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Abstract of the Dissertation

Weierstrass Representations of
Minimal Real Kahler Submanifolds

by Peter Hennes

Doctor of Philosophy

in Mathematics

State University of New York at Stony Brook
December 2001

Since the nineteenth century, Weierstrass representations have been
used to investigate minimal surfaces in Euclidean 3-space. In the last two
decades, it emerged that minimal Kahler submanifolds of Euclidean spaces
share many of the features of minimal surfaces. In this dissertation, we try
to find similar representations for these minimal real Kahler submanifolds.

First, we modify a method developed by M. Dajczer and D. Gromoll
to give a simple way of describing minimal real Kahler hypersurfaces. As an
application, we are able to give local examples of superminimal surfaces in
the 4-sphere.

Then, based on the formulae for the classical Weierstrass representa-
tion, we find a coordinate system for the homogeneous space of all isotropic
complex planes in arbitrary complex vector spaces of dimension at least 5.
We utilize this coordinate system to give a local characterization of minimal
real Kahler surfaces (of real dimension 4) in Euclidean spaces.

Finally, using this characterization, we are able to give a complete local
classification and construction methods for all minimal real Kahler surfaces
in Euclidean 6-space, at least away from certain isolated singularities. Em-
ploying these construction methods, we also give some explicit new examples
for such submanifolds.
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1 Introduction

The study of minimal surfaces is one of the classical areas of geometry,
both for its beauty and its applications to other areas of Mathematics and
Physics. Minimal surfaces are those surfaces in Fuclidean 3-space that min-
imize the area compared to all other surfaces with the same boundary curve.

Already since the nineteenth century, it is known that there is an
intimate relationship between the structure of these surfaces and complex
analysis. Namely, let f = (fi, f2, f3) : U — R3 be a parametrization of
a minimal surface by so—called isothermal coordinates (x,y) € U, defined
in some region U in the plane; this means that the partial derivative vectors
of f with respect to these coordinates x and y have the same length and
are orthogonal at every point of the surface. (For the existence of such
coordinates and proofs of the following results, see e.g. [S], p.387-397, or
any classical treatment of minimal surfaces, as in [O]). Then the component
functions f; are harmonic functions with respect to these coordinates, i.e.
they satisfy the Laplace equation

yﬂ+yﬁ
ox?  Oy?

But by complex analysis, this means that the f; are locally the real parts of
holomorphic functions Fj : V — C, where V' is some subset of U, viewed as
a region in the complex plane C with its complex coordinate z = x + 1 y.
Thus, for every minimal surface in Euclidean 3-space, we can (locally) find
a holomorphic map F : V — C?, the so—called holomorphic representative
of f in the given isothermal coordinates, such that

f=+V2Re(F).

Here, the factor /2 is commonly introduced to make F isometric to f, if
both are regarded as immersions from V' (with the by f induced metric) into
C3 2 RS, for R* 2R3 x {0} C R® (compare also page 3).

But we have even more structure. If we take the complex derivative of

0=A4Af;=

, for j=1,2,3.

F with respect to z, we can observe that ¢ := %—f € C3 is aso—called isotropic

vector of C3, which means the following. Taking the standard symmetric
inner product in C3?, i.e.

3
v-w::Zvjwj for v, w e C?
Jj=1



(NO complex conjugates!), and writing v? := v - v, we find that

, OF OF

But it is fairly easy to describe (almost) all vectors X € C? that are isotropic
in this sense. Namely, if A is any non—zero complex number, and £ any other
complex number, it is easy to check that

1—¢&2 1 2
e (1555 ) 0
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is isotropic. On the other hand, if ¢ = (¢1, @2,ps) is isotropic, and if
for the first two coordinates we have ¢; # i s, then we can always find a
A # 0 and a £ as above such that ¢ has the form of (1); namely, simply
take A\ := ) —ipy and { := 5. The map ¢ as in (1) is called the (local)
complex Gauss map of our minimal surface with respect to the given
isothermal coordinates.

We will show later (Lemma 1.3) that, by slightly rotating the minimal
surface, we can always achieve ¢, # i 9, at least locally. Summarizing, we
thus have the following result:

Locally and up to isometry, every minimal surface can be parametrized
with respect to isothermal coordinates (x, y) in the following way:

filz,y) = ﬂRe/Al_dez
folz, y) = \/ERe/Mlzgdz

falw,y) = V2 Re [Agdz

where z =x + 1y, and X and £ are certain holomorphic functions in z.

Conversely, it is not hard to show that, for any two holomorphic
functions & and X (the latter nowhere zero), the above formulas give a
minimal surface in Fuclidean 3-space.

This parametrization is called a Weierstrass representation of the mini-
mal surface. In fact, one does not have to rotate the surface to avoid points z



where we might have A(z) = 0, if we allow £ to be meromorphic, with poles
precisely at the points where \ has zeroes, and their order being exactly half
of the order of the zeroes of A (see [S], page 395). However, we will later
avoid this more general description.

Another phenomenon of minimal surfaces in Euclidean 3—space is that
they always allow so—called associated families, which are also called “isomet-
ric deformations”. These are one-parameter families of minimal isometric
immersions from some two-dimensional parameter manifold into R?® that
are not congruent to each other, but all have the same (real) Gauss map.
Using Weierstrass representations, they are extremely easy to describe. We
have that if F'is a holomorphic representative of a minimal isometric immer-
sion f with respect to an isothermal coordinate system (as desribed above),
then the associated family {fy|60 € R} to f = fy is given by

fo=V2Re(e F) .

The classical example of such an associated family is the isometric deforma-
tion of the helicoid into the catenoid. (For a nice picture of this deformation
see the June/July 1999 issue of the Notices of the American Mathematical
Society, Volume 46, Number 6, page 649.)

The associated family {fy|6 € R} of a minimal isometric immersion
f: U — R? also gives a very simple way to express a holomorphic represen-
tative F' of f without reference to an isothermal coordinate system; namely,
we can write 1 1

= NG (f ® frs2) = 7 (f+iforp),

[

where we identify R?® @ R3 = C3, with respect to the standard complex
structure J(u, v) = (—v, u) on R®® R?; see e.g. [L], page 143".

As mentioned above, associated families of minimal surfaces are the
classical counterexamples to the fact that the Gauss map of an isometric
immersion f: M — R (i.e. the map that assigns to each point p € M the

IThere, F is defined to be % (frp2® f) = % (fxy2 +1f), which means that we

would have f = /2 Im(F). This differs from our holomorphic representative simply by a
multiplicative factor of 7.



image of its tangent space f.T,M in Euclidean space) does, in general, not
determine its image f(M) up to congruence. In 1985, M. Dajczer and D.
Gromoll asked the question if there are other examples of this kind. In [D-Gy],
they prove that there is, in fact, a wider class of isometric immersions which
display this behavior, namely circular Kahler manifolds, i.e. isometric
immersions f : M — QY from a Kahler manifold M into a space of constant
curvature whose second fundamental form « satisfies

a(JX,Y)=a(X, JY)

for all vector fields X and Y on M, J being the complex structure on M. It
is easy to see that “f circular” always implies “f minimal”, which in general
means that the second fundamental form « of f has vanishing trace, i.e.

tr(a) := ia(Xj, X;)=0

J=1

for every orthonormal basis frame X;,..., X,, on M. Dajczer and Gromoll
show that circular immersions always allow associated families, defined at
least on any simply connected open subset of M. More explicitly, we have
that for any fixed point py € M, fp is given by the line integral

P
f@ (p) = f* o J@ )
Po
where Jy :=cos@ [ +sinf J (I being the identity tensor on T'M; see [D-Gy],
formula (1.15) on page 17). Note that, in particular, we have that

(Fone)e = —fro . (2)

Then Dajczer and Gromoll are able to prove that essentially all local examples
of non—congruent isometric immersions with the same Gauss map are of this
kind.

In this dissertation, we will focus on the Euclidean case, i.e. on so—
called minimal real Kahler submanifolds. These are minimal isometric
immersions f : M — R from a Kihler manifold into an Euclidean space.
As M. Dajczer and L. Rodriguez show in [D-R;], for these immersions “cir-
cular” and “minimal” mean exactly the same thing, whereas for immersions
into spaces of constant, non—zero curvature, “circular” is far more restrictive
than “minimal”; namely, M has to be a surface for f to be circular in this
case (see Proposition 1.8 on page 16 in [D-G4]).



In even codimension, it is particularly easy to find examples for mini-
mal real Ké&hler submanifolds. As shown in [Ds], page 139, every holomorphic
isometric immersion f : M?" — C¥ from a Kéhler manifold M (of com-
plex dimension n) into a complex vector space CV will become a minimal
real Kahler submanifold, if we view CV = R?*V as Euclidean 2N-space.
This means, of course, that f will have even real codimension 2(N — n).
But one can also find minimal real Kahler manifolds in odd codimensions;
in fact, in the same article [D-G;] mentioned above, Dajczer and Gromoll
classify all real Kahler hypersurfaces, i.e. in real codimension one, minimal
and non—minimal. For more on real Kahler hypersurfaces, see Chapter 2.

Allowing associated families is not the only phenomenon that min-
imal real Kéhler submanifolds and minimal surfaces in Euclidean 3—-space
have in common. As with minimal surfaces, minimal real Kéhler immersions
f: M — RN always have (local) holomorphic representatives F : U — CV |
where U is a suitable, usually simply connected open subset of M. They can
be defined using the associated families {fy : U — RM |0 € R} of f dis-
cussed above, namely:

1 1 .
F= 7 (f D fonp) = /2 (f +ifmp) (3)

(see e.g. [D-Gy], formula (1.17)%). Again we identify RY & RY = CV | with
respect to the standard complex structure J(u, v) = (—v, u) on RV &RV .
And in fact, the analogy goes further. As with minimal surfaces, the com-
plex Gauss map for a minimal real Kahler submanifold will be a holomorphic,
1sotropic map; we will clarify in Theorem 1.1 below exactly what we mean
by that. This will, at least in principle, allow us to find “Weierstrass rep-
resentations” for minimal real Kéhler submanifolds in general. In [D-Gy]
for instance, Dajczer and Gromoll used such representations to describe the
structure of complete minimal real Kéhler submanifolds in codimension two.
(For more on this case see the remarks below, and also Chapter 2.)

ZNote: In most articles on these topics, we find that F is taken to be % (f +1 fry2) -
However, the image of the (complex) Jacobian F,. of F would then consist of anti-
holomorphic vectors, whereas we want to work with holomorphic vectors here. Compare
the remarks and the footnote after Theorem 1.1.



In the years after 1985, several articles were published concerning the
structure of real Kahler submanifolds, in particular in low codimensions.
Many of these results rely on the fact that, unless the submanifold is the
image of a holomorphic map as described above (with respect to some com-
plex structure on the Euclidean space), it usually has “plenty of (relative)
nullity”. Recall that the (relative) nullity space A, of an isometric immer-
sion f: M — RY at a point p € M is the degeneracy space of the second
fundamental form « of M in the tangent space T,M at p:

Ny={veT,M|a(v,..)=0}.

Its dimension is called the indez of (relative) nullity: vy(p) = dimA,,. This
index is locally constant, and on every open subset U of M where it is
constant, {A,|p € U} is a subbundle of TM. Moreover, it is well-known
that on such an open set U, A forms an involutive distribution whose leaves
are totally geodesic submanifolds of M, and furthermore that f maps these
leaves into affine subspaces of RY; see e.g. [Ds], pages 67 to 70. For real
Kéhler submanifolds, A is often rather high—dimensional, if the map is not
already holomorphic in the above mentioned sense. For example, Takahashi
showed in [T] (see also [A]) that for a (not necessarily minimal) hypersurface
immersion f : M* — R?"*! of a Kahler manifold M, we must have that
vp(f) > 2n—2 for all p € M, which is as large as possible if f is not flat at
.

Perhaps the strongest result of this kind for codimension two was
published by Dajczer in [D;], where he uses the theory of flat bilinear forms
developed by Moore (see [M]) to prove that if the nullity of a (not necessarily
minimal) isometric immersion f : M?*" — R*"2 from a Kéahler manifold M
into Euclidean (2n + 2)—space is everywhere less than 2n — 4, then f must be
holomorphic with respect to some complex structure on R?**2. This means
that if such an immersion is non—holomorphic, then it must locally be an
affine vectorbundle of rank at least 2n — 4 over an at most four—dimensional
Kéhler submanifold of M.

Shortly afterwards, Dajczer and Rodriguez where able to analyze the
structure of such isometric immersions with v,(f) > 2n —4 for all p € M
in codimension two, given that they are minimal and that the underlying
Kéhler manifold M is complete; see [D-Ry]. The key to their result is
that for complete M, one can always find one more “complex direction”
in which M is ruled. This means that a complete isometric immersion



f o M* — R?>2 will either stem from a holomorphic map; or that f is
a cylinder, i.e. = f; X idgza-a, where f;: M* — RS is a minimal isomet-
ric immersion from a Kihler submanifold M of M into Euclidean 6-space; or
that f is completely complex ruled, i.e. M is an affine vectorbundle of rank
2n — 2 over a two—dimensional K&hler submanifold M of M, and f maps the
rulings into affine subspaces of R?"*2. But then the image of the submanifold
M of M under f is nothing but a minimal surface in R*"*2, and as Harvey
and Osserman demonstrated in [H-O], most results concerning the structure
of minimal surfaces in 3—spaces can be generalized verbatim to those in an
arbitrary Euclidean space of dimension larger than 3; see also [L]. Finally, in
[D-Gs] Dajczer and Gromoll use this idea to give Weierstrass representations
for all minimal isometric immersions f : M?* — R?"*2 where M is complete
and f is irreducible (i.e. not a cylinder) and non—holomorphic. Their method
allows the explicit construction of examples for such immersions.

However, some questions remain open. For instance, it is not clear
how non-holomorphic isometric immersions f : M?* — R?? may look
locally if M is not complete. And our nullity condition v,(f) > 2n —4 tells
us nothing if M is four-dimensional (n = 2), i.e. in the case of a minimal
isometric immersion f: M* — R®. In fact, to the knowledge of the author,
only a few examples in this case were known up to this point; see [F| and
[D-G3]. Very recently, Arezzo, Pirola, and Solci were able to give entire series
of examples (see [A-P-S]). But a classification of those submanifolds had not
been established until this time.

The main goal of this dissertation is exactly to give a complete local
classification of four—dimensional, minimal real Kdahler submanifolds in codi-
mension two, at least away from certain isolated “singularities” in the mani-
fold. This will be established in Chapter 4, where we utilize a parametrization
for two—dimensional isotropic subspaces in C that is based on “Weierstrass
formulas” very similar to the one in (1). The latter will be developed in
Chapter 3. Chapter 2 contains an “addendum” to Dajczer and Gromoll’s
work [D-Gs], namely that the methods developed in this article can be used
almost verbatim to explicitly construct minimal Kahler hypersurfaces. One
interesting consequence of this is that we will be able to explicitly write down
formulas for so—called “superminimal surfaces” in Euclidean spheres, a topic
that was first studied by E. Calabi in 1968 (see [C]) and is still an active area
of research in algebraic geometry.



