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GEODESIC GRAPHS ON SPECIAL 7-DIMENSIONAL
G.0. MANIFOLDS

ZDENEK DUSEK AND OLDRICH KOWALSKI

ABSTRACT. In [3], the present authors and S. Nik¢evi¢ constructed the 2-
parameter family of invariant Riemannian metrics on the homogeneous man-
ifolds M = [SO(5) x SO(2)]/U(2) and M = [SO(4,1) x SO(2)]/U(2). They
proved that, for the open dense subset of this family, the corresponding Rie-
mannian manifolds are g.o. manifolds which are not naturally reductive. Now
we are going to investigate the remaining metrics (in the compact case).

1. G.0. SPACES AND GEODESIC GRAPHS

Let G C I(M) be a connected Lie group which acts transitively on a Riemannian
manifold M and let 0 € M be a fixed point. If we denote by H the isotropy group
at o, then M can be identified with the homogeneous manifold G/H. In general,
there may exist more than one such group G C I(M). If, for example, we take a
connected Lie group G’ such that G # G’ C I(M) and G’ also acts transitively on
M, then there is another expression of M as G'/H' (where H' is the new isotropy
group).

For any fixed choice M = G/H, G acts effectively on G/H from the left. The
Riemannian metric g on M can be considered as a G-invariant metric on G/H.
The pair (G/H, g) is then called a Riemannian homogeneous space. Such space is
always a reductive homogeneous space in the following sense (cf. [5]): we denote
by g and b the Lie algebras of G and H respectively and consider the adjoint
representation Ad: H x g — g of H on g. There exists a direct sum decomposition
(reductive decomposition) of the form g = m+ h where m C g is a vector subspace
such that Ad(H)(m) C m. For a fixed reductive decomposition g = m + b there
is a natural identification of m C g = T.G with the tangent space T, M via the
projection m: G — G/H = M. Using this natural identification and the scalar
product g, on T,M we obtain a scalar product {,) on m. This scalar product is
obviously Ad(H)-invariant.
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Definition 1.1. A Riemannian homogeneous space (G/H, g) is said to be natu-
rally reductive if there exists a reductive decomposition g = b + m of g satisfying
the condition

(1) (X, Z]lm, Y)Y+ (X,[Z,Y]m) =0 forall X)Y,Zem.
Here the subscript m indicates the projection of an element of g into m.

It is also well-known that the condition (1) is equivalent to the following more
geometrical property:

(2) The curve exp(tX)(o) is a geodesic for all X € m.

Definition 1.2. Let (M, g) be a homogeneous Riemannian manifold. Then (M, g)
is said to be naturally reductive if there is a transitive group G of isometries for
which the corresponding Riemannian homogeneous space (G/H,g) is naturally
reductive in the sense of Definition 1.1.

Examples are known such that M = G/H is not naturally reductive for some small
group G C Ip(M) but it becomes naturally reductive if we write M = G'/H' for
a bigger group of isometries G C Ip(M). By the straightforward generalization of
the property (2) we get the following definition.

Definition 1.3. A Riemannian homogeneous space (G/H, g) is called a g.o. space
if each geodesic of (G/ H, g) (with respect to the Riemannian connection) is an orbit
of a one-parameter subgroup {exp(tZ)}, Z € g, of the group of isometries G. A
homogeneous Riemannian manifold (M, g) is called a Riemannian g.o. manifold if
each geodesic of (M, g) is an orbit of a one-parameter group of isometries.

For more information about the relation between naturally reductive spaces and
g.o. spaces and also for the references to related topics see [3].

Our technique used for the characterization of Riemannian g.o. spaces and g.o.
manifolds is based on the concept of “geodesic graph”. The original idea (not
using any explicit name) comes from J. Szenthe [9].

Definition 1.4. Let (G/H,g) be a g.o. space. A vector Z € g is called a geodesic
vector if the curve exp(tZ)(0) is a geodesic.

