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Introduction

In this paper we investigate the interplay between spin structures on a Riemann surface M and immer-
sions of M into three-space. Here, a spin structure is a complex line bundle S over M such that S ® S is
the holomorphic (co)tangent bundle T'(M) of M. Thus we may view a section of a S as a “square root”
of a holomorphic 1-form on M. Using this notion of spin structure, in the first part of this paper we
develop the notion of the spinor representation of a surface in space, based on an observation of Dennis
Sullivan [27]. The classical Weierstrass representation is

(9:m) — Re / (1— % i(1+ g%). 20,

where g and 7 are respectively a meromorphic function and one-form on the underlying compact Riemann
surface. The spinor representation (Theorem 5) is

(s1,82) — Re /(s? — 52,i(s% + 53),25152),

where s; and sy are meromorphic sections of a spin structure S. Either representation gives a (weakly)
conformal harmonic map M — R?, which therefore parametrizes a (branched) minimal surface.

One feature of the spinor representation is that fundamental topological information, such as the
regular homotopy class of the immersion, can be read off directly from the analytic data (Theorem
6). In fact, for the special case where the Riemann surface M is hyperelliptic, we are able to give an
explicit calculation of the Arf invariant for the immersion (Theorem 8). We also consider in Part I the
spinor representation for nonorientable minimal surfaces in terms of a lifting to the orientation double
cover (Theorem 11). This is sufficient for constructing examples later in the paper, but is less satisfying
theoretically. In a future paper, we plan to consider the general case from the perspective of “pin”
structures, and also give a more direct differential geometric treatment of the Arf invariant.

The second part of this paper focuses on general properties of minimal surfaces with embedded
planar ends from the viewpoint of the spinor representation. It is well-known (see [2], [13], [14]) that such
surfaces conformally compactify to give extrema for the squared mean curvature integral W = [ H?>dA
popularized by Willmore. Conversely, for genus zero, all W-critical surfaces arise this way [2].

Using the spinor representation to study these special minimal surfaces has the computational
advantage of converting certain quadratic conditions to linear ones. This is carried out in Part II, where
we refine the tools we need. In fact, associated to a spin structure S on a closed orientable Riemann
surface M is a vector space K of sections of S such that pairs of independent sections (s1, s2) from K form
the spinor representations of all the minimal immersions of M with embedded planar ends (Theorem



13). Thus the problem of finding all these immersions is reduced to an algebraic problem (Theorem 15).
In order to better understand IC, a skew-symmetric bilinear form  is defined from whose kernel K is
computable (Theorem 17).

The third and (final part) of this paper is devoted to the construction of examples and to classifi-
cation results. Specifically, for a given finite topological type of surface, we want to explore the moduli
space M of immersed minimal surfaces of this type with embedded planar ends: the dimension and
topology of M, convergence to degenerate cases (that is, the natural closure of M), and examples in M
with special symmetry. The tools mentioned above permit the broad outline of a solution, but require
ingenuity to apply in particular cases. For example, the form 2 allows the moduli space to be expressed
as a determinantal variety which determines how the location of the ends can vary along the Riemann
surface M. However, this determinantal variety is only computable when the number of ends is small.
Furthermore, the basic tools, being algebraic geometrical, ignore the real analytic problems of removing
periods and branch points. The latter require much subtler and often ad hoc methods.

Previously known results concerning genus zero minimal surfaces with embedded planar ends in-
clude the following:

e examples have been found for 4, 6, and every n > 8 ends [2], [14], [23];
e there are no immersed examples with 3, 5, and 7 ends [3];
e the moduli spaces for immersed spheres with 4 and 6 ends, and projective planes with 3 ends have

been determined [3].

In Part IIT our new theorems include the following:
e a new proof of the non-existence of examples with 3, 5 and 7 ends is given using the skew-symmetric

form Q (Theorem 18);

e the moduli space for 2p ends (2 < p < 7) is shown to be 4(p — 1)-dimensional (Theorem 21);
e the point which compactifies the moduli space of projective planes with 3 ends is proved to be a

Mbobius strip, and all symmetries of these surfaces are found (Theorem 25).

A recent result concerning genus one is the construction in [5] of examples with four embedded
planar ends, assuming a rectangular lattice. We give further results:

o there are no three-ended tori (Theorem 26);
e there is a real two-dimensional family of four-ended immersed examples on each conformal type of

torus (Theorem 27);

e there exists an immersed Klein bottle with four ends (Theorem 29).

For higher genus, the general methods we have developed here also yield (branched) minimal
immersions with embedded planar ends, but it becomes more and more difficult to determine precisely
when branch points are absent or periods vanish: we again postpone this case to a future paper.

Most of the theorems presented here were worked out while we visited the Institute for Advanced
Study during the 1992 Fall term, and were first recorded in [26]. It is a pleasure to thank the School
of Mathematics at the Institute for its hospitality, as well as Sasha Bobenko, Peter Norman and Dennis
Sullivan for their comments and interest. In particular, we should mention that Bobenko has recently
announced some related results for constant mean curvature surfaces (Surfaces in terms of 2 by 2 matri-
ces: Old and new integrable cases, in: A. Fordy and J. Wood, Harmonic Maps and Integrable Systems:
Vieweg, 1994).

Part 1
Spinors, Regular Homotopy Classes and the Arf Invariant

1 The spinor representation

The notion of a spin structure is developed and used to describe the spinor representation of a surface in
space. Section 3 defines a “quadratic form” which can be used to completely classify the spin structures
on a manifold, and section 4 computes coordinates for the unique spin structure on the Riemann sphere.
In the next two sections, the spinor representation of a surface is explained and related to the regular
homotopy class of the surface. Section 7 shows equivalent characterizations of spin structures, the
most useful of which will be that of representing spin structures by holomorphic differentials. These
differentials are computed on hyperelliptic Riemann surfaces. Section 9 takes up the question of group
action on spinors, and computes the group which performs Euclidean similarity transformations. Two



surfaces which are transforms of each other under the action of this group are considered to be the same.
The final two sections discuss briefly the technicalities of periods and nonorientable surfaces.

2 Spin structures and spin manifolds

A spin structure on an n-dimensional (spin) manifold M is a certain two-sheeted covering map of the
SO(n)-frame-bundle on M to a Spin(n)-bundle (see [20], [17]). When n = 2, this notion of spin structure
may easily be reduced to the following definition in terms of complex line bundles.

DEFINITION 1. A spin structure on a Riemann surface M is a complex line bundle S over M together
with a smooth surjective fiber-preserving map p : S — T(M) to the holomorphic (co)tangent bundle
T(M) satisfying

(2.1) i) = A2u(s)

for any section s of S.

The figure below depicts a spin structure S on M as quadratic map of line bundles:

T (M)

M

Figure 1: Spin structure

Two spin structures (S, u) and (S’, 1) on a Riemann surface M are isomorphic if there is a vector
bundle isomorphism § : S — S’ for which p = p’d. Hence two spin structures may be isomorphic
as vector bundles and yet not be isomorphic as spin structures. The number of nonisomorphic spin
structures on a Riemann surface M is equal to the cardinality of H'(M, 2). (This count remains true
for spin manifolds in general: see [20].) In particular, if M is a closed Riemann surface of genus g, there
are 229 = #H' (M, 3) such structures on M.

On an annulus A = {r; < z < ra} there are exactly two nonisomorphic spin structures, which can
be given explicitly as follows. The tangent bundle T (A) may be identified with A x. by means of the
global trivialization

a—| — (pa).

0z

P
Let So =51 = A x. and define maps py : Sy, — T(A) for k = 0,1 by

Then (Sk, k) are spin structures on A since py satisfies the condition (2.1). Though Sy and S; are
isomorphic vector bundles over A, they are nonisomorphic spin structures. For if Sy and S; were
isomorphic spin structures with bundle isomorphism ¢ : So — S7 satisfying o = @14, then § would be
of the form (z,w) — (z, f(z,w)). Then w? = zf2, implying that z has a consistent square root on .
which is impossible.

)

3 The quadratic form associated to a spin structure

In this section, the Riemann surface M, its holomorphic (co)tangent bundle, and the spin structure are
replaced with the corresponding real manifold and real vector bundles. In particular, all vector fields in
this section are real vector fields.

To each spin structure S on the Riemann surface M we associate a  9-valued quadratic form

qg: Hi(M, 2)—. 2.



To say that ¢ is quadratic means that for all a1, as € Hyi(M,. 2) we have
q(er + c2) = q(c1) + q(e2) + 1 - ca.

where ¢1 - ¢o denotes the mod 2 intersection number of ¢; with cs.

To define g(c), let a : S* — M be a smooth embedded representative of ¢ (the existence of such
an « follows from results in [19]). Let v be a smooth vector field along « which lifts to a section of the
spin structure along «, and let w(a,v) denote the total turning number, mod 2, of the derivative vector
o/ against v along a. Define ¢(c) = w,(c) + 1.

To show that ¢ is quadratic, the following technical lemma is stated without proof. (A Jordan trail
is a closed tracing along a curve which tracing does not cross itself. The existence of the Jordan trail is
assured in [12].)

LEMMA 2.
(i) Let a: S* — M be an immersion, and let a be the number of self-crossing points of o. Let v be
a smooth non-zero vector field along a(S') on M. Let 3 be a Jordan trail for . Then

w, (B) = wy (@) + a.

(ii) Let ay and ag : St — M be immersions, with a common base point oy (t) = as(t). Let oy * a :
S1 — M denote the closed curve consisting of o followed by ay. Let v be a smooth non-zero
vector field along a1 (S*) U aa(SY). Then

Wy (a1 * ag) = wy(ag) + wy(az).

LEMMA 3. Ifa:S' — M is an embedded curve on a spin surface M with spin structure S, and v,
vo are smooth nonzero vector fields along «, then the following are equivalent:

(i) w(a,v1) = w(a,v2)

(i) v1 and vy alike lift or do not lift along o to smooth sections of S.

Proof. We may assume M is an annulus containing o(S?) as the unit circle, with spin structure Sy,
(k=0 or 1) as in section 2. Any vector field S —  is of the form t — tP[f(t)]?, where f is smooth

and
|k if v lifts,
p 1 -k if v does not lift.

Then, with we,(h1, ha) defined as the mod 2 winding number of hy against hy (or equivalently, of ho/hy)
along «a,

wa (v1,v2) = wa (P[fL(1)]%, 1] f2()]*) = wa(t”,17) = p + ¢ (mod 2)
| 0 if vy, vy alike lift or do not lift,
1 otherwise.
But we (v1,v2) = w(a,v1) + w(a, va), and the result follows. O

THEOREM 4. The form q: Hi(M, o) — o defined above is well-defined, that is, independent of the
choice of the vector field v and the choice of embedded representative . Moreover, q satisfies

q(er +c2) = q(c1) +q(ca) + 1 - ca.

Proof. Let ag, aj : S1 — M be embedded representatives of ¢ € Hy(M, 3). Let vy, v; be smooth

nonzero vector fields which lift along aq, a; respectively to sections of the spin structure S. Let oy
(t € [0,1]) be a homotopy of oy and a;3. Extend vy to a smooth nonzero vector field in an annulus
containing the image of .

Then w(ay,v) is a continuous function of ¢, and an integer, hence it is constant. In particular,

w(ag, vg) = w(ag,v).



But v = vy lifts along ag to a smooth section of S. So v must also lift along «;. But since vy also lifts
along aq,
w(ag,v) = w(ag,vy).

