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HELICES AND ISOMETRIC IMMERSIONS

By

Shigeo FUEeki

Abstract. Let f: M — M be an isometric immersion of a Rie-
mannian manifold M into a Riemannian manifold A. We study the
geometry of submanifolds under various assumptions with respect to
the first curvature J; and the second curvature 4, of ¢ =f oo in M
for a helix ¢ in M.

Introduction

Let f: M — M be an isometric immersion of a Riemannian manifold M
into a Riemannian manifold M. K. Nomizu and K. Yano [4] proved the fol-
lowing fact:

If, for some r > 0, every circle of radius r in M is a circle in M, then M is an
extrinsic sphere in M. Conversely if M is an extrinsic sphere in M, then every
circle in M is a circle in M.

In this paper, we study relations between isometric immersions and helices.
We set 6 =f oo for a curve ¢ in M. Let p be a point of M and d > 2. Let

A1,...,A4-1 be positive constants. We consider the following conditions (Cy), (Cz)
and (Cs):
The first curvature 4; of & is constant along & for every helix ¢
© of order d through p in M with the i-th curvature 4; (1 <i<d-1),
(C1) holds and the second curvature 1, of & is constant along &
(C) for every helix o of order d though p in M with the i-th curvature 4;

(l<i<d-1),
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(C,) holds and the second curvature ):2 of & is independent of the
(Cs) choice of helix o of order d through p in M with the i-th curvature /;
(1<i<d-1).

The result of Nomizu and Yano is given under the condition (C;) in the case
where d =2 and & is a circle for every circle 0. In Section 1, we give notations
and equations which are used in this paper. In section 2, we obtain some results
under the condition (C;). In Section 3, we treat the conditions (C;) and (C3). In
Section 4, we study some curves under the condition (C,) where M is of constant
curvature.

The author would like to express his hearty thanks to Professor N. Abe for
his constant encouragement and various advice. He also wishes to express sincere
gratitude to thank Professor S. Yamaguchi for his helpful suggestions.

§1. Preliminaries

In this paper, the differentiability of all geometric objects will be C*. Let f :
M — M be an isometric immersion of an n-dimensional connected Riemannian
manifold M into an m-dimensional Riemannian manifold M. For all local
formulas and computations, we may assume f as an imbedding and thus we shall
often identify p € M with f(p) € M. The tangent space T,M is identified with a
subspace f,(T,M) of TPM where f, is the differential map of f. Letters X, Y and
Z (resp. &,n and () vector fields tangent (resp. normal) to M. We denote the
tangent bundle of M (resp. M) by TM (resp. TM), unit tangent bundle of M by
UM and the normal bundle by 7+ M. Let V and V be the Levi-Civita connections
of M and M, respectively. Then the Gauss formula is given by

VxY =VyY +h(X,Y),
where 4 denotes the second fundamental form. The Weingarten formula is given by
vxi = —A¢X+ Vi}f,

where 4 denotes the shape operator and V+ the normal connection. Clearly 4 is
related to h as {(4:X,Y) =<h(X,Y), &), where { , ) denotes the Riemannian
metrics of M and M. We put ||%|| = /{%, X for e TM. For the second fun-
damental form and the shape operator, we define their covariant derivatives by
(Dh)(Z,X,Y) =V5(h(X,Y)) —h(VzX,Y) - h(X,V2Y),

(DA)(Y,X) = Vy(deX) — AgseX — Ax(VyX).
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Furthermore we define the k-th covariant derivative of 4 as follows:

(D*h)(X1, Xa, ..., Xicr2) = Vi, (DF'B)(Xa, ., Xict2))

k+2

= (D) (X, Vx X Xick2)

i=2

where k > 1 and D% = h. If, for the non-negative integers ij,i,...,i; (j = 1)
satisfying that i +i+---+i=k+2 (k=0), Xi=Xp=---=X; =X,
Xyv1=-=X,=Y,..., Xyqn=-=X,=2, then a normal vector

(D*R)(X1, Xa, ..., Xiyo) is written as (D*h)(X™, Y%,...,Z%). Moreover a tangent
vector (DA).(X,X) will be written as (DA),(X 2). The submanifold M in M is
said to be isotropic at pe M of a constant normal curvature p if the normal
vector h(x?) satisfies

Ch(x?), h(x?)y = uP<x, x)?

for every x e T,M. The above isotropic condition is equivalent with

(11) 6<h(x,y),h(z, W)) = G,u2<x,y><z,w>

for x, y, z, w € T,M, where © denote the cyclic sum with respect to x, y and z.
(cf. B. O’Neill [5]). If there exists a non-negative function x4 on M such that M is
isotropic at p of the constant normal curvature u(p) for every point of M, then
M is said to be an isotropic submanifold. In particular, when y is constant on M,
M is said to be constant isotropic. The mean curvature vector field H of M is
defined by

