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ABSTRACT

This is a brief survey on harmonic morphisms between Weyl spaces and twistorial

maps.

INTRODUCTION

A ‘Weyl connection’ is a torsion free linear connection, on a conformal manifold,
compatible with the conformal structure; a conformal manifold endowed with a Weyl
connection is called a ‘Weyl space’ (see [3] and the references therein).

A function f on a Weyl space (M, ¢, D) is ‘harmonic’ if trace.(Ddf) = 0. A ‘har-
monic morphism’ is a map between Weyl spaces which pulls-back germs of harmonic
functions to germs of harmonic functions. By a basic result, harmonic morphisms are
harmonic maps which are horizontally weakly conformal (see [7], [2], [15]).

For any almost Hermitian manifold (M, ¢, J) there exists a unique Weyl connection
D on (M, c) such that trace.(DJ) = 0 (see [3], [7] ); then any holomorphic map from
(M,ec,J) to an oriented two-dimensional conformal manifold is a harmonic morphism
[7]. Conversely, any harmonic morphism between two-dimensional orientable confor-
mal manifolds is holomorphic, with respect to suitable orientations (see [2], [15] ).

Other similar results can be obtained by working with the more general notion of
‘twistorial map’ [I2]. In this paper, we work with twistorial structures and maps
on smooth manifolds (cf. [13]). Roughly speaking, a map ¢ : M — N is twistorial
if it admits a holomorphic lift @ : Py; — Py to the total spaces of some bundles
7w s Py — M oand 7y @ Py — N, endowed with almost F-structures (see Definitions
and [4.1], below). Then, we have the following facts ( [7]; see Proposition [5.1], be-
low) for a submersive map ¢ : (M™, cpr, DM) — (N, ey, DV) between Weyl spaces
of dimensions m and n , respectively, endowed with the almost twistorial structures of
Examples [3.2], 3.3 or 3.4], below:

o If m =3 and n = 2, then ¢ is a harmonic morphism if and only if it is a twistorial
map.

e If m =4 and n = 2, then ¢ is a twistorial harmonic morphism if and only if ¢
is horizontally conformal and the fibres of @ are tangent to the connection induced by
DM on Py,

e If m =4 and n = 3, then any two of the following assertions imply the third:

(i) ¢ is a harmonic morphism.
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(ii) ¢ is twistorial.
(iii) The fibres of @ are tangent to the connection induced by D™ on Py, .

Furthermore, any harmonic morphism from a four-dimensional Einstein—Weyl space
to a two-dimensional conformal manifold is twistorial, and the same conclusion holds
for harmonic morphisms between Einstein—Weyl spaces of dimensions four and three
([7], see Theorem [5.3], below). Moreover, in the latter case, the Weyl connection of
the domain (M*, cpr, DM) is, locally, either the Obata connection of a hyper-Hermitian
structure on (M*, cps) or it is the Levi-Civita connection of an Einstein representative
of ear ([7], see Theorem [5.4), below).

Recall that a Weyl space of dimension four (or three) can also be endowed with a
natural almost twistorial structure which is always nonintegrable [4]. The relations
between the resulting twistorial maps and harmonic morphisms are discussed in [§] .

I am grateful to John C. Wood, and to Eric Loubeau for useful comments.

1. HARMONIC MORPHISMS

In this paper, unless otherwise stated, all the manifolds and maps are assumed to be
smooth; also, the manifolds are assumed to be connected.

Let M™ be a manifold of dimension m . If m is even then we denote by L the line
bundle associated to the frame bundle of M™ through the morphism of Lie groups
pm @ GL(m,R) — (0,00), pm(a) = |deta|’/™, (a € GL(m,R)); obviously, L is
oriented. If m is odd then we denote by L the line bundle associated to the frame bundle
of M™ through the morphism of Lie groups p,, : GL(m,R) — R*, p,,(a) = (det a)'/™,
(a S GL(m,R)) ; obviously, L* ® T'M is an oriented vector bundle. We say that L is
the line bundle of M™ .

