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ZERMELO NAVIGATION
ON RIEMANNIAN MANIFOLDS

DaviD BAao, COLLEEN ROBLES & ZHONGMIN SHEN

Abstract

In this paper, we study Zermelo navigation on Riemannian
manifolds and use that to solve a long standing problem in Finsler
geometry, namely the complete classification of strongly convex
Randers metrics of constant flag curvature.

0. Introduction

0.1. Purpose. We have four goals in this paper. The first is to describe
Zermelo’s problem of navigation on Riemannian manifolds. Zermelo
aims to find the paths of shortest travel time in a Riemannian manifold
(M, h), under the influence of a wind or a current which is represented by
a vector field W on M, with |W| := y/h(W, W) < 1. We point out that
the solutions are the geodesics of a strongly convex Finsler metric, which
is of Randers type and is necessarily non-Riemannian unless W is zero.
Conversely, we show constructively that every strongly convex Randers
metric arises as the solution to Zermelo’s navigational problem on some
Riemannian landscape (M, h), under the influence of an appropriate
wind W on M with |[W| < 1. This is the content of Proposition .l in
Section 3.

Randers metrics are interesting not only as solutions to Zermelo’s
problem of navigation. They form a ubiquitous class of metrics with a
strong presence in both the theory and applications of Finsler geome-
try. Of particular interest are Randers metrics of constant flag curva-
ture, the latter being the Finslerian analog of the Riemannian sectional
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curvature. It is the second goal of this paper to describe strongly con-
vex Randers metrics of constant flag curvature via Zermelo navigation.
Unlike previous characterization results [5, 22], the navigation descrip-
tion has the advantage of clearly illuminating the underlying geometry.
More precisely, suppose (h, W), with |W| < 1, is the navigation data
of a strongly convex Randers metric F' on M. Then: F' has constant
flag curvature K, if and only if there exists a constant o, such that h
has constant sectional curvature K + 1—1602, and W satisfies the equation
Lwh = —och (namely, W is an infinitesimal homothety of h). This is
Theorem 8.1t

The correspondence between strongly convex Randers metrics and
their navigation data is a natural one, in the following sense. Let
(My, Fy), (Ms, Fy) be strongly convex Randers metrics with naviga-
tion data (hy, W1), (ho, W2), respectively. Then, F; and F are iso-
metric as Finsler metrics if and only if there exists a diffeomorphism
¢ : My — Ms such that ¢*hy = hy and ¢, W = Wy; furthermore, the
equation Lyyh = —oh behaves functorially under ¢*. This, in conjunc-
tion with Theorem 8.1, brings us one step closer to a complete list, up
to local isometry, of strongly convex Randers metrics with constant flag
curvature. In fact, let (M, F') be any such metric, with navigation data
(h, W) such that |W| < 1. Then, every point p € M has an open subset
U on which h is isometric to some neighborhood U (depending on p
and U) in a standard Riemannian space form (round sphere, Euclidean
space, or hyperbolic space), and W restricted to U corresponds to an
infinitesimal homothety on that space form. Furthermore, the Randers
metric on U is Finslerian isometric to its concrete counterpart on U.

Our third goal is to work out the formulae for all the infinitesimal
homotheties W of the three standard Riemannian space forms h. This
is done in Theorem §.I. The resulting list serves as the genesis, up
to local isometry, of strongly convex Randers metrics of constant flag
curvature. This classification problem was proposed by Ingarden about
half a century ago. (Until 2002, it was erroneously thought to have
been solved by Yasuda-Shimada in 1977; see [B, 5, 22] for references
therein.) Every vector field W in our list will perturb its companion
Riemannian space form h into a strongly convex Randers metric of
constant flag curvature. Also, let D denote the mazimal domain on
which W satisfies the essential constraint |W| := /h(W, W) < 1. Each
such triplet (h, W, D) will be called a standard “model” for constant
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flag curvature Randers metrics. It remains to identify the inequivalent
ones among these standard models.

For each standard Riemannian space form h in dimension n, we parti-
tion its infinitesimal homotheties W into equivalence classes: W7 ~ Wy
if and only if the Randers metrics on the maximal domains D; and
Dy, generated by the navigation data (h, W7) and (h, W3), are globally
isometric. These equivalence classes comprise what we call the moduli
space M for strongly convex n-dimensional Randers metrics of con-
stant flag curvature K. Our fourth goal in the paper is to parametrize
My and thereby determine its dimension. It is found that for each
non-negative value of K, the Randers moduli space is of dimension n/2
when n is even, and (n + 1)/2 when n is odd. For each K < 0: the
dimension of Mg is n/2 for even n; but for odd n, the moduli space is a
stratified set, with one component of dimension (n + 1)/2, and another
component of dimension (n — 1)/2. The specifics are detailed in Propo-
sitions 6.1, p.2, and p.3, respectively for K positive, zero, or negative.
This picture is in striking contrast with the Riemannian setting, where
the moduli space consists of a single equivalence class for each value of
K; the class in question is represented either by the round sphere, or
Fuclidean space, or the hyperbolic metric, depending on the sign of K.

To conclude the paper, we illustrate the usefulness of the classifica-
tion and the moduli space analysis by applying them to two special
cases. First, those standard models (h, W, D) which effect projectively
flat strongly convex Randers metrics of constant flag curvature K are
singled out. (Beltrami’s theorem assures us that a Riemannian space
is of constant curvature if and only if it is projectively flat. The anal-
ogous statement does not hold among Randers metrics.) We find that
up to isometry, the non-Riemannian ones (namely, those with W # 0)
consist of a 1-parameter family of Minkowski metrics when K = 0, and
a single variant of the Funk metric for each K < 0. In particular, while
the Riemannian standard sphere is projectively flat, its perturbation by
any non-zero W is not. This discussion constitutes Section ¥.3. Our
conclusion in the K < 0 case is then used to shed new light on the main
result of Shen in [29].

Next, the moduli space analysis is specialized to the setting in which
the tensor 6; := b° curly; vanishes. This enables us to describe explicitly
all the Randers metrics addressed by systems of non-linear partial dif-
ferential equations in the corrected Yasuda—Shimada theorem [6, 22, 8.
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Such is the thesis of Section 8.2. We find that by perturbing Riemann-
ian standard models h, the resulting strongly convex non-Riemannian
Randers metrics of constant flag curvature K and § = 0 comprise, up
to isometry, three small but distinguished camps.

o K < 0: there is just a single variant of the Funk metric for each
value of K.

o K = 0: there is simply a 1-parameter family of Minkowski metrics.

o K > 0: this is the most enigmatic case. There is exactly a 1-
parameter family of the # = 0 metrics on S?**1 and none on S
regardless of whether the metrics being sought are local or global.

The classification of the K > 0 metrics within the § = 0 family has pre-
viously been done by Bejancu-Farran [9, 10]. However, our description
of the isometry classes offers a totally different perspective.

The described dimension counts are summarized below:

Table 1.
Moduli space’s dimension
CFC metrics | dim M | K >0 | K =0 1+ =<0
c=0| o#0
Riemannian
>2 t
b=0/W =0 n 0 empty
Projectively flat
>2 * 1 * f
db=0/dw’> =0 | " 0 0 0
Yasuda—Shimada | even n 0 1 0 ot
0=0 odd n 1
Unrestricted even n n/2
Randers odd n (n+1)/2 [(n—1)/2
The moduli spaces of dimension 0 consist of a single point.
* The single isometry class is Riemannian.
T The single isometry class is non-Riemannian, of Funk type.

0.2. Summary of contents. Section il presents Zermelo’s problem of
navigation on Riemannian manifolds, and its solution.

We specialize to concrete 3-dimensional Riemannian space forms in
Section 2. These examples deal with Zermelo navigation on spheres,
Euclidean space, and the Klein model of hyperbolic geometry. The
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resulting Finsler metrics of Randers type are categorized into three sub-
sections, depending on the sign of their flag curvature. In Section 2.4,
we review the definition of Finsler metrics of constant flag curvature.

Section 4 begins by recalling a previously published characterization
result. This is followed by the navigation description of strongly convex
Randers metrics of constant flag curvature K. It also includes a Mat-
sumoto identity which exhibits the interplay between the constant o (in
the equation Lyyh = —oh) and the constant flag curvature K.

Before presenting the classification theorem, we pause in Section 4 to
derive a complete list of allowable vector fields for each of the three stan-
dard models of Riemannian space forms. With the list in hand, Section &
gives the classification of strongly convex Randers metrics of constant
flag curvature; both local (Section 5.1) and global (Sections 5.2-b.4)
aspects are treated.

The moduli space Mg for strongly convex Randers metrics of con-
stant flag curvature K is the focus of Section fi. We make explicit the
requisite Lie theory (mostly for a non-compact subgroup of the Lorentz
group) in the Appendix, and (then) give concrete descriptions of Mg
and its dimension.

Section # contains a discussion of projectively flat Randers metrics
of constant flag curvature, and shows that our formalism is able to give
important information about the metrics in [29]. Finally, in Section 8,
we specialize our classification to the § = 0 case, and use that to catalog
all the solutions of the partial differential equations in [, 22)].

1. Zermelo navigation
1.1. Perturbing Riemannian metrics by vector fields.

1.1.1. Background metric and perturbing vector field. Given
any Riemannian metric h on a differentiable manifold M, denote the
corresponding norm-squared of tangent vectors y € T, M by

ly1> == hij v’y = h(y,y).
Think of |y| as the time it takes, using an engine with a fixed power
output, to travel from the base(point) of the vector y to its tip. Note
the symmetry property | — y| = |y|.
The unit tangent sphere in each T, M consists of all those tangent

vectors u such that |u| = 1. Now, introduce a vector field W such that
|[W| < 1, thought of as the spatial velocity vector of a mild wind on the
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Riemannian landscape (M,h). Before W sets in, a journey from the
base to the tip of any v would take 1 unit of time, say, 1 second. The
effect of the wind is to cause the journey to veer off course (or merely off
target if w is collinear with ). Within the same 1 second, we traverse
not u but the resultant v = u + W instead.

As an example, suppose |W| = % If u points along W (that is, u =
2W), then v = %u Alternatively, if v points opposite to W (namely, u =
—2W), then v = ju. In these two scenarios, |v| equals 3 and } instead
of 1. So, with the wind present, our Riemannian metric ~ no longer
gives the travel time along vectors. This prompts the introduction of
a function F' on the tangent bundle 7'M, in order to keep track of the
travel time needed to traverse tangent vectors y under windy conditions.
For all those resultants v = u + W mentioned above, we have F'(v) = 1.
In other words, within each tangent space T, M, the unit sphere of F' is
simply the W-translate of the unit sphere of h. Since this W-translate
is no longer centrally symmetric, F' cannot possibly be Riemannian.

1.1.2. Formula for the new Minkowski norm F'. Start with the
fact |u| = 1; equivalently, h(u,u) = 1. Into this, we substitute u =
v — W and then h(v,W) = |v||W]cos#. After using the abbreviation
A :=1—|W|? to reduce clutter, we have |v|? — (2 |W]cos ) |[v| — A = 0.
Since |W| < 1, the resultant v is never zero, hence |v| > 0. This leads
to [v] = |[W|cosf + /|W[2cos20 + A, which we abbreviate as p + q.
Since F(v) = 1, we see that

1 ¢—p _ VWP +EA A(W,0)
) = ol = o] 2= 2 = ! -
q+p q—p

It remains to deduce F(y) for an arbitrary y € T M. Note that
every non-zero y is expressible as a positive multiple ¢ of some v with
F(v) = 1. For ¢ > 0, traversing cv under the windy conditions should
take ¢ seconds. Consequently, F' is positively homogeneous. Using this
homogeneity and the formula derived for F'(v), we find that:

Fly) = \/[h(W,y;]“rlyl2A - h(WA/,y) '

It is now manifest that F(—y) # F(y). By hypothesis, |[IW| < 1, hence
A > 0. We see from the formula for F(y) that it is positive whenever
y # 0. Also, F(0) = 0 as expected.
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1.1.3. New Riemannian metric and 1-form. Our formula for F
has two parts.

e The first term is the norm of y with respect to a new Riemannian

metric

@G =T

where W; := h;; W7 and A =1 — W'W;.

e The second term is the value on y of a differential 1-form
W,
b; = .
! A

Under the influence of W, the most efficient navigational paths are no
longer the geodesics of the Riemannian metric h; instead, they are the
geodesics of the Finsler metric F. For R?, this phenomenon is treated
by Carathéodory [15] as Zermelo’s navigation problem [82]. Shen [80]
showed that the same phenomenon holds for arbitrary Riemannian back-
grounds in all dimensions. See also the exposition in [§].

1.2. Ubiquitous class of Finsler metrics. The Finsler metric I’ de-
rived from the perturbation has the simple form F' := a + 3, where

a(z,y) ==/ aij(x)yiyd,  Blx,y) = bi(x)y".

This is the defining feature of Randers metrics, which were introduced
by Randers in 1941 [25] in the context of general relativity, and later
named by Ingarden [20].

The function F' is positive on the manifold 7'M \ 0, whose points are
of the form (x,y), with 0 # y € T, M. Over each point (x,y) of TM \ 0
(treated as a parameter space), we designate the vector space T, M as a
fiber, and name the resulting vector bundle 7*T'M. There is a canonical
symmetric bilinear form g;; dz' @ dz? on the fibers of 7*T M, with

9ij =5 (F?) iy -

The subscripts y, y/ signify partial differentiation, and the matrix (g;;)
is known as the fundamental tensor. A Finsler metric F' is said to be
strongly convex if the said bilinear form is positive definite, in which
case it defines an inner product on each fiber of 7*T M.

For a Randers metric to be strongly convex, it is necessary and suf-
ficient to have

] ==/ b; b <1, where b’ :=a"b;.
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See 4] or [:-]:] for the proof of this fact. In our case, using the formulae
a'y = \(h"7 — W*'W7) and b* = —AW", we find that

[l == a" bb; = hyj WWI =: |[W|?,

which is less than 1 by hypothesis. Therefore, the described perturba-
tion of Riemannian metrics h by vector fields W, with |W| < 1, always
generates strongly convex Randers metrics.