1 n
:=_§ :h 2
H "l (e),

where ej,...,e, is an orthonormal frame at each point of M. If the second
fundamental form A satisfies A(X,Y) = <X, Y)>H, then M is called a totally
umbilical submanifold. The mean curvature vector field H is said to be parallel
if VXH =0. A totally umbilical submanifold with the parallel mean curvature
vector field is called an extrinsic sphere. If the second fundamental form &
vanishes identically, then we call M a totally geodesic submanifold of M.
Next we shall define a helix of order 4 in a Riemannian manifold N. Let
o: 1 — N(s—>a(s)) be a smooth curve in N, where [ is an open interval of the
real line R. We denote the tangent vector field do/ds of o by v;. We call s a
d-regular point of o if dim Span{V',jlvl(s) |k =0,...,d — 1} = d where Vglvl =1
and V’v‘lvl =V, (V’,fl‘lvl) for k > 1. If every s € I is a d-regular point of o, then o
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is said to be a d-regular curve. Note that l-regular curve is a usual regular curve.
Hereafter, in this paper, we assume that all curves are regular and parametrized
by arc length. If ¢ is a d-regular curve, then we put

Vg = 0, Wo =1y, 2.0 = 1,
(1.2) p; = Wi-1 ,
Ai-1

w; = V,,,vi+ii_1v,-_1 and A := Hw,” for 1<i<d.

We call 4; (1 <i<d) (resp. w;) the i-th curvature (resp. the i-th curvature vector
field) and v; (2 < i < d) the (i — 1)-th normal vector field. If o is a d-regular curve
and the d-th curvature A, of ¢ vanishes on I, then we call such a curve a curve of
order d and vy, ...,v; the Frenet frame field. Note that a curve of order one is a
geodesic. In the case where ¢ is a curve of order d, we put

(1.3) v;:=0, w;:=0 and 4;:=0 fori>d.
From (1.2) and (1.3), we have the following Frenet formula of o
(14) Vo, v+ lj_lvj_l = ljij

for j = 1. If ¢ is a curve of order d and A; are constant along &, then we call this
a helix of order d. Note that a helix of order two is a circle.

§2. Helices in a Riemannian submanifold

Let f: M — M be an isometric immersion of an n-dimensional connected
Riemannian manifold into an m-dimensional Riemannian manifold M. Let o
be a helix of order d in M with the i-th curvature A;(1 <i<d—1) and the
Frenet frame field vy,...,v;. We set ¢ :=f o6. We have &, = dG/ds = v;. From
the Gauss formula and the Frenet formula of o, we get V,,]vl = llvz—f-h(vf).
Since & is a regular curve, we have

(2.1) Wi = Aoy + h(o,v1), A7 = A2 + Ch(v?), h(v})),

where Wy is the first curvature vector field of . First we prove the following
lemma.

LemMa 2.1. Let d > 1 and Ay,..., 4.1 be positive constants. Let u be non-
negative constant and p € M. Then the following conditions are equivalent:

(a) The first curvature 11 of & at p is equal to i for every helix o of order d
through p in M with the i-th curvature A,(1 <i<d—1),

(b) M is isotropic at p in M of the normal curvature \/u? —lf.
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ProoF. Suppose that (a) holds. Let xy be any unit tangent vector at p in M.
We take a helix o of order d in M with the i-th curvature A;(l1 <i<d-1)
satisfying that ¢(0) = p and v;(0) = xo where v; is the tangent vector field of o.
From (2.1), we have u? = A} + <h(x?),h(x})). Hence we get (h(x?),h(x?)) =
ut - Af for every x € U,M. Therefore we see that M is isotropic at p. Hence we
get (b).

Suppose that (b) holds. Let xp be any unit tangent vector at p in M. We take
a helix o of order d in M with the i-th curvature A; satisfying that ¢(0) =p and
v1(0) = xo where v; is the tangent vector field of . Set ):1 the first curvature of G.
From (2.1), we have

73(0) = 4] + <h()R(R)> = A7 + (u* = A7) = 4%
Hence we get (a). O

REMARK. If M is isotropic at p of a normal curvature 4, then it is clear from
(1.1) that

Apryx = px  for xe U,M.

Let p be a point of M, d > 2 and Ay,..., A4 positive constants. We consider the
following the condition (C;):

Thefirst curvature 1; of & is constant along & for every helix &
(C1)
of order d through p in M with the i-th curvature ;(1 <i<d—1).

From Lemma 2.1, we obtain the following Lemma.

LeMMA 2.2. Letd =2 and Ay,..., 4_1 be positive constants. Let p be a point

of M satisfying (Cy). Then M is isotropic at p of the normal curvature \/}:f - /lf
(i.e., Ay is independent of the choice of o). Moreover we get

(2.2) <h(v, 2), (Dh)(y, x,w)> + {h(w, 2), (Dh) (9, x,0))

+ <h(x,z), (Dh)(y, w,v)) + <h(w,v), (Dh)(y, x,2))

+ <h(x,v), (Dh)(y,w,2)) + <h(x,w), (Dh)(y,v,2)) = 0
for every x,y,z,0,we T,M.

