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COMPACT SELF-DUAL MANIFOLDS WITH TORUS
ACTIONS

AKIRA FUJIKI

Abstract

We show that a compact self-dual four-manifold with a smooth action of a
two-torus and with non-zero Euler characterestic is necessarily diffeomor-
phic to a connected sum of copies of complex projective planes, and fur-
thermore the self-dual structure is isomorphic to one of those constructed
by Joyce in [11]. This settles a conjecture of Joyce [11] affirmatively. Our
method of proof is to show, by complex geometric techniques, that the asso-
ciated twistor space, which is a compact complex threefold with the induced
holomorphic action of algebraic two-torus, has a very special structure and
is indeed determined by a certain invariant which is eventually identified
with the invariant associated with the Joyce’s construction of his self-dual
manifolds.

1. Introduction

Let m be a non-negative integer and M = mP? the connected sum
of m copies of complex projective plane P?. Suppose that we are given
a smooth effective action of the real two torus K on M. In [11] Joyce
constructed a series of examples of conformal self-dual metrics on M
which are invariant under the given K-action. Further he raised the
following conjecture [11, 3.3.4]:

Let M be a compact connected oriented simply connected
four-manifold with a smooth and effective K-action. Sup-
pose that M admits a K-invariant conformal self-dual met-
ric. Then M must be diffeomorphic to a connected sum of
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complex projective planes, and the conformal self-dual met-
ric coincides with one of his self-dual metrics above.

The purpose of this paper is to give an affirmative answer to this con-
jecture in the following stronger form:

Theorem 1.1. Let M be a compact connected oriented four-
manifold with smooth and effective K-action. Suppose that its Euler-
Poincare characterestic x(M) is nonzero. Then if M admits a K-
mwvariant self-dual metric, M is diffeomorphic to a connected sum of
copies of complex projective planes and the conformal self-dual metric
coincides with those constructed in [11].

Together with the results of Poon [22] this leads to a classification
of self-dual conformal structures with two-torus actions in general.

Corollary 1.2. Let M be a compact connected oriented four-mani-
fold with smooth and effective K -action. If M admits a K -invariant self-
dual structure, then either M is conformally flat or M is isomorphic to
one of Joyce’s examples.

As is shown in [22, Th. A], when M is locally conformally flat with
K-action, it is one of the following standard examples: 1) a manifold
covered by a real four-torus, 2) a four-sphere S* and 3) a Hopf sur-
face. Note also that compact self-dual manifolds which admit a group
of conformal automorphisms of dimension greater than two have been
classified by Poon [21].

Now the method of Joyce [11] for constructing the K-invariant self-
dual metric is to reduce, by using the K-symmetry, the self-duality
equation on M to a certain system of linear partial differential equations
on the quotient N := M /K, which is identified with the unit disc in the
complex plane. Once the underlying smooth K-action on M is fixed, his
solutions of the latter equation, i.e., his self-dual metrics, depend on a
parameter which is a circular sequence of k£ points on the boundary of the
unit disc considered modulo the action of the conformal automorphism
group of the unit disc and the cyclic permutations, where k = m + 2.

With this last fact in mind, we start with a general compact ori-
entated self-dual four-manifold M with K-action, and study in detail
the complex analytic structure of the associated twistor space Z with
the induced action of the complexfication G of K, which is an algebraic
two-torus.

Under the assumption of Theorem 1.1 the singular set ¥(Z) of the
induced K-action on Z, i.e., the points where the stabilizer group is non-
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trivial, turns out to be a disjoint union of cycles of nonsingular rational
curves. We then determine the local G-action at each point of ¥(Z).
Using these results, we further show that the closures of general G-orbits
which intersect a sufficiently small neighborhood of ¥(Z) is necessarily
analytic and smooth in Z. Together with some global consideration
using the Douady space of Z, we then conclude that every G-orbit has
an analytic closure and there exists a canonical meromorphic quotient
f: Z — P of the G-action on Z, where P is a nonsingular rational
curve.

The meromorphic map f becomes a holomorphic map f : Z > P
after blowing up Z with center a distinguished cycle C' of nonsingular
rational curves contained in 3(Z). This is in fact the main object of
study in this paper. Among other things we show that the map f
is given by a subsystem of a G-invariant elements of the fundamental
system |— %K | of Z, which forms a pencil, and that the general members
of this system are mutually isomorphic projective smooth toric surfaces
whose isomorphism class is explicitly determined by the invariant of the
given K-action on M introduced by Orlik and Raymond [18]. At this
stage we can already show that M is diffeomorphic to mP? and that Z
is Moishezon, where m is the second betti number of M. (M) consists
then of a single cycle of two-spheres and the quotient N = M/K is
diffeomorphic to a closed two disc by [18] as in the case of Joyce.

The real structure ¢ on Z induces ones on Z and P, making f o-
equivariant. The fixed point set R of o on P is diffeomorphic to S!
and is considered as the boundary of either of the closed two-discs D
which are connected components of P — R. It turns out that there exist
exactly k singular fibers for f and the corresponding points ai, ... ,ax
on the base P all lie in the real part R, where & = m + 2 as above.
Suppose that a1, ... ,a; are arragned cyclically on R. Then we consider
the sequence of points (ay,... ,ar) (modulo the action of the conformal
automorphism group of D and cyclic permutations) as a basic invariant
of our twistor space Z (endowed with G-action, the real structure o and
the twistor fibration ¢t : Z — M), and hence, of the original self-dual
manifold M with K-action via the inverse twistor correspondence.

We then proceed to show the effectivity of this invariant in the follow-
ing sense: Suppose that we are given two self-dual conformal structures
[g] and [¢/] on M = mP? which is invariant under the given K-action
on M. Perform the construction above for the corresponding twistor
spaces Z and Z' and obtain fiber spaces f: Z — P and f': Z' — P
respectively. Suppose further that the sets of points on the bases corre-
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sponding to the singular fibers are identical with respect to a suitable
identification of P and P’. Then there exists a biholomorphic map
j : Z — Z' which is compatible with the real structures and G-actions
and which maps twistor lines to twistor lines. We shall show this, first
by studying the local structure of the fiber space f: Z — P along each
singular fiber, and then by studying its global structure on the basis of
this local consideration.

Finally, for the purpose of identifying our invariant (ai,...,ag)
with the Joyce’s “invariant” attached to his examples, we first inter-
pret Joyce’s invariant as a special case of an invariant which can be de-
fined for any simply connected compact conformal four-manifold with
K-action. We then show that in the case of a self-dual manifold with K-
action, this conformal invariant and the invariant above arising from the
associated twistor space are naturally identified via a certain twistor-
like correspondence between the quotient N and one of the discs D in
P with boundary R. Combined with the effectivity of the invariant
mentioned above this immediately yields Theorem 1.1.

This article is arranged as follows. In §2 we summarize what we
need on toric surfaces which will appear in the fibers of the morphism
f:Z — P above. In §3 first we recall some of the results of Orlik-
Raymond [18] on K-actions on a compact smooth four-manifold M.
Furthermore when a K-invariant conformal structure on M is given, we
introduce an invariant of this conformal K-action as a circular sequence
of points on the boundary of the unit disc on a complex plane modulo
certain equivalence.

From §4 on we start our study of a self-dual manifold M with K-
action. After summarizing the basic construction and properties of the
associated twistor space we determine the singular set ¥ = ¥(Z) of the
K-action on Z and the isotropic representation of the stabilizer group at
each point of 3. By using this in §5 we determine the local behaviour of
G-orbits near the singular set ¥ . From this we deduce that any G-orbit
which intersects with a sufficiently small neighborhood of ¥ has, up to a
finite number of exceptions, a smooth analytic closure in Z. Combined
with global consideration using the structure of the space of divisors on
Z we obtain in §6 the meromorphic quotient Z — P and the associated
holomorphic fiber space f : Z — P mentioned above. In this section
we further study the structure of this fiber space in detail. Especially,
we show that there exist exactly k singular fibers Sy, a; € P, for f and
that a; are real points with respect to the induced real structure on P.

We then proceed to show that f is determined uniquely by the lo-
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cation of the points a;. For this purpose we first show in §7 that this is
the case at least locally along each singular fiber. Here the deformation
theoretic method and the toric method give supplmentary descriptions
of the local structure of this fiber space. Then in §8 we prove the global
uniqueness of the fiber space f with the given invariant (a1, ... ,a). Fi-
nally in §9 we prove the coincidence of this invariant with the conformal
invariant defined in §3.

Notation and Convention. Unless otherwise is mentioned, G and K
denote respectively the real and algebraic two-torus so that G = C*xC*
and K =2 S1 x S'. In this paper we often encounter the sentences which
contain + more than once such as: “A* is contained in B*”, which
should always read as: “A™ is contained in BT and A~ is contained in
B~

Acknowlegdement. The author expresses gratitude to A. Huckle-
berry for giving him the oppotunity for writing up the manusucript of
the paper in the nice atomosphere of Bochum University. Thanks are
also due to N. Honda for stimulating discussions at the early stage of
this investigation.

2. Toric surfaces

(2.1) We recall some basic definitions and results on toric surfaces
[17, 13]. Let G = C* x C* be an algebraic torus of dimension two. A
compact smooth toric surface is a compact connected nonsingular pro-
jective algebraic surface S on which G acts effectively and algebraically
and with a unique open orbit U.

The complement C' := S — U then forms a cycle of nonsingular
rational curves in the sense that it has the irreducible decomposition
C = Ch1U---UCs, where each Cj is a nonsingular rational curve, C;NC; =
(0 if |i — j| > 2, and C; and Cj41 intersect transversally at exactly one
point, with Cs11 := C. Moreover C with reduced structure belongs to
the anti-canonical system | — Kg| of S and it is called the anti-canonical
cycle of the toric surface S. We also refer to the curves C; as boundary
curves of S.

Let a; = C? be the self-intersection number of C;. Then we may
associate with S a weighted circular graph with vertices v;, one for each
C;, with weights a;. The isomorphism class of a toric surface is com-
pletely determined by the associated circular weighted graph modulo
cyclic permutations and reversing the order (cf. [17, Cor. 1.29]).
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We also note that by [24, 7.6] the anti-Kodaira dimension £~*(S) of
S always satisfies

(1) k1(S) = 2.

(2.2) A toric surface is completely described by the associated
combinatorial data [17, 1.1,1.2]. Let N be the set of one parameter
subgroups of GG, which is naturally a free abelian group of rank 2. We
may write G = C* ® 7z N and any isomorphism N = Z? gives rise to
an isomorphism G = C* x C*. Let Np = N ® 7z R= R>.

A complete fan on N, or a complete rational polyhedral decompo-
sition of IV, is by definition a collection

A= {{0}7ijai}a 1 < Za] <s

of one-dimensional simplices 7; and two-dimensional simplices o; in N,
both defined over the rationals, such that Np = Uo; and that the faces
of o; consist of 7; and 7;41, where 7541 = 71, 0541 = o1 by convention
and 7,...,7, are numbered so that it is arranged cyclically around
the origin in Np. For any 7; there exists a unique primitive element
pi € TNN such that 7; = R>gp;. The fan A is then completely recovered
from the circular sequence {p1, ... , ps}. Conversely, any such sequcence
gives rise to a complete fan, if p; are not contained in a fixed halfplane
in N, by the above correspondence.

(2.3) Compact smooth toric surfaces are in natural bijecitive cor-
respondence with complete fans in N such that

(2) for every i, p; and p; 41 form a Z-basis of N.

If we fix an isomorphism N 22 Z2, and hence, an isomorphism G =
C* x C*, we may write p; = (m;,n;) for coprime integers m; and n; so
that p; is the one parameter subgroup given by p;(t) = (t",t"),t € C*.
We assume that p; are arranged counterclockwise in Np = R?. Then
the condition (2) is equivalent to the condition

my; n; -1

(3)

Mi+1 T4l

The correspondence between toric surfaces and fans is determined by
the following condition: If a compact smooth toric surface .S corresponds
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to a fan A, then the one-parameter subgroup p; : C*(t) — G fixes each
point of C; and for any point x € U we have

(4) lim pi(6)(z) € C.
We also note the relation [17, p.43 ()]

(5) pi—1+ pit1 = —aip;.

(2.4) Let Aut(S,C) be the group of automorphisms of S which
preserves C, and Autg (S, C) its identity component. Moreover, denote
by Aut(S,{C;}) the subgroup of Aut(S, C) consisting of those elements
which preserves each irreducible component of C.

Lemma 2.1. G = Auty(S,C) = Aut(S,{C;}).

Proof. We have the natural inclusions
G C Auty(S,C) C Aut(S,{Ci}).

The Lie algebra of Autg(S,C) is naturally identified with the sheaf
©(—log C) of holomorphic vector fields on S which are tangent to C,
while the latter is isomorphic to Og ® z N (cf. [17, Prop. 3.1]). Thus
we have

dim Auto(S, C) = dim H°(S,0(—1log C)) = 2

and hence the equality G = Aut(S, C).

It remains to see that the latter inclusion is an equality. Let
g € Aut(S,{C;}) be an arbitrary element. It induces an automorphism
a(g) : t — gtg~! of G,t € G. But since g leaves each boundary com-
ponent fixed, it also fixes the corresponding one parameter subgroup.
This implies that the automorphism of N induced by a(g) is trivial, and
hence, a(g) itself is trivial. Thus g commutes with every element of G.
Let « be an arbitrary element of U and ¢ the unique element of G which
sends g(x) to x. Then tg has a fixed point z on U. The commutativity
with elements of GG implies then that tg fixes any point of U. Thus tg
is the identity. Hence g € G as desired. q.e.d.

(2.5) We are interested in a special class of toric surfaces.

Definition. A compact smooth toric surface S is called symmetric
if the number s of boundary curves is even, say s = 2k, with k > 2,
and the weithts a; of the weighted circlular graph associated to S has
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the property that a; = a;y, for all 4,1 < ¢ < k. In this case we call
ai, ... ,a the reduced weights of S.

For instance if Sy := P! x P! with standard toric structure, it is
symmetric with £ = 2 and a; = a3 = 0.

Suppose that S is a symmetric toric surface with s = 2k. Denote by
p; the intersection point of C; and Cjy1,1 < j < 2k. We call a pair of
points admissible if it is of the form (p;, piy ) for 1 <i < k. We call a
blowing up S — S admissible if its center is an admissible pair of points
on S. Then any toric surface obtained from a symmetric toric surface
by an admissible blowing-up is again symmetric.

Lemma 2.2. FEvery symmetric toric surface is obtained from Sy =
P! x P! by a finite succession of admissible blowing-ups. In particular
if k>3, a; =C? <0 for all i.

Proof. We proceed by induction on k > 2. When k = 2, the possible
weights for a toric surface S are a, 0, —a, 0 for some non-negative integer
a [17, Cor. 1.29]. Thus S is symmetric if and only if a = 0, i.e., S = Sp.

Let S be a toric surface with s = 2k > 6. Suppose that the lemma is
verified for symmetric toric surfaces with smaller s. Since S is obtained
from a minimal toric surface by a finite succession of blowing-ups at
some intersection points of boundary divisors [17, Th. 1.28], there is
a (—1)-curve, say C;, on S. By symmetry, C;yj also is a (—1)-curve.
Then by blowing down these two (—1)-curves we obtain a symmetric
toric surface with s = 2k — 2. By induction it is obtained from Sy by a
finite succession of admissible blowing-ups. The lemma follows.  q.e.d.

For later use we also give a result on the existence of (—1)-curves
among the boundary curves considered in the above proof. We call a
pair of (—1)-curves of the form (Cj, Cjyx) admissible.

Lemma 2.3. Let S be a symmetric toric surface with s = 2k > 6.
Fiz a pair of admissible points (p;, pi+x) on S. Then there eixsts an
admissible pair of (—1)-curves on S which do not pass through either of

pi and piy.

Proof. We proceed by induction on £ > 3. If £ = 3, S is obtained
from Sy by an admissible blowing-up. Then all the weights are —1 and
the conclusion of the lemma is true.

In the general case let S be obtained from a symmetric torus surface
S by an admissible blowing-up. Let (C}, Cj+k) be the admissible pair of
(—1)-curves which are the exceptional curves of this blowing up. If they
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do not pass through either of p; and p;.x, the proof is done. Suppose not.
Then p; and p;1x are mapped to the center of this admissible blowing-up.
By induction there exists on S an admissible pair of (—1)-curves which
do not pass through these points. Then the proper transforms of these
(—1)-curves to S give rise to a desired admissible pair of (—1)-curves.
q.e.d.

(2.6) We give characterizations of symmetric toric surfaces.

Proposition 2.4. Let S be a toric surface such that the number
s of boundary curves is an even number 2k(> 4). Then the following
conditions are equivalent:

1) S is symmetric.

2) The fan defining S satisfies pirr = —p; for all i,1 <i < k.

3) There exists a holomorphic involution T of S which interchanges
Ci and Ciqg, 1 <i <k, and which satisfies

L gea.

(6) Tgr =g~
Proof. 3) = 2): Applying 7 to (4) and taking into account the
relation (6) we obtain

Civr = 7(Ci) 3 i r(ps(t)) = lin pi(1) (7 ()

This implies that —p; = p;1x. 2) follows.

2) = 3): If 2) is true, the multiplication by —1 is an isomorphism
of the fan of S. Therefore it defines an involution 7 of S which maps C;
to Ci1r satisfying (6) (cf. [17, Th. 1.13]).

3) = 1): Clear.

1) = 3): We proceed by induction on k. When k = 2, the involu-
tion 7 of Sy = P! x P! defined by (z,w) — (1/2z,1/w) has the desired
property. In the general case let S be obtained from a symmetric toric
surface S by an admissible blowing-up. Then by induction there exists
an involution 7 of S satisfying the desired properties. Since T inter-
changes the blown-up points p; and p;, it lifts to an involution 7 on
S inheriting the desired properties from 7. q.e.d.

Let 7 be as in 3) above. Let G be the semidirect product G := G- (7)
with respect to the action (6) of 7 on G. We have G = G[[7G and
any element of 7G is an involution and can play the role of 7 above.
The above lemma shows that for a symmetric toric surface S, Aut(S, C)
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always contains a subgroup isomorphic to G and any admissible blowing-
down to Sy is G-equivariant.

(2.7) Given k = m + 2 > 2, up to isomorphisms there exist at
most a finite number n(k) of symmetric toric surfaces; in fact we have
n(2) =n(3) =n(4) =n(5) = 1 and n(6) = 3. More precisely, we obtain
the following table:

E (—ai,...,—ar) n(k) S
2 (0,0) 1 Del Pezzo
3 (1,1,1) 1 Del Pezzo
4 (1,2,1,2) 1 generalized Del Pezzo
5 (2,1,3,1,2) 1
(1,2,3,1,2,3)
6 (1,3,1,3,1,3) 3
(2,1,4,1,2,2) of maximal type

In general for every k there exists (up to equivalence) a unique
weighted circular graph with 2k vertices which has —m as a reduced
weight; then the whole reduced weights are given (up to cyclic permu-
tations and the inversion of the order) by

(—a1,...,—ax) =(2,...,2,1,m,1,2,...,2)

unless k < 4. In this case we call the corresponding toric surface of
mazximal type. In this sense the surfaces for 2 < k < 5 are all of maximal
type although it is not indicated in the table. Moreover the number n(k)
can be determined explicitly for any & (cf. Proposition 3.4 below).

(2.8) We shall determine equivariant morphisms of a symmetric
toric surface onto curves.

Lemma 2.5. Let S be a symmetric toric surface with boundary
components C;, 1 < i < 2k. Then for each i, 1 < i < k, there exists a
natural equivariant morphism v; : S — P; onto a nonsingular rational
curve P; with the following properties:

1) Any proper surjective morphism of S onto a curve coincides with
one of v;. More generally, any nonsingular rational curve L in S
with self-intersection number L? = 0 is a fiber of v; for a unique 1.

2) C; and Ciyy are mapped isomorphically onto P; by v;.
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3) With respect to a suitable choice of an affine coordinate z of P;
the singular fibers of v; appear precisely over 0 and oo such that:

a) The singular fiber over 0 is a positive linear combination of
Cj,i+1<j <i+k—1, while the fiber over oo is one of
Cj withi+k+1<j<i—1 (index considered modulo 2k)
where the coefficients of C; and Cjyy, coincide for any j.

b) The smooth fibers are orbit closures of the one parameter
group p.

4) For any i, v; X viy1 : S — P! x P! is a birational morphism
which contracts all the components C; other than C; and Cjyy, | =
1,7+ 1.

Proof. We give the definition of v; in two ways.

1) Geometric definition: Fix i. By Lemma 2.3 there exists an ad-
missible blowing-down u : § — Sy in which all the components C;
other than Cj, Ci41,l = 4,7+ 1, are contracted to an admissible pair of
points on Sy and which is otherwise isomorphic. Then the compositions
S — P! of u with the two projections Sy — P! yields holomorphic
surjection v; and v;41. The properties 2), 3) and 4) are all immediately
checked as well as the independency of the definition of the choices of
the points p; or p;_1 used in Lemma 2.3.

2) Combinatorial definition: For every 1 < i < k we consider the
quotient homomorphism x; : N — N; := N/Zp;. Since p; is prim-
itive, N; is a free abelian group of rank one and y; induces a natu-
ral map of fans (N,A) — (N;,A), where if £ is a genarator of N,
A = {R>0€,0, —R<o¢}-.

Corresponding to x; we get a G-equivariant morphism S — P; onto
the toric projective line P;, which is easily identified with the above
v;. The map v; X vi41 .S — Sp is the equivariant birational morphism
corresponding to the “forgetting map” of the fans, where the fan of S is
obtained by deleting all the primitive vectors p; other than p, pjy1, [ =
t,4+ 1.

Proof of the property 1). It suffices to show the latter statement. If
L? = 0, the linear system defined by L gives a morphism f : S — P!
onto the complex projective line, which is necessarily equivariant with
an induced G-action on P! [23, Satz 1.3]. On the other hand, any
equivariant morphism of toric varieties corresponds to a map of fans
(cf. [17, Th. 1.13]); however, from the shape of our fan it is immediate
that the possible such equivariant morphisms are those given by ;.

q.e.d.
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(2.9) Let S be a symmetric toric surface. Let g — ¢* be the unique
anti-holomorphic involution of G with fixed point set the maximal com-
pact subgroup K = S'x 8!, Suppose that S admits an anti-holomorphic
fixed point free involution satisfying

(7) ogo ' =g*, geG.

Then the following holds:

Lemma 2.6. The equivariant morphismsv; : S — P; of Lemma 2.5
are all o-equivariant with respect to an induced action of o on P;. If
there exists a real fiber, then the fized point set R; of o on P; is diffeo-
morphic to S and consists of a single K-orbit.

Proof. Applying o to (4) and taking into account (7) we obtain

7(C) 3 lim o (pi(t)(x)) = T (ps(1))(0/(2)) € Cip

t—

This implies that
(8) o(Ci) = Citi,

for any 7. Thus the o-equivariancy of v; follows from 3) b) of Lemma 2.5.
The second assertion is obvious. q.e.d.

Lemma 2.7. There exist up to isomorphisms at most four anti-
holomorphic involutions on S satisfying the condition (7).

Proof. On Sy = P! x P! we have four natural anti-holomorphic
involutions; with respect to affine coordinates (z,w) of Sy they are
(z,w) — (£1/z,4+1/w). Note that these anti-holomorphic involutions
are expressed as os for some element s of order < 2 of K. It is easy
to see that these all satisfy the property (7). For any succession of
admissible blowing-ups starting from Sy these involutions lift to the
resulting symmetric toric surface. By Lemma 2.2 the existence of four
anti-holomorphic involutions which satisfy (7) is thus verified in general.

