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On trans-Sasakian 3-manifolds as 77-Einstein solitons

Ganguly D."™, Dey S.2, Bhattacharyya A.!

The present paper is to deliberate the class of 3-dimensional trans-Sasakian manifolds which
admits 7-Einstein solitons. We have studied #-Einstein solitons on 3-dimensional trans-Sasakian
manifolds where the Ricci tensors are Codazzi type and cyclic parallel. We have also discussed some
curvature conditions admitting 7-Einstein solitons on 3-dimensional trans-Sasakian manifolds and
the vector field is torse-forming. We have also shown an example of 3-dimensional trans-Sasakian
manifold with respect to 7-Einstein soliton to verify our results.
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Introduction

In 2016, G. Catino and L. Mazzieri [7] introduced the notion of Einstein soliton, which can
be viewed as a self-similar solution to the Einstein flow

%25 %).

where g is the Riemannian metric, S is the Ricci tensor and r is the scalar curvature.

It can be easily seen that the Einstein soliton is analogous to the Ricci soliton, which is also
generated by a self-similar solution to the very famous geometric revolution equation Ricci
flow. The term “Ricci soliton” [11] arose as a need for a more general self-similar solution, to the
Ricci flow equation, than the uniformly shrinking or expanding solutions in case of Einstein
manifolds. It is a well-known fact now that the study of Ricci soliton has tremendous contribu-
tion in solving the longstanding Thurston’s geometric conjecture. Similarly it is also interesting
to study the Einstein soliton from various directions to solve many physical and geometrical
problems. In [7], the authors characterized the nature of complete three-dimensional, posi-
tively curved, Riemannian manifold satisfying gradient Einstein soliton equation. Motivated
from their work, in this paper we consider a slight perturbation of the Einstein soliton by 7 ® 1,
called the #-Einstein soliton. The mathematical expression for the #-Einstein soliton [1] is given
by the following equation

L:g+254+ (2N —1)g +2un @1 =0, (1)
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where Lz denotes the Lie derivative along the direction of the vector field ¢, S is the Ricci
tensor, r is the scalar curvature and A, u are real constants. The #-Einstein soliton is called
shrinking if A < 0, steady if A = 0 and expanding if A > 0. In particular, if p = 0, the
n-Einstein soliton reduces to the Einstein soliton (g, &, A).

J. T. Cho and M. Kimura [6] introduced the concept of #-Ricci soliton and later C. Calin and
M. Crasmareanu [5] studied it on Hopf hypersufaces in complex space forms. A Riemannian
manifold (M, g) is said to admit an #-Ricci soliton if for a smooth vector field V, the metric g
satisfies the following equation

Lzg+25+20g+2un@n =0, (2)

where L¢ is the Lie derivative along the direction of ¢, S is the Ricci tensor and A, u are real
constants. It is to be noted that if the manifold has constant scalar curvature, then the data
(8,¢,A — %, 1) of the equation (1) satisfies the equation (2), i.e. the 7-Einstein soliton reduces to
an 1-Ricci soliton. Hence we can remark that the two notions are different for the manifolds of
non-constant scalar curvature and if the scalar curvature of the manifold is constant then the
concepts of #-Ricci soliton and #-Einstein soliton coincide.

In [18], the authors studied Ricci solitons within the framework of three-dimensional trans-
Sasakian manifolds. They proved that if a compact three-dimensional trans-Sasakian manifold
with constant scalar curvature admits Ricci soliton, then the manifold is either x-Sasakian or
B-Kenmotsu. Later T. Dutta et al. [8] investigated three-dimensional trans-Sasakian manifolds,
which admits conformal Ricci soliton. Furthermore they showed that on a three-dimensional
trans-Sasakian manifold, under some condition on the potential vector field, almost conformal
Ricci soliton reduces to conformal Ricci soliton. Very recently, in [15] the author studied #-Ricci
soliton on three-dimensional trans-Sasakian manifolds satisfying various tensorial conditions
S'R=0,R-S=0,W,-S=0and S-W, =0.

Motivated by the above papers, here we propose to study various geometric aspects of
three-dimensional trans-Sasakian manifolds admitting #-Einstein solitons.

The paper is organised as follows. After a brief introduction, in Section 2, we recall some ba-
sic knowledge on trans-Sasakian manifolds. Section 3 deals with 3-dimensional trans-Sasakian
manifolds admitting #-Einstein solitons and also the nature of the soliton is dicussed. In this
section, we have constructed an example of a 3-dimensional trans-Sasakian manifold satisfy-
ing n-Einstein soliton. In Section 4, we have contrived 7-Einstein solitons in 3-dimensional
trans-Sasakian manifolds in terms of Codazzi type and cyclic parallel Ricci tensor and charac-
terized the nature of the manifold. Sections 5, 6,7, 8 are devoted to the study of some curvature
conditionsR-S =0,W,-5S=0,R-E=0,B-5 =0, S-R = 0 admitting 77-Einstein solitons in
3-dimensional trans-Sasakian manifold. In last section we have studied torse forming vector
tield when 3-dimensional trans-Sasakian manifolds admitting #-Einstein solitons.

