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Abstract. (m, p)-quasi-Einstein N(x)-contact metric manifolds have been studied and it is established that
if such a manifold is a (m, p)-quasi-Einstein manifold, then the manifold is a manifold of constant sectional

curvature k. Further analysis has been done for gradient Einstein soliton, in particular. Obtained results
are supported by an illustrative example.

1. Introduction

In an attempt to solve the Poincare conjecture, in 1982, Hamilton[18] developed the idea Ricci flow
which is given by

d .
57 = —2Ric,

where Ric is the Ricci tensor of the matric g, satisfying a prescribed initial condition. The method of Ricci

flow was used by Perelman[26] to solve ‘Poincare conjecture’completely. The self-similar solution of Ricci
flow is Ricci soliton[10, 20]. A Ricci soliton (g, W, A) is given by

1 .
EEWg + Ric = Ag, (1)
where £,y denotes the Lie derivative in the direction of the vector field W and A is a real number. The soliton

is considered expanding, steady or shrinking according as A <0, A = 0 or A > 0, respectively. The soliton is
called gradient when W is a gradient vector field associated with a smooth function ¢, and it is described
by

Ric + V) = Ag.

Here V? is the Hessian operator of g. In particular, if 1 is a constant, it is said that the soliton is trivial. In
[11], the author gave the idea of m-Bakry-Emery Ricci curvature. When m > 0 and ¢ : M — R is a smooth
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function, the m-Bakery Ricci tensor Ricj; is defined by
. . 1
Ric}) = Ric + V¢ ~ —dy ®dy.

A differentiable manifold (M", g), n > 3 is defined to be a generalized quasi-Einstein manifold if there are
three smooth functions v, a, § satisfying

Ric + V*Y — adyp ® dp = Bg.

The idea of generalized quasi-Einstein manifold was developed by Catino[12]. When a = 0, € R, then
generalized quasi-Einstein manifold reduces to a gradient Ricci soliton[27] and m-quasi Einstein[2] when
a =1 meNandp e R. Here we study a particular case of generalized quasi-Einstein soliton which is
called (m, p)-quasi-Einstein manifold introduced by Huang and Wei[19].

Definition 1.1. A Riemannian manifold (M", g) is called a (m, p)-quasi-Einstein manifold if there is a smooth

function 1 : M — R and three constants m, p, A with 0 < m < oo satisfying

Ric + V) — %dw ®dy = Bg = (pr + A)g, 2)

where 7 is the scalar curvature of the metric g. When m = oo, p = 0, then the manifold reduces to exactly
gradient Ricci soliton and gradient p-Einstein soliton when m = co. We denote (m, p)-quasi-Einstein man-
ifold by (M", g, ¢, A). 1f the potential function ¢ is constant, then (m, p)-quasi-Einstein manifold is called
trivial. In[19], the authors gave some classification of (111, p)-quasi-Einstein manifold whenever it is bach-flat.

In 2016, Catino-Mazzieri[13] introduced the notion of Einstein solitons which is generated by self-similar
solutions to Einstein flow

d .1

59 = -2 (ch - 579)' ©)]
Definition 1.2. ([13]) Let (M, g) be a Riemannian manifold of dimension n > 3. Then M is called a gradient
Einstein soliton, denoted by (g, ¢, A) if there is a smooth function 1) : M — R such that

Ric - %rg + V2 = Ag. (4)

If the scalar curvature r of the manifold is constant, then the gradient Einstein soliton (g, 1, A) reduces to a
gradient Ricci soliton (g, P, A+ %r)

Catino-Mazzieri[13] showed that every compact gradient Einstein, Schouten or traceless Ricci soliton is
trivial. They also proved that every gradient p-Einstein soliton is rectifiable. Next, they classified three-
dimensional gradient shrinking Schouten soliton and proved that it is isometric to a finite quotient of either
$° or R® or R x 5°.

In the paper [9], Blaga studied gradient n-Einstein solitons. In the paper [17], Ghosh studied (m, p)-
quasi-Einstein metrices in the framework of K-contact manifolds and showed that in a complete (m, p)-
quasi-Einstein manifold with m # 1, the potential function ¢ is constant and the manifold is compact,
Einstein and Sasakian. Motivated by these works in this paper we study (m, p)-quasi-Einstein matrices on
three dimensional N(x)-contact metric manifolds. We also are interested to study gradient Einstein solitons
on 3-dimensional N(x)-contact metric manifolds.

