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Abstract.  We use the technique of invariant frame to study the left invariant spray structure
on a Lie group. We calculate its S-curvature and Riemann curvature, which generalizes L. Huang’s
formulae in homogeneous Finsler geometry. Using the canonical bi-invariant spray structure as
the origin, any left invariant spray structure can be associated with a spray vector field on the Lie
algebra. We find the correspondence between the geodesics for a left invariant spray structure and
the inverse integral curves of its spray vector field. As an application for this correspondence, we
provide an alternative proof of Landsberg Conjecture for homogeneous Finsler surfaces.
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1. Introduction

A Finsler metric F on a smooth manifold M is a continuous function F' : TM —
0, +00) such that F|rano is smooth and F(z,-) = F|r,m is a Minkowski norm for
each © € M (see Definition 1.3.1 in [16]). This notion first appeared in G. F. B. Rie-
mann’s speech in 1854, and earned its name after P. Finsler’s dissertation in 1918 [6].
Riemannian geometry is a special case of Finsler geometry, or as S. S. Chern claimed,
Finsler geometry is just Riemannian geometry without the quadratic restriction [3].

The geodesic spray of a Finsler manifold (M, F'), which is a smooth tangent vector
field Gr on T'M\0 with standard local coordinate presentation

Gp =y'0, — 2G40, in which Gj = Lg"([F?]eyy® — [F?]0), (1)

is crucial for studying Finsler geometry [1, 15]. Many geometric notions, like
geodesic, Riemann curvature, etc, may be defined from G, without a direct ap-
pearance of the metric [2], so they can be studied in a more general context, i.e.,
the spray geometry.

In spray geometry, a manifold M is endowed with a spray structure. The spray
structure is a smooth tangent vector field G on TM\0 satisfying certain mild
requirement [15]. See Section 2.2 and Section 2.3 for its precise definition and some
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other related notions. Besides those Gg’s in (1), there exist many others which can
not be induced by Finsler metrics [11, 23]. They exhibit for us interesting dynamic
and geometric phenomena which are unseen in Riemannian or Finsler geometry.

Homogeneous spray geometry is a generalization of homogeneous Finsler geometry
[5], where the Lie method plays the main role. A manifold M endowed with a
spray structure G, i.e., (M, G), is called homogeneous (or affinely homogeneous), if
it admits a smooth transitive Lie group action which preserves G. Here the spray
preserving property for a diffeomorphism p on M means that the lifting of p, i.e.,
its tangent map, p = p, : TM — T'M, satisfies (p).G = G, or equivalently, both p
and p~! maps geodesics to geodesics. The spray preserving property for a flow p; of
diffeomorphisms generated by a smooth tangent vector field V' can be characterized
by [V,G] = 0, where V is the (complete) lifting of V' on TM\0 (See Section 2.1
below or [20] for more details on lifting vector fields).

Left invariant geometry on a (connected) Lie group is a typical model in homoge-
neous geometry which deserves to be singled out for study [4, 13, 22]. On a Lie group
G, we have globally defined left invariant frame {(Z,@ui,Vi} and right invariant
frame {‘71-,8“,%} on TG. Take {ﬁi,aui,v@'} for example. Here U; is a left invari-
ant tangent vector field on G and U; is its lifting. The set {e; = U;(e), Vi} is a fixed
basis for the Lie algebra g = T.G. The smooth vector fields 0, s are tangent to each
T,G, where they correspond to the linear coordinates (u') for y = u'U;(g) € T,G.

We show in this paper that, using these invariant frames, the geometry for a left
invariant spray structure can be explicitly and globally described. Firstly, we prove
the existence of a canonical bi-invariant spray structure on each Lie group (see
Section 3.2), i.e.,

Theorem A. The smooth tangent vector field Gy = uzﬁz = UZTZ on TG\0 s a
bi-invariant affine spray structure on the Lie group G.

Then we use Gy as the origin to present any other left invariant spray structure
G as G = Gy — H, where H = Hiaui is a left invariant smooth vector field on
TG\0. The left invariancy here means (L,).H = H, Vg € G, and implies V;H' = 0,
Vi, j. Using the data from H, the left invariant frame on T'G, and the Lie bracket
coefficients cfj for g = Lie(G), we can provide globally presented curvature formulae
for (G, G). For the S-curvature, we prove (see Section 3.3)

Theorem B. For the left invariant spray structure G = Gy — H'0,: and any left
invariant smooth measure on a Lie group G, the S-curvature satisfies

19 gy 1,1
S=353-H +2Cljju

at each (g,y) € TG\0 with y = u'U;(g).
For the Riemann curvature, we prove (see Section 3.4)

Theorem C. For the left invariant spray structure G = Go—H!0,,: , the Riemann
curvature satisfies

R,(Uy(9)) = (§CT WL H i H 4+ %Hp >

47pq™” Our 27q) OuPOud

_loygp O i 14 ,r O pqp 1 i 3., T\TT.
1o g H + 10,0 5 H 4059‘%"“ u")Ui(g)

at each (g,y) € TG\0 with y = u'U;(g).
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On the other hand, we may reduce a problem in homogeneous geometry to that in a

tangent space. For the left invariant spray structure G = Gy — H, the spray vector

field n = H|r,c\foy plays an important role [10]. Sometimes we view 7 as a smooth

map 7 : g\{0} — g, i.e., n(y) = H'(e,y)e; for y = u'e; € g\{0}. Then we also have
1

the connection operator N(y,w) = 2 Dn(y,w) — 5[y, w] : (g\{0} x g) — g [9]. Both

notions were firstly defined by L. Huang in homogeneous Finsler geometry [7].
Using n(-) and N(-,-) for a left invariant G, Theorem B and Theorem C can be
easily translated to Corollary 4.1, which generalizes the curvature formulae L. Huang
found in homogeneous Finsler geometry [7, 8, 9].

