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Introduction

A Riemannian manifold (M, g) is called a geodesic orbit manifold (GO-manifold) if every
its geodesic is an orbit of a one-parameter group of isometries of (M, g). Every such manifold
is homogeneous and can be identified with a coset space M = G/H of a transitive Lie group G
of isometries. A Riemannian homogeneous space (M = G/H,g) of a Lie group G is called
a space with homogeneous geodesics (or a geodesic orbit space, shortly, GO-space), if any its
geodesic is an orbit of a one-parameter subgroup of the group G. This terminology was
introduced by O. Kowalski and L. Vanhecke in the paper [17]. We discuss some properties of
geodesic orbit Riemannian manifolds and related results in Section 1.

The main goal of this paper is a complete classification of geodesic orbit Riemannian
metrics on spheres S™. The classification of all transitive and effective actions of connected
compact Lie groups on spheres is obtained in [18]. We collect in Table 1 all variants to repre-
sent S™ as a homogeneous space G/H. In this table, by dim(G/H) we denote the dimension of
the corresponding space (and the corresponding sphere), dim(.#') (respectively, dim(.Zzo))
means the dimension of the space of G-invariant (the space of G-invariant geodesic orbit)
Riemannian metrics on the homogeneous space G/H.

Note that Riemannian metrics of constant sectional curvature constitute a one-parameter
family of metrics on each sphere S™, n > 2 (there is no such notion for the trivial case n = 1).
These are exactly the metrics invariant under the action of the orthogonal group O(n + 1)
and under its connected unit component SO(n + 1). These groups are respectively the full
isometry group and the full connected isometry group of each metric of constant curvature
on S™.

We list all inclusions between the isometry groups in Table 1: Gy C SO(7), SU(k) C
U(k) € SO(2k), Sp(k) C Sp(k)U(1) C Sp(k)Sp(1) C SO(4k), Sp(k) C Sp(k)U(1) C U(2k),
SU(4) C Spin(7) C SO(8), Spin(9) C SO(16) (see details e. g. in Chapter 4 of [20]).

It should be noted that geodesic orbit metrics on some spaces in Table 1 are well known.
Below we describe all known results and emphasize the cases that should be studied.
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Table 1
Invariant metrics on spheres
‘ ‘ G ‘ H ‘ dim(G/H)‘ dim () ‘ dim(///(;o)‘ Cond. ‘
1]SO(n+1) SO(n) n 1 1 n>1
2 | Go SU(3) 6 1 1
3 | Spin(T7) Go 7 1 1
4 | SU(2) {e} 3 6 1
5 | SU(n+1) SU(n) 2n +1 2 2 n =2
6 |Un+1) U(n) 2n + 1 2 2 n>1
7 | Spin(9) Spin(7) 15 2 2
8 | Sp(n+1)Sp(1) | Sp(n)diag(Sp(1))| 4n + 3 2 2 n>1
9 | Sp(n+1)U(1) Sp(n)diag(U(1)) | 4n+ 3 3 3 n>1
10| Sp(n+1) Sp(n) 4n 43 7 2 n>1

Case 1). The homogeneous space SO(n+1)/SO(n) is irreducible symmetric, all SO(n+
1)-invariant Riemannian metrics are SO(n 4 1)-normal homogeneous (hence, geodesic orbit)
and constitute the set of Riemannian metrics of constant sectional curvature on S™. This set
is a part of any other family of invariant metrics from Table 1.

Cases 2) and 3). The spaces G2/SU(3) and Spin(7)/Gs are isotropy irreducible. All
invariant metrics on these spaces are normal homogeneous (hence, GO-metrics) and have
constant sectional curvature (see Section 7 in [12]).

Case 4). All left-invariant metrics on a compact Lie group G, that are geodesic orbit
with respect to G, should be biinvariant (see Proposition 8 in [2]). Since the group SU(2)
is simple, then all biinvariant Riemannian metrics on SU(2) constitute a one-parameter
family of metrics. Since SU(2)?/ diag(SU(2)) = SO(4)/SO(3), then these metrics are exactly
metrics of constant curvature on S® = SU(2).

Cases 5) and 6). Note that the set of U(n + 1)-invariant metrics on S?"*! coincides
with the set of SU(n + 1)-invariant metrics and constitutes a 2-parametric family of metrics.
Every such metric is naturally reductive and weakly symmetric [26, 27, 28]. Therefore, in
both these cases we have a two-parameter family of geodesic orbit metrics.