Now we state the main results of the paper :

Theorem 1.1. If a three-dimensional N(x)-contact metric manifold (M, g, v, A) is a (m, p)-quasi-Einstein manifold,
then M is a manifold of constant sectional curvature x and either A = (m + 2 — 6p)x ot, Y is a constant.

Theorem 1.2. If the metric of a three-dimensional N(x)-contact metric manifold M>(g,, A) is a gradient Einstein
soliton, then M is a manifold of constant sectional curvature k. Moreover, either M is flat or, { is a constant.
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2. Preliminaries

On a (21 + 1)-dimensional manifold M?'*+1, by an almost contact structure, we mean the triplet (¢, C, 0),
where @ is a (1, 1) tensor field, C is a global vector field and 0 is a 1-form, and

P*+1=00(, 0 =1, (5)
which implies that
C=0, Oo¢@=0, and rank(p) = 2n. (6)

The manifold M*"*! equipped with the structure (¢, C, 0) is called an almost contact manifold [3, 4]. When
[, p] + 2d0 ® C vanishes identically, then almost contact manifold is said to be normal. If, in addition, the
manifold is endowed with a Riemannian metric such that

g, V) = g(pU, V) + 6(U)O(V) )

for all vector fields U, V on M, then (M, ¢, C, 0, g) is called an almost contact metric manifold. Putting V = C
in (7), we find that

g V) +g(eU, V) =0, 6(U) = g(U,0). (8)

If g(U V) = dO(U, V) for all U,V on M, then the almost contact metric manifold (M, ¢, C, 6, g) is called a
contact metric manifold. In this case, the volume form 0 A (d0)" # 0 everywhere on M. We denote by V the
Riemannian connection of g and by K the corresponding curvature tensor given by

KU, V) =[Vu, Vvl = Viuwn )

for all vector fields U,V on M. A normal contact metric manifold is known as Sasakian manifold. A
necessary and sufficient condition for an almost contact metric manifold (M, ¢, C, 9, g) to be Sasakian is that

(Vup)V = g(U, V)L - 6(V)U
On the other hand for a Sasakian manifold, we have
KU, v)C=0(V)u -oU)Vv.
For a contact metric manifold, we can define a (1,1)-tensor field h = 1£.¢ which is symmetric and satisfy
eh+hp =0, trh=trph=0 (10)
and
VuC = —pU - phl (11)

for all vector field U on M. h = 0 if and only if the characteristic vector field C is a Killing vector field, that is
£cg = 0. In this case the contact metric manifold is called K-contact. Every Sasakian manifold is K-contact,
but the converse is true. However every 3-dimensional K-contact manifold is Sasakian[22].

The (x, p)-nullity distribution N(x, 1t)[7] of a contact metric manifold (M, ¢, C, 0, g) is the distribution

N(x, 1) : p — Np(x, 1)
= {(WeT,M: KU, V)W = (xI + uh)(g(V, W)U - g(U, W)V)}

for all vector field U,V on M, where (x,u) € R?. If the characteristic vector field { € N(x, u) then the
manifold M is called a (x, p)-contact metric manifold. For a (x, u)-contact metric manifold, we have

KU, V)W = (I + ph)(@(V)U - 6()V). (12)
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On a («, p)-contact metric manifold, ¥ < 1.When « = 1, the structure is Sasakian. If u = 0, the (x, u)-nullity
distribution N(x, i) is reduced to the x-nullity distribution N(x)[28]. The x-nullity distribution N(«x) of a
Riemannian manifold is defined by [28]

N(k): p — Ny(x)
= (WeT,M: KU V)W = x(g(V, W)U - (U, WV)},

where « is a real number. If C € N(x), then a contact metric manifold is called an N(x)-contact metric
manifold. N(x)-contact metric manifolds have been studied by several authors such as [14-16, 21, 23-25]
and many others.