1 Preliminaries

An n-dimensional smooth Riemannian manifold (M, g) is said to be an almost contact met-
ric manifold [3] if it admits a (1, 1) tensor field ¢, a characteristic vector field ¢, a global 1-form
1 and an indefinite metric ¢ on M satisfying the following relations
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¢* = —I+379¢
n@G) =1, 3)
n(X) = g(X,4),
g@X,9Y) = (X Y)—n(X)n(Y), (4)
(X, 9Y) +g(Y,¢X) = 0,

for all vector fields X, Y € TM, where TM is the tangent bundle of the manifold M. Also it can
be easily seen that ¢(&) = 0, 7(¢X) = 0 and rank of ¢ is (n — 1).

The geometry of the almost Hermitian manifold (M x R, G, J) gives rise to the geometry
of the almost contact metric manifold (M, g, ¢, ¢, n7), where G is product metric of the product
manifold M x R with the complex structure | defined by

I F Sy = (px — fen0 D),

for all vector fields X on the manifold M and smooth function f on the product manifold
M x R. An almost contact metric manifold (M, g, ¢, &, 17) is called a trans-Sasakian manifold if
the product manifold (M x R, G, J) belongs to the class Wy [10]. The notion of trans-Sasakian
manifolds was introduced by J.A. Oubina [14] and later ].C. Marrero [12] completely character-
ized the local structures of trans-Sasakian manifolds of dimension n > 5. The expression for
which an almost contact metric manifold (M, g, ¢, ¢, 17) becomes a trans-Sasakian manifold is
given by
(Vx¢)(Y) = ag(X,Y)§ —n(Y)X] + Blg(¢X, V)G — n(Y)$X], )

for all X,Y € TM and for some smooth functions «, 8 on the manifold M. Then such kind
of manifold is called a trans-Sasakian manifold of type («, ). In particular trans-Sasakian
manifolds of type (0,0), («,0) and (0, B) are called cosymplectic, a-Sasakian and p-Kenmotsu
manifolds respectively.

In what follows, by a trans-Sasakian 3-manifold, we mean a 3-dimensional trans-Sasakian
manifold (M, g, ¢, ¢, 1) of type («, B) and we will use the notation (M, g) to denote it through-
out this article. Now from the expression (5) it can be derived that

Vx¢ = —ap(X) + B(X —7n(X)8), (6)
(Vx)(Y) = —ag(¢(X),Y) + Bg(¢(X), ¢(Y)), (7)

for all vector fields X, Y in TM. Again from equation (20) of corollary 4.2 in the paper [19], the
Riemannian curvature tensor in a trans-Sasakian 3-manifold (M, ) is given by

R(XY)Z = (5+258—2(a* = B)) [3(Y, 2)X — g(X, Z)Y]
—8(Y,2) | (5 +28 —3(a> = B) )n(X)E — (X)(9(grad ) —grad B) + (XB + (¢X)a)¢]
+2(X,2) | (5 +8B—3(e? = B)) 1 (X)& = 1(Y)(¢(grad «)—grad B) + (YB + (¢Y)a)¢]
|28+ (@Z)a)n(¥) + (YB + (9¥)w)y (2 >+(g+Cﬁ—3<a2—52>)n<y>n<z>]x
+ (2B + (92)2)1(X) + (XB+ (9X)a)n(2) + (5 +EB =302 = B2) ) (X (2) | Y.
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Furthermore, in a trans-Sasakian 3-manifold (M, g), if the functions &, B are constants then,
taking Z = ¢ (similarly for the second relation taking X = ¢ and taking X = Z = ¢ for the
third relation) in the above equation, the following relations can easily be deduced

RX,Y)E = (& =B)n(YV)X —n(X)Y], 8)
R(EX)Y = (&2 =PB)X,Y)E—n(Y)X], 9)
R(EX)E = (2= B)[n(X)E — X]. (10)

Also, taking both «, B constant in corollary 4.2 in [19], we obtain the relations for the Ricci
tensor

r T
SXY) =[5 (@@= p)]a(X,Y) = |53 = B n(X)n(¥),
S(X,8) = 2(a®—p)n(X), (11)
for all vector fields X, Y in TM and where R is the curvature tensor and S is the Ricci tensor.

Definition 1. A trans-Sasakian 3-manifold (M, g) is said to be an y-Einstein manifold if its
Ricci tensor S is of the form

$(X,Y) = ag(X,Y) + by (X)n(Y),
forall X,Y € TM and smooth functions a,b on the manifold (M, g).

