PACIFIC JOURNAL OF MATHEMATICS
Vol. 83, No. 2, 1979

ON COMPACT SUBMANIFOLDS WITH NONDEGENERATE
PARALLEL NORMAL VECTOR FIELDS

V. I. OLIKER

In this paper we obtain characterizations of spherical
submanifolds in Euclidean space of codimension >1. Such
characterizations are given here in terms of certain rela-
tionships involving the elementary symmetric functions of
principal radii of curvature and the support function of a
submanifold.

1. Introduction. For hypersurfaces similar characterizations
are well known. For example, let M be a closed convex hypersur-
face in Euclidean space, h the support function of M, and S, the
elementary symmetric function of order ! of principal curvatures.
It has been proved by several authors (see Simon [8], and further
references given there) that if for some integer I(1 <1 < dim M)
everywhere on M h'S, = const, then M is a hypersphere. Other
results of this type are also known [8], [9].

Our proofs are based on a differential analogue of the Min-
kowski-Hsiung formulas, relating the support function and elemen-
tary symmetric functions of various orders of the principal radii of
curvature. Those formulas are obtained for submanifolds which
possess a nondegenerate normal vector field parallel in the normal
bundle.

Finally, we note that characterizations of spherical submanifolds
in terms of the elementary symmetric functions of principal curva-
tures are obtained by Chen [2] and Chen and Yano [4] (see also Chen
[3], Chapter 6).

The author wishes to thank the referee for useful comments.

2. Preliminaries. In this section we shall present local formulas
relating the second fundamental form and the support function of a
submanifold in Euclidean space. We shall use the following conven-
tion on the ranges of indices:

14,5,k rm, l1fa=sn,

and as usual, it is agreed that repeated lower and upper indices are
summed over the respective ranges. We denote by E the Euclidean
space of dimension m + %, and we fix the origin at some point O.
Consider a smooth, orientable submanifold M of dimension m(=2)
immersed in E, and represented by the position vector field

481
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X = X(uly % u'm) ’

where {u’} are the local coordinates on M. Let x be a point of M.
We denote by T.(M) and N,(M) the restrictions of the tangent
bundle T(M) and normal bundle N(M) at x.

Put

X, =0X, 0; = 0/ou’ .

The metric I, or the first fundamental form induced on M from
E via X, is G;; = (X,, X,), where (,> denotes the inner product in
E. Let & be an arbitrary unit normal vector field defined in a
neighborhood U of x€ M. The second fundamental form at x with
respect to & is II(§) = b, (&)du‘du?, where b,;(§)=—<X,, &;>. Let 7 be
a unit normal vector field in U not necessarily different from ¢.
The mixed third fundamental form is I1I(&, ) = ¢.;(§, P)du’du’, where
946 M) = (&, 0. We write ITIE) = IIIE &), and g,(8) = 0,(, ©).
Evidently, 9.;(& ) = 9;:(n, £), but, in general, no other symmetries
exist. For a unit normal vector field & € N(M), h(¢) denotes the sup-
port function of M with respect to &, that is, h(&)=—(X, &).

Recall that a nondegenerate normal vector field on M is a unit
normal vector field & such that det(d,;(&)) + 0 everywhere on M (see
[2], and also [3], p.59).

Vectors {X;} form a basis in T,(M), xe€ M, and we denote by
{N(a)} a field of orthonormal frames in N(M). Put

Xii = av.gX ’ aij = az/au’au’ .

At first we note that b,;(¢) = (Xi;, &, and b;;(&) = b;,(&) for a
unit normal vector field & Also, g,;(6)=—<&;, & = 9,;(€). Suppose
that & is parallel in N(M), that is, &€ T(M),71=1, ---, m, every-
where on M, and let » be an arbitrary unit normal vector field on

M. Then g.;(& 0)=—<{& 1) = 9 7).
In the frame X, ---, X,,, NQ), -+-, N(n) we have for an arbit-
rary unit vector field &€ N(M):

(1) &= —bi(O)X; + 3 <& N@)Na) ,

where bi(¢) = b,,(§)GY, and G being the inverse of G;;. From here,
for two unit normal vector fields & and 7, we find

(2) 9:i(&, 1) = bi(&)b.;(n) + %“ (&iy N(a))<n;, N(@)) .
If & or 7 is parallel, then

(3) gii(&: 7]) = b?(f)bn(ﬂ) .
Note that when M, & and 7 are such that II(¢) and II(n) are positive
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definite then so is III(&, 7). However, the form III(§) is nonnegative
definite for an arbitrary II(¢). If & is nondegenerate everywhere on
M, then III(¢) induces a Riemannian metric on M. We denote by
dO(¢) the corresponding volume-element. From formula (1) it fol-
lows that if & is nondegenerate and parallel, then vectors {&;} form a
basis in T,(M), x € M, and according to the Gauss equation we have:

(4) &is = I8 — 2. 9:4(&, N(@))N(a)

where 7'}(&) denote the Cristoffel symbols of the second kind with

respect to III(&).

