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Abstract. In this paper it is shown how the Penrose transform maps tangential
hyperfunction Dolbeault groups with coefficients in a power of the hyperplane
section bundle on the hyperquadric of null twistors in projective twistor
space isomorphically to all hyperfunction solutions of the massless field
equations of nonnegative helicity on compactified Minkowski space. This is an
extension of the Penrose transform which generated real-analytic solutions of
the same field equations on the same space (cf. Eastwood, M., Penrose, R.,
Wells, R.O., [10]). In additions, one obtains the result that each hyperfunction
solution of the massless field equations of nonnegative helicity is the sum
of massless fields of positive and negative frequency, a generalization of the
usual Fourier decomposition for solutions with appropriate growth conditions.
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0. Introduction

It was shown some time ago by Penrose that solutions of the zero-rest-mass field
equations could be generated by transforming holomorphic functions defined on
open subsets of 3-dimensional complex projective space IP4(C) to spinor fields on
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Minkowski space by a contour integration process [24]. This original result, now
called the Penrose transform, depends on twistor geometry (originated by Penrose
in [25]), has been refined by various authors, and a more complete theory has
emerged (see [35, 19] for recent surveys of this subject). In twistor geometry it is
compactified Minkowski space, denoted by M, which appears naturally. This is, in
fact, the conformal compactification, with respect to the conformal group in
physics. Conformally invariant field equations (essentially describing particles
with zero mass, e.g. Maxwell’s equations) are naturally defined on this compact
manifold M.

In [10] it was shown that the zero-rest-mass field equations, originally
introduced by Dirac [9] (including the massless Dirac equation, the homogeneous
Maxwell equations, and the linearized Einstein equations), could be derived from
twistor geometry. Moreover, all of the holomorphic solutions of the differential
equations on a given open subset (of a specified type) of the natural com-
plexification IM of M are the Penrose transform of (smooth) cohomology classes in
corresponding open sets in IP,(C). As an example, one had [35, 10] an isomorphism

P H\(P*, Op(—n—2)— Z (IM*), (0.1)
where
P+ ={zelP5(C) : |z, + |z, 12 — |2,]> — |z4|> > 0}
P~ = {zeP4(C) : 2| +1z,|* — |2,/ — |z5]* <0},
and

M* ={z=x—iyeC*:y5—y}—y3—yi>0}
which is a tube domain (and IM™ is defined similarly) with distinguished boundary
M,={z=x—iyeC*:y=0} =R*
which can be identified with affine Minkowski space. Here

Z,(M*)={p, ,(z) holomorphicin M* : V44 ¢, , =0}
——
2s

are the positive helicity holomorphic zero-rest-mass fields (s =1 corresponds to the
self-dual Maxwell’s equations, for instance), while H(IP*, (U( — n— 2)) denotes the
sheaf cohomology groups of P* with coefficients in the sheaf of sections of the
(—n—2)-power of the hyperplane section bundle H—IP: =1P,(C) (ie. local holo-
morphic functions which are homogeneous of degree —n—2 in homogeneous
coordinates). The power of the hyperplane section bundle H”—IP determines the
helicity of the field equations whose solutions are generated by these cohomology
classes. In [10] both positive and negative helicity cases were considered, but in
this paper, where we study generalized functions as solutions, we shall restrict
ourself to the simpler case of nonnegative helicity (the other case still involves
unresolved problems at this time).

Consider now the same field equations on real (compactified) Minkowski space
M (well-defined since the field equations are conformally invariant). Since these
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equations are hyperbolic in nature, one has many solutions which are not smooth.
We recall that hyperfunctions are a generalization of distributions originally
studied by Martineau and Sato which are defined on any real-analytic manifold,
and which have been utilized in various contexts since [29, 22, 16]. Locally
hyperfunctions can be thought of as elements of a dual space to the space of real-
analytic functions endowed with an appropriate topology. Globally this is not
valid ; hyperfunctions are not elements of a dual space in general. Sato showed that
they could be characterized in a very useful manner as local sums of jumps in
boundary values of holomorphic functions defined on a complexification of the
given real-analytic manifold. In Schwartz’ theory of distributions, one differen-
tiates by simply differentiating the test functions and invoking the usual formula
for integration by parts. In the theory of hyperfunctions, one represents the
hyperfunctions as the ((“algebraic sum of jumps of”) boundary values of holomor-
phic functions, then differentiates the holomorphic functions appearing in this
representation, and then takes boundary values of the differentiated holomorphic
functions to get the required derivatives of the generalized functions. There is a
well-defined calculus of such generalized functions, and its utilization depends on
detailed results in the theory of holomorphic functions of several complex
variables, just as Schwartz’ theory depends on detailed results concerning locally
convex topological vector spaces. In addition, one uses homological algebra as it
appears in algebraic geometry and complex analysis as a tool for keeping track of
the “algebraic sums” which appears in the description of hyperfunctions given
above. These generalized functions have been applied extensively to various
problems involving classification of differential equations and their solutions, in
particular their solutions with specified types of singularities (see [16], which
traces recent developments concerning hyperfunctions and more generally micro-
functions in this area).

The purpose of this paper is to generalize the Penrose transform acting on
smooth data (as developed in [10]) to act on hyperfunction data in such a way
that: a) it agrees with [10] when restricted to smooth data and b) it generates all
hyperfunction solutions of the field equations. This can be carried out quite
completely. The mathematical tools necessary for this development are described
in more detail below. First we will formulate the principal results in the paper.

The Dolbeault groups HY(IP*, O,(—n—2)) which appear in (0.1) have a natural
generalization to the boundary of IP*, denoted by P. Namely, one can consider
tangential Dolbeault groups on P

Kerd, : £%YP)~&%171(P)

"H%9(P)= =
&'(P) Imo,: &% Y(P)~&%4P) °

where 0, is the tangential d-operator (denoted by d, by many authors). These
groups were first studied by Kohn and Rossi [20] and have been studied
extensively since [33,12]. One can consider differential forms with various
smoothness classes, and for our purposes it is useful to consider hyperfunction
coefficients, denoted by % %4P), and to consider differential forms with coefficients
in a vector bundle, just as in the case of smooth coefficients. Thus we let

"HYY(P, V)
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denote the tangential Dolbeault groups with hyperfunction coefficients, and with
coefficients in the holomorphic vector bundle ¥ on IP restricted to P. This is
intrinsic to the CR-structure of P, and does not depend on the ambient space [27].

In a different direction we recall that a solution ¢ of field equations (not
necessarily the massless field equations) on Minkowski space (compact or affine) is
of positive frequency if ¢ is the boundary value of a solution of the same field
equations on IM*. A solution has negative frequency if it is the boundary value of a
solution in IM™. Here boundary value is taken in whatever manner makes sense in
the given context, i.e., continuous, C®, distribution, L2, or hyperfunction, etc. This
concept is important in quantum field theory [8, 317, but we will not elaborate this
point here. Any solution admitting a Fourier decomposition in any reasonable
sense will split into two Fourier components corresponding to positive and
negative frequencies in the Fourier exponentials which is where this concept arises.

We can now formulate the principal results of this paper:

A) The Penrose transform & is well-defined on tangential Dolbeault coho-
mology of hyperfunction type and there is an isomorphism

2 HGWP,H "™, (M),

where Z, (M) is the vector space of all hyperfunction solutions on M of the zero-
rest-mass field equations of nonnegative helicity n/2.

B) Every hyperfunction solution of the massless field equations of nonnegative
helicity on M is the sum of hyperfunction solutions of positive and negative
frequency, ie., the natural boundary value mapping (in the sense of Martineau

[231)
Z, M Z, (M)~ Zp (M)

is an isomorphism.
The proof of B) depends on A) and the fact that there is a natural mapping

b:HY(P*, Op(—n—2))@H'(P~, Op(— n—2))—'HE (M, H™""?)

whicj is an isomorphism. This last isomorphism is a natural generalization of the
decomposition of a function on the real axis into the jump of holomorphic
functions from the upper and lower half plane derived from Cauchy’s formula.
Thus this generalized Cauchy decomposition yields the Fourier decomposition in
B) for the solutions of the field equations, and the Penrose transform is the
mechanism which transforms the one decomposition into the other.

There are several problems which remain open at this time. Can the Penrose
transform be defined as a mapping to affine Minkowski space M, (i.e., it must be
defined on P—1I, where I is a certain complex projective line P [107])? This is not
clear. Also does any hyperfunction solution of the field equations on M, extend as
a hyperfunction solution on all of M'? For distribution solutions one can see that
all solutions do extend and are the sum of positive and negative frequency
solutions (see [117). In that paper it is shown by general Fourier analysis that all
such solutions are of positive and negative frequency, and then that because of this
they have a hyperfunction extension to M, but part of this analysis breaks down
for hyperfunction solutions on M. It is likely that all hyperfunction solutions of
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the massless field equations on M, extend to the compactification M, but this is
not yet proved.

