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Abstract We introduce the notions of spray vector and connection operator to give
efficient curvature formulas for a homogeneous Finsler space. Thus the flag curvatures
can be computed in the Lie algebra level. Applying these formulas, one can show
that in several occasions the structure of the Lie algebra may have influence over the
signs of the flag curvatures, regardless of the underlying Finsler metric. Some concrete
examples are constructed to illustrate the concepts and the curvature behavior in Finsler
geometry.
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1 Introduction

Flag curvature is the most important quantity in Finsler geometry, as it generalises
sectional curvature in Riemannian geometry. The sign of the flag curvature governs the
behavior of the geodesic flow; it also reflects the topology of the underlying manifold,
as indicated by the classical Bonnet-Myers theorem, Cartan-Hadamard theorem, etc.
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The computation of curvature in Finsler geometry is usually time consuming.
Almost all known computable examples can be divided into the following three classes:
Berwald space, which shares the curvature tensor with a Riemannian metric [10,29];
projectively flat space, whose flag curvature is a scalar function on the tangent bundle
and has a short formulahou [10,26]; (o, §)-metric, which is locally computable using
knowledge of Riemannian geometry [5,27,28].

In this survey article, we will concentrate on another class of computable
Finsler manifolds, namely, homogeneous Finsler spaces. There is a simple evi-
dence showing the importance of homogeneous spaces in Riemannian geometry:
almost all known examples of Einstein manifolds are homogeneous [9]. Thus, it is
fair to say that the study of homogeneous spaces in Finsler geometry is of equal
importance.

These spaces can be thought of as coset spaces of Lie groups, thus the computa-
tion of curvature can be done in the Lie algebra level. The study of homogeneous
Finsler spaces has a long history [11-14,16], but the curvature formula comes very
recently [18]. This is interesting, because the curvature formula for a homogeneous
Riemannian manifold is relatively easy to deduce, but for the Finsler case is not. We
shall not reproduce the proof of the formula here. Interested readers may consult [18]
for details. Instead, we will present several applications of the formula, thus leading
to new proofs of the results of Hu—Deng [16], Huang [18,19], and Xu-Deng—Huang—
Hu [37]. These results will show that the sign of flag curvature is closely related to the
structure of Lie algebras.

In this direction, it is an important achievement in Riemannian geometry to classify
homogeneous spaces admitting positively curved Riemannian metrics [2,7,8,30,33,
34]. The list of such spaces is rather short. Thus it is natural to consider the same
problem in Finsler geometry with the expectation that the list could be longer. However,
in [37] we proved a disappointing result that the list of even dimensional homogeneous
spaces admitting positively curved Finsler metrics is the same as in the Riemannian
case. As a consequence, even dimensional homogeneous Finsler spaces of positive
constant curvature must be Riemannian spaces. These results will be presented in
Sect. 3.

The study of Ricci curvature is also of interest when restricting to homogeneous
manifolds. It is well known that a homogeneous space M admits an invariant Rie-
mannian metric with positive Ricci curvature if and only if M is compact and
the fundamental group (M) is finite, thus providing a converse to the Bonnet—
Myers theorem in the homogeneous case. Lohkamp [23] showed that every smooth
manifold admits a C? metric with negative Ricci curvature. Accordingly negative
Ricci curvature has no topological obstruction. However, this result is not true
in the homogeneous case, because Milnor [24] showed that nilpotent Lie groups
do not admit invariant metric with Ric <(0. We further extend Milnor’s result to
Finsler geometry [19]. This result also provides a negative answer to Shiing-Shen
Chern’s question on the existence of Einstein metrics (restricting to the homoge-
neous case, of course). We shall survey several Ricci curvature related results in
Sect. 4.

The paper is organized as follows. Section 2 is an introduction to the concept of
homogeneous Finsler space and the curvature formula. Section 3 is devoted to the
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1002 L. Huang

study of flag curvatures, with an emphasis towards the classification of positively
curved homogeneous spaces in even dimensions. Section 4 studies Ricci curvatures
of a special class of homogeneous Finsler spaces, namely, Lie groups equipped with
left invariant Finsler metrics. Finally, a few concrete examples are provided in Sect. 5
to illustrate the usefulness of the curvature formula. The first example is an infinite
family of Finsler metrics on the Lie group E(2). They all have constant flag cur-
vature K = 0. According to the Akbar—Zadeh theorem, these examples are locally
Minkowskian, but they are non-trivial. The second example is an infinite family of
Finsler metrics on the sphere S”. They all have constant Ricci curvature 41 and van-
ishing S-curvature. Among these metrics only two are Riemannian, as obtained by
Jensen [20] and Ziller [38].

2 Homogeneous Finsler spaces

This section is mainly to introduce some basic facts on homogeneous Finsler spaces
and to fix notation. Since the concept of homogeneous Finsler space combines the
study of homogeneous space with Finsler geometry, the reader is referred to text-
books such as [4,10] for basics on Finsler geometry, and [15,21] on homogeneous
spaces.

2.1 Finsler metrics and flag curvature

Definition 2.1 Let V be a real linear space of dimension m. A smooth function
F: V\{0} — RT is called a Minkowski norm on V, if it satisfies the following
two conditions:

e (Positive 1-homogeneity) F(Ay) = LF(y) forall A > 0, y € V\{0}.
e (Strong convexity) For each fixed y € V\{0}, the Hessian of F2/2 at y is positive
definite. In other words, the bilinear function gy : V x V — R defined by

2

1 9
) == _F2 t ) ) € Va
S vy =5 g L orsur v

is an inner product on V.

The linear space V endowed with a Minkowski norm F is called a Minkowski space,
denoted by (V, F). The set of unit vectors {v € V : F(v) = 1} is called the indicatrix.
Notice that the Euclidean norm is a special Minkowski norm, with inner product g,
independent of y.

In some cases, the function F is only defined on a cone in V\{0}. Such F will be called
y-local. Unless otherwise stated, we require F' to be y-global, namely, it is defined on
the whole V\{0}. We may also define F(0) = 0, then F is C! at 0 in general.

Definition 2.2 Let M be a smooth manifold of dimension m. Let T M be the tangent
bundle of M. A smooth function F: TM\{0} — R7T is called a Finsler metric on
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Flag curvatures of homogeneous Finsler spaces 1003

M if its restriction to each tangent space is a Minkowski norm. In particular, if the
Minkowski norms are all Euclidean, then the Finsler metric is Riemannian.

Now let (M, F) be a Finsler manifold. Let (x’) be a local chart on M, then we
have a natural local coordinate (x, y’) on TM\{0}. Let 8ij = (1/2)[F2]yiyj, then
we can express g, = g;jdx'®dx/. Moreover, if we define Cjjx = (1/2)[gij]#.
then we obtain the so-called Cartan tensor Cy = Cijxdx'®dx/®dxk. The g,-
trace of C, is the mean Cartan tensor Iy. It can also be expressed as [, =
(1/2)[In det(g;j)]  dx*.

The Hilbert form is defined by w = FF, dx’. The spray is the unique vector field
& on T M\{0} such that

2
do(E, ) = —d(%).

If we introduce the spray coefficients
il i 2 k
G =78 {[F71 = [F Ly Y},

where (g'/) = (g;j)~, then one can show that £ = y'3/dx’ —2G'3/dy". The projec-
tions of the integral curves of § are called geodesics.
The connection coefficients are given by N ]’ = [G'],;. Using these coefficients,

one can define the Riemann curvature tensor Ry = R; (a/ 9x")®@dx/, where
Ri =2[G"],; — &(N}) — N{N}. (1

Moreover, for each flag (P, y) in Ty M, where P = y Av is a tangent plane containing
v, the flag curvature K is defined by

gy(Ry(v), v)

KN = g o) =gy 0

Notice that R, is self-adjoint with respect to g .
The trace of Riemann curvature tensor is called the Ricci curvature

Ric(y) = tr(Ry) = R..

