of R x C' containing the point (0,p). Let
f be an analytic function from A to R* for some k. Suppose f(0,p) = 0 and
that for each sufficiently smallt > 0, f(t,-) is not constant. Then there exists a
neighborhood V' of (0,p) and finitely many functions c;(t) such that f(t,c;(t)) =
0, every zero of f in'V has the form (t,c;(t)), and the ¢;(t) are analytic in some
rational power of t, with ¢;(0) = p.

Proof. A classical theorem tells us that the zero set S is locally analytically
triangulable. That is, there exist a neighborhood V of (0, p) and finitely many
closed simplexes and real-analytic homeomorphisms from those simplexes into .S
such that V'N S is contained in the range of those those simplexes. Six references



for this theorem are given in [1], where the theorem is discussed on page 117.
The theorem refers to closed simplexes, which means that the homeomorphisms
in the conclusion are analytic even at the endpoints of intervals or boundary
points of 2-simplexes.

If f does not depend on t at all, the theorem is trivial. Otherwise, if f is
divisible by some power of ¢, we can divide that power out without changing the
zero set of f, so we can assume that f(¢,-) is not constant for any sufficiently
small ¢, including ¢ = 0. Then the dimension of S is one, and S is composed
of finitely many analytic 1-simplexes, i.e. analytic paths given by t = d;(7),
w = ¢;(7), where 7 is the parameter in which ¢; is analytic. If any of these
simplexes do not pass through the (0, p), decrease V to exclude them. The ones
that do pass through the (0, p) should be divided into two simplexes, each ending
at (0,p). Then we can assume that 7 = 0 corresponds to (0,p), i.e. d;(0) =0
and ¢;(0) = p. We have

F(di(r),ei(r)) = 0.

Since d; is analytic and not constant, it has only finitely many critical points.
Decrease the size of V' if necessary to exclude all nonzero critical points of d;.
Then either d; is increasing in some interval [0, b] or decreasing in some interval
[0,b]. In either case it has an inverse function ¢ = d; !, so d;(¢(t)) = t. If the
leading term of d; is 7", then ¢ is real-analytic in t!/”. We can parametrize the
zero set of f by &(t) = ci(¢(t)), which is real-analytic in ¢'/”. That completes
the proof.

Remark: In applications it will usually be possible to replace the original
parameter ¢ by t'/", enabling us to assume that the zero set is analytic in t.

4 Eigenvalues of coverings of the sphere

In this section we present a result which will be applied to the Gauss map of
a one-parameter family of minimal surfaces. However, we present it here as a
result about conformal mappings from a plane domain to the Riemann sphere.
We take the “Riemann sphere” to be the unit sphere {(z,y, 2) : 22+y?+2? = 1}.
Stereographic projection St is defined by

St((r1, 72, 75)) = L2
3
and its inverse is given by
. 1 2Re z
R Ea =l e

Thus the equator projects onto the unit circle, and the “north pole” (0,0,1)
projects onto oo, while the southern hemisphere projects onto the unit disk,
with the south pole going to origin. The picture then has the plane passing
through the equator of the sphere. We follow [15], p. 46, in these details, and



we mention them because some other authors use a sphere of radius 1/2, with
the picture having the sphere entirely above the plane, tangent to the plane
where the south pole of the sphere touches the origin of the plane.

Let DT be the upper half of the unit disk. We will consider a one-parameter
family of analytic mappings from DT to the Riemann sphere. (These arise in
our work as the Gauss maps of a one-parameter family of minimal surfaces, but
here we consider a more abstract situation.) We write ¢ for the parameter and
N(t, z) for the value of the mapping. For brevity we often omit the explicit
t-dependence and write N(z), or N*(z). Thus N* is the map N(¢,-) from D"
to the Riemann sphere, for a fixed t. We define ¢ = St o N. The map N is
thus conformal except at the zeros of ¢’ and poles of g of order more than one.
(These are sometimes known as ramification points of g.)

We will suppose that for sufficiently small ¢, the map ¢ is a quotient of
functions B/A, where B and A are real-analytic jointly in ¢ and z, and that
when ¢ = 0, A has a zero of order m, and B has a zero of order m + k, for some
positive integers m and k. (In our work, these arise from a boundary branch
point of order 2m and index k, but here it is not necessary to be so specific.)

By Lemma 1, near the origin there exist paths a;(¢) and b;(t) describing
the poles and zeroes of g, respectively, so that each a; and b; is analytic in a
rational power of t. Let s be the greatest common divisor of the denominators
of these rational powers, and replace t by t'/*. Then a; and b; will be analytic
in t. We suppose that the parameter ¢ has been chosen such that a; and b;
are analytic in t. We also may suppose without loss of generality that for all
sufficiently small positive ¢, we have a,(t) # b;(t) for all 4, j, since otherwise
by analyticity we would have, for some ¢ and j, a;(t) = b;(t) for all sufficiently
small ¢, and then the factor z — a; could be cancelled out of both A and B. The
partial derivatives of a quotient of real analytic functions are again quotients of
real-analytic functions, so the structure of the set of critical points of the real
and imaginary parts of such a function is also known: it is the union of a finite
set of real-analytic arcs.

Let A(t) be the area of the spherical image of DT under N, counting multiple
coverings. Specifically, we have

Alt) = //D —|VN|2
- //m[lﬁlgg'I ]zdmy

Associated with a map N defined on a region 2 in the plane, there is a
natural eigenvalue problem:?

1
A¢+§)\|VN|2¢ = 0 inQ

5As is discussed in [1] and [14], p. 103, among many other sources, when N is the Gauss
map of a minimal surface, this eigenvalue problem is connected to the second variation of
area. This does not concern us directly in this section.



¢ = 0 on Of)

We denote the least eigenvalue A of this problem by Ay q, or simply by Aq
when N is clear from the context. (In this work, we have no occasion to consider
eigenvalues other than the least one.) The factor (1/2) arises because the area
element on the sphere is (1/2)|VN|?dx dy. The least eigenvalue is well-known
to be equal to the infimum of the Rayleigh quotient

_ ffsz |V¢|2dazdy
ffﬂ(l/2)|VN|2¢2dxdy'

When we speak of the least eigenvalue A of a region €2 on the Riemann sphere,
we mean the following: Let A be the stereographic projection of Q and N the
inverse of stereographic projection. Then Ao := Ay a. The eigenvalue problem
Np — %)\|VN|2¢ on A is equivalent to the problem A¢ = A\¢ on 2, where now
A is the Laplace-Beltrami operator on the sphere. If Q contains the north pole,
we should use stereographic projection from some point not contained in 2. We
do not need to discuss the case when € is the entire sphere.

Ezample. We compute the least eigenvalue when N(Q) is a hemisphere. In
this case the eigenfunction in the lower hemisphere is minus the Z-component
of N. For example with € equal to the unit disk and g(z) = 2z, we have N(z)
the inverse of stereographic projection. With |z| = r and z = x + iy we have

R[g]

2
1
2y

N(z):—2
L4 r2—1

The eigenfunction ¢ is given, with |z| = r, by

71—7"2

#) =T

A few lines of elementary computations (or a couple of commands to a computer
algebra program) show that

A(b = ¢rr+%¢r

_ 8(r’ -1
(1+47r2)3
and
%|VN|2 = %(N§+N;):(1f$)2
Jivate - o) )

Hence, A¢ + |VN|?¢ = 0, which means the eigenvalue of a hemisphere is 2.

10



Lemma 2 Let Q) be a connected open set on the sphere with least eigenvalue Aq.
Suppose A is a region (open set) in the plane and Q C N(A) and N(OA)NQ = ¢.
Then An.a < Aq, and strict inequality holds if N=19Q contains an interior point
of A.

Proof. Let ¢ be the least eigenfunction of 2 and define ¥y on A by setting
Y(z) = ¢(N(z)) if N(2) € Q else 1(z) = 0. Then ¢ is admissible in the
Rayleigh quotient for A, since ¢ is zero outside 2 and N(0A)NQ = ¢. The
Rayleigh quotient in question is

ffA |V 2dzdy
[ Ja 3V N[22

Since 2 C N(A), on the support of ¥, N is a covering map, except at the points
of ramification of N, which are isolated. Since €2 is connected and N(9A)NQ =
¢, the number of sheets over each non-ramification point is the same. Hence
each of the integrals in the Rayleigh quotient is the number of sheets times the
corresponding integral on the Riemann sphere, with ¢ in place of ¢. That is,
the Rayleigh quotient for ¢ on A equals the Rayleigh quotient for ¢ on €2, which
is Ag. Since Aa is the minimum of such Rayleigh quotients, An < Ag. Now
suppose there is an interior point p of A in N=1(992). By Hopf’s lemma, V¢
is never zero at a point on 0f), and by analyticity, VN is zero only at isolated
points; so there is a point g near p which is still on N~1(9Q) at which VN is
not zero and Vi is not zero. Hence near ¢, the set N~1(99) is a smooth arc,
and V1) is zero on one side of it and bounded away from zero on the other side.
Hence we can “smooth out the edge” near ¢ to obtain a function v’ which is
admissible for the Rayleigh quotient and has smaller Rayleigh quotient than ).
Hence Aa < Aq. This completes the proof of the lemma.

Definition 2 A slotted sphere is a sphere minus an arc of a great circle (of
angle strictly less than 2m.) The slot is the portion of the great circle that has
been removed. The bridge width of a slotted sphere is the length of the portion
of this great circle that has not been removed, that is, 2w minus the length of
the slot. A fat slotted sphere is formed by deleting from a slotted sphere, all
points at distance € or less from the slot, for some € less than half the bridge
width of the slotted sphere. We also require € to be less than half the radius of
the sphere. The bridge width of the fat slotted sphere is the bridge width of the
slotted sphere minus 2e. The slot width of a fat slotted sphere is 2e. The slot
width of a slotted sphere is zero.

Lemma 3 (Continuity of eigenvalues) Let Q,, be a nested sequence of re-
gions (on the sphere or in the plane) converging to a region ), in the sense
that Q, C Q. when n < m and Q is the union of the Q,. Let A\, be the
least eigenvalue of 0, and ¢, the corresponding eigenfunction, normalized by
fﬂn @2 = 1. Then the sequence )\, converges to the least eigenfunction \ of €2,

and ¢, converges (in H} and C° norms) to the corresponding eigenfunction ¢.

11



Remark. The continuity of the least eigenvalue with respect to the domain is
well-known. It is, however, not easy to find a citation to this “well-known” result
that covers the case of a fat slotted sphere approaching a slotted sphere (as the
slot width goes to zero), and one might worry about it because the behavior of
the eigenfunction at the endpoint of the slot is not like its behavior at smooth
boundary points.® It may be a special case of one of the theorems in [10], but
we can give a short direct proof.

Proof. Extend ¢,, to be zero outside 2,,. Since 2,, C , ¢, so extended belongs
to the Sobolev space H}(Q). Let any subsequence of ¢, be given; then by
compactness of H}(Q), some further subsequence converges. Let ¢ be the limit
function. Then ¢ > 0 in Q. By the Sobolev embedding theorem (see e.g. [§],
Corollary 7.11, p. 151), we have convergence in the C” sense as well as the H;
sense, as well as a uniform bound on the ¢,,. Since the regions (,, increase with
n, the eigenvalues \,, decrease, and since they are all positive, they converge to
a limit a. For n indexing the convergent subsequence we have

limAg¢, = -—limA,¢,
= —a¢

The limit on the left exists because those on the right exist. Then ¢ is a weak
solution of the eigenvalue problem A¢ + a¢ = 0, as is seen by passing to the
limit in fQ XA ¢, where x is a test function. Then by elliptic regularity theory,
¢ is smooth in the interior and hence is an actual solution of A¢ + a¢, i.e. an
eigenfunction for eigenvalue a. Since ¢ has one sign, « is the least eigenvalue A
for the limit region €. That is, A,, converges to A, which is the first claim of the
lemma. Since the eigenspace of the first eigenvalue is one-dimensional, and we
have normalized the ¢,, to have H} norm 1, the limit function ¢ is independent
of which subsequence of ¢,, was originally chosen. Therefore the entire sequence
¢n converges to ¢. This completes the proof of the lemma.”

Lemma 4 (Eigenvalue of a slotted sphere) Let Q be a slotted sphere, or
a fat slotted sphere. Then Aq < 2, provided the slot width is small enough
compared to the bridge width.

