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SEMISURFACES AND THE EQUATIONS
OF CODAZZI-MAINARDI

By

Naoya ANDO

Abstract. In this paper, we shall describe the equations of
Codazzi-Mainardi for a surface without any umbilical point, using
the gradient vector fields of the mean curvature function and the
Gaussian curvature function. In addition, based on this description,
we shall obtain a homogeneous polynomial, which is an analogue of
a Codazzi-Mainardi polynomial obtained in [3], and we shall find a
relation between two polynomials.

1. Introduction

Let M be a smooth two-dimensional manifold and g a Riemannian metric
on M. Let 9;, 9, be two smooth one-dimensional distributions on M. A
Riemannian manifold (M, g) equipped with (2;,9,) is called a semisurface if 9,
and 9, are orthogonal to each other at any point of M with respect to g; if
(M,9,9:,9,) is a semisurface, then a triplet (g,92,,9,) is called a semisurface
structure of M. For example, a surface S in R> without any umbilical point is
considered as a semisurface: the first fundamental form of S and two principal
distributions on S form a semisurface structure of S. Let (M,g,9:,9:) be a
semisurface. For each point p e M, there exist local coordinates (u,v) on a
neighborhood U, of p satisfying d/0u e 2, and 8/dve 2, on U,. Such coor-
dinates are said to be compatible with (2,,9,). The Riemannian metric g is
represented as g-= A% du® + B? dv* on U,. In [3], we studied a surface S in R?
with nowhere zero Gaussian curvature K and without any umbilical point,
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noticing its semisurface structure. Let kj, k> be distinct two principal curvature
functions on S and for each point g €S, let Pcm,q(X1,X2) be a homogeneous
polynomial of degree two defined by

Pewm,g(X1, Xa) = c0(9) X7 + en(9) X1 Xz + co2(9) X5,
where
¢y := (log|K|4%),(log B), — (log B),,,
c11 = (log|K|4B),, —4(log 4),(log B),,,

co2 := (log|K|B?),(log A4), — (log A4),,,
and (u,v) are local coordinates compatible with principal distributions such that
ki (respectively, k») corresponds to d/du (respectively, 0/dv). We call Pcym,, a
Codazzi-Mainardi polynomial of S at g. In [3], we proved Pcwm,q(k1(g),k2(q)) =0
for any point ¢ of S. Noticing the equation of Gauss, we see that the coefficients
of Pcm,q depend only on 4, B and their partial derivatives. A Codazzi-Mainardi
polynomial at each point is determined by the semisurface structure of S up to a
nonzero constant, i.e., for other local coordinates (u’,v") compatible with principal
distributions such that k; (respectively, k») corresponds to d/du’ (respectively,
d/dv"), the corresponding Codazzi-Mainardi polynomial Pgy , is represented by
Pcm,g up to a nonzero constant for each point g. Therefore we may define a
Codazzi-Mainardi polynomial of a semisurface (M,g,9;,9,) at each point of M
up to a nonzero constant, if the curvature of (M,g) is nowhere zero.
According to the fundamental theorem of the theory of surfaces, a surface
may be considered as a two-dimensional Riemannian manifold (M,g) equipped
with a smooth tensor field W of type (1,1) which is connected with g by the
equations of Gauss and Codazzi-Mainardi (then g and W give the first fun-
damental form and the Weingarten map of the surface, respectively). The author
is interested in the semisurface structure of a surface without any umbilical point,
because he intends to consider a surface without any umbilical point as a two-
dimensional Riemannian manifold (M,g) equipped with an orthogonal pair of
two smooth one-dimensional distributions (2;,%,) which is connected with g by
some good relation (then g gives the first fundamental form and (2,,9,) gives
a pair of principal distributions, which give the one-dimensional eigenspaces of
W at each point). The finding of Codazzi-Mainardi polynomials motivated him
to adopt this view. The two principal curvatures ki, k, (the eigenvalues of the
Weingarten map W) satisfy kjk; = K (the equation of Gauss) and in addition, as
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was mentioned in the previous paragraph, if K is nowhere zero, then k; and k»
satisfy Pem(ki, k) = 0. Since Pcy, 4 is determined by the semisurface structure up
to a nonzero constant at each point ¢, we may represent each of k; and ky by
quantities determined by the semisurface structure, if Pom,q # 0 (for a concrete
representation, see [3]). For a semisurface (M,g,92;,9,) with nowhere zero
curvature K and smooth functions ki, k, satisfying k1k; = K and Pey(ky, k) =0,
whether M may be locally and isometrically immersed in R> so that (2,,9,)
(respectively, (ki,ky)) gives a pair of principal distributions (respectively, principal
curvature functions) depends on whether there exists a good relation between g
and (92,,9,). We may consider the equations of Codazzi-Mainardi

(k1), = —(log 4),(k1 — k2), (k2), = (log B), (k1 — k2), (1)

where (u,v) are compatible with principal distributions such that k; (respectively,
ky) corresponds to 9/du (respectively, d/dv), as a basic representation of the
good relation: whether (1) holds for a pair (ki, k) satisfying kik, = K and
Pcem(ky, ky) = 0 determines whether there exists a good relation between g and
(2,,9,). In 3], we showed that if (M,g,9;,9,) is a semisurface with nowhere
zero curvature and everywhere zero Codazzi-Mainardi polynomial, then there
exists a good relation between g and (9;,9,), that is, M may be locally and
isometrically immersed in R> so that (2;,9,) gives a pair of principal dis-
tributions. In addition, we may obtain a more concrete representation than (1) of
the good relation between g and (2,,9;) of a parallel curved surface: for a
surface S with nowhere zero Gaussian curvature and without any umbilical point,
a neighborhood of each point of S is a canonical parallel curved surface if and
only if S satisfies Pcm,q =0 for any g€ S and the condition that the integral
curves of one principal distribution on S are geodesics; for a semisurface
(M,g9,9,,9,) with nowhere zero curvature and everywhere zero Codazzi-
Mainardi polynomial such that the integral curves of one of 2; and 2, are
geodesics, M may be locally and isometrically immersed in R as a canonical
parallel curved surface so that (21,%,) gives a pair of principal distributions
([3])- We may also obtain a more concrete representation than (1) of the good
relation between g and (2,,9,) of a surface with constant mean curvature: if
S is with constant mean curvature Hy, then on a neighborhood of each point
of S, there exist isothermal coordinates (u,v) compatible with principal distribu-
tions and a smooth, positive-valued function 4 satisfying g = 4%(du? + dv?) and
Alog A+ H? —1/4* =0, where A is the Laplacian on § (if Pcm # 0, then the
converse holds ([3])); for a semisurface (M, g, D1, 9D,) satisfying g = 4%(du® + dv?)
and Alog 4+ H} —1/4* =0, where (u,v) are compatible with principal dis-
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tributions, M may be locally and isometrically immersed in R® as a surface with
constant mean curvature Hy so that (9;,9,) gives a pair of principal distribu-
tions, and such a surface is determined by the semisurface structure up to a
motion of R ([4, pp. 22], [6], [8)).

