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Abstract: In this study, we investigate generalized quasi-Einstein normal metric contact pair
manifolds. Initially, we deal with the elementary properties and existence of generalized
quasi-Einstein normal metric contact pair manifolds. Later, we explore the generalized quasi-constant
curvature of normal metric contact pair manifolds. It is proved that a normal metric contact pair
manifold with generalized quasi-constant curvature is a generalized quasi-Einstein manifold. Normal
metric contact pair manifolds satisfying cyclic parallel Ricci tensor and the Codazzi type of Ricci
tensor are considered, and further prove that a generalized quasi-Einstein normal metric contact
pair manifold does not satisfy Codazzi type of Ricci tensor. Finally, we characterize normal metric
contact pair manifolds satisfying certain curvature conditions related to M-projective, conformal,
and concircular curvature tensors. We show that a normal metric contact pair manifold with
generalized quasi-constant curvature is locally isometric to the Hopf manifold S?**1(1) x S.
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1. Introduction

An Einstein manifold is a Riemannian manifold (M, g), which is defined by the Ricci tensor
Ric = Ag for a non-zero constant A. Since Einstein manifolds have important differential geometric
properties and have significant physical applications therefore they are studied by geometers in a
broad perspective. A Riemannian manifold M is called a quasi-Einstein manifold if the Ricci curvature
tensor satisfies
RiC(Xl, Xz) = )Lg(Xl, Xz) + IB(,U(X1)(U(X2)

for all X1,X, € I'(TM), where A, B are scalars and w is a non-zero 1—form [1]. Quasi-Einstein
manifolds are generalizations of Einstein manifolds . In the contact geometry, #—Einstein manifolds
can be consider as a particular case of quasi-Einstein manifolds. When quasi-umbilical hypersurfaces
were considered exact solutions of the Einstein field equations, the notion of quasi-Einstein manifold
aroused [2]. As an example of quasi-Einstein manifolds, we can mention the Robertson-Walker
space-times [2]. For more details on such manifolds, we refer to the reader [2—4].

The generalization of quasi-Einstein manifolds has been presented in the different perspectives.
Chaki gave one of them in [5], and another was presented by Catino [6]. Catino generalized a
quasi-Einstein manifold as a generalization of the concepts of Ricci solitons and quasi-Einstein
manifolds. The third definition of generalized quasi-Einstein manifolds was given by De and Ghosh [7].
A Riemannian manifold (M, g) is called a generalized quasi-Einstein manifold if its Ricci tensor has
following form:

Ric(X;, X2) = Ag(X1, X2) + Beo(X1 ) (Xa) + pnp (X1 ) (Xa)
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where w, 7 are two non-zero 1— forms and A, B, 4 are certain non-zero scalars [7]. The unit and
orthogonal vector fields ¢; and ¢, corresponding to the 1—forms w and 7 are defined by g(X;,81) =
w(X1), §(X2,82) = (X1), respectively [7]. The geometric properties of generalized quasi-Einstein
manifolds have been studied in [7-11]. A generalized quasi-Einstein manifold, in addition to its
geometrical features, has remarkable physical applications in general relativity [12-14]. Complex
#—Einstein manifolds could be considered as a special case of generalized quasi-Einstein manifolds
(see [15]).

In [16], Bande and Hadjar defined a new contact structure on an (m = 2p + 29 + 2) —dimensional
differentiable manifold M with two 1—forms &y, a. This structure was initially studied by Blair,
Ludden and Yano [17] as the name of bicontact manifolds. Bande and Hadjar considered a special
type of f—structure with complementary frames related to these contact forms and they obtained
associated metric. A differentiable manifold with this structure is called a metric contact pair (MCP)
manifold. Riemannian geometry of MCP manifolds is given in [18,19].

This paper is on applications of generalized quasi-Einstein manifolds in contact geometry.
We consider the generalized quasi-Einstein normal metric contact pair manifolds. After presenting
definitions and basic properties, we examine the existence of such manifolds. Also, we present
a characterization of generalized quasi-Einstein normal metric contact pair manifolds. Moreover,
we consider the notion of generalized quasi-constant curvature for normal metric contact pair
manifolds and we obtain some results on the sectional curvature. We investigate a generalized
quasi-Einstein normal metric contact pair manifold under some conditions for Ricci tensor. We prove
that a generalized quasi-Einstein normal metric contact pair manifold does not satisfy Codazzi type of
Ricci tensor. Finally, we characterize normal metric contact pair manifolds satisfying certain curvature
conditions related to M-projective, conformal, and concircular curvature tensors. We show that a
normal metric contact pair manifold with generalized quasi-constant curvature is locally isometric to
the Hopf manifold $2"*1(1) x S'.