Proof. First consider the case of a slotted sphere. Orient the sphere so the
slot is in the Y Z-plane, with the bridge near the south pole, as if the slot were
made by a horizontal knife descending through the north pole. The function on
the sphere whose value is the X-coordinate is an eigenfunction for eigenvalue
2. Since this function changes sign on the slotted sphere, it is not the first
eigenfunction. Hence 2 is an eigenvalue, but not the least eigenvalue. Hence
Ao < 2 for a slotted sphere. Now consider a fat slotted sphere 2. of slot width

6 Asymptically it has the form /7 sin(6/2) where r and @ are local polar coordinates with
r = 0 at the endpoint of the slot and § = 0 along the slot.

7One can also show that A¢y, converges in L?, whence ¢p converges in Hg, whence by
Sobolev embedding the ¢, converge in C%:1/2; this is the best convergence one could expect
since the limit has behavior /7 sin(6/2) near the endpoint of the slot when  is a slotted
sphere.
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€, but with a fixed bridge width p as e varies. The least eigenvalue is a function
of both p and ¢; call it A(p, €). We have proved A(p,0) < 2. The result therefore
follows from the previous lemma. This completes the proof of the lemma.

This proof, however, does not easily generalize to ramified coverings of the

sphere, so we give a second, more direct and computational argument, which
does generalize.
Second Proof. Let ) be a fat slotted sphere with slot width at most €, or a
slotted sphere. Let p be the bridge width of Q. Orient the sphere so that the
slot is in the Y Z plane and centered at the south pole. Define ¢ on the sphere
by ¢ = min(|X| —€,0). Then ¢ is zero on 9 and has its support in Q. The
Rayleigh quotient R[¢] satisfies R[¢] = R[X]+ O(e) = 2+ O(e), as the following
calculation shows in detail:

Jo IVo|?dA
Jo#?dA
[z IVX|?dA + 2me + O(€?)
Jo(X —€)2dA
Jg2 IVX|? dA + 2me + O(€?)
JoX2dA—€ [, XdA+ O(e?)
Jg2 IVX|? dA + 2me + O(€?)
Jo2 X2dA —€ [ X dA+ O(€?)
= R[X]+O(e)
24+ 0(e)

R[g]

Now we modify ¢ to produce a new function 1, which agrees with ¢ except
near the “bridge”. By the “bridge”, we mean the portion of the great circle in
the XY plane which lies outside the slot. This is an arc of length p. Let B
be the domain on the sphere consisting of points (X, Y, Z) with (0,Y, Z) on the
bridge and | X| < §, where we take § = ¢'/2.8 Outside B, and on 9B, we will
define ¥ = ¢. Inside B, we define ¢ to (1) have the value § except within ¢ of
the horizontal boundaries of B, and (2) near those boundaries, to not depend
on X and have gradient 1. Informally, then, ¥ crosses the bridge at height §,
except near the horizontal boundaries of B (the sides of the bridge) where it
tapers off at gradient 1, until it meets ¢, which will be at 0B. Since ¢ does not
exceed ¢ on B, psi is constant on B except within § of the horizontal boundaries
of B. How does R[] differ from R[¢]? We only need to consider the changes to
the numerator and denominator due to the integrals over B. First consider the
numerator in R[t)]. The numerator [ |V1|?dA has contributions only from the
strip of width § along the horizontal part of B, since V) is zero on B except
near the horizontal boundaries. The contribution to the numerator is then at

8S0 B has four boundary arcs, two of them with Z and Y constant, the “horizontal”
boundaries, and two circular arcs with X constant. Since > ¢, the region B has both its
curved boundaries in the regions where ¢ is nonzero, and it “bridges” those two regions by
passing over the no-man’s-land |X| < e. This bridge remains of fixed width no matter how
small we take € and ¢; the length of the bridge, 20, thus becomes small compared to its width.
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most 402, since there are two strips, one near each boundary, of length (in the
X-direction) 20 and width (in the Y-direction) §, on which V) is 1 + O(e).

Now consider the numerator in R[¢]. Over B, we have V¢ = 0 at points
with |X| < €, but outside this region, on most of B, V¢p =1+ O(e). The area
of B where |X > e (and hence V¢ = 1+ O(e) is approximately 2p(d — €), where
p is the bridge width, so the contribution from B to the numerator of R[¢] is
2p6(1 + O(e)).

We now can estimate the Rayleigh quotient R[%)] as follows:

_ JoVYPPdA
R[] = fQU)QdA
_ JolVeIdA+ (46 — 2p0)(1 + O(c))
o fsz¢2dA
2 2 _
< JalVe dA+;4izdjp5>(l+O(e)) since [ > |¢] on B
Q
2(p — 26)8
— R I e ——
S AT

= R[¢]- cpe'/? + O(e) since & = ¢!/2
for a positive constant c. Since R[¢] = 2 + O(¢e) we have
R[Y] <2—cpe'/? +0(e)

which is less than 2 for small e. That completes the second proof of the lemma.

More generally, we consider the case of a “ramified covering” N : DT — §2
as described above, in which the image of [0,1] lies on the YZ plane. The
ramification points are the zeroes of VIN. They may occur on the boundary
or in the interior of D¥. A ramification point on the boundary of order 2
looks like the end of a slot in a slotted sphere. Ramification points in the
interior or ramification points of order more than two on the boundary result
in a multi-sheeted covering. If there is a ramification point on the boundary,
then the pre-image of the Y Z plane consists of a finite number of analytic arcs
emanating from the ramification point. These must either lie on the boundary
or go through the interior to another boundary ramification point; their images
are segments of the great circle C' in which S? meets the Y Z plane. The entire
pre-image of the great circle C' is composed of such arcs. The ones passing
through the interior of DT are “bridge arcs” and the minimum of the lengths of
the images of these arcs is the “bridge width” of the covering N. If there are no
such interior arcs, then the pre-image of C lies entirely on the boundary, and
hence there are no boundary ramification points, so the map N is one-to-one
on the boundary. It follows that N maps the entire boundary onto C and the
interior of DT onto one hemisphere.

Lemma 5 (Eigenvalue of a ramified slotted sphere) Let N be an analytic
map from DV to the Riemann sphere such that N(0D™) is contained in the Y Z
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plane. Then either N(D™) lies in one hemisphere and N has no boundary
ramification points, or the least eigenvalue satisfies Amin < 2.

Proof. Let ¢(2) = 'N(z), the X-component of the covering. Then ¢ is an
eigenfunction for eigenvalue 2. If 2 is the least eigenvalue, then ¢ has one sign,
so N (D7) lies in one hemisphere. In that case N has no boundary ramification
points. That completes the proof.

Definition 3 A ramified fat slotted sphere of slot width € is an analytic map
N from D* to the Riemann sphere such that N(OD") lies within €/2 of the Y Z
plane. A bridge of radius p is given by an open set U C DV on which VN is
nonzero and such that N(U) contains a neighborhood on the Riemann sphere of
a point lying on the Y Z-plane of radius p > €/2.

Lemma 6 (Eigenvalue of a ramified fat slotted sphere) Let p and € be
positive numbers with p > €/2. Let N be a ramified fat slotted sphere containing
a bridge of radius p. Then if € is sufficiently small compared to p, we have
)\min < 2.

Remarks: The situation seems similar to the unramified case considered above,
but the proof by continuity of the eigenvalue is difficult to generalize. First, the
limit covering is not a prior: defined, and it requires some effort to prove that
there does exist a Riemann surface which in a suitable sense is the limit of N
as € goes to zero, provided N depends real-analytically on e. The limit Rie-
mann surface may well be disconnected— several multi-sheeted coverings of the
Riemann sphere may “break off” from the rest of the covering as ¢ approaches
zero. Secondly, the eigenfunctions of course are in H'(D™), but considered as
functions on the Riemann sphere, they may not be in H' in the vicinity of a
ramification point of order more than 2. Therefore, it is easier to generalize the
direct construction of a function 1 to put into the Rayleigh quotient, as in the
second proof of Lemma 4 above.

Proof. Let U be the bridge of radius p given by hypothesis. We may suppose
that the sphere has been rotated so that the bridge is centered at a point p
such that N(p) is the north pole. We may also suppose that N(U) is exactly
a neighborhood of radius p of the north pole, since we can replace U by the
preimage under N of this neighborhood. Then the “rectangular” region on the
Riemann sphere V defined by |Y] < p/2 and | X| < ¢ lies within N (U), so on this
region N is invertible and has no ramification points, since VN is nonzero on a
bridge. As in the second proof of Lemma 4, we let ¢ = |X| — €, and construct
¥ by modifying ¢ in N=1(V) N U. The only difference is that now we regard
¢ and 9 as defined in DT rather than on the Riemann sphere. Because there
are no ramification points in the bridge, there is a unique sheet of the covering
N defined over U and the estimates of the Rayleigh quotient R[] given in the
proof of Lemma 4 are valid in this case too.

Theorem 2 [Hemispheric covering theorem| Let D be a disk in R? centered
at the origin, D its closure, and DT the intersection of D with the upper half
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plane. Suppose that N : [0,b] x D — S? for some b > 0. Let g be N followed
by stereographic projection of the Riemann sphere from the north pole. Suppose
that g is a quotient of functions jointly analytic int and w fort in some interval
including t = 0 and w € D. By N* we mean the function N(t,-) : D — S2.
Suppose that g has exactly m poles in DT, for sufficiently small t, which we call
a;(t), and g has exactly m+ k zeroes, which we call b;(t), and for t > 0 we have
a;(t) # b;(t). Suppose also that N(t) = (0,0, —1)+ O(t) on the boundary of D.

Suppose that N(w) always lies close to the plane X = 0 when w is on the
boundary of DT, in the sense that LN (w) = O(t). Choose € depending on t such
that |*N(2)| < e = O(t); let Sy be the subset of S with X -coordinate more than
€ and S_ the subset with X -coordinate less than —e.

Let Amin(t) be the least eigenvalue of Nt on DT. Suppose Amin(t) > 2 for
t > 0. Then:

(i) Let the ramification points of N (where VN = 0) in D be called c;(t).
There are finitely many of these and they depend analytically on a rational power
of t.

(i) For sufficiently small positive t, the map N is, apart from its finitely
many ramification points, an m-sheeted covering of one of the two near-hemispheres
Sy or S_, and does not cover the other near-hemisphere at all.

(111) Let A(t) be the area of N(DV), counting multiplicities (the “Gaussian
area”). Then for sufficiently small positive t we have A(t) = A(0)+2mm+O(t).

Proof. Let g be the stereographic projection of N; g is meromorphic in D.
The ramification points of N are the zeroes of ¢’ and the double poles, if any,
of g. We are interested only in the ramification points that lie in D™ and go to
zero as t — 0. Since g is meromorphic, the same is true of g’. The ramification
points (in D7) are thus the zeroes of ¢’ or the poles of ¢/, so in either case
the ramification points are the zeroes of some analytic functions of w and ¢.
It follows from Lemma 1 that the ramification points are finite in number and
depend real-analytically on a rational power of ¢. If necessary, we could replace
the parameter ¢t by a new parameter, a suitable rational power of the old one,
to ensure that the ramification points are actually real-analytic in t.

Enumerate those ramification points of N that, for sufficiently small ¢, stay
inside D by real-analytic functions w = ¢;(t). Consider the points §;(t) =
N(c;(t)) on the Riemann sphere. Since g, the stereographic projection of N, is
complex analytic in w and real-analytic in ¢, and ¢;(¢) is real-analytic in ¢, the
G (t) depend real-analytically on a rational power of ¢, and hence have limits ¢;
as t — 0. This completes the proof of part(i).

Working towards part (ii), we will first prove the following claim: If N(D™)
meets S_ at all, then N is a covering map of S_ away from the ramifica-
tion points. Spelling the claim out more explicitly: N is a covering map from
N7YS) —Ui{ei(t)} to S_ — Ui{qi(t)}. Similarly for S, in place of S_. The
definition of being a covering map is that the map is surjective, a local homeo-
morphism, and each function value has only finitely many pre-images. Suppose
p € D and N(p) = ¢ € S_, and suppose p is not a ramification point, so
VN (p) # 0. Then (to reduce matters to the complex plane) let g be the com-
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position of N followed by stereographic projection, so g is meromorphic. If ¢
happens to be the north pole then for this argument take the stereographic pro-
jection from another point rather than from the north pole, so that g is analytic
at p. Let @ be the stereographic projection of q. Then the implicit function
theorem says we can find a one-to-one analytic function 1 on some neighbor-
hood of p such that g(n(z)) = Q + z and 1n(0) = p. Composing n with inverse
stereographic projection, we have the desired local homeomorphism. The fact
that there are only a finite number of pre-images of a given point @) follows
from Lemma 1, since g(w) — @ is analytic jointly in ¢ and w. This number,
the number of “sheets” over @), does not change with ¢ except when one of the
pre-images meets the boundary of N=1(S_). For sufficiently small ¢, that does
not happen since |!N(w)| < €(t) on the boundary. That completes the proof
that N is a covering map of S_ away from the ramification points.

