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C'-UMBILICS WITH ARBITRARILY HIGH INDICES

NAOYA ANDO, TOSHIFUMI FUITYAMA AND MASAAKI UMEHARA

We show that C'-umbilics with arbitrarily high indices exist. This implies
that more than C!-regularity is required to prove Loewner’s conjecture.

1. Introduction

The index of an isolated umbilic on a given regular surface is the index of the
curvature line flow of the surface at that point, which takes values in the set of
half-integers. Loewner’s conjecture asserts that any isolated umbilic on an immersed
surface must have index at most 1. Carathéodory’s conjecture asserts the existence
of at least two umbilics on an immersed sphere in R3, which follows immediately
from Loewner’s conjecture. Although this problem was investigated mainly on real-
analytic surfaces after Hamburger’s work [1940; 1941a; 1941b], several geometers
recently became interested in nonanalytic cases; see [Ando 2003; Bates 2001;
Ghomi and Howard 2012; Gutierrez et al. 1996; Smyth and Xavier 1992]. In
particular, Smyth and Xavier [1992] observed that Enneper’s minimal surface is
inverted to a branched sphere such that the index of the curvature line flow at the
branch point is equal to two. Bates [2001] found that the graph of the function

Xy

V1I+x2/1+y?

has no umbilics on R? and inversion of it gives a genus zero surface without self-
intersections, which is differentiable at the image of infinity under that inversion.
Ghomi and Howard [2012] gave similar examples of genus zero surfaces using
inversion. Moreover, they showed that Carathéodory’s conjecture for closed convex
surfaces can be reduced to the problem of existence of umbilics of certain entire
graphs over R%. A brief history of Carathéodory’s conjecture and recent devel-
opments are written also in [Ghomi and Howard 2012]. Recently, Guilfoyle and

(1-1) B(x,y):=2+

Ando was partly supported by the Grant-in-Aid for Young Scientists (B) 24740048, Japan Society for
the Promotion of Science. Umehara was partly supported by the Grant-in-Aid for Scientific Research
(A) 262457005, Japan Society for the Promotion of Science.

MSC2010: primary 53A05, 53C45; secondary 57R42, 37C10, 53A30.

Keywords: umbilic, curvature line, Carathéodory’s conjecture, Loewner’s conjecture.


http://msp.org/pjm/
http://dx.doi.org/10.2140/pjm.2017.288-1
http://dx.doi.org/10.2140/pjm.2017.288.1

2 NAOYA ANDO, TOSHIFUMI FUJIYAMA AND MASAAKI UMEHARA

Klingenberg [2008; 2012] gave an approach to proving the Carathéodory and the
Loewner conjectures in the smooth case.

Let P: U — R3 be a C'-immersion defined on an open subset U of R? such that
P is C*-differentiable on U \ {g} and not C2-differentiable at ¢. Then the point
g € U is called a C'-umbilic if the umbilics of P on U \ {g} do not accumulate
to g. At that point g, we can compute the index of the curvature line flow of P. In
this paper, we prove the following assertion:

Theorem 1.1. Let U; C R? be the unit disk centered at the origin. For each positive
integer m, there exists a C'-function f : Uy — R satisfying the following properties:
(1) f is real-analytic on U := Uy \ {(0, 0)},
(2) (0,0, £(0,0)) is a C'-umbilic of the graph of f with index 14 (m/2).

It should be remarked that the inversion of the graph of Bates’ function B(x, y)
has a differentiable umbilic of index 2 although not of class C' (see Example 2.3). It
was classically known that curvature line flows are closely related to the eigenflows
of the Hessian matrices of functions (see Appendix A). As an application of the
above result, we can show the following:

Corollary 1.2. For each m > 1, there exists a C'-function A : Uy — R satisfying

(1) A is real-analytic on U, and

(2) the eigenflow of the Hessian matrix of A has an isolated singular point (0, 0)
with index 1+ (m/2).

When we consider the eigenflow of the Hessian matrix of f, it is well known
that the index of the flow at an isolated singular point is equal to half of the index
of the vector field

(1-2) dp:=2fege + (= Fe) gy

In addition, if o := (0, 0) is an isolated singular point of the eigenflow of the Hessian
matrix of f, then its index is equal to 1 +ind,(87)/2 (see Appendix B), where
ind, (8 7) is the index of the vector field

(1-3) 85 =20k — f) gy + (1 For rf ¥ fo) gy

ato,and x =r cos@, y=rsiné. In order to prove the above theorem, we introduce
vector fields Dy and A y analogous to dr and é ¢, respectively (see Propositions 3.3
and 4.2), and prove the theorem by computing the index of A ; at infinity for each
of the functions (see Section 5)

(1-4)  f= fu(r,0):=1+tanh(r®cosmb), O<a<1/4, m=1,2,....

We also give an alternative proof of Theorem 1.1 without use of inversion, by an ex-
plicit example of A, see (6-1), satisfying (1) and (2) of Corollary 1.2 (see Section 6).
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2. The regularity of the inversion
Let R be a positive number. Consider a function f : R?\ Q — R, where
(2-1) Qp = {(x,y) e R*; Vx?+y* < R}.

Then F = (x, y, f(x,y)) gives a parametrization of the graph of f. The inversion
of F is given by F/(F - F), where the dot denotes the inner product on R>. We
consider the following coordinate change:

2-2 =2 = .
(2-2) = Y= 2
Then
1 22 A u v
(2-3) Vii=———u,v,p°f), S (u,v) I=f<—,—>
f 2241 02 p2

gives a parametrization of the inversion, where p := v/u? + v%. The map W £ s
defined on the domain

@4 Ubpi=Uye\o) (Uyei= e eR?; Vi v < L),

where o := (0, 0). If we set
(2-5) X =rcosf, y=rsind,
where r > 0, then (2-2) yields

(2-6) ,0=%, u=pcoso, v=psinéb.

In particular, the angular parameter is common in the xy-plane and the uv-plane.

