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Preface

In recent years, Finsler geometry has been developing rapidly. There are two
main reasons for this development. First, the influence of S.S. Chern in the late
twentieth century was enormous; his guidelines rapidly accelerated both interest
and results, first in the United States, including David Bao, Zhongmin Shen, as
well as other mathematicians, and then in China. Today, a large group of young
and talented mathematical researchers all over the world are working on specific
issues in this field. Second, new areas of application arose in the 1980s (R.S.
Ingarden, P.L. Antonelli, among others) in biology, optics, quantum physics, and
also in psychology, geosciences, geodesy, and other fields. The importance of the
field also grew in the 1990s, when its strong relationship with complex analysis
became clear. A new field, called complex Finsler geometry, was launched. In the
past 20 years, much significant progress has been made in this field, and work in
this subject has resulted in a number of substantial books and monographs that have
greatly enhanced the study of Finsler geometry.

This monograph contains a series of results obtained by the author and collabo-
rators in the last decade. Our main idea was to show that one can use Lie theory
to study Finsler geometry, and our research shows that this method is actually
applicable to many problems. Moreover, results obtained on related topics are
generally simpler in this form than similar results in general Finsler geometry. In
fact, in some special cases (e.g., Randers spaces), we can express curvatures using
only the algebraic structures and the metric, without local coordinate systems. Such
approaches are particularly welcome, since Finsler geometry has a reputation for
complexity due to the extensive use of tensors and indices.

The field of Finsler geometry originated from Riemann’s celebrated habilitation
lecture, “On the Hypotheses, Which Lie at the Foundation of Geometry,” given on
June 10, 1854. A translation of this lecture can be found in M. Spivak’s book A
Comprehensive Introduction to Differential Geometry, Volume II, Chap. 4, Publish
or Perish Inc., 1970. In this lecture, Riemann introduced the notion of a manifold
and metric structures on a manifold. In the special case that the manifold is smooth
and the metric is a quadratic differential form, Riemann successfully introduced
the notions of curvature tensor and sectional curvature, and provided a complete
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viii Preface

treatment of this complicated quantity. This setting had an important impact on
Einstein’s general theory of relativity, and has received a great deal of attention
from both mathematicians and physicists. The subject is now called Riemannian
geometry in the literature.

The restriction to a quadratic form constitutes only a special case. Riemann
did not regard this restriction as necessary. However, for the general case, he
wrote the following: “The next simplest case would perhaps include the manifolds
in which the line element can be expressed as the fourth root of a differential
expression of the fourth degree. Investigation of this more general class would
actually require no essentially different principles, but it would be rather time-
consuming and throw proportionally little new light on the study of space.” This
commentary rendered the general cases dormant for a rather long period. In 1918,
Paul Finsler initiated the study of variational problems in the spaces where the
metric is defined by Minkowski norms. This setting was developed into a new field,
which was much more complicated and difficult compared to Riemannian geometry
and was eventually named Finsler geometry.

In 1926, L. Berwald introduced the notion of flag curvature, which is the natural
generalization of sectional curvature in Riemannian geometry. Berwald found an
important connection, called the Berwald connection, which is a very important
connection in Finsler geometry. He also studied the geometric properties of a special
kind of Finsler spaces—Berwald spaces. The work of Berwald has had a great
impact in the study of Finsler geometry. The Berwald connection is torsion-free but
not metric-compatible. In 1934, E. Cartan found another connection—the Cartan
connection—which is metric-compatible but has torsion. Great progress was also
made in 1943 by S.S. Chern, who found a connection that is torsion-free and almost
metric-compatible. The Chern connection is the simplest in form and now appears
very frequently in the literature.

As a branch of geometry, Finsler geometry has inevitably been influenced by
group theory. The celebrated Erlangen program of F. Klein, posed in 1872, greatly
influenced the development of geometry. Klein proposed to categorize the new
geometries by their characteristic groups of transformations. To this day, this
program has been extremely successful. Nowadays, every geometer expects to
find an effective method for studying geometry by applying group theory. The
theory of homogeneous/symmetric Riemannian spaces provides a sample for this
program. Lie theory was developed in the late nineteenth century, first in the local
fashion, by S. Lie, W. Killing, and E. Cartan. Global Lie groups were emphasized
through the work of H. Weyl, E. Cartan, and O. Schreier during the 1920s. One
of the most important applications of Lie theory to Riemannian geometry was
Cartan’s work on the classification of globally symmetric Riemannian spaces.
The Myers—Steendrod theorem, published in 1939, extended the application of
Lie theory to the scope of all homogeneous Riemannian manifolds. By now,
the theory of homogeneous/symmetric Riemannian manifolds has become the
basis of many branches of mathematics, including group and geometric analysis,
and representation theory. The Myers—Steenrod theorem was generalized to the
Finslerian case by the author and Z. Hou in 2002. This result opened a door to using
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Lie theory to study Finsler geometry. In the last decade, the author and collaborators
have successfully developed the theory of homogeneous/symmetric Finsler spaces.
Meanwhile, there has appeared in the literature some work of other mathematicians
on Finsler geometry that is closely related to Lie theory, including some classical
results of H.C. Wang and Z.1. Szab6’s on Berwald spaces.

The purpose of this book is to introduce the major part of the aspect of Finsler
geometry that has a close relationship with Lie theory, and to bring the reader to
the frontiers of the active research on related topics. The book consists of seven
chapters. Chapters 1 and 2 are an introduction to Finsler geometry and Lie theory.
Chapter 1 can also be used as a textbook for a course in Finsler geometry, provided
the lecturer adds all the necessary details. Chapter 3 is focused on the study of
isometries of Finsler space. The main result of this chapter is the generalized Myers—
Steenrod theorem. In Chap. 4, the theory of general homogeneous Finsler spaces is
developed. Chapter 5 deals with symmetric Finsler spaces. The main features of E.
Cartan’s theory on Riemannian symmetric spaces are generalized to the Finslerian
case. In Chap. 6, we develop a theory of weakly symmetric Finsler spaces. Chapter 7
is devoted entirely to homogeneous Randers spaces.

Apart from the first two chapters, each chapter begins with a brief introduction
to the background and the motivation of the topics under consideration. We believe
that some historical elements will help readers grasp the main ideas more easily.
Moreover, we discuss possible further development of the fields discussed in the
chapter. We hope that this will enhance the study of homogeneous Finsler spaces to
some extent.

There are some aspects of the field of Finsler geometry that have not been
involved in this book. First, although we present some results on invariant complex
structures on homogeneous/symmetric Finsler spaces in Sect. 5.5, a complete theory
of homogeneous complex Finsler spaces has not been established, which in my
opinion will be a main focus in the near future. Second, this book does not deal with
any explicit applications of the theory to the real world, although we have provided
a large number of carefully selected examples, which definitely have promising
applications to other scientific fields.

Finally, although the author has done his best to make everything as accurate as
possible, errors or mistakes, minor or major, are very likely to exist in the book.
Comments and suggestions from readers, either for the improvement of the book or
pointing out mistakes to the author, are very welcome.

Tianjin, China Shaogiang Deng
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Chapter 1
Introduction to Finsler Geometry

In this chapter, we will give a brief introduction to Finsler geometry. Our goal here
is twofold. First, although currently Finsler geometry is developing rapidly, it is not
as well known as some standard parts of mathematics that are routinely taught in
graduate schools. Additionally, the terminologies and techniques involved in this
field are rather complicated. Therefore, a concise introduction would be helpful. On
the other hand, since the notation used by Finsler geometers varies considerably,
beginners in Finsler geometry sometimes may find it very difficult to adapt to so
many definitions and indices. Our second purpose is therefore to set the notation
and symbols that will be used in this book. The chapter will be restricted to those
aspects of Finsler geometry that are related to the topics in this book. There is no
attempt to make a detailed introduction here, and the content of this chapter is far
from being self-contained.

1.1 Finsler Spaces

As pointed out by the late great geometer Chern [43], Finsler geometry is just
Riemannian geometry without the quadratic restriction. In Riemannian geometry,
the restriction of the metric to a tangent space is an inner product; hence tangent
spaces at different points are linearly isometric to each other. However, in Finsler
spaces this is no longer true. In fact, in a Finsler space, tangent spaces at different
points can be very different. We first give the definitions of Minkowski norms and
Minkowski spaces.

Definition 1.1. Let V be an n-dimensional real vector space. A Minkowski norm
on V is a real-valued function F on V that is smooth on V \ {0} and satisfies the
following conditions:

1. F(u) >0,Yu eV,
2. F(Au)=AF(u),VA > 0;

S. Deng, Homogeneous Finsler Spaces, Springer Monographs in Mathematics, 1
DOI 10.1007/978-1-4614-4244-8_1, © Springer Science+Business Media New York 2012



2 1 Introduction to Finsler Geometry

3. Fix a basis u1,uy,...,u, of V, and write F(y) = F(y',y%,...,y") for y = ylu; +
y2us + - - -+ y"u,,. Then the Hessian matrix

(“”‘<Bﬂkw>

is positive definite at every point of V' \ {0}.
The pair (V,F) is called a Minkowski space.

Sometimes we simply say that V is a Minkowski space if the norm is clear. We
first give some examples of Minkowski norms.

Example 1.1. Let {,) be an inner product on V. Define F(y) = /(y,y). Then F
is a Minkowski norm. In this case it is called Euclidean or coming from an inner
product.

Example 1.2. Let o be a Euclidean norm on an n-dimensional real vector space V
as in Example 1.1 and f a real linear function on V. Define F(y) = a(y) + B(y).
Then F is a real function on V satisfying conditions (1) and (2) of Definition 1.1. Let
us determine the condition for F to be a Minkowski norm. Fix an orthonormal basis
of V with respect to (, ). Suppose B(e;) = b;. Then for y = y'e; we have F(y) =
V ?:1()”)2 + biyi. The Hessian matrix with respect to the basis ey, ez, ..., e, has

determinant
F n+1
b= (£2) . yro (L

This fact can be found in [16, p. 284]. We leave the proof as an exercise for the
reader. This formula has the interesting corollary that the Hessian matrix of such a
function is positive definite if and only if it is positive, i.e., if and only if F(y) > 0,
for y # 0. It is easily seen that this is true if and only if

i(b,‘)z <.

If we define an inner product (, )* on the dual space V* by requiring the dual basis
e},e;,. .., ey to be orthonormal, then F is a Minkowski norm if and only if the length
of B is less than 1. Such Minkowski norms are called Randers norms. A Randers
norm is Euclidean if and only if B is zero.

Example 1.3. Let (V,(,)) be a Euclidean space and V},V,,...,V; nontrivial sub-
spaces of V such that V is the orthogonal sum of the V;. For a positive integer m > 2,

define
A
F(y) = | P+ 5 2 il
i=1
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where |- | is the length function of (,) and y;, i = 1,2,...,s, are uniquely
determined by

y=yi1+»n+-+y, eV, i=12,...s.

Itis easy to check that F' is a Minkowski norm on V. This Minkowski norm is always
non-Euclidean.

We now study some fundamental properties of Minkowski norms. The following
proposition shows that Minkowski norms have all the characteristics of a norm in
the usual sense, except the absolute homogeneity.

Proposition 1.1. Ler (V,F) be a Minkowski space. Then

1. Foranyy #0, F(y) > 0.
2. F(y1 +y2) < F(y1) + F(y2), with equality if and only if yy = otyy or y, = ay;
for some o« > 0.

Proof. In the process of the proof we will introduce the fundamental tensor of
the Minkowski norm F. Note that the positive definiteness of the Hessian matrix
amounts to saying that for any nonzero y, the bilinear form

gy(u,v) =gii()u'v!, uyvev,

is an inner product on V. Using Euler’s theorem on homogeneous functions, one
easily deduces that

F2(y) = g0y =, (n,y), vy #0.

Hence F(y) > 0, for y # 0. This proves (1).
By a direct computation, one easily checks that

1 92
gy(u,v) = 5m[Fz(y—l-su +1v)]s==0, ¥#0, u,vev.
Now for nonzero u, v, set it = ﬁ and v = F(VV) . Assume first that iz # 4. Consider

the function
o(t) = F(ti+ (1 —1)v).
Then ¢(0) = ¢(1) =1 and
¢"(t) =2gy(i—v,i—7v) >0, 0<t<l,

where y = rii + (1 — )7 (note that the assumption & # £v implies that y # 0). This
means that ¢ is a concave function on the interval [0, 1]. Therefore for 0 < < 1,
¢(r) < 1. Now in the above function we let
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Then we have
F2(toi+ (1 —10)7) < 1.

From this we easily deduce that
F(u+v) <F(u)+F(v).

If s = —v, then the above inequality holds as well. If iz = v, then it is obvious that
F(u+v)=F(u)+F(v).

Further, equality still holds if at least one of u,v is equal to 0. This completes the
proof of the proposition. O
The tensor
gy(”av) :glj(y)ulvla M,VEV,

is called the fundamental tensor of the Minkowski space. There is another tensor,
called the Cartan tensor, defined by

Cy(“a v W) = Cijk(y)uivjwkv u,v,w e Va
where
1
Cij(y) = Z[F 2] ik
Equivalently,
Cyluw) = S =T [F2(y -+t v+ 1)
u = — Su r —s—=r=0-
W= Y arasart Y I l=e=r=0

The fundamental tensor g, and the Cartan tensor C, are both symmetric. The
Cartan tensor also has the following property:

Cy(y,u,v) =0, u,veV.
The proof of this fact is left to the reader.

Now we can define the notion of a Finsler metric.

Definition 1.2. Let M be a (connected) smooth manifold. A Finsler metric on M is
a function F: TM — [0, o) such that

1. F is C* on the slit tangent bundle TM \ {0};
2. The restriction of F to any T,M, x € M, is a Minkowski norm.

The pair (M, F) is called a Finsler space. We first give some examples of Finsler
spaces.
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Example 1.4. Any Riemannian manifold must be a Finsler space. Hence Rieman-
nian geometry is a special case of Finsler geometry.

Example 1.5. Let (V,F) be a Minkowski space. As a real vector space, for any
u € V, the tangent space 7,(V) can be canonically identified with V. We can then
define a Finsler metric on V by this identification. Usually the Finsler space is still
denoted by (V, F). Hence a Minkowski space is typically a Finsler space.

Let (M, F) be a Finsler space. If for any x € M, there is a local coordinate system
(U; x1,x2,...,%,) of x such that on U the expression of F has no independence
on x, then (M, F) is called locally Minkowskian. Obviously, a Minkowski space is
locally Minkowskian. However, the converse is not true. The author can give some
counterexamples without any difficulty (e.g., some Riemannian metrics).

Example 1.6. Let o be a Riemannian metric on a connected manifold M and 3 a
smooth 1-form on M. As pointed out in Example 1.2, the function F = ot + 3 on
TM defines a Finsler metric on M if and only if the length of B with respect to o is
everywhere less than 1. Finsler metrics of this type are called Randers metrics. Such
metrics were introduced by Randers in 1941 [131], in his study of general relativity.

Example 1.7. Let us give an explicit example of a Randers metric. Let B"(ry) be

the open ball of R" centered at the origin with radius ry = ﬁ, where u < 0.

Identifying any tangent space of x € R” with R" in the canonical way, we define

2 u(|xPy)? = (e, v)2) + /= Tux,
1+ x|
By definition, F' is a Randers metric on B"(r,l). When p = —1, the metric in (1.2)
is called the Funk metric.

Example 1.8. The Randers metric in (1.2) is not reversible. We define another
Finsler metric H on B"(ry ) by

1
H(xvy) = z (F(xvy) +F(x7 _y))'
The metric H is reversible and is called the Hilbert metric. The Hilbert metric is
projectively flat; see [44] for details. When u = —1, H is the Klein metric on B"(1).

Now we introduce the following result of Deicke to conclude this section;
see [46].

Theorem 1.1 (Deicke). Let (V,F) be a Minkowski space. Fix a basis of V and
let gij and Ciji be the coefficients of its fundamental tensor and Cartan tensor,
respectively. Then F is a Euclidean norm if and only if Cijx = 0 for all i, j,k, if
and only if Cy, = Cijxg’* = 0 for all k. Here (g/*) is the inverse matrix of (gi;).
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1.2 The Chern Connection and Curvature

To study geometric properties of Finsler spaces, it is important to have a method to
differentiate vector fields and tensor fields. In Riemannian geometry, the Levi-Civita
connection is such a tool, and it plays a fundamental role in the study of all aspects
of the field. It is natural to consider the generalization of the Levi-Civita connection
to Finsler geometry. Unfortunately, in Finsler geometry there exists no connection
having the same fine properties as the Levi-Civita connection. In particular, there is
no connection in Finsler geometry that is both torsion-free and metric compatible.

In 1943, Chern introduced a connection in Finsler geometry. This connection is
now called the Chern connection in the literature. The Chern connection is torsion-
free and almost metric compatible. We will introduce this important tool in the
following. We stress here that there are several connections in Finsler geometry, such
as the Cartan connection, the Berwald connection, and the Hashiguchi connection.
In the study of Finsler geometry, it is important to use the most appropriate
connection for different problems.

The Chern connection is a linear connection on a vector bundle over the slit
tangent bundle TM,, = TM \ {0}. Let us first explain the related settings. Recall that
the tangent bundle 7 : TM — M is a vector bundle over M. The restriction of 7 to
the slit tangent bundle 7'M, is a smooth map from T'M,, to M. Therefore we have the
pullback bundle 7*T M, which is a vector bundle over the manifold 7M,. Intuitively,
the vector bundle 7*TM is obtained by erecting the fiber T,(M) over (x,y) € TM,.

A linear connection of 7*TM is a smooth map from I'(n*(TM)) to

I'(T*(TM,) @ n*(TM))

satisfying some additional conditions. Here I" means the set of all smooth sections
of the vector bundle. Sometimes we can also express the connection as a family of
smooth maps

Vi Ty (TM,) X (" (TM)) — (2*(TM)) 1),

where (7% (TM))(, ) means the fiber of £*(TM) at (x,y). The image of (X,v) under
Vis usually denoted by Vv. The condition for the connection can then be expressed
as follows:

1. Vgvis linear in X;
2. V4(fv) =df(X)v+ fVzv, for f € C*(TM,).

Now we consider the connection in a local coordinate system. Let

(U;x' %, 5"
be a local coordinate system of the manifold M. Then for any x € M, the tangent
vectors =77, %, e ()ix” form a basis of the tangent space T(M). Therefore each

y € T,(M) can be uniquely expressed as y = y"%. Thus
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1.2 n 1 .2 n
('x 7‘x7"'7'x 7y 7y 7"'?y)

is a local coordinate system of the open subset TU \ {0}. Note that a =z 9‘?‘2 - ()ix”
also form a local framing of the vector bundle 7*(TM). Suppose
d ;0 )
Vﬁzw]@)w, 1—1,2,...,n,

where a)j are 1-forms on TU \ {0}. Then the connection is uniquely determined
by the family of 1-forms a)j, together with the conditions (1) and (2) above. These
forms are called the connection forms of the connection. Therefore, to characterize
a linear connection on the vector bundle, it suffices to give the expression of the
connection forms.

Now we are ready to introduce the Chern connection. For this we need some
quantities related to the metrics. The formal Christoffel symbols of the second

type are
i agSJ agjk agks
e=g"3 (ax o ow )
They are functions on TU \ {0}. We also define some other functions on 7U \ {0} by

Nl (x y) /ky k’y’,’(sy

The quantities N' ; are called the nonlinear connection of the Finsler manifold.

Theorem 1.2 (Chern [42]). The pullback bundle n*TM admits a unique linear
connection, called the Chern connection. Its connection forms co;ﬁ satisfy the
following conditions: '

» Torsion-freeness:
dx/ A ) = 0;
* Almost g-compatibility:

dglj 8kj O, glkw —2Ctjs(dy +Nsdxk)

The torsion-freeness implies that a)j’ = 1"]’kdxk, with 1"]’,( = 1’,'(’} The coefficients 1’;’,{
are then expressed as ' '
T = Y — 8"(CijsN} — CjtsN; + CuasN3) -
We will not pursue the proof of this theorem, which is a complicated computation
using the classical Christoffel technique; see [15, 16]. Instead, we will explain in

some detail the terminology appearing in the above theorem. First note that, a priori,
the connection forms @}, which are one-forms on TU \ {0}, can be expressed as

= [dd + Zdy..
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Then the torsion-freeness
dx/ Ao =0
implies that
Thdw/ Aded + Zjd/ Ady* = 0.

Thus Z;, = 0 and I}, = I}/;. Then one can use the almost metric compatibility to get

the formula for the coefficients 1"]’,(
If the Finsler metric is Riemannian, then by Deicke’s theorem we have Ciix =0.
In this case, the almost metric compatibility reads as

k k

dgij — gkjo; — dgixw; = 0.
This is exactly the metric compatibility of the Levi-Civita connection. Hence the
Chern connection is a natural generalization of the Levi-Civita connection. Note
also that in this case the Chern connection coefficients are the Riemannian metric’s
Christoffel symbols of the second kind.

We now introduce the notions of flag curvature and Ricci scalar in Finsler
geometry. First we introduce some differential forms on the manifold 7M,. Let

0y' = dy' + Njdx’.
The curvature 2-forms of the Chern connection are
P . :
Q) =dw; — o; \ay.
Since .Q; are 2-forms on T'U,, they can be expanded as

i1 I i 5)’[ 1 i5yk 5)’[
QJZERJkIdxk/\d‘x +ijlka/\T+§ijlT/\T7

where Rjikl = —Rj'y» Q) 1y = —Qj' - Using the torsion-freeness we get dx/ Adw, =
—~d(dx/ A @) = 0. Thus

dr/ A Q) = dx/ A 0 — d/ A o A @f

1, P 8y’

:ERj’kldx//\dxk/\dx—i-Pj’kldxf/\dxk/\T
1. & &
+§lekldxj/\T/\T

=0.
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From this we deduce that

lekl =0,
that
Pi'y =B jis
and that
Ry +R);+R i =0. (1.3)

Equation (1.3) is called the first Bianchi identity.

Now we are in a position to introduce the flag curvature in Finsler geometry. This
is a natural generalization of the sectional curvature in Riemannian geometry. Let us
first explain the notion of a flag on M. Given x € M, a flag in the tangent space T,(M)
is a pair (P,y), where P is a 2-dimensional subspace (a tangent plane) of T,(M) and
y is a nonzero vector contained in P. The nonzero vector y is usually called the flag
pole. Let

Rjimt = 8isR;" -
The flag curvature of the flag (P,y) is defined to be

' (VR iy Yk
g)’(yvy)g)’("tv”) - [g)’(yvu)]27

K(Py):=

where u is a nonzero vector in P such that y,u span P. It is easy to show that this
quantity is independent of the selection of u.

Since the flag curvature is the most important notion in Finsler geometry, we
will pause here to present some further clarification. The coefficients Rj"  can be
contracted with y to produce

. i
le = y]lekly .
The Riemann tensor is defined to be

. d
%ZR’]{@@dxk

In particular, if y € T,,(M) \ {0}, then we can define a linear map %, of T,(M) by
i &9
%’y(u):Rku ?7 ME]}(M)
X

The collection {Z%, } is called the Riemann tensor; see [144]. The flag curvature can
then be rewritten as

8y(%y(u),u)

KU = 4 08y ) — 3 P
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The above expression can be used to define the notion of Ricci scalar. The
quantity

. tr(%y)
Ric(y) = 2 yeTM,,
F2(y) ’
is called the Ricci scalar of the Finsler space. The Ricci scalar can be defined in
another way. Let ( Jo ;s ln be an orthonormal basis of 7,(M) with respect to

the inner product g,. Then it is easily seen that
n
Ric(y Z (Py),

where P; is the tangent plane spanned by y and u;.

1.3 Arc-Length Variations and the Exponential Map

In this section we will give the formula for arc-length variations and define the
notion of exponential map for Finsler spaces.

Let (M,F) be a connected Finsler space and o : [a,b] — M a smooth curve on
M. The length of the curve o is defined by

= [ Flot),s0))a,

where 6 (¢) denotes the tangent vector of the curve at o(z). The above definition can
easily be generalized to a piecewise smooth curve in an obvious way. The distance
function d : M x M — R can then be defined in a standard way: for x,y € M, just let
d(x,y) be the infimum of the lengths of all the piecewise smooth curves connecting
x and y. The distance function d has almost all the characteristics of a distance in a
metric space. In fact, we have

1. d(x,y) > 0, with equality if and only if x = y.
2. d(x,z) <d(x,y)+d(y,z), for any x,y,z € M.

However, in general d is not symmetric. In fact, d(x,y) = d(y,x) for any x,y € M
if and only if the Finsler metric is reversible. In this case, (M,d) is a genius metric
space. All these facts can be proved without much difficulty and can be left to the
reader.

Now we consider the variation of the arc length. For this we need some notation.
Let V be a nowhere-zero vector field on an open subset N of M. Then we can define
an affine connection on N. In fact, in a local coordinate system (U; X2 ,x)

with U C N, suppose T = T’ﬁ, W = W’ ‘9 . Define
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i i i J
VYW, = [T(W)) +W/Tk jk(x,V)]W,

where x € M, Fj’k are the coefficients of the Chern connection, and T(Wi) is the
action of a vector field on a function. It is easy to check that V" is actually an affine
connection on N. Moreover, from the properties of the Chern connection we can
easily deduce the following:

1. VV is torsion-free, namely, for any vector fields W;, W, on N,
V%} W, — V“,/Vzwl = [W,Wy].

2. VY is almost metric compatible, namely, for any vector fields W,W;,W, on N,
we have

Wgy (Wl,Wz) =gv (V%Wl,Wz) +gv(W1 , V“,/sz) + 2CV(V“,/VV, Wl,Wz).

Suppose o is a regular curve on M with velocity vector field 7 and W, W, are
two vector fields along o. Extending T (resp. Wi, W») to a smooth vector field T}
(resp. Wy, W,) defined on a open subset of M containing the whole curve o, we can
define

T
Dy,W, = VW'l,Wg|,.

It is easily seen that the above definition does not depend on the extension of the
vector fields.

Now we can deduce the formula of variation of arc length. Suppose 6 : [a,b] = M
is a regular curve with tangent vector field 7. A variation of ¢ is a smooth map
T: (—¢€,€) x [a,b] = M such that o(r) = 7(0,¢), a <t < b. Since T is nonzero
along ¢ and 7 is smooth, the tangent vector field of the curve 7(s,t), a <t < b,
must be nonzero for s small enough. Without loss of generality we can assume that
the curves ¢(t) = 1(s,1), —€ < s < &, are all regular. Denote by T, U the tangent
vector fields of the 7-curves and the s-curves, respectively (note that for s = 0, this
T coincides with the above T). Denote the length of the curve @, by L(s). Then

b
L(s) = / F(t(s,0),T(s,1)) dr.
Since F(t(s,t),T (s,t)) =+/gr(T,T), we have
L(s) = %/ab«/gT(T,T)dt

b
:/ U \/er (T,T) dt
Ja
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_ b l 28t (DUT, T)+2Cr (DUT7 T,7T)
Ja 2 gT(T, T)

:/bwdt
« F(T)

dr

where we have used the almost metric compatibility of the Chern connection and
the fact that

CT(VlaTv‘/Z) = Oa v‘/l;‘/Z-

Note that DyT — DrU = [T,U] =0 and

TgT(U,T) = gT(DTU,T) +gT(U,DTT) +2CT(DTT,U,T)
= gr(DrU,T)+gr(U,DrT).

We thus get

L/(S) _ /ab TgT(UvT) _gT(UvDTT) dr

F(T)

[ (o) ()
gyl L o))

where we have used again the properties of the Chern connection to handle the
factor ﬁ

The above argument can be easily generalized to regular piecewise smooth
curves. Suppose 6 (1), a <t < b, is a regular piecewise smooth curve on M and Let
a=1ty<t <-- <t =Db be a partition of the interval [a,b] such that o is regular
smooth on each subinterval [f;_1,7]. Suppose 7(s,1), —€e <s<¢& a<t<b,isa
variation of ¢ such that 7 is smooth on each (—&,¢€) x [t;_;,#]. Denote the length of
the curve 7(s,7), a <t < b, by L(s). Then a similar argument shows that

110 =0 (05 - Bo 0158

2o (0 (stm))

This is the formula of the first variation of the arc length.

n
i

I
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Now we introduce the exponential map of a Finsler space. Before this we need
the notion of geodesics in Finsler geometry. The formula of the first variation of the
arc length has the following corollary:

Proposition 1.2. Let 6(t) : a <t < b be a regular piecewise smooth curve on M.
Then the following two conditions are equivalent:

(a) L'(0) = 0 for any piecewise smooth variation of G that keeps the start and end
points fixed.

(b) © is smooth and DT(%) =0.

The proof of this proposition is very similar to the Riemannian case and will be
omitted. A curve o satisfying any of the above two conditions is called a geodesic.
In the Riemannian case, a geodesic can also be characterized as a curve locally
minimizing the distance of the points of this curve. This is also true for Finsler
spaces.

Proposition 1.3. A curve o on M is a geodesic if and only if it locally minimizes
the distance along this curve. More precisely, & is a geodesic if and only if for any
fo, there exists € > 0 such that for any t; with |t; —fy| < €, the curve G is the shortest
path connecting o (fy) and o(11).

For the proof of this proposition, see [16].

In the Riemannian case, a geodesic must be of constant speed, i.e., F (7) must be
a constant. However, this is not true in the general Finslerian case. From now on, we
will consider only geodesics of constant speed in a Finsler space. It is easily seen
that constant-speed geodesics can be characterized by the equation

DrT =0.
In alocal coordinate system, this is a system of ordinary differential equations:

d’c’  do’/dot
—+——TI"(0,T)=0.

2 dr dt (e, T)
Since this is a system of nonlinear equations, we can get only the local existence of
geodesics:

Proposition 1.4. For any p € M there exist a precompact neighborhood U of p and
a positive number € such that for any x € U and y € T,(M)\ {0} with0 < F(x,y) < €
there exists a unique constant-speed geodesic O\, ) that is defined on (—2,2) with
O(x,y) (0) =x, Glxy) (0) = y. Moreover, O(x) (t) is smooth on t, x, and y.

Definition 1.3. The exponential map of (M, F) is defined by

Oy (1), y#0,
X, y=0.

exp(x,y) = {
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From this definition, we see that the exponential map is generally defined only in
a tube neighborhood of the zero section of the tangent bundle. For an arbitrary point,
the following theorem guarantees the existence of the certain special neighborhood.
We first define some notation. For x € M and r > 0, we define

B(r)={peMldx,p) <r}, % ={peMld(px) <r},
and

S (r)={peMldx,p)=r}, S ={peMld(p,x) =r}.
We also define

Bi(r) ={V e T.(M)|F(x,V) <r}, Si(r)={V eT(M)|F(x,V)=r}.

Theorem 1.3. Let (M, F) be a connected Finsler space and x € M. Then there are
positive numbers r and € such that exp is a C' diffeomorphism from the open subset
B, (r+€) to its image. Moreover, the following assertions hold:

1. Any radial geodesic exp(tV), 0 <t <r, V € T,(M), F(x,V) = 1, minimizes the
distance among all piecewise smooth curves that share the same endpoints.

2. Any piecewise smooth curves on M that share the same arc length and with the
same start and end points as exp(tV') in (1) must be a reparametrization of the
curve exp(tV).

3. It is true that exp|By(r)] = B.(r)", exp,[S:(r)] = L (r).

We refer to [16] for the proof. This theorem has the following corollary.

Corollary 1.1. For any x in a connected Finsler space (M,F), there exists a
neighborhood U of x such that each pair of points in U can be joined by a unique
minimizing geodesic lying in U.

Note that the uniqueness in the above corollary means that it is unique as a
point set. In general, we cannot have the global definition of the exponential map.
The Hopf—Rinow theorem presents some conditions for this. Before stating the
theorem, we give some related definitions. A Finsler manifold (M,F) is called
forward geodesically complete if every geodesic y(t), a <t < b, can be extended to
a geodesic defined on [a, +o°). A sequence {x;}, of points in M is called a forward
Cauchy sequence if for any € > 0, there exists a natural number N such that for any
N <my < my, we have d (X, ,Xn,) < €. A subset U of M is called forward bounded
if there exist a point xo € U and a positive number r such that d(xg,x) <r, Vx € U.
The manifold (M, F) is called forward complete if each forward Cauchy sequence
converges to a point in M.

Theorem 1.4 (Hopf-Rinow). Let (M,F) be a connected Finsler space. Then the
following conditions are mutually equivalent:

1. (M,F) is forward complete.
2. (M,F) is forward geodesically complete.
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3. At every point p € M, the exponential map exp,, is defined on the whole tangent
space T,(M).

4. At some point p € M, the exponential map exp,, is defined on the whole tangent
space T,(M).

5. Any closed forward bounded subset of M is compact.

Moreover, if any one of the above conditions is satisfied, then any two points of M
can be joined by a minimizing geodesic.

We will not pursue the proof of this theorem, which is similar to the Riemannian
case and can be found in [16]. We remark here that one can similarly define the
notions of backward completeness, backward geodesic completeness, backward
bounded subsets, etc., and there is a backward version of the Hopf—Rinow theorem
(see [16]). In a general Finsler space, backward completeness is not equivalent to
forward completeness. However, if the Finsler metric is reversible, then there is no
difference between backward completeness and forward completeness. This is the
case, in particular, for a Riemannian metric.

At the final part of this section, we will introduce the formula for the second
variation of the arc length. Since the general case is rather complicated, we will
confine ourselves in the special case that the base curve is a (constant-speed)
geodesic. Let o(t), a <t < b, be a constant-speed geodesic and let 7(s,7),
—& < s<eg,a<rt<b,beavariation of o. Denote the arc length of the curve 7(s,?),

a <t <b,byL(s). Then
T) 2
/ F(T) ( du a,

)= [ b%[gT(DTV,DTU) ~er (RY.T)TW)ds

L'"(0)=I(U,U) +gr (VUU >

where

is the index form. Here R(V,T))T can be expressed in a local coordinate system as
k a
R(V,TT = (TJRJ le WE— T

A proof of this formula can be found in [16].

1.4 Jacobi Fields and the Cartan-Hadamard Theorem

In this section we will introduce the notion of Jacobi fields along a constant-speed
geodesic and use it to study the relationship between the sign of the flag curvature
and the behavior of the geodesic rays. Let o(¢), a <t < b, be a constant-speed
geodesic, with velocity vector field 7. A vector field V along o is called a Jacobi
field if

DrDrV +R(V,T)T =0. (1.4)
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It is obvious that if J is a Jacobi field along ¢ and [c,d]| C [a,b] is a subinterval,
then the restriction of J to o] le.d] 1s also a Jacobi field. Moreover, in a local
coordinate system, (1.4.1) is a system of linear ordinary differential equations. By
the theory of ordinary differential equations, we have the following propositions.

Proposition 1.5. Given any yi,y> € T5(q) (M), there is a unique Jacobi field J along
o such that J| (4 = y1 and DrJ|(q) = y2-

Proposition 1.6. The set of zero points of a nonzero Jacobi field along o is discrete.
Now we will present a method to construct Jacobi fields along a geodesic.

Proposition 1.7. Let 6(t), a <t < b, be a geodesic and t(s,t), —€ <t <& a<b<
b, a smooth variation of ¢ such that each t-curve is a geodesic (i.e., T is a geodesic
variation). Then the restriction of the transversal vector field U to © is a Jacobi

field.

The proof of this proposition can be found in [16]. Using this proposition, we can
construct Jacobi fields satisfying some prescribed initial conditions. In the following
we will denote DrU by U, DrD7U by U, etc.

Example 1.9. Fix x € M and let T € T,(M) be a nonzero tangent vector. Then there
is r > 0 such that the curve exp,(¢T) is defined on [0,r] and is a constant-speed
geodesic. Suppose W is a nonzero vector in 7, (M). Then

T(s,1) = exp,(t(T +sW))

is a geodesic variation of the base curve expt(T +sW), 0 <t < r. By Proposition 1.7,
the variation vector field U is a Jacobi field. It is easy to check that U(0) = 0 and
U0)=Ww.

Example 1.10. Let T be a smooth regular curve with velocity vector field V. A
nowhere-zero vector field U along 7 is called parallel if in extending V, U to smooth
vector fields on an open subset containing 7, we have

viu =o.

Now suppose 6 (1), a <t < b, is a geodesic and v,w € T, (M) are two nonzero tangent
vectors. Let {(s) be a smooth curve satisfying £(0) = (0) and £ (0) = v. Suppose
T;,W are two parallel vector fields along the curve ¢ satisfying 7(0) = ¢(0) and
W (0) = w. Define

V(s,1) = expy () (1(Ti(s) +sW (s))).

Then 7 is a geodesic variation of o, and the variation vector field U is a Jacobi field
satisfying U (0) = v, U(0) = w.

It should be noted that the converse of Proposition 1.7 is also true, namely, any
Jacobi field along a geodesic must be the variation field of a geodesic variation. The
proof of this assertion is left to the reader.
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One of the important applications of the above-mentioned variations is to study
the influence of the flag curvature on the behavior of geodesics. Fix x € M and
consider two vectors in 7, (M) with F(T) = 1 and g7 (W,W) = 1, such that T', W are
linearly independent. Consider the variation of the geodesic exp, (¢T):

o(t,s) =exp,(t(T +sW)).

Let U(t) = d(exp,)| () (tW). Then the length of the vector field U (¢) measures the
rate at which the sth geodesic deviates from the base geodesic exp,(¢T). Suppose

@) =00 =gr(U),U()).

Then it can be obtained by a direct computation that (see [16])

) =2¢r(U,uM),

) = 2gr (U, UMW) + 281 (U, UD),

fO) = 6gr (U, UuM) + 287U, UY),

) = 88U UD) + 67U, UD) + 247 (U, UW),

where

v = DU,

U® = DrDrU = —R(U,T)T,

U® = DrDrDrU = —(DrR)(U,T)T —R(U,T)T,
U = DrDrDrD7U,

where we have used the the fact that the variation field of a geodesic variation is a
Jacobi field.
Considering the above quantities at ¢ = 0, we get

16 = U@ =~ KT, Wi +0(°).

This means that if (M,F) has positive flag curvature, then f(t) < ¢> for small ¢,
and hence geodesics starting from the same point will bunch together. If (M, F) has
negative flag curvature, then f(¢) > ¢?> for small ¢; hence geodesics starting from
the same point will be dispersive. A more accurate statement of such facts can be
described by Rauch’s comparison theorem; see [16] for more details.

Finally, we introduce the Cartan—-Hadamard theorem. For this we need the notion
of conjugate points in Finsler spaces. Suppose (M,F) is a forward geodesically
complete connected Finsler space and ¢ is a unit-speed geodesic on M. Let p € ©.
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A point g in o is called conjugate to p along o if there is a nonzero Jacobi field J
along o such that J vanishes at both p and gq. It is obvious that if p is conjugate to
g, then ¢ is conjugate to p.

Theorem 1.5 (Cartan-Hadamard). Ler (M,F) be a forward geodesically com-
plete connected Finsler space with every flag curvature nonpositive. Then we have
the following:

1. Geodesics on M do not contain conjugate points.

2. For any x € M, the exponential map exp, : (M) = M is a C' covering
projection.

3. If M is simply connected, then exp, : To(M) — M is a C' diffeomorphism.

Using the notion of Jacobi fields, we can study the general properties of the index
form of Finsler spaces. This leads to the following result.

Theorem 1.6 (Bonnet-Myers). Let (M,F) be an n-dimensional complete Finsler
space. Suppose the Ricci scalar of (M, F) satisfies the condition

Ric > (n— 1)A > 0.

Then the following assertions hold:

1. Any geodesic with length at least 1/ VA must contain conjugate points.
2. M is a compact manifold.
3. The fundamental group of M is finite.

We refer to [16] for the proofs of these theorems.

1.5 Parallel Displacements and Holonomy Groups

In this section we will introduce the notions of parallel displacements and holonomy
groups in Finsler geometry. This will be useful in the next section, where we will
define the notions of Berwald and Landsberg spaces.

Let (M, F) be a connected Finsler space and 6(¢), a <t < b, a piecewise smooth
curve in M connecting p and g, with velocity vector field T'.

Definition 1.4. Let U = Ui(t)%|c(,) be a vector field along o, and define the

covariant derivative DsU (t) along & by

d

DrU(0) = {00+ T/ N (0 (1)U 0)) 5]

(1.5)

The vector field U is said to be parallel along ¢ if DsU (r)=0.
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Remark 1.1. Notice that the covariant derivative defined here is different from the
DyW in Sect. 1.3. In [16], the derivative defined in Sect. 1.3 is called the covariant
derivative with reference vector 7', and that defined in the above definition is called
the derivative with reference vector U. However, it is obvious that the definition of
parallel vector fields here coincides with that of Example 1.10 in Sect. 1.4.

In a local coordinate system, (1.5) is a system of linear ordinary differential
equations. Therefore, for any u € T,(M), there is a unique vector field U that is
parallel along ¢ such that U(a) = u. This fact enables us to define the parallel
displacements along o. In fact, one just needs to define P : T),(M) — T,(M) by

where U = U (¢) denotes the (unique) parallel vector field along ¢ with U(a) = u. It
is easily seen that P is a C* diffeomorphism from 7,,M \ {0} onto 7,M \ {0}, and
is positively homogeneous of degree one, i.e., Ps(Au) = APs(u),A >0, u € T,(M);
Py is called the parallel displacement along ¢. Note that by definition, the parallel
displacement is in general not a linear map. However, we have the following result.

Lemma 1.1. Let U be a parallel vector field along a piecewise smooth curve
0. Then

F(o(t),U(t)) = constant.

For the proof, see [44].
Using the notion of parallel displacement, we can define the holonomy group of
(M,F) at a point p € M.

Definition 1.5. Define
H,(M) = {Ps| ois a piecewise smooth curve starting from pand ending atp}.

H, is called the holonomy group of (M, F) at p.

The proof of the fact that H, is a group is easy and can be left to the reader. It
is obvious that for different points p,q € M, the groups H,, and H, are isomorphic.
Therefore, we sometimes write H, as H and call it the holonomy group of (M, F).
From the above discussion it is easily seen that H), consists of diffeomorphisms of
T,(M)\ {0}. Furthermore, since for any 6 € H,, F(o(u)) = F(u), u € T,(M), H,,
is also a transformation group of the indicatrix

Ip={yeT,(M)|F(y) =1}
Let (M;,F)) be a Finsler space and (M, ) the universal covering manifold of

M,. Then we can define a Finsler metric on M by F (y) = Fi(n.(y)), y € TM. Using
a similar argument as in the Riemanian case, we can prove the following lemma.
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Lemma 1.2. [f we endow the holonomy groups of (My,F\) and (M,F) with the
compact-open topology, then the holonomy group of (M,F) at x € M can be
identified with the identity component of the holonomy group of (My,F}) at x; =
7n(x). In particular, the holonomy group of a simply connected Finsler space is
connected.

For the definition of compact-open topology, we refer the reader to [83].

One of the most important applications of the notion of holonomy group is to
study affinely equivalent Finsler metrics. Let M be a connected manifold. Two
Finsler metrics F; and F> on M are called affinely equivalent if their geodesics
coincide as parametrized curves. Precisely, if o is a constant-speed geodesic of
Fi, then it is a constant-speed geodesic of F, (but perhaps with different speeds),
and vice versa. This notion is very useful in studying some special class of Finsler
spaces; see the next section. Now we can use the notions of parallel displacements
and holonomy groups to describe affinely equivalent Finsler metrics.

Lemma 1.3. Let F| and F, be two Finsler metrics on the manifold M. Suppose for
any piecewise smooth curve ¢ and Fi-parallel vector field U along o, we have

F>(o(t),U(t)) = constant.

Then F, is affinely equivalent to Fj.

The following theorem presents a method to construct Finsler metrics affinely
equivalent to a prescribed metric.

Theorem 1.7. Let (M, F) be a Finsler space and x € M. If F is a Minkowski norm
on T(M) that is invariant under the action of the holonomy group Hy of (M,F),
then F can be extended to a Finsler metric F such that F is affinely equivalent to F.

We refer to [44] for the proof of the above result.

1.6 Berwald Spaces and Landsberg Spaces

In this section we will introduce the notions of Berwald spaces and Landsberg
spaces. Let (M, F) be a connected Finsler space and fix a local coordinate system
(U; X2, ,X"). Then we have a standard coordinate system

1.2 n 1 .2 n
('x 7‘x7"'7'x 7y 7y 7"'?y)

on the open set 7U \ {0} of the slit tangent bundle TM,. Recall that the fundamental
tensor {g,} is defined by

1 92F?(y+su+1v)
guv) =3 51

s=1=0
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Define

Jd 0
gij(y) = & 9 )

Then for any nonzero y € T,(M), the matrix (g;;(y)) is positive definite. Let (g (y))
be the inverse matrix of (g;;(y)). Similarly, for any y(# 0),u,v,w € T(M), we have
the Cartan tensor Cy defined by

133F2(y+su+tv+rw)|
4 Js1dr e

Cy(u,v,w) =

The geodesic spray G is a vector field on TM,, defined by

i d i d
where
. 1.
G'(x,y) = 78" (6, 3) ([F?] s () = [F?1,(x,3)), (1.6)

4

where [F?] 1y denotes the partial derivative of F 2 with respect to x* and y'. The

vector field G is well defined and G satisfies G'(x,Ay) = A>G(x,y), A > 0.
From the definition of a geodesic we see that a smooth curve 7 is a geodesic if
and only if in the local coordinate system we have

(1) +2G'(1(1),1(t)) =0, i=1,2,...,n.
The Landsberg curvature L = {L, | y € TM \ {0} } is defined by
Ly(u,v,w) = L[jkuivjwk, (1.7)
where the functions L;ji(x,y) are defined by

1 a3gm

L;; =——y S~ - 1.
ljk(‘x7y) 2y 8. 8y’8y18yk ( 8)

There is another expression of Landsberg curvature that is useful in practice. Let

Ni = E
17 9yi

and fix a geodesic 7. A vector field U defined by U (1) = Ui(t)% along 7 is said to
be linearly parallel along 7 if it satisfies

U'(t) + U (t)Ni(t(t), (1)) = 0.
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Proposition 1.8. Fory(# 0),u,v,w € T,(M), we have

Ly w) = S (Ca W@V (0. W), (1.9

where o (t) is the geodesic starting from x with initial vector y and U (t),V (t),W (¢)
are the linearly parallel vectors fields along o(t) with initial vectors u,v,w,
respectively.

For the proof, see [44].

From (1.6)—(1.9) it is easily seen that L, = Ly, for A > 0, and that Ly (u,v,w)
is symmetric with respect to u,v,w. Further, if one of u,v,w is equal to y, then
Ly(u,v,w) = 0. Moreover, if the Finsler metric F is reversible, i.e., F(u) = F(—u)
for any tangent vector u, then L_(u,v,w) = Ly(u,v,w), Vy (£ 0),u,v,w € T(M).

Definition 1.6. A Finsler space (M, F) is called a Berwald space if the geodesic
spray coefficients G’ are quadratic in y € TM,. It is called a Landsberg space if its
Landsberg curvature vanishes.

From (1.7) and (1.8) it is easily seen that any Berwald space must be a Landsberg
space. The question whether there exists a Landsberg space that is not a Berwald
space is one of the most longstanding open problems (called by Bao the unicorn
problem; see [14]) in Finsler geometry.

Next we study the fundamental properties of Berwald spaces. By the definition
of parallel displacements in Definition 1.4, one easily deduces the following result.

Proposition 1.9. A connected Finsler space (M, F) is a Berwald space if and only
if the parallel displacement along any piecewise smooth curve is a linear map,
if and only if the holonomy group of (M,F) at any point of M consists of linear
transformations.

Using the notion of affinely equivalent Finsler metrics, we have the following
theorem.

Theorem 1.8 (Szabé [152]). A Finsler space (M, F) is a Berwald space if and only
if F is affinely equivalent to a Riemannian metric on M.

By Definition 1.6, the coefficients 1"]’,( of the Chern connection of a Berwald space
(M,F) are functions on the underlying manifold. Therefore the Chern connection
is actually a linear connection on M. From this point of view, Szab6 determined the
structure of Berwald spaces.

Theorem 1.9 (Szabé [152]). Let (M,F) be a Berwald space. Then there exists a
Riemannian metric g on M whose Levi-Civita connection coincides with the linear
Chern connection of F.

Szab6 also studied the converse problem of Theorem 1.9, namely, given a Rie-
mannian metric g on M, whether there is a non-Riemannian Berwald space (M, F)
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such that the Chern connection of F coincides with the Levi-Civita connection of g.
If this is the case, then the Riemannian metric g is called Berwald-metrizable. He
proved the following theorem.

Theorem 1.10 (Szab6 [152]). Ler (M,g) be a Riemannian metric. Then (M, g) is
Berwald-metrizable if and only if it is holonomy reducible or a holonomy irreducible
locally symmetric space of rank > 2.

For the proof, see Szabd’s paper [152]. In Chap.4, we will give an alternative
proof of this result.
Theorem 1.10 has the following interesting corollary.

Corollary 1.2 (Szabd). A 2-dimensional Berwald space is either Riemannian or
locally Minkowskian.

Finally, we mention a result of Ichijyo. Recall that the Chern connection of a
Berwald space is a linear connection on the underlying manifold. Hence the two
notions of parallel displacements coincide for a Berwald space. This leads to the
following theorem.

Theorem 1.11 (Ichijyo [92]). Let (M,F) be a Berwald space. Then for any two
points p,q and a smooth curve ¢ connecting p,q, the parallel displacement along c
is a linear isometry between the Minkowski spaces T,(M) and T,(M).

1.7 S-Curvature

In this section we will introduce the notion of S-curvature. Let us first explain
briefly the merits of this definition. S-curvature was introduced by Shen in [138].
It is a quantity to measure the rate of change of the volume form of a Finsler
space along geodesics. S-curvature is a non-Riemannian quantity, or in other words,
any Riemannian manifold has vanishing S-curvature. It is shown in [138] that
the Bishop—Gromove volume comparison theorem is true for a Finsler space with
vanishing S-curvature.

We now give the definition of this important quantity. Let V be an n-dimensional
real vector space and F a Minkowski norm on V. For a basis {b;} of V, let

_ Vol(B")
~ Vol{(y') e R | F(y'b;) < 1}’

OF

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 {b;}. But it is easily seen that

7(y) =1nw, y € V\{0},
F

is independent of the choice of basis. We call 7 = 7(y) the distortion of (V, F).
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Now let (M, F) be a Finsler space. Let 7(x,y) be the distortion of the Minkowski
norm Fy on T,(M) and o the geodesic with 6(0) =x and 6(0) = y. Then the quantity

(601,600

S(ey) =+

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

S(xy) = (n+D(c)F()+n(y), xeM,yeT(M).

If in the above equation 11 = 0, then (M, F) is said to have isotropic S-curvature. If
1 = 0 and c(x) is a constant, then (M, F) is said to have constant S-curvature.

Let us deduce a formula for S-curvature in a local coordinate system. Suppose
(U;x',x%,...,x") is a local coordinate system and (x',...,x" y!,y% ...,y") is the
standard coordinate system on 7U \ {0}. It is easily seen that

d 1 ,dg;
woy)y = 57 [Inydet(g()] = 56" 54

On the other hand, for a geodesic o we have
6+2G(0,6) =0,

where G is the geodesic spray of (M, F). It follows that

3Gm l&gml
l 2 l l
Z oy 2 FERAEECAE

We then get

0T ot
Sx,y) =y'55 - @G

_ 1 mlagml i el J
=58 % - —21,G —y" e m(lncp( X))
8G”’ w0
= 2 Sy () =" 5 (n(0r (). (1.10)

This formula was given by Shen; see [44].
Finally, we introduce the following result to conclude this section.
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Theorem 1.12 (Shen [138]). Ler (M,F) be a Finsler space of Berwald type. Then
the S-curvature of (M, F) is everywhere vanishing. In particular, the S-curvature of
a Riemannian manifold is vanishing.

Proof. Suppose x € M and y € Ty(M), y # 0. Let ¥ be a geodesic with y(0) = x
and y(0) = y. Select a basis by,by,...,b, of the tangent space T (M). Let P; be
the parallel displacement of (M, F) from x to ¥(¢), along the geodesic y. Then by
Theorem 1.11, P, is a linear isometry between the Minkowski spaces (Ty(M), F) and
(Ty4)(M),F). Therefore, with respect to this basis, the functions det(g;;(y()) and
or (7(r)) are both constant. Therefore, the distortion 7 is constant along (7). Hence
S(x,y)=0. O

The converse of this theorem is not true. In fact, there exist many reversible non-
Berwald Finsler spaces with vanishing S-curvature. We will give some examples in
Chap. 6.

1.8 Spaces of Constant Flag Curvature and Einstein Metrics

In this section we collect some important results on Finsler spaces of constant
flag curvature and Einstein—Finsler metrics. In Riemannian geometry, a connected
simply connected complete Riemannian manifold of constant sectional curvature
is called a space form. It is well known that for any given constant c, there exists
exactly one space form with constant sectional curvature ¢ (up to isometries). In
particular, up to hometheties, there are only three space forms. However, in Finsler
geometry, this is no longer true. In fact, on the sphere there are infinitely many
Randers metrics of constant positive flag curvature that are not isometric to each
other; see [21] for the classification of such metrics.

We first give the definitions of Finsler spaces with special properties concerning
flag curvature.

Definition 1.7. Let (M, F) be a Finsler space. Givenx € M,y € T,(M)\ {0}, and a
tangent plane P in 7,(M) containing y, denote the flag curvature of the flag (P,y) by
K(P,y). If the flag curvature K(P,y) has no independence on y, then (M, F) is said
to have sectional flag curvature. If K(P,y) has no independence on P, then (M, F)
is said to have scalar flag curvature. If K(P,y) has independence neither on P nor
on y, namely, K is a scalar function on the manifold M, then (M, F) is said to have
isotropic flag curvature. In the special case that K is a constant, we say that (M, F)
has constant flag curvature.

It is obvious that any Riemannian manifold has sectional flag curvature, and
any Finsler surface has scalar flag curvature. There is much interesting research on
Finsler spaces with special properties concerning flag curvature; see, for example,
[13,18,20,137,141, 142].



26 1 Introduction to Finsler Geometry

Example 1.11. The metric F' defined in (1.2) in Sect. 1.1 is of constant flag
curvature (1. Since it is not reversible, it cannot be isometric to any Riemannian
metric. This metric is not complete.

As in the Riemannian case, we have the following Schur’s lemma.

Theorem 1.13 ([115,132]). Let (M,F) be a connected Finsler space with dimen-
sion > 3. If (M,F) has isotropic flag curvature, then (M,F) has constant flag
curvature.

For the proof, see [16]. One can also find some characterizations of Finsler spaces
of scalar flag curvature, especially for spaces of constant flag curvature. We now
present Akbar-Zadeh’s theorem on Finsler spaces of constant flag curvature.

In the following, we denote by L the Landsberg curvature and define A = FC,
where C is the Cartan tensor. For a fixed point x € M and a positive number r, we
set By(r) = B (r)J By (r).

We first recall the definition of the tensor norm. For simplicity, we explain this
only for the tensor A. Let (V, F') be a Minkowski space. Fix a basis of V and let A; j;
denote the coefficients of A with respect to this basis. Using the Hessian matrix (g;;)
of F we can raise the indices of A, namely,

Ay = g Ay,
Al == gl'Aly,
AV — M AT,

The norm of A is then defined as

Al :gé‘i‘;‘\/AijkAijkv

where . is the indicatrix of F. It is easily seen that this norm is independent of the
choice of basis. Now for a Finsler space (M, F) and x € M, we use ||Al|, to denote
the norm of ||A|| of the Minkowdski space (M, F|z,(y)). Fix a point O in M. We
say that
sup [|A[lx = o(f(r))
xeBo(r)

if the left side grows more slowly than f(r) as r — e. One can similarly define the
above setting for L or other types of tensors.

Theorem 1.14 (Akbar-Zadeh [2]). Let (M,F) be a connected Finsler space of
constant flag curvature A. Let O be a designed origin of M, and V the Chern
connection on ©*(TM) over TM \ {0}.
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1. Suppose A < 0 and (M,F) is complete. If

sup ||AorL|y=o0 [e\ﬁ’}

xe.%()(r)

)

then (M, F) must be Riemannian.
2. Suppose A =0 and (M, F) is forward geodesically complete. If

sup [|A[lx = o[r],
xX€Bo(r)

then L =0, and hence F is a Landsberg metric. If additionally,

sup || Vyert(A)|lx = o[r],

XEC%)()(V)
then (M, F) is locally Minkowskian.

We refer to [16] for the definition of Ve in the above theorem. One can also
find a detailed proof there. This theorem provides some insight as to why the Funk
metric cannot be complete.

In the compact case, the norms of all the relevant tensors are bounded. Therefore
we have the following corollary.

Corollary 1.3 (Akbar-Zadeh [2]). Ler (M,F) be a compact Finsler space of
constant flag curvature A.

1. If A <O, then F is a Riemannian metric.
2. If A =0, then (M, F) is a locally Minkowskian space.

Next we will recall the characterization of constant flag curvature for Randers
spaces, in terms of the navigation data. The navigation data provide another method
to express a Randers metric:

VAW +Ah(y,y)  h(y,W)
F (X,y ) - A, )L ’

where / is a Riemannian metric, W is a vector field on M with A(W,W) < 1, and
A =1—h(W,W). The pair (h,W) is called the navigation data of the Randers metric
F. This version of Randers metric was introduced by Shen in [143]. If F is a Randers
metric with navigation data (h,W), then we usually say that F' solves Zermelo’s
navigation problem of the Riemannian metric 4 under the influence of an external
vector field W. The navigation data prove to be convenient in handling problems
concerning flag curvature and Ricci scalar.

In a local coordinate system, the transformation laws between the defining form
and navigation data can be described as follows. If

F=o+B=/ajyy +by,
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then the navigation data have the form
aijbj
=B

Conversely, the defining form can also be expressed by the navigation data by the
formula

hij = (1= BI*)(aij — bibj), W'= (1.11)

. b= —1 (1.12)

where W; = h,-jo and A = 1 —WW; = 1 — h(W,W). All these formulas can be
found in [19].

Theorem 1.15 (Bao—Robles—Shen [21]). Let (M,F) be a Randers space that
solves Zermelo’s navigation problem on the Riemannina manifold (M, h) under the
influence of an external vector field W. Then (M, F) has constant flag curvature K
if and only if there exists a constant ¢ such that

1. his of constant flag curvature (K + %62),
2. W is an infinitesimal homothety of h, namely,

where £ is the Lie derivative of M.

Moreover, o must vanish whenever 4 is not flat.

For the proof, see [19,21]. This theorem is applied in [21] to obtain a complete
classification of Randers spaces of constant flag curvature. Bao—Robels—Shen also
compute the dimension of the module spaces of such spaces.

Now we recall some results on Einstein—Finsler spaces. We first give the
definition.

Definition 1.8. Let (M,F) be a connected Finsler space. If there exists a smooth
function K(x) on M such that Ric(x,y) = (n — 1)K (x), where Ric is the Ricci scalar
of F, then (M,F) is called an Einstein—Finsler space. If in addition the function
K (x) is a constant, then (M, F) is said to be Ricci-constant.

If F is an Einstein Riemannian manifold with dimension > 3, then it is
necessarily Ricci-constant. This is the so-called Schur’s lemma for Einstein metrics.
For a general Finsler space, it is still unknown whether the above assertion holds.
However, Robles proved that Schur’s lemma holds for Einstein—Randers metrics
[133]. In the Riemannian case, there are numerous results on Einstein metrics in
the literature; see [28]. However, in the general case, there are very little research
related to this topic; see [140] for some information. The following result is due to
Bao and Robles.
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Theorem 1.16 (Bao—Robles [19]). Ler (M, F) be a Randers space with navigation
data (h,W). Then F is Einstein with Ricci curvature Ric(x,y) = (n — 1)K (x) if and
only if there exists a real number & such that the following two conditions hold:

1. The Riemannian metric h is Einstein with Ricci scalar (n—1)(K (x) + %62).
2. The vector field W is an infinitesimal homothety of h, namely,

gwh = —o0oh.

Furthermore, o must vanish whenever h is not Ricci-flat.

This theorem can be applied to construct many interesting examples of non-
Riemannian Einstein metrics; see [19]. It also has the following important corollary:

Proposition 1.10 (Bao-Robles [19]). Let (M,F) be an Einstein—Randers space.
Then (M,F) has constant S-curvature.

In Chap.7, we will use Theorem 1.16 to deduce some interesting results on
homogeneous Einstein—Randers metrics.



Chapter 2
Lie Groups and Homogeneous Spaces

In this chapter we will give a brief introduction to Lie groups and homogeneous
spaces. Today, Lie theory is an important field of mathematics with so many topics
that it is impossible to explain the details in such a short survey. So we will omit
many proofs of the results in this chapter. Readers who are familiar with Lie theory
may skip this chapter and go directly to the following chapters.

2.1 Lie Groups and Lie Algebras

We first give the definition of Lie groups.

Definition 2.1. Let G be a smooth manifold with the structure of an abstract group.
If the map

pP:GxG—G, p(g,8) =818, .1
is smooth, then G is called a Lie group.

In the literature, it is generally required that G be an analytic manifold and the
map in (2.1) be analytic. However, it can be proved that these two definitions are
equivalent. More precisely, if G is a Lie group in the sense of Definition 2.1, then
there exists a unique analytic structure on G such that the group operations are
analytic. Setting g; = e in (2.1), we see that the map g — g~ ! is smooth. This then
implies that the map G X G — G : (g1,82) — g1&2 is also smooth.

Let G be a Lie group. Given g € G, it is easily seen that the left translation
Ly: G — G, Lg(h) = gh, for h € G, is a diffeomorphism of G onto itself. Similarly,
the right translation R, (h) = hg, h € G, is also a diffeomorphism. A (smooth) vector
field X on G is called left-invariant if for any g € G we have dL,(X) = X. Similarly,
we can define right-invariant vector fields. Let g denote the set of all left-invariant
vector fields of G. Then the map X — X,, where e is the identity element of G, is
a linear isomorphism from g onto 7,(M). On the other hand, if X, Y are two left-
invariant vector fields, then the Lie bracket [X,Y] is also left-invariant. This implies

S. Deng, Homogeneous Finsler Spaces, Springer Monographs in Mathematics, 31
DOI 10.1007/978-1-4614-4244-8_2, © Springer Science+Business Media New York 2012
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that g has the structure of a Lie algebra over the field of real numbers. Namely, there
is a binary operation [, ] on g that satisfies the following conditions

1. [, ] is bilinear in each of its two entries.
2. [, ] is skew-symmetric: [X,X] = 0, for any X € g.
3. [, ] satisfies the Jacobi identity: for any X,Y,Z € g,

X, [V, Z)] + [V, [Z,X]] + [Z,[X,Y] = 0.

