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ABSTRACT. Weyl derivatives, Weyl-Lie derivatives and conformal submersions
are defined, then used to generalize the Jones-Tod correspondence between self-
dual 4-manifolds with symmetry and Einstein-Weyl 3-manifolds with an abelian
monopole. In this generalization, the conformal symmetry is replaced by a par-
ticular kind of conformal submersion with one dimensional fibres, and the gauge
group of the monopole becomes a group of diffeomorphisms of a 1-manifold. Spe-
cial cases are studied in which the conformal submersion is affine or projective.
All scalar-flat Kéahler metrics with a holomorphic conformal submersion, and
all four dimensional hypercomplex structures with a compatible Einstein met-
ric are obtained from affine monopoles, while projective monopoles encompass
Hitchin’s twistorial construction of selfdual Einstein metrics from an Einstein-
Weyl conformal infinity. The results include a linear equation for hyperKéahler
metrics generalizing the Gibbons-Hawking Ansatz, and an explicit formula for
Hitchin’s metrics. New selfdual Einstein metrics depending explicitly on an ar-
bitrary holomorphic function of one variable or an arbitrary axially symmetric
harmonic function are obtained. The former generically have no continuous
symmetries.

INTRODUCTION

The aims of this paper are threefold: firstly, to advertise the notion of a Weyl
derivative both as a simple, but useful, tool in differential geometry, and also as
an object of study in its own right; secondly, to apply this tool to the theory of
conformal submersions, with particular attention to the case of selfdual conformal
4-manifolds; and thirdly to give explicit constructions of selfdual Finstein metrics.
The key discovery is a class of conformal submersions with one dimensional fibres
which admit a holomorphic interpretation on the twistor space. This class includes
the conformal submersions generated by conformal vector fields and provides a nat-
ural setting for a generalized Jones-Tod correspondence [17] encompassing Hitchin’s
construction of selfdual Einstein metrics with Einstein-Weyl conformal infinity [15].

A Weyl derivative on a manifold M is nothing more than a covariant derivative
on a real line bundle naturally associated to the differential geometry of M. Weyl
derivatives can be used to define Lie derivatives along foliations with one dimen-
sional leaves, generalizing the usual Lie derivative along a vector field. They also
occur naturally in the geometry of conformal submersions. These two situations
have in common the conformal submersions with one dimensional fibres, to which
most of this paper is devoted. I focus on the case that the total space is a selfdual
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4-manifold M and define the notion of a selfdual conformal submersion. In The-
orem I (4.6), the base B of such a submersion is shown to be not just conformal,
but Einstein-Weyl, generalizing the Jones-Tod correspondence, and yielding an ex-
plicit construction, in Theorem II (4.9), of selfdual spaces from solutions of the
Einstein-Weyl Bogomolny equation, where the gauge group acts on a 1-manifold.

The central part of the paper deals with special cases of this construction. In
Theorem IIT (4.11), shear-free geodesic congruences on B are shown to correspond
to antiselfdual complex structures on M which are invariant with respect to the
conformal submersion (i.e., the submersion is holomorphic), and the hypercomplex
structures and scalar-flat Kéhler metrics arising in this way are identified (gener-
alizing [8, 12]). In Theorem IV (4.13), an antiselfdual complex structure is con-
structed from a generic selfdual conformal submersion on a selfdual Einstein-Weyl
4-manifold—for a selfdual Einstein metric with a Killing field, this reduces to the
construction of Tod [24].

The notion of an affine conformal submersion is defined, characterized, and
shown, in Theorem V (5.2), to provide a method for constructing selfdual spaces
from coupled linear differential equations, which will be called affine monopole equa-
tions. In Theorem VI (6.1), I show that the generalized Jones-Tod constructions for
scalar-flat Kéhler and hyperKéahler metrics arise in this way—this includes as spe-
cial cases, the Gibbons-Hawking Ansatz [13], LeBrun’s construction of scalar flat
metrics with Killing vector fields [19], and the construction of such metrics with
homothetic vector fields [8, 12]. Projective conformal submersions are analysed
in a similar way and the projective monopole equations are identified in Theorem
VII (7.3) with the SL(2,R) Einstein-Weyl Bogomolny equation.

In Theorem VIII (8.2), I prove that Hitchin’s version of LeBrun’s H-space con-
struction, defined twistorially in [15], is a special case of the generalized Jones-Tod
correspondence, and this special case is characterized. The Hitchin-LeBrun con-
struction, although simple from a twistor point of view, has always been difficult
to carry out explicitly due to a lack of a direct construction: the known examples
are, to the best of my knowledge, those of [18, 15, 22, 9]. The main result of the
final portion of the paper is an explicit formula for the selfdual Einstein metric
associated to an arbitrary Einstein-Weyl structure.

To this end, I first study selfdual Einstein-Weyl 4-manifolds, which are known
to be either Einstein or locally hypercomplex [4, 23]. Theorem IX (9.2) states
that a pair of compatible selfdual Einstein-Weyl structures determine a selfdual
conformal submersion, and this is used, in Theorem X (10.3), to prove that all
selfdual Einstein metrics with a compatible hypercomplex structure admit an affine
conformal submersion over a hyperCR Einstein-Weyl space. This special case of
the Hitchin-LeBrun construction yields new examples of selfdual Einstein metrics,
and motivates the final result, Theorem XI (11.1), in which the formula for the
Hitchin-LeBrun construction is obtained.

The paper is organized as follows. In section 1, Weyl derivatives and Weyl-Lie
derivatives are introduced. Although it is possible to present some of the later
results without this formalism, the proofs are simpler and more natural when one
makes systematic use of the affine space of Weyl derivatives and the product rule
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for Weyl-Lie derivatives. Indeed, many of the results of this paper would have
been impossible to find (for the author at least) without the geometric guidance
provided by working in a gauge-independent way. In order to familiarize the reader
with this language, I have presented a few simple applications of Weyl derivatives,
and discussed the Weyl-Lie derivative on natural bundles. The key formula from
this section is the Weyl-Lie derivative of a torsion-free covariant derivative on a
natural bundle. In section 2, after recalling basic facts from conformal geometry, I
present another arrow in the Weyl geometer’s quiver: the linearized Koszul formula.

In the third section, the notion of a conformal submersion is defined, but most
of the local properties are studied within the more general framework of conformal
almost product structures. I prove a simple proposition which shows that there
is a canonically defined Weyl derivative in this setting, which will be called the
minimal Weyl derivative. The main interest, however, is in conformal submersions
with one dimensional fibres, which may be analyzed locally using the congruences
and Weyl-Lie derivatives of section 1. I focus on this case for the second half of
section 3 and characterize basic objects using the minimal Weyl-Lie derivative.

The generalized Jones-Tod correspondence (Theorem I) is established in sec-
tion 4. In an earlier version of this paper [5], my proof followed closely the proof of
the “classical” Jones-Tod correspondence given in [7, 8]. However, Paul Gauduchon
has recently obtained a cleaner proof by exploiting more thoroughly the isomor-
phism between the bundle of antiselfdual 2-forms on the conformal 4-manifold M
and the pullback of the tangent bundle of the 3-dimensional quotient B. This
approach also integrates nicely with the fact that invariant antiselfdual complex
structures on M correspond to shear-free geodesic congruences on B [8], and so I
adapt it here to the context of conformal submersions.

The defining equation for conformal submersions, and the monopole equation
arising in the inverse construction, are nonlinear, but there is a special case in
which the Bogomolny equation linearizes: affine conformal submersions. Here M
is an affine bundle over B such that the nonlinear connection and relative length
scale induced by the conformal structure are affine. Such submersions are studied
in section 5, then applied in section 6 to scalar-flat Kéahler and hyperKéhler metrics.
The new Ansatz is illustrated by some examples, taken from [9]. Section 7 treats
projective conformal submersions in a similar way.

The motivation for several results in this paper originally came from twistor the-
ory. I explain this in section 8, and also discuss the Hitchin-LeBrun construction.
The twistorial point of view suggests that the conformal submersion arising here
will be affine if the Einstein-Weyl conformal infinity is hyperCR, and projective
in general. In the former case, the selfdual Einstein metric admits a compatible
hypercomplex structure and this is studied first. A key tool is the general observa-
tion that two compatible Einstein-Weyl structures on a conformal manifold define
a conformal submersion, and in four dimensions, this submersion is selfdual if the
conformal structure is. This is proven in section 9 and then, in section 10, selfdual
Einstein metrics admitting a compatible hypercomplex structure are characterized
explicitly in terms of affine monopoles. Examples with no continuous symmetries
are given, which depend on an arbitrary holomorphic function of one variable.
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In the final section, a projective gauge transformation is applied to obtain a solu-
tion of the projective monopole equations which makes sense on any Einstein-Weyl
space. In section 11, I show that the explicit metric given by the induced projective
conformal submersion is Einstein. The resulting direct method for carrying out the
Hitchin-LeBrun construction is illustrated by a family of selfdual Einstein metrics
depending on an arbitrary axially symmetric harmonic function on R3.
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1. WEYL DERIVATIVES AND WEYL-LIE DERIVATIVES

If V is a real n-dimensional vector space and w any real number, then the
oriented one dimensional linear space LY = LY(V) carrying the representation
A | det A|"/™ of GL(V) is called the space of densities of weight w or w-densities.
It can be constructed canonically as the space of maps p: (A"V)~ 0 — R such that
p(Aw) = |A|7%/"p(w) for all X € R* and w € (A"V) 0.

The same construction can be carried out pointwise on any vector bundle E to
give, for each w € R, the oriented real line bundle LY whose fibre at = is L"(E,).
Applying this to the tangent bundle gives the following definition.

1.1. Definition. Suppose M is any n-manifold. Then the density line bundle
LY = L%, of M is defined to be the bundle whose fibre at x € M is LY (T, M).
Equivalently it is the associated bundle GL(M) X gr,(ny L (n) where GL(M) is the

frame bundle of M and L"“(n) is the space of w-densities of R™.

The density bundles are oriented (hence trivializable) real line bundles, but there
is no preferred trivialization. Sections of L = L' may be thought of as scalar fields
with dimensions of length. This geometric dimensional analysis may also be applied
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to tensors: the tensor bundle L ® (TM)’ @ (T*M)* (and any subbundle, quotient
bundle, element or section) is said to have weight w + j — k, or dimensions of
[length]*+7=%. Note that L"“* ® L2 is canonically isomorphic to L**+%2 and L0 is
the trivial bundle. When tensoring a vector bundle with some L" (or any real line
bundle), I shall often omit the tensor product sign. Note also that an orientation of
M may be viewed as a unit section of L A™T*M , defining an isomorphism between
L™ and A"T*M. A nonvanishing (usually positive) section of L! (or L* for w # 0)
is called a length scale or gauge (of weight w).

1.2. Definition. A Weyl derivative is a covariant derivative D on L'. It induces
covariant derivatives on LY for all w. The curvature of D is a real 2-form F'P called
the Faraday curvature.

If FP =0 then D is said to be closed. There are then local length scales p with
Dy = 0. If such a length scale exists globally then D is said to be ezact. Conversely,
a length scale p induces an exact Weyl derivative D* such that D*u = 0. Note that
D = DH* for any constant ¢ # 0. Weyl derivatives form an affine space modelled
on the linear space of 1-forms, while closed and exact Weyl derivatives are affine
subspaces modelled on the linear spaces of closed and exact 1-forms respectively.