Thus
w(amvo) = w(al,v1)7

showing that ¢ is well-defined.
Now, to show ¢ is quadratic, let a1, as be embedded representatives of ¢1, co € Hi (M, »), and let

a = # of self-crossing points of a; * as = a1 - @z — 1 (mod 2).
Let 8 be a Jordan trail for a1 * arg. Then
w(B,v) = w(ag * @z, v) +a = w(ag,v) + wlag,v) +ag -as+1

by Lemma 2(i). Hence

w(B,v) + 1= (wla,v) +1) + (w(az,v) + 1) + a1 - az
q(c1) +qlez) +¢1 - ca.

q(c1 + c2)

O

A well-known result (see, for example, [24]) is that the equivalence class of the quadratic form
q: Hi (M, 2)— . o under linear changes of bases of Hi(M, 3) is determined by its Arf invariant

q(a)

1
JEO Do (=1,

acH

(3.2) Arfqg =

where H = H{(M, ). The quadraticity of ¢ insures that this invariant has values in {41, —1}. For a
compact surface of genus g, there are 22971 4 29~1 spin structures for which the Arf invariant of the
corresponding quadratic form is +1, and 229~ — 29~ spin structures for which it is —1 (see section 8).

4 The spin structure on the Riemann sphere

The following description of the unique spin structure on S2, as well as the spinor representation of a
surface in the next section, are adapted from [27]. Identify

S2

1%

[Q) = {[z1, 22, 23) € CP? | 27 + 25 + 25 = 0},

where @ the null quadric
Q ={(z1,22,23) € ’ | 23 + 25 4 23 = 0}.

Then T'(S?) may be identified with the restriction to [Q] of the tautological line bundle
Taut(CP?) = {(A,z) € CP? x_ ’ | z € A}

(here, C'P? is thought of as the lines in . 3), SO

(4.3) T(S?) = Taut(C’PQ)\[Q] ={(A,z) €[Q] xQ |z =0or w(x) € A},

where 7 : Q — [Q] is the canonical projection. Given this, the unique spin structure Spin(S?) on S?
may then be identified with the tautological line bundle

(4.4) Spin(S?) = Taut(CP') = {(A,z) € CP* x_ ? | z € A},
with the associated mapping p given by

1([z1, 22, (51, 52)) = ([o(21, 22)], 0 (51, 52)),
where o0 2 — Q is the map defined by

(4.5) o(z1,22) = (zf - z%,z(zf + zg),Qzlzg).



As may be checked, the map p satisfies the conditions of Definition 1.
When T'(5?%) and Spin(S?) are restricted respectively to their nonzero vectors and nonzero spin-
vectors, they have single coordinate charts

{nonzero vectors in T(5?)} — Q\ {0}
{nonzero spin-vectors in Spin(5?)} — 2 \ {0}

defined by taking the second component in each of (4.3) and (4.4) respectively. In this case, u may be
thought of as the two-to-one covering map o : \ {0} — @\ {0}.

5 The spinor representation of a surface

To describe the spinor representation, let M be a Riemann surface with a local complex coordinate z,
and X : M — R3 a conformal (but not necessarily minimal) immersion of M into space. Since X is
conformal, its z-derivative 9X = w can be viewed as a null vector in . 3, or via (4.3), as a map into the
(co)tangent bundle T'(5?); so with the (not necessarily meromorphic) Gauss map g associated to X, we
get the bundle map (w, g) as in Figure 2.

T(M) = T(S?)
\ g
M — 52

Figure 2: Immersion into space

The Weierstrass representation is determined by (g, ) where 7 is the (not necessarily meromorphic)
differential form defined by

w=(1-g%i(1+g°),29)n.

Conversely, given a bundle map (w, g) of T(M) into T(S?), if w satisfies the integrability condition
Re dw = 0, then

X =Re /w:M—>R3

is a (possibly periodic) immersion with Gauss map g.
The spinor representation of the immersion, shown in Figure 3, is obtained by lifting w to the spin
structures on M and S2.

THEOREM 5. Let M be a connected surface, and (w,g) a bundle map of T(M) into T(S?). Then
(i) there is a unique spin structure S on M such that w lifts to a bundle map & : S — Spin(S?);
(i) there are exactly two such lifts &, and these differ only by sign.

s v Spin(S?)
u o
w
(M) T(5%)
M 52

Figure 3: Spinor representation of a surface



Proof of (i): Considering Spin(S?) asa o-bundle on T'(S?) when restricted to nonzero spin-vectors
and vectors respectively, let S be the (unique) pullback bundle of Spin(S?) under w, and p, & as shown.
Extend S, @, and p to include the zero spin-vectors.

Proof of (ii): If + : Spin(S?) — Spin(S?) is the order-two deck transformation for the cover
Spin(S?) — T(S?), then ¢ o & is another map which in place of & makes the diagram commute.
Conversely, if n : S — Spin(S?) is such a map, then for = € S, n(z) is ©(z) or ¢ o @(x) and continuity
implies that n = @ or (w. O

The spinor representation is determined by the pair of sections @ = (s1, s2) of S related to w by
the equation

w= (57 — 53,i(s? + 52),25182).

Thus the Weierstrass representation and the spinor representation are related by the equations
n=s" and g=sy/s1.

The case of a nonorientable M is dealt with in section 11 by the taking of the spin structure on
the oriented two-sheeted cover of M.

6 Regular homotopy classes and spin structures

Let X1, X5 : M — R? be two immersions of a surface into space. Recall the distinction between regular
homotopy equivalence of the immersions X1, X5, and regular homotopy equivalence of the corresponding
immersed surfaces — these immersed surfaces are regularly homotopic if there is a diffeomorphism ¢ of
M such that X5 is regularly homotopic to X7 o ¢ — so this latter equivalence relation is coarser.

THEOREM 6. Let X1,Xs : M — R? be two immersions of a surface into space, let Sy, Sy the spin
structures induced as in Theorem 5, and let q1, g2 be the associated quadratic forms as in Theorem 4.
Then

(i) X1 and X5 are regularly homotopic if and only if (1 = g2(mod2).

(i) The surfaces X1(M) and Xo(M) are reqularly homotopic if and only if Arfqr = Arfgs.

Sketch of proof. Define §(«) as the linking number (mod 2) of the boundary curves of the image of a
tubular neighborhood of o in R3. Then

the Darboux frame along « is non-
trivial as an element of 71 (SO(3))

q(a) =0 — ((a)=0.
Hence ¢ = ¢(mod2). But X;, X, are regularly homotopic if and only if ¢ = §¢a(mod2), and the

corresponding immersed surfaces are regularly homotopic if and only if Arfg; = Arfg, (see [24]). o

7 Theta characteristics and spin structures

Theorem 7 ties the notion of spin structure with other concepts from algebraic geometry. Recall that a
theta characteristic on a Riemann surface is a divisor D such that 2D is the canonical divisor.

THEOREM 7. Given a Riemann surface M, there are natural bijections between the following sets of
objects:
(i) the spin structures on M ;
(ii) the complex line bundles S on M satisfying S ® S = T(M);
(iii) the theta characteristics on M ;
(iv) the classes of non-identically-zero meromorphic differentials on M whose zeros and poles have even
orders, under the equivalence

©1/p2 = h? for some meromorphic

~ =
w12 function h on M.



Proof. (i) <= (i1): Given a line bundle S on M satisfying S ® S = T'(M), S is a spin structure with
mapping i : S — S ® S defined by u(s) = s ® s. Conversely, given a spin structure S on M, the map
p(s) — s ® s is well-defined and a vector-bundle isomorphism, so 7'(M) is isomorphic to S ® S.

(i) <= (#i): Via the natural correspondence between the line bundles on M with the divisor
classes, this set of line bundles is bijective with with the theta characteristics.

(i1i) <= (iv): Again, there is a natural bijection between the meromorphic differentials with zeros
and poles of even orders and the theta characteristics. Given such a differential ¢, the corresponding
theta characteristic is %(gp) Moreover, two such differentials correspond to theta characteristics in the
same linear equivalence class if and only if their ratio is the square of a meromorphic function on M.
For

pr/pa=h" = 3(e1) = 5(p2) = (B).
0O

The spin structures on a compact Riemann surface are also bijective with the various translates

U[4] of the theta functions on the surface (see [21] for the definition of 9[;°]).

8 Spin structures on hyperelliptic Riemann surfaces

In the special case of a hyperelliptic Riemann surface, the spin structures and their corresponding
quadratic forms are computed explicitly.

THEOREM 8. Let
M = {[33179327903] ecCp? ’ ey =TI (o — aﬂs)}

be a hyperelliptic Riemann surface of genus g, where A ={a1,...,a29+1} C. is a set of 29+ 1 distinct
points. Let z = x1/x3 and w = xo/x3. For each subset B C A, define

fe(z) = H(z —b) and np = fp(z)dz/w.

beB

Then
(i) Any differential ng represents a spin structure in the sense of Theorem 7.
(ii) The set of 229 meromorphic differentials

{ns | BCA#B<g}

represent the 229 distinct spin structures on M.

(its) With q the quadratic form corresponding to ng, let v be a curve in M whose projection to the
z-plane is a Jordan curve which avoids co and A, and let C C A be the set of branch points which
lie in the region enclosed by v (so #C is even). Then

g(IM) = #(BNC) + 3#C (mod2).
(iv) With ng and q as in (i),

Arfq = +1 if 29—2#B+1==+1(mod8),
TE= —1 if 29— 2#B+1 =43 (mod8).

Proof of (i). Let P, = P,, = [a;,0,1] and Ps = [0,1,0] be the branch points of the two-sheeted cover
z: M — CP'. Then the divisor of 7p is

2((9—#3—1)P00+ZPZ,>.

beB

Since this divisor is even, the differential represents a spin structure by Theorem 7.
Proof of (ii). Note that there are (*/") differentials in the (r + 1)** row, totaling >-7_; (*97) =
229, All but those in the last row are holomorphic.



In order to prove that these differentials represent distinct spin structures, we first compute the
relations on the divisors of the form > k; P; + koo Ps. Two such divisors are equivalent if and only if
there is a meromorphic function M whose divisor is their difference. Since the functions w and z — a;
have respective divisors

( <w§ = Pit-+ Py — (294 1) P,
z—a;) = 2P, —2P,,

we have the independent relations

Pr+ -+ Pagia
2P,

2P, (i=1,...,29+1).

To show that there are no other relations independent of these, let > k; P; + koo Poo = 0 be a relation.
Then > k; = ko, and by the relations above, we may assume each k; is 0 or 1. Hence the general
relation may be assumed to be of the form D — dP,, = 0, where D is a sum of distinct P; € A, and
d = #D. Let h be a function with divisor D — dP,. Since the only pole of h is at P, h is a polynomial
in z and w, so there are polynomial functions f; and fs of z such that

h(z,w) = f1(z) + wfa(z).

Then
2g+1>d=—ordp_h=—ordp_ (f1i +wfz) > —ordp_ wfo=deg fo+2g+1.

Thus d =29 + 1, and D = Py + - -- + P41, 50 no new relation can exist.

We want to show that np, and 7p, represent identical spin structures if and only if By = By or
B; = B),, where the prime notation C’ designates the complement A\ C' in A. If B; = By, then this is
clear; if By = Bj, then np, /np, = (f2/w)? is a square of a meromorphic function on M, and so 1z, and
1B, represent the same spin structure by Theorem 7.

Conversely, suppose that np, and np, represent the same spin structure. Then by Theorem 7,
nB,/nB, = h? for some meromorpic function h on M. But

2(h) = (h*) = (nB,/nB,) = 2((d2 — d1) Px + D2 — Dy),

where Dl = ZbEBl Pb, D2 = ZbEBQ Pb, dl = #Bl, and d2 = #BQ So (dg - dl)Poo + Dg — D1 = 0.
By the relations (8), this divisor is equivalent to Zb631032 P, — #(B; o By) Py, where B; o By is the
symmetric difference (By U Bs) \ (B N Bz). Since the relations (8) generate all such relations, it follows
that Bj o By is either §) or A, that is that By = B or By = Bj.

