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Some new geometric structures on the tangent bundle

By V. OPROIU (Iasi)

Abstract. One obtains a K&hler Einstein structure on the tangent bundle of a
Riemannian manifold of constant negative sectional curvature. If the constant sectional
curvature is positive then a Kéhler Einstein structure is defined in a tube around zero
section in the tangent bundle. Moreover, the holomorphic sectional curvature of the
obtained Ké&hler Einstein structure is constant. Two special cases are also studied.

Introduction

It is well known that the tangent bundle TM of a Riemannian man-
ifold (M, g) can be organized as an almost Kéhlerian manifold (see [3], [10],
[9]) by using the splitting of the tangent bundle to T'M into the vertical and
horizontal distributions VI'M, HT M (the last one being defined by the
Levi Civita connection on M), the Sasaki metric and an almost complex
structure defined by the above splitting (see also [18], [19], [6]). However,
this structure is Kahler only in the case where the base manifold is locally
Euclidean. The Sasaki metric is not a “good” metric in the sense of [1] since
its Ricci curvature is not constant, i.e. the Sasaki metric is not, generally,
Einstein.

In this paper we shall present some interesting Kéahler structures de-
fined on the tangent bundle of a Riemannian manifold (M, g) of constant
sectional curvature obtained by adapting an idea of CALABI ([2], [1]) to
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define a hyperKahler structure on the cotangent bundle of a Kahler mani-
fold having constant positive holomorphic sectional curvature (the complex
projective space). The found structures are defined by functions on T'M,
depending explicitely on the energy density (kinetic energy) on 7'M, only.
In some cases, the obtained Ké&hler structures on T'M have some sup-
plimentary properties: are locally symmetric, have constant holomorphic
sectional curvature etc.

In [13] we have been interested in finding a Kéhler Einstein structure
on the tangent bundle of a space form. We have considered a Riemannian
metric G defined on the tangent bundle by using an M-tensor field on
T M obtained in the following way. Denote by 7 : TM — M the canonical
projection of the tangent bundle on the base manifold. Let y be the current
tangent vector of T'M, denote by

1, ., 1
t= §||y|! = §gr(y)(y,y)

the energy density in y and let g, € T M be the cotangent vector obtained
from y by the “musical” isomorphism between T'M and T™* M defined by g
(the “lowering” of indices). Then we may consider the following symmetric
M-tensor field of type (0,2) on TM

G=u(t) g + v(t) gy @ gy,

where g is thought of as an M-tensor field on T'M ([7]) and u, v : [0, 00)—R
are smooth real valued functions depending on ¢ only. We assume that the
values of u and u + 2tv are positive, assuring that G is positive definite.
Later on, we shall study the condititions under which these properties of
u, v are fulfilled. If we try to find the expressions of the functions u, v
in order to obtain an Einstein metric on T'M defined by using the M-
tensor field é, it is convenient to use an almost complex structure J on
TM, related to the considered metric, such that we shall obtain, in fact,
a Kéhler Einstein structure on TM in the case where (M, g) has constant
(negative) sectional curvature. As a matter of fact, we shall obtain the
existence of a Kéhler Einstein structure even in the case where (M, g) has
positive constant sectional curvature, but only in a tube around the zero
section in T'M (Theorem 4). The surprising fact was that we have obtained
on T'M a structure of Kahler manifold with constant holomorphic sectional
curvature (Theorem 5).
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However, during the computations, we had to exclude two important
cases which appeared, in a certain sense, as singular cases. One of them is
the case where the metric is obtained from a Lagrangian depending on the
density energy (in this case v is the derivative of u). The second special
case is the case where u = constant. We have studied, separately, the case
where u = 1, obtaining v = —c¢, where c is the constant sectional curvature
of the Riemannian manifold (M, ¢g). In this case the found Kahler Einstein
structure is locally symmetric.

There is also another singular case when u = At, A € R% . In this case
we obtain a Kéahler Einstein structure on a tube around zero section in the
tangent bundle of a Riemannian manifold of positive constant sectional
curvature.