ProoF. Let x and y be any orthonormal tangent vectors at p in M. We take
a helix o of order d in M with the i-th curvature A; satisfying that 4(0) = p,
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v1(0) = x and v,(0) = y where v; (resp. v) is the tangent vector field of & (resp.
the first normal vector field of o). From (2.1), we get A} = A2 4 <h(v2), h(v?)).
Applying V,, to this equation and using the Frenet formula of o, we get

(2.3) DR)(W}), h(v3)) + 221<h(v1, v2), h(03)) = 0.
Moreover, applying V,, to (2.3) and using the Frenet formula of o, we get
(24)  (D*h)(01), h(v])> + {(DR)(9}), (D)(93) + A1 {(Dh) (02, 07), h(v])

+ 441<(Dh) (03, v2), h(v)> + 431 {(DR)(v3), h(v1, v2))

+ 423 Ch(1,02), h(v1,v2)) + 247 Ch(07), h(v3))

— 242<h(03), h(v)> + 241 A2 Ch(v?), h(v1, v3)) = 0.
From (2.3), we get

(DR)(®), h(x2)> + 241 Ch(x, y), h(x2)> = 0.
Since x and —y are orthonormal tangent vectors and A; > 0, we obtain that
{DR)(X), k(%)) = <h(x, ), h(x)y = 0.

Hence we have <h(x2),h(x,y)> = 0 for every x,y € U, M such that {x,y> = 0 and
(2.5) {(Dh)(x*),h(x*)> = 0

for every x € T,M. Therefore we get M is isotropic at p of the normal curvature

\/112 — 2. From Lemma 2.1, we see that 1; is independent of the choice of o.
Also, from (1.1) and (2.4), we get

D?h)(x*), h(x*)> + {(Dh)(x®), (DR)())
+ 2 {(Dh)(y, %), h(x*)) + 441 {(Dh)(x%, ), h(x?) > + 441 {(Dh) (x*), h(x,y)> = 0

for every x,y € U,M such that {x,y> = 0. Since x and —y are orthonormal and
A1 >0, we get

(2.6)  (DR)(y,x%),h(x?)> + 4{(Dh)(x%, ), h(x?)) + 4<(Dh)(x*), h(x,y)> = 0
for every x,y € U,M such that {x,y> =0. From (2.5), we have
2.7)  <(Dh)(y,x%),h(x?)y + 2{(Dh)(x?, ), h(x?)) + 2{(Dh)(x*), h(x,5)> = 0

for every x,y € T,M. From (2.6) and (2.7), it follows that
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((DR)(y, 52), h(x2)) = (DR)(x?,7), h(x?)> + {(DR)(x*), h(x,y)) = 0
for every x,y € U,M such that {x,y) = 0. Hence, from (2.5), we see that
Ch(x?), (Dh)(p,x?)) = 0 for every x,y € T,M.
Since A is symmetric, we have (2.2) for any tangent vectors x,y,z,v and w
at p. O

From Lemma 2.2, we get

PROPOSITION 2.3. Let M be an n-dimensional connected Riemannian sub-
manifold in an m-dimensional Riemannian manifold M isometrically immersed by f
and n>2. Let d >2 and Ai,. .., s_1 be positive constants. If the condition (Cy)
holds at every point of M, then M is a constant isotropic submanifold of M.

ProOF. By Lemma 2.2, we see that M is an isotropic submanifold. Then
there exists a non-negative function z on M such that M is isotropic at p of the
constant normal curvature u(p) for every point p of M. We shall show that the
derivative of u? vanishes on M. Let p e M and x € U, M be arbitrarily fixed. For
a unit vector field Y on a neighborhood of p, we have

xp? = xCh(Y2), B(Y2)Y = 2{(Dh)(x, Y2), B(Y*) ]y, +4<h(V1 Y, Y), h(Y*))at -

Since the equation (2.2) holds and (V,Y,Y) =0, we get xu? = 0. Hence we see
that M is constant isotropic. O

§3. The discriminant of the second fundamental form

Let M, M and f be as in §2. Let ¢ be a helix of order d in M with the i-th
curvature 4;(1 <i <d —1) and the Frenet frame field vy,...,vq4. Let Ai(1 <i) be
the i-th curvature of 6. By a routine calculation, we have the following lemma.

LEMMA 3.1. The tangent vector field by and the first curvature vector field w,
of & are given by

o =uvy, w =4+ h(vlz)
If A1 is constant along & then the second curvature vector field W, of & is given by

(3.1) i]ﬁiz = (112 - Alz)vl + A1Adav3 — Ah(v%)vl + 311h(vl, 1)2) + (Dh)(vi’)
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Moreover, If X1 and Jy are constant along G, then the third curvature vector field v
of & is given by

(3.2)  Adpwy = (A2 + 72 — 22 = 2oy + Ay A A — (D Ay (01)
= 541 Ap(v, 0,)01 — AlAh(uf)UZ — 2A(D,,)(,,?)v1 - h(v,,Ah(vlz)vl)
+ (A + 43 — 42D)h(v3) + 322h(v3) + 4y dsh(vy, v3)
+ 541(Dh)(v}, v2) + A1 (Dh) (02, 07) + (D) (o}).

