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ON WEAKLY CONFORMALLY SYMMETRIC MANIFOLDS
A. A. Shaikh, M. Hasan Shahid and Shyamal Kumar Hui

Abstract. The object of the present paper is to study weakly conformally symmetric
manifolds. Among others it is shown that an Einstein weakly conformally symmetric manifold
reduces to a weakly symmetric manifold. Also several examples of weakly conformally symmetric
manifolds with non-vanishing scalar curvature have been obtained.

1. Introduction

The notions of weakly symmetric and weakly projective symmetric manifolds
were introduced by Tamdssy and Binh [5], [2]. A non-flat Riemannian manifold
(M™,g)(n > 2) is called a weakly symmetric manifold if its curvature tensor R of
type (0,4) satisfies the condition

(VxR)(Y,Z,U,V) = AX)R(Y, Z,U, V) + BY)R(X, Z,U,V)
+ F(Z)R(Y,X,U,V)+ D(U)R(Y, Z,X,V) + E(V)R(Y, Z,U,X) (L1)

for all vector fields X,Y, Z, U,V € x(M™), where A, B,F,D and E are 1-forms
(not simultaneously zero) and V denotes the operator of covariant differentiation
with respect to the Riemannian metric g. The 1-forms are called the associated
1-forms of the manifold and an n-dimensional manifold of this kind is denoted by
(WS),,. On the analogy of (WS),,, U. C. De and S. Bandyopadhyay [3] introduced
the notion of weakly conformally symmetric manifolds and proved its existence by
an example. A non-conformally flat Riemannian manifold (M™,g) (n > 3) [This
condition will be assumed throughout the paper as the conformal curvature tensor
vanishes identically for n = 3] is said to be weakly conformally symmetric manifold
if the conformal curvature tensor C of type (0,4) satisfies the condition

(VxO)Y,Z,U,V) = A(X)C(Y, Z,U,V) + B(Y)C(X, Z,U, V)
+F(Z)C(Y, X,U,V) + DU)C(Y, Z, X,V) + E(V)O(Y, Z,U,X) (1.2)
for all vector fields X,Y, Z,U,V € x(M™), where A, B, F, D and E are 1-forms (not

simultaneously zero) and are called the associated 1-forms of the manifold. Such an
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n-dimensional manifold is denoted by (WC'S),,. Also in [3] the authors proved that
in a (WCS),, the associated 1-forms B = F and D = E and hence the defining
condition (1.2) of a (WC'S),, reduces to the following form [3]:

(VxCO)(Y, 2,U,V) = AX)C(Y, Z,U,V) + B(Y)C(X, Z,U,V)
+B(Z)C(Y,X,U, V) + DU)C(Y, Z,X,V)+ D(V)C(Y, Z,U, X). (1.3)

This paper presents a study of (WCS),. In section 2, it is shown that if in a
(WCS),, the Ricci tensor vanishes then it reduces to a (W.S),,. Also it is proved
that in a (WCS),, satisfying the condition A(C(Y,Z)U) + D(C(Y,Z)U) = 0, the
Ricci tensor is of Codazzi type if and only if the scalar curvature is constant.
Section 3 is concerned with Einstein (WCS),, and proved that such a manifold
is (WS),. In section 4 we study conformal transformation in a (WCS), and
we prove that if a (WCS), is transformed into another (WCS),, under such a
transformation then the transformation is homothetic. In [3] the authors gave an
example of a (WCS),, which was of zero scalar curvature. Natural question arises
whether there exists or not (WC'S),, of non-zero scalar curvature? The last section
provides the answer to this question affirmatively by several examples.

2. Some basic results of (WCS),
In this section, we derive some formulas, which will be needed to the study of

a (WCS),,. The Weyl conformal curvature tensor C of type (0,4) is given by

OX,Y, 2, W) = R(X, Y, 2,W) — —L_[S(Y. 2)g(X, W)

= S(X,2)g(Y,W) +g(Y, Z)S(X, W) — g(X, Z)S(Y,W)]

+ m[g(l/, 2)9(X, W) — g(X, Z)g(Y,W)], (2.1)

where R, S, r denotes respectively the Riemannian curvature tensor of type (0,4),
the Ricci tensor of type (0,2) and the scalar curvature of the manifold.