2 py-Einstein solitons on trans-Sasakian 3-manifolds

Let us consider a trans-Sasakian 3-manifold (M, g) admitting an 7-Einstein soliton given
by the data (g, &, A, ). Then from equation (1) we can write
(Leg)(X,Y) +25(X,Y) + 24 —r]g(X,Y) + 2un(X)y(Y) =0 (12)

forall X,Y € TM.
Again from the well-known formula (£:¢)(X,Y) = ¢(Vx¢,Y) + g(Vy¢, X) of Lie-deriva-
tive and using (6), we obtain for a trans-Sasakian 3-manifold

(Leg)(X,Y) = 2B[g(X,Y) — 2By (X)n(Y)]. (13)
Now in view of the equations (12) and (13) we get
S(X,Y) = (5= A= B)g(X,Y) + (B—m(X)y(Y). (14

This shows that the manifold (M, g) is an y-Einstein manifold. Also from equation (14) replac-
ing Y = ¢ we find that

r
$(%,8) = (3= A= )n(X). (15)
Compairing the above equation (15) with (11) yields
r=4(a® — B?) + 21 +2u. (16)

Again, considering an orthonormal basis {e1, e, e3} of (M, g) and then setting X = Y = ¢; in
equation (14) and summing over i = 1,2, 3 we get

r=6A+4B+2pu. (17)
Finally combining equations (16) and (17) we arrive at
A= (=B - B. (18)

Thus the above discussion leads to the following result.
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Theorem 1. If a trans-Sasakian 3-manifold (M, g) admits an y-Einstein soliton (g,¢, A, u),
then the manifold (M, g) becomes an 1n-Einstein manifold of constant scalar curvature
r = 6A + 4B + 2u. Furthermore, the soliton is shrinking, steady or expanding according as
a? < B(B+1),a>=B(B+1),a%> > B(B+1) respectively.

Example 1. Let us consider the 3-dimensional manifold M = {(u,v,w) € R3 : w # 0}. Define
a linearly independent set of vector fields {e; : 1 < i < 3} on the manifold M given by

d d d
2w 2w
a=e o 27T 5 8T sw

Let us define the Riemannian metric § on M by

[ 1, for i=],
g(e”ef)_{ 0, for i#],

for alli,j = 1,2,3. Now considering ez = ¢, let us take the 1-form 1, on the manifold M,
defined by n(U) = g(U,e3), for all U € TM. Then it can be observed that 11() = 1. Let us
define the (1,1) tensor field ¢ on M as

pler) = e, Pler) = —e1, Ples) =0.
Using the linearity of g and ¢ it can be easily checked that
P2(U) = —U+y(U)E, g(eU,¢V) =g(U, V) —y(U)y(V), YU,V ETM.

Hence the structure (g, ¢, ¢, 1) defines an almost contact metric structure on the manifold M.
Now, using the definitions of Lie bracket, after some direct computations we get

[61162] = 0/ [61163] = _261/ [62/ 63] - _262-

Again the Riemannian connection V of the metric g is defined by the well-known Koszul’s
formula, which is given by

24(VxY,Z) = Xg(Y, Z) + Yg(Z,X) — Zg(X,Y) — g(X,[Y, Z)) + g(¥,[Z,X]) +g(Z, [X, Y)).
Using the above formula one can easily calculate that

Velel = 263/ Velez =0, vele:’) = _261/
Vezel = O, VEZBZ = 263, V3263 = —262,
Vee1 =0, Veer =0, Vees=0.

Thus from the above relations it follows that the manifold (M,g) is a trans-Sasakian
3-manifold. Now using the well-known formula R(X,Y)Z = VxVyZ — VyVxZ — V(xy|Z
the non-vanishing components of the Riemannian curvature tensor R can be easily obtained
as

R(e1,e2)e2 = R(eq, e3)e3 = —4ey,
R(en, e3)e3 = R(es, e1)e; = —4ey,
R(es, en)ep =4ep, R(ep, e1)er = 4es.
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Hence we can calculate the components of the Ricci tensor as follows
S(er,e1) =0, S(ez,e2) =0, S(es e3) = —8.

Therefore in view of the above values of the Ricci tensor, from the equation (1) we can calculate
A = —2 and p = 6. Hence we can say that the data (g, &, —2,6) defines an 1j-Einstein soliton on
the trans-Sasakian 3-manifold (M, g). Also we can see that the manifold (M, g) is a manifold
of constant scalar curvature r = —8 and hence the theorem 1 is verified.

Next we consider a trans-Sasakian 3-manifold (M, g) and assume that it admits an
n-Einstein soliton (g, V, A, u) such that V is pointwise collinear with ¢, i.e. V = b for some
function b. Then from the equation (1) it follows that

bg(VxE,Y) + (Xb)n(Y) +bg(VyE, X) + (Yb)n(X)
+25(X,Y) 4+ (2A —1)g(X,Y) +2un(X)n(Y) = 0.