The manifolds, tensor fields and geometric objects we consider in this
paper, are assumed to be differentiable of class C*° (i.e. smooth). We
use the computations in local coordinates in a fixed local chart, but many
results from this paper may be expressed in an invariant form. The well
known summation convention is used throughout this paper, the range for
the indices 4, j, k, [, h, s, r being always{1,...,n} (see [5], [4], [14], [15]).
We shall denote by T'(T'M) the module of smooth vector fields on T'M.

Acknowledgements. Some components of the curvature tensor field of
the considered Riemannian metric have quite complicate expressions. We
have used the Mathematica package RICCI for doing tensor calculations,
elaborated by J.M. LEE in order to work with such complicate expressions.
Thus, some of these expressions are not written down in this paper but it is
indicated how they can be obtained by using RICCI. The author is grateful
to Eng. VICTOR FECIORU from Brisbane, Australia, for helping him with
some advices, software and hardware, necessary in the computations made
by using RICCI.

1. An almost Kahler structure on the tangent bundle

Let (M, g) be a smooth n-dimensional Riemannian manifold and de-
note its tangent bundle by 7 : TM — M. Recall that T'M has a structure
of 2n-dimensional smooth manifold induced from the smooth manifold
structure of M. A local chart (U,¢) = (U,z!,...,2") on M induces a
local chart (r=1(U),®) = (r—1(U), 2, ..., 2™, y',...,y") on TM where
the local coordinates z¢, y*; i = 1,...,n are defined as follows. The first n
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local coordinates z* = z'or; i =1,...,n on TM are the local coordinates
in the local chart (U, ¢) of the base point of a tangent vector from 7=1(U).
The last n local coordinates y*; ¢ = 1,...,n are the vector space coordi-

nates of the same tangent vector, with respect to the natural local basis
in the corresponding tangent space, defined by the local chart (U, ¢).

This special structure of T'M allows us to introduce the notion of
M-tensor field on it (see [7]). An M-tensor field of type (p,q) on T'M is
defined by sets of functions

T;jj_‘j;j(x,y); 1y eeeyipy flyeeesdg=1,...,m,

assigned to any induced local chart (771(U),®) on TM, such that the
change rule is that of the components of a tensor field of type (p,q) on
the base manifold, when a change of local charts on the base manifold
is performed. The components y* of the tangent vector y define an M-
tensor field of type (1,0). Every usual tensor field on the base manifold
may be thought of as an M-tensor field on T'M, having the same type,
with the components in the induced local chart on T'M, equal to the local
coordinate components of the given tensor field in the chosen local chart on
the base manifold. The M-tensor field on the tangent bundle associated to
a covariant tensor field on the base manifold M may be thought of as the
pull back of the given tensor field by the smooth submersion 7 : TM— M.
E.g. the components g;; of the metric tensor field g define an M-tensor
field of type (0,2) on TM. The components go; = gr;%"* define an M-tensor
field of type (0,1) on T'M.

The tangent bundle TM of a Riemannian manifold (M,g) can be
organized as a Riemannian or a pseudo-Riemannian manifold in many
ways. The most known such structures are given by the Sasaki metric
on TM defined by g (see [18], [3]) and the complete lift type pseudo-
Riemannian metric defined by g (see [19], [20], [10], [11]). Recall that the
Levi Civita connection of g defines a direct sum decomposition

(1) TTM = VTM&HTM,

of the tangent bundle to T'M into the vertical distribution VI'M = Ker 7,
and the horizontal distribution HT'M defined by the Levi Civita connec-
tion V of g. The vector fields (8%17 e %) define a local frame field for
VTM and for HT'M we have the local frame field (%, R %), where

o 0 _ hi
Szt Ozt 0 gyh’

h h,k
io = Tiky
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and I'? (z) are the Christoffel symbols defined by the Riemannian metric g.

