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ABSTRACT

In this paper, we study Cotton solitons on three-dimensional almost a-paracosymplectic
manifolds. We especially focus on three-dimensional almost a-paracosymplectic manifolds with
harmonic vector field ¢ and characterize them for all possible types of operator h. Finally, we
construct an example which satisfies our results.
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1. Introduction

The study of almost paracontact geometry was introduced by Kaneyuki and Williams in [18]. A systematic
study of almost paracontact metric manifolds was carried out in paper of Zamkovoy [28]. The curvature
identities for different classes of almost paracontact metric manifolds were obtained e.g. in [9, 26, 28].

Recently, a long awaited survey article, [5], concerning almost cosymplectic manifolds as Blair’s monograph
[2] about contact metric manifolds appeared.

Almost paracontact metric structure is given by a pair (1, ®), where ) is a 1-form and @ is a 2-form and n A ®"
is a volume element. There exists a unique vector field &, called the characteristic or Reeb vector field, such that
ien = 1,i¢® = 0. The Riemannian or pseudo-Riemannian geometry appears if we try to introduce a compatible
structure which is a metric or pseudo-metric g and ¢ (1, 1)-tensor field, such that

O(XY)=g(¢X,Y), ¢ =ell-n®). (1.1)

We have almost paracontact metric structure for e = +1 and almost contact metric for e = —1. Then, the triple
(¢,&,m) is called almost paracontact structure or almost contact structure, resp.

Combining the assumption concerning the forms n and ®, we obtain many different types of almost
(para)contact manifolds, e.g. (para)contact if 7 is contact form and dn = ®, almost (para)cosymplectic if dyp = 0
and d® = 0, almost (para)Kenmotsu if dn = 0 and d® = 2n A P.

Recently, geometers discovered many similarities between almost contact metric and almost paracontact
metric manifolds. However, the situation is more delicate: there are examples of almost paracontact metric
manifolds without Riemannian counterparts e.g. [10, 21, 24].

The study of geometric evolution equations is one of the principal research subjects motivated by either
physical or mathematical questions. Several years ago, the notion of the Yamabe flow was introduced by
Richard Hamilton at the same time as the Ricci flow (see [16, 17]), as a tool for constructing metrics of constant
scalar curvature in a given conformal class of Riemannian metrics on (M",g) (n > 3). On a smooth semi-
Riemannian manifold, the Yamabe flow can be defined as the evolution of the semi-Riemannian metric gq in
time ¢ to g = g(t) by the equation

%g =19, 9(0) = go,
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where r denotes the scalar curvature which corresponds to g.

The significance of the Yamabe flow lies in the fact that it is a natural geometric deformation to metrics of
constant scalar curvature. One notes that Yamabe flow corresponds to the fast diffusion case of the porous
medium equation (the plasma equation) in mathematical physics. In dimension n = 2 the Yamabe flow is
equivalent to the Ricci flow (defined by % g = —25(t), where S stands for Ricci tensor). However in dimension
n > 2 the Yamabe and Ricci flows do not agree, since the first one preserves the conformal class of the metric
but the Ricci flow does not in general. Just as a Ricci soliton is a special solution of the Ricci flow, a Yamabe
soliton is a special solution of the Yamabe flow that moves by one parameter family of diffeomorphisms ¢,
generated by a fixed (time-independent) vector field V' on M, and homotheties, i.e. g(.,t) = o(t)d; *go. Kiipeli
Erken and De published a lot of paper about Yamabe and Ricci solitons in paracontact geomerty [22, 11, 12].

In 1918, Hermann Weyl [27] first appeared the Weyl tensor is of enormous consequence in theoretical physics
and the general theory of relativity. The Weyl tensor is similar to Riemannian curvature tensor and behaves like
a force that a body feels when moving on a geodesic. This force is called tidal force which changes the shape
of the body and like Riemann curvature tensor, it does not pass on the information that how the volume of the
body changes. Weyl tensor is a significant tool in the study of manifold geometry. However, geometers need to
find a distinct way in three-dimension. In general, Cotton tensor C, is a non-vanishing conformal invariant on
a three-dimensional paracontact metric manifold contrary to Weyl tensor. The (0, 2)- Cotton tensor C'is defined
by

