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Abstract

We classify generalized Wallach spaces which are g.o. spaces. We also
investigate homogeneous geodesics in generalized Wallach spaces for any
given invariant Riemannian metric and we give some examples.

Introduction

Let (M, g) be a homogeneous Riemannian manifold, i.e. a connected Rieman-
nian manifold on which the largest connected group G of isometries acts transi-
tively. Then M can be expressed as a homogeneous space (G/K, g) where K is the
isotropy group at a fixed point 0 of M, and g is a G-invariant metric. In this case
the Lie algebra g of G has an Ad(K)-invariant decomposition g = ¢ & m, where
m C g is a linear subspace of g and £ is the Lie algebra of K. In general such
decomposition is not unique. The Ad(K)-invariant subspace m can be naturally
identified with the tangent space T, M via the projection 77 : G — G/K.

A geodesic y(t) through the origin 0 of M = G/K is called homogeneous if it is
an orbit of a one-parameter subgroup of G, that is

7(t) = exp(tX)(0), tER, 1)

where X is a non zero vector of g.
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A homogeneous Riemannian manifold is called a g.0. space, if all geodesics are
homogeneous with respect to the largest connected group of isometries. All natu-
rally reductive spaces are g.o. spaces ([15]), but the converse is not true in general.
In [13] A. Kaplan proved the existence of g.o. spaces that are in no way naturally
reductive. These are generalized Heisenberg groups with two-dimensional cen-
ter. In [16] O. Kowalski, F. Priifer and L. Vanhecke made an explicit classification
of all naturally reductive spaces up to dimension five. In [18] O. Kowalski and
L. Vanhecke gave a classification of all g.o. spaces, which are in no way naturally
reductive, up to dimension six. In [11] C. Gordon described g.o. spaces which are
nilmanifolds and in [29] H. Tamaru classified homogeneous g.o. spaces which
are fibered over irreducible symmetric spaces. In [6] and [7] O. Kowalski and
Z. Dusek investigated homogeneous geodesics in Heisenberh groups and some
H-type groups. Examples of g.o. spaces in dimension seven were obtained by
Dusek, O. Kowalski and S. Nik¢evi¢ in ([9]). Also, in [1] the first author and
D.V. Alekseevsky classified generalized flag manifolds which are g.o. spaces.

Concerning the existence of homogeneous geodesics in homogeneous Rie-
mannian manifold, we recall the following. V.V. Kajzer proved that a Lie group
endowed with a left-invariant metric admits at least one homogeneous geodesic
([12]). O. Kowalski and J. Szenthe extended this result to all homogeneous Rie-
mannian manifolds ([17]). An extension of the result of [17] to reductive homo-
geneous pseudo-Riemannian manifolds has been also obtained ([7], [24]). Also,
O. Kowalski, S. Nikéevié and Z. Vlasek studied homogeneous geodesics in homo-
geneous Riemannian manifolds ([14]), and G. Calvaruso and R. Marinosci stud-
ied homogeneous geodesics in three-dimension Lie groups ([21], [5]). Homoge-
neous geodesics were studied by J. Szenthe ([25], [26], [27], [28]). In addition,
D. Latifi studied homogeneous geodesics in homogeneous Finsler spaces ([19]),
and the first author investigated homogeneous geodesics in the flag manifold
SO2I+1)/U(l —m) x SO(2m + 1) ([3]).

Homogeneous geodesics in the affine setting were studied in [10]. Finally,
D.V. Alekseevsky and Yu. G. Nikonorov in [2] studied the structure of compact
g.0. spaces and gave some sufficient conditions for existence and non existence of
an invariant metric with homogeneous geodesics on a homogeneous space of a
compact Lie group G. They also gave a classification of compact simply connected
g.0. spaces of positive Euler characteristic.

Because of these results, it is natural to study g.o. spaces as well as to describe
homogeneous geodesics for other large classes of homogeneous spaces. In this
papet, we study this problem for generalized Wallach spaces. These spaces were
well known before as three-locally-symmetric spaces ([20]), however they were
recently classified by Z. Chen, Y. Kang and K. Liang ([4]) and Yu.G. Nikonorov
([23]). We search for homogeneous geodesics in these spaces.