For N(k)-contact metric manifolds M?*'*! the following relations hold[7]:

WP=x-1)¢? x<1, (13)

(Vup)V = g(U + hU, V) — O(V)(U + hl), (14)

KU, vV)C = x(O(V)U - 0()V), (15)

Ric(U, V) = 2(n—1)g(U V) +2(n—1)g(hl,V) (16)
+ [2nk —2(n - 1)]OW)O(V),

Ric(U, C) = 2nxk0(U), (17)

(VuO)V = g(U + hU,pV) (18)

for any vector fields U, V on M. The curvature tensor K in a 3-dimensional Riemannian manifold is given
by
KU, V)W = Ric(V, W)U - Ric(U, W)V + g(V, W)QU (19)
r
- gUW)QV - E{g(V, Wil — g(U, W)V}

In [6], the authors proved that in a 3-dimensional N(x)-contact metric manifold M, the following relations
hold :

ol = (% - K) U+ (31{ - g) O, 20)

where Q is the Ricci operator defined by Ric(U, V) = g(QU, V).

KUVW = (3 -2¢) @V, WU - g0, W)V) @1)
+ (36 2 ) @ meant - g wee
T B(V)BW)U — OU)OW)V).

Vul = -1+ a)pU (22)

for all vector fields U, V, W on M, where a« = = V1 — x. From (21), it follows that, a 3-dimensional N(x)-contact
metric manifold is of constant curvature if and only if r = 6x.

Lemma 2.1. [8] Let M*"*1(¢, C, 0, 9) be a contact metric manifold and suppose that K(U, V)C = 0 for all vector fields
U and V. Then M*** is locally the product of a flat (n + 1)-dimensional manifold and n-dimensional manifold of
positive constant curvature 4 for n > 1 and flat forn = 1.



A. Sarkar et al. / Filomat 35:8 (2021), 2801-2809 2805
3. Proof of the main results

Before proving the main result, we need the following lemma.

Lemma 3.1. If (M", 9,1, A), n > 3 be a (m, p)-quasi-Einstein manifold, then the curvature tensor K satisfies
(VvQU = (VuQ)V + (UB)V — (VAU (23)
o {U)QV - (V)QU)

p
+ VU= UV,

K(U, V)Dy

Proof. From (2), we have
VyDy = -QV + %g(ng, V)Dy + BV. (24)

Differentiating covarianly (24) along the vector field U, we get

VuVyDy = =Vu(QV) +BVyV + (UBV
+ %{g(Vung, V)Dy + g(Dy, Vi V)Dy + (Vip)VyuDyp). (25)
Interchanging U and V in the previous equation, we obtain
VyVuDy = -Vy(QU) +pVyU + (VAU
+ %{g(vvw, U)Dy + g(D, VyU)DY + (Up)Vy D). (26)

Substituting the values (24)-(26) in (9), we get the result. []
Proof of Theorem 1.1. From (20), we get
(WQU = S(VIU - (VO
+ (5 -3¢) ooV + phVIC+ OV + V). 27)
Putting (27) and (20) in (23) and taking inner product with ¢, we obtain
JKUVIDY,0) = UROW) - (VROLD + 7~ 6)g(U, V)
(B - 20((V9)OW) - POV 28)

Using (15) in (28), it follows that
(m+2x-p
—,, (o) - U)oyt = UpOV) - (VAO(U)

+ (r—6x)g(U eV). (29)

Replacing U by U and V by ¢V in the foregoing equation, we have

(r—6x)do(U, V) = 0.

As d0 is non-vanishing on any contact metric manifold, from the above we get

r = 6K.
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From (21), we see that M is a manifold of constant sectional curvature k. Since the scalar curvature r = 6x
is constant the function = pr + A = 6p«x + A becomes a constant. Substituting U = C in (29)

(m+2-6p)x—A
- (Vi — (C)o(V)) = 0. (30)

From the above, we have either A = (m + 2 — 6p)x or, DY = (Cp)C.
Suppose that A # (m + 2 — 6p)«x. Differentiating Dy = (C)C along the vector U and using (11), we get

VuDy = UCY)C = (CY)(pU + phl). (31)
In the previous equation, applying Poincare Lemma (4% = 0), we infer that
U(Cy)o(v) = v(cy)oU) + 2(Cy)g(U, V) = 0.
Replacing U by U and V by ¢V in the above equation, we have
(CyY)dOU, V) = 0.

Since d6 # 0 for any contact manifold, we find that (¢ = 0. Consequently, Dy = (C¢)C = 0. This completes
the proof.

Corollary 3.1. If the metric of a 3-dimensional compact N(x)-contact metric manifold (M, g,\, A) with x > 0 isa
(m, p)-quasi-Einstein manifold then 1) is a constant.

