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On Locally Projectively Flat Finsler Space of
a Special Exponential Metric with Constant
Flag Curvature
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Abstract. From the point of view of Hilbert’s fourth problem,
Finsler metrics on an open subset of R™ with positive geodesics
that are straight lines are known as locally projectively flat Finsler
metrics. In this article, we have studied such projectively flat
(e, B)-metrics in the form of the special exponential Finsler met-
ric, where « is a Riemannian metric and ( is a differential 1-form.
We found that the special exponential metric is locally projec-
tively flat if and only if « is locally projectively flat and ( is
parallel with respect to a. Furthermore, we obtained the flag
curvature and proved that the special exponential metric is lo-
cally Minkowskian.
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Introduction

The investigation of the geometric characteristics of locally projectively flat
Finsler manifolds is one of the key issues in Finsler geometry. Locally projec-
tively flat metrics have a scalar flag curvature, which means that it depends
only on the tangent vectors themselves and not on the tangent planes in
which they are included.

The fourth problem of Hilbert characterizes the (not always reversible)
distance functions on an open subset of R™ such that geodesics are straight
lines. Projectively flat Finsler metrics are obtained from distance functions
with regular straight geodesics. In Riemannian geometry, Beltrami stated
that a Riemannian metric is projectively flat if and only if it has constant
sectional curvature. The position with Finsler metrics, on the other hand,
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is far more complicated. The flag curvature in Finsler geometry is a natural
generalization of the sectional curvature in the Riemannian case. Locally
projectively flat Finsler metrics must be of scalar flag curvature; that is,
the flag curvature is a scalar function on the tangent bundle, which may or
may not be constant as in the Riemannian case [6]. Finsler metrics that are
locally projectively flat are a unique class of Finsler metrics. This metric
class has yet to be classified. However, some progress has been made in
recent years ( [10,21]) despite some constraints on Finsler metrics.

To find examples of projectively flat Finsler metrics, we consider («, f)-
metrics. An («, )-metric is defined by L = a¢(s), s = B/a, where ¢ = ¢(s)
is a O positive scalar function on (—by, by) satisfying ¢(s) — s¢ (s) + (b* —
s2)¢"(s) > 0 for |s| < b < by, a = \/a;j(z)y'yd is a Riemannian metric,
and 8 = b;(x)y’ is a 1-form with ||5,]| < by, * € M on a manifold M.
The simplest example of the (o, §)-metric is the Randers metric L = a + f.
In [13], it is proved that a Randers metric on a manifold is locally projectively
flat if and only if « is projectively flat and S is closed. Another important
example of the (a, 8)-metric is the Berwald metric L = (a + 3)*/a on a
manifold. In [15], Shen and Yildrium proved that the Berwald metric is
projectively flat if and only if the following conditions hold:

(1) biy = 7{(1 + 2b*) — 3b;b;},

(2) the spray coefficients G¢, = y* — 7a?V’,

where b = ||8;||a, bi;; denote the covariant derivatives of 5 with respect to a,
7 = 7(x) is a scalar function, and 6;y’ is a 1-form on M. Also, they demon-
strated a local structure of L. with constant flag curvature. Furthermore, for
£ not parallel to «, Shen |14] has given an equivalent definition for locally
projectively flat («, §)-metrics. Based on these results, Yu [22] completely
characterized the locally projectively flat («, 3)-metrics by S-deformations.
Numerous authors (see, for example, [1,3-5,7-9, 11,14, 17-19]) have studied
the concept of projectively flat Finsler metrics with different types of («, 5)-
metrics. (o, §)-metrics have received more attention due to their ease of use
and applicability in physics (see, for exmaple, [2]).

In 2020, Tripathi [16] studied a Finsler space with a special exponen-
tial (o, f)-metric and found the fundamental characteristics of this met-
ric and the criteria for Finslerian hypersurfaces. Furthermore, Tripathi et
al. [20] considered the same metric and proved the conditions under which
the Finsler space with this metric will become a weakly Berwald space.

In the present paper, we consider Finsler space equipped with the above
special type of exponential («, 5)-metric on an n-dimensional manifold M
and study the conditions under which this metric is a locally projectively
flat Finsler metric. Furthermore, we find the flag curvature and prove that
the special exponential metric is locally Minkowskian.
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1 Preliminaries

A Finsler metric is a scalar field L(z,y) which satisfies the following three
conditions:

1. Lis C* on T'M,,
2. L is positively 1-homogeneous on the fibers of tangent bundle T'M,

1 02L?
- is regular on T'M,, i.e.,

3. the Hessian of L? with element g;; = 59,0

det (g;;) # 0.

