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Abstract: We introduce the notions of subtwistor structure and subtwistor bundle. Under considera-
tion is some particular case of subtwistor structures, sub-Kéhler structures. The subtwistor bundle for
the four-dimensional sphere is described. We also provide some examples of the manifolds that admit or
do not admit any subtwistor structure. For a real manifold of arbitrary dimension, we give conditions
for the existence of a sub-Kéhler structure, which implies the existence of sub-K&ahler submanifolds.
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§ 1. Introduction

The theory of Kahler and complex manifolds contains the notions of twistor bundle and twistor
structure. This article is devoted to the generalization of the notion of twistor bundle, the subtwistor
bundle. In [1], we introduced the notion of subtwistor bundle as a generalization of the twistor bundle
to the case of a degenerate skew-symmetric 2-form on a manifold of arbitrary dimension. For constructing
the subtwistor bundle on a manifold M of arbitrary dimension, we have to define a skew-symmetric 2-
form Q at each point of M, the set of all affinors associated with 2 at this point, and the set of all
possible interior products in the vector space rad ), which is the radical (in another terminology, the
kernel) of the 2-form  at a point x. Here the 2-form Q can be degenerate, i.e. have nonzero radical.
In contrast to the classical twistor bundle, the subtwistor bundle can be defined for a manifold of any
even or odd dimension. In the present article, we provide some examples of the manifolds that admit or
do not admit any subtwistor structure and describe the subtwistor bundles of a few manifolds.

Interest in the study of degenerate skew-symmetric 2-forms is due to the problems of finding sym-
plectic and Kéhler submanifolds of manifolds of arbitrary dimension. In [2], homogeneous spaces with
invariant degenerate skew-symmetric closed 2-form are studied, and the articles [1, 3] deal with the sub-
Kahler structures that enable us to obtain Kéahler submanifolds. Moreover, subtwistor structures arise
in various physical applications of Riemannian geometry, in particular, in string theory, analytical me-
chanics, and the theory of Calabi—Yau spaces.

To define a subtwistor structure on a manifold M, we must endow M with a subtwistor structure,
a regular skew-symmetric 2-form 2 with nonzero radical rad €2, a complementary distribution of tangent
spaces D to rad €2 on which the-2-form 2 is nondegenerate, an affinor ® that is a generalization of the no-
tion of an almost complex structure associated with €2, and an interior product on the distribution rad €2,
called a radical metric, which enables us to obtain a global Riemannian metric on M. Subtwistor struc-
tures with closed 2-form €2 make it possible to introduce the notion of sub-Kéhler structure (see [1]),
and subtwistor structures with exact 2-form {2 make it possible to obtain the affinor metric structures
(see [4,5]) that generalize contact metric structures for manifolds of any dimension and Lie algebroids.
In this article, we show how, using subtwistor and sub-Ké&hler structures, we can obtain K&ahler subman-
ifolds of a manifold of arbitrary dimension as well as the subtwistor bundle for the manifolds that do not
admit a symplectic or Kahler structure.

Section 2 contains the necessary information and properties for the subtwistor structures introduced
in [1]. Section 3 deals with a particular case of subtwistor structures, sub-Kéhler structures, and give
the conditions under which a subtwistor structure defines a sub-Kéahler structure. In Section 4, we
introduce the notion of subtwistor bundle and show how it is related to the existence of a subtwistor
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structure on a manifold. In Section 5, we describe the subtwistor bundle of the four-dimensional sphere.
Section 6 is devoted to the study of invariant subtwistor structures and contains homogeneous examples
of subtwistor structures. We use the results and notions that had been described in [1, 3].

§ 2. Subtwistor Structures

Let M be a smooth real manifold of dimension n > 3, let 2 be a bilinear form on M, and let X
be a smooth vector field on M. Denote by Ix 2 the interior product of X and €2, whose result is the
1-form Ix € such that Ix Q(Y) = Q(X,Y) for every vector field Y on M.

DEFINITION 2.1. The radical of Q@ on M at x is the tangent subspace rad(), = {v € T, M :
I, Q, = 0}. The form Q is called regular if the distribution of radicals rad 2 has constant rank on M.

We will denote by rad €2 the distribution of radicals of a bilinear form {2 on a manifold M. Sometimes,
the radical of Q is called the kernel of 2. Obviously, 2 is nondegenerate if and only if rad Q = {0}.

Theorem 2.2. Let M be a smooth manifold of dimension n > 3, let € be a skew-symmetric regular
2-form on M, and let r be the rank of rad Q2. Then

(1) if n is even then so isT and 0 <r <n — 2;

(2) if n is odd then soisr and 1 <r <mn —2;

(3) if dQ = 0 then rad 2 is a holonomic distribution on M.