The distributions VI'M and HT M are isomorphic to each other and
it is possible to derive an almost complex structure on T'M which, together
with the Sasaki metric, determines a structure of almost Kéahlerian mani-
fold on TM (see [3]). Consider now the energy density (kinetic energy or
“forza viva”, according to the terminology used by Levi Civita)

1

1 1
(2) t=59i(2)y'y" = SllI* = 59-0)(v:v),

defined on TM by the Riemannian metric g of M, where g;; are the
components of g in the local chart (U, ). Let u,v : [0,00) — R be two
real smooth functions. We shall assume that u, u+2tv have positive values.
Then we may consider the following symmetric M-tensor field of type (0,2)
on T'M, defined by the components (see [16], [12])

(3) Gij = u(t)gij +v(t)goi 9oy

where go; = gniy". The matrix (G;;) is symmetric. Studying the prop-
erty of the quadratic form G;;z27 to be positive for all nonzero vectors
(2%,...,2™), we obtain the conditions u > 0, u + 2tv > 0. The inverse of
the matrix (Gij) has the entries

1
(4) Ik — Egkl T+ wyyl,

where g*! are the components of the inverse of the matrix (g;;) and

[

(5) w:w(t):—m.

The components H*!(z,y) are well defined and define a symmetric M-
tensor field of type (2,0) on TM. We shall use also the components
H;j(z,y) of a symmetric M-tensor field of type (0,2) obtained from the
components H*' by “lowering” the indices

1
(6) Hij = g H g1j = o 9id T W oigoj-

Throughout this paper we shall use also the following M-tensor fields
on T'M

GM = g"Gijg’" = ugh + vy*y, G = G gpr = Grng™

(7) . . . . 1 .
= udj, + v y'gor, Hi = H" gpy = Hypng"' = afszi +w Y gor-
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Remark that the matrix (H}) is the inverse of the matrix (G%).

The following Riemannian metric may be considered on T'M

where Vyi = dy’ + I[%yda’ is the absolute differential of y* with respect to
the Levi Civita connection V of g. Equivalently, we have

)
G(w&;) =G

o 0

., :Hi‘,
G(&ﬂ’@y]) ’

g 6 6 0
o 501) =0 (5 3) =

Remark that HT M, VI'M are orthogonal to each other with respect to
G but the Riemannian metrics induced from G on HT M, VI'M are not
isometric, so the considered metric G on T'M is no longer a metric of Sasaki
type. Remark also that the system of 1-forms (dz!, ..., dz", vyl,. .., Vy”)

defines a local frame of T*T M, dual to the local frame (5%, e 51%, 8%1,
o

T ayn

An almost complex structure J may be defined on TM by

) adapted to the direct sum decomposition (1).

o 0 0

¥ T TG Ty T

0

Sk’
Then we obtain obtain by a straightforward computation
Theorem 1. (T'M, G, J) is an almost Kahlerian manifold.
The associated 2-form € is given by

(10) Q = g;;Vy'Adx?

and it is closed since it does coincide with the 2-form associated to the
Sasaki metric on TM (see [3]).
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2. A Kahler structure on T'M

In this section we shall study the integrability of the almost complex
structure defined by J on TM. To do this we need the following well

known formulas for the brackets of the vector fields 6?Ji ) %;

0 0] [0 0]
oy’ dyi | oyt dad | T Y ayh’

5 6 , 0
Lsx (sx} = o gy

1=1,...,n

(11)

where Rgij = RZijyk and R}, ; are the local coordinate components of the
curvature tensor field of V on M.

Theorem 2. The almost complex structure J on T'M is integrable if
(M, g) has constant sectional curvature ¢ and the function v is given by

c—uu'
V=
2tu’ — u

(12)

Of course we have to study the conditions under which w + 2tv has
positive values. From the conditon

N;=0
it follows that the curvature tensor field of V must have the expression
(13) Rllj,ij = C(éz]'gghj - 5?%@')»

where ¢ is a constant and then we obtain the expression (12) of v. Next,
we obtain easily the expression of the function w

(14) w:w@:aﬁggﬁy

3. A Kihler Einstein structure on T M

In this section we shall study the property of (T'M, G) to be Einstein.
We shall find the expression of the Levi Civita connection V of the metric G
on T'M , then we shall find the expression of the curvature tensor field of V.
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Then, computing the corresponding traces we shall find the components
of the Ricci tensor field of V. Asking for the Ricci tensor field to be
proportional with the metric G we find a second order ordinary differential
equation which must be fulfilled by the function u. Fortunately, we have
been able to find the general solution of this differential equation. For a
special value of one of the integration constants we obtained the property
of G to be Einstein. At the same time we have been able to study the
conditions under which the functions w, u + 2tv have positive values.

