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On an Einstein structure
on the tangent bundle of a space form

By N. PAPAGHIUC (lasi)

Abstract. It is studied the existence of an Einstein structure on the tangent
bundle of a space form, endowed with a certain Riemannian metric G which is no
longer a metric of Sasaki type. It is obtained that, if (M, g) is an n-dimensional space
form, then (T'M, G) is an Einstein manifold if and only if n = 2 and the almost Kaehler
structure naturally defined on T'M, is a Kaehler structure (see [15]). Moreover, the
obtained Einstein manifold (7'M, G) is Ricci flat.

Introduction

It is known (see [2], [7], [18]) that the tangent bundle TM of an n-
dimensional Riemannian manifold (M, g) can be organized as an almost
Kaehlerian manifold by using the Sasaki metric and an almost complex
structure defined by the splitting of the tangent bundle to T'M into the
vertical and horizontal distributions VT'M, HT' M (the last one being de-
termined by the Levi Civita connection on M) (see also [16], [17]). How-
ever, this structure is Kaehler only in the case where the base manifold is
locally Euclidean.

In [14] V. OpPRrOIU and the present author, inspired by an idea of CA-
LABI (see [1]) to define a hyper-Kaehler structure on the cotangent bundle
of a Kaehler manifold of positive constant holomorphic sectional curvature,
have considered a Lagrangian on a Riemannian manifold (M, g), defined by
a real valued smooth function depending on the energy density only. They
have shown that the nonlinear connection defined by the Euler—Lagrange
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equations associated to the considered Lagrangian does coincide with the
nonlinear connection defined by the Levi Civita connection of g and have
obtained a Riemannian metric G and an almost complex structure J, de-
fined on T'M, such that (TM,J,G) is an almost Kaehler manifold (like
in the case of the Sasaki metric). Further, if (M, g) has positive constant
curvature, then there exists a Lagrangian defined on the bundle of nonzero
tangent vectors Ty M, such that (ToM, J,G) is Kaehlerian. Remark that
(ToM, J,G) cannot be an Einstein manifold.

In [11], V. OPROLIU is interested in finding a Kaehler Einstein structure
on the tangent bundle of a space form. In this purpose, he has changed
the metric G on the tangent bundle (so that it is no longer obtained from
a Lagrangian) in the following way. Let ¢ be the energy density defined
on T'M by the Riemannian metric g on M:

1 i
t=59i()y'y’.
Then V. Oproiu considers the symmetric M-tensor field of type (0,2)

on T'M defined by the components

Gij = u(t) gij + v(t) goigojs

where go; = griy* and u, v : [0,00) — R are smooth real valued functions
depending on ¢ only such that w(t) > 0,u(t) + 2tv(t) > 0 for all t €

[0,00). The matrix (G;;) is symmetric and positive definite and has the

inverse with the entries H* = %gkl — y', where ¢g* are the

k
u(u+v2tv) Y
components of the inverse of the matrix (g;;). Next, V. Oproiu considers

the Riemannian metric G on TM defined by
é = @”d:c’dxj + I:IiijiVyj,

where ﬁij = g;, H gi1j and Vyi = dy' + F;Odwj is the absolute differential
of 4" with respect to the Levi Civita connection V of ¢g. He defines also
an almost complex structure J on T'M, related to the considered metric G
and determines the expressions for the functions u, v in order to obtain a
Kaehler Einstein structure on T'M. He obtains in fact, a Kaehler Einstein
structure on T'M with constant holomorphic sectional curvature in the
case where (M, g) has constant (negative) sectional curvature.
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Remark that in [11], the author excludes three important cases which
appeared, in a certain sense, as singular cases. One of them is the case
where the metric on T'M is obtained from a regular Lagrangian depending
on the energy density (in this case v(t) is the derivative of u(t)). This
case has been studied by V. OPROIU and the present author in [14]. The
second special case is the case where u(t) = 1, obtaining v = —¢, where ¢ is
the constant sectional curvature of the Riemannian manifold (M, g). This
case has been studied by V. OPROIU in [10] and he obtains that in this
case the found Kaehler Einstein structure on T'M is locally symmetric.