1.3. An inverse problem. A question naturally arises: can every
strongly convex Randers metric be realized through the perturbation of
some Riemannian metric h by some vector field W satisfying |W| < 17

Happily, the answer to this question is yes. Indeed, let us be given an
arbitrary Randers metric F' with data a and b, respectively a Riemann-
ian metric and a differential 1-form, such that ||b[|? := a% b;b; < 1. Set
b':=a bj, and £ := 1 — ||b||>. Construct h and W as follows:

hi]’ — E(aij - bib]’), VVZ — —bi/é.

Note that F'is Riemannian if and only if W = 0, in which case h = a.
Also, we have W; := h;; WJ = —eb;. Using this, it can be directly
checked that perturbing the above h by the stipulated W gives back the
Randers metric we started with. Furthermore,

[W? = hy WW = a" bb; = ||b]|* < 1.
Let us summarize:

Proposition 1.1. A strongly convex Finsler metric F' is of Ran-
ders type if and only if it solves the Zermelo navigation problem on a
Riemannian manifold (M, h), under the influence of a wind W which
satisfies h(W, W) < 1. Also, F is Riemannian if and only if W = 0.

Incidentally, the inverse of h;; is h" = e~1a¥ +&72b'p. This h¥,
together with W7, defines a Cartan metric F* of Randers type on the
cotangent bundle T*M. A comparison with [19] shows that F* is the
Legendre dual of the Finsler-Randers metric ' on T'M. It is remarkable
that the Zermelo navigation data of any strongly convex Randers metric
F is so simply related to its Legendre dual. See also [83] and [30].

1.4. Remark about isometries. Two Finsler spaces (M, F1) and
(My, Fy) are said to be isometric if there exists a diffeomorphism ¢ :
M7 — My which, when lifted to a map between T'M; and T Ms, satis-
fies ¢*FQ = Fl.
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Now, consider two strongly convex Randers metrics F1 and F5, where
F; has Riemannian data (a;, b;). By the above proposition, they arise as
solutions to Zermelo’s navigation problem with (hy, Wi) and (hg, Wa),
respectively. A moment’s thought (via applying y — —y to tangent
vectors y in the equation ¢*Fy = F}) gives the lemma below.

Lemma 1.2. Let ¢ : My — My be a diffeomorphism. The following
three statements are equivalent:

e ¢ lifts to an isometry between Fy and Fs.
(] qb*ag = aj and qf)*bg = bl.
[ ] gb*hg = hl and ¢*W1 = WQ.

2. Zermelo navigation on Riemannian space forms

This section illustrates a variety of perturbations on 3-dimensional
Riemannian space forms. In each example, with the exception of the
radial perturbation on the Euclidean metric (Section 2.3.1}), W is an
infinitesimal isometry of h. It happens that all the resulting strongly
convex Randers metrics are of constant flag curvature (denoted K'). The
concept of flag curvature is a natural extension of Riemannian sectional
curvatures to the Finslerian realm (see Section 2.4 for a review).

Since all our examples are in three dimensions, we let (z,y, z) denote
position coordinates, and expand arbitrary tangent vectors as ud, +
v0y + w0,. We give expressions for the norm o := y/a(y,y) instead of
a;; because the former are more compact. The Riemannian metric a
(defined in Section {.2) can be recovered via a;j = ($a%),i,;.
2.1. Constant positive flag curvature.

2.1.1. Rotational perturbation of S3. Let S® denote the standard
unit sphere in R*. Using its tangent spaces at the east and west poles,
we may parametrize the sphere by

1
V14 a2 +y? + 22
here, s = +1, respectively, for the eastern and western hemispheres.
Note that the equator corresponds to asymptotic infinity on the above

tangent spaces. Fix any constant 0 < 7 < 1 and perturb via the infini-
tesimal rotation

(x7 y7 z) = (87 x? y7 z);

: 22 4 y?
W =r1(y,—z,0) with \W\—T\/1+x2+y2+22 <1
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The bound on 7 is needed to maintain [W| < 1 globally on S®. The
resulting Randers metric F' = a4 3 has constant flag curvature K = 1.
Explicitly, with v abbreviating zu + yv, we have

W2 P2 (u? +v?) = (p+ T2)? + n {(p — 2*)w? — 22wy}
B P> ’
_ Tlyutay)

B = ; ,

where ¢ 1= 1422, p := 1+22+y%+2% and n := 1+(1—-72)(2® +y?) + 2%
2.1.2. Perturbing by a privileged Killing field of S3. Again, start
with the unit sphere S? in R*, parametrized as above. For each constant
K > 1, let h be % times the standard Riemannian metric induced on
S3. The re-scaled metric has sectional curvature K.
Perturb A by the Killing vector field
K—-1

W=vK-1 (—s(1+x2),z—sxy,—y—s:rz) with |[W| = =

This W is tangent to the S' fibers in the Hopf fibration of S3. The
resulting Randers metric F' has constant flag curvature K (see [8]).
Explicitly, F' = «a + 3, where
V K(su— 20+ yw)? + (2u + sv — 2w)? + (—yu + 20 + sw)?
a = ,
L+a2? +y? + 22

5 VK —1(su— zv+ yw)

L+a?+y?+22
2.2. Zero flag curvature.

2.2.1. Perturbing R? by a translation. The Riemannian metric h
to be perturbed is the standard Euclidean metric d;; on R3. Choose any
three constants p, g, r which satisfy p? + ¢ +r% < 1. We perturb h by
the vector field

W: (p7Q7T) Wlth |W| = p2+q2+7’2.
The resulting Randers metric /' = « + ( has the form

o = Yutqtrw)?+ @0+ {1 - (07 4+ 7))
L= (P +¢*+7r?) ’

5 —(pu+ qv + rw)
1—(p?+q*+71?)
This F' has constant flag curvature K = 0, and is a Minkowski metric.
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2.2.2. Rotational perturbation of R3. As above, h is the Euclidean
metric on R3. The perturbing vector field is the infinitesimal rotation
W = yd; — 20y + 00,. The resulting Randers metric [B0] F = a +
0B solves the least time problem for fish that are surface-feeding in a
cylindrical tank with a rotational current. F is defined on the open
cylinder 22 + 92 < 1 in R?, and has constant flag curvature K = 0.
Explicitly,

0 - V (—yu+ 2v)? + (u? + 02 + w?)(1 — 22 — y?)
1—a2—y? '

—yu + v .
5 = m Wlth ’WP :Qﬁ'2+y2.

2.3. Constant negative flag curvature.

2.3.1. Radial perturbation of R3. Again, we perturb the Euclidean
metric, but this time M is the open ball of radius R in R?, centered at the
origin. The perturbing vector field is the radial W = 7(x0, +y0, + 20.),
where 7 is a constant. Impose the constraint |7| < % to ensure that
|W| <1 on M. The resulting Randers metric F' = o+ (3 is of constant
flag curvature K = —%72, and is given by

\/TQ(.CCU +yv+ 2w)? + (u? + 02 + w?){1 — 72(22 + y2 + 22)}
a = ,
1—72(22 +y2 4 22)

__—T(rutyv+ 2w) , Ry S S
B = TR ey with |[W| = /72(22 + 32 + 22).
When R =1 and 7 = —1, the perturbation generates the Funk metric
[18] on the unit ball in R3, with constant flag curvature K = —%. See
also [23, 28]. The Funk metric is isometric to the so-called Finslerian

Poincaré ball. A 2-dimensional version of the latter is analyzed in [4].

2.3.2. Rotational perturbation of Hyperbolic space. Consider
the Klein metric

(1— a2 —y% = 22)8;; + xix;

(1— 22 — 2 — 22)2
on the unit ball B® = {(z,y,2) € R : 22 + %> + 22 < 1}. Here
x; = 0;sx®. We perturb by the infinitesimal rotation

hij =

x2 + y?
2

_xQ_y 2°

W = (y,—z,0) with ]W!—\/l —
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In order that |W| < 1, we restrict to the domain {222 + 2y + 22 < 1}.
Define ¢ := 1 — 22? — 2y? — 22, Perturbing h by W produces a Randers
metric F' = a + 3, with
) ¢ [p(u? +v%) + (1 — n)w? + 2zw(zu + yv)| + n(yu — av)?
[0 =
2

(I—a?—y? = 22)p
—yu + xv
= —"
¥

and p :=1— 22, 1 := 22 +y>. This Randers metric F is of constant flag
curvature K = —1.

2.4. Finsler metrics of constant flag curvature. Given any Finsler
metric F, the Chern connection on the pulled-back tangent bundle
7 T'M gives rise to two curvature tensors, one of which, Rj"kl, is analo-
gous to the curvature tensor in Riemannian geometry. Indices on R are
raised and lowered by the fundamental tensor g;; and its inverse g%/.

At any point x on M, a flag consists of a flagpole 0 £ y € T, M, a
transverse edge V € T, M, and y A V. The corresponding flag curvature
depends on z, y, span{y, V'}, and is defined as

Vi(y Rjiy') VF

9y, y) g(V. V) = [g(y, V)]>

In the generic Finslerian setting, both the Chern hh-curvature R and
the inner product g (given by the fundamental tensor g;;) depend on
the flagpole y. This dependence is absent whenever we specialize to
the Riemannian realm, in which case the flag curvature becomes the
familiar sectional curvature. For details and conventions, see [4]. A
Finsler metric is said to have constant flag curvature K if K(x,y,V)
has the constant value K for all locations x € M, flagpoles y, and
transverse edges V.

We note an interesting phenomenon shared by all our examples. In
each case, the constant flag curvature of the resulting Randers metric
F' does not exceed the constant sectional curvature of the original Rie-
mannian metric A which underwent the perturbation. This turns out to
be a general phenomenon (see Theorem 3.1).

K(x,y,V) =

3. Randers metrics of constant flag curvature

3.1. Characterization. Let F = a + 3, with o? = a;j y'y? and =
b;y', be a Randers metric. Using a" to raise the index on the com-
ponents b; of the 1-form b, we obtain a vector field b = b'0,:. Let us
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introduce the abbreviations
curlyj := 0,5b; — 0,ib; and 0, := b curly;.

Note that the tensor curl := curl;; dz' ® do? equals the 2-form —db, and
interior multiplication of curl by the vector field b* gives the 1-form 6.
Define the geometric quantity

2 div b
n— o)
where the divergence is taken with respect to a. A theorem in [§] states

that the Randers metric F' has constant flag curvature K if and only if
the following three conditions hold: ¢ is constant,

Lya=0(a—-bxb)—(bR0+00D)

(where Lyra = b¥ O ka;; + ag; 0,:b% + az, 0,;% is a Lie derivative), and
the Riemann tensor of a has the form

g =

Ruij = & (aij ank — aig apj)
— i a;j curl’,, curly, + i a;, curl’y, curly;

+ % apj curl’; curly, — % ap, curl?; curly;

— i curl;; curlyy, + i curlyy, curly,; + % curly; curl;y,

with

¢ = (K — 30%) + (K + 150%) ||b]|> — 1 6'0;.
In these equations, all tensor indices are raised and lowered by a. For
later purposes, let us refer to the above as the Basic equation and the
Curvature equation, respectively.

The Basic equation alone is equivalent to the statement that the S-
curvature (divided by F)) has the constant value 1o(n + 1); see [16].
While the Basic equation only makes sense for Randers metrics, its
characterization in terms of the S-curvature gives a well-defined criterion
which can be imposed on Finsler metrics in general.

In the original statement [5] of the characterization above, there is a
third equation that a¢ and b must satisfy. As such, the said theorem is
equivalent in content to one in [22]. Recent work shows that this third
equation is derivable from the Basic and Curvature equations with o
constant. Hence it is omitted here. See [6] for more discussions.
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3.2. Navigation description. According to Propositionil. I, our strong-
ly convex Randers metric F' can be realized as the perturbation of a
Riemannian metric h by a vector field W which satisfies h(W, W) < 1.
Using this fact and Section .13, the tensors a and b that comprise F'
are expressible as

2o T

where W; := hy; W9 and A := 1 — h(W,W) > 0. For a* and b, see
Section il 2.

aij =

3.2.1. Navigation version of the Basic equation. The Basic equa-
tion in the stated characterization involves a, b, Ly;a, and 6. Substi-
tuting the above formulae for a, b and computing the requisite partial
derivatives in the remaining two tensors, we obtain a much simpler Ly
equation:

Lwh = —oh.

The left-hand side can be rewritten in terms of the covariant derivative
operator “.” associated to h, in which case the Ly equation reads

Wi;j + Wj:i = —0 hi]’ .

From this follows the ‘navigation description’ of ¢ as —2div(W)/n,
where the divergence is taken with respect to h.

Conversely, using h = e(a — b ® b), W = —b*/e, with ¢ := 1 — ||]|?
(see Section il.3), it has been checked that the Basic equation results
from the Ly equation. Hence the two are equivalent.

In the Ly equation,

“o must vanish whenever h is not flat.”

Indeed, let ¢; denote the time t flow of the vector field W. The Ly
equation tells us that pfh = e~?'h. Since ¢, is a diffeomorphism, e~7*h
and h must be isometric; therefore, they have the same sectional curva-
tures. If A is not flat, this condition on sectional curvatures mandates
that e = 1, hence o = 0. The above argument was pointed out to us
by Robert Bryant.

3.2.2. Riemannian connections of ¢ and h. To minimize some an-
ticipated clutter, let us introduce the abbreviations

Cij = 8iji - QE«LW]' = Wi;j — Wj;i, 7} = Wi Cij,
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and agree to let the subscript 0 denote contraction of any index with
y'. For example, Ty := 7; /. Indices on C, T are to be manipulated by
the Riemannian metric h only.

Let “’yijk and G = %“’yioo be, respectively, the Christoffel symbols
and geodesic spray coeflficients of the Riemannian metric a. Likewise,
let "G := 3"y be the geodesic spray coefficients of h. (The factor
of 3 here is absent in some references such as [4].) A straight-forward
computation, or an application of Rapcsdk’s identity [26], together with
the Ly equation, shows [6] that

. . @ . hoo WOWO CiOWO
WG =G L (Ty— o W) = T
+ox (To—oWo) (4)\+2)\2>+ ox

where A :=1 — h(W,W).