Remark 1.1. When the left invariant spray structure G is projective, i.e., its
spray vector field n(y) = P(y)y for some smooth function P(-) on g\{0}, L. Huang
and X. Mo calculated its Riemann curvature (see Lemma 5.1 in [10]) using a different
approach.

The importance of spray vector field is further revealed by the correspondence
between geodesics on (G, G) and integral curves of —n in g\{0}. We prove the
following theorem in Section 4.2.

Theorem D. Let G be the left invariant spray structure on a Lie group G with
the spray vector field n. Then for any open interval (a,b) C R containing 0, there
is a one-to-one correspondence between the following two sets:

(1) the set of all c(t) with t € (a,b) and ¢(0) = e, which are geodesics for G;
(2) the set of all y(t) with t € (a,b), which are integral curves of —n.
The correspondence between these two sets is given by y(t) = (Lew-1)«(¢(t))-

The importance of spray vector field and connection operator will be further explored
in the subsequent work [19].

There is an interesting application of Theorem D. Landsberg Conjecture is one of
the most important open problems in Finsler geometry [12]. More references and
some recent progress on this conjecture can be seen in [21]. Recently, A. Tayebi and
B. Najafi proved Landsberg Conjecture for homogeneous Finsler surfaces [17]. We
can use Theorem D to give a totally different proof for their theorem (see Theorem
4.3 and its proof in Section 4.4).

To summarize, we have two remarks. Firstly, the geometry of a left invariant spray
structure has many similarities as its analog in Finsler geometry, but there are also
many significant differences (see Section 4.3 for the details). This observation can
provide many examples of left invariant spray structure which can not be induced
by Finsler metrics [10]. Secondly, we believe that many results for left invariant
spray structure may be generalized to homogeneous spray structure on a smooth
coset space, where the proofs need a more delicate usage of special local frame.

This paper is organized as following. In Section 2, we recall the notion for lifting
vector fields and basic knowledge on spray and Finsler geometries. In Section 3, we
introduce the invariant spray structure on a Lie group and prove its S-curvature and
Riemann curvature formulae. In Section 4, we discuss the spray vector field n for
a left invariant spray structure, prove the correspondence between geodesics on the
Lie group and integral curves of —n in the Lie algebra, and provide an alternative
proof for a theorem of A.Tayebi and B. Najafi.
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2. Preliminaries

2.1. Complete lifting of a vector field

A smooth tangent vector field V' on the smooth manifold M can be lifted to
TM as following [20]. Locally around any z € M, V generates a flow of local
diffeomorphisms p;. We first lift p, to p; = (pi)« on TM, and then define the
smooth tangent vector field V= %h:oﬁt on T'M as the complete lifting (or lifting
in short) of V.

We may use a standard local coordinate (z*,y"), i.e., z = (z') € M and y = y'0,,
to present V as following (see Lemma 3.2 in [20])

Lemma 2.1.  For a standard local coordinate (x',3y"), the complete lifting of a
smooth tangent vector field V(z) = a'(x)0,: can be presented as
V = a'(2)0y + 17 52 ' (x)0,. (2)

Notice that in the local frame {0,:,0,:,Vi} corresponding to the standard local
coordinate (z',y"), 0, on T'M is the lifting of 9, on M, and d, is tangent to each
tangent space. So Lemma 2.1 implies the following transfer formulae for changing
the standard local coordinate around a point,

a9 j_0 (0z" _ 02l g —j _0%z”
Ori = 520w + Y 555 (G50 ) Oy = G570u + ¥ 557555 Oyt

R o i S 0z g
U =vyg55; and Oy Oyi -

— 97"
Though geometric notions are sometimes introduced using a standard local coordi-
nate, we can use above transfer formulae to verify they are globally well defined.

A local frame is referred to a set of smooth tangent vector fields {U;,Vi} on some
open subset U of M, such that at each x € U, {U;(x),Vi} is a basis for T, M.
Associated with {U;,Vi}, there are functions u'’s on TU determined by y = u'U;(z),
Ve € U,y € T,M. We denote 0,:’s the smooth tangent vector fields which are
tangent to and correspond to the linear coordinate (u’) in each T, M. Using the
local frame {U;, d,:,Vi} on TU, Lemma 2.1 can be slightly generalized as following.

Lemma 2.2.  For a local frame {ﬁi,aui,Vi} on TU, the complete lifting of the
smooth tangent vector field V(z) = a'(x)U; can be presented as

V= aiﬁi + ujUja’@ui.

Proof. Using a standard local coordinate (z°,y‘), we have the presentations
Up=Aldy, u =y B, and 0, = Al0,, (3)

where (A]) = (A](z)) and (B]) = (B](z)) = (4] (2))™" (ie. AIB} = BJAY = of)
are matrix valued functions which only depend on z € M. By Lemma 2.1, the
lifting of V = a'U; = a*Al0,, is

V= a' A0y + 1 525 (' AD)O = a (A0, + 17 525 AF0,) + 17 Af a0,
= a'U; +wU;a' 0y,

which ends the proof. [ |
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By straight forward calculation using Lemma 2.1, we see

Lemma 2.3. (1) For the diffeomorphism ¢, and the smooth tangent vector fields
V and ¢.V on M, their liftings satisfy ( ¢ ).V = ¢.V. So if ¢ preserves V , i.e.,

¢,V =V, then ¢ preserves V as well.