It is our hope that this reinterpretation of positive and negative frequency and
weak solutions in terms of holomorphic data on projective twistor space will be
useful in the many unresolved problems concerning “weak solutions” of the much
more difficult nonlinear differential equations of field theory which arise when one
considers self-interactions as well as non-abelian gauge theories.

We now give a survey of the contents of the paper. The language developed in
[107] for describing invariantly twistor geometry and the associated field equations
is adopted in its entirety in this paper. In particular, there is a fundamental

diagram
8 IF
VAN
P ™M

representing holomorphic surjections of compact complex manifolds, where the v
fibres are projective lines and the p fibres are projective planes. The manifolds IP,
IF, and IM are flag manifolds of subspaces of T, the 4-dimensional complex vector
space of twistors. The null twistors, [satisfying ®(Z)=0, where Z=(Z°, ...,Z3),
and @ is the twistor Hermitian form of type (4+ + — —)] define real submanifolds

of P, IF, and ™M
F
7N
P M

where p and v are the restrictions of the mappings above. This is a subfibration in a
natural sense, where the fibres of v are projective lines as before, but the fibres of u
are real circles (the light rays in M which can be identified with real compactified
Minkowski space, see [35]). The form & determines also in a natural manner

open subsets
IF+
AN
P* m*

(essentially the subspaces where @ is positive definite).
In [10] we decomposed the mapping

P HY P, Op(—n—2))>Z,(IM") (0.2)

into a composition of mappings:
HY(P*, Gp(—n—2) 5 HY(F*, 1 'O~ n—2)), (032)
H'(F", ™ ' Op(—n—2))—> H'(F*, u*y(—n—2)), (0.3b)

HY (", 1 Op(—n—2)) = O, v Gyl — n—2))
gH"(]I\/[*,(O(A,mD,)[— 17), (0.3¢)



572 R.O. Wells, Jr.

and we showed that:
1) p* is an isomorphism,
2) Imo=kerd,, where d, is a differential operator acting on
HYP*, 1* 0y ~n~2),
(a spectral sequence argument),

3) L is an isomorphism (Leray spectral sequence),

4) L(kerd,)=XkerV, where V is the massless field operator of the appropriate
type.

In these four steps, the last three present no great difficulty in generalizing to
this setting, and this is carried out in Sect. 6 (this presupposes that we use relative
cohomology as discussed below to represent hyperfunction data however). The
difficult point is to generalize u* to: a) pullback hyperfunction data from IP to IF,
and b) to characterize its image. This is done in Sects. 2-5, and is discussed in more
detail below.

In Sect. 1 we look at open sets defined near P to define £ (using the results in
[10]) on real-analytic data on the hyperquadratic P. This gives a mapping

P HYP,Op(—n—2)>%, (M) (0.4)

into real-analytic solutions of the field equations, but it is not clear at this point
that it is surjective. We then show that

HY(P,Op(—n—2)>"Hy*(P,H "~ ?%) 0.5)
and moreover that
'Hy'(P,H " 2)=HY P, Op(—n—2)QH (P, Op(—n—2))
~ H(P, Op(—n—2)), (0.6)

where this last group is relative sheaf cohomology (see Sect. 2). We have defined 2
on HY(P, Gp(—n—2)) and we want to extend it to "Hy (P, H "~ ) in (0.5). We see
that in (0.6) we have three different representations of this hyperfunction data. We
use the relative cohomology representation to effect our transform. In this case we
are able to use sheaf-theoretic techniques to characterize the image as the solutions
of the equations we are interested in. In particular, steps 2-4 above are simpler in
terms of relative cohomology also. We then show how the transform can be
computed in terms of the other representations, and that the different methods of
transforming data are equivalent.

More specifically, we formulate in Sect. 2 the appropriate generalization of the
pullback mapping u* for relative sheaf cohomology:

i - HY(P, F)— Hi(F, u~ ' %)

for appropriate sheaves &. For this purpose we give in Sect. 3 a generalization of
the Leray spectral sequence for a fibration, generalized to relative cohomology and
involving relative direct image sheaves. We compute the relative direct images
sheaves which occur in our geometric context explicitly. Then using standard
vanishing theorems of complex geometry we are able to conclude that the spectral
sequence degenerates. Taking the limit of the spectral sequence gives the desired
pullback mapping (Theorem 2.2). The mapping given by the pullback which
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generalizes (0.3a) is an isomorphism in the case of a negative line bundle. More
generally there are obstructions which have been isolated, but not computed.

In Sect. 4 we show that fi* can be identified with the dual of a fibre-integral
mapping, essentially integrating real-analytic forms over the fibres of F—- P. Here
we have to take the CR-structure induced on F and P from IF and IP into account
[33]. We show in particular that the fibre-integral mapping (Stoll [30])

I:/"(F)—2""1(P)
has the property that
1(4*°(F)) —>s/>1(P) (0.7)

a shifting of the bidegree (a well-defined concept on CR-manifolds). This is proved
by generalizing Stoll’s arguments for the case of a complex-analytic fibration, and
choosing adapted frames for the CR-structures on F and P (in the manner
initiated by E. Cartan). This gives an appropriate splitting of the cotangent bundle
exact sequence which is defined by the fibration, and yields (0.7).

In Sect. 5 we compare the abstract (spectral sequence) and the fibre-integral
pullbacks by choosing appropriate hyperfunction resolutions of the various
analytic sheaves involved (this uses results of Komatsu [21]). We also obtain
concrete maps of resolutions involving the fibre-integration map, which allows us
to make the comparisons. This is important because it allows us to show that the
restriction of the mapping defined on hyperfunction data in (0.4) restricts to the
Penrose transform defined earlier. This uses the fact that the dual to the fibre-
integral mapping has this restriction property by a version of Fubini’s theorem.

In Sect. 6 we consider, just as in [10], the spectral sequence of the differential
sheaf

0—=u  'Oy(—n—2)>QY—n—2)>Q(—n—2)>Q(—n-2)

but in a relative cohomology context which causes no difficulty. The arguments
concerning this spectral sequence and the corresponding relative Leray spectral
sequence for the holomorphic fibration IF—-IM go over just as in [10]. This then
yields the principal results which include the fact that (0.4) is surjective (in Sect. 6)
as well as the principal results A) and B) listed above, which are elaborated in
Sects. 6 and 7.

Some of these results were announced in a rough form in [34]. In [14] there is
a different description of the Penrose transform for smooth data on IM* for the
case of self-dual Maxwell’s equations. The theorems in [14] are a special case of
the general results in [10]. They includes, however, an explicit inverse, and an
extension to the boundary for L? boundary data, which then is a special case of the
weak solutions studied in this paper. Their methods involve explicit computations
involving fibre-integrals, and are special cases of more general results concerning
Radon transforms on g-concave spaces [13].

1. Real-Analytic and Hyperfunction Forms on the Null-Twistor Hyperquadric

We shall recall the definitions of the basic geometric spaces on which the Penrose
transform operates. We refer to [35] and [10] for more details concerning the
geometry of twistors. The vector space of twistors T is by definition a four-
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dimensional complex vector space endowed with an Hermitian form @ of type
(+ + — —). We have the fundamental diagram of complex flag manifolds

IF
N "
P M

where IP is the space of 1-dimensional subspaces of T, IM is the space of
2-dimensional subspaces of T, IF is the space of pairs of nested 1- and
2-dimensional subspaces of T, and where u and v are the natural holomorphic
mappings. If LCT is a subspace, then one defines

D(L)>0, P(L)=0, (L)<0
to mean that

P()>0, P(v)=0, P(v)<0 for all non-zero wvel,
respectively. We then define
P={xelP: d(x)=0}
F={xelF: d(x)=0}
M={xelM: P(x)=0}

while IF*, IP*, IM™" are the open subsets of IF, P, IM where >0, and F~, P, M~
are the open subsets of IF, IP, IM where @ <0, respectively [35]. We see that

F=F"AF =0F*ndF"

and similarly, P is the common boundary of IP* and IP~, while M is the common
boundary of IM* and IM™. Note that P=gdIP* =0dIP~, which is not true in the other
two cases, where F and M are of lower dimension than the dimension of the full
topological boundary. We recall that M is 4-real-dimensional compactified
Minkowski space, while P is the 5-real-dimensional hyperquadric of null twistors
which parametrizes all of the light rays in M.

We recall from [10] the basic Penrose transform

P H'(P*, 0(—n—2)—Z/(M"),

where Z,(IM") is the vector space of holomorphic right-handed massless fields of
helicity n/2, for neZ. One of the principal purposes of this paper is to extend this
transform to map intrinsic data on P to solutions of the same differential
equations on M.

