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THE CURVATURES OF R-QUADRATIC FINSLER METRICS
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ABSTRACT. This paper presents a study of R-quadratic Finsler spaces and a new class of
Finsler metrics called D-metrics. The non-Riemannian curvatures of R-quadratic Finsler
spaces and their special case, the R-quadratic generalized (a, 8)-metrics, are analyzed
to gain insights into their behavior. The paper then introduces the D-metrics, which
are shown to be a proper subset of the class of GDW-metrics and contain the class of
Douglas metrics. This paper contributes to the understanding of R-quadratic Finsler
spaces and their properties, and presents a novel class of Finsler metrics with potential
applications in the field. MSC(2010): 53B40; 53C60

Keywords: R-quadratic Finsler metrics, S-curvature, D-metrics, Z-curvature, General-
ized (o, B)-metrics.

1. Introduction

Finsler geometry contains several intriguing curvatures, and the Riemann curvature is
one of the most important among them. In a Finsler space (M, F'), the Riemann curvature
is a family of linear transformations Ry : T, M — T, M, where y € T, M, that measures
the failure of parallel transport to return to its original position in the tangent space T'M.
For a Finsler space (M, F'), the Riemann curvature is a family of linear transformations

R, : T,M — T, M,

where y € T, M, with homogeneity Ry, = A’R,;, VA > 0. A Finsler metric (M, F) is called
R-quadratic if its Riemann curvature R, is quadratic in y € T, M. R-quadratic Finsler
spaces form a rich class of Finsler spaces.

Numerous R-quadratic Finsler metrics exist that are non-Riemannian. It is evident that
all Berwald metrics belong to this category. The Berwald curvature for Finsler metrics
was initially explored by L. Berwald, who demonstrated that the third-order derivatives
of spray coefficients give rise to an invariant known as the Douglas curvature [17]. A
Finsler metric (M, F) is called Berwald metric if its Geodesic coefficients are quadratic in
y € T, M for any © € M or equivalently the Berwald curvature vanishes. Put

Ljy = _%gimymlekly
as a Landsberg curvature of Finsler metric F'. A Finsler metric is called landsberg metric
if its Landsberg curvature vanishes. One of the main open problems in Finsler geometry
is the so-called Landsberg Unicorn problem, that is to say, to find a Finsler metric which
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is Landsberg but not Berwald.

Taking a trace of Berwald curvature give us the mean Berwald curvature. A Finsler metric
is called weak Berwald (or WB) if the mean Berwald curvature vanishes.

The class of R-quadratic Finsler metrics was introduced by Z. Shen and could be considered
as a generalization of Berwald metrics. In [15], it is also proved that every R-quadratic
Finsler metric is a generalized Douglas-Weyl metric or GDW-metrics. Finsler geome-
try encompasses numerous well-known projective invariants, one of which is the class of
G DW -metrics.

This article focuses on the study of R-quadratic Finsler metrics. Apart from the Rie-
mann curvature, Finsler geometry encompasses several other non-Riemannian quantities,
including the S-curvature, F-curvature, H-curvature, and Douglas curvature, which van-
ish in Riemannian metrics. Investigating these non-Riemannian curvatures of R-quadratic
Finsler metrics would be intriguing to determine the extent of this class of Finsler metrics.
The present paper examines these curvatures of R-quadratic Finsler metrics.

A new class of Finsler metrics, named D-metrics, is introduced in this study, based on
the Douglas curvature of these metrics. This class includes all the Douglas metrics and
is demonstrated to be a proper subset of the GDW-metrics. The paper also examines
the properties of this crucial class of Finsler metrics. Furthermore, some noteworthy and
non-trivial D-metrics are presented in the following.

Ezample 1.1. [3] Put
Q= {(z,y,2) e R*|2* + > <1}, p=(2,4,2) €Q, y=(u,v,w) € TQ.
Define the Randers metric F' = a + 8 by

V(=yu+ zv)? + (u? + 02 + w?)(1 — 22 — y?) —yu + v
= 2 _ .2 , B= 2 _ 2"
-y -y
The above Randers metric has vanishing flag curvature K = 0 and S-curvature S = 0.
is not closed then F' is not of Douglas type. According to Corollary 3.7, one see that F' is
a non-trivial D-metric.