In general, let F be a field and V a vector space over F. If there is a binary
operation [, ] on V satisfying the conditions (1)—(3) above, then V is called a Lie
algebra over IF. Hence in this sense g is a real Lie algebra.

Since as real vector spaces, g ~ T,(M), we have dimg = dim G. We call g the Lie
algebra of G.

Sometimes the Lie algebra of G will be denoted by Lie G.

Definition 2.2. Let G be a Lie group. A submanifold H of G is called a Lie
subgroup of G if

1. H is an abstract subgroup of G.
2. H is a topological group.

A Lie subgroup H is called a topological Lie subgroup if the topology of H is equal
to the induced topology.

Note that there are examples of Lie subgroups that are not topological Lie
subgroups; see for example [83].

Definition 2.3. Let g be a Lie algebra over a field F. A subspace § is called a
subalgebra of g if for any X,Y € b, we have [X,Y] € b. If in addition [X,Y] € b,
forall X € hand Y € g, then b is called an ideal of g.

Example 2.1. Let M be a vector subspace of a Lie algebra g. Define
ZyM)={X eg|[X,Y]=0, VY e M}.

Then it is easily seen that Zy(M) is a subalgebra of g. The subalgebra Zy(M) is
called the centralizer of M in g. In the special case that M = g, Zy(g) is an ideal of
g. The ideal Z4(g) is usually denoted simply by Z(g) and is called the center of g.
Similarly, for a subalgebra h of g, define

Ng(h) = {X eg|[X,Y]€b, V¥ €b}.

Then it is easy to check that Ny (b) is a subalgebra of g containing b. This subalgebra
is called the normalizer of § in g.

Now we state an important theorem on Lie subgroups and Lie subalgebras.
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Theorem 2.1. Let G be a Lie group and H a Lie subgroup of G. Then the Lie
algebra by of H is a subalgebra of the Lie algebra g of G. Conversely, given any
subalgebra b of g, there exists a unique connected Lie subgroup H of G whose Lie
algebrais b.

Definition 2.4. Let G and H be two Lie groups. A map ¢ from G to H is called a
homomorphism if ¢ is an abstract group homomorphism and it is continuous with
respect to the topology of the groups. A homomorphism ¢ is called an isomorphism
if ¢ is a homeomorphism. In case there exists an isomorphism from G onto H, we
say that G is isomorphic to H.

Similarly, we can define the notion of a homomorphism between Lie algebras.
Let g1, g2 be two Lie algebras over a field F. A linear map ¢ from g; to g is called
a homomorphism if ¢ ([X,Y]) = [¢(X),d(Y)]. A homomorphism between two Lie
algebras is called an isomorphism of Lie algebras if it is also a linear isomorphism.
In this case, we say that the two Lie algebras are isomorphic.

It is easy to prove that if ¢ is a Lie group homomorphism, then its differential at
the unit element, d@|,, is a homomorphism of the Lie algebras. Usually, we denote
de|, simply by do.

Now we introduce the notion of the exponential map of a Lie group. For this we
first define the one-parameter subgroups of a Lie group.

Definition 2.5. A one-parameter subgroup of a Lie group G is a homomorphism
from the additive group R to G.

The next theorem gives the existence and classification of one-parameter sub-
groups.

Theorem 2.2. Let G be a Lie group with Lie algebra g. Then for any X € g there
exists a unique one-parameter subgroup @ with ¢(0) = X,.

Proof. We first prove the existence. Since X is a vector field on G, there exists € > 0
such that the maximal integral curve ¢(r) through e is defined on (—¢,¢€), i.e., ()
is a smooth curve with ¢(0) = e and ¢(t) = X,,). Moreover, such a curve is unique
where it is defined. Now we show that if (a,b) is an open interval containing O such
that ¢ is defined on (a,b), and s,7,s +1 € (a,b), then
P(s)o(1) = @(s+1).
To see this, we just fix s and consider @ (1) = @(s)@(¢) and @,(t) = (s +1) as two
curves in 7. Then @;(0) = ¢2(0) = @(s). On the other hand, we have
¢1(t) = dLy() @(t) = ALy ()X (1)

and

(1) = Xp(s11)- (2.2)

Since X is left-invariant, we have

dLo(5)Xp (1) = Xo(s)p(r)-
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This means that both the curves ¢; and ¢, are integral curves of the vector field X.
Since they coincide at 0, they must coincide wherever they are defined. This proves
the assertion.

Now we prove that the integral curve ¢ is defined on the whole space R.
By the above argument, if we define y(r) = @(5)@(t — §), then ¥(r) is again an

integral curve of X and it is defined on (—%8, %8) Therefore ¢ can be extended to

(— %8, %8) This then implies that ¢ can be defined on the whole real line R. On the
other hand, (2.2) shows that ¢ is the required one-parameter subgroup. O

Now we can define the notion of exponential map of a Lie group.

Definition 2.6. Let G be a Lie group with Lie algebra g. The exponential map from
g to G is defined by

exp(X) = ¢x (1),
where @y is the one-parameter subgroup determined by X.

From the definition, it is easily seen that the exponential map is smooth. In fact,
it has better properties. Recall that the tangent space T,(G) is spanned by X, X €
g. Since the curve exptX is the integral curve of X through e, we easily see that
dexp|. = id. By the inverse function theorem, we have the following result.

Theorem 2.3. There exists a neighborhood U of the zero vector O in g such that
exp is a diffeomorphism from U onto exp(U).

We now collect some properties of the exponential map.

Proposition 2.1. For X,Y € g, we have

2
exp(tX)exp(tY) = exp (I(X +Y)+ E[X, Y]+ O(t3)) ,

exp(1X)exp(tY ) exp(—tX) = exp(tY +12[X, Y]+ O(%)),
exp(tX)exp(tY ) exp(—1X ) exp(—1Y) = exp(:*[X,Y] 4+ O(¢?)),

where O(t3) means a vector in g satisfying the condition that there exists € > 0 such
that %O(ﬂ) is bounded and smooth for |t| < e.

For the proof, see [83].
Using the exponential map, we can determine the Lie algebra of a Lie subgroup,
especially when the subgroup is closed. We first recall the following result.

Theorem 2.4. Let G be a Lie group and H an abstract subgroup of G. If H is a
closed subset, then there exists a unique differential structure on H such that H is a
topological subgroup of G.

We refer the proof of this theorem to [83]. The following theorem gives an
effective method to compute the Lie algebra of a Lie subgroup.
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Theorem 2.5. Let G be a Lie group with Lie algebra g and H a Lie subgroup of G
with Lie algebra h. If H is a topological Lie subgroup, or H has at most countably
many connected components, then

h={X eg|exp(tX) e H, Vt € R}.

Example 2.2. Let G = GL(n,R) be the set of all n x n nonsingular matrices. Obvi-
ously G has the structure of an abstract group under the usual matrix multiplication.
Note that G can also be viewed as an open subset of the Euclidean space R”z, and
hence it has the structure of a smooth manifold. It can be easily checked that the
group operations are smooth with respect to the manifold structure; hence G is a Lie
group, called the real general linear group. It is not hard to compute its Lie algebra:

g=gl(n,R) =R"",

with Lie brackets
[X,Y]=XY —YX.

This Lie algebra is called the real general linear Lie algebra. The exponential map
of Gis

1 1
exp(X):eX=In+X+§X2+---+—'X”+---.
n.

In general, let V be an n-dimensional real vector space. Then the set of all
invertible linear transformations forms a Lie group isomorphic to GL(n,R). In this
case, we usually denote the Lie group by GL(V).

Now we consider the following subgroups of G:

1. The special linear group SL(n,R) consisting of all elements in G with determi-
nant 1.

2. The orthogonal group O(n) consisting of the orthogonal matrices in G.

3. The special orthogonal group SO(n) consisting of the orthogonal matrices with
determinant 1.

As in the case of general Lie groups, we sometimes write the special linear
group as SL(V), where V is a real vector space. Moreover, if V is an n-dimensional
Euclidean space, then the set of all orthogonal transformations of V form a Lie
group isomorphic to O(n). This group will usually be denoted by O(V'). Similarly,
we have the notation SO(V'). The Lie algebras of these Lie groups will be denoted
by corresponding notation.

By Theorem 2.5, we easily get the Lie algebras of these Lie subgroups:

1. The Lie algebra of SL(n,R) is sl(n,IR), consisting of all the traceless matrices in
g. This Lie algebra is called the special linear Lie algebra.

2. The Lie algebras of O(n) and SO(n) are equal. It is so(n), consisting of all
the skew-symmetric matrices in g. This Lie algebra is called the orthogonal Lie
algebra.
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Example 2.3. The complex version of Example 2.2 is more interesting and useful.
Let GL(n,C) denote the set of all invertible complex n x n matrices. It is a complex
manifold. Moreover, it is easily seen that the map (g1,82) — 8185 lis holomorphic.
In general, if G is a complex manifold as well as an abstract group such that the
map G x G — G, (g1,82) — 818, !"is holomorphic, then G is called a complex Lie
group. A complex Lie group is automatically a (real) Lie group. Hence GL(n,C) is
a Lie group.

The Lie algebra of GL(n,C) is gl(n,C), the complex general linear Lie algebra,
consisting of all complex n x n matrices, with Lie brackets [A,B] = AB — BA. One
can also define the similar Lie subgroups and determine their Lie algebras as in the
real case. We list some of the examples below:

1. The complex special linear group SL(n,C). It is the subgroup of GL(n,C)
consisting of the matrices with determinant 1. Its Lie algebra is sl(n,C),
consisting of all the complex n x n matrices with zero trace.

2. The unitary group U(n). It is the subgroup of GL(n,C) consisting of all unitary
matrices. Its Lie algebra is u(n), consisting of all the skew-Hermitian matrices.

3. The special unitary group SU(n) = SL(n,C) N U(n). Its Lie algebra is su(n),
consisting of all the traceless skew-Hermitian matrices.

4. The complex symplectic group Sp(n,C). It is the group of matrices g in
GL(2n,C) satisfying the condition

&g =Jn,
0 I,
J, = .
! <—In 0)

sp(n,C) = { (2 _Z§t> ’Zl ,Z»,Z3 complexn X nmatrices, Z,Z3 symmetric} .
1

where

Its Lie algebra is

We put Sp(n) = Sp(n,C) NU(2n) and call it the symplectic group. Note that in some
books the definition of symplectic group is different from the above. We leave as an
exercise for the reader to determine the Lie algebra of Sp(n).

Note that the Lie groups O(n) and SO(n) are not simply connected. Their
universal covering groups are denoted by Pin(n) and Spin(n) (called the spin group),
respectively. We now recall briefly the construction of these two groups. For the
details, we refer the reader to [34, Sect. 1.6].

Example 2.4 (See [12]). LetV be a real inner product space. The Clifford algebra
CIliff(V') is the associative algebra freely generated by V modulo the relations

wHwy=-=2(vww), vweV.
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If V. = R" is the standard Euclidean space, then Cliff(V) is generally denoted by
Cliff(n). For example, Cliff(0) = R, Cliff(1) = C, Cliff(2) = H (the quaternions).
Now consider Cliff(n). Let Pin(n) be the group sitting inside Cliff(n) consisting of
all the products of the unit elements in R”. Recall that each element in O(n) can be
written as a finite product of reflections. Since each unit element v in R” induces
a reflection transformation 7, of R”, and £v induce the same transformation, the
group Pin(V) is a double covering of O(n). Let Spin(n) C Pin(n) be the subgroup
of the elements that are products of an even number of unit elements in R”. Then
Spin(n) is a double covering of SO(n). It is not difficult to prove that Spin(n) is
simply connected.

In the final part of this section, we introduce some terminology in representation
theory. Since in this book we will use only some results on finite-dimensional
representations, we shall consider only the finite-dimensional cases. Let G be a Lie
group and V a finite-dimensional real vector space. A representation of G on V is
a continuous homomorphism p from G to the general linear group GL(V'). We say
that (V, p) is a representation of G, or a G-module. A representation (V,p) of G is
called faithful if the homomorphism p has trivial kernel.

Similarly, let g be a Lie algebra over the field F and let V be a vector space
over F. A Lie algebra homomorphism from g to gl(V) is called a representation
of g.

It is clear that if p is a representation of a Lie group G on the vector space
V, then its differential dp is a representation of its Lie algebra g. The converse is
generically not true. But if G is a connected simply connected Lie group, then every
representation of g can be lifted to a representation of G.

For a Lie group G with Lie algebra g, we have a natural representation of
G on g. Note that for X € g, exp(tX) is a one-parameter subgroup of G. Given
g € G, it is easy to check that g(exp(rX ))g~! is again a one-parameter subgroup.
Hence there exists a unique X, € g such that g(exp(tX))g~! = exp(tX,). We denote
X, by Ad(g)(X). It is easy to check that the map G — GL(g), g — Ad(g) is a
representation of G on g. This representation is called the adjoint representation of
G. The differential of the adjoint representation of the Lie group is called the adjoint
representation of the Lie algebra.

Let G be a Lie group and (V, p) a real representation of G. Suppose V is endowed
with an inner product (, ). If

(P(&)(X),p(e)(Y)) = (X,Y), VX,YeV, geC,

then we say that (, ) is an invariant inner product, and (V,p, (, }) is an orthogonal
representation of G.

A Lie group G is called compact if G is a compact manifold. The following
theorem is called Weyl’s unitary trick.

Theorem 2.6. Let G be a connected compact Lie group and (V, p) a representation
of G. Then there exists an invariant inner product on'V.
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2.2 Lie Transformation Groups and Coset Spaces

In this section we will introduce the fundamental properties of Lie group actions
on smooth manifolds. The general idea is to consider this problem originating
from Felix Klein’s Erlangen Program proposed in 1872. Klein’s proposal was to
categorize the new geometries by their characteristic groups of transformations.
This program has been extremely successful. Today, it is the expectation of each
geometer to find an effective method to study geometry by applying group theory.

We first define the notion of the action of a Lie group on a manifold. Let G be a
Lie group and M a smooth manifold. A smooth action of G on M is a map p from
G x M onto M satisfying the following two conditions:

1. p is a smooth map.
2. p(gZap(glax)) :p(g2g17-x),vg17g2 S G,XEM~

If we write p(g,x) as g -x, then condition (2) can be rewritten as g - (g1 -x) =
(g281) - x. Meanwhile, this condition implies that e - x = x (note that p is assumed to
be onto). This then implies that for each g € G, the map x — g-x is a diffeomorphism
of M.

If G has a smooth action on M, then G is called a Lie transformation group of M.
The action is called effective (resp. almost effective) if e is the only element in G
such that p(e) is the identity map (resp. if the subgroup p ~!(id) of G is discrete). It
is called free if for any g # e in G, the map p(g) has no fixed point.

The most important action is the action of a Lie group on the coset spaces. We
have the following theorem.

Theorem 2.7. Let G be a Lie group and H a closed subgroup of G. Then there
exists a unique differentiable structure on the left coset space G /H with the induced
topology that turns G /H into a smooth manifold such that G is a Lie transformation
group of G/H.

For the proof, see [83]. Note that the induced topology on G/H is the unique
topology such that the natural projection 7 from G onto G/H is both continuous
and open. More precisely, a subset U in G/H is open if and only if the preimage
7! (U) is an open subset of G.

Suppose G is a Lie group acting transitively on a smooth manifold M. Given
p € M, denote by G, the set of elements of G that keep p fixed. Then G, is
a closed subgroup of G. If we endow G/G, with the induced topology, then
Theorem 2.7 asserts that there exists a unique differentiable structure such that G
is a Lie transformation group of G/G,,. Let o be the map from G onto M defined
by o/(g) = g p. Then « is a diffeomorphism if it is a homeomorphism (see [83]).
On the other hand, if G has a countable base (this is the case if G has countably
many connected components), then o must be a homeomorphism. Hence in this case
G/G, is diffeomorphic to M. The following proposition is very useful in practice.

Proposition 2.2. Let G be a Lie group acting transitively on a connected manifold
M. Fix p € M and let o be the map from G /G, onto M defined by o.(g) =g - p. If o
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is a homeomorphism, then the unit connected component Gy is also transitive on M.
In particular, if G has countably many connected components, then Gy is transitive
on M.

Let G be a Lie group and H a closed subgroup of G. In the following we will
always endow G/H with the differentiable structure so that G is a Lie transformation
group of G/H. In general, H will be called the isotropy subgroup. The tangent space
of G/H atthe origin eH = H of G/H can be identified with the quotient vector space
g/b. Since the adjoint action of the group H keeps b invariant, H has an action on
g/b defined by

Adg/p(h)(X +1) = Ad(h)(X) +b,

where Ad is the adjoint action of G. This action defines a representation of H on
g/b and is called the linear isotropy representation.
In some special cases there exists a subspace m of g such that

g="bh+m (direct sum of subspaces) 2.3)

and
Ad(h)(m) Cm, VheH.

Then the coset space G/H is called a reductive homogeneous manifold and (2.3)
is usually called a reductive decomposition of g. In this case, the tangent space
T, (G/H) of G/H at the origin eH can be identified with m through the map
d
X — Eexp(tX)H‘lzo, Xecm

Then the linear isotropy representation corresponds to the adjoint action of H on m.
For the geometry of reductive homogeneous space, we refer the reader to [102].

Next we introduce some notions about the adjoint group of a Lie algebra. Let g
be a real Lie algebra. Since g is a real vector space, we have the general linear group
GL(g). Note that a priori, GL(g) has no relation with the Lie algebra structure of
g. As pointed out in Sect.2.1, the Lie algebra of the Lie group GL(g) is gl(g),
consisting of all the linear endomorphisms of g with Lie brackets [A,B] = AB — BA.
Now for each X € g, we can define a linear endomorphism ad(X) of g by

ad(X)(Y)=[X,Y], Yeg

It is obvious that the endomorphisms ad(X), X € g, form a subalgebra of gl(g). We
denote this subalgebra by ad(g). By Theorem 2.1, there exists a unique connected
Lie subgroup of GL(g) with Lie algebra ad(g). This Lie group is called the adjoint
group of g and will be denoted by Intg.

There is another Lie group that is closely related to the Lie algebra structure of
g. A linear isomorphism o of g is called an automorphism of g if

o([X,Y]) =[o(X),0(Y)], VX,Y€eg.
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It is clear that the set of all the automorphisms of g is a closed subgroup of
GL(g). Hence it is a topological Lie subgroup of GL(g). This group is called
the automorphism group of g and will be denoted by Aut(g). The Lie algebra of
Aut(g) is denoted by d(g). It is easy to prove that d(g) consists of all the linear
endomorphisms of g satisfying

D([X,Y])=[D(X),Y]+[X,D(Y)], VX,Y€eg. 2.4)

A linear endomorphism satisfying (2.4) is called a derivation. It is easily seen that
for a derivation D, ¢/ is an automorphism of g. Hence d(g) consists of all the
derivations of g. By the Jacobi identity we see that for X € g, ad(X) is a derivation.
Thus ad(g) is a subalgebra of d(g) and Int(g) is a subgroup of Autg. Further,
one easily checks that for any automorphism ¢ of g and any X € g we have, as
endomorphisms of g,

56MX) g1 _ ,ad(e(X))

Since Intg is connected, it is generated by the elements of the form X)X ¢ g.
The above identity then implies that Int(g) is a normal subgroup of Aut(g).

Let G be a connected Lie group with Lie algebra g. For g € G, Ad(g) is an
automorphism of g. We assert that Ad(g) lies in Int(g). In fact, this follows from
the facts that G is generated by the elements of the form exp(X), X € g, and that

Ad(exp(X)) = %),

(The proof of the above identity is left to the reader). This means that Ad defines a
map from G onto Int(g). In fact we have the following.

Proposition 2.3. Let G be a connected Lie group with Lie algebra g. Then

1. The map g — Ad(g) is a homomorphism from G onto Int(g) with kernel Z(G).
2. The map gZ(G) — Ad(g) is an isomorphism from G/Z(G) onto Int(g).

Now we define the notions of compactly embedded Lie algebras and compact
Lie algebras. This notion is very useful in the study of homogeneous Riemannian
and Finsler manifolds.

Definition 2.7. Let g be a real Lie algebra. A subalgebra ¢ is called a compactly
embedded subalgebra of g if the connected Lie subgroup K* of Int(g), correspond-
ing to the subalgebra adq () of ad(g), is a compact Lie group. A real Lie algebra is
called compact if it is a compactly embedded subalgebra of itself.

As an example, any abelian real Lie algebra g is compact, since in this case its
adjoint Lie group Int (g) consists of the single element {e}, which is compact. It can
be proved that a real Lie algebra g is compact if and only if there is a compact Lie
group G whose Lie algebra is g; see [83].

At the final part of this section, we introduce some terminology concerning
the orbits of general Lie group actions on smooth manifolds, which need not be
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transitive. In particular, we will recall the definition of principal orbits. Let M be
a (connected) smooth n-dimensional manifold and G a Lie group acting smoothly
on M. For x € M, the orbit G-x = {g(x) | g € G} is a submanifold of M and if the
action is proper, namely, the inverse image of every compact subset of M x M under
the map

GxM—MxM: (gp)— (p,g(p))

is compact, then every orbit is a closed submanifold of M. It is easily seen that if G is
a compact Lie group, then the action is proper. If the action is proper, then the space
of orbits is a Hausdorff space and can be endowed with a differentiable structure.

If G acts transitively on M, then M is diffeomorphic to G/Gy, Vx € M. In this case,
the action has only one orbit. When the action is nontransitive, the orbit structure is
in general very complicated. One important tool for studying the orbit structure is
the introduction of the notion of a slice of a proper action.

Definition 2.8 (see [122]). Let G be a Lie group acting smoothly and properly on
the manifold M and p € M. Then a slice of the action at p is a submanifold ¥
satisfying the conditions

peX.

.G-2={g(q) | g € G,q € X} is an open submanifold of M.

G,-X=2.

. The action of G, on X is isomorphic to an orthogonal linear action of G, on an
open ball of a Euclidean space.

5. Let (G x X)/G, be the orbit space of the action of G, on G x X given by

k((g,q)) = (gk~',k(q)), k € G,, g € G, q € X. Then the map

B W=

(GXxZX)/Gp—=M: Gp-(8,9)— 8(q)

is a diffeomorphism onto G - X.

It was proved by Montgomery and Yang that every proper action admits a slice at
each point [122]. This fact enables us to define a partial ordering on the orbit space.
Given p,q € M, we say that the two orbits G- p and G - g have the same orbit type if
the isotropic subgroups G, and G, are conjugate in G. This defines an equivalence
relation among the orbits of G. Denote the orbit type of G- p by [G - p]. Then we can
introduce a partial ordering on the set of orbit types by saying that [G- p] < [G - ¢g]
if and only if G, is conjugate in G to some subgroup of G,. If the orbit space is
connected, then there exists an orbit type that is the largest among all the orbit
types. Each representative of the largest orbit type will be called a principal orbit.
Each principal orbit has the maximal dimension among all the orbits. Note that there
may be some orbit that is of maximal dimension but not principal. The following
result is useful.

Proposition 2.4 (see [122]). Let G be a connected Lie group acting smoothly and
properly on a connected manifold M. Then the union of the principal orbits is an
open and dense subset of M.
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2.3 Semisimple Lie Algebras

In this section we will present a survey of the main results on the structure and
classification of real and complex semisimple Lie algebras. This is the basis for the
classification of Riemannian symmetric spaces. We first recall some notions on the
solvability and nilpotency of Lie algebras.

Definition 2.9. A Lie algebra g over a field [F is called solvable if there exists a
positive integer m such that g”) = 0, where g(!) = g and g+ 1) = [g!), g(!)], for 1 > 1.

Definition 2.10. A Lie algebra g over a field F is called nilpotent if there exists a
positive integer m such that g = 0, where g! = g and g'*! = [g, g], for [ > 1. The
minimal integer m satisfying the condition g”* = 0 is called the nilpotent index of g.

Note that here [ can be any field. It is obvious that any nilpotent Lie algebra
must be solvable. The converse is not true, as can be seen from the 2-dimensional
solvable Lie algebra. The main tools to study solvable and nilpotent Lie algebras are
the following Engel’s theorem and Lie’s theorem.

Recall that an element x in a Lie algebra g is called ad-nilpotent if there exists a
natural number n such that [ad(x)]" = 0. The Lie algebra g is called ad-nilpotent if
all its elements are ad-nilpotent.

Theorem 2.8 (Engel’s theorem). A finite-dimensional Lie algebra is nilpotent if
and only if it is ad-nilpotent.

The following is an equivalent version of this result.

Theorem 2.9 (Engel’s theorem). Let V be a nonzero finite-dimensional vector
space and L a subalgebra of gl(V). If L consists of nilpotent endomorphisms of
V, then there exists a nonzero element v in'V such that A(v) =0, for all A € L.

Theorem 2.10 (Lie’s theorem). Let V be a nonzero finite-dimensional vector
space over an algebraic closed field F of characteristic 0. Suppose L is a
solvable subalgebra of gl(V). Then there exists a common eigenvector for all the
endomorphisms in L.

Theorem 2.11 (Cartan’s criterion). Let g be a finite-dimensional Lie algebra over
an algebraically closed field of characteristic 0. Then g is solvable if and only if for
every x € [g,g] andy € g, tr(ad(x)ad(y)) = 0.

The Killing form of the Lie algebra g is the bilinear function
B(x,y) = tr(ad(x)ad(y)), x,y€g.
Then Cartan’s criterion can be restated that g is solvable if and only if

B([gvg]vg) =0.
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The Killing form is symmetric with respect to its two entries and it is easy to check
(using the Jacobi identity) that the following identity holds:

B([x,y],z) + B(y,[x,2]) =0, Vx,y,z€g.

Definition 2.11. A Lie algebra g is called semisimple if it has no nonzero abelian
ideal.

We can also define a semisimple Lie algebra as the following. Note that the sum
of two solvable ideals of a Lie algebra is still a solvable ideal. This fact enables us
to define the radical of a Lie algebra as the maximal solvable ideal of it. Then a Lie
algebra is semisimple if and only if its radical is zero.

From now on we will consider only real or complex Lie algebras.

Theorem 2.12. Let g be a real or complex Lie algebra. Then g is semisimple if and
only if the Killing form is nondegenerate.

Theorem 2.13. Let g be a real or complex semisimple Lie algebra. Then each
derivation of g is inner.

Recall that a derivation of a Lie algebra g is a linear endomorphism D of g
such that

D([x,y]) = [D(x),y] + [x,D(y)], Vx,y€g.

It is called inner if there exists z € g such that D = ad(z).

A Lie algebra g is called simple if g has no ideal other than {0} and g itself. Tt
can be easily proved that a real or complex simple Lie algebra must be semisimple.
We have the following result.

Theorem 2.14. Let g be a real or complex semisimple Lie algebra. Then g has a
decomposition

g=o+o+- -+,

where g;, 1 <i <k, are simple ideals of g. Moreover, the decomposition is unique
up to an adjustment of the order of the simple ideals.

This theorem reduces the classification of semisimple Lie algebras to that of the
simple ones. In the following we will consider the classification of complex simple
Lie algebras. We begin with the structure theorems for semisimple Lie algebras.

Let g be a complex semisimple Lie algebra. An element x € g is called
semisimple if ad(x) is a semisimple endomorphism of g (i.e., it has a diagonal matrix
under a certain basis of g). It is called nilpotent if ad(x) is a nilpotent endomorphism.
The Jordan—Chevalley decomposition theorem asserts that each endomorphism can
be uniquely written as the sum of a semisimple and a nilpotent endomorphism
that commute with each other. Now given x € g, the endomorphism ad(x) can
be decomposed into the sum of two endomorphisms: ad(x) = s + n, where s is
semisimple and n is nilpotent with [s,n] = sn —ns = 0. It can be easily checked
that s and n are also derivatives of the Lie algebra g. Since g is semisimple, each
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derivative is inner. Thus there exist a semisimple element x; and a nilpotent element
X, such that s = ad(x;) and n = ad(x,), with [ad(x;),ad(x,)] = 0. Then we have
X = X5+ x, and [x;,x,] = 0. We usually call this decomposition the Jordan—Chevalley
decomposition of x.

A subalgebra t of g is called a toral subalgebra of g if t consists of semisimple
elements. It is easily seen that a toral subalgebra of a complex semisimple Lie
algebra must be abelian.

Theorem 2.15. Let g be a complex semisimple Lie algebra and by a maximal toral
subalgebra of g. Then g has a decomposition

g:h+zgﬂla

acA

where A is a subset of h*\{0} and
0o = {x € g|[h,x] = o(h)x, YVh € bh}.

The decomposition has the following properties:

1. The span of A is b*.

2. Forany o. € A, dimgg = 1.

3. Ifa € A, then —oe € A. Moreover, if oo € A and c is a nonzero number such that
co €A, thenc = +1.

4. I 0LB € A, then [gasa5] C asp (here gy =0 if Y AU{O}).

5. The restriction of the Killing form B to Y is nondegenerate.

6. Fix oo € A and let ty, € b be the unique element satisfying o.(h) = B(ty,h), Vh € b.
Then B(tg,to) # 0, and for xo € 9o, Yo € 8—0» [Xa,Va] = B(Xas Yo )tor-

7. Fix o € A. For any nonzero x¢ € g¢, there exists yo, € §—q Such that xy,yo,he =
[Xa,Ya| span a 3-dimensional Lie algebra isomorphic to sI(2,C). Moreover, hy
is independent of the choice of xo, and yo, and hy = %, =—h_q.
The subset A of h* in the above theorem is called the root system of g with

respect to h. An element o € A is called a root. For ¢, B € A, we define

(e, B) :B(tfxvtﬁ)'

Then we have the following theorem.

Theorem 2.16. Let o, 3 € A. Then

1. The number 2((13’0‘)) is an integer.

2. B— 2([3 o) jo €A
3. The elements of the form B+ 1o, | € Z, contained in A constitute a continuous

string. Let q,r be the largest integers such that B +qa € A and B —ro. € A. Then

2(8,
a-r=—Tug
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The set of the roots 3 + 1o, —r <1 < g, is called the a-string through 3. Select a
basis 0, 0, . .., 04, of h* such that o; € A. Then the bilinear form (o, B) = B(tq, )
defined above can be extended to an inner product of the real vector space

E= ROCI'.

m
i=1

Then A is a root system in the Euclidean space E in the following sense.

Definition 2.12. Let E be a finite-dimensional Euclidean space, with inner product
(,). A subset @ of E is called a root system if the following axioms are satisfied:

1. @ is a finite subset spanning E and it does not contain 0.

2. o€ @and cax € D, c € R, implies that c = +£1.

3. For any o € @, the reflection oy, defined by ¢« leaves the set @ invariant.
4. For any a, 3 € @, the number

2(B, )

<Ot,ﬁ> = (OC,OC)

is an integer.

Let @ be a root system in E. The group generated by all the reflections oy,
o € @, is a finite group of isometric transformations of E. This group is called the
Weyl group of @ and will be denoted by W. Using the axioms of a root system, we
can easily deduce the following.

Proposition 2.5. Let @ be a root system in E. Then

1. Suppose o, € @, a # +P. If (a,B) >0, then oo — € . If (a0, B) < 0, then
o+ped.

2. For o, B € @, the set of roots of the form B + ict is a unbroken string, called the
o-string through f.

3. Let q,r be respectively the largest integers such that B +qo. € @ and  —ro. € @.
Thenr—qg=—{(B,a)= _2B.o)

(o,00)

A subset IT of @ is called a base if I1 is a basis of the vector space E and each
root § of @ can be uniquely written as the sum 8 =Y, < ko O, Wwhere k,, are integers
that are either all nonnegative or all nonpositive. An element in IT is called a simple
root. It is a fundamental result that every root system has a base. Now we introduce
a method to construct a base. Given o € @, set

Py ={x € E|a(x) =0}.
An element y € E\ Ugcg Py is called regular. For a regular element 7y, define

@' (y)={ac@|(r,a) >0}, & (y) = {a|(y,a) <0}.
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Fig. 2.1 Dynkin diagrams

A root in @™ () is called indecomposable if it cannot be written as the sum of two
roots in @ T ().

Theorem 2.17. Let 7y be a regular element in E. Then the set of all indecomposable
roots in @T () is a base of ®. Moreover, every base of @ can be obtained in this
manner.

A connected component of E\ Ugcg Py is called a Weyl chamber. It is clear that
each regular element of E lies in exactly one Weyl chamber. There is a one-to-one
correspondence between the Weyl chambers and the bases of @. The Weyl group
can be viewed as a permutation group of the set of Weyl chambers. In fact, the action
of the Weyl group on the set of Weyl chambers is simply transitive.

Let @ be a root system and IT = {0y, ,...,04} a base of @. The Dynkin
diagram of IT is a diagram with [ vertices such that the ith is joined to the jth
by (o, 04) {0y, o) edges. Moreover, if the lengths |oy| and || are not equal, then
we add an arrow pointing to the shorter one.

A root system @ is called irreducible if it cannot be partitioned into two proper
and orthogonal subsets. It is easily seen that @ is irreducible if and only if its
Dynkin diagram is connected. Two root systems @1, d, in E;, E; respectively are
called isomorphic if there exists a linear isomorphism ¢ from E; onto E; such that
o (®;) = D, and forany o, € @) we have (o, B)1 = (o (), 0(B))2. Itis clear that
two irreducible root systems are isomorphic if and only if they have the same Dynkin
diagram. The following theorem gives a complete classification of irreducible root
systems.

Theorem 2.18. Let @ be an irreducible root system. Then the Dynkin diagram of
@ must be one of the diagrams in Fig. 2.1. Moreover, any of the diagrams in Fig. 2.1
is the Dynkin diagram of a root system.
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As we have seen above, for a complex semisimple Lie algebra g and a maximal
toral subalgebra f of g, the root system A of g with respect to ) is a root system
in the sense of Definition 2.12. If f; is another maximal toral subalgebra of g, then
we have another root system Ay, the root system of g with respect to h;. It is a very
nice fact that different maximal toral subalgebras are conjugate to each other. In
other words, there exists an automorphism 7 of g such that 7(h) = b; (see Sect. 2.5
below). It is easily seen that this automorphism induces an isomorphism between
the root systems A and A;. On the other hand, it is clear that g is simple if and
only if A is irreducible. Moreover, it can be proved that for each Dynkin diagram in
Fig. 2.1, there exists a complex simple Lie algebra whose Dynkin diagram is exactly
the given one (see [83]). Thus we have the following theorem.

Theorem 2.19. Up to isomorphism, there are nine types of complex simple Lie
algebras, whose Dynkin diagram are respectively A;, B;, C;, D;, E¢, E7, Eg, Fy, G».

This theorem gives a complete classification of complex simple Lie algebras, as
well as semisimple Lie algebras. Usually, we use the symbols of the Dynkin diagram
to represent the corresponding Lie algebra. The first four classes are called classical
simple Lie algebras and the other five types are called exceptional ones.

In the final part of this section we introduce some results on real semisimple Lie
algebras. We first recall the notion of the complexification of a real Lie algebra.

Suppose gy is a real Lie algebra. The complexification of g is the complex vector
space go @ C endowed with the Lie brackets

X1+ V—=ly;,x+ \/—_1)’2} = [x1,2%2] — 1,y2) + V=1([x1,y2) + 1, %)),

where x;,y; € go, i = 1,2. It is easy to check that the above brackets make go ® C
into a complex Lie algebra. We will denote this Lie algebra by gg. For convenience,
we sometimes use g to denote the complexification of gg.

Conversely, suppose g is a complex Lie algebra. Then g can also be viewed as
a real Lie algebra: just view the complex vector space g as a real vector space and
define the same Lie brackets. This real Lie algebra will be denoted by gR. Note
that set theoretically gR and g are the same thing and that dimp gR = 2dimc g. The
following proposition can be proved by a direct computation.

Proposition 2.6. Let gg be a real lie algebra and g its complexification. Denote the
Killing forms of go, g, and gR by Ko, K, and Kg, respectively. Then we have
KO(XvY) = K(XvY)a fOI'X,Y € go,
Kr(X,Y) = 2Re(K(X,Y)), forX,Y e g,

In view of Theorem 2.12, we have the following.

Proposition 2.7. A real Lie algebra is semisimple if and only if its complexification
is semisimple.
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Let g be a complex Lie algebra. A real form of g is a subalgebra gg of the real
Lie algebra g® such that

a® =go+V—1go (direct sum of vector spaces).

In this case g is isomorphic to the complexification of gg. The following theorem is
very important for the classification of real semisimple Lie algebras.

Theorem 2.20. Let g be a complex semisimple Lie algebra. Then there exists a real
form gg of g such that g is a compact Lie algebra.

Definition 2.13. Let gg be a real semisimple Lie algebra and g its complexification.
Denote the conjugation of g with respect to gg by 0. A decomposition go = £y + po
of go into the direct sum of a subalgebra €y and a vector subspace py is called a
Cartan decomposition if there exists a compact real form g of g such that

o(gr) Car, to=g0Ngk, bo=goN(V—1gp).

Theorem 2.21. Let gg be a real semisimple Lie algebra. Then there exists a
Cartan decomposition of go. Moreover, if go = €1 +p1 and go = & +po are two
Cartan decompositions of g, then there exists g € Int(go) such that g(€;) = €, and
g(p1) = po.

Theorem 2.22. Let g be a real semisimple Lie algebra. Then a decomposition gy =
£y + o of go into a subalgebra ¥y and a vector space pg is a Cartan decomposition
ifand only ifthe map s : X +T — X —T, X € &, T € po, of go is an automorphism
and the Killing form B is positive definite on po and negative definite on ¥.

2.4 Homogeneous Riemannian Manifolds

In this section we will collect some results on homogeneous Riemannian manifolds.
For a connected Riemannian manifold (M,Q), we have two ways to define an
isometry. On the one hand, we call a diffeomorphism o of M onto itself an isometry
if for x € M and any tangent vectors X,Y € T, (M), we have Q(do|x(X),do|«(Y)) =
0O(X,Y). On the other hand, we can also define an isometry of (M, Q) to be amap T
of M onto itself such that d(7(x), 7(y)) = d(x,y), for any x,y € M. The essence of the
celebrated Myers—Steenrod theorem is that the above two definitions are equivalent.
In the literature, the following corollary of the above result is often referred to as the
Myers—Steenord theorem [123].

Theorem 2.23 (Myers—Steenrod). Ler (M,Q) be a connected Riemannian man-
ifold. Then the group of isometries I(M,Q) of (M,Q) admits a differentiable
structure such that I(M, Q) is a Lie transformation group of (M, Q).
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Definition 2.14. A connected Riemannian manifold (M, Q) is called homogeneous
if the group of isometries of (M, Q) is transitive on M.

If (M,Q) is a homogeneous Riemannian manifold, then (M, Q) has at most
countably many connected components. Therefore by Proposition 2.2, the identity
component Io(M, G) is also transitive on M. Fix x € M and denote by K the isotropy
subgroup of Io(M,Q) at x, Then K is a compact subgroup of Io(M,Q) and M
is diffeomorphic to Iy(M,Q)/K. The Riemannian metric Q can be viewed as an
Ip(M, Q)-invariant Riemannian metric on M. This means that any homogeneous
Riemannian manifold can be written as a coset space of a connected Lie group
with an invariant Riemannian metric.

Now we consider the more general case. Suppose G is a connected Lie group and
H is a closed subgroup of G such that G acts almost effectively on G/H. We study
the invariant Riemannian metrics on the coset space G/H. Let g,h be respectively
the Lie algebras of G and H. Denote the adjoint representation of G on g by Ad. Note
that for i1 € H, Ad(h) keeps the subalgebra f) invariant. Hence Ad(%) induces a linear
map on the quotient space g/h. We denote this map by Adg,(%). The differential
of this action, which is a representation of h on g/b, will be denoted by adg /b

Proposition 2.8. There is a one-to-one correspondence between the G-invariant
Riemannian metrics on G/H and the Adg,, (H)-invariant inner products on g/b.

For the proof, see [102].

Given X € b, exptX is a one-parameter subgroup of H. With respect to an
Adgy (H)-invariant inner product (,) on g/b, exp(tX) are orthogonal transfor-
mations. Taking the derivation with respect to ¢, we see that adg/,(X) is skew-
symmetric with respect to (, ). This observation leads to the following assertion.

Proposition 2.9. Let G/H be a coset space. Suppose G/H admits a G-invariant
Riemannian metric. If the action of G on G/H is almost effective, i.e., if h contains
no ideal of g other than {0}, then the following assertions hold:

1. The Killing form of by is negative semidefinite.
2. The restriction of the Killing form of g to Yy is negative definite.

The following proposition gives a necessary and sufficient condition for a coset
space to admit an invariant Riemannian metric.

Proposition 2.10. Suppose the action of G on the coset space G/H is almost
effective. Then G/H admits an invariant Riemannian metric if and only if there is an
inner product (, ) on the Lie algebra g of G such that for every XY € gand h € H,

(Ad(h)(X),Ad(h)(Y)) = (X,Y).

Next we will consider the Levi-Civita connection and the curvatures of homoge-
neous Riemannian manifolds. Let (M, Q) be a homogeneous Riemannian manifold.
A vector field X on M is called a Killing vector field if every local one-parameter
transformation group generated by X consists of local isometries of (M, Q).
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Theorem 2.24. Let (M, Q) be a homogeneous Riemannian manifold with the Levi-
Civita connection V. Suppose X,Y,Z are Killing vector fields on M. Then we have

1
where U(X,Y) is a symmetric tensor field of type (2,1) on M determined by

Q(U(X,Y),Z) = (Q([sz]vY) +Q(X= [YvZ])'

1
2

If we write (M, Q) as a coset space G/H with H compact, then the Lie algebra g
has a decomposition

g="b+m (direct sum of subspaces), (2.6)

where m is a subspace of g such that Ad(h)(m) C m, for every i € H. In fact, we just
need to fix an inner product as in Proposition 2.10 and take m to be the orthogonal
complement of h with respect to this inner product. Thus in this case, the coset space
G/H is reductive.

The tangent space T,(G/H), where o = H is the origin, can be identified with m
through the map

d
X — E(exp(tX) -0)]r=0-

Note that for any Y € g, the vector field ¥|gy = d(gexp(tY)H)|—o is a Killing
vector field (the fundamental Killing vector field generated by Y). If ¥ € m, then
Y, =Y. This fact combined with the homogeneity of M implies that formula (2.5)
completely determines the Levi-Civita connection of (M, Q). This also leads to the
following formulas of the sectional curvature and Ricci curvature of (M, Q).

Theorem 2.25. Let (G/H,Q) be a homogeneous Riemannian manifold with a
reductive decomposition (2.6). Suppose X, Y are two orthogonal vectors in m of
unit length with respect to Q. Then the sectional curvature of the tangent plane
spanned by X, Y is given by

K(XY) = =XVl = 2K X, V], ¥)

30UV, ¥ Xl X) + U (X, ¥) — QX X),U(Y.Y),

where Zy, denotes the m-component of Z and | - | is the length with respect to Q.

The proof can be obtained through a direct computation using (2.5); see [28].
Let X1,X>,...,X, be an orthonormal basis of m with respect to Q. Set

n
Z =Y U(X;,X)).
i=1
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It is easy to check that Z is the unique element in m such that
0(Z,X) =tr(adX), VX em.

Corollary 2.1. The Ricci curvature is given by

Ric(X,X) :—-2|Xxm|2——2Q mXi)
_ZQ([Xv[Xv + Z XuX mv ))2
—0([Z . X]m, X).

Finally, we recall some results on homogeneous Einstein manifolds. The follow-
ing definition is a special case of the Finslerian notion of Einstein metrics.

Definition 2.15. An n-dimensional connected Riemannian manifold (M,Q) is
called an Einstein manifold if its Ricci curvature is a multiple of the metric. More
precisely, it is called an Einstein manifold if

Ric(X,Y) =AQ(X,Y), VX,Y €T.(M),x€M.

The number ¢ = %)L is called the Einstein constant in the literature. If an Einstein
manifold is homogeneous as a Riemannian manifold, then it is called a homoge-
neous Einstein manifold.

There is a great difference between homogeneous Einstein manifolds with
different signs of the Einstein constant. For A = 0, we have the following result
of Alekseevskii and Kimel’fel’d (see [5, 28]):

Theorem 2.26. A homogeneous Einstein manifold with ¢ = 0 is flat; hence it is
isometric either to a Euclidean space or to a flat torus.

By the Bonnect—-Myers theorem, a homogeneous Einstein manifold with positive
Einstein constant ¢ must be compact. A simple observation leads to the following
theorem (see [28]).

Theorem 2.27. A homogeneous Einstein manifold with negative Einstein constant
must be noncompact.

In recent years, homogeneous Einstein manifolds have been studied extensively.
We now survey some important results in this field. It is obvious that the standard
Riemannian metric on spheres are Einstein metrics. The first nonstandard homoge-
neous Einstein metric on spheres was found by Jensen in 1973 [94]. Then Ziller
obtained a complete classification of all the homogeneous Einstein Riemannian
metrics on spheres in 1982 [182]. D’ Atri, Wang, and Ziller made a systematic study
of compact homogeneous Einstein manifolds, including the normal homogeneous
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manifolds and naturally reductive left-invariant metrics on compact Lie groups; see
[45, 165]. However, up to now, necessary and sufficient conditions for a compact
homogeneous manifold to have invariant Einstein metrics are still unknown; see
[166] for some partial results. Meanwhile, there has appeared a series of results on
low-dimensional spaces.

In the noncompact case there are also many interesting results. We mention the
following conjecture; see [4].

Conjecture 2.1 (D.V. Alekseevskii). Let M = G/H be a noncompact homogeneous
Einstein manifold. Then H is a maximal compact subgroup of G.

This conjecture is still open. If it is true, then every noncompact homogeneous
Einstein metric can be realized as a left-invariant metric on a solvable Lie group.
Based on this point of view, many researchers have studied left-invariant Einstein
metrics on solvable Lie groups; see, for example, [75, 80, 160].

2.5 Symmetric Spaces

In this section we recall the main results on the structure and classification of
Riemannian symmetric spaces. A connected Riemannian manifold (M, Q) is called
locally symmetric if for every x € M there is a neighborhood U of x such that the
geodesic symmetry

exp(tX) — exp(—1X), X €T (M),

defines a local isometry on U. It is called globally symmetric if for every x € M,
there exists an involutive isometry o (i.e., 02 =id) such that x is an isolated fixed
point of ¢. It is obvious that a globally symmetric Riemannian space must be locally
symmetric. The results of this section are mainly due to Cartan.

Theorem 2.28. A connected Riemannian manifold (M, Q) is locally symmetric if
and only if its sectional curvature is invariant under parallel displacements. A
complete, connected, and simply connected locally symmetric Riemannian manifold
must be globally symmetric.

Let (M, Q) be a globally symmetric Riemannian space and x € M. Then there
is an involutive isometry T, with x as its isolated fixed point. It is easily seen that
drl, = —id|TX(M>. Thus 7, is actually a geodesic symmetry at x. Given x,xy € M,
we can connect x to xp using a family of geodesic segments ¥, i =1,2,...,/[. Let z;
be the midpoint of the geodesic segment ¥;. It is easily seen that the isometry T, o
T, ,0---0T, sends x; to xp. Thus (M, Q) is homogeneous. Since a homogeneous
Riemannian manifold must be complete, (M, Q) is complete. Moreover, it is easy
to see that the universal covering Riemannian manifold of (M, Q) is also globally
symmetric.
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Let I(M,Q) be the full group of isometries of (M,Q). Then I(M,Q) is a Lie
transformation group that acts transitively on M. Moreover, I(M,Q) has at most
countably many connected components. In view of Proposition 2.2, the unity
component of 1(M, Q), denoted by G, is also transitive on M. Fix x € M and denote
by K the isotropy subgroup of G at x. Then as a manifold, M = G/K and the
Riemannian metric Q can be viewed as a G-invariant metric on the coset space
G/K. Now we give a definition:

Definition 2.16. Let G be a connected Lie group and H a closed subgroup of G. If
there exists an involutive automorphism o of G such that (G5)o C H C G4, where
G4 denotes the set of fixed points of ¢ and (G )o the unity component of G, then
the pair (G,H) is called a symmetric pair. If in addition, the group Adg(H) is a
compact Lie group, then (G, H) is called a Riemannian symmetric pair.

Note that Adg(H) is the image of H under the adjoint representation Adg(G) of
G. This leads us to our next result.

Theorem 2.29. If (G,K) is a Riemannian symmetric pair, then there exists a G-
invariant Riemannian metric Q on G/K such that (G/K,Q) is a Riemannian
globally symmetric space. Conversely, if (M, Q) is a Riemannian globally symmetric
space, then there exists a connected Lie group G that acts isometrically and
transitively on M such that (G,K) is a Riemannian symmetric pair, where K is the
isotropy subgroup of G at certain x € M.

Note that in the above theorem, G can be taken as the unity component of the full
group of isometries. This theorem reduces the research of Riemannian symmetric
spaces to coset spaces endowed with an invariant Riemannian metric. In fact, we
can reduce the problem further.

Definition 2.17. Let g be areal Lie algebra and s an involutive automorphism of g.
If the set of fixed points of s, denoted by ¢, is a compactly embedded subalgebra of g,
then (g, s) is called an orthogonal symmetric Lie algebra. If in addition, ¢N3 = {0},
where 3 is the center of g, then the pair is called effective.

Theorem 2.30. Let (G,K) be a Riemannian symmetric pair and ¢ an involutive
automorphism of G such that (G )o C K C Gg. Let g be the Lie algebra of G and s
the differential of ¢ at e € G. Then (g,s) is an orthogonal symmetric Lie algebra. If
the action of G on G/K is effective, then (g,s) is effective.

Theorem 2.31. Let (g,s) be an orthogonal symmetric Lie algebra and € the set
of fixed points of s. Suppose (G,K) is a pair associated with (g,s) (i.e., G is a
connected Lie group with Lie algebra g and K is a Lie subgroup of G with Lie
algebra £) such that G is simply connected and K is connected. Then K is closed in
G and the pair (G,K) is a Riemannian symmetric pair.

These theorems reduce the study of symmetric spaces to that of the orthogonal
symmetric Lie algebras. Now we consider the structure of such algebras.
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Definition 2.18. Let (g,s) be an orthogonal symmetric Lie algebra and g = €+ p
the decomposition of g into the eigenspaces of s for the eigenvalues +1 and —1,
respectively. If g is a compact semisimple Lie algebra, then (g,s) is said to be
of compact type; if g is noncompact and semisimple, then (g,s) is said to be of
noncompact type; if p is an abelian ideal of g, then (g, s) is said to be of Euclidean
type. A pair (G,K) associated with (g,s) is said to be of compact, noncompact, or
Euclidean type according to the type of (g,s). A Riemannian globally symmetric
space (M, Q) is said to be of Euclidean, compact, or noncompact type according to
the type of the corresponding symmetric pair.

Note that if a connected simply connected globally symmetric space (M, Q) is of
Euclidean type, then (M, Q) is the standard Euclidean space.

Theorem 2.32. Let (g,s) be an effective orthogonal symmetric Lie algebra. Then
g has a decomposition into the direct sum of ideals g = go + gc + gn, where go, ge,
and gy are all invariant under s and orthogonal with respect to the Killing form of g.
Moreover, let s, sc, and sy be respectively the restrictions of s to go, gc, and gn. Then
(90,50), (gc,5c), and (gn,sn) are orthogonal symmetric Lie algebras of Euclidean,
compact, and noncompact type, respectively.

The global version of the above theorem is the following.

Theorem 2.33. Let (M, Q) be a connected simply connected Riemannian globally
symmetric space. Then (M, Q) can be decomposed as the product M = My X M X
M,, where My is a Euclidean space, M. is a Riemannian globally symmetric space
of compact type, and M, is a Riemannian globally symmetric space of noncompact

type.

There is a remarkable duality between Riemannian globally symmetric spaces of
compact and noncompact type. We start with orthogonal symmetric Lie algebras.
Let (g,s) be an orthogonal Lie algebra and g = £+ p the canonical decomposition.
Consider the subalgebra

g =t+v-Ip

of the complexification g€ and define a linear endomorphism s* on g* by
SX+V-1Y)=X—-V-1Y, XetYep.

Then it is easy to check that (g*,s*) is again an orthogonal Lie algebra. The pair
(g*,s") is called the dual of (g,s). Two orthogonal symmetric Lie algebras (g;,s;)
and (go,s7) are called isomorphic if there is a Lie algebra isomorphism ¢ from g;
onto g, such that @ os; =530 @.

Proposition 2.11. The orthogonal symmetric Lie algebra (g,s) is of compact type
if and only if (g*,s*) is of noncompact type. If (g1,s1) is isomorphic to (g2,s2), then
(g7,s7) is isomorphic to (g3,s5).
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An orthogonal symmetric Lie algebra (g, s) is called irreducible if in its canonical
decomposition g = £+ p, the adjoint representation of € on p is irreducible. It can be
proved that every effective orthogonal Lie algebra of compact or noncompact type
can be decomposed into a direct sum of irreducible orthogonal Lie algebras.

Theorem 2.34. Let (g,s) be an irreducible effective orthogonal Lie algebra. Then
(g,s) must be isomorphic to one of the following types:

(CI) g is compact simple and s is an involutive automorphism of g.
(CIl) g = g1 D g1, where g1 is a compact simple Lie algebra, and s is defined by
s(X,Y)=(¥,X), X,Y € g,.
(NI) g is a noncompact simple Lie algebra whose complexification g is a complex
simple Lie algebra, and s is a Cartan involution of g.
(NII) g is a noncompact simple Lie algebra whose complexification g€ is a complex
nonsimple Lie algebra, and s is a Cartan involution of g.

Among the above four types of orthogonal symmetric Lie algebras, (C) is dual to
(NI), and (CII) is dual to (NII).

A connected simply connected Riemannian globally symmetric space is said to
be of type (CI), (CII), (NI), or (NII) according to the type of its corresponding
orthogonal symmetric Lie algebra. Note that the symmetric spaces of type (CII) are
exactly all the compact simple Lie groups endowed with bi-invariant Riemannian
metrics. Since each complex simple Lie algebra has a unique (up to an isomorphism)
compact real form, each complex simple Lie algebra in Theorem 2.18 corresponds
to exactly one symmetric space of type (CII). We will use the same notation as in
Theorem 2.18 to denote the corresponding symmetric space.

A complete list of connected simply connected Riemannian globally symmetric
spaces of type (CI) can be found in [83].

There is a great difference between Riemannian globally symmetric spaces of
compact type and those of noncompact type. In the noncompact case, the structure
is very simple:

Theorem 2.35. Let (go,s) be an effective orthogonal symmetric Lie algebra of
noncompact type and let go = ho + mg be the associated decomposition. Then g
is a noncompact semisimple Lie algebra and the above decomposition is a Cartan
decomposition of go. Suppose (G,H) is any pair associated with (go,bo). Then we
have the following:

1. H is connected, closed, and contains the center Z of G. Moreover, H is compact
if and only if Z is finite. In this case, H is a maximal compact subgroup of G.

2. The pair (G,H) is a Riemannian symmetric pair.

3. The map ¢ : (X,h) — (expX)h is a diffeomorphism from my x H onto G and
the exponential map of the Riemannian manifold M = G/H is a diffeomorphism
from mg onto the manifold M.
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This theorem has the following corollary:

Corollary 2.2. Suppose M and M’ are two irreducible Riemannian globally sym-
metric spaces of noncompact type. If the full groups (M) and I(M") have the same
Lie algebra, then up to a positive scalar, M and M’ are isometric.

From Theorem 2.35 we can also deduce the conjugacy of maximal compact
subgroups of noncompact semisimple Lie groups:

Theorem 2.36. Let (G,H) be a Riemannian symmetric pair of noncompact type.
Then we have the following:

(a) For any compact subgroup Hy of G, there exists x € G such that x 'H, C H.

(b) H has a unique compact subgroup Hy that is a maximal subgroup of G.

(c) All maximal compact subgroups of a connected semisimple Lie group are
conjugate under an inner automorphism.

From the above results we see that the structure of noncompact Riemannian
symmetric spaces is usually very simple. In particular, if G/H is a connected
Riemannian globally symmetric space of noncompact type, and G is a connected
Lie group, then H must be a connected compact subgroup of G. However, the
above results are usually not true for a Riemannian globally symmetric space of
compact type. In fact, one can construct some examples to show the following (see
[83, Chap. VII]):

Proposition 2.12. Let (u,s) be an orthogonal symmetric Lie algebra of compact
type. Let (U,K) be any pair associated with (u,s). Then

1. The center of U need not be contained in K.

2. Even if U /K is Riemannian globally symmetric, K is not necessarily connected.

3. Even if U/K is Riemannian globally symmetric, s does not necessarily corre-
spond to an automorphism of U.

This difference causes much difficulty in classifying Riemannian globally sym-
metric spaces of compact type. We omit the details here; see [83].

Now we recall some results on Hermitian symmetric spaces. Let (M,J) be a
complex manifold with complex structure J. A Riemannian metric Q on M is
called Hermitian if Q(J(X),J(Y)) = Q(X,Y) for all tangent vectors X,Y on M. If in
addition VxJ = 0, then the Hermitian metric is called Kéhlerian.

Definition 2.19. Let M be a connected complex manifold with a Hermitian metric
Q. Then (M, Q) is said to be a Hermitian symmetric space if each point p € M is an
isolated fixed point of an involutive holomorphic isometry s, of M.

It is not hard to prove that a Hermitian symmetric space must be Kihlerian.
Moreover, a Hermitian symmetric space must be a Riemannian globally symmetric
space. Therefore, the classification of Hermitian symmetric spaces is reduced
to finding out which Riemannian globally symmetric spaces admit a complex
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structure that is admissible with the metric structure. We say that a Hermitian
symmetric space is of compact or noncompact type according to the type of
the corresponding Riemannian symmetric space. It is called irreducible if the
corresponding Riemannian symmetric space is irreducible. It can be proved that
a Hermitian symmetric space of compact or noncompact type is simply connected.

Theorem 2.37. Let M be a simply connected Hermitian symmetric space. Then M
is a product

M = My x M. X My,

where My, M., My are simply connected Hermitian symmetric spaces, My = C x C x
-+ x C, and M. and My, are of compact type and noncompact type, respectively.

Theorem 2.38. Let M be an irreducible Hermitian symmetric space.

(1) IfM is of noncompact type, then M is the manifold G /K, where G is a connected
noncompact simple Lie group with center {e} and K is a maximal compact
subgroup of G with nondiscrete center.

(ii) If M is of compact type, then M is the manifold U /K, where U is a connected
compact simple Lie group with center {e} and K is a maximal connected proper
subgroup with nondiscrete center.

Finally we recall some results on the rank of symmetric spaces. Let M be a
Riemannian globally symmetric space. The rank of M is the maximal dimension of
flat, totally geodesic submanifolds of M. Suppose M is of compact or noncompact
type and write M as a coset space G/H, where G is the identity component of the
full group. Let g = h + p be the canonical decomposition of the Lie algebra of G. A
subspace s of p is called a Lie triple system if [[s,s],5] C 5. A result of Cartan says
that there is a one-to-one correspondence between totally geodesic submanifolds of
M and Lie triple systems in p through the map s — Exp(s).

Theorem 2.39. The totally geodesic submanifold Exp(s) is flat if and only if s is
abelian.

Therefore, the rank of a Riemannian globally symmetric space of compact type
or noncompact type is equal to the dimension of the maximal abelian subspace of p.

Theorem 2.40. Let a and o' be two maximal abelian subspaces of p. Then

1. There exists an element u € p whose centralizer in p is a.
2. There exists an element k € H such that Ad(k)a = o'.

3. p=Uken Ad(k)a'

This theorem has an important corollary that any two maximal flat totally
geodesic submanifolds of M must be congruent under the group of isometries of M.
Applying the above results to connected compact Lie groups, we get the following
theorem.
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Theorem 2.41. Let G be a connected compact Lie group with Lie algebra g.
Suppose t and t' are two maximal abelian subalgebras of g. Then

1. There exists an element u € t whose centralizer in g is t.
2. There exists an element g € G such that Ad(g)t =1t

3. g=UgecAd(g)t.

From this theorem it follows that two Cartan subalgebras of a complex semisim-
ple Lie algebra are congruent under the group of automorphisms.
The material of this section is taken mainly from [83].



Chapter 3
The Group of Isometries

In this chapter we deal with isometries of a Finsler space. The first result on
this topic is the theorem of Van Danzig and van der Waerden, published in 1928
(see [156] and Sect. 3.2 below), asserting that the group of isometries of a locally
compact metric space is a topological transformation group of the underlying
space. Cartan proved in [37] that the group of isometries of a globally symmetric
Riemannian manifold is a Lie transformation group of the underlying manifold.
This result plays a fundamental role in the theory of symmetric Riemannian spaces.
In 1939, this result of Cartan was generalized to all Riemannian manifolds by the
Myers—Steenrod theorem (Theorem 2.23). This theorem is the foundation of the
theory of homogeneous Riemannian manifolds. The proof of the Myers—Steenrod
theorem has been simplified by the work of several people; see, for example,
Palais [127,128], Kobayashi [101], Kobayashi—-Nomizu [102]. There are also several
versions of the generalizations of this result. For example, in [102], it is proved that
the group of all affine transformations of an affine manifold is a Lie transformation
group. This result has been applied to the case of pseudo-Riemannian manifolds and
has resulted in many powerful results in the study of pseudo-Riemannian metrics.

The first two sections of this chapter are devoted to generalizing the Myers—
Steenrod theorem from Riemannian geometry to the Finslerian setting, through a
thorough study of isometries and Killing vector fields. In Sect.3.3, we re-prove
a classical theorem of Wang concerning the maximal dimension of the group of
isometries of non-Riemannian Finsler metrics on a manifold. Section 3.4 is devoted
to studying two-point homogeneous Finsler spaces. The main result is that a two-
point homogeneous Finsler manifold must be Riemannian. Finally, in Sect. 3.5, we
consider the set of fixed points of isometries and generalize an interesting result of
Kobayashi from Riemannian manifolds to Finsler spaces.

We should mention here that in the literature there has yet appeared no result
on the group of isometries of a pseudo-Finsler space (that is, the Hessian matrix of
the Finsler function is assumed only to be nondegenerate on the tangent spaces; see
[139]). It would be interesting to consider this problem and to generalize some of
the results of this chapter to this more generalized case.

S. Deng, Homogeneous Finsler Spaces, Springer Monographs in Mathematics, 59
DOI 10.1007/978-1-4614-4244-8_3, © Springer Science+Business Media New York 2012
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The standard references of this chapter are [39, 47, 55]; see [68, 69] for more
information.