We will use the notation and terminology of [27] concerning the complex of
(0, g)-forms on P CIP, since P is a real-analytic hypersurface in a complex manifold.
In particular we have the complex of real-analytic forms intrinsically! defined
on P

N a1 IV} U EING VAR ALY (1.2)

1 We use the notation o, 'H, ..., etc. to denote intrinsic data on the real submanifolds P, F, and M.
These would be well-defined notions even without the ambient complex manifolds
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where 0, is the tangential 8-operator on the hypersurface P. Similarly, we have the
complex of hyperfunction forms on P

B0 (P) L g0 a(P) T g0 (P, (1.3)

which can be thought of as differential forms on P with hyperfunction coefficients
(recalling that hyperfunctions are a generalization of distributions, well-defined on
any real-analytic manifold, and hence hyperfunction forms are natural general-
izations of the currents of de Rham [7,27]). Now let '"H%%P) and 'H%“(P) denote
the cohomology of the complexes (1.2) and (1.3), respectively [ie., the space
kerd,/imd, at the (0, q)-term of the complex]. This is the basic data which we want
to transform by a generalization of £ to give weak solutions of the zero-mass-field
equations on compactified real Minkowski space M. First we will see how to
transform the intrinsic real-analytic data. To do this we will represent real-analytic
cohomology classes on P as boundary values of holomorphic data on P* and IP~.
We will need to consider the complexes (1.2) and (1.3) for differential forms with
coefficients in the restriction to P of a holomorphic vector bundle V defined on all
of IP. This is done in a standard fashion, and we denote by

'H%4P,V) and 'HZYP,V)

the (intrinsic) real-analytic and hyperfunction cohomology groups on P with
coefficients in V(=V|p). These are the tangential Dolbeault groups. If now V is a
holomorphic vector bundle on a complex manifold X, we will denote by H>4(X, V)
the Dolbeault group (of smooth forms) on X, and we have the fundamental
theorem of Dolbeault

H9(X, V)= HYX, 04(V)),

where the second cohomology group is the sheaf cohomology of the space X with
coefficients in the sheaf of holomorphic sections of the holomorphic vector bundle
V [36]. Let us note that the tangential Dolbeault groups do not have, in the same
manner, a sheaf cohomology representation on the hypersurface P as the Poincaré
lemma is not true for the complex of sheaves involved (in fact, the obstruction to
the Poincaré lemma being true for this complex is sometimes infinite dimensional,
in particular at the (0, 1)-level for P [2]). We can however relate these intrinsic
tangential Dolbeault groups on P to sheaf cohomology groups on neighboring
open subsets of P. First we recall that if S is a closed subset of a paracompact
topological space X, and #—X is a sheaf of abelian groups on X, then
HYS,7):=HYS, #|), and there is an isomorphoism H%S, #)=limind H(U, &)
Uss

[15]. For Dolbeault groups on a complex manifold X we define

H®4(S,V)=1limind H>YU, V)
Uss
for § a closed subset of X, and V' a holomorphic vector bundle on X.

Lemma 1.1. Suppose H'(P, Op(V))=H*(P, O(V)) =0, then o
a) '"H%'(P,V)=H*'(P*,V)®H*'(P~, V)= H'(IP", G,(V)®H'(P~, Op(V)),
b) "HO (P, V)= HO (P, V)@ HO (P~ V)= H'(P*, Gp(V) @ H(P~, G4(V).
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Proof. We consider the exact sequences
..——H"Y(P, V)—H"Y(P", V)@H"'(P~, V)—>'H% (P, V)
—— H"Y(IP,V)— ...
o HON P, V)——HO (P, VIOH (P, V)—=>"H' (P, V)

— H"2(P,V)— ...

which follow directly from Theorem 6.6 and Theorem 5.6 in [27], extended to
vector bundle coefficients [2, 17]. The mappings b_, and b, represent the “jumps”
in the boundary values of the cohomology classes on P*. Using the hypotheses,
the conclusion now follows immediately, where the second isomorphism in each
case 1s just an application of Dolbeault’s theorem representing Dolbeault groups
in terms of sheaf cohomology. []

Let H be the hyperplane section bundle on P(c,(H)=1), then we have the
following corollary to the lemma above.

Corollary 1.2. If V=H", neZ, then o
a) 'HY (P, HY)='H([P*, Oy(n) @ H(P™, Oy(n),
b) 'HR (P, H)=H P*, Op(n)) ®HY (P, Up(n)).

Proof. If K is the canonical bundle on IP, i.e., K= A3T*IP, then one has K~ H *
on P=P,. Since H"® K*=H"®H*=H""* is a positive line bundle for n=0, we
see by Kodaira’s vanishing theorem [ 36, p. 226] that H{P, O(H"))=0,g=1,n=0.
On the other hand, H" is negative for n<0, so H{IP, O(H")=0, for n<0, ¢<3,
by the dual version of the same theorem. []

There is another extrinsic way of looking at real-analytic data on P, F, and M.
Namely, one can consider sheaf cohomology HYP, %), H{F,%"), and H(M, ")
for sheaves &, #', and #" defined on neighborhoods of P, F, and M in IP, IF, and
IM, respectively.

Lemma 1.3. H'(P,0,(n)=~'H%(P,H"), nel.
Proof. We will show that
H'(P,0,(n)=H (P, 0(n) ®H'(P~, O(n)

and use the previous results. Let U; be a sequence of neighborhoods of P* and V;
be a sequence of neighborhoods of P~ and then U;nV; is a fundamental
neighborhood system for P. Then we have the Mayer-Vietoris sequence, for a
fixed j,

= H(P, Opln) > H' (U, Gyn) OH'(V,, Cyn)
—HYU;nV, Cp(n)—H*(P, Op(n))— ... .
Using the vanishing theorems of Kodaira as in Corollary 1.2, we see that
H' (U, Gpm)@H(V, Gp(n) ——H"(U; "V}, ()

— |

HY(PF, Gp(m)@ H (P, Cplm)—— H' (P, Gp(n)
where the natural isomorphism is induced in the limit. []
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Now the pullback mapping
¥ HY(P, Gp(n))~> H'(F, 1~ ' Gp(n)) (L4)
is well-defined by the direct limit process, since
w* HY(U", Gp(n) > HY (U, 1™ ' Gp(n)

is well-defined and injective for suitable neighborhoods U of M such that the fibres
of u:U'— U” are connected 2. Note that it is not possible to choose a fundamental

neighborhood system of M, {U}, so that the fibres of U~ U" are 1-connected,

since M is diffeomorphic to S* x S3.
We now recall one of the fundamental results from [10] mentioned earlier
concerning the Penrose transform acting on holomorphic data:

P H'(PF,0(—n—=2))»Z, ("), neZ, (1.5)
P H (P ,0(—n—2)-Z (M), neZ. (1.6)

We then use Lemmas 1.1 and 1.3 to define
2 HLYN P, H " *)~Z, (M) (1.7

by letting f correspond to f*+ f~ under the direct sum decomposition, where
fTeH (P, 0p(—n—2)) and f~eH'(P~, Up(—n—2)), and we let

P N=2(f)+2(f2).

Here 2, (M) is the vector space of global real-analytic solutions of the positive
helicity zero-rest-mass equations on M [10]. The mapping is clearly injective, but
is not obviously surjective, although this will be a consequence of results derived
later in this paper. We now relate this real-analytic data on P to the hyperfunction
data on P.

Lemma 1.4. The natural homomorphism
'H%YP,H "~ ?)->'HZ(P,H " ?)
is an injection.

Proof. The natural homomorphism of these cohomology groups is given by the
injection of the complex (1.2) into the complex (1.3). But this does not imply, in
general, injectivity of the corresponding cohomology groups. However, we can use
the Penrose transform as given by (1.5) and (1.6) and Lemma 1.1 to deduce the
desired result from the injectivity of the mapping Z,(M*)—>Z,(M "), since this
mapping is simply the restriction of holomorphic fields from the closure of M™ to
its interior. []

Now we have the Penrose transform defined on 'H%(P,H "~ ?), and the
object is to extend it to "H%°(P, H™"~?), which we will do in the next section by
reinterpreting the hyperfunction cohomology on P in terms of relative sheaf
cohomology on P. We note that we could simply use Corollary 1.2b) to map

2 Asin [10], we let U=y (U), U=y (U)



578 R. O. Wells, Jr.

hyperfunction data to direct sums of holomorphic solutions on IM*, and then we
could take hyperfunction boundary values in the sense of Martineau [23] on M,
obtaining a mapping of the desired sort. This turns out to be quite appropriate,
but it is difficult to characterize the image as being all hyperfunction solutions if we
proceed this way. It will turn out that all hyperfunction solutions are in the image
of the mapping just described, but that is a consequence of the major results
developed in the next several sections.

2. Relative Cohomology, Hyperfunction Forms, and the Pullback Mapping

If X is a topological space, S is a closed subset of X, and & is a sheaf of abelian
groups on X, then we denote by H{(X, #), ¢ =0, the relative cohomology of X with
respect to S and the sheaf F.1f F —>%*(F) is the canonical flabby resolution of X,
then HYX,#) is defined to be HYI(X,%*(¥)), where HYK*) is the g-th
cohomology group of the given complex K* and I(X, %) denotes sections of a
sheaf & over X with support in S [4, 15]. In the case where S =X, then we have the
usual definition of sheaf cohomology. Relative cohomology can be computed in
terms of coverings or in terms of specific resolutions, just as in the case for
ordinary cohomology, and we will see examples of such computations in this
section.