Let ¢ be a conformal structure on M. Then positive sections of L? correspond to
representatives of ¢. Moreover, a conformal structure on M corresponds to an injective
vector bundle morphism L? — ®?TM such that, at each € M, the positive bases
of L2 are mapped into the cone of positive definite symmetric bilinear forms on 77 M;
furthermore, a conformal structure on M also corresponds to a Riemannian structure
on the vector bundle L* ® TM. If dim M is odd then local sections of L correspond
to oriented local representatives of ¢ (that is, local representatives of ¢ together with
an orientation of their domain of definition). Let J# be a distribution on M. Then ¢
induces a conformal structure ¢|» on % and, it follows that we have an isomorphism,
which depends of ¢, between L? and L(2 , where L is the line bundle of J# (that
is, if 27 is a distribution of dimension n then L 4 is the line bundle associated to the
frame bundle of . through p,, ).

Definition 1.1. (i) Let (M, ¢, D) be a Weyl space. A harmonic function, on (M,c, D),
is a real-valued function f, locally defined on M, such that trace.(Ddf) =0.

(ii) Let (M,cpr, DM) and (N, cn, DY) be Weyl spaces. A map ¢ : M — N is a
harmonic map, from (M, cpr, DM) to (N, ey, DN), if trace.(Ddy) = 0.

(iii) Let (M,cpr, DM) and (N, cn, DY) be Weyl spaces. A map ¢ : M — N is a
harmonic morphism, from (M, cyr, DM) to (N, cn, DY), if for any harmonic function
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f:V =R, on (N,cy,DV), with V an open set of N such that ¢ ~(V) is nonempty,
fop:9o 1 (V) — R is a harmonic function, on (M, cpr, DM) .

Obviously, any harmonic function is a harmonic map and a harmonic morphism, if
R is endowed with its conformal structure and canonical connection.

Definition 1.2. Let (M,cpr) and (N,cn) be conformal manifolds. A horizontally
(weakly) conformal map, from (M,cpr) to (N,cn), is a map ¢ : M — N such that, at
each point x € M, either dp, = 0 or dg%](ker de,)L 1s a conformal linear isomorphism

from ((ker de,)*t, (cM)m\(kerd%)L) onto (Tq,(m)N, (CN)go(x))’

Let (M, cpr) and (N, en) be conformal manifolds and let ¢ : (M, cpr) — (N, en) be
a horizontally conformal submersion; denote by Ljs and Ly the line bundles of M and
N, respectively. Let 7 = (ker dp) and denote by L its line bundle. As L%, = L2,
the differential of ¢ induces a vector bundle isomorphism A from L2 to ¢*(L7); A is
called the square dilation of ¢ (cf. [2]). We have A = L c(dp,dyp), where n = dim N
and ¢ is the conformal structure on the bundle T*M ® ¢*(TN) induced by cps, cn
and ¢ . Therefore, if ¢ is horizontally weakly conformal, then A extends to a (smooth)
section of Hom (L 2, ¢*(L)) which is zero over the set of critical points of ¢.

Note that, if dim N is odd, dy defines a vector bundle morphism from (L}, @57, c| »)
to (L ® TN, cy) which is an orientation preserving isometry, on each fibre.

We end this section with the following basic result on harmonic morphisms (see [7],
[2] and the references therein).

Theorem 1.3. A map between Weyl spaces is a harmonic morphism if and only if it
is a harmonic map which is horizontally weakly conformal.

2. F-STRUCTURES
We recall the well-known notion of almost F-structure (cf. [16] ).

Definition 2.1. An almost F-structure, on a manifold M, is a section F' of End(T'M)
such that F3 + F =0.

If F is an almost F-structure on M then we denote by T°M ,TVOM ,TO'M the
eigenbundles of FC € F(End(T CMm )) corresponding to the eigenvalues 0,1, —i, respec-
tively.

Let (M,c) be a conformal manifold. An almost F-structure F' on M is compatible
with ¢ if F* = —F, where F* denotes the adjoint of F. An almost F-structure on
(M, c) is an almost F-structure on M, compatible with c.

