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Abstract: The subject matter of this paper lies in the interesting domain of Differential Geometry and the Theory of General Rel-
ativity. Although the space has its motivation in Relativity, we study the geometric properties of the space, inspired by the papers
on the geometry related to curvature restrictions. Such a study was joined by A. Z. Petrov to Einstein spaces. We extend the study
on quasi-Einstein spaces which can be considered as a generalization of Einstein spaces. This study is supported by an example.
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1 Introduction

In 1949, the celebrated theorem [8] showing the existence of three types of Einstein space with signature (-, -, -, +) and the corresponding
three canonical forms were established. During this study, the gravitation fields are classified on the basis of the algebraic structures of the
space-matter tensor. A. Z. Petrov introduced a tensor field P of type (0, 4) and defined as follows:

PzR—i—gg/\T—UG7 1)

where R is the Riemannian curvature tensor of type (0, 4), T is the energy-momentum tensor of type (0, 2), k is a cosmological constant, o
is the energy density (scalar), G is a tensor of type (0, 4) given by

G(X» Y, Z, U) :g(X7 U)g(Y7 Z) _g(X7 Z)Q(K U) 2)

forall X, Y, Z, U € x(M), x(M) being the Lie algebra of smooth vector fields on M and the Kulkarni-Nomizu product E' A F' of two
(0, 2) tensors E and F is defined by

(EANF)(X1, X2, X3, X4) = E(X1, X4)F (X2, X3)+ E(X2, X3)F(X1, X4)
E(Xl7 X3)F(X27 X4) _E(X27 X4)F(X17 X3)7

X; € x(M),i=1, 2, 3, 4. The tensor P is known as the space-matter tensor of type (0, 4) of the manifold M.
Einstein’s field equation with cosmological constant is given by

kT:S—&-()\—g)g, 3)

where ) is a cosmological constant, r is the scalar curvature and S is the Ricci tensor of type (0, 2) and r is the scalar curvature defined by the
following equations:

n n n

S(X,Y)=g(QX,Y) = Rle;, X, Y, &) , 1= S(ei, &i) = _ g((QE)i, e:),
i=1 i=1 i=1
where {e; : i =1, 2, ..., n} be an orthonormal basis of the tangent space at any point of the manifold and @ denotes the symmetric

endomorphism corresponding to the Ricci tensor S.
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(1) takes the form
1 r
P_R+5g/\5—(a—/\+§)07 @
by virtue of (3).

If the energy momentum tensor is of Codazzi type and the energy density is constant in our manifold, then the space-matter tensor satisfies
the second Bianchi identity [7] i.e.,

(VxP)(Y, Z, U, V) + (VyP)(Z, X, U, V) + (VzP)(X, Y, U, V) = 0. )

We know that the space matter tensor comprises of two parts. First part deals with the curvature of the space and the remaining on the motion
of the matter. Our investigation focused on attributing different constraints on space-matter tensor-their admissibility, and if admissible the after
effects. As our intention is purely geometric, we investigate the corresponding change in its scalar curvature.

Section 2 deals with several properties of space-matter tensor P satisfying certain curvature conditions. In the last section an example proving
the existence of a quasi-Einstein manifold with space-matter tensor is given.
2 Quasi-Einstein manifold with space-matter tensor
This section is concerned with a quasi-Einstein manifold with space-matter tensor satisfying certain curvature conditions. A Riemannian

manifold (M", g) is said to be quasi-Einstein ([1], [2]-[6]) if its Ricci tensor S is not identically zero and if there exists two real valued
functions a1 and a2 (# 0) and a smooth unit 1-form 7 on M, such that the Ricci tensor S satisfies

S=a1g+asm Q7. 6)

The vector field ¢, which is metrically equivalent to the unit 1-form 7, is called the generator of the manifold. Such a manifold of dimension n
is usually denoted by (QE)x. The scalars a1, ag are known as the associated scalars.