3.2.3. Navigation version of the Curvature equation. Abbreviate
the above formula as G* = "G* + (*. We now use it to relate the
curvature tensor “R of a to the curvature tensor hR of h. To this end,
consider the spray curvature [12] tensors “K’; = “Ry';o and "K'; =
"Ry’ jo. The Riemann tensor can be recovered from the spray curvature
through Ry, = %{(aKij)ykyh — (*Kik)yiyn }, where the up index on K
has been lowered by a. A similar formula holds for "Ry, and "Kjj,
with the index on "K lowered by h. The advantage of working with the
spray curvature is that it has less indices than the full Riemann tensor.
The Curvature equation of Section 3.1 can be recast into the form
. o .
Ky o= &8y —y" ;)

+ i curl?y (curlsi Yyi + Y curl,; — curlgg 5ij)

- i a? curl® curly; — % curl’y curlo,
where ¢ is as defined in Section 8.1 and %; := a;xy*. Into (the left-hand
side of) this, we substitute one version of the split covariantized Berwald
formula (see [6, 28] for expositions and references therein), which says
that

aKij = hKij + (2 (i):j - (Ci)ys (Cs)yj - ys(gi:S)yﬂ' + QCS(Ci)ysy1~
Here, the subscripts “;x” mean d,x. This is followed by a tedious calcu-
lation, in which all quantities are rewritten in terms of the navigation

variables h, W, and the Ly equation is used prodigiously. A formula for
"K'; then results, from which we compute the Riemann tensor "Ry, .
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The outcome of that calculation is remarkable. It says that given the
Ly equation, the said Curvature equation is equivalent to the statement
that h is a Riemannian metric of constant sectional curvature K + %602.

Namely,
thijk = (K + 1—1602)(hz‘j hnk — hik hhj)'

Conversely, it has been verified that the use of h = g(a — b ® b),
W = —b/e, e := 1—||b||? (see Section .3), in conjunction with the Ly
equation, converts the above formula of "Rj,;;;, into the Curvature equa-
tion of Section 8.1. Thus, the navigation description we have derived is
indeed equivalent to the characterization presented in Section 8.1

3.3. Main geometric content.

Theorem 3.1. A strongly convex Randers metric F' has constant flag
curvature K if and only if:

o F' solves Zermelo’s navigation problem on a Riemannian space
(M, h) of constant sectional curvature K + %02 for some constant
o, under the influence of a vector field ( “wind”) W.

o The wind W satisfies h(W, W) < 1, and is coupled to h and o in
such a way that Lywh = —o h, where L denotes Lie differentiation.

For non-flat h, o must vanish, in which case W must be a Killing vector
field of h.

The last statement has already been observed in Section 3.2.1. Since
the sectional curvature of h is K + 1—1602, that statement is equivalent

to the following interplay between the constants ¢ and K:
o(K + £0%) =0.

This is sometimes known as a Matsumoto identity (see [5] and [6]).

Note that K, the flag curvature of F', is bounded above by the sec-
tional curvature K + %02 of h. This proves the phenomenon we noted
at the end of Section 2.4 Since o (K + %0?) = 0, we have the following
trichotomy.

(+) For K > 0: The quantity K + %02 is positive, hence o = 0.
Consequently, the sectional curvature of h must equal K, the flag
curvature of F.

(0) For K = 0: The sectional curvature of h reduces to 150, Mat-
sumoto’s identity then implies that ¢ = 0. So, h must be flat.
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(=) For K < 0: There are two viable scenarios. The first is ¢ =
i4\/m, in which case h is flat. For the second scenario, the
quantity K + %02 = 0; hence ¢ = 0 and h must have negative
sectional curvature K.

4. Complete list of allowable vector fields

Our goal here is towards a classification of Randers metrics of con-
stant flag curvature. By the navigation description, these metrics arise
as perturbations of constant curvature Riemannian metrics h by vector
fields W satisfying W;.; + Wj.; = —o hj;. For each of the three stan-
dard Riemannian space forms (Euclidean, spherical and hyperbolic), we
derive a formula for W.

4.1. Setting some notation with a basic lemma.

Lemma 4.1. Let P; = P;(x) be solutions of the following system:

OF | OF

Ox) ~ Ox'
Then

P = Qij 2’ + Ci,
where (C;) is an arbitrary constant row vector and Q = (Q;;) is an
arbitrary constant skew-symmetric matriz (Qj; = —Qij).

Proof. Using the defining differential equation three times, we have

52 P, 0%P; 82 P, 5?P,

0xF0zi —  OrFoxt  Ozidxd  Oxidak
This shows that all second-order partial derivatives of P; must vanish.
Hence P; must be linear; that is, it has the form P; = Q;;27 + C;, with
constants Q;; and Cj. Inserting this expression into the defining PDE
shows that Q;; + Qj; = 0. q.e.d.

For the rest of the paper: “” refers to the standard dot
product on R"; indices on () and C' are raised and lowered
by the Kronecker delta d;;; and Qz + C means (Q°; 27 + C"?).
We regard (C;) as a row vector and (C?) as a column vector.
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4.2. The Euclidean case. The first Riemannian space form we con-
sider is the standard Euclidean metric. The admissible perturbing vec-
tor fields W are described in the following proposition.

Proposition 4.2. Let F = a+ (3 be a strongly convex Randers metric
which results from perturbing the flat metric h;; = 0;; on R™ by a vector
field W = (W?). Then F is of constant flag curvature K if and only if
W has the form

Wi(z) = —%0a" +Q'ja! + C7,
where (Q';) is a constant skew-symmetric matriz, (C?) is a constant
column vector, o is a constant such that o> = —16K, and
(Qr+0C)- (Qr+C)+ox-(oz -C) < 1L
Remark. Since 02 = —16K, we see that K must be < 0.

Proof. Being flat, h satisfies the curvature criterion of the navigation
description (Theorem 8.1), with K + %02 = 0. The rest of the proof
studies the second criterion, which is the equation Lyyh = —o h.

(<) Suppose W, with its index lowered by h;; = d;;, is of the form
VVZ' = —%O‘(;ij .’Ej + Qij CCj + Cz

Keeping in mind that the covariant derivative associated with
the Euclidean h is simply partial differentiation, together with the
skew-symmetry of ), we immediately obtain

(*) VVZ';]' + Wj:i = —0 (5”

Thus the Ly equation in the navigation description is satisfied,
and F has constant flag curvature K by Theorem 3.1.

(=) Conversely, suppose F' has constant flag curvature K. By the
navigation description, W must be a solution of (x). Note that

Wi = —%U 5ij .Cl?]

is a particular solution. Adding to it the solutions of the homoge-
neous system

W

oP;, OPF;
O’ * O’ -
gives the general solution. According to Lemma 4.1 the latter

have the form P; = Q;; ) + C;, where each Cj is constant and
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(Qij) is a constant skew-symmetric matrix. Using hi = §9 we
raise the index on W; to effect the W* as claimed.

The inequality satisfied by @, C, and o comes from the strong convexity
requirement |[W| < 1. q.e.d.

4.3. The spherical and hyperbolic cases. We now perturb standard
models of Riemannian metrics with constant sectional curvature x # 0.
The list of allowable W is given in the following proposition.

Proposition 4.3. Let F = o+ be a strongly convex Randers metric
which results from perturbing the standard, complete, simply connected,
n-dimensional Riemannian space (M, h) of constant sectional curvature
Kk # 0 by a vector field W. Then, F is of constant flag curvature K if
and only if K = k and W is Killing, with the following description in
terms of a constant vector (C’) and a constant skew-symmetric matrix
Q).

(a) K = k > 0. Employ a projective coordinate system on the unit
n-sphere, one which comes from parametrizing each hemisphere
using the tangent space at the pole. Multiply the standard Rie-
mannian metric by % to effect constant sectional curvature K.
The h-norm of any tangent vector y € T,R™ ~ R"™ is given by

_ 1 Jyyp(taa) - (x-y)?
lyl = Vh(y,y) = Wive T2 2 :

With respect to this coordinate system,
Wiz) = Q2! + C' + (z-C) 2"
(b) K =k <0. Let h be the Klein model of constant sectional curva-

ture K on the unit ball B"™, with the Cartesian coordinates of R™.
The h-norm of any tangent vector y € T,R™ ~ R"™ is given by

1 V- y)(l—z-z)+ (z-y)?
:: h 5 - .
lyl == Vh(y,y) TR [

With respect to this coordinate system,
Wiz)=Q' 2! +C" — (x-C) 2"
In each case, W is subject to the constraint
1 K

11 (e z) N7 (Qz z-0)? with ¥ = —.
o (@0 Qe+ C) 4w CP} < |K| with §i=
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Proof. Our Riemannian metric h has constant sectional curvature

Kk # 0. Therefore, it satisfies the curvature criterion of the navigation
.. - . 2 .

description (Theorem 8.1, with K + T = ~- In particular, we have

K + ‘{—; # 0. The Matsumoto identity (Section 3.3) then implies that o
must vanish. Consequently, K = k.

According to our navigation description, perturbing the above h by
a vector field W (with |W| < 1) generates a Randers metric of constant
flag curvature K if and only if the equation Lyyh = —o h is satisfied.
Since o = 0 here, that equation reduces to the statement that W is
a Killing vector field of h. The proof of this proposition, therefore,
concerns the classification of solutions of the Killing field equation:

Wij + Wy, = 0.
e To minimize notational clutter, let us introduce the abbreviations

x; = 65 a7, p=1+9Y(x- ),

where
K
P = —.
K]
Then,
hij = K| (7]_1& p2j)’ h = p|K|{6" + ¢ atal}.

The Christoffel symbols of h are given by
xX; (5k]’ + €5 5kl
B .

k
M ==

Hence
8WZ~ xin + $jWi
D7 + .

The Killing field equation now reads
ow;  OW; 21)
OxJ + ox? *
e To solve it, let us replace the dependent variables W; by new ones
that are named F;, as follows:

1
W= ——
" plK]|

Wi =

(CCZ'WJ' + CC]'WZ‘) =0.

P;.
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(The division by | K| effects a simplification later, when we use h*/
to raise the index on W;.) Computations give:
ow; ow; 1 or, 0P\ 29
oxd Ozt p|K| \oxi = Ot p? K|
21
p* K]
This change of dependent variables transforms the above equation
into

(xi P+ 2 P),

2y

—p (.Q?Z‘Wj + .Cl?jWZ') = (.’/UZIDJ + .’/U]PZ)

oFP;, 0P;
ARl R
. Ox)  Ox'
By Lemma 4.1, the solutions FP; have the form
P = Q2 + C,
where (Q;;) is a constant skew-symmetric matrix, and the C; are
constants.

Thus the covariant form (that is, with index down) of the Killing field
W is

Qij 2’ + C;
pIK]
To obtain the contravariant form (namely, with index up) of W, we raise
its index using h"” = p|K|{0" + ¢ 'z’ }. The result reads:
W= h"W,; = Q" 2/ + C" +¢(x - O) ',

where Qij = 5iSQsj and C* := §C,.

Finally, the constraint on @) and C comes from |W| < 1, namely, the
strong convexity of F. q.e.d.

Wi =

4.4. lIdentifying the vector field W in examples. Note that in the
case of flat h, both W; and W* are polynomials of degree 1 in the position
variables z. For non-flat h, W; is a rational function in x of degree —1,
while W is a polynomial of degree 2 in 2 whenever C' # 0.

We tabulate below the constant skew-symmetric matrix (), the con-
stant vector C', the value of the constant ¢, and the constant flag cur-
vature K, for all the examples of Section ? To reduce clutter, let 03x3
denote the 3-by-3 zero matrix, and

N
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Table 2.

Example (Qij) (C) o K
2.1.1 T7J DO (0,0,0) 0 1
212 08vVvK-1J (-svK—1,0,0) 0 >1
2.2.1 033 (p,q,7) 0 0
2.2.2 J®0 (0,0,0) 0 0
2.3.1 033 (0,0,0) —27 — 172
2.3.2 J@O0 (0,0,0) 0 -1

5. Classification of strongly convex Randers metrics
with constant flag curvature

5.1. The classification theorem. We now combine the navigation
description (see Section 3.3) and the work of Section 4 to classify Ran-
ders metrics of constant flag curvature. Before stating the theorem, we
recall that:

e the skew-symmetric matrix @ = (Q';) and the vector C' = (C?)
are constant;

e Qu denotes (Q%; 27), and z := (z%);

e all indices on @, C, x are manipulated by the Kronecker deltas d;;

and 6

“” is the standard Euclidean dot product.

Theorem 5.1 (Classification). Let F(z,y) = \/a;j(z) y' y7 + bi(z) y'
be a strongly convexr Randers metric on a smooth manifold M of dimen-
sion n = 2. Then, F is of constant flag curvature K if and only if the
following conditions are satisfied.

(1) The Riemannian metric a and 1-form b have the representation

WEN TR T

where h is a Riemannian metric of constant sectional curvature and
W = W'0,: is an infinitesimal homothety (Lwh = —oh) of h, both
globally defined on M. Here, W; := hijW7 and X\ :=1—h(W,W) > 0.

(2) Up to local isometry, the constant curvature Riemannian metric h
and the vector field W must belong to one of the following four families.
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(+) When K > 0: h is & times the standard metric on the unit n-
sphere S™ in projective coordinates, and W = Qx + C + (z - C) x
1s Killing, with

1
1+ (z-x)
In those coordinates, the quadratic form of h, evaluated on y €
T,5™, reads

{(Qx+C)- (Qr+C) + (z-C)*} < K.

1 {(y-y)(1+x-x)—(x-y)2}'

M) =% Atz 2)

(0) When K = 0: h is the Euclidean metric §;; on R™ and W = Qx+C
1s Killing, with

Qr+C) (Qx+C) <1
(=) When K < 0:

(—)e either h is the Euclidean metric 6;; on R™, and the infinitesimal
homothety W = —%O'CC + Qz + C satisfies

(Qr+0C) - (Qr+C)+ox-(tox—C) <1

with o = £44/ | K| ;

(=)k or h is the Klein model of sectional curvature K on the unit
ball B"™ (of R™) in projective coordinates, and the Killing field
W =Qz+ C — (x-C)z satisfies

1
1—(z-x)

In those coordinates, the quadratic form of h, evaluated on y €
T,B™, reads

{(Qz+0)- (Qz+C) —(z- O’} < |K|.