We now discuss “path lifting” (for a fixed value of ¢). Let 7 be any path on
the unit sphere that does not pass through the ¢;(¢), with 7 : [0,1] — S2. Let
g be a point on 7, and let p be a point in D such that N(p) = ¢. To “lift the
path” 7 means to construct a path 7 : [0, 1] — R? such that N (n(s)) = 7(s) and
1(0) = p. The point p is not one of the ¢;(t) by hypothesis, so VN(p) # 0. Hence
by the implicit function theorem, we can solve the equation N (n(s)) = 7 (s), in a
neighborhood of s = 0 in [0, 1]. The size of this neighborhood is bounded below
in terms of a lower bound on VN. Let A be any open set in D whose closure
does not include any of the ¢;(¢). Then there is a lower bound for VN on A,
and we can extend 7 to larger and larger values of s until we reach either s =1
or the boundary of A. Now let A,, be a sequence of open sets in D, obtained by
cutting out from D a disk of radius 1/n about each ¢;(¢). Then for each n let
by, be the supremum of numbers b in [0, 1] such that 7 can be defined mapping
[0,b] — A, and satisfying N (n(s)) = w(s). If b, is not 1, then it is because the
path 7 runs into the boundary of A,; hence the path can be continued further
using A, 11, so the b, form a monotone increasing sequence of points, with
n(bn) at a distance 1/n from the set of ramification points. Since the sequence
b, is bounded and monotone, it has a limit b. Since there are finitely many
ramification points, some subsequence of the 7(b,,) converges to a ramification
point ¢;(t). Re-index the sequence b,, to include only this subsequence. Then

m(b) = lim m(b,)
= lim N(n(bn))
= N(lim 7(by))
= N(a()

gi

which contradicts the assumption that 7 does not meet the ¢;. Hence some
b, = 1 and we can lift the path 7 to 7 : [0,1] — R2.

We now discuss the dependence of n on t. We would like to find a function of
two variables n(t, s) such that N*(n(t,s)) = n(s). To apply the inverse function
theorem we would need to know that not only VN # 0 but also Ny # 0. The
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former are the ramification points ¢;(t), which depend analytically on ¢. The
latter we denote by (;(t). These points also are the zeroes of some function
analytic in ¢ and w (namely the numerator of g;) so they are given by finitely
many functions ¢;(t) analytic in a rational power of ¢ (unless g; is identically
zero, in which case the t-dependence of 1 is not an issue). We assume 7 is
a real-analytic function from [0,1] into S? such that, for ¢ sufficiently small,
7 avoids the ramification points ¢;(t) and the points N((;(t)). (7 itself does
not depend on t.) The argument above, carried out for ¢ fixed, applies under
these assumptions on 7 to define 7 real-analytically in any interval of positive
sufficiently small values of t. We cannot prove that 7 is analytic at ¢ = 0 since
N; may go to zero there. Indeed, the size of the neighborhood of (¢, s) in which
n(t, s) is analytic may shrink as ¢ — 0 and we have not proved that 7 is analytic,
or even C!, or for that matter even continuous, at t = 0 for any s.

Now we will prove (ii). Assume, for proof by contradiction, that N(D™)
meets both S_ and S;. Since these three sets are all open, and there are only
finitely many ¢; and N (¢;(0)), we can choose a point P in S_ N N(D*) and a
point V in S; N N(D1), distinct from any of the ¢; and N(¢;(0)). Then for ¢
sufficiently small, P and V are also not equal to any of the ¢;(t) or N({;(t)). Fix
a particular ¢, say tg, at least that small. Let p and v be points in DT such that
N(p) = P and N(v) = V. Then there is a path 7 : [0,1] — D" connecting p
and v, i.e. n(0) = p and n(1) = v, which avoids all the ¢;(t), a;(t), and {;(t) for
t < to. Its image 7(t) = N(n(t)) is a path on S? between P and V. This path
crosses the great circle G at some point 7', which is not the north pole since 7
avoids the a;(t). Let 7 be such that «(7) = T, and let ¢ = n(7) so N(c) =T.
As proved above, we can now extend 7 to smaller positive values of ¢ in such
a way that N(n(t,s)) = w(s). (The points P,Q, and path 7 do not depend on
t.) Let p(t) = n(t,0) and v(t) = n(t, 1), so N(p(t)) = P and N(q(t)) = V. Let
c(t) = n(t,7(t)) so that N(c(t)) =T lies on G.?

Let Q be a neighborhood on S? centered at T, disjoint from all the ramifica-
tion points §;(¢) and all the N((;(t)) for t sufficiently small. Choose the radius
p of 0 small enough that the north pole is not in 2, and P and V' are not in
Q. Recall that €(t) is a number so small that !N(x) < €(t) for real x on the
boundary of Dt and €(t) = O(t). According to Lemma 6, there exists an ey > 0
such that a ramified fat slotted sphere with bridge width p and slot width less
than e has least eigenvalue less than 2. Fix ¢ so small that e(t) < €. Let A be
the component of N~1(Q) containing c(t). Then the pair (N, A) is a ramified
fat slotted sphere of bridge width p and slot width less than e¢y. By Lemma 6,
the least eigenvalue Ay a is less than 2. By the monotonicity of eigenvalues,
AN p+ < An,a < 2. But by hypothesis Ay p+ > 2. This contradiction shows
that P and @ cannot exist with N(P) in S_ and N(Q) in S;. That completes
the proof of part (ii) of theorem.

9We cannot choose 7 first on the sphere, because we have no control over the possible
“wiggles” in the image under N of the boundary. We first choose the path 7 in the parameter
domain, for some positive ¢; then choose 7 as its image under N; then use path-lifting to
extend 7 to smaller and smaller values of t. This order of path selection is the key to this
proof.
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Each of the a; thus contributes approximately one hemisphere to the Gaus-

sian area, i.e. 2w + O(t). This proves A(t) + O(t) > 2mn. Now observe that
near the north pole, there are exactly m sheets in the covering, since the only
pre-images of the north pole are the m values a;. But the number of sheets over
s is constant for s in S_ or s in S, because any path in S_ or S; that avoids
the finitely many ramification points can be lifted to the parameter domain,
since the image of the boundary of DV lies outside S_ and outside S, . Hence
A(t) = 2mm 4+ O(t), proving part (iii) of the theorem.
Remarks. One would like to show that the path on S? defined by N restricted to
the interval J on the z-axis on the boundary of D* approaches, in the C° sense,
a map that traces out the great circle G exactly m times without reversing its
direction. However, as far as I can see, it might have critical points, which for
small ¢ might bifurcate, so that for small ¢ this map might reverse its direction
for a short distance, then reverse it again; since for small ¢ it can deviate slightly
to the sides of G, it can accomplish these reversals and still be analytic in x. It is
intuitively appealing to think that N traces out the boundary of the hemispheres
in an “essentially monotonic” manner, i.e. monotonic in some sense except for
these “small reversals”, or perhaps even without small reversals, but I could
not prove that. Luckily, we do not need to prove that, and I mention it only
to help the reader have a sufficiently complicated mental picture of what might
happen. Another thing that I could not prove is that the ramification points
stay bounded away from the great circle G as t — 0. You might think that if
they did not, you could get a “bridge” from one hemisphere to another because
of the branched nature of the the covering at a ramification point. Indeed
this argument works if you assume the a;(0) are all different from all the b;(0)
(because in that case the a;(t) can be shown to be distinct from the ¢;(¢). But
in general you could have several a;(t) and c¢;(t) converging to the same ¢;(0),
and that situation is very complicated.

5 Basic Setup and Weierstrass Representation

We suppose we are in the following situation: a real-analytic Jordan curve, not
lying in a plane, bounds a one-parameter family of minimal surfaces wu(t, z).
The surfaces are parametrized by z in the upper half plane, so that on the real
line each u(t,-) is a reparametrization of I'. The surface u(0, -) has a boundary
branch point of order 2m and index k at the origin. The surfaces u(t, -) for ¢ > 0
are immersed. All our arguments will be local; we shall only be concerned with
what happens near the origin.!?

We suppose that I' passes through the origin tangent to the X-axis. Then
since I' is a Jordan curve, it is not contained in a line. We still are free to orient
the Y and Z axes. We do this in such a way that the normal to u(0,-) at the

10We do not need to assume that the branch point is a true branch point. We can rule out
the existence of a one-parameter family of the type considered without that assumption. This
does not, however, provide a new proof of the non-existence of true branch points which are
not the terminus of a one-parameter family of relative minima of area.
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branch point (which is well-defined) points in the positive Z-direction.
The surfaces u(t, z) have an Enneper-Weierstrass representation

3 f—fodz
u(t,z) =Re | % [ f+ fg*dz
J fgd=

The branch points of u(t,-) are the places where f and fg? vanish simultane-
ously. In [1] we were concerned with interior branch points only. In that case
we can argue that since there are no branch points for ¢ > 0, the zeroes of f are
of even order and coincide with the poles of g, so that f and g have the forms
stated in Lemma 3.3 of [1], namely:

I B ) (CRnE
ok
() T =)
9() = —m—
H(z—ai)

However, this lemma was also used in [2], where boundary branch points are
considered, and the formula was not established in this case. In the next section
we will show that this formula is indeed correct, by ruling out the possibility of
branch points in the lower half plane for ¢ > 0 that converge to the origin as ¢
goes to zero.

If the a; are the zeroes of f, and each one is a double zero, and the b;(t) are
the zeroes of fg?, and each one is a double zero, then we can define analytic
functions A and B such that

fz) = A
f(2)g* () = -B
g(z) = iB/A

We can find analytic functions Ag and By, not vanishing at the origin, such that

A = AO H(Z - CLi)
i=1
m+k

It is shown in [1] that Ay and By are real-analytic functions of z and ¢. When
t = 0 we can assume Ay = 1, since we can always change z to a constant times
z. When t = 0, By is some nonzero complex constant C'.
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In [1] it is proved that the a; and b; depend analytically on a rational power
of the parameter t. Replacing t by a rational power of ¢, we can assume that the
a; and b; depend analytically on ¢. Although they all approach zero as t goes
to zero, some may go to zero faster than others. Let v be the least integer such
that one of the a; or b; goes to zero as t¥. Among the a; and b;, the ones that
go to zero as t7 are called the principal roots. There are thus complex constants
«;, B; such that

a; = O[l't’y + O(t’erl)
bi = Bit? + 0"

The principal roots are the ones with a; # 0 or ; # 0.
An important theme is to study the behavior of the minimal surfaces u' in
the region where z is approximately ¢”. To this end we introduce

z = tTw
m

A = H(w—ai)
i=1
m+k

B = CH(w—@-)

Note that
z—a; = t'"(w—qy)
A = t"MA+O@FH™
B = (mTRYB 4 O(mHhrtt)

Recall that A = Ag [[(2—a;(t)), where Ay is analytic in ¢ and z and Ay (0,0) = 1.

Eventually, we will need to analyze the situation in the w-plane for small
positive ¢, as well as for ¢ = 0. Generally we try to use boldface type to indicate
functions of w rather than z, and then to indicate t-dependence, we add a tilde.
Thus we have

A = At z/t)
B

= B(t, z/t")

a, = a/t"

b; = bi/t"
Ag(t,w) = Ag(t,t"w)
Bo(t,w) = Bo(t, " w)
Ag(w) = Ay(0,w)
Bo(w) = Bo(0,w)
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The exception to this typographical scheme is the use of o; and 3; instead of a;
and b;. We shall also need to examine the way in which the a; and b; converge
to «; and ;. We define

a; = Rea;
Bi = Reb;

In case a or (8 is real, we then define the nonzero coefficients a; and b; and
exponents 7; and d; as follows:

éi = 641 + ’L&ltm + Im O(tnhLl)
Note that a; lies in the upper half plane for ¢ > 0 so that there must be a
nonzero imaginary term in a;. Should it happen that b; is real for all ¢, then
b; :==0 and §; := 1, so that terms b;t% are zero. R
In case (3; is not real, we shall also need to consider the rate at which b,
converges to Re ;. Actually, it turns out that what is important is the difference

of the rates at which b; and the real part of the conjugate root b; (where
B; = B;) approach 5. We define é; and J; so that

b; — b, = &t + O(t% ).