Proof. Since r = 6x, from (20), QV = 2xV. By proof of Theorem 1.1, either A = (m +2 — 6p)x or 1 is constant.
If A = (m + 2 — 6p)x, from (24) it follows that

VyDy = % g(D, V)Dyp + mx V.

Taking trace over V, we have

1
AY + a|D¢|2 + 3mx = 0.

where A = —Div D is the Laplacian operator of g. Integrating over M and using divergence theorem, we
obtain

f IDY* dM = —3m*x f dM. (32)
M M

Since M is orientable, the volume element dM on M is always positive and hence right hand side of (32) is
negative. While the integrand on the left hand side is non-negative, a contradiction. This completes the
proof. [

Proof of Theorem 1.2. From (4), it follows that
1
QU - SrU +VuDy = AU, (33)

where D is the gradient operator of g.
Using (20) in (33), we get

VuDy = (i + VU + (% - 3;<) e (34)
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Differentiating the equation (34) covariantly with respect to the vector field V and using (11), we obtain

VyVuDy = (A+1)VyU+ %(Vr)@(ll)(;

2

Interchanging U and V in the previous equation, we have

+ (5 -3 (venc - oV + phv)), (35)

VuVyDYy = (A+1)VyV+ %(Ur)G(V)C
+ (5 - 36)1wOmIC - 6V)@U + phLD) (36)
Putting the values (34)-(36) in (9) and using (18) and (10), we infer that
1 1
KU vDy = SUnNO(V)C - (Vo)<
+ (1= 699U V)T - (5 - 3x) 0V)(pU + phD) (37)
+ (% - 3K) o)V + phV).
Taking inner product of (37) with C and using (6) and (15), we get
1 1
KOU)Vy -oWMUy) = SUNOV) - 5(Vnol) (38)
+ (r—6x)g(U eV).
Replacing U by U and V by ¢V in (38), we obtain
(r—6x)do(U, V) = 0.
Since d6 is non-vanishing on any contact manifold, from above equation it follows that
r = 6k.

Putting the value of r in (21), we see that M is a manifold of constant sectional curvature «.
Substituting U by C in (38), we get

©{Vy — 0(V)Cy} = 0. (39)

This shows that either ¥ = 0 or Dy = (C¢)C. If k¥ = 0, then K(U, V)C = 0 for all vector fields U and V. Using
Lemma 2.1 we conclude that M is flat.

Suppose that x # 0. By the same proof of Theorem 1.1 we conclude that i is constant. This completes the
proof.

If x = 1, then M is a Sasakian manifold. Thus, we are in a position to state the following :

Corollary 3.2. If the metric of a Sasakian 3-manifold is a gradient Einstein soliton with potential function i,
then the manifold is a Sasaki-Einstein manifold and v is a constant.

4. Example

Let M = {(x, y,z) € R : x # 0} be a three-dimensional manifold.

Suppose

0 E, :26_2i +eyi+2xezi, E; :ezi

b= ox’ ox Ay 0z 0z’
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here Ey, E;, E3 are linearly independent at each point of M. We have

[E1, Eo] = 2E3, [Eq,E3]=0, [Ey E3]=2E,.

Let g be the Riemannian metric such that

g(Ei, Ej) =6, 1,j€{1,2,3}.

Let ¢ be the (1,1) tensor field and 6 be the 1-form defined by

p(E1) =0, @(E2)=Es, @(E3)=-E;, 0=dx-2e""dz

By linearity of ¢ and g, we have

@*V ==V +0O(V)E;, O(E;) =1,
gleU, V) = g(U, V) — 0(LDO(V),
do(U, V) = g(U,pV)

for all vector fields U, V on M. Thus for E; = C, M(¢,C, 6, 9) is a contact metric manifold. The tensor  is
given by

hE1 =0, hE,=E;, hEs=—-E;.

By Koszul formula,

Ve, E1 =0, VgEy=0, VgE;=0,
VEzEl = —2E3, VEZEZ = 0, VEZEB = 2E1,
VE3E1 = 0, VE3E2 = 0, V53E3 =0.

From the above we see that

VyC = -V —phV

forall V € x(M). The Riemannian curvature tensor K vanishes identically. Consequently M is a N(0)-contact
metric manifold. Also, the Ricci tensor Ric and the scalar curvature r vanish.

Suppose that 1 = 4(x2 + 72/ + ¢7%). By straightforward calculations we have V2 = Ag. This shows that g
is a gradient Einstein soliton.
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