1 ((y-y)(l—z-z)+ (x-y)?
h<y’y)‘m{ 0z ) }

Proof. e By Proposition .1, every strongly convex Randers met-
ric has the representation, stipulated in (1), in terms of the Zer-
melo navigation variables (h, W).

e Theorem p.I' tells us that A must be a Riemannian metric of con-
stant sectional curvature. The discussion after the statement of
Theorem g.I' reduces the landscape to only four families, in keep-
ing with (2). They are as follows.
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(+) For K > 0: h must have sectional curvature K and W is
Killing.
(0) For K = 0: h must be flat and W is Killing.
(=) For K < 0: there are two scenarios,
(—)e either h is flat, 0 = +4./]K]|, and Lyh = —o h (in which
case W turns out to be —%0 times the radial vector x =
(x%), plus an arbitrary Killing field);
(—)k or h has sectional curvature K and W is Killing.

e Up to (Riemannian) isometry, there are only three standard
models for Riemannian metrics h of constant sectional curvature
K. They are: % times the standard metric on the unit n-sphere,
Euclidean R", and the Klein metric with sectional curvature K on
the unit ball in R". By Lemma .2 (see also Sections D.I and b.1),
when classifying F' up to Finslerian isometry, it suffices to list the
allowable vector fields W for each of the three specific models. For
the families (+) and (—)y, this has been done by Proposition 4.3.
Families (0) and (—). are handled by Proposition #.2, with o = 0
and o = £4./|K]|, respectively.

e In each of the four families, the constraint that must be satisfied
by @, C' and x is equivalent to |W| < 1, which characterizes the
strong convexity of the Randers metric in question. The table
in Section 4.4 shows that this constraint admits non-trivial solu-
tions for all four families. In Sections b.2-0.4 we enumerate, with
the help of normal forms, all the @, C ‘for which there exists a
neighborhood D of x on which |[W| < 1.

q.e.d.

5.2. Globally defined solutions on the standard 5". We see in the
previous section that all strongly convex Randers metrics of constant
flag curvature K > 0 arise locally as solutions to Zermelo’s problem of
navigation on the unit sphere S™, under the influence of a Killing field
(an infinitesimal isometry) of 4 times the standard metric on S™. Let
us show that each strongly convex solution on any closed hemisphere
has a unique smooth extension to a globally defined strongly convex
solution on S™. There is no restriction on the dimension n.

5.2.1. An extension. Without loss of generality, let us assume that
the hemisphere in question is the closed eastern hemisphere. Parame-
trize the eastern (s = +1) and western (s = —1) open hemispheres, as
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submanifolds of the ambient R"*!, by the maps

z— YE(z) = ﬁ(s,x) with € R™.
Geometrically, the tangent space at the east pole (resp. west pole)
is identified with R™. Each point ¢ on an open hemisphere lies on a
unique ray which emanates from the center of the sphere. This ray
intersects the copy of R™ tangent to the pole, at a point x. The above
parametrization expresses ¢ in terms of x.

According to Theorem 5.1, on the open eastern hemisphere, the given
Randers metric has navigation data (h, W), where h is % times the
standard Riemannian metric of S”, and W(z) = Qz+C+ (z-C)x. We
find that it is easier to visualize W (z) by considering its image under
. Motivated by a Lie-theoretic reason that will be pointed out in
Section 'ﬁf_ﬁl, we convert the image point p := ¢* () into a position row
vector p' of R, A computation gives

W (@) =p'Q,

where

0 Ct
Q‘(—C —Q)

is an (n+1) x (n+ 1) skew-symmetric constant matrix, C' is a constant
column vector in R”, and * means transpose. The continuity of W on the
closed hemisphere implies that its value at any point p on the equator
is also the matrix product p’ .

We extend W to the open western hemisphere by insisting that the
equation

[y W ()] = [~ (2)]' Q (with the above )

holds. The result is W(z) = Qz + sC + (z - sC)z with s = —1.

It is an artifact of local coordinates that W is constructed from the
data (@, C) on the eastern hemisphere, but from (@), —C') on the western
hemisphere. The actual Killing field on the embedded unit sphere in
R+ has the value p' Q at any point p, including the equator. Since
the matrix €2 is constant, there is no question that the constructed W
is globally defined and smooth.
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5.2.2. Uniqueness of the extension. Let W be any global extension
of the given Killing field. The isometries of (S™,h) consist of rigid
rotations, implemented by constant (n+1) x (n+1) orthogonal matrices
right multiplying the row vectors of R"*!. Since W is an infinitesimal
isometry, it is the initial tangent to a curve of isometries. Thus, it also
corresponds to a constant matrix which right multiplies all row vectors.
For points p of the eastern hemisphere, we have determined the matrix
in question to be the above (). Constancy dictates that the same (2
must be used for the western hemisphere as well. This proves that
every global extension agrees with the one we presented. In particular,
any global W with data (Q,C) on some hemisphere must have data
(Q,—C) on the complement.

5.2.3. Strong convexity. The strong convexity criterion reads |W| <
1. On the two open hemispheres, Proposition #.3 helps us deduce that

B 1
TEK{1+(z-2)}

Using this formula, it is straight-forward to check that |W (z)|? is equal
to (p' Q) - (p' Q), where p = p*(x). Before the extension, our Randers
metric is strongly convex on the closed eastern hemisphere. In parti-
cular, (p' Q) - (p* Q) < 1 for all points p of the open eastern hemisphere.
Replacing p by —p generates all the points of the open western hemi-
sphere, but does not alter (p' Q) - (p* ). Therefore, the extended metric
is also strongly convex on the open western hemisphere, and hence on
all of S™.

W (z)[? {(Qz + sC) - (Qz + sC) + (x - sC)?}.

5.2.4. Discussion. The examples of Sections 2.1.1 and 2.1.3 determine
globally defined Randers metrics of constant positive flag curvature on
S3. The first example illustrates the necessity of assuming strong con-
vexity on a closed hemisphere. Had we permitted 7 = 1, the norm of W
would have been less than 1 on the open (eastern and western) hemi-
spheres; but strong convexity would fail at the points (0, p1, p2, p3) on
the equator.

5.3. Globally defined solutions on Euclidean R". Because Euclid-
ean R" is covered by a single coordinate chart, globality is relatively easy
to address. According to scenarios (0) and (—). of Theorem §.I, naviga-
tion on R™ under an infinitesimal homothety W produces a strongly con-
vex Randers metric of constant flag curvature K < 0 wherever |W| < 1.
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In particular, the Randers metric is defined globally on R" if and only
if
W(z)]* = (Qz+C) (Qr+C)+ozx- (oo —C)<1 foralzeR"

Here, o is zero if K = 0, and has the values j:4\/m if K < 0. Since
|W (z)|? is polynomial in z, the displayed criterion is possible if and only
if both o and @ vanish, in which case W = C, with C'- C' < 1. The
resulting Randers metric is Minkowski.

This conclusion is consistent with Section 2.2, where the only globally
defined example is that of Section 2.2.1.

5.4. Globally defined solutions on the Klein model. It remains to
discuss global solutions to Zermelo’s problem of navigation on the Klein
model with constant sectional curvature K < 0, under the influence of
a Killing vector field W. Theorem .1 says that the resulting Randers
metric has constant negative flag curvature K. Strong convexity of the
Randers metric is equivalent to |[W| < 1. In this subsection, we will
show that requiring strong convexity on the entire open unit ball forces
W = 0, whence the negatively curved Randers metric is simply the
Klein model itself.

Suppose |W| < 1 holds on the entire open unit ball. It is implicit in
Proposition 4.3 that

(Qr+C)- (Qx+C) — (x-C)?
Rl —7 2 '

W () =

Note that |K|(1 —z-x) > 0 because K is negative and x is confined to
the unit ball. Multiplying the inequality 0 < |[W|? < 1 by this positive
denominator yields

0<(Qr+C)-(Qz+C)—(z-CP < |K|(1 —z-x).

Letting - 2 — 1 leads to (Qz + C) - (Qz + C) — (x - C)? = 0 for all
unit z. In particular, (Qz + C) - (Qx +C) = (—Qx + C) - (—Qz + C),
which is equivalent to Qx - C' = 0. The equality above then simplifies to
Qr-Qr+C-C— (z-C)% =0, again for all unit .

Since we are in dimension at least two, there exists a unit xy such
that zo - C = 0. The ensuing equation Qxg - Qzg + C - C' = 0 tells us
that C' must have been zero to begin with. This reduces our original
equality to Qz = 0 for all unit =, implying that @ = 0. Thus, W is
identically zero, and our assertion follows.
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6. The moduli space M

6.1. The strategy. Theorem 3.1 characterizes the navigation data (h, W)
of strongly convex Randers metrics with constant flag curvature K. It
says that h must be a Riemannian metric with constant sectional cur-
vature K + 1—1602, and W must be an infinitesimal homothety of h. Also,
we observed that ¢ can be non-zero only when A is flat.

Consider any Randers metric (M, F') of constant flag curvature K,
with navigation data (h, W). There exists a Riemannian local isometry
¢ between (M,h) and one of the three standard Riemannian space
forms:

e the sphere (5", hy) of constant curvature K when K > 0;

e Euclidean space (R™, hg) when K = 0, or when K < 0 and o =
+4/1K;

e the Klein model (B", h_) of constant curvature K when K < 0
and o = 0.

Lemmail.2 assures us that ¢ lifts to a local Finslerian isometry between
(M, F) and the Randers metric on S /R"/B" generated by the navi-
gation data (h4/ho/h—, @«W). Thus, there is no loss of generality by
working with the latter picture, which is more concrete.

Given each Riemannian space form, which for notational simplicity
we again denote by h, Theorem 51! lists its infinitesimal homotheties
W, with implicit mazimal domains D on which |[W|:= \/h(W, W) < 1.
That list contains a good amount of redundancy, because it includes
isometric (in the Finslerian sense) Randers metrics. The redundancy
comes from the symmetry/isometry group G of h, consisting of diffeo-
morphisms ¢ that leave h invariant. Since ¢*h = h, the action of the Lie
group G on the navigation data is (h, W, D) + (h, . W, ¢D). According
to Lemma .2, the standard “models” (h, W, D) and (h, ¢ W, ¢D) gen-
erate isometric Randers metrics on D and ¢D. That is, all navigation
data which lie on the same G-orbit correspond to mutually isometric
Randers metrics. The redundancy we described can therefore be elim-
inated by collapsing each G-orbit to a point. These “points” consti-
tute the elements of our moduli space Mg for strongly convex Randers
metrics with constant flag curvature K. It is the goal of this section to
parametrize My and thereby count its dimension.

To this end, we begin with a standard Riemannian space form h (=
hy, or hg, or h_). Identify the isometry group G of h with a matrix
subgroup of GL,1R. The infinitesimal homotheties W of h comprise a
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representation of a matrix Lie subalgebra b of gl,, . R. The push-forward
action W — ¢, W := ¢, o W o ¢! on the manifold then corresponds to
the “adjoint action”

Q — AdQ:=gQg?

of G on h. Here:

(1) g € GLp4+1R is the matrix which corresponds to the isometry map
¢, and ) € b is the matrix analog of the infinitesimal homothety
W (which is a vector field on the manifold).

(2) Ad : b — b is well defined because the equation Lyyh = —oh,
being tensorial, becomes Ly, yh = —oh under the action of the
isometry map ¢. Thus, ¢, is an infinitesimal homothety of h
whenever W is, and the value of ¢ is invariant under isometries.

(3) According to Theorem 8.1, when A is not flat, its infinitesimal
homotheties are simply its Killing vector fields. In that case, b
equals the Lie algebra g of GG, and Ad is the standard adjoint
action of a Lie group on its Lie algebra.

The adjoint action Ad described above partitions b into orbits. Each
orbit corresponds to a distinct isometry class of Randers metrics with
constant flag curvature K. For each orbit, matrix theory singles out a
privileged representative Q, to be referred to as a normal form. These
normal forms provide a concrete parametrization of the points in the
moduli space M, and the number of parameters constitutes its dimen-
sion. The linear algebra behind the construction of My depends on the
sign of K. Here is an overview.

e For K >0, h=hyis % times the standard metric on the unit n-
sphere. The orbits are those which result from the adjoint action
of the orthogonal group O(n + 1) on its Lie algebra o(n + 1).

e For K = 0, we have h = hg, the standard flat metric on R™. The
orbits come from the adjoint action of the Euclidean group E(n)
on its Lie algebra e(n). Here, E(n) is comprised of O(n) and the
additive group R" of translations.

e For K < 0, the orbits consist of two camps. (i) h = h_ is the Klein
model, and the Ad orbits arise from the orthochronous subgroup
of the Lorentz group O(1,n), acting on the Lie algebra o(1,n). (ii)
h = hg is the standard Euclidean metric, and the Ad orbits are
those of E(n) acting on a matrix description of the infinitesimal
homotheties, with 0 = +4,/|K]|.
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The Lie theory necessary for determining the normal form € is relegated
to the Appendix. The material there will be called upon frequently in
the following three subsections as we enumerate the elements of M.

6.2. The n-sphere. The isometry group G of (S™ hy) is O(n + 1),
whose elements are orthogonal matrices which implement rigid rota-
tions by right multiplying the row vectors of R"*!. As explained in
Section 5.2, each Killing vector field W of (S™, hy) also corresponds to
a constant matrix which right multiplies those row vectors, and we have
identified that skew-symmetric (n + 1) x (n 4 1) matrix to be

0o (!
o= (e %)

an element of the Lie algebra o(n + 1). This correspondence between
the Killing fields of (S™, h4) and o(n + 1) is a Lie algebra isomorphism.
(Incidentally, if we had let the group O(n + 1) act on column vectors
instead, then the matrix —¢2 would correspond to W, while the negative
of the commutator [—1, —{s] would represent the Lie bracket [IW7, Ws],
rendering the correspondence a Lie algebra anti-isomorphism.)
Applying Section §.2 (with £ := n + 1) to €, we see that there exists
ageO(n+1)so that Q = gQg~" is in normal form. Explicitly:

when n is even, Q=a1J @ - ® a,,J ®0  with m = n/2,

when nisodd, Q=a1J® - D apJ with m = (n+1)/2.
Here, a1 > a2 > --- > a,, > 0 and

(01

The matrix Q represents the Killing field W = ¢, W, where ¢ is
the map which corresponds to the orthogonal matrix g (Section 6.11).
According to Theorem 5.1, W has the form Qz + C + (z - C)z with
respect to the projective coordinates x which parametrize the eastern
hemisphere. Comparing the matrix analog

(% %)

of W with ©, we conclude that C* = (a1,0,...,0) and

for neven, —Q =0 asJ & - ® amJ &0, with m =n/2,
fornodd, -Q=0®axJ® - ©apJ with m = (n+1)/2.
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The Randers metric which solves Zermelo’s problem of navigation on
(8™, h) under the influence of W must satisfy the strong convexity
criterion |[W| < 1. In terms of the data (Q,C) for W, inequality (2,+)
of Theorem 5.1 expresses this criterion as follows.