Next we show that any such anti-holomorphic involution is isomor-
phic to one of them. If there exist two anti-holomorphic involutions o
and o’ of S satisfying (7), then in view of (8) h := 0710’ is a holomor-
phic automorphism of S which preserves all the irreducible components
of C. Then by Lemma 2.1 we have h € G. Since ¢’ is an involution,
we must have ohoh = id; thus choh(z) = h*ha = « for any x € S, or
equivalently, with respect to a suitable isomorphism G = C* x C* we



COMPACT SELF-DUAL MANIFOLDS WITH TORUS ACTIONS

may write h = (t1,%2) with t; € R. If we set |h| = (|t1], |t2]), we may
write h = s|h| with s = (£1,+1). Then

o loa(x) = 0a®(z) = o|h|(z) for a = (\/|t1], Vt2]).

Thus, ch = o|h|s = a~'(os)a. Namely, oh is conjugate to s, and up to
isomorphisms there exist at most four non-isomorphic anti-holomorphic
involutions. q.e.d.

(2.10) We may “divide into halves” a symmetric toric surface along
each of its k “diagonals” p;p; . Let S be a symmetric toric surface with
reduced weights (aq,...,ar). Then for each i,1 < i < k, we define a
pair of (not necessarily symmetric) projecitve smooth toric surfaces S
and S~ as follows. Let p = {p;,1 < i < 2k} be the set of primitive
elements giving the fan of S = S(p). Then define for each i

(9) Si(p)

to be the toric surfaces determined by a sequence of primitive elements

(10) (P15 5 Pis—Pi + Pit1s —Pit1 -, —Pk)

which generates 1-simplices of a complete fan. (Here and in what fol-
lows we adopt the following convention. If a sentence contains the no-
tation 4+ more than once, it actually consist of two sentences, one for
+ only and the other for — only. See Convention and Notation in the
Introduction.) It is clear that any two adjacent elements in (10) form
a Z-basis so that the resulting toric surface is smooth and compact.
Both surfaces have k£ 4+ 1 boundary components, which we shall denote
by (Cf:, .. ,Cii,Lii, ct ,C’;E) respectively. In view of (5), from

RPN
(11) pi + (—pit1) = (=1)(=pi + pit1)
(12) pi—1 + (=pi + pit1) = —aipi — pi = —(a; + 1)p;

the self-intersection numbers are computed as
LF?=1 and CP=aq+1,l=i,i+1

respectively. Therefore the corresponding weighted cirular graphs for
Sii(p) are the same and is given by

(13) (a‘lv"'ai—lvai+1>1>ai+1 +1,ai42,... ,(lk)

modulo cyclic permutations; in particular S*(p) and S~ (p) are mutually
isomorphic. We shall note one important property of surfaces S’ii (p).
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Lemma 2.8. Let S be either of Sii(p) of (9). Then there exists
a toric birational morphism f : S — P? which blows down all the
boundary curves other than L and the two irreducible components of C
which are adjacent to L.

Proof. We proceed by induction on k > 2. When k = 2, by (13) and
Lemma 2.2 S = P? and there is nothing to prove. Suppose that k > 2.
Then by Lemma 2.3 there exists an admissible pair of (—1)-curves on
S(p) which do not pass through neither p; nor p; 4. Contracting these
(—1)-curves we obtain a symmetric toric surface S(p’) for a suitable p’
with (k — 1) boundary components. One of these (—1)-curves may be
naturally identified with a (—1)-curve in S and contracting this curve
in S we obtain a surface S’ which is identified with either of S;f (') for
some 7. So we may apply the induction hypothesis to finish the proof.
(One may also note that the fan generated by the primitive vectors
Piy Pie1 and —p; + pi+1 is exactly the fan defining a complex projective
plane.) q.e.d.

We identify G-equivariantly S;" = S;"(p) and S;” = S; (p) transver-
sally along L. We shall call the resulting surface S; := S;” Uy S;
with natural G-action a degenerate symmetric toric surface. The G-
equivariancy implies that Cf , Land Cp; (resp. C;, L and CZTH) inter-
sect (transversally) at one point p;~ (resp. p; ). We set bj[ = C’ji N C]jjrl,
where the indices j are considered cyclically modulo k. We shall call
any blowing up of S; with center a pair of smooth points {b;r, bj_}, j#1,
an admissible blowing up. Then the resulting surface is again a degen-
erate symmetric toric surface naturally. In particular if £k = 2, S; are all
isomorphic and is a union of two copies of the toric projective planes.
Denote this surface by S. Then from Lemma 2.8 we deduce immediately
the following:

Lemma 2.9. Any degenerate symmetric toric surface S; as above
18 obtained from a finite succession of admissible blowing-ups from S.

We also use the following:

Lemma 2.10. Let S = SE(p), L = L; and C; be as above. Then
the complete linear system | — Kg—2L| is non-empty if and only if either
of C; and Ciy1 has the self-intersection number 3 —k =1 —m.

Proof. When k = 2, S is a toric projective plane P? and the anti-

canonical cycle Lo + L1 + Lo consists of three lines L;, one of which
is our L. Thus | — Kg — 2L| = |L| on P?, which is non-empty and
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L? =1=3—2. In the general case let f: S — P? be as in Lemma 2.8
and suppose that L is the proper transform of, say Lg. If |-Kg—2L| # 0,
then the successive blowing-ups, of which f is the composition, is done
always on the proper transform of one of L; for a fixed i(= 1 or 2). Then
the proper transform of this L; is either C; or C;41 and it has the desired
self-intersection number 3 — k. It is also easy to see that conversely, if
the latter holds, f is obtained precisely as described above. q.e.d.

3. Torus actions and conformal invariants

(3.1) Let M be a connected compact oritented smooth 4-manifold.
Suppose that a real two-torus K 22 S x St acts smoothly and effectively
on M. This situation has been extensively studied by Orlik-Raymond
[18], to which we refer for the details.

We begin with a simple and well-known remark on the fixed point
set of our K-action.

Lemma 3.1. Let M with a K-action be as above. Then the Euler-
Poincare characterestic x(M) of M is nonnegative, and it is positive if
and only if K has a fized point. In particular the latter is the case when
M is simply connected.

Proof. We first note that the fixed point set F' of the action is isolated
if it is not empty. Indeed, let x € F' be any point. Then the isotropic
representation of K in the normal space N, at x of the submanifold F
in M is faithful. But this is possible only when dim N, = 4, i.e., x is
isolated.

Now if we take a general S'-subgroup S of K, its fixed point set
also coincides with F. Hence we have x(M) = x(F) + x(M — F) with
X(M — F) =0, S acting on M — F locally freely. Thus, with b; the i-th
betti number of M, we get

(14) 0 < #F =x(F)=x(M)=2—2b; + b,
where #F' denotes the cardinality of F. The lemma follows. q.e.d.

(3.2) We call a union

B:=BiJ--|UBw

of 2-spheres B; on M a cycle of two-spheres if it has the property that
B;N\Bj = 0 if |i —j| > 2, and B; and B;y1, 1 < i@ < k, intersect
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transversally at a single point z;, B; N Bi11 = {x;}, 1 < i < k, where
we consider the indices ¢ and j modulo k so that By = Bj.

Let X(M) be the singular set of the K-action, i.e., the set of points
whose stabilizer group is nontrivial.

Lemma 3.2. Suppose that x(M) # 0. Then X(M) is a disjoint
unton of cycles of two-spheres, each of which is of the form B := By U
---U By as above such that:

1) Fach z; := B; N\ Bi+1, 1 <i <k, is a fized point.

2) At each point x of B] := B; — {xi_1,x;} the stabilizer group is
a S'-subgroup K; of K which is independent of the choice of the
point x, where xo = x}.

Moreover, if M is simply connected, B is unique and coincides with
S(M).

Proof. By Lemma 3.1 x(M) > 0 and there exists a fixed point x.
Then the isotropic representation of K at x is a direct sum of two repre-
sentations, in each of which the representation has a fixed S'-subgroup
as the kernel. The fixed point set of these S'-subgroups consists of
smooth surfaces embedded in M and intersect transversally at . These
surfaces must be diffeomorphic either to S? or real projective plane RP?
since it admits an S'-action with fixed points.

We claim that RP? does not occur. Indeed, let R be one of the
surfaces passing through x and K; = S! the stabilizer group at a general
point of R. We have the effective action of K/K; on R. Suppose
now that R is a real projective plane RP?. Then the element —1 €
K/K; = S' admits a component H of a fixed point set on R which is
homeomorphic to S'. We may lift —1 to an element s of order two on
K. Then K; x (s)(= S! x Z3) acts effectively on the two dimensional
normal vector space IV, at each point x of H, which is impossible. Thus
R is never RP?. Then for any fixed point = we have two embedded two-
spheres intersecting transversally at x. Take one of it, say By. On Bj
we have exactly one more fixed point, say 2, other than x1. Repeat the
same consideration at x2 and obtain another embedded two-sphere Bs
intersecting transversally with By at x5 and is pointwise fixed by some
Sl-subgroup of K. Continuing in this way we finally obtain a sequence
of two-spheres By, ..., Bj, each of which is pointwise fixed by some S'-
subgroup of K, where By and By intersect transversally at a single point
zk. In this way we obtain a cycle of two-spheres B := B1U- - -U By, with
the desired property.
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2) is well-known (cf. [18]) and the final assertion is proved in
[18, §5]. q.e.d.

(3.3) Fix an identification K = S* x S!. We identify S with the
multiplicative group of complex numbers of modulus one. For any pair
(m,n) of coprime integers we introduce the S!'-subgroup K(m,n) of K
by

K(m,n) = {(s,t) € K = §" x §';s™" = 1}.

These groups are mutually different except that we have K(m,n) =
K(—m,—n).

Now we consider a general K-action on M with fixed points as above.
Let B = UB; be one of the cycles of S? contained in the singular set
of the action. Then the stabilizer group K; of a point x belonging to
the set B/ is independent of z and is written as K; = K(m;,n;) for a
pair (mg;,n;) of coprime integers m; and n; which are determined up
to (simultaneous) inversion of signs. Moreover, these pairs of coprime
integers are subject to the condition:

my; 2

(15) = +1

mi+1 N1

coming from the effectivity of the action. Thus, associated to the cycle
B one obtains a circular sequence

(16) {£(m1,n1), ..., E(mg,np)}

of pairs of coprime integers considered up to signs as above. We shall
call this sequence (16) the Orlik-Raymond invariant of the cycle B (or
of M when M is simply connected.)

(3.4) When M is simply connected, also the structure of the quo-
tient is determined (cf. [18, §5]). In this case, as follows from (14),
the number m := k — 2 equals the second Betti number of M and the
set {x1,...,x} are precisely the set of fixed points of K The quotient
N := M/K is naturally homeomorphic to the closed two-disc and in
this way N admits a structure of a C°° manifold with boundary. Let
m : M — N be the quotient map and Ny the interior of N. Then
My := 7~ Y(Ny) = M — B is the maximal open subset of M on which K

acts freely.
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Further, if bN denotes the boundary of N, we have 77 1(bN) = B,
and bN = B/K. Moreover, the images

yi =m(x), 1<i<k,

of x; are arranged cyclically on the circle bN with respect to an ori-
entation of bN and then B;/K is identified with the closed arc on bN
connecting y;—1 and y;. In this case the Orlik-Raymond invariant, con-
sidered modulo cyclic permutations and reversing the orders, completely
determines the isomorphism class of the K-action on M [18].

(3.5) We shall give a supplement to a result of Joyce [11, 3.1].
Namely we show that when M is diffeomorphic to the connected sum
mP? of m-copies of the complex projective plane P2, the number t(m)
of isomorphism classes of K-actions on M can be explicitly determined.

Proposition 3.3. Set j(m) = (2m)!/m!(m + 1)! for m > 0, where
0! =1. Then t«(m) for m > 0 is given by the formula:

v(m) = j(m)/2(m + 2) + j((m —1)/3)/3 + h(m),
where h(m) = 3j(m/2)/4 if m is even and = j((m — 1)/2)/2 if m is
odd, with j(1) = 0 if | is not an integer.
Proof. By [11, Prop. 3.1.1] the Orlik-Raymond invariant

{£(m;,ni);1 <i<k=m+2}

can be normalized as follows: There exists a unique element h of
SL(2,Z) such that, after changing the identification K = S' x S' by
the automorphism of K induced by h if necessary, one may choose the
signs of +(m;, n;) so that it is arranged couterclockwise in this order in
R? such that

(17) (my1,n1) = (1,0) and (myg,ng) = (0,1).
In this case we automatically have m; > 0 if ¢ < k and
(18) miNiy1 — Mip1n; =1, 1 <8< k.

Moreover, by [11, Prop. 3.1.2] given an integer k > 2 the number of the
sequences (16) satisfying the above conditions (17) and (18) is equal to
j(m). In his proof this number is in fact identified with the number of
subdivisions of a regular k-gon into triangles.



COMPACT SELF-DUAL MANIFOLDS WITH TORUS ACTIONS 247

On the other hand, the Orlik-Raymond invariant is determined up
to the cyclic permutations and reversing the orders. In the above cor-
respondence counting the number of possible Orlik-Raymond invariants
modulo this equivalence relation exactly corresponds to counting the
number of the above subdivisions modulo rotations and reflections of
the k-gons. This latter numer is indeed computed to be equal to be
the number given in the statement of the proposition by Moon and
Moser [16] (cf. the reference of Brown’s article listed in [11]). Since the
Orlik-Raymond invariant determines the action completely, this yields
the proposition. q.e.d.

The number ¢(m) also coincides with the number of the isomorphism
classes of symmetric toric surfaces.

Proposition 3.4. For k > 2 the number 1(k —2) coincides with the
number n(k) of isomorphism classes of symmetric toric surfaces with
2k boundary components.

Proof. If {£(mi,n;);1 < i < k} is an Orlik-Raymond invariant,
then with respect to a suitable choice of signs (which is unique up to
simultaneous inversion of signs) the vectors

(nla _ml)v ceey (nka _mk)7 (_nlaml)v ceey (_nlﬁmk)

form a cyclic sequence of primitive vectors arranged counterclockwise in
Z?. These give rise to a fan defining a symmetric toric surface by setting
pi = (nj,—m;) and pi1x = (—ny,m;) for 1 < i < k (cf. Lemma 4.12
below). This sets a bijective correspondence of the set of Orlik-Raymond
invariants and symmetric fans when both are considered modulo the
action of GL(2,Z). q.e.d.

Remark. One can establish a geometric correspondence between
symmetric toric surfaces and mP? with K-actions.

(3.6) In the rest of this section we shall introduce an invariant for
a simply connected conformal four-manifold with K-action. So suppose
now that M is simply connected and is endowed with a K-invariant
conformal structure [g].

Let A be the open unit disc {|z| < 1} in the complex plane C = C(z)
with the unit circle S = {|z| = 1} as the boundary. We denote by A
the set of (ordered) sequences (qi, ... ,qx) of distinct points ¢; of S ar-
ranged cyclically on S with respect to an orientation of S and considered
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modulo cyclic permutations. Let H be the group of conformal automor-
phisms of A, any of which extends to a diffeomorphism of the closure
A. H thus acts on the set A and the quotient A := A/H is the set
in which our invariant for the action belongs. Note that two sequences
(q15--- ,qr) and (g},... ,q}) defines the same element of A if and only
if there exist a conformal automorphism h of A and an integer [ with
1 <1 < k such that h(g;) = gi+; (vesp. g;—;) for all 1.

We use freely the notation of (3.4). We have a natural conformal
structure [h] on Np. In fact, for any point y € Ny the corresponding
conformal structure on the tangent space Ty Ny is described as follows.
Take a point = of 77 1(y). Let Kz be the orbit of x and T the orthog-
onal complement of the tangent space of Kx in the tangent space of M
at x with respect to the given conformal structure. Then via the natural
isomorphism Tj = Ty N we get an induced conformal structure, which
is independent of the choice of the point = € 71 (y).

Since Ny is of real dimensional two, the conformal structure defines
a unique complex structure up to complex conjugation. Hence by the
Riemann’s mapping theorem there exists a conformal isomorphism of
Ny onto the open unit disc A. (From the argument below it follows
that Ny is not isomorphic to C.) Let o : Ny — A be such a map. We
shall prove below the following;:

Lemma 3.5. « extends to a unique homeomorphism @ of N onto

the closed disc /\.

Then our invariant for a conformal torus action is defined as follows.

Definition. Let x1,...,xr, k > 2, be the fixed points of the K-
action and y; = 7w(x;) € bN, 1 < ¢ < k, be as in (3.4). Then we
set

g =7a(y;), 1<i<k.

Since any other choice of @ is obtained by composing an element of H
with «a, the image [q1, ... , gx] of the cyclic sequence (q1,...,q;) in A is
an invariant of the given K-action.

Example. In the construction of self-dual metrics on mP? in [11]
Joyce first puts a conformal structure on the quotient Ny = My/K by
identifying N with the closed unit disc A and then specifies k points
{y1,... ,yx} on the boundary bN, which is to be the parameter of his
self-dual metrics. By the very construction of his, this conformal struc-
ture on Ny is precisely the one coming from the conformal structure
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of M as explained above and the points y; are exactly the images by
m: M — N of the fixed points of K on M. Thus the parameter of Joyce
is naturally identified with the conformal invariant of the K-action on
M defined above.

(3.7) For the proof of Lemma 3.5 we use the following classical
result due to Lindeldf [2, p.86]:

Lemma 3.6. Let D be a simply connected bounded domain in the
complex plane C whose boundary is a Jordan curve. Leta: D — A be a
biholomorphic map onto the unit disc, whose existence is guaranteed by
the Riemann’s mapping theorem. Then a extends to a homeomorphism
up to the boundary of both domains.

In order to apply this result we prove the following:

Proposition 3.7. N is realized as a closed subdomain of a sim-
ply connected manifold N to which the conformal structure [h] on Ny
extends smoothly.

Proof of Lemma 3.5 from Proposition 3.7. By Proposition 3.7 and
the Riemann’s mapping theorem, there exists a conformal isomorphism
of N (with the extended conformal structure) onto the unit disc A in
C, after restricting N if necessary. The restriction of this map to N
realizes Ny as a bounded domain in C' with smooth boundary so that
we can apply Lemma 3.6 to get a desired homeomorphic extension of ¢.
g.e.d.

(3.8) Before going into the proof of Proposition 3.7 we recall some
of the general facts in the construction of the quotient N = M/K in
the smooth category.

To get N we consider N as a C™ manifold with corners rather
than as a manifold with boundary. Here, in our two dimensional case
a manifold with corners means a manifold structure which is modelled
on open subsets of the first quadrant RZ, := {(z,y);x,y > 0} and C™
maps i.e., the maps which extend to C* maps of open neighborhoods
in R?. Such a structure on N is determined roughly as follows.

For each point y € N take a point x € 7~ !(y) and a local slice S at
x for the action; S is a locally closed subset of M passing through =z,
which is mapped homeomorphically by 7 onto a neighborhood, say P,
of y of N, and which is diffeomorphic to an open subset () of R2>0. Then
the homeomorphism P — S — @ defines a coordinate neighborhood of
N for the structure of a manifold with corners on N. In our case we
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prove further:

Lemma 3.8. A slice S as above can be taken to be an open subset
of a locally closed submanifold S of M such that there exists a diffeo-
morphism of S onto an open subset of R% which maps S onto an open
subset of R%,.

Proof. The construction of the slices at © € B is as follows. We take a
K -invariant (complex) coordinate neighborhood W of z in M in which
the action of K is complex linearlized. Let 21, z2 be (smooth) complex
coordinates around x and write z; = u; + vV—1v;, u;,v; € R, i = 1,2.
We have two cases:

Case 1. =z # x;.
In this case, by a suitable choice of z; the K -action takes the form:

(21,22) — (21,822), s€K ~ gl

where the orbits of the induced action of K/K, is defined by u; = const.
and zo = const. We then define a local slice S (resp. its extension 5')
to be the intersection of W with the halfplane (resp. plane) {v; = v2 =
0,us > 0} (resp. {v; = v =0}).

Case 2. = =ux;.
With respect to a suitable isomorphism K = S'(s) x S'(t), the
K-action takes the form

(21,22) — (s2z1,t22).

We define a local slice S (resp. its extension S) as before to be the
intersection of W with the quadrant (resp. the plane) {u; > 0, v; =
0, i=1,2} (resp. {v1 =v2 =0}).

Clearly in either case the pair (.S, §) meets the requirement of the
lemma. q.e.d.

(3.9) The main point in the proof of the existence of a smooth
structure on the quotient is that if we take another slice S’ at the same
point = defined in the same way as above, starting from another K-
linearlized coordinates, we can construct naturally a diffeomorphism
between S and S’.

To understand this, it is convenient to perform the real blowing up
v: M — M along B = UB;. Then M is a smooth 4-manifold with
corners to which the K-action naturally lifts. The main advantage in
passing to M is that the action becomes free there. Moreover, since each
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fiber of v is in the same K-orbit, we have N = M/K A slice on M is
then nothing but a diffeomorphic image of a slice for the free K-action
on M, and if S and S’ are such slices on M we have a corresponding
deffeomorphism u : S — 5" in the form %(3) = §(3)3 for a unique smooth
map g : S — K. Since v is K-equivariant, this induces a diffeomorphism
u: S — S with u(s) = g(s)s, where the smooth map g : S — K is
naturally induced by g.
Now we show

Lemma 3.9. The above diffeomorphism u : S — S’ extends to a
diffeomorphism 4 : S — S’ between their respective extensions S and S’
as defined in Lemma 3.8.

Proof. In Case 1 (resp. Case 2), by the construction of S in the proof
of Lemma 3.8 there exists an element k (resp. k1, k2) of K, of order two
such that

S =SUk(S) (resp. S =S8Uki(S)Ukz(S)U (k1ks)(S));
in fact in the local expression there we may take
k=—1 (resp. k1 =(—1,0), kg = (0,—1)).
Then for z € k(S) we have
g(k™'x)(x) = (kg(k'a)k™ ") (x) = kg(k™ ') (k™ '2) € K(S") € &

where kK = k;, i = 1,2 in Case 2. Thus the map g : S — K extends
naturally to a continuous map g: S — K such that z — g(z)x gives a
homeomorphism of S onto S’; in fact it is characterized by the equation

(19) g(z) =g(kz), €S —S and k as above.

It remains to show that the extended map is smooth on S. For this
purpose we may consider the map ¢ also as a smooth map g: P — K
since S — P is diffeomorphic. On the other hand, we may consider P
also as the quotient S/(k) (resp. S/(k1,ks)). Then by (19) our map §
is nothing but the pull-back of the map g : P — K to S by the quotient
map, and hence is smooth. q.e.d.

Proof of Proposition 3.7. Using Lemma 3.9 we can patch together the
extended slices S in Lemma 3.8 and obtain a desired smooth manifold
N which contains N as a compact subdomain with corners. Restricting
N if necessary, we may assume that N is simply connected.
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It remains to show that the conformal structure on N is extendible
to N. For this purpose we have only to show the extendibility locally
across any boundary point of IV; indeed, then we can use a partition of
unity to obtain a global extension to N.

Let T} be the relative tangent bundle for the projection 7 : My —
Ny, which is a subbundle on M, of the tangent bundle T'M of M. Let
S be any slice and S its extention as in Lemma 3.8. We claim that the
restriction Ty |S N My extends to a subbundle 7" of TM|S. Indeed, in
either of Cases 1 and 2 we have only to define T” to be the subbundle
of TM |§ generated by the two independent sections 9/0vy,d/dve, for
T is generated on S N My by the two sections 9/0v; and u20/dve in
Case 1 and by u10/0v; and ugd/0vy in Case 2.

The natural conformal structure on the orthogonal complement 7"+
of T"in TM |S’ defines a desired local extension of the conformal struc-
ture on the interior of P = 7(S) to P := 7(9). q.e.d.