Definition 1.5. Let (G/H, g) be a g.o. space and g = m + h an Ad(H)-invariant
decomposition of the Lie algebra g. A (general) geodesic graph is an Ad(H)-
equivariant map 7: m — h which is rational on an open dense subset of m and
such that X + 7n(X) is a geodesic vector for each X € m.

On every Riemannian g.o. space (G/H, g) there exists at least one geodesic graph.
The constuction of the canonical geodesic graph and general geodesic graphs is
described in details in [3], [6], [7]. The components 7; of a geodesic graph are
always rational functions in the form 7; = P;/P, where P; and P are homogeneous
polynomials (of the coordinates on T,(M)) and deg(P;) = deg(P)+ 1. The degree
of a geodesic graph is defined as the degree of the denominator P in the situation
when P; and P are relatively prime.
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Definition 1.6. If (M,g) is a g.o. manifold, then the degree of (M,g) is the
minimum of degrees of all geodesic graphs (either canonical or general ) constructed
for all possible g.o. spaces (G/H,g) where G C Io(M) and M = G/H.

According to the results of J. Szenthe, the degree of (M, g) is zero if and only
if (M, g) can be made a naturally reductive space (G/H, g) for a suitable choice
GCl (M)

For the examples of geodesic graphs of various degrees ve refer to [6], [7], [1], [2].
The systematic description of temporary results was given in [3].

2. (G.0. SPACES IN DIMENSION 7

First, let us quote explicitly the main result of [3], Proposition 1.6.

Proposition 2.1. On a homogeneous space G/H = (SO(5) x SO (2))/U(2) (or
G/H = (50(4,1) x SO (2))/U(2), respectively) there is a family {gp,q} of invariant
metrics depending on two parameters p >0, ¢ > 0 (or p > 0, g < 0, respectively)
with the following properties:

(A) If p, q satisfy the system of inequalities

1-p 6—p
(3) pF2, q27é4p2m7 q27’52p3m7 61275172’

then G is the mazimal connected group of isometries of (G/H, gpq)-

(B) If p, q satisfy the inequality p # 1, then (G/H,gp4) is a Riemannian g.o.
space which is not naturally reductive; for p =1 it is naturally reductive.

(C) If p, q satisfy the inequalities

(4) p#2v qz#p2(2_p)7 q27é4(p_2)27
then (G/H, gp.q) is locally irreducible.

(D) The group SO(5) (or SO(4,1), respectively) acts as a transitive group of
isometries on (G/H, gp.q) but the corresponding Riemannian homogeneous space
(SO(5)/SU(2), gp.q) (or (SO(4,1)/SU(2), gp.q), respectively) is never a g.o. space.

Let us recall the construction of the examples in [3] at the Lie algebra level. Let m
be a 7-dimensional vector space with the (positive) scalar product (,). Choose an
orthonormal basis (En, ..., F4, Z1,Z2,Z3) in m. We denote v = span(En, ..., Ey),
3 = span(Zy, Z2, Z3) and thus m = v+3. Further we denote A;; (for 1 <i < j <4)
the elements of s0(v), Bag (for 1 < a < 8 < 3) the elements from so(3) and Cjq
(for 1 <i<4and 1l < «a < 3) the elements from so(m) with the corresponding
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action given by the formulas
Aij(Ey) = 6iEj — §1Es
(5) Baﬁ( ) = 0ayZp = 0pyZa,
Cia(Ej) = 0ijZa s Cia(Zp) = —dapkEi
(for 4,5,k=1,...,4 and o,8,7y=1,...,3).
We consider now the algebra h = span(A4, B, C, D) ~ u(2), where

A=Az — Ay,
B=A;3+ Ay,

(6) C=Au—A
=Awu 23,

D =2By5+ A4+ Ass

and we put g = m + ). Now we define the Lie algebra structure on g by the
additional relations

[Ev, Bo] =p(Z1 — A), [Ea, B3] = qZs — pC,
[Er, B3] =p(Z2 + B), [E2, B4 = —p(Z2 — B),
[Ey, By = qZ3 + pC, [23 4] =p(Z1+ A)

(7) (21,25 = ?qzs, [Z2, Z3] = —Zl, [Z3, 2] = ?pZ27

where p and ¢ are the parameters satisfymg p>0,q#0and p# |g|, and by the
adjoint action of the elements from 3 on v given by:

ad(Z1)|o = (A12 + Asz4) ,
(8) ad(Z2)]o = (A13 — A24),
ad(Z3)[s = S(AM + Aa3) .