2. Preliminaries

Contact pairs were defined by Bande and Hadjar [16] in 2005, for details see [16,18,19]. In this
section, we give some fundamental facts about contact metric pair manifolds. Also, we present some
general facts and results on generalized quasi-Einstein manifolds.

Definition 1. Let M be an (m = 2p + 2q + 2) -dimensional differentiable manifold and w1, ay be two 1-forms
on M. If the following properties are satisfied then, the pair of (x1,xy) is called a contact pair of type (p,q)
on M:

o ay A(dag)P ANag A (dap)T #0,
o (day)P*! =0and (day)7! =0,

where p, q are positive integers. Then, (M, aq, ap) is known as a contact pair manifold [16].

The kernels of 1—forms w7 and a, define two subbundles of TM as D; = {X : a1(X) =0,X €
I[(TM)} and D, = {X : ap(X) = 0,X € I'(TM)}. Also, we have two characteristic foliations of M,
denoted by F; = Dy Nkerday and F, = D, N kerda, respectively. F; and F, are completely integrable
and their leaves are equipped with a contact form induced by «; (respectively, a1). On the other hand,
the tangent bundle of M can be split as TM = TJF; & TF, [19]. The horizontal sub-bundle H of TM
can be defined as H = keraq N keray.

In the contact geometry, we have the characteristic vector field associated with the contact form.
Similarly, for a contact pair («q,a) of type (p,q) we have two vector fields Z; and Z,, which are
uniquely determined by the following equations:

l’él(Zl) = 062(22) = 1, lkl(Zz) = 062(21) = O,

izllel = izldaz = iZZdDCQ =0,
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where iy is the contraction with the vector field X [16].
Two sub-bundles of TM are defined as follows

TG; = kerdo; Nkeray Nkerap, i =1,2.

Then, we have
TF, =TG ®RZy, and TF, = TG, ® RZ;.

Therefore, we get TM = TG, ® TG, ® RZ; ® RZ,. The horizontal sub-bundle can be written
as H = TG @ TG,. Also, we write V = RZ; & RZ,, and V is called the vertical sub-bundle of TM.
Consequently, the tangent bundle of M is givenby TM = H @& V [18].

Let X be an arbitrary vector field on M. We can write X = X" + XV, where X, XV horizontal
and vertical component of X, respectively. We call a vector field X as a horizontal vector field if
X € T(H),and a vertical vector field if X € T(V).

Similar to almost complex structures, in the 1960s, almost contact structures were defined with
tensorial viewpoint [20]. On a contact pair manifold M, an almost contact pair structure has been
defined as follow by Bande and Hadjar [18].

Definition 2. An almost contact pair structure on an (m = 2p + 2q + 2)—dimensional differentiable manifold
M is a triple aq, ap, ¢, where (a1, ap) is a contact pair and ¢ is a (1,1) tensor field such that:

PP=—l+m QL +0®7Z), §Z1=¢$pZy =0. ¢y
The rank of ¢ is (2p + 2q) and a1 (¢p) = ap(¢p) = 0[18].
Definition 3. ¢ is known as decomposable i.e., ¢ = ¢1 + ¢, if TF; is invariant under ¢ [18].

If ¢ is decomposable, then (a;,Z;¢) induces an almost contact structure on F; for
i #j, i,j =1,2[16]. The decomposability of ¢ does not satisfy for every almost contact pair structure.
An example was given in [16], which has an almost contact pair structure, but ¢ is not decomposable.
In this study, we assume that ¢ is decomposable.

Definition 4. Let (aq,a, Z1, Zy, ¢) be an almost contact pair structure on a Riemannian manifold (M, g).
The Riemannian metric g is called [18]

o compatible if g(¢X1, $pXp) = (X7, Xo) — a1 (X7)aq(Xp) — ap(X1)az(Xp) forall X4, X, € TM,
e associated if ¢(X1,pXp) = (dag + dap)(Xq, Xp) and (X1, Z;) = ai(Xq), for i = 1,2 and for all
X1, X, € T(TM).