A gauge transformation on M is a positive function e/ which rescales a gauge
we C®(M, L") to give e . Tt acts on Weyl derivatives by ef - D = ef o Doe™f =
D — df, so that ef - Dt = D for pu € C°(M,LY). If D is any Weyl derivative,
then D = D* + w* for the 1-form w = p~'Dpu, and consequently, we'H = Wk 4 df.

On an oriented manifold, Weyl derivatives may be viewed as a generalization of
volume forms, since the exact Weyl derivatives correspond to volume forms up to
constant multiples. For instance, let Q € L2A%2T*M be a weightless 2-form on M?™
such that Q™ is an orientation. Then (2 is nondegenerate and one would like to find
a length scale p such that =2 is symplectic. If 2m > 2 this may not be possible.

1.3. Proposition. (cf. [20]) Let M be an n-manifold (n = 2m > 2) and let Q2 €
L2A?T*M be nondegenerate. Then there is a unique Weyl derivative D such that
dPQ) is tracefree with respect to S, in the sense that ZdDQ(ei,eg,-) = 0, where
ei, €, are frames for L™YT M with Q(ei,e;) = 0;j.

This can be proven [8] by picking any Weyl derivative D° and setting D = D°+~
for some 1-form ~, then dPQ = d” 0+ 2y A€ and so the traces differ by a multiple
of 7. Tt follows that there is a unique 7 such that d” is tracefree.

There are therefore two local obstructions to finding p with d(p=2Q) = 0, namely
dPQ and FP [20]. In four dimensions d”Q automatically vanishes. In general if
dPQ =0 then FP AQ = 0. In six or more dimensions this implies F” =0, so D is
closed, but it need not be exact. In four dimensions, however, D need not even be
closed. This construction is of particular interest in Hermitian geometry [25].

There is also a version of this in contact geometry. A contact structure on M is
codimension one subbundle H of T'M which is maximally nonintegrable, in the sense
that the Frobenius tensor {2, : A?*H — TM/H is nondegenerate. In this context,
one defines a (slightly generalized) Weyl derivative to be a covariant derivative
on the real line bundle TM/H. The following result generalizes the fact that a
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contact form (which corresponds to a section of TM/H) defines a Reeb vector field
complementary to the contact distribution.

1.4. Proposition. Let M, H be a contact manifold. Then there is a bijection be-
tween complementary subspaces to H in TM and Weyl derivatives on TM /H such
that the horizontal part of FP is tracefree with respect to Q.

Proof. Let 1n,: TM — TM/H be the twisted contact 1-form whose kernel defines
H. Then given any Weyl derivative D, one can define d” ny, and if D = DY+~
then d” Ny = dDonH + v Any. Note that dP Nyl is well defined, being equal to
;. Since 2, is nondegenerate, given D there is a unique complementary subspace
(spanned by &, say) such that d” ny(&,-) = 0, and such a complementary subspace
fixes D up to 1-forms v with 1, Ay = 0.

Now note that if D = D%+ p~'n,, for a section p of TM/H, then FD\H =
FDP O\H + M_IQH and consequently, D may be found uniquely with tracefree hori-
zontal Faraday curvature. O

The first part of the proof also gives an affine bijection between complementary
subspaces and “horizontal” Weyl derivatives (i.e., covariant differentiation is only
defined along directions in H).

Much of the rest of the paper is concerned with the dual situation of one di-
mensional subbundles of TM (the complementary subspaces arising above being
an example). The integral manifolds of such a distribution define a foliation of M
with one dimensional leaves. This will be viewed as an unparameterized version of
a vector field by thinking of such a subbundle as an inclusion £: V — T'M of a real
line bundle V, and hence as a “twisted” vector field. Sections of V' correspond to
vector fields tangent to the foliation. It is therefore natural to consider covariant
derivatives on V, which will again be referred to as Weyl derivatives. 1 will also use
the following terminology from relativity.

1.5. Definition. A congruence on a manifold M is a nonvanishing section £ of
VLT M for some oriented real line bundle V. Tt defines an oriented one dimensional
subbundle of T'M and hence a foliation with oriented one dimensional leaves.

No use will be made of the orientation of V in this section.

1.6. Proposition. Let E be a vector bundle associated to the frame bundle of
M with induced representation p of g(T'M). Then for a congruence &, a Weyl
derivative D (on V), and a section s of E, the formula

P Lyes + p(p~ ' Dp @ §)s

is independent of the choice of a nonvanishing section p of V, and will be called the
Weyl-Lie derivative Est of s along €.

Proof. For any vector field X and function f, Lfxs = fLxs — p(df ® X)s. O

Note that E? s is a section of V"'E. If D is exact, then trivializing V by a
parallel section gives back the usual Lie derivative. The dependence of ﬁg on D is
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clearly given by £?+73 = ESD s+ p(y ® £)s. In particular, for functions (p trivial),

E? f = df (&), which is a section of V=1 independent of D.

In order to compute the Weyl-Lie derivative, it is convenient to find a formula
in terms of a torsion-free connection inducing covariant derivatives V on any asso-
ciated bundle E. In the case of the usual Lie derivative, Lx X = VKX — Vx K for
vector fields X, and so Lxs = Vs — p(VK)s on sections of E. This readily yields
the following generalization to Weyl-Lie derivatives:

(1.1) E?s =Ves —p((D@V)E)s,

where (D ® V)& denotes the twisted or tensor sum covariant derivative of £ as a
section of V™ITM = V=1 ® TM. More generally D ® V will denote the twisted
covariant derivative on V~!E. Formula (1.1) immediately gives the following.

1.7. Proposition. Let £ be a congruence and D be a Weyl derivative (on V).
Then the Weyl-Lie derivative may be computed in terms of an arbitrary torsion-
free covariant derivative V as follows:

e For a w-density p, ﬁED,LL =Vep — %(divD®v E)p.

e For a vector field X, E?X =VeX - (DRV)E.

e For a 1-form a, C?a =Vea+a((DaV)E) =da(s,) + D(a(f)).
e For a k-form «, L’?a = teda + dD(LEa).

Here divP®V ¢ denotes the trace of (D®V)E, ie., the divergence has been
twisted by D on V~! and V on L™

The above treatment only deals with the Weyl-Lie derivative for zero and first
order geometric objects (functions and sections of bundles associated to the first
order frame bundle). It may be extended to differential operators (higher order
geometric objects) using the product rule, but because the Weyl-Lie derivative of
a section of F is not a section of F, the differential operators have to be twisted
by D. Consequently, some natural differential operators may have nonzero Weyl-
Lie derivative. In particular (E?d)oc = E?(da) — dD(Eé)oc) = FP Atea, Le., the
Weyl-Lie derivative only commutes with exterior differentiation on functions in
general. Similarly, for the Lie bracket, E?[,](X, Y) = —FP(X,Y)¢. Of course,
this is compatible with the definition of d in terms of [,].

If V is any torsion-free covariant derivative then its Weyl-Lie derivative L'gD V=

E? oV—-(D®V)o ££D evaluates to
(1.2) (LEV)x =R{x + (D&V)x((D®V)E) € V 'g(TM).

This acts on an associated bundle E via the corresponding representation p of
gl(TM). The vanishing of EgD V defines a notion of invariance, along &, of V on

E. Also note that Ve — L = p((D®V)¢) is a kind of Higgs field. If the Higgs
field vanishes, I will say V is horizontal, for reasons that will become clear later.
In particular if V is invariant and horizontal on F, then p(RZX) =0.



8 DAVID M. J. CALDERBANK

2. CONFORMAL GEOMETRY

In the previous section, the term “Weyl derivative” was sometimes applied in a
generalized sense, when the oriented real line bundle was not necessarily L!. Such
a distinction disappears when one introduces a conformal structure.

2.1. Definition. A conformal structure ¢ on M is a metric on L~'TM, whose
determinant at each x € M (defined up to sign) is a unit element of LA™ T M.

A conformal structure identifies any oriented one dimensional subbundle or quo-
tient bundle of TM with L!. In particular if M is conformal and ¢ is a con-
gruence, there is a unique oriented isomorphism between V and L' such that
£ € C®(M,L~'TM) is a weightless unit vector field. A congruence will now be
viewed as an injective linear map £: L' — T'M and V will denote its image.

A conformal structure is equivalently a fibrewise inner product (-,-) on T'M
with values in L?: compatible Riemannian metrics therefore correspond to length
scales. As in the previous section, it is natural to replace length scales with Weyl
derivatives, and the Koszul formula for the Levi-Civita connection generalizes to
give an induced torsion-free conformal connection, called a Weyl connection, on M:

2(DxY,Z) = Dx(Y,Z)+Dy(X,Z) - Dz(X,)Y)
+ <[X7 Y]7Z> - <[X7 Z]7Y> - <[Y7 Z]7X>
This gives an affine bijection between Weyl derivatives and Weyl connections on

TM. The corresponding linear map sends a 1-form v to the co(7'M)-valued 1-form
I" defined by I'x = [y, X] = v(X)id+~y A X, where (y A X)(Y) = v(Y) X —(X,Y ).

(2.1)

2.2. Remark. Here, and elsewhere, I freely identify a 1-form + with a vector field
of weight —1 using the isomorphism #: T*M — L~2TM given by the conformal
structure. Similarly, vector fields of any weight are identified with 1-forms of the
same weight. Also, a skew linear map J on T'M (of any weight) corresponds to
a 2-form €2 ; (of the same weight) via J(X) = #(¢x;); this identifies v A X with
yA(X,-). Tt will sometimes, but not always, be helpful to maintain a distinction
between a skew endomorphism and the corresponding 2-form. The bracket [-,-] is
part of an algebraic Lie bracket on TM @ co(T'M) @ T*M, and the same notation
will be used for the commutator bracket on co(7'M).

The curvature R” of D, as a co(T'M)-valued 2-form, decomposes as follows:
(2.2) R)’%,Y =Wxy — [P (X), Y]+ [rP(Y), X].

Here W is the Weyl curvature of the conformal structure, an so(7'M )-valued 2-form,
and rP is a covector valued 1-form, the normalized Ricci tensor of D.
If ¢ is a congruence, then the Weyl-Lie derivative of D on L! reduces to

(2.3) (£eD)Y 1= FP(€, X)p+ - D (div™ =P ),

where D¢ is the Weyl derivative used to define L¢. Linearizing (2.1) gives a formula
for the Weyl-Lie derivative on other bundles:

(LeD)x = Dy (Lec) + alt(D(Lec)(X)) + [LeD*', X + 36 a FE(X) + 36, X)FE.
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In this linearized Koszul formula, F¢ is the Faraday curvature of D$: these F¢ terms
come from the Weyl-Lie derivative of the Lie bracket. All the terms apart from
the first belong the conformal Lie algebra co(T'M). This reflects the fact that if
L¢c = 0, the Weyl-Lie derivative preserves conformal subbundles of natural vector
bundles and so extends to any bundle associated to the conformal frame bundle.

3. CONFORMAL SUBMERSIONS

3.1. Definition. Let 7: M — B be a smooth surjective map between conformal
manifolds and let the horizontal bundle H be the orthogonal complement to the
vertical bundle V of 7 in TM. Then m will be called a conformal submersion iff for
allz € M, d?‘l'm‘Hz is a nonzero conformal linear map.