Case 7). The family of invariant metrics on Spin(9)/Spin(7) is 2-parametric. All these
metrics are weakly symmetric but not naturally reductive [27, 28]. Therefore, we have a
two-parameter family of geodesic orbit metrics.

Case 8). The family of invariant metrics on Sp(n + 1)Sp(1)/Sp(n)diag(Sp(1)) is 2-
parametric. Every such metric is naturally reductive and weakly symmetric [27, 28]. There-
fore, in both these cases we have a 2-parameter family of geodesic orbit metrics. More details
on this case could be found in Sections 2.

Case 9). Note that the previous family is a part of this one. The family of Sp(n+1)U(1)-
invariant metrics on Sp(n + 1)U(1)/Sp(n) diag(U(1)) = S*"*+3 is 3-parametric. Every such
metric is weakly symmetric (see e. g. 12.9.2 in [24] or Table 1 in [25]). Therefore, in this
case we have a three-parameter family of geodesic orbit metrics. Details on the normality
and the natural reductivity of Sp(n + 1)U (1)-invariant metrics could be found in Remark 1.
Some explicit form of geodesic vectors for Sp(n + 1) x U(1)-invariant metric could be found
in Section 4.

Case 10). In the last case we get a 7-dimensional space of Sp(n + 1)-invariant metrics
on Sp(n + 1)/Sp(n) = $4*3. This is a unique case that we should study in details. We
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deal with this case in Sections 2 and 3. By Theorem 1, a homogeneous Riemannian space
(843 = Sp(n 4 1)/Sp(n), g) is geodesic orbit if and only if the metric g is invariant under
Sp(n+1)Sp(1).

The structure of the paper is the following. We recall in Section 1 some useful facts on the
class of geodesic orbit Riemannian manifolds and some related classes of Riemannian mani-
folds. In Section 2 we discuss actions of the groups Sp(n+1), Sp(n+1)U(1), Sp(n + 1)Sp(1)
(and corresponding invariant metrics) on the sphere S#"*3. In the next section we classify
Sp(n+1)-invariant geodesic orbit metrics on S4"3. The final section is devoted to an explicit
description of geodesic vectors for Sp(n + 1)U(1)-invariant metrics on the sphere S47+3.

Acknowlegment. The author is grateful to V. N. Berestovskii, W. Ziller, and O. S. Yakimova
for helpful discussions.

1. On geodesic orbit manifolds

There are some important subclasses of geodesic orbit manifolds. Indeed, GO-spaces may
be considered as a natural generalization of Riemannian symmetric spaces, introduced and
classified by E. Cartan in [13]. On the other hand, the class of GO-spaces is much larger
than the class of symmetric spaces. Any homogeneous space M = G/H of a compact Lie
group G admits a Riemannian metric g such that (M, g) is a GO-space. It suffices to take
the metric ¢ induced by a biinvariant Riemannian metric go on the Lie group G such that
(G,90) — (M = G/H,g) is a Riemannian submersion with totally geodesic fibres. Such
geodesic orbit space (M = G/H,g) is called a normal homogeneous space (in the sense of
M. Berger [10]). It should be noted also that any naturally reductive Riemannian manifold is
geodesic orbit. Recall that a Riemannian manifold (M, g) is naturally reductive if it admits a
transitive Lie group G of isometries with a biinvariant pseudo-Riemannian metric gg, which
induces the metric g on M = G/H (see [12] and [16]).

An important class of GO-spaces consists of weakly symmetric spaces, introduced by
A. Selberg [21]. A homogeneous Riemannian manifold (M = G/H,g) is a weakly symmetric
space if any two points p, g € M can be interchanged by an isometry a € G. This property does
not depend on the particular G-invariant metric g. Weakly symmetric spaces M = G/H have
many interesting properties and are closely related with spherical spaces, commutative spaces,
Gelfand pairs etc. (see papers [3, 25] and book [24] by J. A. Wolf). The classification of weakly
symmetric reductive homogeneous Riemannian spaces was given by O. S. Yakimova [25] on the
base of the paper [3] (see also [24]). It is very important that weakly symmetric Riemannian
manifolds are geodesic orbit by a result of J. Berndt, O. Kowalski, and L. Vanhecke [11].