4—tuple (a1, a, ¢, g) is called a metric almost contact pair structure on a manifold M and g is an
associated metric with respect to contact pair structure (1, ap, ¢). We recall (M, ¢, Z1, Zy, a1, 02, 8) is a
metric almost contact pair manifold.

We have the following properties for a metric almost contact pair manifold M [16]:

8(Z;,Z;) = 6ij, V7,2 =0, Vz,¢ =0, VxZ1 = —¢1X, VxZp = —X

and for every X tangent to F; i = 1,2.

Another major notion for an almost contact manifold is normality. Bande and Hadjar [19] studied
on this notion for a metric almost contact pair manifold. They define two almost complex structures
on M as [19]:

T=¢0—0Q@Z1+u01R2Z), T=¢p+a07Z1 —a1®Z,.

Definition 5. A metric almost contact pair manifold is said to be normal if J and T are integrable [19].
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Theorem 1. J and T are integrable if the following equation is satisfied;
[, ¢)(X1, X2) + 2day (X3, X2) Zy + 2duz (X, X2) Z, = 0,
forall Xy, X, € T(TM) [19].

From the following theorem, we have the covariant derivation of ¢ for a normal metric contact
pair manifold

Theorem 2. Let (M, ¢, Z1, Zy, a1, a2, ) be a normal metric contact pair manifold. Then we have

2
§((Vx,9) Xz, X3) = Y _(daj (9 X, X1)ai(X3) — daj(pX3, X1)ai(X2)) 2)
=

forall X1, Xp, X3 arbitrary vector fields on M [18].
We use the following statements for the Riemann curvature;
R(X1,X2)X3 = (V¥ x, — Vi, x,) X3 ,where V% x X3 = Vx Vx,X3— Vv, %X
forall Xy, Xp, X3, X4 € T(TM). Also, it is well known that R(X1, Xp, X3, X4) = g(R(X1, X2) X3, X4) [20].
Lemma 1. Let (M, ¢, Z1,Z5, 01,22, ) be a normal metric contact pair manifold. Then we have
R(X1,2)X; = —g(¢X1,¢X2)Z, ®)

R(X1,X2,2,X3) = daj(¢pXs, Xq1)ag(Xa) + dag(¢pX3, X1)az(X2)

—day (¢pX3, X2)a1(X1) — daz (X3, Xo)az(X1), @)

R(X1,2)Z = —¢*Xi. )
where X1, Xp, X3 € T(TM) and Z = Zy + Z, for Reeb vector fields Z1,Z, [21].
Consider an orthonormal basis of M by

S = {e1, e, ....ep, pe1, pey, ..., Pep,Cpi1,€p 2, s Cpiq, Pl i1, Pepi2, -oes Pepiq, 21,22}
Then for all X; € I'(TM), we get the Ricci curvature of M as

2p+2g
Ric(Xy,Z) = ) da1(QE;, Er)ar(X) + daa(pE;, Ei)az(X)
i=1

where E; € S.

Lemma 2. Let (M, ¢, Z1, Zy, a1, &2, §) be a normal metric contact pair manifold. Then Ricci curvature of M
satisfies [21]

Ric(Xy1,Z) =0, for X4 € T(H), (6)
Ric(Z,Z) = 2p + 24. @)
Ric(Z4,Zy) = 2p, Ric(Z,Zy) = 2q, Ric(Zy,Zp) = 0. 8)
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In [7], De and Ghosh presented a theorem for the existence of a generalized quasi-Einstein
Riemannian manifold.

Theorem 3. A Riemannian manifold is a generalized quasi-Einstein manifold, if the Ricci tensor Ric satisfies
the relation
RiC(Xz, Xg)RiC(Xl, X4) — RiC(Xl, Xg)RiC(Xz, X4) = "y[g(Xz, X3)g(X1, X4)

—8(X1, X3)8(X2, X4)] ©)

where vy is a non-zero scalar [7].

The notion of quasi-constant curvature was defined by Chen and Yano [22]. De and Ghosh
generalized this notion for a Riemannian manifold.

