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ON TOPOLOGICAL STRUCTURE OF A CERTAIN
SUBMANIFOLD IN R**?

Yonc Bat Baik anp Yane Jae Smin

1. Introduction

This is a kind of reports which is devoted to classifying certain
submanifold of codimension 2 immersed in a Euclidean space R"*2, As
is well known, if for a compact connected hypersurface M in a Euclidean
space R**! the Gauss curvature never vanishes on M, then the second
fundamental form of M is definite everywhere on M and moreover M is
homeomorphic to a sphere.

On the other hand, since a Riemannian submanifold of positive curvature
has the Gauss curvature where never vanishes, it seems to be interesting
to investigate that for an n-dimensional compact Riemannian manifold of
positive curvature immersed isometrically in R**? whether the property
stated above in the hypersurface is valid or not. This problem was treated
by Bishop [2], Gallot-Meyer [6], Meyer [12] and Weinstein [15]. It
has been almost completely classified by Moore [14]. Moore proved that
if M is of positive curvature, then M is a homotopy sphere. This result
is generalized by Baldin and Mercuri [1] in the case of non-negative
curvature, which is stated as follows: If M is of non-negative curvature,
then M is either a homotopy sphere or diffeomorphic to a product of
two spheres.

The purpose of this paper is to verify the particular case of the result
due to Baldin and Mercuri from a different point of view. In the last
section we prove the following:

THEOREM. Let M be an n(=3)-dimensional compact connected and
oriented Riemannian manifold of non-negative curvature. If there is a
point x on M at whick all sectional curvatures are positive and if M is
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isometrically immersed in a Euclidean space R**2, then M is an integral
homological sphere.

2. Preliminaries

Let V and W be real vector spaces of finite dimensions » and p
respectively, and ¢ be a symmetric bilinear map of VXV into W,
Suppose n=2 and W has an inner product <, >, A vector # in V,=
V— {0} is said to be asymptotic if o(u, u) =0 holds. Define the associated
curvature form R, : 2V x A2V to R by

(2- l) R,(u/\v, W/\Z) =<O' (ua w)’ O'(‘U, 2)>—‘<0' (u: Z), 0(‘0, w)>

for any vectors u,v,w and z in V., The map R, is again symmetric and
hence the eigenvalues of R, are real. R, is said to be positive definite or
positive semi-definite according as all eigenvalues of R, are positive or
non-negative, respectively. A real valued map K, is next defined by

(2. 2) Ko‘ (u, U) =R, (“/\7)’ u/\v)

whenever #/A\v#0. The map K, is said fo be positive definite or positive
semi-definite according as K,(u,v) is positive or non-negative for linearly
independent vectors # and v in V,, respectively. Consider the following
conditions for the linear map:

(a) R, is positive semi-definite.

(b) K, is positive semi-definite.

(¢) There exists an orthonormal basis {&,;,, -, &2, for W in such a
way that the real valued function A, on VXV defined by hk.(v,v)=
{o(u,v), &, is non-negative for any index a=n+1, ---, n-+p.

LEMMA 2.1. (1) (@)—®). (@) (©—@®@). () In particular, if p=2,
the conditions above are all equivalent.

Proof. The assertion (1) is trivial. Suppose that the condition (c)
holds. By making use of the function %, for an orthonormal basis {£.},
an image of ¢ is given by o(x, v) =Yk, (4, v)&,. Then we have

Rl’ (u/\v, TD/\Z) =Z {hu (us w) ha ('U, 2) ”‘ha (us z) hw (‘U, 'ZU)} .

For a fixed index @, real valued function R, is given by

(2.3)  Ru(u/\v, w/A\z)=hi(u, w)ha(v, 2) —h.(, 2) he (v, w),
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and we have

@. 4 R¢=£?Ra

In order to prove that R, is positive semi-definite, it suffices to show that
all the map R, are positive semi-definite. For fixed index a, let {«,, ---,
u,} be an orthonormal basis for V which diagonalizes the function #,;
namely, A, (u;, u;)=40;;, Here and in the sequel, indices 7 and j run over
the range {1,2,,n} and an index a run over the range {n+1, -,
n+p}, unless otherwise stated. Then 2,>0 for all indices 7, because %,
is positive semi-definite. Since the inmer product (,)> of AV is by
definition

<u/\v) w/\z>=<u1 w><1), Z>_ <u’ 2><‘U, w>1
then the definition (2.3) of the function R, implies

R, (ui/N\u;, wan/\ty) = 2,250/ \uj, wa/\us).

