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1. INTRODUCTION

A long standing, intriguing — one could without exaggeration say famous —
problem of Finsler geometry is the following:

Is every regular (y-global) Landsberg space, over a manifold of
dimension at least 3, a Berwald space?

Nobody knows for sure. There is no known example of such a Landsberg space
which is not Berwaldian, but no proof that there cannot be any. There are,
however, numerous known results of the form “ A regular Landsberg space
which has such-and-such an additional property — property P say— is a
Berwald space”. This paper is an attempt to collect them all together in
one place; and along the way it adds a few new ones.

The body of the paper therefore consists of a succession of theorems of the
form:

THEOREM. A regular Landsberg space which has property P is a Berwald
space

for a number of different properties P. If a year is quoted, it is the year of first
publication of the result: if none is given the result is likely to be new. Once
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or twice the result turns out in fact to be: a regular Landsberg space which
has property P is a Riemannian space — but of course that counts.
My main new result on the Landsberg-Berwald problem is (roughly) this:

THEOREM. A complete regular Landsberg space whose Berwald scalar cur-
vature is geodesically invariant is a Berwald space. In particular, a Landsberg
space over a compact base whose Berwald scalar curvature is geodesically in-
variant is a Berwald space.

(Theorembelow: there is in fact an additional boundedness condition, which
I have omitted here for the sake of simplicity, but which will be explained in
context.) This is an improvement, in the sense that it involves a weakening of
the hypothesis, on the previous strongest result in this general area, which is

THEOREM. A Landsberg space whose Berwald scalar curvature vanishes
is a Berwald space.

Apart from the proof of the new result there is little in the way of proof
in the main section of the paper. For published work I have simply relied on
references. Most of the new detailed argument is given in appendices: so it
is in these appendices that most of the original material in the paper is to
be found. New results, relevant to the Landsberg-Berwald problem but not
sufficiently directly to warrant inclusion in the main part of the paper, include:

PROPOSITION. A function x on R? which is positively-homogeneous of
degree () satisfies
0’k

R =0

g”
if and only if it is constant.

(Proposition [2] in Appendix ) This is similar in appearance to a result I
proved in [I2], but it applies to functions positively-homogeneous degree 0
while the previous one was for functions homogeneous of degree 1.

I used the latter in [12] to prove that a weakly-Berwald Landsberg space is a
Berwald space; and I use it here to prove the following related result concerning
isometries between Minkowski spaces. (A Minkowski space induces a Rieman-
nian metric on R?: by ‘an isometry’ here I mean a diffeomorphism R} — R?
which preserves the corresponding metrics, and is positively-homogeneous of
degree 1.)
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PROPOSITION. An isometry between two Minkowski spaces of the same
dimension is linear if and only if its Jacobian determinant is constant.

(Proposition [p(2) in Appendix[E} the Jacobian is to be calculated with respect
to linear coordinates.) This result seems rather important, given that from
one point of view the key issue is whether parallel translation, which is an
isometry between tangent Minkowski spaces in a Landsberg space, is linear,
which is what is required for the space to be a Berwald space. It is in effect a
new version of M. Li’s equivalence theorem for Minkowski spaces from [27].

1.1. NON-EXISTENCE OF UNICORNS Many Finsler geometers nowadays
refer to non-Berwaldian Landsberg metrics as unicorns, a usage introduced by
Bao in [6]. I have decided against following this trend, as will be clear from
my title, and I feel I should explain why.

The problem is that in calling a non-Berwaldian Landsberg metric a uni-
corn no consideration is given as to whether or not the space is regular: a
unicorn may very well fail to be y-global, and indeed Bao himself refers in [0]
to Asanov’s metrics as unicorns. Consider for example Tayebi’s 2021 paper
‘A survey on unicorns in Finsler geometry’ [46]. This turns out to be closely
focussed on results about non-regular Landsberg spaces and contains, I think
it is fair to say, very little of interest about the regular case. I wish to make
it completely clear that by contrast the present paper deals only with regu-
lar Landsberg spaces. It is for this reason that I abjure the use of the term
unicorn, and instead refer to the conjecture that all regular Landsberg spaces
are Berwald spaces as the Landsberg-Berwald conjecture, and to the problem
of resolving whether this conjecture is true or false as the Landsberg-Berwald
problem: I continue to use the terminology that I have adopted in the past,
in other words. You will find no unicorns here.

It seems to me in fact that Bao’s coinage, while witty, is not terribly apt.
Surely nobody in the 21st century thinks unicorns exist: Bao himself describes
them as mythical. So to call non-Berwaldian regular Landsberg spaces uni-
corns implies in effect that there are none, when this is tantalisingly still an
open question; whereas to call Asanov’s metrics unicorns denies their evident
existence and is simply wrong. Marco Polo, having observed on his trav-
els what he claimed were unicorns, described them in terms which makes it
clear that what he actually saw were rhinoceroses. I suggest that non-regular
non-Berwaldian Landsberg metrics would be more appropriately called rhi-
nos. Whether it is correct to call regular non-Berwaldian Landsberg metrics
unicorns, on the other hand, still waits for the resolution of the Landsberg-
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Berwald problem.

At the risk of seeming over-repetitive I state again my general insistence
on the qualification ‘regular’. I hope that I have now used the word enough to
make it unnecessary to continually repeat it in future. You will find no rhinos
here either.

1.2. BACKGROUND AND NOTATION I take M to be a differentiable man-
ifold whose dimension n is at least 3. I denote by @ : T°M — M the slit
tangent bundle of M. I shall mostly work in terms of coordinates z* on M
and corresponding fibre coordinates y*. Let F be a regular Finsler function
on T°M: positive, smooth, positively-homogeneous of degree 1, and strongly
convex. From another perspective, F' is an assignment to each x € M of a
Minkowski norm on T;M, depending smoothly on z.

I denote by Z = {(z,y) € T°M : F(x,y) = 1} the indicatrix bundle of F,
by L = %F2 its energy Lagrangian, by

L
% = oy
its fundamental tensor, by
O*F
hij = F———
" 0yt oyI
its angular metric, by
9gij
Ciik = J
i 8yk

its Cartan tensor, and by C; = gjkCijk its mean Cartan tensor.

I should perhaps pause here and elucidate what [ mean by ‘tensor’ in this
context. I denote by V(T°M) the vertical sub-bundle of T'(7T°M ), whose fibre
at (xz,y) € T°M is Viey)T°M, the vertical subspace of T(, ) T°M. It is of
course a vector bundle over T°M. By ‘tensor’, or more properly U-tensor, I
mean a section of a tensor bundle constructed from V (T°M).

Note that a *U-tensor K, when restricted to any fibre TM of w: T°M — M,
defines there a linear-tensor field K, of the same type, that is, a field that
transforms tensorially in the manner specified by its type under linear trans-
formations of the canonical fibre coordinates. Conversely, an assignment to
each fibre T M of a linear-tensor field K, of a given type, depending smoothly
on x in an obvious sense, defines a Y-tensor K on T°M of that type.
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The fundamental tensor, the angular metric, and the Cartan tensor are
all examples of U-tensors, of type (0,2), (0,2), and (0,3) respectively, all
completely symmetric.

Any tensor field on M induces in a natural way a U-tensor on T°M , which
may be called its natural lift. Such a U-tensor is distinguished by the fact that
its components with respect to canonical fibre coordinates 4 are independent
of y —they are the same as the components of the original tensor field with
respect to the base coordinates z*. In other words, such U-tensors are constant
on fibres.

Type (1,0) B-tensors are simply vertical vector fields. In particular, in
accordance with the remarks in the prevous paragraph, a vector field X on
M gives rise to a type (1,0) U-tensor or vertical vector field XV on T°M, its
vertical lift, where

0 . ; 0
By if X=X BIY

XV — X'L
relative to coordinates =’ on M with corresponding fibre coordinates y°.