One of the main results in the present paper is Theorem 2, which classifies gen-
eralized Wallach spaces which are g.o. spaces. For those which are not, we show
how to obtain homogeneous geodesics. We make explicit computations for the
three dimensional Lie group SU(2) (thus recovering a result of R.A. Marinosci),
and for the Stiefel manifold SO(4)/50(2).

The paper is organized as follows: In Section 1 we recall the basic definitions
and properties of homogeneous geodesics in a Riemannian manifold. In Section 2
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we recall the definition of generalized Wallach spaces as well as their classifica-
tion from [23]. In Section 3 we classify g.0. spaces among generalized Wallach
spaces. For those which are not g.o. spaces, in Section 4 we discuss how to find
all homogeneous geodesics for a given G-invariant Riemannian metric.
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1 Homogeneous geodesics in homogeneous Riemannian man-
ifolds

Let (M = G/K, g) be a homogeneous Riemannian manifold, where G is compact
and semisimple. Let g and £ be the Lie algebras of G and K respectively and let

g=tdm (2)

be a reductive decomposition. The canonical projection 7w : G — G/K induces an
isomorphism between the subspace m and the tangent space T, M at the identity
o = eK. The G-invariant metric ¢ induces a scalar product (-,-) on m which is
Ad(K)-invariant. Let B(-,-) = —Killing form on g. Then any Ad(K)-invariant
scalar product (-,-) on m can be expressed as (x,y) = B(Ax,y) (x,y € m),
where A is an Ad(K)-equivariant positive definite symmetric operator on m.
Conversely, any such operator A determines an Ad(K)-invariant scalar product
(x,y) = B(Ax,y) on m, which in turn determines a G-invariant Riemannian met-
ric g on m. We say that A is the operator associated to the metric g, or simply the
associated operator. Also, a Riemannian metric generated by inner product B(, -)
is called standard metric.

Definition 1. A nonzero vector X € g is called a geodesic vector if the curve (1) is a
geodesic.

Lemma 1 ([18]). A nonzero vector X € g is a geodesic vector if and only if
(X, Y]m, Xm) =0, 3)
forall Y € m. Here the subscript m denotes the projection into m.

A useful description of homogeneous geodesics (1) is provided by the follow-
ing :
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Proposition 1 ([1]). Let (M = G/K, g) be a homogeneous Riemannian manifold and
N be the associated operator. Let a € € and x € m. Then the following are equivalent:

(1) The orbit y(t) = expt(a + x) - o of the one-parameter subgroup expt(a + x)
through the point o = eK is a geodesic of M.

(2) [a+x,Ax] €&

(3) ([a,x],y) = (x,[x,y]m) forall y € m.

(4) ([a+x,Y]m, x) =0forally € m,

An important corollary of Proposition 1 is the following:

Corollary 1 ([1]). Let (M = G/K, g) be a homogeneous Riemannian manifold. Then
(M = G/K,g) is a g.0. space if and only if for every x € m there exists an a(x) € ¢
such that

[a(x) +x, Ax] € €.

The following Proposition is very important for us to investigate g.o. spaces
in generalized Wallach spaces.

Proposition 2. ([2, Proposition 5]) Let (M = G/K, g) be a compact g.0. space with
associated operator A. Let X,Y € wm be eigenvectors A with different eigenvalues A, .
Then

XY= 12X+ Y] @

for some h € ¢.

If we want to decide whether a homogeneous Riemannian manifold
(M = G/K,g) is a g.o. space or not, we need to find a decomposition of the
form (2) and look for geodesic vectors of the form

s l
X = Zaiei + Z x]A] (5)
i=1 =1

Here {e¢; : i =1,2,...,s} is a basis of m and {Aj :j=1,2,...,1} is a basis of ¢. By
substituting X into equation (3) we obtain a system of linear algebraic equations
for the parameters x;. If for any X € m\ {0} this system for the variables x;
has real solutions, then it follows that the homogeneous Riemannian manifold
(M = G/K,g) is a g.0. space.

If, on the other hand, we need to find all homogeneous geodesics in the
homogeneous Riemannian manifold (M = G/K, g), then we have to calculate
all geodesic vectors in the Lie algebra g. Condition (3) reduces to a system of s
quadratic equations for the variables x; and 4;. Then the geodesic vectors cor-
respond to those solutions of this system for the variables x,...,x;,41,...,4s,
which are not all equal to zero.