PROOF. Demonstration of items (1) and (2) can be found in [4], while the proof of item (3), in [1].
Let D be a distribution of tangent subspaces on M complementary to rad {2 such that the restriction
of € to every fiber of D is nondegenerate. Such a distribution is called a work bundle for 2. Theorem 2.2
implies that a work bundle D has even rank for a manifold of any dimension. This fact enables us
to introduce the important notion of affinor associated with a regular skew-symmetric 2-form.

DEFINITION 2.3. Let ) be a regular skew-symmetric 2-form on a manifold M and let D be a work
bundle for 2. By an affinor associated with 2 we mean a continuous field ® of endomorphisms of tangent
subspaces on M satisfying the conditions:

(1) ker ® = rad ;

(2) ®2|p = —id, where id is the field of identity operators on M;

(3) Qod® =Q;

(4) Q(X,®X) > 0 for every vector field X € CY(TM).

The following important properties of an affinor are immediate from Definition 2.3.

Proposition 2.4. Let ® be an affinor associated with a regular skew-symmetric 2-form ) on M
and let D be a work bundle for ().

(1) The restriction of ® to D is a complex structure in the fibers of D preserving Q.

(2) ® is an affinor associated with XQ for every continuous function A on M such that A(z) > 0
for all x € M.

(3) —® is an affinor associated with uS) for every continuous function p on M such that u(x) < 0
for all x € M.

Let € be a regular skew-symmetric 2-form on a manifold M with work bundle D and let ® be an affinor
associated with Q. Denote by Q¢ the symmetric 2-form on M such that Qg (X,Y) = Q(X, ®Y) for all
vector fields X,Y € CY{(TM).

Definition 2.3 implies that rad Q¢ = rad 2 and the restriction of ¢ to D is an interior product in the
fibers of D. A radical metric of a bilinear regular form 2 on M is a symmetric bilinear form 8 on M
such that rad 8 = D, where D is a work bundle for €2 and the restriction of 8 to rad 2 is an interior
product in the fibers of rad 2. Endow M with the Riemannian metric g = Qg + 8. To construct this,
we need some collection of objects (2, D, ®, 3) where Q is a regular skew-symmetric 2-form on M and D
is a work bundle for €, while ® is an affinor associated with 2, and (3 is a radical metric of 2. Such
a collection of objects is called a subtwistor structure on M. Obviously, if rad Q = {0} then D = T M,
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B =0, and (92, ®?) is a twistor structure on M. The alternative definition of subtwistor structure as well
as the properties and examples of subtwistor structures can be found in [1].

For studying the question of existence of a subtwistor structure on a manifold, we will need some
topological conditions that are connected with characteristic classes. Let E be a vector bundle over
a smooth manifold M, let e(E) be the Euler class of F, and let wi(F) be the first Stiefel-Whitney
class of E. If M admits an everywhere nonzero global section then e(E) = 0. If the fibers of a vector
bundle F are endowed with orientation depending continuously on a point x € M and M is orientable
then wy(F) = 0 (see [6]).

Let (2, D, ®,3) be a subtwistor structure on a manifold M and let A%2(M) be the bundle of skew-
symmetric 2-forms on M. Since () is a regular 2-form on M; therefore, 2, # 0 for all x € M and € is
a global section of A2(M). Since each complex structure in the vector space D, defines orientation in D,
and ® is a complex structure in the fibers of D, we obtain

Proposition 2.5. If an orientable manifold M admits a subtwistor structure with work bundle D
then e(A?(M)) = 0 and wy(D) = 0.

If M is a compact orientable manifold without boundary and x(M) is the Euler characteristic of M
then x(M) = [;,e(M), where e(M) is the Euler class of the tangent bundle T'M (see [6]). This yields

Corollary 2.6. If the total space of the bundle A2(M) over a manifold M is a compact orientable
manifold without boundary and x(A?(M)) # 0 then M does not admit subtwistor structures.

Let us discuss how subtwistor structures are connected with the problem of obtaining K&hler sub-
manifolds of an arbitrary manifold.

§ 3. Sub-Kahler Structures

Let M be a real smooth manifold of dimension > 3 and let (2, D, ®,3) be a subtwistor structure
on M. We will refer to (2 as the fundamental 2-form of the subtwistor structure. In general, the work
bundle D is not a holonomic distribution on M. If d2 = 0 and D is a holonomic distribution on M then
in M there is a submanifold @ : D|g = T'Q and the restriction of the affinor ® to @ is an almost complex
structure on Q. Putting Q(X,Y) = Q(X,®Y), X,Y € CY(TM), we infer that (2, ®,{) is an almost
Kahler structure on Q.

DEFINITION 3.1. A sub-Kdihler structure on a manifold M of dimension > 3 is a collection of objects
(Q,9Q,D,®,3), where € is a closed regular skew-symmetric form on M and D is a work bundle for €,
while ® is an affinor associated with €2, 8 is a radical metric of €2, and @) is a submanifold in M such
that TQ) = D|g and the restriction of ® to @ is a complex structure on Q.

