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BETA-ALMOST RICCI SOLITONS ON ALMOST
COKAHLER MANIFOLDS

DEBABRATA KAR AND PRADIP MAJHI

ABSTRACT. In the present paper is to classify Beta-almost (8-almost)
Ricci solitons and S-almost gradient Ricci solitons on almost CoKahler
manifolds with ¢ belongs to (k, p)-nullity distribution. In this pa-
per, we prove that such manifolds with V' is contact vector field and
Qo = ¢Q is n-Einstein and it is steady when the potential vector
field is pointwise collinear to the reeb vectoer field. Moreover, we
prove that a (k, u)-almost CoKéahler manifolds admitting S-almost
gradient Ricci solitons is isometric to a sphere.

1. Introduction

In 1982, R. S. Hamilton [15] introduced the notion of Ricci flow to find
a canonical metric on a smooth manifold. The Ricci flow is an evolution
equation for metrics on a Riemannian manifold defined as follows:

0
o7
where S denotes the Ricci tensor. Ricci solitons are special solutions
of the Ricci flow equation (1.1) of the form g = o(t)1;¢g with the initial
condition ¢(0) = g, where v, are diffeomorphisms of M and o(t) is the
scaling function. A Ricci soliton is a generalization of an Einstein metric.
We recall the notion of Ricci soliton according to [5]. On the manifold

—28, (1.1)
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M, a Ricci soliton is a triple (g, V, A) with g, a Riemannian metric, V'
a vector field, called the potential vector field and A a real scalar such
that

£vg+25 +2\g =0, (1.2)

where £ is the Lie derivative. Metrics satisfying (1.2) are interesting
and useful in physics and are often referred as quasi-Einstein ( [7], [8]).
Compact Ricci solitons are the fixed points of the Ricci flow % g=—28
projected from the space of metrics onto its quotient modulo diffeomor-
phisms and scalings, and often arise blow-up limits for the Ricci flow on
compact manifolds. Theoretical physicists have also been looking into
the equation of Ricci soliton in relation with string theory. The initial
contribution in this direction is due to Friedan [12] who discusses some
aspects of it. Recently, the notion of almost Ricci soliton have intro-
duced [21] by Piagoli, Riogoli, Rimoldi and Setti.

The Ricci soliton is said to be shrinking, steady and expanding according
as A is negative, zero and positive respectively. Ricci solitons have been
studied by several authors such as ( [9], [10], [16], [17], [18], [24], [25])
and many others.

Recently, Wang, Gomes and Xia [23] generalized almost Ricci soliton to
k -almost Ricci soliton which is defined as follows:

DEFINITION 1.1. A complete Riemannian manifold (M?"*! g) is said
to be a B-almost Ricci soliton, denoted by (M?"1 ¢ V, 3, \), if there
exist a smooth vector field X on M?"*! such that

S+§£Vg+)\g20, (1.3)

where X and 3 are smooth functions on M?"*1. X is called soliton func-
tion and V is called the potential vector field.

A p-almost Ricci soliton is said to be shrinking, steady and expanding
according as A is negative, zero and positive respectively. A [-almost
Ricci soliton is called $-Ricci soliton if A is constant. A [-almost Ricci
soliton is said to be trivial, that is, Einstein if the flow vector field V'
is homothetic, that is, £y g = cg, for some constant c¢. Otherwise, it
is called non-trivial. A S-almost Ricci soliton is said to be [-almost
gradient Ricci soliton if the potential vector field V' is the gradient of a
smooth function f on M?"*! that is, V = Df, where D is the gradient
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operator of g on M*"*1. For convanience, we denote (M?"*! g Df, 3, )
as a (-almost gradient Ricci soliton with potential function f.

In particular, a Ricci soliton is the 1-almost Ricci soliton with con-
stant soliton A and an almost Ricci soliton is nothing but the 1-almost
Ricci soliton. Recently, Ghosh and Patra studied [14] the k-almost Ricci
solitons on contact geometry. In [1], Barros and Ribeiro proved that a
compact almost Ricci soliton with constant scalar curvature is isometric
to an Euclidean sphere. In this connection, a theorem has also been
proved by Wang, Gomes and Xia in [23] for k-almost Ricci soiton which
is given as follows:

THEOREM 1.1. [23] Let (M™,g,V,5,\),n > 3 be a non-trivial (-
almost Ricci soliton with constant scalar curvature r. If M"™ is compact,

then it is isometric to a standard sphere S™(c) of radius ¢ = m

The above Theorem will be used in later to prove our results.