Definition 6. Let M be a normal metric contact pair manifold. Then, M is called a normal metric contact pair
manifold of generalized quasi-constant curvature if the Riemannian curvature tensor of M satisfying;

R(X1, X2, X3, Xy) = Alg(X2, X3)8(X1, Xy) — 8(X1, X3)8(X2, X4)]
B[g (X1, Xg)a1 (X2)a1(X3) — g(X1, X3)a1 (X2)a1 (X4)
+8(Xa, X3)a (X1)a1 (Xa) — §(X2, Xa ) (X1)a1(X3)] (10)
Clg(X1, Xg)az(Xa)az(X3) — g(X1, X3)az (X2)az(Xy)

+8(Xa, X3)az(X1)aa(Xy) — g(Xa, Xg)az (X1)aa(X3)]

forall X1,X5, X3, Xy € T(TM), where A, B and C are scalar functions [7].

Definition 7. Let M be a normal metric contact pair manifold. Then, is called a manifold satisfies cyclic
parallel Ricci tensor if we have

(VleiC) (Xo, X3) + (VXZRI'C) (X3, X1) + (VX3RiC) (X1,X2)=0
for all X1, Xp, X3I'(TM) [20].

Definition 8. Let M be a normal metric contact pair manifold. Then, M is called a manifold satisfies Codazzi
type of Ricci tensor if
(VX]RiC)(Xz, X3) - (VXZRiC)(Xl, X3) =0

for all X4 Xy vector fields on M [20].

Conformal and concircular curvature tensors on contact manifolds have been studied in [23-25].
M-projective curvature tensor on manifolds with different structures studied by many authors [26-28].
These curvature tensors on a normal metric contact pair manifold are defined as below:

Definition 9. Let M be an (m = 2p + 2q + 2) —dimensional normal metric contact pair manifold. Then,
o M-projective curvature tensor of M is given by [29] ,

W(X1,X2)X3 = R(Xq,X2)X3— = )[RIC(Xz,XB,)Xl

11
—Ric(X1, X3) X2 + (X2, X3) QX1 — g(X1, X3)QX>] ()
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o conformal curvature tensor C of M is given by [20],

C(X1,X0)X3 = R(X1,X2)X3
n scal
(m—1)(m—2)

+ﬁ(8(xlf X3)QXz — g(X2, X3)QXy

+Ric(Xq, X3)Xo — Ric(Xo, X3)X1)

(8(X2, X3) X1 — (X1, X3)X2)

e concircular curvature tensor Z of M is given by [20],

scal

Z(X1,X2)Xs = R(Xy,X2)X3— ——+
(X1, X2) X3 (X1, X2) X3 m(m—1)

[8(X2, X3) X1 — g(X1, X3)X2]

for X1, Xy, X3 € T(TM), where Q is Ricci operator is given by Ric(Xq, X2) = g(QXy, Xp) and scal is the
scalar curvature of M.

3. Generalized Quasi-Einstein Normal Contact Pair Manifolds

In this section, we present the definition of generalized quasi-Einstein normal metric contact pair
manifold. We also present some theorems on the existence and characterizations of generalized
quasi-Einstein normal metric contact pair manifold.

Definition 10. Let M be a normal metric contact pair manifold. Then, M is called generalized quasi-Einstein
normal metric contact pair manifold if the Ricci curvature of M has the following form;

RiC(X],Xz) = /\g(Xl,Xz) + Baq (X])(Xl(Xz) + ]4062(X1)1X2(X2)
for functions A, B, on M and all X1, X, € T(TM).

If weset X1 = X = Z1 and X; = Xp = Zp, respectively, we obtain § = 2p — A and p = 29 — A.
Thus, the Ricci curvature of generalized quasi-Einstein normal metric contact pair manifold is given by

RiC(Xl, Xz) = )\g(Xl,X2) + (ZP - A)ocl(Xl)le (Xz) + (Zq - /\)Déz(Xl)Oéz(Xz) (12)
for all X1, X, € I'(TM). Therefore, the scalar curvature is
scal =2(A+1)(p +9q). (13)

Let X be an arbitrary vector field on M. We can write X = X’ + XV Since the Ricci curvature is

a linear tensor we have
Ric(Xy, Xp) = Ric(XJ, X3t) + Ric(XY, XY).