We prove the following lemma.

LEMMA 3.2. Let p be a point of M,d > 2 and A,,-- -, A4_, positive constants.
If, for every helix o of order d through p in M with the i-th curvature Ai
(I<i<d-1),

(3.3) v1<h(v1,v2), (D) (03)> =0 atp

where vy (resp. v2) is the tangent vector field of o (resp. the first normal vector field
of o), then we have

(3.4) (DR)(x%,3), (DR)(>)> + {(D?h)(x*), h(x, ) = 0

for every x,y € UM such that {x,y) = 0.

Proor. Let x and y be any orthonormal tangent vectors at p in M. We take
a helix o of order d in M with the i-th curvature A; satisfying that o(0) =p,
v1(0) = x and v,(0) = y. By assumption, we have

0 = v1<h(v1, v2), (Dh)(07) ],
= {(DR)(v},v2), (DR)(©}) ;g + <h(Vo,01,12), (DR)(8})D] g
+ Ch(01, Vi, 02), (D) (83) ), + <h(v1, 02), (D) (v9) D)o
+ Ch(o1,02), (DR)(V, 01, 08) g + 2<h (01, v2), (DR) (07, Vi, 1) Y]
= (DR)(x*,3), (DR)()> + aa<h(y?), (DR)(x)) — Ai<h(x2), (DR)(x))
+ Z2<h(x, v3(0)), (DR) (%)) + <h(x, ), (D*h)(x*)>

+ A1<k(x,y), (Dh)(y,x%)> + 241 Ch(x, y), (Dh) (X2, p))
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where v3 is the second normal vector field of o. If d = 2, then v3 = 0. Since x and
—y are orthonormal, we have (3.4). If d >3, then we can take a unit vector
z(e T,M) satisfying that v3(0) = z. Also since x,—y and z are orthonormal, we
have (3.4). O

Let o be a helix of order d in M and d > 2. From (2.1), we have L=>4>0
where 11 (resp. A1) is the first curvature of & (resp. the first curvature of ¢). Thus
& is a 2-regular curve. Let p be a point of M, d >2 and A;---44-1 positive-
constants. We consider the following conditions (C;) and (Cs):

( (C1) holds and the second curvature 1 of & is constant along &

(Cy)  « for every helix ¢ of order d through p in M with the i-th curvature A;
((I1<i<d-1),

[ (C,) holds and the second curvature J of & is independent of the

(Cs) choice of helix o of order d through p in M with the i-th curvature 4;

L (1<i<d-1).
For xe UM, we set
v(x) := {(Dh)(x), (DR)(x’)>.

We prove the following lemma.

LemMA 3.3. Letd >2and Ay,...,Aqs_1 be positive constants. Let p be a point
of M satisfying (C;). Then v is constant on U,M if and only if (3.4) holds for every
x,y € UM such that {x,y) = 0. Moreover, we get

(3.5) 1522((Dk)(x%,¥), h(x, ) + 322(Dh) (v, ), h(x, )
+3A7(DR) (%), h(y?)) + {(D?R)(x*), (DR)(x*)> = 0

for every x,y € UM such that {x,y) =0. Moreover, if d >3, then we have

(3.6)  (DR)(x),h(x,)> = (Dh)(y,x%), h(x?)) = L(Dh)(x*,7), h(x*)> = 0

for every x,ye T,M.

Proor. Let x and y be any orthonormal tangent vectors at p in M. We
take a helix ¢ of order d in M with the i-th curvature /; satisfying that ¢(0) = p,



436 Shigeo FUEKI

v1(0) = x and v,(0) = y where v; (resp. v;) is the tangent vector field of o (resp.
the first normal vector field of o). Since (2.2), (3.1) and (3.2) hold and M is
isotropic at p by Lemma 2.2, we obtain

0 = (W, A oW3 ],
= 9A225<h(x, ), h(x,03(0))> + 341 Aa< (D) (x*), h(x, v3(0))
+15A7(DR)(x2, ), h(x,7)> + 343 (DR) (v, %), h(x, )
+30(D?R)(x*), h(x, )Y + 3AT(DR) (%), (%))
+54<(Dh)(x2, y), (Dh)(x*)> + AK(Dh)(y, x%), (Dh)(x))
+<(D*h)(x*), (Dh)(x*)>

where v; is the second normal vector field of o.
If d =2, then v; = 0. We have

(37)  15AK(DR)(x%, ), h(x, 7)) + 34T {(DR) (3, X7), h(x, )
+ 323(DR) (), k(%)) + 3 (D) (x*), h(x, )
+ 50<(Dh)(x2, ), (Dh)(x)> + Ai<(Dh)(y, x%), (Dh)(x*))
+<(D*h)(x*), (Dh)(x’)> = 0.

If d > 3, we can take a unit vector z(e T, M) satisfying v3(0) = z. Since x, y and
—z are orthonormal, we get (3.7) and

(3.8) 94242k (x, ¥), h(x,2)) + 341 A2{(Dh)(x*), h(x,2)> = 0.

