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Abstract. The object of the present paper is to study Ricci solitons on 7-Einstein contact manifolds. As a
consequence of the main result we deduce some important corollaries.

1. Introduction

In 1982, R. S. Hamilton [25] introduced the notion of Ricci flow to find a canonical metric on a Riemannian
manifold. The Ricci flow is an evolution equation for metrics on a Riemannian manifold defined as follows:
0
5% = ~2Rij. D
Ricci solitons are special solutions of the Ricci flow equation (1) of the form g;; = o(t)y{g;; with the initial
condition gij(O) = gij, where 1); are diffeomorphisms of M and o(t) is the scaling function.
A Ricci soliton is a generalization of an Einstein metric. We follow the notion of Ricci soliton according to
[14]. On the manifold M, a Ricci soliton is a triple (g, V, A) with g, a Riemannian metric, V a vector field,
called potential vector field and A a real scalar such that

£yg+2S+20g=0, 2

where £ is the Lie derivative and S is the Ricci tensor. Metrics satisfying (2) are interesting and useful in
physics and are often referred as quasi-Einstein metrics ([8],[9]).

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 [22] who discusses some aspects of it.
The Ricci soliton is said to be shrinking, steady and expanding according as A is negative, zero and positive.
If the vector field V is the gradient of a potential function —f, then g is called a gradient Ricci soliton and
equation (2) takes the form

VVf=S+Ayg,

where V denotes the Levi-Civita connection.
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A Ricci soliton on a compact manifold has constant curvature in dimension 2 (Hamilton [25]), and also in
dimension 3 (Ivey [26]). For details we refer to Chow and Knoff [15]. We also recall the following significant
result of Perelman [31]: A Ricci soliton on a compact manifold is a gradient Ricci soliton.

Since the last two decades, the geometry of Ricci solitons has been the focus of attention of many mathemati-
cians. In particular, it has become more important after Grigory Perelman solved the Poincare conjecture.
An Einstein manifold is a trivial example of a gradient Ricci soliton with constant potential function and
therefore it is called a trivial Ricci soliton. There exist many non-trivial examples of Ricci solitons compact
as well as non-compact ([15],[26], [27]).

There are two aspects of the study of Ricci solitons, one looking at the influence on the topology by the
Ricci soliton structure of the Riemannian manifold ([19],[37]) and the other looking at its influence on its
geometry ([20], [21]).

On the other hand, the roots of contact geometry lie in differential equations as in 1872 Sophus Lie intro-
duced the notion of contact transformation as a geometric tool to study systems of differential equations.
This subject has manifold connections with the other fields of pure mathematics , and substantial applica-
tions in applied areas such as mechanics, optics, phase space of dynamical system, thermodynamics and
control theory.

In a recent paper Wang et al. [34] studied Ricci solitons on three dimensional 7-Einstein almost Kenmotsu
manifolds. Also Ghosh [24] studied n-Einstein Kenmotsu metric as a Ricci soliton. However Ricci soliton
on n-Einstein contact metric manifold have not been studied. Also Ricci solitons and gradient Ricci solitons
on some kinds of almost contact metric manifolds of dimension three were studied by many authors. For
instances, De et al. [18] and Turan et al. [33] investigated Ricci solitons and gradient Ricci solitons on three-
dimensional normal almost contact metric manifolds and three-dimensional trans- Sasakian manifolds
respectively. Moreover, A. Ghosh [23] and ]. T. Cho [10] classified Ricci solitons on three-dimensional Ken-
motsu manifolds respectively. In addition, Ricci solitons on f-Kenmotsu manifolds and N(k)-quasi-Einstein
manifolds were also studied by C. Calin and M. Crasmareanu [14] and M. Crasmareanu [13] respectively

In a recent paper J.T. Cho [12] studied Ricci solitons on almost contact geometry and proved that a three
dimensional contact Ricci soliton (g, &) is Sasakian and of constant curvature +1. Ricci solitons have been
studied by several authors such as ([6], [10], [11], [12], [17], [34], [35]) and many others. Motivated by these
circumstances, in this paper we study Ricci solitons on n-Einstein contact manifolds.

In a contact metric manifold M®**V(¢, &, 1, 9), the (1, 1) tensor field / is defined by & = 3£:¢b. During the last
five decades the notion of locally symmetric manifolds have been weakened by many authors in several
ways to a different extent such as recurrent manifolds introduced by Walker [36].