1—=x 1—=x

The following example presents a D-metric which is not of Douglas type, too.

FEzample 1.2. Consider the following Randers metric defined nearby the origin
o VP = (2QPP— <y,2Q >%)  <y,2Q >

1—[zQ? 1—[zQ?’
%

where @) = (q j> is an anti-symmetric matrix. R’ = 0 for F but it is not a Berwald

metric when Q # 0. [ is not closed and then F' is not Douglas metric. On the other
hands, as stated in [12], for this metric we have e;; = 0 which by Lemma 3.1 in [8] one
finds that S = 0. Then Djik”mym = jik”mym = jiml.k = 0 which shows that F' is a

D-metric.

It is clear that every D-metric is a GDW-metric. In the following, an example is
presented that shows the class of D-metrics is a proper subset of the class of GDW-
metrics. Then one could see that

{Douglas metrics} S {D —metrics} S {GDW — metrics}
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It is evident that there is no overlap between the non-trivial D-metrics and the D-recurrent
metrics discussed in [2].

Ezample 1.3. [4] The family of Randers metrics on S® constructed by Bao-Shen are weakly
Berwald which are not Berwaldian. Denote generic tangent vectors on S* as

0 n 0 n 0
U— +v—+2—.
Oz dy 0z
The Finsler function for Bao-Shen’s Randers space is given by
F(x7 y? z; u’ v? w) - a(aj7 y7 Z; u7 U? w) —"_ ﬁ(l.? y7 Z; u? U’ w>7

with

VA(eu — zv + yw)? + (zu + cv — 2w)? + (—yu + 2v + cw)?
L+ 22 +y? 4 22
VA= 1(cu — 2v + yw)
p= 1+ 22+ y2+ 22
where A > 1 is a real constant. The above Randers metric has vanishing S-curvature and
with positive constant flag curvature 1. Then one has

Dy ttjm = D" kmit = Bi"kijm — Bj'kmiit = Bj'tmk = 2(Cjrad"m — Cjgmd"1) # 0,

Then Djikuo = 2C;iy", it was observed that F' satisfies the conditions of being a GDW-
metric, but does not meet the criteria to be considered a D-metric.

o =

)

)

There exist several compelling classes of Finsler metrics that are subsets of the GDW -
metrics, such as Berwald metrics, R-quadratic Finsler metrics, Douglas and D-metrics.
In this paper, we introduce and study a new class of Finsler metrics called D-metrics,
which contains the class of Douglas metrics and is a proper subset of the class of GDW
metrics. Our study of these metrics is motivated by their potential applications in the
field of Finsler geometry. We first consider R-quadratic Finsler spaces, then focus on the
special case of R-quadratic generalized (a, )-metrics, which have been used in a variety
of applications such as in physics and biology.

To better understand the properties of these metrics, we explore their non-Riemannian cur-
vatures. Our study provides insights into the behavior of these curvatures for R-quadratic
Finsler spaces and the R-quadratic generalized («, §)-metrics. Overall, this paper con-
tributes to the understanding of R-quadratic Finsler spaces and their properties, as well
as introducing and studying a novel class of Finsler metrics, referred to as D-metrics.

Throughout this paper, the symbols ” 7 and ”|” denote the vertical and horizontal deriva-
tives with respect to Berwald connection, while the symbol 73" is used to represent the
horizontal covariant derivative along Finsler geodesic of F', which is denoted by |,,y™.

2. Preliminaries

A Finsler metric on a manifold M is a non-negative function F' on T'M having the
following properties
(a) Fis C*® on TM\ {0};
(b) F(A\y) = AF(y), VA >0, y € TM;
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(c) for each y € T, M, the following quadratic form g, on T, M is positive definite,

(2.1) gy (u,v) := % Fz(y+8u+tv)}

At each point € M, F, := F|r,u is an Euclidean norm if and only if g, is independent
of y € T, M\ {0}. (e, )-metrics are the well-known examples of Finsler metrics. In the
study of Finsler geometry, we often encounter complicated calculations. Then, some special
classes of Finsler metrics such as («, §)-metrics and in special case, Randers metrics, are
notable spaces to study the problems in Finsler geometry. It is natural to wonder if the
result of this study can be extended to the arbitrary Finsler spaces.

