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ABSTRACT. We set our target to investigate Yamabe solitons, gradient Yamabe solitons and
gradient Finstein solitons within the structure of 3-dimensional non-cosymplectic normal
almost contact metric manifolds. Also, we provide a nontrivial example and validate a
result of our paper.

1. Introduction

In [8], Hamilton introduced the notion of Yamabe solitons. According to the
author, a Riemannian metric g of a complete Riemannian manifold (M™, g) is called
a Yamabe soliton if it satisfies

(11) SEwg = (= 1)y,

where W, A\, r and £ denotes a smooth vector field, a real number, the scalar
curvature and Lie-derivative respectively. The vector field W is said to be the soliton
field of the Yamabe solitons. If W is the gradient of a C*° function f: M"™ — R,
then the manifold will be called gradient yamabe soliton. In this occasion, the
previous equation reduces to

(1.2) Vif=(\-r1)g,

where V2 f indicates the Hessian of f. A Yamabe soliton is said to be shrinking,
steady or expanding according to A > 0, A = 0 or A < 0, respectively. Yamabe

* Corresponding Author.

Received March 18, 2021; revised October 12, 2021; accepted November 8, 2021.

2010 Mathematics Subject Classification: 53C21, 53C25, 53C50.

Key words and phrases: 3-dimensional normal almost contact manifold, Yamabe solitons,
Gradient Yamabe solitons, Gradient Einstein solitons.

179



180 K. De and S. Ghosh

solitons have been investigated by many researchers in different context (see, [1],[4],
5], [6])-

The concept of the Gradient Einstein solitons was initiated by Catino and
Mazzieri [3]. For some smooth function f and some constant A € R, the Gradient
Einstein solitons are Riemannian manifolds obeying

1
(1.3) S — 57‘9 +V2f = )g,

where S denotes the Ricci tensor.

Many years ago in [10], Olszak investigated the 3-dimensional normal almost
contact metric(briefly, acm) manifolds mentioning several examples. After the ci-
tation of [10], in recent years normal acm manifolds have been studied by many
researchers in different context (see, [7],[10] and references contained in those).

The present article is constructed as follows:

In section 2, we recall a few basic facts and formulas of 3-dimensional non-
cosymplectic normal acm manifolds which will be needed throughout the article.
In section 3, we investigate the Yamabe, gradient Yamabe and gradient Einstein
solitons. Specifically, we establish the below stated Theorems:

Theorem 1.1.If a 3-dimensional non-cosymplectic normal acm manifold admits a
Yamabe soliton of the type (M3, g,€), then the scalar curvature is constant and the
characteristic vector field ¢ is Killing.

Theorem 1.2. If a 3-dimensional non-cosymplectic normal acm manifold M3
admits a Yamabe soliton of the type (M3, g, W), then either the manifold is quasi-
Sasakian or the scalar curvature of the manifold is constant and the soliton vector
field W is Killing provided «, 8 are constants and the scalar curvature r is invariant
under the characteristic vector field &.

Theorem 1.3. Let the Riemannian metric of a 3-dimensional non-cosymplectic
normal acm manifold with «, 8 =constant be the gradient Yamabe soliton. Then
either the manifold is of constant sectional curvature —(a® — 32) or the manifold is
a-Kenmotsu, provided the gradient yamabe soliton is trivial.

Theorem 1.4. Let the Riemannian metric of a 3-dimensional non-cosymplectic
normal acm manifold with «, 8 =constant and o # +8 be the gradient Einstein
metric. Then either the manifold is a-Kenmotsu or is a manifold of constant sec-
tional curvature.

2. Preliminaries

Let M3 be an acm manifold endowed with a triplet of almost contact
structure(n, &,¢). In details, M? is an odd-dimensional differentiable manifold
equipped with a global 1-form 7, a unique characteristic vector field £ and a (1,1)-
type tensor field ¢, respectively, such that

(2.1) ¢’E = —E +n(E), n(§) =1, ¢§ =0, no¢=0.
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An almost complex structure J on M x R is defined by

d d

where (F, )\%) denotes a tangent vector on M x R, E and )\% being tangent to M
and R respectively. After fulfilling the condition, the structure J is integrable, M
and (¢, &, n) are called normal (see, [2]).