(Thus é; = —é; when 3; = f3;.) Again, if it should happen that b; = 3 for all
small ¢, then &; := 0 and ¢, := 1. If ; is not real, we define b; and §; so that
Then just to summarize, we have
Suppose that §; = Bj- We have for real w,
(w—B)(w—3) = (w—F—ilm(3)—ibt")(w— B; +i Im(B;) — ib;t™)
Therefore, for real w,

Im((w — by)(w - by))

=Tm(B;)(5; = i) = bit* (w — ;) = bt™ (w = §;) + O(1)

= —Im(3)&;t% — bit® (w — ;) — b;t% (w — B;) + O(t) (2)

while R R
Re((w — b;)(w — b)) = w? +Im(3;)* + O(t) (3)
Note the use of O(t) instead of O(t), which indicates that the convergence
as t — 0 is uniform in compact subsets of the w-plane, since no denominators
are involved. The distinction between O(t) and O(t) is made more generally in
Section 7 below, where we have to consider other expressions that have denom-
inators that may go to zero with ¢.
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6 The branch point is isolated

By “isolated” we mean that the branch point of «(0, -) is not the limit of branch
points of w(t,-) which lie in the lower half-plane (outside the portion of the
surface bounded by T'). Until this is proved, we are not entitled to assume that
the roots of the function f in the Weierstrass representation are double. The
necessity of proving this was overlooked in [2]; the analysis there assumed that
the roots of f are double. We will prove in this section that such branch points
for t > 0 cannot occur.

As discussed above, we are assuming that we have an analytic one-parameter
family u(¢, z) of minimal surfaces, with parameter ¢, and when ¢ = 0, there is a
boundary branch point of u at the origin. The parameter domain is the upper
half plane. The branch points of a minimal surface are the common zeroes of f
and fg?; it is these points which are of interest in this section.

In general we might, a priori, have some common zeroes c;(t) of f and fg?,
say 2N of them. The number must be even since the total number of roots of
f is the even number 2m, and the rest of the roots of f are double. We must
have Im(c;(t)) < 0 for ¢ > 0, since there will be branch points at the ¢;, and
ci(t), like a;(t) and b;(t), depends analytically on some power of ¢ called ¢7 and
converging to 0 as t approaches 0. The formulas for f, fg?, and g are then

f() A%S
f2)g?(z) = —NB%S
- fg® i\B
9(z) = T—T
f(z)g(z) = i\ABS
where
m—N
A(z) = Ao(z, 1) H (z — a;)
m+;€illv
B(z) = i\By(z, 1) H (z = bi)
Ton
S() =[]z~

and Ap(0,0) = 1, By(0,0) is real, and |A\| = 1 with A # —1. Note that the
common zeroes ¢; do not enter into the formula for g. In [2], in effect we
assumed N = 0 so that S does not occur.

In [1], we proved (Lemma 3.3) that each a; and b;, as zeroes of functions
analytic jointly in z and ¢, depend analytically on t" for some rational number
r. The same applies to the ¢;. Taking the greatest common divisor of the
denominators of these numbers r (one r for each a;, b;, and ¢;, as i varies),
we can assume that all the a;, b;, and ¢; are analytic in ¢" (for the same r).
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Replacing ¢ by t" in the original parametrization, we can assume they are all
analytic in ¢. Hence, each a; is asympotically a constant times t7*, where ~;
is an integer. Similarly, each b; and ¢; is asymptotic to a power of t. Define
v to be the least of these exponents of ¢, that is, the smallest exponent in the
asymptotic form of any a;, b;, or ¢;.

Near each a;, the Gauss map of the minimal surface covers most of the
sphere, as shown in the proof of Theorem 4.1 of [1]. If any «; has positive
imaginary part, we can do the same thing:

Lemma 7 Im(«;) <0

Proof. Let w = z/t" and «;(t) = a;/t7, and «; = a;(0). Let Cy be any circle
around ¢ in the w-plane that excludes all the other «; (except of course if
a; = ;). The formula for the Gauss map in the w-plane is

_ Y\ — kv H(w_ﬁl) (k+1)~
Gw)=gz/t")=t Hw =y +O(t )
The factor of t*7 guarantees that G(w) tends to zero on Cj, so the Gauss map
covers nearly the entire sphere, m— N times, on the interior of C;. In particular,
near each a; the Gauss map covers more than the upper hemisphere. Therefore,
if the circle C; were contained in the upper half-plane, the eigenvalue of the
second variation (explained in [1], or in [14], p. 103) would be less than the
critical value 2, contradiction. If a; had positive imaginary part, then for small
enough ¢, the circle C; would be contained in the upper half plane. Therefore,
Im(a;) < 0. This proves the lemma.

Lemma 8 The ¢; do not occur; that is, the branch point is isolated.

Proof. We will apply the Hemispheric covering theorem (Theorem 2) to the
Gauss map N(t, z). There are M — N of the a; in the upper half plane. We
know that the eigenvalue A\, > 2 for ¢t > 0, since v is a relative minimum for
t > 0. Therefore, the theorem implies that the Gaussian area of v when ¢ > 0
is 2m(M — N) 4 O(t) greater than the Gaussian area when t = 0.

Now consider the Gauss-Bonnet-Sasaki-Nitsche formula:

/Agds://—KWd:cdy+27r—|—2M7r
r

where k4 is the geodesic curvature, the double integral on the right is the total
curvature, and M is the sum of the orders of interior branch points and half-
orders of boundary branch points. We consider what happens in this equation
as the parameter ¢ approaches zero. The left-hand side is continuous in ¢,
since the integrand is (pointwise) bounded by the curvature of I". Since for
positive ¢ there are no branch points, the total curvature of u(t,-) for ¢ > 0
must be approximately 2M 7 larger than the total curvature of w(0,-). This
extra curvature comes from extra coverings of the sphere by the Gauss map
near the a;.
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We now have two formulas for the excess Gaussian area: 27(M —N) from the

hemispheric covering theorem (Theorem 2) and 27 M from the Gauss-Bonnet-
Sasaki-Nitsche formula. Therefore N = 0 and the ¢; do not occur. This com-
pletes the proof of the lemma.
Remark: It is also possible to show that the ¢; do not occur without using the
hemispheric covering theorem (Theorem 2), by carrying them through the cal-
culation of the eigenfunction given in a subsequent section. Eventually they can
be eliminated. We think the proof is conceptually clearer using the hemispheric
covering theorem, even though the proof of that theorem is complicated.

7 The Gauss map in the w-plane

In this section we exploit the hemispheric covering theorem (Theorem 2) to limit
the possibilities for the configurations of the a; and §; in the w-plane. After
eliminating the possibility of branch points in the lower half plane for positive
t, we have the following basic formulae:

S
B(z) = iBo(zt) [] (z—bi(t)
fz) = 42
f(2)g*(z) = -N*B®
i\B
9(z) = A
f()g(z) = i\AB

and Ap(0,0) =1, By(0,0) is real, and |A| = 1 with A # —1.
Each a;(t) is analytic in ¢ and so can be written as

a; (t) = O[l't’yi + O(t’yiJrl)
bilt) = BT O

Let v be the least of the ;. The “principal roots” are those a; and b; with
asymptotic behavior 7. We will make no use of the «; and 3; for the non-
principal roots, and henceforth regard them as undefined. We needed them
only to define . Thus, henceforth, there are at most as many of the «; as there
are principal roots, and there may be fewer if two or more a;(¢) have the same
limit «;. The possibility is not ruled out that two or more of the a;(¢t) might
be identical for all (sufficiently small) ¢, but in that case, they still get different
subscripts.
We introduce Bg = By(0,0), so By is a real constant, and introduce

A(t,w) = Altw) = A(2)
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B(t,w) = B(t"w)= B(z)
Then when ¢ goes to zero subject to w = 7z we have A(0,w) = A(w) where

b

A = wm? H(w — )

=1

P
B = M\Bow™tF? H(w—ﬁz‘)

=1

There is no need for a constant Ag since A(0,0) = 1, because we scaled the
surface so that a,, = 1 to begin with. Here [A\| =1 and A\ # —1.

Lemma 9 (i) The «; are all real.
(ii) The B; are real and/or occur in complex-conjugate pairs.
(iii) B is real on the real axis and A = 1.

Proof.
On the real axis, since I' is tangent to the X-axis at origin, in the w-plane
we have Y = 0. Therefore,

w
Y(w) = }ir% 2u(tw) = Im/ A?dw=0
- 0
Therefore the polynomial [;” A%dw is real on the real axis. It follows that its
coefficients are real. Hence the coefficients of its derivative A? are real. Hence
the roots of A2, which are the o, come in complex-conjugate pairs. But we
know from the eigenvalue argument that «; cannot have positive imaginary part.
It follows that all the «; are real.
Similarly, on the real axis we have

Z%Im)\/ ABdw = 0.
0

That is, Z is real on the real axis. Therefore also the derivative dZ/dw = AAB
is real on the real axis. But AAB is a polynomial; since it is real on the real
axis, its coefficients are real. Since the a; are real, A is real on the real axis;
hence AB is real on the real axis. Hence its roots, which are the [3;, are real or
occur in complex-conjugate pairs. Hence B = Bg [[(w — ;) is real on the real
axis. Hence A is real. Since |A\| =1 and A # —1 by construction, we have A = 1.
That completes the proof of the lemma.
It follows that

A
B

1%

t"YA
t(erk)’yB

1%

The function g in the Weierstrass representation, which is the stereographic
projection of the unit normal N, is given by g(z) = iB/A, and the normal itself
is given by

N = (2Re(g),21m(g), |g]* - 1)/(lg|* + 1) (4)
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We write A for the complex conjugate of A. Substituting g = iB/A, we have

) 2Re(iAB)
N=———"——| 2Im(iAB) (5)
[AP+1BI* | pp - a4
Substituting z = tYw, we find
. —2Im(AB)t"
N = —————— | 2Re(AB)t"
A2+ B 44 2oBB
—2Im(B/A)t*
= | 2Re(B/A)t"

—1 + 1247\ B/A|?

Thus on compact sets bounded away from «;, N(w) converges uniformly to
(0,0,-1).

For small positive ¢, we know that the normal N covers m hemispheres, and
it does so near the a;. For the principal a;, this happens in the w-plane near
the a;. These hemispheres “pinch off” when ¢ — 0, and this “lost” Gaussian
area is compensated for by the branch point that appears when ¢ = 0. The
introduction of w = t7z and the explicit formula above for IV as a function of w
and t allows us to see what happens to those m hemispheres. Specifically, the
stereographic projection of N, namely g, is given by g(t, 2) =iB/A = t*"iB/A,
so B/A can be used to analyze the “extra hemispheres”.

The formula for N(w) shows us the extra “hemispheres” (which are within
O(t) of being hemispheres), with the north pole taken on at «;. However, if
the «; are multiple roots of A, which is to say that several a;(t) approach the
same «; as t — 0, then we may not necessarily have m hemispheres in the w-
plane when ¢ = 0. For small positive ¢, we do have m hemispheres, but some of
the original m hemispheres may be “pinched off” at a rate faster than ¢7, and
disappeared before the w-plane could capture them when ¢ = 0. This also could
happen for any non-principal a;, near the origin of the w-plane.

Lemma 10 If a; < o; and no other o occurs between o; and o, and neither
a; nor o 1s equal to any B, then

(i) exactly one &; converges to o, and

(ii)the number of By with a; < B < o is 1 (counting multiplicity as zeroes

of g)

(#ii) exactly one by converges to this By as t — 0.

