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S-CURVATURE AND GEODESIC ORBIT PROPERTY OF
INVARIANT (a1, a2)-METRICS ON SPHERES

HutHUl AN, ZAILI YAN, AND SHAOXIANG ZHANG

ABSTRACT. Geodesic orbit spaces are homogeneous Finsler spaces whose
geodesics are all orbits of one-parameter subgroups of isometries. Such
Finsler spaces have vanishing S-curvature and hold the Bishop-Gromov
volume comparison theorem. In this paper, we obtain a complete descrip-
tion of invariant (a1, @2)-metrics on spheres with vanishing S-curvature.
Also, we give a description of invariant geodesic orbit (a1, a2)-metrics on
spheres. We mainly show that a Sp(n + 1)-invariant (a1, a2)-metric on
§4n+3 = Sp(n + 1)/Sp(n) is geodesic orbit with respect to Sp(n + 1) if
and only if it is Sp(n + 1)Sp(1)-invariant. As an interesting consequence,
we find infinitely many Finsler spheres with vanishing S-curvature which
are not geodesic orbit spaces.

1. Introduction

The notion of S-curvature was introduced by Z. Shen in [20] in his study
of volume comparison in Finsler geometry. S-curvature is an important non-
Riemannian quantity in Finsler geometry, or in other words, any Riemann-
ian manifold has vanishing S-curvature. Z. Shen showed that the Bishop-
Gromov volume comparison theorem holds for Finsler spaces with vanishing
S-curvature. Therefore, it is significant to characterize Finsler spaces with
vanishing S-curvature.

Fortunately, there is a special class of Finsler spaces called geodesic orbit
space in homogeneous Finsler geometry satisfying this property. Geodesic orbit
space is a Finsler space whose geodesics are all orbits of one-parameter sub-
groups of isometries. More exactly, we call a Riemannian (Finsler) metric F' on
a homogeneous space G/H a geodesic orbit metric with respect to G if every
geodesic of (G/H, F) is an orbit of a one-parameter subgroup of G. This termi-
nology was first introduced by O. Kowalski and L. Vanhecke [15], who initiated
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a systematic study of such spaces. There is extensive literature on Riemannian
geodesic orbit spaces and we refer the readers to [1,3,13] and the references
therein. In 2014, Z. Yan and S. Deng [23] generalized some geometric results
on Riemannian geodesic orbit spaces to the Finslerian setting. Moreover, they
obtained a sufficient and necessary condition for a Randers space to be a geo-
desic orbit space. Later, in [22], Z. Yan studied geodesic orbit («, 8)-spaces and
gave many non-Riemannian geodesic orbit spaces. Recently, in [24], L. Zhang
and M. Xu studied standard geodesic orbit (aj,as)-spaces and found some
new examples of non-Riemannian geodesic orbit Finsler spaces which are not
weakly symmetric. Meanwhile, we should mention that, for some very special
Finsler spaces, such as symmetric spaces and weakly symmetric spaces [11] are
all geodesic orbit spaces.

The goal of this paper is to study the S-curvature and geodesic orbit property
of invariant (cv1, ap)-metrics on spheres. Spheres can be viewed as a special class
of homogeneous spaces. At first, A. Borel in [6] and D. Montgomery and H.
Samelson in [17] classified the compact connected Lie groups that admit an
effective transitive action on spheres. Recently, Y. Nikonorov in [18] studied
the geodesic orbit Riemannian metrics on spheres. In this paper, he gave a
complete classification of geodesic orbit metrics on Riemannian spheres and
constructed some explicit geodesic vectors. He mainly showed a Sp(n + 1)-
invariant Riemannian metric on S*"*3 = Sp(n + 1)/Sp(n) is geodesic orbit
with respect to Sp(n+1) if and only if it is Sp(n + 1)Sp(1)-invariant. Later, in
independent works, M. Xu in [21] and S. Zhang and Z. Yan in [25] generalized
Y. Nikonorov’s classification of geodesic orbit Riemannian metrics on spheres
to Finslerian setting. In [21], using a geometric method, the author proved
a homogeneous Finsler metric on a sphere S™ with n > 1 is a geodesic orbit
metric if and only if its connected isometry group is not isomorphic to Sp(k) for
any k > 1. By this result, he gave a classification of geodesic orbit metrics on
Finsler spheres. In [25], the authors classified geodesic orbit Randers spheres
with a more algebraic method, and obtained some explicit metrics and geodesic
vectors. By now, it is still unknown whether there exists a non-Riemannian
Finsler geodesic orbit metric on S +3 = Sp(n+1)/Sp(n) with geodesic vectors
all in sp(n + 1) or not, here sp(n + 1) denotes the Lie algebra of Sp(n + 1). In
our paper, we first obtain a complete description of invariant (o, as)-metrics
on spheres with vanishing S-curvature. Based on this result, we find there are
infinitely many non-Riemannian geodesic orbit (o, as)-metrics on S*+3 =
Sp(n + 1)/Sp(n) with its geodesic vectors all in sp(n 4+ 1) by showing the
following