3.1 Isometries and Killing Vector Fields

Let (M,F) be a Finsler space. As in the Riemannian case, we have two ways to
define an isometry on (M,F). On the one hand, we can define an isometry to
be a diffeomorphism of M onto itself that preserves the Finsler function. On the
other hand, since on M we still have the definition of distance function (although
generically it is not a distance in the strict sense), we can define an isometry of
(M, F) to be a map of M onto M that keeps the distance of each pair of points of M.
The Myers—Steenrod theorem asserts that the above two conditions are equivalent
for a Riemannian manifold.

In this section we will generalize the Myers—Steenrod theorem to Finsler spaces.
We first prove a result on the distance function.

Lemma 3.1. Let (M,F) be a Finsler space with distance function d and x € M.
Then for any € > 0, there exists a neighborhood N of the origin of Ty(M) such that
exp, is a C'-diffeomorphism from N onto its image and for any A,B € U, A # B,
and any C' curve 0o(s),0 < s < 1, connecting A and B that satisfies oy(s) € N and
Go(s) #0, s €[0,1], we have

‘ L(o)

— 1| <e,
L(op) ‘_

where L(-) denotes the arc length of a curve and o(s) = exp,0o(s).

Proof. By Theorem 1.3, there exists a tangent ball
Bi(r) ={A € T,(M)|F (x,A) <r}

of the origin in 7,(M) such that exp = exp, is a C!-diffeomorphism from B,(r) onto
Bl (r)={we M|d(x,w) <r}. Assume that A, B € By(r), A # B. Let 0p(s), 0 <5 <
1,be aC' curve connecting A and B such that Vs, 6o (s) € By(r) and 6p(s) # 0. Then
we can write the velocity vector of oy (s) as 6y(s) = t(s)X (s), where X (s) satisfies
F(x,X(s)) = 5,Vs, and (s) > 0 is a continuous function on [0, 1]. Therefore the arc
length of oy is

L(cy) = /0 L) F (X (s)) ds.

Set Xi(s) = d(exp,)|qy(s)X (s). Then the velocity vector of the curve o(s) =
exp,(00(s)), 0 <s<1,is

G (s) = d(expy)|ay(s) (1(5)X (5)) = 1(s)d(expy)| g (5) (X (5)) = 2(s) X1 (s)-
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Therefore, the arc length of o is

1
L(c) = /0 1(s)F((s), X1 (s)) ds.

Now we select a neighborhood V| of x in M with compact closure that is
contained in %, (r) and fix a coordinate system (xi,xp,...,%,) in Vi. Let Ny =

exp~'Vi. Suppose 6y C N;. Denote by M(s) the matrix of d(exp,)|q,(s) under the

9
LA

exp is C' smooth, there exists a neighborhood N, C Nj of the origin of T,(M) such
that for any C! curve oy satisfying y(s) € N», Vs, we have

basis aixl o a‘)Tn. Given any positive number 6 < , since d(exp,)|o = I, and
1)
[M(s) =1l <=, 0<s<I,
n

where || - || denotes the maximum of the absolute values of the entries of a matrix.
Write X (s) and X (s) as

d
X6 = X0,

Then we have

Vi(s) —yij(s) <8, 1<j<n
Consider the following subset of TM,:

Co= {(w, (d(exp,))lw)y | w € Vi,W =exp; 'w,y € Ty (Tx(M)),F (x,y) = K} ,

2
where we have identified Ty (T;(M)) with T,(M) in the standard way. Since exp is
C! smooth, the closure of Cy is compact. Hence the function F is bounded on Cp.
Suppose rq is a positive number such that F' < r; on Cp. Write the Finsler function
F(w,y) as F(w,y1,¥2,-..,yn) fory = 27:1yj%|w- Let Dy be the closure of the set

J
Dy = {(w,y) € TM | w € V1,F(x,y) < 5 +ri}. Since F is continuous and D; is
compact, F' is uniformly continuous on D;. Therefore for the given € > 0, there
exist 8; > 0 and a neighborhood V5 C V; of x such that for any w € V5 and y,y’ with
|yj _y//l < 61, .] = 1727"'7’1’ F(-x7y17y27"'7yn) < %+r1 and F(Way/p?y;z) <
% +r1, we have

r
|F(x7y17)’27---,yn) _F(vallvyév"'vy;t” < 58'

Therefore, if we select the above 0 so small that 0 < 0y, then for the corresponding
N, and any C' curve 6y, 69 C N> N (exp)~'V5, we have
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‘L")_l‘ _ Ll t9)(F(x.X(s)) — F(0(s). X1 (5)) ds|

L(ov) | Jo #(s)F (x,X(s)) ds|
_ BHOIFX() = F(0(s),Xi ()| ds
B rfol t(s)ds
- f folt(s) ds .
T3 fot(s)ds
This completes the proof of the lemma. a

Theorem 3.1. Let x € M and let By(r) be a tangent ball of T,(M) such that exp,
is a C" diffeomorphism from B,(r) onto B} (r). For A,B € By(r), A# B, let a =
exp,A, b =exp,B. Then we have

F(x,A—B)
d(a,b)

as (A,B) — (0,0).

Proof. Set B, (r) = {w € M|d(w,x) < r}. Suppose r is so small that each pair of
points in Zf (§) N %, (%) can be joined by a unique minimal geodesic contained in
B (r). Let I[)(s), 0 < s < 1, be the line segment connecting A and B, and I'(s) =
exp,Jo(s). By Lemma 3.1, we have

L(l)) F(x,A—B)
L(ro)_ oy !

as (A,B) — (0,0). Now let a = exp,A, b = exp,B. Suppose a,b € B} (5) A, (%).
Let 7,5 (s), 0 < s < 1, be the unique minimal geodesic of constant speed connecting
a and b. Let y(s), 0 < s < 1, be the unique curve in B,(r) that satisfies ¥,(s) =
exp,o(s). Then by Lemma 3.1, we also have

as (A,B) — (0,0). Since
d(avb) < L(F)v L(YO) > F(va —B),

We have
F(x,A—B) - F(x,A—B) L(w)
L(F) N d(avb) o L('}/ab)'

This completes the proof of the theorem. a
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Next we prove the differentiability of isometries of a Finsler space. We first
consider the special case of a Minkowski space.

Proposition 3.1. Let || - ||1, || - ||2 be two Minkowski norms on R". Let ¢ be a map of
R" into itself such that || ¢ (A) — ¢ (B)||2 = ||A — B||1, VA,B € R". Then ¢ is an affine
transformation of R" onto itself.

Proof. Consider R" endowed with || - ||;, j = 1,2, as two Finsler spaces, denoted
by (My,Fi) and (M>, F>), respectively. It is obvious that geodesics in M;, j = 1,2,
are straight lines, and the distance function of M is d;j(A,B) = |[A—B||;, j = 1,2.
Consider ¢ as a map from the Finsler space (M, F;) to (M,,F). Then ¢ preserves
the distance function. Since short geodesics minimize distance between its start and
end points, ¢ transforms geodesics to geodesics. Therefore ¢ transforms straight
lines to straight lines. We first treat the case ¢ (0) = 0. For A € R", A # 0, the curve
¢(tA), 1 > 0, is a ray that coincides with the ray 1¢(A) at = 0 and = 1. Therefore
they coincide as point sets. Thus there is a nonnegative function p(f) such that

¢ (tA) = u(r)¢(A). Since

19(tA) = 0ll2 = [[tA = Ol[s = t]|Al[s = | ()9 (A) = Olla = u(2) [ ¢ (A)]]2
= .u(t)HA”h 120,

we have (1) =t. Thus ¢(tA) =1¢(A), for t > 0. Suppose A # B. Then a similar
argument to that above shows that there exists a nonnegative function A (¢) such that
A+ (1—1)B) = A(t)¢p(A) + (1 —A(z))¢9(B), t > 0. Moreover, we can similarly
show that A (r) = ¢. In particular, for 7 = %, we have

1 1 1 1
F9(A+B)=9(5(A+B))=50(4)+50(B).
Thus ¢(A+ B) = ¢(A) + ¢(B). Taking A = —B in the above equality we have
¢(—A) = —¢(A). Therefore ¢ is a linear transformation. Since ker(¢) = {0}, itis a
linear isomorphism. Hence the conclusion holds when ¢ (0) = 0. Next we suppose
A1 = ¢(0) # 0. Consider the composition map ¢; = 7y, 0 ¢, where ¢4, (A) =A —A;
is parallel translation. By the above argument and the facts that ¢;(0) = 0 and
ll1(A) — ¢1(B)||» = ||A — B||1, ¢1 is a linear isomorphism. Hence ¢ is an affine
isomorphism of R”. O

Theorem 3.2. Let (M, F) be a Finsler space and ¢ a distance-preserving map of
M onto itself. Then ¢ is a diffeomorphism.

Proof. Let p € M and putg = ¢(p). Letr > 0, € > 0 be so small that both exp,, and
exp, are C! diffeomorphisms on the tangent balls B,(r+ €), B,(r + €) of T,(M)
and T, (M), respectively. For any nonzero X € T,,(M), consider the radial geodesic
exp,(tX), 0 <1 < ﬁ. The image ¥(1) = ¢ (exp,(¢X)) is a geodesic, since ¢ is
distance-preserving. Let X’ denote the tangent vector of y at the point g. We have
obtained a map X — X’ of 7,,(M) into T,(M). Denoting this map by ¢’, we have
¢'(AX) =A¢'(X), forX € T,(M) and A > 0. LetA,B € T,(M), A # B, and let 1 be
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so small that both A and ¢B lie in B,(r). Let a; = exp ,(tA), by = exp,(tB). Then by
Theorem 3.1 we have

F(p,tA—1tB
t—0t d (at 5 bt)
On the other hand, by the definition of ¢’ we have

=1.

exp, (¢’ (1X)) = ¢ (exptX),
for any X and ¢ small enough. Thus by Theorem 3.1 we also have

F(q,9'(t:A) — ¢'(B))

li =1.
S T A0, 0B
Since d(¢(a;),d(b;)) = d(as,by;), we get
L F(p,tA—1B)
= Rl o) — o B)
tF(va_B) F(paA_B)

= R0 A) 0 B)  F@.0A)—0'(B)

Therefore F(q,¢'(A) — ¢'(B)) = F(p,A — B). By Proposition 3.1, ¢' is a diffeomor-
phism of 7},(M) onto T, (M).

Although on # (r) = exp,B,(p), we have ¢ = exp, o ¢’ o (expp)*l, we still
cannot conclude that ¢ is smooth on 93; (r), since in a Finsler space the exponential
map is only C' at the zero section. That is, we can conclude only that ¢ is smooth
in Z,(r)\{p}. To finish the proof, we proceed to take r so small that every pair of
points in %;(r) N, (r) can be joined by a unique minimizing geodesic. Select
p1 € By (5)NAB, (), pr # p. Consider the tangent ball B, (%) of T, (M). The
exponential map is a C' diffeomorphism from By, (§) onto %, (%). The above
argument shows that ¢ is smooth in % (5)\{p1}, which is a neighborhood of p.
This completes the proof of the theorem. O

Now we study Killing vector fields of Finsler spaces. A smooth vector field X on
a Finsler space (M, F) is called a Killing vector field if every local one-parameter
transformation group ¢, of M generated by X consists of local isometries of M.

In the following we will give a geometric description of Killing vector fields,
using Chern’s orthonormal frame bundle. Let us first introduce the construction of
Chern’s orthonormal frame bundle of a Finsler space (see [150] for the details). Let
p € M. A Chern’s orthonormal frame at p is a frame (i.e., a basis of the linear space
T,(M)) {Xo,X1,...,Xn—1} on T,(M) such that

(i) F(Xo)=1.
(ii) The vectors Xo,Xi,...,X,—1 form an orthonormal basis of 7,(M) with respect
to the inner product gx,,, where g is the fundamental form of F.
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The set of all Chern’s orthonormal frames is denoted by Op (M) and is called
Chern’s orthonormal frame bundle of (M, F). It is a subbundle of the linear frame
bundle L(M) but in general not a principal subbundle of L(M).

The following proposition is a result of [150].

Proposition 3.2. A diffeomorphism f : M — M is an isometry of (M, F) if and only
if the induced diffeomorphism f of f on L(M) preserves Chern’s orthonormal frame
bundle, i.e., f(Or(M)) C Op(M).

Now we prove our next result.

Proposition 3.3. A vector field X on a Finsler space (M, F) is a Killing vector field
if and only if the natural lift X of X to L(M) is tangent to Chern’s orthonormal frame
bundle Op (M) at every point of Op (M).

Proof. Recall that the natural lift X can be obtained in the following way [102,
vol. 1, p. 229]: For any point x € M, let ¢, be a local one-parameter group of local
transformations generated by X in a neighborhood U of x. For each 7, ¢, induces
amap ¢ of 7~ '(U) onto 7' (¢ (U)) in a natural manner, where 7 : L(M) — M
is the natural projection. The local one-parameter transformation groups {@} of
L(M) obtained in this way induce a vector field on L(M), which is exactly X. If X is
a Killing vector field, then ¢, are all local isometries of (M, F'). By Proposition 3.2,
@ maps Or (M) into Or(M). Thus X is tangent to Or (M) at every point of O (M).
On the other hand, if X is tangent to O (M) at every point of Or (M), then for any
u € Op (M), the curve @ (u), as an integral curve through u of the vector field X,
must be contained in O (M). Thus ¢ (Or(M)) C Op(M). By Proposition 3.2, ¢
are isometries of (M, F). Hence X is a Killing vector field. O

The proposition implies an important fact, namely that the linear space of all
Killing vector fields of (M, F) is closed under the Lie brackets of vector fields. In
fact, if X, X, are Killing vector fields, then the corresponding natural lift to L(M),
X1, X, are tangent to Or (M) at every point of Or (M). Since O (M) is a submanifold
of L(M), [X1,X;] is tangent to O (M) at every point of Or(M). It is obvious that
[X1,X,] is the natural lift of [X;,X5]. Therefore [X,X;] is also a Killing vector field.
This proves our assertion. In the following, we will denote the Lie algebra formed
by all Killing vector fields by ¢(M, F) (or simply ¢(M)) .

The following result will be useful later.

Proposition 3.4. Let (M,F) be a Finsler space and let c(t), a <t <b, be a
geodesic. Let X be a Killing vector field. Then the restriction of X to o is a Jacobi
field along o.

Proof. For any t € [a,b], we can find a neighborhood N; of o(f) and a positive
number & such that X generates a local one-parameter transformation group of M
that is defined on [—¢&,&] X N;. Since the set C = {o(t) | a <t < b} is compact,
we can find a finite number of such open sets N; whose union covers C. Therefore,
we can find a positive number € such that the local one-parameter transformation
group generated by X is defined on [—€,€] x V, where V is an open subset of M
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containing C. More precisely, we have a map y; of [—€,€] x V into M that satisfies
the following conditions:

1. For each s € [—¢,€], y; : p — W (p) is a diffeomorphism of V onto the open set
y;(U) of M.
2. If 51,852,851 + 52 € [—€, €], and if p, y5(p) € ys(V), then

Vs +s, (p) =Yy (Wsz (p))

The induced vector field of y; on V is equal to the restriction of X. Therefore y; are
local isometries.
Now we define a smooth variation of o by

o(t,s) =ys(o(t)), a<t<b, —e<s<e.

Then all the ¢-curves are geodesics. This can be seen from the following observation.
Note that o is locally minimizing, since it is a geodesic. Therefore for any fixed s €
(—&,€), Y, being a local isometry, the curve y;(2), a <t < b, is locally minimizing.
Thus y;(2), a <t < b, is a geodesic. This proves our assertion. Now it follows from
Proposition 1.7 that the variation vector field of this variation, which is just the
restriction of X to o, is a Jacobi field. O

3.2 The Group of Isometries

Theorem 3.2 justifies the following definition of an isometry for a Finsler space.

Definition 3.1. Let (M, F) be a Finsler space. A map ¢ of M onto itself is called
an isometry if ¢ is a diffeomorphism and for any x € M and X € T,(M), we have

F(¢(x),dg.(X)) = F (x,X).

In the following we denote the group of isometries of (M,F) by I(M,F), or
simply 7(M) if the metric is clear.

Let (N,d) be a connected, locally compact metric space and I(N,d) the group of
isometries of (N,d). For x € N, denote by I(N,d) the isotropy subgroup of I(N,d)
at x. Van Danzig and van der Waerden [156] proved that I(N,d) is a locally compact
topological transformation group on N with respect to the compact-open topology
and that the isotropic subgroup I;(N,d) is compact.

Now on M we have a distance function d defined by the Finsler function F'. By
Theorem 3.2, the group (M, F') coincides with the group of isometries I(M,d) of
(M,d). Although generically d is not a distance, we still have the following result.

Theorem 3.3. Let (M, F) be a connected Finsler space. The compact-open topol-
ogy turns I(M) into a locally compact transformation group of M. Let x € M and
I.(M) denote the subgroup of (M) that leaves x fixed. Then I,(M) is compact.
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Proof. A proof of this result for the Riemannian case was given in Helgason [83,
pp- 201-204], which is valid in the general cases after some minor changes. Just
note that on a Finsler manifold the topology generated by the forward metric balls
PBy(r)={xeM|d(p,x) <r}, p €M, r>0,is precisely the underlying manifold
topology and this is true for the topology generated by the backward metric balls
B, (r)={xeM|d(x,p)<r},peM,r>0. O

Bochner—Montgomery [29] proved that a locally compact group of differentiable
transformations of a manifold is a Lie transformation group. Therefore we have the
following theorem.

Theorem 3.4. Let (M, F) be a Finsler space. Then the group of isometries (M, F)
of M is a Lie transformation group of M. Let x € M and let I,(M, F) be the isotropy
subgroup of M, F) at x. Then I,(M,F) is compact.

Now we consider the relationship between the group of isometries /(M) and the
Lie algebra of all the Killing fields of (M, F). Recall that a smooth vector field X
on M is called complete if the local one-parameter transformation groups generated
by X can be extended to global one-parameter transformations. Denote the set of
all the complete Killing vector fields of (M, F) by i(M,F). We have the following
theorem.

Theorem 3.5. Let (M,F) be a connected Finsler space. Then i(M,F) is a Lie
algebra naturally isomorphic to the Lie algebra of the Lie group (M, F).

Proof. If X € i(M,F), then the global one-parameter group of transformations
generated by X is contained in /(M,F). On the other hand, if ¥ is an element of
the Lie algebra of I(M, F), then the vector field ¥ defined by

d
Y, = o exp(tY) -x‘t:O
is a Killing vector field of (M, F). It is obvious that Y is complete. From this the
theorem follows. ad

Since on a compact connected manifold every smooth vector field must be
complete, we have the following corollary.

Corollary 3.1. Let (M,F) be a compact connected Finsler space. The Lie algebra
of all the Killing vector fields of (M, F) is naturally isomorphic to the Lie algebra
of the full group of isometries of (M, F).

3.3 A Theorem of H. C. Wang

In the previous sections we have studied the group of isometries of a Finsler space.
A natural problem is whether there is a bound on the dimension of the Lie group
I(M,F) for an n-dimensional Finsler space (M,F). In [163], Wang proved the
following important theorem:
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Theorem 3.6 (H.C. Wang). If an n-dimensional (n > 2, n # 4) Finsler space
(M,F) admits a group G of motions depending on r > %n(n — 1)+ 1 essential
parameters, then (M, F) is a Riemannian space of constant curvature.

In view of Theorem 3.4, the above theorem can be restated as:

Theorem 3.6 Let (M,F) be an n(n > 2,n # 4) dimensional Finsler space. If
the group of isometries (M, F) has dimension > %n(n —1)+1, then (M,F) is a
Riemannian space of constant curvature.

Proof. Let x be an arbitrary point in M and let I,(M) be the subgroup of I(M)
that leaves x fixed. Then by Theorem 3.3, I(M) is a Lie transformation group of
M with respect to the compact-open topology and I,(M) is a compact subgroup of
I(M). Each ¢ € I,(M) induces a linear isometry d¢, on the Minkowski space T,(M),
and the correspondence ¢ — d¢, is a homomorphism from I,,(M) into GL(T,(M)).
It is obvious that this homomorphism is one-to-one. Denote by I} (M) the group
consisting of the image of this homomorphism. Let I - x be the orbit of x under the
action of I(M). If dimI(M) > tn(n— 1)+ 1, then

dimI; (M) = dimI,(M) > dimI(M) — dim(7 - x)

1 1
> En(n—l)—i—l—n: E(n—l)(n—Z).

Now fix a basis of the linear space T,(M). Then I} (M) is a compact subgroup of
GL(n,R). We assert that the unit component (I (M)), of I (M) is a subgroup of
SL(n,R). In fact, the determinant function is continuous on GL(n,R), hence must
be bounded on the compact subgroup (I3 (M)).. Therefore each element in (I} (M)),
has determinant < 1. On the other hand, if g € (I} (M)), has determinant < 1 (and
of course > 0), then g~ € (I*(M)), has determinant > 1, which is impossible.
This proves our assertion. Now, SL(n,R) is a connected semisimple Lie group and
SO(n) is a maximal subgroup. By the conjugacy of maximal compact subgroups
of semisimple Lie groups (see [83, p. 256]), there exists g € SL(n,R) such that
g 1(I;(M))eg C SO(n). Note that dim(Z; (M)), > %(n—1)(n —2). According to a
lemma of Montgomery and Samelson [121], if n > 2 and n # 4, then O(n) contains
no proper subgroup of dimension > %(n —1)(n — 2) other then SO(n). Therefore

g ' (I;(M))cg =SO(n). 3.1)

Consider the hypersurface g - S” of T,,(M) (where S” is defined by the inner product
determined by assuming the above basis to be orthonormal). The group (I} (M)).
acts transitively on it. Hence F is constant on this surface. Therefore F|r, (M) comes
from an inner product of 7,(M). Since x is arbitrary, F is Riemannian. Moreover, it
is easily seen from (3.1) that (I} (M)), acts transitively on the set of planes in T;,(M).
Therefore (M, F) is of constant curvature. O
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Remark 3.1. H.C. Wang’s proof of this theorem in [163] is elegant but needs some
complicated reasoning. The above proof was given by X. Chen and the author in
[39]. This proof is simpler and more direct compared to Wang’s original one.

Remark 3.2. Recently, V.S. Matveev and M. Troyanov proved that H.C. Wang’s
theorem holds for all dimensions. They also considered the more generalized class
of Finsler metrics that are not necessary smooth. See [116] for the details.

Next we consider the n-dimensional (n > 4) Finsler spaces whose full groups of
isometries have dimension %n(n — 1) + 1. Such spaces were studied by Szabé in
[151]. We first prove a lemma.

Lemma 3.2. Let (M,F) be an n-dimensional connected Finsler space with
. 1
dimI(M,F) = En(n— 1)+1,

where n > 4. Then (M, F ) must be a homogeneous Finsler space; namely, the group
of isometries, M, F), acts transitively on M.

Proof. Denote by G the unit component of the group /(M, F). Fix a point x € M and
let H be the isotropy subgroup of G at x. If the action of G on M is not transitive,
then the orbit G - x has dimension less than n. Since G-x = G/H, we have

dimH > %n(n— +1—n= %(n—l)(n—Z).

Note that H is isomorphic to a subgroup of the group of linear isometries of the
Minkowski space (Ty(M),F). Thus it can also be viewed as a subgroup of O(n).
Let Hy be the unit component of H. Then Hj is a connected compact subgroup of
O(n), and it has dimension larger than } (n— 1)(n — 2). According to Montgomery—
Samelson [121], O(n) has no connected compact subgroup of dimension >
$(n—1)(n—2) other than SO(n). Hence Hy = SO(n). Thus the action of H
on Ty (M) is transitive on the unit sphere of T,(M) with respect to a certain
inner product. Hence F must be a Riemannian manifold. Then (M,F) must be
a Riemannian globally symmetric space of rank one. In particular, it must be a
homogeneous Riemannian manifold. This is a contradiction. Hence the action of
G on M must be transitive. O

By Lemma 3.2, M can be written as a coset space G/H, where G is the unit
component of the full group I(M,F) of isometries and H is the isotropy subgroup
of G at a certain x € M. Moreover, F can be viewed as a G-invariant Finsler metric
on G/H. Since H is a compact subgroup of G, there exists an inner product in 7, (M)
that is invariant under the action of H. Then by Proposition 2.8, one can construct
a G-invariant Riemannian metric Q on M. Then (M,Q) is an n-dimensional
Riemannian manifold whose isometry group has dimension > %n(n —1)+1. By
Theorem 3.6, to classify the non-Riemannian Finsler spaces, it suffices to consider

the case in which I(M,Q) has dimension %n(n — 1)+ 1. Riemannian manifolds
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with the above properties have been studied by Yano [181], Kuiper [109], Obata
[125], and Kobayashi [101]. The results imply that (M, Q) and G must be one of the
following:

(1) M=RxVandG=R xI(V),or M =S' xV and G = §' x I)(V'), where V is
one of the following: V = R"~!, V = H"~! (hyperbolic space), V = §"~!, and
V = P""1(R) (projective space); here Io(V) denotes the unit component of the
full group of isometries of the standard metric on V.

(2) (M, Q) is the hyperbolic space and G is a subgroup of I(M,Q) that leaves a
family of parallel straight lines invariant.

(3) n=28,M =R8, and G = R?- Spin(7) (semidirect product), where R® denotes
the translation group on the Euclidean space R® and Spin(7) is considered as a
subgroup of SO(8).

Therefore the problem of the classification of n-dimensional non-Riemannian
Finsler spaces whose groups of isometries have order %n(n —1)+1,n >4, reduces
to the problem of finding all the G-invariant non-Riemannian Finsler metrics on
M in the above cases (1), (2), and (3). Note that in case (3), the subgroup Spin(7)
must be contained in the isotropy subgroup of G at the origin of R®, and the action
of Spin(7) is transitive on the unit sphere. Therefore, in this case, any G-invariant
Finsler metric on M must be Riemannian. Consequently, we have the following.

Theorem 3.7. [f (M,F) is an n-dimensional (n > 4) non-Riemannian Finsler space
with dimI(M,F) = %n(n —1)+1, then M and G = Iy(M, F) must be one of (1) and
(2) above.

It can be shown that in case (1), all the metrics must be Berwaldian and affinely
globally symmetric (see Chap. 5 below for the definition), and in case (2), the space
must be a BLF"-space; see [151] for the details.

3.4 Two-Point Homogeneous Spaces

In this section we study two-point homogeneous Finsler spaces. We first give the
definition.

Definition 3.2. Let (M,F) be a connected Finsler manifold. We say that (M,F)
is two-point homogeneous if for every two pairs of points (pi,q1) and (p2,q2)
satisfying d(p1,q1) = d(p2,q2), there exists an isometry o of (M,F) such that

o(p1) = p2 and 6(q1) = q>.
The main result of this section is the following:

Theorem 3.8. A connected two-point homogeneous Finsler space must be
Riemannian.

In the following we will give the proof of this theorem. We first consider the
special case of Minkowski spaces. In this case it is closely related to a classical
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problem in functional analysis, namely the Banach—Mazur rotation problem. This
problem can be stated as follows. Let X be a separable Banach space. Suppose
the group of linear isometries of X acts transitively on the unit sphere of X. Is X
necessarily a Hilbert space? The finite-dimensional case was solved affirmatively
by Mazur in [117]. Note that the norm in the classical sense must be reversible, but
not necessarily smooth on the slit space V\{0}.

Now we generalize Mazur’s result to the nonreversible case, but under the
assumption that the norm is Minkowskian.

Proposition 3.5. Let (R",F) be a Minkowski space. If (R",F) is two-point ho-
mogeneous when viewed as a Finsler space in the canonical way, then F is the
Euclidean norm of an inner product.

Proof. Let I denote the group of isometries of (R”, F'), and let I, be the subgroup of
I that leaves the origin o fixed. Then by Theorem 3.4, [ is a Lie group with respect to
the compact-open topology and /,, is a compact subgroup of /. Furthermore, from the
proof of Proposition 3.1, it is easily seen that /, consists of linear transformations of
R”. Thus 1, is a compact subgroup of GL(n,R). Let I be the unit component of I,,.
Then a similar argument as in the proof of Theorem 3.6 shows that /; is a subgroup
of SL(n,R). Moreover, there exists g € SL(n,R) such that g~'I¢g C SO(n). Now
consider the indicatrix

Fo={yeR"[F(y)=1}.

Since (R, F) is two-point homogeneous, for any two points y;,y, € %, there exists
¢ € I, such that ¢(y;) = y,. That is, I, is transitive on .%,. We assert that I¢ is also
transitive on .%,. In fact, for any y € .#,, the orbit I¢ - y is an open and closed subset
of I, -y = J. Since .%, is connected, we conclude that IS -y = .#,. Now for any
x1,x0 € 8" ! (here §" ! is defined with respect to the standard inner product of R"),
we have

gx) 8(x2)
= €S, = €I
F(g(x)) ~ 7" F(gln) ~°
Thus there exists g; € IS such that

gx) \ | glx)
&l <F<g<x1>>) " Fle(n)

Then we have

Thus



72 3 The Group of Isometries

By the facts that g~ 'g1g € SO(n), x1,x, € S"~!, and ?gfgg;; > 0, one easily deduces
that F(g(x1))/F(g(x2)) = 1. Thus

g 'g1g(n) = x.
This means that g~ !I¢g is transitive on §” !, or in other words, I¢ is transitive on the
hypersurface g-5"~!. Hence F is constant on g-5"~!. Suppose F(g-$" 1) =1 > 0.
Then it is easy to check that F coincides with the Euclidean norm of the inner
product defined by

Gy =Alg " vig ),

where (, ) is the standard inner product of R". O

Proof of Theorem 3.8. Let (M, F) be a connected two-point homogeneous Finsler
manifold and p € M. We proceed to prove that (7,(M),F) is a two-point ho-
mogeneous Minkowski space. Since for any y € 7,,(M), the parallel translate ,:
my(x) = x —y is an isometry with respect to F and F is positively homogeneous of
degree one, we need only show that the isotropy subgroup I,(7,(M)) of I(T,(M))
at the origin acts transitively on the set

Fo(A) = {x e T,(M)|F(x) = A},

for some A > 0. Now we select > 0, € > 0 such that the exponential map exp,, is
a C'-differmorphism from the tangent ball

By(r+¢e)={xeT,(M)|F(x) <r+¢€}

onto its image. Let S,,(r) = {x € T,(M)|F (x) = r}, 7/, (r) = {g € M|d(p,q) = r}.
Then we have

exp, [Sp(r)] =7, ().

Therefore, for any y,y2 € %,(r), we have exp,(v1),exp,(yv2) € 7, (r). Since
(M,F) is two-point homogeneous, there exists an isometry ¢ of (M, F) such that
o(p)=pando(exp,(y1)) =exp,(y2). This means that the geodesics o (exp,,(ty1)),
exp, (ty2), 0 <t < 1, coincide. Therefore we have

do,(y1) = y2.

Since do, is a linear isometry of (7,(M),F), we conclude that I,(7,(M)) acts
transitively on .%,(r). Thus (I,(M),F) is a two-point homogeneous Minkowski
space. By Proposition 3.5, F |Tp (m) 1s the Euclidean norm of an inner product. Since
p is arbitrary, F' is Riemannian. O

Compact two-point homogeneous Riemannian spaces were classified by Wang
[164], and noncompact ones were classified by Tits [154]. By Theorem 3.8,
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their lists are also the classification of two-point homogeneous Finsler spaces.
The classifications of Wang and Tits show that any two-point homogeneous
Riemannian manifold must be globally symmetric. The first classification-free proof
of this result was given by Wolf in 1962; see [177] for the details.

3.5 Fixed Points of Isometries

In this section we study the zero points of Killing vector fields in a Finsler space.
Since a Killing vector field can be viewed as an infinitesimal isometry, we can also
view the zero points as fixed points of isometries.

Let (M,F) be a connected Finsler space. A submanifold M of M is called a
totally geodesic submanifold if for every x € M; and y € T,(M;), the maximal
geodesic y with y(0) = x and 7(0) = y is contained in M.

Theorem 3.9. Let (M,F) be a connected Finsler space of dimension n, and & a
Killing vector field of (M,F). Let V be the set of points in M where & vanishes and
let V. = UV;, where the V; are the connected components of V. Assume that V is not
empty. Then we have

1. Each V; is a totally geodesic closed submanifold of M and the codimensions of
the V; are even.

2. If (M,F) is forwardly complete and x € V;, y € V; with i # j, then there is a
one-parameter family of geodesics connecting x and y. In particular, x and y are
conjugate to each other.

3. If M is compact, then the Euler characteristic number of M is the sum of the
Euler numbers of the Vi, i.e.,

X(M) =7 x(Vi).

Proof. (1) Suppose x € V. Then we can take a neighborhood U of x such that &
generates a local one-parameter transformation group from U into M. That is,
there is a set of maps { ¢ | |1| < €,€ > 0} such that each ¢ is a diffeomorphism
from U onto ¢;(U) and

@ (@s(p)) = @rys(p), forpeU, @s(p) €U, |t+s|<e.

Moreover, for any p € U, &(p) is just the initial vector of the curve ¢, (p). Since
&(x) =0, every ¢ keeps x fixed. Therefore the differentials (d¢y)|y, || < €, are
linear automorphisms of the tangent space T,(M). Since ¢, is a (local) isometry,
(dey)|x preserves the length of every vector in Ty (M). Then Proposition 3.1
implies that (d¢y )| is a linear isometry of the Minkowski space (T:(M),F ;).
Let L denote the group of linear isometries of (7;,(M),F|y). Then L is a compact
subgroup of the general linear group GL(Ty(M)). Fix a basis {ej,ea,...,en}
of T:(M). Then GL(T,(M)) is identified with the group GL(n,R) of all n x n
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real invertible matrices. Since L is a compact subgroup of GL(n,R), the unit
component Ly of L must be contained in the subgroup SL(n,R). Since SL(n,R)
is a connected semisimple Lie group and SO(n) is a maximal subgroup of
SL(n,R), there exists g € SL(n,IR) such that g~ 'Lyg C SO(n). Now consider
the subset {(d¢y)|;} of L. It is obvious that it is contained in Ly. Thus
g '"{(d¢y)|;}g is contained in a one-parameter subgroup of SO(n). Since every
pair of maximal connected commutative subgroups (i.e., the maximal tori) are
conjugate and the matrices of the form

cosO; sin6;
—sin6; cos 6,

) r Z Oa 9,’ S Rv
cos O, sin0,
—sin 6, cos 6,

Li—2r

constitute a maximal torus of SO(n), there are g; € SO(n), s > 0, and ¥ €
R, ¥ # 0, such that

costy; sinty;
—sinty; costy;

g (g (o)} g)gr = .
COStY, sintys

—sint7y; costy;
Infzs

Thus there is a basis {w,wa,...,w,} of T,(M) such that the matrix of (d¢y)|x
under this basis is like the right-hand side of the above equation.

If n —2s =0, then n is even and x is an isolated fixed point of ¢, hence an
isolated zero point of &. Suppose n — 2s > 0. Then for every vector v € S, where
S is the span of wysi1,Wagi2,...,W,, the geodesic emanating from x with the
direction v must be kept fixed by the one-parameter group ¢,. Now we assert
that there exists a neighborhood W of x such that the set of such geodesics forms
an (n — 2s)-dimensional submanifold W’ of W. Let ¢ be a positive number and

Bl (c)={yeM|d(xy)<c}, Z (c)={yeM]|d(yx)<c}.

Then for sufficiently small ¢, the exponential map is a C! diffeomorphism from
B.(c) ={v € T:(M) | F(v) < ¢} onto %, (c). Therefore the exponential map
is a C! diffeomorphism from SN By (c) onto exp(S N B,(c)). Hence the latter is
an (n — 2s)-dimensional C' submanifold of %; (c). To prove our assertion we
need only proceed to take ¢ so small that every pair of points in A, (¢) N %; (c)
can be joined by a unique minimizing geodesic. Fix an arbitrary point z in
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exp(SNBy(c))N (B (c)NAB; (c)) and consider the exponential map at z. Since
each ¢, (take ¢ small enough that B, (c) C U) keeps z fixed, it is easily seen
that there exists an (n — 2s)-dimensional subspace S’ of T,(M) such that exp is
a (smooth) diffeomorphism from S’ N B,(c) — {0} onto exp(S’' N B;(c) — {0}),
which is a neighborhood of x in exp(S N By(c)). This proves our assertion. Now
we show that any zero point of & in % (¢) N %, (c) must be in exp(SN Bx(c)).
Let y be a zero point of & in B} (c) N %, (c). Select a geodesic T joining x and
y. Since x and y are zero points of £, @, keeps x and y fixed. Hence ¢, must keep
the geodesic 7 pointwise fixed. Therefore the initial vector of T at x must be in
S. This proves that y is in exp(SNBy(c)). Hence each V; is a closed submanifold
and the codimension is even. From the above arguments we easily see that each
Vi must be a totally geodesic submanifold.

Suppose x € Vi, y € Vj, i # j, and (M, F) is forwardly complete. By the Hopf—
Rinow theorem, there is a geodesic 7 joining x and y. By Proposition 3.1.7, the
restriction of the Killing vector field & to 7 is a Jacobi field along 7. Hence &|;
is the variation vector field of a one-parameter family of geodesics. Since x and
y are zero points of &, this family of geodesics can be taken to start from x and
to end at y. However, since i # j, this family of geodesics cannot be left fixed
by the local transformation group generated by &. Otherwise there would be
a curve consisting of zero points of & and joining V; and V;, contradicting the
definition of V;.

Since M is compact, every vector field on M is complete. Hence £ generates
a global one-parameter group of transformations ¢, —eo < ¢ < oo. Every ¢ is
an isometry of the Finsler space (M, F). Let G be the full group of isometries
of (M,F). Then G is a Lie transformation group of M, and for every x € M,
the isotropic subgroup G, of G at x is a compact subgroup of G. Since M is
compact, G is a compact Lie group. Let Gy be the unit component of G and du
the standard normalized bi-invariant Haar measure of Gy. Fix any Riemannian
metric 7 on M and for x € M, vy, v, € T, (M) define

m@1L2) = [ 1)) (delo(v1).dgl(v2)) du(s).

0

Then it is easily seen that A; is a Riemannian metric on M. In fact, the only
point we need to check is the smoothness of /1. But this follows easily from
the smoothness of the action of G on M. By definition, %, is invariant under the
action of Gy. Thus every element of Gy is an isometry of A;. It is easily seen
that the one-parameter subgroup { ¢, } must be contained in Gy. Thus for any 7,
¢ is an isometry of the Riemannian metric /;. This means that the vector field
& is also a Killing vector field with respect to the Riemannian metric /. This
reduces the proof of (3) to the Riemannian case.

Now we prove (3) under the assumption that F' is a Riemannian metric. The

following proof is adapted from [99].

Let € be a small positive number. We define S, to be the set of points y in M such

that there is a geodesic from x to y of length not greater than € and normal to V; at x.
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Thus, to every point x of V;, we attach a solid sphere S, with center x and radius
€ that is normal to V; and has dimension 2r (equal to the codimension of V;). Let
N; = Uyey;Sx. Taking € very small, we may assume that N; NN, is empty if i # j
and that every point in N; lies exactly in one S,. Let N = NN; and denote by K the
closure of M — N. Then NN K is the boundary dN of N. We now prove a lemma.

Lemma 3.3. y(M)=x(N)+ x(K)— x(dN).
Proof. Tt is easy to check that if the sequence
— A = By —Cy— A1 = By — -+
of vector spaces is exact, then we have
Y = (—1)fdimA, — Y (— 1) dim B+ Y (—1)* dimC; = 0.
Applying this formula to the exact sequences of homology groups induced by

K—M— (M,K)

and
dN — N — (N,dN),
we obtain
X(K) = x (M) +x(M,K) =0
and

x(dN)—x(N)+ x(N,dN)=0.

By the excision axiom, (M,K) and (N,dN) have the same relative homology.
Therefore

(M, K) = x(N,dN).
This completes the proof of the lemma.

The 1-parameter group generated by x; has no fixed point in K and none in dN.
By Lefschetz’s theorem, x(K) = x(dN) = 0. Hence x(M) = x(N). Since N; is a
fiber bundle over V;, with solid sphere § as fiber, we have

Therefore we have

x(M) = x(N) =D x(Vh). ul

Remark 3.3. The Riemannian case of Theorem 3.9 was obtained by Kobayashi in
[99]. However, Kobayashi’s original proof does not apply to the Finslerian case. The
above proof was given by the author in [48].
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Theorem 3.9 has several interesting corollaries.

Corollary 3.2. Let t be an abelian (finite-dimensional) Lie algebra consisting of
Killing vector fields, and V the set of points on which every element of € vanishes.
Then the same conclusions as in the main theorem hold.

Corollary 3.3. Under the same assumptions as in Corollary 3.2, if (M,F) is a
globally symmetric (resp. locally symmetric) Finsler space, then so is each V;.

Remark 3.4. A Finsler space (M, F) is called globally symmetric if each point is
the isolated fixed point of an involutive isometry. It is called locally symmetric if
for every x € M there exists a neighborhood U of x such that the local geodesic
symmetry is an isometry on U (see Chap. 5 below).

Corollary 3.4. Under the same assumptions as in Corollary 3.2, if (M,F) is
forward complete and the flag curvature is nonpositive, then V is either empty or
connected.

Corollary 3.5. Let (M,F) be a compact Finsler space of dimension 2m. Suppose a
torus group of dimension m acts on M differentiably and effectively. Then the Euler
number of M is zero or positive according as the fixed point V is empty or not. If M
is orientable and V is nonempty, then the Euler number of M is > 2.

These corollaries can be proved similarly as in the Riemannian case. We omit the
details here; see [99].



Chapter 4
Homogeneous Finsler Spaces

In this chapter we study homogeneous Finsler spaces. Let (M, F) be a connected
Finsler space. Theorem 3.4 asserts that the group of isometries of (M, F), denoted
by I(M,F), is a Lie transformation of M. We say that (M,F) is a homogeneous
Finsler space if the action of I(M, F) on M is transitive. The purpose of this chapter
is to give an exposition of the main results obtained by the author and collaborators
on homogeneous Finsler spaces.

In the Riemannian case, there are numerous articles and books on this topic; see,
for example, Ambrose—Singer [8], Kobayashi—Nomizu [102], Wolf [172, 174, 175,
177], just to name a few. Moreover, homogeneous Einstein—Riemannian manifolds
have been studied rather extensively; see Besse’s survey in [28] and the work of
Ziller [182], Wang—Ziller [165, 166], and the references therein. One can also find
more recent developments of the field in [75,80, 111], etc.

Our first goal in this chapter is to give an algebraic description of a homo-
geneous Finsler space. To this end we introduce two new algebraic notions in
Sect.4.1: Minkowski Lie pairs and Minkowski Lie algebras. Then, in Sect.4.2,
we present a sufficient and necessary condition for a coset space to have invariant
non-Riemannian Finsler metrics. In Sect.4.3, we apply our result to study the
degree of symmetry of closed manifolds. In particular, we prove that if a closed
manifold is not diffeomorphic to a rank-one Riemannian symmetric space, then
its degree of symmetry can be realized by a non-Riemannian Finsler metric. In
Sect. 4.4, we study homogeneous Finsler spaces of negative curvature and prove
that every homogeneous Finsler space with nonpositive flag curvature and negative
Ricci scalar must be simply connected. Finally, in Sect. 4.5, we study fourth-root
homogeneous Finsler metrics. As an explicit example, we give a classification of all
the invariant fourth-root Finsler metrics on the Grassmannian manifolds.

There are many related topics that are not involved in this chapter, but deserve to
be studied carefully. Homogeneous Einstein—Finsler spaces are not dealt with here.
In fact, up to now, there have appeared only very few results in the literature, mainly
on some special types of Finsler metrics; see Sects. 7.3 and 7.4 for some information
on homogeneous Einstein—Randers metrics. On the other hand, the formulas for flag
curvature and Ricci scalar of homogeneous Finsler spaces have not been obtained
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up to now. A deep study of this problem would lead to many interesting and
important results. For example, it would be very nice to give a classification of
homogeneous Finsler spaces of constant flag curvature. Note that by the theorem
of Akbar—Zadeh (see Sect. 1.8), a homogeneous Finsler space of negative constant
flag curvature must be Riemannian, since the Cartan tensor and Landsberg tensor of
a homogeneous Finsler space must be bounded. Similarly, a homogeneous Finsler
space of vanishing flag curvature must be locally Minkowski. Therefore one need
consider only the homogeneous Finsler spaces of positive constant flag curvature.

The standard references of this chapter are [9, 30, 32, 50, 53,56, 61, 63,72, 114];
see [52,68,69,90, 107,108, 110, 134] for further study on related topics.

4.1 Algebraic Description

In this section, we will give an algebraic description of the invariant Finsler metrics
on homogeneous manifolds (not necessarily reductive). Similar to the proof of
Proposition 2.8, we can easily prove the following result.

Proposition 4.1. Let G be a Lie group and H a closed subgroup of G, LieG = g,
LieH = h. Then there is a one-to-one correspondence between the G-invariant
Finsler metric on G/H and the Minkowski norm on the quotient space g/ satisfying

F(Adg/y(h)(w)) =F(w), YheH,weg/h,
where Ady )y is the representation of H on g /b induced by the adjoint representation
of H on g.

Corollary 4.1. Let G/H be a reductive homogeneous manifold with a reductive
decomposition g = ) +m. Then there is a one-to-one correspondence between the
G-invariant Finsler metric on G/H and the Minkowski norm on m satisfying

F(Ad(h)w)=F(w), YheH,wecm.

To state the next result, we first give a definition.

Definition 4.1. Let g be a real Lie algebra and § a subalgebra of g. If F is a
Minkowski norm on the quotient space g/ such that

g)’(adg/h(w)uvv) +gy(uvadg/h(w)v) + 2Cy(adg/h (W) (y)vuvv) =0,

where y,u,v € g/h, y # 0, w € b, g, is the fundamental tensor of F, and Cy is the
Cartan tensor of F, then {g,h,F} (or simply {g,h}) is called a Minkowski Lie pair.
In particular, if F is a Euclidean norm, then {g, b} is called a Euclidean Lie pair.

Theorem 4.1. Let G be a Lie group and H a closed subgroup of G, LieG = g,
LieH = 0. Suppose there exists an invariant Finsler metric on the homogeneous
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manifold G/H. Then there exists a Minkowski norm F on the quotient space g/b
such that {g,h,F} is a Minkowski Lie pair. On the other hand, if H is connected
and there exists a Minkowski norm on g/ such that {g,b,F} is a Minkowski Lie
pair, then there exists an invariant Finsler metric on G/H.

Proof. Let F be an invariant Finsler metric on G/H. Identifying g/b with T,(G/H),
where o is the origin of G/H, we get a Minkowski norm on g/§ (still denoted by F).
Since F is G-invariant, we have
F(Adg)y(h)(u)) =F(u), YheH,ucg/h.
By the definition of g,, we have
8y(u,v) = 8ady o (m)(y) (Adg/n (R) (), Adg s (W) (v)),  Vyu,veg/h,y#0,heH.
For w € §, considering the one-parameter subgroup exptw of H, we get
gy(u,v) = 8Adyp (exptw)(y) (Adgp (exptw)(u), Adg/q (exptx)(v)), Vit €R.
Taking the derivative with respect to ¢, we obtain
gy(adg gy (w)u,v) + gy(u,adg /s (w)v) +2Cy(adg /p (W) (), u,v) = 0.
Therefore {g,h,F} is a Minkowski Lie pair. On the other hand, suppose F is a

Minkowski norm on g/ such that {g,h,F} is a Minkowski Lie pair. Given w € b,
y,u,v € g/h, y# 0, we define a function

W(t) = gAdg/,j (exptw)(y) (Adg/b (exptw) (“) ) Adg/b (exptw) (V))
Then for any #p € R we have
l[// (l()) = gAdg/h (exptow) () (adg/h (t()w) (Adg/h (exp t()w) (u)), Adg/h (exp l()W) (v))

—i—gAdg/h (exptow)(y) (Adg/h (exp t()w) (u), adg/h (W) (Adg/h (exp t()w) (v)))
—i-ZCAdg/h (exprow) () (adg /(W) (Adg/fJ (exptow)(y)),u,v) = 0.

Therefore the function y is a constant. Hence
8y(1,v) = 8ady  (exprw)(y) (Adg p (expiw) (), Adg y (expiw)v), Vi € R.

As a connected subgroup, H is generated by elements of the form exptw, w € b,
t € R. Therefore for any h € H, we have

8y(1,v) = 8adg o () () (Adgyp (h) (), Adg g (h)).
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To complete the proof, we need some computation. Let o, 0, .. ., 0, be a basis of
the linear space g/bh. For u € g/b — {0}, define g;;(u) = g. (4, @;). Then we have

n
2u) =3, gij(wu'u’,
Q=1
where u = Y u'c;. Now for any h € H, we have
(Adg/b( 2 8ij(Adgp(h)(u )i,
i,j=1

where @', i = 1,2,...,n, are defined by Adgy(h)(u) = Xit'es. Let (mij)nxn be
the matrix of Adg/b(h) under the basis oq,...,0,, and (m'),, the inverse of
(m,'j). Then

z Iku
Now
8ij(Adgyp (h)(u)) = gady () ) (%> @)

= gu((Adgy (h) "o, (Adgyy () ' oy)
= gu(i mikOCk, imﬂa,) .

k=1 =1

Therefore, taking into account the fact that g, is bilinear, we have

F2(Adg )y (h) (1)) = 2 gu(Zm ock,Zm”ocz)(mesu") (Zm/'zu’)
i,j=1 s=1 t=1
= i gL,(oci,ocj)uiuj.
ij=1
Thus

F?(Adgy (h)(u)) = F?(u).
Since F > 0, we have
F(Adgyy () () = F ().

Therefore, by the correspondence of Proposition 4.1, there exists an invariant Finsler
metric on G/H. O

To find a sufficient and necessary condition for G/H to have invariant Finsler
metrics, we first make an observation.
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Theorem 4.2. Let G be a Lie group, H a closed subgroup of G. Suppose there exists
an invariant Finsler metric on G/H. Then there exists an invariant Riemannian
metric on G/H.

Proof. Let o = H be the origin of G/H and T,(G/H) the tangent space of G/H at o.
Then F defines a Minkowski norm on 7,(G/H) (still denoted by F). The linear
isotropic group Ad(H) = {Adyy(h) | h € H} keeps the indicatrix

Jo={x€ T,(G/H) | F(x) = 1}

invariant. Let G| be the subgroup of the general linear group GL(7,(G/H))
consisting of the elements keeping /,, invariant. Then G is a compact Lie group and
Ad(H) is a subgroup of G;. Therefore, by Weyl’s unitary trick, there exists a G-
invariant inner product (, ) on 7T,(G/H). Then (, ) is Ad (H)-invariant. Therefore,
by Proposition 2.8, there exists a G-invariant Riemannian metric on G/H. a

By Proposition 2.9, we have the following corollary.

Corollary 4.2. Let G be a Lie group and H a closed subgroup of G such that G
acts almost effectively on G/H. Define Lie G = g, Lie H = b. Suppose there exists a
G-invariant Finsler metric on G/H and b contains no nonzero ideal of g. Then

1. The Killing form By, of V) is negative semidefinite.
2. The restriction of the Killing form of g to Y is negative definite.

Next we consider invariant Finsler metrics on Lie groups. Let G be a Lie group.
Then we can write G = G/H with H = {e} and the action is the left translation of
G. Therefore, by Proposition 4.1, every Minkowski norm on g can produce a left-
invariant Finsler metric on G. It is easy to see that there exist non-Riemannian ones
if dimG > 2. One can also consider the right action. However, we are interested in
bi-invariant Finsler metrics. For this purpose, we consider the product group G x G
and the subgroup

G"={(g.8) €GxG|geG}.
Then G x G/G* is isomorphic to G under the map

(€1,82)G" = g1, -
Under this isomorphism, a Finsler metric on G is bi-invariant if and only if the

corresponding Finsler metric on G x G/G* is G x G-invariant. Now G x G/G* can
be viewed as a reductive homogeneous manifold with the reductive decomposition

() = <%(u—|—v),%(u+v)) 4 <%(u—v),—%(u—v)) Cuves.
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Leth ={(u,u) eg+g|ucg}, m={(u,—u)|u € g}. Then by Theorem 4.1 we
have the following result.

Proposition 4.2. Let G be a connected Lie group. Then there is a one-to-one
correspondence between the bi-invariant Finsler metric on G and the Minkowski
norm F on w such that {g+ g,b,F} is a Minkowski Lie pair.

Since § is isomorphic to g as a Lie algebra under the map o : (u,u) — u and m
is linear isomorphic to g as a vector space under the map 7 : (u, —u) — u, we can
restate Proposition 4.2 without introducing h and m. We first give a definition.

Definition 4.2. Let g be a real Lie algebra and F' a Minkowski norm on g. Then
{g,F} (or simply g) is called a Minkowski Lie algebra if the following condition is
satisfied:

gy([Wvu]aV) +gy(“a [Wa V]) +2Cy([Wa)’]a“aV) = 07
wherey € g — {0}, w,u,v € g.

Remark 4.1. In the theory of Lie algebras, we have the notion of quadratic Lie
algebras. Let g be a Lie algebra over a field F and let B be a nondegenerate
symmetric bilinear form on g. Then (g,B) is called a quadratic Lie algebra if the
following condition is satisfied:

B([z,x],y) +B(x,[z,y]) =0, Vx,yz€g.

It is easy to see that the notion of Minkowski Lie algebras is the natural generaliza-
tion of quadratic Lie algebras. Quadratic Lie algebras have important applications
in physics.

Remark 4.2. In[118], Mestag studied invariant Lagrangian systems on a Lie group.
It is proved that bi-invariant Lagrangian systems on a Lie group can also be
described by the notion of Minkowski Lie algebras. This is an interesting application
of Finsler geometry to mechanics and physics.

Proposition 4.3. Let g, h, m be as above. Then a Minkowski norm F on m makes
{g+9,b,F} a Minkowski Lie pair if and only if the induced (by t) Minkowski norm
on g makes {g,F} a Minkowski Lie algebra.

The proof is easy and we omit it.
In summarizing, we have proved the following:

Theorem 4.3. Let G be a connected Lie group. Then there exists a bi-invariant
Finsler metric on G if and only if there exists a Minkowski norm F on g such that
{g,F} is a Minkowski Lie algebra.

Finally, we point out that the new notions of Minkowski Lie pairs and Minkowski
Lie algebras may be generalized to the nondegenerate case; see [63]. It will be
interesting to generalize this notion to Lie algebras over an arbitrary field and study
such structures from the purely algebraic point of view.
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4.2 Existence Theorem

In this section we consider the existence problem of invariant Finsler metrics on a
coset space of a Lie group. In particular, we will obtain a sufficient and necessary
condition for a homogeneous manifold G/H, where G is a connected Lie group
and H is a compact subgroup of G, to admit G-invariant non-Riemannian Finsler
metrics.

We first define the notion of a Minkowski representation of a Lie group. This will
be useful for describing invariant Finsler metrics on homogeneous manifolds.

Definition 4.3. Let G be a compact Lie group. A triple (V,p,F) is said to be a
Minkowski representation of G, where V is a finite-dimensional real vector space,
p is a continuous homomorphism from G to GL(V), and F is a Minkowski norm on
V such that F(p(g)(v)) = F(v), Vg € G and v € V. Two Minkowski representations
(Vi,p1,F1) and (Va,p2,F,) of G are called isomorphic if there exists a linear
isomorphism ¢ from V; onto V, such that ¢ o p;(g) = p2(g) o @ for every g € G,
and Fy (v) = Fa(@(v) for every v € V).

If the Minkowski norm F is a Euclidean norm, namely, F(v) = y/(v,v), v €V,
for some inner product {, ), then (V,p) is an orthogonal representation of G on
the inner product space (V,{, )). Therefore, Minkowski representation is a natural
generalization of orthogonal representation.

Corollary 4.1 can be restated as follows.

Theorem 4.4. Let G/H be a coset space of a Lie group G with H compact. Suppose
g=bh+m

is a reductive decomposition of the Lie algebra. Then there exists a one-to-one
correspondence between the invariant Finsler metric on G/H and the Minkowski
norm F on m such that (m,Ad, F) is a Minkowski representation of H.

In the next chapter we will define the infinitesimal version of Minkowski
representations. We now give some examples of Minkowski representations.

Example 4.1. Let G be a Lie group and H a closed connected subgroup of G,
Lie G = g, Lie H = h). Suppose F is a Minkowski norm on the quotient space g/b
such that (g, b, F) is a Minkowski Lie pair. That is,

gy(adgp (W) (u),v) +gy(u,adgy (w)v) +2Cy(ady s (w)y, u,v) = 0,

for every y(# 0), u,v € g/b, w € b, where ady, is the representation of h on g/
induced by the adjoint representation. It is proved in Theorem 4.1 that in this case
(9/h,Adgp, F) is a Minkowski representation of H.
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Example 4.2. Let us give an explicit example of Minkowski representation of the
classical simple group G = SU(n) with n > 3. On the Lie algebra su(n), for each
positive real number A, we define

Fi(4) = ,/ﬁlmi(Anuximi(A)P, A su(n),

where p1;(A),i=1,2,...,n, are all the eigenvalues of A and | - | is the length function.
It is easy to check that (su(n),Ad, F))) is a series of Minkowski representations of G
that are not isomorphic to each other (see also[16, p. 21]).

The following result is useful for studying Minkowski representations.

Theorem 4.5. Let G be a compact Lie group and (V,p,F) a Minkowski represen-
tation of G. Then there exists an inner product (, ) on'V such that (V,p,(,)) is an
orthogonal representation of G.

Proof. The proof of this theorem is similar to that of Theorem 4.2. Just note that
p(G) is contained in the group K of linear isometries of (V, F), which is a compact
subgroup of GL(V). O

We now consider the condition for the existence of Minkowski representations.
By Theorem 4.5, we need only treat the case that the Lie group G has an orthogonal
representation on a Euclidean space V and find the condition for the existence of
a non-Euclidean Minkowski norm on V that makes the orthogonal representation a
Minkowski representation. We first prove the following result.

Theorem 4.6. Let G be a compact Lie group and (V,p,(,)) an orthogonal
representation of G. If the representation V is not irreducible, then there exists
a non-Euclidean Minkowski norm F on V such that (V,p,F) is a Minkowski
representation of G.

Proof. By the assumption, V has a decomposition
V=W+Vi+-+V,

where Vj is the subspace of fixed points of G and V;, i = 1,2,...,n,s are irreducible
invariant subspaces. We have the following cases:

1. n > 1. In this case we construct a Minkowski norm F on V as follows:

F(w) = \/lwl2 + {/IWo|2~Y+ Wil e fwa,

where | -| denotes the length with respect to (,), w = wg+---+w, is the
decomposition of w corresponding to the above decomposition of V, and s is
an integer greater than 2. Then it is easy to check that F satisfies the condition.

2. n=0. Then dimVj > 2. In this case any non-Euclidean Minkowski norm Fy on
Vp is invariant under G.

This completes the proof of the theorem. a
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Next we consider the irreducible case. We first prove the following theorem.

Theorem 4.7. Let K be a compact Lie group and p : K — O(V) an orthogonal
representation of K on a Euclidean space V. Suppose the representation (V,p) is
irreducible. Then there exists a non-Euclidean Minkowski norm F on V such that
(V,p,F) is a Minkowski representation of K if and only if the restriction of the
action of K on the unit sphere of V is nontransitive.

Proof. First consider the case in which K is connected. Suppose the action of
K on the unit sphere S is nontransitive. We assert that there exists a K-invariant
nonnegative smooth function f on § that is not a constant. In fact, let x and y be two
points in S that do not lie in the same orbit of the action of K on S. Then the orbits
K -x and K -y are two closed subsets of S that do not intersect. By the theorem of
partitions of unity, there exists a nonnegative smooth function fi on § that is equal
to 1 on K -x and is equal to O on K -y. Let dv be the standard normalized bi-invariant
Haar measure of K and define

z)z/Kfl(k(z))dv(k), zes.

Then f is a smooth function on S that is invariant under the action of K. It is obvious
that f is also equal to 1 on K - x and equal to 0 on K - y; hence it is not a constant
function. Now we consider the function F on V \ {0} defined by

P =lulr (). wevio)

Then F is a smooth function on V \ {0} that is positively homogeneous of degree 1.
Fix an orthonormal basis vi,v»,...,v, of V and consider the Hessian matrix

MOs) = | 517

w

The entries of M are smooth functions on V \ {0} that are positively homogeneous
of degree 0, that is, M(Aw) = M(w), VA > 0. Now let A;(w),Ax(w),...,Ay(w) be
all the eigenvalues of M(w). Then we have

i<j

sﬁuiwwv

= Vn\/tr(M(w)?).

I—\/ZM w2 +2 3 [i(w)]|2;(w)]
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Since the function tr((M(w)?) is smooth on the compact set S, it is bounded on S.
Hence there exists a positive number c( such that

n

> [Ai(w)| <co, YWES.

i=1

Now given any positive number ¢, we define a function F, by

Fo(u) = \/F2(u) + (c +co){uu), e V\ {0},

Then the Hessian of F_ is
M, =M+ (C+ CO)Im

where [, is the n x n identity matrix. By the above arguments, M; has positive
eigenvalues everywhere. Therefore, F. is a Minkowski norm on V. It is obvious
that F. is invariant under the action of K. Hence (V,p,F.) is a Minkowski
representation of K.

Now we prove that F. is non-Euclidean for every ¢ > 0. Suppose, to the
contrary, that this is not true. Then there exists an inner product (, )’ such that
Fo(u) = +/{(u,u)’, u € V\ {0}. Since F, is invariant under K, the inner product (, )’
is invariant under K. Since the representation is irreducible, by Schur’s lemma there
must be a positive number b such that (, )’ = b(, ). Then we have

F2(u) + (¢ +co) (u,u) = blu,u), ucV\{0}.
In particular, on the unit sphere S we have
FX(w)=b—c—cy, WES.

This means that F' is a constant on S, contradicting the construction of f.

Conversely, if the action of K on S is transitive, then every K-invariant function
on § must be constant. In particular, every K-invariant Minkowski norm on V must
be a positive multiple of the Euclidean norm m . This completes the proof of the
theorem in the connected case.