4. Self-dual manifolds with two-torus action

(4.1) In the first few subsections we summarize basic facts about self-
dual manifolds and the associated twistor spaces (cf. [1]). Let (M, g)
be a compact connected oriented four-dimensional Riemannian mani-
fold. (M, g) is called self-dual if the anti-self-dual part W_ of the Weyl
conformal curvature tensor of (M, g) vanishes identitically. Since W_
depends only on the conformal class [g] of g, the notion of self-duality
is defined actually for the conformal manifold (M, [g]).

For any self-dual conformal manifold (M, [g]), one constructs nat-
urally a compact complex manifold Z of dimension three, called the
twistor space of (M, [g]), with the following properties.

1) Z admits a structure of a C* fiber bundle t : Z — M over M.

2) Each fiber L, := t~1(x), € M, of t is a complex submanifold
of Z and is isomorphic to a complex projective line P'. Moreover, its
holomorphic normal bundle N, in Z is isomorphic to the direct sum
O(1) ® O(1), where O(1) is the line bundle of degree one on P*,

3) There exists an anti-holomorphic and fixed point free involution
o on Z which leaves each fiber L, invariant. We call ¢ : Z — M the
twistor fibration, each L, a twistor line and o the real structure of Z.

(4.2) We need some information on the construction of Z from
(M, [g]). Let T be an oriented real four-dimensional vector space with a
positive definite inner product g. We denote by C(T') = C(T, g, ) the set
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of isometric complex structures J on 1" which defines an orientation that
is opposite to the given orientation ¢ of . Namely, J is an endmorphism
of T such that J? = —identity, g(Ju, Jv) = g(u,v) for any u,v € T
and for any complex basis e, f of the complex vector space (T, J), the
resulting real basis e, Je, f, Jf of T defines the orientation opposite to
the original one on 7. C(T) is naturally identified with a complex
projective line and each twistor line L, is naturally identified with the
set C(Ty) = C(Ty, gz, tz) for any representative g of [g], where T, =
T,.M is the tangent space of M at x.

To explain these statements we take an orientation preserving isom-
etry u : T — H of real vector spaces, where H is the space of real
quaternions with the oriented orthonormal basis 1,4,7, k. Denote by
Sp(1) the group of unit quaternions. Let

(20) Sp(1)+ x Sp(1)-
act on H by left and right multiplications;
(21) h—qhgd™", heH, (g,4)€Sp(1); x Sp(1)-

where Sp(1)+ are copies of Sp(1). If we identity H with R* naturally,
this action gives a natural isomorphism of groups

(22) (Sp(1)+ x Sp(1)-)/{(=1,-1)) = SO(4).
Now we consider the set
C: = {qeSp(1)_;¢*=-1}
(23) = {ai+bj+ck;a® +b*+c* =1,a,b,c€ R}
~ 52

Any element ¢ of this set defines by right multiplications
(24) h— hg!

an isometric complex structure on H which defines an orientation that
is opposite to the given one on H, and in this way one identifies C' with
C(H) = C(T,) naturally.

The identification of this set with a complex projective line is seen as
follows. Denote by Vi (resp. V_) the complex two dimensional vector
space (H, xi) (resp. (H,ix)), where xi and ix denote respectively
the complex structures given by the right and the left multiplications

253
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by i € H. Note that the natural action of Sp(1)+ on H defines a
complex representation of these groups on Vi respectively.

Let 7 : V. — 0 — C be defined by m(h) = h~'ih. Then 7 gives a
smooth fibration whose fiber over h~1ih is precisely the complex line Ch
of V_ with the origin deleted. Thus we obtain a natural identification

(25) C = (V. -0)/C* = P(V.)

and the map 7 is Sp(1)_-equivariant if we let Sp(1)_ act on C by
q — gqg~',g € Sp(1)_. Note that the latter action induces an action
of Sp(1)_/(—1) =2 SO(3) on C, and therefore by (22), of SO(4), where
the action of Sp(1),-factor is trivial.

(4.3) Now for simplicity fix any Riemannian metric ¢ in the given
conformal class [g] on M although the construction below actually de-
pends only on the conformal class [g]. Let av: P — M be the associated
principal bundle of oriented orthonormal frames of M. Then Z is noth-
ing but the fiber bundle over M with typical fiber P(V_) = C associated
to « via the above action of SO(4) on P(V_)

Z =P xgou P(V_) = P x50(4) C.

In this way we get a natural interpretation of each fiber L, as C(T})
above. Further, the left multiplication by j on H descends to an anti-
holomorphic and fixed point free involution on P(V_) which commutes
with the action of SO(4); therefore it globalizes and gives the desired
real structure o on Z.

The complex structure of Z is defined as follows. First of all, the
Levi-Civita connection of g defines at any point z of Z a horizontal
subspace H, of the real tangent space T, of Z, which is mapped isomor-
phically by the differential ¢, onto the tangent space T, where x = t(z).
We have thus a natural direct sum decomposition

(26) T.=H, &T.L, =T, & T.L,

of real vector spaces. Let J, be the complex structure on 7}, correspond-
ing to z € L, = C(T,) and J, the natural complex structure of T, L,
coming from the complex structure of L,. Then the complex structure
on Z is by definition the direct sum of J, and J. with respect to (26)
at each point of Z.

With respect to the identification L, = P(V_) = Sp(1)_/S! the

normal bundle N, of L, in Z is described as the complex homogeneous
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vector bundle by
Ny =Sp(1)- xg1 V4,

where S* C Sp(1)_ is identified with {a + bi;a® + b? = 1,a,b € R}
acting on V4. = (H, xi) by right multiplications. The map

(27) Sp(1)- xs1 Voo = V4, (g,v) — gv
gives rise to a canonical C'*° trivialization

(4.4) Let (M, [g]) be a compact connected self-dual manifold with
the associated twistor fibration ¢ : Z — M. Suppose now that a real
two-torus K = S x S! acts on (M, [g]) by conformal transformations.
Then the K-action on M lifts naturally to a biholomorphic action on
the twistor space Z, which in turn extends to a biholomorphic action
of the complexfication G = C* x C* of K. The lifted K-action clearly
sends a real twistor line onto a real twistor line, commutes with the real
structure o and is compatible with the direct sum decomposition (26)
at various points of Z. G-action satisfies (7).

We shall use the notation of §2 for the underlying topological action
of K on M. In what follows we assume that (M) # 0 and take and fix
once and for all a cycle B of two-spheres which is a connected component
of the singular set (M) of the action.

(4.5) First we shall determine the singular set ¥ = ¥(B) of the
K-action on Z along t~1(B), i.e., the set of points of t~!(B) with non-
trivial stabilizer groups.

For this purpose we study for each point x of B the induced action
on the twistor line L, of the stabilizer group K, at x.

It is convenient to distinguish two cases:

Case A. z # z; for any 4,1 <1i < k, so that = € B] for some i. In
this case K, is the S'-subgroup K; := K(m;,n;) of K.
Case B. x = z; for some 7,1 < ¢ < k. In this case K, = K.

First we show the following:

Lemma 4.1. For any point x € B there exists on Ly exactly two
fized points of the stabilizer group K., which are o-conjugate to each
other. If v € B’, the stabilizer group K, at any other point z of L, is
trivial.

255
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Proof. There exists a K -invariant orthogonal decomposition of T,
into two inequivalent two-dimensional K -invariant subspaces

(29) T, =TT,

In fact, in Case A we may take T} to be the maximal subspace on
which K, acts trivially, i.e., the tangent space of B; at =, and T to
be its orthogonal complement, while in Case B, (29) is nothing but the
isotropic representation of K, = K = K; X K;11, where e.g., K; acts
faithfully on 77 and trivially on Ty, so that T (resp. T1) is identified
with the tangent space of B; (resp. B;y1) at .

On the other hand, a point z € L, is a fixed point of K, if and only
if the isotropic action of K, on T, commutes with the corresponding
complex structure J, on T,. Thus, if z is a fixed point of K, then
the complex structure J, should preserve the direct sum decomposition
(29). In fact, among J,, z € L,, precisely two complex structures leave
invariant the decomposition, and if one is denoted by J = J,,, 20 € Ly,
the other is given by —J = J,(,,). Hence, we have proved the existence
of precisely two o-conjugate fixed points on L,. This proves the first
assertion.

For the second assertion, we note that in Case A if K, is nontrivial at
some point of z € L;, the above argument still works with K, replaced
by K., so that J, still must preserve the decomposition (29). Thus it
must be either of £.J,, above and z must coincide with one of the fixed
points of K. q.e.d.

Denote these two K,-fixed points on L, by z*, and when z = z; we
write them zzjE Since a point is fixed by K if and only if it is fixed by
G, the above lemma immediately implies the following:

Corollary 4.2. The fived point set of G on t~(B) consists of 2k
isolated points zii, 1 <i<k. The two points zijE are o-conjugate to each

other. When M is simply connected, they exhaust all the fixed points of
G on Z.

From Lemma 4.1 we conclude:

Lemma 4.3. There exist precisely two irreducible nonsingular ra-
tional curves Cii, 1 < i < Kk, contained in ¥ which are mapped dif-

feomorphically onto B; by t. Moreover we have C';r NC; =0 and
o(CF) =CF.

Proof. The fixed point set F; of K; on t~1(B;) is a o-invariant
complex submanifold of Z. From Lemma 4.1 we see readily that it is a
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nonsingular curve and is an unramified double covering of B;. Since B;
is simply connected, F; is a disjoint union of two nonsingular rational
curves Cz-jE which are o-conjugate to each other. q.e.d.

We call twistor lines L, over points x of B special and the twistor
lines

Li=tz), 1<i<k

very spectal. We may assume that zijE € Cii.

Proposition 4.4. The singular set X(B) of the K-action along
t=1(B) is written as a union of nonsingular rational curves as

S(B) = (Ui L) LJ(Ule(Ci+ ucy)).

Moreover, the stabilizer group of each point of C;i = Cii — {zii_l, zli}
coincides with K;. ¥(B) is connected.

Proof. Since x; is a fixed point, K acts naturally on L;, but since the
two-torus cannot act on a projective line effectively, L; is contained in
Y (B). The rest follows immediately from Lemmas 4.1 and 4.3.  q.e.d.

Remark. The singular set of K-action on Z is thus a disjoint union
of ¥(B') for various components B’ of ¥(M). The singular set of G-
action on Z is more difficult to identify because of the possible stabilizer
group which is isomorphic to the additive group C. It finally turns out
that the singular set of the G-action also coincides with that of K ; our
proof for this, however, will be indirect.

(4.6) We shall give some notational remark. Let C denote the
union of Cii, 1<t <k

k
c=Jcrue).

=1

We have two possibilities:

a) C is connected, or

b) C has exactly two connected components which are o-conjugate
to each other.

In Case b) the +-signs of Cii can be chosen in such a way that

CENCE ={zf}, 1<i<k k+1=1
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and there exist no other intersections among any of the irreducible com-
ponents of C'. Thus there exist two mutually disjoint and o-conjugate
cycles of nonsingular rational curves C’ljE U---u C,ic in C.

On the other hand, in Case a) the notation =+ is not quite reasonable
and it is more convenient to denote the curves Cii by C; and Cj4p, and
the points z;t by z; and z;1, in such a way that

Ciﬂci+1={zi}, 1<i<2k 2k+1=1

and there exist no other intersections among any two irreducible com-
ponents of C'. C itself forms a cycle of nonsingular rational curves.

However, when we want a universal notation which is valid in both
cases we make the following identification of the components

Ci:C:', Crti =C; zi:z;', 2hpi =2, 1<1< k.

For k£ < ¢ < 2k it is sometimes convenient to put L; = L;_; and
K, =K; k.

In these notations the intersections with the very special twistor
lines are given by

LiﬁCiﬁCZ-H:{zi}, 1 <1 <2k

in Case a), where the intersections are transversal. In Case b) for i = k
and 2k we need obvious modifications.

(4.7) With the above notational conventions K;,1 <14 < 2k, is the
stabilizer group in K of points of C} := C; — {zi_1,2;}. Let G;(= C*)
be the complexfication of K;(= S1).

Lemma 4.5. For any point z of Cl, 1 <i < 2k, the stabilizer group
G, in G coincides with G;.

Proof. Clearly we have the inclusion G; C G, with dim G, = 1. If
G, # G;, G,/G; is a non-trivial closed subgroup of G/G; = C*. Since
G.NK = K, it is easy to show that G,/G; is an infinite group. Since
G is discrete in G, G,/G; is an infinite cyclic subgroup of G/G;. Then
the C*-orbit C] = G/G, must be a complex torus of dimension one,
which is absurd. q.e.d.

Let z be any point of C. We next compute the isotropic representa-
tion of the stabilizer group G, on the holomorphic tangent space 1,72
of Z at z.
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Proposition 4.6.

1) Let z € CI,1 < i < 2k. Then with respect to suitable C-linear
coordinates u,v,w of T,Z and an isomorphism G, = C*(t), G,
acts on T, Z by

(u,v,w) — (u,tv, tw),
where the tangent space of C! at z is given by v =w = 0.

2) Let z = z; for somei,1 < i < 2k. Then with respect to suitable C-
linear coordinates u,v,w of T,Z and an isomorphism G, = G =
C*(s) x C*(t), G, acts on T,Z by

(u,v,w) — (stu, sv, tw),
where the tangent space of L; (resp. C;, resp. Ciy1) at z is given
byv=w=0 (resp. u=v =0, resp. u=w = 0).

Proof. By what we have explained in (4.4) we see that the complex
isotropic representation of K, on 7,7 is a direct sum of the two complex
representations, one on (7, J,) and the other on T, L,, where z = t(2)
and T, L, is the holomorphic tangent space of L.

A) First we normalize the representation of K, on (7T,J,). The
computation will be done by using a suitable model. Take an orientation
preserving isometric C-linear isomorphism

(30) (Ty, J») = (H, x1)

which sends the decomposition (29) into H = C & jC, and we consider
the corresponding action of K, on the latter. Write an element of
H=CqjC=C?as

(z,w) =z + jw, z,w € C.

It is clear from (30) that in Case A, with respect to a suitable isomor-
phism K, = S*(¢), the action of K, on H is given by

(31) (z,w) = (z,tw),

and in Case B with respect to the isomorphism K; x K; 11 = K composed
with suitable isomorphisms K; & S1(s) and K;;1 = S'(¢) the action of
K on H is given by

(32) (z,w) — (sz,tw).
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In both cases the stabilizer group K, is realized as (a subgroup of) the
distinguished maximal torus 7' = S! x St in U(2) C SO(4).

B) In order to understand the action of K, on C, it is convenient to
consider K as the image of a subgroup of the distinguished subtorus
T := St (u) x St(v) of Sp(1)+ x Sp(1)_ of (20), where S! is considered
as the subgroup {a + bi € Sp(1);a,b € R} of Sp(1). The action of
Sp(1)4+ x Sp(1)— on H is given by (21) and so the induced action of
(u,v) € T is given by

(33) (z,w) — (v tz, (uv)tw).

In view of (31) and (32) this implies that the action of K, is realized in
Case A by the action of the subgroup {(u,u)} of T" with

(34) t=u"?

and in Case B by the action of the whole group T via the double cov-
ering map (u,v) — (s,t) = (uwv™', (uww)™"), giving the isomorphism
T/{((—1,-1)) 2T = K. In particular we get in this case

(35) st =wv"2,

C) Now we detect the action of K, on T,L,. By the isomorphism
(30), the twistor line L, considered as a set of isometric complex struc-
tures on T, is mapped bijectively to the set C' defined by (23), in which
z € Ly is mapped to —i € C, i.e., J, corresponds to the right multipli-
cation by ¢. (Recall that C' operates on H by (24).)

We next identify the tangent space T_;C of C' at —i and the induced
tangential representation of T'. Note first that by (25) the holomorphic
tangent space of C'= P(V_) at —i is identified with the set of C-linear
maps Hom(C'j, C) since —i = j~'ij and (V_/Cj) = Ci = C. Since the
action of Sp(1)— on C is induced by the right multiplications on V_, if
f € Hom(C}j, C), the action of v € S*(v) on f is given by

fwg) — flwjoy™ = v f(v™ wj) = v 2f(h), wj € CJ,
i.e., the action takes the form
f—v2f

Because of (34) and (35) we get that the action of K, on T_;C = T, L,
is by multiplication by ¢ in Case A and by st in Case B (cf. (4.2)).
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Combining this with (31) and (32) we get the assertion of the proposition
after passing to the complexfication G, of K. q.e.d.

(4.8) Example. When M = S* with standard conformal struc-
ture, the associated twistor space is the complex projective 3-space
P3(z : 21 : 23 : 23) and the twistor fibration ¢ : P? — P'H = §*
is given by

(z0:21:22:23) — (20 + 723 : 21 + j22),

where S* is identified with the right quaternionic projective line P H.
Introduce the complex affine coordinates (u,v) on S* = C? U {0} so
that (u 4 jv)(z0 + jz3) = 21 + jz2. Define the K-action on P? and on
S4 respectively by

(z0:21:29:23) — (20:821 : tzg : stzg) and (u,v) — (su,tv)

for (s,t) € K = S! x S1. Then we see readily that 7 is K-equivariant,
in compatible with Proposition 4.6.

Remark. The restriction of ¢ over C? C S4 is nothing but the
twistor fibration for C? = R* with flat metric. This has the following
general significance. For a general self-dual manifold M and any point
x € M let N, be the normal bundle of L, in Z. Then the differential ¢,
induces a surjection t, : N, — T, giving a linear isomorphism of each
fiber of N, onto T, which is identified with (27). This map ¢, may be
considered as giving a twistor fibration of T, with the flat metric g,, and
moreover, as such, it is isomorphic to the above fibration til(R4) — R*.
In this way we may elaborate on the above example so that it gives
another proof of Proposition 4.6.

(4.9) By Lemma 4.5 for each ¢, 1 < i < 2k, the stabilizer group
G, of G at points of C! is independent of the choice of the points, is a
complexfication of K; and is isomorphic to C*. In particular G; = G;4.

However, in view of the structure of the isotropic representation in
Proposition 4.6 we can specify for each ¢ not only the subgroup G;
of G, but also a one parameter subgroup p; : C* — G with image
G, which amounts to specifying one of the two possible isomorphisms
C*(t) — G;, by the following rule: For any point z in a sufficiently small
neighborhood of a point of C; we have

261
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Let N be the free abelian group of rank two of one parameter subgroups
of G as in (2.2).

Lemma 4.7. For any 1,1 <i <k, we have p; = —pitk-

Proof. Take any point = of B} and consider the induced action of G;
on the twistor line L,. For any z € L’ = L,—{z%} if lim; g p;(t)z = 2%,

then lim;_,o0 pi(t)z = zT. From this the lemma follows readily.  q.e.d.

5. Analyticity of orbit closures

(5.1) We study first the G-action in a neighborhood of C'in Z. Let
z be any point on C. Then there exist

1) a K,-invariant neighborhood U of the origin o in the holomorphic
tangent space T, =T,Z of Z at z,

2) a K,-invariant neighborhood V of z in Z, and
3) a K,-equivariant isomorphism ¢ : U — V', namely,

(37) ¢(gx) = ggb(.’E), geK,, U

(cf. [12, Satz 4.4]). We may use linear coordinates u, v, w of T} as local
coordinates of Z at z via ¢. This local linear description of the K -action
extends partly to that of the G,-action.

Lemma 5.1. Let Uy be a connected open neighborhood of o which
is relatively compact in U and let Vi = ¢(Uy). Define an open subset
Ay of G, x Uy by Ay := {(g,z) € G, x Uy;gx € U} and let A be the
connected component of Ag containing K, x Uy. Then for any element
(g,x) of A, gp(x) belongs to V' and the equivariancy (37) holds true on
A.

Proof. Let A’ be the connected component of the open subset
{(g,2) € A;9é(x) € V} of A containing K, x U;. The two holomorphic
maps ¢(gz) and go(z) from A’ to Z are defined and coincide identically
on K, xUj. Since G, is a complexfication of K, they must also coincide
identically also on A’. We show that A’ is also closed in A. In fact, let
(g0, o) € A be on the boundary of A’. Take a sequence (gy,z,) € A’
converging to (go, o). We know that g,¢(z,) = ¢(gnzyn) € U. Then we
have

90¢(‘T0) = nh—{go gn¢(xn) = nh—{go ¢(gnl'n) = ¢(90$0)
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with limit taken in Z; since gozg € U, we have goop(xzg) € V, ie.,
(g0, o) € A’. Since A is connected, A = A’. q.e.d.

(5.2) Let z be any point of C. We describe a local action of G in
a neighborhood of z.

We distinguish two cases:

Case A: z € ' := C — {z} and Case B: z = z; for some i.

In each case by using Proposition 4.6 and Lemma 5.1 we see that
there exists a neighborhood W of z with the following properties.

Case A. Suppose that z € C! := C; — {zj_1, z;} for some i. The
corresponding one parameter group p; : C*(s) — G has the image G;,
and G; admits a complement G’ = C*(t) (e.g., G’ = Gi—1 or G;41) and
we obtain an isomorphism G = G; x G' = C*(s) x C*(t). There exists
a coordinate neighborhood W of z in Z with local coordinates u, v, w
such that

(38)
W = {(wv,w)ilu—1] <& o] < 1,|w| <1}, £>0, == (1,0,0),

v = w = 0 is a defining equation of C'in W and the action of G; = G; x 1
takes the form

(39) (u,v,w) — (u, sv, sw), |s| <1.

Moreover, the action of t € G’ is of the form (u,v,w) — (tu,v,w) where
[tu — 1] < e.

Case B. z = z; for some i:

In this case the natural isomorphism

Pi X Pi+1 ¢ C*(S) X C*(t) -G
gives natural coordinates of G. There exists a coordinate neighborhood
(40) W =A{(u,v,w); [u| <1, |v] <1, |w] <1},

of z in Z with local coordinates u, v, w around z such that 1) u =v =0
and u = w = 0 are defining equations in W of C; and C; 1 respectively,
and v = w = 0 is one of L;, and 2) the action of

(s,t) € G=C*(s) x C*(t)
takes the form

(41) (u,v,w) — (stu, sv, tw), [s|, [t] < 1.

263
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We shall call any of the above neighborhoods W of points of C' simply
an admissible neighborhood.

(5.3) Let W be an admissible neighborhood and set
W' =W - (CUL),

where L = UL;j. Define subsets W/, and W} of W' as follows.
Case A. For any (a,b) # (0,0)

W, = {(u,v,w) € W;av = bw}.
Case B. For any (a,b) with a # 0
W = {(u,v,w) € W';au = bvw}
and
Wy = {(u,v,w) € Wiv =0}, and W := {(u,v,w) € W;w = 0}.

From the description of G-action on W in (5.2) the following lemma is
clear.

Lemma 5.2. The subsets defined above are all connected and closed
submanifolds of W' and are contained in a single G-orbit. Moreover,
the closure of W/, contains C' "W in Case A.

Lemma 5.3. For any point x € W' the stabilizer G, at x reduces
to the identity.

Proof. We may assume that x belongs to an admissible neighborhood
W of Case A. (If = belongs to some W of Case B, we may find a suitable
admissible neighborhood of Case A containing x and contained in W.)

If g € G, g fixes any points of the G-orbit of x. In particular by
Lemma 5.2 g fixes any point of the subset W/, containing z, and hence
g also fixes the points of C; N W which is contained in the closure W/, .
However, by Lemma 4.5 the stabilizer group of a point of C/ is G; itself;
so g must belong to G;. On the other hand, as follows from (39) and
(41), no element of G; other than the identity e fixes any point of W'.
Thus g = e. q.e.d.