A Finsler manifold (M, F) is said to be of constant flag curvature, if there is a constant
K« such that

Ry(v):K(F2~v—gy(y, v)~y) for all y,v e Ty M\{0}.
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Similarly, it is said to have constant Ricci curvature, if for some constant «,

Ric(y) = (m — D)k F2.

2.2 Isometries and totally geodesic submanifolds

Let (M, F)be aFinsler manifold. A diffeomorphism¢: M — M is called an isometry,
if it preserves the metric, i.e.

Fp(x), ps(y)) = F(x,y) forall x e M, y e T,M\{0}.

All the isometries naturally form a group, called the full isometry group of (M, F),
denoted by Iso(M). It is proved in [12] that Iso(M) is a Lie group.

Anisometry preserves the Hilbert form and the spray vector field, hence it will send
geodesics to geodesics.

Recall that a regular submanifold M’ of M is called totally geodesic, if for every
v € T M’, the unique maximal geodesic with tangent vector v lies in M’. By using (1),
one can show that for each flag (P, y) C TyM’' C Ty M, the flag curvature of (P, y)
as a flag in M’ (with respect to the induced metric) is the same as the flag curvature
of (P, y) as aflagin M [3].

Proposition 2.3 Let (M, F) be a Finsler manifold and & any set of isometries of M.
Let U be the set of points of M which are left fixed by all elements of &. Then each
connected component of U is a totally geodesic submanifold.

Proof Let x be a point of U. Let V be the subspace of 7y M consisting of vectors
which are left fixed by all elements of &. Let W be a neighborhood of the origin in
T M such that: (a) the exponential map exp, is a smooth diffeomorphism from W\ {0}
to exp, (W)\{x}; (b) for each point p in exp, (W)\{x}, there is a unique minimizing
(forward) geodesic connecting x and p. For the existence of such neighborhood, one
may consult [4].

Since for each v € VN W\{0}, v is fixed by all elements of &, we find that the
geodesic exp, (tv), t € [0, 1], is also fixed by all elements of &. It follows that
exp, (VN W)\{x} is a subset of U N exp, (W)\{x}.

Conversely, for each point p in U N exp, (W)\{x}, there is a unique minimizing
(forward) geodesic connecting x and p. This geodesic must be fixed by all elements
of &, because x and p do. Consequently, its tangent vector at x lies in W. It follows
that U N exp, (W)\{x} is a subset of exp, (VN W)\{x}.

As aresult, we have U Nexp, (W)\{x} = exp, (VN W)\{x} is a regular submani-
fold of M. So U consists of regular submanifolds of M. It follows that each connected
component of U is a regular submanifold of M. Moreover, it is totally geodesic as
proved above. O

Remark 2.4 The Finsler exponential map is only C! at the origin. This is a crucial
difference between Finsler geometry and Riemannian geometry. For further results in
this direction, one may consult [11].
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2.3 Homogeneous Finsler spaces

Definition 2.5 A Finsler manifold (M, F) is called homogeneous, if Iso(M) acts
transitively on M ; namely, for every pair of points p, g € M, there is an isometry f
such that f(p) =gq.

Let G be a subgroup of Iso(M) that acts transitively on M. It is easy to show that
the identity component of G also acts transitively, so we will assume that G itself is
connected.

Now fix a point 0 € M, let H be the isotropy subgroup of o, i.e.

H={p e G:pl)=o}

Then M can be identified with the coset space G/H (see [15, Chapter II, Proposi-
tion 4.3]). Moreover, since F (o, f.y) = F(o,y), f € H, we see that the Minkowski
norm F|, on T,M is invariant by H, thus the indicatrix at o is invariant by H. It
follows that H is compact. By passing to the identity component if necessary (thus M
is passed to its covering space), we may assume that H is connected.

In summary, the above discussion leads to the consideration of the coset space
G/H, where G is a connected Lie group and H is a compact connected subgroup of
G. This is really a rich class of manifolds. However, given a pair of such Lie groups
G and H, the action of G on M = G/H may not be effective.

Example 2.6 The coset space SL(2, R)/SO(2) can be described as follows. Consider
the action of G = SL(2, R) on the upper half plane M by fractional linear transfor-
mations

ab az+b
[cd}'z—m, Im(z)>0.

It is easily shown that the isotropy subgroup of i is SO(2), hence M can be viewed as
the coset space SL(2, R)/SO(2). Notice that the matrices —A and A give rise to the
same transformation on M, thus the action of SL(2, R) on M is not effective.

The Riemannian metric g = Im(z)~2dz-dz is invariant by G, so (M, g) is a
homogeneous Riemannian space. This reveals the upper half plane model of hyperbolic
geometry. One can show that the full isometry group is SL (2, R)/{%1}. Clearly, it is
more convenient to work with SL(2, R).

The above example motivates the following alternative definition of homogeneous
Finsler space.

Definition 2.7 Suppose G is a connected Lie group which acts almost effectively on
the coset space M = G/H, where H is a compact connected Lie subgroup of G. If the
Finsler metric F is invariant by G, then the pair (G/H, F) is called a homogeneous
Finsler space.

In the following, when we talk about a homogeneous Finsler space, we will always
admit the above assumptions.
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To assign a G-invariant Finsler metric on G/ H, it suffices to assign an H -invariant
Minkowski norm on 7, M, and then translate to other tangent spaces by the action of
G [13]. Actually, for any x € M, y € T, M\{0}, if two elements ¢ and ¢ in G both
send o to x, then we have

F(x,y) = F(o,9;'y),  F(x,y) = F(o,¥;'y).

To ensure the above two equations do not conflict, we need

F(o,0;'y) = F(o, ¥ 'y).

Let go*_ly =v e T,M\{0} and h = ¢~ ! € H, then the above equation is simply
F(o,v) = F (o, hyv). This shows that the H-invariance of F|, guarantees the defini-
tion of F|, does not depend on the choice of the isometry sending o to x. Using this
fact the G-invariance of F then follows easily.

A similar argument shows that every G-invariant object on M can be viewed as
an H-invariant object on T, M. For example, the Riemann curvature tensor R, is
G-invariant, namely,

Ry.y(p:v) = Ry(v) forall 9 € G, y,ve M,

hence, Ry can also be viewed as an H -invariant (1, 1) tensor on T,M, with y € T,M.

Now let g and § be the Lie algebras of G and H, respectively. Since H is compact,
there exists an Ad(H)-invariant subspace m of g that is complimentary to fj, namely,
we have the direct sum decomposition

g=bh+m
The Ad(H )-invariance of m is equivalent to
(b, m] Cm,

because H is connected. Notice that the choice of m is by no means unique.

For each X € g, the action of the 1-parameter subgroup ¢, = exp(tX) on M
induces a vector field X* on M, called the fundamental vector field corresponding
to X. It is a classical result that the space of all fundamental vector fields has a Lie
algebra structure isomorphic to g [21, p.42, Proposition 4.1]. In particular, the map
sending X to X™* (o) is linear. If X belongs to f, then ¢;(0) = 0, X*(0) = 0, and vice
versa. It follows that b is the kernel of this map, and this map is a linear isomorphism
between m and 7, M. From now on, we will always identify 7,M with m in this
manner.