1
Ci’ = 7Cnmi€nmlglj7 (12)

2V

where ¢/% denotes the Levi-Civita permutation symbol (¢!?* =1) and g = |det(g;;)|. It is trace-free and
divergence-free tensor. The Cotton tensor is involved in many physics subjects such as Chern-Simons theory or
topological massive gravity [1, 8, 13, 15, 23]. The relation between Cotton tensor and the energy momentum in
Einstein’s theory investigated in [14]. In particular, the field equation in topologically massive gravity implies
a proportionality between the Einstein and Cotton tensors. The fact that the Einstein tensor consists of second-
order derivatives on the metric whereas the Cotton tensor is of order 3 implies that an exact solution to this field
equation is in general difficult to find. Indeed, most of the solutions for the field equation in the topological
massive gravity are constructed on homogeneous spaces.

In [19], a new geometric flow based on the conformally invariant Cotton tensor was introduced. A Cotton
flow is a one-parameter family g(¢) of three-dimensional metrics satisfying

5791 = =2Cyp0), (13)
where Cy 4 is the (0, 2)-Cotton tensor corresponding to the metric g(t). A Cotton soliton is a metric defined on a
three-dimensional smooth manifold which satisfies

Lyg+C —og=0, (1.4)

where V' is a vector field, called potential vector field, o is constant and L denotes the Lie derivative [19]. Cotton
soliton is trivial if C = 0 (i.e. conformally flat). Also, Cotton soliton is said to be shrinking, steady and expanding
according as o is positive, zero and negative resp.

As in Ricci and Yamabe soliton, Cotton soliton is a fixed point of (1.3) up to diffeomorphism and rescaling.

Calvino-Louzao et.al. [3] studied compact Riemannian Cotton solitons and proved that compact Riemannian
Cotton solitons are locally conformally flat in Riemannian structure. Moreover, they investigated left-invariant
Cotton solitons on homogeneous manifolds in [4]. Cotton solitons on three-dimensional almost coKaehler
manifolds such that the characteristic vector field ¢ is an eigenvector field of the Ricci operator @ (i.e. Q¢ = p¢,
where p is a smooth function on M) were studied by Chen in [6]. Furthermore, the same author investigated
Cotton solitons on three-dimensional contact metric manifolds [7]. Recently, Ozkan et al. [25] have studied
Cotton solitons on three-dimensional paracontact metric manifolds.

In the light of previous works, the fact that there are only studies about Cotton solitons on contact geometry
motivate us to study Cotton solitons on 3-dimensional almost a-paracosymplectic manifolds. The paper is
organized in the following way. In section 2, we recall some notations needed for this paper. Section 3 deals
with the computations of the components of the (0,2)—Cotton Tensor. In the last section, we consider three-
dimensional almost paracosymplectic and almost a-para-Kenmotsu manifolds with £; and f5 types resp., such
that the characteristic vector field ¢ is harmonic (i.e. Q¢ = p) and p is constant along the characteristic vector
field (. Then we proved that if these manifolds admits a Cotton soliton with potential vector field being
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collinear with characteristic vector field &, then M is either a locally warped product M; x y» My, where M,
is an almost para-Kaehler manifold, M is an open interval with coordinate ¢, and f 2 = we?** for some positive
constant or locally conformally flat. The results for three-dimensional almost paracosymplectic manifolds with
hy type are different from three-dimensional almost paracosymplectic and almost a-para-Kenmotsu manifolds
with f; and f3 types, resp. We consider a three-dimensional almost paracosymplectic manifold with A, type
such that the characteristic vector field is harmonic. Then we proved that if M/ admits a Cotton soliton with
potential vector field being collinear with characteristic vector field &, then M is locally conformally flat and
Cotton soliton is steady. Finally, an example which satisfies our results is constructed.