By Lemma 5.3 the G-action defines a foliation on W’ whose leaves
we call local leaves on W’. Local leaves are precisely the subsets W/,
and W{; of W defined above before Lemma 5.2
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Lemma 5.4. The closure of each local leaf in W is an analytic
submanifold of W.

Proof. The closures are defined in W by the same equations and
their locus are again nonsingular. q.e.d.

(5.4) We next consider the behavior of G-orbits on Z along C'. Let
W and W/ =W — (CUL) be as above. Let O be a G-orbit on Z which
intersects with W’. Then O N W' consists of a union of local leaves on
W'. We shall show that actually O N W’ consists of a unique local leaf
modulo finite number of exceptions. In this connection we shall call the
two local leaves W), and W[ special leaves in Case B.

Lemma 5.5. Let F and F' be distinct local leaves in W'. Sup-
pose that neither F' nor F' is special in Case B. Then they are never
contained in the same G-orbit.

Proof. Suppose that they are contained in one and the same G-orbit.
We use the notation of (5.3) and consider the two cases separately.

Case A. Let zp := (1,0,0) € C be the center of the admissible
neighborhood. There exist points z € F and 2z’ € F’ with the same
u-coordinate 1. By assumption there exists an element g € G with
gz = z'. Then we have

(42) gsz = sgz = 82
for any s = (s,1) € G; C G, and then letting s tend to zero, we have
(43) gz0 = 2p.

This implies that g € G; by Lemma 4.5. This, however, is impossible
because any element s of G; with |s| < 1 preserves each local leaf. (If
g = (sg,1) satisfies |sy| > 1, consider g~! instead, interchanging the
roles of z and 2’.)

Case B. The proof is same as in Case A. Since neither F' nor F’
is special, we can find two points z € F and 2/ € F’ with the same
w-coordinate, wy # 0 say. Take an element g € G with gz = z’. Then
again we have (42) and then have (43) with zp = (0, 0, wg), which implies
that g € G;. This is, however, impossible exactly by the same reasoning
as above. q.e.d.

We call a G-orbit O on Z special if O contains a special local leaf
at some z;. Clearly special orbits are finite in number (< 4k). Now
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we take and fix a small neighborhood U of C' in Z which is covered by
admissible neighborhoods. We set U' =U — (C U L).

Corollary 5.6. For any non-special G-orbit O in Z with ONU’ # (),
the closure of O in U is analytic and smooth.

Proof. By Lemma 5.5 O N W' is a single local leaf in W’ and the
closure of the latter in W is analytic and smooth by Lemma 5.4.  g.e.d.

Remark. Actually, with a little more preparation we can show that
the above lemma, and hence the corollary also, is actually true without
exceptions by the same method.

(5.5) We turn to considering the closures of G-orbits in the whole
Z. We first prove the following:

Lemma 5.7. Any non-special G-orbit O on Z with O NU' # 0
intersects with any admissible neighborhood of points of C.

We use the following:

Lemma 5.8. Let z be any point of C! := C; — {zi_1,z} (resp.
L = L; —{z, zix}) and W an admissible neighborhood of zi_1 or z;
(resp. zi" or z;). Then there exist a neighborhood V of z in Z and an
element g of G such that g(V') C W.

Proof. First we consider the case z € C]. Take an admissible neigh-
borhood of z in Z with coordinates u, v, w as in (5.2). Then the equation
u = 0 defines a G,-invariant 2-dimensional local slice D for the local
G-action at z. We consider the induced action of G’

G'xD—Z

which is locally biholomorphic onto an open neighborhood of C! = G’z
in Z. Since C; N W # (), the lemma follows.

The proof for L, is similar. In this case its stabilizer group H; is the
image of the one parameter group p;p;, +11 : C*(s) — G and it admits
a complement G = C*(t) (e.g., = G; or Gj;x) so that we have an
isomorphism G = H; x G' = C*(s) x C*(t). There exists a coordinate
neighborhood W of z in Z with local coordinates u, v, w around z as in
(38) such that v = w = 0 is a defining equation of L; in W, where the
action of H; takes the form

(44) (u,0,w) = (u, 50,5 w), |s| < 1.
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Moreover, for t € G’ the action is of the form (u,v,w) — (tu,v,w)
where |tu — 1| < e. So the same argument applies also in this case.
q.e.d.

Proof of Lemma 5.7. Let Wi be any admissible neighborhood and
z1 an arbitrary point of C'N Wy. Then any non-special local leaf in W
intersects with any neighborhood of z;, as follows from the description
of local leaves.

Now let W be an arbitrary admissible neighborhood of a point z
of C'. Take an admissible neighborhood Wy of a point zy of C' which
intersects with O. Suppose that 29 € C; and z € C;. Since ¥ = C U L
is connected by Proposition 4.4, we have a finite chain {Y7,...,Y,}
of irreducible components of ¥ such that Y; NY;411 = {y;} # 0 for
1<i<n-1Y =C;and Y, = C;. Then since O is nonspecial, in
view of the first remark, by applying succesively the previous lemma we
can transform a point of Wy by elements of G into a point of W. This
shows that O also intersects with W. q.e.d.

(5.6) Let O be any non-special G-orbit with O N U’ # (. By
Corollary 5.6 the closure O of O N U’ in U is analytic and smooth. We
next consider the closure of O in the whole Z. Our basic observation is
that O looks like a neighborhood of the anti-canonical cycle of a compact
smooth toric surface. We shall determine this toric surface first. For
each i, 1 < i < 2k, we specified in (4.9) a one parameter subgroup
pi : C*(t) — G determined by the following two conditions

1) pi(t) fixes any element of C;, and

2) for any sufficiently small neighborhood V; of C; in Z we have

71110%,02~(t)2 eC;, zeV,.

Also recall by Lemma 4.7 that we have p;1r = —p; as elements of
N.

Lemma 5.9. For any element p of N which is in the open simplex
spanned by p; and p;+1 the following holds true: Let z be any point of an
admissible neighborhood of the point z;. Then we have limy_, p(t)z = z;.
Here the range of indices are 1 < i < 2k, 2k +1 = 1, in Case a) of
(46) and 1 < i < k—1,k+1 < i < 2k —1, in Case b) of (4.6)
respectively. Moreover, in Case b) the same statment holds true if we
replace in the above statements (p;, pi+1) and z; = C; N Cit1 by (p, p1)
and z = Cy N C respectively.
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Proof. We only consider the first statement, the supplementary case
being treated in the same way. By assumption p is written as p =
mp; + np;+1 for some positive integers m and n. By Proposition 4.6,
in an admissible neighborhood of z;, with respect to the isomorphism
piXpit1 : C*(t1) x C*(t2) — G the action of G takes the form (u,v,w) =
(t1tou, t1v, taw), and therefore the induced action of p takes the form
p(t) = (t™T"x, t™y, t"z). The assertion is clear from this. g.e.d.

The following lemma is crucial for the construction of our toric sur-
face.

Lemma 5.10. For 1 < i <2k, 2k+1 =1, in Case a) (resp. for
1<i<k—-—1,k+1<i<2k—11inCaseb)) of (4.6), there exists no
pj,J # 4,4+ 1, in the closed simplex spanned by p; and p;y1. In Case
b) the same statement holds true if we replace (p;, pi+1) and j #i,i+1
in the above statements by (pk, p1) and j # k, 1 respectively.

Proof. We only show the first statement. Suppose that some p;, j #
i,7+ 1, is between p; and p; 1. Take a G-orbit O with ONU’ # () which
is not special. By Lemma 5.7 we can find a point z (resp. y) of ONU’
which is in an admissible neighborhood of a general point of CJ’- (resp.
in an admissible neighborhood W of z;). We can find an element g € G
which maps z to a point y.

Suppose first that p; # p;,pi+1. By Lemma 5.9 our assumption
implies that lim;—g p;(t)y = z;, while we have zg := lim;_ p;(t)z € C]’~.
Since G is commutative, we thus get

z = lim p;(t)y = lim p;(t)gz = g lim p;(t)z = gzo.

But this is impossible since z; is a fixed point and zg € C]’-.
Suppose next that p; = p;, say. In the above proof we have only to
replace the equality lim;_o pj(t)y = 2; by the following one

V= E}% pi(t)y = %g% pi(t)y € Ci,

where the derivation of the contradiction is similar, noting the assump-
tion that j # 4,7+ 1 and the fact that C; and C} are different G-orbits.
q.e.d.

As an important conclusion of the lemma we obtain

Corollary 5.11. C is connected.



COMPACT SELF-DUAL MANIFOLDS WITH TORUS ACTIONS 269

Proof. Suppose that C' is not connected, i.e., we are in Case b).
The lemma says that there exists no other p;’s between p; and p;;q for
any 1 < i < k,k+ 1 = 1. This would lead to the non-existence of
Pr+j, 1 < j < k, which is absurd. q.e.d.

Remark. A. Huckleberry pointed out that once Lemma 5.3 is
proved, then the connectedness of C' and the analyticity of the clo-
sure of the general orbits follows by topological argument using the fact
that G has only one end. This could certainly simplify the exposition
above and below.

(5.7) By Lemma 5.10 we conclude that

Pls--- 5 P2, pi"rk = —pPi,

are arranged on N couterclockwise or clockwise in this order around the
origin. To fix an idea let us assume that they are arranged couterclock-
wise, reversing the numbering if necessary. If we fix an identification
K = S' x S, we have the corresponding identifications G = C* x C*
and N = Z2.

Lemma 5.12. Let {£(m;,n;)} be the Orlik-Raymond invariant
of the underlying K-action on M, and (k;,l;) € Z* the coordinates
of pi. Then these satisfy the following equalities for any i; (ki,l;) =
:I:(—nl-,mi), (_li+kaki+k) = —(—li,k‘i) (md

(45) =1.

‘ k; l;
kiv1 liya

Proof. The assertions follows readily from the fact that the image
G; of p; : C* — G is the complexfication of K; = K(m;,n;), noting the
dual description of K; and G; via characters and one parameter groups
respectively. q.e.d.

Clearly, the one parameter groups p;, 1 < i < 2k, define a complete
fan A(p) on N and we get a (compact smooth) symmetric toric surface

(46) S =5(p)

with the anti-canonical cycle D = DyU---UDsgg, D; corresponding to p;.
We identify the open orbit of S with G once and for all (by fixing a point
of the open orbit) and consider S as a distinguished compactification of
G = C* x C* associated to our G-action on Z.
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Lemma 5.13. Let O be a non-special G-orbit with ONU’ # (). Then
its closure O in Z is analytic and smooth. O is obtained by adding C to
0, is G-equivariantly isomorphic to the toric surface S = S(p) of (46),
and has C as the anti-canonical cycle. In particular such closures are
all isomorphic to each other.

Proof. Let F = ONU and N = O — O. Clearly O = GF. Take
any point o of N and a sequence {x,} of points of O which converges
to 0. Fix any point z € F' and write 2, = g,z for some g, € G which is
unique by Lemma 5.3. Then after passing to a subsequence if necessary,
we can assume that g, converge to a point go € S with respect to the
compactification G C S above. If g9 € G, then o = limz,, = limg,z =
goz and o is in the orbit O, which contradicts our choice of o.

Thus gy € G so that gg € D; C S for some i. Suppose first that gg
is not a G-fixed point. With respect to the isomorphism

Pi X Pi+1: C*(S) X C*(t) = G,

go admits an affine neighborhood in S of the form C(s) x C*(t) contain-
ing G, where s = 0 is a defining equation of D;. In this neighborhood
we may identify gg with a point (0, tg) with ¢y # 0 and g,, takes the form
(Sn,tn), where s, — 0 and t,, — top when n — oo. Thus we may write
gn = tnSnp with s, = (sp,1) € G and t, = (1,t,) by abuse of notations.

Now coming back to the action on Z, take an admissible neighbor-
hood W of a point of C}. Since z € F C O and FNW # () by Lemma 5.7,
there exists an element h of G such that hz € W. Then we have

(47) Gnz = tpsph ™ (hz) = h™ (t,s,h2).
Note that s,hz converge to a point, say b, on C;. Hence we have
(48) o=1limg,z = h~tlimt,(s,hz) = h1tgh € C!

since C! is G-invariant.

Next suppose that gg is a fixed point so that g9 = D; N D;y for
some 7. With respect to the isomorphism p; x pj11 : C*(s) x C*(t) = G,
then go admits an affine neighborhood in S of the form C(s) x C(¢)
containing G, where st = 0 is a defining equation of D; U D; 1 and gq is
identified with the origin (0,0). Further, g,, takes the form (s, t,) with
Sn,tn — 0 when n — oco. Write g, = t, s, as before.

Now coming back again to the action on Z take an admissible neigh-

borhood W of z;. As in the previous case we may find an element h
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of G such that hz € W. Then we again have (47), where in this case
tnsnhz converge to z;. Hence as in (48) we obtain

(49) o= lim g,z =h"Ytyz = z
n—oo
since z; is fixed by G.

By (48) and (49) we get that N C C and by Corollary 5.6 the closure
O of O in Z is analytic and smooth since O = [0 N (Z — U)]UO, where
O is the closure of O N U’ in U. Note also that since F intersecs with
any admissible neighborhood we actually have N = C.

Finally, the compact nonsingular G-surface O is a toric surface with
all the data of the boundary divisors same with those of S, D; corre-
sponding to C; with the same one parameter group p;. This implies
that O is isomorphic to S = S(p) as a toric surface. q.e.d.

Since the special orbits are finite in number, summarizing what we
have obtained we get the following:

Proposition 5.14. There exist uncountably many G-orbits on Z
such that their closures in Z are analytic and smooth. Moreover, they
are projecitve nonsingular toric surfaces which are isomorphic to S(p)
and which contain C as the anti-canonical cycles. In particular, the
closures are obtained by adding C to the G-orbits.

So far we have fixed throughout a connected component B of the
singular set X (M) of the K-action on M and have been dealing exclu-
sively with the G-action along C' C ¢t~ (B). However, we shall see in
the next section that B is actually the unique connected component of
S(M).

6. Associated fiber space and invariants

(6.1) In order to show that all the orbit closures are analytic,
instead of studying the individual orbit structure more in detail, we
apply the method of meromorphic quotient. In fact for the application
of the latter, Proposition 5.14 is sufficient. To explain this we begin
with the following general setting.

Let Z be a compact connected complex manifold of dimension n.
Then there exists a natural structure of a reduced complex space on the
set D of effective divisors on Z [5]. The following property of this space
proved in [8] is important for our purpose.
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Lemma 6.1. Any connected component of D is compact and pro-
jective.

We note that the essential ingredient of the proof is the result of [6]
to the effect that, up to finite number of exceptions, every irreducible
divisor E on Z is of the form h*E, where h : Z — Y is an algebraic
reduction of Z and E is a divisor on the projective variety Y. See [§]
for the detail.

(6.2) Suppose now that a connected complex Lie group G acts
biholomorphically on Z such that general orbits are of codimension one,
namely there exists a nonempty Zariski open subset U of Z such that
every G-orbit of a point of U is of codimension one. Let D¢ be the
fixed point set of the induced G-action on D. For any d € D let Y be
the corresponding effective divisor on Z. Denote by Dg the union of
those irreducible components F,, of D such that for a general point d of
F,, the corresponding divisor Y is reduced and irreducible. Then take
an irreducible component F' of D§ of positive dimension (if any). F is
projective by Lemma 6.1. We consider the universal family of divisors
on Z parametrized by F':

(50) Y C FxZ
plﬁ
F

Lemma 6.2. An irreducible component F' of Dg as above is unique
(if any) and is of dimension one. The natural projection q: Y — Z is
bimeromorphic.

Proof. Y is compact of dimension n — 1 + dim F' and the natural
projection ¢ : Y — Z is surjective. For every d € F, p~!(d) is identified
with the corresponding divisor Yy of Z and is G-invariant. There exists
a nonempty Zariski open subset V' of F' such that for any d € V', Yy is
reduced and irreducible and Yy; N U # (), and hence, Yy is a closure of
a G-orbit. Since different orbits do not intersect each other, ¢~ 1(U) N
p (V) — Z is injective; it follows that ¢ is bimeromorphic and F is of
dimension one. Also by the construction we see that F' is the unique
irreducible component of DS; of positive dimension. g.e.d.
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We call the commutative diagram

(51) y L. 7
p}L /pq §

or simply, the meromorphic map pg~! : Z — F, the meromorphic quo-

tient of Z by G, which is canonically associated with the given action
of G on Z. In this case Y is nothing but the graph of the meromor-
phic map pg~! and there exists a natural G-action on the diagram (51),
where the action on F' is trivial.

(6.3) On the existence of the meromorphic quotient we have the
following criterion:

Proposition 6.3. Let Z be a compact connected complex manifold.
Suppose that a connected complex Lie group G acts effectively on Z such
that its general orbits are of codimension one and that the closures of
uncountably many orbits of codimension one are analytic. Then the
meromorphic quotient (51) of Z by G exists. Moreover, every orbit of
codimension one has an analytic closure in Z and is identified with an
irreducible component of a fiber of p.

Proof. Let Ot € T, be a family of G-orbits of codimension one
whose closure Oy in Z is analytic, where the index set 7" is uncountable.
Let d; be the point of D corresponding to the irreducible divisor O; of Z.
Since Oy is G-invariant, d; is a point of Dg . Moreover, since DS; as well
as D has at most countably many irreducible components, there must
exist an irreducible component F' of DS’Y containing infinitely many d;’s.
This F must be of positive dimension and the meromorphic quotient
exists.

Since Z is nonsingular, there exists an analytic subset A of Z of
codimension > 2 such that ¢ is isomorphic over ¢~'(Z — A). Then by
the equivariancy of the diagram (51) every one-codimensional orbit on
Z is uniquely lifted to one on Y, which then should be mapped to a
point of F'. Thus the latter is Zariski open in an irreducible component
of a fiber of f; in particular its closure is analytic, and then, as its
biholomorphic image in Z, the closure of the original G-orbit in Z also
is analytic. q.e.d.

(6.4) We now apply the above consideration to our G-action on the
twistor space Z, where G is an algebraic two-torus.



274 AKIRA FUJIKI

Proposition 6.4. Let Z be the twistor space with G-action as in
(4.4).

1) There exists the meromorphic quotient of Z by G :

Bz

A
(52) fol
P

where P is a nonsingular rational curve.

2) Every two-dimensional orbit has an analytic closure in Z and is
identified with an irreducible component of a fiber of f.

3) The action of o on Z naturally lifts to one on the diagram (52).
In particular, P admits a naturally induced real structure.

Proof. In our case the general orbit has codimension one and the
assumption of Proposition 6.3 is fulfilled by Proposition 5.14. Therefore
by that proposition we obtain 1) and 2) except the identification of P.

Since a general twistor line is mapped holomorphically and surjec-
tively onto P, P is rational. This implies that for general a € P the divi-
sors S, := u(f~!(a)) are all linearly equivalent. Let @ be the complete
linear system containing such S;’s. Then G acts (projective) linearly on
@ and it is easily seen that P coincides with a connected component of
the fixed point set of this action. Thus it must be a complex projective
line in @ since G is an algebraic torus.

The anti-holomorphic involution on D induced by o preserves P
because of (7). 3) follows. q.e.d.

(6.5) We now study the structure of the diagram (52) more in detail.
Note first that the meromorphic map fu~!:Z — P is obtained by the
linear pencil V' whose members are S, := u(Z,),a € P, where Z, :=
f~(a). (For simplicity of notations, however, in what follows we often

identify S, with Z, by p and use the two notations interchangeably.)
Proposition 6.5.

1) p is obtained by the blowing-up of Z with center C. E = u=1(C)
is isomorphic to C x P and f|E is identified with the projection
to the second factor.

2) General members of V are smooth and every smooth member is a
projecitve toric surface isomorphic to S(p) of (46) and has C' as
its anti-canonical cycle.
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Proof. By Proposition 5.14 there exist uncountably many members
of the system V which are closures of G-orbits obtained by adding C
to the orbits, and are smooth projecitve toric surfaces isomorphic to
S(p). Now the meromorphic map fu~! is defined by the pencil V and
Z C ZxPis its graph. Thus p is obtained by the blowing up of the
intersection of two general members S; and Ss of this system. In view
of the above remark we may take them to be smooth orbit closures
containing C' and intersecting each other only along C.

Locally their intersection property can be read off in each admissible
neighborhood W of a point of C; in Case A the intersections of S;
with W are given by smooth hyperplanes au = bv, (a,b) # (0,0) and
S1 and Sy intersect transversally along C'N W; on the other hand, in
Case B the intersections of S; with W are given by equations of the form
auv = bw,a # 0. Hence we conclude that the base locus of the pencil
V' is precisely the curve C' with multiplicity one, and therefore that p
coincides with the blowing up of Z with center C. The assertion about
the structure of E is then clear. In particular every fiber of f contains
C naturally; for a € P, Z, N E = a x C = C. This proves 1).

On the other hand, up to finite exceptions every fiber is smooth and
it is obtained as a deformations of (projecitve) toric surfaces. Since it is
known and easy to show that a deformation of a rational surface is again
a rational surface, every smooth fiber of f must be a projecitve toric
surface in view of its admitting G-action with open orbit. As it contains
C in the complement of the open orbit as a connected component, C
must coincide with their anti-canonical cycle. Since the data for the
isotropic one parameter subgroups along each component of C, which
determines a toric surface, is invariant under deformations, they are
indeed isomorphic to each other. q.e.d.

(6.6) On the singularities of Z we prove:

Lemma 6.6. Z has 2k ordinary double points r;,1 < 1 < 2k, such
that w(r;) = 2z, 1 <1i <2k, and o(r;) = ripg, 1 < i < k. Z is smooth
outside these points. Moreover, f(r;) = f(riir) for any i.

Proof. By Proposition 6.5 u is the blowing up with center C'. Thus
Z is smooth over the smooth points of C. At the singular points z; of C,
the defining equation of C' in an admissible neighborhood W of (40) is of
the form w = wv = 0. Thus Z is described in a neighborhood of pt(z)
as a hypersurface w&; = uwvéy in W x P!, with the unique singular
point r; := {(0,0),(1 : 0)}, where & are homogeneous coordinates of
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P!. These ordinary double points 7; are thus the only singular points
of Z.

The twistor line L; is defined in W by u = v = 0, and therefore its
proper transform LiinZ passes through r;; similarly, it passes through
Titk. Since L, is an orbit closure, it must be mapped to a point by f.
Therefore

fri) = f(Li) = f(rize), 1 <i < k.
Moreover, the relation o(z;) = 2z lifts to Z to give o(ri) = Tisk
q.e.d.

Let
a; ‘= f(T‘Z) = f(Ti+k), 1 S 7 S k‘

In view of the o-equivariancy of f and the above lemma, a; must be a
real point of P. In particular o has a fixed point on P. The fixed point
set R is then diffeomorphic to S' and P — R consists of two connected
components. We may choose a suitable inhomogeneous coordinate z of
P so that

(53) P =C(z) U{cc}

and o takes the form z — 1/Z in this coordinate. Then R is given by
|z| =1 and a; € R.

(6.7) Recall that every effective divisor S on Z has a positive in-
tersection number S - L with any twistor line L. We call this number
the degree of S. S is called an elementary divisor if its degree is one,
and a quadratic divisor when it is two.

Lemma 6.7. Let S be any member of the pencil V. Then S is a
quadratic divisor on Z in the sense defined above.

Proof. Take any smooth member S of V. We show that S - L; =
2. Note that L; — {z;,zi+x} is a one-dimensional G-orbit, while one
dimensional orbits in S are one of C]’-, 1 < j < 2k. Therefore S intersects
L; only at two points z; and z; ;. In an admissible neighborhood (40)
of either of these two points, a defining equation of L; is u = v = 0 and
one of S is w = cuw for some nonzero c. Thus the intersection of L; and
S is transversal there. Hence we get L; - S = 2. q.e.d.