Proof of (iii). It follows from the definition of g that ¢([y]) is the degree (mod 2) of the map f(z)/w
thought of as a map from the curve v on M to. \ {0}. Let h = (f/w)?. Then

degh = Z ord, h + Z ord, h,
h(p)=0 h(p)=oc
the sums being restricted to points within . This computes to

degh = #(BNC) — #(BUC) = 2#(BNC) - 1#0),

which shows that
a([7]) = #(BNCO) + 1#C (mod 2).

Proof of (iv). In order to compute Arfgq, we first compute > g(«), where a ranges over Hy (M, 3).
Correspondingly, the set of points branch points C' in the region enclosed by « range over the subsets of
A of even cardinality. Hence " g(«) is the number of such subsets for which ¢(«) = 1, that is, for which

#(BNC)—#(B'NC) =2 (mod4).
The set of such subsets is

{RUS|RC B,SCB'#R—#S =2 (mod4)}.

10



The cardinality of this set is
b b
Sa= X (5)(7).
i—j=2 ¢ J
where b= #B, b/ = #B’, and the sum is over i and j with i — j = 2 (mod 4).
To compute this sum, define
c
sek) = (%)

Then -
Sa-5() 5, ()5 () s

i j=i+2
3

3
b , B /
:];En: <4n+p) £V p+2) = Eb.p)E,p+2).

p=0

Using a fact about Pascal’s triangle
&la, k) = 9(a—2)/2 (2(a72)/2 + cos %(a _ Qk)) ’

we have

3

Zq(a) _ 2(2g73)/2 Z (2((172)/2 + cos %((L o 2]))) (2((1/,2)/2 + cos %(a/ o 2]3))
p=0

3
1
=291 <29 ~ 7 Zcos T(a—2p)cos 7 (a" — 2p)>
p=0

=92971 (29 —V2cos T(29 — 2a + 1))

[ 297429 —1) if 2g—2a+1==+1 (mod8g),
Sl 27M(20+ 1) i 29— 2a+1 =3 (mod8).

Since (—1)! =1—2tfort =0or 1,

Arfg = 2% Z(—l)qm) = 2%(229 — 22 q(a))

is +1 or —1 according as 29 — 2a + 1 is +1 or +3 (mod 8). a

As an example, we compute the values of ¢ for the four spin structures on a Riemann torus 7.
Let = /{2w1,2ws} = Jac (T) be the Jacobian for T, and let e; = p(w;), wa = wy + ws. Then ¢(u) =
(p(u), ¢’ (u)) maps the Jacobian to the Riemann surface M defined by w? = 4(z — e1)(z — e2)(z — e3).
The differentials as in (ii) of the above theorem pull back to

du = ¢*(dz/w),
(p(u) —e)du = ¢*((z — ei)dz/w).

With «; the generator of Hy (T, 2) defined by
a; 1 [0,1] — Jac(T), o(t) = 2tw;,

the values of ¢ and Arfq are tabulated.

An immersion corresponding to ¢ for which Arfq = +1 is regularly homotopic to the torus stan-
dardly embedded in R3. The value Arfq = —1 corresponds to the twisted torus, which can be realized
as the “diagonal” double covering of the standardly embedded torus as shown.
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Table 1: Values of ¢ and Arfq for spin structures on tori

n ” q7(0) | qy(a1) | n(a2) | qn(a3) || Arfgy

du 0 1 1 1 -1
(p(u) —e1)du 0 1 0 0 +1
(p(u) — ez)du 0 0 1 0 +1
(p(u) —e3)du 0 0 0 1 +1

standard torus

Figure 4: The twisted torus

9 Group action on spinors
The largest linear group acting on @ is the “linear conformal group”
" x80(3, ).

The orbit of an immersion into @ under this action is an 8-real-dimensional family of immersions (which
action, however, will not respect the vanishing of periods — see section 10). The subgroup

RT x SO(3, R)
is the group of similarity transformations of Euclidean 3-space. Hence the homogeneous space
(9.6) ( "x8S0(3,. ))/(R" xSO(3,R)) = S" x (SO(3,. )/SO(3,R)).

is the 4-real-dimensional parameter space of non-similar surfaces in the above orbit.

The S* factor gives rise to the well-known “associate family” of minimal surfaces, which are locally
isometric and share a common Gauss map. The other factor has a simple (though apparantly less known)
geometric interpretation as well. The Gauss map is the ratio of two spinors, so SO(3,. ) = PSL(2,. )
acts on the Gauss map via post-composition with a fractional linear transformation of S?; indeed, the
quotient by SO(3, R) =2 PSU(2) leaves the hyperbolic three-space H3, so the second factor can be thought
of as the non-rigid Mobius deformations of the Gauss map.

The above observations are justified by the following well-known fact (see, for example, [8], [25]).

THEOREM 9. There is a unique two-fold covering homomorphism
T:GL?2, )— "x80@3, )

such that for any A € GL(2,. ),
(9.7) T(A)o =dA,

where o 1 © —— Q is as in equation (4.5), and A and T(A) act by left multiplication on C? and Q

respectively. Moreover, T is a two-fold covering homomorphism when restricted to the following groups:

T:GL2, )— “x80@3, ),
T:SL(2, )— SO, ),

T : R* x SU(2) — Rt x SO(3, R),
T : SU(2) — SO(3,R).

12



Proof. We define T' and omit many of the calculations. . ~ may be identified with the set I of traceless
2 x 2 complex matrices via

T3 —x1 + 122
(.’El,$2,l'3) - = X7
—T1 — 1T2 —XI3

with the subset R3 C . ° identified with I'p = {Xel'| X = Yt} The inner product on . ° becomes
(X,Y) =37 2y = 1trXY,

and 1
(X, X) = 3 trX? = —det X,

so @ C. % is identified with
g ={XeT| det X = 0}.

Similarly, . 2 may be identified with the set A of matrices of the form

r1 T1
T2 T2 '

The map o : . S @ becomes under these identifications o : A — T'g given by o(X) = XKX',

where K = < 0 -1

1 0 ), and X’ denotes the classical adjoint

a b\ [ d —b
c d)  \ —c a
satisfying XX’ = X'X = (det X)I and (XY) =Y'X".
Then in order to satisfy equation (9.7), T must be defined, for X € T, by

T(A)X = AXA'.

It follows that T'(A) is linear and maps T to itself, and that T : GL(2,. ) — GL(3,. ) is a homomor-
phism with kernel {£7}. That T maps into the four groups listed follows from the equation

(T(A)X, T(A)Y) = (det A)*(X,Y)

and the fact that T'(A)(I'g) =T'g for A € R* x SU(2). O

Lifting the group action on @ to an action on . 2 \ {0} via T, the homogeneous space in equation
(9.6) can also be written

(9.8) (GL(2,. ))/(R* x SU(2)) = S x (SL(2,. )/SU(2)) = S' x H?,

where H? is hyperbolic three-space.

10 Periods

Given an immersion X : M — R3, the period around a simple closed curve v C M is the vector in .

[ox.
y

If the real part of a period is not (0,0,0), the resulting surface is periodic and does not have finite total
curvature. It is a considerable problem to “kill the periods” — that is, choose parameters so that the
integrals around every simple closed curve in M generates purely imaginary period vectors. Non-zero
periods can arise along two kinds of simple closed curves:

e a simple closed curve around an end p € M,

e a non-trivial simple closed curve in Hy(M,. ).

13



For a simple closed curve v around an end p € M,
/ 0X = 2mires, 0X.
~

This integral is zero at embedded planar ends.
Using the spinor representation, the condition that a period along a closed curve v C M be pure
imaginary can be expressed by

/ (S? — s2,i(s7 + S%),28182) € R3,
vy

/sf _ /sg
vy ol
/8182 S iR.
y

These equations are preserved by the group R* x SU(2) of homotheties.

equivalent to

(10.9)

11 Spin structures and nonorientable surfaces

To deal with immersions of a nonorientable manifold M into space, we pass to the oriented two-fold
cover of M. The following rather technical results are required in Part III. Without proof we state:

LEMMA 10. Let

A: 8% — S? be the antipodal map,
A, 1 T(5%) — T(S?) the derivative of A,
A, : Spin(S2%) — Spin(S?) one of the lifts of A, to Spin(S?).

Then in the coordinates of section &5 we have

A = Cony,
A, = Conyj,
- 0 .
A, = j:( i O)OCon].

The lifts of the antipodal maps are shown in Figure 5.

EI>>

Spin(S?) Spin(S?)
g
A
T(S?) T(S5?)
A
S? s?

Figure 5: Lifts of the antipodal map

THEOREM 11. Let M be a nonorientable Riemann surface, and X : M — R3 a conformal minimal
immersion of M into space. _

_Letm: M — M be an oriented double cover of M, and X = X o7 the lift of X to this cover. Let
I: M — M the order-two deck transformation for the cover. With w = 90X, and in the notation of
Lemma 10, we have

14



(i) gI = Ag,
(ii) wl, = Asw,
(iii) &f, = +A,0.

Proof. Since X is the lift of X, we have that X = XI. Hence Re w = Re X = dX = d)?I* = Re wl,.
Since X is a conformal minimal immersion, w is holomorphic. Hence w and wl, are either equal or
conjugate. But I, is orientation reversing, so they are conjugate and wl, = @ = A,w, proving (ii).
From
glmy = gmi I, = mywl, = m3Aw = Amgw = Agmy

and the surjectivity of 71, (ii) follows. Similarly, from
ol = wnol, = wlmo = Aywry = Aol = 0 AL
(iii) follows. a

We remark that the proper treatment of nonorientable surfaces should really be via “pin” structures
(Pin(n) being the corresponding two-sheeted covering group of O(n)), and that in this case we should
have an analytic formula for the full . g Arf invariant of the associated 4-valued quadratic form on
HY(M,. »).

Part 11
Minimal Immersions with Embedded Planar Ends

12 Embedded planar ends

The first section of this part of our paper discusses the behavior of a minimal immersion at an embedded
planar end. Lemma 12 translates this geometric behavior to a necessary and sufficient algebraic condition
on the order and residue of the immersion at the end. Arising naturally from this algebraic condition
is a certain vector subspace K of holomorphic spin-vector fields (sections of a spin structure) which
generates all minimal surfaces with embedded planar ends (Theorem 15). More precisely, two sections
chosen from K form the spinor representation of a minimal surface, and conversely, any such surface
must arise this way. However, such a surface is usually periodic, and possibly a branched immersion. In
order to compute K explicitly, a skew-symmetric bilinear form € is next defined (Definition 16) whose
kernel is closely related to the space K. In Part I1I, this form is used to prove existence and non-existence
theorems for a variety of examples.

13 Algebraic characterization of embedded planar ends

The geometric condition that an end of a minimal immersion be embedded and planar can be translated
to algebraic conditions (see for example [4]). Let X : D\ {p} — R? be a conformal minimal immersion
of an open disk D punctured at p such that lim,_,|X(q)] = oco. The image under X of a small
neighborhood of p (and by association, p itself) is what we shall refer to as an end. The behavior of the
end is determined by the residues and the orders of the poles of X at p as follows.

Let 11, 12, 13 be defined by

0X = (Y1 — ¥o,i(P1 + 2), 2¢3).

The Gauss map for this immersion (see [22]) is

g = 3/11 = a2 /13.

First note that for X to be well-defined, we must have for a closed curve v C D\ {p},

0=Re /8X = Re (2mires, 0X),
8!
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and so res, 0X must be real. Assume this, and assume initially that the limiting normal to the end is
upward (that is g(p) = o0). In this case,

ordy, 13 < ordp,¥s < ord, 1,

so the first two coordinates of X (q) grow faster than does the third as ¢ — p.
It follows that ord, o cannot be —1, because if it were then

res, 0X = (—resp 1o, ires, 12, 0)

would not be real. Hence ord,s < —2. The image under X of a small closed curve around p is
a large curve which winds around the end |ord, ¢2| — 1 times. The end is embedded precisely when
ord, 1o = —2.