Next we consider the case in which K is not connected. The proof for this case
is similar to that of the connected case but needs some modifications. Suppose the
action of K on S is not transitive. Select x,y in S that do not lie in the same orbit
of K and define a smooth function f; on S which is equal to 1 on K - x and equal
to O on K -y. Let K be the unity connected component of K and du the standard
normalized bi-invariant Haar measure of K. Define

ﬁ@=@ﬁwmw®,w&
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Moreover, let koK, k1 Ko, k2Ko, - - . ,kmKo (ko = e) be all the distinct elements of the
quotient group K/Kj. Define

m+12f2 zeSs.

Then it is easily seen that f is a smooth function on § that is also equal to 1 on
K -x and equal to 0 on K - y. Further, it is easy to check that f is invariant under the
action of K. Using the function f, we can prove the theorem in the nonconnected
case similarly as in the connected case. O

As an application of Theorem 4.7, we give a sufficient and necessary condition
for a coset space to admit invariant non-Riemannian Finsler metrics. Suppose G/H
is a coset space of a connected Lie group G with H compact. Then the Lie algebra
g of G has a reductive decomposition

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

where hh =LieH, and Ad(k)(m) C m, Vh € H. Since H is compact, there exists
an inner product (, ) on m that makes the linear isotropic representation into an
orthogonal representation. Let S denote the unit sphere of m with respect to the
inner product {, ).

Theorem 4.8. Let G, H, m, (, ), and S be as above. Then there exists a G-invariant
non-Riemannian Finsler metric on the coset space G /H if and only if the restriction
of the linear isotropic representation of H on m to the sphere S is not transitive.

Proof. By Theorem 4.4, there exists a G-invariant non-Riemannian Finsler metric
on G/H if and only if there exists a non-Euclidean Minkowski norm F on m such
that (m, Ad, F) is a Minkowski representation of H. Hence the theorem follows from
Theorem 4.7. a

4.3 The Degree of Symmetry of Closed Manifolds

In this section we will use the results in the previous sections to study the
relationship between Finsler metrics and the degree of symmetry of a closed
manifold.

Let M be a connected compact smooth manifold. The degree of symmetry of M
is defined to be the maximum of the dimensions of the groups of isometries of all
possible Riemannian metrics on M. This notion was introduced by Hsiang. By the
Meyers—Steenrod theorem, the degree of symmetry of M is equal to the maximum
of the dimensions of Lie groups that act smoothly and effectively on it. The degree
of symmetry is an important geometric invariant of closed manifolds. Since the
introduction of this invariance, many interesting results have been established; see,
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for example, [84,85,112,178]. One of the most important problems in this direction
is to determine the degree of symmetry of an explicit manifold. Let M be an
n-dimensional connected compact manifold and denote its degree of symmetry by
N(M). Then by classical results, one easily deduces that N(M) < in(n+ 1), with
equality holding if and only if M admits a Riemannian metric of positive constant
sectional curvature. As another explicit example, Hsiang proved that the degree
of symmetry of the homogeneous manifold SO(n)/SO(n — 2) (the second Stiefel
manifold), with n odd and > 20, is equal to %n(n — 1)+ 1, and its degree of symmetry
can be realized only by its natural metric [84]. However, up to now only very few
results have been obtained on explicit manifolds.

The purpose of this section is to study the relationship between Finsler metrics
and the degree of symmetry of a closed (i.e., connected compact without boundary)
manifold. Let F be a Finsler metric on a closed manifold M. By a simple
observation, we first prove the following.

Theorem 4.9. The degree of symmetry of a compact connetced manifold M is equal
to the maximum of the dimensions of the groups of isometries of all the possible
Finsler metrics on M.

Let F be a Minkowski norm on a real vector space V. Then by Proposition 3.1 and
Theorem 3.3, the group of linear isometries of F, denoted by L(V, F), is a compact
subgroup of GL(V). Hence the unity component of L(V, F), Ly(V, F), is a connected
compact subgroup of SL(V). Fix an inner product on V. Then by the conjugacy of
compact subgroups of semisimple Lie groups, Lo(V,F) is conjugate to a subgroup
of SO(V). We assert that dimLy(V,F) = dimSO(V) if and only if F is a Euclidean
norm. In fact, if dimLy(V,F) = %n(n —1), where n = dimV, then by Lemma 3.2,
the action of Lo (V, F) on the indicatrix

I ={weV|Fw)=1}

is transitive (see [163]). On the other hand, as a compact Lie group, Lo(V,F)
also leaves an inner product (, ) invariant. Then it is easy to see that F is equal
to a positive multiple of the Euclidean norm m . This proves the assertion.
This fact means that Euclidean norms possess more symmetry than non-Euclidean
Minkowski norms. Intuitively, this fact may imply that on a closed manifold
the most symmetric Finsler metrics should be Riemannian metrics. However, the
following theorem says that this intuition is not true in almost all cases.

Theorem 4.10. Let M be a connected compact manifold and N(M) the degree
of symmetry of M. If M is not diffeomorphic to a compact rank-one Riemannian
symmetric space, then there exists a non-Riemannian Finsler metric on M such that
the group of isometries of F, (M, F), has dimension N(M).

The rank-one Riemannian symmetric spaces include the spheres S", the real
projective spaces RP", the complex projective spaces CP", the quaternion projective
spaces HP", and the Cayley projective plane Cay P2, all endowed with their natural
metrics ([164]; see also [83]). These are the most symmetric compact Riemannian
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manifolds. Thus the merit of Theorem 4.10 is to assert that one can find non-
Riemannian Finsler metrics that are most symmetric among all the Finsler metrics
(including Riemannian metrics) on a manifold with only very few exceptions.

The remainder of this section is devoted to the proof of Theorems 4.9 and 4.10.
We first prove a result on the nontransitive actions of a Lie group on a manifold.

Theorem 4.11. Let G be a connected compact Lie group acting smoothly and
effectively on a compact connected manifold M. If the action of G on M is
nontransitive, then there exist infinitely many G-invariant non-Riemannian Finsler
metrics on M that are mutually nonisometric to one another.

Proof. We first assert that there exists a G-invariant Riemannian metric on M.
In fact, suppose Qg is a fixed Riemannian metric on M. Let du be the standard
normalized bi-invariant Haar measure of G. Forx € M, XY € T,(M), define

01(X,Y) = /G 00 (dk(X), k(Y )) du (k).

Then it is easily seen that Q; is a G-invariant Riemannian metric on M. This proves
our assertion. Now suppose Q is a G-invariant Riemannian metric on M. Let x € M
be such that the orbit G - x is a principal orbit. By Proposition 2.4, there exists a
sufficiently small € > O such that for every y € B(x,€), the orbit G-y is also a
principal orbit, where

B(x,e) ={zeM|d(x,z) < €},

and d is the distance function with respect to the Riemannian metric Q. Let U be
the union of all the orbits G-y, y € B(x, €). Then from the fact that Q is G-invariant,
it follows that U is an open subset of M and it is invariant under the action of G.
Now we define a series of non-Riemannian Finsler metrics on the submanifold U.
Giveny € U, we have dim G - y < dim M. Therefore the tangent space T, (M) has an
orthogonal decomposition

T,(M) = Ty(G-y) +(T,(G )" 4.1

Define a series of Minkowski norms on 7, (M) by

L,(¥) =\Jo(v.¥) + {00 i) 1 0. Vo), ¥ €T (U),

where m > 2 is an integer and Y,Y,> are determined by the decomposition ¥ =
Y1 + Y, with respect to (4.1). It is easy to check that L,, is actually a non-Euclidean
Minkowski norm. Moreover, since the orbit of any point in U is principal, and the
action of G on M is smooth, for any fixed m > 2, the collection of the L,, on the
tangent spaces of U defines a (smooth) non-Riemannian Finsler metric on U. We
still denote this Finsler metric by L,,. It follows easily from the definition that L,, is
invariant under the action of G.
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By the theorem of partitions of unity of smooth manifolds, there exists a
nonnegative smooth function f; on M that is equal to 1 on the closure of the subset
G- B(x,3€) and equal to 0 outside the subset G- B(x,3¢). Now we define a new
function f by

f(y)Z/Gﬁ(k(y))du(k), yEM.

Then f is a G-invariant nonnegative smooth function on M that is still equal to 1 on
G- B(x, %8) and equal to 0 outside G - B(x, %8). Hence f(y)L,, are globally defined
smooth functions on the slit tangent bundle 7(M) \ {0}. Now we define a series of
smooth functions on T'(M) \ {0} as the following:

Fua(V) = [ FOA(Y) +AQ(V.Y), ¥ €T,(M), A >0,

Then for any m > 2, F), ; is a non-Riemannian Finsler metric on M. In fact, the
positive definiteness of the Hessian can be easily checked either in the open subset
G- B(x,¢), where f > 0 and L,, is a Finsler metric, or outside the open subset G -
B(x,€), where f = 0. On the other hand, it is easily seen that for any x € M, the
Cartan tensor of the Minkowski norm of F, 3 at x is equal to that of L,,, which is
nonzero. Hence F, 3 is non-Riemannian. Moreover, from the invariance of f, Ly,
and Q, it follows that F},, ; is G-invariant.

Now we assert that for a fixed m > 2, and A1 # A», we cannot have F,, 5, = uF,, ;,
for any u > 0. In fact, otherwise we have

(1 —,LLZ)f(y)Lgn(Y) = (AZ.UZ _/’Ll)Q(Yvy)v Ye Ty(M)v MAS M.

In particular, for y € B(x, %8), we have
(1—=w?)L (Y) = (Aou® = 2)Q(Y,Y), Y € T, (M).

This implies that L,, is a Euclidean norm on 7;,(M), which is a contradiction to the
definition.

Finally, we prove that for a fixed m, there are infinitely many Finsler metrics F,, 3
that are not isometric to one another. In fact, since '

Fm,l(X)Z V A’Q(va)v VXETM\{O},

we have D(M,F,, ;) > VAD(M,Q), where D denotes the diameter with respect to
the Finsler metrics. Thus there exist infinitely many numbers A} < A, < --- < A4 <
- such that

D(M,F, ;) <DM,F,,,) <---< D(M,F,;,) <.

Since isometric Finsler spaces must have the same diameter, the assertion follows.
This completes the proof of the theorem. a
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Now we can prove the main results of this section.

Proof of Theorem 4.9. Let M be a closed manifold and F a Finsler metric on M.
By Theorem 3.4, the group of isometries of F, I(M,F), is a Lie transformation
group of M and for x € M, the isotropy subgroup of I(M,F) at x, I,(M,F), is
a compact subgroup. Since M is compact, the action of I(M,F) on M is proper.
Therefore, the orbit I(M,F) - x of x is a closed submanifold of M. In particular,
I(M,F) -x is compact. Since [(M,F)/I,(M,F) =1(M,F)-x, [(M,F) is a compact
Lie group. Denote by G the unity component of I(M,F). Then G is a connected
compact Lie transformation group of M. By the proof of Theorem 4.11, there exists
a Riemannian metric g on M that is invariant under G. In particular, G C I(M, g).
Thus
dim/(M,F) =dimG < dimI(M,g).

This completes the proof of Theorem 4.9. a

Proof of Theorem 4.10. Let M be a connected compact manifold with degree of
symmetry N(M). Select a Riemannian metric Q on M with full isometry group G
such that dimG = N(M). If the action of G on M is not transitive, then the action of
the unity component Gy of G, is not transitive on M either. By Theorem 4.11, there
exists a non-Riemannian Finsler metric F on M that is invariant under G. Then we
have dim/(M,F) > dim Gy. Since dim Gy = dimG = N(M), we have dimI(M,F) =
N(M). On the other hand, if the action of G on M is transitive, then the action
of Gy on M is also transitive. Hence M is diffeomorphic to a coset space Go/Hy
of Gy, where H) is the isotropic subgroup of Gy at certain point of M. Fix a Gy-
invariant Riemannian metric Q on M and let S be the unit sphere of 7,(M) with
respect to Q, where o = eHy is the origin of Gy/Hy. If the action of Hy at T,(M)
is not transitive on S, then Theorem 4.11 asserts that there exists a non-Riemannian
Finsler metric F on M that is Gy-invariant. Hence dim/(M,F) = N(M). If H, acts
transitively on S, then M = Gy/Hy endowed with the Riemannian metric Q is a
homogeneous Riemannian manifold. We assert further that (M, Q) is a two-point
homogeneous Riemannian manifold, i.e., for every two pairs of points (p;,q;) and
(p2,q2) withd(py,q1) =d(p2,q2), one can find an isometry o such that 6(p;) = p>
and 6(q1) = ¢»- In fact, by homogeneity we can first select an isometry o; such that
(oJ] (pl) = p2. Then

d(p2;01(q1)) =d(o1(p1),01(q1)) = d(p1,q1) = d(p2,92)-

Let H,, be the isotropy subgroup of the full group of isometries of (M,g) at ps.
Then H,, acts transitively on the unit sphere of 7),(M). By the completeness of
(M, Q), we can select unit vectors X;, X, € T, (M) such that

o1(q1) = exp(toX1), q2 =exp(toX2),

where 10 = d(p2,q>). Now select 0, € H),, such that do,(X;) = X». Then it is easy
to check that 6,(01(q1)) = ¢2. Let 6 = 03 0 61. Then we have ¢(p;) = p, and
0(q1) = g». This proves our assertion. By the classification result of H.C. Wang on
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compact two-point homogeneous Riemannian manifolds [164], M is diffeomorphic
to a rank-one Riemannian symmetric space (see also [83, p. 535]). O

4.4 Homogeneous Finsler Spaces of Negative Curvature

The Cartan—Hadamard theorem (Theorem 1.5) asserts that the universal covering
space of a connected complete Finsler space of nonpositive flag curvature is
diffeomorphic to Euclidean space. In particular, a connected simply connected
complete Finsler space of nonpositive flag curvature must be diffeomorphic to a
Euclidean space. It is therefore interesting to find out under what conditions a Finsler
space of nonpositive flag curvature is necessarily simply connected. The purpose of
this section is to prove the following theorem.

Theorem 4.12. Let (M, F) be a connected homogeneous Finsler space of nonpos-
itive flag curvature. If the Ricci scalar is everywhere strictly negative, then M is
simply connected.

The Riemannian case of this result is due to Kobayashi [100]. To prove the
theorem in the general case, we need a result about Killing vector fields on
homogeneous Finsler spaces. Let M and N be Finsler spaces and p: N — M a
locally isometric covering projection (see [16] for the fundamental properties of
covering projections between Finsler spaces). Let G be a connected Lie group of
isometries on M that acts transitively on M, g = Lie G. Each w € g generates a one-
parameter group of isometries of M, hence can be viewed as a Killing vector field
on M, denoted by w. Let w* be the lift of w to N (by the projection p). The set
of all such w* forms a Lie algebra, denoted by g*. Since p is a locally isometric
covering projection, each w* is a complete Killing vector field on N. Thus g* is
a Lie subalgebra of i(N). Let G* be the (unique) connected Lie subgroup of I(N)
corresponding to g*. Then we have the following.

Lemma 4.1. G* acts transitively on N.

Proof. The Riemannian case of this lemma is obvious, since it is easy to check that
the G*-orbit of any point in N is both a closed and an open subset of N. For the
general case, recall (Theorem 4.2) that if a coset space G1/H of a Lie group G,
admits a G-invariant Finsler metric, then it also admits a G|-invariant Riemannian
metric. Now the Lie group G acts transitively and isometrically on M, so M can be
written as G/H, where H is the isotropic subgroup of G at some point. Moreover,
the metric on M is invariant under G. Therefore we can find a Riemannian metric g
on M which is G-invariant. This means that each w € g can also generate a Killing
vector field on M with respect to the Riemannian metric g. Let g* = p*g. Then g* is
a Riemannian metric on N and p : (N,g*) — (M, g) is a locally isometric covering
projection. This reduces the general case to the Riemannian case, and the lemma is
proved. a
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Now we turn to the proof of the main theorem. It is just a careful and technical
modification of Kobayashi’s argument in [100]. We first need to prove two lemmas.
Similarly to the Riemannian case, we call an isometry o of a Finsler space a
Clifford translation if for every two points a,b we have d(a,o(a)) = d(b,c(b)).
The Riemannian case of the next lemma was obtained by Wolf in [171].

Lemma 4.2. Let N and M be Finsler spaces and p : N — M a locally isometric
covering projection. If M is homogeneous, then every homeomorphism ¢ of N onto
itself satisfying p o ¢ = p is a Clifford translation of N.

Proof. By the generalized Myers—Steenrod theorem, a distance-preserving map of

M onto itself is necessarily an isometry. Thus we need only prove that for every two
points a,a’ € N,

d(d,¢(d)) = d(a,¢(a)),
where d is the distance function on N. Let G, G* be as in Lemma 4.1. Then G* is
transitive on N. Hence there exists a € G* such that @’ = y(a). Since po ¢ = p,

¢ induces the identity map on N. Hence @¢.w* = w*, Yw* € g*. Therefore, in the Lie
group G*, we have

exp(9.(tw*)) = exptw®, VreR.
Hence
¢ lexp(tw*)¢ = exprw®, VreR.

From this we conclude that ¢ commutes with every element of the form expsw*,
t € R, w* € g*. Since G* is connected, it is generated by expU, where U is a
neighborhood of the origin in g*. Therefore ¢ commutes with each element of G*.
In particular, we have ¢ o y = yo ¢. Now

d(d’,¢(d)) = d(y(a),¢(y(a))) = d(y(a),y(¢(a))) = d(a,¢(a)).

Thus ¢ is a Clifford translation.

O

Lemma 4.3. Let M, N, and ¢ be as in Lemma 4.2. Given ag € N, let a; = ¢(ay
and y*(t), 0 <t < L, be a unit-speed-minimizing geodesic from ay to a,. Set y(t)
p(Y*(2)). Then y(t) is a unit-speed smooth closed geodesic.

~

Proof. Since p is a local isometry and y* is minimizing, y is locally minimizing.
Therefore y is a geodesic and it is obviously with unit speed. Hence we need only
prove that y(¢) is smooth at y(0) = y(L). Suppose conversely that this is not true. Let
€ > 0 be so small that the forward metric ball %’jl (g),i=0,1,in N is diffeomorphic

(by the map p) to the forward metric ball '%);(0) (€) in M. Let 6 > 0 be so small that
both y(L — ) and y(§) are contained in %;L(O)(s). Then there exists a curve o in
93;(0) (€) from y(L — §) to y(6) with length strictly less than the length of y from

Y(L— 8) to ¥(8). Thus (note that p is a local isometry)

(o) < 1[y()lj-s.5)] < UYO)liz-s.] +1¥(t)l0,5] =6+ 6 =28.
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Let o+ be the curve in % (¢) such that p(c*) = o and let a* be the end point of
o*. Then a* = ¢(y*(8)). Now by the triangle inequality of the distance function in
Finsler spaces, we have

d(y*(8),a”) <d(y'(8),y" (L= 8)) +d(y"(L—8),a").
Since y* is minimizing, we have

d(y*(8),y"(L—98))=L—-20.

On the other hand,
d(y"(L—96),a") <Il(c")=1(o) <20.
Hence
d(v(8),0(r"(8))) = d(y*(8),a") < 2L = d(ao,ar) = d(ao, ¢(ao))-
This is a contradiction to Lemma 4.2. O

Proof of Theorem 4.12. Suppose conversely that M is not simply connected. Let
N be the universal covering manifold of M and p : N — M the covering projection.
Endow N with the Finsler metric F* defined by

F*(y)=F(dp(y)), y€TN.

Then p : N — M is a locally isometric covering projection. Since M is not simply
connected, p is not a diffeomorphism. This means that there exists a nontrivial (i.e.,
not equal to the identity transformation) homeomorphism ¢ of N such that po ¢ = p.
By Lemmas 4.2 and 4.3, we can find a closed smooth unit-speed geodesic on M, say
¥(t), 0 <t < L, where L > 0. Let T be the tangent vector field of y and let V be
any Killing vector field on M. Set T; = T'|,(). Define a nonnegative function f(z),
—oo < t < oo, as follows:

ft)y=gr(V,v), for 0<t<L,

and extend f(z) to a periodic function of period L. Note that 7; is everywhere
nonzero, since y(¢) is unit speed. This means that f(¢) is well defined and is smooth
on (0,L). By Lemma 4.3, f(¢) is smooth for all 7.

Let

V' =DsV, V"=DsV,

where the covariant derivatives are taken with reference vector 7. By Proposi-
tion 3.4, V is a Jacobi field along ¥, i.e., V' = —R((V,T)T. Therefore we have
(see Sect. 1.5)
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Since (M, F) has nonpositive flag curvature, we have g7, (R(V,T)T,V) < 0,Vr. Thus
f"(¢) > 0. Since f is a periodic smooth function, this implies that f(¢) is a constant
function. Thus f”(¢) = 0. Therefore we have g7, (V',V’') = 0 and

g, (R(V,T)T,V)=0, Vi

Now, M is a homogeneous Finsler space. Therefore we can write M = G/H,
where G is a connected Lie group of isometries that is transitive on M and H is
the isotropic subgroup of G at y(0). By Theorem 4.2, there exists a G-invariant
Riemannian metric on G/H. In particular, G/H is a reductive homogeneous
manifold. Hence there exists a subspace m of g with Ad(H)(m) C m such that

g="bh+m (direct sum of subspaces).

There is a canonical way to identify m with the tangent space Torr (G/H) = Ty (o) (M).
For every w € m, the one-parameter subgroup expfw induces a Killing vector field
on M = G/H that is equal to w at y(0) = eH. Hence

g, Rw,T)T,w) =0, Ywem.

But this is in contradiction to the assumption that Ric(7p) > 0. The contradiction
comes from the assumption that M is not simply connected. O

4.5 Examples: Invariant Fourth-Root Metrics

In this section we study a special type of invariant Finsler metric on homogeneous
manifolds. This gives numerous explicit examples of homogeneous Finsler spaces.
The metrics we will consider are currently called fourth-root metrics. Such metrics
are a special case of the mth-root metrics, which are defined by the fundamental
function

F = ’\"/ailiz...[m(x)yilyi2---yim. 4.2)

This class of Finsler metrics was first studied by Shimada in [148]. Recently, mth-
root metrics, in particular fourth-root metrics, have been taken as a model of space-
time in physics (see, e.g. [129]). See also Li and Shen’s paper [113] on projectively
flat fourth-root Finsler metrics.

Let G/H be a reductive homogeneous space with the reductive decomposition
g=bh+m,ie, Ad(h)m C m,Vh € H, where g and b are the Lie algebras of G and
H, respectively. By Proposition 4.1, the G-invariant Finsler metric is in one-to-one
correspondence with the Minkowski norm on m satisfying

F(Ad(h)y)=F(y), Yhe H,y €m. 4.3)

If F is an invariant mth-root Finsler metric on G/H, then f = F™ is an Ad(H)-
invariant positive polynomial function of degree m on m. Therefore m must be
even. Hence an invariant mth-root Finsler metric must be reversible. For m = 2,
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the invariant square-root Finsler metrics are invariant Riemannian metrics. It is well
known that there exist invariant Riemannian metrics on homogeneous spaces G/H
when H is compact. Let & = y/a;jy’y/ be an invariant Riemannian metric. Then
F = /0" is an invariant 2nth-root metric and is Riemannian. So we are more
concerned with the non-Riemannian metrics of the form (4.2). By (4.3), in order to
construct an invariant mth-root Finsler metric on G/H, we need to accomplish the
following two steps:

1. Find all H-invariant polynomials of degree m on m.
2. Determine which of them can define a Minkowski norm on m.

In this section, we investigate invariant fourth-root Finsler metrics on the real
Grassmannian manifolds SO(p + ¢)/SO(p) x SO(q).

Definition 4.4. A Finsler metric F is called a 2mth-root metric if in a local
coordinate system, F' can be expressed in the following form:

F = 2r</ai1i2---i2m (x)yilyiz .. .yizm.

Let T denote the 2mth power of a 2mth-root metric F. Then a direct computation
shows that

F=Tm,
1 L
Fyi - %sz 7};"7
| R
Fyyi = 5T 2((1=2m)TuTy +2mTTy),

1 1.,
gij = Fy,‘ij —|—FFyiyj - ﬁTm ((1 - )T;ii’[;ij +mT7;’iyj)'

From the last equation we easily get the following.

Proposition 4.4. The Hessian matrix (g;;) is positive definite if and only if ((1 —m)

T,T; +mTT ),) is positive definite.

We now consider invariant fourth-root Finsler metrics on the Grassmannian
manifolds. Recall that they are the symmetric spaces G/H = SO(p + ¢)/SO(p) x
SO(g), and are usually denoted by G} (RP*). Without loss of generality, we
suppose p > g and p+¢g > 3. Let g = h 4+ m be the standard Cartan decomposition,
namely,

g_so(p+q)_{(_/éTg)‘A+AT 0,B+B! = O,AERPXP,BeRqu},

h = so(p) +s0(q) = { <g g) ’A+AT =0,B+B" =0,AcR"*",B eRW},
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o C
m_{<_CT 0>‘C€RPXQ}

Let k[x;;] be a polynomial ring over a field k in pq variables x;;, 1 <i<p, 1<
J < q. The matrix X = (x;;) is called a generic p x g matrix over k. Then the vector
space m can be identified with the set of generic matrices.

Lemma 4.4. Let f be a polynomial on m. Then f is Ad(H )-invariant if and only if
f(X) = f(AX) = f(XB"), VA€so(p), BEso(q). (4.4)

Proof. Recall that the adjoint representation is given by

0 C A; O o c\ /Al o 0  ACAT
Ad(h) T = T T )= TAT ’
—cT 0 oA )\-c"o)\ 0 Al —A,CTAT 0
where
A1 O o C
h= € SO(p) xSO(q), em.
(% 2) esowxsow. (%)
It follows that f is Ad(H)-invariant if and only if

f(X)=f(AXBT), VAeso(p),Besoq).

This is equivalent to (4.4). a

Next we introduce some notation from the invariant theory of Lie groups. Let
W be a finite-dimensional real vector space and let R[W] be the R-algebra of the
ring of polynomial functions on W. A function f € R[W] is called G-invariant if
f(gw) = f(w) forall g € G and w € W. The set of G-invariants forms a subalgebra of
R[W], denoted by R[W]®. We need the following famous first fundamental theorem
for SO(p) (see [130]).

Theorem 4.13. Let V), be a p-dimensional real linear space. Then the invariant
algebra R[VJ]SOW) is generated by the invariants c(i,j), 1 <i< j < gq, together
with the determinants det[iy, iz, ... ip], 1 <ij <ip <--- <i, < g, where c(i, ) =
25:1 XaiXqj and det[iy, iz, ..., i,] means the determinant of the matrix with columns
i1,02,..,ip.

By Lemma 4.4 and the above theorem, we have the following result.

Proposition 4.5. A polynomial f on m is Ad(H)-invariant if and only if

f € RV \R[v]SOWr, (4.5)
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Here RV, ]so(q),. stands for the algebra of the invariant polynomials of the right
action of SO(g) on V,,. It is easily seen that

RIVSOWr = (1(i, j),detfii,....ig] : 1 < i< j<p1<iy<- <ig<p), (4.6)

where r(i, j) = ZZ: | XiaX jo and the determinants are composed of some row vectors.
In particular, if g = 1, then (4.4) becomes

fER[V, <2xal>

In this case, the corresponding invariant 2mth-root metric is Riemannian.

Next we consider the special case of p = g = 2. It is obvious that SO(4)/SO(2) x
SO(2) is isometric to the Riemannian product SO(3)/SO(2) x SO(3)/SO(2). This
implies that the isotropy representation is not irreducible.

In general, let G/H be a homogeneous manifold with H compact. Suppose the
adjoint representation of H on g/b is not irreducible. Then g/h has a decomposition

g/h=m; +my,

where m; are nontrivial invariant subspaces. Since H is compact, there exists an
Ad(H)-invariant inner product ¢; on m;, i = 1,2. Then we can construct a fourth-
root Finsler metric using the following result (see [44]).

Proposition 4.6. Let M|, M, be connected manifolds endowed with a Riemannian
metric 0y, 0y, respectively. Let f : [0,00) X [0,00) — [0,00) be a C* function satisfying

f(As,At) =Af(s,1), VA >0,
and
>0, f£>0, fi>0, fi+2sfs>0, fi+2tfu>0, [fifi=2ffa>0,

for all (s,t) # (0,0). Then

)=/ (len Gy e (2. y2)1)

defines a reversible Finsler metric on M = My X My, where x = (x1,x0) € M, y =
y1Dy2 € M.

In order to produce a polynomial of degree four, f(s,#) must have the form

f(s,t) =c\/s?+2Ast+ur> (¢ >0). 4.7
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It is easy to see that the metric F' constructed as above is an invariant Finsler metric
if and only if

0< A <3y/1. (4.8)

When A2 # u, the metric is non-Riemannian and Berwaldian.

A coset space G/H is called isotropy irreducible if the isotropic representation of
H on T,(G/H), where o is the origin of G/H, is irreducible. The above arguments
lead to the following result.

Theorem 4.14. If the homogeneous G/H is not isotropy irreducible, then there

exist infinitely many different invariant fourth-root non-Riemannian Finsler metrics
on G/H. In particular, On SO(4)/SO(2) x SO(2) there exist infinitely many
invariant fourth-root non-Riemannian Finsler metrics.

Next we show how to construct invariant fourth-root metrics on SO(4)/SO(2) x
SO(2). This actually gives a classification of all such metrics on it.

Proposition 4.7. Ler F = f'/* be an invariant fourth-root Finsler metric on
Gy (R*) andm = (3} 2). Then
f=c(A*+2tAB+4sB?), 4.9)

where c > 0,A = x% —i—x% —i—x% —l—xﬁ, B = x1x4 — xox3, and s, t satisfy

0<1—5<3y/(1+5)2—12

Proof. Let

1 — 1 _
m=m+my =~ X1 +X4 X2 — X3 L L(n X4 X2 +x3
2 \x3—x2 X1 +x4 2 \xp+x3 x4 —x1

be the decomposition of m into irreducible invariant subspaces with respect to the
adjoint representation. Then the invariant Riemannian metrics on m; and m, are
(x1 +x4)% + (x2 —x3)% and (x; —x4)? + (x2 +x3)?, respectively. By (4.7), (4.8), and
a simple computation we get (4.9). This completes the proof. a

Now we consider the other cases. Without loss of generality, we can assume that

p>2,q922.

Lemma 4.5. Let f be an Ad(SO(p) x SO(q))-invariant polynomial of degree four
onm. Then

2
f=2 Y x| +u 3 < D xmxuj> +Vv&4p0sgdet(x;j)axs,  (¥)

I<u<p 1<i,j< 1<u<
1<i<q =hi=d =u=p
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where A,lL,v are real numbers. In other words, the real vector space V of
the Ad(SO(p) x SO(q))-invariant polynomials of degree four is spanned by the
following three polynomials:

2

2
o) = 2 xii , O = 2 ( Z xm-xuj> , a3:54p54qdet(x,'j)4x4.

1<u<p 1<i, ;< 1<u<
\<ich SLj>q susp

Proof. Tt is obvious that the above-defined f satisfies (4.5). Hence we need only
prove that if f satisfies (4.5), then it must be of the form as stated in the lemma.
Since f € R[]V} ]SO(”) by the left action, by Theorem 4.13, f must be a real linear
span of c(i, j)c(k,1), 1 <i<j<gq,1<k<I<gq,i<kand the determinant o3.
Next we consider the right action. By (4.6), f must be a real span of the following
polynomials:

ruv)r(s,t), 1<u<v<p, 1<s<t<p, u<s;

03 = O4p0aqdet(x;j)ax4;

Xyl X,
&qr(s,t)x“Ix”i 1<s<t<p, 1<u<v<p
v V.
Xyl Xuo| X1 X
ul Fuz | \Est A2 I1<u<v<p, 1<s<t<p,u<s.
qxlxz Xt1 X2
vV V.

Since o3 appears in both cases, we need treat only the following cases:

(1) There is a quadruple (u,v,s,t), with u # v, such that the coefficient of
r(u,v)r(s,t) in the expansion of f is nonzero. Since

r(u, V)V(SJ) = zxumxvmxsnxtm
m.n

by the invariance of f under the left action, for any pair (m,n), there must
be a quadruple (i, j,k,/) such that x,;,X,uxs X, appears in the expansion of
c(i,j)c(k,l). Then we haveu =s,v=tandi=k =m, j =1 =n. Now

2
r(uvv)z = (qumxvm) = qumxvmxunxvn-
m

m,n

Note that among the polynomials c(i,j)c(k,/) and o5, the monomial
XumXymXunXvn appears only in the expansion of ¢(m, n)z. Thus all the monomials
c(m,n)? will appear in the expansion in f with the same coefficients when we
write f as a linear combination of ¢(i, j)c(k,[) and o. Therefore the polynomial

%C(m,n)z = Z(gxamx,m)z =0

m,n
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must appear in the expansion of f with nonzero coefficient. On the other hand,
it is easily seen that

0 = Z XmaXmbXnaXnh = Z V(man)z-
m,n,a,b m,n

A similar argument as above shows that the monomial x;,,4.X;,5Xnq X, Can appear
only in the expansion of r(m,n)> when we write f as a linear combination
of the right invariants above. This argument shows that if the coefficient of
r(u,v)r(s,t), u # v, in the expansion of f is nonzero, then u = s, v =1, and all
the r(u,v)? appear in f with the same coefficients.

There is a pair (u,s) such that the coefficient of r(u,u)r(s,s) in the expan-
sion of f is nonzero. As in case (1), for any pair (m,n), there must be a
quadruple (i, j,k,l) such that the monomial xﬁmxfn appears in the expansion
of ¢(i, j)c(k,I). From this it follows that i = j = m, k = [ = n. Similar to case
(1), we can prove that all the ¢(i,i)c(J, j) appear in the expression of f when f
is written as a linear combination of the left invariants. Hence in this case, the
coefficient of

Y clisi)e )
2y

in the expression of f as a linear combination of the invariants of the left action
must be nonzero. Moreover, this shows that all the r(a,a)r(b,b) also appear in
the expression of f as a linear combination of right invariants, with the same
nonzero coefficient. Note that

Zr(a,a)r(b, b) = o4.
a,b

g = 2 and the coefficient of

Xul Xu2 | |Xs1 Xs2

Xyl Xp2 | [ Xe1 Xe2

in the expansion of f is nonzero. Since in the expansion of c(i, j)c(k,l), each
monomial has at most two row indices, we have u = s and v = ¢. Then

2
Xt X[t | _ |xan 2| _ |, u) r(u,V)‘
Xyl X2 | [ Xel Xe2 Xyl X2 }"(M,V) }"(V, V)
This reduces the proof to cases (1) and (2).
g = 2 and the coefficient of
Xul Xu2

r(s,t)

Xyl X2
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in the expression of f is nonzero. Similarly to case (3), we have u = s, v =1.
However,

Xyl X
r(u,v) ul u2] (xulxvl +xL12xv2)(xu1xv2 _xu2xvl)a

Xyl X2

and it is easily seen that for any given quadruple (i, j,k,!), the monomials
in the expansion of the above polynomial cannot appear in the expansion of
c(i, j)e(k,1). This is a contradiction. Therefore this case cannot happen.

Combining cases (1)—(4), we see that f can be expressed as a linear combination
of ay, o, 03. This completes the proof of the lemma. O

Remark 4.3. 1t is easy to check that a polynomial f as in (x) of the above lemma
can be rewritten as

f=AeXTX)? + ute(XTX)? 4+ v81,84,1/det(XTX). (4.10)

Remark 4.4. The first section in the expression of f in (4.10) corresponds to the
standard Riemannian metric.

Theorem 4.15. When € is small enough, the function

{r(X"X)}" + &
f=< {r((XTx)%)} 2, for m even,
{r(XTX) + e{ue(XTX)2)}'T w(XTX), form odd,

defines an invariant 2mth-root Finsler metric on SO(p+ q)/SO(p) x SO(q).

Proof. Tt is sufficient to notice the fact that tr(X”X) and tr(X7X)? are invariant
polynomials from the proof of the above lemma. O

Combining Theorems 4.14 and 4.15, we get the following result.

Theorem 4.16. For G/H = SO(p+¢q)/SO(p) x SO(q) with p > qand p+q >3,
we have

1. If g =1, then there do not exist any invariant non-Riemannian fourth-root Finsler
metrics on G/H.

2. If p = q = 2, then the isotropic representation is reducible and there exist
infinitely many different invariant non-Riemannian fourth-root Finsler metrics
on G/H.

3. If p > q > 2, then the isotropic representation is irreducible and there exist
infinitely many distinct invariant non-Riemannian fourth-root Finsler metrics on
G/H.



Chapter 5
Symmetric Finsler Spaces

In this chapter, we study the symmetry of Finsler spaces. By Theorem 1.9, if a
connected Finsler space (M, F) is a Berwald space, then the Chern connection of
(M,F) is the Levi-Civita connection of a Riemannian metric. We call a Berwald
space (M, F) locally (resp. globally) affine symmetric if its linear connection is
locally (resp. globally) affine symmetric. On the other hand, a connected Finsler
space (M, F) is called locally symmetric if for each point x of the manifold, there
exists a neighborhood U of x such that the geodesic symmetry is a local isometry of
U. It is called globally symmetric if each point is the isolated point of an involutive
isometry of (M, F).

Section 5.1 is devoted to studying the geometric properties of locally affine
symmetric and globally affine symmetric Berwald spaces. Here an important result
of Cartan, Theorem 2.28, is generalized to Berwald spaces; namely, we prove that
a Berwald space is locally affine symmetric if and only if the flag curvature is
invariant under all parallel displacements. In Sect. 5.2, we prove that every globally
symmetric Finsler space must be a Berwald space. In Sect. 5.3, we introduce the
notion of a Minkowski symmetric Lie algebra to give an algebraic description of
affine symmetric Berwald spaces as well as globally symmetric Finsler spaces.
Another important result of Cartan, asserting that a globally symmetric Riemannian
manifold has nonnegative (resp. nonpositive) sectional curvature if it is of compact
type (resp. noncompact type), is generalized to the Finslerian case in this section.
In Sect. 5.4, we prove some important rigidity results on symmetric Finsler spaces.
In particular, we prove that a connected complete locally symmetric Finsler space
whose flag curvature is everywhere nonzero must be Riemannian. Finally, in
Sect. 5.1, we study complex structures on symmetric Finsler spaces and obtain a
complete classification of the complex symmetric Finsler spaces.

Regarding further development of the topics in this chapter, we should men-
tion that the general geometric properties of symmetric Finsler spaces (or more
generally, affine symmetric Berwald spaces) deserve to be studied thoroughly. For
example, there has been a great deal of work on the properties of geodesics and to-
tally geodesic submanifolds of Riemannian symmetric spaces (see [40,41, 82, 83]),
but for the Finslerian case this problem has not been considered. On the other
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hand, a series of papers as appeared on the structure and classification of pseudo-
Riemannian symmetric spaces (see, for example, Cahen—Parker [36], and Kath—
Olbrich [96,97]). The Finslerian case of this problem is very interesting.

The standard references of this chapter are [1,57,58, 62]; see [50, 54, 65,76, 149,
155,157,167] for further information.

5.1 Affine Symmetric Berwald Spaces

We first study some properties of isometries of a Berwald space. This will be useful
in our study of symmetric Finsler spaces. The following results are well known for
Riemannian manifolds. However, for a Berwald space, they are far from obvious.

Theorem 5.1. Let (M,F) be a connected Berwald space and y an isometry of
(M, F) onto itself. Then \ is an affine transformation with respect to the connection
of F.

Proof. We first deduce a formula for the connection D of F. For any vector fields
T,V,W on M, we have (see [16, p. 260])

Tgw(V,W) =gw(DrV,W)+gw(V,DrW). (5.1
Similarly,

Vew(T,W) =gw(DyT,W)+ gw(T,DyW), (5.2)

Wew (V,W) = gw(DwV,W) + gw(V,DwW). (5.3)

Subtracting (5.2) from the sum of (5.1) and (5.3), we get

gw(V.Dw+rW) +gw(W —T,DyW)
= TgW(VaW) - ng(T,W) +WgW(V7W) —gw([T,V],W) _gW([WaV]aW)a

where we have used the symmetry of the connection, i.e., DyW — DyV = [V, W].
Setting T = W —V in the above equation, we obtain

2w (V,DwW) =2Waw (V,W) —Vew (W,W) —2gw ([W,V],W). (5.4)

Since y is an isometry, dy is a linear isometry between the spaces 7,(M) and
Ty(p) (M), ¥p € M. Therefore for any vector fields X,Y,Z on M, we have

8dy(X) (dy(Y),dy(2)) = gx(Y,Z).

By (5.4),
gay(w) (AW (V),Dayw)dw(W)) = gw (V,DwW).
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Consequently,

8ay(w) (Y (V), Dayw)dw(W)) = gay(w) (dy(V),dy(DwW)).

Since V is arbitrary and gy (w) (+,-) is an inner product, we have

Day(w)dy(W) = dy(DwW).

Now using the identity

1
DyW = = (Dyw(V + W) =DyV —DyW —[W,V]),

we get
Day(v)dy(W) = dy(DyW).
Therefore, v is an affine transformation with respect to D. O

The following result is a generalization of a well-known result in Riemannian
geometry.

Theorem 5.2. Let (M;,F;), i = 1,2, be two Berwald spaces, and y an dffine
diffeomorphism from (My,Fy) onto (My,F,) with respect to the connections of F
and F. If there exists p € M such that dy is a linear isometry from T,(M,) onto
Ty(p)(M2), then v is an isometry.

Proof. Let g € M. We prove that Fy (y) = F>(dy(y)), Yy € T,(M;). Join g to p by a
curve ¥. Let T denote the parallel transformation from g to p along y. Then for every
u,v € T,(My), we have

8y(1,v) = 2y (7(w), T(V)) = gay(e(y)) (AW (T(w)), dy(2(v))).

Now 7(y), t(u),T(v) is the result of the parallel displacement (along y) of y,u,v,
respectively. Since y, being an affine diffeomorphism, transforms vectors that are
parallel along 7y into vectors that are parallel along y(7), the vectors dy(z(y)),
dy(t(u)), dy(t(v)) must be the result of the parallel displacement (along y/(y)) of

dy(y), dy(u), dy(v), respectively. Thus

ay(z(y) (AW (T(w)),dy(T(v))) = ay(y) (dy(u), dy(v)).
Therefore
gy(uvv) = 8dy(y) (dW(”)vdW(v))'

Now the theorem follows from the facts that Fi (y) = /gy(y,y) and that

Fa(dy(y)) = 1/ 8ay (@Y(0),dy (). 0
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Next we generalize Cartan’s results on locally symmetric Riemannian manifolds
to Berwald spaces. The following result is a generalization of Theorem 2.28 on
Riemannian manifolds. However, the proof is more complicated. Let us first explain
the notion of parallel displacements of flags. Let (M,F) be a Berwald space and
(P,y) a flag in a tangent space 7,(M), p € M. Let g € M and let ¢ be a piecewise
smooth curve in M connecting p and g. Suppose 7 is the parallel displacement along
c(t). Then t(P) is a plane in 7,(M) containing 7(y) and 7(y) # O (since 7 is a
linear isomorphism). Therefore (7(P),7(y)) is a flag in T,(M). We say that the flag
curvature is invariant under the parallel displacement 7 if K(P,y) = K(t(P),7(y)),
for every flag (P,y) in T,(M).

Theorem 5.3. Let (M,F) be a Berwald space. Then M is locally affine symmetric
if and only if the flag curvature is invariant under all parallel displacements.

Proof. Let (M,F) be alocally affine symmetric Berwald space. Then its connection
is locally affine symmetric. So the curvature tensor R is invariant under all parallel
displacements. On the other hand, suppose p,q € M and 7 is a curve connecting p
and g. Let 7 be the parallel displacement along y. Then for any y (# 0),u,v € T,(M),
we have gq(,)(7(u), T(v)) = gy(u,v). Therefore, by the definition of flag curvature,
we have

K(Py) = K(t(P),7(y)),

where P is any plane in 7,(M) containing y. That is, the flag curvature is invariant
under all parallel displacements.

Conversely, suppose the flag curvature is invariant under all parallel displace-
ments. Let p, g, 7, T, y, u, v be as above and suppose u is linearly independent of y.
Let [ = y/F. Consider the quantity

gi(R(L,u)l,v)
gl(“a V) - gl(lvu)gl(lvv) .

K(lu,v) = (5.5)

Then K(P,y) = K(l,u,u). Since K(P,y) is invariant under parallel displacements,
we have

K(l,u,u) =K(t(l),t(u),t(u)).

By Theorem 1.11, any parallel displacement of a Berwald space is a linear isometry
between the tangent spaces. Thus the denominator of K(/,u,v) in (5.5) is invariant
under 7. Therefore we have

1Ry (Lu)l,u) = g1y (Ry((1), 7(w)) 7L, T(u)).

Set R(l,u,v) = g;(R(I,u)l,v). Then it is easy to check that the following polarization
identity holds (see [16, p. 70] and the erratum by Bao):

R(lLu,v) == (R(lL,u+vu+v)—R(l,u—v,u—v)).

FNp-
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Then it follows that

8t(l) (T(RP (lv ”)l)v T(V)) = 81(l) (Rt](r(l)v T(u))l’(l), T(V))'
This implies that
T(Rp(Lu)l) =Ry(t(l), t(u))T(l). (5.6)

It is obvious that the above equality still holds if u is linearly dependent of y. Now
suppose Q is a Riemannian metric on M with the same connection as F. Consider
the quadrilinear form B defined by

B(uvvazat) = Q(Rt](r(u)v T(V))T(Z)v T(t)) - Q(T(RP (uvv)z)v T(t))a

where u,v,z,t € T,(M). Then we have

(a) B(u,v,z,t) = —B(v,u,z,1);

(b) B(u,v,z,t) = —B(u,v,1,2);

(¢) B(u,v,z,t)+B(v,z,u,t)+ B(z,u,v,t) = 0;
(d) B(u,v,u,v)=0.

In fact, (a) is the well-known property of the curvature tensor of a Riemannian
manifold. Moreover, it is easily seen that (b) and (c) follow from the fact

Q(T(Rp(uv V)Z)v T(t)) = Q(Rp(ua V)th)a

since T is also the parallel displacement with respect to O, and that (d) follows
from (5.6). By a well-known result in Riemannian geometry, we have B = 0. Thus

T(Rp (u,v)2) = Ry((u), 7(v))7(2),

i.e., TR, = R,. Therefore DxR = 0 for each vector field X. Thus D is locally affine
symmetric. O

Theorem 5.4. Let (M,F) be a locally affine symmetric Berwald space. Then
for any p € M there exist a globally affine symmetric Berwald space (M,F), a
neighborhood N), of p in M, and an isometry ¢ of N, onto an open neighborhood

of p(p) in M.

Proof. Let D denote the connection of F'. Suppose Q is a Riemannian metric on M
such that D is the Levi-Civita connection of Q. Then (M, Q) is a Riemannian locally
symmetric space. Thus by [83, Theorem 5.1, Chap.IV], there exist a Riemannian
globally symmetric space (1\7[ ,0), a neighborhood N, of p in M, and an isometry
(with respect to Q and 0) ¢ from N, onto a neighborhood of ¢(p) in M. Let D
be the Levi-Civita connection of é and denote by H, resp. H, the holonomy group
of D (at p), resp. D (at p = @(p)). Then d¢, induces an isomorphism between the
holonomy algebra b of H and  of H. Hence there exist a neighborhood U, of the
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unit element e of H and a neighborhood U; of the unit element ¢ of H such that dop
induces a local isomorphism between U, and Us. Without loss of generality, we can
assume that M is simply connected. Then H is connected and is generated by the
elements of 17;.

Now we define a Berwald metric on M. Identifying T,;(ZVI ) with T,(M) through

dg,, we get a Minkowski norm F on Tj(M) by

F®) =F((dg,) ' (®), ¥eT;().

Since F is invariant under H, Fis invariant under U~ Therefore, using the fact that
H is generated by the elements of U, we see that F is invariant under H. Now for
any g € M, join ¢ to o by a curve ¥. Let T~ be the parallel displacement of D along

7. Define a Finsler metric (still denoted by F)on M by
F(ii) = F(ty(a)), i € Ty(M).

It is easily seen that F is well-defined and (M F ) is a Berwald space with
connection D. Therefore it is a globally affine symmetric Berwald space.

It remains to prove that ¢ is an isometry. But this follows easily from the fact that
¢ is an affine diffeomorphism and d¢, is a linear isometry between the Minkowski

spaces (T,M,F) and (Tg]VI,IF) (see Theorem 5.2). O

Corollary 5.1. Let (M, F) be a locally affine symmetric Berwald space and (M, )
the universal covering manifold of M. Then M with the metric ©*(F) is a globally
affine symmetric Berwald space.

5.2 Globally Symmetric Finsler Spaces

Intuitively, the definition of locally and globally affine symmetric Berwald spaces
has no direct relation with geometry and it is limited to Berwald spaces. It is
well known that a locally affine symmetric Riemannian space is actually locally
symmetric. However, this is no longer true for Berwald spaces, since there exist
many examples of nonreversible locally affine symmetric Berwald spaces, and a
locally symmetric Finsler space must be reversible. For example, any Minkowski
space, when viewed as a Finsler space in the canonical way, must be globally affine
symmetric, and a Minkowski space need not be reversible. In this section, we will
consider the symmetry of Finsler spaces from the geometric point of view.

Definition 5.1. Let (M,F) be a connected Finsler space. If for any x € M there
exists a neighborhood U of x such that the geodesic symmetry is a local isometry
of U, then (M, F) is called a locally symmetric Finsler space. If for any x € M there
exists an involutive isometry o, of (M, F) such that x is an isolated fixed point of
Oy, then (M, F) is called a globally symmetric Finsler space.
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Note that the exponential map of a Finsler space is generally not smooth. In fact,
it is only C! at the zero section, and it is smooth if and only if the Finsler space
is of the Berwald type; see [16]. However, using Theorem 1.3 and an argument
similar to that used in the proof of Theorem 3.2, one can easily prove that the local
geodesic isometry is well defined and is a smooth map. In fact, the notion of locally
symmetric Finsler spaces appeared already in Foulon’s paper [71].

We first give an effective method to construct globally symmetric Finsler spaces.

Theorem 5.5. Let G/K be a symmetric coset space. Then any G-invariant re-
versible Finsler metric (if it exists) F on G/K makes (G/K,F) a globally symmetric
Finsler space.

Proof. We first define some diffeomorphisms of G/K onto itself. Let o = eK be the
origin of G/K and o the involutive automorphism of G such that (G¢)o C K C Gg.
Define a map o, of G/K onto itself by

0,(aK) =c(a)K, acG.

For any x € G/K, select a € G such that x = m(a), where 7 is the natural projection
of G onto G/K. Define a map oy of G/K onto itself by

—1
Oy = T,007T,

where 7, is defined by 7, : gK — agK, g € G. By the definition of symmetric coset
spaces, it is easily seen that o, is independent of the choice of a. Obviously oy is an
involutive diffeomorphism of G/K with x as an isolated fixed point. Next we prove
that it is an isometry. Since F is G-invariant, 7, keeps F invariant. Therefore we
need treat only the case of o,. Let g, £ be the Lie algebras of G, K, respectively.
Then o induces an involutive automorphism (still denoted by o) of g. By definition,
£ coincides with the set of fixed points of o. Let m be the eigenspace of o with
eigenvalue —1. Then we have

g=%t+m (direct sum of subspaces).

Therefore we can identify the tangent space 7,(G/K) with m. Under this identifica-
tion, F' corresponds to a K-invariant norm on m. By the assumption, F(y) = F(—y),
¥y € m. Thus F(o(y)) = F(y), Vy € m. By the invariance of the metric we see that
o preserves the length of every tangent vector. Thus & is an isometry of (G/K,F).
This completes the proof of the theorem. a

Using the above theorem, we can construct a large number of globally symmetric
Finsler metrics that are non-Riemannian. Let us give an explicit example.

Example 5.1. Let G1/K;, G2/K, be two symmetric coset spaces with Ki,K»
compact. Suppose gi,g» are invariant Riemannian metrics on G;/K;, G»/K>,
respectively. Let M = (G, /K ) x (G2/Kz) and denote by 01, 0, the origins of G, /K],
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G, /K,, respectively. Let o = (01,07) (the origin of M). Now for y = y; +y, €
T,(M) =T,,(G/K\)+T,,(G2/K>), we define

F(y) = \/g1(y1,y1) +82(v2,52) + V&1 1,31 ) + 82(y2,32)°,

where s > 2 is an integer. Then F is a K| X K;-invariant Minkowski norm on 7, (M)
(see Example 1.3 of Sect. 1.1). Hence it defines a G-invariant Finsler metric on M.
By Theorem 5.5, (M, F) is a globally symmetric Finsler space.

Next we consider the converse of Theorem 5.5. For this purpose, we first need to
study the geometric properties of globally symmetric Finsler spaces.

Theorem 5.6. Let (M, F) be a globally symmetric Finsler space. For x € M, denote
the involutive isometry of (M, F) at x by o,. Then we have

(a) Foreveryx € M, (doy), = —id. In particular, F must be reversible.

(b) (M, F) is (forward and backward) complete.

(¢) (M,F) is homogeneous. That is, the group [(M,F) of isometries of (M,F) acts
transitively on M.

(d) Let M be the universal covering manifold of M and 7 the projection map. Then
(M,mt*(F)) is a globally symmetric Finsler space.

Proof. (a) There exists a neighborhood U of the origin of T;(M) such that the
exponential map exp, is a C I diffeomorphism from U onto its image, and for
any u € U, exp,(tu), t < |g], is a geodesic through x. Since oy is an isometry,
it maps geodesics into geodesics. Now, oy (exp,(fu)) and exp,((doy)stu) are
two geodesics through x with the same initial vector (doy),u. Therefore they
coincide. In particular, we have oy (exp, () = exp,((doy)u). Since 62 = id,
we have (doy)? = id. To prove (doy), = —id, we need only prove that the
number 1 is not an eigenvalue of (doy),. Suppose conversely that there exists
u # 0 such that (doy),(u) = u. Then (doy)y(tu) = tu, t € R. Therefore for every
t we have

0 (exp, (tu)) = exp,((doy)) (1u) = exp, (u).

But this contradicts the assumption that x is an isolated fixed point of oy.
Therefore (doy), = —id.

(b) Lety(r),0 <t <, be a geodesic parametrized to have constant Finslerian speed.
We construct a curve ¥ by y(t) = ¥(z), for 0 <1 < I; ¥(t) = o) (v(2l 1)),
for I <t < 2I. Similarly as in (a), 6y (y(2] —1)) is a geodesic. By (a), the
incoming vector of the geodesic y at y(I) coincides with the initial vector of
the geodesic ¥ at y(I). Therefore, by the uniqueness of the geodesics, ¥(t) is
smooth and 7(1‘), 0 <t <2l,1s a geodesic. It is obvious that this geodesic still
has constant Finslerian speed (since 0 is an isometry). Therefore (M,F) is
forward geodesically complete. By the Hopf—-Rinow theorem, (M, F) is forward
complete. Since F is reversible, (M, F) is complete.
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(c) Since (M, F) is complete, for any x,y € M, there exists a unit-speed minimal
geodesic y(¢), 0 <t < T, that realizes the distance of each pair of points in 7.
Let xo = y(%). Since F is reversible, we have d(xo,x) = d(x,xo) = d(xo,y). By
the proof of (a), we know that oy, (x) = y. Therefore (M, F) is homogeneous.

(d) Let (M,F) be a globally symmetric Finsler space. Then it is easily seen that
(M,m*(F)) is a Finsler space. It is well known that any diffeomorphism o of
M can be lifted to a diffeomorphism & of M such that 6 = 6. Furthermore,
if 6(x) = x, then for any X € 7! (x), we can take G such that 6(X) = X. Now
for y € M, set y = (). Then there exists a diffeomorphism G5 of M such that
oyn = noy and 63(Y) = 3. Since o = idy, we have 637~ (y) =7 (y), Vy €
M. Since Oy is a diffeomorphism keeping y fixed, we see that (~7y2 =idy. Itis
obvious that y is an isolated fixed point of y. By the definition of 7*(F), oy is

an isometry. Therefore (M, 7*(F)) is a globally symmetric Finsler space. O

Corollary 5.2. Let (M,F) be a globally symmetric Finsler space. Then for any x €
M, o, is a local geodesic symmetry at x. In particular, (M, F) is locally symmetric
and for every x € M, the symmetry Oy is unique.

Proof. By (a) of Theorem 5.6, we know that for every x € M, (doy)y = —id.
Therefore, for every u € T,(M), we have

oy (exp, (tu)) = exp, ((doy)«(tu)) = exp, (—1u). (5.7

This means that oy is the local geodesic symmetry at x. Hence (M, F) is locally
symmetric. Since (M, F) is complete (Theorem 5.6 (b)), exp, is defined on the whole
space T,(M) and it is surjective. Therefore, by (5.7), oy is unique. O

Theorem 5.7. Let (M,F) be a globally symmetric Finsler space. Then there exists
a Riemannian symmetric pair (G,K) such that M is diffeomorphic to G/K and F is
invariant under G.

Proof. By (c) of Theorem 5.6, the group I(M,F) of isometries of (M,F) acts
transitively on M. Since M is connected, the identity component G = Iy(M,F) of
I(M,F) is also transitive on M, and the isotropy subgroup K of G at x fixed is
compact. Furthermore, M is diffeomorphic to G/K under the map gH — g-x, g € G.

Similarly to the Riemannian case, we define a map ¢ of G into itself by o(g) =
0,80y, where oy denotes the (unique) involutive isometry of (M, F) with x as an
isolated fixed point. Then it is easily seen that ¢ is an involutive automorphism of
G and the group K lies between the closed subgroup K of fixed points of o and the
identity component of K. Furthermore, the group K contains no normal subgroup
of G other than {e}. That is, (G,K) is a symmetric pair. Since K is compact, (G,K)
is a Riemannian symmetric pair. a

Now we can prove the main result of this section.

Theorem 5.8. Let (M,F) be a globally symmetric Finsler space. Then (M,F) is
a Berwald space. Furthermore, the connection of F coincides with the Levi-Civita
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connection of a Riemannian metric Q such that (M, Q) is a Riemannian globally
symmetric space.

Proof. We first prove that F' is a Berwald metric. By Theorem 5.7, there exists a
Riemannian symmetric pair (G,K) such that M is diffeomorphic to G/K and F is
invariant under G. Fix a G-invariant Riemannian metric Q on G/K. Without loss of
generality, we can assume that (G, K) is effective. Since being a Berwald space is a
local property, we can assume further that G/K is simply connected. Then we have
the decomposition

G/K:EXGl/Kl XGZ/KZ X X Gn/Kn,

where E is a Euclidean space, and G;/K; s, i = 1,2,...,n, are simply connected ir-
reducible Riemannian globally symmetric spaces. Now we determine the holonomy
group of Q at the origin of G/K. According to the de Rham decomposition theorem,
it is equal to the product of the holonomy group of E and that of the G;/K;’s at the
origin. Obviously, E has trivial holonomy group. Next we determine the holonomy
group of the factors G;/K;. By the holonomy theorem of Ambrose—Singer [7], the
Lie algebra b; of the holonomy group H; is linearly spanned by the linear maps of
the form {7~ 'R, (u,v)T}, where T denotes any piecewise smooth curve starting from
o, T denotes the parallel displacements (with respect to the restricted Riemannian
metric) along T, R, is the curvature tensor of G;/K; of the restricted Riemannian
metric, and u,v € T,(G;/K;). Since G;/K; is a globally Riemannian symmetric
space, the curvature tensor is invariant under parallel displacements. Therefore

bi = span{Ry (u,v) | u,v € T,(Gi/Ki) }-

On the other hand, Since G; is a semisimple group, the Lie algebra of K =
Ad(K;) ~ K is also equal to the span of R,(u,v) (see [83, p. 207]). Since G;/K;
is simply connected, the groups H; and K" are connected [102]. Therefore H; = K;'.
Consequently the holonomy group H, of G/K at the origin is

* * *
Ki xKy x--xK,.

Now F defines a Minkwoski norm F, on 7,(G/K) that is invariant under H,. By
Theorem 1.7, we can construct a Finsler metric 7 on G/K by parallel translations
of Q. Then Theorem 1.8 implies that F' is a Berwald metric. Now, for any point
po = aK € G/K, there exists a geodesic of the Riemannian manifold (G/K,Q),
say y(t), such that y(0) = o and y(1) = po. Suppose the initial vector of ¥ is ug
and take u € p such that dzw(u) = up. Then y(¢) = exptu - po and dt(exptu) is the
parallel translate of (G/K,Q) along 7. Since F is G-invariant, it is invariant under
this parallel displacement. This means that the two Finsler metrics F and F coincide
in the tangent space 7,,(G/K). Consequently, they coincide everywhere. Thus F is
a Berwald metric.

Now we prove the next assertion. Since (M, F) is a Berwald space, there exists a
Riemannian metric Q; on M with the same connection as F. Since the above G acts
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isometrically on M, by Theorem 5.1, G acts as a group of affine transformations on
the connection. Since (G, K) is a (Riemannian) symmetric pair, M endowed with this
connection must be globally affine symmetric. Therefore (M, Q) is a Riemannian
globally symmetric space. O

From the proof of Theorem 5.8, we obtain the following corollary.

Corollary 5.3. Let (G/K,F) be a globally symmetric Finsler space and g =€+ p
the corresponding decomposition of the Lie algebra. Let 1t be the natural map of
G onto G/K. Then (dr), maps p isomorphically onto the tangent space of G/K at
po = eK. If u € p, then the geodesic emanating from po with initial tangent vector
(d7m)eu is given by

Yoralt) = exptu- po.

Furthermore, if v € T, (G/K), then (dexptu)p,(v) is the parallel of v along the
geodesic.

5.3 Minkowski Symmetric Lie Algebras

In this section, we introduce the notion of Minkowski symmetric Lie algebras to give
an algebraic description of symmetric Finsler spaces. By Theorem 5.8, each globally
symmetric Finsler space must be a Berwald space. Therefore, in the following we
will consider locally and globally affine symmetric Berwald spaces. The results are
all valid for globally symmetric Finsler spaces. We first give a new definition.

Definition 5.2. Let (g, o) be a symmetric Lie algebra and g = £+ m the canonical
decomposition of g with respect to the involution o. If F' is a Minkowski norm on
m such that for every y # 0, y,u,v € m, and w € ¢, we have

gy([wv M],V) +gy(“v [Wv V]) + 2Cy([way]v“v V) =0, (5.8)

where g, (resp. Cy) is the fundamental tensor (resp. Cartan tensor), then (g, 0, F) is
called a Minkowski symmetric Lie algebra.