The following theorem contains the clarification promised on page 5,
and is the backbone of the Weierstrass representation for minimal real Kahler
submanifolds. It is well-known in the literature and can be proven in a
straightforward (if tedious) fashion, e.g. by expressing all given conditions
in a complex chart of the Kahler manifold. In their recent article mentioned
above, Arezzo, Pirola, and Solci have given a very elegant proof of this the-
orem, using differential forms (see [A-P-S]).

Theorem 1.1: Let f : M? — RY be a minimal isometric immersion
from a Kahler manifold M into Fuclidean N —space. Furthermore, let
(21, ..., zn) be a complex chart of M on some open (and without loss of
generality simply connected) subset U of M, and define the maps ¢; :
U—CNforj=1,...,n by

—ye o _ L (of _,0f
¥ _\/§ 8Zj N \/§ <8$j Zayj> ’

where z; = xj +iy;. Then these p; satisfy the following conditions:

(a) For each point p € U, the vectors ¢1(p),..., pu(p) are linearly
independent in CV ;

(b) ¢; is holomorphic for j=1,..., n;
(c) span{pi,..., pn} is an isotropic subspace of CV, i.e.

(pj(pk:o fOT‘CLll 1§],k§n7

where “- 7 is the standard symmetric inner product in CN :
N
(Ula"'a UN)'(wlv"'a U)N) ::Zvjwj;
j=1
aQOj _ 8g0k . « -7 g 2
(d) == =—=forall1<j,k<n  (“Integrability Conditions”).
aZk 82]'

Furthermore, if F : U — C¥ is a holomorphic representative of f on U
as described in (3), then we have

F
gzjzgoj forall j=1,....,n. (4)



Conversely, let U be a simply connected open subset of C", and
1.y on U — CN be maps that satisfy conditions (a) through (d) as
above. Then there is a holomorphic map F : U — C¥ such that (4) is
satisfied, and if f: M — RY is defined by

fi=V2Re(F),

then M = (U, f*<,>) is a Kdihler manifold and f is a minimal iso-
metric immersion from M into Fuclidean N —space whose holomorphic
representative is F.

The map ¢ :=span{yy, ..., ¢,} from U into the complex Grassman-
nian Gr,,(C") of all complex n-spaces in CV is more correctly what one calls
the complex Gauss map?® of the Kihler manifold M over U. It is indepen-
dent of the choice of the complex chart of M, and thus a holomorphic map
on all of M. Note that we always have

(,0(])) = F. TpM = f* TpM(LO) ) (5>
o) 2l

since z-,..., .- isa basis for the subspace of all holomorphic vectors in
(T,M)¢ = T,M ®@r C. Therefore, (a) means exactly that the holomor-
phic representative I’ of our immersion f is itself immersive, regarded as a
holomorphic map between complex manifolds.

To see how the factor v/2 behaves in these formulas, let us briefly
check (4). Using (2) and (3), we find

OF 1 <af+.afﬂ/2>

92 V2

(o e (0 e
a <5%' Zayj Zf*<Ja$j ZJ@%‘))

Oz;  Ody; Oy Oz,

(92j ’ (9zj

S

|
[\
<~
VRS
Q
S
|

3 Again, usually one looks at the antiholomorphic Gauss map ¢ = span{ oF oF

FEARE E
= f. T,M©1 here. But since we will later work with this map quite extensively, we will
prefer having a holomorphic Gauss map.
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We will use Theorem 1.1 shortly to give simple examples of how to
construct minimal real Kahler submanifolds. However, before we do this, we
want to investigate isotropic subspaces in CV a little closer.

First, in general we say that a subvectorspace V of CV is isotropic
if we have V2 :=V -V = {0}, which, of course, means that

N
v-w:Zvjwj:()

=1

forall v=(v1,...,vn), w=(wy,...,wy) €V . Geometrically, the most
important property of isotropic subspaces in C¥ is that they are exactly the
ones that “stem from orthonormal systems in RY”. More exactly, we have:

Lemma 1.2: Let V be an n—dimensional complex subvectorspace of C.
Then we have that

1 1
Z=—Xa+iY1),...,. Z,=—=(X,+1iY,
1 \/5( 1 21) \/5( t )

(with X;,Y; € RY ) is an isotropic, Hermitean orthonormal basis of V if

and only if Xv,..., Xy, Y1i,..., Y, 1s a Euclidean orthonormal system
in RY.

Note that this lemma immediately implies that the maximal dimension

of an isotropic subspace of CV is [§], where [z] is the largest integer less
than or equal to x.
Proof: If Z,,..., Z, is an Hermitean orthonormal system, and if we denote

the regular Hermitean product on CV by < ... >, we have that
O = <Zj, Zpy>=Z; - Zy
= 2 (<X;, Xp> + <Y}, V>) + 4 (- <X;, V> + <Y, X;>).
On the other hand, if V' is isotropic, we have
0=1"2;-Z,=3(<X;, Xp> — <Y}, Vi>)+1(<X;, V> + <Y, Xj>) .

Adding these equations and then separating real from imaginary parts gives
<X, Xp>=4d; and <Y, X;>=0, whereas subtracting leads to
<Y, YVp>=6; and <X;, Y, >=0,ie Xy,..., X,, Y1,..., Y, is an or-
thonormal system in RY. The converse is clear from the equations above.
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Another fact that we will need later is that congruent minimal real
Kahler immersions have congruent holomorphic representatives:

Lemma 1.3: Let f and f : M™ — RN be two minimal real Kdhler
immersions from M into Fuclidean N —space, and let F' and F:U—-CN
be (local) holomorphic representatives of f and f, respectively. Assume
that f and f are congruent, i.e. f = Ao f+b foran A€ O(N) and
b e RY. Then we have F = Ao F + ¢, where we view A as a complex
N x N-matriz, and where ¢ € CV .

Proof: Obviously, it suffices to show that F. = AoF,. By (3), we have
that F = % (f+if_w/2), and t}ius by (2) that F, = % (fe =i fiolJd),
and analogously for F. But since f, = Ao f,, we have

1

F*:ﬁ (f*—if*oJ)ZAoF*.

We will end this chapter with the promised simple examples of how
we can use Theorem 1.1 to construct minimal real Kahler submanifolds.

Example 1.4: For some fixed integers m > n > 1 and N > 2m, choose

a basis Xj,..., X,, of some fired m—dimensional isotropic subspace of
CV. Let Cy € C¥ be another constant vector. For j = n+1,..., m,
let g;(z1,..., z,) : U — C be some holomorphic function in the n complex
variables 21 ,..., z,, defined on some open subset U of C", and define the

map F: U — C¥ by

F(z1,..., zn) ::szXk + Z ge(z1, -y z20) X + Co . (6)
k=1 k=n+1
Then we have that for j =1,..., n,
OF T Ogy
— =X — vy Zn) X
azj J+k:zn;rl azj(zla ,Z) k

and it is easy to see that the ¢; := % indeed satisfy conditions (a) through
J

(d) in Theorem 1.1. Therefore, f := /2 Re(F): M — RN | where the mani-
fold M := (U, f*<,>) has real dimension 2n, is a minimal real K&hler
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immersion. Since we can view F' as the “graph” of the holomorphic map
(Gnt1y---, gm) “with respect to the isotropic basis Xy ,..., X,,,”, we will say
that such an immersion f is generated by an isotropic graph.

It is interesting to note that in even codimensions, we have basically
only rediscovered the examples for minimal real Kéhler submanifolds that
we encountered on page 5, since we have the following

Proposition 1.5: Let M?" be a Kdihler manifold, and f : M — RN
be an isometric immersion that is also a holomorphic map with respect
to some complex structure on R*V (so by the remarks on page 5: f is,
in particular, a minimal immersion). Then for each point in M, there
is a neighborhood U of this point and a complex chart (z1,..., z,) on
U such that with respect to this chart, f|y is generated by an isotropic
graph.

Conversely, every minimal real Kihler immersion f : M** — RN
that is generated by an isotropic graph in even codimension is holomor-
phic with respect to a suitably chosen complex structure J on R?V.

Proof: The main tool of this proof is a fact that Calabi discovered first
for minimal surfaces in even—-dimensional Euclidean spaces (see [C], or [L],
page 165), and that Rigoli and Tribuzy generalized for minimal real K&hler
immersions (see [R-T], Theorem 4 on page 517)%:

A mianimal isometric immersion f : M* — RV s holomorphic with
respect to some complex structure J on R*N if and only if there is a fixed
isotropic subspace V. of C?*N such that the image of the complex Gauss
map of f is contained in'V, i.e.

LT,MY0 c VvV forall pe M.

Now assume that f is holomorphic with respect to some complex struc-
ture J on R?". Let V be the isotropic subspace of CV mentioned above,
and let m denote the (complex) dimension of V' (so: n < m < N). Taking

an Hermitean orthonormal basis X;,..., X,, of V, we obviously can write
any holomorphic representative F' : W — C2V of f in any given complex
coordinate system (Zy,..., Z,) on W C M as

4In their article, Rigoli and Tribuzy work with the antiholomorphic Gauss map
fT,M©Y 5o their theorem had to be slightly adapted here
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F(zl,...,zn>:fjlgj(zl,...,zn)xj+F<p0), (7)

where the g, are certain holomorphic functions defined on W, and where p,
is some fixed point in W. But since F' is immersive (see (5)), the rank of the
map G = (G1,---, gm) : W — C™ is also equal to n everywhere. Given a
fixed point p in W, we can thus find indices ji,..., 7, € {1,..., m} such

that the n x n—matrix
07,
(52w
% k=1n

has rank n. Assume without loss of generality that j; =1,..., j, =n. Now
set
© = (g1, )"

and let the domain of ® be some open set U C C" that ® maps biholomor-
phically onto some open neighborhood U of p in W (the existence of such
an open set is guaranteed by the “holomorphic” Inverse Mapping Theorem;
see e.g. [G-R], page 17). Thus, &' : U — U is a complex chart for M, and
changing coordinates to (z1,..., z,) € U, we see that

Go®(z1,..., zn) = (1(P(z1, -5 20) 5oy (Gm(P(21,---, 20))

= (215 Zns Gnr1(Z1, ooy Zn) s ooy Gm(Z15 -0, Z0))
for the holomorphic functions g; == g;o® (j =n+1,..., m). Inserting
them into (7), we see that in the “complex coordinate system” (z,..., z,),

the holomorphic representative of f has the same form as in (6), which proves
the first part of our claim.

Conversely, if f is given as in Example 1.4, then the complex subspace
V = span{Xy,..., X,,} of C* is isotropic, and by (5) and (6) it is clear
that the image of the Gauss map of f always lies in V. Thus f is holomorphic
with respect to some complex structure on R*V by the criterion given above.

Another way to construct simple examples is to look at “isotropic
cylinders” in the following sense:

Example 1.6: Take a fized isotropic subspace V of C¥ of dimension n < [%] .
Further, take a basis X;,..., X,, of V. Denote the “isotropic orthogonal
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complement” of V by V1", where A_L*B for A, B € CV means by defini-
tion that A - B = 0 with respect to the standard symmetric inner product in
CV. Note that it is clear from the general theory of bilinear forms that since
“.”7 is non—degenerate, the dimension of VL s N—n. However, since V
is supposed to be isotropic, in our case we always have that V C VL.
Now choose any complement W of V' in V L* sothat VL =vaew,
and take any nowhere zero isotropic map Z : U — W which is holomorphic
in the one complex variable w € U C C. (It is not hard to show that
any subspace of CV of dimension at least two contains non-zero isotropic
vectors, and that by our assumption on the dimension of V., dim W has
to be at least two.) Then it is easy to check that the partial derivatives

@ = g—i and @, = g—i of the map

Flzi,..., 20, w):=> zX; + /Z(w)dw
=1

satisfy conditions (a) through (d) in Theorem 1.1, and thus that the map
f=V2Re(F): M :=(C"x U, f*<,>) — R"Y is a minimal real Kihler
immersion. Because F' has a similar structure as a cylinder in a Euclidean
space (where all coordinates and functions would be real), we will say that
such an immersion f is generated by an isotropic cylinder.

Note that since we cannot assume that the X; and Z are always con-
tained in a fized isotropic subspace of CV, we may very well obtain non-
holomorphic immersions here (see the criterion in the proof of Proposition
1.5). For the same reason, Lemma 1.2 implies that we also cannot expect
that f itself will split as a cylinder in RV .

The real reason why we introduce Examples 1.4 and 1.6 is that they
will later reemerge naturally as special cases in our classification of four—
dimensional minimal real Kihler submanifolds of RS.
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2 Minimal real Kahler hypersurfaces

Locally, any real Kihler hypersurface in R?**! which is nowhere flat
can be described through its Gauss parametrization ¢ : A — R*"™! given
by

U(z, w) = (h-g+V'h)(2) +w, (1)

where A is the normal bundle along a pseudoholomorphic isometric immer-
sion g : V? — S?" from a surface V into the 2n-sphere, h: V — R some
support function on V', and VVh its gradient in V' (see [D-G4], formula (2.4)
and Theorem 2.5). The reason that we can find such a parametrization is
that for every such hypersurface which is nowhere flat, the index of relative
nullity must be constant and equal to 2n — 2 (as we mentioned on page 6), or
— which is the same — that its Gauss map must have constant rank 2. In fact,
V' is nothing but the “Gauss image” of our hypersurface. If the hypersurface
is to be minimal, we must require that, in addition, A is an eigenfunction of
the Laplacian of V for the eigenvalue —2 ([D-G,], Corollary 2.6):

¢ minimal <= AYh+2h =0 in V.

Of course, it is neither very easy to find pseudoholomorphic surfaces in
S?" — which were first studied by Calabi [C] — nor to determine the eigenfunc-
tions of the Laplacian of V. So the question arose if one could use techniques
analogous to those in [D-Gs] to find examples of minimal real Kéhler hy-
persurfaces via the Weierstrass representation, similar to the classical case
of minimal surfaces in R3. In fact, this is easily possible by only slightly
modifying the methods in [D-Gy], as we will now show.