The Nijenhuis torsion is defined by

(6, (B, F) = ¢*|E, F] + [0E, ¢F]| — [ E, F) — ¢[E, ¢F).
The structure (1, &, ¢) is said to be normal if and only if
(2.3) (¢, ¢] +2dn® § = 0.

A Riemannian metric g on M? is called compatible with the structure (n,&,¢) if
the condition

(2.4) 9(¢E, ¢F) = g(E, F') — n(E)n(F),

holds for any F, F € x(M). In such case, the quadruple (1, &, ¢, g) is termed as an
acm structure on M3 and M3 is an acm manifold. The equation

(2.5) n(E) = g(E,§),

is also valid on such a manifold.
Certainly, we can define the fundamental 2-form ® by

(2.6) O(F,Z) = g(F,92),

where F, Z € x(M).
For a normal acm, we can write [10]:

(2.7) (Ved)(F) = g(¢VEE, F) —n(F)¢VEE,
(2.8) Vi = alE —n(E)¢] — BoE,
(2.9) (Ven)(F) = ag(¢E, oF) — Bg(oE, F),

where 2a = div€ and 28 = tr(¢pVE), div€ is the divergent of & defined by divé =
trace{ E — Vg&} and tr(¢pVE) = trace{ E — ¢V &}. Utilizing (2.8) in (2.7) we
lead

(2.10) (Ve)(F) = alg(¢E, F)§ —n(F)oE] + Blg(E, F)§ — n(F)E].
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Also in this manifold the subsequent relations hold [10]:

R(E,F)¢ = [Fa+(a®=pB*)n(F)¢°E
(2.11) —[Ba+ (a® - B)n(E)]|¢°F
+[FB 4+ 2a8n(F)|oE
—[EB + 2a8n(E)]¢F,
(2.12) S(E,§) = —Ea—(¢E)B

—[¢a+2(a® = B)n(B),

(2.13) €8 +2a8 = 0.

(2.14) (Ven)(F) = ag(¢E, oF) — Bg(¢E, F).

It is well admitted that the Riemann curvature tensor always satisfies

(2.15) R(E,F)Z = S(F,Z)E-S(E,Z)F+g(F,Z)QE — g(E,Z)QF
—5l9(F. 2)E - g(E, 2)F)

By (2.11), (2.12) and (2.15) we infer

S(F.Z) = (5+€a+a? = F)g(0F, ¢2)

(2.16) —n(F)(Za+ (¢2)B) —n(Z)(Fa + (¢F)B)
—2(a” = B)n(F)n(2).

From (2.10) it follows that if «, 8 =constant, then the manifold is either a-Kenmotsu
[9] or cosymplectic [2]or 3-Sasakian. Also, it is well known that a 3-dimensional
normal almost contact manifold reduces to a quasi-Sasakian manifold if and only if

a =0 (see, [10]).

Now before producing the detailed proof of our main theorems, we first prove

the following results:

Lemma 2.1. For a 3-dimensional non-cosymplectic normal acm manifold with

«, B =constant, we have

(217)  (VEQ)§ = —{5 +3(a” = B)}a{E — n(E)¢} - FOE].
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Proof. For «, 8 =constants, we get from (2.16)
(2.18) QF = {5 +(o® = B)}F — {5 +3(a” = ) }n(F)&.

Differentiating (2.18) covariantly in the direction of E and using (2.8) and (2.14),
we get

TE) (p—nrre)

{5 +3(a” = 8°)}ag(E, F)¢ — 2an(E)n(F)¢
+on(F)E = Bg(¢E, F)§ — pn(F)oE].