Firstly let us consider a Riemannian manifold (M", g) (n > 3) admitting Einstein’s field equation in which the space-matter tensor P of
type (0, 4) is recurrent i.e.,it satisfies the relation

(VxP)(Y, Z, U, V) = L(X)P(Y, Z, U, V), @)

where L is the non-zero 1-form of recurrence and p be the vector field associated with L. In view of the above relation, (4) is reduced to the
following equation

Q(VXR)(Yv Z7 U7 V) + (VXS)(Yf V)g(Z7 U) + (VXS)(Z7 U)g(Y7 V)
—(VxS)(Y, U)g(Z, V) = (VxS)(Z, V)g(Y, U) — [2do(X) + dr(X)|G(Y, Z, U, V) )
= LX)[2R(Y, Z, U, V) + (g AS)(Y, Z, U, V) —2(c + g — NG, Z, U, V).

Taking contraction of (8) with respect to Y and V, we obtain

n(Vx8)(Z, U) - {(n— 2)dr(X) + 2(n — 1)do(X)}g(Z, U)
= LXOMS(Z, U) = {(n = 2)r +2(n —1)(0 = N}g(Z, U)]- ©)

Setting Z = U = e; in (9) and taking summation over ¢, 1 < ¢ < n, we find
dq(X) = qL(X), (10)

where ¢ = (n — 3)r + 2(n — 1)(0 — A). If ¢ is a constant then the only possible value of g is zero, since L(X) # 0. Hence we have

r= %(Afo), since L(X) # 0. (11)
Putting X = pin (10) and by the virtue of (6), we get
(n — 3)[nda1(p) + daz(p)] + 2(n — 1)do(p) = 2(n — 1)(c — A) + (n — 3)(na1 + a2). (12)

Hence we get the following:

Theorem 1. The scalars p, o, A\, a1, ag are connected by the relation (12) in a (QE)n (n > 3) admitting Einstein’s field equation and
recurrent space-matter tensor.

In the view of (6), (11) is reduced to the following form
(n—=3)(nay +a2) +2(n—1)(c —A) =0. (13)

This leads to the following:
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Theorem 2. If a1, ag and o are constants in a (QE)n (n > 3) admitting Einstein’s field equation and recurrent space-matter tensor, then
they are connected by the relation (13).

Again in the view of (5), the relation (7) reduces to
LIX)P(Y, Z, U, V)+ L(Y)P(Z, X, U, V)+ L(Z)P(X, Y, U, V) =0.
Setting Y = V' = e; in the above relation and taking summation over ¢, 1 < 7 < n, we get
{2(n — )(A - 0) — (n — 2r}[L(X)g(Z, U) - L(Z)g(X, U)]
+n[L(X)S(Z, U) — L(Z)S(X, U)|+2L(P(Z, X)U) =0,
by the virtue of (4). Now contracting the above relation with respect to X and U we obtain

L(QZ) = 2L L(Z), whichyields S(Z, p) = 229(Z, p), (14)

where rg = (n — 1)[2(n — 2)(A — o) — (n — 4)r] and g(X, p) = L(X).
By the virtue of (6) and (14), we get

L(QZ) = "2 [2(n — 2)(A — 0) — (n — ) (nen +a2)|L(2),

which yields
n—

220~ 2)(A— 0) — (n— 4) (01 + a2)lg(Z p).

S(z, p) =

This gives the following:

Theorem 3. If the energy-momentum tensor is of Codazzi type in a (QE)n (n > 3) admitting Einstein’s field equation and recurrent space-
matter tensor, then "Q—_nl [2(n —2)(A—0) — (n — 4)(na1 + ag)] is an eigenvalue of the Ricci tensor S corresponding to the eigenvector p,
defined by g(X, p) = L(X), provided that the energy density is constant.

Now we assume that the space-matter tensor P of type (0, 4) in a Riemannian manifold (M™, g) (n > 3) admitting Einstein’s field equation,
is weakly symmetric [9] in nature. Then there exist 1-forms A, B and F (not simultaneously zero) such that the following relation holds:

(VxP)Y, Z, U, V) = AX)P(Y, Z, U, V)+B(Y)P(X, 2, U, V)
+B(Z)P(Y, X, U, V) + E(U)P(Y, Z, X, V) (15)
+E(V)P(Y, Z, U, X).