With this identification, the Minkowski norm F|, on T, M can also be viewed
as a Minkowski norm on m, still denoted by F'. Recall that for each # € H and
X € g, hy(X*) is the fundamental vector field corresponding to Ad(h~")X (cf. [21,
p- 51, Proposition 5.1]). Hence, the H-invariance of F|, on T, M is equivalent to the
Ad(H)-invariance of ' on m. The same argument guarantees that every H-invariant
object on 7, M can be viewed as an Ad (H )-invariant object on m. Henceforth, we will
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Flag curvatures of homogeneous Finsler spaces 1007

use the same symbols gy, Cy, Ry, ... to denote the corresponding objects on T, M and
onm.

Lemma 2.8 ([13,18]) The Minkowski norm F|, on T,M is H-invariant if and only

if the Minkowski norm F on m is Ad(H)-invariant, namely, F (Ad(h)y) = F(y) for

any h € H, y € m\{0}. Moreover, the following conditions are mutually equivalent:

(A) F(Ad(h)y) = F(y) forally e m\{0}, h € H;

(B) gy(y, [M, )’]) = 0! ue hforally € m\{o}!

(©) gy, [u, yD) + gy(y, [u,v]) =0 forallu € b, v, y € m\{0};

(D) gy([u, v], w) + gy (v, [u, w]) +2Cy([u, yl, v,w) =0 forallu € b, y,v,w €
m\{0}.

Proof The first part is clear. We now prove the mutual equivalence of the four condi-

tions.

(A)= (B): Taking h = exp(tu) in (A), and differentiating with respect to  at = 0

yields (B).

(B)=(C): Here we may view y as the position vector field on m\{0} and g, as a

Riemannian metric on m. Notice also that u is a constant vector field on m and ad (u)

is a linear transformation on m. Let D be the flat trivial connection on m, then we
have

(Dygy)(w, z) =2Cy(v,w,2), v, w,z€m.

Applying D, to (B) and using the fact that D,y = v, Cy(y, -, -) = 0, then (C) is
proved.

(C)= (D): Applying D,, to (C) yields (D).

(D)= (B): Taking v = w = y does the work.

(B) = (A): Consider the curve y; = Ad(exp(fu))y in m. It has the property that
Yi+s = Ad(exp(tu)) ys, hence we have

d

a)’t

d d
= a0 aAd(eXp(tu))ysL:O = ad )y, = [u, ys].

t=s

Now let ¥ (1) = F(y;)%/2, then we have for each fixed s,

¥ (s) = gy, (s, [u, y5]) = 0.
Thus v is a constant function, ¥ (¢#) = ¥ (0). Consequently, F(Ad(h)y) = F(y)

holds for h = exp(tu). Since H is connected, it can be generated by elements of the
form exp(tu), hence (A) holds for any h € H. O

2.4 The flag curvature formula

Fix a nonzero vector y € m, we will attach to it a vector n and a linear operator N
on m.
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1008 L. Huang

Definition 2.9 For each y € m\{0}, there is a unique vector 7 in m satisfying

gy, v) =gy(y, [v, ylm)  forall vem, )

called the spray vector at y. The subscript m in (2) means projection to the subspace
m. We shall use ad, (y) to denote the operator on m sending v to [y, v]m.

Definition 2.10 For each nonzero vector y in m, there is a unique (1, 1) tensor N on
m satisfying

2'gy(NU7 I/t) = gy([u, U]ms y) + gy([uv y]mv U) + gy([va y]m’ l/l)
—2Cy(u,v,n) forall u,v e m,

3)

called the connection operator at y.

From the definition of N, it is easy to see that the adjoint operator of N with respect
to g, denoted by N* satisfies the following equation:

Zgy(N*Ua u) = gy([U1 u]mv y) + gy([”» Y]my U) + gy([v» y]ma l/t)
—2Cy(u,v,n) forall u,vem.

There is a simple relation between 1, N and the S-curvature,

S)=—1,(n) =tr(N) +tr(adm (y)),

where I, is the mean Cartan tensor. The reader is refered to [18] for the proof. If the
Lie group G is unimodular, then Milnor [24, Lemma 6.3] shows that tr(ad(y)) = 0.
Since ad(y) maps b into m, we have tr(adm (y)) = 0. In this case, tr(N) coincides
with S-curvature.

Notice that n and N are defined for each nonzero vector y in m. Sometimes it is
more convenient to view them as tensor fields on m\{0}. Precisely, n can be viewed
as a vector field on m\{0} and N is a (1, 1) tensor field on m\{0}. Using the trivial
flat connection D on m\{0}, one can verify that N = Dn/2 — adn(y)/2,i.e.,

1 1
Nv = EDM_ E[y, Vlm, v em=T,(m\{0}). )

This relation gives us an efficient way to compute N in concrete examples.

The spray vector n and connection operator N play an importance role in the
curvature formulas of a homogeneous Finsler space. The proofs of the following two
theorems could be found in [18].

Theorem 2.11 ([18]) Identifying T, M with m as above, the Riemann curvature tensor
Ry of a homogeneous Finsler space (M = G/H, F) satisfies the following equation:

gy(Ry(U)aU) =gy([[v» y]f)av]ﬂ y)+gy(§(v)av)v v emv (5)
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where the operator Ris defined by
R = DyN — N> + [N, adw(»)1,
namely, for each v € m,
R(v) = (DyN)(v) = N*(v) + N([y. vlm) — [, Nvlm.
Using the adjoint operator N*, one can rewrite equation (5) as follows:

8y(Ry(v), v) = gy([[v, yIp, v], ¥) + &y (DyN(v), v)

x (6)
- gy(NU_[)’v U]ms N U) - gy([)’v NU]I‘I’M U).

Theorem 2.12 ([18]) The Ricci curvature of a homogeneous Finsler space (M =
G/H, F) is given by

Ric(y) = —tr(ad(y)oady (y)) + Dy (tr(N)) — tr(N?),  y € m\{0},

where ad(y)oady (y) is considered as a linear operator on m.

3 Flag curvatures
3.1 Naturally reductive metrics

Now we describe a simple and trivial case in which the above flag curvature formula
is applicable.

Definition 3.1 Let F be an invariant Finsler metric on the homogeneous space M =
G/H. If the spray vector 1 vanishes identically, i.e.

gy, [u,ylm)=0 forall u,y € m\{0}, (7)
then the metric F is said to be naturally reductive.
Remark 3.2 1f the metric F is Riemannian, then g, = g is independent of y. By

polarising (7), one recovers the usual definition of naturally reductiveness in [21],
namely

g, [u, wlym) + g(w, [u, vlm) =0  forall u,v,w € m.

It can be shown that, for each nonzero y in m, the spray vector n at y is zero if and
only if exp(#y)(o) is a geodesic [18,22]. Hence, naturally reductive metrics share the
same set of geodesics. Consequently these metrics are Berwaldian, and share the same
Riemann curvature tensor.
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Theorem 3.3 If the Finsler metric F on the homogeneous space M = G/ H is natu-
rally reductive, then for each nonzero vector 'y € m, we have

1
gy(Ry(v),v) = gy([[y, vly, y], v) + 7 gy ([[y, vlm, [y, vlm), vem

Proof This is obvious if the reader is familiar with homogeneous Riemannian spaces
(cf. [21]). Here we shall provide a direct proof.
~ Since n = 0, we have N = —adw(y)/2, DyN = 0 and [N, adn(y)] = 0, hence
R=—N>=—(1/4)adm(y) oadm ().

Substituting N = —ady (v)/2 to (3) yields

gy([u, vlm, y) + gy([u, ylm,v) =0  forall u,vem.

Permuting # and v in the above equation shows that ady, (y) is skew-adjoint with
respect to g,. Hence we have

- 1 1
&y (RW),v) = — 1 gy(adm (y)(@dm (y)(v)), v) = 1 gy(ady (y)(v), adm (¥) (v)).

