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ON 3-DIMENSIONAL QUASI-PARA-SASAKIAN MANIFOLDS AND RICCI
SOLITONS

DODDABHADRAPPLA GOWDA PRAKASHA!, PUNDIKALA VEERESHAZ, VENKATESHA VENKATESHA3
AND HUCHCHAPPA ARUNA KUMARA34

Abstract. The purpose of this paper is to study 3-dimensional quasi-para-Sasakian manifolds and
Ricci solitons. First, we prove that a 3-dimensional non-paracosymplectic quasi-para-Sasakian man-
ifold is an n-Einstein manifold if and only if the structure function S is constant. Further, it is shown
that a Ricci soliton on a 3-dimensional quasi-para-Sasakian manifold with S=constant is expand-
ing. Moreover, we show that if a 3-dimensional quasi-para-Sasakian manifold admits a Ricci soliton,
then the flow vector field V' is Killing, and the quasi-para-Sasakian structure can be obtained by a
homothetic deformation of a para-Sasakian structure. Besides, we study gradient Ricci solitons and
prove that if a 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold with S=constant
admits a gradient Ricci soliton, then the manifold is an Einstein one. Also, a suitable example of a
3-dimensional quasi-para-Sasakian manifold is constructed to verify our results.

1. INTRODUCTION

In recent years, the theory of almost contact and almost paracontact geometry is an active branch
of research. Many authors have studied almost contact manifolds and pointed out its importance in
many applied areas such as geometric optics, mechanics, thermodynamics and control theory. The
study of almost paracontact manifolds is also of interest from the standpoint of pseudo-Riemannian
geometry and mathematical physics. S. Kaneyuki and S. F. Williams [21] inititaed the study of almost
paracontact geometry. A systematic study of almost paracontact metric manifolds was carried out
by S. Zamkovoy in paper [39]. Since then, several authors studied these manifolds by emphasizing
the similarities and differences with respect to the most well-known almost contact case. Comparing
with the huge literature in almost contact geometry, it seems that there are necessary new studies
in almost paracontact geometry. Some interesting properties of almost paracontact manifolds were
studied in papers [21,25,32-34, 36,37,39] and the references therein.

The notion of normal almost contact metric manifolds of dimension 3 was studied by O. Olszak in
[23]. He derived certain necessary and sufficient conditions for an almost contact metric structure on a
manifold to be normal. Recently, J. Welyczko studied curvature and torsion of Frenet-Legendre curves
in 3-dimensional normal almost paracontact metric manifolds. C. L. Bejan and M. Crasmareann [1]
considered second order parallel tensors and Ricci solitons in a 3-dimensional normal paracontact
geometry. Further, I. K. Erken [12] studied some classes of 3-dimensional normal almost paracontact
metric manifolds.

A quasi-Sasakian manifold, introduced by D. E. Blair [3], is a normal almost contact metric manifold
whose fundamental 2-form @ is closed. Quasi-Sasakian manifolds unifies Sasakian and cosymplectic
manifolds, and also can be viewed as an odd-dimensional counterpart of Kaehler structures.

An almost paracontact metric manifold (M2 ¢, & 7, g) is called quasi-para-Sasakian if the struc-
ture is normal and its fundamental 2-form @ is closed. These manifolds are analogues to the quasi-
Sasakian manifolds and they belong of the class G5 of the classification given in [40]. Basic properties
of quasi-para-Sasakian manifolds and their general curvature identities are investigated systematically
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in papers [13,14] and [15]. A quasi-para-Sasakian manifold is a paracontact manifold with pseudo-
Riemannian metric, whereas a quasi-Sasakian manifold is a contact manifold with Riemannian metric.
Therefore these two notions are completely different.

