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Counter-examples to the famous conjecture of Carathéodory, as
well as the bound on umbilic index proposed by Hamburger, are
constructed with respect to Riemannian metrics that are arbitrar-
ily close to the flat metric on Euclidean 3-space.

In particular, Riemannian metrics with a smooth strictly convex
2-sphere containing a single umbilic point are constructed explic-
itly, in contradiction with any direct extension of Carathéodory’s
conjecture to non-Euclidean metrics. Additionally, a non-Euclidean
metric and embedded surfaces containing isolated umbilic points
of any index are presented, violating Hamburger’s umbilic index
bound.

In both cases, it is shown that the metric can be made arbitrarily
close to the flat metric.

1. Isolated umbilic points

Let (M3, g) be a smooth Riemannian 3-manifold and S a smoothly em-
bedded surface in M. The second fundamental form at a point, being a
symmetric matrix, has two real eigenvalues, the principal curvatures. The
umbilic points, where the principal curvatures are equal, are generically iso-
lated, and away from them, the associated eigen-directions form a pair of
orthogonal line fields on S.

The eigen-directions determine the (unoriented) principal foliations on
S, which have singularities at the umbilic points. For an isolated umbilic
point p € S there is a well-defined half-integer index Ind (p) € Z/2 deter-
mined by the winding number of the principal foliation around the umbilic
point.

In classical surface theory, where (M3, g) = (R3, go), go being the flat
Euclidean metric, surfaces which are umbilic at every point can be proven
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to be pieces of either spheres or planes [19]. At the other extreme, isolated
umbilic points have many mysterious properties.

Isolated umbilic points are the quarks of classical surface theory — they
are contained on a string (a surface in R?), come in different flavours (the
half-integer index) and are never seen alone in R3, at least on strictly convex
surfaces (the Carathéodory Conjecture).

In addition, the distinction between smoothness and real analyticity of
a surface can be intimately related to its isolated umbilic points, as has been
observed from both a dynamic [8] and a stationary [17] [I§] perspective.

This paper demonstrates the failure of both the classical Carathéodory
Conjecture and Hamburger’s index bound when the metric is not flat, even
for metrics arbitrarily close to Euclidean.

Recall that the infamous Carathéodory Conjecture asserts that a smooth
strictly convex topological 2-sphere in Euclidean 3-space must have at least
two umbilic points. Of course, if all of the umbilic points are isolated, the
sum of the indices is the Euler characteristic of the 2-sphere x(S) = 2, so
there must be at least one umbilic point. If a 2-sphere had only one umbilic,
its index would be 2 and so the Conjecture rules out spheres in which the
principal foliation is that of, say, the standard dipole [22].

Hamburger proposed establishing the Carathéodory Conjecture by prov-
ing the stronger local bound Ind (p) < 1 on the index of any isolated umbilic
point [I4]. In the case of real analytic surfaces, Hamburger established this
bound [15] [16]. Subsequent published work sought unsuccessfully to simplify
this proof [21] [27]- for a recent contribution see [20]. Later, this proposed
index bound was attributed to Lowner [23], but we will refer to it here as
Hamburger’s local index bound.

Much subsequent research on the Conjecture has focused on this local
index bound [I] [10] [11] [12] [13] [24] [25] [26] [29]. Counter-examples which
are not C2-smooth have been constructed [2], and related results discussed
in [3].

One of the difficulties is that it has been unclear where exactly the
problem lies: geometry, analysis or topology. The proof of the Conjecture
in [4] provides the answer: geometry. The proof hinges on the size of the
Euclidean group and its action on the space of oriented geodesics. This
is also behind the global to local argument that proves the index bound
Ind(p) < 2 [5], although this inequality has a topological nature.

In the above proof, the size of the isometry group implies that a certain
related elliptic boundary value problem is Fredholm regular when there is



On isolated umbilic points 2007

only one umbilic point on a closed convex 2-sphere. This fact has been gen-
eralized to other similar elliptic boundary value problems in plane bundles,
as long as there is a transitive isometric action [6].