Since V contains a real member, it contains also a real smooth mem-
ber S, for a general point a of R. Thus by a theorem of Pedersen-Poon
[19, Theorem 1] we have the following
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Corollary 6.8. M is diffeomorphic to mP?, where m is the second
betti number of M. In particular M is simply connected.

Proposition 6.9. 7 is Moishezon, i.e., bimeromorphic to a com-
plex projective manifold.

Proof. Let r: Z — 7 be any resolution of Z. Consider the resulting
holomorphic map f: Z — P. Tt suffices to show that Z is Moishezon.
Any smooth fiber Za is isomorphic to the toric surface S = S(p); in par-
ticular its anti-Kodaira dimension £~*(Z,) = 2 by (1). From this follows
the Moishezon property of Z immediately by applying [27, Prop. 12.2]
to the case where D is the anti-canonical divisor of Z in the notation
there. q.e.d.

Let —%K be the canonical square-root of the anti-canonical line
bundle —K = —Kz of Z defined on any twistor space (cf. [10]).

Proposition 6.10. The linear system V coincides with the unique
positive dimensional linear subsystem |— %K!G of the half-anti-canonical
system | — %K| consisting only of G-invariant elements.

Proof. Since both V and —%K are real, and —%K-L = 2, Lemma 6.7
shows that —3K and the line bundle A := [S,] determined by the
members of V' coincide in the chern class level (cf. [10, §3]). On the
other hand, we have 2dim H'(Oz) = b1(Z) for the Moishezon manifold
Z, where by denotes the first betti number. Thus, in view of b;(Z) =
b1 (M) Corollary 6.8 gives H'(Oz) = 0. It follows that —3 K and A are
isomorphic as line bundles.

The members of V are clearly G-invariant members of | — $K|. On
the other hand, by Proposition 6.4 G-invariant divisors which are not
members of V' are identified with union of some of the irreducible com-
ponents of fibers of f and they are discrete. From this the final assertion
follows. q.e.d.

(6.8) We shall next detect the singular fibers of f precisely. We
use the results of Poon [20] and Pedersen-Poon [19], which we quote as:

Lemma 6.11.

1) ([19, Lemma 2.1]) Any real and irreducible quadratic divisor on Z
s smooth.

2) (20, Lemma 1.9]) Every elementary divisor S on Z is smooth and
contains a unique twistor line L. Moreover, if we set S := o(S),
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S is another elementary divisor in Z such that SN S = L, where
the intersection s transversal.

Following our notational convention (cf. (6.5)) we denote the fiber
Z, of f by Sq in what follows. Similarly, L; also denotes its proper
transform in Z.

Proposition 6.12. The fiber S,, a € P, of f is smooth if and
only if a # a; for any 1,1 < i < k. The points a; are all distinct and
Si := S, s a union of two nonsingular projecitve toric surfaces S;L and
S, which intersect transversally along L; and are mutually o-conjugate.
St and S; are isomorphic to the toric surfaces S;(p) and S; (p) of (9)
respectively.

Proof. By Lemma 6.7 every member S of V' is quadratic. Since every
effective divisor on Z has a positive intersection number with twistor
lines, either S is irreducible or has two irreducible components which
are elementary divisors.

Suppose first that S is irreducible. Since every member of V inter-
sects with C, it is a closure of a two dimensional orbit O with ONU’ # ().
If O is non-special, by Lemma 5.13 its closure is irreducible and is iso-
morphic to the smooth toric surface S(p).

On the other hand, if O is special, then there exist some i,1 < i < 2k,
and an admissible neighborhood W of z; as in (40) such that S N U’
contains either of the plane u = 0 or v = 0. However, since u = v =0
defines the twistor line L; and L; is mapped to a; € P, we must have
S = §5; and both the planes © = 0 and v = 0 are mapped to the same
point a; by f. Thus, .S must contain both the planes u = 0 and v = 0
since S is assumed to be irreducible. In particular S is not smooth.
Now since a; is a real point, S is o-invariant. Thus S must be smooth
by 1) of Lemma 6.11. This is a contradiction and we conclude that O
cannot be special.

Next suppose that S is reducible so that S is a union of two irre-
ducible components ST and S~. This is the case for S = S; as the
previous argument shows. By 2) of Lemma 6.11 ST are smooth and if
we set 1 = a(9), S also is an elementary divisor and L := St N S"
is the unique twistor line contained in S. Now St is G-invariant as well
as ST, and therefore L also is G-invariant. But the only G-invariant
twistor lines in Z are very special twistor lines L;. Thus L coincides
with L; for some 4, and then both S and S* must be mapped to a;
by f; hence S = S;. This implies that S is real and ST = S~. The
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transversality of the intersection of S and S~ follows from Lemma 6.11
or directly from the local description (40).

Moreover, S; never intersects with other twistor lines L;,j # ¢, at
its general point since if otherwise S; would contain L; since L; is G-
invariant, which is impossible by Lemma 6.11, 2). It follows that a; # a;
if i  j.

It remains to identify the irreducible components Sii of §;,1 <i<k.
First of all, since they contain an open orbit of G, they are them-
selves smooth toric surfaces. (These surfaces are projective since Z
is Moishezon.) L; is the unique common irreducible component of the
anti-canonical cycles of both surfaces. L; is mapped to itself by o with
z; and z;y; interchanged on it. Further, o interchanges the two sur-
faces, their anti-canonical cycles, and interchanges C; and Cj4}, for any
j. Thus, if Cj is in ST, then Cj4 are in S~ and vice versa. It follows
that if C; is adjacent to L; in the anti-canonical cycle of ST, then Cj 4
is adjacent in S™ to L;.

From these observations we can readily conclude that the anti-canoni-
cal cycle of SZ-+ consists of curves L;, Ciygy1, Citgra, ... ,Cox, C1, ... ,C;
in this order and that of S;  consists of L;, Cj11,Cit2,... ,Ciyy in this
order. So in order to identify these surfaces we have only to identify the
one parameter subgroup corresponding to each irreducible component
of the anti-canonical cycles. For Cj, this is again p; as is clear from the
description (39) of the action along C;. For L;, because of the local de-
scription (41) of the action at z; we see readily that it is F(p; — pi+1) on
Sii. It follows that Sl-jE have the associated weighted circular sequence
(13) of SF(p). q.e.d.

(6.9) By Proposition 6.10 and the adjunction formula it follows that
the normal bundle of a smooth member S of V' in Z is isomorphic to the
anti-canonical bundle —Kg of S, while for the irreducible components
SijE of the singular members .S; we have

Lemma 6.13. The normal bundle [S)|SE of S in Z is isomor-
phic to —K g+ — 2L; on SF (written additively).

Proof. We have
[S1185° = IS + S7118F = [CIST,

where [C] is the line bundle defined by the Cartier divisor C' on S;. On
the other hand, we have [S3]|SF = [L;] on S. From this we have

(571185 = [C N SF] = [Li) = (~Kg+ — Li) — L = Kz — 2L
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since —Ksii =L, +CnN Sii. q.e.d.

Using the above lemma we shall give a characterization of LeBrun’s
twistor spaces [14] among our twistor spaces; we shall also determine
the dimension of the linear system | — $K]|.

Proposition 6.14. For a twistor space Z with G-action as above
the following three conditions are equivalent.

1) The discrepancy | — 3 K| # | — 3 K| occurs.

2) The general member S of V' is of maximal type in the sense defined
in (2.7).

3) Z coincides with one of the twistor spaces of LeBrun [14] associ-
ated to an S*-invariant self-dual metric on mP?.

Moreover, in this case we have
. 1
d1m|—§K|:9—2m for m<3 and =3 for m>3.
Proof. 1) < 2): From the short exact sequence
1
O—>OZ—>—§K—>—KS—>O
we obtain the cohomology exact sequence
1
0— H%Z,0z) — H(Z, —5K) — H°(S,~Kg) — HY(Z,0z) = 0.
Similarly, from the short exact sequence
0—0g— —Kg— —Kg|C—0
we get the cohomology exact sequence
(54) 0 — HY(S,0) — H°(S,—K) — H°(C,-Ks|C) — H'(S,0) = 0.
Thus we get dim | — 1 K| = dim | — Kg|+1 = dim | — Kg|C| + 2. Denote
in general a symmetric toric surface with by = 2m + 2 by S,,. Sn, is
up to isomorphisms unique up to m = 3 (cf. (2.7)). Further, S,,41 is
obtained by blowing up a pair of o-conjugate fixed points on the anti-

canonical cycle C' of a certain S,,. Moreover, we compute easily that
dim| — Kg| = 8 for m = 0 and know that | — Kg| is base point free
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for m =0,1,2. Since | — Kg,,,,| is considered as the set of elements of
| — K,,| which pass through the points of blowing up, if the blown-up
points are not contained in the base locus, we get dim| — Kg,, .| =
dim | — Kg,,| — 2, while if the points are in the base locus the dimension
does not change. On the other hand, using (54) we can verify that a
point p on the anti-canonical cycle C is in the base locus of —Kg if
and only if p is on an irreducible component of C with self-intersection
number < —3. From all these assertions it is not difficult to check the
above statements.

2) < 3): By Poon [20, Th. 3.1] 3) holds if and only if there exists an
elementary divisor D on Z such that dim |D| > 1 on Z. Since G acts
on the complete linear system |D| with fixed point, we may assume that
D is G-invariant. Then by Propositions 6.4 and 6.10 D is one of S’ii.
By Lemma 6.13 and the fact that H'(Z,0z) = 0, dim|S| > 1 if and
only if the complete linear system | — K¢+ — 2L;| on SijE is non-empty.
By Lemma 2.10 this is precisely the case where one of the irreducible
components of the anti-canonical cycle of SZ-jE which is adjacent to L;
has self-intersection number 1 —m. In view of (13) this is true for some
1 if and only if the general member S of the system V is of maximal
type. q.e.d.

Remark. The equivalent conditions of the proposition depends only
on the underlying smooth K-action on M. In fact, the condition 2)
depends only on the Orlik-Raymond invariant of the K-action on M.

(6.10) Recall that a twistor line L is called special if ¢(L) € B, or
equivalently L N C # (). Otherwise we call L general. A general twistor
line L will be identified with its proper transform in Z , and will be
denoted by the same letter L.

Proposition 6.15. Let L be a twistor line.

1) If L is general, then the restriction f|L : L — P is a double
covering with precisely two mutually o-conjugate branch points on
P. Neither of the branch points is on R.

2) If L is special, L is contained in a unique member S, of V' with
a € R, and it is never tangent to other members Sy, a’ # a.

Proof. 1) By Lemma 6.7 the intersection number of L with every
fiber of f equals two. Thus f makes L a double covering of P with
two branch points. Suppose that one of it, say a, is on R. Since L is
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tangent to S, at some point z € S, and both L and S, are real, L is also
tangent to S, at o(z) # z, which implies that the intersection number
L-S, > 4. This is a contradiction. Thus the last assertion is proved.
Since L is o-invariant and f|L is o-equivariant, the two branch points
are (non-real and) o-conjugate to each other.

2) In this case L is in the closure of a G-orbit and hence its proper
transform L in Z is mapped to a point a of P by f, f being G-invariant.
Since L is real, a must also be real, i.e., a € R. Finally, if L is not very
special, L intersects C transversally at two points other than z;, at
which S, and S,/ intersect transversally for any a’ # a. This proves the
last assertion for such special twistor lines. If L is very special, we have
a = a; and the transversality of the intersection is already shown in the
proof of Lemma 6.7. q.e.d.

(6.11) Recall that N denotes the quotient M /K and bN its bound-
ary (cf. (3.4)).

Proposition 6.16. There exists a natural homeomorphism
¢ : BN — R which sends y; to a;, and hence, the arcs y;y;+1 to
a;a;1,1 <i < k.

For the continuity part we use the following easy:

Lemma 6.17. Let X,Y and W be topological spaces, and h : W —
X and g : W — Y continuous maps with h proper and surjective.
Suppose that for every point x € X, g(h~1(x)) is a single point y of Y.
Then u: X —Y, u(x) :=y, is a continuous map.  q.e.d.

Proof of Proposition 6.16. Let y € bN and take an arbitrary point
x € B over y. Then by Proposition 6.15 the special twistor line L = L,
is contained in S, for a unique a = a(x) € R. Moreover, since S, is
K-invariant, this point a(z) is invariant if we replace x by tz for any
t € K. Hence a(x) depends only on y and we obtain a map ¢ : bN — R
with ¢(y) = a(x).

More precisely, if x = x; for some ¢, then L, = L; and is mapped to
a; and if x # x; for any 4, a(z) never coincides with any a;; in fact since
o(S¥) = SF, the only twistor line contained in S; is L;. Thus we have

(55)
¢(yi) = a;, and if y € N, y # y;, then ¢(y) # a;,1 <4, < k.

We proceed to show the bijectivity of ¢. In view of (55), it suffices
to show the bijectivity of bN — {y;} and R — {a;}.
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Injectivity. Take any point x of B; — {z;_1,2;} and set a = a(x).
By the definition of ¢ it suffices to show that the twistor lines contained
in S, are K-translates of L = L,.

On S, we consider the equivariant morphism v; : S, — P; of
Lemma 2.5. Let G; be the subgroup of G corresponding to +p;, which
is the complexfication of K;. Then every G;-orbit on S, is contained in
a fiber of v;. The twistor line L = L, is invariant by K; and hence by
G;; thus it is contained in a fiber of v;. Since v; is G-equivariant and
L is not G-invariant, its image is a point of an open orbit on F;. In
particular L is itself a fiber of 1;. Then any other twistor line contained
in S, is in a fiber of v; since it cannot intersect with L.

The linear system which defines v; is o-invariant by Lemma 2.6, and
has a real member L. Thus by that lemma the set of real points R; on
P; consists of a single K-orbit.

Surjectivity. Take any point a € R—{a;}. S, is then a real smooth
quadratic divisor on Z. By the definition of ¢ it suffices to show that
S, contains a special twistor line. Suppose otherwise. Since no twistor
line is tangent to S, unless it is contained in S, by Proposition 6.15, the
twistor fibration induces an unramified double covering t|.S, : S, — M,
which is absurd since M is simply connected by Corollary 6.8. Thus S,
contains a twistor line L. Clearly, L is not general, but not very special.
Therefore we may write L = L, for some x € B — {x;}; this means that
a = a(x) is an image of a point of bN — {y;} by ¢.

Finally, the continuity of ¢ follows from Lemma 6.17 by putting
X =bN,Y =Rand W = (tp)~Y(B) N f~1(R) there. q.e.d.

Remark. The fact that S,,a € R—{a;}, contains twistor lines and
these are obtained as fibers over real points of a g-equivariant holomor-
phic map S, — P follows at once from [20, Lemma 1.3]. Here we would
like to emphasize the additional information that this map onto P is
given exactly by v; as long as a is on the arc a;a;y1.

(6.12) Proposition 6.16 shows in particular that the points aq, ... , ax
are arranged cyclically in this order on R = S! with respect to an ori-
entation of R.

Definition. With respect to the coordinate (53) the sequence
(ai,...,ax) naturally defines an element [a1,... ,a;] of A which is in-
dependent of the choices of the affine coordinate (53), where A is as in
(3.6). By construction this invariant depends only on the isomorphism
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classes of the self-dual manifold (M, [g]) with which we have started.
We call [aq, ... ,ax] the twistorial invariant of (M, [g]).

Let m be a nonnegative integer and M = mP?, where 0P? = S%.
Fix an effective and smooth K-action on M. Then denote by C the set
of K-equivariant isomorphism classes of K-invariant self-dual conformal
structures on M. Then we have the natural map

(56) Li:C— A

obtained by associating the twistorial invariant to a K-invariant self-
dual structure on M.

We shall show in the next two sections that this map is actually
injective and show in the last section that this map coincides with the
other map

I.:C— A
given by the conformal invariant defined in (3.6).

(6.13) By a theorem of Hitchin [10] we know that Z is not projecitve
when £ — 2 = m > 2. In our case we have a direct proof of this fact.

Proposition 6.18. Z is non-projective for k > 3.

Proof. Suppose that Z is projective. Then as in [10] we conclude
that —%K must be ample as it is the unique real line bundle up to
multiples. On the other hand, the general orbit closures are members
of this system and therefore the intersection of two of them is ample on
each member. By Proposition 6.5 such orbit closures are toric surfaces
and the intersection is the anti-canonical cycle on each surface. However,
such an anti-canonical cycle is ample on a toric surface if and only if
k=2 or 3 (cf. [17, Prop. 2.21]). q.e.d.

On the other hand, we show in general that Z is not merely a Moishe-
zon manifold, but has a structure of a complete algebraic variety of spe-
cial type. For each p;, 1 < ¢ < 2k, the local action of the one parameter
subgroup p; + pi+1 with respect to the coordinates (41) at p; takes the
form

(z,y,2) — (s, sy,5°2), s € C*,|s| <1.
We then set

Ui={z¢€ Z, lirr(l)sz =Dpi}.
S—
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We have p;, p;i € S; and we shall name the two irreducible components
SijE of 5; such that p; € S;r and piyr € S; . Then by our previous
description we check easily the following;:

Ui=2-JS;, 1<i<k andUi=2- ] S/, k+1<i<2k
j#i JFi—k

Moreover, by the result of [3] we see that for each ¢ there exists an
isomorphism of U; onto the complex affine space C® which extends to
a bimeromorphic map of Z to the natural compactification P? of C®.
(In [3] the result is proved for a compact Kéahler manifold, but the proof
applies equally well for a Moishezon manifold in general.) Thus we
obtain the following:

Proposition 6.19. Z has a natural structure of a rational complete
algebraic variety which is covered by 2k copies of C2, the complement
of each of which is a union of k — 1 smooth toric surfaces in Z.

For k = 2, Z = P3 is covered by 4 copies of C?, the complement
of each of which is isomorphic to P2. For k > 2 the complementary
divisor are reducible and are not of normal crossings type. (The author
is grateful to M. Pontecorvo for asking him about the rationality of Z.)

7. Local structures along the fibers

(7.1) Let m be a nonnegative integer. Let M = mP? be the
connected sum of m copies complex projective planes for m > 0 and set
0P?% = S%. Fix an effective and smooth K-action on M. Suppose that
we are given two K-invariant self-dual conformal structures (M, [¢]) and
(M,[g']) on M. Let Z and Z’ be the corresponding twistor spaces with
the associated fiber spaces (cf. Propositions 6.4 and 6.5):

(57) f:Z—P and f :Z2 — P,

where P is the complex projective line with the coordinate (53) and
with real structure . Then supposing that the points a1,... ,a; of R
corresponding to the singular fibers of f and f’ coincide, we shall show
that Z and Z’ are isomorphic over P.

By Propositions 6.5 and 6.12 the fibers of f and f’ over the same
point a of P are isomorphic to each other. In this section, as a first step
we prove that f and f’ are locally isomorphic along each fiber. Namely
we prove:
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Theorem 7.1. Let the notations and assumptions be as above. For
every point a € P there exists a neighborhood U of a in P such that
fHU) and f~YU) are isomorphic as a complex space over U.

The result is well-known if @ # a; for any 4, since in this case both
f and f’ are isomorphic over U as above to the product U x S(p) if U
is taken sufficiently small. Therefore we assume that a = a; in what
follows.

There exist two ways for treating the problem, one by a deformation-
theoretic method and the other by using the theory of torus embeddings.
We first follow the former method and prove the above theorem as a
consequence of Propositions 7.10 and 7.11 below. Then by using the
latter method we give an explicit description of f (or f’) along the fiber
over a; in terms of torus embeddings. Also we shall indicate how the
latter method gives another proof of the local uniqueness.

(7.2) We consider the fiber space f : Z — P. For any a; € P the
fiber S; contains a cycle of nonsingular rational curves C' = a; x C, and
consider deformations of the pair (S5;, C') which induces a trivial defor-
mation of C'. Our first purpose is to construct explicitly a Kuranishi
family of this deformation theory.

For the notational convenience, however, fixing 7,1 < ¢ < k, we
write S = S; and L = L; in what follows. Accordingly we set S+ = SZ-i
so that S = ST US™ and L = ST N S~. Let UT be the open orbits
in S* so that O~ := ST — U* forms the anti-canonical cycle of S*.
Using the notation of (2.10) we write the irreducible components of c*
as (C’li, . ,Cj[,Lf[,C;il, e ,C’,;t). Then B := L N C consists of two
points p = LﬁC’i+ =LNC; ; and q = LOC’ZTH = LNC; . Thus in this
notation the one parameter group p; fixes each point of C’;r and C; .

For holomorphic maps h; : Y; — T,i = 1,2 over the same base space
T by a (relative) isomorphism of Y1 to Yo over T" we shall mean an
isomorphism u : Y7 — Y5 of complex spaces with hou = h;. We consider
deformations of the pair (S, C) which induce trivial deformations of C,
i.e.,, a flat morphism f : & — T over an analytic germ T = (T),0)
together with a relative divisor C of S over T such that (S,,C,) = (S, C)
(fixed isomorphism) and there exists an isomorphism ¢ : C x T' — C
over T', where (S,,C,) denotes the fiber over o (Thanks are due to K.
Ohno for asking the precise meaning of the deformations here, which
has eventually led to the correction of the original argument.) We call
such a deformation simply a deformation of the pair (S, C) and denote
itby f:(S,C) = T. If f': (§',C") — T is another deformation over the



COMPACT SELF-DUAL MANIFOLDS WITH TORUS ACTIONS 287

same space T, the two deformations f and f’ are said to be isomorphic,
if there exists an isomorphism u : & — &’ over T which sends C over
C’ (in compatible with the given identifications of the fibers over o with
(S,C)). In what follows we shall call the corresponding semiuniversal
deformation briefly a Kuranishi family of (S,C).

Lemma 7.2. A Kuranishi family of (S,C) exists.

Proof. Let u : (S,C) —LT be a Kuranishi family of (S,C) in the
ordinary sense (for which C is not necessarily trivial) (cf. [7, Th.8.5]
applied to the case of an embedding) and v : ¢ — P a Kuranishi family
of C. We have an induced versal map b: T — P, i.e., the map induced
by the versality of the family v. Then the restriction of u to the inverse
image b~1(0) is clearly a Kuranishi family for the deformations of (S, C)
in our sense here, where o is the base point of P. q.e.d.

(7.3) We shall consutruct explicitly a deformation of (.S, C) which
turns out to be a Kuranishi family of (S,C). First we introduce some
terminology. Let f : (S,C) — T be a deformation of the pair (S,C).
Then C is a union of divisors C;E which are (trivial) deformations of
C]i, 1 < j < k. Then for any j # i, b;t = Cji N C;Erl (with j considered
cyclically modulo k) defines a holomorphic section of f which does not
intersect L C S, = S. We call any blowing up 7 : (S,C) — (S,C) of
(S,C) with center b? 11 b;,j # i, an admissible blowing up of (8,0).

Proposition 7.3. There exists a natural deformation f : (S,C) —
C of (S,C) parametrized by C such that (S,C) admits a natural relative
G-action over C and that fort # 0 the fibers Sy are mutually isomorphic
nonsingular symmetric toric surface with anti-canonical cycle Cy with
respect to the induced G-action. Moreover, S is nonsingular except at
the two points p and q of S = Sy, where S has ordinary double points.