It is a fundamental result of Sato that hyperfunctions can be represented in
terms of relative cohomology [29, 22]. In this direction, we have, in particular, the
following proposition.

Proposition 2.1. Let neZ, then:
Hy(P, Op(m) = H'(IP™, Gp(m) DH'(IP~, Gp(m) ="Hg ' (P, H").

Proof. We use the long exact sequence for relative cohomology [4]
.= HY(IP, Op(n))— H(IP— P, Op(n))— H(IP, Op(n))— H*(IP, Op(n))— ...
Now noting that
HY(P — P, Oym) = H'(P*, G(n) @ H (P, Gy ()

and using the fact that HY(IP, Op(n))=H*(P, Op(n))=0, as before, as well as
Lemma 1.1, the result follows. [
On a complex manifold X, let V—X be a holomorphic vector bundle, and let

0 QY(V)— B V)~ BP (V) -D> .—s BP YV )—> .. @.1)

be the resolution of Q%(V) by hyperfunction (p,g)-forms with coefficients in V
(Komatsu [21]). A basic generalization of Dolbeault’s theorem due to Komatsu is

Kerd : Iy(X, BP9V )~ Iy(X, B+ (V)

T 1m0 TX, B74 H(V)— [(X, B74V)
=HUI(X, B7(V)) (22)

HYX, Q%(V))

12
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ie., the relative cohomology can be represented by hyperfunction-forms with
supports on S. This is a straightforward consequence of the fact that (2.1) is a
flabby resolution of Q%(¥V), which is not true for C* or distribution-valued forms.

Now if YCX is a C® real oriented submanifold of the complex manifold X of
real codimension r, then let [ Y] denote the current of integration over Y [7]. The
current [ Y] is a current (differential form with distribution coefficients) of degree r.
Any current is also a hyperfunction form, since the distributions on X inject into
the hyperfunctions on X. Any hyperfunction form ¢ on the complex manifold X of
degree r can be decomposed uniquely into the sum of hyperfunction forms of
specified bidegree or type

qqu))‘,o_‘_(pr-~l,1_{_H‘_I__(po,r

just as in the case for differential forms with smooth coefficients. Thus if Y is as
above, then

[Y]=[YTO+ LY e [V

and [Y]"7>* is a hyperfunction form on X of type (r—s,s) with support on Y.
We now give an explicit realization in terms of differential forms of the
mapping given in Lemma 1.4

"HY\(P, H")~'HY (P, H")

of real-analytic data into hyperfunction data on P with corresponding mappings
on F and M. We assume that P, F, and M are equipped with an orientation
compatible with the orientation of the ambient complex manifolds IP, IF, and IM.

Proposition 2.3. Let #, F', and F" be locally free analytic sheaves on P, IF, and IM,
respectively, then the following mappings determined by Dolbeault representatives of
the cohomology groups are well-defined :

a) H'(P,7)—— HP,7)
w w
pr———¢p A[P]*!
b) HYF,F)—— va(]F,?’)
W w
@' ¢ A[F]**
¢ H'M,F")—— Hy (M, F")
w w
(p// f (p// A [M]O,4
Proof. First we note that PCIP, F CIF, and M CIM have real codimensions 1, 4, and
4, respectively. Second, we see that ¢, ¢, ¢” are smooth differential forms and
hence the wedge product with a differential form with singular coefficients (in this

case measure coefficients) is well-defined, and gives an element of the appropriate
cohomology class by the representation of relative cohomology given by (2.2). [

Remark. 1t follows from Lemma 1.4 that a) is injective, and it follows from a
standard result of Sato that c) is injective [29, 22]. The homomorphism b) is also
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injective, but this is more subtle and is a consequence of some general results in
[28]. This point will be discussed in more detail at a later point in this paper.

We now come to one of our principal results, namely that the mapping u* in
(1.4) extends to relative cohomology. We will first study the pullback in terms of
abstract sheaf cohomology. Then we will show how it can be computed in terms of
differential forms, and that it is compatible with the usual notion of pullback of
smooth data.

Theorem 2.2, Let F be a locally free analytic sheaf on P, then there exists
canonically an exact sequence

0—HX(P, #)-55 H3(F, = ' F)— HY(P, #)—0.

We will prove later (Lemma 3.4) that H (P, Gp(—n))=0, n>0, and thus we obtain
the corollary to the above theorem:

Corollary 2.3. There exists canonically an isomorphism, for n=0;
HE(P, Op(—m) o HY(IF, 1™ ' Cy(— ).

The proof of this theorem and its corollary will be presented in detail in Sect. 3
using a spectral sequence argument.

3. A Generalized Leray Spectral Sequence for Relative Cohomology

The Leray spectral sequence for a proper mapping is well known [15], and has
had many applications in topology, algebraic geometry, and complex analysis. We
need for our purposes a slight generalization of this standard result which is very
useful in the proof of Theorem 2.2.

Let X-5Y be a proper continuous mapping of topological spaces, and let
& —X be a sheaf of abelian groups over X. Let SCX be a closed subset, and let
TCY be a closed subset satisfying n(S)C T. The relative direct image sheaves

Rin(&)

(relative to the closed subset SCX) are defined as the sheaves (indexed by the
integer ¢=0) generated by the presheaves

U~HYn YU), ),
where U is open in Y.
Theorem 3.1. There exists a spectral sequence
B3 = HY(Y, Rin( 7 )= HY(X, ).

Proof. The proof of this theorem is a straightforward generalization of the proof of
Théoréme 4.17.1 in [15], and won’t be repeated here. One simply replaces the
direct images of the canonical flabby resolution of % on X by the 0-th relative
direct images of the same resolution, noting that all of the arguments still make
sense. The usual Leray theorem is the case where S=X, and T=Y. [



Zero-Rest-Mass Equations 581

We want to apply Theorem 3.1 to our geometric setting, where basically F CIF,
and P CIP with p:IF— P will be the geometric objects to be considered. However,
we need to be careful in our choice of closed subset on IF, for reasons which will
become apparent later. We know that F—5 P is a fibre-bundle with S* as fibres,
and the group SU(2,2) acts naturally on this fibration [35]. We want to consider
an extension of this fibration to a neighborhood of P in IP. This extension fibration
can be realized group-theoretically in terms of a 1-parameter subgroup {g,} of
SL(4, €) which has the property that {g,(P)} is a foliation of a neighborhood of P in
IP by “translates” of P, for |t|<e, and g, = {id}. This is constructed as follows. Let

C:D-C*

be the Cayley transform mapping the unit disc D to the upper half plane C*, and
let g,=C~'T,C, where T,:C—C is given by z—z+it, considered as an element of
SL(2,C). Then considering {g,} as a subgroup of SL(4,C) by the embedding of
SL(2,C) into SL(4,C) given by

a 0 b
[“ Z}—»O I, 0
¢ c 0 d

gives the desired subgroup of SL(4,C). Here we have chosen homogeneous
coordinates on T so that the fundamental Hermitian form @ has the matrix

@— 2
0 _12

and where IP*, P, and F are considered as SU(2, 2)-orbits in this realization. Then
applying g, to F in IF will yield

F:=g(F)—>P:=g,P),

a l-parameter family of fibrations equivalent to F—»P, and we let

F:=|J) F>N:= |J P,

lt|<e lt|<e

be the desired extension of F to the neighborhood N of P. We now have the
following fundamental lemma.

Lemma 3.2. Let % — N be a sheaf of abelian groups, then

p 1 ~ 5 s
Reu(u /“)_{0’ p43.4,

Proof. Let F =pu~Y(x), F =u '(x)nF,and F_=F _, if xe P. Since u is proper, we
see that, for xe N,

Rpu(u™ '), =H} (F,u ' F)
~H} (F, 2)®, 7., (3.1)
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where the last isomorphism is valid because p~'(#) is constant on the fibre IF,.
Now
HE (F,,Z)=H%(P,,Z),

where S'>IP, is some embedding of S' in IP,. We then have the relative
cohomology exact sequence

..»H(P,—S", Z)-»H"(P,,Z)~HE (P, Z)— ... (3.2)
We know from standard results the cohomology groups
Z
N (33)
0, p odd

and we can compute H?(P,— S Z) easily. Namely, let T be a small tubular
neighborhood of S* -IP,. Then we have the Mayer-Vietoris sequence, where we let
P,=1P,—S*,

o> HY(P, Z)— HY(P,, Z)® H(T, Z)~ H (P, n T, Z) > ... (3.4)
We note that
=0.1,2
H”(IP'zmT,Z);HP(SlXSZ,Z);{Z’ p=0.1,2.3 (3.5)
0, pz4,

Z. p=0,1
HP(T,Z);HP(SI,Z);{ o P (3.6)

0, pz2.

Here we have used the fact that n,(IP,)=0, so that the embedded circle can be
considered (by a homotopy equivalence) as embedded in a coordinate neigh-
borhood and the normal bundle tubular neighborhood T is diffeomorphic to
S' x D3, Using (3.3), (3.5), and (3.6) in the exact sequence (3.4) we obtain readily

Z, p=0
HY(P,—SY,Z)=3{ Z®Z, p=2 (3.7
0, p=+0,2.