Recall that the Levi Civita connection V on a Riemannian manifold
(M, g) is obtained from the formula

29(VxY, Z) = X(9(Y, 2)) + Y (9(X, 2)) - Z(9(X,Y))
—l—g([X, YLZ) —g([X, Z]7Y) - g([Y, ZLX); VX7Y7 ZEX(M)

and is characterized by the conditions
VG =0, T=0,

where T is the torsion tensor of V.

Theorem 3 [16]. The Levi Civita connection V of G has the following

expression in the local adapted frame (8iyl’ ce %, %, R %)
g ., 0 n 0
Vay aTJJ Qwayh’ W-aiyg Fwa h +sz5$h
(15)
5 46 5 g O n O
Vot sw ~ Diggh Vit ggr = Viiggn +S"j87’“

where the M-tensor fields Pg, 7 SZ are given by

1 /G, 1 9G;
h _ ik ! kh —gh _ h 2GH
Pl = 3 ( By +HilR0jk> H™, 555 = 9 <R0i7 oyk “ ) 7

oy* oy’ oy*
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Taking into account the expressions (3), (6) of G;; and H;; and by
using the formulas (12), (14), (5) we may obtain the following expressions

uv — ¢

!
h_ W ocp h
P = %5]‘902‘ + Tuzéi 9oj
(17)
(c+uw)w  , vw(uw —c) + vw(u'v — uv') h
—2791']'.@ + 9oigo;Y
v 2uv
h u o h
ij = _7(5j90i + 63 90;)
(18) ¢
v(u' + 2uw) (20w + uw’) A
_ngjy —nggoﬂl )
n C c+uv
Sij T 5900 — 9 9;' 9o;
(19) , ,
u'v no (v = 2uvw) A
+ 9ijy" + ———(5——90i90;Y -
\ 2uw 2uw

Remark that in the obtained formulas we have used the formula (5) in
order to replace the energy density ¢, such that it is not involved explicitly.
Of course, we can replace v, v/, w, w’ as functions of u, u’ u' and ¢ but
l]’ ZJ’ Sij 5

The curvature tensor field K of the connection V is deﬁned by the

we obtain much more complicated expressions for P

well known formula

K(X,Y)Z =VxVyZ—~VyVxZ—Vixy|Z, X,Y,Z € T(TM).

By using the local frame (52“ 8(Zi ), i =1,...,n we obtain, after a standard
straightforward computation

5 6\ 0 , 0 5 &\ 0 d
K (a:ccsx) gk = XX Kk 5 K <axax> oyt = XX Viki g n
o )\ ¢ b o a\ 0 9
K(—,—)—=YYX}),— K =YYV} —
(ayz’ aya> Sk R 5 <3y“ 6y1> dyk kij yh’
o 4\ o d o J\ 0 b
K(l—,—)—=YXX} — K —— =YXV} —
<8y“5m1>(5xk Fid oy <ay 5:ca)a Wid §ach
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where
( XXXI?ij = RZij + Pl}llcRéz'j + PI}ZLS;k: - ‘Pl]}S’fkﬂ
XXYkI;j = Rgij + Qﬁ:Rf)z‘j + Sﬁplij - Sghlplfm
0 0
YYXI?ij = Tyipjhk - aT/JPZILc + Pi,lLP;k - Pjiipilka
20 0 0
(20) VYY) = oy e — oy e+ QuQky — QNQk,
0
YXX,’;U = oy S]hk + Q?lsé‘k - S]hlpz‘lka
h 9 h pl h Al
Y XY, = @ij + Py Py — P Q-

Remark that, at a first step, the formulas for the expressions of K
contained also some other terms involving the Christoffel symbols Ffj.
However, after some standard computations, we have been able to show
that those other terms are zero.

