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PARAQUATERNIONIC KAHLER MANIFOLDS

EDUARDO GARCIA-RIO, YASUO MATSUSHITA AND
RAMON VAZQUEZ-LORENZO

ABSTRACT. Paraquaternionic Kdhler manifolds are stud-
ied with special attention to their curvatures. Since such man-
ifolds are necessarily pseudo-Riemannian of neutral signature,
the behavior of the Jacobi operators along spacelike, timelike
and null geodesics is considered separately, for the purpose
of study on Osserman problems on paraquaternionic Ké&hler
manifolds.

1. Introduction. The study of Jacobi operators, as a basic part
of the curvature tensor, is one of the central topics in Riemannian and
pseudo-Riemannian geometry. Since Jacobi operators provide a way
to measure the geodesic deviation, it is natural to expect that their
properties strongly influence the geometry of manifolds. Osserman
conjectured in his study [30] of those Riemannian manifolds, whose
Jacobi operators have constant eigenvalues on the unit sphere bundle,
that they must be locally flat or rank-one symmetric. This was shown
by Chi in many cases, although the general problem still remains open.
(See [9], [10], [11] and [21] for more details and further references).
In the pseudo-Riemannian setting, the Osserman problem was firstly
studied in the framework of Lorentzian geometry, showing that it
is equivalent to constant curvature [4], [17], [18]. The situation is
however much more complicated for pseudo-Riemannian metrics of
other signatures. Indeed, in the pseudo-Riemannian setting, non-
symmetric Osserman manifolds of signature (p, q), p,q > 1, exist. See
[19]. In [5] a systematic study of the Osserman problem for metrics of
signature (4+ 4+ ——) is developed. If the Jacobi operators are assumed
to be diagonalizable, such spaces correspond to the indefinite real and
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complex space forms and the paracomplex space forms. Recently,
pseudo-Riemannian manifolds, whose Jacobi operators have a simple
form, have been investigated in [7], where it is shown that the simplest
pseudo-Riemannian spaces (from the point of view of their curvature)
are, besides the spaces of constant curvature, indefinite complex and
quaternionic space forms, and paracomplex and paraquaternionic space
forms.

Since the geometry of paraquaternionic manifolds is not well devel-
oped, the purpose of this paper is to study such manifolds further
and give special attention to their curvature. Section 2 introduces
paraquaternionic manifolds. Also, some basic identities for the cur-
vature tensor are pointed out with special attention to the case of
dimension > 8. In Section 3, the definition of the paraquaternionic
sectional curvature is given and the expression of the curvature tensor
of paraquaternionic space forms is obtained. In Section 4, Theorem 4.1
gives a characterization of constant paraquaternionic sectional curva-
ture in terms of the existence of certain distinguished eigenspaces for
the Jacobi operators along spacelike, timelike and null geodesics. Fi-
nally, since the paraquaternionic sectional curvature is not defined on
degenerate paraquaternionic sections, the significance of the curvature
tensor on such sections is investigated in Section 5.

2. Paraquaternionic Kidhler manifolds. In this section we
will establish the definition of paraquaternionic Kéhler structures and
derive some curvature identities that we will use in this paper.

2.1. Definitions. Let M be a smooth manifold. A paraquaternionic
structure V- on M is defined to be a rank-3 subbundle of End (T'M)
such that a local basis {.J1, Ja, J3} exists of sections of V satisfying

J? =¢.1d,
(21) J1J2 = —J2J1 = J3
g1 =69 = —¢e3 = 1.

A pseudo-Riemannian metric g is said to be adapted to the paraquater-
nionic structure V if it satisfies

(2.2) g(J. X, 1Y) = —e,9(X,Y), 7=1,2,3,
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for all vector fields X, Y on M and any local basis of V. (Note that any
paraquaternionic manifold is of dimension 4m and any adapted metric
is necessarily of neutral signature (2m,2m)). Moreover, (M,g,V) is
said to be a paraquaternionic Kdhler manifold if the bundle V is parallel
with respect to the Levi-Civita connection of g. Equivalently, locally
defined 1-forms p, ¢, r exist such that

VxJi=q(X)J2 —r(X)Js,
(2.3) VxJo = —q(X)J1 +p(X)Js,
VxJz = —r(X)J1 + p(X)Ja.

It is also worthwhile to characterize the paraquaternionic Kahler
structures from a group theoretical point of view. In dimension four,
the rotational group SO(4) splits as SO(4) 22 SO(3) x SO(3), and, cor-
respondingly, the pseudo-rotational group SOg(2,2) exhibits a similar
splitting SO(2,2) 22 SO0¢(2,1) x SO(2,1). From Lie algebra isomor-
phisms, we know the following

50 (3) =su(2) =sp (1)
s0(2,1) =su(1,1) =sp (1, R).

The fact that the Lie group Sp(1) (= SU(2)) of the Lie algebra sp (1)
can be interpreted as a set of unit quaternions suggests that the group
Sp(1,R) (=2 SU(1,1)) of the Lie algebra sp(1,R) must be a set of
paraquaternions of unit norm. Here, by a paraquaternion, we mean a
number

q=a+bi+ ¢+ dt,

where three kinds of imaginary units i, j and £ satisfy the following
properties

=t f=_j ijt=—i

It is clear that the set of paraquaternions H can be identified with the
4-dimensional pseudo-Euclidean space R?*? (the vector space R* with
a norm of signature (++ ——) ).

