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On a Golden deformation of paracontact structures

Rabia Cakan Akpinar®’, Esen Kemer Kansu?®

®Kafkas University, Faculty of Science and Letters, Department of Mathematics, 36100, Kars, Turkey

Abstract. The main purpose of this article is to define the concept of Golden deformation via the re-
lationship between Golden structure and paracontact structure on the almost paracontact para-Norden
manifold. The Riemannian connection is obtained on the Golden-deformed para-Sasaki-like para-Norden
manifold. After obtaining the Riemannian connection, the curvature tensor, scalar curvature, *-scalar curva-

ture and Ricci tensor are obtained. Finally, an example is provided on the Golden-deformed 5-dimensional
para-Sasaki-like para-Norden manifold.

1. Introduction

Manifolds endowed with specific differential-geometric structures have been extensively researched in
differantial geometry. Several authors have delved extensively researched the study of almost paracontact
structures on manifolds. The notion of almost paracontact paracomplex Riemannian manifold was intro-
duced in the studies by Manev and collaborators, specifically in [11]. Various topics have been addressed
on almost paracontact paracomplex Riemannian manifold [3, 10, 11].

The Golden Ratio has held a significant position since ancient times in various fields such as geometry,
architecture, music, art, and philosophy. The Golden ratio o is the positive root of the polynomial x*—x-1 =

0;ie, o= %‘F’.The negative root of the previous equation, usually denoted by o¢*, satisfies ¢* = FT\E =
1 - 0. Crasmareanu and Hretcanu introduced and analyzed Golden structures like almost product, almost
complex structures and almost contact structures on a differentiable manifold in [4]. The Golden structure is
defined by a (1,1)-tensor field ® on manifold, with the crucial property that ®* = ®+1I. Recently, researchers
have established a relationship between Golden structures and some important geometric structures and
have conducted various studies [1, 5-7, 12, 17].

Some studies have been conducted on para-Sasakian manifold and almost contact metric manifold,
based on the relationship between Golden structure and almost contact structure [8, 9].

The master goal of this study is to define the notion of the Golden deformation through the relation-
ship between the Golden structure and paracontact structure on almost paracontact para-Norden manifold

2020 Mathematics Subject Classification. Primary 58 A05; Secondary 58D17.

Keywords. Para-Sasaki-like para-Norden manifold, almost paracontact structure, Golden deformation.

Received: 19 April 2024; Revised: 06 January 2025; Accepted: 21 January 2025

Communicated by Ljubi$a D. R. Ko¢inac

* Corresponding author: Rabia Cakan Akpmar

Email addresses: rabiacakan@kafkas.edu.tr (Rabia Cakan Akpinar), esenkemer@kafkas.edu. tr (Esen Kemer Kansu)

ORCID iDs: https://orcid.org/0000-0001-9885-6373 (Rabia Cakan Akpinar), https://orcid.org/0000-0003-4929-767X
(Esen Kemer Kansu)



R. C. Akpinar, E. K. Kansu / Filomat 39:9 (2025), 3035-3042 3036

(referred to as almost paracontact paracomplex Riemannian manifolds in [3, 10, 11]). The progress of the
study has been structured as follows. In preliminaries, some fundamental information for almost paracon-
tact para-Norden manifolds is given. Then, the Golden deformation is defined through the relationship
between the Golden structure and paracontact structure on almost paracontact para-Norden manifold. The

Rlemanman connectlon V the curvature tensor R Ricci curvature ch scalar curvature Scal and *—scalar

curvature Scal are computed on Golden-deformed para-Sasaki-like para-Norden manifolds. Finally, an
example is given on a Golden- deformed 5-dimensional para-Sasaki-like para-Norden manifold.