On the other hand, the study of Ricci soliton on a pseudo-Riemannian manifold is an interesting
topic of research in modern differential geometry. A Ricci soliton is a natural generalization of an
Einstein metric and this notion was introduced by Hamilton [19]. A pseudo-Riemannian metric g on
a smooth manifold M™ is said to be a Ricci soliton if there exists a real number A such that its Ricci
tensor S satisfies

£yg+2S+2\g =0, (1)

where V' is a vector field on M (called the potential vector field) and £y denotes the Lie differentiation
along the vector field V. The Ricci soliton is said to be shrinking, steady or expanding according as
A is negative, zero or positive respectively. Also, a Ricci soliton with V' zero or Killing is an Einstein
metric. If the vector field V' is the gradient of a potential function — f, then g is called a gradient Ricci
soliton. The Ricci flow [18] is an evolution equation for the metrics on a pseudo-Riemannian manifold
defined by %gij (t) = —25;;. Ricci solitons are self-similar solutions of the Ricci flow, and play an
important role in understanding its singularities. The theoretical physicists have also been looking
into the equation of a Ricci soliton in relation with the string theory. In 1985, Friedan [16] made
an effort in this direction and discussed some aspects of it. Later, the study of Ricci solitons in the
context of contact geometry has initiated by R. Sharma [28] and then continued by several authors in
papers [10,17,27,28,30,31,35]. The problem of studying Ricci solitons in the context of paracontact
metric geometry was initiated by G. Calvaruso and D. Perrone [5]. The case of Ricci solitons in a 3-
dimensional paracontact geometry was studied in papers [1] and [6]. Some properties of Ricci solitons
on almost paracontact metric manifolds have been studied in papers [2,4,8,9,20,22,24, 26] and the
references therein.

Motivated by these circumstances, in this paper we focus our study to quasi-para-Sasakian man-
ifolds of dimension three. The present paper is organized as follows: In Section 2, we give a brief
description about almost paracontact structures. In Section 3, we study 3-dimensional quasi-para-
Sasakian manifolds. In the next section, we study 3-dimensional quasi-para-Sasakian manifolds with
the structure function g is constant admitting a Ricci soliton. Also, we justify our result by providing
a suitable example. The final section is devoted to study the gradient almost Ricci solitons on quasi-
para-Sasakian 3-manifolds. Throughout the paper, several interesting results and their consequences
are discussed.

2. ALMOST PARACONTACT STRUCTURES

If on a (2n+1)-dimensional smooth manifold M2+ there exist a (1, 1)-type tensor field ¢, a vector
field £ and a 1-form 7 such that

where I denotes the identity endomorphism, then we say that the triple (¢,&,7) is an almost para-
contact structure on M27+1. The distribution D: P e M — Dp C TpM:

D=Kern={X €TpM : n(X) =0}

is called paracontact distribution generated by 7. The tensor field ¢ induces an almost paracomplex
structure [21] on each fibre of D, that is, the eigen distributions D¥, D~ of ¢ corresponding to the
eigenvalues 1 and —1, respectively, have the same dimension n. From (2), we find that the endomor-
phism ¢ has rank 2n. In general, a smooth manifold M2?"*! endowed with an almost paracontact
structure is called an almost paracontact manifold which is denoted by (M?"*! ¢ £,m). An almost
paracontact manifold is called an almost paracontact metric manifold denoted by (M?"+1 ¢, £, 1,9),
if it is additionally endowed with a pseudo-Riemannian metric g of signature (n + 1,n) such that

9(¢X, 9Y) = —g(X,Y) +n(X)n(Y), (3)
or equivalently,
g(X,(bY):—g(qbX,Y) and 9(X7f):77(X)7 (4)
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for all vector fields X, Y € x(M). Then the metric ¢g is said to be compatible with the almost
paracontact manifold (M?2"+1 ¢, ¢ n).

An almost paracontact metric manifold becomes a paracontact metric manifold if g(X,¢Y) =
dn(X,Y) = ®(X,Y) for any vector fields X,V € x(M). The 1-form n is then a paracontact form. An
almost paracontact manifold is said to be normal if and only if the tensor field Ny = [¢, ¢] — 2dn @
vanishes identically. The normality condition says that the almost paracomplex structure J defined
on M x R by

d d
J(x, /\a) = (oX + ¢, n(X)%)
is integrable. On a paracontact metric manifold, we define a symmetric, trace-free (1,1)-type tensor
field h by h = %.fgi), where £ is the Lie differentiation. It is known that h¢ = —¢h, h{ = 0,
tr h =tr h¢ = 0 and V& = —¢+ ¢h, where V is the Levi-Civita connection of the pseudo-Riemannian
manifold (M, g).