In any case, we see that (3.7) holds for every x,y € U,M such that {x,y) =0.
Since x and —y are orthonormal and A; > 0, we obtain that (3.5) and

3(<h(x, ), (D*h)(x*)> + <(Dh)(x*), (Dk)(x, 7))
= 2{(Dh)(x*), (DR)(x*, 7)) + {(Dh)(x*), (DR)(y, X*)>
for every x,y € U,M such that {x,y)> =0. If (3.4) holds, then we have
2{(Dh)(x*,y), (Dh)(x*)) + (Dh)(y, x*), (DR)(x*)> = 0

for every x,y € U, M such that {x,y)> = 0. Hence we get v is constant on U, M.
The converse is rather clear.
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Here, we assume that d > 3. Since (3.8) holds for x,—y,z and 1,4, > 0, we
have {(Dh)(x*),h(x,z)) = 0 for every x,y € U,M such that {x,z> = 0. From this
equation and (2.2), we have (3.6). O

Let p be a point of M. The discriminant A at p of the second fundamental
form A is given by

_ <h(x),h(y%)) — |IA(x, )I®
” X272 = <x, )2

for linearly independent tangent vectors x,y e T,M.

We assume that p is a point of M satisfying (C;). We take a helix ¢ of order
d through p and put v1(0) = x and v,(0) = y where d > 2. From (2.3) and the
fact that M is isotropic at p, we get

(3.9)  9A2CA(x, ), h(x,»)> + 64 (Dh)(x*), h(x, )> + v(x) + 4143 — 1115 = 0.
for 6. In particular, if (3.6) holds, then we get

(3.10) 9A3<h(x, %), h(x,)> + v(x) + 4343 — 233 = 0.

Moreover, from (1.1), we get

~ 1 -
(3.11) Avy = (A1 = A1) = 533 (145 — 2025 = ().

1

From Lemma 3.2 and Lemma 3.3, we have the following theorem:

TuEOREM 3.4. Let M be an n-dimensional connected Riemannian submanifold
in an m-dimensional Riemannian manifold M isometrically immersed by f and
n>3. Letd>3and ly,..., 4_y be positive constants. Suppose that the condition
(Cy) holds at every point of M. Let p be a point of M. If the condition (C;) holds
at p, then v is constant on U,M. Moreover the discriminant A at p is constant if
and only if the condition (C3) holds at p.

In case of d =2, we shall prove that (3.6) holds at p under the condition
(C3). We have the following lemma.

LeEMMA 3.5. Let d =2 and A; be a positive constant. Let p be a point of M
satisfying (C3). Then we have (3.6) for every x,y € T,M. Moreover we get (3.10)
and (3.11) for every x,y € U,M such that {x,y) = 0.
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Proor. We have (3.9) for any x,y € U,M such that {(x,y)> =0. Since x
and —y are orthonormal and p is a point satisfying (C;), we obtain
21{(Dh)(x*),h(x,y)> = 0 and (3.10). From (1.1), we obtain (3.11). Since 4; > 0
and (2.2) holds, we get (3.6). O

From the definition of discriminant, we have the following theorem.

THEOREM 3.6. Let M be an n-dimensional connected Riemannian submanifold
in an m-dimensional Riemannian manifold M isometrically immersed by f and
n>3. Let d>2 and Ay,...,A4_1 be positive constants. Let p be a point of M
satisfying the condition (C3). Then v is constant on U,M and the discriminant A at
p is constant.

Proor. Let x, y, z be orthonormal in T, M. Set x(6) = cosfx + sinfy. From
(3.11), we get

(312)  v(x(6)) = {(DR)(x(6)*), (DR)(x(6)*)> = L(Dh)(Z), (Dh)(z*)) = ¥(2)
Differentiating (3.12) at 6 =0, we see that

(Dh)(,x%), (Dh)(x*)> + 2{(Dh)(x?, ), (DR)(x*)) = 0.
Therefore we have v is constant on U, M. It is clear that the discriminant A at p
is constant. O

In case of n =2, from Lemma 2.2, we get the following lemma.

LemMA 3.7. Let n=2 and d = 2. Let 4, be a positive constant and p a point
of M satisfying (C;). Then the discriminant A is constant at p and

W-22-A AP — A2+ 2A
3 3

for every x,y € U,M such that {x,yy =0. Thus ||h(x,y)| and {h(x?),h(3?)) are
constant for every x,y € U,M such that {x,y) =0.