Since the main aim is to study the local geometry on M, it is not really necessary
for the base to be a manifold: it could be an orbifold, or be replaced altogether by
the horizontal geometry of a foliation.

A bundle ‘H complementary to V is often called a (nonlinear) connection on m:
it is determined by a projection nn: TM — V), the connection 1-form.

3.2. Proposition. If 7: M — B is a submersion onto a conformal manifold B,
then conformal structures on M making ™ into a conformal submersion correspond
bijectively to triples (H,cY, w), where H is a connection on w, ¢ is a conformal
structure on the fibres, and w: W*L%FB = L%{ — L)l/ is a (positive) isomorphism.

Proof. dm: H — «*TB is certainly an isomorphism, so L%[ = W*L% g and the
conformal structure on H is obtained by pullback. Combining this with c” gives an
L% valued inner product ¢ = ¢¥ @ w2c’, which in turn determines an isomorphism
between Ly and L7 such that ¢ becomes a conformal structure on M. ]

The final ingredient w in this construction will be called a relative length scale,
since it allows vertical and horizontal lengths to be compared. The freedom to vary
w generalizes the so-called “canonical variation” of a Riemannian submersion, in
which the fibre metric is rescaled, while the base metric remains constant.

A natural generalization of conformal submersions, following Gray [14], is a con-
formal almost product structure. On a conformal manifold M, this is a nontrivial
orthogonal direct sum decomposition TM =YV &, H, i.e., V and H are nontrivial
subbundles of T'M and are orthogonal complements with respect to the confor-
mal structure. Although the roles of V and H are interchangeable, I will call the
corresponding tangent directions vertical and horizontal.

Given any Weyl derivative D, observe that that the vertical component (D XY)V
for X,Y € H is tensorial in Y and so defines a tensor in H*®@ H*® V. 1 will
write (Dy Y)Y = I5(X,Y) + $Q,,(X,Y), where II) is symmetric and Q, is skew,
and extend these fundamental forms by zero to T"M ® T*M ® T M. Similarly
the horizontal component (D, V)" for U,V € V defines tensors I} and €, in
VRVQH <T'M @T*M @ TM. Since D is torsion-free, 2,, and €, are the
Frobenius tensors of the distributions H and V, which vanish iff the distributions
are tangent to foliations. On the other hand, the fundamental forms II% and Ile
do depend on D and can be used to find a distinguished Weyl derivative D°.
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3.3. Proposition. Suppose M is conformal with a conformal almost product struc-
ture TM =YV @& H. Then there is a unique Weyl derivative DO such that V and
‘H are minimal, in the sense that the fundamental forms, denoted ]I% and ]I%)/, are
tracefree. It may be computed from an arbitrary Weyl derivative D via the formula:

tr ]I% tr ]15
dimH dimV’
Proof. Observe that if D = D+~ then (tr 12, U) = (tr T2, U) — (dim H)~(U) for

all U € V, and similarly for IIy;. This shows that the formula for D° is independent
of D. Substituting D = D° shows that ]I% and ]I?, are tracefree. O

D’=D+

I shall refer to DY as the minimal Weyl derivative; this usage is consonant both
with minimal submanifolds and minimal coupling. The minimal Weyl derivative
need not be closed: I shall write F° for its Faraday curvature.

3.4. Remark. The curvature of D on TM can be related to the curvatures of
horizontal and vertical connections on H and V. One defines a horizontal connection
on H by DRY = (D4 Y)* for X, Y € H; similarly D5V = (DY V)Y for U,V € V.
The (modified) curvature of D™ is defined by

R¥yZ = DYDY¥Z — DY¥DRZ — D[ty Z = [[X, Y]V, Z]™,

where X,Y,Z € H. The definition of RY is analogous, and O’Neill-type formu-
lae [21] relating RP” to R and RY follow directly as in [14].

Some of the properties of the minimal Weyl derivative may be elucidated by
comparing it with partial Lie derivatives. If X is a horizontal vector field and U is
vertical, then [U, X]™ is tensorial in U, which defines a partial covariant derivative
on H in vertical directions. This extends naturally to horizontal forms in A¥H* and
to densities in L%{. One says a horizontal vector field, form, or density is invariant
if its partial covariant derivative along V vanishes; if V is a tangent to the fibres of
a submersion, this means the horizontal vector field, form, or density is basic.

Similarly, there is a partial covariant derivative on V, A¥V* and L%, in hori-
zontal directions. Since the conformal structure identifies L%{ with L%,, putting
these together gives a Weyl derivative. In order to verify that this is the min-
imal Weyl derivative defined above, introduce an arbitrary Weyl connection D
so that [U, X" = (DyX)" — (D U)™ and the second term is tensorial: since
(DyU,Y) = —(U,DyY) this tensor is essentially II}) + 3€2;,. Therefore the vertical
partial connections on L1, induced by [U, X]™ and (D, X)" agree if and only if
tr ]I% = 0. Similarly the horizontal partial connections on L}, induced by [X,U I
and (DyU)Y agree if and only if tr 15 = 0.

According to this discussion, the following definition for densities is compatible
with the identification of L' with L}, and Ls,.

3.5. Definition. A density p € C®(M,L') on a conformal manifold M with a
conformal almost product structure (V,H) is invariant along V iff D¥p = 0 for all
vertical U, and invariant along H iff D u = 0 for all horizontal X.
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I specialize now to the case that V is one dimensional and oriented. Then the
positively oriented weightless unit vector field ¢ spanning L™V < L™ITM is a
congruence and the minimal Weyl derivative D° is characterized by Dgf =0 and
tr DY = 0 (note that (D¢ &) = 0 since ¢ has unit length). The formula for
computing D reduces to D° = D — ﬁ(divD )&+ (dP€)(€, ). Also note that Q)

and ]I?, both vanish, so  and I’ will denote the fundamental forms of H. I denote
the minimal Weyl-Lie derivative along ¢ by 52.

3.6. Proposition. Let & be a congruence with minimal Weyl derivative D° and let
D be an arbitrary Weyl derivative.

(i) %ﬁgc = symy(D° ® D)¢ = sym D¢ = — (¢, 11°).
(i) DO is exact iff ¢ = K/|K| for some (nonvanishing) vector field K which

is divergence-free and geodesic with respect to the metric g = | K| 2c.
(iii) If DY is exact and Cgc =0 then K is a conformal vector field, and hence

is a Killing field of the metric g = | K| 2c.
Conversely if K is a nonvanishing conformal vector field then & = K/|K| is a
congruence with Egc =0 and D°|K| = 0.
Proof. For the first part, note that for any vector fields X, Y,
)
= D§<Xa Y> - %(leD ob £)<Xa Y>
— (DX — (D" ®D)x€,Y) — (X, DY — (D" @ D)y &)
= {(D°®D)x&,Y) + (X, (D°® D)y£) - 2(div”"®P &)(X,Y).

This is 2(symy(D° ® D)¢)(X,Y) = 2(sym D°€)(X,Y), since D was arbitrary. If
either X or Y is parallel to &, (sym D%)(X,Y) vanishes automatically, because
Dgf =0 = (D%, &). On the other hand, if X and Y are orthogonal to &, it is equal
to —1(¢, DYY + DLX) = —(¢, (X, Y)).

For the second and third parts, observe that an exact D° preserves a length scale
p. Then K = pué and D is the Levi-Civita connection of ¢ = p~2c. 0

I shall now assume that the congruence £ is tangent to the one dimensional fibres
of a submersion 7 over a manifold B; this is always true locally. A horizontal vector
field, form or density is then basic if it is invariant in the sense above. The Weyl-Lie
derivative Eg provides an efficient way to characterize such basic objects.

3.7. Proposition. Let & be a congruence with minimal Weyl derivative D° gener-
ating a submersion m of M over B. Then a horizontal vector field X is basic iff
EgX = 0. Similarly a horizontal form « is basic iff Ega = 0. Finally a density p

is basic iff ,Cg/,L =0.

Proof. It suffices to check that .CgX = 0 is equivalent to [U, X| being vertical for
all vertical U. If U = A\¢ then away from the zero set of A\, D* = D% 4+ 5 for
some 1-form ~ and so [U, X| = Ly¢X = )\E?AX = )\ﬁgX + (X )N, Hence EgX is
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vertical if and only if [U, X] is vertical for all vertical U. For the vertical component
observe that (£ ,EgX ) = —Egc(f,X ) which vanishes by the previous Proposition.
The result for forms follows from the product rule.

For densities, Egu = Dg,u, and this means p is basic as a section of L71{. O

The product rule means that other basic objects are characterized by vanishing
Weyl-Lie derivative. For instance the submersion is conformal (i.e., the horizontal
part of the conformal structure is basic) iff Egc =0.

A connection V on E (associated to the frame bundle, or the conformal frame
bundle if L’gc = 0) is horizontal if V¢ = Eg, i.e., invariant sections are covariant

constant along the fibres. The horizontal part of V is V — (£,-) ® p((D*® V)¢),
and this is basic (i.e., a pullback connection) iff V is invariant, i.e., £2V =0.

The horizontal part of a Weyl derivative D on M is basic iff 0 = EgD =FP¢ )+
%Do(divD%@D €). If D is horizontal this reduces to F'P (¢, ). In particular D itself
is basic iff FO(¢,-) = 0. If ﬁgc = 0, the only nonzero fundamental form is Q = Q,:

(QUX,Y),€) = 2(DXY,€) = 2D, Y) = —(d%)(X,Y).

Note that Eg(doﬁ) = Lé(d0)2f =F0— ¢ (FO(&,-)) and so Q is basic iff £ A FO = 0.
Note also that the linearized Koszul formula with respect to the minimal Weyl
derivative along the fibres of the conformal submersion reduces to:

(3.1) (L2D)y = [£2DY, X] + 3¢ a FO(X) + L(g, X) FO.

Hence invariance on L' does not imply invariance on other natural bundles.

4. THE JONES-TOD CORRESPONDENCE

Suppose that £ is a congruence on an oriented conformal 4-manifold M defining a
conformal submersion 7 onto a manifold B. Let D be the minimal Weyl derivative
of ¢, define w = —(xdP¢)(€,-) (which can be computed using any Weyl derivative
D) and let D** = D% + Jw and DP = D% + w.

4.1. Remarks. The definition of w uses the natural extension of the star operator
to 2-forms of any weight. The star operator on 1-forms (of any weight) is a 3-
form of the same weight defined by ¢y *a = *((X,-) Aa) for any vector field X. In
general the star operator on any manifold will be defined in terms of the orientation
x1 so that a similar relation holds between the star operator, wedge product and
interior multiplication, with no signs. As remarked in [8], this is more convenient
in computations than the usual choice. Note that *> = +1 in four dimensions,
whereas *% = —1 in three dimensions.

Since the star operator is an involution on 2-forms in four dimensions, A2T*M =
A%_T*M & A2T*M. The selfdual and antiselfdual parts of a 2-form are denoted
F=F,+ F_. A skew endomorphism J of TM may be identified with a weightless
2-form Q; € L2A?T*M = L72A2TM via Q,(X,Y) = (JX,Y) and J is said to be
selfdual or antiselfdual if Q; is. If J is antiselfdual, then Q; = nAJn —*nAJn
for any weightless unit 1-form 7. It follows that, for a 1-form « (of any weight),
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xa = Ja A1 for any antiselfdual endomorphism J with J 2 = —id. Note that if F¥
is a selfdual 2-form, then X A F(Y) — Y A F(X) is also selfdual.

