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ABSTRACT. In this paper we introduce the conformal Ricci soliton equation which is
generalization of the Ricci soliton equation and it also satisfies the conformal Ricci flow
equation and study quasi conformal, conharmonic and projective curvature tensors in a
Kenmotsu manifold admitting conformal Ricci soliton.
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1. INTRODUCTION

The concept of Ricci soliton [1] was introduced by Hamilton [2] in mid 80’s. Ricci soli-
tons are natural generalizations of Einstein metrices and also correspond to self-similar
solutions of Hamilton’s Ricci flow [3]. It often arises as limits of dilations of singular-
ities in the Ricci flow. Ricci solitons are of interests to physicists as well and are called
quasi-Einstein metrics in Physics literature. Ramesh Sharma [4] started the study of Ricci
soliton in contact manifolds and after him M.M.Tripathi [5], Bejan[6], Crasmareanu [7]
studied Ricci soliton in contact metric manifolds. The Ricci soliton equation is given by

£xg+25+21g =0 (1.1)

where £x is the Lie derivative, S is Ricci tensor, ¢ is Riemannian metric, X is a vector
tield and A a real scalar.

The Ricci soliton is said to be shirking, steady and expanding according as A is negative,
zero and positive respectively. Nagaraja and Permalatha [8] studied the conditions for
Ricci soliton in Kenmotsu manifold [9] to be shrinking, steady and expanding.

In 2005 A.E. Fischer [10] has introduced a new concept called conformal Ricci flow which
a variation of the classical Ricci flow equation that modifies the unit volume constraint
of that equation to a scalar curvature constraint. The resulting equations are named the
conformal Ricci flow equations because of the role that conformal geometry plays in con-
straining the scalar curvature and because these equations are the vector field sum of a
conformal flow equation and a Ricci flow equation. These new equations are given by

g g\ _
ot T2+ =18 (12)
R(g) = -1
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Where R(g) is the scalar curvature of the manifold and p is scalar non-dynamical field
and 7 is the dimension of manifold.The conformal Ricci flow equations are analogous
to the Navier-Stokes equations of fluid mechanics and because of this analogy, the time-
dependent scalar field p is called a conformal pressure and, as for the real physical pres-
sure in fluid mechanics that serves to maintain the incompressibility of the fluid, the
conformal pressure serves as a Lagrange multiplier to conformally deform the metric
flow so as to maintain the scalar curvature constraint.

We introduce the conformal Ricci soliton equation as

2
£xg+2S =21 — (p—l—a)]g. (1.3)
The equation is the generalization of the Ricci soliton equation and it also satisfies the
conformal Ricci flow equation.
2. PRELIMINARIES

An n(odd)—dimensional smooth manifold M is said to be an almost contact metric
manifold if it admits an almost contact metric structure (¢, ¢, %, g) consisting of a tensor
field ¢ of type (1,1), a vector field ¢, a 1-form 1 and a Riemannian metric ¢ compatible
with (¢, &, 1) satisfying

¢*=—I+y®¢E n(E) =1, ¢ =0, nop =0 (2.1)
and
(X, 9Y) = g(X,Y) —n(X)n(Y) (2.2)

An almost contact metric manifold is said to be a Kenmotsu manifold [8] if
(Vx@)Y = g(¢X, V)¢ —n(Y)p(X) (23)
VxE = X — (X)¢. (2.4)

Where V denotes the Riemannian connection of M.

In a Kenmotsu manifold the following relations hold

R(X,Y)Z = g(X,Z)Y — g(Y,Z)X (
(Vxn)Y = g(¢X, ¢Y) (
n(R(X,Y)Z) =n(Y)g(X,Z) —n(X)g(Y, Z) (
R(X,Y)¢ =n(X)Y —n(Y)X (2.
R(S, X)Y =3n(Y)X —g(X,Y)¢ (
R(E, X)¢ = X —n(X)g. 2
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Using (2.1) and (2.4) we have

(£:8)(X,Y) = g(X,Y) = (X)n(Y). (2.11)
Now applying conformal Ricci soliton(1.3) in (2.11), we get

S(X,Y) =324 = (p+7) — 1g(X,Y) + zn(X)n(Y).

Let us take A = [2A — (p + 2) — 1]. So we can write the above equation as

S(X,Y) = Ag(X,Y) + 57(X)(Y) e12)
QX::AX+%nOQ§ (2.13)
S(X,8) = (A + ) (X), 214)

which shows that the manifold is #— Einstein.

If we put X = Y = ¢; in (2.14), where {e;} is an orthonormal basis, and summing
over i, we get R(g) = An + 1. But for conformal Ricci flow, R(g) = —1 which leads us
toget A= —2. Aswehave A = 1[2A — (p + 2) — 1], putting this in the previous result
we get

1 1
A= 1--). 2.15
Fp+1-—) (215
Proposition 2.1: A Kenmotsu manifold admitting conformal Ricci soliton is 7 —Einstein
and the scalar A of the conformal Ricci soliton is equal to A = J(p+1 — 1).