It then follows from (3.3) and (3.7) and the sequence (3.2) that

HEL(P,, Z)~ {Z’ p=34 (3.8)
0, p=+34.
In general we see that we have
..~ HXF,,Z)~H*(F,~F ,Z)~ H} (F,Z)~ ...
i o i
Z VASY VA

The manifold F has a natural orientation, and so does N, thus inducing an
orientation on the fibres {F_ }. One can choose a generator for H %x(]Fx, Z)in a
smooth manner. We will consider H} (IF,, Z)®, C=Hj} (F,,C), and get a con-

venient choice for this generator in terms of currents. Let [F ] denote the current
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of integration over F_ as a submanifold of IF, = IP,. Then [F,] is a closed current of
degree 3 on IF, which is supported on F_ and which represents a generator for
H%X(IFx, C€). This current represents in the de Rham-current representation the
Poincaré dual of the cycle F,CIF.. We want to do this in a smooth manner,
although it’s intuitively clear that the above construction varies smoothly.
Consider the current of integration defined by [F], where F is considered as a
codimension-3 submanifold of x~*(N). Then [F] is a 3-form in 1~ Y(N) which will
correspond in some sense to the parametrized family of 1-cycles. Let &7 be the
germs of d-closed hyperfunction 3-forms on IF. Then we see that [F] restricted to
small neighborhoods of F_in p™!(N), gives a well-defined element

[Fl,el(F, 2%
since

I(F,22)=Tlmind (Fru~Y(U), Z?).
Usx

We now claim that [F 1, defines a generator of H (IF,, C) for each xe N. To see
this, we let
0-C—-%}

be the resolution of the constant sheaf € by the flabby sheaves of hyperfunction
forms on IF [21]. Then for any open set W CIF, and for any closed subset S C W, we
have

HYW, ©)= HUIy(W, B)).

Thus, by using this representation we see that, for U open in N, [F]| -1y defines
an element

{[F:”M—i(U)}EH}%‘nu‘l(U)(.u_ 1(U7 q:) .

Thus taking the inductive limit over Uax, we find

limind {[F]|, -} = {[F1,},

Usx

where {[F 1,.} is the cohomology class in H'(I}; (IF,, %7)) represented by [F 1, Thus
we have

{[F1,}e H'(I; (F,, B%) = H} (F,,©),

and hence {[F 1.} is a well-defined generator for HX(F,, C).
Returning to the main assertion of the lemma we recall that [see (3.1)]

Reu(u~' 7),2 HY(F,, 2)® F,.

Now [F], is a generator for H} (FF,,Z)=Z, since there is no torsion here, and we
thus have

Riup™ '), 22[F,@F, = 7,. (3.9)

This is a sheaf homomorphism since the mapping is effected by a globally defined
current [F]. Thus

Riup™'F)=7F .
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Similarly one sees that Riu(u™'#)~Z, although we haven’t written down an
explicit generator. The remainder of the lemma follows from (3.8). O

We can now use Lemma 3.2 to compute the terms in the spectral sequence
given by Theorem 3.1 for this geometric setting. Namely, consider

E3= HY(P, Ryu(u ™" )= Hy(F, i~ ' F), (3.10)
where Z is a locally free analytic sheaf on IP. Then we see that

- Réu(u™'F),, xeP
Fulp ) 0, P

This follows from the fact that, for & any sheaf on IF,
RS ), = limU indHY 1™ YU),9)
~H} (F,, %),
=H} (F,%), if xeP

since u is proper. But we also have
R{u( ), =limindHf -1y ' (U), &)
Usx

=HYIF,¥), for xeP,
and Riu(¥) clearly vanishes for x¢P. Thus we find that
HY(P, Ryu(u™ 7)) = HY(P, Ryulp ' F)
_ {H‘}(IP, F), q=3,4

(3.11)
0, q+3,4

by Lemma 3.2.
Now we want to calculate H}(IP, &), for suitable &#. First we note that we have
the long exact sequence for relative cohomology for any sheaf & on PP:
0-H)P,#) —-HP,#) —HYP—P,F)->HNP,F)
-HYP,#) —HYP-P,#)->HyP,#) -—HXP,F)
-H*P-P,#)-H}P,#) —HP,¥) -HP-PF)
—HiP,#) -—-HYP,%) —...

(3.12)

Lemma 3.3. If & is a locally free analytic sheaf on P, then
HY(P,#)=0
HY(P,7)=0, q=24.

Proof. 1t’s clear that holomorphic sections of a vector bundle on P with supports
in the real hypersurface P must vanish identically. On the other hand, we see that
HYP—-P,#)=0, g=3, since P—P is an open 3-dimensional complex manifold,
and similarly H{(IP, #)=0, g=4, since P is a 3-dimensional complex manifold (cf.
[187). Using this in (3.12) given the desired result. []

We now have a more specialized vanishing of relative cohomology.
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Lemma 3.4. Hy(IP, 0p(—n))=0, n=0.

Proof. Letting & = Op(— n), then by the Kodaira vanishing theorem we have that,
since & is a negative line bundle, H{P,#)=0, q=0,1,2 [36]. Let t~*(x)
=pov™}(x), xeM, then ™ }(x)=IP,(C), for xeM [35]. If fe H'(IP— P, %), then

fle-1g€HO(HX), 0,1 o(— )= HO(Py, Op (—1))=0, for xeM" UM .

Thus f vanishes on t~!(x), but since IP— P is covered by such projective lines, it
follows that f=0. Thus we conclude that H)(P— P, #)=H 4P, #)=0. [J

Remark. We can calculate Ha(IP, #) for & a negative line bundle, and we see that
H?’(]P’@W(~n))=0’ n=172,3a
HYP,0(—4+n)~O"C*, nz0.

This uses the fact that P— P=IP" UPP~ and that P* and P~ are 2-complete in the
sense of Andreotti-Grauert [1] and hence HYP*,#)=0, g=2, yielding
H)P,#)~H3P, #) in this case. The above result is then a standard calculation.

Thus using (3.11) and Lemma 3.3 we find that the spectral sequence (3.9)
becomes, for any locally free analytic sheaf

pi : : : :
000 0 0 0
0 0 0 HYP,%) HYP,Z) O (.13
0 0 0 HYP,#) HiP,%) O ’
0 0 0 HLP,#) HLP,#%) O
000 0 0 0
q

all other terms being zero. Since this is the E, term of the sequence, we see that
EP~EP~. ~EP~H)P,F)
E}?~E}*~ . ~EZ~HLP,F)
E8 =FE}' = =E"M =0, p+q=5p=+23.
Because the spectral sequence (3.9) vanishes except in the two columns in (3.13)
above, we obtain canonically the exact sequence
0—EZ->HyF,p~ ' #)>E* -0
(see [5, Chap. XV, Proposition 5.57]). This yields
0—Hy(P, #)—>H)F,u '#)>HLP, #)—-0

and Theorem 2.2 is proved. Lemma 3.4 above completes the proof of
Corollary 2.3.
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4. Pulling Back Hyperfunction Forms by Fibre-Integration

In this section we want to give an explicit construction of a pullback mapping

H(P, 7) L HY(P, y*F)

in terms of hyperfunction differential forms which will be seen to be comparable
with the usual pullback of smooth forms. In the following section we will show
that this pullback and the one given in the preceding section agree. First we need
the notion of “integration over the fibre” for real-analytic forms, and then we will
dualize to get our desired mapping. We refer the reader to Stoll [30] for a
thorough discussion of fibre-integration and we will use and adapt some of his
main results for our purposes.

Let M and N be real-analytic manifolds and suppose that M 2L, Nisa proper,
real-analytic, surjective, maximal rank mapping with fibre dimension=gq. The
fibre integral is a mapping

Jio : AP(M)— AP~UM)

for p=q. This mapping has various nice functorial properties, e.g. f,(do)=df (),
etc., and is defined by an explicit integration process which won’t be elaborated on
here. We will use certain properties as we proceed, referring to Stoll for details. If
M and N are both complex manifolds and f is holomorphic, then one finds that f,
preserves bidegree. In fact, if the fibre has complex dimension g, then, for a form ¢
of type (r, s), one finds that f,(¢) is a form of type (r —g,s—¢) on N, and moreover
f, commutes with 0.