2. Preliminaries

A (2n + 1)— dimensional manifold M is called almost paracontact manifold if it admits triple (¢, £, ) satisfying
the followings:

® 77(6) = 1a¢2 21_77@6)
* ¢ induces on almost paracomplex structure on each fiber of D = ker(n),

where ¢,¢ and 7 are (1,1)—tensor field, vector field and 1—form, resp. One can easily checked that ¢§ =
0,n0¢ =0 and rank¢ = 2n, by the definition. Here, £ is a unique vector field (called Reeb or characteristic
vector field) dual to  and satisfying dn(¢, X) = 0 for all X. When the tensor field Ny := [¢, ¢] — 2dn ® £ vanishes
identically, the almost paracontact manifold is said to be normal. If the structure (M, ¢, &, n) admits a pseudo-
Riemannian metric such that

then we say that (M, ¢,&,n,g) is an almost paracontact metric manifold. Note that any pseudo-Riemannian
metric with a given almost paracontact metric manifold structure is necessarily of signature (n + 1,n). For
an almost paracontant metric manifold, one can always find an orthogonal basis {X1,...,X,,,Y1,...,Y,,¢},
namely ¢—basis, such that g(X;, X;) = —g(V;,Y;) = 6;; and Y; = ¢X;, for any ¢,j € {1,...,n}. Further, we can
define a skew-symmetric tensor field (2-form), usually called fundamental form, ¢ by

P(X,Y) = g(oX,Y).
On an almost paracontact manifold, one can defines the (1,2)-tensor NV by
NW(X,Y) = [6,¢](X,Y) - 2dn(X, V)¢

where
(¢, 01(X,Y) = ¢*[X, Y] + [¢X, 0Y] — ¢[¢X, Y] — ¢[X, ¢Y]

is the Nijenhuis torsion of ¢. If N(!) vanishes, then the almost paracontact manifold is said to be normal [28].
An almost paracontact metric manifold M?"*! with a structure (¢,&,7n,9) is said to be an almost a-
paracosymplectic manifold, if
dn =0, d® =2an N P,

where o may be a constant or function on M. We have the following subclasses for a special choices of the
function a:

* almost a-para-Kenmotsu manifolds, o = const. # 0,
* almost paracosymplectic manifolds, o = 0.

Moreover, if normality condition is fulfilled, then manifolds are called a-para-Kenmotsu or paracosymplectic,
resp.

In an almost a-paracosymplectic manifold, one defines a symmetric operator h := 1 L¢¢. The operator h also
satisfies the followings:

¢poh+hop=0, VE=a¢’+g¢oh, 2.1)

where V is the Levi-Civita connection of the pseudo-Riemannian manifold [20]. Kiipeli Erken, Dacko and
Murathan proved the following Theorem.

{h£ —0, g(hX,Y) = g(X,hY),

453 dergipark.org.tr/en/pub/iejg


https://dergipark.org.tr/en/pub/iejg

Cotton Solitons on Three Dimensional Almost a-paracosymplectic Manifolds

Theorem 2.1. [20] Let (M?"*1,¢,&,m,9) be an almost a-para-Kenmotsu manifold. Characteristic vector field ¢ is
harmonic if and only if it is an eigenvector of the Ricci operator.

Theorem 2.2. [20] Let M?"*1 be an almost a-para-Kenmotsu manifold with h = 0. Then M>*" is a locally warped
product My X y2 My, where Mo is an almost para-Kaehler manifold, M, is an open interval with coordinate t, and
12 = we** for some positive constant.

Now, we give some information about the canonical forms of A.
The tensor h has the canonical form (I). Let (M, ¢, &, n, g) be a three-dimensional almost a-paracosymplectic
manifold and let

Ur ={p e Mln(p) #0} c M
Us = {p € M|h(p) =0, in a neighborhood of p} C M.

That & is a smooth function on M implies U; U U; is an open and dense subset of M, so any property satisfied
in Uy U U, is also satisfied in M. For any point p € U; U Uy, there exists a local orthonormal ¢-basis {e, ¢e, £}
of smooth eigenvectors of h in a neighborhood of p, where —g(e, ¢) =g(¢e, pe) = g(£,£) = 1. On Uy, we put
he = Ae, where ) is a non-vanishing smooth function. Since trh = 0, we have hge = —Age. In this case, we will
say the operator h is of f; type.