Using the notion of a Minkowski symmetric Lie algebra, we can give an algebraic
description of globally affine symmetric Finsler spaces. In the following, for a
symmetric pair (G,K), we use o to denote the involutive automorphism of G as
well as that of the Lie algebra g of G. Let g = £+ m be the canonical decomposition
of g with respect to . As usual, we identify the tangent space T,(G/K) with m.

Theorem 5.9. Let (G/K,F) be a globally affine symmetric Berwald space. Then
(g,0,F) is a Minkowski symmetric Lie algebra. Conversely, let (g,0,F) be a
Minkowski symmetric Lie algebra and suppose (G,K) is a pair associated with
(g,0) such that K is closed and connected. Then there exists a Finsler metric (still
denoted by F) on G/K such that (G/K,F) is a locally affine symmetric Berwald
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space. Furthermore, if (G,K) is a symmetric pair, then G/K with this metric is
globally affine symmetric.

Proof. For the first assertion, we need only verify that F satisfies (5.8). Since F is
G-invariant, we have

F(Ad(h)u)=F(u), YheH,uecm.

Therefore, for any y(#£ 0),u,v € m, and w € £, ¢,r,s € R, we have

F2(Ad(exp(tw))(y + ru+sv)) = F2(y+ ru+ sv).
By definition,

1 0
gy(u,v) = 3 sz(y +ru+sv)|r—s—o-
Thus
19> ,
gy(u,v) = ==—=—F~(Ad(exp(tw))(y + ru+sv))|r=s—o- (5.9

T 20rds

Now for u € m, we have
Ad(exptw)u = u+t[w,u] + O(r%).

Therefore

1 92
gy(u,v) = 5sz(y—l—ru—i-sv—i-t[w,y—l—ru—l—sv] +O(t2))|r:3:o.

Taking the derivative with respect to ¢ att = 0, we get
0= gy([w,ul,v) +gy(u, [w,v]) +2C,([w, ], u,v]).

Therefore, (g, 0, F) is a Minkowski symmetric Lie algebra.

Conversely, let (g,0,F) be a Minkowski symmetric Lie algebra and suppose
(G,H) is a pair associated with (g, o), with H closed and connected. We assert that
there exists a G-invariant Finsler metric on G/H. In fact, given y (# 0),u,v € m, and
w € b, consider the function

y(r) = gAd(exp(tW»y(Ad(exp(tw))u,Ad(exp(tw))v).
Taking the derivative with respect to ¢, we easily see that

V' (t) =0.
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Therefore y(r) = y(0), Vr € R. Since H is connected, it is generated by elements
of the form exp(tw), w € b, t € R. Thus

gy (u,v) = gaanyy(Ad(h)u,Ad(h)v), VheH.
Using the formula F(y) = /gy(y,y), we have
F(Ad(h)u) =F(u), YheH,u€cm. (5.10)

Now for any gH € G/H, the map 1, : giH — ggH is a diffeomorphism of G/H
sending o to gH. Define a Finsler metric F on G/H by

F(y) =F(dt1(y), y€Ten(G/H).

By (5.10), F is well defined. It is obvious that F is a G-invariant Finsler metric
on G/H.

To prove the last two assertions, we only need to show that if (G,H) is a pair
associated with (g,0) and G is simply connected, then (G/H,F) is a globally
symmetric affine Berwald space. This can be verified similarly to what was done
in Theorem 5.5. We omit the details. a

By Theorem 5.9, if (g, 0, F) is a Minkowski symmetric Lie algebra, then (g, o)
is an orthogonal symmetric Lie algebra. We say that a Minkowski symmetric Lie
algebra (g,0,F) is of Euclidean type, compact type or noncompact type according
to the type of the corresponding orthogonal symmetric Lie algebra. Moreover,
(g,0,F) is called irreducible if (g,0) is irreducible as an orthogonal symmetric
Lie algebra.

As in the Riemannian case, there exists a remarkable duality among locally or
globally symmetric Finsler spaces. By Theorem 5.9, we need only treat Minkowski
symmetric Lie algebras.

Proposition 5.1. Let (g,0,F) be a Minkowski symmetric Lie algebra and g =
b+ m the canonical decomposition. Let g* = h++/—1m be the real subalgebra
of (g©)r. Define a Minkowski norm on /—1m by

F*(v=1u)=F(u), ucm.

Let 6* be the involutive automorphism of g* induced by ©. Then (g*,0",F*) is a
Minkowski symmetric Lie algebra. Moreover, if (g,0,F) is of compact type (resp.
noncompact type), then (u, 6", F*) is of noncompact type (resp. compact type), and
conversely.

Proof. The only point we need to prove is that F* satisfies (5.8). By the definitions
of fundamental form and Cartan tensor, we have

8yny(V—lur, vV—luz) = gy(u1,uz),
C\/jly(\/—1M1,\/—1M2,\/—1M3) = Cy(ul,uz,u3),

where y(# 0), u; € m. From this it is easily seen that F* satisfies (5.8). ad
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Definition 5.3. The triple (g*, 0", F*) defined in Proposition 5.1 is called the dual
of the Minkowski symmetric Lie algebra (g,0,F).

Itis clear that if (g, 07, F;) is the dual of (gz, 02, F»), then (g2, 02, F3) is the dual
of (gl,Gl,Fl).

Definition 5.4. Two Minkowski symmetric Lie algebras (g;,01,F;) and
(g2,02,F>) are called isomorphic if there exists a Lie algebra isomorphism ¢
of gy onto g, such that p o oy = 020 @ and F (u) = F(@(u)), Vu € g;.

Proposition 5.2. Let (g;,0;,F;) be two Minkowski symmetric Lie algebras. Then
(91,01, F1) is isomorphic to (92,02, F>) if and only if (g7,0},F\") is isomorphic to
(83,03, F5).

The proof is similar to the Riemannian case, so we omit it.

In the Riemannian case, every (simply connected) Riemannian globally sym-
metric space can be uniquely decomposed into the product of a Euclidean space,
a Riemannian symmetric space of compact type, and a Riemannian space of non-
compact type. Furthermore, each Riemannian space of compact type or noncompact
type can be uniquely decomposed into the product of irreducible ones. It is natural
to consider the same problem for symmetric Finsler spaces. However, we must be
careful because in this case, we do not have orthogonality. Therefore, the product
of two symmetric Finsler spaces may not be unique. To give a valid definition, we
need the following result:

Theorem 5.10. Let (M,F) be a globally affine symmetric Berwald space and
(G,K) an effective Riemannian symmetric pair such that M ~ G/K. Then the
connection of F (as a Berwald metric) coincides with the canonical connection
of G/K. In particular, for any effective Riemannian symmetric pair (G,K), the
connection is the same for all G-invariant Finsler metrics on G/K.

Proof. By Theorem 5.8, the connection of F coincides with the Levi-Civita
connection of a G-invariant Riemannian metric Q on G/K. But the Levi-Civita
connection on G/K is the same for all G-invariant Riemannian metrics on G/K.
Therefore the theorem follows. a

By Theorem 5.10, to consider the decomposition of symmetric Finsler spaces, we
do not need to consider the connection. Therefore we have the following definition:

Definition 5.5. Let (M,F), (M,,F\), (M2,F>) be globally affine symmetric
Berwald spaces. A Finsler space (M, F) is called the product of (M, F;) and (M5, F>)
if M ~ M) x M, and F; = F|y;, i = 1,2. A globally affine symmetric Berwald space
of compact or noncompact type is called irreducible if it cannot be written as the
product of two globally affine symmetric Berwald spaces

Similarly, we can define the notion of product of finitely many globally symmet-
ric Finsler spaces. Now we have the following theorem.
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Theorem 5.11. Let (M,F) be a simply connected globally affine symmetric
Berwald space. Then (M,F) can be decomposed into the product of a Minkwoski
space, a globally affine symmetric Berwald space of compact type and a globally
affine symmetric Berwald space of noncompact type. Moreover, every simply
connected globally affine symmetric Finsler space of compact or noncompact
type can be decomposed into the product of irreducible globally affine symmetric
Berwald spaces. The decomposition is unique as manifolds (in general not unique
as Finsler spaces).

Proof. By Theorem 5.8, the only point we need to check is that the coset space
R" ~R"/{0} endowed with a Finsler metric invariant under the parallel translation
is a Minkowski space. But this is obvious. O

Remark 5.1. Although we have the decomposition theorem, the classification of
symmetric Finsler spaces is not reduced to the case of irreducible ones, because the
product of two or more symmetric Finsler spaces is not unique.

Next we give a formula to compute the flag curvature and Ricci scalar of locally
affine symmetric Berwald spaces.

Theorem 5.12. Let (9,0, Fy) be a Minkowski symmetric Lie algebra and (G,H) a
pair associated with (g,0). Suppose there exists an invariant Finsler metric F on
G/H such that the restriction of F to m is Fy. Then the curvature tensor of F is
given by

Ro(u,v)w = —[[u,v],w], Vu,v,w €m,

and the flag curvature of the flag (P,y), y #0, y € P, is given by

K(Pay) :gl([[lvv]vl]v‘))a

where | = y/F (the distinguished section) and l,u is an orthonormal basis of the
plane P with respect to g;.

Proof. Since flag curvature is a local invariance, we can assume, without loss of
generality, that G is simply connected. Then by Theorem 5.9, G/H with F is
a globally affine symmetric Berwald space. Let D be the (linear) connection of
(G/H,F). Then D is the canonical connection of the globally affine symmetric
space G/H. Therefore,

R()(M,V)W: —[[M,V],W], u,v,we€m.
The last conclusion is the direct consequence of the definition of flag curvature. O
Corollary 5.4. Let (g,0,Fy) be a Minkowski symmetric Lie algebra and

(g%, 0%, Fy) its dual. Let (G,H) and (G*,H*) be two pairs associated with (g, 6, Fp)
and (g*, 0", Fy), respectively. Suppose there exist invariant Finsler metrics F on
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G/H and F* on G*/H* such that the restrictions of F and F* on m and /—1m
are equal to Fy and Fj, respectively. Then the flag curvatures of (G/H,F) and
(G*/H*,F*) satisfy

K(Py)=—K(V—1PV/~1y), 0#yecm,

where P is a plane in m containing y and «/— 1P is the plane in \/—1m spanned by
v—1lu, u e P.

It is a result of Cartan (see [83, Theorem 3.1, Chap.V]) that the sectional
curvature of a Riemannian symmetric space is everywhere 0, everywhere > 0, or
everywhere < 0, according as it is of Euclidean type, compact type, or noncompact
type. It is easy to see that the flag curvature of a (locally or globally) affine
symmetric Berwald space of Euclidean type is everywhere 0. However, in the cases
of compact type or noncompact type, the situation is somehow complicated. The
reason for this complexity is that the proof of the Riemannian case depends on the
invariance of the inner product in the formula of the sectional curvature. But in the
formula of flag curvature the inner product gy (or g;) is not invariant under the action
of H. Therefore the original proof is not applicable. However, using Weyl’s unitary
trick, we can generalize this elegant result to the Finslerian case.

Theorem 5.13. Let (G/H,F) be a locally affine symmetric Berwald space with G
semisimple and (g, 0, F) the associated Minkowski symmetric Lie algebra with the
canonical decomposition g = +m.

1. If (g,0) is of compact type, then the flag curvature of (G/H,F) is
everywhere > 0.

2. If (g,0) is of noncompact type, then the flag curvature of (G/H,F) is
everywhere < 0.

Proof. By the duality, we need treat only the noncompact case. Then H is a
connected compact Lie group (see Sect.2.5). Given y # 0 and a vector u that is
linearly independent from y, let P be the plane spanned by y, u. Then the flag
curvature is given by

): gl([[lvu]al]a“)
gi(u,u) — gi(l,u)?
Accordingly, we need only prove that g;([[/,u],!],u) < 0. Consider the pullback

bundle 7*(TM) over TM\{0}. It is easily seen that in the notation of [16, pp. 73—
741, we have g;([[{,u],{],u) = (I,u). Moreover, it is also true that (/,u) = (u,!). Thus

K(P,y

gl([[lvu]vl]v“) :gl([[“vl]v“]vl)'
Set v = [[u,],u]. Then by the identity

CZ(Z17Z27Z):07 Vzhzzema
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we have
gl([W,V],Z)+g1(V, [Wul]) = _ZCZ([Wul]uvvl) =0,Vwe h

This means that for the given w, the derivative of the function
g1(Ad(exp(tw))v. Ad(exp(tw))1)
is equal to 0 everywhere. Therefore
gi/(Ad(exp(tw))v,Ad(exp(tw))l) = gi(v,1), VYwebh,t eR.
Since H is connected and compact, the exponential map is surjective. Thus
gi(Ad(h)v,Ad(h)l) = g;(v,]), VheH.

Now we define a new inner product Qp on m by

Qo(ul,vl):/Hg,(Ad(h)ul,Ad(h)vl)dh, up,v €m,

where dh is the normalized standard bi-invariant Haar measure of H. By the
definition, Qg is Ad(H )-invariant and

Qo(V,l) = gl(v,l).

Using Qp we can define a G-invariant Riemannian metric Q on the coset space
G/H such that the restriction of Q to m coincides with Qp. Then (G/H,Q) is a
Riemannian globally symmetric space of noncompact type. Therefore the sectional
curvature of (G/H,Q) is everywhere < 0. Thus

Qo(v,1) = gi([[u,1],ul],1) <0.

Consequently
gi([[u,1],u],1) = gi(v,1) = Qo(v,1) < 0.
Therefore
K(Py) <0. O

Remark 5.2. In the above theorem, the equality is strict if and only if P is not a
commutative plane. This can be easily seen from the formula of the flag curvature
in Theorem 5.12.

By Theorem 5.12, we have the following result.

Theorem 5.14. Let (G/H,F) be a globally affine symmetric Berwald space and
g = b+ m the canonical decomposition of the corresponding Minkowski symmetric
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Lie algebra. Identifying m with the tangent space T,(G/H) at the origin, we have
Ric(y) = —%B(y,y), Vy(#£ 0) € m, where B denotes the Killing form of the Lie
algebra g.

Proof. By Theorem 5.12, the curvature tensor of the connection of the Berwald
space (G/H,F) is

Ro(u,v)w = —[[u,v],w], wu,v,wem.
This implies that the Riemann tensor of (G/H, F) satisfies

Ay(u) =—F*(y)[ly.ul,y], y(#0), ucm.

Taking the trace of the linear endomorphism Ry, we find that the Ricci scalar of
(G/H,F) is the same as that of the Riemannian manifold (G/H,Q), where Q is a
G-invariant Riemannian metric on G/H. Now, using Corollary 2.1 one can easily
deduce that Ric(y) = —1B(,y). O

5.4 Rigidity Theorems

In this section, we present some rigidity results on symmetric Finsler spaces related
to flag curvature. We first recall a result of Busemann and Phadke [35] that asserts
that a locally symmetric G-space has a globally symmetric universal covering space.
When the G-space is smooth, it is a (complete) Finsler space. Therefore, combining
Theorems 5.4, 5.6(d), and 5.8, we have the following theorem.

Theorem 5.15. Let (M,F) be a complete locally symmetric Finsler space. Then
for every x € M, there exist a simply connected globally symmetric Finsler space
(M,f), a neighborhood N of x in M, and an isometry of N onto an open subset N
of M. In particular, (M, F) is a Berwald space.

In view of Theorem 5.3, we have the following result.

Theorem 5.16. Let (M,F) be a complete Finsler space. Then (M,F) is locally
symmetric if and only if it is a Berwald space and the flag curvature is invariant
under all parallel displacements.

Now we can deduce some global rigidity theorems on symmetric Finsler spaces.
First we have the following.

Theorem 5.17. Let (M,F) be a complete locally symmetric Finsler space. If the

flag curvature of (M, F) is everywhere nonzero, then F is Riemannian.

Proof. Let x € M. By Theorem 5.15, there exist a neighborhood N of x, a simply
connected globally symmetric Finsler space (M, F ), and an isometry from N onto an
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open subset N of M. By the assumption, the flag curvature of (M F ) is everywhere
nonzero on N. Since (M F ) is homogeneous (Theorem 5.6 (¢)), the flag curvature
of (M F ) is everywhere nonzero. By Theorem 5.7, M can be written as a coset
space of a Riemannian symmetric pair (G,H) and F corresponds to a G-invariant
Finsler metric F| on G/H.Let g = b+ m be the canonical decomposition of the Lie
algebra. Then by Theorem 5.11, we have [u,v] # 0 for all vectors u,v in m that are
linearly independent. That is, G/H is irreducible and of rank one. Fix a G-invariant
Riemannian metric Q on G/H. Then Ad(H) acts transitively on the unit sphere
of the Euclidean space (T,(G/H), Q). Since both Q and F; are invariant under the
action of Ad(H), there exists a positive number ¢ such that F1 =cy/&(y,y) for
all y € T,(G/H). Hence F} is Riemannian. Thus F is Rlemanman Consequently
F is Riemannian on N. Since x is arbitrary, we conclude that F is a Riemannian
metric. O

Since a compact Finsler space is complete, we have the following corollary.

Corollary 5.5. Let (M,F) be a compact locally symmetric Finsler space. If the flag
curvature of (M, F) is everywhere nonzero, then F is Riemannian.

It should be noted that the negatively curved case in Corollary 5.5 can also
be deduced from the main result in [71]. However, the approaches are essentially
different. Moreover, the method in [71] is not applicable to the positively curved
case here. We mention here that there is a geometric approach to prove the positively
curved case of this corollary; see [98].

Theorem 5.18. Let (M,F) be a locally affine symmetric Berwald space. If the flag
curvature of (M, F) is everywhere nonzero, then F is Riemannian.

Proof. By Theorem 5.4, a locally symmetric Berwald space is locally isometric to a
globally symmetric Berwald space. Therefore the result can be proved in a manner
similar to that of Theorem 5.17. a

By Theorem 5.4, a Berwald space of constant flag curvature must be locally
symmetric. Therefore we have the following corollary.

Corollary 5.6. A Berwald space of nonzero constant flag curvature is Riemannian.

It should be noted that this result is a special case of Numata’s theorem (see [16]).
It is interesting that the approaches are very different.

Finally, we mention that recently Matveev and Troyanov proved that a locally
symmetric Finsler space must be a Berwald space, without the completeness
assumption. This proves a conjecture posed in [61]. See [116] for details. By their
results, the assertions of Theorems 5.15-5.18 and Corollary 5.5 are all valid without
the completeness assumption.
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5.5 Complex Structures

In this section we consider homogeneous Finsler spaces with invariant compatible
complex structure and give a classification of complex symmetric Finsler spaces.
A complex Finsler manifold (M,I,F) is a (connected) complex manifold (M,1)
endowed with a complex Finsler metric F. Here, by a complex Finsler metric, we
mean a continuous function F : TM — R™ (where Ty(M), x € M is viewed as a
complex vector space) that satisfies the following conditions:

1. F is smooth on TM\{0};
2. F(u) >0,Vu#0;
3. F(Au) = |A|F(u) for every A € C*.

The restriction of F' to any 7, M is a complex Minkowski norm, i.e., a function on
the complex vector space T,M that is smooth on T.M\{0} and satisfies conditions
(2) and (3). In this section, we will consider only those complex Finsler metrics
which are strongly convex as a real Finsler metric. Namely, let x € M and
V1,V2,...,V2, be a basis of T,(M) over the field of real numbers. For y = ijj €
T.(M), write F(y) = F(y',y%,...,y*™). Then the Hessian matrix

@)= (51731)

is positive definite at every point in T,(M)\{0}. Therefore, F is a real Finsler metric
in the usual sense.

We first give some examples of complex Minkowski norms and complex Finsler
metrics.

Example 5.2. Let (M,I,Q) be a Hermitian manifold. Then it is obvious that the
function F defined by

F(v) =+/Q(,v)

is a complex Finsler metric on (M,I). In this case we say that F is associated with
the Hermitian metric Q.

Example 5.3. Let us give an example that is not associated with any Hermitian
metric. Let n > 2. In the linear vector space C", we define

Y e S o R

where x = (x1,x2,...,%,) € C", | -| denotes the modulus of a complex number, and
s > 2 is an integer. Then it is easily seen that F is a complex Minkowski norm that
is not the norm of any Hermitian form. In an obvious way, we can view (C",F)
as a complex Finsler manifold. It is easily seen that F is not associated with any
Hermitian metric on C".
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Let (M,I,F) be an n-dimensional complex Finsler manifold. Then (M, F) is a
(2n)-dimensional real Finsler space. A differmorphism 7 of M is called holomorphic
if dtol = I odrt. The set of all holomorphic isometries of (M,I,F) forms a group,
denoted by A(M,1,F). It is obvious that A(M, I, F) is a closed subgroup of I(M, F).
Therefore, by Theorem 3.4, we have the following result.

Proposition 5.3. The group A(M,I,F) of holomorphic isometries of (M,I,F) is
a Lie transformation group of M with respect to the compact-open topology.
Moreover, for every x € M, the isotropy subgroup Ax(M,I,F) at x is a compact
subgroup of A(M,1,F).

Definition 5.6. A complex Finsler manifold (M,1,F) is called homogeneous if the
group of holomorphic isometries A(M, 1, F) acts transitively on M.

By the above discussion, we have the following.

Proposition 5.4. Let (M,1,F) be a homogeneous complex Finsler manifold. Then
(M,I,F) can be written as a coset space G/H, where G = Ao(M,I,F) is the
unity component of the group A(M,I,F) of holomorphic isometries and H =
(A0)x(M,I,F) is the isotropy subgroup of Ag(M,I,F) at x € M.

As an application of the above propositions, we can prove our next theorem.

Theorem 5.19. Let (M,I,F) be a homogeneous complex Finsler manifold. Then
there exists a Riemannian metric Q on M such that (M,I,Q) is a homogeneous
Hermitian manifold.

Proof. By Proposition 5.4, M can be written as the coset space G/H of a Lie group
G with G-invariant complex structure / and complex Finsler metric F. Let 0 = eH
be the origin of G/H and V = T,(G/H). Then the group K of linear isometries of
the (real) Minkowski space (V,F) is a compact subgroup of GL(V). Fix any inner
product {, )o on V and define an inner product (,) by

(u,v) = /;{((Ad(k)u,Ad(k)v}o + (I(Ad(k)u),I(Ad(k)v))o) dk,

where dk is the standard invariant Haar measure on K. It is obvious that (,) is
K-invariant. Since H C K, (, ) is also H-invariant. Therefore (, ) can be extended to
a G-invariant Riemannian metric Q on G/H. By definition, it is easy to check that

Q(I(u)vl(v)) = Q(”vv)

for every u,v € T,(G/H), x € G/H. Therefore (G/H,I,Q) is a homogeneous
Hermitian manifold. ad

By the above results, to study complex homogeneous Finsler spaces, we need
only consider invariant Finsler metrics on coset spaces. We have previously intro-
duced several new notions such as Minkowski Lie pairs, Minkowski Lie algebras,



126 5 Symmetric Finsler Spaces

Minkowski symmetric Lie algebras. Now we use a unified method to describe these
notions. This will be useful in describing homogeneous complex Finsler spaces. In
the following, vector spaces are assumed to be finite-dimensional.

We first give an infinitesimal version of the definition of Minkowski representa-
tions of Lie groups.

Definition 5.7. Let g be a (real or complex) Lie algebra. Then a Minkowski
representation of g is a representation (V,9) of g with a (real or complex)
Minkowski norm F on the (real or complex) vector space V such that

gy(@(W)u,v) + gy (u, 0 (w)v) +2C, (9 (w)y, u,v) =0,
for every w € g, y(# 0), u,v € V. We usually denote the Minkowski representation
by (V,¢.F).
We first give some examples of Minkowski representations.

Example 5.4. Let G be a Lie group and H a closed connected subgroup of G with
Lie algebras g and b, respectively. Suppose F' is a Minkowski norm on the quotient
space g/b such that (g, b, F) is a Minkowski Lie pair. That is,

gy(adg/b (x)(u),v) + gy(u, adg (x)v)+ 2Cy(adg/b (x)y,u,v) =0,

for every y(# 0),u,v € g/b, and w € b, where ady, is the representation of b on
g/b induced by the adjoint representation. Then it is obvious that (g/h,adg /4, F) is
a Minkowski representation of h. Recall that by Theorem 4.1, (g/ b, Adg/p, F )isa
Minkowski representation of H.

Example 5.5. Let (g, F) be a Minkowski Lie algebra. That is, g is a real Lie algebra,
F is a Minkowski norm on g, and the following condition is satisfied:

gy([Wv M] ’ V) + gy(“a [Wa V]) + ZCY([Way] U, V) = 07
for every y(#£ 0), w,u,v € g. Then it is easily seen that (g,ad,F) is a Minkowski
representation of g, where ad is the adjoint representation of g.

Example 5.6. Let (g,0,F) be a Minkowski symmetric Lie algebra. That is, g is a
real Lie algebra, o is an involutive automorphism of g with canonical decomposition
g =bh+m, F is a Minkowski norm on p, and the following condition is satisfied:

g)’([wv u]vv) +g)’(”7 [Wa v]) + ZC);([W,y],M,V) = 07

for every y(# 0),u,v € m, w € h. Then it is easily seen that (m,ad,F) is a
representation of fj, where ad is the adjoint representation of h on m.

The relation between Minkowski representations of Lie groups and Lie algebras
is stated in the following:
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Theorem 5.20. Let G be a Lie group with Lie algebra g. If (V,p,F) is a (real)
Minkowski representation of G, then (V,dp,F) is a Minkowski representation of
g. On the other hand, if (V,¢,F) is a Minkowski representation of g and G is
connected, then there exists a Minkwoski representation (V,p,F) with ¢ = dp.

The proof of this theorem is similar to that of Theorem 4.2, so we omit it. We
also have the following result.

Theorem 5.21. Let G be a Lie group and (V,p,F) a real (complex) Minkowski
representation of G. Then there exists an inner product (Hermitian inner product)
(,) onV such that (V,p,(,)) is an orthogonal (unitary) representation of G.

Proof. The proof is similar to Theorem 5.19. Just note that p(G) is contained in the
group K of linear isometries of (V, F), which is a compact subgroup of GL(V). O

Next we will use the notion of Minkowski representations of Lie groups and
Lie algebras to study homogeneous complex Finsler spaces. By Proposition 5.4,
we need only study the invariant structures on a coset space G/H, where G is a
connected Lie group and H is a closed subgroup of G.

We first consider the special case in which G is a complex Lie group. That is, G
is an (abstract) group as well as a complex manifold and the map: (x,y) — xy, resp.
x + x~ !, is a holomorphic map from G x G, resp. G to G. As a manifold, G can be
viewed as a real smooth manifold, denoted by Gr. Then Gr with the original group
operation is a real Lie group. The Lie algebra gr has a natural complex structure /.
Therefore gr can be viewed as a complex Lie algebra, which we denote by g and
call the complex Lie algebra of the complex Lie group G.

Let G be a complex Lie group and H a closed complex subgroup of G. Then
it is easily seen that the coset space G/H has a natural complex structure I such
that (G/H,I) is a homogeneous complex manifold. Identifying the tangent space
T,(G/H) of G/H at the origin o = eH with the quotient space g/h, we have the
following theorem.

Theorem 5.22. Let G be a complex Lie group and H a closed complex subgroup of
G. If F is a complex Finsler metric on G/H such that (G/H,I,F) is a homogeneous
complex Finsler manifold, then (g/h,adgy,F,) is a Minkowski representation
of b. On the other hand, if F. is a complex Minkowski norm on g/b such
that (g/b,adgy,F.) is a Minkowski representation of b and the subgroup H is
connected, then there exists a complex Finsler metric F on G/H such that F, = F,
and (G/H,I,F) is a homogeneous complex Finsler manifold.

Proof. The proof is similar to the real case; see Theorem 4.2. a

Theorem 5.22 gives a complete description of the structure of invariant complex
homogeneous Finsler metrics on the coset spaces of complex Lie groups. However,
there exist complex homogeneous manifolds that cannot be written as a coset space
of a complex Lie group. Let us give an example.
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Example 5.7. Consider a bounded domain D in C”". It is well known that the group
of holomorphic diffeomorphisms of D onto itself, denoted by H(D), is a real Lie
group (see [83]). If the action of H(D) on D is transitive, then D is a homogeneous
complex manifold, called a homogeneous bounded domain. However, in this case,
there cannot be any complex structure on H(D) that makes H(D) a complex Lie
group. In fact, if H(D) is a complex Lie group, then the orbit of any one-parameter
subgroup of H(D) is bounded. According to Liouville’s theorem, every bounded
holomorphic function on C is a constant. This means that the orbit of every one-
parameter subgroup of H(D) consists of a single point, contracting the fact that
H(D) acts transitively on D.

Therefore, to obtain a complete algebraic description of all the complex homo-
geneous Finsler spaces, we have to consider all the coset spaces G/H, where G is
a real Lie group and H is a closed subgroup of G. In the following, we will find a
sufficient and necessary condition for such a coset space to have a complex structure
and an invariant complex Finsler metric simultaneously.

In the following, we will encounter several representations of a Lie algebra f
that are all induced by the adjoint representation. To keep the notation simple,
we sometimes denote such representations simply by ad. Moreover, for a linear
transformation p on a real vector space V, we use p to denote the induced complex
linear transformation on the complexification V.

Theorem 5.23. Let G be a (real) Lie group, H a closed subgroup of G, LieG = g,
LieH = 0. If I is a complex structure on G/H and F is a Finsler metric on G/H
such that (G/H,I,F) is a homogeneous complex Finsler space, then there exists a
complex subalgebra a of the complex Lie algebra g© (complexification of g) such
that ana = bS, a+a = g% and a complex Finsler metric Fy on a/hC such that
(a/ K, ad, F\) is a Minkowski representation of ). On the other hand, if there exists
a complex subalgebra a of g€ satisfying ana = h<, a+a = g and a complex
Minkowski norm Fy on a/bC such that (a/bC,ad, Fy) is a Minkowski representation
of b and if moreover, H is connected, then there exist a complex structure I on G/H
and a complex Finsler metric F on G/H such that (G/H,I,F) is a homogeneous
complex Finsler space.

Proof. First suppose that I is a G-invariant complex structure on G/H and F is
a Finsler metric on G/H such that (G/H,I,F) is a homogeneous complex space.
Then I corresponds to a Koszul operator J [102, 103] that is a linear transformation
of g such that there exists a subspace m satisfying

g=bh+m (direct sum of subspaces),
with J(h) = 0, J(m) C m and J?|, = —id. Moreover, we also have

E(JX) = Io(n(X))v Xeg,
Ad(h)J = JAd(h) (mod),Vh € H,
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where o is the origin of G/H and 7 is the natural projection of g onto g/h. Now we
extend J to a complex linear transformation J© of g€ = h¢ 4+ m®. Define

n® = {X € ¢¢ | JS(X) = £V—1X}.
It is easily seen that n™ C m®. Set a = h© +n*. Then @ = h* + n~. Therefore we
haveana= [)C, and g = a+ a. Furthermore, by the definition of a, for every X € f)C,
Y € a, we have

I$7°([X,Y]) = IS7%(ad(X)Y) = ISad(X)n®(Y) = ad(X)IS (7€ (Y)),
Since 7€(Y) € n*, we have IS(7€(Y)) = v/—12°(Y). Thus
I£(xS([X,Y])) = V—Tad(X)n(Y) = V—-17°([X,Y]).
Therefore, 7€([X,Y]) € n*. Hence [X,Y] € a. That is,
5, a] C a.

Now for any Y1,Y> € a, we have

JM Y] = V=11, Y] (modh©).
Combining this fact with [hC, a] C a, we see that a is a complex subalgebra of g.

Now the Finsler metric F on G/H defines a Minkowski norm on the vector space

T,(G/H). Identifying g/b with T,(G/H), we obtain a Minkowski norm F* on g/h
defined by

F*(au+bl,(u)) = Va®>+b*F(u), u€cg/h,a,beR,
F*(Ad(h)u) = F(u), heH,ucg/h.

Extend F* to a Minkowski norm on (g/h)¢ = g€/ (denoted by F;') by

F (b VoI =/ (F* @)+ (F* ()%, v € g/b.
It is obvious that
Fi((aid+bIC)u) = Va2 + b2F; (1), ueg®/bC a,beR.
Let F be the restriction of F|" to a / hC. Then by definition, we have

Fi(Ad(h)(x)) = Fi(x),
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for every x € a/h¢ and h € H. On the other hand, for every a,b € R and u € a,
we have

Fl((a—l—b\/—_l)nc(u)) = Fl(nc((a—i—b.lc)u))
= F((a+bIS)n (1)) = Va* + b2F (7 (u)).

Therefore F is a complex Minkowski norm on a/ hC. Since F; is invariant
under H, (a/H¢ Ad,F) is a Minkowski representation of H. By Theorem 5.5.4,
(a/h¢,ad, Fy) is a Minkowski representation of b.

Conversely, if there exist a complex subalgebra a satisfying g© = a+a, ana = h°
and a complex Minkowski norm F; on a/h such that (a/h€,ad, F;) is a Minkowski
representation of f, then we have a direct decomposition

(9/0)¢ =) + 7).
Since 7€(@) = n€(a), we can define a (real) linear transformation I, on the real
vector space g/h such that I{(;|R.C(u> = /—T1id, and I(,C|ﬂc(a) = —y/—Tid. Then it
is known that 7, can be extended to an almost complex structure / on G/H and
moreover, [ is integrable if and only if a is a subalgebra of g€ [103]. Thus we
have defined a complex structure on G/H. Now we extend the Minkowski norm Fy
(denoted by F7") to g</H< = (g/h)¢ by

Fi((u45) + F+5%) = \/(Fl (u+5H9))2+ (Fi(v+69))2, u,vea.

It is easily seen that F}" is a complex Minkowski norm on a©/bC. Let F, be the
restriction of F* to g/h and for w € g, let

7S (w) = (Wi +5) + (W2 +5),

where wy,w, € a. Then for every a,b € R, we have (here for simplicity we denote
the imaginary unit by i)

Fy((a+bi)n(w)) = Fy((a+bl,)m(w)) = F{'((a+bI5) " (w))
= F{ ((a+bI5)((wi +5) + (w2 +5%)))
= F{'((a+bi) (w1 +5) + (a = bi) (2 + )

=/ (Fi((a+ i) (w1 +5))2 + (Fi((a — bi) (72 + bC) 2

= @) Fi (01 +50) P+ (@ 0) (R 72+ )
— V@ P\ J(F (w1 +59) + (i (721 6€))2
= V@ +b2F (2€(w)) = Va® + b2F,(r(w)).
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Therefore, F, is a complex Minkowski norm on g/ (with respect to the complex
structure 7,). On the other hand, since (a/ he, ad, F1) is a Minkowski representation
of b, it is easily seen that (g/h,ad,F,) is a Minkowski representation of . Since
H is connected, (g/h,Ad,F,) is a Minkowski representation of the group H. By
Theorem 4.1, we can define a complex Finsler metric F on G/H that is invariant
under the action of G. Consequently, (G/H, I, F) is a homogeneous complex Finsler
space. O

Remark 5.3. In some special cases, we have a priori an invariant complex structure
on G/H. In this case, to make G/H a homogeneous complex Finsler space, we need
only find an invariant complex Finsler metric on G/H.

Finally, we study complex symmetric Finsler spaces. Let (M,I,F) be a complex
Finsler space. Then (M,I,F) is called globally symmetric if for every point x € M
there exists an involutive holomorphic isometry o, of M such that x is an isolated
fixed point of o. It is easily seen that in this case, the group A(M,I,F) acts
transitively on M. Hence (M,I,F) is a homogeneous complex Finsler space. Let
G =Ay(M,I,F) and let H be the isotropy subgroup of G at a fixed point x in M.
Then M = G/H. Define an automorphism ¢ of G by ¢(g) = 0, -g- 0y, g € G.
Then o is an involutive automorphism of G and (Ks)o C H C Ky, where Ky is the
subgroup of G consisting of fixed points of ¢ and (Ky)o is the identity component
of K. This means that (G,H) is a symmetric pair. Since H is compact, (G,H) is
a Riemannian symmetric pair. By standard results on Hermitian symmetric spaces
(see [83, Chap. VIII]), we have the following theorem.

Theorem 5.24. Let (G/H,I,F) be a globally symmetric complex Finsler space.
Then there exists a G-invariant Riemannian metric Q on G/H such that the triple
(G/H,I,Q) is a Hermitian symmetric space.

The Hermitian symmetric spaces were completely classified by Cartan [83].
Hence Theorem 5.24 reduces the problem of classification of symmetric complex
Finsler spaces to the problem of determining which Hermitian symmetric space
admits an invariant non-Riemannian complex Finsler metric. Now we can prove our
next result.

Theorem 5.25. Let (G1/Hy,11,01) and (G2 /Hy, I, Q>) be two Hermitian symmet-
ric spaces. Then on the product manifold (G| /H)) x (G2/H,) there exist infinitely
many non-Riemannian Finsler metrics F that are invariant under G| X G, and make
(G1/Hy X Go/Hy, I X I, F) a symmetric complex Finsler space.

Proof. Let oy, 03 be the origins of G1/H;, G, /H, respectively and o = (01,0,). For
every tangent vector y = (y1,y2) € T,(G1/H\ x Go/H2), yi € T,,(Gi/H)), i = 1,2,
and integer s > 2, define

F(y)= \/Ql()’lv)’l) +02(y2,32) + v/ Q1 (1,31 + Qa(y2,32)°

Then F, is a non-Euclidean Minkowski norm on 7,(Gi/H; x G,/H>) that is
invariant under H; x H,. Hence it can be extended to a Finsler metric F on
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G1/H, x Gy /H;.Itis obvious that F is non-Riemannian. Since Q, 0, are Hermitian
metrics, for every a,b € R, we have

Fo((a+bI)y) = Fy((a+bh)y1,(a+bh)y;) = V@ +D*F,(y).

Therefore F is a complex Minkowski norm. a

The irreducible cases can also be completely settled. First we prove the following
result.

Theorem 5.26. Let G/H be a (compact or noncompact) irreducible Hermitian
symmetric space. Then there exists an invariant complex structure I on G/H such
that (G/H,I,F) is a symmetric complex Finsler space for every G-invariant Finsler
metric on G/H.

Proof. The only point we need to check is that every invariant Finsler metric F
on G/H must be a complex Finsler metric with respect to the complex structure.
We treat only the compact case. The noncompact case can be proved using duality.
By Theorem 2.38, if G/H is a compact irreducible Hermitian symmetric space,
then G/H can also written as U/K, where U is a connected compact simple
Lie group with center {¢} and K is a maximal connected proper subgroup of U
with nondiscrete center. Moreover, the center Zx of K is isomorphic to the circle
group S'. Therefore there exists an element of order 4, say j, in K. Let I denote
the induced linear transformation of Ad(j) to 7,(U/K). Then I?> = —id and it is
true that / induces an invariant complex structure on U /K. Now suppose F is a
U-invariant Finsler metric on U /K and a,b € R with a® +b* # 0. We assert that the
endomorphism

AR
Va2 +b? Va2 +b?
lies in the image of Zx under the inducing map (to T,,(U /K)). In fact, since Zg ~ S'
and j is of order 4, we easily see that there exists u € £ such that Zx = {exp(ru) |

t € R} and exp(u) = j. Since Ad(j) induces the complex structure I on 7,(U /K),
Ad(exp(ru)) induces the endomorphism 7 () of T,(U /K), where

T(t) = el = (cost)id+ (sint)l, r€R.

This proves our assertion. Now

b
F((aid+bI)y) = F \/a2+b2< 4 id+ 1>)
(taia-+ o) = F ( i L)
b
- a2+b2F(< 4 id+ 1))
Va2 +b? Vi )

=Va2+b2F(T(0)y)

= a2+b2F(y),
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Table 5.1 Irreducible symmetric complex non-Riemannian Finsler spaces. Here p,qg > 1

Noncompact spaces Compact spaces Rank Dimension
Al SU(p,q)/S(Up xUy) SU(p+4)/S(U, xUy) min(p,q)  2pq
BDI SO,(p,2)/SO(p) x SO(2) SO(p+2)/SO(p) xSO(2) 2 2p
DIII SO*(2n)/U(n)(n > 4) SO(2n)/U(n)(n > 4) [4n] n(n—1)
CI Sp(n,R)/U(n)(n > 2) Sp(n)/U(n)(n > 2) n n(n+1)
EIII (e6(—14),50(10) +R) (e6(—78),50(10) +R) 2 32
EVII (27(,25),26+R) (27(,133),26+R) 3 54
where

0 = arccos

a
va*+b?

and we have used the above assertion and the fact that F is invariant under Ad(K).
Thus F is a complex Finsler metric on U /K. This proves the theorem. a

It was proved in Szabd [152] that on each irreducible globally symmetric
Riemannian manifold G/H of rank > 2, there exist infinitely many invariant Finsler
metrics on G/H, and on a rank-1 symmetric Riemannian manifold G/H, there
does not exist any non-Riemannian invariant Finsler metric. On the other hand,
irreducible Hermitian symmetric spaces were completely classified by Cartan (see
[83, p. 518]). Combining these results with Theorem 5.26, we get a complete
classification of irreducible symmetric complex non-Riemannian Finsler spaces.

Theorem 5.27. Let G/H be an irreducible Riemannian symmetric space. If G/H
admits an invariant complex structure I and a non-Riemannian Finsler metric F
such that (G/H,1,F) is a symmetric complex Finsler space, then G/H must be one
of the manifolds in Table 5.1. Furthermore, on each manifold in the table, there exist
infinitely many invariant symmetric complex non-Riemannian Finsler metrics.



Chapter 6
Weakly Symmetric Finsler Spaces

The notion of Riemannian weakly symmetric spaces was introduced by Selberg
in 1956. In the paper [135], he generalized the Poisson summation formula to
the celebrated Selberg trace formula in his study of harmonic analysis on such
manifolds. Every Riemannian symmetric space is weakly symmetric. But the
converse is not true, as pointed out by Selberg by constructing some explicit
examples. Moreover, a Riemannian weakly symmetric space is a commutative
space, in the sense that the differential operators that are invariant under the action
of the full group of isometries form a commutative algebra. Recently the study of
Riemannian weakly symmetric spaces has become rather active. An excellent survey
of related results in this field can be found in Wolf’s recent book [176].

In recent years, we have generalized the notion of a weakly symmetric space to
the Finslerian case and studied weakly symmetric Finsler spaces extensively. One of
the most important applications of this study is that we have found many examples
of reversible non-Berwald spaces with vanishing S-curvature, such spaces as have
been sought in an open problem posed by Shen in the problem section [146].

In this chapter we will introduce our results on weakly symmetric Finsler spaces.
Here is an outline of the main results. We first study the geometric properties
of weakly symmetric Finsler spaces and particularly prove that every weakly
symmetric Finsler space must have vanishing S-curvature. Then we introduce a new
algebraic notion of a weakly symmetric Lie algebra to describe weakly symmetric
Finsler spaces. As an application, we obtain a global classification of all weakly
symmetric Finsler spaces with dimension less than or equal to 3. Finally, we classify
weakly symmetric spaces with a reductive transitive group of isometries, as well
as admissible weakly symmetric metrics on H-type Lie groups. The last section is
devoted to constructing examples of non-Berwaldian reversible Finsler spaces with
vanishing S-curvature.

Here we point out some possible developments in related topics in this chapter.
First, Finslerian g.o. spaces (see Sect. 6.2 for the definition) deserve to be studied
thoroughly. Up to now, the only known examples of Finslerian g.o. spaces are the
Riemannian ones and weakly symmetric Finsler spaces studied in this chapter.
It would be interesting to find some special types of Finslerian g.o. spaces.

S. Deng, Homogeneous Finsler Spaces, Springer Monographs in Mathematics, 135
DOI 10.1007/978-1-4614-4244-8_6, © Springer Science+Business Media New York 2012
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For example, the problem of under what condition a homogeneous Randers space
is a g.o. space deserves to be considered. For the Riemannian case of this problem,
see [74]. Another interesting problem concerns the notion of weakly symmetric
Lie algebras introduced in Sect. 6.3 of this chapter. It would be very interesting
to establish a theory of such algebraic structures from a purely algebraic point of
view. For example, if we can classify all weakly symmetric Lie algebras with the
underlying Lie algebra being semisimple or reductive, then an intrinsic proof of the
classification result of Yakimova and Wolf (see Sect. 6.6) can be achieved.

The standard references of this chapter are [49-51,66,179]; see also [54,65, 104,
105] for further information.

6.1 Definitions and Fundamental Properties

We first recall the original definition of Selberg.

Definition 6.1. A connected Riemannian manifold (M, Q) is called weakly sym-
metric if there exists a subgroup G of the full group I(M, Q) of isometries such that
G acts transitively on M and there exists an isometry f of (M, Q) with f> € G and
fGf~! = G such that for every two points p,q € M, there exists an isometry g of

(M, Q) satisfying g(p) = f(q) and g(q) = f(p).

This definition seems somehow complicated and roundabout. In [25], Berndt
and Vanhecke proved the following simple geometric characterization of weakly
symmetric spaces.

Proposition 6.1. A Riemannian manifold (M, Q) is weakly symmetric if and only if
for every two points p,q € M there exists an isometry f of (M, Q) such that f(p) = q
and f(q) = p, or in short, f interchanges p and q.

Proof. Suppose (M, Q) is a weakly symmetric Riemannian manifold and G is the
subgroup of 1(M, Q) satisfying the condition in Definition 6.1, along with a specific
isometry fi. Then for every p, g, there is g; € I(M, Q) such that f;(p) = g1(¢) and
fi1(q) = g1(p). Hence the isometry f = gl’1 /1 interchanges p and ¢g. Conversely,
suppose for every two points p,q in M there is an isometry f; that interchanges p
and g. Set G =1(M,Q) and f = id. Then it is easy to check that G and f satisfy the
conditions in Definition 6.1. O

Now we give the definition of a weakly symmetric Finsler space.

Definition 6.2. Let (M, F) be a connected Finsler space and (M, F) the full group
of isometries. Then (M, F) is called weakly symmetric if for every two points p,g
in M there exists an isometry ¢ € I(M, F) such that 6(p) = g and 6(q) = p.

From the definition, we see that a weakly symmetric Finsler space is homo-
geneous, i.e., the group I(M,F) of isometries acts transitively on M. Therefore,
a weakly symmetric Finsler space is necessarily (both forward and backward)
complete. Moreover, a weakly symmetric Finsler space (M, F') must be reversible.
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In fact, for any p,q € M, let 6 be an isometry such that 6(p) = ¢, 6(q) = p. Then we
have d(p,q) =d(o(p),o(q)) = d(g, p) (Since an isometry is distance-preserving).
Therefore the distance function of (M, F) is reversible. Hence F is reversible.

The following result is an alternative characterization of weakly symmetric
Finsler spaces. In the Riemannian case, this is given by Szab¢; see [153].

Proposition 6.2. A Finsler space (M, F) is a weakly symmetric space if and only if
for every maximal geodesic vy in M and every point m € Y there exists an isometry
0 €I(M,F) such that o(y) C v, 6(m) =m, 6|y #id, and 62|, =id (in other words,
O is a nontrivial involution along v fixing m).

Proof. Let (M, F) be a weakly symmetric Finsler space and y a maximal geodesic
in M containing m. Without loss of generality, we can assume that 7 is of unit speed
and m = y(0). Let U be a neighborhood of m such that each pair of points in U can
be connected by a unique (minimal) geodesic in U. Select p, g in yN U such that m
is the midpoint along the geodesic segment between p, g, i.e., m is the unique point
in y with d(p,m) = d(m,q) (note that d is reversible), or equivalently p = y(g), g =
v(—€), where € > 0. Then by assumption, there exists an isometry o of (M, F) such
that o(p) = ¢ and o(g) = p. Therefore the curve o (y(t)), —& <t < €, as another
distance-minimizing curve connecting p and ¢, must coincide with the curve y(—t),
—& <t <& Thus o(y(t)) = y(—t) for —e <r < &. In particular, 6(m) = m. Now
consider the maximal geodesics o(y(¢)) and y(—t), ¢ € R. By the above argument
and the uniqueness of the geodesics, we see that these two geodesics must coincide.
Hence o(y(t)) = y(—t), V¢ € R. Therefore o is the desired involution on 7.

On the other hand, suppose for every geodesic y and m € y there exists an involu-
tion along 7 fixing m. Given p1,p; € M, we can find a series of (constant-speed)
distance-minimizing geodesic segments %, i = 1,2,...,s, such that y(0) = py,
%(0) = y%-1(1), i = 2,3,...,s, and %(1) = py. Let m; be the unique point in ¥
satisfying d(m;, ¥%(0)) = d(m;,%(1)) and let o; be the involution along ¥ fixing
m;. Then it is easily seen that the isometry o; sends ¥(0) to (1) and (1) to
7:(0). Therefore the composition map 050 - -- 01 sends p; to py. Thus (M, F) is
homogeneous. In particular, (M, F) is (both forward and backward) complete. Now
for every two points p,q € M, let (), t € R, be a maximal geodesic containing p
and g such that y realizes the distance of p and g. Let m € y be the unique point
in y that lies between p and ¢ and satisfies d(m, p) = d(m,q). Then the involutive
isometry along o that keeps m fixed interchanges p and ¢. Hence (M, F) is weakly
symmetric. O

Next we give another geometric description of weakly symmetric Finsler spaces.

Proposition 6.3. A Finsler space (M, F) is weakly symmetric if and only if for every
m € M and u € T,,,(M) there exists an isometry & of (M, F) such that 6(m) = m and
do(u) = —u.

Proof. The proof of the “only if” part is contained in the first part the proof
of Proposition 6.2. In fact, the isometry ¢ constructed there must reverse the
geodesic y. Therefore the differential map of the isometry must send the initial
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vector of the geodesic to its negative. Now we prove the “if”” part. First we prove that
such a space must be complete. We prove only the forward completeness. The proof
of backward completeness is similar. Let y(z), 0 <t < b, be a (forward) maximal
unit-speed geodesic. Suppose conversely that b < 4-eo. Choose an isometry ¢ such
that 6(y(3b)) = y(3b) and do(v) = —v, where v is the initial vector of the geodesic
Yi(t)=y(3b—1),0<t < 3b.Then o(¥(t)), 0 <t < 3b, is a geodesic. It is easily

seen that the curve 7(¢), 0 <7 < %b, defined by

y(t) 0<r<3b
(1) = 3 3 3
G(Y]([—Zb)) Zbgl ib’

IN

is a geodesic on [0, 3b] and [3b, 3b]. Furthermore, it is C! smooth at y(3b). Hence
it is a smooth geodesic on the interval [0, %b], which is an extension of y. This is a
contradiction. Thus (M, F) is complete. Moreover, it is obvious that F is reversible.
Now for every p,q € M, we select a unit-speed geodesic connecting p and g. Let m
be the midpoint of the geodesic and let ¢ be an isometry such that o(m) = m and
do(w) = —w, where w is the tangent vector of the geodesic at m. Then it is easily
seen that o(p) = ¢ and o (q) = p. Therefore (M, F) is weakly symmetric. O

In the following, we will adopt some definitions in [124]; see also [176].

Definition 6.3. Let G aLie group and H be a closed subgroup of G. The coset space
G/H is called a homogeneous weakly symmetric space if there exists an analytic
diffeomorphism p of M = G/H such that

() uGu'=G, u(eH)=eH,and u> € H,
(i) Given any two points x and y in M, there exists g € G such that gx = py and
8y = Hx.
The proof of the following lemma is similar to the Riemannian case; see [124].
Lemma 6.1. Let (M,F) be a weakly symmetric Finsler space. Fix x € M and let

H be the isotropy group of G = I1(M,F)q at x. Then there exists an isometry [l of
M = G/H that makes G/H a homogeneous weakly symmetric space.

Definition 6.4. Let G be a Lie group and H a closed subgroup of G. The pair (G,H)
is called a weakly symmetric pair if there exists an automorphism 6 of G such that

() 6(H) C H, and there exists & € H such that 6% = Ad(h) (i.e., 6%(g) = hgh™ ",
g€G).
(i) HO(g)H =Hg 'H forall g € G.

Furthermore, (G, H) is called a Riemannian symmetric pair if Adg(H) is compact.

Lemma 6.2. A pair (G,H) is weakly symmetric if and only if G/H is a homoge-
neous weakly symmetric space.

For the proof, see [124].
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The following theorem will be very useful for studying weakly symmetric Finsler
spaces.

Theorem 6.1. Let (M, F) be a weakly symmetric Finsler space. Fix x € M and let
H be the isotropy subgroup of G = I(M,F)q at x. Then (G,H) is a Riemannian
weakly symmetric pair. On the other hand, if (G,H) is a weakly symmetric pair,
then every G-invariant reversible Finsler metric (if it exists) on G/H makes G/H
a weakly symmetric Finsler space. In particular, if (G,H) is a Riemannian weakly
symmetric pair, then there exists a G-invariant Finsler metric F on G/H such that
(G/H,F) is a weakly symmetric Finsler space.

Proof. By Theorem 3.2, the isotropic subgroup H of the full group of isometries
of (M,F) is a compact subgroup. Then by Lemma 6.1, G/H is a homogeneous
weakly symmetric manifold. Hence (G,H) is a weakly symmetric pair. Now
the compactness of H implies that Adg(H) is compact. Therefore (G,H) is a
Riemannian weakly symmetric pair. On the other hand, if (G,H) is a weakly
symmetric pair and F is a G-invariant Finsler metric on M = G/H, then by
Lemma 6.1, G/H is a homogeneous weakly symmetric space. Hence there exists
an analytic diffeomorphism p of the homogeneous manifold M = G/H such that
pugu~' =G, u(eH) = eH, and u?> € H. Moreover, for every two points p,q € M,
there exists an element g € G such that g(p) = t(g) and g(g) = u(p). Since F is
G-invariant, g is an isometry of (M, F). Therefore d(u(p), u(q)) =d(g(q),g(p)) =
d(g,p) = d(p,q) (note that F is reversible; hence d is symmetric). Hence y is an
isometry. Consequently, (M, F,G, 1) is a weakly symmetric Finsler space. Finally,
if (G,H) is a Riemannian weakly symmetric pair, then there exists a G-invariant
reversible Finsler metric (for example, a Riemannian metric) on G/H. Hence it can
be made into a weakly symmetric Finsler space. O

6.2 Geodesics and S-Curvature

To illustrate the geodesics in weakly symmetric Finsler spaces, we introduce the
following definition.

Definition 6.5. Let (M,F) be a Finsler space and G = I(M,F) the (full) group
of isometries. The space (M,F) is called a Finsler g.o. space if every maximal
(constant-speed) geodesic of (M,F) is the orbit of a one-parameter subgroup of
G. That is, if v is a maximal geodesic, then there exist w € g = LieG and 0 € M
such that y(r) = exp(tw) - 0,1 € R.

By definition, a Finsler g.o. space is necessarily (forward and backward)
complete. Moreover, it is easily seen that such spaces must be homogeneous. For
the general properties of Riemannian g.o. spaces, we refer to [74]. The following
theorem gives an important property of a Finsler g.o. space.
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Theorem 6.2. Let (M,F) be a Finsler g.o. space. Then the S-curvature of (M,F)
is vanishing.

Proof. Let (x,y) € TM\{0} and let () be a geodesic with y(0) = x, y(0) = y. Then
there exists u € g, the Lie algebra of the full group of isometries, such that

¥(t) = (exptu) - x.
we assert that

7(t) = d(expru) |«(y)-

In fact, for every 1y € R, we have
Y(to +1) = exp(to +t)u-x = (exptou)(exptu) -x = (exptou) - y(t).

Thus the curve y(fy+1) is just the image of the curve y(¢) under the isometry expzou.
From this our assertion follows. Now let {b;(0)} be an arbitrary basis of T,,(M).
Define b;(t) = d(exptu)|(b;(0)) (i = 1,2,,...,n). Since exp(tu) are isometries,
{bi(t)} is a basis of Ty, (M) and

8ij(t) = 8y (bi(t),b;(t))

= 8(0i(0),5;(0)).

Thus det(g;;(r)) is constant along ©.
On the other hand, for (y°) € R" and the vector field U (t) = y'b;(t) along ¥(t),
we have

F(o(1),y'bi(t)) = F(o(1),y'd(exptu) «(b:(0))) = F(5(0),y'b:(0)).

Thus oF is constant along y. Therefore the distortion T of (M, F) is constant along
v(¢). Hence the S-curvature of (M, F') vanishes. O

Finally we have the following result.
Theorem 6.3. A weakly symmetric Finsler space must be a Finsler g.o. space.

Proof. The proof of the theorem for the Riemannian case was provided by Berndt
et al. in [26]. Their proof can be applied to the Finslerian case after some changes.
First recall that a submanifold M of a manifold M is called quasiregular if M| is an
immersed submanifold of M such that every smooth map from every manifold M’
to M whose image is contained in M is also a smooth map when considered as a
map from M’ to M;.

Let (M, F) be a connected weakly symmetric Finsler space and G = I(M, F) the
full group of isometries. Then (M, F) is homogeneous hence complete. Now we
consider the sphere bundle

S(M,F)={(x,y) eTM|xe M,y e T,(M), F(x,y) = 1}.
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Consider the action of G on S(M, F) defined by

g(x,y) = (g(x),dg(v)),

where dg is the differential of the isometry g. Let ¥ be any maximal constant-speed
geodesic. Without loss of generality, we assume that y is of unit speed. Then as
pointed out in [26], the orbit of (y(0),¥(0)) under G, denoted by N, is a quasiregular
submanifold of S(M, F). Let K be the isotropy subgroup of G at (y(0), 7(0)). Then K
is a closed subgroup of G and we have N = G/K. Note that each element of K keeps
the whole geodesic y pointwise fixed. In fact, if k € K, then k- y is a geodesic defined
on the whole of R, since an isometry sends every geodesic to a geodesic. Since the
initial points and the initial directions of k -y and Y coincide, by the uniqueness of
the geodesics in Finsler geometry (see [16]), they must coincide everywhere.

By Proposition 6.2, for every ¢ € R, there exists an isometry 7; whose restriction
to y is a nontrivial involution along y fixing y(¢). Since y is a constant-speed
geodesic, this means that % (y(r +s)) = y(r —s). It is easily seen that Ty T
(7(0),7(0)) = (y(¢), ¥(¢)). Thus (y(z),7(¢)) € N, for every ¢. Since N is a quasiregu-
lar submanifold of S(M, F) and y: R — S(M, F) is an immersed submanifold whose
image is contained in N, y(R) is a smooth submanifold of N.

By definition it is obvious that K is a closed subgroup of G. Similarly as in [26],
we have the following:

* The set
Gy={g € G|dg(7(0)) = y(r) forsomer € R}

is a submanifold as well as an abstract subgroup of G.

* The submanifolds g - Gy, g € G, form a foliation § of G. Denote by Ty its
restriction to the unity component Gy of G. Then Fy gives rise to a left-invariant
distribution A = T'§o. Moreover, A is an involutive distribution. The maximal
integral submanifold H of A through the identity element ¢ € Gy is a Lie
subgroup of Gy.

* Let (Gy)o be the unity component of Gy. Then H is generated by (Gy)o as a
group, and dimH = dimG, = 1 +dimK.

Given u € g, we can define a curve o, : R — M by o, (¢) = exp(tu) - y(0), where
exp is the exponential map of G. By the dimension condition, there is w € b, the Lie
algebra of H, such that ¢, (0) = 7(0). Then we have a,,(R) C y(R). Now consider
the set

D= {1 €R | o, (t) = (1), 60 (t) = 7(1)}.

Then 0 € D. Moreover, by continuity, D is a closed subset of R.

We now prove that D is also an open subset of R. Suppose #, € D. Then we
have o, (f9) = Y(to) and also &, (to) = ¥(to) # 0. Since o,,(R) C ¥(R) and both
o,, and y are immersed curves on M, there is a positive number € such that ¢, is
just a reparametrization curve of vy in the interval (19 — €,79 + €). That is, there is a
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continuous function A (¢), with A (t) > 0 in (to — €, 79+ €), such that 04, (t) = y(A (1)),
for#y — € <t <19+ €. Then we have A(ty) = fo. Moreover, considering the length
of the tangent vectors of the two curves, we get

F(0u(t)) = A'()F (7(A(1))) = 1,

fortyp — € <t <ty+ €. By the condition that F (¢4, (1)) = F((s)) = 1, forevery t,s €
R, we get that A'(r) = 1, for to — &€ <t < 1y + &. Thus in the interval (1) — &,79 + €)
we have A(z) =t. Therefore D is an open subset of R. Hence D =R and ¥ is the
orbit of the one-parameter subgroup exp(w) of G. This completes the proof of the
theorem. O

6.3 Weakly Symmetric Lie Algebras

In this section, we introduce the notion of a weakly symmetric Lie algebra to give
an algebraic description of simply connected weakly symmetric Finsler spaces.

Definition 6.6. Let g be a real Lie algebra and  a subalgebra of g. Suppose there
exists a subspace p of g such that g = h +p (direct sum) and [h,p] C p. Then
the pair (g,b) is called a weakly symmetric Lie algebra if there exists a finite
set of automorphisms of g, {0y, 01,03,...,05} (0p = id), satisfying the following
conditions:

W1: Every o;, 0 <i <s, preserves the subspaces fj and p, i.e., 0;(h) = b, o;(p) = p.

W2: For every pair i,j, 0 <1i,j <, there exist k, 0 < k < s, and an vector u € f
such that 6;0; = ¢ gy

W3: Given v € p, there exist v/ € § and an index k such that e®d") . g, (v) = —v.

We usually say that (g,h) is weakly symmetric with respect to {0y, 01, ...,05}.
Moreover, a weakly symmetric Lie algebra (g, h) is called Riemannian if in addition,
b is a compactly embedded subalgebra of g.

We now give two remarks concerning the above definition.

Remark 6.1. The notion of Riemannian weakly symmetric Lie algebras is a natural
generalization of that of orthogonal symmetric Lie algebras. In fact, if (g, 0) is an
orthogonal symmetric Lie algebra, then the fixed points of the involution ¢, denoted
by b, is a compactly embedded subalgebra of g. Let p be the eigenspace of o with
eigenvalue — 1. Then (g, p) satisfies the condition in the above definition with respect
to the set {0y, 01 }, where 6y = id and 6} = ©. In the next section, we will construct
a series of examples of Riemannian weakly symmetric Lie algebras that are not
orthogonal symmetric.

Remark 6.2. In general, the set of automorphisms {0y, 0y,...,0;5} in the above
definition is not unique. However, if (g, b) is a weakly symmetric Lie algebra, then
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we can choose a set of automorphisms {7y(=id), 71, 72, ..., 7; } that satisfy W1, W2,
W3, and the following additional condition:

W4: For every j # k, 7j(1;) ! cannot be written in the form ¢*®), 4 € .

