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INTRODUCTION

The immersions of a Riemannian n—manifold M into a Euclidean space have a
great research field almost in all branches of mathematics and physics and has been
extensively studied. Gauss map x is one of the special type of these. In general, it
assigns to a point p of M the n-plane through the origin of EV and parallel to the
tangent plane of x (M) at x (p) and is a map of M into the Grassmann manifold
Gpn = O(N)/O(n) x O(N —n). According to Obata [1], the Gauss map of an
immersion x into SV is meant a map of M into the Grassmann manifold G, 1,n+1
which assigns to each point p of M the great n— sphere tangent to x (M) at = (p), or
the (n 4+ 1) — plane spanned by the tangent space of = (M) at z (p) and the normal
to SN at x (p) in EN*TL. More generally, with an immersion x of M into a simply
connected complete 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 — @, where @ stands for the space of all
the totally geodesic n— subspaces in V.

The purpose of his paper; first to obtain a relationship among the Ricci form
of the immersed manifold and the second and third fundamental forms of the im-
mersion, and then to give a geometric interpretation of the third fundamental form
in this case by using the notion of Gauss map. Also he showed that the Gauss
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map associated with a minimal immersion is conformal if and only if the manifold
is Einsteinian.

On the other hand, the geometry of Hessian manifold is new and fruitful area
for scientists because of having close analogy with Kaehlerian manifolds, affine dif-
ferential geometry and statistics.[3 — 7] Inspite of its importance a little is known
about its geometric structures.

In the present work, first we give the basic notations for Hessian manifolds then
construct the Gauss map of Hessian manifolds in a classical point of view. Also giving
the relations between Kaehlerian and Hessian structures we obtain new results in
terms of Kozsul forms|2].

1. HESSIAN STRUCTURES |[3]

Definition 1.1. A Riemannian metric g on a flat manifold (M, D) is called a
Hessian metric if g can be locally expressed by

g = Ddyp
that is
%
95 = Qgids
where {1:1, ,1:”} is an affine coordiante system withrespect to D. Then the pair

(D, g) is called a Hessian structure on M, and ¢ is said to be a potential of (D, g).
A manifold M with a Hessian structure (D, g) is called a Hessian manifold and is
denoted by (M, D, g).

A Riemannian metric on a flat manifold is a Hessian metric if it can be locally
expressed by the Hessian with respect to an affine coordinate system. On the other
hand, a Riemannian metric on a complex manifold is said to be Kaehlerian metric
if it can be locally given by the complex Hessian with respect to a holomorphic
coordinate system.

The tangent bundle over a Hessian manifold admits a Kaehlerian metric induced
by the Hessian metric.

Definition 1.2. A Riemannian metric g on a complexr manifold is said to be a
Hermitian metric if

9ij =gi; =0

We denote the Hermitian metric by
g= Z gﬁdzidzj.
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Definition 1.3. A Hermitian metric g on a complex manifold (M, J) is said
to be Kaehlerian metric if g can be locally expressed by the complexr Hessian of a
function @

0%
95=———=
Y 021020
where {zl, ...,z”} is a holomorphic coordinate system. The pair (J,g) is called a

Kaehlerian structure on M. A complex manifold M with a Kaehlerian structure
(J,g) is said to be a Kaehlerian manifold and is denoted by (M, J,g).

Proposition 1.1. Let g be a Hermitian metric on a complex manifold M. Then
the following conditions are equivalent

(1) g is Kaehlerian metric

(2) The Kaehlerian form p is closed.

Let us introduce the Kaehlerian form for (J, g) .

Definition 1.4. For a Hermitian metric g we set
p(X7Y) = g(JX7Y)

Then the skew-symmetric bilinear form p is called a Kaehlerian form for (J,g) and
using a holomorphic coordiante system we have

p= v —1 Zggdzz AN dfj

Proposition 1.2. Let (M, D) be a flat manifold and g a Riemannian metric on
M. Then the following conditions are equivalent

(1) g is a Hessian metric on (M, D).

(2) g7 is a Kaehlerian metric on (TM,Jp) .

2. HESSIAN CURVATURE TENSORS

Definition 2.1. Let (D,g) be a Hessian structure and let v = V — D be the
difference tensor between the Levi-Civita connection V for g and D. a tensor field
Q of type (1,3) defined by the covariant differential

Q:D'y

of v is said to be the Hessian curvature tensor for (D, g).The components szl of @
with respect to an affine coordinate system {331, ,a:”} are given by

i 873’ l

M= Pk 3]
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Proposition 2.1. Let g;j = 857'8503 Then we have

(1) 7 o4 L grs ou p 83
Jkl 2 0z 0z Ok Ozl 2 Azt0xk o™ aaﬂdxlazs :

( ) Qz]kl Qk]zl - Qzlk] - Q]zlk [ ]

Proposition 2.2. Let R be the Riemannian curvature tensor for g. Then

Rijr = 5 (Qijr — Qjirt) - [3] -

N

Proposition 2.3. Let RT be the Riemannian curvature tensor on the Kaehlerian
manifold (TM, J, gT) . Then we have

1
ngz = §Ql]kl o, [3] .