—_—

(2) For the liftings ﬁ, V and (U, V| of the smooth tangent vector fields U, V and

[U,V] on M, we have [U,V] = [U,V]. In particular, U and V commute when U
and V do.

Since lifting diffeomorphisms from M to T'M might be viewed as a Lie group
homomorphism, and lifting tangent vector fields the corresponding Lie algebra ho-
momorphism, Lemma 2.3 can be naturally observed.

2.2. Spray structure, Finsler metric and geodesic

In the following three subsections, we summarize some basic knowledge on spray
geometry and Finsler geometry.

Let M be a smooth manifold and G be a smooth tangent vector field on TM\0.
We call G a spray structure on M , if for every standard local coordinate (z°,y),
G can be presented as

G = y'0, — 2G'0,,
where each G = G'(z,y) satisfies the positive 2-homogeneity for its y-entry, i.e.,
G'(z, \y) = N*G'(x,y) for every x € M, y € T,M\{0} and X\ > 0 (see Definition
4.1.1in [15]). An important subclass of spray structures are those induced by Finsler

metrics.
A Finsler metric on M is a continuous function F': TM — [0, +00) satisfying (see
Section 1.1 in [1])

1. regularity, i.e., its restriction to T'M\0 is a positive smooth function;

2. positive 1-homogeneity, i.e., F(z, \y) = AF(z,y) for every x € M, y € T,M
and A > 0;

3. the strong convexity, i.e., for any standard local coordinate (z?, %), the Hessian

matrix (g;;) = (gij(x,y)) = (%azzaj F*(z,y)) is positive definite when y # 0.

The restriction of a Finsler metric to each tangent space is a Minkowski norm. The
Hessian matrices (g;;) in (3) is called the fundamental tensor of F'. We use (g,;)
and (¢") = (g;;)~" to move indices up and down. Denote g,(-,-), Yy € T, M\{0},
the inner product on T, M determined by the fundamental tensor, i.e.,

gy(u,v) = ' gi;(r,y), Yu=u'dy,v =100, € T, M.

A Finsler metric is Riemannian if all fundamental tensors (g;;) = (gs;(x)) depend
on x € M only. The geodesic spray Gp, i.e., the spray structure induced by F' is
presented in (1), i.e., Gp = 0, — 2G%0,i, with G% = g™ ([F?]rpy® — [F?la),
for any standard local coordinate (z%,y") (see (5.7) and (5.8) in [16]).

The spray structure G one-to-one determines the set of all the geodesics (with
specified parametrizations) on (M, G). A smooth curve ¢(t) on (M, G) is called a
geodesic if its tangent vector field ¢(t) is nonzero everywhere and its lifting (¢(t), ¢(t))
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is an integral curve of G (see Definition 4.1.2 in [15]). For a standard local coordinate
(z%,y"), a geodesic c(t) = (¢'(t)) is characterized as a solution of (see (4.6) in [15])

&)+ 2Gi(c(t), é(t)) = 0, Vi ()
We say G is geodesically complete, if every maximally extended geodesic ¢(t) is

defined for all ¢t € (—o0, 00).

Remark 2.4. When G = Gy is the geodesic spray for the Finsler metric F', (4)
characterizes geodesics with positive constant speeds. Using the Christoffel symbol

Iy = °G"(4) can be reformulated as

= ByiogF
E(t) + Tid (e () =0, Vi,

which is the same geodesic equation as in Riemannian and Finsler geometries. When
F' is Riemannian, P;k only depends on x € M and can be simplified as

i 1 .6l/99; | Oqu _ 99k
Ui = 59" (5 + 5 — a1 )

2.3. Riemann curvature

There are two ways to define the Riemann curvature of (M, G).
The first definition uses variation of geodesics. Consider a smooth variation of
geodesics, ¢(s,t), such that each c(s,-) is a geodesic. Then the Jacobi field J(t) =

2 ¢(s,t)]s=0 along c(t) = c(0,t) satisfies the following Jacobi equation (see Lemma

8.1.1 in [15]), Dty DityJ () + Rary (J (1)) = 0, ©)

in which Dgy)- is the covariant derivative along c(t) (see (7.27) in [15]), and the
linear operator Rew(-) : TeyM — TowyM is the Riemann curvature. For any
standard local coordinate (x%,4"), the Riemann curvature can be presented as

R, = Rjds" ® 2% : T,M — T, M for any y € T,M\{0},

d
in which (see (8.14) and (8.15) in [15])
i 0dGi i 9°G? i 92G? G’ 9GJ
Rk - 2830’“ - Jaxjayk +2G’ dyioyk — Byl yF
or’ or i T s Tmi ;
= (o — 5 + L5 — ijrzs)yjyl- (6)

The second definition uses the horizonal and vertical distributions. For any standard
local coordinates (z*,y’), we denote N; = ?9_3; and 0, = Oy — N70,;. Then the
tangent bundle 7'(T"M\0) is the direct sum of two linear subbundles. One is the
horizonal distribution H linearly spanned by all d,:’s at each point. The other is

the vertical distribution V linearly spanned by all d,:’s at each point. For a smooth
tangent vector field V = ai(2)d,:, we call the smooth section V* = a'(z)d,: of H
the horizonal lifting of V.

In this context, the Riemannian curvature is defined as a smooth linear bundle map
R :H — V. For each w € HNT ;. (TM\0), R(w) is defined as following. We first
extend w to a smooth section W of H, and then define R(w) as the V-component
of [G,W] at (x,y) € TM\0. Obviously R(w) is irrelevant to the choice of W, so
R :H — V is well defined. Remark 8.1.3 in [15] or direct calculation indicates

[G, 5361@] = Rzayz (IIlOd H),
in which R}, is presented in (6). So R(,+) = R}0,:, and more generally,
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Lemma 2.5.  For a standard local cogrdz'nate (2%, 9") and a smooth tangent vector
field V = a*(2)0, on M, we have R(VH) = a*(2)Ri0,: .