2. Preliminaries

A (2n + 1) —dimensional differentiable manifold (M, ¢, ¢, r]) is referred to as an almost paracontact para-
complex manifold if it is endowed with an almost paracontact structure ((1), g, 77), comprising a (1, 1)-tensor

field @, a Reeb vector field £ and its dual 1-form 7. The almost paracontact structure ((p, '3 7]) satisfies the
following conditions:

P?*=1-1®¢, P& =0, (1)
nE) =1, no¢ =0, tro =0,

where I is the identity transformation on the tangentbundle TM. (M, o, &1, g) is called an almost paracontact

para-Norden manifold equipped with a para-Norden metric g relative to (qb, &, 1]) determined by

9 (% 0) = g(x o) @
or equivalently
7 (¢, ¢w) = g (x,w) - n(x) (@) 3)

for any smooth vector fields x, w on M, i.e. x,w € y (M) [11, 16]. The almost paracontact para-Norden
manifold is briefly called apcpN manifold. As a result, the following equations are obtained:

g, & =1k, g&&=1, (V& =0, (4)

where V denotes the Riemannian connection of g. From here onwards, x, w, z are arbitrary vector fields
from x (M) or vectors in TM at a fixed point of M. The basis {eo =&, €1, 6n, Cpi1 = PE1, ..., Cop = (j)en} is an

orthonormal basis on the structure (qb, &, g) with
!](ei,ej) =06 14,j=0,1,..,2n. (5)

The metric 7 is an associated metric of g and defined on (M, o, &1, g) by

gx,w)=g (x, q)w) +1n(x)n(w). (6)

The associated metric 7 is an indefinite metric with signature (1 + 1,11) and compatible with (M, o, &1, g) in
a manner analogous to that of g. The apcpN manifolds are classified in [11]. This classification comprises
eleven fundamental classes denoted as #1, %>, ..., F11. The eleven fundamental classes are based on the
(0, 3)-tensor field F determined by

F(x,w,z)=¢g ((chp) w, z) )
and has the properties
F(x,w,z) =F(x,z,w) = —F (x, ow, cpz) +nw)F(x,&z)+n@)Fxw), (8)

(Vo) (@) = g (Vi&,w) = =F (x, ¢w, &)
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3. Golden deformation

Let (M, ¢, &1, g) be an almost paracontact para-Norden manifold (apcpN manifold). We construct a
Golden structure on an apcpN manifold M.

Proposition 3.1. The (1,1) —tensor field ® defined by

O==-]+

1+ ¥ (orned ©

is a Golden structure on an apcpN manifold.

Proof. (9) is written for x € x (M) as
15
Ox = §x+ 7(q§x+n(x)é)

In order for @ to be a Golden structure on apcpN manifold, it must satisfy the equation ®?x = ®x + x [4].
By utilizing (1) and (9), the equation

@y = %CDx + ? (@ () +n (x) D)

is written. Considering the equation ¢ = ¢ + 1 for the eigenvalue o, the equality ®*x = ®x + x is obtained

for every x € x (M). Hence, the proof is concluded. [

Proposition 3.2. Let (M, ¢, &1, g) be an apcpN manifold and @ is given as (9). In this way, the following equality
is satisfied

g (Px, dw) = gg(x, w) + ?Z]\(x, w). (10)

Proof. By utilizing (9), the equality
g (Dx,dw) = g(%x, %w) +9g (%x, ? <¢w + 1 (w) E))
+g(§ <¢x +1(x) 5), %w)

5 5
+g(7‘/_ (px+ (&), 7\/_ (¢ + 1 (@) 5))
is written. Considering (2), (3), (6), (9) and ¢ + 0. = 1, the equality (10) is obtained. O

Considering Proposition 3.1 and Proposition 3.2, a change in the structures tensors can be generated in
form

1-+v5 - 1 5
AL Fria ay

¢

¢, E=-

g (dx, Pw) = %g(x, w) + ﬁ'g\(x, w)

g (x, w) >

= ;g(x,w) + ?g(qu,w) + ?n(x)n(w).

This is called a Golden deformation on the apcpN manifold. Thus, (M, 5, 3 m, ﬁ) is also an apcpN manifold.
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4. Golden deformation on para-Sasaki-like para-Norden manifolds

Definition 4.1. An apcpN manifold (M, ¢, &1, g) is called a para-Sasaki-like para-Norden manifold if the structure
tensors (qb, &, g) satisfy the following conditions for x,w,z € H = ker (1) [10]:

F(&w,z) =F(,¢,2) =0, (12)
Fx,w,&) = —-gxw).