2 Generalized Wallach spaces

Let G/K be a compact homogeneous space with connected compact semisimple
Lie group G and a compact subgroup K. Denoted by g and ¢ Lie algebras of
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G and K respectively. We assume that G/K is almost effective, i.e., there are
no non-trivial ideals of the Lie algebra g in ¢ C g. Let (-,-) = B(A-,-) be an
Ad(K)-invariant scalar product on m, where A is the associated operator.

We assume that the homogeneous space G/K has the following property. The
module m decomposes into a direct sum of three Ad(K)-invariant irreducible
modules pairwise orthogonal with respect to B, i.e.

m=m; G my®dmg, (6)

such that

[mi,mi] ce i=1,2,3. (7)

A homogeneous space with this property is called generalized Wallach space.

Some examples of these spaces are the manifolds of complete flags in the com-
plex, quaternionic, and Cayley projective planes, that is SU(3)/Tmax,
Sp(3)/Sp(1) x Sp(1) x Sp(1), Fy/Spin(8) (known as Wallach spaces), and the
generalized flag manifolds SU(ny + np + n3)/S(U(n1) x U(ny) x U(nz)),
SO(2n)/U(1) x U(n—1)and E¢/U(1) x U(1) x SO(8).

Every generalized Wallach space admits a three parameter family of invariant
Riemannian metrics determined by Ad(K)-invariant inner products

() =MB(, ) [my +A2B(,+) my +A3B(-, ) [y, ®)

where A1, A, A3 are positive real numbers.

Let d; be the dimension of m;. Let {e{ } be an orthogonal basis of m; with
respect to B, where j = 1,2,3 and 1 < i < dj. Consider the expression [ijk|
defined by the equality

ijk] = Y Blleh, e}, €h)?, 9)

B,y

where a, B,y range from 1 to d;, d; and dy respectively (cf. [30]). The symbols
ijk] are symmetric in all three indices due to the bi-invariance of the metric B.
Moreover, for the spaces under consideration we have [ijk] = 0, if two induces
coincide.

We recall the classification of generalized Wallach spaces that was recently
obtained by Yu.G. Nikoronov ([23]) and Z. Chen, Y. Kang, K. Liang ([4]):

Theorem 1 ([23], [4]). Let G/K be a connected and simply connected compact homoge-
neous space. Then G /K is a generalized Wallach space if and only if one of the following
types:

1) G/K is a direct product of three irreducible symmetric spaces of compact type
([ijk] = 0 in this case).

2) The group is simple and the pair (g, €) is one of the pairs in Table 1.

3)G=F xF xFxFand H = diag(F) C G for some connected simple connected
compact simple Lie group F, with the following description on the Lie algebra level:

(9.8) = fofoiofdiag(f) = {(X, X, X, X) | X € f},
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where § is the Lie algebra of F, and (up to permutation) m; = {(X, X, —X,—X) | X €
flm={(X,-X,X,-X) | X € f}, m3 = {(X,-X,-X,X) | X € f}.

g ¢ g 3
so(k+1+m) | so(k) ®so(l) Bso(m) | ez | s0(8) P 3sp(1)
su(k+1+m) | su(k) ®su(l) ®su(m) | e7 | su(6) Dsp(l) DR

() @s
()

sp(k+1+m) | sp(k) ® sp p(m) | e7 50(8)
su(20),1>2 u eg | s0(12) B 2sp(1)
so0(21),1 >4 u(l) ®u(l —1) eg | 50(8) Pso(8)
¢ su(4) ®2sp(1) R | fg | s0(5) B 2sp(1)
¢ 50(8) @ IR? fs 50(8)
¢ sp(3) ®sp(1)

Table 1. The pairs (g, £) corresponding to generalized Wallach spaces G/K with G
simple.