It means that {u;/\#;: i<j} forms an orthonormal basis for 42V which
diagonalizes R, with eigenvalues 22; (20). So R, is positive semi-
definite.

In the case where p=2, it only remains to prove that the condition
(b) implies the condition (c¢). Suppose that the map K, is positive semi-
definite. Then for all pairs (#,v) of linearly independent vectors. we
have

(2.5) K, (u,v) ={o(u,u), o(v,v)>-llo(x,v)|*20,

where || || means the norm for the vector space W. Now there might
exist a non-asymptotic vector %, in V,. indeed, suppose that any vector
u in V, is asymptotic. Then %, (x, z) must be equal to zero, because of
ho(u,u) ={o(x,u), &) for any orthonormal basis {£&)} for W. If this
case can be regarded as the special one of positive semi-definiteness, then
it is nothing but the condition (¢). Choose an orientation for W, and
for fixed vector u, and any vector u# in V, let 6(x) denote an angle from
o (#o, #,) to o(u,u). 6(u) is defined only module 2z but it follows from
(2.5) that @ is a continuous function of V, into the closed interval
[—=/2, n/2]. For a unit sphere S of V centered with origin, the
restriction of @ to S is also continuous, so it must attain its maximum
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0, and minimum @, Again, taking the inequality (2.5) into account,
we get 0,—0,<n/2. Let §=(0,+0,)/2, 0,=0+=z/4 and §,=0—=/4, and
£(6) be a unit vector in W to which the direct angle from o (u,, u,) is
equal to 6. Then, by putting &.,,=£6(F,) and £,.,=£(0,), {Esi1, Enis)
is an orthonormal basis for W, and by choosing the angle 6, and 6, it
turns out that

92§02§0(“) §01§0_1

for any vector # in S. This implies that the angle between £(0(x)) and
g.(a=n+1, n+2) is less than or equal to /2 for any #in S, and sois
the angle between o(w, #) and &, because of a(x, #)=|lo(, «)||6(0(x)).
Thus the forms A, are both positive semi-definite. This concludes the
proof. .

For any ¢ in W, a symmetric transformation A, is defined by (A;x, v)
={o(u,v), &), Assume that p=2, and let {€,,,, &..»} be an orthonormal
basis for W, Put A,=A, and then A,=A,, for any unit vector £() =
COSf*Enyy +5iN0+ &,y Then it turns out that

(2. 6) . A0=COS a'A,,+1 +Sin 0'.A,,+z.

For the comparison property of the absolute value of detA the following
lemma is proved. This is essentially due to Chen [3].

LEMMA 2.2. Let W be a 2-dimensional vector space. If the associated
curvature form R, is positive semi-definite, then

|det A._,| <ldet 4,|, for all 8<[0, =/2].
In particular, if R, is positive definite, then
|det A,_,| <|det Ay|, for all 6=(0, =/2).

Proof. The first assertion will be only verified. By Lemma 2, 1 it turns
out that there exists an orthonormal basis {&.4;, &2 in such a way
that the function is positive semi-definite, namely {o(w, u), &,>=0 for
any vector # in V and any index «, This means that the symmetric
transformation A, is positive semi-definite. For this basis {£.;,, &.42} the
construction above of A, shows that A,=A,,, and A,,,=A.,..

Suppose that first A, and A,,, are both trivial transformations, that is,
they are both zero matrices in the matrix expression. Then the relation
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(2. 6) implies A,=0 for all #<[0, 2x], namely, ¢(u, v) =0 for any vectors
u and v in V, so ¢ vanishes everywhere on V. So det A,_,=det A,=0
for any 6 and the assertion is satisfied.