Theorem 1.1. A Sp(n + 1)-invariant (a1, as)-metric on S*™*3 = Sp(n +
1)/Sp(n) is geodesic orbit with respect to Sp(n + 1) if and only if it is Sp(n +
1)Sp(1)-invariant.

Remark 1.2. We should mention that, the “only if” part of Theorem 1.1 is a
special case of Corollary 4.3 in [21].
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In Sections 2, 3 and 4, we present some facts about Finsler spaces, S-
curvature, geodesic orbit spaces and weakly symmetric spaces, for more details
we refer the readers to [2] and [8]. In Section 5, we obtain a complete descrip-
tion of invariant (aq,s)-metrics on spheres with vanishing S-curvature. In
Section 6, we mainly prove Theorem 1.1.

2. Finsler spaces and S-curvature

Recall a Finsler metric on a smooth manifold M is a real continuous function
F:TM — [0,4+00) such that

1. F is C*° on the slit tangent bundle TM \ {0};

2. The restriction of F to any T, M, x € M, is a Minkowski norm. Namely,
(1) F(u) > 0,Yu € T, M;
(2) F(A\u) = AF(u),¥Y\ > 0;
(3) For any basis €1,¢a,...,&, of T, M, write F(y) = F(y',v%,...,y") for

y =", y'c;. The Hessian matrix

st = ([37],,,,)

is positive definite at any point of T, M \ {0}.

Definition 2.1 ([12], Definition 3.8). For a Riemannian metric a on a manifold
M, an a-orthogonal decomposition TM = V; & Vs, and «; = aly,, a Finsler
metric is called an (a1, az)-metric if it can be presented as

F(l'vy) = f(a(mayl)va($7y2))v Vy =Y + Y2 S TxM with Yi € Viv 1= 1727
for some positive smooth function f(-,).

It is easily seen that an (o, az)-metric F' is Riemannian if and only if it is
defined by f(s,t) = vas? + bt? for some positive constants a and b. There are

lots of non-Riemannian (ay, as)-metrics. For example, one can take

(*) f(S,t) = \/82 4 ¢2 +€(S2k + t2k)%7

where ¢ is a positive number and k > 2 is a positive integer (see [23], Section
5).

An (a1, ag)-metric can also be expressed by F = ap(as/a), where o(6) is
positive and smooth for § € (0,1). If F = ap(az/a) is a regular (aq, ag)-
metric, then () satisfies

p(0) = 0¢'(8) > 0, p(8) — (8 — 67 1)¢'(6) > 0
for # € (0,1). See Lemma 2.4 in [24] for a proof.

We now recall the notion of S-curvature of a Finsler space. Let V be an
n-dimensional real vector space and F' be a Minkowski norm on V. For a basis
{ei} of V, let
B Vol(B™)

Vol{(y') € R™| F (32, y'e;) < 1}

OF
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where Vol means the volume of a subset in the standard Euclidean space R™
and B" is the open ball of radius 1. This quantity is generally dependent on
the choice of the basis {e;}. But it is easily seen that

det(gi; (y))
T(y) = In Y———"2 y e VA {0}
oF
is independent of the choice of the basis. The quantity 7 = 7(y) is called the
distortion of (V, F').

Definition 2.2 (]20]). Let (M, F') be an n-dimensional Finsler space and let
7(x,y) be the distortion of the Minkowski norm F, on T, M. For any y €
T, M \ {0}, let o(t) be the geodesic with ¢(0) = = and 6(0) = y. Then the
quantity

Sty) = (o0, 50)]limg

is called the S-curvature of the Finsler space (M, F').

