The S-curvature of homogeneous (a, (3)-metrics
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Abstract. In this paper we give a formula of the S-curvature of homo-
geneous («, 3)-metrics. Then we use this formula to deduce a formula of
the mean Berwald curvature F;; of Randers metrics.
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1 Introduction

The purpose of this paper is to give an explicit formula for the S-curvature of homoge-
neous (v, #)-metrics in Finsler geometry, for fundamental theory of Finsler geometry
we refer to [1] and [4]. Let M be a connected smooth manifold and o be a Rieman-
nian metric on M. Then a Randers metric on M with the underlying Riemannian
metric « is a Finsler metric of the form F' = a + 3, where 3 is a smooth 1-form
on M satistying ||8:]la < 1, V& € M, here ||3||o denote the length of the 1-form
under the Riemannian metric a. This kind of spaces was first studied by G. Randers
in [11] and was then named after him. Randers metrics are most closely related to
Riemannian metrics among the class of Finsler metrics. The Finsler metrics of the
form F' = a¢(s) are called (o, §)-metric, here s = g, and ¢(s) is a function of s. It is
clear that («, 3)-metrics are the generalization of Randers metrics, in fact, if we set
o(s) =1+s, thenF:a(1+§):o¢+ﬂ.

There are several interesting curvatures in Finsler geometry, among them the flag
curvature is the most important one, which is the natural generalization of sectional
curvature in Riemannian geometry. On the other hand, Z. Shen introduced the notion
of S-curvature of a Finsler space in [12]. It is a quantity to measure the rate of
change of the volume form of a Finsler space along the geodesics. S-curvature is
a non-Riemannian quantity, i.e., any Riemann manifold has vanishing S-curvature.
It is a very interesting fact that the S-curvature and the flag curvature are subtly
related with each other. We now recall the definition of S-curvature. Let V be an
n-dimensional real vector space and F' be a Minkowski norm on V. For a basis {e;}
of V, let

_ Vol(B™)
7T Vol{(y) € R*[F(yie;) < 1}
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where Vol means the volume of a subset in the standard Euclidean space R™ and B™
is the open ball of radius 1. This quantity is generally dependent on the choice of the
basis {e;}. But it is easily seen that

r(y) = YWD
or
is independent of the choice of the basis. 7 = 7(y) is called the distortion of (V, F').
Now let (M, F') be a Finsler space. Let 7(z,y) be the distortion of the Minkowski
norm F, on T, M. For y € T, M — {0}, let 7(t) be the geodesic with 7(0) = x and
7(0) = y. Then the quantity

Sty) = (o (1), 6(0)]lizg

is called the S-curvature of the Finsler space (M, F'). A Finsler space (M, F) is said
to have almost isotropic S-curvature if there exists a smooth function ¢(z) on M and
a closed 1-form 7 such that:

S(z,y) = (n+ D(c(@)F(y) +0(y), =eM,yeT,M.

If in the above equation n = 0, then (M, F) is said to have isotropic S-curvature. If
n =0 and c(z) is a constant, then (M, F') is said to have constant S-curvature.

In this paper we will obtain an explicit formula of the S-curvature of homogeneous
(a, B)-metrics, without using local coordinate systems. As an application, we prove
that a homogeneous («, §)-metric has isotropic S-curvature if and only if it has van-
ishing S-curvature. We also give an explicit formula of the mean Berwald curvature
E;; of homogeneous Randers metrics.

2 The S-curvature

In this section we will compute the S-curvature of a G-invariant homogeneous (a, 3)
metric F' = ag¢(s) on the coset space G/H of a Lie group G, where s = g. Since
(G/H, F) is homogeneous, we only need to compute this at the origin o = H. By [2],
in a local coordinate system, the S-curvature of the (a, 3) metric F' = a¢(s) with the
underlying Riemann metric a can be expressed as

(b P
S = (2\11 - bff((b)) )(T() + So) - ailw(’roo - 2&@50),
where , /
Q:¢_¢S¢/a A:1+SQ+(b2+S2)le \IJ:%’