In this case, we say that the set {7y(= id), 7|, T,..., 7} is a reduced set of
automorphisms. It is easily seen that each set of automorphisms in the definition
can be reduced to a reduced one. In the following, we will usually select a reduced
set of automorphisms to study weakly symmetric Lie algebras.

Now we can give the algebraic description of weakly symmetric Finsler spaces.

Theorem 6.4. Let (M,F) be a weakly symmetric Finsler space. Then there exist
a Lie group G and a closed subgroup H of G such that M = G/H and F is G-
invariant. Furthermore, the Lie algebra pair (g,h) of (G,H) is a Riemannian weakly
symmetric Lie algebra.

Proof. Fix x € M. By Proposition 6.3, for every u € T,,(M), there exists an isometry T
of (M, F) such that 7(x) = x and d7|,(u) = —u. Let G be the full group of isometries
of (M,F) and H the isotropy subgroup of G at x. Since a weakly symmetric Finsler
spaces is homogeneous, G acts transitively on M. Hence M is diffeomorphic to the
coset space G/H and F is G-invariant. Now we prove that the Lie algebra pair (g, b)
of (G,H) is a weakly symmetric Lie algebra. Since H is compact, G/H is a reductive
homogeneous manifold. Hence there exists a subspace p of g such that g=bh+p
(direct sum) and Ad(h)(p) C p, Vh € H. In particular, [h,p] C p. Now we identify
the space p with the tangent space T(M) through the map v — %(exptv) - X|t=0,
v € p. Then the isotropic action of H on T(M) corresponds to the adjoint action of
H on p. Let e be the unit element and H, the identity component of H. Then H, is a
normal subgroup of H and the quotient group H/H, is finite, since H, as a compact
Lie group, has at most a finite number of components. Let {e,hy,...,hs} be a set
of elements of H such that {eH,hH, ... hsH} are all the (distinct) elements of the
quotient group.

Let oy be the identity transformation of g and o; = Ad(h;), j=1,2,...,s. Then
we can prove that the set {0y, 01,...,0;} satisfies the conditions W1, W2, W3.
In fact, W1 is obviously satisfied. Now we prove W2. Given a pair i, j, suppose in the
quotient group H /H, we have h;H, - h iH, = hH,. Then there exist my,my,m3 € H,
such that himlhjmg = hyms, i.e.,

hihj = hk(m3m271(hjm171h]71)).
Since hjmflh;1 € H,, we have m = mym,' (hjmflhjfl) € H,. Since H, is a
connected compact Lie group, the exponential map is surjective. Hence there exists
u;j € b such that exp(u;;) = m. Then Ad(m) = ¢*4(/). Therefore 6;0; = o) =
erad(“fﬁo,: 1 <O = ead("k(”ii))ck, i.e., W2 is satisfied. Finally, we prove W3. By
Proposition 6.3, for every v € p we can select & € H such that Ad(h)(v) = —v.
Suppose & lies in the component i;H,. Then there exists iy € H, such that h =
hihy = hihohflhi. Since hihohfl € H,, we can write h = exp(v')h;, for some v/ € b.
From this we easily see that W3 is satisfied. This completes the proof. O
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Now we show that every Riemannian weakly symmetric Lie algebra gives rise to
a weakly symmetric Finsler space, although in general the spaces constructed from
a weakly symmetric Lie algebra are not unique.

Theorem 6.5. Let (g,h) be a Riemannian weakly symmetric Lie algebra. Suppose
G is a connected simply connected Lie group with Lie algebra g and H is the
(unique) connected Lie subgroup of G with Lie algebra V. If H is closed in G (this
is the case if C(g) = 0), then there exists a G-invariant Riemannian metric Q on the
coset space G/H such that (G/H,Q) is a Riemannian weakly symmetric space. In
particular, there exists an invariant Finsler space F on G/H such that (G/H,F) is
a weakly symmetric Finsler space.

Proof. Since b is a compactly embedded subalgebra of g, the Lie algebra adq(h)
is compact. If we identify the tangent space T,(G/H) with p, where p is as in
Definition 6.6 and o = eH is the origin of the coset space G/H, then Ad(H) is a
compact group of linear transformations of p. Hence there exists an Ad(H )-invariant
inner product (, ); on p. Fix areduced set of automorphisms {79, 7y, ..., T } (7o = id)
as in Remark 6.2 after Definition 6.6, and define an inner product (,) on p as
follows:

!
(w,v) =Y (Tju, Tjv)1, u,ve€p.
j=0

By condition W2, (,) is invariant under the action of each 7;, i = 1,2,...,]. We
assert that (,) is also Ad(H)-invariant. In fact, for every h € H and every index
J. we have Ad(h) - 17j =1;- (T;l -Ad(h) - 7;). Since H is connected, it is generated
by the elements exp(u), u € h. Hence h can be written as (expuj expuy - --expiy),
where u; € h,i=1,2,...,k. Then we have

le . Ad(h) . Tj — ead(‘l:jul)ead(‘l:juz) . ead(‘l:juk)'

From this our assertion follows. Now by Proposition 2.8, (, ) can be extended to a
G-invariant Riemannian metric Q on the coset space G/H (here the condition that
H be closed is required, for otherwise it may happen that there is no differentiable
structure on G/H) whose restriction to T,(G/H) = p is equal to (, ). We assert that
the homogeneous Riemannian manifold constructed above is weakly symmetric.
Since G is connected and simply connected, each automorphism 7; of g can be
lifted to an automorphism of G. We denote the corresponding automorphisms by
Tj, j=0,1,2,.... Since 7;(h) = h, T;(H) C H. Hence 7; induces a diffeomorphism
of G/H, denoted by %;, by sending gH to 7;(g)H. The diffeomorphism %; keeps
the origin 0 = eH invariant, and its differential at o is just the restriction of 7; to p.
From this we see that i'j keeps the Riemannian metric Q invariant, or in other words,
1; lies in the isotropic subgroup (at o) of the full group of isometries of (G/H,Q).
By W3, for every v € p = T,(G/H), we can choose V' € h and an index j such
that ead(vl)‘cj (v) = —v. This means that the isometry Te ) - £; of the Riemannian
manifold (G/H,Q), where 1,(gH) = hgH, h € H, reverses the tangent vector v.
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Since (G/H, Q) is homogeneous, for every x € G/H and w € T;(G/H), there exists
an isometry f such that f(x) = x and df|,(w) = —w. By Proposition 6.3, (G/H, Q)
is weakly symmetric.

Finally, if C(g) = 0, then H is closed in G; see [83, pp. 213-214]. O

By Theorem 4.8, for almost all weakly symmetric Lie algebras (g,b), one
can find invariant non-Riemannian Finsler metrics on the coset space G/H in
Theorem 6.5 that make G/H a weakly symmetric Finsler space.

6.4 Examples of Weakly Symmetric Lie Algebras

In this section, we present some examples of weakly symmetric Lie algebras. They
will be used in the classification of 3-dimensional weakly symmetric Finsler spaces
in the next section.

Example 6.1. Let h be the 1-dimensional real Lie algebra and
g=Dh+su(2) (direct sum of subspaces).

Now we define Lie brackets on g. The Lie brackets between the elements of su(2)
are defined as usual. Let u be a nonzero element in h and

o (30): 2 (&) 5 (55

Then we define
[we]=0, [ue]=-6, [u&]=e.

These brackets can be extended linearly to a skew-symmetric binary operation on g.
It is easy to check that the Jacobian identities hold for this operation. Hence g is
a Lie algebra. Obviously [h,su(2)] C su(2). Now we define an endomorphism ©
on g by

T(u)=—u, 1(81)=-—¢, t(82)=-8&, 1(&)=2¢;.

Then it is easy to check that 7 is a Lie algebra automorphism, and 7> = id.
Now we prove that (g,h) is a weakly symmetric Lie algebra with respect to
S = {id, t}. Since W1, W2 are obviously satisfied, we need only check W3. Note
that the action of ¢*4(*) on p = su(2) keeps the subspaces V; =span (&) and
V, = span (&, &3) invariant. Moreover, the restriction of () 1o V| is equal to the
identity transformation, and its restriction on V; has the matrix

cost sint
—sint cost
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with respect to the basis &, 3. Thus ¢ is a rotation through the angle ¢ if we
define an inner product on V, by requiring that &, & form an orthonormal basis.
Now given an element € = ag| + be, + c€3 in p, we have 1(g) = —ag; — be, + c&3.
Since —bg; + c&3 is an element in V, with the same length as —bg, — cé&3, there exists
an appropriate fp € R such that

ead(tou) (—b€2 + 683) = —b& — c&3.
Then
e(lﬂad("‘))ft(g) = —a&| — b82 —Cc& = —E€.

Therefore W3 is satisfied. Hence (g,5) is a weakly symmetric Lie algebra. Note
that the action of ad(u) on p has a skew-symmetric matrix with respect to the
basis €),&,&3. Thus h is a compactly embedded subalgebra of h. Hence (g,b) is
a Riemannian weakly symmetric Lie algebra.

Example 6.2. This example is similar to Example 6.1. Here we let
g="bh+sl(2,R) (direct sum of subspaces).

The Lie brackets are defined similarly. In s[(2,R) we use the usual Lie opera-

tions. Let
c_(O01y __(to e (01
Y \10) 2 \o-1) BT o)

w,e1]=0, [u,&]=-8&, [u&l=ae.

Then we define

Moreover, we define an endomorphism 7 on g by
T(u)=—u, 1(1)=—¢€, t(&2)=-8, 7(&3)=2¢;3.

Then it can be checked directly that T is an automorphism of g. Similarly as in
Example 6.1, we can prove that (g,h) is a Riemannian weakly symmetric Lie
algebra with respect to {id, 7}.

Example 6.3. In this example we consider Heisenberg Lie algebras. Let n be a
(2n+ 1)-dimensional real Lie algebra with basis x1,xp,...,%,,Y1,¥2,...,Vn,2 and
brackets

[—xiuyj]ZSijzu [-xiu-xj]:[yiayj]:07[-xiaz]:[yiaz]zou iuj:1727"'7n'

Then n is a 2-step nilpotent Lie algebra. Let g = u(n) + n (direct sum of subspaces)
and define the brackets as follows. The brackets among the elements in u(n) are the
usual operations. For A € u(n) we define [A,z] = 0, and for the element

n
w= Y (aixi+Dbyi), aibi€R,
i=1
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we set
zi=a+vV-1b;, i=12,...,n. 6.1)
Let

(14205 2n) = (21,2250 20)A
and write z; = d} + /—1b}, a, b} € R. Then we define
n
Aw] =w = Z(agxi—l-bf»y,-).

i=1
It is easy to check that the Jacobian identities hold among these brackets. Therefore
these brackets together with the brackets of n define a Lie algebra structure on g.
By definition, we have [u(n),n] C n. Now we define an endomorphism 7 of g by

T(A)=A, t(x)=-x, t(yi)=yi, 7T(z)=-z

where A € u(n) and A is the complex conjugate matrix of A. It is easy to check that
7 is a (real) automorphism of the real Lie algebra g and 7> = id.

Now we prove that (g,u(n)) is a weakly symmetric Lie algebra with respect to
{id, t}. The conditions W1, W2 are obviously satisfied, so we need only check W3.
Note that the action of u(n) in the subspace V, = span (xj,y1,...,Xn,yn) is just the
usual operation of 1(n) on the complex linear space C" if we write the corresponding
coordinates as complex numbers as in (6.1). Hence the action of *4(4) A ¢ u(n), on
V; is the operation w — w X exp(fA) (matrix multiplication), i.e., it is just the usual
action of the unitary Lie group U(n) on C". Now for every w+cz, w € V5, ¢ € R,
we have

T(w+cz) = 1(w) —cz,

where 7(w) lies in V, and has the same length as w when we identify V, with
C" (with the usual Hermitian metric). Since the group U(n) acts as the identity
transformation on span (z) and acts transitively on the unit sphere in C”, there exists
Ao in u(n) such that

0 (z()) = —w, M0 () = 2,

Thus ¢2“0) . (w + ¢z) = —(w+ cz). This proves our assertion.

When n = 1, the Heisenberg Lie algebra has dimension 3. The Lie algebra u(1)
is 1-dimensional. Let x,y,z be the basis of n such that [x,y] = z, [x,z] = [y,z] = 0.
Then we can choose an element u of u(1) such that

(0,2l =0, [ux]=—y, [u)]=x.

The automorphism 7 satisfies 7(u) = —u, 7(x) = —x, 7(y) = y. This weakly
symmetric Lie algebra will appear in our classification of 3-dimensional weakly
symmetric Finsler spaces in the next section.
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6.5 Spaces of Low Dimension

As an application of the notion of a weakly symmetric Lie algebra, we now give a
classification of weakly symmetric Finsler spaces of dimension < 3.

We begin with some general observations. Suppose (M, F) is a connected weakly
symmetric Finsler space. Let G=1 (M, F) be the full group of isometries and let H
be the isotropic subgroup at a point x € M. Then M can be written as G / H and F
can be viewed as a G-invariant metric on G/ H. Note that as a connected manifold,
the identity component G of G is also transitive on M. Denote by H the isotropy
subgroup of G at x. Then M can also be written as the coset space G/H.

Lemma 6.3. The isotropic representation p of Hon T(M) is faithful. In particular,
the isotropic representation of H on M is faithful.

The proof is similar to the Riemannian case. Just note that an isometry sends a
geodesic to a geodesic and that M is homogeneous, hence complete.
The dimension-2 case is settled by the following theorem.

Theorem 6.6. Let (M, F) be a 2-dimensional connected simply connected weakly
symmetric Finsler space. Then (M, F) must be one of the following:

1. (M,F) is a reversible Minkowski space;
2. F is Riemannian and (M,F) is isometric to a rank-one globally symmetric
Riemannian space.

In each case, (M, F) must be a globally symmetric Finsler space.

Proof. Let G, H, p be as above. Then by Lemma 6.3 we have dimH = dimp (H).
Since p(H) is a compact group of linear transformations of 7,(M), we have
dimp (H) < 1. Thus there are only two cases:

Case (i): dimp(H) = 0. Then H = {e}. Hence M is diffeomorphic to the Lie group
G. Then by Theorem 6.2, the Lie algebra g admits finitely many automorphisms
(= 1id), 71, T2,...,T; such that for every Y € g there exists an index jy such that
T;,(Y) =—Y.Let V; ={Y € g | 7;(Y) = —Y}. Then V; are subspaces of g with
g = UV;. Therefore there must be a jy such that V;, = g. Thus for every X,Y € g,
we have

_[XvY] - Tjo([XvY]) = [TjO(X)’th(Y)] = [_Xv_Y] = [XvY]'

This means that g is abelian. Hence G is a two-dimensional connected simply
connected commutative Lie group, i.e., G = R? (here R? is viewed as an additive
group). Since F is invariant under G, F is defined by a Minkowski norm in the
canonical way. Hence in this case, (M, F) is a reversible Minkowski space.

Case (ii): dimp (H) = 1. Since p (H) is connected and compact, p (H) is isomorphic
to S'. Hence p(H) acts transitively on the indicatrix

S = {ue T.(M) | F(u) = 1}
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of F at T,(M). On the other hand, by the compactness of p (H) there exists a p (H)-
invariant inner product on 7,(M). The group p(H) also acts transitively on the unit
circle of 7,(M) with respect to this inner product. Therefore F |,y is a Euclidean
norm. Since (M, F) is homogeneous, F is Riemannian. Furthermore, if p;, p, are
two points in M such that d(x, p;) = d(x, p2), then we can select two unit vectors
uy,up in T,(M) such that

p1=Exp(tuy), p>=Exp(tus),

where Exp is the exponential of M with the Riemannian metric F, and t = d(x, p1).
Since p(H) acts transitively on the unit circle of T,(M), we can choose h € H such
that p(h)(u1) = up. Hence h(p1) = po. This argument and the fact that (M, F) is
homogeneous imply that (M, F) is actually a two-point homogeneous Riemannian
manifold. By the classification results of Wang [164] and Tits [154] on two-point
homogeneous Riemannian manifolds, if (M,F) is not a Euclidean space, then it
must be a globally symmetric Riemannian manifold of rank 1. This proves the
theorem. ad

Next we consider the 3-dimensional case. The situation here is much more
complicated. Let (M,F) be a 3-dimensional connected simply connected weakly
symmetric Finsler space and let 6, ﬁ, G, H, p be as above. Then p(H) is a
connected compact Lie subgroup of GL(7;(M)). Hence it is a connected compact
Lie subgroup of SL(7,(M)). By the conjugacy of the maximal compact subgroup
of semisimple Lie groups (Theorem 2.36), there exists an element g € SL(7(M))
such that gp (H)g ™! C SO(T,(M)), where we have fixed an inner product in 7,,(M)
and SO(T;(M)) is defined as usual. Without loss of generality, we can assume that
p(H) C SO(T(M)). Then there are only two cases:

Case (i): p(H) = SO(Ty(M)). In this case, H acts transitively on the indicatrix of F
at Ty(M). Similarly as in the 2-dimensional case, we can prove that F is Riemannian
and (M, F) is isometric to a two-point homogeneous Riemannian manifold.

Case (ii): p(H) # SO(Ty(M)). According to a result of Montgomery and Samelson
[121], O(N) has no proper subgroup of dimension greater than %(N —1) (N-2),
when N > 2 and N # 4. In particular, SO(7(M)) has no proper subgroup of
dimension greater than % x 2 x 1 = 1. Therefore we have either dimp(H) =0 or
dimp (H) = 1. Next we tackle the problem case by case.

The case of dim p (H) = 0 is easy. In fact, we can proceed in exactly the same way
as in Theorem 6.6 to prove that in this case, (M, F) is just a reversible Minkowski
space. So we are left with the case of dimp(H) = 1. In this case, we need some
complicated reasoning and computation.

Since p is a faithful representation, the dimension of dimH must be 1. So in
the weakly symmetric Lie algebra (g,h) we have dimh = 1. Let g = h + p be the
corresponding decomposition. As pointed out in the proof of Theorem 6.5, there
exists an inner product in p that is invariant under the actions of p(H) and 7j,
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j=0,1,2,....s, where T = {19, 71, T2,...,Ts} is a reduced set of automorphisms
in Definition 6.5. Then for every v € b, the endomorphism ad(v) is skew-symmetric
with respect to this inner product. Fix a nonzero element u in fj. Then ad(u)|, must
have a zero eigenvalue, and the corresponding eigenspace Vj is either 1-dimensional
or 3-dimensional. If dim V) = 3, then g is the direct sum of the ideals  and p. Since
() acts as the identity transformation on p for every ¢ € R, there must be a 7;,
1 <i <s, such that 7;(v) = —v for every v € p. This means that for every vy, v, € p,
we have

=i, v2] = (i, va]) = [1(v1), T(v2)] = [=vi, —va] = [v1,v2].

Hence [p,p] =0, i.e., p is an abelian ideal of g. If dimVj = 1, then it is easily seen
that there exists a basis €1, &, &3 of p such that adu has the matrix

00
01

oS O O

—1

with respect to this basis.

Lemma 6.4. The reduced set T can be selected to consist of only two automor-
phisms Ty, T such that 19 =id and 7, (€)) = —¢&;.

Proof. First, there exist an index jy and € R such that

etad(u)TjO (e1) = —¢. (6.2)

We assert that 7j,(€;) = —¢;. In fact, if
Tj,(€1) = ag1 + ber + c&3,

where & = be; + ce3 is a nonzero vector in V =span (&, €3), then &’ = ¢/24(*)(g) is
also a nonzero vector in V. But

—g = etad(u)

Tj,(€1) = ag + €.
This contradicts the assumption that €, &, €3 is a basis of p. Hence Tjo(&‘l) = ag.
Substituting this into (6.2) yields a = —1. This proves the lemma. O

Now we will proceed to give a classification of the weakly symmetric Lie
algebras corresponding to 3-dimensional weakly symmetric Finsler spaces in the
case of dimH = 1 and dimV;, = 1.

The Lie algebra g has a basis u, €1, &, €3, where u spans ) and €1, &, & span p.
Moreover, we have determined the following brackets:

w,e1]=0, [u,&]=-8&, [u&l=ae.
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It is also known that the automorphism 7; keeps the subspaces b and p invari-
ant. Thus

T (u)=du, deR.

Since 7 keeps the inner product invariant and 7;(g;) = —&;, 7; must keep the
space V = span(&,€3) invariant, and 7|y is an orthogonal linear transformation
with respect to the inner product. Hence with respect to the basis &,&; of V, the
linear transformation 7; |y has matrix

cosO sinB
—sin6 cos 6

—cosO —sinB
—sin@ cos@ )’
where 0 € R.

To determine the structure of the Lie algebra g, we need only determine the Lie
brackets [g;,¢;], i,j = 1,2,3. Taking into account the skew-symmetry of the Lie
bracket, we are to determine [€;, &, [€1, &3], and [g], &].

By the Jacobi identity, we have

or

[u,[e1,&]] = [[u,&],&] + (&1, [u, &]].
Thus
[u,[e1,&]] = —[e1, &]. (6.3)
Similarly,
[u,[€1,8]] = [e1,8)]. (6.4)

Since [h,g] C p, we have

len&2] €p, [e,&]€p.
Suppose
[e1,&] = ag| + bey + ce3.
Then by (6.3) we have
[€1,83] = —c&y + be;.
Substituting this into (6.4) yields
[e1,&] = bey + ce3.

Therefore a = 0. Now from

[u,[&2,8]] = [[u,&], &] + [&, [u, &]] = [~&3,8] + [&2,6] =0,
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it follows that that
[€2, &3] € span(u, g).

Therefore we can write [&, €3] = aju+ a€e, where ay,a; € R.
First we consider the case in which 7 |y has the matrix

—cosO —sinB
—sin6® cos0

> , 0€eR,
with respect to the basis &, 3. Since 77 is an automorphism, we have

—11(&) = 1 ([u,&]) = [11(v),11(&2)] = d[u, 71 (&2)].

Thus
(sin@)e; — (cosB)ez3 = —d(sin 0)e; +d(cos 0)es.

This implies that
dcos@® = —cosO, dsinf =—sinf.

Thusd = —1.
Next applying 7; to both sides of

[e1,6] = bey + ces,
we get

(bcos® —csinB)e; + (ccosO + bsin0)e3
= (—bcosO —csinB)e, + (ccosO — bsin O)e;.
Therefore we have
bcosO =0, bsin6 =0.
Thus b = 0.
What we have obtained about the Lie brackets of the Lie algebra g can be

summarized as follows:

u,e1] =0, [u,&]=—8&, [ue&]=2e,

[e1, 8] =ce&, [e,8]=—ca, [&,8]=autasg,
where ¢, a;,a; are real numbers. If a; # 0, we set

an
8{ =X+ —¢,
ap
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and
/ /
p' = span(g), &, &).

Then we have g = h+p/, [h,p’] C p’, and the above brackets are still valid with
respect to the new basis u, €], £, €3. Moreover, the matrix of 7; on p” with respect to
the basis 8{,82, &3 is the same as that of 7; on p with respect to the basis €1, &, &.
Thus we can assume that a; = 0. Now we have the following cases:

1. ap = 0. In this case, we set €] = cu+ ¢, p” = span(e{, &, €3). Then g =h+p”.
It is easy to check that p” is an abelian ideal of g, and the action of u on p” is

,e{]=0, [u,&]=—&, [u8&]=e.

2. ay # 0 and ¢ = 0. Without loss of generality, we can assume that a; = 1
(otherwise, we use as€; to substitute £1). Then p is a 3-dimensional Heisenberg
Lie algebra, since [],&] = [€],&] =0, [&;,€3] = €. The action of u is

[M,Sl] = 0, [u,&‘z] = —&3, [M,83] =&.
3. apc > 0. Setting €] = %81, g = \/%762, \/%2783, we have
[8{78é] = 28§, [8{ ’ 8§] = —28&, [‘C/éa 8§] = 28{
Thus p is an ideal of g isomorphic to the (real) compact simple Lie algebra su(2)

of skew-Hermitian traceless complex matrices. For simplicity, we just suppose
p =su(2). Let

e (30) (&) n (5T )

be the standard basis of su(2). Then
[H,Xi|=2Y1, [H\,1])=-2X;, [X;,"1]=2H,.
The action of u on p is
[u,Hi]=0, [u,Xi]=-Y, [uN]=X.

4. arc < 0. Similarly as in case (3), we can prove that p is an ideal of g that
is isomorphic to the real simple Lie algebra s[(2,R) of traceless 2 x 2 real

matrices. Let
01 10 01
m=("10) 2= (5) = (1)



154 6 Weakly Symmetric Finsler Spaces

Then H»,X;,Y, form a basis of p and
[Hy, Xo] = =2Ya, [H2,Y2] =2Xo, [X2,Y2] =2H,.
The action of u on p is
[, Hy] =0, [u,Xp]=-Y>, [u,}r]=X>.

It remains to consider the case in which the restriction to V = span(g,, €3) of the
automorphism 7; has the matrix

(cos@ sme), 0cR,

—sinB cos O
with respect to the basis &, 3. In this case, applying 7; to both sides of
e1,82] = bey + &,
we get

bcosO +csinf = 0,
—bsinB 4 ccosh = 0.

Thus b = ¢ = 0. This means that [],&)] = [g],&3] = 0. If [&;,&] =0, then g is
abelian. Otherwise, we can assume that (see case (2) above) [&;,€3] = €], so p
is a Heisenberg Lie algebra. From this we see that no new structure appears in
this case.

Combining the above arguments with the examples in Sect.6.4, we have the
following result.

Theorem 6.7. Let (g,b) be a Riemannian weakly symmetric Lie algebra such that
dimb = 1 and dimg = 4. Then (g,b) must be one of the following:

1.

2.

g is an abelian Lie algebra. In this case the reduced set of automorphisms can be
chosen to be {id, —id}.

g has a decomposition g = W+ p (direct sum), where p is an abelian ideal of g
and we can select a basis u of b, and €1, &, € of p, such that

[u,e1] =0, [u,&]=—8&, [u&]=2e.

In this case, the reduced set of automorphisms can be chosen to be {id, 1, }, where
Ty is defined by

() =—u, T(e)=—€, T(e)=—&, 71(8)==s.
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3. g has a decomposition g = )+ su(2) (direct sum), where su(2) is an ideal of g.
In this case, let

o (ho) @ (A ) o ()

be the standard basis of su(2). Then the action of a nonzero vector u of h on
su(2) is

[u,e1] =0, [u,&]=—&, [u,8]=2e.

The reduced set of automorphisms can be chosen the same as in case (2).
4. g has a decomposition g = h+sl(2,R) (direct sum), where sI(2,R) is an ideal of
g. In this case, let

(0N __(10 e (01
= 210) 27 \o=1) 2 o

be the standard basis of sI(2,R). Then the action of a nonzero vector u of by on
5[(2,R) is the same as in case (3). The reduced set of automorphisms can be
chosen the same as in case (2).

5. @ has a decomposition g = h+n (direct sum), where n is an ideal of g and can be
identified with the 3-dimensional Heisenberg Lie algebra consisting of the real
matrices

Oac
00b]|, a,b,ceR.
000
Let
001 010 000
eg=(000), &=[(000|, &=1001
000 000 000

be the standard basis of n. Then the action of a nonzero vector u of b on n is the
same as in case (3). The reduced set of automorphisms can be chosen the same
as in case (2).

Using Theorem 6.7, we can give a complete classification of 3-dimensional
weakly symmetric Finsler spaces.

Theorem 6.8. Let (M, F) be a 3-dimensional connected simply connected weakly
symmetric Finsler space. Then (M,F) must be one of the following:

1. (M,F) is a (reversible) globally symmetric Finsler space.

2. M is the compact simple Lie group SU(2) and F is a left-invariant Finsler metric
on M. The restriction of F at the unit element of M is a reversible Minkowski
norm on the Lie algebra su(2) satisfying

F(ag) +bey+ce3) = F(ag +bi&y + ¢ 1€3), (%)

F(y,y) #d+\/—B(y,y), Vd>0,
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where €1,&,€ constitute the basis as in (3) of Theorem 6.7, a,b,c,0 are
arbitrary real numbers, and by = bcos0 + csinB,c; = ccos0 — bsin 0. In this
case, there are infinitely many Riemannian metrics as well as infinitely many
non-Riemannian Finsler metrics. All these metrics are nonsymmetric.

3. M is the universal covering group of SL(2,R) and F is a left-invariant Finsler
metric on the Lie group M. The restriction of F at the unit element e of M is a
reversible Minkowski norm on the Lie algebra s1(2,R) satisfying

F(ag; + bey +ce3) = F(ag; + (bcos O + csinB)ey + (ccos O — bsin 6)e3),

where €1, €&,¢€3 is the basis as in (4) of Theorem 6.7 and a,b,c,0 are arbitrary
real numbers. In this case, there are infinitely many Riemannian metrics as well
as infinitely many non-Riemannian Finsler metrics. Further, all these metrics are
nonsymmetric.

4. M is the 3-dimensional Heisenberg Lie group

1xz
G= 0ly] |xyz€Rp,
001

and F is a left-invariant Finsler metric on M. The restriction of F at the unit
element e of M is a reversible Minkowski norm on the 3-dimensional Heisenberg
Lie algebra satisfying

F(ag) +bey +ce3) = F(ag) + (bcosO +csinB)e; + (ccos 6 — bsin0)e3),

where €1, €&,¢€3 is the basis as in (5) of Theorem 6.7 and a,b,c,0 are arbitrary
real numbers. In this case, in the sense of isometric diffeomorphism, there exists a
unique (up to a positive scalar) Riemannian metric, but there are infinitely many
non-Riemannian Finsler metrics. All these metrics are nonsymmetric.

Proof. Let (M,F) be a 3-dimensional connected and simply connected weakly
symmetric Finsler space. As before, let G be the full group of isometries and H
the isotropic subgroup at a fixed point in M. Let H, G be the identity components of
H , G, respectively. Then we have pointed out that dimH =0, 1, or 3. If dimH = 3,
then (M, F) is a two-point homogeneous Riemannian manifold. If dimH = 0, then
M itself is a commutative Lie group. Hence (M, F) is just a reversible Minkowski
space. If dimH = 1, then by Theorem 6.4, we see that (g,h), where g =Lie
G, h =Lie H, is a Riemannian weakly symmetric Lie algebra. By Theorem 6.7,
there are only five kinds of structures for (g,b). In case (1), (M,F) is obviously
a reversible Minkowski space. Therefore we need consider only cases (2)—(5) of
Theorem 6.7.

We first consider case (2). Let P be the connected Lie subgroup of G with Lie
algebra p. Then P is a commutative normal subgroup of G and G is the semiproduct
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of H and P. Hence the coset space M = G/H is diffeomorphic to the Lie group P.
This means that P is a connected simply connected commutative Lie group, i.e., P =
R? (as an additive group). Thus (M, F) must be the Euclidean space R? endowed
with a reversible Minkowski norm that is invariant under the actions of H and 1.
Hence it is a globally symmetric Finsler space.

Next we consider case (3). Similarly to case (2), (M, F) must be a left-invariant
Finsler metric on the Lie group SU(2) whose restriction to the tangent space at
the unit element (= su(2)) is invariant under the actions of H and 7;. In particular,
it is invariant under the action of H. Hence F satisfies (x%). On the other hand,
by Theorem 6.5, every Minkowski norm on su(2) satisfying (xx) defines a weakly
symmetric left-invariant Finsler metric on SU(2). However, if F(y) = d;\/—B(y,y)
for some positive number d;, then this metric is globally symmetric and the
isotropic subgroup at e contains Ad(SU(2)), which is 3-dimensional. Therefore
the corresponding weakly symmetric Lie algebra cannot be of type (3). Hence
F(y) # d+/—B(y,y) for every positive number d. It is easily seen that among these
metrics there are infinitely many Riemannian ones as well as non-Riemannian ones.
Finally, if one such metric is (globally) symmetric, then the Lie group pair (G,ﬁ )
is a Riemannian symmetric pair. Thus by Theorems 2.29 and 2.30, the Lie algebra
pair (g,bh) is an orthogonal symmetric Lie algebra. But this is impossible because
in an orthogonal Lie algebra we have [p,p] C b, but in our case we have [p,p]| C p.
Thus all the metrics in this case are nonsymmetric.

The above arguments are all valid in case (4) except the proof that such metrics
are nonsymmetric. Now we proceed as follows. If one such metric on the universal
covering of SL(2,R) is symmetric, then as in case (3), the isotropic subgroup at
the unit element must be 3-dimensional, for otherwise it will contradict the fact
that (g,h) cannot be an orthogonal symmetric Lie algebra. If the isotropic group
is 3-dimensional, then the space (M,F) is a two-point homogeneous Riemannian
manifold. Hence it is a simply connected noncompact symmetric space of rank
1, i.e., it is 3-dimensional hyperbolic space. In particular, it is a homogeneous
Riemannian space of negative constant curvature —1. Now we can deduce a
contraction as follows. Note that the Lie group SL(2,R), endowed with the left-
invariant Riemannian metric Q whose restriction at e satisfying F(Y) = 1/Q(Y,Y),
Y = sl(2,R), is locally isometric to (M, F). Hence (SL(2,R),Q) is also of constant
curvature — 1. This is impossible because a classical result of Kobayashi asserts that
a homogeneous Riemannian manifold of strictly negative curvature is necessarily
simply connected [100]. This completes the proof for case (4).

Finally, in case (5), the assertion that the weakly symmetric Riemannian metric
is unique up to a positive factor follows from the fact that on the 3-dimensional
Heisenberg Lie group all left-invariant Riemannian metrics are isometric (up to a
positive factor); see [183]. It is also proved in [183] that this metric is not symmetric.
But then none of the non-Riemannian ones can be symmetric. Otherwise, a
contraction would arise in both cases in which the dimension of isotropic subgroup
is 2 (the Lie algebra pair (g,h) cannot be an orthogonal symmetric Lie algebra),
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or is 3 (Riemannian metric). That there are infinitely many non-Riemannian weakly
symmetric Finsler metrics in this case follows from the facts that the Minkowskian
norms

F) (ag; +bey +ce3) = \/a2+b2+c2+k{‘/a4+ (b*+c2)?, A >0,

satisfy condition of (4) and that F}, is not linearly isometric to Fj, for A; # 4, (see
[16, p. 21]). O

6.6 The Classification

In this section we give a classification of non-Riemannian weakly symmetric Finsler
spaces with reductive isometry groups. First we present a general principle to
classify weakly symmetric Finsler spaces.

Theorem 6.9. Let (M,F) be a connected weakly symmetric Finsler space and G
the full group of isometries of (M, F). Then there exists a Riemannian metric Q on
M that is invariant under the action of G such that (M, Q) is a weakly symmetric
Riemannian manifold. Moreover, every G-invariant Finsler metric on M must be
weakly symmetric.

Proof. Since a connected weakly symmetric Finsler space must be homogeneous, G
acts transitively on M. Hence the identity component G of G acts transitively on M.
Fix x € M and denote the isotropy subgroup of G at x by H. Then the isotropy
subgroup of Gy at x is H N Gy. Since the Lie algebras of G and Gy coincide, it is
easily seen that the identity component Hy of H is also the identity component of
H N Gy. Since H is compact, it has at most finite components. Therefore the index
[H : Hy] is finite. Hence the index of H NGy in H is also finite. Suppose

H = (HNGo) U (HNGo)U--Ups(HNGo)

is the decomposition of H into left cosets of H N Gy. Since M = G, /(H N Gy), we
have

M = (GoU pu1GoU---U usGo)/H. (6.5)
It is obvious that G = Gy U u;Go U --- U usGy. Since H is compact, by Weyl’s
unitary trick there exists an H-invariant inner product (, ) on 7,(M). By (6.5), we
easily see that (, ) can induce a Riemannian metric Q on M that is invariant under
the action of G = GoU i1 Gy U - - U tsGy. Now we assert that (M, Q) is a weakly
symmetric space. In fact, since (M, F) is weakly symmetric and H is the isotropic
subgroup (at x) of the full group of isometries of (M, F), for every fixed u € T, (M),
there exists 4 € H such that dh|,(u) = —u. Thus the isotropy representation of the
homogeneous Riemannian manifold on the right-hand side of (6.5) satisfies the
condition of Proposition 6.3. Hence (M, Q) is weakly symmetric. The last assertion
is clear. O
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By Theorem 6.9, the strategy to classify weakly symmetric Finsler spaces can be
reduced to two steps: the first step is to classify weakly symmetric Riemannian
manifolds and the second step is to find all the Finsler metrics on a weakly
symmetric Riemannian manifold that make a weakly symmetric Finsler space.
In particular, if there is a non-Riemannian Finsler metric that is invariant under
the full group of isometries of a weakly symmetric Riemannian metric, then this
manifold admits non-Riemannian weakly symmetric Finsler metrics. Combining
this argument with Theorem 4.8, we have the following.

Theorem 6.10. Let (M,Q) be a connected weakly symmetric Riemannian mani-
fold. If M is not diffeomorphic to a rank-one Riemannian symmetric space, then
there exists a non-Riemannian Finsler metric F on M that is invariant under the full
group of isometries of Q such that (M, F) is a weakly symmetric Finsler space.

Now we consider the case of rank-one symmetric Riemannian spaces. By duality,
we need treat only the compact ones. These manifolds include the spheres S” (n > 2),
the real projective spaces RP" (n > 2), the complex projective spaces CP" (n > 2),
the quaternion projective spaces HP”" (n > 2), and the Cayley projective plane Cay P>
(see [83]). Suppose M is one of the manifolds above and F' is a weakly symmetric
Finsler metric on M. Then the full group of isometries of F acts transitively on
M. The compact connected groups that admit effective transitive action on spheres
have been classified by Montgomery—Samelson [121] and Borel [31]; see also
[28]. Furthermore, compact Lie groups that admit transitive action on rank-one
Riemannian symmetric spaces were classified by Onishchik [126]. These results
lead to the following theorem.

Theorem 6.11. On the even-dimensional sphere S the even-dimensional real
projective space RP?", the 4n-dimensional complex projective space CP?", the
quaternion projective space HP", and the Cayley projective plane Cay P?, every
weakly symmetric Finsler metric must be Riemannian and globally symmetric.
On the odd-dimensional sphere S*'~' (n > 2), the odd-dimensional real projective
space RP>"~1 (n > 2), and the (4n — 2)-dimensional complex projective space
CP?!, there exist infinitely many non-Riemannian weakly symmetric Finsler
metrics.

Proof. As pointed out in [126], if a compact connected Lie group G acts transitively
on S (n #£3), RP?, CP%", HP", or Cay P2, then G must be the the identity
component of the full group of isometries of the canonical Riemannian metric Q. on
the corresponding manifold M. Fix x € M and denote the isotropy subgroup of G at
xby H. Since (M, Q,) is a rank-one Riemannian symmetric space, (G,H) must be a
rank-one Riemannian symmetric pair. This means that H acts transitively on the unit
sphere (with respect to Q) of T,(M). Therefore every H-invariant Minkowski norm
on T;(M) must be Euclidean and must be a positive multiple of Q|7 (s Hence
every G-invariant Finsler metric on G/H must be a positive multiple of Q..

On the other hand, the group G, has an effective transitive action on the sphere
§® as isometries. The isotropy subgroup at the point p = (1,0,...,0) is SU(3).
However, in this case, the linear isotropic representation of SU(3) on T,,(S%) is
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also transitive on the unit sphere with respect to the standard metric. Hence every
G,-invariant Finsler metric on S® must be the standard Riemannian metric. This
proves the first assertion.

Now we prove the second assertion. We first consider the sphere S~ ! as the unit
sphere of C" with respect to the standard Hermitian metric. The unitary group U(n)
then acts transitively on $*"~! and the isotropy group at the point p = (1,0,0,...,0)
is U(n — 1). The tangent space T,(M) can be viewed as C"~! & R+/—1p and the
isotropy representation is given by y(A)(v,a) = (Av,a). Now we consider another
specific isometry ¢ of $?"~!, given by taking the conjugate on each coordinate.
Note that o leaves p fixed. If we take G =U(n)UcoU(n—1) and H, = U(n —
1)UooU(n— 1), then we have S~ ! = G/H,. We assert that H, satisfies the
condition of Proposition 6.3. In fact, for every (v,a) € T,(M), we first apply &
to send (v,a) to (v,—a). Then by the transitivity of U(n — 1) on the unit sphere
of C"~! we can select an element of U(n— 1) to send (¥,—a) to (—v,—a). This
proves our assertion. This means that every reversible G-invariant Finsler metric
on §7"~! is weakly symmetric. Next we consider the isotropy representation of
H, on T,(M). It is easily seen that both the subspaces C"~! and Ry/—1p are
invariant under H,. By Theorem 4.6, this implies that there exist infinitely many H,-
invariant non-Euclidean Minkowski norms on 7y (M). Each such Minkowski norm
will then induce a G-invariant Finsler metric on S"~! that is weakly symmetric.
This proves the second assertion for the case of the sphere. A similar argument
RP?>*~! =U(n)/(U(n—1) x {I,,—1,}) shows that there also exist infinitely many
non-Riemannian Finsler metrics on it that are weakly symmetric. Now we consider
CP?~!. According to [183], the group G = Sp(n) acts transitively on it with
the isotropic subgroup H = Sp(n — 1)U(1). The isotropy representation can be
described as follows: the tangent space T,(G/H) can be identified with H"~! @ R?,
the group H acts on R? by the usual action (as rotations) of U(1), and it acts on
anl by

(A,2)(v) =A(v)z.
From these we can easily deduce that H satisfies the condition of Proposition 6.3.
In fact, for (v,w) € T,(M), we can first use eV~ %/ to send it to (—y/—1Iv,—w).
Then by the transitivity of the action of Sp(n — 1) on the unit sphere of H"~! we
can select 1 € Sp(n — 1) that sends —y/—1v to —v. This proves our assertion. The
above argument shows that every reversible G-invariant Finsler metric on M must
be weakly symmetric. Since the action of H leaves the subspaces H"~! and R?
invariant, there exist infinitely many such metrics that are non-Riemannian. This
completes the proof of the theorem. O

Now we consider homogeneous manifolds that admit non-Riemannian weakly
symmetric Finsler metrics with reductive isometry groups. We first recall some
results concerning the classification of weakly symmetric Riemannian manifolds.
Let G be a connected reductive algebraic group over the field of complex numbers
C acting on an algebraic variety X. Then X is called spherical (with respect to G)
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if there exists a Borel subgroup B C G such that B has a Zariski dense orbit
in X. E. Cartan proved that any complexified symmetric space is spherical with
respect to the identity component of the full group of isometries [38]. An algebraic
subgroup H of G is called spherical if G/H is spherical with respect to G. In
this case the pair (G,H) is usually called a spherical pair. D.N. Akhiezer and
E.B. Vinberg proved in [3] that if (G,H) is a Lie group pair with G reductive,
with the property that every G-invariant Riemannian metric is weakly symmetric,
then the complexification (G¢,HC) must be a spherical pair. This reduces the
classification of weakly symmetric Riemannian manifolds to the classification of the
real forms of the spherical pairs. The classification of spherical pairs was achieved
by Akhiezer and Vinberg [3], Brion [33], Krdmer [106], and Mikityuk [119]. Using
these results and some reduction, Yakimova and Wolf independently obtained a
complete classification of weakly symmetric Riemannian manifolds with reductive
isometry groups [176, 180]. The result is presented in Table 6.1 (note that the last
three types of manifolds were missed in [180]).

We will adopt the approaches of [180]. Let us recall some terminology related
to Yakimova’s classification. Let G be a reductive Lie group and K a closed
subgroup of G. Let Z(G) denote the center of G and K, = K/(KNZ(G)). The
coset space G'/K,, where G’ denotes the commutator subgroup of G, is called
the central reduction of G/K. A Lie group pair (G,K), where G is a semisimple
Lie group and K is a closed subgroup of G, is called principal if Z(K)" = Z =
(G'NZ)x (G*>NZ) x---x (ZNG*), where G', ..., G* are all the simple factors of G.

Theorem 6.12 (Yakimova [180]). Let M = G/K be a simply connected compact
irreducible weakly symmetric homogeneous space with G reductive. If (G,K) is
principal, then it must be one of the pairs in Table 6.1.

Now we give some explanation of the notation in Table 6.1. If M = G/H is
a weakly symmetric homogeneous manifold such that there exists a Riemannian
symmetric pair (P,Q) with G C P, H C Q, then (P,Q) is called a symmetric
extension of G/H. In this case, on the homogeneous manifold M = G/H there
exists some G-invariant Riemannian metric that is globally symmetric. We use B
to denote the set of all G-invariant Riemannian metrics on M and m to denote the
set of all P-invariant Riemanian metrics on M. The dimensions of B and m are given
in the cases in which there exists a symmetric extension of G/H. If K; and K, are
two closed subgroups of a Lie group G, then we use K - K> to denote the quotient
group of K; x K with respect to the central subgroup of K| x K5. The notation x> G
means the direct product group G x G.

Let us consider invariant Finsler metrics on the manifolds in Table 6.1. We
first find out which one admits weakly symmetric non-Riemannian Finsler metrics.
Note that there are some manifolds that are diffeomorphic to rank-one Riemannian
symmetric manifolds or the product of some rank-one symmetric Riemannian
manifolds. In fact, we have the following relations:
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Table 6.1 Weakly symmetric homogeneous manifolds and symmetric extensions

M=G/K P 0 dimB(m)
la SU(n)/SU(n—1) SO(2n) SO(2n—1) 2(1)
b SU(n)/(SU(n—k) x SU(K))
(n#n—k)
lc  U(2n)/(U(n) x SU(n))
2 SU(2n+1)/(Sp(n)-U(1))
3 SU(2n+1)/Sp(n) SU(2n+2) Sp(n+1) 3(D
4 (U(1)-Sp(n))/U(n)
5 Sp(n)/(Sp(n—1)-U(1)) SU(2n) u(2n—1) 2(1)
6 (Sp(n)-U(1))/(Sp(n—1)-U(1))
7 SO(2n+1)/U(n) SO(2n+2) U(n+1) 2(1)
8 U(1)-SO(2n+1)/U(n)
9 U(1)-SO(4n+2)/U(2n+1)
10 SO(10)/Spin(7) x SO(7)
11 U(1)-SO(10)/Spin(7) x SO(7)
12 SO(9)/Spin(7) SO(16) SO(15) 2(1)
13 Spin(8)/G, SO(8) x SO(8)  SO(7) xSO(7)  3(2)
14 Spin(7)/Ga SO(8) SO(7) 1(1)
15 Eg/Spin(10)
16 G2/SU(3) SO(7) SO(6) 1(1)
17 U(n+1)x SU(n)/U(n) x2SU(n+1)  SU(n+1) 2(1)
18 SU(n) x Sp(m)/(U(n—2)
xSU(2) x Sp(m— 1))
19a  Sp(n) x Sp(I) x Sp(m)/Sp(n—1)
xSp(1) x Sp(I—1) x Sp(m—1)
19b  Sp(n) x Sp(1) x Sp(m)/Sp(n— 1) %280 (4n) x280(4n—1)  6(2)
xSp(1) x Sp(m —1)
19b"  Sp(1) x Sp(n) x Sp(1)/Sp(1) x280(4n) x280(4n—1)  5(2)
xSp(n—1) x Sp(1)
20 (Sp(n) x Sp(2))/(Sp(n—2) x Sp(2))
21 SU(n) x Sp(m)/(SU(n—2) x Sp(2)
xSp(m—1))
22a Sp(n) x Sp(2) x Sp(m)/(Sp(n—1)
xSp(1) x Sp(1) x Sp(m —1))
22b  Sp(1) x Sp(2) x Sp(1)/(Sp(1) x Sp(1))  Sp(2) xSp(2)  Sp(2) 3(1)
23 SO(n+1) x SO(n)/SO(n) x280(n+1)  SO(n+1) 2(1)
24a Sp(n) x Sp(m)/(Sp(n—1) x Sp(1)
xSp(m—1))
24b  Sp(n) x Sp(1)/(Sp(n—1) x Sp(1)) SO(4n) SO(4n—1) 3(1)

Type la: SU(n)/SU( )= S§
Type 5:  Sp(n)/(Sp(n—1)-U(1 )) !
Type 6: (Ui -SP(n))/(Sp(n—1)-U(1)) = st
Type 12: SO(9)/Spin(7) = S5,

Type 13: Spin(8)/G, =87 x §7,

Type 14: Spin(7)/G, =S’

n—1
n—1
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Type 16:  G,/SU(3) = S°,

Type 19b:  Sp(n) x Sp(I) x Sp(m)/Sp(n—1) x Sp(1) x Sp(l — 1) x Sp(m—1) =
S4n71 % S4m71,

Type 19b”: Sp(1) x Sp(n) x Sp(1)/Sp(1) x Sp(n—1) x Sp(1) = §*~1 x §4~1,

Type 24b:  Sp(n) x Sp(1)/(Sp(n—1) x Sp(1)) = §¥~1,

As we have explained above, all these manifolds except type 16, G,/SU(3),
admit weakly symmetric non-Riemannian Finsler metrics. Note also that in types
14 and 16, every G-invariant Finsler metric on M = G/H must be Riemannian. This
means that although S7 = Spin(7)/G, admits weakly symmetric non-Riemannian
Finsler metrics, such metrics cannot be Spin(7)-invariant. To get such a metric, we
must write S as SU(4)/SU(3) or Sp(2) x Sp(1)/Sp(1) x Sp(1) and find invariant
Finsler metrics on these coset spaces.

Let us summarize the above as the following:

Theorem 6.13. Let M be a connected homogeneous manifold. If M can be written
as M = G/K, where (G,K) is a principal pair and M admits G-invariant weakly
symmetric non-Riemannian Finsler metrics, then M must be diffeomorphic either to
one manifold or to the product of some manifolds from the following list:

The odd-dimensional spheres §2=1(n>2)

SU(n)/(SU(n—k) x SU(k)) (n#n—k),

U(2n)/(U(n) x SU(n)),

SU(2n+1)/(Sp(n)-U(1)),

SU(2n+1)/Sp(n),

(U(1)-Sp(n))/U(n),

The (4n — 2)-dimensional complex projective spaces CP*"~1,
SO(2n+1)/U(n),

U(1)-SO(2n+1)/U(n),

10. U(1)-SO(4n+2)/U(2n+1),

11. E¢/Spin(10),

12. SU(n+1),

13. SU(n) x Sp(m)/(U(n—2) x SU(2) x Sp(m — 1)),

14. Sp(n) x Sp(l) x Sp(m)/Sp(n—1) x Sp(1) x Sp(I — 1) x Sp(m — 1),
15 (Sp(n) x Sp(2))/(Sp(n —2) x Sp(2)),

16. SU(n) x Sp(m)/(SU(n—2) x Sp(2) x Sp(m — 1)),

17. Sp(n) x Sp(2) x Sp(m)/(Sp(n—1) x Sp(1) x Sp(1) x Sp(m — 1)),
18. Sp(2),

19. SO(n+1) (n>2),

20. Sp(n) x Sp(m)/(Sp(n — 1) x Sp(1) x Sp(m— 1)),

Moreover, on each of the above manifolds there exists a non-Riemannian weakly
symmetric Finsler metric.

NN R WD =

e
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6.7 Weakly Symmetric Metrics on H-Type Groups

We now consider left-invariant weakly symmetric Finsler metrics on nilpotent Lie
groups. A Lie algebra g is called two-step nilpotent if [g,[g,g]] = 0. A connected
Lie group is called two-step nilpotent if its Lie algebra is two-step nilpotent.
A result of C. Gordon asserts that if a connected nilpotent Lie group N admits a left-
invariant weakly symmetric Riemannian metric, then N must be two-step nilpotent
[73,74]. Taking into account Theorem 6.2, we have the following result.

Proposition 6.4. Let N be a connected nilpotent Lie group. If N admits a left-
invariant weakly symmetric Finsler metric, then it must be two-step nilpotent.

Now we turn to find the conditions for a connected two-step nilpotent Lie group
to admit a left-invariant weakly symmetric non-Riemannian Finsler metric. The
following theorem reduces the problem to the Riemannian case.

Theorem 6.14. If a connected simply connected two-step nilpotent Lie group
admits a left-invariant weakly symmetric Riemannian metric, then it admits a left-
invariant weakly symmetric non-Riemannian Finsler metric.

Proof. Without loss of generality, we can assume that N is not abelian. Suppose
Q is a left-invariant weakly symmetric Riemannian metric on N. Let G be the full
group of isometries of Q and let H be the isotropy subgroup of G at the identity
element e. Then N = G/H. N. Wilson proved that N is a normal subgroup of the
identity component Gy of G [170]. Now we assert that the action of H on T,(N) =
T,(G/H) (0 = H) cannot be transitive on the unit sphere of 7, (N) (with respect to the
restriction of Q to 7,(N)). In fact, otherwise, (N, Q) would an isotropy Riemannian
manifold hence must be a rank-one Riemannian symmetric space (see [83, p. 535]).
Since N is noncompact, the sectional curvature of (N, Q) must be < 0 everywhere.
But a result of Wolf [173] asserts that for every nonabelian connected nilpotent Lie
group Nj, and every left-invariant Riemannian metric Q; on Nj, there exist three
tangent planes Iy, IT,, and II_ such that Il has sectional curvature 0, I, has
sectional curvature > 0, and I'l_ has sectional curvature < 0. This is a contradiction.
Therefore H cannot be transitive on the unit sphere of 7, (N). By Theorem 4.8, there
must be a non-Euclidean Minkowski norm Fy on T,(N) that is invariant under H.
Then F) induces a G-invariant Finsler metric ¥ on N = G/H. By Theorem 6.2,
(N, F) must be weakly symmetric. On the other hand, since N is a normal subgroup
of Gy, F is left-invariant. This completes the proof of the theorem. a

By the results above, to determine all the left-invariant weakly symmetric Finsler
metrics on nilpotent Lie groups, we must first find all the two-step nilpotent Lie
groups that admit left-invariant weakly symmetric Riemannian metrics, and then
classify all the left-invariant Finsler metrics that are weakly symmetric (there must
be non-Riemannian ones among them). However, no sufficient and necessary con-
dition for a two-step nilpotent Lie group to admit left-invariant weakly symmetric
Riemannian metrics is known. So in the following we consider a special type of
two-step nilpotent Lie group, namely, the Lie groups of Heisenberg type.
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We first recall the definition of Lie groups of Heisenberg type, or simply
H-type Lie groups. This type of Lie groups were introduced by Kaplan in [95].
After that, several open problems in Riemannian geometry were settled using H-
type Lie groups. We begin with the notion of an H-type Lie algebra. An H-type Lie
algebra is a two-step nilpotent Lie algebra n with an inner product (, ) such that
the following property holds: if w is any element in the center 3 of n, and a is the
orthogonal complement of 3, then the linear operator J,,: @ — a defined by

<‘IW(M)7V> = (w, [”7V]>7 (6.6)
for u,v € a, satisfies the identity
W ()| = |w] - [ul, (6.7)

where | - | is the length with respect to (-,-). A connected simply connected two-step
nilpotent Lie group N is called of H-type if its Lie algebra n is of H-type.

H-type groups are closely related to the representations of Clifford algebras and
can be classified using this point of view. Let n = a @ 3 be the decomposition of
an H-type Lie algebra and let J,, be the maps defined in (6.6). Then J,, induce an
action of the Clifford algebra C(3,—|-|?) on a. Conversely, given a Euclidean space
3 and a C(3,—| - |*)-module a, denote by J,, the action of w € 3 on a. Then one can
define an inner product on a such that (6.7) holds, as well as a Lie algebra structure
on a @ 3 through (6.6). Obviously different choices of the modules may lead to
isomorphic H-type Lie algebras. Therefore the classification of H-type Lie algebras
up to isomorphism can be achieved by a detailed analysis of modules of Clifford
algebras. The result can be summarized as follows (see [95]):

1. If dimj # 3(mod4), then up to isomorphism, there is only one irreducible
C(3,—| - |*) module, denoted by ag. In this case, all the H-type Lie algebras with
center 3 are of the form 3@ (ag)? with p > 1.

2. If dimj = 3(mod4), then up to isomorphism there are two nonisomorphic
irreducible C(3,—| - |?)-modules, denoted by a; and ay. In this case, all the
H-type Lie algebras with center 3 are of the form 3® ((a;)?” @ (a,)9), where p,q >
0, p+q > 1. The H-type Lie algebras 3 ((a;)” @ (a2)9) and 3® ((a1)? @ (a2)”)
are isomorphic. In the special case p = 0 or ¢ = 0, a is called isotypic.

Now we consider weakly symmetric Finsler metrics on H-type Lie groups.
We first need to generalize the above-mentioned result of Wilson on the group of
isometries of a left-invariant Riemannian metric to the case of a left-invariant Finsler
metric.

Proposition 6.5. Let N be a connected simply connected nilpotent Lie group with
Lie algebra n. Suppose F is a left-invariant Finsler metric on N and denote the
Sull group of isometries of (M,F) by G. Then N (viewed as the group of left
translations) is a normal subgroup of G. Moreover, G is the semiproduct of N
with the isotropy subgroup G, of G at the unity element e and G, is equal to the
group of automorphisms of N whose differential of F at e is a linear isometry of the
Minkowski space (n,F|y).
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Proof. We first prove that N is a normal subgroup of G. This follows from a simple
observation. Note that N = G/G, and F is a G-invariant Finsler metric on N, where
G, is compact. It is easily seen that there exists a G-invariant Riemannian metric Q
on G/G,. Since N C G, Q is left-invariant on N. Wilson’s result implies that N is
normal in the full group I(M, Q) of Q. Since G C I(M,Q), N is normal in G. From
the facts that each element of G can be written as a product of an element in N and an
element of G, and that NN G, = {e}, one easily deduces that G is the semiproduct
of N and G,. Now we prove the last assertion. If k € G,, then it is obvious that
dk|, € L(n,F) (the group of linear isometries of the Minkowski space (n,F)). So
we need only prove that k is an automorphism of N. Suppose x,y € N. Then we have

k(xy) = k(Li(y)) = kLck™ ' (k(y)).

Since N is normal in G, there exists X € N such that kL~ ! = L. Hence
k(xy) = Lyk(y). Considering the value at y = ¢, we find that X' = k(x). Thus
k(xy) = Ly(x)K(y) = k(x)k(y). This completes the proof of the proposition. O

Now we can give a classification of a special class of left-invariant weakly
symmetric Finsler metrics on H-type Lie groups. We call a left-invariant Finsler
metric F on an H-type nilpotent Lie group N admissible if the full group of
isometries (N, F) is equal to the full group of isometries A(N) (where N is endowed
with the left-invariant Riemannian metric induced by the inner product (-, -) in (6.6).
To prove our result, we need the following lemma.

Lemma 6.5. Let V be a real vector space and let {, )1, {, )2 be two inner products
on V. Denote the groups of orthogonal transformations with respect to {, )1 and
(, )2 by Oy and O,, respectively. Suppose K is a compact subgroup of GL(V) that is
contained both in Oy and Oy. Then there is a linear transformation g € GL(V) such
that g0y g~ = 0y and gkg™' =k, Vk € K.

Proof. The proof uses some elementary results from representation theory. Since K
is compact and (, ) is invariant under K, V has a decomposition

V=VieVd- - DV,

where the V; are irreducible subspaces of K and the decomposition is orthogonal
with respect to (, ). Similarly, V also has a decomposition

V=VieV,&---aV,,
where the V/ are irreducible subspaces of K and the decomposition is orthogonal
with respect to (, ). By elementary representation theory (see [34]), m = m’ and

we can assume that V; = V/ as K-modules. Let g; be an isomorphism of K-modules
from V; to V/. Since (, )|y, is K-invariant, the inner product

<X,y>/: <gi(x)7gi(y)>27 x,y €V,
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is K-invariant. Since V; is K-irreducible, by Schur’s lemma there is a positive
constant ¢; such that

<7>I:ci<7>1'

Without loss of generality we can assume that ¢; = 1. Then we have

(g(x),8(»)) = (x,y)1, Vx,y eV

Now we define a linear transformation g such that gly, = g;. Then it is easily seen
that ¢! O} g = O,. Moreover, for every k € K, since g; is an automorphism between
the K-modules V; and V/ , we have

gi(klv;) = (klvy)gi-

-1

Therefore gkg™' = k. This completes the proof of the lemma. a

Theorem 6.15. An H-type Lie group N admits admissible weakly symmetric non-
Riemannian Finsler metrics if and only if it falls into the following cases:

(i) dim3=1,2,3.
(i) dimg =15,6,7 and dima = 8.
(i) dimg =7, dima = 16 and a is isotypic.

Proof. Bernt et al. proved in [27] that an H-type Lie group N with the left-invariant
Riemannian metric induced by the inner product on n is weakly symmetric if
and only if it falls into the above three cases. Hence we need only prove that
the above Lie groups admit admissible weakly symmetric non-Riemannian Finsler
metrics. Let N be one of the H-type Lie groups in the above three cases. Then N
is weakly symmetric. From the proof of Theorem 6.10, we see that there exists a
non-Euclidean Minkowski norm F; on n that is invariant under the isotropy group
Ao(N). Let L(F) be the group of linear isometries of . Then L(F} ) is a compact Lie
group. Hence it preserves an inner product (, )’ on n. Let O and O’ be respectively
the groups of orthogonal transformations of n with respect to (, ) and (, ). Then
Ap(N) can be viewed as a closed subgroup of O as well as of O’. By Lemma 6.5,
there exists an invertible linear transformation 7 of n such that 10’ t~! = O and
Tkt~ ! =k, Vk € Ao(N). Now we define a Minkowski norm F on n by

F(X) =Fi(7(X)).
It is easily seen that L(F) = tL(F;)t~'. Since L(F;) C O', we have L(F) C O.
Moreover, since thkt~! = k, Vk € Ag(N), we also have Ag(N) C L(F). Now
we extend F to a left-invariant Finsler metric on N, still denoted by F. By

Proposition 6.5, we have

I(N,F) =NIy(N,F) (semiproduct),
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where Iy(N, F) consists of the automorphisms of N whose differential at the identity
belongs to L(F). Since L(F) C O, we have I(N,F) C A(n). On the other hand, since
Ao(N) C L(F), we also have A(n) C I(N, F). Therefore (N, F) = A(N). This means
that F is an admissible weakly symmetric non-Riemannian Finsler metricon N. O

6.8 Reversible Non-Berwald Finsler Spaces with Vanishing
S-Curvature

In this section we will solve an open problem posed by Shen in [146] concerning
S-curvature. The problem can be stated as follows.

Problem 6.1. Is there any reversible non-Berwaldian Finsler space with vanishing
S-curvature?