From (2.1), it follows that

S Cle;,Y,Z,e;) =0=> C(Y,e;,¢e;,7Z), (2.2)
i=1 i=1
where {e; : i = 1,2,...,n} is an orthonormal basis of the tangent space at any

point of the manifold.
From (2.1) it follows by virtue of Bianchi identity that

(VxCO)Y, Z,U,V) + (VyCO)(Z, X,U, V) + (VzC)(X,Y,U, V) =
= L VITXS)(Z,U) ~ (V28)(X,U)} +9(Z,V){(V¥S)(X,U)
— (VxS)(V.0)} +g(Z.UN(VxS)(Y. V) ~ (V¥ S)(X.V)}

+9(Y,UN{(V29) (X, V) = (VxS)(Z,V)} + 9(X, V){(V25)(Y,U)
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(VY S)(Z.U)} + g(X.D){(VyS)(Z.V) — (V28)(Y, V)]
+ m[dw){g(z U)g(Y, V) - g(Y,U)g(Z,V)}
+dr (V) {g(X,U)g(Z,V) — 9(Z,U)g(X,V)}
+dr(Z){g(Y,U)g(X,V) = g(X,U)g(Y,V)}]. (2.3)

If the Ricci tensor is of Codazzi type [4], i.e., if
(Vx95)(2,U) = (Vz9)(X,U),
then dr(X) = 0 for all X and hence from (2.3) we obtain
(VxCO)Y,Z,U,V)+ (VyC)(Z, X, U, V) + (VzC)(X,Y,U,V) = 0. (2.4)
Hence we can state the following:

PROPOSITION 2.1. If in a Riemannian manifold (M™,g) (n > 3), the Ricci
tensor is of Codazzi type, then the second Bianchi identity of the conformal curva-
ture tensor C has just the same form as that of the curvature tensor R of M™.

Again if a Riemannian manifold satisfies the relation (2.4), then (2.3) yields
gV, VH{(VxS)(Z,U) = (V29 (X, U)} + 9(Z, V){(VyS)(X,U)
—(VxS)(Y,U)} +9(Z, U{(VxS) (Y, V) = (VyS) (X, V)}

+9(Y,UN{(V29) (X, V) = (VxS)(Z,V)} + 9(X, V){(Vz5)(Y,U)
— (VyS)(Z,U0)} + 9(X, U{(VyS)(Z,V) = (V2S5)(Y,V)}

(ni ) [dr(X){g(Z, U)g(Y,V) — g(Y,U)g(Z,V)}

+ dT(Y){g(X, U)g(Z, V) - g(Z, U)g(X, V)}
+dr(Z){g(Y,U)g(X,V) — g(X,U)g(Y,V)}] =0. (2.5)

Putting Y =V =¢; in (2.5) and taking summation over ¢, 1 <i < n, we obtain

(Vx9)(2,U) = (Vz9)(X,U) = [dr(X)g(2,U) — dr(Z)g(X,U)].  (2.6)

1
2(n—1)

If r is a constant then (2.6) yields that the Ricci tensor is of Codazzi type. This
leads to the following:

PROPOSITION 2.2. If a Riemannian manifold (M",g) (n > 3) with constant
scalar curvature satisfies the relation (2.4) then the Ricci tensor is of Codazzi type.

Setting Y =V = ¢; in (1.3) and then using (2.2), it follows that
B(C(X, Z)U) + D(C(X,U)Z) =0 (2.7)
for all X, Z,U. Thus we have the following:
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PROPOSITION 2.3. In a (WCS),, the relation (2.7) holds.
In view of (2.1), (2.7) yields

B(R(X, 2)U) + D(R(X,U)Z) ~ ——[S(Z,U){B(X) + D(X)}

n—2
+9(2,U){B(QX) + D(QX)} — S(X,U)B(Z) - S(X, Z)D(U)
— g(X,U)B(QZ) — 9(X, Z)D(QU)] + mmz )
{B(X)+ D(X)} — g(X,U)B(Z) — g(X,Z)D(U)] =0, (2.8)

where @ is the Ricci-operator i.e., g(QX,Y) = S(X,Y).

Now, if the Ricci tensor vanishes i.e., if S(X,Y) = 0 for all X,Y then (2.1)
implies that C(X,Y, Z, W) = R(X,Y, Z,W) and hence (1.2) reduces to (1.1). Also
for S(X,Y) =0, (2.8) yields

B(R(X,Z)U)+ D(R(X,U)Z) =0 (2.9)
for all vector fields X, Z, U on the manifold. Thus we can state the following:

PROPOSITION 2.4. A (WCS),, with vanishing Ricci tensor is a (WS),, and
satisfies the relation (2.9).

Again from (1.3) it follows that
(divC )Y, Z)U = A(C(Y,Z)U) + D(C(Y, Z)U) (2.10)

where ‘div’ denotes the divergence. Also in a Riemannian manifold (M™, g) (n > 3)
we have

(@ C)(X.Y)Z = "2 [{(VxS)(Y. 2) ~ (Vy$)(X, 2)}
1
e UL R L .
In view of (2.7) and (2.10), it follows that
(divO)(Y, Z)U = A(C(Y, Z)U) — B(C(Y,U)Z). (2.12)

A Riemannian manifold with div C = 0 is said to be of harmonic conformal curva-
ture [1].
This leads to the following;:

PROPOSITION 2.5. A (WCS),, is of harmonic conformal curvature if and only
if A(C(Y,Z)U) = B(C(Y,U)Z) for all vector fields Y, Z,U.