This discussion of U-tensors, which is a précis of a more extensive one in
[16], is included for completeness’ sake. In practice I shall work almost always
in terms of components. And from that perspective a U-tensor looks like,
and transforms as if it were, just an ordinary tensor of the same type: its
components however are, in general, local functions on T°M. Not only shall I
use components in tensorial calculations, I shall generally refer to a U-tensor
by its component representation, with indices in place, reprehensible though
this may seem to purists: it does, however, have the advantage of convenience,
especially since it distinguishes between covariant and contravariant forms. I
shall, however, from time to time refer for example to the fundamental tensor
simply as g where I judge no confusion can arise.

Though I shall mostly use component representations of U-tensors, the
vertical lift construction does give me the opportunity to express some formulae
in index-free form. So for example the fundamental tensor is determined by
the fact that g(XV,YV) = XV(YV(L)) for all vector fields X and Y on M;
likewise the angular metric satisfies h(XY,Y"V) = FXY(YV(F)), while for the
Cartan tensor C'(XY,YV,2ZY) = XV(YV(Z¥(L))).

These formulae, and some others below, give just a few tastes of the index-
free alternative to the component notation adopted in this paper. For a fully
comprehensive index-free approach to these matters I recommend the text of
Szilasi et al. [44].
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I denote by I' the geodesic spray of F', in other words the Euler-Lagrange
field of L: it is determined by the Euler-Lagrange equations I'(XV(L)) —
X¢(L) = 0, holding for all vector fields X on M, where X€ is the complete lift
of X to T°M. In coordinates

; 0
by oy

ozt

where

; ) ; i1 (O | Ogj1  Ogjk
20" = gy, 7j2=§g’l< Rl

ozi ' oxk Ozl

So ijg looks the same as a Christoffel symbol for the Levi-Civita connection
of a Riemannian metric: however, here g;; will in general depend on y. (In
fact ’yj’fc is called a formal Christoffel symbol by Bao et al. in [7].)
The associated horizontal distribution on 7°M is spanned by the local
vector fields '
S CR
ox’ Loy’ L Oyt

A vector field X on M determines a horizontal vector field X" on T°M, by

H;

X" = 1([xV,T] + X°).

The H; are the horizontal lifts of the coordinate vector fields on M, and X" =
X'H;.
It will sometimes be useful to denote the vertical lifts of the coordinate
vector fields on M by V;:
0

Vi= oy’
and XV = X'V,.

I use the Berwald connection throughout. I point this out because this
choice is by no means universal: for example Bao et al., in [7], use the Chern,
or Chern-Rund, connection rather than the Berwald connection.

The covariant derivative operator of the Berwald connection is essentially
determined by the rules

ViV = [X" V], V'V =[X",V],

where X is a vector field on M, and V, [X" V], and [XY, V], all of which are
vertical vector fields on T°M, are to be interpreted as type (1,0) U-tensors.
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The connection coefficients of the horizontal part of the Berwald connection
are Fjﬁg where
Jk oy Dy yk dyi kj
The Riemann curvature U-tensor is most directly defined in terms of the
bracket of horizontal vector fields:

[Hi,Hj] = —Rfjvk.

Note that Rfj is positively-homogeneous of degree 1. For each fixed ¢ and
J, Rijk is a vertical vector field which I call the (¢,j) Riemann curvature
vector. Alternatively one could define a Riemann curvature vector for each
pair of vector fields X, Y on M as

(X, Y]" = [X" V"] = R}, XYV,

The Riemann curvature is also a component part of the curvature of the
Berwald connection. In that context I must explain my notation for covariant
derivatives. I use a semi-colon for the horizontal Berwald covariant derivative,
a comma for the vertical one. Thus for example for a vector field & (type
(1,0) U-tensor)

= HiE) + T, &= V().
It is an obvious fact that vertical covariant derivatives commute; and for
this reason ‘I shall simplify the notation by writing (for example) ,ljk‘
instead of ik ‘

Of course T is itself horizontal: T' = y'H;. The operator of horizontal

Berwald covariant differentiation along I' is called the dynamical covariant
derivative and denoted simply by V: thus for example

V(&) =& =T(&) + ¢,
On the other hand, A = %V, is the Liouville vector field. It serves also as
a vertical covariant derivative. It is frequently invoked when dealing with
quantities which are positively homogeneous: for example, the fact that F' is

positively-homogeneous of degree 1 can be expressed as A(F) = F.
The Riemann curvature appears in other forms as follows:

. . . _— e
R?jk = R}k,z ) R} = R;k?/ = Rfjky Yy,

i _ pi ol 1/pi i
Rjk_leky —g( ik k,j)'
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The type (1,1) U-tensor Ré. is often called the Jacobi endomorphism, because
of its role in the Jacobi equation.

The Berwald curvature, which is the other part of the curvature of the
Berwald connection, is the type (1,3) 2U-tensor whose components B;'kl are
given by

. - ,
i _ 8Fj’k _ o°I _ 63Fl .
gkl ! Oykoyl — Dyl dykdy!
It can also be thought of as defining, for each choice of the indices i, j and k,
a vertical vector field, the Berwald curvature vector le.jk,Vl.

The mean Berwald curvature, or E-curvature, is the trace of Bf ik

k
By =Bl = 2k O 0L
VTR gyl dyt T dy'oyd

Icall e = g% E;; the Berwald scalar curvature.

The Berwald connection is not in general g-compatible: it is however al-
ways the case that V(g;;) = 0.

A Landsberg space is a Finsler space for which g;;,;, = 0, that is, for
which the fundamental tensor is constant for the horizontal Berwald covariant
derivative. In a Landsberg space, therefore, the Berwald connection is one
degree more g-compatible than is generally the case. The tensor g;; is often
called the Landsberg tensor: so a Landsberg space is a Finsler space whose
Landsberg tensor vanishes.

In a Landsberg space

! !
Hi(9ij) — Liwgij — Ljrga = 0,
which may be solved for the connection coefficient in the usual way to give

39" (Hj(gm) + Hi(g1) — Hu(gn))-

i

jk
In general, of course, ij will depend on y: differentiating with respect to y*
is irresistible, and leads to

2Bijki = 29im By = 29im = Cir;j + Cijizk — Cgtzi-

gk
oy
Now B;jx; is always symmetric in its last three indices, Cjjp, in its first three
indices; it follows from the relation above that in a Landsberg space both B,
and Cjjx; must be symmetric in all indices.
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This is in fact one of several alternative equivalent ways of stating necessary
and sufficient tensorial conditions for a Finsler space to be Landsberg, which
are established in Appendix [A}

(1) y'Biju = 0;
(2) V(Cijk) = 0;
(3) Bijk is symmetric;
(4) Cijky is symmetric.
I note also that the following useful relations hold in a Landsberg space:
(5) 2Biju = Cijky;
(6) 2By = Cry;
(7) Rijp + Ry + R Cijm = 0.

(I remark in passing that the last of these says that a Landsberg space has
vanishing stretch tensor —see for example [31].) I have published these results
previously in [10], and discuss them here at greater length in Appendix

It so happens that

39" (H;(gu) + Hi(g1) — Hi(gjr))

is the expression for the connection coefficient for the Chern-Rund connection
(see [7]). That is to say, in a Landsberg space the Chern-Rund connection and
the Berwald connection coincide.

A Berwald space is a Finsler space whose Berwald connection is linear. A
necessary and sufficient condition for a Finsler space to be a Berwald space is
that B;‘k;l = 0. Evidently every Berwald space is a Landsberg space.

The Landsberg condition is most naturally thought of as a condition on
the derivatives of the metric, in other words on the Cartan tensor, the Berwald
condition as a condition on the Berwald curvature: but in fact in this context
the Cartan and Berwald tensors are effectively interchangeable, since Bjjx =
%Cijk;l in a Landsberg space. Indeed, Cjjx; = 0 is necessary and sufficient for
a Landsberg space to be a Berwald space.