ReMARK. As was mentioned in the previous paragraph, a semisurface
(M,g9,9,,9,) with nowhere zero curvature and everywhere zero Codazzi-
Mainardi polynomial may be locally and isometrically immersed so that (9;,9,)
gives a pair of principal distributions. Then we may obtain plural surfaces which
have the same semisurface structure (g, 9;,%,) such that arbitrarily distinct two
of the surfaces are not congruent with each other in R>: for each p € M and each
pair of numbers (k§°),k§°>) satisfying k§0)k§0) = K(p), there exist a neighborhood
U, of p and an isometric immersion ®, of U, into R’ satisfying (a) (91, 9,)
gives a pair of principal distributions on ®,(U,), (b) kgo) and k§0) are the
principal curvatures of ®,(U,) at ®,(p); such an immersion as @, is determined
by a pair (k§0),k§0)) up to a motion of R*. In [5], Kishimura described relations
between two canonical parallel curved surfaces with nowhere zero Gaussian
curvature which have the same semisurface structure, in terms of generating pairs
(each canonical parallel curved surface is determined by a generating pair, which
is a pair of two simple curves C;, C; in R® with a unique intersection PGy, c,) and
contained in planes Py, P,, respectively such that we may choose as P, the plane
normal to C, at P(c,,,c,,))~ In addition, he showed that for two generating pairs
with the relations, the corresponding canonical parallel curved surfaces have the
same semisurface structure.

In the present paper, we shall study a surface S in R without any umbilical
point, noticing another semisurface structure: the metric is given by the first
fundamental form; the two distributions are given by H-distributions, i.e., smooth
one-dimensional distributions on S which give directions such that the normal
curvatures are equal to the mean curvature of S. In Section 3, we shall study
smooth vector fields on a semisurface (M, g, 2,,9;) such that the divergences of
them with respect to the Levi-Civita connection are equal to the curvature of
(M,g), and in particular, we shall define the canonical pre-divergence Vx of a
semisurface (M,g,921,9,), which is one of such vector fields and determined by
the semisurface structure (g, 9;,9%,). In Section 4, we shall describe the equations
of Codazzi-Mainardi for a surface S in R® without any umbilical point, using
the gradient vector fields of the mean curvature function H and the Gaussian
curvature function K, and the canonical pre-divergence of S: we shall prove
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THeOREM 1.1.  The equations of Codazzi-Mainardi are represented as
2K grad(H) = W(grad(K) + 4(H? — K) Vx), (2)
where W and Vi are the Weingarten map and the canonical pre-divergence of S,

respectively.

Suppose that S is oriented. In Section 5, computing the rotations of the both
hand sides of (2), we shall obtain an analogue of a Codazzi-Mainardi polynomial:
we shall prove

THEOREM 1.2. If K(q) #0 for g€ S, then

Pu,o(H(g),\/H(g)* — K(9)) =0 (3)
holds, where
Prig(Y1, V) = cio(g) Y7 + e (9) Y1 Y2 + cuoa(9) Y3,

1
¢mo := =5 {U1 U\ (log|K[) — U U (log| K1)}
3
—5{Us(log|K[) Uy (log B) — Us(log|K|)Us(log A)},
cmy = =2 rot(Vg) — 2{U;(log|K|)U2(log 4) — U,(log|K|)U, (log B)},

1
ce 1= E{Ul Ui (log|K|B*) — U,U,(log|K|A4*)

— U (log|K|B*) U (log B) + Us(log|K|4*) Us(log 4)},

10 10
U1~——25;, 2 =g
and (u,v) are local coordinates which are compatible with H-distributions and give

the orientation of S.

We call Py, the second Codazzi-Mainardi polynomial of S at q. We see that
Py, is determined by the semisurface structure and the orientation of S.
Therefore if M is oriented, then we may define the second Codazzi-Mainardi
polynomial of a semisurface (M,g,9;,P,) with nowhere zero curvature. We set

1

Py, P
T AlgBlg)
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and we call Py, the first Codazzi-Mainardi polynomial of (M,g,9:,9,) at g.
We see that Py, is determined by the semisurface structure (9,9:,9,) and the
orientation of M. In Section 5, we shall prove

TueoreM 1.3.  Let (9,97, 97) and (9,27, D5) be two semisurface structures
of M such that the angle between 2} and D} is equal to n/4 at any point of M.
Suppose that the curvature of (M, g) is nowhere zero. Let P{ be the first Codazzi-
Mainardi polynomial of (M,g,9y,95) and Py the second Codazzi-Mainardi
polynomial of (M,g,2},25). Then

Pfq(Xl,Xz) = Pﬁ)q(Yl, Y>) (4)
holds for ge M and Xy, X5, Y1, Y, eR satisfying X, =Y+ Y, and X, =
Y, — Yz,

The following is an analogue of Theorem 1.3 in [3].

THeOREM 1.4. Let (M,9,9,,9,) be a semisurface with nowhere zero cur-
vature satisfying Py = 0 for any point of M. Then for each point p € M and each
number HO satisfying (H®)? — K(p) > 0, there exists an isometric immersion of
a neighborhood U, of p into R® satisfying the following:

(@) (21,9,) gives a pair of two H-distributions;
(b) the mean curvature at p is given by H©.
Such an immersion of U, into R? is uniquely determined by H©® up to a motion

of R®.

We may prove Theorem 1.4, using Theorem 1.3 or referring to the proof of
Theorem 1.3 in [3].

In Section 6, we shall study semisurface structures of surfaces with constant
mean curvature, surfaces with constant Gaussian curvature and surfaces of
revolution.