Observing an analogue of paraquaternions H to the quaternions H,
we are led to consider in higher dimensions a corresponding struc-
ture to the quaternionic Kahler structure in the Riemannian category
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as characterized by the linear holonomy group in Sp(1)Sp(m) on a
4m-dimensional manifold [32]. The symplectic group Sp(m), a sub-

group of SO(4m), on H™ = R*™ of signature (.,ff”._,_) corresponds
to the real symplectic group Sp(m,R), a subgroup of SO(2m,2m)
on H™ = R2™2m of peutral signature (—|—2m + —~2Tn~—). Therefore,
by characterizing the linear holonomy group as in a subgroup of
Sp(1,R)Sp(m, R), we naturally arrive at a notion of a paraquaternionic
Kahler structure on a 4m-dimensional pseudo-Riemannian manifold of
neutral signature (2m,2m). (It should be noted [23], [31] that Sp(m)
and Sp(m,R) appear as the real and imaginary parts of the complex
symplectic group Sp(m, C)).

Remark 2.1. It is interesting to note that any oriented 4-manifold
admitting a metric of signature (+ + ——) is paraquaternionic Kéhler,
since Sp(1,R)Sp(1,R) = SOy(2,2). This fact provides us with a
large family of four-dimensional examples. (See [27] for necessary and
sufficient conditions for a compact 4-manifold to admit such a neutral
metric).

Remark 2.2. Note also that the tensor fields {J,,7 = 1,2,3} of
the paraquaternionic structure V are locally defined. If Jy,Jo,J3
are globally defined satisfying (2.1) and ¢ is an adapted metric, then
the quadruple (g, J1, Ja, J3) is called a neutral almost hyper-Hermitian
structure and it is called neutral hyper-Kdhler if, in addition, J.,
T =1,2,3, are parallel with respect to the Levi-Civita connection of g,
see [23], [24], [25]. Tt is clear that any neutral hyper-Kéhler manifold
is a paraquaternionic one. However, the converse is not true. In fact,
taking account of Chern classes of J3, one attains a large list of oriented
4-manifolds admitting neutral metrics which do not admit any neutral
almost hyper-Hermitian structure (cf. [27]). Also, it is not difficult to
show examples of paraquaternionic Kéhler manifolds that do not admit
any neutral hyper-Kéahler structure on the basis of the results in [14].

2.2. Curvature consequences. Since our main purpose is to
investigate the curvature of paraquaternionic Ké&hler manifolds, we
must, first of all, derive some important curvature identities that
are consequences of the Kahler identity (2.3). Let (M,g,V) be a
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paraquaternionic Kéahler manifold of dim M = 4m and {J,;7 = 1,2,3}
a canonical local basis of V. Let V be the Levi-Civita connection of g
and R its curvature tensor, defined by R(X,Y) = [Vx,Vy] = Vix y].
The Ricci tensor p is defined to be p(X,Y) = trace {Z — R(X,Z)Y}
and the scalar curvature Sc is the trace of the Ricci tensor. Then a
straightforward calculation from (2.3) shows that

[R(X,Y),Ji] = C(X,Y)Js — B(X,Y)Js,
(2.4) [R(X,Y),Jo] = —C(X,Y)J; + A(X,Y) Js,
[R(X,Y),Js] = —B(X,Y)J; + A(X,Y).Js,

where A, B and C are locally defined 2-forms satisfying A = 2(dp—gAr),
B=2(dr—pAq)and C =2(dg—pAr).

After some calculations, one gets A(X,Y)=(1/(2m))trace J1 R(X,Y),
B(X,Y)=(1/(2m))trace L R(X,Y) and C(X,Y)=(1/(2m))trace J3 x
R(X,Y). If m > 1, then

p(X,Y) = (m+2)A(X, ,Y)
(2.5) = (m+2)B(X, J,Y)
= —(m+2)C(X, J5Y).

Now, if M is assumed to be of dimension strictly greater than four,
then by using (2.5) we may express the identities (2.4) in a suitable
form for our purposes:

R(X,Y, 1. Z, \W) + R(X,Y, Z,W)
= DX I )92, JsW) = p(X, Y )g(Z, T,
R(X,Y, JsZ, JsW) + R(X,Y, Z,W)
(2.6)
= L (XY )g(Z, JaW) — X, Y g2, TiW)),
R(X,Y,J3Z,JsW) — R(X,Y,Z,W)

T m i 5 1p(X, J2Y)g(Z, J:W) + p(X, 1Y)g(Z, LAW)}-

As an immediate application of (2.6), we obtain the following, which
is a fundamental observation:
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Theorem 2.1. Any paraquaternionic Kdhler manifold (M, g, V) is
Einstein, provided that dimM > 4.

Proof. Let X and Z be arbitrary vectors tangent to M at some point
p€ M,and put Y = 1 X, W = J1Z, where {J1, Ja, J3} is some local
basis of the paraquaternionic structure satisfying (2.1). From (2.6) it
follows that

(2.7) R(X, 11X, J2Z,J57Z) — R(X, 1 X, Z, ], Z)

1
= m—HP(XwX)Q(Zv Z).

Analogously, if we take X,Y,Z and W of the form Jo X, J3X, Z and
J1Z, respectively, (2.6) also gives

(2.8) R(J:X,J3X,JoZ, J3Z) — R(J: X, JsX, Z,J.2)
1

= ——p(Jo X, o X)g(Z, Z).
— P X, 2 X)g(Z,7)

Now, note that p(JoX, J3X) = —p(X, X) easily follows from (2.5),
and hence (2.7) and (2.8) lead to
(2.9)

2
———0(X, X)g(2.2) = R(X.\X, 2, JsZ) = R(X, X, Z, 1 Z)
m

— R(X, J5X, JaZ, JsZ)

+ R(LX, )X, Z, . 7).