Proof. First consider the case k = 2. In this case ST are complex
projective planes and S is realized as a reducible quadric
Q = {&& =0} in PP = P3(& @ & @ & ¢ &) with irreducible com-
ponents QF := {& = 0},i = 1,2, where C =: A is the union of four
lines A;; :={& =&, =0}, i =1,2,j = 3,4. Then we consider the one
parameter deformation £1& = t€3&4, t € C of @, in which each member
Q¢,t # 0, is a smooth quadric isomorphic to P x P! and which contains
all the above four lines. Therefore we may consider this deformation,
denoted especially by ¢ : (Q,A) — C, as a deformation of the pairs



288 AKIRA FUJIKI

(Q, A) in the sense defined above. With respect to the G-action

(G1:&: 6 :8) — (&0 s162 1 52831 515264), (s1,80) € G = C*?

each member @Q;,t # 0, becomes a symmetric torus surface as in the
proposition. It is also immediate to check the final assertion concerning
the singularity of Q.

Next we consider the general case. In this case the desired deforma-
tion will be obtained by successive blowing-ups of the above family q.
By Lemma 2.9 our S is obtained from the above @ for k = 2, identified
with S in that lemma, by a succession of admissible blowing ups. Since
our deformation is trivial for C', we can extend the succession of admis-
sible blowing ups sideways to a succession of admissible blowing ups of
the families so that starting from the deformation (Q,.A) — C for the
case k = 2 constructed above, we obtain a deformation of (S, C') for any
pairs under consideration with the same parameter space C (where the
triviality of C over T is obvious). Moreover, the relative G-action on the
family defined above for the case k = 2 lifts canonically to any of the
deformation obtained in the above way. The final assertion follows from
that for the case k = 2 since all the blowing-ups occur on the smooth
parts of the varieties under consideration. q.e.d.

(7.4) Our purpose is to show the following:

Proposition 7.4. Let (S,C) be as above. Then the deformation
f:(8,C) = C of (S,C) consutructed in Proposition 7.3 is a Kuranishi
family of (S,C).

In view of the construction of f in the proof of Proposition 7.3, we
immediately obtain the following:

Corollary 7.5. Any Kuranishi family u : (S,C) — C of (S,C) is
obtained from a Kuranishi family of the pair (Q,A) with k = 2 by a
finite succession of admissible blowing-ups.

As for the proof of Proposition 7.4, since the irreducible components
of C which intersect with L are not Cartier divisors on S, the cohomolog-
ical description of the tangent space for our deformation problem seems
a bit complicated. So we shall follow some round-about way in showing
the proposition. Namely we consider a modified deformation problem
for which the cohomological description is easier. For this purpose we
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prepare some more notations. We define

D =cf |, and CF = | ] CF
G+

Then we set
¢'=C*JC and D=D"| D"

Note that D is a Cartier divisor in S as the inclusion D C S looks
locally at p or ¢ like

D={2y=2=0}CS={xy=0} CC>

By a D-deformation of the pair (S,C) we mean a deformation
[ (5C) — T of (S,C) as above together with an isomorphism
¢:DxT — D, where D = Ui(Cii U Cij—[s—l)' We shall study the tangent
space of this modified deformation theory.

First we recall some general notation and terminology. Let X be
a complex space and Y a divisor with normal crossings contained in
the smooth locus of X. We shall denote by Q}( the sheaf of germs of
holomorphic 1-forms on X. Then its dual Ox := Homo, (2%,0x) is
the holomorphic tangent sheaf of X. Q% (logY) will denote the sheaf
of germs of meromorphic 1-forms with at most logarithmic poles along
Y and then its dual © x(—logY) is the sheaf of germs of holomorphic
vector fields which are tangent to Y. If D is a Cartier divisor on X,
the notations (D) and (—D) are used to indicate ®[D] and ®[D]!
respectively, where [D] is the line bundle associated to D, e.g.,

QY (log Y)(D) = 2 (log V) ® [D].
Note that when dim X = 1, we have
Qx (logY) = Qx (V)

and
O(—logY)=0(-Y).

Using these notation the tangent space of the modified deformation
theory is identified with the Ext-group

Ext!(Q}(log C')(D), Os)
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which we shall now compute. (Actually, this space parametrizes the
infinitesimal deformations which induce locally analytically trivial de-
formations of C' with globally trivialization of D. But for a cycle of
nonsingular rational curves we know that every locally analytically triv-
ial deformation is necessarily globally trivial, and hence, this is a right
choice.)

(7.5) With the simplified notations
Z:=0(—logC")(—D) and 7 := Ext'(Q}(log(C')(D),O5s).

the local-to-global spectral sequence of Fxt functor gives us the follow-

ing exact sequence of vector spaces
(58) 0 — H'(S,E) — Ext' (Q5(log C")(D), Os)
— HY(S,7) — H*(S,Z2).

Then we prove the following:
Proposition 7.6.

1) There exist a natural isomorphism
H'(S,Z) = H(L,0.(B))(= C)
and we have H*(S,Z) = 0.

2) T=0r.

Corollary 7.7. The exact sequence (58) reduces to
0— HY(S,E) = C — Exzt'(QL(log C")(D), Os)

LA HY(S,7)=C —0.
In particular dim Ext*(Q%(log C')(D), Og) = 2.

Proof of Proposition 7.6. 1) In order to compute H*(S,Z) we recall
the following sheaf exact sequence [4, (5.4)]

(60) Oﬁ@gﬁ@nf@si(—logL)H@LHO,
+

(59)

where nT : ST — S are the inclusions. Since C’ does not intersect with
L and D is a Cartier divisor with DNL = B := {p, ¢}, from (60) we get

(61) O—>E—>@n * - 0,(-B)—0,
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where
E* = Og+(— log(C*| JL))(-D%).

Note that ©(—B) = Oy, so that H(L,0,(—B)) = 0 for i = 1,2 and
& C for i« = 0. From the cohomology exact sequence associated to
(60) we have the following long exact sequence of cohomology and an
isomorphism

0— HS,E) — @HO(Si, =) — H(L,0.(-B))

(62) — HY(S @Hl ST %) -0

(63) @H2 (8%, =%)

We next compute H'(S* ,=%). Consider the natural short exact se-
quence of sheaves

(64) 0—ZF - Ogs(—logC*) = P ©,:(-Bf) =0
j=iil
where Bf consists of two intersection points of C’f with the other com-

ponents of C*. Since @Ci(—B;E) are isomorphic to O+ we have
J J

Hi(Cj[,@C;:(—Bji)) =0

for e = 1,2 and =2 C for ¢ = 0. On the other hand, by the sheaf
isomorphism ([17, Prop.3.1])

Og:(—logC") = Ogs ® 7 N = 0F2,

we have H' (ST, Og+(—1logCF)) = 0 for i = 1,2 and = C? for i = 0.
Then HO(S*,=%) consists of vector fields associated to the torus action
on S* which vanishes identically on Cii U Cil, which must be identi-
cally zero on the whole S*; namely H°(S*,=*) = 0. Thus from the
cohomology exact sequence associated to (64) we have H?(S*,=2%) =0
and the following exact sequence of vector spaces

0 — H(S8*%, 04+ (—log CF)) = C?

(65) R @ HO(CJ?—“, @C¢<_Bji)) ~C? - H(5%,2%) — 0.
J
j=i,i+1
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Therefore we also have dim H'(S*,=*) = 0. Substituting the results
into (62) we get the desired result.

2) Since Q% (log C")(D) is locally free outside L and D is a Cartier
divisor on the whole S, 7 has support in L and we have

T Ext'(Q5(D), 0g) = Ext' (0, 05)(—D).

On the other hand, as is well-known the last term is an Op-module and
we have

Ext' (R, 05) = Nypjs+ ® Npjs- = OL(2)
where Np,/g+ denotes the normal bundle of L in S*. Thus

T=0r(2)(—B) 2 O0r. q.e.d.

Remark. From the above argument it also follows that

Ext*(Q%(log C') (D), 0s) = 0.

(7.6) We shall construct a Kuranishi family for D-deformation of
(S,C). In view the proof of 1) of Proposition 7.6 nonzero elements of
H1(S,Z) are described as follows. We set
Vt=8t-Ct,,
Then V := VT UV~ and W := WT U W~ are open subsets of S
and VNW = S — D. Fix any nonzero element v of H°(L, 01 (—B)).
Let x = x; be a holomorphic vector field on S coming from the ac-
tion of the one parameter group p; which restricts to v on L. (The
action of p; is nontrivial on L.) Since p; fixes each point of C;" and
C}, , x vanishes identically on C; and C, . Thus (x,0) defines an ele-
ment of HY(V*,Z1) @ H°(V~,=3) which restricts to v on L — ¢. Sim-
ilarly (0, —) defines an element of HO(W*,=Z;) @ H°(W~,Z5) which
restricts to v on L — p. Then (x,x) = (x,0) — (0, —x) is considered to
be an element of H(V*+ NV~ Z) which defines a nonzero element y of
H'(S,Z) corresponding to to v € H(L, O (—B)) via the isomorphism
of Proposition 7.6.

The corresponding D-deformation parametrized by C* with the base
point 1 € C* is described as follows. Define a family of complex
spaces Ss parametrized by s € C* by patching V and W via p;(s);

Wh=S8t—Cf, VT =5 —C7, W =5 —Cj,.
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Ss =V U, ) W. For s = 1 we obtain the original space S although
clearly all Ss are isomorphic to S. As a D-deformation this family is
isomorphic to the trivial deformation (S,C) x C* — C* of (S,C) to-
gether with the non-trivial trivialization ¢ : D x C* — D x C* given
by the condition that ¢4|C;; = pi(s)|C;,; and ¢ is the identity on
the other irreducible components of D. The infinitesimal deformation
at s = 1 is then precisely the above element x up to constants.

We can perform the same construction for the family f : (S,C) — C
constructed in Proposition 7.3 using its relative G-action. Fixing a
trivialization ¢ : D x T' — D we may consider f as a D-deformation of
(S,C). As in the absolute case we set

Vh=8-CL , Wr=8-C" Vv =8-C7, and W =8-C; ;.

(2
Then V := VT UV~ and W := WT UW™ are open subsets of S and
VNW =S8 —D. We patch together as before V and W via p;(s), s €
C*. In this way we obtain a D-deformation f : (S,C) — R of (S,C)
parametrized by R := C x C* with the base point o := (0,1), where
the trivialization of D is obtained by perturbing the original one ¢ by
using p; as in the absolute case. By construction the following is clear.

Lemma 7.8. As a deformation of the pair (S,C) the family f is
isomorphic to the family induced from f : (S,C) — T wvia the natural
projection p: R — T = C.

(7.7) Now we are ready to identify a Kuranishi family for D-defor-
mations of (S,C).

Proposition 7.9. The map f : (S,C) — R of (S,C) gives a Ku-
ranishi family for the D-deformations of (S,C).

Proof. First we shall show that the tangent space of R at o is natu-
rally identified with the vector space Ext!(Q4(log C")(D), Og). Indeed,
the tangent space of the subspace 0 x C* is, by the description of (7.6)
in the absolute case, naturally identified with the subspace H!(S,Z) in
(39). On the other hand, if w : To,C — Ext*(Q}(log C')(D), Og) is the
natural tangential map (Kodaira-Spencer map) for the original family
f:(S,C) — C with ¢ chosed and fixed, where Ty C is the tangent space
of T at 0, the composition of w with the quotient map [ in (39) is nec-
essarily surjective. In fact, the image of Sw measures the infinitesimal
variation of the singularity of S along L; however by Proposition 7.3 the
total space S of the family f is smooth along L so that the composite
map [w cannot be the zero map. Since H°(S,7) = C, the assertion is
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verified.

The proposition is deduced from this. However, for the D-deforma-
tions we have not found a suitable reference to quote for the existence of
a Kuranishi family in general. So we shall proceed in an ad hoc way here.
First of all it is not difficult to show that the D-deformation functor has
a hull in the sense of [25]; indeed, the proof is basically the same as in
the case of the ordinary deformation functor (cf. 28, Th.3.6], [25, (3.7)])
using the criterion of Schlessinger [25, Th.2.11]. Then, since the param-
eter space of our family is smooth, and the tangent space is identified
with the tangent space of the functor, i.e., Ext!(2}(log C')(D),Os),
by [28, Th.3.5] this family is formally semiuniversal in the sense that
it is semiuniversal for any deformations whose parameter space is zero-
dimensional. Then by the same argument as in the proof of [28, Th.3.7]
(in the case of ordinary deformation functor) using, e.g., [9, Lemma
2] we conclude that the family is complete (or versal), and hence is a
Kuranishi family. q.e.d.

Proof of Proposition 7.4. Let f': (S8',C") — T’ be any deformation
of the pair (S,C). By taking a trivialization D x 7" — D we may
consider f’ as a D-deformation of the pair (S,C). Then by the previous
proposition we have a semiuniversal map ¢ : 77 — R. Compose this
with the projection p: R — T. Then by Lemma 7.8 u is isomorphic as
a deformation of (5, C') to the induced family from f via pu. This shows
that f is a versal family. Moreover, if (S,C) — T' is a Kuranishi family
of (S,C), the differential of the versal map T,C — T,T is not the zero
map since otherwise S will have singularity along L. Thus the Kodaira-
Spencer map of f is injective and f is a semiuniversal deformation of

(S, C) as desired. q.e.d.

We come back to our twistor space Z and consider the associated
morphism f : Z — P or more precisely the morphism f : (Z JE) —
P. Take any a; € R and consider the germ f; of f along the fiber
S; = S}t US; as a deformation of the pair (S;,C) inducing the trivial
deformation of C.

Proposition 7.10. The map f; gives rise to a Kuranishi family of
(Si, C) at a;.

Proof. Let f : (S,C) — (T,0) be the Kuranishi family of the
pair (S;,C) constructed in Proposition 7.4. We have a versal map
7 : (P,a;) — (T,0) which is induced by the versality of the family
f. If 7 has ramification at a;, then Z should have singularity along
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the intersection L; = S;r N S; . This is a contradiction; so 7 must be
isomorphic. Thus f; and f are isomorphic as a deformation of (S;,C),
and hence, f; itself is a Kuranishi family of (.S;, C). q.e.d.

(7.8) In order to prove Theorem 7.1 we still have to prove the
following;:

Proposition 7.11. Let u: (S,C) — (T,0) and v’ : (S',C") — (T, o)
be two Kuranishi families of the pair (S,C) with the same parameter
space T. Then there exists an isomorphism j : (S,C) — (S8',C’") over T
which maps each irreducible component C; to the corresponding com-
ponent C;. Moreover, if we are given a section s : T — S (resp.
s T — 8 of u (resp. u') which do not pass through C (resp. C'),
then j can be taken so that js =s' on T.

Remark. The versality in general implies the existence of such an
isomorphism over some automorphism « of 7. Our claim is that, in our
case, an arbitrary automorphism of the base lifts to an isomorphism of
the two families. This would not be automatic in general.

Proof. We first consider the case k = 2. In this case S = ST US™,
S* =~ P2 and the intersection ST N S~ is a line L. Moreover, the
general fiber of v is isomorphic to P! x P'. Our method is to perform
some canonical bimeromorphic modifications to both the fiber spaces u
and v’ and reduce them to the trivial fiber spaces for which the existence
of the isomorphism is clear; and then we follow the inverse process to
get a desired isomorphism between the original fiber spaces. Now the
total space S has two singular points p and ¢, which are ordinary double
points. We may perform a small resolution S — S at p and ¢ with the
exceptional nonsingular rational curves IV, and N, respectively. At each
point there exist two choices of such small resolutions; our choice is that
N, and N, are contained in one and the same component of S, say S7.
(In the presence of a section s we take the component which does not
intersect with the image of s, noting that the image never intersects with
L.) Then the proper transform S~ of S~ in S, which is still isomorphic
to P2, is exceptional in S: ; hence we can blow down S~ to a smooth
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point r of a complex manifold S:

(66) S=—8§——=S§

N4

T

It turns out that the resulting morphism % : S — T is smooth and is
a trivial bundle with fiber P* x P'. We denote by A;,i = 1,2, the
proper transforms in S of the two irreducible components of the anti-
canonical cycles of ST other than L, and by N, and N, those of N,
and N, respectively. Then one sees that N, N N, = {r}. Furthermore,
the cycle of rational curves Cy := Wp + A + Ay + Nq extends to the
anti-canonical cycle C; on the general fiber S; so that u is considered
as a deformation of the pair (Sp, Cy).

We perform the same construction to the other family v’ : (§',C") —
(T, 0) and obtain a manifold &' and a trivial family @ : & — T consid-
ered as a deformation of the pair (?6,6{)) defined in the same way as
(So,Co). Let ' € S’ be the point corresponding to r.

Now take an isomorphism j : (S,C) — (S',C) over T which sends
Zi,ﬁp,ﬁq to Z;,W;, N; respectively, and hence sends r to 7/, which is
always possible. Then j clearly lifts to an isomorphism}T : S — & of the
blown-up manifolds which automatically sends N, onto NI’, and IV, to
Né. Hence, after contracting these curves, } further descends to an iso-
morphism j between the original fiber spaces S — T and S’ — T which
obviously sends each irreducible component of C to the corresponding
components of C'. This is a desired isomorphism.

Finally suppose that we are given sections s and s’. Let 5 and §
be the corresponding sections to w and @'. Since j5(t) and §'(t) are in
the open orbit of S} for any ¢ € T, there exists a unique element g(t)
of G such that g(t)js(t) = '(t). This g(t) defines a holomorphic map
g : T — G. Then replacing j by gj in the above argument we get a
desired isomorphism j.

Next we consider the general case. By Proposition 7.4 and Corol-
lary 7.5 u : (§,C) — T is obtained by a succession ¢ := ¢q--- ¢y, of
admissible blowing-ups ¢g4 : Sqg — Sg—1,d = 1,... ,m, over T such that
Sp = S and that (Sp,Cp) is a Kuranishi family of the pair (Q, A) for
the case k = 2 where m = k — 2 (cf. the proof of Proposition 7.3). The
similar statement is true for v/, too. Let ¢/, : S, — S |, d=1,... ,m,
over T be the corresponding admissible blowing ups. Moreover, these
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blowing-ups are determined by the induced admissible blowing-ups of
the central fiber so that we may assume that at each step (Sy4,Cq) and
(S};,Cl)) are deformations of one and the same pair.

Now by the proof in the case £ = 2 there exists an isomorphism
jo : So — S)) over T which maps the irreducible components of Cy onto
the corresponding components of C, and in the presence of sections
maps the image of the section s in Sy to that of the section s in S.
Then by the definition of admissible blowing-ups it is immediately seen
that jo lifts to a desired isomorphism j of S onto &’. q.e.d.

Proof of Theorem 7.1. Immediate from Propositions 7.10 and 7.11.

(7.9) Let f : X — Y be holomorphic maps of complex spaces. Then
a relative automorphism of X over Y is an autmorphism A : X — X of
complex spaces such that f = fh. We also need the following result in
the next section.

Proposition 7.12. Let u : (S,C) — T be a Kuranishi family of
(S,C). Let : S — S be a relative automorphism over T which pre-
serves each irreducible component C; of C. Then there exists a unique
holomorphic map h : T — G such that the automorphism G; : Sy —
St, t €T, is induced by the action of the element h(t).

Proof. The existence of a unique holomorphic map h defined on
T — {0} follows from Lemma 2.1 immediately. The problem is to show
that it extends across the origin 0.

First consider the case k = 2. In this case in view of Proposition 7.4
and the proof of Proposition 7.3 we may assume that u is the family of
quadrics in P? constructed in the proof of Proposition 7.3. Thus S is
naturally embedded in P3 x T over T and 3 is given by a holomorphic
map h : T' — PGL(3) which has values in G for ¢t # 0 with respect
to the natural embedding G — PGL(3) induced by the given action.
Since G is closed in PGL(3),h(0) also belongs to G.

In the general case, as in the last part of the proof of the previous
proposition we take a bimeromorphic morphism ¢ : § — Sy over T.
Then 3 descends to an automorphism 3 of Sy over T preserving the
irreducible components of Cy and with 3(t),t # 0, induced by the action
of h(t). By what we have proved above for the case k = 2, h extends
across the origin. But then the extended map h : T' — G already meets
the requirement of the lemma for the original S, too. q.e.d.

Remark. It is clear that G is the identity component of the group
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of extendible automorphisms of the fiber Sy. But a prior: it may contain
another components to which 3, belongs as in the case of degeneration
of elliptic curves.

(7.10) We shall construct by the method of torus embedding a local
model of the degeneration at a; of the morphism f for any 4,1 < i < k.

Let N = Z3 be the additive group of one parameter subgroups
of the algebraic three-torus C*3. Decompose N into the direct sum
N=N®& N =2Z*® Z. Let

p=Ap1,-- P2k}, Pjrk=—pj, 1 <5<k,

be the set of primitive elements in Ny = Z? arranged counterclockwise
in this order.

Fixing ¢ take any elements n and 1’ of N whose last coordinates are
equal to 1 and which satisfy the condition

(67) n—n"=pi— pis1-

Define a fan A in N g by the following prescription: The one-dimensional
simplices are those generated by the primitive vectors n,n" and p;, 1 <
j < 2k. The two-dimensional simplicies consist of

{0}, {pj.pj1}, 1<j <2k (2k+1=1),
{n,p;}, 7=1,... Ji,i+k+1,...,2k, and
{n',pi}, J=i+1,...i+k,

while three-dimensional simplices are given by

{n.p1,p2ts - Ams pi1, it ANy —pisrs —pis2ts - Ans —pr —p1}
and

(' —p1,—p2}s o A0 s —pic1s —pi} A0 pivrs pisats AN s 1}

(Here, for example {7, p1, p2} denotes the simplex spanned by 7, p1, p2.)
Besides these, we take the following two three-dimensional quadrilateral
cones

{n.n', pispix1} and {n,n', —piz1, —pi}

as constituents of our fan. It is immediate to see that these data
actually define a fan /A whose support coincides with the half space
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Nop ® N, Ry Let X be the corresponding three dimensional toric
variety.

Let A1 = {{0}, R>o} be a fan on N, p = R, which gives the toric
affine line C' = C*(s) U {0}. Then the projection N — N gives rise to
a map of fans ¢ : (N,A) — (Ny,4\1), which in turn induces a proper
morphism of toric varieties h : X — C' (cf. [17, Th. 1.13, Th. 1.15]).

Lemma 7.13. Given p, the fiber space h is, up to C*3-equivariant
isomorphisms, independent of the choices of n and 1’ above.

Proof. 1t suffices to show that the map of fans 1 is up to isomor-
phisms independent of the choice of  and /. Consider the subgroup
H = Z? C SL(3, Z) consisting of elements of the form

1 0 «
g=| 01 @8 |, o,B€Z.
0 0 1

The natural action of the group H on N leaves fixed any element
of Ny C N and induces the identity on the quotient Ny = N/Nj. Thus
if we apply ¢ to our original fan A, the change occurs only on n and
n’ with the difference 7 — 1’ unchanged. On the other hand, the image
of (0,0,1) becomes (a,3,1). From this we easily conclude that any
two fans constructed according to the above prescription are mutually
mapped to each other by some element of H. q.e.d.

(7.11) We show that h gives a local model of f along ;.

Proposition 7.14. We consider the morphism f : Z — P as
a germ along the fiber S; = Sy, over a; and consider the morphism
h: X — C as a germ along the fiber Xg over 0 € C. Then f and h are
isomorphic.

Proof. Let Ej; be the irreducible divisor on X corresponding to p;
and S (resp. S’) the irreducible divisor corresponding to 7 (resp. 7).
Because of (67) X has ordinary double points at the intersection point
of the four divisors S, F;, F;11 and S’ (resp. S, E;jix, Eiyvkpr1 and S’)
(cf. [13, pp. 38-39] [17, p. 37, Ex.]). Since the third coordinate of 7
(resp. 1) is equal to one, 1, p; and pj;1 form a Z-basis of N so that X
is nonsingular at any other point.