In the present paper, after introduction, we study almost CoKéhler
manifolds. In section 3, we characterize $-almost Ricci solitons on almost
CoKahler manifolds and prove several important results. In the last
section, we consider S-almost gradient Ricci solitons on almost CoKahler
manifolds.

2. Almost CoKahler manifolds

In the present section, we give some well known definitions and basic
formulae on Almost CoKaehler manifolds which will be very useful in the
next sections. An almost contact structure on a (2n + 1)-dimensional
smooth manifold M?"*! is a triplet (¢,&,n), where ¢ is a (1,1)-type
tensor field, ¢ is a global vector field and 7 is a 1-form satisfying ( [2], [3])

Here also holds
P& =0, no¢=0. (2.2)

If an almost contact manifold admits a Riemannian metric g such that
9(¢X,9Y) = g(X,Y) = n(X)n(Y), (2.3)
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for any vector fields X, Y, then the manifold is called an almost contact
metric metric manifold. In such a manifold we can define a fundamental
2-form @ by

O(X,Y) =g(X,0Y), (2.4)

for any vector fields X, Y. An almost contact metric manifold is said to
be an almost CoKahler manifold if both n and ® are closed. That is, dn =
0 and d® = 0. An almost contact metric manifold (M?*"1 ¢, £ n,g) is
said to be normal if the almost complex structure J on M x R defined

by (pp. 80 of [3])

J(X d X X d
where f is a real valued function defined on M x R, is integrable. More-
over, if an almost contact manifold (M?***1 ¢, £, n) is normal, then it is
said to be a CoKahler manifold. In addition an almost contact metric
manifold (M?" ™1 ¢, & n, g) is CoKahler if and only if V¢ = 0, or equiv-
alently, V& = 0.
Let M?" "1 (¢, £, n,g) be an almost CoKéhler manifold. Let us consider
two operators h and [ which are defined by h = $£¢¢ and | = R(., ),
where R denotes the curvature tensor and £ is the Lie differentiation.
These operators are symmetric of type (1,1) and satisfies ( [6], [11] [19])
the following

he = h'¢ =0, Trh=Trh =0, hé = —oh, (2.5)

where b/ = h - ¢. Also in an almost CoKéahler manifold, we have ( [6],

[11] [19])
Vxé =NWX = hoX, (2.6)

dlop — 1 = 2h?, (2.7)
for any vector fields X.

A (k, p)-contact metric manifold is a generalization of Sasakian and
K-contact manifold. In [4] Blair, Koufogiorgos and Papantoniou intro-
duced and studied the notion of (k,u)-nullity distribution on contact
metric manifolds M?""1(¢, £, n,9). A contact metric manifold M2 !
whose curvature tensor satisfies

R(X,Y)§ = k[n(Y)X —n(X)Y] + pn(Y)hX —n(X)hY],
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for all vector fields X, Y on M?*" ! where h = %f ¢¢ (£ denotes the Lie
derivative of ¢ along £ and k, u € R is known as (k, u)-contact manifold
and ¢ is said to belongs to the (k, u)-nullity distribution. Several authors
have studied ( [20], [22]) the (k, p)-contact metric manifold and obtain
some interesting results. When k£, 1 are smooth functions, it is said to be
the generalized (k, pu)-nullity distribution. Thus we have the following:

DEFINITION 2.1. An almost CoKihler manifold M?""1(¢, &, n, g) is
said to be a (k, u)-almost CoKéhler manifold if £ satisfies the equation
R(X,Y)E = kln(Y)X = n(X)Y]+ p[n(Y)hX —n(X)hY],  (2.8)

for all vector fields X,Y € x(M?"*) and k, u are real constants.
In a consequence of (2.8), we have | = —k¢? + ph. In view of this, from
(2.7) we deduce

h? = k¢? (2.9)

and also we obtain
S(X, &) = 2nkn(Y), (2.10)
Q& = 2nkE. (2.11)

DEFINITION 2.2. A vector field V' on a contact manifold is said to be
a contact vector field if it preserve the contact form 7, that is

Lyn = n, (2.12)

for some smooth function ) on M. When 1) = 0 on M, the vector field
V' is called a strict contact vector field.

Now we state some well known Lemmas:

LEMMA 2.1. (Poincare Lemma): In Riemannian manifold d* = 0,
where d is the exterior differential operator, that is,

g(Vxgrad(,Y) = g(Vygrad(, X), (2.13)

for any two vector fields X,Y and for any smooth function (.

