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ABSTRACT

In this paper, we introduce a new class of almost Golden Riemannian structures and study their
essential examples as well as their fundamental properties. Next, we investigate a particular type
belonging to this class and we establish some basic results for Riemannian curvature tensor and
the sectional curvature. Concrete examples are given.
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1. Introduction

Manifolds equipped with certain differential-geometric structures possess rich geometric structures, such
manifolds and relations between them have been studied widely in differential geometry. Indeed, almost
complex manifolds, almost contact manifolds and almost product manifolds and relations between such
manifolds have been studied extensively by many authors.

The differential geometry of the Golden on Riemannian manifolds is a popular subject for mathematicians.
In 2007, Hretcanu [9] introduced the Golden structure on manifolds. In a recent paper of Crasmareanu and
Hretcanu [5], the geometry of the Golden structure on manifolds have studied. In particular, they have
investigated the geometry of the Golden structure on a manifold by using the corresponding almost product
structure.

In [7], Gezer, Cengiz and Salimov have studied the Riemannian manifolds endowed with Golden structures
and they have given important theorems for these manifolds. Recently, many several works are dealing with
this subject [1], [2], [6], [10], [11].

The aim of this work, is to prove the existence of Golden Riemannian structures that are integrable with
structural tensor ® witch is not covariantly constant with respect to the Levi-Civita connection and we study
their fundamental properties.

The paper is organized as follows:

In §2 we recall some definitions and properties of the Golden structure.

The §3 is devoted to the study of such a class of almost Golden Riemannian manifolds where we give a new
sufficient condition for the integrability, we prove the existence of almost Golden Riemannian structures that
are integrable with V& # 0 where V is the Levi-Civita connection and we construct concrete example.

The §4 is intended to study a more special type in this class by giving their geometric properties and we deal
with curvature tensors of this special type.
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2. Almost Golden Riemannian structures

Let (M, g) be a Riemannian manifold. A Golden structure on (), g) is a non-null tensor field ® of type (1,1)
which satisfies the equation

where I is the identity transformation.

Remark 2.1. A Golden structure ® is an isomorphism on the tangent space of the manifold, T,,M, for every
p € M and the eigenvalues of ® are the Golden ratio ¢ = 55 and ¢* = 155 = 1 — ¢,
We say that the metric g is ® compatible if
9(®X,Y) = g(X, @Y), (2.2)

for all X, Y vectors fields on M.

If we substitute ®X into X in (2.2), equation (2.2) may also be written as
g(PX,@Y) = g(P°X,Y) = g((® + )X, Y) = g(®X,Y) + g(X,Y).
The Riemannian metric (2.2) is called ®-compatible and (M, ®, g) is called an almost Golden Riemannian

manifold [5].

Unlike the papers [5], [9], [7] and in support of what was stated in [6] we use the word "almost" to general
Golden structures on a manifold. We say that a manifold M is a Golden manifold if it has an integrable almost
Golden structure. Recall that the structure @ is integrable if the Nijenhuis tensor Ng vanishes, where

No(X,Y) = ®?[X,Y] + [0X, dY] — B[®X, Y] — B[X, DY]. (2.3)

3. Almost Golden Riemannian almost contact metric structure

Let (M, @, g) be a n-dimensional Golden Riemannian manifold. For every p € M the tangent vector space
T, M splits as follows T, M = (Dy-), ® (Dy),, where ¢ = 155 ¢+ = 1=v5 —1 _ ¢ and

(Dg=)p ={E € TyM : @, = ¢*¢},  (Dy)p = {¥ € T,M : @) = ¢*¢}.
Then one has the next result.

Proposition 3.1. [6] Let (M, ®, g) be a n-dimensional Golden Riemannian manifold. The G-structure over M defined
by (®,9) is
51, . 67‘ (S (D¢*)p,
wl, ...,¢S S (D¢)p,
g: (gla"'ag’mwh“wws) E‘FP(M) : g(fﬂgj) :5117 ’
9(i, ¥5) = bij,
9(5“ 1/)3) = 07
whose structural group is G = O(r; R) x O(s; R), F(M) is the principal bundle of linear frames of M, r = dimDy-,s =
dimDgy and r + s = n.