The conclusion then follows from Theorem 2.11. O
By using a similar argument, we have

Corollary 3.4 If the Finsler metric F on the homogeneous space M = G/H is
naturally reductive, then we have

1
Ric(y) = —tr(ad(y)ocady(y)) + 7 tr(ady (y)oadm (y)),

which is independent of the metric F.

The following result furnishes a very simple case where the above theorem may be
applied.

Theorem 3.5 Let G/H be a homogeneous space. Assume that F is an Ad(G)-
invariant Minkowski norm on g and m is an Ad(H)-invariant subspace of @
complimentary to Y. Define a Minkowski norm F on m as follows:

F(y) = Li‘gﬁ“mu), y € m\{0}. ®)

Then F is naturally reductive and the flag curvature is nonnegative.

Proof Alvarez Paiva and Durdn [3] introduced the notion of isometric submersion.
Here the projection 7 : g — m is just an isometric submersion between Minkowski
spaces (g, F ) and (m, F). It can be shown that the infimum in (8) is attained at a unique
u € h. We shall denote by y the unique vector y + u such that F(y) = F(y + u),
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Flag curvatures of homogeneous Finsler spaces 1011

y € m\{0}. Then it is proved in [3] that 7 is also an isometric submersion between
Euclidean spaces (g, g5) and (m, g,), namely,

gy, ) = gy(u,v), &y, h) =0  forall y,u,vem\{0},

where gy and g, are the inner products associated to F,F, respectively.

The Ad(H)-invariance of F is obvious by definition. Now we prove that F' is
naturally reductive. Since F is Ad (G)-invariant, by an argument similar to Lemma 2.8,
we have

Sw(w,[z,w]) =0 forall w,z e g\{0}.
Let z belong to m and let w = ¥ for some y € m\{0}, then we have

gi(j}v [Zv y]m) = 07

where we have used the fact that [z, y]m = [z, y+ulm = [z, y]m. Notice that
gy(¥,x) = gy(y,x) for any x € m, we have g,(y, [z, y]lm) = O for any z € m.
Hence F is naturally reductive.

Now, the Riemann curvature tensor Ry is independent of the metric F'. We know
from Riemannian geometry that R, has nonnegative eigenvalues, hence the flag cur-
vature is nonnegative. O

Remark 3.6 The spaces in this theorem are called normal homogeneous. One may
compare the treatment here with [35]. Clearly, the study of normal homogeneous
Finsler spaces is almost the same as normal homogenous Riemannian spaces.

3.2 Positively curved spaces

In this subsection, we will try to answer the following question: which homogeneous
spaces admit an invariant Finsler metric, whose flag curvature is everywhere positive?
We shall first give two lemmas that describe some flags with nonnegative curvature.
The first lemma generalizes a result of Milnor [24] and also a result of Hu—Deng [16].

Lemma 3.7 ([18]) If a nonzero vector y belongs to the center of g, then we may
adjust m such that y € m. For this center element y € m, the connection operator N
is skew-adjoint with respect to g, and we have

gy(Ry(v),v) = gy(Nv, Nv) >0 forall vem,

with equality holding if and only if y is gy-orthogonal to [v, m]y.

Proof When y belongs to the center of g, let y = y; 4+ y» be the decomposition with
respect to the direct sum g = h + m. If y, = 0, then y = y; € b. It follows that
exp(ty) is a center both in G and H, contradicting the hypothesis that the action is
almost effective. Hence y, # 0.
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Since [y, h] = 0, we find that y is Ad(H)-invariant and [y, b] + [y2, ] = 0.
Since [y1, H] C b, [y2, H] C m, we have [y1, ] = 0 and [y2, h] = 0. As a result,
y2 is Ad(H)-invariant. Let m; be an Ad(H )-invariant subspace of m complimentary
to Ry;, and define m’ = m; + Ry, then m’ is also an Ad (H)-invariant subspace of g
complimentary to k. The first part is proved.

The hypothesis now implies ad, (¥) = 0 and = 0. The connection operator N is
determined by the relation

2gy(Nv, u) = gy([u, vlm, y). ©)

Permuting u and v in (9) shows that N is skew-adjoint with respect to g,.
Since D;N =0 and [N, ad (y)] = 0, we have R = — N2 Thus

gy (R(v), v) = —g,(N*(v), v) = gy(Nv, Nv).

Moreover gy ([[y, v]y, ¥], v) = Osince y belongs to the center. Thus by Theorem 2.11,
we have

gy(Ry(v),v) = g,(Nv, Nv) > 0.

The equality holds if and only if Nv = 0. By (9), the condition Nv = 0 is equivalent
to the property that y is gy-orthogonal to [v, m]m. O

A slight generalization of Lemma 3.7 is given in [36]. We restate it as follows.

Lemma 3.8 If a nonzero vector y € m satisfies n = 0 at y, and there is a vector
v € m such that [y, v] = 0, then we have

gy(Ry(v),v) = gy(Nv, Nv) > 0.
Proof Since [y, v] =0, n =0, DyN = 0, utilizing (5) we have
gy (Ry(v), v) = —gy(N*(), v) = g, ([y, N(©)]m, v).
Using the definition of N (see equation (3)), we have
gy (N*(v),v) = % gy([v, Nvlm, y) + % gy ([N, ylm, v).

Combining the above two equations yields

1 1
&y(Ry(v),v) = 3 &y([[Nv, vlm, y) + 3 8&y([Nv, y]m, v).

Using the definition of N once again, we find that the right-hand side is equal to
gy(Nv, Nv). Thus the lemma is proved. O
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Based on the above two lemmas, we now proceed to study homogeneous Finsler spaces
with positive flag curvature. Since such spaces are compact by the Bonnet—Myers
theorem, from now on we will always assume that G is compact in this subsection.

With the compact assumption, we can fix an Ad (G)-invariant inner product Q on
g. Then we have

O([u,v],w) + O([u, w],v) =0 forall u,v,w €g. (10)

Let m be the orthogonal compliment of h with respectto Q, then m is Ad (H )-invariant.

Suppose that there is a nonzero vector y € m such that n = 0 at y. The existence
of such y will be clear in context. Fixing such a vector y, there is a unique operator
P: m — m that is self-adjoint with respect to Q| and satisfies

gy(w,w) = Q, Pw) forall v, wem.

In general, P is not Ad(H)-invariant, but we still have [u, Py] = P[u, y] for any
u € h. Actually, since F is Ad(H)-invariant, we get from Lemma 2.8 (C) that

gy, [u,yD) + gy(y,[u,v]) =0 forall ueh, vem

Thus we have

O([u, Pyl,v) = — Q([u, v], Py) = —gy([u, v], y)
=gy, [u, y]) = Q(Pv, [u, y]) = Q(Plu, y], v),

which in turn forces [u, Py] = Plu, y].
Now equation (3) can be rewritten as

20(Nv, Pu) = Q([u, vlm, Py) + O([u, ylm, Pv)
+ O([v, ylm, Pu) forall u,v € m.

Using (10) and the self-adjoint property of P, we have

20(Nv, Pu) = Q([u, v], Py) + Q(lu, y], Pv) + Q([v, Y]m, Pu)
= O([v, Pyl.u) + O([y, Pvl,u) + O([v, ylm, Pu)
= Q([v, Pylm,u) + O([y, Pvlm,u) + O([v, ylm, Pu)
= O(P~'[v, Pylm. Pu) + Q(P~'[y, Pvlm, Pu) + Q([v., Y]m. Pu).

Thus we obtain an expression of N as follows:
-1/ p+ !
Nv=P(B"0)m = 5[y Vlm, vem,
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where BTv = ([v, Py] + [y, Pv])/2. We shall show that B*v always belongs to m,
thus the projection can be omitted. Actually, for any u € b,

Q([v, Pyl,u) = Q([Py,u],v) = —Q(P[y,u],v)

= —0([y,ul, Pv) = = O([Pv, y], u).