We now suppose that a (IWCS),, satisfies the relation
A(C(Y,Z)U)=B(C(Y,U)Z) (2.12a)
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for all vector fields Y, Z,U. Then (2.12) yields
(divC)(Y, Z)U = 0. (2.13)
In view of (2.13) and (2.11) we obtain

1

(Vx8)(Y,2) - (VyS)(X, Z) = -1

{9V, 2)dr(X) — g(X, Z)dr(Y)}. (2.14)

From (2.14), it follows that if the scalar curvature r is constant, then
(Vx9H(Y,Z) = (VyS)(X, Z)

for all XY, Z, which means that the Ricci tensor is of Codazzi type [4]. Conversely,
if the Ricci tensor is of Codazzi type, then (2.14) implies that r is a constant. Hence
we can state the following:

PROPOSITION 2.6. Let (M™,g) (n > 3) be a (WCS),, satisfying the rela-
tion (2.12a). Then the Ricci tensor is of Codazzi type if and only if its scalar
curvature is a constant.

3. Einstein (WCS),
Let us consider a (WCS),,, which is Einstein. Then we have
T

which yields (VzS)(X,Y) = 0 and hence dr(X) = 0 for all X. By virtue
of (3.1), (2.1) takes the form
r

n(n—1)

In view of (3.2), (1.3) reduces to the following:

CX,Y,Z,W) = R(X,Y, Z,W) — [9(Y, Z)g(X, W) — g(X, Z)g(Y, W)].

(3.2)

(VxR)(Y,Z,U,V)

= AX)[R(Y,Z,U,V) — {9(Z,U)g(Y, V) —g(Y,U)g(Z,V)}]

n(n—1)
+ B(Y)[R(X’ Z7 Uv V) - m{g(zv U)g(X’ V) - g(X7 U)g(27 V)}]
+B(Z)[R(Y,X,U,V) - m{g()ﬂ U)g(Y,V) = g(Y,U)g(X,V)}]

m{g(Z,X)g(Y, V) —g(Y,X)g(Z,V)}]

nin—1)

+ D(V)[R(Y, Z,U,V) [9(2.U)g(Y, X) - (Y, U)g(Z, X)}].  (33)



274 A. A. Shaikh, M. H. Shahid, Sh. K. Hui

Applying Bianchi identity, it follows from (3.3) that

AX)R(Y,Z,UV)+ AY)R(Z,X,U, V) + A(Z)R(X,Y,U,V)
+B(Y)R(X,Z,U,V) + B(Z)R(Y,X,U,V) + B(X)R(Z,Y,U,V)

~ i HAG) — 2BOOH(Z, U)g(Y. V) ~ 9(¥, U)g(2,V))

+{A(Y) = 2B(Y)Hy(X,U)g(Z,V) — 9(Z,U)g(X,V)}
+{A(Z) =2B(2)Hg(Y, U)g(X, V) = g(X, U)g(Y,V)}] = 0. (3.4)

Putting Y =V =¢; in (3.4) and then taking summation over i,1 < i < n, we get

[A(X) — B(X)]S(Z,U) — [A(Z) — B(Z)]S(X,U) + A(R(Z,X)U)
(n—2)r

— B(R(Z,X)U) — —

{AX) —2B(X)}g(2,U)
—{A(2) - 2B(2)}9(X,U)] = 0. (3.5)

Again setting Z = U = e; in (3.5) and taking summation over 4,1 < i < n, we
obtain

2)r

rlA(X) - B(X)] = 2[A(QX) — B(QX)] — (H_T[A(X) —2B(X)]=0. (3.6)

From (3.1) we have
A(QX) = %A(X) and B(QX) = %B(X).

Using the above in (3.6) we obtain »B(X) = 0, which yields r = 0, since B(X) # 0.
Consequently (3.1) implies that S(X,Y) = 0 for all X,Y and hence by Proposi-
tion 2.4., the manifold is a (W.S),,. Thus we can state the following:

THEOREM 3.1. An FEinstein (WCS),, is of vanishing scalar curvature and
hence is a (WS),.

4. Conformal transformation of (WCS),

Let (M™, g)(n > 3) be an n-dimensional Riemannian manifold with the metric
tensor g. Let p be a positive function on M. Then 3 = p?g defines a change of
metric on M which does not change the angle between two vectors at any point
p € M and is called a conformal transformation. In particular, if the function p is
a positive constant, then the conformal transformation is said to be homothetic.