3.HESSIAN SECTIONAL CURVATURE

Definition 3.1. Let QQ be a Hessian curvature tensor on a Hessian manifold
(M, D, g). We define an endomorphism @Q on the space of symmetric contravariant
tensor fields of degree 2 by

Q ()" = Qifel.

The endomorphism @ is symmetric with respect to the inner prouct (,) induced
by the Hessian metric g. In fact, by Proposition 2.1 we have

<@ (f) 77]> = <£7 @(U)% [3] .

Definition 3.2. Let &, # 0 be a symmetric contravariant tensor field of degree
2. We put

(Q(€,) . Ex)
(€ e)

and call it the Hessian sectional curvature for &, [3].

q(&;) =

Definition 3.3. If q(&,) is a constant ¢ for all symmetric contravariant tensor
field €, # 0 of degree 2 and for all x € M, then (M, D, g) is said to be a Hessian
manifold of constant Hessian sectional curvature c, [3] .
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Proposition 3.1. The Hessian sectional curvature of (M, D, g) is a constant c

if and only if
c
Qijkl = 3 (9ij91 + gugk;) - [3] -

Proposition 3.2. The following condition (1) and (2) are equivalent
(1) The Hessian sectional curvature of (M, D, g) is a constant c.
(2) The holomorphic sectional curvature of (TM, J, gT) is a constant —c, [3].

Corollary 3.1. Suppose that a Hessian manifold (M, D, g) is a space of constant
Hessian sectional curvature c. Then the Riemannian manifold (M, g) is a space form
of constant sectional curvature —.[3].

Now let us consider a Hessian domain (2, D, g = Ddyp) in R™ of constant Hessian
sectional curvature c as indicated [3].

Proposition 3.3. The following Hessian domains are examples of spaces of
constant Hessian sectional curvature 0.

(1) Euclidean space (R", D,g=Dd (1/2 > ($Z)2>) .
i=1

(2) (]R", D,g = Dd (é ex>> .

Proposition 3.4. Let ¢ be positive real number and let
an > < ”z_:l (x’)z }
2 i=1 7
and let v be a smooth function on ) defined by
-1
w= —élog {x” — ;”Z (551)2} .

Then (Q, D, g= D2<p) is a simply connected Hessian manifold of positive constant
Hessian sectional curvature c.

Q= {(wl, ,x") e R"”

Hence the following theorem can be proved as a consequence of the properties
above.

It is really surprising that (£2,g) is isometric to hyperbolic space form
(H (—g) ,g) of constant sectional curvature —c/4;

H = {(617“'7677471’5”) eR" ’én >0}7

g = (51) {Z (d&")* + % <ds">2}.

i=1
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Proposition 3.5. Let ¢ be a smooth function on R™ defined by
og [ Yoo 1
=—=1lo e
2 P 2 5

where c is a negative constant. Then (R”, 15, g = 1524,0) 18 a simply connected Hes-

sian manifold of negative constant Hessian sectional curvature c. The Riemannian

n+1
manifold (R™, g) is isometric a domain of the sphere 5?4 = —% defined by €4 > 0
for all A.[3].

From now on let V' denote one of the following simply-connected complete Hes-
sian manifold of dimension N.

According to the fact that the tangent bundle over a Hessian manifold admits
a Kaehlerian metric and using Proposition 1.2. |, the bundle F' (V) on V can be
identified one of the following due to the type of V.

i) The complex Euclidean space CV, (¢ = 0),

i1) The complex hyperbolic space HY (C), (—c < 0),

iii) The complex projective space PV (C), (—c > 0).

The bundle F' (V') of the orthonormal frames V' can be identified with the group
G (n) as follows according to the type of V'

i) The unitary group U (N + 1),

i1) The special unitary group SU(1, N),

i7i) The projective unitary group PU (N + 1),[8],[9],[10].

Let F' (V) be a complex N— dimensional Kaehlerian manifold with complex
structure J. We can choose a local field of orthonormal frames ey,...,en,e] =
Jei,...,ey = Jey in F (V) with respect to the frame field of F' (V') chosen above,

let wl,...,w™, w'™, ..., w™*. be the field of dual frames .