Hence [v, Py] 4+ [Pv, y] is perpendicular to b, thus belongs to m.
Using a similar argument we can show that the adjoint operator N* is given by

1
N*v =P ' (B™v)m — Sk, veEm,

where B~ v = (—[v, Py]+[y, Pv])/2. However, B~ v usually does not belong to m,
so the projection could not be omitted.
To further simplify (6), we compute

gy([lv, ylp, v], y) = Q([[v, ¥y, v], Py) = Q([v, Pyl, [v, yln)
= Q([v, Pyly, [v, ylp),

and

_gy([y, NU]mv U) = _Q([y’ N(U)]m’ PU) = _Q([y’ NU]’ PU)
= O([y, Pv], Nv) = Q(ly, Pvlm, Nv).

Altogether, we can rewrite (6) in the following form (be ware of the assumption that
n=0aty)

gy(Ry(v),v) = O([v, Pyly. [v, ¥]p) — &y(Nv — [, V]m, N*v)
+ Q([y, Pvlm, Nv).

If [y, Pv] =0and [y, v] € m, then we have

gy(Ry(v),v) = —gy(Nv — [y, v], N*v). (11)

Lemma 3.9 Let Q be an Ad(G)-invariant inner product on g. Then the function
f(z) = F2(2)/0(z, z) defined on m\{0} must attain its minimum at some nonzero
vector y € mand the spray vector n vanishes at the minimizer y. Suppose further that
there is a vector v € m such that [y, Pv] = 0, then we have

1 _ _
g5 (Ry @), v) = 7 &y (AP [y, vl + 31y, 0], AP~ [y, vl = [y, v]) <0,
where A is the minimal value of f(2).
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Proof By homogeneity, the function f(z) = F2(z)/Q(z, z) can be viewed as defined
on the indicatrix F(z) = 1, hence it must attain its minimum at some y € m\{0}.
Denote the minimal value by X, then we have

F*(z) > 20(z,z) forall z € m\{0}.
Let f(z) = F%(z) — A0(z, 2), then fattains minimal value at y, so Dwf =0aty,

namely,
&, w)=A0(y,w) foral wem. (12)

Also, the Hessian of f~ must be semi-positive definite at y, so we have

8y(z,2) 2 A0(z,z) forall z em. (13)
Notice that the left-hand side of (12) can be written as Q(Py, w), comparing with
right-hand side yields Py = Ay, namely, y is an eigenvector of P with eigenvalue
A. Moreover, we get from (13) that Q(Pz,z) > AQ(z, z), hence A is the smallest
eigenvalue of P. As a result

OQw, P 'w)y <27 'O(w, w) forall wem.

Since Q is Ad(G)-invariant, we know from (10) that Q(y, [u, y]) = 0, hence

Oy, [u,ylm) =0 forall u € m.
Together with (12) we have

gy (y,[u,ylm) =0 forall u em.
Hence n =0 at y.

Now, if the vector v satisfies [y, Pv] = 0, then we have Btv = [v, Py]/2 =

—Aly, v]/2. Since Btu always belongs to m, we have [y, v] € m. Put w = [y, v],
then we have

1
Nv = 5 (=P 'w — w).

Similarly we have
* 1 —1
N v:z()\P w—w).

Substitute the above two results into (11), then we have

_ l -1 -1,

gy(Ry(v),v) = 1 g),(XP w~+ 3w, AP w w)
1
=3 (A2 0w, P~'w) + 220w, w) — 3Q(w, Pw)) <0

with equality holding if and only if w = 0, i.e., [y, v] = 0. O
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Theorem 3.10 ([16]) Let G be a connected and simply connected Lie group. If G
admits a left invariant Finsler metric of positive flag curvature, then rank (G) = 1 and
G is Lie isomorphic to SU(2).

Proof In this case h = {0} and g = m. Let y be the minimizer as in Lemma 3.9,
then y is the eigenvector of P with eigenvalue A. If there is a linearly independent
vector z such that [y, z] = 0, then we may write z = Pv. The vectors y and v are
linearly independent because P~'y and P~!v are. By Lemma 3.9, the flag curvature
of (y Av, y) is nonpositive, contradicting our hypothesis. Thus the rank of G is at most
1 and the universal cover of G is SU(2). O

Proposition 3.11 ([16,18]) Suppose that G is a compact connected Lie group and H
is a closed subgroup of G. Let M = G /H be a homogeneous space on which G acts
almost effectively. If M admits a G-invariant Finsler metric F with strictly positive
flag curvature, then

e ifdim M is even, then G is semi-simple,
e ifdim M is odd, then G is either semi-simple or the center of G is one dimensional.

Proof Let 3 be the center of g, then by Lemma 3.7 we may assume that 3 C m.

If dim 3 = O, then g = [g, g] is semi-simple.

If dimj = 1, choose a nonzero vector y € 3 and let p be the gy-orthogonal
compliment of 3 in m. Consider the restriction of the operator N on p. By Lemma 3.7
we have

g&y(N(), N(v)) = gy(Ry(v),v) >0 forall venp.

This shows that the restriction of N on p is non-singular. Since N is skew-adjoint on
p, the dimension of p must be even. As a result, M is odd dimensional.

If dim3 > 2, then we can choose linearly independent vectors y, v € 3. Since
[v, m]m = {0}, Lemma 3.7 shows that g, (R, (v), v) = 0, contradicting our hypothe-
sis. Hence this case cannot happen.

Since dim G — rank (G) is always even, the proposition is proved. O

Before proceeding, we present a simple lemma on group actions.

Lemma 3.12 Suppose that Lie groups G, H, L satisfy L C H C G and G acts almost
effectively on the coset space M = G /H. Let C(L)q be the identity component of the
centralizer of L in G. Let M|, be the set of points in M that are fixed by elements of L.
Let My be the connected component of My, through o. Then C(L)g acts transitively
on My, and My = C(L)o/C(L)o N H.

Proof We only need to prove that My is precisely the orbit of C(L)o, namely, Mo =
C(L)g-o.

For each point x in the orbit of C(L)g, let x = f (o) for some f € C(L)g. Then
forany ! € L,If = fl. Hence we have [(x) = I(f(0)) = f(l(0)) = f(0o) = x.
This shows that x is fixed by all elements in L. Moreover, since the orbit of C(L)g is
connected, we find that x € M. Thus the orbit C(L)¢-o is contained in M.
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Conversely, for each vector v in T, My, if we identify T, M with a subspace mq of
m as before, then v is Ad(L)-invariant. Thus v belongs to the centralizer of [, the Lie
algebra of L. This shows that M is contained in C(L)g-o. O

Now we may prove a refinement of Proposition 3.11.

Theorem 3.13 ([37]) Suppose that G is a compact connected Lie group and H is a
closed subgroup of G such that G acts almost effectivelyon G/ H. Suppose M = G/H
admits an invariant Finsler metric F with strictly positive flag curvature. Let T be a
maximal torus of H and let C(T )¢ be the identity component of the centralizer of T
in G. Then

e [fdim M is even, then T is a maximal torus of G. In this case, rank (G) = rank (H).
e [fdim M is odd, then C(T)o/ T is isomorphic to S' SU(2) or SO3). In this case
rank (G) = rank(H) + 1.

Proof Notice that C(T)o N H = T. By Lemma 3.12 and Proposition 2.3, My =
C(T)o/T 1is a totally geodesic submanifold of M, hence it also has positive flag
curvature. But My = C(T)o/T is a Lie group, the induced metric on My is a left
invariant metric, hence by Theorem 3.10, rank (My) = 1 and My is isomorphic to S',
SU(2) or SO(3).