Let f: M?" — R?*! be a minimal isometric immersion of a Kahler
manifold M into R**!, which is also assumed to be nowhere flat. As men-
tioned above, the relative nullity bundle A of f must have rank 2n — 2
everywhere. Since this bundle is the kernel of the Jacobian of the (for us)
holomorphic complex Gauss map of f (see page 9), it is in fact a holomorphic
subbundle of the tangent bundle TM of M (compare [D-G], page 240). As
mentioned on page 6, each leaf of A in M is totally geodesic, and furthermore,
f maps any such leaf into an affine subspace of R?**!,

Now, let F' : M — C?"*! be a holomorphic representative of f as in
formula (3) in Chapter 1 (so we either assume M to be simply connected,
or we restrict ourselves to local considerations). The fact that f maps leaves
of A into affine subspaces of R?"*! means that ' will map these leaves into
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complex (n — 1)-dimensional subspaces of C?"! and will, thus, be holomor-
phically ruled. This implies that locally we can find complex coordinates

(2, wy,..., w,_1) on some open subset U x W C C x C"~! such that
O*F
——— =0, 1<, k<n-—-1
Ow; Qwy, ==
recall that, by (4), 2£ = /2 2L for each complex coordinate system
y oz 0z p y
J J
(21,..., 2z,) on M). Furthermore, we know from Theorem 1.1 that the Ja-
cobian of F' spans an isotropic subspace in C?"*! i.e.
oF OF
— — =0, 1<j,k<n,
8zj 8zk =J -

for each complex coordinate system on M. As in [D-Gy], we see that this
means that the Jacobian of F' must be a (2n + 1) x n matrix of rank n that
has the form

F, = (5(2) +Ti w;Vi(2), (2),- -, %1(2)) ; (2)

where +/(z) = % , and where 3, v; : U — C**! are holomorphic in z and
satisfy the additional constraint that

span {0, V1, V1 ,- -+ Yn1+ Va_1} Is isotropic. (3)

Now, as noted on page 10, the largest possible dimension of an isotropic
subspace in C*"*1 is n, and by (2) and (3) the holomorphic subbundle

E:=span{vyi,..., a1} C U x C*"*!

is isotropic and already has rank n—1. This means that its osculating bundle
E'":=span{y;, 7;|1 < j <n—1}, which by (3) is also isotropic, can only
have rank < n. But then Lemma 1 in [D-Gs] (page 239) tells us that either
E contains a parallel subbundle (which means that f is reducible), or that
there is a unique holomorphic line bundle L C E such that L™ 2, the
(n — 2)"? osculating bundle of L, equals E. More explicitly, if in the latter
case v : U — C?"! is a nowhere zero section in L, then

E = L"? =span{y(z), 7' (2),..., 7"V} (4)
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From now on we will assume that f is irreducible, so in particular we
have (4). Note that, in this case, we can conclude further that rank £’ = n,
and we have

E = =1 — span{*y(z) , ’}/(z) e 7(" 1)}

Thus, (3) gives us that we always have § € E’; i.e. we can always find
holomorphic functions by, ..., b,_1 : U — C such that

B(z) =3 bi(2) 7(2) ()

where b, is never 0. (Note: By [D-Gs] (9), this shows that an irreducible f
can never be completely ruled, so in particular that an irreducible, nowhere
flat minimal real Kdhler hypersurface can never be complete. In fact, this is
also true for non-minimal Kahler hypersurfaces, and was first proved by Abe

[A]; see also Corollary 2.7 in [D-G;]). With this 3, (2) now becomes
n—1 ) n—1 )
Fo={ 20 b(2)7P(2) + 3 wjyV(2), 1(2) Y (2) . /" P(2) |
i=0 =1

and we have that
F(z,wy,..., wy_q :Z /b dZ)—I—ZwJ/y(J Y(z), (6)

and f(z,w1,..., wo1) = V2 Re(F). Writing w; = u; + iv;, we thus
obtain
%f(zaula--'aun—lavla"'avn—l)

n-l A (7)
Z/ bi( dz) + (u Re 7Y~V (2)—v;Im 7(]_1)(2)).

=1

<.

This is a (local) Weierstrass representation of the minimal real Kéahler
hypersurface f.

Comparing this parametrization of f with the Gauss parametriza-
tion in (1), we see that, in these coordinates, the first term in (7) corre-
sponds to (h-g+ Vh)(z) , and the second term to a normal vector to g in
52", Thus, if we have a convenient way to find such Weierstrass representa-
tions — i.e. maps v as in (4) — we can also easily find (local) examples for
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pseudoholomorphic maps g : U — S?": they are simply the normal vectors
to span{ Re 7)(z), Im 7 (2) |0 < j <n —1} in R>"*! viewed as a func-
tion of z = z + iy = (z, y), which represent isothermal coordinates on U
(compare page 1).

Now it is in fact rather easy to find such a v. We only have to mimic
the construction on page 237 in [D-G,]. Thus, let U be any simply connected
domain in C. Start with any non—zero holomorphic function® o : U — C,
and let ¢g := [ap(z)dz (or just start with any non-constant holomorphic
¢o). Assuming that the maps a,, ¢, : U — C? ™! have been defined for
some 0 < r < n — 1, choose any nowhere zero function ., : U — C, and

set
1— ¢}
2

Qpp1 = Mg i 1+ Qﬁ ,and @y = /ar+1(2) dz , (8)
2

r

where ¢? = ¢, - ¢, with respect to the standard symmetric inner product in
C?*!, Then,

Y= Oy

is the section of L for which we are looking; i.e. if we use it in (7) above,
then the so defined f will be a minimal isometric immersion from the Kéhler
manifold M := (U x W, f*<.,.>) into R*"*! where W is some open subset
of the origin in C"! and <.,.> is the standard Euclidean metric in R***!.

The proof that this method works is exactly the same as for the case
of codimension 2 described in [D-Gs]. In fact, it is not hard to show that
every minimal real Kéhler hypersurface must locally be of this form (up to
renumbering the coordinates in R***1).

Note that the first step in (8) is ezactly the classical way to find mini-
mal surfaces in R? via their Weierstrass representation (compage page 2).
Thus, if we simply “continue this construction to higher dimensions” (as
given in (8)), what we obtain are exactly minimal real Kéahler hypersurfaces.

°The only difference to the procedure in [D-Gs] is that there, ag is a function with
values in C2. Also, note that if ap = 0, we could choose all integration constants in (8) to
be zero, and the hypersurface would be part of R?" x {0}, and thus flat (and reducible).
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Let us now consider two examples, both in the simplest possible case
of a minimal real Kahler hypersurface in R, so that n = 2.

Example 2.1: Start with a9 := 1 , and thus ¢y = z , if we set the
integration constant equal to zero. Now choose p; := 6, and obtain

1— 32 3—322
o =2 i(1+¢3) | =] 3i(1+2%) |,
2 ¢y 6z
and by integrating (and setting all integration constants equal to zero),
3z — 28
qbl:/ozl(z)dz: i(3z+2%)
3 22

For the next step, we need to calculate
¢ = (32 -2 +?(B2z+ 22+ (322 = -32".

Setting o := 2, we obtain (since here n = 2)

1+32*
1 ¢ i(1— 324
72@2:% i(l+¢3) | =] 62—223
2 ¢ i(62+22%)
6 2>

If in (6) and (7) we now choose by := 0 and by := 1, we see that
f(z, w) = V2 Re(/l ' (2)dz + wy -’y(z)) = V2 Re((1+w) 7(2)) (9)

(setting yet another integration constant equal to zero), and if we write
z=x+1y and w; =w = u + iv, we finally obtain that

flx,y,u,v)=v2(0+u)Re y(z+iy) — v2v Im y(z +iy)

1+32* — 182292 + 3¢* 1223y — 1229°

1223y — 12293 1—32*+1822y% — 3¢*
= V2(1+u) - 6 —2x° + 69> —V2uv- 6y — 622y +2y3
—6y — 622y +2y° 6x+22° — 629

622 — 6y 122y
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is a minimal real Kahler hypersurface in R, defined for all (z, v, u, v) in
some neighborhood U x W of the origin in R* (U, W open in R?).

We can also use this example for f to obtain an example for a pseu-
doholomorhic surface g : U — S* in the 4-sphere.’ Note that since here

f*T(z,O)U = span{Re’y(Z) ) Im”}/(Z) ) R,e”)//(Z) ) Im’y’(z) } )

we only need to calculate 7/(z) and then determine a normal vector to f at
(z,0). We have

223
—24 23
Y(z)=6| 1-—22 , and thus
i(14 2%)
2z
22° — 611° 622y — 293
622y — 293 —223 + 629>
gReY(z,y)=| 1—a?+y? ¢Im (2, y) = —2zy
—2xy 1+ 22 — g2
2 2y

To find the required normal vector, one probably wants to use a computer
algebra system (or otherwise plenty of time and patience). In any case, one

finally arrives at the result

2(2? —y?) (a + 3)

4xy(a+3)
(z,y) = ! 22 (302 — 1)
TV = 3 9ar va+1

2y (3a® —1)

where a := 22 +y2 = ||(z, Z/)H2

a*—9a?—a+1

6 Actually, for a minimal surface in the 4-sphere, being pseudoholomorphic is equivalent
to being superminimal. See [Loo|, page 8, or [D-G], page 18.
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Remark: Once that we have a candidate for a pseudoholomorphic map
g : U — S?" it is not too difficult to check if it is indeed pseudoholomorphic.
If 0=1(2- ia%), where (z,y) are isothermal coordinates on U, then
according to Calabi [C] — or better: [Loo], page 7 — we only need to check that
»g-07g =0 for 1 <j <n. The author did, in fact, use a computer algebra

system to successfully double—check our g above for pseudoholomorphicity.

Example 2.2: Here, we start with oy = %eé, and thus ¢y = e? and
3 = e* (setting this and all following integration constants equal to zero
again). Choosing pu := 2, we find

11— 1—e*
o ="1 e | = i+en
2 ¢y 2e2
Integrate to obtain
z—€*
gbl:/al(z)dz: i(z+¢€*) |,
4e3

so that ¢? = (z —e*)2 +i%(z+€*)?2 + (4e2)? = 16€* — 4z €* . Setting iy 1= 2
gives
1—-16e*+4z¢€?

1—¢? i(1+16e* —4z¢€*)
’}/:OQ:& i(14+¢2) | = 22 —2¢*
2 P, i(2z42¢€%)
8ez
Again, we choose by := 0 and b; := 1, and have the same general form of

f asin (9). Finally, we obtain another example for a minimal real K&hler
manifold in R®, namely
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flx,y,u,v) = V21 +u) Rey(z+iy) —v2 v Im y(z +iy)

1+e€” cosy(dx —16) —4dye” siny
4ye® cosy+ e siny (4x — 16)
= V2 (1+u)- 2z —2e" cosy
—2y —2e” siny

8ez cos (¥)

4ye* cosy+ e” siny (4x — 16)
1—e*cosy(dx —16) +4ye” siny
—V2uv- 2y —2e% siny
2x+2€" cosy

8e2 sin (¥)

Asin Example 2.1, this f gives rise to another example of a pseudoholomorhic
surface g : U — S* in the 4-sphere. We have

—12e*+4z¢€?
i(12€* —4ze?)
V(2) = 2-2¢ :
i(242¢€%)
4ez

and thus

e’ cosy (4x —12) —4dye® siny
dye” cosy + e” siny (4dx — 12)
Re 7/ (z, y) = 2 —2¢e% cosy
—2e% siny

4et cos ()
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and
4ye® cosy+ e siny (4dx — 12)
—e” cosy (4dx —12) +4ye” siny
Im +/(z, y) = —2¢" siny
24 2e” cosy
4et sin (%)
It appears somewhat daunting to try to find the normal vector to the space
span{Rev(z), Im7y(2), Rey'(2), Imy/(z) }, but one can make this task

slightly easier (even for a computer algebra system) by doing some linear
algebra on this basis, thereby finding the following new basis vectors:

1 —4¢e" cosy —4e” siny 2 —6 2y

—4e” siny 1+4e* cosy 2y —2x 46
20 —2 , 2y | =1+ e *cosy |, —e T siny
—2y 2x —2 e ¥ siny 1+e * cosy

4e? cos(Y) 4e? sin () 2e2 cos (¥) —2e72 sin(¥)

Again, we employ a computer algebra system to calculate the normal vector,

and find

2 cos(y) (e" +x —2) — 2y sin(})
2y cos($) + 2 sin(}) (" +z — 2)
2e3

4e2 +erb(x,y) + 1

g(z, y) = cos(¥) (4xe” —8e” — 1) +4ye” sin(})

—4ye” cos(y) +sin(y) (4we” —8e” —1)

)
e 2 (4e*® — e b(z,y) + 1)

N | —
(NI

where b(x,y) := 42% + 4y?> — 162 + 17. As in Example 2.1, the author
double—checked that 97¢g-37g = 0 for j = 1,2. Actually, it took a fairly
fast computer system several minutes to complete this task.
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3 Minimal real Kahler surfaces and their
Weierstrass representations

One key feature of the Weierstrass representation for minimal surfaces
in RY is that it uses a simple parametrization for isotropic vectors in CV (see
[H-O)). If one wants to find a similar representation for isometric immersions
of a Kihler manifold M?" into R”Y, one could, thus, try to first construct
a similar parametrization for isotropic n-dimensional complex subspaces of
CV. We will in fact do this for n = 2, i.e. for isotropic complex planes in
CY (for N > 5), and will then find a local characterization for all minimal
(complex) Kdhler surfaces in RY (so: of real dimension 4). This character-
ization corresponds to the Weierstrass representation of a minimal surface
(=complex curve) described on page 2. It is not only interesting in its own
right, but also because all isometric immersions f : M?* — R?"*2 in codi-
mension 2 that are not holomorphic with respect to some complex structure
in R**2 must locally be affine vector bundles of (real) rank 2n — 4 over a
4-dimensional Kéhler manifold M* (see our remarks on page 6). And the
complex Gauss map of such an f restricted to M can be viewed as a map
from M into the space of all isotropic complex planes in C2"+2.

In general, denote the space of all isotropic complex n-subspaces in
CY by I,(CY), or IV for short. It is well-known (see e.g. [R-T]) that IV is
a compact complex homogeneous space, namely

Ny o SO(N)
I,(C") = /(U(n) x SO(N — 2”))

This implies for the (real) dimension of this manifold

dim, (I,(CY)) = @7) — (n? + (NEZ")) =2Nn-—3n?—n

(1)
=n-2N—-3n-1).

In fact, as a complex submanifold of the Grassmannian Gr, (C"), which is
a Kéhler manifold with its standard (Fubini-Study like) metric (see [K-N],
pages 133-134 and pages 160-161), I"V is itself a Kihler manifold. However,
we will not use this last fact here.

We will now give a complex coordinate system for IY, whose complex
dimension is, by (1), 1-2- (2N —3-2—1) = 2N — 7. Note that since I} is
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homogeneous and since we will be mainly interested in local considerations,
any “small” coordinate system of I suffices for our purposes.
We will write the complex coordinates in C*N=" as (£, ¢, A), where

é = (51 Yt £N—4> and C = (Cl 3ty CN—4) are in CN_4 and A is a Complex
number. Then set
X = (3.4, %). where X == A(5, i 545, €).
and (2)

Y = (-X-Y,iX-Y,Y), where Y := (155, i 5 ().