Now we have to replace the expressions (17), (18), (19) of the M-
tensor fields PJy, Q7 S and the expressions (12), (14), (5) of the functions
v, w and of their derivatives in order to obtain the components from (20)
as functions of u, v/, u”, u®® only. The obtained expressions are quite
complicate and, at this stage, we decided to use the Mathematica package
RICCI in order to do the necessary tensor calculations. It has been useful
to consider ¢, t, u, v, w, v, v, w, v, v", w”, and u® as constants,
the tangent vector y as a first order tensor, the components G;;, H;; as
second order tensors and so on, on the tangent bundle to the Riemannian
manifold M, the associated indices being h, ¢, j, k, I, r, s. It was not
convenient to think of w, v, w as functions of ¢ since RICCI did not make
some useful factorizations after the command TensorSimplify.

The components of the Ricci tensor field of the connection V, defined
as Ric(Y, Z) = trace (X — K(X,Y)Z), X,Y,Z € T'(T'M) are obtained as
follows

o 0

N |
Hie (W’ 3yj> = RicYYjr =YYV = YXV,
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(0 ¢ _ o 0
e (5 528) = (i ) =

The expressions of Ric X Xz, Ric Y'Y}, are quite complicate. In order
to present a summary description of these expressions we introduce the
function

(21) a = n(u—2tu')(2cu — 2ctu’ — v?u') + 2(2ct — u?) (tur” + un’ — tu'?).
Then

Ric X X, = B gjk + alt,u, w0, u®)gosgon

a
2(u — 2tu/

RicYYj;, = )ngk + Bt w0 u® ) gos gor,

a
2u? (u — 2tu’

where «, 3 are rational expressions in ¢, u, u/, v, u(®.
To study the conditions under which (7'M, G) is Einstein, we consider
the differences

Diff X X5 = Ric X X5 —
Diff YYj;, = Ric YY), —

Then we obtain

1
2u?(u — 2tu’)*

— 82 tuu + dculu’ + 16220 u’? + detuu? — 6uSu’?

Diff X X5, = n(u? — 2ct)(2tu’ — u)(u?u” — 2tu’® + 2uu'?)
— 24283 un”® — 8ct?uPu’? 4+ 10tu®u’® + 16240/ — 42wt
— 2422030 + 20ctuu’ — 4uTu" + 16283 w0 v —AtuSu'u
_ 160t3u3 2 w! + 8t2u5 2 uw' — 32¢ 754 2 //2 + 320t3 4 //2

— 8t2uSu"? — 823 uPu® + 8ct?uPu® — 2tuu®

+ 162t 20/ u® — 16ct?uu/u® + 4t2u6u/u(3)}gojgok,

1
2u?(u? — 2¢t)(u — 2tu’)?

Diff YY), = n(u? — 2ct)(2tu’ — u)
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x (u?u” — 2tu’® + 2uu'?) + devu’ — Sctu®u'® — 6utu’?
+ 12ct?uu’® + 10tuu’® — 8ct®u/* — 4t?u®u/* + 12ctuu”
_ 4u5u”—80t2u2u'u” 4tu4 T + 8t2u3 2 "—I—lGCtS 2 //2

78t2 4 H2+4Ct2 3 (3) 72tu5u(3)

— 8ct*u®u'u® + 4t?uu'u® | go gok-

Our task is to find a positive function w(t) such that Diff XX, =
Diff YYj, = 0. It was hopeless to try to find directly a general common
solution of the system of third order ordinary differential equations ob-
tained by imposing the conditions Dift X X;;, = Diff YY;, = 0. However,
it is quite obvious that the function u = constant is a solution of the ob-
tained system. The case where v = 1 has been discussed by the author in
[12] and will be presented later on. The obtained Kéhler Einstein structure
on T'M in the case where ¢ < 0 or on a tube around the zero section in T'"M
in the case where ¢ > 0 is even locally symmetric. Another case which can
be considered is that where u? = 2ct. Remark that, in this case we have
also u—2tu’ = 0. It is a singular case and it has been studied separately by
the author and N. PAPAGHIUC in [16]. It will be presented later. Remark
that the obtained Kéahler is neither Einstein nor locally symmetric.

If we try to find another function u for which Diff X X ;= Diff Y'Y}, =0
and which does not depend on the dimension n of M, then we have to find
the positive solutions of the second order differential equation

(22) w?u — 2tu” + 2uu’? = 0.

Remark that if u is a solution of this equation then —u is a solution
too.