It is obvious from the definition that the existence of a sub-Kahler structure on a manifold M of arbi-
trary dimension implies the existence of Kéhler submanifolds of M. It remains to find out the conditions
for a subtwistor structure with closed fundamental 2-form to induce a sub-Ké&hler structure on M.

DEFINITION 3.2. The torsion of a subtwistor structure (2, D, ®, 3) on a manifold M is the continuous

tensor field N of type (2,1) defined at a pair of vector fields X,Y € C(TM) as follows:
N(X,Y) = [®@X,®Y] — ®[®X,Y] — (X, Y] + ®*[X, Y],
where [X,Y] is the Lie bracket of X and Y.

Let N be the torsion tensor of a subtwistor structure (2, D, ®,3) on M and let dQ = 0. It was
proved in [1] that the condition N = 0 implies that the work bundle D is a holonomic distribution on M
and, for any integral submanifold @ : TQ) = D|q, the restriction of ® to @ is a complex structure on Q.
Thus, we obtain

Proposition 3.3. Let M be a real manifold of dimension n > 3 and let (2, D, ®, 3) be a subtwistor
structure on M with radical of rank r > 1, closed fundamental 2-form 2, and zero torsion tensor. Then
the work bundle D is a holonomic distribution on M whose every integral submanifold Q : TQ = D|q is
a Kéhler submanifold of complex dimension "5 and (Q,), D, ®, 3) is a sub-Kéhler structure on M.

1024



Since every almost complex structure on a two-dimensional real manifold is integrable (see [8, Chap-
ter 9]), we obtain

Proposition 3.4. Let M be a real manifold of dimension n > 3. FEach subtwistor structure
(Q,D,®,3) on M with closed fundamental 2-form ), radical of maximal rank n — 2, and involutive
work bundle D, generates the sub-Kahler structure (Q,2, D, ®,3) on M, where Q) is the maximal inte-
gral submanifold for D.

The simplest example of a manifold with sub-K&hler structure is given by the direct product of
a Kahler manifold and a Riemannian manifold. Some nontrivial class of examples can be obtained
by the so-called normal subtwistor structure. A subtwistor structure (2, D, ®, () is called normal if
[®X,Y]=®[X,Y] for all X € C}(D) and Y € CH(TM).

Proposition 3.5. Suppose that M is a real manifold of dimension v> 3, (2, D, ®,3) is a normal
subtwistor structure on M, and df2 = 0. Then D is a holonomic distribution on M, every integral
submanifold @ : TQ = D|q is a Kidhler submanifold of M, and the set of all smooth sections of D is
an ideal in the space of vector fields on M.

PROOF. Let N be the curvature tensor of (2, D, ®,3). By Definition 3.2,
N(X,Y) = [®X,dY] — ®[®X,Y] — ®[X, ®Y] + ®?[X,Y]
= —®?[X,Y] + ®*[X,Y] - ®?[X,Y] + ®*[X,Y] =0
for all X,Y € C*(D). Using (1) of Definition 2.3 and given X € C*(D) and Y € C!(rad ), we have
N(X,Y)=-®[®X,Y] + ®*[X,Y] = 0.

Since N|raqq = 0, we infer finally that N = 0 on M. Proposition 3.3 implies that D is a holonomic
bundle on M and any integral submanifold Q: T'Q = D|q is a Ké&hler submanifold in M.

Since D is a holonomic distribution on M, the Frobenius Theorem implies that D is an involutive
distribution on M. Definition 2.3 implies that ®X € C1(D) for all X € CY(TM). Given X € C*(D)

and Y € Cl(rad Q), we have [#X,Y] = ®[X,Y] € C1(D). Since ® is a linear automorphism of the fibers
of D and CY{(TM) = C*(D) & C'(rad ), we conclude that C*(D) is an ideal of C1(TM).

REMARK 3.6. Proposition 3.5 and the Frobenius Theorem imply that, for a normal subtwistor
structure (2, D, ®, 3), there exist integral submanifolds @ : TQ = D|g and R : TR = rad Q|g but M is
locally isometric to @ x R only if [D,rad 2] = 0.

§4. The Subtwistor Bundle

Let V be a vector space of dimension > 3 over the field R. A subtwistor structure with radical
of dimension r in V' is a collection of objects (2, D, ®, 3), where € is a skew-symmetric bilinear form
on V with radical of dimension r and D is an even-dimensional subspace in V such that the restriction
of the form €2 to D is nondegenerate, while @ is an affinor associated with the form ) as in Definition 2.3,
[ is a symmetric bilinear form on V such that rad 8 = D and the restriction of 3 to rad 2 is an interior
product on rad §2. By a bundle over a manifold M we mean a manifold P with projection 7 : P — M,
where 7 is a continuous surjective mapping onto M. Proposition 2.4 implies that, for every constant
A > 0, the 2-forms © and A} on V have the same set of associated affinors. We will assume that the
subtwistor structures (21, D1, ®1, 1) and (Qg, D2, P2, 32) are equivalent if Q5 = XQy, A > 0, Dy = Dy,
o = @4, and [z = f1.