2. Preliminaries

2.1. The Divergence and the Rotation of a Smooth Vector Field

Let M be a smooth two-dimensional manifold. Let g be a Riemannian metric
on M and V the covariant differentiation with respect to the Levi-Civita con-
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nection of a Riemannian manifold (M,g). Let I' ; (i,7,1 € {1,2}) be the
Christoffel symbols of V with respect to local coordinates (u,v), i.e., smooth
functions defined by

0 0 0 0 0 0
Va/aua——-rll]é;*‘rﬁa, Va/au%=rllza+r1zz”55)

0 0 d 0 0 0
Vojo s, = Iy R r;l%: Vojo 5, = 1“zlza+ r%zg;'

For local coordinates (u,v), suppose that the metric g is locally represented as
g = A% du® + B? dv?, where A, B are smooth, positive-valued functions. Then the
following hold:

AA,

rlll = (log 4),, I‘121 =B rllz = rzll = (log 4),, (5)
BB,

rgz = (log B),, I‘éz =T r122 = F%l = (log B),. (6)

Let ¥V be a smooth vector field on M and 7y a smooth tensor field on M of
type (1,1) defined by zy(w) :=V, V for each tangent vector w at each point of
M. Then the trace of 7y is denoted by div(¥) and called the divergence of V
with respect to the Levi-Civita connection. In the following, suppose that M is
oriented. Let (u;,u;) be an ordered orthonormal basis of the tangent plane at a
fixed point of M such that (u;,u;) gives the (positive) orientation of M. Then a
value

g(ty(u), u2) — g(tp(u2), ur)

is independent of the choice of an ordered orthonormal basis (u;,u;) and
uniquely determined by ¥ and the metric g. This value is denoted by rot(¥) and
called the rotation of V with respect to the metric g.

RemarRk. A value

g(tv (), u2) + gty (u2), m1)

depends on the choice of (u;,us).

Let (u,v) be local coordinates on a neighborhood U of each point of M
which satisfy g = 4% du? + B?> dv? and give the orientation of M. A smooth
vector field V is locally represented as V' = ad/du + bd/0v, where a, b are smooth
functions on U. Then by (5) together with (6), we obtain
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0 0
Va/auV = Va/au (aé; + bé?))

Oa 0 ob  Ad, 0
‘{EZ“L V(logA)}aJF{a—a 2 +b(logB)u}5» (7)
0 0
Va/auV= Va/av<a—a;+b%>
da BB, 0 ob 0
= {%— b—5 +allog A)v}5;+ {%4‘ V(log B)}g‘ (8)
We set
10 10
U, = U, :Egz; ®)

Then we may rewrite (7) and (8) into

oa B 0b A, B,

= {Ul(ao) + boUz(log A)}U} + {U] (bo) — a()Uz(lOg A)}Uz,

A da A, B, ob
Vo,V = {§%+a-§—b7}U1 + {*a;-l— V(lOgB)}Uz
= {Uz(ao) —boU, (log B)}U1 + {Uz(bo) +aoU,(log B)}Uz,

respectively, where ag := Aa, by := Bb (notice V = ayU, + boU;). Therefore we
obtain

[ (U1), 77 (U2)] = (U1, Ua](X (V) + Y (V)), (10)

where X (V) := (x;(V)) and Y(V):= (y;(V)) are symmetric and alternating
matrices, respectively, defined by

x“(V) = U, (ao) +b0U2(log A),

U, (bo) + Uz(ao) — boUl(log B) - aoUz(IOg A)
2 )

xp(V)=xa(V):=
xzz(V) = Uz(bo) +a0U1(log B),

(V)= ynV) =0,

yu(V) =—yn(V) = Ui(bo) — Ua(ao) + bOUzl (log B) — C{oUz(log A) '




Semisurfaces and the equations of Codazzi-Mainardi 9

Therefore we obtain the following:

div(V) = x11 (V) + x2(V), rot(V) = 2y, (V). (11)

Remark. For a smooth function f on M, let grad(f) be the gradient vector
field of f with respect to the metric g. Then the following hold:

div(grad(f)) = Af, rot(grad(f)) =0, (12)

where A is the Laplacian on M with respect to g.

ReMARK. For a smooth vector field ¥ on M, let ¥+ be a smooth vector
field on M such that for a point p of M where V is not zero, (V/|V|, V+/|V])
is an ordered orthonormal basis of the tangent plane at p which gives the
orientation of M, where |V|:=/g(V,V). If V is locally represented as ¥V =
ayU; + byU,, then V* is locally represented as V+ = —byU, + ayU,. The fol-
lowing hold:

div(V+) = —rot(V), rot(V1) = div(V). (13)
Let (M,g) be a two-dimensional Riemannian manifold and (,v) local

coordinates such that the metric g is locally represented as g = A2 du? 4+ B? dv?.
Then the curvature K of (M,g) is represented as follows:

ORI S

A smooth vector field V' on M is called a pre-divergence of a two-dimensional
Riemannian manifold (M,g) if the divergence div(¥) of ¥V with respect to the
Levi-Civita connection is equal to the curvature K.

RemMaARk. Let (u,v) be local coordinates on an open set U of M. The metric
g is locally represented as

g = E du® + 2F dudv + G dv?,

where E, F, G are smooth functions on U satisfying E >0, G>0 and
EG — F? > 0. Liouville showed that the curvature K may be represented in the
divergence form: he proved
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o] o (_VEG-F,\ o (VEG-F,
 VEG—F2 | 0u E 217 o E 1
1 o (VEG=F,\, o( VEG-F,

T VEG—F2 | ou G 2] o G 27

where 1“,{1. (i,j,1 € {1,2}) are the Christoffel symbols of V with respect to local
coordinates (u,v) ([7, pp. 114]).

2.2. Incompressibility and Irrotationality of a Smooth Vector Field

Let M be an oriented, smooth two-dimensional manifold and g a
Riemannian metric on M. A smooth vector field ¥ on M is said to be in-
compressible if V satisfies div(¥) =0 on M; V is said to be irrotational if V
satisfies rot(¥) =0 on M. Suppose that V is irrotational. Then on a neigh-
borhood of each point of M, there exists a smooth function f satisfying
grad(f) = V. In addition, suppose that ¥ is incompressible. Then Af = 0 holds,
i.e., f is harmonic. By (13), we obtain div(¥*) = 0 and rot(V+) =0, i.e., we see
that V' is incompressible and irrotational. Therefore we see that on a neigh-
borhood of each point of M, there exists a smooth function f1 satisfying
grad(f*) = ¥+ and Af* = 0. Let F be a smooth, complex-valued function on a
neighborhood of each point of M defined by F:= f++/—1f+. We call F a
(local) complex potential of V. We see that F satisfies the equations of Cauchy-
Riemann:

Ly 1ot 1o 1ot

Aou B Bow A ou’ (15)
where (u,v) are local coordinates which give the orientation of M and satisfy
g = A? du® + B?> dv?. In general, a complex potential F may not be necessarily
extended on M as a single-valued function.

