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Classification of symmetric-like contact metric (k, i)-spaces
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Dedicated to Professor L. Tamdssy on the occasion
of his eightieth birthday

Abstract. We determine the non-Sasakian contact metric (k,u)-spaces
which have volume-preserving geodesic symmetries up to sign (i.e., are D’Atri
spaces) or which satisfy the condition that their Jacobi operators have constant
eigenvalues or parallel eigenspaces along the corresponding geodesics, respectively
(i.e., are €- or P-spaces, respectively).

1. Introduction

Locally symmetric spaces have a lot of interesting geometric prop-
erties. In particular, they are D’Atri spaces (i.e., their local geodesic
symmetries are volume-preserving up to sign) and they are also €- and
PB-spaces (i.e., their Jacobi operators have, respectively, constant eigenval-
ues and parallel eigenspaces along the corresponding geodesics). D’Atri
spaces have been introduced in [11] while the study of €- and B-spaces
goes back to [3]. Since then, these classes of symmetric-like spaces [1] have
been studied extensively. A number of geometric properties have been
derived and many non-trivial (i.e., non-symmetric) examples are found.
On the other hand, several problems still remain unsolved. It is intriguing
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that only locally homogeneous D’Atri and €-spaces are known and it is yet
unknown whether local homogeneity holds in general for these two classes.
We refer to the survey papers [2], [4] and [12] for more details and further
information.

The main purpose of this paper is to study these spaces in the frame-
work of contact geometry and in particular for a special class of contact
metric spaces where we have good knowledge of the curvature tensor which
is, as is well-known, needed for the analytic treatment of the three types of
spaces. These contact metric spaces are the so-called (k, u)-spaces which
are introduced in [7] and which are characterized as contact metric spaces
satisfying the curvature condition

R(X,Y)§ = (kI + ph)(n(Y)X —n(X)Y)

where k, i1 are constants and 2h is the Lie derivative of the structure tensor
¢ in the direction of the unit characteristic vector £. For a contact metric
structure (¢,&,1,g), the contact form 7 is the metric dual one-form of &.
Sasakian spaces (k = 1,h = 0) are trivial examples. In [7], non-Sasakian
examples are provided by the unit tangent sphere bundles of spaces of
constant curvature ¢ # 1 (for ¢ = 1, we get a Sasakian unit sphere bundle
[16]) and from there, new examples are derived by means of D-homothetic
transformations [15] since the above curvature condition is invariant under
such transformations of the contact metric structure. Furthermore, in
the same paper, a classification of non-Sasakian three-dimensional (k, u)-
spaces is given. They are locally isometric to some Lie groups. In [§],
it was proved that this is not a surprising fact because all non-Sasakian
(k, p)-spaces are locally homogeneous. Moreover, a classification of these
spaces has been derived in [9] where also new examples, not belonging to
the former classes, are discovered.

In [13], [14], it was proved that locally symmetric Sasakian spaces
have constant curvature 1. Furthermore, in [10], the first author showed
that locally symmetric non-Sasakian (k, u)-spaces of dimension 2n + 1 are
locally isometric to the product of a flat (n + 1)-dimensional space and an
n-dimensional manifold of constant curvature 4. Thus local symmetry is
a rather strong condition and hence, it is natural to consider the weaker
conditions imposed by the defining ones for the D’Atri, € and B-spaces,
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respectively. In this paper, we treat this problem and in particular, we
shall prove the following results:

Theorem A. Let M be a non-Sasakian contact (k,u)-space. Then
M is a D’Atri- or a €-space if and only if it is locally the product of a flat
(n 4 1)-dimensional manifold and an n-dimensional manifold of constant
curvature 4, or it is 3-dimensional and locally isometric to a unimodular
Lie group SU(2)(n < 0), SL(2,R)(x > 0) or the group E(2)(up = 0) of
rigid motions of the FEuclidean 2-space, each with a special left-invariant
metric.

Theorem B. Let M be a non-Sasakian contact (k,u)-space. Then
M is a P-space if and only if it is locally the product of a flat (n + 1)-
dimensional manifold and an n-dimensional manifold of constant curvature
4 or is locally flat if dim M = 3.