The («, 8)-metrics are of the form F = ap(s), where ¢ is a C positive function and

, w,v € T, M.
s,t=0

5= g A new class of Finsler metrics, called general («, )-metrics was introduced in [22].
It is given by F = ap(b?, s), where ¢ is C°° positive function and b% := ||3||2. This class
of Finsler metrics not only generalize («, 5)-metrics in a natural way, but also includes
spherically symmetric Finsler metrics [16]. In [22], it is proved that a general («, §)-metric
F = ap(b?, 5) satisfies
©—5ps >0, ©—50s+ (b*—5%)pss >0, for n>3,
or
@ — sps + (b? — 52)pss > 0, for n=2,

where s and b are arbitrary numbers with |s| < b < by. Here ¢, denotes the differentiation
of ¢ with respect to s. Let

1 1

Tij = §(bi|j + bjii), Sij = §(bi|j —bjii),

Ty = bmrm]‘, S5 = bmsmj,
where b;); denote the covariant derivatives of b; with respect to a.
To measure the non-Euclidean feature of F}, define C, : T, M x T, M x T, M — R by

1d
(2.2) Cy(u,v,w) := T [gyﬂw(u,v)} ’ , u,v,w € Tp M.
The family C := {Cy},eran oy is called the Cartan torsion. A curve c = c(t) is called a
geodesic if it satisfies

d?c i
(2.3) el +2G'(c,¢) =0,
where ¢ = % and G'(x,y) are local functions on TM given by
: 1, O*F? OF?
2.4 : = —g" k_ T, M.
(2.4) G'(z,y) = 19 (%y){axkay,y 5T YE

and called the coefficients of the associated spray to (M, F). The projection of an integral
curve of G* is called a geodesic in M. F is called a Berwald metric if G*(x, y) are quadratic
iny e T, M for all xt € M. For y € T, My, define
By : T, M x T, M x T, M — T, M
e

By(u,v,w) = Bjiklujvkw -

ox*
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i _ _ 903Gt
where B] kl — W Put
Ey,: T,M xT,M — R
ik
Ey(u,v) = Ejpu/v”,
o _1pm _ .10 _ i 0 _ .0 0
where Ej, = 5B gm, u = u'g7, v = v'57 and w = w'y7;. B and E are called the

Berwald curvature and mean Berwald curvature, respectively and F' is called a Berwald
metric and Weakly Berwald (WB) metric if B = 0 and E = 0, respectively [18]. A Finsler
metric (M, F) is called to have isotropic mean Berwald curvature if

n+1

Eij = CF_lh,‘j,

for some scalar function ¢ = ¢(x) on M, where h;; is the angular metric. By means of
FE-curvature, we can define E-curvature as follows

Ey:TxMXTxMXTxMHR
Ey(u,v,w) 1= Ejp(y)u'viw® = Eij‘kuivjwk.

It is remarkable that, Eijk is not totally symmetric in all three of its indices.
The S-curvature S(z,y) was introduced as follows [1]

S(a,9) = (0, Do,

where 7(z,y) is the distortion of the metric F' and ~(t) is the geodesic with v(0) = = and

~'(0) =y on M. It is considerable that [17]
1
(2.5) Ei; = 55.1‘4‘7

where .7 denotes the differential with respect to y'. The non-Riemannian quantity =-
curvature is denoted by Z = Z;dz? and is defined as [18]

(2.6) Zj =S jimy" —9);
The Finsler metric F' is said to have almost vanishing =-curvature if

6
)

where 6 is a 1-form on M and n = dimM. The H-curvature was introduced by Akbar-
Zadeh which is closely related to the S-curvature [1]. The H-curvature is defined as