Lemma 2.1. [20] Let (M, ¢,&, 1, g) be a three-dimensional almost a-para-Kenmotsu manifold with h of hy type. Then
for the covariant derivative on Un, the following equations are valid

(i) Vee = age +ag,

(ii) Vege = ae — XE,

(iif) Ve& = ae+ Ade,

(iv) Vgee = cpe — A,

(V) Vgede = ce —ak,

(vi) Vg€ = —Xe + ade, (2.2)
(vil) Vee = aq e,
(vill) Vege = aqe,

(ix) Ve& =0,

(x) Veh =£&(N)s — 2a1ho,

(xi) B — 0?6 = J8(6, )%

where w = S(&, Jkern, a1 = g(Vee, de), A = w(e), B = w(¢e) and

a:éigéﬁ, (2.3)
_ B+e())
e= (=5 ) (2.4)
From (2.2), we have
[e, pe] = ae — coe,
[e,¢] =ae+ (\—a1)ge, (2.5)
[Pe, €] =—(A+a1)e+ age.

Lemma 2.2. [20] Let (M, ¢,&,m, g) be a 3-dimensional almost a-para-Kenmotsu manifold with h of hy type. Then the
Ricci operator Q) is given by

Q=(5+0” = W)L+ (5 +3(N = a?)y @& — 2a0h — 6(Veh)

+0(¢*) @& —a(e)n® e+ o(pe)n @ de.

Then the components of the Ricci operator @ for #; type are given by
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Qe = (3r+a®— )\ —2X\a1)e — (2aX + Z)ge + AE,
Qoe = (2ha+ Z)e+ (37 +a® — A2 4 2)Xay)¢e + BE, (2.6)
Q¢ = —Ae+ Boe +2(\? — a?)¢,

where Z = £()\).

The tensor % has the canonical form (II). Let (M, ¢, £, 1, g) be a three-dimensional almost a-paracosymplectic
manifold and p is a point of M. Then there exists a local pseudo-orthonormal basis {e1, e2, £} in a neighborhood
of p, where g(e1,e1) = g(ea, e2) = g(e1, &) = g(e2, &) =0 and g(eq, e2) = g(§,§) = 1. Let U be the open subset of
M, where h # 0. For every p € U, there exists an open neighborhood of p such that he; = e, hes = 0,h§ = 0and
de1 = teq, pes = Feo. In this case, we say h is of A type.

Lemma 2.3. [20] Let (M, ¢,&,1,g) be a three-dimensional almost a-para-Kenmotsu manifold with h of hy type. Then
for the covariant derivative on U, the following equations are valid

(i) Vee1 = —bier +¢,
(ii) Ve eo =bres — aé,
(iii) V¢, & = ae; — eq,
(iv) Ve,e1 = —boeg — af,
(V) Veyea = baea, (2.7)
(Vi) Ve,& = e,

(Vll) V£61 = age€q,

(Vlll) V562 = —Aag€q,
(ix) Veh = —2ashe,
(x) h? =0,

where Ay = w(ey),az = g(Veer,ea),by = g(Ve,ea,e1) and by = g(Ve,e2,e1) = —w(er).

From (2.7) we have

le1,ea] = baeq + bieg,
[e1,€] = (a—az)er — ez, (2.8)
le2,€] = (a+az)es.

Lemma 2.4. [20] Let (M, ¢,&, 1, g) be a 3-dimensional almost a-para-Kenmotsu manifold with h of hy type. Then the
Ricci operator Q is given by

Q=(4 +a*)I ~ (5 +3a® I ® € — 2a6h — §(Veh)

+0(¢*) @&+ a(e1)n ® es.

Then the components of the Ricci operator @ for f, are given by

Qer = (%r—koﬂ)el +2(a — ag)es + AsE,
Qex = (%7’ + a?)ey, (2.9)
Qf = A262 - 2a2§.

The tensor h has the canonical form (III). Let (M,¢,&,m,9) be a three-dimensional almost «-
paracosymplectic manifold and let p is a point of M. Then there exists a local orthonormal ¢-basis {e, ¢e, £}
in a neighborhood of p, where —g(e, e) = g(¢e, pe) = g(§,£) = 1. Now, let U; be the open subset of M where
h # 0 and let U; be the open subset of points p € M such that 2 = 0 in a neighborhood of p. U; U U is an open
subset of M. For every p € U, there exists an open neighborhood of p such that he = Age, h¢pe = —Ae and h§ =0
where ) is a non-vanishing smooth function. In this case, we say that h is of f;3 type.
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Lemma 2.5. [20] Let (M, ¢,&,n,g) be a three-dimensional almost a-para-Kenmotsu manifold with h of ks type. Then
for the covariant derivative on Uy, the following equations are valid