Let F' be an almost F-structure on M. Then T°M is the zero distribution if and
only if F'is an almost complex structure on M.

Let (M, c) be a conformal manifold. An almost F-structure F' on M is compatible
with ¢ if and only if (T°M)+ = TYOM @ T%'M and T'°M is isotropic. Thus, any
almost F-structure on (M, c) is determined by its eigenbundle corresponding to i (or

).
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Definition 2.2. Let FM and FV be almost F-structures on M and N, respectively.
We shall say that a map ¢ : (M, FM) — (N, FN) is holomorphic if

dp(T°M @ T*°M) C T°N @ THON
(equivalently, dp(T°M @& T M) C T°N & TIN).

Note that, the condition ¢ : (M, FM) — (N, FN) be holomorphic is less restrictive
than the condition that dy intertwine the almost F-structures. However, if FV is an
almost complex structure then ¢ is holomorphic if and only if dp o FM = FNodyp.

Definition 2.3. We shall say that an almost F-structure F' on M is integrable if,
for any point © € M, there exists a holomorphic submersion ¢ : (U, F|y) — (N, J),
from some open neighbourhood U of x, onto a complex manifold (N, J), such that
kerdp = TOU .

An integrable almost F-structure will be called an F'-structure. We shall say that an
F-structure is simple if there exists a holomorphic submersion ¢ : (M, F) — (N, J),
with connected fibres, onto a complex manifold (N, .J), such that kerdp = T°M .

Remark 2.4. 1) The complex structure of any complex manifold is a simple F-
structure.

2) Let F be an almost F-structure on M. Then F is integrable if and only if
TOM @ TYOM is (formally) integrable.

The torsion (cf. [6] ) of F is the tensor field defined by

Np(X,Y)=[FX,FY] - F[X,FY]| - F[FX,Y] + F?[X,Y]

for any vector fields X ,Y on M. Then Np = 0if and only if 7°M, T"OM, TOM®T O M
and TYOM @& T%'M are integrable. Hence, if N = 0 then F is integrable, but the
converse does not hold. For example, let S® be endowed with its canonical conformal
structure and let F' be the almost F-structure on it with respect to which the Hopf
fibration ¢ : §2 — CP! is holomorphic and T°5% = ker dy. Obviously, F is integrable
but, as 71083 @ 79183 is nowhere integrable, N is nowhere zero.

3) Let (M, FM) and (N, FY) be manifolds endowed with simple F-structures and
let ¥ur 2 (M, FM) — (Py,JM) and ¢y : (N, FN) — (Py,JY), respectively, be the
corresponding holomorphic submersions.

A map @ : (M, FM) — (N, FY) is holomorphic if and only if there exists a holomor-
phic map ¢ : (Pyr, JM) — (P, JV) such that ¢ oy = ¢y o D.

3. TWISTORIAL STRUCTURES

For the remainder of the paper, we refer the reader, for further details, to [7], []],
[12] and to the references therein.

The following definition reformulates, from the perspective of [12], a definition of
[13] .

Definition 3.1. An almost twistorial structure, on a manifold M, is a quadruple
7= (P,M,n, F) where m : P — M is a locally trivial fibre space and F' is an almost F-
structure on P such that ker dr is preserved by F'. The almost twistorial structure 7 is
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integrable if F' is integrable. Assuming F' a simple F-structure, let 7z : (P, F') — (Z,J)
be the corresponding holomorphic submersion. Then, the complex manifold (Z, J) is
the twistor space of 7.

A twistorial structure is an integrable almost twistorial structure. A twistorial struc-
ture 7 = (P,M,w, F) is simple if F is a simple F-structure and each leaf of TOP
intersects each fibre of m at most once.

See [§] for a more general definition of the notion of almost twistorial structure.
Next, we formulate the examples of almost twistorial structures with which we shall
work.

Example 3.2. If F' is an almost F-structure on M then (M, M,Id,, F') is an almost
twistorial structure.