DEFINITION 4.1. The subtwistor bundle with radical of rank r over a manifold M is the bundle P
with projection 7 : P — M such that m—!(z) is the set of cosets of the subtwistor structures with radical
of dimension r in the tangent space T, M for all x € M.

A subtwistor structure with radical of rank r on a manifold M is a global section of the subtwistor
bundle over M with radical of rank r. For r = 0, each affinor at x € M is an orthogonal almost complex
structure at z. It follows that the classical twistor bundle is a subbundle of the subtwistor bundle with
radical of rank 0.
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Proposition 4.2. Let M be a paracompact manifold of dimension n > 3. FEvery fiber of the
subtwistor bundle with radical of rank r = n — 2k over M is isomorphic to gr®* x SO(2k)/ U(k) x
SM(r), where gr?* is the 2k-Grassmannian in R™, while SO(2k) is the group of all orthogonal 2k x 2k-
matrices with determinant 1, U(k) is the group of all Hermitian k x k-matrices, and SM(r) is the space
of nondegenerate positive-defined symmetric r X r-matrices.

PROOF. A paracompact manifold always admits a Riemannian metric g (see [7]). If (Q, D, ®, () is
a subtwistor structure with radical of rank r in the vector space V = T, M, = € M; then the metric g
defines the interior product (-,-) in V. Choose a 2k-frame u in V, which is an isomorphism R?** — D,
where D is the tangent space in V' generated by u. Let L(n, 2k, R) be the set of all real n x 2k-matrices
of rank 2k and let GL(2k, R) be the set of all nondegenerate real 2k x 2k-matrices embedded in L(n, 2k, R).
We will assume that a € L(n,2k,R) acts at the frame u from the right. Then the set of all tangent
subspaces of dimension 2k in V is isomorphic to L(n, 2k, R)/ GL(2k, R) = gr?*.

Definition 2.3 implies that the affinor ® is identified with an orthogonal complex structure in a fiber
of the work bundle D. The frame u defines an isomorphism between the affinors associated with 2 and
the orthogonal complex structures in R?*; i.e., Jp = uo J ou™!, where Jp is a complex structure in D
and J is a complex structure in R?*. The set of all orthogonal complex structures on R?* is isomorphic
to SO(2k)/ U(k) (see [8, Chapter 9]). Moreover, since every radical metric in V' can be obtained from the
interior product induced by the metric g with the use of a nondegenerate positive-defined r x r-matrix
(see [7]), the set of all radical metrics in V' is isomorphic to SM(r).

Show that a vector subspace D of dimension 2k in V' and a complex structure J in D orthogonal with
respect to g uniquely define a coset of skew-symmetric 2-forms with radical of rank r = n — 2k. Denote
by R the orthogonal complement to D in V' with respect to g and let ® stand for the endomorphism of V'
such that ®X = JX if X € D and ®X = 0if X € R. Define in V the bilinear form Q(X,Y) = g(®X,Y),
X,Y € V. The properties of the orthogonal complex structure J and the construction of ® imply that 2
is a skew-symmetric 2-form with radical R and work subspace D. Conversely, for every skew-symmetric 2-
form with radical of rank r, there is an equivalent 2-form €2 in V' whose matrix in a basis of the subspace D
orthonormal with respect to ¢ is the matrix of a complex structure in D orthogonal with respect to g.
Here D is chosen uniquely as the orthogonal complement to rad 2 with respect to g. Thus, we obtain
a one-to-one correspondence between the cosets of skew-symmetric 2-forms with radical of rank r in V
and the pairs (D, J), where D is a subspace of dimension 2k =n —r in V, and J is a complex structure
in D orthogonal with respect to g. We conclude finally that the fiber of the subtwistor bundle at a point z
is isomorphic to gr?* x SO(2k)/ U(k) x SM(r).

REMARK 4.3. The proof of Proposition 4.2 implies that the dimension of the fiber of the subtwistor
bundle with radical of rank r over a paracompact manifold M of dimension n > 3 is equal to % +
5(2n —r+1).