=1

Let w = (w;) 1,7 =1,...,2N be the connection form of M. Then we have

*

a__ . .a" a __ a a __ b a _ .b
U)b = ’LUb* y wb* = —’LUb y wb = —Wg,, ’LUb* = W,

where a,b =1, ..., N. We denote by 2 = (Q;) the curvature form and write

1 ko
k,l

We set
1 ) 1 )
ga = i(ea_lea*) fﬁzi(ea_lea*)a
07 = w4 w® , 07 = w® — jw*
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Then {¢,} form a complex basis of T)lgo (F (V)) and {&z} form a complex basis
of T)lgo (F (V). Then Kaehlerian metric g7 is given by

YT,
a
Moreover we set
07 = wi+iwd ;o 0E = wp —dwy
v 0 iy w0
Then we obtain
g =~ erng , ¢4 =0 (1)
oy = —ZH§A0§+\II§ , a :ZKgcagc/\gE
c,d
1 .
KI?CE = 5 [Rgcd + Rg*c*d* +1 (Rgcd* - Rg*cd)] .

We know that F' (V') is constant holomorphic sectional curvature ¢ if and only if
c
KI()ICE - Z (5ac(5bd + 5ab5cd)
or

v =2 (07 A 0"+ 6wy 07N 07) (2)

[11].

Let M be a Hessian manifold isometrically immersed into the space V by a
mapping x : M — V, F (M) denote the bundle M and B the set of elements b =
(p,e1,....,en, €}, ...,ex) that b = (pei,..,en,e€},....es) € F(M) and
(z(p),e1,...,en, €}, ....,en) € F (V) where e;,ef ;1 < i < N are identified with
dzx (e;) .

Then ® : B — M can be viewed as a principal bundle U (n) x U (N —n) and 7 :
B — F(V) = G(N) is the natural immersion defined by
z(b) = (z(p),e1,....en, €}, ...,en)

We know take a complex coordinate system { PANIN z”} in M. We set

Zazazav Za:Za:aZa’
We extend a Hermitian metric g to a complex symmetric bilinear form in TS (M) .
We put

a=1,...,n

gAB = g(ZA,ZB) AvB = 17"'7N7T7 N
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Then we have
9ab = Ggp = 0
and g 7 is a Hermitian matrix.
We write
ds?® = 2Zga5dz“d7b
a,b

for the metric g.
Let wj and w® be the 1-forms on B induced form ¢ and 6 by the map z. Then
we have

w, =0 (3)
and the Hessian metric ds? on M is given by
ds* = Z (w;)?
i
where from now on we agree on the following ranges of indices

1<4,5,k 1, ... <n, n+1<nrs,t,...<N

Furthermore from (2) we obtain

Wir = ZArijwj; Arij = Arji~

J

dw; = ij A Wijs.
J

c
dwij = Z Wik N\ Wi — Zwir N Wjp — sz AN w;
T
The curvature forms €2;; of M can be written as

1
Qi = §ZKijklwk N,
kel
We obtain
&

Kiji = ~1 (0ikdj1 — 6udjk) — Z (ArinArji — AvitArjic) - (4)

r

Obviously Kjjx; give the components of the curvature tensor of M.
*

At a point b = (p,e1,...,en, €]}, ...,€}) in B by forming the form

9 Cn

1T = g Wir Wiy = § Apijwiwjiy.,

7‘717‘7
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We know that I is independent of the choice of the point to over p and is a normal
vector valued quadratic differential form on M. II is called second fundamental
form of the immersion  where vanishing defines a totally geodesic immersion. The

normal vector
N=> II(eje;) =) Are,

A= A,

is independent of the frame and is called the mean curvature vector of the immersion
x. If N vanishes identically then z is said to be minimal. Let X = > X,e, be a
normal vector of x (M) at x (p). Then the quadratic differential form defined by

where

Iy = (I1,X) = Y Ay Xpwiw

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 ATATijwiwj

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

If the form Iy is proportional to the Hessian metric ds? on M, that is, if

IIN :pd82 :priwi

the immersion is said to be pseudo-umbilical. Here we have
1 1
==Y A2=—|N|?.
p= A= I

Then considering the quadratic differential form

U = Z Kjkijk

called the Ricci form of M, where we have put

Kj, = 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)

C
Kjp=—-(n-1) 15]% — Z ArikArji + Z Ar Ak,
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and hence

U= (n— 1)§Zwiwi 5" (wir)? + Iy (5)