2 2

Here, X -Y is the standard symmetric inner product in CV=2, and £2 = ¢- ¢
and ¢? = (- refer to the analogous inner product in C¥=* (see page 10). It
is easy to check that X and Y span an isotropic subspace of CV, and that X
and Y are isotropic vectors in CV~2. However, in general X and Y will not
span an isotropic subspace of C¥~2. Now, define the map ® : C*V-7 — I¥
by
O(&, ¢, A):= span{X,Y},

with X and Y defined in terms of (£, ¢, A\) as in (2). Note that this map
is well-defined, i.e. that span{X,Y} is in fact always 2-dimensional; for let
us assume that there were complex numbers o and 3 such that

_8X.Y
LiBX-Y
aX+3Y

R R

0=aX+8Y=|i

Dividing the second component by ¢ and adding it to the first component
gives a = 0, so that in particular we must have §Y = 0. But looking at the
form of Y as in (2), we see that the first and the second component of Y can
never be zero simultaneously. Thus, § must also be zero.

We will have to restrict the domain of ¢ to obtain the (inverse of the)
coordinate system for which we are looking. Thus, let

Go:={(,(, N eCTTIANE-()*#0}.
Note that the condition in this definition is equivalent to X-Y # 0, since

4YY’:A<(y_g§1_<%+wﬂl+g§1+&)+£(>
\ (3)
= A(—3e -4+ () = -5 (E- 0P 0.
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Thus, span{X , Y} will, in fact, never be an isotropic subspace of C¥~2 as
long as (£, ¢, \) € G®. Obviously, G® is an open set in C*¥=7 and it is
easy to see that G® is connected. Then we have

Lemma 3.1: The map ®: G® — I¥
(€, ¢, A) — span{X,Y},

where G® = { (£, ¢, \) € C*NT | X(E—-C)?#0}, and X and Y are
given by (2) as

2 2 (€= ¢
3 2 (€ ¢)?
X:=1 )\ 1—252 , and Y = 1—242 ,
D) 1‘552 i 1+2C2
A€ ¢

15 an injective holomorphic immersion between complex manifolds of the
same (complex) dimension 2N — 7, and thus (the inverse of ) a coordinate
system for IY.

We call the inverse chart ® as in Lemma 3.1 a Welerstrass coordinate
system for I).

Proof: First, we prove that ® is injective on GP. Thus, suppose that
span{X ,Y} = span{X, Y},

which means that there are complex numbers «, (3, 7, and ¢ such that

X = aX+43Y,
Y =7vX+0Y.

By (2), the first equation means

Ly (5oexy
Pl=lie+igX-y
X aX+3Y
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Dividing the second components by ¢ and adding them to the first compo-
nents on either side gives o = 1, whereas subtracting these components gives
25 X-Y =0. Since we are in G®, we have by (3) that X-Y # 0, and thus
that 5 = 0. So, we have found that X = X, and thus, in particular, that
X = X. By the second equation in (4) and by (2), we have

-XY 1-6X-Y
iXY | =|il+i6XY
Y yX+0Y

Again, dividing the second components by i and adding them to the first,
we immediately have v = 0, and thus Y = §Y. But according to (2), this
means that the first two components of Y and § Y give
1-? 1—¢? 1+ 2 1+¢?
= and .

=9 n =9
2 2 2 2

Adding these equations gives § = 1, and thus Y = Y. By (2), this obviously
means that the coordinates (£, ¢, )\) and (5 ¢, )\) generating the subspaces
with which we started have to be the same. Thus, ® is injective on G®.

We will now show that ® is holomorphic and immersive on G®. For
this, we need a complex chart for IY. Since I is a compact complex submani-
fold of the Grassmannian Gry(CY), its topology is the subspace topology of
Gry(CY), and thus it suffices to use a complex chart ¢, of Gry(CY) as in
the following diagram:

® o
e — I S Gn(CY) S5 Mat((N —2) x 2, C)
€,¢,A) — span{X,Y},—— span{X,Y} — @a(span{X,YD )

X,Y asin (2)
It is clear that if we can show that the map
®o: GO — Mat((N -2)x2,C) )
(€, ¢, A) — @alspan{X,Y})

is a holomorphic immersion, then the same has to be true for ®. Of course,
we need an explicit formula for ¢,. We will use the one described in Example
2.4 in [K-NJ], page 133 (where p = 2 and p + ¢ = N). Thus, if (21,..., z,)



28

is the standard complex coordinate system in CV, consider the z; as lin-
ear maps CV — C, and choose a set a := {a;, as} of integers such that
1 <oy <as <N. Let U, be the subset of all complex planes S C C¥ such
that z,,|S and z,,|S are linearly independent; i.e. they form basis of the dual
space of S. Write the other coordinates as za4 , . . ., za, , Where {az, ..., a,}
is the complement of a in {1,..., N}, written in increasing order. Then,
we can find complex numbers sj; such that

2
Zap|S = skj(2a,18) for k=3,..., N,

j=1
and the complex chart for which we are looking is given by

Vo : Uy — Mat((N—Q)xZ, C) :

S — (Skj)k:_s ..... N

Actually, it is not hard to see how we can write this chart in terms of a
basis v1, v € CV of the given complex plane S, namely in the following
way. Define the two projections P, : Mat(N x 2, C) — Mat(2 x 2, C) and

Qo - Mat(N x 2, C) — Mat((N — 2) x 2, C) by

aag,l aa3,2
a a
Pa((ak])k:'l ..... N) = ( ot a1,2> and Qa((akj)kzl ,,,,, N) =

Qaz,1 Qas,2 =13
aaN,l aaN,Q

Then it is not hard to show that if vy, vy is a basis of S € Gry(C™), S is in U,
exactly if det (P, (v1,v2)) # 0 (where (vq, vo) is regarded as the N x 2-matrix

whose columns are the components of v; and vy, respectively). Furthermore,
one can easily show that we have

2a(5) = Qalv1,v2) - (Palor, 1)), (6)

which is the form of ¢, with which we will work. Note that, in particular,

this formula does not depend on the choice of the basis vy, vy for S € U,.
We will now use the above formulas in the special case a = {1,2} and

for the complex planes that are given by our map ®. Substituting v; = X

and vo = Y, we see that
-XY
) =1X-Y,

det (Po(X,Y)) = det( oy

N N
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which is different from zero ezactly if span{X,Y} € G® (see (3)). This
means that our map ®, = @ 9y in (5) is defined on all of G®, and it is clear
by (2) and (6) that its components are rational functions in the complex
variables (£, ¢, A) € G®, and thus that ®, is a holomorphic map.

It remains to be shown that ®, is immersive on G®. To establish this,
we have to explicitly calculate how &, looks in terms of (£, ¢, \):

Dal€, €. N) = Qu(X,Y)- (PX, V)
|

N 1 (ixy X-Y)
| 1 XY —1 . ’

since a = {1,2}. Multiplying these matrices and substituting the expressions
for X and Y according to (2) and for X-Y asin (3), we obtain

q)a(§7C7)‘):<X_2X1-YY’ -1 X — 2XYY>

%(1_52)—'—@(1_C2) _%( §2> 2>\5C (1_C2>
- % (1 +§2) + 2)\(5_{)2 (1 + C2) %(1 +£2) - 2>\(§1_<)2 (1 + C2)
A s € —i A+ e €

We will now determine the partial derivatives of ®, in terms of the complex
coordinates (&1 ,..., En—4, C1,--., (n—a, A). Note that since

=G+ +& ., C=G+...+G_ .

and (£—C)?=(G—C)+ ...+ (Env—a— Cv-s)?,
we have that, forall 1 <7,k < N —4,

(952 a€2 a¢2 oc2

aéj 5]7 87@_0’ @—O, 87{]{_2667

)2 5t )2
(%;3:2@—9),MMQ;;):_H&_@%
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Also, it will be convenient to write
2

(€=t = (€= 0" = (6= Q)+ oot (Enma— v-a)?)

and to denote the j ™ coordinate vector in CV~* by e; . Using these notations,
we obtain for all 1 < j, k< N —4:

. =& 1§ _— 1-¢ i(1-¢%)
T L R Y R A R K
e, —ie; 2¢ 2:iC
— A, = 7
P, 1 e &k — Ck bee e
96 anEe—or | 1% % | T Xz [ 1A 04|
e 1€ 2(¢ 2:iC
—: B, =7
and finally
1-¢ —i(1-8) 1-¢ i(1-¢%)
0d, 1 1
5y o |11+ 1+¢ | - IN(E— O i(1+¢%) —(1+¢)
2¢ —2i¢ 2¢ 24¢
—. = =7

Now, if we can show that the (N —2) x 2-matrices A; (1<j< N —4),
By (1<k<N-—4),Z,and Z defined as above are linearly independent in
Mat((N —2)x 2, C) whenever (£, ¢, A) is in G®, then the same has to
be true for the partial derivatives of ®,. For assume that we have complex
numbers a;, b; (1 <j <N —4), and ¢ such that

o 0o, 0 d, 0 d,
0=3 (4ge +hige) + gy

=1
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Replacing the partial derivatives of @, as above and ordering the resulting
terms, one finds that

N-4 N-4
b; c some

jzl " j+jzl/\(§_<)2 ]+2 * large sum
Since we assume that the A;, B;, E, and Z are linearly independent, we
have, in particular, that

b.
Aa;j =0, —2——==0 (1<j<N-—-4), and ¢=0.

=0 Xe—gp 70 )
Since we are in G®, where A (£ — ¢)? (and thus \) is never zero, this means
that all the a;, b; , and ¢ must be zero, and thus that ®,, is indeed immersive
on all of GP.

To show that the A;, B;, =, and Z are linearly independent, we

assume that there are complex numbers a;, b; (1<j <N —4), ¢, and d

such that
N—4

0=%" (ajAj+bij> tcE 4 dZ.
j=1
Combining the a; and the b; to the vectors

and b:=(b,..., b, )€ CN,

a:=(ay,...,ay,_,)

and using the definitions of our matrices, we can rewrite the above equation
in terms of the entries of the matrices:

(1,1)-entry: = —a-{=b-CHec(1-8)+d(1 - (a)
(1,2)-entry: 0=i(a-6—b-¢—c(1-€)+d(1-¢?)) (b)
(2,1)-entry: = i(a-§+b'C+C(1+§2)+d(1+<2)) ()
(2,2)-entry: =a-E-b-(+c(14+&)—d(1+¢) (d)
rest of 1%¢ column: =a+b+2c&+2dC¢ (e)
rest of 2" column: O0=i(—a+b—2c+2d() (f)

Dividing (f) by ¢ and adding it to (e) gives, after dividing by 2, b= —2d(,
whereas subtracting gives a = —2c¢¢. Dividing (b) by i, adding it to (a),
and using the formula for b we just obtained gives
0=-2(-2d¢)-(+2d—2d¢*=2d+2d¢*,
——

=b
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whereas subtracting and using the formula for a results in
0=—-2(—2c&)-E+2c—2c?=2c+2c&.
i
Performing similar operations on (c) and (d) gives
0=2c—2c& and 0=2d—2d(?,

and adding the corresponding equations for ¢ and d obviously givesc =d = 0.
Thus, we also have that a = b = 0, which is what we set out to prove.
This finishes the proof of Lemma 3.1.

Before we proceed, a few more remarks about Weierstrass coordinate
systems ® as in Lemma 3.1 are in order. First, we have that ® is actually
holomorphic as a map from all of C*¥~7 into I5.

[ To see this, note that if (£, ¢, A) ¢ GP, i.e. according to (3) that
XY =0 (with X and Y as in (2)), then the first two components of Y as
in (2) are zero, i.e. 'Y = (0,0, Y). But since the first two components of
Y are never zero simultaneously, we find that either

X, Y L0 1
det [ 58 ') =det | 2 — Y, =
Xs; Y3 X Y 2

or that
X, Y 190 1 '
det | =0 1) =det| 2 =Yy =-(1+¢)#0.
X4 Yy Xy Y, 2

CZN—?

(1_C2)7£07

o |

IS

This means that in a neighborhood of any point in — G, we can
repeat the procedure on pages 28 and 29 with o = {1,3} or a = {1,4},
and we see that, again, we will obtain a map from this neighborhood to
Mat((]\/' —2)x2, C), all of whose component functions are rational, and
which, thus, is holomorphic. This makes ® holomorphic in this neighbor-
hood. ]

On the other hand, we cannot assume ® to be immersive at points
that are not in G®.

[ To see this, note e.g. that whenever A = 0 and ( is fixed, any &
will give the same isotropic plane in I under ®. Thus, ® will not be locally
injective in any neighborhood of such a point, and thus cannot be immersive
there. |
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The next Proposition gives the promised local characterization of mini-
mal real Kdhler surfaces (so: of real dimension 4) in Euclidean spaces:

Proposition 3.2: Let f : M* — R be a minimal isometric immersion
from a (real) 4—dimensional Kdhler manifold M into RY (where N >5),
and let p € M be any point in M. Further, let F: W — CV be a holo-
morphic representative of f, defined in a neighborhood W of p in M (see
page 5). Then we can find a neighborhood U of p in W, a complex chart
(u, v) of M defined on U, and holomorphic maps &, ¢ : U — CN=* and
A : U — C such that on all of U

AE=¢)?#0, (7)
and such that, up to isometry in RY, we have that on all of U

Fo= (3, 5.%), where X 1= A (352, i 58, ¢),

2 0 2

F, = (=1,i,Y), where Y := M(I_CQ,Z'HCQ,C), (8)

2 2

2
AE=0)?

with @ = —

In particular, we have that the complex Gauss map ¢ := im(F,) of f
(as defined on page 9) factors on U as

p==>0(£, ¢, A). (9)

Proof: Let (21, z2) be some complex chart of M, without loss of generality
defined on W. By Theorem 1.1, we know that ¢(g) is an isotropic complex
plane in CV for every ¢ € M. Let ® denote the Weierstrass coordinate
system for I} as in Lemma 3.1. If we have that ¢(p) ¢ ®(G®) for the
chosen point p, we can find an A € SO(N) such that A(p(p)) € ¢(GP),
since IYY is homogeneous. Note that by Lemma 1.3, AoF is the holomorphic
representative of Ao f : M — RY | which is congruent to f in R". Thus,
we can assume from now on that, without loss of generality, ¢(p) € ®(GP).

NOW: the Gauss map q — 90<Q) = Span{Fz1 (Q)7 FZQ (Q)} is ea’Sﬂy seen
to be a holomorphic map W — IY (compare the arguments on pages 28
and 29). Let V' C W be a simply connected neighborhood of p such that,
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for all ¢ € V', ¢(q) € ®(GP). Then the map ® Loy :V — C* -7 is also
holomorphic; i.e. with respect to the given chart (21, z3) restricted to V,
we have holomorphic functions &, ¢, and A as in Proposition 3.2 such that
(9) is true on all of V. Also, by the definition of G®, we know that (7) is
satisfied on all of V.