The reason to ask this question is that in [138], Shen proved that the Bishop-
Gromov volume comparison theorem holds for a Finsler space with vanishing
S-curvature. Therefore it is important to determine how large the class of Finsler
spaces with vanishing S-curvature is. By Theorem 1.12, every Berwald space has
vanishing S-curvature. It is also known that there are some non-Berwald spaces
(e.g., some Randers spaces) whose S-curvature vanishes. However, all the known
examples of such spaces are not reversible. Therefore it is natural to ask whether
there is a reversible non-Berwald space with vanishing S-curvature.

In this section we shall show that many of the non-Riemannian weakly symmetric
Finsler metrics we have constructed in the previous sections are non-Berwaldian.
Since a weakly symmetric Finsler space must be reversible and with vanishing
S-curvature, this presents a large number of examples that give a positive solution
to Z. Shen’s problem. First we prove the following result.

Theorem 6.16. Let M be a connected simply connected manifold and F a weakly
symmetric Finsler metric on M. If (M,F) is a Berwald space, then (M,F) can be
decomposed into a Berwald product as

(M,F)=(R",Fy) x (M,01) x (Ms,Qs) X (N\,F1) X -+ x (N, i),

where (R™ Fy) is a reversible Minkowski space, (M;,Q;) (i=1,...,s) are holonony
irreducible weakly symmetric Riemannian manifolds, and (N;,F;) (j =1,...,1)
are holonomy irreducible globally symmetric non-Riemannian Finsler spaces of
rank > 2.

Proof. Note that a weakly symmetric Finsler space must be complete. By the
generalized de Rham decomposition theorem for Berwald spaces due to Szabd
[152], (M, F) can be decomposed into a Berwald product as

(MaF) = (]RmaF()) X (Mlan) X (MS7QS) X (NlaFl) XX (MaE)a (68)
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where Fp is a Minkowski metric on R™, (M;,Q;) (i = 1,...,s) are holonomy
irreducible Riemannian manifolds, and (N;,F;) (j = 1,...,r) are holonomy irre-
ducible globally affine symmetric non-Riemannian Berwald spaces of rank > 2.
Since a totally geodesic submanifold of a weakly symmetric space must also be
weakly symmetric (see [180]), all the factors in (6.8) must be weakly symmetric. In
particular, it is true that Fy must be reversible, that Q; must be weakly symmetric,
and that F; must be reversible. It is obvious that a reversible affine symmetric
Berwald space must be globally symmetric. This proves the theorem. O

Theorem 6.17. Let M be a connected simply connected compact manifold of
dimension > 2 and suppose that every homogeneous Riemannian metric on it is
holonomy irreducible. Then a weakly symmetric Finsler metric on M is Berwaldian
if and only if it is either Riemannian or globally symmetric. In particular, a
weakly symmetric Finsler metric on a connected simply connected compact rank-
one symmetric Riemannian manifold is Berwaldian if and only if it is Riemannian.

Proof. For the first assertion we need only prove the “only if” part. Suppose F
is a Berwlad metric on M that is also weakly symmetric. Then by Theorem 1.9,
there exists a Riemannian metric Q whose Levi-Civita connection coincides with
the linear connection of F. Since M is compact, the identity component Iy(M,g)
of the full group I(M,Q) of isometries coincides with the identity component
Ao(M, Q) of the full group of affine transformations A(M,Q) of the Levi-Civita
connection of (M, Q) (see [102, Vol. 1, p. 244]). Since (M, F) is weakly symmetric,
the full group of isometries /(M,F) acts transitively on it. Hence the identity
component Io(M,F) also acts transitively on M. By Theorem 5.1, an isometry
of a Berwald space must be an affine transformation with respect to its linear
transformation. Therefore we have Io(M,F) C Ao(M,Q) = Ip(M, Q). Hence (M, Q)
is a homogeneous Riemannian manifold. By the assumption, (M,Q) must be
holonomy irreducible. Then (M, F) is holonomy irreducible. From this the first
assertion follows directly from Theorem 6.9. Now we prove the second assertion.
We need only prove that on a connected simply connected compact rank-one
symmetric Riemannian manifold M every homogeneous Riemannian metric must
be holonomy irreducible. Suppose conversely that Q is a homogeneous Riemannian
metric on M that is holonomy reducible. Then we have the de Rham decomposition

(MvQ):(Mlan)X"'x(Mvas)v 5225

where (M;,Q;) (i = 1,...,s) are irreducible. According to Hano’s theorem [102],
we have

Ih(M, Q) =Ih(M;,0Q1) x --- x Io(M, Qy).

However, from the list of groups that admit transitive action on a compact rank-one
Riemannian symmetric space (see [28, p. 179], and in particular Table 7.1 in this
book), we can easily see that no such group can be decomposed as the product of
two connected (nontrivial) subgroups. This is a contradiction. O
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Corollary 6.1. On the real projective space RP", a weakly symmetric Finsler
metric is Berwaldian if and only if it is Riemannian.

Proof. Let  : §" — RP" be the covering projection. Suppose F is a weakly
symmetric Finsler space on RP". Then 7*F is a weakly symmetric Finsler metric
on S”. Since being a Berwald space is a local property, 7*F is Berwaldian if and
only if F' is Berwaldian. From this the corollary follows.

Combining the above results with Theorem 6.2, we get the following result.

Proposition 6.6. Every weakly symmetric non-Riemannian Finsler metric on the
odd-dimensional sphere S~ (n > 2), the odd-dimensional real projective space
RP?"~! (n > 2), and the (4n — 2)-dimensional complex projective space CP?"~!
must be non-Berwaldian. In particular, on each of the above manifolds, there
exist infinitely many Finsler metrics that are reversible, non-Berwaldian, and with
vanishing S-curvature.

Besides the above examples, there are still many examples that possess the above
properties. In particular, we can prove that all the admissible weakly symmetric non-
Riemanian Finsler metrics on H-type nilpotent Lie groups are of this type. We first
prove the following.

Proposition 6.7. Let N (dimN > 2) be a connected simply connected nilpotent Lie
group that is indecomposable, i.e., N cannot be written as the direct product of
two nontrivial normal subgroups. Then a left-invariant Finsler metric F on N is
Berwaldian if and only if it is Riemannian.

Proof. Suppose conversely that there is a left-invariant Finsler metric F' on N that
is non-Riemannian but Berwaldian. Let L be the group of linear isometries of the
Minkowski space (T, (N), F), where e is the unity element of N. Then L is a compact
Lie group. Therefore there exists an inner product on 7, (N) that is invariant under
the action of L. Let Q be the left-invariant Riemannian metric on N whose restriction
to T,(N) is (, ). We assert that Q is affinely equivalent to F, or equivalently, the
Levi-Civita connection of Q coincides with the linear connection of F. Let K
be the holonomy group of the Berwald space. By Theorem 1.11, every parallel
displacement of F is a linear isometry. Thus K C L. On the other hand, for every
piecewise smooth curve c from e to g € N, let P. be the parallel displacement along c.
Then we have

F(P.(X))=F(X), VX €T.(N).

Moreover, F (L3 (X)) = F(X). Thus F((L;)'P.(X)) = F(X), that s, (L}) 'P. € L.
Hence P, keeps the Riemannian metric Q invariant. This proves the assertion. Next
we assert that Q is holonomy irreducible. For this we use again N. Wilson’s result
on the full group of isometries of (N, Q). If Q is holonomy reducible, then we have
a de Rham decomposition

N =Ny X Ny X--- XNy,
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where Ny is a Euclidean space and Np,...,Ns, are connected simply connected
holonomy irreducible Riemannian manifolds with dimension > 1. Then by J. Hano’s
theorem the identity component of the full group of (N,Q) can be written as the
product of the identity components of full groups of isometries of N; (i =0, 1,...,s).
From this one can easily deduce a contradiction to the assumption that N is
indecomposable. This proves our second assertion. Now (N,Q) is a holonomy
irreducible Riemannian manifold whose Levi-Civita connection coincides with the
linear connection of a non-Riemannian Berwald space. Then by Theorem 1.10,
(M, Q) must be an (irreducible) globally symmetric Riemannian manifold of rank
> 2. This implies that the sectional curvature of (N,Q) is either everywhere > 0
(compact type) or everywhere < 0 (noncompact type). This contradicts again the
result of J. Wolf [173] asserting that every left-invariant Riemannian metric on a
nonabelian nilpotent Lie group must have tangent planes Iy, I}, and IT_; such that
Iy has sectional curvature O, I'T; has sectional curvature > 0, and IT_; has sectional
curvature < 0, respectively. O

Now we conclude this chapter with the following corollary.

Corollary 6.2. An admissible weakly symmetric Finsler metric on an H-type Lie
group is Berwaldian if and only if it is Riemannian. In particular, on any of the
H-type Lie groups in Theorem 6.15, there exist infinitely many left-invariant Finsler
metrics that are reversible, non-Berwaldian, and with vanishing S-curvature.

Proof. By Proposition 6.7, we need only prove that every H-type Lie group is
indecomposable. For this it suffices to prove that an H-type Lie algebra cannot be
written as the direct sum of two nontrivial ideals. Suppose conversely that an H-type
Lie algebra n has a decomposition

n=n; dny,

where n and nj are nontrivial ideals. Without loss of generality, we can assume that
n; contains an element u that is not in the center 3 of n. Then it is easily seen (see
[95]) that the map ad(u) : n — j3 is surjective. This means that 3 C ny. On the other
hand, we can also select a nonzero element v € ny. Then v ¢ 3. The above argument
then shows that we should also have 3 C nj, which is a contradiction. a



Chapter 7
Homogeneous Randers Spaces

In this chapter we study homogeneous Randers spaces. Randers spaces were first
introduced by Randers in 1941 [131], in his study of general relativity. Thus Randers
metrics have important applications in the theory of relativity. Moreover, They occur
naturally in other physical applications, especially in electron optics. In fact, as
explained by Ingarden, the Lagrangian of the relativistic electrons gives rise to a
Finsler metric of Randers type. Randers metrics are also used as unifying model
for gravitation and electromagnetism; see [10, 93]. In geometry, Randers metrics
provide a rich source of explicit examples of y-global Berwald spaces, particularly
those that are neither Riemannian nor locally Minkowskian. Since they are most
closely related to Riemannian metrics among the class of Finsler spaces, many
new geometric invariants are first computed for them; see for example [17] for the
computation of Laplacians of Randers metrics by Bao and Lackey.

In this chapter, we will present an exposition on recent results on homogeneous
Randers spaces. This is the most fruitful subject in the very general field of
homogeneous Finsler spaces, as can be expected from the definition of a Randers
space. We now give an outline of the contents of the individual sections. In Sect. 7.1,
we give a method to construct invariant Randers metrics on a coset space of a
Lie group, through a thorough study of invariant vector fields on homogeneous
manifolds. In Sect.7.2, we use the formula of the Levi-Civita connection of an
invariant Riemannian metric on a coset space to deduce an explicit simple formula
for the S-curvature of invariant Randers metrics. In Sects.7.3 and 7.4, we study
homogeneous Einstein—Randers metrics. The main results are a rigidity result that
every homogeneous Einstein—Randers metric with negative Ricci scalar must be
Riemannian, and a complete classification of all homogeneous Einstein—Randers
metrics on spheres. As a result, we find many new homogeneous Einstein metrics on
spheres. In Sect. 7.5, we prove that a homogeneous Randers metric is Ricci quadratic
if and only if it is Berwald. Finally, in Sects.7.6 and 7.7, we study homogeneous
Randers metrics with positive flag curvature or negative flag curvature. This results
in an isometric classification of homogeneous Randers spaces with positive flag
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curvature and almost isotropic S-curvature, and a rigidity result asserting that a
homogeneous Randers metric with negative flag curvature and almost isotropic
S-curvature must be Riemannian.

There are some problems deserving to be studied in the future. The classification
of homogeneous Randers spaces of positive flag curvature, without the restriction
of S-curvature, would be an important achievement. It would also be interesting to
study other curvature tensors of homogeneous Randers spaces. For example, up to
now, we have not obtained an explicit formula of the Landsberg tensor and Berwald
tensor.

The standard references of this chapter are [48, 60, 64, 87-89, 147,162, 168]; see
[67,120,136, 145, 161] for further information on related topics.

7.1 General Description

Let M be a smooth n-dimensional manifold. Recall that a Randers metric on M
consists of a Riemannian metric o = 4 /a,'jdx" ®dx/ on M and a 1-form 8 := bidx.
Using o and 3 we define a function F on TM:

F(x,y) = a(x,y) +B(xy), x € M,y € To(M),
where F is a Finsler structure if and only if
1Bl :=vbibi <1, (7.1)
where
b :=d"b;,
and (a') is the inverse of the matrix (a;;).

There is a global way to express a Randers metric on a Riemannian manifold,
which is convenient when we consider such structures on homogeneous Riemannian
manifolds. Let x € M. Then the Riemannian metric induces an inner product in
the cotangent space 7,(M) in a standard way. An easy computation shows that
(dx', dx’) = @". This inner product defines a linear isomorphism between 7, (M)

and T;(M). Through this inner product the 1-form 3 corresponds to a smooth vector
field U on M. Let

U= Mia/ax,’.

Then we have
u' = Z a’bj="b',
j=1

and for every y € T,(M) we have

yU) = <y, (ia""(ﬂbj) 9/9xr> =bi(x)y' = B(x,y).
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It is obvious that || || = ||U]|. Thus (7.1) holds if and only if
U] < 1.

Therefore we have the following result.

Lemma 7.1. The Randers metric on a manifold consisting of a Riemannian metric

together with a smooth vector field U with o.(U|,) < 1,Vx € M, is defined by
F(x,y) = a(y)+(U,y),xeM,y € (M),
where () is the inner product induced by the Riemannian metric o.

Recall that the Randers metric defined by Riemannian metric o and 1-form f is
of Berwald type if and only if B is parallel with respect to a. It is obvious that 3 is
parallel if and only if the corresponding vector field U is parallel with respect to o.
Therefore we have the following.

Lemma 7.2. Let F be a Randers metric on M defined by the Riemannian metric o
and the vector field U. Then (M,F) is a Berwald space if and only if U is parallel
with respect to Q..

Now we consider the group of isometries of Randers metrics.

Proposition 7.1. Let (M, F) be a Randers space with F defined by the Riemannian
metric o, and the vector field U. Then the group of isometries of (M, F) is a closed
subgroup of the group of isometries of the Riemannian manifold (M, ).

Proof. Let ¢ be an isometry of (M,F). Let p € M and set ¢ = ¢(p). For every
y € T,(M) we have

F(p,y) = oa(p,y)+ {Ulp,y) = F(q,d¢,(y))

= a(q,dep(y)) + (Ulg, dgp(y))- (7.2)
Substituting y with —y in (7.2), we get
a(p.y) = (Ulp.y) = alq,dép(y)) = (Ulg,dgp(y))- (7.3)

Taking the sum of (7.2) and (7.3), we get
a(p,y) = a(q,ddp(y)), (Ulp,y) = (Ulg,dop(y))-

Thus ¢ is an isometry with respect to the underlying Riemannian metric o and for
every p € M, we have d¢,(U|,) = U|(p). Therefore I(M, F) is a closed subgroup
of I(M, o). O



176 7 Homogeneous Randers Spaces

Now we turn to homogeneous Randers spaces. A Randers space (M, F) defined
by a Riemannian metric o and a 1-form § with ||3|| < 1, or equivalently, a smooth
vector field U with ||U]| < 1, is called homogeneous if its full group of isometries
I(M,F) acts transitively on M. By Proposition 7.1, if (M,F) is a homogeneous
Randers space, then the Riemannian manifold (M, o) is necessarily homogeneous.
Since the isotropy subgroup H of I(M,F) at x is compact, M can be written as
a coset space M = I(M,F)/H with compact H. Then I(M,F)/H is a reductive
homogeneous manifold. So we just need to consider invariant Randers metrics on
reductive homogeneous manifolds.

Let G/H be a reductive homogeneous manifold. Let g =Lie G, h =Lie H. Fix a
reductive decomposition of g:

g="b+m (direct sum of subspace), (7.4)
where m is a subspace of g with
Ad(h)ymCm, VheH.

By the proof of Proposition 7.1, to construct invariant Randers metrics on G/H,
we first need to find G-invariant vector fields on G/H. The following proposition
gives a complete description of invariant vector fields.

Proposition 7.2. There exists a bijection between the set of invariant vector fields
on G/H and the subspace

V={uem|Ad(h)u=u,Yhe H}.

Proof. Let r: G — G/H be the natural projection, and L, and R, the left and right
translations of G by g, respectively. The differential dz of the map # maps g onto
the tangent space T,(G/H) of G/H at the origin o = {H}. The kernel of drx is §.
The translation 7(g) : xH — gxH satisfies

molg=1(g)om.
Moreover, for h € H, we have o R, = 7 and Ad(g)u = dR, 1 0 dL,(u). Therefore
droAd(h)u=dt(h),odr(u), ucg.
Thus under the isomorphism g/b ~ T,(G/H) the linear transformation Ad(h) of

g/b corresponds to the linear transformation dz(h), of 7,(G/H).
The decomposition g = h + m gives a natural isomorphism

g/h~m.

Under this isomorphism the linear transformation dt(h), of T,(G/H) corresponds
to the linear transformation Ad(/) of m.
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Now given u € V, let u, be its image under the isomorphism m ~ 7,(G/H). For
g € G, define a tangent vector U at gH by

Ueri = d(7(g))o (o).

If giH = gH, then g~'g; € H. Since Ad(h)u = u,Vh € H, the above argument shows
that d7(g~'g1)otto = tt. Thus d7(g)out, = d7(g1),to. Therefore U is a well-defined
vector field on G/H and it is obviously invariant under the action of G. That the
correspondence u — U is a bijection is easy to verify. a

Remark 7.1. In the following, we usually denote the invariant vector field generated
by u in Proposition 7.2 by ii.

By Proposition 7.1, the underlying Riemannian metric of an invariant Randers
metric on G/H must be invariant. Therefore we first fix an invariant Riemannian
metric & on G/H and then consider the invariant Randers metrics on G/H with the
underlying Riemannian metric o.

The invariant Riemannian metric & induces an inner product (, ) on g such that

(Ad(h)w,Ad(h)v) = (w,v), wyveEg, heH. (7.5)
The subspace m in (7.4) can be taken to be the orthogonal complement of ) with

respect to this inner product.

Theorem 7.1. Let o be an invariant Riemannian metric on G/H and m the
orthogonal complement of §) in g with respect to the inner product induced on g
by a. Then there exists a bijection between the set of invariant Randers metrics on
G/H with the underlying Riemannian metric o and the set

Vi={uem|Ad(h)u=u,(u,u) <1,Vhe H}.

Proof. Let u € V. By Proposition 7.2, u corresponds to an invariant vector field u
on G/H. Since # is invariant under the action of G, we have

o(gH)(u) = a(H)(@) = (u,u) < 1.

By Lemma 7.1 we can define a Randers metric F, on G/H by

F.(gH,y) = o(gH)(u) + (,y), y € Teu(G/H).

Then F, is obviously invariant under the action of G. It is easily seen that the
correspondence u — F, is a bijection. O

Recall that a Randers metric can also be represented by the navigation data.
From (1.11) it follows that if F is a Randers metric on a coset space G/H with
navigation data (k,W), then F is invariant under G if and only if both # and W are
invariant under G.
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7.2 S-Curvature

In this section we will deduce an explicit formula for the S-curvature of a
homogeneous Randers space. In contrast to general formulas in Finsler geometry,
which inevitably involve indices with respect to local coordinate systems, we can
express the S-curvature of a homogeneous Randers space in terms of the Lie algebra
structure and the metric. Such an approach is welcome in Finsler geometry.

We first need to deduce some results concerning the Levi-Civita connection of a
homogeneous Riemannian manifold. Let (G/H, o) be a homogeneous Riemannian
manifold. Then G/H is a reductive homogeneous manifold, i.e., the Lie algebra of
G has a decomposition of the Lie algebra

g=bh+m (7.6)

such that Ad (h)(m) C m, Vh € H. We can identify m with the tangent space
T,(G/H). Let {, ) be the corresponding inner product on m.

In the literature, there are several versions of the formula for the connection for
Killing vector fields. We will use the formulas in Theorem 2.24. Given v € g, we
can define a one-parameter transformation group ¢, t € R, of G/H by

& (gH) = (exp(tv)g)H, g€G.

Then ¢, generates a vector field on G/H. By the left-invariance of the metric, it is
a Killing vector field (this is called the fundamental vector field generated by v in
[102]). We denote this vector field by ¥ (note that this is different from the notation
it in Sect. 7.1). Then for every vi,vo,w € m, we have

<VVA1 VA2|07W> = (_<[V17V2]mvw> + <[W7V1]m=v2> + <[W7 VZ]m,"l)), (7.7)

| —

where 0 = H is the origin of the coset space and [vq, V] denotes the projection of
[v1,v2] to m corresponding to the decomposition (7.6) (caution: for vi,v, € m, the
Lie bracket [v;,v2]m is exactly the negative of the value of the vector field [7,¥,] at
the origin).

To apply the formula (7.7) to our study, we need to deduce some formula for the
connection in a local coordinate system. Let uy,u»,...,u, be an orthonormal basis
of m with respect to (, ). Then there exists a neighborhood N of 0 in G/H such that
the map

(expxluy expx?uy - --expxu, ) H — (x',x%,... %) (7.8)

defines a local coordinate system on N. Now we compute the coordinate vector
fields 9%;. Let gH = (x',x%,...,x") € U. Then
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0 d , ; ;
5 lor = a(expxlul ceexpx i exp(r +x')u; expx T lui g - expxuy, - H) o

” (expxlul . -expx’flu,-,l explu; exp Ny -exp —xtuy - gH) =0
i—1

d
_ aexpl‘(exladul__'ex adu;_ 1( )) gH|t o

Set

1 i~ adus
— adug s eF adu;_| (Mz)

We then have

J .
=i lsH = VilgH- (7.9
Next we compute the Levi-Civita connection of o under the above coordinate
system on N. Let u,,11,...,u, be a basis of h. Then we can write
m .
J
Vi = 2 f; uj,
j=1
where f/, j=1,2,...,n, are functions of x!,...,x~!. Hence
d 2o
_ J A
v~ xS
j=

Therefore we have

axt

v, - (iﬂﬁ)—z o Ut S AV,
Lox  3a ) = P Pl R
fEr

Since by the symmetry of the Levi-Civita connection we have

d 0 Jd 0
V a _ V = =5 o = 5
Oxt axl 3 J 8x’ ax’ ax/
it suffices to compute V 5 aixf for i > j. Since fjl are functions of x!,...,x/ 71, we
oxt
of! .
have a—x{ =0, fori > j. Thus
Va Zﬁf‘jvukulv IZJ

J
Xla.x ki=1
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By the definition of f[j we easily see that f[j (0,0,...,0) = &;. Thus

d
(%W)

Let I:f be the Christoffel symbols of the connection under the coordinate
system, i.e.,

= (Vi)

o

Y
o

v%% = ,.j?%.
Then we have
o) | =Vaiy)| . iz
By (7.9) we see that % ]0 = Vx|, = ux. Thus,
(o) = (I (0)ux,ur) = (Vaiijsi)o, 12 . (7.10)

175’(0):%(_<[“iv"‘j]mv”l>+<["‘lv”i]ma“j>+<[“lv"‘j]ma“i>)v izj. (71D

Sometimes it is convenient to express formula (7.11) using the structure constants
of the Lie algebra. For 1 <i,j <m, let

m
[ui,uj] = 2 Clkjuk.
k=1

The constants C{‘]- are the structure constants of the Lie algebra g with respect to the

basis uy,...,up, tpy1,. .., uy,. Using the structure constants, we can rewrite (7.11) as
I 11 ! J i L
L =Ti=(=Cli+Cl+Cl), iz (7.12)

Now we give some applications of formulas (7.7)—(7.11) to Randers spaces.
By Theorem 7.1, there is a one-to-one correspondence between the invariant
Randers metrics on G/H with the underlying Riemannian metric o/ and the
G-invariant vector fields on G/H with length <1. Furthermore, the G-invariant
vector fields on G/H are in one-to-one correspondence with the set

V={uem|Ad(h)ju=u, Vhe H}.

Hence the invariant Randers metrics are in one-to-one correspondence with the set

Vi={ueV|(uu) <1}.
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Let u be a nonzero element in V;. Select an orthonormal basis u;,us,...,u, of
m such that u, = u/|u| and define the local coordinate system as in (7.8). Since the
vector field i generated by u is invariant under the action of G, we have

ulgn = dtg(u),
where T, is the diffeomorphism of G/H defined by gH — gg1H. Thus

Mo = < (gy(exp(tu)H)) <o

dr
= i(expxlul expxuy - - exp(x" + ct)up)H|—o = ci
dr " = ax" gH,

where ¢ = |u| < 1.
Our first application is the following.

Proposition 7.3. The Randers metric F = ot + 3, generated by o and u € Vi, is a
Berwald metric if and only if

([u,v]m,v) =0, ([v,W]m,u) =0, Vv,wem.

Proof. By Lemma 7.2, F is of Berwald type if and only if the invariant vector field u

is parallel with respect to ., i.e., 1;11 = I:,IL =0, fori,l =1,2,...,n. By the invariance

of u, it suffices to check at the origin o. By (7.11), this is equivalent to
— ([un, uilm,up) + (g, il un) + (U, ven]m,ui) =0, ii1=1,2,....n. (7.13)
Setting i = [ in (7.13), we get
([un, uilm,ui) =0, i=1,2,...,n. (7.14)
Now it is easily seen that (7.14) is equivalent to
([tny il up) + ([, wi]m,ui) =0, i,1=1,2,....n. (7.15)

Combining (7.13), (7.14), and (7.15), we complete the proof. O

Now we are ready to compute the S-curvature of F. Since (G/H,F) is homoge-
neous, we just need to compute at the origin o = H. Let (N, (x',x?,...,x")) be the
local coordinate system defined in (7.8). Recall formula (1.10) for the S-curvature
in local coordinate systems. If the Finsler metric is of Randers type, it is easy to
deduce that (see [44])

S = (”+1){%—(S0+Po)},
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where eqo, o, and pg are defined in the following way:

I eoo—e,jyy/ where ¢;; = rij +bisj + b, Sis Tij = (blj—f—bj,) and the b; are

defined by 8 = b; dx'. Furthermore, s; = bjs’;, and s'; is defined by st = a’hsh,,

where Sij %(% ?91; ) and (aX) is the inverse matrix of (a;;);
I so = sy

II. py = p,y', where p =1In+/1—||B]| and ||B]| is the length of the form 8 with
respect to «.

Now we compute the above quantities for a homogeneous Randers space defined
by a Riemannian metric & in G/H and u € m as above. The quantities of type (III)
are easy. In fact, p,; = O for every i, since f3, as an invariant form on G/H, has
constant length. Therefore py = 0. Next we compute egg and s¢.

First, since
o) _d Jd 0
=8 (77) = (P3) (50
we have

bi_ 0 /0 ON_(lg, 0 N [0 G o
o “ox \oxiox/) € 37 ox"’ Ol ox o))"

Hence at the orlgm we have (here we have used the symmetry of the connection:

_ 1.0
v ’3 Bx’ -V ’3 axf _[Bx/’Bx’] 0)

1 J 0 Jd 0
sl‘f‘<0>—§C(<V5nmﬁ>‘<Viﬂa— a_>)

By (7.7)(7.11), we have

1
5ij(0) = Se((ui ujlm, un).- (7.16)

Since at the origin (a;;) = I,, we have

sij(o) =da* 0)sij(o Z Oiskj(0) = sij(0),

therefore
si(0) = b;(0)s'i(0) = cs"i(0) = cspi(0).

Thus for y = y'u; € m, we have

1
s0(y) = ¥'s1(0) = cy'su(0) = §C2y1<[”na“l]ma“n>

= %([cun,yluz]mwun) = %<[u,y]m7u>. (7.17)
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Next we compute 7;;. First suppose i > j. In this case we have

1 1 (b, b
rij(0) = 5 (bij +bji) (—I —bilji+ =4 — blrijl‘)

o 2 \ox oxi

1 (db;  db; .
—zﬁﬁ+aﬁt*%@'

By (7.15) and (7.7)~(7.11) we have

o

1/db; Jb; 1 L
3 (E_FW) 0——§c<[u,,u]]m,un>, i>]. (7.18)
Combining (7.11) with (7.18) we get
1 L
rij(o) = _EC(<[um”i]mauj>+<[”m”j]m7ui>), i>j. (7.19)

Note that r;; is symmetric with respect to the indices i, j, and the right-hand side of
(7.19) is also symmetric with respect to i, j. We conclude that (7.19) is also valid
for i < j. On the other hand, a direct computation shows that

0, for0<i,j<n-—1,
1
§c3<[u”,ui]m,un>, forl<i<n-—1,j=n,
bisj+bjsi|0 = |
§c3<[u,,,uj]m,u,,>, fori=n1<j<n-—1,
0, fori=j=n.
Consequently

eo0(y) = rij(0)y'y! + (bis; +bjsi)|oy'y’

1 . -
- _EC(<[“na“i]mv"‘j> + <["‘na“,/']mv"‘i>)yly] +C3<[“na“j]ma“n>yjy

_%«[Cumyiui]mayj”ﬁ + (Letwn, yu s Y'ui)) + ([cttn, w4y |m, cun)ey”
= _<[“;y]m;y> + <[u,y]m,u><y, “>
= <[u,y]m,<y,u>u—y>,

where we have used the skew-symmetry of the Lie brackets, [uy,u,] = 0, and the
facts that cu, = u, y" = (and u,). Finally, we obtain the formula for the S-curvature:

S(09) = 1+ ) { 5020~ (,00) - pu) |

_ n+l { <[u,y]m,<y,u>u—y>
2 F(y)

We summarize our computation as the following theorem.

()}



184 7 Homogeneous Randers Spaces

Theorem 7.2. Let G/H be a homogeneous manifold and suppose the Lie algebra
g of G has a reductive decomposition g = b+ m with Ad(h)m C m. Let F be an
invariant Randers metric on G/H defined by an invariant Riemannian metric o, and
an H-invariant vector u in m. Then the S-curvature of F is

_ n+1 <[M7y]m7<y7u>u_y>
S()=73 { F(y)

where o = H is the origin of G/H, {,) is the inner product induced by o, and we
have identified the tangent space T,(G/H) with m.

(b} yem

From the above formula, we can see that S(«) = S(—u) = 0. Therefore, for a
homogeneous Randers space, the S-curvature has at least two (nonzero) zero points
at any tangent space of the manifold.

Next we give some applications of Theorem 7.2. We begin with the following
theorem.

Theorem 7.3. Let (G/H,F) be a homogeneous Randers space where F is defined
by a G-invariant Riemannian metric o and 0 # u € V| as in Theorem 7.2. Then
(M, F) has almost isotropic S-curvature if and only if it has vanishing S-curvature.

Proof. We need prove only the “only if” part. Suppose that F' has almost isotropic
S-curvature. Then there exist a closed 1-form 11 on G/H and a function ¢(x) on G/H
such that

S(y) = (n+D(cx)F(y)+n(y)), VyeT(G/H).

In particular, at the origin x = o we have

n+1 { ([t Y], (v, u)u —y)
2 F(y)

for every y € m. Considering the values at y = u and y = —u we get

- <[u,y]m,u>} — (11 D)(el0)F () + 1)), (7.20)

(0)F () + 1) = 0, c(o)F(—u)— () =0,
Thus ¢(0)(F (1) + F(—u)) = 0. Therefore we have c(0) = 0. Hence

{<[M,y]m=<y,u>u—y>
F(y)

Writing y = yiui, where u; is the orthonormal basis of m as above, we can rewrite

(7.21) as
200+ <[u,y]m7u>>,/§<yf>2

= <[M,y]m, <y7 ”)” _y> - (277(y) + <[u7y]m7”>) X <u7y>'

- <[M,y]m,u>} =2n(y). (7.21)
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Note that the right-hand side of the above equation is a polynomial in y'. This can
hold only when

21 (y) + ([, y]m,u) = 0.

Therefore we have
([ ym, u)u—y) =0, Vyem. (7.22)

Now the subspace m has a decomposition
— i
m=L(u)+L(u)",
where L(u) is the span of u. By (7.22), for every y, € L(u)* we have

<[u,y2],y2> =0.

Hence for every y = y; +ya, y1 € L(u), y2 € L(u)* we have

0= <[u,y]m,<y,u>u—y> = <[u,y2]m, <y1a“>“_y1>
= <[u7yz]m,<y1,u>u—%u> = (v1,u) X (1 —ﬁ) ([t y2]m ).

Since (u,u) < 1, the above equality implies that

([, 2)m,u) =0, Vy2 € L(u)™,

or equivalently
([, y)m,u) =0, Vyem. (7.23)

Combining (7.22) and (7.23), we conclude that the S-curvature of F vanishes at o.
Since (G/H, F) is homogeneous, the S-curvature vanishes everywhere. ad

For y € m, we define a linear transformation ad n, (y) as

adm (y)(v) = [y,V]m.

The proof of Theorem 7.3 has the following corollary.

Corollary 7.1. The homogeneous Randers space in Theorem 7.2 has almost
isotropic S-curvature if and only if adw(u) is skew-symmetric with respect to
the inner product {,). In particular, it has vanishing S-curvature if and only if
adm (1) is skew-symmetric with respect to the inner product (., ).

Proof. If ady (u) is skew-symmetric with respect to (, ), then for every y € m,
we have

<[“a)’]m7y> = 05
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and

<[u7y]m7u> = _<y7 [”u”]m) =0.

By Theorem 7.2, F has vanishing S-curvature. On the other hand, if ' has almost
isotropic S-curvature, then (7.22) and (7.23) hold. Thus

<[“a)’]m7y> = Oa

for every y € m. Hence ady, (1) is skew-symmetric with respect to (, ). O
As another application of the above formulas, we have the following result.
Proposition 7.4. Ler (G/H,F) be a homogeneous Randers space defined by o0 and
u# 0 as in Theorem 7.2. Then F is of Douglas type if and only if
([vi,va]m,u) =0, Vvi,vp €m.
Furthermore, if F is of Douglas type and has almost isotropic S-curvature, then F
is of Berwald type.

Proof. According to [16], F is of Douglas type if and only if the corresponding
I-form B is closed, i.e., dB = 0. Since B is G-invariant, it suffices to prove that
dB|, = 0. Using the local coordinate of (7.8), we see that this is equivalent to

1 /0b; Jb; ..
Sij(o):§<ﬁ_a_x;):07 Vi, j.

By (7.16), this is equivalent to
1 .
§C<[”iauj]ma’4n> :Ov Vl,],

that is,
(v1,v2)m,u) =0,  Vvi,vm €m.

This proves the first assertion. If F has almost isotropic S-curvature, then by
Corollary 7.1, we have

([u,v]m,v) =0.

By Proposition 7.3, if F is in addition of Douglas type, then F must be of Berwald
type. O

Finally we consider the special case of left-invariant Randers metrics on a Lie
group. Let F = o+ 3 be a left-invariant Randers metric on a connected Lie group G.
Then for every g € G and y € g = T,(G), we have F(dLg(y)) = F(y), where L, is
the left translation defined by g. Hence

o(dLg()) +B(dLg(y)) = () +B(y)- (7.24)
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Substituting y with —y in (7.24) we get

o(dLg(y)) = B(dLg(y)) = ely) = B(¥). (7.25)

Combining (7.24) and (7.25) we have

a(dLg(y)) = aly), B(dLg(y)) = B().

This means that both the Riemannian metric ¢« and the 1-form f3 are invariant under
the left translations of G. The left-invariant Riemannian metric corresponds to an
inner product (,) on g and the 1-from 3 corresponds to a left-invariant vector
field on G, i.e., an element of g, with length less than 1. On the other hand, every
inner product on g defines a left-invariant Riemannian metric on G, and this metric
together with any element of g of length less than 1 defines a left-invariant Randers
metric on g. By Theorem 7.2 we have the following.

Proposition 7.5. Let G be an n-dimensional connected Lie group with Lie algebra
g. Let {, ) be an inner product on g and u € g with (u,u) < 1. Then the left-invariant
Randers metric F on G defined by {, ) and u has S-curvature

Sle) ="t { L= g .

Here F has almost isotropic S-curvature if and only if F has vanishing S-curvature,
if and only if the linear endomorphism ad(u) of g is skew-symmetric with respect to
the inner product (., ).

As an application, we classify left-invariant Randers metrics with almost
isotropic S-curvature on a connected nilpotent Lie group.

Proposition 7.6. Let G be a connected nilpotent Lie group with Lie algebra g and
(,) an inner product on g. Suppose u is an element in g with (u,u) < 1. Then
the Randers metric constructed by (,) and u has almost isotropic S-curvature
(and hence vanishing S-curvature) if and only if u € C(g), where C(g) denotes the
center of g.

Proof. If u lies in the center of g, then ad(u) = 0. Hence it is skew-symmetric
with respect to (, ). By Proposition 7.5, the corresponding Randers metric F has
vanishing S-curvature. On the other hand, if F has vanishing S-curvature, then
ad(u) is skew-symmetric with respect to (, ). Thus ad(u) is a (complex) semisimple
endomorphism of g. On the other hand, since the Lie algebra g is nilpotent, Engel’s
theorem implies that ad(u) is a nilpotent endomorphism of g. This forces ad(u) = 0.
Hence u € C(g). O

Since a nonzero nilpotent Lie algebra has nonzero center, Proposition 7.6 implies
that for every inner product on the Lie algebra g, there exists u in g such that F has
vanishing S-curvature. However, such a Randers metric may not be of Berwald type,
as indicated by the next examples.
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Example 7.1. A real Lie algebra n is called two-step nilpotent if [n,n] # 0 and
[n,n],n] = 0. A two-step nilpotent Lie algebra is called nonsingular if for every
x € n\3(n), where 3(n) denotes the center of n, the linear map ad(x) : n — 3(n)
defined by ad(x)(y) = [x,y] is surjective. Suppose N is a Lie group with Lie algebra
n that is nonsingular two-step nilpotent. Let (, ) be an inner product on n and u € n
such that (u,u) < 1. According to Proposition 7.6, the corresponding left-invariant
Randers metric F' has almost isotropic (hence vanishing) S-curvature if and only if
u € 3(n). Since n is nonsingular, we have [n,n] = 3(n). Now suppose F is in addition
of Berwald type. Then by Proposition 7.3, we have u | [n,n] = 3(n). Hence u = 0.
Thus on a nonsingular two-step nilpotent Lie group, there exists no left-invariant
Randers metric that is non-Riemannian and of Berwald type. But there always exist
non-Riemannian ones with vanishing S-curvature.

The most important nonsingular two-step nilpotent Lie algebras are the Heisen-
berg Lie algebras. Let n be a real vector space with basis x1,...,X,, Y1,.--,Vn, %
n > 1. Define brackets as follows:

[-xhxj]:[yiuyj]:()a [-xhyj]:SijZa [xiaz]:[yjuz]:()'

Then it is easily seen that n is a two-step nilpotent Lie algebra with center spanned
by z. This Lie algebra is called the Heisenberg Lie algebra. It is also easily seen that
nis nonsingular. Hence on a Lie group with Heisenberg Lie algebra (i.e., Heiserberg
Lie group) there exists no non-Riemannian left-invariant Randers metric of Berwald
type. However, given any inner product (, ) on n, if we set

u:c;, le| <1,

(z,2)

then the corresponding Randers metric has vanishing S-curvature.

Example 7.2. Let G be a connected compact Lie group with Lie algebra g.
Fix an Ad(G)-invariant inner product (, ) on g. The corresponding left-invariant
Riemannian metric Q is then bi-invariant under the action of G. Hence (G, Q) is
a globally symmetric Riemannian space. Since (, ) is Ad(G)-invariant, for every
u € g, ad(u) is skew-symmetric with respect to (, ). Therefore, for every u € g
with (u,u) < 1, the left-invariant Randers metric F' constructed by (,) and u
has vanishing S-curvature. Therefore F' is of Berwald type if and only if u L
[g,9]. In particular, if G is semisimple, then no such Randers metric can be non-
Riemannian and of Berwald type. However, if G is not semisimple, then g # [g, g].
For every u € [g,g]", the corresponding Randers metric must be of Berwald type.
This method provides a convenient way to construct globally defined Berwald
spaces that are neither Riemannian nor locally Minkowskian (see [16] for details).
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7.3 Homogeneous Einstein—Randers Spaces

We now turn to the study of homogeneous Einstein—Randers spaces. Recall that a
Finsler space (M, F) is called Einstein if its Ricci scalar is a scalar function K (x) on
M. In the case that (M, F) is homogeneous, it is obvious that the function K(x) is
necessarily constant.

The main result of this section is the following:

Theorem 7.4. A homogeneous Einstein—Randers space with negative Ricci curva-
ture is Riemannian.

Note that Bao and Robles have proved in [19] that a connected compact Einstein—
Randers space with negative Ricci scalar must be Riemannian. However, the above
theorem does not overlap this result, since by Theorem 2.27, a homogeneous
Einstein—Riemannian manifold with negative Ricci curvature must be noncompact,
and by Theorem 7.5 below, the underlying homogeneous Riemannian manifold
(which is Einstein) of a homogeneous Einstein—Randers space must have negative
Ricci curvature.

The remainder of this section is devoted to proving Theorem 7.4. Suppose G/H
is a reductive homogeneous manifold with an invariant Randers metric F with
navigation data (h,W). As before, there is a decomposition of the Lie algebra:

g="b+m (direct sum of subspaces),

where g, resp. 0, is the Lie algebra of G, resp. H, and m is a subspace of g
satisfying Ad(h)(m) C m. We identify the tangent space T,5(G/H) of G/H at the
origin eH with m, through the map X + & (exp(tX)H)|—o, X € m. Under this
identification, the isotropy representation of H at T,y (G/H) corresponds to the
adjoint representation of H at m. Then W corresponds to an H-fixed vector w in
m with A(w,w) < 1.

Now we study the Killing vector fields of the invariant Riemannain metric on
G/H. If z € m is an H-fixed vector in m and Z is the corresponding G-invariant
vector field, then Z is a Killing vector field if and only if the one-parameter
transformation group

¢ :G/H— G/H, gHw— gexp(tz)H, t€R,
consists of isometries of A. In particular, for every z;,z, € m, we have
h(z1,22) = h(der(z1),der(22)). (7.26)
Now we compute d(¢y)(z;). Since z; is the initial vector of the curve (exp(sz;))H and

@1 (exp(szi)H) = exp(sz;) exp(1X)H,
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we have
A(0) 1) = - (exp(s20) exp(X)H) o
Now
exp(sZ;)exp(tX)H = exp(tX)exp(—tX)exp(sz;) exp(tX )H. (7.27)
Note that

exp(—1z) exp(szi) exp(tz) = exp(Ad(exp(12))(sz)) = exp(se " ().

Taking the derivative with respect to s in (7.27), we get

d
d(91)(z1) = 7= [exp12) exp(se™® (@) H | |s-o = dLexpec [ (@)| . (7.28)
m
where Leyp(;;) 1s the transformation of G/H defined by gH — exp(tz)gH. Since h is
G-invariant, Leyp(;;) are all isometries. Therefore (7.26) and (7.28) imply that

h(z1,22) = h([9(21))]m, [ (22))]m), Wt ER.
Taking the derivative with respect to ¢ and considering the value at = 0, we get
h([z,z1]m,22) + h(z1,[z,22]m) =0, Vz1,220 €m. (7.29)

Conversely, if (7.29) holds, then a backward argument implies that Z is a Killing
vector field of h.
Summarizing, we have proved the following result.

Proposition 7.7. Suppose G is a connected Lie group and H is a closed subgroup
such that G/H is a reductive homogeneous space with a reductive decomposition
g =b+m. Let h be a G-invariant Riemannian metric on G/H and suppose z € m
is an H-fixed vector. Then the corresponding invariant vector field Z on G/H is a
Killing vector field with respect to h if and only if z satisfies (7.29).

Combining Theorem 1.16 with Proposition 7.7, we get a characterization of
homogeneous Einstein—Randers spaces.

Theorem 7.5. Let G be a connected Lie group and H a closed subgroup of G such
that G/H is a reductive homogeneous space with a reductive decomposition g = b+
m. Suppose h is a G-invariant Riemannian metric on G/H and w € m is an H-fixed
vector with h(w,w) < 1. Let W be the corresponding vector field on G/H. Then the
Randers metric F with navigation data (h,W) is Einstein with Ricci constant K if
and only if h is Einstein with Ricci constant K and w satisfies (7.29).

Proof. The “if” part is obvious. Now we prove the “only if”” part. Assume that F is
Einstein with Ricci constant K. If K > 0, then by Theorem 1.16, we see that 2 must
be Einstein with Ricci constant K and the constant ¢ there has to be 0. Hence W
must be a Killing vector field. If K < 0, then we have the following two cases:
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1. h is Ricci flat. If W is not a Killing vector field, then ¢ # 0. Hence the
Ricci constant of F is —%62 < 0. Now Theorem 2.26 asserts that a Ricci-
flat homogeneous Riemannian manifold must be locally Euclidean. Thus 4 is of
constant sectional curvature 0. But then by Theorem 1.15, F must be of constant
flag curvature —11—6(72. Since a homogeneous Finsler space must be complete
and its Cartan tensor is invariant, the norm of the tensors A and L must be
bounded. Then the Akbar—Zadeh theorem (Theorem 1.14) implies that ' must be
Riemannian. Hence W = 0. This is a contradiction. Hence W must be a Killing
vector field.

2. his not Ricci flat. Then Theorem 1.16 ensures that ¢ = 0. Hence W must be a

Killing vector field.
This completes the proof of the theorem. O
Now we can give the proof of the main result of this section.

Proof of Theorem 7.4. Assume that (M, F) is a homogeneous Einstein—Randers
metric with negative Ricci curvature K. Then we can write M as a coset space G/H
of a Lie group G with G/H reductive. Let g,h, m, h, W, w be as above. Then by
Theorem 1.16, & is Einstein with Ricci constant K and w satisfies (7.29). Now we
use the formula for Ricci curvature of homogeneous Riemannian manifolds. Let
X1,X2,...,X, be an orthonormal basis of m with respect to 4 and suppose U is the
bilinear map from m x m to m defined by

2h(U(z1,22),23) = h([z3,21]m,22) + h(z1,[23,22]m), 21,22,23 € m.

Set

n

2= Y U(z,2).

i=1
Then by Corollary 2.1, the Ricci curvature of /4 can be expressed as
1 1

r(y,y) = —5[:21 |, XiJm | — Egih([y’ [V, i m ] m, Xi )

=S lo) 3 3 )
i= L=
—h([z,y]m,y), yen.

Now we consider the value at w. By (7.29) we have
h([w, W, Xi]m]m, Xi) = —h([W, Xi]m, W, xi]m) = _|[W7xi]m|2-

Therefore the first term and the second term of r(w,w) sum to 0. Since w commutes
with the subalgebra b, the third term is equal to 0. Now by (7.29),

h([z,W]m,w) = —h(z,[w,w]m) = 0.
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Therefore we have

The Einstein condition thus implies that

NP

_ilh([xi’xj]mv W)z = Kh(w,w).
i,j=

Therefore, by the assumption K < 0, we have w = 0. Thus F must be Riemannian
and the theorem is proved. O

7.4 Homogeneous Einstein—Randers Metrics on Spheres

In this section we will describe homogeneous Einstein—Randers metrics on spheres
and give the complete classification of them under isometries. The study of
homogeneous Einstein—Riemannian manifolds is an important subject in differential
geometry. However, up to now there have appeared only very few useful existence
(or nonexistence) theorems in the literature. In the noncompact case, all the known
examples of nonflat homogeneous Einstein—Riemannian manifolds can be viewed
as left-invariant metrics on a solvable Lie group. However, up to now the conjecture
of Alekseevskii has not been proved. So we still don’t know whether there are
examples of homogeneous Einstein—Riemannian metrics that cannot be realized as
left-invariant Riemannian metrics on a solvable Lie group. In the compact case, the
problem is also far from being fully understood; see [28] for a survey on this topic.
In the generalized Finsler case, the problem is more complicated. A complete
treatment seems to be unreachable. Our first goal is to get a classification of
homogeneous Einstein—Randers spaces. In this section, we will perform this for
Randers metrics on spheres.

We first set up the strategy of the classification. By Theorem 7.5, the classification
of homogeneous Einstein—Randers metrics on a sphere S” can be reduced to the
following two steps:

1. A classification of Einstein—Riemannian metrics on S” that are invariant under a
transitive subgroup G of transformations.

2. A complete description of G-invariant Killing vector fields on S = G/H, where
H is the isotropy subgroup of G at a point.

The classification of Einstein—Riemannian metrics on S"” was established by
Ziller in [182]. Before stating Ziller’s classification, we first study invariant vector
fields on spheres when we write the spheres as coset spaces.

The compact Lie groups that admit an effective transitive action on the n-
dimensional sphere S” have been classified by Montgomery—Samelson and Borel
[31, 121]. The results are summarized in Table 7.1.
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Table 7.1 Compact Lie groups acting transitively on spheres

Spheres G H Isotropy representation
sn SO(n+1) SO(n) Irreducible

st SU(n+1) SU(n) m=m,®m,

s+l U(n+1) U(n) m=m,Hm,

shnt3 Sp(n+1) Sp(n) m=m,®dm,

shnt3 Sp(n+1)Sp(1)  Sp(n)Sp(1) m=m &m,

gn+3 Sp(n+1)U(1) Sp(n)U(1) m=mydm Pmy
s13 Spin(9) Spin(7) m=m; &my

s7 Spin(7) e Irreducible

56 G, SU(3) Irreducible

Each transitive group yields a coset space diffeomorphic to S”. To determine
all the invariant vector fields on the spheres, we have to consider all such coset
spaces. We will consider only the following two cases: $>**! = SU(n+1)/SU(n);
8§43 = Sp(n+1)/Sp(n). Other cases can be treated similarly. Now we determine
invariant vector fields in these cases.

Case 1. §*"*! = SU(n+ 1)/SU(n). It is a reductive homogeneous space and the
isotropy subgroup is connected. Set G; = SU(n+ 1), Hy = SU(n), g = LieG;| =
su(n+1), h; = LieH; = su(n). The reductive decomposition can be taken as g; =
b1 + my, where m; is the direct sum of the following subspaces of g:

/T
mﬁ—{(_%/ ‘;‘)}ml—{< 0 I c\/o_—1>} (7.30)

where o = (x1,x2,...,x,) € C", ¢ €R, and I, is the identity matrix of order n. The
isotropy representation keeps the above two subspaces invariant. The isotropy action
of SU(n) on m/ is trivial, and the action on m can be described as

where

0 « , 0 A«x
(—a’ 0) = (—(Aa)’ 0 >

From this we conclude that the subspace V of the invariant vectors of the H-action
on my is just m/.

Case 2. Let us we consider the reductive homogeneous spaces S*3 = Sp(n+ 1)
/Sp(n). The isotropy subgroup is also connected. Recall that the Lie algebra sp(n)
of Sp(n) consists of the skew-Hermitian matrices in End(C?") of the form

A-B , Al=—A, B' =B,
B A
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where A and B are n X n complex matrices. A reductive decomposition of the Lie
algebra can be taken as sp(n+ 1) = sp(n) +m,, where the subspace m; is defined by

0 a 0 -B
— —7

my = - /-1 =B —Cl+i7\/—1 7 (7.31)
0 B 0 o

B a+bv-1—-0o —cv/-1

where o, B € C", and a,b, c are real numbers. Now we determine the subspace V
of Sp(n)-invariant vectors in m;. Let

0 o 0 —B
— -/
P = - /-1 =B —a—i—_b\/—l € my
0 B 0 o
B a+bv-1—-o —cv/-1
and
A0 —-BO
00 00
P, = — .
o) BO A 0 € sp(n)
00 0O

Then P; € V if and only if PP, = PP, for every skew-Hermitian matrix A and
symmetric matrix B. By a direct computation, it is easily seen that this is equivalent
to the equations

Aoc—BB =0, AB+Ba=0.

Obviously, this is equivalent to the condition & = § = 0. Therefore, for the reductive
homogeneous spaces S*'*3 = Sp(n + 1)/Sp(n), the subspace V is

0 0 0 0

m) = g CVO_l 8‘“*(1)’“1 la,b,c€R b (1.32)

Oa+by—10 —cv/—1

For convenience, we denote the orthogonal complement of m/, in m; (with respect
to —B, where B is the Killing form of sp(n+ 1)) by m/. A direct computation then
shows that

A0—-BO
" 0000 n 3 /
m, = — AB A'=—-AB =B ;. 7.

00 0O
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To summarize, we have proved the following theorem:

Theorem 7.6. The set of SU(n + 1)-invariant vector fields on the coset space
§?21+1 = SU(n+1)/SU(n) is a vector space of dimension 1. The set of Sp(n+1)-
invariant vector fields on the coset space S***3 = Sp(n+1)/Sp(n) is a vector space
of dimension 3.

Remark 7.2. A similar method can be used to study the isotropy representation
of other coset spaces. The results are indicated in the last column of Table 7.1,
where mg denotes the set of H-fixed vectors in m, and m;, i = 1,2,..., denote the
irreducible H-invariant subspaces, where the action of H is nontrivial. This result
will be useful in our study of homogeneous Randers spaces of positive flag curvature
in Sect. 7.6.

Now we can state Ziller’s classification of homogeneous Einstein—Riemannian
metrics on spheres. This classification also presented some examples of homoge-
neous Einstein—Riemannian metrics that were new before the publication of [182].

Lemma 7.3 (Ziller [182]). On S%", every homogeneous Einstein—Riemannian met-
ric must be one of the standard ones. On S*"*! with n odd, every homogeneous
Einstein—Riemannian metric must be one of the standard ones. If we write 7"+
as SU(n+1)/SU(n), then the standard Riemannian metric with constant sectional
curvature 1 can be written as

h(Xl,Xz) =cicp+Re Otiaz, (7.34)

where

Ci\{lle ai
—5([{ CivV —1

On S*3 there are two homogeneous Sp(n + 1)-invariant Einstein—Riemannian
metrics:

X; = cmy.

hy = _ZBlm’zxm’2 _Blm’z’xm'z' (7.35)

and

2

53 Blmgcms (7.36)

hy = _B|m/2/><m’2’ -

where b, w) are defined in (7.32) and (7.33), and B is the Killing form of g. The
metric hy is the standard metric of constant sectional curvature and h is an Einstein
metric of nonconstant sectional curvature.

Moreover, On S' there is a spin(15)-invariant Einstein Riemannian metric, when
we write S5 as the coset space spin(9)/spin(7).

Up to isometries and homotheties, the above are all the homogeneous Einstein—
Riemannian metrics on spheres.

Remark 7.3. The spin(9)-invariant Einstein Riemannian metric was found by Bour-
guinon and Karcher, see [182]. However, from Table 7.1, one sees that the isotropy
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representation of the coset space spin(9)/spin(7) admits no nonzero fixed vector.
Therefore, this Einstein metric will not produce new Einstein-Randers metrics.
Therefore we need not consider this metric in the following.

Now we describe homogeneous Einstein—Randers metrics on spheres. We first
study the reductive homogeneous space Sp(n + 1)/Sp(n). The Sp(n + 1)-invariant
vector fields have already been described in Theorem 7.6. Therefore we need only
find out the homotheties among these vector fields. Since Ricci-flat homogeneous
Riemannian manifolds must be flat, 4, cannot be Ricci-flat. Therefore, homotheties
of hy are just the Killing vector fields. So it suffices to determine the Killing vector
fields among the invariant vector fields. By a direct computation, we find that all
the invariant vector fields W satisfy (7.29) for the two metrics above. Thus, by
Theorem 7.5, W is a Killing vector field. Using the Riemannian metric 4; in (7.35),
we obtain a family of Sp(n 4 1)-invariant homogeneous Einstein—Randers metrics
F\ on §*13:

VIRW )P +h(y,y)A  h(W,y)

\/64(n+2)2(aa1+bb1)2+8k(n+2)(|a|2+|B|2+a%+b§)
N A
B 8(n+2)(za1 —l—bbl)7 (737)
where
0 o 0 -B
_ —
y— - cav-1 -B —a1+_bl\/—_1 €m,
0 B 0 o
ﬁ/ a1 +bi1v—1 —o/ —c1v—1
and

0 0 0 0
0 cv—1 0—-a+by—1

W= /
o 0 0 0 €m,

Oa+byv—10 —cv—1

A=1—h(W,W)=1-16(n+1)(a*+b*+c?), | -| denotes the standard norm of

C", and > +b* +c* < m. This family of metrics are non-Riemannian if and

only if @ +b? + ¢* # 0. Similarly, using the metric /, in (7.36), we obtain a family
of Sp(n + 1)-invariant homogeneous Einstein—Randers metrics F> on $*'*3 too:

Fy(y) = \/[h(W,y)];+h(y,y)7t B h(V)‘i,y)
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\/64(n+2)2(aa1+bb1)2 +8A(n+2) (a2 + BI2) + 8A(n+2)(a+b?)

(2n+3)? 2n+3
N A
8 2 bb
_ 8(n+2)(aar +bby) , (7.38)
A(2n+3)
where y and W are as above, A = 1 —hy(W,W) =1— %(czz +b2+c?), ||
denotes the standard norm of C”, and a® + b* + ¢ < i g&fl) . This family of metrics

are non-Riemannian if and only if a® + b + ¢ # 0.

Next we consider the homogeneous manifold $*"*! = SU(n +1)/SU(n). Tt is
known that the SU(n + 1)-invariant Riemannian-Einstein metric is a metric of
constant sectional curvature, and the metric 4 can be written as (7.34). A direct
computation (although somewhat tedious) shows that all the SU(n + 1)-invariant
vector fields corresponding to an element W € m/ in (7.30) satisfy (7.29). Thus
by Theorem 7.5, all the SU(n + 1)-invariant vector fields are Killing vector fields.
Therefore, we obtain a family of SU(n + I1)-invariant homogeneous Einstein—
Randers metrics F on S2*!:

poy = VEWIETRGE W) _ oG AG ) oy
Ve P o 7 P
(7.39)

where & is given by (7.34),

T /T
v= (T Yem, w7 Y e,
—a cv-1 0 cv—1

and A = 1 —h(W,W) = 1—¢? with ¢ < 1. This family of metrics are non-
Riemannian if and only if ¢ # 0.
Now we can state our main theorem of this section:

Theorem 7.7. Every homogeneous Einstein—Randers metric on the even-
dimensional sphere S must be the standard Riemannian metric (up to a
homothety). On S*"*1 with n even, up to homotheties there is one family of
non-Riemannian homogeneous Einstein—-Randers metrics. If we write S**! as
SU(n+1)/SU(n), then the metrics can be written as in (7.39). This family of metrics
have constant flag curvature. On S**3, up to homothety there are two families of
homogeneous Einstein-Randers metrics. If we write S+ as Sp(n+ 1) /Sp(n), then
the first family can be written as in (7.37) and the second family can be written as
in (7.38). Metrics in (7.37) have constant flag curvature and metrics in (7.38) have
nonconstant flag curvature.

Proof. Table 7.1 shows that if n # 3, then the only Lie group that has an
effective transitive action on the even-dimensional sphere S is SO(2#n). The
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isotropy subgroup of SO(2n) at p = (1,0,...,0) is SO(2n — 1), and the pair
(SO(2n),SO(2n — 1)) is an irreducible Riemannian symmetric pair of compact
type. The isotropy representation has no nonzero fixed points. Therefore every
SO(2n)-invariant Randers metric on S?* must be Riemannian. On the other hand,
the sphere S° can also be written as G, /SU(3). But it is easily seen that the isotropy
representation of this coset space is transitive on the unit sphere with respect to a
certain Gp-invariant Riemannian metric. In particular, the isotropy representation
must also be irreducible, and hence it has no fixed points. This proves the first
assertion.

Next we consider $?"*! with n even. Since the only SU(n + 1)-invariant
Einstein—Riemannian metric on S?**! is the standard one (up to a homothety),
and the SU (n+ 1)-invariant vector fields have been completely determined in
Theorem 7.6, we get a family of homogeneous non-Riemannian Einstein—Randers
metrics as described in (7.39). Since the underlying Riemannian metric has constant
sectional curvature, these metrics have constant flag curvature. Now we prove
that up to homotheties these are all the homogeneous non-Riemannian Einstein—
Randers metrics on S?"*!. Suppose F is an arbitrary Randers metric with the
above properties. Then by Lemma 7.3 the underlying Riemannian metric must
be the standard one. Thus F must be also of constant flag curvature. Note that
in a homogeneous Randers metric the invariant vector field has constant length
with respect to the Riemannian metric. By Bao—Robles—Shen’s result in [21], up
to isometry there is only one family of Randers metrics with constant flag curvature
on $?"*! where the external influence vector field W has constant length. This
proves the second assertion. A similar argument can be used to prove the third
assertion. Finally, S'5 can also be written as Spin(9)/Spin(7). However, as noted
by Ziller [183], the isotropy representation of the reductive homogeneous space
Spin(9)/Spin(7) has no nonzero fixed points. Therefore this coset space cannot
produce any new non-Riemannian homogeneous Randers metrics. This completes
the proof of the theorem. O

Remark 7.4. From the proof we see that the metrics in (7.37) and the metrics
in (7.39) are isometric if we write $*"*! = SU(2n+1)/SU(2n) = Sp(n+1)/Sp(n).
This family of metrics has also been described in a different way in Bao—Robles—
Shen’s article [21]. However, the merit of this new description is that we find that
these metrics are homogeneous. The metrics in (7.38) are new and they are the only
homogeneous Einstein—Randers metrics on spheres with nonconstant flag curvature.

Finally, we give a classification of the above-described Einstein—Randers metrics
under isometries.

By Remark 7.4, the only metrics we need to study are the metrics F; on
§4+1 when it is written as Sp(n + 1)/Sp(n). The problem here is thus to find
the conditions such that the Randers metrics F> and Fz/’ which solve Zermelo’s
navigation problem for the Riemannian metric s, under the external influences W
and W/, respectively, are isometric. Let o denote the point (1,0,...,0) € H**!. Then
T,8%%3 = {(o,&)|oe + @ = 0, € H"}. We can identify the isotropy subgroup
Sp(n) at o with a subgroup of Sp(n + 1) through the map
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10
A <OA)’ A € Sp(n).

