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metric manifolds in which the characteristic vector field is parallel. It is shown that certain
classes are invariant under the Z-homothetic deformation.

1. Introduction

Almost paracontact structures were first studied by [1] (Kaneyuki, 1985) and after the work of Zamkovoy in [2] (Zamkovoy,
2009), many authors have made contributions to the subject. In the literature, there are many studies on almost paracontact
manifolds from different perspectives in various dimensions. For recent studies, see [3]-[8]. In [9], Zamkovoy and Nakova
classified almost paracontact metric structures into the 2'2 classes by considering the covariant derivative of the fundamental
2-form P of the structure with respect to the Levi-Civita connection. The main goal of this work is to study Z-homothetic
deformations on these structures. We examine the almost paracontact metric structure after the deformation and investigate
some certain classes after the deformation. Mostly, we focused on the classes having parallel characteristic vector fields.

2. Almost paracontact metric structures

Definition 2.1. A differentiable manifold M of dimension (2n+ 1) is said to be have an almost paracontact structure (¢,&,1),
if it has an endomorphism ¢, a 1-form 1 and a vector field & such that

¢2:I_n®§a 77(5):17 ¢(é)207 no¢ =0, (2.1

and there exists a distribution D : p € M — D, = Kerm such that an almost paracomplex structure is induced by the tensor
field ¢. The vector field & is said to be the Reeb (or characteristic) vector field of (¢,&,1).

For each p € M, the tangent space T,M can be stated as the direct sum
T,M =D, ® Spang{&(p)}
and a vector U € T,M can be uniquely decomposed as

u=hU+vU,
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where hU = ¢?U € D), and vU = n(U)&(p) € Spang{&(p)} [9]. Let g be a semi-Riemannian metric of signature (n,n+ 1)
on an almost paracontact manifold M with

g(@U,¢V) = —g(U,V) +n(U)n(V). (2.2)

Then the metric g is said to be a compatible metric and the quadruple (¢,&,1,g) is called an almost paracontact metric
structure on M. The 2-form & given with
DU, V) :=g(oU.V)

is called the fundamental 2-form of the structure.
The basis (namely, ¢-basis) {e|,pey,- -, e,, Pey, E} with

g(ela ) (¢€l,¢€ ): ijs g(eia¢ej):07 i,jil,"',n,

is an orthonormal basis on (¢,&,7,g) see [2]. For the almost contact case, see [10]. It can be seen that the (0,3)- tensor F (the
fundamental tensor) given with

F(U,V.W) = (Vy®)(V,W) =¢((Vu9)V, W),
satisfies the followings

F(U,V,W)=—F(U,W,V), (2.3)
F(U,9V,9W) =F(U,V,W)+n(V)F(U,W,§) —n(W)F(U,V,&),

for any U,V,W € TM. In [9], Zamkovoy and Nakova classified almost paracontact metric manifolds by considering the space
Z of tensors F which satisfy (2.3). Initially, they decomposed this space into four subspaces #; (i = 1,2,3,4), i.e.

F=MOSW2&W30Ws,
where %#;’s are defined by

W = {F € 3‘4\|F(U,V,W) ZF(hU,hV,hW)},
%Z{F€ﬁ|F(U,V,W) :—T](V)F(l’lU,hW,é)-‘rTI(W)F(hU,hV,é)},
W3 =9 :{F€§|F(U’V7W) :n(U)F(éahVﬁW)},
Wo =% ={Fc ZIFU,V,W)=n(U)[(n(V)F(S,§,hiW)—n(W)F(S,§,hV)]}.

Then %) and #5 are written as sums of U (n) x 1 irreducible components 4, ,%,%3,%, and %, - - - , % respectively, where
U (n) is the paraunitary group, with the following relations [9]:

G | FUV.W)=315[3(U,0V)0r(9W) — (U, dW)6r (6V) — g(9U. V)0 (kW) + g(9U, §W )6 (hU )]
%, F(¢U,¢V,W):— (UVW) 0 =0

4 | F(E,V,W)=F(U,E,W)=0, FWVW)—FWUW)

4, | F(E,V,W)=F(U,E,W)=0, F(U ) 0

g | Fu,yw)=2n <v>g<¢u,¢w> —n(W) <¢>U o))