The manifold M equipped with a fundamental function L(x,y) is then
called a Finsler space F" = (M, L).

A family of Finsler metrics, known as (a, #)-metrics, is defined by a
Riemannian metric and 1-form on a manifold M. These metrics are generally
simple and possess significant curvature properties. Furthermore, they are
computable. The Finsler space F = (M, L) is said to have an («, 3)-metric
if L is a positively homogeneous function of degree one in two variables
a = y/a;(z)y'y? and B = b;(x)y’, where « is a Riemannian metric and f3
is a differentiable 1-form. The space R" = (M, «) is called the associated
Riemannian space and the covariant vector field b; is the associated vector
field.

An (a, f)-metric is expressed in the following form:

L=ag(s), s=p/a

where ¢ = ¢(s) is a C™ positive function on an open interval (—bg, by). The
norm ||B;||o of B with respect to « is defined by

|Bella = sup Blz,y),  alz,y) = ai;(2)bi(2)b;(2).

yely M

In order to define L, 5 must satisfy the condition ||f,||o < by for all x € M.
Let G* and G!, denote the spray coefficients of L and « respectively,
defined as follows:

G' = % {[L*)aryy” — [L)ar } G = — {[a®]rgy” — [07]2'}

where g;; = [L?],i,/2 and (a”) = (a;;) 7"

A Finsler metric L = L(z,y) on an open domain U C R" is said to be
projectively flat in U if all geodesics are straight lines. This is equivalent to
G' = P(z,y)y’, where P = L y*/2L is a 1-homogeneous function on T'Mj.
In this case, L is of scalar curvature with flag curvature

P? — Pmkyk

K=—07F (1)

Furthermore, we have the following:
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Lemma 1 [6] The spray coefficients G are related to G°, by

Gi = Gg—FOéQSé—FJ{—QQOéSQ—FTQo}yE+H{—2QO&SO—|—T00} {bz — Sy—} s (2)

(8]
where
5
o
H— 0 3)
2[(¢ — s¢') + (b? — s%)¢"]’
L B6-s0)

20[(¢ — s¢') + (b* — s2)¢"]’
= 5/047 b = ||ﬁx||a; Sij = (bz’;j - bj;i)/z; Sj0 = Sljyi7 So = Slobl; Ty =

s
(bi;j + bj;z‘)/Q, and Too = T’l‘jylyj.

From (2)), it is easy to see that if « is projectively flat (G, = ny') and S
is parallel with respect to a(r;; = 0,s;; = 0), then G* = G, = ny". Thus,
L = a¢(B/a) is a projectively flat Berwald metirc. If K # 0, then L is a
Riemannian metric by Numata’s Theorem [12]. If K = 0, then L is locally
Minkowskian.

Lemma 2 (0] An («, 8)-metric L = a¢(s), where s = /a, is projectively
flat on an open subset U C R™ if and only if

(amie® — Ymy)) G + &’ Qs10 + oH (—2aQs + 7o) (i — sy) = 0, (4)

where y, = aj;y’ .

2 Locally Projectively Flat Special Expone-
nial (o, f)-Metric

In this section, we consider a special exponential (a, f)-metric in the follow-
ing form:
L= ae?/* 4 pe Pl (5)

The above equation can be rewritten as
L = ag(s), o(s) =e* +se®

where s < 1 so that ¢ must be a positive function. Let by > 0 be the largest
number such that
o(s) — s¢/(s) + (b* — 32)¢”(s) >0, Is] <b < by,
ie.,
e *[bP (s + ¥ —2) — s + (3 — e*)s® +e**(1 — 5)] > 0.
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Lemma 3 The special exponential metric in 15 a Finsler metric.
Proof. If the special exponential metric in is a Finsler metric, then
e *[bP(s 4+ e* —2) — s + (3 — €*)s® +e*(1 —5)] > 0.

Let s = b, for any b < by, b < 1. Let b — by, then by < 1. Thus ||8;||o < 1.
Now if |s| < b < 1, then

e *[bP(s 4 e* —2) — s + (3 — €*)s® +e*(1 —5)] > 0.
Therefore, L = e® + se™* is a Finsler metric. [J

By Lemma , the spray coefficients G* of L are given by .