Proposition 2.1. Let f : R*>\ Qr — R be a C®-function such that f/r is bounded.
Then the inversion Wy : U R R3 can be continuously extended to (0, 0), and
moreover, if

f2=2rff,

(2-7) =

<1, r> R,

then the image of Wy = (X, Y, Z) can be locally expressed as the graph of a
Sfunction Z = Z ;(X, Y) on a neighborhood of (0, 0) in the XY -plane. Under the
assumption (2-7), the function Z ;(X, Y) is differentiable if and only if

lim — =0.
r—o0o r
Proof. We can write

(2-8) \Iff(u,v):m@,v,w(u,v)\/uz—kvz),
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where

2-9) o, v) = VAT 0, vy = L)

r

Since f/r is bounded, the function ¢ is bounded on U 1*/ g~ Thus, using (2-8), we can
prove lim,_,o Wy = (0,0, 0), i.e., ¥ (u, v) can be continuously extended to (0, 0).
We denote by IT: R* 5 (x, y, z) = (x, y) € R? the orthogonal projection. Setting

0o
,9 = . s
Ve 9 1+ ¢@(pcosf, psinf)?
it holds that
(2-10) MoWs(u,v)=(¥(p,0)cost, ¥(p,0)sinb).

Since f(,ocos@,psin@):f(cos@/,o,sin@/,o), we have
p=f—rfr

In particular, it holds that

L= (f2=2rff)/r?
N (T S
By (2-7), there exists ¢ > 0 such that p +— ¥ (p, 0), |p| <¢, is a monotone increasing
function for each 6. Thus, by (2-10), we can conclude that TTo W : U, — R? is an
injection. Since a continuous bijection from a compact space to a Hausdorff space
is a homeomorphism, the inverse map G : Q2 — U, of ITo W¢|y, is continuous,
where  is a neighborhood of the origin of the XY -plane in R3. Then the graph of

7 ( Py )_f/)(G(X,Y))p(G(X,Y))
f =

YD 14+ 9(G(X, Y))?

coincides with the image of ¥y = (X, Y, Z) around (0, 0, 0). Then

2-11)

_ U y__ v _ P9
1+¢2’ 1+(p2’ 1+(P2
Since p — 0 as (X, Y) — (0, 0), we obtain
Zr(X,Y ) . .
(2-12) lim L) = lim B lim ¢ = lim =. [
XN=00 /x2 1 y2  X¥)=>00 /24,2 »=0 r—oo r

Corollary 2.2. Suppose that f : R*\ Qg — R is a bounded C™®-function satisfying

(2-13) im & —o.
r—00 r

Then the inversion Wy : Ul* R R3 can be continuously extended to (0, 0), and
moreover, the image of V¢ is locally a graph which is differentiable at (0, 0).
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Example 2.3. Bates’ example mentioned in the introduction is differentiable. In
fact, B(x, y) in (1-1) is bounded and B, /r converges to zero as r — oo. However,
the inversion of (x, y, B(x, y)) is not C'. In fact, the unit normal vector field of
the graph of B is not continuously extended to the point at infinity. Since the
inversion preserves the angle, the unit normal vector field of its inversion cannot be
continuously extended to (0, 0, 0).

Example 2.4. Ghomi and Howard [2012] gave an example:
14+ x+y?

VI+ @ +y)?

The graph of fgy is umbilic-free (see Example 3.5 in Section 3). The function fgyu
is bounded. In addition, since (fgu), is bounded, (2-13) is obvious. Therefore,
as pointed out in [Ghomi and Howard 2012], the inversion of (x, y, fgu(x, ¥)) is
differentiable. However, it is not a C'-map. In fact, the limit of the unit normal
vector field along y = 0 of the graph of fgy is not equal to that along x 4+ y?> =0 at
the point at infinity.

(2-14) feou=1+A x> 0).

Next, we give a condition for W to be extendable as a C L_map to (0, 0).
Proposition 2.5. Suppose that f :R>\ Qg — R is a bounded C*-function satisfying
(a) lim, _, fr =0,
(b) lim, 0 fo/r =0.

Then YV = (X, Y, Z) can be extended to (0, 0) as a Cl—map. Moreover, the map
(u, v) = (X(u,v), Y(u,v)) is a C'-diffeomorphism from a neighborhood of the
origin in the uv-plane onto a neighborhood of the origin in the XY -plane.

To prove this, we prepare the following lemma.

Lemma 2.6. The conditions (a) and (b) in Proposition 2.5 are equivalent to the
following two conditions, respectively:

(1) lim,_ o> f, =0,
(2) lim,_q p fy = 0.

Proof. The equivalency of (2) and (b) is obvious. The equivalency of (1) and (a)
follows from the identity f, = —f,/ 02. [l

Proof of Proposition 2.5. We see by Corollary 2.2 that W can be extended to
(0, 0) as a differentiable map and that the map (u, v) — (X (u, v), Y (u, v)) is a
homeomorphism from a neighborhood of (0, 0) onto a neighborhood of (0, 0).
We set

(2-15) hi=p>f(=pp), k:=(pf)*(=¢?.
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By (2-3), we can write

1
k+1

(2-16) Vr=(X,Y,2)= (u,v, h).

To show that W, is a C 1—map at (0, 0), it is sufficient to show that & and k are
C'!-functions. Since 4 and k are C*-functions on Ul*/ g they satisfy

hu=p(Qf +pfp)cos — fysing),
hy =p(Q2f +pf,)sinb + fpcos),
ku=2fp(cosO(f +pf,) = fosind),
ky=2fp(sin0(f + pfo) + focost),
on Uf‘/R. Using (1), (2) in Lemma 2.6, (2-17) and (2-18), one can easily see that

2-17)

(2-18)

(2-19) lim A, = lim h, = lim k, = lim k, =0,
p—0 p—0 p—0 p—0
which shows that Wy extends to (0,0) asa C 1—malp. By (2-16) and (2-19), we have

Xu(0,00=1, X,(0,0)=0, Yu(0,00=0, Y,(0,0)=1.