% | FO.v.W)= -2 v)g,ow) - nW)s(U,¢v)]

% | FU,V,W)=-n(V)F(UW,§)+n(W)F(U,V,8),;F(U,V,§) =—F(V,U,§) = —F(¢U, 9V, &), 9?5(5)—0
% | FUV.W)=-n(V)F(UW.E)+n(W)F(U,V.8).:F(U.V.€) = F(V,U.E) = —F(¢U.¢V.E), 6r(E) =
G | FUV,W)=-n(V)F(UW.E)+n(W)F(U,V,),:F(U,V.€) = —F(V,U,E) = F(¢U,¢V.E)

Go | FUV.W) = —n(V)FUW,E) +n(W)F(U.V,E):F(U.V.&) = F(V.U,&) = F(¢U,¢V.E)

G | FU,V.W) =n(U)F(E, ¢V, W)

G | FUV.W) =n0)[n(V)F(EEW)—n(W)F(EEV)]

where 0 (U) = g F (e;,e;,U), 0j:(U) = g F (e, ¢e;,U), (called Lee forms of the structure).
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3. The projection maps of the structure tensor F

In this section, we recall the projection maps of the tensor F. The vector space .% is decomposed as the direct sums of the
subspaces #; (i=1,2,3,4)and¥; (j=1,...,12) mean that any F € .% can be uniquely represented in the form

4
F(U,v,w)=Y F"(U,v,W),
i=1

and
12

F(U,v,W)=Y F(U,V,W)
j=1

respectively, where F 7ic #; and F j_ € ¥Y;. Thereby, M € 4, ®%; @ ... if and only if the structure tensor F of M satisfies
F = F'+ FJ +.... The projections (F'(i = 1,...,12)) are defined as follows [9]

FAOVW) = 5 l8(U,0V)00 (W) — g(U.0W)6y (6V)

—g(U, V)61 (9°W) + g(oU, oW )0 (9°V)],

PUVW) = SIFU0V,6°W) — F(9U, 0%V, 0W)]

8. 0V)00 (9W) — 5(U,0W) 0y (6V)

—g(QU,9V)0p1 (9°W) +g(9U, 0W )6 (97V)],

PUVW) = [F(02U,0V.6°W) 1 F(9U.0°V,0W)
+F(9V, W, 6°U) +F(9V,9°W, V)

F(0?W,0%U,9*V) + F(9W,0°U, 9V},
FUVW) = S[F0U.0%V,.6"W) + F(0U,0°V,0W)]

~ C[F(02U. 6V, 0W) + F(9U, 6%V, 0W)

+F(9%V,0*W,0°U) + F(9V,9*W,U)
F(§*W, 02U, V) + F(9W,¢*U,9V)],

Ops (£)

FS(U,V,W) = n [n(v)g(¢U7¢W) - TI(W)g(¢U7¢V)]»
6 6;6(5)
F (UvVvW) = _T[n (V)g(U7 ¢W) - W(W)g(U7 (PV)],
FIUVW) = — n)F@U,0W,8)~F(9U,0W,¢)

F(OW,6°U,€) + F(9W,0U, )] + {n(W)[F(9°U,67V,€)
—F(¢U,¢V7§)—F(¢2V,¢2U7‘5)—‘rF((PV,(PU,é)]

0,
+ Fz,(f) (N(V)(U,9W) =n(W)g(U,9V)],
FUVW) =~ n(V)F(92U.0°W,8) ~F(9U,oW.£)

FEOW,0°U,8) ~ F(OW,0U.&)] + {n(W)[F (92U, 0%V, )
—F(QU,9V,E) +F(9°V,6°U,§) — F(9V,9U,&)]

- GF;&) M(V)g(oU, W) —n(W)g(oU, V)],
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FUYW) = — nW)F@U,0°W,8)+FOU,0W,¢&)

F(OW,6°U,€) ~ F(9W,0U, )] + {n(W)[F(9°U,67V,€)
FE(OU,0V,€) ~ F(92V,0°U,§) ~ F(0V,0U,€)]

FOWUVW) =~ nV)FQU,6°W.E) + F(OU.0W,¢)