A paracontact structure on M?2"*! naturally gives rise to an almost paracomplex structure on
the product M?"*! x R. A paracontact metric manifold is called a K-paracontact manifold if its
characteristic vector field £ is Killing (or equivalently ~ = 0). A normal almost paracontact metric
manifold will be called para-Sasakian if F' = dn [11] and quasi-para-Sasakian if dF = 0. Obviously,
the class of para-Sasakian manifolds is contained in the class of quasi-para-Sasakian manifolds. The
converse does not hold in general. A paracontact metric manifold will be called paracosymplectic if
dF =0, dn = 0 [7], more generally, a-para-Kenmotsu if dF' = 2an A F, dn = 0, a = const . # 0.

For a three-dimensional almost paracontact metric manifold [36] M, the following three conditions
are mutually equivalent:

(a) M is normal,

(b) there exist functions «, 8 on M such that

(Vx@)Y = B(g9(X,Y)§ = n(Y)X) + a(g(¢X,Y)§ —n(Y)¢X), (5)
(¢) there exist functions «, 8 on M such that
Vx€=a(X —n(X)§) + foX. (6)

Here, V is the Levi-Civita connection of g. The functions «, 5 appearing in the above equations are
given by

2a = Trace{X — Vx¢&}, 28 = Trace{X — ¢VxE}. (7)
A three-dimensional normal almost para contact metric manifold is said to be
e paracosymplectic if « = =0 [7],
e quasi-para Sasakian if and only if &« =0 and S # 0 [11, 36],
e f-para-Sasakian if and only if @ = 0 and S is constant, in particular, para-Sasakian if § = —1 [36,39],
e a-para-Kenmotsu if « is a non-zero constant and 8 = 0 [29].

3. THREE-DIMENSIONAL QUASI—PARA—SASAKIAN MANIFOLDS

An almost paracontact metric manifold (M, ¢, &, n, g) is called a 3-dimensional quasi-para-Sasakian
[36] if and only if there exists a certain function 8 on M such that

(Vx9)Y = Bg(X,Y)§ —n(Y)X) (8)
for all vector fields X,Y € x(M).
From (8), we have
Vx§=poX, (9)
or equivalently,
(Vxn)(Y) = Bg(6X,Y) (10)

for any vector fields X,Y € x(M).

A quasi-para-Sasakian manifold is paracosympletic if and only if 5 = 0. If 5 = const and  # 0,
then the manifold reduces to a S-para-Sasakian manifold and if, in particular, 5 = —1, the manifold
becomes a para-Sasakian manifold. Here, we have the following
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Proposition 3.1. In a 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold, the struc-
ture function B satisfies the condition £6 = 0.

Theorem 3.2. For any 3-dimensional quasi-para-Sasakian manifold (M, ¢,£,n,g), we have
dr(§) = 0.

Proof. The Ricci operator @ of a 3-dimensional quasi-para-Sasakian manifold (M, ¢,&, 7, g) is known
as the following

Qv = (5+82)Y — (5 +362) n(¥)E = n(Y)o grad 8 + dB(6Y ), (11)

where r is the scalar curvature of the manifold M.
Differentiating (11) covariantly with respect to X and using (8) and (9), we get

(vx @ =(T 1 apap)y - (spasx) + T )y

—B(38% + 5 ) 9(6X, Y)E — Bg(¢X, Y )¢ grad 3
—(Y)$Vx grad 5 + g(Vx grad B, 6Y )¢. (12)