Replacing F by € in (2.19) and using (2.8), we obtain

(219)  (VeQ)F =

(VEQ) = —{5 +3(a” = B)}a{E — n(E)S} - BE].
O

Lemma 2.2. Let M3(n,&,6,9) be a non-cosymplectic normal acm manifold with
a, B =constant. Then we have

(2.20) £r = —4a{g +3(a? - 82))

Proof. Recalling (2.19), we can write
dr(E)

9(VeQ)F.2) = —=[9(F.2) —n(F)n(2)]
—{g +3(a® = 8*)}og(E, F)n(Z) — 2an(E)n(F)n(Z)
(2.21) +an(F)g(E, Z) — Bg(oE, F)n(Z) — Bn(F)g(oE, Z)].

Putting £ = Z = e; (where {e;} is an orthonormal basis for the tangent space of
M and taking > i, 1 < i < 3 ) in the foregoing equation and using the so called
formula of Riemannian manifolds div@ = % grad r, we obtain

r
(2.22) (&rn(F) = —da{5 +3(a” = 8)}n(F).
Superseding F' = £ in the previous equation we have the required result. O

Definition 2.1. A vector field W on an n dimensional Riemannian manifold (M, g)
is said to be conformal if

(2.23) Lwg = 2pg,
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p being the conformal coefficient. If the conformal coefficient is zero then the con-
formal vector field is a Killing vector field.

Lemma 2.3. [12] On an n-dimensional Riemannian or, Pseudo-Riemannian man-
ifold (M™, g) endowed with a conformal vector field W, the following relations are
satisfied:

(LwSIE,F) = —(n—=2)9(VeDp, F)+ (Ap)g(E, F),
Lwr = =2pr+2(n—-1)Ap

for E,F € x(M), D being the gradient operator and A = —divD being the Laplacian
operator of g.

3. Proof of The Main Theorems

Proof of Theorem 1.1. Let a normal acm manifold M2 admits a Yamabe soliton
of the type (g,¢). Then superseding W = ¢ in (1.1) yields

(3.1) (£eg)(E, F) = (A —r)g(E, F).

In view of (2.8), (3.1) becomes

(3.2) (20 — X\ +1)g(E, F) — 2an(E)n(F) = 0.
Superseding E = F = ¢ in (3.2) and using (2.1), we have
(3.3) r=A

Therefore the scalar curvature r is constant. Putting A = r in (3.1) yields £¢g =0
i.e., & is Killing vector field. Hence the theorem. O

Proof of Theorem 1.2. Let M3 be a normal acm manifold with the structure
which endowed the Yamabe soliton (g, W).

Taking Lie differential of g(¢,&) = 1 along the soliton vector field V' and making
use of (1.1) yields

r—A

(3.4) n(£v§) = —(£Lvn)(€) = 5

Again, in view of (1.1) and (2.23) it is obvious that the soliton vector field W
is conformal with the conformal coefficient p = )‘;T. As we consider the metric g
of the 3-dimensional normal acm manifold M is a Yamabe soliton, using p = )‘ET

and n = 3 in Lemma 2.3, we have

(3.5) (£wS)(B. F) = 59(VeDr, ) — L (Ar)g(E, F).
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and
(3.6) Lwr =r(r—X) —2Ar.

Here we consider «, 8 are constants. So from (2.16), we have

(B7)  S(BF) =[5+ = Flg(B.F) - [5 +3(a® = B)In(En(F).

Taking Lie differentiation of (3.7) along W and making use of (1.1) and (2.10),
we obtain

(38)  (LwS(EF) = —(Ar)g(E,F)+(A-r)(a® - B)g(E, F)
A Arne(e)
{5 +3(0” = BH(£Lwn) (En(F)
+0(B)(£wn)(F)}.
Making use of (3.5) in (3.8), we acquire
(3.9) g(VeDr.F) = {2(a® = B)(A —r) = Ar}g(E, F)

H{r(A —r) = 24r}n(E)n(F)
—{r+6(a® = B)H(Lwn)(E)n(F)
+n(E)(£wn)(F)}-

Replacing E = F = ¢ in (3.9) and using of (2.1) and (3.4), we obtain

(3.10) &&r) =Ar — 4(042 - 52)()\ —7).