Remark 2.6. Besides Riemann curvature, there are other curvatures of Rieman-
nian type in spray and Finsler geometries. Riemannian type means that you can
find the analog in Riemannian geometry. For example, the Ricci curvature in spray
and Finsler geometries can still be defined as the trace of the Riemann curvature
R,(:) : T,M — T,M (see Definition 8.1.7 in [15]). Flag curvature in Finsler ge-
ometry generalizes sectional curvature in Riemannian geometry (see Section 3.9 in

[1]).

2.4. Curvatures of non-Riemannian type

There exist many geometric quantities in spray and Finsler geometries which vanish
in Riemannian geometry. We call them curvatures of non-Riemannian type. For a
spray structure G = y'0,: — 2G'0,:, where (a',y") is a standard local coordinate,
we will meet the following.

The Berwald curvature for G is the tensor field
B, T,M&T,MeT,M—T,M, Vx € M,y € T, M\{0},

. . 31t
satisfying B, (04, Opr, Ot) = %@Ci )

A spray structure G is called affine if its Berwald curvature vanishes everywhere, or
equivalently, all G'(z,-)’s are quadratic functions for their y-entries (see Definition
6.1.1 in [15]). A Finsler metric F' is called a Berwald metric if its geodesic spray
G is affine.

To introduce the S-curvature [14], we need to specify a smooth measure du on
M. Suppose du is locally presented as dy = o(x)dz' A --- A dz", where o(z) is
nonvanishing everywhere. Then the S-curvature for du and G is a smooth function
S(-) on TM\0O satisfying (see (5.20) in [15])

S(2,y) = 5;:G'(2,y) — o(z) "'y 7m0 (). (7)

Oy* ox™

In Finsler geometry, there are more curvatures of non-Riemannian type.
The Cartan tensor of (M, F') is the tensor field

C,: T,M @ T,M & T,M — R, Yz € M,y € T,M\{0},

3 2
satisfying Cy(axia awj’ 8Ctk) = %dyala(ylja)yk ’

The Cartan tensor of (M, F) vanishes everywhere if and only if F' is Riemannian.

The Landsberg curvature of (M, F') is the tensor field L, : T,M @ T,M @ T, M — R,
Ve € M,y € T,M\{0}, which can be determined by the following lemma (see (7.16)
in [16]).

Lemma 2.7.  Let c(t) be any geodesic on (M, F) with positive constant speed,
and Wi(t) with 1 < i < 3 are linearly parallel vector fields along c(t). Then we
have

Lo (Wi(t), Wa(t), Ws(t)) = §;Coo (Wi (t), Wa(t), Wi(t)).
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A Finsler metric is called Landsberg if its Landsberg curvature vanishes. It is not
hard to see Berwald metrics are Landsberg. The Landsberg Conjecture claims all
smooth Landsberg metrics must be Berwald [12].

Remark 2.8.  The linearly parallelism along a smooth curve ¢(t) is defined using
the covariant derivative Dey- in the Jacobi equation (5), or (7.27) in [15]. For
examples, the smooth vector field X (t) along c(t) is linearly parallel if Dyyyx @) = 0.
See Section 5.3 in [16] for more details. When we prove Theorem 4.3 in Section
4.4, we will use the fact in Finsler geometry that linear parallel translation along
a geodesic preserves the fundamental tensor (see Lemma 5.3.1 in [16]). It should
be notified that there is a nonlinear parallelism in spray and Finsler geometries
(see Section 7.3 in [15]). Comparing the two parallelisms is crucial for studying
Landsberg Conjecture in Finsler geometry [21].

3. Invariant spray structure on a Lie group

3.1. Notations for invariant frame

Let G be a Lie group. We denote L,(¢') = g¢’ and Ry(¢') = ¢'g its left and
right translations. Let g = T.G be the Lie algebra of G, for which we fix a basis
{e1, -+ ,en}, and denote ij the corresponding bracket coefficients in [e;, e;] = cfjek.

Each e; determines a left invariant vector field U;(g) = (Ly).«(e;). Any tangent
vector y € T,G can be uniquely written as y = u'U;(g). Let 9, ’s be the sections
of V which correspond to the linear coordinate (u') in each T,G. We will simply

call {ﬁz, Oyi, Vi} the left invariant frame on TG.

Similarly, we also have the right invariant vector fields Vi(g) = (R,)«(e;), the
functions v* on T'G determined by y = v'V;(g) for every y € T,G, and the right
invariant frame {‘7;, 0yi,¥i} on TG. By their invariancies and Lemma 2.3, we have
the following obvious facts for every ¢ and 7,

U, Uj] = U, [Vi, Vj] = =ciVi, (U3 V3] =0,

0, U] = U, Vi, Vi) = —chiVa, U3 V;] =0,

U/ =0, [U;,0,]=0, Vil =0, [Vi du]=0. (8)
Denote by ¢’ and 7 the functions on G with Ad(g)e; = dlej, Ad(g Ve = Yle;
(so we have (¢]) = (¢])7", ie., /¢f = ¢Jk = 6)). At each g € G,

Ui(g) = (Lg)«(ei) = (Rg)u(Ry-1)4(Lg)«(e:) = (Ry)«(Ad(g)e;)

= (Ry):(¢]e;) = #Vi(9)-
So we have U, = (bng, ut = wévj, Dyt = ¢10,5. 9)
In the later discussion we need the following results.