®=—(Q—sQ){nA+1+sQ} — (b? — 5*)(1 +sQ)Q",
3(biy +bji),  sig = 5(biy — bya), b = Dbja’",
r; =brij, s;=0b'si;, roo =T1iy'y, so = sy, ro =1y,
and the function f(b) in the formula is defined as follows. The Busemann-Hausdorff
volume form dVpy = opp(x)dz is defined by
Wn

Vol{(y") e R: F(z,yi52%) < 1}’

O’BH(LL') =
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and the Holmes-Thompson volume form, dVyr = ogr(x)dzr is defined by

1
oura) = - [ det(g;,)dy,
Wn J{(yD)eR" |F (i 52)<1}
. 2
where Vol denotes the Euclidean volume, g;; = %[FQ]7 and

wn = Vol(B"(1)) = %wz(sn—l) _ %VOZ(S"_Q) /0 sin™2(¢)dt.

When F' = /g¢;;(z)y'y’ is a Riemannian metric, both volume forms reduce to the
same Riemannian volume form dVyr = dVpg = y/det(g;;(x))dz. Now for the (o, 5)
metric F' = ap(s), s = g, b=1|0z|la, let dV = dVppy or dVgr. Then

foﬂ sin™ ~2tdt

0 d)?bcost;ndt
fb) =
T p—2
Jo (sin t)T(bcost)dt, it 4V = dVirr.

T i n—2
Jo sin" " tdt

where T(s) = ¢(¢ — s¢')"~2{(¢ — s¢') + (b? — 52)¢"}. Then the volume form dV is
given by dV = f(b)dV,, where dV, = \/det(c;;)dz, denote the Riemannian volume

form of «.

In [2] the authors showed that if b = ||5,||o is a constant, then ro 4+ so = 0. So in
this case we have

)
S = foflﬁ(rgo —2aQ)sy)-

Now we will deduce a formula of the S-curvature of homogeneous («, 3)-metrics.
Recall that the group I(M, F) of isometries of a Finsler space (M, F) is a Lie trans-
formation group of M ([7]). If I(M, F') acts transitively on M, then (M, F') is called
homogeneous. Let (G/H, F) be a homogeneous (¢, 3) metric of the form F' = a¢(s),
where s = ¢ with a a G-invariant Riemannian metric on G/H and ( a G-invariant
vector field on G/H. As pointed out in [6], to § corresponds a unique vector u in
T,(G/H) which is fixed under the linear isotropy representation of H on T,(G/H)
and o = H is the origin of G/H. It is clear that b = ||5;||« is a constant. Therefore
the S-curvature can be expressed as

2 (To0 — 2a@s0). (*)

e
S =—« SA2

Also, G/H is a reductive homogeneous manifold in the sense of Nomizu ([10], see also
[9]), i.e, the Lie algebra of G has a decomposition:

(2.1) g=bh+m, (direct sum of subspaces)

such that Ad(m) C m, Vh € H. Then we can identify m with the tangent space of
(G/H) at the origin o = H and in this way § corresponds a vector in m which is
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invariant under the adjoint action of H on m. In the following we still denote this
vector by u.

Let (,) be the corresponding inner product on m . We now deduce some results
concerning the Levi-Civita connection of (G/H, ) which will be useful to compute the
S-curvature. In literature, there are several versions of the formula of the connection
for Killing vector fields. Since we are interested in the differential of (left) invariant
vector fields on G/H, we adopt the formula in [9]. Given v € g , we can define a
one-parameter transformation group ¢; ,t € R of G/H by

¢i(gH) = (exp(tv)g)H, geG.

Then ¢, generates a vector field on G/H which is a Killing vector field (this is called
the fundamental vector field generated by v in [9]). We denote this vector field by @.
The following formula is a direct consequence of the formula in [9, Vol.2, page 201]
(see also [13]):

(2.2) ((Va, 02)[0, w) = %(%[vl, Valms w) + ([W; V1], v2) + ([w, valm; v1)),

where v1,v9,w € m, and [vy, V2], denote the protection of [v1,ve] to m with respect
to the decomposition (2.1).

To apply the formula (2.2) to our study, we need to deduce some formula for the
connection in a local coordinate system. Let uj - - - u,, be an orthonormal basis of m
with respect to (-, -). Then by [8] there exists a neighborhood U of o in G/H such
that the mapping

(exp ztuy exp x?ug - - -exp 2wy ) H — (b, 22 - 2™)
defines a local coordinate system on U.