Let 7 is invariant under the characteristic vector field £&. Then either a = 0 or
r =constant. Thus we conclude that either the manifold is quasi-Sasakian or using
r =constant in (3.10), we have A—r = 0. Hence (1.1) immediately yields £Lyg = 0,
i.e., the soliton vector field W is Killing. This completes the proof. O

If « =0 and 8 = 1, then the manifold reduces to a 3-dimensional Sasakian
manifold. Since the characteristic vector field £ is Killing in a Sasakian manifold,
therefore {r = 0. Hence from the above theorem we can state the following:

Corollary 3.1. If a three dimensional Sasakian manifold admits a Yamabe soliton,
then the scalar curvature of the manifold is constant and the soliton vector field W
s Killing.
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The foregoing Corollary was established by Sharma in [11].

Proof of Theorem 1.3. Let us consider a gradient Yamabe soliton on a 3-
dimensional non-cosymplectic normal acm manifold with a, S =constant. Then
from (1.2) we obtain

(3.11) VeDf = (\—1)E,

from which we acquire

(3.12) R(E,F)Df = dr(E)F — dr(F)E.

Contraction of previous equation along F' yields

(3.13) S(E,Df) = 2dr(E).

Now, the equation (2.16) gives

(314)  S(E.Df) = {5 +(a® = BHES) — {5 +3(a* = B)(E)(ES):
Equation (3.13) and (3.14) together reveal that

(815)  2dr(B) = {5+ (o® = P)}ES) — {5 +3(c* = B)n(E) ).

Putting F = ¢ and using (2.20), we get

(3.16) (60) = el +302 = )

Hence, using (3.16) in (3.15), we have

BT 2ar(B) = (5 + (0 = PES) — {5+ 30 = P n(E)
Now, from (3.12) we infer that

(3.18) §(R(E,F), Df) = dr(E)n(F) - dr(F)n(E).

Again (2.11) implies that

(319)  9(R(E,F)E DY) = (o — P n(E)ES) ~ n(F)(EP)].
Combining equation (3.18) and (3.19), we acquire

(320)  dr(EW(F) — dr(F)(B) = (0 ~ ) (E)E) — n(F)(ES)]

Setting F' = £ in the above equation gives

(3.21) Er = —(a* - B%)(EY).
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Using (3.21) in (3.17) we infer that

T 4o T
(3.22) {5 +3(a” = B H(ES) - m{§ +3(a® — B*)In(E)] = 0.
This shows that either » = —6(a® — 8%) or Df = (£f)¢. Next, we consider the
above two cases as follows.
Case i: If r = —6(a? — 3?), then from (2.16) we get S = —2(a? — 3%)g , that
is the manifold is an Einstein manifold and hence from (2.15) it follows that the

manifold is of constant sectional curvature —(a? — 32).
Case ii: If

(3.23) Df = (£f)E

Taking the covariant differentiation of (3.23) along any vector field E € x(M) we
get

(3.24) VeDf = E(£f)§ + (£f)VES.
Replacing F by ¢F and taking inner product with ¢F yields
(3.25) 9(VepDf,oF) = (£f){ag(E, F) — an(E)n(F) + Bg(E, oF)}.

Interchanging F and F' in the foregoing equation, we infer

(3.26) 9(VorDf,0E) = (£f){ag(E, F) — an(E)n(F) + Bg(F, ¢E)}.

Applying Poincare’s lemma, we have d? f(E, F) = 0 and hence by a straightforward
calculation we lead

(3.27) Vgg(gradf,F) — Vrg(gradf, E) — g(gradf, Ve F) + g(gradf,Vg, E) = 0.

Since Vg = 0, the above equation yields

(3.28) 9(Vggradf, F) — g(Vggradf, E) = 0.

Replacing E by ¢F and F by ¢F in (3.28) and utilizing (3.25) and (3.26), we obtain
2(¢f)Bg(E. 6F) = 0,

which implies that

(3.29) (&f)Bdn(E, F) = 0.