0= e —s+1  afae?*—+a)
24 e2(1—s) P24 ae/e(a—B)
s+e* —2

H

- 2[0%(s + €28 —2) — s34 (3 — e2%)s2 4 e25(1 — 9)]
_ *(B + a(e?* — 2))
= P T o[ D) — P+ aPB = ) ¥ PP = B)]

(6)

Substituting @ in , we have

a(e?*+1) - 3
F a5
N (B +a(e* —2)

2[a3(b2(e28/0 — 2) + e2B/2) 4+ a2B(b? — €28/2) 4+ af2(3 — e2B/) — 3]

28/a —
|i—2C¥2 <5(;:(—€ @625—}_&:([2\4 _ﬁﬁ)) So + 7"00:| (61062 — ylﬁ) =0.

(amla2 - ymyl)GZL + Oé4 |:

(7)

Lemma 4 If (a,,0% — Yy))G™ = 0, then « is locally projectively flat.
Proof. If (a,,,0* — yy)G™ = 0, then

4Gy = ynyGy. (8)
Contracting (8)) with a®, we have

*Gl = yny'G™.
Let P(z,y) = (ym/a?) G™, then
G, = Py

Thus, « is projectively flat. [
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Now, by Lemma {4 we prove the following

Theorem 1 A special exponential (v, B)-metric L = ae®/® 4+ pe=P/ is lo-
cally projectively flat iof and only if the following conditions hold:

1. B is parallel with respect to «,

2. « 1s locally projectively flat, that is, a is of constant curvature.

Proof. Assumg that L is locally projectively flat. By rewriting as a
polynomial in ¢* and «, we get
(52 + ae%/o‘(a — ﬂ)) [2 (oz3(b2(e2ﬁ/a —-2)+ 625/0‘) + a26(b2 — 625/0‘)
+aB2(3 — /%) — 8%)] (ama® — ymy) G2 + o (a(e*/* + 1) — B)
[2 (043(62(625/‘1 —2)+ 62’3/0‘) + ?B(b* — 62’8/0‘) + a52(3 — 625/‘“) — 53)} S0
+a® (B + el — 2)) [-207 (a(e®/* +1) — B) so
+ (8% + e/ (o — B3)) roo] (b — ) = 0. o
9

Contracting @ with b gives

(8% 4+ ae®/*(a — B)) [2 (o (b* (/™ — 2) + /) + o*B(b* — *7/*)
+aB(3 — /) — B3] (bna® — yuB)GE + ot (e + 1) — j)
[2 (a3(b2(625/°‘ —2) + e/ 4 a?B(1? — e2P?) 4+ af?(3 — e2P/) — ﬁ?’)] S0
+ o? (6 + a(e?Ple — 2)) [—2042 (a(e%/a +1) — 5) 50
+ (B + e B)) roo] (b°a® — %) = 0.

Namely,
(/82 + &626/a<()é . 6)) |:2 (a3<b2(62ﬁ/a . 2) + eQB/a) + 0426(172 o 62,8/05)
+af* (3 — ) = B°)] (bna® =y f)GT + a* (a(e®/* 4+ 1) - )

(207 — 202>/ + 208%) s+ 0® (B + a (e — 2)) (10)
(8% + ae®/*(a = B)) ro(bPa® — B*) = 0.
We have
(a(e?™ + 1) — B) (223> — 2228/ 4 20.8%) o

= (8% + ae®/*(a = B)) [2a (a(®/* +1) = B)].
Substituting into , we obtain
) [a3(b2(62,8/a o 2) + eZﬁ/a) +0426(b2 . eQﬂ/a) + a52(3 o eQ,B/a) o ﬁ?)]
(bma® — ymB)GT + 20° (a(e®/* + 1) — B) 59 (12)
+ a? (ﬂ + a(e?Ple — 2)) roo(b?a? — 3%) = 0.
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Envisaging the coefficients of a necessarily be zero, from , we have

202 (B (2P — 2) + €27/*) + 28%(3 — €*/*)] (bpa® — ymB)GT

13
:20[4/380_ [042(625/(1—2)} (b2 2—52)7’00 ( )
and
[2028(b* — €27%) — 28%] (b,a® — Y B)G
6,2 20122 52 (14)
= — [204 (e £ 1)sy + a?B(b?a® — 3 )7“00] )
Subtracting x (3 from (14) x (e*/* —2), we obtain
2025 (¥ — €271%) + 2B°] (bn0® — Y B) G (15)
= a*B%s9 + ab (625/‘” — e 2) S0-
Let us rewrite in the following form:
A+ Ba® + Ca* + Da’ =0, (16)

where
A =28 (bna® — 4, 8)G™,
B =28 (646/0‘ — 626/0‘) (b — ymB)G™,
C - _62807
D=— (62”3/(1 — Bl _ 2) S0.