If we denote g = span(m, A, B, C), then for ¢ > 0 the algebra g is isomorphic to
50(5) via the map o: g — s0(5) given by

(Ei) = \/2pA;5 fori=1,...,4,
<,0(Zl) Ao + Asza, ©(A) = Agy — Ar2,
©(Zy) = A1z — Asa, ©(B) = A3+ Aoa,
w(Z3) = p(A14 + Ass), P(C) = A1y — Ass

and for ¢ < 0 the algebra g is isomorphic to s0(4,1). Since the vector Z3 — EDis
the central element in g, the algebra g is isomorphic to s0(5) 4+ s0(2) for ¢ > 0 or
g~s0(4,1) +s0(2) for ¢ < 0.

We can choose for the corresponding Lie groups G = SO(5) x SO(2), H = U(2)
or G = S0(4,1) x SO(2), H = U(2). Because the decomposition g = m + b is
Ad(H)-invariant, we obtain a G-invariant Riemannian metric g, 4 on M = G/H
which comes from the inner product (,) on m. We use the symbol () also for
the scalar product (g,,4)o on ToM and the notation (5) also for the corresponding
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operators on T, M.

In [3], the curvature tensor and the Ricci form of the space G/H was computed.
Using the notation

1 1

-~ —(p® —4p® +2¢%), s = p—2(3q —4p?),

1 1

Z(p® — - 2
t= 4(p 7, u=alp-2),

3 3
=p2_9 =2 -2

4p D, w= 4" = 2p

the components of the curvature operator are

R(F4, E2) = vAi2 + tAss + 2uBag

R(F1,E3) = vAi3 — tAos — 2uBi3
R(E1, Eq) = wAjy — 2tAgs + 21 By
R(E1,Z1) = —1/4p*C11 — uC33 + 1Cao
R(E1, Z5) = —1/4p*C12 + uCa3 — rCa
R(E1, Z5) = —1/4¢*C13 — uCss + uCsy
R(Ey, E3) = —2tA1s + wAss + 2rBya
R(Es, Eq) = —tA13 + vAgy + 2uBi3
R(E2, Z1) = —1/4p*Ca1 + rCsz + uCys
R(Es, Zy) = —uC13 — 1/4p*Coy — rCsy
(9) R(Es, Z3) = uCia — 1/4¢*Ca3 — uCyy
R(Es, Ey) = tAys + vAsy + 2uBas
R(Es, Z1) = uCh3 — rCa — 1/4p*C3:
R(E3,Z5) = 1Co1 — 1/4p*C32 + uCls
R(E3, Z3) = —uChy — 1/4¢°C3 — uClyz
R(Ey, Z1) = —rC12 — uCas — 1/4p“Cyy
R(Ey4, Z3) = rCy1 — uCss — 1/4p*Cis
R(Ey, Z3) = uCay + uCsy — 1/4¢°Cy3
R(Z1,7Z3) = —2uA13 + 2udoy — q2/p2B13
R(Zy,Z5) = 2rAy4 + 2rAgz + sBio
R(Z3,Z3) = 2uA12 + 2uA34 — q° /p° Bas

The components of the Ricci form (which are also the components of the corre-
sponding Ricci operator) are given by the diagonal matrix p, where

(10) diag(p) = (p1, 1, P1, P15 P2, P25 P3)s
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and the only (multiple) eigenvalues p; of the Ricci operator are

1 pt+4p®-2¢ 7> (p* +2)
1) p=6p-p’—5d", pp=——p—, p=—p—.