Next, change X with Z in (2.9) to obtain

(2.10)
P
507, 2)g(X, X) = R(X, 1 X, 2, Js7) = R(X, h X, Z,.117)
— R(J:X, J5X, ]2 2, J5Z)

+ R(JX, 5X, Z, 1, 7).

It then follows from (2.9) and (2.10) that p(X, X)g(Z, Z) = p(Z, Z) x
g9(X,X) for all vectors X,Z. This shows that the Ricci tensor is
bounded from above and from below on unit space-like and time-like
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vectors and, thus, the manifold is Einstein as a consequence of [28,
Lemma A]. o

We close this section with two remarks.

Remark 2.3. As an immediate consequence of the above theorem and
(2.6), the curvature tensor of a 4m-dimensional, m > 1, paraquater-
nionic Kéahler manifold satisfies

R(Xa K lev JIW) + R(X, K Za W)
S
ﬁ{g(& JsY)g(Z, JsW) — (X, JoY )g(Z, JsW) },

~ dm(m
R(X,Y, o Z, J,W) + R(X,Y, Z, W)
(2.11)
Sc
= {g(X, 3Y)g(Z —9(X, 1 Y)g(Z
4m(m+2){g( J3Y)g(Z, JsW) = g(X, 1Y)g(Z, W)},
R(X,KJgZ,JgW)—R(X,KZ,W)
Sc
=— J9(X, LY)g(Z X, LhY)g(Z
4m(m+2){g( J2Y)g(Z, JoW) + g(X, 1Y )g(Z, W)},
where {J.,7 = 1,2,3} is any local basis of the paraquaternionic

structure as in (2.1).

Remark 2.4. Let 7 = ({X,Y}) be a plane tangent to M at a point
p € M. The sectional curvature K () is defined by

R(X,Y, X,Y)
g(X,X)g(Y,Y) _g(va)Q.

K(r) = K(X,Y) =

Clearly, this definition makes sense only for nondegenerate planes (i.e.,
those satisfying g(X, X)g(Y,Y) — g(X,Y)? # 0. See [13], [22], [26]).
As a consequence of (2.11), it follows that the sectional curvature of
a 4m-dimensional paraquaternionic Kéhler manifold is constant if and
only if it vanishes, provided that m > 1. This fact introduces a new
curvature function: the paraquaternionic sectional curvature. Also note
that a paraquaternionic Kéhler manifold, m > 1 is locally conformally
flat if and only if it is flat.



244 GARCIA-RIO, MATSUSHITA AND VAZQUEZ-LORENZO

3. Paraquaternionic sectional curvatures. Let (M,g, V) be
a paraquaternionic Kéhler manifold. Then any vector X € T,M de-
termines a four-dimensional subspace V(X) = ({X, 1 X, JoX, J3X})
which remains invariant under the action of the paraquaternionic struc-
ture. We will refer to it as the V-section determined by X. Note that
the restriction of the metric g to any V-section is indefinite of signature
(2,2) or totally degenerate, in which the latter case occurs if and only
if the V-section is generated by a null vector.

Suppose now that V(X) is a V-section spanned by a nonnull vec-
tor, X. If the sectional curvature of nondegenerate planes on V(X) is
constant, ¢(X), we will refer to it as the paraquaternionic sectional cur-
vature of M with respect to X at p € M. If (M, g, V) is a paraquater-
nionic Kahler manifold of constant paraquaternionic sectional curva-
ture, we will call it a paraquaternionic space form.

It is clear from the previous definition that a four-dimensional
paraquaternionic Kéhler manifold is of constant paraquaternionic sec-
tional curvature if and only if the sectional curvature of M is constant.
Therefore, we will concentrate our attention on the case of dim M > 8.

Since our purpose in this section is to determine the forms of the
curvature tensor of a paraquaternionic space form, we will reexamine
the definition of a curvature-like function on a vector space E. A
quadrilinear map F': E X Ex Ex E — R is said to be a curvature-like
function if it satisfies

F(X,Y,Z,W) = ~F(Y,X,Z,W) = —F(X,Y,W, )
F(X,Y,Z,W)=F(Z,W,X,Y)
F(X,Y,Z W)+ F(Y,Z, X, W)+ F(Z,X,Y,W) =0,

for all vectors X,Y,Z, W € E. Moreover, if E is endowed with a
paraquaternionic structure V and an adapted metric g, we will say that
F is a paraquaternionic curvature-like function if it satisfies (2.11). The
following lemma will be of interest for our purposes.

