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Left invariant Finsler manifolds are generalized Berwald
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Abstract. In this note we show that a Lie group endowed with a left invariant Finsler function is a
generalized Berwald manifold. This observation makes it possible to construct a whole class of gener-
alized Berwald manifolds, thus satisfying a request of Hashiguchi [6]: ... find much more interesting
examples’. In particular, we show that the Randers Lie group constructed by Libing and Mo in an un-
published manuscript is in fact a proper gerenalized Berwald manifold. We also have a look at the more
specific bi-invariant case, and review some essential results concerning bi-invariant Finsler functions
with (at least partly) new and conceptual proofs.
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1. Preliminaries

1.1. Let M be an n-dimensional (Hausdorff, second countable, connected, smooth) man-
ifold (n > 2). The real Lie algebra of smooth vector fields on M is denoted by ¥(M). If
¢: M — M is a smooth mapping, then ¢,: TM — TM is its derivative. We use the notions
Finsler function and Finsler manifold as in [2] or [14]. By a geodesic of a Finsler function
F: TM — R we mean a smooth curve in M whose velocity field is an integral curve of the
canonical spray of (M, F) [14, Lemma and Definition 9.2.17].

In the near one hundred years of history of Finsler geometry many special classes of Finsler
manifolds have been introduced and studied in detail. The main actors in our considera-
tions are Berwald manifolds and generalized Berwald manifolds. A possible definition of them
sounds as follows:

Definition 1 ([12, Definition 4.1 and Proposition 4.3]). A Finsler manifold (M, F) is a gen-
eralized Berwald manifold if there exists a covariant derivative V on M such that the parallel
translations induced by V preserve the Finsler function F.

If the covariant derivative V is also torsion-free, then (M, F) is called a Berwald manifold.

Email address: bernadett.aradi@science.unideb.hu

http://www.ejpam.com 118 (© 2015 EJPAM All rights reserved.



B. Aradi / Eur. J. Pure Appl. Math, 8 (2015), 118-125 119

In the case of Berwald manifolds the torsion-free covariant derivative mentioned in the
definition above is unique. For a recent introduction to Berwald manifolds we refer to [13].
1.2. Throughout the paper G denotes a connected Lie group with identity element e, while
Ag and p, stand for the left and right translation by g € G, respectively. The Lie algebra
of left invariant vector fields is denoted by ¥;(G). As a real vector space, X;(G) is canoni-
cally isomorphic to the tangent space T,G. For basic Lie theory the reader is referred to [7,
Chapter 9].

A Finsler function F on G is left invariant if F o (A,), = F for any g € G, right invariant if
Fo(pg), =F for any g € G, and bi-invariant if it is both left and right invariant.

2. Bi-invariant Finsler Functions

The following lemma and its proof can be found in the manuscript of Libing and Mo men-
tioned above. (We found this manuscript on the website of the School of Mathematical Sci-
ences, Peking University, however, it is now unavailable.) We find it useful to recall this result
with our proof, which seems to be simpler than the original one, and is based on important
ideas.

Lemma 1. Let F be a bi-invariant Finsler function on a Lie group G. Then the geodesics of F
starting at e are the one-parameter subgroups of G. Furthermore, all other geodesics are left
translations of the one-parameter subgroups.

Proof. Let a: R — G denote a one-parameter subgroup of G with v := a(0) € T,G, and
consider the left invariant vector field X corresponding to v, that is, X(e) = v = @(0). Then a is
an integral curve of X. Furthermore, let y: R — G be the geodesic of F satisfying y(0) = e and
7(0) = v. Our aim is to show that y is also an integral curve of X, whence by the uniqueness
of integral curves with given initial velocity yields a = v, and the first assertion of the lemma
will be thus proved.

Notice first, that since geodesics have constant speed,

F(y(£))=F(y(0))=F(v) (t&€R). (1)
Also, the left invariance of F and X yield
F(X(g)) = F(X(A4(e))) = F((A,).(X(e))) = F(v), for any g € G. 2)

Secondly, X is a Killing vector field. Indeed, as X is left invariant, the stages ¢, of the
(global) flow ¢ of X have the form

0e:G—G, g (g):=p(t,g) =g alt)=pyr(g), (t€R)

(see [7, Lemma 9.2.4]). It follows from the right invariance of F that these mappings are
isometries of the Finsler manifold:

Fo ((pt)* =Fo (pa(t))* =F (3)
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By Proposition 5.2 in [9] equation (3) means that X is a Killing vector field. However, Propo-
sition 7.2 of the cited paper implies that for a Killing vector field X and for a geodesic y the
function

t€R— g;0)(7(0).X(r(1))) €R )

is constant, where g is the metric tensor of (G, F).
By combining the results above we obtain that for any t € R

. “@ .
8o (1(0,X(r (1)) = g;0)(7(0), X (1(0)))
(1),(2) .
=g,(v,v) =F*(v) =" FX(y(O)F (1))
Using the fundamental inequality (see, e.g., [14, Proposition 9.1.37]), we conclude that

X(y(t))=0(t)y(t), for some 8(t) =0, t €R.