Since dim G — rank (G) is an even number for the compact group G, the theorem
follows. O

Theorem 3.14 ([37]) Let G be a compact connected simply connect Lie group and H
a connected closed subgroup of G such that the dimension of M = G/ H is even and G
acts almost effectively on M. If M admits a G-invariant Finsler metric of positive flag
curvature, then it also admits a G-invariant Riemannian metric of positive sectional
curvature.

Proof Fix an Ad(G)-invariant inner product Q on g. Let m be the orthogonal com-
pliment of b in g. Let t be a Cartan subalgebra of h, then by the above Theorem 3.13,
tis also a Cartan subalgebra of g.

For any 11, 1, € t, the operators ad(#1), ad(#,) as linear transforms on m, are skew-
adjoint with respect to Qln, and commute to each other. So they share the same
invariant subspaces. We have the direct sum decomposition

where each m, is a 2-dimensional ad(t)-invariant subspace of m. Precisely, each
a € At is a linear function on ¢, called a (positive) root, and m,, has a basis zy, wy
such that

ad(1)(zq) = a(t) - wy, ad(t)(wy) = —a(t) -z, forall r et (14)
In other words, m,, is the root space of ad () with eigenvalues i« (#). For each linear

function 6 on t, we define my to be the root space of ad(¢) with eigenvalues £i6(¢),
t € t. Thus one can show that
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[mg, mglm C Myqp +mgp.

Choose @ € A™ and fix a nonzero vector y € g,. Let t’ be the subspace of t annihilated
by a. Thenforany ¢ € t' C b, using (14), we have [¢, y] = 0. Recall that the invariance
of F implies (see Lemma 2.8 (D))

gy([t,v], w) + gy ([1, wl, v) + 2Cy (1, y], v, w) =0  forall v, w € m.

It is evident that ad () is skew-adjoint with respect to g,. The operators ad (1), t € ¢,
commute to each other, so they also share the same invariant subspaces. We obtain
another direct sum decomposition

m:ma—i—ng, (15)

where each mg is an ad (t')-invariant subspace of m and has the form

/
my = Y Mk

kela,b]NZ

Consequently, if two vectors v, w € m belong to two different summands, then they
are orthogonal with respect to gy.

Notice that the first summand m,, is the O-eigenspace of all ad (¢), ¢ € t. If y € AT
andy # £a,thenm, doesnotbelong to the first summand. So we have g, (y, g,,) = 0.
Consequently, for any u € m, g, (y, [#, ylm) = 0. This shows that n = 0 at y.

Suppose there is B € A such that 8 # Fa, and =(8 £ ) ¢ AT, then there is
a summand in (15) which only contains mg. So mg will be orthogonal to other m,,,
with respect to g,. Choose a nonzero v € mg. Since « & 8 are not roots, we have
[y, v] = 0. Moreover, using the above orthogonality one can check that forany u € m,

gy([u’v]ma )’) :07 gy([uv y]va) :O

As aresult, N(v) = 0. Now Lemma 3.8 shows that the flag curvature of (y Av, y) is
zero. A contradiction.

So we have proved that, for any roots & and 8 in A™, at least one of @ + 8, @ — S8
is aroot. This is what Wallach called the condition (A). Although we consider Finsler
metrics instead of Riemannian metrics, the result shows that the underlying homo-
geneous space should satisfy the same set of requirements. So there is no difference
between Finsler and Riemannian geometry in this situation. O

Remark 3.15 For more detailed discussion on this topic, one may consult [37]. Xu
and Deng also have some progress on the odd dimensional case, see [36].

Corollary 3.16 Let (M, F) be an even dimensional connected and simply connected
homogeneous Finsler space. If it has positive constant flag curvature, then it is an even
dimensional Riemannian space form.
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Proof By the Sphere Theorem [25], a connected and simply connected Finsler space
with positive constant flag curvature must be homeomorphic to a sphere. Comparing
with Wallach’s list, one can see that M must be diffeomorphic to a sphere. Moreover,
by carefully checking the Ad(H) action for each case, one can show that the only
possible invariant Finsler metric is a multiple of the standard Riemannian one. A
detailed analysis of possible invariant Finsler metrics can be found in [37]. O

4 Left invariant Finsler metrics on Lie groups

In this section, we shall study Ricci curvatures of left invariant Finsler metrics on Lie
groups. Now hh = {0} and m = g, hence we do not need projection (to m, or to h) in
this case. A direct consequence of Lemma 3.7 is the following

Corollary 4.1 If a nonzero vector y € g belongs to the center of g, then for any
left invariant Finsler metric F on the Lie group G, the Ricci curvature along the y-
direction is nonnegative. It is zero if and only if y is gy-orthogonal to the subspace

[g, gl

To describe directions with negative Ricci curvature, we shall prove

Lemma 4.2 Let F be a left invariant Finsler metric on the Lie group G. If a nonzero
vector y € g is gy-orthogonal to the subspace [g, g, then the Ricci curvature along
the y-direction is nonpositive. It is zero if and only if adw (y) is skew-adjoint with
respect to gy.

Proof The hypothesis implies that 7 = 0 at y. The connection operator N now satisfies

2gy(N(U),M) :gy([u9 )’],U)‘i‘gy([vs )’]’U)s u,v Eg' (16)

Permuting u and v in (16) shows that N is self-adjoint with respect to gy,i.e., N = N*.
By Theorem 2.12, the Ricci curvature along the y-direction is given by

Ric(y) = —tr(N?) = —tr(NN*) < 0.

The equality holds if and only if N = 0. In view of (16), the condition N = 0 is also
equivalent to the property that ad(y) is skew-adjoint with respect to g. O

Proposition 4.3 Let F be a left invariant Finsler metric on the Lie group G. If
dim[g, g] < dimg — 1, then there exists a flag with nonpositive flag curvature;
Moreover, if dim[g, g] < dimg — 2, then there exists a flag with nonnegative flag
curvature as well.

Proof If dim[g, g] < dimg — 1, then we may choose a nonzero y € g that is g-
orthogonal to [g, g]. Then by Lemma 4.2, there is a flag y Av with nonpositive flag
curvature.

If dim[g, g] < dim g — 2, then since the image of ad(y) is included in [g, g], it has
dimension < dim g — 2. Thus the kernel of ad (y) has dimension > 2. It follows that
there is a vector v € ker ad(y) that is linearly independent of y.
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By Lemma 4.2, the spray vector n = 0 at y and the connection operator N is self-
adjoint with respect to g,. Moreover, from (16) we see that N is just the self-ajoint
part of the operator —ad(y).

Now write —ad(y) = N + P with P skew-adjoint, then N = —ad(y) — P and
thus

Ry = —N?+[N,ad(y)] = — P? —2Pad(y) — ad ().
It follows that Ry (v) = — P?(v) and
8y(Ry(v),v) = gy(Pv, Pv) >0,

thereby proving the proposition. O

Corollary 4.4 Let F be a left invariant Finsler metric on M on a solvable Lie group
G. If all the flag curvatures are strictly negative, then dim[g, g] = dimg — 1.

Proof Since gis solvable, [g, g]is a proper subspace of g. The conclusion then follows
from Lemma 4.2 or Proposition 4.3. O

Remark 4.5 The Riemannian version of this result was given by Wolter [32].
The following theorem refines results of Wolf [31], Milnor [24] and Hu-Deng [16].

Theorem 4.6 ([18]) Suppose the Lie group G is nilpotent but not commutative, then
for any left invariant Finsler metric on G, there is a direction with positive Ricci
curvature and there is also a direction with negative Ricci curvature. In particular, G
does not admit any left invariant Einstein—Finsler metric.