Lemma 3.1. Let (E*™,g,V), m > 1, be a paraquaternionic vector
space and F a paraquaternionic curvature-like function on E. If
F(X,J.X,X,J;X)=0 for all X € E and some basis {J.,7 =1,2,3}
of V, then F' = 0.
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Proof. Applying (2.11) to the paraquaternionic curvature-like func-
tion F', we get
F(X, 1 X, X, 1X)=F(X, 1 X, X, J3X
Sct
~dm(m+2)
F(X, X, X, ,X)=F(X, X, J3X,J1 X)
Secl’
~dm(m+2)
F(X,J3X, X, J3X)=—-F(X, J5X, 1 X, J,X)

Scf
— g(X,X)? =
+ 4m(m—|—2)g( »X) 0,

)
g(X,X)2 =0,
X7 =0

g(X, 0

where Scf’ denotes the scalar curvature of F. From these expressions
we have
38" (X, X)? = F(X, 1 X, ), X, J3X)
4m(m ¥+ 2)9 ) - y J1A, J2A,J3
+ F(X, X, J3X, 1 X)

+ F(X, 53X, 1X, J2X)

and, using the first Bianchi identity, we obtain Scf = 0. Therefore,
(2.11) shows that F' is a paraholomorphic curvature-like function on
(E,g,J1) satisfying F(X, 1 X, X, J1X) = 0 for all vectors X. Now it
follows from [15, Corollary 3.5] that F =0. O

Next we will introduce a paraquaternionic curvature-like function
which plays an important role in the study of the paraquaternionic
sectional curvature. Let (E, g, V) be a paraquaternionic vector space,
and define Fy by

3
+> e {9(J:Y, Z)g(J. X, W) —g(J- X, Z)g(J,Y, W)
=1

+29(X, J-Y)g(J: Z,W)}.

The following theorem shows the special significance of Fj.
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Theorem 3.1. Let (M*™ g, V), m > 1, be a paraquaternionic
Kahler manifold. Then the paraquaternionic sectional curvature is
constant ¢ at a point p € M if and only if the curvature tensor
R = (¢/4)Fy at p.

Proof. First, suppose that the paraquaternionic sectional curvature is
constant ¢ at p, and consider the paraquaternionic curvature-like func-
tion F = R— (c¢/4)Fy. Then R(X,J, X, X, J,X) = —e,¢cg(X, X)?, and
it immediately follows from the definition of F that Fo (X, J. X, X, J,. X)
= —4e,g(X, X)?. Therefore, F(X,J.X,X,J;X)=0forall X € T,M,
T = 1,2,3, and it follows from Lemma 3.1 that R = (¢/4)Fy. Con-
versely, if R = (¢/4)F, at p, a straightforward calculation shows that
the sectional curvature of any nondegenerate plane in V(X) equals ¢
for any X € T,M, which shows that the paraquaternionic sectional
curvature is constant at p. ]

Remark 3.1. The model spaces of nonzero constant paraquaternionic
sectional curvature are constructed by Blazi¢ [3]. For the sake of
completeness, we will reexamine their construction. Let H denote the
algebra of paraquaternionic numbers generated by {1,1, j, £} over R. Let
H, = {q € H/||q|| # 0}, where the norm of a paraquaternionic number
is defined to be [|q|> = qq and the conjugate of a paraquaternion
q = 2o + x11 + x2j + x3t is given by q = xg — 11 — x2j — x3t.

Now, the paraquaternionic projective space P,,(H) associated with
H™*! is defined to be the equivalence classes of nonsingular paraquater-
nionic lines

P,,(H) = HI''! /H,.

In a more geometrical way, the paraquaternionic projective space is
represented as the quotient space

P (H) = $3777/ 57

where the pseudosphere S is identified with the group of unit para-
quaternions. Moreover, it is shown in [3] that P,,(H) is complete and
simply connected, thus being the model space of paraquaternionic space
forms of nonzero curvature. (Since the signature of the metric of any
paraquaternionic Kéhler manifold is neutral, the sign of the curvature

is not essential).
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Note that, from the expression of the curvature tensor in Theorem 3.1,
any paraquaternionic space form is a locally symmetric space. (Since
the function ¢ = (Se¢/(4m(m + 2))) and any paraquaternionic Kéhler
manifold of dimension > 4 is Einstein, ¢ is necessarily constant, pro-
vided that M is connected). Moreover, since the holonomy group at
each point p € M is generated by the endomorphisms of T, M of the
form R(X,Y),X,Y € T,M, it does not leave invariant any nontriv-
ial subspace of T,,M, which shows that paraquaternionic space forms
are locally symmetric irreducible spaces, provided that the paraquater-
nionic sectional curvature ¢ # 0. Now a straightforward calculation
from the expression of the curvature in Theorem 3.1 and the Kéhler
identities (2.11) shows that the dimension of the linear isotropy group
of P,,(H) is given by 2m? + m + 3. Moreover, since it is an irre-
ducible symmetric space, it can be identified with the symmetric space
Sp(m+1,R)/Sp(1,R)Sp(m, R) in Berger’s list (cf. [1]).

4. Constancy of the paraquaternionic sectional curvatures.
The study of the Jacobi operators is one of the central topics in pseudo-
Riemannian geometry. Although it is very difficult to determine such
operators explicitly, much interesting information can be derived from
the properties of the eigenvalues and eigenspaces of the Jacobi opera-
tors. Since (M, g, V) is a pseudo-Riemannian manifold equipped with
a paraquaternionic Kahler structure V, it is interesting to investigate
the existence of distinguished eigenspaces for the Jacobi operators in-
duced by the paraquaternionic structure. This is carried out in the next
theorem, which provides a criterion for the constancy of the paraquater-
nionic sectional curvature. Such a criterion has proved its usefulness
in the characterization of paraquaternionic space forms among the so-
called special Osserman manifolds in [7].