(3.13) (eSS and  {h(x*),h(y%)) =

ProoF. Let x, y be orthonormal in T,M. Set x(0) = cosfx + sinfy and
y(0) = —sinOx + cos fy. Since M is isotropic at p, we get

250 = 4<H6)),K(x(6), Y0))> — 4<H(K(0)'), H((0), y(6))> = 0.
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Hence we get Ay, = Axy. From the definition of A, we get (3.13) for every
x,y € UpM such that {x,y) =0. O

From Theorem 3.6, Lemma 3.7 and Theorem 1 in [5], we get

COROLLARY 3.8. Let d>2 and Ay,..., 41 be positive constants. If (C3)
holds for every point of M and m—n < (n+2)(n—1)/2, then M is a totally
umbilic submanifold of M. Moreover, at every point pe M, we get

CH,Hy =1} - 4,
A23} — 2202 = (V.H,V.H)
or every x € U,M where H is the mean curvature vector field of M.
i

ReMARK. In Corollary 3.8, we see that M is an extrinsic sphere if and only
if 2247 = A2A3. Then 1, < 4,.

§4. Curves in a Riemannian manifeld of constant curvature

Let M be an n-dimensional connected Riemannian submanifold in an
m-dimensional Riemannian manifold M of constant curvature ¢ isometrically
immersed by f. From the Codazzi equation, it is known that

(4'1) R(x,y)z = c{(y, zyx — X, Z>y} + Ah(y,z)x - Ah(x,z))’a
(4.2) (Dh)(x,y,z) = (Dh)(y, x,z),
(43) RJ—(x) y)€ = h(xa Afy) - h(Afxa y)

for x,y,ze TM and £ € T*M where R and R' are the curvature tensor of V and
V+. From (4.2) and Lemma 2.2, we get

LemMMA 4.1. Let p be a point of M, d =2 and Ay a positive constant. If (Cy)
holds at p, then we obtain (3.6) for every x,y e T,M.

From Lemma 3.2, Lemma 3.3 and Lemma 4.1, we get the following theorem.

TuEOREM 4.2. Let M be an n-dimensional connected Riemannian submanifold
in an m-dimensional Riemannian manifold M of constant curvature c isometrically
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immersed by fand n > 2. Let d =2 and 4, be a positive constant. Suppose that the
condition (Cy) holds at every point of M. Let p a point of M. If the condition (C;)
holds at p, then v is constant on U,M and the condition (C3) holds at p.

Let p be a point of M and « a constant. We define a (0,6)-tensor F by

F(x,y,z,u,v,w) := {(Dh)(x,y,z), (Dh)(u,v,w))

1
- a§ {<y7 Z><x7 u><va W> + <,Va Z><x) v)(u, W>
+ ¥, 22, wHu, v + {x, 2)y, up{v, w)
+ <X, 20y, v)<u, W) + <x, )<y, wH<u, v) + {x, yX<z,up{v,w)
+ <%, <2, 0)<u, w) + <x, y )<z, wH<u, v)}

for x,y,z,u,v,w e T,M. We have the following Lemma 4.3. The proof of Lemma
4.3 is analogous to that of Lemma 2 in [5].

LEMMA 4.3, Let M be of constant curvature, p a point of M and o a constant.
Then the following conditions are equivalent:

(a) (Dh)(x,x,x),(Dh)(x,x,x)> = alx,x)* for every x € T,M,
(b) F(x,y,z,u,0,w) + F(x,y,u,v,w,z) + F(x,y,0,w,z,u) + F(x,y,w,z,u,v)
+ F(x,u,w,y,2z,0) + F(x,z,0,y,u,w) + F(x,z,u,y,0,w)
+ F(x,v,w,y,z,u) + F(x,z,w,y,v,u) + F(x,v,u,y,z,w) = 0
Jor x,y,z,u,v,we T,M.
Let n=2. We assume that pe M is a point satisfying all conditions of

Theorem 4.2. Let Ni(p) be the first normal space at p given by Span{k(x,y)|x,
yeT,M}. Let e;,e; be an orthonormal base of 7,M. Put

hij = h(e,-, €j) fOl' 1 < l,] < 2,
Dhijk = (Dh)(el-,ej,ek) forl < i j,k <2.

Since v is constant on U, M for every point g € M, we see that v is a function
defined on M. We put

v(p) = {Dhui, Dhin ).
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From Lemma 4.3 and (3.6), we get

{Dhy11,Dhi11) = {Dhx, Dhypyy = v(p),
(4.4) {Dhy11, Dh112) =0,

{Dhi11, Dhayyy + 9{Dhi12, Dh122) = 0,

{Dhi1, b1y = {Dhyz, h2) = 0,
{Dh11,h12) = {Dh1i2, h1) = {Dhan, h12) = {Dhiz, 2 ) = 0,
{Dhi11,h2) + 3{Dhi12,h12) =0,
{Dhy22, h11) 4+ {Dh112, h12> = {Dhi12, h22) + {Dhin2,hi2) = 0.

Let K be the Gauss curvature of M. Then K =c+ A. From Lemma 2.2 and
Theorem 1 in [5], we get

(4.5)

- 200} - A}) < A(p) < 4] - 44,
dim Ny (p) =0« A(p) =22 — 22 =0 (i.e., 41 = 41) & p is a geodesic point,
dim Ny (p) =1 & A(p) = A2 — A? > 0 & p is a non-geodesic umbilic point,
dim N (p) =2 & A(p) = —2(A} — 4}) <0 & pis a non-geodesic minimal point,
dim Ny (p) =3 & —2(A% — 12) < A(p) < &Z - A}
We shall prove the following Lemma.
LEMMA 4.4. Let n=2 and m < 5. Let d =2 and Ay be a positive constant.
We assume that (Cy) holds at every point of M. Let p be a point of M. If (Cy)

holds at p and 2 < dim Ny(p) < 3, then v(p) = 0 (i.e., the second fundamental form
h is parallel at p).