Let F be a complex-valued function on M. Then there exist real-valued
functions f, f* satisfying F = f ++/—1f* on M. Suppose that F is smooth, i.e.,
f and f* are smooth. Then F is said to be holomorphic if F satisfies (15). We see
that a complex potential of an incompressible and irrotational vector field is
holomorphic. Whether F' is holomorphic or not depends only on the conformal
structure of (M, g): it depends on neither the choice of local coordinates satisfying
the above conditions nor the choice of a metric conformal to g. For a hol-
omorphic function F = f++/—1f* on M, vector fields ¥V :=grad(f) and
v+ .= grad(f') on M are incompressible and irrotational.
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2.3. The Exterior Derivative and the Co-Derivative of a 1-Form

Let M be an oriented, smooth two-dimensional manifold and C* () the set
of smooth functions on M. We know that C®(M) is considered as a ring. For
each k e {0,1,2}, let A¥(M) be the set of k-forms on M. We know that A°(M)
is just C®(M) and that for k e {1,2}, A*(M) is a C®(M)-module. Let g be a
Riemannian metric on M. A l-form e A'(M) is locally represented as 6 =
aoB + bob, where 0, := A du, 0, := B dv, and (u,v) are local coordinates which
satisfy g = A% du®? + B? dv?> and give the orientation of M. Then the exterior
derivative of @ is locally represented as

dl = {U,(bo) — Ua(ap) + boU,(log B) — ayU,(log 4)}Q, (16)

where Q € A%(M) is the area element of (M,g) and locally represented as Q =
6y AB,. Let * denote Hodge’s x-operator on M with respect to g, i.e., a C®(M)-
homomorphism from A*(M) onto A*>7*(M) for k e {0,1,2} defined as follows:

(i) for a O-form 1 € A°(M), which is a function identically equal to one on
M, (1) corresponds with the area element Q;

(i) for a l-form HeA'(M), *(6) is locally represented as x(f) =
—bo0) + apbs;

(iii) for the area element Q e A*(M), x(Q) corresponds with 1.

We set  := xdx (notice the sign). Then for a 1-form 6 on M, &(8) is a smooth
function on M. This function is called the co-derivative of 6. By (16), we see that
d(x(0)) is locally represented as

d(x(0)) = d(—bob + aob)
= {Ui(ap) + U(bo) + aoU;(log B) + byU,(log A)}Q.
Therefore we see that the co-derivative 6(8) of 8 is locally represented as follows:
6(6) = Ui(ag) + Ua(bo) + aoU;(log B) + boU-(log A). (17)

For a l-form 6 on M, let V; be a smooth vector field on M satisfying
g(Vp,w) = 6(w) for any tangent vector w at any point of M. We see that such
a vector field is uniquely determined by 6 and that Vj is locally represented
as Vy=aoU; + boU,. Therefore noticing (11), (16) and (17), we obtain the
following:

d(0) = div(Vy), db =rot(Vy)Q. (18)
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For a smooth vector field V' on M, let 0y be a l-form on M satisfying
g(V,w) = 6y (w) for any tangent vector w at any point of M. We see that such a
1-form is uniquely determined by 7 and we obtain

8(8y) = div(V), dby = rot(V)Q. (19)

ReMARk. Let V be a smooth vector field on M. Then from (19), we see that
if ¥ is incompressible (respectively, irrotational), then the corresponding 1-form
Oy satisfies 6(dy) = 0 (respectively, dfy = 0). In particular, we see that if V is
incompressible and irrotational, then 8y satisfies §(6y) = 0 and dfy =0, ie., 0y
is harmonic. Let 6 be a 1-form on M. Then we see from (18) that if 8 satisfies
0(0) =0 (respectively, df =0), then the corresponding vector field ¥, is in-
compressible (respectively, irrotational). In particular, we see that if 6 is har-
monic, then Vp is incompressible and irrotational.

ReMARK. Let f be a smooth function on M. Then by (18) or (19), we
obtain a rewrite of (12): d(df) = Af and d(df) = 0.

2.4. Conformal Semisurfaces

Let M be a smooth two-dimensional manifold and for a Riemannian metric
g on M, let 4, denote the conformal structure of (M,g), i.e., the set of metrics
on M conformal to g. Let 21, 9, be two smooth one-dimensional distributions
on M. Then (M,%,,21,9,) is called a conformal semisurface if 9, and 9, are
perpendicular to each other at any point of M with respect to a metric in %,.
Whether 9; and 9, are perpendicular to each other does not depend on the
choice of a metric in . The triplet (%, 2, 2,) is called a conformal semisurface
structure of M.

In the sequel, we call (M,g,9:,9,) (respectively, (9, 21,9,)) a Riemannian
semisurface (respectively, a Riemannian semisurface structure) if (M, g, 2, 9;) is
a semisurface in the sense of the beginning of Section 1.

Suppose that M is oriented. Let (M,¥,9;,%,) be a conformal semisurface
and (u,v) local coordinates which are compatible with (9;,9,;) and give the
orientation of M. A Riemannian metric g on M in ¥ is locally represented as
g = A? du® + B? dv>. We set ¢ := log(B/A). Then a 2-form @ := ¢, du A dv does
not depend on the choice of local coordinates (u,v) satisfying the above con-
ditions. In addition, ® does not depend on the choice of a metric g in ¥, either.
Thus @ is defined on M by a given conformal semisurface structure (¥, 9;,9,)
of M. We call ® the distorsion 2-form of a conformal semisurface (M, ¥, 9D, 9D,).
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The following holds:
PRrOPOSITION 2.1. Let (M,%,9:,9,) be a conformal semisurface. Then the
following are mutually equivalent:
(a) the distorsion 2-form of (M,%,%,,9,) is identically zero;

(b) on a neighborhood of each point of M, there exists a nowhere zero,
incompressible and irrotational vector field V; with respect to ge € sat-
isfying Vi € Ds;

(c) on a meighborhood of each point of M, there exist isothermal coordinates
with respect to g € € compatible with (21,9,).
3. Pre-Divergences of a Riemannian Semisurface

Let M be an oriented, smooth two-dimensional manifold and g a Rie-
mannian metric on M. It is said that a smooth one-dimensional distribution 2 on
M is parallel with respect to a vector field ¥ on M if for a smooth unit vector
field U on a neighborhood of each point of M satisfying Ue @, VyU is
identically zero. Let 2,, 2, be two smooth one-dimensional distributions on
M such that g, 2, and 9, form a Riemannian semisurface structure of M.
A smooth vector field ¥V on M is called a pre-divergence of a Riemannian
semisurface (M, g,2,,9,) if V satisfies the following:

(i) V is a pre-divergence of a Riemannian manifold (M,g);

(ii) the rotation rot(¥) of ¥V with respect to g satisfies rot(¥)Q = ®, where
Q is the area element of (M,g) and @ is the distorsion 2-form of the
conformal semisurface (M,%,;,2:,2>);

(i) 9; and 2, are parallel with respect to V.

We shall prove
PrROPOSITION 3.1.  There exists a pre-divergence of (M,g,92,,9,).