Lemma 3.1. Keeping the above notations, then at each point of G the following
conditions are fulfilled:

(1) ¢Viéi = i, (2) U; = ¢1V; + Py,
(3) Upid =, (4) [U;, 8] = &0
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Proof. (1) At each g € G, we have Ad(g)e; = ¢Fe;, and then

Vidiew = Vj(gier) = g (Ad(expte; - g)e;)
= GAd(expte;)(Ad(g)e;) = [ej, Ad(g)ei]-

So we have
¢ V;dker = [Ad(g)er, Ad(g)e:] = Ad(g)[er, &) = ,Ad(g)e; = cdles. (10)

Comparing the coefficients of e, in both sides of (10), then (1) is proved.
(2) Using Lemma 2.2 for U; = ¢!V}, (1) of Lemma 3.1 and (9), we get

Uy = @V +07Vighouw = ¢lV; + uP ¢l Vit o,
= ¢i‘7] + upcgigb’;@vk = (bfv] + P Oy,

which proves (2).
(3) By (2) of Lemma 3.1, we have

[T.0) — KT 00 PO,
U = ¢fViwd + P 32! = cjad,

which proves (3).
(4) Using (2) of Lemma 3.1 again, we get

[ﬁiv 8ul] = [ng‘z + cgiuqaupv 8ul] = [cgiuqaupv 8ul} = cfl@up?
which ends the proof of Lemma 3.1. [ ]

We will keep above notations in the discussion below.

3.2. Invariant spray on a Lie group

A spray structure G on the Lie group G is called left invariant (or right invariant),
if (L,).G =G (or (ﬁ )«G = G) for all g € G. In the Lie algebra level, it means
[Vi,G] = 0 (or [U;,G] = 0 respectively) for each i. It is bi-invariant if it is both
left and right invariant.

For example, when G is endowed with a left invariant Riemannian or Finsler metric
F, all left translations are isometries for F', which preserve the set of geodesics. So
the geodesic spray G for a left invariant F' is also left invariant.

Theorem A claims the existence of a canonical bi-invariant spray structure G, which
will be set as the origin for the space of all left invariant spray structures on G.

Proof of Theorem A. We prove first that Gg = uiU; is an affine spray struc-
ture. Obviously, it is a globally defined smooth tangent vector field on TG\0.

Let (z,y%) be any standard local coordinate on T'M. We apply the notations in
(3),i.e., Uy = A18,;, and (B?) = (A))~!. By Lemma 2.1, U; = A29,; + 47 2 AF O

So we have

Go = u'U; = u'Aldy +uly? 25 AF 0 = 470, + y'y? (B2 AY) O, (11)
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Notice that the functions A% and B only depend on the local coordinate (z*) on
G. So we see from (11) that Gy is an affine spray structure.
Secondly, we prove wU; = v'V;. By (2) in Lemma 3.1 and (9),
u'U; = WiV, + P00 = vV, + u'iP 00 = 07V,
a
ip*
Finally, we prove the bi-invariance of Gy. By (8), we see for each i,

where u'uPc; vanishes because ¢, = —c

e., Gy is left invariant. Using Go = v’ ‘N/j, we can similarly argue [ﬁz, Go] =0 for
each 7, i.e., Gq is right invariant. [ ]

Then we consider any left invariant spray structure G on G'. Comparing G with
Gy = u'U; = v'V;, we see H = Gy — G = H'9,; is a left invariant section of V. The
left_invariance of H implies each coefficient function H’ is preserved by the action
of Ly, Vg € G. Since the right invariant vector fields generate the left translations,
we have ‘ZHZ =0, Vi,j. Further more, every H' is positive 2-homogeneous when
restricted to each T,G\{0}.

The technique of invariant frame enable us to assemble the Lie bracket coefficients,
the invariant wu’-coordinates and H’s to global clean curvature formulae for G.
The calculation for S-curvature and Riemann curvature are carried out below as
examples.

3.3. Left invariant S-curvature formula

Now we use the left invariant frame {ﬁi,aui,Vi} to calculate the S-curvature for
the left invariant spray structure G = Gy — H'9,; and any left invariant smooth
measure.

To apply the formula (7), we specify a standard local coordinate (z',3") on TG,
with the corresponding notations in (3), i.e., U; = A]0,s and v’ = Bly’, where (A])
and (B!) = (A?)~! are matrix valued local functions on G.
By Lemma 2.1 and Theorem A,

G = u'U; — H'0y = u' (A0 + 17 525 AP0 ) — AVHI O,

=470, —(AfHZ u'y aTJAk)@k

so we have GF = 1AM — Lu'y' 2 AL (12)
Further calculation shows

Nj = 55 GF = JAT 5 — Ju' 55 AT — §Bjy g A, (13)
and its trace is NI =14 arH — u' 5k Al — 1Byl 2 Al (14)

We denote by {U;,Vi} the dual frame for {U;,Vi}. Then the left invariant volume
form can be presented as

du=cU; N--- AU = cdet(B))dz' A --- A da™,

in which ¢ is some nonzero constant.
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Then we have o(z) = cdet(B/) and
—U(x)flyma%na(x) = —ymAﬁ»agcimBg = ymeMimAz. (15)
Adding (14) and (15), we get
S = LALZH + Jy"BI AL - Lu' Al

t OyJ i 9x™ oxJI
— LA O gt L lpiyigm_0 pi _ 1,0 0 AJ
= 2Ai 8yjH + 2Biu A (%mAj U Bachi

LA 0 yri L 1 pi i Am D Al am & A\ L (1pilam & ai 1,00 i
= Al H + i Blu (A" 57 A7 — AT 5= Al) + GBjw AT 50 A — 5u' 55 47)