Hy:T,M x T,M — R

(2.7) E = —(n+1)F*(

Hy(u,v) = ijujvk,

where
1. -
(2.8) H;; = Z(:i'j + ‘:‘j.i)a
u = ut 821' and v = v’ 82"' One says that F' has almost vanishing H-curvature if

n+1
Hij = ——0F;.
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Let 5
, , 1 0 oG™ .
D'y = By — . 9.
g Kl TR 1 Oyi oy oy ( oy™ v)

It is easy to verify that D := D;%yda’ ® dz* @ da' ® 8?;2‘ is a well-defined tensor on slit
tangent space T'My. We call D the Douglas tensor. The Douglas tensor D is a non-
Riemannian projective invariant, namely, if two Finsler metrics F' and F' are projectively
equivalent,

G' = Gi + Py,
where P = P(xz,y) is positively y-homogeneous of degree one, then the Douglas tensor of
F' is same as that of F' [7], [L7]. One could easily show that
) . 2 . . ) .
(29) D]’lkl = szkl — m{E]kélZ + Ejlélzg + Ekl(S; + Ejk;.lyz}.

Douglas curvature, Dji k1, is a projective invariant constructed from the Berwald curvature.
Finsler metrics with D;";; = 0 are called Douglas metrics. The metrics with the following
condition are called GDW -metric which are projective invariant.

Dy imy™ = Tinay'",
for some tensors Tjy;.
To follow, we will be presenting an innovative category of Finsler metrics known as D-

metrics. These incorporate all Douglas metrics and are proven to be a proper subset of
G DW -metrics.

2.1. D-metrics. A Finsler metric is called D-metric if Djiklm = 0, where

(2.10) Djiklm = jikl|m - Djikm|l'

It is evident that this category of metrics encompasses all Douglas metrics. Nonetheless,
as evidenced by the examples provided in the preceding section, there exist numerous
D-metrics that do not fall under the category of Douglas-type metrics (non-trivial D-
metrics).

3. R-quadratic Finsler metrics

This section delves into the examination of non-Riemannian curvatures for R-quadratic
Finsler metrics. While some studies have explored these curvatures for specific metrics,
such as Randers metrics ([12], [19], [20], [21] and etc.), this section aims to generalize the
previous findings. Additionally, we introduce and study a new class of Finsler metrics,
known as D-metrics.

3.1. E-curvature of R-quadratic Finsler metrics. The E-curvature of R-quadratic
Finsler metrics has been the subject of previous research, with notable contributions from
[20]. Specifically, they demonstrated that R-quadratic Finsler metrics with Douglas cur-
vature satisfying Djikuo = 0 have an E-curvature that satisfies Fj;; = 0. Building on this
work, we have extended the understanding of the F-curvature of R-quadratic Finsler met-
rics by examining its behavior in a broader range of circumstances. Through our analysis,
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we have identified the following proposition and contribute to a deeper understanding of
the behavior of R-quadratic Finsler metrics and their E-curvature.

Proposition 3.1. The E-curvature of R-quadratic Finsler metrics satisfies
(3.1) Ein=Ejks  Ejrjo = —Ejrpr-

Proof. The curvature form of Berwald connection is as follows
. . 1 .

(3.2) Q; = dw; — wé? ANwy, = §R;klwk Awl— B}klwk AWt
For Berwald connection we have
(3.3) dgij — gk — gy = —2L;j0" + 2C; 0™,
where Lijx, := Cyjpmy™ is the Landsberg curvature. By differentiating (3.3) one gets
(3.4) gpjﬂf + gpiij = _2Lijk|lwk Awl — 2Lijk,lwk A w™H

_2Cijk|lwk AN Wt — QCijk.lwn+k VAN Wt — 2Ciijklyl.
Differentiating (3.2) yields that
(3.5) dQ; + ij A wik — wkj A sz = 0.
Now we have
(3.6) dBj'ki—Bm'kw™ ;= Bj'muw™ k= B} kmw™ 14 B 1w’ m = Bj' g™ + Bj kmw™ ™,
and
(3.7) deikl—Rmiklwmj—Rjimlwmk—Rjikmwml-Fijklwim = Rjik”mwm—i-Rjikl.mwner.

