AIMS Mathematics, 8(8): 17335-17353.
DOI: 10.3934/math.2023886
ATMS Mathematics Received: 27 February 2023

Revised: 11 May 2023

Accepted: 15 May 2023
http://www.aimspress.com/journal/Math Published: 19 May 2023

Research article

Some notes on the tangent bundle with a Ricci quarter-symmetric metric
connection

Yanlin Li"*, Aydin Gezer’> and Erkan Karakas’

! School of Mathematics, Key Laboratory of Cryptography of Zhejiang Province, Hangzhou Normal
University, Hangzhou 311121, China

2 Faculty of Science, Department of Mathematics, Ataturk University, Erzurum 25240, Turkey.

* Correspondence: Email: liyl@hznu.edu.cn.

Abstract: Let (M, g) be an n-dimensional (pseudo-)Riemannian manifold and TM be its tangent
bundle TM equipped with the complete lift metric ©g. First, we define a Ricci quarter-symmetric
metric connection V on the tangent bundle TM equipped with the complete lift metric “g. Second,
we compute all forms of the curvature tensors of V and study their properties. We also define the
mean connection of V. Ricci and gradient Ricci solitons are important topics studied extensively lately.
Necessary and sufficient conditions for the tangent bundle 7'M to become a Ricci soliton and a gradient
Ricci soliton concerning V are presented. Finally, we search conditions for the tangent bundle 7'M to
be locally conformally flat with respect to V.

Keywords: complete lift metric; Ricci quarter-symmetric metric connection; Ricci soliton; tangent
bundle; vector field
Mathematics Subject Classification: 53B20, 53C07, 53C35

1. Introduction

The notion of a semi-symmetric linear connection on a differentiable manifold was introduced by
Friedmann and Schouten in [1]. Using Hayden’s idea [2] of a metric connection with torsion, Yano [34]
searched properties of a semi-symmetric metric connection on a Riemannian manifold. He proved that
a Riemannian manifold endowed with the semi-symmetric metric connection has a vanishing curvature
tensor, if and only if, the Riemannian manifold is conformally flat. Later, Golab [11] defined and
studied quarter-symmetric connections on differentiable manifolds with linear connections. With this
in hand, Yano and Imai [35] gave the most general form of quarter-symmetric metric connections on
Riemannian, Hermitian and Kaehlerian manifolds and studied its applications. If the torsion tensor T
of a connection is of the form
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T(X,Y) = u(Y)$X — u(X)¢Y, (1.1)

then the linear connection is said to be a quarter-symmetric connection. In here, u is a non-zero
I-form, ¢ is a (1, 1)—tensor, and X, Y are vector fields. In particular, if ¢ = id, then the quarter-
symmetric connection reduces to the semi-symmetric connection. Thus, the notion of a quarter-
symmetric connection can be viewed as a generalization of the idea of a semi-symmetric connection.
Here, it is obvious that a quarter-symmetric metric connection is a Hayden connection in the form of a
torsion tensor (1.1).

Also, if we take the ¢ tensor as a (1, 1) type Ricci tensor defined by

89X, Y) = R(X,Y),

then the quarter-symmetric connection is called a Ricci quarter-symmetric connection. If a Ricci
quarter-symmetric connection V on a Riemannian manifold satisfies the condition

(Vxe)(Y,2) = 0,

then V is said to be a Ricci quarter-symmetric metric connection (briefly RQSMC) for all vector fields
X,Y,Z on M. Kamilya and De presented the concept of a RQSMC on a Riemannian manifold and
found necessary and sufficient conditions for the symmetry of the Ricci tensor of a RQSMC [12].
Also, they studied an Einstein manifold admitting a Ricci quarter-symmetric metric connection whose
torsion tensor is defined by means of the Ricci tensor of a Riemannian metric.