Note that generalized normal homogeneous Riemannian manifolds (§-homogeneous man-
ifold, in another terminology) constitute another important subclass of geodesic orbit man-
ifold. All metrics from this subclass are of non-negative sectional curvature and have some
other interesting properties (see details in [4-6]). In the paper [9], a classification of general-
ized normal homogeneous metrics on spheres and projective spaces is obtained. Finally, we
notice that Clifford-Wolf homogeneous Riemannian manifolds constitute a partial subclass
of generalized normal homogeneous Riemannian manifolds [7].

Many interesting results about GO-spaces one can find in [2, 11, 14, 15, 19, 22, 23, 28],
where there are also extensive references.

Now we recall some important properties of homogeneous Riemannian spaces and geodesic
orbit Riemannian spaces in particular.
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Let M = G/H be a homogeneous space of a compact connected Lie group G. Let us
denote by (-,-) a fixed Ad(G)-invariant Euclidean metric on the Lie algebra g of G (for
example, the minus Killing form if G is semisimple) and by

g=hbop (1)

the associated (-,-)-orthogonal reductive decomposition, where f is the Lie algebra of the
group H. An invariant Riemannian metric g on M is determined by an Ad(H)-invariant
inner product g, = (,-) on the space p which is identified with the tangent space M, at the
initial point 0 = eH.

Recall that X € g is called a geodesic vector if the orbit of the point 0 = eH under the
action of the one-parameter group v(t) = exp(tX), t € R, is a geodesic in (M = G/H, g), see
details in the paper [17] or in Section 5 of the book [8].

For a given inner product (-,-), we consider a metric endomorphism A : p — p that
is defined by the equality (X,Y) = (AX,Y) for all X,Y € p. Obviously, A is Ad(H)-
equivariant, positive definite and symmetric operator (with respect to (-,-)). It is clear
also that a metric endomorphism determines a corresponding invariant Riemannian metric
uniquely. The following lemma is very useful.

Lemma 1 [1]. A compact homogeneous Riemannian manifold (M = G/H, g) with reduc-
tive decomposition (1) and metric endomorphism A is GO-space if and only if for any X € p
there is Z € b such that [Z + X, AX] € h. The latter condition is equivalent to the property
of Z+ X € g to be a geodesic vector.

2. On invariant metrics and transitive actions of groups
Sp(n+1), Sp(n+1)U(1), and Sp(n + 1)Sp(1) on S4n+3

Let H be the field of quaternions. Denote by i, j, k the quaternionic units in H (ij =
—ji=k, jk=-kj=1i ki=—-ik =j, ii = jj = kk = —1). For X = x1 + ixg + jr3 + kzy,
7; € R, define Re(X) = 27 (the real part of X), X = x1 — irg — jzz — kay and || X|| = VXX.
If Re(X) = z1 = 0, then the quaternion X is called pure imaginary.

Let us consider a (left) vector space H"*! over H. For X = (X1, Xo,..., X,y1) € H'H!
and Y = (Y1, Ya,...,Y,y1) € H'! we define (X,Y); = 3" X,Y,. Then Sp(n + 1) is the
group of all H-linear operators A : H" ™! — H"*! with the property (A(X), A(Y))1 = (X,Y )1
for every X,Y € H"*!. If we choose some (-, -)1-orthonormal quaternionic basis in H"*!, then
we can identify Sp(n + 1) with a group of matrices A = (a;5), a;; € H, with the property
A7l = A* where aj; = aj; for 1 <4,j < n+1. In this case sp(n + 1) consists of quaternionic
((n+1) x (n + 1))-matrices A with the property A* = —A. Later on we shall use these
identifications.

We have a natural embedding H — R?* via z1 + izs + jrs + kzy — (r1,x9,x3,24) and
the induced embedding H"*! s R4 +4. It is well known that the group G := Sp(n + 1) acts
transitively on the sphere

St = {(X1,X2, ey Xngr) €HTE L IX 12 41X |P - A [ X p|P = 1}-
Let us consider natural embedding diag(Sp(1), Sp(n)) C Sp(n + 1), and let K and H be

the images of Sp(1) and Sp(n) respectively under this embedding. Then H is the isotropy
subgroup of a point (1,0,...,0) € H""! under the above action of Sp(n+1). Since K = Sp(1)
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is a normal subgroup in the group diag(Sp(1),Sp(n)), then we have the following (almost
effective) transitive action of G x K on S4"+3 = G/H:

(a,b)(cH) = acHb ' = acb™'H, a,ceG, be K. (2)
The isotropy group of this action at the point (1,0,...,0) € H™ is
Sp(n—1) x Sp(1) = Sp(n — 1) x diag(Sp(1)) C Sp(n) x Sp(1) =G x K.