If V denotes the operator of covariant differentiation with respect to E], then

we have [6]
VxY =VxY +w¥)X +w(X)Y —g(X,Y)U (4.1)
for any vector fields X,Y where w is a 1-form defined by w = d(logp) and U is a

vector field defined by
w(X) = g(X,U).
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Since the conformal curvature tensor is invariant under conformal transformation,
we have

*

C(X,Y,Z,W) = C(X,Y, Z,W), (4.2)

where each object denoted by ‘+’ is from M. Differentiating (4.2) covariantly and
then using (4.1) we obtain

(VxO)Y, Z.W,V) = (VxC)(Y, Z,W,V) - 2(X)C(Y. Z, W, V)
—w(Y)C(X, Z,W,V) —w(Z)C(Y, X, W,V) — w(W)C(Y, Z, X, V)
+9(X,Y)CU, Z,W,V) + g(X, Z)C(Y,U,W, V)
+ (X, W)C(Y, Z,U, V) = C(Y, Z,W,X)U. (4.3)

We now suppose that both M and M are (WC'S),,. Then we have the relation (1.3)
and

(VxO)Y, Z,W,V) = A(X)C(Y. Z,W, V) + B(Y)C(X, Z,W, V)

+ B(Z)C(Y, X, W, V) + DOW)C(Y, Z, X,V) + D(V)C(Y, Z, W, X), (4.4)

*

where A, B, D are non-zero 1-forms such that 5(X, p1) = A(X) and so on. By
virtue of (4.2) and (4.4) we obtain from (4.3) that

[A(X) — AX)C(Y, Z,W,V) + [B(Y) — BY)|C(X, Z,W,V)+

[B(2) = B(2)|C(Y, X, W, V) + [D(W) = DIW)|C(Y, Z, X, V)+

[D(V) = DV)|CY, Z, W, X) + 2(X)C(Y, Z, W, V) + w(Y)C(X, Z, W, V)
+w(Z2)CY, X, W,V) +w(W)C(Y, Z,X,V) — ¢(X,Y)C(U, Z,W,V)
— 9(X, Z2)C(Y,UW,V) — g(X,W)C(Y, Z,U,V) — C(Y, Z,W, X)w(V) = 0. (4.5)

Putting W =V = ¢; in (4.5) and then taking summation over i, 1 < ¢ < n, we get
w(C(Y,Z2)X)=0forallY, Z, X. (4.6)
This implies that
CY,Z,U,V) = C(Y, Z,V,U) = C(U,V,Y, Z) = C(V,U,Y, Z) = 0.
Hence using these relations, (4.5) reduces to
[A(X) — A(X)|C(Y, Z,W, V) + [B(Y) - BIY)|C(X, Z,W,V)
+[B(Z) — B(Z)]C(Y, X, W, V) + [D(W) — D(W)|C(Y, Z, X, V)

4 [D(V) = DV)C(Y, Z,W, X) + 2(X)C(Y, Z,W,V)+
W(Y)C(X, Z,W, V) + w(Z)C(Y, X, W, V) + w(W)C(Y, Z, X,V) = 0. (4.7)
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We now first suppose that Z(X) = A(X), E(X) = B(X) and l*)(X) = D(X) for
all X. Then (4.7) yields
2(X)C(Y, Z, W, V) + w(Y)C(X, Z,W,V)
+w2)CY, X, W, V)+wW)C(Y,Z,X,V)=0. (4.8)
Setting X = U in (4.8) and then using (4.6) we obtain
20(U)C(Y, Z,W, V) =

Since the manifold is non-conformally flat, we must have w(U) = 0, which yields
|[U]] = 0 and hence p = constant. Consequently, the transformation is homothetic.

Next we suppose that /*1(X) # A(X), é(X) # B(X) and 1*7(X) # D(X).
Suppose, if possible, A(X) — A(X) = w(X) # 0. Then

A(U) = A(U) = w(U) #0. (4.9)
Putting X = U in (4.7) and then using (4.6) and (4.9) we get
3w(U)C(Y,Z,W,V)=0

which is a contradiction as w(U) # 0 and C # 0. Thus we must have A( )= A(X)

for all X. Similarly it can be shown that B B and D D. Hence the associated
1-forms can not be different and the transformation is homothetic. This leads to
the following:

THEOREM 4.1. If a (WCS), is transformed into another (WCS),, under a
conformal transformation, then the associated 1-forms of the manifold are invariant
and the transformation is homothetic.

5. Some examples of (WCS),

ExXAMPLE 5.1. Let M* = {(2',2%,2%,2") € R* : 0 < 2% < %} be a manifold
endowed with the metric

ds? = e’ (dz')? + e’”Q(dacl)2 + (dz®)? + sin® 23 (dz*)%. (5.1)

Then the only non-vanishing components of the Christoffel symbols, the curvature
tensor, Ricci tensor, scalar curvature, conformal curvature tensor are given by

1 .

I}, = 3= 12, T3, = —sinz®cos2®, T3, = cot 2®,
Rsguz = —sin® 2 S35 = —1, Sy = —sin® 2%, r = -2 £0,
1 1, 2 1 .1 1 .1

_ x4z _ T _ zt .2 .3

Clo01 = —56 ,01331 = 66 701441 = 66 sm- e,
1 .2 1 -2 . 1 .