If an end is embedded, its behavior is determined by the vanishing or non-vanishing of the residues
of 0X. For an embedded end, —2 = ord, s < ord, s, so 13 has either a simple pole or no pole. If
13 has a simple pole (and hence also a residue), the end grows logarithmically relative to its horizontal
radius and is a catenoid end. If 13 has no pole, the end is asymptotic to a horizontal plane and is called
a planar end. Moreover, in this latter case, res, 1, must vanish (again, if it did not, res, X would not
be real), and so res, 90X = (0,0,0).

For an end in general position the same conclusions hold, because a real rotation affects neither
ord, 0X nor the reality or vanishing of res, 9X. In summary, we have

LEMMA 12. Let X : D\ {p} — R? be a conformal minimal immersion of a punctured disk. Then p is
an embedded planar end if and only if

ord, 0X = =2 and res, 0X =0,

where ord, 0X denotes the minimum order at p of the three coordinates of 0X.

14 Embedded planar ends and spinors

The conditions in the lemma above can be translated into conditions on the spinor representation of the
minimal immersion. This leads to the definition of a space K of spin-vector fields, pairs of which form
the spinor representation satisfying the required conditions.

Throughout the rest of Part II, the following notation is fixed:

M is a compact Riemann surface,
(14.10) S is a spin structure on M,
P =[p1]+ ...+ [ps] is a divisor of n distinct points.

The points p1,...,p, will eventually be the ends of a minimal immersion of M whose spinor represen-
tation will be a pair of sections of S.

Let H°(M,O(S)) and H°(M, M(S)) denote respectively the vector spaces of holomorphic and
meromorphic sections of S. Define

F = Fusp = {s€ HO(M,M(S)) | (s) > —P}
(14.11) H = Hus = H(M,0(9))
K = Kmsp = {s€F]| ord,s # 0 and res, s> =0 for all p € supp P}.

THEOREM 13. Let X : M — R? be a minimal immersion with spinor representation (s1,82). Then
p € M is an embedded planar end if and only if s1, so € K and at least one of s1, s2 has a pole at p.

Proof. By Lemma 12, p is an embedded planar end if and only if
ord, 0X = -2 and res, 90X =0.
The first of these equations is equivalent to the condition

s1, so € F, and at least one of s1, so has a pole at p.
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Given this, the conditions ord, s; # 0, ord, s2 # 0 in the definition of K follow because if one were 0,
the other would be —1, giving s;s2 a nonvanishing residue.
It remains only to show that for s;, sy € F,

2 _ 2 _ —
res,s] =0, resps5 =0 = res,s152 =0.

This is an application of the following lemma. o

LEMMA 14. Let S be a spin structure on a closed Riemann surface M, and let s1, s3 be meromorphic
sections of S with ordy sy > —1, ordy, sy > —1 for some p € M. Then

S2 2 s1 2 —
B 21 resy s+ | 2| resps5  if ordy s1 = ordy, sg,
2 res, 5152 = tlp 21p

if | ordy, s1 — ordy sa| > 2.

Proof. With z a complex coordinate near p satisfying z(p) = 0, let ¢ be a section of S satisfying p? = dz.
Also let

a—i
S1 = (7+a0—|—...)gp,

be the expansions of s; and s,. Then

res, s% = 2a_1ao,
resy sg = 2b_1by,

resy s152 = a_1b0 + aob_l.
In case ord, s; = ord, sg, then either a_; # 0, b_; # 0, so that

b_ _
521 res s2 4+ L [ s3 = —2(2a_ya0) + a—l(Qb_lbo)
S1 P S9o v a—q b1
P P - -
= 2(b_1a0 + a_lbo)

=2 resy 152,

or a_1 = b_1 =0, and the three residues vanish.
In case |ordy, s1 — ord, se| > 2, then a_1 = a9 = 0 or b_1 = by = 0, so again the three residues
vanish. So in each case the formula is verified. O

15 JF and K as vector spaces

The following theorem develops some of the properties of the spaces F and K. The most important of
these is that C is in fact a vector space. In this section we write K for the holomorphic cotangent bundle
(that is, the canonical line bundle) of M.

THEOREM 15. With M, P, and S as in equation (14.10), and F, H, and K as in equation (14.11), let
g = genus (M) and n = deg P. Then

(i) if n > g, then dim F = n;

(ii) K and H are subspaces of F;
(iii) if n > g, then KNH =0.
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Proof of (i): The dimension of F can be computed by means of the Riemann-Roch theorem (see, for
example, [10]) which states

dim H°(M, L) — dim H*(M,K ® L*) =deg L — g + 1

for an arbitrary line bundle L. Let R be the line bundle corresponding to the divisor P, and let L = S®R.
Then:
e HO(M, L) = F by the isomorphism s ® r — s, where r is a section of R with divisor P;
o H(M,K ® L*) =0, since deg(K ® L*) = g — 1 — n, which is negative by hypothesis;
e degL—g+1=mn;
from which it follows that
dim F = dim H°(M, L) = n.

Proof of (ii): H C F is a subspace by definition. To show that K C F is a subspace, let s € K and
p € P, let z be a conformal coordinate near p with z(p) = 0, and let ¢ be a section of S which satisfies
2
p® =dz. Let

a_1
s:(—+a0—|—...)g0
z

be the expansion of s. Then

so that
resp82:0 <~ a_-1=0o0ray=0

and
ord, s> #0 <= a_1#0oray=0.

Together, these two conditions are equivalent to the condition
ag = 0.

Thus

(15.12) sck the constant term in the expansion of s van-

ishes at each p € P.

K is a vector space because if s1, so satisfy condition (15.12), then so does any . -linear combination of
s1 and ss.

Proof of (#i): Let s € K N'H be a section which is not identically zero. Since s € K, we have that
ordy, s # 0 for all p € supp P — that is, at each such p, s has either a pole or a zero. But since s € H,
s cannot have a pole at p, and hence has a zero, so (s) > P. Conversely, if (s) > P, then s € KNH, so

KNH={seF|(s)> P}
Thus for s € K NH not identically zero,
n<degs=g-—1.

Hence if n > ¢, then XNH = 0. O

16 A bilinear form (2 which kills

In order to understand the vector space K more explicitly, a skew-symmetric bilinear form 2 is defined
whose kernel contains K. This form may then be used in many cases to compute K, and thereby moduli
spaces of minimal surfaces with embedded planar ends.

DEFINITION 16. With M, P, and S as in equation (14.10) define Q= Qy ps: F x F —. by

Q(slv 52) = Z f(pa S1, 82)3

peEP
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where )
s s
3 [2} TS sf if 22 does not have a pole at p,
S1 S1
g(p;slst) = P )
€S 5152 if — has a pole at p.
S1

The form €2 can be computed as follows: for p € P, let z be a conformal coordinate near p with z(p) = 0,

let 2 = dz, and let

be the expansions of s; and s,. Then

(16.13) &(p; s1,52) = b_1aq.

THEOREM 17. With H, K as in equation (14.11), ) satisfies the following:
(i) Qs a skew-symmetric bilinear form on F;
(i) kerQ D K + H;
(i17) if CNH =0, then ker Q = K @ H;
(i) if n = deg P > genus M, then kerQ = K & H.

Proof of (i): For a given s1, sg € F, let

Py = {zeros of so/s1} N P,
P, = {poles of s3/s1} N P,
P, =P\ (PyUP,),

so that Py, P, P, are disjoint and their union is P. Then

1
(16.14) Q(s1, 82) = 5 Z [5—2] res, s; + Z res, $152,
P

s
pepy 71 PE P
1 S1
2
Q(sz,sl):§ E . resy s5 + E resy $152.
pep, L721p pEP,

Adding the above two equations, and using the lemma in section 14 yields
Q(s1, 82) + Qs2,81) =2 Z res, $152,
peP

which vanishes by the residue theorem, since all poles of s1s9 are in P.

Proof of (ii): To show that that K C ker, let s; € K, so that res, s} = 0 and ord, s; # 0 for
all p € P. Let sy € F be arbitrary, so that ord, sy > —1. Referring to equation (16.14), the first sum
is zero because res, s7 = 0 at each p € P by hypothesis. To show that each term in the second sum is
zero, let p € Py, so that ord, si/ss > 1. Then

ord, s1 = ord, se + ord, s1/s2 > 0.
But ord, s; # 0, so ord, s; > 1. Then
ord, s152 = ord, 51 + ord, s2 > 0,

S0 res, s152 = 0.

To show that H C ker(), let s; € H, so that s? has no poles, and let sy € F be arbitrary. Then
the first sum in equation (16.14) is zero because s? has no poles. The second sum is zero by the residue
theorem — to show that all poles of s1s9 are in P,,, note that

ord, s159 = ord, s1 + ord, sp > —ord, s1 + ord, so = ord, sa/s1.
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So if 5152 has a pole at p, then so does s2/s1; this puts p € Py.
Proof of (iii): Q can be “factored” as the composition of two maps as follows: near each point
in supp P = {p1,...,pn}, choose a conformal coordinate z; with z;(p;) = 0. Let ¢ be a section of S

satisfying ¢? = dz, and let
b;
s = (——&—ai—k...)go
Zi

be the expansion of s at p;. Define maps A, B: F — " by

A(s) = (a1,...,an),

B(s) = (b, ., bn).
By the local computation of equation (16.13), @ = B*A = —A*B, or with a choice of basis for F,
Q= B'A = —A'B as matrices. (Note that while €2 is independent of the choice of coordinates, A and

B are not.) Moreover, we have
kerA=K and kerB ="H;

the first is by equation (15.12), and the second is immediate from the definition of H. (This incidentally
provides another proof of (ii).)
Now let A = Alyer g+4 and note that

ker A = (ker A Nker B*A) = ker A

and R
image A = A(ker B*A) = image A Nker B*.

Applying the rank-nullity theorem to X,

dim ker 2 = dim ker B* A
= dimker A + dim image A
= dimker A 4+ dim(image A Nker B*)
< dimker A + dim ker B.

So under the assumption that X NH =0,
dimker Q < dimker A + dimker B = dim K + dimH = dim I § H.

But ker Q O K & H, so ker Q = K & H, proving (iii).
Part (iv) follows directly from (iii) above and Theorem 15(iii). m

Part 111
Classification and Examples

17 Genus zero

In the first half of Part III, the skew-symmetric form €2 developed in Part II is used to investigate minimal
genus zero surfaces with embedded planar ends. The first two sections demonstrate the non-existence
of examples with 2, 3, 5, or 7 ends, and the dimension of the moduli space of examples with 4, 6, 8,
10, 12 and 14 ends is computed. The following three sections compute explicitly the moduli spaces for
the families with 4 and 6 ends, and in section 23, the moduli space of the three-ended projective planes
is investigated. The remaining sections (following the heading Genus one) of Part III are devoted to
constructing minimal tori and Klein bottles. All of these surfaces are found (or shown not to exist) by
the following general method: after computing 2 on a simple basis, its pfaffian, which is a function of the
ends, is set to zero. The resulting condition on the placement of the ends — that is, the determinantal
variety — together with further conditions arising from the demand that the immersion have no periods
and no branch points, forms a set of equations whose simultaneous solution (or impossibility of solution)
gives the desired result.
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15 EXistence and non-existence ol genus zero surraces

The non-existence of genus zero minimal unbranched immersions with 3, 5 or 7 embedded planar ends
was first proved in a case-by-case manner in [3]. The following is a new proof, using the ideas of Section
12.