Proof. First we consider the behavior of N(w) near ;. Consider a circle C, of
small radius p about &;(t) = t~7a;(t) in the w-plane. Here p does not depend on
t but is less than half the distance from «a; to any other a;. Then C, meets the
real axis in two points p(t) and ¢(t), converging as ¢ — 0 to points p, ¢, since o
is real. At p and ¢, and indeed on the entire circle C,, N is within O(¢) of the
south pole. We can therefore apply the hemispheric covering theorem (Theorem
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2) to conclude that on the portion of the upper half plane inside C, (call it DT)
N is a covering map with as many sheets as there are a; converging to this
particular «;, with each sheet covering the same near-hemisphere Sy or S_. In
particular, we will prove that N does pass one or more times “over the top”
on [p, g|, taking a value within O(¢) of the north pole somewhere on [p, q]. Let
€(t) be such that e(t) = O(t) and ' N([p,q]) < €(t). Suppose that N|[p, q] does
not contain a point within 2¢(¢) of the north pole. Since N(9C,) = O(t), for
sufficiently small ¢, N(0D™) lies outside the neighborhood of the north pole of
radius 2¢(t). Hence the number of sheets of N is constant on that neighborhood.
But that neighborhood overlaps both S; and S_, so the number of sheets over
each of those near-hemispheres is at least the number over the north pole, which
is not zero. This contradicts the hemispheric covering theorem. Hence, for every
sufficiently small ¢ we can find a point r; in [p, g] such that N(r;) is within 2¢(¢)
of the north pole. Similarly, for each index j there is a point r; near a;; where
N(w) is within O(t) of the north pole. (We have not proved that the r;(t) can
be chosen to depend continuously on ¢, but that will not be needed.)

Now we fix ¢ and consider «;. There may be many a; converging to «; as
t — 0, but by hypothesis there are no Bj converging to a;. Fix a point p less
than o; but greater than any o; < ay, and a point ¢ greater than a; but less
than any o; > ay. Let C be a circle passing through the z-axis at right angles
at p and again at ¢, and let DT be the half-disk inside C' above the z-axis. We
can apply the hemispheric covering theorem to DT. The conclusion is that N is
a covering map in DT, away from any ramification points of N that lie in DT.
The number of sheets is the total number M of a; that converge to a;. On the
other hand, since no Bj is in Dt (for sufficiently small ¢), the fact that the &;
are the poles of g, the stereographic projection of NV, and the B are its zeroes,
implies that in the interior of C'; N is a covering map whose number of sheets
is M. As t — 0 this approaches, on an annulus inside C, the covering map
defined by the inverse stereographic projection of w™. If M > 1 this covering
extends into both hemispheres by an amount that does not go to zero with ¢,
contradicting the conclusion obtained from the hemispheric covering theorem.
Hence M = 1, proving part (i) of the theorem.

Now we consider «a; < a;41. We may suppose the indices have been chosen
so that no other o lies between these two. Let p < o, with no other oy between
p and «;. Let ¢ > «;41, with no other oy between ;1 and q. As before define
the circle C to pass through the z-axis at right angles at both p and ¢, and the
half-disk D¥ to be bounded by the upper half of C' and the z-axis. We know
that exactly one a@; converges to a; and exactly one a;, namely @;41, converges
to ajy1. There may be, so far as we know now, many l;j converging to one or
more 3; between a; and o;41. Let M be the number of these Bj; so M is also
the total number of the 8; counting multiplicities as zeros of g. As before, apply
the hemispheric covering theorem (Theorem 2) to N and D; the conclusion is
that in DT, away from any ramification points of N, the map N defines a two-
sheeted covering. On the other hand, on any compact subset of DV disjoint from
oy, oiiy1, and the 3;, the map converges to the inverse stereographic projection
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of
Hjle(w —5)
(w — ai)(w — aig)

For this to satisfy the conclusion of the hemispheric covering theorem, the wind-
ing number of N around C' must be exactly 1 or -1; otherwise, on the upper
half of C, both hemispheres will be partly covered, i.e. some values of N on
the upper half of C' will have X-coordinate more than ¢ and some will have
X-coordinate less than —e, for some positive € independent of ¢t. This winding
number, however, has absolute value N — 2. Hence N = 1. This completes the
proof of the lemma.

8 Calculation of the eigenfunction

In this section, we compute the eigenfunction of the variational problem asso-
ciated with the second variation of area. This is shown in [2] to be ¢ = k- N,
where k = u; = du/dt is the “tangent vector” to the one-parameter family, and
N is the unit normal. These calculations are essentially repeated from [2], but
with some simplifications, and more important, the isolation of an important
case that was overlooked in [2], which will be treated in the next section. We
start with a formula for N:

1 2Re(g)

N | R | ©)

We write A for the complex conjugate of A. Introduce Q = |A]?> + |B|? =
AA + BB. By (6) and the equation g = iB/A, we have

2Re(iAB)
NQ = | 2Im(iAB) (7)
BB — AA

Recall the Weierstrass representation:
3 [f—fgdz
u=Re| & [f+ fg?dz (8)
J fgdz

Using the formulas for f and ¢ in terms of A and B, we have

L[ A 4 Bz

u=TRe | £ [A?— B%dz (9)
i [ ABdz
Differentiate with respect to ¢:
5 J(A%); + (B?).dz
k=Re| 3 [(A%); — (B*)dz (10)



Using (7),(10), and the definition ¢ = k- N, we find

5 J(A%), + (B?)dz 2Re(iAB)
¢pQ =Re | 3 [(A?); — (B*)idz | - | 2Im(iAB) (11)
i [(AB)dz BB — AA

Using the identities
(Re(X),Im(X),0) - (Re(Y), —Im(Y),0) = Re(XY)

(Re(X),Im(X),0) - (Re(Y),Im(Y),0) = Re(XY)

we can rewrite (11) in the form
#Q = Re(iAB / (A%),d2)
—Re(iAB / (B?),dz)
—(AA — BB)Re(i / (AB).dz) (12)

This is our basic formula for ¢. When ¢ = 0, it is possible that ¢ is identically
zero as a function of z, and so for some integer n we have ¢ = t™, where 9 is
not identically zero in z when ¢t = 0. The function (0, 2) is written ¥°. We
have Q = r?m=2N + O(r?m=2N+1) where r = 2|, so that any singularity in °
would arise from terms 7/ in (12) with j < 2m — 2N.

We have already defined the ~; to be the exponents such that a; & «;t7; the
principal roots are those a; or b; with v; = 7, the least of these exponents. We
now assume that the principal roots are listed first among the a; and b;. Let b
be the number of principal a;, and p the number of principal b;. Then ¢ =p+10
is the total number of principal roots.

We introduce the complex variable w = z/t7, and calculate the behavior of
the eigenfunction ¢ in the w-plane, as ¢t goes to zero. This captures the behavior
in a region of the z-plane of shrinking diameter of order ¢”. Our most important
calculations will be in the w-plane. We will expand expressions in powers of ¢
and w, and look at the leading term in ¢, which will in several important cases
be a rational function or polynomial in w.

Definition 4 For quantities U and V depending ont and z and/or w, we define
U=V tomean that U —V converges uniformly to zero in compact subsets of
the w-plane disjoint from the zeroes of V as t — 0.

In practice we only apply this definition to functions that depend analytically
on t and w or quotients of such functions. For functions analytic in ¢ and w, we
can describe the notion U = V as follows: first replace z by tYw in both U and
V so that U and V depend on ¢ and w but not z. Then, if U is real-analytic in w
and ¢, U 2 V means that, when expressed as series in ¢, the leading terms of U
and V are equal as functions of w (or of w and w). If U and V' are quotients of
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real-analytic functions, then U 2 V if and only if we can write U = Uy /U; and
V = Vo /Vh, where Uy 2V and Uy = V4 and the U; and V; are real-analytic.

When U and V' are already explicitly functions of w rather than z, we often
just write U = V + O(t) instead of U = V. Note that the O(t) in such a
situation implies uniform convergence in compact subsets of the w-plane away
from the zeroes of V. Later we will also use a boldface O(t) to imply uniform
convergence in compact subsets of the w-plane (without the requirement of
avoiding any points).

We use the notation U =2 V' when the expressions for U and V may involve
z. Consider how this works in calculations: in comparing two terms of the form
2"t™7 | the 2" will eventually become t™Yw", so 2"t = w™t(" ™7 and we can
neglect the term with the greater sum n + m. Note that, after eliminating z in
favor of w and ¢, the leading terms shown in approximate equations written with
2 will have the same power of ¢, so that when we take the limit as ¢t approaches
0, we will get exact equations involving w. The rule for differentiating with
respect to t in this situation is found by applying the chain rule as follows,
where d/dt means the partial derivative with respect to ¢, holding z fixed, and
0/0t means the partial derivative with respect to ¢, holding w fixed.

OH dH dw
dH/dt = —— 4 —"—
/ ot T dw dt
oM dizdH
ot dt dw
OH dH
— =yl 2
" e
oOH
- = t*’)’*lt’Y i
ot v

The final result for differentiating with respect to ¢ is then
dH O0H _, dH

P T (13)
We have ;
d Jo (A* + B?)dz
2k = —Re | i[5 (A% — B*)dz (14)

| 9 [ ABdz

Recall that

1=1
p
B = ngm+k7p H(w—ﬂl)
1=1
A =~ M A
B <~ t(erk)’yB



Expressing (14) in terms of w instead of z, we have

p £y [ A2y 4 tCmE2EADY (B2 gy
2k = - Re | atErrDy JF A2dw — it G2y [F B2 dw (15)
2it?m AT [ ABdw

Now that we have expressed N in terms of ¢t and w, equations written with =2
simply mean that higher powers of ¢ can be neglected compared to lower powers.
Therefore, even before differentiating, we can drop the terms in the first two
components of (15) with higher powers of ¢.

p t2my (¥ A2dw
2% = - Re it MDY [ A2dw (16)
2ty [ ABdw
Applying (13), we find
2k /v =
t@mADY=1 (2, 4 1) wa A2dw
Re [ t@m+D7=1(2m + 1)i [" A%dw
2it DY (9m + k4 1) [ ABdw
t@mA1)y—1 A2,
—Re | itCmtDr=1 A2y (17)
2it2mAk+ =1 ABw

Define
Ay = |AP?/(#**7|B? +|A[?)
As = [BI2/(#¥|BP + |A]). (18)
From (6) we obtain
2t*Re(iB/A) Ay
N = | 2tFIm(iB/A)A, (19)
RNy — Ay

Since A1 and As have the same denominator, and no factors of ¢ in the numera-
tor, in the last component of (19) we can replace t?*YAy — A; by —A1; and since
t2%7|BJ|? + |A|? = |A|?, we can replace A; by 1, so that (19) becomes

2t*Re(iB/A)
N = | 2tF7Im(iB/A) (20)
-1

We are going to take the dot product of (20) and (17) to compute ¢ = k- N.

20/ = 2tmHEHDY=1 1 Re(iB/A)Re((2m + 1) / ’ A?dw — A*w)
0
+ Im(iB/A)Re(i((2m + 1) /“f A?dw — A*w))
0

— Re(i((2m +k +1) /w ABdw — ABw)}  (21)
0
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Incidentally, this formula makes it clear that h® (where k = t"h) is a forced
Jacobi direction, since ¢ = k- N goes to zero as t2™+tk+D7=1 while k goes to
zero only as t2™+1)7=1 according to (16). Thus h°- N = 0, which implies h° is
forced Jacobi. This is the conclusion of Theorem 7.2 of [2], here reached without
the complicated calculations given there. Define

¢

X = k1 (22)

We write x° for the limit of y as t goes to zero. Dividing (21) by t(2m+k+1)7-1
and taking the limit as ¢ goes to zero, we obtain:

X® = Re(iB/A)Re((2m + 1)/w A?dw — A*w)
0
+ Im(iB/A)Re(i((2m + 1) /w A?dw — A*w))
0
— Re(i((2m +k+1) /Ow ABdw — ABuw) (23)
The first two terms have the form Re(iu)Re(v) + Im(éu)Re(iv), which is

equal to Re(iu)Re(v) — Im(iu)Im(v), which in turn is Re(iuv) = —Im(uv). We
can therefore rewrite (23) as

xX° = —Im H(w) (24)
where
Hw) = g(@m +1) /Ow A% dw — Aw)
—(2m+k+1)/w AB dw — ABw (25)
0

Multiplying the factor B/A through in the first term, we obtain

B vy

Hw) = —(@2m+1) A*dw — ABw
A 0
—(2m+k+ 1)/ ABdw+ ABw
0
Now, the two terms ABw cancel out, leaving our final formula for H:
B w 9 w
H(w) = K(2m+ 1) A%dw—(2m+k+1) AB dw (26)
0 0

This is the formula obtained in [2], equation (23).