Thus the second assertion follows from the inverse mapping theorem, because the
Jacobi matrix of the map (u, v) — (X (u, v), Y (u, v)) is regular at (0, 0). [l

In Section 5, we need the following:

Proposition 2.7. Let f : R\ Qg — R be a bounded C>®-function satisfying

conditions (a) and (b) of Proposition 2.5. If there exists a constant 0 < ¢ < %

such that
1—c/2 —c/2 2—¢ 1—c N
r L/ fi” r L/ fg’ r Lfrr, r ‘fr(% r Cf@@

are bounded on R* \ Qg, then the map (u, v) — (X (u, v), Y (u, v)) is a C*>-map
at (0,0), where Vy = (X, Y, Z).

We prepare the following lemmas:

Lemma 2.8. The boundedness of the five functions in Proposition 2.7 is equivalent
to the boundedness of the functions

(2-20) P P fo 0P fo 07 o 0" fons 0 foa
on U\ {(0, 0)}, where U is a sufficiently small neighborhood of (0, 0).

Proof. Differentiating f = f (pcosB, psinf) by p, we get p fp = —rf, and
02 f op =2rfr + r? f,r, which can be used to check the assertion. (I
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Lemma 2.9. Suppose that the five functions in (2-20) are bounded on U \ {(0, 0)}.
Then pzck,m, pzckuv and pzckvv are also bounded on U \ {(0, 0)}, where k is the
Jfunction given in (2-15).

Proof. In fact, each of k,,,, k., kyy 1 written as a linear combination of
Lo pfo foo 0F phofo. fir 0 foer £ oo
with coefficients that are bounded functions. For example,
kuo = 520 (0* [+ (07 fop+30 fo— fao) = £ +2c0526 (fa(p fot )+0f fre)-
Thus, we get the assertion. (]
Proof of Proposition 2.7. By Lemmas 2.8 and 2.9, the fact that 2¢ < 1 yields that
(2-21) gl_r)r}) Pk = ;l_r)r}) pkuy = gl_r)r}) pkyy = 0.
Since
 2uky —2(k + Dk, — u(k 4+ Dk,

" (k+1)3 ’
X,, — kg (“2uky +k+ 1) +ulk+ l)kuv’
(k+1)3
(k4 Dkuy —2K2)
v (k+1)3 ’
we have that X,,, X,,, Xy, tend to 0 as p — 0. This implies that X,, X, are
C!-functions. Similarly, Y, ¥, are also C !_functions. O

3. The pair of identifiers for umbilics

Let U be a domain on R?. Consider a flow (i.e., a 1-dimensional foliation) F
defined on U \ {p1, ..., pn}, where py, ..., p, are distinct points in U. We are
interested in the case where F is

« the curvature line flow of an immersion P : U — R3,
« the eigenflow of a matrix-valued function on U, or
« the flow induced by a vector field on U.

We fix a simple closed smooth curve y : T! — U\{p1, ..., pp}, where T :=R/2n Z.
We set

0y 1= %

Then one can take a smooth vector field

V() :=a(t)d, +b(1)d,
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along the curve y (¢) such that V (¢) is a nonzero tangent vector of R? at y (¢) which
points in the direction of the flow F. Then the map

(a(t), b(1))
Va2 +b(t)?

is called the Gauss map of F with respect to the curve y. The mapping degree of the
map V is called the rotation index of F with respect to ¥ and denoted by ind(F, y),
which is a half-integer, in general. If y surrounds only p;, then ind(F, y) is
independent of the choice of such a curve y. So we call it the (rotation) index of
the flow F at p;, and it is denoted by ind,, (F). If the flow F is generated by a
vector field V defined on U \ {p1, ..., p.n}, then indp_,. (F) is an integer, and we
denote it by ind,; (V).

We denote by S,(R) the set of real symmetric 2-matrices. Let U be a domain
in B2, and

(3-1) ViT'st— eS' i ={xeR?; x| =1}

ap(x,y) axp(x,y)

A:(muywm@dvzyﬁ&mx

a C®-map. A point p € U is called an equidiagonal point of A if a;; = ay; and

ajp =0 at p. We now suppose that p is an isolated equidiagonal point. Without loss

of generality, we may assume that A has no equidiagonal points on U \ {p}. Since

two eigenflows of A are mutually orthogonal, the indices of the two eigenflows of the

$>(R)-valued function A are the same half-integer at p. We denote it by ind, (A).
It is well known that for an S, (R)-valued function A, the formula

(3-2) ind,(A) = § ind,(v4)
holds, where v, is the vector field on U given by
(3-3) va = (a1 —a)dy +ajzdy.

We shall apply these facts to the computation of the indices of isolated umbilics
on regular surfaces in R? as follows. Let f : U — R be a C*®-function. The
symmetric matrices associated with the first and the second fundamental forms of
the graph of f are given by

_(1+ ]} fxfy) , <fxx fxy)
3-4 - : = .
G- ! (fxfy trr2) T

We consider a GL(2, R)-valued function

0 VI+ 2
C\SJar g a+d £

(3-5) P
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which satisfies the identity P PT = I, where P is the transpose of P. Then
Ap=P Py = Pty ™!

is an $7(R)-valued function. The umbilics of the graph of f correspond to the

equidiagonal points of A ;. We show the following:

Proposition 3.1. The symmetric matrix A y(p) is proportional to the identity matrix
at p € U if and only if p gives an umbilic of the graph of f. Moreover, if p is an
isolated umbilic, then ind, (A y) coincides with the index of the umbilic p.

Proof. The first assertion follows from the definition of Ay. Without loss of
generality, we may assume that p coincides with the origin o := (0, 0), and the
graph of f has no umbilics other than o on U. Take a sufficiently small positive
number ¢ > 0 so that the circle

y(t) = ¢e(cost, sint), 0<t<2m,

is null-homotopic in U.
We denote by (a;(t), b1 (t))T and (ax(t), b2(1))7, eigenvectors of I7'1T and A
at y (t), respectively. We may suppose

(a1(2), b1 () P(y (1)) = (ax(2), b2(1)), 0<t<2m.
We set
w; (t) := a; (t)0y +bi(l‘)3y, i=1,2.