Ricci solitons became popular after Grigori Perelman applied Ricci solitons to solve the long-
standing Poincare conjecture posed in 1904. The notion of Ricci soliton appeared after Hamilton
introduced the Ricci flow in 1982. Let us start with M being a Riemannian manifold with a Riemannian
metric g. A Ricci flow satisfies the following equation

0 :
5,80 = ~2Ric(g(1)),

where ¢ is the time and Ric denotes the Ricci tensor of M. Ricci solitons correspond to self-similar
solutions of Ricci flow, and they model the formation of singularities in the Ricci flow. A smooth
vector field V on a Riemannian manifold (M, g) is said to define a Ricci soliton if it satisfies

1
ELVg + Ric = /?.g,

where Lyg is the Lie derivative of the Riemannian metric g with respect to V and A is a constant. We
shall denote a Ricci soliton by triple (g, V, 4). A Ricci soliton is called shrinking, steady or expanding
accordingas 4 > 0, 4 = 0, or A < 0, respectively. Also, a Ricci soliton is called a gradient Ricci soliton
if its potential vector field V is the gradient of some smooth function f on M.

In this paper, first, we shall define a RQSMC on the tangent bundle equipped with complete lift
metric over a pseudo-Riemannian manifold. Second, we find all kinds of curvature tensors and study
some properties of them. We investigate mean connections of the RQSMC. After that, we investigate
some conditions for a vector field V on TM , such that it becomes (“g, V, A) a Ricci soliton and gradient
Ricci soliton. Finally, we study conditions for the tangent bundle 7'M to be locally conformally flat
with respect to the RQSMC.
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2. Preliminaries

For all the details about this section, we refer to [36]. Let M be an n—dimensional differentiable
manifold of class C* and T'M its tangent bundle. The natural projection defined by

T . TM->M
P > a(P)=P

determines the correspondence of (F — P) for any point P € M. The set 7~ '(P) = P e TpM is
called fibre on P € M. Coordinate systems in M are denoted by (U, aMh, where U is the coordinate
neighborhood and (x"), h = 1, ..., n are the coordinate functions. Let (/) = (x"), h = n + 1, ...,2n be
the Cartesian coordinates in each tangent space TpM at P € M with respect to natural basis {% | p},
where P is an arbitrary point in U with local coordinates (x"). Then, we can introduce local coordinates
(x",y") on the open set 77 (U) ¢ TM. The coordinate system of (x",y") = (x", x") is called induced
coordinates on 7~!(U) from (U, x). In the paper, we use Einstein’s convention on repeated indices.
Let X = X"-2. be the local expression in U of a vector field X on M. Given a (torsion-free) linear

ot
connection V on M, the vertical lift VX and the horizontal lift X of X are respectively given by

X = X"or,
and
Hx = x"0, - y'T" X*0;
with respect to the induced coordinates, where 9, = %, 0; = ﬁ and Fi?k are the coefficients of the
connection V. Through these lifts and the connection V, we can introduce on each induced coordinate

neighbourhood 7~ !(U) of TM a frame field which consists of the following 27 linearly independent
vector fields

EJ = 0/ — ysl—‘?ﬁg,
We are calling it as the adapted frame and it will be written as {Eﬁ} = {E s E;} [36]. With respect to
adapted frame {Eﬁ}, the vertical lift VX and the horizontal lift X of X is expressed by [36]
"x = X/Ej
"X = X’E;.
3. Ricci quarter symmetric metric connection on the tangent bundle with the complete lift
metric

3.1. The Ricci quarter symmetric metric connection

A linear connection V on an n—dimensional differentiable manifold M is said to be a Ricci quarter-
symmetric connection if its torsion tensor 7" satisfies

T(X,Y) = $(Y)LX - $(X)LY,
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where ¢ is a non-zero 1-form, L is the (1, 1) Ricci tensor defined by
g(LX,Y) =R(X,Y)
and R is the Ricci tensor of M [12]. The tensor T denotes the torsion tensor of V, that is,
TX,Y)=VxY-VyX—-[X,Y]

for all vector fields X, Y on M. On a (pseudo-)Riemannian manifold (M, g), a linear connection V is
called a metric connection if
Vg =0.