We succeeded to find the general solution of the equation (22), then we
studied the conditions under which the symmetric matrix (G;) is positive,
obtaining the following cases

1. ¢ <0, A >0 and we have

(23) u=A+ VA2 2ct >0, v=0, <A—40t—\/A2—2ct>>0, t>0.

A
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2. ¢>0, A >0 and we have

2

1 4ct A
(24) u=A% VA2 2t v=g; (A—j T \/A2—2ct), 0<t< .
c
The solution u = A — v/ A% — 2¢t has the property «(0) = 0 and it should
be excluded. However this solution can be studied as a singular case.
Remark that we may have v > 0, v < 0 but the matrix (Gj;) is still
positive since, for z,y € TM, 7(z) = 7(y) = v € M, we have

Glaa(z,2) = u|z||> +vly, 2)® > ||2]]*(u + 2tv),

where ||2]|? = g.(2,2), 2t = g.(y,y) = ||y||>. Hence it is enough to have
u+ 2tv > 0.
Hence, we may state our main result

Theorem 4. 1. Assume that (M, g) has constant negative sectional
curvature ¢ and let A > 0. Then (TM,G,J), with u, v given by (23) is a
Kahler Einstein manifold.

2. Assume that (M, g) has constant positive sectional curvature ¢ and
let A > 0. Then the tube around the zero section in T M, defined by the

condition
2

gyl Yyt =2t < -

has a structure of Kahler Einstein manifold, if the functions u, v are given
by (24).

Remark. The case ¢ = 0 is not considered since (M, g) is flat and we
obtain just the flat Kahler structure on T'M defined in [3].

4. The holomorphic sectional curvature of (TM,G, J)

In this section we shall obtain the components of the curvature tensor
field K of V in the case where u,v are given by (23), with ¢ < 0, A > 0.
Similar computations may be done in the remaining cases. Replacing in
the formulas (20) P, @, S with their expressions (17), (18), (19), where u,
u',u”, u® v, 0 0" w, w', w” are computed by using (23), we obtain the
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following quite simple expressions of the components (of course, we have
used RICCI to do the corresponding tensor calculations)

C C
XXXﬁij:ﬂ(chij — 0'Gir), XXY,;;jzﬂ(gjkG? — gikGY),

C C
YYX,i‘ij:ﬂ(gijf‘ — gikH]’?), YYYk’;j:ﬂ(a?ij - 5;?Hik),

(25) h C ch h h
YXinj:ﬂ(éi Gk + 9i G5 + 29i;Gy),
C

YXYk’;j: — ﬂ((sguqik + g HI 4 2g;, H).

\

Recall that a Kéhler manifold (M, g, J) has holomorphic constant sectional
curvature k if its curvature tensor field R is given by

R(X,Y)Z = Z{g(Y, 2DX—g(X,2)Y+g(JY, Z)JX
(26) — g(JX,2)JY +29(X,JY)JZ}, X,Y,Z € x(M).

Comparing the expressions (25) of the components of K with those
obtained from (26), when we take M — T'M, g — G and for the vector
fields X, Y, Z involved in (28) we take the elements of the local frame
(%, 8%7;), i=1,...,n, we obtain a quite interesting result

Theorem 5. If A >0, ¢ <0 and (TM, G, J) has the Kéahler Einstein
structure defined by the expression (23) of w and v, then (T'M,G,J) is a
complex space form with negative constant holomorphic sectional curva-

2c
ture =

Similar results are obtained in the cases where u, v are given by (24).
The components of the Ricci tensor field Ric of V are

(n+1)c
A

Ric XY, = RicY X, = 0,

(n+1)c

Ric X X5 = 1

ij, ]RICYV}/]]C = ij7

thus
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Remark. The equation (22) has also the singular solution u = At,
A > 0, which is not a particular solution from (23) or (24). We have
u(0) = 0. This solution has been studied in [17]. The result is that the
tube (TYM, G, J) is a locally symmetric Kihler Einstein manifold, in the
case where (M, g) is a space form with ¢ > 0, where TQM = {y € TM,
0<t< 2}

5. The case where u = 1

In this section we shall study separately the case where u = constant.
In fact, we shall take u = 1.