In particular, let (M?2, ) be a two-dimensional oriented conformal manifold. Then, as
the identity component of CO(2,R) is isomorphic to C*, there exists a unique (almost)
Hermitian structure J on (M2, c) such that if X € TM then (X, JX) is a positively
oriented frame on M?; then (M,M,Id,J) is a twistorial structure. Similarly, any
oriented vector bundle of (real) rank two, endowed with a conformal structure, is a
complex line bundle.

Example 3.3 ([5],[13]). Let (M3, ¢, D) be a three-dimensional Weyl space. Let 7 :
P — M be the bundle of nonzero skew-adjoint F-structures on (M?3,¢). Obviously,
P is also the bundle of nonzero skew-adjoint F-structures on the oriented Riemannian
bundle (L* ® T'M,c). Therefore, P is isomorphic to the sphere bundle of (L* @ T'M, ¢)
(any element p, of the sphere bundle of (L* ® T'M,c), corresponds to the linear F-
structure F),, on ((L* QTM) (), C,T(p)) , defined by Fj(q) =pxq,q € (L*QTM ) )
In particular, the typical fibre and the structural group of P are CP! and PGL(C,1),
respectively.

The bundle P is also isomorphic with the bundle of oriented two-dimensional spaces
tangent to M?3. It follows that there exists a bijective correspondence between one-
dimensional foliations on M3, with oriented orthogonal complement, and almost F-
structures on (M3, ¢). Furthermore, under this bijection, conformal one-dimensional
foliations correspond to (integrable) F-structures.

Let s# C TP be the connection induced by D on P. We denote by .#°, #10
the subbundles of #C such that, at each p € P, the subspaces e%’;)o, %1,0 C ,%’;;C
are the horizontal lifts of the eigenspaces of p* € End(Tf(
eigenvalues 0, i, respectively.

We define the almost F-structure F on P with respect to which 7°P = #° and
TP = (kerdm)'? @ 210, Then (P, M, w,F) is an almost twistorial structure on M.

p)M ) corresponding to the

Example 3.4 ([1]). Let (M*, ¢, D) be an oriented four-dimensional Weyl space. Let
7 : P — M be the bundle of positive orthogonal complex structures on (M*, ¢). Ob-
viously, P is also the bundle of positive orthogonal complex structures on the oriented
Riemannian bundle (L* ® TM, c) . Let E be the adjoint bundle of (L* @ T M, ¢) and let
*. be the involution of E induced by the Hodge star-operator of (L* ® M*,¢), under
the isomorphism E = A*(L ® T*M). Then E = Ey @ E_ where E. is the vector
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bundle, of rank three, formed of the eigenvectors of %, corresponding to the eigenvalue
+1. There exists a unique oriented Riemannian structure < -,- >, on F4 with respect
to which AB = — < A,B >, Idry £ A X B for any A, B € E. It follows that P is
the sphere bundle of (E},<-,->_).

Similarly to Example [3.3], there exists a bijective correspondence between two-
dimensional distributions .# on M*, with oriented orthogonal complement, and pairs
(J, K) of almost Hermitian structures on (M*,c), with J positive and K negative, such
that J|z1 = K|z is the complex structure of the oriented conformal bundle of rank
two (F+,clz1).

Let ## C TP be the connection induced by D on P. We denote by 1 the subbun-
dle of #C such that, at each p € P, the subspace %1’0 C %’;C is the horizontal lift of
the eigenspace of pC € End(Tf(p)M ) corresponding to the eigenvalue i. We define the

almost complex structure J on P with respect to which T19P = (ker dm)0 @ 5210,
Then (P, M, w,J) is an almost twistorial structure on M.

Next, we recall the conditions under which the almost twistorial structures of Ex-
amples [3.3] and [3.4] are integrable.

Theorem 3.5 ([5]). Let (M3,c,D) be a three-dimensional Weyl space and let T =
(P, M, 7, F) be the almost twistorial structure of Example .
Then 7 is integrable if and only if (M3, c, D) is Einstein—Weyl.