When & 'is nondegenerate, then translating it parallel to itself
in E to the origin O we can define an immersion v,: M — 3, where
X is a unit hypersphere in E centered at O. In codimension one 7,
is the standard Gauss map.

PROPOSITION 2.1. Let M be a submanifold of E and & a non-
degenerate parallel normal vector field on M. Then Y. s an iso-
metric immersion of M with the metric III(E) into 3.

Proof. Let the symbol <> denote an immersion, and — a pull-
back of the mertic from the ambient space. Then the following
diagram is commutative in <% and —.

(2, 9) ~ K

(M, III(8))

where o is the standard imbedding of X in E, and g is the metric
induced on X from E. The Proposition is proved.

For convenience we write h(a) = h(N(a)). The position vector
field X of a submanifold M can be decomposed into two parts:

(5) X-:XT+XN,

where X, € T(M), Xy € N(M). In theframe X, X,, ---, X,,, NQ1), -- -,
N(n) we have
X, =GX, XpX;,

(6) Xy=—>,ha)N(a) .
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If £ is nondegenerate and parallel, then from (1) we see that
(7) Xp=—g"(&)h(8)E;
where g¢'(¢) are the elements of (g9,;(¢))7", and h,(&) = 3,;h(&).
Put
hii(8) = 0:5h(8), Vish(E) = his(€) — I'iy(E)Ri(E) -

Under the above assumptions on ¢ we obtain with the use of (4)

(8) bis() = Vsh(&) + 2. 9:5(&, N(@)h(a) .

3. The elementary symmetric functions of principal radii of
curvature and the associated differential equations. Let ¢ be a
unit normal vector at a point xe€ M. The principal radii of curva-
ture associated with & are denoted by R., ---, R., and defined as
the roots of the determinantal equation

det(b,;(¢) — Rg.i(&) = 0.

If £ is a restriction to # of a nondegenerate vector field, then III(¢)

is positive definite, and in this case the R, are well defined. More-

over, in this case they do not vanish. Let g(&) = det(g,;(§)). The

elementary symmetric function of order % in R., (nonnormed)
Sek(R) = Z Réil e Rfik ’

1yFEL,

and it is the coefficient at (—R)"* of the polynomial

(9) Bt RO _ (—y ¢ Su(RY-R) 4 -+ Sul).
Set a;;(&) = b;;(§) — Mg;;(§), where )\ is real. Consider a poly-
nomial in )\ defined by the equation

(10) @) = 3 (=84,
where a'/(¢) is the cofactor of the element a,;(&).

PROPOSITION 3.1. Let M be a submanifold of E and & is a paral-
lel unit normal vector field defined in a neighborhood of xe€ M and
such that II(&)>0 at x. Then the quadratic forms S¥yy;, k=2, +++, m,
are positive definite at x. Here v, -+, v, are arbitrary real para-
meters, V* = Y2 + Vit +V:L = 0. If M is compact, & is defined on
M, parallel, and II(&) + 0 everywhere on M, then those quadratic
forms are definite everywhere and by selecting a proper orientation
of M and E, they can be made positive definite. When k =1 this
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assertion 1s true under the only assumption that & s parallel and
nondegenerate.

The proof of this Proposition is standard and we omit it here.

Suppose now that £ is a nondegenerate parallel vector field.
Then in view of (8), (9), and (10) we put

Pa(h) = 1 SUp K@),

( )
Qu = —(5 >3 8540.4(&, Na)h(@) ,
(11) M. (h) = P.lh) + Q. -
It is not difficult to see that
(12) M. (h) = ES:(R) .

PROPOSITION 3.2. Let M be a submanifold of £ and & a non-

degenerate parallel normal vector field defined in a neighborhood of
xeM. Then

(13) Qi = (m — k + 1S (R)I(E) + (Hy, X)), (S:(=1),

where H,, is o uniquely defined wvector in N,(M)= N, (M)O & in-
dependent on the choice of basis in N,(M). If k=1, then —H., is
the m times mean curvature vector of the submamnifold v.(M)C 3.