(i) Vee = byde + (a+ N,

(ii) Vepe = bse,

(iil) Vo€ = (o + Ne,

(iv) Vgee = bage,

(V) Vgee = bge + (A — )¢,

(Vi) Vol = —(A — a)oe, (2.10)
(vil) Vee = asoe,
(viii) Vege = age,

(ix) Veh = £(\)s — 2asho,

(9 W~ a6 = 15(6, )0

where w = S(&, Jrern, az = g(Vee, pe),bs = — 35 [w(ge) + de(N)] and by = - [w(e) — e(N)].
From (2.10) we have

le,pe] = bze — byge,
[e.§] = (A +a)e—asde, (2.11)
[pe,&] = —aze — (A — a)ge.

Lemma 2.6. [20] Let (M, ¢,&,n, g) be a 3-dimensional almost a-para-Kenmotsu manifold with h of ks type. Then the
Ricci operator Q is given by

Q =al +bn @& — 2aph — ¢(Veh) + () @ € — a(e)n @ e + a(pe)n @ de,
where a and b are smooth functions defined by a = o* + X\* + 5 and b = —3(\* 4+ o?) — %, respectively.

Then the components of the Ricci operator @ for /5 are given by

Qe = (a2+X+ %7‘7204)\7 Z)e — 2azApe + AsE,
Qoe = 2azde + (a® + N2 + %r + 20\ + Z)¢e + Bsé, (2.12)
Q¢ = —Ase+ Bzpe — 2(\2 + a?)¢,

where A; = w(e), Bs = w(¢e) and Z = £(N).

3. Cotton Solitons

In this section, we give the components of the Cotton tensor and calculate the scalar curvature for each
three-dimensional almost a-para-Kenmotsu manifold according to their & types.

Using the relations S(X,Y) = Z?lfl eig(R(e;, X)Y,e;) and r = Zfﬁfl ;S (e, €;). We derive a useful formula
for the scalar curvature.

Lemma 3.1. Let (M, ¢,&,n, g) be a three-dimensional almost a-para-Kenmotsu manifold with fy type. Then the scalar
curvature r is given as follows:

r = trace(Q) = 2[e(c) — ge(a) — 3a® + A\ + 2 — d?]. (3.1)

Proposition 3.1. Let (M, ¢,&,n,g) be a three-dimensional almost a-para-Kenmotsu manifold with hy type. If the
characteristic vector field £ is a harmonic vector field in the open subset Uy, then the following relations are valid for
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the components of Cotton tensor C.

C11 = C(e,e) = /\(%r —3)% +a? —2a1)\) — 3aZ — £(2) — 4a3 ), (3.2)
Ci1a = Cle, de) = —a(%r — A2+ 30% — 6aiA) + 26(a)\ + (day + N Z
1
e, 63)
Ci3 = Cle, &) = —2ae(N\) — e(Z) — daar A + ge(a? — N2 — 2a;\)
+ i(ﬁe(r) —2c(2a)\+ Z), (3.4)
oy = Ce, de) = /\(%r C )24 0? + 200 \) — 307 — £(Z) — 4a2), (3.5)
Coz = C(¢e, &) = e(a® — X2 +2a1\) + 2aZ + ¢e(Z) + 4arc) + ie(r)
+ daa + 2a¢e(N), (3.6)
Caz = C(&,8) = —4ar1 A*. (3.7)

Proof. Well-known Cotton tensor equation is defined as
1
CX,Y)Z = (VxS)(Y,2) = (VyS)(X, 2) — ;[X(r)g(Y, Z) = Y (r)g(X, Z)] (38)

for all vector fields X, Y, Z, where S is the Ricci curvature tensor and r is the scalar curvature. From (1.2) and
using the notation C;j;, = C(e;, e;)ey forall 4,5 = 1,2, 3, we get

1
01125[

= —Ca31.

1
Cnmlenmlgll] = [_Cnmlenml] = _5[02777,1627”1 + C"3m1€37n1]

N =

Using similar calculations we have
Ci2 =C511, Ci3=Ch21, Co2=C312, Ca3=Crz, C33 = Chos.