In , A can be divided by o?, but 32 cannot. Thus, there is a scalar
function 7 = 7(x) such that (b,,a* —4,,5)G™ = T7a*. Then A and B become

A=270233,
B =270°3 (e45/a — 625/(1) .

Replacing them in gives
283 + 28 (646/0‘ - eQB/a) 7+ Cla® + Da* = 0. (17)

In (I7), 26°7 can be divided by o2, but $* cannot. Thus, 7 can be
divided by 2. This is impossible unless

T=0. (18)

Hence, from (b,,a* —y,,3)G™ = 7a? and , we have (b,a? —y,,8)G™ = 0,
which implies
(ami® — Yymy)G™ = 0. (19)
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Thus, according to Lemma , « is locally projectively flat, i.e., GY, = 0.
Now, using equations and , we obtain

20 Bsy — [aQ(ew/a — 2)} (b*a® — B*)rgo =0

and
2a6(€25/a + ].)S() + 0526(172 2 /82>7’00 — 0.
Thus,
2013 —a?(e?P — 2)(b2a? — 3?)
-6
2052/ 4- 1) a2 B(b?a? — 3?) "0 0

Since A # 0, we have
So = 0, Too = 0. (20)

Substituting and in (7)), we obtain
ot [a (625/0‘ + 1) — 6] s10 = 0.

Since a # 0 and [oz (625/0‘ + 1) — 6} # 0, we have s;0 = 0.

In view of equation and s;0 = 0, we have b;; = 0, i.e., 8 is parallel
with respect to a.

On the other hand, if § is parallel with respect to o and « is projectively
flat, then by Lemma [I] and [2] we see that L is locally projectively flat. [J

Lemma 5 Let L = ae/* + Be ™8/ be locally projectively flat with constant
flag curvature K = \. Then A = 0.

Proof. By Theorem |1} G* = ny’; then by (1)), the equation K = X gives
o (V4 3o A =t~ gt

Using Taylor expansion of ¢?/* and e=#/*, we get

o? (1+2ﬁ/a—ﬁ2/a2)2)\:n2—nmkyk. (21)
Replacing y with —y, we get
o? (1—-2B/a — 2/a?)* X = n? — nuy. (22)

Adding and , we have
X [(1+28/a = B/a®) + (1= 28/ — 2/a®)’] = 205 = nuy). (23)

From equation , we obtain
(o + B%)" A = o (" — nry"). (24)

The left side of is purely quadratic while right side is not, thus, A = 0.
O
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Proposition 1 Let L = ae®/® 4+ Be=P/* be projectively flat with zero flag
curvature. Then « is a flat metric and B is parallel with respect to «. In
this case, L s locally Minkowskian.

Proof. According to Theorem [I] and Lemma [5] § is parallel with respect
to a and L has zero flag curvature, thus « has zero sectional curvature. As
a result, « is a flat metric, that is, it is locally isometric to the Euclidean
metric, and hence, GY, = 0. Thus, G = 0, that is, L is locally Minkowskian.
O

3 Conclusion

In the regular case, Hilbert’s fourth problem is to study and describe pro-
jectively flat Finsler metrics on a convex domain in R™. Therefore, it is
important to study locally projectively flat Finsler metrics. Also, it is well
known that any Finsler metric that is locally projectively flat has a scalar
flag curvature. This means that the flag curvature is a scalar function on the
tangent bundle, and it may or may not be constant like in the Riemannian
case [6]. Thus, locally projectively flat metrics form a rich class of Finsler
metrics.

The main objective of this paper is to investigate locally projectively flat
Finsler metric in the form of the special exponential («, §)-metric. Further-
more, we identified flag curvature and proved that the metric mentioned
above is locally Minkowskian.
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