Proof. Since e N,(M), we can select an orthonormal basis in
N,(M) so that 5 is one of the vectors in this basis. Let us preserve
the old notation for the new basis, and let £ = N(1). Then

Si]
= 5k i h i ij 9N h
Q= (E)g OhE) + 3~ 0.6 Ne)h(@)

= (m =+ DS ®hE (|5 S g e NeNw@, X ) .
2Zazn g(£)
The form —(S%/g(&))g.;(&, »), where ne N,(M), is linear in 7. There-
fore, there exists a unique element H., in N,(M) such that
— S g6, 7) = (Hay 1)
g(é)

for any ne N,(M). (Strictly speaking, the inner product in the last
formula should be taken in N,;(M). But it is induced in N,(M)
from F, and, therefore, it is the same in either sense.) Thus, we
conclude that
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~(, 2, S g,¢, N@)N@), X ) = (Ha, X
2<a=n g(g)

The rest of the Proposition follows from Proposition 2.1 and
the fact that

Sd

9@ 7@ -

This completes the proof.

COROLLARY 3.1. Let M be a submanifold of E and & a mon-
degenerate parallel vector field on M. Then (13) holds everywhere
on M and

(14) M., = Py(h) + (m — k + 1)S._y(R)W(E) + (Hey X7

for all xe M.
REMARK 1. The functions (H,,, X) are similar to the functions
F(¢) constructed in [4]. However, the latter are related to principal
curvatures and depend on the first and the second fundamental
forms, while (H,,, X) depend on the second and the third funda-
mental forms in the direction £. It is not difficult to point out
situations where H,, or (H,,, X) vanish. For example, if dim E—
dim M =1, then H,, =0 for all k. Another example is when the
normal component of X has the direction &. Then h(a)=—<{X, N(a))=0
for « =2, .-+, m. In these examples the functions F,(¢) introduced
in [4] also vanish. One more example is given by the case where
III(¢, N(a)) = 0 for ¢ = 2, ---, m, (N(1) = &).

REMARK 2. Let M be a submanifold of £ and & a nondegenerate
parallel normal field on M. Let f and f’ be two smooth functions
defined on M. Put

bli(&) = Viif — 2. 941§, N(a@)XX, N(@)) .
Similarly to (9), (10), construct S(f) and consider

N o 1 0 ’ (m—k+1) ’
M(f, f1) = —= Sa(fWVs; ——— == M, (f,
f, 1) e (FWVaf" + - My (f, NS

+ <H€k(f): X> ’ for k > 1 ’
M. (f, f') = g9EWyf + mf" + (Ho(f), X), for k=1.
These differential operators proved to be useful in the study of

uniqueness Theorems for convex hypersurfaces in Euclidean space
[7]. (In this case they are elliptic, and the last term in the right-



ON COMPACT SUBMANIFOLDS 487

hand side vanishes.) It is plausible that they have applications in
establishing uniqueness Theorems for submanifolds of E in codi-
mension >1. We hope that we come back to it again elsewhere.

4. Applications. We begin with a slight generalization of the
formula (14), which leads to an integral formula relating the ele-
mentary symmetric functions of arbitrary order. This formula is
of Minkowski-Hsiung type, and in the form involving two consecu-
tive elementary symmetric functions of principal curvatures it was
derived and studied by many authors (see Chen and Yano [4], and
also [3], Chapter 6; in both sources further references can be found).
However, the methods of those authors do not seem to generalize
80 as to obtain the following formulas (16) and (17).

In what follows, unless stated otherwise, it is assumed that M
is a compact submanifold without boundary.

The following Lemma is a version of E. Hopf’s Lemma on
Laplace-Beltrami operator.

LEMMA. Suppose that M is a submanifold of E, & is a non-
degenerate parallel normal vector field on M, and h' is a smooth
function on M. Put

1

P (') = o b’
where the coefficients S¥, are the same as in (11). Then
1 SY
(15) P, (k") = 0, &k _0;h) .
o) = e <1/ 9@ )

If k=1 and, in addition, we assume that P.(h') does mot change
its sign on M, then h’ is a comstant function on M. The same is
true when k> 1 provided there exists at least one point on M where
11(&) + 0.