Here p1, p2, p3 be the vector fields metrically equivalent to A, B, E respectively.
Contracting Y and V' and using (4), the equation (15) yields

n—2

g(vxsxz, U) — { dr(X) + (n — 1)da(X)} 9(z, U)

n n—

= A(X) [25(2, U) — {

2r 4 (n—1)(o - A)}Q(Z’ U)}

+B(2) [gS(X, U) — {” (- 1)(o— /\)} 9(X, U)} (16)
n—2

n

+E(U)[25(Z,X)—{ r—l—(n—l)(a—/\)}g(Z,X)]

+P(Xa 27 U7P2) +P(X7 Uv Zap?))'

Setting Z = U = e; in (16) and taking summation over ¢, 1 < ¢ < n, we have
n(n — 3)dr(X) + 2n(n — 1)do(X) + 2nH1(QX)
= n[(n—3)r+2(n—1)(c — N]AX) +2[(n —2)r+2(n —1)(c — X\)|H1(X) (17)

by the virtue of (4), where H1(X) = B(X) + E(X) for all vector fields X.
Contracting (16) with respect to X, Z and replacing U by X and by the virtue of (4), we find
n—4
4

dr(X) + (n—1)do(X)+ F[AQX) + B(QX) - E(QX)]

= {";2r+(n—1)(0—/\)}[A(X)+B(X)] (18)

{n2—4n+2

5 r+(n—1)>%(c— )\)} E(X).
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Further contracting (16) with respect to X, U and replacing Z by X, we find

n—4

dr(X) + (n = 1)do(X) + ZIAQX) - B@QX) + E(QX)] (19)

. n2 — 4n
_ {” i - 1)(04)} [AX) + B(X)) + {%H("* 1)2@’”)}3(){)

by the virtue of (4). Now (18) and (19) both yield

-1

Hy(QX) = —n2n

[(n—4)r+2(n—2)(c — \)]|H2(X), (20)

which gives
n—1
2n

where g(X, m2) = H2(X) = B(X) — E(X) for all vector fields X.
Now using (18) and (20), we obtain

S(X, 72) =

2(n —=2)(A = 0) = (n = 4)r]g(X, 12),

(n —4)dr(X) +4(n — 1)do(X) 4+ 2nA(QX) (21)
= 2[(n—2)r+2(n—1)(c — M]JAX) +n[(n —3)r+2(n—1)(c — N)|H1(X).

In the view of (17), (6) and (21), we get

(n? = 2n — 4)[nda1 (X) + daz(X)] + 2(n — 1)(n + 2)do(X)
= [(n® —n—4D(na1 + a2) +2(n — 1)(n+2)(c — N)]H3(X) — 2nH3(QX),

where H3(X) = g(X,m3) = A(X) + B(X) + E(X) for all vector fields X. If av;, g, o are constants then we get from the above relation

H3(QX) = %[(n2 —n—4)(nay + a2) +2(n — 1)(n + 2)(c — V)] H3(X),
which yields

S(X,13) = %[(nQ —n—4)(nay + a2) +2(n — 1)(n + 2)(c — N)]g(X, 73).

Again by (17), (6) and (21), we also get

(n? — 4n + 4)[nda1 (X) + doz(X)] + 2(n — 1)(n — 2)do(X)
= 2nH4(QX)+ (n — D[(n —4)(na1 + a2) +2(n — 2)(c — \)]Ha(X),

where Hy(X) = g(X,14) = A(X) — B(X) — E(X) for all vector fields X. If a1, asg, o are constants, then the above relation gives us

Hy(QX) = %(n —D2(n = 2)(A = 0) = (n = 4)(na1 + az)]Ha(X),

which yields
n—1
S(X,m4) = 7[2(71 —2)A=—0) — (n—4)(nag + a2)]g(X, 74).
Thus we have the following:
Theorem 4. ﬁ[(n2 —n—4)(naq +az2) +2(n — 1)(n+2)(0c — \)] and 52 2(n — 2)(A — o) — (n — 4)(nay + a2)] are the eigenval-
ues of the Ricci tensor S corresponding to the eigenvectors T3 and 14, respectively, in a (QE)n (n > 3) admitting Einstein’s field equation
and weakly symmetric space-matter tensor, provided o1, oo, o are constants.