We also get an effective representation S4"+3 = Sp(n + 1)Sp(1)/Sp(n) diag(Sp(1)) (after
dividing by the noneffectiveness kernel).

Let L be any subgroup U(1) = S! in K = Sp(1). Then we get transitive (and almost
effective) action of G x L on S¥*3 = G/H:

(a,b)(cH) = acHb™" = acb™" H, a,ce G, be L, (3)

that is a part of the action (2). In this case we get the following isotropy group at the point
(1,0,...,0) € H"*L:

Sp(n) x U(1) = Sp(n) x diag(U(1)) C U(1) x Sp(n) x U(1) C Sp(n+1) x U(1) = G x L.

We also get an effective representation S4"*3 = Sp(n + 1)U(1)/Sp(n) diag(U(1)).
For A, B € sp(n+ 1) we define

(A, B) =  (Re(AB"). @)

It is easy to see that (-,-) is a Ad(Sp(n + 1))-invariant inner product on the Lie algebra
g=sp(n+1).

We write F;; for the skew-symmetric matrix with 1 in the ¢j-th entry and —1 in the ji-th
entry, and zeros elsewhere. We denote by Fj; the symmetric matrix with 1 in both the ij-th
and ji-th entries, and zeros elsewhere. Denote also by G; the matrix with v/2 in 4i-th entry,
and zeros elsewhere.

It is easy to check that the matrices iG;, jG;, kG, E;j;, iF;;, jF;j, kF;j, where 1 <4, <
n+ 1 and ¢ < j, constitute a (-, -)-orthonormal (see (4)) basis in sp(n + 1).

Let us consider the following (-, -)-orthogonal decomposition:
sp(n+1) =D sp(n) ©pr =sp(n) ©p, €=1[Dpo, (5)

where ¢ and [ are the Lie algebras of the Lie subgroups K and L (see above). Therefore, the
embedding of €@ sp(n) = sp(1) ®sp(n) in sp(n+ 1) is defined by (A, B) — diag(A, B), where
A € sp(1l) and B € sp(n).

Without loss of generality we may suppose that the Lie subalgebra [ = u(1) (u(1)®sp(n) C
sp(1) @ sp(n) C sp(n + 1)) is spanned on the vector iG1. Then ps = Lin{jG1,kG1}.

Any Sp(n + 1)-invariant metric on S#"*3 is defined by an Ad(Sp(n))-invariant inner
product (-,-) on p. Note that Ad(Sp(n)) acts irreducibly on p; and trivially on €. Therefore,
any such inner product is generated by the metric endomorphism of the type

A=Aex1dl, (6)

for some 1 > 0 and some symmetric and positive definite operator A:t—¢t In particular,
it implies that the space of Sp(n+ 1)-invariant Riemannian metric on S4**3 is 7-dimensional.
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If A=ux,1d lp, @ x31d|(, then the inner product (-,-) generates Sp(n + 1) x L-invariant
metric on S*"*+3 (see Section 4). If A = x51d|e, then the inner product (-,-) generates
Sp(n + 1) x K-invariant metric on S4+3, see e. g. [27].

REMARK 1. Let us note that for x1 = x9 # x3 we get Sp(n + 1)U(1)-naturally reduc-
tive metrics on the sphere S"*3 (they are even Sp(n + 1)U(1)-normal homogeneous for
xr3 < x1 = w2). All these metrics are also U(2n + 2)-invariant and U(2n + 2)-naturally re-
ductive. By analogy, for z3 = x9 # x1 we get Sp(n + 1)Sp(1)-naturally reductive metrics on
the sphere S4"3 (for x3 = x9 < x1 these metrics are even Sp(n + 1)Sp(1)-normal homoge-
neous). Obviously, for 1 = xo = x5 we get Sp(n + 1)-normal homogeneous metrics. For all
other values of parameters x;, i = 1,2,3, Sp(n + 1)U(1)-invariant metrics are not naturally
reductive. See details in [27] and [28].