Next, suppose that either A, or else A,,; is a non-zero matrix. Since
the real valued function : §—det Ay, on [0, #/2] is a non-trivial real
analytic function of 4, its zeroes must be equal to the entire definition
domain [0, =/2] or it is discrete. Consider first the case where its zeroes
are equal to [0, 7/2]. Since there exists a vector u’ in V, such that
A’ =0 for any 6<(0, n/2), we get

Co(u' '), cos86:£,y,+8inb:E,,,0=0,

so that (o(u’,u’), &.)=0 for any a, because of {o(«’,u"), &)=0. Hence
{o(w',u'), &)=0 for any vector & in W, which implies that Au’=0 for
any vector «’ in V,. This means that det A,=0. Thus under the condition
that det A,=0 for any 6 in [0, /2], we get det A;=0 for any unit
vector & in W. This concludes the assertion.

Suppose next the set {0 : det A,=0} is discrete. A number 6, can be
picked in (0, 7/2) such that det A,,720. Because 4,, can be regarded
as a positive semi-definite symmetric » X n matrix, it is positive definite
and diagonalizable, and there exists an orthonormal basis {x,, ---, u,} for
V such that the matrix expression of A,, is

4
[ ‘\ ] =I(21a Tty 2»)
2

with all 2,>>0. Again any unit vector £(8) for 6=[0, n/2] can be
expressed as &(0) =c&(0,) +s&(x/2), where c=cosf/cosf, and s=sin
(0—8,) /cos 6,. Hence Ay=cA,,+3sA,, ,=cI(a,, -+, 4,) +5A:,.. For a unit
matrix I=I(l, -, 1) and a matrix F=I(1/ /7, -, 1/ V4),

I'Al =cI+sT' A, 1.

Since A,,, is a symmetric positive semi-definite matrix, so is the matrix
I'A.,,)I'. Accordingly there exists a regular nXz matrix P so that it
diagonalizes the last matrix, and then

I)_l (I,AoI,)P=cI+SI(ﬂ1) MY #b, 01 Ty 0)1
where all 4, >>0. By taking the determinant of both sides of this equation,
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one finds

det A,/ﬁ;l,-=j; (ctspp)c*

— (cos §) ,.-z.]i (cos 0+ p; sin.(0—B4)} / (cos B)™

The estimate of this equation being applied, the comparison of |det 4,]
with |det A, ,] can be complete. Since 2, 8, and g; are all constant for
this equation with respect to the variable #, it only remains to compare

(cos )™ "'IT {cos 0+ p;sin(6—8,) with (cos(z—8))™ ‘T]'{cos(n 6) +p;sin
(z—06— 00)} Namely, the absolute value of each factor in _'IT{cosﬁ-l— Ui

sin(6—6,)} might be considered. The claim will be proved, if the
following inequalities are valid:

—cos 0—psin(6—0,) cos(x—0) +psin(x—0—8,) <cosf+psin(@—6,).
The first inequality is trivial and for the second one it is reduced to
{cos @+ psin(@—8,)} — {cos(z—8) +psin(x—0—0,)}
==2 cos 6 (1 — g sin 6,).

Since the matrix cI+sI(gy, -, s, 0, -+, 0) is positive semi-definite, its
eigenvalues c+sp; are all of non-negative and so are cos @+ y;sin(8—6,)
for j=1, -,k Hence, as 8 tends to 0, we have

lim {cos @+ p; sin (0 —8,)} =1— p; sin 6, =0,
a0

which implies that the right inequality is valid. Thus the proof of Lemma
2.2 is complete.

3. Curvature Operator

In this section, the concept of the curvature operator in a Riemannian
manifold (M, g) will be introduced and the manifold structures of M
which are influenced by some conditions of the operator are investigated.
For a point z in M let R, be an associated curvature operator. A linear
map p,* of A2M, into A*M. * for any point x in M is defined by zAv—
R.(.,.,u,v) and by this duality an endomorphism p, of 42M.,* into itself
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is manufactured. It turns out that p, satisfies
(3. 1) Lp:(@*NAVY), w*N\2*))={p.*(/\v), w*/\2*))=R.(w,2,u,v)

for any vectors », v, w and z in M,, where «* denotes the dual form in
M.* associated with the vector u. The operator p, is called a curvaiure
operator at z. Since p. is the symmetric operator, each eigenvalue of it
is real. If all eigenvalues of p, are contained in the closed interval [2,
4], then one says iswp.<4, and if for any point z in M this property
is satisfied, then p(M) is said to satisfy the condition A=<p(M) =4,
where p(M) is a set which consists of all curvature operators at all
points in M,