Theorem 4.1. Let (M*™,g, V), m > 1, be a paraquaternionic
Kahler manifold. Then the following conditions are equivalent to each
other

(i) the paraquaternionic sectional curvature is constant,

(ii) R(X, J. X)J, X ~ X for all spacelike vectors X,

(i) R(X, J, X)J.X ~ X for all timelike vectors X,
)R

(iv) R(U, J;U)J.U =0 for all null vectors U,
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for some local basis {J,,7 = 1,2,3} of the paraquaternionic structure,
where ~ means “is proportional to.”

In order to prove Theorem 4.1, we need the following lemmas.

Lemma 4.1. Let (M*™ g, V), m > 1, be a paraquaternionic Kdhler
manifold and X € T,M a unit vector. If a local basis {J-;7 =1,2,3}
of the paraquaternionic structure exists such that

() K(X, 1 X) = K(X, J,X) = K(X, J3X),
(il) R(X, 1 X, X, J,X) = R(X, 1 X, X, J5X) = R(X, JbX, X, J3X)

= 0, then the sectional curvature is constant (Sc/(4dm(m + 2))) on
V(X).

Proof. By a direct computation from (2.11) we obtain

Sc
KX, J1X)=-R(X, 1 X, X, J3 X R
( a‘]1 ) R( a<]1 aJQ 7J3 )+4m(m+2)7
Sc
K(X,JhX)=—-R(X, JX, J3 X, J1 X R
( a‘]2 ) R( a<]2 a‘]3 7J1 )+4m(m+2)7
Sc
K(X,J3X)=—-R(X, J3X, J1 X, JbX .
(X, J3X) R(X, J3X, J1 X, Jo X) + Im(m + 2)

Adding these expressions we get

3
STK(X,J,X) = —R(X, 1 X, o X, JsX) = R(X, J2X, J3X, J1X)
r=1
3Sc

— R(X, J5X, 1 X, LX) + Y

Now, (i), together with the first Bianchi identity, implies K (X, J, X) =
(Se/(A4m(m+2))), 7 = 1,2, 3, and hence the sectional curvature of the
planes {X, J; X} is (S¢/(4m(m+2))). Finally, a straightforward calcu-
lation from (ii) shows that the sectional curvature of any nondegenerate
plane in V(X)) also equals (Se/(4dm(m + 2))). O

Lemma 4.2. Let (M*™ g, V), m > 1, be a paraquaternionic Kdhler
manifold and X € TyM a unit vector. If K(Y,J.Y) is constant for all
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unit space-like vectors Y € V(X) and some local basis {J;;7 = 1,2, 3},
then the sectional curvature is constant on V(X).

Proof. Let X be a unit spacelike vector at T,M and suppose the
sectional curvatures are a constant ¢ on V(X). Take A, p € R with
AN +p?2 =1. Then Y = AX + pJ3X is a unit spacelike vector in V(X))
and, since K(Y, 1Y) =c=—R(Y, 1Y,Y, J;Y), one has

—c=MR(X, 1 X, X, 1 X) + p*R(J3X, o, X, J3X, J, X)
+ N {R(X, o X, X, J,X) 4+ R(J3 X, J1 X, J3X, J; X)
+2R(X, 1 X, J3X, J,X) + 2R(X, ], X, s X, 1 X)}
+ 2N R(X, 1 X, X, JX) + R(X, 1 X, Js X, 1 X)}
+ 22 {R(X, Jo X, J3X, JoX) + R(J: X, 1 X, J3X, JoX)}.

After some calculations, we get

—c=—(\? =2 K(X, 1 X) — 42K (X, J, X)
+ 4A:U‘(>\2 - /L2)R(X7 JlXa Xa JQX)v

and, moreover, that
(4.1) R(X, 1 X, X, J,X)=0
and

K(X, hX)=K(X,,X).

We then take A\, € R with A2 — 2 = 1. Then Y = AX + pJoX
is a unit space-like vector in V(X), and therefore K(Y,J1Y) = c.
Proceeding as before, after some calculations,

—a=—(N\+p?)’K(X, 1 X) + 4P K (X, J3X)
+ AN+ ) R(X, 1 X, X, T3 X),

which shows that

(4.2) R(X, 1 X, X,J3X) =0
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and

K(X,J5X) = K(X, 1 X).

Finally, take A, pu,v € R such that A2 + u2 — 42> = 1. Then
Y = AX + pJ3X + 7J2X is a unit spacelike vector in V(X), and
thus K(Y,J1Y) = ¢. Now, after a straightforward calculation, since
the coefficient of A2y must vanish, it follows that

(4.3) R(X, JX, X, J5X) = 0.

Then the constancy of the sectional curvature on V(X) follows from
Lemma 4.1, together with (4.1)—(4.3). O

Lemma 4.3. Let (M*™ g, V), m > 1, be a paraquaternionic Kdhler
manifold. If R(X, J; X, J.X,Y) =0 for some basis {J,,7 =1,2,3} of
the paraquaternionic structure and all orthonormal vectors X,Y € T, M
with g(X,X) = —g(Y,Y) and such that V(X) L V(Y), then the

paraquaternionic sectional curvature is constant.

Proof. Let X and Y be orthonormal vectors with g(X, X) = —g(Y,Y)
such that V(X) L V(Y), and take \,u € R satisfying \? — p? = 1.
Then Z = AX + pY and W = pX + A\Y are orthonormal vectors in
T,M with ¢(Z,Z) = —g(W,W) and such that V(Z) L V(W). By
hypothesis, R(Z, J.Z, J, Z,W) = 0, linearizing this expression

0=M{R(X,J,X,J,X,X)+R(Y, J. X, J,X,Y)
+R(X,J; X, J.Y)Y)+ R(X,J, Y, J,. X, Y)}
+p{R(X, J,Y, .Y, X) + R(Y, J;Y, J.Y,Y)
+R(X,J; X, J.Y,)Y)+ R(X,J.Y, J. X,Y)}.