We need a generalization of this last result to CR-manifolds, that is, manifolds
whose real tangent bundle has a real subbundle which admits a complex structure
(see [33] for a survey of this topic). First we need the notion of (p, g)-forms on a
CR-manifold. Suppose that MCX is a CR-submanifold where X is an
n-dimensional complex manifold. Suppose that the CR-dimension of M is d. Then
we can find real 1-forms {0,,...,0,} which annihilate the CR-tangent space
H(M)C T(M). Moreover, we can find, in addition, forms {w,, ...,®,;, ®,, ...,®,} S0

that _ _
{0,,....,0, 0, ...,005 @y, ..., 04}

span the cotangent space to T*(M) near a point pe M, where |+ 2d =dim M. There
is a natural group of changes of frame just as in the case of hypersurfaces (cf.
[32,6]), and we see that the group consists of matrices of the form

GLLR) | 0O
« | GLd, Q)

acting on {0,,...,0,, w,,...,w,} considered as a column vector. We define the
sheaf of C* (p, g)-forms on M as germs of (p+ g)-forms on M of the form

P4 - -

&L Y ik k0 A ANOA @A A O ND A A D,
i1 <...<i,
Ji1<...<js
k1<‘..<)£q

r+s=p
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One can check easily that the concept of (p, g)-form is independent of the choice of
frame. Moreover, one finds that if

jiM-X
is the embedding, then
J¥ )65, 0=p=n, 0=q=d, (4.1a)
e Yy sEgRe, 0<p<n, q+I>d, 0=I<p. (4.1b)

This can be verified by using specific frames for the ambient space adapted to the
CR-submanifold M near a given point, but the argument will be omitted here (cf.
[27], where this is discussed in detail for hypersurfaces).

Let X and Y be complex manifolds, and consider CR-submanifolds M CX,
N CY and a real-analytic CR-mapping f

Me—>X
lf 4.2)
Ne——Y
with f surjective, and where f is the restriction of a holomorphic mapping of
maximal rank mapping a neighborhood of M onto a neighborhood of N. Now we

have the fact that if ¢ and t denote the embeddings in (4.2), then [letting /57
denote the sheaf of real-analytic (p, g)-forms on M, etc.]

KAL) C A
AP C AD

as above, and moreover, there are tangential d-operators d,,, 0y satisfying the
commutative diagram

é
of P p,q+1
X > oy

o* a*
O
of P4 > of P4+ 1
M M

and similarly for N =Y (cf. [27]).

Proposition 4.1. Suppose that dimpyM =7,dimgX =5,and N =Y, with dim¢Y= 3, then
there is a commutative diagram

A5OM) 2 g3 (M) 25 52 (M) — 0
l* ‘[f* l *

AYUN) -0 of32N) s 73 3(N) —— 0

where f, is the fibre integral mapping.
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Remark. We see that in this proposition the fibre integration preserves the
bigrading of the differential forms on the CR-manifolds involved. This is true in
general for CR-mappings. Exactly which bidegrees map to which bidegrees
depends on the circumstance, and, as we see from the proposition, it is not
necessarily obvious, given our previous intuition concerning fibre integrals for real
or complex manifolds. We won’t work out the general case in this paper, as we
need only the special result given above.

Proof. The basic idea in the fibre-integral is to find a splitting of the exact sequence
0— fHTHN)) - T*M)|p,— T(F)—0,

where F is the fibre over xe N. The fibre integral is defined in terms of a splitting,
and is then shown to be independent of the splitting (see [30]). Moreover, the
nature of the splitting determines the preservation of properties such as type,
commutation with 0, etc., as is worked out by Stoll in the complex-analytic case.
For our case it will then suffice to show that we can always find suitable frames for
T*M) and T*(N) so that we have an appropriate splitting. Namely, if
{_91, 0,05, w,;, ®, w,, ®,} is a typical CR-frame for T*(M), and if {{,, ZI, (s {"2, (s
{4} is a typical frame for T*(N) (complex manifold), then we claim that for the
given mapping f, and near any point xe N, we can always choose frames so that
f*(Ci)=wi: f*(c_i):(bi’ i=1’27
¥ G+0)=0,, (4.3)
f*(i(Cg; - 83)) = 02 .

These will be frames adapted to the CR-mapping f.

To see that we can find frames satisfying (4.2) we note that the CR-tangent
bundle to M denoted by H(M)T(M), has a real dual H*(M), and one has a
natural surjective projection

T*(M)—- H¥(M).
We note that H*(M) has a complex structure, and the pullback mapping
f*T¥(N)->T*(M)
composed with the projection i*, gives
i*of*: T*(N)—H*(N)

which is complex-linear. This mapping is necessarily of maximal rank, and it
follows that, since {w,,w,} span H*(M) considered as a complex vector space,

o =a f*C;)+a,/*()+as *C),
wz=blf*(C1)+b2f*(C2)+b3f*(C3)-

By choosing a new choice of frame {(},(,,{}} for T*(N), we can require that
a,=b,=1, and all other coefficients vanish. Thus for this new frame we have

[H) =y,
I H)=0,.
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Now, we have that { f*(Re {3), f*(Im ()} span over R a 2-dimensional subspace of
T*(M), and hence

fHRely) =Y a0+ aw,+Y a0,
f*(Im C/3)=Zﬂi0i + Zbiwi + ZEi&)i'

Letting
OG=0+cli+6,0
1=0
1=0,

we can choose ¢, and ¢, so that a;=b,=0 in a similar expansion for f*(Re(}),
f*(Im{%). Thus these real vectors are real-linear combinations of {6,,0,,0,}. We
can choose appropriate linear combinations of {6,}, call them {6;} so that

J*(Rel3)=0
fH(Im £3)=06,.

Thus we have frames satisfying (4.3).
Using such adapted frames we see that if

0=a0, NOyANO3 A0y A,
is a form of type (5,0) on M, then
p=af "3+ ) A UL =T A0, ASHE) ASHE).
We see also that if F__ is the fibre, then 0|, _=0. Thus we can express our form ¢ as
o=—ial, A AGALAL).

This shows that the fibre-integral of this form of type (5,0)is of type (3, 1) (since
(AL AL AL, s of type (3, 1), cf. [30]. The action of /4 on higher order forms is
determined in a similar manner and we omit further details. That 0,,f, = f, 0y
follows from simple type considerations and the fact that d commutes with f,

301 O

Remark. The same ideas would show that if M CN is a generic 6-dimensional
CR-submanifold of a 5-complex-dimensional manifold fibered over a 5-dimen-
sional CR-hypersurface in a 3-complex-dimensional manifold, then we would
have

A (M) =25 75 (M) —> 0
lf* 1 (4.4)

SFUN) - g — 0.

This is the situation we have in our fibration F-£»P. But we need to use the fibre
integration in the context of F— N, where F is the extension of the fibration
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F £ P to a neighborhood N of P as discussed in Sect. 3. We will have occasion to
refer to (4.4) later however.

Let W=pu~*(N) and consider a complex of real-analytic forms defined in fixed
neighborhoods W of F and N of P:

A5 OW)— 51 (W)~ 5 2(W)—
42{3'1(N)—5>,,Q¢3’2(N)——5—+M3’3(N)

where I is the mapping induced by the fibre integration over the fibres of F—N,
which satisfies the hypotheses of Proposition 4.1, Now the hyperfunction forms
with compact supports are dual to the above spaces, and we obtain by duality

0 —BW) B W) B W)
] L* L* L*
B2 3(N) —— B HN) — B2 H(N) — BON)

where #**( ) denotes hyperfunctions with compact support. Thus we obtain a
mapping
HY(N)—— H> (W)

and if we restrict our attention to hyperfunction forms with support in P, we
obtain readily

HYX(N)—— HY3(W).

This construction can be extended to vector bundle coefficients with no difficulty,
and we obtain the natural mapping

HY (P, V) ——HY *(F, u*V) (4.5)
where V—1P is a holomorphic vector bundle. We have used the fact that
Hp (P, V)=Hy*(N,V)

and similarly on [F. We also used the dual bundle V*—P for coefficients of the
real-analytic forms used in defining I whose dual gives (4.5).

Theorem 4.2. The diagram
H(P,V) — > HYS(F,u*V)

H® (P, V) == HO}(F, u*V)
where the vertical arrows are given by Proposition 2.3, is commutative.

Proof. Let (, ) denote the pairing between the compactly supported hyper-
function forms supported on P or F and the real-analytic forms defined near P or
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F. We need to show that if

ped%Y(P,V) and Jp=0
then

I A [P1" Y= —p*@) A[F]1**
Thus we compute, for ye.of>°(F, V*),
o ALF1%% 9> = —([F1%% w A p*e)
=—[wnute
F

=— I[I(w A p¥),

where I is the fibre integral over F, and the last step is a global version of Fubini’s
theorem [30]. But one of the properties of the fibre integral is that

I(w A p*e)=0 A I(y)
[30], and thus we obtain
(e A [F]°’4,w>=—§<p/\1(w)
=—o A[P1*L 1))
= =¥ A[PI* ), p).

Since d commutes with I* we obtain the desired result. []

5. Comparison of the Abstract and Fibre-Integral Pullbacks

Let & be a locally-free analytic sheaf on IP. Then from Theorem 2.2 and (4.5) we
have the diagram

HY(P, ) —"— HYIF, "' %)

\ li
HY(F, y*F)

where i is the homomorphism indicated by the natural sheaf homomorphism
W IF s F = 197®@[P(0,F on IF.