Considering the decomposition of tangent bundle mentioned above (see [24] for details), we get
Ric(XY, XY) = 2par (X1)ar (X2) +2qa2 (X1 )az (X2).
Thus, we reach following useful result.

Proposition 1. A normal metric contact pair manifold is a generalized quasi-Einstein manifold if and only if
the horizontal bundle is Einstein, that is for a function A on M, we have Ric(X}t, X3t) = Ag(X]t, XJ1).
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Assume that (9) is satisfied on a normal metric contact pair manifold M. By setting X1 = Xy = Z
and X;, X3 € T(H), then from (6), we have

. 2
Ric(Xa, X3) = rjzg(xz, X3).

Thus, from the Propositionl M is a generalized quasi-Einstein manifold. Using (13), we get
v = Y(scal — m + 2) and hence we state;

Corollary 1. Let M be normal metric contact pair manifold with scalar curvature scal # m — 2. If we have
the relation

1
Ric(Xp, X3)Ric(Xq, Xy) — Ric(Xy, X3)Ric(Xp, Xy) = E(scal —m+2)[g(Xp, X3)g(X1, Xg)
—8(X1, X3)8(X2, Xy)]

on M for all Xy, X, X3, X4 € T(TM), then M is a generalized quasi-Einstein manifold.

Let 7t be a plane section in ToM for any Q € M. The sectional curvature of 7 is given as
Sec(rt) = Sec(u A v), where u,v orthonormal vector fields . For any (p + q)-dimensional subspace
L C ToM, 2 < p+q < m, its scalar curvature scal (L) is denoted by

scal(£) = ) Sec(E; NE;) (14)
1<i,j<p+q

where Ej, ..., E, is any orthonormal basis of £ [30]. When £ = ToM, the scalar curvature is just the
scalar curvature scal(Q) of M at Q € M.

The characterizations of Einstein [31,32], quasi-Einstein [33] and generalized quasi-Einstein [11,34]
manifolds have been obtained by using the sectional curvature of subspaces of tangent bundle.
Analogous to the proof of the Theorem 2.2 of [11], we have following assertion immediately.

Theorem 4. An (m = 2p + 2q + 2)—dimensional normal metric contact pair manifold is a generalized
quasi-Einstein manifold if and only if there exist a function A on M satisfying

scal(P) +p+q—A = sec(Pt), Z1,Zy € ToP*
scal(N)+p+q = sec(NY), 71,7, € TQNl
scal(R)+q—p = sec(P'), Z; € TgR,Z, € ToR*

where (p + q + 1)—plane sections P, R and (p + q)—plane section N; P+, Nt and R+ denote the orthogonal
complements of P, N and R in ToM, respectively.

We consider the normal metric contact pair manifold is of generalized quasi-constant curvature.
In the following proposition, we derive some relations on sectional curvature of M.

Proposition 2. Let M be a normal metric contact pair manifold of generalized quasi-constant curvature. Then,
we have the following:

e the sectional curvature of horizontal bundle is A,
e the sectional curvature of plane section spanned by X € T(H) and Z is2A + B+ C,
e thesectional curvature of plane section spanned by X € T(H) and Z1, Zy is A+ B and A + C, respectively.
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Proof. Let take X; = Xy = X, Xp = X4 = X/, where X, X’ unit and mutually orthogonal horizontal
vector fields. Then from (10), we obtain

sec(X,X') = Alg(X, X")g(X,X) — g(X,X")g(X, X)]
= A

For Xj = X4y = X, Xo = X4 = Z for unit horizontal vector field X, we get

sec(X,Z) = A[g(2,2)8(X,X) —g(X,X")g(X', X) — g(X, Z)g(Z, X)]
+B(8(X, X)a1(Z)a1(Z) + Cg(X, X)az(Z)a2(Z)
= 2A+B+C

Similarly, we can derive the other assertions. [

From above proposition , we get
Corollary 2. In a normal metric contact pair manifold of generalized quasi-constant curvature, we have
sec(X,Z) = sec(X,Zy) + sec(X, Z)
for any horizontal and unit vector field X.

Theorem 5. A normal metric contact pair manifold of generalized quasi-constant curvature is a generalized
quasi-Einstein manifold with coefficients A = A(m — 1) +B+C, p = B(m —2),and y = C(m — 2).