Since dn # 0, either 3 = 0 or (§f) = 0. Hence we conclude that either the
manifold is a-Kenmotsu or (f = constant) the gradient yamabe soliton is trivial.
This completes the proof. O
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Proof of Theorem 1.4. Let us suppose that the Riemannian metric of a 3-
dimensional non-cosymplectic normal acm manifold with «, 8 =constant is a gra-
dient Einstein metric. Then from (1.3) we obtain

(3.30) VeDf = (A+3)E - QE.
From which we get

(3.31) R(E.F)Df = (VrQ)E — (ViQ)F.
Now, from (2.19) we infer that

re.pps = Ly - EF

{5 +3(0> = )} aFn(E) — aB(F)
(3:32) ~289(E, 6F)¢ - BOFu(E) + B6En(F).

The contraction of above equation along E and using (2.20), gives

(3.33) S(F,Df) = @
Equation (3.14) and (3.33) together reveal that
(3.34) B (Lt (02~ BNED - (5 + 307 — B (B ES).

Putting E = ¢ and utilizing (2.20), we have

__ ¢« r 2 2
(3.35) &f) = m{§ +3(a” = B9}
Hence, using (3.35) in (3.34), we get

(3.36) (Er)

= {5+ (@ = PONED) = {5+ 307 = B)Pn(B)
Now, from (3.32) we infer that

(3.37) g(R(E,F)DF.€) = {3 +3(a” - 8°)}289(E, 6F).
Combining equation (3.19) and (3.37) reveal that

(3:38) {5 +3(c* = B)}289(E, 6F) = (o — B)n(E)(F ) = n(F)(ES).

Putting F' = £ in the above equation gives

(3.39) (o = ) (E)(ES) — (ES)].
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This shows that Df = (£f)€, provided o # 3. Hence from the previous
theorem, we conclude that either the manifold is a-Kenmotsu or f = constant. If
f = constant, then we get from (3.30) that the manifold is an Einstein manifold.
Since the manifold is under consideration of dimension 3, hence the manifold is of
constant sectional curvature.

This finishes the proof. O
4. Example
We consider a 3-dimensional Riemannian manifold M = {(z,y,2) € R3},

(7,9, z) being the standard coordinate in R®. Here we take the vector fields vy,
vg and vz given by

9] 0
v = %,1}2 = a—y,vg —y% —l—z&.
We define the Riemannian metric g on M by g(v;, v;) = 0i5, 4,5 = 1,2,3 and 7,
a 1-form on M by n(E) = g(E,v1), for E € x(M). Let ¢ be a second order mixed
tensor field defined by ¢(v1) = 0, ¢(v2) = —vs3, p(v3) = va.
In this setting (¢, &, 1, g) becomes an almost contact structure on M with & = vy.
The setting of the vector fields vy, vo, v3 gives

[017’02] = [US,vl] = 0, [’027’03] = —1.

Using Koszul’s formula, we calculate the following:

1 1
Vi, v1 =0,V 02 = 508 Vo, v3 = 502

1
Vi, v1 = 503 V,v2 = 0,Vy,v3 = 5

1 1
V01 = —§U27VUSU2 =31 V,v3 =0

It is easy to verify that the manifold M is a 3-dimensional non-cosymplictic normal
almost contact metric manifold with & = 0 and 8 = %

By using the well-known formula R(E, F)W = VgVrW -VpVEW —V g 5 W,
we calculate the non-zero independent components of the curvature tensor as fol-
lows:

1

R(v1,v2)v2 = 10173(01,03)03 = 10173(02,01)01 = 1%
3 1 3
R(va,v3)v3 = —sz,R(U&Ul)Ul = sz,R(%,vz)vz = U

Therefore we get the non-zero components of Ricci tensor as S(vi,vi1) =

%, S(ve,v2) = S(vs,v3) = —%. Hence the scalar curvature r = —% =a constant.
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Let £ = a1v1 + agv2 + azvs and F = b1v1 + b21)2 + bgl)g. Then

(£U1g)(E7F) = g(vahF) +9(E7 VFUI)
= a2b3 - a3b2 + agbg — CLng
= 0

Therefore if we set A = —1 the (g,v1 = &) becomes a Yamabe Soliton on M and
also v; is a Killing vector field with the scalar curvature r =constant.
Hence the Theorem 1.1 is verified.
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