Then w; points in one of the principal directions of the graph of f. The matrix
P (y (1)) takes values in the set

(3-6) T::{(O x);x,y>0,zeR}.
v :

Since the set 7 is null-homotopic, the mapping degree of w;(z) with respect to
the origin is equal to that of W, (). Since the degree of w,(¢) with respect to o
coincides with ind, (A 7), we get the second assertion. O

By a straightforward calculation, one can get the following identity:

2
Api=hiPA; = (fxfy(f’nyf” l_kthxy) + 7 fyy kzll;xx)’

where
he=1+f2 k=vVI+ 24+ Li=—hfo+ fofyfo
Then the coefficients of the vector field

vf;f =010, + Uzay
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defined as in (3-3) for A = A r are given by

vi =an —an = (=1 + )] frx = hfx =20 foy fy + 12 fiy,
vy =ajpp = _k(hfxy - fxfyfxx),
where A = (aij)i, j=1,2. Hence, we get the following identity:

_2fify
Tk

v v2+h(—fxx(1+fy2)+(1+fx2)fyy)'

Consequently, we get the following fact (see [Ghomi and Howard 2012, (10)]):

Fact 3.2. The graph of the function 7 = f(x, y) defined on U has an umbilic at
p € U if and only if the functions

dy(x,y) ==+ fD) oy — fefofexs and  do(x, y)i= (1+ £ fry— frr (14 £])
both vanish at p.
We consider the vector field
Dy :=dd; +d,0,

defined on the domain U in the xy-plane. Suppose that p is a zero of Dy. The
following assertion holds:

Proposition 3.3. If p gives an isolated umbilic of the graph of f, then half of the
index of the vector field Dy at p coincides with the index of the umbilic p.

Proof. The half of the index of the vector field

X = —vAf = Q2 fx fyd1 — hd2)0, +kd, 0,

at p is equal to ind, (A~f). We now set

X Oy, 0 Sfoy : SfXZ ! 0 1
= <5<
s - ()C’ y) /1 S(ﬁ fyz) 0 (lz)’ =s= 1

Then X = X and Xo = —d»0, +d;0,, and the rotation index of X; at p does not
depend on s € [0, 1]. Since the rotation index of Dy = (d1, d») at p coincides with
that of X, we can conclude that X has the same rotation index as D at p. O

We call dy, d, the Cartesian umbilic identifiers of the function f.

Example 3.4. For a function f(x,y) := Re(z®) = x* —3xy? (z = x +iy), the
Cartesian umbilic identifiers are given by di = —6y@, d» = —6x¢,, where

Q= —Ox* + 9y4 +1, Q= ox* + 18)62)12 + 9y4 + 2.



Cl-UMBILICS WITH ARBITRARILY HIGH INDICES 11

Since ¢;, i = 1,2, are positive at the origin (0, 0), the vector field D can be
continuously deformed into the vector field —yd, — x0, preserving the property
that the origin is an isolated zero. Thus D/ is of index —1, and the graph of the
function f has an isolated umbilic of index —% at the origin.

Example 3.5. Bates’ function B(x, y) has no umbilics since d; > 0 on R2. On the
other hand, the identifier d; with respect to Ghomi and Howard’s function fgu(x, y)
in (2-14) vanishes if and only if y = 0 or x = —y?. Since d, never vanishes on
these two sets, the graph of fgy also has no umbilics on R?.

4. The pair of polar identifiers for umbilics

Let U be a domain in the xy-plane, and f : U — R a C*°-function. Let (r, 6) be
the polar coordinate system associated to (x, y) as in (2-5). Then

F(r,0):=(rcosf,rsinf, f(rcosé,rsind))
gives a parametrization of the graph of f with the unit normal vector

_ 1
VI +P (14 £)

. 1+fr2 frf9
I:=
frf9 7’2+f92

is the symmetric matrix consisting of the coefficients of the first fundamental form
of F. If we set

v (fosin® —rf, cos@, —rf, sinf — fycosé,r).

Then

0 VI+ 2
O\ VTR TR

then QQT =T. The symmetric matrix consisting of the coefficients of the second
fundamental form is given by

I = L ( rfrer rfrﬁ_fﬁ)
TV +2(0+ ) \rfro— fo r(fae+rf))

Then the symmetric matrix

By=0 ' HT = 0T @' (Q")™!

satisfies

P2 12 for + R fr (=27 fo fro + 202 +12h) +rh® fag Tk )

By =hi’By = M .
! ! ( ik k2 f,
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where
hi=14 72 k= f+r2(1+ 2, 1= fah+rfrfr) —rhfre.
The following holds:

Proposition 4.1. The symmetric matrix B 7 (p) is proportional to the identity matrix
at p € U\ {0} if and only if p gives an umbilic of the graph of f. Moreover, if o
is an isolated umbilic of the graph of f, then the index of the umbilic at o is equal
to 1+ind,(By).

Proof. The first assertion follows from the above discussions. So we now prove
the second assertion. Suppose o is an isolated umbilic. We take a simple closed
smooth curve y (¢) in the xy-plane, where 0 <t < 2w, which surrounds the origin o
anticlockwisely, and does not surround any other umbilics. Let w; : [0, 27] — R?
be a vector field along y such that w;(¢) is an eigenvector of the matrix /1T at
y(t) for each t € [0, 2]. Since

0, =cos 00, +sin0a,,

dg = —r sin@d, +r cos 0y,

we have that
cosf —rsinf
(9r, d9) = (0x, 8y)T0s Ty := .

sin@ rcos®

Then, it holds that
I = (1) 'a'InT.