In a contact metric manifold the (1, 1) tensor field # is said to be recurrent if it satisfies the condition

(Vx)(Y) = n(X)hy,

where 7 is the 1-form of the contact metric manifold.
A contact manifold is said to be n-Einstein if the Ricci tensor S of type (0, 2) satisfies the condition

S(X,Y) = ag(X,Y) + pn(X)n(Y), ©)

where a, f are non-constant smooth function. Such a structure in a Riemannian manifold is called quasi-
Einstein. Mantica et al. ([29], [30]) have obtain the physical interpretation of quasi-Einstein manifold in
perfect fluid space-time.

The paper is organized as follows: After introduction in section 2 we discuss some preliminaries of contact
metric manifolds. Section 3 is devoted to study our main result. Our main Theorem can be presented as
follows:

Main Theorem:

Theorem 1.1. Let the metric g of an n-Einstein connected contact metric manifold be a Ricci soliton (g, V). If the
tensor h is recurrent, then the manifold is an Einstein manifold.
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As a consequence of the main Theorem we obtain some important corollaries:

Corollary 1.2. Let the metric g of an n-Einstein connected contact metric manifold be a Ricci soliton (g, V). If the
tensor h is recurrent, then V is a homothetic vector field.

Corollary 1.3. Let the metric g of an n-Einstein connected contact metric manifold be a Ricci soliton (g, &). If the
tensor h is recurrent, then the soliton is expanding.

2. Contact metric manifolds

A (2n + 1)-dimensional manifold M is said to admit an almost contact structure if it admits a tensor field
¢ of type (1,1), a vector field £ and a 1-form 1) satisfying ([1],[2])

@ ¢*=-I+1®¢ (b) nE)=1, () p¢=0, (d) no¢p=0. 4)

An almost contact structure is said to be normal if the almost complex structure | on the product manifold
defined by

O£ ) = @X - F& (0 D)

is integrable, where X is tangent to M, ¢ is the coordinate of R and f is a smooth function on M X R. Let g
be a compatible Riemannian metric with almost contact metric structure (¢, 7, £), that is,

9(@X, oY) = g(X, Y) = n(X)n(Y).
Then M admits an almost contact metric structure (¢, £, 1, ). From (4) it can be easily seen that

@  9X, oY) = —g(@X,Y), (b)) g(X, &) =nX). ©)
for all vector fields X, Y. An almost contact metric structure becomes a contact metric structure if

9(X, ¢Y) = dn(X,Y),

for all vectors fields X, Y. The 1-form 1 is called a contact metric form and ¢ is its characteristic vector field.
We define a (1,1) tensor field h by h = 1£:¢, where £ denote the Lie derivative. Then h is symmetric and
satisfies the conditions h¢p = —ph, Tr.h = Tr.ph = 0 and hé = 0. Also

VxE = —pX — phX,

holds in a contact metric manifold. A normal contact metric manifold is a Sasakian manifold. An almost
contact metric manifold is a Sasakian manifold if and only if

(Vx@)(Y) = g(X, V)€ = n(V)X,

where X, Y € x(M) and V is the Levi-Civita connection of the Riemannian metric g. A contact metric
manifold Mz"*l(qb, &, 1, 9) for which ¢ is a Killing vector field is said to be a K-contact metric manifold. A
Sasakian manifold is K-contact but not conversely. However a 3-dimensional K-contact metric manifold is
Sasakian [28].

Given the contact metric manifold (M, 1, &, ¢, g), we have the following identities ([1], [2]):

hE=0, hp+¢h=0,
Vx& = —¢X — phX,

Ve =0,
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R(&, X)&E — OR(E, pX)E = 2(h? + PH)X,
(Veh)X = pX — h*pX + pR(E, X)&E,
S(&, &) =2n—Trh?,

R(X, Y)E = =(Vxd)Y + (VyP)X — (VxPh)Y + (Vyoph)X. 6)

Here, V is the Levi-Civita connection and R the Riemannian curvature tensor of (M, g) with the sign
convention

R(X,Y)Z = VxVyZ - VyVxZ - Vixy|Z

for vector fields X, Y, Z on M. The tensor | = R(., £)¢ is the Jacobi operator with respect to the characteristic
field £. Contact metric manifold have been studied by several authors such as ([3], [4], [5], [7], [32]) and
many others.