For n even:

a3(1+a23) +a3(x3+23) + +a2 (22 5 +22 ) <K(+z- ).
For n odd:

af(1+a1) +a3(a3 +af) + - +ap,(27_ +27) <K(l+z-z)
We wish to demarcate those a; which allow the above inequalities to
hold on some open subset of S™.

6.2.1. Locally defined metrics when n is even. Consider the point
x = (0,...,0,2,). Here, the condition ]W(x)] < 1 simplifies to a} <
K (1 + 22), which can be made to hold for arbitrary, but fixed, a; by
choosing |z,| large enough. Once we have |W (x)| < 1, the continuity of
W effects [WW| < 1 on a neighborhood about this . Thus, for even n,
the moduli space is parametrized by

ar=...=2amn =0
with no upper bound on any a;.

6.2.2. Locally defined metrics when n is odd. Suppose |W| < 1
holds at some point . Then 0 < a,, < a; implies that

ap(l+a-2) < af(1+a])+a3(ad +a3)+ -+ a5 (27 +27)

< K(l+4z-x).

In particular, we obtain the necessary condition a,, < v/K. Con-
versely, given a,, < VK, let us consider a point z of the form 0,...,0,
). At this z, the desired condition |W (z)| < 1 simplifies and can be
rearranged to read a? < K + (K —a2,)x2. Since a2, < K, the inequality
can be made to hold by choosing |z, | large enough. Continuity then
extends |WW| < 1 from this # to a neighborhood containing it. There-
fore, the isometry classes of locally defined Randers metrics on the odd
dimensional spheres are parametrized by

a1 >...2a, >0 with a, < VK.

6.2.3. Globally defined metrics. Here, the criterion [W(z)| < 1
must hold on the entire sphere. In particular, it must hold for all
x € R™ parametrizing the open eastern hemisphere. Setting z = 0
in the inequalities immediately before Section 6.2.1: gives a1 < VK.
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Conversely, if a; < VK, then those inequalities are satisfied for all
because a1 > a; > 0. Hence the constraint a; < VK is both necessary
and sufficient for strong convexity on the open eastern hemisphere. By
virtue of Section 5.273, the same bound on a; effects [W| < 1 on the
open western hemisphere. Thus, strong convexity holds on the open
hemispheres if and only if the condition a; < VK is met.

It turns out that a; < v/K ensures strong convexity on the equator as
well. To see this, let u be any unit vector in the copy of R” tangent to the
poles. Our parametrization (see Section 5.2.1) of the open hemispheres
says that lim;_ o, tu corresponds asymptotically to some point p on the
equator. In fact, p = limy oo (1 +tu-tu)~/2(s, tu) = (0,u). Calculating
with the norm |y|> := h(y,y) given in part (a) of Proposition #.3, we
find that

- L 1 - -
WE)P = Jim W () = = {(u-sC)?+| Qul}.

which is independent of s = +1. A direct computation, using the fact
that a; dominates all other a;, and u-u = 1, yields the strong convexity
criterion |W (p)|? < (a1)?/K < 1.

Thus, the moduli space for the isometry classes of globally defined
constant flag curvature K > 0 Randers metrics on S™ is given by the
polytope

VK >a1 2> ay >0.

6.2.4. Global versus local. For the locally defined metrics, the upper
bound a; < VK is not necessary because the strong convexity criterion
\W\ < 1 only has to hold on some open subset of S™. However, when n
is odd, all local solutions have to satisfy a,, < VK.

The metric of Section 2.1.1) illustrates these nuances well. The table
in Section 4.4 tells us that C* = (0,0,0) and Q = 7J 0. Using the data
(Q,C), construct 2 as in Section £.2. Almost by inspection, the normal
formis Q = 7J & 0J, thus a1 = 7 and a,, = as = 0. Since K here is
1, the theory assures us that a locally defined strongly convex solution
exists for any 7, while strongly convex global solutions are characterized
by 7 < 1.

Indeed, Section 5.2.3 tells us that W (p) = p’ Q, and [W (p)|? is equal

to (p'Q) - (p'Q) = 72(p} + p}), where p' = (po,p1,p2,p3) gives the
coordinates of an arbitrary point on the embedded S% in R*. So |W| < 1
globally, as long as 7 < 1. On the other hand, if 7 > 1, then |W (p)| < 1
holds only at those points p on S® where p3 + p? < 1/72.
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6.2.5. The moduli space for K > 0.

Proposition 6.1. The moduli space My for n-dimensional strongly
convexr Randers metrics of constant flag curvature K > 0 is parametri-
zed by a = (ai,...,an) € R™ as follows.

o When n is even, m = n/2 and the parameter space is given by
ayp = -+ = apm 2 0.

o When n is odd, m = (n + 1)/2 and the parameter space is given
by
aL = =2 am =20, with VK > ap.
o The globally defined metrics on S™ are parametrized by the polytope

vK >a1 > >a, =0.

6.3. Euclidean space. The isometry group of (R", hg) consists of ro-
tations, reflections, and translations; it is the Euclidean group E(n).
Though the action of E(n) on R™ is affine, it can be implemented by
matrix multiplication. To this end, we first represent elements ¢ of E(n)
by matrices g € GLp+1R of the form

(A0
g = btla

A€ O(n) and b e R".
Next, we embed Euclidean n-space into R™*! by assigning to each point
& the column position vector ¢ (z) = ({) =: p. The matrix action we
have in mind is then

where

P plg= (2" A+ 1),
Here, b', the input p’, and the output p'g are all row vectors.

The image of an infinitesimal homothety W = —%(m + Qx + C under
the described representation is [¢, W (z)]* = p! Q, where

1

Q= ( _EJI”t_ @0 ) and C" is a row vector.
C 0

Such matrices, with 0 € R, C € R™ and @) € o(n), form a Lie subalgebra

b of gl, 1. The correspondence between the infinitesimal homotheties

W of (R™, hg) and the subalgebra b is a Lie algebra isomorphism. When

o =0, b is the Lie algebra e(n) of E(n).
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The vector field W = —%&x +Qxz+C is the push forward of W under
an isometry ¢ € G if and only if its matrix representative €2 is given by

Qg™ 1. Since
1 A0
g = _btAt 1 )

we have

1~ A 1 t
_EJ{H_Q 0 _ = _ -1 _ —EO'In—AQA 0
< c 0) =0t ( AW o)
where W(b) = —4ob+ Qb+ C. Thus, 6 = o, Q = AQA!, and

C = AW (b); in particular, the value of o remains unchanged under
any isometry, a general fact we pointed out in Section 6.1. Our objec-
tive is to find A and b, equivalently g € E(n), so that  takes on a
simplest form.

6.3.1. The case of 0 = 0 and the moduli space for K = 0. The
Randers metrics of constant flag curvature zero arise as perturbation of
the Euclidean metric under an infinitesimal isometry. This corresponds
to the 0 = 0 case in the above discussion.

To conserve space, we abbreviate group elements g € E(n) as {A, b},
Lie algebra elements Q € e(n) as {—Q,C}, and write column vectors
horizontally.

(1) By Section D.2, we can find an R € O(n) which puts —Q into the
normal form —Q =p1JD- - - BppJ B0, _op, with py = --- = p, > 0.
Thus, g1 := {R,0} conjugates Q into Q; := {—Q, RC}.

(2) Choose r € O(n — 2h) to transform the last n — 2h components
of RC into (0,...,0,§ > 0), without affecting its first 2h compo-
nents D := (Dq,..., Dy), listed pairwise for convenience as D; =
[C2i—1,C9]. The corresponding group element go := {Is, @ r,0}
conjugates Q into Qs = {—Q, (D,0,...,0,¢)}.

(3) Pick b = (7‘5?1,..., _‘l])f)h,O,...,O) and observe that we have

Qb = (—=D,0,...,0). Then g3 := {I,,b} conjugates Q, into the
element Q3 := {—Q, (0,...,0,&)}.
In short, using g := g3g291 € E(n), letting 0, , denote the p-by-¢ zero
matrix, and abbreviating 0, , as 0,, we get

) 1 p1J DD pnJ Oopp—on O
Ni=gQg " = On—2n,2h Op—2n 0
0... LL0E 0
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Thus C* = (0,...,0,¢). A moment’s thought tells us that £ = 0 when-
ever C' € Range @, and £ > 0 otherwise. The strong convexity condition
|W| < 1 restricts our domain to those x which satisfy

h
W ()] = (Qe+C)- (Qu+C) =&+ pi(asi_q +x3) < L.
i=1
In particular, we must have £ < 1. Conversely, as long as £ < 1, strong
convexity will always hold on some neighborhood of the origin in R",
and globally on R" only if all p; are zero.
The 0,,_9p, in  contains the direct sum of copies of 0 times J. This
realization, followed by some appropriate relabeling, simplifies Q to

a1 e Band 0 asJ &---DPand 0 0
0O......... 0ap O )i 0......... 0 ar 0 Jior

evenn oddn
Here, a priori we have
1>a020, a1=2-->a, >0 and m=mn/2 for even n,
1>a120, aa>2--->2a, =20 andm=(n+1)/2 for odd n.
However:

e When n is even, ag and a,, cannot both be non-zero for any fixed
Q. Indeed, if ag > 0, then C is not in Range @) and we must at
least have a,, = 0. On the other hand, if a, # 0, then @Q is
surjective; chasing through steps (1), (2), (3) with 2h = n shows
that the last row of Q is zero, that is, ap must vanish.
e When n is odd, the displayed normal form precludes any sort of
rigid coupling between a; and a,,.
For the even n case, whenever ag > 0 (so that a,, = 0), let us agree to
relabel the remaining parameters ag, ai,...,0m_1 as 1,02, ..., Gy,.

Proposition 6.2. The moduli space My for n-dimensional strongly
conver Randers metrics of constant flag curvature K = 0 s parametri-
zed by a = (ai,...,an) € R™ as follows.

o When n is even, m = n/2 and the parameter space is the disjoint
union of

a1z 2amn=0 and 1>a; >0, as > -a, = 0.

o When n is odd, m = (n + 1)/2 and the parameter space is given

by
1>a1 20, a0=2-->2apy=0.
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o The globally defined metrics on R™ are parametrized by
1>a120, aa=---=a, =0.

6.3.2. When o is non-zero. Refer to the general discussion at the be-
ginning of Section 6.3, and the abbreviation introduced in Section b.3.1.
Conjugating = {—%a[n —@Q,C} by any g := {A,b} € E(n) converts
it to {—301, — AQA!, AW (b)}. Select A € O(n) to cast —Q into the
following normal form.

When n is even:

—Q=-AQA'=a1J @ ®ay,J with m=n/2
When n is odd:

—Q=-AQA'=a1J D D anJ ®0 withm = (n—1)/2.
Here, a1 > -+ > a, = 0. Note that W(b) = (Q — %a[n)b + C. The
linear operator () — %O‘In is invertible because the spectrum of () is pure
imaginary (Section J.2) whereas o is real and non-zero. Therefore, we

may select b so that W (b) = 0. With this choice of A and b, g := {4, b}
conjugates €2 into the normal form

~ _1 — 0
Q_¢M1_< 27 Qg).

The corresponding infinitesimal homothety has C' = 0 and its formula
is W(z) = —i0z+Quz. Navigating on Euclidean R subject to the wind
W generates a Randers metric of negative flag curvature K = —%02.

This metric is strongly convex wherever

m
W (2)]* = Qu- Qv+ jo’z -z =jo’z - + Za?(x%i—l +a3;) < 1.
i=1
o For any choice of o # 0 and a;, this condition will be satisfied on
some neighborhood of the origin in R”. That is, strong convexity
does not create any further constraint on the a;. Therefore, the

space of normal forms is parametrized by the original chamber
obtained through Q:

ap z---zam 20,

with m = n/2 when n is even, and m = (n —1)/2 when n is odd.
o Since |W (z)|? is a non-trivial (o # 0) quadratic form in z, we see
that strong convexity will never hold globally on R".
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The above arguments handle the moduli space analysis for the (—).
family described in Theorem 5.1 In order to complete our parame-
trization of the moduli space for Randers spaces with constant negative
flag curvature, it remains to analyze the (—); family in Theorem 5.1,
namely, perturbations of the Klein model.

6.4. Hyperbolic space. In analogy with the spherical (Sections 5.2
and b.2) and Euclidean (Section 6.3) cases, we embed the Klein model of
hyperbolic geometry into an ambient (n+ 1) dimensional space. To that
end, consider R"*! equipped with the scalar product (v,w) := v!Ew,
where F = —1 @ [I,,. The isometry group of this space is the Lorentz
group O(1,n).
For K < 0, define the subspace Hy := {p € R"™! | (p,p) = %} We

make three observations [24]:

o Hp consists of two components, each diffeomorphic to R™.

o (, ) restricts to a Riemannian metric of constant sectional curva-

ture K on Hy.
o O(1,n) preserves Hy, but is only a proper subgroup of the isom-
etry group of Hg.

Let H;; denote the component which passes through (1/+/]K],0,...,0).
Then, H;g is a complete, simply connected model of hyperbolic space.
The isometry group G of H;g consists of those matrices g € O(1,n) such
that g(H;;) = Hj.. This identifies G as the orthochronous subgroup
O+ (1,n) of O(1,n) (see [24]). Its Lie algebra is o(1,n) (see Section .3).