ProoF. We assume that dim N;(p) = 2. we obtain N,(p) = Span{hii, hi2}.
Moreover p is a minimal point of M i.e.,
(4.6) hy = —hp.
From (4.5) and (4.6), we have
{Dhy1,h11) = {Dhy11,h12) =0,
{(Dhy,h12) =0,



442 Shigeo FUEk1

(Dhyp, h11) = —{Dhy,h») =0,
{Dhy12,h11) =0,
{Dhy12,h12) = —{(Dhi2z, h11) = {Dhi22, h2) = 0.

Hence we have Dhyyy, Dhyy, Dhyyp L Ni(p). Since dim Tl;LM <3 and
{Dhy11, Dh111) = {Dhy, Dhyy) in (4.4), we have

Dhyyy = +Dhyp,.
Moreover, from (4.4), we get
{ {Dhy11,Dhi12) =0,
+{Dhy11, Dhi11) + 9(Dhy12, Dhin) = 0.

Hence we obtain Dh;;; = 0.

We assume that dim N;(p) = 3. We obtain T;'M = N,(p) = Span{hy1, h12, ¢}
such that (&, ¢>=1 and hy,hp and ¢ are mutually orthogonal. Since
<Dh111,h11> = <Dh111,h12> =0 in (4.4), we have

Dhyy = ||Dhan||E.

Suppose that ||Dh111“ #0. Since {(Dhy1,Dhi12) = {Dhj12,h11> =0 in (4.4)
and (4.5), we have Dhijp = ah;; (aeR). Since {Dhyp,hn) + {Dhin, hi) =
{Dhy,h11) + 3{Dh12,h12> = 0 in (4.5) and <{hyp,h12) =0, we get

4.7 {Dhyp, h11) = {Dhizz,h12) = {Dhy1y2, Dh1y) = 0.
Since {Dhi11, Dhyn)d + 9{Dhi12, Dhi»> =0 in (4.5), we have

(4.8) {Dhaz, Dh111) = {Dhy», &) = 0.
From (4.7), (4.8) and {(Dhyp,h;2> =0 in (4.5), we have Dhyy = 0. This con-
tradicts the assertion | Dhy;| # 0. Hence we have Dhyj; = 0. O

From Proposition 2.3 and Lemma 4.4, we get the following lemma.

LemMMA 4.5. Let n, m d and 4| be as in Lemma 4.4. If (Cy) holds at every
point of M, then v=0 on M (ie., the second fundamental from h is parallel).
Moreover ||H|| is constant on M where H is the mean curvature vector field
and

IH* =5 (A +20 - 47)).

W | =
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Thus the discriminant A is constant on M and the dimension of the first normal
space is constant on M. Moreover, if the dimension of the first normal space is
greater that two, we get

(4.9) A= %(Zf — A} = 30).

Proor. Let U:= {pe M|v(p) > 0}. We shall prove that U =0 (@ is the
empty set). Assume that the assertion is false. From Lemma 4.4, we see that
dim N;(p) < 1 for every point p of U. Hence U is totally umbilic. Then we obtain
that the second fundamental form is parallel because of the assumption that M is
of constant curvature and dim U = 2. Hence we obtain v(p) = 0 for every point
p € U. This contradicts the assertion that v(p) > 0 for every point p € U. Hence
we have v =0 on M. Since M is constant isotropic and the second fundamental
form is parallel, we obtain that ||H| is constant on M and the discriminant A is
constant on M. From Ricci identity, (4.1), (4.2), (4.3) and the fact that M is
constant isotropic, we get

(D?h)(x,7, %) = (D?h)(y,%°) = R*(x, y)h(x*) = 2h(R(x, y)x, X)
= {207} - 27 + ¢) = 8llh(x, »)|I*}h(x,7)

for every x,y € UM such that {(x,y) = 0. Since v =0 on M and (3.13), we have
4.9). |

From Lemma 4.5, we the following theorem.

THEOREM 4.6. Let M be a two-dimensional connected Riemannian sub-
manifold in an m-dimensional Riemannian manifold M of constant curvature c
isometrically immersed by f and m < 5. Let d =2 and Ay be a positive constant.
If the condition (Cy) holds for every point of M, then the second fundamental form
h is parallel on M and M is one of the following:

(a) an extrinsic sphere of constant curvature c+1f — ,112,

(b) @ non-geodesic minimal submanifold of constant curvature c/3
(>0,c=3(1] - 4}),

(c) @ non-minimal submanifold of constant curvature (c+ /i% - /112) /4
(>0,c#3(A2 —A2), 4 > 41).