2 P p
One can easily check that the inequalities (3) correspond to the condition of dis-
tinct Ricci eigenvalues p1, p2, p3. We are now going to study the other possibilities
for the eigenvalues. These are:

Case 1: p; # pa = p3. This is satisfied if ¢ = +p.

6—p
3p2+4-

Case 2: py # p1 = p3. This is satisfied if ¢? = 2p?

Case 3: p; = p2 # p3. This splits into
Subcase 1: ¢% = 4p2i=2

2+p’
Subcase 2: p = 2.

Case 4: p; = py = ps. This splits into

Subcase 1: p =2, ¢ = £2,

Subcase 2: p=2/5, ¢ = £2/5.

This is the special situation of the previous cases.

We are now going to find the maximal isometry groups in these cases, and if
the group is bigger than that considered in [3], we compute geodesic graphs with
respect to this group. For the sake of brevity, we shall consider further only the
compact case. The calculations for the non-compact case are analogous.

3. NEW COMPUTATIONS FOR THE COMPACT CASE

Case 1: p1 # p2 = p3, p=q.

For the eigenvalues of the Ricci operator it holds

3
(12) pr=6p—5p", pp=ps=p +2.

First we find the maximal isotropy algebra h. We are going to find the necessary
condition for the skew-symmetric operator D on T, M to preserve the eigenspaces
of the Ricci operator and to satisfy the condition D - R = 0.

To preserve the eigenspaces of p, the operator D should be of the form
(13) D = Z aiinj + Z briBr .
1<i<j<4 1<k<I<3

The condition D - R = 0 can be rewritten explicitly in the form

(14) ((D-R)(X,Y,Z),W)=0 forall X,Y,Z,Wem.
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For the choices of the quadruplet (X,Y, Z, W) as

(E1,Z3,E4,71), (E1,2Z3,E4,7Z5), (FE1,23,71,Es),

we obtain the necessary conditions
(p—2) - (a12 + azs — b23)
(15) (p—2) - (a13 — agq + b13)
(p—2)-(a1s4 +azs —bi2) =0.

Let us consider the case p # 2 (p = ¢ = 2 will be studied in Case 4). The basis of
the operators which satisfy these conditions can be chosen as

:0’
207

A= A3 — Ao, D1 =2Bja+ Aja + Ao,
B = A3+ Ay, Dy =2By3+ Ajo + Asy,
C = Ay — Ags, D3 =2By3 — A3+ Ay

Let us denote the algebra generated by these operators as h’. It is clear that
b’ ~ s0(3) + s0(3). Next, let us denote as g’ the algebra generated by the vector
space m (with the Lie brackets (7) and (8)) and the algebra §’. Denote as € the
subalgebra of g’ generated by the elements D; — Z3, Dy — Z; and D3 + Z,. We
have € ~ 50(3) and the elements of ¢ commute with g. Because g =~ s0(5) and
g’ =g+ & we see that g’ ~ s0(5) + 50(3).

We choose for the corresponding Lie groups G’ = SO(5) x SO(3), H' = SO(3) x
SO(3). Because the decomposition g’ = m+§’is Ad(H')-invariant, we obtain (from
the inner product (,) on m) a G’-invariant Riemannian metric g on M = G'/H'.

We are now going to compute the canonical geodesic graph £: m — §’. We use
the following lemma.

Lemma 3.1 ([8]). A vector Z € g is geodesic if and only if
(16) ([Z,Y)m, Zm) =0 for all Y € m.
Here the subscript m indicates the projection of an element of g into m.