FEOW,0°U,8) + F(OW,0U.&)] + yn(W)[F (62U, 07V, )
+F(QU,9V.8) + F(9°V,0°U.&) + F(9V,9U, &),

FYU,v,W) = nU)F(,¢*V,0°W),

FRU VW) = nU)mV)FE.E W) -n(W)F(E,&,9°V)].
4. Almost paracontact metric structures with parallel Reeb vector field

This section is dedicated to investigating the almost paracontact metric structures equipped with parallel Reeb vector field &.
In [9], it is stated that the vector field & is Killing only in the classes 4 ,%,%5,%4,%5,%s,%,% 1 and in their direct sums. As
it is known, the vector field £ is said to be parallel if Vi€ = 0, and Killing if g(Vy&,V) +g(Vyv&,U) = 0, for any vector field
U,V. So, as a natural result of these definitions, we can say that if a vector field is not Killing, then it is not parallel. Thus, the
characteristic vector field & of the classes %, %,%0,%, and of their direct sums can not be parallel. So, let us consider the
remaining classes.

For the classes &; (i =1,2,3,4,11), set V = & and substitute W with ¢W. Then, we get

FI(U,&,0W) =g((Vu9)(§),9W) =0.

Since N(Vy &) = 0 for any U, and from the equation (2.2), we get g(Vy&,W) = 0, which means V& = 0, since g is non-
degenerate.
For the class %, set V = & in the defining relation of ¥5. Then we get

0
s(0(VuE). W) = %) 920w,
From the equation (2.1), we get
Vg = OFz(f)w,

which is non-zero since the class %s is non-trivial. Thus, the vector field & is not parallel in ¥.

For the classes %;, (i = 8,9), assume that the vector field £ is parallel. Under this assumption, one can easily see that F! = 0.
However, since these classes are non-trivial, we come up with the result that £ is not parallel in these classes.

In addition, it is known from [9] that, if an almost paracontact metric structure is of the classes &; © ¥, @ ..., then the structure
tensor F is of the form F = F' + FJ/ + .... So, it is clear that a class, which is a direct sum of some classes having a parallel
characteristic vector field, is also equipped with a parallel characteristic vector field.

After all, we can give the following theorem:

Theorem 4.1. The characteristic vector field & is parallel only in the classes %,%,%3,%4,%11 and in their direct sums.
5. Z-homothetic deformation on an almost paracontact metric structure

The idea of a Z-homothetic deformation on a contact metric manifold (especially on Sasakian and K-contact structures) was
introduced by Tanno ([11], [12]).

Let (¢,&,m,g) be an almost paracontact metric structure on a (2n+ 1)—dimensional manifold M and A # 0 be a positive
constant. Set,

_ 1 _ _

Then, it can be seen that

Kerfj=Kern, ¢*=1-7®& @) =1
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and for any U,V € X(M), o
Hence, (¢, E ,7,&) is also an almost paracontact metric structure on M [2].

This is called a 2 —homothetic deformation of (¢,&,n,g). In this paper, we consider this deformation. Let V and V be the
Levi-Civita connections of the metrics g and g, respectively. Then by the Koszul formula and the definition of g,

28(VyV,W) = —2Ag

(VuV,W)+2A (A +1)n(VyV)n(W) (5.1)
= —Zlg(

VuV,W)+AA+1)[2g(VuV.S)n(W)
nU)(g(VvE,W) —g(Vw&,V))
n(V)(g(Vu&,W) —g(Vwé,U))
W)(g(Vu&,V)+g(VvE,U))].

, take W = & in the equation (5.1). So we get,

/_\,_\,_\

+n

To obtain the relation between 17(VyV) and n(VyV

~—

1) = v+ S nwavesv) 62
NV R(VE,U) +8(VuE,V) +8(VE V)]

If we apply the equation (5.2) into the equation (5.1), we get the following

2
sovw) = v+ D wnw)gwvie v) 63)

NV)g(VEEU) +g(VuEV) +g(VVE,U)]
A ) eV E W) — g(VwEV))

+n(V)(g(Vus, W) —g(Vw&,U)))
Fn(W)(g(Vue,V)+5(VvE,U))].

By means of the equation (5.3), we may obtain the relations between V and V under some certain assumptions. The next
section is devoted to studying the 2 — homothetic deformations of the structure with a parallel characteristic vector field.

6. Z-homothetic deformations of the structures with parallel Reeb vector field

In this section, we examine the 2 —homothetic deformations of the almost paracontact structures with a parallel characteristic
vector field.

