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VOLUME-PRESERVING GEODESIC SYMMETRIES
ON FOUR-DIMENSIONAL 2-STEIN SPACES

By K. SEKIGAWA AND L. VANHECKE

1. Introduction

Let (M, g) be an n-dimensional Riemannian manifold such that all local
geodesic symmetries are volume-preserving (up to sign). Locally symmetric
spaces, naturally reductive homogeneous spaces and commutative spaces are ex-
amples of such manifolds. (See [14] for more details.) To our knowledge an
example which is not locally homogeneous is not known and there is some sup-
port for an affirmative answer to the following question:

Are Riemannian manifolds such that all local geodesic symmetries are volume-

preserving, locally homogeneous manifolds?

For two- and three-dimensional manifolds this is indeed the case [10], but for
n=4, it is still an open problem.

In [12], we started our research about this question for four-dimensional
manifolds and proved that four-dimensional Kdhler manifolds with volume-
preserving geodesic symmetries are locally symmetric. (See also [11].) On the
other hand, a well-known theorem of G.R. Jensen [8] states that any four-
dimensional locally homogeneous Einstein space is locally symmetric. In view
of this result, it is worthwhile to consider the open problem for the class of
Einstein spaces.

In this paper we study this problem for a particular subclass of Einstein
spaces, namely the so-called 2-stein spaces [2]. In this way we answer the
problem stated at the end of [12]. More precisely, we prove:

MAIN THEOREM. Let (M, g) be a connected four-dimensional 2-stein space
with volume-preserving local geodesic symmetries. Then (M, g) is locally flat or
locally isometric to a rank one symmetric space.

This theorem is a generalization of the theorem of Lichnerowicz and Walker
about four-dimensional harmonic spaces (see for example [1], p. 166).

The paper is organized as follows. In section 2 we first consider general
Riemannian manifolds with volume-preserving local geodesic symmetries. Then,
in section 3, we write down some useful facts about the special geometry of
four-dimensional Einstein spaces. Finally, the proof of the Main Theorem is
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given in section 4.

2. Volume-Preserving Geodesic Symmetries

Let (M, g) be an n-dimensional Riemannian manifold of class C~, m a point
of M and T,,M the tangent space of M at m. For a unit vector é€€T,M we
denote by 7:r—exp, (#€) the geodesic of M with arc length ». We always
suppose r<i(m), the injectivity radius at m.

Next, let {e,, 7=1, ---, n} be an orthonormal frame at m and let (x,, -, x,)

. 0
be a system of normal coordinates centered at m and such that —ax;(m):et for
1

i=1, .-, n. Then the volume density function 6, of exp, is given by

0m:(det(gzj))1/2
d d
where g,,=g(67, 5x_)
3 J
Let p=exp, (#€). Then we have the following Taylor expansion [3], [6],
[7M:

On(D)=1+ 3 aslm, Or*+00),

where the a, are completely determined by the Riemann curvature tensor and
its covariant derivatives. In particular we have

" 1
ax(m, §)=— E Pse(m) ,
1
ax(m, §)=— W(Vepee)(m),
1 3 1 2 =x
am, §)= ﬂ<_ —5—V§5P55+ 3 0%— ﬁmzzl R?a&b)(m) )
1 2 5 2 z
(1) {asim, &)= 120 <— gv&fpeﬁ‘ T OVePsT 3 Py RsasteRsaeb)(M) ,

1 5 5
ay(m, &)= 756(* 7 Vésee0ee 306 Vet 5 (Vepse)’

5 8 =2 15 =~

-3 Pie— 7 a%)ﬂ ReaesVieReasr— 14 a,‘:";(VfRfaEb)z
16 2 2 n

" 63a l?c:x ReagoRevec Recsat "gpféa;b—l;l Rn&)(?ﬂ) .

Here V denotes the Levi Civita connection, R is the Riemann curvature tensor
and p the corresponding Ricci tensor. a; is still more complicated but it can be
given by the following formula (see [14]):
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% (=1 7—1
(2) 2a,(m, &)= Ez T=1 (Vizta,)(m, ).
The local geodesic symmetry ¢, at m is defined by ¢n, : €Xpp (r§)—€XpPn (—7E)
and it is a local diffeomorphism. It preserves the volume (up to sign) if and
only if

O m(eXpy (r§))=0m(€Xpm (—7£))

for allunit vectors §=T,M. (See [4].) Hence, we have

LEMMA 1. Let (M, g) be a Riemannian manifold of class C* such that all
local geodesic symmetries are volume-preserving (up to sign). Then we have at
each me M and for any £€T M:

(3) Aypii(m, )=0, kEN,.

Note that the conditions (3) are also sufficient when (M, g) is analytic. The
first condition is equivalent to

(4) Vepee=0.

J.L. Kazdan has communicated to the second author that a Riemannian manifold
of class C~, satisfying (4), is always analytic in geodesic normal coordinates.
(See [5] for the Einstein case.) So, there is no restriction when we suppose the
manifold to be analytic.