Theorem 3.6 ([I]). Let (M*,¢c, D) be an oriented four-dimensional Weyl space and
let 7= (P,M,7,J) be the almost twistorial structure of Example .

Then T depends only of (M*,c). Moreover, T is integrable if and only if (M*,c) is
anti-self-dual.

We end this section with a proof of Theorems and (cf. [9]).

Proof of Theorems[3.5 and[3.6. Let (M™, ¢, D) be a Weyl space, dim M = m € {3,4};
if m = 4 assume M* oriented. If m = 3 let G = CO(3,C) and if m = 4 let G be
the connected component of the identity of CO(4,C). Thus, M™ is endowed with a
(complex) G-structure (G(M ), M,G) which is equipped with the principal connection
2 C T(G(M)) corresponding to D .

For any £ € C™, let B(€) be the section of TC(G(M)) which, at each u € G(M), is
the horizontal lift of u(§) € Tfr:(u)M, where 7 : G(M) — M is the canonical projection.

Note that, (ker d7)C is the trivial complex vector bundle with fibre g &g, where g is

the Lie algebra of G. Furthermore, for any A € g, A’ € g and £, € C™ the following
relations hold (cf. [6] ) :

[ ,A/]:O,
4, B(©)] = B(AE) .
31) A, B(E)] =0,
(B(6). B(n)] = - (B(E), B»)) .
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where () is the curvature form of .77 and where we have denoted by the same symbols
elements of g* and the corresponding fundamental (complex) vector fields on G(M) .

Let Fp be a nonzero skew-adjoint F-structure on R"; if m = 4 assume Fy to be
a positive orthogonal complex structure. Denote by py the corresponding subspace
TR™ @ TOIR™ C C™ and let H C G be the subgroup fixing py. Note that, if m = 3
then G(M)/H is the bundle of degenerate two-dimensional spaces on (M3, ¢) whilst if
m = 4 then G(M)/H is the bundle of self-dual spaces on (M4%,c).

Let .%, be the subbundle of .##C spanned by all B(¢), & € pg, and let b be the Lie
algebra of H. Then the almost twistorial structure of Example [3.3| or |3.4], associated
to (M™, ¢, D), according to m = 3 or m = 4, is integrable if and only if the subbundle
F =Fo® (GM) x h) & (G(M) x g) of TC(G(M)) is integrable.

From (3.1) it follows that .%# is integrable if and only if Q(B(£), B(n))(po) < po
for all £,m € pg. Let L be the line bundle of M™ and let R be the curvature form
of the connection induced by D on L* ® TM. Then .# is integrable if and only if
¢(R(X,Y)X,Y) =0 for all X,Y € T®M spanning an element of G(M)/H .

If m = 3 let II C Go(C3?) be the space of degenerate two-dimensional subspaces of
C3 and if m = 4 let I C Go(C*) be the space of self-dual subspaces of C*. Then the
Pliicker embedding G2(C™) — P(A%*(C™)) maps II onto the conic of null directions
in A%(C?) or A2(C*), according to m = 3 or m = 4, where A2 (C*%) is the space of
self-dual forms on C*.

Let R be the restriction to A*(TM) or A2(TM), according to m = 3 or m = 4,
of the L%-valued quadratic form defined by X AY +— ¢(R(X,Y)X,Y), X,Y € TM.
It follows that .Z is integrable if and only if there exists a section p of L*2 such that
R = pc. The proof follows. O

4. TWISTORIAL MAPS
We start this section, by formulating the definition of twistorial maps.

Definition 4.1 (cf. [13], [12] ). Let 7as = (P, M, mar, FM) and 7y = (Py, N, 7n, FV)
be almost twistorial structures and let ¢ : M — N be a map. Suppose that ¢ is en-
dowed with a map @ : Qpr — Qn, where Qs and @ are submanifolds of Py; and Py,
respectively, such that:

1) mmlQy 1 @m — M and x|, : @v — N are locally trivial fibres spaces.

2) TQy and TQy are preserved by FM and F¥ | respectively.

3) SOOT"M|QM :WN|QN 0.