Since the coefficients of A? and p? must vanish, we get
R(X,J. X, J,X, X)+ R(Y,J. X, J, X)Y)
=R(Y,J.Y,J,Y,)Y)+ R(X, J.Y, J,Y, X).

Then, using that R(Y,J, X, J; X,Y) = R(X,J,Y,J.Y,X) for all T =
1,2,3, it follows that R(X,J.X,X,J,X) = R(Y,J,Y,Y,J.Y), and
thus

(4.4) K(X,J,X)=K(Y,J.Y), 7=123.
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As a final stage of the proof, take a unit vector X and choose Z to
be a unit time-like vector, Z € V(X)*. If Y is a unit space-like vector
in V(X), then Y and Z are orthonormal, with ¢(Y)Y) = —¢(Z, Z)
and V(Y) L V(Z). Thus, (4.4) implies K(Y,J,Y) = K(Z,J.Z),
7 = 1,2,3. Therefore, K(Y,J,Y) is constant for all unit space-like
vectors in V(X). Then the sectional curvature is constant on V(X) by
Lemma 4.2 with value (Sc¢/(4m(m + 2))). O

Now we are ready to give the announced

Proof of Theorem 4.1. 1If the paraquaternionic sectional curva-
ture is constant, it follows from Theorem 3.1 that R(X,J.X)J, X =
ercg(X, X)X for all 7 =1,2,3, and therefore (ii), (iii) and (iv) hold.

Next suppose that (ii) holds, and take X,Y to be orthonormal
vectors, with g(X,X) = —¢(Y,Y) and such that V(X) L V(Y).
If X is space-like, then (ii) implies that R(X,J,X,J;X,Y) = 0.
If X is time-like, then J1 X is space-like, and also from (i) we get
R(LX,J. WX, J,J1 X, 1Y) = 0. Thus R(X,J, X, J; X,Y) = 0, and
(i) follows from Lemma 4.3.

If (iii) holds, take X to be a space-like vector and Y orthogonal
to X. Since X is space-like and J; X is time-like, (iii) implies that
R(L X, J. 1 X, J;J1X,J1Y) = 0, and therefore R(X,J, X, J.X,Y) =
0.

Suppose then that (iv) holds and take X, Y to be orthonormal vectors
with g(X, X) = —¢g(Y,Y) and V(X) L V(Y). Then X +Y are null
vectors, and from (iv) we have

RX+Y,J, X+ 1.V, J,X+J.Y,X-Y)
~RX-Y,J, X - J,Y,J,X - JY,X+Y) =0,

and thus
(4.5) R(X,J. X, J. X,)Y)—-R(Y,J.Y,J.Y,X) = 0.
Similarly, from (iv) we have

RX+Y X+ JY JX+JY X+Y)
-RX-Y,J,X-JY,JX-JY,X-Y)=0,
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and thus

(4.6) R(X,J, X, J.X,Y)+ R(Y,J,Y,J,Y,X) = 0.

Now (4.5) together with (4.6) implies R(X, J.X,J,X,Y) = 0, and
the proof follows from Lemma 4.3. a

Let X,Y € T,M. If the V-planes V(X) and V(Y') are orthogonal,
we can say that {X,Y} spans an anti-paraquaternionic plane.

Remark 4.1. For each null vector U, orthonormal space-like and time-
like vectors X and Y exist such that U = a(X +Y’), and moreover, X
and Y may be chosen such that ({X, JsX}) L ({Y,J3Y}). However,
{X,Y} does not necessarily span an anti-paraquaternionic plane.

Also note that (iv) in Theorem 4.1 remains valid if it is only checked
for null vectors of the form U = a(X +Y), where {X,Y} spans an
anti-paraquaternionic plane.

5. Degenerate paraquaternionic sections. As well as for the
sectional curvature, the definition of the paraquaternionic sectional cur-
vature makes sense only for nondegenerate paraquaternionic sections.
This fact has an important consequence; the paraquaternionic sectional
curvature is not necessarily bounded at each point p € M. As we will
show at the end of this section, such boundedness may occur only
when (M, g, V) is a paraquaternionic space form. This fact is strongly
related with the possibility of continuously extending the definition of
the paraquaternionic sectional curvature to degenerate V-sections. We
recall that V(X) = ({X, 1 X, o X, J3X}) associated with a vector X
is degenerate if and only if X is null. Moreover, the restriction of the
metric g to degenerate V-sections has signature (0,0, 0,0), i.e., totally
degenerate. Therefore, a necessary condition for the desired extension
of the paraquaternionic sectional curvature is

(5.1) RX,Y,Z,W)=0
for all vectors X,Y, Z,W € V(U), and for all null vectors U.

Note that the above condition implies

(5.2) R(U,J.U,J,U,U) =0, 7=1,2,3
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for all null vectors U.

We start with the consideration of this last condition and its relation
with the paraquaternionic sectional curvature. First of all, note that
if (5.2) holds, then R(U,J,U)J,U € (U)t. If V € (U)* is a null
vector, it follows that U 4+ AV is null for all real numbers A, and hence
RU 4+ AV, J(U + AV),J. (U + AV),U + A\V) = 0. Linearizing this
expression and considering the coefficient corresponding to A, we get
g(R(U, J,U)J.U V) =0. Hence, R(U, J,U)J.U lies in the direction of
(U) and therefore (5.2) is equivalent to

(5.3) R(U,J.U)J.U = U, 7=1,2,3.