For any point p € U C M, there exists a local orthonormal ¢-basis {e1 = ¢ea, ea = pey, e5 = £},
where g(e1,e1) = —g(es,ea) = g(es,es) = 1. Replacing X by e; in the equation (12) and taking
summation over ¢, and then using the following well-known formula for pseudo-Riemannian manifolds

1
Trace{X — (VxQ)Y} = idr(Y),
we obtain

S () =g(Ve, Q)Y 1) + g((Ve,Q)Y: 2) + (Vs Q)Y e5)

(P 4 284(en))gler, V) ~ Balger, Va(omrad B,

g6V, grad 8, en(v) + (L2 4 28a8(es))gler,v)

2
—Bg(pea, Y)g(dgrad B, e2) — g(¢Ve, grad 3, ea)n(Y')
—9(Vepgrad 8,6)n(Y) 4 g(Ve grad B, ¢Y).

Putting Y = ¢ in the above equation, we get dr(£) = 0. This completes the proof of our theorem. [
Next, we prove the following

Theorem 3.3. A 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold is an n-FEinstein
manifold if and only if the structure function [ is constant.

Proof. From (11), we write
S(X.Y) =g(QX.Y)
== (5+5) 9(6X,6Y) + 6X (BIn(Y) + 6Y (B)n(X) = 28%(X)n(Y).  (13)

A 3-dimensional quasi-para-Sasakian manifold (M, ¢, &, n, g) is called n-Einstein, if the Ricci tensor
S satisfies
S(X,Y) =ag(X,Y) + bn(X)n(Y) (14)
for all vector fields X,Y € x(M); here, a,b are smooth scalar functions on M.
Then from (13) and (14), we have
r r
n(X)dB(@Y) +n(Y)dB($X) = (a— 5 = B°)g(X,Y) + (b + 5 +35%)n(X)n(Y). (15)
Taking Y = £ in the last equation, we get
dB(pX) = (a + b+ 25%)n(X). (16)
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Now, taking ¢ X instead of X in the above equation and using Proposition 3.1, we obtain 3 is const.
Conversely, from (13), it is clear that if § = const ., then we have

r r
S(XY) = (5 +87)9(x.Y) = (5 +382)n(X)n(v). (7)
2 2
That is, M is an n-Einstein manifold. This proves our result. O

The Riemannian curvature tensor of a 3-dimensional quasi-para-Sasakian manifold with 8 = const
is given by
r 2 r 2
R(X,Y)Z = (5 +26°) (9(Y, 2)X — g(X, 2)Y) — (5 +362) (9(, Z)n(X)¢
—9(X, Z)n(Y)§ +n(Y)n(Z2)X — n(X)n(2)Y). (18)
We recall the following result for later use.

Theorem 3.4 ([13, Theorem 1, I. K. Erken]). Let (M?"*1 ¢, £ 1, g) be a quasi-para-Sasakian manifold
of constant curvature K. Then K < 0. Furthermore,

o [f K =0, the manifold is paracosymplectic.

o If K < 0, the structure (¢,€,7,9) is obtained by a homothetic deformation of a para-Sasakian
structure M?n+1,

4. Riccl SOLITONS ON 3-DIMENSIONAL (QUASI-PARA-SASAKIAN MANIFOLDS WITH = const

Theorem 4.1. A Ricci soliton on a 3-dimensional quasi-para-Sasakian manifold with B = const is
expanding.

Proof. Let us consider a Ricci soliton on a 3-dimensional quasi-para-Sasakian manifold M with the
constant structure functin 8. Then from (1), we have

(Lvg)(X,Y) = =25(X,Y) = 2Ag(X,Y) (19)
for any vector fields X, Y € x(M). Using (17) in (19), we deduce that
(Lvg)(X,Y) = —{r+ 200+ ) }g(X,Y) + (r + 65%)n(X)n(Y) (20)

for any vector fields X,Y € x(M). Taking the covariant differentiation of (20) with respect to Z and
using (9), we obtain