= 1AIZH + 1Bl (A2 AL — AT 52 AN + (Bul 25 A — Lui 2 AT

1 Oyl I 9zm J Ox™ 27 Ozt 27 O0xd
_ 1 0¥yt L 1ni, lfAam_8 gl m_9 Al

We compare the coefficients of 0, in

b AR = U, = Uy, U] = (AT LAY — Al ARYO,,

qi*7p q Oz 1 Ox

and get AT A — AT D AR = P A (17)

q OxJ 1 Qxd qu=p”

With the help of (17), the calculation in (16) can be continued as
S = 3 H 4+ 1B (A2 AL — AT 20 A

1
2 Ou’

L dzm J Ox™
10y L 1lpi Pl 10 pyi 1.1
= 57:H + 2BiucfjAp— 557 H + 2cl7ju,

which ends the proof of Theorem B.

3.4. Left invariant Riemann curvature formula

By Lemma 2.5 and (3), the Riemann curvature formula in Theorem C is equivalent
to the following

R(ij;{) = (§C7’ up o) HZ+ lClHj + %Hp 52 Hz

4-pq ou” 27q) ouPoud
_1 o0Opfrp 0 i 14 ,r O qr 1 i d0 ™\
1o H ppH + 36,0 5, H 4CZJCPTU u" )0y (18)

Now we use the left invariant frame {ﬁi,aui,W} to calculate R(ﬁ;{), i.e., the V-
component in [G, U, 7, for the left invariant spray structure G = G — H'0,s .
Firstly, we have

ul )y -

Lemma 3.2.  The horizonal lifting of U, is (7;{ = (7,1 — (%%Hi — % .

Proof.  Let (z%,y") be the standard local coordinate on TM with U, = AJ9,,
and v’ =3 B!. By (13) and (17), we have

W e e
UF = Alsy = Al — AINFO,

= Uy —y 25 A0 — LATAF D10, + Sl AT 2 ARO e + Ly 2 AR,

J q° "1 OyJ q Oz
77 10 gy . o lyi( AT O Ak _ AT O Ak
= Uy = 55.:H 0y + 5u (Aqaa;in Aiax]-Aq)ﬁyk

= Uy~ S H 0 + S Afway = U, — (b5 H = 1 ul)o,,

2%qi 2 dud 2

which ends the proof of Lemma 3.2. [ ]



132 XU

Next, we use Lemma 3.1 and Lemma 3.2 to get

[~H'9,:, UM
= [—Hiﬁui, ﬁq — %%H@uz + %czjuj(‘)ui]
= UM O, +H'[U,, 0] + [H'D,i, 22 HD,i) — Lk [HPOD,o, 170,

= PO, + ¢l HPO, + AHP 5.0 H'0, —

9 HPO_HO..;
dur OuPoud Oup H H au’

1
2 ouP
_ 1 1779 . 1 J_ 0 1A .

5Co H? Oy + & u H'0,:

27q) ouP

1 2 DG, 4 L TG, 4 LHP O o . —
= 2CpgY BUTH aul + QCQjH aul + 2H aupauqH 87“

%HY"Q%,Hi i (19)

1
2
Then we compute the V-component in [Gy, (7;‘] and get

[GOv U;ﬂ

= B = )T, = G = ) (0. 0,) = 30D (e B = )
= (B = )T, = P G — ) (0. 0] = 307 (2 — o
- %(%Hp - qju])Up - %up(a%qu - Cfljuj)[Up’ Out]

= MG G+ G — 0) — T — )l

= EH G )0 — S G )0 (mod 7
L0, SO, 4 e 0, L D, (20

in which the first summand in the third line of (20) vanishes because Gy is right
invariant, and the third summand in the sixth line vanishes because H’s, v'’s and
Dyi's are left invariant, i.e., V;H' =0, Vju; =0 and [V}, 0] =0, Vi, 7.

Finally, we add (19) and (20), then we get (18) and end the proof of Theorem C.

4. Spray vector field for a left invariant spray structure

4.1. Spray vector field and left invariant curvature formulae

For a left invariant spray structure G = Gy — H = Gy — H'0,; on the Lie group G,
the restriction 7 = H|7,¢\ (0} is a smooth tangent vector field on T.G\{0} = g\{0}.
Following the convention of L. Huang [7], we sometimes view it as a smooth map
n:g\{0} — g, ie., n(y) = Hie,y)e;, Yy = u'e; € g\{0}, and call it the spray
vector field of G.

We denote by Dn(y,v) the derivative of n : g\{0} — g at y € g\{0} in the
direction of v, and we call N(-,-): (g\{0}) x g — g, N(y,v) = +Dn(y,v) — 3y, v],
the connection operator of G. Notice that N(-,-) is linear for the second entry.



XU 133

When G = Grp is induced by a left invariant Finsler metric F', Theorem 3.1 in [20]
implies that its spray vector field 7 satisfies

9y(n(y),w) = g,(y, [w,y]), Vy e g\{0},ueg, (21)

in which g,(-,-) is the inner product defined by the fundamental tensor of the
Minkowski norm F'(e,-) : g — [0,400). L. Huang found (21) independently (see
Definition 3 in [8]), and he also found the following formula for the connection
operator of a left invariant Finsler metric (see Definition 4 in [8] and (4) in [9])

29y(N(y, v),u) = gy([u, ], y) + g, ([, 9], v) + gy ([v, 9], w) = 2Cy (u, v, n(y))-

Using the above notations, the curvature formulae in Theorem B and Theorem C
can be reformulated as following.