Noting (3.4), (3.5), (3.6) and (3.7) one finds that

(3.8) Bj' kijm — By mit = Rj mik-
Now assume that F' is of R-quadratic type. Then based on (3.8) we get
(3.9) B} kijm — Bj' mip = 0.

By contracting the equation above by y™ and referencing (2.9), we find
A 2 A , . .
(3.10) Dy o + m{Ejk\OdlZ + Ej1100k + Eriod; + Ejrjoy'} = 0.

We knows that every R-quadratic Finsler metric is of GDW type. Then there is a tensor
Tjrr on T'M such that D'y 0 = Tjry'. When inserted into equation (3.10), it is shown
that

. . 2 ,
(3.11) Eiko =0, and Dj'yjo=Tiuy" = _mEjkl\OyZ-
One could easily find that

(3.12) Djikl = — Ejklyi + djikl,

n+1
where djik”() = 0. Then according to (2.9) one gets

. A 9 A . .
(3.13) djlkl = szkl — m{EjkélZ + EklcS; + Eﬂé}c}.



38 NASRIN SADEGHZADEH AND NAJMEH SAJJADI MOGHADAM

On the other hand we have the following Ricci identity for E-curvature
(3.14) Ejitim = Ejkimi = EpkBi¥mi + EjpBrPmi,

which its contracting by y"* yields

m
Eitimiy™ — Ejgyo = 0.

Since Ejro = 0 then one could easily find that Ejzj0 = Ejgmiy™ = —FEjg, in other
words,
(3.15) Eiri = Ejr = Eryj» Eirjo = —Eji-

This completes the proof. [J

The corollary, easily derived from the equations (3.12) and (3.15), is a result presented as
the main theorem in [20].

Corollary 3.2. [20] For every R-quadratic Finsler metric with Douglas curvature D]-ikl‘o =
0, the E-curvature satisfies F;; = 0.

3.2. S-curvature of R-quadratic Finsler metrics. Previous research has shown that
R-quadratic Randers metrics have a constant S-curvature, as demonstrated by Li and Shen
[12]. Building on this work, we extend the study of S-curvature to arbitrary R-quadratic
Finsler metrics. Our analysis reveals new insights into the behavior of S-curvature in
R-quadratic Finsler metrics. Specifically, we identify

Theorem 3.3. The S-curvature of a R-quadratic Finsler metric (M, F') satisfies
(3.16) Sika — Sk = fi(z),
where fi;(z) is a scalar function on M with fix(z) = — fr(x).

Proof. In the previous section, it has been proved that the E-curvature of R-quadratic
Finsler metric F' satisfies

In other words, based on (2.5), we have
(3.18)
oS oS oE OF
Sk = (W_ l?cﬂaiyr).l.j =2( axi —N;;Tyi—Erlrgk—Eerfk)—S.rBjrkl = 2Ej1x—5+B;j" ki,
where ng = % and N/ = % are called the connection coefficients and Christoffel

symbols of G, respectively. Based on (3.17) and the above equation one gets
0= 5%t = ks = (Siks — k) 4-
Then one easily concludes (3.16). O.

In [21], it is proven that the E-curvature of general («, 5)-metrics satisfying equation

a i

L= (a8, — y'ye), by = c()ag,
always vanishes. Furthermore, the subsequent corollary determines the exact value of the
=Z-curvature for all Finsler metrics of R-quadratic form.
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Corollary 3.4. The E-curvature of every R-quadratic Finsler metric is given by
where fj, is a scalar function on M with fjn,(2) = — fmj(x).

Proof. 1t is concluded by (2.6) and the above theorem.

3.3. Douglas Curvature of R-quadratic Finsler metrics. It has been established
that every R-quadratic Finsler metric is a member of the larger class of Generalized Dou-
glas Weyl (GDW )-metrics, as demonstrated in prior research by authors including [19].
This relationship is important in the study of Finsler geometry, as the class of GDW-
metrics includes both Douglas and Weyl metrics, which are two important subclasses of
Finsler metrics. Based on (3.8) and (3.15), the following equation would be satisfied for
Douglas curvature of R-quadratic Finsler metrics.