Lemma 11 If H is not constant, then all the a; and b; are principal.
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Proof. We first fix some notation. Let @), be the number of non-principal a;,
and let @)y be the number of non-principal b;. Let P = @, + @Qp be the total
number of non-principal roots. Let o be the product of the «; (all of which are
nonzero and real); let 3 be the product of the 3; (all of which are nonzero, but
have not yet been proved real). Note however that the product [ is real since
the (; are real or come in complex-conjugate pairs.

We wish to analyze the asymptotic behavior of H near the origin. We will
show that, if H is not constant, its leading term is a nonzero real constant times
BwP*1. Once we have done that, we can proceed as follows: Since H is not
constant, x is not identically zero, so it must have only one sign in the upper
half plane, and this is possible only if P = 0. Therefore, all the roots a; and b;
are principal.

It remains to prove that H has the stated asymptotic form. We find it more
convenient to analyze the form (25) rather than the cancelled form (26).

Consider the second term in (25), namely

(2m—|—k—|—1)/ ABdw — ABw
0

By definition of ~, at least one of the a; or b; is a principal root. There-
fore it is not the case that AB = O(w?™**). Indeed, asymptotically AB
is a constant times w?, where P is the total number of non-principal roots
among the a; and b;, and P < 2m + k. Hence, asymptotically, this term has
the form Bew?*! for some nonzero real constant c¢. The actual value of ¢ is
Bya[2m+Ek+1)/(P+1)-1].

Now consider the behavior of the first term in (25) near the origin, namely

B v 2 2
X((2m+1)/0 A% dw — A?w). (27)

Suppose, for purposes of contradiction, that there are no principal a;, that is,
all the principal roots are among the b;. In that case, we have

(2m + 1)/ A? dw = w?™ T = A?w,
0

so the entire first term in (25) would vanish, leaving the nonzero term in w?+?

contributed by the second term as the asymptotic form of H. Since in that case
we are finished, we have proved that we may assume there are some principal
roots among the a;. Putting the matter another way, in that case we have a
contradiction as in the second paragraph of the proof, since, under the assump-
tion that there are no principal a;, we will not have P = 0, and hence we will
have H(w) = O(r?).

In that case, the leading terms of the two parts of (27) do not cancel,
and the asymptotic form of (27) is a constant times w”*!. The constant is
BBoa[(2m +1)/(Q + R+ 1) — 1]. It is not zero since @ + R < 2m, because we
have proved there do exist some principal roots among the a;.
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Putting together the two leading terms we have calculated, we find that the
asymptotic form of H is
H(w) = facw?*! (28)
where
2m+k+1 2m+1
TP+l Qa1

Since we cannot immediately exclude that ¢ = 0, we cannot conclude that H is
not constant. In any case we have proved H(w) = O(wf*1). By hypothesis,
H is not constant. Therefore, unless P = 0, we have H(w) = O(r?), and x°
will not be of one sign in the upper half-plane, contradiction. Therefore, P = 0,
proving that all the a; and b; are principal. This completes the proof of the
lemma.

(29)

Lemma 12 If H is not constant, then at each «;, either B/A has a simple
zero or a simple pole.

Proof. By Lemma 10, if we prove there are two distinct real oy, then the
existence of a real f; follows. Also, we have proved that all the o; are real.

Fix a value of 7 such that «; is real, and suppose that P of the numbers
aq,..., 0y, are equal to a;. Suppose also that @ of the 3; are equal to «;. Let
B be the product of o; — ; over the remaining §;, so 8 # 0, and let o be the
product of o; — aj over j such that «; # «;. We consider the behavior of the
terms in (26) for w near «;. Let w = a; + & We have

/MAMw :‘/MA%M+O@”“)
0 0
B
> = Zeraton)
B/wA2d _ Bio-p i A2d o E2P 11 O(£2P+2
A, A= g8 ; Wt pry O

_ 5/ai 2 B pyo+1 P+Q+2
= o, A dw+2p+1§ +0(¢ )

§P+Q+1

P+Q+2
Pror1 o6 )

/ ABdw = /IABdw+a6
0 0

The last two lines can be combined using (26) to yield the following

om+1 2m+k+1
2P+1 P+Q+1

1{@w<_cl+-@§QP4-[ ¢hratt 4 o(ghtat?)

where ¢; = [ ABdw and ¢; = (2m +1)(8/a) [;"" A% dw. Since Im(H) is of
one sign in the upper half plane, and H is not constant by hypothesis, we must
have Q@ = P or Q@ — P = £+1. In fact @ = P is impossible, since in that case
the £2~F term would be constant, and the leading term would be the ¢F+@+1
term, whose coefficient would be k/(2P + 1). Since this coefficient is not zero,
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Im(H) would not have one sign in the upper half-plane (near «;), contradiction.
Therefore Q = P + 1 are the only two possibilities. That means that at each
«;, either B/A has a simple zero, or a simple pole. That completes the proof
of the lemma.

9 The case when H is constant

We cannot rule out the possibility that H is constant by analysis of the eigen-
function alone, because it is possible to choose «; and §; so that H(w) defined as
above is constant. For example, take m = 2 and oy = 1/v/2, ay = —1/v/2, and
k =2m+1=3. Take 3 = a; and 8 = a2. The polynomial [;° A%dw is then
Jo (w?* —1/2)%dw. Evaluating this integral we find (1/5)w® — (1/3)w®+ (1/4)w.
The nonzero roots of this satisfy w? = 5/6+(5/2)/((1/9) — (1/5)). These roots
are not real since the expression under the square root is negative. Indeed we
can construct a family of minimal surfaces bounded by a straight line (instead
of a Jordan curve) that exhibit this behavior.

However, the assumption that H is constant leads to very specific forms for
A and B, as we will show in this section. Using that specific information, the
hemispheric covering theorem, and the fact that the boundary curve is real-
analytic (and not a straight line), we will be able to rule out the case that H is
constant.

Lemma 13 Let @ be a one-parameter family of minimal surfaces bounded by
the analytic Jordan curve I', such that fort > 0, @ furnishes a relative minimum
of area, and w has a boundary branch point when t = 0. Let H be defined as
above. If H(w) is constant, then:

(i) Each o is equal to some (3; (with the same multiplicity). That is, B/A
has neither a zero nor a pole at ;.

(i1) Each real B; is equal to some «;.

(iii) The non-real B; are the nonzero roots of the polynomial fow A? dw.

(iv) k/(2m + 1) is an integer.

(v) Each non-real 3;, as well as zero, has multiplicity k/(2m + 1) as a root
of B.

(vi) B/A and hence H are polynomials.

(vii) c( [ A% dw)*/ @™+ = B/A for some constant ¢ # 0.

(viii) All of the a; are principal; that is, A does not vanish at the origin.

(iz) There are exactly 2m distinct non-real [3;.

Proof. Let & be one of the principal roots, i.e. either an «;, or a ;. We will
analyze the asymptotic behavior of H near &. Suppose that L of the o, are
equal to &, and M of the 3; are equal to &. Define

& = w—q

a = H (@ —ay)

JrajFo
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B8 = By [] (a-5))

J:Bi#a
Then
A = Q§L+O(§L+l)
B = g0
B  Bu-r M-L
A Ef +Oo@EM

Now calculate the asymptotic form of H near &, breaking each of the two
integrals in the formula for H into an integral from 0 to &, plus an integral from
& to w. Define

e1 = A?dw
0
ey = ABdw
0
Then
B w 9 w
H(w) = (2m—|—1)K A%dw—(2m+k+1) ABdw
0 0
= (2m+1) égM*L +O(EME) | ey + ot +0(£251?)
a S Y
aﬂ§L+M+1 LM 42
—2m+k+1) |:€2+m+0(§ )

= e (2m+ 1)§§M*L —(2m+ k+ 1)eg + O(EM~LH
Now suppose @ is real, which is the case if & = a; or one of the real 5;. We
have e; # 0 since A2 > 0 on the real axis, and A? is not identically zero on the
real axis. Therefore, in case M # L, we have

H(w) = e (2m + 1) €4 4 O(eM-4+)
and hence H(w) is not constant unless M = L, that is, at &, the order of the
zero of B is the same as the order of the zero of A. We have thus proved (i) and
(ii), since at a real §; which is not equal to any «;, we would have L = 0 and
M > 0, and at a real «; which is not equal to any 3;, we would have M = 0 and
L > 0; and similarly if the multiplicities of the roots of A and B were different.
The same analysis applies even if & is not real, as long as e; # 0. Therefore,
if H is constant we must have e; = 0 at each non-real ;, which proves (iii).
We now claim that there must exist a 3; at which the order of the zero of B
is greater than the order of the zero of A. Suppose that, at each 3;, the order

of the zero of B is less than or equal to the order of the zero of A. That is, the
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number of 8; equal to 3; is less than or equal to the number of «; equal to 3;.
Then the total number of principal b; is less than or equal to the total number
of principal a;. Since there are m of the a; and m + k of the b;, there are k
more of the b; than of the a;. Therefore, the number of non-principal b; must
be at least k more than the number of non-principal a;. That is, Qp > k + Q.
But we have shown above that Qp < k if ¢ = 0, and if ¢ # 0 then H is not
constant, but we have assumed H is constant, so QQp < k. Since @, > 0, this is
a contradiction. This contradiction shows that there must be some 3; at which
the order of the zero of B exceeds the order of A. Take this §; as & in the above
analysis; then M # L.
We have
a2e2L+1

5L 11
LML s
T+t o >]

gM+L+1
2L +1

+ O(§L+M+2)

g

@) = Cm+n) | Zes o] |G+ 0@

—2m+k+1) [62+a5

= —2m+4+k+ e+ (2m+ 1)ap
gLHM+1
L+M+1

Note that the terms O(¢£~**1) do not occur since e; = 0. The first non-
constant term is £+ The coefficient of this term is

—(2m+k+1)ap

[2m—|—1 2m—|—k—|—1]
af .

2L+1 L+M+1

We know f; is not real (otherwise M = L as shown above), and that e; = 0.
Hence L = 0, since all the a; are real, and hence are not equal to 3;. Therefore,

the coefficient is ) 1
m—+ K+
o [@m +1)- W]

Since we have assumed H is constant, this coefficient is zero, which means
M = k/(2m + 1). This proves (iv).

The preceding analysis applies at each non-real ;. Since the a; are real, we
have L = 0 and M = k/(2m + 1) is the multiplicity of the root as a zero of
B. This proves (v) for the nonzero roots. Counting the total number of roots
proves it for the zero root also.

Since H is constant, we have ¢ = 0, so

2m+k+1
P+1=(Qs+1)——
+ (Qa+1) 2m +1
Since P = Qp + @4, we have
2m+k+1
a 1 = atl)—/—7
Qa+ Qb+ (Qa+1)—
= o+ 1)(1
(Qa+ DA+ 5—)
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and hence
Q _ k(Qa + 1)
PT Tom 1

Since we have already proved k/(2m+1) is an integer, it follows that Q, > Q.+1.
Since @y is the order of B at zero and @), is the order of A at zero, and since
the nonzero roots of A are matched by nonzero roots of B of equal multiplicity,
we have proved that B/A is a polynomial. This proves (vi). The degree of this
polynomial (of course) is k, since the degree of B is m + k and that of A is m.

To prove (vii): ([;" A2 dw)¥/>m+1) and B/A are both polynomials, by (vi).
They have the same non-real zeroes, with the same multiplicities, by (iii) and
(v). B/A has no real zeroes except 0, by (i) and (ii), and since A% > 0 on the
real axis, the polynomial ( ;" A? dw)*/?m+1) als0 has no real zeroes except 0.
The zero at w = 0 of the two polynomials has the same multiplicity k/(2m + 1),
by (v). Hence the ratio of the two polynomials is constant, proving (vii).

To prove (viii): we have shown that B/A is a constant times ( [ A2 dw)*/(Zm+1),
Suppose there are d non-principal a;. Then asymptotically for small w, we have

2 = e Ow)
w k/(2m+1)
0

Equating the exponents of the leading terms, we have

k J - k(2d+1)
2m +1 o 2m+1
k—d(2m+1) = k(2d+1)

which implies d = 0, proving (viii).