Let A(p) be the fan in N,p = R? generated by p, which defines
the toric surface S(p). Then we have the natural inclusion of fans
(Na, A(p)) — (N,A), giving rise to an embedding of the toric sur-
face S(p) onto the fiber of h over 1, and hence onto any fiber over

299
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s # 0. Note that the divisors £ are of the form Ey; x C on X, where
on = Ej N h_l(O)
The fiber over s = 0 consists of two toric surfaces S and S’, whose

structures are easily read off from the fan A. For S, for instance, we
set according to [17, Cor.1.7] N, := N/Zn and

Ay = {0 = the image of o in N, p;n is a face of o}.

Then S is isomorphic to the toric surface associated to the fan (NV,, A;)
and we have

Ag={7 and p;, j=1,...,i,i+k+1,... 2k},

where 7' =7 =] = —p;+p;,1 because of (67). Therefore S is isomorphic
to S;"(p). Similarly, we get S’ = S (p) of (9). Finally since they
intersect transversally along the curve L := SN S’ corresponding to the
two-simplex {n,n'}, it follows that Xy = S; = S,,.

Thus, if we set E = U;E; with its fiber Ey = U;jEp; over 0, the
map h, regarded as a map (X, E) — C, is considered as giving a local
deformation of the pair (Xg, Ep) which is isomorphic to (S;,C) by the
above consideration. Hence we have a versal map 7 : (C,0) — (P, a;)
of analytic germs, considering f : Z — P as a Kuranishi family of the
pair (S;,C') by Proposition 7.10. However since X is smooth along the
general points of L,7 cannot have ramifcation, i.e., 7 is isomorphic.
Thus the proposition follows. g.e.d.

In passing we also note the following:

Proposition 7.15. There exists a relative involution of X over C
which interchanges the two irreducible components of the fiber Xy over
the origin 0 € C.

Proof. Lemma 7.13 shows that we may take 7 to be (0,0,1). Then
if ' = (a, 5,1), the element

-1 0 «
h = 0o -1 p € SL(3,2)
0 0 1

defines an involution of the fan (N, A) which interchanges the vectors
(0,0,1) and (v, 3,1). This induces a desired relative automorphism.
q.e.d.
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(7.12) Note that the existence of toric description of the Kuranishi
family of (S;, C) as above is actually a priori guaranteed by the following
result of Mumford (cf. the proof of Theorem in [13, IV §1]).

Lemma 7.16. Let f : A — B be a proper morphism of a complex
algebraic variety A of dimension n+ 1 onto a complex smooth algebraic
curve B. Suppose that there exists an effective algebraic action of the
algebraic torus C*™ on A over B. Let b € B be an arbitrary point.
Then there exist a toric variety X of dimension n+1 and an equivariant
morphism h : X — C' such that the germ of f, considered along the fiber
over b, and the germ of h, considered along the fiber over the origin 0 of
C, are C*"-equivariantly and analytically isomorphic, where the action
of C*™ on X over C is induced by the given torus action (first n factors).

In fact by applying the lemma to our G-action on Z over P at each
point a; € R, we obtain a priori the exsitence of a toric description of
f along the singular fiber S;.

Conversely, we can replace the deformation theoretic argument in
the first part of this section by the toric argument above in showing the
local uniqueness of the fibering of f over a;. In fact, from the structure
of Z along S; we conclude that any of the toric models describing f
along S; must be isomorphic to h in Proposition 7.14. For instance,
from the fact that Z has ordinary double point at z; or z;;; we obtain
the condition (67), from the fact that Z is otherwise smooth along S;
we get that the last coordinates of  and 7’ should be equal to one, and
etc.

Remark. In order to apply Lemma 7.16 we have to check that a
suitable neighborhood of S; is algebraic; in this respect it is not difficult
to show that if we set P, = {a € P;a # a;,j # i}, h"1(P;) is quasi-
projective over P;.

8. Effectivity of invariants

(8.1) The purpose of this section to prove the following global
isomorphism theorem which implies the effectivity of the twistorial in-
variants, i.e., the injectivity of the map I; in (56).

Theorem 8.1. Let (M,[g]), (M,[d]), Z, Z', f : Z — P and
f':+Z — P be as in (7.1). Suppose that the points ai,...,a on P

corresponding to the singular fibers of f and f' coincide. Then there
exists an 1somorphism j : Z — Z' of complex manifolds which is G-
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equivariant, is compatible with real structures and maps twistor lines to
twistor lines.

By the (equivariant) inverse twistor correspondence this implies the
following

Corollary 8.2.  The original self-dual manifolds (M, |g]) and
(M, [d]) are K -equivariantly isomorphic.

We first construct a global isomorphism between the two fiber spaces
f:Z — Pand f : 72 — P forgetting the additonal structures for a
while.

(8.2) As a preliminary result, we first deduce a consequence of
Proposition 7.12 on the (global) automorphism group of Z over P. Let
E=p"YC)2C x Pand E;, 1 <i < 2k, its irreducible components
as in Proposition 6.5.

Lemma 8.3. Let Autp(Z,{E;}) be the group of relative automor-
phisms of Z over P which preserve any irreducible components E; of
E. Then the embedding G — Autp(Z,{E;}) induced by the natural G-
action on Z is an isomorphism. Moreover, the same conclusion is also
true for any fiber space f1 : (Zl, {E1;}) — Pi obtained by pulling back
f by a finite covering Py — P which is unramified over all a;, where Py
is any compact curve.

Proof. Let g € Autp(Z, {E;}) be any element. Let Py := P—{a;,1 <
i < k}. By Lemma 2.1 for any a € Py there exists a unique element
h(a) of G depending holomorphically on a such that g|Za is given by the
action of h(a). Moreover, by Proposition 7.12 the resulting holomorphic
map h : By — G extends to a holomorphic map h: P — G such that
g|Ya coincides with the action of the element h(a) for all @ € P. Then
h must be a constant map since G is Stein. This implies that ¢ is an
element of G. The proof is completely the same for f;. q.e.d.

(8.3) In what follows for an auxiliary purpose we fix general twistor
lines L and L', one for each Z and Z’, with the same branch points a
and @ := o(a) on P (cf. (6.10)). N

Take and fix a ramified double covering u : P — P ramified precisely
over a and @. We set R := u~!(R), which is connected and is an
unramified double covering of R. We write

uil(a’i) = {b’ta bi+k}7

where by, ... ,bo are arranged cyclically in this order on the circle R.
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We consider the pull-back f Z — P of f by u, ie., Z=2 X p P with
f the natural projection. Z inherits a natural G—actlon over P from Z.
Denote the inverse image of E in Z by (_ C x P). Since L is a double
coverings of P branched exactly over a and @, the inverse image of L in Z
decomposes into two irreducible components which determine sections
of f. We then choose and fix one of its irreducible components L. The
branch locus of the double covermg map p : 7 — 7 is precisely the
two nonsingular fibers Zq = fYa) and Zg = f~Y@). The morphism
f has singular fibers precisely over b;. L intersects neither with E nor
with the inverse images of special twistor lines.

We perform the same construction to f’ : Z/ — P and denote the
corresponding objects by puttlng on the same letter; for instance its
pullback to P is denoted by f’ 7' — P. By our assumption the general
fibers of f and f’ are isomorphic to the same toric surface S(p). So the
irreducible components of F and E' may be numbered in such a way
that E; and E’ correspond with respect to a fixed isomorphism of the
general fibers. Th1s in particular implies that the one parameter groups
corresponding to E and E’ are the same and is equal to p;. We then
show the following:

Lemma 8.4. There exists an zsomorphzsm] Z — Z' over P which
sends E; toE’ 1<i<2k, and L to L'.

Proof. Let I = Isomp((Z, {E} L),(Z',{E}},I')) be the analytic
space over P whose ﬁber Iq, q € P parametrizes all the 1somorphlsms
of (Zq, {Elq} L q) and ( AL L )), namely the isomorphisms of Z

to Z, 7' which sends each E to E’ and L to I/ where L and L’ consist
of s1ng;~le points. See [26] and [9 3. 1~] V\Le have natural 1dent1ﬁcat10ns
(Zq7 {Elq}) = (Su(q)7 {Czu(q)}) and (Zév {Eéq}) = (S;(q)v {Cz/u(q)})

Since we know that each smooth fiber of f and f ! are isomorphic as a
toric surface, the set of such isomorphisms Isom((Zy, { E'}iq), (Zg, {E},))
is non-empty, and then by using the torus action we conclude that the
fiber I, = Isom((Zq, {E}iq,iq) (Z, {E}Zq, L') is non-empty either; in
fact the latter consists of a single element in view of Lemma 2.1.

Thus the natural projection ¢ : I — P is an isomorphism over
Py := P — {b;} and hence the closure I’ of i~'(Py) in I is an irre-
ducible component of I. On the other hand, at any point of P we
have by Proposition 7.11 a local section to I — P. This implies that
I’ is mapped surjectively, and hence isomorphically, onto P. Thus we
have obtained a section of I — ﬁ, which in turn gives rise to a desired
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isomorphism of two fiber spaces. q.e.d.

(8.4) We want the P-isomorphism j : Z — Z’ obtained in Lem-
ma 8.4 to descend to a P-isomorphism between original fiber spaces
f:Z — Pand f' : Z/ — P. For this it suffices to show that j is
compatible with the covering transformations x and ' of the double
coverings Z — Z and Z' — Z' respectively;

(68) jk = K'j.

For this purpose we first prove the following:

Lemma 8.5. The covering transformation k is the unique holo-
morphic involution of Z which covers the covering transformation of
P — P and which induces the identity on the two fibers Zb and Z,’
where b=u"'(a) and b =u"1(a).

Proof. Suppose that there exist two such involutions, say « and
k1. Then g := k~ 'k gives a relative automorphism of Z over T which
induces the identity on Z, and Zg. In particular g preserves each irre-
ducible component of E. Then by Lemma 8.3 g is induced by the action
of an element of G, which will be denoted by the same letter g. Then
g must be the identity since glz, is the identity; therefore k = k1 as
desired. q.e.d.

From this we get the desired uniqueness immediately.

Lemma 8.6. The zsomorphzsm j Z — Z' obtained in Lemma 8.4
descends to an isomorphism j : Z—-27 _over P which sends each E; to
E!, where E; and E! are the images of E; and E! respectively.

Proof. The composite map ] g/ ; is a holomorphic involution on Z

with all the properties of Lemma 8.5. Hence, by Lemma 8.5 we have

7 1K"j = k and (68) follows. The rest of the assertion is clear. q.e.d.

(8.5) So far we have shown that the two fiber spaces f and f’
are isomorphic as complex spaces over P. Next we show that such an
isomorphism can be taken to commute with real structures. First we
show the following:

Lemma 8.7. Let o and o’ be anti-holomorphic and fized point free
involutions on which send the divisors Ej; to Ejiy for every j,1 < j <
k, and which induce the given real structure on P. Then there exists an
automorphism d of Z such that o' = dod ™.
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Proof. As usual if we set v = o’c~!, v defines a holomorphic and
relative automorphism of Z over P. By our assumptions v preserves
each irreducible component of E. Hence by Lemma 8.3 we conclude
that v is induced by the action of some element g of G. Thus we may
write 0/ = 0g, g € G.

From the fact that og is an involution, by the same argument as in
Lemma 2.7, after conjugation by a suitable element of G we may assume
that g is either an element of order two of K or the unit element. We
show, however, that if g # e and k > 2, og necessarily has a fixed point
on Z and therefore is inappropriate.

Indeed, since g is an involution which is homotopic to the identity,
and M is topologically mP? with m > 0 by our assumption, it has
always a two dimensional component in its fixed point set on M (cf.
the proof of [15, Prop. 1]), which then must be one of B;. Take a point
z of B]. Then g has two fixed points on the twistor line L,; take an
isomorphism L, — P which sends these two points to 0 and oo. Take
an affine coordinate z of P such that the action of g takes the form
z — —z. Then the action on o on L, takes the form z — —a/Z with
a > 0. It follows that og admits a fixed point set |z| = \/a on L, C Z.

When k = 2, there exists a unique element g of order two with only
isolated fixed points. However, in this case Z is the complex projective
space and a direct computation shows easily that og is conjugate to o
by some element of Aut Z. The detail is left to the reader. q.e.d.

Lemma 8.8. The isomorphism j . Z — 7' over P obtained in
Lemma 8.6 can be taken so that it is compatible with the real structures
& on Z and 6" on Z'.

Proof. We set 61 = j'6j. Then both & and &, are anti-holomorphic
involutions satisfying the condition of Lemma 8.7. Hence by that lemma
there exists an element d € G such that 6 = d61d~". Then if we replace
the original 7 by jd—', we get the desired compatibility. q.e.d.

(8.6) Next we verify the G-equivariance of the isomorphism.

Lemma 8.9. The isomorphism ] : Z — 7' above is G-equivariant.

Proof. By Lemma 8.3 we have natural identifications
G = Aut(Z,{E;})

and
G = Aut(Z' {E}}).
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On the other hand, the map

g— 797" g € Awt(Z,{E}),

induces a group isomorphism of Aut(Z, {E;}) and Aut(Z’, {E!}), which
in view of the above identification is considered as an automorphism
¢ : G — G. We have to show that this is the identity; in fact since j
maps the irreducible components E; to E!, the induced automorphism
of the group N of one parameter groups reduces to the identity. Thus
¢ itself must be the identity, i.e., j is G-equivariant. q.e.d.

(8.7) By the above lemmas we have obtained a G-equivariant iso-
morphism 5 . 7 — 7' over P which is compatible with the real struc-
tures of both spaces. Since it maps E onto E’, it descends to an iso-
morphism j : Z — Z' of the twistor spaces which is compatible with
the real structures of both spaces. Finally the following lemma finishes
our proof of Theorem 8.1.

Lemma 8.10. The isomorphism j : Z — Z' above sends any
twistor line of Z to a twistor line of Z'.

Proof. Let D be the open subset of the Douady space of Z [5] con-
sisting of points whose corresponding subspaces are nonsingular rational
curves with normal bundle isomorphic to O(1) @ O(1). Then the real
structure o of Z acts on D as an anti-holomorphic involution and M is
considered as a connected component of the fixed point set of this action.
Similar statement holds true also for Z’ and M’ and the corresponding
objects will be denoted with the superscript ’.

Since j is (o, 0’)-equivariant, the induced map 0: D — D’ sends the
fixed point set of o to the fixed point set of ¢’. Now j sends the fiber
Za 1somorphlcally onto Z’ and hence the corresponding singular locus
Ll to Li, which are the proper transforms of the twistor lines L; and L}
on Z and Z’' respectively. This implies that j sends the twistor line L;
onto L}, and hence 6(d;) = d}, where d; € D and d, € D" are the points
corresponding to L; and L) respectively. By what we have remarked
above, this already shows that o maps M diffeomorphically onto M’.
Namely, the twistor lines are mapped to twistor lines by j. q.e.d.

(8.8) For the reference in the next section we study further the
structure of the real part of the fiber space f : Z — P, i.e., we consider
the structure of the induced fiber space fr : Zr — R, where Zp =
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f~Y(R). Especially we are interested in the structure of
(69) Q= (tn) " (B)N Zg
and its complement in Zr

A:=Zr—-Q.

@ is the union of the proper transforms in Z of all the special twistor
lines on Z. Thus for any a € R the fiber (), is the union of twistor lines
contained in Z, = S,. K acts smoothly on Z r over R and the action is
free on A.

Lemma 8.11. Fach fiber Ay, a € R, of A has exactly two connected
components.

Proof. 1) When a # a; and a is on the arc a;a;41, consider the
o-equivariant morphism v; : S, — P; in Lemma 2.6 and write P, — R; =
DZF [ID; as two disjoint open discs DZTJE where R; is the real part of P;.
Then

Qo= 5., Nt YB)=v, ' (Ry)

(2

and
Ag = So — v '(Ri) = v (D) [ [ vi "(D7);

thus A, has two connected components.

2) When a = a;, S, = S; and we have S; Nt }(B) = L;. Thus
A, = S, — L; = (SZ+ — L;) U (S; — L;) and A, has two connected
components. q.e.d.

Nevertheless we have the following:
Lemma 8.12. A is connected.

Proof. We consider the quotients Zp := ZR/K,@ = @Q/K and
A:= A/K over R. We have

A=7r—-Q.

For each a € R we set S, := Zp, = Sa/K. For a # a; it is a 2k-gon,
i.e., a polygon with 2k-edges (together with its interior) considered as
a 2-manifold with corners (cf. [17, 1.3]). For a = q; it is a union of two
(k + 1)-gons with a unique common edge [; which is the image of the
very special twistor line L;. We may “flatten” this union topologically
along the edge I; and consider it as a 2k-gon in this case too, regarding
l; as a special diagonal of it.
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The boundary 95, of S, is naturally identified with the quotient
C := C/K and the union |J, 85, is a trivial fiber bundle over R with
fiber C. Thus C; := C;/K, 1 < i < 2k, form boundary edges of each
2k-gon S, and the images Z; of z;(= C; N Ci41), 1 < i < 2k, form the
vertices of the 2k-gon. For a = a; the mentioned diagonal I; connects
exactly the vertices z; and Z;1x. Also for a # a;, real twistor lines in
Q. are K-equivalent to each other and the quotient Q,/K gives again
a kind of diagonal [, connecting some points z;, and Z; 1, on the edges
C; and 6¢+k other than the vertices.

Thus, topologically we may consider Zr — R as the trivial bundle
R x D — R where D is a closed two-disc, and @ is then the union of
diagonals | J,c g la, and form a bundle over R = S I with closed interval
as a fiber. Since its boundary C' is connected, ) is homeomorphic to
a Mobius band; indeed, when a moves from a; to a;11 on the edge
a;a;+1, a diagonal starts from [; and by way of [, reaches to l;11, while
both edges of the diagonal which are the points on C; (resp. C;yx)
goes from Z; (resp. Zit) t0 Ziy1 (resp. Zitk+1) via Ziq (resp. Zitgq) for
1 <+ < k, with the indices i considered cyclically modulo 2k. Therefore
the complement A of ) in Zy is connected, and hence its inverse image
A also is connected. q.e.d.

(8.9) Let L be a general twistor line, identified with its inverse
image in Z. By Proposition 6.15 the induced map f|L : L — P is a
double covering branched exactly over o-conjugate points, say a and
@€ P— R. We note that LN Zp C A; otherwise it would intersect with
some other twistor line in view of the definition of A.

As in (8.3) take a double covering u : P — P branced exactly over
the two points a@ and @ and let by, ... by be points of R := u~!(R)
which are the inverse images of a;. We set

Zy =27 — (B J(ULy))

where L; is the proper transform of L; in Z. Zy is a G-invariant set on
which G acts freely. Then Zo = Zo Xp Pisa G- invariant Zariski open
subset of the total space of the induced fiber space 7 = Z X p PP
with the induced G-action. The inverse image of L in Z decomposes
into two irreducible components L*. The following lemma is used in
the proof of the injectivity of a certain map in the next section.

_ Lemma 8.13. There exist G-invariant Zariski open subsets VE of
Z contained in Zy such that Zy =VTUV =, VE =2 Px G and L*Ccvy+
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by a suitable choice of the signs =+.

Proof. By Lemma 8.12 A is connected, while its inverse image A=
A Xp R in Z admits exactly two connected components A*. In fact,
the pull-back Q Q XrR — R of the Mébius band Q — R becomes a
trivial bundle over R. Correspondingly A / K = AxgR gets exactly two
components with common boundary Q This implies that A also has
two connected components. A is contained in Z(] and AjE = A*n Sb

is Zariski open in Sbi := f~1(b;). We now define

i;:ZO— U ‘Zl:)'j

1<i<2k

so that V* Q/Tbi = gfi V* are clearly G-invariant Zariski open subsets
of Z contained in Z; with EQ: Vtuv. N

Since L% := LT N f~Y(R) is connected and contained in A, after
changing the signs if necessary, we may assume that LE C A*. Then
we have L+ C V*,

Finally the map LT x G — V* induced by the G-action is isomor-
phic since the G-action on ZO is free, G-orbits on V* are precisely the
fibers of V* — P, and that the intersection of L* with each G-orbit is
transversal at exactly one point. q.e.d.

9. Coincidence of invariants

(9.1) Let m be a non-negative integer and M = mP? with an
effective and smooth K-action. Suppose that we are given a K-invariant
self-dual conformal structure [g] on M. Then the quotient N = M/K is
a closed two-disc and we have a cyclic sequence (yi, ..., yg) of points on
the boundary b/N which are the images of fixed points of the K-action on
M. On the other hand, let Z be the twistor space associated to (M, [g])
and f: 7 — P the associated fiber space, where P is endowed with the
affine coordinate z (53) with o given by o(z2) = 1/z. Let aq,...,ax be
the points of the fixed point set R of o corresponding to the singular
fibers of f such that y; is mapped to a; by the natural homeomorphism
¢ : bN — R obtained in Proposition 6.16. We set

D :={z€ P;|z| <1}

so that R is the boundary of D. In this section we prove that ¢ extends
naturally to a diffeomorphism v : N — D which preserves the geometric
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structures on the interiors Dy and Ny respectively: namely the induced
complex structure on Dy and the induced conformal structure of Ny (cf.
(3.6)). Recall that in real dimension two, giving a conformal structure is
equivalent to giving a complex structure modulo the complex conjugate.
The precise statement of our theorem is as follows.

Theorem 9.1. There exists a natural homeomorphism ¢ : N — D
with the following properties:

1) v restricts to ¢ on the boundary bN; in particular ¢ sends y; to
a; for each 1 <i <k, and

2) ¢ induces a diffeomorphism No — Dq of the interiors, with re-
spect to which the conformal structure on Ng and the holomorphic
structure of Dy modulo its complex conjugate are compatible, i.e.,
¥ sends the conformal structure of Ny to one on Dy which coin-
cides with that defined by the complex structure of D.

One may think of Dy as a kind of (mini-mini)-twistor space of Np.
We first deduce Theorem 1.1 from Theorem 9.1.

Proof of Theorem 1.1. By Corollary 6.8 we may assume that M =
mP?.

Let J be the subset of C of (6.12) consisting of the isomorphism
classes of Joyce’s self-dual manifolds [11]. We have a diagram

J o4
N |
c oa

where I. and I; are the maps given by the conformal invariants and the
twistorial invariants respectively (cf. (6.12)). This diagram is commu-
tative by Theorem 9.1 and I; is injective by Theorem 8.1. Thus I, on
the top line is also injective and we have J = C. This is precisely the
assertion of Theorem 1.1. q.e.d.

Proof of Corollary 1.2. Since M admits a K-action, x(M) is non-
negative by Lemma 3.1. The case x(M) > 0 is treated in Theorem 1.1.
If x(M) = 0, the K-action has no fixed points. Thus by [22, Th. 3.6]
M must be conformally flat. q.e.d.

The rest of this section is devoted to the proof of Theorem 9.1.
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(9.2) First we give the definition of ¥ (y), y € N, set-theoretically.
When y € bN, we just set ¥(y) = ¢(y) with ¢ in (6.11). In case
y € Ny, we define 1(y) € Dy as follows. Let x € M — B be an arbitrary
point with 7(x) = y and L = L, the corresponding general twistor line.
By Proposition 6.15 precisely one of the branch points of the double
covering f|L : L — P is in Dy, which we shall denote by a(z). Since
S, are K-invariant, we have a(z) = a(t(z)), and hence, we may write
a(z) = a(y). Thus we can define

We show the following:

Lemma 9.2. | Ny : Ny — Dy is bijective.
Together with Proposition 6.16 this would imply
Corollary 9.3. ¢ : N — D is bijective.

We need the following lemma for the injectivity.

Lemma 9.4. Let L be a general twistor line. If g(L) is again a
twistor line for some g € G, then g € K.