Let us determine the relationship between Killing vector fields on the
Klein model and the Lie algebra o(1,n). Introduce the diffeomorphism

1
T) = 1,z),
which maps the open unit ball B" (in R") onto H.. The map 1 is an
isometry between the Klein model and H}. Let p := t(z) abbreviate

the position column vector of the image point. Then, Killing vector
fields W(z) = Qx + C — (x - C)x of the Klein model are associated with

elements
0o Ct
Q.—(C —Q) € o(l,n)

via [ W (z)]" = p'Q, where the column C € R" and @ is real n x n
skew-symmetric. This correspondence is a Lie algebra isomorphism.
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In Section B.3 of the Appendix, we show that there exists a g €
O4(1,n) so that Q = ¢gQg " assumes one of three possible block diagonal
forms, as follows.

e i{) has a timelike eigenvector.

neven: Q=00 a1 D D an, m=mn/2,
nodd: Q=00aJ® - ®anJ 0, m=(n—1)/2.
Here, a1 > ag > -+ = a;, > 0. See Section 2.3.3 for an example.

e i) has a null eigenvector with non-zero eigenvalue. (This as-

sumption automatically rules out timelike eigenvectors; see Sec-

tion 9.3:5.) .
n even: S}:a15®a2J@~~®amJ@O, m=mn/2,
nodd: Q=aS®aJd: - ®anl, m=(n+1)/2.

Here, a1 >0 and as > -+ > a,, > 0. See [E] for an example.
e {2 has a null eigenvector with zero eigenvalue but no timelike
eigenvector.
neven: Q=aT®ayJ DD apJ, m=n/2,
nodd: Q=aT@aJ ® - ®an ®0, m=(n—1)/2.
Here, a; > 0 and ag > -+ > a,, = 0. See [7] for an example.

[

In the above description, .J, S and T" denote the matrices

0 1 0
() s () e
0 -1 0

We declare this  to be the normal form of . It remains to deter-
mine how the criterion |W|? < 1, with W(z) = Qz + C — (z - C)x,
constrains the parameters that descrlbe these normal forms. By (—)k
of Theorem 5.1, that inequality reads: (Qz + C) - (Qz +C) — (z-C)?
|K|(1 —x- ).

6.4.1. When i) has a timelike eigenvector. The type (J) normal
form Q is derived in Section 9.3.4. The corresponding Killing field is
given by C' = 0 and

when nis even, —Q =a1J® - ® amJ with m =n/2,
when nisodd, —Q=aJ& - @ap 0 withm=(n—-1)/2.
Here, a1 > a9 > -+ > a,, > 0. Since the strong convexity criterion

W% < 1 now reads (Qz)-(Qx) < |K|(1—z-x), it will always be satisfied
in some neighborhood of the origin in B"™. Therefore, the moduli space
is parametrized by
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6.4.2. When i) has a null eigenvector with non-zero eigen-
value. The type (S) normal form Q is given in Section 9.3.3. The
associated Killing field has data C* = (a,0,...,0) and
forneven, —Q=0®asJ ® - P amJ &0 with m =n/2,
fornodd, —-Q=00axJ D - DapJ with m = (n+1)/2.
Here, a1 > 0 and as > --- > a,, = 0. The condition \W! < 1is
equivalent to

m
ai(1—z%) + Za?(xgj,g + xgj,l) < |K|1l=z-x).

j=2
In particular, we must have a?(1 — 2?) < |K|(1 — z - z), which implies
a?(1 — x?) < |K|(1 — 2%). This forces a; < /|K| because x € B
Conversely, as long as a; satisfies this bound, we shall have |W| < 1 on
a neighborhood of the origin. Hence, the moduli space is parametrized
by

VIE|>a1 >0, ay>->am>0.

6.4.3. When i) has a null eigenvector with zero eigenvalue but
no timelike eigenvector. For this case, the normal form € is of type
(T) and is determined in Section 9.3:6. The corresponding Killing field
W has Ct = (a1,0,...,0) and

when n is even, —Q =a1J® - ® amJ with m =n/2,

when nis odd, —Q=a;J® - ®ap,J ®0 with m = (n—1)/2.
Here, a1 > 0 and as > --- > a,, > 0. Given this data, it can be checked
that |WW| < 1 precisely when

m
a?(1—x9)? + Za?(x%j_l + :1:%]) < |K|(1l—z-x2).

j=2
(All @227 terms cancel out.) At any z € B" of the type (0,22,0,...,0),
our inequality simplifies to a$(1 —z2) < |K|(1+ x9), which always holds
provided that zo is sufficiently close to 1. Continuity then extends
the inequality to a neighborhood of that x. Thus, demanding strong
convexity locally does not impose any additional constraint on the a;.
We conclude that the moduli space is parametrized by

a >0, ag =+ =Gy = 0.
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6.4.4. The moduli space for K < 0. Unlike those of positive and
zero flag curvature, Randers spaces of negative constant flag curvature
may arise in two different fashions, corresponding to the cases o # 0
and o = 0. Since o is invariant under isometries (Section p.1), it makes
sense to talk about the isometry classes, and hence the moduli spaces,
for these two families.

e Zermelo navigation on Euclidean space under an infinitesimal ho-
mothety with o # 0 produces a metric with flag curvature K =
—%02. The moduli space for these metrics has been parametrized
in Section 6.3.2.

e For o = 0, the perturbation of the Klein model of negative sec-
tional curvature K by infinitesimal isometries generates metrics
with flag curvature K. The moduli space is parametrized, up to
form of |W (z)|? < 1, with = € B", shows that having strong con-
vexity globally on B” is only possible in the scenario Section p.4.1,
with a; = - -+ = a,, = 0; in that case, our Randers metric is simply
the Klein model itself.

Together, the Euclidean and hyperbolic parametrizations provide a com-
plete description of the isometry classes.

Proposition 6.3. The moduli space Mg for n-dimensional strongly
convex Randers metrics of constant flag curvature K < 0 is parametrized
by a = (ay,...,an) € R™ as follows:

(e) For those obtained by perturbing the standard FEuclidean metric

on R™, using infinitesimal homotheties with o = +4,/|K|, the
parameter space is

al)“‘>am>07

where m = n/2 when n is even, and m = (n—1)/2 when n is odd.
These metrics cannot be extended to all of R™.

(k) For those obtained by perturbing the Klein model on the open unit
ball B™, the parameter space is the disjoint union of three sets.
o When n is even, m = n/2 and the three sets are
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o When n is odd, m = (n +1)/2 and the three sets are

ay = - 2 apm—1 2 0= am,

VIKl>a1 >0, a2>ay,=>0
and a1 >0, ag = = am_1 = 0=: an,.

Among such Randers metrics, the only globally defined one on B™
is the Klein model itself, corresponding to a1 = -+ = a;, = 0.

7. Restricting to projectively flat metrics

Let M be an n-dimensional differentiable manifold. A metric on M
is said to be projectively flat if M can be covered by coordinate charts
in which the geodesics of the metric are straight lines. For Riemannian
metrics, Beltrami’s theorem says that the only projectively flat ones are
those with constant sectional curvature. There are Finsler metrics of
constant flag curvature which are not projectively flat; see for example
13, 14] and [8]. Thus, Beltrami’s theorem does not extend to the
Finslerian setting.

7.1. Douglas’ theorem. A theorem due to Douglas [17] states that a
Finsler metric F' is projectively flat if and only if two special curvature
tensors are zero. The first is the Douglas tensor. The second is the
projective Weyl tensor for n > 3, and the Berwald-Weyl tensor [11] for
n = 2. (The projective Weyl tensor automatically vanishes when n = 2,
thereby predicating the need for a different invariant in that dimension.)
A complete statement of Douglas’ theorem can be found on p. 144 of
27,

The projective Weyl tensor vanishes when and only when the flag
curvature of F' is merely a function of the position z and the flagpole
y (that is, no dependence on span{y, V'}, with V transversal to y); see
Section 2.4 and ['_3_]-,', 21 ﬂ}] That vanishing is automatic in dimension 2
because, once x and y are specified, the said span is always the tangent
plane T, M, independent of V.

The Berwald—Weyl tensor is defined for all n, though only relevant
in Douglas’ theorem when n = 2. It is explicitly given in formula (8.27)
on p. 144 of [27]. The criterion of a Finsler metric F' having constant
flag curvature K may be recast into the form K%, = K (8%, — (i4},)F?;
for an exposition, see [6, 4]. From this, a straightforward computation
shows that the Berwald—Weyl tensor vanishes for all such metrics.
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7.2. Specializing to Randers metrics. For Randers metrics of con-
stant flag curvature, there is certainly no dependence on the transverse
edges, hence the projective Weyl tensor vanishes. Also, as remarked
above, the Berwald-Weyl tensor in two dimensions is zero as well.

According to [2], a Randers metric F' has vanishing Douglas tensor if
and only if the 1-form b := b; dz’ is closed. Let W? denote the 1-form
W; dz® := h;jW7 dz*, where (h, W) is the Zermelo navigation data of F.
Using the equation Lyh = —o h with constant o, it can be checked that
the 2-forms curl := —db (Section J.1) and C := —dW” (Section 3.2:2)
are related through curl” = —\C% (indices on curl, C are raised, resp.,
by a¥, ht), where X := 1 — |W|? is positive because of strong convexity
(Section 172). In particular, db = 0 <> dW” = 0, whenever the above
Ly equation holds.

If the Randers metric F has constant flag curvature, then Theorem 3. T
(Section B.3) avails us of this Ly equation; in that case, the vanishing
of the Douglas tensor is equivalent to the condition dW’ = 0.

7.3. Projectively flat strongly convex Randers metrics of con-
stant flag curvature. By virtue of Douglas’ theorem, we see that
a Randers metric F' of constant flag curvature and navigation data
(h, W) is projectively flat if and only if the 1-form W is closed, namely,
0,iWi —0,:W; = 0. Let us apply this criterion to the models (h, W, D)
discussed in Section 6.1,

e Suppose F'is obtained by perturbing the Euclidean metric. Using
the formula for W; given in the proof of Proposition 4.2, we see
that W is closed if and only if (Q;;) is the zero matrix. Hence W
simplifies to —Sox + C, with o = £4,/|K].

e Suppose F' is obtained by perturbing the standard sphere or the
Klein model. Since W is Killing (Theorem 5. ) and W is closed, it
must be parallel; that is, W;.; = 0. In this case, the standard Ricci
identity W7.;;—WJ,;.; = —"Ric;* W, in conjunction with "Ric;* =
(n — 1)K §;° (because h is a space form), reduces to K W; = 0.
Since K # 0, W must vanish identically on the maximal domain
D.

The above information, together with the classification given in The-
orem .1, tells us the following. Each projectively flat strongly convex
non-Riemannian Randers metrics of constant flag curvature K is locally
isometric to one of the two types listed below:
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(1) K = 0: Zermelo navigation on Euclidean space with a constant
vector field W = C satisfying 0 < |C| < 1. These are Minkowski
spaces (see Section 2.2.T). A rotation transforms the vector field
W into (0,...,0,|C|) without causing the Minkowski metric in
question to leave its isometry class. Thus |C| parametrizes the
moduli space (0,1) C R. Alternatively, Proposition 6.2 with
@ = 0 handles the projectively flat metrics; among those, the
non-Riemannian ones are parametrized by 1 > a; > 0, which is
consistent with the above conclusion.

(2) K < 0: Zermelo navigation on Euclidean R" with W = —1oz+C,
o =44\/|K|,and C-C + oz ;(_ia:c — (') < 1. This camp includes
the Funk metric of Section 2.3.%. A translation transforms W
into W = —20%. By Sections 6.3 (with @ = 0) and B.L, the
corresponding metrics F' and F are isometric. Closer examination
of F reveals that it is a Z-scaled variant of the Funk metric, one
which lives on the open ball of radius 1/(24/|K]|) centered at the
origin of R™. In particular, the moduli space consists of only one
point, as predicted by case (e) of Proposition 5.3 (with all a; set
to zero because Q = 0 here).

As a corollary of this itemization,

FEvery projectively flat, strongly convexr Randers metric
of constant positive flag curvature must be locally isometric
to a Riemannian standard sphere.

We see from the table in Section 4.4 that among the examples in
Section &, only 2.2.1 and 2.3.1 are projectively flat.

7.4. Comments, and a fine point. The above conclusions about pro-
jectively flat Randers metrics F' of constant flag curvature are consistent
with the main result of [29]. However, other than the fact that the two
papers use totally different methods, some further distinctions are worth
noting.

e Here, the K < 0 camp has simple navigation data (h, W), where h
is the Kronecker delta; but the resulting F', when generated with
Section |[.1.3, shows a certain amount of complexity. In [29], a
simple expression is derived for F' in the K < 0 camp; but, upon
the use of Section 11,3 to recover the navigation data (h, W), we
find that h, though isometric to the Euclidean metric, takes on a
complicated form.
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e We have just seen that the moduli space for projectively flat
strongly convex Randers metrics of constant flag curvature K < 0
consists of a single point. This is not manifest in [2Y] because
there, each metric in question was parametrized by a vector @ of
R"™, and no attempt was made to ascertain whether metrics corre-
sponding to different @ were in fact isometric.

We hasten to belabor a nuance. Take any projectively flat strongly
convex Randers space (M, F') with constant flag curvature K < 0. Let
F be the Z-scaled variant of the Funk metric which lives on the open
ball B of radius 1/(24/|K|) centered at the origin of R". The above
discussion says that given any point p € M, there exists a point p € B,
and open sets U ¢ M, U C B containing p and p, respectively, such
that (U, F) is isometric to (U, F). If we move to a different vantage
point ¢ € M, there would likewise be an isometry between some (V, F')
and (V, F), where V contains ¢. It can be shown (say, by computing a
geometric invariant such as the Cartan tensor) that for the Funk metric,
unlike its Riemannian counterpart the Klein metric, (U, F) is typically
not isometric to (f/, F). Consequently, (U, F) is in general not isometric
to (V, F).

8. Restricting to the § = 0 family

Recall the tensor 6; := b® curl; encountered in Section 3.1. Strongly
convex Randers metrics of constant flag curvature and satisfying the
additional condition # = 0 have previously been characterized by the
corrected Yasuda—Shimada theorem in terms of non-linear partial differ-
ential equations. See [§, 22] for details and references therein, and [8]
for a historical account. Here, we compute the moduli space for all the
solutions of these PDEs.

8.1. Necessary and sufficient conditions for 6 = 0.1t can be
shown (using the machinery in [6]) that the tensor 6 for Randers metrics
of constant flag curvature has the navigation description (1—|W|?)8; =
(|W?).; + oW,. Since our Randers metrics are always presumed to be

strongly convex (|[W| < 1), we see that
0=0 < (W], +cW;=0.