Cazza = gex ,Coaap = 661 sin? 23, Cyua3 = -3 sin? 23
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and the components that can be obtained from these by the symmetry proper-
ties. The covariant derivatives of all components of the conformal curvature tensor
vanish. In terms of local coordinate system, if we consider the components of the
1-forms A, B and D as

A(9;) = A; =0for i=1,23,4,
B(8;)=B; =0for i=1,23,4,
D(al):DZZOfOI‘ i:1,2,3,4,

where 0; = %, then one can easily prove that (M*, g) is a conformally symmetric
manifold, which is a trivial (WCS)s. Thus we can state the following:

THEOREM 5.1. Let (M*, g) be a Riemannian manifold endowed with the metric
given in (5.1). Then (M*,g) is a weakly conformally symmetric manifold with non-
vanishing scalar curvature, which is conformally symmetric.

EXAMPLE 5.2. Let M* = {(2%,22,23,2%) € R* : 23 # 0} be a manifold
endowed with the metric

ds® = g;jdr'da? = f(da")? + 2da'dx® + (do®)? + (da*)?, (3,5 = 1,2,3,4), (5.2)

$3)4 aj3)2n+2

where f = ag + a12® +e“’1{(w;!)2 + 4 o+ (wg!)ﬁ + ((%LT)' + ...}, ag, a1 are
non-constant functions of #' only. Then the only non-vanishing components of the
Christoffel symbols, the curvature tensor, Ricci tensor, scalar curvature, conformal
curvature tensor and its covariant derivatives are given by

1 1 .
rf = §f_1,1“%3 = §f.3 =T},
R T
Riga = 5 fas = 5" cosha® = Sii,r =0,

1 1 .1
Cizz1 = Zf.33 = 1695 coshz® = —Chau1,

1
Cizzin = Zeml COth?’, (5.3)
1
0133173 = §€w1 sinh x?’, (54)
1 .
Cram1 = —Ze coshz”, (5.5)
11
Craa1,s = —3¢ sinh z (5.6)

and the components that can be obtained from these by the symmetry properties,
where ‘. denotes the partial differentiation with respect to the coordinates, *,’
denotes the covariant differentiation with respect to the metric tensor g, and r is
the scalar curvature of the manifold whose value is zero here. Therefore, our M*
with the considered metric is a Riemannian manifold which is neither conformally

flat nor conformally symmetric and is of vanishing scalar curvature.
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In terms of local coordinate system, let us consider the 1-forms A, B, D as
follows:

1% for =1,
A(9;) = A; =< tanha® for i=3,
0 otherwise ,

for i =1,

0  otherwise ,
for i =1,

1
2
0  otherwise ,

where 0; = %. In terms of local coordinate system, the defining condition (1.3)
of a (WCS),, can be written as

Cijt,p = ApCijri + BiCpjri + BjCiprt + Dy Cijpt + DiCijip, (5.8)

which reduces with these 1-forms to the following equations:

Ci331,i = AiCiss1 + B1Ciss1 + BsChist + D3Chzin + D1Chssi, (5.9)
Chaa1,i = AiCraar + B1Ciuar + B4Chiar + DaCrain + D1Clhau, (5.10)
Chssz,; = AiCi332 + B1Cizs2 + B3Chisa + D3Clzie + D2Cissi, (5.11)
C1334,i = AiCr33s + B1Ciz34 + B3Chiza + D3C13i4 + DyChzai, ( )
Cs112,; = AiCs112 + B3Ci112 + B1C312 + D1C3142 + D2Csyy, (5.13)
Cs114,; = AiCs114 + B3Ci114 + B1C3i14 + D1C3144 + Dy Cs114, (5.14)
Chaaz,; = AiCraaz + B1Ciaag + BaChiaz + DyCraiz + D2Clhaai, (5.15)
Chaaz,i = AiCraas + B1Ciaaz + B4Chiaz + DyCraiz + D3Chags, (5.16)
Cai12,; = AiCa12 + BaCir12 + B1Cuin2 + D1Cu1i2 + D2Cyan,s (5.17)

where i = 1,2, 3,4, since for the cases other than (5.9)—(5.17), the components of
each term of (5.8) either vanishes identically or the relation (5.8) holds trivially
using the skew-symmetry property of C.

Now, from (5.3) and (5.7), it follows that, for ¢ = 1, right hand side of (5.9)
= (A1 + B1+ D1)Ci331 = %e"cl coshz® = Ci3311 = left hand side of (5.9). For
1 = 2,3,4, the relation (5.7) implies that both sides of equation (5.9) are equal. By
the similar argument, it can be easily seen that the equations (5.10)—(5.17) holds.
Thus, the manifold under consideration is weakly conformally symmetric manifold.
Hence we can state the following:

THEOREM 5.2. Let (M*, g) be a Riemannian manifold endowed with the metric
given in (5.2). Then (M*,g) is a weakly conformally symmetric manifold with
vanishing scalar curvature which is neither conformally symmetric nor conformally
recurrent.
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ExAMPLE 5.3. Let M* = {(z!,2% 2% 2%) € R* : 23 # 0} be a manifold
endowed with the metric

ds? = g;jdr'da? = sinh 2®[(dz)? + (dz®)?] + (dz?)? + (dz*)?, (5.18)