Proof By definition, g is nilpotent indicates that the derived series

gD lg,9]1Dlg [g.9]]1D---

must terminate. Let # be a nonzero vector in the last nonzero term of this series,
then u belongs to the center 3 of g and is contained in [g, g]. Thus Ric(x) > 0 by
Corollary 4.1.

Now we claim that [g, g] + 3 is a proper subspace of g. Otherwise, we have

[g,9] =1[g,[9,9]1+3] =19 [g gll

This shows that g cannot be nilpotent unless it is commutative, contradicting to our
hypothesis. Hence, [g, g] + 3 is a proper subspace of g. There exists a nonzero vector
y such that y is g, -orthogonal to [g, g] + 3. It follows that y is g, -orthogonal to [g, g]
and ad(y) # 0.

Since the eigenvalues of a skew-adjoint operator are pure imaginary or zero, while
the eigenvalues of a nilpotent operator are all zero, we conclude that the nonzero
linear operator ad(y), being nilpotent, could not be skew-adjoint. Hence, by Lemma
4.2, Ric(y) < 0. O
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Shiing-Shen Chern had asked, does every smooth manifold admit a Ricci-constant
Finsler metric? In the homogeneous realm, a similar question could be raised: does
every homogeneous space admit an invariant Finsler metric with constant Ricci cur-
vature? The above theorem shows that the answer is negative.

Recall that a Lie group G is called unimodular, if its left invariant Haar measure
is also right invariant. For example, all compact Lie groups are unimodular. It was
proved in [24, Lemma 6.3] that G is unimodular if and only if tr (ad (y)) = O for every

yeg

Theorem 4.7 If the Lie group G possesses a left invariant Finsler metric with all
Ricci curvatures > 0, then G is unimodular.

Proof Let u be the unimodular kernel of g, namely,
u={veg:tr(ad(v)) = 0}.

By the Jacobi identity ad ([v, w]) = [ad(v), ad(w)], we have tr(ad ([v, w])) = O for
any v, w € g. Hence [g, g] is contained in u.
If G is not unimular, then u is a proper subspace of g. We can choose a nonzero y in
g thatis gy-orghogonal to u and thus orthogonal to [g, g]. By Lemma 4.2, Ric(y) < 0.
If the equality holds, then ad(y) is skew-adjoint and tr(ad(y)) = 0. But y does not
belong to u, we have tr(ad(y)) # 0. This contradiction completes the proof. O

Professor Ming Xu told the author that the above theorem can be slightly generalized
as follows.

Theorem 4.8 If the homogeneous Finsler space M = G/H admits an invariant
Finsler metric with all Ricci curvatures > 0, then G is unimodular.

Proof Let u be the unimodular kernel of g. If G is not unimodular, then u is a proper
subspace of g.

As in the proof of Theorem 4.7, [g, g] is contained in u. Moreover, since H is
compact, there is an Ad(H)-invariant inner product on g. With respect to this inner
product, ad(h) is skew-adjoint, for any 4 € b. It follows that tr(ad(h)) = 0. So b is
also contained in u.

Denote by 1’ the m-component of u with respect to the decomposition g = b + m,
then 1’ is a proper subspace of m. We may choose a nonzero vector y in m that is
gy-orthogonal to u”. So y is g,-orthogonal to [g, glm. In particular, y is orthogonal to
[h, m]. So we have

gy([[v, ylp,v],y) =0 forall vem.
Notice that y is orthogonal to [m, m]y,, we have
gy, [v,ylm) =0 forall vem.

Hence 1 = 0 at y. These two facts simplify the Ricci curvature to Ric(y) = —tr(N?).
Moreover, the connection operator N is determined by
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2gy(Nv,u) = gy([v, ylm, u) + gy([u, ¥]m, v).

Clearly N is self-adjoint with respect to gy. So Ric(y) = —tr(N %) < 0. The equality
holds if and only if N = 0, if and only if adw (y) is skew-adjoint with respect to g.
Consequently, as a linear operator on m, the trace of ady, (y) is zero. Notice that ad (y)
maps b into m, we have tr(ad(y)) = tr(adn (y)) = 0. A contradiction. O

In view of the above results, one may conclude that the behavior of flag curvature and
Ricci curvature in Finsler geometry share a common theme with the corresponding
concepts in Riemannian geometry. But there are still many differences. For example,
Bochner’s theorem plays an important role in discussing nonpositive Ricci curvature in
Riemannian geometry. It says that, if a compact Riemannian manifold without bound-
ary has nonpositive Ricci curvature, then every Killing field is parallel. Moreover, if it
has one direction of strictly negative Ricci curvature, then every Killing field is zero.
Based on this theorem, Alekeseevskii and Kimel’fel’d [1] proved that homogeneous
Riemannian manifolds with zero Ricci curvature must be flat. However, so far the
Finsler version of Bochner’s theorem is not proved, thus leaving open the window that
there may be a Ricci flat homogeneous Finsler space which is not flat. Similarly, due
to the auto-vanishing of the Weyl tensor, a three dimensional Riemannian manifold
with constant Ricci curvature must have constant sectional curvature. However the
same conclusion has not been proved in Finsler geometry, thus there may be a Ricci
constant Finsler 3-manifold whose flag curvature is not constant. In the next section
we shall provide y-local examples of this type.

5 Examples
5.1 Three dimensional Lie groups
We shall consider the Ricci curvatures of three Lie groups in this subsection. They are

E(2), SL(2,R) and SU(2).
The Lie group E(2) consists of rigid motions of the Euclidean plane, namely,

EQ2) = Hg ﬂ cAeO0Q),be R2X1}.

Its Lie algebra has a basis

0 0 1 0 0 O 0 -2 0
Eir=(0 0 0|, E,=|0 0 1, E3=|2 0 Of.
0 0 O 0 0 0 0O 0 0

Thus the Lie brackets are given by

[E>, E3] =2E], [E3, Eq] = 2E>, [E1, E2] =0.
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Let @ be a Euclidean norm on the Lie algebra such that { £, E», E3} is orthonormal,
namely,

0 = /0P + 02+ 07?  for y=y'E| +2Er + Y Es.

Then o corresponds to a left invariant Riemannian metric on E(2), whose sectional
curvature is identically zero (cf. [24]). Now we define a Minkowski norm F on the
Lie algebra as follows:

y3
F(y) = a()’)‘f’(m),

where ¢ is a smooth function defined on [— 1, 1] and satisfying
p(s)>0, ¢—s5¢' >0, ¢p—s¢ +(1-s5H¢" >0, se[-11]

Then F gives rise to a left invariant («, §)-metric on E(2).
Direct computation shows that the spray vector is given by

n=—2y"yE; +2y'y E;.

It is not identically zero, hence F' is not naturally reductive. Moreover, the connection
operator is given by

Nv=—2y2v3E1+2y1v3E2 for v="1'E;.

Substituting the above data to the curvature formula, we find that the flag curvature
of F is identically zero, regardless of the function ¢ chosen. By the Akbar—Zadeh
theorem, the metric F is locally Minkowskian, but since E(2) is not commutative,
(M, F) is not covered by a global Minkowski space.

Actually, there is a simple explanation of the vanishing of flag curvature. Notice
that the right invariant vector field corresponding to E3 is parallel with respect to «,
the Finsler metric F is affinely equivalent to «, thus it is Berwaldian and the Riemann
curvature tensor is the same as .

In a similar manner, we consider the Lie group SL(2, R) consisting of all 2 x 2 real
matrices of determinant 1. Its Lie algebra has a basis { £, E», E3} with Lie brackets
given by

[E>, E3] =2E], [E3, E1] = 2E>, [E1, Ez] = —2E;3.