Proof. It is easy to see, with the use of formula (4), that b,;(&)
is a Codazzi tensor with respect to I'¥(&). Therefore, P, (h’) can be
written in the divergence form (15) (see [5, 7]). When £ >1 and
II(&) #0 at some point of M then II(£)+ 0 everywhere on M because
& is nondegenerate. By Proposition 3.1 the operator P (k') is uni-
formly elliptic. Now the rest of the proof runs similarly to the
standard proof of E. Hopf’s Lemma on the Laplace-Beltrami operator
on a compact Riemannian submanifold ([6], p. 338). The Lemma is
proved.

THEOREM 4.1. Let M be a submanifold of E and & a monde-
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generate parallel normal wvector field on M. Then for arbitrary k
and s, k=1,+--,m,s=1, -+, k,

tm—k+ 0D (B—1—1)!
(16)  ES.(R) = % m — i) (e — 1)1 [Per_i(h) + (Hepry X0

(m —k + 8)! (k— s)! 8
(m —k)! (k — 1) Ser_(R)h ,

and
k| SaB®30E)
—_ (m k+ l)' (k -1 - 1)' RVt S?k—l h.hdO
S ) W g hhadO®
amn Sm—k+ ) (b — 1 — 1)
rpmoka bl [ (Hamsy DOROE)

(m =k +8)! (k= 3! S
(m — k)l (k — 1)! SM Ser_o(R)R*AO(E) ,

where h = h(€) is the support function of M with respect to &.

Proof. Formula (16) follows from the formulas (12) and (14);
and (17) is obtained from (16) by integrating, applying Green’s
formula, and the preceding Lemma.

COROLLARY 4.1. If im Theorem 4.1 s =k, then
(18 k| Sa®A0E) = (m — 1k + D Su BRI
+ |, Hay X406 .

This formula is an analogue of an integral formula due to Chen
and Yano [4].

We recall that if a submanifold M (not necessarily compact) of
E is contained in a hypersphere of E centered at the origin, then
it is called a spherical submanifold (see [2]).

In the following we often make use of a Theorem due to Chen

[2].

THEOREM A. Let M be a submanifold (not necessarily compact)
of E. If there exists a mondegenerate parallel normal vector field
& such that h(€) = const everywhere on M, then M is a spherical
submanifold of E.

From now on always when k> 1 it is assumed that there
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exists a point on M where II(¢) #+ 0, and the orientation is such
that II(&) > 0.

Examples of submanifolds with this property can be constructed
as follows. Let M, and M, be two strictly convex hypersurfaces.
Then the natural imbedding of M, x M, in Euclidean space of di-
mension = dim M, + dim M, + 2 gives such example.

The next Theorem is an immediate consequence of formulas (12),
(14), the Lemma, and Theorem A.

THEOREM 4.2. Let M be a submanifold in E and & is a non-
degenerate parallel normal vector field on M. Assume further that
for some k, k=1,2, ---, m, at every point of M

19) eSe(R) = S (R)R(E) (S =1),
where ¢ is a constant such that the expression
[k —cm —k + D]S(R) — (Hg,y X

1s either monmegative or monpositive. Then M 1is a spherical sub-
manifold.

Proof. In the formula (16) set s = 1. Then by (19)
[k —c(m — k + D]S:(R) — {Hy, X) = Py(h),

and the Theorem follows from the Lemma and Theorem A.

In case k = 1 a result similar to this Theorem has been given
by Wegner [9], Satz 2. His result can be also obtained by our
method, and furthermore, it can be generalized for %k > 1.

Let M = 8S™, where S™ 1is a standard m-sphere lying in
m + 1-dimensional Euclidean space E™**C E. Then, evidently, H;,=0
for all %, and £ is the unit normal vector field on S™ in E™*', With
this fact in mind we state the following

COROLLARY 4.2. Let M be a submanifold of E and & a non-
degenerate parallel mnormal wvector field on M. If for some
k, k=2, ---, m, at every point of M

(Hy, X) =0,
and
cSe(R) = Sep_(B)R(E) ,

where ¢ 18 a constant =0, then M is a spherical submanifold. Fur-
thermore, in this case it 1s necessary that ¢ = kj/(m — k + 1). The
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assertion is also true when k = 1, provided II(&) + 0 at some point
of M.

Proof. We show at first that the function S.,(R) does not
change its sign on M. Let A be a point on M where II(¢) is definite.
Then the principal radii of curvature R,;,, 1 =1, ---, n, must all be
of the same sign at A. Since & is nondegenerate R.; will all have
the same sign everywhere on M. Hence, the function S.,(R) can
not change its sign on M, and moreover it does not vanish on M.