In the following we adopt the computation of ro9 and sg on (G/H, F) in [5]. Let

(u1,ug, - ,upy) be an orthonormal basis of (m, (-, -)) such that uy = ra7- Recall

that v is the vector in m corresponding to the 1-from 3. Let (U, (a!,22---2™)) be
the local coordinate system defined as above. Then in [5] it was shown that

0(0)lo = '51(0) = v'501(0) = 539!t ] 10
= & (et gl cun) = 5 syl ),
and
ri5(0) = =5 (s s 45) + ([t 5], ).
Moreover,
roolo = 735 (0)y'y? = =5 ([t sy ) + {fen, w3l i)'y

_7(<[U‘n7 yiui]mv yjuj> + <[un; yjuj]m> yiui»

AN O

= _§(<[un7y]mvy> + <[unﬂy]m>y>) = _c<[un7y}m7y>'
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Substituting the above into the formula (%) we obtain the formula of S-curvature:

(o) = =5 333 (O = 20(1)Qs0(0)
=~y (el 8. 4) — A)Qf ).

Summarizing, we get
Theorem 2.1 Let F = a¢(s) be a G-invariant («, 3)-metric on the reductive ho-
mogeneous manifold G/H with a decomposition of the Lie algebra
g=bH+m
Then the S-curvature of F' has the form

1 @

o 287 el vl y) — Q. Yl ), y € m,

S(Oa y) = -
where u is the vector in m corresponding to the 1-form (3, and we have identified m
with the tangent space of G/H at the origin o = H.
As a direct application of the formula we have

Corollary 2.2 Let (G/H,F) be as in Theorem 2.1. Then F has isotropic S-
curvature if and only if F' has vanishing S-curvature.

Proof. We only need to prove the direct implication. Suppose F' has isotropic
S-curvature:

S(x,y) = (n+e(@)Fy), e G/H,yeT(G/H).

Setting * = 0 and y = u and using the formula in Theorem 2.1, we get c¢(o) = 0.
Hence S(o,y) =0, Yy € T,(G/H). Since F is a homogeneous metric, we must have
S = 0 everywhere. a

3 Mean Berwald curvature of homogeneous Randers metrics

In this section we apply the results in Section 2 to give a formula of mean Berwald
curvature of homogeneous Randers metrics.

The mean Berwald curvature (E-curvature) is an important non-Riemannian quan-
tity defined by (see [3])
1 92 oG™
Eij ==\,
- 2 0yt oyl \ Oy™
where G™ = G™(x,y) are the spray coefficients. We know that

_aam
= S

k

S — (Ino(2))ery
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here (Ino(z)),x is the function of x because Ino(z) is the function of x. Hence

82

o)

This means that

028 0?2 OG™ 52 aGm
dyidyi — Oyidyl | dy™ (no(@)ry ] Ay oy’ (aym > N

Now we compute

0928 92S(0,y)

Dy oy (0,y) = vy 2E;j(0,y).

By Theorem 2.1 we have

825(07 y) _ 82 cd 82 (I)Q
Oyidyi  Oyidyi <2A2a(y)<[u’y]m’y>> + By 0y (2A2<[u, y]m,u>),

Before the computation, we recall that

dy  «a

5y = a (n ) L =

)

where y,,, = amjyj. Since w1, U9, , Uy, in Section 2 is an orthonormal basis, we
have apm;jlo = 07". Therefore at the origin we have y,, = y™. Now we consider the
special case of the Randers metric ¢ = 1+ s. Let 1) = ¢ — s¢’. Then we have

_ ¢ r_ _Q
Q_J_]-v Q_07 \P_ﬂ_

A=1+sQ+ (> —sHQ =1+s, 0=

0,
Q—-sQ 1 1

2A  2A 2(1+4s)’
P =—(Q—sQ)nA+1+5Q}— (0*—s*)(1+s5Q)Q" = —(n+1)(1+5s).