In particular,
wy (1) :=To(y ) 'wi(r),  0<t<2m,

gives an eigenvector of the matrix -7 at y(@). LetT; :U - GL2,R), 0 <s <1,
be a map defined by

T (0059 —(r(1—5)+s)sind

1.
$in 0 (r(l—s)+s)cose)’ O=s=

Then it gives a continuous deformation of 7y to the rotation matrix 77. Since
the winding number of the curve y (¢) with respect to the origin o is equal to 1,
the difference between the rotation indices of w; and w, is equal to 1. Since the
eigenflow of the symmetric matrix lN?f is associated with that of the matrix I~ 1] by
Q, the fact that Q takes values in the set 7 in Section 3 yields that the index of the
umbilic o is equal to 1 + indo(é 7). U

We now set

81 1= —bifk=—fo(l+ f2+rfr frr) +r(1+ £2) fro,
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where Bf = (l;ij)i’jzlyz, Then we have

by — by =2, fob1+r(1+ £7)82,
where
8= (L+ f2) 0y + foo) = [ (r + 17)-
Thus, as in the proof of Proposition 3.3, we get the following assertion:

Proposition 4.2. Let U be a neighborhood of the origin o := (0, 0). Let f : U — R
be a C®-function. Then the graph of f has an umbilic at p € U\ {0} if and only if the
two functions §1(r, 0), 8,(r, 0) both vanish at p, where x =r cos6 and y =r sin6.
Further, if o is an isolated umbilic, then half of the index of the vector field

Af = 813)( + 323y
at o equals —1+1(0), where 17(0) is the index of the umbilic o.

We call 8§y, 8, the polar umbilic identifiers of the function f.

Example 4.3. Consider the function (where z = x +iy)
fx,y):= Re(z’7) = x> + xy2 =r3cosé.
By straightforward calculations, we have
81 =—2rsiné, 8 = —2r>(2 = 3r* —6r* cos 20) cos 6.

Since 2—3r*—6r* cos 26 is positive for sufficiently small » > 0, the vector field Ay
can be continuously deformed into the vector field — sin 89, — cos 89y preserving
the property that the origin is an isolated zero. Thus the rotation index of A s at o
isequal to —1,and Iy (0) =1— % = %

We give a generalization of Proposition 4.2 for the computation of the index of
the curvature line flow of a surface along an arbitrarily given simple closed curve
surrounding several umbilics as follows. Let z = f(x, y) be a C*°-function defined
on R? admitting only isolated umbilics. Suppose that y : R — R? is a C>°-map
satisfying y (t 4+ 2m) = y(¢) which gives a simple closed curve in the xy-plane
such that it surrounds a bounded domain containing the origin o anticlockwisely.
Moreover, we assume that y (¢) does not pass through any points corresponding to
umbilics of the graph of f. We denote by I#(y) (resp. ind,, (A r)) the rotation index
of the curvature line flow (resp. of the vector field A y) along the simple closed
curve y. Then the formula
indy (Af)

2
can be proved by modifying the proof of Proposition 4.2. Suppose that there exist
at most finitely many points ¢ = ¢, ..., # € [0, 2] such that &, (y(¢)) vanishes

4-1) Ir(y)y=1+
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Figure 1. The inversion of the graph f5 for a = % (left) and its
enlarged view (right). In these two figures, the z-axis points toward
the downward direction.

at t =t;. We now assume that 8| (y (¢)) := d8;(y(¢))/dt does not vanish at t =¢;,
for j=1,..., k. We set

0 for 82(y(tj)) <O,
e(t)) = 1 for §;(y(¢j)) > 0and 8,(y(¢j)) > 0,
—1 for &j(y(t;)) <0and 8(y(j)) > 0.
Then, it holds that

k

(4-2) ind, (Ay) = —ZS(IJ')‘

j=1

5. Proof of the main theorem

In this section, using the function f = f,, (m=1,2, 3, ...) given in (1-4), we prove
Theorem 1.1 and Corollary 1.2 in the introduction. More generally, we consider
the function

5-1) g=gn( 0):=1+ F(@r“cosmb), O<a<l1/4, m=1,2,3,...,
which is defined on {(r, 8) ; r > R}, where R is an arbitrarily fixed positive number,
and F : R — R is a bounded C*°-function satisfying the following conditions:

(1) F(x) is an odd function, that is, it satisfies F(—x) = —F (x),

(ii) the derivative F’(x) of F is a positive-valued bounded function on R,

(iii) the second derivative F”(x) is a bounded function on R such that F”(x) <0
for x > 0,
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(iv) there exist three constants «, 8 and y (8 #0, y > 0) such that

lim " F'(x) = «, lim " F"(x) = B.
X—>00 X—>00

One can easily construct a bounded C*°-function F'(x) satisfying properties (i—iv).
For example, one can construct an odd C°°-function satisfying (ii) and (iii) so that

Fx)=1—¢7", x €[M, 00),

for a positive number M. Then it satisfies (iv) also. However, to prove Theorem 1.1,
we must choose the function F(x) to be real-analytic, and

F(x) :=tanhx

satisfies all of the properties required. In this case, g,, = f;, holds. From now on,
we shall prove Theorem 1.1 and Corollary 1.2 using only the above four properties
of F(x).

The function g can be considered as a C*°-function on R? \ Q in the xy-plane
for any R > 0. The graph of g lies between two parallel planes orthogonal to the
z-axis, and is symmetric under rotation by the angle 2 /m with respect to the z-axis
(the entire figure of the inversion of the graph of fs is given in the left-hand side of
Figure 1). The partial derivatives of the function g are given by

gr=ar’ e, F'(rcp),

8o = _mrasmF/(raCm)»
(5-2) g =ar®2ep(ar®c, F'(rcp) + (@ = DF' (rep)),
g9 = —amr® s, (r'em F"(rcm) + F'(rcm)),

goo = m*r® (ras,i F"(r"cw) —cn F' (r"cm)),
where
(5-3) Cp = cosmb, Sm = sinm0.

Since F'(x) is a bounded function, g is bounded and satisfies (2-13), since a < 2.
Therefore, the inversion W, can be expressed as a graph near (0, 0,0). Since
0 <a <1, the function g satisfies (a) and (b) of Proposition 2.5. Then Z=Z (X, Y)
asin (2-11), where f:=gisa C'-function at (0, 0). The graph of Z, for g = f5
near (0, 0, 0) is indicated in the right-hand side of Figure 1. To prove Theorem 1.1,
it is sufficient to show that (0, 0, 0) is a C'-umbilic of the graph of Z,(X, Y) with
index 1+ (m/2). In the following discussions, we would like to show that there
exists a positive number R such that the graph of g has no umbilics if »r > R. We
then compute the index I, (I") with respect to the circle

(5-4) I'@) :=(rcosf,rsinb), 0<6<2m, r>R,
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using (4-1) and (4-2), which does not depend on the choice of r > R, as follows.
We set

(5-5) SJ(H) =46;(I')), j=172.