Let now X, Y, X and Y (instead of “Y") be defined in terms of £, (,
and A as in (2); in particular, they are all holomorphic on V. Since we thus
have

1 -X.Y
®o(€, ¢, N =span{X,Y} = span R iX Y , (10)
X Y

by (9) there must be holomorphic functions a, 3, v, § : V' — C such that

B =aX + Y and  det [ © g #0. (11)
F,=7X+4+0Y vy oo

Using the integrability condition (F.,)., = (F,)., in (11), we obtain

<F21)22 = ((%_6)('?)227@'(%4_6)('?)227 (aX—i_ﬁf/)@)

[
(Fo)e = ((3=0X-Y)o i(3+0X-Y).,, (4 X +6Y).,) .

Dividing the second components on each side by ¢ and then adding or sub-
tracting them from the first ones, respectively, gives

Azy = Ty and (6 (X ?))zg = (5 (X Y/))zl .

Since we chose V' to be simply connected, the complex version of Poincaré’s
Lemma (see e.g. [W], page 49) tells us that we can find two holomorphic
functions u, v : V — C such that

du=adxn+vdz and dv=(6(X-Y))dz + (6(X-Y))dz .

This means, in particular, that

ou ou ~ ov ~ ov
= — = — XY)=— X-Y)=——.
821 ? Py 822 Y ﬁ( ) azl ) and 5( ) 822

o
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Thus, we obtain that

ou ou t
oo ~ 9
det(azl 8z2):det< - T )z(XY)det(o‘ #0
v v ’
oo FXV) B(XT) 3
by (3), (7), and (11). This means that in some neighborhood U C V of p
in M, the map (u, v) is a local biholomorphism from U onto an open set in
C?. Thus, (u, v) is a complex chart of M on U > p. Changing to these new
coordinates u and v, we find

ou ov ~
F, =—F,+—F,=akF, X-Y)F,,
=L et g aF,+6(X-Y)
and 5 9
U ) -
F, =—F,+—F,=~F,+6(X-Y)F,.
2 (922 +(922 " + ( )

By (11), this means that if we express F, and (X-Y) F, on one hand, or X
and Y on the other hand, in components of the basis F,, and F,, of imF,
then the corresponding components will be the same, namely the entries of
the inverse of the matrix in (11). Thus, we have that

F,=X and F,=-1Y.
Xy

Together with (10), this means that we have proved (8), by setting

Vo= 5V = o5 (5 i85, () =n (55 i85, ¢),

where we used the expression for Y according to (2) (recall that we used “Y”
here in place of “Y” in (2)). This completes the proof of Proposition 3.2.

Remark: Note that in the (u, v)-coordinates, Proposition 3.2 gives
F(u,v)= (%—v—i—C’l, i(§+v+Cy), Fa(u,v),..., Fn(u, v))

for some constants C7 and C5. Thus, after a translation in the first two
coordinates, Proposition 3.2 essentially describes F' locally as the graph of a
map over the fixed “parameter plane”

span{ (1,7,0,...,0)+v(-1,4,0,...,0) |u,ve C} Cc CN.
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The next step is to give a procedure for how one can utilize Proposition
3.2 to construct local examples of minimal real Kéhler surfaces. Since the
maps ( % , % , X) and (—1,14,Y) asin (8) always span an isotropic plane in
C?, by Theorem 1.1 one only needs to find suitable holomorphic maps &, (,
and A as in (8) such that, in addition, it is guaranteed that (1, %, X) and
(=1,4,Y) form the “gradient” of a map F' with respect to some complex
chart (u, v) . By the complex Poincaré Lemma, this is obviously equivalent

to requiring that, with respect to these coordinates, we have
X, =Y,. (12)
Let us write this relation in terms of ¢, ¢, and A. Since by (8)

X:A(%J”&—ﬁ) and Y:/L(%,i#, ),

the integrability condition (12) can be rewritten as

(O‘ 1352 Jus 0 (A 1262 Jus (A f)v) = ((M 1342 Jus @ (1 1+2<2)u , (p C)u) .

By comparing components, we obtain

Ao = (A = pu— (1)
Ao+ (AE)s = pu+ (0GP,
and (A&)y = (1Q)u -
By adding or subtracting the first two equations, respectively, we derive the

following three equations, which are equivalent to the integrability condi-
tions for F':

()‘52)11 = (MCQ)ua
Ay = Mo s (13>
and (A& = (LQ)u -

Summing up the results we have obtained so far, we have the following

Proposition 3.3: Let f : M* — R" be a minimal isometric immersion
from a (real) 4-dimensional Kdhler manifold M into RY (where N >5).
Then every point in M has a neighborhood U with a complex chart (u , v)
defined on U such that the holomorphic representative of f on U s deter-
mined by (8), where the holomorphic maps X and Y satisfy X, =Y,
or equivalently, where £, C, A, and p as defined in (8) satisfy (13).
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Conversely, if the holomorphic maps &,(:U — CN™* and
\:U — C are defined on a simply connected open subset U of C?, and
if they satisfy (7) and (13) on all of U (with p defined as in (8)), then
the CN —valued 1-form

: -1
W= % du-+ 1| 1 dv
X Y

with X andY as in (8) is ezact on U, and if F : U — C s a holomor-
phic map such that dF = w, then f:= /2 Re(F): M — R" is a mini-
mal isometric immersion from the Kdhler manifold M := (U, f*<,>)
into RN .

We will call the triple of maps ((u,v), X,Y ) that describes the local
representation of a minimal real Kahler surface as given in this proposition
a Weierstrass representation of the complex surface.

In the next chapter, we will use this local characterization of minimal
real Kahler surfaces to give an explicit local construction method for such
manifolds in codimension 2, i.e. in R®. But before we conclude the present
chapter, let us first give two lemmata that work in all codimensions. The first
one asserts that the “scaling function” A in the Weierstrass representation
is actually uniquely determined, up to a constant multiple, by the maps &
and (. The second lemma shows that one can switch the roles played by
the maps X and Y in 3.3 (at least up to a factor 2) by reparametrizing and
reflecting the minimal real Kahler surface at a hyperplane.

Lemma 3.4: Let &, (:U — C" and A : U — C be holomorphic maps,
defined on some simply connected open set U C C?; write the complex
coordinates in C? as (u, v). Assume that, on all of U, N(§ —()? #0,
and thus that the holomorphic function

L 2
SN (IR

1s well defined on all of U. Furthermore, assume that these maps satisfy
the following partial differential equations:
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and (A&, = (u(?), . (13.c)

Then we have that, on all of U (which is simply connected!),

dllog %) = _(5 _202 (§—¢)-dg
2 n
<_ Y& - G)? ;(gj B Cj)dgj) ‘

Proof: Expanding (13.a) and using (13.b) gives

A E+HAE = C+H G =M C+pGu,

which is equivalent to

>‘U<€_C>:Ncu_/\£v~

Taking the symmetric inner product of the last equation with (£ + ¢) and
(€ — (), respectively, gives

/\u(§2—f2)zﬂfCu+MCCu—)\§§v—)\C§U (14)
and
M€= =p =) G—AE—C) & (15)
Expanding (13.c) and using (13.b) gives
)\v€2 +)‘(2£'£v) = )‘UCQ"{'N@C'CU) )
which is equivalent to

M (=) =2pC G —2XE-6, .

Subtracting the last equation from (14) and reordering terms results in

M(g_C)Cu:_A(g_C)gv (16>
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And using this last equation in (15) and dividing by (¢ — ¢)? (which is never
0 by hypothesis) gives
2\
)‘v - = 5 - C : 511 . 17
(€ — Q)2 €= )
Now, by defintion of y, we have that A u (£ —¢)? = —2, so that differentiating
this equation with respect to u results in

0=Xp (€= + A (€= C* +2Ap (€= Q) (bu—Gu) -

Utilizing (13.b) again to replace pu, by A,, using formula (17) for A,, and
replacing 1 (€ — () -, by the right—hand side of (16), the last equation gives
us that

2\
0= Ay i (§=C)*=A E—0p (=)&) (€—C)*+2 A (§—C)-€ut2 X (€C) &y -
As one sees, the second and fourth term on the right hand side cancel each
other, so that after reorganizing and dividing by u (£ — ¢)? (which by hy-
pothesis is never zero) we obtain

2
i el IR

Since A is never zero and U simply connected, we have that

A A
(log \), = 7“ and (log\), = 7” :

which together with (17) and the above equation for A, proves Lemma 3.4.

Lemma 3.5: Let f: M* — R"Y be a minimal real Kihler immersion,
and let ((u,v), X,Y) be a Weierstrass representation of f that is
defined on some open subset U of M. Furthermore, let A : RN — RN
denote the reflection at the hyperplane given by all but the first coordinate
in RY; i.e. the matriz of A is

~1
1
€ O(N) .
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Let f be the to f congruent isometric immersion f =Aof: M — RN,
Then the functions @ := 2v and ¥ := %u form a complex coordinate
system on U (as an open submanifold of M), and the Weierstrass re-
presentation of f with respect to the chart (i, ) on U 1is given by the
maps

X=1Y and Y=2X;:
ie., X and Y can be written in terms of suitably chosen holomorphic

maps £, C:U — CN* and A : U — C as in (8).

This is the precise sense in which we may “switch X and Y in the Weierstrass
representation of a minimal real Kahler surface”, if we wish.

Proof: Let F' be the holomorphic representative of f on U that is given
by ((u,v), X,Y). Then by Lemma 1.3, F' := Ao F is the holomorphic

representative of f on U. Furthermore, we have by (8) that

_ F=ao?l_y — S AoF,

XIN\@'N’“_‘

du  \Nou du | du /2
=~ =~
=0 =1/2
[ ! 2
— = N i | = :
1 Y 1Y
Comparing components, we see that we have
~ 1
X==-Y. (18)
2
Similarly, we obtain that
! OF !
i |=Fs=Ac—=2A40F,=| i |,
- ov
Y 2X

and thus
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[t remains to show that we can indeed express X and Y in terms of £, ¢, and
A as in (8) to establish that they do represent the Weierstrass representation
of F'in the complex chart (@, ©). To this end, set

- . ~ “ 1
6::<7C::§,and )\::—:—7
2 A€ —¢)?
With these definitions, we obtain
1—52 1_(2
2 2
3 . 14£2 _ /’L -1 4-2 . 1 v
Ve -5 g -x
3 ¢

where we used (18) in the last step. Next, according to Proposition 3.2, we
have to set

. 2
fi ==,
A€ = Q)7
which by definition of £, ¢, and A leads to
o 2X(E-9)?
f=+—"——=2A\.
(Ik

Using this last equation and (19), we obtain, in a similar fashion as above,
that

1-¢2 1-¢2
2. 2 ~
jol e =20 28 | =2X =Y.
¢ ¢

This finishes the proof of Lemma 3.5.
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4 Minimal real Kahler surfaces in R’

In this chapter, we will use the Weierstrass representation for minimal
real Kahler surfaces that we described in the last chapter to give a classifica-
tion and a local construction method in the special case of codimension 2, i.e.
when the ambient Euclidean space is R®. The classification will consist of
two non—trivial cases, which will be distinguished by the rank of the second
osculating bundle F" of the holomorphic representative F' of the minimal
real Kéahler surface. Here,

OF O°F

Fl/ = T -
spatt { Dz 0zj Oz

1§j,k§2}

for any complex chart (21, z3) on M. Note that F” is independent of the
choice of the complex chart. In fact, since F" basically consists of vectors that
define the complex Gauss map of f and its “first derivatives”, it is also inde-
pendent of the choice of F', and thus an tnvariant for our minimal real Kahler
immersion f. In terms of a Weierstrass representation ((u, v), X ,Y) of f
(compare page 37 and Proposition 3.2), we obtain

1 1 0 0 0 0
F” = span Sl e [ 0o, o f=f0],]0 ,

and by Laplace’s determinant criterion, it is clear that we have
rank F” = 2 + dim span{X,, X, =Y, , Y.} . (1)

Since F' and thus X and Y are holomorphic (and M without loss of generality
connected), this rank is, therefore, constant on M, perhaps except for some
isolated points. For this reason, it makes sense to talk about “the rank” of
the second osculating bundle of F'.

The case rank F” = 2 is trivial, since this means that M is simply
a (piece of a) 4-plane in R%. We will see soon that we must always have
rank F” < 4 and that the “generic case” is rank I = 4, since all these
minimal real Kahler surfaces in R® will (locally) emerge from the same con-
struction method. The only remaining case, rank F” = 3| will lead to three
classes of minimal real Kahler surfaces, one of which are the ones generated
by isotropic cylinders (as in Example 1.6) with one fixed isotropic direction
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X, and another class being all the immersions f : M — RS that are holo-
morphic with respect to some complex structure on R®. Note that since
the maximal dimension of an isotropic subspace of C°® is 3, the criterion
mentioned on page 12 (by [R-T]) implies that the second osculating bundle
of such an holomorphic map must necessarily have rank < 3. Thus, our
“generic case” will always lead to non—holomorphic maps.

To establish that the case rank F” = 4 is indeed “generic”, we need
the following proposition, which explores the case that the integrability con-
dition X, =Y, is trivially satisfied in detail.

Proposition 4.1: Let f: M* — RS be a minimal real Kdhler surface,
and let ((u,v), X,Y) be a Weierstrass representation of f that is
defined on some open subset U of M (compare page 37 and Proposition
3.2). Furthermore, assume that

X, =Y, =0.

Then, f is holomorphic with respect to some complex structure on RS, or
f 1is generated by an isotropic cylinder (see Example 1.6). In the latter
case, we have more exactly that for each point p in U, we can find a
neighborhood V' of p in U, a coordinate system (z1, w) on V, a fived
non—zero isotropic vector Xy in C%, and a holomorphic map Z = Z(w)
with values in a complementary subspace to Xy in the isotropic orthogonal
complement of Xy, such that we have on all of V' that

flz1, w) = V2 Re(zl X; + /Z(w) dw) + by

for some fized vector by € RS .

Proof: If X = (Xy,..., Xy_2), then we have by Proposition 3.2 that
A= X, —iX, and & = ;(X3,..., Xny_2). Therefore, our hypothesis
implies

A =0 and &, =0;
i.,e. A and ¢ are functions “in u alone”. Similarly, we find that p and ( are
functions “in v alone”; i.e.

=0 and (,=0.
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So, we have ((§ —()?), =2(£ - () &, and thus ((6 =)} = —2&, - G,

Using that we always have u = _/\(5%()2 , we see that

)
(M)w =-2 gu : Cv )

and noting that A\, =0 and p, =0, we find

(5).Go),se @

Here, we have to distinguish two cases: either we have that A or y is constant,
and thus that &, - (, = 0; or we have that A\, #0, pu, #0,and &,-( #0
almost everywhere (except perhaps at some isolated points).

Case 1: )\ or p is constant, and &, - (, = 0. We will show that in this case,
f is generated by an isotropic cylinder.