2

(3.19) Dy ktjm — Dy kmp = ot

[Ejtm0i — Eji0m + (Ejktjm — Ejrm)y']-
One could easily find that
. 2 4
Dy’ 1o = mEijOyza
which means that F' is of GDW -metric. B
The equation (3.19) guides the creation of a novel group of Finsler metrics known as D-

metrics, as discussed in earlier sections. It is evident that each Douglas metric falls under
the category of D-metrics. The proposition following from equation (3.19) is as follows.

Proposition 3.5. Let F be a R-quadratic Finsler metric. Then it is D-metric if and only
if B =0.
Jkll

Proposition 3.6. Let F' be a GDW-metric. If F' is of isotropic S-curvature Then it is
D-metric if and only if

(Ljkr + cFCj)jo = 0.

Proof. Given that F' possesses isotropic S-curvature and taking into account equation
(2.5), it follows that E;, = ”T‘HCF k- As observed in equation (2.9), one can conclude

(320) Djikl = Bjikl — C(F}]€5lz + Fjlélic + Fkl(s; + ijlyi),
Assume that
Bj'wjo = Bj'kt + bjray’s

for some tensors Bjikl and bjz;. Contracting the above equation by y; yields

1 m
(3.21) bim = =gz (2Ljkajo + YmBi " wa).

As assumed, the metric F is considered to be a GDW |, indicating the presence of a tensor
Ty such that D;'0 = Tjry'; subsequently, inserting this information along with (3.21)
into (3.20) results in

. 9 .
(3.22) Dj'yajo = (0w — cpFijr — eLiw)y's
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and

(3.23) Bi' = cjo(Fjidi + Fi6y + Frub}).

Above, we have incorporated the following equations in our analysis
Fiktym = Fikyma — FjrBr"tm — Frie B im

and —2Ljg = gjk = FFjjg; which conclude

Fiko=0, and Fjo= 5Ljk-

F
Utilizing the equation (3.21) inside (3.22) while referencing (3.23) allows for the discovery
that

. 2 .
(3.24) Dy o = (Ljkt + cFCjr)oy"s

2
thereby establishing the validity of the Theorem.[]
According to the Theorem stated above, it is evident that a GDW metric with almost
isotropic S-curvature cannot be classified as a D-metric when (Ljki + cF Cjkl)|0 # 0. By
referencing (3.19), it becomes clear that

Corollary 3.7. Every non-Berwald R-quadratic Finsler metric with vanishing S-curvature
is a non-trivial D-metric.

According to Theorem 1-1 from the reference [19], any regular R-quadratic non-Randers
(v, B)-metric with zero S-curvature is classified as a Berwald metric. Then every metric
conforming to the conditions outlined in the corollary above, is considered as a Randers
metric. The non-trivial D-metrics presented in the previous sections.

4. R-quadratic general («, )-metrics

The objective of this section is to investigate R-quadratic general («a, §)-metrics, where
B is a closed and conformal 1-form, and « possesses a constant sectional curvature. This
entails that « and 8 must adhere to the following criteria

(4.1) aR}; = M(Oé25/ic - yiyk:% bz'|j = C(ﬂf)aip

where “R! denotes the Riemann curvature of the Riemannian metric o and p is the Ricci
constant.

Lemma 4.1. The E-curvature of every R-quadratic general (o, )-metric satisfying (4.1),
vanishes.

Proof. The E-curvature of these general («, §)-metrics is calculated in [21] as follows
_ K
Sk = — 5 (abe — syx),
and 5 "
Epi = —%(abk — syi)(aby — syi) — g(u + %ykyl - Sakl>a

where k is given as
(4.2) k= (n+1)(Ry)s + 3(b* — s*)(R2)s + 2(n + 1)R3,
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and R, Ro and Rj is given in [21], (R1)s = 6521, (R2)s = % and kg = %. Observing
corollary (3.4), one easily finds that Z;; = fr(x) where Zx; = —Z; which considering
the above equation yields

— — 2
ki — Sk = 2fn(x) = _37a"<5<bkyl — byi).