The final ingredient to the proofs of both global and local versions given
in [4] and [5] is mean curvature flow with boundary in co-dimension two [7].
This is used to construct solutions of the elliptic boundary value problem
and prove the existence of co-kernel, contradicting Fredholm regularity and
establishing the Conjecture.

It is conceivable that the existence of holomorphic discs could be estab-
lished by some PDE method other than mean curvature flow. In any event,
the existence of co-kernel is sufficient to preclude a convex 2-sphere with
a single umbilic point. It is also sufficient to prove a related conjecture of
Toponogov on the umbilic points of complete planes [9] [28].

In the present paper we explore further this contention that it is geom-
etry that lies at the heart of the Conjecture. From this view-point, there is
no reason to believe that the Carathéodory Conjecture holds for a generic
Riemannian 3-manifold, even ones close to the Euclidean metric, as they do
not have sufficient isometries to fix a point. This would explain the subtlety
and depth of the problem.

We demonstrate that this is indeed the case, by constructing counter-
examples which show that neither the Carathéodory Conjecture nor the
local index bound of Hamburger need hold for non-flat metrics, even ones
that are arbitrarily close to the Euclidean metric go.

In detail, it is proven that isolated umbilic points of any index can be
realized on surfaces in near-Euclidean metrics:

Theorem 1. Foralle >0 and k € Z/2, there exists a smooth Riemannian
metric g on R® and a smooth embedded surface S C R® such that

(A1) S has an isolated umbilic point of index k,
(B1) [lg — 9oll” < e,

where |.|| is the Lo norm on R3 with respect to the flat metric go.
Turning to the global Carathéodory Conjecture it is proven that

Theorem 2. For all e > 0, there exists a smooth Riemannian metric g on
R3 and a smooth strictly convex 2-sphere S C R3 such that

(A2) S has a single umbilic point,
(B2) [lg — gol” < e.
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The metrics g are obtained by perturbing the Euclidean metric as fol-
lows. Fix a totally umbilic surface in flat R? — a plane for Theorem [l] and a
round sphere for Theorem [2| The Euclidean metric is deformed, leaving the
surface fixed, in such a manner that the induced metric on S is preserved.

This means that the curvature introduced by the ambient metric, through
the Gauss equation, deforms only the second fundamental form of S. The
perturbations are sufficient to control the principal foliation of S and can be
scaled arbitrarily Cy close to the flat metric. Bump functions with support
in a collared neighbourhood of the surface can then be used to bring the
metric Lo close to gg.

This paper is organized as follows. In the next section we give the geo-
metric background for the computations that follow. Theorem [1| is proven
in Section [3| while Section [f] contains the proof of Theorem

2. The second fundamental form

Suppose that S is a smooth oriented surface in a Riemannian 3-manifold
(M3, g). Choose an orthonormal frame {eg,e1,e2} along S adapted to the
surface in that eg is a unit normal, while e; and es are unit tangent vectors
to S. Clearly this is only well-defined up to a rotation about the normal,
which, if we introduce complex null frames

ey = % (€1 —iea) e = % (e1 +iez),

is given by (eq,e_) — (ee;, e e ).
At a point p € § the second fundamental form II: T,S x T,S — R is
defined

H(Xa Y) = —Q(VXe(),Y) = _g(VY€07X))

where V is the Levi-Civita connection of g.

The second fundamental form can be projected onto the basis (ey,e_)
which span 7},S, and its three real components become encoded in the quan-
tities

(1) o=H(ey,er)  p=1(et,e),

where o is complex-valued and p is real-valued.
The geometric significance of these for surface theory is the following:

ol = 5l —ra|  p=—5(k1 + K2),
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where k1, k9 are the principal curvatures of S. The complex quantity o is
called the shear or astigmatism and it vanishes at umbilic points. The real
quantity p is, up to a constant multiple, the mean curvature of S.

The argument of ¢ determines the principal directions, as measured
against the complex null frame. In particular, if S is given in local coordi-
nates (z,z) about the origin, and o = Hz"z™ for n,m € N and H(z,Z2) a
real non-zero function, then the origin would be an isolated umbilic point of
index (m —n)/2.