4.2. Proposition. ((D°® D*%)¢,-) is a selfdual 2-form of weight —1.
Proof. In terms of an arbitrary Weyl derivative D,
D° = D — L(divP"®P g)¢ + L(@P"®Pe) (¢, )
w=—(xa”"*PE)(¢, )
andso  D*'=D —(div?"®P ) + §(@7OPE) (€, ) — 5 (xa” FPE) €, ).
Substituting D = D? into this formula gives the result. O

4.3. Remark. This property clearly characterizes D*¢. One can characterize D? in
a similar way by the vanishing of the trace of DP¢ and the selfduality of alt DPE.

4.4. Proposition. The Weyl derivative DP is basic iff D° has selfdual Faraday
curvature.

Proof. Since w(¢) = 0, DB is basic iff FB(¢,-) = 0, where FP is the Faraday
curvature of DB. Now D? = D% 4+ w and so

FB(£7 ) = FO(&) ) + dw(fv ) = Fo(fv ) + ‘ng
Writing w = —(xd%¢) (&, -) = —*(£ Ad%€) yields
Lfw = —#(EALLE) = —+(ENFP) = —(xF)(€,-).

So FB(¢,) = (FO—+F%)(¢,-). Since F? —xFY is antiselfdual, this contraction with
¢ vanishes iff FO = +F0, O

When D° has selfdual Faraday curvature, the conformal submersion is said to
be selfdual. In this case DB is a basic Weyl derivative on L' = 7T*LlB and the
induced Weyl structure on B is sometimes called the Jones-Tod Weyl structure.
It follows from the Koszul formula that the induced Weyl connection on T'B pulls
back to the conformal connection on H = 7*T B given by the horizontal part of
the Weyl connection induced by DP on TM. The same observation holds for
L™ 'H >~ L;'TB.

Now observe that the map €2 ; — J¢ is an isomorphism from L?’A?2T*M to L='H
with inverse y +— EAx — *(EAX) € LT2A2TM = L2A2T*M. If J? = —id then
|J€] = 1 and so this isomorphism is an isometry up to a constant multiple (conven-
tionally, [Q2,]? = 2 when J? = —id). Also note that [J1, Jo]é = —2x(E A J1E A Jo€).

The action of co(T'M) on antiselfdual endomorphisms is by commutator, and
so only the antiselfdual part contributes, since selfdual and antiselfdual endomor-
phisms commute. Therefore Proposition 4.2 shows that EgJ = ngJ ,ie., D3 s
horizontal on L2A%2 T*M. The linearized Koszul formula may be used to show that
if 7 is selfdual, then D*? is invariant on L?A2 T*M. More precisely,

LIDY = FFO(¢, X)id + 3¢ A FO(X) — $X A FO(€) + 3(¢, X)F°,
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which has selfdual skew part. Hence D¢ is basic on L2A%T*M = ﬂ'*LElTB. The
following Proposition identifies it with D? (which gives another proof of invariance).

4.5. Proposition. If J is an antz’selfdual endomorphism, then for any horizontal
vector field X, (DR (J€))" = (DsgJI)E.

Proof. Write x = J¢ so that Q; ={Ax — *(§ A x). Then
Dy = DYEN X+ EA DX — +(DY¥EA x + EA D).

Now D34 = DO + %w = DB — %w and so

D3¢ = = Lx(X NEAW),
D¥x = DEx + 30(x)X — <X,X>w
Therefore D€ Ay = =1 (. X) #(€Aw) + bw(x) (€A X)
and EANDEx = EADEX + Lw(x §/\X 16 X)EAw
which gives € A D3dx — x(D3EEANx) = EADEx
Taking the antiselfdual part and contracting with £ completes the proof. ([

A generalized Jones-Tod correspondence follows readily from these observations,
following an approach due to Gauduchon. Recall [15] that a Weyl connection is said
to be Finstein- Weyl iff the symmetric traceless part of its Ricci tensor vanishes.

4.6. Theorem I. Suppose (M,c) is an oriented conformal 4-manifold and & gen-
erates a selfdual conformal submersion m over a manifold B. Then DB = DY 4+ w
is Finstein-Weyl on B if and only if c is selfdual.

Proof. Since 7 is selfdual, D? descends to a Weyl connection on B. If 7*D?B
denotes the pullback of D to W*LngB >~ [,=1H then Proposition 4.5 implies that
D] = (7*DPB)(J¢) for any antiselfdual endomorphism .J, and so [[Rﬁgy,J]]f =
(W*RB)X7Y(J£), where RP is the curvature of D® on B and X,Y are arbitrary
vector fields. Here I have used the fact that D*¢ is horizontal, and so ngJ =
EgJ = (m*DB )¢(J€) by definition of pullback; horizontality and the definition of
pullback likewise imply that [[Rﬁgy,J]] and (7*RP) xy(JE) vanish if X or Y is
vertical. (Recall that EgDSd R5 L+ (D ® D*%) (D @ D*4)¢.)

Let R~ : A2TM — L2A%2T*M denote the antiselfdual part of R*¢ and let
RBY: A’TB — LQBAQT*B denote the skew part of RZ. Then, omitting pullbacks,
R ()¢ = =355 RBO (x5 J€), since R*H((AX) = 0. The symmetric traceless
part of .J — R*%7(.J) is the antiselfdual Weyl tensor W~ and the symmetric trace-
less part of x — *BRB’O(*Bx) is the symmetric traceless Ricci tensor of DB, which
proves the theorem. O

An explicit formula for the relationship between r*¢ and 2 will be useful later.
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4.7. Proposition. Let & generate a selfdual conformal submersion m from a selfdual
space M to an Einstein-Weyl space B. Then F*¢ = i(FB — xFB) and

symrs? = Tgsca]B(id—2§®§) + i(*BFB®§+f®*BFB)~

Proof. Let X,Y be basic vector fields. Since (R*:~ (€A X),EAY) = 0, it follows
that

P X Y) 4 (XY )+ # (EATE ) AX AY) = 0.

On the other hand, since (R*(+x¢AX),EAY — #(EAY)) = (RPO(35JX), %5 JY),
it follows that

rUXY) = (trp ) (X,Y) =+ (EAT*H( O AX AY)
=rP(X,Y) - (r rP)(X,Y) = =3 FP(X,Y) — L scal® (X, Y).
The stated formulae follow easily from these. O

Note that F¢ = %(FO + FPB) and so the formula for F*? follows immediately
from the fact that FO = 0. On the other hand F° and F$? are not basic in general.

The form of the Jones-Tod construction stated in Theorem I gives a procedure
for constructing Einstein-Weyl spaces from selfdual spaces. For the inverse con-
struction, the following reformulation is useful.

4.8. Proposition. Suppose that (M,c) is an oriented conformal 4-manifold, that £
generates a conformal submersion m over an Einstein-Weyl manifold B, and that
DY = 7m*DB — w, where DB is the Weyl derivative on Ly and w = —(xdP¢&)(€, ")
(computed using any Weyl derivative D). Then (M,c) is selfdual and & is selfdual.

This follows immediately from Theorem I and Proposition 4.4: 7*D? — w has

selfdual Faraday curvature since 7*DP is basic. Therefore, an inverse Jones-Tod
construction will be obtained if the equation D° = 7*D® — w can be interpreted
as an equation on B. There are two ways to do this. Recall from Proposition 3.2,
that a conformal structure on a fibre bundle 7: M — B over a conformal manifold
B is determined by a connection 1-form n: TM — V and a relative length scale
w: 7T*LlB — V), where I have assumed the fibres are oriented and one dimensional
so that L}/ = V. Choosing a fibre coordinate ¢ identifies M with an open subset
of B x T, for a connected 1-manifold T, and provides trivialization of V and a flat
connection 1-form dt, so that n = dt + A.

The inverse construction can now be formulated as a nonlinear evolution equation
on B, or as a monopole equation with infinite dimensional gauge group. This idea
is closely related to Ward’s constructions of hyperKéhler metrics [27].

4.9. Theorem II. Let (M, c) be an oriented conformal 4-manifold with a conformal
submersion over an Einstein-Weyl space (B, cg, DB). Then w: M — B is locally
conformal to m1: B x T — B with conformal structure

c=7n'cg + w2(dt + A)?
for A€ C®(B x T,7*T*B) and w € C*(B x T,7*L3").



16 DAVID M. J. CALDERBANK

Furthermore M and 7 are selfdual if and only if (A, w) satisfy the evolution

equation
sg(DPw + Aw — Aw) = dA+ AN A,

where w: T — C®(B,Lg") and A: T — C®(B,T*B) are viewed as a time-
dependent density and 1-form on B, so that a dot denotes differentiation with
respect to t, while DBw and dA are the derivatives on B.

Equivalently, writing instead w = w(t)d/dt: LY, — Vect(T) and A = A(t) =
A(t)d/dt: TB — Vect(T), the equation is the Finstein-Weyl Bogomolny equation

sg(DPw + [A,w]) = F4 .= dA+ L[ANA]
where |-, -] denotes the Lie bracket of vector fields in Vect(T).

Proof. A conformal submersion certainly has the form given and the two equations
on B are clearly equivalent. I will show that the evolution equation is equivalent
to the fact that 77 D® = D® +w. To do this, I will work in the (arbitrarily chosen)
gauge g = w2c and rewrite the equation 7D = D° +w = D9 — %(divg ¢ +
(d9€)(&,-) — (xd9€)(&, ) using the fact that DI9w = 0.

In the chosen gauge, w& = dt + A and so

wd9¢ = d(wé) =dA+ dtNA=wENA+dA+ ANA.
It follows that (d9¢)(¢, ) = A and
(+d9€)(&, )W = #(§ A dIE)w = —sp(dA + AN A).
Writing div? in terms of *d9x readily yields %divgﬁ = w. Therefore:

0=DIw = (m}DP)w — wwé+ Aw + x5(dA+ AN A)
= DBw 4 wdt — w(dt + A) + Aw + x5(dA + AN A)
= DPw — Aw + Aw + x5(dA+ AN A).

This completes the proof and also shows that D° = D9 — w¢ + A. O

4.10. Remarks. A gauge theoretic interpretation is obtained by viewing M as an
open subset of an associated bundle M = P x pie(r) T, where Diff (T) is the group
of orientation preserving diffeomorphisms of T(= S! or R) and P is the principal
Diff (T)-bundle whose fibre at © € B consists of the orientation preserving diffeo-
morphisms T — M,. Choosing a gauge, i.e., a (local) section of P, identifies M
(locally) with B x T. Thus the gauge freedom is essentially the choice of ¢ co-
ordinate made above. If t = f(b,t) for a function f on B x T with f # 0 then
w(t) = w(D)/f and A(t) = (A) + )/ f.

The classical Jones-Tod construction arises by reduction to a one dimensional
translational subgroup S or R. In this case, there is a preferred gauge in which
to work: the constant length gauge of the conformal vector field K (D° = DKl ig
exact). The section ¢t = 0 of M over B makes it into a line bundle and M may be
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recovered from a linear differential equation on B:
c=7n'cy +w 2(dt + A)?
where sgDPw =dA for weC®(B,Lg".