(4) is always satisfied for Einstein spaces. Next, we consider the second
condition, taking into account the condition (4). Then, as(m, £)=0 is equivalent to

n
( 5 ) a%—-l ReaebvsReaebZO-
To derive a condition from this, and in the rest of this paper, we shall adapt
the following notation:

n n
— 2 —_
F(S)_aél Reaéb, G(S)“‘ a,zhil RéaEIJVeRfaéb,
for all é€T,M and all meM. Then we may regard F and G as differentiable
functions on the tangent bundle. Next, we identify, for each me M, the tangent
space T,M with an n-dimensional Euclidean space R™ via an orthonormal basis
of T,M. Then we may regard the restrictions of F and G to m as homogeneous
polynomials of degree 4 and 5 respectively. Finally, we denote by D the
Laplacian of R*. Then we have [12]

LEMMA 2. Let (M, g) be a Ricci-parallel manifold (i.e. Vp=0). Then we
have at each point meM

(6) (D*G)&)=12¢| R|".
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Hence we obtain

COROLLARY 3. Let (M, g) be a connected Einstein space such that all local
geodesic symmetries are volume-preserving. Then |R|?® is constant on (M, g).

Finally, it is worthwhile to note the following

PROPOSITION 4 [3]. Let (M, g) be an n-dimensional (n>2) reducible manifold
such that for each me M, F(€) is independent of & for all unit vectors E€T M.
Then (M, g) is locally flat.

3. Einstein Manifolds of Dimension Four

Before we consider the third condition (a,=0), we suppose that (M, g) is a
four-dimensional Einstein space, and we write down some well-known facts about
the special features of the geometry on such manifolds.

Following [1], [13] we can connect with any fixed point me M a so-called
Singer-Thorpe basis {e,, e,, es, es} of T, M. This is an orthonormal basis such
that all the components of the curvature tensor R are given by the following
formulas :

R1212:R3434=a; Ris15=Ryi04=b, Ry =Rys=c,
(7) Ri=a, R1342:.8, Ruzs:?’»
R.;;1=0 whenever just three of the indices 7, j, %, [ are distinct.

Note that a+pB+47=0 (the first Bianchi identity) and
(8) a—l—b-[—c:%

where 7 denotes the scalar curvature. Moreover it is always possible to choose
a Singer-Thorpe basis such that a=max ¢ and ¢=min ¢, where ¢ denotes the
sectional curvature function at m.

Further we write down some useful expressions for some curvature invariants
of order 2 and 3 with respect to a Singer-Thorpe basis. We have (see [9])

IRI>=8(a*+b*+c*+a*+ 247,
(9) RB=3RojuiR r1pqR pgr,=16(a*+-b*+c*+3aa*+3b 82 4-3cr?),
R=3RissiRupiqR pa,=24(abec+a By +-bay+cap).
Further, we have
(10) (R, Ry=~5 AIR|*~|VR]"
and (see [7])
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“__l'.a_ 2 2__1_
R=— {5 +57lIRI*~5<AR, B>,
(an x 78 1 1

R=71—8——~2741'IIRII2—§<AR, R>.
Next, let WeC=(End A2M) be the Weyl conformal tensor. Then we have

the following unpublished result of A. Derdzifski:

PROPOSITION 5. Let (M, g) be a four-dimensional Einstein manifold such that
WeC~(End A*M) has constant eigenvalues. Then (M, g) is locally symmetric.

It is clear ;that W has constant eigenvalues if and only if a, b, ¢, a, 8, 7 are
constant. As we noted in [12] this is equivalent to the curvature homogeneity
of (M, g). So, Proposition 5 may be formulated as

PROPOSITION 6. Let (M, g) be a four-dimensional curvature homogeneous
Einstein manifold. Then (M, g) is locally symmetric.

In what follows we shall only consider the subclass of 2-stein spaces. Such
manifolds are defined in [2] as Einstein spaces satisfying the additional condition

“F(x)= Z:]_ R%,.; is independent of the unit vector x=T M for all meM.”

a 1
For 4-dimensional 2-stein spaces we have [12]

LEMMA 7. Let (M, g) be a four-dimensional Einstein space. Then (M, g) is
a 2-stein space if and only if

(12) ta=g——— iﬁzb—%, +y=c—

T
127 127

for each me M.

For this class of manifolds we also have some important and useful freedom
in the choice of a Singer-Thorpe basis. Indeed, let I, /, K be a quaternionic
structure on T, M adapted to the given Singer-Thorpe basis. This means, for

x=a'e,+a%,+a’e;+a’e,,
we put
Ix=—a%e,+a'e,—a'e;+a’e,,

Jx=—a%e,+a‘e,+a'e;—a’e,,
Kx=—a'e,—a’e,+a’e;+a'e,.
Then we have [9], [12]

LEMMA 8. For any unit vector x€TuM, {x, Ix, Jx, Kx} 1s a Singer-Thorpe
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basis if and only i1f (M, g) is a 2-stein space.