(Vz£yg)(X,Y) = = dr(Z){g(X,Y) = n(X)n(Y)}
—(r+6)8{g(X, ¢Y)n(Z) + 9(X, 6Z)n(Y)} (21)
for any vector fields X,Y, Z € x(M). By Yano [38], we have the following commutation formula:
(£vVxg— £xVyvg -V x19)(Y,2)
= —9((£vV)(X,Y), 2) —g((£vV)(X, 2),Y)

for any vector fields X,Y,Z € x(M). Since the pseudo-Riemannian metric g is parallel with respect
to the Levi-Civita connection V, the above relation becomes

(Vx£Lvg)(Y,2) = g((£vV)(X,Y), Z) + g((£vV)(X, 2),Y)
for any vector fields X, Y, Z € x(M). As (£yV)(X,Y) = (£yV)(Y, X), it follows from the above

relation that
20((£vV)(X,Y), Z) =(Vx£vg)(Y,Z) + (Vy £vg)(Z, X)
—(Vz£L£vg)(X,Y) (22)
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for any vector fields X, Y, Z € x(M). Using (21) in (22), we have
29((LvV)(X,Y), Z) =dr(2)[g(X,Y) = n(X)n(Y)]
+(r+6)Blg(¢X, Z)n(Y) + g(¢Y, Z)n(X)]
—dr(Y)[g(X, Z) —n(X)n(Z)]
—(r+6)Blg(Y, 0Z)n(X) + g(Y, 6X)n(Z)]
—dr(X)[g(Y, Z) = n(Y)n(Z)]
—(r+6)B[g(X, ¢Y)n(Z) + 9(X, 9Z)n(Y)]. (23)
Making use of the skew-symmetric property of ¢ in (23) and then removing Z, it follows that

(£v9)(X,Y) =3 gradrlg(X,Y) — n(X)n(Y)] = 3dr(¥)[X ~ n(X)¢]

A (XY = n(V)E] + (r + )V )X + n(X)V], (24)
where dr(Z) = g(gradr, Z). Substituting Y = ¢ in (24) and making use of Theorem 3.2, we have
(£vV)(X, &) = (r+6)oX (25)

for any vector field X € x(M). Now, taking the covariant differentiation of (25) along an arbitrary
vector field and then making use of the relation (8), we get

(Vx £y V)(Y,€) = dr(X)BeY + (r+6)8{g(X,Y)é - n(Y)X} (26)
for any vector fields X, Y, Z € x(M). Using (26) in the following identity (see Yano [38]):
(£LvR)(X,Y)Z = (Vx£LvV)(Y,Z) — (Vy £vV)(X, Z),

one obtains

(LvR)(X,Y)E = dr(X)BoY — dr(Y)B¢X + (r+6)8°{n(X)Y —n(Y)X}. (27)
This yields
(LvR)(X,€)€ = —(r +6)3[X — n(X)¢] (28)
for any vector field X € x(M). Setting Y = £ in (20), it follows that
(£vg)(X,€) = —2(X - 25%)n(X). (29)
Lie-differentiating g(X, &) = n(X) along V and then using (29), we obtain
(Lvn)(X) = g(£vE X) —2(A = 26%)n(X) = 0 (30)

for any vector field X € x(M). Further, taking the Lie-differentiation of n(£) = 1 along V' and then
using (30), one can obtain
n(£v€) =0 and (£Lvn)(€) = 2(A —26%). (31)

Next, Lie-differentiating the equation R(X,¢)¢ = 82{n(X)¢ — X} along V and taking into account
(31), we obtain

(£vR)(X, )¢ = 2(\ - 28%)n(X)¢ (32)
for any vector field X € x(M). Comparing this equation with (28), we get
—2(A = 268%)n(X)€ = (r +66%)[X —n(X)¢]. (33)
Putting X = £ in the above equation, we have
A =242 (34)
This means that the Ricci soliton is expanding. This proves our theorem. O