Then ¢ : (M,7a) — (N,7n) is a twistorial map (with respect to @) if the map
D (Qu, FM|7g,,) — (Qn,FN|rgy) is holomorphic. If, further, (Qur, FM|710,,)
and (Qn, FN|rgy) are simple F-structures, with ¢ns @ (Qar, FM|7rq,,) — Zme and
oy (Qn, FN lTQn) — ZN.@, respectively, the corresponding holomorphic submer-
sions, then @ induces a holomorphic map Zyr¢ — Zn ¢, which is called the twistorial
representation of ¢ (with respect to @) .

Next, we give the examples of twistorial maps with which we shall work.
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Example 4.2. Let (M2, cyr) and (N2, cy) be two-dimensional oriented conformal man-
ifolds. Let 7ay = (M, M,Idy;, JM) and 75y = (N, N,Idy, JV) be the twistorial struc-
tures of Example associated to (M2, cys) and (N2, cy), respectively.

Let ¢ : M2 — N? be a map. Obviously, ¢ : (M2, 73;) — (N2, 7yv) is twistorial (with
respect to ¢) if and only if ¢ : (M2, JM) — (N2, JV) is holomorphic.

The following example is, essentially, due to [5] .

Example 4.3. Let (M3, ¢y, D) be a three-dimensional Weyl space and let (N2, cy)
be a two-dimensional oriented conformal manifold. Let 7py = (P, M,n, F) be the
almost twistorial structure of Example , associated to (M3, ¢y, D), and let 7y =
(N, N,Idy, J) be the twistorial structure of Example [3.2], associated to (N2, cy).

Let ¢ : M3 — N? be a submersion and let F'¥ be the almost F-structure on (M3, cy)
determined by ker dy and the orientation of N2. Define & = @ o p, 1 : p,(M) — N
where p,, is the section of P corresponding to F'¥.

The following assertions are equivalent:

(i) ¢ : (M3, 7as) — (N2, 7yn) is twistorial (with respect to @).

(ii) py : (M3, F¥) — (P° F) is holomorphic and ¢ : (M3,cp) — (N2, cn) is
horizontally conformal.

(iii) ¢ : (M3, cp) — (N2%,cen) is horizontally conformal and the fibres of @ are
tangent to the connection induced by D on P°.

(iv) ¢ : (M3, ey, D) — (N2, cn) is a horizontally conformal submersion with
geodesic fibres.

Example 4.4 ([14]). Let (M*,cy;) and (N2, cy) be oriented conformal manifolds of
dimensions four and two, respectively. Let 73y = (P, M, 7, J) be the almost twistorial
structure of Example , associated to (M*,cys), and let 7v = (N, N,Idy, J) be the
twistorial structure of Example [3.2], associated to (N2, cy) .

Let ¢ : M* — N2 be a submersion and let J¥ be the almost Hermitian structure
on (M*, cpr) determined by kerdy and the orientation of N2. Define @ = ¢ o p, ! :
po(M) — N where p,, is the section of P corresponding to J¥.

The following assertions are equivalent:

(i) ¢ : (M* 1ay) — (N2, 7y) is twistorial (with respect to @).

(i) pp : (M*,J%) — (P5,7) is holomorphic and ¢ : (M*,cpr) — (N2, cn) is
horizontally conformal.

(iii) J¥ is integrable and ¢ : (M*,cpr) — (N2, cn) is horizontally conformal.

Example 4.5 ([5],[3] ). Let (M*, cy) be a four-dimensional oriented conformal mani-
fold and let (N3, ¢y, DY) be a three-dimensional Weyl space. Let 73y = (Pa, M, mar, J)
be the almost twistorial structure of Example , associated to (M* cyr), and let
™~ = (Pn, N,7n,F) be the almost twistorial structure of Example , associated to
(N3, ey, D).

Let ¢ : M* — N? be a submersion. Let ¥ = kerdy and ¢ = #*. Then the
orientation of M?* corresponds to an isomorphism between ¥ and the line bundle of
€. Therefore (¥* ® A, c| ) is an oriented Riemannian vector bundle. We define
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®: Py — Py by
?(p) = Hdsﬁ(V*%&’D(V))H de(V*@p(V)),
where {V'} is any basis of 77 (,) and {V*} its dual basis, (p € Py).