Let (M", g); (n = dimM) be a Riemannian manifold, i.e., a manifold M with the Riemannian metric gand let V
be the Levi-Civita connection of (M", g). A Riemannian manifold is called locally symmetric [16] if VR = 0,
where R is the Riemannian curvature tensor of (M", g). The class of Riemannian symmetric manifolds is
very natural generalization of the class of manifolds of constant curvature.

3. Proof of the Main Theorem
In view of equation (3) the Ricci tensor is given by
S(X,Y) = ag(X,Y) + pn(X)n(Y), @)
where «, § are non-constant smooth functions. Again from (2) we have

(Evg)(Y, 2) = =25(Y, Z2) = 2A9(Y, Z)
= —2{ag(Y, Z) + pn(Y)n(2)} = 27g(Y, 2)
= —2(a + M)g(Y, Z) - 2Bn(YV)n(2).

Taking Covariant differentiation with respect to X, we get

(VxEvg)(Y, Z2) = = 2(Xa)g(Y, Z) = 2(XB)n(Y)n(2)

8
— 28V V(D) — 2BV (V) 2). ®)

Using (Vxn)(Y) = g(X + hX, ¢Y) in (8), we obtain
(VxEvg) (¥, Z) = - 2Xa)g(Y, 2) - 2Xp(Y)(2) o

= 29X+ hX, pY)n(Z) = 2pn(Y)g(X + hX, ¢Z),

for any vector field X, Y, Z. Following Yano ([38], pp-23), the following formula

(EVVXg - EXVVg - V[V,X]g)(Yr Z) = _g((EVv)(XI Y)/ Z) - g((EVV)(X/ Z)/ Y)

is well known for any vector fields X, Y, Z on M. As g is parallel with respect to the Levi-Civita connection
V, then the above relation becomes

(VxEvg)(Y, Z) = g(EvV)(X, Y), Z) + g((EvV)(X, Z), Y) (10)
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for any vector fields X, Y, Z. Since £V is symmetric tensor of type (1,2), i.e., (EvV)(X, Y) = (EvV)(Y, X), then
it follows from (10) that

1 1 1 (11)
= E(Vxﬁvg)(Y, Z)+ E(VYEV!])(X/ Z) - E(Vzﬁvg)(X, Y).

Using (9) in (11) we obtain

gJ(EVVIX,Y), Z) = = (Xe)g(Y, Z) = (XB)n(V)n(Z)
= Pg(X + hX, dY)n(Z) = pn(Y)g(X + hX, $Z)
- (Ya)g(X, Z) = (YB)n(X)n(Z)
= Bg(Y + 1Y, ¢X)n(Z) = pn(X)g(Y + hY, $pZ)
+ (Za)g(X,Y) + (ZB)n(X)n(Y)
+Bg(Z +hZ, Y)nN(X) = pn(V)g(Z + hZ, $X).
From (5) and (12) we get

(12)

9J(EvVIX YY), Z) = = (Xa)g(Y, Z) = (XB)n(Y)n(Z) — (Ya)g(X, Z)
= (YANX)N(Z) + (Za)g(X, Y) + (Zp)n(X)n(Y)
= 2Bg(hX, dY)1(Z) = 2Bg(X, pZ)n(Y)
= 2Bg(Y, pZ2)n(X).

The above equation gives

EvVIXY) = = (Xa)Y = (XB)n(Y)E = (Ya)X = (YB)n(X)<
+(Da)g(X,Y) + (DBn(X)n(Y) = 2pg(hX, pY)E (13)
+2Bn(Y)pX + 2n(X)oY,
where Xa = g(Da, X), D denotes the gradient operator with respect to g. Thus replacing X by Y and Y by Z
in (13) we have
EvV(Y, 2) = = (Ya)Z = (YB)n(2)< — (Za)Y
= (ZpN(Y)E + (Da)g(Y, Z) + (DB)n(Y)n(Z) (14)
—2Bg(hY, pZ)E + 2BN(Z2)PY + 2n(Y)PZ.