2. Preliminaries

We start by collecting some basic material about contact metric ge-
ometry and refer to [5], [6] for further details. All manifolds in the present
paper are assumed to be connected and of class C°.

A (2n+1)-dimensional manifold M?"*! is said to be a contact manifold
if it admits a global one-form 7 such that nA(dn)™ # 0 everywhere. Given a
contact form 7, there exists a unique vector field &, called the characteristic
vector field, satisfying n(¢) = 1 and dn(§, X) = 0 for any vector field X.
It is well-known that there also exists an associated Riemannian metric g
and a (1,1)-type tensor field ¢ such that

n(X) =g(X,6), dn(X,Y)=9(X,¢Y), ¢*X=-X+nX), (21)
where X and Y are vector fields on M. From (2.1), it follows that
¢ =0,n00=0, g(¢X,0Y)=g(X,Y)—n(X)n(Y). (2.2)

A Riemannian manifold M equipped with structure tensors (7, g) satisfy-
ing (2.1) is said to be a contact Riemannian or contact metric manifold
and it is denoted by M = (M;n, g). Given a contact metric manifold M,
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we consider the (1,1)-type tensor field h given by h = %quﬁ, where L
denotes the Lie differentiation. The tensor h is symmetric and satisfies

he=0, hé=—gh, (2.3)
Vxé = —¢X — ¢hX, (2.4)

where V is the Levi Civita connection. From (2.3) and (2.4), we see that
each trajectory of £ is a geodesic.

A contact Riemannian manifold for which £ is a Killing vector field, is
called a K-contact manifold. It is easy to see that a contact Riemannian
manifold is K-contact if and only if h = 0. For a contact Riemannian
manifold M, one may define naturally an almost complex structure J on

M x R by
d d
7 (x5) = (ox =0 ).

where X is a vector field tangent to M, t the coordinate of R and f
a function on M x R. If the almost complex structure J is integrable,
(M;n, g) is said to be normal or Sasakian. It is known that M is normal
if and only if M satisfies

[¢, 0] +2dn ® £ = 0,

where [¢, ¢] is the Nijenhuis torsion of ¢. A Sasakian manifold is also
characterized by the condition

(Vx9)Y = g(X,Y)§ —n(Y)X (2.5)

for all vector fields X and Y on the manifold. Moreover, if we denote by R
the Riemannian curvature tensor of M defined by

R(X,Y)Z =VxVyZ -VyVxZ -V xy|Z

for all vector fields X, Y, Z on M, then it follows that M is Sasakian if
and only if

R(X,Y)E = n(Y)X —n(X)Y (2.6)

for all vector fields X and Y.
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Note that for a contact Riemannian manifold M, the tangent space
T,M of M at each point p € M is decomposed as the direct sum T, M =
D, & {{}, where D, = {v € T,M | n(v) = 0}. Then D : p — D,, defines a
distribution which is orthogonal to &. This 2n-dimensional distribution D
is called the contact distribution.

The following useful result is proved in [5], [6].

Theorem 2.1. Let M = (M;n,g) be a (2n + 1)-dimensional contact
Riemannian manifold and suppose that R(X,Y )¢ = 0 for all vector fields
X,Y on M. Then M is locally the product of an (n + 1)-dimensional flat
manifold and an n-dimensional manifold of constant curvature 4 forn > 1
and it is flat for n = 1.