To prove (ix): Let d be the number of non-real 3;. We count the b;. There
are m + k of them altogether. Of these, m approach some «;, k/(2m + 1)
approach 0, and k/(2m + 1) approach each of the non-real ;. Therefore

dk

k= .
D T A ——

It follows that d = 2m, proving (ix). That completes the proof of the lemma.
The following lemma reverses the above calculations, giving a sufficient con-
dition for H to be constant.

Lemma 14 Suppose k = (2m+1)(p—q) and c(fow A% dw)P~9 =B/A for some
constant c. Then H is constant.

Proof. We have

B w w
H = (2m+1)X/ Ade—(2m+k+1)/ AB dw
0 0
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P—q w
= (2m+1)c(/A2dw> /Ade—(2m+k+1)/ AB dw
0

p—q+1 w
= (2m+1)c(/A2dw> —(2m+k+1)/ AB dw
0

Differentiating with respect to w, we have

dH

r—q
- = (2m+1)c(p—q+1)(/A2dw> A? - (2m+k+1)AB
w

2m+1)(p—q+1) (%) A% - (2m+k+1)AB

2m+1)(p—q+1)AB—-(2m+k+1)AB
Cm+1)(p—q) +2m+1)AB—- (2m+k+1)AB
k+2m+1)AB — 2m+ k+1)AB

0

~ o~ o~ o~

We have proved dH/dw = 0; hence H is constant. That completes the proof of
the lemma.
We next recall the basic formulas for the unit normal N. We have

N(iz = —— | 2Imyg

) 2 Re(iB/A)
= —— | 2m(iB/A)
2P +1] /AR -1
AP —2t*Im(B/A)

[AZ+ERBE |y kB A2

. —2t"7Im(BA)

= —————— | 2t"YRe(BA)
2 1 12k B2 . _
APFERBE A2 4 o B2 J

—2t"'Tm(AB)

1+ 0(t)

= Az g | AVAB (30)
—A? 4 2tk7|B|?

Lemma 15 (i) There exists a point eq(t) on the real w-azis such that |A|> =
t2¥7|BJ?, and eq(t) is bounded as t goes to 0.

(ii) In fact there exist two such points, say eqi(t) and eqa(t), such that
Na(eqi(t)) = 1+ O(t) and Na(egz(t)) = =1+ O(t).

(i5i) In addition, if all the «; are nonzero, we can ensure that eqi(t) and
eqz(t) have the same sign.

(iv) eq;(t) can be found in such a way that eq;(t) has a limit as t goes to
zero, and even depends analytically on a rational power of t. Therefore such
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expressions as Alw := eq;(t)] are analytic in a rational power of t, and have
limits as t — 0.

Proof. The stereographic projection of the unit normal N is given by ]§/ thTA.
The condition demanded in the lemma therefore has the geometric meaning that
N should be horizontal at eq(t). This can also be seen directly from equation
(30). Recall that the zeroes of A are denoted by &;, which converge to a; as t
goes to zero. Recall also that we may have several f)j and several a; converging
to the same «;. Fix a value of i. Pick a larged fixed value R (say, greater than
twice the maximum magnitude of all the a; and 3;. 3N is —1 + O(t**) at the
endpoints of the interval [—R, R], and indeed on the entire circle of radius R, as
can be seen from (30). Assume, for proof by contradiction, that no such point
eq(t) with the property demanded in the lemma exists. Then N is never zero
on [—R, R]. By continuity, 3N < 0 on that interval. Let D be the part of the
disk of radius R lying in the upper half-plane. Then the image N (D) covers the
upper half of the Riemann sphere, since N(a;) is the north pole (0,0, 1), but
N(0D) lies in the lower half-sphere. Hence the least eigenvalue of the second
variation of area is less than 2 for ¢ > 0, contradiction. That completes the
proof of (i).

Ad (ii): Since N is continuous on the w-axis (for fixed t), the above argument
yields at least two different values of w where N is horizontal. To prove (ii),
however, a deeper argument is required. Fix a value of R greater than all the
|ci;, and let D+ be a half-disk in the upper half of the w-plane centered at
origin. Apply the hemispheric covering theorem (Theorem ?7), to the map N
on this D¥. Then N is an m-sheeted covering of the set S_ or S;, where
S ={(X,V,Z2) € S?: X < —e}and Sy = {(X,V,Z) € §? : X > ¢} , and
e = O(t). Say it is S_ that is covered m times. Let p and ¢ be points on
the boundary of S_ with Z-coordinate 0, and Y-coordinate = 1 4+ O(t) for p
and —1 4+ O(t) for gq. Since N is a covering map, there are not just 1 but m
pre-images of p and ¢ under N. Now consider a path m on S? intersect the
plane Z = 0 that connects p to the boundary of N(D™); the length of this path
is O(e) = O(t) since the covering does not extend into Si. So 7(0) = p and
7(1) is on the boundary of that sheet of N(D™). Since N is a covering, we can
find a path 7 in the w-plane such that N(n(s)) = w(s). Take eq (t) to be n(1).
Then N(eq;(t)) lies on the plane Z = 0, and since (1) — 7(0) = O(t) we have
|N(eqi(t)) — (0,1,0)] = O(t) as required. If it is Sy that is covered m times,
instead of S_, the same argument applies with the roles of Sy and S_ switched.

Ad (iii): In the argument for (ii), the circle of radius R can be replaced by
any circle avoiding the «;, since all we need is for A to be bounded below on
that curve to obtain the estimate 3N = —1 + O(t). We know that all the a;
are real, and by hypothesis we can assume they are all nonzero. Fix an ¢ > 0
with |ay| > 2€ for all «;. If there is at least one positive «;, then take the circle
C centered at (R + ¢,0) of radius R; if all the «; are negative, then take the
circle C centered at (—R — ¢,0) of radius R. Apply the hemispheric covering
theorem to N in the half-disk in the upper half plane bounded by C' and the
x-axis. As before, we obtain eq;(t) and eqz(t), but now the both are on the
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interval [e, 2R + €] or both on the interval —2R — €, —¢], so they both have the
same sign.

Ad (iv) The zero set of 3N is defined by a quotient of functions analytic
jointly in w and ¢. Its zero set therefore consists of a finite number of curves
parametrizable as analytic functions of a rational power of ¢, as discussed with
references in [1]. That completes the proof.

Lemma 16 Let u(t, z) be an analytic one-parameter family of minimal surfaces
bounded by the same Jordan curve I', such that uw is a relative minimum of
area when t > 0, and uw has a boundary branch point when t = 0, with the
normal at the branch point pointing in the negative Z-direction. Suppose I'(0) =
(1, C18%, CasP) asymptotically near the branch point, where s is arc length. Let
H be as defined above, so that ¢ = —Im(H (z)) is the apparent leading term in
t of the first eigenfunction. Then H is not constant.

Proof. Suppose, for proof by contradiction, that H is constant. Then k =
(2m 4 1)(p — q) and for some constant ¢ we have

w p—q
c (/ A dw) = E
0 A

(14+0O(t))2t*"AB
A2 + {2k B2
We now substitute w := eg;(t) into this equation, where eq;(t) and egz(t) are

the two points of Lemma 15. Then the two terms in the denominator are equal,
and we obtain

By (30) we have
2N —

2t2k7 AB
2t2k7B2

= a+oma

INw:=eq(t)] = (1+0(t))

Since when H is constant, we have B/A = fow A? dw, it follows that

1+ O(t)

2Nw 1= eq;(t = -

[ 4 ( )] Cfoeqi(t) A2 dw
Because H is constant, by Lemma 13 none of the «; are zero. According to
Lemma 15, we can then choose eq; () and eqz(t) to have the same sign. Therefore
the right hand side of this equation has the same sign for ¢ = 1 and ¢ = 2. This
contradicts Lemma 15, which says that the left-hand side takes values near 1
and -1 (in some order) for ¢ = 1,2 and ¢ small but positive. That completes the
proof.
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10 The imaginary parts of A, B, AB, and N

In order to complete the proof of the finiteness theorem, it will be necessary to
consider not only the eigenfunction, but also the details of the convergence of
A= A/t™ to A as t goes to zero, and of B to B, and to calculate the behavior
of the unit normal IV for small positive ¢ and w as well. These calculations will
be carried out in this section, and the results used in the next section.

We have been using O(t) to stand for a term which is bounded by a constant
times ¢, uniformly in subsets of the w-plane bounded away from the «;. However,
now we will need to consider convergence even near the «;, so we use a different
typeface, O(t) to stand for a term which is bounded by a constant times ¢,
uniformly in compact subsets of the w-plane.

We have

ImA = ReAOImH w — a;) +IonR€H —a;)

Since Ay is real on the real axis when ¢ = 0, the first imaginary coefficient (if
there is one) in Ag is O(t). Let us give names to the coefficients and exponents
in the leading term of Im Ay:

ImA, = Et"w"™ + Ot ") + Ot w )
= BEt"w™ (14 0(t) + O(w))

where F # 0. That is, the “leading term” is the term with the lowest power of
t, and for that power of ¢, the lowest power of w. Note that v here might or
might not be the same as the least power such that the coefficient of z¥ in f
(when t = 0) is not real. But since Ay is analytic in z and ¢, the leading term
is a power of z = tYw times another power of ¢, so we have

n, < vy (31)

Similarly, we write
Im By = Dt?w" (1 + O(t) + O(w))
for some constant D # 0, and we have
ng < 67. (32)

Recall that the a; are real, i.e. A is real on the real axis, whether or not H
is constant, and all the a; are principal, so that A = [[(w — a;); and that if H
is not constant, all the b; are principal, so B = [[(w — §;). If H is constant, we
index the b; so that the ones which go to zero have the largest indices. In that
case B = w®/ ™+ [[(w — B;). We review the notation: 3; is defined only for
the ¢ such that b; is principal, i.e. lim;_,¢ b; = 3; is nonzero. But for all 7 in the
range 1 to m + k, b; = b; /tF7 is defined.
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We have for real w

tm T

_al

We then have for real w

Im H w — Re(a;) —ilm(a;))

1+0(t

o Tt

— ; — ’L&ltm)

—(1+0(t) AZ afn

(07}
1=0 v

ImA = TIm (A [J(w—4a))
= Im Ay ReH w—a;) + Re Ay ImH —a;)
= Et"w™A(1+ O(t) + ) +Im [J(w—a)
itﬁi
= Etw™A(l+O(t) + O(w)) — (1+O(t)A Y =
i—o Wi
_ vy, My - ait
= A|Et"w ;w_al (14 O0(t) + O(w))
ImA? = 2ReAlImA
m Aitﬁi
= 2A%(1+0(t) + O(w)) | Et"w™ =Y w“_ — (33)
i=0 g

The computation of Im B is similar, but somewhat more complicated, since
the 3; are not necessarily real, and moreover, if H is constant, not all the b; are
principal. We make the convention that if b; is not principal then §; = 0. That
convention was not convenient earlier in the paper, but many of the subsequent
lengthy formulas would be even lengthier without it.

We refer to equation (2) for

notation and the start of the computation.

Recall also the notation R and S for sets of indices such that §; is real for i € R
and the non-real §; occur in complex-conjugate pairs with one member of each
pair having an index in S. We include the ¢ for which 8; =0 in R. Then

m(]§2) = 92B? [Dt‘s'yw"“
- Z Im 61
€S
Im(AB) = AB [Et”'yw"”

€S

bitdi
iGZR w—f;
elt‘s o
51)2)] (1+0(t) +O(w)) (34)
T ait bitdi
— ¢ + Dt*V " — !
; w— 1€ZR - 61
&t
() s | (14 00) + 0(w) 35)



We have now calculated the imaginary parts of A2, B2, and AB.

11 Geometric Considerations

In this section we combine the study of N as a covering map of the Riemann
sphere with the extra information that N is perpendicular to an analytic curve
I'. We have already given a sample of information obtained in this way in
the geometric bound on the index. Here we obtain additional information by
considering the fact that each member of the one-parameter family of minimal
surfaces u(t, z) is bounded by the same Jordan curve I'. As always, we assume
that u is a relative minimum of area when ¢ > 0, and u has a boundary branch
point at origin when ¢ = 0. Our method is to calculate dZ/dY in two ways: first
as a function of arc length, using the parametrization of I'; and second, using
the Weierstrass representation of the surfaces u, expressed in terms of A and B,
or in other words, in terms of a; and l~)1
We have, for real w,

dz  dZ/dx
dy —  dY/dx
__2Re(f9)
Im(f + fg?)
_ —2Im(AB) (36)

Im(A2 — t2k7B2)
Recall that p and ¢ are integers such that

1
Mr) = | Cirt 4+ 0
Cot?P + O(thrl)

We use s for arc length from origin. Since s is the integral of |I”| by definition,
and since 7 = X = u; by our choice of parametrization, we have

s= X+ O(X?) 4+ O(X?9)

On the real axis in the w-plane we have
s = t2mF)y / A?dw + O(1*™F2).