Here are two versions of the Landsberg-Berwald conjecture: the first is
entirely in terms of the Berwald tensor, the second is in terms of the Cartan
tensor:

e In any Finsler space, if B;jj; is symmetric then it vanishes.

e In any Finsler space, if Cjj, is symmetric then it vanishes.
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These formulations of the Landsberg-Berwald conjecture seem to me to
capture the difficulty of the Landsberg-Berwald problem: it is hard to see
why the mere symmetry of a certain type-(0,4) U-tensor can be sufficient to
ensure it vanishes.

2. RESULTS
If one is to prove a theorem of the form

THEOREM. A regular Landsberg space which has property P is a Berwald
space.

then P had better be a possible property of Berwald spaces, and the obvious
place to start is with properties P that Berwald spaces obviously have.

2.1. PROJECTIVELY-BERWALD LANDSBERG SPACES

THEOREM 1. (1993; [4]) A Landsberg space which is projectively equiv-
alent to a Berwald space is a Berwald space.

A Finsler space is projectively equivalent to a Berwald space if and only if
its Douglas tensor vanishes. The Douglas tensor D is given by
Dy = By — m(Ejk,lyi + B} + Ejid), + Ejid}).
So Theorem [I] says that a Landsberg space whose Douglas tensor vanishes is
a Berwald space. The first published proof of this result is to be found in [4];
for later ones see [5, [10] [39] 48].

2.2. WEAKLY-BERWALD LANDSBERG SPACES Recall that a Finsler

k

space is said to be weakly Berwald if its mean Berwald curvature E;; = Bkij

vanishes.

THEOREM 2. (2018; [12] 27]) A weakly-Berwald Landsberg space is a Berwald
space.

As was pointed out in [27], this answered a challenge set by Shen in [41]. See
also the interesting discussion by Bacso and Yoshikawa in [5]. These authors
take, in a way, an opposite point of view to the present one: they regard
Landsberg, Douglas, and weakly-Berwald spaces as alternative generalisations
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of Berwald spaces, and investigate the relations between them. But they were
not able to resolve the question of whether a Finsler space which is both
Landsberg and weakly Berwald is a Berwald space.

At the time Theorem [2] seemed like a breakthrough: but stronger versions,
described below, have since come to light.

In fact E;; = 0 if and only if the Berwald scalar curvature ¢ = g¥ E;; =
0 [12, 17, 28], so (making even less of an initial concession in the Berwald
direction):

THEOREM 3. (2018) A Landsberg space whose Berwald scalar curvature
vanishes is a Berwald space.

We may equally well express these results in terms of the Cartan tensor.
In a Landsberg space E;; = %C’i.j, so a Landsberg space for which C;;; = 0
is a Berwald space by Theorem [2, and a Landsberg space for which g%/ Cij =
0= C”Z is a Berwald space by Theorem

The function )
. gija (log defn g) _ gijCz‘j
oy oy’ ’
on T°M plays an important role in the next, new, result. If the restriction of
¢ to the indicatrix bundle Z is bounded I shall say that the Finsler space is a
c-bounded space. If the space is geodesically complete, forward or backward,
I shall simply say that it is complete.

I say that a function f on T°M is geodesically invariant if I'(f) = 0. A
geodesically invariant function f is constant along geodesics, or to be more
precise, if t — y(t) is a geodesic (a curve in M such that ¢ — (y(t),5(¢)) is an
integral curve of I'), then f(v(¢),7(t)) is constant.

THEOREM 4. A c-bounded complete Landsberg space whose Berwald
scalar curvature is geodesically invariant is a Berwald space. In particular,
a Landsberg space over a compact base whose Berwald scalar curvature is
geodesically invariant is a Berwald space.

Proof. In a Landsberg space V(C;) = 0. So by Proposition [1| of Appendix
[A] we have
0= (VCZ‘),]' = V(C@j) + Ci;j = V(Cm‘) + 2E;,

and therefore

g = —%gijV(Civj) = —%V(gijC’iJ) = —%F(C).
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Consider a geodesic 7(t), parametrized by arc length so that (y(¢),7(t)) € Z,
with (7(0),4(0)) = (z,y) € Z. Set

c(t) = g7 (7(1),5(1)) Ciy (v(1), 7(1)) = e(+(8), 7 (t)).
Now e(v(t),4(t)) is constant, say e(y(t),¥(t)) = o = e(z,y). But

é(t) = =2e(v(1), (1)) = —2eo0,

so ¢(t) = ¢(0) — 2teg. By assumption ¢(t) is bounded. On the other hand,
v(t) is defined for all positive (negative) ¢, so ¢(t) can be bounded only if
g0 = 0 = &(x,y). This holds for all (z,y) € Z, and then by homogeneity ¢ = 0
on T°M. So the space is a Berwald space by Theorem

The indicatrix bundle of a Finsler space over a compact base is compact,
so such a space is ¢-bounded; moreover, a Finsler space over a compact base
is complete. |1

2.3. R-QUADRATIC LANDSBERG SPACES A Finsler space whose Riemann
curvature tensor is independent of y, that is, for which R;.kl’m = 0, is said to
be R-quadratic —a mildly confusing terminology to my mind, but one has
to remember that it is actually the Jacobi endomorphism that is quadratic
(in y). Evidently Berwald spaces are R-quadratic. On the other hand, in
an R-quadratic Landsberg space V(B;;k) = 0, as I shall show below, and so
certainly I'(¢) = 0. So one consequence of Theorem (4| is this:

THEOREM 5. An R-quadratic c-bounded complete Landsberg space is a
Berwald space. In particular, an R-quadratic Landsberg space over a compact
base is a Berwald space.

This is a small improvement on a result I proved in [I0]. In fact a forward-
complete R-quadratic Finsler space for which (in an appropriate sense) Cjjp,
is bounded is a Landsberg space [40], and a forward-complete R-quadratic
Finsler space for which both Cj;, and Cjjp, are bounded is a Berwald space.
In particular, an R-quadratic Finsler space over a compact base is a Berwald
space — there is no need to invoke the Landsberg condition.

The proof of Theorem [4 is based on the proofs of the results above
in [10], which in turn were extensions of arguments in Shen’s book [39] and
paper [40)].

It is clear that there must be a stronger result than Theorem [5| coming
from Theorem [l To obtain it I start from the fact that

mo\ __ lpm m m m
V(Bijx) = =y Rjj; = =Ryl + Rig; + Rijs,
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which follows from the Bianchi identity Bl — B, = — R - Thus
V(Eij) = =R} + Riy; + Ry

and
L(e) = g"V(BYy) = —g" (B} i; — 2Rj;)-
The terms on the right-hand side are usually named after Ricci by Finsler
geometers: see for example the discussion by B. Li and Shen in [26]. I find
Finsler Ricci terminology confused and confusing, so I shall avoid using it: but
let me list the variations. First of all, the scalar Rz — the trace of the Jacobi
endomorphism — is often called the Ricci curvature. There are at least three
alternative suggestions for a Ricci curvature tensor:
. %R,’z ;j» proposed by Akbar-Zadeh in 13];
° Rfk ;» directly following the model of Riemannian geometry;
o %(Rfkj + R;‘?ki), introduced by B. Li and Shen in [26], on the grounds
that Rfkj need not be symmetric in Finsler geometry.