In [15] we have studied the third singular case which appeared in [11],
namely, the case where u(t) is a smooth real valued function such that
u(t) > 0 for all t € [0,00) and v(t) = 0. We have obtained a Kaehler
structure on the tangent bundle T'M if and only if (M, g) has positive
constant sectional curvature ¢ and the function u(t) is given by u(t) =
V2ct + A, where A is an arbitrary positive real constant. This Kaehler
structure is Ricci flat if n = 2 but, generally, it is not an Einstein structure.

The purpose of the present paper is to obtain the necessary and suf-
ficient conditions in order to the Riemannian manifold (7'M, G) to be an
Finstein manifold, where G is defined as in above third singular case. The
main result is given by: If (M,g) is a space form, then (T'M,G) is an
Einstein manifold if and only if n = 2, M has positive sectional curva-
ture ¢ and the function wu(t) is defined by u(t) = v/2ct + A, where A is an
arbitrary positive real constant, i.e., if and only if n = 2 and the almost
Kaehler manifold (7'M, J, G) is a Kaehler manifold, where the almost com-
plex structure J, related to the considered metric G, is naturally defined
on TM. Moreover, in this case, the Einstein manifold (T'M, G) is Ricci
flat. Similar results are also obtained for some tubes in 7'M defined in the
situations ¢ < 0, A > 0 and respectively ¢ > 0, A < 0.

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 14,7, k,1, h,s,r being always{1,...,n} (see [4], [3], [12], [13]).
We shall denote by I'(T'M) the module of smooth vector fields on T'M.
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1. A Kaehler structure on the tangent bundle

Let (M, g) be a smooth n-dimensional Riemannian manifold, n > 1,
and denote its tangent bundle by 7 : TM— M. Recall that TM 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 in-
duces a local chart (7= 1(U),®) = (r—1(U),2',..., 2", y',...,y") on TM
where the local coordinates 2%, y; i = 1,...,n are defined as follows. The
first n local coordinates =’ = z'or; i =1,...,n on T M are the local coor-
dinates in the local chart (U, ) of the base point of a tangent vector from
771(U). The last n local coordinates y%;i = 1,...,n are the vector space
coordinates 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 TM allows us to introduce the notion of
M-tensor field on it (see [5]). An M-tensor field of type (p,q) on TM is
defined by sets of functions

i1 . o .
Ty 0@, y); dnssipy s g =1,..00m

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. Remark that any M-tensor field on 7'M may be thought of as
an ordinary tensor field 7" with the expression

T itin 0

=T 5y Rdr® - - - @dxla.

Oy'r

Remark also that any ordinary tensor field on the base manifold may be
thought of as an M-tensor field on T'M, having the same type and 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. In the case of a covariant tensor field on the base
manifold M the corresponding M-tensor field on the tangent bundle T'M
may be thought of as the pullback of the initial tensor field defined on the
base manifold, by the smooth submersion 7 : TM— 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
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on TM defined by g (see [16], [2]) and the complete lift type pseudo-
Riemannian metric defined by ¢ (see [17], [18], [8], [9]). Recall that the
Levi Civita connection V of g defines a direct sum decomposition

(1) TITM =VTM®HTM

of the tangent bundle to T'M into the vertical distribution VI'M = Ker 7,
and the horizontal distribution HT'M. The vector fields (8%1, cey %)
define a local frame field for VI'M and for HT'M we have the local frame
field (52r,..., 55 ) where

J = 0 _Th 9 .
dxt Oxt 0 gyh’

h h,k
Lio = Tiky

and I'? (z) are the Christoffel symbols defined by the Riemannian metric g.
The distributions VI'M and HT M are isomorphic each other and it is
possible to derive an almost complex structure on 7'M which, together with
the Sasaki metric, determines a structure of almost Kaehlerian manifold
on TM (see [2]).
Consider now the energy density:

(2) t= s g (@)yy®

2
defined on T'M by the Riemannian metric g of M, where g;; are the
components of g in the local chart (U,¢). Let uw : [0,00) — R be a
real smooth function such that u(t) > 0 for all ¢ € [0,00). Then we
may consider the following symmetric M-tensor field of type (0,2) on TM,
defined by the components (see [15]):

Gij = ’U,(t)gij.