From the assumption of £ is a harmonic vector field, using Theorem 2.1 and (2.6), we have A = B = 0. By using
(1.2) and (2.6) after a long but straightforward calculations we compute the components C;; as follows:

Cr1 = —Ca31 = —[C(¢e, §)e]
= —[(VgeS)(€, €) — (VeS)(de, e)]

1
= —20°\ —aZ + )\(57" +a? =A% —2a1)) — 20\ — o)
— 2¢(aX) — £(2) — 4a2A
1
= )\(57“ — 3\ +a? —2am\) —3aZ — £(Z) — 4a3 ),

Cia = Ca1y = [C(£, e)e]
= [(VeS)(ere)  (VeS) (& ) + 76(r)
= —5(%7‘ +a? = A? = 2a1)\) + 2a; (2a\ + 2)
- a(%r +a? =A% = 2a1)) — A(2aA + Z) +2a(\? — o?) + i{(r)

1 1
= —04(51" — A% 430 — 6a1\) + 26(a)) A + (da1 + N)Z — Zf(r),
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Ci3 = Ci21 = [C(e, ge)e]
1
= [(VeS)(de, €) = (Ve S) (e, €)] — 7 e(r)
=—e(2aX + Z) — daa A + qﬁe(%r +a? =A% = 2a;)\) — 2¢(2a\ + Z)
- el
= 2ae(\) — e(Z) — daar A + de(a® — A% — 2a;\)

+ id)e(r) —2¢(2aX + 2),

Caz = C312 = [C(§, €)pe]
= [(VeS)(e, de) — (VeS) (&, ge)]
= (2o + Z) —4a3) — a(2a) + Z) — 20(\? — a?)

1
+ )\(57“ +a? =2+ 2a;))

1
=AMgr - 30?2+ a? +2a1)\) — 3aZ — £(Z) — 4a3 ),

Ca3 = Ci22 = [C(e, de)ge]
= [(VeS)(6e, 6¢) — (VgeS)(e, 6e)] — 3e(r)
= e(%r +a® = A+ 2a1A) + 2a(2a\ + Z) + pe(2aA + Z)
+dareh— elr)
= e(a? — A\? + 2a1)) + 2aZ + ¢e(Z) + 4arch

+ ie(r) + daa 4 2age(N),

Cs3 = Cha3 = [C(e, de)é]
=[(VeS)(de, &) — (Ve S) (e, €)]
= —)\(%r +a? = A+ 2a10) + /\(%r +a? =\ —2a,)\)
= —4(11)\2.
I

To calculate r for f, type we construct a new pseudo-orthonormal frame {€1, €3, €3} such as €; = el\;%” ,69 =

% and é; =¢. So, we get g(€1,é1) =1 = —g(é2,€2),9(é1,62) =0 and hé; = héy = ex. Then we give the

following lemma.

Lemma 3.2. Let (M, ¢,&,1,q) be a three-dimensional almost a-para-Kenmotsu manifold with hy type. Then the scalar
curvature r is given as follows:

r = trace(Q) = 2[—eq (by) + ez(b1) + 2b1by — 3a7]. (3.9)

Since the proof of the following proposition is quite similar to Proposition 3.1, so we don’t give the proof of
it.
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Proposition 3.2. Let (M, ¢,&,n,q) be a three-dimensional almost a-para-Kenmotsu manifold with hy type. If the
characteristic vector field & is a harmonic vector field in the open subset U, then the following relations are valid for
the components of Cotton tensor C.

C11 = C311 = Cle1, e1) = —2¢(az) + 2a2(2a3 — 3a) — o — %r, (3.10)
Cio = Co31 = C(e1,e2) = —3a° — a%r - if(r), (3.11)
Ci5 = Cio1 = C(e1, &) = 2ea(ay) — 4ba (o — ag) + iel(r), (3.12)
Oy = —C395 = Ceg, e3) =0, (3.13)
Ca3 = Cr22 = Clez,§) = —262(7")7 (3.14)
Cs3 = Chaz = C(£,6) = 0. (3.15)

Lemma 3.3. Let (M, ¢,&,n, g) be a three-dimensional almost a-para-Kenmotsu manifold with hs type. Then the scalar
curvature r is given as follows:

r = trace(Q) = 2[e(by) — pe(bs) — 3a* — A2 — b2 + b3]. (3.16)

Since the proof of the following proposition is quite similar to Proposition 3.1, so we don’t give the proof of
it.