We write each vector X € m in the form

X=mE1+ - +w4EBs+ 2021+ + 2323,

each vector F' € i’ in the form
F=A+6EB+8G0C+64D +&D2 +&6Ds

and consider the equation (16) in the form

(17) ([X+ F,Y]|m,X) =0,

where Y runs over all m. We have to determine the corresponding F' to the given

X. For Y € m we substitute, step by step, all 7 elements Fy,...,Ey4,Z1,...,23

of the given orthonormal basis into the formula (17) and we obtain a system of

7 linear equations for the parameters &1, .. ., & (satisfying the Frobenius criterion
of compatibility). Now, for a generic vector X, the rank of this system is 5. We
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select, in a convenient way, a subsystem of 5 linearly independent equations. The
matrix A of the coefficients of the corresponding homogeneous system and the
vector b of the right-hand sides are given by

— X9 xs3 Ty T4 T2 —Z3
xr1 T4 —Is3 &3 —T1 T4
A=| 24 -1 22 —T2 T4 21 ;
0 0 0 2 z2 0 2 zZ3
0 0 0 —2z1 22z 0 |

(18)
(p—1) (g 21 + @3 22 + x4 23)

—(p—1)(z121 + 24 22 — 23 23)

b= (p—1) (421 — 21 220 — X2 23)
0
0

Now we are going to add the condition £(X) L qx. Here qx is the subalgebra
defined by the condition

(19) ax ={Acb'|[A X]=0}

and the orthogonality is considered with respect to some invariant scalar product
on b’. The algebra qx is generated by the vectors, whose components (with respect
to the basis {A, B,C, D1, Do, D3} of §’) are the solutions of the homogeneous
system of equations whose matrix is equal to A (see [6] or [3] for the details about
the construction of the canonical geodesic graph). In our case dimqy = 1 and the
components of the generator ) x can be obtained by the Cramer’s rule. We obtain
Qx = [(—25” —z® + 22> + 1%) 21 + 2asz2 + 224 21) 20
+ (2xg o — 211 23)23, (—22322 + 224 1) 21
+ (:L‘22 — 1'12 + 1'42 — x32)22 + (—2 X1To — 274 :173)2’3,
(—2 T4y — 217 $3)2’1 + (—2 T4x3 + 211 1‘2)2’2
+ (22” +13” —a® — 21723, (22 + 0% + 23” + 14%) 23,

(20) (1‘22 + 1‘12 + 1‘32 + $42)2’1, (—$22 — 1‘12 — 1‘32 — $42)2’2] .

Now, let us denote by ¢; the components of the vector @ x. The condition {(X) L
qx can be described by the equation
6

(21) > gi-&=0.

j=1

The system of equations described by the matrix A and the vector b in (18) and
the equation (21) give the system of 6 equation for 6 variables. For the unique
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solution & we obtain by the Cramer’s rule

§1=g|;|i(—(90124-%22—9032—9042)21
—(2x1x4+2x2x3)22—(—2x1x3—|—2x2x4)23),
52—127@;(—(23:13:4—23:23:3)21
— (—z1® + 22” — 23® + 24®) 22 — (—2x1 72 — 23 74) 23) ,
53—%(—(—2901963—2%2%4)21
— (221 m2 — 223m4) 22 — (—21% + 22® + 257 — 247) 23) ,
€4 p;IZ?n
55—p;12’1,
(22) G=-Ta.

Here we denote \xP =212+ 292 + 232 +242. The degree of the canonical geodesic
graph is equal to 2. Now we are going to find the geodesic graph n: m — §’ of
lower degree. Let us define for every X € m the vector n(X) € b’ by the relation

p—1

(23) n(X) = €0X) + §rp @
We easily check that it holds

m=mn=mn3=0
el

For each X € m, the vector X + n(X) is geodesic and the map n is Ad(H')-
equivariant. It is a general geodesic graph. (See [2] or [7] for detailed information
about general geodesic graphs.) This geodesic graph is linear and we conclude
that the manifold M = G’/H’ is naturally reductive.

Case 2: py # p1 = p3.

In this case we obtain ¢? = 2p? 32§f ; and for the eigenvalues of the Ricci operator
it holds

p(p—16) (p*+2) 3pt+20p% —24p+ 16
(25)  p1=p3=-— . p2= .