The matrix (Gj;) is symmetric and positive definite and has the inverse

with the entries
Gkl — l Kl

g,
u

where gF! are the componets of the inverse of the matrix (g;;). The com-
ponents G*¥!(z, y) define a symmetric M-tensor field of type (2,0) on T'M.
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We shall use also the components H;;(x,y) of a symmetric M-tensor field
of type (0,2) on T'M defined by the components:

1
Hij = giG*g; = Jii-

The following Riemannian metric may be considered on T'M:
(3) G = Gijdiﬁzdﬂfj -+ Hiij’VyJ = ugijdm’dazj + fgiij’VyJ,
U

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

6 6 o d\ 1
¢ (5m5) = 6 (55) = uo

g 4 b 0
o 501) =0 (5 3) =

Remark that HT'M, V'I'M are orthogonal each other with respect to G but
the Riemannian metrics induced from G on HT'M, VT M are not the same,
so the considered metric G on T'M is no longer a metric of Sasaki type. Re-
mark also that the system of 1-forms (dx!,. .., dz", Vyl,..., Vy”) defines
a local frame of T*T M, dual to the local frame (%, R E
adapted to the direct sum decomposition (1).

An almost complex structure J may be defined on T'M by:

5 _ 2 9 15
(5:):i_u

T )
> §z™ 0 Dyl By

) oy’ oyt u(t) ozt

In [15] we obtain the following results:
Theorem 1. (T'M, J,G) is an almost Kaehlerian manifold.

Theorem 2. The almost complex structure J on T'M is integrable if
and only if the base manifold (M,g) has constant sectional curvature c
and the function u(t) satisfies the ordinary differential equation

(5) uu’ = c.
From (5) it follows
(6) u(t) = V2t + A,

where A is an arbitrary real constant.
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Theorem 3. Assume that (M, g) has positive constant sectional cur-
vature ¢ and the function u(t) is given by (6) where A > 0. Then we
have:

(a) (T'M, J,G) is a Kaehlerian manifold.

(b) Ifn # 2, then the Kaehlerian manifold (T M, J,G) cannot be an Ein-
stein manifold and cannot have constant holomorphic sectional cur-
vature.

(c) If n =2, then the Kaehlerian manifold (T'M, J,G) is Ricci flat.

In the case when (M, g) has negative constant sectional curvature ¢
and the function u(t) is given by (6) where A > 0, we denote by T3 M the
tube around the zero section in T'M defined by the conditions:

0<t< A
- 2¢

Also, in the case when (M, g) has positive constant sectional curvature ¢
and the function u(t) is given by (6) where A < 0, we denote by T M the
tube in T'M defined by the condition:

t > A
2¢’

Then, we may state

Theorem 4. (a) Assume that (M, g) has negative constant sectional
curvature ¢ and the function u(t) is given by (6) where A > 0. Then
(Th'M, J,G) has a structure of Kaehler manifold.

(b) Assume that (M, g) has positive constant sectional curvature c
and the function u(t) is given by (6) where A < 0. Then (T5M, J,G) has
a structure of Kaehler manifold.