PrOOF. Let Vx be a smooth vector field on M defined by
Vk = —Ul(log B)Ul - Uz(log A)Uz, (20)

where U; and U, are as in (9) and (u,v) are local coordinates which are
compatible with (2,,9,) and give the orientation of M. The definition of Vk
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does not depend on the choice of local coordinates (u,v) satisfying the above
conditions. We shall show that V is a pre-divergence of (M, g, 9,,9,). Noticing

(14), we obtain div(Vx) =K, i.e., we see that Vi is a pre-divergence of a
Riemannian manifold (M,g). By direct computation, we obtain

t0t(Vx) = 1= (108(B/4)),,. (21)

Therefore we obtain rot(Vx)Q = ®. By (5) together with (6), we obtain

U,(log B 1 0 U,(log A 1 0
VVKUIZ—_I_(_%__)VB/M< ) 2—(“%—)\73/@,,(——)

A A Ou B A Ou
_ Ui(logB) [ (logA4), o 1 0 AA, 0
- T4 4 o A\t g
U,(log A) (log A4), 6 0 0
> 220 2~ ((log 4), 5+ (10g B), =

= 0.

Therefore we see that Vy, U, is identically zero. In the same way, we may show
that Vy, U, is identically zero. Therefore 9, and 9, are parallel with respect to
Vk. Hence we see that Vg is a pre-divergence of (M,g,%2,,9,). O

Noticing (11), (13) and (20), we obtain

ProOPOSITION 3.2. The following are mutually equivalent:
(a) Vk is contained in D (respectively, 95),

(b) U, (respectively, U,) is irrotational, ie., rot(U;) =0 (respectively,
rot(U,) = 0); ’

(c) Uy (respectively, Uy) is incompressible, iLe., div(U;) =0 (respectively,
div(U;) = 0);

(d) The integral curves of 9, (respectively, 9,) are geodesics.
We shall prove

ProrosiTioN 3.3.  For a vector field V on M, the following are mutually
equivalent:



Semisurfaces and the equations of Codazzi-Mainardi 15

(a) one of 9, and D, is parallel with respect to V;

(b) both of D, and D, are parallel with respect to V,

(c) V and Vx are linearly dependent at any point of M.

Proor. Let (u,v) be local coordinates on a neighborhood of each point of

M which are compatible with (2;,9,). A vector field V is locally represented as
V =ad/0u+ bd/ov. Then by (S) together with (6), we obtain

A B,
VU = Vo5 30) + Vo5 35) = (-e G 02U (2

Ay u
VyU, = aVa/au< >+bVa/a,,< ) = —<~a§—+b%> U;. (23)

If one of VyU, and V, U, is identically zero, then we obtain ad,/B = bB,/A.
This implies that V" and Vi are linearly dependent at any point of M. If V and
Vi are linearly dependent at any point of M, then from (22) and (23), we see that
both VyU, and VyU, are identically zero. Hence we obtain Proposition 3.3.

O
COROLLARY 3.4. Let (M,9,9:1,9,) be a Riemannian semisurface. Then the
following are mutually equivalent:
(a) 9; is parallel with respect to any vector field on M,

(b) on a neighborhood of each point of M, a smooth unit vector field U; € 9; is
incompressible and irrotational,

(c) Vk is identically zero,
(d) the integral curves of 9, and 9D, are geodesics.
In addition, if one of the above (a)~(d) holds, then the following hold:
(€) the curvature of (M,g) is identically zero,
(£) the distorsion 2-form of (M,%,;,21,D>) vanishes,
(g) any incompressible and irrotational vector field is a pre-divergence of

(M)g>@1,@2)'

Let ¥, and V7, be smooth vector fields on M satisfying the following:
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() div(?:) = div(Va)(=: do);
(i) rot(¥V7) = rot(V2)(=: ro);
(i) ¥; and V> are linearly dependent at any point of M.

Suppose that for a point p € M, V;(p) is not zero, and let U, be a neighborhood
of p such that ¥V is nowhere zero on U, and A a smooth function satisfying
Vo =2AV: on U,. Then by (i) together with (ii), we obtain

(A=1Ddo=-Vi(A), (A—Dro=Vi(d). (24)

We see that A = 1 is always a solution of this overdetermined system for a given
V1. Let (u,v) be local coordinates on a neighborhood of p such that ¥; and Vit
are locally represented as

0
ou’

0
Vll =g(u,‘l))51;,

Vl = f (uu l))
respectively, where f and g are smooth, positive-valued functions. Then we
see that there exists another solution of (24) than A=1 if and only if

(do/f),+ (r0/9), =0, ie,
Vit(do) + Vi(ro) = doVi-(log f) +roVi(log g)

holds and that if there exists another solution A, then A(p) # 1 holds and 1 is
uniquely determined by the initial value at p. Suppose ¥V} = Vk. Then it is
possible that there exists another solution of (24) than A = 1. Therefore noticing
Proposition 3.3, we see that it is possible that there exist plural pre-divergences
of (M,g9,2:,9,), even if (M,g,2,,9,) is not any Riemannian semisurface
satisfying one of (a)~(d) in Corollary 3.4. In Section 4, we shall prove (2).
Equation (2) implies that Vx defined as in (20) should be considered as a special
pre-divergence. In the following, we call Vx the canonical pre-divergence of
(M,g,91,@2).
The following hold:

ProposITION 3.5. Let (M,g,92,,9,) be a Riemannian semisurface and Vi
the canonical pre-divergence of this semisurface. Then Vi is incompressible and
irrotational if and only if the curvature and the distorsion 2-form vanish. In
addition, if Vg is incompressible and irrotational, then the metric g is locally
represented as g = e*"(du® + dv?), where h is a harmonic function and (u,v) are
local coordinates compatible with (2,,9>).
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PROPOSITION 3.6. Let (M, g, 9,,9,) be a Riemannian semisurface and Vi the
canonical pre-divergence of this semisurface. Then Vi is represented by Uy + U, up
fo a constant at each point of M if and only if on a neighborhood of each point
of M, there exists a smooth function f satisfying g = f? du® + f* dv?, where (u,v)
are local coordinates which are compatible with (2,,9,) and satisfy f, >0 and
f, > 0. In addition, if (M,9,9,,9,) satisfies one of these conditions, then the
curvature K is locally represented as follows:

1

K=- T (log fufo)uw- (25)

Let (M,9,%2,,9,) be a Riemannian semisurface and fgx a l-form on M
defined by

0k := —(log B), du — (log A4), dv, (26)

where (u,v) are local coordinates which are compatible with (2;,9,) and give
the orientation of M. The definition of 8k in (26) does not depend on the choice
of local coordinates (u,v) satisfying the above conditions. For any tangent vector
w at any point of M, the following holds:

Ox(w) = g(V,w). (27)
Therefore by (19), we obtain

PROPOSITION 3.7. The following hold:
0(0k) =K, dix=0.
CoroLLARY 3.8. Let (M,g,9,,9;) be a Riemannian semisurface. Then the
following are mutually equivalent:
(a) one of (a)~(c) in Proposition 2.1 holds, where € = €;
(b) Ok is closed,
(c) Vk is locally represented as the gradient vector field of a smooth function.

