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0. Introduction

With an immersion x of a Riemannian n-manifold M into a Euclidean N-
space EV there is associated the Gauss map, which assigns to a point p of
M the n-plane through the origin of E¥ and parallel to the tangent plane of
x(M) at x(p), and is a map of M into the Grassmann manifold G, y=
O(N)/O(n) x O(N — n).

An isometric immersion of M into a Euclidean N-sphere S¥ can be viewed
as one into a Euclidean (N + 1)-space E¥+!| and therefore the Gauss map
associated with such an immersion can be determined in the ordinary sense.
However, for the Gauss map to reflect the properties of the immersion into
a sphere, instead of into the Euclidean space, it seems desirable to modify
the definition of the Gauss map appropriately. To this end we consider the
set Q of all the great n-spheres in S¥, which is naturally identified with the
Grassmann manifold of (n 4 1)-planes through the center of S¥ in E¥*!,
since such (n + 1)-planes determine unique great n-spheres and conversely.

In this paper by the Gauss map of an immersion x into S¥ is meant a map
of M into the Grassmann manifold G,,,, ., which assigns to each point p of
M the great n-sphere tangent to x(M) at x(p), or the (n + 1)-plane spanned
by the tangent space of x(M) at x(p) and the normal to SV at x(p) in E¥*.

More generally, with an immersion x of M into a simply-connected com-
plete N-space V of constant curvature there is associated a map which assigns
to each point p of M the totally geodesic n-subspace tangent to x(M) at x(p).
Such a map is called the (generalized) Gauss map. Thus the Gauss map in
our generalized sense is a map: M — Q, where Q stands for the space of all
the totally geodesic n-subspaces in V.

The purpose of the present paper will be first to obtain a relationship among
the Ricci form of the immersed manifold and the second and third fundamen-
tal forms of the immersion, and then to give a geometric interpretation of the
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third fundamental form in this case by using the notion of the Gauss map.
As a result, we will be able to consider the case where these three forms are
proportional to the original Riemannian metric.

By a result of Mostow [3] that every compact homogeneous space can be
equivariantly immersed into a certain sphere, we can show that if the isotropy
subgroup is irreducible the immersion is pseudo-umbilical and the Gauss map
is conformal. More strongly such a homogeneous space can be minimally
immersed into a certain sphere by results of Hsiang [2] and Takahashi [5],
and the Gauss map associated with such minimal immersion is shown to be
homothetic, the latter being a generalization of a result of Chern [1] that a
minimal surface in a Euclidean space has the anti-holomorphic Gauss map.
Indeed, we shall show that the Gauss map associated with a minimal immer-
sion is conformal if and only if the manifold is Einsteinian. If the dimension
of the manifold is greater than 2, then ‘“conformal” turns out to be
“homothetic”.

Obviously one can expect to generalize our method to pseudo-Riemannian
manifolds with arbitrary signature of metric.

1. Preliminaries [6]

Throughout this paper let ¥V denote one of the following simply-connected
complete Riemannian manifold of dimension N:

() An N-sphere SV of radius a (or of curvature 1/4%).

(i) A Euclidean N-space EV.

(iii) A hyperbolic N-space H" of curvature —1/a?.

The bundle F(V) of the orthonormal frames on ¥ can be identified with the
group G(N) which is one of the following according as the type of V':
(i) The orthogonal group O(N + 1).

(ii) The group E(N) of the Euclidean motions of E?.

@iii) The group O(1, N) of inhomogeneous Lorentz transformations on H".
In fact, fixing a point p° in ¥ and an orthonormal frame b° = (p°, €3, - - -, %)
at p°, there is one and only one transformation g in G(N) which sends b°
into a frame b = (p, e, ---, ey) at a point p in ¥, and the correspondence
b < g is the desired identification. The isotropy subgroup at p° is O(N) in
any case, and obviously V is the homogeneous space G(V)/O(N).