First, we will prove that it suffices to show that either X or Y is
constant, which by our hypothesis X, = Y, = 0 is equivalent to showing
that X, =0 or Y, = 0. For assume e.g. that X is constant. Then, by
0 =X, = (Fu)y = (F,)y = Yy, Y is a function “in v alone”. And by
integrating, we obtain that

Flu,v)=uX~+Y()+ Co

for some map Y = Y(v) and a constant vector Cy € C°. But then
F, = % Y , and hence

d ~
—(X-Y)=X-F,=F,-F,=0.
7, (X Y) 0

This means that X-Y is constant, which implies that X - (Y — Y (vy)) = 0,
if we fix vy for some point py € U such that v(py) = vy . Since we can write

Flu,v)=uX+(Y(v) —Y(v)) + (Y(v) + Cop) ,

we can thus assume, without loss of generality, that Y and C, are chosen in
a way such that _
X-Y=0 onallof U.

This means that Y is always in the “isotropic orthogonal complement” of
X in C% which is 5-dimensional (since “-” is non-degenerate). Denote this
complement by X+ (compare page 14).
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Now, X L+° obviously always contains X. Thus, by choosing an com-
plementary subspace W to X in X 1", we can write

Y (v) = n(v) X +Z(v)

where 7(v) is a holomorphic function and Z(v) a holomorphic map with
values in the fized subspace W. This means that F' can be written as

F(u,v) = (u+n(v))X+Z(v)+Co.

Changing coordinates to z; := u + n(v) and w := v, writing Z := %Z
(which obviously takes values only in W), and adjusting the domain V' of
this new complex chart for M, if necessary, obviously gives us the desired
form of f as in Example 1.6.

To establish our claim for Case 1, it remains to be shown that we
indeed have that X, = 0 or Y, = 0. By our case assumption, we know
that either A or p is constant, and by Lemma 3.5 we can, without loss of
generality, assume that p is constant. By our hypothesis X, =Y, =0, we
obviously have that

A=0,&=0, and (,=0. (3)

Since p is defined by pu = )\(5_7_202, the first of these equations implies that
we also have P 5 _o 93
2 B v

5, &~ 0" =5 VST (4)

If we write & = (&1, &) and ¢ = ({1, (2), our case assumption furthermore
gives that

0= fu : C’v = (Sl)u (Cl)v + (52)u (CZ)v :

Now assume that ((3), # 0. Then, we can rewrite the last equation

(Cl)v
(C2)’U

But (3) means in particular that £ is a function “in u alone”, whereas ( is a

as

(fQ)U = (fl)u .

function “in v alone”. Thus, the last equation implies that —% must be a
constant C' € C. It then follows that

(f2)u = C(&)u and (€1)v = —C(CQ)U )
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which implies that there are two more constants A, B € C such that
&H=C6+A and (=-CG+B.

Using these equations, we can calculate that

E=¢P = -0 +(L-—G)P=E+CG—-BP+(C&a4+A—-(G)?

= 402+ B2+206—-2B& —2BCG
+C22+ A2+ 24+ 2ACE —2C 6 G —2AG

= (1+C*)(E+G)+2(AC-DB)& —2(BC+ A) G+ (A + B?).
Inserting this expression into (4) gives (since &, =0, by (3))

0=214+C*G(()e+0—2(BC+A)(G)y+0
= 2(G)u (L+C?) G — (BCO+4)) .

But since we assumed that ((3), # 0, and thus not constant, this implies
that the term in parenthesis must be zero. This, in turn, would mean that
(o is constant, unless

1+C?>=0 and BC+A=0.

So, we obtain that (C =i and A= —iB) or (C =—i and A=iB). In
either case, we have that

A2+ B?>=0 and AC—-B=0.

But this would mean that (£ —¢)? = 0, which is impossible for a Weierstrass
representation.

Thus, we must have that ((3), = 0, and since (3 is a function “in v
alone”, this means that (s is constant. Using this in (4), we obtain

0= 881)(5 —()P=-2(& - ) (G)o -

So, either ((;), =0 or & = (7, which after differentiating with respect to
v, and by (3), also gives (¢;), = 0. In any case, (; is also constant, which
makes ¢ constant. Since we assumed that p is constant, this means that Y
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and thus also Y in the Weierstrass representation of f is constant, which is
what we claimed in Case 1.

Case 2: A\, #0, p, #0, and &, - (, # 0 almost everywhere. We will show
that in this case, f is generated by an isotropic graph (see Example 1.4),
and is thus, by Proposition 1.5, holomorphic with respect to some complex
structure on RS,

To simpify notation, write the components of £ and ¢ as £ = (s, t)
and ¢ = (p, q). Also, write

1
=, S,

so that, after multiplying by a and b (which by case assumption are almost
never zero), equation (2) now reads

1=ab(&u-C)=ab(supy +tuqy) = (asu)(bpy) + (atu)(bq) . (5)

Note that in the last term, all the factors in parenthesis are either functions
in u alone or functions in v alone, respectively. Taking the partial derivative
with respect to u gives, after dividing by b,

0= (CL 3u)upv + (CL tu)u Qy -

Now assume that we have (at,), # 0 almost everywhere. Then the
last equation gives that
(aSy)uy
(aty)y

But since ¢, and p, are functions in v alone,
there is a C' € C such that

v T v o

(asu)u

(atu)u

must be constant. So

Qv = va .
Taking the derivative with respect to v in (5) gives, after dividing by a,

0= Su (bpv)v + 1ty (bQU)v = Su (bpv)v + 1y (bopv>v = (Su + Ctu)<bpv)v .

Again assuming that almost everywhere (bp,), # 0, we obtain

s, =—Ct, .
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But this would result in

u v

gu'CU: <iu> : <§U> :Supv+tUQv:_Ctupv+OtupvEO’

in contradiction to our case assumption.

Thus, we must have that (at,), =0 or that (bp,), =0. By (5), this
implies in the first case that we also have that (as,), =0 or that p, =0,
and in the second case that we also have that (bg,), = 0 or that t, = 0.
But if e.g. p, =0, then (5) gives 1 = (at,)(bgy), so that (bg,), =0 and,
of course, (bp,), = 0. In any case, we find that

s 1 . P 1 :
al M| = &, 1s constant, or that b < ”) = (, is constant,
( 20 ) (1/A)u v (1/11)o

and by Lemma 3.5 we may, without loss of generality, assume that the
former is the case. Thus, there is a constant vector & € C? such that
&w = (1/\)y &, which implies that there is another constant vector & € C?

such that ]
§=¢(u) = Xfr%fo :

With this form of &, (2) gives (1/A\)y, (1/p)y = (1/A)y &1+ ¢y, and since

Ay # 0, this means
1
fl : Cv = () .
Ky
2 2

Furthermore, substituting the form of ¢ as above into (£ — ()* = VR
obtain

we

me(are-¢ =kg+ia ©-0+&-0"  ©

Taking the partial derivative with respect to v and then substituting the
expression we found for & - (, results in

2 (1 2
_X ()U——)\ &1+ Gy _2(50_<)'Cv7

il ——
=(1/)v

or, after simplifying,

0=2(6 Q)G = o (60—
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But this means that (£, — ¢)? is constant.
Now, taking the partial derivative with respect to u in (6) leads to

2 A\ 200 5 2,
Eﬁ:_)\g 51—)\2 §1- (&0 — Q) -
Since A\, # 0 almost everywhere, this can be simplified to
1 1
— (& —()=——&] . 7
i +& (S —0) h 31 (7)

Taking the derivative with respect to u again gives 0 = i—;éf, and since
Ay # 0, we must have that £ = 0, and thus that & is isotropic in C2. But
the only isotropic vectors in C? are of the form r (1,4i) for some x € C.
Thus, we have found that £ must have the form

§(u) = A?u) (ilz) +&o

where x € C and & € C? are constant.
For (7), this means & - (§ — () = —i, and using all these relations
in (6) gives

%:%51'(fo—o"‘(fo—oQ:%+(50—C)2-

Thus, (& —¢)? = 0; ie. & — ¢ is also isotropic in C?, and we can find a
holomorphic function 7 = n(v) such that

() = (o) (i) .

On the other hand, we need

1 1 ! !
—;251'(50—0:&' (—77("0) (ﬂ>) = —r () (:I:z) ' (:I:Z) '

Since this expression can never be zero, x cannot be zero, and we always
must have the opposite signs in & and (, so that we find, without loss of
generality, that

1 1
&L=k (ﬂ> and  ((v) = n(v) (m) +& .
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This means that

=) (i) - (;) — k(1= ) = 2K

ie. n(v) = 2&/3(7)) , and we have found that

1 1
((U):m (%) +&o

with the same x # 0 and &, as above for &.
Let us now insert these expressions for £ and ¢ into X and Y. If
& = (a, B), then we have

E-Fkif+8 ad = —(Fif)+§.

Inserting this into X and Y gives, after some reordering,

e —k(atif)
2 ik(ati
S +i K
and
1-¢2 _ﬁ(a:ﬁﬂ)
2 L(aFi
Y:,u Z% + QH(l:F /B)
2K
o T
Finally, for F,, and F, this means
1
0 2
0 3
_ —k(laax1
Fo=Aw) | 55 [+ (i.ﬂ)
2o || inxip)
t—
K
N &/ +ik
=:X3
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and
—1
i
—5= (aFip)
& (aFip)
1
25
Fan

=:Xs

Fv:M(U)X3+

Note that X;, X,, and X3 are constant in C®, and a straightforward calcu-
lation shows that they indeed span an isotropic subspace of C°. Integrating,
we thus obtain

F(u,v):uX1+vX2+(/)\(u)du + /,u(v)dv) X3+ Co

for some constant vector Cy € C, and thus by Example 1.4 that f is gen-
erated by an isotropic graph, which is what we had to show in Case 2. This
finally finishes the proof of Proposition 4.1.

Note that if X = F, or Y = F, is constant, we immediately have
that rank /7 < 3. The same is trivially true when f is holomorphic (see
Remarks on page 43). Thus, the last proposition and Lemma 3.5 give us the
following corollary, which we will need to establish our main result about the
“ogeneric case”:

Corollary 4.2: Let F:V — C® be a (local) holomorphic represen-
tative of a minimal real Kdhler surface f: M?*— RS . If the second
osculating space F" of F' has rank at least 4 at a point p € V', then there
is a Weierstrass representation ((u, v), X,Y) on some neighborhood
U of pin V such that the map X : V — C* has rank 2; i.e. X, and

X, are linearly independent everywhere on V.

We will now start to describe the generic case, i.e. that rank F” > 4.
Working in a given Weierstrass representation ((u, v), X, Y) of F, we first
obtain that, since X and Y are isotropic maps (i.e. X? =Y? =0),

X - X,=X X, =Y Y, =Y -Y,=0.
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But we have that X - Y =1, and so, since X, =Y, , the above equations
imply

X, Y=-X'Y,=-X-X,=0 and X YV, =-X,-Y=-Y,-Y=0.
Therefore, all these equations together mean that
span{X,, X, =Y, , Y,} L®span{X, Y}, (8)

where A L* B for A, B € C" means by definition that A- B =0 with re-
spect to the standard symmetric inner product in C™. But since X and Y are
isotropic and X - Y =1, X and Y must be everywhere linearly independent,
and thus span{X , Y} always a non-degenerate 2-dimensional subspace of
C*. Since the standard symmetric inner product in C* is non-degenerate,
this means that its orthogonal complement in C*, {X | Y’} L* must also be
2-dimensional and non-degenerate. Since (8) says exactly that

span{X,, X, =Y, ,Y,} c {X,V}+ |

we have shown by (1) that for the holomorphic representative F' of a minimal
real Kéhler submanifold in R®, we must indeed have that

rank F" < 4 .

Having established that the “generic case” is rank F” = 4 the last
corollary tells us that we may assume that we have a Weierstrass represen-
tation of F' on an open set U C M such that

X, and X, € C* are linearly independent on all of U .
By (8), this means exactly that
span{X,, X,} =span{X,, X, =Y,, V,} = {X, Y} . (9)

As we will show presently, this proves to be equivalent to saying that X, X, ,
and X, are linearly independent of all of U. This, in turn, is equivalent to
saying that

&, and &, € C? are linearly independent on all of U . (10)
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The reason for this is the following. Write, as in Proposition 3.2,

L (1-& 1+
X—A< R ,€>,

where £ is a map from U into C2. Differentiation with respect to u and v
gives

X=X AN~ 666 &)

and, likewise,
A

Xo=FX+A(-66&. 06 6.6).

Now, it is clear that X, and X, are linearly independent if X, X, and
X, are. Next, assume that X, and X, are linearly independent, and that
G& + & = 0 for some complex numbers § and . Then, by the above
formulas for X, and X,, we have

A A _g’(ﬁgu_}‘V&))
B&u+7&

and the last term vanishes by our hypothesis. Taking the symmetric product
of the resulting equation with X, and X, respectively, we obtain by (9) that

ﬁXi—i—’yXu-Xv:O and 6XU~XU+7X5:O,

X2 X, X, 3 0
X, X, X2 v )

But the matrix in this equation is the Gram matrix of the vectors X, and
X, with respect to the symmetric inner product “-”, and it is well-known
that the determinant of such a matrix is zero ezactly if span{X, , X,} is not
2—-dimensional or is degenerate, neither of which we know to be the case here.
Thus, we must have § =~ =0, and so £, and &, are linearly independent.

Finally, assume that &, and &, are linearly independent, and that for
some «, 3,7 € C,

or equivalently

O=aX+0X,+7X,.
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Using the forms of X, X, , and X, as above, this means that

L —£- &, —£-&,
0= (@A +BA+A) | i85 |+ BN | i€ | +rA | P&
=a/ f gu g”U

But dividing the second components by ¢ and adding the resulting equation
to the one given by the first components of these vectors immediately gives
o’ =0, so that we necessarily must have that &, +~v&, = 0, and thus that
B =~ = 0. This, in turn, implies that a must also be zero, and we have
proven the claimed equivalences.

Now, £ is a holomorphic map from the complex 2—dimensional man-
ifold U € M into C?, which implies that our assumption (10) means that
¢ is a local biholomorphism on U. If we thus make U slightly smaller, if
necessary, we may assume that £ : U — C? is a biholomorphism on all of
U, and hence a complex chart of M on U. For convenience, we will write the
component functions of this chart £ as

s:=¢& and t:=&,

.

and will now write X and Y “in the new coordinates (s, t)”; i.e. we are
looking at the maps X of~! and Yo&~!, for which we will use the “classical”
notation

, 1

1—s2—t2  14+s2+¢2
X(s,t):)\(s,t)< S ks ,s,t)

2 2
and (11)
Y(s, 1) = (s, 1 (1‘52(8’ D 180D s n), ats. t>).