Next, we consider the (k, u)-spaces. A contact metric space (M;n,g)
is said to be a (k, u)-space [7] if the curvature tensor satisfies

R(X,Y)E = (kI + ph)(n(Y)X —n(X)Y) (2.7)
where k, u are constant. Furthermore, on a (k, u)-space we have
(Vx9)Y = g(X +hX,Y)E —n(Y)(X + hX) (2.8)
and
(Vzh) X = {(1 - k)g(Z, ¢X) + g(Z,h¢X) }¢

(2.9)
+ n(X)(h¢ + hoh)Z — un(Z)ph X

for all vector fields X, Z on M. In [7], it is also proved that & < 1 and that
(M;n,g) is Sasakian if and only if £ = 1 (since then h = 0). Moreover, if
k < 1, then M admits three mutually orthogonal and integrable distribu-
tions D(0), D(A) and D(—\), defined by the eigenspaces of h, where for
the eigenvalue A we have A = v/1 — k. As concerns the Ricci operator Q
of a (k, u)-space, we find the following result in [7]:

Theorem 2.2. The Ricci operator () of a non-Sasakian contact (k, ut)-
space is given by

Q={2n—1)—nu}l+{2(n—1)+ pu}th

(2.10)
+{2(1 —n) +n2k+ p)In @ &.
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Based on the results in [7], the following explicit expression for the
curvature tensor R is derived in [8].

Theorem 2.3. Let M = (M?"*tl:n, g) be a non-Sasakian contact
(k, p)-space. Then its Riemannian curvature tensor R is given explicitly by

R(X,Y)Z = (1= 5) (Y. 2)X — g(X, 2)Y)

+9(Y, 2)hX — g(X, Z)hY — g(hX, 2)Y + g(hY, 2)X

n 1_1%2)(9(hy, Z)hX — g(hX, Z)hY)

~ L(9(0Y. 2)9X — g(6X, Z)9Y)

+ I(“f)( (phY, Z)phX — g(¢ohX, Z)phY')
+ pg(oX,Y)9Z

+0(X)((k =1+ (u/2)9(Y, Z2) + (n — Dg(hY, Z))¢
—n(Y)((k =1+ (1/2)9(X, Z) + (p = 1)g(hX, Z))¢
—n(X)n(Z)((k =1+ (14/2))Y + (n— 1)hY)
+n(Y)n(Z)((k =1+ (1/2))X + (u = DhX). (2.11)

Finally, we recall some facts about the curvature for the three special
classes of Riemannian manifolds we have mentioned in the Introduction.
First, we note that when (M,g) is a PB-space, then R, and R/ are si-
multaneously diagonalizable, where R, = R(-,z)z is the Jacobi operator
corresponding to the vector z and R}, = (V,R)(-,z)x [3]. When (M, g)
is a D’Atri space or a €-space, then the Ricci tensor p of type (0,2) and
the curvature tensor R satisfy the so-called Ledger conditions L3 and Ls
of order three and five (see [3] and [12], for example):

Ly: (Vxp)(X.X) =0,

Ls Zg (ea, X, X),e0)9((VxR)(€a, X)X, e) =0

where {e,, a =1,...,dim M} is a local orthonormal frame field on (M, g).
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3. Proof of Theorem A

We now turn to the proof of Theorem A and put
Rxyzw = g(R(X,Y)Z,W), VyRxyzw = g(VvR)(X,Y)Z, W), pxy =
p(X, Y) and VVPXY = (VVP)(Xv Y)

Let M be a non-Sasakian (k,pu)-space. Then, from (2.4), (2.9) and
(2.10), we obtain

Vvpxy = [2(n — 1) + p][(1 = k)g(V, X )n(Y) — g(V, ph X )n(Y")
—n(X)g(phV + ¢h*V,Y) — un(V)g(¢phX,Y)] (3.1)
—[2(1 = n) +n(2k + w)][g(oV + ohV, X)n(Y) + g(oV + ¢hV, Y )n(X)].

From (3.1), we easily see that M satisfies the Ledger condition of order
three, i.e., Vxpxx = 0 for any vector field X on M, if and only if (k, u)
satisfies

%,ﬂ — AN +4p+4=0. (3.2)
Also, we have from (2.11)
(VvR)(X,Y)Z = g(Y, 2)(Vvh)X — g(X, Z)(Vyh)Y
—9(Vvh) X, 2)Y +g((Vvh)Y, Z)X

+ W(g((vvhﬂﬁ Z)hX + g(hY, Z)(Vyh)X

—9((Vvh)X, Z)hY — g(hX, Z)(Vyh)Y)