REMARK 2. Consider the homogeneous spaces Sp(n + 1)/Sp(n) - U(1), where n > 1,
U(1) C Sp(1), and Sp(1) is the first factor in the group Sp(1) x Sp(n) C Sp(n + 1). The
Lie algebra of the group Sp(n)-U(1) is [@ sp(n) C sp(n + 1) in the decomposition (5). It is
known that the homogeneous space Sp(n+1)/Sp(n)-U(1) is diffeomorphic to CP?"*1 hence
we get a representation of an odd-dimensional complex projective space. It is also known
that the space Sp(n+1)/Sp(n) - U(1) admits a two-parameter family of Sp(n + 1)-invariant
Riemannian metrics [27]. All these metrics are weakly symmetric [28]. It is interesting that
only Sp(n+ 1)-normal and SU(2n + 2)-normal metrics in this family are naturally reductive.
Note that explicit expressions of geodesic vectors for Sp(n + 1)-invariant Riemannian metrics
on CP?"*1 = Sp(n +1)/Sp(n) - U(1) could be found in paper [4].

3. Sp(n + 1)-invariant geodesic orbit metrics on the sphere S4+3

Here we classify all geodesic orbit metrics on the sphere S***3 with respect to the group
Sp(n +1). At first, we should establish some auxiliary results. By direct calculation we get
the following lemma (see the definitions of F;;, Fj;, and G; in the previous section).

Lemma 2. For any 1 < i < j < n+ 1 the following relations are fulfilled:
[aGy, Eij| = [aGy, BFi;] =0 (Vk & {i,j}, Va,B € {i,j, k});
[aGi, Eij] = \/ian'ja [aGj, Bij] = _\/iaFij (Va e {ij k});
[aGy, aFy) = —V2E;;, [aGj,aF;] =V2E; (Va e {i,j,k});
[0Gi, BF;j] = [aGj, BFy] = V2(a - B)F; (Yo, B € {i,j,k}, 6 # a),

where - means the quaternion multiplication.
The following lemma is very important for our goals.

Lemma 3. For any 2 < s < n+ 1 and given vectors U = a1iG1 + a2jG1 + azkG1 and
V = b1 E15 + boiFys + b3jF1s + byk Fyg, there is a vector W = ¢1iGs + c2jGs + c3kG such that
U, V]=[W,V].

< All is clear when V is trivial. Now we suppose that V' # 0. Using Lemma 2, we
see that the equality [U,V] = [W,V] is equivalent to u-v = v - w for the quaternions
u = a1i + agj + ask, v = by + boi + b3j + bgk, and w = c1i + cj + csk. But now we
can define w by the formula w = v~! - w-v. This definition is correct, since for a given
nonzero quaternion ¢, a map of the type a + ¢ -a-¢ ' (that is an automorphism of the
field of quaternions) preserves a subspace of pure imaginary quaternions. Indeed, if a # 0
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is a pure imaginary, then a=! = |la|72@ = —||a]|"?a. Therefore, if b = ¢-a-q~!, then
Io]2b=b"t=q-a"'-q' = —|la|]|=2b, and b is also pure imaginary. >

Theorem 1. A homogeneous Riemannian space (S¥3 = Sp(n+1)/Sp(n), g) is geodesic
orbit with respect to Sp(n+1), if and only if the metric g is invariant under Sp(n+1) x Sp(1).

< Suppose that a metric endomorphism A (see (6)) generates a Riemannian geodesic
orbit metric g with respect to Sp(n + 1). Then by (6) and Lemma 1 we get that for any
X €t =sp(l) there is Z € sp(n) such that [Z + X, AX] € sp(n). But [Z, AX] € [sp(n), €] =
0, therefore, [X, AX] € sp(n). On the other hand, [X, AX] € [¢,¢] = & Hence, we get
[X,AX] =0 for all X € &= sp(1). Now, it is easy to see that A = x5 1d|¢ for some x5 > 0
and (-,-) generates Sp(n + 1) x Sp(1)-invariant metric on S4**3 (see the discussion in the
previous section). Indeed, the centralizer of any nontrivial X € sp(1) in sp(1) is exactly RX.
Therefore, A preserves all 1-dimensional subspaces in sp(1) and should be a multiple of Id
on € =sp(1).

