Commentationes Mathematicae Universitatis Carolinae

Kazumi Tsukada
Curvature homogeneous spaces whose curvature tensors have large symmetries

Commentationes Mathematicae Universitatis Carolinae, Vol. 43 (2002), No. 2, 283--297

Persistent URL: http://dml.cz/dmlcz/119320

Terms of use:

© Charles University in Prague, Faculty of Mathematics and Physics, 2002

Institute of Mathematics of the Academy of Sciences of the Czech Republic provides access to
digitized documents strictly for personal use. Each copy of any part of this document must
contain these Terms of use.

This paper has been digitized, optimized for electronic delivery and stamped
with digital signature within the project DML-CZ: The Czech Digital
Mathematics Library http://project.dml.cz


http://dml.cz/dmlcz/119320
http://project.dml.cz

Comment.Math.Univ.Carolin. 43,2 (2002)283-297

Curvature homogeneous spaces whose
curvature tensors have large symmetries

Kazumi TSUKADA

Dedicated to Professor Oldrich Kowalski on the occasion of his 65th birthday

Abstract. We study curvature homogeneous spaces or locally homogeneous spaces whose
curvature tensors are invariant by the action of “large” Lie subalgebras h of so(n). In
this paper we deal with the cases of h = so(r) ®so(n—7r) (2 <r <n-—r), so(n—2), and
the Lie algebras of Lie groups acting transitively on spheres, and classify such curvature
homogeneous spaces or locally homogeneous spaces.

Keywords: locally homogeneous spaces, curvature homogeneous spaces, totally geodesic
foliations

Classification: 53C30, 53B20

1. Introduction

In this paper we discuss the relation between several kinds of homogeneity of
a Riemannian manifold and the curvature tensor. A Riemannian manifold M
is said to be (globally) homogeneous if for any two points p,q € M there exists
an isometry of M which maps p to g. On the other hand, it is called locally
homogeneous if for any two points p,q € M there exist a neighborhood U of p
and a neighborhood V of ¢ and an isometry of U onto V which maps p to q.
The notion of a curvature homogeneous space was introduced by I.M. Singer
[13] in his theory of infinitesimally homogeneous spaces, which gives a sufficient
condition of a Riemannian manifold to be homogeneous or locally homogeneous.
Now we review his theory. Given a Riemannian manifold (M, (,)), we denote by
R and V'R the curvature tensor and its i-th covariant derivative. We consider
the following condition:

P(l): for every p,q € M there exists a linear isometry ¢ : Tp,M — T,M such
that . '
¢*(V'R)q = (V'R), 1=0,1,...,1.

If M is locally homogeneous, then M obviously satisfies P(l) for any [. It is
enough to take the differential of a local isometry which maps p to ¢ as ¢. In
particular, M is called to be curvature homogeneous if M satisfies P(0).
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We denote by so(T,M) the Lie algebra of endomorphisms of T, M which are
skew-symmetric with respect to (,). For a non-negative integer I, we define a Lie
subalgebra g;(p) of so(T,M) by

0i(p) ={A € s0(T,M) | A- (V'R), =0, i=0,1,...,1},

where A acts as a derivation on the tensor algebra on T, M. Since g;(p) 2 g;41(p),
there exists the first integer k(p) such that g, (p) = gx(p)+1(p). Namely we have

so(TpM) 2 go(p) 2 91(p) 2 92(P) 2 -+ 2 Bk(p) (P) = Sk (p)+1(P)-

Following Singer, we say that (M, (,)) is infinitesimally homogeneous if M satisfies
P(k(p) + 1) for some point p € M. If M satisfies P(l), then the linear isometry ¢
induces a Lie algebra isomorphism of g;(p) to g;(¢) for i = 0,1,...,l. Therefore,
if M is infinitesimally homogeneous, k(q) does not depend on ¢ € M. We put
kyr = k(p) and call it the Singer invariant of an infinitesimally homogeneous
space M.

If M is locally homogeneous, then M evidently satisfies P(l) for any ! and in
particular M is infinitesimally homogeneous. Singer proved the converse ([13])
(see also L. Nicolodi and F. Tricerri [10]): A connected infinitesimally homoge-
neous space M is locally homogeneous. As a global version, he proved that a
connected, simply connected, complete infinitesimally homogeneous space M is
homogeneous. Among others he also posed the following question: Do there exist
curvature homogeneous spaces which are not locally homogeneous? At present,
many such curvature homogeneous spaces are known. E. Boeckx, O. Kowalski,
and L. Vanhecke [1, Chapter 12] give a good survey on recent developments of
this subject. Various classification problems of curvature homogeneous spaces
naturally arise. You can find many interesting problems in [1]. In this paper we
discuss the following problem:

Problem. Classify curvature homogeneous spaces whose gg are large, where gg
denotes the Lie subalgebra of so(T,M) defined as previously.