3. KENMOTSU MANIFOLD ADMITTING CONFORMAL RICCI SOLITON AND
R(EW)-C=0

Let M be an n—dimensional Kenmotsu manifold admitting a conformal Ricci soliton
(¢, V,A). Quasi conformal curvature tensor C in M is defined by

C(X,Y)Z = aR(X,Y)Z +b[S(Y,Z)X — S(X, Z)Y + g(Y, Z)QX

a 3.1
X2+ zx gz

where g, b are constants.
Putting Z = ¢ in (3.1) we have by using (2.8), (2.13) and(2.14),

CX,Y)E=[-a+b(A+3)+ A+ (G5 +20)]( (V)X = n(X)Y).
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Let B=[—a+b(A+ 1)+ A+ 1(-% 4 2b)], so the above equation can be written as

C(X,Y)¢=B[n(Y)X - n(X)Y]. (32)
Similarly we obtain

n(C(X,Y)Z) = B[n(Y)g(X,Z) — n(X)g(Y, Z)]. (3.3)

Now we assume that R(§, W) - C = 0 holds in M. Which implies

R(E X)(C(Y, Z)W) — C(R(E X)Y, Z)W — C(Y, R(&, X)W)W

- (3.4)
—C(Y,Z)R(&, X)W = 0.
Using (2.9), we get
1(C(Y, Z)W)X = C(X, Y, Z,W)§ = n(Y)C(X, Z)W +g(X, Y)C(E, Z)W (3.5)
—1(Z)C(Y, X)W + (X, Z)C(Y, )W =y (W)C(Y, )X + g(X, W)C(Y, Z)§ = 0
where C(X, Y,Z,W) =g(X,C(Y,Z)W).
Operating 77 on (3.5) and using (2.1), (3.2) we obtain
B[-g(X,Y)g(Z, W) +g(X,Z) g(Y,W)] — E(X,Y,Z,W) = 0. (3.6)

Now using (3.1) in (3.6), we get
B[—g(X,Y)g(Z, W)+ g(X,Z)g(Y,W)] —aR(X,Y,Z,W) —b[S(Z,W)g(X,Y) — S(Y,W)g(X, Z)

£8(Z,W)g(X,QY) — g(¥, W)g(X,QZ)] — - (-~

7 T20)[g(W, Z)g(X,Y) —g(Y, W)g(X, Z)] = 0.
(3.7)
Taking X = Y = ¢; in (3.7) and summing over i, we get

BO—m) — ("

T 20)(n = 1) + bIg(Z,W) — [a+b(n—1) —1]S(Z,W) = 0. (3.8)

Which shows that the manifold becomes Einstein.Thus we can state the following theo-
rem.

Theorem 3.1: A Kenmotsu manifold admitting conformal Ricci soliton and R(¢, w)- C =
0 is an Einstein manifold, where C is quasi conformal curvature tensor and R(¢, W) is
derivation of tensor algebra of the tangent space of the manifold.

4. KENMOTSU MANIFOLD ADMITTING CONFORMAL RICCI SOLITON AND H((:, X).S =0

Let M be an n-dimensional Kenmotsu manifold admitting a Ricci Soliton (g, V, A). The
conharmonic curvature tensor on M is defined by

H(X,Y)Z =R(X,Y)Z — %[S(Y,Z)X —S(X,Z2)Y +g(Y, Z2)QX — g(X, Z)QY]. (4.1)
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So we can write
H(Z, X)Y = R(E, X)Y — ;5[S(X,Y)E = S(&, V)X + (X, Y)Q¢ — g(&, Y)QX].

Now using (2.9), (2.12) and (2.13) in the above equation we get

H(¢, X)Y = Cln(Y)X — g(X,Y)¢] (4.2)
where C = 24(2‘1“21) + 1.
Also we can write
n(H(¢, X)Z) = Cln(Z)n(X) — (X, Z)]. (4.3)

We assume that H(¢, X) - S = 0 holds. Then we have
S(H(E, X)Y,7) + S(Y, H(E, X)Z) = 0. (@4
Using (2.12) in (4.4), we have

AS(H(E,X)Y, Z) + s (H(E X)Y)1(Z) + Ag(H(E, X)Z,Y) + 5n(H(E X)Z)n(Y) = 0.
(4.5)

Using (4.2) and (4.3) in (4.5), we have

Cn(Z)n(X)y(Y) — Cg(X, Z)y(Y) = 0.

As C and 7(Y) are not equals to zero so we have ¢(X, Z) = n(X)y(Z).

Theorem4.1: If a Kenmotsu manifold admits conformal Ricci soliton equation and H(¢, X) -
S = 0 then g(X, Z) = n(X)y(Z) holds for all tangent vectors X,Z € x(M), where H is

conharmonic curvature tensor and S is Ricci tensor.