This equation for (A, w) is often called the (abelian) monopole equation. Other
finite dimensional subgroups of Diff (T) will be studied later.

Now suppose that J is an antiselfdual almost complex structure on M which is
invariant with respect to &, i.e., EgJ =0. Let Q,(X,Y) = (JX,Y) be the conformal
Kihler form of J and D the unique Weyl derivative such that d”Q 7 = 0. Then it is
well known that J is integrable if and only if DJ = 0; D is then called the Kdhler-
Weyl connection of J. If DJ = 0 then (EgJ)X = J(D°@D)y¢ — (D°® D), ¢,
and so J is invariant iff ¢ is holomorphic in the sense that (D°® D)¢ is complex
linear. The following generalizes a theorem of [8] to conformal submersions.

4.11. Theorem III. Let M be an oriented conformal 4-manifold, let £ generate a
selfdual conformal submersion over a manifold B and let J be an invariant antiself-
dual almost complex structure on M. Define D = D¢ — k& — Ty for basic sections
7 and Kk of L™, where x = J¢. Then DJ = 0 iff DBy = 7(id — x ® x) + K *gX
on B. Hence J is integrable if and only if x is a shear-free geodesic congruence, in
the sense that DBy has the above form.

Proof. Since J is invariant, x is invariant, hence basic, since it is horizontal. Note
that D.J = DJ —7[€ & x, J] = D§*J = LLJ = 0, so it remains to compute D y.J
for horizontal vector fields X. Since Q; = £ A x — (£ A x) it follows that

DxQ;=DxENX+HENDxx —*(DxEAX +ENDxx),

where DXgszDgngx—mX/\x
and EADyx = EADYX —TEN (X — (x, X)x)-

Therefore (see the proof of 4.5)

ENDxx —+(Dx&NX) = EADEX = TEN (X = (x, X)x) + £ (X AX).
Since the right hand side is a vertical 2-form, it follows that Dy J = 0 iff
DEx — (DEx. €) = 7(X — (x, X)x) + Rty #5x-
To prove the final statement, suppose that J is invariant and integrable with
Kihler-Weyl connection D. Then (D°® D)¢ = —kid 4+ 57J + %(dDO®D§)+, where
(dP"®PEY* s a selfdual 2-form and &, 7 are sections of L. It follows that
(@”2Pe) g ) = T+ (d7PPE) (e )
(xd”"OPE)(E, ) = —mx + (d7FPO (&, ).

Therefore D% = D + € + 7x. It remains to check that x and 7 are basic. Since
DJ = 0 and EgJ = 0 it follows that [[ﬁgDX,J]] = 0. By the linearized Koszul
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formula, this implies £2D = %F 0(¢) on L' and therefore

RP\ +(D° @ D)x (~rid + }7.J + }(a"®Pe)")
= LeDx = 3F(6 X)id + 3 FO(€) 6 X = 3 FU(X) A&+ 5(5, X)F.

The identity and J components of this formula give D% + %Fo(g) = FP(¢) and
DO = pP(€) where p”(X,Y) is the Ricci form of D, defined to be the contraction
of R)%Y with J. In particular ng =0= DgT. O

4.12. Remark. T and k are called the divergence and twist of the congruence y.

Assume now that W is selfdual. Then so are F'P and p” (see e.g. [8]), and hence
they are uniquely determined by their contractions with £. It follows that (M, J)
is locally hypercomplex iff D7 = 0 iff 7 = 0 or DY is exact and 7 is constant in
this gauge. This implies that a hyperCR structure on the Einstein-Weyl quotient
B (the case 7 = 0) induces a hypercomplex structure on M, generalizing a result
of Gauduchon and Tod [12] to conformal submersions. On the other hand, (M, J)
is locally scalar-flat Kihler iff D% + %F 0(¢) = 0, so the presence of F° obstructs
a naive generalization of LeBrun’s work [19] to this context. This will be remedied
in the next two sections.

I next generalize a result of Mason and Tod, which was used by Tod [24] to give
a general description of selfdual Einstein metrics with a Killing vector field.

4.13. Theorem IV. Let (M,c, D) be a selfdual Finstein- Weyl 4-manifold and let
¢ generate a selfdual conformal submersion with minimal Weyl derivative D°. Then
M admits a canonical compatible Kdhler-Weyl structure on the open set where the
antiselfdual part of (D° ® D®®)¢ is nonzero.

More precisely, if this antiselfdual part is TJ where J?> = —id then J is integrable,
with Kihler-Weyl connection D = D — =1 D% = D% + DY — D™ where D7 is
defined by D™ = 0.

Proof. Tt suffices to prove that D.J = 0. Observe first that (D%7)J + 7DV J is
the antiselfdual part of (D°® D) (D°® DV)¢ = EgD_%(“’ — Rg"%, where R® is
the curvature of D®V. Expanding the curvature and using the linearized Koszul
formula to compute the Weyl-Lie derivative gives

(DS%7)J + 7D
[FFY(E) A X+ SFU(X) A+ Sscal™En X —Dh A X + 26AFO(X)]
= [(F(¢) + & scal™” ¢ — D% — 1 FO(¢)) A X,

where [...]” denotes the antiselfdual part, x is minus the identity component of
(DY ® DV)¢, scal® is the scalar curvature of D, F°¥ is the Faraday curvature
of D and I have used the fact that FV and F°* are selfdual. The precise form
of this expression is now not important: it suffices to observe that it is of the form
[Ja A X]™ for some 1-form «a. Since *(JaAX) = —aArJX + a(X)J, it follows
that JaAX — x(Jar X) = —[ar X, J] — «(X)J and the commutator term is
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orthogonal to J. Since D®?J is also orthogonal to J, DS7 = —a(X) and DS J =
—[aa X, J] =[D°7 A X, J], i.e., J is parallel with respect to D — 71D, [

The theorems of this section reduce to known results when the conformal sub-
mersion is generated by a symmetry. However, the defining equation for conformal
submersions and the generalized monopole equation, unlike the conformal Killing
equation and the abelian monopole equation, are nonlinear. For the results of this
section to be interesting, it is therefore essential to find situations in which these
equations can be solved. This will be done next.

5. AFFINE CONFORMAL SUBMERSIONS

An affine structure on a submersion 7: M — B is a flat torsion-free connection
on each fibre. This identifies M, at least locally, with an affine bundle modelled
on the vector bundle whose fibre at each point of B is the space of parallel vector
fields on the corresponding fibre of M. For conformal submersions with oriented
one dimensional fibres, the vertical bundle V of M is isomorphic to L' and so the
vertical part D, of any Weyl derivative D defines an affine structure on M.

There are many choices of affine structure on M, but such a choice is only helpful
if the conformal structure on M is affine; that is, in terms of Proposition 3.2, the
nonlinear connection on M is an affine connection, and the relative length scale is
affine along the fibres. If such a “good” affine structure can be found, I will say
that 7 is an affine conformal submersion.

More precisely, a nonlinear connection H induces a linearized connection on the
infinite dimensional vector space of vertical vector fields defined by DxU = [X, U],
where U is a vertical vector field, X is a vector field on B and X is its horizontal
lift, so that [X,U] is vertical. H is affine iff the parallel vertical vector fields on
each fibre are preserved by D; this then induces the linearized connection on the
model vector bundle. Affine connections form an affine space modelled on 1-forms
on B with values in the affine vector fields on V. Similarly, the relative length scale
w: 7T*LlB — V is affine iff it maps basic densities to affine vector fields, in which
case it may be viewed as a (—1)-density on B with values in the affine vector fields.

The above approach and the next proposition arose from discussions with Paul
Gauduchon in a joint effort to understand affine conformal submersions.

5.1. Proposition. Let M be a conformal manifold and let & generate be a conformal
submersion T over B with minimal Weyl derivative D°. Define an affine structure
D, onm by the Weyl derivative D = D° + \¢ where \ is a section of L™ 1.

(i) The connection H on M — B is affine with respect to D, iff FP¢) =o.
(ii) The relative length scale is affine with respect to D£ iff A is basic.

Proof. The D¢-parallel vertical vector fields are defined by identifying V with L'
using &. Hence the linearized connection may be defined on u € C*(M, L') by

(Dxp)§ = [X, pé] = D% (u€) — pDEX = (DY p)§ — u(D% € — DEX)
= (D% )& + pLiX = (Dgp)é
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since X is invariant and D — DO is vertical. Hence H is affine iff D¢(Dgp) =0 for
all p with Dgp = 0. Since [U, X] is vertical for U vertical, Dg(DX,u) = FPE X))
and so H is affine iff FP (&) = 0.

The relative length scale is section w of W*Lgl ® V. This is affine iff its vertical
derivative with respect to the affine structure, as a section of W*Lgl QV*QY =
7 L5', is basic. Identifying 7*LL and V with L' identifies w with the identity
map in L~! ® L! but its vertical derivative must be computed with respect to the
covariant derivative D°® D and so w is affine iff 0 = Dg(D0 ® D)id = Dg)\. O

Since FP (&) = FO(&) +d(A\)(€) = FO(&) + (Dg)\)f — DO\, it follows immediately
that the conformal submersion is affine if DO\ = F?(¢). Hence there is an obstruc-
tion to the existence of a good affine structure for a conformal submersion: since
—FO\ = d°(FO(¢)) = [,gFO, the Weyl-Lie derivative of F must be a multiple of
FO. If a good affine structure exists, it is essentially unique: any two differ by a
section p of L™! with D% = 0 which implies that the affine structures are equal
or DY is exact and p is constant.

I now return to four dimensions and the Jones-Tod construction.

5.2. Theorem V. Let (B,cg, DP) be Einstein-Weyl and let

c=7"cy + (twi + wp) 2(dt +tA; + Ap)?
where *BDBW1 =dA;
and *B(DBW0+A1W0 — Agwy) = dApg+ A1 N Ao

for some wo, w1 € C®(B, L") and Ag, Ay € C®°(B,T*B). Then c is selfdual with
a selfdual affine conformal submersion & over B, and D°wy = FO(&).

A selfdual conformal structure with a selfdual conformal submersion £ arises
locally in this way if and only if it admits such a section wy of L™1.

Proof. An affine conformal submersion certainly has the form given. It remains to
apply this Ansatz to the equations of Theorem II, by writing w = twy; + wy and
A=tA; + Ag. Now

DBw + Aw — Aw = tDPwy + DBwy + wo A1 — w1 A
dA+ ANA =tdA, + dAg + A1 A Ag

and the linear and constant terms (in t) of these equations prove the result. Note
that l)O =DI — ng + A1 and so Fo(f) = —d(Wlf)(f) = DOW1 — (Dgwl)g = D0W1
since wiy is basic. The characterization follows from the previous proposition. [J

5.3. Remarks. The freedom in the choice of affine coordinate ¢ corresponds to the
gauge freedom for the affine monopole equations. If £ = at+b for basic functions a, b,
write w1 = W1, wo = a*(Wo+bWwn), Ay = A;+atda and Ay = a_l([lo—l-bfh-i-db).
One immediately verifies, by substituting into the affine monopole equations, that
(A, W) is a solution if (A, w) is. Note that tu, = tw' is a well defined section
of L' up to translation by a basic section of L': it may be fixed by choosing a
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section of M — B. The induced exact Weyl derivative is D9 = D9 — t~1dt =
DO —t7Ywo& +t71 Ay,

The equations show that the affine Jones-Tod correspondence reduces to the
classical case in two ways. Firstly the linear part of the affine monopole equation
is an abelian monopole equation for (Aj, wi), and if (Ao, wp) is zero, the affine
bundle M is isomorphic to the model line bundle. Secondly if (Aj, wy) is zero, the
translational part of the of the affine monopole equation is an abelian monopole
equation for (Ag, wp): the model line bundle is trivial, and so M is a principal
R-bundle. On the other hand if the solution (A;, wi) is nontrivial, then it gives
a linearization of M, i.e., a selfdual space with an affine conformal submersion is
affinely modelled on a selfdual space with a conformal vector field.