A linear connection V is said to be a RQSMC if it is both Ricci quarter-symmetric and metric
connection. If V is the Levi-Civita connection of M then a RQSMC is given by

VyY = VyY + ¢(Y)LX — T(X, Y)p,

where ¢(X) = g(X, p).
Let M be an n—dimensional pseudo-Riemannian manifold with a pseudo-Riemannian metric g and
let T M be its tangent bundle. The complete lift metric g on TM is defined as follows:

Cg (HX’H Y) = 0,
Cg (Hx,V Y) — Cg (Vx,H Y) =g(X,Y),
Cg (vX,v Y) = 0,

for all vector fields X and Y on M [36]. g is a pseudo-Riemannian metric on 7M. The covariant and
contravariant components of the complete lift metric ¢ on TM are respectively given in the adapted

local frame by
0 gij )
C _ i
Sub ( gj O

0 g
Cafﬁ: g
(o5 )

For the Levi-Civita connection ¢V of the complete lift metric “g, we have the following proposition.

and

Proposition 1. The Levi-Civita connection °V of (TM.,C g) is given by

CVEI.E]' = Fijk + ysRsij;,

CVE,E} = rij%’ 3.1y
CVE;E]' = 0, CVE?Ej = 0,

with respect to the adapted frame {Eﬁ}, where Ffj and Rsfj respectively denote components of the Levi-
Civita connection V and the Riemannian curvature tensor field R of the pseudo-Riemannian metric g
on M (see [36]).
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Now, we are inierested in a RQSMC V on (TM.C g). We denote the components of the RQSMC v
by I A RQSMC V satisfies

Vo(Cgp) = 0and T,y — T, — [Eo, Egl = Ty, (3.2)

where TZB are the components of the torsion tensor of V. When the Eq (3.2) is solved with respect to
I_“Zﬁ, we find the following solution [2]:

™ _ Crv 4
g = "Top+ Usp (3.3)
where CFZﬁ are the components of the Levi-Civita connection of Cg,
1 — — —
Uapy = 5T apy + Tyap + Typa) 3.4)
and
Uapy = U(Eyﬂcgsw Topy = éﬂcgéy'
We put B
=k
T, =yR"—yR} (3.5)

— % .
and all other TZB not related to 7';; are assumed to be zero, where y; = y°gy. By using (3.4) and (3.5),
we get the only non-zero component of Uzﬁ as follows

U~-h = y]Rh

ij i

- y'R; j

with respect to the adapted frame. From (3.3) and (3.1), we have components of the RQSMC V with
respect to €g as follows:

N =k ,
OT; =T} W T = YR, +y;R = yRy,
— k —
1 Fi .= 0, ] Fi .= 0’
(”) N (W.). S S (3.6)
(i1D) I'i5 = 0, (vii) Filz Fij ,
— & — &
@@v) 155 =0, iii) I35 =0,

J J

which gives the following proposition.
Proposition 2. The ROSMC V of (TM.C g) is given by
YE[E j=TEE+ R F+ iR — YR,
_ Tk -
YE,Ej - rijgk’
VE;E]' = 0, VE;E; = O,
with respect to the adapted frame {Eﬁ}, where Ffj and Rhﬁs respectively denote components of the Levi-

Civita connection V and the Riemannian curvature tensor field R of the pseudo-Riemannian metric g
on M.
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Given a pseudo-Riemannian metric g on a differentiable manifold M, another well-known classical
pseudo-Riemannian metric on 7M is the metric / + /1 defined by
F(x" ") = gx.1),
g(xrY) = (xV.r") =g, v,
Z(xV.vY) = o,

for all vector fields X, Y on M [36]. The metric I + /1 has the components

— 8ij 8ij
8ap =
g ( gij 0 )
with respect to the adapted frame. Let us consider the covariant derivation of the metric / + /1 with
respect to the RQSMC V. One checks that

= _ —  =h_ =h_ =h_  =h_
ngij = Egij = Tignj — rkigﬁj - rkjgih - rkjg,ﬁ

= O~ Y'T30pg; — Tigni — 'Ry + yil;
—"Ri)gnj — I} 8in — (ySRskj’ +y;RY = Y'Ri))gin

= Oh&ij— inghj - ysRskij = YiRj + ¥R — Fngih
=V'Ryji = YiRix + YiRy;

= Ohgij— rzighj - Fngih

= Vigij =0,
— — —h _ —h —h —h __
Vigr = Egj—Tug;—Tu 85 — Tig 8n—Tg8a
~——

0 0
= O0kgij— rzl'ghj - ijgih = Vigij = 0,

_ _ —n —h_ —h _ —=h _
Vg = Eigiy = Ti gn=Tign; — T ij@
5 0

—h
= 0cgij —Tignj — Tij8im = Vigij = 0,
all others are automatically zero. Hence, we can state following result.