F(x,w,z)

The class of para-Sasaki-like para-Norden manifolds is defined and examined in [10]. This particular
subclass of the examined manifolds is determined by:

(Vip)w = =g (x,w) & —n@w)x+2n(x) 7 (w) &
=-g (gbx, ¢w) & —n(w) px.
In this section, we focus on the para-Sasaki-like para-Norden manifolds. These manifolds have also been

called para-Sasaki-like Riemannian manifolds and para-Sasaki-like Riemannian IT-manifolds in [3, 10]. In
[10], the following identities are proved:

(13)

V& = ¢x, (Vinw =g (x, ¢)w) ,
R(x,w)é=-nw)x+nx)w, R(Ew)E=d?w, (14)
Ric(x, &) = —=2nn (x), Ric (&, &) = —2n,

where R and Ric denote the curvature tensor and the Ricci tensor, respectively.

The distribution H = ker (1) is a 2n—dimensional paracontact distribution of a para-Sasaki-like para-
Norden manifold and equipped with an almost paracomplex structure P = ¢y, a metric h = gy, are the
restrictions of ¢, g on paracontact distribution H, respectively [10]. The metric / is pure according to P as
follow

h (Px, w) = h(x, Pw) (15)
or equivalently
h (Px, Pw) = h(x,w). (16)

Remember that an almost paracomplex manifold of dimension 21, equipped with a para-Norden metric i
satisfying (15) is called as an almost para-Norden manifold [15]. On para-Sasaki-like para-Norden manifold,
the equality (13) is written in form F (x, y, z) as

Fx,w,z) = g ((chp) w, z)
—g (x,w)n(z) = n(w) g (x,2) + 21 (x) n (W) 1 (2) .

F becomes zero on paracontact distribution H = ker () of a para-Sasaki-like para-Norden manifold. So,
V¢ = 0 for every x,w,z € H. In [13-15], the authors show that an almost para-Norden manifold is
paraholomorphic Norden manifold if and only if the almost paracomplex structure is parallel with respect
to the Riemannian connection. From here we see that the paracontact distribution of a para-Sasaki-like
para-Norden manifold induces a 2n—dimensional paraholomorphic Norden manifold.

On almost paracontact para-Norden manifold, the Nijenhuis tensor of the structure (¢, &, 1) is deter-
mined by:

N(x, w)

[¢/ ¢](x/ w) - dn(x, ZU)CE
[px, prw] + ¢ [x, w] = Plopx, w] = plx, pw] = (Vamw)E + (Vam)x)E.

An almost paracontact structure (¢, &, 1) is normal if and only if its Nijenhuis tensor vanishes [2, 18].
The para-Sasaki-like para-Norden manifold (M, ¢, &, 1, g) is a normal paracontact para-Norden manifold,
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N = 0[10]. The Nijenhuis tensor of the structure (®, &, 1) on almost paracontact para-Norden manifold is
obtained as

Nov = 2No + 2(Vaut0)E + n(@)Vor ~ @) (Veg)s
= (o = IVt + Ve
+ 2n@(Tenw)é - Zﬂ(w)((vgn)x)é + 29WO(T0d)

(VadIE + 2n0ON(Vad) = 2n@)(Ts8)

2NV PR0)E ~ In@TVAE)E ~ (Varp)e + (VarE

Considering (1), (2), (13) and (14),

No = 2N,
is obtained on para-Sasaki-like para-Norden manifold. Then, the following theorem is written.

Theorem 4.2. The structure (®, &, n) is a normal on para-Sasaki-like para-Norden manifold.

Theorem 4.3. If (M, 5,3,’17',;}) is a Golden-deformed on para-Sasaki-like para-Norden manifold, then the relation

between the Riemannian connections V of the metrics g and V of the metric g is given by

53\/_ 53«/’

gxw =V,w+

9 (9, )€ - g(px,w)é. (17)

Proof. Utilizing the general Kozsul formula, the equation

Zg( W, z) = xg (w,z) + wg (z,x) — zg (x, w)
+9([x,w],z) + g ([z,x], w) + g ([z,w], x)

is written on a Golden-deformed para-Sasaki-like para-Norden manifold. Considering (2), (4), (11) and
(14), the relation between V and V is reached. [

Proposition 4.4. Let (M, 5,3,’17,;7) be a Golden-deformed para-Sasaki-like para-Norden manifold. The following
equalities hold:

~xg: _%E(er
(6 w=- ﬂ (qu w)+— (qu qf)w) (18)
(T} = () + =55 () - =550 (o, 00) .