REMARK. Suppose that (M,g,9,%,) satisfies one of the conditions in
Proposition 3.6. Then the following holds:

o
Ox = fufvdf.
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Remark. For a l-form 0eA!l(M), let 6/ be a 1-form defined by 6/ :=
boby + agf,. We see that ¢/ is determined by the Riemannian semisurface
structure. For a smooth vector field V' on M, the following holds:

2x12(VY) = %(d8, + 20y A 6L), (28)

where x, is defined by (U, U;) such that local coordinates (u,v) are compatible
with (91,9,) and give the orientation of M. We shall use (28) in Section 5.

4. The Equations of Codazzi-Mainardi

Let S be an oriented surface in R> without any umbilical point. Then for
each point p of S, there exist just two one-dimensional subspaces L;, L, of the
tangent plane to S at p such that the normal curvatures of S at p with respect to
Ly and L, are equal to the mean curvature. Such a one-dimensional subspace as
L; is called an H-direction of S at p. There exist two smooth one-dimensional
distributions 9, 9, on S which give the two H-directions at each point of S.
Such a distribution as @; is called an H-distribution on S. We see that 9, and 2,
are perpendicular to each other at any point with respect to the first fundamental
form I of S. This implies that I, 9; and %, form a Riemannian semisurface
structure of S. Let (u,v) be local coordinates compatible with (2;,9,). Such
coordinates are also said to be compatible with H-distributions. The first fun-
damental form I of S is locally represented as I = 42 du? + B* dv?, where 4 and
B are smooth, positive-valued functions. Then the second fundamental form II of
S is locally represented as

Il = HA? du® + 2¢AB dudv + HB* dv?, (29)

where ¢ := VH? — K, and K and H are the Gaussian and the mean curvatures of
S, respectively. In the following, we suppose that the sign of the second term of the
right hand side of (29) is positive. The equation of Gauss is given by (14). By (5)
together with (6), we see that the equations of Codazzi-Mainardi are represented
as follows:

(HA?*), — (¢4B), = (log 4), - HA* + (log B/A), - ¢eAB + %;47" -HB?,  (30)
2 BB, 2 2
(eAB), — (HBY), = ——p HAM+ (log B/A),-eAB — (log B), - HB>. (31)

We see that (30) and (31) are equivalent to
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(eB*), = ABH,, (32)

(e4?), = ABH,, (33)

respectively. In addition, by ¢=+VH? - K, we see that (32) and (33) are
equivalent to

_BH__ B 2y 2 K
m="p 2 {OogB )~ } (34)
AH A K,

respectively. We see that (34) and (35) hold if and only if the following hold:
2K U,(H) _ Hc(e) + eca(e) _ (H e ) c1(e) ) (36)
U,(H) Hc;(e) + eci (&) e HJ)\ cle)

c1(e) := Uy (K) — 4e*U,(log B), ca(e) := Uy(K) — 462Uy (log 4).  (37)

where

Let W be the Weingarten map of S. Then the following holds:

WD), WD) = [T, Uﬂ(’j ;,>.

We set Vp:=ci(e)U; + c2(e)U,. Then (36) is represented as 2K grad(H) =
W(¥,). The following holds:

Vo = grad(K) + 4¢* Vg,

where Vg denotes the canonical pre-divergence of a Riemannian semisurface
(S,1,2,,9,). Therefore we obtain Theorem 1.1.
The following holds:

II = HI+ eAB(du ® dv + dv ® du), (38)

where (u,v) are local coordinates compatible with H-distributions. Therefore by
(2), (27) and (38), we see that for any tangent vector w at any point of S, the
following hold:
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2K dH(w) = 2K1(grad(H), w)
= I(W(grad(K) + 4&° V), w)
= I(grad(K) + 4&* Vi, w)
= HI(grad(K) + 4&> Vi, w)
+ eAB(du ® dv + dv ® du)(grad(K) + 4&* Vi, w)

= H dK(w) + 4He*0x(w)
B A 3( By Ay
+ S(ZKu dv + EK” du) (w) —4¢ (E dv + 3 du) (w).
Therefore we obtain

COROLLARY 4.1. The equations of Codazzi-Mainardi are represented as
Sfollows:

2K dH = H dK + 4He 0
B A B A
K, dv+=K,du| -4 v+ 2
+8<AK v+BK u) e (A v-{—Bdu), (39)
where (u,v) are local coordinates compatible with H-distributions.

5. The Second Codazzi-Mainardi Polynomial

Let (2,,9,) be a pair of H-distributions such that I, 2, and 2, form a
Riemannian semisurface structure of S. For a smooth vector field ¥ on S, we set
V- :=ayU; — byU,, where (u,v) are compatible with (2,,9,) and give the
orientation of M. We see that V'~ is determined by the Riemannian semisurface
structure of M.

Proor or THEOREM 1.2. The following holds:
W(grad(K) + 4(H? — K) V)
= H grad(K) + 4He*Vx + (U2 (K)U; + U, (K)U>)
— 4&3(Uy(log A)U, + U, (log B)U,). (40)

By (2) together with (40), we obtain
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2 rot(K grad(H))
= —4He*g(V, grad(log|K|)) + 46°g( Vg, grad(log|K]))
+ (H? — ¢%)eg(grad(log|K|) ™, grad(log|K])). (41)
Noticing ¢* = H> — K, we obtain
4 rot(He* V)
= 4He? rot(Vk) — 6He?*g(Vi, grad(log|K|))

8(2H? + £2)&3

~ 22H? + e)ag(V, grad(log|K])) — ==

9V, Vk), (42)
I‘Ot(S(Ug(K)Ul -+ U1(K)U2))
— & 1ot (Us(K) Uy + Uy (K)Us)

H? — &%) _
+ 220 (grad(log K1), grad(loglK()

— 2He*g(Vy, grad(log|K|)) + 2H?eg(Vg, grad(log|K|)), (43)
—4 rot(e*(Uy(log A)U, + U, (log B)U,))
= —4¢® rot(U,(log A)U, + U, (log B)U>)
+ 6He*g(Vi, grad(log|K|))

24H?%¢3

+6¢%g(V, grad(log|K|)) + 9(Vk, Vk)- (44)
Using (2), (40)~(44) and
rot(H grad(K)) = —rot(K grad(H)),
we obtain
~4He?g(Vi, grad(log|K|)) + 2(H? + ¢*)eg(V , grad(log|K|))

+ (H? — &%)eg(grad(log|K|)~, grad(log|K])) — 4He? rot(Vi)

— e rot(Us(K)U, + U, (K)U,)

—4&3{29(Vg, Vi) — rot(U(log A)U; + U, (log B)U,)}

=0. (45)
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The following hold:
rOt(Uz(K)Ul + Ul(K)Uz)
= (H? — e){U, U\ (log|K|) — Uy Us(log|K])

+ g(grad(log|K|)~, grad(log|K]))}
— (H? - &")g(Vy, grad(log|K)),

29(Vg, Vk) — rot(Us(log A)U; + U, (log B)U,)
—U,U,(log B) + U, (log B)> + U, U, (log A) — U, (log 4)*

= ZX12(V["<‘). (47)
Applying (46) and (47) to (45), and noticing

2x15(grad(log|K|)*Y)
= U U (log|K|) — U, U (log|K]|) + g(V , grad(log|K])),

we obtain
{—x12(grad(log|K|)") + 29(Vx, grad(log|K|))} He

— 2{rot(V) + g(Vi, grad(log|K]))} He?