A subtwistor bundle with radical of rank r over a manifold M of dimension n > 3 isomorphic
to M x gr?* x SO(2k)/ U(k) x SM(r), 2k = n — r, is called trivial. For a trivial subtwistor bundle, each
subtwistor structure in R™ induces a global section of the subtwistor bundle on M. Using Corollary 2.6,
we obtain

Proposition 4.4. Let A%2(M,r) be the bundle of cosets of skew-symmetric 2-forms with radical r
over a manifold M, where two 2-forms are assumed equivalent if they coincide up to multiplication
by a positive real number, let A*>(M,r) be an orientable compact manifold without boundary, and
let x(A%(M,r)) be the Euler characteristic of A%(M,r). If the subtwistor bundle with radical of rank r
over M is trivial then x(A?(M,r)) = 0.

Proposition 4.5. Let M be a paracompact manifold of dimensionn > 3 and let P" be the subtwistor
bundle with radical of rank r = n — 2k over M. If there is a global 2k-frame (2k-coframe) on M then P"
is trivial.

PROOF. Since a paracompact manifold always admits a Riemannian metric and a Riemannian metric
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defines an isomorphism between 2k-frames and 2k-frames, it suffices to assume that a global 2k-frame u
is defined on M. At each z € M, the frame u uniquely defines the 2k-dimensional tangent space D,
and v is an isomorphism between D, and R?* (see [8]). As in the proof of Proposition 4.2, identify the
set of all tangent subspaces of dimension 2k in T, M with the space L(n, 2k, R)/ GL(n, R) = gr?*. Denote
by Dga the tangent subspace in T, M generated by the frame ua, a € L(n,2k,R)/ GL(n,R). Let J be
a complex structure in R?* and J(ua) = uaoJo(ua)~!. Then J(ua) is a complex structure in D a and u
induces an isomorphism between the set of all complex structures in D,a and SO(2k)/ U(k). The proof
of Proposition 4.2 implies that the Riemannian metric g on M defines an isomorphism between the set
of all radical metrics at the point  and SM(r). Since u and g depend continuously on x and are defined
globally on M; therefore, P" is trivial.

A manifold M is called parallelizable if M admits a global n-frame, where n = dim(M). This frame
makes it possible to introduce a natural Riemannian metric on M. Now, Proposition 4.5 yields

Corollary 4.6. Let M be a parallelizable manifold of dimension > 3. Then the subtwistor bundle
with radical of any possible rank over M is trivial.

REMARK 4.7. If a manifold P is a trivial vector bundle of rank m > 3 then P admits the subtwistor
structure induced by the subtwistor structure in R™. However, the subtwistor bundle over P can be
nontrivial.

Obviously, on a manifold with trivial subtwistor bundle of rank r, there exists a subtwistor structure
with radical of rank r as the standard section of the subtwistor bundle. Below we will consider the example
of a manifold on which there are no subtwistor structures but the subtwistor bundle is nontrivial.

§ 5. The Subtwistor Bundle over the Four-Dimensional Sphere

Let S be the four-dimensional sphere embedded in R® which is a compact orientable manifold without
boundary with the Riemannian metric induced from R®. It is known that the classical twistor bundle
over S* is the complex projective space CP? with fiber CP! (see [9]). Here we describe the most general
case of the subtwistor bundle with radical of any rank. Theorem 2.2 implies that the subtwistor bundle
over S* can only have a radical of rank 0 or 2. The set of all radical metrics on a Riemannian manifold
can be identified with the space of all nondegenerate positive-defined symmetric r x r-matrices, where r
is the rank of the radical. By Proposition 4.2, we have to describe the bundle gr?*(S%) x _# (gr?*(5%)),
where gr?*(S*) is the bundle of tangent subspaces of dimension 2k over S*, while _# (gr?*(S%)) is the
bundle of orthogonal complex structures in the fibers of gr?*(S%), 2k = 4 —r.

The complex space C* can be identified with the quaternionic space H? on assuming that q; = 21 +22j
and o = 23 + 24j where j = y/—1. Introduce the two functions on H? \ {0}:

_ ol — leef?

f q1,92) = =T 5"
(@, 2) PREREPRE

q192
2 m’ h(q1,q2)

Note that |f(q1,42)|*> + |h(q1,42)|*> = 1. These functions are invariant under multiplying (g1, g2) by
a nonzero quaternion. Introduce the projection 7 : H2 \ {0} — S%, 7(q1,42) = (f(q1,92), h(q1,q2)) € R®.
Let the group C* = C\ {0} act on H? by homotheties. Then CP3 is (H2\{0})/C*. Since 7 is C*-invariant,
7 is the projection CP? — S*. Each nonzero quaternion g generates a complex straight line in C2. If
q # 0 then 7(qq1,qq2) = 7(q1, g2). Hence, the fiber of CP? — S*is (H\ {0})/C* = CP! = §2.