Theorem 4.2. If a 3-dimensional quasi-para-Sasakian manifold with 5 = const admits a Ricci soliton,
then the flow vector field V is Killing, and the quasi-para-Sasakian structure can be obtained by a
homothetic deformation of a para-Sasakian structure.
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Proof. Taking into account (34) in relation (33), we obtain

r=—63° (35)
that is, the scalar curvature of the manifold is constant. Moreover, using A = 282 and r = —642 in
(20) yields (£vg¢)(X,Y) = 0. Thus, the potential vector field V is Killing. Next, using (35) in (17),
we obtain S = —23%g. Making use of this relation in equation (18), we conclude that

for any vector fields X,Y,Z € x(M). This means that M is of constant negative curvature —f32.
Hence, using Theorem 3.4, we can say that the quasi-para-Sasakian structure can be obtained by a
homothetic deformation of a para-Sasakian structure. This completes the proof. O

It is known that a 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold with g =
const is locally ¢-symmetric if and only if the scalar curvature is constant. So, by the above discussion,
we can also state the following

Corollary 4.3. A 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold with 8 = const .
admitting a Ricci soliton is locally ¢-symmetric.

Theorem 4.4. Let (M,g) be a 3-dimensional quasi-para-Sasakian manifold with 8 = constant. If
(9, V) is a Ricci soliton such that a potential vector field V is pointwise collinear with the structure
vector field &, then the soliton becomes trivial.

Proof. Let V be a pointwise collinear vector field with the structure vector field &, that is, V' = ~&,
where 7 is a smooth function on M. Then from (1), we obtain

9(Vx1€Y) +9(Vy€, X) +25(X,Y) +2X9(X,Y) =0, (37)
or
HI(VxEY) +9(VyE, X))+ dy(X)n(Y) + dy(Y)n(X)
+2S(X,Y) + 20g(X,Y) =0 (38)
for any vector fields X,Y € x(M). Using (9) in (38), we obtain
dy(X)n(Y) +dy(Y)n(X) +25(X,Y) +2\g9(X,Y) = 0. (39)
Putting Y = ¢ in (39), we get
dy(X) = [46% = 2\ — (§7)]n(X). (40)

Again, putting X = ¢ in (40), yields dy(¢) = 282 — \. Putting this value in (39), we get
dy(X) = (267 = Nn(X),
or
dy = (26% = M. (41)
Applying d on both sides of (41), we get
(282 — N)dn = 0.

Since dn # 0, we have A\ = 232. Using this value of X in (41) yields 7 is constant. Since ¢ is Killing
and ~ is constant, the vector field V(= ~¢) is also Killing. Hence the soliton becomes trivial and this
completes the proof. O

Now, we construct an example of quasi-para-Sasakian 3-manifold with constant 8 which admits a
Ricci soliton and verify our results.

Example 4.5. Let £ be a 3-dimensional real connected Lie group and g be its Lie algebra with a
basis {e1, €2, e3} such that

le1,e2] = 6es, [e1,e3] = 6ea, [e2,e3] = Ge;.
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We define almost paracontact structure (¢, £, n) and pseudo-Riemannian metric g on the Lie group
L as follows:

pler) = ez, @(e2) =e1, ¢(e3z) =0,
{=e3, n(X)=g(X,9),
gler,e1) = gles,es) =1, glea,e2) = —1,
glei,e;) =0, i#je{l,23}.
Hence {e1, e9, e3} is a pseudo-orthonormal basis. From Koszul’s formula, we have

Ve,e1 =0, Ve ex=3e3, V. e3=3ey,

Ve,e1 = —3e3, Ve,ea=0, V,e3=3e, (42)
Ve,e1 = —3e3, Veea=—3e;, Vees3 =0,

where V is a Levi-Civita connection. Hence the structure is a 3-dimensional quasi-para-Sasakian
structure with 8 = 3 is constant function. With the aid of (42), we find the following expressions:

R(e1,ez)er = 9ea, R(ey,ea)es =91, Rlep,eq)es =0,
R(e1,e3)er =9es, R(er,es)ea =0, R(e1,es)es = —9eq, (43)
R(ea,e3)e; =0, R(ea,e3)ea = —9e3, R(es, es)es = —9es.
As a result of (43), it is easy to find the following:
S(e1,e1) = =18, S(eg,ez) =18, S(es,e3) = —18.
3