6. SCALAR-FLAT KAHLER AND HYPERKAHLER METRICS

The affine monopole equations give give a new method for constructing selfdual
spaces from linear differential equations, since the translational part is linear once a
solution of the linear part is chosen. In particular, this method gives all scalar-flat
Kahler metrics with a holomorphic selfdual conformal submersion.

6.1. Theorem VI. Suppose (CB,DB) is an FEinstein-Weyl space and let x be a
shear-free geodesic congruence with twist k and divergence 7. Then for any solution
p € C®(B,L3%), ® € C°(B,L5'T*B) of the linear differential equation

s5(DBp+ 2rxp + 26®) = dB® 4+ 27y A D,

the metric
_ — 2
(D (') +2mxp; t + @)
p—2u; K
on an affine bundle m over B, where ut_l is a section of L' increasing along the
fibres, is scalar-flat Kéhler, and is hyperKdhler if and only if D7 = 0 (i.e., iff
7 =0 or DY is eract and T is constant in this gauge).

Any 4-dimensional scalar-flat Kdhler metric admitting a holomorphic selfdual
conformal submersion arises locally in this way.

9= (p—2u; 'r)m*cp +

Proof. Suppose g is a scalar-flat Kéhler metric and £ generates a holomorphic self-
dual conformal submersion. Then by Theorem III, D9 = D*¢ — k¢ — 7 where
DBy =7(id— x® x) + £ #5 X, and furthermore, D%k + 3 F°(¢) = 0, since FP* = 0.
Hence Dg — 2k defines an affine structure on M making the submersion affine and
W1 = —2K.

The analysis of shear-free geodesic congruences in [8] shows that x5 DBk = %F B_
d(Tx), and hence, choosing any gauge pyz, one can take A; = —wg + 27x. The
translational part of the monopole equation is therefore:

s5(DBwy — wpwo + 2rxwo + 26Ag) = dAg + (—wg + 27x) A Ay.

Now the Levi-Civita connection of the affine gauge is D° 4+ w1& — A} = DY — 2x€ —
27X + wg, whereas the Levi-Civita connection of the ps-gauge is DB — wgp. The



22 DAVID M. J. CALDERBANK

barycentre of these is D% — k€ — 7y = DY, which iidentifies the scalar-flat Kahler
metric within the conformal class as

g = (wo — 2tk)m g + (wo — 2tr) "1 (dt — twg + 27t + Ap)?

and the gauge-invariant form of the theorem is obtained by setting p = ,uglwo,
d = ,ugle and ,ut_l = tu;l. ]

When « = 0 this is LeBrun’s construction of scalar-flat Kéahler metrics with
Killing fields [19], including the Gibbons-Hawking Ansatz for hyperKéhler metrics
as the special case 7 = 0 [13]. On the other hand, when (Ag, wy) = 0, this theorem
reduces to the construction of scalar-flat Kéhler metrics with homothetic vector
fields [8], including, as the special case 7 = 0, the hyperKéahler metrics of [12].

There is a plentiful supply of shear-free geodesic congruences on any Einstein-
Weyl space [8], and many hyperCR Einstein-Weyl spaces (admitting a shear-free
divergence-free geodesic congruence) are known explicitly. The only remaining
problem, therefore, is to solve a linear differential equation, and I now discuss some
nontrivial examples. In [9], the following Einstein-Weyl structures were found from
solutions of the SU(co0) Toda field equation.

224+ h+h
(z+h)(z+h)

where h is a holomorphic function on an open subset of S? and D = D9 +w. Note
that the weightless unit vector field dual to dz is a shear-free geodesic congruence
with vanishing twist (7 # 0,k = 0). These spaces also admit shear-free geodesic
congruences with vanishing divergence (7 = 0,k # 0), i.e., they are hyperCR, and
they are called the hyperCR-Toda spaces.

Applying the classical Jones-Tod construction to these spaces gives conformal
structures of the form ¢ = 7*cg + w2(8 + v dz)?, where 8 = dt + 6 for a 1-form 6
on B orthogonal to dz, and *BDBW =dA with A=0+ vdz.

These conformal structures admit a compatible scalar-flat Kahler metric and
also a compatible hypercomplex structure. The conformal vector field 9/0t is a
Killing field of the scalar-flat Kahler metric and triholomorphic with respect to the
hypercomplex structure.

For certain solutions of the abelian monopole equation, 9/0z defines a conformal
submersion. To see this, write ¢ = e3+¢c%+¢c3+¢3 where ¢ and e3 are the weightless
unit 1-forms corresponding to w dz and S+ v dz. The weightless unit 1-form dual to
0/0zis € = (weg + ves)/Vw2 + v2 and so €2 +e3 — €2 = (veg — wes)? /(w2 +v?) =
w232 /(w? + v?). Hence if 8 and (w2 + v?)|z + h|? are independent of z, then 9/9z
will define a conformal submersion with quotient (w? + v2)|z + h|?gg2 + 3.

Now Ian Strachan has pointed out [9] that for any holomorphic function f,

:;< / n f >, . 1< / f >’ dB = 1(f + f)vols

gp = (z+ h)(z + h)gse + dz?, wg = —

)

c+h z+h T2 \z+h z+h
defines a solution of the monopole equation. Clearly 8 and (w? + v2)|z + h|? are
independent of z and so 9/0z defines a conformal submersion. Explicitly, ¢ has a
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compatible metric

2+h z+h 2 [(z+h z+h 2
g= ( 27 + 27 > (’f‘2952+ﬁ2)+ [dz—i—z( 5F — i >ﬂ}
and so this submersion is obviously affine, with affine coordinate z. The quotient
conformal 3-manifold B admits an Einstein-Weyl structure:
i1 1
g];:‘f‘QQSQ‘f‘ﬂza wg:2<f—f>ﬂ-

These are the Einstein-Weyl spaces with geodesic symmetry described in [8]. One
easily checks that ¢ is given by a solution of the affine monopole equations with
w1 = —2k, where k, is the twist of the geodesic symmetry on B, i.e., df = 2Ke*p .
Hence these scalar-flat Kéhler metrics with compatible hypercomplex structures
could have been constructed directly as selfdual affine conformal submersions over
the Einstein-Weyl spaces with geodesic symmetry. When f = ah + b for a,b € R,
these metrics are conformally Einstein [9] and will feature again in section 10.

7. PROJECTIVE CONFORMAL SUBMERSIONS

A natural generalization of an affine conformal submersion is a projective con-
formal submersion. A projective structure on a 1-manifold is a second order linear
differential operator from L'/2 to L=3/2 which has no first order term with re-
spect to any Weyl derivative, and the same definition may be applied fibrewise
to a congruence £. Hence any Weyl derivative D induces a projective structure
pt = D¢(Dgp). Note that (D +7) (D +7)ept) = (Dg — 57())(Depr + 37(E)p) =
D¢(Dep) + %Dg (v(€)) 1 — 3(7(€))? p, verifying that the condition of vanishing first
order term is independent of the Weyl derivative.

A conformal submersion 7 will be called projective iff there is a projective struc-
ture on 7 such that the connection H is projective and the relative length scale w
takes values in the projective vector fields: recall that these are characterized as
being quadratic in any projective coordinate.

7.1. Remark. A curve in a conformal manifold, with weightless unit tangent £ has a
canonical projective structure given by (D§)2 +1rP(& O+ i\Dgf\z, and is called a
conformal geodesic if D, (D.£) + |D§§|2§ —rP(&) +rP(€,€)¢ = 0; these expressions
are independent of the Weyl derivative D. However, if £ generates a projective
conformal submersion, there is no reason for the projective structure to equal the
canonical one, nor will the fibres be conformal geodesics in general.

7.2. Proposition. Let M be a conformal manifold and let & generate a conformal
submersion over B with minimal Weyl derivative D°. Then the conformal submer-
ston is projective with respect to the projective structure (Dg)2 + %p, for a section

p of L72, iff D°p = LLFO(€).

Proof. Write the projective structure as (D5)2 where D¢ = Dg + A is a compatible

affine structure, so that p = DgA — %AQ. Then the connection H is projective iff
it maps De¢-parallel vertical vector fields to Dg-affine vertical vector fields, i.e., iff
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Depp =0 = 0¢(De(Dxp)) = 0 for basic vector fields X. This condition reduces
easily to (Cg — N)(FO%¢,X) — D% \) =o.
The relative length scale is projective iff 0 = (D° ® D)g(Dgz\) = (Eg - )\)(Dg/\).
Hence the conformal submersion is projective iff
0= (Le = N)(FO(§) = D°N)
= (L = NF(&) = (£LD%)A — D°(LIN) + AD°X
= LLF() — DY(DIX — 30%)
since EgDO =—F%¢) on L1 O
There is an obstruction to solving this for p, since it implies —2F°(&)p =
LLLIFO(E).
7.3. Theorem VII. Let (B,cy, DP) be Einstein-Weyl and let
c=7m"cg + (Pwo +twy + wo) 2(dt + 2 Ay + tA; + Ag)?,
where sg(DB + adA)w =F4 :=dA+ ANA

1 1
A Ap 5 W1 wo
_ (2 _ (2
for A= (—Ag —;A1> ’ W= <—W2 —%Wl

with wg, Wi, Wo € COO(B,LE;l) and Ay, A1, Ag € C°(B,T*B).

Then c is selfdual with a selfdual projective conformal submersion & over B, and
the projective structure is (Dg)2 + p where p = 2wowe — WY

A selfdual conformal structure with a selfdual projective conformal submersion
& arises locally in this way. Note that the equation is the SL(2,R) FEinstein- Weyl

Bogomolny equation for an sl(2,R)-connection A and s((2,R)-valued density w.

Proof. As in the proof of Theorem VI, this amounts to computing the equations of
Theorem II, now with w = t?wy + twy + wo and A = t24, + tA; + Ag. This leads
to the quadratic expressions

DBw + Aw — Aw = tQ(DBWQ + Aowy — A1W2)
+ 275(%DBW1 + Aywo — Agwa) + DBwy + Aywo — Agwy
dA+ ANA =13 (dAs + As N A1) + 2t(2d A1 + Ay A Ag) + dAg + A1 A Ap.