Corollary 4.1. Let G be a left invariant spray structure on the Lie group G with the
spray vector field n : g\{0} — g, then its S-curvature and Riemann curvature satisfy

S(e,y) = trr(N(y, ) +ad(y)), and (22)

Ry(v) = DN(y,v,n(y)) — N(y,N(y,v)) + N(y, [y,v]) — [y, N(y,v)], (23)

respectively, for any y € g\{0} and v € g. Here DN (y,v,n(y)) is the derivative of
N(-,v) : g\{0} — g at y in the direction of n(y).

The formulae (22) and (23) coincide with those L. Huang found in homogeneous
Finsler geometry [7]. By the left invariance, they contain all information for the
S-curvature and Riemann curvature of G respectively.

4.2. Proof of Theorem D

Let G = Gy — H'0,; be a left invariant spray structure on the Lie group G,
and n : g\{0} — g its spray vector field. Now we prove Theorem D, i.e., the
correspondence between geodesics for G and integral curves of —n.

Let c(t) be any geodesic for G. Using a standard local coordinate (z°,y’), it can
be presented as c(t) = (c'(t)) which satisfies

&(t) = —2G(c(t), é(t)), Vi, (24)

where —2G? is coefficient in the presentation G = 4'0,i — 2G%0,: .

Now we switch to left invariant frame {U;, 0,:,Vi} with notations in (3), i.e., U; =
Al9,; and u' = Bly’, in which (47) and (B/) = (A])~" are local functions on
G with matrix values. We denote ¢(t) = u'(t)Ui(c(t)), then ¢ (t) = Al(c(t))u ()
satisfies

& (t) = g(Aj(c(t)u’ () = A(c())d (1) + u? ()" () 5or A5 (e(1))- (25)
Meanwhile, using (12), we can change (24) to

& (t) = —Aj(c(t)H (c(t), (1)) + w (£) " (1) 5or A (c(t)). (26)
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Comparing (25) and (26), we get

W () + B (c(t), ¢(t)) = 0, V. (27)
By the left invariance we obtain H7(c(t), ¢(t)) = H7 (e, y(t)), where
y(t) = (L)« (1)) = v (t)e;,
(

so that (27) implies that y(t) = ( c)-1)«C(t) = u/(t)e; is an integral curve of
—n = —H|r.c\{0}-

The above argument provides the correspondence from (1) to (2) in Theorem D.
Now we discuss its inverse.

For any smooth map y(t) : (a,b) — g\{0} = T.G\{0}, a < 0 < b, we claim the
ordinary differential equation (ODE in short)

&(t) = (Lew)«y(t) (28)

has a unique solution for t € (a,b) satisfying ¢(0) = e. To prove our claim, we only
need to show the existence of ¢(t) for t € (a + €,b — €), where € > 0 is arbitrarily
small.

Using the existence theory for ODE and by the compactness of [a+¢€,b— €], we can
find a sufficiently small positive 6 > 0, such that for each ty € [a + €,b — €], the
solution ¢, (t) of

Cio(t) = (Leyy ()« (y(t — t0)),  with ¢, (0) =e (29)
uniquely exists for ¢ € (—0,0).

Let (a’,b") be the maximal open sub-interval in (a,b) on which the solution ¢(t) of
(28) with ¢(0) = e exists. Obviously @’ and V' exist and o’ < —¢ and b’ > 4.

Now we prove b > b — ¢ and o’ < a + €. Assume conversely & < b —e. Then
we take to = b — £ and denote ¢, (t) with ¢ € (—§,6) the corresponding solution
of (29). By the left invariancy of the equation (28), ¢i(t) = c(to)ey, (t — to) with
t € (to — 0,19 + 0) is a solution of (28) satisfying c¢;(ty) = c(tp). By the uniqueness
theory for ODE, the solution c(t) for (28) can be extended to (a/,b'+ 2). This is a

contradiction with our assumption for &’. Similarly, we can also prove a’ < a + €.

To summarize, the solution ¢(t) of (28) with ¢(0) = e exists uniquely on (a+¢,b—¢)
for arbitrarily small € > 0. So the solution ¢(t) exists uniquely on (a,b), which
proves our claim.

Finally, we can apply similar argument as for the correspondence from (1) to (2) to
prove ¢(t) is a geodesic on (G, G) when y(t) is an integral curve of —n. This ends
the proof of Theorem D.

4.3. Remarks on bi-invariant spray structure

Applying Theorem D and Corollary 4.1 to the canonical bi-invariant spray structure
Gy, we get the following immediate consequence.

Corollary 4.2.  For the canonical bi-invariant spray structure Go on a Lie group
G, the set of all mazimally extended geodesics consists of c¢(t) = g -exptX for all
g € G and X € g, its S-curvature is S(e,y) = strrad(y), Vy € g\{0}, and its
Riemann curvature satisfies R, (v) = —1[y, [y, v]], Yy € g\{0},v € g.
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Here we can see many differences between spray geometry and Finsler geometry.
Some observations below were independently discovered by L.Huang and X.Mo
[10].

Firstly, a bi-invariant Finsler metric F' exists on a Lie group G iff its Lie algebra
g is compact. By (21), the spray vector field for the bi-invariant F' vanishes, so
the geodesic spray Gpr must be Gg. Furthermore, bi-invariant Finsler metrics
always have vanishing S-curvature and non-negative flag curvature, which implies
that the linear map R, (-) for any y € g\{0} is diagonalizable and has no negative
eigenvalues.