3p?+4 3p?+4
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To preserve the eigenspaces of p, the skew-symmetric operator D on T, M should
be of the form

(26) D= Z aij Aij + b12Bia + Z ck3Cls .
1<i<j<4 1<k<4
(From the condition

applied step by step to the quadruplets
(E17 E4a Ela E2)7 (E17 E47 Ela E3)7 (E17 E37 Z3a Z2)a

(EB1,Es,Zs, Ey), (Ev, Ea, Z3, Es), (E1, Ea, Zs, E3), (E1, B2, Z3, Ey),
we obtain the necessary conditions
p*(5p = 2)(p = 2) - (a13 — aza) = 0,
P*(5p = 2)(p — 2) - (a12 + aza) =0,
q(p—2) - (a14 +azs —b12) =0,
(28) p(p—2)(7p* +2p 4 16) - c23 = 0,
p(p —2)(Tp* + 2p + 16) -
*(5p = 2)(p—2)-caz =0,
p*(5p —2)(p—2) -
If p # 2 and p # 2/5, we obtain

G13 — Q24 = Q12 + 034 = Q14 + 23 — b12 =0,

C13—07

C33 =

29
(29) c13 =c3 =c33 =c43 =10

and the basis of all the operators of the form (26) which satisfy the conditions
(28) is given by the formula (6). It follows that the isotropy algebra b (and also
the isometry group G) considered in [3] is maximal. The special cases p = 2 and
p = 2/5 are considered in Case 4.

Case 4: p; = py = p3.

Subcase 1: p =2, ¢ = 2.
For the eigenvalues of the Ricci operator we have
(30) p1=p2=p3=0.

To preserve the eigenspaces of p, the skew-symmetric operator D on T, M should
be of the form

(81) D= Z aijAij + Z bapBap + Z Chy Clry -

1<i<j<4 1<a<pB<3 1<k<4,1<y<2

S LT

It is possible to verify by the direct computation that all the elementary operators

(32) Aij, Bag, Cry , ih,jh,k=1,...,4, a,8,y=1,...,3
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satisfy the condition D - R = 0. Further, it can be verified by the direct com-
putation that VR = 0. Hence, the maximal isotropy algebra is generated by all
the operators A;;, Bag, Cry and it is isomorphic to so(7). We conclude that M is
locally isometric to the symmetric space SO(8)/SO(7).

It is worth mentioning here, that the algebra g = s0(5) +5s0(2) cannot be extended
to g’ = s0(8) simply by considering the vector space m (with the Lie brackets
(7) and (8)) and the operators A;;, Bag, Ciy. Even though so(5) + s0(2) is the
subalgebra of s0(8), the operators Cj, do not act as derivations on m (hence on
g = 50(5) +50(2)). In other words, they are not ‘compatible’ with the original Lie
algebra structure on g.

Subcase 2: p =2/5, ¢ = 2/5.
For the eigenvalues of the Ricci operator we have

54

(33) PL=P2=p3= o

For the operator of the form (31) we apply the condition (27) for example to the
quadruplets

(E1,Eq, Es,Z4), (Er, E3,E3,Z5), (E1,Ey, E4, Z3),

(Er, Ea, By, Zs), (Bo, E4, By, Z3), (E2, B3, E3, Z3),
(E3, By, By, Z1), (E1, E3, By, Z3), (B2, B3, B, Z3),
(E3, By, B3, Z1), (Eo, E4, Ea, Z3), (Ev, Ey, E1, Z3).

We obtain the conditions

(34) Cky =0 k=1,...,4,v=1,...3.

Further, for the quadruplets

(Ev, Z3,Es, Z1), (B1, Z3, By, Zo), (Ev, Z3, 21, E3)

we obtain the conditions (15). Here VR # 0 and the manifold M is not symmet-
ric. But we are in the same situation as in Case 1 and the manifold is naturally
reductive. In particular, the group considered in Case 1 is the maximal isometry
group also here.

Case 3: p; = p2 # p3.
In this case we obtain ¢% = 4p?1 2+p or p=2.

Subcase 1: ¢ = 4p2;%g.