THEOREM 18. There are no complete minimal branched or unbranched immersions of a punctured sphere
into space with finite total curvature and 2, 3, 5, or 7 embedded planar ends. There exist unbranched
examples with 4, 6, and any n > 8 ends.

Proof. Examples with 2p ends (p > 2) are given in [14], and with 2p + 1 ends (p > 4) in [23]. For
the cases n = 3, 5, or 7, by the lemma below, 2 < dimK < [/n] < 2 (“[q]” here denotes the greatest
integer less than or equal to ¢), so dim /C = 2, which contradicts the other statement of the lemma that
n — dim K is even. The case n = 2 is proved in [14] (or is proved likewise by the lemma). O

We remark that there is also a simple topological proof of the non-existence of genus zero examples
with 3 ends, using ideas in [13] and [15]. The trick is to exploit the SO(3,. )-action discussed in section
9 to deform the Gauss map — on a punctured sphere with planar ends there is no period obstruction
to doing this — so that the compactified S? is transversally immersed with a unique triple-point, which
is impossible. (By carefully treating the periods introduced by this explicit SO(3,. ) deformation of the
Gauss map, the same kind of argument should generalize to exclude orientable minimal surfaces of any
genus with three embedded planar ends — see section 27 for a proof in the case of tori.)

LEMMA 19. Let P be a divisor on the Riemann sphere S* as in equation (14.10) with n = deg P > 2,
and let K = Kg2 g p be as in equation (14.11). Then
(i) n—dim K is even;
(ii) If there exists a complete branched or unbranched minimal immersion of S? into space with finite
total curvature and n embedded planar ends in supp P, then 2 < dim K < y/n.

Proof of (i): By Theorem 17, ker Q = K& H. But H = 0 because there are no holomorphic differentials
on the sphere, so ker Q = K. Since 2 is skew-symmetric, rank Q = n — dim K is even (see Appendix A).
Proof of (ii): The sections s; and sg in the spinor representation (s1,s2) of such a surface are
independent, showing the inequality 2 < dim /. To show the other inequality, let z be the standard

conformal coordinate on S? = U{oo}, and let P = >"[a;] (where the a; € . are distinct) be the divisor
of the n ends. Let let g17,...,gmn be a basis for K, where n? = dz. Define f: S? = o,
by

f=1(91,-  9m).

Then f is well-defined and holomorphic even at the common zeros and the common poles of g1, ..., gm.

Let
h(z) =1(z — a;).

It follows from

that
dy=degf<n-—1.

To show that f ramifies at each a € supp P, let h;(z) = (2 —a)g;(z). Then h; does not have a pole
at a. Moreover, since by hypothesis there exists a minimal surface with ends at supp P, at least one of
the g; has a pole at a, so the h; cannot all be zero at a. Hence the appropriate condition that f ramify
at a is

(hihy = hihj)| =0 for all i, j.
This is satisfied because of the condition (15.12) defining K: the expansion of g; at a is

Ci

gi = +o(z —a),

zZ—a
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so the expansion of h; at a is
hi =¢; +o(z — a)?,

and so h(a) = 0 for all i. Since f ramifies at each a € supp P, we have
ro = ramification index of f > n.

Now let fi.: ' — (ARF1 ™) defined by fr = fA ' A...Af® in ™ be the k' associated
curve of f, and use the Pliicker formulas (an extension of the Riemann-Hurwitz formula — see [9]) which
on ' are

—dg—1 + 2dg — dgy1 — 2 =1y,

where dj, is the degree of fi, and 7y is the ramification index of fi. In the table below, multiplying the
numbers on the left by the inequalities on the right and adding yields

do > (m+n)(m —1)/m.

But n — 1 > dj, so it follows that n > m?2. O

Table 2: Values for the Pliicker formulas

m—1 2d0 — d1 —2= To Z’I’L
m—2| —dy + 2diy — do —2= 7r1 >0
2 ~dm—g +2dp—3 —dp—2 —2=15_32>0
1 —dp—3 + 2dpm 2 —2=rp220

19 Moduli spaces of genus zero surfaces

The following two theorems deal with the moduli spaces of genus zero examples.

THEOREM 20. Let P be a divisor on 5% as in equation (14.10) and K = Kg2 5 p as in equation (14.11)
with m = dim K > 2. Then the space of complete minimal branched immersions of S? into R® with
finite total curvature and embedded planar ends at supp P is the complex 2(m — 1)-dimensional space
Grma( ) x (St x H?).

Proof. Each point of the Grassmanian Gr,,2( ) represents a two-dimensional subspace of K. Each
such subspace generates the space S' x H? of branched immersions (equation (9.8)). O

THEOREM 21. For each p > 2 there exists a real 4(p — 1)-dimensional family of minimal branched
immersions of spheres punctured at 2p points with finite total curvature and embedded planar ends. For
2 <p <7, the moduli space of such immersions is exactly 4(p — 1)-dimensional.

Proof. Let P = Y [a;] be a divisor of degree 2p on S?, and S the unique spin structure on S?. Let
H and K be as in equation (14.11). Then pfaffian) = 0 (see Appendix A) if and only if dim K > 2
if and only if there exists a surface with 2p ends at supp P. Counting real dimensions, the space
of 2p ends is 4p-dimensional; the Mdbius transformations of S? reduce the dimension by 6, and the
pfaffian condition on the ends reduce the dimension by another 2, so the space of ends which admit
surfaces is (4p — 8)-dimensional. For each admissible choice of ends, by the above theorem there is a real
(4dim K — 4)-dimensional space of surfaces. Altogether, this totals 4p + 4 dim K — 12, which is at least
4p — 4 since dim K > 2.

In the case that 2 < p < 7, by Lemma 19, 2 < dim K < [y/2p] < [v/14] = 3, so dim K, being even,
must be exactly 2. O
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«U I/ on the nniemann sphere

For the examples in sections 21-23 we need to compute 2 on the Riemann sphere. Let z be the standard
conformal coordinate on S? = U {oc}, and let ¢? = dz represent the unique spin structure on S2. Let
P =lai]+ ...+ [an—1] + [00] with the a; €. distinct. We have H = 0 since there are no holomorphic
differentials on the sphere. A basis for F is

{tl,...,tnhtn}:{ L4 ey 14 gﬁ}

b b
2= Z = OGnp-1

These sections are in F since
(tn) = —[oc],  (t:) = —[ail,

and are independent because they have distinct poles, and so are a basis for F since dim F = n. By the
local calculation (16.13) for £2,

1
(1<i<n-—1; 1<j<n—1; i#j),
aj a;
Q(ti,tj) =4 -1 (1<i<n—1; j=n),
1 (i=n; 1<j<n—1),
0 (i=3j

21 The family of minimal genus zero surfaces with four embed-
ded planar ends

The family of minimal genus zero surfaces with four embedded planar ends was computed first in [2]. A
different computation is included here for completeness.

THEOREM 22. The space of complete minimal immersions of spheres punctured at four points into
space with finite total curvature and embedded planar ends is S' x H3.

Proof. Let z be the standard conformal coordinate on S* = U {oo}. By a Mébius transformation of
the Riemann sphere S2, the ends can be normalized so that two of the ends are 0 and oo and the product

of the other two is 1. Naming the normalized ends

{al =a,a2 = 1/0‘70700}7

1 1 11
z—ay z—ay 2

the matrix for ) in the basis

is

1 1
0 az—a1 a1 -1
1 _ 1 -1
al;—as a2
€= L L 0 -1
al a
1 1 1 0

(see section 20). The pfaffian of Q (see Appendix A) computes to a nonzero multiple of
(a®> —=V3a+1)(a® 4+ V3a +1).

This pfaffian must be zero in order for ker 2 = IC to be at least two-dimensional and hence to generate
surfaces. Setting this pfaffian to zero yields interchangeable solutions for a, one of which is

a=(V3+i)/2.
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With ¢* = dz as usual, a basis for K is

I E ek S D B G I
tl_(z(zQ—\/gZ—Fl))(p d t2_<z2_\/§z—|—1><p7

the family of immersions is then given by X = Re F', where

F= / (52 — $3,i(s? + 52), 25189)

(5)=e()

where @ € = " x SL(2,. ). The surfaces are identical (up to a rotation or dilation in space) when
Q € R* x SU(2). Thus a parameter space for this family of surfaces is S x H? (see section 9). That
these surfaces are immersed is shown in the next section. ad

and

22 The family of minimal genus zero surfaces with six embed-
ded planar ends

Herein is computed the family of minimal genus zero surfaces with six embedded planar ends.

THEOREM 23. The space of complete minimal immersions of spheres punctured at six points into space
with finite total curvature and embedded planar ends is V' x (51 X H3), where V' is an algebraic subvariety

of (. 1)3 with codimension 1.

Proof. On the sphere S = U {0} with standard conformal coordinate z, the ends can be normalized
so that two of the ends are at 0 and oo, and the product of the remaining four ends is 1. With this
normalization, let the ends be {a1, as, a3, aq,0,00}. Set

o = a1 +az + az + aq,
o2 = —(a1a2 + a1a3 + ar1aq4 + azas + azas + azaq),
o3 = ajasa3 + ajasay + ajasaq + azaszay.

The matrix for € in the basis

1 1 1 1 1
’ ’ ’ y 1
Z—Qa1 Z2—0 Z2—A3 Z— Q4 =<
is . L
0 L 1
az—aq az—aq ag—aq ai
1 1 1 1
a;—asg 0 az—asz as—asz az 1
1 1 1 1
a;—as az—as 0 az—aq as 1
Q =
1 1 1 0 _ 1 -1
a1 —aq a2—aq as3—aaq aq
1 1 1 1
al as asg aq 0 1
1 1 1 1 1 0

(see section 9). The pfaffian of  (see Appendix A) is
(22.15) pfaffian Q = 7173 + o103 — 20,
where

(51 :0f+302 and 7'3:O'§+302.
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The condition that the pfaffian be 0 defines the algebraic subvariety
V ={(o1,02,03) C (. 1)3 | pfaffian Q = 0}

of codimension 1. Assuming that the pfaffian is zero, and letting »? = dz, a basis for the kernel of Q is
{t1,t2}, where

t - b323 + b222 + blZ —|— bo
= 2(2* — 0123 — 0922 — 032+ 1) ¥

; < 2(c323 4+ 222 + 12+ ¢ >
2 = )
z

40123 —0922 —032+1
and
bo = 02, co = 0371 + 507,
bl = —0203, C1 — 0971 — 20’10’3 — 10,
b2202T3—20'10'3—10, Cy = —0102,
bg :O'1T3+50'3, C3 = 02

(the special case oo = 0 for which the above sections are linearly dependent is ignored here). The family
of immersions is then given by

X =Re /(s% — 53,i(57 + 53),25152)

(5)=e(t):

and Q € " x SL(2, ) as in the previous section.
That the the four- and six-ended families are immersed follows from the lemma below. O

where

LEMMA 24. On the sphere with its unique spin structure S, let Py = > [p;] as in equation (14.10), and
Py, = Py +[al, (a & supp Pr). Let F; = Fs1,p,.s and Ki = Kg1,s,p, (i = 1,2) as in equation (14.11).
Then Ko NFy = {s € Ky | s(a) = 0}.

The lemma follows directly from the definitions of the spaces in equation (14.10).

Now, to complete the proof that the above examples are immersed, let P; be the divisor of ends of
degree n = 4 or 6, and let (s1, s2) be the spinor representation of four- or six-ended branched immersion.
Supposing this surface is not immersed, let a be a branch point of the surface, and set P, = P; + [a].
Then s; and sy are independent sections in Ky and s1(a) = 0, s3(a) = 0, so by the lemma, s1, s5 € Ka.
Applying Lemma 19, we have that

2 <dimK; < [Vn] <2,

so dim /Cy = 2. This contradicts the fact that n + 1 — dim K is even.