What does “large” mean? Now we consider three kinds of candidates.

(I) Lie algebras of large dimensions.

It is known that a Lie subalgebra b of so(n) with dimb > (n—3)(n—4)+3 is
conjugate to so(n — 1), so(n — 2) @ s0(2), so(n — 2) with a few exceptions for low
dimensions (< 14). See D. Montgomery and H. Samelson [9] and M. Obata [11].
(IT) Lie algebras of Lie groups acting transitively on spheres.

They are classified by D. Montgomery and H. Samelson [9] and A. Borel [2].
We will show the list in a table after.
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(III) Maximal subalgebras.

(i) A. Borel and J. De Siebenthal [3] classified Lie subalgebras of maximal rank
in compact simple Lie algebras. By their classification, it follows that maximal
subalgebras of maximal rank in so(2n + 1) are so(2r) ®so(2(n—7)+1) (1 <r <
n —1), s0(2n) and that those in s0(2n) are s0(2r) ®so(2(n—r)) (1 <r <n-1),
u(n).

(ii) Let N = G/K be a compact, simply connected, effective, irreducible sym-
metric space and g = £ + p be the canonical decomposition. We denote by 7 the
isotropy representation of ¢ on p and by 7(€)* the orthogonal complement of 7 (€)
in so(p). It is shown by M. Wang and W. Ziller [17, Theorem 3.1(c)] that if K is
simple, the representation of € on 7(¢)" is irreducible. This implies that 7 (k) is a
maximal Lie subalgebra in so(p).

The case of so(n—1) has been already investigated in Y. Kiyota and K. Tsukada
[8, Corollary 2.3]. That is, an n(> 4)-dimensional curvature homogeneous space
whose gg is conjugate to so(n — 1) is locally isometric to a Riemannian product
Rx M™1(c) (¢ # 0), where M™1(c) denotes an n— 1-dimensional real space form
of constant curvature c. In Section 2, we will deal with the case of so(r) ®so(n—r)
(2 <r <n-—r)and so(n — 2) and classify the curvature homogeneous spaces or
locally homogeneous spaces whose gg are conjugate to the above Lie subalgebras
of so(n) (Theorem 2.1, Corollary 2.2, Theorems 2.5 and 2.6). In Section 3, we
study the case of Lie algebras of Lie groups acting transitively on spheres and
show Theorem 3.1. For the case of (III)(ii) we have no complete answer and only
give a comment in the final section.

I am very interested in the Singer invariant of homogeneous spaces. At our
knowledge, there are only a few homogeneous spaces whose Singer invariants are
known and their Singer invariants are all at most 1 (cf. Tsukada [16]). So we
would like to know if there exists a homogeneous space whose Singer invariant
is not less than 2. This motivates our research of the problem above. However,
unfortunately we could not find such homogeneous spaces in this paper.

2. The case of so(r) @ so(n —r) and so(n — 2)

Let R™ be an n-dimensional vector space with a usual inner product (,) and
R be the space of algebraic curvature tensors on R™. Let h be a Lie subalgebra
of s0(n) which corresponds to a closed subgroup of O(n). We denote by RY the
subspase of R which consists of curvature tensors invariant by h and by M"™(c)
an n-dimensional real space form of constant sectional curvature c.

Theorem 2.1. Let M be an n(> 5)-dimensional curvature homogeneous space
whose go is conjugate to so(r) @ so(n —r) (2 < r <n—r). Then M is locally
isometric either to a Riemannian product M"(a) x M™~"(j3) (either « or f3 is
not zero) or to a curvature homogeneous semi-symmetric space modeled on the
curvature tensor of M?(a) x R"™2 (a # 0).
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Curvature homogeneous semi-symmetric spaces modeled on the curvature ten-
sor of M?(a) x R"™2 (a # 0) are completely classified by Boeckx, Kowalski, and
Vanhecke [1, Chapter 4]. Moreover they proved that locally homogeneous semi-
symmetric spaces are locally symmetric ([1, Proposition 4.23]). So we obtain the
following.

Corollary 2.2. Let M be an n(> 5)-dimensional locally homogeneous space
whose go is conjugate to so(r) @ so(n —r) (2 <r <n—r). Then M is locally
isometric to a Riemannian product M" (o) x M™~"(3) (either « or (3 is not zero).