Now, consider any Sp(n + 1) x Sp(1)-invariant metric on S4"*3. It is generated by a
metric endomorphism of the type A = xz2Id |¢ ® z11d|p,. For any X = X; + Xo (X; € py,
Xo € 8) we get AX = 21X7 + x2X5. In order to prove that this metric is geodesic orbit with
respect to Sp(n+ 1), it suffices to find Z € sp(n) such that [Z, X ] = (z2/z1 — 1)[X2, X1] (see
Lemma 1). If 21 = 22 then we can choose Z = 0. Consider now the case x1 # z».

Let X; = X2—|—X3—|— +X”+1 where X{ € Lin{E\s,1Fs,jFis,kF1s}, 2 < s <n+1. By
Lemma 3, there is a vector Us € Lin{iGj, jGs,kGs} C sp(n) such that [Us, Xj] = (x2/21 —
1)[X2, X7]. Now by Lemma 2, we get

n+1
(wa/z1 = 1)[Xg, X1] = ) (w2 /a1 — 1)[ X2, X7]
s=2
n+1 n+1 n+1
= UL X{] = U, Xi] = [Z Us,Xl}
s=2 s=2

Therefore, we can choose Z = E?izl Us. By Lemma 1 we get that A = 2o Id [¢® 21 Id |, does
generate a GO-metric with respect to Sp(n + 1). >

4. Geodesic vectors for Sp(n + 1)U(1)-invariant metrics
on the sphere §4"*3

We already know (see Case 9) in Introduction) that all Sp(n + 1)U (1)-invariant metrics
(they constitute a 3-parametric family) on Sp(n + 1)U(1)/Sp(n)diag(U(1)) = S**+3 are
geodesic orbit because of the weak symmetry. On the other hand, sometimes it is useful to
have explicit forms of suitable geodesic vectors. In this section, we get such description for
all Sp(n + 1)U(1)-invariant metrics on S4"+3.

At first, we give more details on Sp(n + 1)U(1)-invariant metrics on the sphere S4"+3.
We suppose that [ is supplied with the inner product (-,-) as a subalgebra of sp(n + 1) (see
the decomposition (5)). Then we can extend (-,-) to the Lie algebra sp(n + 1) @ [ assuming
(sp(n+1),) = 0. Let us consider the following (-, -)-orthogonal decompositions:

5p(n+1)€9[=5@§1@§2 ® p3, 5261 @627

where p; = {(X,0) € sp(n +1) @ [|X € p1}, p2 = {(X,0) € sp(n+1) & [|X € po},
ps = {(X,-X) espln+1)l|X €1}, h = {(X,0) € 5p(n+ 1)@ X € sp(n)}, ha =
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{(X,X) e sp(n+1)@[|X € [}. Itis easy to see that the modules p;, i = 1,2,3, are
ad(h)-irreducible. Then every Sp(n + 1)U(1)-invariant metric g on S4**3 is determined by
the metric endomorphism

A=ux1d ’51 P o Id ‘§2 @ xzld ’gg

for some positive x1, 9, 3.

Now, we shall find for every X € p; ©poDp3 a vector Z € h such that X + Z is a geodesic
vector on the homogeneous Riemannian space (Sp(n+ 1)U (1)/Sp(n) diag(U(1)) = S47+3, g).

Let us consider any X = X7 + X5 + X3, where X7 € p1, Xo € po, X3 € p3. Then
AX = 21X1 + 29X9 + 23X3 and

[AX, X] = (l’l — l‘Q)[Xl,XQ] + (1'1 — 1‘3)[X1,X3] + (1'2 — 1‘3)[X2,X3].

Obviously, [X1, Xo] € py, [X1, X3] € p1, [Xo, X3] € pa.

By Lemma 1, it suffices to find a vector Z € b such that [Z, AX] = [AX, X]. Consider

Z = Zy + Zs, where Z1 € b1 and Zy € ho. Since {Zl,Xl] S 51, [Zl,Xg] = [Zl,Xg] =0,

[Z2, X1] € p1, [Z2, X2] € p2 and [Z2, X3] = 0 we get that [Z, AX] = [AX, X] is equivalent to
the following two equations:

w2 Za, Xo] = (2 — 23)[ X2, X3,

21[Z1, X1 + 21[Z9, X1]| = (21 — 22)[ X1, Xo] + (21 — 23)[ X1, X3]. ™

It is clear that X7 = (Y,0) € p; for some Y € py, Z; = (U,0) € 61 for some U € sp(n),
X3 = (aiGy, —aiGy) € p3, X2 = (BjG1 +kG1,0) € pa,  Z» = (3iG1,6iG1) € ba