Now it is clear that the expression

[k —c(m — k + 1)]S:(R)

is either nonnegative or nonpositive and therefore by Theorem 4.2.
M is a spherical submanifold. On the other hand,

[, Sam®doe = 0;

hence, the formula (18) implies that ¢ = k/(m — k + 1). The Corol-
lary is proved.

A Theorem similar to Theorem 4.2 can be stated with the use
of Theorem 4.1.
We point out only a particular case of it.

THEOREM 4.3. Let M be a submanifold in E and & a nonde-
generate parallel normal vector field on M. Suppose that for some
k and s,k=1,---,m,s=1,---, k, the following conditions are
satisfied:

(m —k +8)! (k—s)! oo
(a) ES:(R) = m—1)! (e — 1) Sero(R)L(E) ;
) By ORI SO for 1=0,-,5—1;
©) e > 0.

Then M 1s a spherical submamnifold.

Proof. The conditions (a), (b), (¢) and Proposition 3.1 imply that
all integrals in formula (17) must vanish. Hence h(¢) = const, that
is, M is a spherical submanifold.

THEOREM 4.4. Let M be a submanifold in E and & a nonde-
generate parallel normal vector field on M. Suppose that for some
k and s,k=1,.--,m,s=1,---,k, the following conditions are
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satisfied:

(@) eS:u(R) = Si_ (R)hS(E) everywhere on M, where ¢ is a con-
stant + 0;

(b) <H$k—ly X> =0 fO’I’ l = 0, e, 8 — 1;

() h(&>0.
In case k =1 assume also that II(&) + 0 at some point of M.

Then M is a spherical submanifold and ¢c=(m—k)\k!/(m—k+s)!
k& — s)!.

Proof. At first we show that ¢ can have only the value indicat-
ed in the assertion. In showing that we follow Blaschke [1], p. 233.
Let A be a point on M where h(¢) (=h) attains its maximum. Then
at A,

Fh<0.

By Proposition 3.1 the forms Siyy;, k =1, ---, m, are definite, and
therefore at the point A the expressions

Po(h) = —_ S8 Fih 1=0,1, -, k—1,
9(é)
are all of the same sign, and namely nonpositive. On the other
hand, by Theorem 4.1 (formula (16)) in view of the conditions (a)
and (b), we obtain

_(m—=k+38)! (k—3s)!
[ = o oy St

Cdm =k D k—1—11,,
=2 (m — k)1 (b — 1)1 W Pouilb) -

The right-hand side is nonpositive at A, and similar to the proof
of Corollary 4.2 one shows that S.(R)> 0 everywhere on M.
Therefore,

k_c(m~k+8)! (b — 8)! <0.
(m —k)! (b —1)!

Considering the point where A attains its minimum we arrive at
the opposite inequality. Thus, ¢ = (m — k)! k!/(m — k + s)! (k — s)!.

Now, making use of the second part of Theorem 4.1 (formula
17)) and the conditions (a), (b), (¢) with constant ¢ taken as above,
we obtain

S m ekt DL (b= 1= DIF s S 4 go0e — o
gi (m —k)! (b —1)! SM g(&) h;dO(8) .
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From here, it follows that % = const. Hence, M is a spherical sub-
manifold. The Theorem is proved.

COROLLARY 4.3. Let M be a closed strictly convex hypersurface
in Euclidean space E and & is the unit normal vector field on M.
Suppose that for some k and s, k=1, --,m,s=1, ---, k,

eSy(R) = Si_(R)h*(§)

everywhere on M, where ¢ is a constant+0. Then M 1is a hyper-
sphere, and ¢ is as in Theorem 4.4. (In the last equality the sub-
seript & 1s omitted for the obvious reason.)

Proof. For a hypersurface in E, £ is always parallel, and since
M is strictly convex, & 1is nondegenerate. Also H, =0 for
=1, ---,k. The support function i(&) can always be made strictly
positive by placing the origin of the coordinate system in E inside
M. Now the Corollary follows from Theorem 4.4.

REMARK 1. As was mentioned in the introduction, this Corol-
lary is known. In particular, the condition quoted earlier can be ex-
pressed in terms of the elementary symmetric functions of principal
radii of curvature as follows:

cSa(R) = S, _(R)R*(E) .

If in Corollary 4.3 we take k = m, then we obtain the above result.
It is due to Siuiss; see [8], Korollar 6.3, and other references there.

REMARK 2. Theorem 4.4 does not contain Corollary 4.2, since
in the latter it is not required that h(&) > 0.
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