Proposition 3. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped
with the complete lift metric €g or the metric I + I1. The RQSMC V with respect to the complete lift
metric €g is also a ROSMC with respect to the metric I + I1.

3.2. The curvature tensors

The curvature tensor R of the RQSMC V of (TM.C g) is obtained from the well-known formula

for all vector fields X, Y, Z on TM. From Proposition 2, we get the following.
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Proposition 4. The curvature tensor R of the ROSMC V of (TM.C g) is given as follows

RELEDE, = RyE +{('V.R;E, (3.7)
R(E.E)E; = R,E;,

R(E,E9E. = (R +Rud);— guR,\Ey,
R(ELE)E. = (R, +gaR}' — RyS}E;,
R(E,E;)E, = 0, R(EE)E;=0,
R(E;,E)E; = 0, R(E;, E5)Eg =0,

with respect to the adapted frame {Eﬁ}

Since the Levi-Civita connections of the complete lift metric g and the metric I + II coincide, their
Riemannian curvature tensors coincide [36]. The Riemannian curvature tensor R of the Levi-Civita
connection of the complete lift metric g (or the metric I + I1) is given by

R(E,EDE. = R E+{y'V,RE;

E(Ei’ Ej)EE = RijklEi’

R(E,E)E. = R,E;,

RELE)E. = RE;

R(E; E9E;, = 0, R(E; E)E; =0,

R(E,E5)E; = 0, R(E; E)E; = 0.

On comparing the curvature tensors of the Levi-Civita connection of the complete lift metric €g (or
the metric I + I1) and the RQSMC, we have the result below.

Corollary 1. Let (M, g) be a pseudo-Riemannian manifold and TM be its tangent bundle equipped
with the complete lift metric €g. The curvature tensors of the Levi-Civita connection of the complete
lift metric “g (or the metric I + 1I) and the ROSMC if and only if Ryd', — guR,' = 0 .
Theorem 1. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped with
the complete lift metric Cg. The curvature (0,4)—tensor R of the ROSMC V holds the followings

l) Raﬂy(r + R,Bayo- =0,

ll) Raﬂyo- + Raﬁa"y =0.
Proof. On lowering the upper index of the curvature tensor R of the RQSMC V, the non-zero
components of the curvature (0, 4)—tensor are obtained as follows

Eijkh = Y'ViRu (3.8)
Ei jkh = R, jkh>
Ei jkh  — R, jkh>
Ry = Ry — 8jkRim + Rix& jms
R i Ry, + 8ikRjm — Rjx&im-
i) and ii) The results immediately follows from the above relations. O
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Let Ewﬁ = I_Qmﬁg denote the Ricci tensor of the RQSMC V. Then
Ejk = (3- n)Rjk, (3.9)
Kj% = 0,
K7 k = 0,
K;E = O,

from which the following result follows.

Theorem 2. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped with
the complete lift metric €g. The Ricci tensor of the RQSMC V is symmetric.

Theorem 3. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped with
the complete lift metric €g. Then TM is Ricci flat with respect to the RQSMC V if and only if M is
Ricci flat.

A (pseudo-)Riemannian manifold (M, g) is called Ricci semi-symmetric if the following condition
is satisfied [33]
R(X,Y).K =0,

where R(X, Y) is a linear operator acting as a derivation on the Ricci curvature tensor K of (M, g)
The curvature operator R(X Y ) is a differential operator on 7'M for all vector fields X and Y. Now
we operate the curvature operator B()i Y ) to the Ricci curvature tensor K, that is, for all Z W we

consider the condition (R(X, Y)K)(Z, W) = 0. In this case, we shall call TM Ricci semi-symmetric
with respect to the Ricci quarter-symmetric metric connection V.

(RX,Y)KNZ, W)apyo = Ry Koo + RopgK e (3.10)

Similarly, in local coordinates,

(RX.Y)K)Z W)iju =Ry Ky +R

ijk Kkp

ijl

Theorem 4. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped with
the complete lift metric ©g. Then T M is Ricci semi-symmetric with respect to the ROSMC V if and only
if M is Ricci semi-symmetric and n # 3.