Let U C M be an open subset. An adapted local frame to the G-structure defined by (®, g) in U is a family

(511 '“agrawla “wz/]s) S Uwhere 517 "'1€T1w17 ...,1/15 S X(U) SUCh that (fl(p)a ~«-,§T(P)»1/11(p)7 7¢S(p)) € g/ Vp eU.
Its dual local frame is the family (11, ..., 7, w1, ...,ws) € U where 1, ..., 1, w1, ..., ws € /\1(U), satisfying

Uz(X) = g(fl,X)7 ¢3(X) = g(¢]7X),Z = 1, ...,T‘,j = 1, ceey S,VX € X(U)
Thus, the almost Golden structure ® always can be written locally in U as follows:

P |p= oI — V5 Zm@& = ¢ T+V5 ij ® Py,
=1

j=1
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Notice that

I = Zm RE& + ij ® ;.
i=1 j=1
If the almost Riemannian manifold (M, ®, g) satisfies »r = 1 then the almost Golden structure ® can be written
locally in U according to the above notation as follows:

O |y=¢l —VEn®¢, (3.1)
where £ = & and n = n;.

The first subject of this paper is to study a new class of almost Golden Riemannian manifolds that is
integrable despite V® # 0 where V is the Levi-Civita connection.

Definition 3.1. Let M be a differentiable manifold of dimension 2n + 1. An almost Golden Riemannian almost
contact metric structure on M is the data ((I), &, g) where:

¢ is a global vectors field.

7 is a differential 1-form on M such that n(§) = 1.

g is a Riemannian metric such that g(X, §) = n(X).

® is a tensor field of type (1,1) satisfying

d=0¢l —V51nRE, (3.2)

for all vectors field X on M.
In addition, if ® is integrable then, (®,£,7,g) is an Golden Riemannian almost contact metric structure and
(M, ®,¢,n,g) is called a Golden Riemannian almost contact metric manifold.

Proposition 3.2. Let (M, ®,£,n,g) be an almost Golden Riemannian almost contact metric manifold and U be a
coordinate neighborhood on M and v; any unitary vectors fields on U such that ®v; = ¢1p; where i € {1,...,2n}. Then,
we may easily check that the set {&,;} is a local orthonormal basis on M.

We refer to this basis as Golden basis.

We define The fundamental 2-form 2 by:

n

QUX,)Y) = ¢ X,Z Yaj—1 N h2;)Y )

<.
Il
—_

(
(

Pg:

X, ?/123 1= w2j—1(Y)1/)2j>

I
Q
Il
_

J
n

= <W2j (Y )wnj—1(X) = waj1 (YV)wa; (X ))

<.
s =

Il
2o

D (w1 Awg)(X,Y),

j=1

for all vectors fiels X, Y on M with (X AY)Z =g(Y,2)X — g(X, Z)Y.
For brevity, we put

Z (V251 A tay),
we obtain
QX,Y) =g(X,pY),
using the formula (3.2), we note that

n

O’X = —Z (waj—1(X)2;—1 + wa; (X)1a)

= —X +n(X)E.
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That is why, this class of structures is called almost Golden Riemannian almost contact structure. For more
details on almost contact structures see ([3], [4], [12]).

Proposition 3.3. Let (M, ®,¢,n,g) be an almost Golden Riemannian almost contact structure. Then, we have
«
dQ=—nAQ. (3.3)
n

where d denote the exterior derivative and

a = divé + Z ((ﬁgg)(d)zi_h WPoi—1) + (ﬁgg)(%u%j))

i<j

Proof. Let U = Z?:l Poi_1 and V = Z?:l 19; two vectors fields on M. Putting dQ =0 nAQ for a certain
functions ¢ on M. Then, we get
3(nAQ)EUV)=n,

= —QV,Vy§) - UVvEU)

n

= ) (woj—1 (V&) +wa;(VvE))

=1
= 9(Vu&U)+9(VvE V)
= divg+) ((559)(¢2i—17¢2j—1) + (ﬁgg)(¢2i,¢2j))

i<j
= a7

o

which implies 0 = 2. O
Corollary 3.1. Let M be 3-dimensional almost Golden Riemannian almost contact structure. Then, we have
dQ = divE n A Q. (3.4)
Now, we shall introduce a new sufficient condition for the integrability of this class of structures.

Theorem 3.1. Let (M, ®,£,1,g) be an almost Golden Riemannian almost contact structure. If n is closed then ® is
integrable.