Remark: This change of coordinates essentially amounts to the following.
Our assumption (9) means that the map X : U — C? is an immersion
whose “Gauss map” span{X,, X,} is basically identical to the complex
Gauss map of f on U. Since X is also isotropic, we have the following



55

commutative diagram:

X
U — C*—{0}
X | |
Q@ — CP?

where Qo = {m(Z)|Z* = 0} is the complex quadric in complex projective
3-space CP3, and 7 : (C*—{0}) — CP? the canonical projection. Since our
assumption that X, and X, are linearly independent is equivalent to X, X, ,
and X, being linearly independent, we have that X is also an immersion,
and since the (complex) dimension of @5 is 2 (thus the index), this implies
that X is a local biholomorphism. It is well-known that our ¢ is nothing
but a parametrization for @, (see e.g. [H-O]), so that X corresponds exactly
to our coordinate system £ = (s, t). Thus, X(s, t) and Y (s, t) “represent
our minimal real Kdhler submanifold in (complex) Gauss map coordinates”.
This corresponds to the classical case where one takes the Gauss map of a
minimal surface in 3-space to find isothermal coordinates for the minimal
surface (see e.g. [S], page 385 and 386).

We see in formula (11) that changing to the new coordinates (s, t)
determines X up to the scaling factor A(s, t). We will find that Y is also
completely determined by A(s, t) alone! Observe that by (11), X and X
simply have the form

A

XSZTSX—I—)\(—S,Z'S,LO) and Xt:))\\tX+)\(—t,it,0,1). (12)

But by (9), we still have

XS-Y:@Xu-Y+@XU-Y:O,
0s 0s

and likewise X;-Y = 0. Replacing the expressions for X, and X;, as above,
and the expression for Y in (11) gives (remembering that X - Y =1)

As _
O:XS-Y:X-Y+)\;L(—s,zs,1,0)-< SR , Gy G

A
s —s5+5C%—5—5(? A
ZT‘F)\M 2 + G ZT‘FAM(Q—S),

1_c2 1+C2 )
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and in a completely analogous fashion we find that

A
me(gg—t) =0.
Using that
Ny = -2 —2
TECD T G - GR
we obtain

)\5 2 2 _ )\t 2 2
Cl—SZﬁ((Cl—S) + (¢ —1)7) and Cz—t—ﬂ((ﬁ—s) + (G —1)7) .

Multiplying the first equation by \;, the second by A, , and then subtracting
these equations from each other results in

A (G —5) = A (G2—1)=0. (13)

Now, note that A\ cannot be constant, since otherwise A\; = A\; = 0, and in
this case the above equations give that { = (s, t) = £, which cannot happen,
since for a Weierstrass representation we have that (£ —()? # 0. Therefore,
we may assume, without loss of generality, that A, is not identically equal to
zero, and thus, as a holomorphic function, only zero at some isolated points
in U. By (13), we then have at all places where A; # 0 that

@—t:i]cl—s),

and inserting this expression into the one for (; — s gives

s A2\ A4 N2
Cl—SZﬁ(Cl—S)Q (1‘1‘)\;): QA)\t(Cl—S)z-

But if (; —s =0 at some point where \; # 0, then by (13) we also would
have that ¢, —t = 0, which again would lead to (£ —¢)* = 0, and is thus
impossible. Consequently, we can divide by (; — s (almost everywhere),
which leads to the following result:

A has no singularities in U, and we have

2A )\, O 2aN (14)

G=st
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Note that these formulas are still true at the isolated points ¢ € U
where As(¢) = 0; by what we showed above, we must then necessarily have
that A\(q) # 0. These are the promised formulas that give ¢ in terms of A
alone. Now we can also calculate p in terms of A\ alone:

-2 —2 (A2 + AP)?

PN+ (-0 A(E@AA+ AN

which gives

A+ N2
223
For later reference, we also need to calculate Y, and Y; in terms of
A alone. This can be done directly by using the formulas above, but the
following approach is much shorter. By our assumption (9), we know that Y
and Y; are always in the span of X, and X;, so that we can find holomorphic
functions a, b, ¢, and d such that

p=- (15)

Yi=aX;+bX;, and Y,=dX,+cX;.

Taking the symmetric inner product of either equation with X, and X;, and
recalling that Y - X, =0 and Y - X; = 0, we obtain the equations

Vi Xy = Y X, = aX2+bX, X,
Y, X, = Y Xy =aX, X, +bX?,
Y, Xy = -Y Xy = dX2+cX, X, ,
Y, Xy = =Y Xy =d X, X; +cX2.

(16)

Let us calculate the expressions for X2, X2 and X, - X;. By (12), and since
X - X, =0, we have

X2 = (%XJFA(—S,@'S, 1,0))-XS

= M=s,is,1,0)- [N (3575 i B s #) 4 A (=5, 05, 1,0)]

— )\)\s (7s+33+5t227573373t2 + S) + )\2 (82 _ 82 + 1)
— )2
and in the same way we find

X} =)\
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Further,

X, X, = (%X—F)\(—S,is, 1,0)>-Xt

= M(=s,is,1,0)- [\ (5572 i 552 s ) 4 A (—t,it, 0, 1)]

— )\)\t (—s+83+st22—s—s3—st2 + S) + )\2 (St _ St)

= 0.

By (16), these equations immediately give that

Y - X,
22 U T T e ) 22

a = —

Furthermore, we have that

)\3 )\s : )
Xss = <>\> X"'TXS"’)\S(_SvZSa170)+>\(_1’Z’0’0)'

Taking the symmetric inner product of X, with Y, and remembering that
X-Y=1and X,-Y =0, results in

XV = (3) XY +%X,.V

+ A (—s,is,1,0)-p (IECQ,Z'HQCQ, G, Cz)

FA(-1,0,0,0) (5205 G G)

= (%), +px (FEGE=E 4 G) +ap G
= (X)) +u (G —5)=N)

But by (14) and (15), (3 —s and p in the second term can be replaced, to
give

SN A2422 2 \s _ 22X A=202  2A2-(A24)2)
Xes YV = (,\)8_ 223 As PYEDY —A) = 222 222

2 2
2065 A =3NS+ 7

22




Completely analogously, one will find that

2>\tt>\+>\§—3)\?
2 \2

Xtt'Y:

Finally, since

Ag As ,
Xst:<> X+7Xt+)\t(_sals>170)a
t

we find that

Xu-Y = (%) X-Y+%X Y

+)\t(—8,i871,0>'ﬂ(1;C27i1+2C27 Clv CQ)

At A=A A A (A2 A2) 220,

99

— (s _ — _
= (%), Fhn (G- = A2 2N A+ A

2X 6 A — 4 X N\
2 )2

Using these expressions in (17) gives us a, b, and ¢, and hence Y; and Y;, in

terms of A alone, namely:
We have Yy, =a X, +bX; and Y; =bX,+ cX;, where

C2AL A 3NN b T2 A AN
“= 2 M » 0% 2\ ’
_ )2 2
L T2MA- 43N

2\

(18)

Note that we have just shown that in “(s, t)-coordinates”, X and Y
are essentially determined by A alone. The question remains whether every
function A is possible. We will see shortly that this is basically the case, the

only essential restriction being that A has no singularities (cf. (14)).

To this end, note that our integrability condition X, =Y, in (u, v)-
coordinates looks as follows in (s, t)-coordinates, if we use (18) (and write

Sy = % etc.):

O0s ot 0s ot

X, = —Xs+—X,=Y,=—Y.+ —Y,
ov +8v t ou +8u t

= (asy +bt,) Xs+ (bsy+cty) Xy .
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Since in our generic case X and X; must be everywhere linearly independent,
this leads to the following condition, which is equivalent to the integrability
condition X, =Y, :

Sy =a8, +bt, and t,=0bs,+ct,. (19)

But recall that we have (in “classical notation”) (s, t) = £(u, v), and thus
(u, v) =& (s, t). By virtue of the Inverse Mapping Theorem, this gives

-1
(% m)=zﬂ€5=@©*o?*=(% %) 0!
Vg (%7 tu tv

B 1 tv —S, 1
= \aet@e) \ =, s, )]°°

and comparing the entries of these matrices gives

Sy = det(d€) (vy0&) , s, = —det(d) (ugof) ,
f = —det(d€) (v,06)  t, =  det(d) (u,0) .

Replacing these expressions in (19) leads to

—(det(d&) o & uy = (det(d€) o &1 (avy — bu,)

and
(det(d€) o & us = (det(d€) o &™) (bvy — cuy)

so that canceling the common (non-zero) factor results in the following inte-
grability condition in terms of (s, t)-coordinates :

us = —cvg + by
X, =Y, < and (20)
U = buv, — avs.

Note that the coefficients a, b, and ¢ are determined by A(s, t) alone as in
(18), and that the equations in (20) determine u (as a function in (s, t)-
coordinates) in terms of v alone, up to a constant. But for the equations in
(20) to be (locally) integrable, they in turn need to satisfy the integrability
condition (us): = (ut)s; i.e. by (20):

(us)e = —C1vs — cUg + b vy + by = (w)s = by vs + bvgs — as vy — avy
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or equivalently:
bvss + (C - CL) Vst — bvtt + (bs + Ct) Vg — (bt + CLS) Vs = 0. (21)

This is a second order linear homogeneous partial differential equation in v (as
a function in (s, t)-coordinates) whose coefficients are holomorphic in (s, t)
and completely determined by A as in (18). By the Cauchy—Kowalewski
Theorem (see [Ho], pages 348 to 350), such a partial differential equation
always has (local) solutions, where we even have the freedom to choose func-
tions in one complex variable along certain complex curves, the so—called
“characteristics” of the equation (see our Example 4.4 below).

Since all the necessary conditions for the integrability of the functions
involved are locally sufficient, we have, therefore, proven the following

Theorem 4.3: Let \: V — C be any nowhere zero holomorphic func-
tion in the two complex variables (s, t) on an open subset V of C?,
and assume that X has no singularities on V. Define the holomorphic
functions a, b, c: V — C by

e P D y o "2 A AN
o 2 \4 T 2\ ’
—2 XA A — A2 32
and c¢:= )

2 \4
Next, solve the second order linear homogeneous partial differential equa-
tion
bvss + (¢ —a)vg — buy + (bs + ¢) vs — (by + as) vy =0
on some simply connected open subset V of V.. Then there is a function
u:V — C such that

Us = —cvs+bv, and u; =bvs—awv; .

At some fized point in V where the map (u,v) : V — C? has
(complex) rank 2, calculate the inverse map & = {(u, v) of the map
(u,v) = (u(s, t), v(s, t)) , which is defined on some open, simply con-
nected subset U of C?, and view & = (&1, &) as a map in the two

complex variables (u, v) € U C C%. Define \ := Ao &, and view \ as a
function in the two complex variables (u, v) € U C C?.
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Now, define the following maps: ¢ := (1, () : U — C? | where

C1 32514—(2)\)\5)05 and Gy 1=§2+< 22 )Ofa

W+ IEESE
2 M4 N2
= e = T oé:U— C,
PN E 0P ( 2 \3 ¢
and further
X = (%7 %7 X), where X = )\<1_2§2’ Z#’ 5)7
and

Y = (—1,7:,Y)’ where Y = M(l_C27i1+<2’€)_
Then the C%~valued 1-form
w:=Xdu+Ydv

is exact on U, and if F:U — C® is a holomorphic map such that
dF =w , then f:=+2Re(F): M — RS is a minimal isometric im-
mersion of the Kdhler manifold M = (U, f*<,>) into RS,

Conversely, if ' : W — CS5 is a holomorphic representative of
a minimal isometric immersion f : M* — R® from a 4-dimensional
Kihler manifold M into RS, and if p is a point in M where rank F" = 4 ,
then we can find a complex coordinate system (u, v) such that in a
neighborhood U of p in M, X = F, and Y = F, are given, up to
isometry, in terms of a function \ : U — C without singularities as
described above.

Example 4.4: Let

s, t)=t.
Then, we have 5\5 =0 and S\t = 1, and all second partial derivatives of A
vanish. By (18), we obtain

0+3-0—12 1 b(s. 1) 0+4-0-1
e —————_—_ S = —-— =
2t4 2t4 7 ’ 2t4
0—O+3J?_ 3

and C(S,t):T—ﬁ.

a(s, t) 0,
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Thus, (21) collapses to

3 1 5 1
OU35+(2t4+2t4) vst_ovtt+(0+(2t4>t> Us — <0+<_2t4)5> v

2 6
:tzvst—tgvszoy

which is equivalent to the partial differential equation

3

('Us)t = ; Vs -

z
If z := vy is not constantly zero, we can separate this equation to 2= .
z
or equivalently
(log 2); = (3 logt), = (logt®), .

Integrating this gives that for every function g = g(s) in s alone,

where C' is a constant that will be determined later. Since then z = v, =
esTC 13 | integrating with respect to s (and setting the integration constant

equal to zero) gives
v(s, t) =T

Using this function in (20) leads to the following “gradient” of wu:

3 3
Uy = —cvg+0-1v = ——— OB = - tC
o 24 2t
1
w = 0-v,—av — 35t = otC
' T 212
Integrating the first equation gives u(s, t) = —2; e**“+h(t) with a function

h in t alone. Inserting this into the second equation results in

3 s+C / 3 s+C
27t2€ +h(t) = 271526 y
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which means that h(t) = 0; i.e. h is constant. Choosing this constant to be

zero, we thus find

3
u(s, t) = 97 et

One can easily check that the Jacobian of (u, v) as a holomorphic map in
(s, t) is never zero (since we must have that ¢ # 0).

We now have to find the inverse of this map; i.e. we have to express
s and t as functions of u and v. To this end,
v {3 estC 2t

__é s+C:
57 € 3

Using the function 21 = exp(i log z) on some branch of the complex loga-

rithm gives
—30\1
t:&(u’v):<2u) '

Thus, we have that

2t 9 /—3p\i

or, taking the logarithm on both sides,

1

2 3
s=—C+log (—3) + 1 {log (—2> + logv — logu} + logu .

Choosing C' in a way such that all constant terms in this expression cancel
out, we finally obtain

s=&(u,v) = i log(vu?®) .

Note also that we have

A= R ot ). o, ) =1, 0 = (20)

and by (14) and (15), we obtain

2t-0 1 3
C1:8+702+12=S=110g(vu)7
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2¢-1 —3u\1
G e 3 3(2 ) ’

and

02 4 12 1 /—30\ 1
G

213 2\ 2u
Inserting these maps £ = (&1, &), ¢ = ((1, ¢2), A, and g into our equations
for X and Y gives, according to Theorem 4.3, the (complex Gauss map of
an) isometric immersion from a minimal real K&hler manifold with respect

to the complex chart (u, v) into RS.

We will now investigate the remaining case that rank F”" = 3. If we
exclude the case that f is holomorphic or generated by an isotropic cylinder
(as in Proposition 4.1), then we can assume that for all p € U (staying away
from some isolated points),

Z(p) == Xy(p) = Yu(p) # 0.