Proposition 3.3. Let (M, $,&,n,9) be a three-dimensional almost a-para-Kenmotsu manifold with hs type. If the
characteristic vector field § is a harmonic vector field in the open subset Uy, then the following relations are valid for
the components of Cotton tensor C.

011 = 70231 = C(e, 3) = 2/\(&3)\ - €(a3)) - 2CL3(304>\ + 2Z)7 (317)
Ci2 = Cs11 = Ce, de) = —(a + ) (3a” + 3A* + %T —2a\—Z) — 35(7‘)
+&(Z) +4a3) + 207 — 2027, (3.18)

Ci3 = Cia1 = O(e,€) = —2e(azA) + ¢e(A\? — 20\ — 2) + iqﬁe(r)

— dagbg A — 2b3(2a\ + Z), (3.19)
Cay = Cs19 = C(¢e, pe) = —2XE(asz) — 2a3(2Z + 3ak + \?), (3.20)
Caz = Claa = C(¢e, &) = e(A* + 20\ + Z) + 2pe(az\) + 4azbz\

+ ie(r) +2b4(20) + 2), (3.21)
Csz3 = Chaz = C(&,€) = das)\?. (3.22)

4. 3-dimensional almost a-para-Kenmotsu manifolds with harmonic vector field £

Theorem 4.1. Let (M, ¢,&,n,g) be a three-dimensional almost paracosymplectic manifold with fy type such that the
characteristic vector field is harmonic (i.e. Q& = p€) and p is constant along the characteristic vector field £. If M admits
a Cotton soliton with potential vector field being collinear with characteristic vector field &, then M is either

(i) a locally warped product M, x p> Mo, where My is an almost para-Kaehler manifold, M, is an open interval with
coordinate t, and f? = we>** for some positive constant

or
(ii) locally conformally flat.

Proof. Firstly, we denote U; and Us as follows:

Uy ={pe M:\=0inaneighborhood of p}
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and
Us ={p € M : X\ #0in aneighborhood of p}.

If we only study on U, then the result (i) comes from Theorem 2.2. Now, assume that U, is a non-empty set
and let {e, ¢e, £} is a ¢-basis in Us.

From the characteristic vector field is harmonic and (2.6), we have p = 2(A\2 — a?),£(p) = £(\) = Z =0 and
A=B=0.

If V =0 (1.4) returns to C = og. It could be shown obviously that the tensor C' is trace-free. So, ¢ is equal to
zero. Hence, M is locally conformally flat.

Now, we assume that V' = f¢, where f is a non-vanishing constant function. Substituting V' by f¢ and using
(2.1), equation (1.4) becomes:

0g(X,Y) = 2fg(ohX,Y) + C(X,Y) (4.1)

Putting X =Y = e in (4.1) and using (3.2) we obtain
1 2 2
o= —/\(ir —3)\° —2a1\) + 4aiA. 4.2)
Similarly, letting X =Y = ¢e in (4.1) and using (3.5) we get

o= )\(%r —3X\% +2a1)\) — 4ai (4.3)

On the other hand, if we put X = eand Y = ¢e in (4.1) and use (3.3) we have

2fA = =2&(a1) A + if(r). 4.4)

If we add (4.2) and (4.3) we have
g = 2@1)\2. (45)

Comparing (4.2) with (4.5) after some calculations, we get

%7‘ —3)\% = 4a3. (4.6)
Differentiating (4.5) along the vector field £, and from the fact that ¢ is constant and {(\) = 0 we find £(a;) = 0.
Similarly, we have £(r) = 0 from differentiating (4.6) along the vector field . Hence, from (4.4) we get 2f\ = 0.

This completes the proof of the theorem. O

Theorem 4.2. Let (M, $,&,1,q) be a three-dimensional almost paracosymplectic manifold with hy type such that the
characteristic vector field is harmonic (i.e. Q& = p). If M admits a Cotton soliton with potential vector field being
collinear with characteristic vector field &, then M is locally conformally flat or Cotton soliton is steady.

Proof. Now, assume that U is an open set of M where h # 0 and let {e1, e, {} is a pseudo-orthonormal basis in
U. From the characteristic vector field is harmonic and (2.9), we have A; = 0.