For the eigenvalues of the Ricci operator we have

p (124 2p+ p?) _4(p—1)(p2+2)'

35 = py = , _
(35) p1 = p2 5T p3 51
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To preserve the eigenspaces of p, the skew-symmetric operator D on T, M should
be of the form

(36) D= Y ayAyj+bBit Y. ey Cry.
1<i<j<4 1<k<4,1<y<2

S LT

If we apply the condition (27) step by step to the quadruplets
(E17 E4a Ela E2)7 (E17 E47 Ela E3)7 (E17 E27 Z3a Zl)a

(E1,Eq, FEa,74), (Ev, Ea, By, Zs), (B, Ey, Eq, Z1), (F2, Es, B4, Z5),
(E1, B3, By, Zh), (Ev, E3, Ev, Z3), (Ba, By, B, Z1), (B2, E4, B2, Z),
we obtain the necessary conditions
p2(2 —5p) - (a13 —az) =0,
p3(2 —5p) - (a12 +asq) =0,
q(2—=p) - (a14 + a2z — b12) =0,
(37) ° cenn = (p° —4)-c12=0,
( )-c2=0,
ez =(p°—4) c32=0,
( ) c42=0.
It follows that, if p # 2 and p # %, the maximal isotropy algebra is u(2), like in
[3]. Hence the manifold M is not naturally reductive.

Subcase 2: p = 2.

For the eigenvalues of the Ricci operator we have
1 3
(38) pr=p=—5@-4@+4, p=50.

Again, let us consider the operator of the form (36) and the equation (27). For
the quadruplets
(E17 EQa Ela E4)7 (E17 E37 Ela E4)7 (E17 E27 E3a Z2)7 (E17 EQa E3a Z1)7

(E1, B, Ey, Z3), (Ev, Ea, B4, Z1)
we obtain the necessary conditions

(¢° —4) - (a13 — aza) = (¢* —4) - (a12 + aza) =
(39) (¢ —4)- (11 —ca2) = (¢° —4) - (c12 + car) =

(> —4) - (co1 —e32) = (¢* —4) - (coz +ez1) = 0.

We are going to consider the situation when ¢ # £2. The operators which satisfy
these equalities are

A:A34—A12, 012011+C427
B:A13—|—A24, 022012_0417
C3 = Ca1 + Csa,

A4, A23,B12,Cy = Cog — (3.
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It can be verified by the direct computation that these 9 operators satisfy also
the conditions D- R =0,D-VR=0,D-V?R =0, D- V3R = 0 (the necessary
conditions for the operator D to belong to the full isotropy algebra §’).

For the Lie bracket of these operators it holds

[A, B] = 2(A14 — Az3),
—[A, A4] = [A, Ax3] = B,
[B, A14] = —[B, Aa3] = A,
[A14, Ag3] = [Bi2, A14] = [Bi2, A23] = [Bi2, A] = [B12,B] =0,
[C1, Co] = 2(B12 — Au4) ,
[C3,C4] = 2(B12 — A23),
[C1,C3] = [Ca,Cy] = —A,
—[Cs,C3] = [C1,Cy] = - B,
[A,C4] =-C5, [B,C4] =—-C4,
[A,C3] = =Cy, [B,C3] =Cs,
[A,C5] =Ch, [B,C5] = —C4,
[A,C4] = Cso, [B,Cy4] =C4,
[A14,C1] = —Cy, [A23,C1] =0, [B12,C1] = Cs,
[A14,Co] = O, [A23,Co] =0, [B12,Cs] = —C1,
[A14,C3] =0, [A23,C3] = —Cy, [B12,C3] = Cy,
[A14,C4] =0, [A23,C4) = C3,  [Bi2,C4] = —Cs

It is easy to verify that A4 + Aoz + Bio is the central element. It can be also
verified that the algebra §’ generated by the 9 operators (40) is isomorphic to
u(3). The isomorphism is given by the identification of the element h € b’
(whose coordinates with respect to the basis {A, B, A14, A2z, B12,C1,Ca, C3,Cy}
are (a, b, a14, azs, b2, c1, ca, c3,c4)) with the matrix

1414 a+ib —cy+ica O

(40) —a -l-.ib iaggT —C?T +icy O
c1+1cy c3Ficy ib1o 0

0 0 0 0

Here it is natural to expect that the algebra g’ (corresponding to h’) is isomorphic
to u(4). However, as in Case 4, the operators C; do not act as derivations on
m (and hence on g = s0(5) + s0(2)) and we cannot simply extend the algebra
g =s0(5) +50(2) into g’ = u(4) by adding the 5 operators C;, B1s.