3. Geodesic orbit spaces

Let (M, F) be a connected Finsler space. Then the full group of isometries of
(M, F), denoted by I(M, F), is a Lie transformation group on M with respect
to the compact-open topology [9]. The space (M, F’) is called homogeneous if
the action of I(M,F) on M is transitive. In this case, M can be written as
a coset space G/H, where G is a Lie subgroup of I(M, F) acting transitively
on M and H is the isotropy subgroup of G at a point p € M. Let g, h be
the Lie algebras of G and H, respectively. The reductive decomposition of
the Lie algebras is g = h + m with [h,m] C m, where m is a subspace of g.
The subspace m can be identified with the tangent space T,(G/H) at p = eH
via the mapping X +— %|t:0 exp(tX) - p. The G-invariant Finsler metric F
on M = G/H is one-to-one correspondence to the Ad(H)-invariant Minkowski
norm (still denoted by F') on m [10].

Definition 3.1 ([23]). Let (M, F) be a Finsler space and G be a subgroup
of I(M, F) the full group of isometries. The Finsler space (M, F) is called a
Finsler geodesic orbit space with respect to G if every geodesic of (M, F) is an
orbit of a one-parameter subgroup of G. That is, if v is a geodesic through
p € M, then there exists a vector X € g such that v(t) = exp(tX) - p. In this
case, X is called a geodesic vector.

For simplify, if G = I(M, F), we call (M, F) a Finsler geodesic orbit space
without saying G.

S. Deng [11] and D. Latifi [16] proved the following:

Theorem 3.2 ([11,16]). Let (M, F) be a Finsler geodesic orbit space. Then
the S-curvature of (M, F') vanishes.
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From Definition 3.1, one easily sees that a homogeneous Finsler space (G/H,
F) is a Finsler geodesic orbit space with respect to G if and only if the projection
of all geodesic vectors cover the set T,,M \ {0} if and only if for any non-zero
X € m, there exists A € b such that X + A is a geodesic vector.

Concerning geodesic vectors, one has the following:

Lemma 3.3 ([15,16]). A vector X € g\ {0} is a geodesic vector of (G/H,F)
if and only if
I9Xm (Xm? [X7 Z]m) = O)VZ € m,

where the subscript m means the corresponding projection, and g is the funda-
mental tensor of F' on m defined by

gy(,0) = gij(u'v?, Vy £ 0,u =Y u'e;,v=> vle; €m,
i i j

{&i} is a basis of m.

Now we consider invariant (o, ae)-metrics on the homogeneous space G/H.
According to Corollary 1.2 in [10], such metrics can be stated as follows. Let
|- |> = (-,-) be an Ad(H)-invariant inner product on m, m = p + q be an
Ad(H)-invariant (-, -)-orthogonal decomposition of m. Then the (o, az)-norm

FX) = | Xle(|Xql /1X]), VX = Xy + Xq c m\ {0}, Xy €p, Xq€q

defines a G-invariant (o, az)-metric on G/H. Conversely, the Ad(H )-invariant
Minkowski norm on m induced by a G-invariant (aq, as)-metric can be ex-
pressed by this form for some (-, ), p, q and ¢.

Theorem 3.4 ([12], Theorem 4.3). Let F' be an invariant non-Riemannian
(a1, a0)-metric on G/H. Then F has vanishing S-curvature if and only if

(X, Y], X) ={([X,Y]n,Y)=0,VX €p,Y €9q.

Remark 3.5. From Theorem 3.4, we can see that the vanishing of S-curvature of
an invariant non-Riemannian (a1, ag)-metric on a homogeneous space does not
depend on the (a7, as)-metric, it depends only on the underlying Riemannian
metric and the decomposition m = p + q. Recall that a naturally reductive
metric (-, -) on m satisfies

(X, Y]m, 2) + (Y, [X, Z]m) = 0, VX,Y, Z € m.

So every invariant («, ag)-metric induced by a naturally reductive metric must
have vanishing S-curvature.

From Lemma 3.3, the geodesic vectors of an invariant (a1, as)-metric on a
homogeneous space G/H can be equivalently described by the following theo-
rem.