Proof. Using the formulas (2.3) and (3.2) we can get

No(X,Y) = —10(dn(X,Y)+n(X)dn(&,Y) +n(Y)dn(X,€))E
= —10dn(¢°X,*Y)<.

So, easily we can see that for dip = 0 we obtain Ng = 0. O

The main purpose of [7] was to characterize the integrability of almost Golden structures on almost
Golden Riemannian manifolds. Proposition 3.4 is the most known characterization of the integrability of
the polynomial structure ® on an almost Golden Riemannian manifold (M, ®, g) (see, e.g. [7]). In the quoted
paper, the authors have obtained another sufficient condition to the integrability of ®, which is not a necessary
condition, they have showed that if V® = 0 with V is the Levi-Civita connection of g then, the almost Golden
Riemannian structure ® is integrable. It led to ask if there exist a Golden Riemannian structure with V& # 0?.
The answer is positive according to the following example:

Example 3.1. We denote the Cartesian coordinates in a 3-dimensional Euclidean space E? by (z,y, z) and define
a symmetric tensor field g by

p(x,y7z)2—|—7(x,y7z)2 0 _T<xvyaz)
9= 0 p(z,y,2)? 0 ;
—7(z,y, 2) 0 1
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where p and T are two functions on E3.
Further, we define an almost Golden structure ® on E? by:

é 0 0
P = 0 o 0
T(x,y72)\/5 0 o*

One can easily proof that for all vector fields X and Y on E® we have
X =BX +X and g(®X,Y)=g(X,dY),

then, (®, g) is an almost Golden Riemannian structure.

The almost Golden structure ® admit & = % as the unitary eigenvector associated with ¢* and ¢ =

% (% + T%), Py = %a% the other two unit eigenvectors associated with ¢. The 1-forms corresponding to &, 14
and 1 respectively are n = —7dx + dz, wy; = pdr and wy = pdy.
We notice that

B =gl —VEn®E=¢ T+ V5(wi © i +ws © 1),

and {&, 41,15} is the Golden basis.

In addition,
or

ox;’
so, if » = 73 = 0 then, ® is integrable in which case (E?, ®, &, 7, g) is a Golden Riemannian almost contact metric

manifold.
We can find

dn = 1odx ANdy + 13dx ANdz, with T, =

1+ Tp3
PLETPS .

) = =Py, (6 00) = —Bba,  [hr,e) = By -
p P P P

Using Koszul’s formula for the metric ¢

29(VxY,Z) = Xg(Y,2)+Yg(Z,X)— Zg(X,Y)
we obtain:
Ve€ = Vepr = Vet =0,
Vb =By, Vg =26 Py vy 4= 2y,
P P> P
- +
Vst = Bahy, Vo = LBy, Gy, = B LTSy
p p p p
finally, knowing that

(Vx®)Y = Vy®Y — dVyY,

the non zero components of Vo are:

(Vy, ®)E = —ﬁp—;wl, (Vy, ®)E = —ﬁ%w%

(Vi @)1 = (Vy, @)z = —ﬁ%g,

where p; = aaTcpi' For p3 # 0 we notice that V& # 0.

In the rest of this paper, we examine a special type in this class by giving their geometric properties and we
deal with the curvature tensors.

Lemma 3.1. Let (M, ®,¢,n,g) be a Golden Riemannian almost contact manifold. Then,
Ve =0,

(equivalently the integral curves of € are geodesics).
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Proof. Since 7 is closed then,

2n(X,Y) = 0
= g(vXé-?Y) - g(VYgaX)7

putting X = £ we obtain V¢£ = 0. O

In view of the new condition of integrability we state an interesting type of almost Golden Riemannian
almost contact metric manifolds. Briefly, we denote such a type by Golden* manifold.

4. Golden* manifold

Definition 4.1. A Golden* manifold is an almost Golden Riemannian almost contact manifold (M, ®,¢, 7, g)
which satisfies:
(Vx®)Y = V5(g(X,Y)E+n(Y)X —20(X)n(Y)E), (4.1)

for all X,Y vectors fields on M.

Remark 4.1. This type has been introduced in [2] under the name "G-Golden manifold" for a manifold of any
dimension, but here the dimension is odd.

Lemma 4.1. Any Golden* manifold is a Golden Riemannian manifold.