PROOF OF THEOREM 2.1: We put h = so(r) @ so(n —r). Let R" = V] &V be
an orthogonal decomposition into h-invariant subspaces V7 and V5 of dimensions
r and n — r, respectively. First we determine h-invariant curvature tensors. For
R € RY, there exist a, 3,8 € R such that R is expressed as follows:

R(z,y)z = of(y, z)x — (z, 2)y},

R(‘Tv u)y = ﬁ{—(x,y)u},

R(z,u)o = B{(u, )},

R(u,v)w = 6{{v, w)u — {u, w)v},
the others = 0,

for z,y,z € V1 and u,v,w € Va.

In particular, dim RY = 3. b = so(r) ®so(n —r) is a maximal subalgebra of so(n),
that is, the only Lie subalgebra of so(n) which contains b properly is so(n). We
remark that R € RY which has the form above is invariant by so(n) if and only
if « =3 =49. So we assume that o # 0 or 3 # J.

Let M be an n(> 5)-dimensional curvature homogeneous space whose gg is
conjugate to so(r) @ so(n —r) (2 < r < n —r). Since our assertion is local,
we may assume that M is connected and simply connected. Let O(M) be an
orthonormal frame bundle over M with the projection 7 : O(M) — M. By the
curvature homogeneity, {u € O(M) | u* Ry, = R} is a closed submanifold of
O(M), where R in the right hand side is a curvature tensor of R? which has the
form above. We denote by P its connected component. Then P is a principal
subbundle of O(M) with structure group H = SO(r) x SO(n —r). We can define
an r-dimensional distribution D; and an (n — r)-dimensional distribution Dy on
M by (D1)z() = u(V1) and (D2)r(,) = u(V2) for u € P. Next we will define
a new connection. Let w be the Riemannian connection form on O(M) with
the corresponding covariant derivative V. Let so(n) = b + L be an orthogonal
decomposition with respect to an Ad(SO(n))-invariant inner product on so(n)
and we denote by wy the h-component of w. Putting w = wy on P, we obtain a
connection form w on P. We denote by V the corresponding covariant derivative.
Then VR = 0. Moreover D1 and Dy are parallel with respect to V. (These
arguments are due to Singer [13]).
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We define a tensor field S of type (1,2) by S =V -V and put S = u*S at
u € P. Then S is a tensor of type (1,2) on R™ and it is viewed as a linear map
of R™ to h1. S is characterized by

(u*(VR)W(u))(X;Y,Z)W =(Sx-R)Y,Z)W for X,Y,Z, W €R" at ueP.
By the Bianchi’s second identity, we have
(2.1) (Sx - R)Y,Z)W + (Sy - R)(Z, X)W + (Sz - R)(X, Y)W =0.

This system of linear equations with respect to S is crucial for our proof. This
constrains S. Let {e1,...,er} and {e,11,...,en} be orthonormal bases of V; and
V3, respectively. We use the following range of indices: A, B,C,--- € {1,--- n},
i, 5, k.- €{1,---,r}, a,bye,--- € {r+1,--- ,n}. We define SA% by Se,(ep) =
Y ol=1 S’A%ec. Since S is h-valued, we have S2=0, SAIZL =0.

Lemma 2.3. By (2.1) we have the following:
(1) (o= BHS;p 0k — Sy 0kn — Sypdj1 + S0} =0,

(2) (= B){S,20kn — S,p05n} = 0,
3) (06— 6){Sija5bc - Sijb5ac} =0,
(4) (6 — B){—5,E0a + Sy 0pe + S, 00 — Sytdact = 0.

Lemma 2.4. (1) If r >3 orr =2 and (3 # §, then S vanishes.
2) If r=2 and 8 =6 and « # 3, then we have

Sl=0 (=12 ab=3,---,n), S;{+58=0 (a=3,---,n).

PRrROOF OF LEMMA 2.4: We apply the identities of Lemma 2.3. First we assume
that a # . Then by Lemma 2.3(2), Sajl? = 0. When r > 3, we take mutually
different integers j,h,k (1 < j,h,k < r) and put ! = k in Lemma 2.3(1). Then
Sﬂ‘f = 0. Putting j = h # k = [ in Lemma 2.3(1), we have Sjj‘»l + S, = 0.
For mutually different integers i, j,k, S;* = —S’j;” = Sp = =5, Therefore
S;;* = 0. Consequently S vanishes. When r = 2, we have only the equation
Si{ + 89 = 0. Next we assume that 6 # 3. We note that by our assumption,
n—r > 3. Therefore, by a similar argument to the above, we see that S vanishes.