According to Theorem 4.1, the eigenvalue cy measures the failure of
a paraquaternionic Kéhler manifold satisfying (5.2) to be of constant
paraquaternionic sectional curvature.

Lemma 5.1. Let (M*™ ¢, V), m > 1, be a paraquaternionic Kdhler
manifold satisfying (5.2). If X and Y are orthogonal vectors with
9(X, X) = —g(Y,Y), then

(a) R(X,J, X, J. X,Y)=—-R(Y,J,Y, J.Y, X),

(b) R(X,J. X, J. X, X))+ R(Y,J,Y,J.Y,Y) =2R(X, J, X, Y, J,.Y) +
2R(X, J;Y.Y, J: X) + R(X, J;Y, X, J.Y) + R(Y, J; X, Y, J. X),

for some local basis {J.;7=1,2,3}.

Proof. Since X and Y are orthogonal unit vectors with g(X,X) =
—g(Y)Y), U = X £ Y are null vectors. Now the result follows from
(5.2) after linearization. O

Lemma 5.2. Let (M*™, g, V), m > 1, be a paraquaternionic Kdhler
manifold satisfying (5.2). If U = «(X +Y) is a null vector and
V(X) LV(Y), then
(5.4)
3S¢

L=4 ZU,2) + ———
CU €ZR(U, ,U, )+ 4m(m+2)

ez{9(Z, LU)? — g(Z, J3U)?}
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for all unit vectors Z € ({X,Y, K1 X, 1Y })*,
(5.5)
3Sc

T T35 2 (2 R0 = 9(2, 35U )

¢l =4ezR(U, Z,U, Z) +
for all unit vectors Z € ({X,Y, o X, LY })*,
(5.6)
3Sc

T AL AU + 92, RUP

¢ = —4ezR(U, Z,U, Z) —
for all unit vectors Z € ({X,Y, J3X, J3Y })*.

Proof. Suppose X is unit space-like, and consider the null vector
V = (1/(4a))(Y — X). If Z is a unit vector in ({X,Y, 1 X, 1Y })*,
for each t > 0, w, = (1/v)(U + tezV) and Z are orthogonal with
g(w, wy) = —g(Z, Z). Therefore, Lemma 5.1(b) for 7 = 1 implies

R(Z, 1\ Z,Z, 1 Z) + R(wy, Jywy, Jiwe, wy)
= 2R(Z, J1Z, We, let) + 2R(Z, let, Wy, J1Z)
+ R(Z, Jywy, Z, Jywg) + R(wy, J1 Z,wy, J1 Z)

and hence

1
f,R(Z, N7, 7, le) + ZR(U +tezV, J1(U+ th‘/),

J1(U +tezV),U +tezV)
=2R(Z, 1 Z,U 4 te 7V, Jy(U + te V)
+2R(Z, J1(U + tezV),U + tezV, J1 Z)
+R(Z, J\(U +tezV), Z,J1(U + tezV))
+R(U + tegV, L Z,U + tezV, 1 Z).

Linearizing this expression and taking limits as t — 0, we get
—4ezR(U, LWU,U, 1) V) =2R(Z, 1 Z,U, J;U)
+2R(Z, LU, U, J1 Z)

+R(Z,WU, Z,J,U)
+R(U, L Z,U, ], 2).
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Now from (2.11) the expression above reduces to

ctr = —ezR(Z,0,2,U, ZWU) — 2¢zR(Z, JJU,U, J, Z)
Sc

- maz{g(z JU)? — g(Z, J3U)%},

and by the first Bianchi identity

¢\ = e, RU. Z, 117, hU) — 3¢, R(Z, WU, U, J, Z)
(5.7) Se

- mzfz{g(z, JU)? — g(Z, J3U)?}.

Note at this point that if Z is a unit vector in ({X,Y, 1 X, 1Y })*,
then so is J; Z, and hence from (5.7),

¢ =3¢, R(U, Z, 1 Z, LU — e ,R(Z, U, U, J, Z)
(5.8) - Sc
dm(m + 2)

Now from (5.7) and (5.8) we get R(Z, J1U,U, ;1 Z)=—R(U, Z, 1 Z, J,U)
and thus (5.4) is obtained from (5.7).

The remaining identities (5.5) and (5.6) are derived in an analogous
way. o

ez{9(Z, JU)* — g(Z, JsU)?}.

The previous lemma has two important corollaries:

Corollary 5.1. Let (M*™, g, V), m > 1, be a paraquaternionic
Kahler manifold satisfying (5.2). Then

1 _ 2 _ 3
Cy =Cuy=—C

for all null vectors U of the form U = a(X +Y), where {X,Y} spans
an anti-paraquaternionic plane.

Proof. Let U = a(X +Y) be a null vector where {X,Y} spans
an anti-paraquaternionic plane. Since Z = J3X is a unit vector in
{X,Y, h X, LY PPN {X,Y, )X, LY })*, from Lemma 5.2 we get

3S¢

L=4 ZU,2) + ———
CU €ZR(U, ,U, )+ 4m(m+2)

ez{9(Z, LU)? — g(Z, J3U)?}
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and

3Sc

02U = 4€ZR(U, Z, U,Z) + m

ez{9(Z, WU)? - 9(Z, J5U)?}.