Then the scalar curvature r = Z g;S(e;,e;) = —b4, where ¢; = g(e;,e;). Thus, the Ricci tensor
satisfy =
S(X,Y) =-28%(X,Y), (44)
for all X,Y € g. From (43), we can easily show that
R(X,Y)Z =-9{g(Y,Z)X — g(X, Z)Y}, (45)
for any X,Y, Z € g. Now, consider a vector field
V =3(e1 + e2). (46)
In view of (42), one can easily verify that
(£vg)(X,Y) =0, (47)

for any X,Y € g. Unifying (47) and (44), we obtain that ¢ is a Ricci soliton, that is, (1) holds true
with V' as in (46) and A = 18. Further, the relation (45) and Theorem 3.4 shows that quasi-para-
Sasakian structure can be obtained by a homothetic deformation of a para-Sasakian structure and
this verifies Theorem 4.2.

5. GRADIENT ALMOST RICCI SOLITONS ON A 3-DIMENSIONAL QUASI-PARA-SASAKIAN MANIFOLDS
WITH 3 = const

Theorem 5.1. If 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold M of constant
scalar curvature with B = const. admits a gradient almost Ricci soliton, then either M is Einstein,
or the soliton vector field V is pointwise collinear with the characteristic vector field & on an open set

O of M.

Proof. A Ricci soliton is called gradient almost Ricci soliton if the vector field V' is the gradient of a
potential function —f and X is a variable smooth function. If a pseudo-Riemannian metric g on M is
a gradient almost Ricci soliton, then equation (1) assumes the form

VVF =S+ Mg (48)

Equation (48) can be written as
VyDf=QY +\Y (49)
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for any vector field Y € x (M), where D is the gradient operator of g and @ is Ricci operator defined
by ¢(QX,Y) = S(X,Y). From (49), it follows that

R(X,Y)Df = (VxQ)Y — (VyQ)X + X(\)Y — Y(V)X, (50)
for all vector fields X, Y € x(M). We have

9(R(&,Y)DF,€) = B*g(£(f)é = DI,Y) (51)

for any vector field Y € x(M). Also, in a 3-dimensional quasi-para-Sasakian manifold, it follows that

9(VeQ)Y — (VyQ)E,€) = 0. (52)

From (50), (51) and (52), we get

Y(B2f =X =&(B%f — An(Y), (53)
which can be written as d(3%f — \) = £(8%f — A\)n. Operating it by d and applying Poincare lemma,
we obtain d(£(B2f — X)) An+ (£(B%f — A))dn = 0. The wedge product of this equation with 7 gives
(&(B%f — N))dn Am = 0, where we have used n An = 0. Since dn A n # 0, the last equation yields
£(8f — \) = 0. Thus B2Df = DA.

Contracting (50) and then employing DA = 32D f, we obtain

QDf = —%Dr —28°Df.

Since M is of constant scalar curvature, the above equation implies

QDf = —2B°DY.
Comparing the above equation with (17) shows that

(5 +38°){Df —¢(N)g} =0,

If r = —632, then it follows from (17) that QX = —23%X, that is, M is Einstein. Suppose, if r # —63>
on some open set O of M, then we have Df = £(f)£ and this completes the proof. O

Corollary 5.2. If 3-dimensional non-paracosymplectic quasi-para-Sasakian manifold M of constant
scalar curvature with 8 = const. admits a gradient almost Ricci soliton, then either the quasi-para-
Sasakian structure can be obtained by a homothetic deformation of a para-Sasakian structure, or the

soliton wvector field V' is pointwise collinear with the characteristic vector field £& on an open set O
of M.

Proof. From Theorem 5.1, we have M is Einstein, that is, QX = —282X. This, together with (18),
show that M is of constant negative curvature —32. As a result of Theorem 3.4, we conclude that
the quasi-para-Sasakian structure can be obtained by a homothetic deformation of a para-Sasakian
structure. O
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