O

We continue the proof of Theorem 2.1. We consider the following two cases:
Case 1. S=0at every point of M.
Case 2. S # 0 at some point of M.
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Case 1. S vanishes on M and hence we have V = V. Since D1 and Dy are parallel
with respect to the connection %, they are parallel with respect to the Riemannian
connection V, too. In particular 8 = (R(x,v)v,z) = 0 for € Dj and v € Ds.
M is locally isometric to a Riemannian product M" (a) x M™~"(4), where M" ()
and M™7"(0) denote the real space forms of constant sectional curvatures o and
8, respectively and either « or § is not zero.

Case 2. By Lemma 2.4, this case occurs only when » = 2, § = § and o # (.
We take a local orthonormal frame field {F1,---, Ep} of M which gives a sec-
tion of P. Then {F1, E2} and {Es,---, Eyn} are local orthonormal frame fields
of the distributions D; and Dg, respectively. Dj is parallel with respect to V.
This, with Lemma 2.4, implies that (Vg Ep, E;) = <VE Ey + SEa (Ep),E;) =0
for a,b = 3,---,n, i = 1,2. This means that the distribution Dy is completely
integrable and its integral submanifolds are totally geodesic. For this totally
geodesic foliation, we define the conullity operator C' as a smooth section of
Hom(Ds2, End(D1)) (cf. D. Ferus [5]). We denote by p : TM — Dj the orthogonal
projection. Define a linear operator C of (Dg), into End((D1),) by

Cux = —pu(VzU) for x € (Dy)p,u € (Da)p,

where U is a local vector field of Do on M around p with Up = u. Then we have

Cp,Ei = —1(VE,Ea) = —p(V g, Ba + Sp,(Ea)) Z S Ej.

a

By Lemma 2.4, trCg, = 0 for a = 3,--- ,n. Therefore for any u € Do, tr C, = 0.
We will show that detC,, = @ for an arbitrary unit vector v € (Dz)p. Let
v : (—€,6) — M be a unit speed geodesic such that v(0) = p and §(0) = u.
Then v is a curve in the integral submanifold of Dy through p. Let {El,Eg}
be a parallel orthonormal frame field of D; along . We denote by C = (1))
the 2 x 2-matrix which represents the conullity operator Cs ) with respect to
{E1, B}, Let Ry (y) be the Jacobi operator defined by Ry ) (x) = R(z,¥(t))¥(t).
Then, because of the form of the curvature tensor, we have R"y(t) (D1) € Dy and
R&(t) = [#1d on D;. We denote by R the 2 x 2-matrix which represents the Jacobi

operator R ;) with respect to {E’l,Eg}. Then it is known that the following
identity holds (cf. Ferus [5]):

dC

=C?2+R.
dt +

(2.2)

Since tr C' = 0 on (—¢,¢), we have tr (%l(tj) = %tré’ =0 and trC2 = —2det C.
On the other hand tr R = 28. By (2.2) it follows that det C = 3. Therefore we see
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that det Cy, = 3 for an arbitrary unit vector u € (D2)p. Then applying the similar
argument to Tsukada [15, Corollary 3.4], we can show that 8 = 0. Consequently
in this case, M is a curvature homogeneous space which has the same curvature
tensor as M2(a) x R"™2 (a # 0). O

Next we construct an example of an n-dimensional homogeneous space whose
go is conjugate to so(n — 2). Let g be an n-dimensional vector space with an
inner product {,) and {e1,ea, - ,en} be its orthonormal basis. On g we define a
bracket operation [,] by

[e1, e2] = de2
[el7ea]:)\€a fOI' a:37...,n

[ei,eﬂzo for i,7=2,---,n,

where A, ¢ € R such that A¢ # 0 and A # ¢ . Then g becomes a solvable Lie
algebra. It is known as a semi-direct sum of R and the abelian ideal R* 1. Tt is
easily seen that a(g) = so(g, (,)) N Der(g) is isomorphic to so(n — 2) (we use the
assumption A\¢ # 0, A # ¢). Let G be a connected simply connected Lie group
with Lie algebra g. We induce a left invariant metric g on G associated to the
inner product (,) on g.

By straightforward computations, we get the curvature tensor of (G, g). Under
the identification of T.G with g,

(R(e1,e2)e2, e1
_Az abv
_/\¢5abv

= —2*{0pc00d — SacOpal:
the others = 0,

)
(R(ea,e1)er, ep) =
(R(ea,e2)ez, ep) =
(R( )

R(eq, ep)ec, eq

where a,b,c,d = 3,--- ,n. By this, it follows that gg = so(n —2) = a(g). In
particular the Singer invariant of (G, g) is 0.

Theorem 2.5. Let M be an n(> 5)-dimensional curvature homogeneous space
whose g is conjugate to so(n —2). Then M has the same curvature tensor as the
above example (G, g) of suitable parameters A\, ¢.