(i,j =1,2,3,4). Then the only non-vanishing components of the Christoffel sym-
bols, the curvature tensor, Ricci tensor, scalar curvature, conformal curvature ten-
sor and its covariant derivatives are given by

1 1
Fh:ammﬁ=r§zqﬁjmm:—§EE?
1 1
Sit =~ = Sy v = ———— £0,
" 2 sinh? 23 83 sinh? 23 7
1 1
C P =7, C =,
1331 6sinh g3’ 2442 6 sinh® 23
1
Ci221 = Craa1 = Cozzp = Cayy3 = 125223
coth 22
_ 1
Cizs1,3 Ssinh 3’ (5.19)
coth z3
Cosa2,3 = PO Y (5.20)
coth z?
Ci221,3 = Cra413 = Co3303 = C3a433 = ———5— (5.21)
4 sinh” 23

and the components that can be obtained from these by the symmetry properties,
where ¢, denotes the covariant differentiation with respect to the metric tensor and
S;; denotes the components of the Ricci tensor and r is the scalar curvature of the
manifold. Therefore, the manifold M* with the considered metric is a Riemannian
manifold, which is neither conformally flat nor conformally symmetric and is of
non-vanishing scalar curvature.

We shall now show that this (M*, g) is a (WCS)4, that is, it satisfies (1.3).
In terms of local coordinate system, we consider the components of the 1-forms
A, B and D as follows:

—3cothz® for i=3,

Mm:&:{

0 otherwise ,
B(9;)) =B; =0for i=1,2,3,4, (5.22)
D(9;)=D;=0for i=1,2,3,4,
where 0; = %.

In terms of local coordinate system, the defining condition (1.3) of a (WCS),,
can be written as (5.8), which reduces to the following equations:

Ci221,i = AiCi221 + B1Ci221 + BaChio1 + D2Ch2i1 + D1Cr22i, (5.23)
Ci331,i = AiCi331 + B1Ci331 + B3Chiz1 + D3C13i1 + D1Ch3si, (5.24)
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Chraa1,; = AiCraa1 + B1Ciaa1 + B4Chian + DyCrain + D1Chaai, (5.25)
Caz32,i = AiCasza + B2Cisso + B3Caiza + D3Casia + DaCoassi, ( )
Couaa2,; = AiCoaz + B2Cisaz + BiCoiaz + DyCosin + D2Cosy;, (5.27)
C3a43,; = AiCs443 + B3Ciaa3 + ByCsia3 + DyCsai3 + D3Cs444, (5.28)
Ci33z2,i = AiCiaza + B1Cizz2 + B3Chizz + D3C13i2 + D2Chzai, ( )
Cissa,i = AiCisza + B1Cis34 + B3Clisa + D3Cisia + D4Clssi, (5.30)
Cs112,; = AiCs112 + B3Ci112 + B1C3i12 + D1Cs142 + D2Cs114,4 (5.31)
C3114,s = AiCs114 + B3Ci114 + B1C314 + D1C3144 + D4 Csyy, (5.32)
Chaaz,; = AiCra42 + B1Ciaa2 + B4Chisz + DyCraio + DaChyai, (5.33)
Chaas,i = AiChaas + B1Ciaaz + BaChiaz + DyCraiz + D3Clhaai, (5.34)
Car12,i = AiCa2 + B4Cii12 + B1Cui12 + D1Cy142 + D2Ciriy,s (5.35)
Cassa,; = AiCasss + B2Cizsa + B3Caza + D3Cazia + DyCoss;, (5.36)
C3221,i = AiC3221 + B3Cioo1 + BaC3i21 + D2Cs241 + D1Cs204, ( )
C3224,; = AiCs224 + B3Ci224 + B2C3i24 + D2C3244 + Dy Csa2;, (5.38)
Caa43,; = AiCo443 + B2Ciaaz + ByC2a3 + DyCosiz + D3Co444, (5.39)
Ca221,i = AiCa201 + BaCigo1 + BaCluior + D2Cla2i1 + D1Clusg0i, (5.40)
where ¢ =1,2,3,4, since for the cases other than (5.23)—(5.40), the components of

each term of (5.8) either vanishes identically or the relation (5.8) holds trivially
using the skew-symmetry property of C.

Now using (5.21) and (5.22), it follows, for ¢ = 3, that right hand side of (5.23)
= A3C1221 = —;;?flﬁfig = C1921,3 = left hand side of (5.23).

For i = 1,2,4, the relation (5.22) implies that both sides of equation (5.23) are
equal. By the similar arguement, it can be easily seen that the equations (5.24)—
(5.40) hold. Thus the manifold under consideration is weakly conformally symmet-
ric. Hence we can state the following:

THEOREM 5.3. Let (M*, g) be a Riemannian manifold endowed with the metric
giwven in (5.18). Then (M*,g) is a weakly conformally symmetric manifold with
non-vanishing scalar curvature, which is neither conformally flat nor conformally
symmetric but conformally recurrent.