Each of these has an associated Ricci curvature scalar, obtained by contract-
ing it with ¢”. The Ricci curvature scalars corresponding to the second and
third variants evidently coincide, but the first is in general different: in fact
g¥ (R’gZ i~ 2Rk, ;) = 0s just the condition for all three to be equal. This holds
in a Berwald space since Rékl is independent of y, so that

k k k k
Ry i = (Bprg¥™y?) ij = Rigj + Rk

whence clearly ¢/ (R} .. — 2R}, ;) = 0.

k

THEOREM 6. A c-bounded complete Landsberg space for which gij(ij —

2Rfk j) = 0 is a Berwald space. In particular, a Landsberg space over a compact
base for which g"j(Riﬂj — 2Rfkj) = 0 is a Berwald space.
2.4. LANDSBERG SPACES OF SCALAR CURVATURE

THEOREM 7. (1975; [38]) A Landsberg space of non-zero scalar curvature
is a Berwald space.
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In fact such a space is a Riemannian space of constant curvature, as Numata
showed in [38]. Shibata [43] showed that the result still holds if the Landsberg
condition is relaxed to vanishing stretch tensor. Matsumoto discussed both
results in [31].

In the light of Theorem []it is of interest to observe that the flag curvature
of a Finsler space of scalar flag curvature is constant if and only if the Berwald
scalar curvature of the space is geodesically invariant. This result was origi-
nally due to Akbar-Zadeh [3]. T discuss it from a more modern perspective in
Appendix [C] So the special case of Theorem [7] in which the scalar curvature
is constant actually follows from Theorem [4] albeit with extra provisos about
¢-boundedness and completeness.

2.5. THE S-FUNCTION OF A LANDSBERG SPACE [ remind the reader
that the S-function of a Finsler space is defined as S = I'(7), where

<\/det g>
T = log ”

is the distortion relative to the Busemann form w(dx)", a volume form on M.

THEOREM 8. (2019) A Landsberg space whose S-function vanishes is a
Berwald space.

This is part of the main result of [27]. Alternatively, it is known that
E;j = 0 if and only if ¢ = 0 if and only if S = 0 [I7], so the result follows from
Theorem 2l

The condition S = 0 can be relaxed, at the expense of introducing the
x-vector (see Appendix [DJ).

THEOREM 9. A c-bounded complete Landsberg space for which ginM =0
is a Berwald space. In particular a c-bounded complete Landsberg space whose
x-vector vanishes is a Berwald space. A Landsberg space over a compact base,
for which gini,j =0, is a Berwald space.

Proof. We have g”x; ; = I'(¢) (Appendix @, and so I'(g) = 0. The result
follows from Theorem [4 1

In fact this result is just Theorem |§| in disguise (see Appendix @[)
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2.6. VOLUME FORMS AND LANDSBERG SPACES The next result concerns
volume forms on 7°M. Such a form is said to be vertically invariant if its
Lie derivative by the vertical lift of every vector field on M vanishes, and
geodesically invariant if its Lie derivative by the geodesic spray vanishes. It
is quite hard for a volume form to be vertically invariant and geodesically
invariant at the same time.

THEOREM 10. (2022; [14]) A Landsberg space which admits a geodesi-
cally-invariant vertically-invariant volume form is a Berwald space.

In fact if a Landsberg space admits a geodesically-invariant vertically-
invariant volume form then that volume form must be a constant multiple
of the Busemann volume form. It must also be a scalar multiple of the metric
volume form, by a scalar factor which is geodesically invariant. The scalar fac-
tor is closely related to the distortion, which consequently must be geodesically
invariant, which is to say that the S-function vanishes.

2.7. THE AVERAGED METRIC OF A LANDSBERG SPACE One test of whe-
ther a Finsler space is a Berwald space is this: a Finsler space is a Berwald
space if and only if there is a Riemannian metric a on M such that a;;.; = 0
(where the a;; are to be thought of as the components of the natural lift of a to
T°M, and of course are independent of y, and the a;;.;, are the components of
its horizontal Berwald covariant derivative as defined by the Finsler structure).
This result, in slightly different form, is due to Aikou [I]; see also [16] [45].

There is a by now familiar method of obtaining a Riemannian metric on
M from a Finsler structure, namely by averaging: see for example [2] 8 10,
11 [33), 47, [49]. There are in fact several different ways of carrying out such a
construction, described in [I1]. I shall here use what it is natural to call the
averaged metric, specified below.

Set, .
gij(x) = /B 9ij (%, Y)Wz,

Vg

where ¢ is the fundamental tensor; w, is the metric volume form on T,M
induced by g:

wy = v/det g(z, y)dyt Ady® A -+ Ady™ = /det g(x, y)(dy)™;
g(z,y)dy" Ndy Y g(z,y)(dy)™;

B, ={y € ToM : F(z,y) < 1} is the unit ball in T2M determined by F
and v = [p wy. Then (see for example [10]) for each x € M (g;(x)) is a
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positive-definite quadratic form, that is, an Euclidean metric, on T, M, and g
is a Riemannian metric on M, the averaged metric of the Finsler space.
It is shown in [I0] that in a Landsberg space

1 0Gij
V/BHk(gij)WZ ok

But also, in a Landsberg space, since g;j., = 0

Hi(9i5) = Tikais + Tjegar-
Thus

95 1
6951’1 = /B(Filk:glj + Fjlkgil)w-

It follows that if Fikj is independent of y, so that the space is a Berwald space,
then

0Gi; _ _
8352’1 = Tikgi; + Tjuga-

This shows, first, that g;;., = 0, so we can take g for a in Aikou’s result; and
furthermore that the Fikj are just the Christoffel symbols of the Levi-Civita
connection of g.

On the other hand, if g;;., = 0 then

0Gij _ _
ork ;,ﬂ = Fz'lkglj + Fjllcgila

whence

=29 \ 9 T ok T Bl

by the usual method, so Fjik = f‘jik and the space is a Berwald space. So we
have the following variant of Aikou’s result [J.

ri _ 1gil <8§lkz g1 agij)
J

THEOREM 11. A Landsberg space whose averaged metric satisfies
Gij;k = 0 is a Berwald space.

There is a formula for the Christoffel symbols _jik of the averaged metric in
terms of averages of the connection coefficients of the Berwald connection, for a
Landsberg space which is not necessarily Berwald, which is worth mentioning.
Set I'yjp = gilfjlk, and denote by I';;;, the average of I';;:

— 1
ijk = V/ Liji w.
B

=
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Then

from which it follows that

pi il

ik =3 Lijg.
(I gave a slightly different version of this formula in [10].) When the space
actually is a Berwald space we have

T T — gilg, ™ i
gk — ljk — 9 gim jk — Ljk
as before.

2.8. FIBRE ISOMETRIES IN A LANDSBERG SPACE The fundamental ten-
sor g of a Finsler space defines on each punctured tangent space TyM a Rieman-
nian metric g,, which I call the fibre metric at . By a fibre isometry I mean
a diffeomorphism between two fibres T) M and T, M, which is positively-
homogeneous of degree 1, and is an isometry of the fibre metrics g;, and g,.
The same terminology applies, mutatis mutandis, to any Minkowski space.
We may of course take z1 = xo: the set of (self) fibre isometries of a single
Minkowski space forms a group.

In [51], Xu and Matveev prove the following striking and significant results.

THEOREM. (XU AND MATVEEV) Suppose F' is a Minkowski norm on R"™
with n > 3, which is invariant with respect to the standard block diagonal
action of the group SO(k) x SO(n — k) with 1 < k < n — 1. Let Goy be
the connected isometry group for the Hessian metric g = %dQF2 on R™\{0}.
Then, every element ® € G is linear. Moreover, if F' is not Euclidean, then
Go together with its action coincides with SO(k) x SO(n — k).

The “ Hessian metric g = %dQF2 7 is of course the fibre metric, whose
components are
10
gl] - 2 ayzaij
and G consists of the fibre isometries of the (single) punctured vector space
R? with that fibre metric.

COROLLARY. (XU AND MATVEEV) Let (M, F) be a Finsler manifold of
dimension n > 3. Assume that for every point p € M, there exist linear
coordinates in T, M such that the restriction F' \Tp M 1S invariant with respect
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to the standard block diagonal action of the group SO(k) x SO(n — k) with
1 <k <n—1. Then, if the Landsberg curvature vanishes, F' is Berwald.