Since we already have F(X(1(t))) 2 F(v) 2 F((t)), it follows that 8(t) = 1 for all t € R

and hence X(y(t)) = y(t). Thus y is also an integral curve of X with initial velocity v, which
indeed means that the geodesics of F starting at e are the one-parameter subgroups of G.

To show that the other geodesics are left translations of the one-parameter subgroups,
choose a geodesic ¥ of F and let ?(0) =w € T,G. Consider the geodesic y starting at e (thus,
a one-parameter subgroup) with initial velocity

7(0) = (A, 1), (W) € T,G.

Then, since left translations are isometries, A, o y is a geodesic as well such that

. .
Apy(0)=p and A, o y(0) = (A,).(y(0)) = w,
which imply ¥ =2, oy. O

Remark 1. The Riemannian analogue of Lemma 1 is well known, see, e.g., [10], Proposition 9
in Chapter 11.

Proposition 1 (Latifi-Razavi [8]). If F is a bi-invariant Finsler function on a Lie group G, then
(G, F) is a Berwald manifold.

Proof. It has been shown in [5] (Theorem 1.4), that there exists a bi-invariant Riemannian
metric g on G as well, and we know from [10] (or we obtain as a special case of Lemma 1),
that the geodesics of a bi-invariant Riemannian metric starting at e are the one-parameter
subgroups of G.

However, it follows from Lemma 1 as well, that the geodesics of the Finsler manifold (G, F)
starting at the identity element are also the one-parameter subgroups of the Lie group, hence
(G, F) and the Riemannian manifold (G, g) have the same geodesics. Then Proposition 7 of
[13] (see condition (B9) in the cited paper) assures that (G, F) is a Berwald manifold. O]

The key step in the previous proof is the existence of a bi-invariant Riemannian metric g
on G. Below we indicate an explicit way of constructing such a Riemannian metric on G from
a given Finsler function F.
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Lemma 2. Suppose that a Lie group G admits a bi-invariant Finsler function F. Then G admits
a bi-invariant Riemannian metric g as well, given by

g, w) = f (u— (E)' (W, w)w,,
SP

where
peEG v,we TpG,'
E,, is the energy function associated to F, :=F [ T, G;

S, C T,G is the unit sphere determined by F,;
w), s the unique volume form on S, such that fsp w, =1

Sketch of proof. To see that g is indeed a Riemannian metric on G we refer to [13, Propo-
sition 17]. The fact that this metric is bi-invariant follows from Proposition 9.1.53 of [14],
since the cited result expresses that the left and right translations are isometries between the
Euclidean vector spaces (T,G, g,) and (T;G, g,), where p and q are any two points in G.

Remark 2. The metric constructed in the lemma is called an averaged Riemannian metric. Av-
eraging process was first applied in Finsler geometry by Z. 1. Szabd in [11 ]. For recent results and
applications we refer to [4, 15, 16]. Clearly, if a Lie group is endowed with a left (resp. right)
invariant Finsler function, then the averaged Riemannian metric is left (resp. right) invariant.

3. Left Invariant Finsler Functions

The main result of the paper, as indicated in the title, is the following.

Theorem 1. A connected Lie group equipped with a left invariant Finsler function is a generalized
Berwald manifold.

Proof. Let G be an n-dimensional connected Lie group and let F: TG — R be a Finsler
function such that
Fo (Ag)* =F forall g €G. (5)

More precisely, Fyp, o ((A4),), = F, for all p,g € G, where F,, := F [ T,G. Furthermore, let
(E;)_, be a frame field of G consisting of left invariant vector fields.
Observe first that for any two points p,q in G and any n-tuple (v!,...,»") € R" we have

F,(V'Ei(q)) = F,(V'Ei(p)) (6)

(summation convention in force), that is, parallel vectors have the same Finsler norms. Indeed,

Fq(viEi(q)) :Fq(viEi(qu—l (P))) = Fq(/Vi(A'qp—1 )*El(P))