This theorem does not give a complete answer to our problem. At present
we cannot show whether or not there exist curvature homogeneous (not locally
homogeneous) spaces which have the same curvature tensor as the above exam-
ple (G, g). If such curvature homogeneous spaces exist, they have an interesting
geometrical property, that is, they admit a codimension-one totally geodesic fo-
liation whose leaves have constant negative sectional curvature (we will prove it
later).

For locally homogeneous spaces we have the following.
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Theorem 2.6. Let M be an n(> 5)-dimensional locally homogeneous space
whose gg is conjugate to so(n — 2). Then M is locally isometric to the above
example (G, g) of suitable parameters \, ¢.

In the remainder of this section we will prove the above theorems. We put
h = so(n —2). Let R®™ = V] @ V5 be an orthogonal decomposition, where Vj
is a 2-dimensional subspace on which h acts trivially. For R € RY, there exist
«, B1, B2, 412,09 € R such that R is expressed as follows:

the others = 0,

where {e1, e} is an orthonormal basis of V] and u,v,u; € V5. In particular
dimRY = 5. Moreover we can choose an orthonormal basis {e1,ea} of V1 such
that 812 = 0. It is easily seen that $; = (2 if and only if R is invariant by the
action of $0(2) ® so(n — 2), where s0(2) acts on V7. So we assume that 51 # .
Under this assumption, R is invariant by the action of a Lie subalgebra ¢ of so(n)
which is isomorphic to so(n—1) and contains so(n—2) if and only if a = 31, 62 = §
or o = 33,31 = 6. In the former case, Res @ V5 is invariant by € and in the latter
case, Rey @ Va is invariant by €.

Let M be an n(> 5)-dimensional simply connected curvature homogeneous
space whose gg is conjugate to h = so(n —2). We trace the same way as the proof
of Theorem 2.1. We construct a principal subbundle P of O(M) over M with the
structure group H = SO(n — 2). We can define unit vector fields E7, F2 and an
(n — 2)-dimensional distribution D on M by E; = u(e;) (i =1,2), D = u(Va) for
u € P. We define a new connection w on P which is induced from the Riemannian
connection w. The unit vector fields F1 and F» are parallel and the distribution D
is parallel with respect to the covariant derivative v corresponding to w. For each
u € P, we define a tensor S € Hom(R", h) which corresponds to the difference
between w and @. Let {e1,ea} be the orthonormal basis of V] which has been
already fixed and {es,--- ,e,} be an orthonormal basis of V5.

Lemma 2.7. By (2.1) we have the following:
(1) (o= B2)S11" + (o — B1)Se5 =0,

(2) (@ = B1)S,3 + (B1 — 2)S1{dap = 0,

(3) (@ = (2)S,7 + (B1 — 2)Safdap = 0,

(4) (5 - 61){S11€L5bc - Sllb(sac} =0,

(5) (6 - ﬁ2){52§5bc - Sggbéac} =0,
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(6) (51 62){8[112560 - Sb125ac} + (6 — B2){S15 e — S1§5ac} =0,
(7) ( 62){5[11 Obe — 5ac} + (5 51){‘5’2f5bc - 82{)5ac} =0,
(8) (6 = Pi){—Sa10ba + Sal Spe + Syi0ad — Spi'dact = 0,
(9) (5 62){ Sa 5bd + Saz 5bc + Sbg 5ad Sb2d5ac} =0,

for a,b,c,d=3,---,n

We consider the following two cases:

Case 1. 0 # 31 and § # (.

Case 2. § = 81 and a # B2 (since 1 # (B2, § # (o in this case).

We note that interchanging 1 and 2, we can reduce the case of § = 2 and o # 1
to Case 2 above.

Case 1. In this case there is no curvature homogeneous space whose curvature
tensor has the form above. We will prove it.

Lemma 2.8. Under the assumption of Case 1, we have the following:

Sl]? = 0, Sl](_l = 07 5221 == 07 525 == 07
st =0, S, =0,
B1—0B2 4 2 B1—0B2 4 2
S8 = S.1, Soft = S
12 By —o ol 21 B —6

fora,b=3,--- ,n.

PROOF OF LEMMA 2.8: We apply the identities in Lemma 2.7. Putting a # b = ¢
in Lemma 2.7(4) and (5), we have S;{* = Sy = 0. We take mutually different
integers a,b,¢ (3 < a,b,c < n) and put d = b in (8) . Then S,{ = 0 (a # ¢).
Putting @ = ¢ # b = d in (8), we have S, + Sbl = 0. Since n — 2 > 3, this
implies S, = 0. Therefore S’a{’ =0 for any a,b = 3,---,n. Similarly by (9), we
have S 4 = 0 for any a,b. By (2) and (3), S;? = S,q = 0. Putting a # b = c in
(6) and (7) we have

(B1 — B2)S,E + (6 — B2)S15 = 0,
(B1 = B2)S,2 + (5 — B1)Sof = 0.