3 An example proving the existence of a Quasi-Einstein Manifold with Space-Matter Tensor

This section deals with an example of a quasi-Einstein manifold admitting Einstein’s field equation and space-matter tensor satisfying certain
curvature restrictions.
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Example 1: Let M* = {(z!, 22, 2®, 2*) € R*} be an open subset of R* endowed with the metric
. . 1 1
ds® = gijda'da’ = & TH(da')? + " [(da?)? + (dz*)? + (dz™)?, (22)

where ¢, j run from 1 to 4. Then the only non-vanishing components of the curvature tensor, the Ricci tensor and the scalar curvature are given
by
1

1 . 1 3 _ (1
Ros23 = —~€” ' = Royoy = Rayaa; Soo = — = S33 = Sua; 7 = 3¢ @+, (23)

4 2e

We shall now verify that our M Yisa quasi-Einstein manifold. To verify that the manifold M 4isa (QFE)4 let us consider the 1-form 7 and
associated scalars a1, o as follows:

9 N
T _ = = e or 1 =1 24
(&EZ) ! { 0 otherwise, @9
ay = %ef(z1+1); g = 7%67(11+1). 25)

According to our M 4, (6) is reduced to following equations
Sy = a1gii + aamm, fori =1, 2, 3, 4, (26)

since the components of (6) vanishes identically for the cases other than (26) and the relation (6) holds trivially. By the virtue of (22), (23),
(24), (25), it follows that

r. h. s. of (26) = %e_(xl'H)gii - %e_(wl+1)7ri7ri =0=1 h.s. of (26) for ¢ = 1. By a similar argument, it can be easily shown that the
relation (26) holds for ¢ = 2, 3, 4. Therefore our (M4, g) is a (QF)4. Now, considering o as a constant, we calculate the non-vanishing
components of the space-matter tensor and its covariant derivatives as follows:

P10 = *%6951 -1 +12em1+1(>\ —0)] = P1313 = P1414,
P232§ =" (1>\ — 0) = Pagasq = P3434;
Pio121 =€¥ [-1+42e* Hla-0) = Pi313,1 = Pia14,1, 27
Posozq = 262 (A — o) = Pos2a,1 = Paaza 1,

1 a'—1
Pi3930 = —7¢€” = Prg24,2 = P1232,3 = P1434,3 = P1242,4 = P1343 4;

where ‘,” denotes the covariant differentiation with respect to the coordinates. Let us consider the 1-form L as follows:

0 -2 fori=1
L(axi) =Li= { 0  otherwise (28)
at any point of M. One can easily check the validity of the following relations with these 1-forms defined above:
Pij151 = L1Pyjuj, 29)
Pirjk1 = L1Pjgjk, (30)
Pk = L Pijgj, (31)

where j and k run from 2 to 4 and j # k. We simply show one of the above here:
rhs. of (29) = —2Pp;1; = €° [~1 4 2¢" T1(A— 0)] = L h. 5. of (29) for j = 2.

In other possible cases either the result is trivial or both sides vanish identically. Here it can also be easily shown that our considered manifold
is a recurrent manifold. Hence we can state the following theorem:

Theorem 5. Let (M 4 g) be a Riemannian manifold endowed with the metric
ds? = gijdxid:vj = ezlJrl(dacl)2 + e [(dx2)2 + (d;zcs)2 + (d:v4)2] where (i, j =1, 2, 3, 4).

Then (M 4, g) is a (QE)4 admitting Einstein’s field equation and recurrent space-matter tensor with non-vanishing scalar curvature such that
o is constant. It is also a recurrent manifold.

4 Conclusion

In this article we provide several properties of space-matter tensor P on quasi-Einstein manifolds. Our future research will be focused on the
study of space-matter tensor P on some other kind of manifolds.
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