Writing v = (X, Y, Z) on the boundary (the real axis), we calculate
az dZ/ds
dy dY/ds

CasP + O(sPT)

Cy87 + O(s9t1)

= CssP7140O(sP79T)

— (14 O()CytCm -0 / A2dw)P (37)
0
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on the real axis in the w-plane, with Cy # 0.

Comparing (37) and (36), we have

—2Im(AB)
Im(AZ — 252

w pP—q
tEmANE=D 0 (1 4+ O(t)) (/ A dw> =t (38)
0

12 Finiteness

Theorem 3 Let T be a real-analytic Jordan curve in R®. Then T cannot bound
infinitely many disk-type minimal surfaces which are relative minima of area in
the C™ topology for any sufficiently large n.

Remarks: Note that the larger n is, the stronger the theorem; so there is no
point in worrying about the minimum value of n. As usual in Plateau’s problem,
we are counting two surfaces that differ only by a conformal reparametrization
as the same surface.

Proof: Let T' be a real-analytic Jordan curve in R?; fix n large enough for
the results of [18] to apply. Without loss of generality we may assume I' does
not lie in a plane. Assume I' bounds infinitely many minimal surfaces of disk
type. Then (see [1]), ' bounds a one-parameter family of minimal surfaces,
terminating in a surface with a boundary branch point.

Since I' is real-analytic, and does not lie in a plane, we can choose coordinates
so that the boundary branch point is at origin, oriented with its normal in the
positive Z-direction, and I' tangent to the X-axis at origin. There exist integers
p and g and a parametrization of I' in the form used above. Let 7(z) = X (2) =
Res [ f — fg?dz. Then on the boundary we have

u(z) = T(7(2))

The plan in this section is to compute the inner product

('(7(2)), N(2))

where N (z) is the unit normal to u(t,). This product must be zero for z real,
since the unit normal must be normal to the boundary. This will connect the
integers p and ¢, determined by the geometry of the boundary, to the coeflicients
in the Weierstrass representation of the surface. This normality condition, in
the region where z is a constant times ¢7, produces equations not just between
numbers, as a similar analysis for a single branched minimal surface does, but
equations between functions of w = z/t7. We will show that these equations
lead to a contradiction.

We make use of all the notation defined in previous sections. Fix a value of
R much larger than all the |a;| and |5;|, and restrict attention to the domain
|w] < R, that is, |z] < Rt7.

7(2) = Re%/f—ngdz
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1
= Re§/A2+B2dz
t(2m+1)'yRe/A2 dw + O(tBmHDr+)

since the B? term contains ¢(™*%)7 and dz = t"dw. Therefore on the boundary
(that is, on the real axis) we have

1
F/(T(Z)) = Clt(2m+1)qv(f A2dw)q+0(t(2m+l)q'7+l)
C2t(2m+1)20’>’(f A2dw)P + O(t(2m+1)p»y+1)

We now need to give a name to the leading imaginary term, say Dw"t%, so
that
Bo(z,t) 2 C +Re(O(t)) 4 iDt* =" 2"

We then have
B = By(e,t) [[( - b
(C+ iDt‘s*sz) H(z — Bit) — iBit’Y‘i’(si)
3.40;
CH(Z = Bit?) +i H(z — Bt Z 2 éltﬂit'y
DO 7 H(z — Bit")
(m+k) _ A 1 (m+k) A Bltf
ot [T = o)+ it T Jw =5 30 o
+,L-Dt(m+k)’y+57r'y 57 H(w o 61)

5 46:
t(erk)’yB +it(m+k)’yB (Dtéwr + 2 : thﬂ )
w — 4

12

1%

1%

1%

Similarly, we recall that A = Ag(z,t) [[(z—a;), where Ag(0,0) = 1; we introduce
Ap(w,t) = Ap(t"w, t). We now need a name for the leading imaginary term of
Ay, say Et"w?®, so that

Ao(z,1) 21+ iEt"=72° + Re(O(t))

Then we have

Aitm‘
AZt™ A+ it™TA (Et”s'yzs + Z a )

w — oy

Since the imaginary part is smaller than the real part by a factor of O(t), we

have
™

: v—Svy .S OA[’Ltm
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and hence

Re(iB/A) = —Im(B/A)
—Im(B)Re(1/A) — Re(B)Im(1/A)

—th (%) (Dt‘sw’” +) wﬁ _t;) (39)

B &tm
(2 EtYw® t $(E+1)y
+ (A>( w+zw_ai>+0( )

12

B Gyt B-t‘si
~ kv v,.S S, . 7 _ 4
= ¢ (—) (Et w® — Dt°w" + g w ; g w l) (40)

Let n be the minimum of all the exponents 7;,0;,6, and v. Define Z/ to mean
taking the sum only over terms ¢ with powers of ¢ equal to n in the previous
equation. When we multiply the previous equation by a suitable power of ¢ to
expose the leading term, and take the limit as ¢ goes to zero, ¥ will become ¥'.
Define

Jw) = e | Brwt - per 3 Sy~ Bt

. ' % G
= Hw +Zw—ai_zw—@'

What will happen to the terms EtYw® and Dt°w”? That will depend on whether
n < &. If either of § or v is equal to 7, we could get a term constant in t,
containing w” or w®. However, if this happens, there is a restriction on the
value of 7. The following lemma summarizes the possibilities:

Lemma 17 Denote the constant (in t) term in J(w) by E'w?. Here v =1 or
s. The possible values of E’, v, and the corresponding values of n are as follows:
=FE-Difé=v=nandr=s. Thenv=r=s.
1)E' =E—D ifd n and Th
(2)E'=F andv=sifv=nbutd>n, orifv=0=nand s <r.
(3)E'==-D andv=rifd=nbutv>n, orifv=0=mnandr <s.
(4) E' =0 if both § > n and v > 1. Then v is irrelevant.

Proof. Examination of (40).
The following two lemmas concerning E’ term will be used at the end of the
proof, but this is logical place to prove them.

Lemma 18 6 > ry and v > s7.

Proof. Since the leading term FEt"w® arose from a term analytic in z and t,
when we set w = zt~7 the resulting exponent of ¢, namely v — sy, must be
nonnegative. It has to be strictly positive since it is an imaginary term and
there is no imaginary term when ¢ = 0. Similarly, Dt%w" arose from some term
analytic in z and ¢, hence § — rv > 0.
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Lemma 19 [t is impossible that E' # 0 and n = v7y.

Proof. Since E' # 0, we are in one of the first three cases of Lemma 17.
Suppose it is the first case or the third case: then n =9 and v = r. By Lemma
18 we have § > ry = vy. Since § = n we have n > vy, contradiction, since by
hypothesis n = vy. Hence the first and third cases of Lemma 17 are impossible.
Therefore the second case holds. Then 7 = v and v = s. By Lemma 18 we
have v > sy = vy. Since v = n we have n > v7, contradicting n = vy. That
completes the proof of the lemma.

Multiply (40) by 1 = ¢t"¢~"7. Combine the t~"" with the difference of sums
in (40) and write it as H(w) + O(t). The left side, Re(iB/A), can be written as
—Im(B/A). Then we have

“mB/a) = (2 () +000)
—Im(B/A) = kv (%) J(w)+0(tk'y+”+l)

Since B/A = t*7B/A, we also have
—Im(B/A) = t"J(w)B/A (41)

The asymptotic behavior of J(w) at infinity is controlled by the term F’w?.
If £ = 0, for instance, J(w) goes to zero at infinity, since it is a sum of re-
ciprocals of linear functions. More generally, J(w) has the asymptotic behavior
E'w”. Hence, we have

Lemma 20 %J(w) has the following asymptotic behavior for large w: w*=! if
E' =0, or w** if E' is not zero.

Proof. Follows from the asymptotic form of J(w) given above, since B/A has
the asymptotic form w*.

Finally we compute the inner product of the unit normal to the surface
u(t,-) at a real value of z with the boundary curve at that same point, given by

I"(7(z)), since u(z) = I'(7(z)) on the boundary.

0 = (I(7(2)), N(2))

1 —2t*Im(B/A)
= Ct(m+1)ey ([ A%dw)? + O@t@m+Datyy | . | 2tFYRe(B/A)
CQt(2m+1)p’y(f A2dw)P + O(tEm+1p+1)7) -1
= —2t"Im(B/A)

+ 20t (CmADaHRTR(B/A)( / AZdw)? 4 O(tEmH k4D

_ CQt(2m+1)m(/ A2dw)? 4+ O EmpD)
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Applying the result (41) obtained above for —Im(B/A) to the first term, we
have

0 = —2t"*"(B/A)J(w)
+ 20t Re(B/A)( / A2dw)? + Ot atktl)y)

_ CQt(2m+1)m(/ A2dw)p+0(t((2m+l)p+l)'y)

The first term must cancel with one of the other terms, or be absorbed in
the error terms. There are several possibilities, which we consider case by case.
Case 1, All three terms shown explicitly have the same leading power of ¢.
Then we have
2m+1)g+k=(2m+ 1)p.

That is, k = (2m + 1)(p — q¢). Then k/(2m + 1)+ q =p, son = (2m + 1)¢7.
Now look at the leading term in w, which is w®” VP in the third term, and
wkTEm+1a ip the second term, and in the first term is either w*~! if B/ = 0
or wktv if B’ # 0. If it is w*~! then we have k — 1 = k + (2m + 1)g, which
is impossible. Hence it is w**¥ and we have k +v = k + (2m + 1)q, whence
v = (2m+ 1)q, and in view of n = (2m + 1)g, we have n = v, contradicting
Lemma 19.

Case 2, the second and third terms have the same leading power of ¢, but the
first term has a higher power. Then the second and third terms must cancel.
Then again we have

2m+1)g+k=2m+ 1)p. (42)

Hence k = (2m + 1)(p — q). Looking at the coefficients as functions of w and
noting that B and A are real on the real axis, we have for real w,

02 w ) p—q B
2 A2d -
20, ( /0 w) A

Since both sides are meromorphic, this equation is valid in the upper half-plane.
By Lemma 14, H must be constant. But this case has already been ruled out
in Lemma 16. That completes the proof in Case 2.

Case 3, the first term cancels with the second term. Then

k4+n/vy=02m+1)g+k

so = (2m + 1)g7y. There is nothing wrong with this, but then also the coeffi-
cients of these terms must cancel:

(B/A)J(w) = Re(B/A)(/ A%dw)!
Then since B and A are real on the real axis, we have

Tw) = ([ A%yt
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If E' =0, we have an immediate contradiction, since the left hand side tends to
zero at infinity, but the right hand side is asymptotic to w2+,

We may therefore assume E’ is not zero. Then J(w) is asymptotic to w?, so
if this is to equal w?™+14, we must have v = (2m+1)q. Since n = (2m+1)q7,
we have 1 = vy. But this is impossible, by Lemma 19. That completes Case 3.

Case 4, the first term cancels with the third term. Then k+n/vy = (2m+1)p.
Otherwise put, we have n = ((2m + 1)p — k). Again, there is nothing wrong
with this equation, but the coefficients must also cancel as functions of w. We
obtain

—(B/A)J(w) = ( / A2dw)?

k+v on the

(2m+1)p )

Considering the asymptotic behavior for large w: If E’ # 0, we have w
left (by Lemma 20) while on the right the function is asymptotic to w
Therefore k + v = (2m + 1)p, whence v = (2m + 1)p — k. Hence n = vy. It
follows from Lemma 19 that £/ = 0. In that case, the asymptotic behavior on
the left is w*~!, by Lemma 20. But by Theorem 1, we have k < (2m + 1)p,
so the two sides of the equation have different asymptotic behavior, and hence
cannot be equal. !

Case 5, the first term is absorbed into one of the error terms. Then, however,
the second or the third term would have the lowest power of ¢, and since they
do not cancel (that was Case 1), either the second or third term would be the
leading term, and since the coeflicient is not zero, that is contradictory.

But the first term must either cancel one or both of the other terms or be
absorbed in an error term, and since we have ruled out all the possibilities, we
have reached a contradiction. QED.
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