Now, since Z € ({J1U, JoU})*, it follows that ¢, = c. The proof of

2 _ 3 . . .
¢y = —cy; is similar. O

Corollary 5.2. Let (M*™, g, V), m > 2, be a paraquaternionic
Kahler manifold satisfying (5.2). If U is a null vector of the form
U=aX+Y), where {X,Y} spans an anti-paraquaternionic plane,
then

ey =4e;ezR(U,Z,U,Z), 7=1,2,3,

Z being a unit vector such that V(X) L Z 1L V(Y).

Proof. Note that Z € ({X,Y,J, X, J,Y})* for all 7 = 1,2,3. Hence,
the result follows from Lemma 5.2. a

Next we will relate the distinguished eigenvalue ¢y with the Ricci
tensor, which is a basic observation in the proof of Theorem 5.1.

Proposition 5.1. Let (M*™,g, V), m > 1, be a paraquaternionic
Kahler manifold satisfying (5.2). Then

(5.9) p(U,U) =e.(m+4), 7=1,2,3,

for all null vectors U of the form U = a(X +Y), where {X,Y} spans
an anti-paraquaternionic plane.

Proof. Let {Z1,Zs, ..., Zsm—s} be an orthonormal basis of (V(X) @
V(Y))*. Then, if we assume X to be a unit space-like,

p(U,U) = R(U,X,U,X) — R(U,Y,U,Y)
3

~ 3" e {R(U, J. XU, J;X) = R(U, J,Y,U, J,Y)}
(5.10) =

4m—8
+ Z EZiR(U7 Ziu U7 Z’L)a
i=1
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where ez, = g(Z;, Z;),i=1,... ,4m — 8.

Now, since U = a(X + Y), one easily obtains R(U, X,U, X) —
R(U,Y,U,Y) = 0and R(U, J,X,U, J,X) — R(U, J,Y,U, J,Y) = —2¢F,.
Therefore, (5.10) becomes

4Am—8
p(U,U) =2cf; +2¢f — 25 + Y ez, R(U, Z;,U, Z),

i=1

and the desired result is obtained from Corollaries 5.1 and 5.2. O
Next we state the main result of this section.

Theorem 5.1. Let (M*™,g, V), m > 1, be a paraquaternionic
Kahler manifold. Then (5.2) is equivalent to the constancy of the
paraquaternionic sectional curvature.

Proof. Since any paraquaternionic Kahler manifold of dim M > 4
is Einstein (cf. Theorem 2.1), it follows from (5.9) that ¢ = 0,
7 =1,2,3, and for all null vectors U of the form U = (X +Y"), where
{X,Y} spans an anti-paraquaternionic plane. Hence, (5.3) implies that
R(U,J;U)J;U =0, T =1,2,3, and for such null vectors U. Now the
result follows from (iv) in Theorem 4.1 and Remark 4.1. O

It is necessary to immediately recognize from Theorem 3.1 that
(5.1) is satisfied by any paraquaternionic space form. Therefore,
(M*™ g, V), m > 1, is a paraquaternionic space form if and only if the
restriction of the curvature tensor to any degenerate paraquaternionic
section vanishes identically. (This result should be contrasted with a
corresponding one for indefinite K&hler manifolds, which shows that the
restriction of the curvature tensor to degenerate holomorphic sections
vanishes if and only if the manifold is null holomorphically flat, a
strictly weaker condition than constant holomorphic sectional curvature

[6]).

Remark 5.1. The above result is no longer true if we are not
in the category of paraquaternionic Kéhler manifolds. Indeed, it is
easy to show that the tangent bundle TM of any paraquaternionic
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Kéhler manifold (M, g, V) inherits in a natural way a paraquaternionic
structure (g, VH) where g7 and V¥ are the horizontal lifts of
the metric and the paraquaternionic structure of M, respectively.
(Horizontal lifts are taken with respect to the Levi-Civita connection of
(M, g) ). Moreover, after some calculations as in [8], it follows that the
curvature tensor of (T'M, g1, VH) satisfies (5.2) if and only if (M, g, V)
is a paraquaternionic space form. However, the paraquaternionic
sectional curvature of (T'M, g®, V) is not constant, unless M is flat.

Remark 5.2. If dim M = 4, (5.2) is equivalent to the vanishing of the
Weyl tensor, and therefore equivalent to locally conformally flatness
(cf. [16]).

Finally, as an application of Theorem 5.1, we will prove the announced
result on the boundedness of the paraquaternionic sectional curvature.

Theorem 5.2. Let (M*™ g, V), m > 1, be a paraquaternionic
Kahler manifold. If the paraquaternionic sectional curvature is bounded
from below and from above, then it is constant.

Proof. Consider a null vector U € T,M and approximate it by a
sequence {Z, }nen of nonnull vectors, for instance, Z, = U + (Z/n),
Z being a nonnull vector orthogonal to U. Since Z,, is nonnull and the
paraquaternionic sectional curvature is assumed to be bounded,

|K(Zn, J-Zn)| < A, 7=1,2,3,
for some constant A. Hence
|\R(Zy, Jr Zyy Zoy J2 20| < Alg(Zn, Z2)|, 7=1,2,3
and, taking limits when n — oo, one gets
RU,J.U,U,J.U)=0, 7=1,2,3
for all null vectors U. Now the result follows from Theorem 5.1. u]
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