We want to show that this diagram is commutative. We have the following
mappings of resolutions of sheaves on IP and IF:

0— F s BT
jgo JH
0— Riu(u ') — {F}@wnf%’,op’ *QgpF
ho h

0—> 2P QurF —> Q%*”@O,Pu*?.
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Here we have let
ﬁ”;’(’quer(ﬂ%q—)%g’“ Y

be the d-closed hyperfunction forms of type (0,g) on a complex manifold X. We
have set

90(f)=[F1.®f.e Riu(p~ ' 7),

which is well-defined by (3.9). We let {F} denote the subsheaf of Ay generated by
{F }, at each xeF as an Op-module. We let g be the natural extension of g, to the
differential sheaves indicated. We define h by

WF1,®¢%'®f)=T*0*)®f.c BL1 3 QutT .

The mapping h on the resolutions induces the mapping h,. Then we see that each
of the resolutions involved is a specific resolution of the sheaf in question. Such
mappings induce mappings on cohomology. In particular, then we have natural
mappings, by the “abstract de Rham theorem” [157:

HYP,7)  «—— HX[H{P,B*®F)

;lgu ;lg

HE(P, R}~ ' 7)) «—=— H(IH(P, {F} @Ay *®F) (5.1)
: v
HX(F, 293 @u*F) —a— HA(I,(IF, BO* 3 @u*F) .
In addition we have,

H3(F, ' 7) 2 HX(P, F) —%_, HYP, Riu(u ' F))

J Jzo j (52)

H(F, y* ) «—a— HXI(FF, B * 3 @u*F) —— HXF, 203 Qu* F)

where HO is the induced mapping, using the fact that « is an isomorphism.
Moreover, § is the isomorphism given by the Dolbeault representation of
H(IF, p*#) in terms of hyperfunction forms. We note that

x0

Ry~ ' F) e F

AN

Ly QUrF —— P*F
is commutative, where
ao(f)=[F1.®f,
and
ho((F1,0£)=[F1°® ..
This implies the commutativity of (5.2).
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Thus we see that the combined diagrams (5.1) and (5.2) are compatible, and
that we have the following theorem.

Theorem 5.1. The diagram

HY(P, #)—"— HY(F, ' 7)

\ |
H(F, y*77)

is commutative.

6. The Penrose Transform Acting on Hyperfunction Data

We now consider the relative de Rham sequence on IF used in [10],

0 — p™ 1 Op(n) — Q%n) ~2 Q1 (n) — Q2(n) — 0
and consider the spectral sequence of relative cohomology groups

Ezt= HY(IF, Q4(n)=>H(IF, u~ ' 0p(n)) (6.1)

which is the natural generalization of the spectral sequence used in [10] (cf. [4, 15]).
To see when this degenerates we will, as before, compute the direct images of the
sheaves Q7(n), with respect to the mapping v, and then use a version of the relative
Leray spectral sequence (Sect. 2) to compute the terms in (6.1). The degeneration of
the spectral sequence (6.1) will then yield the differential equations, as before. The
direct image sheaves are the same as in [10]; in this case we don’t need a relative
version of them.

We will consider, for simplicity, only the case of # =0,(—n—2), n>0 (which
will correspond to positive helicity solutions of the field equations). Thus we have
from [10, Eq. (2.11)] that

ViQU=n—2)=0 1y py[—11 (nindices), nz0
v Qu(—n—=2)=0,4  p[—2] (n—1indices), nx1 (6.2)
QA -n=2)=0p  p[—11[-3] (n—2indices), nz2

and all other direct images vanish. Thus the relative Leray spectral sequence, for
fixed j=0,1,2, is
HE,(M, v QI(—n—2))=H(TF, Qi(—n-2) (6.3)

and because (6.2) are the only nonvanishing direct image sheaves this is totally
degenerate. Thus we have the Leray isomorphism

HY(IF, Q(—~n—2)) < iy (M, v1Q(—n—2)). (6.4)

*

It follows from Sato’s fundamental theorem that

H,(M, £)=0, s+4, (6.5)
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where ¥ is any locally free analytic sheaf on M, since M is a real-analytic

submanifold of its complexification [29, 22]. Thus we see that
HY(F,Qi(-n—2)=0, r+5.

Therefore, we are left with the only nonzero terms in the spectral sequence (6.1) at
the E, level is given by E'4, g=0,1,2,

p 0 0 0
H(F, Q%(—n—2)) —— H(F, Q!(—n—2)) —— H(F, QX(—n—2))

0 0 0

0 0 0

q
Also the mapping d, induces the spectral sequence mapping d,, and we obtain

Hy(F, 1™ Gp(—=n=2)}2> Ker[Hi(F, Qi(—n=2)) % H}(IF,Q,(-n-2)]

T i
Ker[H4M(M 5 (O(A’..‘D’)[ - 1]')_"H7\'4(1M > (OA(B’..‘D')[_Q']/)]

(6.6)
where V is the induced differential operator.

We see that the spectral sequence (6.4) also degenerates locally. Namely, for U

open in IV, and letting U’ =u~}(U), we have
H (U, Q%—n-2) %> H} ,(U,QY—n—-2)
| | 67
Hy o oU, O 5[ = 11) =" Hyy (U, O 45 [ —=21).
This uses the fact that (6.5) holds locally also [29, 22]. If U, is open in M, let U be
open in IM so that U,=UnM. We then let &, , be the sheaf on M generated by
the presheaf
U,—Ker[Hyy, (U, Ou .. .on[—1]D) o Hy (U, Os ..on[—210]. (6.8)

This turns out to be the sheaf of hyperfunction solutions to the massless field
equations of positive helicity on M. We’ll come back to this point later, but for the
time being we let 2, , be defined simply as the local solutions of (6.8) as indicated.

Therefore, at the global level we have now the mappings [Theorem 2.2, (6.6),
(6.8)] i
HY(P, Op(—n—2)) =~ HY(IF, u~ ' Op(—n—2))

5> Ker (HY(F, Q0(—n—2))— HY(F, @(—n—2)) —=— 2, (M)

and we denote the composition by &, and call it the Penrose transform of
hyperfunction data. Thus we obtain the fundamental result

P HA(P, Op(—n—2))—=> 2}, (M), n>0, (6.9)

and we have the following theorem.
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Theorem 6.1. The Penrose transform acting on hyperfunction data is compatible with
the Penrose transform acting on real-analytic data (1.7), and moreover one has the
following commutative diagram, where the vertical maps are given by Proposition 2.3,
and n>0,

HY(P, Op(—n—2)) —2= &, (M)

HY(P,Oy(—n—2)) —2> 2, (M) .

In particular, 2 acting on real-analytic data is mapped onto the set of all real-
analytic solutions of the positive helicity massless field equations on M.

Remark. This theorem justifies using the same notation 2 to denote the Penrose
transform. We can also consider transforming data of an intermediate sort, such as
distribution, C*®, Sobolev classes, etc. all of which are encompassed between real-
analytic and hyperfunction smoothness, and we would have a well-defined
mapping. The nature of the image will depend on the smoothness class considered,
and this will bear further investigation.

Proof. 1t suffices to show that the diagram
HYF,Q(—n—-2) — H}(F,Q/(—n-2))
Lg{; )=
HO(M, v, Qi(—n—2))— Hy(IM, v, Q}(—n—2)

is commutative, where L, is an inductive limit of Leray isomorphisms on open
neighborhoods of M CIM, and L, is given in (6.6), and the horizontal maps are
given by Proposition 2.3. What we need is an explicit representation for L, We
can find such a representation in the neighborhood of fibres of v, and this will
suffice.

Let # =Q{L(~n—2), which will be fixed in this argument. Then we have that

Hy(F, Z)~H(F, 7 %} *)
Hy (M, v 7)~H}/(IM, 8% *Qvi.F)

(noting that #%*=2%* by degree considerations). We also have the fibre-
integration mapping for the holomorphic fibration IF—-1M, the fibres being
compact 1-complex-dimensional submanifolds:

A5 F) - o+ O(M).

This fibre integral is well-defined on neighborhoods v~ }(U) of F fibred over UD M,
and thus well defined in the inductive limit. Therefore we have by duality

T(IF, B0 %) < — I, (M, B ).
We note that I* commutes with 7, and thus

LA, 28 =T (F, #59)—— L(F, %),
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We then have the following representation for L, localized near a fibre v~ *(x),
where xe M :

HY(F,7) —H'(v"'(x),#)— H'(v" (), #)®@I' (v '(x), Zp*) —
L, Jid id ®I+

HOM,v17)—— HOx,v.F) — HO(x, v, 7 )®By; ; —

— HY( 7 (0), 20 ®F) «— HNF,22*®F) — HYF,%)

T T [

— Hx#3*@ViF) — HY(M 25 @vLF) — Hy(M,vL7).
Now we note that
*([P1*4=[F]**
since, for p a (5, 1)-form defined near F,
KIHLPI* ), > =<[P1" % 1(y))
=£I(w)=£w=<[F]°’4,w>-

It follows that the above diagram is commutative, and hence that L, is compatible
with L.