Proof. Using (11) and (14), the assertions in (18) is directly obtain. [

Taking into account (17), (0, 3)-tensor field F has the following form:

F(x, Y,z) = %F (x,w,z) - gg ((px, z) n(w) — ?g (qu, w) n(z). (19)

It is seen that the Riemannian connections V and V coincide on paraholomorphic Norden manifold for
x,w € H. Moreover, F(x,w,z) = %F (x,w,z) holds on paraholomorphic Norden manifold. Considering
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the Definition 4.1 and equation (19), a Golden-deformed para-Sasaki-like para-Norden manifold is a para-
Sasaki-like para-Norden manifold.

On a Golden-deformed para-Sasaki-like para-Norden manifold, the curvature tensor R of V is defined
as follows:

R(x,w)z = ’ﬁ,ﬁwz - guﬁxz - g[xrw]z.

Taking into account (14) and (17), the following relation between the corresponding curvature tensors R
and R of the Riemannian connections V and V, respectively, is obtained:

R(x,w)z = R(x,w)z (20)

$2= N( (6%,02) 1 (@) & + g (0,62) 1 ()
L5 3«/_

53\/_
53«f

(9 (¢, pz) px + g (P, 2) pw )

(9(dw pz)n(x) & + g (x, pz) n () §)

(g (gbx ¢z) ow+g (cpw z) ¢x)

On apcpN manifold, the Ricci tensor Ric, the scalar curvature Scal and the #—scalar curvature Scal* are
defined as usual traces of the (0,4) —type curvature tensor R (x,w, z,y) = g (R (x,w) z, y),

2n
Ric(x,w) =Y, R(e;, x,w,e;),
i=0

2n
Scal = Y, Ric (e;, ;)
i=0

2n
Scal* = Y, Ric (e;, pe;),
i=0

with respect to an arbitrary ortonormal basis {e, ..., 2} of its tangent space [10]. On account of (20),
the Ricci tensor Ric , the scalar curvature tensor Scal and *—scalar curvature tensor Scal are obtained on

Golden-deformed para-Sasaki-like para-Norden manifold as
Ric (x,w) = Ric (x,w),
Scal = 3Scal — %Scal* + Zn%g, (21)
Scal = 3Scal* — LScal - 2% .

5. An example

Consider a 5—dimensional real connected Lie group denoted by L. Then, the Lie group L has a basis of
left-invariant vector fields {e, e1, ez, e3, es} with associated Lie algebra determined as follows:

leo, e1] = —e3, [eo, e2] = —es, [eo, e3] = —e1, [eo, es] = —er. (22)

The Lie group L is endowed with an almost paracontact para-Norden structure (gb, &, g) as follows:

E = e, ¢eg=0, cer=e3 Qe =ey
des = e, es=ey (23)
gleo,e0) = gler,er) =glex,ea) =gles,e3) =gles,es) =1,
g(ee)) = 0,i,j€(0,1,2,3,4),i#]
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In [10], it is showed that the solvable Lie group corresponding to the Lie algebra defined by (22) and
equipped with the almost paracontact para-Norden structure (qb, &n, g) from (23) is a para-Sasaki-like

para-Norden manifold. Morever, the basic components of V and R are obtained. The components of the
Riemannian connection V are determined via Kozsul formula as follows:

VL’()EO = 0, Veoel = 0, Vgoez = 0, V60€3 = 0, V30€4 = 0,
Veeg=e3,  Vg,e1 =0, Ve e =0, Vees = —ey, Vees =0,

Veeo=es, Veer =0, Ve,e2 =0, Ve,e3 =0, Ve,e4 = —e,
Veeo=e1, Veer=-ey, Ve =0, Ve,ez =0, Ve,es =0,
Ve4€0 =€, Ve4€1 = 0, vg4€2 = —€p, Ve4€3 = O, Ve484 =0.