Again define the Riemannian metric o by

=02+ (D2 + ()

and consider the Finsler metric F = a¢(s), where s = y3/a. In this case, the spray
vector is given by
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X«
n= —( Y2 EI +y'Ey),

where X1 = 2s¢ + (1 — 252)¢’ and X» = ¢ — s¢’. Notice that the determinant of the
matrix (g;;) is a function of s, we find that the mean Cartan torsion is given by

1
I, = e [ln,/det(gij)]s{—y y ol — yzy3a)2 +a2w%}

where {'} is the dual of { E;}. Together the above two facts we see that the S-curvature
is identically zero, regardless of the function ¢ chosen. Moreover, since SL(2, R) is
unimodular, the Ricci curvature is computed by Ric(y) = —tr(N?). We have

2
Ric(y) = o (495 — 12995 — 68 — 267)¢'s*
sX3
2
£ @07+ 1667 — 49795 + 297 — 139792 7

+ (3¢ — 492 — ) ps + 2479}

In view of the above equation, it seems reasonable to obtain a family of solutions of
the equation

Ric = 2KF2,

because it is a second order ODE on ¢ (where « is a constant number). But we claim
that, the solutions could not be y-global. Actually, letting y = E3 (thuss = 1) in (17)
yields

2

Ric(E3) = & >
(p(1) — ¢'(1))?
Hence, if F has constant Ricci curvature, then necessarily the constant « is positive.
By the Bonnet—Myers theorem, SL (2, R) would be compact, that is a contradiction.

Hence, the above Finsler metrics cannot be Einstein. We conjecture that any y-
global Finsler metrics on SL (2, R) cannot be Einstein.

The last example in this subsection is the Lie group SU(2), consisting of matrices
of the form [ ‘“ ] where the complex numbers a, b satisfy la|> + |b|?> = 1. The Lie
algebra su(2) has abasis E, E», E3 with

[Eqy, Ez] = 2E3, [E>, E3] =2E], [E3, E1] = 2E;.

Consider the Minkowski norm F = a¢ (y3/a) again. It is evident that the indicatrix
of F can be parametrized by

(sint cos s, sint sins, f(1)).
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Thus every vector y in su(2) can be written as
y=r-(sintcossE| +sintsins Er + f(t)E3).

In other words, (r, s, t) is a coordinate system on su(2)\{0}. Using this coordinate
system one can compute that

n = X4(—sinsE> + coss E3),

where X4 = r?sint(ff’ +sint cost)/f’. Using (4), one can show that the matrix of
N with respect to the basis { E1, E3, E3} is given by

0 rsintsins —rsinf coss
—Xssins (X¢ — X7) sins coss —X7 sin?s — Xgcos?s |,
Xscoss X7cos?s + Xgsin?s (X7 — X¢) sins cos s

where

Xs = rsint2f? — Osin?1)/f?,

Xg = rsint cost/f,

X7 =rsint(2f'cost 4+ O fsinr)/f'%,

© = (f"cost + f'sint)/(f'sint — fcost).

Clearly, tr(N) = 0, so the S-curvature vanishes. As a result, the Ricci curvature is
computed by

2 2
Ric = —tr(N?) = # sin? £{2(cos? ¢ + ) f' — (costf” + sintf") sint}.

Thus, the Einstein equation Ric = 2« F? reduces to the following ODE:
sin? t{2(coszt + ) f' = (costf” +sintf) sint} = Kf’
The solution is given by

sin? ¢ cost dr

(sin®r cos? 1 + pu)1/2’

[ =

where > 0 is a constant number. If © > 0, we can show that the corresponding
Finsler metric does not have constant flag curvature (see [17]), but it is still y-local.
If © = 0, then the resulting Finsler metric is Randers type and has constant flag
curvature. This special case has been obtained by Bao and Shen [6].
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5.2 Einstein metrics on S”

The standard action of Sp(2) on the sphere S”  H? is transitive with isotropy subgroup
Sp(1). The 10-dimensional Lie algebra g = sp(2) has the following basis:

D S R
S G (VAP S P |

where i, j, k are the standard basis of pure imagenary numbers in H. It is seen that
Eg, E9, E1o span a subalgebra isomorphic to h = sp(1). Let m be the subspace
spanned by E; through E7.

Clearly, [E74;, E;j] = Ofor 1 < i, j < 3. Hence every element in the subspace mg
spanned by E1, E;, E3 is left fixed by the action of Ad(H). Moreover,

[E74i, E4]l = E4q, [E74i, E4qi] = — Eq,
[E7+i, Eatj] = Eati, [E7+i, Eayk]l = — E44j,

where i, j, k is a cyclic permutation of 1, 2, 3. Clearly the subspace m; spanned by
E4, Es, Eg, E7 is also an invariant subspace of Ad(H).

Now define an inner product g on m by setting Eq, E», ..., E7 as an orthonormal
basis. It is easy to see that g is Ad(H)-invariant. Define a Minkowski norm F on
m = mg + m; as follows:

F(»)?* =2, y)¢<M>,

gy, y)

where y( is the mg-component of y € m. By the invariance of g, the Ad (H )-invariance
of F follows easily. Let s = g(y0, ¥0)/8(y, y)-
We list the other Lie brackets (between elements of m) as follows:

[Ei, Ej] =2E, [Ei, E4] = —2E44,
[Ei, E4vi] = E4, [Ei, Eayj] = Eqx,
[Ei, Eark] = — Eaqj, [E4, Eqyi]l = 2E74; — 2E;,

[E4yi, Eqqj] = 2Er + 2E7 44,
where the index i, j, k runs over a cyclic permutation of 1, 2, 3.
Using the above data, itis easily computed that the spray vector 7 for the Riemannian
metric g is given by
="y +y+ ¥y ) Es+ (—y'y* + %y = y)0) Es
+ (=N =yt + 33 ) Es + (v'y0 = y5y° — vy Eg,

for y = y'E; € m\{0}. Notice that 77 always belongs to m;.
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Now, since D,y = v, Dyyo = v, Where vg is the mp-component of v, we have

Dys = g(yz, » (800, v0) —s-3(y,v)), vem.

Thus one can easily compute

2

F
gy, v) = Dv<7> = (@ —s¢)-8(,v) + "800, vo).

Further differentiating yields

F2
gy(wv v) = Dva<7>

1

== (€(yo, wo) — sg(y, w)) (€Yo, vo) — sg(y, v))
gy, y)

+¢"g(wo, vo) + (¢ — 59 g(w, v),

for any w, v € m.
It is straightforward to verify that, the spray vector 5 for the Finsler metric F is
given by

n:Aﬁ’ where A:M
¢ —s¢’

As a result, the connection operator N is computed as

1 1
Nv=—-Dyn—

1 1 1
2 7 vl = = A'Dys-+ = AD,] — 7 s vl

2 2

We shall not present the matrix of N here, but only mention that we still have tr (N) = 0.
Hence the S-curvature vanishes, regardless of the function ¢. Moreover, the Ricci
curvature is given by

2g8(y,y)

S o=

{2(S2 _ S)¢2¢// + (4S3 _ 5S2)¢/3

+ (8s — 55D p* — (25 +3) %'+ 34}

Hence, the Einstein equation Ric = 6 F2 reduces to a second order ODE on ¢. Inspec-
tion shows that there are two solutions of the form ¢ (s) = a + bs, they are given
by

36

¢(s)=1 and ¢(s) = g — ES'
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The first solution corresponds to the canonical metric on S’ while the second solution
corresponds to the Einstein—Riemannian metric found by Jensen [20]. Ziller [38]
proved that they are the only homogeneous Einstein metrics on S”, in the Riemannian
realm.

We do not know if there are other y-global solutions of the Einstein equation,
though we believe there are many. Those solutions correspond to non-Riemannian
Finsler metrics. Perhaps they are the first examples of Einstein metrics that are not of
(e, B) type and not of constant flag curvature.
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