_ g(g((Vvqb)Y, Z)pX +9(¢Y, Z)(Vvo) X

—9(Vv)X, Z)oY — g(6X, Z)(Vve)Y)

N ’f;(ff) (9((Vvoh)Y, Z)¢hX + g(¢hY, Z)(Vy ¢h) X

—9((Vvoh) X, Z)phY — g(¢hX, Z)(Vvoh)Y)
+1(g(Vvo) X, Y)oZ + g(¢X,Y)(Vve)Z)

+ (V) (X)((k =1+ (1/2))9(Y, Z) + (1 — 1)g(hY, Z))¢
+n(X) (= 1D)g((Vvh)Y, Z)§
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+0(X)((k =1+ (1/2))9(Y, Z) + (n — 1)g(hY, Z)) Vv
= (Vyn)(Y)((k =1+ (1/2)9(X, Z) + (n— 1)g(hX, Z))¢
—n(Y)(p—1Dg(Vvh)X, Z)¢
—n(Y)((k =1+ (1/2))9(X, Z) + (n — 1)g(hX, Z))VvE
= (Vv (X)n(Z)((k—1+(1/2))Y +(p — 1)hY)
= n(X)(Vvn)(Z2)((k =1+ (1/2))Y + (1 — 1)hY)
—n(X)n(Z)(p — 1)(Vvh)Y

+ (V) (Y)n(Z2)((k =1+ (1/2))X + (n — 1)hX)
+0(Y)(Vyn)(Z)((k =1+ (1/2))X + (n — 1)hX)
+0(Y)n(Z)(p = 1)(Vvh) X (3.3)

(
1)

Next, we shall take into account the Ledger condition Ls. Then we

see, by means of a linearization procedure, that M satisfies

2n+1

Z {(Raxvs + Ray xv)[S 2wy VzRawve + Szv,wV zRavw)

a,b=1

+(R
+ (R
+(R
+(R
+ (R
+(R
+(R
+ (R
+(R

axzb + Razxp)[Sy,wv Vy Rawve + Sy,v,w Vy Ravwe)

axwb + Rawxp)[Sy.zvVyRazve + Syv.zVy Ry zp)

axvb + Ravxp)[Sy,zw Vy Razwb + Sy,w,zVy Raw zb)]

ay zb + Razyp) [Sx vw Vx Ravwe + Sxw,v Vx Rawvi) (3.4)
aywb + Rawye)[Sxv,zVxRavzy + Sx.2vVxRazve)

avve + Ravye)[©x,zwVxRazwes + Sx.w,zV x Raw 7b)

azwb + Rawz)[Sx v,y Vx Rayve + Gx vy Vx Ravys)

azvb + Rav z0)[Sx,y,w Vx Rayws + Sxw,y Vx Rawy)

awvb + Ravws)[Sx,v,zVxRay 2o + Sx,2yVxRazys|} =0

for all vector fields V, W, X, Y and Z on M, where Gy, z denotes the
cyclic sum with respect to X, Y, Z.
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In (34) wenow put X =Y =7 = ¢ W = ¢V, and assume that
hV = AV, ||[V]| = 1. Then we have the following :

2n+1

Z {Ragev(VeRa(ovyve + Vv Raves + Vv Rag (v
a,b=1

+ VeRav (6vyp + Vev Raeve + Vv Ro(ov)ep)

+ (Rag(ov)p + Ra(ovien) (VeRagvy + VeRaves + Vv Reger)  (3.5)
+ (Ragvi + Raves) (Ve Rag(ovyp + VeRasvyen + Vov Ragen)

+ (Raevyve + Rav(evyp) VeRages } = 0.