Suppose that z = (q1,q2) € CP? and = = 7(q1,q2) € S%, while h is the Fubini-Study metric
on CP3 (see [7]), and Jy is the complex structure on CP? induced by multiplication by the imaginary
unity. Denote by D, the orthogonal complement to 7,CP' in T,CP? with respect to h. Then T,CP?3 =
D, @ T,CP'. Since the complex structure Jy is orthogonal and acts invariantly on T,CP! =2 C, the
restriction of Jy to D, is a complex structure in D,. Denote the restriction of Jy to D, by I,. This
complex structure defines the complex structure J, = dlloI,dr ! in the tangent space T,S*. Note that the
complex structure .J, is orthogonal with respect to the Riemannian metric on S* induced by the metric h
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on CP3 and preserves orientation in 7T,S* since I, preserves orientation in D,. Similarly, the complex
structure —Jy defines the orthogonal complex structure —.J, in 7,5% which changes orientation in 7,54
Thus, with each point z = (g1, ¢2) € CP3, we can continuously associate a point z = 7(q1,q2) € S* and
a pair of orthogonal complex structures in T}, S4.

Let HP! be the set of all quaternionic straight lines in H? which is an orientable compact boundaryless
manifold diffeomorphic to S7/S3. Since gr*(S%) = S$* and S$* = HP!, we obtain

Proposition 5.1. The subtwistor bundle with radical of rank 0 over the four-dimensional sphere is
isomorphic to HP' x CP3 X zs.

Let A%2(S%,0) be the bundle of cosets of skew-symmetric 2-forms with radical of rank 0 over S4, like
in Proposition 4.4, and let x(M) be the Euler characteristic of M. Since x(HP!) = 3, x(CP3?) = 4, and
X(z2) = 2, we obtain

X(A%(8%,0)) = x(HP')x(CP?)x(22) = 24.
From Proposition 4.4 we deduce that the subtwistor bundle with radical of rank 0 is nontrivial. Moreover,
Corollary 2.6 yields

Corollary 5.2. The four-dimensional sphere does not admit subtwistor structures with radical of
rank 0.

REMARK 5.3. Since every almost complex structure on a Riemannian manifold M is orthogonal with
respect to some Riemannian metric, and every orthogonal almost complex structure on M together with
a Riemannian metric induces a subtwistor structure with radical of rank 0 on M (see §2), Corollary 5.2
implies that the four-dimensional sphere does not admit almost complex structures.

Consider the embedding of CP? into CP3 by assuming that go = 23 € C in a pair (q1,¢2) € CP3.
We have (qq1,qz2) € CP? only if gz € C. This is possible only if ¢ is a nonzero complex number.
Note that II(—q1i,22) = 7(q1,i22), where i = v/—1, and the points (—qii, z2) and (q1,i22) do not lie
on the same complex straight line since —q17 # —iq;. We infer that the fiber under the restriction
of ™ to CP? is z. Each bundle with fiber z, is a two-sheeted covering. It follows that CP? covers S*
in a two-sheeted way. Suppose that z = (g1,22) € CP?, while J, is the complex structure in 7,CP?
induced by multiplication by the imaginary unit, and L, is a complex straight line in T,CP? = C2.
Since J, is a complex structure orthogonal with respect to the Fubini-Study metric on CP? and the
complex straight line L, is invariant under multiplication by the imaginary unity, the restriction of the
complex structure J, to L, is an orthogonal complex structure in L, preserving orientation in L,. Since
in R? there is a unique orthogonal orientation-preserving complex structure and the restriction of the
complex structure —J, to L, is the only orthogonal orientation-reversing complex structure in L,, we
infer that every point z € CP? defines exactly two orthogonal complex structures in L,. Since dnL, is
a two-dimensional tangent subspace in 7,54, with = 7(z) € §*, and T,.S* admits only two orthogonal
complex structures +J, = dr o £J, o dn~!; we obtain

Proposition 5.4. The subtwistor bundle with radical of rank 2 over the four-dimensional sphere is
isomorphic to CP* x CP? x SM(2).

Let A?(S%,2) be the bundle of cosets of skew-symmetric 2-forms with radical of rank 2 over S* as
in Proposition 4.4. Propositions 5.4 and 4.2 imply that A2(S%,2) = CP! x CP2?. We have

X(A%(5%,2)) = x(CP")x(CP?) = 6.

From Proposition 4.4 we infer that the subtwistor bundle with radical of rank 2 is nontrivial. Moreover,
Corollary 2.6 yields

Corollary 5.5. The four-dimensional sphere does not admit subtwistor structures with radical
of rank 2.