Theorem 6. Ifu = 1, then the almost complex structure J on T'M is
integrable if and only if (M, g) has constant sectional curvature ¢ and we
have

(27) v=—c.

If ¢ < 0 we obtain a Kéahler Einstein structure on whole T M. In the
case where the constant c is positive we have a Kahler structure in the
tube around the zero section in T'M defined by

1
2 t< —.
(28) <2

Then the components G;;, H;; of the M-tensor fields on T'M, defining
the Riemannian metric G are given by

C
1 — 9t 90i90;5 -

(29) Gij =gij — ¢ goigoj, Hij =gij +
From the expression of Gj; it follows that the symmetric matrix (G;;)
is positive if ¢ < 0 and from the expression of H;; it follows that we have
a Kahler structure even when ¢ > 0 but only in the region of T'M where
9ijy'y’ =2t < 4.
The Levi Civita connection of the metric G may be obtained easily.
Theorem 7. The Levi Civita connection V of the Kahler manifold
(TM,G,J) is given by the formulas

o ., 0 d ., 0 L6
I A A T LT
v, _plt g, 0 n 0

oyt oxd Y exh’ 57 03 Uexh - TU gy’



276 V. Oproiu

where the M -tensor fields PZ»’]?, ?j, Sihj are given by

) 2
h h C h h
Fij = =e0i g0 = 75 90i90y" = —ego HT

(31) h h c? h h
i = C9isy" + T g 90i90y" = ey Hij,

\ SZ, = 05?901' - ngmgo]*yh = chiG;-‘.

If K is the curvature tensor field of the connection V, then we obtain
by a straightforward computation

5 5\ o , X 5
K <<sxaz> 5ar = ¢ (0 Gar = 0 Gie) 5o

5 5\ 0 )
K <5x“ M) Tyk = C(gjkG? _gikG?) Tyh?

o 9\ o 5
K (8yi’8yj> Sk :C(gijih —gikHJh) 5ok’

(32)

o 9\ 0 . . B
o (&yi’ Gyj) ayr — ¢ O i = 0/ Ha) 5 5.

o 5\ 6 .
K (ay(ng)axk <9 Gk g1

o 5\ 0 )0

Byl 0w ) ayk itk Goh

Finally, we obtain the Ricci tensor field of V, defined as Ric(Y, Z) =
trace(X — K(X,Y)Z), X,Y,Z e I'(TM). 1t follows

NEE TR
Ric (M 5;5) = enGyr, Ric (ay 8y> = endlie

. (0 ¢
e (5 5) =

It follows that Ric =cn G.
By using the the expression (32) of K, we computed its the covariant
derivatives with respect to the connection V, by using the vector fields %

(33)

and 8%}” and and we obtained that in all twelve cases the result is zero.
Thus we may state
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Theorem 8. If (M, g) has constant negative sectional curvature and
the components of the metric G are given by (29) then (T'M, G) is a locally
symmetric space. If (M, g) has constant positive sectional curvature and
the components of the metric G are given by (29) then the tube around
the zero section in TM defined by the condition (28), endowed with the
metric G, is a locally symmetric Riemannian manifold.

Remark. Tt is well known that an irreducible locally symmetric Rie-
mannian manifold is automatically Einstein, thus our result Ric = ¢ n
G is a consequence of the Theorem 8. However, it seemed to us that it
is simpler to compute the traces of K in order to obtain Ric than to to
compute the components of VK.

6. The case where v = u’

In this section we shall present the results obtained by the author and
N. PAPAGHIUC in [16] in the case where v = u/.

First of all we obtained the following integrability condition for the
almost complex structure J on T'M.

Theorem 9. The almost complex structure J on T M is integrable
if and only if (M, g) has positive constant sectional curvature ¢ and the
function u(t) satisfies the ordinary differential equation

(34) 2t(u')? = c.

The general solution of the differential equation (34) may be obtained
easily. Since we look for a solution u defined for ¢ > 0, for which u > 0,
u’ > 0, we may take

1
At

Remark that the functions u, u’, w are smooth only on the nonzero tangent
vectors of M. Hence we obtain, in fact, a Kéhler structure only on the
manifold Ty M =the bundle of nonzero tangent vectors to M.