Theorem 3.6 ([24]). Assume X = Xy+ X = Xy + X, + X4 € g is according
to the decomposition g =h+m =b + p + q, we have:
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(1) When X € (pUq) \ {0}, then X is a geodesic vector if and only if
(X, Z)m, Xm) =0,VZ € m.
(2) When X,,, € m\ (pUq), then X is a geodesic vector if and only if
(X, Zls (9(0) — 04 (0)) X + (0(0) — (6 — 0711/ (0)) Xg) = 0, ¥Z € m,
where 6 = | X|/| Xwm| € (0,1).

4. Weakly symmetric metrics on spheres

The original definition of weakly symmetric Riemannian manifold was given
by A. Selberg in [19]. A connected Riemannian manifold (M, Q) is called weakly
symmetric if there exists a subgroup G of the full group I(M, Q) of isometries
such that G acts transitively on M and there exists an isometry f of (M, Q)
with f2 € G and fGf~! = G such that for every two points p,q € M, there
exists an isometry g of (M, Q) satisfying g(p) = f(¢) and g(¢) = f(p). Later, in
[5], J. Berndt and L. Vanhecke obtained a simple geometrical characterization
of weakly symmetric Riemannian manifolds. Namely, a connected Riemannian
manifold (M, Q) is weakly symmetric if and only if for any two points p,q € M
there exists an isometry f of (M, Q) such that f(p) = ¢ and f(q) = p. This
notion of weakly symmetric Riemannian manifold has been generalized to the
Finslerian setting by S. Deng.

Definition 4.1 ([11]). Let (M, F) be a connected Finsler space and I(M, F)
be the full group of isometries. Then (M, F) is called weakly symmetric if for
every two points p,q in M there exists an isometry o € I(M, F) such that
o(p) = q and o(q) = p.

Weakly symmetric Finsler spaces were deeply studied by S. Deng, who
proved the following important results.

Theorem 4.2 ([7]). Let (M, F) be a connected weakly symmetric Finsler space
and G be the full group of isometries of (M, F). Then any G-invariant Finsler
metric on M must be weakly symmetric.

Theorem 4.3 ([4,11]). A weakly symmetric Finsler space must be a Finsler
geodesic orbit space with respect to the full group of isometries.

We now study invariant (ag,as)-metrics on spheres. The spheres can be
expressed by homogeneous spaces. In Table 1 we list all homogeneous spheres
G/H, where G is a compact connected Lie group with an effective action on
G/H. We also give the isotropy representations of the homogeneous spaces.

e Cases 1, 2 and 3. Since the isotropy representation is irreducible, every
(a1, ag)-metric on these three kinds of homogeneous spaces is Riemannian.

e Cases 4, 5 and 8. All invariant Finsler metrics are geodesic orbit metrics
and have vanishing S-curvature [21]. Notice that the isotropy representation is
not irreducible, so there exist invariant non-Riemannian (aq, ag)-metrics.
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TABLE 1. Invariant (ay, as)-metrics on spheres.
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G H dim G/ H |isotropy representation | (o, as)-metric |Cond.
1| SO(n+1) SO(n) n irreducible Riemannian n>1
2 Go SU(3) 6 irreducible Riemannian
3 Spin(7) Ga 7 irreducible Riemannian
4] SU(n+1) SU(n) 2n+1 m=mg+my geodesic orbit |[n > 2
5 U(n+1) U(n) 2n+1 m=mg+my geodesic orbit |n >1
6 Spin(9) Spin(7) 15 m=m; +my weakly symmetric
7|Sp(n +1)Sp(1)|Sp(n)Sp(1)| 4n+3 m=m; +my weakly symmetric|n > 1
8| Sp(n+1)U(1) | Sp(n)U(1) | 4n+3 m=my +my +my geodesic orbit |[n >1
9] Sp(n+1) Sp(n) dn+3 m=mg+my n>0

e Cases 6 and 7. They are weakly symmetric ([21], Section 3), hence all
invariant Finsler metrics are geodesic orbit metrics and have vanishing S-
curvature. Notice that the isotropy representation is not irreducible, so there
exist invariant non-Riemannian (o, az)-metrics.