3. Hamburger’s local index bound

In this section we prove Theorem [1| by showing that every index can be
realized by umbilic points on surfaces in certain Riemannian metrics close
to the Euclidean metric.

For all € > 0 and each k € Z/2, a smooth Riemannian metric g on R?
and smoothly embedded surfaces S C R? will be constructed such that

(A1) S has an isolated umbilic point of index &,
(B1) [lg — gol* < e.

Endow R?® with standard coordinates (z',22,23) and let z = 2! + iz?.
The Euclidean metric gy in coordinates (z, z,t) is

ds® = dzdz + dt*.
Consider the following metric g defined
ds? = dzdz + dt* + [B(z, 2)dz + B(z, 2)dZ]dt,
where 3 : R? — C is a smooth function. This has the following properties:

Proposition 1. The metric g is Riemannian iff |3|*> < 1, while B =0 is
the flat Euclidean metric. Moreover, the Lo-distance of g to gg is

lo—aoll* = 2081° =2 [ [ [ gy

Proof. A straightforward computation shows that

detg = (1 - 5P),

which implies the first statement.
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The Ly norm ||| is defined with respect to the flat metric g, which

means that
lo -0l =2 [[[ 19 mPav.
RS

where, in coordinates with summation convention,
19— 901> = (g5 — 90i7) (gt — Gora) 9 g -
The result then follows from verifying that
(2) 9= g0|* = (95 — 90i7) (gt — gor) 98" 98 = 21B1*. 0

Now consider the plane S in R? given by t = 0. Clearly the metric g
restricted to this surface is flat since the induced metric is simply dzdz.
A natural null basis for the tangent space of S is

0

0
(3) €+ = \/5& € = \/§£7

while the unit normal is easily computed to be

1 0 o -0

4 S G B T
@) R (875 Y- 502)
Computing the second fundamental form components on the null frame

Proposition 2. For the surface t = 0 we have

2 0B _ 1 <85 85)

Proof. By definition

5) - 2. T oz

o =Tl(es,eq) = —g(Ve, eo,e4) = —€i el (Dieh + et ) g,
p=T(es,e) = —g(Ve, eq,e—) = —e' e (Qied + T, ef)gji.

Computing the Christoffel symbols T'ij* of ¢ and using equations and
this reduces to the stated quantities. O

We are now in a position to construct metrics and surfaces with isolated
umbilic points of any index. First fix m,n € N and choose 0 < rg < ry < 1.
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For A > 0 define the function 3 : R> — C by

Az"zZ™ for 0 < |z| < rg
B(z,2) = S A®2"z™ forrg < |z| <
0 for r < |z|,

where ® is a smooth bump function with 0 < & <1, ®(|z| =r9) =1 and
O(|z| =r1)=0.

This metric is Riemannian so long as A < 1 by Proposition (1| and the
fact that

(6) B2 < A%

Now for the plane t = 0 the second fundamental form component ¢ in
the neighbourhood of the origin is computed by substituting 8 = A2z in
the first of equations yielding

2mAzm 1z

/1 — A2’z‘2m+2n'

Thus the origin z = 0 is an isolated umbilic point of index k = (n —m +
1)/2. This establishes condition (A1) for suitable choice of n and m.

The construction so far has yielded a metric that can be made Cy close to
the flat metric at each point by choosing A small enough, since by equations

and@

|9 = g0l* = 2|B* < 2\%.

To extend this to an Ly estimate, introduce a further bump function ¥ :
R — R in the metric so that

ds® = dzdz + dt* + U(t)[B(z, 2)dz + B(z, 2)dZ]dt,
where 5 : R? — C is the smooth function above and
1 for |t] < e/4

U(t) =< f(t) fore/d<|t] <¢€/2
0 for €/2 < |t],
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f(t) being a smooth bump function with 0 < f(¢) < 1. The Ly difference
between the flat metric and this bumped metric is

€/2
lg = goll? = 2///R FORIBRAEY < 2/ K // ez <2

Thus choosing A < 1/+/27 ensures condition (B1) holds.

4. Convex spheres with a single umbilic point

In this section we prove Theorem [2| by showing that there exist near-
Fuclidean Riemannian metrics containing smooth strictly convex topological
2-spheres with a single umbilic point.