In order to obtain the expression of the Levi Civita connection V on
T M, determined by the metric G we shall introduce, for convenience, the
following M-tensor fields on Ty M

(35) u = 2%, u=v2ct, w =

1 k . k
(36) @ij = Gij = 5p90i90j; @i = 0; — 5790y
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Remark that we have
j k k
a0 = ag; = ai;y’ =0, a;; = a;grj = a; ay;.

Then we obtain

c 1
Gij = V2ctgi; + 4 57 90i 90j =V 2ct (aij + t90i90j> ;
1 1 1 1
37 H;; = ij — i90; = —F— | ai; + —9goi0; | ,
(37) = 5% T maa 9 T ( i+ 490 goj>
H* = k BGI = V2cetg?t 4 (| —yiyE
RV QCtg 4t/ 2ct tg Qty 4

Theorem 10. The Levi Civita connection of the Kéahler manifold
(ToM, G, J) is given by

0 1 1 d
Vo—= 07 — o+ 909" | =,
BT oy’ ( 47 4tgoj g2 90i903Y > oyh

o ., 0 1 1 1 N\ 6
ey = Mg+ (o + ol — g’ ) 5
0 1 1 )
—1h h
_F”Biyh <4ta”y +4t6190]> 5z h
5 1 1, 1 6
Vi 5 (Mwy oo — gt ) 535
1 1 )
= 4tamy +4t5].901 Sk’
o _rn 9 h sh 9
Vs, S0l Fij&jh — c(giy" + 05 goj)Tyh‘

Then the expression of the operator J is given by

J% (V 2ct8; + gOzy ) 0
T \ 2t AyF
)

Ja—<_15k+ 1 k)
dy Vot a0V ) sak

and it can be checked easily that VJ = 0.
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The expression of the curvature tensor field K of the Levi Civita
connection V on Ty M is obtained easily by a straightforward computation.

Theorem 11. The local coordinate expression of the curvature tensor
field K of the Kéhler manifold (ToM, G, J) is given in the adapted local
o 5
frame (87“ so7) by
g o0\o0 1 0 o o0\ 1 0
K(-Z, 2 )2 =gk @ k(L ) o gh
<8y“8y3>8yk 4t~ kI gyh’ <ByZ ’6y3>5a:k 4t R g
o o0\ 0 1 ) o 0\ ¢ c 0
Ki. - | == h"i K T, | T —— =< h"i
(38) <8y“ 5m3> oyk 4t Skij dah’ <8yZ7 51:J> dzk 2Sk” oy’
6 9 J ¢ 0 ) 0 ¢ 0
K2, 2 )2 =Ckh k(2,2 ) L =Ckh O
\ <5:1:l’ 5:cﬂ> oyt 27 K gyh” <5x“ 61:3) Sk 27 M gy

where we have denoted

h 1

1 1
Kl}clij = c {Rkij - EQOkRgij + glkRéi]’yh} = a?ajk - a?aik

2t

and

1
(40) Spi; = 9ik0) + gjrol + ﬁgowo]‘gozcyh

1
~ 57 [90:95kY" + 909k " + G0iok 3} + Go;90x0; ]

h h
= a; ajx + a; Qi -

From the above formulas, we get by a straightforward computation
that the local coordinate expression of the Ricci tensor S(Y,Z) =
trace(X — K(X,Y)Z) in the local frame adapted to the direct sum de-
composition (1) is given by

(g0 2\ _ 1 1 1
83/"’83/? - 2% Gij 2t90190] - 2taz]7

b 0 1
(41) ) e W) =-cC |:gij - %QOZHOJ} = —Cij,
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Comparing the obtained expressions with the expressions (37) of the
components of G we obtain

Proposition 12. The Kahlerian manifold (ToM, G, J) cannot be an
Einstein manifold.

From the expression (38) of K it follows also

Proposition 13. The Kahlerian manifold (TyM,G,J) cannot have
constant holomorphic sectional curvature.

Finally, by computing the covariant derivative of K with respect to V,
we obtain

Proposition 14. The Kahlerian manifold (TyM, G, J) cannot be lo-
cally symmetric.
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