Note that we described all possible types of the subtwistor bundle over S*. Observe that S* is
a homogeneous space without any subtwistor structures. Further we will consider conditions under
which there can exist some invariant subtwistor structures on a homogeneous space.
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§ 6. Invariant Subtwistor Structures on Homogeneous Spaces

Let M = G/H be a homogeneous space of dimension > 3, where G is a Lie group acting transitively
and effectively on M, while H is the isotropy subgroup of the origin point 0 € M. Let g be the Lie algebra
of the Lie group G and let h be the isotropy subalgebra of g. In g, we can choose the complementary
subspace m : g = m@h. The subspace m is isomorphic to the tangent space T, M. Let 7 be the projection
G — M. Then 7 = dr,, with e the unity of G, is an isomorphism m — T,M. A subtwistor structure
(Q, D, ®, 3) on a homogeneous space M is called G-invariant if D is a G-invariant distribution of tangent
subspaces on M, and for every g € G we have Q, = Q, odg, B, = Bz ©dg, and ¢, o dg = dg o Dy;
here x = g(0), while dg is the differential of g : M — M. A subtwistor structure on a Lie group G is
called left-invariant (right-invariant) if it is invariant under left (right) translations by elements of G. A
left-invariant (right-invariant) subtwistor structure on a Lie group G is called isotropic-degenerated if its
radical contains the isotropy subalgebra . We proved in [1] that the set of all G-invariant subtwistor
structures on a homogeneous space M = G/H is in a one-to-one correspondence with the set of all
G-left-invariant H-right-invariant isotropic-degenerated subtwistor structures on the Lie group G. Thus,
the existence on a Lie group G of a G-left-invariant H-right-invariant isotropic-degenerated subtwistor
structure with radical of rank r implies the existence of a G-invariant subtwistor structure with radical
of rank r on M and vice versa. The definition of G-invariant subtwistor structure implies that such
subtwistor structure is completely determined by its value at the origin point o. Proposition 4.2 yields

Proposition 6.1. Let M = G/H be a homogeneous space of dimension n > 3. The set of all G-
invariant subtwistor structures with radical of rank r = n—2k on M is isomorphic to gr?* x SO(2k)/ U(k)
x SM(r), where gr?* is the 2k-Grassmannian in R", while SM(r) is the set of all nondegenerate positive-
defined symmetric r X r-matrices.

This assumption implies that the subtwistor subbundle of G-invariant subtwistor structures over a ho-
mogeneous space is trivial even if the subtwistor bundle itself is nontrivial. However, the subbundle of all
G-invariant subtwistor bundles over a homogeneous space can be empty.

Theorem 6.2. Let M = G/H be a homogeneous space of dimension > 3. If the isotropy rep-
resentation acts irreducibly on T,M then M does not admit G-invariant subtwistor structures with
nontrivial radical.

PROOF. Suppose that M admits a G-invariant subtwistor structure (2, D, ®, 3) with nontrivial rad-
ical. Since the work bundle D is a G-invariant distribution on M and dh is an automorphism of the
tangent space T,M for every h € H, we infer that dh is an automorphism of D, for all h € H. Thus,
D, is a nontrivial invariant subspace for the isotropy action, which contradicts the irreducibility of the
isotropy action on T,M.

REMARK 6.3. Theorem 2.2 implies that there are no G-invariant skew-symmetric 2-forms with trivial
radical on a homogeneous space G/H of odd dimension. Reckoning with Theorem 6.2, we conclude that
a homogeneous space of odd dimension with an irreducible action of the isotropy representation admits
no subtwistor structures.

It is known that there are no symplectic structures for n > 3 on the sphere S™ (see [10]). Let us
extend this fact to all subtwistor structures with closed fundamental 2-form.

Theorem 6.4. The sphere S™, n > 3, admits no subtwistor structures with closed fundamental
2-form and hence no sub-Kahler structures.

PROOF. The sphere S™ can always be presented as a homogeneous Riemannian space G/H with
irreducible isotropy action (see [7]). Suppose that S™ has a subtwistor structure (2, D, ®,3): d2 = 0.
The value of this subtwistor structure at the origin point o induces the left-invariant isotropic-degenerated
subtwistor structure (Q, 07,7 1(D,), 7 1 o®,07, F07) on the Lie group G. Since the isotropy subgroup
of a homogeneous Riemannian space is compact, applying the averaging operation over the subgroup H
(integration with respect to the unimodular measure) to this subtwistor structure, we obtain the G-left-
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invariant H-right-invariant isotropic-degenerated subtwistor structure on the Lie group G with radical
of rank at least rad 2. The so-obtained subtwistor structure on the Lie group G induces a G-invariant
subtwistor structure on M with closed fundamental 2-form '. Since S™ has trivial second cohomology
group H?(S™,z), on S™ there is a nonzero G-invariant 1-form o’: do’ = €. On the other hand, we proved
in [3] that the sphere S™, n > 2, admits no nonzero G-invariant 1-forms. The so-obtained contradiction
proves that S™ admits no subtwistor structures with closed fundamental 2-form.