8.1.1. The Euclidean case. When h is the standard Euclidean met-
ric, Proposition 4.2 says that W = —%U$ + Qz + C. The equation
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(|W?).; +eW; = 0 is polynomial in the local coordinates (z*). By con-
sidering the coefficients of this polynomial, one can establish that § = 0
if and only if

e () =0 when o # 0,

e Q?=0and QC =0 when 0 = 0.
It is clear, from the normal form @ (Section §>2) of @, that Q2 = 0 if and
only if @ = 0. Hence the two cases can be unified into a single criterion
Q = 0, which is in turn equivalent to the 1-form W° := W;da® being
closed (Section ¥.3). We conclude that, for strongly convex constant
flag curvature Randers metrics which are generated by navigating on
Fuclidean R™ under the influence of an infinitesimal homothety W,

=0 ifandonlyif dW°=0.
Such metrics are precisely the projectively flat ones enumerated in Sec-

tioni7.3. It is worth recollecting (Section i7.2) that in the present context,
dW?® = 0 is equivalent to db = 0.

8.1.2. The spherical and Klein models. When £ is either the spher-
ical or hyperbolic metric, o must vanish (Section 3.3), and we see that
0=0 < ([W]*),;=0 < |W|?*is constant.
Proposition 4.3 says that W; = (Q;27 + C;)/{|K|(1 + ¢z - z)} and
Wi = Qipa’ + O 4 ¢(z - O)a', where ¢ := K/|K|. Consequently,
the constancy of |W|? can be re-expressed as a polynomial equation in
the local coordinates (z"). That polynomial’s coefficients lead to the

following necessary and sufficient conditions for 8 = 0:

QC =0 and Q%= (CC'—|C’L,).

Here, C is a column and C? is a row.

The above equations are invariant in form under any orthogonal
transformation R € O(n). Indeed, multiplying each term by R on the
left, and also by R! on the right for matrices, those equations become
QC =0 and Q? = (CC* — |C|?1,), where Q = RQR!, C = RC.

e Therefore, without any loss of generality, we may assume that Q
is already in the normal form derived in Section U.2. Namely,

Q=)D - qJ ®0p_9 with g1 =>---=>¢q > 0.

e With this @, the equation QC' = 0 can be solved immediately to
find that the first 2k components of C' are zero. Its remaining
components can be transformed by any r € O(n — 2k) without
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altering ). Thus, we may assume that the column vector C' which
solves QC = 0 has the simplified form

C=(0,...,0,|C)).

We now substitute the displayed @ and C into the equation Q% =
¥ (CCt — |C|*1,). The outcome reads

(%) ~@Le &G L®0, 9 =Y |C*L,_1©0,

where I; denotes the j x j identity matrix.

e By inspection, all the g; are zero if and only if |C| = 0. In other
words, @ = 0 < C = 0. The Killing field corresponding to @ = 0,
C =0is W = 0. In that case, the associated Randers metric is
simply the original Riemannian space form h.

e It remains to examine the scenario in which C' is non-zero. Equa-
tion (%) then implies that all the g; are non-zero as well, and forces
three restrictions.

(1) ¢ := K/|K| =1, hence K > 0 and h is the spherical metric.
2 q=-=q=IC|

(3) 2k = n — 1; equivalently, n = 2k + 1 is odd.

Up to isometry, the strongly convex Randers metric in question
must have arisen from navigation on an odd dimensional sphere,
under the influence of a one parameter family (indexed by |C) of
winds W.

We hasten to reiterate that these restrictions are obtained from local
considerations only, on spheres and open balls; globality is not needed
in their derivation.

8.2. The corrected Yasuda—Shimada family. Taken together, Sec-
strong-b-f “convex Randers metrics with constant flag curvature K and
0 = 0. They are obtained by Zermelo navigation on Riemannian space
forms h, subject to the influence of appropriate winds W which satisfy
|W| < 1. The non-Riemannian ones are as follows:

e When K < 0: h is the standard metric on Euclidean R™, and W =
—20x 4+ C, with o = +4,/]K|. As explained in Section i7.3, the
resulting Randers metric is isometric to a position-scaled variant

of the Funk metric, one which is generated by W = —1o% and

2
lives on the open ball of radius 1/(2/|K]).
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e When K = 0: h is the standard metric on Euclidean R, and W =
C with 0 < |C|] < 1. We saw in Section .3 that up to isometry,
this family, which consists of Minkowski metrics, is parametrized
by a single parameter |C'|.

e When K > 0: his 1/K times the standard metric on the unit
sphere S™, with n = 2k + 1 odd. The wind W is given in pro-
jective coordinates (Sections 4.3 and 5.271) as Qz + C + (x - C)z,
where ) and C are specially related on account of § = 0. In
fact (Section 8.17), there is an R € O(n) such that C' := RC =
(0,...,0,|C|) and Q := RQR' = |C|(J @ --- @ J) ® 0, respec-
tively. This is equivalent to conjugating the matrix representa-
tive (Section 6.2) of W by the element 1 @ R in the isometry
group of h. Thus (Section 6.1) the Randers metric generated by
W := Qz + C + (z - O)z lies in the same isometry class as that
from W. Applying the analysis in Section §.2:9 to W, we see that
strong convexity mandates |C| < /K, which as a bonus (Sec-
tion 6.2.3) ensures that the metric is global on S™. Thus, up to
isometry, there is only a one parameter family (indexed by |C|) of
non-Riemannian strongly convex Randers metrics with constant
flag curvature K and # = 0 on the odd dimensional spheres. By
contrast, no such metric exists on the even dimensional spheres,
regardless of whether it is locally or globally defined.

Strongly convex non-Riemannian Randers metrics with constant flag
curvature K and 60 = 0 are characterized by the corrected Yasuda—
Shimada theorem [5, 22, 8]. The conclusion for the K = 0 case is as
described above. For non-zero K, the characterization is in terms of
coupled systems of non-linear partial differential equations. Our discus-
sion above may be viewed as a complete list of solutions to those partial
differential equations.

Bejancu—Farran [:51, :'Elg], assisted by the corrected Yasuda—Shimada
theorem, have recently established a bijection between Sasakian space
forms of constant ¢-sectional curvature ¢ € (—3, 1), and Randers metrics
of constant flag curvature K = 1 with # = 0. In the course of their study,
they showed that the underlying manifold M must be of odd dimension,
and is necessarily diffeomorphic to a sphere when it is simply connected
and complete with respect to a. These results can be made equivalent
to what we have described for the K > 0 case. Our # is denoted by (8
in the Bejancu-Farran papers, and their ¢ is 1 — 4/|b||? in our notation.
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It is worth mentioning here that all spheres, of both odd and even
dimensions, admit a wealth of non-Riemannian globally defined Randers
metrics of constant positive flag curvature, provided that the restriction
6 = 0 is lifted. Here is a straightforward example on S*. Following
the treatment of Section 5.2, we let p = (p°, p!, p?,p3, p*) denote the
canonical coordinates on R?. The infinitesimal rotation

Wi(p) = T(_P23p1 +p18p2), T constant,

restricts to a globally defined Killing field on the standard unit sphere
S%. As long as |7| < 1, we have |[W| < 1 on the entire sphere. Hence
W induces a globally defined, strongly convex Randers metric with con-
stant flag curvature +1 on S*. Notice, however, that 6 # 0. This is im-
mediate from the statement displayed at the beginning of Section 8.1.3,
which says that 6 vanishes if and only if |W| is constant. The norm of
our W is certainly not constant. Hence 6 is non-zero.

9. Appendix: Some Lie theory

Recall from Section 6.1 that the symmetry/isometry groups G (of
the Riemannian space forms) act on the Lie algebras of infinitesimal
homotheties, via the adjoint action Ad. Our analysis of the moduli
space (Section Bi) for constant flag curvature Randers metrics requires
detailed knowledge of each Ad orbit, in order to pinpoint a distinguished
representative.

Though the Lie theory for the orthogonal group is well known, it is
invoked in so many different contexts that we feel obligated to at least set
the notation (Section 8.2). In the non-compact case G = O, (1,n), the
orthochronous Lorentz group, the information we need is not available in
a form that we could use without substantial modification or synthesis.
Since this material plays such a pivotal role in our geometric conclusions,
we are compelled to sketch a cohesive account (Section D.3). Finally,
our exposition is cast in matrix language for the sake of concreteness.

9.1. Scalar products and the “perp argument”. By a scalar prod-
uct on any complex vector space V, we mean a pairing (, ) which is C-

linear in the first factor, satisfies (u,v) = (v,u), and is non-degenerate
(namely, if (u,v) = 0 for all v € V, then u must vanish). Inner products
are simply positive definite scalar products. For example, if E is the di-
agonal matrix —1@ I,, then (u,v) := u'Ev is a scalar product on C'*"
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whereas replacing that —1 by +1 gives the canonical inner product u'v
on C'*7,

In any scalar product space, a non-zero vector v is said to be

spacelike, null, or timelike, respectively, if (v,v) is positive,

zero, or negative. The zero vector is by definition spacelike.
Using the fact that (u,v) = Re(u,v) 4+ iRe(u,iv), together with the
polarization identity Re(p,q) = 1{(p+¢,p+¢) — (p—q,p—q)}, one can
check by contradiction (of non-degeneracy) that:

If dimV > 1, then every scalar product on V admits either a

timelike vector, or a non-zero spacelike vector.

Let W be any subspace of a scalar product space V. Its perp W+ is
{veV: (v,w) =0 for all w € W}. Adapting the arguments in [24] to
complex vector spaces, one can check that

dimW + dimW+ =dimyV  and ~ WHT =w.

The restriction of (, ) to W+ may be degenerate when W contains
a null vector. For instance, in C'*? with £ = diag(—1,1,1), if W =
span{(1,1,0)}, then (, ) is degenerate on W+ = span{(1,1,0), (0,0,1)}.
On the other hand, if W = span{(1,1,0),(1,—1,0)}, then non-degene-
racy holds on W+ = span{(0,0,1)}. These examples illustrate the
following lemma that we shall invoke repeatedly without mention.

Lemma 9.1. Let W be any subspace in a complex scalar product
space (V,(, )). Then, the following three statements are equivalent:

(1) W admits a (, ) orthonormal basis (note, jw| := /|{w,w)| ).
(2) wnwt = {o}.
(3) (s )jwe is non-degenerate, hence defines a scalar product on wt.

The implications (1) = (2) = (3) are simple. Once we have (1) =
(3), it can be used, in conjunction with the automatic existence of non-
null vectors, to establish inductively the following useful fact.

If U is any subspace with dimension > 1 on which (, ) is
non-degenerate, then there is a (, ) orthonormal basis for U.

This then effects (3) = (1). Indeed, given (3), the above fact provides
W+ with an orthonormal basis. Applying (1) = (3) to W+ (instead of
W), we see that (, ) is non-degenerate on (W+)+ = W. By the above
fact again, W has an orthonormal basis, which is (1). Our reasoning is
synthesized from that in [24], and adapted to the complex case.
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Let A be a self-adjoint linear operator on the scalar product space
V. Suppose the subspace W is invariant under A. Then, so is W,
because (Av,w) = (v, Aw). Hence the restriction of A to W+ makes
sense. If, in addition, (, ) is non-degenerate on W, then the restricted
A is again operating on a scalar product space, albeit a smaller one. We
shall repeatedly invoke this “perp argument”.

9.2. A compact case: skew-symmetric real matrices. Let ) be
any real £ x ¢ skew-symmetric matrix. Then A := i€} is a self-adjoint
linear operator on the inner product space C¢, with (u,v) = u'v. Thus
each eigenvalue of A is real, and eigenspaces corresponding to distinct
eigenvalues are (, ) orthogonal.

Since A = 2 where 2 is real, the non-zero eigenvalues of A occur in
pairs +a (a > 0), with (, ) orthogonal eigenvectors z and Z. The real
vectors v := (247%)/2 and u := (2—2%)/(2i) satisfy Au = —iav, Av = iau,
and (z,z) = 0 implies that (u,u) = (v,v) and (u,v) = 0. Hence the
normalized versions u, © still satisfy At = —ia0 and A0 = iau.

The “perp argument” (Section 9.1) implies that each eigenvalue of
A with multiplicity s has an eigenspace of the same dimension. Enu-
merating the non-zero eigenvalues of A as +ay,...,+ag, where a; >

- = ap > 0, we get a real orthonormal set {1, 01,..., U, 0x} such
that Aty = —iag0, and Av, = tapty. If 2k < £, then 0 is an eigenvalue
of A with eigenspace spanned by a real orthonormal set {&op11,...,&¢}
because 2 is real. These two sets comprise a real orthonormal basis in
which the matrix representation of A is ia;J & - - - ®iagJ B 0s_ok, where

().

Correspondingly, that of Q is Q 1= a;J @ -+ ® axJ ® 0p_qgp, with 2k
being its rank. Suppressing the rank of {2, we see that

when £ is even, Q=a1J @ - @ apJ with m = £/2,
when £ isodd, Q=a1J @ - - D ay,J®0 withm=(/—1)/2,
where a1 > ay > -+ > a,, > 0. This is the desired normal form of

Q. Note that Q = B 'QB, where B is the orthogonal matrix whose
columns are given by the vectors in our real orthonormal basis.

In terms of Lie theory, a skew-symmetric matrix €2 is an element in the
Lie algebra o(¢) of the orthogonal group O(¢). The fact that exp(a;J)
is the 2 x 2 rotation matrix with angle a; tells us that exp(2) lands in a
maximal torus of O(f), and Q itself belongs to a Cartan subalgebra H
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of o(¢). The condition a3 > -+ > a,, > 0 singles out the fundamental
closed Weyl chamber of H. Our arguments show that every real skew-
symmetric ) can be conjugated by the O(¢) element g = B~! into this
closed Weyl chamber.