Then using the equation (6) in above we arrive at
(2B +2A —1)g(X,Y) + (Xb)n(Y) + (Yb)n(X) +25(X,Y) + 2(bp+ u)n(X)n(Y) = 0. (19)
Replacing Y = ¢ in the above equation yields
(Xb) + (Gb)n(X) +25(X,¢) + (2A +2u —1)n(X) = 0. (20)
Again taking X = ¢ in (20) and by virtue of (11) we arrive at 2(Zb) = (r —2A —2u) — 4(a? — B?).
Using this value in (20) and recalling (11), we can write
S A—n—2—p)]r. (21)

Now taking exterior differentiation on both sides of (21) and using the famous Poincare’s
lemma, i.e. d*> = 0, finally we arrive at r = 2\ + 2y + 4(a?> — B?). Therefore, the equation
(21) gives us db = 0, i.e. the function b is constant. Then the equation (19) reduces to

ab = |

r

S(X,Y) = (5 = A= bB)g(X,Y) + (b8 — w)y(X)n(Y)
for all X,Y € TM. Hence we can state the following result.

Theorem 2. If a trans-Sasakian 3-manifold (M, g) admits an 1j-Einstein soliton (g, V, A, u) such
that V is pointwise collinear with ¢, then V is constant multiple of ¢ and the manifold (M, g)
becomes an 1j-Einstein manifold of constant scalar curvature r = 2\ + 2y + 4(a? — B?).

3 n-Einstein solitons on trans-Sasakian 3-manifolds with Codazzi type and
cyclic parallel Ricci tensor

The purpose of this section is to study 5-Einstein solitons in trans-Sasakian 3-manifolds
having certain special types of Ricci tensor, namely Codazzi type Ricci tensor and cyclic paral-
lel Ricci tensor.

Definition 2 ([9]). A trans-Sasakian 3-manifold is said to have Codazzi type Ricci tensor if its
Ricci tensor S is non-zero and satisties the following relation

(VxS)(Y,Z) = (VyS)(X,Z), VX,Y,Z € TM. (22)
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Let us consider a trans-Sasakian 3-manifold having Codazzi type Ricci tensor and admits
an n-Einstein soliton (g, &, A, i), then equation (14) holds. Now covariantly differentiating (14)
with respect to an arbitrary vector field X and then using (7) we get

(VxS)(Y,2) = 2(8 = w(Y)(~ag(9X, Z) + B(#X,92)) .
+1(Z)(—ag(@X, ) + (90X, 9Y))].

Similarly we can compute
(VyS)(X, Z) = 2(B — w)[n(X)(—ag(¢Y, Z) + Bg(¢Y, 7))
+1(Z2)(—ag(¢Y, X) + Bg (Y, ¢X))].

Since the manifold has Codazzi type Ricci tensor, using (23) and (24) in the (22) and then
recalling (4) we arrive at

2(p = wn(Y)(—ag(¢X, 2) + Bg(X, Z))
—1(X)(—ag(¢Y, Z) + pg(Y, 2)) —2a1(Z)g(¢X, Y)] = 0.
Putting Z = ¢ in above and in view of (3) we finally obtain
da(p = p)g(@X,Y) =0 (26)

forall X,Y € TM. Therefore from (25) we can conclude that either « = 0 or 4 = . Hence we
have the following result.

(24)

(25)

Theorem 3. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(g,G, A, u). If the Ricci tensor of the manifold is of Codazzi type then the manifold becomes a
B-Kenmotsu manifold provided u # .

Now using « = 0 in equation (18) we get A = —B(p + 1). Thus we can state the following
assertion.

Corollary 1. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,G6,A, u) with u # B. If the Ricci tensor of the manifold is of Codazzi type then the soli-
ton is shrinking if p < —1 or p > 0; steady if p = —1 or p = 0; and expanding if -1 < f < 0
respectively.

Again from the (25) we can write that y = B if &« # 0. Then from equation (14) we obtain

5(X,Y) = (% . 5) (X, Y) 27)

for all X,Y € TM. Then contracting the equation (26) we get r = 6A 4 6. Hence in view of
this and (26) we have the following result.

Theorem 4. Let (M,g) be a trans-Sasakian 3-manifold admitting an 1-Einstein soliton
(g,&, A, u). If the Ricci tensor of the manifold is of Codazzi type then the manifold becomes an
Einstein manifold of constant scalar curvature r = 6A + 6 provided « # 0.

Definition 3 ([9]). A trans-Sasakian 3-manifold is said to have cyclic parallel Ricci tensor if its
Ricci tensor S is non-zero and satisties the following relation

(VxS)(Y,Z) + (VyS)(Z,X) + (VzS)(X,Y) =0 VX,Y,Z € TM. (28)
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Let us consider a trans-Sasakian 3-manifold, having cyclic parallel Ricci tensor, admits an
n-Einstein soliton (g, ¢, A, ), then equation (14) holds. Now taking covariant differentiation of
(14) and using (7) we obtain relations (23) and (24). In a similar manner we get the following

(VzS)(X,Y) =2(B — w)[n(X)(—ag(9Z,Y) + Bg(9Z, 9Y))
+n(Y)(—ag(9Z,X) + Bg($Z, X))].