e Case 9. This is a unique case that we should study in details. We deal with
this case in Sections 5 and 6. The isotropy representation is not irreducible,
there exist invariant non-Riemannian (oj,s)-metrics. The Lie group pair
(Sp(n + 1),Sp(n)) is not a weakly symmetric pair, that is, there exists an
invariant Riemannian (Finsler) metric F' on S*"*3 = Sp(n + 1)/Sp(n) such
that (Sp(n + 1)/Sp(n), F') is not a weakly symmetric Riemannian (Finsler)
space. When n = 0, Sp(1)/{e} = S3, it follows from Lemma 3.3 that, all
Sp(1)-invariant Finsler metrics on S which are geodesic orbit with respect to
Sp(1), should be bi-invariant (see also Theorem 2.3 in [10]). Note also that the
family of Sp(n + 1)-invariant Riemannian metrics on Sp(n + 1)/Sp(n) (n > 1)
is a 7-dimensional space. Y. Nikonorov [18] proved that a Sp(n + 1)-invariant
Riemannian metric on $*"*3 = Sp(n+1)/Sp(n) is a geodesic orbit metric with
respect to Sp(n + 1) if and only if it is Sp(n + 1)Sp(1)-invariant.

5. Invariant (a1, az)-metrics on spheres with vanishing S-curvature

In this section, we deal with the S-curvature of Sp(n + 1)-invariant (ay, as)-
metrics on S*"*3 = Sp(n +1)/Sp(n), n > 0.

Let H = R 4+ Ri 4+ Rj + Rk be the field of quaternions, where i, j, k are the
quaternionic units in H. That is, ij = —ji = k, jk = —kj =i, ki = —ik = j,
ii=jj=kk = —1. For u = g + 211+ x2j + 23k € H, 29, x1, z2, z3 € R, define
Re(u) = zp and @ = xg — 11— x2j — zsk. In Lie algebra sp(n+1), denote by G;
the matrix with v/2 in the (i, i)-th entry, and zeros elsewhere, 1 <i < n+1. The
reductive decomposition of sp(n+1) is sp(n+1) = sp(n)+m = sp(n)+mo+my,
here my = RiGl + RJGl + RkGl,

N 0 o
L= —-a 0

> |a = (ur,ug, ..., u,) EH"}, a = (g, U,y ..., Un).
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Then, up to a positive multiple, any Sp(n + 1)-invariant Riemannian metric on
S4n+3 = Sp(n + 1)/Sp(n) can be written as

G(t1,ta,) (X, Y) = Re(&7') + tizrys + taways + taxsys,
where t1,t2,t3 > 0, X, Y € mg + m; and

X = 211Gy + 22jG1 + x3kG1 + ( _Og/ g ) )

Y = y1iG1 + 42jG1 + yskGy + ( _(37/ 8 ) .

Remark 5.1. Note that when t; = t3 = t3 = 1, the underlying Riemann-
ian metric g(1,1,1) is the standard Riemannian metric on S4+3 with constant
curvature and is invariant under SO(4(n + 1)). If t; = to = t3 = ¢t # 1,
then the Riemannian metrics gy ¢4 are naturally reductive and invariant un-
der Sp(n)Sp(1). If t; = t; = 1 # t, with (4,4, k) a cyclic permutation of
(1,2,3), the Riemannian metrics g, 1, +,) are invariant under SU(2n + 2) (and
U(2n +2)). If t; =t; # 1 and t; # ), then the Riemannian metrics g, ¢, +,)
are invariant under Sp(n)U(1), but not invariant under U(2n + 2).

By a direct calculation (see also [14], p. 998), we have:

Proposition 5.2. For all X = 211G + 22jG1 + v3kG1,Y = 111G + 42jG1 +
yskG1 € mg, Z € myq,

Itrt0.13) (XY + Z]w, Y + Z)
= — 2V2[w19ys(ta — ts) — zaw1ys(ty — t3) + zsyaya(ty — t2)].

Now we start to classify Sp(n + 1)-invariant (a1, ao)-metrics on S*"+3 =
Sp(n+1)/Sp(n) with vanishing S-curvature. When n > 1, by the symmetry of
p and ¢, we can assume m; C q and p C my without losing generality, since the
action of sp(n) on my is irreducible. Let py be the orthogonal complement of
p in mp with respect to the Riemannian metric g, 1,,1,), we have mg = p + po
and q = m; +pg. Notice that the dimension of p is equal to 1, 2, 3, we will have
the following five cases.

(I) dimp =1, p € {RiG1,RjG1, RkG, }, g = p~ = my + po.