Letting ¢ = 1 we get

S(0.1) = 75 g3 (el b ) = A)Q sl )
- gy e theet) = e (sl
Therefore
28y 0) = T = O (st — (sl
~ 5y (a0t et () ~ i (o)
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Now
H? n+1
Dy Dy (_2(1+s)a(y)<[“’y}m’y>)
_ TL+1 u 62 1 1 a2<[u7y}m3y>
== " gt (o) + o oae) ovon
N[w yl,.,9) 0 3 [u, Yl y) O 1
T oy oy ((1+8)a(y)) * oyt Oy ((1+s)a(y))}’
where
OV — () + b ),
O ([w, v, y)
“ogioy ([ws wilms ug) + ([, wjlm, wi),
and
0 (;) _ are+ 0 +s)gy
ay? \(1+s)aly)) (1+ s)2a2(y)
_ (b] a(y)) a(y) + (1+3)(ﬂ;>
; - (A s)aly)
_7(1’1'_5#;))*(1*5%@) bty .
(14 5)%a(y) (14 5)*a%(y)
Hence

5 < 1 ):i bt
Oy*oys \ (1+ s)a(y) dy* (1+s)%a2(y)

2 (b + 251+ 8)%02(y) — (b + 25) 52 (1 + 5)%0*(y)]
| 1+ (y)
2 (E) (14 9)%a2 () — (b + 200201+ $)a(y)[ZraP(y) + 5220

(1 5) ()
- 1 ?ﬁ; aly) -y 2l
SO R0
2 yj i yi
i) (”J*a@)) Lx(y)“ ; (yﬂo‘(y)“a(w]
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Therefore we have

2 n+1
Sy <‘2<1 T Sal) y]’"’”)

_) (53 yiyj 2b¢(bj + %;)) y
_{ (7970 (9% = At aai) (W)
1
M)

AR i bt ot (Lt 5] )+ ([t s 15)
(1+5)*a2(y) s Ujlms Y s Ylms ).

a(y) Uy Ui|m, u, myUi) — T2 o~
([, wilm, y) 4 ([, Ylm, wi) 17970
Note that
o ( n+1 o N_ ntl 9 (([wyl,9)

aw'ayj( 2T+ s) WY >>‘ 5 ayiayj( (1+) )

_ n + 1 1 82([“7 y]»,n?u) 8 1+s
= { T+s  Oyidy + ([, Ylm, w) Oy Oy

([ws wilms wg) + ([, wslm, ws)

Ot [w,yl,w) | O 0wyl u)
oyt Oyl oy’ oy’ ’

where

N[w, Yl w) ‘ *([u, Yl w)
oy (sl —5 = A

Hence

[ 1 (p. J 2 1y, yl \0(1+s)
37 lay (0 = s34 )" — 555 (b — s357) T,

j i\ fa
o) g (b — saly) — (b — o) 5 a(14)

_ 1 1 785 yi 7saay(y> B 1 o yj yfl
= [aw)( oy a(y) ayi> a2(y) (”f a<y>>ay>]
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%)

So,

8y?;yj (_2?1—:18) (Lo, y]m,U>) ‘ ;
T <[EL1_’ ?i]WsL;2u> {_ a31(y) (bi - S%?Z)) v~ a'j(y) (My)é; v sz;))

i (o= 365) * e (- aiy)) (b))

Finally we have

_9°S(o,y) 07 n+1 92 n+1
2Balow) =g 0y = oyay (_2(1 T 5)aly) y}m’w)  Oyioy (2(1 +) <[u’y]m’u>)

- “Z?ﬁg; | s (5 i))yh = (oW ’yja%>

A PN ' 2 o Y (Y
() (bf a(y)) e (b] a(y)) (”’ a(y))]
L _(p; — s¥) L (h; — s)
a(y) a(y) W Ul w) — a(y) a(y) Uy Uy

T A+’ ([w; wilm, w) T Uts? ([w, wjlim, u)

1
+ m(([% Wilm, wz) + ([w, wjlm, ui))

<

b+ 2

i a(y)
(L+5)%02(y)
bi + 3
(1+s)%a2(y)

(<[u7 Ui]m, Z/) + <[u7 y]’"ﬁ ul>)

([, wslms y) + ([ Ylm, ws))

. L J
. 5;7 yty 2b; (bj + %)

(1+s)2a3(y)  (1+s)*a5(y) (1+ s)a®(y) ([, ylm, ).
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