Now, for an orthonormal basis {u,, ---,#,} of M, and its dual basis
{@', -, w*} for M/* relative to {«,, ---,u,}, the following equation is
given:

3.2) {p (N, N> =R(u;, u;, ws, u;) = —g (R(ui, up) i, u;),

from which

3.3 o (N, SN\ =K (ui, u;),

where K(u;, u;) means a sectional curvature of a plane section spanned
by the orthonormal vectors u; and #;. It follows that K(M) =20 if p(M)
=0. Under the pinching of the curvature operator p(}), the curvature
tensor R and the Ricci tensor S are also pinched as follows:

B.4) (08 —8udp) = —g (R(ws, u;)tep, wr) S A(8:8p—0udjr)
A (n"' 1) 5;,-§S(u:, u,) =4 (n—- 1) 5,';.

Thus, if 25p(M) <4 then 1<K(M) <4, Remark here that the converse
is not necessarilly true.

Now, it plays an important role to restrict with the manifold structures
of M that the curvature operator p(M) is pinched, This is first studied
by Yano and Bochner [16]. Suppose that 1<p(M)=4. Given any
p-form o in A?M*, we put

3.5) Flw=Xx 3 8GNl iy i)

4

1,0 dgy.a.t

—?_;1—_2 Y RG,j, kDG, j, i i)
t’j,fz,l LPYPP

(l)(k, ls i3s ot iP)
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then the function F(w) can be bounded from below. Namely, it follows
from (3.4) that

Flz{r—Da—-(-D4 ||

This implies F(w)>0 if i=4/2 and 2p<n-+1.

In order to generalize the theorem due to Yano and Bochper, the other
expression of the function F will be considered, by making use of the
curvature operature. Since components of any p—form @ in A2M* with
respect to the orthonormal basis {u,, ---, u,} for M, is given by «w(iy, -,
i), where {ohA\---Aw'?} (G, -, i, (1, -, n}) is an orthonormal basis
of A?M*, the p-form w is expressed as

o= o, - ipar/\Naob,
Prsvenyip

For a p-form @ at x we shall consider a family of exterior 2-forms
G, +++, i,)® corresponded to the p-form w, which is defined by

] ® . . . : :
(3- 6) (11, "t lp)"=’§ '}:1 0)(11, oty Baty Jhy LRl Y 1})“’“/\“)!"-
= J =
&

Moreover a family of scalars (i, ---,4,)?'® associated with the form o is

produced. The scalar is also defined by

(3- 7) (ils "y i’)aiu) =<p= (ils R iﬁ) ay (ils HRY i)) m>-
we have by (2.5)

(3.8) F(o)=A(w) —_1"2“_13(w),

where

A((D)=Z . Z A S(i,])ﬂ)(i, i2: Ty iﬁ)w(j: iZ; "ty il)

137 tzreenstp

B((t))= Z A Z . R(is j, k; l)(l)(i, j, iS: Ty i’)w(ks la i3! "ty i})

LI FLICIR PP
The following Lemma 3.1 and lemma 3.2 are due to Meyer [12].
LEWA 3. 1. F((l))=—%—{ Z . (ils ) iﬂ)a(“)
13svests

LEMMA 3.2. If w is an exterior p—form on M which does not vanishes
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at x for 1=pSn—1, then the associated 2-form is not equal to zero at x.
By making use of Lemmas 3.1 and 3.2, the following property is
varified.

LemMMA 3.3. Let M be an n-dimensional compact and oriented Riemannian
manifold. If all curvature operators satisfy p(M) =0 and if there exists
a point xy in M at which the curvature operator p,, is positive, then M is
a real homology sphere.