Proof. Let M be a normal metric contact pair manifold of generalized quasi-constant curvature.
Consider an orthonormal basis of M as

S= {E], €2, ..., ep/ (Plell (PlEZI ceey (Plep/ ep+l/ €p+2/ ceey ep-i—qr ¢2€p+1/ ¢2€p+2/ ceey (PZEp-i-q/ Zl/ ZZ}

By taking sum of (10) fromi =1toi =2p + 29+ 2 for X, = X3 = E; € S, we obtain

2p+20+2 242042
2 R(X1,Ey Ej, Xg) = Z {A[g(Ei, Ei)g(X1, X4) — §(X1, Ei)g(E;i, X4)]
B[g( Xy)a1(Ej)aq (E;) — g(Xa, Eq)ar (Ei)ar (X4)
+g(Ei, )0‘1(X1)“1( Xy) — g(Ei, Xa)a1 (Xq)a1 (E;)]
Clg(X1, Xa)az (Ei)az(E;) — g(X1, Ei)aa (E;)az (Xa)
+8(Ei, Ei)az(Xq)az(Xa) — §(Ei, Xa)aa(X1)aa(Ei)]}-

For1 <i < 2p+2gsincea;(E;) =0,j=1,2and lezlwﬂ 9(X1,Ei)g(Ei, X2) = g(X1, X5) we get
RiC(Xl,X4) = [A(m—l) +B+C]g(X1,X4) +B(m—2)061(X1)061(X4)
+C(m = 2)az(X1)az(Xy)
which completes the proof. [

4. Normal Metric Contact Pair Manifold Satisfying Certain Conditions on Ricci Tensor

De and Mallick[9] proved that a generalized quasi-Einstein Riemann manifold satisfies cyclic
parallel Ricci tensor if generators of the manifolds are Killing vector fields. As we know that the
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characteristic vector fields of a normal metric contact pair manifold Z;, Z, are Killing vector fields [35].
Thus, by easy computations, we get

(Vxa1) X2+ (Vx,a1) X1 =0, (Vxa2)Xo + (Vx,a2) X1 =0 (15)
for all Xq, X, € I'(TM). On the other hand, we have
(Vx,Ric)(Xa, X3) = Vx, Ric(Xa, X3) — Ric(Vx, Xa, X3) — Ric(Xp, Vi, X3)
for all Xy, Xp, X3 € T(TM) [20]. Then, from (12) we obtain

(VxRic) (X2, X3) = Xi[A]g(¢X2, ¢X3)
+2p = V)[((Vx,01)X3) 21 (X3) + ((Vx,a1)X2) 21(X2)] (16)
(Zq - )\)[((Vxlﬂél)X:),) DCQ(XQ) + ((Vxloél)XZ) 062(X3)]

where X7 [A] is the derivation of A in the direction of X;. Thus, from (15), we obtain

(Vx,Ric)(Xa, X3) + (Vx,Ric) (X3, X1) + (Vx,Ric) (X3, X2)
= X1[AJg(9X2, ¢X3) + Xo[A[g(9X5, ¢ X1) + X3[A|g(9Xq, 9X2).

As a consequence , we can state the following theorem.

Theorem 6. Let M be a generalized quasi-Einstein normal metric contact pair manifold. If A is constant then
M satisfies cyclic parallel Ricci tensor.

In [9], it has been proved that if a generalized quasi-Einstein Riemann manifold satisfies Codazzi
type of Ricci tensor, then the associated 1-forms are closed.

Suppose that Ricci tensor Ric of a normal metric contact pair manifold M is Codazzi type. Then,
from (15) and (16) we obtain

2p = M[((Vx,01) X2 — (Vx,a1) X1)a1(X3)
+((Vx,a1) X301 (X2) + (Vx,a1) X301 (X1))]
+(29 = M[((Vx,a1) X2 — (V1) Xq)a 2(X3)
+((Vx01) X3a2(X2) + (Vx,a1) Xza2(X1))] =

Let take X3 = Z;, then we get
(2p =M ((Vxa1) X2 — (Vx,a1)X1) =0

which implies A = 2p or (Vx, 1) Xo — (Vx,a1) X3 = 0. If A = 2p then the manifold is not generalized
quasi-Einstein, so this case is not possible. In the other case we obtain