The right half of the above equation contains only the coefficients for y; and ¥, whereas
a scalar function stands alone on the left side. Then one finds that s, fx;(z) and then Z
vanish. [J

Corollary 4.2. For the S-curvature of R-quadratic general (a, 3)-metric satisfying (4.1),
we have

(4.3) Sik.t = S|k
Proof. Based on the above lemma and (3.16), Instantly, one finds (4.3).00

Theorem 4.3. For the Riemann curvature of R-quadratic general («, 8)-metrics satisfying
(4.1), one has

(4.4) IRy =0,
Moreover, its Riemann curvature is given by
Rj, = K(r)& kv,
where &'k 1= &l rq(®) = (bPape — bypby)dl, — (b apg — bpby)d} + (brapg — bparg)b'.

Proof. Suppose F represents an R-quadratic Finsler metric. By employing equation (10-
11) from reference [17], given as

1
Liktjm = Ljgmi = _§prkplm.j,
the following expression can be derived easily,

Liktim = Ljkmi-

Contracting the above equation by ¢/ yields that Jijm = Ik and then

Furthermore, the association between Z-curvature and mean Landsberg curvature in a
specific Finsler metric (M, F) is detailed below [9]

_ 1
B = —§(2Rmk_m + R k) = Jijo + I R™

As per the preceding lemma and reference to (4.5), one can determine that I,, R = 0,
effectively demonstrating the first component of the Theorem.

To establish the second part of the Theorem, it is important to recognize the calculated
Riemann curvature of general («, 5) in accordance with condition (4.1) as outlined in [21]

(4.6) R\ = Rl(a26ik — ykyi) + aRa(aby, — syk)bi + R3(aby — syk)yi,

where
Ry = p(1 +s0) + 0% — 25U — U, 4 2x(1 + s¥ + uly)],

Ry = —p(2x — sxs) + A[2(2¥2 — sW2,) — Xas + 2X(2X — 5Xs) + (2XXss — X3)],
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Ry = —p(20—sU ) +2[2(20 )2 — s p2 ) — U — U 42y (T — 5T +ul o) — x5 (1+sT+ul,),
with

pss — 2(pp2 — 50p25) s+ 2502 X 2 2 2 .2
X = , =" — Zsp+ (b° = 8%)ps], u=10"—s"
2(p — sps) + (0 — 52)pss 2¢ 290[ ( is
Here, o2 = %, 0 = g—f, Op2g = % and Qg5 = g%f. The mean Cartan torsion of the
general (a, ) is given by
1 s
47 Iy = —A(bp — Sup),
(4.7) RE (b ayk)

s £ b2_ 2 555_3 ss
vx;lhere A=3((n+ 1)% —(n—2) ;fws + ;ﬂzsﬁbgisg‘ji”). Based on (4.4) one could find
that

QA (R + (0 = %) Ro) (b — ~ye) = o (B + (8 = s%) Ra) I = 0.
Then for the non-Riemannian metrics, one has
(4.8) Ry + (b —s*)Ry = 0.
However, lemma (4.1) and equation (4.2) both result in the conclusion that

(n+1)(R1)s + 3(b% — s2)(Ra)s + 2(n+ 1)R3 = 0.
According to the aforementioned two equations, we can see that
n—2

2(n+1)
Given that F',,RP;, = 0, we can deduce that (oz,pgo + ps(bp — gyp))RPk = 0. The equations

(4.4) and (4.7) further show that o ,RP), = 0. This implies a*(Rs + sRz)(br — 2yi) = 0,
subsequently

(4.10) R3 + sRy = 0.

Upon deducing from equations (4.9) and (4.10) that (R2)s = 0, it follows that Ry = x(r)
and one can conclude

(4.11) Ri = —(b® — s*)k(r), Rz = —sk(r),
which by incorporating (4.6), the final result is determined [J

(4.9) Ry = —sRy + (b? = 5%)(Ry)s.
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