23 The family of minimal projective planes with three embed-
ded planar ends

It was shown in [14] that any minimal immersion of a punctured projective plane with embedded ends
has only planar ends, and has at least three of them. Hence those which are the subject of the following
theorem are the examples of minmal projective planes with the fewest number of embedded ends. One
method for determining the moduli space of finite total curvature minimally immersed projective planes
punctured at three points was given in [3]. Here we provide another description of this moduli space
using the spinor representation. Note that all these surfaces compactify to give surfaces minimizing
W = [ H>dA among all immersed real projective planes [13], with minimum energy W = 127

THEOREM 25. Let 11 be the moduli space of complete minimal immersions of projective planes punctured
at three points with finite total curvature and embedded planar ends. Then
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(i) II is homeomorphic to a closed disk with one point My removed from the boundary;

(ii) the point My represents the Mébius strip with total curvature —6m in the sense that if v : Rt —
IT is a curve with lim;_ y(t) = My, then there is a one-parameter family of immersions X
parametrizing the surfaces v(t) such that as t — oo, X; converges uniformly on compact sets to a
parametrization of the Mdobius strip;

(i1i) the surfaces with non-trivial symmetry groups are represented by the boundary of the disk, which
represents a one-parameter family of surfaces which have a line of reflective symmetry; among
these, the only surfaces with larger symmetry groups (other than My) are two surfaces which have,
respectively, the symmetry groups o X . 2, and Ds, the dihedral group of order 6.

Proof of (i): The two-sheeted covering of the projective plane is the Riemann sphere S? = U {oo},
with order-two orientation-reversing deck transformation I(z) = —1/Z. By a motion in PSU(2) the six
preimages on the sphere of three points in the projective plane can be normalized as in section 22 to be

{a1,1I(a1),as,1I(as),0,00}

with the product of the first four equal to 1. With this choice, following the notation of section 22, we
have

o9 €ER;, o03=-01; T3=T1.

For each choice of ends satisfying equation (22.15), up to dilations and isometries of space there is
a unique minimal immersion of the projective plane, whose spinor representation is given by V/i(t1,t2),
with ¢y, to as in section 22. For if ﬂ(fl,fQ) is the spinor representation of another immersion with
the same ends, then a motion in. ~ x PSL(2,. ) can make {1 = t1, and the compatibility condition in
Theorem 11 forces to = +t,. Hence the moduli space II can be parametrized as a quotient space of

F:{(01702)€‘ XR|7’1’7’3+010’3—20:0, 0'3:—61},

where 01, 02, 03 are the symmetric polynomials of the ends defined in section 22. The desired moduli
space is a quotient space of I', since permutations of the ends give rise to the same surface.

Since the parameters o1 and oo depend on the particular normalization of the ends made in section
22, new parameters should be chosen, namely the three direction cosines of the angles between the ends
0, a; and ag, viewed as vectors in S? C R®. To convert the equation (22.15) to these new parameters
let :. — S? C R? be inverse stereographic projection defined by

2Rea 2Ima |a?>-1
(b(a) = 2 Y 2 i 2 .
lal?+ 1" |a]2 +1" |a]2+ 1

With the usual inner product ( , ) in R3, the direction cosines are

1— 2
c1 = (¢(0), ¢(ar)) = ﬁ
17 2
2 = (6(0),8(ax)) = L2

(1 —Jai*)(1 = Jaz]?)
(1+ |a1]?)(1 + |az|?) + 4Re aras

c3 = (p(a), p(az)) =

The above three equations may be written

1—-c
2 1
|a1| o 1+Cl’
1—02
2 _
|Cl2| o 1+62’
Re a1ay = 3~ 1o

(T4c1)(L4c2)
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Using the normalization of the ends above, and writing a; = yr1, ae = fra (Y €S C. ;ri,ra €. )
yields

T - )
! V1+c

\/1702
2 Y

92 C3—c1eatix
- 2 2’
V1—ciy/1—c3

where

2 =1—c —c2— i+ 2cic00s.

To convert the determinant of equation (22.15) from the variables o1, 02, 03 to ¢1, ca, ¢35, compute

2v(—c1 + 2¢1¢3 — cacy +icow)

o1 = ’
V1—c2(1-¢3)
o 2(03 — 30102>
T U= -a)
03 = —01,

and the determinant becomes, up to a non-zero multiple,
(¢34 3)(c3 4+ 3)(c3 +3) — 32(crcac3 + 1).

The surface
Y ={(c1,c2,c3) € | (T +3)(c5+3)(c3 +3) —32(creac3 + 1) =0}

in the cube
C={(z,y,2) € R —1<umzuyz< 1}

is a tetrahedron-like object but with smoothed edges and (omitted) vertices at (1,1,1), (1,—1,—1),
(=1,1,-1), and (=1, —1,1).

The moduli space II is a quotient of ¥ which arises from permutations of the ends. A choice
¢ = (e1, ¢9, c3) determines a set of six ends on the double-covering sphere. The group of rotations of the
cube is the order-24 permutation group Sy generated by two kinds of elements:

e permuting the three numbers (cq, c2, ¢3),

e negating any two of the three numbers (cq, ca, c3).
Action under this group determines the same six ends. Hence II = X/S, is a representation of the
moduli space of minimal projective planes with three embedded planar ends.

Draw the two diagonals on each face of the cube C' dividing each face into four triangles. Consider
the the 24 tetrahedra whose bases are these triangles, and whose common vertex is the origin. Each
of these tetrahedra is a fundamental domain under the action of S; on the cube. This can also be
seen by noting that any (¢}, ¢, cs) in the cube C has in its orbit under Sy a point (c1, c2, ¢3) satisfying
c1 > c2 > |03| > 0. Let

T ={(c1,¢2,¢c3) € C | c1 > o > |es| > 0}

be one of these tetrahedra. Then D = T' N ¥ is a fundamental domain in ¥ for the group 5S4, with
boundary
8D = 6Tﬂ Y= ({Cl = CQ} U {CQ = Cg} U {CQ = —63}) N (Tﬂ E)

D can be shown to be topologically a closed disk with the point corresponding to the corner (1,1,1) of
the cube removed.

Proof of (ii): The minimal M&bius strip with total curvature —67, found in [18], has spinor repre-
sentation

G(w)Vdw = Vi(—(w+ 1) /w?, w — 1)Vdw

Let (01(s),02(s)) : Rt — T be a proper curve. It follows from the reality of oo that

lim = lim ~im 28
s—oo 01(8)  s—oo og(s) s—oo og(s)
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and by a permutation of the ends we can assume

lim
§—00 01 (S)

Further,

lim

since

2
1 T1T3 20

_0'10'3 n H

01

Now choose a function a: Rt — S' <. such that

tim (25 -a0) =0
s (G35 =)

X(2)Vdz = g(thtg),

1
where t1, to are as in section 22. A careful reparametrization and rotation of the surface generated by
X (z)Vdz converges uniformly in compact sets to the Mobius strip given above: Let z = aw, and

a3/? 0
e (8,

Ao X (2)Vdz = Agv/aX (aw)Vdw

is the appropriate reparametrization and rotation. This amounts to showing
Tim Aa/a(s)X (a(shw) = Glw)

uniformly in compact sets not containing the ends, which follows by a calculation using the limits above.

Proof of (iii): To find the surfaces in IT which have non-trivial symmetry groups as surfaces in space,
let G = o x PSU(2) be the group of conformal and anticonformal diffeomorphisms of S? =. U {co}
with the property that any £ € G commutes with I. Via stereographic projection, G can be thought of
as the isometry group of S% C R3, so £ € G satisfies (a,b) = (£a,£b). The group of symmetries of the
minimal surface in space induces a subgroup H C G acting on the domain S2. Moreover, the subgroup
H C G which permutes the ends is isomorphic to the subgroup K C S4 which fixes the point (c1, g, ¢3)
representing the ends, since £ € H preserves the inner product defining the cosines c1, co, c3.

The point of all this is that the symmetry group of a surface represented by (cy,ca,c3) € I can be
determined by finding the subgroup of S4 which fixes (¢1, ¢z, c3). Using this method, the surfaces other
than (1,1,1) are

e clements of @D, each with a line of reflective symmetry,
e (v/5/3,0,0) € OD with symmetry group 5 X o,
e (¢,¢,—c) € D with symmetry group Ss = D3
The last (and most symmetric) of these is a surface described in [14]. O

and so
0.

Let X be defined by

Then

24 Genus one

The remaining sections concern minimal immersions in the regular homotopy classes of tori and Klein
bottles with embedded planar ends. In sections 25 and 26, the skew-symmetric form 2 is computed
for the twisted and the untwisted tori. This computation is then used to show the nonexistence and
existence of various examples. In section 27 it is shown that no such tori exist with three ends, and in
section 28, is found a real two-dimensional family of immersions with four ends exists on each conformal
type of torus. After some general results about Klein bottles in section 29, a minimal Klein bottle with
embedded planar ends is constructed in section 30.
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40 )/ Oon the twisted torus

For the non-example in section 27, and for the example in section 28, it is necessary to compute a basis
for F for the twisted torus (see section 8), and the matrix for {2 in this basis. On the torus. /{2w1,2ws}
with the standard coordinate u, let S be the spin structure corresponding to the twisted torus, that is,
represented by the holomorphic differential 2 = du. Let P = [a1] + ... + [ay].

To show that H = {cpo |c€. },let t € H. Then 0 < (¢) = (¢/w0) + (v0) = (t/p0). Hence t/¢q is
a holomorphic function on the torus, so it is constant.

A basis for F is {to,t1,...,tn—1}, where

to = ©0,
ti = (C(u— a;) = C(u) + ¢(ai)) vo,
_1 ( o' () + p’(aﬂ) %o
2\ p(u) - p(a;)
(see equation (B.18)). These are in F because

(to)
(i)

where z; and y; are the zeros of p'(u) + ¢'(a;) other than —a;. These sections are independent because
they have distinct poles, and hence span F since dim F = n. To compute 2 in this basis, first compute

0> —P,
(2] + [yi] — [ai] = [0] > =P

the expansions of t; at ag,...,a,—1 (assume 4, j # 0):
ti = (—u~' +o(u))po,
ti = ((ti/po)(aj) +o(u))po (i # ),
ti = (u—a;)" o
Using equation (16.13), we have
L r0 0 i 4]
Q(t“t]) _ ©o . 5] ) J)s
0 (otherwise).

26 (2 on the untwisted tori

As above, it is also necessary to exhibit a basis for F on the untwisted tori (see section 8), as well as
the matrix for Q in this basis. On the torus = /{2w1,2ws} with the standard conformal coordinate wu,
fix r € {1,2,3} and choose the spin structure on the untwisted torus, represented by

o = du
" pr(u)’
where p,.(u) = p(u) — p(w,). Let P = > [a;] with the a; € T\ {0,w,} distinct.

For this choice of spin structure, H = 0. To show this, first note first that (¢,) = [0] — [wy]. If
t € H, then

0< (t) = (t/SDfr) + (SDT) = (t/(pr) + [0] - [wr]'

It follows that (t/¢,) > [wy] — [0]. But since t/¢, is a function, the degree of its divisor is 0. Hence
(t/r) = [wr] — [0]. But this is impossible by Abel’s theorem on the torus: for an elliptic function f, if
(f) =>_ni[pi] (as a formal sum) then > n;p; =0 (as asum in. ).