3 g.0. generalized Wallach spaces

Let (G/K,g) be a generalized Wallach space with reductive decomposition
g = @ m, equipped with a G-invariant metric corresponding to a scalar product

of the form (8). Let | = dimt and d; = dim(m;) (i = 1,2,3), and let {¢?} and {e!}
be orthogonal bases of £ and m; respectively with respect to B, where 1 <i <,
j=1,2,3and 1 <s <d;. Forany X € g\ {0} we write

I 4 dy ds
=Y x;ed + Y. aje} +) bes + Y. cse,  xj, aj, by, cs € R. (10)
= =1 k=1 s—1

Then by Lemma 1 it follows that X is a geodesic vector if and only if

! di dy d3 di dy d3
(Y xie) + Y ajej + Y b+ Y csed, Ylm, Y ajef + ) bpeg + Y cse3) =0,
i=1 j=1 k=1 s=1 j=1 k=1 s=1
(11)
for all Y € m. Hence we obtain the following system of d; + d, + d3 equations

(— Tl (T 1a]B<[e?,eﬂm, el)xih = Tity L2y bresB([eF, ellm, €2) (A5 — A2)

~- i (Z a;B([e}, e Im €}))xiM1 = Y 12 L besB([eg, el Jms €3) (A3 — Az2)
21:1(22 ka([elre%]m/ek))xiAz—Z ZS 14jCs ([e],el]m, )(A3—A1)

Zl (Z ka([el,ed ]m,ek))x Ay = Z Zs 14iCs ([6}162 Jm,€3) (A3 — A1)
ST Bl ) = Ky T B (] )02~ )

_Z‘ (Zs 1CSB([3013,?§3] ))xl/\3 27112;( 1a]ka([€],€d ]m,ek)()tz —/\1)
(12)
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If we set
271 14B([e), e1]m ) A1 - 271 19;B([e7, e1lm, €}) A1
2711”’]3([6(1)/3311]%3]1)7\1 2711013([e?f6311]mre]1)7\1
Z 2 beB([e, e3]m et Ay - - Z 21 eB([e), e3]m, e2)An
A= — : : ,
Y2 beB([e), 3 Im e Ay -+ 2, beB([e), €2 Jm, €2 A2
253 . cSB([e?,el]m, HAg - 253 . csB([el,el]m, ez
Z? pesB([ed, 633]111/ ez - Z? 1 CsB([e?,€§3]m/ e2)As
X1
X2
X = ,
X]
and ] ]
Zki1 253:1 bicsB ([ek, 31]m/ )(A?’ —A2)
Zd Z)f 1bkcs ([ek,ed ]m/ )(A?’ —A2)
Z Zs 1 a]Cs ([e]/el]m’ )(/\3 - /\1)
B = : ’
Z ZS 14iCs ([]1/ 5{] /eg)(ABv_Al)
Z Zk 1 a]ka([ ] ,e]%)(/\z - /\1)

Z Ek 1a]ka([e],ed ]m/ek)(/\z _Al)
then System (12) is equivalent to AX = B. Then we have the following:

Proposition 3. Let (G/K, g) be a generalized Wallach space, where the metric g is de-
termined by the scalar product (8). Then forany a; (j = 1,...,d1), by (k =1,...,d)
and cs (s = 1,...,d3) not all equal to zero, (G/K,g) is a g.0. space if and only if
rank(A) = rank(A, B).

Proof. By Proposition 1 and Corollary 1 it follows that (G/K, g) is a g.0. space
if and only if for any X € m\ {0} there exists an a(X) such that the curve
expt(a(X) + X) -0 (t € R) is a geodesic. This means that system (12) of d; +

dy + d3 equations for the variables x; (i = 1,...,I) has real solutions for any
aj, by, cs G=1,...,d,k =1,...,dy,s = 1,...,d3) not all equal to zero. Then
system AX = B has real solutions if and only if rank(A) = rank(A, B). ]

Next, we shall investigate which of the families of spaces listed in Theorem 1
are g.0. spaces.
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Theorem 2. Let (G/K, g) be a generalized Wallach space as listed in Theorem 1. Then
1) If (G/K, g) is a space of type 1) then this is a g.0. space for any Ad(K)-invariant
Riemannian metric.
2) If (G/K, g) is a space of type 2) or 3) then this is a g.o. space if and only if g is the
standard metric.

Proof. Assume that (G/K,g) is a g.0. space, and the corresponding metric
(A1,A2,A3) is geodesic orbit with A; # A;  Proposition 2 implies that
[m;, m;] C m; ©m;. Since (G/K, g) is a generalized Wallach space, it follows that
[m;, mj] C my, k & {i,j}, hence we get [m;, m;] = 0.