Suppose (o,&)" is the restriction of an Sp(n + 1)-invariant vector field at o. Let
A,B € Sp(n+1). If Ao = Bo, then B~'A € Sp(n). Since (o, &)’ is invariant under
Sp(n+1), we have A,(o, &) = Ao, &) = B(e, &) = B.(o, ). This implies that
B 'A(,E) = (a,&). Hence (a,&)" is the restriction of an Sp(n + 1)-invariant
vector field at o if and only if (e,&) is a fixed point of the linear isotropy
representation of Sp(n), namely

(62 (6)= (i) = (5): e

So, £ =0 if and only if (o, &)’ is the restriction of an Sp(n + 1)-invariant vector
field at o.
Let W and W’ be two Sp(n + 1)-invariant vector fields and

W|o = (OC,O)/, W/|0 = (ﬁao)/

Recall that the full isometric group of Sp(n + 1)-invariant metrics of (S*'*3 k) is
Sp(n+ 1) x Sp(1), with Sp(1) acting by right multiplication (see [182]). Since W
and W’ are Sp(n+ 1)-invariant, the only maps we can choose are elements from
Sp(1). Let no € Sp(n+ 1), and let L(no), R(n) denote the left multiplication of
Mo and right multiplication of 1, respectively. It is obvious that L(1)R(n)x =
R(N)L(no)x,¥x € $*+3. Thus, L(1o)«R(N)«W = R(N).L(No):W = R(1).W. This
implies that R(7). W is also an Sp(n + 1)-invariant vector field. Thus R(1).W = W’
if and only if R(1)W|on = W/|on. But T @id, = - @id, € Sp(n+ 1) maps
on to o (id, is the identity map of H"). Hence R(1)+W |on = W'|oy if and only if
(L(M)«R(N)<W)|, = W'|,, since W and W' are Sp(n + 1)-invariant. In other words,
Mon =P oran =np. Let

n =xo+xii+xj+xk, «a=ai+aj+ask, ﬁ=b1i+b2i+b3k,

where i, j, k are the standard imaginary quaternion units. Then the equality an =nf
is equivalent to the following system of linear equations:

(611 — bl))q + (az - bz)Xz + (a3 - b3))€3 =0,
—(a; —by)xo — (a3 +b3)xz + (ar + b2)x3 =0,
—(az —ba)xo + (a3 +b3)x1 — (a1 +b1)x3 =0,
—(a3 —b3)xo — (a2 +ba)x1 + (a1 +b1)x2 = 0.

Set
0 al—bl az—bz a3—b3
P —(ai—by) 0 —(az+b3) ar+by
—(ar—b2) a3+b3 0 —(a1+by)

—(az—b3) —(ax+b2) a1+b 0
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Then there exists an isometric map 1 € Sp(1) satisfying oo = nf if and only
if detP = 0. By a direct computation, we obtain detP = (|at|? — |B/*)?, where
la|?> = a? + a5 + a3 and |B|*> = b? + b3 + b3. So the above system of linear
equations has nonzero solutions if and only if |ot|> = |B]>. From (7.29), one
easily sees that iy (W,W) = hy(W',W') if and only if |o|> = |B|?. Suppose 1 is
such a nonzero solution and |1g| = 1 (otherwise we can replace 1y by ‘g—g‘), i.e.,
Mo € Sp(1). Then (1no).W = W'. Therefore, the Randers metrics > and F; that
solve Zermelo’s problem of navigation on the Riemannian manifold (S*'*3,h,)
under the external influences W and W', respectively, are isometric if and only if
hay(W,W) = hy(W ,W').

This method can also be used to treat the the metrics in (7.37) and (7.39).
However, since the metrics in (7.37) and (7.39) have constant flag curvature, the
problem of classification for this metrics under isometries has already been settled
in Bao—Robles—Shen’s article [21]. The conclusion is that two metrics in (7.37)
(resp. (7.39)) are isometric if and only if the corresponding invariant vector fields
have the same length.

Let us summarize the above as the following theorem.

Theorem 7.8. On S**3 = Sp(n+1)/Sp(n), there are two families of homogeneous
Sp(n+ 1)-invariant Einstein—Randers metrics Fy and F, given by (7.37) and (7.38)
respectively that solve Zermelo’s problem of navigation on the Riemannian manifold
('3 h;) under the external influence W. The metrics in the family F, are
of constant flag curvature and those in the family F, are of nonconstant flag
curvature. If (S*"*3.F;) and (S*'+3F) solve Zermelo’s problem of navigation on
the Riemannian manifold (S*"*3,h;) under the external influences W and W', then
the metrics are isometric if and only if hy(W,W) = (W' \W')(i = 1,2). On §>"*! =
SU(n+ 1)/SU(n) with n even, there is only one family of homogeneous SU(n+ 1)-
invariant Einstein—Randers metrics F given by (7.39) that solve Zermelo’s problem
of navigation on the Riemannian manifold (S***', h) under the external influence W.
These metrics are of constant flag curvature. Similarly, if (S*"*', F) and (S*"*', F")
solve Zermelo’s problem of navigation on the Riemannian manifold (S*"*1, h) under
the external influences W and W', respectively, then they are isometric if and only if

h(W, W) = h(W',W").

7.5 Homogeneous Ricci-Quadratic Randers Spaces

In this section we prove an interesting result on homogeneous Ricci-quadratic
Randers spaces. A Finsler metric is said to be R-quadratic if its Riemann curvature is
quadratic [44]. R-quadratic metrics were first introduced by Basco and Matsumoto
[11]. They form a rich class of Finsler spaces. For example, all Berwald metrics
are R-quadratic, and some non-Berwald R-quadratic Finsler metrics have been
constructed in [21, 113]. There are many interesting publications related to this
subject (see, for example, [139]).

A Finsler metric is called Ricci-quadratic if Ric(x,y)F?(y) is quadratic in y. It is
obvious that the notion of Ricci-quadratic metrics is weaker than that of R-quadratic
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metrics. Hence any R-quadratic Finsler space must be Ricci-quadratic. In particular,
every Berwald space must be Ricci-quadratic. It has been shown that there are
many non-Berwald spaces that are Ricci-quadratic. In general, it is quite difficult
to characterize Ricci-quadratic metrics. Li and Shen considered the case of Randers
metrics in [113] and obtained a characterization of Ricci-quadratic properties of
such spaces, using some complicated calculations in local coordinate systems. Their
results are rather complicated (see Theorem 7.10 below). In this section we shall
prove the following result.

Theorem 7.9. A homogeneous Randers space is Ricci-quadratic if and only if it is
of Berwald type.

We first use Killing vector fields to present some formulas about the Levi-Civita
connection of homogeneous Riemannian manifolds. This is a continuation of the
study of Sect. 7.2. We will follow the method and notation used there.

Let (G/H, o) be a homogeneous Riemannian manifold with a reductive decom-
position g = h +m. As before, we identify m with the tangent space T,(G/H) of
the origin o = H. We shall use the notation (, ) to denote the Riemannian metric on
the manifold as well as its restriction to m. Note that it is an Ad(H)-invariant inner
product on m. Hence we have

(bru],v) +([x,v],u) =0, Vx€b, Yu,vem,
which is equivalent to
([x,ul,u) =0, Vx€bh, Yuem.

Givenv € g, the fundamental vector field ¥ generated by v, i.e.,
Vo = — exp(tv)gH VgeG
Vg v
AH l[ p g ¢ 07 g Y

is a Killing vector field.

Let X,¥,Z be Killing vector fields on G/H and let U,V be arbitrary smooth
vector fields on G/H. Then we have (see [28] for the notation, in particular, pages
40, 182, 183)

X,7] = —[X,Y], (7.40)
X(WU,v) = (X,U,V)+(X,V],U), (7.41)
(Ve?,2) = — %(([X Y[,2)+([X,Z].7) +([¥,Z],X)). (7.42)

We shall prove only (7.41). In fact, by (c) of Theorem 1.81 of [28], we have

X(U,V) = (ViU V) +(U,V4V)
=(V X V) +[X,UL,V) +(U,VyX)+ (U, [X,V])
= ([X,U],V)+(X,V],U).
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Let uy,u,...,u, be an orthonormal basis of m with respect to (, ). We extend
it to a basis uy,us, ..., u,; of g. As in (7.8), there is a local coordinate system on a
neighborhood U of o defined by the map

(exp(xluy) exp(xPuz) - --exp(xu,) ) H — (x',2%,...,x").

Let gH = (x',x%,...,x") € U. Then as in Sect. 7.2, we have

2 = e e ) )
Set
Fladun X aduiy (i) = ffug. (7.43)
We have
i A1hg| omr -
oxt oH i Halg

Remark 7.5. In the following, the range of the indices are governed as follows:

e The indices a,b,c, ... range from 1 to m.
e The indices i, j,k, ... range from 1 to n.
* The indices A, i, ... range from n+ 1 to m.

Let 1'1‘]1 be the Christoffel symbols under the coordinate system, i.e.,

5 L
Vagw iR
Then
0 0 ) a
! b
E}a 7= %ﬁ a ; +f f] Vublxta (744)
From (7.43), we see that ¢ are functions of x!,...,x"~1. Thus
9 fa
8_1;,1_ =0, i>].
Therefore (7.44) becomes
i brayy p P>
1—; f; f‘j ub“a; l Z J

/ ox!

Differentiating the above equation with respect to x;, we get

lJl J s [ J _ afibqu

Tk o ik o T Wvu},’ia+ﬁ'bfjc‘lfkcvdcvdbliaa i>]. (7.45)
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Differentiating (7.43) with respect to x; and letting (x',...,x") — 0, we obtain

a1
2 (0) = F(ki)C,

where C;, are the structure constants of g and f(k,!) is defined by

) 1, k<i,
f(k,i):= .
0, k>i.
Considering the value at the origin o, we get the following result.

Lemma 7.4. The following equalities hold:

I;i(0) = f(i, j)Cl; + (Vi i), (7.46)
1
or;!

W = _E‘;(I—I‘CIY + <thkﬁl”’is>) +f(kaj)cl(éj<vﬁiﬂa’ﬁl>

o

+f(k,i)C (Vi iy, i) + g (Vg iy, dp), 0> J. (7.47)
Proof. From (7.43) we know that f(0) = 6/ and % l|o = |0 = ug. Thus, by (7.44),

;9
1?,5'(0) = <E‘)$,W>

From this (7.46) follows. On the other hand, by (7.45) we have

adfé¢
- <a_lelia +ﬁ'bf;‘lei;,’ia; ﬁl>

o

or!

t

1| = T+ £k NG (Vitha )

o

+ [k, D)Ci(Vig i), i) + (Vi Vi, i), 02 .
Considering the values at the origin, we easily deduce that

(Vi Vigidjytiy) = i (Vgidj, i) — (Vagidj, Vg i),

that
f U, 0)CE (Vg tiy) = f (k, 1) Ci(Vigyidj )
and that
(Vi Vaiip) = (Vi i, ds), 12> .
From the above four equations (7.47) follows. O

To prove Theorem 7.9, we also need the following lemma.
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Lemma 7.5. For u;,uj,ux,u; € m,uy € bh, we have

. 1 P
(Vaidj,i)]o = —E(ij +Cj+Cp), (7.48)
(Vaaiy i) o = [, up)ms i) = Cly, (7.49)
R A 1 ; ;
1 (Vg i) o = 3 (Czlcacf,li +C},Cii + Co C5y + C1Chy 8+ CiC Bt +C;ICItci6Sf)7

(7.50)

where [uj,u; |m denotes the projection of [uj,uy | to m.
Proof. First, (7.48) is an alternative formulation of (7.42) at the origin in terms of
the structure constants. Using the invariance of ad(u),, (7.49) can also be deduced
from (7.42). Finally, by (7.42) we have

. A 1. oo roa r o

i (V gyt ) = =i (s )+ Cluis ] i)+ (ug o] )

Considering the value at the origin o and taking into account (7.40) and (7.41), we
can deduce from the above equation that

~

“k<vLii’/lA,iv"21>|() = %(<[”kv [“ivuj]]mvul> + <[“k’ [Mi,“lﬂm;“j>
+ < [uk7 [”j?ulnmvui> + <[ui7uj]m7 [ukvul]m>
+ ([ ], [, ) + ([, i) ons [0k il m)),

from which (7.50) follows. a

By the two lemmas above, at the origin o we have

L= Ll = (Ve dig, i) — (Vi i) = CT.

Now we recall some notation about Randers spaces used by Li and Shen in the
study of Ricci-quadratic Randers spaces. Let

F=a+p= aij(x)yiyf—i-bi(x)yi

be a Randers metric. Fix a local coordinate system. Let Vf = bi‘jy"dxj denote the
covariant derivative of 8 with respect to o. Define

1 1 ;
rij = z(bi\j—"bj\i)v Sij = E(bi‘j _bj\i)a sj=1Db'sjj, tji=sps" .
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We use a;; to raise and lower the indices of tensors defined by b; and b,»‘ ;- The index
“0” means the contraction with y’. For example, so = s;y' and rpg = r,'jy"yj , etc. For
Ricci-quadratic metrics on Randers spaces, we have the following theorem

Theorem 7.10 (Li-Shen [113]). Let F = a + [ be a Randers metric on an
n-dimensional manifold. Then it is Ricci-quadratic if and only if

roo+ 2508 = 2¢(o” — ), (7.51)
o = (n—1)Ao, (7.52)

where ¢ = ¢(x) is a scalar function and Ay 1= 2¢sy + by + 15 + %Ek with ¢, = g—xi

Now we consider homogeneous Randers spaces. Let (G/H,F) be a homoge-
neous Randers space and let (U, (x',...,x")) be a local coordinate system as in
Sect. 7.2. Suppose the Randers metric is generated by the pair ({, ),«) and denote by
u the vector field on G/H generated by u. Moreover, we can suppose u = cup(c < 1).

Then by (7.9), we have

d
Ulogg = C=— .
A]g ax" gH
The quantities b;, %,bi‘j, rij, Sij, and s; were computed in Sect. 7.2. Now we prove

the following lemma.

Lemma 7.6. Let (G/H,F) be a homogeneous Randers space as above. Then (7.51)
implies that

([, u]m,y) =0, Vyem. (7.53)

Proof. Considering the value at o, and using (7.46), (7.48), and the formulas in
Sect. 7.2, we get

(o0 -+ 2508l = Ly +2¢5 (I — ) ()
= CO, + Cro (1) = ([t y — (u, y)u).
On the other hand, it is obvious that
26(0? — B?)lo = 2¢(0) ((v.y) = (,)?).
Plugging the above two equations into (7.51), we get that at the origin o,
(Dyulim,y = {u,y)u) = 2¢(0) ((1.3) — (u.3)?) -

Setting y = u and taking into account the fact that (u,u) < 1, we get

¢(o)=0.
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Thus
<b’7u]ma)’ - (u,y>u> =0.

Replacing y by y + u in the above equation yields

<[y, U,y — (uu +y>u> =0.
From the above two equations and the fact that (u,u) < 1 we deduce that

<[y7u]m7u>207 <[yuu]m7y>:0
This proves the lemma. a

Note that in the above lemma we also have
Cli+Cly=0=Cp, (7.54)
and 7;(0) = s,8™; = 0. Moreover, we also have

2

¢ I"—Ii)=

E( ni nn <[“a“i]m7u> =0.

si(0) = csyi =

N =

Now we can give the proof of Theorem 7.6. First, we need to perform some
complicated computations. Set

. Jd
Y'(ljk) == W(Qjasl) S

Plugging (7.46) and (7.47) into Y (1 jk) yields

. 81—;![] s 1 t
Y(Ljk) = =3 + 1T + T drs) (7.55)
= f(k,D)Cy L85 + f (k, ))CE(V gy thay ) + Cry(Vaay i, tiy) + tig (Vig, 1 i)
(7.56)

By (7.46), (7.48), (7.49), (7.50), (7.54), and (7.55), we have
Y'(000) = £(0,0)Co T8 + £(0,0)Coo (Vi tiy, o) + £(0,0)Co (Vig, ., o)
+ C(’)”(Vu}:io, o) + If()<VL;n iy, o)
= £(0,0)Coo ((Vu, o, tis) + (V,ts, to))
+ £(0, O)C{}OCf{n — C5,.C+CouClo
= £(0,0)C0(Cho + Ciy) + £(0,0)C3oCh,, + Cor Crio = £(0,0)CC3,-
(7.57)
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Combining (7.46) with the fact that len =0, we get that 1’(000) = 0. Furthermore,
we also have

2 8sk0
¢ ox

I(TSay — T
=2 it m0) _ - (104) — 1 (0ki)

= f(i,k)C ;585 + f(i,0)CH (Vi thay i) + Ciy(V i vy, i)
—(f(i,0)Ciol 58t + f (i, k) Ci (Vi i 1) + Cp (Vi ik o))
11 (V 4,0, tik) — 14V 15, Ui, )

= f(i,0)(Cio(Vis, tha, i) — Cio T S)

— (i, k)(Ci{ Vi s o) — CieT5ioOr)
+Ci, (Vi i) — (Vg i, tio))

+ii (Vi o, tiye) — 1:(V i, vk, tio) -

By (7.46) and (7.48), we have
(Vi o, i) — (Vg iy, o) = Ciy-
Then by (7.49), we get
Cio(Vastha, i) — Co T30 = Clo(Viy s, ) = (Vi ) + Cio (V. )
CoCis +Cigt Cka,1 CioCra-
From (7.50) we easily deduce that
i (V3 v, i) — (V3 1, tio) = CiChy + CoChy st
Combining the above four equations, we see that C;; = 0 and that

d
%L’ - 2 (f(l k)c C?O'i_f( ) ZY‘FC()/(C”) (7.58)

Proof of Theorem 7.9. Since the “only if” part is obvious, we just prove the “if”
part. Let G/H be a Ricci-quadratic homogeneous Randers space. Taking the local
coordinate system as (7.8), we have seen that (7.53) holds. In particular, we have
C; = 0. Note that it is also true that

cr,=0.
By (7.58) we have

IS0
ox0

C
= E (f(ovn)C(Y)anO +f(0a0)C(Y)0C:tls + C(Y)n (r)ls) =0.

o
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Differentiating (7.51) and taking into account the fact that ¢(0) = 0 = sp(0), we
deduce from (7.52) that

8(Fkak0) Isn0 ds 0
~ 2 N 0 n
2¢p(a” = B)|p=c 5x0 +2cpB 5,0 cY'(000) +2¢ [3
Then it follows from the above two equations and (7.57) that
¢o=0.
Thus
1.
Ap(o) = ECO(O) =0
On the other hand, we have
c, . ; c
sij0) = 5 (I = L) = 3Cij.
Thus
sk O\k zsko\k = z ok — Igsio — ToesSua)
c n
) Z 1) CioCry
k=1
c 1
+ = CioCl =Gy ( £(0,0)Ch — 5 (C(l)k +Co + Cl(c)l)
1<ki<n 2 2
c 1
=5 <C1noC/I§1 + §CZ1C/(<)1) :
1<k,i<n

Therefore (7.52) reduces to

N o

1
(Cznocllccz + ‘CZ1C£1> =0.
1<k1<n 2

Setting y = u in the above equation and taking into account (7.53), we get

n

Cl =0, ki=1,....n,

that is,
<[uk7ul]m7u>207 k,l=l,...,n.

By Proposition 7.9, F must be a Berwald metric. This completes the proof of the
theorem. ad
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7.6 Homogeneous Randers Spaces of Positive Flag Curvature

In this section we will give a classification of homogeneous Randers spaces with
(almost) isotropic S-curvature and positive flag curvature. Let us first explain the
motivation of this study and survey some results in the Riemannian case.

It is one of the central problems in Riemannian geometry to determine how
large the classes of manifolds with positive/nonnegative sectional, Ricci, or scalar
curvature are. Up to now, this problem has been fairly successfully solved in scalar
curvature. Also, a large number of interesting examples of Riemannian metric with
positive Ricci curvature have been constructed. So far, the only known obstruction
to positive Ricci curvature comes from obstructions to positive scalar curvature
and from the classical Bonnet—-Myers theorem. For example, it is known that a
compact homogeneous manifold has an invariant Riemannian metric with positive
Ricci curvature if and only its fundamental group is finite.

The most difficult part of the above problem lies in the sectional curvature case.
Although very few obstructions to positive sectional curvature are known, only
several classes of examples of Riemannian manifolds with positive curvature have
been constructed. Among these examples, homogeneous manifolds constitute the
most important part. Besides the compact rank-one symmetric Riemannian spaces,
Berger [24] found two normal homogeneous Riemannian manifolds with positive
curvature in 1961, with respective dimensions 7 and 13; In 1972, Wallach [159]
found three homogeneous Riemannian manifolds, with dimensions 6, 12, 24, which
have positive sectional curvature and are not normal; Later, Aloff~Wallach [6]
constructed an infinite class of 7-dimensional homogeneous Riemannian manifolds
with positive curvature. As proved by Bergery [23], the above examples are
all the connected simply connected homogeneous Riemannian manifolds with
positive curvature. More recently, several classes of inhomogeneous Riemannian
manifolds with positive sectional curvature have been constructed, see for example
Eschenberg [70], Wilking [169], Bazakian [22], Grove—Wilking—Ziller [78] and
Grove—Verdiani—Ziller [79]. However, the problem is far from being completely
understood. For example, the classical problem of Hopf, asking whether there is a
Riemannian metric on the manifold S% x % with positive curvature, is still unsolved.

Recently we have initiated the study of this important problem for Finsler spaces.
As in the Riemannian case, the first step is to find examples of homogeneous Finsler
spaces with positive flag curvature and to classify them. However, the problem is
rather complicated in the general case. So we first considered the Randers case.
Our main result is a classification of the homogeneous Randers spaces with almost
isotropic S-curvature and positive flag curvature. Using that, we have presented a
large number of Randers spaces with nonconstant positive flag curvature.

We first establish a principle for classifying homogeneous Randers spaces with
almost isotropic S-curvature and positive flag curvature. For this we need a result
of Huang—Mo. In [91], Huang—Mo studied the property of change of flag curvature
of a Finsler metric under the influence of a vector field. They found that the flag
curvature will decrease under a navigation. In particular, they proved the following:
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Proposition 7.8 (Huang-Mo [91]). Let (M,F) be a Finsler manifold and u a
homothetic vector field with dilation & with F (x,u) < 1. Let F be the Finsler metric
produced by navigation problem by F and u. Then the flag curvature of F( resp. F),
denoted by K(y,v) (resp. K(y,v)), satisfies

I}(yvv) :K(y,v)—627
where fzy—f(x,y)ﬁ.

A special case is that in which the homothetic vector field is a Killing vector field.
In this case, If F has positive flag curvature, then F also has positive flag curvature.
For our purposes, we must first give a characterization of vanishing S-curvature
for homogeneous Randers spaces using the navigation data. We now deduce the
following theorem.

Theorem 7.11. Let G/H be a reductive homogeneous manifold with a reductive
decomposition of the Lie algebra:

g=h+m. (7.59)

Suppose F is a homogeneous Randers space with navigation data (h,W). Then F
has almost isotropic S-curvature if and only if W is a Killing vector field with respect
to h, if and only if the the linear map ad(w)w,, where w =W /|, € m, is skew-symmetric
with respect to h, i.e.,

<[W7x]may>h+<xa [W,y]m>h :07 Vx,yem,
or equivalently
(W, X|m,x)p =0, Vxem,

where (, ), denotes the inner product on w induced by h. In this case, the S-
curvature of F is necessarily vanishing.

Proof. Since both & and W are invariant under G, it suffices to prove the theorem
at the origin o = H. If we write F in its defining form F = o+ 3 and let (, ), u be
as in Corollary 7.1, then we need only prove that ad(u)y, is skew-symmetric with
respect to (, ) if and only if ad(w )y, is skew-symmetric with respect to (, ),. We now
prove the “only if” part. The proof of the “if” part is similar and will be omitted.
For simplicity we select an orthonormal basis of m with respect to &, vi,va,...,Vy,
such that w = /ltv,,, where . = h(w,w) # 0. Then ad(w), is skew-symmetric with
respect to {, )y, if and only if

(wovilm,vi)n + i, W, vjlm)n =0, 1 <4, <n.

Equivalently, suppose the matrix of the linear map ad(w)y, with respect to the basis

VI,V2,. .., Vn i8S B = (Bij)uxn- Then ad(w)y is skew-symmetric if and only if b;; =
—bj;. On the other hand, by (7.4) and (7.5), we have
Oij . Oin Ojn

<vi7vj>:7+777 1§l,]§l’l,



7.6 Homogeneous Randers Spaces of Positive Flag Curvature 211

andu = —w/A, where L = 1 — u. Then

1 1 1
([u,vilm,vj) = <— <1—21bm)l> ,vj> =7

Similarly,

1 b'i b'n6in
i, [, vilm) = = (7’+’A—2)-

Note that [w,v,] = [\/lVy,v,] = 0. Therefore b,y = —b;, =0, =1,2,...,n. From
this and taking into account the fact that the matrix B is skew-symmetric, we
deduce that

([, vilm,vj) + iy [u,vjlm) =0, 1<1i,j<n.

Since vy, va,...,v, form a basis of m, we have
([, %] m,y) + (X, [t4,¥]m) =0, Vx,y €m.

This completes the proof of the theorem. a

Now we summarize the above to obtain a principle for classifying homogeneous
Randers spaces with almost S-curvature and positive flag curvature as follows:

Theorem 7.12. Let G/H be a reductive homogeneous manifold with a reductive
decomposition of Lie algebra as in (7.59). Then there exists a G-invariant non-
Riemannian Randers metric on G/H, with almost isotropic S-curvature and positive
flag curvature, if and only if

1. There exists a G-invariant Riemannian metric oo on G/H with positive sectional
curvature.
2. There exists a nonzero vector u € m such that

Ad(h)(u)=u, VheH,
satisfying

<[”7x]m7y> + <x7 [uvy]m> =0, Vx,yem,

where () is the inner product on m induced by o when we identify m with the
tangent space T,(G/H).

Now we are ready to give the classification. Our first step is to summarize the
results on the classification of the connected simply connected compact homo-
geneous Riemannian manifolds with positive curvature. The results are listed in
Table 7.2. Note that in this list, we not only present all the Lie group pairs (G,H),
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Table 7.2 Compact homogeneous Riemannian manifolds with positive

curvature

Even dimensions Isotropy representation
§2" =S0(2n+1)/SO(2n) Irreducible

CP" =SU(m+1)/U(m) Irreducible

HP* = Sp(k+1)/(Sp(k) x Sp(1)) Irreducible

CayP? = F;/Spin(9) Irreducible
F%=SU(3)/T? m=m; dmHm;
F'2=5p(3)/(Sp(1) x Sp(1) x Sp(1)) m=m; GmyHm;
F? = F;/Spin(8) m=m; ©SmyHm3
Odd dimensions Isotropy representation
§2+1 =80(2n+2)/S0(2n+ 1) Irreducible

M’ =50(5)/S0(3) Irreducible

M" =SU(5)/(Sp(2) xz, S") m=m; ®&my

N1y = SU(3) x SO(3)/U*(2) m=mgydm Dmy
Ny = SU(3)/S(1kA,), gcd(k, 1) =1,

kl(k+l)750 m=mpdm; Gmy

but also give some partial information of the isotropy representation of the
corresponding coset spaces. However, we will omit the explicit computation
involved here. We just point out that from this table, it is easy to determine whether
the coset space G/H has a nonzero G-invariant vector field.

Let us explain in some detail the manifolds in this list. The first four rows in
the even-dimensional case and the first row in the odd-dimensional case consti-
tute all the simply connected rank-one Riemannian symmetric spaces. Since the
isotropic representation is transitive on the unit sphere with respect to the standard
metric, every invariant Finsler metric on such a coset space must be the standard
Riemannian metric (up to a positive scalar). However, it is known that there are other
compact Lie groups admitting effective and transitive actions on these spaces, and
this will produce other coset spaces that are diffeomorphic to rank-one symmetric
spaces. On these coset spaces, there may exist some invariant metrics other than the
standard metrics, which have positive curvature. These metrics have been classified
by Verdianni—Ziller. We will deal with this problem below. The spaces M’ and M3
are normal and were found to have positive curvature by Berger. The spaces F©,
F12 and F?* are not normal, and they were found to admit invariant Riemannian
metrics with positive curvature by Wallach. Finally, the 7-dimensional spaces N ;),

where the subgroups S (lk ) are defined by

eZn\/jlkG 0 0

S(lkJ) = 0 6271'\/?119 0 6ecR 5
0 0 6727r\/jl(k+l)9
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with kl(k+1) # 0 and ged(k,!) = 1, were found to admit invariant Riemannian
metrics with positive curvature by Aloff~Wallach. It was erroneously thought that
all these spaces were not normal. However, Wilking proved in [169] that when
(k,I) = (1,1), the homogeneous Riemannian manifold is normal in some special
case and can also be written as SU(3) x SO(3)/U*(2). It was proved by Wallach and
Berard Bergery that every connected simply connected nonsymmetric homogeneous
Riemannian manifold with positive curvature can be expressed as one of the
nonsymmetric coset spaces in Table 7.2.

Now we explain the isotropy representation of the coset spaces in Table 7.2.
If the isotropy representation of G/H is irreducible, then we indicate this by
writing “irreducible” in the table. In this case, there is no nonzero H-fixed vector
in the subspace m. Therefore every G-invariant Randers metric on G/H must be
Riemannian. If the isotropy representation is not irreducible, then the space m can
be written as a direct sum:

m=mo+my +---+my,

where mq is the subspace of all H-fixed vectors in m and mj;,my,..., m; are
irreducible subspaces of m. From the above table, we see that for the coset spaces
FO F'2 F?* M7, and M"3, my = 0. For the spaces N1y, mo #0.

As we have explained before, besides the groups G in Table 7.2, there are some
other compact Lie groups acting effectively and transitively on compact rank-one
symmetric spaces. These groups have been classified by Montgomery—Samelson
[121], Borel [31], and Onishchik [126]. A survey of their results can be found in
Besse [28]. It was proved by Onishchik that the only connected simply connected
compact Lie group acting effectively and transitively on the symmetric space HP* =
Sp(k+1)/(Sp(k) x Sp(1)), resp. CayP* = F,/Spin(9), is Sp(k+ 1), resp. Fy. On the
complex projective space CP™ = SU(m+ 1) /U(m), with m = 2n — 1 odd, the group
Sp(n) has an effective and transitive action through the identification H" = C?".
However, since the isotropy representation of Sp(n)/Sp(n — 1)U(1) is irreducible,
this coset space does not admit any invariant non-Riemannian Randers metric.

Therefore, it suffices to consider only the spheres here. The compact Lie groups
that admit an effective and transitive action on spheres, as well as the corresponding
isotropy representations, have been summarized in Table 7.1. From this table we see
that there are four cases for which the isotropy representations have nonzero fixed
points:

1. $21 =SU(n+1)/SU(n);

2. §2 1 =U(n+1)/U(n);

3. %3 =Sp(n+1)/Sp(n);

4. §43 =Sp(n+1)U(1)/Sp(n)U(1).

Note that a Riemannian metric on $?"*! is U(n 4 1)-invariant if and only if it is

SU(n + 1)-invariant, so case (2) reduces to case (1). Furthermore, (4) is a special
case of (3). So we need consider only cases (1) and (3).
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Invariant Riemannian metrics with positive curvature on the coset space (1) have
been determined by Verdianni—Ziller [158] and can be described as follows. In this
case we have g = su(n+ 1), h = su(n), and m has the decomposition

m=myPpmy,
where

1
my=RX, X= \/_< E(l)) (7.60)

0 o "
mlz{(_a/0)’(1/2()61,...,)6”)6([: }

Every SU(n + 1)-invariant Riemannian metric on SU(n+ 1)/SU(n) can be ex-
pressed as

and

h[(Xl,Xz) :l‘6‘1C2+Re((X{(X_2), (7.61)

with t > 0, where

1
——EO0 0 o
X;=civ/—1( 7 ’ i=1,2.
‘ (0 1)+<—ﬁ§0>’ o

This metric has positive sectional curvature if and only if 0 < ¢ < ("H)
Now we consider the nonzero SU(n)-invariant vector X (umque up to a scalar)

in m. A direct computation shows that for every X; € m, we have

sai=-i(04) ()

Hence

he([X, X1, X0) = (1 + %) Im(cq o) = 0.

Therefore the vector field X generated by X is a Killing vector field. This proves the
following result.

Theorem 7.13. On S***! = SU(n+1)/SU(n) every SU(n+ 1)-invariant Randers
metric with almost isotropic S-curvature and positive flag curvature must be a
Randers metric that solves the Zermelo navigation problem of the Riemannian
metric h; in (7.61), with 0 <t < (”H), under the influence of the vector field
generated by the vector cX, where X is defined in (7.60), and |c| < 1//1.

Next we consider case (3). The situation here is much more complicated. Here
we can take the subspace m of sp(n+ 1) to be

m=mydmy,
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where
mp = RX; ®RX, ®RX;3 (7.62)

is the subspace of H-fixed vectors in m, and X;, i = 1,2,3, denote the elements
of H*D>x(+1) with the only nonzero element at the (n+ 1,n+ 1) entry equal to
V/2I,1/2J, and v/2K respectively; here 1,J, K denote the standard imaginary units

in H, and
0 «
mlz{(_(a*), O)IQ/:(xl,...,xn)eH"}.

Then, up to a positive multiple, every Sp(n + 1)-invariant Riemannian metric on
§41+3 = Sp(n+1)/Sp(n) can be written as

8(t1nay) (Vs Z) = tiy121 + 2y2z2 + t3y3z3 + Re((§7)'n), (7.63)

where #,1,,#3 are positive real numbers and
Y = yi1 X1 +y2X5 + 93X —i—( 0 §>
= Y14&1 + Y242 + Y343 X )
(&0

0
Z =71X1 + 20X + 3X3 + <—(Tl*)/ g) .

The condition for such a metric to have positive curvature can be stated as
follows. Let

Vi= (67 + 1 = 37 + 241+ 2t — 2tjty) /t; and  H; =4 =31,

with (i,j,k) a cyclic permutation of (1,2,3). Then it is shown in [158] that the
homogeneous metrics g(;, 1, ) On §41+3 have positive sectional curvature if and
only if

Vi>0, H;>0, 3ltjtx—tj—t+1| <tjty+HV;. (7.64)

It is also pointed out in [158] that the set of the triples (,1,,13) satisfying the above
condition forms a nonempty slice.

Now we determine the condition for an H-fixed vector X in mg of (7.62) to
generate a Killing vector field with respect to g, , 1;)- Suppose X = x1.X| +x2X, +
x3X3 € mg, where x,x2,x3 € R. Set x = \/E(xll—i-sz—l—xﬂ() cH,y= \/E(yll—l-
y2J +y3K) € H. Then we have

[X,Y]m:< 0 &x )

—(x") xy —yx
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Therefore g(;, 4, 1,)([X;Y]m,Y) = 0 if and only if

yit1 yat2 y313
Re((éx)*)/é‘f'%/i Xy X2 X3

yro y2 y3
=2V2x0:(t1 — 13)y1y3 — 2V2x3(t1 — 12)yay1 — 2V2x1 (12 — 13)y3y2

=0.

This is equivalent to the following system of linear equations:

Xt —n) =0,
x3(ti—n) =0,
xl(tz—l3) =0.

If t,1,,t3 are distinct, then x; = xp = x3 = 0. In this case there is no non-Riemannian
Randers metric. If precisely two of #1,t,,t3 are equal, for example t; = t) # f3,
then x; = xp = 0. In this case the metric g, ;, ) is invariant under Sp(n)U(1).
Furthermore, if f; =, = 1 # t3, then the metric is invariant under U(2n+2). Finally,
if t{ =, =13, then for every x;, the condition is satisfied. In this case, the Riemannian
metric is invariant under Sp(n)Sp(1). We have thus proved the following theorem.

Theorem 7.14. On the sphere $*"*3 = Sp(n+1)/Sp(n), every Sp(n+ 1)-invariant
Randers metric with almost isotropic S-curvature and positive flag curvature must
be a Randers metric that solves Zermelo’s navigation problem of the Riemannian
Metric g, 1, 1) i (1.63), with (t1,12,13) satisfying the condition (7.64), under the
influence of a vector field generated by a vector in (7.62). Moreover; the following
conditions must be satisfied:

(1) Ift1,t,t3 are distinct, then x; = xp = x3 = 0. In this case, the Randers metric
must be Riemannian.

@) Ifti =t # ty, then x; = x; = 0 and |x¢| < 1/t; here (i, j,k) is any cyclic
permutation of (1,2,3). In this case, there are non-Riemannian Randers
metrics.

(iii) If ty =1, = t3 =1, then x1,x3,x3 can be any real numbers satisfying |x| |2 +
|x2| + |x3|> < 1/t. In this case, there are non-Riemannian Randers metrics.

Remark 7.6. Note that if 1; = t; = 1 # 1, with (i, j,k) a cyclic permutation of
(1,2,3), then the Randers metrics described in (ii) of Theorem 7.14 are exactly the
same as the metrics described in Theorem 7.13, i.e., the metrics are invariant under
SU(2n+2) (and U(2n +2)). It is easy to check that in this case, different cyclic
permutations will produce isometric Riemannian metrics and isometric Randers
metrics (up to a homothety). If #; = #; # 1 and t; # #, then the Riemannian metrics
and the Randers metrics are invariant under Sp(n)U(1), but not invariant under
U(2n+2).1ft; =t; = t, then the underlying Riemannian metrics are invariant under
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Sp(n)Sp(1). However, since Sp(n)Sp(1) has no nonzero invariant vector fields,
the Randers metrics are not invariant under Sp(n)Sp(1), unless it is Riemannian.
Note also that when #; = t; = f; = 1, the underlying Riemannian metric is the
standard Riemannian metric on S*3 with constant curvature and it is invariant
under SO(4(n+1)).

Next we consider nonsymmetric spaces. According to Table 7.2, to determine
the invariant Randers metrics with almost isotropic S-curvature and positive flag
curvature on a nonsymmetric homogeneous space, we need consider only the spaces
Nik)» with kl(k+1) # 0 and ged(k,1) = 1. For (k,1) = (1, 1), the group SO(3) has
a free isometric action on N(; ;). Therefore N ;) = SU(3) x SO(3)/U*(2). But for
our purposes, this expression is not necessary, since an SU(3) x SO(3)-invariant
Randers metric is automatically SU(3)-invariant. Therefore in the following we
consider only the coset spaces Ny; = SU(3) /S(lk‘l), where kl(k +1) # 0 and
ged(k,l) = 1. '

We first consider the case k # [. In this case the isotropy representation has a
decomposition as

m = Vo ® Var1 © Varpx ® Vi,

where
00z
V2k+l = 000 zeC ,
—z00
000
V21+k: 00 z zeC ,
0-z0
0z0
Vi = -z00 ||zeC >,
000
and
a0 0
Vo=<v-1| 0b 0 (2k+1la+ (21+k)b=0,a,b € R
00—(a+b)
Now the Lie algebra of S (lk’ ) is Rh j), where
kv—1 0 0
hary = 0 Iv-1 0

0 0 —(k+D)V-T
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Set
Vi=Vo@® Vi, V2= Va1 ®Varu,
and define
9o(X,Y) = —Re(tr(XY)), X.Y € su(3).

Then ¢go is an Ad(SU(3))-invariant inner product on su(3); hence it defines a
bi-invariant Riemannian metric on SU(3). It is easy to check that

qo(hkg,V1) =0, qo(V1,V2) =0.
Now a direct computation shows that
Vi, Vil CRhy + Vi, [Vi,Va] C Vo, Vo, Vo] C Riyy + V. (7.65)
ForX,Y em,set X =X, +X,, Y =Y +Y,, with X;,Y; € V;, and define
q(X,Y) = (1+1)qo(X1, Y1) + qo(X2, Y2) = qo(X,Y) +1q0(X1, 11). (7.66)

It is shown in [6] that if —1 < < 0, then ¢, defines an SU(3)-invariant Riemannian
metric on SU(3)/ S(lk’ ) With positive curvature.
Now we can prove the following result.

Proposition 7.9. 1. Ifx €V}, then (adx)w is skew-symmetric with respect to q;.
2. Ify € Vo, and (ady)w is skew-symmetric with respect to q;, then'y = 0.

Proof. Givenx e Vyandv; €V;,i=1,2,itis easily seen from (7.65) that

gr([x;vi]m,v2) =0,

qr([x;v2lm,v1) = 0,

ar([x,vilm,vi) = (1+1)qo([x,vi] + chig,vi) = (1+1)qo([x, v1],v1) =0,
ar([x,v2lm,v2) = @i ([x,v2],v2) = qo([x,v2],v2) = 0.

From the above equalities, (1) follows.
On the other hand, suppose y € V5 and vy, v, are as above. If ad(y)y is skew-
symmetric, then we have

q;([y,V1]m,V1) =0= q[([tuZ]mavz) =0

and

qr ([, vim,v2) + @ ([y,v2]m, v1) = qo([y,vi],v2) + (1 +1)qo([y, va] + crhyg,v1)
=1qo([y,v2],v1) =tqo([v2,v1],y) = 0.
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This means that y is perpendicular to the subspace [Vi, V2] of su(3), with respect the
inner product go. However, an easy computation shows that [V}, V5] is actually the
whole space su(3). Therefore y = 0 and the lemma is proved. O

Next we consider the coset space N(; ;) = SU(3) /5(11‘1)' This is only slightly

different from the above case. In this case, we define the following subspaces:

00z
V' = 000||zeC

000
V' = 0 z ||zeC
0-z0

V" = —-z00 ||z€C

Moreover, set

a 00
Vo=<¢VvV—-1]10—-a0 ||laeR
000

Then the tangent space m can be decomposed into the direct sum of irreducible
S(ll‘l)-submodules as

m— V()@V/ @V”@VW.
Define
V= V()@V”I, Vy = VIEBV”,

and qo, ¢; as above. Then ¢, generates an SU(3)-invariant Riemannian metric on
N(1,1)- This metric has positive curvature if and only if —1 <7 < 0. Moreover,
Proposition 7.9 still holds in this case.

Let us determine the elements w € m that generate an invariant Killing vector
field on N ;). By Proposition 7.9, we need consider only the elements in V. Since

in both cases the subgroup S(lk‘ ) is connected, it suffices to determine the elements
in V; that commutate with Rhék‘l). If (k,I) # (1,1), then it is easily seen that an
element w € V] satisfies '
[h%k,z)vw] =0
if and only if w € Vy. If (k,/) = (1,1), then a direct computation shows that
[ 1y V1] =0.
We now summarize the above as the following theorem.
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Theorem 7.15. 1. If (k,I) # (1,1), then an SU(3)-invariant Randers metric F on
Ny has almost isotropic S-curvature and positive flag curvature if and only
if F solves Zermelo’s navigation problem of the Riemannian metric defined by
qr in (7.66), with —1 <t < 0, under the influence of a vector field generated
by an element w = diag(av/—1,b\/—1,—(a+ b)\/—1) € m, where a,b are real
numbers satisfying the conditions

(2k+1Na+(2l+k)b=0 and a*+b*+(a+b)*< ILH
In this case there is a family of such metrics depending on two parameters.

2. On Ny ) an SU(3)-invariant Randers metric F has almost isotropic S-curvature
and positive flag curvature if and only if it solves Zermelo’s navigation problem
of the Riemannian metric defined by q, in (7.65), with t € (—1,0), under the
influence of a vector field generated by an element

av/—1 b+cv/—10
w=|-b+cv—-1 —ay—1 0] €m,
0 0 0

. TS IR % ) 1
where a,b,c are real numbers satisfying the condition a® + b” + ¢~ < FIIETIE

In this case, there is a family of such metrics depending on four parameters.

At this point, all non-Riemannian homogeneous Randers metrics of almost
isotropic S-curvature and positive flag curvature have been determined. It remains
to determine which among these metrics are isometric. We now prove the following
result.

Theorem 7.16. Let (M,F;), i = 1,2, be two connected simply connected non-
Riemannian homogeneous Randers spaces with almost isotropic S-curvature and
positive flag curvature solving Zermelo’s navigation problem of the same Rieman-
nian metric h, under the influence of an invariant vector field generated by an
H-invariant vector wi and wy, respectively. Then (M,Fy) is isometric to (M, F3)
if and only if wi and wy have the same length with respect to h.

Proof. Non-Riemannian homogeneous Randers metrics with almost isotropic
S-curvature and positive flag curvature have been described in Theorems 7.13, 7.14,
and 7.15. Hence it suffices to check the assertion case by case.

Case (1). Metrics in Theorem 7.13. We note that the sphere §2+1 s identified
with the coset space SU(n + 1)/SU(n) through the standard action of SU(n+ 1)
on C"™! = R>*2, with SU(n) being the isotropic subgroup at the point p =
(1,0,0,...,0). Under this identification, the SU(n + 1)-invariant vector fields on
§2+1 can be described very clearly. At the point p = (1,0,...,0), the vector
X = (v/—1,0,...,0) is invariant under SU(n). This vector X generates an SU(n+ 1)-
invariant vector field, which is equal to v/— I ¢ at the point o € S?**!. (This can be
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easily seen from the fact that for every unit o € C"*!, we can find a unitary matrix
A, with det(A) = 1, such that the first column of A is exactly o..) There is another
special diffeomorphism o of C”, taking the complex conjugate of each entry of a
vector, which keeps the sphere as well as the point p invariant. Note also that the
metric 4 in (7.63) is also invariant under 6. However, from the above description
it is easily seen that the action of ¢ sends the vector field X generated by X to
-X , which is generated by —X. Therefore, in this case, the Randers metrics with
navigation data (h,cX) and (h, —cX) must be isometric. This proves the assertion in
this case.

Case (2). Metrics in (ii) of Theorem 7.14. By Remark 7.6, the cyclic permutation
is irrelevant. Hence we can assume that ) = t3 # ;. In this case the underlying
Riemannian metric g, 4, ,) is invariant under the action of Sp(n)U(1), where U(1)
acts in the standard way on the subspace R? = RJ + RK (as rotations). Similarly
to Case (1), the sphere S*'*3 is identified with the coset space Sp(n + 1)/Sp(n)
through the standard action of Sp(n+ 1) on H"*! = C?"+2 = R**4 with Sp(n) as
the isotropy subgroup at p = (1,0,...,0). The invariant vector field X generated by
X in (7.62) is exactly the vector field described in Case (2) above, when we identify
H™ 1 with C2**1)_ In other words, X is actually an invariant vector field invariant
under the action of SU(2n + 2). (However, the metric 8(11.n.1) 1s generically not
invariant under SU(2n + 2), unless t, = t3 = 1.) The diffeomorphism ¢ in Case (1)
is also an isometry with respect to the metric g(;, ;, 1,)- Therefore, similarly to Case
(1), the Randers metrics produced by g(;, ,, ;) and the vectors ¢X; and —cXj, c € R,
are isometric. This proves the assertion in Case (2).

Case (3). Metrics in (iii) of Theorem 7.14. As we pointed out in Remark 7.6, in this
case the underlying Riemannian metric is invariant under the group Sp(n+ 1)Sp(1),
where Sp(n + 1) acts in the standard way on H"*! (left multiplication) and Sp(1)
acts on H"*! by right multiplication (to each entry). The isotropic subgroup at p =
(1,0,...,0) is Sp(n)Sp(1) and the isotropy action of the subgroup Sp(1) on the
subspace my is just the standard action of Sp(1) = Spin(3) on R? (see [77]). Since
the action of Sp(1) = Spin(3) on R? is transitive on the unit sphere, and the actions
of Sp(n+ 1) and Sp(1) are commutative, two vectors wy, wy with the same length
with respect to g(;, s, ;) must produce isometric Randers metrics. This proves the
theorem in this case.

Case (4). Metrics in Theorem 7.15 on Ny ), with (k,1) # (1,1). In this case we
use a diffeomorphism of N ;) induced by an automorphism of SU(3). Since SU(3)
is simply connected, it suffices to describe the automorphism on the Lie algebra
level. Note that su(3) has an involutive automorphism ® defined by o(X) = X.
It is easily seen that @ sends each diagonal matrix of su(3) to its negative and
keeps the subspace Vj_; invariant. This automorphism induces an automorphism of
SU(3), denoted by @, that keeps the subgroup S (1“) invariant. Then @ induces a
diffeomorphism @ of N, ). Note that the metric g is in fact invariant under every
automorphism of su(3), and @ keeps the subspaces Vy and V_; invariant. It follows
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from (7.65) that the differential of @ at the origin is an isometry with respect to the
inner product g;. Now we make the following two assertions:

1. @ maps every SU(3)-invariant vector field on Ny ;) to an SU(3)-invariant vector
field on Ny ).
2. @ is an isometry of the Riemannian metric induced by ¢;.

We first prove the first assertion. Note that in this case the SU(3)-invariant vector
field is in one-to-one correspondence with the element in VQ, orin other~ words, every
SU(3)-invariant vector field on N(; ;) must be of the form X such that X |5 = dL,X,
where X € Vj and Ly is the diffeomorphism of N ;) defined by g1H — gg1H.
Since X is the initial vector of the curve exp(tX)H, X|oy is the initial vec-
tor of the curve gexp(tX)H. Hence daoX |or is the initial vector of the curve
®(gexp(tX)H) = o(gexp(tX))H = o(g)@(exp(tX))H. It is easy to see that this is
equal to dLg ) (@ (X )). This proves the first assertion. To prove the second assertion,
suppose Y1,Y> € T,z (G/H) and denote the Riemannian metric on Nk, induced
by ¢ by O;. Then we have Q;(Y1,Y2) = ¢ (Lg—l (Yl),Lg—l (Y2)). Select y,y, € m
such that dZ,-1(Y1), resp dL,-1(Y2), is the initial vector of the curve exp(tyi)H,
resp. exp(ry2)H. Then Y, resp. Y», is the initial vector of the curve gexp(ry|)H,
resp. gexp(tyz)H. Hence d@(Y)), resp. d@(Y2), is the initial vector of the curve
o(g)o(exp(tyr))H, resp. ®(g)®(exp(ty2))H. Therefore we have

Qt(d(D(YI)vd(D(YZ)) = Qt(dL(T)(g)w(yl)vdL(T)(g)w(yZ)) = Qt(w(yl)vw(yZ))
= q:(y1,y2)-

But the last term of the above equality is exactly

qi(dLy-1(Y1),dL,1 (Y2)) = Qi (Y1, 12).

This proves the second assertion. Now by these two assertions one can easily see
that if w € Vj with length < 1, then w and —w will produce isometric Randers spaces
with the underlying Riemannian metric /;. This completes the proof of the theorem
for Case (4).

Case (5). Metrics in Theorem 7.15 on N(y ;). The proof of this case is similar to
Case (4). First, the automorphism @ of the Lie algebra su(3) defined above is equal
to —id on the maximal commutative subalgebra

R, 1) @ Vo.

Moreover, this automorphism keeps V| invariant. Therefore @ induces an auto-
morphism of SU(3) that keeps the subgroup S(11‘1) invariant. As in Case (4), this
means that the Randers metrics produced by (g;,w) and (g,, —w), with w € V; and
q:(w,w) < 1, must be isometric. Now we consider two distinct vectors wi,w; € V)
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with g,(wy,w1) = g:(wa,wz) < 1. Note that V; is actually the Lie algebra su(2)
embedded in su(3) through the standard embedding of the Lie group:

A (6‘ ?) AcSU2).

Also note that SU(2) is a rank-one compact Lie group; hence maximal commutative
subalgebras of su(2) are exactly one-dimensional subspaces. By the conjugation of
maximal subalgebras of compact Lie algebras, we conclude that for every two one-
dimensional subspaces Uj, U, of V, there is an automorphism of su(2) that sends
U, onto U,. Using the embedding above, the automorphism can be extended to an
automorphism of su(3) that keeps h%l‘l) fixed and leaves the subspace V| invariant.

If wy = —wp €V, then we set Uy = R(wy) and U, = V;. The above argument then

shows that there is an automorphism & such that o(w;) € Vp and G(h(ll,l)) = h%l,l)'

Moreover, we have o(V;) C V;. Applying the same argument as in Case (4) to the
automorphism ® o &, we easily show that the Randers metrics produced by (g, w1)
and (g;,w,) are isometric. If w; and w, are linearly independent, then we set U; =
Rw; and U, = Rw,. The above argument shows that there exists an automorphism
o’ of su(3) such that o'(Uy) = U, o' (h{, ;) = hél,l)’ and o'(Vy) C Vy. Then a
similar argument as above shows that the Randers metrics produced by (g;,w;) and
(g, w2) are isometric. This proves the assertion for the last case, and the theorem is
completely proved. a

Let us summarize the results in Theorems 7.13-7.16 as follows:

Theorem 7.17. Let (G/H,F) be a connected simply connected non-Riemannian
homogeneous Randers space with almost isotropic S-curvature and positive flag
curvature. Then (G/H,F) must be isometric to one of the following:

1. As a coset space, G/H = SU(n+ 1) /SU(n) and the metric F is a Randers metric
that solves Zermelo’s navigation problem of the Riemannian metric h; in (7.61),
under the influence of a vector field generated by cX € my, where X is defined
in (7.60), and 0 < |c| < 1/+/t. Two pairs (h,cX) and (hy,c’X) correspond to
isometric Randers metrics if and only ift =t' and |c| = |/|.

2. As a coset space, G/H = Sp(n+ 1)/Sp(n) and the metric F is a Randers metric
that solves Zermelo’s navigation problem of the Riemannian metric g, 1, 1)
in (7.63), with t| # ty = t3 # 1 satisfying the condition (7.64), under the influence
of a vector field generated by cX| € mg, where X, is defined in (7.62), and
0 < [c| < 1/ty. Two pairs (g, 1,4,),cX1) and (g(z;,zg,zng’Xl) correspond to
isometric Randers metrics if and only if (t1,t,13) = (},t),15) and |c| = |c'|.

3. As a coset space, G/H = Sp(n+ 1)/Sp(n) and the metric F is a Randers metric
that solves Zermelo’s navigation problem of the Riemannian metric g, 1, 1)
in (7.63), with t} =t =t3 =t > 0 satisfying the condition (7.64), under the
influence of a vector field generated by aX| + bX> + cX3 € mg in (7.62), with
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0 < |a®+b%+c?| < 1/t. Two pairs (8(1.0.)aX1 +bXo +cX3) and (g y 11y, ' X1 +
b'X; + 'X3) correspond to isometric Randers metrics if and only if t =’ and
a2 +b2+cz — (a/)z 4 (b/)z 4 (C/)Z.

4. G/H =SU(3)/S} ), with (k.1) # (11), ged(k,1) = 1, and ki(k+1) # 0, and F
is a Randers metric that solves Zermelo’s navigation problem of the Riemannian
metric q; in (7.66), with —1 <t < 0, under the influence of a vector field
generated by an element w, = diag(ay/—1,b\/—1,—(a+b)/—1) € m, where
a,b are real numbers satisfying the conditions (2k + l)a+ (21 + k)b = 0 and
0 < a®+b*+ (a+b)* < 1/(1+1). Two pairs (hy,w,) and (hy,wy) correspond
to isometric Randers metrics if and only ift =t' and |a| = |d'|.

5. G/H = SU(3)/S(11)1) and F is a Randers metric that solves Zermelo’s navigation
problem of the Riemannian metric defined by q; in (7.66), witht € (—1,0), under
the influence of a vector field generated by an element

av/—1 b+cv/—1 0
W(ab,c) = —b+ C\/—_l —a\/—_l 0] em,
0 0 0
where a,b,c are real numbers satisfying the condition 0 < a> +b* +¢* < ﬁ
Two pairs (he,wap)) and (hy,wq pr 1)) correspond to isometric Randers
metrics if and only ift =1t" and a® +b* + c* = (d')* + (b')> + (/)%

Moreover, Randers metrics in different cases (1) through (5) cannot be isometric.

For the proof, just note that metrics in (ii) of Theorem 7.14, with 1} # 1, =
t3 = 1, are invariant under the group SU(4n + 2) and are isometric to metrics in
Theorem 7.13.

7.7 Homogeneous Randers Spaces of Negative
Flag Curvature

We now consider homogeneous Randers spaces with negative flag curvature and
isotropic S-curvature. As we have seen in the above section, there is a large class
of non-Riemannian homogeneous Randers spaces with isotropic S-curvature and
positive flag curvature. One may hope that there also exist some examples of
negative flag curvature. However, in contrast to the positive case, we will obtain
a rigidity theorem. In fact, the rigidity theorem holds even in the more generalized
case for a negative Ricci scalar.

Theorem 7.18. Let (M,F) be a connected homogeneous Randers space. If F has
almost isotropic S-curvature and negative Ricci scalar, then F must be Riemannian.
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Here by “negative Ricci scalar” we mean that its Ricci scalar is everywhere less
than 0. We now recall some results on homogeneous Riemannian manifolds with
negative sectional curvature. It is well known that the rank-one Riemannian symmet-
ric spaces of noncompact type must be of negative curvature. By the discussion of
Chap. 2, all these spaces are simply connected. Kobayashi generalized this result by
showing that every homogeneous Riemannian manifold with nonpositive sectional
curvature and negative Ricci curvature must be simply connected; see Sect. 4.4.

Wolf studied the bounded isometries of homogeneous Riemannian manifolds of
nonpositive sectional curvature and proved that each such Riemannian metric can
be realized as a left-invariant metric on a connected solvable Lie group [174]. Based
on this result, Heintze thoroughly studied homogeneous Riemannian manifolds with
negative sectional curvature in [81]. It turns out that besides noncompact rank-one
symmetric spaces, there is a large number of such spaces. Moreover, E. Heintze also
provided a possible method to classify the homogeneous Riemannian manifolds
with negative sectional curvature. However, up to now there is no classification
result on homogeneous Riemannian manifolds with negative Ricci curvature.

Now we turn to the proof of Theorem 7.18. It is a corollary of the following more
general theorem:

Theorem 7.19. Let (M, F) be a connected homogeneous Randers space that solves
Zermelo’s navigation problem of a Riemannian metric h, under the influence of an
external vector field W. If F has almost isotropic S-curvature and the Ricci scalar
of W is negative somewhere, i.e., there exists x € M such that Ric(x,W) <0, then F
must be Riemannian.

To prove this theorem, we need the following lemma.

Lemma 7.7. Let F = ot + 3 be a Minkowski Randers norm on a real vector space
V, and (h,W) its navigation data, with W # 0. Set L = 1 — h(W,W). Suppose wi =
]%,wz, ...,Wy is an orthonormal basis of V with respect to the inner product h.
Then wy,wa,...,wy is an orthogonal basis of V with respect to the inner product
8w, (,), where g is the fundamental form of F.

Proof. Since the metric matrix of & with respect to wy,wz,...,w, is the identity
matrix, the metric matrix (a;;) of o (viewed as an inner product) with respect to the
same basis satisfies

& &idulwr
aij:T]—i_#? 17121527"'7’15

where A = 1 — |W/|?, and the components of 3 are

~ oi|W



226 7 Homogeneous Randers Spaces

Set
PR -~ ~
=22 and I =1+ by
a(y)
Then the fundamental tensor of F has the expression (see [16, p. 284])
F(y) AT
gwaQO%%@%w@M@D+MWMW

Considering the value at y = wy, we easily get

1 | L O; on(1—|W
a(Wl):I, F(Wl):#,li(wl):77 Li(w) = i A| |)

From this we directly compute to get

1—|W|)?
—( )L|2 D, ifi=j=1,
gij(wi) =
1—|W))é;;
L—%rui,iﬁ#lmj#L
From this the assertion follows. O

Proof of Theorem 7.19. Let G be the unity component of the full group I(M, F) of
isometries of (M, F) and let H be the isotropy subgroup of G at x. Since (M, F) is
homogeneous, I(M, F) is transitive on M. Thus G is also transitive on M (see [83]).
Therefore M can be written as M = G/H and both & and W are invariant under
G. Let g = h+m be a decomposition of the Lie algebra with Ad(h)m C m and
denote by (, ), the inner product on m induced by k. Since F has almost isotropic
S-curvature, by Theorem 7.11, W is a Killing vector field with respect to 4 and the
corresponding vector w € m satisfies

(Wvi]m,v2)n + (vi, W valm)n =0, Vvp,v €m. (7.67)

We need only prove that w = 0. Suppose, to the contrary, that this is not true.
Consider the Ricci scalar of F at the tangent vector w. Select n — 1 (n = dimM)

vectors vi,Vva,...,V,_1 such that ﬁ,vl ,V2,...,v,_1 form an orthonormal basis of m
with respect to 4. (Note: not with respect to the fundamental tensor of F.) Then by
Lemma 7.7, ﬁ,vl, ...,Vp—1 is an orthogonal basis of m, with respect to the inner

product 8 (,), where g is the fundamental tensor of F. Therefore we have

n—1
Ric(x,w) = 2 K(w,v;),
i=1
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where K denotes the flag curvature of F. If we denote the sectional curvature of &
by K}, then by Proposition 7.8, we have

K(w,vi) = Kp(w—|w|w,v;) = K, (1 = [w])w,v;) = Kp(wy,vi), i=1,2,....n—1,

since [w| = /h(w,w) < 1. Therefore we have
Ric(x,w) 2 Kj,(w,v;) = Ricy(w,w)/h(w,w),

where Ricy, denotes the Ricci scalar of 4. By assumption, we have Ric,(w,w) < 0.
Now by Corollary 2.1, we have (setting v, = ﬁ)

Ricy, (w,w ———2|wv, |? ——;([ s (W Vil lms Vidn
=3l + . 3% (= (ol
i= i,j=

Where z denotes the unique element in m such that (z,v), = tr(adv), and ad v denotes
the adjoint action of v in the Lie algebra g. Let us compute each term of the above
formula. By (7.67), we have

<[Wv [vai]]mavi>h = <[W7Vi]m7[wvvi]m>h'

1 i

|
N1 —
IVE
N1 —
-

1

l

Thus the first term and the second term sum to 0. Since w is invariant under Ad(H),
we have [w, h] = 0. Thus the third term is equal to 0. By (7.67), we also have

<[Z,W]m,W>h = _<[Waz]maw>h = <Zv [va]m> =0.

Therefore we are left with

n

. 1
RlCh(W,W) = Z 2 <[Vj,Vj]m,W>ﬁ-
i,j=1

This is a contradiction to Ricy, (x, w) < 0. Therefore w must be 0 and F is Riemannian
at x. Since F is homogeneous, F' is Riemannian everywhere. This completes the
proof of the theorem. a

Corollary 7.2. Let (M,F) be a connected homogeneous Randers space. If F
has almost isotropic S-curvature and negative flag curvature, then F must be
Riemannian.
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Remark 7.7. In [139], Shen proved the following result: Let (M, F) be a complete
Finsler space with nonpositive flag curvature. If (M,F) has almost constant
S-curvature and bounded mean Cartan torsion, then F must be Riemannian
where the flag curvature is negative. Since a homogeneous with almost isotropic
S-curvature must be with constant S-curvature, and its mean Cartan torsion must
be bounded, Corollary 7.2 also follows from this result of Shen. However, the
approaches are very different. Note also that Theorems 7.18 and 7.19 cannot be
deduced from the above result of Shen.
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