Now since the manifold has cyclic parallel Ricci tensor, using the values from (23), (24) and
(29) in the equation (28) and then making use of (4) we arrive at

4B(B — W)n(X)g(¢Y, 9Z) +1n(Y)S($Z, ¢X) +1(2)8(9X, $Y)] = 0.
Replacing Z = ¢ in the above equation yields
4B(p — m)g(¢X, ¢Y) =0 (30)

forall X,Y € TM. Since g(¢X, ¢Y) # 0 always, the above equation implies that either f = 0
or u = PB. Thus we can state the following result.

(29)

Theorem 5. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,6, A, ). If the manifold has cyclic parallel Ricci tensor, then the manifold becomes an
n-Sasakian manifold provided y # PB.

Now using B = 0 in equation (18) we get A = a?> > 0. Therefore we have the following
assertion.

Corollary 2. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,6, A, u) with u # B. If the manifold has cyclic parallel Ricci tensor then the soliton is ex-
panding.

Again if B # 0 then from (30) it follows that = . Therefore after a similar calculation like
equation (27) we can state the following assertion.

Theorem 6. Let (M,g) be a trans-Sasakian 3-manifold admitting an 1-Einstein soliton
(g,E,A, u). If the manifold has cyclic parallel Ricci tensor, then the manifold becomes an Ein-
stein manifold of constant scalar curvature r = 6A + 6 provided B # 0.

4 p-Einstein solitons on trans-Sasakian 3-manifolds satisfying R(Z,X)-S=0
and W,(¢,X)-S=0

Let us first consider a trans-Sasakian 3-manifold, which admits an #-Einstein soliton
(g,¢,A, u) and the manifold satisfies the curvature condition R(¢, X) -S = 0. Then for all
X,Y,Z € TM we can write

S(R(E X)Y,Z) +S(Y,R(§,X)Z) =0. (31)

Now using (14) in (31) we get

(57— B)S(REX)Y,Z) + (B — wn(R(E X)V)(2)
+ (5= 2= B)8(REX)Z,Y) + (B = wn(R(E X)Z)(Y) =0,
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In view of (9) the previous equation becomes

(& = B)(B— WX, Y)n(Z) + (X, Z)n(Y) — 27(X)n(Y)n(Z)] = 0.

Putting Z = ¢ in the above equation and recalling (4), we obtain

(a® = B*)(B — m)g(¢X, pY) =0 (32)

for all X,Y € TM. Since g(¢pX,¢X) # 0 always and for non-trivial case a> # B2, we can
conclude from (32) that 4 = B. Then from equation (14) we obtain

5(X,Y) = (% . 5) (X, Y) (33)

for all X,Y € TM. Then contracting (33) we get r = 6A + 6. Hence in view of this and
equation (33) we have the following result.

Theorem 7. Let (M,g) be a trans-Sasakian 3-manifold admitting an 1-Einstein soliton
(8,6, A, ). If the manifold satisfies the curvature condition R(¢, X) - S = 0, then the mani-
fold becomes an Einstein manifold of constant scalar curvature r = 6A + 6p.

Our next result of this section is on W,-curvature tensor. It is an important curvature tensor,
which was introduced in 1970 by G.P. Pokhariyal and R.S. Mishra [16]. For this let us recall the
definition of W,-curvature tensor.

Definition 4. The W,-curvature tensor in a trans-Sasakian 3-manifold (M, g) is defined as
1
Wa(X,Y)Z = R(X,Y)Z + 2(X, 2)QY - g(Y,2)QX|. (34)

Now assume that (M, g) is a trans-Sasakian 3-manifold admitting an #-Einstein soliton
(,¢,A, u) and also the manifold satisfies the curvature condition W5(¢, X) - S = 0. Then we
can write

SWa (&, X)Y,Z)+S(Y,Wa(¢,X)Z) =0, VX,Y,Z e TM.

In view of (14) the above equation becomes

(52— B) [s(Wa(&, X)Y, Z) + (W2 (&, X)Z, V)]

2 (35)
+ (B — 1) [1(W2(&, X)Y)n(Z) + 1 (Wa(Z, X)Z)y(Y)] = 0.
Again from (14) it follows that
QX = (5 =A=B)X+(B—mn(X)5, (36)
which implies
Qz = (5-A—n)é. (37)