Proof. The hypothesis p(M) =20 implies that for a point x all eigenvalues
of the curvature operator p, are non-negative, so by (3.6) any exterior
p-form satisfies the condition:

(ils Tty iﬁ)':m -ZO

for any indices 7,, -+, i, in {1,2,---,n}. It follows from Lemma 3.1 that
F(w)=0 and the equality holds true if and only if all scalars (i, -+,
i,)* for any indices 7, ---, i, are equal to zero. It implies that in the
equation

(4o, 0) = || 7o || 2+Q(w),

where Q(w)=fuF(w)dVy, 4w is the Laplacian of w and yw is the
covariant derivative of w, the second term Q(w) of the right hand side
is non-negative. If the p~form o is harmonic, then Jw=0 and we obtain
that F(w) and peo vanish everywhere on M, Thus the p-form w is
parallel.

On the other hand, since the curvature operator p,, at the given point
z, is positive by means of the assumption, the scalar (7, -, i) " is
non-negative, and it is equal to zero if and only if the associated 2-form
of » vanishes at x,, However, since F(w) vanishes everywhere, Lemma
3.1 yields all scalars (7, ---,4,)0(w) are equal to zero for any indices
iy, **+, i, and therefore

(ila ttt ip) ”“=0.

It follows from Lemma 3.2 that the p-form o is equal to zero at the
point z,. Since o is parallel, the norm ||w|] vanishes everywhere on
M. Therefore, the theorem due to Hodge asserts H?(M, R) =0 for 0<
#<a. This completes the proof.

THEOREM 3.4, Let M be an n(=3)-dimensional compact and oriented
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Riemannian manifold where all sectional curvatures are greater than and
equal to a constant ¢, and M be an (n+2)-dimensional complete simply
connected Riemannian manifold of constant curvature ¢, If M is isometrically
immersed in M and if c>0 or ¢=0 and there ezists a point z, at which
all sectional curvatures are positive, then M is a real homology sphere.

Proof. Let f be an isometric immersion of M into M. For any point
z in M we shall denote f(z) in M by the same symbol « since there
is no danger of confusion and moreover since the computation is local.
Furthermore, a tangent vector u at x is identified with the tangent vector
df.(u). Thus the tangent space M, is a subspace of the tangent space
M, to the ambient space at z., Let N, be the orthogonal complement of
M, in M,, which is called the normal space to M at z, and o be the
second fundamental form of the immersion f. For the triple (M,, N, o.)
at each point x in M, algebraic preliminaries which are prepared for
in §2 can be applied. Let R, be the associated curvature form on M,
which is defined by (2.1) and K, be the real valued map on M,x M,
defined by (2.2). Then it follows from the Gauss equation for the theory
of submanifolds in a real space form that we have

R, (u/\v, w/A\z)=R(u, v, w,z)—c(u, w){v, z) —{u, 2){v, w))
for any vectors u, v, w and z in M,, and hence
Ky(“: ‘0) =R,(“/\'U, u/\'f)) = (K(u, 'l')) —C) ( ” u " z ” v ” 2. <“’ v>2)-

By the assumption of the theorem it means K, (u, v) 20. Thus, by taking
Lemma 2.1 the associated form R, satisfies R,=0. Hence, the curvature
operator p, at x satisfies p.=c, because its operator p, is given by
o (@* N\v*), w*A\2*)=R.(u,v,w,2). On the other hand, the assumption
shows that p(M)=Zc=0 and there exists a point z, at which p, 0. It
implies that theorem 3.4 can be applied. This concludes the proof.

4. Proof of Main theorem

This section is devoted to determining completely the %-th integral
homology group of M. Let M be an n-dimensional compact oriented
Riemannian manifold. For a given function 2 on M, a point z in M is
called a critical point of & if (dh).=0 and a critical form of % is said
to be non-degenerate if the hessian form of % is non-degenerate. In this
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case the dimension of maximal dimensional subspaces of the tangent space
M, on which the hessian form is negative definite is called the index of
the critical point x. Set

By (k) =the number of critical points of index % of 4,
Be(M)=Min{8:(h); h is a Morse function},

where a Morse function means a function on M with only non-degenerate
critical points,

For arbitrary field F, let 5,(M,F) be the rank of H*(M,F) as a
module over F, which is called a 2-th Betti number. If F is a field of
characteristic zero, these modules are vector space over F, so &,(M, F)
is the dimension of the vector space H*(M, F). Since M is compact and
oriented, by Poincaré duality theorem

bk(M F) =bn—k(M F)

On the other hand, it follows from Morse’s inequalities [13] that one
yields

@D b (M, F) SB (M) SAuCR),
1.2) L= Dibrs(M, F) S5 (~Dus(h).