Let 2, denote & acting on real-analytic data. We know that 2, is injective
(see Sect. 1). To see that it is surjective, we let pe 27, (M), then we can consider ¢
as a hyperfunction solution, and we will see in the next section that the boundary-
value mapping

7M@) 5 7, (M)

(TS )=bf )

is an isomorphism, where the hyperfunction boundary values are taken in the
distinguished boundary of the tube domains IM* and MM~ in the sense of
Martineau [23] (restricting to an affine coordinate system, and covering M by
such coordinate systems). For smooth boundary values, one has that b(p™, ¢ ™) is
the difference (¢ * — ¢ )|, of the boundary values of ¢ and ¢~ on M. It follows
from the Martineau construction that pe %, (M) s real-analytic on M if and only
if ™ and ¢~ given by the isomorphism (6.10) have real-analytic boundary values
on M (this is essentially the edge-of-the-wedge theorem). Assuming the isomor-
phism (6.11) and using the above remarks it follows that ¢+ and ¢~ are both
holomorphic in M* UN(M) and M~ UN(M) where N(M) is a neighborhood of M.
But we know that t = }(IM* UN(M)) and 7~ }(IM~ UN(M)) are neighborhoods of IP*
and P~ respectively (17 ' =puev~ ). Therefore we see that by (1.4) and (1.5) there
exist f*e HY(IP*, Op(—n—2)) such that 2(f*)=¢*. Therefore f* — f~ defines a
well-defined element fe HY(P,Op(—n—2)) such that 2 (f)=¢. Thus 2, is
surjective. []

(6.10)

Remark. One can formulate tangential cohomology groups on P with C* and
distribution coefficients as in [2, 27]. In these two cases one obtains in the same
manner as in the above proof that 2 maps distributional data to all distribution
solutions of the field equations on M, and C* data to all C* solutions of the field
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equations on M. Again, the basic tool is the work of Martineau in understanding
the smoothness classes of the boundary values of holomorphic functions from the
tube domains IM* and IM~. We won’t bother to formulate this explicitly in this
paper, as there are no new ideas involved.

7. Penrose Transform Representations of Hyperfunction Massless Fields

We will now combine conceptually the ideas described separately in the previous
sections. We have the following commutative diagram, where we have let
F =0Op(—n=2), for n>0, and we let #'=p*#, and F"=v_u*F be the natural
derived sheaves in this context. The mapping in the diagram will be discussed in
more detail below:

Y H'\(P*, 7)Y HY(F*, 7')—=— Y. HA(IM*, 77
+

+ +
%lbp j'bp vaM

'HY Y(P, F)——— 'HY \(F, F') —— 'HY %M, F) (7.1)

H}(P, 7)—"— H(F, ") ——=— H&(M, 7).

I

I}

The mappings b,,, by, and b,, denote boundary value maps; they are the “jumps at
the boundary of the boundary values taken from each side”. More precisely, b,, is
the boundary value mapping of Martineau [23], where we take boundary values
in some open affine M,C M, M,~R*, and there is a finite covering of M by such
coordinate systems on M (take M,=M IV, where IM is described in [10, Sect.
1]). Then we have IM* with distinguished boundary M,~IR* and the vector
bundles become trivial spinor bundles, so we just use the Martineau construction
of boundary values of holomorphic functions in tube domains for scalar functions.
The mapping s,, is Sato’s characterization of intrinsic hyperfunctions on M,
generalized to having vector bundle coefficients. The mappings s, and s, are
generalizations of the mapping s,,. The mapping s, is described in [27, 17]. The
mapping s, is a further generalization of this to higher codimension, and is a
special case of a general result [28, Chap. II, Corollary 3.5.8] due to Sato et al.
These mappings depend on the Cauchy-Kowaleski theorem among other things.
As we saw in Sect. 1, b, is an isomorphism. We define b, to be the induced
mapping. An intrinsic description of b, would involve a generalization of
Martineau’s work which involves more generalized tube domains (a la F*), and
where the holomorphic functions are replaced by cohomology classes. This hasn’t
been carried out, as far as we know, but in our case it is not necessary, as the
mapping is induced from the others. For the horizontal maps we have that u* and
L are the usual pullback and the Leray direct image mapping as developed in [10].
The maps ji* and L' are the generalizations of y* and L described in the earlier
sections of this paper. The mapping I* can be described as the dual of the fibre
integral mapping

I /%(F)~' /> }(P)
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with suitable bundle coefficients, and this will be compatible with ji* (see the
Remark following Proposition 4.1). The mapping L” has not been described
intrinsically, and is induced from the others. An intrinsic description would
involve a more delicate Leray theorem for tangential Dolbeault groups on the
CR-fibration F—- M.

Now it’s well known that not all hyperfunctions on M are boundary values
from IM*. This is true, in general, only if the hyperfunctions satisfy a differential
equation whose characteristics are appropriately related to the boundary of IM*
[3]. But we do have solutions of differential equations, and we can obtain such a
characterization for the massless fields of positive helicity.

Let us restrict our attention in (7.1) to the kernels of the natural differential
operators we have been dealing with. Recall that %’ =Q%(—n—2). Then we let

ZMF*, u*F)=Ker [HY(F*, Q0(—n—2)—% H\(F*, Q}(—n—2)]
28 1(F, 1w F) =Ker ['HY {(F, Q(— n—2))—%'HG {(F, QL(—n—2)]

etc., replacing H by Z in the various 6 function spaces in the right-hand side of
diagram (7.1). Using (6.6) and the corresponding result in [10] we then obtain the
commutative diagram

ZH (P, 7 0*)—»221(11:+ 0"')———+ZZ°IM

HY NP, F)—— ZY(F,F') —— 'Z 01 (7.2)

SJSP EvaF
L

H3(P, 7) —"— Z3(F, ') —— Z4,(M, 7).

Theorem 7.1. All mappings in (7.2) are isomorphisms.

Proof. This is now a trivial consequence of the fact that p* and L' are
isomorphisms [Theorem 2.2 and (6.6)], the corresponding isomorphisms for p*
and L (see [10]), and the vertical isomorphisms on the left. [

This theorem gives a fairly complete description of global hyperfunction
solutions of the massless field equations of positive helicity on M.

We note that it was verified in [10] that the abstract differential operator
derived from the spectral sequences corresponded to the classical zero-rest-mass
equations (as described in [26, 35], for instance) as follows:

HOM*, v1Q%(—n—2))—L> HOM™, vL Q! (—n—2))

I 1R
H (]M+ D’ )[_ 1] ) - HO(IM+’ @B(C'.,.D’)[_z:l,) (7-3)
w w

»
Pa..p > VEQan. b
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where the spinor sheaves over IM * correspond to the classical spinor fields on
IM*. To differentiate a hyperfunction f means to differentiate the holomorphic
functions whose boundary values determine f, and thus the differential operators
which define 'Z%°(M,#") and Z3(IM, #"), which are compatible with the
operator Vin (7.3) above, must correspond to the classical differential operators,
when we restrict attention to affine Minkowski space M,CM, which has a
coordinate system compatible with the coordinates on IM* and M~ (the coor-
dinate chart IM! in [10]). This justifies our claims made at various times in the
paper that &7, |, %, , etc., are solutions of the massless field equations of positive
helicity.

We have the following corollary to Theorem 7.1. We first recall the concept of
positive and negative frequency. A solution f of a field equation (such as the
massless field equations) on affine Minkowski space M is said to be of positive
frequency if f is the boundary value (in the hyperfunction sense, for instance) of a
holomorphic solution to the same equation in IM*. A solution is said to have
negative frequency if f is the boundary value of a holomorphic solution defined on
M~ [8,26]. We can equally well speak of solutions to conformally invariant
equations on M being of positive or negative frequency, provided the differential
equations on M have holomorphic extensions to IM* and IM™, which is certainly
the case for the massless field equations. We thus have the following corollary to
Theorem 7.1.

Corollary 7.2. Any hyperfunction solution of the positive helicity massless field
equations on M is the sum of solutions of positive and negative frequency.

Proof. This is a direct consequence of the isomorphism b,, in 7.2. [

The formalism described in this paper goes through also for helicity 0, just as in
[10], where the spectral sequence (6.1) degenerates at second order and the
induced differential operator becomes the wave operator acting on scalar densities.
With this modification, the results are otherwise the same, and we won’t write it
out explicitly. It has been shown (see [11]) that all distribution solutions of the
zero-rest-mass field equations on affine Minkowski space have hyperfunction
extensions to compactified Minkowski space which satisfy the corresponding field
equations. Thus such solutions can always be represented as the Penrose
transform of holomorphic data (or boundary values of such).

We have not attempted at this time to carry over the developments in [10]
concerning left-hand fields, potentials, background coupled fields, etc. to this
hyperfunction context, although it’s clear that much of the development will work.
There are some points however which would need clarification, as we used the
negativity of the coefficient bundle to get the precise isomorphism we obtained.
The obstruction, in general [e.g., cokernel i*=~HL(P,#)] would have to be
incorporated into the potential theory.or gauge freedom.
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Note added in proof. Toby Baily has recently communicated a proof of the conjecture made in the
Introduction that hyperfunction massless fields on affine Minkowski space extend as hyperfunction
solutions of the same field equations to compactified Minkowski space.