Proof. it is sufficient to prove that dn = 0. Using the formula (4.1), we obtain

(Vx®)¢ = vV5(X —n(X)E), (4.2)
on the other hand, the formula (3.2) give
(Vx®)¢ = —V5 V&, (4.3)
from (4.2) and (4.3) we obtain
Vx¢§=-X+nX), (4.4)
and since 2dn(X,Y) = g(Vx&,Y) — g(Vy€, X) then dn = 0. O

Example 4.1. Using the data of the above example (3.1), we have (E3, ®,&, 7, g) is a Golden Riemannian almost
contact manifold with 7, = 75 = 0.
The non zero components of the tensor

T(X,Y) = V5(g(X, V)¢ +n(Y)X — 2n(X)n(Y)§)

are:

T(1,€) = Vo1, T(W2,€) = Voha, T(1,11) = T(tha,12) = V5E,

considering the components of V® (see example 3.1), we conclude that (E3, ®,£, 7, g) is a Golden* manifold if
p3 = —p.

Let (M, ®,¢, 7, g) be a Golden™ manifold. First of all, we prepare:

Proposition 4.1.

R(X,Y)E =n(X)Y —n(Y)X, (4.5)
R(X, QY =g(X,Y)§ —n(Y)X, (4.6)

where S denote the Ricci curvature and R is the curvature tensor defined by

R(X,Y)Z =VxVyZ - VyVxZ - Vixy 2. (4.8)
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Proof. The relation (4.5) follows from (4.8) with Z = &. For the second relation, we have for all vectors fields
X, Y. Zon M

and using (4.5). finally, knowing that

3

S(X7Y) = ZQ(R(Xv e’i)ei7Y)a

i=1
where {e;} is a local orthonormal frame field, then

n

S(ng) = 7ZQ(R(X761')§361')7

i=1
using (4.5) we obtain (4.7). This completes the proof of the proposition. O
Let X be the unit vector field orthogonal to £. Then, by use of (4.6), we obtain
R(X,& X,¢) =1
Thus we have:

Proposition 4.2. On a Golden* manifold, the sectional curvature of all plane section containing ¢ is 1.

Proposition 4.3.
PR(X,Y)Z = oR(X,Y)Z +V5(n(X)g(Y, 2)§ = n(Y)g(X, Z)€), (4.9)
R(BX,Y)Z = 6R(X,Y)Z +V5(n(X)g(Y, 2)§ — n(X)n(2)Y), (4.10)
R(X,®Y)Z = ¢R(X,Y)Z + V5(n(Y)n(2)X —n(Y)g(X, 2)¢), (4.11)
R(X,Y)®Z = ¢R(X,Y)Z + V5(n(Y)n(Z)X — n(X)n(2)Y), (4.12)
S(®X,Y) = S(X,dY). (4.13)
Proof. Obvious, we just use the formula (3.2) and the proposition 4.1. O
Proposition 4.4. If the sectional curvature of any Golden* manifold is a constant c then, c = —1.

Proof. Let (M, ®,&,n,g) be a Golden* manifold of constant sectional curvature ¢, i.e. we have

R(X,Y)Z = (X NY)Z. (4.14)

Using the formula (4.10), we obtain
R(®X, e;)e; = pR(X, e;)e; + 2nv/5 n(X)E, (4.15)
and since R(X, ¢;)e; = 2ncX, then from (4.15) we get c = —1. O

Now, let P be a plane section in tangent space 7}, M at a point p of M and let it be spanned by vectors X and
Y. Then, the sectional curvature of P is given by
R(X,Y,X.,Y)
g(XvX)g(Yv Y) - g(X7 Y)2 .

K(X,Y) =

On an almost Golden Riemannian manifold M, the section P = {X,®X} where X is a unit vector fields and
g(X,®X) = 1 is called Golden section and the curvature associated with this section is called Golden sectional
curvature which is denoted by H(X) where

H(X) = gR(X, DX, X, 5X). (4.16)
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Proposition 4.5. If (M, ®,&,n, g) is an almost Golden Riemannian almost contact manifold then, the Golden sectional
curvature He (X)) is given by
He(X) =2R(X, &, X, §).

Proof. Using the formula (4.16) with ®X = ¢X — v/5n(X)¢, we find
H(X) = 5n(X)*R(X, &, X, £),
and the condition g(X, ®X) = 1 gives n(X) = % and this completes the proof. O

Proposition 4.6. On a Golden* manifold, the Golden sectional curvature is 2.

Proof. The proof of this result is a direct consequence of propositions (4.1) and (4.5). O
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