Let 6,5 be the Maurer-Cartan forms on G(N), where from now on we
agree on the following ranges of indices:

0<A4,B,C,..- <N; 1<, pv,---<N.
Then 6,5 satisfy the following algebraic relations :

0p=0, &by, +6,=0, 6+6.,=0,
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where from now on ¢ takes the value:
1if GWN)=OWN +1), V=57,
e = 0if GWN) = E(N), V =E~,
. —1 if GIN) =0(1,N), V = H¥V,

845 also satisfy the structure equations :
(1) d0m=§04c/\0cs-
On putting
6, = ab,, ,
the Riemannian metric dg* on V is given by
de® = le @y,
and (1) becomes

d0,= Zﬁp/\opz’
3

(2) €
dazp = Z 02v /\awﬂ - Eaz /\0#,

which are the structure equations on V. Denoting by 6,, the curvature forms
on V, from (2) we have

91# = —%03 N 0# .
a

Let M be a Riemannian n-manifold isometrically immersed into the space
V by a mapping x: M — V, F(M) denote the bundle of frames on M, and B
be the set of elements b = (p, e, ---, ey) such that (p, e, ---, e,) e F(M)
and (x(p), e,, - - -, ex) € F(V), where e;, 1 < i < n, are identified with dx(e;).
Then ¢:B—M can be viewed as a principal bundle with the fibre
OWN) X O(N —n), and %: B — F(V) = G(N) is the natural immersion defined
by X(b) = (x(p), €y, - - -, ew).

Let w,, w,, be the 1-forms on B induced from 6,, §,, by the map X. Then
we have

(3) 0, =0,
and the Riemannian metric ds® on M is given by

ds’ = 2 (@,
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where from now on we agree on the following ranges of indices:
1<i,j,k, .- <n; n+1<r,s,t--- <N,
Furthermore, from (2) we obtain
Wiy = ; A0, Auy=A.,
do; = ‘]z;'wj/\wﬁ,

dwij=%wtk/\wkj—Zwir/\wjr—%wi/\wj-
The curvature forms £2,; of M can then be written as
2i5 = dwy; — ; Wix N\ Ok = —%wi N w;— 2 0 N\ 0.
By expressing £2;; as a 2-form of w,:
1
Qi == L Kjjuor A\ o,
2 it
we obtain
(4) Kijkl = —%(511:511 - 5:‘151‘1:) - Z (ArikArjl — ArizArjk) .

Obviously K, give the components of the curvature tensor of M.
At a point b = (p, e, - - -, ey) in B by forming the form

Il = ¥ w0, = 3, A, ;0,05 ,
i,r 7.i.§

we know that /] is independent of the choice of the point b over p and is a
normal-vector-valued quadratic differential form on M. II is called the second
fundamental form of the immersion x, whose vanishing defines a totally

geodesic immersion. The normal vector

N = 3 e, e) = 5 A,

where 4, = 3 4., is independent of the choice of the frame and is called

1
the mean curvature vector of the immersion x. If N vanishes identically,

then x is said to be minimal.

Let X = J X,e, be a normal vector of x(M) at x(p). Then the quadratic

differential form defined by
Iy =L, X> =3 A,;X,00;,
700 J
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is called the second fundamental form of the immersion x in the direction X.
Since N is uniquely determined by the immersion, the form

IIN = Z .A,.A.,ij(l)i(l)j

L4X 1Y)

has a special meaning related to the immersion x. It is easy to see that
II; =0 if and only if N = 0. Thus the immersion is minimal if and only if
11 vanishes identically.

If the form Il is proportional to the Riemannian metric ds* on M, that
is, if

IIN=Pd52=PZ.wi(0i,

then due to Otsuki [4] the immersion is said to be pseudo-umbilical. 1f this
is the case we have

Let us consider the quadratic differential form
W = Z K k@0
Jrk
called the Ricci form of M, where we have put
K ik = Z Kijki .

The Ricci form is independent of the choice of the frame and therefore is a
quadratic differential form on M. We have, from (4),

—1
Kjk = €n 5jk - Z Arichrji + Z ArArjlc ’

a2

and hence

(5) ¥ ="l S ow— 3 @) + .

We shall next consider the meaning of the term P (wir)*.