If, for every geodesic y in M, foy is a helix of order d with curvatures

I 71 Which do not depend on y, then f'is said to be a helical immersion of
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order d. Let 7 be a geodesic in M and v; the tangent vector field of . From (2.1),
we have

{ ﬁv,vl = h(vf),
(4.10)

Vi h(v7) = ~ A1 + (DR)(37)-

From (4.10), Proposition 2.3 and Theorem 4.6, we obtain the following fact.

COROLLARY 4.7. Let f, M, M, n, m d and ), be as in Theorem 4.6. Suppose
that (Cy) holds at every point of M. Then f is a helical immersion of order at most
two.

We assume that all conditions of Theorem 4.6 hold. Let p be a point of M
and o a circle through p in M with the first curvature A; and vy, v, the Frenet
frame fields of o. Since Dh =0, M is constant isotropic,  is a 2-regular curve
and (C;) holds, we see that

(4.11) 111172 = 3/11’1(1)1,02),
72

(4.12) i@%:-ﬁ@ﬂdﬁm+dﬁgmm@+uM@

by Lemma 3.1. Let I, = {s € I|W3(s) = 0} where [ is the domain of o.

If I, # 0, then we have i, =0 or i, = v2i; = V61,.

In the case where 1, = 0, we obtain that & is a circle. Since h(v1(0),12(0)) =0
and n = 2, we have (x,y) = 0 and h(x?) = h(y?) for every x,y € U,M such that
{x,y> = 0. Hence we see that & is a circle for every circle ¢ through p with the
first curvature ;. Then it is clear that the case (a) of Theorem 4.6 holds.

In the case where 12 = \/ﬂ] = /64, from (4.12), we obtain that w3 = v2H,
where H, = (h(v?) + h(v2))/2. Since Dh = 0 and M is constant isotropic, we have
43 = ||Ws]| is constant on 1. Hence we have i3 = 0, i.e., & is a helix of order three
satisfying that A, = v24; = v/64,. Since A(v2(0)) + h(v2(0)%) = 0, [|A(v1(0), 2(0))|
= [A(v(0)| and n=2, we have ||h(x,y)||l=[h(x})| = [A(?)| for every
x,y € UM such that (x,y) = 0. Hence we see that G is a helix of order three
satisfying that 1, = v/21; = v61; for every circle ¢ through p with the first
curvature 4;. It is clear that the case (b) of Theorem 4.6 holds.

If I, = @, then G is a 4-regular curve. From (4.11), (4.12) and the fact that M
is constant isotropic, we have

(4.13) 2 =9——Z§+4x§’-.



Helices and isometric immersions 445

From (4.13), we have 13 is constant along . Moreover, from (4.11), (4.12) and
(4.13), we get

(4.14) I daVy By = —Aad2 Wy = Jidada(—AsBs).
From (4.14), we obtain that & is a helix of order four. Then it is clear that the

case (c) of Theorem 4.6 holds. Therefore, from Theorem 4.6, we have the
following corollary.

COROLLARY 4.8. Let f, M, M, n, m d and 1, be as in Theorem 4.6. Suppose
that (Cp) holds at every point of M. Then & is one of the following:

(a) a circle with the first curvature X satisfying =M for every circle a with
the first curvature A1,

(b) a helix of order three with the first curvature l1 and the second curvature
Jo satisfying o = V2i1 = V64 = \/c(c > 0) for every circle o with the first
curvature Ay,

(c) a helix of order four with the first curvature 11, the second curvature X2 and
the third curvature A3 satisfying

. . 3inwfe+A2-AF c+ A2 — 472 +15)2
>k, A =y 1t 7 13:\/7 1 2 : :

21} ’

for every circle ¢ with the first curvature A;.

References

[1] Abe, N., Nakanishi, Y. and Yamaguchi, S., Circles and spheres in pseudo-Riemannian
geometry, Aequationes Mathematicae 39 (1990), 134-145.

[2] Nakanishi, Y., On curves in pseudo-Riemannian submanifolds, Yokohama Math. J. 36 (1988),
469-476.

[3] Nakanishi, Y., On helices and pseudo-Riemannian submanifolds, Tsukuba J. Math., 36 (1988),
137-146.

[4] Nomizu, K. and Yano, K., On circles and spheres in Riemannian geometry, Math. Ann., 210
(1974), 163-170.

[5] ONeill, B, Isotropic and Kahler immersions, Canad. J. Math. 17 (1965), 907-915.

[6] Sakamoto, K., Helical immersions into a unit sphere, Math. Ann. 261 (1982), 63-80.

[7] Sakamoto, K., Constant isotropic surfaces in 5-dimensional space forms, Geom. Dedicata, 29
(1989), 293-306.

[8] Song, H. H., Kimura, T and Koike, N., On proper helices and extrinsic spheres in pseudo-
Riemannian geometry, Tsukuba J. Math. 20 No. 2 (1996), 263-280.

Department of Mathematics
Science University of Tokyo
Wakamiya-cho 26, Shinjuku-ku
Tokyo 162-0827, Japan