2. The existence of an Einstein structure on (T'M, G)

In this section we shall study the necessary and sufficient conditions
in order to the Riemannian manifold (7'M, G) to be an Einstein manifold,
assuming that (M, g) is a space form. To do this we need the following well

known formulas for the brackets of the vector fields 6iyi’ %; i=1,...,n:

o 0 o 9 0 ) 0
(7) [ay“ ayi] 0; [83/2’ (5;1:3} oy’ [530” (5$]:| Roij oyh’



356 N. Papaghiuc

where Rgij = RZijyk and R’,;‘ij are the local coordinate components of the
curvature tensor ﬁeld of V on M. Also, we shall denote 56 = (5;yj =y

and Ri‘oj = Rzk y

In the follovvmg we determine the Levi Civita connection V of the
Riemannian metric G on T M, where G is defined by (3). Recall that the
Levi Civita connection V on the Riemannian manifold (7'M, i) is obtained
from the formula

2G(VxY, Z) = X(G(Y, 2)) + Y(G(X, Z)) — Z(G(X,Y))
+G(X,Y],2) - G(X,Z),Y) - G(Y, Z],X); VX.,Y,ZeT(TM).

We shall use this formula in order to obtain the expression of the Levi
Civita connection V on T'M, determined by the conditions

VG =0, T=0,

where T is the torsion tensor of V [3].

Proposition 5. The Levi Civita connection V of the Riemannian
manifold (T'M,G) has the following expression in the local adapted frame

o) 6 \.

0 o 8_ 0 h 0 h o)
Vigp =g Vingy =gy i
) _ h ) _ 1) h 1) h 0
Vo5 = Pigms Vg = Vg Y ougm

where the M -tensor fields PJJL, Z, Sh are given by:

1
Pl = — (utgoi0} + Ry,);

2u?

/
h u h h hy.
ij = %(szy — 90i6; — go;4;');

1
Sihj = —i(Rgij + uu/gijyh),

and where go; = griy"*.

Denote by K the curvature tensor field of the Levi Civita connection V
of the Riemannian metric G on TM. Then we get by a straightforward
computation
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Proposition 6. The local coordinate expression of the curvature ten-

sor field K of the Riemannian manifold (T'M,G) is given in the adapted

local frame (861, ) by

9 0 o | 2uu —t(u)? N .
" <83/i7 8y1> ayk [M(Qﬂf@ — 9ik0y)

2uu// _ (ul)2
42

0 0 )
Kﬁwwwfw*

(RlOZRk'Oj Rl()j Rka)

0
(90:9j1Y" — 90;9ikY™ + G0 gor0r — 901'901@5?)] o

u/

1
@RZ”’ + 5(903‘1%201‘ - gOiRZOj)

4]

T Szh’

0 6 o |1 w — (W)t
(505 ) e = e+ e

2uu” + (u')?
4u?

u’ u
90igork0y — e —goi Rl + ﬁgOkR?Oi

+4U4Rl0iRjOk] S

g 9 0
“(a55) 23
N (u')? —;— 2uu!

Rz]k ( (u/)Z - uul)gjk(szh

/

gozg]ky +2 gZZROjk:y gOijok

8 .
oyl

/

u 1 . h
_ﬁglekOiy - RO]leOZ

1) 1) 15,
K@wMﬂaw—

u'’ I . h
+EgﬂRiOky + ROgleOk ROZleOk

!

!
h U h U I . h
Ry — EQOkRow t5, gklRko 4ugile0k;y

0
8h’
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6 0 6

1
RZU + @(2}%20136@ - thozRéjk + R?OlRéik)

t(u’)2
2

)
h h
(9jk0;" — gir; )] Soh

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 decom-
position (1) is given by

90i90;

0 0\ _ (n—2uw+2w”  (n— 1)(u')? + 2uu”
oy’ oyl ) 2u? Jid 2u?

L e
_@RlOiRkOﬁ

Lok p k pl
52 577 5 gij + Rij + @(RjOlRom' + Rjo Rog;);

o ¢
(o 5) =0

where R;; denote the local coordinate components of the Ricci tensor field
on the Riemannian manifold (M, g).