By these it follows that S;§ = ﬁﬁlz_ Salv Soft = ﬁﬁl 25’ O
We take a local orthonormal frame field {Es,- -, Ep} of D. Then a local
orthonormal frame field {El,EQ,Eg, -+, Ep} of M gives a section of P. By

Lemma 2.8, (Vg, Ey, E;) = <VEaEb+SEa(Eb) ) =S8} =0forab=3,-
¢ = 1,2. This means that the distribution D is completely integrable and 1ts
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integral submanifolds are totally geodesic. We trace the same way as Case 2 in
the proof of Theorem 2.1. We denote by C' the conullity operator of this totally
geodesic foliation. It is a section of Hom(D, End(D")), where D is spanned by
FEj and Ej. Similarly to the argument of Case 2 in the proof of Theorem 2.1, we
have Cp E; = 2?21 S;Ejfora=3,--- ,n,i=12 ByLemma28, trCpg, =0
for a = 3,--- ,n. Therefore for any u € D, tr C,, = 0. We define a linear form 6 on
Dby 0(u) = (VyEr1, Ea) = S0 s uS, 2 foru=3"_suE, € D. Then det C;, =
2
—%9(@2. We denote by R, the Jacobi operator associated with
a unit vector v € D. Because of the form of the curvature tensor, we have
Ry (DY) € DF and tr(Ry|pL) = 41 + B2. Similarly to the argument of Case 2 in

the proof of Theorem 2.1, we can prove that det C;, = %(ﬁl + (32) for an arbitrary
_ 2
(B — B2) 9(u)2 for

(B2 = 6)(B1 —9)
an arbitrary unit vector v € D. By this we see that # = 0 and 51 + 3 = 0. In
particular Sa12 =0for a =3, --,n. This, together with Lemma 2.8, implies that

unit vector v € D. Therefore %(ﬁl +02) =detCy = —

S vanishes on P. This means V =V on M. In particular F; and F9 are parallel
with respect to the Riemannian connection V. Hence R(-, E;)E; =0 i =1,2.
So (1 = B2 = 0. This contradicts our assumption 31 # (a.

Case 2. By Lemma 2.7, we have the following:

Lemma 2.9. Under the assumption of Case 2, the tensor S has the following
form:

Sif =0, S{=0, S =0,
sE=0. sd=0 sf--D=Esi,
fori=1,2, a,b=3,---,n.
We note that Sy{* (a = 3,---,n) are unknown.

We take a local orthonormal frame field {F3,---,E,} of D. Since 5’13 =
S2=872=0,

a
(Vg,Ea, B2) = (VE,E1, E2) = (Vg,Ey, E2) = 0.

This means that the codimension-one distribution D + RFE7 is completely inte-
grable and its integral submanifolds are totally geodesic. Furthermore these inte-
gral submanifolds have constant sectional curvature (31 (= 4). We put 5’212 = —0¢,
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il_;g;qﬁ = —\. Then by Lemma 2.9, we have

n
Ve, E1 =0, Ve, Bl = —¢Ey + ) Syf Ea,
a=3
Vg, E1 = —AEq, Vg, B2 =0,
Vg, F2 = ¢Ey, Ve, E2=0,
Vi, Ey =0 (mod D), Ve, By = —SoP By (mod D),

anEb = AéabEl (mod D)

Lemma 2.10. The above )\ and ¢ are constant on the principal fiber bundle P.
Moreover we have a = —¢2, 1 = 6 = —\2, By = —\¢ and in particular A # 0,
¢#0, A #o.

PROOF OF LEMMA 2.10: By straightforward computation, (R(Eg, E9)E9, Eq) =
—X¢ (a = 3,---,n). Hence we have B = —\¢ = @_;g;gb?. Both ¢ and A
are determined by «, (1, and (2 up to the sign and hence they are constant.
Similarly by straightforward computation, 31 = (R(Eq, E1)F1, Es) = —)\? and
o = (R(E1, E3)E3, E1) = —¢?. Since 31 # (2 and o # (2, we have A # 0, ¢ # 0
and A # ¢. O

We define vector fields X and Y of D as follows: We put X = (V B El)D =
Y t—3 So{*Eq, where (-)p denotes the D-component with respect to the orthogonal
decomposition TM = D + DL. Furthermore we put ¥ = (VE2 X)D.
Lemma 2.11. X and Y satisfy the following identities:

(1) Vg, X =(A+9)X,

(2) (anX)D = 07

3) Vg, Y = (A +29)Y,

(4) (VE,Y)p = (2A+ ¢)(Ea, X)X — MX, X) E,

fora=3,--- ,n.