Proof. By putting @ =i,8 = j,y = k,0 = [in (3.10), we find

(R(X Y)K)(Z W)iju
= Rz]k Khl"‘Rlz Kkh
= R '3 = n)Ry] + Rl]lh[(3 — )Ry
= G- IR Ru + R/ Run]
= G -n)lRX, Y)Ric)Z, W)];jus,

all the others being zero. This finishes the proof. O
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For the scalar curvature 7 of the RQSMC V with respect to €g, we find

r= Eaﬁcgaﬁ = Kjkngk + ?}kcgjk + Ejong + Eﬁcgﬁ =0.
Then we can state the following.

Theorem S. Let (M, g) be a pseudo-Riemannian manifold and TM be its tangent bundle equipped
with the complete lift metric €g. The scalar curvature of TM with the ROSMC V with respect to Cg
vanishes.

As an application concerning the torsion tensor T of the RQSMC V, we get the following.

Theorem 6. Let V be a ROSMC on T M. Then for all vector felds X,Y and Z on TM

o T(T(X.Y)Z) =0,

XYZ
where o is the cyclic sum by three arguments and T is the torsion tensor of the ROSMC V.

Proof. For all vector felds XYandZonTM, o T

X.Y.Z
o7 (TXNZ) =T 4T +T, Ty + Ty T,
in the adapted frame {Eg}. By using (3.5), standard calculations directly give the result. O

A (0, 2) generalized tensor Z is defined by
Z(X,Y) = Ric(X,Y) + ¢pg(X,Y)

for all vectors X and ¥ on M. Analogous to this definition, a tensor Z may be locally defined on M
as follows

Zaﬁ = I_eaﬁ + ¢§aﬁ'

Here Eaﬁ denote the components of the Ricci tensor of the RQSMC V and 8.p denote the components
of the complete lift metric “g. Putting the values of R,z and 8.p 1n the above equation, we have the
non-zero components

ij = (3 —nRyj,

= 3.11)
7 = Zij = 98ij-

NI NI

Hence, we have the following result.

Theorem 7. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle. The tensor
Z of the ROQSMC V is symmetric.

Theorem 8. Ler V be the Levi-Civita connection on a Riemannian manifold (M,g) and TM be the
tangent bundle. T M is Z semi-symmetric with respect to the ROSMC V if and only if the Riemannian
manifold (M, g) is Ricci semi-symmetric with respect to V and n # 3.
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Proof. The tensor R(X,Y).Z has the components
(RX, Y). Z)aﬁw = RaﬁyZ + Raﬁ(,Z

with respect to the adapted frame {Eg}. By using (3.7) and (3.11) on the above equation we find the
only non-zero component

(RX.Y)Z)ijin = (3 = MR, YIRIC);jon-
This completes the proof. O

Next, we are interested in the mean connectlon of the RQSMC V on (TM, ¢ g) We denote the
components of the mean connection v by T. From (3.5) and (3.6), by using Fy = F Taﬂ we have

components of the mean connection with respect to RQSMC V as follows:

)T, J.k =T} W T, f = Y'Ryf = y'Rij+ 50;R  + yiR ")
(i) T;) =0 v T =0

(i) T,5 = 0 i Tt =T, 4

(T =0 wiii) T;5 = 0.

Hence we get the following proposition.
Proposition 5. The mean connection of the ROSMC V of (TM.C g) is given by
€E,'E = Fk Ek + {ySRs”k - ykR,‘j + %(y]le + lejk)}EEa
VE E; = I Er
VE E =0, VE E; =0,

with respect to the adapted frame {Eg}, where Ff’j and Rhﬁ.s respectively denote components of the Levi-
Civita connection V and the Riemannian curvature tensor R of the pseudo-Riemannian metric g on
M.

From Proposition 5, we get the following.
Proposition 6. The curvature tensor R of the mean connection v of (TM.C g) is given as follows:
R(E,E)E; = R, E+{y'V,R,
RE,EDE; = RE;

}E

ijk

R(E,E)E, = (R +6'Ru— (g]kR + giRE;,

R(E; E)E; = {R,,kl SiR . + E(gikRj + g ROVES,
R(E; EpE;, = 0, R(E; E)E; =0,
R(E, E9)E; = 0, R(E; E-)E; =0,

with respect to the adapted frame {Eﬁ}
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Let Eaﬁ = ﬁm‘f denotes the Ricci tensor of the mean connection with respect to the RQSMC V.