Let M be now isometrically immersed in R¥ under the isometric
immersion f. Let B be the bundle of unit normal spheres over M, S¥!
be a unit sphere of R centered with origin, and G be a Gauss map of
B into S"!, A Gauss map is a map which assigns to each normal in B
a unit vector through the origin of RY parallel to the normal. But the
image of & under the Gauss map may be identified with itself. For any
& in S"! a height function 2 on M is defined by

he(z)=<f(z), &

where ¢, ) means a Euclidean product on RY,

On the other hand, for the isometric immersion f of M into RY and a
normal & in B, let A; be the symmetric transformation associated with
the second fundamental form on M induced by f. Then the total curva-

ture 7(M) of M immersed in R" by the isometric immersion f is defined
by
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43) D= f,RY =t [ |det 4,aV,
where dVp means the volume element of B and vol S¥! denotes the
volume of unit shere S¥! in RY, By means of the work of Chern and
Lashof [4, 5] the total curvature v (M) of M is the volume of the image
of B under the parallelism G. The critical point & of the map, that is,
the point where the functional determinant of the map is zero, is exactly
the point where the hessian of the height function %, is of rank <z It
is well known that z is a critical point of A, if and only if £ is normal
at z, and at a critical point the hessian of k; is the second fundamental
form of M in the direction & Expresses somewhat differently, the critical
point & of G is the normal to M where the height function %, has
degenerate critical points. By Sard’s theorem, their image on S¥! has
measure zero. Thus, for almost all unit normals & the height function A,
on M, with fixed & has only non-degenerate critical points, it is the
Morse function.

Choose a normal & in B with respect to which the height function #,
is a Morse function. Following Kuiper [9], the total curvature 7, of
index % is defined by

(4. 4) = [ (©dvs,

vol SN-1 J sn-1

where £,(€) =p:(k:). This can be regarded as the average number of
critical points of index 2. When the normal € is replaced by —§&, critical
points of index % change into critical points of index »—#% and it means

(4.5) Tnb=Th

Now, for the Morse function % it follows from (4.1) and (4.4) that
one yields b:(M, F) <g,(¢). By averaging this inequality over S"~!, the
following relation is obtained: &;(M, F) <7;. By Morse’s inequalities,

bl(M F) '—bo(M F) éﬂl(S) “130(5)-

Again, by integralizing this inequality, the following relation of the Betti
number to the total curvatures is given:

bl(M F) —‘bo(M F) ST1—To.
Hence 4,(M, F)<t,—7,+1, because M is connected. Since M is compact
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and oriented, the equation (4.5) and the Poincaré duality theorem imply
beei (M, F) 7y —1at+1,
which will give the following inequality:
(4.6) By(M F)+-+buy (M, F) Sty + -+ a1 —To—Tat2,

for any field F.

Since the image of the bundle B of unit normal spheres over M under
the map G is the same as the set of points & in S*!, each counted a
number of times equal to the number of critical points of the height
function k, on M, and since the total curvature is the volume of the
image of B, it follows from (4.3) and (4.4) that we obtain

T(M)=To+fl+"'+‘r,.

Let B, be the set of all unit normals & such that A, is definite and B,
be the set of all unit normal & such that A, is not definite. Then, by
the definition the total curvature (M) is reduced to

T(M)=‘_VN)I_JSNT1—(‘I‘B+Idet AeldVy‘l“fB.ldetA;IdVB).
and the meaning of the hessian of the height function implies

Tl+"‘+’l'g_1§ fB ldetAeldVB.