For case 1) it is [ijk] = 0 for all i,j,k € {1,2,3}. Indeed, formula (9) implies
that B([eé,ek],e’fr) = 0 for any i,j,k € {1,2,3} and for any &, B, v ranging from 1

to d;, d; and dj respectively. Hence !, e]ﬁ] = 0 for i # j and for any &, B ranging
from 1 to d; and d;. Therefore, a generalized Wallach space (G/K, g) of type 1) is
naturally reductive for any Ad(K)-invariant Riemannian metric (A1, Ay, A3), so it
is a g.0. space.

For case 2) the only non zero [ijk] is [123] (cf. [22]). Then formula (9) implies

that there exist a, 8, such that B([el, e%], elé) # 0, where i # j # k # i. It follows

that there exist &, B such that [e}, e%] # 0 for i # j. This implies that [m;, m;] # 0,
which is a contradiction. Hence we obtain that A; = Aj. Therefore, a generalized
Wallach space (G/K,g) of type 2) or 3) is a g.o. space if and only if g is the
standard metric. ]

4 Homogeneous geodesics in generalized Wallach spaces

Let (G/K, g) be a generalized Wallach space with B-orthogonal decomposition
g = £®m, where m = my ® my ® m3 and B = —Killing form on g. Let {¢} and

{eé} be the orthogonal bases of t and m; respectively with respect to B (1 <i <1,
j=1,231<s<d;). Forany X € g\ {0} we write

! dy dy d3
X = Z xie? + Z aje]l- + Z bkei + Z cseg, xi, aj, b, cs € R.
i=1 j=1 k=1 s=1

In order to find all homogeneous geodesics in G/K, it suffices to find all the
real solutions of the system (12), of dy + d» + d3 quadratic equations for the vari-
ables x;,a i bk, cs, which are not all equal to zero.

By Theorem 2 we only consider homogeneous geodesics in generalized
Wallach spaces types 2) and 3) given in Theorem 1 for the metric (A1, A2, A3),
where at least two of Ay, Ay, A3 are different. Then the geodesic vectors corre-
spond to those solutions of the system (12) for the variables x;, a i by, cs, which are
not all equal to zero. However, for many generalized Wallach spaces it is difficult
to find all the real solutions of the system (12).

Next, we will give two examples of generalized Wallach spaces and give all
the homogeneous geodesics for any given metric.
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Example 1. We consider the generalized Wallach space SU (2) /{e}.
Let {v/—1h,, 4, B } be an orthogonal basis of su(2) with respect to B, where

X7 \/—/
« denotes a simple root of the Lie algebra su(2), and Ay, = E, — E_,,
By = vV— 1(E,X + E_,). Here {E,} denotes the Weyl basis of su(2). We set
X, = \’L}"L,Y 7 Then we have that

[\/_—UlrerDc] = a(hy)Ye = Ya,
[\/——Ul,x,Y] = - (h )Xlx = —Xu,
[Xe, Ya] = V=1h,.

The Lie algebra su(2) has an orthogonal decomposition su(2) = m; @& my &
m3, where m;, mp, m3 are spanned by v/ —1h,, X, and Y, respectively. For any
X € su(2) we write

X:ﬂ\/ _1h[)(+bX[X+CYD¢, ﬂ,b,CE]R.

We will find all geodesic vectors of SU(2)/{e} for a given metric (A1, Ay, A3).
The system (12) for SU(2)/{e} is

bC()L:; — )Lz) 0
ac(/\3 — /\1) =0 (13)
ab()\z — /\1) 0.

Case 1. Ay = Ay # A3. The solutions of the system (13) are c = O or ¢ # 0,
a = b = 0, so the geodesic vectors are X = av/—1h, + bX, and X = cY,.
Case 2. Ay = A3 # Ay. The solutions of the system (13) are b = Oor b # 0,
a = c = 0, so the geodesic vectors are X = ay/—1hy + cY, and X = bX,.
Case 3. Ay = A3 # Ay. The solutions of the system (13) area = O ora # O,
b = c = 0, so the geodesic vectors are X = bX, + cY, and X = ay/—1h,.
Case 4. Ay, Ay, Az are distinct. Then the system (13) reduces to ab = ac = bc = 0,
whose solutions area = b =0ora = c = 0or b = ¢ = 0. In this case any vector
X € m;\{0} (i = 1,2,3) is a geodesic vector.