So the conclusion is:

THEOREM 12. (2022) A Landsberg space whose fibre metric on each fibre
is invariant under the linear action of the group SO(k) x SO(n — k) in the
fibre, as described in the theorem of Xu and Matveev, is a Berwald space.

The reason that this result is so significant is that, as Xu and Matveev
point out, it covers the standard test cases of Finsler geometry: («, ) spaces
and general («, 3) spaces are examples with k = 1, (a1, o) spaces examples
with more general k.

On the other hand, we have no reason to suppose that the fibre metrics
of Landsberg spaces in general have the required pattern of isometries,
indeed no reason to suppose that the fibre metrics of a given Landsberg
space have any non-trivial fibre isometries at all. At the other end of the
spectrum we have

THEOREM 13. A ¢-bounded complete Landsberg space whose fibre metric
at each point admits no non-trivial fibre isometries is a Berwald space.

The key point here is that the relationship R;ji + Rjir + RpjCijm = 0, the
vanishing of the stretch curvature, which holds in a Landsberg space, says that
the Riemann curvature vector field Rijk is an infinitesimal isometry of the
fibre metric in every fibre, that is to say, it satisfies Killing’s equation, which
for a vector field & = €FV, is
1 09i n o¢* o¢r ocr ok

—_ 0 — ck
5 8y’“ ayi Ik + Tngik =0= 5 Cijk + aT/igkj + aiy]gzk

So if there are no infinitesimal isometries we must have Rfj = 0, and the space
is a Berwald space by Theorem This again is a slight improvement on a
result I gave in [10].

If the fibre metric of a Landsberg space admits a large group of (linear)
isometries, as specified in the theorem of Xu and Matveev, then the space
is a Berwald space; while if the fibre metric of a Landsberg space admits no
isometries, of any kind, then the space is a Berwald space.
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2.9. ISOMETRIES OF LANDSBERG SPACES We now move on to isometries
of Landsberg spaces themselves, as distinct from their fibre metrics. Recall
that an isometry of a Finsler space is a diffeomorphism ¢ of M onto itself which
preserves the Finsler function, in the sense that F'(¢(z), ¥wy) = F(z,y) [19].
The isometries of a Finsler space form a Lie group J. A Finsler space whose
isometries act transitively on M is said to be homogeneous.

It is conjectured by Xu and Deng in [50] that any homogeneous Landsberg
space must be a Berwald space. The paper is actually mainly concerned with
showing that any Landsberg (aj,a2) space is a Berwald space. From the
point of view of the theorem of Xu and Matveev, the significant feature of
(a1, ag) spaces is the symmetry of the fibre metric. This is indeed what leads
Xu and Deng to make their conjecture, as they report in [50]. But the key
issue, it seems to me, is not whether the Landsberg space is homogeneous,
but (supposing it to have isometries) the nature of the isotropy groups. As
I show in Appendix [F] the isotropy group J, at each z € M acts by linear
transformations of T, M, and is a subgroup of SO(n).

THEOREM 14. A Landsberg space on which a group J of isometries acts,
such that the isotropy group J, at each x € M contains one of the groups
identified in the theorem of Xu and Mateveev, is a Berwald space.

This does not require the isometry action to be transitive on M, of course.
However, it will in general be the case that if the dimension of the orbit of x is
m then the dimension of J, is at most %m(m —1). To achieve the case k =1
of the theorem of Xu and Matveev, for example, we must have m = n — 1
if the action is not transitive. This is indeed possible: spherically symmetric
Finsler spaces (see [54]) provide an obvious example.

2.10. PARALLEL TRANSPORT IN LANDSBERG SPACES One way, to my
mind indeed the most geometrically appealing way, of defining a Landsberg
space is that it is a Finsler space for which parallel transport is an isometry
between the Riemannian metrics on tangent spaces. This well-known result
was due originally to Ichijyo [24].

We also have the following familiar result, which could be regarded as the
geometrical crux of the Landsberg-Berwald problem:

THEOREM 15. (1976; [23]) A Landsberg space with the property that its
fibre isometries are all linear is a Berwald space.
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M. Li, in [27] for instance, calls two Minkowski spaces which are linked
by a linear isometry equivalent. So we may rephrase this result as follows: a
Landsberg space with the property that its fibres are all pairwise equivalent
as Minkowski spaces is a Berwald space.

I have included a discussion of isometries and equivalences of Minkowski
spaces at Appendix[E] I discussed at length the correspondence between results
about parallel transport and their tensorial equivalents in [16].

Geometrically appealing Ichijyo’s theorem may be —but unfortunately
it does not appear to help very much when it comes to investigating the
Landsberg-Berwald problem.

One possible further line of attack might be to consider holonomy, that
is, parallel transport around closed curves. In the case of a Landsberg space
Ichijyo’s theorem shows that holonomy transformations are fibre isometries.
There is some pretty heavyweight discussion of holonomy of Finsler spaces in
the literature, such as [I8 25| [36]. Of more immediate interest is the interpre-
tation of the vanishing of the stretch curvature as showing that the Riemann
curvature vector field is an infinitesimal isometry of the fibre metric (Subsec-
tion: the curvature vector field is a generator of holonomy transformations
after all.

2.11. LANDSBERG METRIZABILITY In [35] Muzsnay discusses the Lands-
berg metrizability problem: under what conditions can a given spray be the
geodesic spray of a Finsler metric of Landsberg type. He notes that in a
Landsberg space the Finsler function F' is invariant under horizontal vector
fields: H;(F) = 0 (this is of course true for any Finsler space). Moreover, the
Landsberg condition Bh-jkyl = 0 amounts to Bll-jle(F) = 0. Thus in order
to find a Landsberg Finsler function whose geodesic spray is the given spray
one must find a positive regular solution to these conditions, considered as a
system of first-order partial differential equations for the function F', which
also satisfies the requirements of homogeneity and strong convexity.

From our perspective the point of interest is this. Suppose given a Finsler
space with Finsler function F'. Denote by £ the smallest integrable distribution
on T°M containing the H; and the vertical fields Bll- ; Vi, the Berwald curvature
vector fields. Then the space is a Landsberg space if and only if the integral
manifolds of £ lie in the level sets of F.

Muzsnay devotes a section of his paper to the Landsberg-Berwald prob-
lem, in which he proposes essentially that investigating the properties of the
distribution £ would be a ‘promising strategy’ for tackling the problem. Un-
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fortunately this proposal has not yet led to any significant progress so far as I
am aware.

However, the fact that a necessary and sufficient condition for a Finsler
space to be a Landsberg space is that the Berwald curvature vector fields
must be tangent to the indicatrix is worth recording.

2.12. SPECIAL CLASSES OF LANDSBERG SPACES I shall now focus on
familiar special classes of Landsberg spaces.

2.12.1. SEMI-C-REDUCIBLE SPACES A Finsler space is said to be semi-
C-reducible if

Cz‘jk = K(Cih]’k + thik + Ckhij) + LCiCjCk

for some functions K and L. (In fact some care must be taken over the
domains of definition of K and L, a matter which is discussed in detail in
[13].) A semi-C-reducible space for which L = 0 is said to be C-reducible.

THEOREM 16. (1979; [32]) A Landsberg semi-C-reducible space is a
Berwald space.

For more recent discussions of this result see [13] 22].
This theorem of course subsumes the corresponding result for C-reducible
spaces, proved by Matsumoto in 1972 [29].

2.12.2. («, ) SPACES

THEOREM 17. (2009) A Landsberg (a, ) space is a Berwald space.