Equating coefficients (in t) of the resulting equations and expanding the Einstein-
Weyl Bogomolny equation completes the proof. O

Note that Df = Dg + 2two + wy and D9 = DO+ (twe —tLwp)€ —t Ay + 11 Ay,

8. TWISTOR THEORY OF CONFORMAL SUBMERSIONS

The constructions discussed so far have a natural interpretation on the twistor
space Z of M. This is a complex manifold fibering over M whose fibres are the
antiselfdual complex structures on each tangent space of M (see [2, 3, 10]). The
antipodal map on each fibre defines a real structure (antiholomorphic involution) o
on Z, so the fibres of Z are real, i.e., o-invariant. Each fibre Z, has normal bundle
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N®@) = O(1) @ O(1) and so the fibres are precisely the real lines amongst the
“twistor lines”, which are the holomorphic deformations of a typical fibre. Hence
real holomorphic sections of N(*) over Z, are constant as maps from Z, to T, M.

Each Weyl derivative D induces a connection on 7,: Z — M and hence a pro-
jection vP: TZ — V Z onto the vertical bundle of Z. Under a change of Weyl de-
rivative, vP 7 (U) = vP(U) + [y o dr,(U), J] for U € T;Z. If K is any vector field
on M and J € Z,, then the commutator [DK — Lxc, J] is a skew endomorphism
of T, M anticommuting with J (since Lxc = 2symy DK) and hence an element of
V;Z = Ty(Z,). The lift K© of K to Z defined by v”(K®) = [DK — $Lxc, J] is
easily seen to be independent of the choice of D, and is a holomorphic vector field
iff K is a conformal vector field, in which case v (K®) = [DK, J] (see [11]). This
generalizes to congruences.

8.1. Proposition. Congruences & on M (up to a sign) are in bijective correspon-
dence with complex line subbundles L& of TZ which are o-invariant and transverse
to the real twistor lines.

L¢ is a holomorphic subbundle of TZ iff ¢ is a selfdual conformal submersion.
The holomorphic structure on this line bundle corresponds, under the Ward corre-
spondence, to the minimal Weyl derivative D,

Proof. Given &, let L¢ be the complex span of those vectors U in T;Z with dr,(U) =
pé and vP(U) = u[(D° ® D)¢ — %Egc, J] for some element u of L}TZ(J) (recall that

%Lgc = symy(D° ® D)¢). This line subbundle L¢ of TZ naturally isomorphic to
W}Ll ®C and is clearly transverse to the real twistor lines. Conversely, a o-invariant
complex line subbundle L¢ transverse to a real twistor line Z, must be degree 0 and
the real sections define a congruence ¢ up to sign, and identify L¢ with w}Ll ® C.

By the Ward correspondence, a d-operator on L¢ corresponds to a Weyl deriva-
tive DY on M, and L¢ holomorphic if D is selfdual [11]. If so, the inclusion of L&
into TZ may be viewed as a section £C of the holomorphic bundle (L¢) "' ®TZ and
the invariance of the construction implies that &€ is holomorphic iff L'gc =0. 0O

This gives a twistorial explanation for the theorems of section 4.

I. The distribution L¢ on Z given by a selfdual conformal submersion ¢ integrates
a holomorphic foliation with one dimensional leaves. Since L¢ is trivial on each
twistor line, the twistor lines map to rational curves (called “minitwistor lines”)
with normal bundle O(2) in the (local) quotient space S, which is the “minitwistor
space” that gives rise to the Einstein-Weyl structure on M/ [15].

II. Conversely, Z is obtained as a fibre bundle over & which is trivial on the
minitwistor lines. In the affine or projective case Z — S is an affine or projec-
tive line bundle. Such bundles arise as affine subspaces or projectivizations of rank
two vector bundles trivial on minitwistor lines. The Einstein-Weyl Bogomolny
equation now arises from a generalized Hitchin-Ward correspondence [16], and the
same idea applies formally to the general, infinite dimensional, case.

III. The condition that £ is holomorphic with respect to an antiselfdual complex
structure J is simply the condition that the image of J (as a section of Z) is a union
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of leaves of the foliation determined by £. This divisor D in Z therefore descends to
a divisor C in the minitwistor space, which in turn determines a shear-free geodesic
congruence [8]. The correspondence between hypercomplex and hyperCR spaces
follows from the fact that [D — D] is trivial if [C — C] is trivial: if so this gives a map
from S to CP' and hence from Z to CP'. On the other hand, the correspondence
between scalar-flat Kéhler metrics and Toda Einstein-Weyl spaces has a more subtle
generalization because the canonical bundle Kz is no longer the pullback of Kg
and so [D + 5][(;/2 is not the pullback of [C + @]K;/z.

IV. Compatible Einstein-Weyl structures D on selfdual conformal manifolds are
Einstein or locally hypercomplex [4, 23] and correspond to holomorphic rank two

distributions H” = ker v” on Z. The twisted 1-form § € H(Z, (LP)~'K,"/*T*7)
defining HP can be contracted with ¢€ e HO (Z, (Lg)*lTZ) to give a holomorphic

section 0(¢C) of (LD)*l(Lg)*lKgl/Q, which has degree two on each twistor line. If
this section is not identically zero, then the corresponding divisor gives rise to a
complex structure. If the section is identically zero, then L¢ is a subbundle of H”
and so [(D'® D)¢, J] = 0 for all antiselfdual almost complex structures .J.

When the Einstein-Weyl structure is Einstein with nonzero scalar curvature,
HP is a contact distribution, whereas when it is locally hypercomplex, HP is
integrable. Therefore, if the skew symmetric part of (DY ® D)¢ is selfdual (i.e., if
Lt is a subbundle of HP), I will say that ¢ is Legendrian or triholomorphic in the
case that the scalar curvature is nonzero or zero respectively.

In the Legendrian case, the leaves of the foliation of Z given by £ are Legendrian
curves in a contact manifold. Let S be the (local) quotient and let Z®) be the
leaf corresponding to a point y € S. Then at each point J of ZW), the contact
distribution projects onto a one dimensional subbundle of TS, giving a holomorphic
map of complex curves from Z®) to P(T,S). This map cannot be constant, as
the contact distribution is non-integrable, so it is locally an isomorphism. By
its very definition, this isomorphism identifies the contact distribution on Z with
the canonical contact distribution on P(T'S) = P(T*S), where a line in T,S is
identified with its annihilator in 7))S. Therefore, Z can be locally identified (in
a neighbourhood of any twistor line) with the projectivized cotangent bundle of
S. This is Hitchin’s construction of the selfdual Einstein metric (with nonzero
scalar curvature) “filling in” a 3-dimensional Einstein-Weyl space [15]. LeBrun [18]
has given such a construction for any real analytic conformal 3-manifold B, and
Hitchin observes that the choice of a compatible Einstein-Weyl structure on B (if
one exists) equips the selfdual Einstein metric with a conformal submersion onto B.
The discussion here characterizes the conformal submersions arising in this way.

8.2. Theorem VIII. Let M be a selfdual Finstein manifold with nonzero scalar
curvature. Then M arises from the Hitchin-LeBrun construction iff it admits a
Legendrian selfdual conformal submersion.

The scalar curvature is usually taken to be negative: it is in such a real slice that
the original conformal 3-manifold appears as a conformal infinity.
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When the Einstein-Weyl space is hyperCR, its minitwistor space fibres over CP!
and the vertical bundle of this fibration is transverse to the minitwistor lines. This
line subbundle of T'S defines a section X of P(T'S) which does not intersect the lifted
minitwistor lines, and hence does not intersect nearby twistor lines. On removing
this section P(T'S) \ X (S) is an affine bundle over S (and is still a twistor space).
Hence one can expect to carry out the Hitchin-LeBrun construction explicitly in
this case, using the affine monopole equations.

In general, P(TS) = P(Ké/ 2TS) is at least a projective bundle, and so, corre-

sponding to Ké/ ’TS , which is trivial on minitwistor lines and has trivial determi-
nant, there should be a canonical solution of the SL(2, R) Einstein-Weyl Bogomolny
equation on any Einstein-Weyl space, yielding a general formula for the Hitchin-
LeBrun construction on any Einstein-Weyl space. In the final section I shall find
this canonical solution directly.

9. EINSTEIN-WEYL STRUCTURES AND CONFORMAL SUBMERSIONS

If g is a Riemannian metric and D = D9 + w is Einstein-Weyl, then it is well
known that DY — w is Einstein-Weyl if and only if w is dual, with respect to g, to
a conformal vector field. If w is also divergence-free with respect to g, i.e., g is a
Gauduchon gauge for D, then w is dual to a Killing field of g. (See e.g. [7, 8, 11, 23]
for more information on Einstein-Weyl geometry.)

9.1. Proposition. Suppose that (M,c) is a conformal manifold and (D™, D~) are
compatible Einstein- Weyl structures on M. Define a 1-form 6 := %(DJr — D7) and
a Weyl derivative D := 3(D* + D™) (the barycentre) so that D* = D £ 0. Then
on the open set where 6 is nonvanishing, & = 0/|0| locally generates a conformal
submersion with minimal Weyl derivative D° = 2D — DIl = D — |9|~1D|6).

(Here D!?! is the exact Weyl derivative defined by DI?I|§| = 0. Since |6] is a section
of L~!, this means that DIl = D +10|~'D|6)|.)

Proof. The standard formula for the dependence of the (normalized) Ricci tensor
on the Weyl derivative gives

rP5 =P £ DO+ 020 - L1012id
and hence D = £(rP? — rD+). Since D* are both Einstein-Weyl, symy Df = 0
and so one can write Df = o id + F where o is a section of L=2 and F is a skew

endomorphism of weight —2. Direct calculations give

D° =D — |0]7 (o€ — F(€))
Dl = D + 0|7 (o€ — F(€)).

One now readily checks that & is conformal. O
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The following diagram in the affine space of Weyl derivatives summarizes this
Proposition, where v = |0]71D|0| = 0]~ (c& — F(£)).

D+
/ HT \
Do . D ., Dl
\ QT /
D
In particular DY is exact iff D is exact. This holds, for instance if D* are both
Levi-Civita derivatives of Einstein metrics.

I now specialize to four dimensions and Einstein-Weyl structures with selfdual
Faraday curvature. On a selfdual conformal 4-manifold, Einstein-Weyl structures
necessarily have selfdual Faraday curvature [4] and are either Einstein or locally
hypercomplex [23].

9.2. Theorem IX. Let D* be Einstein- Weyl structures whose Faraday curvatures

FD* are selfdual. Then, with the notation of the previous proposition, £ locally
generates a selfdual conformal submersion, and also alt(D° @ D¥)¢ is selfdual.

Proof. Since FP " and FP are both selfdual, so is FP, and hence so is F°, since
D! is exact. This means that & locally generates a selfdual conformal submersion.
Furthermore F is selfdual, since it is equal to %(F bt _ pp ). Consequently w =
—2|0|71F (&) and so D = D%? 4 |0|71o¢. Therefore D* both differ from D*? by a
vertical 1-form, and so the antiselfdual part of (D° ® D*)¢ vanishes. 0

In the language of the previous section, the final condition on & means that & is
Legendrian if D* is the Levi-Civita derivative of an Einstein metric, and triholo-
morphic if D* is the Obata derivative of a hypercomplex structure.

Another picture in the affine space of Weyl derivatives may be helpful.