LEMMA 2.2. ( [13]) If a vector field X leaves the structure tensor ¢
of the contact metric manifold M invariant, then there exists a constant
¢ such that £xg=c(g+n®n).
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3. [-almost Ricci solitons on (k, u)-Almost CoKé&hler mani-
folds

This section is devoted to study [-almost Ricci solitons on Almost
CoKahler manifolds.

(£vdn)(X,Y) = (£vg)(X, oY) + g(X, (£v9)Y), (3.1)

for all vector fields X,Y on M. Multiplying both sides of (3.1) and
then using (1.3), we get

B(Lydn)(X,Y) = —29(QX, 9Y) — 2Xg(X, ¢Y) + Bg(X, (£v9)Y),(3.2)

for all vector fields X,Y on M. As V is a contact vector field, from
(2.12) we have

Lydn = dLyn = (dv) An+¥(dn), (3.3)
from which it follows that
(£vdn)(X,Y) = S{do(X)n(Y) — db(¥)n(X)} +vg(X,07). (3.4
In view of (3.2) and (3.4) we obtain

pdp(X)n(Y) = Bdp(Y)n(X) + 26¢g(X, oY)
= —49(QX,9Y) —4Mg(X, oY) +289(X, (Lvo)Y),  (3.5)

and hence we get

28(Lve)Y = 4Q0Y +2(¢B +2)0)¢Y

+8{n(Y) Dy — (Y)S}. (3.6)
Putting Y = £ in (3.6) we have
2(£Lve) = Dy — (EY)¢, (3.7)
where we use [ is positive. Tracing the equation (1.3) gives
fdivV = —r — (2n + 1)\, (3.8)
Let  be the volume form of M, that is,
Q=mnA(dn)" #0. (3.9)

Taking Lie derivative of the foregoing equation along the vector field V
and using the formula £y,Q = (divV)Q2 and (3.3) yields

(divV)Q = (n+ 1)9Q, (3.10)
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and hence
divV = (n + 1)9.
Using (3.11) in (3.8) we infer
r=—(m+1yYs—2n+ 1)\
The equation (1.3) can also be exhibited as

S(X,Y) + b

§(£vg)(X, Y) 4 Ag(X,Y) =0.

697

(3.11)

(3.12)

(3.13)

Substituting £ for X and Y in (3.13) and applying (2.10) we obtain

Pg(£vE,€) = 2nk + .

(3.14)

Replacing Y by ¢ in (3.13) and then using (2.10) and (2.12) we deduce

BLYE = (BY + 4nk + 20)E.
Applying (3.15) in (3.14) we have
Yp = —\—2nk.
Making use of (3.16) in (3.15) we get
BLvE = (2nk + N)E.
With the help of the first term of (2.2) and (3.17) we obtain
B(Lvo)§ = PLyvoE — (BL£vE) =0,
and hence from (3.7) it follows that
Dip = (§4)¢.
Taking inner product of (3.19) with respect to Y we get
dip(Y) = (§)n(Y),
from which it follows that
dip = (&)n.
Taking exterior derivative of (3.21) and using (2.13) we infer
d*) = (&) A+ (E4)dn,
which implies
(&) A+ (§¢)dn = 0.
Taking wedge product with 1 on (3.22) we have
(§¢)n A dn = 0.

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)
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As n A (dn)™ is the volume element, then n A dp # 0 and hence from
(3.24) we get

£ =0, (3.25)
and hence from (3.21) it follows that
dip = 0, (3.26)

and hence 1 becomes constant. Integrating (3.11) and then by diver-
gence theorem we infer

b =0 (3.27)
and accordingly from (3.16) we deduce
A = —2nk. (3.28)
Thus we can state the following:

THEOREM 3.1. Let M*"*1(¢, &, n, g) be a (k, p)-almost CoKahler man-
ifold with V" as a contact vector field. If g is a $-almost Ricci soliton with
V' as the potential vector field, then it is shrinking, steady or expanding
according as k is positive, zero or negative.