+ {x12(grad(log|K|)*) — 4x12(Vi)}e®
(48)

=0.

Noticing ¢ # 0, we see that (48) is equivalent to Py(H,VH? — K) = 0. Hence we
ad

obtain Theorem 1.2.

ReEMARK. We shall obtain another representation of (3): we shall prove

{~d(d(loglK|))! +2d(log|K|) n O} H?
+4{—0 + d(log|K|) nOx}He

+ {d(d(10g|K))) + 2d(log|K]|) A Ol — 4]d6) + 26k A O)]}&>
(49)

=0
(noticing (28), we see that (49) is equivalent to (48)). By (39), we obtain
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2d(K dH) = 4Hed(log|K|) A Ok + 4e3d(log|K]) A 0
+ (B - &%)ed(log|K1) A (d(log| K1), (50)
4d(He*0x) = 4He*® — 2(2H? + £2)ed(log|K|) A 6l
2 2\a3
+ 6He2d(log|K|) A Ox — §(ZH—;&0K Al (s1)
B A
d (e (ZK” dv + EK" du))
(H? — &)e / 2 /
= ~————d(log|K[)  (d(log|K1))/ +2Hsd(log|K|) n 6
+2Hed(log|K|) A O + ed(dK)/ | (52)
#4d< (B dv + ‘Z" du )) = 6£%d(log|K|) A 0
— 6He?d(log|K|) A Ok + 4> dbl,. (53)

Using (39), (50)~(53) and d(H dK) = —d(K dH), we obtain (49).

ProoF OF THeoreM 1.3. Let (ut,v*) (respectively, (u*,v*)) be local
coordinates on an open set U of M which are compatible with (27,95)
(respectively, (97,925)) and give the orientation of M. Then the metric g is

represented as

g = (A7) + (B (o) = (42 () + (B ()’

The following holds:

Pf(Y1+ Y5, Y, — 1))

= (cho + ¢y + cihn) Y2 + 2(ctho — ciin) N1 Y2 + (chyo —

where chj =cj/A*B*. We set

1= 1 9 ¥ a—a——, Ui(:z—l— 9

U =
U 4% oyt 27 B¥ oot A* oux’

We may suppose

ci*il + c?(_)z) Y22’ (54)

1 0

U2 = 5% 5or
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+ 1 X X + 1 X X
Uy :%(U1+U2)7 U2=ﬁ(—U1+U2)'

Then we obtain

+ + +
Crp0 + 11 T Crp

1

= <7+ (10glK]),+ (log A7), + (log|K])+ (log B) .+ + (10g|K[),r,r }

1
= £ (U5 + UR)(=UF + U5) loglK))

(=UF + U3)(UY + U3)(log|K])

B

_I_
42 (~U; (log|K]) + Uj (IoglK|)} (U} (1og B") + U5 (log B*)}

+2 (U (loglK]) + Uj (1og]KD)} (~ U} (log 4*) + Uj (log A4*))

1
= 5{~ U3 Uy (log| K1) + U3 U (logl )}

+2 (- U (loglK]) + U5 (logK|)} (U (log B*) + U5 (log 4}
+3{U} (oglK1) + U (log|KI)}{~ U (1og B*) + U (log 4*))
= S {~U3 U (loglK) + U3 U (1ogIK1))
+2(~ U (1oglK|) U (1og B*) + U (108 K|) U5 (log 4))
= Cio- (55)
Similarly, we obtain

+ +
C10 ~ C102
1
" A*B+

= —rot(Vg) — g((V¥)", grad(log|K]))

= ey /2,

{(log|K]),+ (log BY),+ — (log|K]),+ (log A¥),+ — (log BY/A™) 1, }
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¢ = ¢ + Cio
1
= i pr {10glK|(4%)%),. (log BY),+ + (log|K|(B*)),. (log A%),.

— (10g|K|(4*)*(B")?) e }
= xi‘z(grad(log|K|)l) - 4XT2((V1><<)l)
= Cfigp-

Hence we obtain Theorem 1.3. O

6. Riemannian Semisurface Structures of Some Surfaces

In this section, we suppose the following:

(i) any smooth two-dimensional manifold is connected and oriented,
(ii) there exists no umbilical point on any surface;

(iii) on any Riemannian semisurface (M,g,92),9,), local coordinates are
always compatible with (2;,92,) and give the orientation of M; on any
surface S, local coordinates are always compatible with H-distributions
and give the orientation of S.

6.1. Surfaces with Constant Mean Curvature

Let S be a surface with constant mean curvature Hy € R. Then the left hand
side of (2) is identically zero. If the Gaussian curvature function K is identically
zero, then S is part of a cylinder. In the following, suppose K # 0. Then we see
that Vy = grad(K) +4&?Vx is identically zero. This is equivalent to

4Vk = grad(log(HZ — K)). (56)
From (56), we obtain
U\ (log((Hg — K)B*)) =0,  Ua(log((Hg — K)4*)) = 0. (57)

From (57), we see that (H — K)B* (respectively, (HZ — K)A*) is of one-variable
v (respectively, u). We set

e/ = (H} — K) 4%, ") = (H? - K)B",
Ai=elWg =9 = (H2 - k)™
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Let @ (respectively, 7) be a smooth function of u (respectively, v) satisfying

di db
bt 4 ()] ; “v _ L9
Pk (respectlvely, il >

Then we see that (i, ) are isothermal coordinates: we may consider 4 as a
function of # and # and we obtain I= A%(di#® +di?). We see that Vi =
—grad(log A) and K = H} —1/4* hold.