If V =0 (1.4) returns to C = og. It could be shown obviously that the tensor C' is trace-free. So, o is equal
to zero. Hence, M is locally conformally flat. Now, assume that V' = f¢, where f is a non-vanishing constant
function. The equation (4.1) is also valid for A, type. Letting X =Y = ¢; in (4.1) and using (3.10) we get

0= —2f — 2¢(ay) + 4a2 — %r 4.7)

Putting X =Y = ¢ in (4.1) and using (3.15) we have
o=2¢(f)=0. (4.8)
This completes the proof of the theorem. O

Theorem 4.3. Let (M, ¢,&,1n,g) be a three-dimensional almost a-para-Kenmotsu manifold with ks type such that the
characteristic vector field is harmonic (i.e. Q¢ = p€) and p is constant along the characteristic vector field £. If M admits
a Cotton soliton with potential vector field being collinear with characteristic vector field &, then M is either
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(i) a locally warped product M, x g2 Mo, where My is an almost para-Kaehler manifold, M, is an open interval with
coordinate t, and f? = we?* for some positive constant

or
(ii) locally conformally flat.

Proof. The proof of (i) is similar to the proof of the Theorem 4.1. If V = 0, then M is locally conformally flat.
Now, assume that V' = f¢, where f is a non-vanishing constant function. Substituting V' by f¢ and using (2.1),
equation (1.4) becomes:

0g(X,Y) = 2fag(X,Y) = 2afn(X)n(Y) + 2fg(6hX,Y) + C(X,Y). 49)
Letting X =Y = e in (4.9) and using (3.17) we get

o =2fa+2f\—2X(Aaz — &(a3)) + 6azaA. (4.10)
Again, putting X =Y = ¢e in (4.9) and by the help of (3.20), we obtain

o =2fa—2f\—2X¢(as) — 6aza) — 2az\%. (4.11)

On the other hand, if we put X = e and Y = ¢e in (4.9) and use (3.18), we have

0= —if(r) +4a3) — (@ + N)(3a® 4+ 307 + %r —2a)). (4.12)
By adding (4.10) with (4.11) we get
o =2fa — 2a3\°. (4.13)
Comparing (4.10) with (4.13), we conclude that
f=—¢&(a3) — 3aza. (4.14)

By differentiating the equation (4.13) along the vector field ¢, we obtain £(a3) = 0. Letting X =Y = ¢ in (4.9)
and using (3.22) we have
o = 4daz)\?. (4.15)

From (4.13) and (4.15) we obtain
fa = 3az\? (4.16)

From (4.14) and (4.16), we get f(\? 4+ a?) = 0. There are two possibilities. The first one is f = 0, it is impossible
because f is non-vanishing. The second one is a? + A\? = 0, again it is impossible.
Hence, we complete the proof of the theorem. O

Now, we will give an example which satisfies Theorem 4.2.
Example 4.1. We consider the three dimensional manifold M and the vector fields

0 0 0 0 0
eg =7, €=, e3=-—T—+Yy—x)7 +2-
ox Y

gler,e1) = gler,e3) = glea,e2) = glea,e3) =0, gler,e2) = g(es,e3) =1,

The 1-form 7 = 3dz and the fundamental 2-form ® = dz A dy + *F¥dx A dz — £dy A dz defines an almost
paracosymplectic manifold.
Let g be the pseudo-Riemannian metric and the (1, 1)-tensor field ¢ given by

r—y
4
4 b
1+21¢%zfy)
4

461 dergipark.org.tr/en/pub/iejg

Q
Il
o
8
= O
S
B8 ONl=
8



https://dergipark.org.tr/en/pub/iejg

Cotton Solitons on Three Dimensional Almost a-paracosymplectic Manifolds

1 0 3
o=0 -1 5=
0 0 0
We get
¢per =e1, ¢ex = —ea, ¢e3 =0
and
[61, 63] = —€1 — €2
[62,63] = €2
[e1,e2] = 0.

Using the equation (1.4), (4.7) and Proposition 3.2, we can see that the manifold admits Cotton soliton for
V =2£,by =by =0 and ay = 1. From Lemma 3.2, we can see that the scalar curvature » = 0 and the Cotton
soliton is steady.
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