Since S™ is a homogeneous space with an irreducible action of the isotropy subgroup (see [7]),
Theorem 6.2 yields

Corollary 6.5. The sphere S™, n > 3, admits no invariant subtwistor structures with nontrivial
radical.

If the isotropy subgroup H of a homogeneous space M = G/H is a normal subgroup in G then G/H
is the quotient Lie group. Since each Lie group is a parallelizable manifold, Proposition 4.5 gives a class
of parallelizable manifolds admitting a G-invariant subtwistor structure.

Corollary 6.6. Let M = G/H be a homogeneous space of dimension n > 3 and let H be a normal
subgroup in G. Then the subtwistor bundle over M is trivial and each subtwistor structure in R"
generates a G-invariant subtwistor structure on M.

Let X be a vector field on a homogeneous space M = G/H. We call a vector field X equivariant
if dg='X(g(0)) = X (o) for all g € G. Note that the mapping 7 is a homomorphism of the Lie bracket
of elements in the subspace m and the Lie bracket of equivariant vector fields on M. Let g’ = [g, g] be
the first derived ideal of the Lie algebra g.

Proposition 6.7. Suppose that M = G/H is a homogeneous Riemannian space of dimension > 3,
the Lie algebra g has nontrivial center ¢, and p = mNc¢Ng’ # {0}. Then each element of p generates
a G-invariant subtwistor structure with closed fundamental 2-form on M.

PRrOOF. For a homogeneous Riemannian space M = G/H, the group G is the isometry group of the
Riemannian metric B on M; i.e., the metric B is a G-invariant bilinear form. Let £ be an equivariant
vector field on M. This & generates the nonzero 1-form a on M: a(X) = B(£,X), X € CY{(TM). Put
x = g(0), g € G. For every vector field X on M, we have

s (dgX) = By(€,dgX) = Bo(dg™ ¢, X) = Bo(€, X) = ao(X);

i.e., a is G-invariant. Then da is a G-invariant skew-symmetric closed 2-form on M. If 7=1(¢) € ¢’ \ {0}
then there are X,Y € g such that 771(¢) = [X,Y]. Then

2da(tX,7Y) = —a([7X,7Y]) = =B({,7[X,Y]) = =B(,£) # 0,

ie., da # 0.

Let D be the orthogonal complement to rad(da) with respect to the metric B. In [3], we proved
that D is a G-invariant distribution on M. Each complex structure J in the fibers of D orthogonal with
respect to the metric B such that da(X,Y) = B(JX,Y) for all X,Y € C!(D) generates a G-invariant
affinor ® associated with da. We have obtained a G-invariant subtwistor structure (da, D, ®, 3), where (3
is the radical metric obtained by restricting B to rad(da). It remains to prove that each nonzero element
in p generates an equivariant vector field on M.

Take X € p\ {0} and let G; be the one-parameter subgroup generated by X. Denote by X* the
vector field on M such that X*(z) = %hzoGt(l‘) for every x € M. Since Gy lies in the center of G,
for every g € G we have

d

a7 X o) = G| oGl = G| Gulo) = XG0

Thus, X* is an equivariant vector field on M generating a G-invariant closed 1-form on M.
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Proposition 6.7 enables us to obtain a class of homogeneous spaces with invariant subtwistor struc-
ture. Since every nilpotent Lie group has nontrivial center and, given a compact subgroup H, we can
construct an H-bi-invariant Riemannian metric (see [7]) for the homogeneous space M = G/H, where G
is a nilpotent Lie group, while H is a proper compact subgroup in G transversal to the center of G;
therefore, we can construct a G-invariant subtwistor structure with exact fundamental 2-form. More-
over, an invariant subtwistor structure with exact fundamental 2-form on a homogeneous space can be
obtained directly from an invariant affinor metric structure provided that a 1-form is considered instead
of a fundamental 2-form; these structures are studied in [3]. Note that if a homogeneous space M = G/H
admits a G-invariant subtwistor structure and M is a compact manifold without boundary then this sub-
twistor structure has radical of nonzero rank because every exact skew-symmetric 2-form on a compact
orientable manifold without boundary is degenerate. Theorem 2.2 also implies that if a homogeneous
space of odd dimension admits an invariant subtwistor structure then this structure has radical of di-
mension > 1. The semidirect product of a symplectic Lie group and a commutative Lie group provides
an easy example of a Lie group with left-invariant subtwistor structure having closed fundamental 2-form
and a nontrivial radical.

REMARK 6.8. If a Lie group GG contains a proper subgroup H of even codimension and admits
a G-left-invariant H-right-invariant subtwistor structure with closed fundamental 2-form and radical
coinciding with the isotropy subalgebra § then this subtwistor structure induces a G-invariant almost
Kéhler structure on the homogeneous space M = G/H. In the case that the torsion tensor of this
subtwistor structure is equal to zero, this tensor induces a G-invariant Kéhler structure on M.
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