Therefore we obtain the following theorem, which recovers a result on R.A.
Marinosci [21, p. 266]

Proposition 4. For the generalized Wallach space SU (2)/{e} the only geodesic vectors
for a given metric (A1, Ay, A3) are the following:

DIfA = A #F A& (i,j,k € {1,2,3}), then any vector X € wy\{0} or
Xe (mo m]-)\{O}.

2) If A, Ap, As are distinct, then any vector X € my U my Umg.

Example 2. We consider the generalized Wallach space SO(n)/SO(n — 2), (n > 4).

This is the Stiefel manifold of orthogonal 2-frames in R”. Let so(n) and
so(n — 2) be the Lie algebras of SO(n) and SO(n — 2) respectively. Let E,;, de-
note the n x n matrix with 1 in the (ab)-entry and 0 elsewhere. If e;;, = E;;, — Ey,,
then the set B = {¢;j = E;; — Ej; : 1 <i < j < n} is a B-orthogonal basis of so(1).
The multiplication table of the elements in B is given as follows:
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Lemma 2. If all four indices are distinct, then the Lie brackets in BB are zero. Otherwise,
it is [ej, ejx] = ej, where i, j, k are distinct.

Let so(n) = ¢ ® my & my @ m3 be an orthogonal decomposition of so(n) with
respect to B, where ¢ = span]R{el-j :3 < i < j < np,m = spang{enn},
my, = span]R{elj :3 < j < n} and mz = span]R{ezj : 3 < j < n}. For any
X € so(n) we write

X = Z aijeij + aje1n + Z aijeq; + Z a2€2j, aij € R.

3<i<j<n 3<j<n 3<j<n

Then the system (12) for SO(n)/SO(n — 2) takes the form

((a13a23 + A1aa24 + - - - + A1020) (A3 — A2) = 0

—(@14a34 + a15a35 + - - - + a1,,43,) A2 = a12a23(A3 — Ap)

(213434 — A15045 — Q16046 — * * + — A1pldn) A2 = A12024(A3 — A1)

(213435 + A14045 — A16056 — A17a57 — - -+ — A1A5,) A2 = A12a25(A3 — Aq)

(a1383 01+ -+ A1p—28p-21-1 — AuAn—1,0)A2 = A1282,-1(A3 — A1)

(a13a3, + A1484, + - - + A1 510 -1,0) A2 = A1282,(A3 — Ap) (14)
—(a24a34 + a2sazs + - - - + a2,a3,)A3 = appaz (A1 — Az)

(a23034 — (25445 — A26A46 — - - - — A2nlan)A3 = A12a14(A1 — A2)

(a23a35 + 24845 — A2656 — A27A57 — * + * — A2pAs, ) A3 = A12a15(A1 — A2)

(a23a3 -1+ -+ -+ A2n—20y—2 -1 — A2nly—1,n)A3 = A1201 n—1(A1 — A2)
(22383, + A48y + - - - + A2 105 _1,1)A3 = A120a1,,(A1 — A2).

As the above system is difficult to handle, we restrict to the Stiefel mani-
fold 50(4)/50(2) and look for geodesics X = a34€34 + A12€12 + A13€13 + A14€14 +
ax3€23 + azser4. Then the above system simplifies to

(213023 + 314024) (A3 — Ap) = 0
340142 = —a12a23(A3 — A1)
340132 = a12a24(A3 — Aq) (15)
340243 = a13a12(A2 — Aq)

| 4340233 = —a14a12(A2 — Aq).

In order to find all geodesic vectors in the generalized Wallach space
SO(4)/SO(2) for a given metric, we should find all the non zero real solutions
of the system (15).

Case 1. A = Ay # A3. Then the system (15) reduces to

a13023 + a14a24 = 0
A34014A1 = —apa23(A3 — Aq) (16)
A34013A1 = A12a24(A3 — Aq).
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If az4 = 0 and a2 = 0 then the geodesic vectors are X = ajze13 + ajse14 +
a3eo3 + dxgenq With ay3a03 + ayga04 = 0.

If a34 = 0 and a1 # 0 we get a3 = ax4 = 0, so the geodesic vectors are
X = apern +aize13 + ayge14.

If a4 # 0 and a1 = 0 we get aj3 = a;4 = 0, so the geodesic vectors are
X = azge3q + ap3e3 + Ap4€24.