UT

2. The Gauss map

Let Q be the set of all the totally geodesic n-spaces in V. Then the group
G(N) acts on Q transitively. Take a point p in Q. Then the isotropy sub-
group at p is identified with G(n) X O(N — n), where G(n) is viewed as acting
on the totally geodesic n-space V, representing the point p in Q and O(N — n)
on the totally geodesic (N — n)-space orthogonal to ¥, at the point of inter-
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section which is kept fixed. Therefore Q is identified with a homogeneous
space

0 = GN)/G(n) x ON — 1) .

By using the Maurer-Cartan forms 6,5 of G(N) we introduce a quadratic
differential form d2* on Q:

di* = ¥ (6,) + X (6..),

which is obviously invariant under the action of G(N).

In the case G(N) = O(N + 1), Q is the Grassmann manifold G, ., y,, of
the (n + 1)-spaces through the origin in the Euclidean (N + 1)-space and
d2* is the standard Riemannian metric on it with respect to which Q is a
Riemannian symmetric space.

In the case G(N) = O(1, N), d3* is the standard pseudo-Riemannian metric
with respect to which Q is a pseudo-Riemannian symmetric space.

In the case G(N) = E(N), d3* is obviously degenerate. However, if we
consider the natural projection of Q onto the Grassman manifold G, y, by
identifying the parallel planes, d3? coincides with the quadratic differential
form induced from the standard Riemannian metric on G, y by the projection.

With an immersion x: M — ¥V we associate the (generalized) Gauss map
f: M — Q, where f(p), peM, is totally geodesic n-space tangent to x(M) at
x(p), and consider the following diagram :

F
B — F(V) = G(N)

o,
M — Q = G(N)/|G(n) x O(N — n),
where r is the natural projection and F is the natural identification of a frame
in B with an element of G(N) mentioned in §1.
The quadratic differential form I induced from d3? on Q by the Gauss
map f is written as

(6) 11 = f*dZ"" = Z (wir)z = Z ArijAr{kijk )
rod, ok

since wy, = w, = 0 by (3). III is called the third fundamental form of x.
The Gauss map is a constant map if and only if III vanishes identically,

i.e. w;, = O and therefore if and only if the immersion x is totally geodesic.
Combining (5) and (6), we obtain

n—1

2

(7) T Iy + 1 = ds?

and therefore
Theorem 1. Suppose that a Riemannian n-manifold M is isometrically
immersed into a simply-connected complete space of constant curvature ¢/a’.
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Then the relation (7) holds among the Ricci form ¥ on M, the second funda-
mental form Il in the direction of the mean curvature vector, and the third
fundamental form III of the immersion.

Suppose that M is Einsteinian. Then from (7) Il is proportional to ds® if
and only if 711 is. Thus we obtain

Theorem 2. Let x be an isometric immersion of an Einstein space into a
V. Then x is pseudo-umbilical if and only if the Gauss map is conformal.

Suppose that IIy is proportional to ds>. Then ¥ is proportional to ds® if
and only if 7II is. In particular, if II vanishes identically, ¥ is proportional
to ds® if and only if II7 is. In this case if furthermore dim M > 2, then the
proportional factor of ¥ is constant and the same holds for 7II. Hence

Theorem 3. Let x be a pseudo-umbilical immersion of a Riemannian
manifold M into a V. Then the Gauss map is conformal if and only if M is
Einsteinian. In the case dim M > 2, the Gauss map is homothetic if and only
if M is Einsteinian.

In a similar way, we have

Theorem 4. Let x be an isometric immersion of a Riemannian manifold
M into a V. Then x is pseudo-umbilical if and only if M is Einsteinian,

By a result of Mostow [3], every compact homogeneous space G/H can
be equivariantly imbedded in a certain Euclidean sphere. If the isotropy
subgroup H is irreducible on the tangent space, then we may naturally assume
that the imbedding is isometric, and ¥, IIy and III are proportional to the
Riemannian metric with constant factors, since they are all invariant by G.

Theorem 5. An equivariant imbedding of a compact homogeneous space
with irreducible isotropy subgroup into a Euclidean sphere is pseudo-umbilical
and the Gauss map is homothetic.

By results of Hsiang [2] and Takahashi [5] such a space can be minimally
immersed into a certain Euclidean sphere. In this case the Gauss map is
obviously homothetic.
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