Replacing X = ¢ in (34) and then using equations (9), (36) and (37) we obtain

Wa(8,Y)Z = Bg(Y,Z)¢ — An(Z2)Y + (A — B)n(Y)n(2), (38)
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where A = (a? — B%) — 3(5 — A — B) and B = (a? — %) — 3(4 — A — p). Taking inner product
of (38) with respect to the vector field ¢ yields

n(Wa(¢,Y)Z) = B[g(Y, Z) —n(Y)n(Z)]. (39)
Using (38) and (39) in (35) and then taking Z = ¢ we arrive at

r

(A=B)[2B— (5 =1 =B)|lg(X, ) —n(X)n(V)] =0,

which in view of (4) implies

(A=B)[2B— (5 —1—B)|3(¢X,¢¥) =0 (40)

forall X,Y € TM. Since g(¢X, ¢X) # 0 always, we can conclude from (40) that either A = B
or 2B = 5 — A — B. Thus recalling the values of A and B it implies that either =  or

200> =) =r—2A—u—p. (41)

Now for the case 1 = B, proceeding similarly as the equation (33) we can say that the manifold
becomes an Einstein manifold. Again combining (41) with (16) we get

r=2A+2p. (42)
Therefore we can state the following assertion.

Theorem 8. Let (M,g) be a trans-Sasakian 3-manifold admitting an 7-Einstein soliton
(8,G,A, u). If the manifold satisfies the curvature condition W»(§,X) - S = 0, then either
the manifold becomes an Einstein manifold or it is a manifold of constant scalar curvature
r=2A+2B.

Again in view of (17), equation (42) implies A = —1(u + ). Hence we have the following
result.

Corollary 3. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(g, A, u) with u # B. If the manifold satisfies the curvature condition W,(¢,X) - S = 0,
then the soliton is expanding, steady or shrinking according as y < —, 4 = —foru > —p,
respectively.

5 Einstein semi-symmetric trans-Sasakian 3-manifolds admitting #-Einstein
solitons

Definition 5. A trans-Sasakian 3-manifold (M, g) is called Einstein semi-symmetric [17] if
R.E = 0, where E is the Einstein tensor given by

E(X,Y) = S(X,Y) — gg(X,Y) (43)

for all vector fields X,Y € TM and r is the scalar curvature of the manifold.
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Now consider a trans-Sasakian 3-manifold is Einstein semi-symmetric, i.e. the manifold
satisfies the curvature condition R.E = 0. Then for all vector fields X,Y,Z, W € TM we can
write E(R(X,Y)Z,W) + E(Z,R(X,Y)W) = 0. In view of (43) the last equation becomes

S(R(X,Y)Z, W) + S(Z,R(X,Y)W) = g [g(R(X, Y)Z, W) +g(Z,R(X, Y)W)] L 44
Replacing X = Z = ¢ in (44) and using (9), (10) we arrive at
(o = B)S(Y, W) = (a® = B)[(Y)S(2, W) +5(W)S(E,Y) — g(Y, W)S(Z,)].
So, now in view of (11) the above equation finally yields
S(Y, W) = =2(a® — B)g(Y, W) + 4(a® — B*)(Y)5 (W) (45)
for all Y, W € TM. This implies that the manifold is an #-Einstein manifold.
Lemma 1. An Einstein semi-symmetric trans-Sasakian 3-manifold is an -Einstein manifold.

Now let us assume that the Einstein semi-symmetric trans-Sasakian 3-manifold (M, g)
admits an y-Einstein soliton (g, &, A, it). Then equation (14) holds and combining (14) with
the above equation (45) we get r = 2A + u + B. Again recalling (17) in the last equation we
have A = —1(u +3B).

Theorem 9. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(3,G6,A, u). If the manifold is Einstein semi-symmetric, then the manifold becomes an
n-Einstein manifold of constant scalar curvature r = 2A + u + 3 and the soliton is expand-
ing, steady or shrinking according as u < 3p, i = 3p or u > 3 respectively.

6 7-Einstein solitons on trans-Sasakian 3-manifolds satisfying B(¢,X)-S=0

In 1949, S. Bochner [4] introduced the concept of the well-known Bochner curvature ten-
sor merely as a Kéhler analogue of the Weyl conformal curvature tensor but the geometric
significance of it in the light of Boothby-Wangs fibration was presented later by D.E. Blair [2].
The notion of C-Bochner curvature tensor in a Sasakian manifold was introduced by M. Mat-
sumoto, G. Chiiman [13] in 1969. The C-Bochner curvature tensor in trans-Sasakian 3-manifold
(M, g) is given by

B(X,Y)Z = R(X,Y)Z +% [g(X,Z)QY— S(Y,Z)— (Y, Z)QX+ S(X, Z)Y+g(¢pX, Z)QpY

= S(PY, Z)pX = g(¢Y, Z)QPpX+ S(¢X, Z)pY + 25(¢X, Y)pZ+ 28(¢X,Y))Q¢pZ

+1(0)n(Z)QX = n(V)S(X, 2)& +n(X)S(Y, 2)¢ = n(X)y(Z)QY]
- 22 (50X, 2)9Y — 5(9Y, 2)0X + 259X, V)97 ]
+ % [1(N)8(X, 2)& = n((Z)X +n(X)n(Z)Y —n(X)g(Y, 2)¢]