Taking covariant derivative of (14) with respect to X, we get

(Vx£vV)(Y, Z) = - g(VxDa, Y)Z - g(VxDB, V)n(2)&
= (YB)(Vxm)ZE = (YBIN(Z)VxE
= 9(VxDa, 2)Y - g(VxDp, Z)n(Y)&
— (ZB)(Vxm)YE = (ZPn(Y)VxE
+ VxDag(Y, Z) + VxDBn(Y)n(Z)
+ DB(VxmYn(Z) + DB(Vxm(Z)n(Y) (15)
= 2(Xp)g(nY, 9Z)< + 2Bg((Vxh)Y, $pZ)&
= 2Bg(hY, (Vx)Z, &) = 2g(hY, $Z)VxE
+ 2(XBINZ)PY + 2B(Vxn)ZY
+2Bn(Z)(Vx@)Y + 2(Xp)n(Y)pZ
+2B(Vx)YPZ + 2Bn(Y)(VxP)Z.
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Again,
(EvR)(X, Y)Z = (VxEvV)(Y, Z) = (VyEvV)(X, 2). (16)
Now we suppose that & is recurrent, that is,
(Vxh)(Y) = n(X)hY. (17)
Using (15), (17) in (16) yields
EVRXY)Z = —(YB)g(X+hX, ¢Z)E — (YPINZ)(—pX — phX)

—9(VxDa, 2)Y — g(VxDB, Z)n(Y)&

—(ZB)9(X + hX, pY)E& — (ZP)n(Y)(-pX — phX)
+VxDag(Y, Z) + VxDpn(Y)n(2)

+DBg(XhX, pY)N(Z) + DBn(Y)g(X + hX, ¢Z)
—2(XB)g(hY, pZ)E + 2Bn(Z)g(hY, X + hX)E
+2Bg(hY, ¢Z)(hX + PhX) + 2(XB)nN(Z)pY (18)
+2B9(X + hX, ¢Z)PY + 2n(Z){g(X + hX, Y)E
X+ hX)} + 2(XB)n(Y)PpZ

+2B9(X + hX, pY)PZ + 2Bn(Y)g(X + hX, Z)E
—N2)(X +hX)} + (XB)g(Y + hY, ¢Z)&
+HXB)IN(Z) (=Y — phY) + g(VyDa, Z)X
+9(VyDB, Z)n(X)& + (ZB)g(Y + hY, pX)&
+2Bn(X)(=pY — ¢hY) — VyDag(X, Z)
—VyDBn(X)n(Z) — DBg(Y + hY, pX)n(Z)
—DBg(Y + hY, ¢Z)n(X) + 2(YB)g(hX, 9Z)&
=2Bn1(2)g(hX,Y + hY)E + 2B9(hX, pZ)(—pY — PhY)
—2(YPIN(Z2)pX = 2Bg(y + hY, pZ)pX
=2Bn(Z){g(Y + hY, X)& — n(X)(Y + hY)}
=2(YBIN(X)pZ — 2Bg(Y + hY, pX)pZ
=2Bn(X)g(Y + hY, 2)E — n(Z)(Y + hY)}
=2pn(X)g(hY, ¢Z)E + 2Bn(Y)g(hX, Z)E.

Contracting X in (18), we have

EvS)(Y,2) = —g(VyDa,Z) - g(VeDp, Z)n(Y)
—Aag(Y,Z) = Apn(Y)n(Z)
+9(DB, ¢Y + ¢hY)n(Z) + g(DB, dZ + hpZ)n(Y)
—2(£B)g(hY, $Z) + 29(DB, $Y)n(Z)
+2Bg(pY + hpY, ¢Z) — 4npn(Y)n(2)
+29(DB, ¢Z)n(Y) + 2Bg($Z + h$Z, §Y) (19)
—4npn(n(Z) + (ER)g(Y + 1Y, ¢Z)
+1(2)9(DB, Y — phY) + (2n + 1)g(VyDa, Z)
+g(VyDB, Z) — g(VyDa, Z) — g(VyDB, E)n(Y)
+g(DB, ¢Y + ¢hY)n(Z) = ()9 (Y + hY, $Z)
+2g(h$Z, —PY — OhY) + 269(QY + PhY, $Z)
—2Blg(Y + WY, Z) = n(V)n(2)} = 2B(hY, ¢2).
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Putting Y = ¢Y, Z = ¢Z in (19) yields

EvS)(OY,0Z) = —g(VeyDa, $Z) — Aag(@Y, $2)
~2(£B)g(heY, $°Z) + 2pg(*Y + ho?Y, $*Z)
+289($°Z + h$*Z, ¢*Y) + (EP)g(dY + hoY, $*Z)
+@2n +1)g9(VoyDa, ¢Z) + g(VoyDB, $Z)
~9(VsYDa, pZ) - (£p)9(¢Y + heY, $°Z)
+2p9(h¢?Z, —¢*Y — PhPY) +2B9($*Y + PhepY, $*2Z)
—2Bg(QY + hoY, ¢Z) + 2Bg(hZ, pY).
On the other hand, from (7) we get
(EvS) (@Y, ¢Z) =(Va)g(¢Y, pZ)
+alg(VoyV, ¢Z) + g(VozV, ¢Y))
Therefore from (20) and (21) we obtain