Let I be the ¥ -valued two-form on # defined by I (X,Y) = —¥[X,Y], for any
sections X and Y of .#. Then I’ is a horizontal one-form on M?*, where # is
the Hodge star-operator of (¥* @ €, c|,r). Denote by Dy the Weyl connection on
(M*, cpr) defined by Dy = D+# 17 where D is the Weyl connection of (M*, ¢y, 7).

The following assertions are equivalent:

(i) ¢ : (M*, ) — (N3, 7y) is twistorial (with respect to ®).
(ii) ¢ : (M* cp) — (N3, cn) is horizontally conformal and ¢*(DV) = # D as
partial connections on 7, over J¢.

5. HARMONIC MORPHISMS AND TWISTORIAL MAPS

In this section, we discuss the relations between harmonic morphisms and the twisto-
rial maps of Examples [£.2],... ,[4.5. Firstly, any map between two-dimensional ori-
entable conformal manifolds is a harmonic morphism if and only if, with respect to
suitable orientations, it is a twistorial map.

Proposition 5.1 ([7]). Let (M™, cy, DM) and (N™, ey, D) be Weyl spaces of di-
mensions m and n , respectively, where (m,n) € {(3,2),(4,2),(4,3)}. If m (resp. n) is
even then M™ (resp. N™) is assumed to be oriented. Endow M™ and N™, according
to their dimensions, with the almost twistorial structures Tp; and Ty, respectively, of
Examples (3.9, or[34. Let ¢ : M™ — N™ be a submersion.
(i) If (m,n) = (3,2) then the following assertions are equivalent:
(i1) ¢ : (M3, cpr, DM) — (N2, cn) is a harmonic morphism.
(i2) ¢ : (M3, 1) — (N?,7n) is a twistorial map.
(ii) If (m,n) = (4,2) then the following assertions are equivalent:
(ii1) ¢ : (M*, cpr, DM) — (N2, cn) is a harmonic morphism and o : (M*, 7p7) —
(N2,7n) is a twistorial map.
(ii2) ¢ : (M*, cp) — (N2, cen) is horizontally conformal and the fibres of @ are
tangent to the connection induced by D™ on Py.
(iii) If (m,n) = (4,3) then any two of the following assertions imply the third:
(iiil) ¢ : (M*, cpr, DMY — (N3, ey, D) is a harmonic morphism.
(iii2) ¢ : (M*, 7)) — (N3, 7n) is a twistorial map.
(iii3) The fibres of & are tangent to the connection induced by DM on Py;.

Proof. Assertion (i) is an immediate consequence of the fundamental equation for hor-
izontally conformal submersions between Weyl spaces [7] .

Let ¥ =kerdy and let 57 = ¥+

To prove assertion (ii) , let T71°M and T%'M be the eigenbundles of J¥ correspond-
ing to i and —i, respectively. If ¢ is horizontally conformal, then T%'M is parallel
along TO'M N #C | with respect to DM. Tt follows that ¢ : (M* 7) — (N%, 7n)
is a twistorial map if and only if it is horizontally conformal and T%!'M is parallel
along T%'M N #C. Also, by the fundamental equation, ¢ : (M*, cpyr, DM) — (N2, cn)
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is a harmonic morphism if and only if it is horizontally conformal and its fibres are
minimal, with respect to DM; equivalently, ¢ is horizontally conformal and T%'M is
parallel along T19M N #C. Thus, assertion (iil) holds if and only if ¢ is horizontally
conformal and 7% M is parallel along ¥ which, clearly, is equivalent to (ii2) .
Assertion (iii) follows from the fundamental equation and the fact that if ¢ is hori-
zontally conformal then (iii3) is equivalent to s#DM = #D + % % 17, where D is
the Weyl connection of (M%, cpr, 7). O

Note that, statement (ii) of Proposition , applied to the particular case when DM
is the Levi-Civita connection of a representative of ¢, reformulates a result of [14] .