Let (M,g,9,,9,) be a Riemannian semisurface. Then (56) holds for a real
number Hj € R if and only if on a neighborhood of each point of M, there exist
isothermal coordinates (#,v) and a smooth, positive-valued function A4 satisfying
g = A*(@* +dv*) and K = H} — 1/A* for some Hy e R. Suppose that one of
these conditions holds. Then by (2) together with the fundamental theorem of the
theory of surfaces, we see that M may be locally and isometrically immersed in
R? as a surface with constant mean curvature Hy so that (21,9,) gives a pair of
H-distributions and that such a surface is determined by the Riemannian
semisurface structure up to a motion of R>.

REMARK. Let S be a surface in R® with nowhere zero Gaussian curvature
K. Suppose that on a neighborhood of each point of S, there exist isothermal
coordinates (#,v) and a smooth, positive-valued function A4 satisfying I=
A*(du® 4 dv*) and K = H} —1/A* for some Hj e R. In addition, suppose that
for the function A, there exists a nonconstant smooth function & of one variable
satisfying A(u,v) = 6(u +v). Then there exists a nonconstant smooth function &
of one variable satisfying

Kh' = —2(h* — HZ)(h+ Vh? — K)(log &)’

Therefore from (2) and the fundamental theorem of the theory of surfaces, we see
that it is possible that the mean curvature function on § is not constant.

6.2. Flat Surfaces

Let S be a surface with identically zero Gaussian curvature. Then from (2),
we see that W (V) is identically zero. This implies that at any point of S, Vk is
in a principal direction such that the corresponding principal curvature is zero.
Then we may suppose that at each point of S, Vk is represented by U, + U, up
to a constant. Therefore from Proposition 3.6, we see that on a neighborhood
of each point of S, there exists a smooth function f satisfying f, >0, f, > 0,
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I= f2du? + f? dv* and (log f,f,),, = 0. Then there exist local coordinates (i, )
satisfying f;f; =1 and Vx is represented as

Vi = ~fa(U1 + Uy). (58)

Let (M,9,9,,9;) be a Riemannian semisurface with identically zero cur-
vature such that Vx is represented by U; + U, up to a constant at each point of
M. Then by (2), we see that (M,g,9),9,) may be locally and isometrically
immersed in R® so that (9;,9,) gives a pair of H-distributions.

6.3. Surfaces with Nonzero Constant Gaussian Curvature

Let S be a surface with nonzero constant Gaussian curvature Ky. Then from
(2), we obtain

2K grad(H) = 4(H? — Ko)W (Vx); (59)
from Py(H,/H?— Kp) =0, we obtain
H rot(Vk) + 2V H? — Kox12(Vig) = 0. (60)

Let (M,9,92,,9,) be a Riemannian semisurface with nonzero constant
curvature Ko. Then M may be locally and isometrically immersed in R3 so that
(9,,9,) gives a pair of H-distributions if and only if for a smooth function H
satisfying (60), (59) holds. If rot(Vx) # 0, then there exists at most one function
H satisfying (60). Suppose Py, =0 for any g € M. This condition is equivalent
to the condition that on a neighborhood of each point of M, there exists a
smooth, positive-valued function A4 satisfying g = A%(du? + dv?) and

Alog A+ Ko =0, (61)
U U, (log 4) — U,Uy(log A) — U (log A)* + Us(log 4)* = 0. (62)
We see that A satisfies (61) and (62) if and only if 4 satisfies
U U, (log A) + U, (log 4)* + Ko/2 = 0, (63)
U,Us(log A) + U (log 4)> + Ky/2 = 0. (64)

There exists a smooth function 4 satisfying (63) and (64). Therefore noticing
Theorem 1.4, we see that for each point p of M, there exist plural isometric
immersions of a neighborhood of p into R* such that arbitrarily distinct two of
the images by them are not congruent with each other in R*> and have the same
Riemannian semisurface structure.
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6.4. Surfaces of Revolution

Let S be a surface of revolution. Then at each point of S, grad(H) is in a
principal direction. Therefore from (2), we see that ¥} is in the same principal
direction at each point. Since at each point of S, grad(X) is in the same principal
direction, we see that at each point of S, Vx is in the same principal direction.
Then we may suppose that at each point of S, Vk is represented by U; + U, up
to a constant. From Proposition 3.6, we see that on a neighborhood of each point
of M, there exists a smooth function f satisfying I = f2 du®+ f? dv?. In ad-
dition, we see that there exist isothermal coordinates (i, 7) and a smooth function
£ of one variable satisfying f(i,5) = f(ii + 5) and f' > 0. Then V is represented
as follows:

Vk = (%)/(U1 +U,).

Let (M,9,9,,9,) be a Riemannian semisurface with nowhere zero curvature
such that at any point of M, the direction determined by U, + U, contains both
Vx and grad(K). Then the following hold:

9(V,grad(loglK])) =0, g(V,grad(log|K])) = 0.
In addition, the following hold:
2x12(Vi) = 2x12(Us(log A)U; — U, (log B)U>)
= —2x12(Vx)

= -ZE (log(B/A))uv
= rot(Vk);
2x12(grad(log|K|)Y) = 2x12(— U (log|K|) Uy + U; (log|K|) Us)
= —2x)5(grad(log|K|) ™)

= U] Uz(loglKI) - UZUI (10g|K|)

1
=15 (log|K]),, — Ui(log B)U,(log|K]|)

1
— 5 10g|K1),, + U1 (1og|K) Us(log 4)

=0.
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Therefore we obtain
Py(Y1, Y2) = =2 rot(Vk)(Y) + Ya) Ys. (65)

This implies that Py =0 is equivalent to rot(Vx) =0. Therefore noticing
Theorem 1.4, we see that if the distorsion 2-form of (M,%,,21,9,) vanishes,
then M may be locally and isometrically immersed in R® so that (2;,9,) gives a
pair of two H-distributions. Then at each point, a principal direction contains
both Vi and grad(X).

REMARK. Suppose Pi, #0 for ge M, ie., rot(Vx)#0 at gq. Then by
Theorem 1.2 together with (65), we see that there exists no neighborhood of ¢
which may be isometrically immersed in R> so that (21, 9,) gives a pair of two
H-distributions.

Let S be a surface with nowhere zero Gaussian curvature such that at each
point of S, there exists a principal direction which contains both Vg and grad(X).
Then there exists a smooth function f as in Proposition 3.6 on a neighborhood of
each point of S. In addition, noticing Proposition 2.1 and the above remark, we
see that there exist isothermal coordinates (7, 7) and a smooth function f of one-
variable satisfying f (& 7) = f (i + 7). We may suppose /' > 0. From (25), we see
that K is represented as

2 P! (5 + 5))”
K——m(logf( +9))".

Therefore from (2), we see that for the mean curvature function H, there exists
a smooth function 4 of one variable satisfying H (i, ) = k(i + ). Then by the

fundamental theorem of the theory of surfaces, we see that S is part of a surface
of revolution.
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