There are by now several different proofs of this result:

e by direct calculation [42]: the necessary and sufficient condition for an
(o, B) space to be Landsberg is that the 1-form b = b;dx! is parallel with
respect to the Riemannian metric a = aijdxi ® dz?, and this is also the
condition for the space to be Berwald;

e if the 1-form b of an (o, ) space is parallel then the S-function vanishes
[9, [15], so Theorem |8 applies;

e (a, ) spaces have the SO(n—1) fibre-symmetry property of the theorem
of Xu and Matveev, as was pointed out in [53| (see also the discussion
in the Postscript to my paper [13]), so Theorem (12| applies;

e (a, ) spaces are semi-C-reducible [13| 22} [30], so Theorem [16| applies.
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2.12.3. GENERAL («, ) SPACES

THEOREM 18. (2019) A Landsberg general (a,3) space is a Berwald
space.

In fact there are two kinds of general (o, ) spaces: fairly general and quite
general. This result for fairly general (a, ) spaces is proved by direct calcu-
lation by Zhou, Wang and B. Li in [55]. The result for quite general («a, )
spaces is proved by Feng, Han and M. Li in [21], using the methods established
by M. Li in [27]. Both versions follow from Theorem [12| (the theorem of Xu
and Matveev).

2.12.4. (a1, a9) SPACES

THEOREM 19. (2014) A Landsberg (a1, ) space is a Berwald space.

Xu and Deng gave the first proof, by calculation, in [50] (first posted on the
arXiv in 2014). In fact they prove two theorems:

1. The S-curvature of any Landsberg (a1, ag) metric vanishes identically.

2. Any Landsberg (a1, a2) space is a Berwald space.

They go on to say: ‘We remark here that logically Theorem (1) is a corol-
lary of Theorem (2), since any Berwald space must have vanising S-curvature.
However, our proof of the second theorem relies heavily on the techniques de-
veloped in the proof of the first one.” From the present perspective we see
that in fact the main result follows from the vanishing of the S-function by
Theorem [§

Theorem [19] also follows directly from Theorem [12]

2.12.5. SPHERICALLY-SYMMETRIC FINSLER SPACES

THEOREM 20. (2014) A Landsberg spherically-symmetric Finsler space is
a Berwald space.

This is proved by direct calculation by Mo and Zhou in [34]. It also follows
from Theorem [14]
According to Elgendi [20] such a space is in fact Riemannian.
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3. CONCLUSION

I have to confess that I approached my task in writing this paper in the
belief that the Landsberg-Berwald conjecture is true. In the course of writing
it my confidence has been undermined somewhat. The problem, of course, is
that the positive evidence, while quite extensive, is not cumulative. I am no
clearer about how one could prove the pure Landsberg-Berwald conjecture at
the end of the process than I was at the beginning.

A. MORE BACKGROUND

In this appendix I give further tensorial results and discuss the various ways
of reformulating the Landsberg conditions. I reiterate that I always assume
regularity, and that n > 3.

The relationships between second covariant derivatives are governed by the
Ricci identities: for example

(vertical) {zjk - gfk,j =0 ,
(mixed) fljk — ffk;j = B;'klfl )
(horizontal) ‘S,ly,k - §fk;j = —Rfjkﬁl + Ré‘kfflv

the final term coming from the bracket of horizontal vector fields. Inciden-
tally, the mixed Ricci identity for covariant derivatives applied to a function
fon T°M is just f;; — f ;. = 0, while the horizontal Ricci identity in such
circumstances gives back the original definition of Rfj

The following tensor result is often useful.

PROPOSITION 1. For a covariant tensor Ty i,. i,
(V(Tirig..i))j = V(Tiyi.ip,j) + Tivi..ipsj-

Proof. 1 give the proof for a covector field 7;: the proof of the general case
is similar, and only notationally more complicated.
I have to prove that

(V(mi)) j = V(i) + misj.

I use the mixed Ricci identity for Berwald covariant differentiation, which for
a covector my is
l
Tigik — Tisk,j = Bijpm.
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Since kafjk =0, on contracting with 3* we get

Vi(mij) =y mins = (min) 5 — mij = (V(m)) j — i
as claimed. |

It even holds that for a function ¢,

(L'(9)),i = V() + by,
though the proof is rather different in this case.

One should bear it in mind that y!; = 0 and that in general V(g;;) = 0.

I now turn to the Landsberg conditions.

First of all, recall that it is a property of the horizontal distribution in
any Finsler space that L is horizontally constant: H;(L) = 0. Taking two
successive vertical derivatives of this gives (with Biijr = glmB]’-’;;l, as before)

9jksi = Y' Buij.
Using Proposition (1} first with m; = y; = gijyj, then with 7}; = g;;, we obtain,
in any Finsler space,

(1) Yiss = 0;
(2) gijik = —V(gijr) = —V(Ciji).
Moreover, from the mixed Ricci identity, in any Finsler space
Cijkl = 9ij kil = Gijik + Bijkt + Bjikt.-
Notice that
Bijii + Bjitt = Cijk — Gijil ke
Bijkit + Brjit = Cijky — Gjksl,is
Byiji + Bikji = Cijkyl — Gkizlj-

Adding the first and last and subtracting the second, and taking account of
symmetries, we find that

2Bijk1 = Cijky — Yiji ke + Gkl — Gkislj-
Finally, from the Ricci identity for horizontal derivatives
Gijikil — Gigisk = Rijrt + Rjikt + R Gigm-

The assertions about a Landsberg space made at the start of the paper follow
essentially by setting g;j.1 = 0. Firstly, in a Landsberg space
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(1) y'Byijk = 0;

(2) V(Cijr) = 0;

(3) 2Bijk = Cijrus

(4) Bij is symmetric;
(5) Cijky is symmetric;

(6) Rijkl + Rjikl + RZ}Cijm = 0.
Conversely, if leh-jk = 0 or V(Cjjx) = 0 holds in a Finsler space then g;.; = 0
and the space is a Landsberg space. If Bjj; is symmetric then lelijk =
leijkl = 0 and the space is a Landsberg space. If Cjji, is symmetric then
V(Cijk) = le’Z-jk;l = (ylcijl);k = 0 and the space is a Landsberg space. So
conditions (1), (2), (4) and (5) above are necessary and sufficient for a Finsler
space to be a Landsberg space.

B. A RESULT ABOUT HOMOGENEOUS FUNCTIONS

This appendix is concerned mainly with Minkowski spaces. A Minkowski
space is a punctured vector space, which I take to be RY with its standard co-
ordinates, equipped with a Minkowski norm F' and corresponding fundamental
tensor g;;.

PROPOSITION 2. A function k on R which is positively-homogeneous of
degree 0 satisfies
i 0% _
oytoyl
if and only if it is constant.

Proof. Let V be the vector field on R? given by
. Ok O
— i, 2
V= <(det 9)9g Hayj) oy
Then V is tangent to the level hypersurfaces of F":
Vi OF ij Ok OF _ (det g)x J Ok _
oyt oyl Oy’ o oyt
since k is homogeneous of degree 0. So for any volume form €2 on R?, for any
a, b with 0 < a < b,

/ (divaV)Q = / d(iy§2) =0, where B? = {y : a < F(y) < b},
B B

— (det g)rg
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by the Stokes-Cartan Theorem, since the (n — 1)-form iy vanishes when
pulled back to any level hypersurface of F' (or as one might say, the flux of
V over the boundary {F(y) = a} U {F(y) = b} of B? vanishes). Now with
Q= (dy)",

ovi 9 v Ok (O Ok 0%k
di = =~ ((det g)¢")k— + (det ¢)g" i TR
vV oy 8y’(( etg)g )Hayg +(detg)g <8yl oy +H8y1893>
y . Ok j Ok Ok
e t 1 Y J e t *J PO a4
Ok Ok
— 1] -
Thus )
Ok Ok
det 9)g” — — | (dy)" = 0.
/Bg <( 99 5y’3y7>( =
Evidently
Ok OK
det g)g" - ——— >
( € g)g 83/@ ayj -

If there were any point y € R? at which this function took a positive value
then by choosing a and b so that y € B? we would ensure that

. Ok Ok
det g)g" =— =— | (dy)"
/Bg <( et g)g Way])( y)" >0

since the argument is never negative and would be positive on some open set
contained in BY. This would contradict the fact that every such integral must
vanish. It follows that

ij OK Ok _
Ayt oyl
and therefore (since det g cannot vanish)

Ok

(det g)g

- .
Consider, for example, the function

ij 0? (log defc g)
Oyt oy?

on T°M, which plays an important role in Theorem [ Clearly logdet g is
positively-homogeneous of degree 0. So if ¢ vanishes on any fibre T/M then
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log det g, is constant (that is, independent of y), and so g, is constant by De-
icke’s Theorem. It follows that if ¢ = 0 on T°M then the space is Riemannian.
It is hard to resist the temptation to think of ¢ as measuring by how much the
Finsler space diverges from being a Riemannian space.