- 22 s 2)y - g(v,2)x],

(46)

where D = %.
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Let us consider a trans-Sasakian 3-manifold (M, g), which admits an #-Einstein soliton
(g,¢, A, u) and also the manifold satisfies the curvature condition B(¢, X) - S = 0. Then for all
X,Y,Z € TM we can write

S(B(¢,X)Y,Z)+S(Y,B(¢, X)Z) =0. (47)
Now using (14) in (47) we get

(52— B)[&(B(Z X)Y, Z) +g(B(Z, X)Z, )]

(48)
+ (B—m(B(E X)Y)n(Z) +n(B(E, X)Z)y(Y)] = 0.
Again from (14) it follows that QX = (5 — A — B)X + (B — p)1(X)g, which implies
Q= (3-A-n)e (49)
Also taking X = ¢ in (46) we obtain
B(EY)Z = R(EYV)Z + £[S(E2)Y — 3(Y, Z)QE +n(Y)(Z)QE — 1(¥)S(E 2)¢]
4
+[1@)y (v, 2)¢].
Using equations (9), (15) and (49) in the above equation yields
1 4
BEY)Z = [(@2 =) == (5 -2 —n) — 2| (¥, 2)E = n(2)Y]. (50)
In view of (50) the equation (48) becomes

(@ = )~ 2 (52— 1) = 2] (B~ Wls(X,V)n(2) +5(X,2)1(¥) = 20(X)(X)(2)] =0.

Replacing Z = ¢ in the above equation and recalling (4), finally we arrive at

1/7 4
2 g2y /Ty N2 _ _
for all vector fields X, Y € TM. Hence from (51) we can conclude that either
1/r 4
2_p2y_ (T N _F L
(@ =p)-5(5-2-n) 5] =0 (52)

or u = B. Also for y = B proceeding similarly as equation (27) it can be easily shown that the
manifold becomes an Einstein manifold. Again if 1 #  using (18) in (52) we have

r=10A 4 2u + 125 — 8, (53)

which implies that the manifold becomes a manifold of constant scalar curvature. Therefore
we can state the following assertion.

Theorem 10. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,8, A, ). If the manifold satisfies the curvature condition B(¢, X) - S = 0, then either the
manifold is an Einstein manifold or it is a manifold of constant scalar curvature
r=10A +2u + 123 — 8.

Now for the case u # B, using the equation (17) in (53) we obtain A = 2(1 — B).

Corollary 4. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,6, A, u) withu # B. If the manifold satisfies the curvature condition B(¢, X) - S = 0, then
the soliton is expanding, steady or shrinking according as < 1, =1 or > 1 respectively.
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7 n-Einstein solitons on trans-Sasakian 3-manifolds satisfying S(¢,X)-R=0

In this section, we study the curvature condition S(&, X) - R = 0, where by - we denote the
derivation of the tensor algebra at each point of the tangent space as follows

S((&, X) - R)(Y, Z)W := ((§ As X) - R)(Y, Z)W
1= (£ As X)R(Y, Z)W + R((§ As X)Y, Z)W (54)
+R(Y, (ENs X)Z)YW + R(Y,Z)(E Ns X)W,
where the endomorphism X Ag Y is defined by (X As Y)Z := S(Y,Z2)X — S(X,Z)Y.
Now let us consider a trans-Sasakian 3-manifold (M, g), which admits an #-Einstein soliton

(g,¢,A, u) and also the manifold satisfies the curvature condition S(g, X) - R = 0. Then using
this condition and the equation (54) we can write

S(X,R(Y, Z)W)E — S(&,R(Y, Z)W)X + S(X, Y)R(E, Z)W — S(&, Y)R(X, Z)W
+S(X, Z)R(Y, &)W — S(&, Z)R(Y, X)W (55)
+S(X, W)R(Y, Z)& — S(& W)R(Y, Z)X =0

for all vector fields X, Y, Z, W € TM. Taking inner product of (55) with the vector field ¢ and
then replacing W = ¢ we obtain

S(X,R(Y, Z)¢) = S(& R(Y, Z)§)n(X) + S(X, V) (R(E, 2)¢) — S(& Y)n(R(X
+5(X, Z)n(R(Y,€)¢) — S(&, Z)n(R(Y, X
+5(X,8)n(R(Y, Z)¢) = S(E, En(R(Y, Z)X) = 0.

In view of (8) and (10) the foregoing equation becomes

(0 = BA)S(X, Y)n(Z) = S(X, Z)n(Y) = S(&, V)n(X)n(Z) + 5(&, Z)n(X)y(Y)

| (56)
= S(GEmR(Y,Z)X) =0
Putting Y = ¢ in (56) and then recalling (9) we get
(o = B*)[S(X,8)n(Z) = S(X, Z) = S(&, ) (X)n(2)
+5(8,2)n(X) = S(Z,8)[3(X, Z2) =n(X)n(2)]] =0.
Using equations (14) and (15) in the previous equation yields
(o = B2)[(r =24 = 25+ B)y(X)y(Z) — (r =21 — 1 = B)g(X, Z)] = 0.