Remark 5.2. Let (M*, cy) be a four-dimensional oriented conformal manifold and let
(N3, cn, DY) be a three-dimensional Weyl space. Let 77 and 7 be the almost twisto-
rial structures, of Examples and [3.3|, associated to (M*,cyr) and (N3, cn, DY),
respectively.

Suppose that there exist three submersive harmonic morphisms ¢, , j = 1,2,3, with
one-dimensional fibres, on (N3, cy, DY), such that the distributions orthogonal to the
fibres of v, j = 1,2,3, are orientable, and ker di); is orthogonal to kerdy, , if j # k.

Let ¢ : (M*,757) — (N3, 7y) be a twistorial map. Then, as ¢; o is twistorial, J¥i1°¢
is integrable, (j = 1,2,3). Moreover, as kerdi); is orthogonal to kerdyy, if j # k,
the Hermitian structures J¥i°?, j = 1,2,3, determine a hyper-Hermitian structure on
(M*,cpr). Let DM be the Obata connection of this hyper-Hermitian structure.

Then ¢ : (M*, cpr, DM) — (N3, ey, D) is a harmonic morphism [7] .

In the following results, as in Proposition [5.1], the given Weyl spaces are endowed,
according to their dimensions, with the almost twistorial structures of Examples [3.2],

B3 or 341

Theorem 5.3 ([7], cf. [14], [10]). Let (M*, car, DM) and (N™, ey, DY) be Einstein-
Weyl spaces of dimensions 4 and n, respectively, where n € {2,3}; assume M* ori-
entable and, if n = 2, assume N? oriented.

Then a submersion ¢ : (M* cy,DVN) — (N", cn, DV) is a harmonic morphism if
and only if ¢ is twistorial, with respect to a suitable orientation of M*, and the fibres
of @ are tangent to the connection induced by DM on Pyy.

For harmonic morphisms between Einstein—Weyl spaces of dimensions four and three,
the result of Theorem takes a more precise form, as follows.

Theorem 5.4 ([7]). Let (M*,cpr, DM) and (N3, ey, D) be Einstein-Weyl spaces of
dimensions four and three, respectively; assume M?* orientable.

Then a submersion ¢ : (M* cn,DN) — (N3,cn, D) is a harmonic morphism
if and only if, with respect to a suitable orientation, (M* cyr) is anti-self-dual, ¢ is
twistorial and, locally, either

(i) DM s the Obata connection of a hyper-Hermitian structure, on (M* cpr),
constructed as in Remark[5.4, or
(i) DM is the Levi-Civita connection of an Einstein representative g of cyr , with



HARMONIC MORPHISMS BETWEEN WEYL SPACES 11

nonzero scalar curvature, and the fibres of the twistorial representation of @ are tangent
to the holomorphic distribution, on the twistor space of (M*, cy), determined by g .

Example 5.5. The harmonic morphisms given by the Gibbons-Hawking and the Bel-
trami fields constructions (see [11], [I5] ) satisfy assertion (i) of Theorem [5.4].

The harmonic morphisms of warped-product type (see [2] , [I5] ) with one-dimensional
fibres from an oriented four-dimensional Riemannian manifold with nonzero constant
sectional curvature satisfy assertion (ii) of Theorem [5.4].

Finally, we present the following result.

Theorem 5.6 ([7]). Let (M*,cyr, DM) be an orientable Einstein—Weyl space of di-
mension four.

Then, locally, there can be defined on (M*,cpr, DM) at least five distinct foliations
of dimension two which produce harmonic morphisms if and only if one of the following
two assertions holds:

(i) DM is the Weyl connection of a Hermitian structure locally defined on (M*,car);
(ii) (M*, cpr) is anti-self-dual, with respect to a suitable orientation, and DM is
the Levi-Civita connection of a local Finstein representative of cas .

The interested reader may consult [7] for the proofs of Theorems , and ,
and for further facts on harmonic morphisms between Weyl spaces.
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