(Va)g(oY, ¢Z) + afg(VoyV, ¢Z) + g(VpzV, dY)}

=~ g(VorDa, $Z) — Aag(pY, §Z) — 2(Ep)g(heY, $*Z)
+2Bg(H?Y + hd?Y, ¢*Z) + 2g(¢p*Z + hd*Z, H*Y)
+ (EB)g(PY + hopY, ¢*Z) + (21 + 1)g(VpyDa, $Z)
+g(VoyDB, $Z) = (Vo YDa, ¢Z) — (ER)g(dY + hY, $*Z)
+2B9(h*Z, —p*Y — phpY) + 2Bg(°Y + PhoY, ¢ Z)
—2Bg(QY + hoY, ¢Z) + 2Bg(hZ, Y).

(20)

(1)

(22)

Interchanging Y and Z in (22) and then subtracting from (22) [by using g(VxDa, Y) = g(VyDa, X)] we

have
0 = = 2(£B)g(hpY, 9°Z) — g(hpZ, ¢*Y))
+2B{g(h*Y + *Y, §*Z) — g(P*Z + h¢? Z, ¢ Y}
+ 2Blg(h*Z + P*Z, §°Y) - g(¢°Y + h¢™Y, ¢ Z)
+ (EBNG(DY +hoY, $*Z — g(dZ + hZ, $*Y)))
~ (EBNG(@Y +hdY, $*Z — g(dZ + hZ, $*Y)))
+ 2Blg(h?Z, —§" — phoY) — g(hd?Y, —¢*Z — PhPpZ))
+2B{g(¢°Y + hpY, §*Z) — g(¢*Z + PhoZ, p*Y))
= 2B{g(QY + hpY, ¢Z — g(¢Z + hdZ, $pY))}
+2Blg(hZ, $Z) - g(hY, $Z)).

This implies that
2Bl9(6Y, $°Z) - 9(@Z,$*Y)} = 0,

and hence

4pg(pY, 9Z) =0,

which implies

B=0.
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On the other hand, from (13) we obtain

2n+1

0= (EvV)(ei )
i=1
=~ Da - () — Da - ()& + (2n + )Da

2n+1

+DB=28 ) glhe; ge)e.

i=1

Since p = 0, from the above equation it follows that (2n — 1)Da = 0. Therefore we have g(Da, X) = 0. This
implies (Xa) = 0. Hence o = constant. Therefore our main Theorem 1.1 is proved.

Also from (2) we obtain
£vg+25+2Ag =0,
from which it follows that
(Evg)(X Y) =-25(X,Y) - 2A9(X, Y)

=-2(a+A)g(X,Y)
== ng(X/ Y)/

where p = —(a + A) = constant. Thus V is a homothetic vector field. Hence the corollary 1.1 is proved.
Now we state the Lemma which will be used in the next result:
Lemma 3.1. [12] If (g, V) is a Ricci soliton of an Riemannian manifold, then we have
%IIEVgIIZ =0 =dr(V) + 2div(AV — QV),
where r denotes the scalar curvature of g and Q the Ricci operator defined by S(X,Y) = g(QX, Y).

We suppose that contact metric manifold admits a Ricci soliton (g, &).
Then from (2) we get

S19(VxE, ) + g(Vx&, X))+ (X, Y) ~ Ag(X,Y) = 0.

This implies

{g(=pX = dnX, Y) + g(=¢pY — hoY, X)}

23
+25(X,Y) - 2A9(X,Y) = 0. (23)
Since h¢p = —¢ph, from the above equation (23) we have
g(X, hdY) + S(X,Y) - Ag(X,Y) = 0.
It follows that
QY =AY - hoY. (24)

Substituting Y = & in the above equation (24) yields
Q& = AL.
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Thus

S(&, &) =A
Again from S(X, Y) = ag(X, Y) it follows that A = S(&, &) = a = £ = constant.

n

Also in a contact metric manifold [1] S(&, &) = 2n — Trh?. Since & is Killing, hence i = 0. Therefore
S(&, &) = 2n which implies A = 2n. Thus the corollary 1.2 is proved.

Acknowledgment: The authors are thankful to the referees for their valuable suggestions and comments
towards the improvement of the paper.
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