Replacing X = ¢ in above, we arrive at

(=B (2B —w)n(X) =0, VX € TM. (57)

Since for non-trivial case a? # B2, from the above equation (57) it follows that = 28. There-
fore in view of this and recalling (17) we finally obtain » = 6A 4 8. Therefore we can state the
following assertion.

Theorem 11. Let (M,g) be a trans-Sasakian 3-manifold admitting an y-Einstein soliton
(8,8, A, ). If the manifold satisfies the curvature condition S(¢, X) - R = 0, then it becomes a
manifold of constant scalar curvaturer = 6\ + 8.
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8 p-Einstein solitons on trans-Sasakian 3-manifolds with torse-forming
vector field
This section is devoted to study the nature of #-Einstein solitons on trans-Sasakian 3-mani-
folds with torse-forming vector field.

Definition 6. A vector field V on a trans-Sasakian 3-manifold is said to be torse-forming vector
field [20] if

VxV = fX+v(X)V, (58)
where f is a smooth function and vy is a 1-form.

Now let (g, ¢, A, 1) be an r-Einstein soliton on a trans-Sasakian 3-manifold (M, g) and as-
sume that the Reeb vector field ¢ of the manifold is a torse-forming vector field. Then ¢ being
a torse-forming vector field, by definiton from equation (58) we have

Vx& =X +7(X)& VXeTM, (59)

f being a smooth function and -y is a 1-form.
Recalling (6) and taking inner product on both sides with ¢ we have

8(Vx¢,¢) = (B —1)n(X). (60)
Again from the equation (59), applying inner product with ¢ we obtain
8(Vx¢,¢) = frn(X) +(X). (61)

Combining (60) and (61) we get v = (B — 1 — f)y. Thus from (59) it implies that for torse-
forming vector field ¢ in a trans-Sasakian 3-manifold we have
Vx& = f(X = n(X)¢) + (B —1)n(X)¢E. (62)
Therefore using (62) from the formula of Lie differentiation it follows
(Le8)(X,Y) = g(VxE,Y) +8(VyE, X) = 2f[g(X,Y) = n(X)n(Y)] +2(B — 1)n(X)n(Y). (63)

Since (g, &, A, i) is an 77-Einstein soliton, the equation (1) holds. So in view of (63), equation (1)
reduces to

r
S(X,Y) = (5=A+F) X Y) + (f == B+ Dy(X)y(Y). (64)
This implies that the manifold is an #-Einstein manifold. Again putting Y = ¢ in (64) we get
r
S(X,8) = (5 =A—p—B+1)n(X). (65)
Combining (65) with (11) gives us
r
<§—A—y—ﬁ+1>:2(a2—,82). (66)
Again tracing out the equation (64) we obtain
r=06A+2u+4f +2p—2. (67)

Using the above equation (67) in (66), finally we get A = f — (x? — B?). Therefore we have the
following result.

Theorem 12. Let (g,, A, jt) be an n-Einstein soliton on a trans-Sasakian 3-manifold (M, g)
with torse-forming vector field . Then the manifold becomes an 1-Einstein manifold and
the soliton is expanding, steady or shrinking according as f > («*> — B?), f = (a®> — B?) or
f < (a? — B?) respectively.
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LIst craTTst Mae Ha MeTi 06roBopeHHSI KAacy 3-BuMipHUX TpaHc-CacaksHOBMX MHOTOBMAIB, IITO
AOIYCKAaIOTh 7J-COAITOHM AViHINITaltHa. Mu BUBUMAM 7]-COAITOHM AVHINTaliHa Ha 3-BUMIipHIX TpaHC-
CacakstTHOBMX MHOTOBMAAX, Ae TeH30pu Piudi Marors Ty Koaarmnii Ta € IMKAIYHO MapaseAbHMMI.
Mu TakoX 06roBOpMAM AesIKi YMOBM KPWMBM3HM, IIIO AOIYCKAIOTh #/-COAITOHM AlHINTaliHa Ha 3-
BUMipHMX TpaHc-CacaksTHOBUX MHOTOBMAAX, @ BEKTOPHe IIOA€ TOpLEeyTBOpooUe. Mu TakoX Moka-
3aAM IpuKAa 3-BuMipHoOro TpaHc-CacaksTHOBOTO MHOTOBMAY BiAHOCHO #-COAITOHY AJHINITaltHa AAST
MepeBipKy HalllMX pe3yAbTaTiB.

Kntouosi cnoea i ppasu: coniToH AVHIIITalHA, 1j-COAITOH AMHINITalHa, TpaHc-CacakssHOBIMII MHO-
roBuA, TeH3op Piuui Tvmy Koaammi, C-tersop xpuBusHu boxaepa.