Using (3.27) and (3.28) in (3.12) we get
r=2nk(2n +1). (3.29)

By the virtue of the equation (3.29) and the Theorem 1.1 we can
conclude the following:

THEOREM 3.2. Let M*"*1(¢,&,n, g) be a compact (k, p)-almost CoKéahler
manifold having non-zero k and V' as a contact vector field. If g is a (-
almost Ricci soliton with V' as the potential vector field, then M is

isometric to a sphere S?"*1(c) of radius c = /%53,

n

In particular, if £ = , then the manifold isometric to an unit
sphere S?"*1(¢). Thus we have the following:

4n+3
n

COROLLARY 3.1. Let M*" (¢, £, n,9) be a compact (k, u)-almost
CoKahler manifold with V' as a contact vector field. If g is a f-almost
Ricci soliton with V' as the potential vector field, then M is isometric to
an unit sphere S*"1(c).
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Using the fact that 1 is constant and (3.16) in (3.6) and (2.12) re-
spectively we obtain

B(£vd)Y =2Q0¢Y + (A — 2nk)pY (3.30)
and
BLyn = —(\+ 2nk)n. (3.31)
Afterwards we deduce
(Lvo)Y = LyoY — o(LvY). (3.32)

Substituting Y = ¢Y in the preceeding equation and using the first term
of (2.1) we infer

(£ve)oY = £y¢*Y —¢(£LyoY)
= —LyY +{Lyn(Y)} +n(Y)LvE — d(LvoY)(3.33)
from which it follows that
B(Lve)oY = =BLyY + B{Lyn(Y )} + Bn(Y) Lyl — Bo(Lyv Y )3.34)

Operating ¢ on the both sides of (3.32) and the using the first term of
(2.1) and then multiplying by 5 we have

Bo(Lve)Y = Bo(LvdY) + BLYY — Bn(£yY)S. (3.35)
Adding (3.34) and (3.35) and using (3.17), (3.31) yields
Bo(Lvd)Y + B(£v )oY = 0. (3.36)

Let us assume that Q¢ = ¢Q. Then, by the virtue of (3.30), from (3.36)
we obtain

2nk — A 2nk + A
QY = =Y + = ; n(Y)E, (3.37)
which shows that the manifold is 7-Einstein. Hence we can state the

following:

THEOREM 3.3. Let M?" (¢, &, n, g) be a (k, u)-almost CoKahler man-
ifold with V' as a contact vector field and Q¢ = ¢Q). If g is a S-almost
Ricci soliton with V' as the potential vector field, then M is n-Einstein.
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Taking covariant differentiation of (3.37) along an arbitrary vector
field X we get
XA XA

(VxQY = =0V + (V)

2R A VXAV XY. (3.39)

Taking inner product of (3.38) with Z we have

W(VxQY.2) = 2297, 2) + L n(2) (3.39)

2nk + )\{9(3@ WX)n(Z) + g(W X, Z)n(Y)}.

Contracting X and Z in (3.39) and using (2.5) we have

Yr=-YX+ ({NnY). (3.40)
Contracting Y and Z in (3.39) and using (2.5) we get
Xr=-—n(XX\) (3.41)
In view of (3.40) and (3.41) we obtain
(1—n)X\= %n(X). (3.42)
Substituting X = £ in the last equation entails
EX=0. (3.43)
By the use of (3.43), the equation (3.42) reduces to
X\ =0, (3.44)

from which it follows that A is constant and hence we have the following:

THEOREM 3.4. Let M*" (¢, &,m,g),n > 1, be a (k, u)-almost CoKéhler
manifold with V' as a contact vector field and Q¢ = ¢(). Then the -
almost Ricci soliton becomes [-Ricci soliton.

Making use of (3.37) in the equation (3.30) yields
(Lve)Y =0, (3.45)

as [ is positive.
In view if the (3.45) and the Lemma 2.2 we observe that

(£vg)(X,Y) = c{g(X,Y) +n(X)n(Y)}, (3.46)
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from which we can conclude that the S-Ricci soliton is non-trivial. Thus
we are in a position to state that

THEOREM 3.5. Let M*"1(¢, &, n, g) be a (k, p)-almost CoKéahler man-
ifold with V' as a contact vector field and Q¢ = ¢(). Then the [-Ricci

soliton is non-trivial.

Now we shall consider a special type of S-almost Ricci soliton where
the potential vector field V is pointwise collinear with the reeb vector
field ¢&. Then we have

V =g, (3.47)

where « is a non-zero smooth function on M in the connection that V'
is non-zero.