In [12] T proved, by similar methods, a result analogous to the proposition
above for functions which are positively-homogeneous of degree 1:

ProOPOSITION 3. A function k on Rl which is positively-homogeneous of
degree 1 satisfies
2
gij 8. r - =0
Oytoy?

if and only if it is linear.

C. SCALAR FLAG CURVATURE

A Finsler space is of scalar flag curvature x if

R = k(F*6 —y'y;),  yj =gy = ngj,

equivalently if R;; = kF' 2h,~j where R;; = gikRé?, and h;; is the angular metric.
Here in general x is a function on T°M (a function of both = and y), which is
positively-homogeneous of degree 0. In a Finsler space R;; is symmetric (see
for example [39]).

The Finslerian version of Schur’s Lemma states that for n > 3, if k is
constant on the fibres of T°M — M, that is, independent of y, then it must
be constant, so that the space is a space of constant curvature.

The key formula in Numata’s proof, in 38|, that a Landsberg space of
non-zero scalar curvature is a Berwald space (indeed, a Riemannian space of
constant curvature) is

3V(Bijkl) + hij Ky + hikKjl + hilKjk
— 2yi(hklliyj + hjllqk + hjkl-i?l + 3I{Cjkl) =0,
which holds for any space of scalar flag curvature x, where
Kji = F?K i + Yk k + Yrh 5.

This formula is derived from one of the Bianchi identities for the curvatures
of the Berwald connection, namely Bl — Bijir = —Rjj ;- In a Landsberg
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space yiB,;jkl = yiB;'-k,l = 0, and therefore
hiik j + hjk g+ hjprg + 3"@Cjkl = 0.

Then provided  # 0 the space is C-reducible:

Cip = hiaCj + hjiCr + hiCy),

n—l—l(

and is therefore a Berwald space (Theorem [29]). It then follows from the
original formula that

hij K + hig K + hy Kj = 0,

whence o
Kl Kl K
g Kkl_o_g 8yk8yl’

since k is homogeneous of degree 0. So « is fibrewise constant by Proposition
and constant by the Schur Lemma for Finsler spaces. Moreover Cjj; = 0
and the space is Riemannian.

It follows from the general formula for V(B;ji) for a space of scalar cur-
vature that

L(e) = g7 g"V(Biji) = —5(n + 1)g" K.

The following result was originally due to Akbar-Zadeh [3]. A more modern
treatment may be found in [37].

PROPOSITION 4. A necessary and sufficient condition for a Finsler space
of scalar flag curvature to be of constant curvature is that its Berwald scalar
curvature is geodesically invariant.

Proof. Evidently if k is constant then I'(e) = 0. Conversely, if I'(e) = 0
then ¢* K = 0, whence & is constant, as before. I

Proposition [2| here replaces a somewhat more complicated argument in [37]

which appeals to the Hopf maximum principle.

D. x-VECTOR

The x-(co)vector is defined (see [26]) by

oS 0S
i =T ) === i) — S
X (ay) o~V (5i) =5,
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where S is the S-function. Then by Proposition []

Xij = (V(S:) = Si); = V(Sij) + Sy — Siij-

)

Now for any function f on T°M, f;; = f.;: (the mixed Ricci identity for
functions), and so

Xij + Xji = V(S,ij) + S,isj — Siij + V(Sji) + S,jsi — Siji
=2V(S,;) = 2V (E;;).

Thus (|26, Lemma 3.2|)
97xij = T(e)-

It is also shown in [20, Lemma 3.2| that
k k k
Xij + Xji = Rig; + Ry — Rpijo

which prompts the remark in Subsection [2.5] that Theorem [9]“ is just Theorem
[6] in disguise”.

E. ISOMETRIES OF MINKOWSKI SPACES

This appendix again is concerned entirely with Minkowski spaces.
Suppose we have two Minkowski norms F' and F on R”. By an isometry
of the corresponding Minkowski spaces I mean a diffeomorphism ¢ : R — R?
which is an isometry of the Riemannian metrics ¢ and ¢ derived from the
Minkowski norms F and F. I shall also require, as part of the definition,
that ¢ is positively-homogeneous of degree 1, and orientation preserving. I
do not assume ab initio that ¢ is linear: indeed, of particular interest are
conditions for an isometry to be linear. Recall that a function f on R? which
is positively-homogeneous of degree 1 is linear if and only if
ij 3?f —0
AyioyI ’

by Proposition [3]
The condition for ¢ to be an isometry is

A a¢k a(ﬁl B
(gkl o ¢) ayi 87;] = Gij-
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It follows, by differentiation, that

99ij  ( 99pq o 0P 091 Dg" (G0 0 ) d?¢P 091 4 dpP 5Pl
o> ay" Dyt oyl dyF dyidyk Byl | Byt dyidyk )

The left-hand side is completely symmetric in ¢, j and k, so the right-hand
side must be symmetric also. So we must have

. PP ¢t . ¢ 0t
oo oy~ W a0 oy
By homogeneity it follows that
2 pP

indeed the two conditions are easily seen to be equivalent. This is an additional
property that a homogeneous isometry of metrics arising from Minkowski
norms must have, as a consequence of the special nature of the metrics.

So

dgi;  ( Oing OP 9 O 2P Dt
= N 2 . - T 7 .
dy* < oy °%) By oy oy (Gra © @) D'y’ dyF
I write 9 9 9log det
Jij 7995 i i __ovlogdetg
oyt~ ik gjaiyk—gjcz'jk—ok’_aiyk

in the usual way. Thus

7 09ij
d(log det g) = ¢ =22 dy* = Chdy”,
(logdet g) =g oyt kdy
where d here denotes the exterior derivative on R?, that is, with respect to
the ' alone, so that

2 AP

92
o ~ ij
d(logdet g) = ¢*d(log det §) + 2g g0y

P (gpqdyq)'

It follows that an isometry ¢ is linear if and only if d(log det g) = ¢*d(log det §).
Clearly if ¢ is linear then d(logdetg) = ¢*d(logdetg). Conversely, if
d(logdet g) = ¢*d(log det §) then

2

OytoyI

9" ¢" (Gpgdy®) = 0.
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But the 1-forms gijdyj ,i=1,2,...,n, are linearly independent, so the 1-forms
&*(gpgdy?), p =1,2,...,n, are linearly independent, so

iﬂ'ﬁ =0
OytoyI ’

and ¢ is linear.

PROPOSITION 5. An isometry between two Minkowski spaces of the same
dimension is linear if and only if

o'

(1) (Cro (b)@iy’“ = Cy;

equivalently,

(2) its Jacobian determinant is constant.

Proof. We know that ¢ is linear if and only if d(log det g) = ¢*d(log det g),
that is,

But from the definition of an isometry, taking determinants
det g = (¢* det §)J?,

0’
oy’

where J = det < ) is the Jacobian determinant of ¢. Thus

d(logdet g) = ¢*d(log det §) + 2d(log J),

and so d(logdet g) = ¢*d(logdet g) if and only if dJ = 0, that is, if and only
if J is constant. 1

I emphasise that I work throughout with linear coordinates on R7: if J
is constant with respect to one linear coordinate system, it is constant with
respect to all.