(I) dimp =1, p € {RiG1,RjG1,RkG1}, ¢ = pT = my + po.
(ITI) dimp = 2, dimpg = 1, po € {RiG1,RjG1,RkG1}, q = pt =my + po.
(IV) dimp = 2, dimpg = 1, po € {RiG1,RjG1,RkG,}, g = pt =my + po.
(V) p=mp,q=my,n > 1.

When n = 0, we have m; = {0}. In this case, the decomposition mg = p +q
can also be divided into the above cases (I)-(IV).

For case (I), we consider p = RiGG1, the other cases are similar. Let Xy =
iGy € p, by Theorem 3.4 and Proposition 5.2, for all Y = yjG1 + yskG1 € q
we can see

0= Gty ta.t) ([X0, Ym, Y) = =2V 2003(t2 — t3).



S-CURVATURE AND GEODESIC ORBIT PROPERTY 41

This shows to = t3 and hence g, t,,45)lp0 = Y(t,t,t)lpo for some t € R. In
this case, the Riemannian metric g, ¢, 1, is Sp(n + 1)U(1)-invariant and the
(a1, ag)-metric F' induced by this Riemannian metric is also Sp(n + 1)U(1)-
invariant. Hence F' is geodesic orbit and has vanishing S-curvature.

For case (IT). Let Xo = 211Gy + 22jG1 + 23kGy € p. Then at least two
of x1,x2,x3 are non-zero. By Theorem 3.4 and Proposition 5.2 again, for all
Y = 411Gy + y2jG1 + yskG1 € my, we have

0= g(tl,t27t3)([X0»Y]m7Y)
= —2v2[x19ys(ta — ts) — zav1ys(ts — ts) + zsyaya(t — t2)].

This shows CCl(tQ — tg) = xg(tl — tg) = Ig(tl — tg) = 0, thus tl = t2 = t3. In
this case, the Riemannian metric gy, 1,,+,) is Sp(n + 1)Sp(1)-invariant and the
(a1, ag)-metric F induced by this Riemannian metric is Sp(n+1)U(1)-invariant.
Hence F is geodesic orbit and has vanishing S-curvature.

For case (III), by the same argument as in case (I), we easily obtain that F
has vanishing S-curvature if and only if g, ¢, 5)lp = 9t,6,6)[p for some ¢ € R.
In this case, both g, ¢,+,) and F' are Sp(n + 1)U(1)-invariant and geodesic
orbit.

For case (IV), by the same argument as in case (II), we easily obtain that F
has vanishing S-curvature if and only if g(;, ¢,.t,) = g(z,4,¢) for some ¢ € R. In
this case, g, t,,t4) = 9(t,t,t) 18 Sp(n +1)Sp(1)-invariant and weakly symmetric,
F is Sp(n + 1)U(1)-invariant and geodesic orbit.

For case (V). Let X = x1iG + 22jG1 + 23kG1 € mp, YV = (_(%/ g) € my.

Then we have

0 V2(x1i + 29§ + 23k)n )
X, Y] = _ ) . € my.
[ ] ( V20 (211 4 22 + 23k) 0 R

As a result,

g(tl,tz,ts)([Xv Y]m’ Y) =0, g(t1,t27t3)([X7 Y]va) = 0.

According to Theorem 3.4, for any t1,¢2,t3 > 0, the (a1, as)-metrics induced
DY Gty ,t2,t5) 00 ST = Sp(n + 1)/Sp(n) have vanishing S-curvature.
Summarize the above results we have the following conclusion.

Theorem 5.3. Let F' be an Sp(n + 1)-invariant non-Riemannian (a1, as)-
metric on S¥*3 = Sp(n + 1)/Sp(n) constructed by the Riemannian metric
G(t1,t0,t5) and decomposition m = p + q with p C mp, m1 C q, we have:

(1) When dimp = 1, p € {RiG1,RjG1,RkG 1}, q = p~ = my +po. F has
vanishing S-curvature if and only if 9, ty.45)lp0 = 9(t,t,6)lpo for somet € R. In
this case, both g4, 1,.t,) and F are Sp(n + 1)U(1)-invariant and geodesic orbit.

(2) When dlmp =109 € {RiGl,RjG1,RkG1}, q= pJ' =my +po. F has
vanishing S-curvature if and only if g(s, t,.t5) = Gt,e,) for some t € R. In this
case, F' is Sp(n + 1)U(1)-invariant and geodesic orbit.
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(3) When dimp = 2, dimpy = 1, po € {RiGl,Rle,RkGl}, q = ]JL =
my + po. F has vanishing S-curvature if and only if g, t,.45)lp = Gt lp for
somet € R. In this case, both gu, ¢, +,) and F are Sp(n+1)U(1)-invariant and
geodesic orbit.