< 6 6 > B _nuu’+2tuu”

In the following we assume that (M, g) has constant sectional curva-
ture ¢ # 0. Then, from the above formulas, we get that the local coordinate
expression of the Ricci tensor S on (T'M, G) is given by

g 0 0\ _ (n—2)uu’—|—2tuu”+ﬁ -
oy’ oyl ) 212 ut | 9

n— ()2 + 2uu” c?
(0= )+ 2 | 2
2u2 2ut

} Joidos;

b 0 nuu' + 2tun’” 3t (n — 2)c?
S<M75x]> = |:(n—1)c—2_u2 gij_Tgoigoj,

a 0
(o) =

Comparing the obtained expressions of the Ricci tensor with the expres-
sions of the components of G, we get that the necessary conditions in
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order to the Riemannian manifold ("M, G) to be an Einstein manifold,
assuming that (M, g) has constant sectional curvature ¢, are given by:

(i) n =2 and

(ii) the function u(t) satisfies the ordinary differential equation

(8) 2ulu” + u?(u')? 4+ c* = 0.

By taking into account of the above conditions (i) and (ii), we obtain that
the local coordinate expression of the Ricci tensor S on (T'M, G) becomes:

(D DN _ e (9 o
oyi’ oyl ) u3 Oyt Oyi )’
6 4 cu? — vl — tudu” — Pt 6 4
©) S((S:U“(S:N) u? G(éaﬂ’dw])’

o ¢
(o) =

From (9) it follows that, if n = 2 and (M, g) has constant sectional cur-
vature ¢, then the Riemannian manifold (7'M, G) is an Einstein manifold

if and only if the function u(t) satisfies both the differential equations (8)
and

(10) 2tutu” + v’ — cu® + 2tc® = 0.

Eliminating 2u?u” from (8) and (10), we obtain that, if n = 2 and (M, g)
has constant sectional curvature ¢, then the Riemannian manifold (T'M, G)
is an Einstein manifold only if the function wu(t) satisfies the relation

(uu — ¢)(tuu’ — u? + ct) =0,
i.e. u(t) is a solution of one from the following two differential equations:

(11) wu' = c
(12) tur’ —u? + ct = 0.

From (11), by imposing the condition u(t) > 0,V¢ > 0, i.e. for G to be a
Riemannian metric on T'M, it follows ¢ > 0 and then it can be checked
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easily that the general solution u(t) = v/2ct + A of the differential equa-
tion (11), where A is an arbitrary positive real constant, satisfies also both
the differential equations (8) and (10).

Next, we get that the general solution of the differential equation (12)
is given by

(13) u(t) = v/ Bt? + 2ct

where B is an arbitrary real constant. It is easy to check that the function
u(t) defined by (13), where B # 0, does not satisfy the differential equa-
tions (8) and (10). Remark that for B = 0, from (13) we have u = v/2ct,
¢ > 0, and in this case u(t) is also a particular solution of the differential
equation (11) (obtained for A = 0). In this case it follows that G is a
Riemannian metric only on the manifold TyM = the tangent bundle to
M minus the zero section.

Hence, we state

Theorem 7. Let (M, g) be an n-dimensional space form of sectional
curvature ¢ # 0. Then the Riemannian manifold (T'M, G) is an Einstein
manifold if and only if the following conditions are satisfied:

() n=2
(ii) ¢ >0,
(iii) u(t) = v2ct + A, where A is a positive real constant.
Moreover, in this case, the Einstein manifold (T'M, G) is Ricci flat.

From Theorem 3 and Theorem 7, we also have

Corollary 8. Let (M, g) be an n-dimensional space form of sectional
curvature ¢ # 0. Then the Riemannian manifold (T'M, G) is an Einstein
manifold if and only if n = 2 and the almost Kaehler manifold (TM, J,G)
is a Kaehler manifold.

Remark. Similar results are also valid for the Riemannian manifolds
(Th'M,G) and (T>M,G) where Ty M and ToM are defined at the end of
section 1, analysing the situations when ¢ < 0, A > 0 and respectively
c>0,A<0.
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