Proposition [5|(1) is M. Li’s equivalence theorem of Minkowski spaces [27].
The argument above is based on the discussion of Li’s result at the end of my
paper [12].

The consequence of Proposition (2) for parallel translation in Landsberg
spaces is Theorem the condition for the Jacobian determinant of parallel

translation between fibres to be independent of y is just F,ffi = 0= E;.
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An interesting application of Proposition (2) is afforded by the Legendre
transformation (|7, Section 14.8|, [5I]). A Minkowski norm F' on R7 induces
another, its dual F*, on R?*, such that F*(y;) = F(y*). The Legendre trans-
formation is the map ¢ : R? — R™ by ¢;(y) = vi = gij(y)y’. It is clearly an
isometry between F' and F*. We have

opi
aTJj—gzgv

from which it is clear that ¢ is linear if and only if g;; is constant. But the
proposition says that in this case if det g is constant then ¢ is linear, which
indeed is so by Deicke’s Theorem.

Notice that an isometry (linear or not) preserves norms. The condition for
¢ to be an isometry is o
(Gr1 0 @) (?;;Z gjj = gij-

Moreover by the homogeneity assumption

00 _
0yJ

¢'.

Then

k 1
0000 i = gigyiyf = 2F?

oyt Oyl
= (Gu o ¢)o"¢' = 2(F 0 ¢).

Proposition [5](2) specializes of course to (self) isometries of a single
Minkowski space: one might call this Deicke’s Theorem for isometries.

There is an analogous result for infinitesimal isometries, or Killing fields, of
a single Minkowski space, which is actually somewhat simpler to prove. The
vector field 5

i
on R” is an infinitesimal isometry if and only if it satisfies Killing’s equation

ek dgi; ~ Ock o¢k

(Grio @)

I assume that £ is positively homogeneous of degree 0, that is, £ is positively
homogeneous of degree 1. Then ¢ is linear, so that ¢ = Aéyj for constants
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A;, if and only if

ock aELN .

o = - | 1s constant.
dy oy

The proof goes as follows. A similar analysis of the isometry condition to that

carried out in the preliminary steps to Proposition [5] leads to the result that

€' must satisfy

82 fl 82 fl
Iitoyiays ~ M ayioy
i 82fl o agl i 82£l
99l 5k ar\aq1] ™ A, 9kl
oytdy oyk \ Oy 0y oy’
Clearly if £ is linear then the left-hand side vanishes. On the other hand, if
the left-hand side vanishes then

Thus

ij d%¢! .

oyioys
but then (since it is positively homogeneous of degree 1) & must be linear.

I now show that a linear isometry of a Minkowski space can be represented
as an orthogonal transformation relative to certain linear coordinates. For
this purpose I introduce an auxiliary Euclidean metric on RZ, effectively the
averaged metric from Subsection 2.7} I denote by w the metric volume form

on RY induced by the metric g;;:

w=/det g(y)dy' Ady* A--- Ady"™ = \/det g(y)(dy)".
Set
G — 1/ S (y)w
9ij = y Bgzg Yy

where B = {y € R? : F(y) < 1} is the unit ball determined by F, and
v= pw is its volume. Then (g;;) is a positive-definite quadratic form, that
is, an Euclidean metric on R?. It is just the averaged metric of the Minkowski
space.

For any linear isometry ¢ : R" — R"™, say ¢'(y) = Aé-yj, we have ¢(B) = B,

and therefore
/ gz‘jWZ/gijWZ/ ¢*(gij w)
#(B) B B

:/AfAé‘gklszfAé‘/gklw
B B
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/¢<B>°"‘/B¢*(“)‘/]9”’

A Agu = gij:

and

SO

that is, the linear map A is orthogonal with respect to g. In particular, we
may choose linear coordinates on R™ such that g is the standard Euclidean
metric, and with respect to such coordinates ¢ is represented by an orthogonal
matrix, that is, an element of SO(n). The value of the (constant) Jacobian
determinant of a linear self isometry of a Minkowski space is 1.

F. ISOMETRIES OF FINSLER SPACES

Any differentiable map ¢ : M — M of a manifold M to itself lifts naturally
to a differentiable map ¢ : TM — TM of the tangent bundle to itself, its
complete lift, where

U y) = (@) Yy, with () = OO ()

note that v acts linearly in the fibres.
According to Deng and Hou, [19], an isometry of a Finsler space is a dif-
feomorphism ¢ of M onto itself for which i preserves the Finsler function:

Y'F=F  or  F(),Yay) = F(z,y).

For any Finsler space the group of isometries J is a Lie transformation group
of M, and for each x € M the isotropy subgroup J, is compact.

I shall discuss isometries of Finsler spaces, not necessarily Landsberg
spaces, in this final section, as applications of some of the ideas introduced ear-
lier; my main purpose is to establish a result that was needed for Theorem [T4]
I shall assume that M is orientable, and deal only with orientation-preserving
isometries ¢. I use again the averaged metric to give a Riemannian metric

g on M:
_ 1
gij(x) = / 9i5 (2, y)we
Vg Bz
where B, = {y € T;M : F(z,y) <1} and v, = [ ws.
For each © € M, tuy : T M — Ty, M is an isomorphism of vector spaces,
and its restriction to TyM is an isometric map between the fibre metrics g,
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and gy ;). In fact

ok ot
(), bart) B (1) 55 () = g1,

In particular, if v € J, then the restriction of 1., to T,M is an isometry
of g,.

A Finslerian isometry 1 maps unit balls to unit balls: By, =
Vuz(Bz), which is to say, 2 € By C Ty M if and only z = v,y where
ye B, CT, M.

I now show that if ¢ is an isometry of the Finsler space then it is an
isometry of the averaged metric g: that is to say

ok oyt

ol 0z 99

(Gri 0 9)
(A similar result, obtained however using the so-called Binet-Legendre metric

on M rather than the averaged metric, is to be found in [33].) Firstly, since
4 1s a fibre isometry we have

Vip(z) = / Wy (z) = / Wip(z) = / (V)" (Wep()) = / Wy = V.

Furthermore

ot O ot
(@) 2 @) 2 (0 ( |t >z>w¢(z>> )2 @)
()

gj]

ok ot
/m 9u((2),2) 5.7 (@) 55 () uiw)
ok oyt
_ / oy B G (055 @) et
:/ 9ij (2, y) we = gij (),

using the fact that z € By, if and only z = 9.,y where y € B,.

The group J of orientation-preserving isometries of a Finsler space with
Finsler function F is therefore contained in the Lie group of isometries of the
Riemannian space with metric g.
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Consider the isotropy group J; of a point € M, that is, the subgroup of
J consisting of those ¢» € J such that ¢ (z) = z. An element of it defines a
linear isomorphism ¥, of T M:

WY .
Vo) = 0 ),

which is an isometry of g,.

Now W, is also an isometry of g,. We may choose coordinates (z*) on M
which are orthonormal with respect to g,, that is, such that gg(z) = dx;. With
respect to such coordinates, and the corresponding natural fibre coordinates,
the matrix (9y*/0x7(z)) is orthogonal: in other words, J, is a subgroup of
SO(n). This result is assumed in the statement of Theorem

The elements of J, leave the Minkowski norm F}, invariant, and they map
the Minkowskian unit sphere to itself, as well as mapping the Euclidean unit
sphere to itself. Moreover, det g(z) is invariant under the action of J,. If J,
acts transitively, on either unit sphere and therefore on both of them, then
det g(x) is constant over TpyM, and so by Deicke’s Theorem g;;(z) itself is
constant over TyM. Thus if J, acts transitively on the unit spheres then the
Minkowski space is actually Euclidean, and g(x) and g(z) coincide. If J, acts
transitively on unit spheres for all x € M then g = g, and the Finsler space is
actually Riemannian. This extends a result of Wang of 1947, which is discussed
in Chapter VIII §4 of Yano’s classic text on the Lie derivative [52].
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