The first polar identifier is given by

(5-6) 81 = —mrsy, (ar“cmF”(r“cm) + (a — l)F/(r“cm)).
Since 0 < a < 1, condition (ii) yields that

(5-7) (a—DF'(rcy) < 0.

On the other hand, by (i) and (iii), it holds that

(5-8) xF"(x) <0, x:=r%y.

By (5-7) and (5-8), we can conclude that 51(0) changes sign only at the zeros of
the function sinm6. Since the function g is symmetric with respect to rotation by
angle 27 /m, to compute the rotation index of A, along I', it is sufficient to check
the sign changes of 5,- @),i=1,2,for6 =0 and 6 = w/m. By (5-6), (5-7) and
(5-8), we get the following:

ds ds
(5-9) = >0 = <0.
do 0=0 do O=m/m
The second polar identifier §, is given by
P28y = — 17?2 —m*s2)F (cur®) 4+ acp(a’c2 — am? +m*s2)F' (cur®)?

— P2 (a? = 2a +mP) F (cpr®).

We need the sign of 52(0) at 0 € (r/m)Z. In this case, s, = 0 and ¢,, = 1.
Substituting these relations and using the fact that F’ (resp. F”) is an even function
(resp. an odd function), we have

r2—3a82 — q:’,2—0161214—-//(},_01) :l:a2(a _ mZ)F/(ra)3 :Fr2—2a(a2 —2a +m2)F’(ra).

Since F’ is bounded, the middle term is bounded. Hence, by (iv) and by the fact that
0 < a < 1, there exists a positive number R such that the sign of §, is determined
by the sign of the first term Fr2~“a?F”(r*) whenever r > R. Then, we have

(5-10) —8 (7w /m) = 8,(0) > 0.

In particular, the image of the graph of g has no umbilics when r > R. By the
27 /m-symmetry of g, (4-2), (5-9), and (5-10), the index indr(A) is equal to —m.
Then the index of the curvature line flow along I" is equal to [,(I') =1 —m/2
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by (4-1). Then after inversion, the Poincaré—Hopf index formula yields that the
index I of the umbilic of W, at the origin is

Iy=2—1,(T') = 1+m/2.

If we choose F'(x) := tanh x, then the function Z, (X, Y) satisfies the properties of
Theorem 1.1.
We next prove the corollary. We set

N1+ 73+ 75

1+vV1+22+22
where Z := Z, is the function given in (2-11). Suppose that A and Av are a
C'-function and a C'-vector field defined on a sufficiently small neighborhood of

(0, 0) in the XY -plane, respectively, where v is a unit normal vector field of the
graph of Z,. Then the map

(5-11) Ve

Q: (X, Y) > (6(X,Y), n(X,T))

given by (A-4) for f = Zy, is a local C I_diffeomorphism, and is real-analytic
on U \ {(0, 0)}. Then the proof of Fact A.1 in Appendix A is valid in our situation,
and we can conclude that the eigenflow of the Hessian matrix of A (&, n) is equal
to the curvature line flow of the map P (&, ) given by (A-8). Since the image of
P (&, n) coincides with that of Wy (u, v), we get the proof of the corollary in the
introduction.

Thus, it is sufficient to show that A and Av are C! at (X, Y) = (0, 0). By (5-11),
we have the following expression

1+V1+22+ 22

By (5-11) and (5-12), we can say that (X, Y) and A(X, Y)v(X, Y) are C'at (0, 0) if

(5-12) Av

(5-13) lim ZZXX = lim ZZXy = lim ZZyy =0
(X,Y)—(0,0) (X,Y)—(0,0) (X,Y)—(0,0)

hold. So to prove the corollary, it is sufficient to show (5-13). It can be eas-
ily seen that all of r'=%g,, r=gy,r>~%g,,, r'=24g, and r~>%ggy are bounded
functions on R? \ Qz. Since 0 < a < i, Proposition 2.7 yields that the map

W, V)~ (X,Y)=ToWe(u,v)isa C?-map. Then (5-13) is equivalent to

(5-14) ZZyy= lm Z7ZZ,,= Ilm ZZ,,=0.

lim
(u,v)—(0,0) (u,v)—(0,0) (u,v)—(0,0)

Since Z = h/(k + 1), (5-14) follows from (2-19), (2-21) and the fact that

lim ph,, = lim ph,, = lim ph,, = 0.
p—0 p—0 p—0
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6. An alternative proof of the main theorem

In the previous section, we have proved Corollary 1.2. However, it is natural to
expect that one can give an explicit description of the function with the desired
properties. The function A given in (5-11) does not have a simple expression. On
the other hand, we will see that functions

(6-1) A = A, :=r?tanh(r % cos m#b), m=1,273,...,
satisfy (1) and (2) of Corollary 1.2 if 0 <a < 1. We set
(A=) Ay 1= r>F(r % cosmb),

where £ =rcosf, n=rsiné, and F : R — R is a function satisfying the properties
(i-iv) given in the beginning of Section 5. Then A,, is a special case of A, for
F (x) :=tanh x. It holds that

Ay = r(2F(r_“cm) —acyr @ F/(r_“cm)),
ro =—mr? s, F'(r cp),
Aer =2F (rcy) +ar e, ((a = 3)r'F (r “cm) + ac F'(r “cp)),
drg = msyr' 724 ((a —2DrF'(r~%c,) +acn F”(r_“cm)),
Aoo = —m2r¥2a (ricmF'(r™%cm) — 52 F"(r “cm)),
where ¢,, and s,, are defined in (5-3). We set
81 :=2(rko — Ao), = —rApr + 1Ay + hop.

Then each component of the vector field §;, := ¢;0y + ¢20y is an identifier for the
eigenflow of the Hessian matrix of A at the origin given in the introduction; see (1-3).
By a direct calculation, we have

0 =2mr? s, (acm F"(r~%cp) + (a— DriF' (r “cm)),

o =12 @ —mPsE ) F" (rcp) — (@* —2a +m>)r* e, F'(r cp).