Let (M,¢,&,m,g) be an almost paracontact metric manifold with parallel characteristic vector field £ (i.e. Vy & = 0, for any
U € X(M) and (¢,&,7,3) be the Z-homothetic deformed structure as defined above. Then we state the followings:

Proposition 6.1. Let (M, 9,E,1n,g) be an almost paracontact metric manifold with parallel characteristic vector field . Then
the followings hold

i VyV =VyV,
ii IE“(U,V,W) =—AF(U,V,W),
iii 05(U)=06r(U),
forany U,V,W € X(M), where F and 8 are the fundamental tensor and the Lee form of the deformed structure, respectively.

Proof. By assuming V& = 0 in the equation (5.3), we directly get the equation (i).
For the equation (ii), we have the following

FU,v,Ww) = &(Vud)(V),W)=~Ag((Vud)(V),W) +A (A +1)n((Vu)(V))n(W)
= —AFUV,W)+AA+1)n((Vue)(V))n(W).

On the other hand, since

=U[g(oV,8)] = g(VuoV,8) +2(9V,Vy&) = g(VuoV,§) =

we have
n((Vu9)(V)) =g((Vue)(V).8) =g(VuoV.8) —g(¢(VyV),§) =0.

Thus, the equation (ii) is proved.
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For the proof of (iii), consider the ¢ — basis {e;,¢¢;,§}(i = 1,...,n) for the structure (¢,&,7,g). Then {éi, pe;, E} is the p—
basis for the structure (¢, &, 7, ), where

& (>0

and

[V
[Ta]
~—
Il
I
—

g(éi,e) = —g(ei, pei) = —(
Since & is parallel, by (i) V = V. So, by direct calculation we get
F(éhéhU) = _F(ei7ei7U)7
F(¢_ei7¢_ei7U) = _F(¢€i,¢e,’,U>,
F(éaéaU) :F(§a§7U) =0.

So, by the definition of the from 6, we have

F(¢_ei7 ¢_ei7 U)

~$I
S

Il

|
1=

> 1]

(e_,',é_'i,U)+

M-

(ngE

(—F(ei,e;,U))+ Y (—F(¢e;, ¢e;,U))

|
|
™=

i=1

I
<
—~

S
SN~—

Theorem 6.2. Let (¢,&,1,g) belongs to the class 4. Then (¢,E.7,3) is also in 4.

Proof. Let (¢,£,1,g) belongs to the class 4. Then the fundamental tensor F satisfied the defining relation of the class ¥,
that is

F(UVW) = 5 [5(U,0V)0r (0W) — g(U, 0W)6r (§V) — (0, V)0 (W) + 20U, 0W)0r (4V)]. (6.1

On the other hand, by the proposition (4.1), the vector field £ is parallel and so, the equations in the proposition (6.1) hold. By

routine calculation, it can be seen that F also satisfies the equation (6.1). Thus, (¢,&,7,§) is also in 4. [
Theorem 6.3. Let (¢,&,1,g) belongs to the class %. Then (¢,E,7,3) is also in %.

Proof. Let (¢,£,1m,g) belongs to the class %. Then the fundamental tensor F satisfies the defining relation of the class %,
that is

F(QU,9V,W)=—F(U,V,W), 6p =0. (6.2)

Since £ is parallel, F(U,V,W) = —AF(U,V,W) and 8z (U) = 6p(U). Thus, F also satisfies the equation (6.2). O
Theorem 6.4. Let (¢,&,1,g) belongs to the class %5 . Then (¢,E,7,3) is also in 4.
Proof. Let F satisfies the defining relation of %3, that is,

F(E,V,W)=F(U,E,W)=0, F(U,V,W)=—F(V,U,W). (6.3)
Since & is parallel in the class 43, F(U,V,W) = —AF(U,V,W) and so F also satisfies (6.3). O
Theorem 6.5. Let (¢,,1,g) belongs to the class 9y . Then ($,E,7,3) is also in %,
Proof. It can be seen by direct calculation since & is parallel in %;. [
Theorem 6.6. Let (¢,&,1,g) belongs to the class %y . Then so is the structure (¢,E.7,g).

Proof. 1t can see seen from the definition class and the proposition (6.1). O
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