EXAMPLE 5.4. Let M = {(a',22,23,...,2™) € R" : 23 # 0} be a manifold
endowed with the metric
n
ds* = sinh 2®[(dz")? + (dz®)?] + (d2?)? + (d2z*)? + 3 (da¥)?. (5.41)
k=5
Then the only non-vanishing components of the Christoffel symbols, the curvature
tensor, Ricci tensor, scalar curvature, conformal curvature tensor and its covariant
derivatives are given by

1
I, = 5 coth 23 =T3, = -T%,,
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1 1
R =7, = —_—— = S s
1331 2sinh 23’7 2 sinh? 23 5
1 n—3
=————+#0,C =
' sinh® 23 70, Craan 2(n — 1) sinh 23

1
(n —1)(n — 2) sinh® 23’
Cr221 = Craa1 = Crgrr = Cazz2 = Csua3
n—3
2(n — 1)(n — 2) sinh? 23’
3(n — 3) cothz?
2(n —1)sinh a3’

Coaa2 = Copra = Caria = Crikkomn = —

= Cspp3 =

Ciss1,3 = (5.42)

3coth 3
(n —1)(n — 2) sinh® 23’ (5.43)

Cos42,3 = Corg2,3 = Carka,3 = Crakkm,3 =

Ci221,3 = Cra41,3 = Cirr1,3 = Co3323 = C34433 = Capps 3

_ h 23
= — 3(” 3)C0t .$2 3f0r5§k§n,5§m§n,k7ém7
2(n —1)(n — 2)sinh“ z (5.44)

and the components that can be obtained from these by the symmetry properties,
where ‘,” denotes the covariant differentiation with respect to the metric tensor and
S;; denotes the components of the Ricci tensor and r is the scalar curvature of the
manifold. Therefore, the manifold M™ with the considered metric is a Riemannian
manifold, which is neither conformally flat nor conformally symmetric and is of
non-vanishing scalar curvature.

In terms of local coordinate system, we consider the components of the 1-forms
A, B and D as follows:
—3cotha3® for i=3,

A(9;) = A; = { 0 .
otherwise ,

B(0;) =B; =0for i=1,2,...,n, (5.45)
D(®;))=D;=0for i=1,2,...,n,
where 0; = % In terms of local coordinate system, the defining condition (1.3)
of a (WCS),, can be written as (5.8), which reduces to the following equations:

Ch291,; = AiCi221 + B1Ci221 + B2Chio1 + D2Ch2i1 + D1Ch22i, (5.46)
Ci3zs1,i = AiCisz1 + B1Ciss1 + BsChizt + D3Cisin + D1Chssi, ( )
Chaar,i = AiCraar + B1Ciga1 + B4Chian + DyCrasn + D1Chags, (5.48)
Cirk1,i = AiCikk1 + B1Cikk1 + BiCrik1 + DiCigin + D1Cigri,  (5.49)
Caz32,i = AiCasza + B2Cisso + B3Caiza + D3Caszia + DaCoassi, ( )
Coaa2,; = AiCoaz + B2Ciaaz + BiCoiaz + DyCosin + D2Couy;, (5.51)
Corka,i = AiCapra + B2Cigko + BiCoika + DiCakia + DaCopri,  (5.52)
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C3a43,; = AiCs443 + B3Ciaas + ByCsia3 + DyCsai3 + D3Cs444,
Csiks,i = AiCsprs + B3Cikka + BrCsiks + DiCaris + D3Clyii,
Cuakkai = AiCagra + BaCigka + BrCuika + DiCuapia + DaCluppi,