By the property (ii) of F, (a — 1)r®F’(r %c,,) is negative, and by (ii) and (iii),
cm F(r~%cy,) is also negative. So ¢ is positively proportional to —s,,, (= — sinm#).
In particular, ¢; vanishes only when s,, = 0. Moreover, for fixed r, it holds that
dgy/dO <0 (resp. d¢y/d6 > 0) if ¢,, = 1 (resp. ¢, = —1).

On the other hand, if s,, = 0 and r tends to zero, then ¢,, = &1 and F’(£r—%)
and F”(+r~%) tend to zero with exponential order (see condition (iv) for F(x)).
Therefore, the leading term of ¢, for small r is —r2=24(a?c2 — m?s2)F" (r “cy).
Hence, for a fixed sufficiently small r, the function ¢; is positive (resp. negative)
if ¢, =1 (resp. ¢, = —1). Summarizing these facts, one can easily show that the
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Figure 2. The image of P (r < %) form=2anda = %
index of the vector field §, at 0 := (0, 0) is equal to m. So the index of the eigenflow
of the Hessian matrix of A at o is equal to 1 +m /2 (see Appendix B). One can
easily check that A is a C'!-function at 0 and the function X satisfies (1) and (2) of
Corollary 1.2. Since A is a special case of A, we proved that A satisfies the desired
properties.

To give an alternative proof of Theorem 1.1, we consider the real analytic map
P :R?\ {0} — R defined (see (A-8)) by

P(Sv 77) = (Sv n, A(Sv 77)) - A(Sv 77)‘)(5, 77),

where

1

6-2 Vi=—F—"—"FT—
(©2) AZ+AZ+1

2 2
(2Ag, 2A, A7+ A2 - 1),

One can easily verify that
Ag = rlf"((mslsm —acicp) sech®(r~cp) + 2rc tanh(r*“cm)),
Ay =r't (2r®sy tanh(r~“cy) — (asicm + meysm) sechz(r_“cm)),
where ¢y = cos 6 and s; = sin 8. Using them, one can get the expressions

1 1 1
(6-3) Age =i (r0), Agy=—2ma(r.0). Mgy = 72h3(r.0),

where h;(r,0), i = 1,2, 3, are continuous functions defined on R2. Using (6-2),
(6-3) and the fact lim, o A/r>* = 0, we have

. AN _
(6-4) lim Ave = lim 52 (-%vg) =0,
and also
(6-5) lim Av, =0.

r—0
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Using (6-4), (6-5) and the fact
d(Av) =(dA)v+ Adv,

we can conclude that Av can be extended as a C!-function at 0. Thus P (£, n) can
also be extended as a C!-differentiable map at 0. One can also easily check that

P:(0,0) =(1,0,0), P,(0,0) = (0, 1, 0).
Hence P is an immersion at o, and

D (&, (X(E,n),Y(E, )
is a local C'-diffeomorphism, where P = (X, Y, Z). In particular,
Zn:=Z(@ (X, 1)

gives a function defined on a neighborhood of (X, Y) = (0, 0). By Fact A.1 in
Appendix A, the index of the curvature line flow at (0, 0) of the graph of Z, is
equal to the index of the eigenflow of the Hessian matrix of A, which implies
Theorem 1.1. The image of P form =3 and a = % is given in Figure 2.

7. The duality of indices

At the end of this paper, we consider the index at infinity for eigenflows of Hessian
matrices. Let

fR*\ Qg - R, g:Uyr\fo} > R

be C2-functions, where Qg and U, /r are disks defined in Section 2. Let Hy
(resp. H,) be the eigenflow of the Hessian matrix of f (resp. g). If the Hessian
matrix of f has no equidiagonal points, then we can consider the index ind(H ¢, I')
with respect to the circle I given in (5-4) and it is independent of the choice
of r > R. So we denote it by indoo (H ¢). Similarly, if the Hessian matrix of g has
no equidiagonal points, then we can consider the index ind(#,, I'") with respect to
the circle IV (0) := (p cos 6, psinf), 0 <0 <2m, p < 1/R. Since it is independent
of the choice of p < 1/R, we denote it by ind,(H,). Consider the plane-inversion

. 2 1 2
t:R e(u,v)Hm(u,v)eR.

Then the following assertion holds:

Proposition 7.1 (duality of indices). Let f : R*\ Qg — R be a C*-function whose
Hessian matrix has no equidiagonal points. Then the function g : Qg — R defined by

glx,y):= (u2 + Uz)f ot(u,v)
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(called the dual of f) satisfies
ind,(Hg) +indeo (H ) = 2.

Proof. Using the identification of (u#, v) and z =u +iv, it holds that u = (z+7)/2
and v = (z — 7)/(2i). In particular, f can be considered as a function of variables
z and z, and can be denoted by f = f(z, z). Since ¢(z) = 1/Z, we can write

gz, 2):=2z2f(/z,1/2).
Then

. 2fz=(1/z,1/2)
8:(2, ) =—73——

holds, where

9 ._1(0 _;0 09 ._1(0 ;0
az'_2<au ’au)’ 82'_2(8u+l8v)'
Since ' () = re'?, we have that

Jzz(toT(©))
8:(I'(0)) = T2k

Thus, it holds that
ind,(g;;, ') = =4 +ind,(f3z, to ).
By (B-1), we have

ind,(g:z, I') = —2ind,(H,),
ind, (fzz, to ') = —indy(fer, toI') = 2indoo (H f).

Thus we get the assertion. ([
Applying Proposition 7.1 for the function g = A,,, see (6-1), we get the following:

Corollary 7.2. For each m > 1, there exists a C'-function f : R>\ Qr — R
satisfying

(1) f is real-analytic on R*\ Q,

(2) the eigenflow of the Hessian matrix of f has no singular points, and

(3) the index at infinity of the eigenflow of Hy is equal to 1 —m /2.