Proof. 1f g(L) is a twistor line, we have (ogo)L = g(L). On the
other hand, since ogo~! = g* (cf. (2.9)) we get g~'¢g*(L) = L. Namely,
lg|? := g~ 'g* € G stabilizes the point d of the Douady space Dz of Z
corresponding to the submanifold L; d = t(L) € My C Dy. Since Z
is Moishezon and L is general, the stabilizer group of d is finite, and
therefore it is contained in K; |g|*> € K. Since the K-action on My is

free, this implies that |g|? =1, i.e., g € K. q.e.d.

Proof of Lemma 9.2. Surjectivity: Let a be any point of Dy and
consider the corresponding non-real fiber S = S, of f : Z — P. By
Lemma 6.7 ¢t induces a double covering s : S — M, which cannot be
unramified since M is simply connected. If z € § is a ramification
point, then the twistor line L,, x = t(z), is tangent to S at z. Thus

a = a(x) = ¢(r(z)).

Injectivity. Suppose that a = ¥ (y) = ¥(y’) in Dy for y and 3/ in
Ny. Take any point x and 2’ in M over y and 3’ respectively. Then the
twistor lines L, and L,/ are both tangent to the fibers S, and Sz. Take
a double covering P — P branced exactly at a and @, and consider the
pull-back f : Z — P of f as in (8.9). Then the inverse images of L, and
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L, in 7 are decomposed into two irreducible components L;:t and Li,c,
respectively and define sections of f. L} and Li, are entirely contained

~

in the Zariski open subset V1T = G x P by Lemma 8.13. Since any
compact curves in VT is of the form g x P for some g € G, we see that
L} is a G-translate of L;C, and then as their G-equivariant images L,
is a G-translate of L,/. Thus by Lemma 9.4 L, further is a K-translate
of L., which implies that y = y/. q.e.d.

(9.3) We next check the smoothness of 1) on Ny. Let My =M — B
and Zy = t~'(My). We consider the subset

(70)
I':={z € Zy; L, istangent to S,, z=1t(z), a=alx)=f(2)}.

Lemma 9.5. I is a closed submanifold of real codimension two
in Zy and consists of two connected components I'T and I'~ which
are mapped diffeomorphically onto My by t and which are mutually o-
conjugate.

Proof. Take any point zp € Zy. Since t is a submersion, we can
find real local coordinates x1, 9,23, 4,y1,y2 of Zy at zg such that ¢
is described by the projection to the first four coordinates and that
2 = 31 + v/—1ys gives a holomorphic local coordinate on L, for any
z in a neighborhood of #(zp). Then with respect to a suitable complex
coordinate of P around f(zp), f is locally considered as a complex-
valued smooth function which is holomorphic when restricted to each
L,. Thus a point z in a neighborhood of 2y belongs to I' if and only if
(0f/0z)(z) = 0. Namely, g := 0f/0z = 0 is a defining equation of I" in
a neighborhood of zy. In particular, I' is closed in Z.

Since the ramification indices at branch points of L, — P are al-
ways two, at any point z of I' we have dg/0z # 0. Thus the implicit
function theorem shows that a neighborhood of z of I' is mapped dif-
feomorphically onto a neighborhood of #(z) in M. This shows that I" is
a submanifold of real codimension two in Zy and ¢|I" : I' — M is locally
diffeomorphic. Since each general twistor line has exactly two ramifica-
tion points, we conclude that ¢|I" is an unramified double covering.

Let F := pu(f~!(R)). Then F is a closed subset of Z, and Z — F has
two connected components

Z* = u(f (Do) - E)

and
Z~ = p(fN(o(Do)) — B);
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namely Z is a disjoint union of F,Z" and Z~ with Z+ and Z~ o-
conjugate to each other. By Proposition 6.15 I' never intersects with F
so that I is a disjoint union of I'" :=T'NZT and I'” = ' N Z~ with
o(I'#) = I'F. Since for each general twistor line the corresponding two
ramification points are o-conjugate to each other, each of I'* is mapped
surjectively onto My. Thus ¢|I'F is a diffeomorphism onto Mj. q.e.d.

Corollary 9.6. The restricted map | Ny : Ng — Dy is smooth.

Proof. The map wt|Tt : Tt — Nj is a submersion by Lemma 9.5;
thus it admits a smooth section Ny — I'". Composing this with the
smooth map f|T't : '™ — Dy we obtain v, which is smooth. q.e.d.

(9.4) Next we show the following;:
Proposition 9.7. ¢ : N — D is a homeomorphism.

Since N and D are compact and Hausdorff and ) is bijective by
Corollary 9.3, Proposition 9.7 follows from the next lemma.

Lemma 9.8. The map v : N — D is continuous.

Proof. We use Lemma 6.17. We set X = N and Y = D. Both are
compact. Define

W:=QuUIltcCZ

where Q is defined by (69) and I'" is a closed submanifold of Z; in
Lemma 9.5 and is identified with a subset of Z via p~!. We may
also consider @ as the proper transform of (7t)"!1(bN) = t71(B) in
Z, namely, it is the closure of y~!(t~*(B) — C) in Z. By the definition
Q@ is clearly compact.

Putting on W the relative topology from Z we have the continuous
maps h = wtu|W : W — X and g := f|[W : W — Y with h surjective;
moreover by our definition of the map 1, it is clear that h and g satisfy
the condition ¢(x) = g(h~!(z)),x € X. Thus, in view of Lemma 6.17,
we have only to show that W is closed in Z , and hence, is compact.

Let I'F be the closures of I't in Z. Clearly, I'" U Q is closed. It
suffices to show that I'" U @ = W, which in turn would follow if we
show that I't — 't C Q. Since I'" is closed in Z — p~' ("1 (B)), we
must have

P Cp (¢ (B) = QU ().

Now take an arbitrary point y € [t — I'". Take a sequence of
points y, € I'" converging to y. Then u(y,) converge to u(y) =: ¥ in
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Z and z, = tu(y,) converge to = := t(y) in M. Thus y € L, and
y € p~Y(Lgy). On the other hand, since y ¢ I'", we have * € B and
L, is a special twistor line. Thus p~*(L,) has the form [} U L, U I,
where L, is the proper transform of L, in Z, and I = p~(z%), where
L,NC={zt 2"}

We have to show that y € L, since L, C Q. So supposing that y &
L, and hence that y el —f}z say, we shall derive a contradiction. Since
xp, converge to x, we have the convergence L, — L, as subspaces of Z.
Thus by taking the inverse image by p we see that in a neighborhood
of y, L., (identified with its inverse image p (L, ) in Z) converge to
I, and y, € Ly, ; in particular we get the convergence of the tangent
spaces Ty, Ly, — T,lF. But I is transversal, at each of its point z, to
the fiber f~1(f(2)). Hence, for all sufficiently large n, L, should also
be transversal at y, to the fiber of f passing through this point. This
contradicts the fact y, € I'". q.e.d.

(9.5) Finally, we study in detail the differential 1, of ¥ on Nj.
Especially we show that it is isomorphic everywhere; this would follow
from the submersiveness of fu~!|I' : T — P, in view of the commutative
diagram

r ¢ z &£ 7

¢ tl
My € M L
) T

Ny € N S P

For this purpose we pass to the complexfication of the situation. This
has the advantage that we can work in a purely complex analytic setting.
The desired submersiveness of ¢ will be proved in Proposition 9.17 below
in this complexfied setting.

We start with the complexfication of M. Let M 'C be the irreducible
component of the Douady space of Z [5] which contains the points corre-
sponding to twistor lines of Z, and M C the Zariski open subset of M C
corresponding to nonsingular rational curves whose normal bundle in Z
is of type O(1) ® O(1). Then M C is a 4-dimensional complex manifold
and M, as the parameter space of twistor lines, is considered as a totally
real submanifold of MC. Indeed, o induces an anti-holomorphic invo-
lution on MC and M is one of the connected components of its fixed
point set. M C also admits a natural G-action. We have the universal
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family ¢ : 7C — MC over MC which fits into the commutative
diagram

z c z2€ 2 7z

£l Lt
MgMg

— Z is the natural projection and «|Z : Z — Z is

where o : ZC
the identity. The G- and o-actions lift naturally to Z ¢ making o and
to equivariant. Z C is a 5-dimensional complex manifold and t¢ is a
holomorphic submerion.

For each point = € M C the fiber ta} (x) is identified with the corre-
sponding subspace of Z and will be denoted again by L,. We call such
an L, a complex twistor line in general.

We take and fix a G-invariant Zariski open subset MOC of MC such
that MocﬁM = Mpand L, C Z—(CUL) for any x € MOC (cf. (5.3)) so
that fu~'|Ly : Ly — P is holomorphic and is a double covering; e.g., we
may take MOC = MC - t(Z/C), where Z'C = {z € ZC;dimGZ > 0}.
Moreover, we have

Lemma 9.9. The G-action on MOC is free.

Proof. Let x be any point of MOC . Then the stabilizer G, acts on L,
while the G-action on Z is free at each point of L, since L, C Z—(CUL).
Thus the action of G is free on L, = P!, which implies that G, reduces
to the identity. q.e.d.

(9.6) For any z € Z the fiber F(z) := a~1(z) C 7€ of « is mapped
isomorphically by ¢ onto its image Mc(z) =to(F(z))in MC, which
in turn is identified with the subspace of M c parametrizing complex
twistor lines L, with z € L,. Denote by N, the normal bundle of L, in
Z.

Lemma 9.10. F(z) and Mc(z) are smooth of dimension two. The
map o : 7C s 7 is a submersion.

Proof. Let N,(—z) denote the sheaf of sections of N, vanishing
at z. Since HY(L,, N,(—z)) = 0 for any = € Mc(z), by standard
deformation theory we have that M ¢ (z) is smooth of dimension two.
The assertion on F'(z), and hence the submersiveness of « also, follows
from this. q.e.d.

315
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The inclusions of the tangent spaces at x € M C(z) are described
cohomologically as follows:

17,MC () c 1,MC
(71) | I
HO(L,, No(—2)) C H°%Lg, N,).

When z € M, T, M C is identified with the complexfication of the (real)
tangent space T, M. If, further, x € My, then since the K-action is free
at x, the associated infinitesimal action on M determines a (real) two
dimensional subspace F = FE, of T, M, whose complexfication E¢c =

Eq, arises from the infinitesimal G-action on M C at x;

E C EC
N n
M < T,MC.

Lemma 9.11. For any z € T and x € MC(Z) we have
(72) dim(T, M€ (2) N Eg) = 1.

Proof. Since z ¢ k(L,) for any k € K with k& # e, we have
TIMC(z)ﬂE = {0}. It thus suffices to show that TxMC(z)ﬂEC # {0}
since for T, M C(z) and E¢r are of dimension two. By the definition of
I, L, is tangent to S, at z, where a = f(z). Since S, coincides with the
G-orbit of z at z, there exists an element v of the Lie algebra Lie G of
G whose associated vector field v on Z is tangent to L, at z. Then the
section w € H%(Lg, N,) induced from v|L, via the natural projection
TZ|L, — N, vanishes at z. However w is identified, with respect to the
identification (71), with the element §(v) of T, M C where § denotes the
infinitesimal G-action on M~ at x;

Lie G S M€

1 a
H(L,,TZ|L,) — H°L,, N,).

Thus if we consider §(v) € T,MC as an eclement of H(L,, N,), it
vanishes at z € L;. Then d(v) is an element of T, M C(z) in view of
(71), while it is obviously an element of E. Note finally that 6(v) is

nonzero because the G-action on M€ is locally free at « by Lemma 9.9.
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q.e.d.

(9.7) Set ZOC = ta}(MOC) We now define a complex analogue of I'
by

Foc:={z¢ ZOC; L, is tangent to S,, where = =tc(2) and a = fa(z)}
which fits into the commutative diagram

r c ro ¢ z€
Lt ! tg ! tg
Clearly we have I' = T'c N Z; moreover, I' and I'y are K- and G-

invariant respectively and the induced actions are free by Lemma 9.9;
moreover they are o-invariant. Analogously to Lemma 9.5 we get

Lemma 9.12. FC is a o-invariant closed and smooth divisor in

ZOC and is an unramified double covering of MOC.

Proof. The ramifcation locus of v =t x (fu~ta) : ZOC — MOC x P
coincides with I'¢>. Thus it is a closed divisor in ZOC . More precisely,
for any point 2y € ZOC we may take holomorphic local coordinates of
MC at z = to(20) and (21, 29, 23, 24, 2) of ZOC around zp such that
te is given by t (21, 22, 23, 24, 2) = (21, 22, 23, 24). Then z|L; is a local
parameter on L, and the Jacobian matrix for v is of the form Jac

(T 0
2=( 1 oes )

where I is the identity matrix of size four and we have written f =
fu"ta for simplicity. Therefore
of
z€lNg < detJac v(z) =0 & &(z) =0

Since the defining function df/9z of T'C restricted to L, is locally of
the form gz for some function ¢ with g(z0) # 0, I'c is smooth and its
intersection with each fiber of ¢ is transversal.

The final assertion follows from the fact that L, C Z — (C'U L) and
L, — P is a double covering. q.e.d.

(9.8) Let EC (resp. E) be the subspace of the tangent space T.ITc
(resp. of T.TI') arising from the infinitesimal action of G on I'¢> (resp.
KonTl).
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Lemma 9.13. For any z € I' we have EC NT,F(z) = {0} and
dim(T.F(2) N T.T¢) = 1.

Proof. Let v be any element of EC NT,F(z). Since v € T, F(z), we
have a,v = 0, while since « is G-equivariant and the G-action is free at
z € Zy, the restriction a*\EC must be injective. Thus v = 0 and the
first assertion is proved.

Since F(z) is of dimension two and I'c> is of codimension one, we
have dim(7.F(z) N T.I'¢) > 1. So assuming that this dimension is
equal to two, i.e., that T, F(z) is contained in T.I'c, we shall derive a

contradiction. In fact the natural isomorphism ¢, : T.I'cc = T, M C,
x = t(z), induces isomorphisms EC 2 Ec and T.F(z) = TwMC(z).
Then (72) would imply that EC NT,F(z) # {0}. This contradicts the
first assertion. q.e.d.

Corollary 9.14. In a neighborhood of I' the induced map o|l' ¢ :
Lo — Z is a holomorphic submersion; therefore so is the composite
morphism fu_loz|FC o — P.

Proof. This follows from the above lemma and the fact that the

kernel of the differential of a|I' is precisely T, F(z) N T.I'¢y for z € T
q.e.d.

(9.9) Let = be any point of M. T,MC admits a holomorphic con-
formal structure which induces the given conformal structure on T,M.
Let EL be the orthogonal complement of E in T, M with respect to
the given conformal structure. Then its complexfication Ex is the or-
thogonal complement of E¢ with respect to the holomorphic conformal

structure on T, M C. We have the direct sum decomposition
(73) T,M% = Ec @ ES

which is defined over the reals.

For the computation below it is convenient to work with a concrete
model of the space TxMC = H%L,, N,) as follows. Fix an oriented
(conformal) isometry T, M — H inducing the identification L, = C,
where 1,4, j, k is an oriented orthonormal basis of H, such that its com-
plexfication

(74) M¢ ~HeC
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maps the direct sum decomposition (73) into the natural decomposition
(75) HC=(CaoCi)ad(CjoCk),

where one should not confuse i € H with v/—1 € C; in particular 1 and
1 are linearly independent over C.

Correspondingly, we take a (real) model of the normal bundle N =
N, as C' x H as in (28). In this identification the fiber N, over ¢ € C
of N — (' is identified with the complex vector space H with complex
structure given by the right multiplication by ¢~!. Thus, when one
considers an element w of H ® C as a section of N, with respect to
the identifications (71) and (74), at any point ¢ € C' = L, the value
w(q) € Ny, = H is obtained by replacing any v/—1 in the expression of
w via (75) by ¢~ = —q. Now we have the following:

Lemma 9.15. Letx € My be as above. Then we have 'NL, = {+i}
with respect to our identifications Ly = C' above.

Proof. Consider an element of E¢ as a holomorphic section of N,
via the isomorphisms (73) and (71). Let z € T'N L,. By Lemma 9.11
and (71) there exists a nonzero element 8 € E¢ which vanishes at 2.
Let z correspond to ¢ € C' with respect to our identification L, = C.
We may write 3 = u + +/—1v for some u,v € R+ Ri. Now for a point
q € C, (8 vanishes at ¢ as a section of N, if and only if u — vg = 0,
or equivalently, © — vsi — jut = 0 if ¢ = si + jt,s € R,t € C, namely,
vt = 0 and w = vsi. This implies that ¢ = 0; thus z = ¢ = £i. From
this follows the assertion since I' N L, consists of two points. q.e.d.

The method of the above proof also yields the following:
Lemma 9.16. Let x € My and z € ' N L,. Then we have

dim(T, M (2) N EE) = 1.

Proof. The element +v/—1j + k € Cj + Ck = Eé vanishes at
44 € C when considered as a section of N,. Thus by Lemma 9.15 either
of £v/=1j + k belongs to T,MC (2), and hence, T, MC (2) N Eé # 0.

On the other hand, dim TmMC N Eé <1 by Lemma 9.11. The lemma
follows. q.e.d.

Remark. The method of the proof of Lemma 9.15 also shows
the following: Let J be the complex structure of T, M corresponding to
z € L. Let TZiMC be the £+/—1-eigenspaces of J on TIMC. Then
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we have the natural identifications T*MC = T,MC (z) and T-MC =
T, M(z). Thus we have the identical direct sum decompositions

7,M% = 1,MC () & T,MC () = 77 MC & T MC .

This in turn yields the following identification of the normal bundle N,:
(Nz), = T,M(Z) for each z € L.

(9.10) Using Lemma 9.15 we now prove the anticipated result:

Proposition 9.17. For any point z of T the composite map fu= | :
I' — P is submersive at z. In fact, the differential (fu~'). induces a real
isomorphism of E+ onto TaRP, where B+ = (t|0);Y(EL), a = fu1(2)
and TaRP denotes the real tangent space of P at a.

Proof. Note first the following facts: . : T,I' — T,Z is injective,
the kernel of (fu=1), at z is T..S, and o, maps E isomorphically onto
T,S,; indeed, first two assertions are clear and the last follows from
the fact that « is G-equivariant and S, is G-homogeneous locally at
z. In particular E¢ is mapped into the kernel of f.. Thus, in view of
fu YT = fu~ta|T, our task is to show that

T, I'NT, S, = a.F.

Indeed, by dimensional consideration we then deduce that (fu~'a).
induces an isomorphism E+ — TaRP.

Suppose now that a,T,I'NT,S, is strictly larger than o F , namely
that there exists a (real) subspace E' of T,T of dimension > 3 which
contains F and is mapped into T>S, by .. Since a*(EC) =1T,8,, any
element d of E' is then written in T.T'¢ in the form

76 d="b+c, bec E , ceKera, =T,F(z).
C

Passing to T,M C, with respect to the natural isomorphisms
(I.To,T.T') = (TxMC,TwM) and T, F(z) = TzMC(z) we may con-
sider (76) as a relation in T,MC with de F = tC*(E”), be Ec and
ce TIMC(z). Since dim B’ > 3, E' N E+ # {0}. We consider (76) in
the case 0 # d € E+. We shall derive a contradiction from this.

For this purpose we use (74) and (75) to identify d as an element of
Rj + Rk and b as an element of C' + Ci. We interpret these elements
as sections of N, on L, by the isomorphism (71). By Lemma 9.15 we
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have z = %7 under the identification L, = C there. Then, considering
d = b+ c as a relation among sections, and evaluating at z = =+i, we
get d(z) = b(z) as an element of (N,), = H. This is a contradiction
because if b = u + v/—1v, where u,v € R + Ri, then b(z) = u — zv =
uFiv € C + C1i, while we have 0 # d(z) = d € Rj + Rk by our choice
of d. q.e.d.

Corollary 9.18. The differential . of 1 is isomorphic at every
point y of Ny. It is identified with the composite of natural isomorphisms
T,No = Bt~ ELt~TRp,

Proof. For any point y € Ny, we may canonically identify the tangent
space of Ny at y with the orthogonal complement E+ of E in T, M,
where z is an arbitrary point over y. Then 1, is identified with the real
isomorphism E+ — TaRP in Proposition 9.17. q.e.d.

(9.11) For the proof of Theorem 9.1 it remains to show that the
conformal structure of Ny and the complex structure of Dy are compat-
ible with respect to the diffeomorphism 1. For this purpose we need
the following two lemmas.

Lemma 9.19. For any z € ' the restriction to Eé of the composite
map

(fula)utoTe)r ! ToMC = TP — TP, & =t(2), a= fu\(2)
is surjective and its kernel is Eé N TxMC(z).

Proof. First we consider (fu'a). : T.T' ¢ — T,P. Let V be its

kernel. By Corollary 9.14 it is three dimensional and contains both EC
and T, F(z) N T.I'c. By Lemma 9.13 the latter is one dimensional and
they have zero intersection. Hence we have

V=Ec® (T.F(z)NT.T o).

On the other hand, by the isomorphism ¢, : T.T' = TQCMC7 EC is
mapped onto E¢y. The surjectivity of Eé — T, P already follows.

If we let I be the image of T.F(z) N T.[' in TgC]WC7 the kernel
of our composite map is a direct sum Ex ® I = Eg @ I', where I’
denotes the orthogonal projection of I onto Eé in (73). We know that

IC TmMC(z), and as follows from Lemmas 9.11 and 9.16 TxMC(z) is
compatible with the direct sum decomposition (73); therefore I’ must
coincide with Eé N TIMC(Z). The lemma follows. q.e.d.
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Lemma 9.20. Let W be a 2-dimensional real vector space with
(positive definite) inner product. Let W be the (non-trivial) isotropic
subspaces of the complezfication WO with the complexified inner prod-
uct. Then W are complex conjugate to each other and we have wC =
W+ @& W~—. Moreover, the projections WC — W* induces a real iso-
morphism W — W=, with respect to which the conformal structure on
W and the complex structures on W* are compatible, i.e., the confor-
mal structure on W is hermitian with respect to the complex structures

of W=,

Proof. We take an orthonormal basis of W, with respect to which
we identify W with R? and W< with C2. The complexified quadratic
form takes the form C? 3 (z,w) — 2% +w? and we may identify W+ =
{# £ 1w = 0}. This shows the first assertion.

Moreover, the projection WC — W restricted to W is identified
with the map R? 3 (z,y) — (z £iy, £i(x +iy)) € W+ C C?. Then the
pull-back by this map of the hermitian structure 2z + ww on C? to R?
is just 2(22 + y?). Thus the latter is hermitian on W with respect to
the complex structure induced from W+, q.e.d.

(9.12) Proof of Theorem 9.1. Fix a Riemannian metric in the given
conformal class [g]. Let y be any point of Ny and z a point of My
over Ny. Let Q be the null-cone of the complex conformal structure of
T,MC¢ = H° (Lg, N;) consisting of sections vanishing at some point. By
Lemma 9.20 applied to W = E+, Qn Eé is a union of two o-conjugate

isotropic subspaces. One of this is Eé NTM C(z) by Lemma 9.16 and

the o-conjugate of this space is Eé HTIMC(Z) = Eé ﬁTmMC(E). We
consider the following commutative diagram describing the differential

{2

T,Ny = Bt ~ 7Rp

ul !
EE/(LMC ()N EL) = TP,

where the top and bottom horizontal isomorphisms are due to Propo-
sition 9.17 and Lemma 9.19 respectively, while the vertical real iso-
morphisms are the natural ones. We have to compare the conformal
structure on T, Ny and the complex structure on 7, P and this is re-
duced to proving the compatibility of the corresponding structures on
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both hand sides of the map
w: BY — B&/(T.MC () nEE).
This however follows from Lemma 9.20, where W = E+, W = EA,

wt =T,MC%(2)nB&
and
w-=T,M%=) nEE.
q.e.d.
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