1
vol S
Combining together with some results obtained above, we have

WD ettt aS—ler (f |detA,|d Vs

——fhldetAeldVB).

For the remainder of this section we are concerned with the proof of
Main theorem. Given a point x in M, the tangent space M, and the
normal space N, with respect to the Euclidean scalar product in R**? can
be regarded as vector spaces V and W respectively, and as a symmetric
map of V into W the second fundamental form o, at x is considered.
For this triple {M,, N, o}, one can select an orthonormal basis {&.,,,
&n42) for W such that {o.(x,4), &)=0 for any index « and any vector
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# in M, and for this basis
|det A,_,] < |det A,) for <[00, =/2],
where A=A, £(0)=cosf-&,,,+sinb-&,,, Hence

f ldetA;IdVgéf |det A;|d Vs,
By By

because an eigenvalue of the transformation A, is non-negative for §&=
[0, n/2]. Since there exists a point x, at which all sectional curvatures
are positive by the assumption, we may suppose that all sectional curva-
tures are positive on a compact set C with positive measure, in which
the point x, is contained, because sectional curvatures are continuous on
M, Accordingly

|det A,,_ol < l det Aa] on C.

Thus we have

f ldet A|dVs< f |det A|dVs,
By B+

which is an inequality due to Chen [3]. Combining (4.6) and (4.7)
together with the above inequality, one obtains

(4.8) 0y (M, F) 4+ b, (M, F) <2,

for any field F.

First of all, under the hypothesis of Main theorem it will be shown
that M must be simply connected. Suppose that M is not simply connec-
ted. The fundamental group =,(M) contains a subgroup isomorphic to Z,
for some prime number p, Let (M, ) be a Riemannian covering of M
corresponding to this subgroup, where r is the covering projection. It is
easily seen that M is also compact and oriented over Z, and M satisfies
the same property for the curvature as that of M., Moreover the com-
position fox of the projection » with the isometric immersion f becomes
again an isometric immersion of M into R**2. For the Betti number
by (M, Z,)=dim H*(M,Z,), the Riemannian covering (M, =) gives b,(M,
Z,)=b,,(M,Z,)=1. Under this situation (M, fox, R**?) the inequality
(4.8) can be obtained, and these properties contradict each other. Thus
M is simply connected.
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Now, since Theorem 3. 4 means that M is a real homology sphere, we
need only show that M has no torsion. In general, the Z-th homology
group H*(M, K) over Z is expressed as

HYM,Z)=Z2&- - DZDZs'D- - DZu,
\—_b,k—_/

Then the torsion coefficient {£,/} satisfy the property: ¢,/|¢/*!, by means
of the Poincaré duality theorem and the universal coefficient theorem it
is easily seen that t;/=t, ;_,/ for any j=1, -+, ci=cu-s-;. On the other
hand, in this case the %k-th homology group H*(M, R) satisfies H*(M,
R)=R®D---®R (by-times). On the contrary, for a prime number p, it
is well known that the universal coefficient theorem implies again

H* (M Zp) =ZPEB X @Zp (bk + A+ Zk_l-times)

where 2; is the number of integers j such that p is a divisor of the
integer £,

By coming back to the proof and again by making use of Theorem
2.2, one finds

H*(M,R)=H"*(M,R)=0 for any k=1, -, n—1,

Hence, under this situation, b,=0 for any k=1, --, n—1. Now, suppose
that M contains torsions, that is, H*(M, Z) has the torsion part, then
there exists a prime p such that 1,>>0 and therefore

b (M Zp) =bps (M Zp) 21

If % is different from n—#%, then it contradicts to the inequality (4. 8)
accordingly k=n—k. Thus, if M is not a homology sphere over the
integers, it must be even dimensional, say »=2m, and all its torsions
must lic in H*(M, Z). Hence we get fu/=t, n_/=t._,’, because of n=
2m, which implies

torsion H"™(M, Z) =torsionH*'(M, Z).

Again, by Poincaré duality theorem, it contradicts to k=m. Thus we
bhave H*(M, Z)=0 for k=1, 2, ---,n—1. It finishes the proof of Main
theorem.
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