Finally we note that on any 4-dimensional Einstein space we have

4 . __]__ .
(13) a,lg:leabc— ) IR
for any unit vector §=T,,M. (See [1] or use a Singer-Thorpe basis to check
(13).) For 2-stein spaces we have more. Indeed, using (12) and Lemma 8, we
obtain
1

1,],1:2,L, P R”“RUPs‘Rklpez -4—é ,
(14) 3
1-1,%:1, » RiejiRepicRpie,= ZR

for all unit vectors £ T, M.

4. Proof of the Main Theorem

Now we suppose that (M, g) is a four-dimensional connected 2-stein space
with volume-preserving geodesic symmetries. Using the fact that |R|* is con-
stant (Corollary 3) and (8), (9), (10), (11), (12), we obtain

-

a+b+c=%,
(15) ab—f—bc-{—ca——i||1?||2+i2-2
T3 192 "’

3
\96abc=%+-é—||VR||2—%rllRll2.
In what follows we will prove that |[VR|* is constant. Then, (15) implies
that a, b, ¢ are constant, and hence also «, 8, . So, (M, g) is curvature homo-
geneous. Proposition 6 then implies that (M, g) is locally symmetric. The re-
quired result finally follows as in [1], [9].
To prove that |VR|? is constant, we consider the condition

(16) a.(m, £)=0.
We get from (2) and (5) that this is equivalent to
Vea;=0
or
a7) 8 2VeReaerVeeRearr 8 2 ReaeoViee Reaer 15 2 Ve Reaeo Ve Reato

16
T3 2 ReeeRecsaVeReacn=0.

a.b,c
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Using again (5), (17) becomes

(18) 3 2 VeReaesVeeReaer=16 3 RevscReccaVeReaso
or

(19 3K(§)=16L(¢)

where

K(¢)= (IEDVeRsaebvgsRﬁaﬁb’
L(E): E;C ReoscRscsaveReaeb »

for all £ T, M and all me M.
Using again the Laplacian on T,M, we get from (19)

(20) AD’K)E)=16(D*L)E).

First we compute (D?L)(&). Using a Singer-Thorpe basis and Lemma 8,
we get
a;cRiuebRsbecRecea:(a3+b3+Cs)ll&llﬁ

for all £ T, M and with (15) this becomes

1 1,
(a1) % ReasoReeeRecta= 15 (IR L2l R )€1,
Hence, we have from (21)
1
22) L@)=c IEIEITRI?

for all é€T,M and all meM. By direct calculation we obtain from (22)
(23) (DPLY(E)=40| VR,

The computation of D*K is much more complicated. We shall need several
formulas which we write down in the following lemma. They may be obtained
by using the Bianchi identities, (10), (11), (13), (14). We omit the long and
tedious calculations.

LEMMA 9. Under the hypotheses of the Main Theorem, we have the follow-
ing identities:

1 1.5 11

(24) IV, Ruaso¥iRueo= EITRI*+ 56 R= g EIVRIE,
4 6 36

\ 1 L 1.5 11 ,

(25) SV, RuasoVie Ruano= 5 EITRI*+ 5 R= 1o EIVRIE,

1 1.~ 1
(26) SR ViR aeo= *4—§“VR||2+ —4*ER: §§||VR||2:
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1 .~ 1.2 1
(27) ZVijeoV%ijF—ﬁéR—g—éR:—ﬁEIIVRII%
. 1.5 4.5 1 .
(28) EVERkbiavijkbia:—’é'eR_gsR:“'?;EHVR” ’
1
(29) EijkaEbV%ijkb:_ﬂé!lVRHQy
1
(30) ZijkafbV%kRzajb:_ﬁSHVR”Zy
1
(31) Eijeakbv%kijb:‘—’ZAISHVRW,
1
(32) ZVGR;aka%ijkb:—”E'EHVR”Z;
1
(33) EVeR;akoV%kRzajb‘—“——1§5||VR”2,

for all §€T M and all me M.
Using Lemma 9 we then obtain

LEMMA 10. Under the hypotheses of the Main Theorem, we have
(DK)(§)= {2f1+2f2+10f3+4f4+4f5+2fe}(E)

where
f1(§)=ZVzReasaV%eRsasb,

fo&)=2VReaes Vi Reass,
fo§)=2VeRaesVie Roass,
[i&)=2VeR 0 Vie Reass,
[5(6)=2VeReaesVie Roass,

fs(é)ZEVEREaEDV%LREH.Eb
and

(D )Q="5EIVRIE,  (DFO="LEIVRI",
34 (DYIQO=IZIVRE,  (DY@=—4IVRI,
(DY )@= 52 EIVRIE, (D& =—8¢IVRI"

for all §€T M and all me M.
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Now we can finish the proof. Indeed, from Lemma 10, we obtain

35

<D%>(&>=5§95uv12n2.

Hence, (19), (23) and (35) give

or

Since

(1]
£2]
£3]
[4]
(5]
[6]
L7]
[8]
[o]
[10]
(11]
(12]
(13]

[14]
(15]

TEIVR|*=8¢IIVR*

§IVR|*=0.

(M, g) is connected, |[VR|? is constant. So, we obtain the required result.
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