A basis for F is {t1,...,t,}, where

ti(u) = (C(u = a;) = ((u) = ((wr — ai) + ((wr)) or
(@T(U)pi(ai) + @2(@@«(%)) o
or(ai)(pr(u) = pr(ai)) '
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(see equation (B.18)). These are in F because (¢,) = [0] — [wy], so (t;) = [a; —wy| — [a;] > —P, and are
independent because their poles are distinct, so they span F since dim F = n. The expansions of ¢; at
aiy...,an are

ti = ((ti/er)(a;) +olu—az))er (i #7),
ti = (u—a;)" ' +o(u—a;))e,.

Using the local expression (16.13) for €2, we have

—|  @#7),
Q(tia t]) = Pr a;
0 (i =1).

A particularly simple situation arises when the ends come in pairs a and —a. Assume n = 2m
and apme; = —a; (1 = 1,...,m). In this case, a simpler basis is {t1,...,tm, tms1,---,tam}, where for
1<i<m,

2 or(ai) ( or(u) )

i = ti—tmii)or = | —— ),

b op(ai) (b = i) or (1) — pr(as) ) 7"
. o (u)
t4i = ti +tmti)or = | ———————= .
m4i ( i+ m—i—z)‘pv (K)r(u) _ @r(ai) P

In this basis, the matrix for 2 becomes

where A is given by

4 . .

or(a;) — pr(aj) (i < j),

R R (i >])

As =1 orla) — ol 7
Pr(ai)? — cpeq .

or(a;)(pr(ai) — cp)(pr(a;) —cq) (i=17)

and ¢, =ep — e, ¢g = €4 — €, {p,q, 7} = {1,2,3}. Note that the entries of A are entirely free of ..
A useful property of the basis above is as follows: let L : M — M be defined as L(u) = —u; then
fori <mandj>m+1,

SO

and so

27 Non-existence of minimal tori with three embedded planar
ends.

An outline of the proof of the non-existence of three-ended tori, twisted or untwisted, is given.

THEOREM 26. There does not exist a complete minimal branched immersion of a torus into space with
finite total curvature and three embedded planar ends.

Sketch of proof: The proof is divided into two cases: for the twisted torus there exist immersions with

periods, but the periods cannot be made purely imaginary; for the untwisted torus, there are not even
periodic examples.
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First consider the more difficult case of of the twisted torus. With everything as in section 25, let
{0, a1, a2} be the set of ends, and let p; = p(a;), p; = ' (a;). The condition dim K > 2 puts the following
condition on the placement of the ends:

g2 = 4(p} + p1p2 + p3),

where g is the constant in the differential equation (p’)? = 4p> — gop — g3. To see this, first note that
kerQ) = K @& H and dim’H = 1. Hence if dim I = 2 then 2 = 0. Assume first that a; + a3 # 0. Then
p1 — p2 # 0, and the entries of 2 indicate that p} + p, = 0 Hence

(Pi)z = 419? — g2p1 — 93

and
(P/z)z = 410% — 92p2 — g3

are equal, and the desired condition follows. The condition also obtains in the case that ai 4+ as = 0;
this can be shown as a limiting case of the above.
Changing basis now to simplify the period equations, let

£1 = tl + Etg,
ty =t + 2to,

where ¢ = (=1 4+ v/3)/2. With 1, 73 the closed curves parallel to wi, w3 respectively (as in Theorem
28), the integrals relevant to the periods are (for k = 1, 3)

| & =-oqn,
Yk

/ f1£2 = —6my,
Tk

/@=—%w,
Yk

where

¢ =—((e —&*)p1+ (e — 1)p2)/3,
g2 =—((% —e)p1 + (£ — 1)p2)/3,
q1q2 = (pf + p1p2 +P§)/3 = g2/12.

A choice of a pair of independent sections from X can be normalized by the action of R* x SU(2) to be

51 = 21ty + to,

89 = 2otq,

with 21, 22 €. . Then the period equations (10.9) can be written

221 0
- B __ =0,
( Z%fh +q2 ) ( ‘hzg )
q1z122 q121%23

B:Alﬁz(a b); Az(771 wl).
c d 73 w3

Changing from the variables (z1, 22) to (w, 22, this system is equivalent to the system

where

w? 4+ b2qige — d* =0,
2w + 2d — b?q1q, 73 = 0,

wzo +22 =0.
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From these it follows that

ww — 1 =0,
aw? —a=0,

—a — ab?q1g2 + ad® = 0.

This last condition, depending only on the conformal type of the torus and not on w, z1, and zo,
is a degeneracy condition for the period equations. It also follows, by an examination of the sign of
a(w — @) € R, that

la| > 1.

A delicate argument, which is omitted here, using the expansions [16]

d >
= 1+ 240 E "
92 120}% + < 03(n)q )
2 >
= 1-24 "
n= o0 nEZI oi(n)q" |,

where _
or(n) :de; q=e""T; T =uw3/w
d|n

shows that the degeneracy condition is not satisfied under the constraint |a| > 1 over the whole moduli
space of Riemann tori. Hence no examples with three ends can be found in the case of the twisted tori.

The case of the untwisted tori is much easier. Fix r € {1,2,3} and let ¢, be as in section 26. Let
{a1, a9, a3} be the ends, translated so that they avoid {0,w, }, and let {t1,t2,t3} be the basis for F given
in the same section. The condition that dim /X = dimker Q < 2 forces 2 to be zero. This means, for
example, that t1 /¢, have zeros at as and az. But the zeros of t1 /¢, are w, and a1 — w,, so one of as,
a3 has to be w,., contrary to the assumption. O

28 Minimal tori with four embedded planar ends

Here the existence of families of four-ended tori is established.

THEOREM 27. For each conformal type of torus there exists a real two-dimensional family of complete
minimal immersions of the torus punctured at four points into space with finite total curvature and
embedded planar ends.

Proof. To exhibit the family, it is first necessary to determine the placement of the four ends. The
ends in fact must be, up to a translation, at the four half-lattice points. To show this, on the torus
. /{2w1,2ws}, assume the four ends are {0, a1, az,as}, where a1, as, as are distinct points in the torus
to be determined. With 2 = du, the matrix for Q in the basis {1,t1,t2,t3} = {9, fivo, f20, f3po} of

section 25 is
0 0 0

0
0 0 fi(az)  fi(as)
0 fa(a1) 0 faofas)
0 fs(a1) f3(az) O

If ker Q@ = 'H @ K is two-dimensional, then dim /C = 1, since dim’H = 1, so K is not big enough to
generate a minimal surface. Hence to produce surfaces, rank (), being even, must be zero. In this case,
all the entries of the above matrix are zero; a look at ¢; shows that p'(a;) + ¢'(a;) = 0 for all ¢ # j. It
follows that ©'(a1) = @'(a2) = ¢'(a3) =0, so {a1,az2,a3} = {w1,w2,w3}.

With the ends fixed at {0,w;,ws, w3}, F = kerQ = H & K, so {t1,t2,t3} is a basis for K. The
simple zeros and poles of t1, o, and t3 are illustrated below.

Q:
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0 00 0

1 to t3

Figure 6: Zeros and poles of ¢y, t2, and t3

To solve the period problem outlined in section 10 it is convenient to choose a new basis {fl, fg, 53}

for IC which “diagonalizes” the period equations. Let

1 1 -1 -1 t
Hhl= -1 1 -1 ty |,
i -1 -1 1 ts
t1(u) = (C(u) + C(u—wi) = ¢(u — wa) = ((u— w3) + 2¢(w1)) 0,
ta(u) = (¢(u) = C(u — w1) + (u — w) — {(u — ws) + 2¢(w2)) o,

tg(u) = (¢C(u) = C(u —w1) = ((u — wa) + ¢(u — ws) + 2¢(w3))o-

The simple zeros and poles of t1, to, and t5 are illustrated below. To compute the periods, use equation

(B.19) to write

£ (u) = (p(u) + p(u — w1) + p(u — w2) + p(u — ws) — dp(w;)) du,
(frf2) (u) = (p(u) — p(u — w1) — p(u — w2) + p(u — ws)) du,
(f1ts) (u) = (p() — p(u = w1) + p(u — w2) — p(u — ws)) du,
(f2s)(u) = (p(u) + p(u — w1) — p(u — w2) — p(u — ws)) du.

With 1, 3 the closed curves on the torus respectively parallel to wy, ws, the periods are
” - —8(nk, +wie;) ifi=j
iy g — ¢ =
P _/ £, du { ) sl (=1,
Vi
where e; = p(w;) and 1 = ((wg) (see appendix B). In general, with
tl = $1£1 + x2£2 + 103,1?3

ta = yit1 + Yotz + yats
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the period equations (10.9) are

1<4,5<3 1<i,j<3
> Play; €iR (k=1,3).
1<i,j<3

Now let (i, j, k) be a permutation of (1,2,3) and make the particular choice
S1 = xifi + J?thj,
SS9 = tAk.

The second period equation above is satisfied for all x;, z;, and the first period equation can be written

in the form L
:cz - 1 1\ B 1
m? S \e e €k

where 7; = ((w;) and ¢; = p(w;) and B is defined in section 27. The condition that the surface be
immersed is that s; and sy have no common zeros. The zeros of so are at {wg/2,wi/2 + w1, wr/2 +
wo,wg/2 + w3}, and

b (wi/2) = T (Wi /2 +wi) = 4lex — ;) (m=1i,j; 1=1,2,3).
A necessary condition that the surface branch is that
(e — ez} — (er —ej)z =0,

or
1
(92/2—3ei —3ey, )B( % >(),

With the choice {i, j,k} = {1,2,3} it can be shown that this condition is not satisfied in the standard
fundamental region of the moduli space of tori. The proof uses the g-expansion for go and 7 given in
section 27, as well as the expansion

7T2 (oo} N
€1 = —6w% <1 + 24 nEﬂT(n)q > ,
where

)= > d

d|n
d odd

Thus we have found a single immersion of every conformal type of torus punctured at the half-
lattice points. Since the period conditions amount to at most six real conditions on 12 variables, there
is a real 6-parameter family of surfaces, which modulo the action of the group in equation (9.8) leaves
a 2-parameter family. The existence of the real two-dimensional family follows from the fact that the
condition of being immersed is an open analytic condition. O

29 The Klein bottle: conformal types, spin structures, and pe-
riods

Theorem 28 shows that the torus underlying a Klein bottle must have the conformal type of the complex
plane modulo a rectangular lattice, and it computes the order-two deck transformation for the covering
of the Klein bottle by the torus. The theorem further shows that the torus which doubly covers the
immersed Klein bottle must be untwisted. (This can also be seen from purely topological considerations.)

THEOREM 28. Let X : K/ — R be a complete minimal immersion of a punctured Klein bottle with
finite total curvature, w: T — K = K' the oriented two-sheeted covering by a torus T, and I : T — T
the order-two orientation-reversing deck transformation for this cover. Then we have the following.
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(i) T is conformally equivalent to. [A, where A is a rectangular lattice with generators 2wy € R and
2ws € 1R.
(i) On this torus, the deck transformation I may be chosen to be I(u) = @ + wy.
(i1i) With this choice, the admissible spin structures are those represented by (p(u) — p(w2))du and
(p(u) — p(ws))du.
(iv) If (s1,82) is the spin representative of X om on T, the period conditions reduce to the conditions
fvl s?2 =0 and fw s182 = 0 along a closed curve 1 parallel to wy.

Proof of (i) and (ii): Let Ag be a lattice such that T'=. /Ag. Since every conformal map from T to T'
must be linear in the standard coordinate w on . and since I is anticonformal, I(u) = at + § for some
a, B €. . The periodicity of I and I~! implies that aAg C Ag and @ 1Ay C Ag. These together imply
that aAg = Ag. Choose v € . satisfying |y| = 1 and 7/ = a; the rotated lattice A = yA satisfies
A = A (aso-called real lattice). Hence A is either rectangular with generators 2w; € R, 2ws € iR, or
A is rhombic with generators 2w; and 2ws = 2w;. On . /A we have I(u) = at + § for some new «,
B €. . As before, oA = A, but A = A, so o = +1. If « = —1, replacing A by iA preserves its reality,
and changes « to 1.