PrOOF OF LEMMA 2.11: By straightforward computation,
0= (R(E2, E1)E1)p = =V, X + (A +9)X,
0= (R(E2= Ea)El)D = (anX)D .

Using these identities, we have

0= (R(E2, E1)X)p = —VE, Y + (A +29)Y,
0= (R(EQ,ECL)X)D = - (anY)D + 2N+ ¢)(Fq, X)X — MX, X)E,.
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Applying these lemmas, we prove Theorems 2.5, 2.6.

PROOF OF THEOREM 2.5: Let M be an n(> 5)-dimensional curvature homoge-
neous space whose gg is conjugate to so(n —2). Then by the argument of Case 1,
its curvature tensor R has 6 = 81 and o # (3 (or § = 2 and « # (7). By
Lemma 2.10, it coincides with the curvature tensor of (G, g) with suitable param-
eters A, ¢. After Lemma 2.9, we have shown that such curvature homogeneous
space M admits a codimension-one totally geodesic foliation whose leaves have
constant sectional curvature 81 (= ). By Lemma 2.10, (; is negative. O

PROOF OF THEOREM 2.6: We will show that if M is locally homogeneous,Sy{* = 0
(a = 3,---,n), equivalently (VEzEl)D = X = 0. Suppose that M is locally
homogeneous. Since local isometries of M leave the unit vector fields F7 and
FE» and the distribution D invariant, they also leave X = (V B El)’D and Y =

(VEzX),D invariant. In particular (X, X) and (Y,Y) are constant on M. By
Lemma 2.11(1), we have

0=E1(X,X) =20+ ¢)(X,X).
Suppose that (X, X) # 0. Then A + ¢ = 0. Similarly,
0= F1(Y,Y) = 20\ + 26)(¥,Y) = 20(Y, V).
Since ¢ # 0, (Y,Y) = 0. Namely Y vanishes. By Lemma 2.11 (4),
0= 2\ + ¢)(Eq, X)X — MX, X)E,.

We take a unit vector field E, such that E, and X are linearly independent. Then
we have M(X, X) = 0. Since A # 0, (X, X) = 0. It is a contradiction. Conse-
quently we see that X = 0. Equivalently Sy{* =0 (a = 3,---,n). This, together
with Lemmas 2.9 and 2.10, implies that S is constant as a Hom(R™, h+)-valued
function on P and is determined by parameters A and ¢. Since the curvature ten-
sor R and S of M coincide with those of (G, g). Therefore M is locally isometric
to (G, g). O

3. The case of Lie algebras of Lie groups acting transitively on spheres

In this section, we show the following;:

Theorem 3.1. Let M be an n-dimensional curvature homogeneous space whose
go Is conjugate to a Lie subalgebra of so(n) which corresponds to a connected
closed Lie subgroup of SO(n) acting transitively on Sn=L Then M is locally
isometric to a Euclidean space or a Riemannian symmetric space of rank 1.

Our proof depends on the classification result of such Lie groups by Mont-
gomery and Samelson [9] and Borel [2].



Curvature homogeneous spaces whose curvature tensors have large symmetries

Let R™ be an n-dimensional vector space with the usual inner product (,) and
G a compact connected Lie subgroup of SO(n) which acts transitively on S™~1.
We show the list in the following table.

G H isotropy repr. curvature homo.
(1)  SO(n) SO(n —1) irred. real space forms
(2)  U(m) Um—1) po @ 1 cp™,CH™
3) SU(m)  SUm-1) po ® p1 x
(4) Sp(m)Sp(1) Sp(m —1)Sp(1)  p1 ® p2 HP™, HH™
(5) Sp(m)U(1) Spim—1)U(1) po@p1@ps  None
(6) Spm)  Spim—1)  po@ None
(7)  Spin 9 Spin T p1®ps  CayP? CayH?
(8) SpinT Ga irred. X
(9) Ga SU(3) irred. X

Notations in the table.

G: a compact connected Lie subgroup of SO(n) which acts transitively on sn—1,
H: the isotropy subgroup of a point e € S"~ 1,

isotropy repr.: The isotropy representation of H on T.S" "1 = p,

curvature homo.: Curvature homogeneous spaces whose gg are conjugate to the
Lie algebra of G,

“None” means that there is no curvature homogeneous space,

[43 ”

x” means that it does not occur as a Lie algebra of the isotropy subgroup under
the action of SO(n) on the space R of curvature tensors.