1 1
DO 2% psd 29 pB
ISR
D 210 Lo

T el

When both Einstein-Weyl structures are (locally) hypercomplex ¢ = 0 and so
DB = DIl and the Einstein-Weyl structure on B is Einstein. Indeed, since the
Einstein-Weyl quotient B admits two hyperCR structures, it must be the round
3-sphere metric [12]. Such bi-hypercomplex structures have been studied by Apos-
tolov and Gauduchon [1] and they have an elegant construction of the conformal
submersion that arises in this case, which I briefly describe.

If the hypercomplex structures corresponding to D and D~ are (I,I,137)
and (I, 15,13 ), then since both give oriented orthonormal frames for L2A2T*M,
they are related by an SO(3)-valued function: I;” = A;;I;. Applying D to this
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equation gives dAZ-j(X)Ij_ = —2[0rX, Aijlj_]], which implies that dA;;(X) =
—Aireired(I, X). In particular, dA;;(§) = 0 so this map to SO(3) factors through
the conformal submersion £. To see that the map to SO(3) actually is the conformal
submersion generated by &, one computes dA;;(X)dA;(X) = 2(10]2| X|? — 0(X)?).

Conversely, by Theorem III, any selfdual conformal submersion over the round
3-sphere metric is bi-triholomorphic with respect to a bi-hypercomplex structure.
The generalized monopole equation in the gauge w = |0| = ,u§31 reduces to *BA =

dA + A A A, which has been also obtained by Belgun and Moroianu.

10. SELFDUAL EINSTEIN METRICS AND HYPERCOMPLEX STRUCTURES

In this section I study selfdual conformal 4-manifolds M admitting a compati-
ble Einstein metric with nonzero scalar curvature and a compatible hypercomplex
structure. All such structures are obtained by applying the Hitchin-LeBrun con-
struction to a hyperCR Einstein-Weyl space B and the Einstein metric will be found
explicitly in terms of the Einstein-Weyl structure on B and a special solution of
the affine monopole equations.

The work of the previous section shows that if D9 = D — 0 is the Levi-Civita
derivative of the Einstein metric and D = D + 6 is the Obata derivative of the
hypercomplex structure, then £ = 6/|6| locally generates a Legendrian triholomor-
phic selfdual conformal submersion. The first goal in this section is to add one
more adjective to this list and prove that the submersion is affine.

To do this, a section wy of L~! must be found with D%w; = FO(€): wy is then
linear part of the affine monopole w and the affine structure is given by Dg + wy.

10.1. Proposition. Write D% = D% — k¢, Then D°(2k) = FO(¢).

Proof. First recall that k is basic, i.e., Dglﬁ = 0. Now D° and D are gauge

equivalent, since D9 and D!?l are both exact. This implies that
0 = d(w — 268)(€) = dw(§) + D"(2x) = FP(&) — F°(€) + D°(2r)
which proves the proposition since FB &) =0. ]

This shows that the linear part of the affine monopole is twice the x monopole
of the hyperCR space B = M/, and so it satisfies x5 DP(2k) = FP [12, 8]. Fix
a gauge on B so that the Einstein-Weyl structure is given by a metric g5 and a
1-form wp. Then wy = 2k and one can take A; = wy. In order to fix the affine
gauge on M note that ¢ is a nonzero constant multiple of the scalar curvature of g
and so D90 = 0 since g is Einstein. In particular ¢ is nonvanishing by assumption.

10.2. Proposition. Define D¥ = D° 4 2x¢. Then Dgf(a_1|0|) = -2 500710 is
an affine section of L' with respect to the affine structure.

Proof. Observe that (D° — 26)(c=1[6]) = 0, i.e., D° 1Pl = DO — 26 and so DY =
Do M0 420 + 2k¢ = Do 1Ol — 2|0|~o¢. Hence DY (o71|6]) = —2¢. O
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One more diagram in the affine space of Weyl derivatives may again clarify the
situation, where the Weyl derivative D with D(]6]~!) = 2¢ has been introduced for

completeness.
/ 2H£

20 'o¢ ; T
61 T
Do el DY Do

It follows from Proposition 10.2 that the affine coordinate ¢ can be taken to be
a multiple of 0=1|6] and so |0|1o¢ is a multiple of ¢t~ (dt + tA; + Ag). Now note
that D = DI?l — 2|0|~10¢ and so —2d(|0]"'0€) = FB, Ay = 0 and |0|"lo¢ =
—2(t7'dt + wg). The remaining gauge freedom is fixed by taking wo = ug L

Certainly (1 + 2tugr,twg) is a solution of the affine monopole equations on
a hyperCR Einstein-Weyl space, yielding a selfdual space with a hypercomplex
structure by Theorem III. The Einstein gauge is the barycentre of the |f|~! gauge
and the o~ !0| gauge (both of which have been identified in terms of the affine
structure) and this encodes the Einstein equation, since D is Einstein-Weyl and
symy D0 = 0. Hence, writing p; = tug, the following theorem is obtained.

10.3. Theorem X. Suppose (CB,DB) s a 3-dimensional hyperCR FEinstein- Weyl
space with twist k. Then

1 _
9= — (1 +2ur)w*cp + (1+ 2ur) " (D r)?)
t
s a selfdual Einstein metric with nonzero scalar curvature a compatible hypercom-
plex structure. (Here py is a section of L' increasing along the fibres of a conformal
submersion m: M — B and cg is a conformal infinity at py = 0.) Any selfdual
FEinstein metric with a compatible hypercomplex structure arises locally in this way.

Explicit selfdual Einstein metrics can be found by applying this construction to
explicit hyperCR Einstein-Weyl spaces. To the best of my knowledge, the known
examples are the Einstein-Weyl spaces with geodesic symmetry, and the hyperCR-
Toda spaces. In the former case note that the twist of the hyperCR structure is
minus the twist of the geodesic symmetry and so the examples of section 5.2 (with
h = f) are reobtained [9]—these are the Pedersen metrics [22] when h is constant.

On the other hand, the hyperCR-Toda spaces yield new selfdual Einstein metrics
with compatible hypercomplex structures and no continuous symmetries:

1
g:Zﬂﬂﬂz+m%y+d£)+ﬂ‘%ﬁ+u%ﬁ)

i(h — h)t 22+ h+h

whzhp —_zrhmhy
‘Z—’—h|2 y wp 4

where H=1+ e

and h is holomorphic on an open subset of S2.
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HyperCR Einstein-Weyl spaces are not well understood: the results of this sec-
tion perhaps provide motivation for further investigations. Alternatively, one may
study hypercomplex selfdual Einstein 4-manifolds directly. Along these lines, Apos-
tolov and Gauduchon [1] have characterized the Pedersen metrics as the hyper-
complex selfdual Einstein 4-manifolds admitting a compatible (selfdual) Hermitian
structure.

11. THE HITCHIN-LEBRUN CONSTRUCTION

There is an interesting gauge transformation one can apply to the metric of
Theorem X: on replacing p; by the new projective coordinate p;/(1 — pk), the
metric becomes:

1 _

g = 2 ((1 - ,ufﬁ;2)7r*c3 + (1 - /L%RQ) I(DBut + M?DBIQ)2>.
t

Now on a hyperCR Einstein-Weyl space, DBx = —%*BFB and k2 = %scalB

(see [12]), so this form of the metric makes sense for any Einstein-Weyl space.

In this final section, I prove the following theorem.

11.1. Theorem XI. Let (cg, DB) be an arbitrary 3-dimensional Einstein-Weyl
structure with Faraday curvature FB and scalar curvature scal®. Then

g=(1-1p; scal?) puy *r¥cp + (1— Suf sca]B)_l(ut_lDBut - %,ut*BFB)2

is a selfdual Finstein metric of nonzero scalar curvature, with a Legendrian selfdual
conformal submersion © over B. (Here y; is a section of L' increasing along the
fibres of m: M — B and the conformal structure cg is the conformal infinity at
ue = 0.) Any such selfdual Einstein metric arises locally in this way.

Strictly speaking, the above metric is only positive definite for %,u% scal? < 1

and in this region the scalar curvature is negative. For %uf scal® > 1 the negation
of the above metric is positive definite and has positive scalar curvature.
Note that the Einstein metric can be written in a gauge g by writing p; = tpug,

g = ,u§2cB and D® = D'? + wy. Then
1 —1 2
g= t—Q((l - étzu]_% sca]B)gB + (1 — %t2,u§ scalB) (dt + twg — %tQMB*BFB) )

The theorem is proven using the SL(2,RR) Einstein-Weyl Bogomolny equation.

The conformal structure is determined by a canonical monopole on L}Bﬂ @ Lgl/ 2,

In a gauge pp, the Higgs field and connection 1-form are given by:

0 ,u§1 1w 0
— A— 2%B '
" (fleB scal” 0 > ’ <5MB*BFB —3Wp
The connection is therefore DB + %*BFB, with *BFB acting from L}3/2 to L]_Sl/2,
while the Higgs field is 1+ % scal” in L' @ (Hom(L ", L}/*)@Hom(L}*, L;"?)).
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The projective monopole equations are:
_%*B(DB(:UJB scal”) — wppp scal”) = —3d(uprgF
B
%F = ld(,(JB,

D (ug") + wppg' =0,

By + %WB A pgrpgFP,

Since DP Hg = wppp and F B = dwg, the only nontrivial equation is the first one,
which reduces to %DB scal? = —%*BdB*BFB = %5BFB, where 6% is the twisted
exterior divergence. This equation is satisfied automatically: it is the differential
Bianchi identity for the Weyl connection in Einstein-Weyl geometry [11, 7].

It follows from Theorem VII that the metric g is selfdual with a selfdual projective
conformal submersion. It remains, therefore, to prove that g is Einstein and the
submersion is Legendrian. To do this, observe that the Levi-Civita derivative of g
is the barycentre of the Levi-Civita derivatives of j; and tw—'. Simple calculations
show that these are given by

DB — 7 'DBuy = DB — (1 - %,u? scal®) ;7 te — %ut*BFB
and DY —ttat =D — (1 + %uf scal®) ;1€ + %,ut*BFB.
Hence D9 = DSd—ut_ e (which will give the Legendrian property) and consequently,

rf =1+ D () @ € + (DY @ D*NE + i * (€ @ € — 3id),
where I have written D¢ = DBP@ D@ D*¢ on T*"M = L~' ® L™ @ TM. This
simplifies to give
r9 =r* — L PP @ ¢+ Lscal® ¢ @ € — Ly %id + py ' (DY @ D).

Finally substituting from Proposition 4.7 yields symr9 = l(% scal? —p;7?)id, and

2
so g is Einstein, with scalar curvature —12p;%(1 — %sca]B ©2). This completes the

proof of Theorem XI.
Examples arising from hyperCR Einstein-Weyl spaces have already been dis-
cussed. One source of further examples are the Ward-Toda spaces [26, 6]

g = (V}+ V) (dp* + dn) + dip®
2V, V,, dn + (Vp2 — Vnz)dp
N p(Vi + Vi)
where V' is an axially symmetric harmonic function: (pV,), + pVy, = 0. These
spaces admit a symmetry generated by d/9¢ and hence so will their Hitchin-LeBrun
metrics. Already in these examples, the Faraday and scalar curvatures are quite

formidable, so these Einstein metrics are not at all simple. Nevertheless, they can
be made completely explicit, and will undoubtedly repay further study.
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