The function A,, used in the second proof of Theorem 1.1 coincides with the
dual of the function f,,, — 1 given in (1-4).
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Appendix A: The classical reduction

In this appendix we show the existence of a special coordinate system (£, ) of the
graph of a function f(x, y) which reduces the curvature line flow to the Hessian of
a certain function, called Ribaucour’s parametrization (Umehara learned this from
Konrad Voss at the conference of Thessaloniki 1997). Although, the existence of
such a coordinate system was classically known, and a proof is in the appendix of
[Scherbel 1993], the authors will give the proof here for the sake of convenience.
We set P = (x, y, f(x,y)), and suppose that f(0,0) = £,(0,0) = £,(0,0) =0.
Consider a sphere which is tangent to the graph of f at P and also tangent to the
xy-plane at a point Q. Then, it holds that

(A-1) O+ Xrez =P + v,

where e3 = (0,0, 1) and v = (fy, fy, —1)/V' 1+ fZ + f}. Taking the third compo-
nent of (A-1), we get

_ IR+ R
L+V14+ 2+ f7

In particular, A(0, 0) = 0. Since fy(0, 0) = f,(0, 0) =0, we have that
(A-3) dx(0,0)=df(0,0)=0.

(A-2) A

Taking the exterior derivative of (A-1), and using (A-3) and 1(0, 0) = 0, we have
dP(0,0)=dQ(0,0). So, if we set Q = (£(x, y), n(x, ), 0), then it holds that

(£¢(0, 0)dx + £,(0, 0)dy, (0, 0)dx + 1,(0, 0)dy, 0) = d Q

=dP = (dx,dy, f(0,0)dx + f,(0,0)dy) = (dx, dy, 0),
which implies that the Jacobi matrix of the map
(A-4) Q:(x,y) > (E(x, y),n(x, y))

is the identity matrix at (0, 0). So we can take (£, n) as a new local coordinate
system. Differentiating (A-1) by & and 7, we get the following two identities:

Q§+K583=P§+ng+)\v§, QU+)‘7783=PU+)‘77V+)‘”77'
Taking the inner products of them and v, these two equations yield
(A-5) QS'U+)»§V3=)»5, Q,]'U+)\,7V3=)L,7,

where we set v = (v1, v2, v3). Since Q = (§, n, 0), we have that Q; = (1, 0, 0) and
0,=1(0,1,0). So Q¢ -v=vy and Q,-v = v. Substituting this into (A-5), we have

__" V2
1—1)3’

(A-6) he
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This implies that (A¢, A,) is the image of v via the stereographic projection, and

1

A-7 V= —r—
(A7) 1447422

2 2
(i, 20y AE+22—1).

By (A-1), we have
(A-S) P = (Sv 7770)—)uv+(0, 0’ )")
We prove the following:

Fact A.1. The curvature line flow of the graph z = f(x,y) coincides with the
eigenflow of the Hessian of the function A&, n) given by (A-2).

Proof. Noticing (A-8), we set

v v
Ag g = det | dP | =det| d&,dn,dxr
dv dv

Then this gives a map A ) : Tie..,)R> — R such that
Biey (a7 +b7) = det(v, aPe(&, ) + Py (. 1) ave (€. ) +bvy . m) € R,

It is well known that w € T(S,n)IRZ points in a principal direction of P at (§, n) if
and only if A, (w) = 0. Since (v1)> + (12)* + (13)? = 1, (A-6) yields that

W)2+ ()2 1—(v3)?
1— V3 - 1— V3

)\.EV1+)\.,71)2: =1+4v3,

which implies v3 =Agvi+A,;v2—1. We now set u =2/(1 +)»§ —H»%). Differentiating
(A-7), we have

dv = d#l) + //L(d)»g, d)"?’ )»gd)»g +)"7d)‘77)'

The first term of the right-hand side of the above equation is proportional to v and
does not affect the computation of A ;). So we have that
V1 1%} )»51)1 +)\,,7V2— 1
Agq=wp|ds dn  red§+hydn
dre diy hedhg +hydry

vi vy —1

=pld§ dn 0O I—M‘
die dry O

= ((heg — Ayy)dEdn — hey (dE* — dn?)).

Fact A.1 follows from this representation of A ;). O

d§ dn
dhe dh,
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Appendix B: Indices of eigenflows of Hessian matrices

Let g: Qp\{o} > Rbea C2-function, where Qp is the closed disk of radius R
centered at the origin o := (0, 0); see (2-1). The Hessian matrix of g is given by

H, = (gxx gxy)‘
8yx 8yy

We denote by H, the eigenflow of H,. A point p € Qg \ {0} is called an equidiagonal
point of Hg if H,(p) is proportional to the identity matrix. Consider the circle

') :=r(cosH, sinbh), 0<0 <2m,r<R.

If there are no equidiagonal points on Q2 \ {0}, then we can define the index
ind(H,, I') of the eigenflow H, with respect to I', which does not depend on the
choice of r. We call it the index of #, at the origin and denote it by ind,(H).
Consider the vector field

dg = 2gxy% + (gyy - gxx)%-

It is well known that the mapping degree of the Gauss map, see (3-1),
dy(I'(0))
|dg(I'(0))]

is equal to 2ind,(#g). Using the correspondence (x, y) — x +1iy, we identify R2
with C, where i = «/—1. Then

c?g:T1:=[R§/2JTZBQ|—> eShi={(x,y) eR*; x4+ y* =1}

8z = %(gx - igy),
872z = zl;((gxx - gyy) - 2igxy)s

where g, := dg/dz, g, :=d%g/dz> and

Do)
dz = 2\dx ady/’

Thus, d, can be identified with the right-angle rotation of g,,. In particular,
(B-1) indy(Hg) = —7 indo(gz2)-
Here g, is considered as a vector field and ind, (g.,) is its index at the origin. Let
(r,0) be as in (2-5). Then z =re'? and
e 0 .
8z = 2 (rgr —ige),

—2i6
g2 = (" 8rr = 78r — 800) +2i (86 — rgr0))-



C!-UMBILICS WITH ARBITRARILY HIGH INDICES 25
We consider the vector field defined by
. d 2 d
(B-2) 8g :=2(rgro — 80) 5 - + (=r gr +rg, + 899)5-
Since, from [Klotz 1959, (18)],
indo(g) =2+ indo((sg)’

we obtain the following:

Lemma B.1. The identity ind,(H,) = 1 +ind,(8,)/2 holds.
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