0= (Vxlal)XQ — (VleX])Xl = le](X],Xz) =0

and so & is closed. Similarly, by choosing X3 = Z; we obtain & is closed. As we know contact pairs
(a1, ap) are not closed. So, our assumption is not valid. Finally, we conclude that

Theorem 7. A generalized quasi-Einstein normal metric contact pair manifold does not satisfy Codazzi type of
Ricci tensor.
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5. Normal Metric Contact Pair Manifold Satisfying Certain Curvature Conditions

Curvature tensors give us many geometric properties of contact manifolds. Some properties of
normal metric contact pair manifold satisfying certain conditions of curvature tensors were given
in [21,24]. In this section, we examine the M-projective curvature tensor WV, conformal curvature
tensor C and concircular curvature tensor Z on a normal metric contact pair manifold.

From (11), we have

m 1

WX, 2)Z = s —X1 - —0X (17)
W(X1,X2)Z = R(X1,X2)Z (18)
WXy, 2)X, = (2m2—(ni)_(n;)— Z)g(XLXz) + z(ml_l)Ric(Xl,Xz) z (19)

for X1, X, X3 € T(H). Also, since Ric(X3, Xp) = g(QXj, X»), where Q is the Ricci operator, we have

W(Xl/XZI X3/ X4) = R(Xll XZ/ X3/ X4) ( )[RZC(XZI X3)g(Xl/ X4)
—RiC(Xl, Xg)g(Xz, X4) +g(X2, X3)RZC(X1,X4) (20)
—g(Xl,X3)RiC<X2, X4)]

for all X1, Xp, X3 € T(M). M is called M-projectively flat if )V vanishes identically on M.

Theorem 8. A generalized quasi-Einstein normal metric contact pair manifold is M-projectively flat if and
only if it is of generalized quasi-constant curvature.

Proof. Suppose that M is a generalized quasi-Einstein manifold. Then, from (12) and (11) we have

W(Xl,Xg,X3,X4) = R(Xl,Xz,X3,X4)
— A 9(Xo, X3)8(X1, Xa) — g(X1, X3)g (X2, X4)]
fﬁm—*i[ (X1, Xa)ar (X2) (X3) — (X1, Xa)ar (Xz)a1 (Xa)

(Xz,X3 1(X1)aq (Xy) — g(Xa, Xg)aq (X7)aq (X3)] =

Ja )
2(m 1)[ 8(X1, Xa)az (X2)ao(X3) — g(X1, X3)az(Xz)an(Xs)
+8(Xa, X3)an (X1)az(Xg) — g(Xa, Xg)aa (Xq) a2 (X3)].

Thus, it is seen that M is M- pro;ectlvely flat if and only 1f M is of generalized quasi-constant

B—( A)andC— O

The Riemann manifolds satisfying R(X7, X) - R = 0 are called semi-symmetric, where R(X7, X»)
acts on R as a derivation. Semi-symmetric contact manifolds were studied by Perrone [36]. Similarly,
if W(X1,X3) - R = 0 then M is called M-projectively semi-symmetric. W(Xj, X3) - R is defined as

curvature with coefficients A =

m m—1’ 2(m— 1)

(W(X1,X72) - R)(X3,X4)X5 = W(X1,Xz) - R(X3, X4) X5 — ROV(X1, X2), X3, X4) X5

22
—R(X3, W(X1, X2)X4) X5 — R(X3, X4 )WV(Xq, X2) X5 @)

for all X4, Xy, X3, X4, X5 € T(TM). Also, we have
(W(Xq, X2) - Ric) (X3, X4) = —Ric(W(Xq, X2), X3) — Ric(X3, W(X1, X2)Xy). (23)

If W(X1,X2) - Ric = 0 then M is called M-projectively Ricci semi-symmetric.