If a34 # 0, a12 # 0 and a3 + a4 = 0 we have a;3 = a14, geodesic vectors are
X = azge3q +aipern + ayze1s + aizeiy + ar3€23 — A23€24.

If azy 75 0, aip ?é 0 and a3 + dyy ?é 0 we have ais 75 ai4. If a13 = —a14 We have
az3 = dy4, SO geodesic vectors are X = A34€34 + A12€12 + A13€13 — 13614 + 23623 +
axey. If a3 # —ais we have a3 # ap, so geodesic vectors are
X = azge3q +aipern + ayzers + age1q + arze3 + aogeny.

Case 2. A = A3 # Ay. Then the system (15) reduces to

a13a23 + 1424 = 0
A34024A1 = a13a12(A2 — Aq) 17)
a34023A1 = —a1pa1a(Ag — Aq).

If azqg = 0and app = 0, geodesic vectors are X = 13613 + A14€14 + A23€23 + 24624
with 13423 + A140p4 = 0.

If a33 = 0 and a;p # 0 we get a3 = a4 = 0, geodesic vectors are
X = appe1n + axzens + axgens.
If a34 # 0 and a1, = 0 we get ap3 = ay = 0, geodesic vectors are

X = azge3q + a13e13 + ais€14.

If a34 # 0, a12 # 0 and a3 + a4 = 0 we have a;3 = a14, geodesic vectors are
X = azge3q +aipern + ayzers + aizeiq + ar3€23 — A23€24.

If a3y 75 0, aip ?é 0 and a3 + Aoy ?é 0 we have ais 75 ai4. If a13 = —a14 We have
az3 = dy4, SO geodesic vectors are X = A34€34 + A12€12 + A13€13 — 13614 + 23623 +
axeps. I a3 # —aja we have a3 # ap, so geodesic vectors are
X = azge3q + aipern + ayzers + age1q + ar3e3 + aogen4.

Case 3. A3 = Ay # Aq. Then the system (12) reduces to

34014\ = —a12a23(A2 — Ap)
340132 = aja24 (A2 — Aq)
34024\ = a13a12(A2 — Aq)
34023\ = —a4a12(A2 — Aq).

(18)

If a34 = 0 and a1p = 0, geodesic vectors are X = aj3e13 + ajae14 + a23e3 +
a24€24.

If a34 = 0 and a1y # 0 we have a13 = a14 = a3 = ap4 = 0, geodesic vectors are
X = aip€é12.

If as4 # 0 and a1p = 0 we have a13 = a14 = a3 = a4 = 0, geodesic vectors are
X = a34€34.

If azg # 0, 215 # 0 and a3 + a4 = 0 we have a;3 = 414, geodesic vectors are
X = azge3q + a1pe12 + a13€13 + A13€14 + A23€23 — A23€24.

If aszq 7§ 0 , 12 7§ 0and a3 + Aoy 7§ 0 we have ais 75 ai4. If a13 = —da14 We have
ay3 = A4, SO geodesic vectors are X = azse34 + a12€12 + A13€13 — A13€14 + 423623 +
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apexs. If a3 # —as we have a3 # aps, so geodesic vectors are
X = azge34 + a1pe12 + a13e13 + A14€14 + A23€23 + A24€24.
Case 4. A1, Ay, A3 are all different.

If a34 = 0and a1p = 0, geodesic vectors are X = aj3e13 + a14€14 + A23€23 + A24€24
with aq3ap3 + a14a34 = 0.

If a34 = 0 and a1p # 0 we have a13 = a14 = a3 = a4 = 0, geodesic vectors are
X = a12€12.

If as4 # 0 and a1p = 0 we have a13 = a14 = a23 = a4 = 0, geodesic vectors are
X = a34€34.

If azg # 0, a1p # 0 and a3 + a4 = 0 we have a;3 = a14, geodesic vectors are
X = az4e34 + aipe12 + a13e13 + A13€14 + A23€23 — A23€24.

If aszq 7§ 0, ain 7§ 0and a3 + Aoy 75 0 we have a3 7§ ai4. If a13 = —da14 We have
ay3 = a4, sO geodesic vectors are X = asge34 + a1€12 + A13€13 — A13€14 + 23623 +
axeps. If a3 # —ajgx we have a3 # ap, so geodesic vectors are
X = azge34 + a1pe12 + a13€13 + A14€14 + A23€23 + A24€24.
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