We shall next consider the meaning of the term 3 (wg)? .
2,7

4. THE GAUSS MAP

Let us denote the set of all the totally geodesic n— spaces in V' with @. Then
F (V) acts on @ transitively. Take a point in @. The isotropy subgroup at p is
identified with G (n) x U (N —n) where G (n) is viewed as acting on the totally
geodesic n— space V| representing the point p in @ and U (N — n) on the totally
geodesic (N — n) — space orthogonal to Vj at the point of intersection which is kept.
Therefore @ is identified with a homogeneous space

Q=F(V)/Gn)xU(N —n)

By using Maurer-Cartan forms 6} of F' (V) we introduce a quadratic differential
form d 3% on Q :

In the case F (V) = HP" , d3.% is the standart pseudo-Hessian metric with
respect to which @ is a pseudo-Hessian symmetric space.

In the case F (V) = P* , d$? coincides with the quadratic differential form
induced from the standart Hessian metric on G, y by the projection.

Taking the immersion x : M — V we associate the (generalized) Gauss map f :
M — @ where f (p), p € M is totally geodesic n—space tangent to x (M) and z (p)
and consider the following scheme

B F F(V)=G(N)
R |
M f Q=F(V)/G(n)xU(N—n)

where 7 is the natural projection and F' is the natural identification of a frame in B
with an element of F' (V).

The quadratic differential form I induced from d 22 on @ by the Gauss map
f is written as

I = fd> " 2= (wi)” = AjArppwjwy (6)

The Gauss map is a constant map if and only if 171 vanishes identically i.e w;, =0
and therefore if and only if the immersion x is totally geodesic.
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Considering (5) and (6) together we obtain

(n—1)c

U —JTIy+1II=— 1

ds> (7)

and then we get the following

Theorem 4.1. Suppose that a Hessian manifold M is isometrically immersed
into a simply-connected complete space of constant curvature —%. Then the relation
(7) holds among Ricci form ¥ on M, the second fundamental form IIy in the di-
rection of the mean curvature vector, and the third fundamental form of I11 of the

immersion.

Supposing M is Einsteinian and then form (7) I1y is proportional to ds? if and
only if 111 is. Thus we obtain

Theorem 4.2. Let x be an isometric immersion of an Finstein space into a V.
Then x is pseudo-umbilical if and only if Gauss map is conformal.

Definition 4.1. Let v be the volume element of g. We define a closed 1-form «

and a symmetric bilinear form 3 by

Dxv = «a(z)v
ﬂ = Da.

The forms o and 3 are called the first and the second Kozsul form for a Hessian
structure (D, g) , respectively, [3].
Proposition 4.1. We have

_ Oo;  19%logdet[gr] .
59w~ 2 owow @~ Qi

B

By this fact we can easily see the relationship between Hessian curvature tensor
and second Kozsul form, [3].

Definition 4.2. If a Hessian structure (D, g) satisfies the condition

B=re, A=
n

then the Hessian structure is said to be Einstein-Hessian, [3].

Taking into account of Theorem 4.2 with Definition 4.2. We conclude the fol-
lowing
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Corollary 4.1. If the second Kozsul form of a Hessian manifold holds the
relation ( D
n+1l)c
=t
and x be an isometric immersion of W into V. Then x is a pseudo-umbilical if and
only if Gauss map is conformal.

Corollary 4.2. If the Hessian sectional curvature of (M, D, g) is a constant c,
then the Hessian structure (D, g) is Einstein-Hessian and

(n+1)c

b=

g.

Proof. The above assertion follows from Proposition 4.1. and Proposition 3.1.

Corollary 4.3. If the second Kozsul form of a Hessian manifold holds the
relation ( N
n+1)c
p=t
and x be an isometric immersion of W into V. Then x is pseudo-umbilical if and
only if Gauss map is conformal.

Suppose that Iy is proportional to ds?. Then VU is proportional to ds? if and
only if ITT is. In particular if 1y vanishes identically, ¥ is proportional to ds? if
and only if 11 is. In this case if dim > 2 the proportional factor of ¥ is constant
and the same holds for I71. Hence we get the following theorems.

Theorem 4.3. Let x be a pseudo-umbilical immersion of a Hessian manifold
M into a V. Then the Gauss map is conformal if and only if the second Kozsul
form of M holds the relation 3 = Wg. In the case dim M > 2, the Gauss map

18 ho(mot)hetic if and only if the second Kozsul form of M holds the same relation
,8 _ n—gl cg.

Theorem 4.4. Let x be an isometric immersion of a Hessian manifold into a
V. Then x is psel)tdo—umbilz'cal if and only if the second Kozsul form of M holds the
n+1)c

relation B = (Tg.
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