9.3. A non-compact case. Let E denote the diagonal matrix —1®1,,.
The elements of 0(1,n) are real (n+1) x (n+1) matrices © which satisfy
the condition Q' = —EQFE; equivalently, Q has the defining form

0o ct
*=(e %),

where ), C are real, and @ is n x n skew-symmetric. The Lorentz group
O(1,n) is a non-compact Lie group with Lie algebra o(1,n). Elements of
O(1,n) are real (n+1) x (n+1) matrices g such that g=! = E¢g'E. With
respect to the scalar product (v, w) := v! Ew of R"*!, the columns of g
comprise a (, ) orthonormal basis, with the first column being timelike,
and the rest spacelike. In particular, the top left entry of g satisfies
(9%)? > 1. We described in Section .4 a model H}; for n-dimensional
hyperbolic space. The isometry group of H;g is the orthochronous sub-
group G := O, (1,n), whose matrices g have top left entry ¢° > 1.

9.3.1. An available simplification. Our goal here is to select a sim-
plest representative along the G adjoint orbit of €). To that end, we first
invoke Section 9.2 to find an element R € O(n) such that RQR™' =
@nJ DD qpd B0, _op, where g1 > --- = qp > 0. This has the effect of
changing C to RC'. Next, we use an element € O(n —2h) to transform
the last n — 2h components of RC' into (0,...,0,&) without affecting its

first 2h components. In terms of matrix conjugation, set g; := 1@ R
and go := 1 ® I, ® 7, then (g2g1)Q(g2g1) " has the simplified form

0 D! 0 ¢

D —(quJ®-@dqgd) 0 0

0 0 0 0

'3 0 0 0

Here, D is a column of 2h entries listed pairwise; in other words, it
has the form D = (Dl, e ,Dh), with Dj = [(RC)ijl, (RC)QJ] Since
9291 € G, the above matrix lies on the same Ad orbit as 2. When
necessary, we can use this simplified form for {2 with no loss of generality.

9.3.2. Preliminaries about eigenvalues and eigenvectors. Given
any element 2 € o(1,n), the matrix A := i€ is a self-adjoint linear



428 D. BAO, C. ROBLES & Z. SHEN

operator on the scalar product space C'*7", with (U, V) := U'EV. Let
V = (vp,v) be an arbitrary (possibly complex) eigenvector of A with
eigenvalue A. Then

(1) AV = =XV holds, besides AV = AV,

(2) we have vy = iC'v and v = ivyC — iQu,

(3) the skew-symmetry of @, together with item (2), implies that

A(v3 —vlv) = 0.

The following three conclusions are about eigenvectors V with A £ 0. In

the derivations, keep in mind that by (3), we have v3 = v'v.

(4) V' must either be spacelike or null. (Consequently, all timelike
etgenvectors must have zero eigenvalue; though the converse might
not be true.) This comes about because (V,V) = —|vg|? + |v|?
and |v|? = |v'v| = |(v,D)] < |v| 9| = |v|?, where the Cauchy—
Schwarz inequality is being applied to the canonical inner product
(v,w) := v'w on C".

(5) The spacelike eigenvectors have real eigenvalues, which must oc-
cur in pairs £a (a > 0), with corresponding (, ) orthogonal eigen-
vectors V, V. The self-adjointness of A implies that A\(V,V) =
X (V, V), hence X is real whenever V is not null. The rest follows
from item (1), A = a > 0, and (AV,V) = (V, AV).

(6) The null eigenvectors have pure imaginary eigenvalues, and can
always be standardized into the form V = (1,v) with v real. In-
deed, V = (vg, ?) being non-zero and null means that |vy|? = |3|?
with vg # 0; dividing by vg gives (1,v), where v'7 = |[v|? = 1. Yet,
(3) says that vfv = 1. Substituting v = Rev + iImv into these
two equations gives Imv = 0. Then, (1) tells us that A\ = —\.

9.3.3. Categorizing the normal forms of A = i{). Let us first es-
tablish that if A has no timelike eigenvector, then it must admit a null
etgenvector.

Given the absence of timelike eigenvectors, suppose there were no
null eigenvectors either. Then, all eigenvectors of A would have to be
spacelike. Applying the perp argument (Section 9.1) n times would
produce a (, ) orthonormal basis B which is entirely spacelike (and
which diagonalizes A). With respect to B, the matrix of (, ) would be
I,,41 instead of £ = —1 & I, contradicting the invariance of the index
of (,).

Thus, it is reasonable to split our derivation of the normal forms of
A into three camps.
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e When A has a timelike eigenvector, the normal form is of type
(J).
e In the absence of timelike eigenvectors:
* If A has a null eigenvector with non-zero eigenvalue, then its
normal form is of type (5).
* If A has a null eigenvector with eigenvalue zero, then its normal
form is of type (7).

These types will be defined and discussed separately in Sections 9.3.4-
9.3.6. After those discussions, the following will be apparent:

(a) The three types of normal forms are mutually exclusive.

(b) Having a null eigenvector with non-zero eigenvalue automatically
rules out timelike eigenvectors; hence the assumption about time-
like eigenvectors being absent is not needed in the type (5) case.

(¢) On the other hand, the absence of timelike eigenvectors is essential
for the type (7') normal form to surface.

9.3.4. In the presence of a timelike eigenvector for A. Call this
eigenvector U; by item (4) of Section 9.3.2, its eigenvalue must be 0.
This puts U in the null space of A and hence that of €. Since the latter
is real, U can be chosen real. Being timelike, the first component ug of
U cannot vanish. Replace U by —U if necessary to effect ug > 0, and
scale U to unit length.

Set U := span{U}. Since U is timelike, (, ). is non-degenerate by
Lemma D.I. According to Section 9., ¢+ then admits a (, ) ortho-
normal basis B. All vectors in B must be spacelike, or else {U} U B
contradicts the invariance of (, ) ’s index. This shows that (, )y is
positive-definite. Hence the analysis of A|ML reduces to the compact case

considered in Section §.2. So, there is a real orthonormal basis B for U,
with respect to which A‘ul has the normal form a1 J®- - -®iarJ D0, _o.
The collection B := {U} U B is a real (, ) orthonormal basis which
puts Q into the normal form Q=00 a1J® - ®apJ ® 0,_qgp, with
a1 = -+ = ap > 0. Denote also by B the matrix whose columns are
the vectors in our real (, ) orthonormal basis. Then, Q = gQg~!, where
g := B~1. Since ug > 0, (the matrix B and hence) g belongs to O (1,7n).
Suppressing the rank of {2 gives the following “type (J)” normal form

forneven, Q=0®a1J D ®anJ with m =n/2,

fornodd, Q=0®a1J D - DayJ®0 withm=(n—-1)/2.
Here, a1 > a2 > --- > a,, > 0.
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9.3.5. When A has a null eigenvector with non-zero eigenvalue.
Take any such null eigenvector and call it X. According to item (6) of
Section 9.3.4, the eigenvalue in question has the form ia with 0 # a € R,
and X can be chosen as (1, ), where x is real and |z|?> = 1. Incidentally,
item (2) of Section U.3.2 characterizes x by the equations a = C'z and
ar = C — Q.

There is, in fact, a companion real null eigenvector Y with the stan-
dardized form (1,y), and which has eigenvalue —ia. To see this, it
suffices to solve —a = C'y and —ay = C — Qy for a real y. These
equations and a # 0 then imply |y|?> = y'y = 1.

Since Q! = —Q, we can rewrite the second equation as y'(Q + al) =
—C*t. Also, Q + al is invertible because the spectrum of Q is pure
imaginary (Section §.2). Thus y' = —C*(Q+al)~!, which is real because
Q@ and C are. Finally, with the help of the hypothesized z, we have
Cly = y'C = y(Q + al)xr = —C'z = —a. This proves that the asserted
Y exists. (Since y is not a multiple of x, we have (X, Y) = —-1+z-y <
—1+ |z||y| = 0; thus X, Y are not (, ) orthogonal.)

By interchanging X with Y if necessary, we may assume that a > 0.
For later purposes, relabel it as a;. Define U := X +Y = (2,2 + y)!
and V := X — Y = (0,2 — y)’. Observe that

*UU)=2(-14z-y)<0and (V,V)=2(1 -z -y) >0,

* U and V are (, ) orthogonal,

* AU =ia1V and AV =ia,U. Since |(U,U)| = (V, V), that pair of
equations remains valid for the normalized vectors Uand V.

Set W := span{U, V'}. Since U is timelike, a (by now) familiar argu-
ment shows that (, ) becomes positive definite on the (n—1)-dimensional
W, which is invariant under the self-adjoint A. In view of Section §.2,
there is a real orthonormal basis B for W, with respect to which the
restricted A has the normal form iayJ & -+ @ iagJ © 0, _1_9(—1)-

The collection B := {U, V}UB is a real (, ) orthonormal basis which
puts Q into the normal form Q=aS®ad @ ®apJ Op1-2k,

where
0 1
s=(V o)

and a; > 0, ag > --- > ap > 0. Denote also by B the matrix wlgose
columns are the vectors in our real (, ) orthonormal basis. Then Q =
gQg~ 1, where g := B~!. Since the first component of U is positive, (the
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matrix B and hence) g belongs to O4(1,n). Suppressing the rank of €2
gives the following “type (5)” normal form

for n even, Q=a15 G asJ ®---Day,J B0 with m =n/2,
fornodd, Q=a1S®aJ B - BapJ with m = (n+1)/2.

Here, a1 >0 and ay > --- > a,, = 0.

This normal form explains why there was no need to hypothesize
the absence of timelike eigenvectors here. Indeed, any such eigenvector
would have to have zero eigenvalue (by item (4) of Section 9.3.2), putting
it in the null space of . But then, its first two components would have
to vanish (on account of a; S), which is incompatible with being timelike.

9.3.6. When A has a null eigenvector with zero eigenvalue but
no timelike eigenvector. Let V' be such an eigenvector of A = €.
Since 2V = 0 and 2 is real, V' can be chosen real. Being null, V' must
have non-zero first component; hence it can be standardized into the
form (1,v), where v is real and v-v = 1. By (2) of Section 9.3:3, we
also have Qu = C and C - v = 0. Section 9.371 says there is no loss of
generality in assuming that () and C' have already been simplified to
G B Dagpd B0y_op and (Dy,...,Dp,0,...,0,&), respectively. Here,
@1 = = qp > 0and Dj = [Cy5_1,C%;]. The hypothesized existence of
V implies that Qv = C' admits a solution. Hence C is in the range of
Q and ¢ must vanish. The use of J? = —I solves the equation Qu = C
to give

<—JD1 —JDy, >
V= g ey s U2h4+15+++5Un | -
a1 dn

This v automatically satisfies C'- v = 0 because of the skew-symmetry
of J, and its last n —2h components are constrained by the requirement
v-v=1.

For further discussions, set

—JD —JD
z::( J 1,..., J h,O,...,O).
a1 dn

The null space N7 of A = i) consists of eigenvectors U = (ug,u) with
eigenvalue 0, which are characterized by Qu = ugC and C'u = 0. Since
Q is real, U may be chosen to be real. A calculation like the one above
tells us that A admits a basis {(1,2),(0,e;),j = 2h+1,...,n}, where
e; has a 1 in the jth entry, and 0 elsewhere. In particular, (1,z) is an
eigenvector of A with eigenvalue 0.
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If (1, z) were not null, then the components vop11,...,v, of the hy-
pothesized null eigenvector (1,v) could not all be zero, whence |z|? <
|v|? = 1. This would force the eigenvector (1,z) to be timelike, a sce-
nario forbidden by our hypothesis. Thus, (1, z) has to be null; that is,
z -z =1. Since |JD;| = |D;|, the condition z - z = 1 is equivalent to

(%) | Dy |? |Dp|? _

1.
@ qi

In particular, some |D;|* must be positive.
Introduce the column vectors (written here as rows)

D D JD JD
z1 = (—;,...,—;,0,...,0), Zg 1= <—31,...,—3h,0,...70).
71 9h 7 9n

Let N; be the null space of A?, equivalently that of Q. Abbreviate
the vectors (1,2),(0,e;),7 =2h +1,...,n collectively as By. Using the
simplified form of © (Section 9.3:1) with £ = 0 (as explained above), we
get:

N1 = span{ By},

Ns = span{(0, 21), Bo},

N3 = span{(0, 22), (0, 21), Bo };

N, = N3 for any p > 3.
The first three follow from Qz = C, Qz1 = —z, Qz9 = —2z1, and C-z = 0,
C-2z =1,C -2 = 0. The fourth is essentially due to the fact that,
while certainly there is a z3 such that Qz3 = —2z, it is unable to satisfy
C - z3 = 0 because (*) above implies that |D;> > 0 for some j. The
union of all the N; is the generalized null space N of A. It is invariant
under A.

Normalize (0, z1), (0, z2) to yield two real (, ) orthonormal spacelike

vectors X1, Xo. A routine calculation produces the unit timelike real
vector

Vo Dl /¢
XO = ‘Z2’ (172) +X2 — ; 1 2 7 (1,2’) —|—X2,
\/ > \DiP/qf

which is (, ) orthogonal to X, Xo. Also, with a; := |21|/|22|, we have
AXO = iale, AX1 = ial(Xo — XQ), and AX2 = ’iCLle. Let Bl be the
real (, ) orthonormal basis {Xo, X1, X2,(0,¢;),7 = 2h +1,...,n} for
the generalized null space A'. With respect to Bj, the matrix of A
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has the form ia17T @ 0,,_op, where

0 1 0
T=(1 0 1
0 -1 0

Correspondingly, the matrix of Qs is a1T @ 0, —2p, with a; > 0.

Since X is timelike, a (by now) familiar argument shows that (, ) be-
comes positive definite on N+, which is invariant under the self-adjoint
A. By Section B.2, there is a real orthonormal basis By for Nt which
puts A| AL, and hence Q| AL, into normal form. Incidentally, this normal
form must look like asJ ®- - - P ayyJ, where ag > -+ > a,y > 0, because
the kernel of  has already been accounted for in N.

Let B := {Xo,X1,X2} UBs U{(0,¢5),7 = 2h +1,...,n}. Denote
also by B the matrix whose columns are the vectors in this real (, )
orthonormal basis. Then, the normal form of Q is = Qg™ ', where
g = B~!. Since the first component of Xy is positive, (the matrix B
and hence) g belongs to O, (1,n). Suppressing the rank of Q gives the
following “type (7')” normal form

for n even, @:alT@agJ@---@amJ with m =n/2,
fornodd, Q=0T ®ayJ®- - Da,) D0 withm = (n—-1)/2.

Here, a1y >0 and as > --- > a,, = 0.
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