We are going to investigate the properties of the Riemannian manifold M’ =
G'/H' = U(4)/U(3) with a l-parameter family of metrics which has the same
curvature tensor as the manifold M = [SO(5) x SO(2)]/U(2).
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We decompose the algebra g’ = u(4) as g’ = h’ +m’, where the algebra ' = u(3)
is given by the matrices of the form (40) and the vector space m’ is identified with
T.(G'/H'). To preserve the adjoint action of h” on m’ (given by the operators (40)
and the formulas (5)), we identify every element X € m’ (whose coordinates with
respect to the basis {E1, Eo, E3, By, Z1, Z3, Z3} are (x1, %2, 3,24, 21, 22, 23)) With
the matrix

(¢— %)iz;), 0 0 1+ 1Ty
0 (¢ — %)iz?, 0 o +1iT3
(41) o\ .
0 0 (¢ — 5)@23 21 + 129
—T1 +1x4 —To+ixz —2z1 + 122 —%iz;g

It is clear that the algebra g’ = h’ + m’ is isomorphic to u(4). It can be easily
verified that the decomposition g’ = §’ + m’ is reductive.

We obtain by the direct computations the relations for the Lie bracket on m':

_[E17E2} - [E3aE4] - A7
[Er, B3] = [E», E4) = B,

[E17E4} = qZS +

( ) (Biz + Azz) + (4 — ¢*) A,
[Eo, B3] = qZ3 + (

(

[

2—q%)
2 —¢*)(Bi2 + A14) + (4 — ¢*) Ass ,
-q)

]

(Z1,Z5) = qZ3 + (2 — ¢*)(A1a + Az3) + (4 — ¢*) Bz,

(Z2,Z3) = qZy, [Z3,2:] = qZ>,

[Z17E1] - _017 [ZQaEl] - _CQa [Z37E1] :qE4?
(42) [Z1,Es] = —C3,  [Za,Eo]l = —Cy, [Z3,Es] = qFs3,

[Z1, E3] = Ca, [Z2, B3] = —=Cs, [Z3,FE3] = —qFE>,

[Z17E4] — 043 [ZQaE4] - _Ola [Z37E4] - _qu .

Now let us consider the invariant scalar product on m’ defined by the orthonormal
basis {F1, Es, B3, B4, Z1, Z2, Z3} and consider the invariant metric g on G'/H' =
U(4)/U(3) which comes from the identification of T.(G'/H') ~ m’. We are going
to verify that all the vectors X € m’ are geodesic.

According to the equation (16), the vector X € m’ is geodesic if the equation

(43) (X, Y], X) = 0

is satisfied for all Y from m’. In relations (42), the projections of the bracket
[X,Y] to m’ are nonzero only in 9 cases. If we write the vector X € m’ in the form
X=x1F1+ - +x4Es+ 2121+ -+ 2373, it is easily seen that the equation (43)
is satisfied for every Y from the basis of m’. It follows that the space (G'/H’,g)
is naturally reductive.

By the direct computation (using the computer and the same method as in [3])
it can be verified that the curvature tensor of the homogeneous space G'/H' =
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U(4)/U(3) is the same as the curvature tensor given by the formulas (9) for the
homogeneous space G/H = [SO(5) x SO(2)]/U(2) (for p = 2). The equality holds
also for the first covariant derivatives of the curvature tensors. In particular, for
both spaces VR # 0, unless ¢ = 2. Hence the spaces are not locally symmetric
for any ¢ > 0,9 # 2. We conjecture that, for each ¢ > 0, these Riemannian
homogeneous spaces are locally isometric and the manifold M = G/H is naturally
reductive.
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