Then _
Rje = (3 = )Ry,

Ry, =0,
Ry =0,
lek:()’

from which the following result follows.

Theorem 9. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped with
the complete lift metric g. The Ricci tensor of the mean connection and Ricci tensor of the ROSMC
coincide.

3.3. Ricci soliton structures on (TM ,Cg)

A Ricci soliton is defined by a smooth vector field V on a Riemannian manifold (M, g) such that
1 .
Eng + Ric = Ag (3.12)

where Ly g is the Lie derivative of the Riemannian metric g with respect to V, Ric is the Ricci tensor of
(M, g) and A 1s a constant. The vector field V is called the potential vector field of the Ricci soliton.
Now, we give some conditions for a vector field VonTM , such that (“g, \7, A) becomes a Ricci
soliton with respect to the RQSMC V. Let Vbea fibre-preserving vector field on 7 M with components
(vh, vh) with respect to the adapted frame {Eﬂ}, that is, v depend only on the variables (xh). From (3.12),

(“g, V, A) is a Ricci soliton on TM if and only if the following equations are satisfied

1 —
Ly “8 (X, XM + K(X', X") = (X", X, (3.13)
1 —
5Ly CeX", X + K(X", X") = 1%(X", X"), (3.14)
1 —
L7 CeX", X" + KX, X") = A%(X", X"), (3.15)

for any vector fields X and ¥ on M. Here K denotes the Ricci tensor of the RQSMC V. With respect
to the adapted frame {Eﬁ} , a vector field V on (TM,© g) is said to define a Ricci soliton if there exists a
real constant A such that

| — _
Engaﬁ + Ka,ﬂ = /lgaﬂ.

Putting (a,8) = (i, j), (i, j) and (i, j), from the above equation, it can be written the following system
by using (3.9)

i) (E;vﬁ) gnj + (Vjvh) 8ni = 248ij,
ii) (Vivh) 8nj + (Ejvﬁ) 8ni = 248,
[E,-vﬁ + (ySRsiz + yaRf.’ - th,-a) v+ I“mhva] Shj (3.16)
i) +|Epf+ (R 1+ yaRE = Y'Rj0) v + T v | i = 0.
+2(3 = )Ry
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Next, we will give a series of propositions. They will use the proof of the main theorem, which will be
given at the end of this section.

Proposition 7. The scalar function A on TM depends only on the variables (xh) with respect to the

induced coordinates (xh, yh).

Proof. Applying E7, to the both sides of the equation (i) in (3.16), we have
g ErEY" = 2E; (1) g

from which we get

Ez (D gij = E; (D) &j,

it follows that
(n—1DE; (1) =0.

This shows that the scalar function A on TM depends only on the variables (xh) with respect to the

induced coordinates (xh, yh). Thus we can regard A as a function on M and in the following we write p
instead of A. O

From (3.16) and Proposition 7, E; (vﬁ) depends only the variables (xh), thus we can put
Vi =y Al 4 B, (3.17)

where A" and B" are certain functions which depend only on the variable (xh). Furthermore, we can

easily show that A” and B" are the components of a (1, 1)—tensor field and a contravariant vector field
on M, respectively.

Proposition 8. If we put
0

B=B'"—,
ox"
then we get Lgg;j = 2(n — 3)R;; on M .
Proof. Substituting (3.17) and (3.9) into the equation (iii) in (3.16) we have
VlB]+V]B,+2(3—n)R,J:0 (318)

and
V' (Ryiaj + Ryjai + &5aRij — &5jRia + 8saRji — &siRja) + ViAyj + VA =0 (3.19)

where B; = g;,,B" and A; = g;,;A". Hence by (3.18), it follows
LBgij = 2(11 - 3)R1J
o
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Substituting (3.17) into the equation (i) in (3.16), we have
E; (Vh) 8nj t (Vj"h) gni = 2pgij
= 6; (ycA? + Bh) 8nj + (Vjvh) &hi = ngij
= A?ghj + (Vjvh) 8hi = 2p8ij
= gnAl =208 - gu (V") (3.20)

Let V be a linear connection on M. A vector field V on M is said to be a projective vector field if
there exists a 1-form 6 such that