=Fy((Ap-): (VEi(p))) 2 F,(vEy(p))-
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Now consider the covariant derivative V on G specified by
Vi Ex = 0; j,ke{l,...,n}. 2

Given a smooth curve y: I — G (where 0 € I), let v, be the induced covariant derivative
along v, and let (P,): Ty(yG — Ty(1)G be the corresponding parallel translation from y(0) to
y(t) (t € I). For any tangent vector v € T,(()G, there exists a unique parallel vector field X
along v such that X(0) = v. It can be expressed in the form

X =X'(Ejoy),
where X': I -» R, i € {1,...,n} are smooth functions. Thus we have

i @ i’
0=V, X =V, (X"(E;oy)) = X" (E;o7),
which implies that the functions X' are constant. So there is an n-tuple (v',..., »*) € R" such
that 4
X =v'(E;oy).

Then v = X(0) = v'E;(y(0)). Now, for every t €1,

(P)L(v) =X (t) = v'E;(y(1)), (8)

and hence

Fy0 (P 2 F (W E(r(6))) 2 B0 (VE(1(0))) = Fyoy(v).

Thus the parallel translations determined by V preserve the Finsler norms of the tangent vec-
tors to G, as was to be shown. O

Remark 3. The “compatible”and “covariant “derivative constructed in the proof of Theorem 1 is a
special case of a covariant derivative appearing in [1 ] (Corollary 4.3, see also Theorem 4.1). This
result characterizes generalized Berwald manifolds by using the concept of a covering parallelism,
which is compatible with the Finsler function. Namely, it is shown that a Finsler manifold is a
generalized Berwald manifold if, and only if, the Finsler function is compatible with a covering
parallelism.

4. An Example

Theorem 1 makes it possible to obtain numerous examples of generalized Berwald mani-
folds. Here we show that the Finsler function constructed by Libing and Mo as an example of a
left invariant Finsler function not all of whose geodesics are left translations of one-parameter
subgroups, yields a proper generalized Berwald manifold.

Let G = {(g!, g%) € R? | g2 > 0} and define a multiplication on it by

(', g>) x (h',h?) = (h'g* + g', g%h?), (g' g?),(h',h*) eq.
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Then G is a Lie group with identity element e = (0, 1); the inverse of an element (g', g2) is
1
- 1
(gheH)' = (—%,g—z :
First we calculate the derivative of a left translation A,, where g := (a,b). Consider a

tangent vector v € T,G (p € G) and let I be an open interval containing 0. Choose a curve
vy = (v}, v?): I = G such that y(0) = v. Then for some t € I we have

Ag(r(£)) = g x (y'(6), y*(6)) = (by' (1) + a, by* (1)),

thus
(A (1) = (A, (7(0)) = (¢ = A4 (¥()))'(0) = (by"'(0), by?'(0)) = bv. ©)

Now we define an appropriate Finsler function F on TG. Let

1
ap(v, w) :=(pi)2(v1v2)( i ; )( xz )’

1
Bp(v) :=1;(v1 +v?),

and

F(v):=4/a,(v,v)+ B,(v) = I% (\/2(1/1)2 +2v1v2 4 2(v2)2 +v! 4 vz) ,

where v = (v}, v?),w = (w',w?) e T,G and p = (p',p?) €G. Since

1B1l(p) =4/ @i (p)B:(P)B;(p)

_ (p2)2(2. 111 ):\l§<1
3 (P22 (@»)? (p?)? (p?)? 3 7

F is in fact a Randers function [14, Lemma and Definition 9.6.2].
This Randers function F is left invariant. To see this let g = (a,b) € G and v € T,G. Then

F((Ag)s(7)) =Fgup((Aa0))s (7)) 2 Fiptpaabpz)(BV)

- L (v/202(v1)2 +2b2v1v2 + 2b2(v2)2 + by + bv?)
bp2

1
) (\/2(1/1)2 +2v1v2 4+ 2(v2)2 +v! + vz)
p

=F(v),

as we claimed. Thus (G, F) is a generalized Berwald manifold by Theorem 1.

Finally, we show that V3 # 0, where V is the Levi-Civita derivative of a, and hence,
by a nice theorem of M. Crampin [3], (G, F) is surely not a Berwald manifold. Indeed, the
Christoffel symbols of the Riemannian metric a are

21

21 41 21 , 41 , 21 _,
T

32’ 12 32’ " 22 3e2” 11 3627 12 3,27

1 _
1—‘11_
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where (e!,e?) is the dual of the canonical basis of R2. Thus, for example,

ER RN TER) BYCRARTEND

3 (1 L1 L1 2 1
5 () e Tha = S@p o
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