On a para-Sasaki-like para-Norden manifold, the non-zero components of the fundamental tensor F are
obtained in the following way:

Fi10 = F1o1 = Fa20 = Faop = F339 = F303 = Fa40 = Fs04 = —1.

On a para-Sasaki-like para-Norden manifold, the non-zero components of the curvature tensor R corre-
sponding to the Riemannian connection V are expressed by:

R(eo,es)eo = Rer,e2)es = —R(ez,es)ea = —R(ez,€3) €1 = ey,
R(eo,es)es = Rieo,e2)e2 = Roeo,e1)er = Reo, €3)e3 = —ep,
R(eo,e3)e0 = —R(er,e2)es = —R(e1,e3)er = —R(er, e4)er = e3,
R(ep,e1)e0 = Rey,e3)es = R(ez,e3)eqs = —R(es,es) €2 = e,
R(ep,e2)e0 = Rey,es)es = R(ez,eq)eq = Rez, eq)e1 = ey,

On a Golden-deformed para-Sasaki-like para-Norden manifold, the non-zero components of the Rie-
mannian connection V is given by

Ve = e3, Ve,e0 = ey,
o _v _v _v _ 5-3v5 o

Vee1 = Ve,ep = Vee3 = Vees = e, Veeo=e1,
T - . . _9-3v5 v _
Ve ez = Vpes = Vper = Vyea = ———ey, Veeo=e2

On a Golden-deformed para-Sasaki-like para-Norden manifold, the non-zero components of the funda-
mental tensor F are obtained in the following way:

3
27/

flOS = f240 = f204 = fSlO = f301 = f420 = f402 = f130 = _T\f-

Fio1 = F110 = Fooo = Fao0 = F330 = F303 = Fa40 = Fa04 = —

ol

The manifold (L, ¢, &1, g) is the para-Sasaki-like para-Norden manifold since it satisfies the conditions (12).

Hence, the manifold (L, ?6, g,ﬁ,g-) is also the para-Sasaki-like para-Norden manifold. If x = agey + aie1 +
aze; + azes + ases, W = boeg + biey + baey + baes + baey, then the metric g'is given by

ﬁ(x, Z{)) = g (dobo + u1b1 + a2b2 + ﬂ3b3 + ll4b4) + ? (llob() + ﬂ1b3 + a2b4 + a3b1 + a4b2) .

On a Golden-deformed para-Sasaki-like para-Norden manifold, the non-zero components of the curvature



R. C. Akpinar, E. K. Kansu / Filomat 39:9 (2025), 3035-3042 3042
tensor R corresponding to the Riemannian connection V are expressed by:

R(eg, e1) €0 = €1,
5(60,62) €y = €2,
Reg,e3)ep = e3,

R(eg,es) €0 = e4,
9-315

E(60,61)€1 = E(€0,€4)€4 = E(eo,ez) € = §(€0,€3)€3 =——7 ¢o,
R(er,es)e3 = R(es,eq)er = 9_‘1\/562,

E(Ezl eg)er = —#62 - #34,

R(ez, e3)e3 = —R(er,e2) €1 = #64,

R(es, es)es = —R ez, e3) €2 = #EL

E(€3,€4) e = -R (e2,€3)e4 = —%@6’1/

Rier,e2)er = R(er,ex) es = 5_1\663,

R(er,e2)e3 = —R(e,e3)e; = 9_3;\/564,

R(eo,e3)e1 = R(eg,e2) es = R (e, ea) e2 = R(eg, 1) 3 = 571‘/560,
R(er,e5)e5 = 23%5p) 4 5335,

R(er,e5)er = —#el - %@es,

E(eb&l) 1= -R (es,€3) €3 = —#62,

R(er,es)e2 =R(er,e2) eq = —9_3(563,

? _ 935 5-3v5
R(€2,€4) €4 = —f €+ T ey

6. Conclusions

In this paper, we define Golden deformation on almost paracontact para-Norden manifolds by estab-
lishing the relationship between Golden structure and paracontact structure. We obtain the Riemannian
connection on Golden-deformed para-Sasaki-like para-Norden manifolds and compute the curvature ten-
sor, scalar curvature and *-scalar curvature based on this Riemannian connection. Finally, we give an
example based on the results of the paper.
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