Theorem 9. A normal metric contact pair manifold is M-projectively semi-symmetric if and only if M is a
generalized quasi-Einstein manifold.
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Proof. From (22) and using (17)—-(19) we obtain

(W(Xl,Z) . R) (X?)/ X4)X5 = KR(X1/X3/ X4/ XS)Z + LR(X3/ X4/ X5/ QXl)Z
—(Kg(X1,X3) 4+ LRic(X1, X3))g(X4, X5)Z
+(Kg(X1, X5) + LRiC(Xl,X5))R(X3, X4)Z

where K = @m—1)(m=2) and L =

2(m—1) (m 1)

Let take X1, X3, X5 horizontal vector fields and X4 = Z, from (3)—(7), we get
(W(Xl, Z) . R) (X3, Z)X5 = —(Kg(Xl,X5) -+ LRiC(Xl, X5))X3

Thus, we conclude that (W(X3,Z) - R)(X3, X4) X5 = 0 if and only if horizontal bundle of M is
Einstein. From Proposition 1, we obtain

, K K K
Rie(X1, X5) = —78(X1, X5) + (2p + T )aa (X1)ar (X5) + (29 + 7 )a2(X1)a2(Xs) (24)
Therefore, the manifold is a generalized quasi-Einstein. [

Theorem 10. An (m = 2p + 2q + 2)-dimensional normal metric contact pair manifold satisfies VV - Ric = 0
if and only M is generalized quasi-Einstein manifold.

Proof. For Xj, X3, X4 € T(TM) from (23) we get

(W(X4,Z) - Ric)(X3,X4) = —Ric([Kg(X1,X3) + LRic(Xq, X3)]Z, X4)
—Ric(X3, [Kg(X1, X3) + LRic(X1, X3)]Z).

Let take X1, X4 vector fields and X3 = Z from (6), (7), we obtain
(W(Xl, Z) : RiC)(Xg,, X4) = —(2]9 + 21]) [Kg(Xl,le) + LRiC(Xl, X4)]

Therefore, (W(X1,Z) - Ric)(X3,X4) = 0 if and only if horizontal bundle is Einstein.
From Proposition (1) we get (24), which completes the proof. [

Blair, Bande and Hadjar [21] studied on conformal flatness of normal metric contact pair manifolds
and they proved following theorem.

Theorem 11. A conformally flat normal metric contact pair manifold is locally isometric to the Hopf manifold
S21+1(1) x St [21].

Thus, we get following results, for a generalized quasi-Einstein normal metric contact pair manifold.

Theorem 12. Let M be a generalized quasi-Einstein normal metric contact pair manifold. If M is of generalized
quasi-constant curvature with coefficients A = ()‘m m+2) B = ZP )‘ and C = 2= then it is locally

m—1)( m—2"
isometric to the Hopf manifold S*1+1(1) x S'.
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Proof. Let M be a generalized quasi-Einstein normal metric contact pair manifold. Then, we have

C(X1,X2,X3,Xy) = R(X1,Xp,X3,Xy)
scal

T —2)
_%[Q(Xzf X3)8(X1, Xg) — 8(X1, X3)8(Xa, X4)]
=202 (0, X (X (Xs) — (0, Xs o (Ko ) (Xa)
+8(X2, X3)a1 (X1)a1 (Xg) — g(X2, Xa) a1 (X1)a1(X3)]
212 3%, Xa)aa (X)aa(X3) — (X, Xa)aa (Ko )z (Xs)
—8(Xa, Xg)az(X1)az(X3)]-

[8(X2, X3)8(X1, Xq) — §(X1, X3)8(X2, X4)]

Suppose that M is of generalized quasi-constant curvature with coefficients A = %, B =

% and C = 27:17—:; . Then, we get C = 0 which means that M is conformally flat. Thus, the Theorem

6.4 M is locally isometric to the Hopf manifold $?7+1(1) x S'. O

By using the definition of M-projective curvature tensor and conformal curvature tensor, we have

C(X1,X2)X3 = %W(XLXZ)XE% — 5 R(Xq, X2,) X3 25)
+#‘Efn_z)[g(le X3) X1 — 8(X1, X3) Xa).
Let M be a M-projectively flat normal metric contact pair manifold , then, from (25), M is
conformally flat if and only if

scal

R(X1, X2, ) X3 = m

[§(X2, X3) X1 — g(X1, X3)Xa],
which means M is concircular flat. Finally, we conclude that

Theorem 13. Let M be M-projectively flat normal metric contact pair manifold. If M is also concircularly flat
then it is locally isometric to Hopf manifold S?171(1) x S*.
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