(4) When dimp = 2, dimpy = 1, po ¢ {RiG1,RjG1,RkG 1}, q = p* =
my +po. F' has vanishing S-curvature if and only if g(i, 15.t5) = 9(e,e,e) for some
t € R. In this case, F is Sp(n + 1)U(1)-invariant and geodesic orbit.

(5) When p = mg,q = my,n > 1. F has vanishing S-curvature for all
ti1,t2,t3 > 0.

As a conclusion, we obtain a complete description of invariant (aq, as)-
metrics on spheres with vanishing S-curvature.

Theorem 5.4. Let F be an invariant non-Riemannian (ay,as)-metric on a
sphere S™ with n > 1. Then we have:

(1) When the connected isometry group Io(S™, F) is not isomorphic to Sp(k)
for any k > 1, F' has vanishing S-curvature.

(2) When the connected isometry group Io(S™, F') is isomorphic to Sp(k) for
some k > 1, F has vanishing S-curvature can only be occurred in the case (5)
i Theorem 5.3.

6. Proof of Theorem 1.1
To prove Theorem 1.1, we need following results.

Proposition 6.1. Assume an Sp(n + 1)-invariant (o, az)-metric F on S¥+3
= Sp(n + 1)/Sp(n) is a geodesic orbit metric with respect to Sp(n + 1). Then
F can be expressed as an (a1, as)-metric induced by an invariant Riemannian
MELTIC (1, ,15,t5) WiLh t1 =t = t3.

Proof. By the discussion in the above section, we have already proved this
statement for the cases (I)-(IV).

For the case (V), p = mg,q = my. For every X = x1iG; + 22jG1 + 23kG €
myg, there exists an A € sp(n) such that X + A is a geodesic vector. By Theorem
3.6, for all Y = y1iG1 + y2jG1 + yskG1 € mgp, we have

0 = gty ta,t5) ([X + A, Y], X)
= Yt ta,t0) ([ X, Y], X)
= 2V2[yrwows(ta — t3) — yamrws(t — t3) + yszrza(ts — L)),
This shows that
xow3(ta — t3) = x1w3(ty — t3) = x1w2(ty — t2) =0,
hence t; = t9 = t3. This completes the proof of this conclusion. O
The following result is in fact Lemma 3 in [18].

Lemma 6.2. For any X € my,Y € my, there exists A € sp(n) such that
[A,Y] = [X’Y]
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Proof. In Lie algebra sp(n + 1), we write E;; for the skew-symmetric matrix
with 1 in the (4, j)-th entry and —1 in the (j,¢)-th entry, and zeros elsewhere.
We also denote by Fj; the symmetric matrix with 1 in both the (7, j)-th and
the (j,7)-th entry, and zeros elsewhere. It is easy to check that the matrices
iGy, jGi, kG, Eij, iFyy, jFij, kFy;, where 1 <4,5 <n+1and i < j, constitute
a basis of sp(n + 1).

Suppose X = 211G + 22jG1 + z3kG1 € mg, Y = Yo+ Y3+ - - +Y,41 € my,
where Yy = ysoF1s + ys1iF1s + yYs2jF1s + ys3kF1s, 2 < s <n+ 1. Let z =
r1i+ x2j + 23K, ys = yso + Ys11 + ys2j + ys3k. For any 2 < s < n + 1 satisfying
ys = 0, we choose a vector A, € span{iGs, jGs, kGs} C sp(n), it is obvious
that [A,, Y] = [X,Y;]. For the others s satisfying y, # 0, we let as = y; *2ys
and As; = a;G; € sp(n) (see the proof of Lemma 3 in [18]). As ysas = zys, one
has [A;,Ys]) = [X, Ys]. Now let A = Z"H As € sp(n), then

s=2
n+1 n+1 n+1 n+1
[AY] =T[4, Y] =) [A, V] =D [X, V] = [X,> Y] =[X,Y],
s=2 5=2 s=2 s=2
which completes the proof. O

Now we can state the proof of Theorem 1.1.

Proof of Theorem 1.1. Keep notation as above.