(LyV)(X, Y) = 6X)Y + 6(Y)X

for any vector fields X and Y on M. In this case 6 is called the associated 1-form of V. It can locally be
expressed in the following form
LyI'l; = 68" + 0,01

Proposition 9. The vector field V with components (vh) is a projective vector field (infinitesmal
projective transformation) on M with respect to the Levi-Civita connection V, if

26)Ri; — Riad" — R;u6] = 0.
Proof. Applying the covariant derivative V, to the both sides of (3.20), we obtain
V|20 — & (V)] (321)
= 2(Vip) 8ij — ghinVth
= 2018ij — 8ni (Lvrk? - Rakhjva)
VkAij = zpkgij - Lvrk?ghi - Rakijva-

gn VAl

Substituting (3.21) into (3.19), we have
V! (Ryiaj + Ryjai + &saRij — &5jRia + 8saRji — &siRja) + ViAyj + VA =0

Va(Rsiaj + stai + gsuRij - gszia + gsaRji - gsiRja)

h a a = 0
+2pigsj - LVri; 8hs — Raisjv + 2pjgsi - LVFjihghs - Rajsiv

=’ (ng,‘j — &sjRia + 8saRji — gsiRja) +2 (PigSj + pjgsi) = 2LVrijhghS
1
= LT, = pid +p;ol + 7 (26%R;; — Riud’ — Rju0})

where p; = V,p. Hence, V is a projective vector field on M with respect to the Levi-Civita connection
V. O

Theorem 10. Let V = V'E;, + VEEE be a vector field on (TM.,C g) with respect to the adapted frame
{Eﬂ}. Then (“g,V, A) is a Ricci soliton on T M if and only if the following conditions are satisfied:

i) A on TM depends only the variables (x).

it) The vector field V with the components (V") is an infinitesimal projective transformation on M.
iii) V' = y*Al + B".

iv)Ajj=2pgij— Vvi.v) Lpgij = 2(n — 3)R;;.
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Proof. The Propositions 7-9 and the facts that have already been shown complete the proof of
Theorem. o

3.4. Gradient Ricci soliton structures on (TM.,C g)

A Ricci soliton (g, V, 2) is called a gradient Ricci soliton if V = V f. Here the smooth function f is
called the potential function and the Eq (3.12) assumes the form:

Hessf + Ric = Ag, (3.22)

where V£ is the gradient of f and Hess denotes the Hessian. We denote as usually the Hessian (with
respect to the connection V) of any function f on M, by

(Hessyf)(X,Y) = XY f = (VxY)f,

for any vector fields X and Y on M.

Lemma 1. Let f be a smooth function on a Riemannian manifold (M, g). Then, the Hessian of its
vertical lift is expressed by with respect to the ROSMC V on (TM.C g):

Hessz "f(Ix y)y = HX"yVi—(Vax 7)Y
Hesss " f(E,, E)) EE'f-(VgE)f
= ;- yTLop©; —y'T, .0)f
—[CLEL + R + yiR! = Y'RDE;] f
= (8- y'TLop©@,f) - T10n — y'Tiyom)f
= 0,0,f —Tl0nf
= V.V,f. (3.23)
Hesss " f("X,)VY) = VX'YVf- (Vv "D)f.
Hessy "f(EE;) = EE'f-(VgE)'f
= 0. (3.24)
Hessz VX, Y) = HXVYVf—(Vuy "'V
Hessy "f(E E;) = EEf-(VgE)'f
= —(TLE, + Fl’?;EE)V f
= 0. (3.25)
Hesss 'f'XY) = VXHYVE— (Vo 1) f.
Hessy "f(ELE) = EE"f-(NeE)'f
= 0(0; -y Thop" f
= 0;0;f
0. (3.26)

Now, we focus the gradient Ricci soliton.
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Theorem 11. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped
with the complete lift metric ©g. For any smooth function f on M, the triple (“g,” V," f) is a gradient
Ricci soliton on T M with respect to the ROSMC V if and only if the Ricci tensor is equal to its Hessian

metric obtained by means of the Levi-Civita connection and n # 3.

Proof. Taking into accounts (3.23)—(3.26) and (3.9) in the Eq (3.22), it can be writen
Viij = (l’l - 3)Rl]

This completes the proof. O

3.5. Locally conformally flatness

In this section, we investigate the local conformal flatness property of (TM.C g) with respect to the
RQSMC V.