Using (2.3), (2.4), (2.7), (2.11), (3.2), (3.3) and the fundamental prop-
erties of the curvature tensor R, lengthy but routine computations yield

2n+1

Z Raeer(VeRaovyve + Vov Raves + Vv Ragovyp + VeRav (gv )
a,b=1

+ Vov Ragvs + Vv Raevyes) = —2kVeRe(pvyve
2n+1
+20 ) (VeRa@vyvnes) + Vov Ravethes) + Vv Rag(oV)(hea)

a=1

— 2k + Q/L( —2(n— )X+ 4AX® + 2)3(2n(1 — p) + (u— 2))
—oA(u(2 —n) + 2n)>. (3.6)

Similarly, we have

2n+1
Z (Rag(evyp T Raovyen) (VeRaeve + VeRavey + Vv Ragen)
a,b=1
= —2(k — M) (M), (3.7)
2n+1
> (Ragvs + Raven) (VeRag(ovyy + VeRa(ov)es + Vov Races)
a,b=1

= —2(k + M) (M), (3.8)
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and
2n—+1

Z (Ragvyve + Ravovin) Ve Racen
a,b=1 (39)
= — 2 (3 + (2n — D)A(2k — p)).
Summing up (3.6)—(3.8) and (3.9), we obtain the condition

—2(1 = M)A +2u( = 2(n — DN p+ 40 + 2X0°(2n(1 — p) + (1 — 2))
—2XMp(2 = n) +2n)) — 12 (BA\u+ 2n — DAk —p)) =0,  (3.10)

where we have used k = 1 — A2

Now, we note that the conic, given by (3.2), is decomposed into two
factors p+2+ 2\ and g+ 2 — 2\ only in dimension three. For that reason,
we divide our further arguments into two cases: (i) n = 1, (ii) n > 1.
Solving the non-linear system given by (3.2) and (3.10), this leads to

(i) n =1, A = £1(p + 2). Due to the classification table of three-
dimensional (k, u)-spaces (see [7]), we conclude that M is locally isometric
to a unimodular Lie group SU(2)(n < 0), SL(2,R)(px > 0) or the (flat)
group E(2)(p = 0) of rigid motions of Euclidean 2-space, each with a spe-
cial left-invariant metric. Conversely, it is known that the above unimod-
ular Lie groups appear in the classification of three-dimensional €-spaces
(or equivalently, D’Atri spaces) given in [3]

(ii) n > 1, A = %1, u = 0. Then k£ = p = 0, ie.,, R(X,Y){ = 0.
Hence, by Theorem 2.1, M is locally the product of an (n+ 1)-dimensional
flat manifold and an n-dimensional manifold of constant curvature 4. The
converse is trivial since the product is symmetric.

This concludes the proof of Theorem A.

4. Proof of Theorem B

In this section, we prove Theorem B. Let M be a contact (k, u)-space
and suppose that M is of PB-type. Then the Jacobi operator R, = R(-,x)x
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and its covariant differential operator R}, = (V,R)(-,z)x are simultane-
ously diagonalizable for all z. First, from (2.7) it follows immediately that

R(-§)E=k(I —n®&) + ph

and since from (2.9) we get V¢h = phe, we obtain

(VeR)(+, €& = p°ho.
From these relations we then derive

Re - R = kp*he + 1i*h*,
(4.1)
R} - Re = kp*he + pi®hodh.

Since M is a non-Sasakian B-space, from (4.1), we obtain u = 0. Further-
more, for V€ D(A) (]|V] = 1) and for any vector field X tangent to M,
we have from (2.11)

RyX =R(X,V)V =(1+NX — (1+2\)g(X,V)V + hX
1

+ m()\hX — A2g(X,V)V)

k
F N X, V)GV + (5~ 1= \n(X)E. (4.2)
From this, it then follows that
Ryé = R(E, V)V = k. (4.3)

We easily get from (2.9) that (Vyh){ = (k—1— X))@V where A = /1 — &,
and making use of this, we have from (3.3):

Ve = (VyR)(E VIV = —2K(\+ )6V, (4.4)
Therefore, from (4.3) and (4.4), we obtain
Ry (Ry€) = —2K*(A + 1)pV. (4.5)
On the other hand, from (4.2) and (4.4), we have

Ry (Ry€) = 2k* (A + 1)pV. (4.6)
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Since M is a P-space, from (4.5) and (4.6), we deduce k = 0. Thus, we
have proved Theorem B.
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