Since by (1) X, and Y, have to point in the same complex direction as Z,
we can find holomorphic functions a and g : U — C such that

Xy=aZ and Y, =p07.
Using the integrability conditions for X and Y, we must have
(XU)U = (QZ>U = ()./UZ—f—OéZU - (Xv)u - Zu

and

Inserting 7, as in the first equation into the second equation, and vice versa
for Z,, results in

aZ+a(byZ+062,)=2, and [, Z4+0(wZ+aZ,)=2,,
or equivalently
(v +af)Z=01—-ap)Z, and LBu+L0a)Z=(1—-apf)Z,. (22)

At this point, we have to distinguish two cases: either that the factor 1—a (8
is identically zero, or that it is different from zero almost everywhere (recall
that a and [ are holomorphic).
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Case 1: a3 # 1 almost everywhere. In this case, (22) gives that Z, and
Z, are always linearly dependent, and thus that the map Z has rank < 1
everywhere. But then the Rank Theorem (see e.g. [B-J], pages 45-487) gives
us that, away from isolated singularities, Z can be factored as

Z(U7U) :ZO'Y(U>U)7

where Z = Z (w) is a holomorphic map in one complex variable w, and
v : U — C is some holomorphic function on U. Using this more specific
form of Z in our integrability conditions for X and Y results in (writing
7z = ﬁ Z)

(Xo)u = Zu = (Z/ 07) = (Xu)o = (aZ)y = ay (ZO'V) +tav (Z, 07)
and

Y)o=2Zv =7 (Z"07)=(Yo)u=(B2Z)u=Bu(Z o)+ B7(Z o),

so that, after simplifying,

a, (Zov) = (w—av)(Z'oy) and B,(Zov) = (v —Bw) (Z'07). (23)

Now, assume that Z and Z' would be linearly independent on some
open set in C. Then, by (23), we would clearly have

a, =0, B, =0, vu=avy , and v, =B, .

The last two equations give that v, = a6+, and v, = a7, . But we can-
not have that ~, and ~, are both zero everywhere, since in this case v would
be constant, and we could replace Z by a constant vector, in contradiction to
Z and Z' being linearly independent almost everywhere. But then we would
find that o § = 1 everywhere, in contradiction to our case assumption.

Thus, Z and Z' are everywhere linearly dependent. But that means
that we must have a constant, non-—zero vector Z, € C* and a function
9 = 6(w) in w such that

Z(w) = 6(w) Zo

(and 0 is a solution of a certain differential equation; but we will not need to
know 4 in more detail here).

"There, one can find a proof for real manifolds. However, the only tool that is necessary
is the Inverse Mapping Theorem, and this theorem is also true in the holomorphic case.
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Since X, =Y, =Z=Zo~= (0 07) Zy , we can integrate to obtain
X=gu,v)Zg+Xog and Y =h(u,v)Zy+Yy,

for some holomorphic functions g, h : U — C, and some constant vectors
Xy, Yy € C*. Using our integrability condition once more, we find

Xv:ngOZYu:thOa (24)

so since Zy # 0, we must have g, = h, # 0. Thus (after making U smaller if
necessary), there is a holomorphic function 7 : U — C without singularities
such that

g=mn, and h=mn,.

Now, inserting X and Y into the partial derivatives for F' results in
—1

and F, = 1 )

77uZO+XO nvZO‘l'Yb

N N

F, =

and integrating these equations, we see that the holomorphic representative
F of the minimal real Kahler immersion we are looking for, in this case, must
have the form

: —1 0
Flu,v)=u | £ | +v | @ [ +nu,v)| 0 |+Co
Xo Yo Zy

for some constant vector Cy € C°. Since g, = h, # 0 and thus g and h
non—constant, (8) and (24) immediately give that

X()ZO:}/OZO:Z(?:O

And since we need X -Y = 1, the equations above also give Xy Y, = 1.
This means that the vectors in the formula for F' indeed span an isotropic
subspace of C®, and thus that f = v/2 Re(F) is generated by the graph of
the holomorphic function n(u, v). Proposition 1.5 then says that such an
f must be holomorphic with respect to some complex structure
on R® So, Case 1 leads to our “trivial examples” for minimal real Kahler
submanifolds in RS.
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| —

Case 2: a3 =1 everywhere. This means that 3 = — , where o can never

—Q

be zero, and since Z is (almost) never zero either, (22) implies that

1 Qy
a=—af,=—a|l—| =a—,
a/y o

and hence that o = a(u, v) must be a solution of the (non-linear) partial

differential equation

1
D) (a®), . (25)

This of course restricts the choice of a greatly. Furthermore, we also have
that

1
Xy=aZ=aX, and YU:Z:a<Z>:a(ﬁZ):aY§J;
a

i.e. « and the component functions of X and Y satisfy the same linear
partial differential equation

Oy =Py .

But from the theory of linear partial differential equations (see the Proposi-
tion in the Appendix), we know that, in this case, there must be holomorphic
maps X = X(w) and Y =Y (w) in one complex variable w such that

X=Xoa and Y=Yoa.

Note that « is a “fundamental system of solutions”, since it is never zero
and non—constant (see below). Using these relations in our integrability
condition, and noting (25), we find that the former is equivalent to

X,=Xoa)y=a,(X'oa)=Y,=(Yoa),=a,(Y'oa)=a,(a(Y oa)),

where X’ again means % X , and where a, is not constantly zero since we
assumed that X, = Y, is almost nowhere zero. Therefore, we must have
that

0=Xoa—-alY'oa)=(X'—wY)oa,

and since X and Y are holomorphic, this implies that we always have

X =wY'.
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Using our knowledge about the form of X and Y in a Weierstrass represen-
tation, we can write this ordinary differential equation in w as

(A2 (A 52)
(i5\1+£2>' = w (iﬁ#)/

2

) (¢

(A

Iy

where here 5\, it é , and Q: are all holomorphic functions in the one complex
variable w. Performing by now familiar operations, the last equation can be
simplified to the system

)\, = ’LU/]//,
(A& = w(ad?), (26)
and  (A) = w (i) .

Note that the first of these equations determines i in terms of :\, up to a
constant. B B
Let us now write £ = (s, t) and ¢ = (p, q), where s, t, p, and ¢ are

holomorphic functions in w. Since [ is also given in terms of A, € and C as
o= ﬁ , We can write

E-OP=(s—pP+ (-0 = =

S =: g(w) .

Note that by the last paragraph, the so—defined holomorphic function g is
actually almost entirely determined by ) alone. But we know that (5 - )2
is never zero. Thus, we can locally find a well-defined, holomorphic “square-
root” of g, i.e. a holomorphic function g(w) such that

(s=p)*+(t—q)* =g(w) = g*(w).

Since the complex trigonometric functions are surjective (see [Ah], page 47),
we can therefore conclude that, locally, there is a holomorphic function h(w)
such that we can write

s(w) = p(w)+g(w) cos(h(w)) and  H(w) = g(w)+g(w) sin(h(w)) . (27)
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Let us now break the last equation in (26) into first and second com-
ponents. The first components give

As) =XNs+As'=w(ip) =wi'p+wjp .
Using the first equations of (26) and (27), this can be expanded to

Np+XNgcosh+Ap' +X(gcosh) =Np+whyp .
Cancelling the first term on both sides and reordering, we obtain
(wit—Np' = (Mg cosh) .

But wi — A can only be zero at isolated points, since otherwise, we would
have that A = w it . Differentiating this and then using the first equation in
(26) would give

N=ptwi =i+,
and thus £ = 0, which cannot happen. Therefore, we can solve the equation
above for p’ almost everywhere; and in completely analogous fashion, we can
obtain for ¢ :

. (\g cosh)

Y = , (S\g sinf})’.

and ¢ =

. . (28)
WL — A W — A

Note that this means that p and ¢, and thus by (27) also s and ¢, are (almost)
completely determined by X and & alone.

Finally, let us examine the second equation in (26). We claim that
this equation must necessarily be satisfied. To see this, we will replace é and
¢ by their component functions, and use the relations we worked out above
in the following way. By (27), we find that

& =s2+t2=(p+gcosh)*+ (qg+ g sinh)?
= p?>+2pgcosh+g? cos’h+q> +2qg sinh + g2 sin> h
= p*+¢*+2g(pcosh+qsinh)+g° .
—&

Thus, we have

(A2 = 2\/:52+25\(5-5’)+(25\g(p cosh+qsinh)+ X g?) . (29

!

=w W



71

Let us Work on the last term on the right-hand side. Recalling (28) and the
fact that ¢g> = g = =2, we find that this term equals

~ - - 2 /
2(Agcosh)p+2(Agsinh) g+2Xg(p' cosh+¢ sinh)—(ﬂ)
=2(wi—-Npp+2wi—Ndqq

5 (Ag cosh)(Ag cosh) 4+ (Mg sinh)(Ag sinh)’ B <2>/
wﬁ—;\

= 2(wi=N) (pp' +ad) + (szé - <Z>/
= —20((- ) +wi () wu(_) <u)

But the last two terms on the last line cancel each other, since, using the
first equation of (26) once more, we find that

Ni=Mi _wil = Ail _ _<1>’

_6,5/

1:1\>/z

2

pPwip=X) @ (wi—X)
This means that (29) takes the form
(A =wi'C+2M(C- () = 2M(C- ) +wi () = w (@),

which is exactly the second equation in (26).

This finishes the investigation of the case that rankF” = 3. Summa-
rizing our results (including Proposition 4.1), we thus have proven the follow-
ing theorem, which together with Theorem 4.3 gives the promised complete
local classification of all minimal real Kahler surfaces in Euclidean 6-space,
away from the isolated “singularities” where the rank of the second osculating
bundle F” is smaller than on the rest of the manifold.

Theorem 4.5: Let F : W — C°® be a holomorphic representative of
a minimal isometric immersion f : M* — RS from a 4-dimensional
Kihler manifold M into RS, and assume that the rank of the second
osculating bundle F” of F' equals three on all of W. Then f is
holomorphic with respect to some complex structure on RS, or f is gen-
erated by an isotropic cylinder (see Example 1.6), or we can describe f
locally in the following way:
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Let ((u,v), X,Y) be a Weierstrass representation of F in the neigh-
borhood of a point p € W (see page 37 and Proposition 3.2). Then in
a (perhaps smaller) neighborhood U of p in M, we can find a solution
a: U — C of the non-linear partial differential equation

Ly
au—aav—i(a Vo
and two holomorphic functions Mw) and h(w) in one complex variable
w such that we have
2

1_52 1+§2 ~
y ¢ ca,
2 2

- 148
2 T

I

X = (oa) (

and

V= (ioa) (

)\ -2
where i 1= / “—dw, g is a function such that ¢* =
w

A
= </ 7()\g~cos@) dw, /()\g~smf~L) dw) ,
Wi — A Wi — A
and

£:=C+g(cosh,sinh).

Conversely, for any choice of a non-—constant o, a nowhere zero X,
and arbitrary h as above, the map f = /2 Re(F) that we obtain
through a Weierstrass representation ((u,v), X,Y) as defined above
gives a minimal real Kdhler immersion that is defined on some small
neighborhood of C?.

Remark 4.6: Note that we have found another way to construct minimal
real Kéhler hypersurfaces in R°: Simply set h := 0, and (28) gives that ¢
has to be a constant. Choosing this constant to be zero, (27) gives that ¢ also
has to be zero. Hence, the last components of X and Y and consequentially
also the ones of F, and F, will be zero, which means that f = /2 Re(F)
can be considered as a map into R®.
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Example 4.7: By a separation ansatz, one finds (and can easily check) that
for all constants A, B € C,

( ) v+ A
alu, v) = —
’ u+ B
is a solution of (25). To keep things simple, let us set A= —1, and let us

determine A a bit later in such a way that the example stays simple. Since
N = w i, this means that i also has to be constant. Let us choose fi = 2,
since then g = ﬁ =1 , and we can choose g = 1. Then, the equations
for p’ and ¢’ have the form

,  (—cosh(w))  R'(w) sin(h(w))
P="%uws1 = 2w+l

and
,  (=sinh(w))"  —h'(w) cos(h(w))
7= w+1 2w+ 1 '

So, if we set h(w) := w? + w, then

p =sin(w® +w) and ¢ = —cos(w® +w).

Setting all integration constants equal to zero and using (27), we finally
obtain

i = /Sin(w2+w)dw wmd E—C4 (COS(w2+w)) ‘
- / cos(w? + w) dw sin(w? + w

~—

Inserting these «, A , i, é , and {‘ into the Weierstrass representation formu-
las gives the complex Gauss map of a minimal real Kahler surface whose
holomorphic representative has a second osculating bundle of rank three
everywhere.
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Appendix

In this appendix, we give the proof of a result that is well-known in
the theory of real partial differential equations, but somewhat hard to find
in the literature for several complex variables. We used this proposition on
page 68.

Proposition: Let a: U — C be a non—zero holomorphic function that
is defined on some open subset of C?, where we denote the complex vari-
ables in C% by (u, v). Furthermore, let ¢ : U — C be a non—constant
holomorphic function that is a solution of the linear partial differential
equation

u =Py . (1)

If ¥ : U — C 1is another solution of this partial differential equation,
then for every point po = (ug, vo) € U where ¢ has no singularity (i.e.,
do(po) # 0 ), there is a neighborhood V' of py in U and a holomorphic
function h(w) in one complex variable w such that, on all of V,

b=hod.

Proof: Pick a point py where ¢ is non-singular, and assume, without loss
of generality, that for all points p in a neighborhood V' of py, ¢,(p) # 0.
Let C be any of the values that ¢ takes on V, say C' = ¢(p1), where p; =
(u1, v1) € V. By the Implicit Mapping Theorem (see [G-R], page 16), there
is a holomorphic function gc(w) with go(ui) = v1 such that

¢(u7 gC(u)) =C
for all u in some neighborhood of ug in C. Taking the derivative with respect
to u and using (1), we obtain (with ¢ := %g)
0 = 5 0(u, go(u)) = du(u, go(u)) + du(u, go(u)) ge(u)
= ¢u(u, go(u)) [a(u, ge(u)) + go(u)] -

But we assumed that ¢,(p) # 0 for all p € V| and so gc(u) must satisfy
the ordinary differential equation

go(u) = —a(u, go(u)) .
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Note that this differential equation is completely independent of ¢ .
Thus, if we would repeat the above considerations for our second solution 1,
we would obtain holomorphic functions gs that satisfy the same ordinary
differential equation with the same initial condition gs(up) = vo. But by
the theory of ordinary (complex) differential equations, this means that close
to up, go(u) = ga(u) (see e.g. [Wal, page 110). Therefore, we have shown
that the level curves of ¢ and 1) must be the same, and thus that (locally)
there is a function h(w) such that ¢ = ho¢; namely, h transforms the values
associated with the level curves of ¢ into the values associated with the level
curves of 1.

It remains to show that A is holomorphic. But since ¢, (u;, v1) # 0,
the function 7(v) := ¢(uy, v) is invertible in a neighborhood of vy, and the
inverse is holomorphic. Since

Y(ur, v) = h(g(ur, v)) = h(n(v))

we have
h(U)) = w(ula 7771(71))) )
and thus that h is holomorphic.