On the isotropy representations of H, we refer to Ziller [18].

Let R € R be a curvature tensor which is invariant by G in the table above.
We denote by Re the symmetric endomorphism of el = 7,51 defined by z —
R(z, e)e, which is called the Jacobi operator. Since G acts transitively on gn—1
the eigenvalues of the Jacobi operator R do not depend on the choice of e € S~ 1.

Case (1), (8), (9): Since the Jacobi operator R has the only one eigenvalue,
a G-invariant curvature tensor R has constant sectional curvature. In particular
the corresponding Lie algebra gg of the curvature tensor R coincides with so(n).
So the Lie algebras corresponding to Spin 7 and G2 do not occur as a Lie algebra
of the isotropy subgroup under the action of SO(n) on R. Obviously a curvature
homogeneous space whose curvature tensor has the form above is real space form.

Case (2): The action of U(m) is the isotropy representation of an m-dimen-
sional complex projective space CP™ = SU(m + 1)/U(m) (or its noncompact
dual). We denote by Ry the curvature tensor of CP™. Obviously Ry is U(m)-
invariant. H = U(m — 1) acts trivially on pg (dimpg = 1) and irreducibly
on py. Therefore there exist A\, u € R such that Re = A(Rp)e + u(Ry)e and
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hence R = AR, + uRp, where Ry(x,y)z = (y,2z)x — (x,z)y. If p = 0, then R
is SO(2m)-invariant. Therefore we assume that pu # 0. Let M be a simply con-
nected curvature homogeneous space whose curvature tensor has the form above.
Then by the argument of Section 2 the orthonormal frame bundle O(M) over M
is reducible to a principal fiber bundle with the structure group U(m). This re-
duction gives rise to an almost Hermitian structure on M. Then by Theorem 12.7
and its remark (A) of F. Tricerri and L. Vanhecke [14], M is locally isometric to
CP™ or CH™.

Case (3) (m > 3): By similar argument to Case (2), we see that SU(m)-
invariant curvature tensor is U(m)-invariant.

Case (4), (5), (6) (m > 2): We put g = sp(m). Using the method of Iwahori [7],
we see that dimR® = 7. Moreover choosing a basis {I, J, K} of the quaternionic
structure, we can express R € R? as follows:

R=XRo+MR;+XRj+A3Rg (N €R),

where Ry(z,y)z = (Iy, z)[x—(Ix, z)Iy—2(Ix,y) [ z. On the other hand, curvature
homogeneous spaces whose curvature tensors have the form above are classified in
P. Gilkey, A. Swann, and L. Vanhecke [6, Theorem 7.1]. Actually they obtained
the result under a weaker assumption.

Case (7): The action of Spin 9 is the isotropy representation of the Cayley
projective plane CayP? = Fy/Spin 9 (or its non-compact dual). H = Spin 7 acts
irreducibly on p; (i = 1,2), where dimp; = 7 and dim pa = 8. By the same reason
as Case (2) a G-invariant curvature tensor R has the form R = AR, + uRjy, where
Ry denotes the curvature tensor of CayP2. Let M be a 16-dimensional curvature
homogeneous space whose curvature tensor has the form R = AR, +puRy (1 # 0).
Then M satisfies two axioms introduced by Q.S. Chi ([4, Section 2]). Therefore by
a theorem of Chi (Theorem 1 in [4]) M is locally isometric to CayP? or CayH?.

O

4. The case of some maximal subalgebras

We give a comment for the case of III (ii) stated in Section 1. We denote by
Ry the curvature tensor of the compact simply connected effective irreducible
symmetric space N = G/K with K simple. Then obviously Ry is 7 (¥)-invariant,
where 7 denotes the isotropy representation of £ on p. Moreover if R is a curvature
tensor invariant by (), there exist A\, u € R such that R = AR, + uRp, where
Ro(z,9)z = (y,2)x — (z,2)y. In particular dimR™®) = 2 (cf. [17], proof of
Theorem 4.2). On the other hand, F. Podesta and F. Tricerri [12] proved the
following.

Theorem 4.1. Let N be an Einstein symmetric space of dimension n(> 4) and
not of constant sectional curvature. Then there is no curvature homogeneous
space whose curvature tensor has the form AR, + pRpn, A > 0, u # 0.



Curvature homogeneous spaces whose curvature tensors have large symmetries

The case A < 0 remains open.
For our argument, the equation (2.1) is crucial. We would like to know a unified

method of treating (2.1).
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