kakm,i = Aicmkk:m + BmClk:km + Bkcmzkm + chmkim + Dmcmkki7

Cha93,; = A;C1223 + B1Ci223 + BaClhios + D2Clhai3 + D3Chag,
Ci224,i = AiCh224 + B1Cios + BaClina + DaCr2ia + D4Chooi,
Chook,i = A;Cra2k + B1Cig2k + B2Crizk + D2Cloik + Dy Croz,
Ca113,i = AiCo113 + B2Cin13 + B1Cai13 + D1Co1i3 + D3Coy;,
Co114,i = AiCor1a + B2Cii14 + B1Co14 + D1Co144 + DyConyy,
Cor1k,i = AiCo11k + B2Cit1k + B1Coini + D1Co14k + D Car1s,
Ci332,i = AiCisza + B1Cis32 + B3Chiza + D3Cizia + D2Clssi,
Cissa,i = AiCisza + B1Cis34 + B3Cliza + D3Ci3ia + DsClssi,
Chssk,i = A;Cissp + B1Cissi + B3Chisk + D3Chsik + D Clssi,
C3114,i = AiC3114 + B3Cin14 + B1C3i14 + D1C3154 + D4 Cs1,
Csi1k,i = AiCs11i + B3Ci11i + B1C3i1 + D1Cs14 + Dy Cs114,
Chaa2,; = AiCra42 + B1Ciaa2 + B4Chisa + DyCraio + DaChaay,
Chaaz,i = AiCraas + B1Cisaz + B4Clhiaz + DyClrasz + D3Chag,
Chaak,i = AiCraar + B1Ciaar + BaCriak + DaClraik + DCraas,
Cak,i = AiCaiig + BaCirig + B1Cuing + D1Curir + DiCarni,
Ca334,; = AiCaszs + B2Ciz34 + B3Cyzs + D3Ca3i4 + DyCoass;,
Cassk,i = A;Cassp + B2Cissi + B3Caisi + D3Casir + Dy Cass;,
C3224,i = AiC3224 + B3Cioo4 + BoC3i94 + D2C3254 + Dy Csa04,
Ca2ak,i = AiCsaak + B3Cioar + BaCsiar + DaCloi + DyCso;,
Caa43,; = AiCo443 + B2Ciaaz + ByC2a3 + DyCosiz + D3Co444,
Couar,i = A;Coaay, + BaCiaa, + BaCoiap, + DaCouit; + DiCouay,
Cazan,i = AiCazar + BaCioar + BaCuior + D2Clazir + DCaos,
Csgar,i = AiCsaar + B3Ciaar, + BaCsiar, + DaCsai + Dy Csaay,
Cussk,i = AiCassk + BaCissi, + B3Cuisi + D3Cluasir + DiCassi,
Cikk2,i = AiCigkz + B1Cikke + BrCrika + DiClkiz + D2Clggi,
Cikrs,i = AiCirrs + B1Cikks + BrCriks + DiCiris + D3Clhiii,
Cikkai = AiCigra + B1Cikka + BrChrika + DiCliria + DaClgpi,

Chktkm,i = AiCikkem + B1Cikkm + BkCrikm + DiCikim + D Clkki,
Criim,i = AiCriim + BrCitim + B1Clitm + D1Ckiim + DmCraui,

Cokks,i = AiCoprs + B2Cikks + BrCaiks + DiCoriz + D3Corii,

(5.53)
(5.54)
(5.55)
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Corka,i = AiCopra + B2Cigpa + BiCoika + DiCokia + DaCopri,  (5.87)

Cokkm,i = AiCokkm + B2Cikkm + BrCaikm + DiCokim + DimCokri, (5.88)
Cro2m,i = AiCro2m + BiCi22m + BaCrizm + D2Cr2im + D Cro2i,  (5.89)

Cspkai = AiCsppa + B3Cigka + BiCsika + DiCsiia + DaChpri,  (5.90)

Csikm,i = AiCsipm + B3Cikkm + BrCsikm + DiCsiim + D Cagri, (5.91)
Cr3sm,i = AiCr3sm + BiCissm + B3Crism + D3Crsim + DmChszi, (5.92)

Cuarkm.i = AiCakkem + BaClikkm + BrkCaikm + DiCukim + D Cakki, (5.93)
Craam.i = AiCraam + BiCisam + BaCriam + DaCraim + D Crasi, ( )

Crkiti = AiCrmkk1 + B Cikk1 + BkCrik1 + DiCrkin + D1Crkki, (5.95)
Cmkk2,i = AiCmkk2 + BmCikkz + BrCik2 + DiCrikiz + D2Crgkis  (5.96)
Crukks,i = AiCrmkks + BmCikks + BkCmiks + DiCkis + D3Crkri, (5.97)
Crkkai = AiCrmkka + B Cikka + BkCika + DiCrkia + DaCrkri, (5.98)
Crkkp,i = AiCrmkip + BimCikkp + BiCrikp + DiCrikip + DpCrikri, (5.99)
for5<k<n 5<m<n 5<p<n,k#*m=#p, where i = 1,2,...,n, since
for the cases other than (5.46)—(5.99), the components of each term of (5.8) either

vanishes identically or the relation (5.8) holds trivially using the skew-symmetry
property of C.

Now using (5.44) and (5.45), it follows, for ¢ = 3, that right hand side of (5.46)
< 3
= A3C1221 = 3(n73) cothz = 0122173 = left hand side Of (546)

" 2(n—1)(n—2) sinh2 3
For i = 1,2,4,...,n, the relation (5.45) implies that both sides of equa-
tion (5.46) are equal. By the similar argument, it can be easily seen that the
equations (5.47)—(5.99) hold. Thus the manifold under consideration is weakly
conformally symmetric. Hence we can state the following:

THEOREM 5.4. Let (M™,g)(n > 4) be a Riemannian manifold endowed with
the metric given in (5.41). Then (M™,g) is a weakly conformally symmetric man-
ifold with non-vanishing scalar curvature, which is neither conformally flat nor
conformally symmetric but conformally recurrent.
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