With o = 1, the condition that I involutive is that 8 + 8 € A. By the change of coordinate
u+— u — 1 Im B, it can be assumed that § € R. Then the involutive condition is that 26 € A. If 5 € A
then 0 is a fixed point of I. Hence 3 = w; (rectangle) or § = wy + w3 (rhombus). In the latter case, w;
is a fixed point of I, so the only admissible case is the rectangle, with I(u) = u 4 w;.

Proof of (iii): The compatibility condition in Theorem 11 demands that I*I*(s) = —s for any
section s of the spin structure. A computation shows that this condition is met only for the two spin
structures named.

Proof of (iv): Let v; and 73 be respectively the closed curves t — wiyt/|wi|+c1 and ¢ — wst/|ws|+ca,
(0 <t < 2), where ¢1, ¢ € . are chosen so that the curves do not pass through any ends. Then
I(7v1) = 71, I(y3) = —73. The periods conditions are

/s%:/sg (k=1,3),
Y1 Y1

/ 5182 €iR (k = 1,3)
71

With I as above, under the double-cover assumption
(81, 52) = :l:(ZI*SQ, 72..[*81),

we have

so the period conditions are automatlcally satisfied for k£ = 3. Moreover, we also have

- ]
" I(v1) "
/3152:/ T*s189 = / /32
T I“/l) 7

and the first two period conditions (10.9) become

/ $2=0
71

/ 5182 =0
71

(this amounts to three real conditions because under the above assumption, the second integral is
automatically real). O

2
52
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oU NMinimal Klein bottles with embedded planar ends

A minimal Klein bottle is constructed in this section. Its compactification is a W-critical surface with
energy W = 167.

THEOREM 29. There exists a minimal immersion of the Klein bottle with four embedded planar ends.

To work out this example, let T = /{2w,2ws} be a square lattice with w3 = iw; and p(wy) =1,
and let I be the deck transformation as in Theorem 28(i). Let S be the spin structure determined by
©? = du/p(u). Let a € T be a point (yet to be determined) such that I(a) = —a, and let r = p(a),
" = p'(a). (The condition on a implies 7 = (r + 1)/(r — 1).) Fix the eight ends to be the numbers in
the left column of the following table. Let #1,...,%g be the basis for F as in section 26. The matrix for

Table 3: Values of p and ¢’ at ends of Klein bottle

u pu) | o'(u) || I(u)
a1 =a r 7/ as
as = a+ wo —1/r | r'/r? ag
as = —ia —r —ir’ a4
ay=—ia+wy | 1/r | —ir'/r? || a3
as = —ay r —r’ ax
ag = —as —1/r | —r"/r? || a2
a7 = —as —r i’ as
ag = —au 1/r ir' r? ar
() in this basis is
0 A
—Atlo )’
where A is given by
r2+1 4r 2 4r
r(r2 —1) r2+1 r r2—1
—4r r(r2 +1) 4r
—2r
= r2 41 r2 —1 r2 —1
B -2 —4r = (r* 1) —4r
T r2—1 r(r2 —1) r2+1
—4r 5 4r —r(r? +1)
—_— r
r2 —1 r2 41 r2—1

We want to choose r (and therefore a) by setting

(3r8 — 4r® 4+ 50r* — 4r? + 3)2

det A = 172

0.

The square root of the numerator factors into
3(rt +mr® + 1)(r* +mr? + 1),

where m = —2(1 — 44/2i) /3. The roots of the first factor are of the form r, —1/r, —r, and 1/r with one
in each quadrant; r is chosen to be in the fourth. With this choice, the eight ends are pictured below.
With such a choice of r, rank Q2 drops to 4. Two independent vectors in ker A are

2(r? — 1) (r? +1)(3r% — 1)

(r2 +1)(r* - 3) —2(r? —1)?
(r2+1)(3r% - 1) 2(r? —1)?
—2(r? —1)2 and (r? +1)(r2 - 3)

0 0

0 0

0 0

0 0
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1a
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Figure 8: The eight ends in the double cover of the Klein bottle

With J defined by J(u) = iu, the sections t; and to corresponding to these vectors satisfy
tl = \/%J*tQ and tg = \/EJ*tL
Let

ty = il*t,
t4 = ’L[*tg,
t3 and t4 are also in K = ker Q since I* respects the conditions defining K. In fact, the four sections 1,

to, t3, t4 form basis for the kernel.
Let

tl = l‘ltl + .Tgtg
to = iI*t; = T1t3 + Toty.

With this choice, the period equations in section 29 reduce to the single equation

/ t2 = 22 P! 4 2w 29 P}? + 2o P2 = 0,
71

Py :/ tit,
71

and ; is a closed curve parallel to w; as in Theorem 28. The solution to this homogeneous equation
gives rise to a Klein bottle.
To show that the Klein bottle is immersed, it is necessary to compute the integrals P!, Pl2, P22

where

Let
1 4
2= 5 ( ;:1: Aip(u — a;) + B) du, A=A,
1 4
tity = B <— ;_1 Cip(u —a;) + D) du, C=3C;

as in equation (B.19). Then

P111 :An1+Bw1,
P!? = Cn1 + Dwy,
P311 = An3 + ng = ’L(—A’l’]l + Bwl).
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J induces relations among these periods:

prZ/tgz/ij*tfzi/ tf:i/ t2 =Pt

Y1 Y1 J(vs) 71

P312 _ / tity = / iJ*(tity) = Z/ tite = —i/ tite = _iP112.
V3 V3 J(7vs) "

It follows that D = 0 and
P122 = A’I]l — Bwl.
Finally, by section 26,
Pfj:/ tit; =0 (1<i<2;3<j<4).
st

Having computed the integrals Pfj , it remains to compute the numbers A, B, and C by expanding
t;tj/du in two ways and equating the coefficients of (u —a;) ™2 . With the vectors in ker  above written
as

(dl, dz, d3, d4, 0, 0, O, 0) and (61, €9, €3, €4, O, 0, 07 O)

respectively,

2 — diejp(u)
1A= D T = ) o) o)

Using the formula (for p’(ug) finite and non-zero)

1 1/ (w)
o) — plu)  u—up

ij

we get the expansion

w7p(ai)/ ¢’ (ai)

2 _ %
t1/du = (= ap)? +...

at a;. On the other hand,
4
1
7 = 5 <— ZAzgo(u —a;) + B) du,
i=1
so we get the expansion
—A;/2
R A— +
(u—a;)?

t2du =

at a;. Equating the coefficients,

Ay = —2dFp(a;) /(¢ (a:))*.
Similarly,

C; = —2d;eip(a;) /(¢ (a:)).

To compute B, note that ¢; has a zero at 0 to get
B = Z Aip(ai).
Using this method, we find

A=16r%(r* +4r* +1)/3
B=—2r(r? +1)3
C=(*-1)>~%

That the Klein bottle is immersed is the condition that ¢; and t; = ¢/*¢; have no common zeros. This
amounts to the condition that if ug is a zero of ¢;, then I(ug) is not. By using the identity

_ptl

I*
b=

this can be checked by setting t; to zero, and solving numerically the cubic in g which results.
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ol Appendix

A The pfaffian

The pfaffian is a function on skew-symmetric matrices whose square is the determinant.
DEFINITION. A bilinear form A on a vector space V is skew-symmetric if
A(v1,v9) + A(vg,v1) =0 for all vy, vo €V,
or alternatively, if the matriz A for A satisfies
A+ At =0.

The space of skew-symmetric bilinear forms is A*(V*).

DEFINITION.  For A € \*(V*), the pfaffian of A is

n times
—_—~
plA)=4q L(AAN...NA) if m=2nis even,
0 if m is odd.

For a matrix (a;;) of A € A?(V*) in the basis {e1,...,e,} the pfaffians for n = 2, n = 4, and n = 6
are respectively
a12,
G12034 — G13024 + 14023,
(12034056 — 12035046 T A12036045 — @13024056 + A13025046—
@13026045 + A14023056 — A14025036 T 414026035 — A15023046+
G15024036 — G15026034 + A16023045 — A16024035 + Q16025034

The general pfaffian of a 2n x 2n matrix has (2n)!/(2n!) =1-3-5----- (2n — 1) terms.
LEMMA. The rank of a skew-symmetric matriz is even.

Proof. Let A be an n x n skew-symmetric matrix with rank r. The proof is by induction on n. In
the case n = 1, then A = (0) with even rank 0. Assume for some n that the lemma is true for all
skew-symmetric matrices smaller than A. If n is odd, then

det A = det A" = det(—A) = (—1)"det A = —det A,

so det A = 0 and A has a non-zero kernel. If n is even, then A also has a non-zero kernel unless it has
full — hence even — rank r = n. So in either case we may assume A has a non-zero kernel.

Let v1,...,Un_y be a basis for ker 4, and extend to a basis v1, ..., Un_p, w1,...,w, for. ". Let P
be the n x n matrix with these vectors as columns. Then P'AP is of the form

o (0] 0
rar = (i)

where Ag is an r X r matrix of rank » < n. Moreover,
(P'AP)! = P'A'P = —(P'AP),

so PYAP, and hence Ay is skew-symmetric. By the induction hypothesis, 7 = rank A is even, since it is
the rank of the smaller skew-symmetric matrix Ag. |
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D KRillptic Tunctions

For reference, here are some standard notations and facts about elliptic functions used in this paper (see
for example [6], [7]).

Lattices. A non-degenerate lattice A is real if A = A. There are two kinds of real lattices:
(i) rectangular: generators w; € R and w3 € iR can be chosen for A.
(ii) rhombic: generators wy and ws = Wy can be chosen for A.
For any lattice with generators wy, ws, let wy = —w; — ws.

The Weierstrass @ function: Given a lattice A generated by w; and ws, the elliptic function p on
. /A satisfies the differential equation

(9')? = 4% — gop — g3 = 4(p — e1)(p — e2)(p — €3),

where
€, = p(wl) (Z = 15273)7
e1 +ex+e3=0,
g2 = —4(ejeq + e1e3 + eges),
g3 = 4ejezes.

The function @ has a double pole at 0 and two simple zeros which come together only on the square
lattice; p' has a triple pole at 0 and three simple poles at w1, ws, ws.
The function p is even; g’ is odd. On a horizontal rectangular lattice, p(@) = p(u); on a horizontal
square lattice, p(iu) = —p(u).
The expansion for p at 0 is
g2 o

(W)= — + L2 ¢
plu) =5+ 55u" +-..

A useful property of p is the following special case of the addition formula ({i, 7, k} is any permu-
tation of {1,2,3}):
(ei —ej)(ei — ex)
B.16 pu:ﬁ:wi =e; +
(B.16) ( ) o) — e

The Weierstrass ¢ function: The ¢ function is defined by
) =~ [ plydu,

with the constant of integration chosen so that lim, o ¢(u) —u=t = 0. With n; = ((w;) (i = 1,2,3),
properties of { include:

m +mn2+n3 =0,

Clu+2w;) =C(u)+2n (1=1,2,3),

¢ is an odd function.

Legendre’s relation is that

(B.17) Mws — Nawy = im/2.

A form of the quasi-addition formula for ¢ is

1Gﬂw+ﬁ®»

(B.18) C(u—v) = ¢(u) +((v) = 2\ p(u) — p(v)

A useful property of elliptic functions which can also be stated in more generality is the following:
Let f be an elliptic function with poles of order at most 2, with no residues, and with principal parts

aq (07%
(a2 (u—an)

3

Then
(B.19) fw) =+ aip(u—a;)

for some b, because the difference f(u) — > a;p(u — «;) has no poles and hence is constant.
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