The “only if” part. Following Proposition 6.1, we assume the geodesic orbit
(a1, az)-metric F on S*"+3 = Sp(n + 1)/Sp(n) is induced by an Sp(n + 1)-
invariant Riemannian metric g ). For the case (V), F is clearly Sp(n +
1)Sp(1)-invariant.

For the cases (I)-(IV): {p,q} # {mp, m;1}. Notice that [pNmg,gNmg]m, # 0,
we can choose unit vectors X, € pNmg, Xq € qNmg such that [X,, Xqlm, # 0.
Let X9 = V1 —602X, + 60X, C m)\ (pUq) be a family of unit vectors in mg,
6 (0,1).

By assumption, there exist Ag € sp(n) such that Xy + Ay are geodesic
vectors. According to Theorem 3.6, for all Y € my,

0= 9@ ([Xe + A, Y], (0(0) — 04 (0))V/1 — 602X,

+ (vt0)- 0 9‘1)90’(9)>9Xq>
= gttt ([Xo, Ym, (0(0) — 0¢'(0))Xo + ¢’ (0)Xq)
- (Pl(e)g(t,t,t)([XQa Xq]nu Y)
= -1 —92@/(9)9(t,t,t)([XpaXq]nuy)-

We have v1 — 62¢'(0) = 0, that is, ¢() is a constant function. This implies
that F is a Riemannian metric and hence Sp(n+1)Sp(1)-invariant by Theorem
1in [18].
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The “if” part. According to Theorem 1 in [18], we assume F is an
Sp(n + 1)Sp(1)-invariant non-Riemmanian (a1, ap)-metric on S*+3 = Sp(n +
1)/Sp(n). In this case, F' can also be expressed as a Sp(n + 1)-invariant non-
Riemmanian (a1, ag)-metric on S**3 = Sp(n + 1)/Sp(n) induced by a Rie-
mannian metric g ., for some ¢t € R and the decomposition m = p + q with
p = mg, g = my. Notice that g ¢ is naturally reductive, by Theorem 3.6,
every vector X € mgUm; is a geodesic vector. Now for any X € m\ (mgUm;y),
write X = Xo+ X1, Xo € mg, X1 € m;. By Lemma 6.2, there exists A € sp(n)
such that

[p(6) — (0 —071)¢' (0)] [A, X1] + 671/ (6)[Xo, X1] = 0,
g(t,t,t)(Xth)
9(t,t,t) (X, X)

Now for all Y € m,
ittty (X + A, Y, (0(0) — 0¢'(0))Xo + (9(8) — (0 — 071)' (6)) X1)
= g (X Y, (0(6) — 09'(0)) X + 671/ (0) X1)
+ gty ([A Y], (9(0) = 02 (0) Xo + (2(6) — (0 — 071)¢'(9)) X1)
= 9(t,t,t) (—9_1@/(9)[-}(0, Xl]mv Y)

+ 9(t,t,t) (_ [@(6) - (9 - 0_1)90/(9)] [A’Xl]mvy)
= 0.

0 = € (0,1).

This implies that X + A is a geodesic vector. So F' is a geodesic orbit metric
with respect to Sp(n + 1). This completes the proof of Theorem 1.1. (I

Combining Theorem 1 in [18] and Theorem 1.1 in [21], we have the following
theorem.

Theorem 6.3. Let F' be an invariant Finsler metric on a sphere S™ withn > 1,
we have:

(1) F is a geodesic orbit metric if and only if In(S™, F) is not isomorphic to
Sp(k) for any k > 1.
(2) When the connected isometry group Io(S™, F) is isomorphic to Sp(k +
1)Sp(1) for some k > 0, F is a geodesic orbit (a1, as)-metric with respect to
Sp(k+1).

Finally, using the function f described as in (*) in Section 2, we can present
infinitely many non-Riemannian (o, az)-metrics on S#+3 = Sp(n + 1)/Sp(n)
(n > 0) with vanishing S-curvature which are not geodesic orbit, as follows.

F(thtz,ta)(X)

— \/Re(€8) + tra? + tyad + 102 + & (Re(€€))* + (tra? + taad + taad)F) F
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forall X = I,CliGl +x2jG1 +l’3kG1+ ( 705/ g) € mp+my, where t1 75 to, t1 7é t3,
ty # t3, € is a positive number and k > 2 is a positive integer.
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