Theorem 12. Let (M, g) be a pseudo-Riemannian manifold and T M be its tangent bundle equipped
with the complete lift metric Cﬁ. Then TM is locally conformally flat with respect to the Ricci quarter-
symmetric metric connection V if and only if M is locally flat.

Proof. Here, we prove the only necessary conditions of the theorem because the sufficient condition
directly follows. Let V be the RQSMC on the tangent bundle (T M., g). The tangent bundle (TM.© g)
is locally conformally flat with respect to the RQSMC V if and only if the components of the curvature
(0, 4)—tensor R of T M satisfy the following relation:

5 7
R, = - c o C e N C
e 22n - 1)(n - 1){ ot 8 = 80 0]
1 — — _
+2(n -1 ( &mkKap gaﬂK B +€ 8apKyu € gyﬁKa#)'
From (3.9) we find
3 n
R = D (g nRik =8 ijlh)- (3.27)
R; 3 " (suRji — guR ) (3.28)
l]kh 2(1’1 _ 1) 8ik jh — 8in jk )« .
— 3 -
Rz R Ri). 3.29
T 2n- 1)(g" n = &cRin) (3.29)
- 3—-n
Rijk/? ﬁ (g]h ik — glhR]k)' (3.30)
On the other hand, by using I_Qwﬁg = gﬂR(wﬂ we find
I_ezjkh = Rijun — gjuRin + g jnRix. (3.31)
Et]kh = Rijun + iR jn — ginR jx.- (3.32)
Rijin = Rijin (3.33)
Ft]kh = Rijkh' (334)

AIMS Mathematics Volume 8, Issue 8, 17335-17353.



17350

In this case, by means of (3.27) and (3.31), we get

5-3n
2(n-1)

(gthik - gijih) = Rijin-

Similarly by means of (3.28) and (3.32), we get
5-3n

2= 1) (gikth - ghiRjk) = Rijin (3.35)
and by means of (3.29) and (3.33), we get
3—-n
=1 (gikR h—& ijih) = Rijin
and by means of (3.30) and (3.34), we get
3—-n
20-1) (gthik - gihRjk) = Rijin-
Changing (3.35) by g™, we obtain
3n-17
(—2 )R = 0. (3.36)

Thus, by (3.36), we obtain R j; = 0, then it follows from (3.35) R;jx, = 0. This completes the proof. O
4. Conclusions

In this paper, we consider a tangent bundle over a Riemannian manifold (M, g) admitting a Ricci
quarter-symmetric metric connection with torsion tensor 7(X,Y) = ¢(Y)LX — ¢(X)LY, where ¢ is a
non-zero 1—form, L is the (1, 1) Ricci tensor defined by g(LX, Y) = R(X, Y) and R is the Ricci tensor of
(M, g). We obtain the form of the Ricci quarter-symmetric metric connection by using the Levi-Civita
connection of the complete lift metric “g. We show that the Ricci quarter-symmetric metric connection
with respect to the complete lift metric €g is also a Ricci quarter-symmetric metric connection with
respect to the metric I + I1 which is another well-known classical pseudo-Riemannian metric on the
tangent bundle. We compute the all forms of the curvature tensor of this connection and present its
curvature properties. Also, we give the conditions for the tangent bundle to be semi-symmetric and
Z semi-symmetric with respect to the Ricci quarter-symmetric metric connection. Ricci flow was
introduced by Hamilton in 1982. It turned out to be a very powerful tool in Riemannian geometry
and is now intensively studied. Important objects of this study are solitons. Ricci solitons generate
self-similar solutions to the Ricci flow; in fact, a great deal of their relevance lies in their occurrence
as models for the asymptotic profile of singularities developed under the Ricci flow. We present the
necessary and sufficient conditions for the tangent bundle to become a Ricci soliton and a gradient Ricci
soliton with respect to the Ricci quarter-symmetric metric connection. Finally, we close this paper
with the locally conformally flatness property of the tangent bundle with respect to this connection.
Furthermore, the research on singularity theory and submanifold theory, etc. as evidenced by recent
papers [3-32], provides a promising foundation for advancing the field with the results and theorems.
Future research can build upon the ideas presented in these papers [3—32] to push the boundaries of
our understanding even further.
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