Taking covariant derivative of (3.47) with respect to any vector field X
and using (2.6) we infer

VxV = (Xa) + ah'X. (3.48)
The eqution (1.3) can also be represented as
25(X,Y) + Bg(VxV,Y) + Bg(X,VyV) +2XAg(X,Y) =0. (3.49)
Applying (3.48) in (3.49) we have
25(X,Y) + B{(Xa)n(Y) + ag(h' X, ¥)}
+B{(Ya)n(X) + ag(X,K'Y)} + 2)g(X,Y) = 0.  (3.50)
Putting Y = ¢ in (3.50) and using (2.10) we get

B(Da) + B(Ea)é + (2nk +2X)€ = 0. (3.51)
Putting X =Y = £ in (3.50) we have
B(Ea) = =\ — 2nk. (3.52)
Making use of (3.52) in (3.51) yields
BDa+ X =0, (3.53)
from which it follows that
f(Xa) =—-n(X). (3.54)

Putting X = ¢ in (3.54) we find
Bfa) = =A. (3.55)
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Using (3.55) in (3.52) we have
k=0, (3.56)

By the virtue of the Theorem 3.1 and (3.56) we observe that §-almost
Ricci soliton becomes steady. Thus we can state the following:

THEOREM 3.6. Let M?"™1(¢, &, n, g) be a (k, u)-almost CoKéhler man-
ifold with V' as a contact vector field such that V is pointwise collinear
with the reeb vector field £. If g is a [8-almost Ricci soliton with V' as
the potential vector field, then it is steady.

4. p-almost gradient Ricci soliton on (k, 11)-almost CoKahler

In this section we characterize [-almost gradient Ricci soliton on
(k, p)-almost CoKéhler manifolds. Then the potential vector field V'
can be expressed as

V =Df, (4.1)
where f is a smooth function on M?"+1,
By the help of (4.1) the equation (3.49) reduces to the equation
SXY) + 2 {a(VDFY) 4 g(X.Vy D)} + Ag(X.Y) =0, (42)

Making use of (2.13) in (4.2) we have
BVXDf = —QX — AX. (4.3)

Taking covariant derivative of (4.3) with respect to any vector field Y
we obtain

BVyViDf — %(Yﬁ){QX+AX}—(VyQ)X

—Q(VyX) = (YAN)X = A(VyX), (4.4)

as [ is positive. In view of (4.3) and (4.4), we can represent the curvature
tensor as follows:

BR(X,Y)Df = %(Xﬁ){QY Y- %(m){@x 1 AX)

—{(VxQ)Y = (VyQ)X} — {(XN)Y — (YA X}.
(4.5)
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Taking inner product of (4.5) with £ and using (2.10) we obtain

Bg(R(X.Y)Df.€) = %{%kn(Y)JrM(Y)}—%{%kn(XHM(X)}

_{g((vXQ)§7 Y) - g((VYQ)§7 X)}
—{(XX)n(Y) = (Y A)n(X)}. (4.6)

Taking covariant derivative of (2.11) with respect to X we have
(VxQ)¢ =2nkh'X — Qh'X. (4.7)
Applying (4.7) in (4.6) we get
2nk + A

Bg(R(X,Y)Df,§) = 5 {(XB)In(Y) = (YB)n(X)}
H{S(WX,Y) = S(X,KY)
—{(XX)n(Y) = (YA)n(X)}. (4.8)
Also g(R(X,Y)DFf, &) = —g(R(X,Y)& Df). Then using (2.8) we find
g(R(X,Y)Df,§) = —k{(Xf)In®) - ¥ fin(X)}

—p{n(Y)g(Df, hX) = n(X)g(Df,hY)} (4.9)

Using (4.9) in the equation (4.8) we have

—kp{(Xf)n(Y) = (Y )n(X)} = up{n(¥Y)g(Df, hX) —n(X)g(Df, hY )}

_ 2nk5+ A{(Xﬁ)n(Y) C(YAMX)Y + {S(WX,Y) — S(X,h'Y)}

—{&XXn(Y) = (Y \)n(X)}. (4.10)

Replacing X by hX and Y by h?Y in (4.10) yields

QoX — QX =0, (4.11)

as we have taken k as a non-zero real number. Let {e;, de;,}, i =
1,2,3,...,n, be an orthonormal ¢—basis of M such that Qe; = o;e;.
Then we have Q¢e; = o;¢e;. Substituting e; for X in the last equation
we get

Qoe; = oipe;. (4.12)
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Making use of ¢-basis and (2.11) we obtain

ro= 9(Q6) + Y [9(Qeie) + g(Qdes, dey)]

= Mmk+2) o (4.13)
i=1

As o; are the eigen values, Y " | 0; is constant and hence r is constant.
Hence, following the Theorem 1.1 we can conclude:

THEOREM 4.1. Let M*"*1(¢, &, n, g) be a compact (k, pi)-almost CoKéhler

manifold with V' as a contact vector field. If g is a $-almost gradient
Ricci soliton with V' as the potential vector field, then M is isometric to

a sphere 2"+ (¢) of radius ¢ = |/ 20U “wherer = 2nk4+23" | 0.

T
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