5. KENMOTSU MANIFOLD ADMITTING CONFORMAL RICCI SOLITON AND
P X)-C=0

The projective curvature tensor is given as
P(X,Y)Z = R(X,Y)Z — nlj S(Y, Z)X — S(X, Z)Y]. 5.1)

We know

C(¢, X)Y = aR(g, X)Y +b[S(X,Y)¢ — S(5, V)X + g(X,Y)Q¢ — g(,Y)QX]

155+ 2D)[3(Y, X)E — (& V)X
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Using (2.13) and (2.14), we get

C(& X)Y = aR(& X)Y +b[S(X,Y)E — (A+ %)n(Y)X + (X, Y)E(A+ 1)

1 1 4 (5.2)
—Ag(V)X — Ip(On(X)E + (e 2b)g(X, V)E ()X
Using (2.9) in the above equation, we get
C(&, X)Y = a[y(Y)X — g(X,Y)&] +b[S(X, )i — (A + 3)n(Y)X
+8(X,Y)S(A+3) — Ap(Y)X — 3 (Y)y(X)E] + 3 (55 +2b) [9(X, V)& — (V) X].
Operating with 77 we have
7(CE X)) = o~ (T +20)] () (X) — (X)) o
+FO[S(X,Y) + (A + %)g(X/Y) = @A+ Dn(X)n(Y)]
(C(X,Y)g) =0 (54)

Now from (5.1) we have
P(6, X)Y = R(&, X)Y — 2L [S(X, Y)E — §(2, Y)X].

Using (2.12) and (2.14) in the above equation, we obtain

PEX)Y = (5= AnNX — (14 208X e = e gen(nME. 69

Assume that in M, P(¢, X) - C = 0 holds.
So we can write

P(& X)C(Y,Z)W — C(P(&, X)Y,Z)W — C(Y, P(&, X)Z)W — C(Y, Z)P(&, X)W = 0
(5.6)

for all vector fields X, Y, Z, W on M.

Using (5.5) in(5.6) and then operating 1 we get,
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A 1

1
n—1
1

(5.7)

Using (3.2) and (3.3) in (5.7) and then putting X =Y = Z = W = ¢; and summing over
i,we get
Bn+A-1=0

which implies either B =0 or A = } — n. If we consider B = 0 and putting the value of

B, we have, a+(b+1)[)\—%(p+%)]+%(ﬁ +2b)—%:0.

Similarly if we take A = 1 —n and put the values of A, we obtain A — 3(p+ 1) =1 —n.

Thus we can state the following theorem.

Theorem: If M is a n dimensional Kenmotsu manifold satisfying conformal Ricci soliton

and if in M, P(&, X) - C = 0 holds, where P is the Projective curvature tensor, then either

—1(_a_ 1_
A= 2T 2 orA=L(p+ L) +1-n.

REFERENCES

1] H.D.Cao, B.Chow, Recent developments on the Ricci flow, Bull. Amer. Math. Soc. 36 (1999), 59-74.
2] R.S. Hamilton, The Ricci flow on surfaces, Contemporary Mathematics,71(1988),237-261.
3] R.S. Hamilton, Three manifolds with positive Ricci curvature, ].Diff. Geom.17(1982),255-306
4] B.B. Sinha and R.Sharma, On para-A-Einstein manifolds, Publications De LInstitute Mathema-
tique,Nouvelle Serie.,tome 34-48(1983),211-215.
[56] M.M.Tripathi, Ricci solitons in contact metric manifolds, arXiv:0801,4222v1,[math DG],(2008)
[6] C.L. Bejan, M. Crasmareanu, Ricci solitons in manifolds with quasi-constant curvature, Publ. Math.
Debrecen,78/1(2011),235-243.
[7] C. Cédlin, M. Crasmareanu, From the Eisenhart problem to Ricci solitons in f-Kenmotsu manifolds, Bull.
Malays. Math. Sci. Soc.,33(2010),n0.3,361-368.
[8] H.G.Nagaraja,C.R.Premalatha, Ricci solitons in Kenmotsu manifold, J. of Mathematical
Analysis,Vol.3,Issue2(2012),18-24.
[9] K. Kenmotsu, A class of almost contact Remannian manifolds, Tohoku Math.].,24(1972),93-103.
[10] A.E. Fischer, An introduction to conformal Ricci flow, Class. Quantum Grav.21(2004), S171 - S218.

[
[
[
[

BHOWANIPUR EDUCATION SOCIETY COLLEGE,
KOLKATA-700020, WEST BENGAL, INDIA
E-mail address: nirabhra.basu@hotmail . com

DEPARTMENT OF MATHEMATICS,

JADAVPUR UNIVERSITY,
KOLKATA-700032,INDIA

E-mail address: bhattachar1968@yahoo.co.in

21

(E = A)n(CY, Z)W)n(X) — (1 + m)g(X,C(Y,Z}W) - mq(X)q(C(Y,Z)W)
~(3 = A ZIW) = (14 298X, Zp(C(Y, W) = 5 mgsn (X2, W)

—(5 =AW (C(Y, 2)X) = (1+ ﬁ)g(X,WM(C(Y,Z)C) ~ 5 =y 1 XM (C(Y, 2)8) = 0.
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