But spray geometry tells us different stories. Theorem A claims at least one bi-
invariant spray structure Gy on every Lie group. A Lie group may have many
different bi-invariant spray structures (see Example 4.1.3 in [15] for another bi-
invariant spray structure on R?). Corollary 4.2 indicates the S-curvature for Gg
does not vanish when G is not unimodular (a 2-dimensional non-Abelian Lie group
for example), and R, (v) = —1[y, [y, v]] may have negative eigenvalues and may be
non-diagonalizable.

Secondly, for a left invariant Riemannian or Finsler metric on a non-Abelian nilpo-
tent Lie group, its Ricci scalar (i.e. the trace of the Riemann curvature) must be
somewhere positive and somewhere negative [8, 18]. However, Corollary 4.1 indi-
cates R = 0 for any two-step nilpotent G (a Heisenberg group for example).

Finally, homogeneous Finsler spaces are all geodesically complete. However, we can
construct many incomplete bi-invariant spray structures. For example,

G=y'"0p+ 4y 0+ V)24 + Y2y 0+ +y"Op)

is an incomplete bi-invariant spray structure on R™. Notice that any maximally
extended integral curve y(t) for

=V Y2 2 Dy ey )

is a ray initiating from the origin, corresponding to ¢t € (—oo,C') for some C' € R.
By Theorem D, this spray structure is not complete.

4.4. Application to a special case of Landsberg Conjecture

Recently, B. Najafi and A. Tayebi proved the Landsberg Conjecture for a homoge-
neous Finsler surface (i.e., 2-dimensional homogeneous Finsler manfold) [17]. Their
theorem claims

Theorem 4.3. Any homogeneous Landsberg surface is either Riemannian or
locally Minkowskian.

Here we use Theorem D to give an alternative proof for it.

Proof of Theorem 4.3. Without loss of generality, we may assume the ho-
mogeneous Landsberg surface (M, F') is connected. Denote G = [y(M, F) the
connected isometry group of (M, F). Its dimension dim G may only be 2 or 3.
When dimG = 3, (M, F) is a Riemannian surface with constant curvature. When
dim G = 2, F' can be transferred to a left invariant Landsberg metric on G which
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is locally isometric to (M, F'). When G is Abelian, any left invariant Finsler metric
on G is locally Minkowskian.

To summarize: to prove Theorem 4.3, we only need to prove any left invariant
Landsberg metric F' on a two-dimensional non-Abelian connected Lie group G is
Riemannian.

For simplicity, we use the same F' to denote the Minkowski norm F'(e,-) on g =
Lie(G), and n the spray vector field determined by (21), i.e.,

9y(n(y),u) = gy(y, [u,y]), Yy € g\{0}, u € g.

Notice that 7 is tangent to the indicatrix Sp = {y|F(y) = 1} C g.

We can find a basis {e;,e;} for g satisfying [e1,es] = es. Denote (g;;(y)) the
fundamental tensor of the Minkowski norm F' : g — [0,4+00), with respect to the
linear coordinates y = y'e;. Any point y € Sy satisfies n(y) = 0 iff

9y(y, Rea) = g, (v, [8.9]) = g4(n(y), 8) = 0.

By the strong convexity of F', there exists exactly two points ¢/,y"” € Sp where 7
vanishes. The complement Sp\{y’,y"} is the disjoint union of two integral curves
y1(t) and yo(t) for —n, with ¢t € (—o0,00). By Theorem D, there exist F-unit
speed geodesics ¢;(t) with ¢;(0) = e and ¢;(t) = (Le,))«(vi(t)) for all t € (=00, 00).
Let w;(t) € g = T.G be the smooth vector field along y;(t) satisfying

Gy (1) (yi(t)7wi(t)) =0, Gys(t) (wi(t)a wi(t)) =1, Vi (30)

After possibly replacing wi(t) with —w;(t), we may further assume that wq(¢) and
ws(t) can be smoothly glued and extended to the whole indicatrix Sp.

Notice that the left translations are isometries, so they preserve fundamental tensors.
Then (30) implies that W;(t) = (Le,))«(wi(t)) satisfies

géi(t)(éi(t)7m(t)) =0, géi(t)(m(t)7 Wl<t>> =1, V. (31)

As we have mentioned in Remark 2.8, linearly parallel translation along the geodesic
¢;(t) also preserves the fundamental tensor. Since ¢;(t) is a geodesic, the vector field
¢i(t) = (Ley))«(yi(t)) is linearly parallel along the geodesic ¢;(t). The speciality of
dimension two and (31) tell us that W;(t) = (L,))«(w;(t)) is linearly parallel along
the geodesic ¢;(t). Applying Lemma 2.7 to the Landsberg property of F', we see
that the Cartan tensor of F' satisfies

CCz(t)(VVl(t)? Wl<t)7 VVZ(t)) = Cia te (_007 OO)
Using left translations again, we get
Cy(wi(t), wi(t), wi(t)) = Ce, ) (Wi(t), Wi(t), Wi(t)) = Ci, t € (—00,00),

for ¢ = 1,2 respectively. When t approaches oo, we see C; = Cy by continuity
because the vector field w;(t) along y;(t) for i = 1,2 can be smoothly glued and
extended to Sr.

In sum we have |C,(w,w,w)| = C = |C;| for every pair (y,w) satisfying y € Sp,
gy(y,w) = 0 and g,(w,w) = 1. On the other hand, the speciality of dimension
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two implies that C,(w,w,w) coincides with the mean Cartan tensor I(w), i.e., the
derivative of f(y) = 3Indet(g;;(y)) in the direction of w (see (7.3) in [16]). At
y € Sp where f achieves its maximum or minimum, C' = Cy(w,w,w) = I(w) = 0.
For dimension two, this is enough for us to see that the Cartan tensor of F' vanishes

everywhere, i.e., (G, F) is Riemannian. [
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