That is, for all € > 0, there exists a smooth Riemannian metric g on R?
and a smooth strictly convex 2-sphere S C R? such that

(A2) S has a single umbilic point,
(B2) g — goll* < e

thus showing that Caratheodory’s Conjecture need not hold for non-flat
metrics.

Consider R? with standard spherical polar coordinates (R, #,¢) about
the north pole. Introduce the complex coordinate & = tan(6/2)e’® on the
sphere.

The Euclidean metric g in coordinates (R, ¢, &) is

5 o 2R? _
ds®> = dR +7(1+£g)2d§d§.

Consider the following metric g

ds? — a2 + 22 fs+—[6<f,é>d§+5<s,é>dadfz

(1+€6)? +&¢

where 3: 52 — C. To extend this over the whole 2-sphere, change coordi-
nates to the antipodal coordinates on the 2-sphere by
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and follow through the metric coordinate change. One finds that the metric
retains the same form with

reer= o (L)
’ (1 + &/5/)5/ 5/7 5/ :
This metric has the following properties:

Proposition 3. The metric g is Riemannian iff |3|?> < 1, while B =0 is
the flat Fuclidean metric. The Lo-distance of g to gg is

lo—l* =211 =2 [[[ 1Py

Proof. A computation shows that

4R 5P
N (eI I

which implies the first statement.
The proof of the second statement is similar to the proof of the analogous
statement in Proposition [I} O

Now consider the sphere S in R? given by R = Ry > 0. Clearly the metric
g restricted to this surface is round. Thus the natural orthonormal basis for
the tangent space is

L o_lrg&o _1+4&0
" V2R, 0¢ T V2R 0¢’
while the unit normal is computed to be

_1{51%5(@%3)]
O 1-p5 LR 2R, \"o¢ " TaE) |

Computing the second fundamental form components on the null frame

Proposition 4. For the surface R = Ry the second fundamental form com-
ponents on the null frame is

0
o el () -4 (o))
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We are now in a position to construct the metric and 2-sphere with a
single umbilic point. For A > 0 define the function 3 : $? — C by

oo N
It is easy to prove that
B < 4—4A2

so by Proposition [3| the metric is Riemannian so long as

44
2

For the 2-sphere R = Ry, the second fundamental form components are

A ~2(1+€6)% + 3AEE cos 26

Roy/(Lr et nee | 2Ry /(11 édt ke

where ¢ = |€]e'?,

There are no umbilic points for finite values of £. Thus the only umbilic
point is at the south pole |{| — oo. To understand the point at the south
pole, change coordinates to the antipodal coordinates on the sphere as above
and compute

. A
V)T =g

which gives a smooth isolated umbilic at £’ = 0 of index 2.
To see that S is strictly convex, consider the determinant of the second
fundamental form

K= p2 — 00
_ 201468 + A1 + 3¢ cos 20)][2(1 + ££)* — A(1 — 3¢€ cos 20)]
Ro[(1+€6)* — N%¢¢], ’

and note that it is positive for A < 1. This establishes condition (A2).
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The construction so far has yielded a metric that can be made Cj close
to the flat metric at each point by choosing A small enough, since

33
9 — ol = 20512 < 22,32

To extend this to an Ly estimate, introduce a further bump function ¥ :
R — R in the metric so that

2R? RU(R)
Trep %+ 1rg

where W is similar to the function earlier, but now radially and centred at
R = ROZ

ds® = dR? +

(B(€,€)dE + B(E,€)dE)dR

1 for |[R — Ro| < ¢/4
U(R) =4 f(R) fore/4 <|R— Ry| <¢/2
0 for €/2 < |R — Ry,

where again f(R) is a smooth bump function with 0 < f(R) < 1.
The Lo difference between the flat metric and this bumped metric is

lo - gw2—2/X/ 215(¢, )12

Ro+e/2
)\2 / R2dR / / 2d5d5
4 Ro—e/2 2 (1+&6)?

336271'

<2 N (12R2 + €2).

Thus choosing
\/57
< 3 2 2y’
V33m(12R2 + €2)

ensures condition (B2) holds.
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