for some real numbers «, G, 7, 6.
Since [ZQ,XQ] = (—’}/6le + ﬁékGl,O) S 52 and [XQ,Xg] = (Oé’}/le — OéﬂkGl,O) € 52,
then for § = (z3/x2 — 1) the equality (7) holds.
Substituting § = (z3/x2 — 1)« into equality (7) and using the inclusions
[ZQ,Xl] = ((l‘g/l‘g — 1)0&[iG1,Y],0) € 51,
[X27X1] = ([ﬂle + 7kG17Y]70) € 517
[X37 Xl] = (Oﬁ[iGl, Y]7 O) S Elu
we see that the equality (7) is equivalent to the following one:
[U, Y] = [(1‘3/1'1 — l‘3/1’2)0¢iG1 + (1‘2/1'1 — 1)BJG1 + (1‘2/1'1 — 1)’}/kG1, Y] . (8)
Consider the sum Y = Yy + Y3 + -+ + Y11, where Yy € Lin{FEys,iFis,jF1s, kFis},
2 < s <n+ 1. By Lemma 3 there is a vector U € Lin{iGs, jGs, kGs} C sp(n) such that
[Us,Ys] = [(w3/x1 — x3/22)0iG1 + (w2/21 — 1)BiG1 + (w2/21 — 1)7kGy, Y]

Now, by Lemma 2, we get

[(z3/21 — x3/22)0iG1 + (22 /21 — 1)BjG1 + (22/21 — 1)7kGy, Y ]

= Z [(1’3/1‘1 — 1’3/1’2)0&iG1 + (1'2/1‘1 — 1)ﬁjG1 + (1'2/1'1 — 1)’}/kG1,Y;]
s=2

_ Zn:[Us,Ys] — S .. Y] = [ZH:UY]
=2 s=2

s=2
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Hence, if we choose U = ZZ;L% Us, then the equality (8) holds. Therefore, the vector X +
71+ Zsy, where Z7 = (U = Zgizl U8,0> and Zy = (z3/292—1)a (iG1,1G1), is a geodesic vector

by Lemma 1. In particular, the metric endomorphism A = x4 1d |§1 @ xo Id |52 @ xsld |§3 does
generate a GO-metric with respect to Sp(n + 1) x U(1) for every positive x1, z2, x3.

REMARK 3. In particular, this proves that every Sp(n + 1)U(1)-invariant metric on the
sphere S4"*3 is geodesic orbit with respect to the group Sp(n + 1)U(1).

The conclusion

It is clear that Theorem 1 completes the classification for Case 10) in Introduction. There-
fore, we have verified completely all data from Table 1.

All geodesic orbit Riemannian metrics from Table 1 induce geodesic orbit Riemannian
homogeneous metrics on corresponding real projective spaces RP™. The metrics obtained in
such a way, metrics from Remark 2 together with the normal homogeneous metrics on the
projective spaces CP" = SU(n+1)/S(U(n) x U(1)), HP™ = Sp(n + 1)/Sp(n) x Sp(1), and
CaP? = Fy/Spin(9) exhaust all geodesic orbit Riemannian metrics on projective spaces (see
details in [27] and [28]).
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IF'EOJESNYECKIN OPBUTAJIBHBIE METPUKN HA COEPAX

Huxkonopos 1O. I

B mannoit pabore mostydena mosHas KaacCuOUKAIMS T€OAE3MIECCKN OPOUTATBHBIX PUMAHOBBIX METPHUK HA
cepax S™. Takrke Haii/leHbI SIBHble BLIPA’KEHUs IeoJe3nMdecKux BeKTopoB mist Sp(n + 1)U(1)-unsapu-
AHTHBIX MeTpHK Ha S4"F3,

KuroueBrnie ciioBa: 0JIHOPO/IHBIE IPOCTPAHCTBA, OJTHOPO/IHBIE PUMAHOBBI MHOI'00OPAa3UsI, ECTECTBEHHO pe-
JYKTHUBHBIE PIMAHOBBI MHOI00Opa3usl, HOPMAaJIbHbIE OJTHOPO/IHbIE PUMAHOBBI MHOT000OPa3usl, re0/Ie3NIeCKU
opbUTATIbHBIE TPOCTPAHCTBA, CAMMETPUIECKNE ITPOCTPAHCTBA, CJ1ab0 CHUMMETPUIECKIE TPOCTPAHCTBA.



